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FF 5%

SHOAEFIZBNT, xRV ICIIFEAREFYBNGFET D, EVEER
HTHRL, BxOR[ D2 PREICESIEL7E T TR, BEICELEZERDY
WXV EA~DOFREBEZELE, BRICEY 252, FITITHHEOBRNEY TR
EMOE LY, e CTEREZENIL TV, FRHIT & OMEE
WO, NEDOHELRLUR, Fkx RBFHRSZOS ThHLAEILEW N AT S
nTEl,

FEROPCTROLBBEENESAELEBEDLYAVORY, FY 26T 5 HHEL
A d—->L LT L-#Y b—/((1R,3R,4S)-5-methyl-2-isopropylcyclohexanol)
(L-D)D 5D, L-X > b= IV h ey B LB DEEEEA L, M
FoOBFEXEATHEMTH, FufE > I lIZ 656~85% ., HEFfE v I
50~70% 5 £ AN L-A v = L OB EIIME - BMICHEL T, HEX -
ZoNa - AR - TART L MG EZIGIIDE D, AERAROSE TIEARE
FHE-EHELTHLHNONTEY  FITL- A P =L EZE/M L] 87 =
SAAY A= VERFEFEA L LTELLOARCIEASA TV A, i,
L-A > b= A& HREER LT 5. Bl mIER . EomEZHE bz 5k
MABATFELTVWD, TNUHOH®ENDL L-A Y b—id, 5HIZBVWTHRLHE
D LHRKCEWD —o Lo TWD, O TITEHARD KK N> BN
HROFEEE->CTH Y, 1938 FE T HAD N v Bl R o 886 k>
AL TVWAEL M ES 375 FulcEL, HATSAHBE L T\,
HOBEZIZ—RFIL 330 b OAEREE THIME LR, T O®RBLILHHE
DRERNY WM« GRL — A2 b= VIZ X0 ZDEFEEIIRAIZE DL, B
TEOERRIKI LV MOEFEMITA RN - FELRERETH D, BIEIZEBNT
X, LEMICAERE SN ARS AT Z SR LT sl

L-2A > b= WX 3 rITOARKFRFAZAL, DIEE LIKTH 458, &7t 8
fiFE O BAEIK % A 9 5 (Figure 1),
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/:\

L-n-menthol (L-1)

/(/OH

D-1

Z O H T WD IE

LHEEL 2D,

NRRX—= 3 FRZE DM DN v J1 (Mentha) jE D — R AL
(L-1)~D 8 TREROERIGRE . T72bb L-A 2 b=/ (L-1)DAEE AR I,

i "OH

/:\

D-neo-1

ol

L-neo-1

cBFERE T EAT LD REMEET L-A =L
(L-n-menthol(L-1)) —HE & 72 %, #IZ, ARDOERIZ L-A > F—/(L-1) DT T A
TUA~—HOMELZESD L LN MERSZMIC L-A Y F— AV EEFET

"OH

D-iso-1
:; "OH
/\

L-iso-1

Figure 1. Diastereoisomers of menthol

%%H%L: J: D E»% E‘! ﬁ)ﬁz éﬂf[{\é(Scheme 1) [4‘5]0

OH

D-neoiso-1
: "OH
/_\

L-neoiso-1
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L30OH IPD

ER “OH  Mitochondria o
(-)-limonene (+)-trans- (-)-isopiperitenone
isopiperitol
iPR
Cytosol
iPI PR @
@) | O Cytosol 7 "0
/\
(+)-cis- (+)-pulegone (-)-menthone
isopulegone
LS
Plastids
MFS MR
ER Cytosol
= @OH
o} :
AN PN
)\A (+)-menthofuran L1
OPP
- IPP
OPP \
GPPS
| Plastids ‘ IPPI MEP pathway
Plastids
geranyl
diphosphate /

Scheme 1. Biosynthesis of L-n-menthol

—EH O LRO RO KIE, ERNRA Y TV RABEETH D A VX
T = U UERAPP)RS Y AF LT UL U R (DMAPP) R K E D L = b
REHRICL > TTF I L= VER(GPP)~ LM &9 5. W\ CTERAL IR IZ &
DE)-VERCDBERSND, BTz (-)-VERATK L T(H)-Y EX-3-



tE Xy 7 —B(L3OH)IZ L D KBENEAIN, EHIZ()-F T RA-A Y
XY T ) — Tk FaFF—E((PD)IC L THILIND Z EITLD(-)-A
VERVT UGS, ()Y ERYT )L HE T X —E(IPR)IC

RFKRKFBAILICE D BALICHFIEEATFALRNEASN, (H)-V A4V T LA
YTAIAT—=EB(IAP) R R(H)- T LT L E 7 Z—F(PRIC K-> TR &
FEANREELNEILINDZET, ()-AVY MR BELND, BTV
RE=VERE)- A P L HF 72 —BMRICE D AFELSN, L-A Y h—
WO D, AV =NV DEGRZNER LT L KRBT Vv

et — BIUTRE EME NS T oo Lo =) VEEHTERIED D O
&<®TWAVﬁ®$éﬁK%WT\%@® AL O 7 b o THFEIE AL
AT D,

RO L-A v b=V OAEBREEIZK L, AL L-2 > b=V OHEERIEIT
EOLSHFRENTELREARAFETHY, ZNETICEL OM¥E - FF7EHKE
kR % et B & R E L, TEMNRARIEZFREL TE 7, BEAK
L-A b=V EHEELTVWIREDO—-DTHD, RBDEFRLEICEWTIX
MERAT &L 0 KIARZ L-A > b=V AEFEOH R ZITH> TV 5D, [T 1930 4EIC
AU N OEMAKFICED L-A Y F—VOAEMIEEITV, SHDOILE
VIEICELDET, UTIERT X kxR EG Ly — FOMI RN TTOR I,

HBECL-A Y =BG E LTHIO TR LA RiEIR, RO a7
HWOERDTTHD D-v b axrT—/(D-2)(K 30%. JEFHE 80% ee)ir b D
FETholz, Y IFrXTZMIIEEERERORBEEFE S L TEMICK
i STz, D-v Fr R T — L (D-2)DO ARG TN /%Jir“)
. VATV EHNTITWY, AV b=V EARKEZICE ) 7 e VR AT
NELTHOBREERNDLSBET S5 2 & T, L-A > b — /L %7 (Scheme 2)
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D-citronellal
(D-2)

crystallization (0] hydroly3|s
N N

/:\ /\
L-

citronella oil rectification 3'“03 99| esterification (0]
‘ O)@m

1

Scheme 2. Synthesis of L-n-menthol from citronella oil

Hiz, FE— &2 KK LEMERZ L FESE T 5 5% (Scheme 3), U E X
v DA X % J71E(Scheme 4), D-A3- L v OB R 2 % L 72 7 iE
(Scheme 5) A AL & /=d, Wb a X b - ZRMHEDOMEN DA
TEbZ &R e o BT

hydrogenation rectification d esterification
OH OH v~ "OH

/:\

-

thymol DL-n-menthol

(DL-1)

/@ kinetic resolution hydrolysis (5\
O 0 0 : OH
/\ PN

L-1

Scheme 3. Synthesis of L-n-menthol from thymol
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ﬁ§

distillation hydrogenation
orange oil - + rearrangement
/Z\
D-limonene i
epoxydation
ring open

(5\ kinetic resolution H, rearrangement

OH OH @) o
PN

L-1

Scheme 4. Synthesis of L-n-menthol from orange oil

rearrangement
rearrange- T
ment A rectification
) |+ | + + :
R R R : | R

[\

D-A3-
carene

(55:45)
[Til, Vitride [Ni], Vitride

hydrogenation
(‘)\ purification 60% HCIO, CH3COOH
- "OH
/_\
L1

Scheme 5. Synthesis of L-n-menthol from D-A3-carene



FoH%, INAEBUCEHEEREEL, NN-ZF AL T2 LT I U ORFE
PEABIZ L 0 e TEM Y PR T — xS I v b4 5 RES K2 B F B
Z L v BA%E & #u7- (Scheme 6) Bl

é‘j Li, Et,NH iANEt2 [Rh((S)-binap)] SV:ANEt2

myrcene
ZnC|2 é\ H2, RANEY-Ni i)\
7 "OH ~~ "OH
X s
L-n-isopulegol (L-3) L-1

Scheme 6. Synthesis of L-n-menthol from myrcene

WER LEEIARFEOMBIEE T, REw U LABEEAMEIZH WD R
FAZ 1 BINAP #iE D TEAIZ b S Lo, RARF RO M, ~F B
bt OB E TH D Noyori D /) — AL FEOZEHBO—>2 L7725
TW5b, KRERBECTIE., B{LEEHN D-v bu r 7 — /1 (D-2)D BRI
Anb i, FEEAS Y T LI —AFO L- A F—LEIlKE 72D L-A V7
L= (L)Y T AT LA~ —HORIRF(LLT n-EIRF L4 %) (Figure
2)7% 92% & | VGRIRME 2 VBB BOS AT T 5 KSR A2 LT BB

OH ('j"’OH "OH OH

/:\ /:\
L-n-isopulegol (L-3) D-neo-3 D-iso-3 D-neoiso-3
L-3
x 100 = n-selectivity of L-3 (%)
(L-3 + D-neo-3 + D-iso-3 + D-neoiso-3)

Figure 2. n-Selectivity of isopuelgols



AERMLTREIZEIVASHICEBVWTHLZEICA Y P—ABEEINLTEBY, &
PE BT AR 2000t LA B A2 D,

B L- A P =V EEELTWLIRMAE LT, ®DEFHLEOMIC BASF
fh & Symrise tE R ZFE T b D, ITHE BASF (LT N T — v &2 HREEE L,
FT—=NVORFARFBILERBALE L-AY F—LOAKEEZRH L, T¥ELIC
Rk L 7= (Scheme 7) 11,

. CHO
N-CHO - tification N [Rh(CO),(R,R)-chirophos)]
HO
| | |

citral neral D-2
(E/Z)-4) ((2)-4)
catalyst (5\ Hy ('j\
7 OH -~ ~OH
P N
L-3 L-1

Scheme 7. Synthesis of L-n-menthol by BASF

BEY NI —V((EIZ)-H)F LD DBEEL7Z 3T — 1 ((2)-4)DRFa v T Lk
R 2 - WTE A FEM LI LY @t U FARIRMIZD-v hreXx T — b
(D-2)&% & L, L-A v h—/L(L-1)DO 8% 4T > TW 5, Symrise fLOFiH T
HHN—&TAV—FIZ, m-Z LY — L EHBEEELTTE—LDOK
FIETW, AVTFALZATVELTHFEZEZITV, L-A 2 b=/ (L-1)D
BHEREZEILIZVY AL - 2 E{LEH DL ETNEEZR ESE TN
(Scheme 8) [¢71



oW
< OH

PN

L-n-menthol
(L-1)

S
OH OH

m-cresol thymol

epimerization Hy

recycle/—\

- rectification
“OH OH

D-n-menthol mixture of menthol
(D-1)

PhCOOMe

0] recycle

selective-
crystallizarion
hydrolysis

% OH
N

L-1 (isolated)

QWOH
D-1

Scheme 8. Synthesis of L-n-menthol from m-cresol



Zof, (-)-p-7 =T FL A2 HBEREEE LY b= Lkl O A RE
3 SCM Glidco & v 45 X 41T % (Scheme 9) 1871

NaOAc +
AcOH OAc "OAc
-)-B-phellandrene / /

“OH OH

(+)-trans-piperitol (-)-cis-piperitol

| T

Q'DH EE”OH OH ('j"’OH
/_\

D-n-menthol D-iso-menthol D-neoiso-menthol D-neo-menthol
(D-1) (D-iso-1) (D-neoiso-1) (D-neo-1)
isomerization
distillation
; OH
/_\
L-1

Scheme 9. Synthesis of L-n-menthol from (-)-B-phellandrene
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KFELERB LIZAKEE LTIE, (+)-7 L = (Scheme 10) 07 v~y
by B ERE L BB e Sh T % (Scheme 11) 7,

ol

(-)- menthone

W

| O

(+)-pulegone /
Scheme 10. Synthesis of L-n-menthol from (+)-pulegone

— . Q
OH OH -~ "OH

[\

(+)-isomenthone

/:\
(-)-cis-piperitol D-neoiso-menthol D-neo-menthol
(D-neoiso-1) (D-neo-1)
© f "OH ‘
/\
(-)-piperitone L1
\ | - | + |
‘OH "OH "OH
(+)-trans-piperitol D-iso-menthol D-n-menthol
(D-iso-1) (D-1)

Scheme 11. Synthesis of L-n-menthol from (-)-piperitone

11



AR L-A Y b= EMEIET D BASF ROV EER TE 0 A sk TR IC 4@
THEE., WY D- Fe X T — L (D-2)EMBRKIGELT LAY L I—
M(L-3)ZfF KA L7 0 VDOKRFILIZED L-A > b= (L-D)ZHF TV 5 R
ThHoH, LAY T L IT—= I 4 mOBRMEENGFEEL TEBY ., n-BRMER A
YRV OWEERET DL, Thbb, ROWAEFHMED D-v fr X T — L
(D-2)D AR E . D-v b T — /L (D-2)D & EROABRK G, L-A > b —L
(L-1) B RIS BT DRI E 725,

AL TIE, BEB—FIIBWT, Y F 7 —LORFAKFEIZONTIERD,
R — T o 23T V0 LR L e EEE r ) O b G A il S LT
Wbz ek, ¥ b7 =V ((EIZ)-4)D EIZ lLITHEFE LR WARF AT %
FLHL L 72 (Scheme 12) 1O

R

Qo
e

«..CHO R CHO

H,, Pd/BaSO,, TFA, amine co-catalyst
| tBuOH/H,0, 60 °C |

. D-citronellal
citral (D-2)
((E/Z)-4) (78% yield, 88% ee)

(R = {Bu, R' = OH)

Scheme 12. Asymmetric hydrogenation of citral with dual catalyst system

. EWER LEO RGN 2 A 7 RS O @ B3 1978 R IC @i
ENTWDEIN. ZOE+HF% ThH D 2000 F1R1T 72 > TH7= 72 BABR il I A3 58 A
INTWD, Yamamoto HIZ X W RS/ MU XR(26-Y 7 ==LVvT7 =/ F*
TN =0 AR M S CicE s OISOt E LCERT S Z &5
WMEINTWDE2 lwata D BAAEEREZ > br X T — VORARKIGICHWS Z
ET. AT L I— O n-BIRMED 99%LL | & 70 2 @R IR B R NG 2 /L H
L 72 (Scheme 13) 2, KAMEO R RE ., H1E L LITT L2 =7 LA OB
NG E D | R O ERIRA BB AR S R S 7 B
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CHO
ZnBr,
| toluene, 90 °C -~ "OH

/E\
D-2 L-3

>99% conv.
92% n-selectivity

CHO
Al catalysts
toluene, 0-10 °C ~~ "OH

/:\
D-2 L-3
" 7 7 £ oo C
A o
PH 3 Ph Ph/_ O Si 3
ATPH 3
>99% n-selectivity >99% n-selectivity 96% n-selectivity

Scheme 13. Aluminum complexes for D-citronellal cyclization

ARPHBRBSIE, T =7 LAEERICIR S THOEFICHB W T H U FE 3 )
FICAT O THR D | # S OB 28 R & h 5 B9,

Z TV ZEN O BN E T, PABRMS O il 2R R R T R S 7o i 4
DT NI =0 LEEREZ W, D- hex T — LORARKL., BiZ¥ T —b
ZHEFEE LERERKETO L-A Y F—LERIZOWTHRRS, 73 =
U LGEIRRRBE DB IC BN T, RFERM FE2 ST, BRx 2T Vv a— VL&
B DEANLF(Figure 2)R3 A L7272 =0 Agd A2 B L 7=,

Oo Ar. Ar )
OH ><O]><OH n

OH O, OH OH
OO A/<Ar

(R)-BINOL (R,R)-Ar-TADDOL 2-cycloalkyl-6-phenylphenol

Ph

Figure 2. Ligands of aluminum complexes
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BOEICBOWTE, AFTAI S AR LD P e X T — LD
P FEDENCONWTHRARDL, KT AV =0 LK, Y hexT— 1%
M N-BRAICPAR S E L2 TR, AFERBEREEZAL TV MAENE LN
oo REMZFALTCZEIEKOY hax T — LD SEEZITV, & n-i
R @ o F AR Ln-o1 Y 7 L 32— (L-3)23 1% 5 41 7= (Scheme 14),
BIZARKISZISH L, Y N7 —=Ahb ZEMORFTnE e i L-A > h—
JU(L-1)A I i gh L 7= 18,

OH
n L
N
Ph H-HCI
H,, Pd/C
H CHO
-CHO citric acid, amine co-catalyst Et;Al, (R)-BINOL
| asymmetric hydrogenation | classical
(dynamic kinetic resolution) kinetic resolution
citral D-2
((E/Z)-4) 76% yield
70% ee
('j\ H, (1 MPa), RANEY-Ni (2 wt%) ('j\
- "OH MeOH, 60 °C, 5 h - "OH
P PN
L-3 L1
62% isolated yield 97% vyield
91% n-selectivity 91% n-selectivity
93% ee 93% ee

Scheme 14. Synthesis of L-n-menthol with kinetic resolution

EoEICBWTIE, 7R IARTAI=ULEETHD Y XQ-v a7
NFN-6-T 2=V T 2 ) FIU)TINI = LR AL L THWEZE Z A,
INFEFTICHREENTWE R AR26-V 7 2=V T2 /) F V)TV =0 A
PR L R ELL EORISME « FRIRMEEZ > Ty be 7 — /0BG 2
T+ 5 L& RHE L7 (Scheme 15) M) %7 MU R@-v 7 o ~F T L-6-7
T2 NT 2 ) FN)T NI =T LGRS L THWE D-v br X T — L
(D-2) 5 D L-A > b — L (L-1) & B b 1T > 7=

14



Al-—0O

Ph 3
CHO ACPP
ethylglyoxylate H, RANEY-Ni
| toluene, -10°C, 4 h 7 "OH MeOH, 50 °C -~ ~OH
P PN
D-2 L-3 L-1
95% isolated yield 91% isolated yield
99.5% n-selectivity 99.5% n-selectivity

Scheme 15. Synthesis of L-n-menthol via cyclization with ACPP catalyst

FENEICBWTIE, BoBmTHRAREARAFT A I =0 LGRS 2T X 71
Ry PR T VHEBEICHNS Z LT, AFEHRR G R L7=08 F -
REHBRKISIZEDVGEONTA Y T LI —VERENL, AV h— VKK
D AR FF A& 1T - 72 (Scheme 16),

é\ H, 1atm, Pd/C  recryst. é\
OH OH

: EtOH, r.t., 19 h :
X PN

Et;Al, (R)-BINOL

(-)-trans-5-methyl- (-)-trans-5-
isopulegol methylmenthol
(97% ee)
CHO
|
3-methyl-
citronellal
Et3Al, (S)-BINOL H, 1 atm, Pd/C  recryst.
“OH  EtOH,rt, 19h “OH
(+)-trans-5-methyl- (+)-trans-5-
isopulegol methylmenthol
(96% ee)

Scheme 16. Asymmetric cyclization and synthesis of menthol analogs
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B—E
NREGTPULA=—TIVEMEBEERANEZY N —NVOREFARBILE S

1. %&

il

L-A > b= O TEMNREET ot AL LT, 40 F TS 28 R E
MEFETSNTEBY, FIZBASFHAERETFEY F 7 — L2 HEEEE LT nt
A2 FAHLEFIZOVWTIEFm CTHRRZEY THbH, AARRKIT LKL
flize> b7 =z, TEREOBENMVBRD THHRGR e EXATHY | BE
I TEEALICRR L L TV 5 (Scheme 1) M)

CHO

N rectification A H,, [Rh]
_ CHO
\ \
citral neral
((E/Z)-4) ((2)-4)
CHO cyclization (5\ Ho @
| : OH : OH
A PN
D-citronellal L-n-isoplegol L-n-menthol
(D-2) (L-3) (L-1)

Scheme 1. BASF L-n-menthol synthesis

A7matv AT EIZ BEERODIBAEM THL Y N T — IV ERBEREICLY (2)-
PRI (RT WV EEMETOBT A RN ETHoT-, BE E/IZ R
HEEOA VT 4 ORFARFZALIL, F—ORFMEIZ LD KISIZHBWT, f
ZITERDS LIKOERM BRI OEND5E ZERND DERMITI DKL WS T
BRI, TRENMSL L CTRR LI FRNEEKEHEZ D, 07D, EIZ RAEK
DE T F o FAERO 2 AFRFBRTIE EBI D 720, EFERH S 76 & L
T. MacMilant?*P1%> List(Scheme 2)2¢® Kudo®? & 1 (E/Z)-B- A F L v F A
TATE REO@TF T AR RFETS % A L. 5% 7 B-
TYV—=VTFLTILTE ReBflnzgzrFonsd,
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o ° H
3% [ ] MeOOC._>._COOMe
O + ||
e Mo N~ i
CHO

, Hantzsch ester

iPr

dioxane, 50 °C, 24 h /©)/
O,N

90% vyield, 98% ee

Scheme 2. Asymmetric counteranion-directed catalysis

L2l 2D DKGIE Hantzsch T AT VA2 H WS Z L TEHRLTEY,
KFEZEZHNTEARFEKRKBIAOHITHRSE ST,

KETIE, N7V LT I M2V mT o F A@IRN AR ElZ
BEKRD Y T — L DORFKFZILIZO W TR S (Scheme 3),

XX H,, Pd/BaSO,, amine co-catalyst
el
| |
citral D-citronellal
((E/2)-4) (D-2)

Scheme 3. Asymmetric hydrogenation of citral with dual catalysis system

HFIEMET R AL e & R T U T A DR — il gt & 4k fil B (dual catalysis
system)* L CTHWZ Z LT, v F 77— 10 B & RFEAKFLD RN TIHE K
ICHEITL, BIO D-v hax 7 —AnGonTz, BT, AKISOFEMIZ DN
Tk~ 5,
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2. BMEERUEE

7 X LA D BRE

MONWZT I I ORET AT oo, RISIEY N7 — IV ((EI2)-4) (7 7 =T
—V((E)-4) % T — N ((2)-4) = U)E=REEHE L, KFAAEEL LT AT VY
Do FREE AN U o AHRERRE A TN LB Eic 7 S vk LT O T
2 2 (Figure 1), WL LT t-7 % 7 — KO EBEZ TR L ., KEFHR
50 ClZBWTHBLKIEESE, % Table 1 I2/R7,

Me
O\W N iOH N OTMS N

(S)-L1

((S)-proline) (S)-L3 )-L4a (S)-L5

Figure 1. Chiral amine co-catalysts

Table 1. Scope of amine catalyst for asymmetric hydrogenation of citral!®

 _CHO H, (1 atm), Pd/BaSO, (0.1 mol% as Pd) " CHO
TFA (1.6-1.9 mol%), amine co-catalyst (L1-L5) (1.6-1.9 mol%) Sj
|

| tBUOH/H,O (92:8 viv), 50 °C, 21 h

citral L-citronellal
(EIZ)-4) (L-2)
entry amine conversion (%) yield (%) ee (%)
1M (S)-L1 100 37 3
2 (S)-L1 52 38 6
3 (S)-L2 52 39 69
4 (S)-L3 96 72 74
5 (S)-L4a 75 62 77
6 (S)-L5 82 55 40

[a] E/Z ratio of citral is E/Z = 50/50. [b] Determined by GC analysis. [c]
Enantioselectivity was determined by chiral GC analysis. [d] Without TFA.
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T Ak L L T(S)-7u U (S)-L) e s & 2 A KEAITHELT
L, IR BSLHMO L-> a3 7 —/L(L-2)B 5 b/ (entry 1), L L
N FEDTF T AEINEIL 3% ee Tholo, £ T, MU 74 v Eiflig
(TFA)YZ ZNICIRIM L7 & 2 A B FRIT 2% T LD DD, IR 38%
ThY, FlxF U FABINET 6%ee EEHETOM LN LI (entry 2),
T T el AN DOAI =T A EERT LTI kA E LT . Er Y
CUVRRAIEZ VY ERERT LA ARSI Lo, KBIEEEY R Y
CUMEEAMTHAHS) (YT == RaF ) AF e a Y P ((S)-L2) 0%
T UM L THW, BICRERRNIC MY T AF e FERE T I o S il i
(S)-L2iZxt LI EERMLIEE ZA, BERLETIRITENSEDD, =F
FAERREOZL WA EXALIL, 69% ee TH® L-v b rx 7 —/(L-2)
N BT (entry 3), RIZ, S)(P 7 =z=-FU A FvaF)AF Lo
U ((S)-L)ZHWIEE Z AL IEN 2% L RiFZm EL, =) o F 4 ER
Y T74% ee Lo (entry 4), T HIZ(S)-Y 7 == AF Y Vv
((S)-L4a)ickB W\ Tk, INRIL 2% L FTRETH 72, =F U F F@EIENRN
7% ee IZ#E L7=(entry 5), — ., A I XV VY U HBEAT LT I LA
M(S)-Ls #ISICH W ZA = U F A BINFE L 40%ee & PREEICHE E
- 7z (entry 6),

Tablel THOLNH R IV | ARISRICE T L7 I etz o7 ) —
AFLrnl) Po(Figure2) L, BICT7 ) — LV EOBERLEZBREF T 52 LT
AL 2 AT o 7o, fE R & Table 2 (2R,

0 "
.. Ar Ar j
v W (g
r r H Ar
(R)-L4 (S)-L4 (R)-L6
R)-L4a; Ar = Ph (S}L4a: Ar=Ph  (R)-L6a; Ar=Ph
R)-L4b; Ar = 4-tBu-CgH, (R)-L6b; Ar = 4-tBu-CqH,

R)-L4d; Ar = 4-iPr-C¢H,

(

(

(R)-L4c; Ar = 4-Me-CgH,

(

(R)-L4e; Ar = 3,5-diMe-CgH;

Figure 2. Chiral 2-(diarylmethyl)pyrrolidine
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Table 2. Asymmetric hydrogenation of citral: substituent effect'®

~..CHO H, (1 atm), Pd/BaSO, (0.1 mol% as Pd) CHO
TFA (1.6-1.9 mol%), pyrrolidine co-catalyst (L4, L6) (1.6-1.9 mol%)
| tBuOH/H,0 (92:8 v/v), 50 °C, 21 h |

citral D-citronellal
(E/Z)-4) (D-2)
entry amine conversion (%) yield (%)™ % eel
1 (R)-L4a 79 65 77
2 (S)-L4c 79 67 -80
3 (S)-L4d 92 80 -84
4 (R)-L4b 88 74 84
5Ll (R)-L4b 100 77 84
64l (R)-L4b 99 76 85
7t (R)-L4b 94 63 83
8 (S)-L4e 73 57 -77
9 (R)-L6a 100 77 83
10 (R)-L6b 84 58 89
1119l (R)-L6b 100 78 88

[a] E/Z ratio of citral is E/Z = 50/50. [b] Determined by GC analysis. [c]
Enantioexcess was determined by chiral GC analysis. [d] The hydrogenation
reaction was performed at 60 °C. [e] Geranial ((E)-4)(E/Z = 91/9) was used as the
substrate. [f] Neral ((E)-4)(E/Z = 3/97) was used as the substrate. [g] (R)-L6b (1.0

mol%) was used and reacted at 60 °C.

