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ȥʩʐ 

Ac    acetyl 

acac    acetylacetone 

aq.    aqueous solution 

BINOL    1,1’-bi-2-naphtol 

Bn    benzyl 

Bu    butyl 

calcd.    calculated 

CBS    Corey-Bakshi-Shibata 

Cp    cyclopentadienyl 

d    doublet 

DBU    1,8-diazabicyclo[5.4.0]-7-undecene 

DCM   dichloromethane 

decomp.    decomposition 

DIBAL           diisobutylaluminium hydride 

DIPEA    diisopropylethylamine 

DMAP    N,N-dimethyl-4-aminopyridine 

DMF    N,N-dimethylformamide 

DMP    Dess-Martin periodinane 

DMSO dimethyl sulfoxide 

d.e. diastereomeric excess 

e.e. enantiomeric excess 

EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  

 hydrochloride 
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eq.    equivalent 

ESI    electrospray ionization 

Et    ethyl 

Hex    n-hexane 

HMPA    hexamethylphosphoric triamide 

HPLC    high performance liquid chromatography 

imid.    imidazole 

Ipc    isopropinocamphenyl 

LAH    lithium aluminium hydride 

LDA    lithium diisopropylamide 

LHMDS  lithium hexamethyldisilazide 

LiICA  lithium isopropylcyclohexylamide 

m    multiplet 

mCPBA    meta-chloroperoxybenzoic acid 

m.p.    melting point 

Me    methyl 

Ms    methanesulfonyl 

MS    mass spectrometry 

MS4A    molecular sieves 4A 

MTPA    α-methoxy-α-(trifluoromethyl)phenylacetyl  

NCS N-chlorosuccinimide 

NHPI N-hydroxyphthalimide 

NIS    N-iodosuccinimide 

NMR    nuclear magnetic resonance 
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n.r.    no reaction 

NOE                            nuclear Overhouser effect 

o-DCB o-dichlorobenzene 

o.n.    overnight 

PCC    pyridinium chlorochromate 

PDC    pyridinium dichromate 

PG    protecting group 

Ph    phenyl 

Piv    pivaloyl 

PPTS    pyridinium p-toluenesulfonate 

Py.    pyridine 

q    quartet 

quant.    quantitative 

recryst.    recrystallized 

r.t.    room temperature 

s    singlet 

t    triplet 

TBACl    tetrabutylammonium chloride 

TBAF    tetra-n-butylammonium fluoride 

TBDPS tert-butyldiphenylsilyl  

TBS    tert-butyldimethylsilyl 

TEA    triethylamine 

temp.    temperature 

TEMPO    2,2,6,6-tetramethylpiperidine-1-oxyl 
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tert    tertiary 

Tf                              trifluoromethanesulfonyl 

TFA    trifluoroacetic acid 

TMS trimethylsilyl 

TMSE  2-(trimethylsilyl)ethyl 

THF    tetrahydrofuran 

TLC    thin layer chromatography 

tol.    toluene 

Ts    p-toluenesulfonyl 

TS    transition state 
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Ŧʭ  

� ƾĆ«æ@B¥̍2�ɷA1ĐB1ɷȋȗʳ>¥˰1ĽĦ>ʌñ.-/˱�*ǘ
.ȧ

ĚGƒ&�"1ʯGʜ�ƶ��*��˒ɉ+ǘ
.ȵʱGŴ*�$	"1�+ȜĒȗʳ1

ĪȽȪ.șʜ�A"DG¥̍1ɃɁ>ɀ®ȩŕ/9+ǳȞ�C�,GȮƓ�$ɤǊȜ9D

$ľĚ´ɛ�˄ʀòľ+
C	˄ʀòľ2ŶȜȒľ�Ȝòľ�ĵȋȒòľ.-ȜȒ/˱F

Cǘ
.ɆľÜˤ/ť�9$�'*�C��-1ȸɌÜˤ=µA�1ŭ+òľȒʸGĪȭ

,�*�C	ĵȋȒòľ2"1�Üˤ+
B�"1�+ƾǛĊƆòľ��D9+ȜĒɆľ

Üˤ/��*Ǌ$�*�$ůê2Ĵ��	 

� "1Ĵ�.ůê1�(�Ȓʸ1ºɥ+
C	ȜĒ�ëB%�ƾǛòĊȒ̟ĵȋȒ̠2Ɇ

ľɳ1ȵȪƜɌŸGĜʺ! /2�AD.�ɻđǸ�ȗʳGȜ:Û�3�B+2.��ó

ʇ>˄ʇ1ʶȀ,�*=ʵˣ+
C	����DA1ˣʗ.Ȓʸ2ĵȋ�A2Ŷ˥+��

ŴAD.��,�ĳ�	"1$<źȞȸɌ2�E�ǗˎʜǈȸɌ/ŋ�*���ôÜ˥1

ºɥGĵȋ�A1÷˽%�/»Ľ�C�,2˾��	�1Ě̋2ƾǛĊƆòľ�ǮŃȪ.

ʜǮƉǤ,.B�ĵȋȒ1ǗˎǮŃ>źȞȸɌ/Č�$ʤƭº�/ň��*�$�,2Đ

ȵ1�ń+
C	ȜĒɆľÜˤ+Ɗ�7�ĵȋȒ2ť�C�ư+
B�ƾǛĊƆòľ1Ľ

ĦƁɱ2Ȭ
įĴ�C+
E�	 

� +2��D�A1ƾǛĊƆòľ�Ǌ$�7�ȩŕȪ.ůê,2µ�	"D2ʕ˼.̚ǝ

ǗˎGƾ�CȒʸG=Ĵ˥ºɥGąɵ/�C�,+
C,ɓɳ2ɲ�C	  

� �3�3ĵȋ�Aʕ˼.̚ǝǗˎGƾ�CĵȋȒ�÷˽�DC��ɮƠĪ1�ǝÊ˝ɮ

>˝Ũ1Ŷĸ.ŜȦ�ȓȦ.ǳŽȩȗ/ˣʗ.Ů̄G��C�,�
C	¹�3�]h�

Kk|���>�ǋ¶ȞŽI�P�Kk2�ĳțǗˎ1ǗƆýļ�ɬțǘũ�ɮƠĪ1²

ɮ>Ɏ´òľ�Ȧ.C%�+�Î�Ȧ.CȜȒǳŽGȾ��,�
C 1,2)	�.F&�ʕ˼

.̚ǝǗˎGƾ�CòĊȒ2�"1Ǘˎ/ǘ
.ǛɵGÇ�*�C,�'*=˒ʞ+2.

�	 
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� ���������������������������������������

����������������������������������������	

ƨ/ʕ˼.̚ǝǗˎGƾ�CÜļG=÷ɝ.Ƥ¶+ðȖȪ/Ǘɖ�CƉǱ1˯ȩ�ū�Ǭ

<AD*�C	 

� �1@�.ɴƻ�Aɓɳ2ȓŷȪ.ȜȒǳŽ,ʕ˼.̚ǝǗˎGƾ�CĵȋȒ1ĊƆG

ˌ�*�˄ľÜˤ1:.A �óľ�ʇľ�śľ.-Šť�ȜĒɆľÜˤ/ʴȕ�$�,

ɲ�$	ȓ/�ȜȒòľȪʚȉ�AƲĽ1˄ʇ,2Ȧ.C¶ȞǛǗGƾ�CòĊȒ2�Ǝ

ƌŽ1ȩ˓G˲�ąɵŽ�
B�Ư$.˄ʇ1[�^,�*̛ìȪ+
C	9$�[S�

wc�Gč;ʕ˼.ĳțŽǗˎ2ńȞȪ.ĊƆƉǱ�ő.��"1Ư$.ǗɖǱ1Ɵº2

ĊƆòľȪʚȉ�AƁɱǸ�,ɲ�$	"�+ɓɳ2��̂�A̛ìȪ. Clavigerin ̍/

ȳȮ�ÎĊƆȸɌ/ăBɢH%1+�ʦɠGǃʭ/*ˈ7C	 
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ǃʭ  

ɒ�ɏ� ɴƻ  

1-1. ƴʉơ̎˳ņȒʸ  

� ƴʉơ̎˳ņȒʸ,2��ƴʉGȯƝǥ�F�+2.��ƴʉ1ơ̎G˳ņ�C�,+�

ɤǊȪ/̏̓�Aǡ/ɹA�<CȒʸ1ɪɇ�+
C	�.F&ƴʉ2�"1Ȓʸ/ʝD

$ƹùŨ/ǡ/ɹCF�+2.��ĐĢ/̒�
B.�A"DGơă�C�,�+� /

̓ǡ/ɹC 3)	�1ȉ2¯ɦȪ/Ȟ�AD*�$˄ʇ+
Cu�]�Kkɛ�Įɟɛ�ƾ

Ǜ��ɛǥʉç,2¶ȞǛǗ/˱�*Ĵ��Ȧ.C	 

� ƴʉơ̎˳ņȒʸ2ƴʉ/ŋ�CǳŽ�ôÜū���(¸ȞȆŧ/��*¥Ȥ/ŋ�*

žŮ̄GĀ3�.�1+
D3�ņʉ˲˶ç,�*¸Ȟąɵ+
C	���ńȞò�D*

�C¹2ǖ<*ő.��IZ\�Se� (1) Gč;K�k_�d�̟Azadirachta indica̠

1ɊļƏÛȒ�ǩ˰̖ʉʇ�ņʉ˲˶ç,�*áȞ�D*�C1:+
C1�ȗȔ+
C

4) (Figure 1)	 

 

Figure 1. IZ\�Se�1Ǘˎ 

 

 

 

 

 

 

OMeO2C
AcO

O
O

MeO2C
OH

OH

Azadirachtin (1)

H

O

O O
H

HO



 8 

1-2. Clavigerin̍  

1-2-1. Clavigerin̍1÷˽�ƴʉơ̎˳ņǳŽ  

� �1@�.ɴƻ1=,�ˇŢƯ��ơ̎˳ņȒʸ+
C Clavigerin ̍�ȩʘ�D$1+

ʦɠ/(�*ˈ7C	Clavigerin ̍2 Asakawa�Perry A/@Bm��\���kȝ1ʁ̍

+
C Lepidolaena clavigera (Figure 2) @B÷ �˽ǗˎǮŃ�D$_]Rh�{� (Figure 3) 

+
B�ʏ̍ņʉ+
CWKQ>PgOw[�[1Ťʉ (Figure 4, 5) /ŋ�*ơ̎˳ņǳ

ŽGƾ�C�,�Ĭď�D*�C 5)	9$�÷˽�D$ Clavigerin ̍1�&�Methoxy 

Clavigerin B (5)�Ethoxy Clavigerin B (6)�Methoxy Clavigerin C (7)2�"D#D Clavigerin B (3)

�@5 Clavigerin C (4)1÷˽əʔ˒ɉ+ŴAD$¥śȒ+
C�,=ĊF!*Ĭď�D*

�C	ǃòĊȒɰ1ǗˎȪȓŷ,�*�Ğĕț�¡ĕț�Ñĕț1�țŽ1ʕ˼.Ǘˎ�

Ɣ�ADC	ĉɊ NMR ������	�����ȰŋǗˎ2�������ɧŋǗˎ2

ǁǮŃ+
C	9$�Clavigerin A (2) 2 C-8²1Ɏ´òľ=ǁǮŃ+
C	 

 

O
OAc

O

O
OAc

O

O
OAc

O

AcO

Clavigerin A (2) Clavigerin B (3) Clavigerin C (4)

O
OMe

O

Methoxy Clavigerin B (5)

O
OEt

O

Ethoxy Clavigerin B (6)

O
OMe

O

Methoxy Clavigerin C (7)

Artifacts

Natural products

Figure 2. Lepidolaena clavigera 5c)

Figure 3. Clavigerin 類

8

Figure 4. コイガの幼虫 6) Figure 5. カツオブシムシの幼虫7)
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1-2-2. Clavigerin̍1ƞŃǳŽ˜ÜǗˎ  

� æˈ1 Clavigerin̍1�&�Clavigerin B (3)�C (4)�@Bū�ơ̎˳ņǳŽGƾ�C	

AsakawaA2 Clavigerin B (3)�C (4)ɷ´�ǳŽGƾ�C1+2.���DA1I_c��

Ž˟ˠN]h�˜Ü� 1,4-\P�}m�Ǘˎ6,îǫÜʜ�D$ 8 > 9 �ǳŽGƾ�C,

��¬ʪGƟĘ�*�C 5c) (Figure 6)	�1¬ʪ2 1,4\P�}m�Ǘˎ� Polygodial (10) 8)

.-1ƴʉơ̎˳ņȒʸ/Òˌ1˜ÜǗˎ+
C�,>�ǳŽGȾ� Clavigerin B (3)�C (4)

2I_c��Ž˟ˠN]h��ŅǾ+=ŇƷ/îǫÜʜ�D 8 > 9 /ıƠ�DC1/ŋ�

*�ǳŽ�Ū�Methoxy Clavigerin C (7)2�e�I_c��˜Ü�îǫÜʜ�D/��.

-1șȠ�Aŏ�D*�C	��� Clavigerin A (2)2 Clavigerin B (3)�C (4),ċ�@�/

îǫÜʜ�D>��I_c��Ž˟ˠN]h�Gƾ�C/=˱FA ǳŽGȾ�.�,�

�ȴȱ�
C.-�Ǘˎ,ǳŽ1Ȱ˱˱¼/(�*»ȋ,�*�ƶ.ȉ�ĳ�	"Dƨ�

�DA�ˏ1òĊȒɰ1�A.CȜȒǳŽʤ̗/Č�$ʤƭºɥ�Ǭ<AD*�C	 

 

Figure 6. Clavigerin̍1ƞŃǳŽ˜ÜǗˎ 

 

 

 

 

O
OAc

O

O
OAc

O

Clavigerin B (3)

Clavigerin C (4)

O

H

O

OH
O H

O

H

Polygodial (10)

Hydrolysis

OH
O H

O

8

9

H

H2O

Hydrolysis

H2O
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1-2-3. z�Q�c�_]Rh�{�̍  

� ,�E+�Clavigerin̍2òľȪ/2z�Q�c�_]Rh�{�̍/Ŗ��Figure 7/

Ⱦ�@�/˜ÜǗˎ,�*t[S�[3.1.1]yxh��9$2yxc�Gč;z�Q�c�

̙ǐGƾ�*�C	z�Q�c�_]Rh�{�̍2�D9+«�/Ⱦ�@�.òĊȒ�

÷˽�ǗˎǮŃ�D*�B�ȗĦ="1Ɋ̍2į�((
C 9)	�DA1z�Q�c�_

]Rh�{�1Õ�ƴʉơ̎˳ņǳŽGƾ�C12 Clavigerin ̍1:+
C��¨/2ʊ

1ƆȎ˻/ŋ�CȝûãȅǳŽGȾ� Bergamotene-12-oic acid (11) 10)>��c]1Ǐ1Ɔˮ

½ːǳŽGƾ�C Pinthunamide (12) 11).-ɻđǸ�ǳŽGƾ�C=1=ĽĦ�C	 

 
Figure 7. z�Q�c�_]Rh�{�1¹ 

1-3. ųǆ1[S�wc�ǗɖǱ  

1-3-1. ɴƻ  

� z�Q�c�_]Rh�{�1Ǘˎ/ȓŷȪ.[S�wc�2ĪǃȪ.țǗˎ1�(+


B�ĳ�1ȜșǳŽĵȋȒ1˜ÜǗˎ,�*ʘ�Û�D*�C	9$�"1țǠ:Gá

Ȟ�$āź=˯ȩ�DC.-�āź�˰´,�*1ƾȞŽ=�D9+/ĳƪĬď�D*�

C	����������������ôÜȺɎ�D*�C,2�� � �������

�����ĞĕțGƾ�C�-�Sc�̙ǐ 12)>OR_c�̙ǐ 13)���ǗɖưǱ�˴A

D$=1,.'*�C 14)	 

� [S�wc�1ǗɖǱ/2�/�I�U�� α,β–�̑ēP�}m�òĊȒ/©îțò�

C[2+2]Ì©îțòāź 15)�Ą��AȞ�AD*�$	ǃāź2²ɮȦŽGâŵ�C$<�

Üļ˰©îțò@B=ÜļÕ©îțò�̊Ȟ�DC 16)	«�/ÜļÕ[2+2]Ì©îțòāź

�ĵȋȒ1ĊƆ/��*ǳȞ�D$¹Gʪƶ�C	 

Bergamotane skeleton

HO2C

Bergamoten-12-oic acid (11)

O
OO

H2N

O

Pinthunamide (12)

O
OAc

O

Clavigerin B (3)
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1-3-2. ÜļÕ[2+2]©îțòāź  

� TakanoA2I�isk 13 �A 10śɉ1ıƠāź/@BŴADC 14 /ŋ�*�ÜļÕ

[2+2]Ì©îțòāźGʌ�[S�wc�G²ɮ�@5Ɏ´˗ƍȪ/Ǘɖ�*�C	ŴAD

$òĊȒ 15 @BÌľÜêGč; 10 śɉ1ıƠGʌ���oh�{�˝ɚ´+
C

(–)-Paeoniflorin (16) 1ÎĊƆG˓Ɔ�$ 17)	ǃǗɖǱ2¨1[S�wc�̙ǐGƾ�C�

oh�{�˝ɚ´1ĊƆ/=˔Ȟąɵ.ǭȞŽ1̚�ƉǱ+
C,��C	 

 

� �ưWinklerA2�17, 18�A 11śɉ1ıƠāź+ŏ�$ 19/ŋ�*ÜļÕ [2+2]

Ì©îțòāźGʌ��²ɮ�@5Ɏ´˗ƍȪ/ĳɮƠ[S�wc� 20GǗɖ�*�C	

ŴAD$òĊȒ 20/v��țGŏÍ�$Ų�îǫÜʜǅ­/©��,+�j�I�k��

āź/@C[S�wc�1˯ʑGːʌ�!�P�}�ˠ 22,�$	ƽŲ/ˠŽǅ­�îȏ

ǅ­/©��,+ (±)-Saudin (23) 1ĊƆG˓Ɔ�$ 18)	ǃĊƆ2[S�wc��ʕ˼ĵȋ

Ȓ1ĊƆ�˰´,�*=ƾȞ+
C�,Gʣƶ�*�C,��@�	 

 

OO

MeO2C O

O

MeO2C
O

CHO
OO

hν, Hex (0.004 M)

rt, 64%

10 steps
10 steps

O

OHBzO
O

OHO
HO

HO
OH

(–)-Paeoniflorin (16)
13

14 15[2+2]
Photocycloaddition

Scheme 1. Takano らの (–)-Paeoniflorin (16) の合成

O

O

OH

O

11 steps

O

O

O

O

OO

H

O

O

OO

O

O

O

O

H

O

OO

O

O

O
O

hν

MeCN, Me2CO
(0.0038 M)
0 ºC, 80%

O

OO

O

O

O

H

O

2 steps

LiOH, MeOH

65 ºC

(±)-Saudin (23)

O

OO

H
CO2H

O
OH

O

PPTS, PhH

reflux, 52% (2 steps)

17

18 19 20

21 22

[2+2] Photocycloaddition

+

Scheme 2. Winkler らの (±)-Saudin (23) の合成
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� «�1¹«Ĳ/=ÜļÕ[2+2]Ì©îțòāźGȞ�*[S�wc�GǗɖ�*�C¹

2ƪĳ�Ĭď�D*�C	�ư�ǃāź2«�/Ⱦ�@�.i��fj�ĽĦ�C 19)	 

�āźƹ˰̥]U���Ĵ��.C/(DÌ1ĎĂðȖ���C	"D?�āźŀɤ/ʗ

�Cƹ˰�ˮ�.C	�ÌȌōưǱ̥Ì1ĎĂðȖG��C$<Õ˜�AÌȀGȌō�.

�D3.A.�.-�ȓǢ.ń̗ʒɮGŹʗ,�C	�āźȆŧ̥̚Ȇŧǅ­+2ƿ9.

�Üļ˰āź>�\P�ˣĊ.-�·ȩ�C$<�̚ŝˡǅ­+āźGʌ�Źʗ�
C	 

� «�1@�.ǜȉ1$<�ÜļÕ[2+2]Ì©îțòāź2Ǯ�*ǭȞŽ1̚�ưǱ,2ʞ

�.�	ȓ/]U��Ifx2ŇƷ+2.��Ĵ˥ĊƆ/˔�$ưǱ,2ʞ�˾�	 

�  

� �ưUh�Gāź�˰´,�*Ȟ�C[2+2]©îțòāź=ĽĦ�C	Corey A2 

(±)-β-trans-Bergamotene (29) 1ĊƆ/��* Geranylacetone (24) �A 4śɉ1ıƠ/@B

ŴADCP�}�ˠ 25 GˠĮòȒ 26 /�$Ų�ĮĪĽĦ�îȏǅ­/©��,+�U

h� 271ÜļÕ[2+2]©îțòāźGːʌ�![S�wc�G 43%1ĂȖ+Ǘɖ�*�C	

"1ŲWolff-Kishner˙ÊGʌ��ȮȪȒ1ĊƆG˓Ɔ�$ 20) (Scheme 3)	ǃāź2ÌȌō

ǅ­GȞ� /[S�wco�G�Ɣ/Ǘɖąɵ.ÉD$ưǱʭ+
C	���.�A�

ÜļÕ[2+2]Ì©îțòāź,ċǘ/̚ŝˡǅ­GŹʗ,�C,��i��fj�ĽĦ�

C	9$�ĿŃ.ˠĮòȒ>Uh�GȞ�C$<�Īʸʬʔ1ȍ˼�.-/Ě̋�Ȝ��

ŧ
³ĂȖ1ýĠ,.C	 
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1-3-3. ÜļÕ[2+2]©îțòāź«Ĳ1[S�wc�ǗɖǱ  

� æˈ1,�B[2+2]©îțòāź�[S�wc�1ǗɖǱ,�*�D9+̊Ȟ�D*�

$��"D«Ĳ1ưǱGȞ�Cʤ:=��(�Ĭď�D*�C	¹�3 Mori A2�30 �

A 7śɉ1ıƠāź/@BŴADCj[��j 31 GȞ�$ÜļÕI�R�òāźGʌ��

[S�wc�1Ǘɖ/Ɔí�*�C	"1Ų (+)-Pinthunamide (34) 9+ŏ�ǁǮŃ+
'

$ɧŋɎ´˝ɮGǮŃ�$ 21) (Scheme 4)	.�I�R�òāź1ĂȖ2�Sj�1˯țG

ɣȠ�*ŴADCN~R[mj�� 371èȜ.-/@B�ɉŧ1ĂȖ/ȣ9'*�C	 

 

Scheme 4. MoriA/@C (+)-Pinthunamide (34) 1ĊƆ 

 

O

Cl

• O

O

Geranylacetone (24)

O

4 steps DIPEA, PhMe

reflux, slow addition
43% (2 steps)HO

(COCl)2, PhH

rt

H2NNH2, AcOH
EtOH, rt;

KOtBu, DMSO, rt
69%

25 26

27 28 (±)-β-trans-Bergamotene (29)

[2+2] Cycloaddition
of ketene

O

Scheme 3. Corey らの (±)-β-trans-Bergamotene (29) の合成

O O

O
OO

H2N

O

O

O
TsO7 steps LHMDS, HMPA, THF

50 ºC

O
O

(+)-Pinthunamide (34)
33

(ca. 43%)

O

O
TsO

O

O
TsO

O

(TMS)2N

O

O

NC

37
(28%)

Alkylation

Lactone
opening

30 31

32

35 36

11 steps

(TMS)2N (TMS)2N
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� �ư BermejoA2I�W�� 38�Aʨŏ�$N~R[k 391�\P�țòāźGáȞ

