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ȾSǧ� Ǚ̓ 

 

Ⱦ 1 ȑ  yIgw 

 

˥ĒŶȆÜú[ʸ˝w=:r*±�{³ʛ×yċˍɥýpǓ˱YÜúʛ×[Sps9m+
̍<]*ÈˡʪYu[ŶȆɓĆȶter˥˯Y¡x�/³[ŪĴɥȌȨˆs9m�­·ˆ
y*�­·˦˴[ɇȝ±�{³ǇqŃ˦elÜúʛ×s9m+1 dl*ŶȆǋƧ[Sps9
m©²��´·y*��´·q®�ª/tel±�{³ǓŶʛ×wjlŪĴɥwŶȆdn
r:m+2 b[jXw*±�{³ʛ×yè.[ȉüċʠqƢ<mǭsŇ>iY:ǆɉ[Sp
s9m+M[lg*˥ ĒŶȆÜúw=:r±�{³ʛ×yŜA>kŏģdnr:m+Ŝɧɥ
wy*˥ Ē��ƩˡiçƘÜ−Yu[±�{³ʛ×ðƞƊq˯:l˅ˆi*ŵÚǰŊiƦò
ţǤƼqʦ˱telǆˆ?Ĩaknm0Scheme 1.11+3 e>eY?k*ɌĢĂįwČlɩo
lƮȰàʍYâúĚǕ[ʗɨ?ġgknr:mźʆw=:r*・ȅiーʗȅq˥gmĉő
YƩˡ[ƚ˯içŸYʛ×ǰŊqʦǽtgmbt>k*ïȚ[˪Ɍq˥er:m+4 

 

�
Scheme 1.1. Traditional radical reactions 

 

b[jXYʐŁ>k*��tɌĢĂįwˣe:�²/·Y±�{³ʛ×[ðʗ?řƋȊ
rwŏģdnr:m+ɓsh*ţʛ×wćgmŏģyĂįʯå[ɞ:ǶlYŶȆǆˆter
ɔ˚dnr:mʸ˝s9m+ţqy�³~/Řtgm˥Ēţʛ×y*ƺ̆q˥eY:ţy�
³~/?ƩˡterǵmʲXlg*ʏđ−[Ɛŗ?Đȹs@mɪi*̊ ɥ−ƺ[eqüȅÜ
dimbtwjmʴʛ×[˲Ȅiǥy�³~/Ü?ű<mɪYu*Ăįɗ̔ľ[Üúʛ×
s9m+5 ɿw*˥ Ē�µ�·ÜŶ−?Ʈpɇȝ4�µ�·ŉŶ[ţüȅÜqėɪtel±
�{³ʛ×y*ŵʛ×ȅÜúǇs9mɇȝ±�{³qªv³�wȉȆs@mˣnlǆˆs
9l*ȵA[ŏģƾwjorŏģdnr:m+6 ʣùɥ½ÞýpʇǆˬÄYÜŶ−s9m˥
Ē�µ�·ÜŶ−y*˭.Y˥ĒÜŶ−qŶȆgmƉ[ƄhÊʞɥýpʝ˯ȅ[ŵ:ŕ̃
[Sps9m+b[jXYǔʗ−ƺ>k˥ĒŶȆÜúw=:r˥˯Yɇȝ±�{³qÚ̔
wȉȆàʍYǆˆ[ðʗy*��tɌĢĂįwˣe:±�{³ʛ×[ƻřwČ˫s@m+7  

ˍǧsy*˥Ē�µ�·ÜŶ−?˥gmɇȝ4�µ�·ŉŶ[üȅÜqėɪtelɇȝ±
�{³ȉȆˆwċTAʸƟʿāʛ×wćerôȒe*řǱ[æȿqɷd<lƳǹ[ŏģ˚
ɥwp:rǖam+  

R X

Radical initiator
(AIBN, BPO, Et3B etc…)

∆ or hv
R

- Stoichiometric radical initiators
- Potentially explosive & toxic reagents
- High temperatures



� ������

Ⱦ 2 ȑ  ­�³¡²/ǰŊs[ɇȝ4�µ�·ŉŶ[üȅÜˆ 

 

� ȓǖeljXw*・ȅiーʗȅq˥gmĉőYƩˡiçŸYʛ×ǰŊqʦ˱teY:ķ
ȼɥY±�{³ʛ×yūAŏģ?Ǻgknr:m+M[ɓsh*ǓĸȮƩˡiȘÆĸȮǳ々
q˶˯gmbtYAɇȝ4�µ�·ŉŶqüȅÜe*ʗȉelɇȝ±�{³q˶˯gmʸ
Ɵʿāʛ×[ðʗ?Ȋrwűpnr:m+ 

̍<]*2008 ʊw¿Ʌky*ªv�µʎǤƼǰŊÛs*KOtBu qʛ×ȩǺƊter˯:
mbts*ɭƟʬȭYĈɑȝʶȝĂÜŶ−tˇŴȯ�µ�·Ü−[{�£²·�ʛ×?Ŧ
˻ɥwǺűgmbtqŐǔel0Scheme 1.21+8 ˇŴȯ�µ�·Ü−tery°wÜ−e>
˶˯s@Y:?*Êȏ[ȘÆĸȮǳ々q˯:mbtYA* ²�·* ±�·* ²«�·
Yu[˭.YɎāʶȝĂÜŶ−t[Ćs�‒²/³ÜŶ−qɾmbt?s@m+±�{³
˃ȫƊq˯:lōɶw=:r*̱ ʛ×ybtruǺűih*̊ ɥ−?ɾknY>olbt>
k±�{³ʛ×qŃ˦gmh[tŰƒdnr:m+ 

 

�
Scheme 1.2. KOtBu-promoted biaryl coupling of nitrogen heterocycles and haloarenes 

 

� dl*2010 ʊwʕȔky*NaOtBu qÖċter˯:*ǳ々̆[¡x�·�µ²·ʑÀƟ
tȞeŶpimbts*˭.YɎā�‒²/³ȶqŦ˻jAɾmbtwȆťel0Scheme 

1.31+9 ˍʛ×y*ˇŴȯ�µ�·Ü−ter°wÜ−[eYkh*ǏÜ−*ÖÜ−q˯:
mbt?s@*ɭƟġÍċ*ɭƟī˫ċ[:hnwȷerhʛ×?Ǻűgm+dl*{�£
²·��/��/s9mˇŴȯÜŶ−h*M[ɭƟǱȺwćpkh*ÅũYǌ˻s˚ɥ[{
�£²·�ȶ?ɾknm+ʛ×[­{��¬tery*¡x�·�µ²·?ʑÀel NaOtBu

>kˇŴȯ�µ�·Ü−`[ɭƟÆɺ?ėbl*‒²/³±�{³Ǉ?ȉȆgmbtsʛ
×?ǺűgmtŰ<knr:m+ 

  

CArN C H I Ar
KOtBu

50 ºC
(Microwave)

CArN C Ar

N

N

N

N

S
N

N 2

5

98 %

Representative examples

71 % 75 % (2, 5 isomer)
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Scheme 1.3. NaOtBu-mediated intermolecular arylation of unactivated arenes 

 

� ˇŴȯÜŶ−Ćw=Cm{�£²·�ʛ×[ȴw*ˇŴȯ��·̌[ α Àwȷgmɇȝ
4ɇȝŉŶĿȆʛ×hðʗdnr:m+̍<]*2015 ʊw Taillefer ky*DMF ˮ々ɓ*
KOtBu q˯:mbts*ˇŴȯ�µ�·Ü−ty�/³ÜàʍYˇŴȯ��·̌[ α-‒²
/³Üʛ×?ǺűgmbtqŐǔel0Scheme 1.41+10 ˍǆˆy*DMF t KOtBu >kʛ×
łɓsȉȆgm{³�®v³‒�z·Ǉ>k[ÊɭƟÆɺwjl‒²/³±�{³?ȉI*
b[±�{³Ǉ?y�/³ÜelˇŴȯ��·[ʅǓŉŶwʭßgmbtsǺűgm+ 

  

X

R1 R2 NaOtBu
155 ºC

NN

PhPh

(cat.)

R1 R2

X = I, Br, Cl
R1 = H, Me, OMe etc.
R2 = H, CN or OMe

19 examples
13-82 % yield

N N
Na
OtBu

N N
Na
OtBu

N N
Na

Na

NaOtBu

Ar X

Ar

H
Ar

X

H
ArtBuO tBuOH Ar

Proposed mechanism

Ar X



� ������

 
Scheme 1.4. Transition-metal-free α-arylation of enolizable aryl ketones 

 

� ¾ǭǖar@l±�{³ʛ×y*ˇŴȯ�µ�·Ü−[üȅÜwʙX‒²/³±�{³
[ȉȆ?̙tYmʛ×s9m?*‒³}³±�{³Ǉ[ʗȉqŃ˦el±�{³ʛ×h˄
ŷdnr:m+̍<]*2019 ʊw Mo ky*LitBuO qÖċter˯:*Ⱦ 1 Ĥ*Ⱦ 2 Ĥ[
‒³}³°wÜ−wȷgm§wȝÜʛ×q˄ŷel0Scheme 1.51+11 b[ʛ×y*ʵū:
ċƺɦ˯ȅq˥er=l*Ú̔YǰŊÛsȷ×gm§wȝÜȶq˫<m+dl*ʛ×­{�
�¬ter*Öċt§wȝÜƩˡt[ʶŶȶ>k‒³}³°wÜ−`[ÊɭƟÆɺ?ėb
l*‒³}³±�{³qʗȉdimbtsʛ×?Ǻűgm+̱ ǆˆy*ɆǗYÖċt§wȝ
Ʃˡq˯:r*½ÞýpʇǆˬÄY‒³}³°wÜ−>k‒³}³±�{³qȉȆgmǶ
e:˅ˆs9m+ 

 

 

Scheme 1.5. Transition-metal-free borylation of alkyl iodides via a radical mechanism 

 

� dl*2017 ʊw Walsh ky*İ̈YÊɭƟī˫ȶs9m 2-‒�‒²³‒�z·Ǉqʛ×
łɓsʗȉdi*Ǉ.[˥Ē�µ�·ÜŶ−>k‒³}³±�{³i‒²/³±�{³q
ȉȆgmǆˆqŐǔel0Scheme 1.61+12 ȉIlɇȝ±�{³Ǉy*ÊɭƟī˫ş[ 2-‒
�‒²³±�{³t±�{³{�£²·�qÍ@ėbg+̱ ʛ×y*Êȏ[ȘÆĸȮǳ々i
±�{³ðƞƊɳq˯:h*Ú̔YǰŊÛs*ÈˡʪŶȆʸ˝wʦǽs9m�‒²/³­�
³‒«·i¥·�³‒³}³‒«·̌qăˁwŶȆgmbt?s@m+ 

 

 

Scheme 1.6. Radical C–C coupling enabled by 2-azaallyls as super-electron-donors  

O

R2R1
X

R3 KOtBu

DMF, 40-120 ºC

O

R2R1

R3

X = I, Br, Cl

NMe
O

Me
H

O
M

tBu
KOtBu

DMF

X

NMe
O

Me

tBuOH

MI

Proposed initiation step for radical process

SET

Ralkyl X
MeOH/H2O, 50 ºC

B2pin2, LitBuO
Ralkyl Bpin

X = I, Br
1º or 2º

O
B

O
B

O

O Me
Me

Me
Me

Me
Me

Me
Me

B2pin2

NAr Ph

Ph
Ralkyl X

X = I, Br
MTBE, r.t.

NaN(SiMe3)2 NAr Ph

PhRalkyl
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Ⱦ 3 ȑ  ţqü˯elɇȝ4�µ�·ŉŶ[üȅÜˆ 

 

� șȑsy*­�³¡²/ǰŊs[ɇȝ4�µ�·ŉŶ[üȅÜqëelʸƟʿāʛ×w
ćerǖal+bnk[ʛ×y*ǻȶw˥óýpーʗȅq˥el±�{³ʛ×ðƞƊqÜú
̆̓̆˯:mʦ˱?9mŜɧɥY±�{³ʛ×tʣùer*Êȏ[ǓĸȮƩˡiȘÆĸȮ
ǳ々q˶˯ihwɇȝ±�{³ǇqȉȆgmˣnl˅ˆ̓s9m+e>e*M[btru?
İ̈YÖċq˯:mʦ˱?9l*ċƺɦ˯ʟÂ?śknredXt:XŇɪ?ȱƋgm+d
l*ßʉǰŊw˦˴gmʉy�³~/qĹɺ̈tel˅ˆ?ȵA*ʉʛ×yżˍɥwy�³
~/µ�?Ƚ@:t:olɪi*y�³~/qīĥgmlg[々ȶ?ʦ˱s9mɪ>k*ï
Ț[˪Ɍ?9m+ 

bnk[ʐŁ>k*Ⱦ 1 ȑsǖalţʛ×wćgm±�{³ʛ×?Ƚ@AˢǺel+ɓs
h*ǻȶw˕óYàƨţqy�³~/Řtelɇȝ4�µ�·ŉŶ[üȅÜˆ?ȃȵAŏ
ģðʗdnr:m+̍<]*2010 ʊw Stephenson ky*ɓǴĸȮw³��w¬q˥gmţ
´����ǳ々q˯:lv·�/³wȷgmªµ·Ƙ˨、ȶ[ʸƟĆʭßʛ×q˄ŷel
0Scheme 1.71+13 ţ´����ǳ々ty*àƨţǤƼwjor̎ėdnmţȦĀƊ[Sp
s9l*ÊɭƟƘÜtÊɭƟąŔ[̂˅wȷerüȅqƲg+14 b[ʛ×y*̎ ėdnlţ
ǳ々q‒«·?ąŔɥw�y·�e*M[ş³��w¬ǳ々wjm‒³}³ǏÜ−[Êɭ
ƟąŔ?Ǻűgm+ƄşwǏȝ‒�z·[Ƀ˺wʙ:‒³}³±�{³?ȉI*ɭƟˈʮY
v·�/³Ăwʭßgmbts˚ɥ−?ɾknm+ 

 

�
Scheme 1.7. Visible light-mediated intermolecular C–H functionalization of heterocycles 

 

dl*ɻʊw Gagne ky*àƨţq˶˯elʸƟĆ±�{³ʭßʛ×qɁȆer:m
0Scheme 1.81+15 b[ʛ×sy*àƨţǤƼwjor�²��³�±v�>k‒³}³±
�{³Ǉqʗȉdi*üȅÜdnl‒³�·wȷeĭ˟ʭßdimbts*αÀȗɀɥYɴ

X RO2C CO2R

Br
Blue LED

Ru(bpy)3Cl2 (cat.)
amine (NR3)

DMF, r.t.

R

X

R CO2R

CO2R

N

N

N

N
N

N
RuII

Ru(bpy)3
2+

RO2C CO2R

Br
RO2C CO2R

Ru(bpy)3
+Ru(bpy)3

2+

SET

[Ru(bpy)3
2+]*

LED

NR3

NR3

Br

Proposed initiation step for radical process
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̌[‒³}³Ü?ɁȆdnr:m+ 

 

�
Scheme 1.8. Intermolecular addition of glycosyl halides to alkenes mediated by visible light 

 

� dl*ŵ:ŕƟŦ˻[ht*ɇȝ4ɇȝŉŶtɇȝ4�µ�·ŉŶ[̂˅qÊɯwĿȆà
ʍYǆˆs9mŕƟÆɺ±�{³ʭß0ATRA1ʛ×y*˥ĒŶȆÜúw=:rǓ˱Yʛ×
[Sps9m+e>eY?kǒ˴ˆy*Üú̆̓̆[・ȅƩˡiçŸYʛ×ǰŊqʦ˱te
l+3,16 Ê˅s*2011 ʊw Stephenson ky*àƨţqĹɺ̈telʸƟĆ ATRA ʛ×qǘg
rɁȆer:m0Scheme 1.91+17 ȓǖ[v·�/³wȷgmªµ·Ƙ˨、ȶ[ʭßʛ×[
Ɖw˯:r:lěȈąŔƊs9m‒«·̌qÜú̆̓̆˯:mtʴʛ×?ǺűeredX
?*̱ ʛ×­{��¬sy̎ėdnlţǳ々?‒«·t[ɭƟÆɺqŃ˦ih*ɚȐ˥Ē�
µ�·Ü−qÊɭƟąŔgmbtsǺűer:m+dl*̱ ʛ×y˭.YĈ¡�ȝÜŶ−i
ʶƓYŹöq˥gmʸƟq˶˯gmbt?s@*Èˡʪiƌ̃âú[ʸ˝s˶˯ÞɊ[ŵ
:ǆˆtYor:m+ 

 

�
Scheme 1.9. Intermolecular atom transfer radical addition mediated by photoredox catalysis 

 

  

O Br

OR’R’O
OR’

OR’

R1

R2

hv
[Ru(bpy)3](BF4)2 (cat.)
iPr2NEt, Hantzsch ester

CH2Cl2

O

OR’R’O
OR’

OR’
R1

R2

R1 X R

Visible light
Ir[(dF(CF3)-ppy)2(dtbbpy)]PF6 (cat.)

LiBr
RR1

X

DMF/H2O

F3C I

CO2EtEtO2C

Br Br

CO2EtF

Br

CO2EtF
F

Cl3C Br

R1 X

N

N

N

N
IrI

CF3

F

F

F3C

F F

tBu

tBu

Ir[(dF(CF3)-ppy)2(dtbbpy)]+
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� dkw*2012 ʊwɻIA Stephenson ky*�/¡³zµ‒³}³°wÜ−[ ATRA ʛ×
q˄ŷer:m0Scheme 1.101+18 b[ʛ×y*bnds[ʛ×Ń̒tyÅYl*ąŔɥY
�y·�qŃ˦elĒŮsǺűer=l*ŵŦ˻ýpʵū:ċƺÊʞȅq˥er:m+‒�
�³�·Ƙ��²w¬?½ÞYěȈąŔƊter˶˯s@mbt?ʗŐdnllg*‒«
·̌wjmʴʛ×[˛ȿ?íǢdnl+ 

 

 
Scheme 1.10. Visible-light-induced iodoperfluoroalkylation 

  

CnFm I

Visible light
Ru(bpy)3Cl2 (cat.)

Na ascorbate
MeCN/MeOH

R
R

I
FmCn
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Ⱦ 4 ȑ  ­�³¡²/w=CmàƨţĹɺľɇȝ4�µ�·ŉŶ[üȅÜˆ 

 

� șȑsy*ţq˶˯elɇȝ4�µ�·ŉŶ[üȅÜqċƷtel±�{³ʛ×wće
rǖal+ɓsh*àƨţqĹɺ̈we*ċƺwȷgmÊɭƟƘÜtÊɭƟąŔ[̂˅qű
<mţ´����ǳ々q˶˯el˅ˆyüʗwŏģðʗdnr:m+e>e*bnk[ǆˆ
yŵÞYȘÆĸȮǳ々q˯:mʦ˱?9l*ÈˡʪŶȆŏģw=:r*ƙ˽ĸȮwjm・ȅ
ɳ[Ōʋi���[˗>kïȚ[˪Ɍ?9m+ 

bnkwȷe*Êȏ[ĸȮƩˡq˶˯ih*ţy�³~/qü˯elɇȝ4�µ�·ŉŶ
üȅÜˆ[ðʗŏģ?ķʊɔ˚qǐgr:m+̍ <]*2014 ʊw Melchiorre ky*p-‒��
‒³���[jXYɆǗY˥ĒʸƟqţwjorüȅÜdimbts*‒³}³�µ�·
Ü−tz´¡u·̌t[ ATRA ʛ×?ǺűgmbtqŐǔel0Scheme 1.111+19 ˍʛ×
y*Ú̔YǰŊÛ*áɡ˯ɭĢ[ţǤƼwjorǺűe*˭.Y ATRA ȉȆ−q˫<mb
twȆťer:m+ʛ×­{��¬tery*ţǤƼwjor̎ėdnl p-‒��‒³�
��>k‒³}³�µ�·Ü−`[ƔǓųy�³~/Æɺwjl*‒³}³�µ�·Ü−
?ƔǓų̎ėǱȺtYl*ȰA§®²��wjor‒³}³±�{³ǇqȉȆgmbts
Ǻűgm+ 

 

 
Scheme 1.11. Photochemical ATRA catalyzed by a simple organic molecule 

 

dl*2016 ʊw König ky*àƨţǤƼÛ*˥ Ēǲȝs9m Eosin Y qţǳ々ter˯:
mbts*�/¡³zµ¢µ®‒´/·tˇŴȯÜŶ−[{�£²·�ʛ×qðʗel
0Scheme 1.121+20 ˍǆˆy*ĸȮq˶˯gmbtYAÚ̔YǰŊÛ*ŶȆÞɊ[ŵ:©²
¡�Ü�‒²/³ȶqăˁwŶȆs@m+bny*ţ̎ėdnƔǓų̎ėǱȺ`tʿādn
l Eosin Y ?�²y�³‒«·wjorąŔdn*ȉIl Eosin Y [±�{³‒�z·Ǉ>
k�/¡³zµ¢µ®‒´/·`ÊɭƟÆɺ?ėbl*©²¡�Ü‒²/³±�{³?ȉ
ȆgmbtsǺűgm+ 
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Scheme 1.12. Eosin Y catalyzed direct C–H arylation of simple arenes 

 

� ß<r*2019 ʊw Jiao ky*ţy�³~/q˯:rʬüȅYˇŴȯÖÜ−>kˇŴȯ¨
µ·Ƙqɾmǆˆqðʗel0Scheme 1.131+21 b[ʛ×y*§wȝƩˡ*İÖċ* ²�
·ǳ々[8p>kʛ×łɓsİ̈YÊɭƟī˫ȶqȉȆdi*MnqţsüȅÜdimb
tsˇŴȯÖÜ−>k‒²/³±�{³ǇqȉIdimbtsǺűgm+ 

 

 

Scheme 1.13. Transition-metal-free borylation of aryl chlorides under visible light 
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Ⱦ 5 ȑ  àƨţqĹɺ̈telɚȐɥYɇȝ4�µ�·ŉŶ[üȅÜˆ 

 

� b[jXw*ɇȝ4�µ�·ŉŶ[üȅÜˆy*Êȏ[ȘÆĸȮǳ々q˯:h*ţqy�
³~/Řterü˯àʍY˅ˆ̓?Ǉ.˄ŷdnr@l+e>e*:hn[ǆˆh*ţüȅ
Ǉ>k˥Ē�µ�·Ü−`[ÊɭƟÆɺ0SET1*9m:yy�³~/Æɺ0ET1çɣqŃ
mbts*ĆȐɥwȷ×gmɇȝ±�{³ǇqȉȆdim˅ˆ?btrus9m+M[l
g*jlɚȐɥYċƺ[üȅÜq˚ơelǆˆhķʊćǴ?Čiknr:m+ 

̍<]*2017 ʊw Miyake ky*àƨţǤƼÛ*Ǉ.[�z¡x�/³̌tˇŴȯ�µ�
·Ü−t[ɇȝ4˾ØŉŶĿȆʛ×qðʗel0Scheme 1.141+22 b[ʛ×y*ȘÆĸȮǳ
々iţ´����ǳ々q˯:mbtYA*ɩßƊterß<lÖċ[es�µ�{�£²
·�ʛ×?Ǻűgm+ǪƇYĒŮŏģ>k*ɭƟˈʮY�z±/�ǇtˇŴȯ�µ�·Ü−
t[Ćw*Electron-donor-acceptor0EDA1Ƒȶ[ĿȆ?Ʋſdnr:m+EDA Ƒȶty*ɭ
ƟˈʮYɭƟī˫ȶtɭƟʬȭYɭƟǈˬȶ[Ćsɭå[Æɺ?ȉImƑȶ[ȥǦqơg+
b[ EDA Ƒȶ?àƨţqğǌgmbts*�v³±�{³t‒²/³±�{³?ȉȆe*
bnk?±�{³{�£²·�qėbgbts*˚ɥ[�zy/�³ȶqɾmbt?s@
m+ 

 

 
Scheme 1.14. Visible-light-promoted C−S cross-coupling via intermolecular charge transfer 

 

� dl*ɻʊw Chen ky*�/¡³zµ‒³}³°wÜ−t��±y�³y�´·�‒«
·0TEEDA1Yu[‒«·ɩßƊq THF ˮ々ɓ*ţǤƼÛʛ×dimbts*ţǳ々ɳq
Êȏƚ˯eY:�/¡³zµ‒³}³Üʛ×qðʗel0Scheme 1.151+23 b[ʛ×y*ɩ
ßƊs9m‒«·*9m:yˮ々s9m THF t�/¡³zµ‒³}³°wÜ−?�µ�·
ŉŶwjlƑȶqĿȆe*Mn?ţ̎ėdnmbtsʛ×?Ǻűgm+�µ�·ŉŶty*
˥Ē�µ�·ÜŶ−t³v�Öċt[ĆwɹA*（ĭ˥ŉŶȅȤŞƏ˯[btqơg+24 
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Scheme 1.15. Halogen-bond-promoted photoactivation of perfluoroalkyl iodides 

 

� M[ȴwh*2019 ʊw Czekelius ky*ǳ々̆[§�¡u·*9m:yº²·ƘÖtàƨ
ţǤƼwjor*­�³¡²/[�/¡³zµ‒³}³Üʛ×qɁȆer:m0Scheme 

1.161+25 ˍǆˆy*ŵÞYţ´����ǳ々iƦòţǤƼqʦ˱tih*ʛ×şhˮ々q
˽Ħeɛɫelǳ々qǅlǝAmCsƆflg*ăˁYǆˆtŚ<m+dl*�/¡³zµ
‒³}³±�{³Ǉ[ȉȆy*§�¡u·̌tċƺt[�µ�·ŉŶĿȆ?̙tYor:
m+ 

 