YeFEE T ) Db A ED T s =V ERICEREAEALEL DA, T
FTUTFABBNRICE LB AONT, p MICEREEZEANSTDLZ LTI T
FRRFomMERAL, BREXNSAEWVE, BREOM ENR LN
(entries 1-4), kb EEWVWEMHBL TH 5 t-7 FILI((S)-L4b)IcB W Tix, =F
VT A BRINEN 84% ee L 72 o 7= (entry 4),

FIGIREZ 60 CELTRIGEETEEZA, = F U FAERRMEITIKTT D
ol IR\ E Lz (entry 5), ZhiX. FRNOEREE EIFZ L TE
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¢

BMENTRT T AEOKFEREDH EE &I, BREND A I =
L DR « BN XY ELNICEIT LD = F o F A BREOL T A
mfl sz RSN D, FICHEENZ L2, FOSRE 60 Cltisn TR
BELTHFT7=2T =N (E)-HEVTRT—L((2)-)EHWEEHE, WTho%k
IZEBWTH RGME - B RIMEIZ(EIZ)-4 LT E A EEL L7 D> 7= (entry 6
vsentry7), ZALIZZNTHBEKRTH D b xrT—b A =0 A0 RN
L HEST U, REOBRMAMERITKAE TITT I AT IS U2t s
Py b X T = NERTDZEZERT S, 35 MICEMBEZAT 50T
ﬁﬁHHUVVmHAQZEVTi FOSIREE 50 CIlTI 1T 2 B D g H |

BEEOAF LT z=pEr Y ¥ ((S)-Lda) L =) > F A BmIRNF I E/bIX
72 x> 7= (entry 8),

FHFEEE TR ) P UBRICEBIT D 3L~ cis-E R X U EOEAIZBWT
b, T FUFABEBREOM EXAR LN, OSRE 50 CltBWT 7 ==
KAEHTDH(R)-3-cis-& FuFvrl Y ((R)-L6a)TiL, BMEHDO T X F L
Zrx=)tnr YT (R)-L4a LKL T 83% L mW\=F U FARIRMEEZ R L
7= (entry 9), ®iZ, (R)-p-Y(t-7F N7 = =L)X F L Er U T ((R)-L6b)% H
WERINICEBWT HREEOINETH LN = o F A BINFEIL 89% ee ITIE L
7= (entry 10), FIZKIGIEZEZ 60 CL 352 LT, 78% & BIAFRINETHM
O D-v a7 —/(D-2)% 88%ee LT FARRNVIZHED Z LIk
L 7z (entry 11),

any; 1

HE S5 OGHERE % Figure 3 1289, ARSI ZFEE O #7222 fil i 23 [H
FFIZERA L CRY, EfeISHBEOMIITIETICHETH D, BITE,
Hantzsch =X 7 V2 H W AFKFIUKIS ERERIC, A I =V LD TF 0%
TR U 72 BOSHERE 2 HE LT v 5 1

TR T =T I VHMBOVEEISICEY, A I =20 LD FF
(6Aand 6B)Z kT 5, BANICIRM L7 MU Z A gL, 1 I =020
T O ERET D, A=A TAEF, = F I ERHBLTHES

I XD ZE TR (E)-IR(6B)~ & BT P A I = AT A BT ST
R O RFBEHILN, KFBILOBIZ ST DT A fRBETEVE S~ DR
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L 720 . Si-fli D D(E)-1K(6B)~DKFBALNELEMICKE Z 5, FDik,
A= T AR T I UHEEE BN FIEE Y F e xR T — I B
LEMMRELND & 2T,

A
-H,0

|
(E/Z)-4 ﬁzo

(X" = CF5CO0)

Figure 3.  Plausible reaction mechanism
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VEITNAAREKRBIKLDA T —NT v

VET—AREFEKRKBICDAR T —NT v T ERET T2, RRIGIE, ¥ M7
— V((EIZ)-4)% 170 g A —/L & L, 7 I v defiifit & LT R i TR
5 T %5 (S)-L6a & FH\T4T o 7= (Scheme 4),

x,»CHO oL CHO
H,, Pd/C, citric acid, co-catalyst (S)-L6a-HCI

| tBuOH/H,0, 60 °C |

citral ((E/Z)-4) D-citronellal (D-2)
76% yield, 70% ee
170 g scale

Scheme 4. Large scale reaction of asymmetric hydrogenation of citral with dual

catalysis system
ZORER, W 76%, T F A BRIE 70% ee & ELAF A UK & RINE &

FENWEIE R EIT L, BRID D-v b x T — a2 H, KDY b7 —ILK
FEILE T BRI CBWTHLHEHICMZ D ARIETHDLZ ERRBIND,
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3. fEim

NI LRE— e T I A W, v R T — L DR FIKFEAL
FHEARFEEZ RHLEE, BIZRAKTHEY N T =06, HIONEREE
Py br R T —ABEmT T FARBROICEONTZ, 7 I s 7
—AREAETHZ LD, VT VOREMIENRZEANTELDZ & T, E/Z
A RIS IEE Y b e X7 — BB 6 iz, RS O RS
i, 7I e O T — Ao Gons A4 I =y A ENEMELER
L, ELE/AT V0 AMBENRT I UEAIC LY =) v F ARSI S
TeARFALEATO Z LT, KGR EITT D2 EE X, RATF—VIZBITLIARK
KFBALSIEICB W T BB S ROSITEIT L, BROEHEE Y be kT —
VIR BT,
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4. KB

- G AT ROV E

A v~ 777 4— (GC) L EEHMFITE GC-2010AF |2, E=a—L v
ke Xy — K8 DB-WAX (30 m x 0.32nm x 0.5 um), IC-1 (30 m x 0.25 mm
x 0.25 um), AL =l Chirasil-DEX-CB (25 m x 0.25 mm x 0.25 um)., & L
< 1% Beta DEX™ 225 (30 m x 0.25 mm x 0.25 uym) & H LHIE L7=, BEE A
7 hviE. BEffER L GC-QP2010 (2 Restek #! Rtx- 1 (30 m x 0.25 mm x
0.25 um) ZFEHLAE L7, SBoMiEEE A7 FL (HRMS) | HAE T
# JMS-T100GCV(FI) & L < (X B ERAEFT . LCMS-IT-TOF(ESI) Z H W THIE
L7z, BREAHEE (NMR)Z22Z kL (*H-NMR, ®C-NMR)iZ BRUKER 500Hz
EEAHL, 7o AV AEERICABEELE L TT NI ATF LY T v
(TMS) &2 W TCTHIE L7z, (b7 MiE ppm HAL (§)Ta Lz, FRAMEI
(IR) A7 hiE, BAS R FT/IR-550 BIAR4 5y EFH 2 H L. KBr %
H L <HTEBEIC L0 JE L7z, BEEEE T B A R JASCO P-1020 % W
THIE LT, »FHLEET VITE Li@E# SCIGRESS V2 #/HWTHHE L7,
FOSAERYOHERESL VXV hogrrsa~ 777 0— (BEEAS
#® U 0 60 (230~400 mesh)) . b LI BAHERE 7 e~ 7T 7 4 —
(Merck & TLC L — b 1.13895.0009)(Z £ V 1T - 7=,

(S)-L2. (S)-L3. (S)-L4c iE TRk Izt WAk L 721791 (R)-L4b. (R)-L4d. (R)-L6a.
(R)-L6b X2 EZIc LTAamLEIY, ZzomoREIZ, T XCThHkhz
FTOEEMHFEHLE,
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(2R)-2-F(p-t-7 F A 7 = = A) A F A E 1 U P2 ((R)-Lab) D & ko]

Step 1; (R)-1,1-V(p-t-7 F L7 = =/))7 N T & Rrtrnrl[l2-c]txH VL
-3(1H)-A > &

AT ERFHK[ATICB W TTo7e, WoR 77 2azHE L, #Fik-F
IZ p-t-7F /7 = =/Lb7rm I F(100 g, 469.2 mmol, 2.0 eq. vs substrate) & O}
THF(L40 mL)ZRIM L, 77 A aNiZ~ 7 ¥ 7 A(12.6 g, 516.2 mmol, 2.0 eq.
vs substrate) Z i L 7=, B IZBWTHELL>o, M FiKFHNOERK % 5-10
MLIZEZ7 7 2aWNIZFMLU ER LoD 12-Y 7 ety o afitiftBiRNL,
RIS ZBE ST, R NOBRKEZ 22T TH T L, &5\ 2 s
L7ERBIZ GCIL LY IO EITEZRER LT, THNIEEZ 10 CLUL T £ THA
L. M FRHCR)2-ZF L-1-AF A br Y Pr-12-PhALRF L —
(47.2 g, 234.6 mmol) & X THFGO mL)Z i/ L7=, # FiRtF L W iER %2 P - <
DL ENTTHFL, BIRICBWTKRAEREEE., HIZ3KM65 Clok
WTHHEEZITo7, TLC TRIGOK T AR L., BLHEITo7, TN LD
THF 28 E L THRN%EZ 10 CULFETHAL, LT v E=7U LKEKZH
WCT 7z F L, BEl—F V2R, R %ICHE %2 KEKTHE L,
T NV v AZHWCTHEE, iR L, WREZEML TH LT AERY
AH ) — )L TCHiERL,H E’J@(R)-l,l-ﬂp-t-? FNLT =) hTk Fn
v ow[l,2-c]4 %V IL-3(1H)-A4 v & AAEK E LT 72 (52.0 g, 132.8
mmol, 56% vyield),
(R)-1,1-bis(4-tert-butylphenyl)tetrahydropyrrolo[1,2-c]Joxazol-3(1H)-one

mp 248-251 °C (lit. mp 240-243 C.

[a]p?® = +143.7 (c = 0.4, CH,Cl,) (lit. [a]p"™ = +125 (c = 0.4, CH,Cl,)).

'H-NMR (500 MHz, CDCl3): & 1.08-1.19 (m, 1H), 1.25 (s, 18H), 1.68-1.74 (m, 1H),
1.80-1.88 (m, 1H), 1.92-2.01 (m, 1H), 3.18-3.26 (m, 1H), 3.68-3.75 (m, 1H), 4.50
(dd, 1H, J = 5.6, 10.5 Hz), 7.25-7.46 (m, 8H).

13C-NMR (125 MHz, CDCl3): 24.9 (CH>), 29.0 (CH>), 31.2 (3C, CHs), 31.3 (3C,
CHs), 34.47 (C), 34.48 (C), 46.0 (CH), 69.9 (CH), 85.9 (C), 125.1 (2C, CH), 125.2
(2C, CH), 125.4 (2C, CH), 125.33 (2C, CH), 137.3 (C), 140.7 (C), 150.4 (C), 151.1
(C), 160.6 (C).

IR (KBr): 2960, 1750, 1510, 1470, 1390.
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Step 2; (2R)-2-[E A (p-t-7 F /L7 = = L) A F L] 1 U ¥ L ((R)-L4b) D & k]
Mo”7 2alZ(R)-1L,1-P(P-t-7F L7 x=)F hF b Frt'r (1,2
A Y L-3(1H)-A4 2 (65.7 g, 167.7 mmol), /3T ¥ AR 3 H Rk (1.31 g,
2 wt%, N. E. Chemcat, PE type, 10% Pd wetted), X O* # ¥ / — JL/THF(2:1 vlv, 90
mL)ZRM L, KEFHEX T, BRICBW BB LKIEZITo7, 4 BRI
TLC TRIGDFZEfE LR L, B E T, filili2 7 4 MEBEL, >V
HTNITNTua~x NI T T 4 — (W= TF VA HZ ) — )T L > T HEERE R
L. BHHO A @E K %1572 (43.6 g, 124.7 mmol, 74% yield),
(R)-2-(bis(4-tert-butylphenyl)methyl)pyrrolidine ((R)-L4b)

mp 124-125 “C.

[a]p?® = -7.1 (c = 0.5, CH,Cly).

'H-NMR (500 MHz, CDCl3): & 1.25 (s, 18H), 1.34-1.42 (m, 1H), 1.60 (br, 1H),
1.68-1.82 (m, 3H), 2.81-2.87 (m, 1H), 3.66 (d, 1H, J = 10.2 Hz), 3.75-3.81 (m, 1H),
7.18-7.30 (m, 8H).

13C-NMR (125 MHz, CDCl3): 24.7 (CH5,), 30.7 (CH,), 31.4 (6C, CH3), 34.3 (2C, C),
46.2 (CH3), 57.7 (CH), 62.6 (CH), 125.2 (2C, CH), 125.5, (2C, CH), 127.6 (2C,
CH), 140.8 (C), 140.9 (C), 148.8 (C), 148.9 (C).

HRMS (ESI) calcd for CasH3sN (M+H™) 350.2842, found 350.2843.

IR (KBr): 3320, 2960, 1510, 1460, 1400.

(2R)-2-P(p-A VY TR ENLT = = L) A F L Er Y ¥ ((R)-LAd)D & ke

Step 1; (R)-1,1-V(p-A Y 7o N7 x2=1)7 Tk Frtoul[l2-c]4+
VL -3(1H)-A v D & Rk

(R)-1,1-¥(p-A Y 7 rE N7 x=)L)7 Tk Frtrru[l2-cdxH L
B(AH)-A Y IE(R)-1,1-P(pt- 7 F AT = =A)F R T b Fu o a[l2-c4x
TV V-3(IH)-A > DGRk & A O FETITVY, (R)-2-2F-1-AF el
vraa2-vhnrRxr— rB(10.1 g, 50.0 mmol) Lk V. BB D(R)-1,1- (p-
AV 7urbE N7 =)L) FT7 b Rt ouo[l2-c]d x>V L-3(1H)-4 » %
B E A S L C157-(6.66 g, 17.4 mmol, 37% vyield),
(R)-1,1-bis(4-isopropylphenyl)tetrahydropyrrolo[1,2-c]Joxazol-3(1H)-one
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mp 121-124 C.

[a]o?® = -154.5 (¢ = 0.4, CH,CI,).

'H-NMR (500 MHz, CDCls): 8 1.05-1.23 (m, 1H), 1.23 (d, 12H, J = 6.9Hz),
1.66-1.74 (m, 1H), 1.79-1.88 (m, 1H), 1.92-2.00 (m, 1H), 2.82-2.89 (m, 2H),
3.18-3.26 (m, 1H), 3.66-3.75 (m, 1H), 4.50 (dd, 1H, J = 5.5, 10.5 Hz), 7.15-7.46 (m,
8H).

13C-NMR (125 MHz, CDCl3): 23.85 (2C, CHj3), 23.87 (2C, CHj3), 24.9 (CH,), 29.0
(CH,), 33.67 (CH), 33.70 (CH), 46.0 (CH,), 69.6 (CH), 86.0 (CH), 125.5 (2C, CH),
125.9 (2C, CH), 126.3 (2C, CH), 126.6 (2C, CH), 137.8 (C), 141.1 (C), 148.2 (C),
148.9 (C), 160.6 (C).

HRMS (ESI) calcd for CasHy9NO, (M+Na*) 386.2091, found 386.2090.

IR (KBr): 2960, 1750, 1510, 1460, 1380.

Step 2; (R)-2-[E A (p-1 YV 7B ENLT == )L)2F ] ra ) ¥ ((R)-L4d)D A
ik

(R)-2-[E A (p-4 Y 7B ENL T 2= W) AF ] e Y D& akid, (2R)-2-[E
A(p-t-7 F N T == ) AF e r U Y ((R)-L4b) & R EE D FiE TIT UV,
(R)-1,1-¥(p-4 Y Vv L7 =) Tt Fevrroo[l2c]txH L
-3(1H)-#4 > (6.00 g, 16.5 mmol) L v HHJ® ((R)-L4d)Z AEEK L L TH~
(2.44 g, 7.58 mmol, 46% vyield),
(R)-2-[bis(4-isopropylphenyl)methyl]pyrrolidine ((R)-L4d)

mp 64-68 C.

[0]p?® = +12.5 (¢ = 0.5, CH,Cl,).

'H-NMR (500 MHz, CDCl3): 8 1.18 (d, 12H, J =7.8 Hz), 1.32-1.42 (m, 1H),
1.68-1.83 (m, 3H), 2.78-2.87 (m, 3H), 2.99-3.05 (m, 1H), 3.67 (d, 1H, J =10.2 Hz),
3.75-3.81 (m, 1H), 7.08-7.28 (m, 8H).

13C-NMR (125 MHz, CDCls): 23.7 (4C, CH3), 24.7 (CH>), 30.6 (CH,), 33.59 (CH),
33.62 (CH), 46.2 (CH,), 57.8 (CH), 62.6 (CH), 126.4 (2C, CH), 126.6 (2C, CH),
127.89 (2C, CH), 127.91 (2C, CH), 141.2 (C), 146.5 (C), 146.6 (C).

HRMS (ESI) calcd for Co3HsiN (M+H"Y) 322.2529, found 322.2519.

IR (KBr): 3320, 2960, 1510, 1460, 1400.
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(3R,5R)-5- X Xkt KUY Lt r Y vr-3-4— /b - #HEEHE((R)-L6a - HC)D &
Ei[sl

Step 1; (6R,7aR)-6-t Fr X -1,1-V 7 =c=/v7 F 7t Fr bt unr[l2-c]4F
B L -3(1H)-A v o A

ARISTERFHKRTICBN T T, WOA 77 A2l T =)~ T X
7 A7 v R THF ®#2(2.29 L, 1.27 mol/L, 2.91 mol, 3.03 eq. vs substrate) ¥
MU, @ FRFICQ@RAR)-V—F )L 4-t Fuxital) Pr-12-UH/LRF
v L — |k (49.5¢, 228 mmol) 2 O THF(457 mL)Z M L 7=, RWIEE % 40 C
CHE L, MTITRF LV ERZP->< D & 90 i T R L., BT 2 KffH
65 CIZBWTH#H AT o7, TLC TRISOM T Z sl L, BAH L 1T o 72,

7 IARBCEBEERELTCRNLY THF 2B ELZHRICHARNEZ 10 CLLF
FTmAL, HILT rE=vAKBEREANWT 7 F L, Bl F Vv %
WL, HEERICHMEZ KEKTHEEL, ST M) OLATEE, VA7
NBTAhrua~v NI 7 4 —(HFBFA)ICEDiER L, WRZEML T
(6R,7aR)-6-t R % -11-V 7 xc=/L7 F Tt Ret uull2c]txH+
S3(IH)-A v OMARY = A BER E L TH72 (255 9), RMbEaW iR %217
T WOBISITH W,

Step 2; (3R,5R)-5-X> Xkt KU vvwml vr-3-4— b ((R)- L6a- HCI)
DA R

WoH 7 F A2 |ZH(6R,7aR)-6-t Re ¥ -11-Y7==LF hJt kot
7 u[1,2-c]4 % Y L-3(1H)-4 > (210 g, 711 mmol as 100%), /X7 ¥ U AR
% HH F il 45(10.5 g, 5 wt%, N. E. Chemcat, PE type, 10% Pd wetted). KX X % /
—/L(630 mL)Z ML, KFEFHKT., BRICBWTEBLKISEZITo T,
2607 [H] 72 ICTLCTRL D et 2 iEsd L. RAEH Z T o7, Mz T 1 &
WL, TWIFTHTLru~ 7T 74 —FBESE, BT 52 & THE
R A OREMEA AL L TR MERYEZNSH T 7 X3 (ZHRML,
1-7 % 7 =/ (840 mL)ICHMESE, REBEZH T2 2 & THRBREZIHS
T, Bohi-AGKMZIE® - 2L, BWDOBRSR)-5-X> Xk KU LY
vy Y r-3-4— /b g ((R)-L6a- HCI) % 5% 72 (101 g, 351 mmol, all over 44%
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yield), KISOBIZ, LERFEEZFHWUE, EF KT Y —(LL THWE,
(3R,5R)-5-benzhydrylpyrrolidin-3-ol (HCI salt) ((R)-L6a * HCI)®

[a]o?® = -25.9 (¢ = 0.4, EtOH).

'H-NMR (500 MHz, DMSO-Ds): & 1.48-1.52 (m, 1H), 2.08-2.16 (m, 1H), 3.07 (dd,
1H,J =11.7, 2.1 Hz), 3.19 (dd, 1H, J = 11.8, 5.4 Hz), 4.32-4.40 (m, 2H), 4.56-4.63
(m, 1H), 5.52 (d, 1H, J = 4.1 Hz), 7.18-7.55 (m, 12H).

13C-NMR (125 MHz, DMSO-Dg): 38.7 (CH,), 52.7 (CH,), 54.3 (CH), 60.2 (CH),
68.1 (CH), 126.8 (CH), 127.0 (CH), 127.8 (2C, CH), 128.0 (2C, CH), 128.7 (2C,
CH), 128.8 (2C, CH), 140.9 (C), 142.0 (C).

HRMS (ESI) calcd for C17H,oNOCI (M*) 289.1233, found 289.1220.

IR (KBr): 3291, 3023, 1498, 1450, 1402, 1094, 1025, 918, 700.
(3R,5R)-5-benzhydrylpyrrolidin-3-ol ((R)-L6a)

[a]o?® = -9.8 (c = 0.4, EtOH).

'H-NMR (500 MHz, CDCl3): & 1.39-1.45 (m, 1H), 1.89-2.50 (br, 1H), 2.09-2.17 (m,
1H), 2.88 (dd, 1H, J = 11.1, 4.8 Hz), 2.94 (dt, 1H, J = 11.1, 1.5 Hz), 3.76-3.84 (m,
1H), 3.90 (d, 1H, J = 10.3 Hz), 4.25-4.30 (m, 1H), 7.14-7.18 (m, 2H), 7.22-7.29 (m,
7H), 7.32-7.35 (m, 2H).

3C-NMR (125 MHz, CDCls): 40.9 (CHy), 55.6 (CH,), 58.6 (CH), 61.6 (CH), 71.9
(CH), 126.4 (CH), 126.5 (CH), 128.0 (2C, CH), 128.1 (2C, CH), 128.5 (2C, CH),
128.6 (2C, CH), 143.1 (C), 143.3 (C).

HRMS (ESI) calcd for C17HoNO (M+H") 254.1539, found 254.1530.

(3R,5R)-5-V (p-t-7F L7 = =)L)e RU L Er U ¥ -3-4—/L((R)-L6b)D A
f% (Table 2) 8

Step 1; (6R,7aR)-6-t R ¥ -1,1-V(p-t-7 F /L7 = =1)7 Tk KrtH
1 [1,2-c]7 % VL -3(1H)-F > @ &

(6R,7aR)-6-t Fr ¥ v -11-V(p-t-7F L7 = =1)7F b Tt Ku ' nrnr[l2-c]
XYV -3(AH)-F > DAL, (6R,7aR)-6-t FE ¥+ -1,1-Y 7 = =/ F |
7t FebEro[l2-c]4xH Y -3(1H)-4 > L RO FE TITV, (2R,4R)-
CITF) 4k RrF o) Ur12-UhARF L — RE(6.10 g, 30.0
mmol) LV By % A &E R & L TH7-(7.87 g, 19.3 mmol, 64% yield),
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(6R,7aR)-1,1-bis(4-tert-butylphenyl)-6-hydroxytetrahydropyrrolo[1,2-cJoxazol-
3(1H)-one

mp 219-221 °C.

[a]p?® = 153.7 (c = 0.44, CH,Cl,).

'H-NMR (500 MHz, CDCl3): & 1.30 (s, 18H) 1.36-1.44 (m, 1H), 1.78 (d, 1H, J =
4.4 Hz), 2.07-2.15 (m, 1H), 3.34 (dd, 1H, J = 5.8, 12.4 Hz), 3.74 (dd, 1H, J= 3.1,
12.4 Hz), 4.47-4.55 (m, 1H), 4.61 (dd, 1H, J =7.3, 8.7 Hz), 7.27-7.45 (m, 8H).
13C-NMR (125 MHz, CDCl3): 31.25 (3C, CH3), 31.29 (3C, CHj3), 34.5 (C), 38.4
(CH,), 55.4 (CH5), 68.2 (CH), 72.6 (CH), 86.5 (C), 125,3 (2C, CH), 125.4 (2C, CH),
125.5 (2C, CH), 125.6 (2C, CH), 137.1 (C), 140.5 (C), 150.7 (C), 151.3 (C), 160.9
(©).

HRMS (ESI) calcd for CasH33NOs (M+H™) 408.2533, found 408.2526.

IR (KBr): 3320, 2960, 1760, 1460, 1370.

Step 2; (3R,5R)-5-V(p-t-7 F /7 = =/L)e R Lty T -3-F— /L
((R)-L6b) D & hk

(R)-L6bD & ki, (R)-L6ald Ak D FiETITV, (6R,7aR)-6-& N m & -1/1-
V(pt-7F AT =) hT7 kb Fuebvrnrull2-c]l4dFx YV -3(1H)-4
(22.0 g, 53.9 mmol) 7 & (R)-L6b % H & [# & & L T#5:7-(16.6 g, 45.3 mmol, 84%
yield),

(3R,5R)-5-(bis(4-tert-butylphenyl)methyl)pyrrolidin-3-ol ((R)-L6b)

mp 114-116 °C.

[a]p?® = 6.3 (c = 0.43, CH,Cl,).

'H-NMR (500 MHz, CDCls): & 1.27 (18H, s), 1.42 (dddd, 1H, J =1.4, 2.8, 7.1, 14.2
Hz), 2.05-2.19 (m, 3H), 2.88 (dd, 1H, J = 4.8, 11.1 Hz), 2.98 (d, 1H, J = 11.1 Hz),
3.74-3.80 (m, 1H), 3.84 (d, 1H, J = 10.3 Hz), 4.28-4.32 (m, 1H), 7.19-7.31 (m, 8H).
13C-NMR (125 MHz, CDCl3): 31.4 (6C, CH3), 34.3 (C), 34.4 (C), 41.0 (CH), 55.7
(CH3), 57.8 (CH), 62.0 (CH), 72.1 (CH), 125.4 (2C, CH), 125.6 (2C, CH), 127.6
(2C, CH), 127.7 (2C, CH), 140.2 (C), 140.4 (C), 149.06 (C), 149.13 (C).

HRMS (ESI) calcd for C25H3sNO (M+H*) 366.2791, found 366.2796.
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IR (KBr): 3210, 2960, 1510, 1460, 1360.

RIVULA—T I VEMBIZEBEY M T —VDOARFKFEA(Table 1 and 2)

—ffHl L LT, Table 2, entry 11O R FAKFLIZHONWTIRRS, ERFRHK
TZBWTE0-mLY = L > 7 Z¥ b7 — L ((EIZ)-4)(2.00 g, 13.1 mmol,
E/Z=50/50), 7 I > d:fil 4 (R)-L6b(0.249 mmol), ~ U 7 /L A4 & FEfE£(0.249 mmol).
RT VT A —fiEEN Y 7 A EERE (5 wt%, 28.0 mg, 0.1 mol%) & &0 L | ¥&
ELTt-7 % 7 — VIKOIRAEB(2.0 mL, 92:8 viv)Z 12 T50 Clzk\ 1
REMBIR 24T o 72, RN Z KB FFKICEBR L, 50 ClZi v T21RFHHE
LRSS, OSERIZEZ A MNEBRL, A¥BEE2GC(F 7 4T v %
NEERE L L CHER)TO L E 2 A, RFAFEMLDSETL, HOD-v b
037 —/(D-2)RN 5 7, GCHHT(DB-WAX (30 m x 0.32nm x 0.5 pm), 2;
8.31 min, (2)-4; 16.7 min, (E)-4; 18.7 min)iZ & v #ix{k =L % chiral-GCHy#r(F 1
Beta DEX™ 225 (30 m x 0.25 mm x 0.25 pm), D-2; 34.9 min, L-2; 35.2 min)(Z &
WD-20 = F o FARMPRLRE LT,

NRITTTL—T I 3% AW/ D-v be x 77—/ (D-2)D &K (Scheme
4)

o> m 75 2=y b F — /v ((EIZ)-4)(E/Z=50/50)(170 g, 1.12 mol). (3R,5R)-5-
Ry X RUvenr Y Pr-3-4—/1 - HFEE(L6a - HCI)(850 mg, 2.93 mmol,
0.262 mol%)., /X7 ¥ 7 A jx 3 FF (210 mg, 0.5 wt%, Evonik Degussa type E 105
O/W 5% Pd,wetted with ca. 55% water), 2 = > (6.76 g, 35.2 mmol, 3.14 mol%)
FWRML, WL LT -7 F 72— L (10wt% ks Bk & . 170 mL)TAN L
THFPZHGL, R - EFREBMRZITo72, WIRS50CETHIR L, BERIC
IR LR S, RN ZKEEHR L RNIEE L 60C & L TRILE B
L 72,18 FFfH #2110 GC TG D 5EfE & M il L 7o AN IEAFE 328y FAT UV
BB AT o Tz, W ZHER E Lok, BAF (IR 75 C, Wikl 68 C,
BATE 64 °C, 0.50 TorniZ kW BM®D D-v b7 —/(D-2)x A4 AL L
L CT157-(387 g, 2.51 mol, 76% yield, 70% ee),

D-Citronellal (70% ee of D-2) (Scheme 4)
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[a]?° b = 13.3 (c = 0.5, CHCl3, 70% ee).