�$[S�wc�1ƯʙǗɖǱ1˯ȩ/Ɔí�*�C	ŴAD$\O�� 41�Aƪśɉ1

ıƠāźGʌ��(+)-Paeonisuffrone (44) GĊƆ�$ 22)	.�ǃĬď+2�\P�țòāź

/��C 41, 421ȜƆǧȖ1Č�2ġ˾+
'$,1ʡˈ�
B�ǃāź1Ɏ´˗ƍŽ

1âŵ1˾���ɍ�C	 

 

Scheme 5. BermejoA/@C(+)-Paeonisuffrone (44)1ĊƆ 

 

� «�1@�/���(�1ưǱ2ȵAD*�C=11ńȞȪ�������ǗɖǱ2ô

ÜȺɎ�D*�C,2ʞ�˾�	,BF�ǌǚǗˎGƾ�CĳɮƠ[S�wc�1Ǘɖ2�

ɮƠĪ1Ɏ´˺ņ/@CāźŽ1³��ɮƠĪ1Ɏ´âŵ1˾��.-�Ě̋,.B�Ʋ

Ľ1ĊƆǱ�áȞ+�.��,��3�3
C	�DAGʾ9��ɓɳ2ðȖȪ.t[S

�[3.1.1]yxh�̙ǐ1ƯʙǗɖǱ1ȺɎ,�"DGáȞ�$ Clavigerin̍1ÎĊƆG˓Ɔ

�7�ĊƆȸɌGʌ'$1+ǝɏ@Bʦɠ/(�*ˈ7C	 

 

 

 

 

 

O

OH

1) mCPBA, Na2CO3
     DCM, rt, 60%

2) PivCl, Py., DCM
    rt, 80%

O

O OPiv

Cp2TiCl2, Zn

THF, rt
O

OPiv
O

HO

HO

PivO

HO

PivO

HO

41
(47%)

42
(23%)

+

OHO

HO
O

(+)-Paeonisuffrone (44)

HO

HO

PivO

38 39 40

43

4 steps

Radical
cyclization

M
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ɒ ɏ Clavigerin̍1�_�´1ĊƆȸɌ  

2-1. Clavigerin̍1ˋĊƆʜǈ  

� ǃȸɌ/��CƽɡȪ.ȮǙ2�ĵȋȒ1ɧŋɎ´˝ɮ1ǮŃ�ȜȒǳŽʤ̗61ʤƭ

º�/Č�$ Clavigerin̍1ÌľǳŽ´1ĊƆ+
C��ǃòĊȒɰ1ĊƆɣʽ1ȺɎ�

ȓ/t[S�[3.1.1]yxh�̙ǐ1ƯʙǗɖǱ1ȺɎGȮȪ/9 2�_�´+1ĊƆG

ʌ��,,�$	 

� Clavigerin̍1ĊƆʟȢG«�/Ⱦ�̟Scheme 6 	̠Clavigerin̍2÷˽əʔ˒ɉ1¥śȒ

,�*Ĭď�D*�CMethoxy Clavigerin B (5)GÒˌ�˰´,�C�,+�ɩɯȪ/ĊƆ

ąɵ%,ɲ�$	Methoxy Clavigerin B (5)1ĊƆæ̖´,�*2ĵȋȒ1Īǃ̙ǐGƾ�C

�Sj� 45GʢŃ�$	9$� ɮƠO�vJ�Gƾ�C�Sj� 46/ŋ�ˠÚșGʌ

�3�ĿŃ.�Sj� 456,I��ʿ²āź�ːʌ�C,�ƀ�$	�Sj� 462P�

}�ˠ 471��k�Sj�òāź/@BǗɖąɵ+
B�P�}�ˠ 471Æˬ˜Ü2 48

/ŋ�I�R�òāźGʌ�3Ɏ´˗ƍȪ/ŏÍąɵ%,ɲ�$	�A/ĊƆ1˫,.C

t[S�[3.1.1]yxh�̙ǐ2�Ʋȵ1�_�´1�̑ē�Sj� 49 23)1 Ireland Claisen

ʿ²āź/@BǗɖąɵ+
C,ɲ�$	.� 49GÌľǳŽ´,�*ʬʔ�D3��ƬĊ

Ɔ=ąɵ+
C,�ƀ�$	 

 

�  

O
OAc

O

Clavigerin B (3)

Ireland Claisen
rearrangement

O

OCO2H

HOOH
O

O

OH

O
O

Allylic
rearrangement

O
OMe

O

Methoxy Clavigerin B (5)

CO2H

45

46 47
48

49

Alkylation
Iodo

lactonization

Scheme 6. Clavigerin 類の逆合成解析
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� ˫āź+
C Ireland Claisenʿ²āź2 O-j�I�R�[��Uh�I_c��1 γ,δ-

�̑ēP�}�ˠ61[3,3]-[T�j�u�ʿ²āź+
C 24) (Scheme 7)	ʿ²æ̖´+


CUh�[��I_c�� 51 2I��N]h� 50 1No��jGʬʔ��p�V�òj

�I�R�[��+Ɩƕ�C�,/@BŇƷ/ĊƆ+�C	9$ǃāź2ŅǾ�"D«�

1Ǿŧǅ­+āź�ːʌ�C�,�ȵAD*�B�āźƤ¶2÷ɝ+
C	�A/ Claisen

ʿ²āź2÷Üļāź+
C 25)�,�A�āźǶ1Ȇŧ�ĂȖ/Ů̄G��C�,2ő.

�	ƨ/ÜļÕ[2+2]©îțòāź/Ź̈+
C̚ŝˡǅ­2�ɽȪ/Źʗ,�.�	 

 
� 2011Ţ/MaywegA2 Ireland Claisenʿ²āźGáȞ�$[S�wc�1ƯʙǗɖǱG

Ĭď�*�C 26) (Scheme 8)	ŰA2ɷȠŧ1̚�Ïĕț�Sj� 53GȞ�$Ǽțħ1āź

/@B[S�wc� 55 GǗɖ�*�C	�ư�ɓɳ1ʢʟ�$ʿ²æ̖´ 56 2t[S�

ț1ĽĦ/@Bāźȉ-���ˇ)�/���@BǠH%ɼħ˖ɈȔƃG,C�,��ƀ

�DC	ƨ/ķµ/�*ƽ˔.āźǅ­�āźĪʸGʢʟ�C��ǃĊƆ/��CƽĴ1

ʫ̋+
C	9 2�_�´1ʿ²æ̖´GȞ��ƿ; Ireland Claisenʿ²āź�ːʌ�C

�-��GȺ�<C�,,�$	 

 

O

O

LiICA, TMSCl

THF, –78 ºC to rt
78%

O

TMSO

HO

O
50 51 52

Scheme 7. Ireland Claisen 転位反応

O

O

TMSOTf, TEA

DCM, rt, 92%

O

O CO2H

CO2H

base, R-X

56
highly strained

boatlike TS

Mayweg's approach

My approach
53

54
55

49 48

Scheme 8. Mayweg らと筆者の合成戦略の比較

OR

O

O

OH

OTMS

O

O

OH

boatlike TS
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2-2. Ireland Claisenʿ²āź/@Ct[S�[3.1.1]yxh�̙ǐǗɖǱ1˯ȩ  

2-2-1. ʿ²æ̖´ 641ĊƆ  

� 9 Ireland Claisenʿ²āź1æ̖´+
CUh�[��I_c�� 641ĊƆGʌ'$

(Scheme 9)	�̑ē�Sj� 49 2Ʋȵ1ƉǱ 23)/ų�ĊƆ�$	9 Kax�� (57) ,

IS��ˠNe� (58) ,1 Dields-Alder āź/@BÑĕțGǗɖ��Ne�N]h� 59

,�$	ɨ�*N]h� 59/ŋ�*ǫɟòI��mL��eL�/@C˙ÊGʌ�I�W

�� 60 GŴ$	ŴAD$I�W�� 60 2j[�ò,ɨ�[Ioòāź/@B�ȈɟįȈ

� 61 ,�$Ų�ŏÍ�$[IoĪGĮĪŽǅ­�îǫÜʜǅ­/©�P�}�ˠ 62 ,�

$	ɨ�*P�}�ˠ 62 /ŋ�* N-��kWpSˠK�kGȞ�$��k�Sj�òā

źGʌ�t[S�̙ǐGǗɖ���LɟG\IZt[S�L�i_�/@Bɶ˽�!�̑

ē�Sj� 49 GĊƆ�$	ƽŲ/�Sj� 49 /ŋ�*ĮĪ,�* LHMDS�[��òç

,�* TBSOTfG¶Ȟ�!�˫āźæ̖´+
CUh�[��I_c�� 64GĊƆ�$	 

 

Scheme 9. ʿ²æ̖´ 641ĊƆ 

 

 

 

CO2Et

AlCl3, THF

rt, 85%
+

CO2Et

LiAlH4, Et2O

rt, 91%

OH

1) TsCl, pyridine
    rt

2) NaCN, DMSO
    90 ºC, 80% (2 steps) CN

NaOH, H2O

reflux, 99%
CO2H

O

O

I

O

O

NIS, t-BuOK

DMF, rt

DBU, PhH

reflux
65% (2 steps)

O

OTBS

LHMDS, TBSOTf

THF, –78 ºC to rt

Isoprene (57) Ethyl Acrylate (58)
59 60

61 62

63 49 64
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2-2-2. Ireland Claisen ʿ²āź1Ǖʠ  

� ʿ²æ̖´1ĊƆGŀ��$1+�ɨ�*˫āź+
C Ireland Claisenʿ²āź1ǕʠG

ʌ'$ (Table 1)	9 �THF>j�N�1˙Ǵǅ­/©�$�Î�āź2ːʌ�.�'$	

(Entry 1, 2)	"D/ŋ�ȊȂĻ+ 175 ºC9+îȏ�C,�ĳ�1èȜƆȒG��C=11�

ƿ;t[S�țGƾ�C[��N]h�G�ȜƆȒ,�*ŴC�,/Ɔí�$	ŴAD$

[��N]h�2�ĿŃ+
'$$<vfòǫɟˠ+ TBSĪG˶þ�$Ų�r�w��v

Ml[�N]h�òŲəʔ��3śɉĂȖ 25%+N]h� 65GŴC�,/Ɔí�$ (Entry 

3)	.�ŴAD$ 652P�}R[�Ī1Ɏ´òľ�N�kÆ1÷�1\I]h�O��+


'$	9$èȜƆȒ1�˜2 661@�.\N�N]h�+
C�,�ßƶ�$	 

� āź1ːʌ/2 175 ºC©ˇ1Ǿŧǅ­�Źʗ+
C�,�ßƶ�$$<�ǘ
.̚ǯȉ

ȂĻ�+1āźGʤ:$	iP��ȂĻ+2 651ĂȖ2 27%ɉŧ/ȣ9B¨1ĳ�1èȜ

ƆȒG��$ (Entry 4)	O�j\S��z�`�ȂĻ2ǧˀȪɾ�ɤǊG���ƽ̚ĂȖ

32%+ 65�ŴAD$=11�\N�N]h� 66=ĳ�ȜƆ�$ (Entry 5)	9$ǃāźǅ

­2]U��G��C,\N�N]h� 661èȜ�@B̌ʄ/.B�Ĵ˥ĊƆ�ġ˾+


C�,�F�'$ (Entry 6)	  

� \N�N]h� 66�ȜƆ�CșȠ1�(,�*�ɛ�+ȩȜ�C tert-we�\�e�[

�o��.-1ˠƆÜ�I��PeO��˰´ 67 1ȜƆG½ː�*�CąɵŽ�ɲ�A

D$ (Scheme 10)	"�+ɛÕ1ˠƆÜG˶þ�CȮȪ+ȈˠP�L�>Ȉˠǫɟlj�L

�.-1ĮĪGɊ
Ǻî�$��\N�N]h� 661ȜƆGƋâ�C�,2�ąɵ+
'

$ (Entry 7, 8)	 

 

 

 

 



 19 

 

 

 
 

 

Table 1. Ireland Claisenʿ²āź1ǅ­Ǖʠ 

 

 

Scheme 10. \N�N]h�ȜƆ1ƞŃāźǛǗ 

 

 

 

Entry Solvent Temp. Time

PhMe 110 ºC 12 h n.r.

1 THF 66 ºC 12 h n.r.

2

65

175 ºC 3 h 5%6 o-DCB

O

OTBS

1) Table 1

2) aq. HF, CH3CN, 0 ºC
3) p-bromophenacyl bromide
    TEA, EtOAc, rt

O O
O

Br

64 O

O
O

Brendo-65 66

n.r.

n.r.

66

47%

175 ºC 3 h 32%5 o-DCB 10%

Scale

0.7 mmol

6.8 mmol

decalin 200 ºC 3 h  27 %4 trace

175 ºC 2.5 h 25%3 neat 11%0.6 mmol

+

0.7 mmol

0.7 mmol

0.04 mmol

Additive

none

none

none

none

none

none

175 ºC 3 h 18%7 o-DCB 9%0.4 mmol

175 ºC 4 h 24%8 o-DCB 17%0.2 mmol

K2CO3

NaHCO3

Table 1

O

OTBS
OH

OTBS CO2TBS

H+

64 67 68
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2-2-3. No��|]vM�jGȞ�$Ǖʠ  

� æˈ1@�/Uh�[��I_c�� 64GȞ�C Ireland Claisenʿ²āź2Ɋ
1ǅ­

Ǖʠ/=��FA ³ĂȖ+
'$	�1$<ʿ²æ̖´,�*No��|]vM�jG

Ȟ�C�,,�$	Funk A2ʃˠ 72 1ĊƆ1�+No��|]vM�jGȞ�$ Ireland 

Claisenʿ²āźGʌ'*�C 27) (Scheme 11)	ƶȺ.șȠ/(�*ʡˁ2.���No��

|]vM�jGȞ�$ Ireland Claisen ʿ²āź2Uh�[��I_c��GȞ�$ĭĊ@

Bāź�ˍ>�/ŀɤ�C,Ĭď�*�C	ƨ/ɓɳ1Īʸ/��*=No��|]vM

�jGȞ�C�,/@Bāźƹ˰Gȶɬ��èȜƆȒ1ȜƆGƋâ+�C1+2.��,

ǀű�$	 

 

Scheme 11. FunkA/@CNo��|]vM�jGȞ�$ Ireland Claisenʿ²āź 

� «�ń˹/ʌ'$ɤǊ/(�*Ⱦ� (Scheme 12)	9 �Sj� 49GS����ˠ\N

e�,āź�!�No��|]vM�j 76,�$	ɨ�*No��|]vM�j 76/ˠ

ƆÜ1˶þç,�*Ȉˠlj�L�Gî��O�j\S��z�`��+îȏǅ­/©�

$	"1ɤǊ�160 ºC�45 Ü,Uh�[��I_c�� 64GȞ�$ǅ­@B=Ǿē�(

ȶƹ˰+āź�ːʌ���A/³ĂȖ1ýĠ+
'$\N�P�}�ˠ 811ȜƆGȨʼ˥

/Ƌ�C�,/Ɔí�$	ǃʿ²āź+ŴAD$�ȜƆȒ2 C2ŋɇ. ˥´ 79,�a 

˥´ 801 1̥11ǹĊȒ+
'$	�D2ʿ²´ 77�hj�Ne� ��ˠ (78) GȩȜ

O

O

LDA, TBSCl

THF, –70 ºC

LDA, ClP(O)(OEt)2

HMPA,THF
–78 to –10 ºC

OTBS

O

OP(O)(OEt)2

O

CHCl3, 65 ºC

CHCl3, TEA

MeOH, 65 ºC

CO2TBS

CO2P(O)(OEt)2

aq. HF, CH3CN

0 ºC

CO2H

CO2Me

Chrysanthemic acid (72)
(94%)

Chrysanthemate ester (75)
(83%)

70
(97%)

73
(77%)

T1/2 = 58 min

T1/2 = 10  min

69

+MeOH

71

74



 21 

�!.�Aɛ�+ ˥ò�$�A+
C,ɲŊ�*�C	ŴAD$ ˥´ 79, 802[�

PV�/ŋ�*�ĿŃ+
'$$<�ĮĪŽǅ­�îǫÜʜGʌ�P�}�ˠ 48GĂȖ@

�ŴC�,/Ɔí�$	ĂȖ2�Sj� 49�Aʟɔ�C, 63%+
B�Uh�[��I_

c�� 64GȞ�Cǅ­@BĴŠ/Č��C�,�+�$	9$ǃāź2 0.4 M1̚Ȇŧǅ

­��T��]U��/��*=ʌ��,�ąɵ+
'$	 

 

Scheme 12. No��|]vM�jGȞ�$ Ireland Claisenʿ²āź 

� No��|]vM�jGȞ�$ĭĊ�@BÖȃ/āź�ːʌ�$șȠ/(�*2«�1

@�/ɲŊ�$	�ɽȪ/ Claisenʿ²āź/��*I��tm�N�h� 82 1 2²1ǫ

ɟýļG OSiR3, OR, NR2.-1̀ļº�ŽĪ+ɮƠ�C,āźˍŧ2żȅ/�Ƶ�C	¹

�3�I��tm�N�h� 821ĭĊ�"1õǻǀ2 80 ºC+ 11Ƴ«�+
C1/ŋ��

OTBSĪGƾ�CĭĊ 35 ºC+ 107Ü/9+ȶ�.C 28) (Table 2)	����¦ğȞ�$No

��|]vM�j+2̀ļº�Ž2
9B̚�.��[��ĪGȞ�$ĭĊ@B=āźˍ

ŧ�ǻő�C�,�ɲ�ADC	 

 

Table 2. Claisenʿ²āź/��C 2²ɮƠĪ1ðǊ 

O

OP(O)(OEt)2

Na2CO3
o-DCB (0.4 M)

160 ºC, 45 min

LiOH

THF, H2O
rtOO O

CO2H

CO2P(O)(OEt)2

dimerization

48
(63%)

OO O

+

C2 symmetric
79

meso
80

1:1
CO2H

81
(trace)

+

[gram scale]

P
O

O
P
O

OEt
OEt

EtO
EtO

O

O

LHMDS, ClP(O)(OEt)2

HMPA, THF
–78 ºC to rt

49 76 77

78

O O
2 2

t1/2 temp.

H

OTBS

1.7 x 104 min 80 ºC

107 min 35 ºC
R R

R

82 83

Table 2
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� �ư FunkA/@B�No��|]vM�jGȞ�$ Ireland Claisenʿ²āź2ɼħ1˖

ɈȔƃGɣȠ�*āź�ːʌ�>���,�Ĭď�D*�C 27)	�D2��ˠN]h��

ɼħ˖ɈȔƃ1ĿŃò/ň��*�C�A+
C,ɲ�ADC (Scheme 13)	 

 

Scheme 13. No��|]vM�j1 Ireland Claisenʿ²āź/��C˖ɈȔƃ 

� Scheme 8/��*ǃ˫āź2́ş/ǠH%˖ɈȔƃGɣȠ�C,ˈ7$��æˈ1��

ˠN]h�/@Cɼħ˖ɈȔƃ1ĿŃòðǊ/@B�Öȃ/āź�ːʌ�$1+2.��

,ɲŊ�$ (Scheme 14)	 

 

Scheme 14. No��|]vM�j/@Cɼħ˖ɈȔƃ1ĿŃòðǊ 

O

O CO2R
H

CO2R
H

85
chairlike TS

87
boatlike TS

PhMe, 100 ºC

10 h, 57%

28

72

89
R = P(O)(OCH2CCl3)2

94

6

. .

. .

86

88

RO

RO

+

84
R = TBS

O

O CO2Me
H

CO2Me
H

90
chairlike TS

92
stabilized
boatlike TS

MeOH, TEA

rt, 2 h, 70%

91

93

RO

RO

+

H

RO

O

H

RO

O

O

O
49

76
stabilized
boatlike TS

OP(O)(OEt)2

O

64
boatlike TS

OTBS

O 175 ºC

3 h, 5~32%

160 ºC

45 min, 63%

CO2H

ClP(O)(OEt)2

TBSCl

48
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2-3. (±)-Methoxy Clavigerin B,(±)-Clavigerin B1ĊƆ  

2-3-1. I�R�ò/@CÆˬ1ŏÍ  

� ˣʗ�˰´+
Ct[S�[3.1.1]yxh�̙ǐGƾ�CP�}�ˠ 48GĂȖɾ�ŴC�

,�+�$1+�9 2�_�´+1 Clavigerin ̍1ÎĊƆGȮƓ�$	9 P�}�ˠ

48G TMSEN]h�ò�ĂȖ@� 94GŴ$ (Scheme 15)	 

 

Scheme 15. TMSEN]h�ò 

� ɨ�*I�R�ò/@CÆˬ1ŏÍGǕʠ�$	9 ĮĪ,�* LDA�I�R�òç,

�*āźŽ�̚�ɸòI�� 96 GȞ�*ǅ­ǕʠGʌ'$ (Table 3)	[S�wc�1ǌ

ǚImO�1�ĿŃ�GɲƄ��–78 ºC/*āźGʌ'$�Î�I�R�ò2ːʌ�.�

'$ (Entry 1)	Ɋ
Ǖʠ�$ɤǊ�LDA1Ȅ�Ų–40 ºC/*I�R�òāźGʌ'$,�

E�ƿ;NRaI��´ 97G÷�1\I]h�O��,�*ĂȖ@�ŴC�,/Ɔí�$ 

(Entry 2)	�1\I]h�O˗ƍŽ2�ÑĕțG˘�CČ��Aāź�ːʌ�$$<ȩȗ

�$,ʜˡ+�C (Figure 8)	 

� 9$Ų1łɵĪıƠ1ŇƷ�Gʚˤ/ÍD��LòȒ 98> 100,1I�R�òāźGʌ

'$�Î�āź2ːʌ�.�'$ (Entry 3, 4)	�DA1ɤǊ@B�ĂȖ@�ŴAD$I�

�´ 97GȞ�*ɨ�ıƠGʌ��,,�$	 

CO2H

    EDCI,             

    DMAP, DCM, rt, 90%

HO
TMS

CO2TMSE

48 94
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2-3-2. Æˬ1±ˮ,I��ʿ²āź  

� 9 ŴAD$I��´ 97 /ŋ��Grubbs ɒ �ªʝĻĽĦ�I��I�W�� 102 ,

1O�vJ�S�]�c_[]āź 29)Gʌ'$,�E�E ˗ƍȪ/I�W�� 103 �ĂȖ

ɾ�ŴAD�Æˬ1±ˮ/Ɔí�$	ɨ�*vfòhj�we�I��mL�GȞ�*

TMSEĪG˶þ�$Ų���k�Sj�òāźGʤ:$	P�}�ˠ 47/2Æˬ�/= 

ˣɤĊ�ĽĦ�C$<���k�Sj� 105 1ȜƆ�ƅŻ�D$��Ñĕț�1 ˣɤĊ

+1:āź�ːʌ�$ƿ;��k�Sj� 104G˗ƍȪ/ŴC�,�+�$ (Scheme 16)	 

 

CO2TMSE CO2TMSE
R

Table 3

I

TMSO I

Entry Conditions

1

LDA, THF, –78 ºC to rt

2

Product

Br

97: 88%

CO2TMSE

CO2TMSE

97: 0%

LDA, THF, –40 ºC to rt

Br

CO2TMSE

Entry Conditions

3
LDA, THF, –40 ºC to rt

4

Product

99: 0%

LDA, THF, –40 ºC to rt CO2TMSE

TMSO

101: 0%

OTMSE–O
Br

Table 3

94 95

OMOM
OMOM

96

96

98

100

Alkylation

Figure 8

Table 3. アルキル化反応の検討
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� ŴAD$�LòȒ 104/ŋ�*\IZt[S�L�i_�G¶Ȟ�!�ɶ˽´ 46,�$	

ɨ�*ŴAD$ɶ˽´ 46 G[�PV�P��S��jT�vJ�/@Bəʔ�$,�E�

[�PV��+ƿ;I��ʿ²āź�˜ÜȪ/ːʌ��I��ʿ²´ 45 Gɶ˽´ 46 ,1

1:2.41ǧȖ1ǹĊȒ,�*ŴC�,/Ɔí�$ (Scheme 17)	 

 
 

 

 

 

OH

, Grubbs 2nd

DCM, reflux, 85%
CO2TMSE

OH

OH
O

O I

CO2TMSE

TBAF, THF

0 ºC to rt, 67%

CO2H

OH I2, NaHCO3

THF, H2O, rt O OI

OH

105
(0%)

97

102

103

47 104

Scheme 16. 側鎖の伸長とアリル転位反応

SiO2, Hex, EtOAc

94% from 47
OH

O
O I DBU, PhH

50 ºC

OH
O

O

OH

O
O

OH
O

O

+OH
O

O–
2.4
. .
1

104 46

46

45

105

Scheme 17. アリル転位反応
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� ŴAD$ (1ȦŽ´1Ü˽2ġ˾+
'$$<�ŴAD$ǹĊȒG�A.CI��ʿ

²āźǅ­/©�$	���ˠʝĻGȞ�$ǅ­+2Īʸ1Üʜāź�Ȝ��r�\L�

ʝĻGȞ�$ǅ­+= 1 : 2.4«�/ǧȖGČ��!C�,2Ûǆ.�'$ (Table 4)	 

 
� I��ʿ²´ 451ȜƆǧ�³�șȠ/(�*2«�1@�/ɲŊ�$ (Figure 9)	�ɽ

Ȫ/�ɮƠO�vJ�Gƾ�C�Sj�2 ɮƠO�vJ�Gƾ�C�Sj�@B̀ļȪ

/ĿŃ+
C��¦ğ1Īʸ1@�.[S�wc�Gč;Ȧş.�țŽ̙ǐ+2�̀ļȪ

.ʗĠ@BɎ´Ȫ.ʗĠ�òĊȒ1ĿŃŽ/Ů̄G��*�C=1,ɲŊ�$	�.F&�

ɶ˽´ 46 +2ʹɿ+Ⱦ�$�e�Ī,[S�wc�1ǌǚx�j�2ċ�š̂�/.�

1/ŋ��ƿ;̙ǐG=(�Sj� 452�DA�ċ�š̂�/
C�,/@BɎ´˺ņ�

Ĵ���ĿŃ+
C	?�/ƿ9.�ɶ˽´ 46/šʎ�Ã'$1+2.��,ɲŊ�$	 

 

OH
O

O
OH

O
O

OH

O
O

Table 4
+

1 : 2.4

45 : 46Entry Conditions

2

3

4

5

Amberlyst®-15, DCM, rt decomp.

