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aq. aqueous 

AZADO  � 2-azaadamantane N-oxyl 

Boc   � tert-butoxycarbonyl 

br � broad�
Brsm� based on recovered starting material�
Bu� butyl 

Bz� benzyl 
oC� degree Celsius�
calcd calculated value 

CAN ceric ammonium nitrate 

Cbz benzyloxycarbonyl 

COSY correlation spectroscopy 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCE dichloroethane 

DMAP 4-(dimethylamino)pyridine 

DMF dimethylformamide 

DMPU N,N’-dimethylpropyleneurea 

DMSO dimethylsulfoxide 

DTBMP 2,6-di-tert-butylmethylpyridine 

DTBP 2,6-di-tert-butylpyridine 

EI electron ionization 

ESI electrospray ionization 

esp a,a,a’,a’-tetramethyl-1,3-benzenedipropoinate 

eq equivalent 

Et ethyl 

EWG electron withdrawing group 

FAB fast atom bombardment 

h hour (s) 

HFIP hexafluoroisopropanol 

HMBC hetero-nuclear multiple-bond connectivity 



HMQC hetero-nuclear multiple quantum coherence 

HPLC high performance liquid chromatography 

HRMS high resolution mass spectrometry 

Hz hertz 

i iso 

IMes   1,3-bis(2,4,6-trimethoxyphenyl)imidazolium 

IAd 1,3-bis(adamantyl)imidazolium 

IR infrared spectroscopy 

J coupling constant 

M molar 

Me methyl 

MS4Å molecular sieves 4 Å 

min minute (s) 

mp melting point 

MS mass spectrometry 

NHC N-heterocyclic carbene 

NMO N-methoxymorpholine N-oxide 

NMR nuclear magnetic resonance 

p- para- 

pent pentyl 

Ph phenyl 

PMP pentamethylpiperidine 

iPr isopropyl 

py pyridine 

rt room temperature 

t tertiary 

TASF tris(dimethylamino)sulfonium difluorotrimethylsilicate 

TBAF tetra-n-butylammonium fluoride 

TBAT tetra-n-butylammonium difluorotriphenylsilicate 

TBS tert-butyldimethylsilyl 

TEMPO 2,2,6,6-tetramethylpiperidine N-oxyl 

TES triethylsilyl 

Tf trifluoromethanesulfonyl 

TFA trifluoroacetic acid 



THF tetrahydrofuran 

TIPS triisopropylsilyl 

TMS tetramethylsilyl 

TMG tetramethylguanidine 

TLC thin layer chromatography 

Ts p-toluenesulfonyl 

UV ultraviolet 
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Figure 0-1. Y�c�@ĠȚĻƇ?ȥ.Rɷ¦<2@ʜƇćɣ 

 

��[``�sj}�g�o{���@Ǥɑ
.>U6˶żĬ?!�:Lǧș"8š�ȄȬǱ;ǤŜ.

R．Á@ÙɺA
̩ āŢǲÆå<ˊå
Ǵʛå?!'RY�c�@Ƶ˖ǱVOQĖŃ?,4 5�ɧ?
1961

ɲ Hüisgen P?OQɺĸHS4Y�c�<Yn|?OR[3+2]ñÆ々Ê．ÁA
�[``�sj}�g�

o{��@ȨˀƏɌ．Á;�R (Scheme 0-1a) 6�Hüisgen ñÆA
2002 ɲ? Mendal7
Sharpless8P?O

Q
́ ȳY�c�<Yn|#ɤǚɸȞŶÅ
šÆåȄȬɌ?．Á.RF<#ʩţHS:¥˘
­ˊʐÙɺ

@ˏɢȤŢǲMǴʛéǱǄʜƇV˜˕,4ʍɌu��eƠȰŸ>=?ŕB˕�PS:�R (Scheme 0-

1b) 9�2@°ʫ;
ʹȳY�c�<Yn|ý@ Hüisgen ñÆVǴųʭ?˜˕,4�ǓŢ
ɤǚɸ?ORų

ʭɩǱ#,B,Bˆȫ<>R�2F; Bertozzi PA
ɤǚɸʈȞŶÅ;LƟÄ;ǤŜ.R˵IY�c�<
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Yn|@ HüisgenñÆ@Ùɺ?ǲ･,:�R (Scheme 0-1c) 10�HP?ğɲ;A
ɤǚɸOQLɩǱ@ɉ

���n\ºǚɸV˜˕,4ǴȤɍŢǱ@š�．ÁLʩţHS:�R�F@��n\ºV˜˕,4Ȃˡ

A
<QU'u��eƠ@Ʊǘ>=?˜˕HSR (Scheme 0-1d)11� 

 

 

Scheme 0-1. Y�c�V˜˕,4�[``�sj}�．ÁÜ˖ 
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ǴȤɫ;�É@Ġ[`

�D<ʢÆ.RF<;Ƶɨ>ôȒ
ǦȒ
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Scheme 0-2. Ġ[`�ĵƷ���� 
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Figure 0-2. Y�c�uf@���o�e{��  

Yamakoshi, H.; Dodo, K.; Okada, M.; Ando, J.; Palonpon, A.; Fujita, K.; Kawata, S.; Sodeoka, M., J. Am. Chem. 

Soc. 2011, 133, 6102. © 2011 American Chemical Society. 
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Rn��`�����d�Æ．ÁVÙɺ,4�ʶ˳ʞA2@ĲÍɥPS4åƸɌȷĸVH<K4L@;
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<#Ëɴ<>R (Figure 0-3 ū)�,",>#P
F@ʫʬA
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Figure 0-3. řȓéǱȏøķč?!'RŁɏɌˏɢȤŢǲʬ< late-stage functionalization@ÜɳǪ 

 

� LSF A
ʹȳY�c�VA-K<,4
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PS:�4 (Scheme 0-4)9�O7:
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OQȢB@ˏɢȤŢ

ǲ#Ëɴ?>R<ĀȦHSR� 

 

 
Scheme 0-4. ƴ˘@Y�c�ufɢɯʬ 
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ȬɌ?ɢɯ.RF<@;ARƐˊVʚǮ˕©,
ǧș>řȓéǱȏøķč<����ÆVɡƕ?ȭǲ,

:�R (Scheme 0-5)� 

 

 

Scheme 0-5. Romo P?OR Simultaneous arming/SARʬ 
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Figure 0-4. Romo P?OR EuPAyneŢǲ<��y`�ºÖǸD@Á˕ 
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OH
O

H H

O

O

OMe

OH

OO

O

O

O

TMS
4

CN

OH
O

H H

O

O

OMe

O

OO

O

NC O

O

TMS
4

4

AcO

O

O

O

AcO

O

O

O

NHSO

OO

N
H

O Cl3C

EuPA (7) EuPAyne (9)

3N3
SO

OO

N
H

O Cl3C

3

Rh2(esp)2 (5 mol%)

PhI(O2CtBu)2 (4 eq)
benzene, rt, 30 min

Quantitative proteomic profiling

8 (2 eq)
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Yn|ýLH4ǴʛéǱʜƇ?ȥ,:ɢɯHSRufʜƇ@°8;�R�ˬ  B 2013 ɲ? BaranPA


ɪƚ?Ùɺ,4 sodium (difluoroalkylazide)sulfonate (DAAS-Na) (10)V˜˕,4�y�ʮŠñ@ C-HĲŢ?

ȥ.RYn|��a�ɢɯʬVʩţ,:�R (Scheme0-6)24�ʃPA papaverine (11)"PˏɢȤ 12 < 13


Ř? aciclovir (14)"PˏɢȤ 15 VɥRƒ?ǲ･,:�R�HP?
ɥPS4ˏɢȤV˵IY�c�VƔ

404ŗȤ<˰ĲH0RF<;
Antibody-Drug Conjugate (ADC)VɃǷ.RF<?Lǲ･,:�R� 

 

 

Scheme 0-6. Baran P?OR�y�ʮŠñǑ?ȥ.RufʜƇɢɯʬ 

 

2016 ɲ? Hartwig PA
ɎǚɸȞŶÅ
ɄĻƇÉ�\ȉ-Yn|ƐˊV˜˕,4
ǴʛéǱʜƇVùJˌ

āǄʜƇ@�v�ý
��n�ý?ȥ.R C-H Yn|ÆVʩţ,:�R (Scheme 0-7a)25�H4ʃPA


ɥPS4YnÆʛ?ȥ,
Hüisgen ñÆ>=ÞƬʢð．ÁV˜˕.RF<;
ȢŲ>ˏɢȤ@Ţǲ#Ëɴ

;�RF<Vƙ,4 (Scheme 0-7b)� 

 

HHet

NaO
S
O

F F
N3

ZnCl
 
t-BuOOH, TsOH or TFA 
CH2Cl2:H2O or DMSO:H2O

10

6

CF2(CH2)6Het N3

MeO

MeO

N
MeO

MeO

papaverine (11)

MeO

MeO

N
MeO

MeO

MeO

MeO

N
MeO

MeO
CF2(CH2)6 N3

CF2(CH2)6 N3

+

12 13

HN

O

N

N

H2N

O
OH

HN

O

N

N

H2N

O
OH

CF2(CH2)6 N3

aciclovir (14) 15
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Scheme 0-7. HartwigP?OR sp3ȱȉ, ��n�¦@ C-HYn|Æ 

 

FSP@ɶī"P
ɁƥAǴʛéǱʜƇ@ C-HĲŢ?ȥ,:ǄH>Y�c�ufVɢɯ.Rƫʬ@Ùɺ

VįÒ,4�ǄH>Y�c�ufA
ʍɌʜƇȰŸ?!�:2@éǱVȋÛ,?B�<ś PSR4K


Romo P#Ùɺ,4ʄäɌȩA>Y�c�uf<A«>RˈçVƔ:R<ś PSR�Y�c�ufVɢ

ɯ.RʜƇ<,:
ʮŠțÆŢʛ?Ƚ˅,4�ʮŠñAɐȇʛ@ˉ 40%
­ˊʐ@ˉ 80�?ùHSRʕ

ʣɌ>řȓȯ¦;�RF<"P
2@ìɴýÆ@ÙɺAˌ˕;�R<ś PSR 26� 

ɁƥA
ǄH>Y�c�ufVʮŠñ?ɢɯ.R．Á<,: Nicholas ．Á?Ƚ˅,4�����d�n

i��{ŹȤ@˪ǻȱȉĻƇ?ɺǴ.R¤Ɋ>av`�V˜˕,4 Nicholas ．ÁA
ɖƇʯʔ>ʮŠñ

<@．Áˬ#
ȢB@ķčƥ?O7:ʩţHS:�R�ˬ B Nicholas PA
����d�Y�i��

@ni��{ŹȤ 16 ?ȥ,ɄĖƁ;�R HBF4VÆå˧˳˧˕�RF<;
ɖƇʯʔ>ʮŠțÆŢʛ;

�R anisole @ o-, p-ȹð．ÁVʩţ,:�R (Scheme 0-8)27� 

 

 

Scheme 0-8. Nicholas P?ORY~s��?ȥ.Rɍ˕ˬ 

 

O
I

O

N3

+

2 eq.

Fe(OAc)2
Ligand

MeCN, 50 ºC

N
N

OO
N

iPr iPr
Ligand

R N3

OMe

O
H

N
N
N

O

O S

N
H

NH

OH

H

4

TBSO
HO

H

H

O O
O

OHO
N

N
N

O

O

3

NN

N NPh

O HN

O

R

O

O
H

O

N3 O
H

50% (dr = 11:1)

<20 examples
up to 79%

a) Hartwig’s C-H azidation

b) Derivatization of azides

obtained azides

HBF•Et2O

OMe

OMe

(OC)6Co2

OMe
+

(OC)6Co2
18 19

Co2(CO)6HO Co2(CO)6

BF416
17
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 ɁƥA
Nicholas P?OQȯ˞HS4éǱƬ;�RŹȤ 17 2@L@V˕�4．Á?Ƚ˅,4�ŹȤ 17

AýƠ<ũNR5';．Á#ǤŜ.R4K
ò（>Ȏŷ;．ÁVŜ RF<#˜ɔ;�R�ơŴ?

Nicholas PA
ŹȤ 17 V˕�4 N-acetylhomoveratrylamine 20 @ìɴýÆ#ǤŜ,
°ʫ;
Y��#）

ŉHS:�>�ýƠ 22 ?!�:A
ȼȉĻƇǑ;．Á#ǤŜ.RF<Vʩţ,:�R (Scheme 0-9)�28

ŹȤ 17 <Y��<@．ÁA
Roth P?O7:ǎų?ĵɟ#>HS:!Q 29
HP?m��^���^�

y�>=<@．ÁLʩţHS:�R 30�,",>#P
ŹȤ 17 AýƠ<@．ÁŇ?ɄĖƁ;�R HBF4

VɺǴH0R4K
ĖƁǱ?ORýƠ@ʜÖ#ĴɳHS4� 

 

 

Scheme 0-9. Nicholas P?ORŹȤ 17 V˜˕,4．Á 

 

1987 ɲ? Jaouen PAǴʛéǱǄʜƇ;�R O-methyl estrone (25)@ʍƝÆV
����d�ni��{

ŹȤ 17 V˕�:Ŝ7:�R (Scheme 0-10)31�ɥPS4ʍƝȤA
i��{ŹȤǑ@°ƁÆȱȉ�ʼ�|

V��a�<,:
IR V˕�:ĵƷ#Ëɴ;�Q
g�a�����<,:˕�RF<#;AR5T�

<ƹE:�R�,",>#P
ʃPAư˟Vʩţ,:!P/
ĖƁǖĳÅŜUSR Nicholas ．Á#Ȣ˓

>ìɴýVƔ8ǴʛéǱǄʜƇ?ȥ,:=@ɋɘɍ˕;AR@"Aʼȷ@HH;�74� 

 

  
Scheme 0-10. JaouenP?ORǴʛéǱʜƇ?ȥ.R 17 V˜˕,4ìɴýÆ 

 

2016 ɲ? Harki, Brummond P?OQ
Y��Ɓ!OCǴʛéǱʜƇ#Ɣ8�y�ĻƇ@ Nicholas ．ÁV

˜˕,4�Ŕɋ����d�Æ#ʩţHS4 (Scheme 0-11) 32�ʃPA
ŹȤ 17L,BAȅĢȤ 16, 28<

MeO

MeO

NH2

CH2Cl2, rt

MeO

MeO

H
N MeO

MeO

NCo2(CO)6 Co2(CO)6

(OC)6Co2

23

+

24

(23:24 = 4:1)

MeO

MeO

NHAc

CH2Cl2, rt

MeO

MeO

NHAc

Co2(CO)6

21 (40%)

Co2(CO)6
BF4

Co2(CO)6
BF4

17

17

+

+

20

22

H

H
MeO

O

H

H
MeO

O
Co2(CO)6

+
H

H
MeO

O

Co2(CO)6

17

Co2(CO)6

BF4

O-methyl estrone (25) 26

27
(Yields were not given.)

H H H
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�[oƁV˕�4
Ȣ˓>Y��Ɓ@�y�ĻƇ?ȥ.RìɴýÆ<
CAN V˕�4ȮŹȤÆ?OQ 2

Ŕɋ����d�ÆVȭǲ,:�R�,",>#P
ʃP@．ÁAȢB@ýƠ;˅ɌʛVȾɋɘ@ư˟

?ˑ R?<=HQ
ĖƁǱǖĳ#ư˟@ɉÅVǆ�:�RF<#ƙŪHS:�4� 

 

 

Scheme 0-11. Harki, BrummondP?OR�Ŕɋ����d�Æ 

 

¥Ǒ@ɶī"P
ɁƥA
ʍɌɡɊķč<řȓéǱȏøķč@ǧșÆVƊő,4ʮŠțÆŢʛ@���

�d�Æ
2@Ⱦ;LɖƇʯʔ>ʮŠñVƔ8ǴʛéǱǄʜƇ@����d�Æ?ǉɔVɛ:4ķčV

ơƌ,4�H/Ȣ˓>ìɴýVƔ8ǴʛéǱʜƇ@ìɴýÆVŜ�?A
ʶ˘ĖƁǖĳÅ;ŜUSR

Nicholas ．Á@ǖĳØ˦#Ƶ˖;�R<ś 
ɒÊʛVA-K<,4．Áǖĳ@űɍÆVŜ>74�ơŴ

? 17 @I;．ÁVŜ�<
ýƠ<@．Á?O7:Ǵ-4 HBF4 ?O7:ýƠ
Ǵǲʛ#ʜÖ,
Harki, 

Brummond P@ǖĳ<ɡ˓
ư˟@ɉÅ#ãɰHS4�2F;
˓�>¿ýVɒÊ.RF<;2@ƁǱǖ

ĳ@˗ǰVƐI4<FT
ŃȤ¿ý;�R Cs2CO3VɒÊ.RF<;
17 @．ÁǱV˚<.F<>B
ư

˟VØȆ;ARF<#ɽ˂,4�HP?
ǬƁýVƔ8ʮŠțǴʛéǱǄʜƇ;�R mestranol ?!�:

A
¿ýVǭš���n�¿ý;�R DTBP ?ʢŘ.RF<;ÆåȄȬǱ#ʢÆ,
ǬƁýȄȬɌ?．

Á#Ŝ RF<VĸƷ,4�ɥPS4����d�ni��{ŹȤA
TEMPO+BF4
-V˕�RF<;ȮŹ

ȤÆ#Ëɴ;�Q
ŹȤ 17#�Ŕɋ;@����d�Æ．Á?ɍ˕;ARF<Vƙ,4 (Scheme 0-12)�

FSP@ķč@ǎųAÞ˳Ȫ°ǌ;ƹER� 

 

 

Scheme 0-12. 17 V˜˕,4ʮŠțǴʛéǱǄʜƇ@�Ŕɋ����d�Æ 

 

Ȫɭǌ� Ġǚɸ< o-Y�c~���tY�{Vˌ.R Nicholas ƐˊV˜˕,4ǞĄ Nicholas ．Á@Ùɺ 

ȅƹ@．ÁǖĳA
˓�>ǴʛéǱʜƇ@ʮŠñ@����d�Æ．ÁVȭǲ,4°ʫ;
Ðǒ@¿ý

V˕�R4K?
¿ý?¹ʑ>ìɴýVƔ8ýƠ?ɍ˕#Ŧɬ;�74�2F;ɁƥA
2L2LɄĖƁ

AA XH

R

AA = amino acid

BF3•OEt2, 0 ºC

16: R = CH2OH
28: R = CH2OMe

Co2(CO)6

AA X
Co2(CO)6 AA X

CAN

acetone

18-97%
6-97%

X = S, O, NH

Co2(CO)6
BF4 17

R
Cs2CO3

R

(CO)6Co2

R

(CO)6Co2N
O BF4
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#Ǵ->�
L,BAǚɸ˧@Ɓ@I; Nicholas ．Á#ȭǲ;ASB
¿ýVɒÊ0/<LÄ˴>ǖĳ

;@ìɴýÆ#Ëɴ?>R<ś 4�ƁǚɸV˜˕,4 Nicholas ．ÁA
Sieera, Torre P?OQʩţHS

:�R#
ʃP@．Á;A
av`�ǱȾ÷ȤVɺǴH0R4K?
ĠȚǚɸ#ɷ¦;AR�~�ýL,

BA�]~�ý#Y�c�ni��{ŹȤ?ʌ˖;�Q
ȯƻ>����d�ýVɢɯ.RɁƥ@˅Ɍ

?˕�R?Aʒɍ;�74 (Scheme 0-13) 33� 

 

 

Scheme 0-13. Sierra, Torre P?ORƁǚɸV˕�4~i�o．Á 

 

ɁƥA
ȮŹȤÆŇ?ȯƻ>����d�ýD<ʢð;A
"8ǚɸ˧@ Lewis Ɓ;éǱÆ.RƐˊ

@ȌǷVƐI4�2F;
2008 ɲ?ʩţHS4
Yu P?OR o-Y�c~���tY�{ VȮ˞ý<,

:˜˕,4f�im�Æ?Ƚ˅,4�Scheme 0-14a�34�ʃPA
Ġǚɸ?O7:éǱÆ.R o-Y�c~

���tY�{ Vf�im�ý?ɢɯ.RF<;
Ä˴>ǖĳ;@f�im�ÆVȭǲ,:�R�ʶ．

Á;A
ʘǴǲʛ<,:[se���#Ǵ-RL@@
Ȣ˓>f�im�ýVɢɯ;ARˌ˕>．Á;

�R�H4
2009 ɲ?ȃʉPA
Yu P<ɡ˓? o-Y�c~���tY�{V˜˕.RF<;
ĠǚɸV

˜˕,4��n�av`�@^�y�Æ<Y��Æ
2,: Friedel-Crafts ．ÁVʩţ,:�R �Scheme 

0-14b�35� 

 

HO

R1

Co2(CO)6 AgBF4 or AgClO4 (5 mol%)

CH2Cl2, rt

R1

O

OH
R2

Co2(CO)6

R2
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Scheme 0-14. o-Y�c~���tY�{<ĠǚɸV˜˕,4．Á 

 

ɁƥA
Yu
ȃʉP@ʩţˬVžś?
Ɛˊ 29 VǞ4?Ţǲ,ʮŠțÆŢʛ<@．ÁVH/ƐI4�

2@ĲÍ
˅Ɍʛ 30 VɥRF<?ǲ･,4°ʫ;
av`�ǱȾ÷Ȥ<[se��� 31 @．ÁǲǹȤ

;�RʲH>�ʘǴǲʛ 32 #Ǵ-RĲÍVɥ4 (Scheme 0-15)�ʘǴǲʛ 31 @ǴǲVʴC˅Ɍ;
Ȣ˓

>ĠǚɸVĵɟ,4L@@�/S@ǓŢL 32 @ʘǴVʇ'RF<A;A>"74�H4[se��� 

30 A
29 <m�ah�a�ºe��{f��Z�?O7:ʜ˞.RF<#;A/
ʜ˞ǶǷ@˃;LÏ

ȫVƃ,4� 

 

 

Scheme 0-15. Ɛˊ 29 V˕�4Ġǚɸ?OR Nicholas ．Á@ĵɟ 

 

2F;ɁƥA
�v�ý@ȨUQ?����`�Y�a� (��`�ouf)Vɢɯ,4ƐˊVǞ4?z

l[�,4 (Figure 0-5)�ʘǴǲʛ 32 A
[se��� C4 ¦@ɖƇʽɘ#šB
av`�Ǳ����d

OBzO
BzO

OBz

OBz

O O
n-Bu

ROH
PPh3AuOTf (10 mol%)

CH2Cl2, MS4Å, rt

OBzO
BzO

OBz

OBz

OR
O

O

n-Bu

+

byproduct

a) Yu’s glycosylation

b) Asao’s etherification, amination, and Friedel-Crafts reaction using o-alkynylbenzoate

O

O

R2

R1

O

Ph2-methylfuran
PPh3AuOTf

C6H5Cl, rt, 1 h
R2 = CH2Ph

R1 = n-Bu or Ph

PhCH2CH2OH
PPh3AuOTf

C6H5Cl, rt, 1 h
O

PhPh

R2 = CH2Ph

NH
Ts

PhCH2CH2OH
PPh3AuOTf
1,4-dioxane

R2 = allyl

N
Ts

PPh3AuSbF6 (5 mol%)

CO2Me

MeO (2 eq)

CH2Cl2, MS4Å, rt, 30 min

CO2Me

MeO
Co2(CO)6

Bu

O

O

31 (70%)

Bu

Co2(CO)6

O

O

29

Bu

O

O

Co2(CO)6

30 (72%) 32 (14%)

+ +

undesired 
product
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�ni��{ŹȤ<．Á,4<ś PS4�2F;
ɖƇČ´ý;�R��`�oufVɢɯ,
Ǵ-4

[se���@ C4 ¦@ČɖƇǱɉÅVĀȦ,4�HP?��`�oufVˌ.RǄʜƇA
CurranP?

OQʩţHS4��`�om�ah�a�ºe��{f��Z�?OQʈ��`�o>ǄʜƇ<@ʜ˞

#Ëɴ?>RF<"P
ʜ˞˃@ˆȫLÖı;AR<ĀȦ,4 36� 

 

 
Figure 0-5. Ǟ4?zl[�,4Ɛˊ 

 

Ǒą@i�q�{@L<Ţǲ,4Ɛˊ 33 A
29 <ɡ˓?ǚɸ˧@Ġǚɸ?OQéǱÆHS˅ɌʛVˑ

 4°ʫ;
ʘǴǲʛ 35 Vˑ >�F<#ɽ˂,4 (Scheme 0-16)�HP?ȱȉǮ 6 @����`�Y

�c�ýV˕�Rƒ;
˅ Ɍʛ<[se��� 34 @��`�om�ah�a�ºe��{f��Z�?

ORʜ˞#Ëɴ;�74�ơŴ?Ɛˊ 33V˕�R<
Ȣ˓>ʮŠțǄʜƇ@ìɴýÆ#Ëɴ;�Q
Ź

Ȥ 17 <ȱƁqm\ºV˜˕,4．Áǖĳ;AìɴýÆ#ɬ,�
ƁM¿ý?¹ʑ>ìɴýVƔ8ýƠ?

!�:Lšư˟;．Á#ǤŜ,4�HP?Ġǚɸ@a\�u�Y~`�VʢŘ.Rƒ;
．Á@ȄȬǱ

Vǰň;ARF<V˂P"?,4�FSP@ķč@ǎųAÞ˳Ȫɭǌ;ƹER� 

 

 
Scheme 0-16. Ɛˊ 33 V˜˕,4ʮŠțÆŢʛ?ȥ.RƁǚɸɌ~i�o．Á 

 

ȪŽǌ� ǞĄ．ÁǱâɥVƊő,4ǞĄn��`�����d�^�y�Ţǲ@Ùɺ<Á˕ 

av`�Ǳ����d�ni��{ŹȤA
ɖƇʯʔ>ʮŠțÆŢʛ5';>B
`��Z�
Y��

M��n�
m��^���^�y�>=˓�>Čáŵ<．Á,
ȥÁ.Rni��{ŹȤVˑ R�H

4
����d�ni��{ŹȤ@˪ǻȱȉ@a��av`�@ČɖƇǱA
Mayr P?O7:ȹðý?

OR．ÁǱ@ĥő#ʩţHS:�R 37�  

O

O

n-Bu

Co2(CO)6 O

O
Co2(CO)6

CnF2n+1

electron withdrawing group 
→ decreasing C4 position of isocoumarin 
fluorous tag 
→ separability of isocoumarionredesign

R R

(CO)6Co2

(4-F-C6H4)3PAuNTf2 (5-20 mol%)

ClCH2CH2Cl, rt, 15 min

O

O

C6F13

Co2(CO)6

33 (1.2-1.5 eq)
+

O

O

34

O

O

Co2(CO)6

35

+
C6F13

C6F13

NOT observed
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2@°ʫ;ÆåȄȬɌ>~i�o．ÁAF<W=ʩţHS:!P/
¥Å?ƙ. 1987 ɲ?ʩţHS4

Jaouen P?OR^o{��ˏɢȤ?ȥ.Rˬ@I;�R (Scheme 0-17) 38�H4
ʃPAF@°ˬ,"ʩ

ţ,:!P/
˓�>ČáǱìɴýĔȞÅ
ɧɊ@ìɴý<．Á.R~i�o．Á@ǖĳAɁƥ#ȷR

ŀQʩţHS:�>�� 

 

 

Scheme 0-17. JaouenP?ORÆåȄȬɌ>~i�o．Á 

 

�wȉĻƇA
ǬȉĻƇ<ʄä,:š�ɖĂ¶ǱɘVƔ8°ʫ;
2@ĻƇ，ĨAF<W=Ŭ#>� (H 

= 1.20�
 F = 1.47�)39�F@F<"P
ˌāʜƇ@ǬȉĻƇ@ȨUQ?�wȉĻƇVɢɯ.RF<;


ʜƇ@ȩAHVF<W=ʢÆH0RF<>B
2@ÆåɌ
ʛ˝ÆåɌ>ǱƠVȩABʢÆH0RF<

#;AR�ˬ B
�wȉĻƇA
aȱȉ@a��av`�V¤ɊÆH0RF<#ȷPS:!Q
FSA

�wȉ@ 2pćɣ@ńˠɖƇȥ#a��av`�@ģ@ p ćɣ?ȥ,ɖƇVēˑ.R4K;�R 40�H4

�wȉA
­ˊʐȌǷ?!�:Lˌ˕>ĻƇ;�Q
<QU'ǬȉV�wȉ?ȹð,4ǴʛéǱʜƇA


ǴȤɫ;ȨƦVƭ'?B�
Ǝ˔Ǳ#őǑ.R<�74˜ɔ#�R 41�N ?�wȉVɢɯ,4­ˊʐA

Ƕ˩Ɍ?ÙɺHS:!Q
ȢB@ù�wȉ­ˊʐ#Ǟ4?ǑƈHS:�R�F@F<"Pğɲ
̩ āǄʜ

Ƈ?ȥ,:�wȉĻƇVɢɯ.R．ÁM
��`�Y�c�ýVɢɯ.R．Á#Ƕ˩Ɍ?ÙɺHS:�

R 42� 

ɁƥA~i�o．Á@éǱƬ;�RY�c�i��{ŹȤ@˪ǻȱȉ@a��av`�?ȥ,
Ǒą@

ǱƠVƔ8�wȉ#=@O�>¸ĚVˑ R"ęʻVƔ74�ķčÙƆɛƽ
����d�¦?�wȉ

Vɢɯ,4Y�c�i��{ŹȤAʩţHS:!P/
2@ŢǲĵɟLŢU0:Ŝ74�ĵɟ@ĲÍ


difluoropropargyl bromide 36 ?ȥ,
Co2(CO)8Vŷ˕H0RF<;ŹȤ 37VŢǲ.RF<?ǲ･,4�H

P?ŹȤ 37A
ġƐˊ?O7:éǱÆHS
Y�i��<．Á.RF<;^�y�Vħǲ.RF<Vĸ

Ʒ,4 (Scheme 0-18)�HP?ɥPS4^�y�A
ȮŹȤÆ.RF<;n��`�����d�^�y

�D<ʢðËɴ;�74�F@4KY�c�@ȢŲ>．ÁǱV˜˕,4��`�Y�c�^�y�Ţǲ

HH

H

MOMO

OTMS
Co2(CO)6

BF4

HMDS

Co2(CO)6

BF4
HH

H

MOMO

O(OC)6Co2

H

H

H

MOMO

O

(OC)6Co2

+

H

H

H

MOMO

O

(OC)6Co2

mixture of 5 products
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D@ɑÙLŢU0:įÒ,4� 

 

 

Scheme 0-18. n��`�����d����|ni��{ŹȤ 37 @Ţǲ<Á˕ 

 

a-n��`�Y�c�^�y�A
Ɉǔ@^�y�<ʄä,:ǴȤɫ;@ƁÆ¤ɊǱMƎ˔Ǳ@őǑ#

ĀȦHSRìɴý;�Q
ơŴ?�B8"@­ˊʐM2@ŋʧÆŢʛ?ɢɯHS:�R (Figure 0-6)�,

",
F@řȓVƔ8­ˊʐA
�wȉ­ˊʐ?ȀKRçŢ;ĸR<ʈǔ?ǅ>B
a-n��`�Y�c

�^�y�Ţǲʬ#OQǤɑ.SB
FSP@˜ɔVǴ",4ȌˊķčVɑÙ;AR<ĀȦ,4� 

 

 
Figure 0-6. ��`�Y�c�^�y�VùJ­ˊʐċC2@ŋʧÆŢʛ 

 

��`�Y�c�^�y�Ţǲ@ƫʬAȩABʜ':
 (1)�wȉÆƐˊV˕�Rʫʬ 43
(2)ƁȉĻƇ

?ȥ,:��`�Y�c�ÆVŜ�ʫʬ 44
(3) ��`�Y�c�^�y�2@L@VŢǲ.Rʫʬ 45


@ 3 Ƭ˫?ȩʡHSR�,",
ʫʬ 1 AȢB@ǓŢ£�@ɬ,��wȉÆƐˊV˕�RF<
ʫʬ 2, 3

;Aɢɯ;AR��`�Y�c�ý#ȯƻ>L@?ŀPSRF<#ˆȫɔ;�74�ȥ,:n��`�

����d�^�y�A
Y�c�@．ÁǱV˜˕.RF<;Ȣ˓>ˏɢȤD<ʢðËɴ;�Q
Ǒą

@�{��weVÖǈ;AR<ĀȦHSR 46� 

n��`�����d�ýVǬƁý?ɢɯ.RǿŜķč<,:
2005 ɲ?ʩţHS4 HammondP?O

Rn��`�����d�Æ#đ(PSR (Scheme 0-19)47�ʃPA
˒ª?ɃǷËɴ>n��`���

��d����| 3648OQ�Ŕɋ;ɃǷËɴ>n��`�Y�� 38 V˜˕.RF<;
Ȣ˓>ČáŵD

@n��`�����d�ÆVʩţ,:�R�,",>#P
38 A．ÁǱ?「,B
^�y� 39 VɥR

Ŵ?A˔ɸ˧@Y�i��Vʌ˖<.RF<#İɔ;�74�  

 

FF

Br
TIPS

Co2(CO)8
FF

Br
TIPS

Co2(CO)6
FF

O
TIPS

Co2(CO)6R
OHR

AgOTf

36 37

F

FO

OMe
OMe

N
O
S

H
N

N

CF3

F3C O F

F

N
H

S
OO N

H

O
O

F F

TRPV1 antagnoistSevofluranePantoprazole
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Scheme 0-19. Hammond P?ORČɖƇɌn��`�����d�Æ 

 

2F;
Ǟ4?Ţǲ,4ŹȤ 37 V
Y�i��VýƠ<,4n��`�����d�^�y�ŢǲD

<˜˕,
Ȣ˓> -n��`�Y�c�^�y�Ţǲ#Ëɴ;�R"ĵɟVŜ74 (Scheme 0-20)�ĵɟ

@ĲÍ
37 A¿ýȞŶÅ
Ɛˊ˧@Y�i��<．Á,
̡ J -n��`�Y�c�^�y�Vˑ 4�

ęʻǟ�F<?
Ùɺ,4．ÁA
ƎʳțY��MɖƇʯʔ>ʮŠñ
̀ ��Z�>=Ɉǔ@ Nicholas．

Á;A．Á,�RìɴýȞŶÅ;L
Y�i��<ÆåȄȬɌ?．Á,4�F@F<"P
�wȉĻƇA

av`�Ǳ����d�ni��{ŹȤ@．ÁǱ?ȩA>¸ĚVˑ RF<#ƙŪHS4� 

ȮŹȤÆA
CAN L,BA N,N,N’-trimethylethylenediamine ?OQȭǲ,
ȜB TBAFV˕�4Ȯm��

Æ?OQn��`�����d�^�y�@Ţǲ?ǲ･,4�ɥPS4^�y�ĤA=SLǞĄ>řȓ

ȯ¦;�Q
ʶ．Á#ù�wȉÆŢʛŢǲ?Lˌ˕;�RF<
HP?FSH;Ţǲ#ɬ,"74 -n

��`�Y�c�^�y�VŢǲ;ARF<VǍ˂,4�FSP@ķč@ǎųAȪ�ǌ;ƹER� 

 

 

Scheme 0-20. Y�i��?ȥ.RÆåȄȬɌ>n��`�����d�Æ．Á 

 

ȪƄǌ� ǞĄn��`�����d��~�^�y�Ţǲʬ@Ùɺ<ù�wȉÆŢʛŢǲD@Á˕ 

�wȉĻƇA,B,BʜƇ@¤ɊǱ?L¸ĚVˑ 
�wȉ#ɢɯHS4ǴʛéǱʜƇ@Ⱦ?AǴȤɫ

;ʜÖ
ˌÛ>�wÆǬȉVǴ-RL@#ȷPS:�R  (Scheme 0-21)49 �ˬ B
 4-

(difluoromethyl)imidazole (38)A
ȼȉĻƇ@ńˠɖƇȥ@¸Ě?OQ，ļĀ 2.5ƕ÷;�wȉ#Ȯ˞,Ǭ

<．Á.RF<;
�wÆǬȉ@Ȯ˞V、�>#P 4-formylimidazole (39)?>RF<#ȷPS:�R�H

4 DPP-IV ȋÛŵ 40 A
ǴȤɫ;ȨƦHSRF<;�wÆǬȉ@Ȯ˞V、�>#P
�[g�Yeq�

u�41 VǴ-RǴȤɫȨƦ?ˆȫVʪ RÆŢʛ;�R�F@F<"P
ơŴ?ù�wȉʜƇVŢǲ,


2@¤ɊǱMʛǱVʏÉ.RF<A­ˊʐÙɺ?!�:Ƶ˖>Ïȫ;�R� 

FF

Br
TIPS

36

2 steps
F •

F

TIPS

Br
K2CO3

MeOH, rt

FF

MeO
TIPS

38 39

FF

Br
TIPS

Co2(CO)6
FF

O
TIPS

Co2(CO)6ROHR
AgOTf, Et3N

37
FF

OR

1. CAN or
   MeNHCH2CH2NMe2

2. TBAF

FF

OR

FF

OR

N
N

N

Bn

FF

OR N
O

Ph
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Scheme 0-21. �wȉĻƇ#Ȯ˞.Rˬ 

 

� ɁƥA
ĸƷ,4ŹȤV˜˕,4HP>Rù�wȉÆŢʛŢǲD@Á˕VƊő,
n��`����

�d����|ni��{ŹȤ#ȡ@Čáŵ<．Á,>�"ĵɟVŜ�Ⱦ;
g{�<．Á,ȥÁ.R

^���^�y�Vˑ RF<VĸƷ,4 (Scheme 0-22)�°ʁɌ?
av`�Ǳ����d�ni��

{ŹȤA
g{�@a¦<．Á#ˋǿ.RF<#ȷPS:!Q 50
ɥPS4ȅˬ@>�．ÁǱ?ęʻ#Ɣ

4S4�O7:ɁƥA
˓ �>g{�?ȥ,:ʶ．Á#ɍ˕Ëɴ"ĵɟVŜ74�H4
ɥPS4^��

�^�y�A
ȅƹ@^�y�@ŹȤ<ɡ˓?ȮŹȤÆ?OQ
n��`�����d��~�^�y

�D<ɢBF<#Ëɴ;�74� 

 

 

Scheme 0-22. g{�?ȥ.R�Ŕɋn��`�����d�Æ 

 

� ����d��~�^�y�A
．ÁǖĳMýƠ@ȹðý?O7:Ȣ˓>ʜƇD<ʢðËɴ;�RF

<"P
°8@ʜƇ"P˓�>ˏɢȤVŷRǑ;ʈǔ?ˌ˕>ýƠ;�R 51�Toste PAĠǚɸV˕�4

����d� Claisenɓ¦Vʩţ,:!Q
ǚɸ@I@．Áǖĳ;AY�~�Y�z�|#ɥPSR@?

ȥ, 52
ǬVɒÊ,4ǓŢ?A
�|����Ťà#ɥPSRF<Vʩţ,:�R (Scheme 0-23a)53�2

@°ʫ;
�~�ý?ɖƇČ´ýVƔ404ýƠ;A
ɱɌ>ǖĳ;����d� Claisen ɓ¦#ǤŜ.

RF<#ȷPS:�R�F6PLɒÊŵMȹðýVʢŘ.RF<;
���
Y���
n�|���n

�>=˓�>ˏɢȤD<ʢðËɴ;�R (Scheme 0-23b)54� 

 

N
H

N

HF2C

pH 7.4, 30 ºC

t1/2 ~2.5 hrs N
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F
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H
N

N
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F
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H
O O

rat CYP3A N

O
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O

O– HF
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(a) Hydrolysis of difluoromethyl groups

(b) Metabolism of DPP-IV inhibitor with removing HF

38

40
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O

R1

Br

F F
Co2(CO)6

AgNTf2, iPr2NEt

R2 O

F F

R1 R2

CAN or
MeNHCH2CH2NMe2 O

F F

R1 R2

Co2(CO)6
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Scheme 0-23. ����d� Claisen ɓ¦V˜˕,4ˏɢȤŢǲ 

 

� FSP@ɶī"Pn��`�����d��~�^�y�V˜˕,4ù�wȉÆŢʛ@ŢǲVƐI


2@¤ɊǱ>=VʏÉ,4�ĵɟ@ĲÍ
n��`�����d��~�^�y�AȹðýM．Áǖĳ

?O7:«>R�wȉÆŢʛVˑ RF<V˂P"?,4 (Scheme 0-24)�.>U6
ɱɌǖĳ;A��

��d� Claisen ɓ¦#ǤŜ,
n��`�Y��
L,BAn��`�n^��#ɥPSRF<V˂P

"?,4�2@°ʫ;
�[oƁV˜˕,4ǓŢ
{���`����VɥRF<?ǲ･,4�n��`

�n^��M{���`����A
FSH;F<W=ˬ@>��wȉÆŢʛ;�Q
ʶƫʬ#ǞĄ"

8Ȣ˓>�wȉÆŢʛ@Ţǲ?˜˕;ARF<V˂P"<,4�ǎųAȪƄǌ;ƹER� 

 
Scheme 0-24. n��`�����d��~�^�y�V˜˕,4ǞĄ�wȉÆŢʛŢǲ  
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H
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R
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ʶ˳ 

E 1 :� 4�3*=&)#(�(��"( 7C�o	�O5B?L/=M8-�4G&)#(�(,

K+--J�

Ȫ 1 ǽ� av`�Ǳ����d�ni��{ŹȤ@Ţǲ<．ÁǱʏÉ 

H/
NicholasP@ʩţ?ƴ� 2Ŕɋ 28
Ȑư˟ 80%;ŹȤ 17 VŢǲ,4�Scheme 1-1�� 

 

 
Scheme 1-1. ŹȤ 17 @Ţǲ 

 

 ŹȤ 17 A
．ÁŇ?ɄĖƁ;�R HBF4VǴ-RƐˊ;�R�2@4K
2@HH˕�4ǓŢ?A
ý

Ơ@ʜÖ#ĴɳHS4�ơŴ?
ŹȤ 17 V˕�4
ɐȇʛ eugenol (42)<­ˊʐ mestranol (45)@ƱǘV

ĵɟ,4<FT
ŹȤ 17 V˕�4@I;A
eugenol (42)@ˏɢȤ 43, 44 Aɉư˟;ɥPSR@I;�

Q
H4 mestranol (43)?!�:AýƠ@ʜÖ#ĸPS
ǴǲʛAȈBɥPS>"74�Scheme 1-2�� 

� FSP@ĲÍ"P
H/ȯƻ>ýƠ;¿ýVɒÊ.Rǖĳ#ˌŎ"ĵɟVŜ�
2@Ň
ơŴ?Ǵʛé

ǱʜƇ?ȥ,:ɍ˕Ëɴ"ĵɟVŜ�F<<,4� 

 

 

Scheme 1-2. ŹȤ 17 V˕�4ìɴýÆƽĀĵɟ 

 

H/ȯƻ>ýƠ;�R veratrol (46)V˕�:ĵɟVŜ74�H4
ɡƕ?˔ɸ@ĵɟLŜ�
ŹȤ 17 V

˕�4．Á?ʀ˕HS:�Rne���u� 28OQ˦�˔ɸ#�R"ȰŸVŜ74�Table 1-1�� 

� ¿ý<,:ȱƁa�\ºV˕�4<FT
¿ýVɒÊ,>�ƕ<ʄä,:˅Ɍʛ 47, 48 @ư˟#U/

"?őǑ,4�entry 1,2��F@ĲÍ"P
ȱƁa�\ºVɒÊ,:L 17 @．ÁǱ?ȩA>¸Ě#>B


Co2(CO)6

BF4

HO
Co2(CO)8 (1 eq.)

CH2Cl2, rt, 5 h, 93%

Co2(CO)6HO
HBF4•OEt2 (3 eq.)

Et2O, rt, 2 h, 86%
16 17

HO

MeO

HO

MeO

HO

MeO

43 (<8%) 44 (5%)eugenol (42)

OH

HH

H

MeO

decomposition

mestranol (45)

17 (1.5 eq)

CH2Cl2, rt, 2 h
+

17 (1.5 eq)

CH2Cl2, rt, 2 h

Co2(CO)6
Co2(CO)6
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"8ƁǱV˗ǰ;A:�R<ɽȴ,
Ɩ?ȱƁa�\ºV˕�:
˔ɸVʢÆH0RF<;ư˟#őǑ

.R"ĵɟ,4� 

��h�Ĭ˔ɸ<,:ne���u�
ne��^u�V˕�4ǓŢ．ÁAǤŜ,4°ʫ;
Ƅ¿Æȱ

ȉV˕�4ǓŢ．ÁAȈBǤŜ,>"74 (entry 2-4)�FSA
17 #ne���u�
ne��^u�

A˔Ö.R@?ȥ,
Ƅ¿Æȱȉ?AȈB˔Ö,>"744K;�R�ɡ˓?ʮŠțĬ˔ɸ?!�:L


{���`��v���r�?Ɛˊ 1-1 AU/">#P˔Ö,
．Á#ǤŜ,4°ʫ;
��r�?AȈ

B˔Ö0/
．Á#ȈBǤŜ,>"74 (entry 5, 6)�HFIP V˕�4ǓŢA
17 AëȈ?˔Ö,4L@@

˔ɸ<．Á,4ʘǴǲʛ#ɥPS4 (entry 7)� H4
ʈ��{�ǱĝǱ˔ɸ;�R DMF
DMSO ?8

�:L．Á#ȈBǤŜ,>"74�entry 8, 9�� 

˔ɸ@ĵɟĲÍ
ư˟@őǑ#ĸPS>"744K
HP?¿ýVĵɟ,4�ƁÆ�f�m\º
��Ɓ

Ǭȉ}{�\º;Aư˟?ȩA>ʢÆA>"74�entry 10, 11��ȱƁqm\º?!�:A
Ļ˥#.E

:ǈƞ,
F@Ⱦ;űLš�ư˟Vˑ RĲÍ<>Q
F@ƕˏɢȤ 49#ɥPS4�entry 12��>!ˏ

ɢȤ 49 @řȓA HMBC ?OQıɊ,4�2@°ʫ;
ȼȉ¿ý;�R{�^v�Y��
DBU, DMAP

V˕�R<．ÁAȈBǤŜ,>"74�entry 13-15��FSAY�c�i��{ŹȤ@˪ǻȱȉĻƇ<ȼ

ȉĻƇ#ĲŢVħǲ
L,BAĖBȏŅŷ˕,44K5<ś PSR 55�ơŴ? Et3N <ƐˊV．ÁH0

R<, ¿ý<Ɛˊ@ʚŢȤ 50Vȯ˞.RF<#;A4�Scheme 1-3�� 

 

 

Scheme 1-3. {�^v�Y��<Ɛˊ 17 @．Á 

 

¥Ǒ@ĲÍ"P
ƂɊ@űɍ¿ýVȱƁqm\º
űɍ˔ɸVne���u�<,
ơŴ?ǴʛéǱǄ

ʜƇV�z�ÆŢʛ<,:
．Áǖĳ@HP>RȰŸVŜ74� 

 

 

 

 

 

 

 

Co2(CO)6

17
BF4

Et3N (excess)

rt, 1 h, 60%

Co2(CO)6

BF4

Et3N

50



 

 21 

Table 1-1. Veratrol V�z�ýƠ<,4¿ý<˔ɸ@ĵɟ 

 

 

Ȫ 2 ǽ� ʮŠțǴʛéǱʜƇV˜˕,4．ÁǖĳűɍÆ 

ʮŠțǴʛéǱʜƇ@�z�ýƠ<,:
O-methyl estrone (25)V˕�, ʲJ°ȹðȤ 26, 27 #š�ư˟

;ɥPSRǖĳVĵɟ,4 (Table 1-2)�Jaouen P<ɡ˓?H/¿ýVÊ /?．ÁVŜ74<FT 31
ý

Ơ@ʜÖ#ĸPS
˅Ɍʛ@ư˟AȾɋɘ?<=H74�entry 1��Ƭ�@¿ýVɒÊ.R<ư˟AőǑ

,
ȱƁqm\ºVɒÊ,4Ŵ?
Ɛˊ#Ðǒ?．Á,4ˏɢȤ 51 LɥPS4L@@
űLư˟OB 26, 

27 VɥRF<#;A4 (entry 2-4)�>!
ǭš���n�¿ý;�R DTBP V˕�R<
ǿ@ Et3N @ˬ

<A«>QʚŢȤ@ħǲ#ĸPS/
H4
．ÁLư˟OBǤŜ,4 (entry 5)�FSA
DTBP #ǿ?˕

�4Y��¿ý<«>Q
ˠȤɌ?ǭšB
ȼȉĻƇ<Y�c�i��{ŹȤ˪ǻ¦@ȱȉĻƇ#ĲŢ

Vħǲ;A>"744K574<ǫȗHSR�  

 

 

3

4

5

6 CF3Ph

7

benzene

DCE

CCl4

HFIP

8 DMF

9 DMSO

10

524

955

0

MeO

MeO 17 (1.5 eq), base

CH2Cl2, 0 °C to rt, 2 h

entry base equiv.

yield (%)

1

2

10

11

12*

K2CO3

47 48 recovered SM

650 13

10 1455 22

MgO

Na2HPO4

1844 3

1348 8

10

10

Cs2CO3

13

14

15

Et3N

DMAP

DBU

none

47
48

49

10 73 18 0

2

2

2

* 49 was also obtained in 5% yield. N.D.: Not determined.

MeO

MeO Co2(CO)6

MeO

MeO Co2(CO)6

(OC)6Co2

+
MeO

MeO

Co2(CO)6

+

0

0

0

0

0

0

N.D.

N.D.

N.D.

solvent

K2CO3 10

K2CO3 10

K2CO3 10

K2CO3 10

K2CO3 10

CH2Cl2

CH2Cl2

0 0 N.D.

0

0

0

0

N.D.

N.D.

K2CO3 10

K2CO3 10

0

0

0

0

N.D.

N.D.

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

Co2(CO)6

BF4

46
H

: HMBC
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Table 1-2. O-methyl estrone (25)V˕�4．ÁǖĳűɍÆ 

 

 

Ɩ?ƁǱǖĳ?¹ʑ>ìɴý;�R 3ĎY�i��VƔ8 mestranol (45)V˕�:
HP>R¿ý@ĵɟ

VŜ74�(Scheme 1-4)�ęʻǟ�F<?
ʶýƠ?!�:A˕�R¿ýVʢŘ.RF<;
ȄȬǱ#ʢ

Æ,4�.>U6
ȱƁqm\ºV¿ý<,:˜˕,4ǓŢ
ʮŠñǑ;@．Á#ǤŜ, 52, 53 #ɥP

S4@?ȥ,
DTBP V˕�R<ǬƁýǑ;．Á#ǤŜ,4ˏɢȤ 54 @I#ȄȬɌ?ɥPS4�ǎ,�

˝％Aɽ˂,:�>�L@@
pKaVś R<��n�¿ý (pKa = 4-5)# mestranol @Ȫ 3ĎY�i�� 

(pKa = 17-19)@Ȯ��{�ÆVĆF,
ǬƁý@．ÁǱ#ʢÆ,:�R<Aś ?B�4K
17 @av

`�ǱȱȉĻƇ< DTBP @ȼȉĻƇ#ȏŅŷ˕,
．ÁǱ#ʢÆ,44K<ǫȗ,:�R� 

 

 

Scheme 1-4. Mestranol V˕�4ìɴýÆ@ĵɟ 

2

3

1

entry base recovered SM

yield (%)a

none 0

7

1544 36 0

21 24 11

45 40 0

437 33 0

5126 27

K2CO3

Cs2CO3

DTBP

H

H

MeO
H

H

MeO

H

H

MeO

H

H

MeO

17 (1.5 eq)
base (10 eq)

CH2Cl2, 0 °C to rt
30 min

5126 27

O
O O O

[a] Yields were calculated based on the total aomount of mixuture of 25-51 
and its NMR peak ratio. See the experimental section for details.

4 Et3N 1717 370

5

Co2(CO)6

+ +

Co2(CO)6

Co2(CO)6

Co2(CO)6

25

H H H H

HH

H

MeO

HH

H

MeO
HH

H

MeO

17 (1.5 eq)
Cs2CO3 (10 eq)

CH2Cl2, 0 °C to rt
30 min

52 (26%) 53 (24%)OH

OH OH
Co2(CO)6

+

Co2(CO)6

HH

H

MeO

O

Co2(CO)6

54 (58%)

17 (1.5 eq)
DTBP (10 eq)

CH2Cl2, -20 to 0 ºC
30 min

+ C,O-dialkylated
products (<4%)

mestranol (45)
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H4
̂ �y� 54 AȾ˴,AS>� HBF4?OQʜÖ,
Űɘav`�Ǳ����d�ni��{ŹȤ

VǴ-4@6?
ˏɢȤ 52 M 53 VǴ-RËɴǱ#ś PS4�2F;
^�y� 54?ȥ,:ȱƁqm

\ºȞŶÅ
HBF4Vŷ˕H04<FT
˾ "?ʮŠñǑ;ȹð,4 52-56 #Ţį 21%;ɥPS4L@@


54 L 34%;×ưHS4 (Scheme 1-5)�ʁ ĲÍ"P
̂ �y� 54A
ȱƁqm\ºǖĳÅ°ʗ#ʜÖ.R

L@@
2@Ȉ:#ʜÖ.RU';A>B
．Á@ȄȬǱAɒÊŵ@ʢÆ?O7:´AĆFHS4F<

#˂P"<>74�Ùɺ,4ǖĳAɒÊŵVÊ RF<;ÆåȄȬǱ#ʢÆ,4ˬ;�Q
Ȣ˓>ìɴ

ýVƔ8ǴʛéǱǄʜƇ@ìɴýÆ?!�:ˌ˕>Y���v;�R<� R� 

 

Scheme 1-5. ^�y� 54 @ʜÖơĹ 

 

¥Ǒ@ĲÍ"P
ŹȤ 17 V˕�4ʮŠțÆŢʛ@Ʊǘ?A
¿ý<,:ȱƁqm\º#ˌŎ;�RF

<#ʜ"74� 

 

Ȫ 3 ǽ ýƠɍ˕Ǳ@ĵɟ<ʮŠțǴʛéǱʜƇD@Á˕ 

H/
ʮŠțǴʛéǱǄʜƇM­ˊʐ?ȢBĸPSRʗʜŤàVƔ8ȯƻ>ʮŠțÆŢʛ#
Ɂƥ@ã
ˠ,4．Áǖĳ;Ʊǘ;AR"ĵɟVŜ74�Table 1-3��ǿ@ veratrol (46);A 2 ȹðȤVùK: 3 Ƭ˫
@ˏɢȤ#ɥPS4�entry 1��°ʫ;
2 8@�]���ǱǬƁý#�v��;ÎĘHS4 1,3-

benzodioxole (57);Aɉư˟; 1 8@ˏɢȤ 58 #ɥPSR@I;�74 (entry 2)� 1-methylindole (59);
A
C3 ¦;．Á,4ˏɢȤ 60 #Ⱦɋɘ@ư˟;ɥPS4 (entry 3)��]���ǱǬƁýVƔ8 eugenol 

(42);A
ʮŠñǑ;ȹð,4ˏɢȤ 43, 44 @F"?
�]���ǱǬƁýǑ;ȹð,4ˏɢȤ 61 #ɥ
PS4 (entry 4)�  

 

 

 

 

 

HH

H

MeO

O

Co2(CO)6

54

HBF4•OEt2 (1.5 eq.)
Cs2CO3 (10 eq.)