'H-NMR (500 MHz, CDCls): 8 0. 97 (d, J = 6.5 Hz, 3H), 1.23-1.31 (m, 1H),
1.32-1.41 (m, 1H), 1.60 (br, 1H, C=C-CHjs), 1.69 (br, 1H, C=C-CHjs), 1.94-2.12 (m,
3H), 2.23 (ddd, 1H, J = 16.0, 8.0, 3.0 Hz), 2.40 (ddd, 1H, J = 16.0, 5.5, 2.0 Hz),
5.06-5.11 (m, 1H, CH=C), 9.75 (dd, 1H, J = 2.5, 2.0 Hz, CHO).

¥C-NMR (125 MHz, CDCls): 17.6 (CH3), 19.9 (CH3), 25.4 (CH,), 25.7 (CH3), 27.8
(CH), 36.9 (CH3), 51.0 (CH,), 124.0 (CH), 131.8 (C), 203.0 (CHO).
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B_E
ARETNVI=ULSERMBEIICLDY beXx T — NV ORERBIEESE

1. %&

il

— DO F o TFEAEY—DRIENRS ) o U FAv—L 0 b Nk
EFA LI 7 B IRk lEW o RERMLTFHENL, EFEEEES L2
WCEERAHFETHY SBHICBWTHERAICHIE I TV D, T aENTIX,
fExDHEND D, Hl2E, BEELEALAMEN 272 —10
oy B %?%%1t‘*$@0>Z<¥$¥?%§(>E§$ﬁ@kﬁﬂii kB E Ry EIRAN S
%, Kagan & 3HEx O FHEGRAEFoENEL L L, BF 0B o oR L
A ﬁ%%%fhb\%m

S R A0 SR BN K Ay fR PO . BT RS, BRAbSOS. BRER RS, PABR
B, & DMEHR LIS D 6 >DOH T 2 Y —1245F b s05 Tokunaga
%ﬁDmMﬂmmms%%ﬁ%kLTﬁLt%@%%ﬁ%%w\7f§7b
> OGR4 B & L L 72 (Scheme 1) )

el <oy
I

tBu
(S)-DTBM-SEGPHOS
Cu(OAc),
6 9 MeO(CHs),OH o 9 29
Y\OMO eO(CHy), YOMO YO %LO/\/OMe
oc 7 O +
N:< toluene, 20 °C N:< NH
Ph Ph O~ Ph
40% conv., k,¢ = 11 53% ee 84% ee

Scheme 1. Asymmetric alcoholysis of azlactones with Cu-(S)-DTBM-segphos

JIGNETH Y . PBRKOE

O B B O 240 B 0 S TN K 45 iR S s <93 TT
THHERY T oENIHEE T

R W T ImEH N D2, PRSI
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T 1Yy AR A - T LR U BRABICE T D G4yl (Scheme 2)M°
L. AL VARG EIGH L5 E(Scheme ) HE snTwnall, L
DURNS, BALKISTZ T TR ARFOT VI =0 AEEREZ L L THW
ey b7 — VEOREGRILTENITERE S TRy,

| 0 . | 0 -9
S [Rh{(S,S)-iPr-duphos}|BF, .
A N +
Ch,Cl,, 30 °C

OMe OMe H OMe
Kpoi =41

Scheme 2. Kinetic resolution of olefin with chiral-Rh catalyst

CHCMe,Ph
tBu Ei)

Ph™ N 22°C,6h

K, = >50 41% yield
Scheme 3. Kinetic resolution with olefin metathesis reaction

AT, K%?wi:vA%%%%ﬁkﬁévbm*§~w®%97x
TUABRIRH L OEEROLFESENZONTHELIZHERIZONTIERS
(Scheme 4), K7 VI =7 LAGEKRMBIZ L > TITEIKDT Fhr T — LD
PABR SIS 23 FRBEDSTARBIREIZ KIS L2 RO v b 2 T — L iZB W THE
W n-BIRME, o@mnAg Y L T LRI R o THEIT L. B RO KRG
Pen-A4YFLa—nah 27, £, ZONXRFHTNORISHEEDEREIT
bz, ROFNEEZFMHLTY T — A0 b R FEEERD L-A 2 F—L
(L-1)E R 21T 2 7,
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CHO chiral Al-catalyst hydrogenation
>~ OH > OH

/:\ /:\
(+ )-citronellal L-n-isopulegol L-n-menthol
((£)-2) (L-3) (L-1)
+
“_CHO
s
|
L-citronellal
(L-2)

Scheme 4. Kinetic resolution of racemic citronellal with chiral-Al catalyst
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2. MRERUREBE

RETNVI = LERMELZRAVEZY P e X T —LVOBRRK G

Lo, VALV ORFERNM FE LT 1,1-E-2-F 7 F—JL(LLTF
BINOL &L g7 ) (L7Ta) 2 7 VI = v s v THL I
BINOL(L7a)-Al #5{& 2 fit il & L CTHW, ¥ b rx T — /1 (2)D AR KL % Tl %
DFEMETTITo Tz, R % Table 1 12777,

Table 1. Ring-closing ene reaction of D-citronellal (D-1) using BINOL (L7a)-Al

catalyst
Et;Al (5 mol%) 0 =
CHO  ginoL (L7a) (8 mol%) @ o '
| toluene, 0-10°C, 1 h <~ “OH
A | \
dimer ester 5
(R)-BINOL ((R)-L7a) (S)-BINOL ((S)-L7a)
entry BINOL isopulegol conv. selectivity n- selelect|V|ty
0,
(L7a) (3) (%) 100! of 3 (%) of 3 (%)
1 (R)-L7a L-3 97 93 98
2 (S)-L7a L-3 38 100 69
3l (5)-L7a D-3 95 96 97
g (1)-L7a L-3 90 6l°l 79
5Lf] (R)-L7a L-3 trace - -

[a] Determined by GC analysis. [b] The conversions were calculated as the total
consumption of 2. [c] L-Citronellal (L-2) was used. [d] Reacted for 19 h. [e] Dimer
ester 5 was obtained with 79% vyield. [f] This reaction was carried out using Al
complex from 5 mol% of LiAlIH,; and 10 mol% of (R)-BINOL ((R)-L7a) in THF (5
mL) at 0 "C. [®
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LR IZ b X7 —LQRQOEHEENOHAELZ, YhfaxT— 102
HERIIBITODAY LI —NLOERLEELZ BN ORRNELLT A YT
LI — LEIRK L+ 5)E L7z, (R)-L7a-Al $&1k & (S)-L7a-Al $&{K D D-2 (2 %f
T 25 fRBETE PEIZ A & N2 B 7 o> T 7z (entry 1 vs entry 2), 2 4LiE. BINOL-AI
PEIRS D-2 DM ELZEH L TBY . TO/ME, RISHEIZEVWRRATZ Z
EERLTWDET TR, Z O BINOL-Al $51K 0 37K F8 7% 25 B BR S E 12 78
WHE LB Z TWDZERHALNE -7, (S)-L7a-Al $&{k & D-2 O A A
b Tl RO ENE < B LR KD o 72 (entry 2), — 7. (S)-L7a-Al $&{K &
L-> b2 37—/ (L-2) Tlix, (R)-L7a-Al $§{k % 72 D-2 O G & FEE. &
WA Y T LT ) LBRRE RO n-EIRE T D-1 Y 7 L Aa—/(D-3)RfF b7
(entry 3), £72. 7 /KD BINOL((2)-L7a)-Al $EK 2 H =465, 4 V7L
T— L EREX 6%& 1T A TEITET., ¥ e x 7 —/L[FE T Tishchenko
PSP 2 o Lixis+ % T BEOZ AT AL THLY hur Y LY b
F UL (B) N E&AL R 80% T4 5 AL/ (entry 4), W (2. Shibasaki H D #H&E L T
D RE~A VRS ICIEE & T Al-Li-BINOL(ALB) 8 (K812 & i 1t 12 A
Wi & 2 A, ISR EHIT Lo = (entry 5), Z OFER T, ARG
BT DT NI =0 AEAOHEN, ALBSSKR L 32 Bl 2 L2 REB L
TWwb,

TNhHI=U ACHT HEMFOLEDORE

WIZ, T =7 LAFEFI2x9 5 (R)-BINOL((R)-L7a) D M &%) i >\ T
FiEt L 7= (Table 2),
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Table 2. Ligand equivalent effects of the ring-closing ene reaction by
(R)-BINOL-AI catalysts

O z
CHO :
Etz3Al (5 mol%), (R)-L7a (0)
| CH,CI,,0-10°C, 1h - OH
/\ |
L-3 5

D-2
entry  (R)-L7a (mol%)  conv. (%)R!P! selectivity n-selectivity
(eq. vs Al) of L-3 (%)™ of L-3 (%)™
1 5 (1.0) 99 3l n.d.
2 8 (1.6) 97 93 98
3 10 (2.5) 88 100 94
4 5 (1.0) 97 99 98

[a] Determined by GC analysis. [b] The conversions were calculated as the total
consumption of D-2. [c] Dimer ester 5 was obtained with 83% yield. [d] 3 mol%
(0.6 eq. vs Al) of 2,2’-biphenol was added.

T = AFEAITH LT 1 EEDR)-BINOL ((R)-L7a) (OH #5 T 2 4
&) TS U728 RIIARKISITITIEEN T E A ERS A VY T LI — )Lk
RPIZ3WICHED . = AT LIRS NEIRE 83% TH L ALz (entry 1), ZiL &
IF A . (R)-L7a 2 7 /LS =7 A% LT 1.6 24 & (OH #15 T 3.2 4 &)
ULl RTHBMLULERZAVWESSICIEMABRKIEO RPN ET L2
(entries2and 3), ®IZ, (R)-L7ax2 7 VI =U AZx L T1YERML, 2,2°-
E7x /=% 0.6 HERMLTRIGEZIToTLEZ A, T AT VK 5 DARK
Iz AT ENTE(entry 4), T, VA NVERIEMTFRT VI =T L
kL CTAEF 1.6 Y ERM I 7= Z & T Tishchenko SIS Sz &% 2
S5, BINOL-Li # it 2 F v~ 7= Tishchenko SIS EGEHE SN TV 5
AP BINOL/AI D H =73 1.5 DA BT 5 70 2 = v AT B AL KUG
DOt & 72> T 5, > T, BINOL /4 &I v % Z & T Tishchenko
RIGEBEZ20N5 2 ENShoTo, T O KM R XSRS O IH T
FEMIIC R N D
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FARRIGICBITH2BEHEOHE
ERR T VOBRAEKIGICER TR EA 7V —= 2 7 O R % Table
3R,

Table 3. Solvent effects of the ring-closing ene reaction by (R)-BINOL-AI catalyst

CHO EtzAl (5 mol%), (R)-L7a (8 mol%) @
| solvent, 0-10°C, 1 h 7 "OH
A
D-2 L-3
entry solvent conv. (%)@l selectivity n-selectivity
of L-3 (%) of L-3 (%)™
1 toluene 97 93 98
2 CH,ClI, 98 100 97
3 heptane 83 85 88
4 THF 1 100 n.d.

[a] Determined by GC analysis. [b] The conversions were calculated as the total

consumption of D-2.

NA A OBRNETH D ML= RO AT L iz W T B
FOS 34T L 72 (entries 1 and 2), MEMRMEEETH L ~T X o HTlE, D-1 O
HRfL R L A Y 7T — L BIE P E TR T Lz (entry 3), — 5 THF TIEK
JEBHETT L 722 v o T2 (entry 4), ZHix. BINOL-AIl S§AfRBLIZ ISV T THF ©
0— R_RTNT IV =7 MIEANL L., A AR L L C o= 2 g4k
LTWBEHRILE, fto T, Pz U0l b AF LU NI OIS DR &
LCHELTWD EE X,

¥R &2 R AFEALF DORES

BRx R ARAFRAMFZ2ZHWTT A =0 AR ZHRE L FARKISICH W,
ARFHZ A W2 R FBALF % Figure L ISR T, YA — A RO RFEN 7 & L
T BINOL .+ N 4,5-E A[b R F (V7 = =L)X F)L]-2,2-Y XA F )b
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-1,3-U A% Y 7 UR(LLF TADDOL & W) EANL + %2 v i-,

2 1 3
G| 2o Pl
OH OH ><Oj% OH
OH OH O, OH
99 (1 e
R? R’ R3

(R)-L7a:R'=H,R?=H (R)-L7e:R3®=H (R)-L8a: Ar=Ph

(R)-L7b: R'=Br,R?=H (R)-L7f: R®=Br (R)-L8b: Ar = 1-Naphthyl
(R)-L7c:R'=H, R?2=Br (R)-L8c: Ar = 2-Naphthy!
(R)-L7d: R" = SiPh;, R =H (R)-L8d: Ar = 9-Phenanthryl

Figure 1. Chiral ligands

BINOL BT 1 O it s & & Table 4 12777,

Table 4. The ring-closing ene reaction of citronellal catalyzed by a variety of
BINOL type-Al catalysts

CHO )
EtzAl (6 mol%), Ligand (L7) (8 mol%)
OH

| CH,Cl,, 0-10°C, 1 h

D-2 L-3
entry Ligand conv. selectivity n-selectivity
((R)-L7) (%) 21Le! of L-3 (%)™ of L-3 (%)
1 L7a 98 100 97
2 L7b >99 99 94
3l L7b 77 53 76
4 L7c 64 99 88
5 L7d 89 61 87
6 L7e 23 34 70
7lel L7e 32 69 70
8 L7f 91 99 95

[a] Determined by GC analysis. [b] The conversions were calculated as the total
consumption of 2. [c] L-Citronellal (L-2) was used.
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WTHNOEN FZHWEHEICBNTH, W n-BIRETHEHO LA V7
LI — L (L3)B B 6T, (R)-3 3’-D|br0moBINOL((R)-L7b)75:)5H W7z D-2 DX
J&TlX, (R)-L7a # AW 7= 4 FIEFR U RBGE LN (entry 2), X A~ v
FTHDHR)- LTb Z AWV 72 L-2 DG TIE, #BER 77% T, 4V F L IT—)L
FEIRFIT 53% T - 7= (entry 3), £7=. (R)-6,6’-Dibromo BINOL((R)-L7c)% H
WA 1T, B 64% FE TIK T L, n-IRE E 88%ITIK T L 7= (entry 4),
I DOREFR D BINOL E o & i 5L o 7 & T ROGE &K OB IRPER KX <
BAEZTH ENghol-, KR, Tuxwiko X o E kg MR BINOL
D6NMIZHFET 256, EEROABRKICICHB T 2EERNRTT 5 L& 27,
EEWERLTHL N T 2= U VEEA LZ(R)-LTd 2 WIS T
XA Y 7T — LB RED 61%ITR T L.on-EIR=EH 87% T d - 7= (entry 5),
BINOL(L7a) & % HF B MMM N E R 28N %2 A LKL LT
(R)-H8-BINOL((R)-L7e)Z HH\W 7235 A . D2 KN L-2 Wi DY b rRrT—/|Z
BWTKIGMHERE L IKT L7(entries6and7), LrL. 3,3 L7 mEis%
4 % (R)-3,3’-Dibromo-H8-BINOL((R)-L7f)-Al $&ikz H 7= & 2 A, AR
L-A Y 7L =)L (L-3) e b= 91% ., 1 ¥V 7 L T — LR 99%, n-#RN =K
95% C4F & 71 7= (entry 8), (R)-3,3’-DibromoBINOL((R)-L7b)-Al ${& % 72 X
JISRERN B CThHoTe b2 B 25 & 3MOE TR MO EBILIT, BINOL
BMORNMNFZ2HTDHT7 VI =0 LEEKROARKISICEB N T, RISHEZ R ES
52 ENRBREN S (entries 3and 8), TNH DA Y T LA — LiBIRR NP
WS TIE ., o A #1312 Tishchenko s ic kv o hn 2 Bk X5
JL' 5 T& - 7= (entries 3, 5, 6 and 7),
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e\ T TADDOL BUELANL 1 D fr 5t ik S % Table 5 I2/R 77,

Table 5. The ring-closing ene reaction of citronellal catalyzed by a variety of

TADDOL type-Al catalysts

o)
Et;Al (5 mol%), TADDOL (L8) (8 mol%) ('j\
OH

| CH,Cl,, 0-10°C, 1 h

D-2 L-3
entry Ligand (L8) conv. (%)®!IP! selectivity n-selectivity
of L-3 (%) of L-3 (%)
1 (R)-L8a 17 44 91
2 (S)-L8a 39 64 88
3 (R)-L8b 55 76 83
4 (S)-L8b 89 90 93
5l (S)-L8b 91 89 97
plelld] (S)-L8b 81 96 93
7 (S)-L8¢c 28 68 89
8 (R)-L8d 9 59 78

[a] Determined by GC analysis. [b] The conversions were calculated as the total
consumption of D-2. [c] Toluene was used as a solvent. [d] One equivalent of
(S)-L8b was used.

W O TADDOL BUEAN. T D, 7 ==/VI% H+ 2% TADDOL(L8a) % L
e L THWESSG, BEREFIFPREE TOEITICHED, FELALER
OB ICITEITETICA Y 7L T — L BINRKR LK VHE & 72 - 7= (entries 1
and 2), L72>L TADDOL kLo E#IE %A 1-F 7 F I & FF OB 1 (L8b)IZ &
WL-EZA, HABRKIGAHST L=, 1-NaphthyITADDOL(L8b)-Al &K D R
il S)-KDLGE D-2 1% L TE WG « BIRMEEZRT Z &N LM
& 72 o 7= (entry 3 vs entry 4), (S)-L8b % F v 7z D-2 @ Kt 1%, #2 L3R 89% 12 %3
WTA YT LI — LEIRE 90%, n-ERFE 93% & 72 o7, HIZ, BINOL-AI

LRSS LB | L8h/Al DA 1/1 D SR IZ 3\ T % Tishchenko & iE
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R Z O T RSP EIT L, BRREERORRET LINE LI
(entry5)oLi)>b\7“75£/l/%0)pi’ﬁmp E B L -
(S)-2-NaphthylTADDOL((S)-L8¢) % I IZH W7 & 2 A, Kb KT L 72
(entry 7), mmWEBRLTH D 9-7 =F > N Y LVEEHFT H(R)-L8d & Vi
BAEIZBO TS ISHEEN KRBT L, #5630 9% £ - 72 (entry 8),

Y hueXT7—voHEERPYEESE

A L7 Tablel O Table5 ® > b 327 — VOB IGDOFRE RN | R
# BINOL-AI $&1K K U8 TADDOL-AI 5 4 filt 45 oD 47 76 T Tl B f 19 6 5 3 F 2
BZDDOTIHRWNEZ X T2, BT AF BINOL-Al SEEALME 2 W7z T &
RO ha R T — b ((1)-2) D& G5 40 21T - 72 (Table 6 and Figure
2) AT, ST OFFEMIIONTRA~ND,

RISHEDOHENZF v FA~v— KRBT T4~ —DHLELZRD D
FGHEER ke 1TERT DT o FA~—DOURERD DL, ZHE TICH
IR A R EREFEENT, EIC0OR - L RKISRICE VA S
T p eI g 5 T KKISICE T 5 ke OFHFEEZRET DI040
ke R T — L O GBS A 0 R KON 1R SO [ 7 0 iRl
ERAWTHERT 52 i LM /IS o3 120 5% 1213 50% % #8 % %
.90 D ERILAT% ThH oo, KIGHEL T LA Y LI — 1 (L-3)Dx=F

7t B =R (ee) DE 1T AR 2 ITIR T L 72,
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Table 6. Kinetic resolution of racemic citronellal ((x)-2) using the (R)-BINOL
((R)-L7a)-Al catalyst

CHO _CHO
EtzAl (2 mol%), (R)-L7 (3.2 mol%) .\
| CH,CI, / toluene, 0 - 10 °C 7~ "OH |
X

()2 L-3 L-2
entry time conv.  n-selectivity  ee of ee of Krer [
(min) (%)RIPT - of L-3 (%) L-3 L-2
(%) (%)

1 15 26 93 71 32 26
2 30 35 92 71 46 21
3 60 41 91 70 54 12
4 90 47 91 68 62 11
5 120 56 91 67 64 5.5

[a] Determined from the GC areas and corrected by the ratio of the GC areas and
the molecular volumes of citronellal (2), isopulegols (3), and ester 5. [b] The
conversions were calculated as the total consumption of 2. [c] Determined from the
GC areas. [d] Calculated from the first-order rate law using the theoretical

conversion value. 1
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Figure 2. Kinetic resolution of racemic citronellal ((x)-2) using the (R)-BINOL
((R)-L7a)-Al catalyst: experimental values (@); simulated data for the first-order

reaction (line)

(£)-¥ F a3 T =L ((2)-2)DHEL RN 26%D & & L-3 O =) > F Al FlE
1% 71% ee T& U (entry 1, Table 6), KJSOHEIT L & HITEMAIZIE T L, 4
LD 56% D & X 21X 67% ee T - 7= (entry 5), meezm%Lf;tﬁmﬁ
fbRELED2O T U FABFREDOEMSLZEZ T 0y 325 & 2 03w EF
SENT L IRBOSIZHE > TWDH K 9ICR A5, & 512, Table 6 @75 HI D R i
1 RIS EEZEZTHFBELRWE 565 T, 2 O E#HEE 5 8 BSOS

KEEERYO LIRS TH D LGz, RGBER, — RSO X
D E NI K DIEIX 26 T o 7= (entry 1, Table 6), ISR EITT B I -
T ket DEIX 26 705 11 ~E R &2 ITHE T L7, Kre DB ILBOG O ER (L F S 50%
A T-REIZ, 5.5 ~& & LITIK T L7z (entry 5, Table 6),

FSHEEB ka9 DR E L2 L30T F o F A BEIR & GC oMb kE
Lz FABERIITEDNR D o7, Fl 21X, #8IEFE 47%I258 0 T Kel
DIEP DD L-3 D= F » FAMPBEOFHIEIL 71%ee ThH D23, GC HHrd
fE1X 68% ee T - 7= (entry 4, Table 6), F7-. #5{bE 56%IZHBWV T, =F

AW FI R OFHFEAEIL 50% ee 7R o=, GCOMIC K DHEMO=F > FF
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18 =R X 67% ee Td o 7= (entry 5, Table 6), kre DfEIL L-3 D BNk 72 &
RELZLDOTHY, =T FABRLOMDEVITMOERM N TE D Z
CICEVWEZAEEZ T, T7200 L3O F U F A FIEOMEDENIT,
L-3 L ZDOMDRMEEDO =T o FABBROENVICI > THHATE D, (Y
T A= X 8FHEONEKEMNEEKRIHY, HEMWEDOD T IR e xT—
(£)-2)DHBRFISTIZEMO YT 2T L A~ —(L-3)LASM T fth 0 37 4 F 4 {4 23
Bohd, ZNUDOEMEEO S U F A BRI OMEDEND | ket DFHEAE & H
EEOEWZFISEITLEEZAOND, OB E LTI, PRI & I35
D EI i (Tishchenko KI)IZ L > Ty b X U@y b Rrx Y LGB)NTX S
EHEEZLND, BLEATRDHEE, 4 V7 L3 — 1 (2)1L 96%D IR E T
B o5 A, Tishchenko KISIZE > T AT V5N 34%TE5H, T OKIGN
vharxT—(2)% 34%HE L. O ED L-3DFEMF U TF A BmEIR LG
Bl o FARBREROMBOELR % Z LTV 5 (Scheme 5),

CHO
Et;Al (2 mol%), (R)-L7a (3.2 mol%)
| toluene/CH,Cl,, 0 - 10 °C

()2 Krer= 11 (conv. 47%)

sel. 96% 62% ce (5: 3.4% of products)

n-sel. 91%, 68% ee /
CHO
Et;Al (2 mol%), (R)-L7a (3.2 mol%)
| toluene/CH,Cl,, 0 - 10 °C |

/\

Kk, = 19 (conv. 44%)
sel. 96% 4% ee
n-sel. 91%, 68% ee

Scheme 5. The details of kinetic resolution of racemic citronellal (()-2)!
[a] Determined from the GC areas and corrected by the ratio of the GC areas and

the molecular volumes of citronellal (2), isopulegols (3), and ester 5.

RIZ L2285 & L CHAINTESG., “2RISTY Pex 7 —L2)x
BFNHTZTATIVE 5720 ZTWICITEELER 4T% T D 3.4%D 2 Th 5
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3.2%%5 (47% x 0.034 x 2 = 3.2%)D L-> b x 7 — L (L-2)BNHEINTWVD Z
LMD, TO32%GDL2ICOVWTERKINEEZ D L, FNITEAFT D
L-2 & D-2 DX 82/18 L7720, =F v F A BEEIL 64% ee, HITHa(bF
NARETRY . ZDHED Kt DIEIZ 19 L7205, 2D LD \_EMﬁm
EIEI LG E. AR EEWSERDEAL, BO L-3 L L2 BAHEIC
WU FFREREENVGELOND EBE L LD,

FEx DORFEHMNFDOREMLUZARAFT T LI =0 L8 EKE ., (2)-2 DL
7 E %17 - 7= (Table 7),

Table 7. Kinetic resolution of racemic citronellal ((x)-2) obtained with the

chiral-Al catalysts

CHO "_CHO
Et,Al (2 mol%), ligand L7 or L8 (3.2 mol%) ('j\ .
| solvent, 0 - 10 °C 7~ "OH |
A
(*)-2 L-3 L-2
entry  ligand  time (h)  conv. n-sel. ee of ee of Krett!
(%)[a][b] (%)[C] L-3 -2
%) )"
1l (R)-L7a 1.5 47 91 68 62 11
21 (R)-L7a 3 50 88 72 61 7.3
3 (R)-L7a 4 42 87 69 50 8.9
4B (R)-L7a 2 45 90 72 55 8.8
5l (R)-L7a 1 41 89 76 35 4.2
6 (R)-L7b 7 31 65 43 23 3.9
7 (R)-L7c 0.5 57 87 17 5.4 1.1
gl (s)-L8b 5 40 93 20 17 1.9

[a] Determined by GC analysis. [b] The conversions were calculated as the total

consumption of substrates. [c] Determined by the chiral-GC analysis. [d]

Calculated from the first-order rate law using the theoretical conversion value.™!

[e] A mixture of toluene and dichloromethane (50:50 v/v) was used as a solvent. [f]

Toluene was used as a solvent. [g] Trimethylaluminum was used as a reagent for
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the catalyst. [h] Triisobutylaluminum was used as a reagent for the catalyst. [i] 2
mol% of (S)-L8b was used.