Dowex®, DCM, rt decomp.

Pd(PPh3)4, THF, rt to reflux

ZnBr2, DCM, rt decomp.

1 : 2.4

1 SiO2, DCM, reflux decomp.

Table 4

45 46 45

Table 4. アリル転位反応の検討

H O
OOH

OH

O
O

O OH

H

H
H

H

O

OH

H

O
O

H H
H

H

OH
O
O–

H H
H H H

H

46 45105

Figure 9. アリル転位反応の生成比率の考察
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� �ư�ĮĪŽǅ­GȞ�$öĶȪ.āźǛǗ/@CI��ʿ²āź=Ĭď�D*�C	

¹�3 HergenrotherA2�Sj� 106 /ŋ�*ǫˠòlj�L�G¶Ȟ�!�ĂȖ 77%+

I��ʿ²´ 108GŴ*�C 30) (Scheme 18)	"�+�1ǅ­GǃĪʸ/˔Ȟ�C�,,�

$	 

 

� ǧȖ1Č�Gǀű�ǫˠòlj�L�ǫȂǶ,āź�!$,�E�ƿ;I��ʿ²āź

2ːʌ�.�'$��ǫˠĪ� 4²1 α̂/ŏÍ�D$sk�R[P�}�ˠ 110�÷�

1\I]h�O��,�*ŴADC�,�ßƶ�$	�1șȠ/(�*2ɶ˽´ 462I�

e SN2’ħ�I��ʿ²´ 452 SN2ħ1āź�ːʌ�$ɤǊ�ċ�1òĊȒ 110�ŴAD

$,ɲŊ�*�C	ŴAD$P�}�ˠ 1102�\Ib�c�Úș/@B 2śɉĂȖ 80%

+�e�N]h� 111/ʨŏąɵ+
'$	«�ˈ7$@�/�I��ʿ²āź/@C�

Sj� 451ĊƆ2ġ˾+
'$��̔ Œ@� 4²�ˠɟłɵĪò�D$òĊȒ 111�ĂȖ

ɾ�ŴAD$$<�ǝ/�țŽ̙ǐ1ǗɖGʌ��,,�$ (Scheme 19)	 

 

Scheme 19. ĮĪŽǅ­�1I��ʿ²āź1Ǖʠ 

Scheme 18. 塩基性条件下のアリル転位反応

OH

aq. NaOH

rt, 77%
HO2C

HHO

H

O

O

OH
HO2C

HHO

H

O

O
H

O

OHO
OH

106 107 108

OH

O
O

OH
O

O
+

4546

OH

O
O

OH
O

O

+

45

46
–OH

–OH

OH

CO2H
OH

anti SN2'

SN2

CH2N2

Et2O, 0 ºC
80% (2 steps)

OH

CO2Me
OH

110 111

OH

O
O

452.4 : 1

OH
O

HO

O
109

4 4

aq. NaOH

rt

aq. NaOH
rt
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2-3-3. Clavigerin̍1�țŽ̙ǐ1Ǘɖ  

� t[S�[3.1.1]yxh�̙ǐ1 4²61ˠɟłɵĪ1ŏÍ/Ɔí�$��Clavigerin̍1

�țŽ̙ǐGǗɖ�C$</2�4 ²ǫˠĪ1Ɏ´òľGāʿ�CŹʗ�
C	"�+9

 �N]h� 1111ǫˠĪG ˠò��Q�/@Bˠò�$Ų�Luche˙Ê 31) /@Cǫˠ

Ī1Ɏ´òľ1āʿGʌ�I�W�� 113 ,�$	�1\I]h�O˗ƍŽ2�e�N]

h�� β̂G˕ʅ�*�C�A+
C,ɲ�$	ɨ�*�ǫɟòlj�L�/@C�Sj

�òGʌ'$,�E��Sj� 45G÷�1òĊȒ,�*ŴC�,/Ɔí�$	.��ŴA

D$�Sj� 45 2[�PV�P��əʔ/@B×5I��ʿ²āź�ːʌ��ɶ˽´ 46

,1ǹĊȒ,.C�,�Ⱥʧ�D$$<�ɘȜƆȒ199ǝ1āź/Ȟ�$ (Scheme 20)	 

 

Scheme 20. �Sj� 451ĊƆ 

� ɨ�*ŴAD$�Sj� 45 G DIBAL/@B˙Ê��I�isk 114 ,�Sj�� 115

1ǹĊȒGŴ$	ŴAD$ǹĊȒ/ŋ�ˠŽǅ­��e�òGʌ'$,�E�ƿ;NRa

�e�´ 116�÷�1\I]h�O��,�*ŴAD$	�D/@B�Clavigerin̍1�ț

Ž̙ǐ1ǗɖGŀ��$ (Scheme 21)	 

 

OH

CO2Me
OH

MnO2, DCM

    rt, 99%

OH

CO2Me
O

NaBH4, CeCl3⋅7H2O

EtOH, 0 ºC, 91%

OH

CO2Me

OH

O
O

NaH, THF

rt

OH
O

O

2.4 : 1

OH

O
O

+
45

OH

46 45

111 112 113

45

SiO2

Hex, EtOAc
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Scheme 21. �țŽ̙ǐ1Ǘɖ 

2-3-4. (±)-Methoxy Clavigerin B�(±)-Clavigerin B1ĊƆ�  

� (±)-Methoxy Clavigerin B (5)1ĊƆ/Č�$ƽŲ1Ǥ˸2Æˬ1I��I�W��1ˠò

Ȫʿ²āź+
C��ǃĪʸ+āźGʌ�æ/9 2I��I�W�� 117GȞ�$�i

�ń̗Gʌ��,,�$	Ǖʠ1ɤǊG«�1ʐ/Ⱦ� (Table 5)	PCCGȞ�$ĭĊ�"

1ˠŽŧ1̚��A�Īʸ1Üʜ�ʘADNo� 1182ŴAD.�'$ (Entry 1)	�ư�

@B�Ž/ˇ�ǅ­+āźGʌ��,�ąɵ. PDCGˠòç,�*Ȟ�$ĭĊ�Æˬ1 

ˣɤĊ�N~R[ò�D$ 119.-1èȜ/@B³ĂȖ+
'$=11�ƿ;No� 118

GŴC�,�+�$ (Entry 2)	9$@BǾē. TEMPO�NaIO4�SiO2GȞ�$ǅ­
32) +2

āź2ːʌ�.�'$ (Entry 3)	�DA1ǕʠɤǊ@BǃĪʸ/ŋ��PDCG¶Ȟ�!�

ȮȪ1Methoxy Clavigerin B (5) 61ˠòGʤ:C�,,�$	 

 

Table 5. �i�òĊȒ 117GȞ�$ˠòȪʿ²āź1Ǖʠ 

 

OH

O
OMe

OH

O
OH

OH

CHO
OH

+

PPTS, MeOH

    rt, 72%

OH

O
O

DIBAL, DCM

–78 ºC, 44% (2 steps)

45 114 115

116

Table 5

Entry Conditions

1

2

3

PCC, MS4A, DCM, rt decomp.

TEMPO, NaIO4, SiO2, DCM, rt

PDC, MS4A, DCM, rt 22%

n.r.

OH

CO2Bn CO2Bn

O

118

OH

CO2BnO

118 119117

+

Table 5
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� �i�ń̗/��*ŴAD$ǅ­GȞ��ǃĪʸ 116/ŋ�*ˠòȪʿ²āźGʌ'$	

"1ɤǊ�³ĂȖ.�A¥śȒ+
C(±)-Methoxy Clavigerin B (5) GŴC�,/Ɔí�$	

ɨ�*ŴAD$ 5/ŋ�*ˠŽǅ­��e�ĪG˶þ��I�isk 120,�Sj�� 121

1ǹĊȒGŴ$Ų�ĮĪŽǅ­�I_e�òGʌ��,+�ĵȋȒ+
C(±)-Clavigerin B (3)

1ĊƆG˓Ɔ�$ (Scheme 22)	ĊƆ�$ 5�@5 31 1H NMR�13C NMR]{Sj�2ƫ

ȕÂ,́ş/ɾ��ɺGȾ�$	 

 
Scheme 22. (±)-Methoxy Clavigerin B (5)�(±)-Clavigerin B (3)1ĊƆ 

 

 

 

 

 

 

 

 

 

 

 

OH

O
OMe

O
OMe

OPDC, 4A MS

DCM, rt, 9%

(±)-Methoxy Clavigerin B (5)

O
OAc

O

(±)-Clavigerin B (3)

aq. HCl, THF

rt

Ac2O, TEA

DMAP, DCM, rt
91% (2 steps)

O
OHCHO

OH
+

OO

116

120 121
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2-4. ƥɾĊƆɣʽ1˯ȩ  

2-4-1. ƥɾĊƆɣʽ1ɎǑ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � 

� æɕ+�_�´1 Clavigerin B�@5Methoxy Clavigerin B1ÎĊƆG˓Ɔ�$��Ʋȵ

òĊȒ 49�Aśɉƪ 17�ɪĂȖ 0.5%,ðȖȪ.ĊƆɣʽ+2.�'$	ˮ�śɉƪ�³

�ɪĂȖ,.'$ýĠ2Ĵ��Ü�* (
C	�(Ȯ2�țŽ̙ǐ1Ǘɖ/N]h�103

�Aʟ 10śɉGʗ�*�Cȉ+
C	�1Ě̋ȉ2I��´ 97 /ŋ�*²ɮ˗ƍȪ.I

��²ˠòāźGʌ�3ȶśɉò/(.�C,ɲ�$ (Scheme 23)	 

 

Scheme 23. I��²ˠòāźGȞ�$Ư$.ĊƆɣʽ 

�  (Ȯ2I��I�W�� 116 1ˠòȪʿ²āź�³ĂȖ/ȣ9'$ȉ+
C	�&A

2�e�I_c�� 123/ŋ�CWackerˠò,�ɨ�I_j�,1I�k��ɬĊGȞ�

CƯ$.ĊƆɣʽGƛȞ�C�,+ɪĂȖ1Č��ʘ˅<C,�ƀ�$ (Scheme 24)	 

 

Scheme 24. Wackerˠò,I�k��ɬĊGȞ�$Ư$.ĊƆɣʽ 
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2-4-2. ²ɮ˗ƍȪ.I��²ˠò1Ǖʠ  

� ȶśɉò/;��9 2�˰´ 971²ɮ˗ƍȪ.I��²ˠò1ǕʠGʌ'$ (Table 6)	

ƽÞ/Wq�j˪´GȞ�$�\P�ǅ­ 33)/©�$��ƿ;No� 122,I�W�� 122

�ŴADC=11ĳ�1èȜƆȒG��$ (Entry 1)	ɨ�*�PCC> PDCGȞ�*z�

`��îȏ˙Ǵ�Cǅ­ 34) /©�$��Īʸ1Üʜ�ʛǿ�D$$<³ĂȖ/ȣ9'$ 

(Entry 2, 3)	�ư�³Ǿ�+āźGʌ��,�ąɵ. HavensA/@C CrO3, 3,5-dimethyl–

pyrazoleGȞ�$ǅ­ 35) /©�$,�E�ƿ;No� 1221ĂȖG 63̞/9+ƥě�C�

,/Ɔí�$ (Entry 4)	.��ǃāź+2Æˬ1 ˣɤĊ1I��²ˠò�ƅŻ�D$��

� D1ǅ­/��*=ʛǿ�D.�'$	 

 

Table 6. ²ɮ˗ƍȪ.I��²ˠò1Ǖʠ 

 

 

 

 

 

 

CO2TMSE

Table 6

CO2TMSE
O

Entry Conditions

PCC, Celite®, PhH, reflux 0%

1

PDC, Celite®, PhH, reflux 0%

Co(acac)2⋅2H2O, NHPI, MeCN, rt to 50 ºC 11%

2

3

125

CO2TMSE
OH

0%4 CrO3, 3,5-dimethylpyrazole, DCM, 0 ºC

35%

35%

18%

122

63%

+

97 122 125

Table 6

Regioselective
allylic oxidation
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2-4-3. I�k��āźæ̖´1ĊƆ  

� �(Ȯ1Ě̋ȉGʜǮ+�$1+�ǝ/ (Ȯ1Ě̋ȉGʜǮ�7��ŴAD$No�

122�AI�k��āźæ̖´ 1241ĊƆGʌ'$ (Scheme 25)	9 �Luche˙ÊGʌ�

I�W�� 126,�$Ų�vfòhj�we�I��mL�/@C TMSEĪ1˶þ,Üļ

ÕɬĊāźG��~fj+ʌ���Sj� 127,�$	ŴAD$�Sj� 1272ɘȜƆȒ

199 DIBAL˙Ê,ɨ�ˠŽǅ­�1�e�òGʌ���e�I_c�� 123,�$	 

� ɨ�* 1231ǂɐ ˣɤĊ1Wackerˠòāź 36)GǕʠ�$	9 ƽ=�ɽȪ.Įòr

�\L�,Įò˨GʝĻ,�*Ȟ�$,�E�ƿ;�e�Uj� 124�ŴADC=11ɛ

�+ȩȜ�CĮòǫɟ/@CĪʸ1Üʜ�Ȝ�$$<�40̞1ĂȖ/ȣ9'$	"�+@

BǾē.ǅ­+āźGʌ��,�ąɵ. SmithA/@Cƥɾǅ­ 37)Gÿɲ/Įò˨G˟ˠ

˨/ª�$,�E�67̞/9+ĂȖGČ��!C�,/Ɔí��I�k��āźæ̖´ 124

1ĊƆ�ŀ��$	 

 

Scheme 25. I�k��āźæ̖´ 1241ĊƆ 

 

 

 

 

 

CO2TMSE
O

NaBH4
CeCl3⋅7H2O

MeOH, 0 ºC
94%

TBAF, THF, rt;

EDCI, TEA
DMAP, THF, rt O

O
CO2TMSE

OH

PPTS, MeOH

rt
35% (3 steps) O

OMe

a) PdCl2, CuCl2, O2
    DMF, H2O, rt, 40%

b) PdCl2, Cu(OAc)2, O2
    DMF, H2O, rt, 67%

O
OMe

O

DIBAL, DCM

–78 ºC

O
OH

CHO
OH

+

122 126 127

128 129 123 124
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2-4-4. £ŜI�k��āź1Ǖʠ  

� ɨ�*�ĮĪ,�* LHMDSGȞ�*�e�Uj� 124,I_j�,1£ŜI�k��

āź1ǕʠGʌ'$ (Table 7)	9 –78 ºC/9+Øú�*āźGʌ'$��I�k��Ɔ

ɭ´ 1302Î�ŴAD.�'$ (Entry 1)	"�+āźǾŧGɊ
Ǖʠ�$ɤǊ��e�U

j� 124/ŋ�*ĮĪGî�$Ų�–10 ºC9+ƵǾ�*�AI_j�GȄ��$,�E�

ʆŗS��jT�vJ��+2āź�ːʌ�*�C�,GȺʧ�$	���.�A�̑ē

ĮòI��mL�ǫȂǶ+āźGÄǞ�!C,�x�j�ò@BË/�j�I�k��ā

ź�ːʌ�*�9��1302Ȩʼ˥��ŴAD.�'$ (Entry 2)	"�+āźÄǞç,�

*̑ēĮòI��mL�ǫȂǶ1ªFB/x�j�òɵ1̚�˟ˠGȞ�$,�E�ĂȖ

32̞+I�k��Ɔɭ´ 130GŴC�,/Ɔí�$ (Entry 3)	�A.CǕʠGʌ'$ɤǊ�

āźƹ˰�ˮ�8-ɛ�+�j�I�k��āź�ːʌ�C,��ȵʘ�ŴAD$$<�

āźƹ˰G 3Ü˰/9+ȶɬ�$,�EĂȖG 57%/9+Č��!C�,/Ɔí�$

(Entry 4)	 

 

Table 7. £ŜI�k��āź1Ǖʠ 

 

 

 

O
OMe

O

O
OMe

OOHLHMDS, acetone, THF

Table 7

Entry quenchTemp. Time

sat. NH4Cl–10 ºC 15 min trace

1

–10 ºC 15 min 32%

–10 ºC 3 min 57%

sat. NH4Cl–78 ºC 20 min 0%

2

3

4

130

AcOH

AcOH

-

44%

22%

-

124

Table 7

124 130
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2-4-5. ɶǫāź,ƥɾĊƆɣʽ1ȺɎ  

� ɨ�*�ŴAD$I�k��Ɔɭ´ 1301ɶǫāźGʌ'$ (Scheme 26)	Įò�c�]

�|m�GĮĪŽǅ­�¶Ȟ�!$,�E�NRa´ 131,N�k´+
CMethoxy 

Clavigerin B (5) � 1:1.21ǧȖ1ǹĊȒ,�*ŴAD$	"�+ŴAD$ǹĊȒG\IZt

[S�L�i_�ĽĦ�îȏǅ­/©�NRa´ 1311ȦŽòGʌ��Methoxy Clavigerin 

B (5) GĂȖ 89%+ŴC�,/Ɔí�$	 

 

Scheme 26. I�k��Ɔɭ´ 1301ɶǫāź 

� �1ɤǊ 2-4-1+Ɣ�$Ë1ĊƆɣʽ1 (1Ě̋ȉ��.F&�țŽ̙ǐǗɖ/ĳǤ

˸Gʗ�Cȉ�Æˬ1No�1Ǘɖ�³ĂȖ+
CȉGʜǮ��"1ɤǊ�Ë1ĊƆɣʽ

�AɪśɉƪG 4(åǻ��ɪĂȖG 0.5%�A 3.5%/9+Ĵ��ƥě�C�,/Ɔí�

$ (Scheme 27)	 

 

Scheme 27. Ë1ĊƆɣʽ,ƥɾĊƆɣʽ1ǧˀ 

 

 

O
OMe

OOH

O
OMe

OMsCl, TEA

 DMAP, PhH
50 ºC

DBU, PhH

70 ºC
89% from 130 O

OMe

O

130
(±)-Methoxy Clavigerin B (5)

exo-131/endo-5 = 1 : 1.2

CO2TMSE

OH
6 steps

50% OH

CO2Me
O

CO2TMSE

OH

O
OMe

Regioselective
allylic oxidation CO2TMSE

O O
OMe

1 step
63%

Previous Route

Revised Route

103 112 116

12312297

O
OMe

O
9%

(±)-Methoxy Clavigerin B (5)

1) Wacker
    oxidation
2) Aldol
    condensation

O
OMe

O

(±)-Methoxy Clavigerin B (5)

17 steps 0.5%

13 steps 3.5%

3 steps
34%
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2-5. ŐƑ  

� «�ˈ7*�$ɒ ɏGɪƑ�C	Clavigerin̍.-1z�Q�c�_]Rh�{�/ȓ

ŷȪ.t[S�[3.1.1]yxh�̙ǐ2�ʕƪ1ĵȋȒ/ĽĦ�C/=˱FA "1ǗɖǱ

2˴AD$=1,.'*�$	"�+ɓɳ2t[S�[3.1.1]yxh�̙ǐ1ƯʙǗɖǱ1

˯ȩȸɌGʌ'$	"1ɤǊNo��|]vM�j 76GȞ�$ Ireland Claisenʿ²āź/

@CƯ$.t[S�[3.1.1]yxh�̙ǐǗɖǱ1˯ȩ/Ɔí�$ (Scheme 28)	ǃāź2T

��]U��+1āź=ŇƷ/ʌ�Cáȉ�
B�z�Q�c�_]Rh�{�Gĺ<,

�C¨1[S�wc�Gƾ�CĵȋȒ1ĊƆ/=áȞąɵ.ưǱ+
C,ɲ�*�C	 

 

Scheme 28.t[S�[3.1.1]yxh�̙ǐ1ƯʙǗɖǱ 

 

� ŴAD$ʿ²´ 48@B�9 2�_�´1 Clavigerin̍1ÎĊƆGȮƓ�$	I�R�

ò/@CÆˬ1ŏÍ���k�Sj�òāź�I�e SN2’āź�ˠòȪʿ²āź.-1 14

śɉ1ıƠāźGɣ*Methoxy Clavigerin B (5)��@5 Clavigerin B (3)1�_�´ÎĊƆG

˓Ɔ�$	Methoxy Clavigerin B (5)1ĊƆ2�ƲȵòĊȒ 49�A 17śɉ�ɪĂȖ 0.5%+


'$	Scheme 29/ʿ²´ 48�A1ĊƆɣʽGȾ�	 

O

O

LHMDS, ClP(O)(OEt)2

HMPA, THF
–78 ºC to rt

49

CO2H

O

OP(O)(OEt)2

1) Na2CO3, o-DCB
    160 ºC

2) LiOH, THF, H2O
    rt, 63% (3 steps)

Ireland Claisen
rearrangement

76
48
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Scheme 29. Clavigerin̍1ĊƆɣʽ 