CH2Cl2, rt, 2 h HH

H

MeO

52, 53 (8%)

OH(OC)6Co2

+
HH

H

MeO

O

Co2(CO)6

55, 56 (13%)

(OC)6Co2

+ 54 recovered (36%)
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 Table 1-3. ȯƻ>ʮŠțÆŢʛ 

 

 

Ɩ?ƎʳțY��VƔ8ȯƻ>ʮŠțÆŢʛ?8�:ĵɟVŜ74�Y��ýVƔ8ǴʛéǱǄʜƇA
ȢǮȞŶ.RF<"P
Y��ýĔȞÅ;LʮŠñǑ;@．ÁVǤŜH0Rǖĳ@ĵɟAƵ˖;�R�
>!
ɖƇʯʔ>ʮŠñVƔ8 1ĎY��ċC 2ĎY��;A
Ɛˊ 17 Aȼȉ<．Á.RF<#ÿ?ȷ
PS:�R 28�F@F<"P
Y��ýA）ŉ.Rʌ˖#�R<ś ）ŉý@ȰŸVŜ74�  

H/
Ac,  Boc,  Cbz ý;2@ȼȉĻƇV）ŉ,4����{��Y��V˕�:
ʮŠñǑ;@．
Á#ǤŜ.R"ĵɟVŜ74 (Table 1-5)�>!
ȼȉĻƇV Ac ý;）ŉ,4ǓŢ?A
ʮŠñǑ;@．
Á#ˋǿ.RF<#
.;? Nicholas P?O7:ʩţHS:�R# 28
¿ýV˕�4ǖĳ;AŜUS:
�>�4K
Ɂƥ@Ùɺ,4ǖĳ;Lɡ˓@ĲÍ#ɥPSR"ĵɟVŜ74�H4
Cbz;）ŉHS4 2

Ďa����{?ø,:L．Á.Rʩţ#�RL@@
ɖƇʯʔ>ʮŠñȞŶÅ;@ĵɟAŜUS:�
>�4K
2@．ÁǱ@ãɰVŜ74 29� 

Y��ýȼȉV Bocý;）ŉ,4 62;A
ȼȉǑ;ȹð,4ˏɢȤ 63@I#ɉư˟;ɥPS
TLCǑ

;AȢB@o�w{#ɥPS4�entry 1��FSA
Boc ý#．ÁĬɫ@Ɓ?O7:ʜÖ,44K5<ś

MeO

MeO

substrate

O

O

N

temperature time (h) products and yields

MeO

MeO

MeO

MeO

O

O

N

0 °C to rt

0 °C to rt

0 °C to rt

1.5

47 (73%) 49 (5%)

58 (22%)

60 (57%)

2

2

veratrol (46)

1-methylindole (59)

1,3-benzodioxole (57)

entry

1

2

3

MeO

MeO

X

17 (1.5 eq)
Cs2CO3 (10 eq)

CH2Cl2, temperature
time

X

CO2(CO)6

48 (12%)

4a -20 °C to 0 °C

43 (15%) 44 (18%) 61 (7%)

2
HO

OMe
HO

OMe
HO

OMe OMe

Co2(CO)6
Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

O

Co2(CO)6

Co2(CO)6
Co2(CO)6

eugenol (42)

[a] K2CO3 was used instead of Cs2CO3.
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 PSR�°ʫ
Cbzý;）ŉ,4 64 ;A
ȼȉǑ;ȹð,4 65
ʮŠñǑ;ȹð,4 66
H42@ˤ

ʫ;ȹð,4 67 @ 3Ƭ˫#ɥPS4�entry 2��Ac;）ŉ,4 20 ;A
ʩţɈQȼȉǑ;ȹðHS4ˏ

ɢȤAȈBɥPS/
ʮŠñǑ;ȹð,4ˏɢȤ 21 <Ļ˥@I#×ưHSRĲÍ<>74 (entry 3)�N-

�v�����{��Y��@ȼȉĻƇV Cbzý;）ŉ,4 68;A
ʮŠñǑ;ȹð,4 2 Ƭ@ˏɢȤ

69, 70 #ɥPS4 (entry 4)�FSP@ĲÍ"PɁƥ@ǖĳ;A
1 ĎY��?ø,:AYqv�ÆVŜ�

F<;
H4
2 ĎY��A Cbzý;）ŉ.RF<;
2 ĎY�|A）ŉ0/<LˏɢȤÆVŜ RF<

#ɽ˂,4�  

FSPˏɢȤA×ɓ«ǱȤ#ȞŶ.R4K
ȮŹȤÆ? 1H-NMR @ÄɘËʢ��|;ȗɊ,
2@ʮ
Šñ@aw���fɊǮVȗɊ.RF<;řȓVıɊ,4� 

 

Table 1-4. ƎʳțY��VƔ8ʜƇċC2@）ŉȤ@ìɴýÆ 

 
 

MeO

MeO

H
N

Boc MeO

MeO

N
Boc

63 (29%)

0.5

substrate time (h) products and yields

MeO

MeO

H
N

Cbz

MeO

MeO

H
N

Ac

entry

1

2

3

MeO

MeO

N
Cbz

MeO

MeO

H
N

Cbz

MeO

MeO

N
Cbz

MeO

MeO

H
N

Ac

65 (16%) 66 (11%)

67 (27%)

21 (33%)

1.0

N-Boc homoveratrylamine (62)

N-Ac homoveratrylamine (20)

1.5

X

17 (1.5 eq)
Cs2CO3 (10 eq)

CH2Cl2, 0 °C to rt
time

X

CO2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

MeO

MeO

N
Cbz4

MeO

MeO

N
Cbz

69 (70%)N-Me, Cbz homoveratrylamine (68)

0.5

Co2(CO)6

N-Cbz homoveratrylamine (64)

MeO

MeO

N
Cbz

70 (5%)

(OC)6Co2
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¥Ǒ@ȷĸVL<?
ÞƬʮŠțǴʛéǱǄʜƇ@ˏɢȤÆ@ĵɟVŜ74�Table 1-7�� Naproxen 

methyl ether (71);A
}�u��ñ@ C-1¦;．Á,4ˏɢȤ 40 @I#ɥPS4�entry 1��40 @řȓ
AȮŹȤÆŇ? COSY, HMBC VȗɊ,ıɊ,4�Indomethacin methyl ether (72);A
«>R¦ȹ;ȹð
,4 2 Ƭ@ˏɢȤ 73, 74 #ɥPS4�entry 2��[�|��ŤàVƔ6
ŗȑǙéǱVˌ.RÆŢʛ 75;
A
[�|��@ 3¦;ȹðHS4ˏɢȤ 76#ɥPS4�entry 3�56� 

H4
ʚż>ŤàVƔ8 rotenone (77)LˏɢȤÆËɴ;�74�entry 4��n�{cm��r�ʗ¦@ˠ
ȤɌ?ģ�:�R C-H ĲŢ;ȹð,4ˏɢȤ 78 <
L�°8@��r�ñ;Lȹð,4 2 ȹðȤ 79 @
2 Ƭ#ɥPS4�FSP@ˏɢȤ@řȓA
Ļ˥< 1H-NMR o�e{�Vʄä.RF<;ıɊ,4 57� 

e���ŤàVƔ8 xanthotoxin (80);A
�[e�\]��ǊƣǖĳÅ
40ºC ;．ÁVŜ�F<;e�

��@ C5 ¦#ȹðHS4ˏɢȤ 81 #ɥPS4�entry 5��,",
ipriflavone (82)?!�:A
�[e�

\]��ǊƣÅ@ǖĳ;L．ÁAǤŜ,>"74�entry 6��[s���cmýVƔ8F<"P．Á#Ǥ

Ŝ.R<ĀȦHS4#
����Ťà#ɖƇʒȘ;�RF<
H4
[s���cmý#ǭš�ìɴý;

�RF<#．Á@ǤŜ,>"74˝％<,:đ(PSR� 

FSP@ĲÍ"P
ŹȤ 17 AɖƇʯʔ>ʮŠñ< Friedel-Crafts Ħ@．Á#ǤŜ,
ȥÁ.RǴǲʛV

ˑ RF<#ɽ˂,4�H4
ýƠ?O7:AʚǮ@ˏɢȤ#ɥPS4#
ʚǮ@ˏɢȤV°đ?ɥPS

RF<A
řȓéǱȏøķčǧșÆ@õɔ"PƵ˖;�R� 
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Table 1-5. ǴʛéǱǄʜƇ@ìɴýÆ 

 

substrate temperature products and yieldsentry

X

17 (1.5 eq)
Cs2CO3 (10 eq)

CH2Cl2, temperature
30-120 min

X

CO2(CO)6

O
O

O
OMeO

MeO

H

H

O

OMe
O O

MeO

CO2Me

N

O

Cl

CO2Me
MeO

MeO

CO2Me

N

O

Cl

CO2Me
MeO

N

O

Cl

CO2Me
MeO

O

OMe
O O

0 °C to rt

0 °C to rt

O
O

O
OMeO

MeO

H

H

O
O

O
OMeO

MeO

H

H

40 °C 
(microwave
irradiation)

naproxen methyl ester (71)

indomethacin methyl ester (72)

xanthotoxin (80)

rotenone (77)

1

2

4

5

O

O

i-PrO
6

78 (26%)

30 (93%)

73 (51%) 74 (15%)

no reaction

ipriflavone (82)

0 °C to rt

81 (28%)

79 (2%)

(OC)6Co2

(OC)6Co2

(OC)6Co2

Co2(CO)6

Co2(CO)6

(OC)6Co2

Co2(CO)6

OMe
MeO

MeO
O

N

75

0 °C to rt

OMe
MeO

MeO
O

N

76 (76%)

3

Co2(CO)6

MeO

CO2Me

H
H

H
H

H

:HMBC
:COSY

40 °C 
(microwave
irradiation)
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Ȝ�:
ĝǱìɴýVƔ8ýƠ?8�:@ĵɟVŜ74�Table 1-8��ǿ@ĵɟ;˕�4 estrone, mestranol

<ɡ˓? steroid ŤàVƔ8 estradiol (83);A
ʮŠñǑ;ȹð,4ˏɢȤ 84, 85, 86@I#ɥPS
�]
���ǱǬƁýċC
2 ĎǬƁýǑ;ȹð,4ˏɢȤAȈBɥPS>"74�entry 1���]���ǱǬ
Ɓý?8�:A
．ÁǱ#�HQšB>�F<#ǿ@ eugenol @ˏɢȤÆĵɟ?!�:ɽ˂,:�R°ʫ
;
2 ĎǬƁýL˪ǻ¦?�v�ý#ȞŶ,
ɣ ȤǐÛ?OQ．ÁǱ#ɉÅ,:�R<ś PSR�Jaouen

PL
ɡ˓?~i�o．ÁV˕�4 estradiol @ìɴýÆVŜ7:�R#
ʃPA°8@ˏɢȤ@I,"
ɥPS:�>�ɔ#ʶĲÍ<«>R�ʚǮ@ˏɢȤ#ɥPSRF<A
řȓéǱȏøķč@ǧșÆ<�
�ɔ;ˌ˕;�Q
Ɂƥ@ķč< Jaouen P@ķčĲÍVŬʡÆ;AR°³<>R� 

� Ɩ? podophyllotoxin (87)@ˏɢȤÆVŜ74�entry 2��ʶýƠ?!�:A
ǿ@ estradiol @ƕ<A«
>Q
ǬƁýǑ;ȹð,4ˏɢȤ 88 @I#ɥPS4�FSA
ɣ ȤɌ?ũW;�>�ǬƁý;�RF<

H4
ȹðHSRF<#ĀȦHSRʮŠñ#ǭš�¦ȹ?ȞŶ,:�R4K;�R�H4ư˟#ɉ�Ļ
³A
ƶñʗ@a��~� ¦#«ǱÆ,44K5<ś PSR�°ʫ
TBS ý;ǬƁýV）ŉ,4ý
Ơ 89 @ǓŢ
ʮŠñǑ;ȹðHS4ˏɢȤ 90 #ɥPS4�F@F<"PǬƁý@ǓŢL�Ď
�ĎY
��<ɡ˓?）ŉ#ˌŎ5<ś PSR� 

� űŇ?ȼȉĻƇVùJʮŠțǴʛéǱǄʜƇ@ˏɢȤÆVŜ74�entry3-5��H4
2 ĎY�|VƔ
8 colchicine (91);A
ɉư˟>#P
ɖƇʯʔ>{��{cm��r�ñǑ;ȹð,4ˏɢȤ 92#ɥ
PS4�entry 3�� 

[sc���ŤàVƔ8 papaverine (11);A[sc���@ȼȉʗʜ<．Á.RF<#ːȍHS4#


ȱȉǑ;ȹð,4ˏɢȤ 93 Lɉư˟>#PɥRF<#;A4�entry 4��>!
¿ýVɒÊ.R<ýƠ#

ʜÖ,4°ʫ;
¿ýVÊ >�ǖĳ;˅Ɍʛ#ɥPS4�űŇ? 3 ĎY��VƔ8 chinomenine (95)?

8�:ˏɢȤÆVŜ74�entry 5��Papaverine<ɡ˓?¿ýVɒÊ,>�F<;
ˏ ɢȤ#ɥPSRF<

#ĀȦHS4#
ýƠ#ʜÖ.R@I;�74� 

� FSP@ĲÍ"P
Y�i��A）ŉ
ǭš�Y�i��A）ŉ0/<LìɴýÆ#Ŝ RF<#ƙ

ŪHS4�H4
��n�M�ĎY��VƔ8ýƠA
ʶǖĳ;AʮŠñ@ìɴýÆAŦɬ;�74� 
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Table 1-6. ĝǱìɴýVƔ8ǴʛéǱǄʜƇ@ìɴýÆ 

 

 

 

X

17 (1.5 eq)
Cs2CO3 (10 eq)

CH2Cl2, temperature
30-120 min

X

CO2(CO)6

O

O

RO
H

H

OMe
MeO OMe

O

O

substrate temperature products and yieldsentry

OH

H

H
HO

OH

H

H
HO

OH

H

HH
HO

OH

H

HH
HO

O

O

O
H

H

OMe
MeO OMe

O

O

podophyllotoxin: R = H (87)

podophyllotoxin: TBS ether 
R = TBS (89)

estradiol (83)

84 (15%) 85 (23%) 86 (17%)

88 (28%)

0 °C to rt

- 20 °C to 0 °C

1

2

N

MeO

MeO

MeO

MeO

O

OMe
MeO

MeO

MeO
NHAc

colchicine (91)

papaverine (11)

rt

40 °C
(microwave
irradiation)

O

OMe
MeO

MeO

MeO
NHAc

N

MeO

MeO

MeO

MeO

N

MeO

MeO

MeO

MeO BF4

92 (8%)a

93 (4%)b 94 (62%)b

3

4

N

MeO

HO
H

O
OMe

chinomenine (95)

5 decompositionrt

[a] 3 equivalnt of 17 was added.      [b] Cs2CO3 was not added.

Co2(CO)6

Co2(CO)6 Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

Co2(CO)6

O

O

TBSO
H

H

OMe
MeO OMe

O

O

90 (19%)

(OC)6Co2

H H



 

 30 

Ȫ 4 ǽ� ni��{ŹȤ@ȮŹȤÆĵɟ 

 

Ɩ?ni��{ŹȤ@ȮŹȤÆ@ĵɟVŜ74�ni��{ŹȤ@ȮŹȤÆAƁÆŵ;�RCANMNMO

V˕�Rʩţˬ#Ȣ�L@@ 17c
Ɂƥ#ˏɢȤÆ,4ǴʛéǱǄʜƇA
=SLɖƇʯʔ>ʮŠñVƔ
6
FSP#ƁÆHSRĴɳ#�74�2F;
�z�ÆŢʛ<,: eugenol @ˏɢȤ 42 V˕�:Ƭ�
@ƁÆŵ@ĵɟVŜ�F<<,4�ˏɢȤ 42 A�]���ǱǬƁýVƔ8F<"P
ʈǔ?ƁÆHSM
.B
F@ýƠ?!�:ư˟˦Bni��{ŹȤ@ȮŹȤÆ#ǤŜ.SB
ť×ɥPS4ȡ@ǴʛéǱ
ǄʜƇˏɢȤ?ø,:L
˒ª?ȮŹȤÆ#Ŝ R<ś 4� 

� 2@ĵɟĲÍVƙ.�Table 1-7��Ɉǔi��{ŹȤ@ȮŹȤÆ?˕�PSR CAN M NMO ;A
��
��d�Ȥ 96 Aɉư˟"ȈBɥPS>�ĲÍ<>74�entry 1,2��Ɩ?
ſŐ
ǯĻP?OQʩţHS
4^v��nY��V˕�4ni��{ŹȤ@ȮŹȤÆ?8�:@ĵɟVŜ74�entry 3�58�ʶ．Á;
A
ƁÆɌ>ni��{ŹȤ@ȮŹȤÆ<A«>R�a~pº;．Á#ǤŜ.RF<"P
«>RĲÍ
#ĀȦHS4�,",>#P
．ÁAʚżÆ.R@I;˅ɌʛAȈBɥPS>"74� 

¥Ǒ@ĲÍ"P
ȡ@ƁÆŵVĵɟ,4�ĵɟ@ĲÍ
Y�i��@ƁÆ．Á?ƪ?˕�PSR TEMPO

@`csY��~\º¿ TEMPO+BF4
-#
Ⱦɋɘ@ư˟;˅Ɍ@Ȯi��{ȤVˑ RF<VĸƷ,4

�entry 4�59�HP?
．ÁÄɘVɉÅH04<FT
ư˟Aǀ�?őǑ,
–40 °C ;．ÁVŜ�F<;

˅ɌʛV 86%<��š�ư˟;ɥRF<?ǲ･,4�entry 5, 6�� 

 

Table 1-7. ȮŹȤÆ@ǖĳĵɟ 

 

 

űɍÆHS4ǖĳVL<?˓�>i��{ŹȤ@ȮŹȤÆVŜ74�Figure 1-1��F<W=@ýƠ?!
�:
Ⱦɋɘ"Pš�ư˟;����d�ÆȤVɥRF<?ǲ･,4�°ʫ; estradiol ˏɢȤ 106 ;A

˅ɌʛAɉư˟;�74�F@ýƠ?!�:A�]���ǱǬƁýʗʜLH4ƁÆHS
ýƠ#ʜÖ,

HO
OMe

Co2(CO)6

HO
OMe

conditions

entry yield (%)

1

2

3

conditions

CAN (4.5 eq), NEt3 (1.0 eq), Acetone (0.01 M), rt, 80 min 23%

NMO (ca. 3 eq), THF (0.01 M), rt

TEMPO+BF4
- (4.0 eq), MeCN (0.01 M), rt, 40 min 57%

TEMPO+BF4
- (4.0 eq), MeCN (0.01 M), - 20 °C, 40 min

TEMPO+BF4
- (4.5 eq), MeCN (0.01 M), - 40 °C, 45 min

81%

86%

4

5

6

ethylenediamine (0.2 M)

[a] decomposition

42 96

a

a
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44K5<ś R� 

 

 

Figure 1-1. űɍÆHS4ȮŹȤÆǖĳ@ýƠɍ˕Ǳ 

 

� 5�� Ǆè 

ɁƥA
����d�i��{ŹȤ 17V˕�4ǴʛéǱǄʜƇ@����d�ÆVŜ�
¿ý<,
:ȱƁqm\ºVɒÊ.RF<;
˓�>ʮŠțǴʛéǱǄʜƇ@Ʊǘ#Ëɴ;�74�F@<A
ȹ
ð,4��{�@ 1H-NMR @Æåm�{ȶVãɰ.R<
2@ȶAˉ 6-7 ppm @÷;�Q
ŹȤ 17 V
˕�4ƱǘVŜ�Ŵ?°8@Ɗʍ?>R<ś PSR� 

� H4
����d�i��{ŹȤ@ȮŹȤÆA`csY��~\º¿;�R TEMPO+BF4
-;ư˟˦BŜ

�F<#;A4� 

  

Cbz
N

MeO

MeO

H

MeO
H H

O H

HO
H H

OH

OMe
MeO

MeO
O

N

MeO

CO2Me

H

HO
H H

OH

99 (82%)

101 (72%)

MeO

HO

98 (58%) 100 (91%)

104 (85%) 105 (72%) 106 (33%, 45% brsm)

102 (91%)

N

O

Cl

CO2Me
MeO

H

MeO
H H

OH

103 (94%)

N

97 (72%)

Co2(CO)6

N
O BF4

(4.0-4.5 eq.)

MeCN, –40 ºC
40-45 min 97-106
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E :� 2;I
 ���(�!('*��� �Q�� Nicholas 9P�So
�<1 Nicholas K+--J�

 

Ȫ 1 ǽ� o-Y�c~���tY�{Vˌ.R Nicholas Ɛˊ@Ţǲ<ʏÉ 

Ɂƥ#Ùɺ,4ŹȤ 17 <ȱƁqm\ºV˕�4．ÁǖĳA
˓�>ȹðýVƔ8ʮŠțǴʛéǱǄʜ

Ƈ@�Ŕɋ����d�Æ#Ëɴ>Ɛˊ;�74�2@°ʫ;
17 AýƠ<．Á,Ɛˊ˧@ HBF4 #ɺ

Ǵ.R4K
2@ƁǱVȾ˴.R4K?¿ýVɒÊ,:!Q
2@¿ýǱ#Ļ³;ýƠ?O7:AʜÖ

Vǆ�:�4�ˬ B
podophyllotoxin TBS ether (89);A
¿ýǱ#Ļ³<ś PSR C2¦@«ǱÆ#

õȗHS4 (Scheme 2-1)�F@F<"P
Ɛˊ˧@ɄĖƁVɺǴ,>�Ǟ4>．Áǖĳ@Ùɺ?ǲ･.

SB
OQÄ˴>ǖĳ;@ìɴýÆ#Ëɴ5<ś PSR� 

 

 
Scheme 2-1. ŹȤ 17 V˜˕,4 Podophyllotoxin TBS ether (89)ìɴýÆ@Ŵ@ˆȫɔ 

 

2F;
Yu P?OQʩţHS4
ĠǚɸV˜˕,4f�im�Æ．Á?Ƚ˅,4�ʃPA
Ġǚɸ;é

ǱÆ.R o-Y�c~���tY�{VɝēˑȤ?ɢɯ,4 107 V˕�4
Ä˴>ǖĳ;@f�im�Æ

Vȭǲ,:�R (Scheme 2-2)�F@．Á;A
av`�ǱĠŹȤ# o-Y�c~���tY�{ 107 Vé

ǱÆ.RF<;
Ⱦ÷Ȥ 108 Vĭ:`cs~\º[`� 109 Vˑ R4K
Ɛˊ˧@ƁVʌ˖<,>��

ʶi�q�{V
Ɂƥ#˕�:A4����d�ni��{ŹȤ?LÁ˕;AR@;A>�"<ś 4� 

 

O

O

TBSO
H

H

OMe
MeO OMe

O

O
O

O

TBSO
H

H

OMe
MeO OMe

O

O

podophyllotoxin TBS ether (89) 90 (19%)

(OC)6Co2

2 2

+       byproducts (desilylation products, 
                              epimers…)

17 (1.5 eq.), Cs2CO3 (10 eq.)

CH2Cl2, 0 °C to rt, 2 h

Co2(CO)6

BF4
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Scheme 2-2. Yu P?ORf�im�Æ<�a~pº 

 

.>U6
Ɂƥ#˕�:A4av`�Ǳ����d�ni��{ŹȤLH4
Yu P@˕�4 o-Y�c

~���tY�{?O7:ɺǴH0PSR<ś 4 (Scheme 2-3)�.>U6
����d�ni��{

ŹȤ< o-Y�c~���tY�{V˰Ĳ,4ǞĄƐˊ 29 VɃǷ,
FS?ĠǚɸVŷ˕H0RF<;


ɝēˑȤ 107 <ɡ˓?
ĠŹȤ#ɷ¦,4Ⱦ÷Ȥ 112 Vĭ％,4@6?
éǱƬ;�RŹȤ 113 <[s

e���-ĠʚŢȤ 111 #ɺǴ.R<ś 4�ĠŹȤA
[se���-ĠʚŢȤ 111 <Ⱦ÷Ȥ 114 ÷;@

protodeaulation ?OQŰǴ.R<ś PSR�>!
Ȯ˞,4[se��� 31 AʮŠțÆŢʛ;�R#


ʮŠñ?ɖƇČ´ý;�R^oy�ý#˪ǻ,:�R4K
ɖƇʽɘ#ɉB
ŹȤ 113 <．Á,>�<

ś 4� 

 

OBzO
BzO

OBz

OBz

O O
n-Bu

ROH
PPh3AuOTf (10 mol%)

CH2Cl2, MS4Å, rt

OBzO
BzO

OBz

OBz

O O
n-Bu

Au

OBzO
BzO

OBz

OBz

HOR

OBzO
BzO

OBz

OBz

OR

109

110

Au cat.

O

O

n-Bu

107

108

111

Au

protodeauration
O

O

n-Bu
H
31
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Scheme 2-3. ŷĜÇǾ 

 

H/
Ǽį,4Ɛˊ 29@ŢǲVŜ74�Scheme 2-4��Methyl o-iodobenzoate (115)< 1-hexyne V½ɠaw

���f?O7:˰Ĳ,Y�c� 116 Vɥ4@6?
ÊǬʜÖ?OQʞĶÿȷ@¤ȖŠƁ 117 Vɥ4�

2@Ň
¤ȖŠƁ 117 ?ȥ,:
Ȫ°ǌ;ƹE4ŹȤ 17 Vŷ˕H04#
29 Aɉư˟;ɥPSR@I;

�74�F@4K
a���Ɓ 117V¿ÆYm�D<ɢ�4@6?
����d�ni��{ŹȤ 16V

ŷ˕H0RF<;, 29Vš�ư˟;ɥRF<?ǲ･,4� 

 

 

Scheme 2-4. Ɛˊ 29 @Ţǲ 

R
Co2(CO)6

n-Bu

O

O

Au

n-Bu

O

O

Au

R
H

H

R
Co2(CO)6

+

+

n-Bu

O

O

H

X

AuX

113

O

O

n-Bu
29

112

111

111 114

31

Co2(CO)6

O

O

n-Bu

Co2(CO)6

Au

Co2(CO)6

X

X

OMe

O

I

1-hexyne (1.2 eq.)
Pd(PPh3)2Cl2 (2 mol%)
CuI (2 mol %)

Et3N, rt, 24 h, 89%

OMe

O

n-Bu

1M aq. NaOH 

MeOH, 50 ºC
5.5 h, 99%

115 116 117

OH

O

n-Bu

O

O

29

17 (1.2 eq.), Cs2CO3 (2.0 eq.)

CH2Cl2, 0 ºC, 1 h, <33%
n-Bu

O

O

29

n-Bu

1. (COCl)2 (1.2 eq.), DMF (cat.)
    CH2Cl2, rt, 1 h

2. 16 (0.75 eq.), pyridine (10 eq.)
    CH2Cl2, rt, 2 h, 82% from 16

Co2(CO)6
BF4

Co2(CO)6HO

17

16

Co2(CO)6

Co2(CO)6
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Ɛˊ 29 #ɥPS4@;
Ɩ?ĠǚɸVŷ˕H0
ʮŠțǄʜƇ@Ʊǘ#Ëɴ"ĵɟVŜ74�Scheme 

2-5��Ȫ 1 ǌ?:ŹȤ 17 V˕�:˦�ư˟;Ʊǘ#Ëɴ;�74 naproxen methyl ester (71)VýƠ<,


ǚɸ<,: PPh3AuCl < AgOTf OQɺǴH04 PPh3AuOTf V˕�: 29 V．ÁH04<FT
．ÁAǤ

Ŝ,Ⱦɋɘ@ư˟;ˏɢȤ 30 VɥRF<?ǲ･,4�H4
Ɛˊ 29 #Ġǚɸ?OQéǱÆHS4Ň?

ɥPSRʘǴǲʛ;�R[se��� 31 Lȯ˞HS44K
ʁ ．Á#Ɂƥ@ŷĜÇǾɈQ?ǤŜ,:�

RF<#ƙHS4�°ʫ
av`�ǱȾ÷Ȥ 113 <[se��� 31 #．Á,4ʘǴǲʛ 32 L 10%@ư

˟;ɥPS4� 

 

 

Scheme 2-5. Ɛˊ 29 V˜˕,4 naproxen methyl ester (71)@ìɴýÆ 

 

ɛƽɥPS>�<ś :�4ʘǴǲʛ 32#ɥPS4F<?8�:A¥Å@O�?śŻ,4�.>U6


Ɛˊ％˘@ʘǴǲʛ;�R[se��� 31 @ 1H-NMR Vãɰ.R<[se���ñ@ C-4 ¦@Æåm

�{A 6.25 ppm <šƘǓȕ?õȗHS4�éǱƬ 113 A
1H-NMR ?!'RÆåm�{# 6-7 ppm 々ğ

?ȞŶ.RʮŠñ<．Á.RF<#Ȫ°ǌ?!�:ɽ˂,:�R4K
[se��� 31A．ÁǱVƔ8

<ś PSR�H4
˫Ɠ,4．Á#.;? HashmiP?O7:ʩţHS:!Q�Scheme 2-6�
ʁ ʘ．Á

Lɡ˓@�a~pº;ǤŜ,:�R<ś PSR 60� 

 

 

Scheme 2-6. Hashmi P?ORĠǚɸV˜˕,4[se���ˏɢȤŢǲ 

 

Ɛˊ 29 V˕�:HP>Rư˟@őǑ<ʘǴǲʛ 32@Ǵǲ˧ɉļ#Ëɴ"ãɰ.R4K
Ġǚɸ@oe

PPh3AuOTf (20 mol%)

CO2Me

MeO (2 eq.)

CH2Cl2, MS4Å, rt, 2 h

CO2Me

MeO
Co2(CO)6

30 (48%)

n-Bu

O

O

29

n-Bu

O

O

Co2(CO)6

32 (10%)

+ O

O

n-Bu

31 (68%)

Co2(CO)6

undesired product

+

O

O
n-pentylNC-AuCl (5 mol%)
AgOTf (5 mol%)

dioxane, rt, 16 h, 93%

O

O
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��~�fVŜ74�ƽĀĵɟ?!�:˕�4 PPh3AuOTf A PPh3AuCl < AgOTf OQɃǷHSRǚɸ;

�R#
Ġ[`�@�ʼ�|<ġ¿@a\�u�Y~`�ʗVʢŘ.RF<;
˓�>Ƭ˫@ȊIŢU

0@ǚɸVɃǷ.RF<#Ëɴ;�R 61� 

ĵɟĲÍVƙ.�Table 2-1��>!
ĠǚɸA
ʡ@．Á˒ü;ƒȅ?ɃǷ,
ýƠ<Ɛˊ 29 @˔ºȾ?

ɒÊ,:�R (ơĹşžǊ)�ǿ@ĵɟ;˕�4 PPh3AuOTf ?8�:
ƼƖǚɸ˧Vɉļ,:�74<F

T
10 mol%¥Å;A．Á#ëĲ,>"74�entry 1-3��2F;
OQǚɸ˧VļNPSRĠǚɸVȰŸ

.EB
¥Ş@ĵɟ@ǚɸ˧V 10 mol%
H4�ʼ�|V PPh3?ŃɊ,:
˓�>a\�u�Y~`�

@ĵɟVŜ74�entry 4-7��ǚɸ@a\�u�Y~`�# ClO4
-@ǓŢ
．ÁAëĲ,>"74L@@


BF4
-, NTf2

-, SbF6
-@Ŵ?A．ÁAëĲ,4�F@ 38@ǚɸ?8�: 5 mol%H;ǚɸ˧Vɉļ,:．ÁH

04<FT
SbF6
-
NTf2

-@<A．ÁVëĲAëĲ,
10 mol%@ƕ<FGɡɜ@ư˟;˅Ɍʛ
ʘǴǲʛ

#ɥPS4� 

� ʶ．Á;˦�ư˟Vˑ 4a\�u�Y~`�?8�:ʠCȧ R<
SbF6
- 4 NTf2

- > BF4
- > OTf- @

Ƽ<>Q
F@ĥőA Hydrogen Bond Basicity Index (HBI)?O7:Ǿ˂;AR�HBIA Hammond P?O

7:ɊĉHS
OAc-@ HBI@ȶV 10, CTf3
-@ HBI@ȶV 0 <,:
Þa\�u�Y~`�@ǬȉĲŢ^

��d�?ƴ7:ȏȥɌ?ǼɊHS4ȶ;�R 62�HBI@ȶA2S3S SbF6 (2.8), NTf2
- (1.0), BF4

- (5.2), 

OTf- (3.4);�Q, HBI@ȶ#ǄH� SbF6
-, NTf2;˦Œ>ư˟Vˑ 4�Yu PA
Ⱦ÷Ȥ 111?ȥ,:L�

°ʜƇ@Ġǚɸ#々Ê,4�oĠŹȤ@ħǲ# o-Y�c~���t^�{V˕�4．Á@ǚɸk[e�

V」(R˖³@°8<,:�(:�R 63�HBI @ǄH�a\�u�Y~`�A
Ⱦ÷Ȥ 111 @

protodeauration VȔǤ,�oĠŹȤ@ħǲVʴCF<;
．ÁVȔǤ,:�R<ś PSR� 

Ɩ?Ġǚɸ@�ʼ�|?8�:@ĵɟLŜ74�NHC ŹȤ;š�ɖƇēˑɴ�R IMes V�ʼ�|<,

:˕�
ǿ@ĵɟ?!�:L7<LO�ư˟Vˑ 4 SbF6
-Va\�u�Y~`�<,:．ÁVŜ74L

@@
．ÁAF<W=ǤŜ,>"74�entry 11��F@F<"P
�ʼ�|A�o�Z�ɷ¦Ƈ#ɍǺ;

�RF<#ƙŪHS4� 

űŇ?��ǚɸ<,:˕�4 PPh3AuCl, AgSbF6V2S3Sʡ�?˕�4#
=6P@ǓŢ?!�:L．

ÁAǤŜ,>"74�entry 12,13��F@F<"P
Ġǚɸ<ġǚɸˤʫV˕�:ǚɸVɃǷ.RF<#

ʶ．Á?AʌǨ;�RF<#ƙŪHS4� 

ĵɟ@ĲÍ
ư˟@őǑ?Aǲ･,4°ʫ;ʘǴǲʛ 32 @ɉļVʴCF<A;A>"74�Ɛˊ 29;

LǴʛéǱǄʜƇ@ƱǘAŜ RL@@
Ȯ˞,4Ň@[se��� 31<ŹȤ 113 #．Á,>�F<#

ʲH,��F@4KʘǴǲʛ 32 #ɺǴ,>�ƐˊVǞ4?Ǽį
Ţǲ.RF<<,4� 
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Table 2-1. ǖĳűɍÆ 

 

 

Ȫ 2 ǽ� Ɛˊřȓ@űɍÆ 

H/
ǿ?ƹE4 Hashmi P@．Á (Scheme 2-6)?!�:
o-Y�c~���t^�{@Y�c�ʗʜ

VʹȳYqv��?ʢ R<．Á˓Ɯ#ʢÆ.Rʩţ?Ƚ˅,4�Scheme 2-7a�60�.>U6
F@．Á

;AĠǚɸ?O7: 118 "PȾ÷Ȥ 120 < 121 #Ǵ-
F@�8#．Á.RF<; 119 #ɥPSR<ś

 PSR�,",>#P
119 Aɉư˟;ɥPSR@I;�Q
120 <av`�ǱȾ÷Ȥ 121 @．ÁǱA

šB>�<ś PSR�Ɂƥ@．Á?Lɍ˕HSR@;�SB
av`�Ǳ����d�ni��{Ź

Ȥ 113AȾ÷Ȥ 120<．Á0/
F<W=#ǴʛéǱǄʜƇ@ìɴýÆ?ǈʆHSR<ÇɊ,4 (Scheme 

2-7b)� 

catalyst (x mol%)

CO2Me

MeO (2 eq.)

CH2Cl2 (0.05 M), MS4Å (50 mg)
rt, time

CO2Me

MeO
Co2(CO)6

Bu

O

O

31

Bu

Co2(CO)6

O

O

29 (0.1 mmol)

catalyst

PPh3AuCl + AgOTf

entry

yield (%)a

30 31

51 85

time

30 min

Bu

O

O

Co2(CO)6

x (mol %)

PPh3AuCl + AgOTf

1

36 5919 h

32

20

10

5PPh3AuCl + AgOTf

2

3

4 PPh3AuCl + AgBF4

PPh3AuCl + AgNTf2

PPh3AuCl + AgClO4

PPh3AuCl + AgSbF6

PPh3AuCl

AgSbF6

PPh3AuCl + AgSbF6

IMesAuCl + AgSbF6

30 min

30 min

SM recovered

5

6

7

8

9

10

11

12

13

10

10

10

10

10

10

19 h

14 0

10 17

15 3 31 57

30 min 74 19 78 0

7 h 29 9 39 17

67 15 70 0

52 12 72 0

5

[a] Yield determined by 1H-NMR analysis with toulene as the internal standard.

no reaction

no reaction

PPh3AuCl + AgBF4

30 min 72 14 70 0

5

PPh3AuCl + AgNTf2

10 3 h 12 9 12 73

3 h

30 32

5 30 min 71 14 68 0

26 4 25 64

+ +
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Scheme 2-7. Hashmi P?ORʩţ<Ɂƥ@ŷĜÇǾ 

 

Ɛˊ 122 @ŢǲVƙ.�29 @Ţǲ<ɡ˓?½ɠaw���f?O7:
methyl o-iodobenzoate (115)?Y

�c�Vɢɯ,4@6?
ÊǬʜÖ
Ɓ¿Æʛ?ʢðŇ
16 V˕�4Ym�ÆVŜ�F<;
Y�c�

i��{ŹȤVɢɯ,4 122Vɥ4�Scheme 2-8�� 

 

 
Scheme 2-8. Ɛˊ 122 @Ţǲ 

 

Ȝ�:
122V˕�: naproxen methyl ester (71)@ˏɢȤÆVĵɟ,4�29 <ɡ˓?ˏɢȤÆVŜ�F<

A;A4L@@
122 OQǴ-4^cs�v��ÆŢʛ 120 <．Á,4ʘǴǲʛ 126 # 29%;ɥPS4

�Scheme 2-9��ǿ?˕�:�4Ɛˊ 29 @ƕOQLš�çŢ;ʘǴǲʛ#ɥPSRĲÍ<>Q
Hashmi

P@ĲÍ<ɡ˓@ĲÍAɥPS>"74� 

 

O

O n-PentNC-AuCl (5 mol%)
AgOTf (5 mol%)

dioxane, rt, 16 h, 16%

O

O

very low yield118 119

O

O

+
OTf

Au(H)
120 121

Co2(CO)6

O

O Au catalyst O

O

Co2(CO)6

O

O

Au(H)
120 113

Co2(CO)6

X
+

122

(a) Hashmi’s report.

(b) Working hypothesis

O

OMe

TMS

123

1M aq. NaOH

MeOH, rt, 3 h, 66%

O

OH

124

OMe

O

I

TMS acetylene (1.2 eq.)
Pd(PPh3)2Cl2 (2 mol%)
CuI (2mol %)

Et3N, rt, 24 h, 99%

115

Co2(CO)6

O

O

122

1. (COCl)2 (1.2 eq.), DMF (cat.)
    CH2Cl2, rt, 1 h

2. 2-16 (0.75 eq.), pyridine (10 eq.)
    CH2Cl2, rt, 2 h, 82% from 2-16

Co2(CO)6HO

16
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Scheme 2-9. Ɛˊ 2-21 V˜˕,4ìɴýÆ 

 

Ȝ�:ɁƥA
[se���@ C4 ¦@ɖƇʽɘ@ɉÅV˅Ɍ<,:
����`�a���ʗ¦
.

>U6��`�oufVY�c�@ǿ?ɢɯ.RF<<,4 (Figure 2-1)�HP?��`�oufA
�

�`�om�ah�a�ºe��{f��Z�?OQ
˅Ɍʛ<ʘǴǲʛ;�R[se���@ʜ˞V

˒ª?.R˅ɌLʟ0Ɣ8�H4
=@O�>ȱȉɅH@��`�ouf#ʜ˞?ɍǺ"ʼȷ;�74

4K
C4F9, C6F13, C8F17@�Ƭ˫@Ɛˊ@ŢǲVįÒ,4� 

 

 

Figure 2-1. ����`�Y�c�ýVɢɯ,4ǞĄƐˊǼį 

 

Ǟ4?Ǽį,4ƐˊŢǲV¥Å?ƙ. (Scheme 2-10)�H/ 123 @ TMS ýVǁĐ,4@6?
Fu P?

O7:ʩţHS4½ɠaw���f 64?OQ
��`�oufVɢɯ,4 130 VŢǲ,4�130 V{��

�`�^u���Ⱦ
ǬƁÆa�\ºǬ˔ºV˜˕,a���Ɓ 131 D<ÊǬʜÖ,
ǿ<ɡ˓?¿Æ

Ym�D<ʢðŇ
Y�i�� 16Vŷ˕H0RF<;˅Ɍ@Ɛˊ 127, 33Vɥ4�°ʫ; C8F19@��`

�oufVˌ.R^oy� 130c AÊǬʜÖ@Ŵ?a���Ɓ 131c ;A>B
[se��� 132 ?ʢð

HS44K
ȜBƐˊŢǲ#Ŧɬ;�74� 

 

Co2(CO)6

O

O

CO2Me

MeO (2 eq.)

PPh3AuSbF6 (10 mol%)

CH2Cl2, rt, 30 min
(NMR yield)

CO2Me

MeO
Co2(CO)6

O

O

O

O

Co2(CO)6

126 (29%)125 (51%)30 (64%)122

+ +

O

O

n-Bu
redesign

Co2(CO)6 O

O
Co2(CO)6

R

electronwithdrawing group
→ decreasing electron dentisy of C4 position 
of isocoumarin
fluorous tag
→ separability of isocoumarin

29 127: R = C4F9
33: R = C6F13
128: R = C8F17
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Scheme 2-9. ��`�oufVɢɯ,4Ɛˊ 33
127 @Ţǲ 

 

� Ţǲ,4ǞĄƐˊ 127 ċC 33 @．ÁǱVʏÉ,4�naproxen methyl ester (71)Vǿ<ɡ˓?�z�ýƠ

<,:．ÁVŜ74<FT
Ɛˊ 127, 33Ĕ?˅Ɍʛ;�R 30<[se��� 133, 34 @IVš�ư˟;

ɥRF<?ǲ･,
[se��� 133, 34 <Y�c�ni��{ŹȤ#．Á,4ʘǴǲʛ 134, 35 Aãɰ

HS>"74� 

 

Scheme 2-10. Ɛˊ 127, 33 V˜˕,4ìɴýÆĵɟ 

  

� Ȝ�:
��`�oýVˌ.R[se��� 133, 34 #
ʈ��`�o>[se��� 31<ʜ˞Ëɴ

"ĵɟVŜ74���`�om�ah� (FluoroFlash®)V˜˕,
�u���/Ǭ (1:4)V˔Ʒ˔ɸ<,:

ʜ˞VƐI4 (Figure 2-1)�<FT
C4F9@��`�a���ŮVƔ8[se��� 133 ;A[se��

� 31 <ʜ˞#;A>"74@?ȥ,
OQɅ���`�oýVƔ8 34 ;A 31 <@ʜ˞VŜ�F<#;

A4�¥Ǒ@ĲÍ"P
Ɛˊ 33 Vűɍ>Ɛˊ<,4� 

O

OMe R
I+

[(π-allyl)PdCl]2 (5 mol%)
CuI (22.5 mol%), IAd•HCl (10 mol%)
Cs2CO3 (1.4 eq.)

DMF-Et2O (1:2)
sealded tube, 40 ºC, 24 h

O

OMe

R

2M aq. KOH 

TFE
50 ºC, 12 h

R = C4F9 
R = C6F13
R = C8F17

130a: R = C4F9 (66%)
130b: R = C6F13 (67%)
130c: R = C8F17 (48%)

O

OH

R

(COCl)2 (1.3 eq.)
DMF (10 mol%)
CH2Cl2, rt, 1 h;

16 (0.75 eq.), 
pyridine (10 eq.)
CH2Cl2, rt, 2 h

O

R

127: R = C4F9 (84% from 16)
33: R = C6F13 (85% from 16)

131a: R = C4F9 (92%)
131b: R = C6F13 (89%)
131c: R = C8F17 (not observed)

1.3 equiv.

N N

H Cl

IAd•HCl

O

OMe
K2CO3 (2.0 eq.)

MeOH, rt, 3 h, 95%

O
Co2(CO)6

Co2(CO)6HO

16

TMS

123 129

O

OMe

C8F17

2M aq. KOH 

TFE, 50 ºC
39%

O

O

C8F17

130c 132

PPh3AuSbF6 (10 mol%)

CO2Me

MeO (2 eq.)

CH2Cl2, MS4Å, rt, 30 min

CO2Me

MeO
Co2(CO)6

O

O

O

O

Co2(CO)6

+ O

OCo2(CO)6

+ R
RR

127: R = C4F9

33: R = C6F13

133: R = C4F9 (99%)

34: R = C6F13 (99%)

134: R = C4F9 (0%)

35: R = C6F13 (0%)

(99%)

(99%)

30
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 Figure 2-1. ��`�om�ah�V˜˕,4ʜ˞ƐĹ 

 

Ȫ 3 ǽ� ．ÁǖĳűɍÆ<ýƠɍ˕Ǳ@ĵɟ 

2-methoxynaphthol (135)V�z�ýƠ<,:
33V˜˕,4ìɴýÆ@űɍǖĳ@ĵɟVŜ74�Ȫ 2 ǌ

Ȫ 2ǽ?!�:ǚɸ@a\�u�Y~`�#．Á?ȩA>¸ĚVˑ 4F<"P
˦ �ư˟Vˑ 4 BF4
-, 

NTf2
-, SbF6

-@�8@a\�u�Y~`�VƔ8ǚɸVĵɟ,4<FT
PPh3AuNTf2#űL˦�ư˟;˅

Ɍʛ 136 Vˑ 4 (entry 1-3)�°ʫ;
ɷ¦Ƈ<,:š�ɖƇēˑǱVƔ8 Johnphos65<š�ɖƇČ´Ǳ

VƔ8 triphenyl phosphite V2S3S˕�4L@@
˅Ɍʛ@ư˟AȾɋɘ;�74 (entry 4,5)�Ȝ�:

{��]~��o�Z�@ȹðýVʢŘ.RF<;ư˟@ØȆVƐI4<FT
4 ¦?�{cmýVɢɯ

,4(4-MeO-C6H4)3P
L,BA��`�ýVɢɯ,4(4-F-C6H4)3P Vɷ¦Ƈ<,4<A
˦�ư˟Vˑ 

RF<VĸƷ,4 (entry 6,7)�HP?
˔ɸ<,:ne���u�;A>Bne��^u�V˕�RF<

;
Ļ˥Aǈƞ,
˅ɌʛVš�ư˟;ɥRF<?ǲ･,4 (entry 8,9)�˔ɸA
��h�Ĭ#˦B
�

ck�Mn^v�^�y�;A．ÁAF<W=ǤŜ,>"74 (entry 10,11)�FSP@ĲÍ"P
entry 9

Vűɍǖĳ<,4�>!
entry 6 ¥Ş@ NTf2
-Va\�u�Y~`�<,4ĠǚɸA
ŃȤ;¤Ɋ>ŹȤ

;�R4K
˕ƒɃǷ;A>B�P"-KŢǲ,:）Ȟ,:�4L@V˕�4 66� 
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Table 2-2. Ɛˊ 33 V˜˕,4．ÁǖĳűɍÆ 

 

 

� űɍÆ,4ǖĳV˜˕,:
ýƠɍ˕Ǳ@ĵɟVŜ74 (Table 2-3)�}�u��@ C2 ¦@ȹðýV


����^�y�(137)
�]~�^�y�(139)
��n�^�y�(141)<,4ýƠ;A
．ÁAˆȫ>

BǤŜ,4 (entry 1-3)�Ɩ? C2 ¦@ȹðýV�{cmý?ŃɊ,
C6 ¦?˓�>ȹðýVɢɯ,4ˏ

ɢȤĤ?8�:ĵɟVŜ74 (entry 4-6)�Y��ýVƔ8ýƠ 143 Aʶ．ÁǖĳÅ
C1 ¦ȹðȤVˑ 

4�H4
���ý (145)MYqv�ý(147)<�74ìɴýLʶǖĳAĒ˒,4�>!
C6 ¦?���

ýVƔ8L@Aɉ．ÁǱ;�74L@@
̝ ɸ<,: HFIPVɒÊ.RF<;ư˟@ØȆ?ǲ･,:�R
67�HFIPA
ǚɸk[e�@ protodeauration @ÐɋVÊș,
ǚɸŎ˟VšK:�R<ś PSR 68� 

Ȝ�:
ŹȤ 17 V˜˕,4ǖĳ;AìɴýÆ#Ŧɬ;�74
ƁL,BA¿ý?¹ʑ>ìɴýVƔ8

ýƠ?8�:ĵɟVŜ74 (entry 7-11)�ĵɟ@ĲÍ
ʶǖĳAƁ?¹ʑ> MOM ý (149)M Boc ý(155)

VƔ8ýƠ?!�:L˅ɌʛA˦Œ>ư˟;ɥPS4�H4
TBS ýVƔ8ýƠ 151 ?!�:L
˦Œ

>ư˟;．Á#ǤŜ,4�>!
Ȫ°ǌ?:Ùɺ,4ŹȤ 17<ȱƁqm\ºV˜˕,4．Áǖĳ@ǓŢ


FSP@˅Ɍʛ@ư˟AȩABɉÅ,4�Ɓ?ʈǔ?Ʃ� TMS ^�y� 153V˕�4ǓŢ;Lɉư˟>

#P˅ɌʛVɥRF<?ǲ･,4�¿ý?¹ʑ> Fmoc ýVƔ8ýƠ 157 ;A
¥ȅ@ǖĳ<ʄä,:

ư˟@ȩʙ>ØȆ?ǲ･,4� 

ʶǖĳA�y�ʮŠțÆŢʛ?ȥ,:Lɍ˕Ëɴ;�74�.>U6 3-methylbenzofuran (159)M 3-

O

C6F13
33

OMe OMe

(OC)6Co2

33 (1.2 eq.)
catalyst (5 mol%)

solvent, MS4A
rt, 15 min

136

O
Co2(CO)6

entry

PPh3AuCl + AgSbF6

PPh3AuCl + AgNTf2
JohnphosAuCl + AgNTf2

(PhO)3AuCl + AgNTf2
(4-MeOC6H4)3PAuNTf2

(4-F-C6H4)3AuNTf2

2

3
4

5

6

7

9

catayst solvent

CH2Cl2
CH2Cl2

37

135

79
41

44

91

85

PPh3AuCl + AgBF4
b1 CH2Cl2 11

[a] Yield was determined by 1H-NMR analysis using mesitylene as an internal standard.
[b] 10 mol% of catalyst was used.

yield of 136a (%)

CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2

(4-F-C6H4)3PAuNTf2 100ClCH2Cl2Cl

(4-MeOC6H4)3PAuNTf28 97ClCH2CH2Cl

10 (4-F-C6H4)3PAuNTf2 5hexane

11 (4-F-C6H4)3PAuNTf2 7Et2O

PtBu2

Johnphos



 

 43 

methylbenzothiophene (161)?ȥ,:Lɍ˕Ëɴ;�Q
C2 ¦#ìɴýÆHS4ˏɢȤVɥRF<?ǲ･

,4�H4
N-methyl indole (59)?ɍ˕H04ǓŢ
3 ¦;ȹð,4ˏɢȤ 60 V¥ȅÙɺ,4ǖĳOQL

˦�ư˟;ɥRF<#;A4�1-Methoxynaphthalene (163)VýƠ<,:˜˕,4ǓŢ
�8@ˏɢȤ#ɥ

PS4�.>U6
4 ¦< 2¦;2S3SȹðHS4ˏɢȤ 164, 165 <
2, 4 ¦ˤʫ;ȹðHS4ˏɢȤ

166 #ɥPS4�
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Table 2-3. ýƠɍ˕Ǳ 

 

 

O

C6F13
33

OR

O
Co2(CO)6

137: R = iPr

139: R = Ph

141: R = Bn

33 (1.2 - 1.5 eq.)
(4-F-C6H4)3PAuNTf2 (5-20 mol%)

DCE, MS4A, rt, 15 min
FG FG

Co2(CO)6

Aromatic substrates Products (yield, previous yielda)

OR

(OC)6Co2
138: R = iPr (96%)

OMe 143: R = allyl

145: R = Br

147: R = COCH3

OMe

(OC)6Co2

R

R

144: R = allyl (94%)

146: R = Br (90%b)

1

2

3

Entry

4

5

6

7

8

9

OMe

RO

150: R = MOM (58%, 14%)

152: R = TBS (100%, <33%)

154: R = TMS (31%c, decomp.)

149: R = MOM

151: R = TBS

153: R = TMS

OMe

N
R

OMe

(OC)6Co2

RO

10

11
OMe

(OC)6Co2

N

155: R = Boc

157: R = Fmoc

156: R = Boc (76%b, 16%)

158: R = Fmoc (99%b)

11

12 X

159: X = O

161: X = S

160: X = O (78%)

X

Co2(CO)6

N N

Co2(CO)6

59 60 (69%)

13

OMe OMe OMe

Co2(CO)6

Co2(CO)6

163

14

164 (69%) 165 (21%)

OMe
Co2(CO)6

166 (8%)

Co2(CO)6

148: R = COCH3 (74%)

162: X = S (69%b)

140: R = Ph (96%b)

142: R = Bn (96%b)

[a] Condition: 17 (1.5 eq), Cs2CO3 (10 eq), CH2Cl2, 0 ºC to rt. [b] DCE-HFIP (10:1) was used as a solvent. 
[c] Yield determined after desilylation.

R
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Table 2-3. ýƠɍ˕Ǳ (continued) 

 

O

O

TBSO
H

H

OMe
MeO OMe

O

O

O

H

HH
MeO

O

H

HH
MeO

O

H

HH
MeO

O

O

TBSO
H

H

OMe
MeO OMe

O

O

podophyllotoxin TBS ether (89) 90 (21% (99% brsm)b, 19%)

16

19

Co2(CO)6

Co2(CO)6
O-Me estrone (25) 26 (53%b, 45%)

27 (46%b, 40%)

MeO

CO2Me

MeO

CO2Me

R
naproxen methyl ester (71) 30 (97%, 93%)

N

O

Cl

CO2Me
MeO

N

O

Cl

CO2Me
MeO

N

O

Cl

CO2Me
MeO

indomethacin methyl ester (72)

17

73 (42%b, 51%) 74 (45%b, 15%)

15

OH

H

HH
MeO

OH

H

HH
MeO

OH

H

HH
MeO

18

Co2(CO)6

Co2(CO)6
mestranol (51) 52 (37%b, d, 26%)

53 (33%b, d, 24%)

Co2(CO)6

guaiazulene (167) 168 (37%b)

20

(OC)6Co2

(OC)6Co2

(OC)6Co2

[a] Condition: 17 (1.5 eq.), Cs2CO3 (10 eq.), CH2Cl2, 0 ºC to rt. [b] DCE-HFIP (10:1) was used as a solvent. 
[d] C,O-disubstituted products 55 and 56 was also obtained in 16% (see the experimental section).

2
2

O

C6F13
33

O
Co2(CO)633 (1.2 - 1.5 eq.)

(4-F-C6H4)3PAuNTf2 (5-20 mol%)

DCE, MS4A, rt, 15 min
FG FG

Co2(CO)6

Aromatic substrates Products (yield, previous yielda)Entry
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� ŹȤ 17 <ȱƁqm\ºV˕�4ǖĳA
Ȣ˓>ǴʛéǱʜƇ@ìɴýÆ#Ëɴ;�74#
Ɛˊ 33

LH4ȢB@ʚż>ŤàVƔ8ʜƇ@ìɴýÆ#Ëɴ;�74�HP?, indomethacin methyl ether (72), 

mestranol (51)
;Aư˟@ØȆ#ĸPS
¥ȅÙɺ,4ƫʬOQÄ˴>ǖĳ;ìɴýÆ#ǤŜ,:�R

F<#ƙŪHS4�H4 podophyllotoxin TBS ether (89)A
¥ȅ@ǖĳ;AȱƁqm\º@¿ýǱ?OR

C2 ¦@«ǱÆ#õȗHS4#
ʶǖĳ;AõȗHS>"74�H4
guaiazulene (167)@ìɴýÆLȭ

ǲ,4� 

 

Ȫ 4 ǽ� ǚɸ§ȞɌ>¦ȹȄȬǱǰň 

 ǴʛéǱʜƇ@řȓéǱȏøķčVŜ�Ŵ?
ǧș>ˏɢȤ@ēďAƵ˖;�R�F@4K
ʚǮ@ˏ

ɢȤV°đ?ɥR．ÁǖĳA
řȓéǱȏøķč?!�:ˌ˕;�R�2@°ʫ;
řȓéǱȏøķčŇ

?
űɍ>ˏɢȤV˜˕,4ʍɌʜƇȰŸVŜ�ǓŢ?A
ʌ˖>ȯ°@ˏɢȤ@IVȄȬɌ?ɥPS

R．Áǖĳ#ʲH,��F@F<"P
ʚǮ@ˏɢȤV°đ?ɥRǖĳ<
ȯ°@ˏɢȤ@IVɥPSR

ˤǖĳVÙɺ.RF<AƵ˖;�R�ơƌ? Romo PA
ǚɸVʢŘ.RF<; gibberellic acid methyl 

ether (169)@ǬƁý?ȥ.RȄȬǱVʢŘH0RF<?ǲ･,:�R 23b�  

 

Scheme 2-11. Romo P?ORǚɸ§ȞɌ>¦ȹȄȬǱ@ǰň 

 

� ɁƥA Romo P@ʩţVžś?
ʚǮ@ˏɢȤ#ɥPS4ýƠ?!�:
ǚɸVʢŘ.RF<;¦ȹ

ȄȬǱ@ǰň#Ëɴ"ĵɟVŜ74 (Table 2-4)
ĵɟ@ĲÍ
1-methoxynaphthalene (162), indomethacin 

methyl ether (72)@ǓŢ?ȄȬǱVǰň;ARF<VĸƷ,4�.>U6
ǚɸ@a\�u�Y~`�V

NTf2
-"P SbF6

-D<ʢŘ.RF<;
．Á@¦ȹȄȬǱ#ʢÆ,4�1-methoxynaphthalene (162);Aˋǿ

,:ɥPS:�4ˏɢȤ 163 #OQš�ư˟;ɥPSRO�?>74°ʫ;
indomethacin methyl ether 

(72);AˏɢȤ 73 @I#ȄȬɌ?ɥPSRO�?>74�FSA
ǚɸ@a\�u�Y~`�V SbF6
-D

<ʢ RF<; NTf2
-<ʄä,:．ÁǱ#ɉÅ, (Table 2-1 žǊ)
OQǤŜ,M.�．Á#ˋǿ,44

K5<ś PSR�F@O�?¦ȹȄȬǱVǰň.RƫʬA
RomoP#ƹERO�?řȓéǱȏøķč

<ʍɌʜƇȰŸķč@Ęɗ,?Ƶ˖;�R�H4
a\�u�Y~`�?OQ Nicholas ．Á@ȄȬǱV

MeO2C
OH

H
HO O

O

MeO2C
OH

H
O O

O
MeO2C

O

H
HO O

O

O

O
4

Br

OO

Br

4

N2

Br

O

O
4

+

gibberellic acid methyl ether (169)

                 (2 eq.)