(R)-L7a # W 72356 Ji8{E3 50%I2 817 5 L-3 D= F T Al # 1L 68%
ee L7200 L-2% 62%ee & mWMEZ R L7z (entry 1), ke OfEIX 11125 L
OB L L T—FmWELZ R~ L, M= IHEMAFL BT
IX(R)- L7a-Al $§1K1Z A4 Y 7 L 3 — L@IREK K N L-3 O = F > F 7 i Fll =L % 5A
FRICIETHE 27, kAT L E ML U ORABEKETCHLIZIERCMETH
- 7z (entries 2 and 3),

PERFHREFICHWA T A AT VI =T LAk AT T LI =7 A(entry 4)
FEIE NI A Y TFATAI =T A(entry 5)E L THFENE T2, D
W, BEO RN ZF LTI = LI KD (R)-L7a-Al #8514k & [FEEIC 70%LL
to=F U FARIRETHBH D L-3 % 5 2 7= (entries 4-7),

F 72, 1-NaphthylTADDOL((S)-L8b)-Al $&k = H T 7 I{k> trx T —
N((2)-2)DNFEn T 2T o7, TOHE S (£)-2 OMEZRE L. St oED
HEA4T L7z (entry 8, Table 7)., L 2» L. Xt ElOHEJ11X BINOL-Al $5K L 0 &
W R & e o T,
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B %18
Bz B DGR % Figure 3 127 LT,

N Al-Lig* (5\
o [Al-Lig'] o
/\
L-3

| A
D-2
Cyclization Path

.[Al-Lig*
Ay
.H

\/ transition state

« [Al-Lig*
O,[ g’

[Al-Lig*]

5 RO[AI-Lig*]

B ‘ S0
D-2
Tishchenko Reaction
— — Path
|

\

RO
S |
| OQ (0 RO™ bral-Lig*]
[Al-Lig*] \/<
iL\O
D-2

Figure 3. Tentative reaction mechanism of the ring-closing ene reaction by

transition state

Al-catalystst*®
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CORISIFENA RABEELTOT VI =0 AEERAMEIC X 5595 A= v Kk
LEZLNLZBY D2 DU NARZVERT LI =7 KEERA)DTEMEY A
NMZBALT D, D%, MERIENEZD REROEBKREZREC L4 V7
L= (L)W ERT D, L-A Y T L T— (L3I ET LA Y T X= )
K72 POMAEERIZEY, e R EOEENKS T La— LOE TLE
ThiHEBEZON BTNV I =0 AT X0 BUEE LS AR (A) 23 /547
Lo TV =0 AEEMRICEIAL L7 BINOL (L7a)28 L-3 XiZfio 7 o — b
BEHRLZEZICEMORISNR I 5, 20TV =7 AT v a %y RiER(B)
I% Tishchenko SIS Dl & U THEHT %5, B & 241D D-2 & DRISITE -
T.28Ey XYy hrRx 77— ME)BREKRT D, AD B ~DOEEED
BT, KGR & BB RS B Tishchenko i D 1T~ L Bfh&¥ %5, b
Yy F LTI =ht 1S4 ED BINOL (L7a)TlE, BETH7 1V Eo=x
FNUIED L-3ICLAEBBIZED ADD B~OEBNESLHICEZ 5, T
2 Tishchenko IGNE Z 0, “EIK S DY OEENO AT 5 EE %7,
i 5 W 1-NaphthylITADDOL (L8b)?D & 9 22 ENL 71X Z @ L-3 & O &G %
iilkd 2 EE2 b5, FEE. 1-NaphthyITADDOL (L8b)-Al (1/1)% {4 fik 44 1%
Tishchenko SIS 3 S 7R KIGCHEE S L TIER T2 2 &b o Tz,

ABIGIZB W T, VREBRICE D27 27 L AR IT BINOL (L7) X%
TADDOL (L8) %452 LItk - THB L7, (R)-L7a, (R)- L7b &K U’ (R)-
L8b @7 )V I =7 AGEIKD 4317 /L% Figure 4 [Z/R 7,
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(R)-3,3"-DiBr- (R,R)-1-Naph-
BINOL ((R)-L7b)-Al TADDOL ((R)-L8b)-Al
(Ligand/Al = 3/2) (Ligand/Al = 1/1)

(R)-BINOL ((R)-L7a)-Al
(Ligand/Al = 3/2)

Figure 4. Expected 3D structures of the asymmetric Al-catalysts

INDLDEERIT_S>OFAT L GFHFRICHKEN TP OEIE & £ PH B RIS
ZIT>TWVWHH., ZOFEFERITIEBREBICEBONTERMLEY Prx T —L{Z
THELTHNT, ZORNAR=ZAN L-3DIEFITEHE T T AT LA SR L
MAREBRMEEZE X TWVWD, ZTROHDEFRFRIIENLENBHEWVIZFEITICE AW
EHIZTNTMNELTEBY, TORH, TAI =T AOEEY A MO LR
SVENEN LY PR T — D 3D A FINIEEFFEREOMHNRE L T
WhHEEZLND, HEH &S D ((R)-L7a)-Al }2 ON((R)-L7b)-Al O /N7 38 5k % 1%
% Figure 5 (279,
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(R)-BINOL((R)-L7a)-Al complex

ﬁ .

L-2
Figure 5. Expected model of chiral recognition of ((R)-L7a)-Al and ((R)-L7b)-Al

(R)-3,3-DiBr-BINOL ((R)-L7b)-Al complex

catalysts

D-2 X BINOL(L7)D FAT7 — oD HFHFER(F O LKA TRI)OMICINE 5
DT, RERBENEON, Vb XT— VORERDELESEN R D, 5
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BEROBORN AN =2 T m W ERREZ(E->T L3 2522, 3N R
FZCTEH I BINOL (LTD)Z W4, BT LIS E T 5 FE4T 7
BINOL ]R(F & KB)IZBWT, BREN OO VTR EFROIGICAET D
(k)2 PR T — VDA FNLNEONRBBRBDEZVEHELS 2D, ZOH
ROLEBEREITE T LZEEZ NS, —HF EHEZ A L 72 0 BINOL(L7a)
ZHWESGA, LTh IZB 2 RFOHMMOICEMPFAET DD, L0 RAFR
WAL EBRHR, BV EIREN AR o CTEREMRMNEE B NMEIT L &
BExbivs,

% 7. 1-NaphthylTADDOL(L8b)-Al $&E{RIZFEIEED HFHFER Z K-> TV 5 D8,
TADDOL ® 1-F 7 F /L EHIIX BINOL BR L W b E) 9\, #E- T, AR
T 5 L-3 T MW RERME S 20 FRHEIORBNDPETLEEBZZ LN D,
FIZNMR Z W T 2 b 85RO E AT 24T o 7o 3 T N T DO EEE D NMR
AR NVITEMRIREWE R LI, 2O ENL, INLOEENREAL
TWB EEXEWL F- 73 =0 22D BE -S> TWD T /L3 0 57 il i
DOEE LRI B LILEEZA DN D,

FSHRE TR ke DI ZE BT 572008 KOBEE LTIk, BB Z%< T
DIEOICHFFREIKRTHZ L L FHFREROF L A &R S B2 ALE
BEBRAEDBEAZZ X, TRNOOHMEELIZL > T, EERWVWIKDY bR
2T = NVDIY A b ~OBEEEZMHIT 2 &5 2T,

L-A ¥ b=V DA

ZoNFEI R L- A F— L (L-1) DA U FIH L7z, & R 7 ¥4 % Scheme 6
WZRT, H—E TR, ¥ T — IV ((EIZ)-4), 7T =T — I ((E)-4) %
T (2)-4) = 1) %, XT P A —T v ((R)-L6a + HCI)® K i %
WOI2 W CAFRFEIT oo, AT I VA ((R)-L6a + HCI)IX b #k iy %2
il ATRECHY ., LEMNREHELEELAREGRIZEHN L, ZORRE.
R T =V DOARFKFAKISIEL D-2 ZULE 76%, =T U F A mEIEFR 70% ee
TH Z7-(Scheme 6), W THE LN 70%ee D D-2 &, ARFE CTub 7= 3 FEin
G EEZ MV AR 7T6% CTRIGEZFIET 22 LICXY LAY 7L A
— )L (L- 3)755I7L YF AR 93% ee, n-IBIRF 2% TH DL Z LI LT,
ZONFFENZBIT D L-3DIFEIT 2% THo7-, FlEHE L3 27 1 —=
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IV TKRFBIL L, TR EZHERFF LT U F A 1EER 93% ee D L-A » b —L
(L-1)Z XX E &I,

H, (0.3 MPa), Pd/C (0.5 wt%),

(R)-L6a-HCI (0.26 mol%) Et;Al (3 mol%)
X2, »CHO o . CHO .
citric acid (3.1 mol%) (R)-L7a (4.8 mol%)
| tBuOH/H,0, 60 °C, 23 h | toluene, 0-10°C, 6 h -~ “OH
asymmetric hydrogenation Kineti ut N
citral (dynamic kinetic resolution) D-2 inetic resolution L-3
(EZ)-4) 76% yield 62% yield
70% ee 91% n-selectivity
93% ee
H, (1 MPa), RANEY-Ni (2 wt%) (5\
MeOH, 60 °C, 5 h ; OH
PN
L-menthol (L-1)
97% yield
91% n-selectivity
93% ee

Scheme 6. Synthesis of L-n-menthol via kinetic resolution
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3. FEim

ARF BINOL . (O TADDOL &£ 7V F AT LI =7 A bR D F R %2 A
H L7 RERII D TR ST ) v ARS)OfiE & LTER L, &
Fox T — VEHOEEROETFENCRI L, RRISICEY T8 IR b
0RT—=IDENREEDAL Y L IT— L RDNENWTST AT LA ERMETHD
7=, BINOL-Al $EER 7R oMt L TmWwWaBles R Lo, AT
SEIDORISEREIL, KT D2 ODOFATICHFET D HFEFERICEV X T
—VOSNEEEEROSIER#IAE Z AL TND EE X2, BINOL-Al KO
TADDOL-AlI $§(A T DK HFEERDOMITH D WA —=ZARN T bur T —/L0D 3
FNWZHDATFNEERHE L, VYT AT UARRMETHFEEME -1 Y T
I—NEH 25, TOXRFESFEEEHNT, YT Ao E= ST A
WE) - DT AT UVARBBIRAICL- AV F— L ZARR LT,
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4. EB

- G AT ROV E

A v~ 777 4— (GC) L EEHMFITE GC-2010AF |2, E=a—L v
ke Xy — K8 DB-WAX (30 m x 0.32nm x 0.5 um), IC-1 (30 m x 0.25 mm
x 0.25 um), AL =l Chirasil-DEX-CB (25 m x 0.25 mm x 0.25 pm), & L
< 1% Beta DEX™ 225 (30 m x 0.25 mm x 0.25 uym) & H LHIE L7=, BEE A
7 hviE. BEffER L GC-QP2010 (2 Restek #! Rtx- 1 (30 m x 0.25 mm x
0.25 um) ZFEHLAE L7, SBoMiEEE A7 FL (HRMS) | HAE T
# JMS-T100GCV(FI) & L < (X B ERAEFT . LCMS-IT-TOF(ESI) Z H W THIE
L7z, BREAHEE (NMR)Z22Z kL (*H-NMR, ®C-NMR)iZ BRUKER 500Hz
EEAHL, 7o AV AEERICABEELE L TT NI ATF LY T v
(TMS) &2 W TCTHIE L7z, (b7 MiE ppm HAL (§)Ta Lz, FRAMEI
(IR) A7 hiE, BAS R FT/IR-550 BIAR4 5y EFH 2 H L. KBr %
H L <HTEBEIC L0 JE L7z, BEEEE T B A R JASCO P-1020 % W
THIE L, »FHLEET VITE LB SCIGRESS V2 #/HWTHHE L7,
FOSAERYOBHEERERL VXV honrsa~ 777 40— (EEAS
#® U 0 60 (230~400 mesh)) . b LI BAHERE 7 e~ 7T 7 4 —
(Merck & TLC L — b 1.13895.0009)(Z £ V 1T - 7=,

- REK
Bl Az F (R)-L8AM 8 T Stk Iz e W& LT, 7 X o dhfifit L6a - HCIM %, & —
ETARLEbOEFER L, ZoMoRITE 1L, T XTHERME2ZFDOFE E6H
AL,
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BINOL-Al $§{KZ /2> b r T — /L O KIS (Table 1)

ARSI EZEFEHRA FICBWTITo7=, =2 L > 712 BINOL(L7a)(229 mg,
0.800 mmol, 8 mol%), b= @A5mL)EHRML, BHLO DNV ZF LT L
R =U A - RV UER(0.50 mL, 1.0 mol/L, 0.500 mmol, 5 mol%) % p > < Y
EWRMUTz, LIFM=ERICBWNTHEPEL, FNE 0-10 CETHHL T, »V
VXY D-XIE L-v b xrT—1(2)(1.54 g, 10 mmol)Z P - < VY LT L.,
KTHTOEEBRBR LSS E, 1 BERBICV) VY THEBERRL, b
NEUIFER T 2T, EEARRE GC THHT LT,

3,7-Dimethyloct-6-eonic acid 3,7-dimethyloct-6-enyl ester
(citronellylcitronelate) (5) (entry 4, Table 1)

'H-NMR (500 MHz, CDCl3): 6 0.91 (d, 3H, J = 6.6 Hz, CH-CH3), 0.95 (d, 3H, J =
6.7 Hz, CH-CH3), 1.12-1.58 (m, 6H), 1.60 (s, 6H, C=C-CH;), 1.68 (s, 6H,
C=C-CHjs), 1.90-2.04 (m, 6H), 2.10 (dd, 1H, J = 14.6, 8.3 Hz), 2.30 (dd, 1H, J =
14.6, 8.3 Hz), 4.05-4.18 (m, 2H, COO-CH,), 5.05-5.15 (m, 2H, C=CH).

13C-NMR (125 MHz, CDCl3): 17.6 (CH3), 19.4 (CH3), 19.6 (CH3), 25.4 (CH,), 25.4
(CH,), 25.7 (CH3), 29.5 (CH), 30.1 (CH), 30.9 (CH), 35.5 (CH,), 36.8 (CH>), 37.0
(CH,), 41.9 (CH,), 62.7 (CH,), 124.3 (CH), 124.6 (CH), 131.3 (C), 131.5 (C),

173.4 (CH), 206.9 (CO).

BINOL-Al ${A% W7z D-¥ b7 — LD KIGCIZ T 5 %R
(Table 2)

ARPGITERFEHR FIZB W TIT> 72, ¥ 2 L > 7 1Z(R)-BINOL((R)-L7a)(229
mg, 0.800 mmol, 8 mol%)., AT E DEHE@ASmL)ZREML, Lo > U =F
INT I = A L PEHR(0.50 mL, 1.0 mol/L, 0.500 mmol, 5 mol%) %
SV EHEMUEZ LM=RBEICBOTEBEL.ANEZ 0-10 CETHAL T,
UYL D-vhurxT— /L (D-2)(1.54 g, 100 mmo)Z W ->< W LT L,
KTHTOEEBEPLLOSSE, 1 BEEZICV ) VY THIBARRL, b
NEUIFHER T 2T, EEARKRE GC THHT LT,

BINOL-AIl $&{K % AW 7= D-v b 7 % T — )L OB M 2 B 1 D AL+ & B Ft
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(Table 3)
ARIBIFTERZREFEHK[TICBWTIT 272, Yalb Y7 IZHE=ED
(R)-BINOL((R)-L7a), Hift A F L o (A45mL)ZRML, B LoOS> MU = F L
TIHI=v A FLT UEWK(0.50 mL, 1.0 mol/L, 0.500 mmol, 5 mol%) % & -
KO ERMUT, 1LRFRERICBWTHEEL, W% 0-10 CETHAIL T,
YUY EYD-v b xT—(D-1)(1.54 9, 10.0 mmol)Zp - < Y L F L.
KTHTOEEBRHR LSS EZ, 1 BERBICYVY VO THEBAERRL, b
N IR T T, EEARKE GC THoti Lo,

D-v hr X7 — VO HARKIGIZE T S BINOL BN - D Et (Table 4)
ARISIEERZFEHARXFTICBWTIT>7/=, =2 L2712 BINOL EAL 1 (L7)(8
mol%), ik AF L (45 mL)ZHRML, BELODOODMNIZF AT LI =T
2o bV PR (0.50 mL, 1.0 mol/L, 0.500 mmol, 5 mol%)% -~ < V) L IR
Lz, 1IFRIERICBW T L, FAN%Z 0-10 CETHHL T, v Uk
D D-v hu %7 —/L(D-2)(1.54 g, 10.0 mmoZ Wb ->< W W F L, BT#H<
DFEFH|PBPULKIE S, 1HEMBICTVY VO THBRAHRIL, ML= 5
W/ = F, REARRKRE GC THMr Lz,

D-> hr X7 — VOMARKIGICH TS TADDOL Bl T D Ft (Table 5)
AIGITERFEHK FICB W TITo 72, = L 7|2 TADDOL EAL 1 (L8)(5
mol% or 8 mol%), ik AF L A5 mL)EZHRML, BELOSD N =ZF LT
VI =T A hbT R (0.50 mL, 1.0 mol/L, 0.500 mmol, 5 mol%) % b - <
DEmMUT, TIFM=RICE W THEL, FHN%Z 0-10 CETmAIL T, ¥
Uy X D-vhurxrT—/(D-2)(1.54 g, 10.0 mmol&x W} ->< VW LK L,
KTHTOEEBEBLLOSSE, 1 BEZICVY Y THEBERRL, b
N UIFEER T =T, EEREE GC THHT LT,

BINOL-Al &K% 7= v b v x T — /L0 3 FE #1652 43l (Table 6)

ARISITERFHK[IFTICBWNWTI T, ¥ 2 L 7 IZ(R)-BINOL((R)-L7a)
(229 mg, 0.80 mmol, 3.2 mol%)., hr/L T LA F LAl mL)AZFEML, #
LoDV ZF AT I =0 A - FLE U (0.50 mL, 1.0 mol/L, 0.500
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mmol, 5 moln)Z W} ->< H ERM L7, 1 FFHFERICBWTELL, FRN%E
0-10 CETWHILT, YUV rvEI7EIMEKY a7 —/1((+)-2)(3.86 g,
25.0 mmol)Zz W ->< D & FL, BRTHRZOEE|MBLICSE T, FriED
RV U U Y TR ERRL, Mo vimiEfcrsr =0T, EBERARE
GC THa#r L7z,

RET NI =0 LR ER WY a7 — Lo BT e 5y I (Table 7)
AREOSTEFRFHRXTICBWNWTITo 72, ¥ a b Z I ARFBANLF (LT or L8)
(0.80 mmol, 3.2 mol%). FrE DEMAL mL)EZHRML, B Lo > MY =F L
T =T A bV W (0.50 mL, 1.0 mol/L, 0.500 mmol, 5 mol%) % & -
KO LML, 1RFRIERICBWTHEELL, RNE 0-10 CETmAIL T,
U UV EDTEIKRY Fr R T —((2)-2)(3.86 9, 25.0 mmol)Ep o< Y &
MEL, RTHRZOETEBRRLNIES T, fTEORERMICY Y v Y THERE
BRL., Pl U IfmEB T = F, EERIEE GC THM LT,

BINOL-Al &K% 7= D-> b & 3 7 — /L o3 £ 5 B9 % % 53 1 (Scheme 6)
ARISITEREFEH[ATICBNWTITo 7, ¥ a2 L ¥ 7 IZ(R)-BINOL((R)-L7a)
(742 mg, 2.59 mmol, 8 mol%), b/ (14 mL)ZHEML, @BELOSO MY =
FNAT NI =75 b UEEE(L.6 mL, 1.0 mol/L, 1.62 mmol, 5 mol%) % «p
S Y ERMUTZ, LIFAERICB W THEL L. ANZ 0-10 CETHAIL T,
VIVVIVE BEORAT— LT vy TRFTCAKLE D-v bR X T — b
(D-2)(5.00 g, 70% ee, 32.4 mmol)Z > < D LT L, BRTHEZO T EHRHEL
FIG&S¥7, fTIEORHMBIZY ) v P TREEZHERL, > BT
T F | EEREE GC THM Lz, 1.5 MBI L RN 78%ICE L2720,
KInaiE ik LI {77, MU Cr = F% ., ME % KEAK -
fMEBEAKTE —EwRE Lz, BARB~Y 77X VLW THESE, JE
WRME L CHERKEESELL, VDTNV T T7u~ NT T T 4 —
(heptane/AcOEt = 6/1) CHEiRR L, BB D L-4 Y 7L I — L (L-3) 25T
(3.11 g, 20.1 mmol, 62% vyield, 91% n-selectivity, 93% ee),

L-n-Isopulegol (L-3) (93% ee, 91% n-selectivity) (Scheme 6)!2%
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[a]?° b = -9.3 (c = 0.5, CHCl3, 93% ee).

'H-NMR (500 MHz, CDCls): & 0.87-0.93 (m, 1H), 0.95 (d, 3H, J = 7.0 Hz,
CHs-CH), 0.95-1.01 (m, 1H), 1.27-1.37 (m, 1H), 1.45-1.54 (m, 1H), 1.64-1.70 (m,
2H), 1.71 (s, 3H, CH3-C=CH,), 1.84 (d, 1H, J = 2.0 Hz), 1.85-1.91 (m, 1H),
2.02-2.07 (m, 1H), 3.43-3.49 (m, 1H, CH-OH), 4.78-4.95 (m, 2H, C=CHy).
3C-NMR (125 MHz, CDCls): 19.2 (CH3), 2.2 (CHs), 29.6 (CHy), 31.5 (CH), 34.3
(CH,), 42.7 (CH,), 54.2 (CH), 70.4 (CH), 112.8 (CH>), 146.7 (C).

L- A > bk —/L(L-1)D & f%(Scheme 6)

Scheme 6 CT& 517z L-1 Y 7 L =2— /1 (L-3)(500 mg, 3.24 mmol) &= 4 — k7 L
— 7ML A% ) —=@mL) KT X —=> 7 /(10 mg, 2 vol%) % Il 2 T
KFE% 1MPa FEHE L, 60 CiZd\\T 5 R LIS Sz, GC TRIKE®D
TR AR L, BAHETo, IX—=v I xkE T4 FMEBL., BHb6h
ROGRIE Z WERZE LT, B L-A > F—/1(L-1)(493 mg, 97% yield,
93% ee, 91% n-selectivity) & 5 7=,

L-Menthol (L-1) (93% ee, 91% n-selectivity) (Scheme 6)

[a]?° b = -39.6 (c = 0.1, CHCl3, 93% ee).

'H-NMR (500 MHz, CDCls): & 0.81 (d, 3H, J = 7.0 Hz), 0.83-0.90 (m, 2H), 0.91 (d,
3H, J = 7.0 Hz), 0.93 (d, 3H, J = 7.5 Hz), 0.94-1.02 (m, 2H), 1.07-1.14 (m, 1H),
1.40-1.46 (m, 1H), 1.61 (dq, 1H, J = 13.0, 3.0 Hz), 1.63-1.68 (m, 1H), 1.94-1.99 (m,
1H), 2.14-2.21 (m, 1H), 3.41 (td, 1H, J = 10.5, 4.0 Hz).

13C-NMR (125 MHz, CDCl3): 16.1 (CH3), 21.0 (CH3), 22.2 (CH3), 23.1 (CH>), 25.8
(CH), 31.6 (CH), 34.5 (CH>), 45.1 (CH3), 50.1 (CH), 71.5 (CH).
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A=
THANI=TLBEEMEEZANWEZEY e RXTF— VOB T AT VARIRMHA
BNt

1. %

[l

EMWERTRETIE, IABCVEHERBE LTS 724V F AT I %
BT D-vyherRT7—LEARLTWVWDS, RFERMEAICEY D-vbrRT—
JV(D-2)IX 97% ee LMW F U FAWMBIRTHLNDL D, RIS &R DR
ISIZHBWT L-A Y 7L = (L-3)D VT AT L A EIRME(LL T n-ZRME &
TOHPEWEGA, HIOA Y N— LV ONREPREZELIIKTT LI LIFHE —-®ET
®_7- Y TH 5 (Scheme 1),

R CHO ene reaction hydrogenation
>~ YOH > OH

D-citronellal (D-2) L-n- |sopulegol (L-3) L-n-menthol (L-1)

OHE I

other diastereoisomers

isopulegols

Scheme 1. Synthetic process of L-n-menthol (L-1)

EO B biigh 2t & LIEARKISEZ AR TR E L THNWTE MR
M SH4E 26-V 7 == T =) —AERMTFELTHWET LI =0 AbETE
(LT ATPH 5K L BE 9l ik 28, D-v b x 7 — Vv OMBRKISIZEB W TEW
IR ORREZ RS2 EBRRBERTWAE, 2o, 4 TIcHEx R
TS = AR RIS L THRES LT B UL, ATPH
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SERARLBE 2 W2 BABRBOS I, MW BRIRME 2 R T RISERERROA TS X
R ole, TEMATaERITMA D D, TBEWVKISEFEITE W TREEDTE
PEZ R L, ATPH $5(R & AR O @ n-BIRMEZ RSB S RO ST & 7=,

RETE, 2.2 27087 AFN-6-T ==V 7 =) — A2 LTHY
T XTNRT NI =0 LAEERAMEEIC L D, D-v b r R T — L OBBRKIGIC
SWTHE L, Blc2->7ua~F i b6-T7 =7/ —)LERMTEL
TH WIS RARBE S | PABRSIZB W T ATPH 88K L [REEOTEME 2 R 2 &
NDRH SN, LT, RICOFEME N7 vt 2 LD AIgEMHEIZ D W THRF 21T
ST=OT, FFMIZOVWTHRRD,
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2. BREUVELR
BABR RS I 81T 58k 4 IR BLAL F DB FY
D-v bR T =N (D-2)2 EEE LT kxR 7 =/ —VEEZENMNMFE LT

MW 7o BB Rt 21T - 72 (Table 1),

Table 1. The ligand effects of the Prins reaction with the phenol type catalysts

O =
CHO :
Et;Al (3 mol%), L9 (9.3 mol%) o)
| toluene, -10°C, 1 h : OH
/\ ‘
L-3 5

D-1
entry Ligand L9 conv. selectivity of n-selectivity of
(%)Le! L-3 (%) L-3 (%)@
OH [b]
1 Bh 97 22 90.9
L9%a
2 [::lj[%;/ >99 96 99.6
Ph
L9b
3 OH 98 93 99.5
Ph
L9c

4 a 99 95 98.9
Ph
L
5 OH >99 98 99.4
Ph
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6 Cl{%Lj 3 80 80.4

Lof

OH
7 B 5 91 81 62.1

L9g

[a] Determined by GC analysis. [b] Dimer ester 5 was obtained with 66% GC
purity.

LI D- b7 — L (D2QOEBEHEENOHAE L, 2 ToOREEIC
BOTEW-RREEZ AL, KENET L, BT 72/ — 0 2 112 E#
KEFERn2-7 2= 7 =/ =) (L9) & AW E B K OV BN M
EHICHELLIEWEE R, Y huxr Uy baxb— hG) PR EARY
ELTHLN(entry 1), ZHiE BINOL-Al $&{AflE o B & R EE (entry 1,
Table 2, % —#), Tishchenko 8 ImiEsT L= b5, 7=/ — 1
D2 AFNVERLt-TF AR EORILKFEEXRZEANLHA, ARNKIG
DIFEEBENE VI HMARD 5720 2ficyra~F v L EE2HT 5 2-
v maANFUIN-6-T7 =)V 7 =) — V(LA F CPP & WE3)(L9b) % )& v
e A REBOICHRMKISORRMEN® E L, iR 99%LL -, 1V 7L
T — LR R 96% TR 2N 55 L 7= (entry 2), H B9 L-3 @ n-iZ R [T 99.6%
WCELE, 2-v 7 aFX 7 F-6-7 =7 = /) —/L(L9%), 2-> 7 11 RF /L
6-7 =T/ =L EWVoTm L9 LV b KREARBEATDH 72 ) —
LEIZBWTH, L-A Y 7L T — L (L-3)D n-BIRF(L 99% LA L& 7p o7z
(entries 3and 4), B 7 uBREHTH 7=/ — L ThHDH, /AR LV=VEE
AT HEALF L9e B W T H | [FERIC & n-B A I RS 23 81T L 72 (entry 5),
BLORTZRWNZ L2, 2 KO 6 LD EHEM G 7 m~F )V ETEBE I N
B LOFIZ DWW Tk, 1T & A EISHELT L 72Dy »> 7= (entry 6),

ZOMOENFE LT, 246-FU 7 E7x/—)b L9 IZBWTIL, g
ER-A YTV A= NVEIRREBICRETIEIH D DD, L-3 DEREKN 62%
EFTIKTFL, VTAT LA ~v—Tohs L-neo-A1 Y 7 L2 —/(L-neo-3) D &R
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KN 36% & KiEIZ E&H- L 7= (entry 7),

INOLOERMA LY, mINE, mBEROICKSDET L, BMREXEETH
D, BMBERBICKIENEITT S 2-v 72 ~AF T L-6-T7 == )7 = /) — )b
(LOb) % 7 b 2 =17 AEER DB 7 & LTV BALI S O Rl A 2 Bt L
7=
YhueR T — VHARKRICE T B KIGS&EORE

KEELLT D-vhrxr7—/(D-2), Bz L9 Z AW Tl L 7= 85K
(L9b-Al:LLF ACPP SR & & 37) & Al sl & U, kR ~ Ze il i & M OVBOG R JE TR
BEIToTE, MR % Table 2 (27,

Table 2. Optimization of cyclization of D-2 with the ACPP (L9b-Al) catalyst

OH
Ph
T
CHO Et3Al (1 - 5 mol%), L9b (3.1 eq. vs Al) 0 '
| toluene, 1 h : OH
/\ ‘
5

D-2 L-3

entry cat. volume temp. (C) conv. (%)™ selectivity of n-selectivity of

(mol%) L-3 (%)™ L-3 (%)™
1 1 5 90 46! 99.4
2 3 5 98 g1lcl 99.5
3 5 5 >99 95 99.3
4 2 -10 63 4414 99.3
5 3 -10 99 96 99.6
plel 2 -10 99 98 99.7

[a] Determined by GC analysis. [b] Dimer ester 5 was obtained with 41% GC purity.
[c] Dimer ester 5 was obtained with 8% GC purity. [d] Dimer ester 5 was obtained

with 43% GC purity. [e] 8.2 mol% of ethylglyoxylate was added.
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Ywi:?Aﬁmﬁﬁ@%M%%1nM%ifmﬁbfﬁm%ﬁokk:
A, B THDLA Y 7L T — )L ORINEKIL 46%F T T L 7= (entry 1),
BEE 3 mol%., KSR 0-5 ClzB W Tk, fiifb3 99%LL £, n-®IN=EK 99%
Plbthorbon BHMOA Y 7L T — LEIREKT81%TH - 7= (entry 2),
WFNORbREIERYDE LT Bk 27 s URB\ oA, itz 5
mol% IR L7 & Z A, KISIRE 0-5 CIZHB W TH B G2S BRINA IS HEST
L. B L-3 DEE L= 99% B W T A YV 7 L I — L EEHRFE 95% , n-iEHfLE
99.3% T L L7z (entry 3), F72, RINIREA-10 CITRE LI E Z A, flll
B 3 molnlcBWThHA Y XL IT— LERENMEL, ZIEEEANICHAOD
L-1f Y 7L I— )L (L-3)3 %5 5 7L 7= (entry 2 vs entry 5), filtifi &4 FiF 25 2 & iC
Tishchenko it D EATIZBZE L 720 . filEEE 2 mol% Il 3 W\ TIE Kb I E
10 Clcb bbb - BAR 27 )L 5 NFTIFRED GC migk TH LI,
B DOHEAT S PR CTEIE Liz(entry 4), £ 2 C. e L Tc=F L7
X L— & 82mol% i L= & 2 A, BIFIZEIA Y O £ IH & .
L-3 23 & iRm0 K OVE &I I 45 B #u 7= (entry 4 vs entry 6),

RIS CE T 5 EE O HAMRE

ACPP 5Kt 2 AW T, BEx R MBI B W TS MEZ B at L =18 gk 5
% Table 3 [ZR~7,

74



Table 3. The Prins reaction of a variety of substrates with ACPP (L9b-Al) catalyst

Rs R
n T RRe R ErAl (5 moi%), L9b (15.5 mol%) h
5 n @) toluene, 0 - 5°C R OH
1
Ry
Rs
entry time  substrate product yield (%) diastereo-
(h) se:g{:itéyaﬁty
T, O
11 19 5? e " . o pglal trans/cis
P AN
=81/19
7 8

(trans/cis)

cHo d (+)-n-3/
2 1 | = OH 92 (£)-other-3
A

=908.9/1.1
(¥)-2 (+)-3
* L O
3 s | =~ “OH "“OH - trans/cis
N N = >99/<1
9 10

CHO i
| “OH =~ "OH
[b] A - trans/cis
4 19 94
| | = >99/<1

(E)-11 12a
(trans/cis)
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MCX

CHO % trans/cis
59 =>99/<1
o] | (trans/ms) (12a)1 (12a)
36 (A trans/cis
| iﬁ (12b) = >99/<1
“OH (12b)
N
(E/Z2)-11
(E/Z=62/38) |
(trans/us)
é\ /K\/L la,2B,5P
6 Ej B OH 3 S o e /10,2B,50
13 14 = 78/22
(1a,2B,5p/1a,2B,5a)
nBu nBu, nBu_ »
CHO f i
la,2B,58
=~ “OH =~ “OH
7 gi/ AL AL 90 /la,2B,5a
15 16 = 87/13
(1a,2B,5B8/1,2B,50)
Ph Ph, Ph s
Ki @\ 1a,2B,5p
glc] § 34 OH 34 OH 74 /10,2850
18 = 62/38
(1a,2B,5p/1a,2B,5a)
OH
9 trace
20
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CHO

10 19 | P o trace
21 22

11 19 | n.r.
23
COOMe

12 19 | n.r.
24

[a] Determined by GC analysis. [b] EtsAl (20 mol%) and L9b (62 mol%) were
used. [c] EtzAl (10 mol%) and L9b (31 mol%) were used.