 
Scheme 1.16. Photocatalytic iodo perfluoroalkylation of alkenes using tri-tert-butylphosphine 

 

� b[jXw*˭.Yɇȝ4�µ�·ŉŶ[üȅÜˆ?bndsw˄ŷdnr:m+ɓs
h*àƨţqy�³~/Řtelţʛ×wjmǆˆy*ķʊ˄ŷ̍?Ȧ<r:m+tlpC*
ţ´����ǳ々Yu>kċƺ`[ SET i ET t:olĆȐɥYüȅÜĒŮsyYA*EDA

Ƒȶi�µ�·ŉŶqėɪtelɚȐɥYɇȝ4�µ�·ŉŶ[üȅÜˆ[ðʗ?ķʊɔ
˚dnr:mʸ˝s9m+ţǳ々q˯:lĆȐɥYüȅÜqŃ˦gmǒ˴ˆwʣar*˥ Ē
�µ�·ÜŶ−qɚȐüȅÜdimƬ?s@n]*üȅǇ`[y�³~/īĥ[Ŧ˻ȅq
jlŨǭdimbt?s@*y�³~/[ȲƸqˌBbt?s@mlg*jlʬüȅYŉŶ
hüȅÜgmbt?s@màʍȅq˥er:m+e>e*bnk[ɚȐɥYüȅÜˆy˄ŷ
̍?ǟYA*jlˣnl˅ˆ̓[ðʗ?ġgknr:m+ 

� b[jXYʐŁ>k*ʧƾyţqĹɺ̈telɇȝ4�µ�·ŉŶ[üȅÜwʙXʸƟ
ʿāʛ×[ðʗŏģwɒǆe*ţƘÜąŔǳ々q˶˯elĆȐɥYüȅÜi*�µ�·ŉŶ
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q˶˯elɚȐɥYüȅÜ[lg[ǶlYǆˆ[ðʗq˚ɥterŏģqűol+¾Û*M
nk[ŏģʂˬwp:rǖam+ 
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Ⱦ 2 ǧ 
ĸȮţǳ々q˶˯elɇȝ±�{³[ȉȆtţ ATRA ʛ×[ðʗŏģ 

 

Ⱦ 1 ȑ 。[ţ´����ǳ々q˶˯gmz´¡u·̌tƜǏÜɇȝ[ʭßʛ× 
 

Ⱦ 1 ǧȾ 3 ȑsǖaljXw*àƨţ´����ǳ々y˥Ē�µ�·ÜŶ−[ɇȝ4�
µ�·ŉŶqŵŦ˻ýpÚ̔wüȅÜs@mˣnlţǳ々s9m+e>e*ǒ˴[ȘÆĸȮ
qċʠtelàƨţ´����ǳ々y*³��w¬iv²�w¬Yu[´‒­�³tŝ]
nmĖĸȮ̌q˶˯elh[?ȵA˄ŷdnr:m+bnk2´‒­�³3y*ːȧ̆?ǟ
YA*dkwM[ȵAy・ȅ?ŵA*ÜúŶȆ−ƺw=Cmƙ˽ĸȮ?ŋŬiĂįǭ[Ƚ@
Y˛ȿtYor:m+dl*́ ‒­�³yÊʞɥwŵÞs9l*jl½Þýpǅ¼:ˬÄY
ĸȮqċʠtelǳ々[ðʗ?ˊdnr:l+26 

M[ɓs*2012 ʊw Reiser ky*ɓǴĸȮw。q˯:làƨţ´����ǳ々qŶȆe*
Ǉ.[��´·tƜǏÜɇȝt[ʭßʛ×?àƨţǤƼÛ*Ú̔YǰŊÛsǺűgmbt
q˖k>wer:m0Scheme 2.11+27 b[ǳ々y*ǒ˴[³��w¬iv²�w¬qċʠ
telàƨţ´����ǳ々jlhĵȽğǌʎɘ?ɘʎɘȪw�¡�e*530 nm [̉ǲţ
q˶˯gmbt?s@m+dl*ʣùɥŵ:ąŔɭÀq˥er=l*ŵÞY´‒­�³¥/
�[àƨţ´����ǳ々wȼpmţǳ々tYmbt?Đȹdnr:m+ 

 

 
Scheme 2.1. Cu-based photoredox catalysis 

 

� dl*àƨţ´����ǳ々y*˯ :mʑÀƟ[ȞeŶpi˅iM[Ɏāċ[Ǉ̌wjo
r*ǳ々[ƘÜąŔɭÀiĵȽğǌʎɘqɗȇs@mbt?ɋknr:m+̍ <]*³��
w¬[©² ²�³Ƒȶw=:r*­�³ċYu[ɭƟī˫ȅɎāċ?ʭ:lʑÀƟq˯
:mbts*ʑÀƟ[ɭƟ˔ɯ?Ȧße*ąŔɭÀ?ǭǡgmbt?ɋknr:m0Figure 

2.11+14 

  

(0.3 mol%)

CH2Cl2, 20 h

N
N

Ar

Ar

Cu Cl

Ar

N

N

Ar

LED530

R CBr4+

+

Br

CBr3
R

Up to 92%

OMe
Ar =



� �������

 
Figure 2.1. Ligand effects of photoredox catalysts0reduction potential1 

 

� dl*πɭƟʬȭł[ʶȝĂq˥gmʑÀƟq˯:mbts*ĸȮɓǴ[ɭƟ˔ɯ?ŗǟ
e*ƘÜɭÀ?ǭǡgmbt?ɋknr:m0Figure 2.21+14 

 

 
Figure 2.2. Ligand effects of photoredox catalysts0oxidation potential1 

 

� ɓsh*� ²�³i¡x�·�µ²·Yu[ɑȝł[ʑÀƟt*BINAP i XantPhos Y
u[§�¡u·ł[ʑÀƟq̂˅ʻiƮpàƨţ´����ǳ々y*ʑÀƟ[�¯/�·
�?ˬÄýp˭.Yʛ×`[×˯?Đȹdnr:mbt>k*Ȋrwŏģdnr:m+̍ <
]*2018 ʊw Collins ky*ɑȝł[ʑÀƟter 2,9-�­�³¡x�·�µ²·q*§�
¡u·ł[ʑÀƟter BINAP qʻiƮp。[àƨţ´����ǳ々qŶȆe*Mnq˯
:mbts*‒��ÜŶ−[ʸƟʂĂÜʛ×?*ŵǌ˻,ɈƯĆýpÚ̔YǰŊsǺűgm
btq˖k>wel0Scheme 2.21+28 
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Scheme 2.2. Cu-based heteroleptic photoredox catalysis 

 

� bnds*。qċʠtelàƨţ´����ǳ々wćgmŏģy*ɻIǇ̌[ʑÀƟq˯
:rŶȆdnlh[?btrus9ol+M[lg*ÅYmǇ̌[ʑÀƟ?ȞeŶpdor
ŶȆdnlŽŶʑÀľ[。[àƨţ´����ǳ々wćgmŏģy*cAƄķwYorǟ
ehp˄ŷdnr@l?*˓mwǪƇ?˖k>wYor:Y:bthȵ:+29a ̍<]*ȓ
ǖ[ Collins k[˄ŷsy*ɑȝł[ʑÀƟt§�¡u·ł[ʑÀƟ[ 2 Ǉ̌qȞeŶpi
l。[àƨţ´����ǳ々qˠ 50 Ǉ̌ŶȆe*Mn[ʛ×ȅiţ−ȅwćgmŏģq˘
˳ɥwűor:l?*³��w¬[àƨţ´����ǳ々[ʑÀƟŦã[ǿ̓tyÅYl*
ʑÀƟtʛ×ȅ,ţ−ȅwćgmȤćybtruĄƒdnY>ol+28 

� b[jXw*ɓǴĸȮw。q˯:làƨţ´����ǳ々[ðʗŏģyȊrwűpnr
@l?*ÅYmǇ̌[ʑÀƟq˯:lŽŶʑÀľ[。[àƨţ´����ǳ々wćery*
˓mʬ˖̄Yɪ?ȵ:+Ê˅s*̟ k>tdnr:mɿɖ[ɓw*ŽŶʑÀľ[。[àƨţ
´����ǳ々w˶˯dnmʑÀƟqȂŵAgmbts*̎ėǱȺw=Cm。ǳ々[ŮȨ
[̕eq˲Ȅe*ɓǴ。ŕƟwȷgmˮ々ʸƟɳ[ȐķwjorȉIm̎ėüȅǇ[Ƹü
q˲<mbt?s@mɪ?Ĩaknm+29b dl*ʑÀȅ[ɞ:{w·�/‒�z·q˶˯
gmbts*。ǳ々[½ɟȅŨǭi̎ėüȅǇ[Ƹüq˲Ȅs@mlg*��±¡³zµ§
wƘvz·0BF4)1i¤}�¡³zµ²·Ƙvz·0PF6)1[ƚ˯?Ŧãɥs9mtŰ<k
nm+28 Mbsˍŏģsy*ɑȝł[ʑÀƟw 2,9-�­�³¡x�·�µ²·q*§�¡u
·ł[ʑÀƟw BINAP qʻiƮp。[àƨţ´����ǳ々qŶȆe*Mnq˯:lǇ.
[z´¡u·̌tƜǏÜɇȝt[ʭßʛ×qɓǴwŏģqűXbts*。[àƨţ´��
��ǳ々[ʛ×ȅi−ȅ[í˖qƩel+0Scheme 2.31+ 
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Scheme 2.3. This work 
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Ⱦ 1 ų ʛ×ǰŊ[ƄɦÜĞ_ċƺɦ×ʟÂ[ōɶ 
 

� yIgw*ŶȆel。[àƨţ´����ǳ々q˯:r*Ǉ.[z´¡u·̌tƜǏÜɇ
ȝt[ʭßʛ×wćgmʛ×ǰŊ[ƄɦÜōɶqűol+0.1 mmol [ƜǏÜɇȝwȷe*
1.0 mol%[。4�­�³¡x�·�µ²·4BINAP Ƒȶ Cat-1 q˯:*��´·[ɲ̆*
ˮ々s9m��µµ­�·[̆*ǤƼgmţ[ʎɘ*Öċ[ 4 pwp:rǣɪqɲrɗƀe
l0Table 2.11+ 

dh*ǤƼgmţ[ʎɘwćgmōɶqűol+Ʀòàƨğţ�¦��³Ȭɟqűolt
bo*。4�­�³¡x�·�µ²·4BINAP Ƒȶ Cat-1 [ĵȽğǌʎɘ? 392 nm s9o
l+Mbs*M[Ɋw 400 nm [ʎɘq˥gm LED ±v�q˯:ltbo*Ƅhŵ:ǌ˻s
˚ɥ−qɾmbt?s@l0entry 21+b[ŉãy*ˍǳ々[ĵȽğǌʎɘ? 392 nm s9m
btt*Å:ÊɏqƲer:m+ 

ưw*��´·[ɲ̆wćgmōɶqűol+ƜǏÜɇȝwȷe*��´·[ɲ̆q 1.0

ɲ̆>k 3.0 ɲ̆dsȦßdi*ǌ˻[ŨǭqƩel+��´·[ɲ̆?Ȧßgmwpnr*
˚ɥ−[ǌ˻?ǭǡgmtÝɟq˼rrōɶel?*ƜǏÜɇȝwȷe 1.0 ɲ̆˯:lƉ
w*Ƅhŵ:ǌ˻s˚ɥ−?ɾknl0entry 21+ʛ×ǎ̀ş[ȜȉȆ−[ NMR w=:r*
entry 4, 5 wćery*��´·[�vª/[���³q÷ʈs@l+=MkA*��´·[
̆qȦßdilƬwjor*ƜǏÜɇȝtʭßʛ×qėbgșw*��´·Ćs�vª/Ü
?Í@ėbdnllgtŰ<knm+ 

dl*ˮ々s9m��µµ­�·[̆wćgmōɶqűol+��µµ­�·[̆q 0.5 

mL >k 3.0 mL dsʿÜdimbts*ʛ×ˮÒwȷgmţ[ɸçȅqȦßdi*。[à
ƨţ´����ǳ々[ʛ×Ŧ˻[ǭǡqƩel+ʛ×ˮÒ[ʌɯ?ɞAYmwpnr*ţ[
ɸçȅ?ǭǡeǌ˻?ŨǭgmtÝɟerōɶel?*��µµ­�·[̆q 1.0 mL te
lƉw*Ƅhŵ:ǌ˻s˚ɥ−?ɾknl0entry 21+Ê˅*ˮ々̆qȦßdimt*ǜ.
wǌ˻?ɞÛel0entries 4,51+bny*ʛ×ˮÒ[ʌɯɞÛwjl*ÜŶ−Ć[Ǩ：îȃ
?ŗǟe*ʛ×Ŧ˻?˵nllgtŰ<knm+dl*ʛ×ˮÒ[ʌɯqȦßdilǯŶw
y*ǌ˻?ņŗel0entry 61+bny*ţ[ɸçȅ?ɞÛe*。[àƨţ´����ǳ々
[ʛ×Ŧ˻?˵nllgtŰ<r:m+ 

Ƅşw*Öċqɩßgmōɶqűol+bnds*̱ ʛ×[ʛ×ǎ̀ş*ʛ×ˮÒ>kʕ
Õ[jXYh[?ʗȉer:mbtqe]e]÷ʈer=l*dl*ʛ×ǎ̀ş[Òȅq
pH Ʃœƥwjl÷ʈeltbo*ƘȅqƲgbt?ʸ>ol+bnk[Ƭƻjl*ʛ×ł
ɓw=:rǏÜȀȝ?ʗȉer:mtŰ<*ď˄qƕŰwÖċter 2,6-lutidine q 1.0 ɲ
̆ɩßeltbo*ǌ˻[Ũǭ?÷ʈdnl0entry 91+19 dl*ÖċqɩßeY:ǒ˴[
ōɶsʗȉer:lʕÕh*Öċ[ɩßwjl÷ʈdnYAYl*Òȅhɓȅwķ:ɊqƲ
gbt? pH Ʃœƥwjlʸ>ol+¾ǭ[ōɶ>k*entry 9 wƲgǰŊqˍʛ×[Ƅɦǰ
Ŋtel+  
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Table 2.1. Optimization of the reaction condition a 

 

entry X (nm) Y (equiv) Z (mL) Base yield (%) 

1 380 1.0 1.0 - 51 

2 400 1.0 1.0 - (77) 

3 420 1.0 1.0 - 74 

4 400 2.0 1.0 - (64) 

5 400 3.0 1.0 - (67) 

6 400 1.0 0.5 - 10 

7 400 1.0 2.0 - 70 

8 400 1.0 3.0 - 15 

9 400 1.0 1.0 2,6-lutidine (90) 
a 1H NMR yields. Number in parenthesis is isolated yield. 

 

� ƄɦǰŊ?ňɟel[s*ưwǇ.[��´·i‒³�·wćgmċƺÊʞȅ[ɗƀq
űol0Table 2.21+ 

� dh*̌ ŴĂw­�³ċq˥gm��´·̌wćerōɶqűoltbo*­�³ċ[À
Ɏw>>pkh*:hn[ċƺhÅũYǌ˻s˚ɥ−?ɾknl03b–3d1+dl*ɻIɭƟ
ī˫ċs9m t–¢�³ċq˥gm��´·wćerōɶqűoltbo*ǂÿ[ǌ˻ɞÛ
y9mh[[*ÅũYǌ˻s˚ɥ−?ɾknl03e1+ȴwh*¡�ȝ*Öȝ*ǏȝYu[
�µ�·Ɏādnl��´·wćerōɶqűoltbo*:hnhÅũYǌ˻s˚ɥ−
?ɾknl03f–3h1+dl*ɭƟġÍċs9m�‒�ċq˥gm��´·wćerh*bn
dstɻ˭wÅũYǌ˻s˚ɥ−?ɾknl03i1+ 

� e>e*­�}�ċt��µċq˥gm��´·̌wćerōɶqűoltbo*̊ ɥ−
[ȉȆybtru÷ʈdnY>ol03j,k1+­�}�ċq˥gm��´·wp:ry*ċƺ

CBr4
CH2Cl2 (Z mL), Ar, 20 h

Br

CBr3

P

P

N

N

Me

Me

Cu

Ph
Ph

Ph
Ph

PF6

Y equiv. 0.1 mmol

Base (1.0 equiv)

X nm LED light

+

+

1a 2 3a

Cat-1 (1.0 mol%)
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[ǓŶȶ[ /�?÷ʈdnlbt>k*ǳ々tʛ×gmșw©²ª/Ü?Ǻűeltǿ
ɟdnm+Ê˅*��µċq˥gm��´·wp:ry*��µċ?̎ėdnlǳ々q�y
·�gmbt?ɋknr:r*ǳ々?Ŧ˻ɥwĒʍeY>ollgtŰ<r:m+30 

� M[ȴw*4-��³¥·�³�µ²�*v·�·*β-­�³��´·wćerōɶqűo
ltbo*:hn[ċƺhÅũYǌ˻s˚ɥ−?ɾknl03l–3n1+dkw*��·iǾƘ
‒²³Yu[ʬüȅYƧˋȯ‒³�·wćerhōɶqű:*:hn[ċƺhɓɣɯ>k
ÅũYǌ˻s˚ɥ−qɾmbtwȆťel03o–3q1+ 
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Table 2.2. Scope of substrates a 

 
a Isolated yields. 

  

CH2Cl2 (1.0 mL), Ar, 20 h

P
P

N

N

Me

Me

Cu

Ph
Ph

Ph
Ph

PF6

2,6-lutidine (1.0 equiv)

+

R CBr4

1.0 equiv. 0.1 mmol

+ R

Br

CBr3

400 nm LED light

1 2 3

77% 80% 72%90%

Br

CBr3

Br

CBr3Me

Br

CBr3

Me
Br

CBr3

Me

61%

Br

CBr3tBu

3b 3c 3d3a

84% 72% 79%

Br

CBr3F

Br

CBr3Cl

Br

CBr3Br
3e 3f 3g 3h

71%

Br

CBr3NC

trace trace 71%

Br

CBr3MeO

Br

CBr3O2N

Br

CBr3Cl

3i 3j 3k 3l

61%
dr > 18 : 1

Br

CBr3

Br

CBr3

76%
dr > 18 : 1

Me

Br

CBr3

76%

Me
Br

CBr3

67% 56%

OMeO

MeO

O

Br

CBr3

OMe

O

3m 3n

3o 3p 3q

Cat-1 (1.0 mol%)
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Ⱦ 2 ų� ʛ×ĒŮ[Űƒ 
 

� dkw*̱ ʛ×[ǪƇwp:rōɶgmlgw*Ǉ.[ǰŊsʛ×qűol0Table 2.31+
ʛ×ˬĊqǀţǱȺwelǰŊsy*˚ɥ−[ȉȆyțA÷ʈdnY>ol0entry 11+d
l*ǀţǱȺ[dd 50 ºC wßʉelǰŊsh*3a [ȉȆyțA÷ʈdnY>ol0entry 

21+bnk[ŉã>k*̱ ʛ×yţqʦǽte*ʉ[ć˫yɞ:bt?Ʋſdnl+Ê˅*
ǳ々qɩßeY:ǰŊsy*cA̘>Y?k˚ɥ−[ȉȆ?÷ʈdnl0entry 31+b[ŉ
ãjl*̱ ʛ×y±�{³３ƁĒŮwjlǺűer:màʍȅ?Ű<knm+Mbs*ʛ×
q 1 ʸĆ[ţǤƼş*14 ʸĆǀţǱȺwelǰŊsűoltbo*̊ ɥ−?ǌ˻ 8%sɾk
n0entry 41*1 ʸĆţǤƼelmC[ǰŊs[ŉãtbcʿpkY>ol0entry 51+dl*
ʣùȷǫter*15 ʸĆţǤƼelǰŊsy*˚ɥ−?ǌ˻ 74%sɾknl0entry 61+ǒ
or*ˍʛ×w=Cm±�{³３ƁĒŮyė@r:Y:bt?Ʋſdnl+ 

 

Table 2.3. Evaluation of reaction mechanism a 

 

entry Condition yield (%) 

1 Dark 0 

2 Dark & 50 ºC 0 

3 Without catalyst 6 

4 Irradiation for 1 min, then dark in 14 min 8 

5 Irradiation for 1 min 6 

6 Irradiation for 15 min 74 
a 1H NMR yields. 

 

� ¾ǭ[ōɶ>k*Ƞɟdnmˍʛ×[­{��¬q¾Û[jXwŰ<m0Scheme 2.41+
dh*。4�­�³¡x�·�µ²·4BINAP Ƒȶ? 400nm [ţǤƼwjor̎ėdn*
̎ėdnl。Ƒȶ?ƜǏÜɇȝqÊɭƟąŔgm+ưw*ȉIl�²¢µ®­�³±�{³

CBr4

P

P

N

N

Me

Me

Cu

Ph
Ph

Ph
Ph

PF6

(1.0 mol%)

0.1 mmol1.0 equiv.

CH2Cl2 (1.0 mL), Ar, 20 h
 Conditions

Br

CBr3

2,6-lutidine (1.0 equiv.)

21a 3a

+

400 nm LED light
+
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y*��´·tʭßʛ×qėbe*¥·�³±�{³ɓĆȶ?ɾknm+b[ɓĆȶ?*2

Þ[。ƑȶwjorÊɭƟƘÜqǈCmbtsǳ々?ƃȉe*{�z·Ǉ?ȉȆdnm+Ƅ
şw*Ǐȝ‒�z·?ʭßgmbts˚ɥ−?ɾknm+ 

� dl*¥·�³±�{³ɓĆȶ?*ƜǏÜɇȝ[ǏȝqɚȐÍ@ʘAbts˚ɥ−qȉȆ
gm*±�{³３ƁĒŮhȠɟdnm+çĦ[ʺŎwjn]*ƜǏÜɇȝjly�³¥·�
·[¥·�³±�{³ȶ[˅?ŵ:ąŔɭÀq˥er:mbt?ďwɋknr=l0Figure 

2.31*b[bt>k*±�{³３ƁĒŮhė@r:màʍȅyǑʸwŰ<knm+27,31 e>
e*(1) ̌ƭ[。[àƨţ´����ǳ々s9m。4�‒²/³¡x�·�µ²·Ƒȶ[Ƙ
ÜɭÀ?*y�³¥·�·[¥·�³±�{³ȶjlhŵ:bt*27,31 (2) Êʞɥw 2 Þ[
。Ƒȶjlh 1 Þ[。Ƒȶ[˅?jl½ɟs9mbt*(3) ǀţǱȺw=Cm˚ɥ−[ȉȆ
?÷ʈdnY>olŉã0Table 2.3, entries 4–61[ 3 ɪ>k*ˍʛ×w=:r±�{³３Ɓ
ĒŮyė@r:Y:tŰ<r:m0Figure 2.31+ 

 

 
Scheme 2.4. Proposed mechanism  

[Cu(cup)(BINAP)]+

[Cu(cup)(BINAP)]+*

[Cu(cup)(BINAP)]2+

CBr4

CBr3 Br

Ph CBr3

Ph CBr3

Ph

Ph CBr3

Br

+

Br

CBr4CBr3

Radical propagation

400 nm LED

SET

SET

+
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Figure 2.3. Reduction and oxidation potential of intermediates 

 

� źîʧƾy*ɑȝł[ʑÀƟter 2,9-�­�³¡x�·�µ²·q*§�¡u·ł[ʑ
ÀƟter BINAP q˯:l*ŽŶʑÀľ[。[àƨţ´����ǳ々[ŶȆqűol+d
l*ŶȆel。[àƨţ´����ǳ々q˯:*Ǉ.[z´¡u·̌tƜǏÜɇȝt[ʭß
ʛ×`[ɦ˯qōɶel+M[ŉã*400 nm [ʎɘqƮp LED [ţǤƼÛ*0.1 mmol [Ɯ
ǏÜɇȝwȷe*1.0 mol%[。[àƨţ´����ǳ々*1.0 ɲ̆[��´·*ˮ々ter
��µµ­�·q 1.0 mL ˯:mbts*˚ɥ−qɆ˺ǌ˻ 90%sɾmbt?s@l+dk
w*��´·¾ò[˭.Yz´¡u·̌wȷerhōɶqű:*ŶŅ 16 Ǉ̌[ċƺwȷe
rhɓɣɯ>kÅũYǌ˻s˚ɥ−qɾmbt?s@l+ 

  

+0.62V
(CuII to CuI)

N
N

Ar

Ar

Cu Cl

Ar

N

N

Ar

OMe
Ar =

Ph Me

+0.37V

-0.48V

Ph MeCBr4

-1.60V

Reduction potential

Oxidation potential



� �������

Ⱦ 3 ǧ 
˥Ēţǳ々q˶˯elɇȝ±�{³[ȉȆtţ ATRA ʛ×[ðʗŏģ 

 

Ⱦ 1 ȑ �µ�·ŉŶq˶˯elz´¡u·̌tƜǏÜɇȝ[ţʭßʛ× 
 

� Ⱦ 1 ǧȾ 5 ȑshǖal?*ɇȝ4�µ�·ŉŶ[üȅÜˆter*Êȏ[ȘÆĸȮǳ
々q˯:h*ţqy�³~/Řterü˯àʍY˅ˆ̓?Ǉ.˄ŷdnr@l+e>e*:
hn[ǆˆh*ţüȅǇ>k˥Ē�µ�·Ü−`[ÊɭƟÆɺ0SET1*9m:yy�³~
/Æɺ0ET1çɣqŃmbts*ĆȐɥwȷ×gmɇȝ±�{³ǇqȉȆdim˅ˆ?b
trus9m+M[lg*ķʊjlɚȐɥYċƺ[üȅÜq˚ơelǆˆwćǴ?Čikn
r:m+b[jXYʐŁ[ɓ*Ⱦ 2 ǧsǅlǭal。[àƨţ´����ǳ々wjm ATRA