� 9$�Ë1ĊƆɣʽ+2�țŽ̙ǐ1Ǘɖ/ĳǤ˸Gʗ�Cȉ�Æˬ1No�1Ǘɖ�

³ĂȖ+
Cȉ1 (1Ě̋ȉ�
'$1+�ĊƆɣʽ1ƥɾGʌ'$	"1ɤǊ�²ɮ

˗ƍȪ.I��²ˠò�Wackerˠò�I_j�,1I�k��ɬĊGƯ$/ƛȞ�C�,

+�Methoxy Clavigerin B (5)1ĊƆGË1ĊƆɣʽ�AɪśɉƪG 4(åǻ��ɪĂȖG

0.5%�A 3.5%/9+Ĵ��ƥě�C�,/Ɔí�$ (Scheme 30)	 

 

Scheme 30. Clavigerin̍1ƥɾĊƆɣʽ 

OH
, Grubbs 2nd

DCM, reflux, 85%
CO2TMSE

OH
1) TBAF, THF
    0 ºC to rt, 67%

2) I2, NaHCO3
    THF, H2O, rt

DBU, PhH
50 ºC;

SiO2, hex, EtOAc
94% (2 steps)

OH
O

O I OH

O
O 1 : 2.4

OH
O

O
+

CO2TMSECO2H

1) EDCI,                          
    DMAP, DCM, rt, 90%

2) LDA, allyl bromide
    THF, –40 ºC to rt
    88%

HO
TMS

1) aq. NaOH, rt

2) CH2N2, ether
    0 ºC
    80% (2 steps)

CO2Me

OH

OH

1) MnO2, DCM
    rt, 99%

2) NaBH4, CeCl3⋅7H2O
    EtOH, 0 ºC, 91%

OH

O
O

111

OH

O
OMe

O
OMe

O

17 steps 0.5%
from known lactone 49

NaH, THF

rt

1) DIBAL, DCM
    –78 ºC
    44% (2 steps)

2) PPTS, MeOH
    rt, 72%

PDC, 4A MS

DCM, rt, 9%

(±)-Methoxy Clavigerin B (5)

48

O
OAc

O

(±)-Clavigerin B (3)

aq. HCl, THF

rt

Ac2O, TEA

DMAP, DCM, rt
91% (2 steps)O

OH

O

121

97 103

104 45 46

113 45 116
CO2Me

OH

OH

CrO3
3,5-dimethylpyrazole

DCM, 0 ºC, 63%
CO2TMSE

O

NaBH4
CeCl3⋅7H2O

MeOH, 0 ºC
94% CO2TMSE

OH
TBAF, THF, rt;

EDCI, TEA, DMAP
THF

O
O

 1) DIBAL, DCM
    –78 ºC

2) PPTS, MeOH
    rt, 35% (3 steps)

O
OMe

PdCl2, Cu(OAc)2

O2, DMF, H2O
rt, 67% O

OMe

O  LHMDS, acetone

THF, –10 ºC
57% (90% brsm)

O
OMe

OOH
MsCl, TEA

PhH, 50 ºC;

DBU, PhH
70 ºC, 89%

O
OMe

O

CO2TMSE

(±)-Methoxy Clavigerin B (5)

 Previous Route : 17 steps 0.5%
  Revised Route : 13 steps 3.5%

97 122 126

127 123 124

130
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ɒ�ɏ Clavigerin̍1ÌľǳŽ´1ĊƆȸɌ  

3-1. ɴƻ  

� ɒ ɏ/��*�_�´1 Clavigerin ̍1ĊƆɣʽ1ȺɎ/Ɔí�$1+�ɨ�*Ìľ

ǳŽ´1ĊƆ6,ŕ˯�C�,,�$	 

� ,�E+�ʈʁ̍�A,¨1ǔȒ�A,ċ�h�{oKk�÷˽�D$ĭĊ�"DA2

Ìľŋƚ´1˱¼/
C�,�ĳ� 38)	¹�3�ʁ̍1�Ɋ+
C Dumortiera hirsuta@B

(+)-trans-α-Bergamotene (132) �÷˽�D$��ŴAD$òĊȒ2�D9+/¨1ĳ�1ǔ

Ȓ�A÷˽�D$ċòĊȒ1Ìľŋƚ´+
'$ 39)��������� (Frullania) �A

÷˽�D$ Frullanolide (133) ���������������������ȩȗ�C¹=

ȵAD*�C 40) (Figure 10)	  

 
Figure 10. ʈʁ̍�A÷˽�DCÌľŋƚ´1¹ 

� �DA1�ń@B�ċ�ʈʁ̍Ƞǆ1h�{oKk+
C Clavigerin̍/˱�*�"1

ɧŋɎ´˝ɮ1ǮŃ%�+.���˭È´˰1ǳŽ1ŜȦ/˱�*=ɻđ�=$DC	"

DƨȜȒǳŽʤ̗61ʤƭº�GʘƘ�C,��˭È´1ĊƆǱGȺɎ�C�,�ƿ9�

�,ɲ�$	 

� ɓɳ2 Clavigerin̍1ÌľǳŽ´ĊƆǱ,�*�ÌľǳŽ´Gýƭ,�*ĊƆGʌ�Ɖ

(–)-trans-α−Bergamotene (ent-132)(+)-trans-α−Bergamotene (132)
from various plantsfrom liverwort Dumortiera hirsuta

O
O

O
O

(–)-Frullanolide (133)
from liverwort Frullania tamaridci from liverwort Frullania dilatata

(+)-Frullanolide (ent-133)

Enantiomers

Enantiomers
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Ǳ,���������òĊȒ1ÌľÜêGʌ�ƉǱGɲ�$	t[S�[3.1.1]yxh�

̙ǐ1ƯʙǗɖǱ1ǭȞŽ1̚�GȾ�$</=�9 2ÌľǳŽ´Gýƭ,�*Ȟ�C

ưǱ�˔Ý+
C,ɲ�Ǖʠ�$	9$ÌľÜê/@CưǱ=Ǖʠ�$1+ǝɕ@Ḃǝ

ˈ7C	 
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3-2. ˣǫɟǙʱ´GȞ�$ Ireland Claisenʿ²āź1Ǖʣń̗  

3-2-1. ˣǫɟǙʱ´1ĊƆ  

� ÌľǳŽ.ýƭGȞ�*ĊƆGʌ�æ/�9 2�ģ1@�.�_�´1ˣǫɟǙʱ´

134GȞ�*˫āź+
C Ireland Claisenʿ²āź1Ǖʣń̗Gʌ��,,�$	ȦŽòG

°F / 1351:�ŴADC.A3�ǃāź2ÌľȪ/ɝɗ.ʿ²æ̖´GȞ�$�ƬĊ

Ɔ/=˔Ȟąɵ+
C,ßƮ+�C (Scheme 31)	 

 

Scheme 31. ˣǫɟǙʱ´GȞ�$ Ireland Claisenʿ²āź 

 

� ˣǫɟǙʱ´ 1401ĊƆG«�/Ⱦ� (Scheme 32)	9 �_�´1�Sj� 49Gî�

co��Üʜ� 136,�$Ų�Dess-Martinˠò 41) �No� 137,�$	ǝ/ˣǫɟ|L

ɟlj�L�/@C Luche˙ÊGʌ��÷�1\I]h�O��,�*ˣǫɟò�D$I

�W�� 138GŴ$	ɨ�*�ǫɟòI��mL��eL�/@BN]h�G˙Ê�\O

�� 139,�$Ų�TEMPOˠòāź 42) GȞ�$�Sj�òGʌ��Ireland Claisenʿ²ā

źæ̖´ 140GˣǫɟǙʱ´,�*ĊƆ�$	 

 

Scheme 32. ˣǫɟǙʱ´ 1401ĊƆ 

 

O

OR

D

CO2H

DIreland Claisen
rearrangement

134 135

O

O

Na2CO3, MeOH

rt, 99%

OH

CO2Me

DMP, DCM

rt, 92%

O

CO2Me

NaBD4, CeCl3⋅7H2O

MeOH, –20 ºC, 85%

D

CO2Me

OH LiAlH4, THF

0 ºC to rt

D
OH

OH

NCS, TEMPO, TBACl

 CHCl3, pH 8.6, 65% (2 steps)
O

O

D

49 136 137

138 139 140
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3-2-2. ˣǫɟǙʱ´GȞ�$ Ireland Claisenʿ²āź1Ǖʣ  

� ˣǫɟǙʱ´ 140 GȞ�* Ireland Clasien ʿ²āźGʌ'$ɤǊG«�1ʐ/Ⱦ� 

(Table 8)	Ë1ĊƆ+̚ĂȖ+
'$No��|]vM�j/î��³ĂȖ+
'$Uh

�[��I_c��GȞ�$ʿ²āź/(�*=ĊF!*Ǖʣ�$	9 Uh�[��I

_c��GɣȠ�$āź+2 135,"1²ɮȦŽ´ 141� 2.3 : 11ǧȖ1ǹĊȒ,�*Ŵ

ADC�,�ßƶ�$ (Entry 1)	�A/ȈˠP�L�GǺî�$ĭĊ�"1ǧȖ2 2.8 : 1

/9+Č��$��D«�1ǧȖ1Č�2ġ˾+
'$ (Entry 2)	9$�DA1ǅ­�+

2Ë1Ǖʠ+=ʘAD$@�/\N� 142�143=èȜ�$	Ë1ĊƆ+̚ĂȖ+
'$N

o��|]vM�jGɣȠ�$āź+2ǧȖ2 1.7 : 1/9+³��*�$ (Entry 3)	 

� 135,"1²ɮȦŽ´ 1412ˣǫɟ D�ǫɟ H+
D3Nl�eO��1˱¼/ȰŬ�

C	ƽ=ĂȖ1̚�'$ Entry 31ǅ­+2 135, 1411ȜƆǧ2 1.7 : 1+
'$1+�x

ǫɟ1ċ²´ðǊGȊʚ�C,ÌľȪ/ɝɗ.ʿ²æ̖´GȞ�$,�*=�ȜƆȒ+


Cʿ²´1˭È´˒éȖ2�(1.7–1)/(1.7+1)×100 = 26% e.e. /9+³��*�9��,/.

C (Figure 11)	ƨ/�ǃāź2�˜�_�òGʺ��$<�ÌľǳŽ´ĊƆ/2�˔Ŭ+


C,ɤʭ©�$	 

 

 

CO2H

D

HO2C

D

141135

CO2H HO2C
ent-4848

Enantiomers

O

O

D

CO2H

D
1) LHMDS, THF
    Reagent
    –78 ºC to rt
2) Conditions

3) Hydrolysis HO2C

D

+

141135
(desired)

Entry Reagent
Conditions

Solvent Additive Temperture
135 : 141

1

2

3

TBSOTf

TBSOTf

o-DCB

o-DCB

o-DCBClP(O)(OEt)2

none

K2CO3

Na2CO3

175 ºC

175 ºC

160 ºC

2.3 : 1

2.8 : 1

1.7 : 1

Figure 11

1.7 – 1
1.7 + 1

×  100 = 26% e.e.

生成比率より計算した鏡像体過剰率Table 8. 重水素標識体を用いた検証結果

Table 8

140 CO2H

D

CO2H

D

142 143
1.7 : 1

H H
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3-2-3. Ireland Claisenʿ²āź1āźǛǗ1ɲŊ  

� «�1ɤǊGÊ/�²ɮȦŽ´�Ȝ�CƞŃāźǛǗGɲŊ�$	ɒ�/�ʿ²æ̖´

134 �AI��PeO��˰´ 144 �Ȝ��ÜļÕI�R�ò/@B[S�wc��Ǘɖ

�DC,��āźǛǗ�ɲ�ADC (Scheme 33)	èȜƆȒ,�*Ȝ�C\N�N]h�2�

I��PeO��˰´ 144 �Aɶx�j�ò�ːʌ�C�,/@BȜƆ�C,�ƀ�$	

���.�A��1āźǛǗ+2P�}R[�Ī� endoÆ1 endo-135, 141 @B=�Ñĕ

ț,1āȩ/@BP�}R[�Ī�exoÆ1exo-145, 146�ÉË�*ŴADC,ɲ�ADC	

¦ğɓɳ�ʌ'$-1āźǅ­/��*= exo-145, 146�ŴADC�,2.�'$	9$�

ˣǫɟ1ċ²´ðǊGȊʚ�D3�I��PeO��˰´ 144 2IR��.Üļ+
C$

<�²ɮȦŽ´ endo-135, endo-1411ȜƆǧȖ2 1̥1/.C2 +
C	�DA1șȠ

/@B�ÜļÕI�R�ò/@CāźǛǗ+2ːʌ�*�.�,ɤʭ©�$	 

 

 

Scheme 33. ÜļÕI�R�ò/@CāźǛǗ 

�  

 

O

OR

D

O–

OR

D D

O–
RO

CO2R

D

RO2C

D

CO2R

D

RO2C

D

endo-135 endo-141

exo-145 exo-146

not detected

–H+

134 144 144'

Alkylation Alkylation

CO2R

D

CO2R

D

+

142 143
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� �A/à1āźǛǗ=ɲǑ�$	�.F&�ʿ²æ̖´ 134 �AË8-,ċǘ/I��

PeO��˰´ 144 �Ȝ��×5 134�=��2 134’6,ƇCšʎāź (134 ⇄ 144 ⇄ 134’) 

�ĽĦ((�Ireland Claisenʿ²āź�ːʌ�C,��=1+
C (Scheme 34) 	�&A1

āźǛǗ+2P�}R[�Ī� endoÆ1òĊȒ1:ŴADC�,/ȴȱ�.��èȜƆȒ

,�*\N�N]h��ŴADC�,>�Ȧ.CǧȖ+ endo-135 , endo-141 �ȜƆ�C

�,/=ʪƶ�(�	 

 

 

Scheme 34. Ireland Claisenʿ²/@CāźǛǗ 

� «�1ˣǫɟǙʱ´GȞ�$ Ireland Claisenʿ²āź1ǕʣɤǊ�A�ʿ ²æ̖´1Ìľ

ɝŧG¿'$99+ʿ²´6,ıƠ�C�,2ġ˾+
C,ɤʭ©��ʿ²Ų1ĊƆ�˰

´1ÌľÜê/@B Clavigerin̍1ÌľǳŽ´ĊƆGȮƓ��,,�$	 

 

 

 

 

 

O

OR

D
O

RO

D
D

O

OR

CO2R

D

RO2C

D

–H+

CO2R

D

CO2R

D

+

Ireland Claisen
rearrangement

Ireland Claisen
rearrangement

134 144 134'

endo-135 142 143 endo-141
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3-3. ÌľÜê1Ǖʠ  

3-3-1. ÌľÜêǱ1ɎǑ  

� ɓɳ2ÌľÜêǱ,�*� (1ưǱGǕʠ�C�,,�$	ɒ�1ưǱ2�ĊƆ�˰

´+
CNo� 122 /ŋ��Ƭ˙ÊGʌ�ˍŧʭȪ/ÌľÜêGʌ�ưǱ+
C (Scheme 

35)	 

 

Scheme 35. �Ƭ˙Ê/@CÌľÜê 

� ɒ 1ưǱ2P�}�ˠ 48/ŋ��ƬʓïĪGɤĊ�!*Ü˽�$Ų��ƬʓïĪG˶

þ�ÌľȪ/ɝɗ.P�}�ˠ 48GŴC\I]h�O��Ǳ+
C (Scheme 36)	 

 
Scheme 36. \I]h�O��Ǳ/@CÌľÜê 

 

 

 

 

CO2TMSE
O

CO2TMSE
O

CO2TMSE
OH

Asymmetric
reduction

O
OAc

O

Clavigerin B (3)

O
OAc

O

ent-Clavigerin B (3)

122

126

rac-122

CO2H

COOR*

COOR*

CO2H

CO2H

HOR*

rac-48

O
OAc

O

O
OAc

O

Clavigerin B (3)

ent-Clavigerin B (3)

147

148

48

ent-48
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3-3-2. �Ƭ˙Ê/@CˍŧʭȪÌľÜê1Ǖʠ  

� 9 2No� 1221�Ƭ˙Ê/@CˍŧʭȪÌľÜê1ǕʠGʌ'$ (Table 9)	 

(S)-Alpine borane (149) 43)>�(–)-(Ipc)2BCl (150) 44)�(S)-BINAL-H (151) 45) .-1Ɋ
1�Ƭ

˙ÊçGǕʠ�$��Īʸ1ř̚�1$<�Î�āź2ːʌ�.�'$ (Entry 1, 2, 3)	�

ư�THF ȂĻ/*(R)-Methyl-CBS ʝĻ (152)GȞ�$ Corey-Bakshi-Shiabata ˙Ê 46)Gʌ'

$,�E��ɉŧ1ĂȖ+˙Ê�ːʌ��61%1˭È´˒éȖ+˙Ê´ 126 �ŴAD$	

9$�ğĂ�$ýƭ1˭È´˒éȖ2 39%+
'$ (Entry 4)	THFȂĻ1ªFB/ DCM

ȂĻGȞ�$,�E�˙ÊĂȖ2 51%9+Č��$��"1˭È´˒éȖ2 27%/9+³

��$	�ư�ğĂ�$ýƭ1˭È´˒éȖ2 87%+
'$��ğĂȖ2 29%,³�'$ 

(Entry 5)	.�I�W�� 126 1˭È´˒éȖ2 ˠò��Q�/@BNo� 122 6,×

ˠò��R�� HPLCǿŃ/@BǮŃ�*�C	«�1ɤǊ@B�¦ğȞ�$@�.ř̚

�Īʸ/��*2�CBS ʝĻ–}��˪´/@C�Ƭ˙Ê@B=}��˪´1:/@C˙

Ê�ÉË�*�9�$<��Ƭ˙Ê/@CðȖȪ.ÌľÜê2˓ƆÛǆ.�,ɤʭ©�$	 

 

Table 9. �Ƭ˙Ê/@CˍŧʭȪÌľÜê1Ǖʠ 

CO2TMSE
O

CO2TMSE
OH

CO2TMSE
O

Table 9

rac-122 122126

+

126 122

(R)-CBS, BH3⋅SMe2, THF, –78 ºC to rt 23%     61%

yield     e.e.* yield     e.e.*

36%     39%

51%     27% 29%     87%(R)-CBS, BH3⋅SMe2, DCM, –78 ºC to rt

4

5

Entry Conditions

1

2

3

(S)-Alpine borane, THF, rt to 50 ºC

(–)-(Ipc)2BCl, THF, 0 ºC to rt

(S)-BINAL-H, THF, –78 ºC to rt

0%

0%

0%

-

-

-

-

-

-

-

-

-

*Determined by HPLC (CHIRALPAK®, AD-H, Hex/IPA = 100:1)

B B
Cl

(S)-Alpine Borane (149) (–)-(Ipc)2BCl (150)

O

O
Al

H

OEt

(S)-BINAL-H (151)

N
B

O

Ph
PhH

(R)-CBS (152)

Table 9

Li
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3-3-3. \I]h�O��Ǳ1Ǖʠ  

� ǝ/\I]h�O��Ǳ/@CÌľÜê1ǕʠGʌ'$1+ʦɠG«�/Ⱦ� (Scheme 

37)	9 �ƬʓïĪ,�* 153~155/Ⱦ�$Ɋ
1ÌľǳŽ. ɞI�W��GP�}�

ˠ 48,ɬĊ�!$Ų�ŴAD$�\I]h�O��1Ü˽Gʤ:$	���.�A�ɬĊ

āź2ːʌ�C=11�\I]h�O��1[�PV�P��S��jT�vJ�>×ɤ

ƼƤ¶/@CÜ˽2ġ˾+
'$	 

� �ư� ɞI��Gƾ�C L-x��o�� 157 GP�}�ˠ 48 ,ɬĊ�!$ĭĊ��

1Ǥ˸+1�\I]h�O��1Ü˽2ġ˾+
'$��Ȝ�$�ɞǫˠĪG TBSN�h

�6,ıƠ�C,�\I]h�O���[�PV�P��S��jT�vJ�+ŇƷ/Ü

˽ąɵ.�,GʘÛ�$	Ü˽�$�òĊȒ1\I]h�O��˒éȖ2̢H NMR/��

CɋÜÂ/@BǮŃ��³ǖŽ1\I]h�O��1592 99% d.e.�̚ ǖŽ1\I]h�O

��160 2 96% d.e.+
C�,GȺʧ�$	.��1Ǥ˸+2�\I]h�O�� (159, 

160) 1ŞŖ2�*�.���Ųˈ�C@�/�ƬʓïĪ˶þŲ/ƥɾ Mosher Ǳ/@Bɧ

ŋɎ´˝ɮGǮŃ�*�C	Scheme 37+2"1ɤǊGāƸ�$Ɏ´òľGʐʡ�*�C	  

 

Scheme 37. \I]h�O��Ǳ/@CÌľÜê 

158
(inseparable diastereomers)

MeO2C

OH

(–)-Borneol (155)(+)-Methyl mandelate (153)

OH

(–)-Menthol (154)

CO2H
EDCI, DMAP, DCM, rt

CO2R

156
inseparable mixtures

N
H

HO

EDCI, TEA
DMAP, DCM, rt NO

OH

NO

OTBS

NO

OTBS

159
(36%, 99% d.e.)

160
 (36%, 96% d.e.)

+

TBSCl, TEA, DMAP
DCM, rt;

SiO2 separation

rac-48

157

HO
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3-3-4. �ƬʓïĪ˶þ1Ǖʠ  

� ɨ��ǟʓïĪ1˶þ2�99% d.e.+ŴAD$òĊȒ 159GȞ�*ǕʠGʌ'$ (Scheme 

38)	9 �îǫÜʜǅ­GɊ
Ǖʠ�$�ˠŽǅ­�+2Īʸ1Üʜ�ʛǿ�D�ĮĪŽ

ǅ­�+2 TBS Ī1˶þ�ːʌ�C1:+ƿ;P�}�ˠ 48 2ŴAD.�'$	9$�

ǫɟò\Kawe�I��mL�>ǫɟòI��mL��eL�/@C˙Êǅ­Gʤ:$

���&A= TBSĪ1˶þ�ːʌ�C1:+ƿ;I�W�� 1612ŴAD.�'$	�ư�

țÕ1 ˣɤĊGáȞ�$��k�Sj�òāźGʌ'$,�E�K�mL�PeO�162

, 163GɣȠ�$�ƬʓïĪ1˶þ�ːʌ����k�Sj� 165, 166G 33:11ǧȖ1

ǹĊȒ,�*ŴC�,/Ɔí�$	ŴAD$ǹĊȒ2¢˧GȞ�$�Lɟ1˙ÊȪɶ˽G

ʌ��,+�ÌľȪ/ɝɗ.P�}�ˠ 48/ıƠąɵ+
'$	 

 

Scheme 38. �ƬʓïĪ˶þ1Ǖʠ 

 

 

 

 

NO

OTBS

CO2H

a) aq. HCl
b) aq. NaOH

c) DIBAL
d) LiAlH4

NO

OH

15848

I2, THF, H2O
50 ºC, 92% O

O

I

Zn, AcOH

MeOH, rt, 96%
CO2H

O

N

I

TBSO

H
N

TBSO

O
N I

TBSO

+ O
IO

+
162

163

164

165

166

48

33

. .