5 mol% catalyst, CH2Cl2, rt

170a 170b
Rh2(OAc)4 170a/170b > 95:5
Rh2(esp)2 170a/170b = 50:50
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ǰň,4ˬAȡ?ˬ#>B
Ñ�#ƽK:ĸƷ,4ľǏ;�R� 

 

 Table 2-4. ǚɸʢŘ?OR¦ȹȄȬǱ@ǰň 

 

 

Ȫ 5 ǽ� �wȉÆƐˊV˜˕,4ȮŹȤÆǖĳ@Ùɺ 

� Ȫ 1 ǌȪ 4 ǽ;Ùɺ,4
TEMPOBF4V˕�RǖĳA
ɖƇʯʔ>ʮŠñȞŶÅ;Li��{ŹȤ@

ƁÆɌȮŹȤÆ#ˋǿ,:ǤŜ.Rˌ˕>ǖĳ;�74�2@°ʫ;
ɉÄÆ;．ÁVŜU>'SB>

P>�4K
OQò（>ƫʬ;@ȮŹȤÆ#Ëɴ<>SB
ŕB˜˕HSRǖĳ?>R<ś P R� 

TBAF VA-K<,4ČáɌ�wȉÆƐˊA
ni��{ŹȤVY�c�D<ʢð.RƐˊ@°8;�

R 30, 69�ČáɌ�wȉÆƐˊAĖ˩>ƁÆŵ;A>�4K
ɖƇʯʔ>ʮŠñVƔ8ýƠĤ?!�:OQ

Ä˴?ȮŹȤÆ#Ëɴ;�R<ś PSR�ơŴ?
ǖĳVǶŭ,4ĲÍ (Scheme 2-13)
DMF < THF

@ũŢ˔ɸȾ
TBAF V．ÁH0Rǖĳ?!�:
136 @ȮŹȤÆ#Ä˴"8șM"?ǤŜ,
����

d� 171 VɥRF<?ǲ･,4�H4ʶƫʬA
ìɴýÆVŜ74Ň?˔ɸVǁĐ,
ɡ°��oiɫ

N

MeO
CO2Me

O

Cl

33 (1.5 eq.)
Au catalyst (20 mol%)

DCE-HFIP (10:1)
MS4A, rt, 15 min

N

MeO
CO2Me

O

Cl

N

MeO
CO2Me

O

Cl

(OC)6Co2

(OC)6Co2

73 7472

33 (1.2 eq.)
Au catalyst (5 mol%)

DCE, MS4A, rt, 15 min

OMe

162

OMe

163

Co2(CO)6

+

OMe
Co2(CO)6

164 165

OMe
Co2(CO)6

Co2(CO)6

+

+

(4-F-C6H4)3PAuNTf2

Au catalyst

(4-F-C6H4)3PAuSbF6 73

yield (%)

163 164 165

12 9

69 21 8

(4-F-C6H4)3PAuNTf2

Au catalyst

(4-F-C6H4)3PAuSbF6 78

yield (%)

73 74

trace

42 45
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;ȮŹȤÆVŜ����w{g�o{��D<ɍ˕.RF<LËɴ;�74 70�.>U6
m��^�y

� 151 A
ìɴýÆŇ? TBAF V˕�4ȮŹȤÆVŜ�F<;
Ȯm��ÆLɡƕ?ǤŜ,4����

d�Y�i�� 172 Vˑ 4�HP?
naproxen methyl ether (71)L����d�ÆȤ 100 D<���w

{;ɢBF<#Ëɴ;�74� 

 

Scheme 2-13. TBAF V˕�4ȮŹȤÆ< one-pot ;@�Ŕɋ����d�Æ 

 

Ȫ 6 ǽ Ǆè 

ɁƥA
ǚɸ˧@Ɓ;ǤŜ.RǞĄ~i�oƐˊ 33 VǞ4?Ţǲ,
FSV˜˕.RF<;Ä˴>ǖ

ĳ;@ʮŠțÆŢʛ@ìɴýÆVȭǲ,4�ɥPS4ƐˊA
Ġǚɸ?O7:éǱÆHS
ƴ˘@~i�

o．Áǖĳ;AìɴýÆ#Ŧɬ;�74�ƁǱ?¹ʑ>ýƠ?Lɍ˕Ëɴ;�74�HP?
ʶƐˊA

˓�>ʮŠțǴʛéǱʜƇ?Lɍ˕Ëɴ;�Q
ýƠ?O7:AȪ 2 ǌ?!�:Ɂƥ#Ùɺ,4ǖĳO

QLš�ư˟;˅ɌʛVˑ 4�HP?
ǚɸ§ȞɌ?¦ȹȄȬǱVǰň;ARF<VĸƷ,
~i�o

．Á?!�:．ÁǱǰň?a\�u�av`�#Ƶ˖>ˈçVÍ4.F<V˂P"?,4�°ʫ
ȮŹ

ȤÆǖĳ<,:
Ǟ4? TABF V˜˕,4．ÁVÙɺ,
one-pot ;@����d�ÆD<Á˕,4� 

  

OMe

TBSO

33 (1.2 eq.)
(4-F-C6H4)3PAuNTf2 (10 mol%)

DCE, MS4A, rt, 15 min 
then evap.

TBAF (5 eq.)

THF-DMF (1:1)
rt, 3 h

OMe

HO

MeO2C

OMe

172 [100% (one-pot)]

MeO2C

OMe

100  [81% (one-pot)]

a) decomplexation with TBAF

b) 2-step propargylation in one-pot procedure

151

71

OMe
Co2(CO)6

136

TBAF (3 eq.)

THF-DMF (1:1)
0 ºC, 3 h, 80%

OMe

171

33 (1.2 eq.)
(4-F-C6H4)3PAuNTf2 (10 mol%)

DCE, MS4A, rt, 15 min
then evap.

TBAF (5 eq.)

THF-DMF (1:1)
rt, 3 h
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E �:� �(��(�D��,.@FH��%(3)&)#(�(,K+--J
+o�

 

Ȫ 1 ǽ ɺĸ@ĭ¬ 

�wȉĻƇA
Ǭȉ?8CǄH>ĻƇ，Ĩ<š�ɖĂ¶ǱɘVˌ.R��h�ĻƇ;�R��wȉĻƇ

A 2p ćɣ?ʈĔˌɖƇȥVˌ,
˪ ǻȱȉ?Ǵ-4av`� (a-a��av`�)VʈĔˌɖƇȥ@Ċē

ˑ?O7:¤ɊÆH0
a -a��av`�@．ÁǱVʢÆH0R�~�e>ɧǱVƔ8�aŎÍ��Ȼɵ

ȩå@ƈȁPAF@ǱƠV˜˕.RF<;
n��`�`��Z�V˜˕,4ʜƇɫ Friedel-Crafts ．Á

VÙɺ,:�R (Scheme 3-1)71�ʁ ．ÁA
n��`�`��Z�?O7:av`�#¤ɊÆHSR4K


ɉÄǖĳ;LșM"?ǤŜ.R� 

 

 

Scheme 3-1. �wȉ#a-a��av`�?ˑ RŎÍ 

 

ɁƥA
ni��{ŹȤ@˪ǻȱȉ?Ǵ-Ra��av`�@．ÁǱ#
�wȉĻƇ@ɢɯ?O7:ʢ

Æ.R"ęʻVƔ74�FSH;
ni��{ŹȤ@˪ǻȱȉ?�wȉĻƇVɢɯ,2@．ÁǱVĵɟ

,4ʩţAɁƥ#ȷRŀQ>�4K
H/2@O�>ŹȤ#ŢǲËɴ"ĵɟVŜ74�ĵɟ@ĲÍ
ʞĶ

ÿȷ@n��`�����d����|ˏɢȤ 3648 ?ȥ,`eua��~�ni��{ŹȤVŷ˕H0

R<
ni��{ŹȤ 37 #ɥPSRF<VĸƷ,4 (Scheme 3-2)�ŹȤ 37 A˔ºȾ¤Ɋ>ŹȤ;�Q


ĵɟ@ĲÍ
ǶǷ0/<LƖ@．Á?˜˕.RF<#Ëɴ;�74�HP?ʶŹȤAġƐˊ?O7:é

ǱÆËɴ;�Q
phenylethyl alcohol (173)<．Á,
^�y� 174 VǴǲ,4�2@°ʫ;
 naproxen 

methyl ether (71)>=ɖƇʯʔ>ʮŠñ<AȈB．Á0/
ƴ˘@~i�o．Á<A«>74．ÁǱVƔ

F
R2

R1 F
R2

R1

α-cation stabilizing effect

TMSOTf
CF2

Ph

O

CF2

Ph

O TMS

Ph

O

F0 ºC, 0.4 h

TMSOTf
CH2

Ph

O

Ph

O

refulx, 0.5 h

(a) property of fluorine

(b) fluorine effect in Friedel-Crafts reaction
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8F<#ƙŪHS4� 

 

 
Scheme 3-2. ŹȤ 37 @Ţǲ<Y�i��
ʮŠñ<@．Á 

 

<FT;
ǬƁý<@．ÁA
．ÁÄɘ?O7:ʲJ^�y� 174 #ˋǿ,:Ǵǲ.RǓŢ<
^oy

� 175 #ʘǴ.RǓŢ#�QɛƽŰľǱ?ɬ#�74 (Scheme 3-3)�ĵɟ@ĲÍ
Äɘ@ʊʾ>ʢÆ?

O7:ɥPSRǴǲʛ#ʢÆ.RF<VĸƷ,4�.>U6˔ɸV��r�<,
．ÁÄɘV 20 
C ;

Ŝ74ǓŢ
^oy� 175 #ƪǴǲʛ;�74@?ȥ,
．ÁÄɘV 30 ºC <,4ǓŢ
^�y� 174#

ƪǴǲʛ?>RF<VĸƷ,4�F@F<"P
．ÁÄɘ?§Ȟ0/
̡ J^�y�#ˋǿɌ?ɥPSR

ǖĳ@ȰŸVŜ74� 

 

 

Scheme 3-3. ．ÁǴǲʛ@Äɘ§ȞǱ 

 

Ȫ 2 ǽ ．ÁǖĳűɍÆ 

� �]~�^v�Y�i��V�z�ýƠ<,:
ƟÄÅ;^�y� 174 #L7<L˦�ư˟;ɥPS

R．ÁǖĳVĵɟ,4 (Table 3-1)�>!
ʶĵɟ?!�:ƟÄ<A
15-25 ɘ@Äɘʙ;�R�ǿ?ƹE

4ɈQ
ŹȤ 37A{���`��u�o���Ɓġ (AgOTf)?OQéǱÆËɴ;�Q
��r�
ne

���u�Ⱦ;Ɛˊ˧@ýƠ<．Á,4 (entry 1,2)�,",
ʲJ^�y� 174AF<W=ɥPS/
ǿ

δ = –27.7 ppmδ = –35.5 ppm (19F-NMR)

Br

FF

TIPS
36

Co2(CO)6
Br

FF

TIPS
37

Co2(CO)8

CDCl3, rt
3 h

• Stable in solvents
• Available in situ

Br

FF

TIPS

Co2(CO)6
OH

CO2Me

MeO
O

FF

TIPS

Co2(CO)6

174 37
AgOTf AgOTf

No reaction

(a) Synthesis or complex 3-2

(b) reaction with complex 3-2

173 71

Br

FF

TIPS

Co2(CO)6

37
(1.5 eq.)

OH
+

OH
Br

FF

TIPS

Co2(CO)6+

AgOTf (1.5eq.)

benzene, 20 ºC
69%

AgOTf (1.5eq.)

benzene, 30 ºC
62%

O

FF

TIPS

Co2(CO)6

O
TIPS

Co2(CO)6

O

175

17437
(1.5 eq.)

173

173
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?ƹE4O�?^oy� 175#ƪǴǲʛ<,:ɥPS4� 

 

Table 3-1. ǖĳűɍÆ 

 

 

˅Ɍʛ#ɥPS>�˝％?8�:
Y�i��< 37 #．ÁŇ?Ǵ-R{���`��u�o���Ɓ

?OQ．ÁĬȾ#ƁǱ<>Q
�wȉĻƇ#Ȯ˞,ǬʜƇ#々Ê.RF<;^oy�#Ǵ-R<śŻ,

4 (Scheme 3-4)�F@ÇǾA
ˏ ɖ˟#š�ne���u�Ⱦ;A�wȉĻƇ@Ȯ˞#ĆFQM.B
̂

oy�@Ǵǲ#ˋǿ.R°ʫ;
ˏɖ˟#ɉ�˔ɸ;�R��r�;A
．ÁÄɘ?OQ˅Ɍʛ#ɥP

S4ĲÍ<LŢȺ.R 72�F@ÇǾ"P．ÁĬȾ@ǬVǁBF<;˅Ɍʛ#ɥPSR<ś 
��c��

�m��@ɒÊVĵɟ,4#
^�y� 174 VɥRF<A;A>"74 (entry 3)� 

 

 

Scheme 3-4. ^oy� 175 ʘǴ@�a~pº 

 

OH

37 (1.5 eq.)
AgOTf (1.5 eq.)
base (1.5 eq.)

solv. (0.1 M)
10 min, rt

O
TIPS

Co2(CO)6
FF

174
0.1 mmol

O
TIPS

Co2(CO)6

175

O

+

173

entry base solv.

yield (%)a

174 175 SM

2 none benzene 5 69 0

3b

benzene 85 0 9Et3N4

Et3N5 88 0 0

Et3N

CH2Cl2

6

toluene 85 4 0Et3N7d

toluene <16 0 34Et3N

[a] The yields were determined by 1H-NMR using mesitylene as a internal standard.
[b] MS4A was added. [c] 175 was only observed.[d] AgNTf2 was used instead of AgOTf. 
[e] AgBF4 was used instead of AgOTf.

toluene 99 0 0

1 none CH2Cl2 760 0

none

8e

toluene c

R
O

TIPS

Co2(CO)6
FF H+X-

R
O

TIPS

Co2(CO)6
FF

δ+

δ-H

R
O

TIPS

Co2(CO)6

F

X-

R
O

TIPS

Co2(CO)6
OHF

R
O

TIPS

Co2(CO)6

O

- HF

H2O

174

175

R =
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2F;．ÁĬȾ@ƁǱÆVʴC˅Ɍ;
¿ý;�R Et3N VɒÊ,4<FT
^oy� 175 @ʘǴAF

<W=ãɰHS/
˅ Ɍ@^�y� 174Vš�ư˟;ɥRF<?ǲ･,4 (entry 4)�̝ ɸV��r�
n

e���u�
{�^�@�Ƭ˫?8�:ĵɟ,4<FT
{�^�#űɍ;�74 (entry 4-6)�ġƐˊ

V AgNTf2?ʢŘ,4ǓŢ;Aư˟#U/"?ɉÅ, (entry 7)
AgBF4V˜˕,4ǓŢ．Á#ëĲ,>"

74 (entry 8)�FSP@ĲÍ"P
entry 6 Vűɍǖĳ<,4� 

 

Ȫ 3 ǽ� ýƠɍ˕Ǳ<ÆåȄȬǱ?8�: 

ȅǽ?:űɍÆ,4ǖĳV˕�:Ȣ˓>ìɴýVƔ8Y�i��@^�y�ÆVĵɟ,4 (Figure 3-1)�

H/
ʈČáǱìɴýVƔ8ýƠ?8�:ĵɟVŜ74 (Figure 3-1a)��{cmýM���ýVƔ8�

]�v�Y�i��ˏɢȤA
š�ư˟;˅Ɍ@^�y� 176, 177 Vˑ 4�H4
^�y� 176A
1 

mmol og��;L
ư˟Vȟ>�F<>BŢǲËɴ;�74�Ė�ɖƇČ´ǱVƔ8~{�ý;A
O

QĖ��[oƁ;�R AgNTf2V˜˕.RF<;
̂ �y� 178 Vˑ 4���n�Y�i��ˏɢȤL

^�y�ÆËɴ;�74#
˅Ɍʛ 179, 180 @ư˟AȾɋɘ;�74�Boc ýM Fmoc ý <�74ƁM

¿ý?Ʃ�ìɴýVƔ8ýƠL
š�ư˟;ìɴýÆ#Ëɴ;�Q
2S3S 181, 182 Vˑ 4�Ɛˊ

@ɛ˧VȑM.F<;�ĎY�i��@^�y� 183 @ŢǲVȭǲ,4�F@ƕ
¿ý<,: Et3N ;A

>B DTBMP V˕�
¿ýǱ?OR AgOTf@éǱɉÅVʴCF<;
ư˟@őǑ#ĸPS4�H4
TIPS

ý@ȨUQ?�]~�ý;ȹð,4n��`�����d����|ni��{ŹȤ 184 V˕�4ǓŢ

;L
^�y� 185VɥRF<#Ëɴ;�74� 

� Ȝ�:
ČáǱìɴýVʟ0Ɣ8Y�i��?ȥ,^�y�ÆVŜ�
ʶ．Á@ÆåȄȬǱ?8�:

ãɰVŜ74 (Figure 3-1b)�[�|��, ��n�, Y~��, @O�>Ʃ�ČáǱìɴýVƔ8ýƠ;

A
Y�i��<ˋǿɌ?^�y�Æ#ǤŜ,4 (186-189)�HP?ȪŽĎY��, ȪɭĎY��
Ȫ°

ĎY��VƔ8ýƠ;H Y�i��ȄȬɌ?ʶ．ÁAǤŜ,
2S3SʲJ^�y� 190, 191, 192 V

ˑ RF<VĸƷ,4�>!Y~��
��n�
ȪɭĎY��
Ȫ°ĎY��VƔ8ýƠ;A
¿ý<

,: DTBMP V˕�RF<;ư˟#őǑ,
ȪŽĎY��VƔ8ýƠ;A
¿ýVɒÊ0/<LʲJ^

�y�#ɥPS4��ĎY��VƔ8ýƠA
ʜƇɫ@Y��#¿ý@ȨUQ?ŷ˕,44K?
¿ý@

ɒÊ#ʒ˖;�74<ś PSR��]���ǱǬƁýM`��Z�
ɖƇʯʔ>ʮŠñVƔ8ýƠ;

L
^�y�Æ#ˋǿ,4 (193-195)�FSPA=SL Nicholas ．Á;．Áŵ<,:ʩţ@�Rìɴý;

�R�2,:Ɉǔ@ Nicholas ．Á;Ao��~\ºVħǲ.RF<;ȷPSR
o��Z|˫VƔ8ý

Ơ?!�:L^�y�Æ#ˋǿ,:ǤŜ,4�F@š�ÆåȄȬǱ@˝％AľŶ˂P"?>7:�>�

#
�wȉ@¸Ě?OQF@O�>ȄȬǱ#ɺľ,:�RF<A˂P";�R� 
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� ʶ．ÁAš�Y�i��ȄȬǱVƙ.F<"P
Y��ƁˏɢȤMǴʛéǱʜƇ?ȥ,:Lɍ˕Ëɴ

"ĵɟ,4 (Figure 3-1c)�o�`~�ˏɢȤ "PA
^�y� 198 #ɥPS4°ʫ;
n��v| 199

;AýƠ#ʜÖ,
˅ɌʛAȈBɥPS>"74�n��v| 199 #ʜÖ,4˝％?8�:
ŹȤ 37A

Y�|<．Á,
ʒ¤Ɋ>Ǵǲʛ#ɥPS4Ň?ʜÖ,44K5<śŻ,:�R�­ˊʐ��cm�Z

��;A˦Œ>ư˟;˅Ɍʛ 200 VɥRF<?ǲ･,
ɐȇʛ�|�Z�{cm�
�����?ȥ,

:LʶǖĳAɍ˕Ëɴ;�Q
ȥÁ.R^�y� 201 < 202 Vˑ 4�,",
�������� (203)

@^�y�ÆAǤŜ,>"74�FSAġƐˊ<��uY��Y�i��#ŹȤVħǲ,
ġƐˊ#ƞ

é,44K5<ś PSR� 
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Figure 3-1. ýƠɍ˕Ǳ 

MeO

O

179 (64%)

176 (84%) 177 (84%) 178 (60%)a

MeO

O

185 (94%)d

FF

Ph

Co2(CO)6

1 mmol scale (91%)

FF

TIPS

Co2(CO)6

MeO

O

FF

TIPS

Co2(CO)6Br

O2N

O

FF

TIPS

Co2(CO)6

O

FF

TIPS

Co2(CO)6

MeO
181 (89%)

183 (64%)b, c

180 (63%)

182 (85%)

O

FF

TIPS

Co2(CO)6

F3C
O

FF

TIPS

Co2(CO)6

BocN

O

FF

TIPS

Co2(CO)6

FmocN
MeO

O

FF

TIPS

Co2(CO)6

186 (47%)e 187 (58%)b 188 (83%)b

190 (76%)g 191 (64%)h

Me2N
O

189 (60%)b, f

O

FF

TIPS

Co2(CO)6

H
N

O

FF

TIPS

Co2(CO)6N O

FF

TIPS

Co2(CO)6

N

O

FF

TIPS

Co2(CO)6

NPh

FF

TIPS

Co2(CO)6

O

H
NPh

FF

TIPS

Co2(CO)6

O

192 (62%)b, h, i

H2N 6

FF

TIPS

Co2(CO)6

3

197 (69%)195 (90%) 196 (84%)

HO

O

193 (41%)

FF

TIPS

Co2(CO)6

194 (84%)

MeO

O

FF

TIPS

Co2(CO)6

MeO
O

FF

TIPS

Co2(CO)6

MeO

MeS
O

FF

TIPS

Co2(CO)6

NHBoc

MeS
O

FF

TIPS

Co2(CO)6

AgOTf (1.5 eq.)
Et3N (1.5 eq.)

toluene
rt, 10-90 min

Br

FF

TIPS

Co2(CO)6

37(1.5 eq.)

FG OH
SM

FG O
SM+

FF

TIPS

Co2(CO)6

176-202

(a) substrates containig non-nucleophilic groups

(b) substrates containig nucleophilic groups

[a] AgNTf2 was used instead of AgOTf. [b] DTBMP was used instead of Et3N. [c] Reagents were used at 2 equiv. 
[d] A phenyldifluorobromopropyne dicobalt complex 184 was used. [e] Reagents were used at 1.2 equiv. [f] Benzene was used instead of toluene. 
[g] Et3N was not added. [h] Toluene-CH2Cl2 was used. [i] The product was isolated after acetylation of the amino group.
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Figure 3-1. ýƠɍ˕Ǳ (continued) 

 

Ȫ 4 ǽ� ȮŹȤÆ@ĵɟ 

� ɥPS4ni��{ŹȤAȮŹȤÆ<Ȯm��Æ?OQ
ˏɢȤŢǲ?!�:ˌ˕5<ĀȦHSRn

��`�����d�ýD<ʢðËɴ;�R�Schreiber PAY�c�#m��ý;ȹð,4ni��{

ŹȤ@ȮŹȤÆ<Ȯm��Æ# TBAF ?O7:ɡƕ?ǤŜ.RF<Vʩţ,:!Q 30
ɁƥLFS?Ƴ

�ʹȳn��`�����d�^�y�D@ʢðVĵɟ,4� 

� ^�y� 195 V�z�ýƠ<,:
˅Ɍ@n��`�����d�^�y� 204 Vš�ư˟;ɥPS

RǖĳVĵɟ,4 (Table 3-2)�Schreiber P@ǖĳ<ɡ˓?
TBAFV THF Ⱦŷ˕H04<FT
ýƠA

ʜÖ.R@I;�74 (entry 1)�FSA˜˕,4 TBAF @ THF ˔ºȾ?ȞŶ.RǬʜƇ?O7:ɺǴ.

RY�icm|#
Ǵǲ,4ʹȳn��`�����d�ýVʜÖ,44K5<ś PS4�2F;ʿ

Ǭ@�wÆʛ[`�Ľ<,:˕�PSR TBAT V˕�:．ÁVŜ74<FT
˅ɌʛVɉư˟;�R#

ɥRF<?ǲ･,4 (entry 2)�HP? TBAT ɡ˓?ʿǬ@�wÆʛ[`�Ľ<,:˜˕HSR TASF V

˕�:ĵɟVŜ74<FT
THF Ⱦ;AýƠ#ʜÖ.R@I;�74L@@ (entry 3)
Yq{~{��

Ⱦ;．ÁVŜ�F<;Ⱦɋɘ@ư˟;˅Ɍ@n��`�����d�^�y�VɥRF<?ǲ･,4 

(entry 4)�˔ɸ?8�: DMF
ne���u�?8�:LĵɟVŜ74L@@
˅ɌʛAɉư˟"ȈBɥ

PS>�ĲÍ?>74 (entry 5, 6)� 

198 (50%)b

NHBoc
MeO

O O

FF

TIPS

Co2(CO)6

200 (86%)h

202 (74%)g, h201 (61%, 99% brsm)b, h

FF

TIPS

Co2(CO)6O

O

O

N

NN

N

O

O
O

O

O
H

H

MeO OMe
OMe

FF

TIPS

Co2(CO)6

N
H

N

O

FF

TIPS

Co2(CO)6
H

H

H
MeO2C

H
N

OH
O

203 (dcomposition)

(c) amino acids and bioactive molecules

NHBoc
H
N

O
HO

O

MeO

199 (dcomposition)

[a] AgNTf2 was used instead of AgOTf. [b] DTBMP was used instead of Et3N. [c] Reagents were used at 2 equiv. 
[d] A phenyldifluorobromopropyne dicobalt complex 184 was used. [e] Reagents were used at 1.2 equiv. [f] Benzene was used instead of toluene. 
[g] Et3N was not added. [h] Toluene-CH2Cl2 was used. [i] The product was isolated after acetylation of the amino group.

AgOTf (1.5 eq.)
Et3N (1.5 eq.)

toluene
rt, 10-90 min

Br

FF

TIPS

Co2(CO)6

37(1.5 eq.)

FG OH
SM

FG O
SM+

FF

TIPS

Co2(CO)6

176-202
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Table 3-2. �wȉÆƐˊV˜˕,4ȮŹȤÆ<Ȯm��Æ@ĵɟ 

 

 

� ¥Ǒ@ĵɟ"P
1 Ŕɋ;@ȮŹȤÆ<Ȯm��Æ@ǖĳVȢ˓>ýƠ?ɍ˕H0RF<Aɬ,�<ɽ

ȴ,4�2F;
ȮŹȤÆ<Ȯm��ÆVȵÚɌ?Ŝ�F<<,4�ĵɟ@ĲÍ
CAN V˕�:ȮŹȤ

ÆVŜ74@6?
ɉÄÅ; TBAF Vŷ˕H0RF<;
˓�>ýƠ@ȮŹȤÆ<Ȯm��Æ#Ëɴ;

�RF<VĸƷ,4 (Figure 3-2)�ʶǖĳA
�{cmY���
 �ĎY��, ¿ý?Ʃ� FmocýVĒ

˒,
2S3S˅Ɍ@n��`�����d�^�y� 205, 206, 207 Vˑ 4�HP?Y��ƁˏɢȤ 

208 MǴʛéǱʜƇˏɢȤ 209 ɥRF<?Lǲ･,4�H4
CAN V˜˕,4ǖĳA
�]~�ý;ȹ

ðHS4n��`�����d�ý@ȮŹȤÆLËɴ;�Q
210 #ɥPS4� 

 

 

Figure 3-2. CANV˜˕,4ȮŹȤÆ 

 

O

FF

TIPS

CO2(CO)6MeO

MeO

O

FF
MeO

MeO

F- source (2.0 eq.)

solvent, rt, time, yield

195 204

entry F- source solvent time (h) results

1

2

3

4

5

6

TBAF

TBAT

TASF

TASF

TASF

TASF

THF

THF

THF

MeCN

DMF

CH2Cl2

12

2

3

decomposition

decomposition

decomposition

204 (29%)

204 (48%)

204 (7%)

1. CAN (4.5 eq.)
    MeCN, rt, 10 min

2. TBAF (1.1 eq.)
    THF, –78 ºC, 15 min

MeO

O

F F

205 (71%) 207 (74%)

N

N

N

N
O

O

O

FF

206 (82%)

209 (79%)a208 (72%)

205-210 (2-step yield)

MeO

O

210 (80% 1 step)

FF

Ph

FG O
SM

FF

TIPS

Co2(CO)6 FG O
SM

FF

NHBoc
MeO

O O

FF

O

FFFmocN

O

FFNPh

[a] Acetone was used as a solvent in the first step.
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� CAN ?O7:ʜÖ#ǤŜ.RƁÆVƭ'M.�ìɴýVƔ8ýƠA
N,N,N’-trimethylethylenediamine 

V˜˕,4ǖĳ#űɍ;�74 58�Ɓȉʝ¨ĂÅ
^�y�Ⱦ; N,N,N’-trimethylethylenediamine Vŷ˕

H0RF<;
�{cmY���OQɖƇʯʔ>Y~��
o��Z|VƔ8ýƠ;�7:LȮŹȤÆ

#š�ư˟;ǤŜ,
˅Ɍʛ 211, 212Vˑ 
FSP@Ȯm��ÆA
ǿ<ɡ˓?ɉÄǖĳ; TBAF V

˜˕.RF<; 215, 216 ?ʢðËɴ;�74�H4
�����ˏɢȤM�|�Z�{cm�ˏɢȤ?

ȥ,:LʶǖĳAɍ˕Ëɴ;�74�>!
�|�Z�{cm�ȮŹȤÆȤ 214?ȥ,: TBAF V˕�

R<
˅Ɍʛ 218 <Aʡ?^���219 #ɥPS4� 

 

 

Figure 3-3. nY��V˜˕,4ȮŹȤÆ@ĵɟ 

 

Ȫ 5 ǽ� n��`�����d�^�y�V˜˕,4n��`�Y�c�^�y�ˏɢȤŢǲD@Á˕ 

� n��`�����d�ýA
Y�c�ʗʜ@ȢŲ>．ÁǱV˜˕.RF<;ˏɢȤŢǲD<Á˕.

RF<#Ëɴ;�R�ɁƥA��cm�Z��OQŢǲHS4n��`�����d�^�y� 209 V

˜˕,:
Ȣ˓>n��`�^�y�ˏɢȤ#ŢǲËɴ;�R"ĵɟVŜ74 (Scheme 3-2)� 

� n��`�����d�^�y� 209 A
ɤǚɸȞŶÅ
��n�Yn|< Hüisgen．Á?OQ{�Y

t�� 210 Vˑ 4�F@ƕ
→Ɓɤ(II)V˜˕,4ǓŢ^oy�Ȥ@ʘǴ#ãɰHS44K
OQƁǱ

1. MeHNCH2CH2NMe2 (6 eq.)
    O2 (balloon), Et2O, rt, 6 h -12 h

N

O

FF

O

O
O

O

O
H

H

MeO OMe
OMe

214 (47%) 
218 (39%)b

O
MeS

NHBoc

F F

F F

213 (54%)
217 (63%)

211 (94%) 
215 (87%)a

212 (81%)
216 (95%)

FG O
SM

FF

TIPS

Co2(CO)6 FG O
SM

FF

R
211-214 (R = TIPS)
215-219 (R = H)

R

R

R

[a] The yield was determined by 1H-NMR using CH2Br2 as an internal standard. 
[b] An epimer 219 was also obtained.

N
H

N

O

FF

R

H

H

H
MeO2C

O

O
O

O

O
H

H

MeO OMe
OMe

 219 (40%)

F F

R

2. TBAF (1.1 eq.), THF
    –78 ºC, 15 min
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@ɉ�ǩƁɤ(II)V˜˕,4�Ȝ�:~{�� N-`cm|<@．ÁVƐI4�．ÁAÄ˴>ǖĳÅǤŜ,


[sckt�� 211 #š�ư˟;ɥPS4�ʶ．Á;A�8@¦ȹ«ǱȤ@Ǵǲ#ś PSR#
Ǵǲ

ʛ@řȓA NOESY V˕�RF<;ıɊ,
2@¦ȹ«ǱȤ<@ȄȬǱA 14:1 ;�74�H4Y�c�

ʗʜVöĺ.RF<;
n��`�����^�y� 212 D<ʢðËɴ;�74�ǿ?ƹE4ɈQ
­

ˊʐL,BA2@ŋʧʛ2@L@VÆåƱǘ,
Ȣ˓>ˏɢȤD<ʢð.RƫʬA­ˊʐȌǷ?!�:

ˌ˕;�R� 

 

Scheme 3-2. n��`�����d�^�y�V˜˕,4ˏɢȤŢǲ 

 

Ȫ 6 ǽ� n��`�����d�^�y�@���o�e{�ȗɊ 

� Y�c�@ɧ«>���ƀ˛V˜˕,4���[��n�fD@Á˕VƊő,4
�]~�Yqv�

�
n[�
Y�c~���[|>=Ȣ˓>Y�c�@���o�e{�ȗɊ#FSH;ʩţHS:�

R°ʫ;
n��`�����d�ý@���ȗɊAʼ5ŜUS:F>"74�ɁƥA
n��`���

��d�ý@HP>RÁ˕ɍ˕Ǳ@ßɂV˅Ɗ,
n��`�����d�ý@���o�e{�ȗɊ

V˝Æåķčƾ@ȝÃˌāŢǲÆåķčƟ?§˙,4� 

� o�e{�"PɥPS4z�u@ĲÍVƙ. (Table 3-3)����o�e{�@ĖɘA
EdU (5-ethynyl 

deoxyuridine)<@ȏȥĖɘ;ƙ,4�n��`�����d�ý％˘@���o�e{�AȥÁ.R��

��d�ý@L@<ʄä,:
Ėɘ#F<W=ʢÆ,>�°ʫ;
���ʜŌ@ɵɅ#ȲɵɅȕ?m�

{.RF<#˂P"<>74�.>U6
n��`�����d�^�y� 205 A
Ɉǔ@����d

N

N

N

N
O

O

O

FF

N

N

N

N
O

O

O

FF

N
N

N

Bn

N

N

N

N
O

O

O

FF

N
O

N

N

N

N
O

O

O

FF

Pd/C (20% w/w)
H2 (balloon)
THF, rt, 18 h
86%

Ph N

Cl
OH

Et3N (3 eq.)

EtOH, 40 ºC, 12 h
99% (211:regioisomer = 14:1)

(3 eq.)

209

211

212

210

BnN3 (1.5 eq.), Cu(OAc)2 (5 mol%)
sodium ascorbate (20 mol%)
tBuOH-H2O (1:1), rt, 12 h, 89%

H
H

NOESY
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�^�y� 213 <ʄä,:ʿ˔ɸȾ;A 28 cm-1
DMSO Ⱦ;A 20 cm-1F=ɅɵǮȕ?m�{,4��

]~�ý;ȹðHS4n��`�����d�^�y� 210 ?!�:L
ɡ˓@ɅɵǮȕD@m�{#

õȗHS:�R�FSP@ĲÍ"P
n��`�����d�ýA2@ȩAHVF<W=ʢ RF<>

B���m�{VʢÆH0RF<#;AR4K
«>R���m�{VƔ8Y�c�ufVʚǮ˜˕,

4��v[��n�fD@Á˕#ĀȦHSR� 

 

Table 3-3. n��`�����d�ý<ȥÁ.R����d�ý@���o�e{�z�u 

alkynes X =  Raman shift (cm-1) 

Neat / DMSO 

Raman intensity 

vs EdU 

 F (205) 2147 / 2133 0.14 

H (213) 2119 / 2113 0.15 

 F (210) 2251 / 2248 0.69 

H (214) 2241 / 2239 0.63 

 

Ȫ 7 ǽ� Ǆè 

� ɁƥA
ɪƚ?ĸƷ,4n��`�����d����|ni��{ŹȤV˜˕,4
ƎʳțǬƁý

?ȥ.R 2-3 Ŕɋ;@n��`�����d�ÆVȭǲ,4�ŹȤ 37 A Et3N ȞŶÅ
AgOTf Vŷ˕H

0RF<;éǱÆËɴ;�Q
Y�i��<．Á.RF<;^�y�Vħǲ,4�ni��{ŹȤA CAN


L,BA N,N,N	-trimethylethylenediamine ?OQȮŹȤÆHS
ȜBȮm��Æ?O7:ʹȳn��`�

����d�^�y�D<ʢðHS4� 

� ɥPS4n��`�����d�^�y�A
Y�c�@．ÁǱV˜˕.RF<;Ȣ˓>ˏɢȤD<

ʢðËɴ;�74�HP?
n��`�����d�^�y�@���o�e{�@ȗɊVŜ�
Ɉǔ@

����d�ý<A«>R��em�{VƔ8F<V˂P"<,4� 

� ť×Ùɺ．ÁA
ȅˬ@>�š�Y�i��ȄȬǱVƔ8~i�o．Á;�R�FSH;~i�o．

Á@ÆåȄȬǱVǰň,4ˬA
Jaouen P@ˬ@I;�Q
HP?ʃP@．ÁAýƠɍ˕Ǳ?8�:@

Ŀċ#F<W=>"74�2S?ȥ,:Ɂƥ#Ùɺ,4ʙŕ�ýƠɍ˕ǱVƔ8
ƽ@°ʁǱ@š�Æ

åȄȬɌ>~i�o．Á;�R<Ŀ R� 

  

MeO

O

XX

MeO

O

XX

Ph
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E �:� <1�%(3)&)#(�($!(2��(6>N--J
0%�A,6L6>�-+o�

� �

Ȫ 1 ǽ� ɺĸ@ĭ¬<．ÁǖĳűɍÆ 

� n��`�����d����|ni��{ŹȤ 37 A
Ȣ˓>ìɴýȞŶÅ?!�:LY�i��Ȅ

ȬɌ?．Á,
ȥÁ.R^�y�Vˑ 4�°ʫ;
Y�i��<g{�Vʟ0Ɣ8 testosterone (215)?

ȥ,ʶǖĳVŷ˕H04<FT
^�y� 217 <Aʡ?�~�^�y� 216 #ɥPSRF<#˂P"<

>74 (Scheme 4-1)�g{�?ȥ,��`�Y�c�ýVɢɯ.R．ÁA
ƈȁMƢɕP?O7:.;

?ʩţHS:�R# 73
n��`�����d�ýVɢɯ.R．ÁAʼ5ʩţHS:�>��H4
°ʁ

Ɍ?~i�o．Á;A
a��~�@a¦<．Á.RF<#ȷPS:�R# 50
ť×@．Á;A2@O�

>ǴǲʛAȈBɥPS>"74�ɁƥAF@O�>ɧ«>．ÁǱ?ęʻVƔ6
HP>R．Á@ĵɟV

Ŝ74� 

 

 

Scheme 4-1. g{�?ȥ.R O-n��`�����d�Æ 

 

� Cyclohexanone (218)V�z�ýƠ
�]~�ý;ȹðHS4n��`�����d����|ni��

{ŹȤ 184VƐˊ<,:
L7<L˦�ư˟;�~�^�y� 219#ɥPSRǖĳ@ĵɟVŜ74 (Table 

4-1)�^�y�Æ．Á;űɍ<HS4 AgOTfV Et3N ȞŶÅ˕�Rǖĳ;A
˅Ɍʛ 219 @ư˟AȾɋɘ

?<=H74 (entry 1)�Ȝ�:¿ý<,:��n�V˕�4#
ư˟AɉÅ,4 (entry 2)�¿ý#ġ¿@

éǱVɉÅH0:�R<ś 
OQǭš�¿ý;�R iPr2NEt V˕�4<FT
ư˟@őǑ#ĸPS4 

(entry 3)�ɡ-Bǭš�¿ý;�R DTBMP A
iPr2NEt <ɡɋɘ@ư˟Vˑ 4 (entry 4)�Ȝ�:Y�n

�¿ý;�R DBU, fY~n�¿ý;�R TMG V˕�4#
˅ɌʛAɥPS>�"ɉư˟;ɥPSR

?<=H74 (entry 5, 6)�H4
Ė¿ý;�R tBuOK A˅ɌʛVȈBˑ >"74 (entry 7)�FSP@

ĲÍ"P
¿ýVʢŘ.RF<;FS¥Ǒư˟VőǑH0RF<AŦɬ5<ś 
ġƐˊV AgNTf2D<

ʢŘ,4<FT
˅ ɌʛVš�ư˟;ɥRF<?ǲ･,4 (entry 8)�AgNTf2#˦�ư˟Vˑ 4˝％A


Y�i��<ʄä,:g{�@ČáǱAɉ�F<"P
ŹȤ 184 VOQéǱÆ.R@?OQĖ��[o

OH

HH

H

O

OH

HH

H

O

testosterone (215) 217 (33%)216 (21%)

AgOTf (1.5 eq.)
Et3N (1.5 eq.)
toluene, rt, 30 min

Br

F F

TIPS

Co2(CO)6 O

HH

H

O

+37 (1.5 eq.)

F F

TIPS

Co2(CO)6

TIPS

F
F

Co2(CO)6

+ SM recovered 19%
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Ɓ#ʌ˖5744K5<ś PSR� 

 

Table 4-1. ．ÁǖĳűɍÆ 

 

 

Ȫ 2 ǽ� g{�<Y�z�|@^�y�Æ!OCǴǲ,4�~�^�y�@ȮŹȤÆ 

� ɥPS4．ÁǖĳV˕�
ýƠɍ˕Ǳ?8�:ĵɟVŜ74�H/Yq{�]��ˏɢȤV˕�ʮŠ

ñǑ@ȹðýVĵɟ,4<FT
ʶ．ÁA 4 ¦?�{cmý
e��ý
^oy�ýVƔ8ýƠVĒ˒

,
2S3S 222, 223, 224 Vˑ 4�2@°ʫ;nY��ýVƔ8ýƠ;A
．ÁAǤŜ,4L@@Ǵ 

ǲʛ 225 Aʒ¤Ɋ;�Q
ǶǷŇ.C?ʜÖ.RǴǲʛ;�74�Ȝ�:ʮŠñǑ@ 3 ¦ċC 2 ¦?�

{cmýVƔ8Yq{�]��?8�:ĵɟVŜ74<FT
ƨí@ư˟@ɉÅ#ĸPSRL@@
2

S3S˅Ɍʛ 226, 227 VɥRF<#;A4�Ė�ɖƇČ´ýVƔ8{���`��v�ýVƔ8ýƠ?

8�:Lư˟@ɉÅAĸPS/ 228 #Ǵǲ,
�y�ʮŠț;�R 3-Yqv���t�]��
N-Ts 3-

Yqv�����?!�:L�~�^�y�ÆŢʛ 229, 230 #ɥPS4�[s�v��]��VýƠ<

,:˕�4ǓŢ
�ȹð`��Z� 231 #ɥPS4�F@ƕ¿ý<,: DTBMP V˕�RF<;
．Á

#ëĲ,4�DTBMP Aǭš�¿ý;�R4K
ġƐˊ@éǱVȟ>�?BB
g{�@ƁȉĻƇ@Čá

Ǳ#ɉ�ýƠ?ȥ,:．ÁVŜ�ǓŢAˌŎ5<ś PSR�[s�����]��@^�y�Æ;A


E/Z «ǱȤ@ũŢʛ 232 #ɥPS4�ˤ«ǱȤAʜ˞ʒË@ũŢʛ;�Q
ǴǲʄA 1H-NMR OQıɊ

,4�H4
NOESY V˜˕.RF<;«ǱȤ@řȓVıɊ,4� 

� Ȝ�: ethyl 4-oxocyclohexanecarboxylate V˕�:ŹȤ 184 @ȹðý?8�:ĵɟVŜ74<FT
ʁ ．

O
Ag salt (1.5 eq.), base (1.5 eq.)

toluene (0.2 M), rt, 30 min

O

FF

Ph

Co2(CO)6

entry base yielda

1

2

3

4

8

Et3N

iPr2NEt

57%

218

71%

65%

pyridine 28%

[a] Yield was determined by 1H-NMR using 1,3,5-trimethoxybenzene as an internal standard.
[b] isolated yield

Br

F F

Ph

Co2(CO)6

Ag salt

AgOTf

AgOTf

AgOTf

AgOTf

AgNTf2 100% (95%)b

184 (1.5 eq.)

DTBMP

iPr2NEt

5

6

7

DBU

TMG

0%

33%

tBuOK 0%

AgOTf

AgOTf

AgOTf

219
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ÁA�]~�ý5';>B
{�^v�m��ýM�cm�ý@n��`�����d����|ni

��{ŹȤ 220, 221 V˕�:L．Á#ǤŜ,
2S3S�~�^�y� 233, 234, 235 Vˑ 4�Ȝ�:

ʈȥǋg{�?8�:ĵɟVŜ74�2-(2-methoxyphenyl)cyclohexanone A
ȯ°@^�y� 236 VȄȬɌ

?ˑ 4�2S?ȥ,
2-(hydroxymethyl) cyclohexanone ˏɢȤVýƠ<,:˕�R<
237 < 238 # 6.8:1

@ʄ˟;ɥPS4�HP? ethyl 2-oxocyclohexanecarboxylateVýƠ<,4ǓŢ
�ȹð`��Z�<�ȹ

ð`��Z�@Ǵǲʄ#Ċɓ,4 (239:240 = 1:1.4)�F@F<"P
ʈȥǋg{�@Ȯ��{�Æ¦ȹA

ˠȤǐÛċC´Aɻ"SRǬȉ@ pKa ?§Ȟ.RF<#ƙŪHS4�^��VýƠ<,4ǓŢ?AȥÁ

.Rn^� 241, 242#ɥPS4� 
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Figure 4-1. ýƠɍ˕Ǳ 

 

� ȮŹȤÆA
Ȫ�ǌȪ 4 ǽɡ˓ CAN L,BA
N,N,N’-trimethylethylenediamine V˕�RF<;Ëɴ;

�74�ɖƇʯʔ>ʮŠñVƔ8ý;A
N,N,N’-trimethylethylenediamine #˦�ư˟Vˑ Rĥő#�7

4�ɥPS4n��`�����d��~�^�y�A-20 
C ;）Ȟ.RF<;ʜÖ,>"74� 

R

O
iPr2NEt (1.5 eq.) 
AgNTf2 (1.5 eq.)

toluene (0.1 M) 
rt, 30 min

Br

F F

R

Co2(CO)6 O

F F

Ph

Co2(CO)6

R
(1.5 eq.)
184: R = Ph
220: R = SiEt3
221: R = C6H13

O

R

222: R = OMe, (89%)
223: R = Cl, (97%)
224: R = CO2Me, (94%)
225: R = NMe2 (45%)a

FF

Ph

Co2(CO)6
O

FF

Ph

Co2(CO)6

MeO
O

FF

Ph

Co2(CO)6OMe

226 (87%) 227 (73%)

O

MeO

FF

Ph

Co2(CO)6

O

FF

Ph

Co2(CO)6

F3C

CF3

O

O

FF

Ph

Co2(CO)6

N
Ts

O

FF

Ph

Co2(CO)6

230 (63%)b

228 (85%)

229 (86%) 231 (80%)b

O

MeO

232 (74%, E/Z = 2.3:1)

FF

Ph

Co2(CO)6

+

O

FF

R

Co2(CO)6

CO2Et
233: R = Ph (90%)
234: R = SiEt3 (93%)
235: R = C6H13 (90%)

O

FF

Ph

Co2(CO)6

O

O
NC

O

FF

Ph

Co2(CO)6OMe

O

FF

Ph

Co2(CO)6

OMe

241 (57%) 242 (43%)

O

FF

Ph

Co2(CO)6

236 (82%) 237 + 238 (86%, 6.8:1)

O

EtO

O

FF

Ph

Co2(CO)6

239: R1 = H, 240: R2 = H

R2R1

239 + 240 (58%, 1 : 1.4)

O

O

I

R1
R2

237: R1 = H, 238: R2 = H

[a] 255 was unstable. [b] DTBMP was used instead of iPr2NEt.

H
H

NOESY
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Figure 4-2. ȮŹȤÆ@ýƠɍ˕Ǳ 

 

� Ȝ�:ýƠ<,:Y�z�|#˜˕Ëɴ"ĵɟVŜ74�¿ý<,: DTBMP V˕�RF<;Y�z

�|L^�y�Æ?˜˕Ëɴ;�Q
ȥÁ.R�~�^�y�Vˑ 4 (Figure 4-3)�ěBEAF<?


ni��{ŹȤ@ˠȤɌ>ǭšH?LøUP/
ʶ．ÁA Z ȄȬɌ?ǤŜ,4��]~�Yq{Y�z

�|@ 4 ¦?ȹðýVɢɯ,4ˏɢȤ;A
ȹðý?OQ2@ʄ˟AʢÆ.RL@@
š� Z ȄȬǱ;

．Á#ǤŜ,4 (248-250)�2@°ʫ;
(3-methoxyphenyl)acetoaldehyde ;A Z Ȥ@ʄ˟#ļǅ,(251, Z:E 

= 6:1)
(2-methoxyphenyl)acetoaldehyde AHP?ɉÅ,4 (252, Z:E = 2:1)�Hydrocinnamaldehyde A
ȥÁ

.R�~�^�y� 253 Vš� Z ȄȬǱ;ˑ 4�^oy�ˏɢȤM�u�[�|>=ɖƇČ´ýVƔ

8ýƠ?!�:LH4
2@ Z:E ʄAļǅ,4 (254, 255)�>!
°ʗ@ýƠ?8�:A．ÁŇ?ȮŹȤ

ÆVŜ�
ɥPS4ni��{ŹȤ#ơŴ?n��`�����d��~�^�y�D<ɢ'RF<V

ƙ,4� 

O

FF

R2

Co2(CO)6

R1

O

FF

R2

R1

condition A: CAN (4-5 eq.)
MeCN, rt

condition B: MeNHCH2CH2NMe2 (5-6 eq.)
Et2O, rt

243
condition A: 83%

O

FF

Ph
O

FF

Ph

Cl

O

FF

TIPS

MeO

O

FF

TIPS

MeO
246

condition B: 95%

244
condition B: 77%

245
condition B: 70%

O

FF

Ph

247
condition B: 81%

243-247
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Figure 4-3. Y�z�|@ýƠɍ˕Ǳ 

 

š� Z ȄȬǱAȾ÷Ȥ@ɷů<Ȯ��{�Æ?OQǾ˂;AR�ʶ．Á;A
a��~�ý?ȥ,
Ź

Ȥ#ɷ¦,4Ň?Ȯ��{�Æ#ǤŜ.RF<;Ǵǲʛ#ɥPSR<ś PSR�.>U6
ʶ．Á;

AȾ÷Ȥ@ɷů#Ƶ˖?>R#
`cs~\º[`�Ⱦ÷Ȥ@ɷůA¢ � π*ȏŅŷ˕?OQřȓ#¤

ɊÆHS
2@ŇȮ��{�Æ#ǤŜ.RF<; EȤ#ˋǿ,:Ǵǲ,4<ś PSR 74� 

 

 

Figure 4-4. ȄȬǱɺľ@ǫɊ�a~pº 

 

Ȫ 3 ǽ n��`�����d��~�^�y�V˜˕,4ù�wȉÆŢʛŢǲD@Á˕ 

H/
�[oƁV˜˕,4ƁǱǖĳ@ĵɟVŜ>74�Yq{�]��OQɥPS4 244 ?ȥ,:˓�

>�[oƁVĵɟ,4#
�wȉÆŢʛAȈBɥPS/
��� 256 #ɥPSR@I;�74 (Scheme 

4-2b)����#ɥPSR�a~pº?8�:Ɩ@ĭ˱VÇɊ,4 (Scheme 4-2b)�.>U6
`cs~\

º[`�Ⱦ÷Ȥ 257 ǴǲŇ
Ȯ��{�Æ#ǤŜ,
2@Ň�wȉ#Ȯ˞.RF<;���\º[`�

O
Ph

Co2(CO)6

OMe

O

FF

Ph

Co2(CO)6

Ph

O

FF

Ph

Co2(CO)6

BzO
O

FF

Ph

Co2(CO)6

PhthN

252: 37%a (Z/E = 2:1)b

254: 65% (Z/E 5:1) 255: 52% (Z/E 7:1)

248: R = OMe 71% (Z/E > 20:1)
249: R = Cl 37%a (Z/E = 12:1)b

250: R = Ph 59%a (Z/E = 7:1)b

FF

R
O

FF

Ph

Co2(CO)6

253: 52% (Z/E > 20:1)

H

O

iPr2NEt (1.5 eq.) 
DTBMP (1.5 eq.)

toluene (0.1 M) 
rt, 30 min

Br

F F

Ph

Co2(CO)6 O

F F

Ph

Co2(CO)6

184 (1.5 eq.)

+
R

R

O
Ph

Co2(CO)6

251: 56% (Z/E = 6:1)

FF

MeO

[a] Yield was calculated after decomplexation. Decomplexation conditions; MeNHCH2CH2NMe2 (4.5 eq.), O2 
(balloon), Et2O-MeCN (1:1), rt, 12 h. [b] Z/E ratio was determined after decomplexation.

248-255

π*

σ → π* interaction

O
Rf

RH
H O

R

Rf

R

O
H σ Rf

H

R3N

R3N
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258 #Ǵǲ
FS?Ǭ#々Ê,4ƒ; 256 #ɥPS4<śŻ,4� 

 

Scheme 4-2. �[oƁV˕�4ñÆ．ÁƽĀĵɟ<���Ǵǲ�a~pº 

 

2F;
AgNTf2VƁǚɸ<,
HP?`cs~\ºȾ÷ȤV{�w�.R˅Ɍ;
�wÆǬȉ{�^v

�Y��ŹȤVɒÊ,4<FT
FSH;Ţǲʬ#F<W=ʩţHS:�>�{���`���� 259

VȾɋɘ@ư˟;ɥRF<?ǲ･,4 (Table 4-2, entry 1)�2F;
��� 259 #˦�ư˟;ɥPSRǖ

ĳ@ĵɟVŜ74�ġǚɸA AgNTf2V˕�Rǖĳ#űɍ;�74�2F;
ȡ@�wȉÆŵ?8�:L

ĵɟVŜ74<FT
HF�DMPU ;A��� 256#ɥPSR@I;�Q
¿ýǱ�wȉÆŵ;�R TASF, 

TBAT ?8�:A．Á#ȈBǤŜ,>"74� 

 

 

 

 

 

 

 

 

 

O

FF

Ph
O

Ph Ph

conditions

vide infraPh

O

condition: 1. (3,5-diCF3C6H3)3PAuBF4 
                   2. AgNTf2 + DTBMP or PMP                
                   3. CuI, CuOTf etc…

Ph

O

FF

Ph Ph

O

O

Ph

Ph

O

Ph

Au
FF

Ph

O

Ph

FF

Ph

O

Ph

F

H
Ph

O

FF

Ph

Au OH2

Aromatization

(a) initial study

(b) putative reaction mechanism

Lewis acids

244 256

244 256

257 258

deprotonation

protodeauration
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Table 4-2. ġǚɸV˕�4ñǗ��`�^�y�Ţǲ@ǖĳűɍÆ 

 

 

� Ȝ�:����d��~�^�y�@ȹðý?8�:ĵɟVŜ74 (Table 4-3)��]~�ý@ 4 ¦V

e��ýD<ʢŘ,4 245 ;A
˅Ɍ@{���`���� 260 #š�ư˟;ɥPS
���@ǴǲA

F<W=ãɰ>"74�2@°ʫ;
�{cmýVƔ8ýƠ 262 ;A
{���`����AȈBɥP

S/
��� 263 #ɥPSR@I;�74�H4Y�c�@ȹðý?8�:ĵɟVŜ74��cm�ý

;ȹð,4ÆŢʛ;A��� 265 @I#ɥPS
TES ý;ȹð,4ÆŢʛ 266 ;A
．ÁũŢʛ@ 1H-

NMR ċC 19F-NMR ?!�:˅Ɍʛ 267 <ś PSR��e@ĵƷ?ǲ･,4L@@
ȯ˞.RF<A

;A>"74�FSA
267 #š�þɺǱVƔ84K5<ś PSR�Yq{�]��ˏɢȤ;A>B


me��ck��"PɥPS4n��`�����d��~�^�y� 243 LH4
{���`���

�VùJ 2ñǱŤàÆŢʛ 268 D<ɢBF<#Ëɴ;�74� 

� Y�z�|OQɥPS4����d��~�^�y� 269 LH4
{���`����D<ɢBF<

#Ëɴ"ĵɟVŜ74�4 ¦?�{cmýVƔ8ýƠ;A
．Á#ǤŜ,˅Ɍʛ;�R{���`���

� 270 V�8@«ǱȤũŢʛVɥRF<?ǲ･,4�  

� FSPɥPS4{���`����A
-20 ºC ǖĳ?!�:Lǀ�?ʜÖ,
���D<ʢðHSRÆ

ŢʛĤ;�74�  

O

FF

Ph

O

Ph

FF

Ph
F

catalyst (10 mol%)

additive (xx eq.)
solvent, rt, 24 hPh

entry catalyst additive

yield (%)a

1

5

6

AgNTf2 + DTBMP

AgNTf2

AgNTf2

HF•DMPU (1.2 eq.)

AgNTf2

48 : 42 : 0 (isolated)3HF•Et3N (0.4 eq.)

TASF (1.2 eq.)

TBAT (1.2 eq.)

O

Ph Ph

O

+

259 256

only 256

no reaction

no reaction

2b 3HF•Et3N (0.8 eq.)
3HF•Et3N (0.8 eq.)

AgBF4

AgSbF6

259 : 256 : SM

3b

4

25 : 36 : 18

[a] Yiled Determined by 1H-NMR using CH2Br2 as an internal standard.
[b] 20 mol% catalyst was used.