ʛ×[ðʗŏģqűXçɣs*。ǳ々[ʑÀƟter˶˯er:l� ²�³qǳ々̆˯
:mbts*��´·tƜǏÜɇȝt[ţ ATRA ʛ×?ǺűgmbtqŐǔel0Scheme 

3.11+ 

 

 

Scheme 3.1. Preliminary results for the ATRA reaction between styrene and CBr4 

 

� ˍʛ×w˶˯elƩˡ̌wyàƨţ̇Éw=CmţğǌȸyȱƋeY:bt>k*� 
²�³tƜǏÜɇȝ?�µ�·ŉŶwjoràƨţqğǌàʍYʶŶȶqĿȆe*34a-c ţ
ǤƼwjorʛ×?Ǻűel[syY:>tŰ<*̱ ŏģwɒǆel0Scheme 3.21+¾Û*
ǪƇwp:rǖam+ 

 

 

Scheme 3.2. In situ-formed CT complex via halogen bonding interaction  

Ph

Br

CBr3

CBr4
2,2’-bipyridyl (5.0 mol%)

DCM
400 nm LED, Ar, 20 h

53% yield 3a

Ph

21a

λmax (nm)

2a1a bipy

281<250<250

N X Y
X = halogen
Y = halogen or alkane

N X Y

in situ-formed C-T complex through halogen bonding
new absoprtion respective CT band generated

visible light responsive
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Ⱦ 1 ų ʛ×ǰŊtƄɦÜĞ_ċƺɦ×ʟÂ[ōɶ 
 

� yIgw*3W [ LED ţŘwjmţǤƼÛ*�µ�·ŉŶ‒��£�/ter¤�µˇ
ŴȯÜŶ−qǳ々̆˯:*��´· 1a tƜǏÜɇȝ 2 t[ ATRA ʛ×[ƄɦÜōɶqűo
l0Table 3.11+450 nm [ LED ǤƼÛ*� ²�³qǳ々̆˯:ōɶeltbo*ȷ×gm
ȉȆ− 3a ? 1%[ǌ˻sɾknl0entry 11+Ê˅*¡x�·�µ²·qǳ々terƚ˯g
mt*ǌ˻y 42%wŨǭel0entry 21+dkw*2 Ƃ[� ²�³ľǳ々[ȼplwɆƂ
[ ²�·q˯:mt*ɻɣɯ[ǌ˻s 1a >k 3a `[þʍċÜqɁȆgmbt?s@l
0entries 2 vs 31+ưw* ²�·Ăǭ[ɎāċŦãqɗƀel+ ²�·Ăw N,N-�­�³
‒«�ċ[jXYɭƟī˫ȅɎāċq、ʇgmt*3a ?ɞǌ˻sɾknl0entry 41+e>
eY?k*�‒�ċi‒��³ċ[jXYɭƟġÍċwʿŭelǯŶ*ȉȆ−[ǌ˻?Ũǭ
el0entries 5, 61+bnk[ŉã>k*ɭƟʬȭYɎāċq˥gm ²�·̌y*ˍʛ×q
ȩǺgmļŨ?9mbt?Ű<knm+dl*4-¡x�³ ²�·yșǖ[ǳ々terˣn
lǳ々üȅqƲe*57%[ǌ˻sȉȆ−q˫<l?*2-¡x�³ ²�·qǳ々ter˯:
lǯŶwyǌ˻?ȽʵwɞÛel0entries 7, 81+dkw*LED ţŘ[ʎɘwćerɗƀe
l+5.0 mol%[ǳ々q˯:lƄɦǰŊÛs*400~500 nm [˭.Yʎɘqōɶel+M[ŉ
ã*400~420 nm [jXYɈʎɘsōɶelƉ*3a [ǌ˻?ǂÿɞÛgmbt?ʸ>ol
0entries 9–111+e>e*jlɘʎɘsōɶgmt*ǌ˻yȽʵwɞÛel0entries 12,131+
Ƅǎɥwy*��´· 1a [ɩß̆q 150 mol%wȦigbts*ǌ˻?ïȚel0entry 141+
M[ȴ[ȷǤƻœ>ky*ˍʛ×wyţǤƼt ²�·̌?ʦǽs9mbt?ʸ>ol
0entries 15,161+ 
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Table 3.1. Optimization of the ATRA reaction between styrene and CBr4 a 

�  

entry 1a (mol %) cat. LED (nm) yield (%) 

1 100 2,2-bipyridyl 450 1 

2 100 phenanthroline 450 42 

3 100 pyridine 450 42 

4 100 DMAP 450 23 

5 100 4-CN-pyridine 450 48 

6 100 4-Ac-pyridine 450 49 

7 100 2-Ph-pyridine 450 25 

8 100 4-Ph-pyridine 450 57 

9 100 4-Ph-pyridine 400 47 

10 

 

 

 

100 4-Ph-pyridine 410 51 

11 100 4-Ph-pyridine 420 53 

12 100 4-Ph-pyridine 470 20 

13 100 4-Ph-pyridine 500 2 

14 150 4-Ph-pyridine 450 70 (62) 

15 150 4-Ph-pyridine dark NR 

16 150 none 450 NR 
a Yields were determined via 1H NMR analysis of the crude reaction mixture using 1,1,2,2-

tetrachloroethane as an internal standard. The values in parentheses are the isolated yields. 

 

� ưw*ƄɦÜdnlʛ×ǰŊqċw*Ǉ.[z´¡u·̌wćgmċƺÊʞȅ[ɗƀqű
ol0Table 3.21+M[ŉã*̱ ʛ×y‒³}³ċ01b–1e1*�µ�·01f–1h1*�‒�ċ01k1
q˥gmʵū:��´·̌wɦ˯s@mbt?ʸ>ol+e>e*­�}�ċq˥gm��
´· 1i q˯:mt*��´·[ǓŶʛ×?ȉI*˚ɥ−ybtruɾknY>ol+32 v
·�· 1n i��³¥· 1p Yu[ʂʳz´¡u·qƚ˯gmtǌ˻yɞÛe*β-­�³�
�´· 1o syțA˚ɥ−?ɾknY>ol+ 

  

Ph

Br

CBr3

CBr4
cat. (5.0 mol%)

DCM (0.1 M)
X nm LED, Ar, 20 h

0.1 mmol
3a

Ph

21a
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Table 3.2. Substrate scope for the ATRA of styrenes and CBr4 
a 

�  
a Isolated yields. The diastereomeric ratio was determined via 1H NMR analysis of the 

crude reaction mixture. 

 

� dl*Ƨˋȯ[z´¡u·̌wćerhōɶel0Table 3.31+M[ŉã*Ƨˋȯz´¡u
·̌y��´·̌jlhŦ˻jAʛ×?Ǻűgmbt?p>ol+dkw*1q [�±¬�
�/³s[ōɶsy*ʛ×ƯĆq 40 ƯĆwÔɘgmbts*ȷ×gmȉȆ−q 78%[ǌ˻
sɾl+ɚƁ[‒³�·w=:r*˂Ţdnr:Y:‒³�/³ 1s*‒��³˂Ţqƣe
lċƺ 1t =j_ 1u*TIPS ˂Ţdnl‒³�/³ 1v*‒«· 1w =j_y��³ 1aa yț
rˍʛ×ǰŊwɦ×s@*ɓɣɯ>kÅũYǌ˻sȷ×gmȉȆ−q˫<l+Ĳ˒Ƿ:bt
w*Ⱦ 1 Ĥ[‒³}³ǏÜ− 1x q˯:lƉ*ɇȝ4ǏȝŉŶ?ʸígmbtYA 88%[ǌ
˻sȉȆ−qɾl+‒²³¥·�· 1y qċƺterƚ˯gmtǌ˻?ɞÛgm?*¡x�
³¢�· 1z yŵǌ˻sȉȆ−q˫<l+dl*�³¨³�· 1ab [jXYĂǱ‒³�·q
ōɶeltbo*x nlȗɀȅýpŵǌ˻sȉȆ−qɾl+Ê˅*��µz��· 1ac qǔ
ʗ−ƺterʛ×qűoltbo*1,2-ʭßȶ 3ac =j_ 1,4-ʭßȶ 3ac’qMnkn 64%*

CBr4

450 nm LED
5 mol% 4-Ph-pyridine

DCM (0.1 M), Ar, 20 h
1 2

+

3

Br
CBr3

Br
CBr3

3a, 62%

Br
CBr3

3b, 42%

Br
CBr3

3c, 34%

Br
CBr3

3d, 29%
Me

Me
Me

Br
CBr3

3e, 61%

Br
CBr3

3f, 33%

tBu F

Br
CBr3

3g, 66%

Br
CBr3

3h, 30%

BrCl

Br
CBr3

3i, trace

Br
CBr3

3j, 29%

Br
CBr3

3k, 36%

Br
CBr3

3l, 45%
NCMeO O2N Cl

Br
CBr3

3m, 66% 3n, 30%

Br
CBr3

3o, trace

Br
CBr3

3p, 23%
79:21 d.r. (from Z isomer)

Br

CBr3 Me Ph

0.1 mmol150 mol%
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20%sɾl+��µz��·tƜǏÜɇȝ[ ATRA ʛ×wćgmș̍sy*1,4-ʭßȶ[ȉ
Ȇy±�{³?�±�£dnmșwʸƟʂs 1,5-ȀȝÆɺqŃrǺűgmbt?˖k>w
dnr:m+33 ĭ˟�y·s9mv�£´· 1ad qċƺwƚ˯gmt*3ad t 3ad’t:X 2

p[ÀɎÅȅȶ? 88:12 [ʣ˻*ɓɣɯ[ǌ˻sɾknl+dl*1ae tƜǏÜɇȝ 2 [ʛ
×wjl*̊ ɥ− 3ae ? 75%[ǌ˻*ŵ:�‒��´zȗɀȅsɾknl+bnk[ōɶ>
k*ATRA ʛ×yz´¡u·`[±�{³Ǉ[ʭßwjorðƞdnmbt?˖k>tYo
l+ 

 

Table 3.3. Substrate scope for the ATRA of olefins and CBr4 
a 

 
a Isolated yields. The diastereomeric ratio was determined via 1H NMR analysis of the crude 

reaction mixture. b 4 mmol of 2 was used.  

CBr4

450 nm LED
5 mol% 4-Ph-pyridine

DCM (0.1 M), Ar, 20 h
1 2

+

3

Br
CBr3

Br
CBr3

3q, 82% (78%)b

Br
CBr3

3r, 83%

Br
CBr3

3s, 84%

Br
CBr3

3t, 72%

Me Me HO AcO
7 9 4

Br
CBr3

3u, 42%; 55:45 d.r.

Br
CBr3

3v, 32%

AcO

Me
TIPSO

Br
CBr3

3w, 52%

Br
CBr3

3x, 88%

BocHN Br
4

Br
CBr3

3y, 30%

Br
CBr3

3z, 84%

Br
CBr3

3aa, 43%

Ph Ph MeO2C

MeO2C CBr3

Br

3ab, 90%; 94:6 d.r.

3ac, 64%; 58:42 d.r.
(from 1-octene)

Br CBr3 Br Me

CBr3

Br3C Me

Br

3ad 3ad’
48%; 3ad:3ad’ = 88:12

(from isoprene)

CBr3

3ac’, 20%; 55:45 d.r.
(from 1-octene)

Br

CO2MeMeO2C

Br CBr3

CO2MeMeO2C

1ae3ae, 73%; 92:8 d.r.
(from 1ae)

0.1 mmol150 mol%
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Ⱦ 2 ų� ʛ×ĒŮ[Űƒ 
 

� dkw*ˍʛ×[­{��¬qí˖gaA*¾Û[ƻœqűol+dh*4-¡x�³ ²
�·*��´·*ƜǏÜɇȝ[eqˮídilMnkn[ˮÒt*Mnk 3 p[ɳ®³ŽŶ
ˮÒ[Ʀòàƨğǌ�¦��³qȬɟelŉãqƲg+4-¡x�³ ²�·*��´·*Ɯ
ǏÜɇȝyMnknàƨţ̇ÉʂwţğǌȸqƲdY>ol+Ê˅s*4-¡x�³ ²�·
tƜǏÜɇȝ[ɳ®³ŽŶ−[Ʀòàƨğǌ�¦��³wy*444 nm wǶe:ğǌȸ?ȉ
Ir=l* ²�·tƜǏÜɇȝ[Ćs�µ�·ŉŶqëerɭåÆɺƑȶ?ĿȆdnr
:mbt?Ʋſdnl0Figure 3.11+ 

 

 
Figure 3.1. Study of the halogen bond adduct. UV–vis spectra of styrene (1a), CBr4 (2), 4-ph-py, and 

a 1:1 mixture of 2 with 4-ph-py. The concentration of 1a, 2, and 4-ph-py in DCM was 1.0 mM each, 

whereas the mixture of 2 and 4-ph-py was 0.1 M. 

 

dkw*4-¡x�³ ²�·tǇ.[ʌɯ[ƜǏÜɇȝq˯:rȬɟeltbo*Ƕlw
ȉȆelğǌȸ[ğţɯyƜǏÜɇȝ[ʌɯÁȱɥwȦȽe* ²�·tƜǏÜɇȝ[Ć
wŒɕY�µ�·ŉŶ[ȤŞƏ˯?9mbt?Ʋſdnl+34d b[bt>k* ²�·t
ƜǏÜɇȝt[ĆsɭåÆɺƑȶ?ĿȆdn*M[ş*ţ̎ėwjorüȅǇ?ȉȆe*̱
ʛ×?ðƞgmàʍȅ?Ű<knl0Figure 3.21+ 
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Figure 3.2. Study of the halogen bond adduct. UV–vis spectra of 4-ph-py (0.1 M in DCM) with 

different equivalents of CBr4 in DCM after irradiation at 450 nm for 1 h. 

 

� dl*ƄɦǰŊÛs 1a t 2 qƘȝʹÂēÛsʛ×dimt*˚ɥ−yɾknY>ol
0Scheme 3.3, eq. 11+b[ŉãy*̎ėüȅǇ?ƔǓųƘȝwjor�y·�dnlbtq
Ʋer:m+35 dkw*TEMPO*galvinoxyl*DMPO wjm±�{³˃ȫƻœqűoltb
o*̊ ɥ−?btruɾknr:Y:bt>k*̱ ʛ×y±�{³ɓĆȶqëerǺűer
:mbt?Ű<knm0Scheme 3.3, eq. 21+dl*TEMPO q˯:lƉsy*TEMPO ʭßȶ
3af y ESI-MS sĄȬer:m+dkw*��´· 1a t��· 1q q˯:lĬȣƻœqűo
ltbo*3a [˅? 3q jlhǌ˻?ŵAYol0scheme 3.3, eq. 31+b[ŉãy*ɭƟʬ
ȭ[±�{³yƧˋȯjlh��´·̌tȢAʛ×gmļŨ?9mçĦ[ʺŎ[ŉãtÊ
ɏel+36 
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Scheme 3.3. Experiments for mechanistic studies 

 

� ¾ǭqɷd<*Ǉ.[ʺŎqÍ˯e*̱ ʛ×[Ƞɟ­{��¬q¾ÛwƲg0Scheme 3.41+
dh*ƜǏÜɇȝt 4-¡x�³ ²�·y�µ�·ŉŶqëer*ɭåÆɺƑȶ I qĿȆ
e*450 nm [ LED wjmţǤƼwjor̎ėdnm+̎ėüȅǇ I’[ɇȝ4ǏȝŉŶ[§
®²��?ėbl*±�{³ II t�²¢µ®­�³±�{³ II’?ȉȆgm+ɾknlɇȝ
±�{³ II’yz´¡u·tʛ×er±�{³ɓĆȶ III qȉȆe*bn? II tʛ×er˚
ɥ[ ATRA ȉȆ−qɾm0route I1+dl*ȉȆel III ?ƜǏÜɇȝtʛ×er ATRA ȉ
Ȇ−q˫<*II’qƃȉgm±�{³３ƁĒŮhŰ<knm0route II1+ 

  

Ph

Br

CBr3

CBr4

450 nm LED
4-Ph-pyridine (5.0 mol%)

DCM (0.1 M), Ar, 20 h

100 mol%
3a

Ph

21a
under oxygen

(1)

Ph

Br

CBr3

CBr4
DCM (0.1 M), Ar, 20 h

100 mol%
3a

Ph

21a
with 

TEMPO, galvinoxyl, DMPO

(2)

trace

no reaction

CBr4
DCM (0.1 M), Ar, 20 h

100 mol%

3a
Ph

2a

1a
(3)

10%
1q

Me
7 3q

55%

Ph

O CBr3

NMe Me
Me Me calcd for C18H27Br3O1N1 (M+H)+ 509.9637

found 509.9617

HRMS m/z (ESI)

450 nm LED
4-Ph-pyridine (5.0 mol%)

450 nm LED
4-Ph-pyridine (5.0 mol%)

3af
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Scheme 3.4. Possible mechanism for the ATRA reaction of olefins 
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Ⱦ 2 ȑ �µ�·ŉŶq˶˯elz´¡u·̌tªµ·Ƙ˨、ȶ[ţʭßʛ× 
 

� Ⱦ 1 ȑsǖaljXw*ʧƾy�µ�·ŉŶq˶˯elz´¡u·̌tªµ·Ƙ˨、ȶ
[ţ ATRA ʛ×qðʗel+e>eY?k*ƜǏÜɇȝ>kɾknmȉȆ−y* ±�/
³Yu[ĈɑȝʶȝĂqŶȆgmlg[ĖǓYɓĆȶtYlɾmh[[*M[ŶȆɓĆȶ
ter[ʝ˯ȅyʦhehŵAyY:0Scheme 3.51+27,37 

 

 
Scheme 3.5. Synthetic utility of the CBr4 adducts 

 

Mbs*b[ʛ×[dkYm˶ˁȅtʝ˯ȅqŨǭdimaA*ƜǏÜɇȝ[ȼplw¢
µ®ªµ·Ƙq˯:lʛ×[ōɶqűol0Scheme 3.61+¾ÛwǪƇqƲg+ 

 

 

Scheme 3.6. This work 
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RNHNH2 (2.0 equiv)
ArB(OH)2 (2.0 equiv)

Pd(PPh3)4 (5.0 mol%)
K3PO4 (3.0 equiv)
THF, reflux

NN
R

Ar

Br
CBr3 THF, r.t.

DBU (2.0 equiv)
H2O (10 equiv) OH

Br

Br

1)

2)

Br+
EWG
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N Br
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EWG

380 nm LED

cat.
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Ⱦ 1 ų ʛ×ǰŊ[ƄɦÜĞ_ċƺɦ×ʟÂ[ōɶ 
 

� yIgw*ʛ×ǰŊ[ƄɦÜqűol0Table 3.41+ţŘ*ˮ 々wćerǪƇwōɶelŉ
ã*��µµ­�·ɓ*���ċƺter 0.1 mmol [‒²³¥·�· 4a t¢µ®ªµ·Ƙ
�­�³ 5a q˯:*ǳ々̆[ 4-¡x�³ ²�·[ȱƋÛ*380 nm [ʎɘq˥gm LED

[ţqǤƼgmbts*ȷ×gm ATRA ȉȆ− 6a q 77%[ǌ˻sɾl0entry 11+dl*ˮ
々ter‒����²³0MeCN1*N,N-�­�³§³¬‒«�0DMF1*=j_��±��
µ¡±·0THF1Yu[³v�Öċȅˮ々q˯:lǯŶy*5a tˮ々t[Ćs�µ�·ŉ
ŶƑȶ?ĿȆdn*ǌ˻?ɞÛeltŰ<knm0entries 2–41+38 ưw*ţ[ʎɘwp:r
ʩÞeltbo*380 nm jlhɈʎɘdlyɘʎɘ[ţqǤƼerʛ×dilǯŶ*6a [
ǌ˻yɞÛel0entries 5–71+Mbs*380 nm qˍʛ×[Ƅɦʎɘwňɟel+b[ŉã
y*380 nm ʎɘq˥gmţqğǌàʍYʶŶȶ?ʛ×łɓsȉȆer:mbtqƲſer
:m?*ʁ Ŷȶ[ğǌ�¦��³syɲõʎɘ[ğǌȸyĄƒdnh*y ţúɥǩħyɾk
nr:Y:+Ƅşw*4a [ɲ̆q 175 mol%wȦßdi*ˮ々̆q 0.5 mL weltbo*Ƅ
hÅ:Ɇ˺ǌ˻ 78%s˚ɥ−?ɾknl0entry 81+ 

 

Table 3.4. Optimization of ATRA reaction conditions a 

 

entry Solvent X (nm) 6a (%) 

1 CH2Cl2 380 77 

2 MeCN 380 38 

3 DMF 380 21 

4 THF 380 0 

5 CH2Cl2 370 65 

6 CH2Cl2 390 62 

7 CH2Cl2 400 61 

8b CH2Cl2 380 90 (78) 
a Yields were determined through 1H NMR analyses of the crude reaction  

mixture using 1,1,2,2-tetrachloroethane as an internal standard. The number in  

parenthesis is the isolated yield. b The reaction was performed using 175 mol%  

of 4a in CH2Cl2 (0.5 mL). 

Ph Br
CO2Me

CO2Me
X nm LED
4-Ph-pyridine 
(7a: 5.0 mol%)

solvent (1.0 mL)
Ar, 20 h

100 mol%
4a

0.1 mmol
5a

Ph
Br

CO2Me

CO2Me

6a
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� dl*�µ�·ŉŶ[‒��£�/ter[˟ûq˥gm ²�·̌[ōɶqűol
0Table 3.51+ċˍɥw*ɭƟġÍȅþʍċq˥gm ²�· 7b–7i q˯:lǯŶ*7a tʣ
ùerǌ˻?ɞÛgmļŨ?Őknl+�µ�·ŉŶȅƑȶqĿȆgmƉ* ²�·[µ/
·¦‒?�µ�·[ σ §/³tʛ×gmlg*ɭƟʬȭ[ ²�·yb[ȤŞƏ˯qŗǃ
di*ʛ×ȅqɞÛdir:mtǿȬel+Ê˅*­�}�ċ 7j*‒«�ċ 7k–7n*‒³}
³ċ 7n Yu[ɭƟī˫ȅċq˥gm ²�·sy*ɓɣɯ[ǌ˻qƲel+=MkA*Ɏ
āċ[ɭƟī˫ȅċ?�µ�·ŉŶĿȆwć˫e* ²�·Ăt[�µ�·ŉŶĿȆqȟ
óer:mlgmtŰƒel+7a [ȼplw ²�· 7m =j_ 7n [ȱƋÛsʛ×dil
ǯŶ*ʬˮȅ[Ö?ȉȆel+b[ʴȉȆ−yɻɟs@r:Y:?*=MkAǏȝt[Ö[
ĿȆ?ǌ˻ɞÛ[ŕÌs9mtǿȬer:m+¾ǭ>k*7a yˍʛ×łwƄɦY�µ�·
ŉŶ‒��£�/s9mbt?ʸ>ol+ 

 

Table 3.5. Screening of halogen-bonding acceptors a 

 
a Yields were determined through 1H NMR analyses of the crude reaction  

mixture using 1,1,2,2-tetrachloroethane as an internal standard. 

 

� b[ƄɦǰŊqċw*ˍʛ×[ċƺÊʞȅqɗƀel0Table 3.61+4-¡x�³-1-¢�·
4b t¢µ®ªµ·Ƙ�­�³ 5a [ʛ×syȷ×gmȉȆ− 6b ?ŵǌ˻sɾknl?*1-

(4-­�}�¡x�³)-2-£µ¦· 4c t 5a [ ATRA ʛ×y 6c qɞǌ˻s˫<mw˽dol+
bny 4c qƚ˯gmt*ǄwǓŶʛ×?ǺűgmlgtŰ<knm+dkw*Ƨˋȯz´
¡u·wćerōɶel+ɚƁ‒³�·[��· 4d*��{· 4e*�y��³ȶ 4f y:h
nhˍʛ×wɦ˯gmbt?s@*ȷ×gmȉȆ−qɓɣɯ>kÅũYǌ˻sɾl+Ĳ˒Ƿ

7a: 77%

N

CN

N

N
Me

O
7b: 23%

7n: 68%

7i: 53%

7k: 30%

N

NH2

N

N

NMe2

NC

N

NC
CN

7d: 18%

7l: 16%

7e: 3%

7f: 18%

N N N

Cl

7g: 0% 7h: 0%

7m: 45%

N

N

N

7c: 16%

7j: 17%

F Br

CN

OMe

none

0%

N

Ph

CN

MeHN

Ph Br
CO2Me

CO2Me
380 nm LED
HB acceptor
(5.0 mol%)

DCM (1.0 mL)
Ar, 20 h

100 mol%
4a

0.1 mmol
5a

Ph
Br

CO2Me

CO2Me

6a
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:btw*Ⱦ 1 Ĥ‒³}³ǏÜ− 4g =j_ 4h q˯:lƉ*ɇȝ4ǏȝŉŶ?ʸígmb
tYAɓɣɯ>kÅũYǌ˻s ATRA ʭßȶqɾl+‒²³‒³�/³ 4i =j_˂Ţ‒²
³‒³�/³ 4j qċƺter˯:lǯŶyǌ˻?ɞ:?*¤}��/³ 4k yŵǌ˻sȉ
Ȇ−q˫<l+ 

 

Table 3.6. Photoinduced ATRA reaction using various types of 4 with 5a a 

 
a Isolated yields. 