1

159

OH
161

or



 48 

3-3-5. ƥɾ MosherǱ/@CɧŋɎ´˝ɮ1ǮŃ  

� ɨ�*ÌľÜêGʌ'$�òĊȒ1ɧŋɎ´˝ɮGƥɾ MosherǱ 47)GȞ�*ǮŃ�$	 

(Scheme 39)	9 �P�}�ˠ 48�A�_�´ĊƆ,ċǘ1 5śɉ1ıƠGʌ��Sj�

127 GĊƆ�$	ɨ�* 127 G[�PV�P��S��jT�vJ�/@Bəʔ��167

, 127 1 3:2ǧȖ1ǹĊȒGŴ$	ŴAD$ǹĊȒG Scheme 19/Ⱦ�$1,ċǘ/îǫ

Üʜ,�e�N]h�òGʌ��I�W�� 168 G�ȜƆȒ,�*Ŵ$	.��168 1Ȱ

ŋɎ´òľ2 NOEń̗/@BǮŃ�*�C	ɨ�*ŴAD$I�W�� 168 G MTPAN

]h�6,ıƠ��ŴAD$ (S) Ā5 (R)– MTPAN]h�1 1H NMR]{Sj�1òľ

[vjGǧˀ�$ (Table 10)	�1ɤǊ�99% d.e.+ŴAD$I�k 1591ɧŋɎ´˝ɮ2

1R,5S,6S�96% d.e.+ŴAD$I�k 1601ɧŋɎ´˝ɮ2 1S,5R,6R+
C�,�F�'$	 

 

Scheme 39. ĊƆ�˰´1ʨŏ´ò,ɧŋɎ´˝ɮ1ǮŃ 

O
O

O
O

O
O

+

1) LiOH, EtOH
    H2O, 70 ºC;

2) CH2N2, ether
    0 ºC, 34% (2 steps)

167 3 : 2

CO2Me
OH

168

OH

H

: NOE

CO2H

48 127

127

OH

O
O

a) (S)-MTPA-OH, EDCI
    DMAP, DCM, rt, 23%

b) (R)-MTPA-OH, EDCI
    DMAP, DCM, rt, 25%

OMTPA

O
O

2
5

6

8

11

Position
1H Chemical shift (δ)

(S)-MTPA (R)-MTPA
δs–δR

2

6

8

11

5 (exo)

1.80 1.78

2.61 2.63

2.74 2.78
2.18 2.24

5.35 5.30 +0.05

–0.04
–0.06
–0.02

+0.02

168

Table 10

O
O
Me

169

SiO2

1) CrO3
    3,5-dimethylpyrazole
    DCM, 0 ºC, 73%
2) NaBH4, CeCl3⋅7H2O
    MeOH, 0 ºC, 95%

3) TBAF, THF, rt;
    EDCI, TEA
    DMAP, THF, 90%

CO2TMSE

97

1) EDCI,                          
    DMAP, DCM, rt, 93%

2) LDA, allyl bromide
    THF, –40 ºC to rt
    94%

HO
TMS

NO

OTBS

NO

OTBS

(1R,5S,6S)-159
99% d.e.

(1S,5R,6R)-160
96% d.e.

1

5
6

1

5
6
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3-4. Clavigerin̍1�˭È´1�ƬĊƆ,ɧŋɎ´˝ɮ1ǮŃ  

3-4-1. (–)-Methoxy Clavigerin B,(+)-Clavigerin B1�ƬĊƆ  

� \I]h�O��Ǳ/@CÌľÜê,�˭È´1ɧŋɎ´˝ɮ1ǮŃ/Ɔí�$1+�

Clavigerin̍1ÌľǳŽ´ĊƆGː<$	9 2ËɉĊƆ�$ 127GȞ�*�_�´1ƹ,

ċǘ.ǅ­/*āźGʌ��(1S,3S,6S,8R,9R)-(–)-Methoxy Clavigerin B (5) �@5(1S,3S,6S,–

8R,9R)-(+)-Clavigerin B (3)1�ƬĊƆG˓Ɔ�$	.�� (1S,3S,6S,8R,9R)-(–)-Methoxy 

Clavigerin B (5) /*×ɤƼƤ¶Gʌ��"1˭È´˒éȖ� 99% e.e.«�+
C�,GR

�� HPLCǿŃ/@BȺʧ�*�C (Scheme 40)	 

 
Scheme 40. (1S,3S,6S,8R,9R)-(–)-Methoxy Clavigerin B (5) , 

� � � � � � � � � �     (1S,3S,6S,8R,9R)-(+)-Clavigerin B (3)1�ƬĊƆ 

 

 

 

 

 

 

 

 

O
O

1) DIBAL, DCM
    –78 ºC

2) PPTS, MeOH
    rt, 35% (3 steps)

O
OMe

PdCl2, Cu(OAc)2, O2

DMF, H2O, rt, 67% O
OMe

O  LHMDS, acetone

THF, –10 ºC
57% (91% brsm)

O
OMe

OOH
MsCl, TEA, DMAP

PhH, 50 ºC;

DBU, PhH, 70 ºC, 78%;
recryst., 63%

O
OMe

O

127 123 124

130

1) aq. HCl, THF, rt

2) Ac2O, TEA
    DMAP, PhH, rt
    72% (2 steps)

O
OAc

O

>99% e.e.

(1S,3S,6S,8R,9R)-(–)-
Methoxy Clavigerin B (5)

(1S,3S,6S,8R,9R)-(+)-
Clavigerin B (3)

1

3

6

8

9
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3-4-2. (+)-Methoxy Clavigerin C1�ƬĊƆ  

� ɨ�*̍ɫ´+
CMethoxy Clavigerin C (7)1ĊƆ/ȳƉ�$	Methoxy Clavigerin C (7) 

2Methoxy Clavigerin B (5)/ĽĦ�C (1 ˣɤĊ1�&�Æˬ1 ˣɤĊG˗ƍȪ/

˙Ê�D3@�	"1ǕʠɤǊG«�/Ⱦ� (Table 11)	9 �ǫɟǺîāźGʌ'$��

Ñĕț�1 ˣɤĊ1āźŽ�̚� 170 �÷�1ȦŽ´,�*ŴAD$	.�Ư$/Ȝ�

$�Ƭȉ1Ɏ´òľ2ǮŃ�*�.� (Entry 1)	"�+ MeCu , DIBAL 48)�Co(acac)2,

DIBAL 49)�Red-Al® 50)�Catechol borane 51)�.-1Ɋ
1 1,4˙ÊçGǕʠ�$��Īʸ1

ř̚�1$<�Î�āź2ːʌ�.�'$ (Entry 2~5)	�ư��n�mfU� 52)GȞ�$

˙Êǅ­/©�,�Ñĕț�1N�k ˣɤĊ1NRa ˣɤĊ61ȦŽò�èāź,�

*ːʌ�C=11�Æˬ1 ˣɤĊ1˗ƍȪ˙Ê�ːʌ��NRa´ 171 ,N�k´+


CMethoxy Clavigerin C (7)� 1:1.31ǧȖ1Ü˽�ąɵ.ǹĊȒ,�*ŴAD$ (Entry 6)	

�A.CǕʠGʌ'$ɤǊ�ǫɟò|Lɟlj�L�,ĮòmfU��Aɛ�+ʬʔ�$

|LòmfU� 53)GȞ�$˙Êǅ­/©�$,�E�Ñĕț�1 ˣɤĊ1ȦŽòGƋ�

((Æˬ1 ˣɤĊ1˗ƍȪ.˙ÊG˓Ɔ+��(1S,3S,6S,8R,9R)-(+)-Methoxy Clavigerin C 

(7) GĂȖ@�ĊƆ�C�,/Ɔí�$ (Entry 7)	 

 

(1S,3S,6S,8R,9R)-(–)-
Methoxy Clavigerin B (5)

O
OMe

O
Table 11

O
OMe

O

(1S,3S,6S,8R,9R)-(+)-
Methoxy Clavigerin C (7)

O
OMe

O

O
OMe

O

Entry Conditions

MeCu, DIBAL, HMPA, THF, –40 ºC -

1

Co(acac)2, DIBAL, THF, –78 ºC to rt -

Red-Al®, CuBr, THF, –78 ºC -

H2, Rh/Al2O3, EtOAc, rt 90%

2

3

4

7

5

Raney-Ni (W-2), EtOH, rt  39 %

NaBH4, NiCl2⋅6H2O, MeOH, –10 ºC 91%

Catechol borane, THF, rt -

6

7

170 171

50%

-

-

-

-

-

- -

-

-

-

-

- -

+ +

* *

* Calculated by 1H NMR

170 171

Table 11

Table 11. (1S,3S,6S,8R,9R)-(+)-Methoxy Clavigerin (7) の合成
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3-4-3. (+)-Clavigerin C (4)1�ƬĊƆ  

� ɨ�* Clavigerin C (4)1ĊƆ=ʌ'$	Methoxy Clavigerin B (5)�A Clavigerin B (3) 61

ıƠ,ċǘ/ (1S,3S,6S,8R,9R)-(+)-Methoxy Clavigerin C (7)/ŋ�*��e�Ī1˶þGʌ

�I�isk 172,�Sj�� 1731ǹĊȒGŴ$Ų�ƽŲ/I_e�òGʌ��(1S,3S–

6S,8R,9R)-(+)-Clavigerin C (4) 1�ƬĊƆ/Ɔí�$ (Scheme 41)	 

 

Scheme 41. (1S,3S,6S,8R,9R)-(+)-Clavigerin C (4) 1ĊƆ 

� «�1@�/ÌľÜê/@BŴAD$�˰´@B�1S,3S,6S,8R,9R1ɧŋɎ´˝ɮGƾ�

CĞɊ̍1 Clavigerin̍G 99% e.e.«�1˭È´˒éȖ+ĊƆ�C�,/Ɔí�$	 

 

 

 

 

 

 

 

 

 

 

O
OMe

O aq. HCl, THF

rt CHO
OH

O

Ac2O, TEA

DMAP, PhH, rt
76% (2 steps)

O
OH

O
+

O
OAc

O

172 173(1S,3S,6S,8R,9R)-(+)-
Methoxy Clavigerin C (7)

(1S,3S,6S,8R,9R)-(+)-
 Clavigerin C (4)
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3-4-4. 1R,3R,6R,8S,9S1ɧŋɎ´˝ɮGƾ�C Clavigerin̍1�ƬĊƆ  

� ɨ�* (1S,5R,6R)-160GȞ�*�Ë1ĊƆ,ċǘ1āźGʌ��1R,3R,6R,8S,9S1ɧŋɎ

´˝ɮGƾ�CĞɊ̍1 Clavigerin ̍GĊƆ�$	9$˭È´1ĊƆ/��*=�

(1R,3R,6R,8S,9S)-ent-5/*×ɤƼƤ¶Gʌ��"1˭È´˒éȖ� 99% e.e.«�/9+Č�

�$�,GR�� HPLC ǿŃ/@BȺʧ�*�C (Scheme 42)	«�/@BĞɊ̍1

Clavigerin̍/˱�*�˭È´1ĊƆG˓Ɔ�C�,�+�$	 

 

 Scheme 42. 1R,3R,6R,8S,9S1ɧŋɎ´˝ɮGƾ�C Clavigerin̍1�ƬĊƆ 

NO

OTBS I2, THF, H2O

rt, 83%
O

O

I

Zn, AcOH

MeOH, rt, 93%
CO2H

CrO3
3,5-dimethylpyrazole

DCM, 0 ºC, 73%
CO2TMSE

O

NaBH4
CeCl3⋅7H2O

MeOH, 0 ºC
86%

CO2TMSE
OH

TBAF, THF, rt;

EDCI, TEA, DMAP
THF O

O

 DIBAL, DCM

–78 ºC

O
OMe

PPTS, MeOH

rt, 42% (3 steps)O
OH

PdCl2, Cu(OAc)2, O2

DMF, H2O, rt, 65% O
OMe

O  LHMDS, acetone

THF, –10 ºC
62% (brsm. quant.) O

OMe

OOH
MsCl, TEA, DMAP

PhH, 50 ºC;

DBU, PhH
70 ºC, 88%;

recryst., 70%

O
OMe

O

CO2TMSE

1) EDCI,                          
    DMAP, DCM, rt, 86%

2) LDA, allyl bromide
    THF, –40 ºC, 94%

HO
TMS

1) aq.  HCl, THF
    0 ºC to rt

2) Ac2O, TEA, DMAP
    PhH, rt
    74% (2 steps)

O
OAc

O

O
OMe

O

NaBH4
NiCl2⋅6H2O

MeOH, –10 ºC
99%

O
OMe

O

O
OAc

O1) aq.  HCl, THF
    0 ºC to rt

2) Ac2O, TEA
    DMAP
    PhH, rt
    82% (2 steps)

O
IO

ent-166
7 : 1

ent-165

+

ent-48

ent-97 ent-122

ent-126 ent-127 ent-128

ent-123 ent-124 ent-130

(1R,3R,6R,8S,9S)-(+)-
Methoxy Clavigerin B (ent-5)

>99% e.e.
(1R,3R,6R,8S,9S)-(–)-

Clavigerin B (ent-3)
(1S,4S,6R,7S,8S)-(+)-

Methoxy Clavigerin B (ent-5)

(1R,3R,6R,8S,9S)-(–)-
Methoxy Clavigerin C (ent-7)

(1R,3R,6R,8S,9S)-(–)-
Clavigerin C (ent-4)

(1S,5R,6R)-160
96% d.e.
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3-4-5. ĵȋȒ1ɧŋɎ´˝ɮ1ǮŃ  

� �ˏ1 Clavigerin̍1�˭È´1ĊƆGŀ��$1+�ĵȋȒ1ɧŋɎ´˝ɮ1ǮŃG

ȮȪ/ƫȕÂ,1ǧƱÌŧ1ǧˀGʌ'$ (Table 12)	9 2¥śȒ+
CMethoxy 

Clavigerin B (5) 1ǧˀGʌ'$	"1ɤǊ� (1S,3S,6S,8R,9R)-´1ǧƱÌŧ�ƫȕÂ,ɑ

ć��ɺ�$$<�"1ɧŋɎ´˝ɮ2 1S,3S,6S,8R,9R+
C,ǮŃ�$	�ư�ĵȋȒ

+
C Clavigerin B (3) 1ǧƱÌŧ2Ĭď�D*�.�$<�"1ǧˀ�AɧŋɎ´˝ɮG

ǮŃ�C�,2�ąɵ+
C	����ǃòĊȒ�AȜ�$¥śȒ�Methoxy Clavigerin B 

(5)+
C�,�ʣƶ�D*�C1+�"1ɧŋɎ´˝ɮ2ċǘ1 1S,3S,6S,8R,9R+
C,

ǮŃ�C�,�+�C	ǝ/Methoxy Clavigerin C (7) �@5 Clavigerin C (4) 1ǧˀGʌ'

$,�E��òĊȒ,=/ (1S,3S,6S,8R,9R)-´1ǧƱÌŧ�ƫȕÂ,ɾ��ɺGȾ�$	

ƨ/"DA1ɧŋɎ´˝ɮ2 1S,3S,6S,8R,9R+
C,ǮŃ�$	 

 

Table 12. Clavigerin̍1ǧƱÌŧ1ǧˀ,ɧŋɎ´˝ɮ1ǮŃ 

[α]D22 –7.9 (C 0.33, CHCl3)

Compound Lit.

-

Methoxy Clavigerin B (5)

[α]D +6 (C 0.3, CHCl3)

[α]D +15 (C 0.1, CHCl3)

[α]D –16 (C 0.2, CHCl3)

Clavigerin B (3)

Methoxy Clavigerin C (7)

Clavigerin C (4)

Natural-form (1S,3S,6S,8R,9R) Ent-form (1R,3R,6R,8S,9S)

[α]D24 –11.4 (C 1.00, CHCl3) [α]D24 +11.2 (C 0.20, CHCl3)

[α]D22 –6.9 (C 0.39, CHCl3)[α]D26 +8.7 (C 0.54, CHCl3)

[α]D22 +7.9 (C 0.95, CHCl3)

[α]D22 +16.1 (C 0.45, CHCl3) [α]D22 –15.1 (C 0.50, CHCl3)

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

Natural-form

Ent-form

(1R,3R,6R,8S,9S)-(–)-
Clavigerin B (ent-3)

(1R,3R,6R,8S,9S)-(+)-
Methoxy Clavigerin B (ent-5)

(1R,3R,6R,8S,9S)-(–)-
Methoxy Clavigerin C (ent-7)

(1R,3R,6R,8S,9S)-(–)-
Clavigerin C (ent-4)

(1S,3S,6S,8R,9R)-(–)-
Methoxy Clavigerin B (5)

(1S,3S,6S,8R,9R)-(+)-
Clavigerin B (3)

(1S,3S,6S,8R,9R)-(+)-
Methoxy Clavigerin C (7)

(1S,3S,6S,8R,9R)-(+)-
 Clavigerin C (4)

Table 12
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3-5. ŐƑ  

� «�ˈ7*�$ɒ�ɏGɪƑ�C	9 �ɒ ɏ+ȺɎ�$t[S�[3.1.1]yxh�̙

ǐ1ƯʙǗɖǱ��ƬĊƆ/˔Ȟąɵ�-��GȺ�<C$<�ˣǫɟǙʱ´GȞ�$Ǖ

ʣń̗Gʌ'$	"1ɤǊ�ǃǗɖǱ+2̌ʄ.˭È´˒éȖ1³��ːʌ�C�,�Ⱦ

ė�D$ (Scheme 43)	 

 

� "�+t[S�[3.1.1]yxh�̙ǐGǗɖ�$Ų1ĊƆ�˰´1ÌľÜêGʌ��

Clavigerin̍1�˭È´GĊƆ�C�,,�$	"1ɤǊ�L-x��o��G�ƬʓïĪ,

�*Ȟ�$\I]h�O��Ǳ/@CÌľÜêǱGʘÛ�$	ŴAD$�\I]h�O�

�@B¥śȒGč;ĞɊ̍1 Clavigerin ̍1�˭È´1�ƬĊƆG˓Ɔ�C,,=/�ǁ

ǮŃ+
'$ɧŋɎ´˝ɮ1ǮŃ/Ɔí�$ (Scheme 44)	 

 

O

OP(O)(OEt)2

D Na2CO3, o-DCB

160 ºC
CO2H

D

HO2C

D

1.7 : 1

+O

O

49 174 135 141

Scheme 43. 重水素標識体を用いた検証結果

Scheme 44. Clavigerin 類の両鏡像体の不斉合成と絶対立体配置の決定

CO2H
NO

OTBS

NO

OTBS

159 (36%) 160 (36%)
99% d.e. 96% d.e.

+

L-Prolinol, EDCI, TEA
DMAP, DCM, rt;

TBSCl, TEA, DMAP
DCM, rt

159

160

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

Natural-form

Ent-form

(1R,3R,6R,8S,9S)-(–)-
Clavigerin B (ent-3)

(1R,3R,6R,8S,9S)-(+)-
Methoxy Clavigerin B (ent-5)

(1R,3R,6R,8S,9S)-(–)-
Methoxy Clavigerin C (ent-7)

(1R,3R,6R,8S,9S)-(–)-
Clavigerin C (ent-4)

(1S,3S,6S,8R,9R)-(–)-
Methoxy Clavigerin B (5)

(1S,3S,6S,8R,9R)-(+)-
Clavigerin B (3)

(1S,3S,6S,8R,9R)-(+)-
Methoxy Clavigerin C (7)

(1S,3S,6S,8R,9R)-(+)-
 Clavigerin C (4)

rac-48
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ɪƑ  

� «�ǃȸɌGɪƑ�C	ɓɳ2Ŧʭ/*ˈ7$@�/�ȓŷȪ.ȜȒǳŽ,ʕ˼.̚ǝ

ǗˎGƾ�CĵȋȒ1ĊƆGˌ�*�˄ľÜˤGĺ<,�Cʮ̉Ĩ1ȩŕ/ʴȕ�$�,

ɲ�$	"�+�Ư$.˄ʇ1[�^,�*̛ìȪ.ƴʉơ̎˳ņǳŽ,�ĊƆƉǱ�˴

AD$[S�wc�,ʕ˼.ĳțŽǗˎG·!=( Clavigerin ̍/ȳȮ�ĊƆȸɌGʌ'

$	 

 9 ɒ�ɏ/��* Clavigerin̍.-1z�Q�c�_]Rh�{�1Ǘˎ/ȓŷȪ.t

[S�[3.1.1]yxh�̙ǐ2ńȞȪ.ǗɖǱ�˴AD*�C�,Gˈ7$	 

� ɒ ɏ+2t[S�[3.1.1]yxh�̙ǐ1 Ireland Claisenʿ²āźGȞ�$ƯʙǗɖǱ1

˯ȩ,�"DGáȞ�$ Clavigerin̍1�_�´ÎĊƆȸɌGʌ'$	Ireland Claisenʿ²

āź/(�*Ɋ
Ǖʠ�$ɤǊ��Sj� 49GNo��|]vM�j 76,�$Ų�160 ºC

1îȏǅ­/©�,�ƿ;ʿ²āź�ĂȖ@�ːʌ�C�,GʘÛ�$	ǃĪʸ1ĭĊ2

"1ŋɇŽ1$<˭È´˒éȖ³�1Ě̋�
C=11�́ŋɇ.Īʸ1ĭĊ/2[S�

wc�1ǌǚǗˎGƾ�CòĊȒ61Ư$.ĊƆIx��eGƟº+�$,ɲ�*�C 

(Scheme 45)	 

 

Scheme 45. Ireland Claisenʿ²āź/@Ct[S�[3.1.1]yxh�̙ǐ1Ǘɖ 

� ŴAD$ʿ²´ 48@B�I�R�ò/@CI��Ī1ŏÍ���k�Sj�òāź�I

�e SN2’āź�ˠòȪʿ²āź.-1 14śɉ1ıƠāźGɣ*Methoxy Clavigerin B (5)�

�@5 Clavigerin B (3)1�_�´ÎĊƆG˓Ɔ�$	Methoxy Clavigerin B (5)1ĊƆ2�Ʋ

ȵòĊȒ 49�A 17śɉ�ɪĂȖ 0.5%+
'$ (Scheme 46)	 

O

O

LHMDS, ClP(O)(OEt)2

HMPA, THF
–78 ºC to rt

49

CO2H

O

OP(O)(OEt)2

1) Na2CO3, o-DCB
    160 ºC

2) LiOH, THF, H2O
    rt, 63% (3 steps)

Ireland Claisen
rearrangement

76
48
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Scheme 46. Methoxy Clavigerin B�Clavigerin B1�_�´ĊƆɣʽ 

� 9$�Ë1ĊƆɣʽ+2�țŽ̙ǐ1Ǘɖ/ĳǤ˸Gʗ�Cȉ�Æˬ1No�1Ǘɖ�

³ĂȖ+
Cȉ1 (1Ě̋ȉ�
'$1+�ĊƆɣʽ1ƥɾGʌ'$	"1ɤǊ�²ɮ

˗ƍȪ.I��²ˠò�Wackerˠò�I_j�,1I�k��ɬĊGƯ$/ƛȞ�C�,

+�Methoxy Clavigerin B (5)1ĊƆGË1ĊƆɣʽ�AɪśɉƪG 4(åǻ��ɪĂȖG

0.5%�A 3.5%/9+Ĵ��ƥě�C�,/Ɔí�$ (Scheme 47)	 

 

Scheme 47. Clavigerin̍1ƥɾĊƆɣʽ 

OH
O

O

111

48 97 103

46

CO2TMSECO2H

O
OMe

O

O
OAc

O

Alkylation

Br
OH

, Grubbs 2nd

Cross metathesis CO2TMSE

OH

Iodolactonization

I2

CO2Me

OH

OH

NaOH

SN2' reaction

PDC

1,3-oxidative
rearrangement

(±)-Clavigerin B (3)(±)-Methoxy Clavigerin B (5)

17 steps 0.5%
from known lactone 49

OH

O
OMe

116

122 123

O
OMe

O

O
OMe

OPdCl2,  O2

Wacker oxidation

O

LHMDS,

Aldol condensation

124 (±)-Methoxy Clavigerin B (5)

O
OMeCO2TMSE CO2TMSE

O
Resioselective
allylic oxidation

CrO3
3,5-dimethylpyrazole

 Previous Route : 17 steps 0.5%
  Revised Route : 13 steps 3.5%

97
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� ɒ�ɏ+2 Clavigerin ̍1ÌľǳŽ´1ĊƆȸɌGʌ'$	"1ɤǊ��_�´1P�

}�ˠ 48 /ŋ�C L-x��o��G�ƬʓïĪ,�*Ȟ�$\I]h�O��Ǳ/@C

ÌľÜêǱGʘÛ�$	ŴAD$�\I]h�O��@B¥śȒGč;ĞɊ̍1 Clavigerin

̍1�˭È´1�ƬĊƆG˓Ɔ�C,,=/�ǁǮŃ+
'$ɧŋɎ´˝ɮ1ǮŃ/Ɔí

�$ (Scheme 48)	 

 

Scheme 48. Clavigerin̍1�˭È´1�ƬĊƆ,ɧŋɎ´˝ɮ1ǮŃ 

�  

� «�1@�/ǃȸɌGˌ�*�ʕ˼.ĳțŽ̙ǐ1Ư$.ǗɖǱG˯ȩ��"DGȞ�

*�ˏ1òĊȒGĊƆ+�$�,2ľʍȪ/Ɓɱ�Ǹ�,ɲ�*�C	¦ŲǃȸɌGĪ/

�$ Clavigerin̍1ǗˎǳŽȰ˱ȸɌ�ːŕ��"1¶ȞǛǗ�ƶA�/.D3Ưʙ˄ʇ

ëÛ61ʻ��B/.CąɵŽ�
C	9$�ǃȸɌ+ŴAD$ĊƆòľȪȵʘ�¨1ĵ

ȋȒ1ĊƆ/źȞ�D�¦Ų1ƾǛĊƆòľ�4�*2ȜĒɆľÜˤ1ȩŕ/ő�+=ʴ

ȕ+�D3ţ�+
C	 

 

CO2H
NO

OTBS

NO

OTBS

159 (36%) 160 (36%)
99% d.e. 96% d.e.