ABOE 5 mol%® ACPP K2 H vy, ROSIRE 0-5 ClZEB W TiTo 72, 3
W AFAEEZE LRV EETHD T-AF-6-427 7 F— 1 @NE, 20
mol%® ACPP A Z ZAWIZIRIM LIS S B I2 b B 63, 29% & KILR T
LBk 8 NG ooz (entry 1), £7=. b T v A1 2 BEMIKEIE
81/19 Th o7, ¥ hueXT7— D7t IK(2)-2)2LEHE LTHWELA D,
D-2 L D6 T mIIE KO EERMETHRO(®)-3 285 b vz (entry 2), 3 L (2
AFNVEERT L bR T —VERBEKE LT, 3-AF Ly hr XTI — )L
DO A RIS S E 2 A, 9% EDOE N AT v ARMELET T v =
KTH D trans-5- 2 F LA Y 7 L T — L (10)A UL 89% T 5 +1 7= (entry 3),
Flo AR ATFAVEEZAE L, BVIHEZ AT H(E)-3-A F L7 7 L1 ¥
— L ((E)-1)Mic BT h 9% EDE WS AN T v A BRMEKET T %
KTH DEALIK 12a DNULEE 94% THE DAL= (entry 4), E/IZIREWM D 3- A F L7
7 LR — L ((E/2)-11) Mo Th ER - Z R E BT @RI IS B A3 3
fTL. BN RTHINT 2BILIK 12a L O 12b R EMLEZEDTICENZE
nEGTz(entry5), 3 OEHRIEZ = FLIEL, TFAEKLODT = = VI EF
oAb & (L8, 15, 1N RBIL U CR S 21T 2 A, TNENOEE NS
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BAF72 =R TERALIK 14, 16 K18 B bNncb DD, b T o A X BMER
A3 105 12a.12b DA & el L TR WM & 72 - 7= (entries 3-5 vs entries 6-8).,
i, 3N OEBIENOCER B IREICKRESZELZHERX D L 2 RE
T 5, 25-VAFI)L-5-~T T F— L (19)I%. BRAbK L LTI BB AR (20)
DS NDIEMTH > 72H . ACPP $EK %2 W72 5t Tix GC-MS (2 L %
1R 143 OHMM L LE Y — 7 PVEBEE LG 67> 72 (entry 9),
¥ MU R x-1-FeF =DM EEBRAKRD Q)P S L
2. 19 ERIERICIEBIEEE Oy -/ 154 O HMM L L& ¥ — 27 5 GC-MS THl
MENDHITEE>T=(entry 10), D7 Fo L TAF ALY Fr R Y LT B
YYM mAF AL LTy bR U A F LT AT L2410 % ST b
L CTHWED, KIS IEHELIT L 727> > 72 (entries 11 and 12),

ATPH 8k & ACPP 81k D K & B D ik

D-v b x7 — A (D-2)% £L£E E L THW | ACPP(L9b-AI) & Ik &
ATPH(LO9h-Al) $&5 1K O B3 FE 2 bl U 72, -20 C I 3 W T fil 5 3 12 3
mol% s L | $i b R OV BIR R 2 g L7, F5 R % Table 4 2 O Table 5,
SO0 B FE Lh g X & Figure 112777,
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Table 4. The conversion and selectivity of cyclization of D-citronellal (D-2) with

ATPH (L9h-Al) catalyst

Ph
Al--O

CHO Ph 3
Et3Al (3 mol%). L9h (9.3 mol%)
-~ “OH

| o0 o :
toluene, -20 °C, 3 h AL

D-2 L-3

entry  time (min) conv. (%) sel. of L-3 (%)™ n-sel. of L-3 (%)™

1 0 7 94 94.1
2 10 13 93 95.5
3 30 17 97 97.2
4 60 28 97 98.3
5 90 39 97 98.8
6 120 47 98 99.1
7 180 54 98 99.2

[a] Determined by GC analysis.
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Table 5. The conversion and selectivity of cyclization of D-citronellal (D-2) with
ACPP (L9b-Al) catalyst

Al-—0O

Et3Al (3 mol%), L9b (9.3 mol%)
OH

| toluene, -20 °C, 3 h

D-2 L-3
entry  time (min) conv. (%) sel. of L-3 (%) n-sel. of L-3 (%)
1 0 11 94 94.3
2 10 22 97 96.4
3 30 37 97 98.4
4 60 53 96 98.9
5 90 61 96 99.4
6 120 68 96 99.4
7 180 78 97 99.5

[a] Determined by GC analysis.
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00

1

- ® ACPP (L9b-Al)
- = ATPH (LSh-Al) —

Conv. (%)

Time (h)

Figure 1. The reaction velocity of cyclization of D-citronellal (D-2) with ATPH
(L9h-Al) catalyst and ACPP (L9b-Al) catalyst

TR THZ 0L LTHELEZEZ A, ACPP 85K D KIS A VO IR
F o~ L(entry 1, Table5), Z D F FHEAMLRIZBWVWTHEWEMEZ ko> 70 £ X
J X #EFT L 7= (entries 2-6, Table 5), 3 B[ #4125\ THzfk =R 1% ACPP $f{K T
X 78% . ATPH &R TIX 54% & | #fbRIZE VT 20% L LOERE LT
(entry 7, Table 4 vs entry7, Table 5), A JSKFIZI T, ATPH - ACPP &1k &
HIZA VT LT — LRI FE (X 97-98%, n-BIRNEE 99% LA | & | [FAIARIZ & Vi
WERTL-A YT LIT—= (L) H ST,

ACPPEEMRZH WA L-A V F— VD KA —IVERL

XVEHMRMIEE LT, D-v b7 37 —/(D-2)100 g #fEH L. ACPP
B R il I A JH VN 72 PR BR RO % 4T - 72 (Scheme 2),
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Et;Al (2 mol%), L9b (6.2 mol%)
CHO ethylglyoxylate (8.2 mol%) (5\ Ho, RANEY-Ni (5\
toluene, -10°C, 4 h OH MeOH, 50 °C -~ “OH

P /:\
D-2 L-3 L1
97% ee 95% isolated yield 91% isolated yield
99.5% n-selectivity 99.5% n-selectivity
97% ee 98% ee

Scheme 2. Synthesis of L-n-menthol (L-1) via cyclization with the ACPP (L9b-Al)

catalyst

ACPP SERAMIEE D &1 2 mol% & L, KIGIRE-10 Clzs W T F T
UAF L — bERNICHRIML TITo 72, BISIE/IN A 7 — L RE & [ ERIC AT
L, 4 I IE SE D L, BlfeA Y 7L 32— Li@IRE KO n-BRE TG
MR LI, FNED =2 EL BAE T LAY 7L F—/1(L-3) 95
g 217, /FoiLe L3 X7 x—=y ruiific kv kFESh, EEBHIC
HEYD L-A > F = (L-1)&2 5 X 7o RS /NA 7 — )VIRE & g LT 100 g
AT —=MZBNWTbHbMERS FHINZI LD, RRISIZIHB VT ACPP g4
KiZA Y 7 T — N EICERATRE R il T o 2 & HIlr L7z,
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3. fEim

2- /T IVFN-6-T 2=V T 2 )= VERMNFELET VI =0 L
AN, D- bR R T — VD FNT Y o ARISIT @ WG ME & RIRMEZ R
L. 98%LL LD n@IREZMHE N, Ln-A Y F L= xhzx 0 2.0 70
ANFUN6-T =N T )=V ERMTFELTHWET VI =T AR
(ACPP SRl TlX, -10 CIZEB W T n-aBIR KN 99.7% 22 L 7=, Al
BrxZp7 07 FIZBWTbHRMKICEIMEEZE X2, -20 ClIZB T 2E X
26-V7 2= V7 = ) =)V & AW TSR (ATPH S5 R)AREE X 0 &, A 4
HWT100g A7 —VOABRKIGKE O L-A » h— VAT LT,
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4. KB

- G AT ROV E

A= 777 4— (GC) T EEEIMEMR GC-2010AF 2., Ea—1
v hesXy 1 — K DB-WAX (30 m x 0.32nm x 0.5 um), IC-1 (30 m x 0.25 mm
x 0.25 um), AL =l Chirasil-DEX-CB (25 m x 0.25 mm x 0.25 um)., & L
< 1% Beta DEX™ 225 (30 m x 0.25 mm x 0.25 uym) & H LHIE L7=, BEE A
7 hviE. BEffER L GC-QP2010 (2 Restek #! Rtx- 1 (30 m x 0.25 mm x
0.25 um) ZFEHLAE L7, SBoMiEEE A7 FL (HRMS) I HAE T
# JMS-T100GCV(FI) & L < (X B ERAEFT . LCMS-IT-TOF(ESI) Z H W THIE
L7z, BREAHEE (NMR)Z22Z kL (*H-NMR, ®C-NMR)iZ BRUKER 500Hz
EEAHL, 7o AV AEERICABEELE L TT NI ATF LY T v
(TMS) &2 W TCTHIE L7z, (b7 MiE ppm HAL (§)Ta Lz, FRAMEI
(IR) A7 hiE, BAS R FT/IR-550 BIAR4 5y EFH 2 H L. KBr %
H L <HREBEIC L0 JE L7z, BEJEEE T B A R JASCO P-1020 % W
THIE L, »FHLEET VITE LB SCIGRESS V2 #/HWTHHE L7,
FOSAERYOHERESL VXV hogrrsa~ 777 0— (BEEAS
#® U 0 60 (230~400 mesh)) . b LI BAHERE 7 e~ 7T 7 4 —
(Merck & TLC L — b 1.13895.0009)(Z £ V 1T - 7=,

BN F LObP I STk ICRE VAR L 72, BRAZF L9¢, L9d. L9e (I XHk& & &1
LTam Ll sossg 719, olt0 - (g)-11100181  (g/z)-12[10-131 130200
15100 701 g4 23S 83 ek iC RE VAR L2, F oMo R T, T
Tl ZEZOFEEHEHL -,
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2.2/ B A FIN-6-7 x=)LT x ) —L(LIc)D L ko]

AT EREFEHRTFICBWTITo2, WoO 77 A3l o0-7 ==V =/

—/1(32.99,193 mmo)Z iR L, 265CETCHIE Lo oHEHL L, 7T/ =

I (3 — BIR)(0.540 g, 19.3 mmol, 10 mol%)Z W} > < W LML, REEZHED
OO2BEMBEHB LI RNIEE A 165 CE Ly 27 2427 7 2 (21.3 mL, 193 mol,
1.0 eq. vs substrate) Z . 1 Refil 22217 T~ L7z,  F#& T, EIZ 165 ClZ
BWT 20 Lo, ROCK TH, BAH L L TSR Z =il £ Tm A
BICINVZ ROHERE 2N U7, WMEZKEAKT 1R L., EKR
YR LATHBEL TS - Bl ST HERY N7 748
KEBEZHWTHARE 2TV (SRR 146 °C, T8 86 °C, 0.5 Torr). R
Do-Tx=NTx/)—=VvaelRELL, RBEEEZ ISV DT A7 0= b

77 7 4 —(heptane/AcOEt =7/1) THER L, HBY® L9c Zi@pitE4A 1 L & LT

#47-(37.8 g, 133 mmol, 69% yield),

2-Cyclooctyl-6-phenylphenol (L9c)

'H-NMR (500 Hz, CDCl3): § 1.55-2.35 (m, 14H), 3.21-3.27 (m, 1H), 5.24 (s, 1H),
6.93 (t, 1H, J = 7.6 Hz), 7.04 (dd, 1H, J = 7.5, 1.7 Hz), 7.19 (dd, 1H, J = 7.6, 1.7
Hz), 7.36-7.40 (m, 1H), 7.44-7.50 (m, 4H).

13C-NMR (125 Hz, CDCl3): 26.2 (2C, CH5), 26.6 (CH>), 26.9 (2C, CH,), 33.4 (2C,
CH,), 37.0 (CH), 120.3 (CH), 127.0 (CH), 127.1 (CH), 127.8 (CH), 127.9 (C),
129.3 (2C, CH), 129.3 (2C, CH), 136.6 (C), 137.6 (C), 149.0 (C).

HRMS (F1) calcd for CooH240 (M*) 280.1816, found 280.1827.

IR (neat): 3552, 2919, 2850, 145s, 1432, 1324, 1220, 1193, 1071, 758, 745, 704.

2.7 8 RF L JL-6-7 = =17 = /) — 1 (LId)D & k™

AT ERFHATICEBN T2/, oA 77 RAallo-V==/V7 =/
—/1(25.5 g, 150 mmol) =ML, 260 CETCHIB L OOHEH L, 71 =
7 A (2 — FR)(0.400 g, 15.0 mmol, 10 molw)Z W - < vV L@ L., {5E &2 1%
Lo 2 KB L=, RWIEE L 130 CEt Ly 7 v K5+ (25.0 g, 150
mol, 1.0 eq. vs substrate)z . 30 7> T F L7z, i F#& T, ®iZ 160 C
ICBWT IR Lz, UK TH, AR L L TR ZEIRE TN
HZIZ M= o R OFEB AR Uz, W8 E2KEKT 1 EHES L, A
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e~ 72U LTHEL CIEME - BME L7, BoNTHERME Y BTV
T sy~ k7T 7 4 —(heptane/AcOEt = 7/1) THRL L, HAY® LI % 74
Btk A A v & LT 72 (15.5 g, 46.5 mmol, 31% yield),
2-Cyclododecyl-6-phenylphenol (L9d)

'H-NMR (500 Hz, CDCls): & 1.33-1.58 (m, 20H), 1.81-1.85 (m, 2H), 3.33 (qui, 1H,
J = 6.5 Hz), 5.24 (s, 1H, -OH), 6.93 (t, 1H, J = 7.6 Hz), 7.04 (dd, 1H, J = 7.5, 1.7
Hz), 7.16-7.20 (m, 1H), 7.36-7.40 (m, 1H), 7.44-7.49 (m, 4H).

13C-NMR (125 Hz, CDCl3): 22.9 (2C, CH,), 23.3 (CH>), 23.6 (2C, CH,), 23.8 (2C,
CH,), 24.0 (2C, CHy), 30.5 (2C, CHy), 32.0 (CH), 120.2 (CH), 127.2 (CH), 127.4
(CH), 127.7 (C), 127.8 (CH), 129.3 (2C, CH), 129.3 (2C, CH), 133.9 (C), 137.6 (C),
150.0 (C).

HRMS (FI) calcd for C4H3,0 (M™) 336.2455, found 336.2453.

IR (neat): 3554, 2931, 2861, 2848, 1469, 1454, 1433, 1221, 759, 749, 704.

ex0-2-/ LR )L = L-6-7 = =)L 7 = / — L (L9e) D & k¥
AKISFERFHATICE W T T2, WHoRA 7 I XAl o-7==/v7 =/
— /L (45.2 g, 266 mmol)Z R L, 263 CETHIBE Lo >HHL L, 71 I=
7 A (— FiK)(0.720 g, 26.6 mmol, 10 mol%)Z b > < » L., EE % £+
LoD 2 Lz, ANIEE %2 135 C& L, / /LR /L% (25.0 g, 266 mol,
1.0 eq. vs substrate) &, 1 KFfE 2217 T F L7z, i FHTH, HIZ 135 Clck
W BRI Lo, OGS TR, AL L TR Z =i £ THm A%
(M R ORI RE 2 I LT, ME 2 KEKT 1R L, B~
AT LATHBEL TG - RiELE, BONTHERYNS 7 7148 7
BEZH W CTHAERZZITWENAE 146 C, B T8 86 °C, 0.5 Torr), KD
-7 == N7 =/ —NERELE, REEEEZ VDTSNV T L0~ T
7 7 4 —(heptane/AcOEt =7/1) CHHEI L, HBY® L% Z i@t A 1 L & L T
72(55.4 g, 210 mmol, 79% yield),

exo-2-Norbornyl-6-phenylphenol (L9e)

'H-NMR (500 Hz, CDCl3): & 1.22-1.41 (m, 3H), 1.55-1.70 (m, 4H), 1.77-1.86 (m,
1H), 2.35 (d, 1H, J = 3.7 Hz), 2.44 (d, 1H, J = 3.7 Hz), 2.98-3.01 (m, 1H), 5.25 (s,
1H), 6.93 (dt, 1H, J = 7.7, 0.4 Hz), 7.06 (dd, 1H, J = 7.6, 1.7 Hz), 7.21-7.23 (m,
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1H) 7.36-7.4 (m, 1H) 7.43-7.50 (m, 4H).

13C-NMR (125 Hz, CDCl3): 29.1(CH,), 30.4 (CH,), 36.3 (CH,), 36.9 (CH), 38.4
(CH,), 40.8 (CH), 41.2 (CH), 119.9 (CH), 125.6 (CH), 127.2 (CH), 127.77 (C),
127.78 (CH), 129.2 (2C, CH), 129.3 (2C, CH), 133.8 (C), 137.5 (C), 150.1 (C).
HRMS (FI) calcd for C1oHz00 (M*) 264.1512, found 264.1514.

IR (neat): 3552, 3060, 2996, 2868, 1458, 1430, 1325, 1265, 1222, 1201, 1138,
1078s, 827, 792, 758, 704, 631.

A YT LA — L BMKIEES W ((£)-3, (£)-neo-3, (£)-iso-3, (+)-neoiso-3)D A ik
[18]

v b X7 —/((%)-2)(500 mg, 3.24 mmol), > U # 7/ (5mg, 1 wtd%) & Y kL
T @ mML)EIRAE LB EY ., EFFMA T, 135 ClZBW T 4 RS S
7, KIS IZ GC THr 24T~ 72,

Bkx e 7 = 7 — VHIELAL & W2 D-v h e Rx 7 — LD BRI G (Table 1)
AIKIGITEZFHKTICBNTITo e, Ya by 2727 =/ — VEIENL T
(9.3mol%) K N b= (ImL)ZHML, BRICBWCE$BEZMBLE, MY
TFNATNAI=T L LT U (0.19 mL, 1.0 mol/L, 0.194 mmol, 3 mol%)
WML, TOFEFEFERIZBWT 1 KHBHIEZ, FREZ-10 CE THEA
L. D-vhFua %7 —/1(D-2)(1.00g,6.48 mmo) & F L7, il P& THMS 1
R % T 7R, MV UIHER T = FRICHEEE GC THMr
L7z,

2- 7 aA~NFUIN-6-T =)L T =) —(LID)EH W D- R T— LD
P BR B 0 i g A (Table 2)

ARISEERZRFHK TIZBW T T2, Ya by 272 2- 7 a~f ¥ )L-6-
7 =)L 7 = /) —)L(L9b) % FTEE(3.1eq.vs EtsA) X kL= 2 (1 mL) & R
mr., FiRICBWTHERLEZHBLLE, NV FATAI=0UL - MLZ UK
WEEERML, ZOFERBICEBVT IREBRIEZ, FRE2AER
EExTHAL, D-v b x 7 —/1(D-2)(1.00 g, 6.48 mmol) & i F L 7=, i F#%
THENL LRHEZEY V2RI, Py VAR T = F1%IC GC T
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IR LT,

2-0 7B ~"FXFN-6-T 2= T ) — (L) EH WAL T 4 VA=
AL E W D P ER IO (Table 3)

ARISETERFHKX TICEB N T T2, Ya b7l 227 B ~F T )L-6-
7=/ 7 x /) —/(L9b) (15.5 moln) X X h v (I mL)ZWM L, =|iRIZ
BWTHELEZHEBLEZ, NV ZFATAI=T L b VKRG mol%) %
WML ZDFEFEFRRICE T LIRHEBHL ST ZNEZ 05 CETHAL,

FTEDA LT 4 VR = b EWA.009) %M F Lz, M FETEHEPOITE
B ic Y 7V 2 BEB L, "D UIHEBR T/ = FHICGC I L
oo RUSOHBLEE LT, MU BTy = T, MEEKEK - f3f
BHEAKTE —EIWEH L, BARREBE~ 772U L2 AT, EiEE
M L CHRAEME/TZ . VBTNV AT A Ia~ NI T 7 4 — CHERFBR L,
HE OIS LT v a— ka2 i57-,

2-(Prop-1-en-2-yl)cyclohexanol (8) (entry 1, Table 3)t

'H-NMR (500 Hz, CDCl3): & 1.22-1.40 (m, 5H), 1.65-1,71 (m, 3H), 1.72 (br, 3H,
CHs-C), 1.92-1.95 (m, 1H), 2.02-2.08 (m, 1H), 3.42 (dt, 1H, J = 10.0, 4.2 Hz,
CH-OH), 4.85 (br, 1H, C=CHy,), 4.90 (br, 1H, C=CH;) (major).

'H-NMR (500 Hz, CDCl3):  1.22-1.40 (m, 2H), 1.44-1.48 (m, 3H), 1.61-1.66 (m,
2H), 1.74-1.77 (m, 1H), 1.78 (br, 3H), 2.00-2.03 (m, 2H), 3.97 (br, 1H), 4.77 (s, 1H,
C=CHy), 4.95 (br, 1H, C=CH;) (minor).

13C-NMR (125 Hz, CDCl3): 19.2 (CHj3), 24.9 (CH,), 25.6 (CH>), 30.2 (CH,), 34.1
(CH,), 54.6 (CH), 70.7 (CH), 111.5 (CH,), 146.6 (C) (major).

13C-NMR (125 Hz, CDCls): 19.7 (CHs), 22.6 (CHs), 23.9 (CH>), 26.0 (CH,), 32.2
(CH,), 48.7 (CH), 65.8 (CH), 111.2 (CH,), 147.0 (C) (minor).

5,5-Dimethyl-2-(prop-1-en-2-yl)cyclohexanol (trans-5-methylisopulegol) (10)
(entry 3, Table 3)*

'H-NMR (500 MHz, CDCls): 8 0.94 (s, 3H, CH3), 0.97 (s, 3H, CH3), 1.14 (t, J =
11.5 Hz, 1H), 1.17-1.31 (m, 2H), 1.35-1.42 (m, 1H), 1.45-1.58 (m, 2H), 1.74 (dd, J
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= 1.5, 1.0 Hz, 3H, CH3-C=C), 1.78 (dq, 1H, J = 12.5, 2.0 Hz), 1.81-1.87 (m, 1H),
3.61-3.67 (m, 1H, >CH-0), 4.86-4.87 (m, 1H, C=CHy,), 4.89-4.91(m, 1H, C=CH,).
13C-NMR (125 MHz, CDCl3): 19.3 (CHs), 25.1 (CH3), 26.4 (CH,), 32.1 (C), 33.0
(CH3), 38.5 (CH,), 46.8 (CH>), 54.8 (CH), 67.6 (CH), 112.8 (CH), 146.6 (C).
HRMS (F1) calcd for C11H200 (M*) 168.1514, found 168.1516.

IR (neat): 3419, 2952, 2928, 2866, 1722, 1645, 1455, 1386, 1365, 1051, 1027, 1013,
885.

5,5-Dimethyl-2-((E)-6-methylhepta-2,5-dien-2-yl)cyclohexanol (12a) (entry 4,
Table 3)!*!

'H-NMR (500 MHz, CDCl3): § 0.94 (d, 6H, J = 10.0 Hz, CH3-C-CHs), 1.10 (t, 1H,
J=12.0 Hz), 1.19-1.26 (m, 1H), 1.34-1.40 (m, 1H), 1.49-1.56 (m, 1H), 1.60 (s, 3H),
1.62 (d, 3H, J = 4.2 Hz), 1.69 (br, 3H), 1.72-2.10 (m, 4H), 2.74 (t, 2H, J = 7.0 Hz,
=CH-CH,-CH=), 3.61 (td, 1H, J = 10.5, 4.5 Hz, CH-OH), 5.08-5.12 (m, 1H, C=CH),
5.30 (td, 1H, J = 7.0, 1.0 Hz, C=CH).

13C-NMR (125 MHz, CDCl3): 12.8 (CH3), 17.8 (CH3), 25.2 (CH3), 25.7 (CH3), 26.1
(CH,), 26.9 (CH,), 32.1 (C), 33.0 (CH3), 38.6 (CH,), 46.7 (CH>), 56.5 (CH), 67.2
(CH), 122.8 (CH), 127.0 (CH), 131.9 (C), 135.3 (C).

HRMS (FI) calcd for C16H250 (M™¥) 236.2140, found 236.2213.

IR (neat):3368, 2926, 1453, 1384, 1364, 1256, 1140, 1045, 985, 921.

5,5-Dimethyl-2-((E)-6-methylhepta-2,5-dien-2-yl)cyclohexanol,
5,5-dimethyl-2-(6-methylhepta-1,5-dien-2-yl)cyclohexanol
(12a(major)+12b(minor)) (entry 5, Table 3)IH

'H-NMR (500 MHz, CDCl3): & 0.94 (d, 6H, J = 10.0 Hz, CH3-C-CH3), 1.10 (t, 1H,
J =12.0 Hz), 1.19-1.26 (m, 1H), 1.34-1.40 (m, 1H), 1.49-1.56 (m, 1H), 1.60-1.63
(m, 6H), 1.69 (br, 3H), 1.72-2.17 (m, 4H), 2.74 (t, 2H, J = 7.0 Hz, =CH-CH,-CH=),
3.61 (td, 1H, J = 10.5, 4.5 Hz, CH-OH), 5.08-5.15 (m, 1H, C=CH), 5.27-5.32 (m,
1H, C=CH) (major).