 

  

R Br CO2Me

CO2Me
380 nm LED
4-Ph-pyridine (5.0 mol%)

CH2Cl2 (0.5 mL)
Ar, 20 h

175 mol%
4

0.1 mmol
5a

R

Br

CO2Me

CO2Me

6

Ph
Br

CO2Me

CO2Me

6a, 78%

Ph
Br

CO2Me

CO2Me

6b, 90%

PMP
Br

CO2Me

CO2Me

6c, 32%

Me
Br

CO2Me

CO2Me

6d, 79%
7

Me
Br

CO2Me

CO2Me

6e, 73%
9

Br

CO2Me

CO2Me

6f, 80%

MeO2C

MeO2C

Br
Br

CO2Me

CO2Me

6g, 55%

Br
Br

CO2Me

CO2Me

6h, 81%

HO
Br

CO2Me

CO2Me

6i, 18%

AcO
Br

CO2Me

CO2Me

6j, 20%

HO
Br

CO2Me

CO2Me

6k, 95%
4

2

2 3
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� ưw*Ǉ.[¢µ®ªµ·Ƙ 5 t‒²³¥·�· 4a [ʛ×ȅqōɶel0Table 3.71+ċ
ƺter¢µ®ªµ·Ƙ�y�³ 5b q˯:lƉ*ȷ×gm ATRA ʭßȶ 6l qɓɣɯ[ǌ
˻sɾl+e>e*y��³q��·wɎ@ā<l 1,3-���·ȶ 5c qċƺtelǯŶ*
ȷ×gmȉȆ− 6m yɞǌ˻sɾknl+ɻ˭w*¢µ®ªµ·Ƙ[üȅ­�´·ʳÀw­
�³ċ 5d*n-£µ ³ċ 5e*�‒�y�³ċ 5f Yu[‒³}³ċq、ʇelċƺq˯:l
ǯŶhɞǌ˻Y?kʛ×yǺűel+Ê˅s*¥·�³ċ 5g i¡x��³ċ 5h q˥gm
¢µ®ªµ�/�qċƺter˯:lǯŶwy*ʛ×yǺűeY>ol+ 

 

Table 3.7. Photoinduced ATRA using various 5 with 4a a 

 
a Isolated yields. 

  

Br CO2R’

380 nm LED
4-Ph-pyridine (5.0 mol%)

CH2Cl2 (0.5 mL), Ar, 20 h

175 mol%

4a

0.1 mmol
5 6

CO2R’R
CO2R’

Br
Ph

6l, 54%
CO2Et

Br
Ph

CO2Et

6m, 22%
COPh

Br
Ph

COPh

CO2R’
R

6o, 9%

CO2Me

Br
Ph CO2Me

Me

6p, 22%

CO2Me

Br
Ph CO2Me

nPr

6q, 18%
CO2Me

Br
Ph CO2Me

NC
6n, 25%

COtBu

Br
Ph

COtBu

6r, 0%
CO2Me

Br
Ph CO2Me

Ph

6s, 0%
CO2Me

Br
Ph CO2Me

Ph
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� dkw*̱ ʛ×ĒŮqí˖gaA*Ǉ.[ƻœqűol0Scheme 3.71+Ƙȝdlyĺēʹ
ÂēÛ[ǰŊsy*4a t 5a yʛ×eY>ol0Scheme 3.7, a1+b[ŉãy*̎ėüȅǇ?
ƔǓųƘȝwjor�y·�dnr:mbtqƲſer:m+35 dl*ǀţǰŊÛ*9m:
yǀţeY?k 60 ºC wßʉelǰŊÛsɗƀeltbo*ʭßȶ?ɾknY:bt?ʸ>
ol0Scheme 3.7, b1+bnk[ŉã>k*ˍʛ×wyţ?ʦǽs9l*ʸƟ[ʉüȅÜyʦ
˱Y:bt?Ʋſdnl+dl*ǳ々q˯:hwʛ×qűoltbo*̊ ɥ−yɾknY>
ollg*4-¡x�³ ²�·?ˍʛ×[ǳ々terĒʍer:mbt?Ʋdnl0Scheme 

3.7, c1+ß<r*TEMPO wjm±�{³˃ȫƻœqűoltbo*˚ɥ−yɾknh*±
�{³˃ȫƊs9m TEMPO [ʭßȶ 7a ?ɾknl0Scheme 3.7, d1+el?or*ˍʛ×
y±�{³ǇqŃ˦erǺűer:mbt?Ʋſdnl+ 

 

 
Scheme 3.7. Evaluation of the reaction mechanism 

 

� ¾ǭ[ŉãqɷd<*çĦ[ʺŎqÍ˯e*Ƞɟdnmˍʛ×[­{��¬q¾ÛwƲg
0Scheme 3.81+dh*¢µ®ªµ·Ƙt ²�·?�µ�·ŉŶwjlƑȶ A qĿȆe*
ţ̎ėwjor̎ėüȅǇ B ?ȉIm+üȅǇ B yɇȝ4ǏȝŉŶ[§®²��qėbe*
ªµ·Ƙ±�{³ C t±�{³Ǉ D ?ȉȆgm+ȉIlªµ·Ƙ±�{³ C yz´¡u·

380 nm LED
4-Ph-pyridine (5.0 mol%)

CH2Cl2 (0.5 mL), 20 h

175 mol%

4a 5a Ph
Br

CO2Me

CO2Me

6a
0%

Under O2 or Air

4-Ph-pyridine (5.0 mol%)
CH2Cl2 (0.5 mL), Ar, 20 h

175 mol%

4a 5a 6a

0%
Dark or 
Dark & 60 ºC

380 nm LED
CH2Cl2 (0.5 mL), Ar, 20 h

175 mol%

4a 5a 6a

0%
Without cat.

380 nm LED
4-Ph-pyridine (5.0 mol%)

CH2Cl2 (0.5 mL), Ar, 20 h
6a

0%
With TEMPO

N
O CO2Me

CO2Me

7a
20%175 mol%

4a 5a

a. Reaction under O2 or air atmosphere condition

b. Reaction under dark or dark with thermal condition

c. Reaction with out 4-Ph pyridine

d. Radical trapping experiment
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tʛ×e±�{³ɓĆȶ E tYl*bn?±�{³Ǉ D tʛ×er˚ɥ[ ATRA ȉȆ−?
ɾknm0route 11+dl*ȉȆel±�{³ɓĆȶ E ? 5a tʛ×er 6a qȉȆe*ªµ
·Ƙ±�{³ C qƃȉgm±�{³３ƁĒŮhŰ<knm0route 21+ 

 

 
Scheme 3.8. Plausible reaction mechanism 
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Ⱦ 3 ȑ �µ�·ŉŶq˶˯el�·�¬ľţʭß4ĂÜʛ× 
 

� ţʭß4ĂÜʛ×y*ȘÆĸȮqċʠtgmàƨţ´����ǳ々i˥Ēţǳ々q˯:
lǆˆ?Ǉ.˄ŷdnr:m0Scheme 3.91+̍<]*2012 ʊw Stephenson ky*ɓǴĸȮ
w³��w¬q˥gmàƨţ´����ǳ々q˯:mbts*ʸƟʂţʭß4ĂÜʛ×q
ðʗer:m+18 M[ş*ȘÆĸȮqċʠtgmàƨţ´����ǳ々q˶˯elʸƟʂ*
ʸƟĆ[ţʭß4ĂÜʛ×yȃ̍˄ŷdnr:m+39 dkw*ȘÆĸȮq˯:Y:˥Ēţǳ
々wjmǆˆh:Ap>˄ŷdnr:m+̍<]*2019 ʊw Zhu ky*àƨţǤƼÛ*‒
�²��w¬Öq˯:mbts*�µµ�²¡³zµ­�³Ü=j_�µµ�²�µµ­
�³Ü µ²�·* ¦²�·=j_��µ¦·�·qŦ˻ÅAɾmţʭß4ĂÜʛ×q
ɁȆer:m+40 ß<rʢky*àƨţǤƼÛ*Eosin Y qȀȝŕƟÆɺǳ々ter˯:m
bts*y ƟĆ±�{³ĂÜʛ×wjmʶȝĂŶȆˆqðʗer:m+41 e>eY?k*y
ƟĆţʭß4ĂÜʛ×wjmĂǱÜŶ−[ŶȆˆy˓m˄ŷ̍?ǟYA*jlˣnlǶe
:˅ˆ[ðʗ?ġgknr:m+ 

 

 
Scheme 3.9. The developed photochemical ATRC reaction 

 

� Mbsʧƾy*Ⱦ 1 ȑ*Ⱦ 2 ȑsǖar@l�µ�·ŉŶq˯:lţ ATRA ʛ×q×˯
e*‒²³ċq˥gm¢µ®ªµ·Ƙt‒³}·*‒³�·̌t[�·�¬ľʸƟĆʭß-

ĂÜʛ×[ðʗŏģwɒǆel0Scheme 3.101+¾Û*ǪƇqǖam+ 

 

 

Scheme 3.10. This work: ATRC reaction mediated by halogen bonding complex 
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� yIgw*ʛ×ǰŊ[ƄɦÜqűol0Table 3.81+0.1 mmol [y��³¥·�·08a1
wȷe*2.5 ɲ̆[ 2-‒²³-2-¢µ®ªµ·Ƙ�­�³ 9a q˯:*5.0 mol%[ 4-¡x�³
 ²�·ȱƋÛ*ǤƼgmţ[ʎɘwćerɗƀel+M[ŉã*420 nm [ʎɘ?ƄhŦ
ãɥs9l*50 %[Ɇ˺ǌ˻s˚ɥ[ 10a qɾl0entries 1–41+ưw*ˮ々ʌɯ?˫<mʛ
×`[Ŧãwćerɗƀeltbo*ˮ々q 2.0 mL ˯:r 2 ʒwĎǁeltbo*țAʛ
×?ǺűeY>ol0entry 3,51+dl*4-¡x�³ ²�·[µ/·¦‒?�µ�·[ σ§
/³tȤŞƏ˯er�µ�·ŉŶȅƑȶqĿȆgmbt>k*ɭƟī˫ȅ‒³}³‒«·
?jlİ:ȤŞƏ˯qƲe*ʛ×ȅ?Ũǭgm[syY:>tÝȒq˼rl+Ƞɟɜl*1.0

ɲ̆[ N,N-�v�£µ ³y�³‒«·0DIPEA1qɩßgmt*̊ ɥ−[Ɇ˺ǌ˻? 75%

wŨǭel0entry 81+ʣùƻœter*4-¡x�³ ²�·[ȱƋÛw=:rhōɶelt
bo*̊ ɥ−[ǌ˻wʿÜyŐknh*4-¡x�³ ²�·yʦ˱Y:bt?˖k>tYo
l0entry 91+‒«·yÅũY�µ�·ŉŶ‒��£�/terɋknr=l*DIPEA [j
XYɭƟˈʮY‒³}³‒«·q˯:mbts*ș̍[jXw ²�·q˯:hwʛ×?
Ǻűe*ȷ×gmȉȆ− 10a ?ɾknltǿȬel+dkw*9a [̆q 3.0 ɲ̆wȦßdi
mt*79%[Ɇ˺ǌ˻sȷ×gmĂÜȶqɾmbt?s@l0entries 10,111+ 

 

Table 3.8. Optimization of reaction conditions 

 
Entry Catalyst Amine X (nm) Y (mL) Z (equiv) 10a (%)a 

1 4-Ph-pyridine  380 1.0 2.5 53 

2 4-Ph-pyridine  400 1.0 2.5 32 

3 4-Ph-pyridine  420 1.0 2.5 57 (50) 

4 4-Ph-pyridine  450 1.0 2.5 0 

5 4-Ph-pyridine  420 2.0 2.5 0 

6 4-Ph-pyridine  420 0.75 2.5 60 (62) 

7 4-Ph-pyridine  420 0.25 2.5 47 

8  DIPEA 420 0.75 2.5 89 (75) 

9 4-Ph-pyridine DIPEA 420 0.75 2.5 79 (71) 

10  DIPEA 420 0.75 2.0 69 

11  DIPEA 420 0.75 3.0 88 (79) 
a 1H NMR yields. Numbers in parentheses are isolated yields. 

 

H

Ph
Br

CO2MeMeO2C

8a
0.1 mmol

9a
Z equiv

 X nm 3W LED
Catalyst (0.05 equiv)

Amine (1.0 equiv)

AcOEt (Y mL), Ar, 20 h Ph

Br
CO2Me
CO2Me

10a
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� ƄɦǰŊ?ňɟdnl[s*ưwˍʛ×[ċƺÊʞȅwćerɗƀel0Table 3.91+¥
·�·Ăǭ[˭.YɎāċqōɶelŉã*btru[þʍċ?ˍʛ×ǰŊwɦ˯s@m
bt?ʸ>ol+‒³}³ċ?Ɏāelċƺsy*Ŧ˻jAʛ×?Ǻűe*65–84%[ǌ˻
s˚ɥ− 10b–10d qɾl+̌ ŴĂǭ[¡�ȝ*Öȝ*ǏȝYu[�µ�·ŕƟy*̱ ǰŊw
yÐĳqǈCh*ȷ×gm˚ɥ− 10e–10i qɓɣɯ>kÅũYǌ˻s˫<l+dl*ɭƟġ
Íċq˥gmċƺwp:rhōɶe*:hnhÅũYǌ˻sĂÜȶ 10j–1p q˫<l+dk
w*4-¡x�³ċ*2-�¡�³ċ*3- ²�³ċ=j_ 3-�y�³ċq˥gm‒³}·h 9a

tŦ˻jAʛ×e*˚ɥ− 10q–10t qÅũYǌ˻s˫<l+ 

 

Table 3.9. Scope of alkynes a 

 
a Isolated yields. 

 

� ưw*Ǉ.[ˇŴȯ‒³�·wćerɗƀel0Table 3.101+¥·�·Ăǭw‒³}³ċ
?Ɏāelċƺq˯:lǯŶwy*Ŧ˻ɥwʛ×?Ǻűe*ɓɣɯ[ǌ˻s˚ɥ− 12a–12d

qɾmbt?s@l+dl*­�}�ċ?Ɏāel��´· 11e q˯:mt*ɟ̆ɥw˚ɥ
− 12e ?ɾknl+dl*ˇŴĂǭ[¡�ȝ*Öȝ*ǏȝYu[�µ�·ŕƟy*ˍʛ×ǰ
ŊÛsÐĳqǈCh*ȷ×gmȉȆ− 12f–12h qɓɣɯ[ǌ˻s˫<l+dl*4-¡x�³
ċ*2-�¡�³ċ*2- ²�³ċq˥gmÜŶ−h 9a t�¬/�wʛ×e*˚ɥ− 12i–12k

8
0.1 mmol

9a
3.0 equiv

420 nm 3W LED
DIPEA (1.0 equiv)

AcOEt (0.75 mL), Ar, 20 h
10

Me tBu

Me

F

Cl

10a 79% 10b 84% 10c 65% 10d 81% 10e 78%

10f 57% 10g 35%

Cl

10h 54%

Cl

10j 51%

F3C

10k 31%
CF3

F3C

10l 37%
NC

10n 56%
MeO2C

10o 88%
AcHN

10p 91%
BocHN

10q 70%
Ph

10r 64% 10s 50%
MeO N

10t 68% 10u 64%
S

10i 71%

Br

10m 65%
Ac

H

Ar Br

CO2MeMeO2C

Ar

Br
CO2Me
CO2Me
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qÅũYǌ˻s˫<l+Ê˅s*¹-­�³��´· 11l [jXYʂʳ‒³�·qƚ˯gm
t*˚ɥ− 12l [ǌ˻yɞAYol+ 

 

Table 3.10. Scope of alkenes a 

 
a Isolated yields. The diastereomeric ratio was determined via 1H NMR analysis of the crude 

reaction mixture. 

 

� dkw*Ǉ.[ʬˉ̔¸-�µ�·{³¨�³ÜŶ− 9 wćerōɶel0Table 3.111+2-

‒²³-2-¢µ®ªµ·Ƙ�y�³ 9b =j_ 2-‒²³-2-¢µ®ªµ·Ƙ�v�£µ ³ 9c

qƚ˯elǯŶy*ɓɣɯ[ǌ˻s 13b =j_ 13c qɾl+dl*ÅYmǇ̌[{³¨�³
ċq˥gm¢µ®ªµ·Ƙh˶˯s@*13d ?ÅũYǌ˻sɾknl+ß<r*2-‒²³-2-

°/�ªµ·Ƙ�­�³ 9e q{³¨�µ�·ÜƩˡterƏ˯dimt*°wȝ?、ʇd
nl 13e ?ɓɣɯ[ǌ˻sɾknl+M[ȴwh*9a [ȼplw 2-(2-­�³‒²³)-¢µ
®ªµ·Ƙ�­�³ 9f q˯:mt*4 ĤɇȝɓǴqĈf��µ¦·�·ĂÜŶ− 13f qɞ
ǌ˻Y?kɾmbt?s@l+dkw*§®‒²³ċq˥gm 9g q˯:mt*ɞǌ˻s˚
ɥ− 13g q˫<l+Ƅşw*£µ�³~³ċq˥gmªµ·Ƙy��³ 9h q˯:rōɶe
ltbo*ȉȆel��³±�{³y‒³}·̌wʸƟʂʭßʛ×qėbe*ȷ×gmǏÜ
��³̌ 13h qɞǌ˻s˫<l+ÜŶ− 13h [ʅǓŉŶ[˼ȶyʅưŔ NMR [íȍwj
l E ȶs9mbt?ʸ>or:m+ 

  

Br

CO2MeMeO2C

11
0.1 mmol

9a
3.0 equiv

420 nm 3W LED
DIPEA (1.0 equiv)

AcOEt (0.75 mL), Ar, 20 h Ar

Br
CO2Me
CO2Me

12

Me tBu

Me

F Cl

12a, 47%; 59 : 41 d.r. 12b, 33%; 74 : 26 d.r. 12d, 46%; 56 : 44 d.r.

N

Br

Ar

12c, 40%; 62 : 38 d.r.

Me

MeO
12e, quant.; 63 : 37 d.r. 12f, 52%; 58 : 42 d.r. 12g, 29%; 72 : 28 d.r. 12h, 43%; 56 : 44 d.r.

Ph

12i, 55%; 54 : 46 d.r. 12k, 67%; 70 : 30 d.r.12j, 38%; 57 : 43 d.r.

Ph

Br
CO2Me
CO2Me

Me
12l, 26%; 59 : 41 d.r.
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Table 3.11. Scope of unsaturated α-halogenocarbonyls a 

 
a Isolated yields. The diastereomeric ratio was determined via 1H NMR analysis of the crude 

reaction mixture. 

  

X

R2R1

8a
0.1 mmol

9
3.0 equiv

420 nm 3W LED
DIPEA (1.0 equiv)

AcOEt (0.75 mL), Ar, 20 h Ph

X
R2
R1

13

Ph

Br
CO2Et
CO2Et

13b, 51%
Ph

Br
CO2iPr
CO2iPr

13c, 65%
Ph

Br

Ac
CO2Et

13d, 78%; 57 : 43 d.r.
Ph

I
CO2Me
CO2Me

13e, 73%a

Ph

Br
CO2Me
CO2Me

13f, 18%

Me
Br

CO2MeMeO2C

Me
9f

Ph
13g, 23%

Br

CO2MeMeO2C

9g

Br

CO2Me
CO2Me

H

Ph

Ph

Br

CO2Me
CO2Me

13h, 34%

Br

CO2MeMeO2C

9h

X = I, Br
R1, R2 = CO2Me, CO2Et, CO2iPr, Ac
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Ⱦ 2 ų  ʛ×ĒŮ[Űƒ 
 

� dkw*ˍʛ×[­{��¬qí˖gaA*Ǉ.[ǰŊsʛ×qűol0Scheme 3.111+
ƄɦǰŊwȷeƘȝʹÂēÛsʛ×diltbo*˚ɥ−yɾknY>ol0Scheme 3.11, 

a1+b[ŉãy*̎ėüȅǇ?ƔǓųƘȝwjor�y·�dnlbtqƲſer:m+35 

dl*ǀţǰŊÛ9m:yǀţeY?k 60 ºC wßʉelǰŊw=:rh*ȷ×gmĂÜȶ
yɾknY>ol0Scheme 3.11, b1+bnk[ŉã>k*ˍʛ×wyţǤƼ?ʦǽs9l*
ʉ[ć˫?Y:bt?Ű<knm+ß<r*DIPEA [（ȱƋÛsōɶeltbo*˚ɥ−
yɾknY>olbt>k*‒«·?�µ�·ŉŶ‒��£�/terĒʍer:mbt
?Ʋdnl0Scheme 3.11, c1+dkw*TEMPO*galvinoxyl wjm±�{³˃ȫƻœqűo
ltbo*˚ɥ−yɾknY>ol0Scheme 3.11, d1+ɿw*TEMPO q˯:lʛ×sy*
TEMPO ʭßȶyɾknh*ȷ×gm�y·ȶ 14a ?ɾknl+çĦ[˄ŷqɷd<mt*
9a >kȉImªµ·Ƙ±�{³ A ? TEMPO w˃ȫdnrɓĆȶ B qȉȆe*ʾ [ TEMPO

ʸƟwjorɓĆȶ B >k TEMPO ?Ƀ˺e*ȉȆ− 14a qȉȆelh[tǿȬdnm+42 

¾ǭ[ŉã>k*ˍʛ×y±�{³ɓĆȶqŃ˦erǺűer:mbt?Ʋſdnm+ 

 

 
Scheme 3.11. Experiments for mechanistic studies 

 

� çĦ[˄ŷ̍tbnk[ƻœŉãqɷd<r*ˍʛ×[Ƞɟdnm­{��¬q¾Ûw

Ph

H
Br

CO2MeMeO2C

8a
0.1 mmol

9a
3.0 equiv

420 nm 3W LED
DIPEA (1.0 equiv)

AcOEt (0.75 mL), 20 h Ph

Br
CO2Me
CO2Me

10a
0%

under oxygen

8a
0.1 mmol

9a
3.0 equiv

DIPEA (1.0 equiv)
AcOEt (0.75 mL), Ar, 20 h

10a
0%

Dark or Dark & 60 ºC

8a
0.1 mmol

9a
3.0 equiv

420 nm 3W LED

AcOEt (0.75 mL), Ar, 20 h
10a
0%

without DIPEA

8a
0.1 mmol

9a
3.0 equiv

420 nm 3W LED
DIPEA (1.0 equiv)

AcOEt (0.75 mL), Ar, 20 h
10a
0%

with
TEMPO, galvinoxyl

CO2Me

CO2Me
8a

420 nm LED
DIPEA

CO2MeMeO2C

A

TEMPO

B

TEMPO

CO2MeMeO2C

14a
trace

+

+

+

+

a) Reaction under oxygen atmosphere

b) Reaction under dark condition

c) Reaction without amine

d) Radical trapping experiments

TEMPO

TEMPO-H
TEMPO
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Ʋg0Scheme 3.121+dh*9a t DIPEA ?�µ�·ŉŶwjorƑȶ I qȉȆe*ţǤƼ
wjor̎ėüȅǇ I*?ȉIm+ưw*I*[ɇȝ4ǏȝŉŶ?§®²��qėbe*ªµ·
Ƙ±�{³ II t±�{³ɓĆȶ II’?ȉȆgm+M[ş*ȉIlɇȝ±�{³ II y‒³}·
tʛ×e*±�{³ɓĆȶ III ?ɾknm+b[±�{³ɓĆȶ III y*ʸƟʂ±�{³Ă
Üwjl±�{³ɓĆȶ IV `ʿādn*II’tʛ×gmbts˚ɥ[ĂÜȶ?ɾknm+M
[ȴwh*ɇȝ±�{³ IV ? 9a tʛ×gm±�{³３ƁĒŮ[àʍȅhʡɟs@Y:+ 

 

 

Scheme 3.12. Possible reaction mechanism 

 

� ¾ǭ[jXw*ʧƾy�µ�·ŉŶq˶˯elţ ATRA ʛ×q 3 ̍ðʗel+bnk[
ʛ×y*�µ�·ŉŶt:XʸƟĆȤŞƏ˯qü˯elǶe:ʛ×Ń̒sǺűe*Ú̔ýp
1 ɉñsɇȝ4ɇȝŉŶ*ɇȝ4�µ�·ŉŶqÊēwŮɐgmbt?s@m+dl*ʇǆ
Ğ_ǅ¼:?ˬÄY‒«·̌q�µ�·ŉŶ‒��£�/ter˶˯s@mbt>kh*
ɇȝ4�µ�·ŉŶwȷgmţüȅÜˆ[Ƕǆˆterźş[×˯?Đȹdnm+ 

  

420 nm
LEDiPr

N iPr
Et

Br

CO2MeMeO2C

iPr N
iPrEt

9a

I

I* CO2Me

CO2Me

IIiPr
N

iPrEt

Br

II’

Ph
CO2Me
CO2Me

III

8a

Ph
CO2Me
CO2Me

IV

II’ (route 1)

9a (route 2)

C–Br bond
homolysis

10a

intramolecular
cyclization

Br

CO2MeMeO2C

Ph

H

Ph
CO2Me
CO2MeBr
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Ⱦ � ǧ�
�µ�·ŉŶq˶˯elɇȝ±�{³[ȉȆtþʍċʿāˆ[ðʗŏģ�

�
Ⱦ � ȑ� ¡x�/³̌q˶˯elˇŴȯ�µ�·Ü−[§wȝÜʛ×�
�
� ˇŴȯ¨µ·ƘÜŶ−y*１˙�ĠÏ�µ�{�£²·�ʛ×qȼʨgm*ȵA[ɇȝ4
ɇȝŉŶĿȆʛ×wʵūA˶˯dn*˥ĒŶȆÜúw=:rǓ˱YŶȆɓĆȶ[Sps9
m+��� bnqŶȆgmŜɧɥYǆˆter*̌ Ŵȯ�µ�·Ü−wȷe*˥ ĒĸȮƩˡqƏ
˯di*ȷ×gm§wȝġɭƟƊqɩßgm˅ˆ?Ĩaknm?*þʍċĩˬȅ?ɞA*Ŗ
˔YĶȀǰŊqʦ˱tgm+��� bnwȷeķʊsy*Ǉ.[ȘÆĸȮǳ々q˯:lßʉǰŊ
Ûw=CmˇŴȯ�µ�·Ü−[§wȝÜʛ×?ðʗdnr=l*ȡƏ?ăˁsċƺÊʞ
ȅwˣnr:mɪ>k*ʝ˯ȅ[ŵ:˥˯Y˅ˆ̓terĨaknm+�	)	�� e>eY?k*
M[ȵA?ŵÞYȘÆĸȮǳ々tŵÚǰŊqʦ˱tgmæȿq˥er:m+�

dlƄķsy*ţy�³~/qü˯elˇŴȯ�µ�·Ü−wȷgm§wȝÜʛ×hð
ʗdnr=l*ǒ˴ˆwȻpmɞĂįʯåľ[ǆˆterɔ˚qǐgr:m+̍ <]*v²
�w¬qċʠtgmàƨţ´����ǳ々q˶˯el§wȝÜʛ×i*ÊʞɥwʬüȅY
ˇŴȯ¡�Ü−*ÖÜ−Yu[ţÜúɥüȅÜwjmǆˆ?˄ŷdnr:m?*ĎǟĸȮǳ
々[˶˯iŵİɯ[ƦòţǤƼqʦ˱tgmæȿ?ȱƋgm+	��

bnkwȷe*Ⱦ � ǧȾ 	 ȑshĕƈel?*���
 ʊw .92! ky*ʛ×łɓsʗȉdi
lÊɭƟī˫ȶq˶˯gmbts*ˇŴȯÖÜ−[§wȝÜʛ×qɁȆer:m0�486�6�
� ��1+��� ˍʛ×y*İÖċ[˶˯wʙXċƺÊʞȅ[ɞd?æȿsy9m?*àƨţǤƼ
Ûw=:rˇŴȯÖÜ−q˥ĒʸƟǳ々süȅÜdimǘ[˄ŷ̍s9m+b[jXw*ţ
Üúɥ§wȝÜʛ×y*ţ̎ėdnlǳ々>kˇŴȯ�µ�·Ü−`[ÊɭƟÆɺ0�-01*
dlyy�³~/Æɺ0-01çɣqŃr*ĆȐɥwüȅÜdimbtsǺűgm?*Ú̔
YǰŊÛ*ˇŴȯ�µ�·Ü−[ɚȐɥYţüȅÜçɣqŃl§wȝÜʛ×[˄ŷ̍y˓
mǟY:0�486�6�� �1+�
�

�
�486�6�� � �0#259%9! 2��3!#E�2%9! �%648 !�!7E�
�

bnk[ʐŁ[ht*ʧƾyȾ � ǧsǖar@l�µ�·ŉŶwjmɇȝ4�µ�·ŉ
Ŷ[ţüȅÜˆq×˯e*ǶlY‒²/³±�{³ȉȆˆt*MnwʙX§wȝÜʛ×[ð

H/X Borylation B

Halogen-metal
exchange strategy
• Harsh reaction condition
• Pyrophobic reagents

TM catalyzed
C–X/H borylation
• Expensive TM required

Photolysis of
C–X bond
• UV light required
• Strong base
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ʗŏģwɒǆel0�486�6�� �1+¾Û*M[ǪƇqǖam+�
�

�
�486�6�� � �089$�'!#:��"8!%!�9 5C465��)1�3!#E�2%9! �
� �

X

visible light

B
Halogen-bonding acceptor
Boron source
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Ⱦ 1 ų� ʛ×ǰŊ[ƄɦÜĞ_ċƺɦ×ʟÂ[ōɶ 

 

� ˍŏģ˚ɥqɁȆgaA*ʧƾyˇŴȯ°wÜ− 1 q˯:lţ§wȝÜʛ×wp:rŏ
ģqƞgl+§wȝŘtery½Þýpǅ¼:ˬÄY��0 ��±/�1�¨µ·02a1
q˯:rōɶel+dl*ţǳ々wjmąŔɥYüȅÜ?ʣùɥŻʄY 4-°/�‒��/
³01a1q‒²/³±�{³șĹȶterȗɀe*ʛ×ǰŊ[ƄɦÜqűol0Table 4.11+
Ǉ.[ǰŊq��²/�·�elŉã*2-NpOH03a1ȱƋÛ*ţŘw 3W [ 420 nm LED*
ˮ々w‒����²³q˯:*‒³�·|�ʹÂēÛ*ƹÚsʛ×qűoltbo*Ɇ˺ǌ
˻ 92%s˚ɥtgm§wȝÜȉȆ−04a1?ɾknl0entry 11+Öċq��²/�·�e
ltbo*ȀƘÜ��²w¬*ȀƘÜ{²w¬hŦ˻ɥw§wȝÜʛ×qǺűdimbt?
ʸ>ol0entry 1 vs entries 2–51+dl*THF*­��/³*DMF Yu[ȴ[ˮ々q˯:r
ōɶelǯŶwy*˚ɥ−[ǌ˻ɞÛq÷ʈel0entries 6–81+ß<r*Ǉ.[ȷǤƻœq
űoltbo*K2CO3*2-NpOH =j_ţǤƼ?ˍʛ×w=:rʦ˱ʬàŇs9mbt?ʸ
>ol0entries 9–111+dl*ƘȝʹÂēÛsʛ×dilǯŶ*ǌ˻yǂÿɞAYmh[[*
˚ɥtgm§wȝÜȉȆ−04a1?ȉȆel0entry 121+dkw*ǳ々̆[ 2-NpOH q˯:
lǯŶy*˚ɥ−[ǌ˻yɞÛgmh[[§wȝÜʛ×yǳ々ɥwhǺűgmbt?ʸ>
ol0entry 131+ 
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Table 4.1. Optimization study for C–I borylation reaction of 1a a 

 
Entry Changed from standard conditions 4a (%) 

1 - 95(92) 

2 Na2CO3 instead of K2CO3 10 

3 Cs2CO3 instead of K2CO3 87 

4 NaOH instead of K2CO3 94 

5 KOH instead of K2CO3 93 

6 THF instead of MeCN 10 

7 MeOH instead of MeCN 29 

8 DMF instead of MeCN 50 

9 w/o K2CO3 3 

10 w/o 2-NpOH (3a) 10 

11 dark or dark at 50 ºC trace 

12 under O2 64 

13 3a (0.1 equiv) 64 

a Yield was determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane 

as an internal standard. The number in parenthesis is isolated yield. 

 

� ưw*ƄɦÜdnlʛ×ǰŊq˯:r*̱ ʛ×[ċƺÊʞȅ[ɗƀqűol0Table 4.21+
Y=*Mnkn[ċƺwȷe*®�³ċƺs9m 4a qǔʗŕ̃telʛ×w=:rÅũw
§wȝÜʛ×qȩǺdilǇ.[¡x�/³̌01-NpOH*2-NpOH*2,6-Cl2-C6H3OH*4-Ph-

C6H4OH1q˯:rōɶqű:*ƄhÅ:ǌ˻s˚ɥ−?ɾknlŉãqʨwĕƈel+ɭ
Ɵī˫ȅċq˥gmˇŴȯ°wÜ−q˯:ltbo*M[ɎāÀɎwćpkh*ɓɣɯ>k
ÅũYǌ˻sȷ×gmˇŴȯ¨µ·Ƙy��³ 4a–4g qɾmbt?s@l+dkw*��/
³‒�£ōɶhű:*ȷ×gm¨µ·Ƙ 4a ? 81%[ǌ˻sɾknl+˼ ȶǬó?ȉImċ
ƺ 1h =j_ 1i yÅũwʛ×e*˚ɥ− 4h =j_ 4i qɓɣɯ[ǌ˻sɾmbt?s@l+
˕Ɏā[ˇŴȯ°wÜ−hŦ˻ÅAʛ×e*ȷ×gmȉȆ− 4j ?ɾknl+dkw*ˇŴ
ȯǏÜ− 1j-Br hİÖċq˯:mbts*ɓɣɯ[ǌ˻s¨µ·Ƙy��³ 4j qɾmbt
?s@l+dl*¡�ȝ 1k*Öȝ 1l*Ǐȝ 1m*°wȝ 1n ?Ɏādnlċƺwćerōɶ
eltbo*�µ�·ŉŶ��/ter[Ēʍ?ǃ:¡�ȝq˥gmċƺy*ȷ×gm§w

I

MeO

1a

420 nm LED
K2CO3 (3.0 equiv)

2-NpOH (3a) (1.0 equiv)
MeCN (1.0 mL)

Ar, r.t., 20 h

B2(pin)2

0.1 mmol 3.0 equiv
4a

MeO

B O

O
Me Me

Me
Me

2a
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ȝÜȶ 4k ?ÅũYǌ˻sɾknl+Ê˅s*Öȝ*Ǐȝ*°wȝʳÀq˥gmċƺw=:
ry*ˊdeAY:�¨²³Üʛ×?Ǻűe*ǌ˻yɕeAɞÛel+dl*�²¡³zµ
­�³ċ[jXYİ:ɭƟġÍċq˥gmˇŴȯ°wÜ− 4o =j_ 4p yÅũY�µ�·
ŉŶ��/terɋknr:m?*ˍʛ×ǰŊÛsyÅũYŉãqɾmbtys@Y>o
l+dkw*ÖċȅǰŊÛsʬ½ɟY��·*‒³���*y��³*�‒��Yu[{³
¨�³q˥gmˇŴȯ�µ�·Ü− 1q–1t q˯:ltbo*:hn[ʛ×ǰŊw=:rh
ʸíihw˚ɥ[§wȝÜȶ 4q–4t qɾmbt?s@l+ɓsh‒³���̌[ǯŶ*�µ
�·ŉŶ‒��£�/ter¡x�/³̌qɩßeYArhʛ×?Ǻűgmbt>k*b
[ċƺsyɇȝ4�µ�·ŉŶ?ɚȐð２gmȴ[ʛ×Ń̒sǺűer:mbt?Ʋſd
nl+53 

� dl*˂ Ţ9m:y˕˂ŢȀƘċ*‒«�ċq˥gmċƺwćerhōɶe*ȷ×gm§
wȝÜȉȆ− 4u–4ai wŦ˻ÅAʿādnl+bnk[ċƺ 1u–1ai y�µ�·ŉŶ[ĿȆq
ȟógmàʍȅ?9m?*ˍʛ×syǌ˻?ɞÛgmbtYA˶˯gmbt?s@l+d
l*̞ ˂Ţ[¡x�/³̌*‒�²·̌qɚȐ¨µ·Ƙy��³wʿās@mbty*ȴ[
§wȝÜʛ×tʣùer˶˯ÞɊ[ŵ:btqƲſer:m+ß<r*�¡x�³ċt�¡
�³ċ 1aj–1al q˥gmċƺi*ˇŴȯʶȝĂ̌ 1am–1au wȷer*ˍʛ×ǰŊyɦ˯à
ʍs9ol+dkw*̈ µ·Ƙ[˂Ţċs9m ��/³i�‒«��¡�´·‒«�s˂
Ţdnl§wȝÜċƺ 1av =j_ 1aw hˍʛ×ǰŊwɦ˯àʍs9l*ÅũYǌ˻sȷ×
gmȉȆ− 4av =j_ 4aw qɾmbt?s@l+ 

Ê˅s*̱ ʛ×yȉ˸üȅ−ƺ[þʍċÜwhɦ˯s@mbt?ʸ>ol+̍ <]*­·
�/³˦˴[ˇŴȯ°wÜ− 1ax i˂Ţdnl�³�/�˦˴[ˇŴȯ°wÜ− 1ay wȷ
e*şĐɉñs¨²³ċq、ʇgmbt?s@l+dkw*��0�z¦·�³�²�±/
�1�¨µ· 2b*��0¤}�´·�²�±/�1�¨µ· 2c Yu*ȴ[§wȝŘwp:
rhōɶel+M[ŉã*ȷ×gm§wȝÜȉȆ− 5a =j_ 5b qɻ˭wŵ:ǌ˻sɾm
bt?s@l+e>eY?k*��±��µ}��¨µ·q˯:lǯŶ05c1yʛ×?Ǻű
eY>ol+bny*�¨µ·tÖċ[ƘÖċʛ×?ǺűellgtǿȬdnm+ 
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Table 4.2. Substrate scope for C–I borylation reaction 

 

Arenes

X
Ar

3.0 equiv0.1 mmol
1 2X = I, Br, Cl

B2(OR)2

420 nm LED
2-NpOH (3a) (1.0 equiv)

K2CO3 (3.0 equiv)
MeCN, Ar, r.t., 20 h

B(OR)2
Ar

4-5

Bpin

MeO
4a

92% X = I
81% (5mmol scale)

BpinMeO

4b
71% X = I

Bpin
OMe

4c
39% X = I

Bpin
SMe

4d
33% X = I

Bpin

Me
4e

81% X = I

BpinMe

4f
79% X = I

Bpin
Me

4g
86% X = I

4h
40% X = I

4i
41% X = I

Bpin
Me

Me

Bpin
Me

MeMe
4j

96%a X = I
  59%b X = Br

Bpin

4k
87% X = I

4m
30%a X = I

4n
23%a X = I

4l
46%a X = I

Bpin

F

Bpin

Cl

Bpin

Br

Bpin

I
        4o
24%a X = Br
15%a X = Cl

Bpin

F3C

4p
22%c X = Br

4q
75%a X = I

4r
 80%d X = I
 81% X = Br

        4s
84%d X = I
77%d X = Br

BpinF3C

CF3

Bpin

O

OMe

Bpin

O

Me

Bpin

O

H
        4t
79%c X = I
 37%a X = Br

Bpin

NC

4u
95%e X = I 4v

91% X = I
4w

86% X = I
4x

50% X = I

Bpin

TMSO

Bpin

TIPSO

Bpin

O

Bpin

AcO

Bpin

HO

BpinHO

4y
87% X = I

4z
74% X = I

4aa
43%a X = I

4ab
 61% X = I

Bpin

TMSO

Bpin

TIPSO

4ad
91% X = I

4ae
47%a X = I

Bpin

BocHN

Bpin

MsHN

Bpin

H2N
4af

82%a X = I
4ag

85% X = I

Bpin

BocHN
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Reaction conditions: 1 (0.1 mmol, 1.0 equiv), diboron reagents 2 (3.0 equiv), K2CO3 (3.0 equiv), 2-

NpOH 3a (1.0 equiv) in 1.0 mL of MeCN, irradiated under 420 nm LED at room temperature for 20 

h. Yields of isolated products are reported. a 1-NpOH (1.0 equiv) was used instead of 2-NpOH. b 
KOtBu (1.0 equiv) was used instead of K2CO3. 

c 2,6-Cl2-C6H3OH (1.0 equiv) was used instead of 2-

NpOH. d Without 2-NpOH. e After column chromatography, the deprotected product was isolated.24 f 
4-Ph-C6H4OH (1.0 equiv) was used instead of 2-NpOH. g Bis (neopentyl glycolato) diboron was 

used instead of bis (pinacolato) diboron. h Bis (hexylene glycolato) diboron was used instead of 
bis (pinacolato) diboron. i Tetrahydroxydiboron was used instead of bis (pinacolato) diboron.  

  

4ah
85% X = I

4ai
53% X = I

4aj
81% X = I

Bpin

MsHN

Bpin

TsHN

Bpin

Ph

4ak
95%d X = I

Bpin

4al
89%c X = I

Bpin

4am
60%c X = I

4an
55% X = Br

4ao
61% X = Br

N

Bpin

N

Bpin

N

Bpin

4ap
75% X = I

Bpin

N
H

4aq
43% X = I

Bpin

S

Arenes

Heteroarenes

4ar
27%c X = I

Bpin

S
4as

60% X = Br
4at

95%f X = Br
4au

91%f X = Br

Bpin

N

NH

Bpin

N

O

Bpin

N

S

4av
92%c X = I

4aw
60%c X = I

Bpin

Bpin

Bpin

B
H
N

NH

4ay
66%

Bpin

O

O

AcO

AcO

OAc

OAc

4ax
94%c

Bpin

O

OMe

Me

Me

MeO

B
O

O Me
Me

Me
Me

Me

O

O
B

MeO
5b

94%h
5a

97%g

OH

OH
B

MeO
5c
n.d.j

Borylated substrate Complex substrate

Other boron sources
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Ⱦ 2 ų� ʛ×ĒŮ[Űƒ 

 

ˍʛ×[ǪƇY­{��¬qí˖gaA*Ǉ.[ǰŊsʛ×qűol0Scheme 4.31+̱ ʛ
×[̙tYm‒²/³±�{³[ʗȉĒŮy*EDA Ƒȶ[ĿȆt photoinduced electron 

transfer0PET1wjmʬàĝɥYŉŶð２wjorėbmtÝɟdnm0Scheme 4.3, a1+M
nq÷>gmaA*dhy¡x�/³ȅȀƘċ[Ðĳqōɶel0Scheme 4.3, b1+ʾɮ˯
Ãel{²w¬-2-�¡�}�� 3b q˯:rōɶelǯŶy*ȷ×gm¨µ·ƘÖ 4a ?ɾ
knl+Ê˅s*­�³˂Ţqƣel 2-�¡�/³q˯:lǯŶy*̱ ʛ×yǺűeY>o
l+bnk[ŉãy*ʛ×ˮÒɓ[Öċt 2-�¡�/³>kȉȆel�¡�}��?ʛ×
qȩǺdimàʍȅqƲſer:m+ 

 

Scheme 4.3. Experiments for mechanistic studies 

 

dl*Ʀòàƨğǌ�¦��³Ȭɟqűoltbo*3b q˯:mt*400 nm ¾ǭ[ɘʎ
ɘȪwū:ğǌȸ?ȉImbt?ʸ>ol+e>e*̌ Ŵȯ°wÜ−qɩßerh*ğǌȸ
wʿÜyŐknY>ol0Scheme 4.4, a1+dkw*Liang k[˅ˆ 54 qƕǤer*1H NMR

ɤɟˆt job’s £µ��íȍq˶˯e*1a t 3b [ƑȶĿȆʣ˻[ɗƀqűol+ƻœʂˬ
tery*Figure 4.1 wĕƈer:mʌɯʣ˻wYmjXw 1a =j_ 3b q DMSO-d6 wˮ
ídi*ƹÚÛs 1H NMR Ȭɟqű:0Figure 4.11*3b [ 1 ÀwȤɲgmÜú�¡�[ʿÜ
tʌɯʣ˻[ʿÜq�±¡Üel0Figure 4.21+M[ŉã*=jM 1:1 [ʣ˻s 1a t 3b ?
ƑȶqĿȆer:mbt?ʸ>ol0Scheme 4.4, b1+ 

  

I

O

acceptor

donor
I O

I
O

I

O

BET

PET

π-π interaction halogen-bonding
interaction

EDA-complex

or

aryl radical
generation

+ I-

IMeO

1a

420 nm LEDB2(pin)2

3.0 equiv

BMeO
O

O
Me

Me
Me

Me4a
Additive:             2-NpOK  (3b)

MeCN (1.0 mL)
Ar, r.t., 20 h2a

  2-NpOMe, K2CO3

; 52% yield
; trace

b. Effect of phenol moiety

a. Plausible mechanism for aryl radical generation

0

1

2
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Ar-I
2-NpOH
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Ar-I + 2-NpOK

wavelength (nm)

ab
so

rb
an

ce
 (a

. u
.) 
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Scheme 4.4. Experiments for mechanistic studies 

 

 
Figure 4.1. 1H NMR shift of mixture of 3b with 1a 

The binding stoichiometry between potassium 2-naphtoxide (3b) and 4-iodoanisole (1a) were 

evaluated using Job’s plot analysis. 1H NMR spectra of seven samples of mixtures of 3b and 1a in 

DMSO-d6 were recorded at 298 K. The total volume of the mixture was 0.5 mL, and the total 

amount of 3b and 1a was kept constant at 0.1 mmol (0.2 M), while the amount of 3b was varied 

from 0 to 0.1 mmol (0 - 0.2 M). The molar ratios of 3b/(3b + 1a) were 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.7, 0.8, 0.9, 1.0. 1H NMR for each sample was recorded and the chemical shifts differences (Δδ) for 

α-position of 3b were used to draw the plot.  

1a

KO

3b

Ka = 0.49 M-1

I O

1:1 complex formed

b. Binding stoichiometry and
 association constant

0

1

2

300 350 400 450
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ab
so

rb
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ce
 (a
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Figure 4.2. Job’s plot analysis 

y = -0.019x2 + 0.0188x – 3E – 05, xmax = 0.0188/(-2×(-0.019)) = 0.4947 

The stoichiometry was determined by plotting ratios of [3b] × Δδ against ratios of [3b]/[1a + 3b] to 

afford a maximum at ratio [3b]/[ 1a + 3b] ≈ 0.5, which meant a 1:1 complex ratio between 3b and 1a. 

 

� dkw*b[Ƒȶ[ìŶɟȃqɗƀel+ƻœʂˬtery*DMSO-d6 sɗȌel 3b [
ˮÒ00.05 M1q NMR �¯/¢wß<*Figure 4.3 wĕƈer:mʌɯwYmjXw 1a q
ɦęɩßeY?k*ƹÚÛs 1H NMR Ȭɟqűol0Figure 4.31+Mer*3b [ 1 ÀwȤɲ
gmÜú�¡�[ʿÜtˮÒ[ʌɯʣ˻[ʿÜq�±¡Üel0Figure 4.41+M[ŉã*ɾ
knlķƭƶ>k Benesi-Hildebrand [ƶqġg*M[ļ@*ȏˀ>kìŶɟȃ 0.49/M ?、
@ǔdn*ȓǖ[ƑȶĿȆʣ˻[ŉãtŶpir*=jM 1:1 [ʣ˻s 1a t 3b ?ƑȶqĿ
Ȇer:mbt?ʸ>ol0Scheme 4.4, b1+ 

  



� ��	����

 
Figure 4.3. 1H NMR shift of mixture of 3b with 1a 

In an NMR tube, a DMSO-d6 solution of potassium naphtoxide (3b) (0.05 M, 0.6 mL, 0.03 mmol) 

was added at 298 K. To the tube, 4-iodoanisole 1a was added from 0.06 to 0.6 mmol. 1H NMR for 

each sample was recorded to measure the change in chemical shift for the α-position of 2-naphtoxide 

3b. DMSO was used as internal standard and δ = 2.50 ppm. 
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!" = $%&'()'*&
+,-*' = ..0123

4.1243 = 	0.49	M-1 

Figure 4.4. Association constant determination 

The association constant between of 3b and 1a was calculated to be 0.49 M–1 in DMSO-d6. 

 

dkw*TD-DFT ŅƗq˯:r 1a t 3b >kȆmƑȶ[ċɠǱȺĞ_̎ėǱȺw=CmƄ
½ɟŮȨqɗƀel0Figure 4.51+M[ŉã*8p[ɿɖɥYȅƺq˖k>wel+Sp˚
y*1a [°wȝŕƟt 3b [ƘȝŕƟt[ŕƟĆĪ˺0ċɠǱȺJ2.7025, ̎ėǱȺJ2.755 

51?*¡s·�³¶/³�ʚŀ[̔03.5051jlhɈ:ɪs9m+b[ŉãy*bnk

entry [1a] (mol/L) 1/[1a] Δδ (ppm)  1/Δδ 
1 1.00 1.00 0.235 4.26 
2 0.95 1.05 0.224 4.46 
3 0.90 1.11 0.214 4.67 
4 0.85 1.18 0.203 4.93 
5 0.80 1.25 0.194 5.15 
6 0.75 1.33 0.184 5.43 
7 0.70 1.43 0.173 5.78 
8 0.65 1.54 0.163 6.13 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

 

0.60 
0.55 
0.50 
0.45 
0.40 
0.35 
0.30 
0.25 
0.20 
0.15 
0.10 

 

1.67 
1.82 
2.00 
2.22 
2.50 
2.86 
3.33 
4.00 
5.00 
6.67 
10.0 

0.151 
0.140 
0.129 
0.117 
0.107 
0.093 
0.079 
0.067 
0.055 
0.045 
0.032 

 

6.62 
7.14 
7.75 
8.55 
9.35 
10.8 
12.7 
14.9 
18.2 
22.2 
31.3 
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Tp[ŕƟĆwȤŞƏ˯?ɹ:r:mbtqƲſer:m+Tp˚y*1a t 3b >kȆmƑ
ȶ[ŉŶø0ċɠǱȺJ∠O–I–C2 = 177.9º, ̎ėǱȺJ∠O–I–C2 = 177.1º1?ˠ 180º wYmɪ
s9m+b[ŉãy*�µ�·ŉŶȤŞƏ˯[ɿɖ[Sps9mɚȖȅ[ŵdtɻ˭[ļŨ
qƲer:m+8p˚y*1a t 3b >kȆmƑȶ[ʅ˗ø0ċɠǱȺJ∠O–I–C2 = 94.5º, ̎
ėǱȺJ∠O–I–C2 = 174.7º1?*ċɠǱȺw=:ryɚűer:mɪwȷe*̎ėǱȺw=
:ryʼ˗wYor:mɪs9m+b[ʅ˗ø[ʿÜy*̎ ėǱȺw=:rŦ˻ɥwɭƟÆ
ɺqȉIdimlgmtŰ<knm+ 

 

Figure 4.5. The optimized structure of 1a and 3b adduct; Optimization of the molecules was calculated 

at the M06-2X/def2-TZVP/LANL2DZ level. 