+

L-Prolinol, EDCI, TEA
DMAP, DCM, rt;

TBSCl, TEA, DMAP
DCM, rt

159

160

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

O
OMe

O

O
OAc

O

Natural-form

Ent-form

(1R,3R,6R,8S,9S)-(–)-
Clavigerin B (ent-3)

(1R,3R,6R,8S,9S)-(+)-
Methoxy Clavigerin B (ent-5)

(1R,3R,6R,8S,9S)-(–)-
Methoxy Clavigerin C (ent-7)

(1R,3R,6R,8S,9S)-(–)-
Clavigerin C (ent-4)

(1S,3S,6S,8R,9R)-(–)-
Methoxy Clavigerin B (5)

(1S,3S,6S,8R,9R)-(+)-
Clavigerin B (3)

(1S,3S,6S,8R,9R)-(+)-
Methoxy Clavigerin C (7)

(1S,3S,6S,8R,9R)-(+)-
 Clavigerin C (4)

rac-48
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ń̗̆  

 

�1H-NMR]{Sj�2ǣĽ́ˣǫɟòȂĻ (CHCl3: 7.26 ppm) GÕ˜Ǚȁ,��JEOL JNM � �  

� ECS-400 (400 MHz) GȞ�*ǿŃ�$	 

 

�13C-NMR]{Sj�2�ȂĻu�S(CDCl3: 77.0 ppm) GÕ˜Ǚȁ,��JEOL JNM ECS-400  

� (100 MHz) GȞ�*ǿŃ�$	 

 

�ʹĲÜÌ]{Sj�2 Jasco FT/IR-4200 GȞ�*ǿŃ�$	 

 

�̚ÜʜɵESI�]]{Sj�2 JEOL JMS-T100LC GȞ�*ǿŃ�$	 

 

�ǧƱÌŧ2 Jasco P-2100 GȞ�*ǿŃ�$	 

 

�̚ˍǶ´S��jT�vJ�2 HITACHI L-2130 ħ~�xGȞ� HITACHI L-2400 ħ�  

� UVǕÛĝ/@BǕÛGʌ'$	 

 

�[�PV�P��S��jT�vJ�2˱Ǉòľɀʔ[�PV� 60N (ȘȔ��Ž)  

� 63~210 mmGȞ�*ʌ'$	 

 

�I�o[�PV�P��S��jT�vJ�2ŉİ[�[Iòľɀʔ[�PV�  � �   

� NH-DM1020 GȞ�*ʌ'$	 

 

��ʋȉ2Ǉ¢Ǜĝʔ¶ƈʔ� Yanaco Mp-S3+ǿŃ�$	.��Î*1ʋȉ2ʓǟ�D*� 

.� 
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(1S*,5R*,6R*)-2-methylbicyclo[3.1.1]hept-2-en-6-carboxylic acid (rac-48) 

 

� I�X�˿ĢǪ�, –78 ºC/Øú�$�Sj� 49 (4.20 g, 27.6 mmol) 1 THFȂǶ (100 

mL) /ŋ�*�LHMDS1 1.0 M THFȂǶ (41.4 mL, 41.4 mmol) GȄ��$	30ÜƢƐ�

$Ų�HMPA (9.60 mL, 55.2 mmol)�S����ˠ\Ne� (5.99 mL, 41.4 mmol) ĠǝȄ

��$Ų�1ƹ˰��*ŅǾ9+ƵǾ�$	āźɡ�Ų�2.5 M ǫˠòlj�L�ǫȂǶG

î��\Ne�N�h�+ 3 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵ��ȹˠl

j�L�+�Ȑ�!$Ų�ǻĥȆɬ�$	ŴAD$ǣǽGȶ�[�PV�rfk (yRY

�/˟ˠNe�/j�Ne�I�� = 50:50:1) /ˌ�*�No��|]vM�j 76G̝ɿǰ

ȔȒʸ,�*Ŵ$	ǃòĊȒ2�D«�1əʔGʌF /ǝ1āź/Ȟ�$	 

� I�X�˿ĢǪ�̡No��|]vM�j 76 1O�j\S��z�`�ȂǶ (100 mL)

/ŋ�*Ȉˠlj�L� (6.96 g, 82.8 mmol) Gî�$Ų�160 ºC9+îȏ� 45Ü˰ƢƐ�

$	ƧØŲ�1N ĮˠGî�\Ne�N�h�+ 2ğƏÛ�$	ĊF!$ƾǛŗGȹˠlj

�L�+�Ȑ�!$ŲǻĥȆɬ�� ˥´ 79 , 80 1 1:11ǧȖ1ǹĊȒG̝ɿ1Ƕ´,

�*Ŵ$	ŴAD$ǹĊȒ2�D«�1əʔGʌF /ǝ1āź/Ȟ�$	 

� ŴAD$ǹĊȒG THF (30.0 mL)�H2O (50.0 mL) /Ȃʜ�!�ǫˠò�eL��ǫēȒ 

(13.5 g, 483 mmol) Gî�$Ų�ŅǾ+ 36ƹ˰ƢƐ�$	āźɡ�Ų�\Ne�N�h�

+ǫŗGǲǵ�$Ų�1N ĮˠGî�*ǫŗG�ē��\Ne�N�h�+ 3ğƏÛ�$	

ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵ��ȹˠlj�L�+�ȐŲǻĥȆɬ�$	ŴAD$

ǣǽG[�PV�P��S��jT�vJ� (yRY�/˟ˠNe� = 4:1) /@Bəʔ��

P�}�ˠ rac-48 (2.63 g, 17.3 mmol, 63% in 3 steps) GǷ̝ɿ1Ĥ´,�*Ŵ$	 

m.p. = 78.9 ~81.2 ºC; 1H NMR (400 MHz, CDCl3): δ 5.20 (1H, br m), 3.11 (1H, t, J = 5.5 Hz), 2.90 

(1H, m), 2.62 (1H, dq, J = 1.5, 5.5 Hz), 2.55 (1H, m), 2.25 (1H, m), 2.02 (1H, dt, J = 8.5, 5.5 Hz), 

CO2H
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1.73 (3H, s), 1.30 (1H, d, J = 8.5 Hz); 13C-NMR (100 MHz, CDCl3): δ 178.31, 143.47, 115.71, 

43.98, 40.67, 36.02, 31.10, 29.81, 22.62; IR (KBr) υmax: 2961, 1698, 1419, 1261; ESI-HRMS m/z 

calcd for C9H12NaO2 [M+Na]+ 175.0730, found 175.0779. 

 

[(S)-2-[(tert-butyldimethylsilyloxy)methyl]pyrrolidin-1-yl][(1R,5S,6S)-2-methylbicyclo[3.1.1]hept-

2-en-6-yl]methanone (159) 

 

[(S)-2-[(tert-butyldimethylsilyloxy)methyl]pyrrolidin-1-yl][(1S,5R,6R)-2-methylbicyclo[3.1.1]hept-

2-en-6-yl]methanone (160) 

 

� I�X�˿ĢǪ��P�}�ˠ rac-48 (10.7 g, 70.6 mmol), L-x��o�� (9.29 g, 91.8 

mmol) 1\S���c�ȂǶ (350 mL) /ŋ�*�j�Ne�I�� (24.6 mL, 177 mmol)�

DMAP (100 mg, 820 μmol)�EDCI (17.6 g, 91.8 mmol) Ġǝî�$Ų�ŅǾ+ 18ƹ˰ƢƐ

�$	ǫGî�*āźGÄǞ�!$Ų�ǫŗG\S���c�+ 2ğƏÛ�$	ĊF!$

ƾǛŗGȹˠlj�L�+�Ȑ�!$Ų�ǻĥȆɬ�I�k 158G 1:11\I]h�O�

�ǹĊȒ,�*Ŵ$	ŴAD$ǹĊȒ2�D«�1əʔGʌF /ǝ1āź/Ȟ�$	 

� I�X�˿ĢǪ��I�k 1581\S���c�ȂǶ (200 mL) /ŋ�*�j�Ne�

I�� (19.7 mL, 141 mmol)�DMAP (100 mg, 820 μmol)�TBSCl (16.0 g, 106 mmol) Ġǝî

�$Ų�ŅǾ+ 17ƹ˰ƢƐ�$	ǫGî�*āźGÄǞ�!$Ų�ǫŗG\S���c�

+ 2ğƏÛ�$	ĊF!$ƾǛŗGȹˠlj�L�+�Ȑ�!$ŲǻĥȆɬ��ŴAD$

NO

OTBS

NO

OTBS
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ǣǽG[�PV�P��S��jT�vJ� (yRY�/˟ˠNe� = 12:1�A 3:1 ) + 4

ğəʔ��I�k159 (8.79 g, 25.2 mmol, 36% in 2 steps) ,I�k160 (8.80 g, 25.2 mmol, 36% 

in 2 steps) G"D#DŶ˥1\I]h�O��1ǹĊȒ,�*Ŵ$	.� 1H NMR1ɋÜ

Â@BI�k 1592 99% d.e., I�k 1602 96% d.e.+
C,ǮŃ�$	 

 

159: [α]D
29 –68.2 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3):�5.17 (1H, br m), 4.15 (1H, m), 

3.69 (1H, dd, J = 10, 3.2 Hz), 3.56 (1H, dd, J = 10, 6.0 Hz), 3.44-3.31 (2H, m), 2.93 (1H, t, J = 5.6 

Hz), 2.91 (1H, m), 2.62 (1H, q, J = 5.6 Hz), 2.57 (1H, m), 2.21 (1H, m), 2.08-1.88 (3H, m), 

1.87-1.77 (2H, m), 1.77 (3H, s), 1.28 (1H, d, J = 8.0 Hz), 0.87 (9H, s), 0.02 (3H, s), 0.01 (3H, s); 

13C NMR (100 MHz, CDCl3): δ 171.09, 142.36, 115.58, 62.95, 58.04, 46.57, 45.70, 41.20, 36.76, 

31.52, 29.96, 26.58, 25.89, 24.59, 22.80, 18.19, –5.43; IR (film) υmax: 2954, 2858, 1638, 1415, 1254, 

1103, 777; ESI-HRMS m/z calcd for C20H35NNaO2Si [M+Na]+ 372.2329, found 372.2352. 

 

160: [α]D
29 –54.9 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.14 (1H, br m), 4.15 (1H, m), 

3.70 (dd, J = 9.6, 4.8 Hz), 3.61 (1H, dd, J = 9.6, 2.8 Hz), 3.45-3.28 (2H, m), 2.96 (1H, t, J = 5.6 Hz), 

2.91 (1H, m), 2.63 (1H, q, J = 5.6 Hz), 2.54 (1H, m), 2.20 (1H, m), 2.06-1.91 (3H, m), 1.87-1.79 

(2H, m), 1.77 (3H, s), 1.28 (1H, d, J = 7.6 Hz), 0.87 (9H, s), 0.02 (3H, s), 0.01 (3H, s); 13C NMR 

(100 MHz, CDCl3): δ 170.10, 143.00, 115.12, 63.18, 58.07, 46.59, 45.98, 40.90, 37.06, 31.39, 

29.75, 26.51, 25.87, 24.76, 22.82, 18.15, –5.50; IR (film) υmax: 2955, 2858, 1634, 1418, 1255, 1103, 

910, 776; ESI-HRMS m/z calcd for C20H35NNaO2Si [M+Na]+ 372.2329, found 372.2372. 
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 (1R,5S,6S)-2-methylbicyclo[3.1.1]hept-2-ene-6-carboxylic acid (48) 

 

� I�k 159 (37.8 mg, 108 μmol) G THF (1.0 mL)�H2O (1.0 mL) /Ȃʜ�!��Lɟ (137 

mg, 541 μmol) Gî�$Ų�50 �C+ 24ƹ˰ƢƐ�$	āźɡ�Ų�̑ēeOȹˠlj�

L�ǫȂǶGî��˟ˠNe�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ēȈˠǫɟlj�L

�ǫȂǶ�̑ē̎Įǫ+"D#DǲǵŲ�ȹˠlj�L�+�Ȑ�!$	ǻĥȆɬŲ�Ŵ

AD$ǣǽG[�PV�P��S��jT�vJ� (yRY�/˟ˠNe� = 2 : 1 ) +ə

ʔ���Sj� 165 ,�Sj� 1661 33:11ǧȖ1ǹĊȒ (27.7 mg, 99.6 μmol, 92%) GǷ

̝ɿ1Ĥ´,�*Ŵ$	ŴAD$ǹĊȒ2�D«�1əʔGʌF /ǝ1āź/Ȟ�$	 

� �Sj� 165, 1661ǹĊȒ (287 mg, 1.03 mmol) G�co�� (10 mL)�˟ ˠ (1.0 mL) 

/Ȃʜ�!�¢˧ (202 mg, 3.09 mmol) Gî�$Ų�50 ºC/9+ƵǾ� 1ƹ˰ƢƐ�$	

ƧØŲ�¢˧G_�KjE˒/@B˶þ�ǻĥȆɬ�$Ų�ŴAD$ǣǽG[�PV�P

��S��jT�vJ� (yRY�/˟ˠNe� = 6 : 1�A 4 : 1 ) +əʔ��P�}�ˠ

(1R,5S,6S)-48 (151 mg, 0.992 mmol, 96̞) GȊɿ1Ĥ´,�*Ŵ$	 

m.p. 76.6~77.7 ºC; [α]D
22 –10.2 (c = 1.00, CHCl3); ESI-HRMS m/z calcd for C9H12NaO2 [M+Na]+ 

175.0730 , found 175.0733. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 rac-48,�ɺ�$	 

 

 

 

 

 

 

CO2H
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 (1S,5R,6R)-2-methylbicyclo[3.1.1]hept-2-ene-6-carboxylic acid (ent-48) 

 

� I�k 160 (11.1 mg, 31.8 μmol) G THF (0.7 mL)�H2O (0.3 mL) /Ȃʜ�!��Lɟ (12.1 

mg, 46.2 μmol) Gî�$Ų�ŅǾ+ 71ƹ˰ƢƐ�$	āźɡ�Ų�̑ēeOȹˠlj�L

�ǫȂǶGî�$Ų�\Ne�N�h�+ 1 ğƏÛ�$	ŴAD$ƾǛŗG̑ēȈˠlj

�L�ǫȂǶ�̑ ē̎Įǫ+"D#DǲǵŲ�ȹˠlj�L�+�Ȑ�!$	ǻĥȆɬŲ�

ŴAD$ǣǽG[�PV�P��S��jT�vJ� (yRY�/˟ˠNe� = 10 : 1 �

A 4 : 1) +əʔ���Sj� 165, 1661 7:11ǧȖ1ǹĊȒ (7.3 mg, 26.3 μmol, 83%) G

Ƿ̝ɿ1Ĥ´,�*Ŵ$	ŴAD$ǹĊȒ2�D«�1əʔGʌF /ǝ1āź/Ȟ�$	 

� �Sj� 165, 1661ǹĊȒ (5.22 g, 18.8 mmol) G�co�� (188 mL)�˟ ˠ (3.0 mL) 

/Ȃʜ�!�¢˧ (3.68 g, 56.3 mmol) Gî�$Ų�50 ºC/9+ƵǾ� 1ƹ˰ƢƐ�$	Ƨ

ØŲ�¢˧G_�KjE˒/@B˶þ�ǻĥȆɬ�$Ų�ŴAD$ǣǽG[�PV�P�

�S��jT�vJ� (yRY�/˟ˠNe� = 5 : 1�A 3 : 1 ) +əʔ��P�}�ˠ

(1S,5R,6R)- ent-48 (2.66 g, 17.5 mmol, 93̞) GȊɿ1Ĥ´,�*Ŵ$	 

m.p. 77.8 ~78.7 ºC; [α]D
28 +11.8 (c = 1.00, CHCl3); ESI-HRMS m/z calcd for C9H12NaO2 [M+Na]+ 

175.0730, found 175.0745. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 rac-48�(1R,5S,6S)-48,

�ɺ�$	 

 

 

 

 

 

CO2H
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2-(trimethylsilyl)ethyl (1R,5S,6S)-2-methylbicyclo[3.1.1]hept-2-ene-6-carboxylate (94) 

 
� I�X�˿ĢǪ��P�}�ˠ (1R,5S,6S)-48 (2.00 g, 13.2 mmol) 1\S���c�ȂǶ 

(150 mL) /ŋ�*�DMAP (2.41 g, 19.7 mmol)�2-(j��e�[��)Nco�� (3.75 mL, 

26.3 mmol)�EDCI (3.78 g, 19.7 mmol) Ġǝî�$Ų�ŅǾ+ 66ƹ˰ƢƐ�$	ǫGî�

*āźGÄǞ�!$Ų�ǫŗG\S���c�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎

Įǫ+ǲǵ�$Ų�ȹˠlj�L�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV

�P��S��jT�vJ� (yRY�/˟ˠNe� = 40 : 1) +əʔ��N]h�

(1R,5S,6S)-94 (3.08 g, 12.2 mmol, 93%) G̝ɿ1Ƕ´,�*Ŵ$	 

[α]D
25 –12.5 (c = 1.00, CHCl3); 1H NMR (400 MHz): δ 5.16 (1H, br m), 4.19-3.98 (2H, m), 3.00 

(1H, t, J = 5.6 Hz), 2.87 (1H, m), 2.57 (1H, dq, J = 1.2, 5.6 Hz), 2.51 (1H, m), 2.22 (1H, m), 1.98 

(1H, dt, J = 8.0, 5.6 Hz), 1.72 (3H, d, J = 1.2 Hz), 1.28 (1H, d, J = 8.0 Hz), 0.97-0.91 (2H, m), 0.03 

(9H, s); 13C NMR (100 MHz, CDCl3): δ 172.54, 143.49, 115.50, 61.82, 44.12, 40.66, 36.14, 31.07, 

29.84, 22.80, 17.36, –1.52; IR (film) υmax: 2955, 2911, 1732, 1334, 1308, 1251, 1221, 861, 838; 

ESI-HRMS m/z calcd for C14H24NaO2Si [M+Na]+ 275.1438, found 275.1399. 
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2-(trimethylsilyl)ethyl (1S,5R,6R)-2-methylbicyclo[3.1.1]hept-2-ene-6-carboxylate (ent-94) 

 
� (1R,5S,6S)-94 1ĊƆ,ċǘ1ƉǱGȞ��P�}�ˠ (1S,5R,6R)-ent-48 (2.63 g, 17.3 

mmol) �AN]h� (1S,5R,6R)-ent-94 (4.18 g, 14.8 mmol, 86%) G̝ɿ1Ƕ´,�*Ŵ$	 

[α]D
29 +13.5 (c = 1.00, CHCl3); ESI-HRMS m/z calcd for C14H24NaO2Si [M+Na]+ 275.1438, found 

275.1399. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2(1R,5S,6S)-94,�ɺ�$	 

 

 

 

2-(trimethylsilyl)ethyl (1S,5S,6S)-6-allyl-2-methylbicyclo[3.1.1]hept-2-ene-6-carboxylate (97) 

 
� I�X�˿ĢǪ��–78 ºC/Øú�$\Kax�u�I�� (510 μL, 3.64 mmol)1 THF

ȂǶ (6.0 mL) / nBuLi1 2.66 M yRY�ȂǶ (1.37 mL, 3.64 mmol) Gî�$Ų�0 ºC9

+ƵǾ� 30Ü˰ƢƐ�C�,+ LDAGʬʔ�$	"1Ų –78 ºC9+Øú��N]h� 

(1R,5S,6S)-94 (262 mg, 1.04 mmol) 1 THFȂǶ (5.0 mL) Gî�$Ų�–40 �C9+ƵǾ� 15

Ü˰ƢƐ�$	ɨ�*ċǾŧ/*ɸòI�� (310 μL, 3.64 mmol) G?'�Bî�$Ų�Ņ

Ǿ9+ƵǾ�$	"1Ų̑ēĮòI��mL�ǫȂǶGî�āźGÄǞ�!�\Ne�N

�h�+ 2ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠ�Tn[L�+�Ȑ

�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P��S��jT�vJ� (yRY�/\

Ne�N�h� = 50 : 1�A 30 : 1 ) +əʔ��I��´ (1S,5S,6S)-97 (286 mg, 0.979 mmol, 

94%) GǷ̝ɿ1Ƕ´,�*Ŵ$	 

O O
TMS
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[α]D
22 –3.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.79 (1H, m), 5.12 (1H, br m), 

5.08-5.02 (2H, m), 4.08-4.02 (2H, m), 2.63-2.54 (4H, m), 2.29-2.21 (3H, m), 1.71 (3H, d, J = 1.6 

Hz), 1.25 (1H, dt, J = 8.8, 2.4 Hz), 0.96-0.89 (2H, m), 0.03 (9H, s); 13C NMR (100 MHz, CDCl3): δ 

174.32, 146.28, 134.29, 116.90, 116.25, 61.65, 53.14, 43.13, 39.24, 39.04, 31.71, 29.18, 22.79, 

17.42, –1.52; IR (film) υmax: 2953, 1728, 1251, 1218, 860, 837; ESI-HRMS m/z calcd for 

C17H28NaO2Si [M+Na]+ 315.1751, found 315.1740. 