17 : 12 : 23

244
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Table 4-3. ġǚɸV˜˕,4����d�e�[r�ɓ¦@ýƠ°ʁǱ 

 

 

� Ȝ�:ɱɌǖĳ;．Á#ǤŜ.R"ĵɟVŜ74�����d��~�^�y�@Y�c�@ȹðý

#Ǭȉ@ýƠ 271 @Ŵ?
n��`�n^�� 272 #ɥPSRF<VĸƷ,4�FSA
[3,3]-mf�{

O

FF

R2

O

Ph

FF

Ph
F

AgNTf2 (10-40 mol%)

additive (0.4-0.8 eq.)
DCE, rt, 5-48 hR1

O

Ph Ph

O

and/
or

R3

O

FF

Ph

Cl

O

FF

Ph

MeO

O

FF

Ph
F

O

Ph

O

Cl Cl

O

Ph

O

MeO

245 260 (73%)

O

FF

TES

Cl
266

O

O

Cl
F

O

FF

O

5
5

264

substrates

O

products (yield)

261 (4%)

263 (only observed)

265 (only observed)

267 (not detected)*

O

FF

PhR3

269: R3 = 4MeO-C6H4

O

FF

PhF

OMe
270 (73%, cis:trans = 2.2:1)

entry

1

2

3

4

6

O

FF

Ph5

O

FF

PhF

H

243 268 (79%, dr = 2.5:1)

262
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���．Á#ǤŜ,4Ň?�«ǱÆ#ĆFRƒ;ɥPS4<ś PSR�ʶ．ÁA
�]~�ý@ 4 ¦

?�{cmýVƔ8L@;LǤŜ,
274 #ɥPS4°ʫ;
e��ýVƔ8L@;A
ʒ¤Ɋ>n��

`�n^�� 276 #ɉư˟;ɥPSR@I;�74�276 Aʒ¤Ɋ>ÆŢʛ;�Q
ȯ˞Ň,BPB,:

ʜÖ#ãɰHS4�Y�c�@ȹðý#�]~�ý@ýƠ 277 ;A
ɱɌ．Áǖĳ;A˅Ɍʛ#ȈBɥ

PS>"74�F@F<"P
Y�c�ʗ¦?ȹðý#ȞŶ.R<
ɣ ȤǐÛ?OQ．Á#ǤŜ,>B>

R<ś PSR�H4
[s�v��]��"PɥPS4n��`�����d��~�^�y� 278 ;

A
Claisen ɓ¦Ň@«ǱÆ#ǤŜ0/ 1,1-n��`�Y�� 279 #Ǵǲ,4�n��`�Y��Aƈȁ

P?OQŢǲʬ#ʩţHS:�R#
Ɂƥ@ˬAǞ4>n��`�Y��Ţǲʬ?>R<� R 75� 

 

Table 4-4. ɱɌǖĳ?OR����d�e�[r�ɓ¦@ĵɟ 

 

 

Ȫ 4 ǽ� Ǆè 

� ɁƥA
n��`�����d����|ni��{ŹȤ<g{�@ƁȉĻƇ#．Á,
��`��

~�^�y�#ɥPSRF<VǞ4?ĸƷ,4�ɥPS4^�y�AȮŹȤÆ?OQ
˓�>ù�wȉ

ÆŢʛD<ʢðËɴ>n��`�����d��~�^�y�D<ʢðËɴ;�74�g{�@ƁȉĻ

O

FF

R1

DTBMP (20 mol%)
toluene, 80 ºC

O

FF

MeO

Ph decomposition

O

FF

MeO

toluene, 100 ºC, 2 d
86% •

F
F

O

MeO

conditionsR2

R3

R3

substrates conditions products

O

FF

R1

271: R1 = H

273: R1 = OMe

275: R1 = Cl

O

R1

F

F

toluene, 80-110 ºC

279 (86%)278

277

272: R1 = H (63%)

274: R1 = OMe (72%)

276: R1 = Cl (<13%)

O

R1

R

R3 R3

1

2

3

4

5

entry
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General Procedure 

All reactions were carried out under an argon atmosphere with dehydrated solvents under anhydrous conditions, 

unless otherwise noted. Dehydrated THF and CH2Cl2 were purchased from Kanto Chemical Co., Inc. Other solvents 

were dehydrated and distilled according to standard protocols. Reagents were obtained from commercial suppliers, 

unless otherwise noted. Reactions were monitored by thin-layer chromatography (TLC) carried out on Silica gel 

plates (Merck Kieselgel 60 F254) or Silica gel plates (Fuji Silysia Chemical Co., Ltd.). Column chromatography was 

performed on Silica gel 60N (Kanto Chemical Co., Inc., spherical, neutral, 63-210 µm) Silica gel 60 (Merck, 63-200 

µm) or CHROMATOREX® -NH (FUJI SILYSIA CHEMICAL LTD., spherical, basic, 40-75 µm or 75-200 µm). 

Flash column chromatography was performed on Silica gel 60N (Kanto Chemical Co., Inc., spherical, neutral, 40-50 

µm). High performance column chromatography was performed on Mightysil Si60 250-20 mm (Kanto Chemical Co., 

Inc., spherical, neutral, 5 µm). All melting points were determined with Yazawa Micro Melting Point BY-2 or AS 

ONE ATM-02 and are uncorrected. IR spectra were recorded on a JASCO FT/IR-410 Fourier Transform Infrared 

Spectrophotometer or JASCO FT/IR-4100 Fourier Transform Infrared Spectrophotometer. 1H-NMR (400 and 600 

MHz) and 13C-NMR spectra (100 and 150 MHz) and 19F-NMR spectra (560 MHz) were recorded on JEOL JNM-

AL-400, JEOL JNM-ECA-600 spectrometers, respectively. For 1H-NMR spectra, chemical shifts (δ) are given from 

TMS (0.00 ppm) or CHCl3 (7.26 ppm) in CDCl3, CHD2COCD3 (2.05 ppm) in CD3COCD3 and CHD2SOCD3 (2.50 

ppm) in CD3SOCD3 as internal standards. For 13C-NMR spectra, chemical shifts (δ) are given from CDCl3 (77.0 

ppm), CD3COCD3 (29.84 ppm and 206.26 ppm) and CD3SOCD3 (39.52 ppm) as internal standards. 19F-NMR spectra, 

chemical shifts (δ) are given from C6F6 (–164.9 ppm) as an internal standard. The following abbreviations were used 

to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, sept = septet, dd = double 

doublet, dt = double triplet, ddt = double double triplet, tt = triple triplet, td = triple doublet, qd = quartet of doublet, 

m = multiplet, br = broad. EI mass spectra were recorded on JEOL JMS-DX303, JEOL JMS-700 and JEOL JMS-T 

100 GC. FAB mass spectra were recorded on JEOL JMS-700. ESI mass spectra were recorded on Thermo Scientific 

Exactive Mass Spectrometer or JEOL JMS-T100LP. HPLC was performed by Mightysil Si60 250-20 mm (Kanto 

Chemical Co., Inc., spherical, neutral, 5 µm), Gilson Model 305, 306 as pomps and Gilson Model 118 as a detector 

at 254 nm. Microwave irradiation was performed by using a DiscoverTM system (CEM Japan Inc). GPC was 

performed on SHIMADZU LC-64D as a pump, SHIMADZU RID-10A as a refractive index detector, Prominence 

SPD-20A as a UV/VIS detector, and SHODEX GPC H-2001L as a column. 
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<Chapter 1> 

 

Synthesis of (prop-2-yn-1-ol)dicobalt hexacarbonyl (16) 

 

A mixture of prop-2-yn-1-ol (0.90 mL, 15.6 mmol) and Co2(CO)8 (5.22 g, 15.6 mmol) in CH2Cl2 (38 mL) was stirred 

at room temperature for 5 h. The solution was concentrated in vacuo. Column chromatography of the residue on 

silica gel (AcOEt : Hexane = 1 : 4) yielded cobalt complex 16 as a red solid (4.76 g, 13.9 mmol, 93%).  

 

Synthesis of hexacarbonyl(2-propynylium)dicobalt tetrafluoroborate (17)  

 
To a solution of HBF4•Et2O (1.10 mL, 6.99 mmol) in Et2O (6.0 mL) was added a solution of cobalt complex 14 (798 

mg, 2.33 mmol) in Et2O (5.5 mL) dropwise over 15 min. The resulting mixture was stirred at room temperature for 

2 h, causing precipitation of a red solid. The solid was filtered and rinsed three times with ether to remove fluoroboric 

acid. After vacuum drying, complex 17 was obtained as a fine red powder (828 mg, 2.01 mmol, 86%). 

 

Synthesis of ammonium salt 50 

 
To a suspension of complex 17 (100 mg, 0.243 mmol) in CH2Cl2 (4.0 mL) was added Et3N (2.0 ml). The reaction 

mixture was stirred at room temperature for 1 h and then concentrated in vacuo. The residue was purified by silica 

gel column chromatography (MeOH : CHCl3 = 1 : 4) to give complex 50 (74.5 mg, 0.145 mmol, 60%) as a red 

amorphous. 00: red amorphous; IR (neat): 2055 cm-1; 1H-NMR (400 MHz, CD3COCD3): d 7.06 (s, 1H), 5.22 (s, 2H), 

3.69 (q, J = 7.1 Hz, 6H), 1.47 (t, J = 7.1 Hz, 9H);�13C-NMR (100 MHz, CD3COCD3):�d�199.7, 77.2, 75.7, 60.6, 53.6, 

8.1; HRMS (ESI): calcd for C15H18NO6Co2 (M+): 425.9793, found: 425.9778.  

 

Functionalization of aromatic molecules 

General procedure for the functionalization of aromatic molecules 

Procedure A: To a suspension of complex 13 (0.150 mmol) and Cs2CO3 (1.0 mmol) in CH2Cl2 (1.0 mL) was added 

neat substrate (0.100 mmol) or a solution of substrate (0.100 mmol) in CH2Cl2 (1.0 mL) at -20 °C or 0 °C. The 

solution was allowed to warm to 0 °C or room temperature and stirred until completion of the reaction as monitored 

by TLC. The reaction mixture was diluted with water (2.0 mL) and extracted with CH2Cl2 (4.0 mL × 2). The combined 

organic layers were dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica gel 

column chromatography or HPLC. 

HO
Co2(CO)8 (1.0 eq)

CH2Cl2, rt, 5 h, 93%
HO

Co2(CO)6

16

HO
Co2(CO)6

16

HBF4•Et2O (3 eq)

Et2O, rt, 2 h, 86%

Co2(CO)6

17
BF4

Co2(CO)6

17
BF4

Et3N (excess)

rt, 1 h, 60%

Co2(CO)6

BF4

Et3N

50
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Procedure B: The suspension of complex 17 (0.150 mmol), Cs2CO3 (0.100 mmol) and substrate (0.100 mmol) in 

CH2Cl2 (2.0 mL) was heated at 40 °C by microwave irradiation. After reaction was complete, the mixture was diluted 

with water (2.0 mL) and extracted with CH2Cl2 (4.0 mL × 2). The combined oragnic layers were dried over MgSO4, 

filtered, and concentrated in vacuo. The residue was purified by silica gel column chromatography. 

 

Procedure C: To a suspension of complex 17 (0.150 mmol) in CH2Cl2 (1.0 mL) was added a solution of substrate 

(0.100 mmol) in CH2Cl2 (1.0 mL) at room temperature. The reaction was stirred until completion of the reaction as 

monitored by TLC. The resulting mixture was diluted with water (2.0 mL) and extracted with CH2Cl2 (4.0 mL × 2). 

The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified 

by silica gel column chromatography. 

 

Functionalization of O-methyl estrone (25) 

 

The procedure A was followed with a reaction time of 30 min at room temperature to provide a mixture (57.8 mg) of 

51 (6.60 µmol, 7%) and 26 (0.0451 mmol, 45%) and 27 (0.0397 mmol, 40%). The product ratio was determined by 
1H-NMR. The analytical samples were obtained by HPLC separation (250-20 mm, AcOEt : Hexane = 15 : 85, 9 

mL/min). 

 

51 (retention time: 11.7 min): red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.18 (s, 1H), 6.09 (s, 1H), 

5.92 (s, 1H), 4.19 (s, 2H), 4.17 (s, 2H), 3.81 (s, 3H), 3.02 (dd, J = 17.1 Hz, 5.4 Hz, 1H), 2.90-2.81 (m, 1H), 2.51 (dd, 

J = 18.4 Hz, 8.6 Hz, 1H), 2.36 (br s, 1H), 2.21-2.04 (m, 4H), 1.97 (d, J = 9.6 Hz, 1H), 1.65-1.43 (m, 6H), 0.88 (s, 

3H); 13C-NMR (100 MHz, CDCl3): d 220.7, 199.7, 154.3, 136.4, 134.8, 131.9, 130.2, 126.5, 96.2, 95.2, 74.2, 61.4, 

50.5, 47.9, 44.3, 37.4, 35.9, 34.7, 31.6, 31.2, 27.0, 26.4, 25.9, 21.6, 13.7; HRMS (ESI): calcd for C37H27O14Co4 ([M-

H]-): 930.8723, found: 930.8743. 

 

26 (retention time: 13.5 min): red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.07 (s, 1H), 6.57 (s, 1H), 

6.00 (s, 1H), 4.07 (s, 2H), 3.79 (s, 3H), 2.89-2.86 (m, 2H), 2.50 (dd, J = 19.1 Hz, 8.5 Hz, 1H), 2.40-2.37 (m, 1H), 

2.23-1.95 (m, 4H), 1.64-1.36 (m, 6H), 0.91 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 221.0, 199.9, 155.0, 136.4, 131.5, 

127.6, 126.0, 110.6, 98.4, 73.7, 54.8, 50.4, 48.0, 43.8, 38.4, 35.9, 33.9, 31.6, 29.6, 26.6, 25.8, 21.6, 13.8; HRMS 

(ESI): calcd for C28H27O8Co2 ([M+H]+): 609.0364, found: 609.0361. 
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27 (retention time: 14.3 min): red oil; IR (neat): 2014 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.19 (d, J = 8.8 Hz, 1H), 

6.71 (d, J = 8.8 Hz, 1H), 5.94 (s, 1H), 4.26 (d, J = 15.1 Hz, 1H), 4.14 (d, J = 15.1 Hz, 1H), 3.81 (s, 3H), 3.06 (dd, J 

= 16.7 Hz, 5.8 Hz, 1H), 2.93-2.84 (m, 1H), 2.51 (dd, J = 18.5 Hz, 8.8 Hz, 1H), 2.39 (br s, 1H), 2.27 (br s, 1H), 2.20-

2.05 (m, 4H), 1.66-1.40 (m, 6H), 0.90 (s, 3H);13C-NMR (100 MHz, CDCl3): d 220.9, 199.8, 155.0, 135.5, 132.5, 

126.7, 124.8, 107.8, 95.9, 73.6, 54.7, 50.5, 47.9, 44.2, 37.7, 35.9, 31.6, 29.8, 27.0, 26.5, 26.1, 21.6, 13.8; HRMS 

(ESI): calcd for C28H26O8Co2Na ([M+Na]+): 631.0184, found: 631.0184. 

 

Functionalization of mestranol (45) using 2,6-di-tert-butylpyridine as a base 

 

The procedure A was followed, employing 2,6-di-tert-butylpyridine instead of Cs2CO3 as a base, with a reaction time 

of 30 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20) to provide 54 

(36.7 mg, 0.0579 mmol, 58%) and recovered 45 (11.2 mg, 0.0361 mmol, 36%). 

 

54: red oil; IR (neat): 2033 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.21 (d, J = 8.6 Hz, 1H), 6.71 (dd, J = 8.6 Hz, 2.6 

Hz, 1H), 6.63 (d, J = 2.6 Hz, 1H), 5.99 (s, 1H), 4.86 (d, J = 13.0 Hz, 1H), 4.72 (d, J = 13.0 Hz, 1H), 3.78 (s, 3H), 

2.85-2.84 (m, 2H), 2.63 (s, 1H), 2.32-2.24 (m, 3H), 2.12-2.02 (m, 2H), 1.99-1.77 (m, 4H), 1.51-1.35 (m, 4H), 0.93 

(s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 157.4, 137.9, 132.6, 126.4, 113.8, 111.5, 93.3, 85.7, 84.8, 76.1, 70.8, 

65.8, 55.2, 49.4, 47.8, 43.5, 39.2, 36.7, 33.9, 29.8, 27.3, 26.5, 22.9, 12.8;  HRMS (FAB): calcd for C30H29O8Co2 

([M+H]+): 635.0526, found: 635.0537. 
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Functionalization of mestranol (45) using Cs2CO3 as a base 

 

The procedure A was followed with a reaction time of 30 min to provide a mixture (36.2 mg) of 52 (0.0266 mmol, 

26%), and 53 (0.0248 mmol, 24%) and a mixture (4.50 mg) of 54 (<1.58 µmmol, <2%), 55 (<0.689 µmmol, <1%), 

and 56 (<0.896 µmol, <1%) containing inseparable and unknown byproduct. The ratio was determined by 1H-NMR. 

In this case, 1.2 equivalent of 17 was added. 

The analytical samples were obtained by extensive silica gel column chromatography separation (AcOEt : hexane = 

1 : 8 to 1 : 4). 

 

52: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.07 (s, 1H), 6.56 (s, 1H), 5.99 (s, 1H), 4.07 (s, 2H), 

3.79 (s, 3H), 2.83 (br s, 2H), 2.60 (s, 1H), 2.37-2.30 (m, 2H), 2.20 (br s, 1H), 2.04-1.99 (m, 1H), 1.95-1.67 (m, 5H), 

1.53-1.33 (m, 4H), 0.88 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.9, 154.9, 136.6, 132.0, 127.7, 125.9, 110.5, 

98.5, 87.5, 79.9, 74.0, 73.7, 54.7, 49.4, 47.1, 43.4, 39.4, 39.0, 34.0, 32.8, 29.7, 27.3, 26.3, 22.8, 12.6; HRMS (ESI): 

calcd for C30H27O8Co2 ([M-H]-): 633.0364, found: 633.0394. 

 

53: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.20 (d, J = 8.7 Hz, 1H), 6.70 (d, J = 8.7 Hz, 1H), 

5.93 (s, 1H), 4.24 (d, J = 15.0 Hz, 1H), 4.13 (d, J = 15.0 Hz, 1H), 3.80 (s, 3H), 3.01 (d, J = 16.8 Hz, 1H), 2.88-2.79 

(m, 1H), 2.60 (br s, 1H), 2.35 (br s, 2H), 2.24 (br s, 1H), 2.06-1.67 (m, 6H), 1.53-1.29 (m, 4H), 0.87 (s, 3H); 13C-

NMR (100 MHz, CDCl3): d 199.8, 154.9, 135.7, 132.9, 126.6, 124.8, 107.7, 96.0, 87.5, 79.9, 74.0, 73.7, 54.7, 49.5, 

47.0, 43.8, 39.0, 38.7, 32.7, 29.8, 27.2, 27.1, 26.6, 22.8, 12.6;  HRMS (ESI): calcd for C30H27O8Co2 ([M-H]-): 

633.0364, found: 633.0388. 

 

A 1 : 1 mixture of 55 and 56: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.18 (d, J = 8.7 Hz, 0.5H), 

7.07 (s, 0.5H), 6.70 (d, J = 8.7 Hz, 0.5H), 6.55 (s, 0.5H), 6.00 (s, 1.5H), 5.93 (s, 0.5H), 4.86 (d, J = 13.0 Hz, 1H), 

4.72 (d, J = 13.0 Hz, 1H), 4.24 (d, J = 14.7 Hz, 0.5H), 4.13 (d, J = 14.7 Hz, 0.5H), 4.07 (s, 1H), 3.80 (s, 1.5H), 3.79 
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(s, 1.5H), 3.02-2.98 (m, 0.5H), 2.88-2.82 (m, 1.5H), 2.63 (s, 1H), 2.33-2.24 (m, 3H), 2.21-1.99 (m, 3H), 1.88-1.74 

(m, 4H), 1.53-1.33 (m, 4H), 0.93 (s, 1.5H), 0.92 (s, 1.5H); 13C-NMR (100 MHz, CDCl3): d 199.9, 154.87, 154.86, 

136.6, 135.7, 133.0. 132.1, 127.7, 126.6, 125.8, 124.8, 110.5, 107.7, 98.5, 96.0, 93.3, 85.70, 85.67, 84.9, 84.8, 76.1, 

73.7, 70.8, 65.8, 54.75, 54.71, 49.48, 49.42, 47.8, 47.7, 43.8, 43.4, 39.2, 38.5, 36.7, 34.0, 29.7, 27.3, 27.2, 26.7, 26.4, 

22.9, 12.8; HRMS (FAB): calcd for C36H30O11Co4 ([M-3CO]+): 873.9116, found: 873.9118. 

 

Functionalization of veratrol (46) 

 

The procedure A was followed with a reaction time of 1.5 h. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 15) to provide  47 (33.8 mg, 0.0731 mmol, 73%), 48 (14.2 mg, 0.0184 mmol, 

18%), and 49 (2.22 mg, 4.80 µmol, 5%). 

 

47: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CD3COCD3): δ 6.97, (s, 1H), 6.87 (m, 2H), 6.55 (s, 1H), 4.12 

(s, 2H), 3.81 (s, 3H), 3.76 (s, 3H); 13C-NMR (100 MHz, CD3COCD3): δ 200.9, 150.5, 149.6, 134.3, 121.9, 113.8, 

112.9, 100.5, 75.0, 56.2, 56.0, 40.3; HRMS (EI): calcd for C16H12O7Co2 ([M-CO]+): 433.9247, found: 433.9246. 

 

48: red oil; IR (neat cm-1): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): δ 6.72 (s, 2H), 6.05 (s, 2H), 4.17 (s, 4H), 3.86 

(s, 6H); 13C-NMR (100 MHz, CDCl3): δ 199.4, 148.3, 130.5, 113.4, 96.7, 73.2, 55.9, 37.1; HRMS (EI): calcd for 

C26H14O14Co4 (M+): 785.7712, found: 785.7723.  

 

49: red oil; IR (neat): 2018 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.01 (t, J = 7.9 Hz, 1H), 6.90-6.84 (m, 2H), 6.03 (s, 

1H), 4.11 (s, 2H), 3.87 (s, 3H), 3.86 (s, 3H); 13C-NMR (150 MHz, CDCl3): d 199.7, 152.9, 147.1, 133.9, 123.9, 122.5, 

111.5, 97.2, 73.7, 60.6, 55.8, 34.2; HRMS (EI): calcd for C14H12O5Co2 ([M-3CO]+): 377.9349, found: 377.9329. 

 

Functionalization of 1,3-benzodioxole (57) 

 

The procedure A was followed, employing K2CO3 instead of Cs2CO3 as a base, with a reaction time of 1.5 h. The 

crude was purified by silica gel column chromatography (hexane) to provide 58 (9.94 mg, 0.0223 mmol, 22%). 

 

58: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.76 (d, J = 7.5 Hz, 1H), 6.75 (s, 1H), 6.71 (d, J = 
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7.5 Hz, 1H), 6.07 (s, 1H), 5.93 (s, 2H), 3.99 (s, 2H); 13C-NMR (100 MHz, CDCl3): d 199.6, 147.7, 146.6, 134.3, 

121.9, 109.2, 108.3, 101.0, 98.3, 73.3, 40.0; HRMS (EI): calcd for C15H8O7Co2 ([M-CO]+): 417.8934, found: 

417.8936. 

 

Functionalization of N-methylindole (59) 

  

The procedure A was followed with a reaction time of 2 h. The crude was purified by silica gel column 

chromatography (hexane) to provide 60 (26.1 mg, 0.0573 mmol, 57%).  

 

60: red oil; IR (neat): 2015 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.63 (d, J = 7.5 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 

7.22 (d, J = 7.5 Hz, 1H), 7.15 (t, J = 7.5 Hz, 1H), 6.94 (s, 1H), 6.05 (s, 1H), 4.27 (s, 2H), 3.75 (s, 3H); 13C-NMR (100 

MHz, CDCl3): d 199.7, 137.0, 127.3, 126.9, 121.8, 119.0, 118.7, 114.1, 109.3, 98.9, 73.6, 32.6, 30.1; HRMS (EI): 

calcd for C16H11NO4Co2 ([M-2CO]+): 398.9352, found: 398.9341. 

 

Functionalization of eugenol (42) 

 

On 0.200 mmol scale, the procedure A was followed, employing K2CO3 instead of Cs2CO3 as a base, with a reaction 

time of 2 h. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20 to 1 : 8) to provide 

a mixture of 43 (18.4 mg, 0.0369 mmol, 15%) and 61 (7.23 mg, 14.5 µmol, 7%) and a single product of 44 (15.1 mg, 

0.0303 mmol, 18%). The mixture of 43 and 61 was separated by HPLC (250-20 mm, AcOEt : hexane = 1 : 19, 9.4 

mL/min). 

 

43 (retention time: 19.0 min): red oil; IR (neat): 2020 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.61 (s, 1H), 6.60 (s, 1H), 

6.03 (s, 1H), 5.92 (ddt, J = 16.8 Hz, 10.0 Hz, 6.5Hz, 1H), 5.60 (s, 1H), 5.09-5.04 (m 2H), 4.10 (s, 2H), 3.86 (s, 3H), 

3.30 (d, J = 6.5 Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 199.7, 146.4, 141.9, 137.7, 131.3, 125.9, 122.7, 115.5, 

109.9, 97.3, 73.7, 56.1, 39.9, 33.6;  HRMS (EI): calcd for C18H14O7Co2 ([M-CO]+): 459.9404, found: 459.9400. 

 

44: red oil; IR (neat): 2020 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.81 (s, 1H), 6.65 (s, 1H), 6.04 (s, 1H), 5.97 (ddt, J 
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= 17.0 Hz, 10.3 Hz, 6.4 Hz, 1H), 5.46 (s, 1H), 5.11 (dt, J = 10.3 Hz, 1.4 Hz, 1H), 5.04 (dt, J = 17.0 Hz, 1.4 Hz, 1H), 

4.04 (s, 2H), 3.85 (s, 3H), 3.43 (dd, J = 6.4 Hz, 1.4 Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 199.6, 145.7, 144.1, 

137.2, 131.6, 128.8, 116.1, 115.9, 112.2, 97.1, 73.5, 56.0, 36.82, 36.78; HRMS (ESI): calcd for C19H14O8Co2Na 

([M+Na]+): 510.9245, found: 510.9238. 

 

61 (retention time: 20.7 min): red oil; IR (neat): 2023 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.88 (d, J = 9.0 Hz, 1H), 

6.73 (s, 1H), 6.72 (d, J = 9.0 Hz, 1H), 6.03 (s, 1H), 6.01-5.91 (m, 1H), 5.25 (s, 2H), 5.10-5.06 (m, 2H), 3.81 (s, 3H), 

3.34 (d, J = 6.8 Hz, 2H); 13C-NMR (100 MHz, CDCl3,): d 199.2, 150.2, 145.9, 137.6, 134.1, 120.3, 115.7, 115.1, 

112.9, 89.6, 72.4, 69.7, 55.7, 39.9;  HRMS (EI): calcd for C12H14O2Co2 ([M-6CO]+): 319.9658, found: 319.9637. 

 

Functionalization of N-Boc homoveratrylamine (62) 

 

The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 8) to provide 63 (18.7 mg, 0.0292 mmol, 29%). 

 

63 (a mixture of two rotamers): red oil; IR (neat): 2022 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.82-6.68 (m, 3H), 6.03 

(s, 1H), 4.36 (s, 1H), 3.86 (s, 3H), 3.86 (s, 3H), 3.50-3.46 (m, 2H), 2.86-2.79 (m, 2H), 1.46 (s, 9H); 13C-NMR (100 

MHz, CDCl3): d 199.4, 155.0, 154.5, 149.1, 147.7, 131.6, 120.8, 112.1, 112.0, 111.5, 91.5, 91.1, 80.4, 80.0, 73.3, 

73.0, 55.9, 55.8, 49.5, 49.0, 48.7, 34.7, 33.7, 28.4, 28.3; HRMS (ESI): calcd for C24H25NO10Co2Na ([M+Na]+): 

628.0035, found: 628.0021. 

 

Functionalization of N-Cbz homoveratrylamine (64)  

 

The procedure A was followed with a reaction time of 2 h. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 8 to 1 : 2) to provide 65 (11.2 mg, 0.0175 mmol, 18%), 66 (7.28 mg, 0.0114 

mmol, 11%), 67 (26.4 mg, 0.0274 mmol, 27%), and recovered 64 (4.85 mg, 0.0154 mmol, 15%). 
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65 (a mixture of two rotamers): red oil; IR (neat): 2024 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.36 (br s, 5H), 6.80-

6.73 (m, 2H), 6.64 (d, J = 8.3 Hz, 0.5H), 6.57 (s, 0.5H), 6.03 (s, 0.5H), 5.93 (s, 0.5H), 5.18 (s, 1H), 5.14 (s, 1H), 4.41 

(s, 1H). 4.36 (s, 1H), 3.85 (s, 3H), 3.80 (s, 1.5H), 3.75 (s, 1.5H), 3.59-3.56 (m, 2H), 2.88 (t, J = 7.1 Hz, 1H), 2.80 (t, 

J = 7.1 Hz, 1H); 13C-NMR (100 MHz, CDCl3): δ 199.3, 155.9, 155.3, 149.0, 147.7, 136.5, 131.4, 131.2, 128.5, 128.2, 

128.04, 128.0, 120.7, 112.0, 111.8, 111.4, 90.6, 73.0, 72.8, 67.5, 67.3, 55.9, 55.7, 49.8, 49.6, 49.3, 34.8, 33.8; HRMS 

(EI): calcd for C21H23NO10Co2 ([M-6CO]+): 471.0291, found: 471.0293. 

 

66: red oil; IR (neat): 2025 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.38-7.32 (m, 5H), 6.73 (s, 1H), 6.64 (s, 1H), 6.04 

(s, 1H), 5.11 (s, 2H), 4.81 (br s, 1H), 4.09 (s, 2H), 3.86 (s, 3H), 3.81 (s, 2H), 3.44 (q, J = 7.0 Hz, 2H), 2.87 (t, J = 7.0 

Hz, 2H).13C-NMR (100 MHz, CDCl3): δ 199.6, 156.3, 148.3, 147.7, 136.5, 131.1, 128.5, 128.4, 128.2, 128.1, 113.6, 

112.7, 97.0, 73.3, 66.7, 56.0, 55.9, 42.2, 36.9, 32.7; HRMS (FAB): calcd for C21H23NO4Co2 ([M-6CO]+): 471.0291, 

found: 471.0296. 

 

67 (a mixture of two rotamers): red oil; IR (neat): 2021 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.36 (br s, 5H), 6.72 (s, 

0.5H), 6.68 (s, 0.5H), 6.64 (s, 0.5H), 6.49 (s, 0.5H), 6.05 (s, 0.5H), 6.04 (s, 0.5H), 5.95 (s, 0.5H), 5.92 (s, 0.5H), 5.17 

(s, 1H). 5.13 (s, 1H), 4.49 (s, 1H), 4.45 (s, 1H), 4.09 (s, 1H) 3.94 (s, 1H), 3.87 (s, 1.5H), 3.85 (s, 1.5H), 3.77 (s, 1.5H), 

3.70 (s, 1.5H), 3.68-3.55 (m, 2H), 2.99-2.88 (m, 2H); 13C-NMR (100 MHz, CDCl3): δ 199.5, 155.8, 155.3, 148.42, 

148.37, 147.8, 136.34, 136.27, 131.2, 130.8, 128.5, 128.4, 128.30, 128.23, 128.20, 128.1, 113.6, 113.5, 112.9, 112.7, 

97.2, 96.9, 90.5, 90.4, 73.34, 73.26, 73.0, 72.8, 67.7, 67.4, 55.8, 49.6, 49.5, 48.9, 36.7, 36.5, 31.7, 30.8, 29.7; HRMS 

(FAB): calcd for C26H25NO6Co4 ([M-10CO]+): 682.9010, found: 682.9001. 

 

Functionalizaiton of N-(3,4-dimethoxyphenethyl)acetamide (20) 

 

The procedure A was followed with a reaction time of 2 h. The crude was purified by PTLC (MeOH : CHCl3 = 1 : 

20) to provide 21 (17.9 mg, 0.0327 mmol, 33%) and recovered 20 (5.44 mg, 0.0243 mmol, 24%). 

 

21: red oil; 1H-NMR (400 MHz, CDCl3): δ 6.74 (s, 1H), 6.66 (s, 1H), 6.07 (s, 1H), 5.55 (br s, 1H), 4.10 (s, 2H), 3.87 

(s, 3H), 3.84 (s, 3H), 3.49 (q, J = 7.2 Hz, 2H), 2.87 (t, J = 7.2 Hz, 2H), 1.97 (s, 3H).13C-NMR (100 MHz, CDCl3): δ 

199.6, 170.0, 148.3, 147.7, 131.1, 128.5, 113.6, 112.7, 96.9, 73.4, 56.1, 55.9, 40.6, 36.9, 32.3, 23.3; HRMS (ESI): 

calcd for C22H25NO4Co2 ([M-6CO]+): 485.0448, found: 485.0462. 
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Functionalization of benzyl (3,4-dimethoxyphenethyl)(methyl)carbamate (68) 

  

The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 8 to 1 : 2) to provide 69 (45.5 mg, 0.0697 mmol, 70%) and 70 (3.09 mg, 4.73 

µmol, 5%).  

 

69 (a mixture of two rotamers): red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.35-7.30 (m, 5H), 6.72 

(s, 0.5H), 6.67 (s, 1H), 6.52 (s, 0.5H), 6.07 (s, 0.5H), 5.95 (s, 0.5H), 5.13 (s, 1H), 5.10 (s, 1H), 4.13 (s, 1H), 3.97 (s, 

1H), 3.86 (s, 3H), 3.82 (s, 1.5H), 3.74 (s, 1.5H), 3.45 (br s, 2H), 2.93-2.84 (m, 5H); 13C-NMR (100 MHz, CDCl3): 

d 199.8, 156.3, 148.5, 147.9, 137.1, 136.9, 131.2, 131.0, 128.8, 128.7, 128.2, 128.0, 113.7, 113.1, 97.4, 97.2, 73.6, 

67.5, 67.2, 56.2, 56.0, 51.2, 50.8, 37.1, 36.8, 35.3, 34.8, 31.4, 30.9; HRMS (EI): calcd for C22H25NO4Co2 ([M-6CO]+): 

485.0448, found: 485.0462. 

 

70 (a mixture of two rotamers): red oil; IR (neat): 2019 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.38-7.32 (m, 5H), 6.89 

(d, J = 8.2 Hz, 0.5H), 6.79-6.73 (m, 1.5H), 5.98 (s, 0.5H), 5.88 (s, 0.5H), 5.12 (s, 1H), 5.11 (s, 1H), 4.23 (s, 1H), 4.06 

(s, 1H), 3.85 (s, 2H), 3.82 (s, 4H), 3.44 (t, J = 7.6 Hz, 2H), 2.93 (s, 3H), 2.90-2.84 (m, 2H); 13C-NMR (150 MHz, 

CDCl3): d 199.7, 156.0, 151.4, 147.4, 137.0, 136.8, 132.8, 132.5, 129.7, 129.6, 128.5, 128.0, 127.9, 127.8, 125.0, 

111.5, 111.4, 95.9, 95.6, 73.8, 67.2, 67.0, 60.3, 55.8, 51.2, 50.6, 35.0, 34.5, 31.4, 30.9, 30.6; HRMS (ESI) 

C28H25Co2O10NNa ([M+Na]+) calcd for 676.0035, found: 676.0017. 

 

Functionalization of naproxen methyl ester (71) 

  

The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 12) to provide 30 (52.6 mg, 0.0925 mmol, 93%). 

 

30: red oil; IR (neat): 2019, 1738 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.90 (d, J = 8.9 Hz, 1H), 7.75 (d, J = 9.9 Hz, 

1H), 7.68 (s, 1H), 7.48 (d, J = 8.9 Hz, 1H), 7.24 (d, J = 9.9 Hz, 1H), 5.91 (s, 1H), 4.61 (s, 2H), 3.96 (s, 3H), 3.87 (q, 

J = 7.1 Hz, 1H), 3.68 (s, 3H), 1.59 (d, J = 7.1 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 175.1, 154.0, 135.3, 

131.8, 129.1, 128.8, 126.8, 126.4, 123.7, 121.1, 112.7, 96.2, 73.5, 55.6, 52.0, 45.2, 29.0, 18.5;  HRMS (EI): calcd for 
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C19H18O4Co2 ([M-5CO]+): 427.9869, found: 427.9864. 

 

Functionalization of indometacin methyl ester (72) 

 

The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 25) to provide 73 (35.6 mg, 0.0511 mmol, 51%) and 74 (10.2 mg, 0.0146 

mmol, 15%). 

 

73: red oil; IR (neat): 2020, 1740 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.63 (d, J = 7.8 Hz, 2H), 7.45 (d, J = 7.8 Hz, 

2H), 6.90 (d, J = 9.0 H, 1H), 6.64 (d, J = 9.0 Hz, 1H), 5.91 (s, 1H), 4.55 (s, 2H), 3.90 (s, 2H), 3.83 (s, 3H), 3.70 (s, 

3H), 2.37 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.9, 171.7, 168.3, 152.9, 139.5, 137.2, 133.9, 131.7, 131.3, 

129.1, 128.2, 119.4, 113.3, 111.6, 106.9, 96.7, 73.2, 55.6, 52.2, 31.3, 29.5, 13.2; HRMS (ESI): calcd for 

C29H21NO10ClCo2 ([M+H]+): 695.9513, found: 695.9503. 

 

74: red oil; IR (neat): 2019, 1740 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.66 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.3 Hz, 

2H), 6.91 (s, 1H), 6.90 (s, 1H), 5.89 (s, 1H), 4.03 (s, 2H), 3.88 (s, 3H), 3.68 (s, 3H), 3.67 (s, 2H), 2.33 (s, 3H); 13C-

NMR (100 MHz, CDCl3): d 199.7, 171.3, 168.4, 153.8, 139.3, 135.2, 131.1, 134.1, 130.3, 129.5, 129.1, 125.1, 116.0, 

112.6, 99.1, 97.9, 73.7, 55.1, 52.1, 34.6, 30.3, 13.4; HRMS (ESI): calcd for C29H20NO10ClCo2Na ([M+Na]+): 

717.9332, found: 717.9320. 

 

Functionalization of compound 75 

 

The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 2) to provide 76 (49.2 mg, 0.0758 mmol, 76%). 

 

76: red oil; IR (neat): 2018, 1647 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.18 (s, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.35 

(d, J = 8.7 Hz, 1H), 7.08 (s, 2H), 7.06 (s, 1H), 6.04 (s, 1H), 4.29 (s, 2H), 3.94 (s, 3H), 3.89 (s, 6H), 3.82 (s, 3H); 13C-
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NMR (100 MHz, CDCl3): d 199.6, 196.4, 152.8, 141.4, 139.2, 134.2, 129.1, 128.6, 126.9, 124.3, 122.7, 116.0, 108.9, 

107.6, 97.8, 73.5, 60.9, 56.3, 32.9, 29.9; HRMS (ESI): calcd for C28H22NO10Co2 ([M+H]+): 649.9902, found: 

649.9902. 

 

Functionalization of rotenone (77) 

 

The procedure A was followed with a reaction time of 30 min. The crude was purified by HPLC (250-20 mm, AcOEt : 

hexane = 3 : 7, 9 mL/min) to provide 78(18.9 mg, 0.0261 mmol, 26%) and 79 (2.11 mg, 2.02 µmol, 2%).  

 

78 (retention time: 8.8 min): red oil; IR (neat): 2017, 1676 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.83 (d, J = 8.4 Hz, 

1H), 6.78 (s, 1H), 6.51 (d, J = 8.4 Hz, 1H), 6.00 (s, 1H), 5.28 (dd, J = 9.9 Hz, 8.0 Hz, 1H), 5.09 (s, 1H), 4.95-4.93 

(m, 2H), 4.66 (dd, J = 11.9 Hz, 2.9 Hz, 1H), 4.17 (d, J = 11.9 Hz, 1H), 4.14 (s, 2H), 3.85 (d, J = 3.9 Hz, 1H), 3.83 (s, 

3H), 3.74 (s, 3H), 3.32 (dd, J = 15.7 Hz, 9.9 Hz, 1H), 3.01 (dd, J = 15.7 Hz, 8.0 Hz, 1H), 1.78 (s, 3H); 13C-NMR 

(100 MHz, CDCl3): d 199.9, 188.8, 167.3, 158.0, 147.7, 147.2, 145.1, 143.0, 130.0, 122.3, 113.4, 112.8, 112.6, 110.8, 

109.0, 104.8, 96.6, 87.8, 73.6, 72.1, 65.9, 60.5, 56.4, 45.0, 31.3, 27.6, 17.1; HRMS (ESI): calcd for C32H25O12Co2 

([M+H]+): 719.0005, found: 718.9995. 

 

79 (retention time: 10.8 min): red oil; IR (neat): 2018, 1677 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.73 (s, 1H), 6.73 

(s, 1H), 6.03 (s, 1H), 5.99 (s, 1H), 5.29 (t, J = 9.2 Hz, 1H), 5.11 (s, 1H), 4.98 (s, 1H), 4.91-4.89 (m, 1H), 4.64 (dd, J 

= 11.8 Hz, 3.1 Hz, 1H), 4.17 (d, J = 12.1 Hz, 1H), 4.14 (s, 2H), 4.07 (d, J = 15.5 Hz, 1H), 3.98 (d, J = 15.5 Hz, 1H), 

3.83 (s, 4H), 3.72 (s, 3H), 3.32 (dd, J = 15.9 Hz, 9.7 Hz, 1H), 3.04 (dd, J = 15.8 Hz, 8.4 Hz, 1H), 1.81 (s, 3H); 13C-

NMR (100 MHz, CDCl3): d 199.8, 188.8, 165.3, 157.1, 147.7, 147.1, 145.1, 142.8, 129.8, 122.3, 117.5, 113.3, 113.03, 

112.98, 110.8, 109.0, 96.7, 96.2, 88.1, 73.67, 73.63, 72.2, 65.9, 60.6, 56.3, 45.1, 33.3, 31.6, 27.6, 17.3; HRMS (ESI): 

calcd for C41H27O18Co4 ([M+H]+): 1042.8520, found: 1042.8508. 

 

Functionalization of xanthotoxin (80) 

  
The procedure B was followed with a reaction time of 2 h. The crude was purified by silica gel column 
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chromatography (AcOEt : hexane = 1 : 4) to provide 81 (15.1 mg, 0.0280 mmol, 28%) along with recovered 80 (14.5 

mg, 0.0669, 67%) 

 

81: red oil; IR (neat): 2021 1736 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.03 (d, J = 9.8 Hz, 1H), 7.74 (d, J = 2.0 Hz, 

1H), 6.91 (d, J = 2.0 Hz, 1H), 6.47 (d, J = 9.8 Hz, 1H), 5.95 (s, 1H), 4.50 (s, 2H), 4.24 (s, 3H); 13C-NMR (100 MHz, 

CDCl3): d 199.1, 160.0, 147.3, 146.7, 143.9, 140.3, 132.3, 125.9, 123.5, 114.7, 114.1, 105.3, 94.2, 73.0, 61.5, 33.1; 

HRMS (ESI): calcd for C21H11O10Co2 ([M+H]+): 540.9011, found: 540.8994. 

 

Funtionalizaation of estradiol (83) 

 

The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 8) to provide 84 (8.88 mg, 0.0149 mmol, 15%), 85 (13.6 mg, 0.0227 mmol, 

23%), 86 (15.3 mg, 0.0166 mmol, 17%) and recovered 83 (8.90 mg, 0.0327 mmol, 33%). In this case, starting material 

83 was dissolved in 5 ml of CH2Cl2 (0.02 M) and added. 

 

84: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CD3COCD3): d 8.15 (s, 1H), 7.11 (s, 1H), 6.57 (s, 1H), 6.40 

(s, 1H), 4.17 (d, J = 15.0 Hz, 1H), 4.10 (d, J = 15.0 Hz, 1H), 3.65 (br s, 1H), 3.58 (br s, 1H), 2.30 (br s, 1H), 2.12-

1.95 (m, 3H), 1.83 (br s, 1H), 1.64 (br s, 1H), 1.46-1.19 (m, 10H), 0.76 (s, 3H); HRMS (ESI): calcd for C27H25O8Co2 

([M-H]-): 595.0208, found: 595.0211. 

 

85: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CD3COCD3): d 8.25 (br s, 1H), 7.04 (d, J = 8.2 Hz, 1H), 6.69 

(d, J = 8.2 Hz, 1H), 6.37 (s, 1H), 4.28 (d, J = 14.7 Hz, 1H), 4.22 (d, J = 14.7 Hz, 1H), 3.66 (br s, 1H), 3.57 (br s, 1H), 

3.03 (br s. 1H), 2.25 (brs, 1H), 2.13 (br s, 1H), 1.95 (br s, 4H), 1.48-1.19 (m, 8H), 0.75 (s, 3H); HRMS (ESI): calcd 

for C27H25O8Co2 ([M-H]-): 595.0208, found: 595.0224. 

 

86: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.02 (s, 1H), 6.04 (s, 1H), 5.98 (s, 1H), 4.80 (s, 1H), 

4.18 (s, 2H), 4.13 (d, J = 16.1 Hz, 1H), 4.06 (d, J = 16.1 Hz, 1H), 3.73 (br d, J = 5.9 Hz, 1H), 2.94 (br d, J = 16.1 Hz, 

1H), 2.81 (dd, J = 15.9 Hz, 10.5 Hz, 1H), 2.28 (br d, J = 11.2 Hz, 1H), 2.15 (br s, 2H), 1.95 (br d, J = 10.7 Hz , 2H), 

1.70 (br s, 1H), 1.49-1.19 (m, 10H), 0.76 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.5, 149.2, 134.7, 133.6, 126.3, 

125.2, 123.8, 95.6, 94.1, 81.9, 73.6, 72.9, 50.0, 44.1, 43.2, 38.1, 36.7, 35.3, 30.6, 27.2, 26.4, 23.1, 11.0; HRMS (ESI): 

calcd for C36H27O14Co4 ([M-H]-): 918.8723, found: 918.8710. 
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Functionalization of podophyllotoxin (87) 

 

The procedure A was followed with a reaction time of 10 min. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 8) to provide 88 (20.4 mg, 0.0276 mmol, 28%). 

 

88: red oil; IR (neat): 2029, 1780 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.07 (s, 1H), 6.52 (s, 1H), 6.37 (s, 2H), 6.08 

(s, 1H), 5.98 (d, J = 1.0 Hz, 1H), 5.96 (d, J = 1.0 Hz, 1H), 4.82 (d, J = 10.7 Hz, 1H), 4.77 (d, J = 12.1 Hz, 1H), 4.69 

(d, J = 12.1 Hz, 1H), 4.62-4.58 (m, 2H), 4.16 (t, J = 9.7 Hz, 1H), 3.81 (s, 3H), 3.72 (s, 6H), 3.04-2.95 (m, 1H), 2.87 

(dd, J = 14.2 Hz, 4.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 199.3, 173.9, 152.6, 147.9, 147.7, 137.0, 135.3, 131.8, 

130.3, 109.7, 107.9, 106.8, 101.5, 90.3, 78.0, 71.4, 71.2, 68.7, 60.7, 55.9, 45.5, 43.9, 37.8; HRMS (ESI): calcd for 

C31H25O14Co2 ([M+H]+): 738.9903, found: 738.9888. 

 

Functionalization of podophyllotoxin TBS ester (89) 

 

 
On 48.8 µmol scale, The procedure A was followed with a reaction time of 30 min. The crude was purified by silica 

gel column chromatography (AcOEt : hexane = 1 : 2) to provide 90 (8.05 mg, 8.86 µmol, 19%). 

 

90: red oil; IR (neat): 2019, 1782 cm-1; 1H-NMR (600 MHz, CDCl3): d 6.96 (s, 1H), 6.39 (s, 1H), 6.061 (s, 1H), 6.055 

(s, 1H), 5.98 (s, 1H), 5.97 (s, 1H), 4.93 (d, J = 9.6 Hz, 1H), 4.91 (s, 1H), 4.81 (d, J = 9.6 Hz, 1H), 4.55 (t, J = 7.5 Hz, 

1H), 4.43 (d, J = 15.7 Hz, 1H), 4.00 (dt, J = 11.1 Hz, J = 8.6 Hz, 1H), 3.90 (s, 3H), 3.79 (s, 3H), 3.58 (s, 3H), 3.11-

3.01 (m, 1H), 2.98-2.89 (m, 1H), 0.97 (s, 9H), 0.30 (s, 1H), 0.14 (s, 3H); 13C-NMR (150 MHz, CDCl3): d 173.7, 

151.9, 151.8, 147.5, 147.3, 141.4, 133.64, 133.60, 132.1, 127.8, 110.8, 109.0, 106.6, 101.4, 96.8, 72.7, 72.3, 71.5, 

60.5, 60.4, 55.8, 44.9, 40.9, 39.5, 31.5, 25.8, 18.0, -3.8, -4.1;  HRMS (FAB): calcd for C32H38O9Co2 ([M-5CO]+): 

712.0949, found: 712.0972. 
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Functionalization of colchicine (91) 

 

On 0.05 mmol scale, the procedure B was followed with a reaction time of 1 h. The crude was purified by silica gel 

column chromatography (MeOH : CHCl3 = 1 : 40) to provide 92 (2.83 mg, 3.91 µmol, 8%) and recovered 91 (15.7 

mg, 0.0392 mmol, 79%). 

 

92: red oil; IR (neat): 2022, 1670 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.56 (br s, 1H), 7.54 (s, 1H), 7.21 (d, J = 10.7, 

1H), 6.85 (d, J = 10.7 Hz, 1H), 5.93 (s, 1H), 4.66-4.60 (m, 1H), 4.32 (d, J = 13.4 Hz, 1H), 4.00 (s, 6H), 3.92 (d, J = 

13.4 Hz, 1H), 3.91 (s, 3H), 3.61 (s, 3H), 2.90-2.88 (m, 1H), 2.27-2.25 (m, 2H), 2.00 (s, 3H), 1.90-1.87 (m, 1H); 13C-

NMR (100 MHz, CDCl3): d 199.7, 179.6, 170.1, 164.2, 152.1, 151.6, 150.5, 145.5, 136.7, 135.6, 132.1, 130.2, 129.4, 

126.6, 112.7, 96.2, 96.1, 73.4, 61.4, 60.9, 60.7, 56.4, 52.5, 35.9, 30.3, 25.5, 22.9; HRMS (ESI): calcd for 

C31H27NO12Co2Na ([M+Na]+): 746.0089, found: 746.0067. 

 

Functionalization of papaverine (11) 

 
The procedure C was followed with a reaction time of 4 h. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 1 to MeOH : CHCl3 = 1 : 4) to provide 93 (2.71 mg, 4.09 µmol, 4%), 94 (46.8 

mg, 0.0623 mmol, 62%) and recovered 8 (2.33 mg, 6.87 µmol, 7%). 

 

93: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CD3COCD3): δ 8.24 (d, J = 5.6 Hz, 1H), 7.54 (s, 1H), 7.51 (d, 

J = 5.6 Hz, 1H), 7.30 (s, 1H), 6.94 (s, 1H), 6.81 (s, 1H), 6.48 (s, 1H), 4.72 (s, 2H), 4.40 (s, 2H), 3.97 (s, 3H), 3.91 (s, 

3H), 3.80 (s, 3H), 3.61 (s, 3H); 13C-NMR (100 MHz, CD3COCD3): δ 200.9, 158.6, 153.6, 151.1, 149.3, 148.9, 141.6, 

134.2, 132.8, 131.0, 123.8, 119.3, 115.3, 106.4, 104.8, 99.1, 75.0, 56.2, 56.0, 39.9, 38.2; HRMS (FAB): calcd for 

C29H24NO10Co2 ([M+H]+) calcd for 664.0059, found: 664.0067. 

 

94: red oil; IR (neat): 2032 cm-1; 1H-NMR (400 MHz, CDCl3): δ 8.79 (d, J = 6.6 Hz, 1H), 8.41 (d, J = 6.6 Hz, 1H), 

7.96 (s, 1H), 7.81 (s, 1H), 6.99 (s, 1H), 6.89 (s, 1H), 6.88 (d, J = 8.3 Hz, 1H), 6.74 (s, 1H), 6.61 (d, J = 8.3 Hz, 1H), 
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6.31 (s, 2H), 5.26 (s, 2H). 4.15 (s, 3H), 4.01 (s, 3H), 3.75 (s, 3H), 3.71 (s, 3H); 13C-NMR (100 MHz, CDCl3): δ 199.6, 

159.2, 155.5, 154.6, 151.1, 150.0, 137.8, 136.2, 128.5, 125.5, 124.3, 120.9, 113.3, 113.1, 107.4, 106.9, 87.5, 75.9, 

60.3, 57.5, 57.0, 56.2, 56.1, 35.2; HRMS (FAB): calcd for C29H24NO10Co2 (M+): 664.0059, found: 664.0067. 

 

Decomplexation of dicobalt hexacarbonyl complexes 

Standard procedure: To a solution of cobalt complex in MeCN (0.01 M) was added TEMPO+BF4
- (0.5 eq. × 8 or 

9) every 5 min at - 40 °C. After completion of the reaction, the reaction was quenched with sat. NaHCO3 (2 mL) and 

extracted with AcOEt (4 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, filtered, 

and concentrated in vacuo. The residue was purified by silica gel column chromatography. 

 

Decomplexation of eugenol analog 42 

 

On 0.0234 mmol scale, the standard procedure was followed with TEMPO+BF4
- (total 25.23 mg, 0.104 mmol) and a 

reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4) to 

provide 96 (4.05 mg, 0.0200 mmol, 86%). 

 

96: colorless oil; IR (neat): 3294, 2054 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.06 (s, 1H), 6.66 (s, 1H), 5.93 (ddt, J 

= 16.9 Hz, 10.2 Hz, 6.3 Hz, 1H), 5.46 (s, 1H), 5.06 (dd, J = 10.2 Hz, 1.4 Hz, 1H), 4.99 (dd, J = 16.9 Hz, 1.4 Hz, 1H), 

3.87 (s, 3H), 3.46 (d, J = 2.4 Hz, 2H), 3.35 (d, J = 6.3 Hz, 2H), 2.15 (t, J = 2.4 Hz, 1H); 13C-NMR (100 MHz, CDCl3): 

d 145.4, 144.1, 136.6, 128.8, 127.2, 115.8, 115.1, 112.3, 82.1, 70.4, 56.0, 36.8, 21.7; HRMS (EI): calcd for C13H14O2 

(M+): 202.0994, found: 202.0986. 

 

Decomplexation of 1-methylindole analog 60 

 
On 26.1 mg (0.0573 mmol) scale, the standard procedure was followed with TEMPO+BF4

- (total 63.7 mg, 0.262 

mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (hexane) to 

provide 97 (6.96 mg, 0.0441 mmol, 72%). 

 

97: yellow oil; IR (neat): 3292 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.62 (d, J = 7.5 Hz, 1H), 7.30 (d, J = 7.5 Hz, 

1H), 7.24 (d, J = 7.5 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 7.04 (s, 1H), 3.76 (s, 3H), 3.69 (d, J = 2.6 Hz, 2H), 2.13 (t, J 

= 2.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 137.2, 127.0, 126.8, 121.8, 119.0, 118.7, 109.4, 109.3, 82.6, 68.9, 
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32.7, 15.1; HRMS (ESI): calcd for C12H11N ([M+H]+): 169.0892, found: 169.0885. 

 

Decomplexation of eugenol analog 44 

 

On 13.1 mg (0.0263 mmol) scale, the standard procedure was followed with TEMPO+BF4
- (total 25.3 mg, 0.104 

mmol) and a reaction time of 40 min. The crude was purified by silica gel column chromatography (CH2Cl2 : hexane 

= 1 : 4) to provide 98 (3.01 mg, 0.0149 mmol, 58%) and recovered 44 (1.27 mg, 2.55 µmol, 10%). 

 

98: colorless oil; IR (neat): 3307, 2120 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.89 (d, J = 3.0 Hz, 1H), 6.61 (d, J = 

3.0 Hz, 1H), 5.96 (ddt, J = 16.8 Hz, 10.0 Hz, 6.5 Hz, 1H), 5.62 (s, 1H), 5.11-5.05 (m, 2H), 3.87 (s, 3H), 3.58 (d, J = 

2.8 Hz, 2H), 3.33 (d, J = 6.5 Hz, 2H), 2.15 (t, J = 2.8 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 146.1, 141.3, 137.8, 

131.4, 121.7, 121.1, 115.6, 109.7, 81.9, 69.9, 56.1, 40.0, 18.8; HRMS (ESI): calcd for C13H15O2 ([M+H]+): 203.1067, 

found: 203.1068. 

 

Decomplexation of N-Cbz, homoveratrylamine analog 69 

 

On 44.6 mg (0.0683 mmol) scale, the standard procedure was followed with TEMPO+BF4
- (total 74.5 mg, 0.306 

mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 

= 1 : 1) to provide 99 (20.4 mg, 0.0555 mmol, 81%).  

 

99: colorless oil; IR (neat): 3286 cm-1; 1H-NMR (400 MHz, CD3SOCD3): d 7.36-7.30 (m, 5H), 6.97 (s, 1H), 6.72 (s, 

1H), 5.06 (s, 2H), 3.74 (s, 1H), 3.70 (s, 3H), 3.49 (d, J = 2.5 Hz, 2H), 3.42 (t, J = 7.5 Hz, 2H), 2.86 (s, 3H), 2.78 (t, 

J = 7.5 Hz, 2H), 2.78 (t, J = 2.5 Hz, 1H); 13C-NMR (100 MHz, CD3SOCD3): d 154.9, 147.7, 147.3, 136.6, 128.8, 

127.8, 127.1, 126.9, 126.6, 114.5, 113.8, 82.2, 71.7, 65.7, 55.7, 48.8, 40.1, 33.8, 29.6, 20.7; HRMS (EI): calcd for 

C22H25NO4 (M+): 367.1784, found: 367.1790. 
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Decomplexation of naproxen methyl ester analog 30 

 

On 40.1 mg (0.0706 mmol) scale, the standard procedure was followed with TEMPO+BF4
- (total 62.2 mg, 0.285 

mmol) and a reaction time of 40 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 

= 1 : 20) to provide 100 (18.2 mg, 0.0643 mmol, 91%). 

 

100: colorless oil; IR (neat): 3290 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.02 (d, J = 8.9 Hz, 1H), 7.75 (d, J = 7.9 Hz, 

1H), 7.69 (s, 1H), 7.50 (d, J = 8.9 Hz, 1H), 7.26 (d, J = 7.9 Hz, 1H), 3.97 (d, J = 2.3 Hz, 1H), 3.97 (s, 3H), 3.87 (q, J 

= 7.0 Hz, 1H), 3.67 (s, 3H), 1.97 (t, J = 2.3 Hz, 1H), 1.58 (d, J = 7.0 Hz, 3H); 13C-NMR (150 MHz, CDCl3): d 175.0, 

154.0, 135.6, 131.8, 129.3, 128.8, 126.7, 123.8, 117.5, 113.9, 82.8, 67.9, 56.8, 52.0, 45.2, 18.5, 14.4; HRMS (ESI): 

calcd for C18H19O3 ([M+H]+): 283.1329, found: 283.1324. 

 

Decomplexation of indomethacin methyl ester analog 74 

 

On 10.4 mg (0.0149 mmol) scale, the standard procedure was followed with TEMPO+BF4
- (total 15.9 mg, 0.0656 

mmol) and a reaction time of 40 min to provide 101 (4.42 mg, 0.0108 mmol, 72%). 

 

101: colorless oil; IR (neat): 3301, 1738 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.67 (d, J = 8.7 Hz, 2H), 7.48 (d, J = 

8.7 Hz, 2H), 7.01 (s, 1H), 6.89 (s, 1H), 3.87 (s, 3H), 3.70 (s, 3H), 3.68 (s, 2H), 3.49 (d, J = 2.6 Hz, 2H), 2.46 (s, 3H), 

1.97 (t, J = 2.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 171.4, 168.4, 153.4, 139.0, 135.5, 134.0, 131.1, 130.2, 

129.14, 129.08, 120.7. 114.7, 112.5, 98.7, 81.5, 70.6, 55.7, 52.1, 30.2, 19.7, 13.3; HRMS (ESI): calcd for C23H21NO-

4Cl ([M+H]+): 410.1154, found: 410.1148. 
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Decomplexation of 76 

 

On 49.2 mg (0.0758 mmol) scale, the standard procedure was followed with TEMPO+BF4
- (total 84.1 mg, 0.346 

mmol) and a reaction time of 45 min to provide 102 (25.6 mg, 0.0704 mmol, 93%). 