 

� ¾ǭ[ŉãy*ˇŴȯ�µ�·Ü−t�z±/�t[ĆwȉIm�µ�·ŉŶq˶˯e
lţʛ×wćgmď˄[ŉã 54 tɻ˭s9l*Miyake k 55 i Melchiorre k 56 [ DFT ŅƗ
wċTAŉã[jXY π–π*ȤŞƏ˯dly n–π*ȤŞƏ˯wjm EDA Ƒȶ[ĿȆsyYA*
�µ�·ŉŶȤŞƏ˯wjm EDA Ƒȶ[ĿȆ?ʛ×ðƞɉñ[̙s9mtǿȬel
0Scheme 4.3, 4.51+ 
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Scheme 4.5. Miyake’s work and Melchiorre’s work 

 

� dl*�µ�·ŉŶȤŞƏ˯wjm EDA ƑȶĿȆş[ PET wjm‒²/³±�{³ȉȆ
wp:r*Ǉ.ōɶel+2 Àw‒²³y/�³ċq˥gmċƺ 1az q˯:lƉ*±�{³
ĂÜʛ×şw§wȝÜʛ×?Ǻűe*ǌ˻ 39%sȷ×gmȉȆ− 4az qɾl0Scheme 4.6,  

eq. 11+b[ŉãy*ˍʛ×ǰŊÛw=:r*‒²/³±�{³[ȉȆqƲſer:m+d
l*2 Àw­�³y��³ċq˥gmċƺ 1ba q˯:lǯŶy*̊ ɥtgm§wȝÜȶyɾ
knh*Ƕlwɇȝ4ɇȝŉŶ=j_ɇȝ4ƘȝŉŶqĿȆelĂǱȉȆ− 6 ?ǌ˻ 11%

sɾknl0Scheme 4.6, eq. 21+b[ʴȉȆ−y*Miyake kwjm˄ŷtɻ˭[Ń̒sȉȆ
elh[tŰ<knm+55 el?or*PET şwȉȆel‒²/³±�{³ɓĆȶ?¡x�
}��±�{³tʛ×erɇȝ4ɇȝŉŶqĿȆe*Ȁ?ǝĦdnmbts 6 ?ȉIm+57 

b[ŉã>k*‒²/³±�{³[ȉȆtĭw*2-�¡�}��>k[ɭƟÆɺ?ȉIr:
mbt?Ʋſdnm+dkw*̱ ʛ×w±�{³˃ȫƊter TEMPO qɩßerōɶel
tbo*˚ɥ−[ȉȆ?ɕeA˲Ȅdn*ȼplw‒²/³±�{³[ TEMPO ˃ȫȶ 7a

?ɾknl0Scheme 4,6, eq. 31+ɻƯw*łɓsȉIl¡x�}��±�{³wjorˮ々
s9m‒����²³>kȀȝŕƟ?ɂpnrȉIl TEMPO ʭßȶ 7b ?ĿȆdnl+b
nk[ŉãy*ˍʛ×?±�{³ĒŮqëerǺűer:mbtqƲſer:m+ 
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Scheme 4.6. Intermolecular and intramolecular radical trapping experiments for mechanistic studies 
a Isolated yield. 

 

� ¾ǭ[ōɶŉãtçĦ[˄ŷ>k*̱ ʛ×[Ƞɟdnm­{��¬q¾ÛwƲg0Scheme 

4.71+53,54,55,58 dh*420 nm [ LED ǤƼÛs�µ�·ŉŶȅƑȶ A qţ̎ėe*̎ėǱȺ
B qȉȆdimbtsʛ×?ðƞgm+ưw*̌ Ŵȯ°wÜ−`[ɭƟÆɺ?ėbl*‒²
/³±�{³‒�z·Ǉ C t�¡�}�±�{³?ȉȆgm+Ȱ:r*±�{³‒�z·
Ǉ C [ɇȝ4�µ�·ŉŶ?ð２e*ȉIl‒²/³±�{³ D yʛ×łɓsȉIl¨´
/� E tʛ×e*‒²/³¨µ·Ƙ 4 t¨²³±�{³‒�z· F qȉȆgm+58 Ƅşw*
F y�¡�}��±�{³wjorƘÜdn*¨´/� G qĿȆgmtŰ<knm+ˍʛ
×y*Êʳ[ċƺw=:r*2-NpOH ?ǳ々̆[ƯshǺűgmbt?÷ʈdnr=l0Table 

4.11*ƄşwȉIm�¡�}��?�µ�·ŉŶȅƑȶ A [ĿȆwƃ_˶˯dnmtŰ<
knm+ 

 

I

1az

420 nm LED
K2CO3 (3.0 equiv)

2-NpOH (1.0 equiv)
MeCN (1.0 mL)

Ar, r.t., 20 h
0.1 mmol 3.0 equiv

4az a
39 %

O O

B
O

O Me
Me

Me
Me

I

1ba

420 nm LED
K2CO3 (3.0 equiv)

2-NpOH (1.0 equiv)
MeCN (1.0 mL)

Ar, r.t., 20 h
0.1 mmol 3.0 equiv

CO2Me O
O

6
11%

detected by 1H NMR

2a

2a

Radical trraping experiment

1q

3.0 equiv

4q
MeCN (1.0 mL)

Ar, r.t., 20 h
2a

420 nm LED
K2CO3 (3.0 equiv)
TEMPO (3.0 equiv)
1-NpOH (1.0 equiv)

21%
NMR yield

N
Me
MeMe

Me

OAr

N
Me
MeMe

Me

O

7a a 7b

CN

28%
NMR yield

(1)

(2)

(3)

36%
Ar = 4-MeO2CC6H4

Bpin

4ba
trace

CO2Me
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Scheme 4.7. Plausible reaction mechanism for photo-induced borylation reaction aryl halide 
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51¡x�/³̌q˶˯elˇŴȯ�µ�·Ü−[§wȝÜʛ× 
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� ĝĪ#4�·?.ÌĦ6ŀģ;Ðļ4Ė©�î»«, �Ė��5BŁ�.�KuqOyp
`PuhE2ŁVvKRw57.Silica Gel 60N4�Ė��, 40–50 µm, ¨è, Ċí5BŁ�
.�æÀ5=01.øðîıB Recycling Preparative HPLC LC-9201 (Japan Analytical Industry, 

Co, Ltd.)9.7Ã¯ã5=?ñò).�TLC Ĳó57 silica gel 60 F2544Merck, 0.25 mm5B
Ł�.�1H NMR, 13C NMR ¦8 19F NMR 7 JEOL ECA 500 spectrometer4500 MHz for 1H NMR, 

125 MHz for 13C NMR, 470 MHz for 19F NMR5.¦8 JEOL ECZ 400 spectrometer4400 MHz for 
1H NMR, 100 MHz for 13C NMR52þĎ).�1H NMR 6��Vh`Ĉ7ÞOyymwqĊ
5!�17 Me4Si40.00 ppm5B.Þ DMSO Ċ5!�17ÊĀ DMSO42.5 ppm5BĞİī
àı×3)1 ppm Ć�2ĬÓ).�13C NMR 27ÞŀģĊ6ĨņĸīÔā6§Û477.0 

ppm/CDCl3, 39.5 ppm/DMSO-d65BĞİīàı×3)1 ppm Ć�2Ĭ¤).�pXXlO`
w¦8¿Ĳ�pXXlO`w7 JEOL JMS-T100TD 2þĎ).�ľđ7 Yanaco Ĩņľđþ
Ďýĉ4ĵïĺ)52þĎ).�IR XlO`w7 Perkin Elmer Spectrum 100 FTIR spectrometer

BŁ�1þĎ).�³ùĲó7¡įļ�ă�¢�Zz[25�Ń).�Î��Ïº§ÛXl
O`wþĎ7 UV-36004ĕčòÅâ5BŁ�1þĎ).� 

� ĥ�6º¶57ÌĦ6®ºė�@�7 LED BŁ�.�.L).º¶">6º6ª(5�
)1ï�4Ĉ#þĎ(A1�4�.:.ĥ�5ĩł4IcwN26´Ĺ4Ĉ7Ó)1�4
�� 
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Ą 2 å� Ą 1 ö5�*@Ø² 

 

 ķÚá1 

DwQz 141.0 equiv, 0.1 mmol5.ËÜ�ćù941.0 equiv, 0.1 mmol5.[Cu(cup)(BINAP)]PF6

40.01 equiv, 0.001 mmol5B Pyrex®Ð²�412.5 cm71.6 cm55ĠA.WOyyr[z41.0 

mL5BVvzW2� .�,6¹.Ĕ¯ą£B 3 �½�.DwTzLY5ĉ�).�,6
ĥ�ŀ�5Ă)�">º#�İäÙ(A@=�5.LED4400 nm, 3 W5Bõĉ).4LED 3
ĥ�Ŀ�6��7 0.5 cm5�Ö��5!�1 20 Ñ�Ŋŉ¹.ZuF`Ō�B½�.Oyym
wq2÷ç).Ō�BIfox2[25=01µ}��ú(+@'32øðîıBĜ.�
'AB.1,1,2,2-^`uOyyI[z3ÁÀ).1H NMR Ĳó5!C@jy`zħ"> NMR

ÛńBÈß).�Ä¹5.øðîıBVvKRwKuqOyp`PuhE24n-hexane55
=?ñò).Ă�*@ ATRA ðîı 3 BĜ.� 

 

(1,3,3,3-Tetrabromopropyl)benzene (3a)27 (Table 2.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 93%, Rf = 0.54 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.49 (d, J = 7.5 Hz, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.31 (t, J = 7.5 Hz, 1H), 5.33 (dd, J = 8.0 Hz, 4.0 

Hz, 1H), 4.12 (dd, J = 15.5 Hz, 4.0 Hz, 1H), 4.06 (dd, J = 15.5 Hz, 8.0 Hz, 1H); 13C NMR (125 MHz, 

CDCl3) δ 140.7, 128.94, 128.87, 128.1, 66.4, 50.0, 35.0. 

 

1-Methyl-4-(1,3,3,3-tetrabromopropyl)benzene (3b)59a (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 77%, Rf = 0.59 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.38 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 5.33 (dd, J = 4.0 Hz, 7.5 Hz, 1H), 4.11 (dd, J = 4.0 

Hz, 15.5 Hz, 1H), 4.05 (dd, J = 7.5 Hz, 15.5 Hz, 1H), 2.35 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

139.0, 137.8, 129.6, 128.0, 66.4, 50.3, 35.2, 21.3. 

 

1-Methyl-3-(1,3,3,3-tetrabromopropyl)benzene (3c) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 80%, Rf = 0.59 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.29-7.23 (m, 3H), 7.12 (d, J = 7.5 Hz, 1H), 5.29 (dd, J = 4.0 Hz, 7.5 Hz, 1H), 4.11 (dd, J = 4.0 Hz, 

15.5 Hz, 1H), 4.05 (dd, J = 7.5 Hz, 15.5 Hz, 1H), 2.36 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 140.7, 

138.6, 129.7, 128.74, 128.72, 125.2, 66.4, 50.2, 35.2, 21.4. HRMS m/z (DART) calcd for C10H10Br3 

[M-Br]+ 366.8327, found 366.8336. FTIR (ATR): 3023, 2921, 1724, 1606, 1489, 1456, 1416, 1378, 

1314, 1241, 1206, 1162, 1095, 1047, 1000, 965, 904, 881, 790, 746, 723, 695 (cm-1). 

 

1-Methyl-2-(1,3,3,3-tetrabromopropyl)benzene (3d) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 72%, Rf = 0.57 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.53 (d, J = 8.0 Hz, 1H), 7.26 (t, J = 7.5 Hz, 1H), 7.20 (dt, J = 7.5 Hz, 14.9 Hz, 1H), 7.15 (d, J = 7.5 

Hz, 1H), 5.59 (dd, J = 4.6 Hz, 6.9 Hz, 1H), 4.19 (dd, J = 6.9 Hz, 15.5 Hz, 1H), 4.14 (dd, J = 4.6 Hz, 
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15.5 Hz, 1H), 2.50 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 139.2, 135.4, 130.9, 128.7, 128.1, 126.9, 

66.2, 35.3. HRMS m/z (DART) calcd for C10H10Br3 [M-Br]+ 366.8327, found 366.8330. FTIR (ATR): 

3066, 3022, 2923, 2852, 1918, 1724, 1605, 1491, 1463, 1417, 1380, 1307, 1291, 1206, 1184, 1159, 

1108, 1047, 1001, 958, 863, 843, 821, 780, 760, 746, 730, 714, 624 (cm-1). 

 

1-(1,1-Dimethylethyl)-4-(1,3,3,3-tetrabromopropyl)benzene (3e) (Table 2.2) 

 ķÚá5=?Àî��é¸ā�Ûń 61%, Rf = 0.61 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.41 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 8.3 Hz, 2H), 5.32 (dd, J = 4.0 Hz, 7.5 Hz, 1H), 4.12 (dd, J = 4.0 

Hz, 15.5 Hz, 1H), 4.04 (dd, J = 7.5 Hz, 15.5 Hz, 1H), 1.31 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 

152.2, 137.8, 127.7, 125.8, 66.6, 50.2, 35.2, 34.7, 31.2. HRMS m/z (DART) calcd for C13H16Br3 [M-

Br]+ 408.8797, found 408.8811. FTIR (ATR): 2963, 2904, 2868, 1611, 1509, 1464, 1417, 1363, 1269, 

1207, 1159, 1109, 1051, 1018, 1001, 961, 836, 760, 727, 655 (cm-1). m.p.: 99.4–101.4 ºC. 

 

1-Fluoro-4-(1,3,3,3-tetrabromopropyl)benzene (3f) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 84%, Rf = 0.56 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.43 (d, J = 6.3 Hz, 2H), 7.34 (d, J = 6.3 Hz, 2H), 5.31 (dd, J = 3.7 Hz, 8.6 Hz, 1H), 4.10 (dd, J = 3.7 

Hz, 15.5 Hz, 1H), 4.01 (dd, J = 8.6 Hz, 15.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 163.7, 161.8, 

136.54, 136.51, 130.1, 130.0, 116.0, 115.8, 66.4, 49.1, 34.7. 19F NMR (470 MHz, CDCl3) δ -111.8. 

HRMS m/z (DART) calcd for C9H7Br3F [M-Br]+ 370.8076, found 370.8070. FTIR (ATR): 2924, 2851, 

1887, 1738, 1648, 1603, 1509, 1417, 1358, 1297, 1228, 1156, 1099, 1049, 1014, 999, 960, 835, 787, 

756, 728, 707, 652 (cm-1). 

 

1-Chloro-4-(1,3,3,3-tetrabromopropyl)benzene (3g) (Table 2.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 72%, Rf = 0.61 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.48 (dd, J = 5.2 Hz, 8.6 Hz, 2H), 7.06 (t, J = 8.6 Hz, 2H), 5.34 (dd, J = 8.6 Hz, 12.3 Hz, 1H), 4.10 

(dd, J = 12.3 Hz, 15.5 Hz, 1H), 4.01 (dd, J = 8.6 Hz, 15.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 

139.2, 134.8, 129.5, 129.1, 66.2, 48.9, 34.6. HRMS m/z (DART) calcd for C9H7Br3Cl [M-Br]+ 

386.7781, found 386.7797. FTIR (ATR): 3030, 2927, 1896, 1774, 1650, 1596, 1492, 1413, 1358, 1313, 

1284, 1209, 1198, 1180, 1160, 1092, 1048, 1014, 1000, 959, 831, 749, 707, 655 (cm-1). m.p.: 69.6–

71.8 ºC. 

 

1-Bromo-4-(1,3,3,3-tetrabromopropyl)benzene (3h) (Table 2.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 79%, Rf = 0.57 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.50 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 8.3 Hz, 2H), 5.29 (dd, J = 4.0 Hz, 8.0 Hz, 1H), 4.10 (dd, J = 4.0 

Hz, 15.5 Hz, 1H), 4.01 (dd, J = 8.0 Hz, 15.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 139.7, 132.1, 

129.8, 122.9, 66.2, 48.9, 34.6. HRMS m/z (DART) calcd for C9H7Br4 [M-Br]+ 430.7276, found 

430.7283. FTIR (ATR): 3027, 2971, 2927, 1896, 1739, 1648, 1591, 1489, 1409, 1356, 1311, 1283, 
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1209, 1198, 1160, 1116, 1104, 1072, 1049, 1011, 959, 828, 783, 747, 706 (cm-1). m.p.: 95.0–97.0 ºC. 

 

1-Cyano-4-(1,3,3,3-tetrabromopropyl)benzene (3i)59b (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 71%, Rf = 0.10 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.68 (d, J = 8.3 Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 5.33 (dd, J = 4.0 Hz, 8.6 Hz, 1H), 4.12 (dd, J = 4.0 

Hz, 15.5 Hz, 1H), 4.02 (dd, J = 8.0 Hz, 15.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 145.6, 132.7, 

129.0, 118.2, 112.7, 65.9, 47.9, 34.1. 

 

1-Chloromethyl-4-(1,3,3,3-tetrabromopropyl)benzene (3l) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 63%, Rf = 0.26 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.49 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 5.32 (dd, J = 4.0 Hz, 8.0 Hz, 1H), 4.57 (s, 2H), 4.12 

(dd, J = 4.0 Hz, 15.5 Hz, 1H), 4.04 (dd, J = 8.0 Hz, 15.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 

140.9, 138.2, 129.0, 128.5, 66.3, 49.3, 45.5, 34.8. HRMS m/z (DART) calcd for C10H10Br4Cl [M+H]+ 

480.7199, found 480.7191. FTIR (ATR): 3397, 2925, 1708, 1513, 1417, 1360, 1318, 1266, 1220, 1159, 

1113, 1090, 1049, 1020, 1000, 960, 830, 791, 763, 722, 675 (cm-1). 

 

1-Bromo-2-tetrabromomethyl-2,3-dihydro-1H-inden (3m) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 61% (d.r. >18 : 1), Rf = 0.55 (n-hexane), 1H NMR (500 MHz, 

CDCl3) δ 7.44 (dd, J = 3.4 Hz, 8.6 Hz, 1H), 7.30 (dd, J = 5.7 Hz, 8.6 Hz, 2H), 7.23 (dd, J = 3.4 Hz, 

5.7 Hz, 2H), 5.65 (d, J = 3.4 Hz, 1H), 5.65 (d, J = 3.4 Hz, 1H), 4.20 (ddd, J = 3.2 Hz, 4.0 Hz, 9.2 Hz, 

1H), 3.60 (dd, J = 9.2 Hz, 17.8 Hz, 1H), 3.25 (dd, J = 4.0 Hz, 17.8 Hz, 1H); 13C NMR (125 MHz, 

CDCl3) δ 142.0, 140.6, 129.5, 127.9, 126.0, 124.5, 71.7, 55.1, 45.5, 38.3. HRMS m/z (DART) calcd 

for C10H8Br3 [M-Br]+ 364.8171, found 364.8181. FTIR (ATR): 3030, 2923, 1607, 1482, 1463, 1433, 

1301, 1263, 1204, 1183, 1153, 1035, 962, 877, 861, 811, 784, 747, 725, 696, 667 (cm-1). 

 

(1,3,3,3-Tetrabromo-2-methylpropyl)benzene (3n)27 (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 76% (d.r. >18 : 1), Rf = 0.59 (n-hexane), 1H NMR (500 MHz, 

CDCl3) δ 7.51-7.49 (m, 2H), 7.39-7.29 (m, 3H), 5.87 (d, J = 1.7 Hz, 1H), 2.93 (qd, J = 1.7 Hz, 6.3 Hz, 

1H), 1.61 (d, J = 6.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 141.6, 128.8, 128.3, 127.6, 61.5, 55.8, 

48.7, 16.9. 

 

1,3,3,3-Tetrabromoundecane (3o) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 76%, Rf = 0.64 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

4.21 (dt, J = 4.6 Hz, 9.2 Hz, 1H), 3.84 (dd, J = 4.6 Hz, 16.0 Hz, 1H), 3.55 (dd, J = 4.6 Hz, 16.0 Hz, 

1H), 2.11-1.93 (m, 2H), 1.63-1.47 (m, 2H), 1.35-1.26 (m, 11H), 0.89 (t, J = 6.9 Hz, 3H); 13C NMR 

(125 MHz, CDCl3) δ 66.9, 52.1, 39.7, 36.3, 31.8, 29.4, 29.2, 28.7, 27.3, 22.6, 14.1. HRMS m/z (DART) 

calcd for C11H20Br3 [M-Br]+ 388.9110, found 388.9125. FTIR (ATR): 2954, 2923, 2854, 1465, 1418, 
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1377, 1183, 1113, 1047, 940, 720 (cm-1). 

 

1,1,1,3-Tetrabromo-4,4-bis(carboxymethoxy)butane (3p) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 67%, Rf = 0.24 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.27-4.22 (m, 1H), 3.91 (dd, J = 4.0 Hz, 12.0 Hz, 1H), 3.86 (dd, J = 4.0 Hz, 6.9 Hz, 

1H), 3.80 (s, 1H), 3.77 (s, 1H), 3.59 (dd, J = 5.2 Hz, 1H), 2.89-2.83 (m, 1H), 2.44-2.38 (m, 1H); 13C 

NMR (125 MHz, CDCl3) δ 168.9, 168.3, 67.0, 52.94, 52.88, 50.3, 48.7, 38.4, 35.0. HRMS m/z 

(DART) calcd for C9H13Br4O4 [M+H]+ 500.7542, found 500.7546. FTIR (ATR): 2954, 1734, 1436, 

1349, 1267, 1199, 1151, 1070, 1018, 979, 922, 843, 719 (cm-1). 

 

1,1,1,3-Tetrabromo-4-acetoxybutane (3q) (Table 2.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 56%, Rf = 0.06 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

4.55 (dd, J = 4.5 Hz, 11.5 Hz, 1H), 4.41 (dd, J = 5.7 Hz, 6.3 Hz, 1H), 4.37-4.33 (m, 1H), 3.76 (dd, J 

= 4.6 Hz, 5.2 Hz, 1H), 3.71 (dd, J = 4.6 Hz, 12.0 Hz, 1H), 2.15 (s, 3H); 13C NMR (125 MHz, CDCl3) 

δ 170.3, 66.8, 63.1, 45.5, 35.1, 20.8. HRMS m/z (DART) calcd for C6H9Br4O2 [M+H]+ 428.7331, 

found 428.7331. FTIR (ATR): 2962, 1744, 1420, 1382, 1365, 1219, 1183, 1033, 977, 948, 902, 731 

(cm-1). 

 

Cu[(cup)(rac-BINAP)]PF6 (Cat-1) 28 

^`uMX(DZ`b`vw)ě(I)kMUhwJymXhC2 4̀0.3 mmol53 rac-BINAP40.3 

mmol5BÍĮ$aXhuXS410 mL55ĠA.WOyyr[z43.0 mL5BVvzW2�
 .�,6ĥ�ŀ�B 10 Ĳ��ġ�Ņ).�,6¹.WOyyr[z43.0 mL55ŀ")
.Wr\whHaz`yvz40.3 mmol5ŀ�BÍĮ$huXSĞ5VvzW2<0%?3
Đ�).10 Ñ��ġ�Ņ).�Ö�92ň;).ĥ�ŀ�5Ă).kMUzB<0%?3
Đ�).ÃČĒ5=?ěÆāBóß(+.�,AB§�Ō�5=01Ō�).kMUz2÷
ç¹.ê¬ýĉ2�ú(+@'32.Ļď6ě6Wr\whHaz`yvz6BINAP Æā
Cat-1 BĜ.�ŋé¸ā�Ûń 65%, 1H NMR (500 MHz, CDCl3) δ 8.64 (d, J = 8.0 Hz, 2H), 8.16 

(s, 2H), 7.91 (d, J = 8.0 Hz, 2H), 7.69 (dd, J = 4.0 Hz, 8.0 Hz, 4H), 7.48-7.43 (m, 4H), 7.30-7.27 (m, 

2H), 7.24-7.21 (m, 4H), 7.17-7.14 (m, 4H), 7.04-6.99 (m, 8H), 6.74 (t, J = 7.5 Hz, 2H), 6.52 (t, J = 

8.0 Hz, 4H), 2.76 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 159.6, 157.7, 143.2, 143.0, 139.7, 138.8, 

137.2, 134.4, 134.3, 134.2, 133.7, 133.6, 133.4, 132.0, 131.92, 131.85, 131.5, 130.8, 129.1, 129.0, 

128.9, 128.6, 128.5, 128.3, 128.2, 127.6, 127.2, 127.1, 126.8, 126.5, 126.1, 125.6, 30.4. | max 

(CH2Cl2) 392 nm. 
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Ą 3 å� Ą 1 ö5�*@Ø² 

 

 ķÚá1 

DwQz 141.5 equiv, 0.15 mmol5.ËÜ�ćù941.0 equiv, 0.1 mmol5.4-hHbwgvWz
40.05 equiv, 0.005 mmol5B Pyrex®Ð²�412.5 cm71.6 cm55ĠA.WOyyr[z41.0 

mL5BVvzW2� .�,6¹.Ĕ¯ą£B 3 �½�.DwTzLY5ĉ�).�,6
ĥ�ŀ�5Ă)�">º#�İäÙ(A@=�5.LED4450 nm, 3 W5Bõĉ).4LED 3
ĥ�Ŀ�6��7 0.5 cm5�Ö��5!�1 20 Ñ�Ŋŉ¹.ZuF`Ō�B½�.Oyym
wq2÷ç).Ō�BIfox2[25=01µ}��ú(+@'32øðîıBĜ.�
'AB.1,1,2,2-^`uOyyI[z3ÁÀ).1H NMR Ĳó5!C@jy`zħ"> NMR

ÛńBÈß).�Ä¹5.øðîıBVvKRwKuqOyp`PuhE24n-hexane55
=?ñò).Ă�*@ ATRA ðîı 3 BĜ.� 

 

(1,3,3,3-Tetrabromopropyl)benzene (3a) (Table 3.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 62%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3a Çä� 

 

1-Methyl-4-(1,3,3,3-tetrabromopropyl)benzene (3b) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 42%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3b Çä� 

 

1-Methyl-3-(1,3,3,3-tetrabromopropyl)benzene (3c) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 34%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3c Çä� 

 

1-Methyl-2-(1,3,3,3-tetrabromopropyl)benzene (3d) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 29%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3d Çä� 

 

1-(1,1-Dimethylethyl)-4-(1,3,3,3-tetrabromopropyl)benzene (3e) (Table 3.2) 

 ķÚá5=?Àî��é¸ā�Ûń 61%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3e Çä� 

 

1-Fluoro-4-(1,3,3,3-tetrabromopropyl)benzene (3f) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 33%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3f Çä� 

 

1-Chloro-4-(1,3,3,3-tetrabromopropyl)benzene (3g) (Table 3.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 66%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3g Çä� 

 

1-Bromo-4-(1,3,3,3-tetrabromopropyl)benzene (3h) (Table 3.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 30%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3h Çä� 
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1-Cyano-4-(1,3,3,3-tetrabromopropyl)benzene (3k) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 36%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3i Çä� 

 

1-Chloromethyl-4-(1,3,3,3-tetrabromopropyl)benzene (3l) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 45%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3l Çä� 

 

2-(1,3,3,3-tetrabromopropyl)naphthalene (3m) (Table 3.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 37%, Rf = 0.51 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.90-7.88 (m, 2H), 7.85-7.82 (m, 2H), 7.63 (d, J = 8.6 Hz, 1H), 7.53-7.50 (m, 2H), 5.54 (t, J = 5.2 Hz, 

1H), 4.18 (d, J = 5.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 137.7, 133.3, 132.9, 129.1, 128.2, 127.7, 

127.3, 126.9, 126.7, 125.4, 66.1, 50.7, 35.0. HRMS m/z (DART) calcd for C13H11Br4
+ (M+H)+, 

482.7589, found 482.7612. FTIR (ATR): 3391, 3054, 3024, 2928, 2163, 1913, 1709, 1632, 1600, 1509, 

1470, 1440, 1416, 1371, 1271, 1220, 1201, 1174, 1158, 1126, 1089, 1050, 1018, 1002, 986, 964, 942, 

907, 892, 857, 816, 772, 756, 737, 703, 660 (cm-1). m.p.: 84.2–86.2 ºC. 