 

 

 

 

 

 

 

2-(trimethylsilyl)ethyl(1R,5R,6R)-6-allyl-2-methylbicyclo[3.1.1]hept-2-ene-6-carboxylate (ent-97) 

 
� (1S,5S,6S)-97,ċǘ/�*�N]h� (1S,5R,6R)-ent-94̟4.15 g, 16.5 mmol̠�AI��

´ (1R,5R,6R)-ent-97 (4.54 g, 15.6 mmol, 94%) G̝ɿ1Ƕ´,�*Ŵ$	 

[α]D
25 +3.4 (c = 1.0, CHCl3); ESI-HRMS m/z calcd for C17H28NaO2Si [M+Na]+ 315.1751, found 

315.1711. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,5S,6S)-97,�ɺ�$	 
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2-(trimethylsilyl)ethyl (1S,5S,6R)-6-allyl-2-methyl-4-oxobicyclo[3.1.1]hept-2-ene-6-carboxylate 

(122) 

 

� I�X�˿ĢǪ��–20 ºC9+Øú�$ˠòS�� (VI) (10.9 g, 109 mmol) 1\S��

�c�ȂǶ (50 mL) /ŋ�*�3,5-dimethylpyrazole (10.5 g, 109 mmol) Gî� 15Ü˰ƢƐ

�$	ɨ�*I��´ (1S,5S,6S)-97 (3.19 g, 10.9 mmol) 1\S���c�ȂǶ (59 mL) G

āźǶ/?'�Bî�$Ų�0 ºC9+ƵǾ� 3ƹ˰ƢƐ�$	āźɡ�ŲŅǾ9+ƵǾ��

2.5 Nǫˠòlj�L�ǫȂǶ (100 mL) Gî��A/ 3ƹ˰ƢƐ�$	"1ŲƾǛŗGÜ

˽��ǫŗG\Ne�N�h�+ 4ğƏÛ�$	ĊF!$ƾǛŗG 1NĮˠ�̑ē̎Įǫ+

ǲǵ�$Ų�ȹˠ�Tn[L�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P

��S��jT�vJ� (S��|��) +əʔ��No� (1S,5S,6R)-122 (2.42 g, 7.92 

mmol, 73%) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

[α]D
23 –123 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.75 (1H, m), 5.58 (1H, br m), 

5.15-5.10 (2H, m), 4.09-4.04 (2H, m), 3.04 (1H, t, J = 5.6 Hz), 2.76-2.67 (4H, m), 2.09 (1H, d, J = 

8.8 Hz), 2.07 (3H, s), 0.93-0.88 (2H, m), 0.01 (9H, s); 13C NMR (100 MHz, CDCl3): δ 200.14, 

173.37, 171.34, 132.32, 120.24, 118.43, 64.09, 62.98, 53.64, 45.95, 38.72, 38.20, 23.37, 17.36, –

1.60; IR (film) υmax: 2956, 1728, 1686, 1251, 1226, 918, 860, 838; ESI-HRMS m/z calcd for 

C17H26NaO3Si [M+Na]+ 329.1543, found 329.1569. 
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2-(trimethylsilyl)ethyl (1R,5R,6S)-6-allyl-2-methyl-4-oxobicyclo[3.1.1]hept-2-ene-6-carboxylate 

(ent-122) 

 
� (1S,5S,6R)-122,ċǘ/�*�I��´ (1R,5R,6R)-ent-97 (2.11 g, 7.24 mmol) �ANo�

(1R,5R,6S)-ent-122 (1.60 g, 5.23 mmol, 73%) G̝ɿ1Ƕ´,�*Ŵ$	 

[α]D
27 +110 (c = 1.00, CHCl3); ESI-HRMS m/z calcd for C17H26NaO3Si [M+Na]+ 329.1543 , found 

329.1572. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,5S,6R)-122,�ɺ�

$	 
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2-(trimethylsilyl)ethyl (1S,4S,5S,6R)-6-allyl-4-hydroxy-2-methylbicyclo[3.1.1]hept-2-ene-6-carbo 

xylate (126) 

 

� No� (1S,5S,6R)-122 (90.0 mg, 294 μmol) ,Įî_�L��ǫēȒ (120 mg, 323 μmol) 

G�co�� (3.0 mL) /Ȃʜ�!$Ų 0 ºC/Øú��ǫɟò|Lɟlj�L� (12.2 mg, 

323 μmol) Gî� 15Ü˰ƢƐ�$	̑ēĮòI��mL�ǫȂǶGî�*āźGÄǞ�!

$Ų�˟ˠNe�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠ�Tn[

L�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P��S��jT�vJ� (y

RY�/˟ˠNe� = 3 : 1 ) +əʔ��I�W�� (1S,4S,5S,6R)-126 (86.2 mg, 280 μmol, 

95%) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

[α]D
23 +18.0 (c = 1.50, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.78 (1H, m), 5.35 (1H, br m), 

5.11-5.05 (2H, m), 4.62 (1H, d, J = 11.6 Hz), 4.37 (1H, br m), 4.12-4.06 (2H, m), 2.77 (1H, m), 

2.69-2.57 (2H, m), 2.39 (1H, dt, J = 9.2, 5.3 Hz), 2.31 (1H, t, J = 5.3 Hz), 1.76 (3H, s), 1.38 (1H, d, 

J = 9.2 Hz), 0.97-0.92 (2H, m), 0.04 (9H, m); 13C NMR (100 MHz, CDCl3): δ 177.17, 146.43, 

133.55, 122.22, 117.66, 72.56, 63.10, 53.36, 46.18, 45.11, 39.19, 33.37, 22.34, 17.41, –1.57; IR 

(film) υmax: 3407, 2953, 2901, 1707, 1319, 1251, 1227, 1051, 860, 838; ESI-HRMS m/z calcd for 

C17H28NaO3Si [M+Na]+ 331.1700, found 331.1674. 
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2-(trimethylsilyl)ethyl (1R,4R,5R,6S)-6-allyl-4-hydroxy-2-methylbicyclo[3.1.1]hept-2-ene-6-carbo 

xylate (ent-126) 

 
� (1S,4S,5S,6R)-126,ċǘ/�*�No� (1R,5R,6S)-ent-122̟ 55.0 mg, 180 μmol̠�AI�

W�� (1R,4R,5R,6S)-ent-126 (47.6 mg, 153 μmol, 86%) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

[α]D
25 –16.3 (c = 1.00, CHCl3); ESI-HRMS m/z calcd for C17H28NaO3Si [M+Na]+ 331.1700 , found 

331.1662. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,4S,5S,6R)-126,�ɺ

�$	 

 

(1S,3S,6S,8R,9R)-9-allyl-8-methoxy-4-methyl-7-oxatricyclo[4.3.0.03,9]non-4-ene (123) 

 

� I�X�˿ĢǪ��0 ºC/9+Øú�$I�W�� (1S,4S,5S,6R)-126 (1.70 g, 5.53 mmol) 

1 THF ȂǶ (55 mL) /ŋ�*�vfòhj�-n-we�I��mL�1 1.0 M THF ȂǶ 

(11.1 mL, 11.1 mmol) Gî�$ŲŅǾ9+ƵǾ��3ƹ˰ƢƐ�$	"1Ų�āźǶ/j�

Ne�I�� (1.54 mL, 11.1 mmol)�DMAP (6.80 mg, 55.3 μmol)�EDCI (1.59 g, 8.29 mmol)

Ġǝî���A/ŅǾ+ 21ƹ˰ƢƐ�$	̑ ēȈˠǫɟlj�L�ǫȂǶGî�āźG

ÄǞ�!$Ų�\Ne�N�h�+ 3ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�

ȹˠlj�L�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽGȶ�I�o[�PV�rfk

(yRY�/˟ˠNe� = 2 :1) /ˌ�*�Sj� 127GɘȜƆȒ,�*Ŵ$	ŴAD$ɘȜ

ƆȒ2�D«�1əʔGʌF /ǝ1āź/Ȟ�$	 

� I�X�˿ĢǪ�–78 ºC9+Øú�$�Sj� 1271\S���c�ȂǶ (55 mL) /ŋ

O O
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�*ǫɟò\Kawe�I��mL�1 1.03 M\S���c�ȂǶ (6.45 mL, 6.64 mmol)

G?'�Bî�$Ų�30Ü˰ƢƐ�$	˟ˠNe� (2.00 mL, 253 mmol) Gî�āźGÄ

Ǟ�!$Ų�̑ ē˞ȷˠlj�L�ǫȂǶGî�ŅǾ9+ƵǾ���A/ 12ƹ˰ƢƐ�$	

ƾǛŗGÜ˽�ǫŗG\S���c�+ 2 ğƏÛ�$Ų�ĊF!$ƾǛŗGȹˠlj�L

�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P��S��jT�vJ� (y

RY�/\Ne�N�h� = 4 : 1�A 2 : 1 ) +əʔ��I�isk 128,�Sj�� 129

1ǹĊȒGȊɿ1ǰȔȒʸ,�*Ŵ$	9$�1ƹ��Sj� 167 ,�Sj� 127 1 3:2

1ǧȖ1ǹĊȒ (340 mg, 1.79 mmol, 32%) =ċƹ/Ŵ$	ŴAD$I�isk 128,�S

j�� 1291ǹĊȒ2�D«�1əʔ2ʌF /ǝ1āź/Ȟ�$	 

� I�isk 128,�Sj�� 1291ǹĊȒG�co�� (30 mL) /Ȃʜ�!�p-j�N

�]�|�ˠu�\mL� (30.5 mg, 121 μmol) Gî�$Ų�ŅǾ+ 1ƹ˰ƢƐ�$	̑ē

Ȉˠǫɟlj�L�ǫȂǶGî�*āźGÄǞ�!$Ų�\Ne�N�h�+ 3 ğƏÛ�

$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠ�Tn[L�+�Ȑ�!$	ǻĥȆɬŲ�

ŴAD$ǣǽG[�PV�P��S��jT�vJ� (yRY�/\Ne�N�h� = 12 : 

1�A 8 : 1 ) +əʔ���e�I_c�� (1S,3S,6S,8R,9R)-123 (398 mg, 1.93 mmol, 35% in 3 

steps) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

[α]D
24 –59 (c = 0.80, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.80 (1H, m), 5.43 (1H, br m), 

5.08-5.02 (2H, m), 4.76 (1H, t, J = 4.8 Hz), 4.48 (1H, s), 3.44 (3H, s), 2.64 (1H, dd, J = 14, 5.7 Hz), 

2.53 (1H, q, J = 4.8 Hz), 2.42 (1H, dt, J = 8.8, 4.8 Hz), 2.36 (1H, dd, J = 14, 8.4 Hz), 2.29 (1H, dt, J 

= 1.2, 4.8 Hz), 1.75 (3H, d, J = 1.2 Hz), 1.36 (1H, d, J = 8.8 Hz); 13C NMR (100 MHz, CDCl3): δ 

147.95, 135.63, 116.55, 116.38, 106.61, 77.32, 59.81, 57.15, 46.23, 42.65, 35.17, 34.85, 20.86; IR 

(film) υmax: 2950, 1444, 1202, 1116, 983; ESI-HRMS m/z calcd for C13H18NaO2 [M+Na]+ 229.1199, 

found 229.1223. 
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(1R,3R,6R,8S,9S)-9-allyl-8-methoxy-4-methyl-7-oxatricyclo[4.3.0.03,9]non-4-ene (ent-123) 

 

� (1S,3S,6S,8R,9R)-123,ċǘ/�*�I�W�� (1R,4R,5R,6S)-ent-126̟ 2.21 g, 7.17 mmol̠

�A�e�I_c�� (1R,3R,6R,8S,9S)-ent-123 (619 mg, 3.00 mmol, 42% in 3 steps) GȊɿ

1ǰȔȒʸ,�*Ŵ$	 

[α]D
26 +62.1 (c = 1.00, CHCl3); ESI-HRMS m/z calcd for C13H18NaO2 [M+Na]+ 229.1199 , found 

229.1188. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,3S,6S,8R,9R)-123,

�ɺ�$	 
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1-[(1S’,3S’,6S’,8R’,9R’)-(8-methoxy-4-methyl-7-oxatricyclo[4.3.0.03,9]non-4-ene-9-yl)-propan-2- 

one (124) 

 

� �e�I_c�� (1S,3S,6S,8R,9R)-123 (363 mg, 1.76 mmol) 1 DMF (18 mL) , H2O (2.6 

mL) 1ǹĊȂǶ/�˟ˠ˨�ǫēȒ (70.4 mg, 353 μmol) ,Įòr�\L� (31.3 mg, 176 

μmol) Gî��ɣ ɟ˿ĢǪ�ŅǾ+ 12ƹ˰ƢƐ�$	"1ŲĮòr�\L� (30.0 mg, 169 

μmol) Gˉî���A/ 20ƹ˰ƢƐ�$	ǫGî�$Ų\Ne�N�h�+ 3ğƏÛ��

ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠlj�L�+�Ȑ�!$	ǻĥȆɬŲ�ŴA

D$ǣǽG[�PV�P��S��jT�vJ� (yRY�/\Ne�N�h� = 2 : 1�

A 1 : 1 ) +əʔ���e�Uj� (1S,3S,6S,8R,9R)-124 (264 mg, 1.19 mmol, 67%) GȊɿ1

ǰȔȒʸ,�*Ŵ$	 

[α]D
28 +6.2 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.42 (1H, br m), 4.75 (1H, t, J = 5.3 

Hz), 4.64 (1H, s), 3.34 (3H, s), 3.08 (1H, d, J = 17.2 Hz), 2.74 (1H, d, J = 17.2 Hz), 2.51 (1H, q, J = 

5.3 Hz), 2.40 (1H, dt, J = 1.2, 5.3 Hz), 2.34 (1H, dt, J = 8.4, 5.3 Hz), 2.14 (3H, s), 1.81 (3H, d, J = 

1.2 Hz), 1.35 (1H, d, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3): δ 207.57, 148.21, 115.95, 106.39, 

77.21, 58.57, 57.42, 47.23, 44.25, 42.73, 34.50, 30.52, 20.94; IR (film) υmax: 2961, 1719, 1362, 

1173, 1118, 980, 755; ESI-HRMS m/z calcd for C13H18NaO3 [M+Na]+ 245.1148, found 245.1126. 
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1-[(1R’,3R’,6R’,8S’,9S’)-(8-methoxy-4-methyl-7-oxatricyclo[4.3.0.03,9]non-4-ene-9-yl)-propan-2- 

one (ent-124) 

 

� (1S,3S,6S,8R,9R)-124,ċǘ/�*��e�I_c�� (1R,3R,6R,8S,9S)-ent-123̟400 mg, 

1.94 mmol̠�A�e�Uj� (1R,3R,6R,8S,9S)-ent-124 (282 mg, 1.27 mmol, 65%) GȊɿ1

ǰȔȒʸ,�*Ŵ$	 

[α]D
24 –7.0 (c = 1.1, CHCl3); ESI-HRMS m/z calcd for C13H18NaO3 [M+Na]+ 245.1148, found 

245.1170. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,3S,6S,8R,9R)-124,

�ɺ�$	 
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4-hydroxy-1-[(1S,3S,6S,8R,9R)-8-methoxy-4-methyl-7-oxatricyclo[4.3.0.03,9]non-4-ene-9-yl]-4- 

methylpentan-2-one (130) 

 

� I�X�˿ĢǪ��–10 ºC9+Øú�$�e�Uj� (1S,3S,6S,8R,9R)-124 (282 mg, 1.27 

mmol) 1 THF ȂǶ (13 mL) /ŋ�* LHMDS1 1.0 M THFȂǶ (1.90 mL. 1.90 mmol) G

Ȅ���20Ü˰ƢƐ�$	"1ŲI_j� (187 μL, 2.54 mmol) GȄ���3Ü˰ƢƐ�$	

˟ˠ (0.50 mL, 7.94 mmol) Gî�*āźGÄǞ�!$Ų�̑ēȈˠǫɟlj�L�ǫȂǶ

Gî��˟ˠNe�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠ�Tn

[L�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P��S��jT�vJ� 

(yRY�/˟ˠNe� = 3 : 1�A 1 :1 ) +əʔ��I�W�� (1S,3S,6S,8R,9R)-130 (203 mg, 

0.726 mmol, 57%, ýƭğĂGɲƄ�C, 91%) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

[α]D
22 +16.2 (c = 1.10, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.43 (1H, br m), 4.76 (1H, t, J = 5.6 

Hz), 4.64 (1H, s), 3.85 (1H, br s), 3.33 (3H, s), 3.07 (1H, d, J = 18.0 Hz), 2.74 (1H, d, J = 18.0 Hz), 

2.64 (1H, d, J = 16.8 Hz), 2.55 (1H, d, J = 16.8 Hz), 2.52 (1H, q, J = 5.6 Hz), 2.41 (1H, dt, J = 1.2, 

5.6 Hz), 2.34 (1H, dt, J = 8.4, 5.6 Hz), 1.82 (3H, d, J = 1.2 Hz), 1.37 (1H, d, J = 8.4 Hz), 1.25 (3H, 

s), 1.24 (3H, s); 13C NMR (100 MHz, CDCl3): δ 211.81, 148.07, 115.98, 106.18, 77.47, 69.75, 

58.49, 57.26, 53.38, 47.27, 45.28, 42.74, 34.46, 29.31, 29.16, 20.94; IR (film) υmax: 3485, 2966, 

1703, 1378, 1118, 980; ESI-HRMS m/z calcd for C16H24NaO4 [M+Na]+ 303.1567, found 303.1566. 
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4-hydroxy-1-[(1R,3R,6R,8S,9S)-8-methoxy-4-methyl-7-oxatricyclo[4.3.0.03,9]non-4-ene-9-yl]-4- 

methylpentan-2-one (ent-130) 

 

� (1S,3S,6S,8R,9R)-130,ċǘ/�*��e�Uj� (1R,3R,6R,8S,9S)-ent-124 (300 mg, 1.35 

mmol) �AI�W�� (1R,3R,6R,8S,9S)-ent-130 (233 mg, 0.832 mmol, 62%, ýƭğĂGɲƄ

�C, quant.) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

[α]D
24 –16.5 (c = 1.00, CHCl3); ESI-HRMS m/z calcd for C16H24NaO4 [M+Na]+ 303.1567, found 

303.1535. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,3S,6S,8R,9R)-130,

�ɺ�$	 
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(1S,3S,6S,8R,9R)-(–)-Methoxy Clavigerin B (5) 

 

� I�X�˿ĢǪ��I�W�� (1S,3S,6S,8R,9R)-130 (203 mg, 0.725 mmol) 1z�`�Ȃ

Ƕ (10 mL) /ŋ�*�j�Ne�I�� (1.62 mL, 11.6 mmol)�DMAP (900 μg, 7.25 μmol)�

Įò�c�]�|m� (449 μL, 5.80 mmol) Ġǝî�$Ų�50 ºC9+ƵǾ� 19ƹ˰ƢƐ

�$	ŅǾ9+Øú�$ŲǫGî�*āźGÄǞ�!�ǫŗG˟ˠNe�+ 2ğƏÛ�$	

ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠ�Tn[L�+�Ȑ�!$	ǻĥȆɬŲ�Ŵ

AD$ɘȜƆȒGz�`� (10 mL) /Ȃʜ�!�DBU (440 μL, 2.96 mmol) Gî�$Ų�80 

ºC9+ƵǾ� 17ƹ˰ƢƐ�$	ŅǾ9+Øú�$Ų�̑ēĮòI��mL�ǫȂǶGî

�*āźGÄǞ�!�{�c�+ 2ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�

ȹˠ�Tn[L�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P��S��j

T�vJ� (yRY�/\Ne�N�h� = 2 : 1 ) +əʔ��(1S,3S,6S,8R,9R)-(–)-Methoxy 

Clavigerin B (5) (149 mg, 0.568 mmol, 78%) GǷ̝ɿ1Ĥ´,�*Ŵ$	�A/yRY��

˟ˠNe�1ǹĊȂĻGȞ�*×ɤƼƤ¶Gʌ��(1S,3S,6S,8R,9R)-(–)-Methoxy Clavigerin 

B (5) (93.5 mg, 0.357 mmol, 63%) GȊɿ1Ĥ´,�*Ŵ$	˭È´˒éȖ2 HPLC̟R��

_� AD-H̠GȞ�* >99% e.e.«�+
C,ǮŃ�$	 

Synthetic: colorless prisms; m.p. = 85.7~86.8 ºC; [α]D
24 –11.4 (c = 1.00, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 6.07 (1H, br m), 5.43 (1H, br m), 4.75 (1H, t, J = 5.2 Hz), 4.72 (1H, s), 3.33 (3H, 

s), 3.08 (1H, d, J = 17.6 Hz), 2.80 (1H, d, J = 17.6 Hz), 2.52 (1H, br q, J = 5.2 Hz), 2.43 (1H, dt, J = 

1.6, 5.2 Hz), 2.36 (1H, dt, J = 8.8, 5.2 Hz), 2.11 (3H, d, J = 1.0 Hz), 1.88 (3H, d, J = 1.0 Hz), 1.82 

(3H, d, J = 1.6 Hz), 1.34 (1H, d, J = 8.8 Hz); 13C NMR (100 MHz, CDCl3): δ 199.46, 153.71, 

148.39, 124.19, 115.96, 106.67, 77.32, 58.67, 57.53, 47.30, 44.94, 42.80, 34.66, 27.56, 20.98, 
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20.55; IR (KBr) υmax: 2956, 2880, 1687, 1625, 1117, 977; ESI-HRMS m/z calcd for C16H22NaO3 

[M+Na]+ 285.1461, found 285.1470. ; HPLC conditions: Chiralcel®AD-H, Hex/EtOAc = 40 : 1, 1.0 

mL/min, 254 nm, 25 ºC, 16.0 min for (1S,3S,6S,8R,9R)-5, 12.1 min for (1R,3R,6R,8S,9S)-ent-5. 

Literture 5b): colorless oil; [α]D
 –16 (c = 0.3, CHCl3); 1H NMR (400 MHz, CDCl3): δ 6.06 (1H, br 

m), 5.42 (1H, br m), 4.74 (1H, t, J = 5 Hz), 4.71 (1H, s), 3.32 (3H, s), 3.07 (1H, d, J = 18 Hz), 2.77 

(1H, d, J = 18 Hz), 2.50 (1H, br q, J = 5 Hz), 2.43 (1H, td, J = 6, 2 Hz), 2.35 (1H, ddd, J = 10, 6, 5 

Hz), 2.10 (3H, J = d, 1 Hz), 1.87 (3H, d, J = 1 Hz), 1.81 (3H, d, J = 2 Hz), 1.33 (1H, d, J = 9 Hz); 

13C NMR (100 MHz, CDCl3): δ 199.4, 153.6, 148.4, 124.2, 116.0, 106.7, 77.2, 58.7, 57.5, 47.3, 

44.9, 42.8, 34.7, 27.5, 21.0, 20.5; IR (film) υmax: 2957, 1687, 1623, 979; ESI-HRMS m/z calcd for 

C16H22NaO3 [M+Na]+ 285.1461 , found 285.1483. 