 

102: white amorphous; IR (neat): 3285, 1644 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.16 (d, J = 1.4 Hz, 1H), 7.80 

(dd, J = 8.7 Hz, 1.4 Hz, 1H), 7.37 (d, J = 8.7 Hz, 1H), 7.13 (s, 1H), 7.10 (s, 2H), 3.95 (s, 3H), 3.88 (s, 6H), 3.82 (s, 

3H), 3.70 (d, J = 2.6 Hz, 2H), 2.13 (t, 2.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 196.2, 152.8, 141.4, 139.4, 134.1, 

129.0, 128.4, 126.3, 124.2, 122.9, 111.5, 109.1, 107.7, 82.0, 69.3, 61.0, 56.3, 32.9, 15.1; HRMS (EI): calcd for 

C22H21NO4 (M+): 363.1471, found 363.1485. 

 

Decomplexation of mestranol analog 53 

 
On 0.208 mmol scale, the standard procedure was followed with TEMPO+BF4

- (total 22. 7 mg, 0.093 mmol) and a 

reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 8 to 1 : 

4) to provide 103 (6.83 mg, 0.0196 mmol, 94%). 

 

103: colorless oil; IR (neat): 3301 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.22 (d, J = 8.5 Hz, 1H), 6.76 (d, J = 8.5 Hz, 

1H), 3.84 (s, 3H), 3.55 (s, 2H), 3.02 (dd, J = 17.4 Hz, 4.8 Hz, 1H), 2.89-2.80 (m, 1H), 2.61 (s, 1H), 2.39-2.23 (m, 

3H), 2.04-1.66 (m, 8H), 1.56-1.33 (m, 5H), 0.88 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 154.8, 136.5, 133.2, 124.9, 

122.9, 108.5, 87.6, 82.5, 79.9, 74.0, 67.0, 55.9, 49.5, 47.0, 43.8, 39.0, 38.6, 32.8, 27.3, 26.7, 26.6, 22.8, 14.9, 12.6; 

HRMS (ESI): calcd for C24H29O2 ([M+H]+): 349.2162, found: 349.2160. 
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Decomplexation of mestranol analog 54 

 

On 32.5 mg (0.0511 mmol) scale, the standard procedure was followed with TEMPO+BF4
- (total 59.0 mg, 0.243 

mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (CH2Cl2 : hexane 

= 1 : 4) to provide 104 (15.1 mg, 0.0434 mmol, 85%). 

 

104: colorless oil; IR (neat): 3288 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.20 (d, J = 8.4 Hz, 1H), 6.71 (dd, J = 8.4 

Hz, 2.2 Hz, 1H), 6.63 (s, 1H), 4.34 (s, 2H), 3.77 (s, 3H), 2.87-2.84 (m, 2H), 2.67 (s, 1H), 2.43 (s, 1H), 2.35-2.25 (m, 

3H), 2.22-2.09 (m, 1H), 2.02-1.94 (m, 1H), 1.88-1.71 (m, 4H), 1.54-1.30 (m, 4H), 0.92 (s, 3H); 13C-NMR (100 MHz, 

CDCl3): d 157.4, 137.9, 132.5, 126.3, 113.8, 111.5, 86.1, 83.9, 80.8, 76.8, 73.5, 55.2, 53.9, 49.4, 47.7, 43.4, 39.2, 

37.1, 33.9, 29.8, 27.2, 26.5, 22.8, 12.8; HRMS (ESI): calcd for C24H29O2 ([M+H]+): 349.2162, found: 349.2159. 

 

Decomplexation of estradiol analog 85 

 
On 19.0 mg (0.0318 mmol) scale, the standard procedure was followed with TEMPO+BF4

- (total 31.9 mg, 0.131 

mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 

= 1 : 4 to 1 : 2) to provide 105 (7.13 mg, 0.0230 mmol, 72%). 

 

105: colorless oil; IR (neat): 3305, 2115 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.12 (d, J = 8.3 Hz, 1H), 6.67 (d, J = 

8.3 Hz, 1H), 5.23 (br s, 1H), 3.74 (t, J = 8.3 Hz, 1H), 3.55 (d, J = 2.4 Hz, 1H), 2.99-2.93 (m, 1H), 2.85-2.81 (m, 1H), 

2.33-2.27 (m, 1H), 2.23-2.10 (m, 2H), 2.02 (t, J = 2.4 Hz, 1H), 2.00-1.92 (m, 2H), 1.75-1.68 (m, 1H), 1.54-1.14 (m, 

7H), 0.77 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 151.3, 136.2, 133.5, 125.1, 120.8, 113.3, 81.9, 81.8, 68.4, 50.0, 

44.2, 43.2, 38.0, 36.7, 30.6, 27.3, 26.9, 26.6, 23.1, 15.2, 11.0; HRMS (ESI): calcd for C21H25O2 ([M-H]-): 309.1849, 

found: 309.1863. 
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Decomplexation of estradiol analog 84 

 

On 15.43 mg (0.0260 mmol) scale, the standard procedure was followed with TEMPO+BF4
- (total 30.5 mg, 0.125 

mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 

= 1 : 8 to 1 : 4) to provide 106 (2.68 mg, 8.63 µmol, 33%) and recovered 84 (4.03 mg, 6.76 µmol, 26%). 

 

106: colorless oil; IR (neat): 3306 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.22 (s, 1H), 6.54 (s, 1H), 5.12 (br s, 1H), 

3.73 (t, J = 8.5 Hz, 1H), 3.54 (d, J = 2.8 Hz, 2H), 2.82-2.78 (m, 2H), 2.35-2.31 (m, 1H), 2.22 (t, J = 2.8 Hz, 1H), 

2.17-2.07 (m, 2H), 1.98-1.93 (m, 1H), 1.88-1.84 (m, 1H), 1.73-1.66 (m, 1H), 1.52-1.15 (m, 8H), 0.78 (s, 3H); 13C-

NMR (100 MHz, CDCl3): d 151.3, 137.0, 133.0, 126.5, 119.5, 115.9, 81.9, 81.6, 70.9, 50.0, 44.0, 43.3, 38.8, 36.7, 

30.6, 29.7, 29.2, 27.2, 26.4, 23.1, 19.8, 11.0; HRMS (ESI): calcd for C21H25O2 ([M-H]-): 309.1849, found: 309.1860. 

 

Decomplexation of N-Cbz, methyl homoveratrilamine 70 

 
On 8.73 mg (0.0133 mmol) scale, the standard procedure was followed with TEMPO (13.0 mg, 0.0535 mmol) and a 

reaction time of 40 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 

1) to provide E1 (3.86 mg, 0.0105 mmol, 79%). 

 

E1: colorless oil; IR (neat): 3289 cm-1; 1H-NMR (400 MHz, CD3SOCD3): d 7.36-7.30 (m, 5H), 7.36 (d, J = 8.6 Hz, 

1H), 7.31 (d, J = 8.6 Hz, 1H), 5.07 (s, 2H), 3.79 (s, 3H), 3.77 (s, 3H), 3.51 (d, J = 2.7 Hz, 2H), 3.44 (t, J = 7.8 Hz, 

2H), 2.86 (s, 3H), 2.84 (t, J = 7.8 Hz, 2H), 2.60 (t, J = 2.7 Hz, 1H); 13C-NMR (100 MHz, CD3SOCD3): d 154.9. 

150.6, 146.6, 136.7, 129.6, 128.7, 127.8, 127.1, 126.9, 124.4, 111.8, 82.6, 69.7, 65.7, 59.7, 55.5, 49.1, 33.8, 29.8, 

14.6; HRMS (ESI) C22H26O4N ([M+H]+) calcd for 368.1856, found 368.1852. 
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Preparation of substrates 

Synthesis of benzyl (3,4-dimethoxyphenethyl)(methyl)carbamate (68) 

 
Benzyl (3,4-dimethoxyphenethyl)carbamate (64) 

To a solution of homoveratrylamine (22) (0.9 ml, 5.44 mmol) in THF (14 ml) and 1M NaOH aq. (14 ml) was added 

CbzCl (0.85 ml, 6.03 mmol) at 0 °C. The reaction mixture was allowed to warm to room temperature and stirred for 

9.5 h. The reaction mixture was dilutied with water (10 ml) and extracted with Et2O (20 ml × 2), washed with brine 

and dried over MgSO4 The organic layer was concentrated under vacuum and purified with column chromatography 

on silica gel (AcOEt : Hexane = 1 : 1) to give carbamate 64 (1.54 g, 4.88 mmol, 90%). 

 

64: white solid; IR (solid): 3331 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.38-7.30 (m, 5H), 6.80 (d, J = 8.2 Hz, 1H), 

6.73-6.70 (m, 2H), 5.10 (s, 2H), 4.75 (br s, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.44 (q, J = 6.5 Hz, 2H), 2.76 (t, J = 6.5 

Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 156.3, 149.0, 147.7, 136.5, 131.1, 128.5, 128.1, 126.9, 120.6, 111.9, 111.3, 

66.6, 55.9, 55.8, 42.3, 35.6; HRMS (ESI): calcd for C18H21O4NNa ([M+Na]+): 338.1363, found 338.1357. 

 

Benzyl (3,4-dimethoxyphenethyl)(methyl)carbamate (68) 

To a solution of carbamate 64 (1.00g, 3.17 mmol) in THF (16 ml) was added 60% NaH (387 mg, 9.68 mmol) at 0 °C 

and stirred for 30 min at room temperature. The reaction mixture was cooled at 0 °C and added MeI (0.5 ml, 0.80 

mmol). The reaction mixture was allowed to warm to room temperature and stirred for 3.5 h. The solution was 

quenched with sat. NH4Cl (5 ml) and extracted with Et2O (20 ml × 2), washed with brine and dried over Mg2SO4. 

The organic layer was concentrated under vacuum and purified with column chromatography on silica gel (AcOEt : 

hexane = 1 : 1) to give 68 (998 mg, 3.03 mm, 95%) as a yellow oil. 

 

68: yellow oil; IR (neat): 1700 cm-1; 1H-NMR (400 MHz, CD3SOCD3): d 7.35-7.30 (m, 5H), 6.84 (d, J = 8.2 Hz, 

1H), 6.77 (s, 1H), 6.79 (d, J = 8.2 Hz, 1H), 5.04 (s, 2H), 3.73 (s, 3H), 3.72 (s, 3H), 3.46 (t, J = 7.2 Hz, 2H), 2.83 (s, 

3H), 2.73 (t, J = 7.2 Hz, 2H); 13C-NMR (100 MHz, CD3SOCD3): d 154.9, 148.8, 147.4, 136.7, 131.4, 127.7, 127.1, 

126.8, 120.4, 113.3, 112.7, 65.6, 56.0, 55.5, 49.5, 33.7, 32.6; HRMS (ESI): calcd for C19H23O4N ([M+H]+): 352.1519, 

found 352.1505.  
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<Chapter 2> 

Reagent synthesis 

2-1. Synthesis of reagent 29 

 

Methyl 2-(hex-1-yn-1-yl)benzoate (116) 

To a solution of methyl 2-iodobenzoate (524 mg, 2.00 mmol) and 1-hexyne (0.28 mL, 2.44 mmol) in Et3N (6.0 mL) 

was added Pd(PPh3)2Cl2 (28.0 mg, 39.9 µmol) and CuI (8.97 mg, 47.0 µmol) at room temperature. The reaction 

mixture was stirred at the same temperature for 24 h, then concentrated under vacuo. CH2Cl2 (30 mL) was added to 

the residue, and the organic layer was washed with water and brine, dried over MgSO4, filtered, and concentrated 

under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : Hexane = 1 : 20) to give 

alkyne 116 (385 mg, 1.78 mmol, 89%).  

 

2-(Hex-1-yn-1-yl)benzoic acid (117) 

To a solution of benzoate 116 (1.27 g, 5.89 mmol) in MeOH (25 mL) was added 1 M NaOH (25 mL) at room 

temperature. The reaction mixture was stirred at the same temperature for 5.5 h. The mixture was poured into 1 M 

HCl (30 mL), and extracted with Et2O (40 mL × 2). The combined organic layers were washed with brine, dried over 

MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on silica gel 

(AcOEt : Hexane = 1 : 1) to give benzoic acid 117 (1.18 g, mmol, 99%).  

 

Reagent 29 

To a solution of benzoic acid 117 (296 mg, 1.46 mmol) in CH2Cl2 (4.8 mL) was added (COCl)2 (150 µL, 1.75 mmol) 

and DMF (10 µL, 0.13 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 h. 

The reaction mixture was concentrated under vacuo. To the residue was added CH2Cl2 (7.3 mL), pyridine (1.2 mL), 

and alkyne cobalt complex 16 (370 mg, 1.10 mmol) at room temperature. The reaction mixture was stirred at the 

same temperature for 2 h. The reaction mixture was quenched with water (4 mL) and extracted with CH2Cl2 (10 mL 

× 2). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The residue was 

purified with silica gel column chromatography (AcOEt : Hexane = 1 : 20) to give complex 29 (471 mg, 0.90 mmol, 
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82% from 16). 

 

29: red oil; IR (neat): 2022 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.97 (d, J = 7.6 Hz, 1H), 7.53 (d, J = 7.6 Hz, 1H), 

7.43 (td, J = 7.6, 1.0 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 6.12 (s, 1H), 5.52 (s, 2H), 2.50 (t, J = 7.1 Hz, 2H), 1.69-1.58 

(m, 2H), 1.58-1.45 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.1, 165.6, 134.5, 131.8, 

131.0, 130.1, 127.1, 125.2, 96.5, 88.7, 79.3, 72.2, 65.4, 30.8, 22.1, 19.6, 13.7; HRMS (ESI): calcd for C22H16O8Co2Na 

([M+Na]+): 548.9401, found 548.9393. 

 

2-2. Synthesis of reagent 122 

 

Methyl 2-((trimethylsilyl)ethynyl)benzoate (123)�  

To a solution of methyl 2-iodobenzoate (5.24 g, 20.0 mmol) and TMS acetylene (3.39 mL, 24.0 mmol) in Et3N (60 

mL) was added Pd(PPh3)2Cl2 (14.0 mg, 0.02 mmol) and CuI (3.8 mg, 0.02 mmol) at room temperature. The reaction 

mixture was stirred at the same temperature overnight and concentrated under vacuo. To the residue was added 

CH2Cl2 (30 mL) and the organic layer was washed with saturated aqueous .NH4Cl (30 mL), dried over MgSO4, and 

filtered. The filtrate was concentrated under vacuo and purified by column chromatography on silica gel (AcOEt : 

hexane = 1 : 30) to give alkyne 123 (5.14 g, quant.). Characterization data were in agreement with previously reported 

values.3 

 

2-Ethynylbenzoic acid (124) 

To a solution of benzoate 123 (996 mg, 4.29 mmol) in MeOH (18 mL) was added 1 M NaOH (18 mL) at room 

temperature. The reaction mixture was stirred at the same temperature for 3 h. The mixture was poured into conc. 

HCl (4 mL), and extracted with Et2O (30 mL × 3). The combined organic layers were washed with brine, dried over 

MgSO4, and filtered. The filtrate was concentrated under vacuo and purified by column chromatography on silica gel 

(AcOEt : hexane = 4 : 1 to 1 : 1) to give benzoic acid 124 (412 mg, 2.82 mmol, 66%). Characterization data were in 

agreement with previously reported values.4 

 

Reagent 122 

To a solution of benzoic acid 124 (295 mg, 2.02 mmol) in CH2Cl2 (6.8 mL) was added (COCl)2 (0.21 mL, 2.42 mmol) 

O

OMe

TMS

123

1M aq. NaOH

MeOH, rt, 3 h, 66%

O

OH
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OMe

O

I
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Pd(PPh3)2Cl2 (2 mol%)
CuI (2mol %)
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115

Co2(CO)6

O

O
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1. (COCl)2 (1.2 eq.), DMF (cat.)
    CH2Cl2, rt, 1 h

2. 2 (0.75 eq.), pyridine (10 eq.)
    CH2Cl2, rt, 2 h, 82% from 16

Co2(CO)6HO

16
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and DMF (10 µL, 0.13 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 h. 

The reaction mixture was concentrated in vacuo. To the residue was added CH2Cl2 (10 mL), pyridine (1.6 mL) and 

alkyne cobalt complex 16 (345 mg, 1.01 mmol) at room temperature. The reaction mixture was stirred at the same 

temperature for 2 h. The reaction mixture was quenched with water (10 mL) and extracted with CH2Cl2 (10 mL × 3). 

The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified 

by silica gel column chromatography (AcOEt : Hexane = 1 : 20) to give complex 122 (395 mg, 0.830 mmol, 82% 

from 16). 

 

122: red oil; IR (neat): 2036 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.03 (d, J = 7.4 Hz, 1H), 7.65 (d, J = 7.4 Hz, 1H), 

7.50 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H), 6.13 (s, 1H), 5.54 (s, 2H), 3.44 (s, 1H); 13C-NMR (100 MHz, 

CDCl3): d 199.1, 165.3, 135.2, 132.0, 131.7, 130.2, 128.5, 123.1, 88.3, 82.6, 82.0, 72.3, 65.6; HRMS (ESI): calcd for 

C18H8O8Co2Na ([M+Na]+): 492.8775, found 492.8754. 

 

2-3. Synthesis of reagent 33 

 
 

Methyl 2-(5,5,6,6,7,7,8,8,9,9,10,10,10-tridecafluorodec-1-yn-1-yl)benzoate (130b) 

To a solution of (π-allyl)2Pd2Cl2 (46 mg, 0.13 mmol), IAd (99 mg, 0.25 mmol), CuI (108 mg, 0.56 mmol), and Cs2CO3 

(1.14 g, 3.5 mmol) in DMF-Et2O (1:2) (5 mL) was added alkyne 129 (0.46 mL, 1.88 mmol), and 

1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane (0.60 mL, 2.5 mmol) at room temperature. The reaction mixture 

was stirred at 40 °C for 24 h and concentrated under vacuo and purified by column chromatography on silica gel 

(CH2Cl2 : Hexane = 1 : 30 to 1 : 8) to give alkyne 130b (629 mg, 1.24 mmol, 67% from 129).   

 

130b: yellow oil; IR (neat): 1733 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.91 (d, J = 7.6 Hz, 1H), 7.51 (d, J = 7.6 Hz, 

1H), 7.45 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 3.92 (s, 3H), 2.82 (t, J = 7.6 Hz, 2H), 2.56-2.42 (m, 2H); 13C-

NMR (150 MHz, CDCl3): d 166.6, 134.2, 132.0, 131.6, 130.3, 127.7, 123.6, 91.5, 80.4, 52.0, 30.6 (t, 1JCF = 21.7 Hz), 

11.9 (t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 118.3 (s, 2F), 125.1 (s, 2F), 126.0 (s, 2F), 126.7 

(s, 2F), 129.3 (s, 2F); HRMS (EI): calcd for C18H11O2F13 (M+): 506.0551, found 506.0543. 
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2-(5,5,6,6,7,7,8,8,9,9,10,10,10-Tridecafluorodec-1-yn-1-yl)benzoic acid (131b) 

To a solution of benzoate 131b (1.37 g, 2.71 mmol) in TFE (7.3 mL) was added 2 M KOH (7.3 mL) at room 

temperature. The reaction mixture was stirred at 50 °C for 10 h. The mixture was added 1 M HCl (15 mL), and the 

mixture was extracted with Et2O (20 mL × 3), and concentrated under vacuo. The crude mixture was dissolved in 

CH2Cl2 (10 mL) and extracted with 1 M NaOH (15 mL × 2), and neutralized with 1 M HCl (30 mL), and the mixture 

was extracted with Et2O (30 mL × 3). The organic layer was dried over MgSO4, filtered, and concentrated under 

vacuo to give carboxylic acid 131b (1.24 g, 2.5 mmol, 93%). 

131b: white solid; mp. 78-80 °C; IR (neat): 1698 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.06 (d, J = 7.6 Hz, 1H), 7.55 

(d, J = 7.6 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 2.83 (t, J = 7.6 Hz, 2H), 2.56-2.44 (m, 2H); 13C-

NMR (150 MHz, CDCl3): d 170.5, 134.3, 132.5, 131.2, 130.7, 127.9, 124.1, 92.7, 80.2, 30.4 (t, 1JCF = 21.7 Hz), 11.9 

(t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 118.3 (s, 2F), 125.1 (s, 2F), 126.0 (s, 2F), 126.7 (s, 

2F), 129.3 (s, 2F); HRMS (EI): calcd for C17H9O2F13 (M+): 492.0395, found 492.0373. 

 

Reagent 33 

To a solution of benzoic acid 131b (248 mg, 0.50 mmol) in CH2Cl2 (5.0 mL) was added (COCl)2 (56 µL, 0.65 mmol) 

and DMF (10 µL, 0.13 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 h. 

The reaction mixture was concentrated under vacuo. To the residue was added CH2Cl2 (5.0 mL), pyridine (0.38 mL, 

5.0 mmol) and then alkyne cobalt complex 16 (128 mg, 0.38 mmol). The reaction mixture was stirred at the same 

temperature for 2 h. The reaction mixture was quenched with water (10 mL), extracted with CH2Cl2 (15 mL × 3). The 

combined organic layers were dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified 

by silica gel column chromatography (AcOEt : Hexane = 1 : 100) to give reagent 33 (257 mg, 0.31 mmol, 84% from 

16). 

 

33: red solid; IR (neat): 2029, 1733 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.01 (d, J = 7.6 Hz, 1H), 7.54 (d, J = 7.6 

Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 6.13 (s, 1H), 5.52 (s, 2H), 2.83 (t, J = 7.6 Hz, 2H), 2.61-

2.45 (m, 2H); 13C-NMR (150 MHz, CDCl3): d 199.1, 165.2, 134.4, 132.0, 131.1, 130.2, 127.7, 124.3, 92.0, 88.6, 

80.4, 72.1, 65.4, 30.5 (t, 1JCF = 23.1 Hz), 11.9 (t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 118.3 

(s, 2F), 125.0 (s, 2F), 125.9 (s, 2F), 126.6 (s, 2F), 129.2 (s, 2F); HRMS (ESI): calcd for C26H11O8Co2F13Na 

([M+Na]+): 838.8803, found 838.8793. 

 

2-4. Synthesis of reagent 127 
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Methyl 2-(5,5,6,6,7,7,8,8,8-nonafluorooct-1-yn-1-yl)benzoate (130a) 

To a solution of (π-allyl)2Pd2Cl2 (92 mg, 0.25 mmol), 1,3-di(1-adamantyl)imidazolium hydrochloride (IAd) (198 mg, 

0.5 mmol), CuI (216 mg, 1.12 mmol), and Cs2CO3 (2.28 g, 7.0 mmol) in DMF-Et2O (1:2) (10 mL) was added alkyne 

129 (0.92 mL, 3.75 mmol) and 2-(nonafluorobutyl)ethyl iodide (0.86 mL, 5.0 mmol) at room temperature. The 

reaction mixture was stirred at 40 °C for 24 h, the reaction mixture was concentrated under vacuo and purified by 

column chromatography on silica gel (CH2Cl2 : Hexane = 1 : 30 to 1 : 8) to give alkyne 130a (1.08 g, 2.70 mmol, 

53% from 129).   

 

130a: yellow oil; IR (neat): 2955, 1734 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.02 (d, J = 8.2 Hz, 1H), 7.70 (t, J = 

7.6 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.53 (d, J = 7.6 Hz, 1H), 3.88 (s, 3H), 3.37 (t, J = 7.6 Hz, 2H), 2.56-2.41 (m, 

2H); 13C-NMR (150 MHz, CDCl3): d 195.8, 193.3, 167.3, 138.2, 133.4, 131.5, 129.5, 129.2, 129.1, 52.9, 27.9, 24.8 

(t, 1JCF = 23.1 Hz); 19F-NMR (562 MHz, CDCl3): d 84.1 (s, 3F), 117.5 (s, 2F), 127.5 (s, 2F), 129.2 (s, 2F); HRMS 

(ESI): calcd for C11H11O2F9Na ([M+Na]+): 429.0508, found 429.0505. 

 

2-(5,5,6,6,7,7,8,8,8-Nonafluorooct-1-yn-1-yl)benzoic acid (131a) 

To a solution of benzoate 130a (274 mg, 0.67 mmol) in 2,2,2-trifluoroethanol (TFE) (1.8 mL) was added 2 M KOH 

(1.8 mL) at room temperature. The reaction mixture was and stirred at 50 °C for 16 h. To the mixture was added 1 M 

HCl (5 mL), and the resulting mixture was extracted with CH2Cl2 (10 mL × 3). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on 

silica gel (AcOEt : Hexane = 1 : 20) to give benzoic acid 131a (244 mg, 0.62 mmol, 92%).   

 

131a: white solid; mp. 82-84 °C; IR (neat): 1705 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.06 (d, J = 7.7 Hz, 1H), 7.56 

(d, J = 7.7 Hz, 1H), 7.51 (t, J = 7.7, 1H), 7.40 (t, J = 7.7 Hz, 1H), 2.82 (t, J = 7.7 Hz, 2H), 2.64-2.38 (m, 2H); 13C-

NMR (100 MHz, CDCl3): d 170.8, 134.3, 132.6, 131.2, 130.8, 127.9, 124.2, 92.7, 80.2, 30.3 (t, 1JCF = 21.3 Hz), 11.9 

(t, 2JCF = 4.9 Hz) ; 19F-NMR (562 MHz, CDCl3): d 84.1 (s, 3F), 118.5 (s, 2F) 127.6 (s, 2F), 129.1 (s, 2F); HRMS 

(EI): calcd for C15H9O2F9 (M+): 392.0459, found 392.0440. 
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Reagent 127 

To a solution of benzoic acid 131a (196 mg, 0.50 mmol) in CH2Cl2 (1.7 mL) was added (COCl)2 (58 µL, 0.65 mmol) 

and DMF (4.0 µL, 0.05 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 

h. The reaction mixture was concentrated under vacuo. To the residue was added CH2Cl2 (2.5 mL), pyridine (0.38 

mL, 5.0 mmol) and then alkyne cobalt complex 16 (128 mg, 0.38 mmol) at room temperature. The reaction mixture 

was stirred at the same temperature for 2 h. The reaction mixture was quenched with water (5 mL), extracted with 

CH2Cl2 (10 mL × 3). The combined organic layers were dried over MgSO4, filtered, and concentrated under vacuo. 

The residue was purified with silica gel column chromatography (AcOEt : Hexane = 1 : 100) to give reagent 127 

(231 mg, 0.32 mmol, 84% from 16). 

 

129: red oil; IR (neat): 2030, 1732 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.01 (d, J = 8.2 Hz, 1H), 7.54 (d, J = 7.5 Hz, 

1H), 7.47 (t, J = 7.5 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 6.13 (s, 1H), 5.53 (s, 2H), 2.82 (t, J = 6.8 Hz, 2H), 2.56-2.43 

(m, 2H); 13C-NMR (150 MHz, CDCl3): d 199.0, 165.2, 134.4, 132.0, 131.1, 130.2, 127.7, 124.3, 92.0, 88.6, 80.4, 

72.1, 65.4, 30.4 (t, 1JCF = 21.5 Hz), 11.9 (t, 2JCF = 5.7 Hz) ; 19F-NMR (562 MHz, CDCl3): d 84.1 (s, 3F), 118.6 (s, 

2F), 127.7 (s, 2F), 129.9 (s, 2F); HRMS (EI): calcd for C21H11F9O5Co2 ([M-3CO]+): 631.9127, found: 631.9111. 

 

2-5. Attempted synthesis of reagent 128 

 

 

2-(5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-Heptadecafluorododec-1-yn-1-yl)benzoate (130c) 

To a solution of (π-allyl)2Pd2Cl2 (28 mg, 75 µmol), IAd (56 mg, 0.15 mmol), CuI (65 mg, 0.34 mmol), Cs2CO3 (684 

mg, 2.1 mmol) in DMF-Et2O (1:2) (3 mL) was added alkyne 129 (0.16 mL, 1.1 mmol), 

1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-iododecane (861 mg, 1.5 mmol) at room temperature. The 

reaction mixture was stirred at 40 °C for 24 h and concentrated under vacuo and purified by column chromatography 

on silica gel (CH2Cl2 : Hexane = 1 : 30 to 1 : 8) to give alkyne 130c (327 mg, 0.54 mmol, 48% from 129).   

 

130c: yellow oil; IR (neat): 2926, 1735 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 7.6 Hz, 1H), 7.52 (d, J = 

8.3 Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 3.92 (s, 3H), 2.82 (t, J = 7.6 Hz, 2H), 2.57-2.44 (m, 

2H); 13C-NMR (150 MHz, CDCl3): d 166.6, 134.2, 132.0, 131.6, 130.3, 127.7, 123.6, 91.5, 80.4, 52.1, 30.6 (t, 1JCF 
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= 21.7 Hz), 11.9 (t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 117.8 (s, 2F), 1118.3 (s, 2F), 124.8 

(s, 2F), 125.0 (s, 2F), 125.8 (s, 2F), 126.6 (s, 2F), 129.2 (s, 2F); HRMS (EI): calcd for C20H11O2F17 (M+): 606.0488, 

found 606.0482. 

 

3-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluorodecyl)-1H-isochromen-1-one (132) 

To a solution of benzoate 130c (327 mg, 0.54 mmol) in TFE (1.5 mL) was added 2 M KOH (1.5 mL) at room 

temperature. The reaction mixture was stirred at the same temperature for 26 h. The mixture was added 1 M HCl (5 

mL), and the mixture was extracted with Et2O (15 mL × 2). The combined organic layers were dried over MgSO4, 

filtered, and concentrated under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : 

Hexane = 1 : 20) to give isocoumarin 132 (124 mg, 0.21 mmol, 39%). Carboxylic acid was not obtained. 

 

132: white solid; mp. 74-76 °C; IR (neat): 1718 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.27 (d, J = 7.5 Hz, 1H), 7.71 

(t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.39 (d, J = 8.2 Hz, 1H), 2.86 (t, J = 7.5 Hz, 2H), 2.62-2.49 (m, 2H); 13C-

NMR (150 MHz, CDCl3): d 162.4, 154.2, 136.9, 135.0, 129.7, 128.3, 125.3, 120.3, 104.2, 28.7 (t, 1JCF = 22.9 Hz), 

25.0 (t, 2JCF = 4.3 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 117.5 (s, 2F), 117.9 (s, 2F), 124.8 (s, 2F), 125.0 

(s, 2F), 125.8 (s, 2F), 126.5 (s, 2F), 129.2 (s, 2F); HRMS (EI): calcd for C19H9O2F17 (M+): 592.0331, found 592.0310. 

 

3. Reagent screening 

3-1. Reaction of reagent 29 with substrate 71 

 

To a solution of 29 (0.1 mmol), naproxen methyl ester 71 (0.2 mmol) and MS4A (50 mg) in CH2Cl2 (1.6 mL) was 

added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction mixture was stirred 

at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous NaHCO3 (2 mL), 

extracted with CH2Cl2 (4 mL × 2). The combined organic layers were dried over MgSO4, filtered, and concentrated 

under vacuo to give a crude mixture of 71, 30, 31, and 32. The ratio was determined by 1H-NMR used toluene as the 

internal standard. The analytical samples were obtained by extensive PTLC (AcOEt : hexane = 1 : 8). 

 

31: colorless oil; IR (neat): 1729 cm-1; 1H-NMR (400 Hz, CDCl3): d 8.25 (d, J = 7.7 Hz, 1H), 7.67 (td, J = 7.7 Hz, 

1.4 Hz, 1H), 7.45 (td, J = 7.7 Hz, 1.4 Hz, 1H), 7.30 (t, J = 7.7 Hz, 1H), 6.25 (s, 1H), 2.53 (t, J = 7.5 Hz, 2H), 1.70 

(quint, J = 7.5 Hz, 2H), 1.41 (sext,  J = 7.5 Hz, 2H), 0.95 (t, J = 7.5 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.1, 

165.6, 134.5, 131.8, 131.0, 130.1, 127.1, 125.2, 96.5, 88.7, 79.3, 72.2, 65.4, 30.8, 22.1, 19.6, 13.7; HRMS (EI): calcd 
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for C13H15O2 ([M+H]+): 203.1067, found 203.1063. 

 

32: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.33 (d, J = 7.6 Hz, 1H), 7.80 (t, J = 7.6 Hz, 1H), 

7.61 (t, J = 7.6, 1H), 7.52 (t, J = 7.6 Hz, 1H), 5.93 (s, 1H), 4.19 (s, 2H), 2.69 (t, J = 7.5 Hz, 2H), 1.77 (quint, J = 7.5 

Hz, 2H), 1.45 (sext, J = 7.5 Hz, 2H), 0.98 (t, J = 7.5 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.3, 162.2, 155.6, 

137.0, 134.5, 130.2, 127.7, 122.8, 120.8, 111.5, 93.1, 73.8, 30.9, 29.8, 22.5, 13.8; HRMS (EI): calcd for C19H16O5Co2 

([M-3CO]+): 441.9662, found 441.9668. 

 

3-2. Reaction of reagent 122 with substrate 71 

 

To a solution of 122 (0.1 mmol), naproxen methyl ester 71 (0.2 mmol) and MS4A (50 mg) in CH2Cl2 (1.6 mL) was 

added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction mixture was stirred 

at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous NaHCO3 (2 mL), 

extracted with CH2Cl2 (4 mL × 2). The combined organic layers were dried over MgSO4, filtered, and concentrated 

under vacuo to give crude mixture of 71, 30, 125, and 126. The ratio was determined by 1H-NMR used toluene as 

the internal standard. The analytical samples were obtained by PTLC (AcOEt : Hexane 1 : 8). 

 

125: gray solid; IR (solid): 1765 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 7.6 Hz, 1H), 7.73 (d, J = 4.1 Hz, 

2H), 7.60-7.58 (m, 2H), 5.25 (d, J = 3.4 Hz, 1H), 4.23 (d, J = 3.4 Hz, 1H); 13C-NMR (150 MHz, CDCl3): d 166.8, 

131.8, 139.0, 134.4, 130.5, 125.3, 125.2, 120.6, 91.2; HRMS (ESI): calcd for C9H6O2Na ([M+Na]+): 169.0260, found 

160.0255. 

 

126: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.98 (d, J = 7.8 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 

7.75 (t, J = 7.8 Hz, 1H), 7.61 (t, J = 7.4 Hz, 1H), 6.09 (s, 1H), 6.01 (t, J = 8.3 Hz, 1H), 4.11 (d, J = 8.3 Hz, 2H); 13C-

NMR (100 MHz, CDCl3): d 199.3, 166.5, 146.8, 137.6, 134.5, 130.3, 126.4, 125.9, 122.9, 110.8, 93.2, 72.8, 30.5; 

HRMS (ESI): calcd for C18H8O8Co2Na ([M+Na]+): 492.8775, found 492.8765. 
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3-3. Reaction of reagent 127 with naproxen methyl ether 

 

To a solution of 127 (71.6 mg, 0.1 mmol), naproxen methyl ester 71 (60.6 mg, 0.2 mmol) and MS4A (50 mg) in 

CH2Cl2 (1.6 mL) was added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction 

mixture was stirred at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous 

NaHCO3 (2 mL), extracted with CH2Cl2 (7 mL × 3). The combined organic layers were dried over MgSO4, filtered, 

and concentrated under vacuo to give crude mixture of 30 and 71 and 133. The ratio was determined by 1H-NMR 

used toluene as the internal standard. The analytical samples were obtained by PTLC (AcOEt : Hexane 1 : 8). 

 

133: white solid; mp. 50-52 °C; IR (neat): 1734 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.27 (d, J = 8.2 Hz, 1H), 7.71 

(t, J = 7.6 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.39 (d, J = 7.6 Hz, 1H), 6.37 (s, 1H), 2.86 (t, J = 7.6 Hz, 2H), 2.65-2.47 

(m, 2H); 13C-NMR (150 MHz, CDCl3): d 162.3, 154.2, 136.9, 135.0, 129.7, 128.3, 125.3, 120.3, 104.3, 28.6 (t, 1JCF 

= 21.7 Hz), 25.0 (t, 2JCF = 4.3 Hz); HRMS (EI): calcd for C15H9F9O2 (M+): 392.0459, found 392.0477. 

 

3-4. Reaction of reagent 33 with naproxen methyl ether 

 

To a solution of 33 (81.6 mg, 0.1 mmol), naproxen methyl ester 71 (60.6 mg, 0.2 mmol) and MS4A (50 mg) in 

CH2Cl2 (1.6 mL) was added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction 

mixture was stirred at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous 

NaHCO3 (2 mL), extracted with CH2Cl2 (7 mL × 3). The combined organic layers were dried over MgSO4, filtered, 

and concentrated under vacuo to give crude mixture of 30 and 34 and 71. The ratio was determined by 1H-NMR used 

toluene as the internal standard. The analytical samples were obtained by PTLC (AcOEt : Hexane 1 : 8). 

 

34: white solid; mp. 54-56 °C; IR (neat): 1736 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.28 (d, J = 8.2 Hz, 1H), 7.71 

(t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.39 (d, J = 7.5 Hz, 1H), 6.38 (s, 1H), 2.87 (t, J = 8.2 Hz, 2H), 2.61-2.48 

(m, 2H); 13C-NMR (150 MHz, CDCl3): d 162.3, 154.2, 136.9, 135.0, 129.7, 128.3, 125.3, 120.3, 104.2, 28.7 (t, 1JCF 

= 22.9 Hz), 25.0 (t, 2JCF = 4.3 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 117.9 (s, 2F), 125.0 (s, 2F), 126.0 (s, 
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2F), 126.5 (s, 2F), 129.2 (s, 2F) ;  HRMS (EI): calcd for C17H9F13O2 (M+): 492.0395, found: 492.0366. 

 

4. Synthesis of gold catalyst E2 

 
To CH2Cl2 (5.2 mL) was added gold catalyst E2 (164 mg, 0.3 mmol), AgNTf2 (116 mg, 0.3 mmol) at room 

temperature. The reaction mixture was stirred at the same temperature for 24 h. AgCl was removed by filtration 

through Celite and concentrated under vacuo to give gold catalyst E3 (211 mg, 0.27 mmol, 89%). 

 

E3: white crystal; IR (neat): 1590, 1496 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.55-7.44 (m, 2H), 7.30-7.19 (m, 

2H) ; 13C-NMR (100 MHz, CDCl3): d 165.5 (dd, 1JCF = 257.2 Hz, 1JCP = 3.3 Hz), 136.3 (dd, 2JCP = 15.6 Hz, 2JCF = 

9.0 Hz), 122.7 (dd, 3JCP = 69.6 Hz, 3JCF = 3.3 Hz), 119.4 (q, 5JCF = 322.8 Hz), 117.5 (dd, 4JCF = 22.1 Hz, 4JCP = 13.9 

Hz);  HRMS (EI): calcd for C20H12F9NO4PS2Au (M+): 792.9467, found: 792.9479. 

 

Functionalization  

Procedure A; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled to 

room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 

33 (50 mg, 60 µmol), and DCE (1.0 mL) at room temperature. To the reaction mixture was added (4-F-

C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 

with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by silica gel column 

chromatography to give a desired product. 

Procedure B; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled to 

room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 

33 (50 mg, 60 µmol), DCE (1.0 mL), and HFIP (0.1 mL) at room temperature. To the reaction mixture was added (4-

F-C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 

with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by silica gel column 

chromatography to give a desired product. 

Procedure C; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled 

to room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 

33 (61 mg, 75 µmol), DCE (1.0 mL), and HFIP (0.1 mL) at room temperature. To the reaction mixture was added (4-

F-C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 

with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by silica gel column 

F PAuNTf2
3

F PAuCl
3

AgNTf2 (1 eq.)

CH2Cl2, rt, 24 h
89%

E2 E3
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chromatography to give a desired product. 

Procedure D; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled 

to room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 

33 (50 mg, 60 µmol), and DCE (1.0 mL) at room temperature. To the reaction mixture was added (4-F-

C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 

with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by silica gel column 

chromatography. After concentrated under vacuo, the residue was purified fluorous silica gel chromatography (H2O : 

MeOH = 1 : 4). Fraction was extracted with CH2Cl2 (3 mL × 3) and then dried over MgSO4, filtered, and concentrated 

under vacuo to give a desired product. 

 

Functionalization of 2-methoxynaphthalene (135) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 136 (23.8 mg, 49.3 µmol, 99%). 

 

136: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.95 (d, J = 8.7 Hz, 1H), 7.82-7.74 (m, 2H), 7.52 

(brt, J = 7.2 Hz, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.26 (d, J = 8.7 Hz, 1H), 5.93 (s, 1H), 4.63 (s, 2H), 3.97 (s, 3H) ; 13C-

NMR (100 MHz, CDCl3): d 199.8, 154.1, 132.7, 129.2, 128.9, 128.7, 126.5, 123.3, 123.2, 121.3, 112.4, 96.4, 73.6, 

55.6, 29.0 ;  HRMS (EI): calcd for C19H12O6Co2 ([M-CO]+): 453.9298, found: 453.9312. 

 

Functionalization of 2-isopropoxynaphthalene (137) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 138 (30.0 mg, 48.9 µmol, 98%). 

138: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.95 (d, J = 8.2 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 

7.73 (d, J = 9.2 Hz, 1H), 7.52 (t, J = 8.2 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.23 (d, J = 9.2 Hz, 1H), 5.91 (s, 1H), 4.72 

(quint, J = 6.3 Hz, 1H), 4.63 (s, 2H), 1.42 (d, J = 6.3 Hz, 6H) ; 13C-NMR (100 MHz, CDCl3): d 199.9, 152.7, 132.8, 

129.2, 128.7, 128.6, 126.4, 123.41, 123.36, 122.6, 115.4, 96.4, 73.9, 71.3, 29.6, 22.4;  HRMS (EI): calcd for 

OMe
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C19H18O4Co2 ([M-5CO]+): 369.9814, found: 369.9786. 

 

Functionalization of 2-phenoxynaphthalene (139) 

 

Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 140 (26.2 mg, 48.2 µmol, 96%). 

 

140: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.08 (d, J = 8.7 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 

7.74 (d, J = 8.7 Hz, 1H), 7.60 (dt, J = 7.7 Hz, J = 1.0 Hz, 1H), 7.47 (t, J = 7.5 Hz, 1H), 7.33 (t, J = 7.5 Hz, 2H), 7.14 

(d, J = 7.7 Hz, 1H), 7.09 (t, J = 7.5 Hz, 1H), 6.98 (d, J = 7.7 Hz, 2H), 5.91 (s, 1H), 4.63 (s, 2H) ; 13C-NMR (100 

MHz, CDCl3): d 199.6, 157.8, 151.0, 132.7, 131.1, 129.8, 129.2, 128.8, 126.7, 125.9, 124.9, 123.9, 122.8, 119.9, 

117.6, 95.5, 73.7, 29.8;  HRMS (EI): calcd for C22H14O4Co2 ([M-3CO]+): 459.9556, found: 459.9544. 

 

Functionalization of 2-(benzyloxy)naphthalene (S20) 

 

Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane to CH2Cl2 : Hexane = 1 : 50) to give 142 (26.7 mg, 47.8 µmol, 96%). 

 

142: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.99 (d, J = 8.2 Hz, 1H), 7.78 (d, J = 8.2 Hz, 1H), 

7.75 (d, J = 9.2 Hz, 1H), 7.53 (dt, J = 8.2 Hz, J = 1.2 Hz, 1H), 7.51-7.45 (m, 2H), 7.43-7.32 (m, 4H), 7.30 (d, J = 9.2 

Hz, 1H), 5.90 (s, 1H), 5.26 (s, 2H), 4.68 (s, 2H); 13C-NMR (100 MHz, CDCl3): d 199.7, 153.4, 137.1, 132.7, 129.4, 

128.9, 128.64, 128.59, 127.9, 127.3, 126.6, 123.6, 123.4, 122.1, 114.2, 96.1, 73.9, 70.9, 29.5;  HRMS (EI): calcd for 

C23H16O4Co2 ([M-3CO]+): 473.9713, found: 473.9738. 

 

Functionalization of 2-allyl-6-methoxynaphthalene (143) 

 

140139
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Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 144 (24.5 mg, 46.8 µmol, 94%). 

 

144: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.88 (d, J = 8.7 Hz, 1H), 7.72 (d, J = 8.7 Hz, 1H), 

7.57 (s, 1H), 7.38 (d, J = 8.7 Hz, 1H), 7.22 (d, J = 9.2 Hz, 1H), 6.13-5.98 (m, 1H), 5.92 (s, 1H), 5.14 (d, J = 5.8 Hz, 

1H), 5.10 (s, 1H), 4.61 (s, 2H), 3.96 (s, 3H), 3.52 (d, J = 6.3 Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 199.8, 153.7, 

137.4, 134.8, 131.3, 129.3, 128.4, 128.1, 127.4, 123.3, 121.1, 116.0, 112.5, 96.4, 73.6, 55.6, 40.0, 29.0;  HRMS (EI): 

calcd for C18H16O2Co2 ([M-5CO]+): 381.9814, found: 381.9833. 

 

Functionalization of 2-bromo-6-methoxynaphthalene (145) 

 

Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 146 (25.2 mg, 44.9 µmol, 90%). 

 

146: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.94 (d, J = 1.4 Hz, 1H), 7.82 (d, J = 9.2 Hz, 1H), 

7.70 (d, J = 9.2 Hz, 1H), 7.58 (dd, J = 9.2 Hz, J = 1.4 Hz, 1H), 7.28 (s, 1H), 5.92 (s, 1H), 4.59 (s, 2H), 3.97 (s, 3H); 
13C-NMR (100 MHz, CDCl3): d 199.7, 154.3, 131.1, 130.5, 130.2, 129.8, 128.0, 125.0, 121.5, 117.0, 113.4, 95.7, 

73.4, 55.6, 28.8; HRMS (EI): calcd for C16H11
79BrO3Co2 ([M-4CO]+): 447.8556, found: 447.8568. 

 

Functionalization of 2-acetyl-6-methoxynaphthalene (147) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 50 to 1 : 20) to give 148 (19.5 mg, 37.2 µmol, 74%). 

 

148: red oil; IR (neat): 2017, 1677 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.42 (s, 1H), 8.08 (dd, J = 9.2 Hz, 1.9 Hz, 

1H), 7.99 (d, J = 9.2 Hz, 1H), 7.92 (d, J = 9.2 Hz, 1H), 7.33 (d, J = 9.2 Hz, 1H), 5.93 (s, 1H), 4.63 (s, 2H), 4.00 (s, 

3H), 2.71 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 197.7, 156.3, 135.0, 132.3, 131.2, 130.9, 127.9, 124.6, 

123.6, 121.6, 113.1, 95.6, 73.5, 55.6, 28.8, 26.5; HRMS (EI): calcd for C17H14O3Co2 ([M-5CO]+): 383.9607, found: 

383.9607. 
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Functionalization of 2-methoxy-6-((methoxymethoxy)methyl)naphthalene (149) 

 

Procedure D was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 50) and then fluorous silica gel column chromatography to 

give 150 (16.1 mg, 29 µmol, 58%). 

 

150: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.94 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 9.2 Hz, 1H), 

7.76 (s, 1H), 7.52 (dd, J = 9.2 Hz, J = 1.9 Hz, 1H), 7.25 (d, J = 9.2 Hz, 1H), 5.92 (s, 1H), 4.75 (s, 2H), 4.74 (s, 2H), 

4.62 (s, 2H), 3.97 (s, 3H), 3.45 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.8, 154.2, 132.6, 132.2, 128.92, 128.88, 

127.6, 126.7, 123.6, 121.2, 112.6, 96.2, 73.5, 69.2, 55.6, 55.4, 29.0; HRMS (EI): calcd for C20H18O6Co2 ([M-3CO]+): 

471.9767, found: 471.9776. 

 

Functionalization of tert-butyl((6-methoxynaphthalen-2-yl)methoxy) dimethylsilane (151) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 

silica gel column chromatography (CHCl3 : Hexane = 1 : 20 to  CHCl3 : Hexane = 1 : 15) to give 152 (29.0 mg, 

quant.). 

  

152: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.91 (d, J = 8.7 Hz, 1H), 7.76 (d, J = 8.7 Hz, 1H), 

7.71 (s, 1H), 7.48 (dd, J = 8.7 Hz, J = 1.0 Hz, 1H), 7.23 (d, J = 8.7 Hz, 1H), 5.92 (s, 1H), 4.88 (s, 2H), 4.62 (s, 2H), 

3.96 (s, 3H), 0.97 (s, 9H), 0.13 (s, 6H); 13C-NMR (100 MHz, CDCl3): d 199.8, 153.9, 136.3, 131.9, 129.0, 128.8, 

125.5, 125.3, 123.2, 121.2, 112.4, 96.4, 73.5, 65.1, 55.6, 29.1, 26.0, 18.5, -5.2; HRMS (EI): calcd for C25H28O6SiCo2 

([M-2CO]+): 570.0319, found: 570.0313. 
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Functionalization of ((6-methoxynaphthalen-2-yl)methoxy)trimethylsilane (153) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (CHCl3 : Hexane = 1 : 20 to  CHCl3 : Hexane = 1 : 15) to give 154 (<10.46 mg, 

<17.9 µmol, <36%). 

To a solution of 154 (<10.46 mg, <17.9 µmol, <36%) in MeOH (2.0 mL) was added K2CO3 (10 mg, 7.23 µmol) at 

room temperature. The reaction mixture was stirred for 90 min at the same temperature. The solution was quenched 

with saturated aqueous NH4Cl (1 mL) and extracted with CH2Cl2 (3 mL × 3). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on 

silica gel (AcOEt : Hexane = 1 : 30 to AcOEt : Hexane = 1 : 4) to give E4 (7.86 mg, 15.3 µmol, 31% over 2 steps) 

  

E4: red oil; IR (neat): 3321, 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.95 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 9.2 Hz, 

1H), 7.76 (s, 1H), 7.53 (d, J = 8.7 Hz, 1H), 7.25 (d, J = 8.7 Hz, 1H), 5.92 (s, 1H), 4.84 (s, 2H), 4.62 (s, 2H), 3.97 (s, 

3H), 1.70 (brs, 1H); 13C-NMR (100 MHz, CDCl3): d 199.8, 154.2, 135.7, 132.2, 129.0, 128.9, 126.4, 126.0, 123.7, 

121.3, 112.7, 96.3, 73.5, 65.4, 55.6, 29.0; HRMS (EI): calcd for C16H14O3Co2 ([M-5CO]+): 371.9607, found: 

371.9633. 

 

Functionalization of tert-butyl ((6-methoxynaphthalen-2-yl)methyl)(methyl) carbamate (155) 

 

Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 50 to 1 : 20) to give 156 (23.8 mg, 38.0 µmol, 76%). 

 

156 (a mixture of two rotamers): red oil; IR (neat): 2019, 1694 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 8.9 

Hz, 1H), 7.74 (d, J = 8.9 Hz, 1H), 7.58 (brs, 1H), 7.41 (brs, 1H), 7.27-7.23 (m, 1H), 5.93 (s, 1H), 4.62 (s, 2H), 4.55 

(brs, 2H), 3.97 (s, 3H), 2.88 (brs, 1.5H), 2.80 (brs, 1.5H), 1.49 (s, 9H); 13C-NMR (150 MHz, CDCl3): d 199.8, 156.3, 

155.9, 154.1, 133.0, 131.9, 129.0, 128.6, 127.5, 127.4, 127.3, 126.7, 126.2, 123.7, 121.3, 112.7, 96.3, 79.8, 73.5, 55.6, 

52.6, 51.8, 33.9, 33.8, 29.0, 28.5;  HRMS (FAB): calcd for C22H25NO4Co2 ([M-5CO]+): 485.0448, found: 485.0455. 
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Functionalization of (9H-fluoren-9-yl)methyl ((6-methoxynaphthalen-2-yl)methyl)(methyl)carbamate (157) 

 

Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 30 to 1 : 10) to give 158 (35.4 mg, 49.9 µmol, 99%). 

 

158 (a mixture of two rotamers): red oil; IR (neat): 2019, 1702 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 8.9 

Hz, 0.5H), 7.87 (d, J = 8.2 Hz, 0.5H), 7.82-7.68 (m, 3H), 7.63 (brs, 1.5H), 7.51 (brd, J = 8.2 Hz, 1.5H), 7.41 (t, J = 

6.8 Hz, 1.5H), 7.38-7.29 (m, 2H), 7.26 (d, J = 6.8 Hz, 1H), 7.18 (brd, J = 6.8 Hz, 1.5H), 5.92 (s, 1H), 4.69-4.59 (m, 

3H), 4.57-4.46 (m, 3H), 4.31 (brs, 0.5H), 4.25 (brs, 0.5H), 3.97 (s, 3H), 2.92 (brs, 1.5H), 2.88 (brs, 1.5H) ; 13C-NMR 

(150 MHz, CDCl3): d 199.8, 156.8, 156.4, 154.2, 144.0, 141.4, 132.2, 132.0, 128.9, 128.7, 127.7, 127.6, 127.4, 127.0, 

126.7, 126.1, 125.0, 124.9, 123.9, 121.3, 120.0, 112.7, 96.2, 73.5, 67.5, 55.6, 52.5, 52.2, 47.4, 34.4, 33.4, 29.7, 29.0;  

HRMS (FAB): calcd for C34H27NO6Co2 ([M-3CO]+): 663.0502, found: 663.0504. 

 

Functionalization of 3-methylbenzofuran (159) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 160 (17.8 mg, 39.0 µmol, 78%). 

 

160: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.45 (dd, J = 6.8 Hz, 1.4 Hz, 1H), 7.38 (dd, J = 

6.8 Hz, 1.4 Hz, 1H), 7.24 (d, J = 7.2 Hz, 1.9 Hz, 1H), 7.20 (dt, J = 7.2 Hz, 1.4 Hz, 1H), 6.09 (s, 1H), 4.23 (s, 2H), 

2.23 (s, 3H) ; 13C-NMR (100 MHz, CDCl3): d 199.4, 153.9, 150.9, 129.8, 123.9, 122.2, 119.1, 111.1, 110.9, 93.3, 

73.1, 30.4, 7.9;  HRMS (EI): calcd for C17H10O7Co2 ([M-5CO]+): 427.9141, found: 427.9161. 

 

Functionalization of 3-metylbenzothiophene (161) 

 

Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 162 (16.2 mg, 34.2 µmol, 68%). 
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31: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.77 (d, J = 8.2 Hz, 1H), 7.63 (d, J = 7.7 Hz, 1H), 

7.36 (t, J = 7.7 Hz, 1H), 7.30 (t, J = 7.7 Hz, 1H), 6.10 (s, 1H), 4.37 (s, 2H), 2.40 (s, 3H); 13C-NMR (100 MHz, 

CDCl3): d 199.4, 140.3, 138.3, 136.5, 128.1, 124.2, 124.0, 122.2, 121.7, 95.1, 73.6, 32.7, 11.7; HRMS (EI): calcd for 

C17H10O5SCo2 ([M-CO]+): 443.8913, found: 443.8926. 

 

Functionalization of 1-methylindole (59) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 60 (15.7 mg, 34.4 µmol, 69%). 

 

Functionalization of 1-methoxynaphthalene (163) 

 

Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 

silica gel column chromatography (Hexane) to give 164 (16.6 mg, 34.7 µmol, 69%), 165 (5.17 mg, 10.7 µmol, 21%), 

166 (3.22 mg, 4.2 µmol, 8%). 

 

164: red oil; IR (neat): 2016 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.30 (d, J = 8.2 Hz, 1H), 8.01 (d, J = 8.2 Hz, 1H), 

7.58 (t, J = 7.2 Hz, 1H), 7.50 (t, J = 7.2 Hz, 1H), 7.30 (d, J = 7.2 Hz, 1H), 6.74 (d, J = 7.2 Hz, 1H), 5.94 (s, 1H), 4.49 

(s, 2H), 3.98 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.6, 155.2, 132.2, 128.8, 126.9, 126.5, 126.1, 125.1, 123.7, 

122.8, 103.3, 97.4, 73.7, 55.5, 37.5; HRMS (EI): calcd for C15H12O2Co2 ([M-5CO]+): 341.9501, found: 341.9494. 

 

165: red oil; IR (neat): 2020 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.10 (d, J = 8.2 Hz, 1H), 7.82 (d, J = 8.2 Hz, 1H), 

7.61 (d, J = 8.2 Hz, 1H), 7.54-7.43 (m, 2H), 7.46 (dt, J = 8.2 Hz, J = 1.5 Hz, 1H), 7.38 (d, J = 8.2 Hz, 1H), 6.07 (s, 

1H), 4.30 (s, 2H), 3.99 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 153.7, 134.4, 128.4, 128.2, 128.1, 126.0, 

125.7, 125.6, 124.3, 122.3, 96.6, 73.6, 62.2, 34.3; HRMS (EI): calcd for C15H12O2Co2 ([M-5CO]+): 341.9501, found: 

341.9510. 

 

166: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.15-8.10 (m, 1H), 8.06-8.01 (m, 1H), 7.58-7.50 

(m, 2H), 7.30 (s, 1H), 6.05 (s, 1H), 5.97 (s, 1H), 4.51 (s, 2H), 4.28 (s, 2H), 3.90 (s, 3H); 13C-NMR (100 MHz, CDCl3): 
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d 199.7, 153.5, 133.1, 132.0, 129.2, 128.7, 127.9, 126.02, 125.99, 124.3, 123.1, 96.8, 96.2, 73.8, 73.5, 62.2, 37.3, 

34.3; HRMS (EI): calcd for C28H14O12Co4 ([M-CO]+): 777.7813, found: 777.7826. 

 

Functionalization of naproxen methyl ester (71) 

 

Procedure D was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 30), and then fluorous silica gel column chromatography 

to give 30 (27.5 mg, 48.4 µmol, 97%).  

 

Functionalization of O-methyl estrone (25) 

 
Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 20) to give a mixture of 26 and 27 (62.02 mg).  