'H-NMR (500 MHz, CDCl3): 8 0.97 (d, 6H, J = 10.0 Hz, CH3-C-CH3), 1.09-1.52 (m,
6H), 1.63 (s, 3H, CH3-C=), 1.69 (s, 3H, CH3-C=), 1.71-1.85 (m, 4H), 2.03-2.20 (m,
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2H), 3.64-3.73 (m, 1H, CH-OH), 4.92 (br, 2H, C=CH,), 5.08-5.12 (m, 1H, C=CH)
(minor).

13C-NMR (125 MHz, CDCl3): 12.8 (CH3), 17.8 (CH3), 25.2 (CH3), 25.7 (CH3), 26.1
(CH3), 26.9 (CH,), 32.2 (C), 33.1 (CH3), 38.6 (CH,), 46.7 (CH,), 56.5 (CH), 67.2
(CH), 122.8 (CH), 127.0 (CH), 131.9 (C), 135.3 (C) (major).

13C-NMR (125 MHz, CDCl3): 17.7 (CH3), 25.2 (CH3), 25.7 (CH3), 26.5 (CH,), 27.3
(CH,), 32.1 (C), 33.0 (CH3), 33.7 (CH,), 38.8 (CH,), 46.8 (CH,), 54.3 (CH), 68.4
(CH), 110.6 (CHy), 124.0 (CH), 132.0 (C), 150.8 (C) (minor).

HRMS (FI) calcd for C16H250 (M*) 236.2140, found 236.2207.

IR (neat):3400, 2927, 1455, 1385, 1365, 1049, 1011, 986, 922, 886. (mixute).

5-Ethyl-5-methyl-2-(prop-1-en-2-yl)cyclohexanol (5-ethylisopulegol) (14)
(1a,2B,5B/10.,2B,50 = 78/22) (entry 6, Table 3)[*]

'H-NMR (500 MHz, CDCl3): & 0.82-0.87 (m, 3H), 0.90 (s, 3H, C-CH3), 1.02-1.63
(m, 7H), 1.76 (s, 3H, C=C-CHj3), 1.80-1.96 (m, 3H), 3.62-3.69 (m, 1H, CH-OH),
4.88 (d, 2H, J = 21.0 Hz, C=CH;) (major).

'H-NMR (500 MHz, CDCl3): & 0.82-0.85 (m, 3H), 0.88 (s, 3H, C-CH3), 1.02-1.63
(m, 7H), 1.73 (s, 3H, C=C-CHz3), 1.80-1.96 (m, 3H), 3.56-3.62 (m, 1H, CH-OH),
4.88 (d, 2H, J = 21.0 Hz, C=CH3) (minor).

13C-NMR (125 MHz, CDCls): 7.6 (CHs), 19.3 (CH3), 22.1 (CH3), 26.1 (CH,), 34.7
(C), 36.4 (CH>), 38.2 (CH>), 44.6 (CHy), 55.1 (CH), 67.6 (CH), 112.7 (CH,), 146.7
(C) (major).

13C-NMR (125 MHz, CDCls): 7.9 (CH3), 19.3 (CH3), 22.1 (CH3), 25.8 (CH,), 34.6
(C), 36.6 (CH>), 38.2 (CH>), 44.6 (CH3), 54.8 (CH), 67.1 (CH), 112.7 (CH,), 146.7
(C) (minor).

HRMS (FI) calcd for C12H2,0 (M*) 182.1662, found 182.1671.

IR (neat): 3405, 3073, 2965, 2928, 1645, 1461, 1378, 1140, 1061, 1033, 885,

5-Butyl-5-methyl-2-(prop-1-en-2-yl)cyclohexanol (5-buthylisopulegol) (16)
(1a,2B,5B/10,2B,50 = 87/13) (entry 7, Table 3)*!
'H-NMR (500 MHz, CDCls): & 0.90-0.93 (m, 6H), 1.10 (t, 1H, J = 11.5 Hz),
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1.15-1.41 (m, 7H), 1.45-1.62 (m, 3H), 1.74 (br, 3H, C=C-CHs), 1.77-1.90 (m, 3H),
3.65 (tq, 1H, J = 11.0, 1.5 Hz, CH-OH), 4.84-4.87 (br, 1H, C=CHy), 4.89-4.92 (br,
1H, C=CH;) (major).

'H-NMR (500 MHz, CDCl5): & 0.88-0.91 (m, 6H), 1.02-1.40 (m, 8H), 1.45-1.62 (m,
3H), 1.75 (d, 3H, J = 2.0 Hz, C=C-CH3), 1.77-1.90 (m, 3H), 3.57-3.65 (m, 1H,
CH-OH) , 4.84-4.87 (br, 1H, C=CHy), 4.89-4.92 (br, 1H, C=CH,) (minor).
13C-NMR (125 MHz, CDCl3): 14.1 (CH3), 19.3 (CH3), 22.7 (CH3), 23.6 (CH3), 25.4
(CH,), 26.1 (CH,), 34.7 (C), 36.9 (CH,), 45.1 (CH,), 45.9 (CH,), 55.1 (CH), 67.6
(CH), 112.7 (CHy), 146.7 (C) (major).

3C-NMR (125 MHz, CDCls3): 14.1 (CH3), 19.3 (CH3), 23.6 (CH3), 25.4 (CH,), 25.9
(CH3), 29.4 (CH3), 34.7 (C), 37.1 (CH,), 44.9 (CH,), 45.9 (CH,), 54.8 (CH), 67.1
(CH), 112.7 (CHy), 146.7 (C) (minor).

HRMS (FI) calcd for C14H260 (M*) 210.1984, found 210.1984.

IR (neat): 3405, 2958, 2929, 1643, 1461, 1378, 1036, 885.

5-Methyl-5-phenyl-2-(prop-1-en-2-yl)cyclohexanol (5-phenylisopulegol) (18)
(1a,2B,5B/1a,2B,50. = 62/38) (entry 8, Table 3)[**]

'H-NMR (500 MHz, CDCl3): & 1.32 (s, 3H, C-CH3), 1.32-1.50 (m, 2H), 1.52 (s, 3H,
C=C-CH3), 1.53-1.75 (m, 2H), 1.88-2.04 (m, 2H), 2.38 (dqg, 1H, J = 13.8, 3.0 Hz),
2.71 (dt, 1H, J = 13.3, 2.9 Hz, C=CH-CH), 3.45 (td, 1H, J = 11.0, 3.9 Hz, CH-OH),
4.77-4.85 (m, 2H, C=CH,), 7.10-7.45 (m, 5H, -CgHs) (major).

'H-NMR (500 MHz, CDCl3): & 1.20 (s, 3H, C-CH3), 1.35-1.73 (m, 5H), 1.79 (s, 3H,
C=C-CH3), 1.86-2.04 (m, 2H), 2.30 (dq, 1H, J = 12.5, 2.0 Hz), 3.84 (td, 1H, J =
10.7, 4.2 Hz, CH-OH), 4.90-4.96 (m, 2H, C=CH,), 7.10-7.45 (m, 5H, -CgHs)
(minor).

13C-NMR (125 MHz, CDCl3): 19.3 (CH3), 25.5 (CH3), 26.3 (CH>), 37.1 (CH,), 38.8
(C), 44.8 (CH,), 54.6 (CH), 67.8 (CH), 112.9 (CH,), 124.9 (CH), 125.8 (CH), 125.9
(CH), 128.2 (CH), 128.5 (CH), 146.4 (C), 151.3 (C) (major).

13C-NMR (125 MHz, CDCl3): 19.1 (CH3), 26.5 (CH,), 35.3 (CH3), 37.0 (CH,), 40.0
(C), 44.9 (CH,), 54.9 (CH), 67.3 (CH), 112.7 (CH,), 124.9 (CH), 125.6 (CH), 125.9
(CH), 128.2 (CH), 128.5 (CH), 146.3 (C), 146.6 (C) (minor).
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HRMS (F1) calcd for C14H260 (M*) 230.1670, found 230.1644.
IR (neat): 3404, 2933, 2963, 1644, 1496, 1445, 1376, 1064, 1034, 889, 764, 700.

D-v b a %7 — /L (D-2)DABRKISIZI T 5 ATPH $& (K fil i & ACPP & 4 fi 18
D B 3 £ H i (Table 4 and 5)
ARSI EZRHAK FTICBW T2, =VYAZ7I72Aaz2 __ofEL., —F
DT T AT -7 a~NFII-6-7 =)L 7 =/ —/L(LIb)(515 mg, 2.04
mmol, 10.5 mol%). & 9 — 52 2,6-¥ 7 = =) 7 = / — /(504 mg, 2.04 mmol,
10.5 molw) =ik L 7=, £ 77 Aal b @ mL)zRmL, #H LoD
FRNICERIZBEW TR ZF LT LI =0 A - LT VR (0.58 mL, 1.0
mol/L, 0.580 mmol, 3 mol%)Z #in L7=, 2 WifE Ll B U Clpt 2 sl L 72
BICENEBLZ-20 CETHALLE M FRKFELY & b x7—1(3.00g,
19.45 mmol, 47 Wty =F L7 UV A F b —FR U ~v— FL = VIR 0.5
WWIER)Z W > < D ERELZHRDLOOM FL, TOEEHEELITo, VU
YYUTHEDOKMEBICY TV ERRL, MU ImER T = F RIS
C I X o TG DHEAT B OV B IRME 2 78 L 72,

ACPP SR il 2 72 1009 A7 — /LB IT 5 D-v b 27— /L (D-2)D
BRIt (Scheme 2)

AREOFFEAFHERATICBW T2, WHOA 7 7 A 3|2 2- 7 a~F UL
-6-7 = =)L 7 = /—/1(10.1 g, 40.2 mmol,6.2 mol%) & " h /L= /(87 mL) % ¥
MU, HEEZHEB L, PV ZF AT I =7 A (13.0 mL, 1.0 mol/L, 13.0
mmol, 2 mol%) % > < D EUM L, /SRR 42-44 CITR VT 2R AR L 72,
HAWNE-10 CETHHAL, M FRKFELY D-v brx7—/(D-2)(100 g, 648
mmo) K R=F )7 U FF L— MARY ~v—7 % —2, 099 mL, 0,47 wt% in
toluene, 8.2 molW)ZEAERE L CTIMMAZT T FL, 2O FHEEL
oS E&¥iz, ST 7 rasgiie, b VIFHEBR T = F1% GC
THRISDFEM Z 5T LT, 4 R ICHER bR 2N 99% L | TH D 2 & & iErdik .
INRL—F—ZHWT M EINEI TS, BONTEEQL2 Q)% 7 7
ABUEBEEICILY BARECNAIE 85 C, WIE 70 °C, #5718 56-61 °C, 0.4-0.5
torr) L, B D L-n-A ¥ 7 L = — /1 (L-3)(94.5 g, 613 mmol, 95% vyield) % 15 7=,
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L-n-1sopulegol (L-3) (Scheme 2)

[a]o?® = -10.0 (c = 0.27, CHCl3, 98% ee).

'H-NMR (500 MHz, CDCl;): & 0.86-0.94 (m, 1H), 0.95 (d, 3H, J = 7.0 Hz,
CH3-CH), 0.95-1.01 (m, 1H), 1.24-1.37 (m, 1H), 1.45-1.55 (m, 1H), 1.64-1.70 (m,
2H), 1.71 (s, 3H, CH3-C=CH), 1.84 (s, 1H), 1.85-1.92 (m, 1H), 2.02-2.08 (m, 1H),
3.47 (td, 1H, J = 10.5, 3.5 Hz, CH-OH), 4.85 (br, 1H, C=CH;), 4.90 (br, 1H,
C=CH,).

3C-NMR (125 MHz, CDCl3): 19.2 (CH3), 22.2 (CH3), 29.7 (CH,), 31.5 (CH), 34.3
(CH>), 42.7 (CH,), 54.2 (CH), 70.4 (CH), 112.8 (CH,), 146.6 (C).

L- % > b —/L(L-1)D & f% (Scheme 2)

F—h2Z L—"71Z Scheme 2 OPFABRKIETH LN L-A Y LI — b
(L-3)(500 mg, 3.24 mmol) =ML, A%/ — L@ mL) KT x—=» /(10
mg, 2 vol%) & i 2 T/KFE % 1 MPa £ L, 60 CIZH T 10 KAl # L )OS
S, GC THILDFEMEMER L., BUHEITToT, ITX—=v T L&k
FA MEBL, BoNTERGERZBEZEL T, BHBID L-A 2 F—
(L-1)(462 mg, 91% vyield, 99.5% n-selectivity) % 4 7-,

L-Menthol (3) (Scheme 2)

[a]o?® = -41.8 (c = 0.28, CHCl3, 99% ee).

'H-NMR (500 MHz, CDCls): & 0.81 (d, 3H, J = 7.0 Hz), 0.83-0.89 (m, 2H), 0.91 (d,
3H, J = 6.8 Hz), 0.93 (d, 3H, J = 7.0 Hz), 0.94-1.02 (m, 2H), 1.07-1.15 (m, 1H),
1.38-1.46 (m, 1H), 1.58-1.69 (m, 2H), 1.94-2.00 (m, 1H), 2.14-2.22 (m, 1H), 3.41
(td, 1H, J = 10.5, 4.0 Hz).

3C-NMR (125 MHz, CDCl3): 16.1 (CH3), 21.0 (CH3), 22.2 (CH3), 23.2 (CH,), 25.8
(CH), 31.6 (CH), 34.5 (CH>), 45.1 (CH3), 50.2 (CH), 71.5 (CH).
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U E
RETNVI=ULSEEMEZACCRBMT LT FORFARREET
RF R

1. ¥

[l

ARHERISIFHEACAMEEZDHIEE LT, TR E TICERLRLARK
FEL, BIHMBE VoA RSBFIISH S TVS, ZOFTRES TN
b LSBTz RISIE, RE-REBARISE LTHEFICEERET
HO, TNETICHELRRERBESNTND, HFHR~Y 7 KISEZE DR
FHRBITH LM, K, LA 2B LB T LU ATy FRRICKk DV A LT
UV EBINRNEERIEES® DTV ARRIE S OERZHED T3 R
o & LT, Overman & 1% briarellin F O&RKRIC 7Y v ARG Z 8RS E L
T H v 7= (Scheme 1) Bl

Sn**

"0y sncCl,

»OJ)\K\WOTBDPS ch,Cly

TIPSO

TMS
Hf,
TIPSO CHO
Prins Pinacol
cyclization Rearrangement
TBDPSO TMS

Scheme 1. Synthesis of briarellin F via Prins cyclization and Pinacol

rearrangement

£ 72, David XM LT IV R—=/KIEE TV o ARE O HEHE RIS IZ XD
Leucascandrolide A D Ak Z#AE L CWwWAW SN Y o XK o134 &
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LTk, Yhraxod—nhbA Y FLa—L~OHBRER™HY, ZNET
CELS DORIGEBIDRHRESNTWNWDEZ LIEE —-FETCR_7Z@EY Th b, Sakane

51T #E SN BINOL(L7a) % BAAL S B 7= BINOL-Zn $5A 2B L . 3- A F L |k
HATZ—=/V(DICHND Z & TEHBIICAFHARKICHET L. Z &L 2R

SoN
Cor

L T % (Scheme 2) B,

CHO
Et,Zn (6.0 eq.), (R)-BINOL ((R)-L7a) (6.0 eq.) “OH
| CH,CI,, -78 °C
3-methylcitronellal (9) (+)-trans-5-methylisopulegol
((+)-10)
91% yield
90% ee

Scheme 2. Asymmetric cyclization with BINOL-Zn complex

filt B 72 RF ARSI B W T b, #kx R USFI A G T 5, Du
5 1% 3,3’-DibromoBINOL-Zn (K23 R &~ 1 Deals-Alder S B W T E T
FUFABRREEZEORIEEEITSE L FEE2RE L TWBHP Mikami 51
BINOL-Ti #§k %2 H 5 Z & T, Rfaf 7 /L7 b KO fil it 6 B ER 5 KOS & R
H L 72 (Scheme 3), #IZBINOL D = F > FABR KR A2 LT SEDLZ LIk,
PABREUSICB W TR FHIEN KB Lt 2HME LT alL

oW
o

O.CHO (i-PrO),TiCl,, (R)-BINOL ((R)-L7a) © @
5\ MS 4A, CH,ClI,, 0 °C, 1 day Eﬁ”’OH * : “OH
A
47 : 53  (73% yield)
(70% ee) (79% ee)

Scheme 3. Asymmetric cyclization with BINOL-Ti catalyst.

—

X H 2, Grachan HlX =NV DO v 7 « X=X F+E2H L=
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0 LAEKREHNWT, TATE REZD ) — L —T VDT F F AR~
Fo—TUREERBLTOWAE L, 743 =0 A8 K2 W4T
NV ARSI K 2 RFHARKSIIREHRE SN TR,

AREETIL, 5 % Tilk*7= BINOL-Al & O TADDOL-AI ${R kg ic X 5 K
FHBRKISICOWTRRD, 7F 7R EEIC ﬁ%ﬁ%ﬂi%%bﬁt&:%\
PHER DS (53 TN 7 U v ARR) DS R E Bk & - THEAT L, HFIEME T L2
~W%%V727Vﬁ°%if/?ﬁﬁﬂﬁﬁﬁztﬁmmwﬂo

CHO
Et3Al, Chiral ligand or
-~ ~OH “OH
X

| CH,Cl,, 0-10°C, 1 h

9 trans-10
up to 90% ee

Scheme 4. Asymmetric cyclization with BINOL-AI complex

KRIGEFEHTH2 LT, Ay =L OHEBRIKTH D HFIEMER 5- 2 F L
AV PF=IVDOEMRIZEII LT, BT, BALFTH D BINOL D= F » F A it
FEEZLEMNIETT VI =y AR S, e U CHRMISICH W &
ZA.BINOLOZF U FABMEIRLY AR TH L HFEET Va— LD
T TFAMFIEREL RDBR, TROLAFMENBH L, U TFEN
ENDORIFIZOWTREM AR T 5,
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2. BREVEBE

EPFARFHRNKE (OFNTV U ARS)DET ARG E LT, EEDOT v
FE RIZ3AFAY brxT—APEH HOE TR ET o 2R TH
% (R)-BINOL((R)-L7a)-Al &K 2 H v T PHER ))& 2 1T - 7= (Scheme 5),

oW
O

CHO
Et;Al (5 mol%), (R)-BINOL ((R)-L7a) (9 mol%) iﬁ\ 0
| CH,CI,,0-10°C,1h : OH
P
9 (-)-10
99% conv.
>99% de, 89% ee
Ar. Ar
L (e D
oo (e O )
Ar/<Ar
CHO
Et;Al 5 mol%, (R,R)-1-NaphTADDOL ((R)-L8b) (9 mol%) i
| CH,Cl,, 0-10°C,1h : OH
/\
9 (-)-10

>99% conv.
>99% de, 31% ee

Scheme 5. Asymmetric cyclization of 3-methylcitronellal (9) with aluminum

complexes

W EHITHESLODICHERKENEITL, BHOILAM TH D 5-AF A Y
T I LA0ORELNTE, SR OZF U FABREIREZRE L E A,
MWH DAY & I HFIEEERTH 572, (R)-L7a-Al &5 il 4 7> & 13 (-)-10
1% 5 AL((1), Scheme 5), (R)-L8a-Al §5 K7 b & FIARIZ SEAR BRI (-)-3 2345
L7z ((I11), Scheme 5), Zvix, B - TR OB TH 5. BINOL-AI gk
& TADDOL-Al $5E TIER X DSNAEEZHT D54 Y 7 L T — L35G 6 LT fif ]
(Table 1, & ~ &)L Hx %,
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R4 e REEAL T % AV 72 R KIS O KEt

T AFHERNKE (3 FNT Y AR RIGGEMEE LT, EEOT VT
ERIC3-AFAY harxT—L QP2 W, - ETRFETo#ETH
% BINOL-AI §54& & T8 TADDOL-Al $58 2 Wiz, BOnid, 74X =0 L
KRERELIZELA T VR E 10CUL FICHAIL, 3-AF Ly haxT—
NOEBB LSOO T L, ISS®, £7 . FBAL IOV TRIG DB
BATo 0z, % L RIS, B~ 722 BINOL A &% O TADDOL % o Eir 1 % A
V7= (Figure 1), BINOL Bz 1 @ R itfs R % Table 1 1277,

R R R
SONENNGS UIEN G S
OH OH OH

SN GGG & |
(R)-L7a: R=H (R)-L7e: R=H (S)-L7a: R=H

(R)-L7b: R = Br
(R)-L7d: R = SiPh,

Ar. Ar Ar_ Ar
><O]><OH ><o on
O ‘KOH oj><OH
Ar" Ar Ar" Ar

(R)-L8b: Ar = 1-Naph (S)-L8b: Ar = 1-Naph

(R)-L8d: Ar = 9-Anth
Figure 1. Chiral ligands
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Table 1. Asymmetric cyclization of 3-methylcitronellal (9) with BINOL-AI type

catalysts

CHO
Et3Al (5 mol%), ligand (L7) (9 mol%)
| CH,Cl,, 0-10°C, 1 h - OH

A
9 (->-10
entry ligand conv.  selectivity dr of ee of (-)-10 (%)™
(%) (%) trans / cist®
1 (R)-L7a 08 99 >99 / <1 89
2 (S)-L7a 08 96 99 /1 -90
3P (R)-L7a 100 89 98 /2 85
4 (R)-L7b 100 95 95/ 5 11
5 (R)-L7d 96 87 >99 / <1 41
6 (R)-L7e 51 48 85 / 15 0
7t (R)-L7a 100 70 97 /3 -75

[a] Determined by GC analysis. [b] Toluene was used as the solvent. [c] This
reaction was carried out using 300 mol % of Et,Zn and (R)-L7a at -78 "C to r.t. for
19 h.1¥

5-AF A YT LT = (9)DHEBLE DV TIL, §7TIT IS DR ER
PEDN S S 4L TV % BINOL-Zn $5KIC KV Rk Db &M Z SR L, 3
R ERE LR, 2 osi R, ERIEER trans-5-A F LA YV F LI — L
((-)-10 & O (+)-10)A3, 99%LL > ¥ 7 A7 L A &N FE TH 5 17z (entries
1-5), (R)-L7a-Al $& K 2> 5 1% (-)-10 23, (S)-BINOL((S)-L7a)-Al #51K 7 5 1% (+)-10
MZENZEINMNZ 90% ee FEE TH 5 17z (entries land 2), MR & b I
BINOL-Zn $&KIC X ARG LV b @ wWxoF o F 4R =R % ) L 7= (entries 1
and 2 vsentry 7), A bz L L ORISR EZ A, HBIEATF LU &
AW RIS E T E A EED D IR Es b 3 N ST KRR ME T BB O (-)-trans-5- 2
FoA YT L IA—= ) ((-)-10)13 15 5 iz (entry 3), 3,30 2 & L S L7z
BINOL((R)-L7b, (R)-L7d)ZEfL & L CTHWREEZ A, (H)-10 D=F v F 4
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18 = XML L7z (entries 4 and 5), £ 7=, (R)-H8-BINOL((R)-L7e) % Bz 1 &
LTHWEEZA, BERFIHPRELRD, 5407 trans-5- A F LA V7
La— L7k IKTH > 72 (entry 6),

BLERR VN &2, AU RAKD BINOL KV FRE L7727 VI =0 A5 & H
MEBERHVW TR ST 2 A, T = AEKDE A 1T (-)-trans-5- A F
A VT LT =)L ((-)-10)25 . HEEREEIK DA 1L (+)-trans-5- X F LA Y T LA
— L ((H)-10)PInEzn TR G LN, R EFRRT 2 8B OREEIC L > TRIED
SEARRIME S WS T D AE RN DALz (entry 1 vs entry 7)., ZAUiE. W& JEIC
KOG ONTBEEN, R EELRET LI LEE2RL TN D,

X5, 10 o= F U F AR T BINOL o @EHELIC L - TEML L,
(R)-L7b-Al &k & ONR)-L7d-Al #5512 & 5 H B (+)-10 1Z . (R)-L7a-Al &
DRIETHELND(-)-10 LXK DOIMEARTH D, ZDHEHENE, BINOL LD
FITFNARO IMOBEHRILIL, T =0 LEERORISRICH L TRERE
BrH 2252 a8 d 5, 3 MOBEBHRLOPEIZLY . RFMERMIS DL
RHIESCEMDORREEZ L ETE D LB X,

f5t VT TADDOL B2 F & W TIRER O SO 21T - 72, BETHS R & Table 2
(7 e
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Table 2. Asymmetric cyclization of 3-methylcitronellal (9) with TADDOL-AI

catalyst
CHO ]
Et3Al (5 mol%), ligand (L8) iﬁ\
< "OH
| CH,Cl,, 0-10°C, 1h A
9 (-)-10
entry ligand (L8) conv. selectivity dr of ee of (-)-10
(eq. vs Al) (9%)[?! (%) trans / cis 1 (%)

1 (R)-L8b 100 89 98 /2 31
(1.8)

2 (S)-L8b 99 85 97 /3 -31
(1.8)

3Pl (S)-L8b 100 87 98/ 2 -30
(1.8)

41P] (S)-L8b 100 81 95/5 -30
(1.0)

5cl (R)-L8d 94 84 95/5 35
(1.0)

6l (R)-L7a 100 70 97 /3 -75
(1.0)

[a] Determined by GC analysis [b] Toluene was used as the solvent. [c] Reacted for
19 h. [d] This reaction was carried out using 300 mol % of Et,Zn and (R)-L7a at
-78 C to r.t. for 19 h.[®!

BOEOMERMEFESENCBNT 1-F 7 FAEEHF T 5 TADDOL 51K
25 PHBR B 12 ﬁ?ﬁ’(“i@ékb\i%ﬂ%ﬁ%%h’(b\éﬁable 5, =), TD
7280 ARHFHZEB W TiL, 1-NaphthyI TADDOL(L8b) % H .l i i & 1 D 7=,
1-NaphthyITADDOL(L8b)-Al $& & % H v 7= B BR )i TIE . R K 2 O S (K D Fie fir
F L BT3B LM F o F AW THBO 10 2345 5 #L 7 (entries 1 and 2),
H A @R MEI1L 85-89%., MIX K T v A/ A @RI NLZ 98/2 L & W kT v

ZEINR L ol BWIHE L TR U2 FHLEEASICBONTYH., HBA A
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< HMY 10 55 ui=(entry 2 vs entry 3), £72. T/ I =0 LIZxT 5D
(S)-L8b Dk MEZE 1.8 ENDH 1Y E L L CTH MISITRERICHEST L 7= (entry 3
vsentry4), 1-F 7 F L EL D b REREBHRETHH 9- 7= NI VEER
L 7= TADDOL F {7 7 ((R)-L8A)N & W= & = A = F o F A Rl 513 35% &
L8d L Lbig L T kL7228, ROSEEEITIK T L7z (entry 4 vs entry 5), Z D
Rix, mEWERELN TADDL BIZHFET 2856 HENT VI = U L5K
DRISRICEEE L 7204, UOSHENME T o0 Bbhnd,

4[] (R,R)-1-Naphthyl TADDOL ((R)-L8a)-Al $& 1Kk % IS H W =356 @ H 1Y
Y (-)-10 O SLARIE . (R)-BINOL((R)-L7a)-Al &K L [A UK TH - 72, Z i,
BOEORERMEFESEORFRICHEONIA Y T LT — )L LW O RG
RTh DH(Table 5, & ), Zhnid, ¥ FrXTF—L 0D 3 fif®EHLNRN
BINOL - TADDOL ZNENDFHEEORFRMICKREREEL LT & %
N5 RS

ARERARRIGCRIT 2 EENAEORE

Brxad L7 4 B EAET ST T b RBEIE | T BINOL-AI 1k
((L7a)-ANfBEIC L D2 R FABRKICZIT > 72, fid% Table 3 127,
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Table 3. Asymmetric cyclization of a variety of aldehydes with BINOL-AI catalyst

R, Ry
R3 R,R, H Et;Al, L7a X
Ry MU O CH,Cly, 0-10°C B om
Ry
R4
entry  EtzAl BINOL aldehyde product GC ratio of ee
(mol%)  (L7a) purity trans (%)
(mol%) (yield)  /cis @
(%)
1 5 (R)-L7a 97 (78)  >99/<1 89
CHO
® 9!
‘ - ~OH
A
9 (-)-10
2(P] 5 (R)-L7a 9 >99 >99/<1 80
@) (83)
- ~OH
A
(-)-10
3 5 (S)-L7a 9 94 (87)  99/1 90
(9)
“OH
(+)-10
4 10 (R)-L7a CHO >99 >99/<1 61
(18) (86)

5 10 (S)-L7a  (E)-11 >99 >99/<1 63
(18) (92)
“OH
N
l

(+)-12a
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6lc! 10 (R)-L7a o~.CHO (O\ 26 (16)  59/41 31
OH

(18) _ (trans)
| ' 75
(cis)
| \
25 (-)-26
71Lcl 10 (S)-L7a 25 0 30 (19) 61/39 33
(18) “oH (trans)
76
§ (cis)
|
(+)-26
8 5 (S)-L7a n.r. - -
CHO
©
9 5 (S)-L7a CHO Trace - -
(9) Q 9\0H
=
21 22
10 5 (S)-L7a n.r. - -
(9) \CHO
|
(E)-4

[a] Determined by GC analysis. [b] Toluene was used as the solvent. [c] Reacted
for 19 h.