 

(1R,3R,6R,8S,9S)-(+)-Methoxy Clavigerin B (ent-5) 

 

� (1S,3S,6S,8R,9R)-5,ċǘ/�*�I�W�� (1R,3R,6R,8S,9S)-ent-130 (320 mg, 1.14 mmol) 

�A (1R,3R,6R,8S,9S)-(+)-Methoxy Clavigerin B (ent-5) (183.8 mg, 0.701 mmol, 61%) GȊɿ

1Ĥ´,�*Ŵ$	˭È´˒éȖ2 HPLC̟R��_� AD-H̠GȞ�* >99% e.e. ,Ǯ

Ń�$	 

m.p. = 86.3~87.3 ºC; [α]D
24 +11.2 (c = 0.20, CHCl3); ESI-HRMS m/z calcd for C16H22NaO3 

[M+Na]+ 285.1461, found 285.1417. ; HPLC conditions: Chiralcel®AD-H, Hex/EtOAc = 40 : 1, 1.0 

mL/min, 254 nm, 25 ºC, 12.1 min for (1R,3R,6R,8S,9S)-ent-5, 16.0 min for (1S,3S,6S,8R,9R)-5. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,3S,6S,8R,9R)-5,�

ɺ�$	 
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 (1S,3S,6S,8R,9R)-(+)-Clavigerin B (3) 

 

� (1S,3S,6S,8R,9R)-5 (10.0 mg, 38.1 μmol) G THF (0.3 mL) �1NĮˠ (0.3 mL) /Ȃʜ�!Ņ

Ǿ+ 1ƹ˰ƢƐ�$	"1Ų˟ˠNe�+ 3ğƏÛ��ĊF!$ƾǛŗG̑ē̎Įǫ+ǲ

ǵŲ�ȹˠlj�L�+�Ȑ�!$	"1ŲǻĥȆɬ��I�isk 120,�Sj�� 121

1ǹĊȒGŴ$	ŴAD$ǹĊȒ2�D«�1əʔGʌF /ǝ1āź/Ȟ�$	 

� I�X�˿ĢǪ��ŴAD$ǹĊȒGz�`� (1.0 mL) /Ȃʜ�!�j�Ne�I��

(53.0 µL, 381 μmol)�DMAP (500 μg, 4.00 μmol)�Ȋǫ˟ˠ (18.0 µL, 191 μmol) Ġǝî�

$Ų�ŅǾ+ 14ƹ˰ƢƐ�$	̑ ēȈˠǫɟlj�L�ǫȂǶGî�*āźGÄǞ�!$

Ų�˟ˠNe�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠlj�L�

+�Ȑ�!$	ǻĥȆɬŲ�I�o[�PV�P��S��jT�vJ� (yRY�/\N

e�N�h�/j�Ne�I�� = 50 : 50 : 2) +əʔ��(1S,3S,6S,8R,9R)-(+)-Clavigerin B 

(3) (8.0 mg, 27.6 μmol, 72% in 2 steps) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

Synthetic: [α]D
26 +8.7 (c = 0.54, CHCl3); 1H NMR (400 MHz, CDCl3): δ 6.08 (1H, br m), 5.94 (1H, 

s), 5.49 (1H, br m), 4.81 (1H, t, J = 5.2 Hz), 3.08 (1H, d, J = 18.0 Hz), 2.92 (1H, d, J = 18.0 Hz), 

2.59 (1H, br q, J = 5.2 Hz), 2.43 (1H, dt, J = 1.2, 5.2 Hz), 2.39 (1H, dt, J = 9.2, 5.2 Hz), 2.09 (3H, d, 

J = 1.0 Hz), 1.92 (3H, s), 1.89 (3H, d, J = 1.0 Hz), 1.83 (3H, d, J = 1.2 Hz), 1.40 (1H, d, J = 9.2 

Hz); 13C NMR (100 MHz, CDCl3) : δ 198.41, 169.08, 155.07, 148.37, 123.52, 116.10, 97.24, 78.62, 

58.14, 47.08, 45.21, 42.66, 34.54, 27.59, 20.98, 20.79, 20.60; IR (film) υmax: 3038, 2965, 1752, 

1685, 1620, 1444, 1378, 1228, 996; ESI-HRMS m/z calcd for C15H18NaO2 [M–AcOH+Na]+ 

253.1199 , found 253.1238. 
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Literture 5c): 1H NMR (300 MHz, CDCl3): δ 6.07 (1H, br m), 5.93 (1H, s), 5.49 (1H, br m), 4.81 

(1H, dd, J = 5, 4 Hz), 3.07 (1H, d, J = 18 Hz), 2.91 (1H, d, J = 18 Hz), 2.59 (1H, br q, J = 5 Hz), 

2.43 (1H, td, J = 6, 2 Hz), 2.38 (1H, dt, J = 9, 6 Hz), 2.09 (3H, d, J = 1 Hz), 1.91 (3H, s), 1.88 (3H, 

d, J = 1 Hz), 1.82 (3H, d, J = 2 Hz), 1.39 (1H, d, J = 9 Hz); 13C NMR (75 MHz, CDCl3): δ 198.4, 

169.0, 155.0, 148.4, 123.6, 116.1, 97.3, 78.6, 58.2, 47.2, 45.2, 42.7, 34.6, 27.6, 21.0, 20.8, 20.6; IR 

(CDCl3) υmax: 3019, 2965, 1747, 1709, 1681, 1616, 1442, 1380, 1218; ES-HRMS m/z calcd for 

C15H18O2 [M–AcOH] + 230.1311, found 230.1307. 

 

(1R,3R,6R,8S,9S)-(–)-Clavigerin B (ent-3) 

 

� (1S,3S,6S,8R,9R)-31ĊƆ,ċǘ1ƉǱGȞ��(1R,3R,6R,8S,9S)-ent-5 (10.0 mg, 381 μmol) 

�A (1R,3R,6R,8S,9S)-(–)-Clavigerin B (ent-3) (8.2 mg, 283 μmol, 74% in 2 steps) GȊɿ1ǰ

ȔȒʸ,�*Ŵ$	 

[α]D
22 –6.9 (c = 0.39, CHCl3); ESI-HRMS m/z calcd for C15H18NaO2 [M–AcOH+Na]+ 253.1199, 

found 253.1238. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,3S,6S,8R,9R)-3,�

ɺ�$	 
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 (1S,3S,6S,8R,9R)-(+)-Methoxy Clavigerin C (7) 

 

� I�X�˿ĢǪ��–10 ºC/9+Øú�$ (1S,3S,6S,8R,9R)-5 (8.8 mg, 30.5 μmol) ,Įò

mfU�ÑǫēȒ (2.1 mg, 9.15 μmol) 1�co��ȂǶ (1.0 mL) /ŋ�*�ǫɟò|Lɟ

lj�L� (2.3 mg, 61.0 μmol) Gî� 20Ü˰ƢƐ�$	̑ ēĮòI��mL�ǫȂǶGî

�*āźGÄǞ�!$Ų�\Ne�N�h�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Į

ǫ+ǲǵŲ�ȹˠ�Tn[L�+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P

��S��jT�vJ�  (yRY� /\Ne�N�h�  = 3 : 1 ) +əʔ��

(1S,3S,6S,8R,9R)-(+)-Methoxy Clavigerin C (7) (8.1 mg, 27.8 μmol, 91%) GȊɿ1ǰȔȒʸ,

�*Ŵ$	 

Synthetic: [α]D
22 +7.9 (c = 0.95, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.42 (1H, br m), 4.75 (1H, 

t, J = 5.2 Hz), 4.66 (1H, s), 3.32 (3H, s), 3.05 (1H, d, J = 18 Hz), 2.70 (1H, d, J = 18 Hz), 2.50 (1H, 

br q, J = 5.2 Hz), 2.39 (1H, dt, J = 1.6, 5.2 Hz), 2.33 (1H, dt, J = 9.2, 5.2 Hz), 2.30~2.21 (2H, m), 

2.12 (1H, m), 1.81 (3H, d, J = 1.6 Hz), 1.35 (1H, d, J = 9.2 Hz), 0.92 (6H, d, J = 6.8 Hz); 13C NMR 

(100 MHz, CDCl3): δ 209.59, 148.28, 115.94, 106.41, 77.38, 58.53, 57.33, 52.10, 47.35, 44.08, 

42.73, 34.51, 24.63, 22.53, 20.94; IR (film) υmax: 2957, 1714, 1367, 1201, 1153, 1116, 981; 

ESI-HRMS m/z calcd for C16H24NaO3 [M+Na]+ 287.1618, found 287.1606. 

Literture 5c): [α]D +6 (c = 0.3, CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.41 (1H, br m), 4.73 (1H, 

dd, J = 5.0, 4.8 Hz), 4.65 (1H, s), 3.30 (3H, s), 3.04 (1H, d, J = 17.8 Hz), 2.69 (1H, d, J = 17.8 Hz), 

2.49 (1H, br q, J = 5.5 Hz), 2.39 (1H, td, J = 5.7, 1.8 Hz), 2.32 (1H, m), 2.3-2.2 (2H, m), 2.13 (1H, 

m), 1.80 (3H, d, J = 2.0 Hz), 1.34 (1H, d, J = 9.0 Hz), 0.91 (6H, d, J = 6.6 Hz); 13C NMR (100 

MHz, CDCl3): δ 209.6, 148.3, 115.9, 106.4, 77.5, 58.5, 57.3, 52.1, 47.3, 44.1, 42.7, 34.5, 24.6, 22.5, 

20.9; IR (CDCl3) υmax: 2957, 1714, 1651, 1367, 1116, 981; ES-HRMS m/z calcd for C16H24NaO3 
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[M–MeOH]+ 232.1463, found 232.1448. 

 

(1R,3R,6R,8S,9S)-(–)-Methoxy Clavigerin C (ent-7) 

 

� (1S,3S,6S,8R,9R)-71ĊƆ,ċǘ1ƉǱGȞ��(1R,3R,6R,8S,9S)-ent-5 (12.0 mg, 45.8 μmol) 

�A (1R,3R,6R,8S,9S)-(–)-Methoxy Clavigerin C (ent-7) (12.0 mg, 45.4 μmol, 99%) GȊɿ1ǰ

ȔȒʸ,�*Ŵ$	 

[α]D
22 –7.9 (c = 0.33, CHCl3); ESI-HRMS m/z calcd for C16H24NaO3 [M+Na]+ 287.1618, found 

287.1583. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,3S,6S,8R,9R)-7,�

ɺ�$	 
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 (1S,3S,6S,8R,9R)-(+)-Clavigerin C (4) 

 

� (1S,3S,6S,8R,9R)-7 (10.8 mg, 40.9 μmol) G THF (0.3 mL)�1N Įˠ (0.3 mL) /Ȃʜ�!Ņ

Ǿ+ 1ƹ˰ƢƐ�$	"1Ų˟ˠNe�+ 2ğƏÛ��ĊF!$ƾǛŗG̑ēȈˠǫɟl

j�L�ǫȂǶ�̑ ē̎Įǫ+ǲǵŲ�ȹˠlj�L�+�Ȑ�!$	"1ŲǻĥȆɬ��

I�isk 172 ,�Sj�� 173 1ǹĊȒGŴ$	ŴAD$ǹĊȒ2�D«�1əʔGʌ

F /ǝ1āź/Ȟ�$	 

� I�X�˿ĢǪ��ŴAD$ǹĊȒGz�`� (1.0 mL) /Ȃʜ�!�j�Ne�I��

(57.0 µL, 409 μmol)�DMAP (500 μg, 4.00 μmol)�Ȋǫ˟ˠ (19.0 µL, 204 μmol) Ġǝî�

ŅǾ+ 14ƹ˰ƢƐ�$	̑ ēȈˠǫɟlj�L�ǫȂǶGî�*āźGÄǞ�!$Ų�˟

ˠNe�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠlj�L�+�Ȑ

�!$	ǻĥȆɬŲ�ŴAD$ǣǽGI�o[�PV�P��S��jT�vJ� (yR

Y� /\Ne�N�h� /j�Ne�I��  = 1 : 1 : 0.04) +əʔ��(1S,3S,6S,8R,–

9R)-(+)-Clavigerin C (4) (9.0 mg, 30.8 μmol, 76% in 2 steps) GȊɿ1ȊŃŭĤ´,�*Ŵ$	 

Synthetic: colorless amorphous solid; [α]D
22 +16.1 (c = 0.450, CHCl3); 1H NMR (400 MHz, 

CDCl3): δ 5.91 (1H, s), 5.49 (1H, br m), 4.81 (1H, t, J = 5.2 Hz), 3.07 (1H, d, J = 18.4 Hz), 2.90 

(1H, d, J = 18.4 Hz), 2.57 (1H, br q, J = 5.2 Hz), 2.40-2.32 (2H, m), 2.31-2.22 (2H, m), 2.12 (1H, 

m), 1.96 (3H, s), 1.81 (3H, s), 1.40 (1H, d, J = 8.4 Hz), 0.92 (3H, d, J = 6.0 Hz), 0.91 (3H, d, J = 6.0 

Hz); 13C NMR (100 MHz, CDCl3): δ 208.26, 168.94, 148.17, 116.16, 97.21, 78.54, 57.60, 51.83, 

47.04, 44.57, 42.48, 34.50, 24.51, 22.56, 22.54, 20.96; IR (film) υmax: 2952, 1743, 1708, 1229, 996; 

ESI-HRMS m/z calcd for C17H24NaO4 [M+Na]+ 315.1567, found 315.1600. 
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Literture 5b): colorless oil; [α]D
 +15 (c = 0.1, CHCl3); 1H NMR (300 MHz, CDCl3): δ 5.90 (1H, s), 

5.48 (1H, br m), 4.80 (1H, dd, J = 5, 4 Hz), 3.06 (1H, d, J = 18 Hz), 2.89 (1H, d, J = 18 Hz), 2.56 

(1H, br q, J = 6 Hz), 2.35 (1H, m), 2.3 (3H, m), 2.12 (1H, m), 1.95 (3H, s), 1.80 (3H, d, J = 1 Hz), 

1.39 (1H, d, J = 8 Hz), 0.91 (3H, d, J = 7 Hz), 0.90 (3H, d, J = 7 Hz); 13C NMR (75 MHz, CDCl3): 

δ 208.2, 168.9, 148.1, 116.2, 97.2, 78.5, 57.6, 51.9, 47.1, 44.6, 42.5, 34.5, 24.5, 22.59, 22.56, 20.97, 

20.95 ; IR (CDCl3) υmax: 2954, 1747, 1709, 1600, 1240; ES-HRMS m/z calcd for C17H24O4 [M]+ 

292.1674, found 292.1666, calcd for C15H20O2 [M–AcOH]+ 232.1463, found 232.1466. 

 

(1R,3R,6R,8S,9S)-(–)-Clavigerin C (ent-4) 

 

� (1S,3S,6S,8R,9R)-41ĊƆ,ċǘ1ƉǱGȞ��(1R,3R,6R,8S,9S)-ent-7 (11.0 mg, 41.6 μmol) 

�A (1R,3R,6R,8S,9S)-(–)-Clavigerin C (ent-4) (10.0 mg, 34.2 μmol, 82% in 2 steps) GȊɿ1Ȋ

ŃŭĤ´,�*Ŵ$	 

[α]D
22 –15.1 (c = 0.500, CHCl3); ESI-HRMS m/z calcd for C17H24NaO4 [M+Na]+ 315.1567, found 

315.1610. 

1H NMR]{Sj��@5 13C NMR]{Sj��IR]{Sj�2 (1S,3S,6S,8R,9R)-4,�

ɺ�$	 
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methyl (1S,4R,5S,6R)-6-allyl-4-hydroxy-2-methylbicyclo[3.1.1]hept-2-ene-6-carboxylate (168) 

 

� �Sj� 167,�Sj� 1271 3:21ǧȖ1ǹĊȒ (149 mg, 0.784 mmol) GNco�� 

(7.0 mL)�ǫ (8.0 mL) /Ȃʜ�!�ǫˠò�eL��ǫēȒ (186 mg, 4.43 mmol) Gî�

$Ų�70 ºC9+îȏ� 19ƹ˰ƢƐ�$	1N ĮˠGî�*āźGÄǞ�!$Ų�˟ˠNe

�+ 3 ğƏÛ�$	ȹˠlj�L�+�Ȑ�!$ŲǻĥȆɬ��ɘȜƆȒGŴ$	ŴAD

$ɘȜƆȒ2�D«�əʔ! /ǝ1āź/Ȟ�$	 

� 0 ºC/9+Øú�$\Ne�N�h� (20 mL) , 5M ǫˠòP�L�ǫȂǶ (7.0 mL) 

1 ŗɛ/ŋ�*�N-�e�-N’-mj�aœɟ (824 mg, 8.00 mmol) Gî��30Ü˰?'�

BƢƐ�\Ib�c�1\Ne�N�h�ȂǶGʬʔ�$	à1Ňĝ/��*�ɘȜƆȒ

G\Ne�N�h� (2.0 mL) /Ȃʜ�!�0 ºC/Øú�$	�1Ňĝ/Ë8-ʬʔ�$\

Ib�c�1\Ne�N�h�ȂǶGȄ���1 ƹ˰?'�BƢƐ�$	ǻĥȆɬŲ�Ŵ

AD$ǣǽG[�PV�P��S��jT�vJ� (yRY�/˟ˠNe� = 3 : 1 �A

1 :1) +əʔ��I�W�� (1S,4R,5S,6R)-168 (58.5 mg, 0.263 mmol, 34% in 2 steps) GǷ̝

ɿ1ǰȔȒʸ,�*Ŵ$	 

[α]D
22 –77.7 (c = 1.28, CHCl3); 1H NMR (400 MHz, CDCl3); δ 5.74 (1H, m), 5.23 (1H, br m), 

5.09~5.04 (2H, m), 4.66 (1H, br m), 3.56 (3H, s), 2.63 (1H, m), 2.62-2.60 (2H, m), 2.38 (1H, dt, J = 

1.6, 5.6 Hz), 2.18 (1H, dt, J = 9.2, 5.6 Hz), 1.77 (3H, d. J = 1.6 Hz), 1,48 (1H, d, J = 9.2 Hz); 13C 

NMR (100 MHz, CDCl3): δ 173.81, 151.13, 133.45, 118.81, 117.48, 68.94, 60.24, 50.86, 44.70, 

44.31, 39.35, 26.29, 22.36; IR (film) υmax: 3403, 2950, 1731, 1435, 1319, 1232, 1216, 995, 756; 

ESI-HRMS m/z calcd for C13H18NaO3 [M+Na]+ 245.1148, found 245.1134. 
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(S)-MTPA ester (169) 

 

� I�X�˿ĢǪ��I�W�� (1S,4R,5S,6R)-168 (2.0 mg, 9.0 μmol) 1\S���c�Ȃ

Ƕ (0.2 mL) /ŋ�*�(S)-MTPA-OH (6.3 mg, 27 μmol)�DMAP (6.6 mg, 54 μmol)�EDCI (5.2 

mg, 27 μmol) Gî�$Ų�ŅǾ+ 58ƹ˰ƢƐ�$	ǫGî�*āźGÄǞ�!$Ų�\N

e�N�h�+ 2 ğƏÛ�$	ĊF!$ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠ�Tn[L�

+�Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P��S��jT�vJ� (yR

Y�/˟ˠNe� = 10 : 1 �A 1 : 1) +əʔ��(S)-MTPAN]h� 169 (0.9 mg, 2.0 μmol, 

23%) GȊɿ1ǰȔȒʸ,�*Ŵ$	 

1H NMR (400 MHz, CDCl3): δ 7.54-7.50 (2H, m), 7.41-7.37 (3H, m), 5.88 (1H, m), 5.73 (1H, m), 

5.35 (1H, m), 5.10-5.02 (2H, m), 3.61 (3H, s), 3.55 (3H, s), 2.74 (1H, br q, J = 5.2 Hz), 2.63-2.60 

(2H, m), 2.41 (1H, t, J = 5.2 Hz), 2.18 (1H, dt, J = 9.6, 5.2 Hz), 1.80 (3H, s), 1.52 (1H, d, J = 9.6 

Hz) 
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(R)-MTPA ester (169’) 

 

� I�X�˿ĢǪ��I�W�� (1S,4R,5S,6R)-168 (2.0 mg, 9.0 μmol) 1\S���c�Ȃ

Ƕ (0.2 mL) /ŋ�*�(R)-MTPA-OH (10.5 mg, 45 μmol)�DMAP (11.0 mg, 90 μmol)�EDCI 

(8.6 mg, 45 μmol) Gî�$Ų�ŅǾ+ 56ƹ˰ƢƐ�$	ǫGî�*āźGÄǞ�!$Ų�

\Ne�N�h�+ 2 ğƏÛ�$	ƾǛŗG̑ē̎Įǫ+ǲǵŲ�ȹˠ�Tn[L�+�

Ȑ�!$	ǻĥȆɬŲ�ŴAD$ǣǽG[�PV�P��S��jT�vJ� (yRY�/

˟ˠNe� = 8: 1 ~1 : 1) +əʔ��(R)-MTPAN]h� 169’ (1.0 mg, 2.3 μmol, 25%) GȊɿ

1ǰȔȒʸ,�*Ŵ$	 

1H NMR (400 MHz, CDCl3): δ 7.53-7.50 (2H, m), 7.41-7.38 (3H, m), 5.89 (1H, m), 5.84 (1H, m), 

5.30 (1H, m), 5.11-5.05 (2H, m), 3.61 (3H, s), 3.53 (3H, s), 2.80 (1H, m), 2.65-2.61 (2H, m), 2.41 

(1H, t, J = 4.8 Hz), 2.23 (1H, dt, J = 9.6, 4.8 Hz), 1.78 (3H, s), 1.57 (1H, d, J = 9.6 Hz) 
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� ǃȸɌGʌ�/
$B�ȏƁ
CŵƓŏŵ̃ƣG̅�$Ǉ¤ĴľĴľ˵˄ľȜĒɆľȸ

ɌɆ Ǽ˚ɄÔ Ʃƙ/Ÿ@BƂʰɺ�9�	ËȜ1˩�ȪȺ.ŵïʞ/2µŧ=̘��D�

"�*µŧ=ï�AD9�$	ˣ0*Ƃʰɺ�9�	 

� ǃȸɌGˑʌ�C/
$B�ĳ�1ʵˣ.ŵïʞŵƓŏG̅�$�Ǉ¤ĴľĴľ˵˄ľ

ȜĒɆľȸɌɆ ȷɂÅ ÙƩƙ/Ǹ�Ƃʰɺ�9�	ǃʭƫĩɓ/˱�*=�ɠ˜/F$

CŵƓŏƾ˾����9�$	 

� ȸɌÎɽ/ǼB�ƪ
1ƾȬ.ŵïʞ�ŵöìGʷB9�$Ǉ¤ĴľĴľ˵˄ľȜĒɆ

ľȸɌɆ Ǔȯɜ ïƩ /ü�ŵȿȡ���9�	 

� ǃȸɌGʌ�/
$B�ʤʇ̍Gˆˍ/Ŕ�*��'$ ƾ˴®ɀŘǃʇĔę® Řǃɾ

ƫǨ.A5/�ȟȲǒļǨ/Ǹ�Ƃʰȡ���9�	ń̗ĝÓGˆˍ/Àș�Ɵº�*�

$%�$̡ǎũ®ɀOOLeYKN�] ĴÕĪɱǨ/Ǹ�Ƃʰȡ���9�	 

� ǃȸɌGʌ��+�ʵˣ.ŵïʞ�ŵ̃ƣGʷB9�$�ŐÁȠʶǨ�ʂǓƺ�§Ǩ�

ǄȇĖĈǨGĺ<,�CƾǛòľȸɌŅ1ʮË˂ư/Ǹ�Ƃʰɺ�9�	9$ɀ®¥ȸɌ

ɳ1ʚȉ+ǘ
.ŵïʞG̅�$�ˮʲŚ̕ƭǎũ®ɀ� Őʖ¾§Ǩ�ċ� ŐǉŁ˷Ǩ�

I]h�]ʔʇǎũ®ɀ� �¿±�˛Ǩ/Ÿ@BƂʰɺ�9�	ÐɅ/F$B��ʥ/.

B9�$ƾǛòľȸɌŅ1ċ˂�Ų˂˓�ľ������ǘ
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1ȫǘ/Ǹ�Ƃʰ�$�9�	 ȓ/¡Ţ˰1ȸɌȜǳ/��*Ò/ÝȻȚȼ�Ċ��ċ�

˦1̐G̎7$�ċ˂1ŘǃŎʺǨ/2Ƃʰ1Ż/ī�9!H	ǃŬ/ƾ˾����9�
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� ƽŲ/ȸɌȜǳGˊC/
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