 

Functionalization of indometacin methyl ester (72) 

 

Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 50 to AcOEt : Hexane = 1 : 20) to give 73 (15.6 mg, 22.5 

µmol, 45%) and 74 (14.52 mg, 20.9 µmol, 42%).  
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Functionalization of mestranol (36) 

 

Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (Pentane) to give a mixture of 52 and 53 (12.56 mg) and a mixture of 55 and 56 

(21.98 mg). 

 

Functionalization of podophylltoxin TBS ether (37). 

 

Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (AcOEt : Hexane = 1 : 50 to 1 : 4) to give 90 (9.58 mg, 11.2 µmol, brsm 99%). 

 

Functionalization of guaiazulene (38) 

 
Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 

silica gel column chromatography (Pentane) to give 168 (9.05 mg, 19.2 µmol, 38%). 

 

168: black oil; IR (neat): 2021 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.06 (d, J = 2.0 Hz, 1H), 7.48 (s, 1H), 7.30 (d, 

J = 11.0 Hz, 1H), 6.90 (d, J = 11.0 Hz, 1H), 5.99 (s, 1H), 4.71 (s, 2H), 3.09-2.96 (m, 4H), 2.58 (s, 3H), 1.33 (d, J = 
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6.8 Hz, 6H); 13C-NMR (150 MHz, CDCl3): d 199.8, 144.6, 140.5, 139.6, 138.2, 134.6, 133.7, 131.8, 126.7, 126.0, 

124.5, 99.6, 73.9, 37.7, 36.2, 26.5, 24.5, 12.7; HRMS (EI): calcd for C24H20O6Co2 ([M]+): 521.9924, found: 521.9934. 

 

7. Decomplexation of dicobalt hexacarbonyl complexes 

Decomplexation of 136 

 

To solution of functionalized compound 136 (5.32 mg, 35 µmol) in THF (0.35 mL) and DMF (0.35 mL) was 

dropwised 1 M TBAF in THF (0.14 mL, 0.14 mmol) at room temperature. The reaction mixture was stirred at the 

same temperature for 2 h. The solution was quenched with saturated aqueous NH4Cl (1 mL) at room temperature and 

extracted with Et2O (5 mL × 3). The combined organic layers were dried over MgSO4, filtered, and concentrated 

under vacuo. The residue was purified by column chromatography on silica gel (Hexane) to 171 (5.32 mg, 27.1 µmol, 

78%). 

 

171: white solid; IR (neat): 3291 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.06 (d, J = 8.3 Hz, 1H), 7.88-7.72 (m, 2H), 

7.54 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 7.3 Hz, 1H), 7.28 (d, J = 8.8 Hz, 1H), 4.00 (d, J = 2.9 Hz, 2H), 3.98 (s, 3H), 1.97 

(t, J = 2.9 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 154.0, 132.6, 129.3, 129.0, 128.5, 126.8, 123.6, 123.3, 117.7, 

113.6, 82.9, 67.9, 56.9, 14.4;  HRMS (EI): calcd for C14H12O ([M]+): 196.0888, found: 196.0895. 

 

1-Pot propargylation 

1-Pot propargylation of 151 

 
A solution of reagent 33 (50 mg, 60 µmol), 151 (50 µmol) and MS4A (50 mg) in DCE (1.0 mL) was added (4-F-

C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol) at room temperature. The reaction mixture was stirred at the same temperature 

for 15 min. The reaction mixture was concentrated in vacuo. The residue was dissolved in THF (0.5 mL) and DMF 

(0.5 mL) and dropwised 1 M TBAF in THF (0.25 mL, 0.25 mmol) at room temperature. The reaction mixture was 

stirred at the same temperature for 3 h. The solution was quenched with saturated aqueous NH4Cl (2 mL) at room 
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temperature and extracted with Et2O (5 mL × 3). The combined organic layers were dried over MgSO4, filtered, and 

concentrated under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : Hexane = 1 : 

20 to 1 : 4) to 172 (9.10 mg, 40.2 µmol, 80%). 

 

172: white solid; IR (neat): 3407 (br), 3288 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.07 (d, J = 8.7 Hz, 1H), 7.83-7.75 

(m, 2H), 7.55 (dd, J = 9.2 Hz, J = 1.4 Hz, 1H), 7.34 (d, J = 9.2 Hz, 1H), 4.84 (s, 2H), 4.03-3.95 (m, 5H), 1.98 (t, J = 

2.7 Hz, 1H), 1.70 (brs, 1H); 13C-NMR (100 MHz, CDCl3): d 154.1, 136.0, 132.2, 129.2, 128.9, 126.2, 123.9, 120.3, 

117.7, 113.9, 82.8, 67.9, 65.4, 56.8, 14.4;  HRMS (EI): calcd for C15H14O2 ([M]+): 226.0994, found: 226.0991. 

 

1-Pot propargylation of 71 

 
A solution of reagent 33 (50 mg, 60 µmol), 71 (50 µmol) and MS4A (50 mg) in DCE (1.0 mL) was added (4-F-

C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol) at room temperature. The reaction mixture was stirred at the same temperature 

for 15 min. The reaction mixture was concentrated in vacuo. The residue was dissolved in THF (0.5 mL) and DMF 

(0.5 mL) and dropwised 1 M TBAF in THF (0.15 mL, 0.15 mmol) at room temperature. The reaction mixture was 

stirred at the same temperature for 3 h. The solution was quenched with saturated aqueous NH4Cl (2 mL) at room 

temperature and extracted with Et2O (5 mL × 3). The combined organic layers were dried over MgSO4, filtered, and 

concentrated under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : Hexane = 1 : 

50 to 1 : 30) and then fluorous silica gel column chromatography to give 100 (11.4 mg, 40.5 µmol, 81%).  

 

Synthesis of substrates 

Tert-butyl((6-methoxynaphthalen-2-yl)methoxy)dimethylsilane (151) 

 

To a solution of alcohol E5 (94 mg, 0.5 mmol) and imidazole (64 mg, 1.0 mmol) in DMF (1.7 mL) was added TBSCl 

(150 mg, 1.0 mmol) at 0 °C. The reaction mixture was stirred for 6 h at room temperature. The solution was quenched 

with saturated aqueous NH4Cl (2 mL) at 0 °C and extracted with Et2O (5 mL × 3). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was concentrated under vacuo and purified 
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by column chromatography on silica gel (AcOEt : Hexane = 1 : 30) to give TBS ether 151 (153 mg, quant.). 

 

151: white solid; IR (neat): 1606 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.76-7.67 (m, 3H), 7.45 (d, J = 8.7 Hz, 1H), 

7.13 (dd, J = 7.2 Hz, J = 2.4 Hz, 1H), 7.12 (s, 1H), 4.86 (s, 2H), 3.92 (s, 3H), 0.96 (s, 9H), 0.12 (s, 6H); 13C-NMR 

(100 MHz, CDCl3): d 157.4, 136.8, 133.8, 129.3, 128.8, 126.7, 125.3, 124.4, 118.7, 105.8, 65.2, 55.3, 26.0, 18.5, -

5.2;  HRMS (EI): calcd for C18H26O2Si (M+): 302.1702, found: 302.1703. 

 

((6-Methoxynaphthalen-2-yl)methoxy)trimethylsilane (153) 

 

To a solution of alcohol E5 (94 mg, 0.5 mmol) and imidazole (136 mg, 2.0 mmol) in DMF (3.3 mL) was dropwised 

TMSCl (0.19 mL, 1.5 mmol) at 0 °C. The reaction mixture was stirred for 1.5 h at room temperature. The solution 

was quenched with H2O (2 mL) at 0 °C and extracted with Hexane (5 mL × 2). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on 

silica gel (AcOEt : Hexane = 1 : 100) to give TMS ether 153 (87.7 mg, 0.34 mmol, 67%). 

 

153: white solid; IR (neat): 1609 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.84-7.64 (m, 3H), 7.40 (dd, J = 8.5 Hz, J = 

1.4 Hz, 1H), 7.18-7.08 (m, 2H), 4.82 (s, 2H), 3.92 (s, 3H), 0.17 (s, 9H) ; 13C-NMR (100 MHz, CDCl3): d 157.5, 136.2, 

133.9, 129.3, 128.8, 126.9, 125.7, 125.0, 118.7, 105.7, 64.8, 55.3, -0.3;  HRMS (EI): calcd for C15H20O2Si (M+): 

260.1233, found: 260.1233. 

 

Tert-butyl ((6-methoxynaphthalen-2-yl)methyl)carbamate (155) 

 
To a solution of alcohol E6 (263 mg, 1.38 mmol), carbamate E5 (235 mg, 0.77 mmol), and PPh3 (367 mg, 1.54 

mmol) in benzene (4.5 mL) was dropwised ca. 2.2 M DEAD in toluene (0.71 mL, 1.56 mmol) at 0 °C. The reaction 

mixture was stirred overnight at room temperature. The solution was quenched with H2O (5 mL) at 0 °C and extracted 

with CH2Cl2 (7 mL × 3). The combined organic layers were dried over MgSO4, filtered, and concentrated under 

vacuo. The residue was purified by column chromatography on silica gel (CHCl3) to give carbamate E7 (crude). 

To a solution of carbamate E7 (crude) in DMF (4.0 mL) was added LiOH•H2O (130 mg, 3.08 mmol), and thioglycol 
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acid (0.11 mL, 1.54 mmol) at room temperature. The reaction mixture was stirred overnight. The solution was 

quenched with saturated aqueous NaHCO3 (5 mL) and extracted with Et2O (8 mL × 3). The combined organic layers 

were dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography 

on silica gel (AcOEt : Hexane = 1 : 5) to give carbamate E8 (156 mg, 0.54 mmol, 71% over 2 steps).  

 

E8: white solid; IR (neat): 3350 (br), 1697 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.71 (d, J = 8.7, 1H), 7.70 (d, J = 

8.7, 1H), 7.64 (s, 1H), 7.37 (d, J = 8.2 Hz, 1H), 7.20-7.08 (m, 2H), 4.87 (brs, 1H), 4.44 (d, J = 5.3 Hz, 2H), 3.92 (s, 

3H), 1.48 (s, 9H); 13C-NMR (100 MHz, CDCl3): d 157.5, 155.9, 134.0, 133.7, 129.0, 128.7, 127.0, 126.2, 125.7, 

118.8, 105.6, 79.2, 55.1, 44.6, 28.3;  HRMS (EI): calcd for C17H21NO3 (M+): 287.1521, found: 287.1504. 

 

To a solution of carbamate E8 (156 mg, 0.54 mmol) in DMF (1.8 mL) was added 60% NaH (82 mg, 1.4 mmol) at 

0 °C. The reaction mixture was stirred for 30 min at room temperature. The reaction mixture cooled to 0 °C and 

added MeI (86 µL, 1.0 mmol). The reaction mixture was allowed to room temperature and stirred for 5 h. The solution 

was quenched with saturated aqueous NH4Cl (2 mL) at 0 °C and extracted with Et2O (5 mL × 3). The combined 

organic layers were dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column 

chromatography on silica gel (AcOEt : Hexane = 1 : 10) to give carbamate 155 (149 mg, 0.49 mmol, 91%). 

 

155 (a mixture of two rotamers): yellowish oil; IR (neat): 1692 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.69 (d, J = 8.3, 

1H), 7.68 (d, J = 8.9, 1H), 7.56 (s, 1H), 7.32 (brs, 1H), 7.19-7.05 (m, 2H), 4.52 (s, 2H), 3.88 (s, 3H), 2.86 (brs, 1.5H), 

2.79 (brs, 1.5H), 1.50 (s, 9H); 13C-NMR (150 MHz, CDCl3): d 157.6, 156.2, 155.9, 133.8, 133.2, 129.1, 128.8, 127.2, 

126.6, 126.3, 126.0, 125.8, 118.9, 105.7, 79.7, 55.2, 52.7, 52.0, 33.8, 28.5;  HRMS (EI): calcd for C18H23NO3 (M+): 

301.1678, found: 301.1702. 

 

(9H-Fluoren-9-yl)methyl ((6-methoxynaphthalen-2-yl)methyl)(methyl)carbamate (S30) 

 

To a solution of carbamate 155 (160 mg, 0.53 mmol) in CH2Cl2 (5.3 mL) was dropwised TFA (0.41 mL, 5.3 mmol) 

at 0 °C. The reaction mixture was stirred at room temperature for 24 h. The solution was quenched with 1 M NaOH 

(10 mL) at 0 °C and extracted with CH2Cl2 (15 mL × 3). The combined organic layers were dried over MgSO4, 

filtered, and concentrated under vacuo to give amine E9 (73.8 mg, <0.36 mmol, <67%). 

To solution of crude in THF (3.6 mL) was added K2CO3 (150 mg, 1.09 mmol) and FmocCl (140 mg, 0.54 mmol) at 

0 °C. The reaction mixture was stirred at the same temperature overnight. The solution was quenched with saturated 

aqueous NH4Cl (5 mL) at 0 °C and extracted with Et2O (8 mL × 3). The combined organic layers were dried over 

MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on silica gel 
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(toluene : Hexane = 1 : 8) to give carbamate 157 (149 mg, 0.35 mmol, 66% over 2 steps). 

 

157 (a mixture of two rotamers): amorphous; IR (neat): 1699 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.85-7.56 (m, 

5H), 7.55-7.22 (m, 5H), 7.21-7.07 (m, 4H), 4.63 (s, 1H), 4.51 (s, 3H), 4.30 (brs, 0.5H), 4.25 (brs, 0.5H), 3.93 (s, 3H), 

2.92 (brs, 1.5H), 2.87 (brs, 1.5H) ; 13C-NMR (150 MHz, CDCl3): d 157.6, 156.7, 156.3, 144.03, 143.96, 141.3, 133.9, 

132.5, 132.3, 129.2, 128.7, 127.6, 127.3, 127.0, 126.5, 125.8, 125.7, 125.0, 124.8, 119.9, 118.9, 105.7, 67.4, 55.2, 

52.6, 52.2, 47.4, 47.3, 34.4, 33.4; HRMS (EI): calcd for C28H25NO3 (M+): 423.1834, found: 423.1815. 

 

<Chapter 3> 

Identification of difluoropropargyl bromide dicobalt complex 37 

 

To a solution of triisopropylsilyldifluorobromopropyne (36) (31.0 mg, 1.00 mmol) in CDCl3 (0.7 mL) was added 

Co2(CO)8 (53.2 mg, 1.56 mmol) and stirred at room temperature. After 3 h, the reaction mixture was monitored by 
19F-NMR and observed a new fluorine peak derived from 37. The analytical sample was obtained by silica gel column 

chromatography (hexane).  

 

37: red oil; IR (neat): 2033 cm-1; 1H-NMR (600 MHz, CDCl3): d 1.23 (s, 21H); 13C-NMR (150 MHz, CDCl3): d 

198.5, 118.4 (t, 1JCF = 299.1 Hz), 104.2 (t, 2JCF = 35.4 Hz), 74.6, 19.0, 14.0; 19F-NMR (560 MHz, CDCl3): d -27.7 

(s, 2F); HRMS (EI): calcd for C17H21
79BrCo2F2O5Si ([M-CO]+): 567.8974, found: 567.8952. 

 

Etherification of alcohol substrates 

Standard procedure for the etherification of alcohol substrates 

Procedure A: A solution of 36 (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) was stirred at room 

temperature. After 3 h, alcohol (0.1 mmol), triethylamine (0.15 mmol) and AgOTf (0.15 mmol) were added and 

stirred until completion of the reaction as monitored by TLC. The reaction mixture was diluted with saturated aqueous 

NaHCO3 (1 mL) and extracted with AcOEt (5mL × 2). The combined organic layers were washed with brine and 

dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column 

chromatography (Because desired products were converted to corresponded esters during silica gel column 

chromatography, the eluent containing 1% Et3N was used.). 

 

Procedure B: A solution of 36 (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) was stirred at room 

temperature. After 3 h, alcohol (0.1 mmol), DTBMP (0.15 mmol) and AgOTf (0.15 mmol) were added and stirred 

until completion of the reaction as monitored by TLC. The reaction mixture was diluted with saturated aqueous 
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NaHCO3 (1 mL) and extracted with AcOEt (5mL × 2). The combined organic layers were washed with brine and 

dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column 

chromatography (Because desired products were converted to corresponded esters during silica gel column 

chromatography, the eluent containing 1% Et3N was used.). 

 

Etherification of phenylethylalcohol 

The procedure A was followed with a reaction time of 10 min. The yield determined by 1H-NMR (99%). The 

analytical sample was purified by flash silica gel column chromatography (hexane containing 1% Et3N).  

When the procedure A was followed with a reaction time of 10 min without Et3N in CH2Cl2, Ester 175 was obtained 

(85%, 1H-NMR yield). The analytical sample was purified by flash silica gel column chromatography (AcOEt : 

hexane = 1 : 20). 

 

 

174: red oil; IR (neat): 2029 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.29 (t, J = 7.6 Hz, 2H), 7.25-7.19 (m, 3H), 4.26 

(t, J = 7.2 Hz, 2H), 2.98 (t, J = 7.2 Hz, 2H), 1.32-1.08 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.2, 137.4, 128.7, 

128.5, 126.6, 125.0 (t, 1JCF = 255.8 Hz), 101.3 (t, 2JCF = 49.9 Hz), 72.2, 64.9 (t, 3JCF = 5.1 Hz), 35.5, 18.8, 13.7; 19F-

NMR (560 MHz, CDCl3): d -60.2 (s, 2F); HRMS (EI): calcd for C25H30Co2F2O6Si ([M-CO]+): 610.0444, found: 

610.0418. 

 

 

175: red oil; IR (neat): 2029, 1708 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.29 (t, J = 7.2 Hz, 2H), 7.25-7.19 (m, 3H), 

4.49 (t, J = 7.0 Hz, 2H), 3.01 (t, J = 7.0 Hz, 2H), 1.25 (quint, J = 7.2 Hz, 3H), 1.15 (d, J = 7.2 Hz, 18H); 13C-NMR 

(150 MHz, CDCl3): d 199.1, 170.0, 137.4, 128.7, 128.5, 126.6, 95.6, 75.0, 66.5, 34.9, 18.8, 13.4; HRMS (EI): calcd 

for C21H30Co2O3Si ([M-5CO]+): 476.0628, found: 476.0628. 

 

Etherification of 4-methoxyphenethyl alcohol 

The procedure A was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 

chromatography (AcOEt : hexane = 1 : 50 containing 1% Et3N) to provide 176 (59.6 mg, 82.5 µmol, 84%). 
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176: red oil; IR (neat): 2029 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.14 (d, J = 8.2 Hz, 2H), 6.83 (d, J = 8.2 Hz, 2H), 

4.21 (t, J = 7.3 Hz, 2H), 3.79 (s, 3H), 2.91 (t, J = 7.3 Hz, 2H), 1.36-1.04 (m, 21H); 13C-NMR (100 MHz, CDCl3): 

d 199.2, 158.4, 129.7, 129.4, 124.9 (t, 1JCF = 256.1Hz), 113.9, 101.4 (t, 2JCF = 50.5 Hz), 72.2, 65.2 (t, 3JCF = 5.4 Hz), 

55.2, 34.7, 18.8, 13.7; 19F-NMR (560 MHz, CDCl3): d -60.2 (s, 2F); HRMS (EI): calcd for C21H32Co2F2O2Si ([M-

6CO]+): 500.0804, found: 500.0815. 

 

Etherification of 3-bromo-4-methoxy-phenethyl alcohol 

The procedure A was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 

chromatography (hexane containing 1% Et3N) to provide 177 (59.4 mg, 79.4 µmol, 79%). 

 

177: red oil; IR (neat): 2029 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.41 (d, J = 1.9 Hz, 1H), 7.13 (dd, J = 8.3 Hz, 1.9 

Hz, 1H), 6.82 (d, J = 8.3 Hz, 1H), 4.22 (t, J = 7.1 Hz, 2H), 3.87 (s, 3H), 2.90 (t, J = 7.1 Hz, 2H), 1.31-0.94 (m, 

21H); 13C-NMR (100 MHz, CDCl3): d 199.2, 154.6, 133.5, 131.1, 128.6, 124.9 (t, 1JCF = 255.6 Hz), 112.0, 111.6, 

101.1 (t, 2JCF = 48.3 Hz), 72.2, 64.7 (t, 3JCF = 5.3 Hz), 56.3, 34.3, 18.8, 13.7; 19F-NMR (560 MHz, CDCl3): d -60.2 

(s, 2F); HRMS (EI): calcd for C21H31
79BrCo2F2O2Si ([M-6CO]+): 577.9909, found: 577.9889. 

 

Etherification of 4-nitrophenethyl alcohol 

The procedure A was followed, employing 1.5 equiv. of AgNTf2 instead of AgOTf, with a reaction time of 30 min. 

The crude was purified by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 178 (41.8 

mg, 61.1 µmol, 61%). 

 

178: red oil; IR (neat): 2031 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.16 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.7 Hz, 2H), 

4.34 (t, J = 6.8 Hz, 2H), 3.10 (t, J = 6.8 Hz, 2H), 1.31-0.94 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.1, 146.9, 

145.4, 129.5, 125.0 (t, 1JCF = 256.7 Hz), 123.7, 100.6 (t, 2JCF = 50.9 Hz), 72.3, 63.8, 35.2, 18.8, 13.6; 19F-NMR (560 

MHz, CDCl3): d -60.2 (s, 2F); HRMS (FAB): calcd for C22H29Co2F2NO5Si ([M-4CO]+): 571.0447, found: 571.0436. 

 

Etherification of 4-methoxybenzyl alcohol 

The procedure A was followed with a reaction time of 10 min. The crude was purified by flash silica gel column 

chromatography (hexane containing 1% Et3N) to provide 179 (42.6 mg, 65.0 µmol, 65%). 
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179: red oil; IR (neat): 2060 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.27 (d, J = 9.5 Hz, 2H), 6.86 (d, J = 9.5 Hz, 2H), 

4.98 (s, 2H), 3.81 (s, 3H), 1.36-1.02 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.2, 159.6, 130.1, 127.6, 125.0 (t, 
1JCF = 255.7 Hz), 113.7, 101.4 (t, 2JCF = 48.8 Hz), 72.4, 66.5 (t, 3JCF = 5.8 Hz), 55.2, 18.8, 13.6; 19F-NMR (560 MHz, 

CDCl3): d -59.5 (s, 2F); HRMS (EI): calcd for C23H30Co2F2O5Si ([M-3CO]+): 570.0495, found: 570.0502. 

 

Etherification of (4-trifluoromethyl)benzyl alcohol 

The procedure A was followed with a reaction time of 10 min. The crude was purified by flash silica gel column 

chromatography (hexane containing 1% Et3N) to provide 180 (43.5 mg, 62.8 µmol, 63%). 

 

180: red oil; IR (neat): 2032 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.62 (d, J = 7.8 Hz, 2H), 7.48 (d, J = 7.8 Hz, 2H), 

5.11 (s, 2H), 1.32-1.00 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.1, 139.4, 130.5 (q, 1JCF = 33.4 Hz), 128.3, 

125.4, 125.1 (t, 1JCF = 257.0 Hz), 100.5 (t, 2JCF = 48.0 Hz), 72.6, 65.8 (t, 3JCF = 5.4 Hz), 18.8, 13.7; 19F-NMR (560 

MHz, CDCl3): -59.7 (s, 2F), -65.8 (s, 3F); HRMS (EI): calcd for C23H27Co2F5O4Si ([M-3CO]+): 608.0263, found: 

608.0242 . 

 

Etherification of 1-boc-4-hydeoxypiperidine 

The procedure A was followed with a reaction time of 40 min. The crude was purified by flash silica gel column 

chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 181 (63.6 mg, 88.6 µmol, 89%). 

 

181: red oil; IR (neat): 2029, 1701 cm-1; 1H-NMR (600 MHz, CDCl3): d 4.69-4.60 (m, 1H), 3.72 (brs, 2H), 3.27-3.19 

(m, 2H), 1.92 (brs, 2H), 1.71 (brs, 2H), 1.46 (s, 9H), 1.25 (sept, J = 7.4 Hz, 3H), 1.18 (d, J = 7.4 Hz, 18H); 13C-NMR 

(150 MHz, CDCl3): d 199.2, 154.7, 125.2 (t, 1JCF = 256.5 Hz), 101.6 (t, 2JCF = 49.9 Hz), 79.7, 72.0, 40.9, 32.0, 28.4, 

18.9, 13.6; 19F-NMR (560 MHz, CDCl3): d -57.2 (s, 2F); HRMS (EI): calcd for C25H39Co2F2NO6Si ([M-3CO]+): 

633.1179, found: 633.1183. 

 

Etherification of 1-Fmoc-4-hydeoxypiperidine 

The procedure A was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 
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chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 182 (72.4 mg, 86.2 µmol, 86%). 

 

182: red oil; IR (neat): 2032, 1705 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.76 (d, J = 7.4 Hz, 2H), 7.57 (d, J = 7.4 Hz, 

2H), 7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 4.66 (brs, 1H), 4.45 (d, J = 6.6 Hz, 2H), 4.25 (t, J = 6.6 Hz, 

1H), 3.70 (brs, 2H), 3.32 (brs, 2H), 1.90 (brs, 2H), 1.69 (brs, 2H), 1.35-0.96 (m, 21H); 13C-NMR (150 MHz, CDCl3): 

d 199.2, 155.1, 144.0, 141.4, 127.7, 127.0, 125.2 (t, 1JCF = 256.3 Hz), 124.9, 119.9, 101.5 (t, 2JCF = 48.8 Hz), 72.0, 

71.6, 67.2, 47.4, 40.9, 31.9, 18.9, 13.6; 19F-NMR (560 MHz, CDCl3): d -57.3 (s, 1F), -57.2 (s, 1F); HRMS (FAB): 

calcd for C32H41Co2F2NO3Si ([M-6CO]+): 671.1488, found: 671.1484. 

 

Etherification of 2-(4-methoxyphenyl)-1-methyl-2-propanol 

The procedure A was followed, employing 2.0 equiv. of 37, AgOTf, and Et3N, with a reaction time of 10 min. The 

crude was purified by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 183 (44.4 mg, 

63.7 µmol, 64%) and starting material (2.07 mg, 11.5 µmol, 11%). 

 

183: red oil; IR (neat): 2027 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.13 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 8.2 Hz, 2H), 

3.79 (s, 3H), 3.00 (s, 2H), 1.43 (s, 6 H), 1.33-1.02 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.4, 158.4, 131.6, 

129.3, 125.7 (t, 1JCF = 256.7 Hz), 113.4, 104.6 (t, 2JCF = 48.8 Hz), 85.9, 71.8, 55.2, 48.1, 26.8, 19.0, 13.7; 19F-NMR 

(560 MHz, CDCl3): d -49.5 (s, 2F); HRMS (FAB): calcd for C26H36Co2F2O5Si ([M-3CO]+): 612.0964, found: 

612.0966. 

 

Etherification of 4-methoxyphenylethyl alcohol using reagent 184 

 

The procedure A was followed, employing 184 instead of 37, with a reaction time of 50 min. The crude was purified 

by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 185 (55.5 mg, 94.3 µmol, 94%). 

184 was prepared from phenyldifluorobromopropyne (39.4 mg, 0.171 mmol) and Co2(CO)8 (54.5 mg, 0.159 mmol). 

 

185: red oil; IR (neat): 2064, 1614 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.52 (d, J = 6.3 Hz, 2H), 7.39-7.22 (m, 3H), 

7.15 (d, J = 8.3 Hz, 2H), 6.82 (d, J = 8.3 Hz, 2H), 4.30 (t, J = 6.7 Hz, 2H), 3.79 (s, 3H), 2.96 (t, J = 6.7 Hz, 2H); 13C-

TIPS

FF

O

N
Fmoc

Co2(CO)6

182

O

FF

TIPS

Co2(CO)6

MeO

183

O

FF

Ph

Co2(CO)6

MeO

185



 

 123 

NMR (100 MHz, CDCl3): d 198.1, 158.3, 136.5, 130.0, 129.9, 129.8, 128.8, 128.3, 125.5 (t, 1JCF = 255.7 Hz), 113.9, 

88.1, 83.3 (t, 2JCF = 50.1 Hz), 65.2 (t, 3JCF = 4.5 Hz), 55.2, 34.8; 19F-NMR (560 MHz, CDCl3): -62.6 (s, 2F); HRMS 

(EI): calcd for C21H16Co2F2O5 ([M-3CO]+): 503.9630, found: 503.9678. 

 

Etherification of 2-indoleethanol 

The procedure B was followed, employing 1.2 equiv. of DTBMP, AgOTf and 37, with a reaction time of 30 min. The 

crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 8 containing 1% Et3N) to provide 

186 (32.3 mg, 47.7 µmol, 48%). 

 

186: red oil; IR (neat): 3421, 2031 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.98 (brs, 1H), 7.60 (d, J = 7.3 Hz, 1H), 7.37 

(d, J = 7.3 Hz, 1H), 7.20 (t, J = 7.3 Hz, 1H), 7.14 (t, J = 7.3 Hz, 1H), 7.06 (s, 1H), 4.32 (t, J = 7.5 Hz, 1H), 3.14 (t, J 

= 7.5 Hz, 1H), 1.49-0.94 (m, 21H); 13C-NMR (150 MHz, CDCl3): d  199.2, 136.2, 127.4, 125.0 (t, 1JCF = 255.0 Hz), 

119.5, 118.5, 111.6, 111.1, 101.6 (t, 2JCF = 51.3 Hz), 72.2, 64.4, 25.3, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -

60.1 (s, 2F); HRMS (EI): calcd for C25H31Co2F2NO4Si ([M-3CO]+): 593.0654, found: 593.0654. 

 

Etherification of 2-pyridineethanol 

The procedure B was followed with a reaction time of 90 min. The crude was purified by flash silica gel column 

chromatography (AcOEt : hexane = 1 : 8 containing 1% Et3N) to provide 187 (36.8 mg, 57.5 µmol, 58%). 

 
187: red oil; IR (neat): 2029 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.54 (d, J = 4.4 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H), 

7.18 (d, J = 7.8 Hz, 1H), 7.13 (dd, J = 10.3, 5.4 Hz, 1H), 4.47 (t, J = 6.8 Hz, 2H), 3.14 (t, J = 6.8 Hz, 2H), 1.25-1.09 

(m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.1, 157.7, 149.5, 136.3, 124.9 (t, 1JCF = 255.7 Hz), 123.4, 121.6, 101.3 

(t, 2JCF = 50.0 Hz), 72.2, 63.6 (t, 3JCF = 5.8 Hz), 37.8, 18.8, 13.6; 19F-NMR (560 MHz, CDCl3): d -60.3 (s, 2F); HRMS 

(EI): calcd for C22H29Co2F2NO4Si ([M-3CO]+): 555.0498, found: 555.0488. 

 

Etherification of 2-(4-(piperidin-1-yl)phenyl)ethan-1-ol 

The procedure B was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 

chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 188 (59.6 mg, 82.5 µmol, 83%). 

 
188: red oil; IR (neat): 2029 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.09 (d, J = 7.9 Hz, 2H), 6.87 (d, J = 7.9 Hz, 2H), 
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4.19 (t, J = 7.3 Hz, 2H), 3.11 (t, J = 5.1 Hz, 4H), 2.88 (t, J = 7.3 Hz, 2H), 1.75-1.66 (m, 4H), 1.60-1.53 (m, 2H), 1.33-

1.02 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.2, 151.1, 129.3, 127.9, 124.9 (t, 1JCF = 255.8 Hz), 116.8, 101.5 

(t, 2JCF = 49.1 Hz), 72.1, 65.3 (t, 3JCF = 5.1 Hz), 50.9, 34.7, 25.9, 24.3, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -

60.1 (s, 2F); HRMS (EI): calcd for C25H39Co2F2NOSi ([M-6CO]+): 553.1433, found: 553.1438. 

 

Etherification of trans-2-(4-dimethylaminophenyl)-cyclohexanol 

The procedure B was followed, employing benzene instead of toluene, with a reaction time of 15 min. The crude was 

purified by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 189 (43.8 mg, 59.5 µmol, 

60%). 

 
189: red oil; IR (neat): 2026 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.07 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.2 Hz, 2H), 

4.51 (td, J = 10.3, 4.1 Hz, 1H), 2.87 (s, 6H), 2.55-2.46 (m, 1H), 2.35 (d, J = 9.6 Hz, 1H), 1.90 (brd, J = 13.7 Hz, 1H), 

1.84 (brd, J = 11.0 Hz, 1H), 1.72 (brd, J = 13.1 Hz, 1H), 1.60-1.40 (m, 4H), 1.38-1.19 (m, 1H), 1.17-1.04 (m, 

21H); 13C-NMR (150 MHz, CDCl3): d 199.2, 149.6, 131.7, 128.2, 124.8 (t, 1JCF = 255.8 Hz), 113.0, 102.1 (t, 2JCF = 

47.6 Hz), 79.1, 71.8, 49.6, 41.0, 35.1, 34.4, 25.8, 25.0, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -54.8 (d, J = 139.5 

Hz, 1F),  -57.3 (d, J = 139.5 Hz, 1F); HRMS (EI): calcd for C26H41Co2F2NOSi ([M-6CO]+): 567.1589, found: 

567.1578. 

 

Etherification of 1-benzyl-4-hydroxypiperidine 

The procedure A without Et3N was followed with a reaction time of 60 min. The crude was purified by flash silica 

gel column chromatography (AcOEt : hexane = 1 : 4 containing 1% Et3N) to provide 190 (54.2 mg, 76.6 µmol, 77%). 

 

190: red oil; IR (neat): 2030 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.43-7.20 (m, 5H), 4.49 (brs, 1H), 3.48 (s, 2H), 

2.72 (brs, 2H), 2.23 (brs, 2H), 2.02-1.96 (m, 2H), 1.90-1.75 (m, 2H), 1.39-1.00 (m, 21H); 13C-NMR (150 MHz, 

CDCl3): d 199.3, 138.2, 129.1, 128.2, 127.1, 125.2 (t, 1JCF = 255.8 Hz), 102.1 (t, 2JCF = 49.9 Hz), 72.6, 71.9, 63.0, 

50.7, 32.3, 18.9, 13.6; 19F-NMR (560 MHz, CDCl3): d 57.1; HRMS (EI): calcd for C25H37Co2F2NO7Si ([M-5CO]+): 

567.1226, found: 567.1208. 

 

Etherification of aminoalcohol  

The procedure A was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 
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chromatography (AcOEt : hexane = 1 : 2 containing 1% Et3N) to provide 191 (47.6 mg, 63.5 µmol, 64%). 

 
191: red oil; IR (neat): 3289, 2030 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.33-7.27 (m, 2H), 7.23-7.11 (m, 3H), 4.45-

4.32 (m, 1H), 2.64 (q, J = 7.9 Hz, 4H), 2.43 (t, J = 10.3 Hz, 1H), 2.09 (d, J = 11.0 Hz, 2H), 1.93 (d, J = 12.4 Hz, 2H), 

1.80 (quint, J = 7.2 Hz, 2H), 1.46 (q, J = 11.5 Hz, 2H), 1.33-1.03 (m, 23H); 13C-NMR (150 MHz, CDCl3): 

d 199.3, 142.1, 128.4, 125.8 (t, 1JCF = 255.0 Hz), 102.3 (t, 2JCF = 50.6 Hz), 75.1, 71.8, 55.5, 46.9, 33.8, 32.0, 31.5, 

31.2, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): -57.6 (s, 2F); HRMS (EI): calcd for C32H43Co2F2NO6Si (M+): 

721.1492, found: 721.1495. 

 

Etherification of 8-amino-1-octanol 

The procedure B was followed with a reaction time of 90 min. To the reaction mixture Ac2O (35 µL, 0.368 mmol) 

and pyridine (81 µL, 1.00 mmol) was added at room temperature and stirred for 1 h. The crude was purified by flash 

silica gel column chromatography (AcOEt : hexane = 1 : 8 to 1: 2 to 1 : 1 containing 1% Et3N) to provide 192 (43.7 

mg, 62.4 µmol, 62%). 

 

192: red oil; IR (neat): 3291, 2029, 1652 cm-1; 1H-NMR (600 MHz, CDCl3): d  5.39 (brs, 1H), 4.01 (t, J = 6.5 Hz, 

2H), 3.22 (q, J = 6.6 Hz, 2H), 1.97 (s, 3H), 1.67-1.60 (m, 2H), 1.53-1.46 (m, 2H), 1.38-1.34 (m, 2H), 1.22-1.31 (m, 

9H), 1.18 (d, J = 6.9 Hz, 18H); 13C-NMR (150 MHz, CDCl3): d 199.2, 167.0, 124.9 (t, 1JCF = 255.0 Hz), 101.7 (t, 
2JCF = 49.9 Hz), 64.5, 39.6, 29.5, 29.1, 29.0, 26.8, 25.7, 23.3, 18.8, 13.6; 19F-NMR (560 MHz, CDCl3): -60.2 (s, 2F); 

HRMS (ESI): calcd for C28H41Co2F2NO8SiNa ([M+Na]+): 726.1131, found: 726.1152. 

 

Etherification of 4-hydroxyphenethyl alcohol 

The procedure A was followed, employing 2 mL of toluene instead of 1 mL with a reaction time of 30 min. The crude 

was purified by flash silica gel column chromatography (AcOEt : Hexane = 1 : 4 containing 1% Et3N) to provide 

193 (26.3 mg, 40.2 µmol, 40%). 

 

193: red oil; IR (neat): 2029 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.09 (d, J = 7.5 Hz, 2H), 6.76 (brs, 2H), 4.21 (t, J 

= 7.2 Hz, 2H), 2.90 (t, J = 7.2 Hz, 2H), 1.41-0.94 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.2, 154.2, 129.9, 
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129.6, 124.9 (t, 1JCF = 254.6 Hz), 115.3, 101.3 (t, 2JCF = 49.5 Hz), 72.1, 65.1, 34.6, 18.8, 13.7; 19F-NMR (560 MHz, 

CDCl3): d -60.2 (s, 2F); HRMS (EI): calcd for C23H30Co2F2O5Si ([M-3CO]+): 570.0496, found: 570.0500. 

 

Etherification of 3-propenyl-4-methoxy-phenethyl alcohol 

The procedure A was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 

chromatography (hexane containing 1% Et3N) to provide 194 (47.14 mg, 66.5 µmol, 67%). 

 

194: red oil; IR (neat): 2032 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.09 (dd, J = 8.3, 1.9 Hz, 1H), 7.03 (d, J = 2.0 Hz, 

1H), 6.79 (d, J = 8.3 Hz, 1H), 5.13 (s, 1H), 5.03 (s, 1H), 4.22 (t, J = 7.4 Hz, 2H), 3.81 (s, 3H), 2.91 (d, J = 7.4 Hz, 

2H), 2.10 (s, 3H), 1.31-1.05 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.2, 155.4, 144.3, 132.9, 129.7, 129.2, 

128.4, 124.9 (t, 1JCF = 255.7 Hz), 115.0, 111.0, 101.4 (t, 2JCF = 50.9 Hz), 72.2, 65.1 (t, 3JCF = 5.0 Hz), 55.6, 34.7, 23.1, 

18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -60.2 (s, 2F); HRMS (EI): calcd for C24H36Co2F2O2Si ([M-6CO]+): 

540.1117, found: 540.1117. 

 

Etherification of trans-2-(3,4-dimethoxy-phenyl)-cyclohexanol 

The procedure A was followed, employing 0.5 mL toluene instead of 1.0 mL, with a reaction time of 60 min. The 

crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to 

provide 195 (67.7 mg, 89.9 µmol, 90%). 

 
195: red oil; IR (neat): 2028 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.88-6.63 (m, 3H), 4.59 (dt, J = 9.5, 3.9 Hz, 1H), 

3.85 (s, 3H), 3.82 (s, 3H), 2.57 (t, J = 9.8 Hz, 1H), 2.40 (d, J = 11.2 Hz, 1H), 1.89 (t, J = 15.8 Hz, 2H), 1.74 (d, J = 

12.7 Hz, 1H), 1.63-1.22 (m, 4H), 1.22-0.94 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.1, 148.7, 147.6, 136.1, 

124.9 (t, 1JCF = 256.6 Hz), 120.0, 111.1, 111.0, 101.8, (t, 2JCF = 48.9 Hz), 78.5, 71.9, 55.8, 55.7, 50.3, 35.7, 34.4, 25.7, 

24.9, 18.8, 13.6; 19F-NMR (560 MHz, CDCl3): d -55.1 (d, J = 156.9 Hz, 1F), -57.1 (d, J = 156.9 Hz, 1F); HRMS 

(EI): calcd for C27H40Co2F2O4Si ([M-5CO]+): 612.1328, found: 612.1326. 

 

Etherification of trans-2-(4-methylthio-phenyl)-cyclohexanol 

The procedure A was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 

chromatography (hexane containing 1% Et3N) to provide 196 (62.6 mg, 84.7 µmol, 85%). 
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196: red oil; IR (neat): 2028 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.19 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.2 Hz, 2H), 

4.55 (td, J = 10.6, 4.1 Hz, 1H), 2.58 (td, J = 11.5, 3.0 Hz, 1H), 2.43 (s, 3H), 2.41-2.35 (m, 1H), 1.95-1.82 (m, 2H), 

1.74 (d, J = 13.0 Hz, 1H), 1.63-1.42 (m, 3H), 1.40-1.30 (m, 1H), 1.19-1.03 (m, 21H); 13C-NMR (150 MHz, CDCl3): 

d 199.2, 140.6, 135.8, 128.3, 127.1, 124.8 (t, 1JCF = 261.0 Hz), 101.7, (t, 2JCF = 48.8 Hz), 78.7, 71.9, 50.2, 35.1, 34.4, 

25.7, 24.9, 18.9, 16.3, 13.7; 19F-NMR (560 MHz, CDCl3): d -55.1 (d, J = 148.2 Hz, 1F), -57.2 (d, J = 148.2 Hz, 1F); 

HRMS (EI): calcd for C25H38Co2F2O7SSi ([M-5CO]+): 570.1045, found: 570.1052. 

 

Etherification of alcohol S11 

The procedure A was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 

chromatography (AcOEt : hexane = 1 : 20 containing 1% TEA) to provide 197 (51.8 mg, 68.8 µmol, 69%). 

 

197: red oil; IR (neat): 2059, 1720 cm-1; 1H-NMR (600 MHz, CDCl3): d 4.57 (d, J = 8.2 Hz, 1H), 4.18-4.10 (m, 1H), 

4.06 (dd, J = 9.6, 2.7 Hz, 1H), 3.94 (brs, 1H), 2.60-2.49 (m, 2H), 2.09 (s, 3H), 1.92-1.74 (m, 2H), 1.43 (s, 9H), 1.26 

(sept, J = 6.8 Hz, 3H), 1.19 (d, J = 6.8 Hz, 18H); 13C-NMR (150 MHz, CDCl3): d 199.1, 155.2, 125.0 (t, 1JCF = 256.7 

Hz), 100.6 (t, 2JCF = 48.8 Hz), 79.6, 72.3, 65.9, 49.0, 31.2, 30.5, 28.3, 18.8, 15.4, 13.7; 19F-NMR (560 MHz, CDCl3): 

-59.7 (s, 2F); HRMS (EI): calcd for C23H41Co2F2NO4SSi ([M-5CO]+): 611.1158, found: 611.1150. 

 

Etherification of N-boc threonine methyl ether 

 
The procedure B was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 

chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 198 (37.0 mg, 49.4 µmol, 50%). 

 

198: red oil; IR (neat): 3457, 2031, 1756, 1724 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.20-5.03 (m, 2H), 4.40 (d, J 

= 9.8 Hz, 1H), 3.75 (s, 3H), 1.50-1.36 (m, 12H), 1.30-1.12 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.1, 170.2, 

155.9, 124.9 (t, 1JCF = 258.1 Hz), 100.4 (t, 2JCF = 48.0 Hz), 79.9, 73.4, 72.4, 57.7, 52.5, 28.2, 18.9, 13.7; 19F-NMR 

(560 MHz, CDCl3): -58.4 (d, J = 156.9 Hz, 1F), -57.5 (d, J = 156.9 Hz, 1F); HRMS (FAB): calcd for 

C25H39Co2F2NO8Si ([M-3CO]+): 665.1077, found: 665.1073. 
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Etherification of proxyphylline 

 

The procedure A was followed, employing toluene:CH2Cl2 (1 : 1, 1mL) instead of toluene, with a reaction time of 30 

min. The crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 1 containing 

1% TEA) to provide 200 (64.9 mg, 86.0 µmol, 86%). 

 

200: red powder; IR (neat): 2030, 1708, 1665 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.51 (s, 1H), 5.08 (brs, 1H), 4.50 

(d, J = 14.0 Hz, 1H), 4.19 (dd, J = 14.0, 7.5 Hz, 1H), 3.57 (s, 3H), 3.43 (s, 3H), 1.43 (d, J = 7.5 Hz, 3H), 1.33-1.03 

(m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.0, 155.4, 151.6, 149.1, 141.8, 125.0 (t, 1JCF = 257.4 Hz), 106.8, 100.1 

(dd, 2JCF = 44.7, 38.8 Hz), 72.8, 71.6, 53.4, 51.9, 29.7, 28.0, 18.8, 13.7; 19F-NMR (560 MHz, CDCl3): d -57.0 (d, J 

= 148.7 Hz, 1F), -57.5 (d, J = 148.7 Hz, 1F); HRMS (ESI): calcd for C28H35Co2F2N4O9Si ([M+H]+): 755.0800, found: 

755.0784. 

 

Etherification of podophyllotoxin 

The procedure B was followed, employing toluene:CH2Cl2 (1 : 1, 1 mL) instead of toluene, with a reaction time of 

30 min. The crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 1 containing 

1% TEA) to provide 201 (57.5 mg, 61.8 µmol, 61%) and starting material (15.8 mg, 38.1 µmol, 38%). 

 

201: red amorphous; IR (neat): 2033, 1782 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.02 (s, 1H), 6.51 (s, 1H), 6.35 (s, 

2H), 6.01 (s, 1H), 5.97 (s, 1H), 5.57 (d, J = 8.2 Hz, 1H), 4.62 (d, J = 4.1 Hz, 1H), 4.51 (t, J = 7.5 Hz, 1H), 4.18 (t, J 

= 7.2 Hz, 1H), 3.80 (s, 3H), 3.68 (s, 6H), 3.04-2.89 (m, 2H), 1.33-1.11 (m, 21H); 13C-NMR (150 MHz, CDCl3): 

d 199.0, 173.7, 152.7, 148.2, 147.6, 137.2, 134.9, 132.1, 128.5, 125.5 (t, 1JCF = 257.4 Hz), 109.7, 108.1, 107.4, 101.6, 

99.5 (t, 2JCF = 46.6 Hz), 76.0, 73.0, 71.1, 71.0, 60.7, 56.0, 45.4, 43.7, 38.2, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): 

d -54.4 (d, J = 148.2 Hz, 1F), -56.3 (d, J = 148.2 Hz, 1F); HRMS (FAB): calcd for C34H42Co2F2O8Si ([M-6CO]+): 

762.1281, found: 762.1262. 
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Etherification of yohimbine 

The procedure A was followed, employing toluene:CH2Cl2 (1 : 3, 2mL) instead of toluene, with a reaction time of 30 

min. The crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 1 containing 

1% TEA) to provide 202 (64.7 mg, 74.3 µmol, 74%). 

 

202: red oil; IR (neat): 2030, 1745 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.79 (s, 1H), 7.45 (d, J = 8.2 Hz, 1H), 7.27 

(d, J = 8.9 Hz, 1H), 7.12 (t, J = 7.2 Hz, 1H), 7.07 (t, J = 7.2 Hz, 1H), 5.08 (s, 1H), 3.72 (s, 3H), 3.27 (d, J = 10.9 Hz, 

1H), 3.07-3.03 (m, 1H), 2.99-2.90 (m, 2H), 2.71 (d, J = 12.3 Hz, 1H), 2.61 (td, J = 11.1, 3.9 Hz, 1H), 2.43-2.34 (m, 

2H), 2.21-2.11 (m, 2H), 2.09-2,01 (m, 1H), 1.76-1.62 (m, 1H), 1.57-1.46 (m, 4H), 1.28 (sept, J = 7.4 Hz, 3H), 1.21 

(d, J = 7.4 Hz, 18H); 13C-NMR (150 MHz, CDCl3): d 199.2, 171.3, 135.9, 134.6, 127.3, 125.2 (t, 1JCF = 257.2 Hz), 

121.3, 119.3, 118.0, 110.7, 108.0, 100.6 (dd, 2JCF = 48.4 Hz, 44.1 Hz), 72.9, 72.5, 61.3, 60.4, 60.0, 52.9, 51.6, 51.5, 

40.1, 36.1, 34.0, 31.4, 23.4, 21.7, 19.0, 13.8; 19F-NMR (560 MHz, CDCl3): d -56.7 (d, J = 148.2 Hz, 1F), -57.2 (d, J 

= 148.2 Hz, 1F); HRMS (FAB): calcd for C37H47Co2F2N2O7Si ([M+H-3CO]+): 815.1785, found: 815.1789. 

 

Simultaneous Decomplexation and Desilylation with TASF 

 

To a solution of 195 (19.4 mg, 25.8 µmol) in MeCN (2.5 mL) was added TASF (14.2 mg, 45.8 µmol). The reaction 

mixture was stirred at room temperature for 12 h. The reaction mixture was quenched with saturated aqueous NH4Cl 

(1 mL) and extracted with Et2O (4 mL × 3). The combined organic layer was washed with brine, dried over MgSO4, 

filtered, and concentrated in vacuo. The residue was purified with flash silica gel column chromatography (silica gel 

60 (Merck), AcOEt : hexane = 1 : 20) to give 204 (3.88 mg, 12.5 µmol, 48%). 

204: white solid; IR (neat): 2126 cm-1; 1H-NMR (400 MHz, CDCl3) δ 6.88-6.68 (m, 3H), 4.21 (td, J = 10.5 Hz, 4.5 

Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 2.66-2.46 (m, 2H), 2.36-2.20 (m, 1H), 1.94 (d, J = 13.5 Hz, 1H), 1.87 (d, J = 10.0 

Hz, 1H), 1.77 (d, J = 8.8 Hz, 1H), 1.65-1.14 (m, 4H);13C-NMR (100 MHz, CDCl3): δ 148.4, 147.5, 135.4, 119.5, 

113.4 (dd, 1JCF = 242.5 Hz, 215.1 Hz), 111.5, 110.8, 80.1, 74.0 (dd, 2JCF = 54.9 Hz, 53.3 Hz), 72.2 (t, 2JCF = 6.6 Hz), 

55.80, 55.78, 49.5, 34.0, 33.4, 25.5, 24.8; 19F-NMR (560 MHz, CDCl3): d -54.5 (d, J = 169.3 Hz, 1F), -55.0 (d, J = 

169.3 Hz, 1F); HRMS (EI): calcd for C17H20F2O3 (M+): 310.1381, found: 310.1402. 
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Decomplexation using Cerium Ammonium Nitrate (CAN) 

Standard procedure: To a solution of cobalt complex in MeCN (0.02 M) was added CAN (4.5 equiv.) at room 

temperature. After 10 min, the reaction was quenched with sat. aqueous Na2S2O3 (1 mL) and extracted with AcOEt 

(4 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in 

vacuo. The residue was used in the next reaction without further purification. 

To a solution of the residue in THF (0.02 M) was added TBAF (1M in THF, 1.1 equiv.) at -78 ºC. After 15 min, the 

reaction was quenched with sat. aqueous NH4Cl (1 mL) and extracted with Et2O (4 mL × 3). The combined organic 

layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified by 

silica gel column chromatography (Silica gel 60 (Merck) was used.). 

 

Decomplexation and desilylation of ether 176 

On 610 mg (0.913 mmol) scale, the standard procedure was followed with CAN (2.25 g, 4.10 mmol) and TBAF (1M 

in THF, 10 mL, 1.00 mmol). The crude was purified by silica gel column chromatography (Et2O: hexane =1 : 100) 

to provide 205 (147 mg, 65.0 µmol, 71%). 

 

E10: colorless oil; IR (neat): 1613 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.13 (d, J = 8.2 Hz, 2H), 6.84 (d, J = 8.2 Hz, 

2H), 4.05 (t, J = 7.5 Hz, 2H), 3.79 (s, 3H), 2.92 (t, J = 7.5 Hz, 2H), 1.18-1.03 (m, 21H); 13C-NMR (150 MHz, CDCl3): 

d 158.4, 130.0, 129.8, 129.3, 113.6 (t, 1JCF = 239.6 Hz), 95.5 (t, 2JCF = 52.3 Hz), 88.3 (t, 3JCF = 5.0 Hz), 66.6, 55.0 (t, 
2JCF = 5.7 Hz), 34.7, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -57.7 (s, 2F); HRMS (EI): calcd for C21H32F2O2Si 

(M+): 382.2140, found: 382.2136. 

 

 

205: colorless oil; IR (neat): 3230, 2144 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.14 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 

8.2 Hz, 2H), 4.06 (t, J = 7.2 Hz, 2H), 3.79 (s, 3H), 2.92 (t, J = 7.2 Hz, 2H), 2.71 (t, J = 2.7 Hz, 1H); 13C-NMR (100 

MHz, CDCl3): d 158.4, 129.9, 129.1, 114.0, 113.6 (t, 1JCF = 242.8 Hz), 73.6 (t, 2JCF = 54.2 Hz), 73.0 (t, 3JCF = 6.5 

Hz), 66.3, 55.2, 34.6; 19F-NMR (560 MHz, CDCl3): d -59.2 (s, 2F); HRMS (EI): calcd for C12H12F2O2 (M+): 226.0805, 

found: 226.0820. 

 

Decomplexation and desilylation of ether 190 

On 54.1 mg (74.1 µmol) scale, the standard procedure was followed with CAN (183 mg, 0.334 mmol) and TBAF 

(1M in THF, 80 µL, 80 µmol). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 
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8) to provide 206 (12.1 mg, 45.6 µmol, 61%). 

 

E11: colorless oil; IR (neat): 1464, 1252 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.36-7.28 (m, 4H), 7.26-7.22 (m, 1H), 

4.29 (brs, 1H), 3.49 (s, 2H), 2.73 (brs, 2H), 2.20 (brs, 2H), 1.97-1.89 (m, 2H), 1.86-1.75 (m, 2H), 1.17-1.00 (m, 21H); 
13C-NMR (150 MHz, CDCl3): d 138.5, 129.0, 128.2, 127.0, 113.8 (t, 1JCF = 240.6 Hz), 95.8 (t, 2JCF = 53.5 Hz), 88.1 

(t, 3JCF = 5.1 Hz), 73.9, 62.8, 50.7, 32.1, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -53.4 (s, 2F); HRMS (EI): calcd 

for C24H37F2NOSi (M+): 421.2612, found: 421.2584. 

 

 

206: colorless oil; IR (neat): 3301, 2145 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.36-7.22 (m, 5H), 4.31 (brs, 1H), 3.49 

(s, 2H), 2.79-2.64 (m, 3H), 2.64 (brs, 2H), 2.22 (brs, 2H), 1.91-1.75 (m, 2H); 13C-NMR (100 MHz, CDCl3): d 138.4, 

129.0, 128.2, 127.0, 113.7 (t, 1JCF = 243.2 Hz), 74.1 (t, 2JCF = 54.5 Hz), 73.6, 72.6 (t, 3JCF = 5.7 Hz), 62.9, 50.6, 32.1; 
19F-NMR (560 MHz, CDCl3): d -55.6 (s, 2F); HRMS (EI): calcd for C15H17F2NO (M+): 265.1278, found: 265.1279. 

 

Decomplexation and desilylation of ether 182 

On 81.4 mg (96.9 µmol) scale, the standard procedure was followed with CAN (260 mg, 0.474 mmol) and TBAF 

(1M in THF, 0.11 mL, 0.11 mmol). The crude was purified by silica gel column chromatography (AcOEt : hexane = 

1 : 8) to provide 207 (28.4 mg, 71.4 µmol, 74%). 

 

E12: colorless oil; IR (neat): 1706 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.76 (d, J = 7.3 Hz, 2H), 7.57 (d, J = 7.3 Hz, 

2H), 7.40 (t, J = 7.3 Hz, 2H), 7.32 (t, J = 7.3 Hz, 2H), 4.53-4.37 (m, 3H), 4.24 (t, J = 6.2 Hz, 1H), 3.70 (brs, 2H), 

3.33 (brs, 2H), 1.94-1.71 (m, 4H), 1.26-1.00 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 155.1, 144.0, 141.4, 127.7, 

127.0, 124.9, 120.0, 113.7 (t, 1JCF = 241.3 Hz), 95.5 (t, 2JCF = 52.7 Hz), 88.6 (t, 3JCF = 5.1 Hz), 72.4, 67.2, 47.4, 40.8, 

31.5, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -54.1 (s, 2F); HRMS (FAB): calcd for C32H42F2NO3Si ([M+H]+): 

554.2902, found: 554.2863. 
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207: colorless oil; IR (neat): 2138, 1698 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.77 (d, J = 7.5 Hz, 2H), 7.57 (d, J = 

7.5 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 4.53-4.34 (m, 3H), 4.24 (t, J = 6.5 Hz, 1H), 3.69 (brs, 

2H), 3.34 (brs, 2H), 2.75 (t, J = 3.4 Hz, 1H), 1.82 (brs, 2H), 1.70 (brs, 2H); 13C-NMR (100 MHz, CDCl3): d 155.1, 

144.0, 141.3, 127.7, 127.0, 124.9, 120.0, 113.6 (t, 1JCF = 243.7 Hz), 73.8 (t, 2JCF = 54.1 Hz), 73.0 (t, 3JCF = 6.1 Hz), 

72.2, 67.2, 47.4, 40.7, 31.5; 19F-NMR (560 MHz, CDCl3): d -56.2 (s, 2F); HRMS (EI): calcd for C23H21F2NO3 (M+): 

397.1489, found: 397.1495. 

 

Decomplexation and desilylation of ether 198 

On 86.4 mg (0.115 mmol) scale, the standard procedure was followed with CAN (288 mg, 0.525 mmol) and TBAF 

(1M in THF, 0.13 mL, 0.130 mmol). The crude was purified by silica gel column chromatography (AcOEt : hexane 

= 1 : 8) to provide 35 (25.3 mg, 82.4 µmol, 72%). 