 

1-Bromo-2-tetrabromomethyl-2,3-dihydro-1H-inden (3n) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 58% (d.r. = 15 : 1), ��.Ą 2 å6Ą 1 ö.Table 2.2, 

3m Çä� 

 

(1,3,3,3-Tetrabromo-2-phenylpropyl)benzene (3p) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 23% (d.r. = 79 : 21, from the Z isomer), Rf = 0.19 (n-hexane), 
1H NMR (500 MHz, CDCl3) δ 7.59 (br, 1H), 7.47-7.37 (m, 5H), 7.32-7.21 (m, 4H), 5.94 (d, J = 5.8 

Hz, 1H), 4.38 (d, J = 5.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 140.7, 138.1, 128.9, 128.71, 128.68, 

128.4, 127.7, 71.9, 55.0, 42.9. HRMS m/z (DART) calcd for C15H12Br3 (M-Br)+, 428.8484, found 

428.8479. FTIR (ATR): 3062, 3030, 1601, 1496, 1453, 1339, 1185, 1157, 177, 1033, 977, 915, 853, 

825, 778, 761, 725, 698 (cm-1). 

 

1,3,3,3-Tetrabromoundecane (3q) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 82%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3o Çä� 

 

1,1,1,3-Tetrabromotridecane (3r)60a (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 83%, Rf = 0.64 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

4.20 (dt, J = 4.6 Hz, 4.0 Hz, 1H), 3.84 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.55 (dd, J = 16.0 Hz, 4.6 Hz, 

1H), 2.11-1.93 (m, 2H), 1.63-1.56 (m, 1H), 1.54-1.47 (m, 1H), 1.37-1.27 (m, 14H), 0.88 (t, J = 5.7 Hz, 

3H); 13C NMR (125 MHz, CDCl3) δ 66.9, 52.1, 39.7, 36.4, 31.9, 29.6, 29.5, 29.4, 29.3, 28.7, 27.3, 

22.7, 14.1. 
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5,7,7,7-Tetrabromoheptan-1-ol (3s)60b (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 84%, Rf = 0.40 (n-hexane : EtOAc = 2 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.22 (dq, J = 4.6 Hz, 4.0 Hz, 1H), 3.85 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.70 (t, J = 5.2 

Hz, 2H), 3.56 (dd, J = 16.0 Hz, 4.6 Hz, 1H), 2.16-1.99 (m, 2H), 1.75-1.60 (m, 4H), 1.40 (s, 1H); 13C 

NMR (125 MHz, CDCl3) δ 66.8, 62.6, 51.7, 39.4, 36.2, 31.7, 23.7. 

 

1,1,1,3-Tetrabromo-4-acetoxybutane (3t) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 72%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3q Çä� 

 

1,1,1,3-Tetrabromo-4-acetoxy-4-methylbutane (3u) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 42% (d.r. = 55 : 45), Rf = 0.25 (n-hexane : EtOAc = 10 : 1), 
1H NMR (500 MHz, CDCl3) δ 5.20 (dq, J = 9.2 Hz, 6.3 Hz, 1H), 4.23 (ddd, J = 9.2 Hz, 5.5 Hz, 3.7 

Hz, 1H), 3.68 (dd, J = 16.3 Hz, 3.7 Hz, 1H), 3.63 (dd, J = 16.3 Hz, 5.5 Hz, 1H), 2.11 (s, 3H), 1.43 (d, 

3H); 13C NMR (125 MHz, CDCl3) δ 170.1, 71.7, 62.3, 51.1, 35.9, 21.2, 17.2. HRMS m/z (DART) 

calcd for C7H11Br4O2
+ (M+H)+, 442.7487, found 442.7471. FTIR (ATR): 2927, 2847, 1742, 1372, 

1231, 1058, 946 (cm-1). 

 

1,1,1,3-Tetrabromo-4-[(triisopropylsilyl)oxy]butane (3v) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 32%, Rf = 0.60 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

4.23-4.19 (m, 1H), 4.10 (dd, J = 10.9 Hz, 5.7 Hz, 1H), 3.95 (dd, J = 10.9 Hz, 5.7 Hz, 1H), 3.91 (dd, J 

= 10.9 Hz, 2.9 Hz, 1H), 3.58 (dd, J = 10.9 Hz, 5.7 Hz, 1H), 1.13-1.07 (m, 21H); 13C NMR (125 MHz, 

CDCl3) δ 67.2, 62.6, 50.2, 36.4, 18.0, 12.0. HRMS m/z (DART) calcd for C13H27Br4OSi+ (M+H)+, 

542.8559, found 542.8555. FTIR (ATR): 2943, 2866, 1740, 1462, 1370, 1229, 1217, 1111, 1065, 999, 

945, 882, 791, 685 (cm-1). 

 

1,1,1,3-Tetrabromo-4-{(tert-butoxycarbonyl)amino}butane (3w) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 52%, Rf = 0.22 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 5.03 (br, 1H), 4.29-4.28 (m, 1H), 3.78-3.57 (m, 1H), 1.46 (s, 9H); 13C NMR (125 

MHz, CDCl3) δ 155.6, 80.2, 63.9, 50.4, 47.5, 35.5, 28.3. HRMS m/z (DART) calcd for C9H16Br4NO2
+ 

(M+H)+, 485.7909, found 485.7923. FTIR (ATR): 3348, 2977, 1694, 1511, 1392, 1367, 1252, 1166, 

1076, 942, 720 (cm-1). 

 

1,1,1,3,7-Pentabromoheptane (3x) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 88%, Rf = 0.35 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

4.21 (dq, J = 4.6 Hz, 4.0 Hz, 1H), 3.85 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.55 (dd, J = 16.0 Hz, 4.6 Hz, 

1H), 3.44 (t, J = 6.3 Hz, 2H), 2.17-2.10 (m, 1H), 2.05-1.87 (m, 3H), 1.84-1.76 (m, 1H), 1.73-1.64 (m, 

1H); 13C NMR (125 MHz, CDCl3) δ 66.7, 51.3, 38.7, 36.0, 33.1, 31.7, 26.0. HRMS m/z (DART) calcd 
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for C7H11Br4
+ (M-Br)+, 410.7589, found 410.7574. FTIR (ATR): 2940, 2864, 1733, 1455, 1430, 1248, 

1187, 1005, 939, 721 (cm-1). 

 

(2,4,4,4-Tetrabromobutyl)benzene (3y)60b (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 30%, Rf = 0.38 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.34-7.26 (m, 5H), 4.39-4.35 (m, 1H), 3.85 (dd, J = 4.6 Hz, 4.0 Hz, 1H), 3.67 (dd, J = 11.5 Hz, 4.6 

Hz, 1H), 3.53 (dd, J = 9.2 Hz, 5.2 Hz, 1H), 3.23 (dd, J = 9.2 Hz, 5.2 Hz, 1H); 13C NMR (125 MHz, 

CDCl3) δ 137.4, 129.4, 128.6, 127.3, 65.8, 51.5, 46.0, 35.9. 

 

(3,5,5,5-Tetrabromopentyl)benzene (3z)60b (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 84%, Rf = 0.40 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

7.32-7.20 (m, 5H), 4.18 (ddt, J = 9.7 Hz, 4.6 Hz, 4.0 Hz, 1H), 3.88 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.57 

(dd, J = 16.0 Hz, 4.6 Hz, 1H), 2.98 (ddd, J = 13.8 Hz, 9.2 Hz, 4.6 Hz, 1H), 2.82 (ddd, J = 13.8 Hz, 8.0 

Hz, 5.7 Hz, 1H), 2.44 (dddd, J = 13.8 Hz, 9.2 Hz, 6.9 Hz, 4.0 Hz, 1H), 2.28 (dddd, J = 14.3 Hz, 9.7 

Hz, 5.2 Hz, 4.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 140.2, 128.6, 126.3, 66.8, 51.3, 41.1, 35.9, 

33.6. 

 

1,1,1,3-Tetrabromo-4,4-bis(carboxymethoxy)butane (3aa) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 43%, ��.Ą 2 å6Ą 1 ö.Table 2.2, 3p Çä� 

 

2-Bromo-3-(tribromomethyl)bicyclo[2.2.1]heptane (3ab)27 (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 90%, Rf = 0.50 (n-hexane), 1H NMR (500 MHz, CDCl3) δ 

4.11 (ddd, J = 9.7 Hz, 5.7 Hz, 1.2 Hz, 1H), 2.88 (d, J = 5.7 Hz, 1H), 2.67 (d, J = 1.2 Hz, 2H), 2.34 (d,   

=�10.9 Hz, 1H), 2.09 (dd, J = 12.6 Hz, 10.9 Hz, 1H), 1.63 (dd, J = 12.6 Hz, 9.2 Hz, 2H), 1.44 (t, J = 

10.9 Hz, 1H), 1.34 (d, J = 10.9 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 74.0, 56.7, 46.0, 44.2, 44.1, 

35.3, 30.2, 24.2. 

 

1-Bromo-4-(tribromomethyl)cyclooctane (3ac)33b (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 64% (d.r. = 58 : 42, from 1-octene), Rf = 0.49 (n-hexane), 
1H NMR (500 MHz, CDCl3) δ 4.49-4.44 [m, 1H, H2 (trans)], 4.42-4.37 [m, 1H, H1 (cis)], 2.75-2.70 

(m, 1H), 2.66-2.54 (m, 2H), 2.49-2.32 (m, 5H), 2.25-2.12 (m, 4H), 2.09-1.96 (m, 3H), 1.93-1.88 (m, 

1H), 1.86-1.56 (m, 8H), 1.53-1.38 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 60.4, 60.2, 55.8, 55.7, 55.3, 

54.9, 37.9, 36.5, 34.8, 33.0, 32.13, 32.07, 31.3, 29.8, 28.3, 27.8, 25.6, 23.0. HRMS m/z (DART) calcd 

for C9H14Br3
+ (M-Br)+ 358.8640, found 358.8627. FTIR (ATR): 3412, 2963, 2921, 2849, 2695, 2163, 

1981, 1721, 1460, 1443, 1436, 1423, 1373, 1361, 1347, 1328, 1281, 1245, 1229, 1208, 1175, 1155, 

1119, 1099, 1073, 1043, 1005, 975, 944, 913, 856, 833, 820, 774, 762, 697, 673 (cm-1). 
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1,1,1,5-Tetrabromo-3-methyl-3-pentene (3ad, 3ad’) (Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 48% (3ad : 3ad’ = 88 : 12, from isoprene), Rf = 0.44 (n-

hexane), 1H NMR (500 MHz, CDCl3) δ 5.97 (t, J = 8.6 Hz, 1H), 4.04 (d, J = 8.6 Hz, 2H), 3.82 (s, 2H), 

2.08 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 137.1, 130.3, 67.0, 39.2, 27.5, 17.8. HRMS m/z (DART) 

calcd for C6H9Br+ (M+H)+ 396.7432, found 396.7443. FTIR (ATR): 2922, 2853, 1736, 1650, 1437, 

1377, 1306, 1229, 1203, 1090, 1020, 981, 935, 871, 788, 700 (cm-1). 

 

3-(Bromomethyl)-4-(2,2,2-tribromoethyl)-dimethylcyclopentene-1,1-carboxylate (3ae) 

(Table 3.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 75% (d.r. = 92 : 8, from 1ae), Rf = 0.11 (n-hexane : EtOAc 

= 10 : 1), 1H NMR (500 MHz, CDCl3) δ 3.77 (s, 6H), 3.57 (dd, J = 5.7 Hz, 4.6 Hz, 1H), 3.35 (dd, J = 

10.9 Hz, 4.6 Hz, 1H), 3.30 (dd, J = 10.3 Hz, 9.5 Hz, 1H), 3.09 (dd, J = 9.5 Hz, 6.3 Hz, 1H), 2.80-2.74 

(m, 2H), 2.61 (dd, J = 7.5 Hz, 6.9 Hz, 1H), 2.57-2.51 (m, 1H), 2.40 (dd, J = 14.3 Hz, 9.2 Hz, 1H), 2.37 

(dd, J = 14.3 Hz, 5.7 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 172.6, 172.5, 58.6, 57.8, 53.1, 44.4, 

43.3, 39.5, 39.4, 38.3, 33.6. HRMS m/z (DART) calcd for C12H17Br4O4
+ (M+H)+ 540.7855, found 

540.7861. FTIR (ATR): 3461, 3001, 2952, 2844, 1727, 1434, 1369, 1257, 1244, 1199, 1165, 1111, 

1068, 1028, 964, 937, 912, 875, 854, 822, 722, 690, 669 (cm-1). 
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 ķÚá1 

DwQz 441.75 equiv, 0.175 mmol5.iyspyzÉ 541.0 equiv, 0.1 mmol5.4-hHbwg
vWz 7a40.05 equiv, 0.005 mmol5B Pyrex®Ð²�412.5 cm71.6 cm55ĠA.WOyyr
[z40.5 mL5BVvzW2� .�,6¹.Ĕ¯ą£B 3 �½�.DwTzLY5ĉ�)
.�,6ĥ�ŀ�5Ă)�">º#�İäÙ(A@=�5.LED4380 nm, 3 W5Bõĉ).
4LED 3ĥ�Ŀ�6��7 0.5 cm5�Ö��5!�1 20 Ñ�Ŋŉ¹.ZuF`Ō�B½�.
Oyymwq2÷ç).Ō�BIfox2[25=01µ}��ú(+@'32øðîı
BĜ.�'AB.1,1,2,2-^`uOyyI[z3ÁÀ).1H NMR Ĳó5!C@jy`zħ"
> NMR ÛńBÈß).�Ä¹5.øðîıBVvKRwKuqOyp`PuhE24n-

hexane/EtOAc = 20 : 1 or 10 : 155=?ñò).Ă�*@ ATRA ðîı 6 BĜ.� 

 

Dimethyl 2-(2-Bromo-3-phenylpropyl)malonate (6a) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 78%, Rf = 0.47 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.33 (t, J = 7.5 Hz, 2H), 7.27 (t, J = 7.5 Hz, 1H), 7.21 (d, J = 6.9 Hz, 2H), 4.24-4.18 

(m, 1H), 3.87-3.82 (dd, J = 6.3, 4.0Hz, 1H), 3.741 (s, 3H), 3.738 (s, 3H), 3.25-3.17 (m, 2H), 2.53 (td, 

J = 7.5, 3.7, 2.9 Hz, 1H), 2.24 (td, J = 6.9, 4.0, 4.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 169.3, 

169.0, 137.6, 129.2, 128.5, 127.0, 54.0, 52.8, 52.7, 50.2, 45.7, 37.2. HRMS m/z (DART) calcd for 

C14H18BrO4
+ (M+H)+ 329.0383, found 329.0379. FTIR (ATR): 3030, 2954, 2848, 1750, 1735, 1603, 

1497, 1455, 1436, 1347, 1274, 1257, 1201, 1152, 1104, 1082, 1059, 1030, 1008, 975, 911, 845, 752, 

701 (cm-1). 

 

Dimethyl 2-(2-Bromo-4-phenylbutyl)malonate (6b) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 90%, Rf = 0.21 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.33 (t, J = 7.7 Hz, 2H), 7.22-7.19 (m, 3H), 3.97-3.92 (m, 1H), 3.85–3.83 (dd, J = 5.7, 

4.6 Hz, 1H), 3.74 (s, 3H), 3.73 (s, 3H), 2.94-2.88 (m, 1H), 2.79-2.73 (m, 1H), 2.50 (td, J = 8.0, 6.9, 

4.0 Hz, 1H), 2.33 (td, J = 6.3, 4.6, 4.0 Hz, 1H), 2.20-2.11 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 

169.3, 169.1, 140.5, 128.50, 128.46, 126.2, 53.9, 52.8, 52.7, 50.2, 40.9, 37.9, 33.6. HRMS m/z 

(DART) calcd for C15H20BrO4
+ (M+H)+ 343.0540, found 343.0537. FTIR (ATR): 3063, 3028, 3004, 

2954, 2857, 1949, 1750, 1734, 1603, 1584, 1497, 1454, 1435, 1342, 1260, 1242, 1201, 1151, 1069, 

1016, 963, 906, 846, 749, 700, 655 (cm-1). 

 

Dimethyl 2-[2-bromo-3-(4-methoxyphenyl)propyl]malonate (6c) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 32%, Rf = 0.23 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.13 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 4.19-4.14 (m, 1H), 3.85 (dd, J = 

6.9, 4.0 Hz, 1H), 3.80 (s, 3H), 3.74 (s, 6H), 3.19-3.11 (m, 2H), 2.79-2.71 (m, 1H), 2.52 (td, J = 8.0, 
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6.9, 4.0, Hz, 1H), 2.22 (td, J = 8.0, 6.9, 4.0 Hz, 1H), 2.18-2.11 (m, 2H); 13C NMR (125 MHz, CDCl3) 

δ 169.3, 169.0, 158.5, 130.2, 129.7, 113.8, 55.2, 54.6, 52.8, 52.7, 50.2, 44.9, 37.1. HRMS m/z (DART) 

calcd for C15H20BrO5 (M+H)+ 359.0489, found 359.0494. FTIR (ATR): 3003, 2955, 2838, 1750, 1736, 

1613, 1585, 1514, 1437, 1302, 1249, 1202, 1179, 1152, 1111, 1034, 975, 906, 832, 819, 759 (cm-1). 

 

Dimethyl 2-(2-bromodecyl)malonate (6d) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 79%, Rf = 0.64 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.00-3.95 (m, 1H), 3.84 (dd, J = 6.3, 4.0 Hz, 1H), 3.78 (s, 3H), 3.75 (s, 3H), 2.48 (td, 

J = 7.5, 4.6, 2.9 Hz, 1H), 2.26 (td, J = 8.0, 6.9, 4.0 Hz, 1H), 1.89-1.80 (m, 2H), 1.55-1.51 (m, 1H), 

1.49-1.38 (m, 1H), 1.31-1.25 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 169.4, 

169.2, 55.0, 52.8, 52.7, 50.2, 39.4, 37.9, 31.8, 29.4, 29.2, 28.9, 27.4, 22.6, 14.1. HRMS m/z (DART) 

calcd for C15H27O+ (M-Br)+ 271.1904, found 271.1909. FTIR (ATR): 3299, 2127, 1640, 1452, 1111, 

1016 (cm-1). 

 

Dimethyl 2-(2-bromododecyl)malonate (6e) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 73%, Rf = 0.64 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.00-3.95 (m, 1H), 3.85 (dd, J = 6.3, 4.0 Hz, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 2.48 (td, 

J = 7.5, 4.6, 3.4 Hz, 1H), 2.26 (td, J = 8.6, 6.3, 4.6 Hz, 1H), 1.89-1.80 (m, 2H), 1.55-1.50 (m, 1H), 

1.47-1.38 (m, 1H), 1.30-1.26 (m, 14H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 169.4, 

169.2, 55.0, 52.8, 52.7, 50.2, 39.4, 37.9, 31.9, 29.54, 29.51, 29.4, 29.3, 28.9, 27.4, 22.7, 14.1. HRMS 

m/z (DART) calcd for C17H32BrO4
+ (M+H)+ 379.1479, found 379.1490. FTIR (ATR): 2924, 2854, 

1743, 1463 (cm-1). 

 

Tetramethyl-1,1,5,5-(3-bromopentane)tetracarboxylate (6f) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 80%, Rf = 0.24 (n-hexane : EtOAc = 5 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.04-3.99 (m, 1H), 3.80 (dd, J = 5.2, 4.6 Hz, 2H), 3.77 (s, 6H), 3.76 (s, 6H), 2.51 (td, 

J = 9.2, 5.7, 4.0 Hz, 2H), 2.33 (td, J = 9.2, 5.7, 4.6 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 169.1, 

168.8, 52.9, 52.8, 51.1, 50.0, 37.9. HRMS m/z (DART) calcd for C13H19O8 (M-Br)+ 303.1074, found 

303.1076. FTIR (ATR): 3306, 2952, 2840, 2523, 2147, 1649, 1450, 1410, 1113, 1014 (cm-1). 

 

Dimethyl 2-(2,4-dibromobutyl)malonate (6g) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 55%, Rf = 0.56 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.22-4.14 (m, 1H), 3.84 (dd, J = 5.7, 4.0Hz, 1H), 3.79 (s, 3H), 3.77 (s, 3H), 3.62-3.54 

(m, 2H), 2.51 (td, J = 6.9, 5.2, 2.9 Hz, 1H), 2.37-2.29 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 169.1, 

168.9, 52.9, 51.8, 50.0, 41.5, 37.6, 30.5. HRMS m/z (DART) calcd for C9H15Br2O4 (M+H)+ 344.9332, 

found 344.9336. FTIR (ATR): 2955, 1736, 1436, 1270, 1249, 1207, 1156, 1019, 844 (cm-1). 
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Dimethyl 2-(2,5-dibromopentyl)malonate (6h) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 81%, Rf = 0.53 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.03-3.98 (m, 1H), 3.84 (dd, J = 6.3, 4.0 Hz, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 3.44 (t, J  

= 5.7 Hz, 2H), 2.49 (td, J = 8.0, 6.9, 3.4 Hz, 1H), 2.29 (td, J = 8.6, 6.3, 4.6 Hz, 1H), 2.22-2.14 (m, 1H), 

2.09-1.96 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 169.2, 169.1, 53.3, 52.9, 52.8, 50.1, 37.9, 37.7, 

32.6, 30.4. HRMS m/z (DART) calcd for C10H17Br2O4
+ (M+H)+ 358.9488, found 358.9488. FTIR 

(ATR): 2955, 1736, 1437, 1263, 1242, 1205, 1155, 1016 (cm-1). 

 

Dimethyl 2-(2-bromo-3-hydroxypropyl)malonate (6i) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 18%, Rf = 0.30 (n-hexane : EtOAc = 2 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.19-4.14 (m, 1H), 3.87-3.80 (m, 3H), 3.78 (s, 3H), 3.77 (s, 3H), 2.52 (td, J = 9.2, 5.7, 

4.0 Hz, 1H), 2.37 (td, J = 9.7, 5.2, 5.2 Hz, 1H), 2.27 (t, J = 6.9 Hz, 1H); 13C NMR (125 MHz, CDCl3) 

δ 169.3, 169.0, 66.9, 55.4, 52.92, 52.86, 49.6, 33.7. HRMS m/z (DART) calcd for C8H14BrO5 (M+H)+ 

269.0019, found 269.0025. FTIR (ATR): 3479, 2956, 2051, 1730, 1436, 1342, 1258, 1201, 1152, 1114, 

1068, 1022, 921, 844, 702 (cm-1). 

 

Dimethyl 2-(3-acetyloxy-2-bromo-propyl)malonate (6j) (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 20%, Rf = 0.21 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.41-4.37 (m, 1H), 4.29-4.25 (m, 1H), 4.17-4.12 (m, 1H), 3.82-3.80 (m, 1H), 3.78 (s, 

3H), 3.77 (s, 3H), 2.57 (td, J = 6.9, 3.4, 2.9 Hz, 1H), 2.26 (td, J = 8.0, 4.0, 4.0 Hz, 1H), 2.12 (s, 3H); 
13C NMR (125 MHz, CDCl3) δ 170.3, 169.0, 168.8, 67.4, 52.94, 52.89, 49.7, 48.0, 34.3, 29.7, 20.7. 

HRMS m/z (DART) calcd for C10H16BrO6
+ (M+H)+ 311.0125, found 311.0121. FTIR (ATR): 2956, 

1730, 1436, 1368, 1345, 1214, 1151, 1061, 1030, 897, 844, 733, 702 (cm-1). 