J-AF N FaRT =)D KISIZBWTIX, kT DK D trans-5- A
FLA YT L IT—= VAR EFNETN R RINEKRT E'f%?rwi(entries 1-3), UL
MV NCER LR NERE N T A A@EPREITITIEE A RN,
Mo TN, =F F A ImFEFEI 80% ee | ﬂiﬁTL/f:(entryZ)o R, BWIEM
HAEATH(E)-3-AF N7 72 Y — L ((E)-1) & EEICH W, RIKKD S A
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® BINOL Z HHWTCKIGE&#IT-o72 & 2 A, 9 ERBEICEHFZRINER NN T A
[ AR 2 PEV RS S AT L 7= (entries 4 and 5), = U F A @mEIR L, £
ILEI 61-63% ee & HREICK T LI, SMICATFALEEZALRVWEETH
525 HRINICHWIZ L Z A BB 26 OBIRVEL KIFIZIR T LICEIE 19%
PLF & 72 o7-(entries 6 and 7)., h 7 o A/ AT L% 60/40 L7 = F
VI AR L b T AR (trans-26) & 3 A R (Cis-26) T RIE /R E W N AE U T2,
trans-26 O = J > F A = 1% 31-33% 12 %F L T, cis-26 TIiX 75-76% & 72 o 7=,
Cis-6-/ X T — L NITHBWTIX., KISHET LR > 7 (entry 8), £7-. M
BLEGAGICEARILEYNRELND trans-7-T & — LD & EEH & L T
KIGLTeeZ A, RIGIFIEEACETETEHIME L TELOND D TE
154.15 D ¥ — 27 N GC-MS THIHI SN DIZE £ o 7=(entry 9), o, -AREaFn7T
Tk F“@&)Z)Z\”~—/1/((E)-4)“G‘i S AT L 72 2> - 7= (entry 10),

W72 b HE & LT, BINOL(L7a)-Al $5k% H W\ T E/Z IREKTH D
(E/Z)-3- # %/v77/vz%~/v®ﬂ<§%fﬁ}im%170f:(Scheme 5),
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_ /..Q<
o
I

Et;Al (10 mol%), (R)-L7a (18 mol%) j OH
CH,Cl,, 0 - 10°C, 7 h :E
|

(E)-11 (211 (-)-12a (-)-12b
(50% yield, (29% yield,
(E/Z =62/ 38) 58% ee) 88% ee)

(total 88% isolated yield)

EtzAl (10 mol%), (S)-L7a (18 mol%) "OH "
CH,Cl,, 0- 10°C, 7 h
(E)-11 (2)-11 (+)-12a (+)-12b
(37% yield, (22% yield,
(E/Z = 62 38) 55% ee) 85% ee)

(total 70% isorated yield)

Et,Zn (300 mol%), (S)-L7a (300 mol%) j OH
CH,Cl,, -78 - 0°C, 19 h E
|

(D

: /%gx

(E)-11 (2)-11 (-)-12a (-)-12b
(52% yield, (32% yield,
(E/Z =62/ 38) 23% ee) 73% ee)

Scheme 5. Asymmetric cyclization of 3-methylfarnesall®!

[a] The yield and the ee of the products were determined by GC analysis.

B AR IE BINOL-Zn 851K D BUG Z ATV AHRT AT UL =R 0 B 891 588 R
VR ZEREL TWD, (R)-L7a-Al #EE 2 AW RISIZE W T, (E)-2 MR
((E)-11)7 51F 12a 28, (2)-BYER((2)-11)20 513 12b B EZ N EFE WIE T
& B A7 ((1), Scheme 5), (S)-L7a-Al $5k &2 W2 ROSIZHE W T &, D AR
DEOLNT Z & ZBREIZIFEREKOR LN S 72 ((I), Scheme 5), FFiZ. 12b
DT F v F F iR L 85-88% ee &, BINOL-Zn $5/KBI L 0 & @i & 72 - 7=
((1) and (11) vs (111), Scheme 5), & H T, KAF TV I =7 LEEIRAEE 2 v
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%A, S5 trans-5- 2 F LA YV 7L I — L (10) D 37K SR
BINOL-Zn ${RZ W RS HE R L Wfilc e o7z, £, ARISIZHBWT 3-2
FNT 7Y — LD EIZ R E AR 12al12b O I E ML O B AFEH X
RonZehrole, KFERXY 3-AF LI b HZ\?—/V(Q)&(E/Z)-B-% FIL 7
7 VXY — L (EIZ)-11 & REMIEK GO FEE & L THWE,

BERRISICEIT 5 REHEIE

FEx oo FABERDO BINOL ZHWT Al gEAZFR L, 3-AF 1
e RrT7— Q)& kEEE L THRRIICOANFHEEZRAATZ, % Table 4
W7,

Table 4. Asymmetric amplification of cyclization of 3-methylcitronellal (9) by

BINOL (L7a)-Al catalyst

CHO
Et;Al (5 mol%), L7a (9 mol%)
- "OH

| CH,Cl,, 0-10°C, 1 h

9 (--10
entry BINOL (L7a) ee of L7a (%) conv. (%)% ee of
(-)-10 (%)™
1 R 10 83 17
2 R 30 90 49
3 S 40 86 -53
4 R 50 92 65
5 R 60 93 66
6 S 80 94 -81
7 S 100 94 -90

[a] Determined by GC analysis.

WTHNDRIGIZEBWNTH, 5-AF /A Y7L IT—1(9)1F 80%LL ED B4 72
WETHNTE, BRI O F > FAilE =L, BINOL ® = > F 4 i F
F(BINOLee)iZxt L CHEMMAIICH 54T, BINOLee LV & EWMEE /2o 70,
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Thbb, AEMARKSICEB W TARFHEME RSB L2, BINOLee 78 10%IZF
W CHEIE OfE XK < . BINOLee LV B X Z 7% @ V= F > F A4 = T(-)-10
2315 B A7z (entry 1), BINOLee 28 m < 72 5122 C, HEUY 10 O IR O &1
K& <720 BINOLee 28 30%IZ W\ TIXH MY 10 O = F > F A Tl 49%
L. 20%T < HilE S Au7= (entry 2), BINOLee @ 50%LL L& 72 o700 XV H
B4 10 O ee D IGIE OIE XA 72 < 72V . BINOLee 80%IZ 3\ TIXIFIXIE CAE
& 72 - 7= (entry 6),

T (EIZ)-3- A F V7 7 L2 Y — )L ((EIZ)- 1) D AR FHERIGICB T 5 R
FHNE 21T > 7=, fER % Table 5 (27,

Table 5. Asymmetric amplification of cyclization of (E/Z)-methylfarnesal
((E/Z)-11) by BINOL (L7a)-Al catalyst

ﬁ ﬁi
OH OH

Et;Al (30 mol%), L7a (54 mol%)

CH,Cl,, 0-10°C, 4 h
| \

(E)-11 (2)-11 (-)-12a (-)>-12b
(E/Z=71129)

entry BINOL ee of conv. of conv. of ee of ee of
(L73) 73 (%)  (E)-11 (2)-11 (1)-12a (1)-12b
(%)) (%)) (%) @ (%) @
1 R 10 56 88 8 11
2 R 30 68 91 30 40
3 S 40 71 >99 -42 -66
4 R 50 88 >99 49 69
5 R 60 85 >909 52 78
6 S 80 86 99 -58 -86
7 S 100 96 97 -64 -90

[a] Determined by GC analysis.

(E/Z)-3-AF N7 7 X2V — L ((EIZD)- 1)) H W RIZB W TS, 12a LT
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12b N E NI AR FHEIE A E L 7=, BINOLee 78 10%(Z B\ T(E)-11 L v %5
H3L7z 12a 1 8% ee T&H - 7= A3 (entry 1), BINOLee 73 30%LL Lo K )i K 0 B
FT AR K BR8N F 7 (entries 2-5), fx b K X 7 BYMREME X, BINOLee 28 40% D
KRBT D 42%TH D, KK 12a DR FHABRKINICEB T 2= o F 4 H
(X BINOLee 100%IZ3 VT 64% ee Th o 72N, AKINIZIHB W TIE 12a D ee
75 BINOLee L0 b &< e o7=(entry3vsentry7), £72, 3-AF L b x7
—/L(9) & [A#EIZ BINOLee 2% 80%LL £ Kt 72 b £k 2 ([ZHEIE OB/ & < 72
- 7z (entries 6 and 7).

(2)-11 2B 5 RAF R G S . (E)-11 & [A U B % 5~ L 7=, BINOLee 10%
IZBWT(E)-11 X v & 5472 12b 1% 10% ee T - 7= H (entry 1), BINOLee 23
30% LA b D SO K BHE I AN A HE IR A3 41, BINOLee 728 40% D S 12 30N T
12b 1% 66% ee & 72 - 7= (entry 3), BINOLee A% 80% LA b D Kt s B £ & (2 #5118
D 1ig 23/ & < 72 o 7z (entries 6 and 7).

(E)-11 & (2)-11 O A FHEIER W THE R L H1X, BH o7z 12a & 12b = F
VFAWMBIRTH DN, BT HOOEERITEWVWD RN, BINOLee 25 10%
DB BN T (Z2)-11 D 12b ~ DA LR IT 4R T 88N TH D Z L ITHF L.
(E)-11 ® 12a ~DH{LFIL 56% & | K & 7R2E WA AL 6 77z (entry 1), BINOLee
MRELRDITHEN, ZOMEMIE/NE <7255, BINOLee 100% D i BLA 1
2 T(E)-11 O #s b 2 (2)-11 Db % LAl - 7= (entries 1-6), Z LiL. (E)-11
DR FEHDEERDOBIE R ITIC B OTHELEZHEEL, BEER TR -7-H 0
EEbND, BRI OV TIEXISHEBICB W TR S,

BINOLee (Z%3 2 HBI¥ 9 ® ee ® 7 1 v k% Figure 2 (2, BINOLee (Z %}
T 25 HMY 12a, 12b D ee D7 1 v b & Z N EF I Figure 3, 4 277,
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100

%ee of 10

0 20 40 60 80 100
%ee of BINOL (L7a)

Figure 2. (+)-NLE in asymmetric cyclization of 9 in Prins reaction by
BINOL(L7a)-Al catalyst

100

%ee of 12a

O |- 1 L 1 1 L 1 1 L 1 1 1 1 1 1 1 1 L L
0 20 40 60 80 100

%ee of BINOL (L7a)

Figure 3. (+)-NLE in asymmetric cyclization of (E/Z)-11 in Prins reaction by
BINOL(L7a)-Al catalyst
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100

%ee of 12b

0 20 40 60 80 100
%ee of BINOL (L7a)

Figure 4. (+)-NLE in asymmetric cyclization of (E/Z)-11 in Prins reaction by
BINOL(L7a)-Al catalyst

HIR ORI Z N ENOAERMIZIE VTR 572, BINOLee @ IEE RV
K 75 H4 i %) 5% (positive nonlinear effect, (+)-NLE)X oo A1, [ U < BINOL
ZHWIEEEERTH S BINOL-TidERZHW 7 U AF v L — hOx U KISIT
BB L T p U200 R RIZ B0 TR W BINOLee (2381 5 KR, BT
B B ME 2 797 (entry 1, Table 4)(entry 4, Table 1, % %), Z i
BINOL-Ti #£1{& & [AEE 21K ee @ BINOL-Al $&5 KI5 A Y XA ~—DIELE
BRIGHICEBLEZL B2 651 713 =0 A85KICENLT % BINOL
DNEARNFE 72 585K [[(R)-BINOL]2[(S)-BINOL]AI], & [[(R)-BINOL]
[(S)-BINOL] AL A 1F/E L, T 5 D8 RNRF BRGNS K L CARIEME T
DTz, FHAXRICIEER T VI =0 AEERI D720 | OSTHEMEL 7
St EZBND, BINOL/IAl ki 3/2 Tdh % 7- %, BINOL/Ti DL 1/1

ToH D BINOL-Ti gk L W MR EEZ L > TED, S HIHEHEKAELTDOS
abEZ LN B,
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Y ZFIEHE trans-5-2 F A ¥ b — L DA R
AARFHARKIGOIGEHE LT, A2 F— VEBIKTH 5 HFIEME trans-5-
A F VA =)L (28)D A % & 1T - 7= (Scheme 6),

H, (1 MPa)
iﬁ\ Pd/C (1wt%)  recryst. iﬁ\
Et;Al (5 mol%), OH ~on M

: EtOH, r.t, 19 h :
(R)-L7a (9 mol%) P PN
CH,Cl,, 0-10°C, 19 h

(-)>-10 (-)-28
(78% yield, 88% ee) (52% vyield, 97% ee)
CHO
2
Et;Al (5 mol%), H, (1 MPa)
(S)-L7a (9 mol%) Pd/C (1wt%) ~ recryst
Il
CH,Cl,, 0-10°C, 19 h ‘OH EtOH, r.t., 19 h ‘OH ()
(+)-10 (+)-28
(85% yield, 85% ee) (33% yield, 96% ee)

Scheme 6. Synthesis of trans-5-methylmenthols (28) via asymmetric cyclization

-AF v hrRXT—LDAKRKHERKIE % (R)-BINOL((R)-L7a)-Al K& T
(S)-BINOL((S)-L7a)-Al $5{k TIT\W, 5 bt piGtE trans-5- 2 F v A V7
L I—/L((-)-10 and (+)-10)&2 Z L ZFNAKFLLT-, BiEMmICKXY o F T4
W R LA B L. 96% ee UL ET(-)-28 K N (+)-28 N B iz,

any; 1

R DRI DN TEET 5, KRGO ISHEMIE, =% 0 G
ERIBED Z DORIGIENA A LT Al filiiEIC k20 FRT UG EE 2
72232 3 X F L hm R T = QDI AR = VIERT LI =7 A OTEMEF
A MZEA L, BEENEZ D NEROBBIREL KT trans-5-1 Y 7 L
T— VAN AERT D, YRR DV T AT UVABEBREE NS o F 4
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HRMEIX BINOL (L7) XX TADDOL (L)% A+ 5 Z L2k » TRHEL -,

EZOLNDEBIRE A Figure 5 IZ7R77,

Figure 5. Reaction mechanism of cyclization by (R)-BINOL ((R)-L7a)-Al.

(R)-BINOL ((R)-L7a)-Al complex
(BINOL/AI = 3/2)

3-methylcitronellal (9): R, R'=H
(E)-3-methyl-2,3-dihydrofarnesal ((E)-11): R = -CH,CH=CCH;, R'= H

(Z)-3-methyl-2,3-dihydrofarnesal ((Z)-11): R = H, R' = -CH,CH=CCHj,

OO GO F B o KOS BEARE & A Bk . BINOL(L7a) & OY

1-NaphthyITADDOL(L8bYD F 7 F L ENR T VI =0 LR % il & L CTEAT

FIZEOVHLTWD, ZOYITICNHE LN T A

WArTE L TR, £
VT ABBIREEZFID, FEEOLEAICMET 2 ZEMAAFRMEZEZZ LT
BT AT T TFEIX

% & # %2 7=, 1-NaphthyITADDOL(L8b)-Al & {4k (2
BINOL(L7a)-Al $6ADF 7 FNLEXVEEE LG Z DD AERKY 10 D=

VFABIRMEDER T LSO EHER L 72,
FEELLT3AFA T AR —LAN)EZHWEEE, EAXE ZIEICED

TR FT T A EREEZLONIEDET L2 (E)-1L OERY TH 5 12a
E(2)-1L OERMTH D 12b TIE, = F > FABEIRIZ 30%UL < OE VR H
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L, ZNIFEBBRBIZBWTEEmWIENEOMENEMBRL TWD &R T,
(E)-11 O RIES TiE, MEMSE D EER O BOS SIS E WG FTICALE L, MU & FLF
T5, T, KIGSHEOKRTEEbIZFT U FARBREDNKRTT S, I
[kt U, (2)-11 ORIGTIHE, BEMISHA SR O S & KRN ALE T 5, =
DI TIEEVEPNEBREBICE W TS ZEE T SEEREHEOMEIEA L
T4 LTI N A TFOVEDNEET D 3-AF LY b r R T — (1) D Kk &
FREOIREEIC 2D, TORE, Bz o F AR Z VSN EIT LT
EFEZT,
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3. FEim

AFET VI = U LEK BINOL-Al X T TADDOL-Al k2 W T AL 7 ¢
YEAETOHTNANTE RORFHERIGHEIT L, 2607 VI =0T L8
RiZ, xR 7 AT e RERIGSHE, BWIT AT LARRER R F T

EBREEZHEVEROBRIET Va—nfkz 52722 fgx oo T o FAHE
KD BINOL Z AW TSR Z B L FARKISZIT o272 & 2 A ANAHIE D5
L, 3-AF ALY X7 = VORFERARKIGIZ L > TH LIV L7 iE M
trans-5- A F LA V7L T— )L LY A b= VEKEKTH D XFIEMR
trans-5- 2 F/L A F— B HG LT, REIGOT VI =7 LAEERIE, 5

I BISOR E RIS, AL TFOT 7 FARICEIV ST AT LA
%m%&wify%i%mﬁﬁ%ﬁémék%ﬂbto
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4. EB

- G AT ROV E

A v~ 777 4— (GC) L EEHMFITE GC-2010AF |2, E=a—L v
ke Xy — K8 DB-WAX (30 m x 0.32nm x 0.5 um), IC-1 (30 m x 0.25 mm
x 0.25 um), AL =l Chirasil-DEX-CB (25 m x 0.25 mm x 0.25 pm), & L
< 1% Beta DEX™ 225 (30 m x 0.25 mm x 0.25 uym) & H LHIE L7=, BEE A
7 hviE. BEffER L GC-QP2010 (2 Restek #! Rtx- 1 (30 m x 0.25 mm x
0.25 um) ZFEHLAE L7, SBoMiEEE A7 FL (HRMS) | HAE T
# JMS-T100GCV(FI) & L < (X B ERAEFT . LCMS-IT-TOF(ESI) Z H W THIE
L7z, BREAHEE (NMR)Z22Z kL (*H-NMR, ®C-NMR)iZ BRUKER 500Hz
EEAHL, 7o AV AEERICABEELE L TT NI ATF LY T v
(TMS)Z W THIE Lz, {bF> 7 bk ppm HAL (8) T Lz, JRINKIY
(IR) A7 hiE, BAS R FT/IR-550 BIAR4 5y EFH 2 H L. KBr %
H L <HTEBEIC L0 JE L7z, BEEEE T B A R JASCO P-1020 % W
THIE L, »FHLEET VITE LB SCIGRESS V2 #/HWTHHE L7,
FOSAER O HEEEEE VAN hTaru~ 777 40— (BELSE
#® U 0 60 (230~400 mesh)) . b LI BAHERE 7 e~ 7T 7 4 —
(Merck & TLC L — b 1.13895.0009)(Z £ V 1T - 7=,

RE

AL 7 (R)-L8APN T8 T AL b 0 & H Wiz, K HEE b0
(E)-11B1122 (Ejz)-11B4 213w = E AR L= b 0 & H VT2, SO
B 25N S kic VWA LTe, RUSIEE (E)-4 12 b T — L ((EI2)-4)D ¥
ALV BERLE, ZoMoRE L, T XTHEKLEEOEEEH L,
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(2)-3,7-V AF A7 BZ-2,6-TF — (T —/V)(E)-4)DH K
27— ((E)-4)E> N7 — NV ((BIZ)-4)DF5HEZARBIZ L 0 i L 72 (60 By, N
AR 132 °C, IR 111-113 °C, #5718 78-83 °C, 2.0 Torr), 2kg ® ¥ h 7 — /L &
D 603 g DX T — & 4571161

BINOL BUEINL & H /= 3-AF )L b 3T — /(9D ARFHENI (Table
1)

ARSI EFZBEREHK FTICBWTI T2, ¥=2 L Z7IiZ BINOL BIEAL 1 L7
(0.297 mmol or 0.535 mmol, 5 mol% or 9 mol%). W B mL)Z Mz . H#E Lo
DNV ZFATNAI=T L ML= UEHR(0.30 mL, 1.0 mol/L, 0.297 mmol, 5
mol%)z > < W EiRML7, 1 RFEEEICES W TESR%Z, TN % 0-10CIC
WHEIL, 3-AF /¥ b xF— L (9)(1.00 g, 5.94 mmo)Z b ->< 0V &iEF L
72, 19 I ZICRAN L VBRI LSRR E ., Ny VBT = F L,
g% GC THtr L7,

TADDOL HUEIAL FZ W72 3-AF Lo b T — /L (9)D AR F BB K
(Table 2)

AIISITERFHKX TICEB W TIT>72, ¥ =2 b 272 TADDOL BUEL,Z+ L8
(0.297 mmol, 9 mol%), B mL)Z MMz, LD NI ZF AT LI =D
2o bV ¥R (0.30 mL, 1.0 mol/L, 0.297 mmol, 5 mol%) % W - < ¥ L &l
L7z, 1RH=IRICBWTHEAZ, RN Z 0-10 ClZmA L, 3-AF v b
77—/ (9)(1.009,5.94mmol) x> < Y LT Lz, 19 RFHBICRN LD
B LIS RE, by i o F L, HiEE GC THHr L,

BINOL-Al $& A Z H W= REafn 7 /L5 & FORFHBERKIEG (Table 3)
AT ERFHK[ATIZEB N TITo72, v 2 L2712 BINOL (L7a) (167 mg or
334 mg, 0.583 mmol or 1.17 mmol, , 9 mol% or 18 mol%). ¥ (5 mL)% il % .
R LOOD RNV ZF AT NI =0 A ML= (0.32 mL or 0.64 mL, 1.0
mol/L, 0.324 mmol or 0.648 mmol, 5 mol% or 10 mol%) %= W} > < V LML 7=,
IR S|IBICB W THB®Z., RN %Z 0-10 ClcwmA L, KETH L Rfafn7r v
TE R (648 mmol)Zp->< D EFHT LIz, FTERMBZICANIEIL -
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il

ISR %, Mo v ifEcrs = F L, ME% GC THolr L=, KitDk
ML LT, MR Ty = F %, MEEKEK - fafiREK TS 1
Elfed Lz, BAMEB~Y 7 XU AT, JREEML THRED Z 5
leo YURTNDTLIu~ T T 7 4 —ICX0HEERKRL, BOXISL
=T v a— k&5,

(-)-(1R,2S)-5,5-Dimethyl-2-(prop-1-en-2-yl)cyclohexanol
((-)-trans-5-methylisopulegol) ((-)-10) (entry 1, Table 3)

[a]®° b = -6.6 (c = 0.6, CHCl3, 89% ee).

'H-NMR (500 MHz, CDCls): § 0.94 (s, 3H, CH3), 0.96 (s, 3H, CHs), 1.14 (t, 1H, J
= 11.7 Hz), 1.22 (td, 1H, J = 13.0, 4.6 Hz), 1.26-1.41 (m, 2H), 1.45-1.57 (m, 2H),
1.74 (dd, 3H, J = 1.5, 0.9 Hz, CH3-C=C), 1.75-1.87 (m, 2H), 3.61-3.66 (m, 1H,
>CH-0), 4.85-4.86 (m, 1H, C=CHy), 4.89-4.91(m, 1H, C=CH,).

13C-NMR (125 MHz, CDCls): 19.2 (CH3;), 25.1 (CH3), 26.4 (CH>), 32.2 (C), 33.0
(CHj3), 38.6 (CH,), 46.8 (CH;), 54.8 (CH), 67.6 (CH), 112.8 (CH;), 146.7 (C).
HRMS (FI) calcd for C11H,00 (M™) 168.1519, found 168.1514.

IR (neat): 3404, 2956, 2928, 2865, 2847, 1645, 1455, 1364, 1051, 1027, 885.

(+)-(1S,2R)-5,5-Dimethyl-2-(prop-1-en-2-yl)cyclohexanol
((+)-trans-5-methylisopulegol) ((+)-10) (entry 2, Table 3)F

[a]®° b = +5.8 (c = 0.3, CHCl3, 90% ee).

'H-NMR (500 MHz, CDCl3): § 0.93 (s, 3H, CH3), 0.96 (s, 3H, CHs), 1.14 (t, 1H, J
= 11.7 Hz), 1.22 (td, 1H, J = 13.2, 4.7 Hz), 1.25-1.42 (m, 2H), 1.45-1.59 (m, 2H),
1.74 (br , 3H, CH3-C=C), 1.76-1.88 (m, 2H), 3.64 (td, 1H, J = 10.7, 4.4 Hz,
>CH-0), 4.85-4.87 (m, 1H, C=CHy), 4.89-4.92 (m, 1H, C=CH,).

13C-NMR (125 MHz, CDCl3): 19.3 (CHs), 25.1 (CH3), 26.4 (CH>), 32.2 (C), 33.0
(CH3), 38.5 (CH,), 46.8 (CH,), 54.8 (CH), 67.6 (CH), 112.8 (CH>), 146.6 (C).

(-)-(1R,2S)-5,5-Dimethyl-2-((E)-6-methylhepta-2,5-dien-2-yl)cyclohexanol
((-)-12a) (entry 4, Table 3) *]
[a]®® b =-5.0 (c = 0.2, CHCl3, 61% ee).
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'H-NMR (500 MHz, CDCl3): § 0.94 (d, 6H, J = 10.0 Hz, CH3-C-CHs), 1.07 (t, 1H,
J = 12.0 Hz), 1.20 (td, 1H, J = 13.0, 5.3 Hz), 1.37 (dg, 1H, J = 13.2, 2.9 Hz),
1.48-1.53 (m, 1H), 1.60 (s, 3H), 1.62 (d, 3H, J = 4.2 Hz), 1.69 (br, 3H), 1.72-2.20
(m, 4H), 2.74 (t, 2H, J = 7.1 Hz, =CH-CH,-CH=), 3.58-3.65 (m, 1H, CH-OH),
5.08-5.12 (m, 1H, C=CH), 5.30 (td, 1H, J = 7.0, 1.2 Hz, C=CH).

13C-NMR (125 MHz, CDCls): 12.8 (CH3), 17.7 (CHs), 25.1 (CH3), 25.7 (CHs), 26.1
(CH,), 26.9 (CHy), 32.1 (C), 33.0 (CHs), 38.6 (CH,), 46.7 (CHy), 56.5 (CH), 67.2
(CH), 122.8 (CH), 127.0 (CH), 131.9 (C), 135.3 (C).

HRMS (FI) calcd for C16H250 (M*) 236.2140, found 236.2101.

IR (neat):3435, 2951, 2926, 1452, 1384, 1364, 1256, 1139, 1046, 921.

(+)-(1S,2R)-5,5-Dimethyl-2-((E)-6-methylhepta-2,5-dien-2-yl)cyclohexanol
((+)-12a) (entry 5, Table 3) *]

[a]®® b = +4.8 (c = 0.4, CHCl3, 63% ee).