 
E13: colorless oil; IR (neat): 3451, 1758, 1722 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.24 (d, J = 9.7 Hz, 1H), 5.01-

4.80 (m, 1H), 4.41 (d, J = 9.7 Hz, 1H), 3.75 (s, 3H), 1.47 (s, 9H), 1.39 (d, J = 6.7 Hz, 3H), 1.19-1.01 (m, 21H); 13C-

NMR (100 MHz, CDCl3): d 170.1, 155.9, 113.2 (t, 1JCF = 243.3 Hz), 94.8 (t, 2JCF = 51.2 Hz), 89.2, 80.3, 74.0, 57.7, 

52.6, 28.2, 18.4, 10.8; 19F-NMR (560 MHz, CDCl3): d -53.9 (d, J = 165.7 Hz, 1F), -54.3 (d, J = 165.7 Hz, 1F); HRMS 

(EI): calcd for C15H24F2NO5Si (M+-tBu-iPr): 364.1392, found: 364.1393. 

 
208: colorless oil; IR (neat): 3249, 2141, 1755, 1716 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.25 (d, J = 9.7 Hz, 1H), 

5.02-4.87 (m, 1H), 4.41 (d, J = 9.7 Hz, 1H), 3.76 (s, 3H), 2.76 (t, J = 3.1 Hz, 1H), 1.47 (s, 9H), 1.40 (d, J = 6.3 Hz, 

3H); 13C-NMR (100 MHz, CDCl3): d 170.1, 155.9, 113.1 (t, 1JCF = 245.8 Hz), 80.3, 73.9, 73.3 (t, 3JCF = 6.6 Hz), 73.2 

(t, 2JCF = 52.8 Hz), 57.6, 53.0, 28.2, 18.4; 19F-NMR (560 MHz, CDCl3): d -56.3 (d, J = 166.0 Hz, 1F), -57.1 (d, J = 

166.0 Hz, 1F); HRMS (EI): calcd for C13H19F2NO5 (M+): 307.1231, found: 307.1224. 

 

Decomplexation and desilylation of ether 200 

To a solution of cobalt complex 28 (101 mg, 0.134 mmol) in acetone (5.4 mL) was added CAN (300 mg, 0.547 

mmol) at room temperature. After 60 min, the reaction was quenched with sat. aqueous Na2S2O3 (2 mL) and extracted 
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with Et2O (10 mL × 2). The combined organic layers were washed with brine, dried over MgSO4, filtered, and 

concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 1) to 

give E14 (52.0 mg, 0.111 mmol, 83%). 

 To a solution of E14 (71.8 mg, 0.153 mmol) in THF (7.7 mL) was added TBAF (1M in THF; 0.17 mL, 0.170 mmol) 

at -78 ºC. After 15 min, the reaction was quenched with sat. aqueous NH4Cl (2 mL) and extracted with Et2O (4 mL 

× 3). The combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. 

The residue was purified by silica gel column chromatography to give 209 (45.6 mg, 0.146 mmol, 95%).  

 

E14: colorless oil; IR (neat): 1708, 1664 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.60 (s, 1H), 4.83-4.69 (m, 1H), 4.57 

(dd, J = 14.4 Hz, 2.4 Hz, 1H), 4.26 (dd, J = 14.4 Hz, 7.4 Hz, 1H), 3.60 (s, 3H), 3.41 (s, 3H), 1.40 (d, J = 7.4 Hz, 3H), 

1.17-0.97 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 155.4, 151.6, 148.8, 142.1, 113.2 (t, 1JCF = 248.7 Hz), 106.6, 

94.7 (t, 2JCF = 51.2 Hz), 89.3 (t, 3JCF = 4.9 Hz), 72.5, 51.2, 29.8, 27.9. 18.3, 10.8; 19F-NMR (560 MHz, CDCl3): d -

54.5 (d, J = 165.7 Hz), -55.0 (d, J = 165.7 Hz),; HRMS (EI): calcd for C22H34F2N4O3Si (M+): 468.2368, found: 

468.2345. 

 

209: white solid; mp = 130-131 ºC; IR (neat): 2144, 1704, 1659 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.60 (s, 1H), 

4.83-4.73 (m, 1H), 4.57 (d, J = 13.7 Hz, 1H), 4.22 (dd, J = 8.4, 8.2 Hz, 1H), 3.60 (s, 3H), 3.41 (s, 3H), 2.68 (t, J = 

3.1 Hz, 1H), 1.41 (d, J = 6.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 155.4, 151.6, 148.9, 142.1, 113.2 (t, 1JCF = 

245.6 Hz), 106.7, 73.3 (t, 3JCF = 6.5 Hz), 73.1 (t, 2JCF = 52.7 Hz), 72.4, 51.3, 29.8, 27.9, 18.5; 19F-NMR (560 MHz, 

CDCl3): d -57.0 (d, J = 156.9 Hz), -57.5 (d, J = 156.9 Hz); HRMS (EI): calcd for C13H14F2N4O3 (M+): 312.1034, 

found: 312.1038. 

 

Decomplexation and desilylation of ether 185 

To a solution of cobalt complex (55.5 mg, 94.3 µmol) in MeCN (4.7 mL) was added CAN (250 mg, 0.456 mmol) at 

room temperature. After 10 min, the reaction was quenched with sat. aqueous Na2S2O3 (2 mL) and extracted with 

Et2O (10 mL × 2). The combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 

in vacuo. The residue was purified by silica gel column chroamrography (AcOEt : hexane = 1 : 50) to give 210 (22.8 
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mg, 75.4 µmol, 80%). 

 

210: colorless oil; IR (neat): 2248, 1613 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.52 (d, J = 6.8 Hz, 2H), 7.47-7.31 (m, 

3H), 7.17 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.12 (t, J = 7.2 Hz, 2H), 3.79 (s, 3H), 2.96 (t, J = 7.2 Hz, 2H); 
13C-NMR (100 MHz, CDCl3): d 158.4, 132.3, 130.1, 129.9, 129.2, 128.5, 119.6, 114.9 (t, 1JCF = 242.5 Hz), 113.9, 

84.4 (t, 2JCF = 6.1 Hz), 78.8 (t, 2JCF = 54.1 Hz), 66.3 (t, 3JCF = 3.3 Hz), 55.2, 34.7; 19F-NMR (560 MHz, CDCl3): d -

57.5 (s, 2F); HRMS (EI): calcd for C18H16F2O2 (M+): 302.1118, found: 302.1157. 

 

3. Decomplexation using N,N,N’-trimethyl ethylenediamine 

Standard procedure: To a solution of cobalt complex in Et2O (0.02 M) was added N,N,N’-trimethyl ethylenediamine 

(6 equiv.) at room temperature. After completed the reaction, the reaction mixture was added H2O (2 mL) and Et2O 

(2 mL) and extracted with Et2O (5 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, 

filtered, and concentrated in vacuo. The residue was purified with flash silica gel column chromatography. 

To a solution of the residue in THF (0.02 M) was added TBAF (1M in THF, 1.1 equiv.) at -78 ºC. After 15 min, the 

reaction was quenched with sat. aqueous NH4Cl (1 mL) and extracted with Et2O (4 mL × 3). The combined organic 

layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified by 

silica gel column chromatography (Silica gel 60 (Merck) was used.). 

 

Decomplexation of ether 188 

On 76.3 mg (106 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (87 µL, 

0.635 mmol) in Et2O (5.2 mL) for 12 h. The crude was purified by silica gel column chromatography (AcOEt : 

hexane = 1 : 20) to provide 211 (42.4 mg, 97.3 µmol, 92%). 

 
211: colorless oil; IR (neat): 1614, 1385 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.09 (d, J = 8.2 Hz, 2H), 6.87 (d, J = 

8.2 Hz, 2H), 4.04 (t, J = 7.6 Hz, 2H), 3.12 (t, J = 5.3 Hz, 2H), 2.90 (t, J = 7.6 Hz, 2H), 1.75-1.65 (m, 4H), 1.61-1.51 

(m, 2H), 1.26-1.03 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 151.0, 129.5, 127.7, 116.7, 113.6 (t, 1JCF = 242.6 Hz), 

95.5 (t, 2JCF = 52.4 Hz), 88.2 (t, 2JCF = 5.3 Hz), 66.7, 50.8, 34.7, 25.9, 24.3, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): 

d -57.6 (s, 2F); HRMS (EI): calcd for C25H39F2NO2Si (M+): 435.2769, found: 435.2742. 

 

On 35.8 mg (82.2 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 90 µL, 90 µmol) in 

THF (4.1 mL). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20) to provide 

O

FF

Ph

MeO

210

O

FF

TIPS

N

211



 

 135 

28.6 mg of the crude mixture containing 215 (71.7 µmol, 87%). Yield determined 1H-NMR using CH2Br2 as an 

internal standard. The analytical sample was purified by GPC.  

 
215: colorless oil; IR (neat): 2138, 1614 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.09 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 

8.2 Hz, 2H), 4.06 (t, J = 7.6 Hz, 2H), 3.13 (t, J = 5.5 Hz, 4H), 2.90 (t, J = 7.6 Hz, 2H), 2.71 (t, J = 3.3 Hz, 1H), 1.79-

1.65 (m, 4H), 1.64-1.53 (m, 2H); 13C-NMR (150 MHz, CDCl3): δ 150.9, 129.5, 127.7, 116.8, 114.5 (t, 1JCF = 244.5 

Hz), 73.7 (t, 2JCF = 54.2 Hz), 72.9 (t, 2JCF = 6.5 Hz), 66.4, 50.9, 34.6, 25.8, 24.2; 19F-NMR (560 MHz, CDCl3): d -

59.1 (s, 2F); HRMS (ESI): calcd for C16H20F2NO ([M+H]+): 280.1513, found: 280.1523. 

 

Decomplexation of ether 197 

On 68.1 mg (90.6 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (74.5 

µL, 0.543 mmol) in Et2O (4.5 mL) for 12 h. The crude was purified by silica gel column chromatography (AcOEt : 

hexane = 1 : 15) to provide 212 (34.0 mg, 73.0 µmol, 81%). 

 

 

212: colorless oil; IR (neat): 3342, 2188, 1716 cm-1; 1H-NMR (400 MHz, CDCl3): d 4.70 (brs, 1H), 3.93 (s, 3H), 2.55 

(t, J = 7.5 Hz, 2H), 2.11 (s, 3H), 1.95-1.74 (m, 2H), 1.45 (s, 9H), 1.21-1.01 (m, 21H); 13C-NMR (100 MHz, CDCl3): 

d 155.3, 113.5 (t, 1JCF = 241.7 Hz), 94.9 (t, 2JCF = 51.6 Hz), 89.2, 79.7, 67.3, 48.7, 31.2, 30.5, 28.3, 18.4, 15.4, 10.8; 
19F-NMR (560 MHz, CDCl3): d -58.0 (s, 2F); HRMS (FAB): calcd for C22H40F2NO3SSi ([M-H]+): 464.2466, found: 

464.2463. 

 

On 34.0 mg (73.0 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 80 µL, 80 µmol) in 

THF (3.7 mL). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20 to 1 : 8) to 

provide 216 (21.4 mg, 69.2 µmol, 95%). 

 

 

216: White amorphous; IR (neat): 3305, 2140, 1697 cm-1; 1H-NMR (600 MHz, CDCl3): d 4.70 (d, J = 7.6 Hz, 1H), 

4.02-3.86 (m, 3H), 2.75 (t, J = 3.4 Hz, 1H), 2.56 (s, 2H), 2.12 (s, 3H), 1.93-1.76 (m, 2H), 1.44 (s, 9H); 13C-NMR 

(150 MHz, CDCl3): δ 155.3, 113.5 (t, 1JCF = 244.2 Hz), 79.7, 73.5 (t, 3JCF = 6.5 Hz), 73.2 (t, 2JCF = 53.2 Hz), 67.0, 
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48.7, 31.0, 30.5, 28.3, 15.5; 19F-NMR (560 MHz, CDCl3): d -56.2 (s, 2F); HRMS (ESI): calcd for C13H22F2NO3S 

([M+H]+): 310.1288, found: 310.1278. 

 

Decomplexation of ether 201 

On 100 mg (107 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (88 µL, 

0.642 mmol) in Et2O (5.4 mL) for 10 h. The crude was purified by silica gel column chromatography (AcOEt : 

hexane = 1 : 6) to provide 214 (32.3 mg, 50.1 µmol, 47%). 

 

214: white amorphous; IR (neat): 1783 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.03 (s, 1H), 6.53 (s, 1H), 6.38 (s, 2H), 

6.00 (s, 1H), 5.99 (s, 1H), 5.38 (d, J = 9.2 Hz, 1H), 4.63-4.55 (m, 2H), 4.06 (t, J = 9.9 Hz, 1H), 3.81 (s, 3H), 3.75 (s, 

6H), 3.11-2.95 (m, 1H), 2.86 (dd, J = 14.5, 4.3 Hz, 1H), 1.23-1.01 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 173.6, 

152.6, 148.3, 147.7, 137.0, 134.6, 132.4, 128.1, 113.5 (dd, 1JCF = 247.4, 243.3 Hz), 109.4, 108.0, 107.9, 101.6, 94.8 

(dd, 2JCF = 52.1, 48.7 Hz), 89.9, 75.9, 71.1, 60.7, 56.0, 45.6, 43.7, 38.3, 18.4, 10.8; 19F-NMR (560 MHz, CDCl3): d 

-53.4 (d, J = 165.7 Hz, 1F), -54.6 (d, J = 165.7 Hz, 1F); HRMS (EI): calcd for C34H42F2O8Si (M+): 644.2617, found: 

644.2589. 

 

On 43.5 mg (67.5 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 74 µL, 74 µmol) in 

THF (3.4 mL). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 6) to provide 218 

(12.9 mg, 26.4 µmol, 39%) and epimer 219 (13.1 mg, 26.8 µmol, 40%). 

 

218: white amorphous; IR (neat): 2142, 1781 cm-1; 1H-NMR (600 MHz, CDCl3): d 6.98 (s, 1H), 6.53 (s, 1H), 6.37 

(s, 2H), 6.00 (d, J = 1.4 Hz, 1H), 5.99 (d, J = 1.4 Hz, 1H), 5.40 (d, J = 9.3 Hz, 1H), 4.60 (d, J = 4.5 Hz, 1H), 4.55 (t, 

J = 8.1 Hz, 1H), 4.07 (t, J = 9.8 Hz, 1H), 3.81 (s, 3H), 3.76 (s, 6H), 3.06-2.95 (m, 1H), 2.87 (dd, J = 14.6, 4.6 Hz, 

1H), 2.85 (t, J = 3.2 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 173.5, 152.7, 148.4, 147.8, 137.2, 134.5, 132.5, 127.8, 

113.5 (t, 1JCF = 245.6 Hz), 109.6, 108.0, 107.7, 101.7, 76.0, 74.1 (t, 3JCF = 5.8 Hz), 73.1 (t, 2JCF = 51.3 Hz), 71.0 (t, 
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3JCF = 6.5 Hz), 65.1, 60.8, 56.1, 45.5, 43.7, 38.2; 19F-NMR (560 MHz, CDCl3): d -55.4 (s, 2F); HRMS (ESI): calcd 

for C25H23F2O8 ([M+H]+): 489.1361, found: 489.1390. 

 

219: white amorphous; IR (neat): 2141, 1774 cm-1; 1H-NMR (600 MHz, CDCl3): d 6.88 (s, 1H), 6.49 (s, 1H), 6.44 

(s, 2H), 5.97 (d, J = 1.0 Hz, 1H), 5.96 (d, J = 1.4 Hz, 1H), 5.24 (d, J = 5.5 Hz, 1H), 4.42 (dd, J = 9.8, 6.4 Hz, 1H), 

4.37 (dd, J = 9.8, 2.6 Hz, 1H), 4.30 (d, J = 4.1 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 6H), 3.22 (dd, J = 8.9, 4.1 Hz, 1H), 

3.13-3.07 (m, 1H), 2.81 (t, J = 3.3 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 177.0, 153.4, 148.6, 147.3, 138.4, 136.8, 

131.3, 126.0, 113.6 (t, 1JCF = 264.4 Hz), 109.3, 108.1, 105.3, 101.5, 75.1, 74.1 (t, 3JCF = 5.8 Hz), 73.2 (t, 2JCF = 52.7 

Hz), 70.6, 60.8, 56.1, 45.8, 44.3, 40.8; 19F-NMR (560 MHz, CDCl3): d -55.0 (d, J = 174.4 Hz, 1F), -55.6 (d, J = 174.4 

Hz, 1F); HRMS (ESI): calcd for C25H23F2O8 ([M+H]+): 489.1361, found: 489.1389. 

 

Decomplexation of analog 202 

On 58.9 mg (67.6 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (65 µL, 

0.406 mmol) in Et2O (2.1 mL) at 12 h. The crude was purified by silica gel column chromatography (AcOEt : hexane 

= 1 : 2) to provide 213 (21.2 mg, 36.3 µmol, 54%). 

 

 

213: colorless oil; IR (neat): 3384, 1732 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.82 (brs, 1H), 7.46 (d, J = 7.5 Hz, 

1H), 7.29 (d, J = 8.2 Hz, 1H), 7.12 (d, J = 7.5 Hz, 1H), 7.07 (d, J = 7.5 Hz, 1H), 4.89 (s, 1H), 3.74 (s, 3H), 3.40 (d, J 

= 10.9 Hz, 1H), 3.08 (dd, J = 11.3, 5.8 Hz, 1H), 3.03-2.92 (m, 2H), 2.72 (d, J = 15.0 Hz, 1H), 2.64 (td, J = 11.3, 3.8 

Hz, 1H), 2.43 (d, J = 12.3 Hz, 1H), 2.36 (d, J = 11.6 Hz, 1H), 2.31-2.20 (m, 2H), 2.08-1.98 (m, 1H), 1.64-1.42 (m, 

4H), 1.31-1.03 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 171.4, 136.0, 134.7, 127.4, 121.3, 119.3, 118.1, 113.5 (t, 
1JCF = 241.3 Hz), 110.8, 108.1, 95.3 (t, 2JCF = 52.7 Hz), 89.2 (t, 3JCF = 5.1 Hz), 74.3, 61.1, 59.8, 52.9, 51.8, 51.6, 40.4, 

36.3, 34.3, 30.7, 23.3, 21.8, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -53.4 (d, J = 165.7 Hz, 1F), -53.8 (d, J = 

165.7 Hz, 1F); HRMS (ESI): calcd for C33H47F2N2O3Si ([M+H]+): 582.3426, found: 582.3320. 
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On 35.5 mg (60.7 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 74 µL, 74 µmol) in 

THF (3.4 mL). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 1) to provide 217 

(16.6 mg, 38.7 µmol, 64%). 

 

217: white amorphous; IR (neat): 2137, 1727 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.82 (s, 1H), 7.46 (d, J = 7.6 Hz, 

1H), 7.30 (d, J = 8.2 Hz, 1H), 7.12 (t, J = 6.9 Hz, 1H), 7.08 (t, J = 6.9 Hz, 1H), 4.89 (d, J = 2.1 Hz, 1H), 3.75 (s, 3H), 

3.41 (d, J = 11.7 Hz, 1H), 3.07 (dd, J = 11.0, 5.5 Hz, 1H), 3.04-2.95 (m, 1H), 2.95 (dd, J = 11.3, 3.4 Hz, 1H), 2.74 (t, 

J = 3.4 Hz, 1H), 2.72 (dd, J = 16.9, 4.8 Hz, 1H), 2.64 (td, J = 11.5, 4.4 Hz, 1H), 2.45-2.33 (m, 2H), 2.28 (t, J = 10.7 

Hz, 1H), 2.13-2.22 (m, 1H), 2.04 (qd, J = 11.2, 3.6 Hz, 1H), 1.78-1.45 (m, 5H) 13C-NMR (150 MHz, CDCl3): δ 171.4, 

136.0, 134.6, 127.3, 121.3, 119.3, 118.1, 113.4 (t, 1JCF = 244.9 Hz), 110.8, 108.1, 73.7, 73.5 (t, 2JCF = 52.7 Hz), 73.0 

(t, 3JCF = 5.8 Hz), 61.0, 59.8, 52.9, 51.8, 51.6, 40.2, 36.2, 34.1, 31.0, 23.3, 21.7; 19F-NMR (560 MHz, CDCl3): d -

56.5 (d, J = 174.4 Hz, 1F), -56.8 (d, J = 174.4 Hz, 1F); HRMS (ESI): calcd for C24H27F2N2O3 ([M+H]+): 429.1990, 

found: 429.1993. 

 

Syntheses of a-difluoroehters 

Synthesis of triazole 210 

 
To a solution of difluoropropargyl ether 209 (31.3 mg, 0.100 mmol) and benzyl azide (20.3 mg, 0.152 mmol) in t-

BuOH-H2O (1:1, 1 mL) was added Cu(OAc)2 (0.9 mg, 5.0 µmol) and sodium ascorbate (3.6 mg, 18.2 µmol). The 

reaction was stirred at room temperature for 12 h. the reaction mixture was diluted with Et2O (5 mL) and H2O (5 mL) 

and extracted with CHCl3 (10 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, 

filtered, and concentrated in vacuo. The residue was purified with flash silica gel column chromatography (AcOEt : 

hexane = 1 : 1 to MeOH : CHCl3 = 1 : 20) to give 210 (39.5 mg, 88.6 µmol, 89%). 

210: white solid; mp = 120-121 ºC; IR (neat): 1703, 1660 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.66 (s, 1H), 7.56 (s, 

1H), 7.36-7.44 (m, 3H), 7.28-7.32 (m, 2H), 5.53 (s, 2H), 4.88-4.96 (m, 1H), 4.61 (dd, J = 14.1, 2.4 Hz, 1H), 4.30 (dd, 

J = 14.1, 8.2 Hz, 1H), 3.57 (s, 3H), 3.40 (s, 3H), 1.44 (d, J = 6.5 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 155.4, 

151.5, 148.8, 142.3, 133.6, 129.3, 129.2, 129.1, 128.2, 122.3, 119.1 (t, 1JCF = 255.0 Hz), 106.8, 71.2, 54.4, 51.4, 29.8, 

27.8, 18.7; 19F-NMR (560 MHz, CDCl3): d -67.5 (d, J = 157.0 Hz, 1F), 68.0 (d, J = 157.0 Hz, 1F); HRMS (ESI): 

calcd for C20H22F2N7O3 ([M+H]+): 446.1752, found: 446.1753. 
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Synthesis of isoxazole 211 

 

To a solution of difluoroproaprgyl ether 209 (30.9 mg, 98.9 µmol) and (Z)-N-hydroxybenzimidoyl chloride (46.8 mg, 

0.301 mmol) in EtOH (1 mL) was added Et3N (42 µL, 0.301 mmol). The reaction mixture was stirred at 40 ºC for 12 

h. The reaction mixture was diluted with H2O (4 mL) and extracted with Et2O (10 mL × 3). The combined organic 

layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified with 

flash silica gel column chromatography (AcOEt : hexane = 1 : 1 to MeOH : CHCl3 = 1 : 20) to give 211 (42.1 mg, 

97.6 µmol, 99%). 

211: white amorphous; IR (neat): 1704, 1660 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.79-7.73 (m, 2H), 7.62 (s, 1H), 

7.50-7.42 (m, 3H), 6.76 (s, 1H), 4.99-4.91 (m, 1H), 4.60 (d, J = 14.4 Hz, 1H), 4.26 (dd, J = 14.3, 8.4 Hz, 1H), 3.56 

(d, J = 1.4 Hz, 3H), 3.37 (d, J = 1.4 Hz, 3H), 1.49 (d, J = 6.2 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 162.2, 162.1 

(t, 2JCF = 55.1 Hz), 155.4, 151.5, 148.9, 142. 0, 130.6, 129.1, 127.6, 126.8, 117.0 (t, 1JCF = 257.2 Hz), 106.6, 102.1, 

72.2, 51.4, 29.8, 27.9, 18.8; 19F-NMR (560 MHz, CDCl3): d 70.5 (d, J = 157.0 Hz, 1F), 71.0 (d, J = 157.0 Hz, 1F); 

HRMS (ESI): calcd for C20H20F2N5O4 ([M+H]+): 432.1483, found: 432.1505. 

 

Synthesis of fluoropropyl ether 212 

 
To a solution of difluoropropargyl ether 209 (28.4 mg, 90.9 µmol) in THF (1.8 mL) was added 10% Pd/C (8.5 mg) 

and hydrogenated (H2, 1 atm). After 16 h, the catalyst was filtered through a pad of Celite followed by washed with 

Et2O (20 mmol). The Filtrate was washed with saturated aqueous NaHCO3 and brine, dried over MgSO4, filtered, 

and concentrated in vacuo. The residue was purified with flash silica gel column chromatography (AcOEt : hexane 

= 1 : 1) to give 212 (24.8 mg, 78.4 µmol, 86%). 

212: colorless oil; IR (neat): 1705, 1661 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.52 (s, 1H), 4.69-4.77 (m, 1H), 4.51 

(dd, J = 14.1, 2.4 Hz, 1H), 4.14 (dd, J = 14.3, 8.4 Hz, 1H), 3.58 (s, 3H), 3.39 (s, 3H), 1.92-1.79 (m, 2H), 1.32 (d, J = 

6.5 Hz, 3H), 0.94 (t, J = 7.6 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 155.3, 151.6, 148.7, 141.9, 125.9 (t, 1JCF = 

262.3 Hz), 106.8, 69.3 (t, 2JCF = 5.0 Hz), 51.7, 29.8, 29.1 (t, 2JCF = 30.3 Hz), 27.9, 18.8, 6.9; 19F-NMR (560 MHz, 

CDCl3): d -78.1 (s, 2F); HRMS (ESI): calcd for C13H19F2N4O3 ([M+H]+): 317.1425, found: 317.1428. 
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Raman spectrum 

Raman Spectra of CH2Alkynes/CF2Alkynes 

Raman spectra were obtained with a RAMAN-11 slit-scanning Raman microscope (Nanophoton, Japan) with 532 

nm excitation. Samples were placed on a quartz substrate during the measurements. The laser output was focused 

into the sample by a 60X/1.27 numerical aperture (NA) water immersion objective lens (CFI Plan Apo IR 60X WI, 

NIKON, Japan). The slit width of the spectrograph was 70 µm. The light intensity at the sample plane was calculated 

as 6.0 mW/µm2 from the ratio of the measured laser power between the sample position and the area of the 

illumination line. The exposure time for each line was 10 sec. 

 

Relative Raman intensity vs EdU (RIE)3 

The 1 µL each of DMSO solutions of the test compound (10 or 100 mM) and internal standard (10 or 100 mM stock 

solution of EdU or PhCN) were mixed on quartz, and Raman spectrum of the mixture was measured by using 

RAMAN-11 slit-scanning Raman microscope (Nanophoton, Japan) with 532 nm excitation. The measurement was 

repeated 4 times for each test compound. The light intensity at the sample plane was calculated as 6.0 mW/µm2 from 

the ratio of the measured laser power between the sample position and the area of the illumination line. The exposure 

time for each line was 120 sec. The background of DMSO was subtracted from the measured spectra, and obtained 

spectra were fitted with a Gaussian function. The peak areas were calculated by “Raman viewer” software equipped 

on the Raman microscope. Finally, RIE (relative Raman intensity vs EdU) was calculated from the area ratio of 4 

spectra and concentrations of the sample and standard (in the case of PhCN as a standard, RIE was calculated from 

the peak areas of sample vs PhCN and PhCN vs EdU).  

 

 

Figure S1. Raman spectra of 205 and 213. 
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Figure S2. Raman spectra of 210 and 214. 

 

Synthesis of substrates 

2-(4-Methoxy-3-(prop-1-en-2-yl)phenyl)ethan-1-ol (E16) 

 

To a solution of 4-methoxyphenylethyl alcohol (3.36 g, 22.0 mmol) and AcCl (4.7 mL, 66.0 mmol) in Cl2CHCHCl2 

(33 mL) was added AlCl3 (10.3 g, 77.2 mmol) portionwise over 1 h at 0 ºC. The reaction mixture was allowed to 

warm to room temperature and stirred for 18 h. Then the reaction mixture was cooled at 0 ºC and quenched with ice 

water (20 mL) and extracted with CH2Cl2 (40 mL × 2). The combined organic layer was washed with water and then 

brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica gel column 

chromatography (AcOEt : hexane = 1 : 4) to give E15 (2.68 g, 10.9 mmol, 50%) as a colorless oil.  

To a solution of E15 (924 mg, 3.91 mmol) in Et2O (26 mL) was added MeMgBr (3M in Et2O: 3.8mL) dropwise over 

30 min at 0 ºC and then stirred for 2 h. The reaction mixture was quenched with sat. NH4Cl aq. (10 mL) and extracted 

with Et2O (20 mL × 2). The combined organic layer was washed with saturated aqueous NaHCO3 and brine, dried 

over MgSO4, filtered and concentrated in vacuo. To the residue were added toluene (34 mL) and TsOH•H2O (64.5 

mg, 0.338 mmol) at room temperature. The reaction mixture was warm to 100 ºC and stirred for 16 h. The reaction 

mixture was concentrated in vacuo and AcOEt (50 mL) was added. The organic layers were washed with sat. 

NaHCO3 aq. and brine. The organic layers were dried over MgSO4, filtered and concentrated in vacuo. To the residue 

was added K2CO3 (937 mg, 6.78 mmol) and MeOH (34 mL) at room temperature. After stirring 2 h, the reaction 

mixture was quenched with water (20 mL) and extracted with Et2O (25 mL × 2). The combined organic layer was 
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dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica gel column chromatography 

(AcOEt : hexane = 1 : 2) to give alcohol E16 (209 mg, 1.09 mmol, 28% for 3 steps).  

 

E16: Pale yellow oil; IR (neat): 3341 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.09 (dd, J = 8.5, 1.9 Hz, 2H), 7.04 (d, J 

= 1.9 Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H), 5.14 (s, 1H), 4.99 (s, 1H), 3.82 (t, J = 6.5 Hz, 2H), 3.81 (s, 3H), 2.79 (t, J = 

6.5 Hz, 2H), 2.11 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 155.3, 144.1, 132.9, 130.2, 129.9, 128.6, 115.0, 111.0, 

63.7, 55.5, 38.2, 23.1; HRMS (EI): calcd for C12H16O2 (M+): 192.1150, found: 192.1153. 

 

2-(3-Bromo-4-methoxyphenyl)ethanol (E17) 

 

To the solution of 3-bromo-4-hydroxyphenylethyl alcohol (1.09 g, 5.02 mmol) in acetone (7.5 mL) was added MeI 

(0.41 mL, 6.59 mmol) and K2CO3 (0.90 g, 6.52 mmol) and stirred at 40 ºC for 20 h. The reaction mixture was 

quenched with water and extracted with Et2O. The combined organic layer was dried over MgSO4, filtered and 

concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 2) to 

give E17 (761 mg, 3.29 mmol, 66%). 

 

E17: yellow oil; IR (neat): 3342 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.41 (d, J = 2.3 Hz, 1H), 7.13 (dd, J = 8.5, 2.3 

Hz, 1H), 6.84 (d, J = 8.7 Hz, 1H), 3.87 (s, 3H), 3.81 (t, J = 6.4 Hz, 2H), 2.78 (t, J = 6.4 Hz, 2H), 1.61 (brs, 1H); 13C-

NMR (100 MHz, CDCl3): d 154.5, 133.6, 132.2, 129.0, 112.0, 111.6, 63.4, 56.2, 37.8; HRMS (EI): calcd for 

C9H11
79BrO2 (M+): 229.9942, found: 229.9936. 

 

trans-2-(3,4-Dimethoxyphenyl)cyclohexan-1-ol (E18) 

 

One crystal of iodine was added to a mixture of magnesium (375 mg, 15.4 mmol) and THF (10 mL) in a dry 2-neck 

flask with fitted with a Liebig condenser. To this, 2 ml of a solution of 4-bromo-N,N-dimethylaniline in THF was 

added and stirred vigorously. As soon as the color of iodine disappeared, a solution of 4-Bromo-1,2-

dimethoxybenzene (1.90 mL, 13.2 mmol) in THF (20 mL) was added slowly over a period of 30 minutes while 

refluxing. The reaction was stirred at Almost magnesium was consumed, CuI (109 mg, 0.57 mmol) was added to the 

reaction mixture. To this a solution of cyclohexene oxide (1.1 mL, 10.9 mmol) in THF (10 mL) was added slowly 

dropwise at 0 °C. Then it was allowed to stir at room temperature for 12 h, then quenched with saturated aq. NH4Cl 
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(5 mL). The reaction mixture was filtered through Celite® and extracted with CH2Cl2 (20 mL × 3). The combined 

organic layer was washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by silica 

gel column chromatography (AcOEt : hexane = 1 : 8 to 1 : 1) to give E18 (423 mg, 1.79 mmol, 16%).  

E18: white solid; IR (solid): 3384, 1589 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.90-6.74 (m, 3H), 3.89 (s, 3H), 3.87 

(s, 3H), 3.72-3.52 (m, 1H), 2.49-2.30 (m, 1H), 2.12 (brd, J = 11.7 Hz, 1H), 1.86 (brd, J = 12.1 Hz, 1H), 1.77 (brd, J 

= 12.1 Hz, 1H), 1.58-1.21 (m, 5H); 13C-NMR (100 MHz, CDCl3): d 149.2, 147.9, 135.7, 119.6, 111.6, 111.1, 74.5, 

55.9, 55.8, 52.8, 34.3, 33.3, 26.1, 25.0; HRMS (EI): calcd for C14H20O3 (M+): 236.1412, found: 236.1414. 

 

trans-2-(4-(Dimethylamino)phenyl)cyclohexan-1-ol (E19) 

 
One crystal of iodine was added to a mixture of magnesium (169 mg, 7.0 mmol) and THF (5 mL). To this, 2 ml of a 

solution of 4-bromo-N,N-dimethylaniline in THF was added and stirred vigorously. As soon as the color of iodine 

disappeared, a solution of 4-bromo-N,N-dimethylaniline (1.2 g, 6.0 mmol) in THF (10 mL) was added slowly over a 

period of 30 minutes while refluxing. The reaction was stirred at almost magnesium was consumed, CuI (95 mg, 0.50 

mmol) was added to the reaction mixture. To this a solution of cyclohexene oxide (505 µl, 5.0 mmol) in THF (3 mL) 

was added slowly dropwise at 0 °C. Then it was allowed to stir at room temperature for 10 h, then quenched with 

saturated aquous NaHCO3 (5 mL). The reaction mixture was filtered through Celite® and extracted with CH2Cl2 (20 

mL × 3). The combined organic layer was washed with brine, dried over MgSO4 and concentrated in vacuo. The 

residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4) to give E19 (890 mg, 4.05 mmol, 

81%).  

E19: light brown solid: IR (neat): 3436, 1613 cm-1: 1H-NMR (400 MHz, CDCl3): δ 7.13 (d, J = 8.8 Hz, 2H), 6.73 (d, 

J = 8.8 Hz, 2H), 2.32 (dt, J = 10.0, 4.0 Hz, 1H), 2.93 (s, 6H), 2.32 (ddd, J = 13.0, 9.6, 4.0 Hz, 1H), 2.15-2.09 (m, 

1H), 1.90-1.80 (m, 2H), 1.80-1.70 (m, 1H), 1.60-1.25 (m, 5H). 13C-NMR (100 MHz, CDCl3): δ 149.7, 130.8, 128.5, 

113.1, 74.6, 52.2, 40.7, 34.3, 33.4, 26.2, 25.1: HRMS (EI): calcd for C14H21NO (M+): 219.1623, found: 219.1623. 

 

1-(4-Methoxyphenyl)-2-methylpropan-2-ol (E20) 

 

To a solution of Ethyl 4-methoxyphenylacetate (971 mg, 5.00 mmol) in Et2O (25 mL) was added MeMgBr (3M in 

Et2O: 5.0 mL) dropwise over 10 min at 0 ºC. The reaction mixture was allowed to warm to room temperature and 

stirred for 4 h. The reaction mixture was cooled to 0 ºC and quenched with saturated aqueous NH4Cl (15 mL) and 

extracted with Et2O (20 mL × 2). The combined organic layer was washed with brine, dried over MgSO4, filtered 
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and concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4) 

to give E20 (885 mg, 4.91 mmol, 98%). 

 

E20: colorless oil; IR (neat): 3328 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.13 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.5 Hz, 

2H), 3.80 (s, 3H), 2.71 (s, 2H), 1.21 (s, 6H); 13C-NMR (100 MHz, CDCl3): d 158.3, 131.4, 129.8, 113.6, 70.7, 55.2, 

48.8, 29.1; HRMS (EI): calcd for C11H16O2 (M+): 180.1150, found: 180.1150. 

 

2-(4-(Piperidin-1-yl)phenyl)ethan-1-ol (E22) 

 
To a solution of ester E21 (347 mg, 1.49 mmol) in THF (0.1 M) was added LiAlH4 (68.5 mg, 1.81 mmol) at 0 ºC. 

After stirring for 2 h at room temperature, the reaction mixture was quenched with saturated aqueous Rochelle salt 

and stirred at room temperature for 30 min. The solution was extracted with Et2O (20 mL × 2). The combined organic 

layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by 

silica gel column chromatography (AcOEt : hexane 1 : 2) to give E22 (273 mg, 1.33 mmol, 89%) 

 

E22: colorless oil; IR (neat): 3255 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.10 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.4 Hz, 

2H), 3.80 (t, J = 6.5 Hz, 2H), 3.12 (t, J = 5.3 Hz, 4H), 2.77 (t, J = 6.5 Hz, 2H), 1.80-1.65 (m, 4H), 1.62-1.52 (m, 2H), 

1.49 (brs, 1H); 13C-NMR (100 MHz, CDCl3): d 151.0, 129.6, 128.8, 116.9, 63.8, 50.9, 38.2, 25.8, 24.2; HRMS (EI): 

calcd for C18H19NO ([M]+): 205.1467, found: 205.1497. 

 

tert-Butyl (1-hydroxy-4-(methylthio)butan-2-yl)carbamate (E24) 

 

To a solution of ester E23 (1.93 g, 7.74 mmol) in THF (38 mL) was added LiAlH4 (377 mg, 9.93 mmol) at 0 ºC. 

After stirring for 5 h at room temperature, the reaction mixture was quenched with saturated aqueous Rochelle salt 

(20 mL) and stirred at room temperature for 30 min. The solution was extracted with Et2O (40 mL × 2). The combined 

organic layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified 

by silica gel column chromatography (AcOEt : hexane 1 : 2) to give alcohol E24 (273 mg, 1.33 mmol, 89%). 

 

E24: white solid; IR (neat): 3358, 1681 cm-1; 1H-NMR (400 MHz, CDCl3): d 4.78 (brs, 1H), 3.85-3.53 (m, 3H), 2.66-

2.48 (m, 2H), 2.43 (brs, 1H), 2.12 (s, 3H), 1.91-1.64 (m, 2H), 1.45 (s, 9H); 13C-NMR (100 MHz, CDCl3): d 156.2, 

79.7, 65.4, 52.0, 31.0, 30.7, 28.4, 15.6; HRMS (EI): calcd for C10H21NO3S (M+): 235.1242, found: 235.1234. 
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4-((3-Phenylpropyl)amino)cyclohexan-1-ol (E26) 

 

To a solution of ester E25 (500 mg, 2.02 mmol) in THF (30 mL) was added LiAlH4 (335 mg, 8.83 mmol) portionwise 

at 0 ºC. After stirring for 12 h at reflux, the reaction mixture was cooling at 0 ºC and quenched with sat. Rochelle salt 

(20 mL) and stirred at room temperature for 30 min. The solution was extracted with Et2O (40 mL × 2). The combined 

organic layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified 

by silica gel column chromatography (CHROMATOREX® -NH, CHCl3) to give aminoalcohol E26 (415 mg, 1.78 

mmol, 88%). 

 

E26: white solid; IR (solid): 3260 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.34-7.24 (m, 2H), 7.22-7.11 (m, 3H), 3.60 

(tt, J = 10.7, 4.1 Hz, 1H), 2.71-2.57 (m, 4H), 2.41 (tt, J = 11.0, 3.7 Hz, 1H), 1.97-1.86 (m, 4H), 1.80 (quint. J = 7.9 

Hz, 2H), 1.37-1.20 (m, 2H), 1.17-1.05 (m, 2H); 13C-NMR (100 MHz, CDCl3): d 142.1 139.0, 128.3, 125.8, 70.5, 

56.0, 46.9, 34.1, 33.7, 32.0, 31.3; HRMS (EI): calcd for C15H23NO (M+): 233.1780, found: 233.1773. 

 

1-Methoxy-4-(2-(prop-2-yn-1-yloxy)ethyl)benzene (213) 

 

To a solution of 4-methoxyphenethyl alcohol (112 mg, 0.736 mmol) in THF (7.4 mL) was added 60% NaH (82.6 mg, 

2.07 mmol) at 0 ºC. The mixture was stirred at room temperature for 30 min. Propargyl bromide (84 µL, 1.11 mmol) 

was added to the mixture at 0 ºC. The reaction mixture was allowed to warm to room temperature and stirred for 6 h. 

The reaction mixture was quenched with sat. aqueous NH4Cl (4 mL) and extracted with hexane (4 mL × 3). The 

combined organic layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue 

was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20) to give 213 (42.4 mg, 0.223 mmol, 

30%). 

 

213: yellow oil; IR (neat): 3286 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.15 (d, J = 8.2 Hz, 2H), 6.84 (d, J = 8.2 Hz, 

2H), 4.15 (t, J = 1.9 Hz, 2H), 3.78 (s, 3H), 3.71 (t, J = 7.2 Hz, 2H), 2.86 (t, J = 7.2 Hz, 2H), 2.42 (t, J = 1.9 Hz, 1H); 
13C-NMR (100 MHz, CDCl3): d 158.1, 130.6, 129.8, 113.8, 80.0, 74.3, 71.1, 58.1, 55.2, 35.1; HRMS (EI): calcd for 

C12H14O2(M+): 190.0994, found: 190.1001. 
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1-methoxy-4-(2-((3-phenylprop-2-yn-1-yl)oxy)ethyl)benzene (214) 

 
To a solution of 4-methoxyphenethyl alcohol (103 mg, 0.677 mmol) in THF (3.6 mL) was added 60% NaH (36 mg, 

0.90 mmol) at 0 ºC. The mixture was stirred at room temperature for 50 min. (3-Iodoprop-1-yn-1-yl)benzene (164 

mg, 0.677 mmol) was added to the mixture at 0 ºC. The reaction mixture was allowed to warm to room temperature 

and stirred for overnight. The reaction mixture was quenched with sat. aqueous NH4Cl (2 mL) and extracted with 

Et2O (10 mL × 2). The combined organic layer was washed with brine, dried over MgSO4, filtered and concentrated 

in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 200) to give 214 (78.8 

mg, 0.296 mmol, 44%). 

 

214: yellow oil; IR (neat): 2236 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.49-7.41 (m, 2H), 7.34-7.29 (m, 3H), 7.17 (d, 

J = 7.5 Hz, 2H), 6.84 (d, J = 7.5 Hz, 2H), 4.38 (s, 2H), 3.79 (s, 3H), 3.78 (t, J = 7.2 Hz, 2H), 2.90 (t, J = 7.2 Hz, 2H); 
13C-NMR (100 MHz, CDCl3): d 158.1, 131.7, 130.7, 129.9, 129.8, 128.4, 128.2, 113.8, 86.1, 85.2, 71.2, 58.9, 55.2, 

35.2; HRMS (EI): calcd for C18H18O2 (M+): 266.1307, found: 266.1306. 

 
<Chapter 4> 

Etherification of testosterone 

A solution of 37 (48.8 mg, 0.16 mmol) and Co2(CO)8 (55.6 mg, 0.16 mmol) in toluene (1 mL) was stirred at room 

temperature. After 3 h, testosterone (25.3 mg, 87.7 µmol), triethylamine (21 µL, 0.15 mmol) and AgOTf (42.7 mg, 

0.17 mmol) were added. After 30 min, the reaction mixture was diluted with saturated aqueous NaHCO3 (1 mL) and 

extracted with AcOEt (5mL × 2). The combined organic layers were washed with brine and dried over MgSO4, 

filtered and concentrated in vacuo. The residue was purified by flash silica gel column chromatography (AcOEt : 

Hexane = 1 : 8) to provide 216 (15.1 mg, 18.8 µmol, 21%) and 217 (23.3 mg, 29.0 µmol, 33%). 

 

 
216: red oil; IR (neat): 2038, 1676 cm-1; 1H-NMR (600 MHz, CDCl3): d 5.73 (s, 1H), 4.30 (t, J = 7.7 Hz, 1H), 2.27-

2.42 (m, 4H), 2.13 (s, 1H), 2.02 (d, J = 12.0 Hz, 1H), 1.84-1.91 (m, 2H), 1.59-1.75 (m, 5H), 1.02-1.42 (m, 35H), 0.94 

(t, J = 9.6 Hz, 1H), 0.82-0.88 (m, 4H); 13C-NMR (150 MHz, CDCl3): d 199.5, 199.3, 171.0, 124.8 (t, 1JCF = 255.8 

Hz), 123.9, 101.9 (t, 2JCF = 50.6 Hz), 84.4, 71.9, 53.7, 49.9, 42.3, 38.6, 36.2, 35.7, 35.4, 33.9, 32.7, 31.4, 28.4, 23.3, 

20.5, 18.9, 17.4, 13.6, 11.6; 19F-NMR (560 MHz, CDCl3): d -55.1 (d, J = 157.0 Hz, 1F), -55.5 (d, J = 157.0 Hz, 1F); 
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HRMS (EI): calcd for C35H48Co2F2O6Si ([M-2CO]+): 748.1852, found: 748.1873. 

 

217: red oil; IR (neat): 3412, 2059 cm-1; 1H-NMR (600 MHz, CDCl3): d 5.86 (s, 1H), 5.42 (s, 1H), 3.67 (s, 1H), 2.41-

2.46 (m, 1H), 2.05-2.27 (m, 4H), 1.84-1.89 (m, 2H), 1.56-1.73 (m, 6H), 1.25-1.47 (m, 10H), 1.08-1.20 (m, 23H), 

0.96-1.04 (m, 4H), 0.77-0.84 (m, 3H); 13C-NMR (150 MHz, CDCl3): d 199.1, 146.6, 139.6, 124.4 (t, 1JCF = 260.1 

Hz), 123.4, 115.3, 101.3 (t, 2JCF = 49.1 Hz), 81.8, 72.3, 51.4, 48.2, 46.1, 42.9, 36.5, 34.8, 33.8, 31.8, 31.5, 30.5, 25.6, 

23.4, 20.8, 18.9, 13.6, 11.1; 19F-NMR (560 MHz, CDCl3): d -55.4 (d, J = 157.0 Hz, 1F), -56.7 (d, J = 157.0 Hz, 1F); 

HRMS (EI, FAB, ESI) was not detected. 

 

Formation of propargyl vinyl ether 

Standard procedure for the etherification of ketones and aldehydes 

Procedure A: A solution of phenyldifluorobromopropyne (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) 

was stirred at room temperature. After 3 h, ketone (0.1 mmol), iPr2NEt (0.15 mmol) and AgNTf2 (0.15 mmol) was 

added and stirred at room temperature for 30 min. The reaction mixture was diluted with saturated aqueous NaHCO3 

(1 mL) and extracted with AcOEt (5mL x 2). The combined organic layers were washed with brine and dried over 

MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 

(Kanto). 

 

Procedure B: A solution of phenyldifluorobromopropyne (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) 

was stirred at room temperature. After 3 h, ketone (0.1 mmol), DTBMP (0.15 mmol) and AgNTf2 (0.15 mmol) was 

added and stirred at room temperature for 30 min. The reaction mixture was diluted with saturated aqueous NaHCO3 

(1 mL) and extracted with AcOEt (5mL x 2). The combined organic layers were washed with brine and dried over 

MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 

(Kanto). 

 

Etherification of cyclohexanone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane) to provide 

219 (50.6 mg, 94.6 µmol, 95%). 
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219: red oil; IR (neat): 2034 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.70-7.60 (m, 2H), 7.40-7.31 (m, 3H), 5.61 (s, 1H), 

2.26 (brs, 2H), 2.19-2.09 (m, 2H), 1.80-1.70 (m, 2H), 1.66-1.57 (m, 2H); 13C-NMR (150 MHz, CDCl3): d 198.1, 

148.0, 136.6, 130.0, 128.9, 128.4, 124.9 (t, 1JCF = 259.4 Hz), 112.7, 88.0, 83.8 (t, 2JCF = 49.9 Hz), 28.0, 23.8, 22.8, 

21.7; 19F-NMR (560 MHz, CDCl3): d -58.3 (s, 2F); HRMS (EI): calcd for C21H14Co2F2O7 (M+): 533.9372, found: 

533.9361. 

 

Etherification of 4’-methoxyacetophenone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 222 (59.6 mg, 82.5 µmol, 84%). 

 
222: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.67 (t, J = 1.7 Hz, 2H), 7.48 (d, J = 7.5 Hz, 2H), 

7.36 (s, 3H), 6.83 (d, J = 7.5 Hz, 2H), 5.28 (s, 1H), 5.23 (s, 1H), 3.81 (s, 3H); 13C-NMR (150 MHz, CDCl3): d  198.0, 

160.1, 152.4, 136.4, 130.0, 128.9, 128.5, 127.8, 126.9, 125.2 (t, 1JCF = 260.1 Hz), 113.6, 97.7, 88.5, 83.0 (t, 2JCF = 

48.4 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d -59.2 (s, 2F); HRMS (EI): calcd for C21H14Co2F2O5 ([M-3CO]+): 

501.9473, found: 501.9470. 

 

Etherification of 4’-chloroacetophenone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 223 (57.4 mg, 97.1 µmol, 97%). 

 

223: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.68-7.62 (m, 2H), 7.46 (d, J = 8.6 Hz, 2H), 7.40-

7.34 (m, 3H), 7.28 (d, J = 8.6 Hz, 2H), 5.38 (d, J = 2.4 Hz, 1H), 5.34 (s, 1H); 13C-NMR (150 MHz, CDCl3): d 197.9, 

151.6, 136.3, 134.8, 133.7, 130.0, 129.0, 128.6, 128.5, 126.8, 125.3 (t, 1JCF = 262.3 Hz), 99.94, 88.68, 82.5 (t, 2JCF = 

49.1 Hz); 19F-NMR (560 MHz, CDCl3): d -59.4 (s, 2F); HRMS (EI): calcd for C23H11
35ClCo2F2O7 (M+): 589.8825, 

found: 589.8820. 

 

Etherification of methyl 4’-carboxyacetophenone 

O

FF

Ph

Co2(CO)6

219

O

MeO

FF

Ph

Co2(CO)6

222

O

Cl

FF

Ph

Co2(CO)6

223



 

 149 

The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane 1:20 

containing 1% TEA) to provide 224 (57.1 mg, 93.0 µmol, 93%). 

 
224: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.98 (d, J = 7.5 Hz, 2H), 7.69-7.63 (m, 2H), 7.61 

(t, J = 8.9 Hz, 2H), 7.37 (s, 3H), 5.51 (s, 1H), 5.45 (s, 1H), 3.92 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 166.6, 

151.6, 139.4, 136.3, 130.8, 130.0, 129.6, 129.0, 128.7, 125.4, 125.4 (t, 1JCF = 261.6 Hz), 101.5, 88.7, 82.3 (t, 2JCF = 

47.7 Hz), 52.1; 19F-NMR (560 MHz, CDCl3): d -59.4 (s, 2F); HRMS (EI): calcd for C22H14Co2F2O6 ([M-3CO]+): 

529.9422, found: 529.9432. 

 

Etherification of 4’-dimethylaminoacetophenone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 225 (27.1 mg, 45.1 µmol, 45%). 

 
225: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66-7.73 (m, 2H), 7.43 (d, J = 8.8 Hz, 2H), 7.32-

7.40 (m, 3H), 6.63 (d, J = 8.2 Hz, 2H), 5.21 (d, J = 2.1 Hz, 1H), 5.12 (s, 1H), 2.97 (s, 6H); 19F-NMR (560 MHz, 

CDCl3): d -58.9 (s, 2F); HRMS (EI): calcd for C22H17Co2F2NO4 ([M-3CO]+): 514.9790, found: 514.9782. 

 

Etherification of 3’-methoxyacetophenone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 226 (50.5 mg, 86.2 µmol, 86%). 

 

 
226: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.67 (s, 2H), 7.35 (s, 3H), 7.23 (t, J = 8.3 Hz, 1H), 

7.15 (d, J = 7.2 Hz, 1H), 7.05 (s, 1H), 6.87 (d, J = 7.2 Hz, 1H), 5.39 (s, 1H), 5.33 (s, 1H), 3.68 (s, 3H); 13C-NMR 

(150 MHz, CDCl3): δ 197.9, 159.5, 152.4, 136.6, 136.4 , 130.0, 129.2, 129.0, 128.6, 125.3 (t, 1  JCF = 261.5 Hz), 

118.1, 114.9, 110.7, 99.7, 88.5, 82.7 (t, 2JCF = 49.1 Hz), 55.1; 19F-NMR (560 MHz, CDCl3): d -59.4 (s, 2F); HRMS 

(EI): calcd for C21H14Co2F2O5 ([M-3CO]+): 501.9473, found: 501.9472. 

 

Etherification of 2’-methoxyacetophenone 
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The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 

50 containing 1% TEA) to provide 227 (43.0 mg, 73.3 µmol, 73%). 

 
227: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66 (s, 2H), 7.46 (d, J = 7.2 Hz, 1H), 7.40-7.26 

(m, 4H), 6.92 (d, J = 6.5 Hz, 2H), 5.48 (s, 1H), 5.44 (s, 1H), 3.84 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 

157.1, 150.2, 136.5, 130.04, 129.98, 129.6, 128.8, 128.4, 125.1 (t, 1JCF = 260.8 Hz), 124.7, 120.1, 110.9, 104.8, 88.3, 

83.3 (t, 2JCF = 49.1 Hz), -55.4 (s, 2F); 19F-NMR (560 MHz, CDCl3): d 59.3; HRMS (EI): calcd for C21H14Co2F2O5 

([M-3CO]+): 501.9473, found: 501.9468. 

 

Etherification of 3’,5’-bistrifluoromethylacetophenone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 228 (58.5 mg, 64.6 µmol, 85%). 

 

228: red oil; IR (neat): 2039 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.98 (s, 2H), 7.84 (s, 1H), 7.65 (s, 2H), 7.37 (s, 

3H), 5.59 (s, 1H), 5.56 (s, 1H); 13C-NMR (150 MHz, CDCl3): δ 197.8, 149.8, 137.4, 136.1, 132.0 (q, 2JCF = 33.6 Hz), 

129.8, 129.1, 128.8, 125.6 (t, 1JCF = 263.0 Hz), 125.5, 123.1 (q, 1JCF = 271.3 Hz), 122.5, 102.5, 88.9, 81.3 (t, 2JCF = 

44.8 Hz); 19F-NMR (560 MHz, CDCl3): d -59.7 (s, 2F), -66.3 (s, 3F); HRMS (EI): calcd for C25H10Co2F8O7 (M+): 

691.8963, found: 691.8971. 

 

Etherification of 3-acetylbenzophenone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 229 (53.4 mg, 89.5 µmol, 86%). 

 

229: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.77 (d, J = 7.5 Hz, 1H), 7.71-7.64 (m, 3H), 7.50 

(d, J = 7.5 Hz, 1H), 7.42-7.36 (m, 3H), 7.35 (t, J = 8.2 Hz, 1H) 7.31 (t, J = 7.5 Hz, 1H), 5.45 (s, 2H); 13C-NMR (150 

MHz, CDCl3): δ 197.9, 155.6, 146.0, 143.7, 136.3, 130.0, 129.0, 128.7, 125.3 (t, 2JCF = 261.5 Hz), 124.9, 124.5, 

123.3, 120.6, 117.8, 111.9, 100.3, 88.7, 82.6 (t, 2JCF = 47.7 Hz); 19F-NMR (560 MHz, CDCl3): d -59.1 (s, 2F); HRMS 
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(EI): calcd for C21H12Co2F2O4 (M+): 483.9368, found: 438.9363. 

 

Etherification of 1-Ts-3-acetyl pyrrole 

The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1:20 

containing 1% TEA) to provide 230 (43.6 mg, 62.3 µmol, 62%). 

 

230: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.77 (d, J = 7.5 Hz, 1H), 7.71-7.64 (m, 3H), 7.50 

(d, J = 7.5 Hz, 1H), 7.42-7.36 (m, 3H), 7.35 (t, J = 8.2 Hz, 1H) 7.31 (t, J = 7.5 Hz, 1H), 5.45 (s, 2H); 13C-NMR (150 

MHz, CDCl3): δ 197.9, 147.2, 145.2, 136.3, 135.7, 130.0, 129.9, 129.1, 128.7, 126.9, 125.2 (t, 1JCF = 263.0 Hz), 

125.0, 121.4, 117.9, 110.9, 96.9, 88.6, 82.5 (t, 2JCF = 48.4 Hz), 21.6; 19F-NMR (560 MHz, CDCl3): d -59.7 (s, 2F); 

HRMS (FAB): calcd for C25H17Co2F2NO6S ([M-3CO]+): 614.9409, found: 614.9415. 

 

Etherification of 4’-methoxyisobutyrophenone 

The procedure B was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 231 (49.8 mg, 81.1 µmol, 80%). 

 
231: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.62-7.58 (m, 2H), 7.36-7.32 (m, 3H), 7.33 (d, J 

= 8.7 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 1.90 (s, 3H), 1.76 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 

198.1, 158.9, 140.8, 136.5, 130.3, 130.1, 129.7, 128.8, 128.4, 125.5 (t, 1JCF = 263.0 Hz), 123.8, 113.2, 88.38, 83.8 (t, 
2JCF = 48.4 Hz), 55.2, 20.2, 18.9; 19F-NMR (560 MHz, CDCl3): d -56.3 (s, 2F); HRMS (EI): calcd for C26H18Co2F2O8 

(M+): 613.9634, found: 613.9645. 

 

Etherification of 4’-methoxyisovalerophenone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide the mixture of a inseparable E/Z isomer of 232 (49.1 mg, 78.2 µmol, 74%). The E/Z ratio was 

determined by 1H-NMR (E/Z = 2.3:1). 
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232a (major): red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.63-7.56 (m, 2H), 7.35 (d, J = 8.9 Hz, 

2H), 7.41-7.29 (m, 3H), 6.89 (d, J = 8.2 Hz, 2H), 5.55 (d, J = 10.3 Hz, 1H), 3.83 (s, 3H), 2.60-2.45 (m, 1H), 1.07 (d, 

J = 6.8 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ198.1, 159.5, 144.6, 136.6, 130.1, 129.9, 128.9, 128.4, 127.4, 127.0, 

125.2 (t, 1JCF = 258.7 Hz), 113.4, 88.3, 83.9 (t, 2JCF = 49.1 Hz), 55.3, 27.3, 23.4; 19F-NMR (560 MHz, CDCl3): d -

57.7 (s, 2F); HRMS (EI): calcd for C27H20Co2F2O8 (M+): 627.9790, found: 627.9798. 

 

232b (minor): 1H-NMR (600 MHz, CDCl3): d 7.71-7.64 (m, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.41-7.29 (m, 3H), 6.86 

(d, J = 8.2 Hz, 2H), 5.43 (d, J = 9.6 Hz, 1H), 3.82 (s, 3H), 3.00-2.88 (m, 1H), 1.06 (d, J = 8.9 Hz, 6H); 13C-NMR 

(150 MHz, CDCl3): δ 198.1, 159.5, 143.9, 136.6, 129.9, 129.0, 128.6, 128.1, 127.8, 125.1 (t, 1JCF = 258.7 Hz), 113.6, 

88.7, 83.6 (t, 2JCF = 23.1 Hz), 55.3, 26.5, 22.6; 19F-NMR (560 MHz, CDCl3): d -56.7 (s, 2F); HRMS (EI): calcd for 

C27H20Co2F2O8 (M+): 627.9790, found: 627.9798. 

 

Etherification of ethyl 4-oxocyclohexanecarboxylate 

The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane 

containing 1% TEA) to provide 233 (53.2 mg, 89.7 µmol, 90%). 

 

233: red oil; IR (neat): 2035, 1734 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.74-7.58 (m, 2H), 7.46-7.32 (m, 3H), 5.60 

(brs, 1H), 4.16 (q, J = 7.0 Hz, 2H), 2.67-2.52 (m, 1H), 2.41 (brs, 2H), 2.35 (brs, 2H), 2.19-2.04 (m, 1H), 1.97-1.78 

(m, 1H), 1.27 (t, J = 7.1 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ198.0, 175.0, 147.3, 136.5, 129.9, 128.9, 128.5, 

124.9 (t, 1JCF = 258.7 Hz), 110.9, 88.1, 83.32 (t, 2JCF = 49.9 Hz), 60.5, 38.6, 27.1, 26.2, 25.3, 14.2; 19F-NMR (560 

MHz, CDCl3): d -58.9 (d, J = 167.0 Hz, 1F), -58.1 (d, J = 167.0 Hz, 1F); HRMS (EI): calcd for C21H18Co2F2O6 ([M-

3CO]+): 521.9735, found: 521.9379. 

 

Etherification of ethyl 4-oxocyclohexanecarboxylate with 220 

The procedure A was followed with complex 220 instead of 184. The crude was purified by silica gel column 

chromatography (hexane) to provide 234 (60.1 mg, 93.3 µmol, 93%). 
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234: red oil; IR (neat): 2031, 1736 cm-1; 1H-NMR (600 MHz, CDCl3): d 5.54 (s, 1H), 4.15 (1, J = 7.1 Hz, 2H), 2.63-

2.50 (m, 1H), 2.48 (brs, 2H), 2.29 (brs, 2H), 1.92-1.75 (m, 1H), 1.26 (t, J = 7.0 Hz, 3H), 1.06 (t, J = 7.8 Hz, 9H), 

0.81 (q, J = 7.8 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ 198.9, 175.0, 147.3, 124.4 (t, 1JCF = 259.4 Hz), 110.6, 99.2 

(t, 2JCF = 49.1 Hz), 75.3, 60.4, 38.6, 27.1, 26.2, 25.3, 14.2, 7.3, 5.6; 19F-NMR (560 MHz, CDCl3): d -57.8 (d, J = 

139.5 Hz, 1F), -57.0 (d, J = 139.5 Hz, 1F); HRMS (EI): calcd for C21H28Co2F2O6Si ([M-3CO]+): 560.0287, found: 

560.0278. 

 

Etherification of ethyl 4-oxocyclohexanecarboxylate with 221 

The procedure A was followed with complex 220 instead of 184. The crude was purified by silica gel column 

chromatography (AcOEt : hexane = 1:20 containing 1% TEA) to provide 235 (55.2 mg, 89.9 µmol, 90%). 

 

235: red oil; IR (neat): 2032, 1736 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.53 (s, 1H), 4.15 (q, J = 7.0 Hz, 2H), 2.81 

(t, J = 7.5 Hz, 2H), 2.62-2.49 (m, 2H), 2.38 (brs, 2H), 2.29 (brs, 2H), 2.10 (brd, 1H), 1.93-1.76 (m, 1H), 1.65, (t, J = 

7.5 Hz, 2H), 1.46 (brs, 1H), 126 (t, J = 7.0 Hz, 3H), 0.91 (brs, 3H); 13C-NMR (150 MHz, CDCl3): δ 198.5, 175.0, 

147.2, 124.6 (t, 1JCF = 260.1 Hz), 110.5, 97.8, 84.0 (t, 2JCF = 49.9 Hz), 60.5, 38.6, 33.3, 31.6, 29.2, 27.0, 26.2, 25.2, 

22.5, 14.2, 14.0; 19F-NMR (560 MHz, CDCl3): d -58.9 (d, J = 148.3 Hz, 1F), -58.2 (d, J = 148.3 Hz, 1F); HRMS 

(EI): calcd for C21H26Co2F2NO6 ([M-3CO]+): 530.0361, found: 530.0357. 

 

Etherification of 2-(3-methoxyphenyl)cyclohexanone 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 236 (53.4 mg, 83.3 µmol, 83%). 

 

236: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.38 (d, J = 7.5 Hz, 2H), 7.23-7.16 (m, 3H), 6.86 

(d, J = 7.5 Hz, 1H), 6.82 (s, 1H), 6.75 (dd, J = 8.2, 2.1 Hz, 1H), 5.97 (s, 1H), 3.75 (s, 3H), 3.66 (s, 1H), 2.33-2.20 (m, 

2H), 2.16-2.07 (m, 1H), 1.81-1.73 (m, 1H), 1.73-1.52 (m, 2H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 159.6, 147.7, 
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144.8 , 136.4, 129.9, 129.1, 128.7, 128.2, 125.0 (t, 1JCF = 258.7 Hz), 120.8, 115.0, 113.8, 111.8, 87.9, 83.4 (t, 2JCF = 

49.9 Hz), 55.1, 44.4, 33.0, 24.2, 18.4; 19F-NMR (560 MHz, CDCl3): d -60.2 (d, J = 148.3 Hz), -58.3 (d, J = 148.3 

Hz); HRMS (EI): calcd for C28H20Co2F2O8 (M+): 639.9790, found: 639.9777. 

 

Etherification of (2-oxocyclohexyl)methyl 4-iodobenzoate 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane) to provide the 

mixture of 237 and 238 (69.4 mg, 87.4 µmol, 86%). The ratio was determined by 1H-NMR (237 : 238 = 6.8 : 1). The 

mixture of 237 and 238 was inseparable. 

 

237 (major): red oil; IR (neat): 2035, 1725 cm-1; 1H-NMR (600 MHz, CDCl3): δ7.78 (d, J = 8.6 Hz, 2H), 7.71 (d, J 

= 8.2 Hz, 2H), 7.66-7.59 (m, 2H), 7.36-7.29 (m, 3H), 5.88 (s, 1H), 4.49 (dd, J = 10.8, 2.9 Hz, 1H), 4.33 (dd, J = 11.0, 

7.9 Hz, 1H), 2.84 (brs, 1H), 2.23-2.16 (m, 2H), 1.96-1.87 (m, 1H), 1.86-1.77 (m, 1H), 1.76-1.69 (m, 1H), 1.68-1.60 

(m, 1H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 165.9, 146.2, 137.7, 136.4, 131.0, 129.9, 128.9, 128.5, 125.2 (t, 1JCF 

= 259.4 Hz),116.5, 100.6, 88.3, 83.0 (t, 2JCF = 49.1 Hz), 64.99, 37.65, 26.12, 24.04, 19.03; 19F-NMR (560 MHz, 

CDCl3): d -58.1 (d, J = 157.0 Hz, 1F), -59.0 (d, J = 139.5 Hz, 1F); HRMS (EI): calcd for C26H19Co2F2O6I ([M-

3CO]+): 709.8858, found: 709.8849. 

 

Etherification of ethyl 2-oxocyclohexanecarboxylate 

The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 

20 containing 1% TEA) to provide the mixture of 239 and 240 (35.3 mg, 58.2 µmol, 58%, 239 : 240 = 1.4 : 1). The 

ratio was determined by 1H-NMR. The analytical sample was prepared by flash silica gel column chromatography 

(AcOEt : hexane = 1 : 20). 

 
239: red oil; IR (neat): 2035, 1731 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66 (d, J = 7.5 Hz, 2H), 7.40-7.30 (m, 3H), 

4.08 (q, J = 7.1 Hz, 2H), 2.50 (brs, 2H), 2.40 (brs, 2H), 1.81-1.74 (m, 2H), 1.71-1.65 (m, 2H), 1.18 (t, J = 6.8 Hz, 

3H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 166.6, 150.6, 136.6, 130.0, 128.8, 128.4, 125.2 (t, 1JCF = 260.1 Hz), 

121.1, 88.3, 82.4 (t, 2JCF = 49.1 Hz), 60.3, 29.5, 26.2, 22.4, 21.5, 14.1; 19F-NMR (560 MHz, CDCl3): d -55.5 (s, 2F); 

HRMS (EI): calcd for C22H18Co2F2O7 ([M-2CO]+): 549.9685, found: 549.9691. 
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240: red oil; IR (neat): 2035, 1737 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66-7.59 (m, 2H), 7.40-7.30 (m, 3H), 5.90 

(s, 1H), 4.10-4.03 (m, 2H), 3.33 (t, J = 5.1 Hz, 1H), 2.30-2.24 (m, 1H), 2.20-2.14 (m, 1H), 1.99-2.02 (m, 2H), 1.67-

1.80 (m, 1H), 1.59-1.66 (m, 1H), 1.17 (q, J = 6.8 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 172.7, 144.2, 136.4, 

130.0, 128.9, 128.4, 125.1 (t, 1JCF = 260.1 Hz), 115.7, 88.2, 83.1 (t, 2JCF = 49.1 Hz), 60.8, 44.5, 27.3, 23.8, 19.1, 14.0; 
19F-NMR (560 MHz, CDCl3): d -59.2 (d, J = 148.3 Hz), -58.7 (d, J = 148.3 Hz); HRMS (EI): calcd for C21H18Co2F2O6 

([M-3CO]+): 521.9735, found: 521.9726. 

 

Etherification of 2-methylene-3-oxobutyl 3-cyanobenzoate 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane) to provide 

241 (38.0 mg, 57.2 µmol, 57%). 

 

 
241: red oil; IR (neat): 2036, 1731 cm-1; 1H-NMR (600 MHz, CDCl3): δ 8.34 (s, 1H), 8.29 (d, J = 8.2 Hz, 1H), 7.86 

(d, J = 8.2 Hz, 1H), 7.68-7.63 (m, 2H), 7.60 (t, J = 7.5 Hz, 1H), 7.33-7.40 (m, 3H), 5.68 (s, 1H), 5.46 (s, 1H), 5.36 

(s, 1H), 5.15 (d, J = 2.7 Hz, 1H), 5.06 (s, 2H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 164.1, 150.1, 136.7, 136.3, 

136.2, 133.7, 133.3, 131.2, 129.9, 129.5, 129.0, 128.6, 125.2 (t, 1JCF = 261.5 Hz), 118.4, 117.8, 113.1, 101.8, 88.7, 

82.3 (t, 2JCF = 47.7 Hz), 65.1; 19F-NMR (560 MHz, CDCl3): d -59.3 (s, 2F); HRMS (FAB): calcd for C25H15Co2F2NO6 

([M-3CO]+): 580.9531, found: 580.9549. 

 

Etherification of (E)-4-(2-methoxyphenyl)but-3-en-2-one 

The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 

TEA) to provide 242 (26.4 mg, 43.1 µmol, 43%). 

 
242: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.75-7.67 (m, 2H), 7.42-7.35 (m, 4H), 7.22 (t, J = 

7.9 Hz, 1H), 7.17 (d, J = 15.7 Hz, 1H), 6.91 (t, J = 7.2 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 15.7 Hz, 1H), 

5.24 (s, 1H), 4.99 (s, 1H), 3.75 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 157.3, 152.0, 136.4, 130.0, 129.6, 

129.2, 129.2, 128.9, 128.5, 127.2, 125.6, 125.2, 125.1 (t, 1JCF = 260.8 Hz), 124.1, 120.5, 110.8, 102.5, 84.5, 82.8 (t, 
2JCF = 49.1 Hz), 55.15; 19F-NMR (560 MHz, CDCl3): d -59.2 (s, 2F); HRMS (EI): calcd for C23H16Co2F2O5 ([M-
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3CO]+): 527.9630, found: 527.9630. 

 

Etherification of aldehydes 

General Procedure. A solution of 184 (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) was stirred at room 

temperature. After 3 h, ketone (0.1 mmol), iPr2NEt (0.15 mmol) and AgNTf2 (0.15 mmol) was added and stirred at 

room temperature for 30 min. The reaction mixture was diluted with saturated aqueous NaHCO3 (1 mL) and extracted 

with AcOEt (5mL x 2). The combined organic layers were washed with brine and dried over MgSO4, filtered and 

concentrated in vacuo. The residue was purified by flash silica gel column chromatography (Kanto). When it is 

difficult to identify the obtained products by 1H-NMR, these products decoplexed following procedure. 

To a solution of dicobalt complex in Et2O-MeCN (1:1, 0.02 M) was added N,N,N’-trimethylethylenediamine (4.5 

eq.). The reaction mixture was stirred at room temperature under O2 atmosphere. After 16 h, the reaction mixture was 

diluted with H2O (5 mL) and Et2O (5 mL) and extracted with Et2O (5 mL × 3). The combined organic layers were 

washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column 

chromatography (hexane). 

 

Etherification of 2-(4-methoxyphenyl)acetaldehyde 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 

provide 248 (42.3 mg, 72.2 µmol, 72%, Z/E > 20/1). 

 

248: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.65 (d, J = 6.2 Hz, 2H), 7.44-7.39 (m, 2H), 7.37-

7.30 (m, 3H), 6.80 (d, J = 7.5 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 5.68 (d, J = 6.8 Hz, 1H), 3.76 (s, 3H); 13C-NMR 

(150 MHz, CDCl3): 197.8, 158.6, 136.2, 133.1, 130.2, 130.0, 129.0, 128.6, 126.3 (t, 1JCF = 260.1 Hz), 125.0, 113.5, 

111.9, 89.0, 80.7 (t, 2JCF = 44.1 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d 59.8; HRMS (EI): calcd for C24H14Co2F2O8 

(M+): 585.9321, found: 585.9331. 

 

Etherification of 2-(4-chlorophenyl)acetaldehyde 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 

provide 249 (32.9 mg). 

The decomplexation procedure was followed. The crude was purified silica gel column chromatography (hexane) to 

give 249’ (12.5 mg, 37.0 µmol, 37%) 
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249’: colorless oil; IR (neat): 2249, 1666 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.65 (d, J = 6.2 Hz, 2H), 7.44-7.39 

(m, 2H), 7.37-7.30 (m, 3H), 6.80 (d, J = 7.5 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 5.68 (d, J = 6.8 Hz, 1H), 3.76 (s, 

3H); 13C-NMR (150 MHz, CDCl3): 197.8, 158.6, 136.2, 133.1, 130.2, 130.0, 129.0, 128.6, 126.3 (t, 1JCF = 260.1 Hz), 

125.0, 113.5, 111.9, 89.0, 80.7 (t, 2JCF = 44.1 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d 59.8; HRMS (EI): calcd for 

C17H11
35ClF2O (M+): 304.0466, found: 304.0461. 

 

Etherification of 2- 2-([1,1'-biphenyl]-4-yl)acetaldehyde 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 

provide 250 (48.0 mg). 

The decomplexation procedure was followed. The crude was purified silica gel column chromatography (hexane) to 

give 250’ (20.2 mg, 58.3 µmol, 58% 2 steps). 

 

 

250’: colorless oil; IR (neat): 2248, 1666 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.68 (d, J = 8.2 Hz, 2H), 7.61-7.53 

(m, 6H), 7.48-7.42 (m, 3H), 7.38 (t, J = 7.7 Hz, 2H), 7.34 (t, J = 7.4 Hz, 1H), 6.69 (d, J = 6.9 Hz, 1H), 5.75 (d, J = 

6.9 Hz, 1H); 13C-NMR (150 MHz, CDCl3): 140.7, 140.1, 134.5, 132.6, 132.4, 130.5, 129.5, 128.8, 128.6, 127.3, 

127.1, 127.0, 119.1, 114.3 (t, 1JCF = 254.6 Hz), 112.4, 86.5 (t, 3JCF = 5.8 Hz), 77.7 (t, 2JCF = 52.0 Hz); 19F-NMR (560 

MHz, CDCl3): d -57.6; HRMS (EI): calcd for C23H16F2O (M+): 346.1169, found: 346.1168. 

 

Etherification of 2-(3-methoxyphenyl)acetaldehyde 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 

provide 251 (32.6 mg, 55.7 µmol, 56%, Z/E = 6/1). 

 

251: red oil; IR (neat): 2037 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.69-7.59 (m, 2H), 7.38-7.29 (m, 2H), 7.16 (d, J 

= 7.4 Hz, 2H), 7.05 (t, J = 7.8 Hz, 1H), 6.91 (s, 1H), 6.88 (d, J = 7.1 Hz, 1H), 6.72 (d, J = 6.72 Hz, 1H), 5.71 (d, J = 

7.1 Hz, 1H), 3.761 (s, 3H); 13C-NMR (150 MHz, CDCl3): 197.8, 159.4, 136.2, 134.7, 123.0, 129.1, 129.0, 128.6, 

125.1 (t, 1JCF = 260.1 Hz), 121.5, 114.4, 112.9, 112.3, 88.8, 80.5 (t, 2JCF = 48.4 Hz), 55.0; 19F-NMR (560 MHz, 

CDCl3): d -59.6; HRMS (EI): calcd for C24H14Co2F2O8 ([M-CO]+): 557.9372, found: 557.9383. 

 

Etherification of 2-(2-methoxyphenyl)acetaldehyde 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
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provide 252 (33.3 mg). 

The decomplexation procedure was followed. The crude was purified silica gel column chromatography (hexane) to 

give 252’ (11.0 mg, 36.6 µmol, 37% 2 steps). 

 
252’: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.65 (d, J = 6.2 Hz, 2H), 7.39-7.44 (m, 2H), 7.30-

7.37 (m, 3H), 6.80 (d, J = 7.5 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 5.68 (d, J = 6.8 Hz, 1H), 3.76 (s, 3H); 13C-NMR 

(150 MHz, CDCl3): 197.8, 158.6, 136.2, 133.1, 130.2, 130.0, 129.0, 128.6, 126.3 (t, 1JCF = 260.1 Hz), 125.0, 113.5, 

111.9, 89.0, 80.7 (t, 2JCF = 44.1 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d 59.8; HRMS (EI): calcd for C24H14Co2F2O8 

(M+): 585.9321, found: 585.9331. 

 

Etherification of dihydrocinnamaldehyde 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 

provide 253 (29.8 mg, 52.3 µmol, 52%, Z/E = 20:1). 

 

253: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.64 (d, J = 6.8 Hz, 2H), 7.35-7.30 (m, 3H), 7.28 

(d, J = 7.5 Hz, 2H), 7.22-7.17 (m, 3H), 6.81 (d, J = 6.2 Hz, 1H), 5.12 (q, J = 7.1 Hz, 1H), 3.47 (d, J = 7.5 Hz, 2H); 13C-

NMR (150 MHz, CDCl3): δ 197.9, 140.0, 136.3, 134.7, 134.6, 134.8, 130.0, 129.0, 128.6, 128.5, 128.3, 126.1, 124.9 

(t, 1JCF = 260.1 Hz), 113.0, 88.5, 81.3 (t, 2JCF = 46.2 Hz), 30.1; 19F-NMR (560 MHz, CDCl3): d -60.4 (s, 2F); HRMS 

(EI): calcd for C24H14Co2F2O8 (M+): 569.9372, found: 569.9380. 

 

Etherification of 4-oxobutyl benzoate 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 

provide 254 (40.8 mg, 65.0 µmol, 65%, Z/E = 5:1). 

 

254 (Z isomer): red oil; IR (neat): 2036, 1720 cm-1; 1H-NMR (600 MHz, CDCl3): δ 8.02 (d, J = 7.2 Hz, 2H), 7.62-

7.67 (m, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.42 (t, J = 7.9 Hz, 2H), 7.38-7.31 (m, 4H), 6.81 (d, J = 6.5 Hz, 1H), 5.03 (q, 

J = 7.0 Hz, 1H), 4.32 (t, J = 6.7 Hz, 2H), 2.59 (qd, J = 6.9, 1.1 Hz, 2H); 13C-NMR (150 MHz, CDCl3): δ 197.8, 166.5, 

136.3, 136.1 (t, 2JCF = 5.8 Hz), 132.9, 129.9, 129.5, 129.0, 128.6, 128.3, 124.8 (t, 1JCF = 259.4 Hz), 109.4, 88.49, 81.1 

(t, 2JCF = 49.9 Hz), 63.7, 23.7; 19F-NMR (560 MHz, CDCl3): d -60.5 (s, 2F); HRMS (EI): calcd for C23H16Co2F2O6 
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([M-3CO]+): 543.9579, found: 543.9581. 

 

Etherification of 5-(1,3-dioxoisoindolin-2-yl)pentanal 

The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 

provide 255 (34.9 mg, 52.3 µmol, 52%, Z/E = 7:1). 

 

 

255 (Z isomer): red oil; IR (neat): 2036, 1716 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.82 (dd, J = 5.4, 2.9 Hz, 2H), 

7.70 (dd, J = 5.7, 2.9 Hz, 2H), 7.62 (d, J = 7.6 Hz, 2H), 7.31-7.39 (m, 3H), 6.70 (d, J = 6.5 Hz, 1H), 4.96 (q, J = 7.1 

Hz, 1H), 3.64 (t, J = 7.4 Hz, 2H), 2.18 (q, J = 7.6 Hz, 2H), 1.75 (quint, J = 7.5 Hz, 2H); 13C-NMR (150 MHz, CDCl3): 

δ 197.9, 168.3, 136.3, 134.9 (t, 2JCF = 5.8 Hz), 133.8, 132.2, 129.9, 129.0, 128.6, 124.8 (t, 1JCF = 260.1 Hz), 123.1, 

112.7, 88.4, 81.3 (t, 2JCF = 47.3 Hz), 37.4, 28.0, 21.3; 19F-NMR (560 MHz, CDCl3): d -60.5 (s, 2F); HRMS (FAB): 

calcd for C25H17Co2F2NO6 ([M-3CO]+): 582.9688 found: 582.9669. 

 

255 (E isomer): 1H-NMR (600 MHz, CDCl3): δ 7.85 (dd, J = 2.9 Hz, 2H), 7.72-7.68 (m, 2H), 7.61 (d, J = 10.0 Hz, 

2H), 7.39-7.31 (m, 3H), 5.41 (dt, J = 12.4, 7.4 Hz, 1H), 3.72 (t, J = 7.0 Hz, 2H), 2.09 (q, J = 7.4 Hz, 2H), 1.81 (quint, 

J = 7.3 Hz, 2H); 13C-NMR (150 MHz, CDCl3): d -60.8 (s, 2F). 

 

The synthesis of trifluoropyrane 259 

 

 

The 1 mmol scale synthesis of E27 

A solution of phenyldifluorobromopropyne (184) (160 mg, 693 µmol) and Co2(CO)8 (246 mg, 719 µmol) in toluene 

(7 mL) was stirred at room temperature. After 3 h, acetophenone (160 µL, 1.63 mmol), iPr2NEt (125 µL, 717 µmol) 

and AgNTf2 (272 mg, 701 µmol) was added and stirred at room temperature for 30 min. The reaction mixture was 

diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). The combined organic layers 
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were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica 

gel column chromatography (hexane) to provide E27 (275 mg, 494 µmol, 71%). 

 

E27: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.67 (q, J = 3.0 Hz, 2H), 7.58-7.52 (m, 2H), 7.41-

7.36 (m, 3H), 7.34-7.29 (m, 3H), 5.40 (d, J = 2.7 Hz, 1H), 5.33 (s, 1H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 152.6, 

136.4, 135.2, 130.0, 128.9, 128.6, 128.2, 125.5, 125.3 (t, 1JCF = 267.5 Hz), 99.5, 88.6, 82.8 (t, 2JCF = 49.5 Hz); 19F-

NMR (560 MHz, CDCl3): d -59.3 (s, 2F); HRMS (EI): calcd for C20H12Co2F2O4 ([M-3CO]+): 471.9368, found: 

471.9359. 

 

The synthesis of 244 

To a solution of E27 (275 mg, 494 µmol) in Et2O (20 mL) was added N,N,N’-trimethylethylenediamine (410 µL, 

2.99 mmol). The reaction mixture was stirred at room temperature under O2 atmosphere. After 20 h, the reaction 

mixture was diluted with H2O (10 mL) and Et2O (10 mL) and extracted with Et2O (20 mL × 3). The combined organic 

layers were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica 

gel column chromatography (hexane) to provide 244 (103 mg, 381 µmol, 71%). 

 

244: colorless oil; IR (neat): 2245 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.63 (d, J = 7.5 Hz, 2H), 7.45-7.36 (m, 6H), 

7.33 (t, J = 7.5 Hz, 2H), 5.38 (s, 1H), 5.19 (s, 1H); 13C-NMR (150 MHz, CDCl3): δ 153.0, 134.5, 132.3, 130.2, 129.1 , 

128.44, 128.38, 125.5, 119.4, 114.4 (t, 1JCF = 243.1 Hz), 99.1, 86.1 (t, 3JCF = 5.7 Hz), 78.2 (t, 2JCF = 52.3 Hz); 19F-

NMR (560 MHz, CDCl3): d -53.3 (s, 2F); HRMS (EI): calcd for C17H12F2O (M+): 270.0856, found: 270.0877. 

 

The synthesis of trifluoropyrane 259 

To a solution of 244 (27.0 mg, 99.8 µmol) and 3HF·Et3N (6.6 µL, 40.4 µmol) in DCE (1 mL) was AgNTf2 (1.8 mg, 

4.6 µmol, 10 mol%) and stirred at room temperature. After 20 h, the reaction mixture was quenched with saturated 

aqueous NaHCO3 (1 mL) and extracted with CH2Cl2 (2 mL × 2). The combined organic layers were dried over 

MgSO4 and concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 8) to provide 259 (13.9 

mg, 47.9 µmol, 48%). 

 

259: colorless oil; IR (neat): 1666 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.69-7.61 (m, 2H), 7.52-7.46 (m, 5H), 7.43-

7.39 (m, 3H), 6.34 (s, 1H), 3.22-3.05 (m, 2H); 13C-NMR (150 MHz, CDCl3): δ140.2 (t, 3JCF = 8.6 Hz), 138.2 (t, 2JCF 

= 24.4 Hz), 129.8, 128.9, 128.6, 125.7 , 124.8 (t, 3JCF = 7.2 Hz), 120.1 (dd, 1JCF = 251.0, 233.8 Hz), 113.9 (dd, 2JCF 

= 37.3, 33.0 Hz), 112.1 (dd, 1JCF = 227.0 Hz, 3JCF = 7.2 Hz), 37.0 (d, 2JCF =33.0 Hz); 19F-NMR (560 MHz, CDCl3): 

d -54.5 (d, J = 174.4 Hz), -66.5 (d, J = 191.8 Hz), -107.5 (d, J = 34.9 Hz); HRMS (EI): calcd for C17H13Co2F3O (M+): 

290.0919, found: 290.0909. 
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The synthesis of trifluoropyrane 260 

 

 

The 1 mmol scale synthesis of 223 

A solution of phenyldifluorobromopropyne (184) (231 mg, 1.00 mmol) and Co2(CO)8 (350 mg, 1.02 mmol) in toluene 

(10 mL) was stirred at room temperature. After 3 h, 4’-chloroacetophenone (258 µL, 2.00 mmol), iPr2NEt (210 µL, 

1.21 mmol) and AgNTf2 (450 mg, 1.16 mmol) was added and stirred at room temperature for 30 min. The reaction 

mixture was diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). The combined 

organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was 

purified by silica gel column chromatography (hexane) to provide 223 (482 mg, 817 µmol, 82%). 

 

The synthesis of 245 

To a solution of 223 (482 mg, 817 µmol) in Et2O (20 mL) and MeCN (20 mL) was added N,N,N’-

trimethylethylenediamine (560 µL, 4.08 mmol). The reaction mixture was stirred at room temperature under O2 

atmosphere. After 20 h, the reaction mixture was diluted with H2O (20 mL) and Et2O (20 mL) and extracted with 

Et2O (20 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, and concentrated in 

vacuo. The residue was purified by flash silica gel column chromatography (hexane) to provide 245 (173 mg, 568 

µmol, 70%). 

 

245: colorless oil; IR (neat): 2246, 1637 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.56-7.53 (m, 2H), 7.42 (t, J = 7.7 Hz, 

1H), 7.41 (d, J = 7.6 Hz, 2H), 7.35-7.33 (m, 4H), 5.42-5.38 (m, 1H), 5.23-5.18 (m, 1H); 13C-NMR (150 MHz, CDCl3): 

δ 152.0, 135.1, 133.0, 132.2, 130.4, 128.6, 128.5, 126.8, 119.2, 114.3 (t, 1JCF = 243.5 Hz),99.5, 86.32 (t, 3JCF = 6.5 

Hz), 78.0 (t, 2JCF = 52.0 Hz); 19F-NMR (560 MHz, CDCl3): d -53.5 (s, 2F); HRMS (EI): calcd for C17H11
35ClF2O 

(M+): 304.0466, found: 304.1468. 

 

The synthesis of trifluoropyrane 260 

To a solution of 245 (29.6 mg, 97.1 µmol) and 3HF·Et3N (13.5 µL, 82.8 µmol) in DCE (2 mL) was AgNTf2 (8.0 mg, 

20 µmol, 20 mol%) and stirred at room temperature. After 17 h, the reaction mixture was quenched with sat. NaHCO3 
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aq. (1 mL) and extracted with CH2Cl2 (4 mL × 2). The combined organic layers were dried over MgSO4 and 

concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 8) to provide diastereomeric mixture 

of 260 (23.0 mg, 70.8 µmol, 73%). The diastereomeric ratio was determined by 1H-NMR. 

 

260: colorless oil; IR (neat): 1666, 1603 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.57 (dt, J = 8.9, 2.1 Hz, 2H), 7.39-

7.50 (m, 7H), 6.33 (t, J = 2.1 Hz, 1H), 3.17 (dt, J = 17.5, 6.9 Hz, 1H), 3.05 (ddtd, J = 34.0, 17.6, 5.5, 2.7 Hz, 1H); 13C-

NMR (150 MHz, CDCl3): δ 140.1 (t, 3JCF = 9.4 Hz), 136.7 (t, 2JCF = 24.6 Hz), 136.0 (t, 2JCF = 33.2 Hz), 129.9, 128.94, 

128.86, 126.4 (t, 3JCF = 5.8 Hz), 125.6, 120.0 (dd, 1JCF = 235.5, 251.4 Hz), 113.9 (dd, 2JCF = 37.6, 33.2 Hz), 11.7 (dd, 
1JCF = 229.8 Hz, 3JCF = 5.8 Hz), 36.9 (d, 2JCF = 33.2 Hz); 19F-NMR (560 MHz, CDCl3): d  -54.7 (d, J = 191.8 Hz, 

1F), -66.6 (d, J = 174.4 Hz, 1F), -107.0 (d, J = 34.9 Hz, 1F); HRMS (EI): calcd for C17H12
35ClF3O (M+): 324.0529, 

found: 324.0545. 

 

The synthesis of trifluoropyrane 268 

 
 

The 1 mmol scale synthesis of 219 

A solution of phenyldifluorobromopropyne (184) (205 mg, 887 µmol) and Co2(CO)8 (316 mg, 924 µmol) in toluene 

(9 mL) was stirred at room temperature. After 3 h, cyclohexane (190 µL, 1.83 mmol), iPr2NEt (160 µL, 919 µmol) 

and AgNTf2 (344 mg, 887 µmol) was added and stirred at room temperature for 30 min. The reaction mixture was 

diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). The combined organic layers 

were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica 

gel column chromatography (hexane) to provide 219 (380 mg, 711 µmol, 80%). 

 

The synthesis of 243 

To a solution of 219 (380 mg, 355 µmol) in MeCN (28 mL) was added cerium ammonium nitrate (1.80 g, 3.28 mmol). 

After 15 min, the reaction mixture was diluted with satirated aqueous Na2S2O3 (10 mL) and extracted with AcOEt 

(20 mL × 2). The combined organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo. 

The residue was purified by flash silica gel column chromatography (hexane) to provide 243(159 mg, 585 µmol, 

83%). 
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243: colorless oil; IR (neat): 2048 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.52 (d, J = 6.8 Hz, 2H), 7.43 (t, J = 7.2 Hz, 

1H), 7.37 (t, J = 7.5 Hz, 2H), 5.58 (s, 1H), 2.24 (brs, 2H), 2.12 (brd, J = 3.4 Hz, 2H), 1.66-1.81 (m, 2H), 1.48-1.65 

(m, 2H); 13C-NMR (150 MHz, CDCl3): δ148.1, 132.2, 130.1, 128.5, 119.7, 114.3 (t, 1JCF = 241.7 Hz), 113.7, 85.1 (t, 
3JCF = 5.7 Hz), 78.9 (t, 2JCF = 53.8 Hz), 27.9, 23.8, 22.8, 21.7; 19F-NMR (560 MHz, CDCl3): d -52.3 (s, 2F); HRMS 

(EI): calcd for C15H14F2O (M+): 248.1013, found: 248.0986. 

 

The synthesis of trifluoropyrane 268 

To a solution of 243 (12.7 mg, 51.2 µmol) and 3HF·Et3N (3.3 µL, 20.2 µmol) in DCE (1 mL) was AgNTf2 (1.8 mg, 

4.6 µmol, 10 mol%) and stirred at room temperature. After 20 h, the reaction mixture was quenched with sat. NaHCO3 

aq. (1 mL) and extracted with CH2Cl2 (2 mL × 2). The combined organic layers were dried over MgSO4 and 

concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 8) to provide diastereomeric mixture 

of 268 (10.8 mg, 40.3 µmol, 79%, major : minor = 2.5:1). The diastereomeric ratio was determined by 1H-NMR. 

The analytical sample was prepared followed procedure. To a solution of 243 (12.4 mg, 45.8 µmol) and in DCE (1 

mL) was AgNTf2 (0.90 mg, 2.3 µmol, 5 mol%) and stirred at room temperature. After 14 h, the reaction mixture was 

quenched with saturated aqueous NaHCO3 (1 mL) and extracted with CH2Cl2 (2 mL × 2). The combined organic 

layers were dried over MgSO4 and concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 

8) to provide single diastereomer 268 (5.93 mg, 22.1 µmol, 48%). 

 

268 (major isomer): colorless oil; IR (neat): 1660 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.40-7.52 (m, 2H), 7.36-7.40 

(m, 3H), 6.09 (s, 1H), 2.79-2.86 (m, 1H), 2.32 (d, J = 13.7 Hz, 1H), 1.91-1.97 (m, 1H), 1.74-1.91 (m, 3H), 1.60-1.70 

(m, 1H), 1.20-1.39 (m, 2H); 13C-NMR (150 MHz, CDCl3): δ146.1 (t, 3JCF = 9.3 Hz), 135.9, 129.6, 128.9, 126.1, 

120.0 (dd, 1JCF = 248.1, 233.8 Hz), 114.4 (t, 3JCF = 4.3 Hz), 112.9 (dd, 2JCF = 38.7, 31.6 Hz), 41.6 (d, 2JCF = 24.4 Hz), 

35.3 (d, 2JCF = 21.5 Hz), 31.2 (d, 3JCF = 7.2 Hz), 24.3, 22.7 (d, 3JCF = 10.0 Hz); 19F-NMR (560 MHz, CDCl3): d -

103.0 (s, 1F), -65.5 (d, J = 191.8 Hz, 1F), -52.7 (d, J = 174.4 Hz, 1F); HRMS (EI): calcd for C25H17Co2F2NO6S (M+): 

268.1075, found: 268.1075. 

 

The synthesis of trifluoropyrane 270 
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The 1 mmol scale synthesis of 248 

A solution of phenyldifluorobromopropyne (184) (277 mg, 1.20 mmol) and Co2(CO)8 (560 mg, 1.64 mmol) in toluene 

(8 mL) was stirred at room temperature. After 3 h, 4-methoxyphenylacetoaldehyde (130 mg, 866 µmol), DTBMP 

(210 µL, 1.21 mmol) and AgNTf2 (450 mg, 1.16 mmol) was added and stirred at room temperature for 30 min. The 

reaction mixture was diluted with sat. NaHCO3 aq. (5 mL) and extracted with hexane (20 mL x 2). The combined 

organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was 

purified by silica gel column chromatography (AcOEt : hexane = 1:50) to provide 248 (331 mg, 565 µmol, 65%). 

 

The synthesis of phenyl difluoropropargyl vinyl ether 269 

To a solution of 248 (331 mg, 565 µmol) in Et2O (14 mL) and MeCN (14 mL) was added N,N,N’-

trimethylethylenediamine (390 µL, 2.84 mmol). The reaction mixture was stirred at room temperature under O2 

atmosphere. After 21 h, the reaction mixture was diluted with H2O (20 mL) and Et2O (20 mL) and extracted with 

Et2O (20 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, and concentrated in 

vacuo. The residue was purified by flash silica gel column chromatography (AcOEt : hexane = 1:20) to provide 269 

(138 mg, 460 µmol, 81%). 

 

269: colorless oil; IR (neat): 2248, 1607 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.59-7.52 (m, 4H), 7.46 (t, J = 7.6 Hz, 

1H), 7.39 (t, J = 7.6 Hz, 1H), 6.88 (d, J = 8.6 Hz, 2H), 6.58 (d, J = 6.9 Hz, 1H), 5.66 (d, J = 6.9 Hz, 1H), 3.82 (s, 

3H); 13C-NMR (150 MHz, CDCl3): 158.9, 132.9 (t, 3JCF = 3.6 Hz), 132.5, 130.6, 130.5, 128.7, 126.4, 119.3, 114.4 (t, 
1JCF = 244.9 Hz), 113.9, 112.6, 86.4 (t, 3JCF = 5.8 Hz), 78.29, 77.9 (t, 2JCF = 52.7 Hz), 55.33; 19F-NMR (560 MHz, 

CDCl3): d -57.5 (s, 2F); HRMS (EI): calcd for C18H14F2O2 (M+): 300.0962, found: 300.0932. 

 

The synthesis of trifluoropyrane 270 

To a solution of 269 (15.3 mg, 50.9 µmol) and 3HF·Et3N (6.6 µL, 40.2 µmol) in DCE (1 mL) was AgNTf2 (7.3 mg, 

19 µmol, 40 mol%) and stirred at room temperature. After 18 h, the reaction mixture was quenched with sat. NaHCO3 

aq. (1 mL) and extracted with CH2Cl2 (4 mL × 2). The combined organic layers were dried over MgSO4 and 
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concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 4) to provide diastereomeric mixture 

of 270 (11.8 mg, 70.8 µmol, 73% 270a : 270b = 2.2:1). The diastereomeric ratio was determined by 1H-NMR.The 

analytical sample was obtained by PTLC (AcOEt : hexane = 1 : 4). 

 
270a: colorless oil; IR (neat): 1614 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.46-7.41 (m, 3H), 7.40-7.37 (m, 2H), 7.28 

(d, J = 8.9 Hz, 2H), 6.87 (d, J = 8.9 Hz, 2H), 6.16 (d, J = 1.4 Hz, 1H), 5.68-5.58 (m, 1H), 5.54 (d, J = 44.0 Hz, 1H), 

3.81 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 160.01, 148.2 (t, JCF = 5.1 Hz), 130.14, 130.10, 129.1, 128.09, 128.05, 

127.3 (d, 2J = 21.7 Hz), 127.1, 117.6 (d, 2J = 33.3 Hz), 113.7, 90.5 (d, 1JCF = 183.5 Hz), 86.8 (d, 2JCF = 24.6 Hz), 

55.27; 19F-NMR (560 MHz, CDCl3): d -58.8 (d, J = 165.7Hz, 1F), -61.6 (d, J = 165.7Hz, 1F), -191.9 (s, 1F); HRMS 

(EI): calcd for C18H15F3O2 (M+): 320.1024, found: 320.1011. 

 

 
270b: colorless oil; IR (neat): 1648, 1613 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.47-7.39 (m, 3H), 7.37-7.31 (m, 

2H), 7.01 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 5.97 (s, 1H), 5.93-5.84 (m, 1H), 5.59 (dd, J = 43.6, 2.7 Hz, 

1H), 3.78 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 160.0, 148.2, 132.2 (dd, 1JCF = 249.3, 245.4 Hz), 130.2, 129.1, 

128.3, 128.2, 127.1, 125.5 (d, 2JCF = 21.7 Hz), 117.6 (t, 2JCF = 33.2 Hz), 113.2, 92.9 (dd, 1JCF = 176.3 Hz, 2JCF = 7.2 

Hz), 86.5 (2JCF = 27.5 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d -58.4 (d, J = 165.7Hz, 1F), -60.1 (d, J = 165.7Hz, 

1F), -191.9 (s, 1F); HRMS (EI): calcd for C18H15F3O2 (M+): 320.1024, found: 320.1046. 
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Synthesis of phenyl difluorodienone 272 

 
 

The synthesis of E30 

A solution of triethylsilyldifluorobromopropyne (220) (96.7 mg, 359 µmol) and Co2(CO)8 (142 mg, 415 µmol) in 

toluene (4 mL) was stirred at room temperature. After 3 h, acetophenone (90 µL, 772 µmol), iPr2NEt (70 µL, 402 

µmol) and AgNTf2 (156 mg, 402 µmol) was added and stirred at room temperature for 30 min. The reaction mixture 

was diluted with sat. NaHCO3 aq. (2 mL) and extracted with hexane (10 mL x 2). The combined organic layers were 

washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica 

gel column chromatography (Kanto) to provide E30 containing acetophenone (211 mg). 

 

E30: red oil; IR (neat): 2062 cm-1; 1H-NMR (600 MHz, CDCl3): d δ 7.60-7.53 (m, 2H), 7.38-7.34 (m, 3H), 5.35 (d, 

J = 2.1 Hz, 1H), 5.25 (s, 1H), 1.08 (t, J = 7.9 Hz, 9H), 0.85 (q, J = 7.9 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ 

153.0, 134.4, 129.0, 128.3, 125.4, 112.9 (t, 1JCF = 243.1 Hz), 98.9, 93.7 (t, 2JCF = 50.2 Hz), 91.2 (t, 3JCF = 5.0 Hz), 

7.12, 3.64; 19F-NMR (560 MHz, CDCl3): d -57.6 (s, 2F); HRMS (EI): calcd for C20H22Co2F2O6Si ([M-3CO]+): 

509.9919, found: 509.9903. 

 

The synthesis of E31 

To a solution of E30 containing acetophenone (211 mg) and triethylamine (220 µL, 1.58 mmol) in MeCN (14 mL) 

was added cerium ammonium nitrate (1.01 g, 1.84 mmol). After 30 min, the reaction mixture was diluted with sat. 

Na2S2O3 (10 mL) and extracted with AcOEt (20 mL × 2). The combined organic layers were washed with brine, dried 

over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 

(hexane) to provide E31 (60.8 mg, 197 µmol, 56%, 2 steps). 

 

E31: colorless oil; IR (neat): 1638 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.58 (d, J = 6.2 Hz, 2H), 7.36-7.30 (m, 3H), 

5.34 (s, 1H), 5.12 (s, 1H), 0.93 (t, J = 7.9 Hz, 9H), 0.58 (q, J = 8.0 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ 153.0, 

134.4, 129.0, 128.3, 125.4, 112.9 (t, 1JCF = 243.1 Hz), 99.0, 93.6 (t, 2JCF = 50.9 Hz), 91.2 (t, 3JCF = 5.0 Hz), 7.1, 3.6; 
19F-NMR (560 MHz, CDCl3): d -53.8 (s, 2F); HRMS (EI): calcd for C17H22F2O6Si (M+): 308.1408, found: 308.1418. 
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The synthesis of gem-difluoropropargyl vinyl ether 271 

To a solution of E31 (60.8 mg, 197 µmol) in THF (10 mL) was added TBAF (1M in THF, 240 µL, 240 µmol) at –78 

ºC. The reaction mixture was stirred at –78 ºC for 15 min and then quenched with sat. NH4Cl aq. (5 mL). The mixture 

was extracted with Et2O (10 mL × 3) and the combined organic layer was washed with brine, dried over MgSO4, and 

concentrated in vacuo. The residue was purified by silica gel column chromatography (hexane, Merck) to provide 

271 (33.4 mg, 172 µmol, 87%). 

 

271: colorless oil; IR (neat): 2142, 1639 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.58 (d, J = 6.2 Hz, 2H), 7.43-7.35 (m, 

3H), 5.36 (d, J = 1.0 Hz, 1H), 5.13 (d, J = 1.0 Hz, 1H), 2.75 (t, J = 3.4 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 

152.7, 134.1, 129.2, 128.4, 125.4, 113.0 (t, 1JCF = 244.5 Hz), 98.7, 74.5 (t, 3JCF = 6.5 Hz), 72.9 (t, 2JCF = 52.3 Hz); 
19F-NMR (560 MHz, CDCl3): d -54.8 (s, 2F); HRMS (EI): calcd for C11H8F2O (M+): 194.0543, found: 194.0542. 

 

The synthesis of difluorodienone 272 

The solution of 271 (16.1 mg, 82.9 µmol) DTBMP (3.40 mg, 16.6 µmol) in toluene (4.1 mL) was heated at 80 ºC for 

3 h. The reaction mixture was cooled at room temperature and concentrated in vacuo. The residue was purified by 

PTLC (AcOEt : hexane = 1 : 4) to provide 272 (10.1 mg, 52.0 µmol, 63%). 

 

272: white solid; IR (neat): 1708 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.94 (d, J = 6.9 Hz, 2H), 7.57 (t, J = 6.9 Hz, 

1H), 7.53-7.44 (m, 3H), 6.99 (d, J = 15.1 Hz, 1H), 5.29 (dd, J = 23.0, 11.3 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 

189.5, 159.3 (dd, 1JCF = 304.9 Hz, 299.1 Hz), 137.7, 134.3 (d, 4JCF = 5.8 Hz), 132.9, 128.6, 128.4, 124.9 (d, 3JCF = 

10.1 Hz), 82.4 (dd, 2JCF = 28.1, 15.2 Hz); 19F-NMR (560 MHz, CDCl3): d -79.9, -80.7; HRMS (EI): calcd for 

C11H8F2O (M+): 194.0543, found: 194.0531. 

 

Synthesis of 4’methoxyphenyl-difluorodienone 274 

 
 

The large synthesis of E28 

A solution of triisopropylsilyldifluorobromopropyne (37) (305 mg, 983 µmol) and Co2(CO)8 (351 mg, 1.03 mmol) 

in toluene (10 mL) was stirred at room temperature. After 3 h, 4’-methoxyacetophenone (295 mg, 1.96 mmol), 
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iPr2NEt (170 µL, 976 µmol) and AgNTf2 (381 mg, 982 µmol) was added and stirred at room temperature for 30 min. 

The reaction mixture was diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). 

The combined organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The 

residue was purified by flash silica gel column chromatography (hexane, Kanto) to provide E28 (478 mg, 717 µmol, 

73%). 

 

E28: red oil; IR (neat): 2029 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.49 (d, J = 8.2 Hz, 2H), 6.86 (d, J = 8.2 Hz, 2H), 

5.23 (s, 1H), 5.13 (s, 1H), 3.82 (s, 3H), 1.28 (sept, J = 7.0 Hz, 3H), 1.20 (d, J = 6.8 Hz, 18H); 13C-NMR (150 MHz, 

CDCl3): δ 199.1, 160.1, 152.7, 128.0, 127.1, 124.5 (t, 1JCF = 261.5 Hz), 113.5, 101.1 (t, 2JCF = 48.4 Hz), 99.1, 73.1, 

55.3, 18.9, 13.8; 19F-NMR (560 MHz, CDCl3): d -56.5 (s, 2F); HRMS (EI): calcd for C24H30Co2F2O5Si ([M-3CO]+): 

582.0495, found: 582.0489. 

 

The synthesis of 246 

To a solution of E28 (478 mg, 717 µmol) in Et2O (29 mL) was added N,N,N’-trimethylethylenediamine (500 µL, 

3.60 mmol). The reaction mixture was stirred at room temperature under O2 atmosphere. After 16 h, the reaction 

mixture was diluted with H2O (10 mL) and Et2O (10 mL) and extracted with Et2O (20 mL × 3). The combined organic 

layers were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica 

gel column chromatography (hexane) to provide 246 (258 mg, 678 µmol, 95%). 

 

246: colorless oil; IR (neat): 1610 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.50 (d, J = 8.2 Hz, 2H), 6.87 (d, J = 8.9 Hz, 

2H), 5.21 (s, 1H), 5.02 (s, 1H), 3.82 (s, 3H), 1,07-0.99 (m, 21H); 13C-NMR (150 MHz, CDCl3): δ 160.3, 153.0, 127.1, 

126.8, 113.7, 113.0 (t, 1JCF = 261.5 Hz), 96.9, 94.5 (t, 2JCF = 51.3 Hz), 90.2 (t, 3JCF = 5.1 Hz), 55.3, 18.3, 10.8; 19F-

NMR (560 MHz, CDCl3): d -52.9 (s, 2F); HRMS (EI): calcd for C25H17F2O2Si (M+): 380.1983, found: 380.1982. 

 

The synthesis of difluoropropargyl vinyl ether 273 

To a solution of 246 (258 mg, 678 µmol) in THF (23 mL) was added TBAF (1M in THF, 750 µL, 750 µmol) at –78 

ºC. The reaction mixture was stirred at –78 ºC for 15 min and then quenched with saturated aqueous NH4Cl (4 mL). 

The mixture was extracted with Et2O (10 mL × 3) and the combined organic layer was washed with brine, dried over 

MgSO4, and concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane 

= 1:20, Merck) to provide 273 containing iPr3SiF (162 mg <729 µmol, <100%). 

 

273: colorless oil; IR (neat): 3299, 2140 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.49 (d, J = 8.2 Hz, 2H), 6.86 (d, J = 

8.2 Hz, 2H), 5.23 (s, 1H), 5.13 (s, 1H), 3.82 (s, 3H), 1.28 (sept, J = 7.0 Hz, 3H), 1.20 (d, J = 6.8 Hz, 18H); 13C-NMR 

(150 MHz, CDCl3): δ 160.4, 152.6, 130.5, 126.8, 113.8, 113.0 (t, 1JCF = 243.8 Hz), 97.0, 74.4 (t, 3JCF = 6.5 Hz), 73.0 

(t, 2JCF = 53.1 Hz), 55.32; 19F-NMR (560 MHz, CDCl3): d -54.5 (s, 2F); HRMS (EI): calcd for C12H10F2O2 (M+): 
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224.0649, found: 224.0641. 

 

The synthesis of 274 

The solution of 273 (28.0 mg, 125 µmol) and DTBMP (5.80 mg, 28.2 µmol) in toluene (6.5 mL) was heated at 80 ºC 

for 2.5 h. The reaction mixture was cooled at room temperature and concentrated in vacuo. The residue was purified 

by PTLC (AcOEt : hexane = 1 : 4) to provide 274 (20.1 mg, 89.6 µmol, 72%). 

 

274: white solid; IR (neat): 1708 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.95 (d, J = 8.9 Hz, 2H), 7.44 (dd, J = 14.4, 

12.3 Hz, 1H), 6.99 (d, J = 15.0 Hz, 1H), 6.96 (d, J = 8.9 Hz, 2H), 5.27 (dd, J = 23.2 Hz, 11.6 Hz, 1H), 3.88 (s, 

3H); 13C-NMR (150 MHz, CDCl3): δ 187.8, 163.5, 159.2 (dd, 1JCF = 304.0 Hz, 298.3 Hz), 133.5, 130.7, 130.6, 124.7 

(dd, 3JCF = 38.7 Hz, 12.9 Hz), 113.9 (dd, 2JCF = 52.3 Hz, 16.0 Hz), 82.4 (dd, 4JCF = 28.0 Hz, 12.2 Hz), 55.5; 19F-NMR 

(560 MHz, CDCl3): d -81.4, -80.5; HRMS (EI): calcd for C12H10F2O2 (M+): 224.0649, found: 224.0653. 

 

Synthesis of difluoroallene 279 

 
 

 

The large-scale synthesis of E29 

A solution of triisopropylsilyldifluorobromopropyne (37) (121 mg, 390 µmol) and Co2(CO)8 (141 mg, 412 µmol) in 

toluene (4 mL) was stirred at room temperature. After 3 h, isobutylacetophenone (145 mg, 814 µmol), iPr2NEt (70 

µL, 402 µmol) and AgNTf2 (162 mg, 412 µmol) was added and stirred at room temperature for 30 min. The reaction 

mixture was diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). The combined 

organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was 

purified by silica gel column chromatography (hexane) to provide E29 (170 mg, 245 µmol, 63%). 

 

E29: red oil; IR (neat): 2028 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.27 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 

3.82 (s, 3H), 1.89 (s, 3H), 1.73 (s, 3H), 1.30-1.21 (m, 3H), 1.17 (d, J = 7.2 Hz, 18H); 13C-NMR (150 MHz, 

CDCl3): δ199.2, 158.8, 140.9, 130.3, 129.6, 124.9 (t, 1JCF = 256.7 Hz), 124.0, 113.1, 101.6 (t, 2JCF = 47.3 Hz), 72.7, 

55.2, 20.3, 18.9, 13.8; 19F-NMR (560 MHz, CDCl3): d -53.7 (s, 2F); HRMS (EI): calcd for C29H34Co2F2O6Si ([M-
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3CO]+): 610.0808, found: 610.0813. 

 

Synthesis of TIPS-difluoropropargyl vinyl ether 247 

To a solution of E29 (130 mg, 187 µmol) in Et2O (9.4 mL) was added N,N,N’-trimethylethylenediamine (140 µL, 

1.02 mmol). The reaction mixture was stirred at room temperature under O2 atmosphere. After 24 h, the reaction 

mixture was diluted with H2O (10 mL) and Et2O (10 mL) and extracted with Et2O (20 mL × 3). The combined organic 

layers were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica 

gel column chromatography (AcOEt : hexane = 1:20, ) to provide 247 (62.1 mg, 152µmol, 81%). 

 

247: colorless oil; IR (neat): 2028 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.28 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 8.2 Hz, 

2H), 3.81 (s, 3H), 1.88 (s, 3H), 1.72 (s, 3H), 1.08 (s, 21H); 13C-NMR (150 MHz, CDCl3): δ 159.1, 141.4, 130.7, 

128.0, 123.7, 114.1 (t, 1JCF = 244.2 Hz), 113.1, 95.3 (t, 2JCF = 50.6 Hz), 89.4, 55.2, 20.1, 18.7, 18.4, 10.9; 19F-NMR 

(560 MHz, CDCl3): d -50.1 (s, 2F); HRMS (EI): calcd for C23H34F2O2Si (M+): 408.2296, found: 408.2284. 

 

Synthesis of difluoropropargyl vinyl ether 278 

To a solution of 247 (66.7 mg, 163 µmol) in THF (6.5 mL) was added TBAF (1M in THF, 180 µL, 180 µmol) at –

78 ºC. The reaction mixture was stirred at –78 ºC for 15 min and then quenched with saturated aqueous NH4Cl (5 

mL). The mixture was extracted with Et2O (6 mL × 3) and the combined organic layer was washed with brine, dried 

over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 

(AcOEt : hexane = 1:50, Merck) to provide 278 (29.6 mg, 117 µmol, 72%). 

 

278: colorless oil; IR (neat): 3299, 2140 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.27 (t, J = 6.8 Hz, 3H), 6.87 (d, J = 

6.8 Hz, 2H), 3.82 (s, 3H), 2.66 (s, 1H), 1.88 (s, 3H), 1.74 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 159.2, 140.7, 130.7, 

128.0, 124.2, 113.8 (t, 1JCF = 243.8 Hz), 113.2, 73.9 (t, 3JCF = 6.5 Hz), 73.6 (t, 2JCF = 53.1 Hz), 55.2, 20.0, 18.7; 19F-

NMR (560 MHz, CDCl3): d -52.6 (s, 2F); HRMS (EI): calcd for C14H14F2O2 (M+): 252.0962, found: 252.0957. 

 

Synthesis of difluoroallene 279 

The solution of 278 (29.6 mg, 117 µmol) in toluene (6 mL) was heated at 100 ºC for 48 h. The reaction mixture was 

cooled at room temperature and concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 4) 

to provide 279 (25.4 mg, 101 µmol, 86%). 

 

279: colorless oil; IR (neat): 2011 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.90 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 

2H), 6.73 (s, 1H), 3.85 (s, 3H), 1.47 (s, 6H); 13C-NMR (150 MHz, CDCl3): δ 199.9, 169.1 (t, 2JCF = 36.6 Hz), 162.9, 

153.9 (t, 1JCF = 263.9 Hz), 131.8, 130.7, 128.5, 127.9 (t, 3JCF = 5.0 Hz), 113.4, 55.4, 50.6, 25.9; 19F-NMR (560 MHz, 

CDCl3): d -114.2 (s, 2F); HRMS (EI): calcd for C14H14F2O2 (M+): 252.0962, found: 252.0947.  
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