'H-NMR (500 MHz, CDCls): & 0.94 (d, 6H, J = 10.0 Hz, CH3-C-CH3), 1.10 (d, 1H,
J = 11.9 Hz), 1.20 (td, 1H, J = 13.0, 5.3 Hz), 1.37 (dq, 1H, J = 13.2, 3.0 Hz),
1.48-1.53 (m, 1H), 1.60 (s, 3H), 1.62 (d, 3H, J = 4.2 Hz), 1.69 (br, 3H), 1.72-2.20
(m, 4H), 2.74 (t, 2H, J = 7.1 Hz, =CH-CH;-CH=), 3.58-3.65 (m, 1H, CH-OH),
5.07-5.12 (m, 1H, C=CH), 5.30 (td, 1H, J = 7.0, 1.0 Hz, C=CH).

13C-NMR (125 MHz, CDCls): 12.8 (CH3), 17.8 (CH3), 25.2 (CH3), 25.7 (CHs), 26.1
(CH3), 26.9 (CH,), 32.2 (C), 33.1 (CH3), 38.6 (CH,), 46.7 (CH,), 56.5 (CH), 67.2
(CH), 122.8 (CH), 127.0 (CH), 131.9 (C), 135.3 (C).

(-)-3-(6-Methylhepta-1,5-dien-2-yl)tetrahydro-2H-pyran-4-ol ((-)-26)
(trans/cis = 59/41) (entry 6, Table 3)

[a]®® b = -35.8 (¢ =0.02, CHClIs, trans/cis mixture).

'H-NMR (500 MHz, CDCls): & 1.61 (s, 3H), 1.65-1.77 (br, 4H), 1.78-1.92 (m, 2H),
2.02-2.22 (m, 4H), 2.41 (d, 1H, J = 11.3 Hz, O-CH,-CH-CH,), 3.65 (dd, 1H, J =
11.0, 4.2 Hz), 3.68-3.81 (m, 3H), 4.03 (br, 1H, CH-OH), 4.69 (s, 1H, C=CH,), 5.00
(s, 1H, C=CH,), 5.05-5.13 (m, 1H, CH,-CH=C) (major).

'H-NMR (500 MHz, CDCl3): : & 1.63 (s, 3H), 1.65-1.77 (br, 4H), 1.78-1.92 (m, 2H),
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2.02-2.22 (m, 4H), 2.32 (d, 1H, J = 11.3 Hz, O-CH,-CH-CHy), 2.74 (t, 1H, J = 7.1
Hz), 3.65-3.81 (m, 4H), 4.06 (br, 1H, CH-OH), 4.98-5.02 (m, 1H), 5.05-5.10 (m,
1H) (minor).

13C-NMR (125 MHz, CDCl3): 17.7 (CH3), 25.7 (CH3), 26.4 (CH,), 32.1 (CH>), 36.1
(CH3), 46.0 (CH), 62.4 (CH,), 63.4 (CH), 65.2 (CH3), 111.5 (CH3), 123.4 (CH),
132.3 (C), 147.7 (C) (major).

13C-NMR (125 MHz, CDCl3): 16.6 (CH3), 25.7 (CH3), 26.4 (CH>), 27.1 (CH>), 32.1
(CH3), 48.1 (CH), 62.5 (CH,), 63.4 (CH), 65.1 (CH3), 111.5 (CH,), 122.4 (CH),
132.2 (C), 147.7 (C) (minor).

HRMS (FI) calcd for C13H2,0, (M*) 210.1620, found 210.1636.

IR (neat): 3450, 2962, 2927, 2868, 1640, 1450, 1377, 1218, 1126, 1039, 895, 865

(trans/cis mixute).

(+)-3-(6-Methylhepta-1,5-dien-2-yl)tetrahydro-2H-pyran-4-ol ((+)-26)
(trans/cis = 61/39) (entry 7, Table 3)

[a]?® p = +33.1 (c = 0.01, CHClI5 trans/cis mixute).

'H-NMR (500 MHz, CDCls): & 1.61 (s, 3H), 1.67-1.75 (br, 4H), 1.78-1.92 (m, 2H),
2.03-2.21 (m, 4H), 2.41 (d, 1H, J = 11.4 Hz, O-CH,-CH-CH,), 3.65 (dd, 1H, J =
11.0, 4.3 Hz), 3.68-3.81 (m, 3H), 4.03 (br, 1H, CH-OH), 4.69 (s, 1H, C=CHy), 5.00
(s, 1H, C=CH,), 5.05-5.12 (m, 1H, CH,-CH=C) (major).

'H-NMR (500 MHz, CDCls): & 1.63 (s, 3H), 1.67-1.75 (br, 4H), 1.78-1.92 (m, 2H),
2.03-2.21 (m, 4H), 2.32 (d, 1H, J = 11.2 Hz, O-CH,-CH-CH,), 2.74 (t, 1H, J=7.0
Hz), 3.65-3.81 (m, 4H), 4.06 (br, 1H, CH-OH), 4.98-5.02 (m, 1H), 5.05-5.12 (m,
1H) (minor).

13C-NMR (125 MHz, CDCl3): 17.8 (CHs), 25.7 (CH3), 26.4 (CH>), 32.1 (CH,), 36.1
(CH,), 46.0 (CH), 62.4 (CH,), 63.3 (CH), 65.2 (CH,), 111.5 (CH,), 123.4 (CH),
132.3 (C), 147.7 (C) (major).

13C-NMR (125 MHz, CDCl3): 16.6 (CH3), 25.7 (CH3), 26.4 (CH>), 27.1 (CH>), 32.0
(CH,), 48.1 (CH), 62.5 (CH,), 63.4 (CH), 65.1 (CH,), 111.5 (CH,), 122.4 (CH),
132.2 (C), 147.7 (C) (minor).

HRMS (FI) calcd for C13H,,0, (M¥) 210.1620, found 210.1588.

122



IR (neat): 3459, 2962, 2927, 2860, 1669, 1447, 1377, 1200, 1115, 1011, 890, 819

(trans/cis mixute).

BINOL-AI $& 1k Z H W\ 72 (E/Z)-3- * F /L 7 7 )L % % — L ((EIZ)-11) D R 7 B B )X
Ji~ (Scheme 5)

ARISIFERFHKITICEBWTITo 72, ¥ 2 b 27 IZ(R)-BINOL((R)-L7a)
(65.3 mg, 0.228 mmol, 18 mol%), Y7 v u X Z (A mL)%Z Mz, #HELEL>> k
JZFNATNI=0Uh - PV UEH(0.13 mL, 1.0 mol/L, 0.130 mmol, 10
mol%)% W - < VD LIRM L7, —R=ERICBWTHEB®%R., £#N%E 0-10CI
WAL, (E/Z2)-3- A F 7 7 )b % ¥ — L ((E/Z)-11) (300 mg, 1.27 mmol) & ¥ - <
DETT Lic, TIRRHMBICENI DRI L 2SR zZ, My IR T
T F L, WEE GC THLiz, KICOKBLE L LT, M= TY
T F %, MEEKEK - TR T IR L, BKEB~Y 7 v
UATCHEBESE, JEIREML CHRERESTE, YIS A B T AT r< b
77 7 4 —(heptane/AcOEt=4/1, r/f=0.5)I1C L » HEEHER L, HMoOx)S LT
Jb 3 — LR (-)-12ab % %72 (264 mg, 1.12 mmol, 88% yield), (S)-BINOL((S)-L7a)
ZRHOWERIG S REED FETITW, 72— LR (+)-12ab % £ 72 (210 mg,
0.889 mmol, 70% vyield),

(-)-(1R,2S)-5,5-Dimethyl-2-((E)-6-methylhepta-2,5-dien-2-yl)cyclohexanol,
(1R,2S)-5,5-dimethyl-2-(6-methylhepta-1,5-dien-2-yl)cyclohexanol

((-)-12ab) ((-)-12a/(-)-12b = 62/38) ((1), Scheme 5)°!

[]?® o = -10.4 (c = 0.10, CHCl5).

'H-NMR (500 MHz, CDCl3): §0.935 (s, 3H, CH3-C-CH3), 0.944 (s, 3H,
CH;-C-CHg), 1.10-1.52 (m, 4H), 1.61 (s, 3H, CHs-C=), 1.69 (s, 3H, CH;-C=),
1.72-2.20 (m, 4H), 2.35 (s, 3H, =C-CH3), 2.74 (t, 2H, J = 6.9 Hz, =CH-CH,-CH=),
3.61 (dt, 1H, J = 10.8, 4.4 Hz, CH-OH), 5.05-5.12 (m, 1H, C=CH), 5.30 (br, 1H,
C=CH) (major).

'H-NMR (500 MHz, CDCls): 0.955 (s, 3H, CHs;-C-CH3), 0.964 (s, 3H,
CH;-C-CH3), 1.09-1.52 (m, 6H), 1.62 (s, 3H, CHs-C=), 1.69 (s, 3H, CH;-C=),
1.71-1.85 (m, 4H), 2.03-2.20 (m, 2H), 3.64-3.73 (m, 1H, CH-OH), 4.91 (br, 2H,
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C=CHy), 5.12 (br, 1H, C=CH) (minor).

13C-NMR (125 MHz, CDCl3): 12.8 (CHs3), 17.8 (CH3), 25.1 (CHs), 25.7 (CH3), 26.1
(CHy), 26.9 (CH;), 32.2 (C), 33.1 (CH3), 38.6 (CH;), 46.7 (CH;), 56.5 (CH), 67.2
(CH), 122.8 (CH), 127.0 (CH), 131.9 (C), 135.3 (C) (major).

13C-NMR (125 MHz, CDCl3): 17.8 (CHs), 25.2 (CH3), 25.7 (CHs), 26.5 (CH,), 27.3
(CH,), 32.1 (C), 33.0 (CH3), 33.7 (CH,), 38.8 (CH,), 46.8 (CH,), 54.3 (CH), 68.4
(CH), 110.6 (CH,), 124.0 (CH), 132.0 (C), 150.8 (C) (minor).

HRMS (FI) calcd for C16H,20 (M™) 236.2140, found 236.2116.

IR (neat):3396, 2920, 1716, 1455, 1386, 1365, 1171, 1049, 923. (mixute of (-)-12a
and (-)-12b).

(+)-(1S,2R)-5,5-Dimethyl-2-((E)-6-methylhepta-2,5-dien-2-yl)cyclohexanol,
(1S,2R)-5,5-dimethyl-2-(6-methylhepta-1,5-dien-2-yl)cyclohexanol  ((+)-12ab)
((+)-12a/(+)-12b = 62/38) ((11), Scheme 5)[*!

[a]?® b = +10.1 (c = 0.10, CHCls3).

'H-NMR (500 MHz, CDCl3): §0.935 (s, 3H, CHs3-C-CH3), 0.944 (s, 3H,
CH3-C-CH3), 1.10-1.52 (m, 4H), 1.61 (s, 3H, CH;-C=), 1.69 (s, 3H, CH3-C=),
1.72-2.20 (m, 4H), 2.35 (s, 3H, =C-CHs), 2.74 (t, 2H, J = 6.8 Hz, =CH-CH,-CH=),
3.61 (dt, 1H, J = 11.0, 4.3 Hz, CH-OH),, 5.10 (br, 1H, C=CH), 5.30 (br, 1H, C=CH)
(major).

'H-NMR (500 MHz, CDCl3): §0.955 (s, 3H, CHs-C-CH3), 0.964 (s, 3H,
CH3-C-CH3), 1.10-1.52 (m, 6H), 1.62 (s, 3H, CH;-C=), 1.69 (s, 3H, CH3-C=),
1.72-1.85 (m, 4H), 2.01-2.17 (m, 2H), 3.69 (dt, 1H, J = 11.0, 4.3 Hz, CH-OH),
4.93 (br, 2H, C=CH3), 5.12 (br, 1H, C=CH) (minor).

13C-NMR (125 MHz, CDCl3): 12.8 (CHs), 17.8 (CH3), 25.1 (CHs), 25.7 (CH3), 26.1
(CH,), 26.9 (CH,), 32.1 (C), 33.1 (CH3), 38.6 (CH,), 46.7 (CH,), 56.5 (CH), 67.2
(CH), 122.8 (CH), 127.0 (CH), 131.9 (C), 135.3 (C) (major).

13C-NMR (125 MHz, CDCl3): 17.8 (CH3), 25.2 (CH3), 25.7 (CH3), 26.5 (CH>), 27.3
(CH,), 32.1 (C), 33.0 (CH3), 33.7 (CH,), 38.8 (CH,), 46.7 (CH,), 54.3 (CH), 68.4
(CH), 110.6 (CH,), 124.0 (CH), 132.0 (C), 150.8 (C) (minor).
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BINOL-Al #&Z W72 3-AF ¥ e X T — L (9D AR KISIZEIT DA%
Mg (Table 4)
AKEOGIFEFEFHAK[RTICEB W ITo7e, Y2 LYy ZIZHED T F A il
# @D BINOL(L7a) (167 mg, 0.583 mmol, 9 mol%), 7 v m X ¥ > (3mL)Z N % .,
WL LOoO NV =ZF AT AI =0 L - ML R (0.30 mL, 1.0 mol/L, 0.297
mmol, 5 mol%)Zp>< D &ML, 1 RE=ERICBWTHEREBER, THR%E
0-10 CIT®WHEIL, 3-AF v b x7—/ (9)(1.00g, 594 mmo)zZp->< b
EW T L7, LREBICRENE VBRI LEKISEKEZ, ML= U EREIC XY
gxF L, WMExE GC THHMr LT,

BINOL-AI $& 1k Z W\ 72 (E/Z)-3- * F )L 7 7 )L % ¥ — )L ((E/Z)-11) D B B B IS
B 5 RFENE (Table 5)

AT EZRFHKITICEBE W T 27c, Y2 Ly ZIHED T F 4R
# @ BINOL(L7a) (43.5 mg, 0.152 mmol, 54 mol%), 7 v 2 % > (3 mL)% N
. HWEBELOON)ZF AT AI =T A b PR (0.09 mL, 1.0 mol/L,
0.846 mmol, 30 mol%) % W} > < W EIRM L7z, 1SR ICE N THREEZ., R
N % 0-10 Ciz#m#EI L. (E/2)-3- A F v 7 7 v % B — 1 ((E/Z)-5) (68.0 mg, 0.228
mmol)Z P> < W LT Lz, 4 REZICRN L VBRI L ZRISEKRZ . b
TUMEBR T 2 F L, MEAE GC THMr L,

trans-5- X )L A >k — /1 (28)D A ik (Scheme 6)

F— K27 L—71Z, (-)-trans-5- A F )L A ¥V 7 L = — 1 ((-)-10)(10.5 g, 63.4
mmol) &z "3 2 7 A R #E L FF(N. E. Chemcat. Wet, STD 5%, 90 mg, 1 wt%) &%
RN Z ) — 0 mL)Z ML, KFEFEZ 1 MPa s LT, ZERIZHWT 19
BefEI SO S ¥ 72, GC THRIGDFER 2 MR L, M2 & 7 A b I 1% (IR
LCHAERMZ BT, ~FH /=y ) —LICI ) HE/EET., BHRO
(-)-trans-5- X F L A > h— )L ((-)-28)% F G fh & L T 7 (5.41 g, 31.7 mmol,
52% vyield, 97% ee), (+)-trans-5-A F /LA Y 7 L = — L ((+)-10)(2.00 g, 11.9
mmol)iZxf L T & [FEk D Tk TARFLZITV ., BB O (+)-trans-5- 2 F /L A
~— L ((+)-28) % 15 72 (668 mg, 3.92 mmol, 33% yield, 96% ee),
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(-)-(1R,2S)-2-1sopropyl-5,5-dimethylcyclohexanol ((-)-trans-5-methylmenthol)
((-)-28) ((1), Scheme 6)

[a]®®° b = -36.7 (c = 0.05, CHCl3, 97% ee).

'H-NMR (500 MHz, CDCl3): 8 0.84 (d, 3H, J = 7.0 Hz), 0.89 (s, 3H, >C-CH3),
0.93-0.95 (m, 6H), 1.04-1.21 (m, 5H), 1.37 (dt, 1H, J = 9.6, 2.6 Hz), 1.46-1.50 (m,
1H), 1.68-1.73 (m, 1H), 2.12-2.21 (m, 1H,), 3.57 (sep, 1H, J = 4.7 Hz).

13C-NMR (125 MHz, CDCl3): 16.2 (CH3), 19.8 (CH,), 21.0 (CH3), 25.1 (CHj3), 25.9
(CH), 32.2 (C), 32.9 (CH3), 38.7 (CH,), 49.1 (CH,), 50.9 (CH), 68.8 (CH).

HRMS (FI) calcd for C11H»,0 (M*) 170.1671, found 170.1671.

IR (neat): 3265, 2957, 2870, 2843, 1466, 1453, 1383, 1363, 1348, 1215, 1038.

(+)-(1S,2R)-2-1sopropyl-5,5-dimethylcyclohexanol ((+)-trans-5-methylmenthol)
((+)-28) ((11), Scheme 6)[!

[a]?° b = +37.0 (c = 0.10, CHCl3, 96% ee).

'H-NMR (500 MHz, CDCl;): 6 0.84 (d, 3H, J = 7.0 Hz), 0.89 (s, 3H, >C-CHjs),
0.93-0.96 (m, 6H), 1.04-1.20 (m, 5H), 1.37 (dt, 1H, J = 9.6, 2.6 Hz), 1.46-1.51 (m,
1H), 1.70 (dg, 1H, J = 12.3, 2.5 Hz), 2.12-2.22 (m, 1H), 3.58 (sep, 1H, J = 4.7 Hz).
13C-NMR (125 MHz, CDCl3): 16.2 (CHs), 19.8 (CH,), 21.0 (CHs), 25.1 (CH3), 25.9
(CH), 32.2 (C), 32.9 (CH3), 38.7 (CH,), 49.2 (CH,), 50.9 (CH), 68.8 (CH).

126



5. XHR

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

A. B. Dounay, L. E. Overman, Chem. Rev., 2003, 103, 2945-2963.

a) M. L. Clarke, M. B. Overman, Tetrahedron, 2008, 9003; b) X. Han, G.
Peh and P. E. Floreancig, Eur. J. Org. Chem., 2013, 1193-1208; c) K.
Mikami, M. Shimizu, Chem. Rev. , 1992, 92, 1021-1050; d) E. Arundale, L.
A. Mikeska, Chem. Rev., 1952, 51, 505-555; e) D. R. Adams, S. P.
Bhatnagar, Synthesis, 1977, 661-672; f) B. B. Snider, Comprehensive
Organic Synthesis, 1991, 2, 527.

O. Corminboeuf, L. E. Overman, L. D. Pennington, J. Am. Chem. Soc.,
2003, 125, 6650-6652.

a) D. J. Kopecky, S. D. Rychnovsky, J. Am. Chem. Soc., 2001, 123,
8420-8421; b) H. H. Jung, J. R. Seiders, P. E. Floreancig, Angew. Chem. Int.
Ed., 2007, 46, 8464-8467.

a) S. Sakane, K. Maruoka, H. Yamamoto, Tetrahedron Lett., 1985, 46,
5535-5538; b) S. Sakane, K. Maruoka, H. Yamamoto, Tetrahedron, 1986,
42, 2203-2209;

H. Du, J. Long, J. Hu, X. Li, K. Ding, Org. Lett., 2002 , 24, 4349-4352.
a) K. Mikami, E. Sawa, M. Terada, Tetrahedron Asymm., 1991, 2,
1403-1412; b) K. Mikami, M. Terada, E. Sawa, T. Nakai, Tetrahedron Lett.,
1991, 32, 6571-6574.

ML. Grachan, M. T. Tudge, E. N. Jacobsen, Angew. Chem. Int. Ed., 2008,
47, 1469-1472.

A. Cuenca, M. Medio-Simén, G. A. Aguilar, D. Weibel, A. K. Beck, D.
Seebach, Helv. Chim. Acta, 2000, 83, 3153-3162.

S. Meyer, N. Wakabayashi, E. G. Thing, Organic Preparations and
Procedures International, 1979, 11, 97-99.

D. V. Patel, R. J. Schmidt, S. A. Biller, E. M. Gordon, S. S. Robinson, V.
Manne, J. Med. Chem., 1995, 38, 2906-2921.

a) W. P. Griffith, S. L. Ley, G. P. Whitcombe, A. D. White, J. Chem. Soc.
Chem. Commun., 1987, 1625-1627; b) S. V. Ley, J. Norman, W. P. Griffith,

127



[13]
[14]
[15]
[16]
[17]
[18]

[19]
[20]
[21]
[22]

[23]

[24]

[25]

S. P. Marsden, Synthesis 1994, 639-666.

H. A. J. Carless, D. L. Swan, D. J. Haywood, Tetrahedron, 1993, 49, 1665.
E. Frerot, A. Bagnoud, J. Agnic. Food Chem., 2011, 59, 4057.

A. P. S. Narula, E. M. Arruda, F. T. Schiet, US8461100B1, 2013.

J. Liu, S. Ma, Org. Lett., 2013, 20, 5150.

C. Girard, H. B. Kagan, Angew. Chem. Int. Ed., 1998, 37, 2922.

a) M. Terada, K. Mikami, T. Nakai, J. Chem. Soc. Chem. Commun., 1990,
1623; b) K. Mikami, M. Terada, S. Narisawa, T. Nakai, Synlett, 1992, 255;
c) K. Mikami, M. Terada, Tetrahedron, 1992, 48, 5671.

M. Terada, K. Mikami, J. Chem. Soc. Chem. Commun., 1994, 833.

D. Kitamoto, H. Imma, T. Nakai, Tetrahedron Lett., 1995, 36, 1861.

I. J. Worrall, J. Chem. Educ., 1969, 46, 510.

C. R. Graves, H. Zhou, C. L. Stern, S. T. Nguyen, J. Org. Chem., 2007, 72,
9121.

J. T. Williams, P. S. Bahia, B. M. Kariuki, N. Spencer, D. Philp, J. S. Snaith,
J. Org. Chem., 2006, 71, 2460.

a) Y. Hori, T. Iwata and Y. Okeda, (Takasago International Corporation)
US6774269B2, 2002; b) M. Vandichel, F. Vermoortele, S. Cottenie, D. E.
De Vos, M. Waroquier, V. V. Speybroeck J. Catal., 2013, 305, 118.

H. Itoh, H. Maeda, S. Yamada, Y. Hori, T. Mino, M. Sakamoto, Org. Biomol.
Chem., 2015, 13, 5817.

128



w15

L-A > b= LGk TEA T, BRIZH AU BRI\ L, 4812
BEHETIZL- AV F—ADBIEE OHABRIRELDAELT I, BIED K
LbREICERENDRAMO—2>THDH, L-A 2 F— /LG OWFIEHH T IT AR
AT TR, WFE IR R O RS BN FIH &, 2 —
WE%%MLK&W%E%LTVéoL%VF~WQmCEWT\DVFm
XTIV ERBALTLA Y7L I ERDIARTREIL, 7= LeEK
Td D ATPH $EIRIC L 2 @ @A LSS B & T Lk, 15 4 DL #F 72 BH %8
BT b TWD, KRBT DT VI =0 AR ERZOKGEFI A L
ToL- A P LERKEKLE, TO—iéERD2bDTH D,

— BT, NI VU LARE L 7 I A H W EIZIRAIR
ThDHY T —ANOARFKREMBETL, HOKFEEES e 7 —L
MWE T U FARRNICHE SN, TI VL N T — RSS2 2
EICED, VNI VOBRMEIENRNTELDZ LT, EIZICIKTFET
REYIZHEFIEEY bR T = ARG LT,

B OETIX, BEFIEMEZ BINOL X O TADDOL & 7 V¥ L7 )L =7 A
%ﬁéﬁﬁ?%?»:z?A%%%ﬁmbtoK%%i >N T RO O fil
gre LCTER L, ¥ hax 7 — VHEOEERMNLEFESENCRE L, KRG
WZED DL-Y F R —=ADNONHFEEOAL Y T VTV RENTT AT
FIBPME T S 472, BINOL-AI 5 A fift £5 7% o 2 G B O 7 or I o i i & L T
mWaEIRRZ R LI, ZoXFnEEZHWT, YT —AhbEmzS T
FBIRPIKL YT AT VABRIRIIZ L- A b= ZHRK LT,

BoETIE, 2-v 7 a7 X N-6-T =7 /) —)vERAMTELET IV
=Y LGRS D- e R T — A DSFHNT Y RS & WG &
EIRMEZ R L, 98%LL LD n-BIREB AW, Ln-A YV T L A= & 52T,
2- 7 A~NF U N6-T 2=V T =)= ERMFLELTCHWET VI =D
LG R (ACPP S5 {R) il T i, -10 CIZHB VT n-iBIRE DN 99.7%I2#E L 72, K
fEBEIIER % 27 VT B RIZBWTHRKICRIEKZ E XD, -20 CIZBIT D
IHVEY 2,6-V7 = =07 = /= 2 O T B R (ATPH S5 R)RBE L D /v 2
xR RH LT,

129



RBICHEMNETIZ, RET VI =7 58K, BINOL-Al & T TADDOL-AI
ERERHWCA LT 4 v EHTH5T7 AT ROARFRRMKGHET L, 2
NOEDT NI =T LKL, xR 7 AT RERIRSE, WY T AT L
TR - = U F A ERE LA ORIET Va— ke 5 2T, FRx
M FAEEHEO BINOL Z H W TR 2 L ARKICZIT o728 &
A, REFHEREH L, 3-AF LT bax 7 — LOARAFHEBERIGICE > T
B oI trans-5-A F LA Y FLIT— L L0, A = LEBREKTHDILF
EMEZR trans-5-X F L X o b — &S5 T,

Fl  LETrE2Z2BMLIEBEFAERE LT E—®EEH -_HIZBWT,
JFBE 100g DO A7 — N ICBIT DN Z R S B2, 8 HEIZB W T HIRAAER
B CHLHVFT—AED L-A Y FP—LARLEICZEBWT, KEKEBHHTH
LL-A =N EHGLHT LIS L, BICHMNETIIZINDD OFEEDN IR
ENDHFEER AV P VEBEO AR LT,

CHNOARWIEDORIRDN ., 5% DOAEE RALT OFE R % MRS IZH
MTENIETENTHD, TLTHERAR~DICHBARERS, L-A 2 F— L&k
IBTD2L¥ET o EA~NERETEDOHK, ERDIBNEITO,

!

130



BE 2R 3C

=
A Dual Catalyst System Provides The Shortest Pathway for L-Menthol
Synthesis

Hironori Maeda, Shinya Yamada, Hisanori Itoh, Yoji Hori

Chem. Commun., 2012, 48, 1772.

Kinetic Resolution of Citronellal by Chiral Aluminum Catalysts: L-Menthol

Synthesis from Citral

Hisanori Itoh, Hironori Maeda, Shinya Yamada, Yoji Hori, Takashi Mino, Masami
Sakamoto
Org. Chem. Front., 2014, 1, 1107.

Highly Selective Aluminium-Catalysed Intramolecular Prins Reaction for

L-Menthol Synthesis
Hisanori Itoh, Hironori Maeda, Shinya Yamada, Yoji Hori, Takashi Mino, Masami

Sakamoto

RSC Adv., 2014, 4, 61619.

131



o DU

BINOL-AI Catalysed Asymmetric Cyclization and Amplification: Preparation
of Optically Active Menthol Analogs

Hisanori Itoh, Hironori Maeda, Shinya Yamada, Yoji Hori, Takashi Mino, Masami

Sakamoto

Org. Biomol. Chem., 2015, 13, 5817.

132



B2

ARKFREATOICHTEVKBTHEEL CWELEEE L, =B ZHZHIT IV

CHEABE L HZICESHLB L BT ET,

IR —RKAZEI LD ETIBRIETRINTE A DL KRR D TH 1IN
BHER I SICEEH B L £,

EREMDOTFAENEE I NI 0b b7, FEFICENAS B THZX,
FHEEREFEARENIOXZTHEE L, M ERHHRE 1 FEOMEEE K
XL LT 5, IEEOEBICE R#HHL £,

ZLTC, WM RErORSE 5 2 THX E L 72 A R R B 2%
EBAAHE L, WAMMELZHGO LT 2mREFRLED EF - R ICHEH LA
LEF2EEBIC WTARYIZREARAIEA L TCHESE L, ZOFMHEET.
RKOBBEXZILDETL2HEZOEKR, BROFEL 2 X LD LT 500
EDOEM, REOFEE, REOFHEE IR EH L E7,

KB, BZbEThbEATWDL EEbS, ARXEHFH, HEEHH
HW, T L TROFEENTERS EHEL £,

TRk 2 THT A Rk

133