 

Dimethyl 2-(3-acetyloxy-2-bromo-propyl)malonate (6k)60b (Table 3.6) 

 ķÚá5=?Àî�ĺé�ā�Ûń 95%, Rf = 0.21 (n-hexane : EtOAc = 2 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.02-3.98 (m, 1H), 3.84 (dd, J = 5.7, 4.6 Hz, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 3.66 (t, J 

= 6.3 Hz, 2H), 2.49 (td, J = 7.5, 4.6, 3.4 Hz, 1H), 2.27 (td, J = 8.0, 6.9, 4.6 Hz, 1H), 1.94-1.86 (m, 2H), 

1.69-1.49 (m, 5H); 13C NMR (125 MHz, CDCl3) δ 169.3, 169.2, 62.5, 54.6, 52.82, 52.76, 50.2, 39.1, 

37.8, 31.8, 23.7. 

 

Diethyl 2-(2-bromo-3-phenylpropyl)malonate (6l)61a (Table 3.7) 

 ķÚá5=?Àî�ĺé�ā�Ûń 54%, Rf = 0.50 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.34-7.31 (m, 2H), 7.29-7.28 (m, 1H), 7.22-7.21 (m, 2H), 4.25-4.15 (m, 5H), 3.81 (dd, 

J = 6.3, 4.0 Hz, 1H), 3.25-3.17 (m, 2H), 2.52 (td, J = 6.9, 4.0, 2.9 Hz, 1H), 2.24 (td, J = 8.0, 4.0, 4.0 

Hz, 1H), 1.28-1.23 (m, 6H); 13C NMR (125 MHz, CDCl3) δ 168.9, 168.6, 137.7, 129.2, 128.5, 127.0, 

61.7, 61.6, 54.1, 50.6, 45.8, 37.1, 14.0. 
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1,3-Diphenyl-2-(2-bromo-3-phenylpropyl)-1,3-propanedione (6m) (Table 3.7) 

 ķÚá5=?Àî�ĺé�ā�Ûń 22%, Rf = 0.41 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 8.13 (d, J = 7.5 Hz, 2H), 7.91 (d, J = 7.5 Hz, 2H), 7.64 (t, J = 6.3 Hz, 1H), 7.53 (t, J 

= 7.5 Hz, 3H), 7.40 (t, J = 7.5 Hz, 2H), 7.32-7.29 (m, 2H), 7.26-7.25 (m, 1H), 7.23-7.21 (m, 2H), 5.83 

(d, J = 10.9 Hz 1H), 4.41-4.37 (m, 1H), 3.31-3.19 (m, 2H), 2.88 (td, J = 10.9, 4.0, 2.3 Hz, 1H), 2.27-

2.22 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 195.9, 195.0, 137.6, 136.1, 134.8, 134.0, 133.5, 129.2, 

129.1, 128.9, 128.8, 128.4, 128.3, 127.0, 56.8, 54.9, 46.0, 37.9. HRMS m/z (DART) calcd for 

C24H22BrO2
+ (M+H)+ 421.0798, found 421.0801. FTIR (ATR): 3086, 3062, 3029, 2921, 2253, 1965, 

1814, 1693, 1673, 1596, 1580, 1495, 1448, 1432, 1344, 1321, 1304, 1257, 1219, 1194, 1181, 1158, 

1102, 1076, 1054, 1029, 990, 969, 943, 911, 887, 857, 822, 809, 786, 749, 734, 694, 652 (cm-1). 

 

1,3-Di-tert-butyl-2-(2-bromo-3-phenylpropyl)-1,3-propanedione (6n) (Table 3.7) 

 ķÚá5=?Àî�ĺé�ā�Ûń 25%, Rf = 0.44 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.32 (t, J = 6.9 Hz, 2H), 7.273-7.271 (m, 1H), 7.20 (d, J = 6.9 Hz, 1H), 4.94 (dd, J = 

8.6, 2.3 Hz, 1H), 3.95-3.90 (m, 1H), 3.23-3.11 (m, 2H), 2.52 (td, J = 5.7, 3.4, 2.3 Hz, 1H), 2.01 (td, J 

= 9.6, 5.2, 2.3 Hz, 1H), 1.28 (s, 9H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 211.7, 209.8, 137.5, 

129.2, 128.4, 127.0, 56.4, 54.7, 45.9, 44.9, 44.4, 37.9, 28.3, 26.6. HRMS m/z (DART) calcd for 

C20H30BrO2
+ (M+H)+ 381.1424, found 382.1478. FTIR (ATR): 3778, 3064, 3030, 2966, 2910, 2872, 

1715, 1692, 1604, 1497, 1479, 1456, 1421, 1395, 1367, 1338, 1286, 1227, 1193, 1156, 1098, 1057, 

1006, 975, 942, 914, 864, 830, 801, 749, 699 (cm-1). 

 

Dimethyl 2-(2-bromo-3-phenylpropyl)-2-methylmalonate (6o) (Table 3.7) 

 ķÚá5=?Àî�ĺé�ā�Ûń 9%, Rf = 0.18 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.34-7.31 (t, J = 6.9 Hz, 2H), 7.28-7.26 (m, 1H), 7.22-7.20 (d, J = 7.8 Hz, 2H), 4.25-

4.16 (m, 1H), 3.70 (s, 3H), 3.67 (s, 3H), 3.23-3.13 (m, 2H), 2.60 (d, J = 5.5 Hz, 2H), 1.46 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 172.11, 172.06, 138.0, 129.3, 128.5, 127.0, 52.9, 52.8, 52.7, 50.7, 46.8, 

43.5, 19.9. HRMS m/z (DART) calcd for C15H20BrO4
+ (M+H)+ 343.0540, found 343.0556. FTIR 

(ATR): 3029, 3000, 2953, 1733, 1603, 1497, 1455, 1435, 1381, 1315, 1257, 1201, 1167, 1116, 1030, 

982, 928, 887, 850, 749, 701 (cm-1). 

 

Dimethyl 2-(2-bromo-3-phenylpropyl)-2-propylmalonate (6p) (Table 3.7) 

 ķÚá5=?Àî�ĺé�ā�Ûń 22%, Rf = 0.18 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.32 (t, J = 6.9 Hz, 2H), 7.29-7.27 (m, 1H), 7.20 (d, J = 7.5 Hz, 2H), 4.13-4.08 (m, 

1H), 3.72 (s, 3H), 3.64 (s, 3H), 3.25-3.10 (m, 2H), 2.63-2.53 (m, 2H), 1.97 (td, J = 8.0, 4.6, 2.9 Hz, 

1H), 1.79 (td, J = 9.7, 4.6, 4.0 Hz, 1H), 1.08-0.98 (m, 1H), 0.83 (t, J = 6.9 Hz, 3H), 0.78-0.68 (m, 1H); 
13C NMR (125 MHz, CDCl3) δ 171.6, 171.5, 138.0, 129.3, 128.5, 127.0, 56.6, 52.6, 52.5, 50.0, 47.0, 

40.1, 34.3, 17.1, 14.2. HRMS m/z (DART) calcd for C17H24BrO4 (M+H)+ 371.0853, found 371.0857. 
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FTIR (ATR): 3029, 2958, 2875, 1734, 1497, 1455, 1435, 1284, 1231, 1213, 1162, 1124, 1044, 937, 

846, 750, 702 (cm-1). 

 

Dimethyl 2-(2-bromo-3-phenylpropyl)-2-cyanoethylmalonate (6q) (Table 3.7) 

 ķÚá5=?Àî�ĺé�ā�Ûń 18%, Rf = 0.46 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.38-7.34 (m, 2H), 7.30-7.29 (m, 1H), 7.21 (d, J = 7.5 Hz, 2H), 4.07-4.00 (m, 1H), 

3.75 (s, 3H), 3.65 (s, 3H), 3.31-3.25 (m, 1H), 3.14-3.08 (m, 1H), 2.62-2.54 (m, 2H), 2.42-2.40 (m, 

1H), 2.26-2.14 (m,�2H), 2.01-1.94 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 170.1, 170.0, 137.6, 129.3, 

128.8, 127.3, 118.6, 55.6, 53.1, 53.0, 48.7, 47.0, 40.1, 28.2, 12.6. HRMS m/z (DART) calcd for 

C17H21BrNO4 (M+H)+ 382.0649, found 382.0661. FTIR (ATR): 2956, 2254, 1732, 1437, 1378, 1206, 

1093, 904, 726 (cm-1). 

 

Dimethyl 2-[(2,2,6,6-Tetramethylpiperidin-1-yl)oxy]malonate (7a)61b (Scheme 3.7) 

 ķÚá5=?Àî�ĺé�ā�Ûń 20%, Rf = 0.40 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 

MHz, CDCl3) δ 4.97 (s, 1H), 3.79 (s, 6H), 1.51-1.25 (m, 6H), 1.20 (s, 6H), 1.06 (s, 6H); 13C NMR 

(125 MHz, CDCl3) δ 167.7, 86.5, 60.4, 52.6, 40.1, 32.5, 20.1, 17.0. 
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 ķÚá1 

DwMz 8 �@�7DwQz 1141.0 equiv, 0.1 mmol5.iyspyzÉ 943.0 equiv, 0.3 mmol5.
DIPEA41.0 equiv, 0.1 mmol5B Pyrex®Ð²�412.5 cm71.6 cm55ĠA.ëÉI\w40.75 

mL5BVvzW2� .�,6¹.Ĕ¯ą£B 3 �½�.DwTzLY5ĉ�).�,6
ĥ�ŀ�5Ă)�">º#�İäÙ(A@=�5.LED4420 nm, 3 W5Bõĉ).4LED 3
ĥ�Ŀ�6��7 0.5 cm5�Ö��5!�1 20 Ñ�Ŋŉ¹.ZuF`Ō�B½�.Oyym
wq2÷ç).Ō�BIfox2[25=01µ}��ú(+@'32øðîıBĜ.�
'AB.1,1,2,2-^`uOyyI[z3ÁÀ).1H NMR Ĳó5!C@jy`zħ"> NMR

ÛńBÈß).�Ä¹5.øðîıBVvKRwKuqOyp`PuhE24n-hexane/EtOAc 

= 10 : 1 or 4 : 155=?ñò).Ă�*@ ATRA ðîı 10, 12, 13 BĜ.� 

 

Dimethyl 4-(bromomethyl)-3-phenylcyclopent-2-ene-1,1-dicarboxylate (10a) (Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 79%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.42-7.32 (m, 5H), 6.19 (s, 1H), 3.80-3.75 (m, 7H), 3.59 (dd, J = 10.3, 2.9 Hz, 1H), 

3.31 (dd, J = 10.3, 9.2 Hz, 1H), 2.93 (dd, J = 13.8, 8.0 Hz, 1H), 2.63 (dd, J = 13.8, 4.0 Hz, 1H); 13C 

NMR (125 MHz, CDCl3) δ 171.26, 171.20, 147.8, 133.7, 128.8, 128.5, 126.6, 125.8, 65.1, 53.0, 47.4, 

36.7, 36.4. HRMS m/z (DART) calcd for C16H18BrO4
+ (M+H)+ 353.0383, found 353.0390. FTIR 

(ATR): 2954, 2924, 2851, 1734, 1599, 1576, 1496, 1447, 1434, 1247, 1205, 1141, 1080, 1047, 1013, 

947, 849, 766, 697 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(p-tolyl)cyclopent-2-ene-1,1-dicarboxylate (10b)62a (Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 84%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.42-7.32 (m, 5H), 6.19 (s, 1H), 3.80-3.75 (m, 7H), 3.59 (dd, J = 10.3, 2.9 Hz, 1H), 

3.31 (dd, J = 10.3, 9.2 Hz, 1H), 2.93 (dd, J = 13.8, 8.0 Hz, 1H), 2.63 (dd, J = 13.8, 4.0 Hz, 1H); 13C 

NMR (125 MHz, CDCl3) δ 171.4, 171.3, 147.7, 138.5, 130.8, 129.4, 126.5, 124.8, 65.0, 52.98, 52.95, 

47.4, 36.7, 36.6, 21.2. 

 

Dimethyl 4-(bromomethyl)-3-(m-tolyl)cyclopent-2-ene-1,1-dicarboxylate (10c) (Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 65%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.27-7.22 (m, 2H), 7.19 (d, J = 7.5 Hz, 1H), 7.13 (d, J = 7.5 Hz, 1H), 6.16 (d, J = 1.2 

Hz, 1H), 3.80-3.74 (m ,7H), 3.60 (dd, J = 10.3, 2.9 Hz, 1H), 3.30 (t, J = 9.7 Hz, 1H), 2.93 (dd, J = 

13.8, 8.6 Hz, 1H), 2.63 (dd, J = 13.8, 4.0 Hz, 1H), 2.26 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 171.3, 

171.2, 147.9, 138.4, 133.7, 129.3, 128.6, 127.2, 125.6, 123.6, 65.0, 52.98, 52.95, 47.4, 36.7, 36.6, 21.4. 

HRMS m/z (DART) calcd for C17H20BrO4
+ (M+H)+ 367.0540, found 367.0542. FTIR (ATR): 2954, 

1735, 1435, 1251, 1141, 1081, 846, 788, 701 (cm-1). 
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Dimethyl 4-(bromomethyl)-3-[4-(tert-butyl)phenyl]cyclopent-2-ene-1,1-dicarboxylate (10d) 

(Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 81%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.39-7.33 (m, 4H), 6.15 (d, J = 1.1 Hz, 1H), 3.83-3.73 (m, 7H), 3.62 (dd, J = 10.3, 2.9 

Hz, 1H), 3.30 (t, J = 9.7 Hz, 1H), 2.91 (dd, J = 13.8, 8.0 Hz, 1H), 2.63 (dd, J = 13.8, 4.0 Hz, 1H), 1.32 

(s, 9H); 13C NMR (125 MHz, CDCl3) δ 171.4, 171.3, 151.7, 147.5, 130.8, 126.2, 125.7, 124.9, 65.0, 

52.96, 52.92, 47.4, 36.71, 36.66, 34.6, 31.2. HRMS m/z (DART) calcd for C20H26BrO4
+ (M+H)+, 

409.1009, found 409.1000. FTIR (ATR): 3484, 2957, 2869, 1734, 1608, 1513, 1434, 1407, 1365, 1250, 

1205, 1142, 1080, 1022, 948, 838, 744, 671 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(4-fluorophenyl)cyclopent-2-ene-1,1-dicarboxylate (10e) 

(Table 3.9) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 78%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.39-7.37 (m, 2H), 7.08-7.04 (m, 2H), 6.13 (s, 1H), 3.80-3.75 (m ,7H), 3.54 (d, J = 

9.2 Hz, 1H), 3.30 (dd, J = 9.7, 9.2 Hz, 1H), 2.92 (dd, J = 14.3, 8.6 Hz, 1H), 2.63 (dd, J = 14.3, 3.4 Hz, 

1H); 13C NMR (125 MHz, CDCl3) δ 171.2, 171.1, 162.7 (d, JC–F = 249.5 Hz), 146.7, 129.9, 128.3 (d, 

JC–F = 7.2 Hz), 125.7, 115.7 (d, JC–F = 21.6 Hz), 65.0, 53.0, 47.4, 36.7, 36.2. 19F NMR (470 MHz, 

CDCl3) δ -112.5. HRMS m/z (DART) calcd for C16H17BrFO4
+ (M+H)+ 371.0289, found 371.0276. 

FTIR (ATR): 3002, 2954, 2923, 2850, 2031, 1732, 1602, 1509, 1434, 1339, 1298, 1236, 1206, 1161, 

1141, 1080, 1047, 1013, 947, 834, 756, 719, 667 (cm-1). m.p.: 89.7-91.0 ºC. 

 

Dimethyl 4-(bromomethyl)-3-(4-chlorophenyl)cyclopent-2-ene-1,1-dicarboxylate (10f) 

(Table 3.9) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 57%, Rf = 0.30 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.39-7.34 (m, 4H), 6.18 (d, J = 1.7 Hz, 1H), 3.80-3.74 (m, 7H), 3.53 (dd, J = 10.3, 2.9 

Hz, 1H), 3.30 (dd, J = 10.3, 9.2 Hz, 1H), 2.90 (dd, J = 14.3, 8.6 Hz, 1H), 2.63 (dd, J = 14.3, 4.0 Hz, 

1H); 13C NMR (125 MHz, CDCl3) δ 171.1, 171.0, 146.7, 134.3, 132.2, 128.9, 127.9, 126.4, 65.0, 53.0, 

47.3, 36.6, 36.0. HRMS m/z (DART) calcd for C16H17BrClO4
+ (M+H)+ 386.9993, found 387.0008. 

FTIR (ATR): 3631, 3597, 3579, 3023, 2955, 2923, 2852, 1979, 1890, 1731, 1595, 1492, 1434, 1403, 

1339, 1297, 1236, 1216, 1141, 1093, 1080, 1046, 1013, 973, 946, 929, 908, 894, 857, 826 (cm-1). m.p.: 

74.0-75.3 ºC. 

 

Dimethyl 4-(bromomethyl)-3-(3-chlorophenyl)cyclopent-2-ene-1,1-dicarboxylate (10g) 

(Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 35%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.39 (s ,1H), 7.30-7.26 (m, 3H), 6.20 (d, J = 1.7 Hz, 1H), 3.80-3.74 (m, 7H), 3.54 (dd, 

J = 10.3, 2.9 Hz, 1H), 3.31 (dd, J = 10.3, 9.2 Hz, 1H), 2.92 (dd, J = 14.3, 8.6 Hz, 1H), 2.63 (dd, J = 
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14.3, 4.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.0, 170.9, 146.6, 135.7, 134.7, 130.0, 128.5, 

127.3, 126.7, 124.7, 65.1, 53.1, 47.2, 36.6, 36.0. HRMS m/z (DART) calcd for C16H17BrClO4
+ (M+H)+ 

386.9993, found 386.9985. FTIR (ATR): 2954, 2923, 2852, 1734, 1594, 1564, 1434, 1248, 1206, 1143, 

1079, 1048, 1019, 948, 849, 788, 734, 695, 671 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(2-chlorophenyl)cyclopent-2-ene-1,1-dicarboxylate (10h) 

(Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 54%, Rf = 0.30 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.39-7.25 (m, 4H), 6.07 (s, 1H), 4.02-3.99 (m, 1H), 3.81-3.76 (m, 6H), 3.40 (dd, J = 

10.3, 2.9 Hz, 1H), 3.27 (dd, J = 9.7, 9.2 Hz, 1H), 2.98 (dd, J = 13.8, 8.0 Hz, 1H), 2.47 (dd, J = 13.8, 

6.3 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.1, 170.8, 147.1, 133.7, 132.3, 131.0, 130.4, 129.9, 

129.4, 126.8, 65.0, 53.0, 52.9, 48.1, 36.7, 36.3. HRMS m/z (DART) calcd for C16H17BrClO4
+ (M+H)+ 

386.9993, found 386.9988. FTIR (ATR): 3020, 2874, 2401, 1732, 1436, 1215, 1141, 929, 852, 750, 

669 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(4-bromophenyl)cyclopent-2-ene-1,1-dicarboxylate (10i)62a 

(Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 71%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.49 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 6.19 (s, 1H), 3.80-3.73 (m, 7H), 

3.53 (dd, J = 9.7, 2.9 Hz, 1H), 3.30 (t, J = 9.7 Hz, 1H), 2.92 (dd, J = 14.3, 8.6 Hz, 1H), 2.62 (dd, J = 

14.3, 4.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.02, 170.99, 146.7, 132.7, 131.9, 128.2, 126.6, 

122.5, 65.1, 53.0, 47.2, 36.6, 36.0. 

 

Dimethyl 4-(bromomethyl)-3-[4-(trifluoromethyl)phenyl]cyclopent-2-ene-1,1-dicarboxylate 

(10j) (Table 3.9) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 51%, Rf = 0.30 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.62 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.0 Hz, 2H), 6.28 (s, 1H), 3.85-3.74 (m ,7H), 

3.53 (dd, J = 10.3, 2.3 Hz, 1H), 3.32 (dd, J = 9.7, 9.2 Hz, 1H), 2.97 (dd, J = 14.3, 8.6 Hz, 1H), 2.64 

(dd, J = 14.3, 4.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.89, 170.85, 146.6, 137.4, 130.4 (q, JC–

F = 31.8 Hz), 128.2, 126.9, 125.7 (q, JC–F = 3.9 Hz), 123.9 (q, JC–F = 272.6 Hz), 65.1, 53.1, 47.2, 36.6, 

35.8. 19F NMR (470 MHz, CDCl3) δ -62.6. HRMS m/z (DART) calcd for C17H17BrF3O4
+ (M+H)+ 

421.0257, found, 421.0269. FTIR (ATR): 2956, 2923, 2851, 1735, 1617, 1575, 1435, 1412, 1326, 

1250, 1207, 1167, 1125, 1082, 1067, 1016, 948, 839, 684 (cm-1). m.p.:82.0–84.0. 

 

Dimethyl 4-(bromomethyl)-3-[3,5-bis(trifluoromethyl)phenyl]cyclopent-2-ene-1,1- 

dicarboxylate (10k) (Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 31%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 
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MHz, CDCl3) δ 7.83 (s, 1H), 7.81 (s, 2H), 6.34 (d, J = 1.7 Hz, 1H), 3.86-3.77 (m, 7H), 3.50 (dd, J = 

10.3, 2.9 Hz, 1H), 3.35 (dd, J = 10.3, 9.5 Hz, 1H), 2.98 (dd, J = 14.3, 8.6 Hz, 1H), 2.66 (dd, J = 14.3, 

5.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.6, 145.4, 136.2, 132.2 (q, JC–F = 31.8 Hz), 130.0, 

126.6, 123.1 (q, JC–F = 272.6 Hz), 122.1 (m), 65.2, 53.2, 47.0, 36.5, 35.3. 19F NMR (470 MHz, CDCl3) 

δ -62.8. HRMS m/z (DART) calcd for C18H16BrF6O4
+ (M+H)+ 489.0131, found 489.0148. FTIR 

(ATR): 2930, 2255, 2020, 1734, 1436, 1384, 1280, 1184, 1143, 1088, 904, 846, 805, 726, 683 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(4-cyanophenyl)cyclopent-2-ene-1,1-dicarboxylate (10l) 

(Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 34%, Rf = 0.10 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.67 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 6.31 (d, J = 1.7 Hz, 1H), 3.81-3.76 

(m, 7H), 3.51 (dd, J = 10.3, 2.9 Hz, 1H), 3.32 (dd, J = 10.9, 8.6 Hz, 1H), 2.95 (dd, J = 14.3, 8.6 Hz, 

1H), 2.64 (dd, J = 14.3, 4.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.7, 146.3, 138.4, 132.6, 129.4, 

127.2, 118.5, 112.0, 65.2, 53.2, 47.0, 36.5, 35.6. HRMS m/z (DART) calcd for C17H17BrNO4
+ (M+H)+ 

378.0335, found 378.0321. FTIR (ATR): 2956, 2229, 1734, 1607, 1435, 1368, 1248, 1144, 1081, 838 

(cm-1). 

 

Dimethyl 3-(4-acetylphenyl)-4-(bromomethyl)-cyclopent-2-ene-1,1-dicarboxylate (10m) 

(Table 3.9) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 65%, Rf = 0.10 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.96 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 6.30 (d, J = 1.2 Hz, 1H), 3.81-3.74 

(m, 7H), 3.54 (dd, J = 10.3, 2.9 Hz, 1H), 3.33 (dd, J = 10.3, 9.2 Hz, 1H), 2.95 (dd, J = 14.3, 8.6 Hz, 

1H), 2.63 (dd, J = 14.3, 4.6 Hz, 1H), 2.61 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 197.4, 170.9, 170.8, 

146.9, 138.4, 136.8, 128.8, 128.4, 126.7, 65.2, 53.1, 47.2, 36.6, 36.0, 26.6. HRMS m/z (DART) calcd 

for C18H20BrO5
+ (M+H)+ 395.0489, found 395.0507. FTIR (ATR): 3003, 2955, 2923, 2852, 1733, 

1682, 1604, 1561, 1434, 1407, 1359, 1258, 1206, 1143, 1074, 1048, 1014, 958, 834, 720, 668 (cm-1). 

m.p.: 116.0–118.7 ºC. 

 

Dimethyl 4-(bromomethyl)-3-[4-(methoxycarbonyl)phenyl]cyclopent-2-ene-1,1-dicarboxylate 

(10n) (Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 56%, Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 8.03 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 6.30 (d, J = 1.7 Hz, 1H), 3.93 

(s ,3H), 3.85-3.73 (m, 7H), 3.55 (dd, J = 10.3, 2.9 Hz, 1H), 3.32 (dd, J = 10.3, 9.2 Hz, 1H), 2.94 (dd, 

J = 14.3, 8.6 Hz, 1H), 2.64 (dd, J = 14.3, 4.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.91, 170.89, 

166.5, 147.0, 138.2, 130.0, 129.9, 128.0, 126.5, 65.2, 53.1, 52.2, 47.2, 36.6, 36.0. HRMS m/z (DART) 

calcd for C18H20BrO5
+ (M+H)+ 395.0489, found 395.0507. FTIR (ATR): 3001, 2954, 2848, 1935, 1725, 

1609, 1567, 1434, 1409, 1279, 1253, 1206, 1191, 1142, 1110, 1080, 1048, 1017, 966, 948, 847, 827, 
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774, 707, 666 (cm-1). 

 

Dimethyl 3-[4-(acetamide)phenyl]-4-(bromomethyl)-cyclopent-2-ene-1,1-dicarboxylate (10o) 

(Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 88%, Rf = 0.20 (n-hexane : EtOAc = 1 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.74 (brs, 1H), 7.53 (d, J = 8.6 Hz, 2H), 7.33 (d, J = 8.6 Hz, 2H), 6.12 (d, J = 1.2 Hz, 

1H), 3.80-3.73 (m, 7H), 3.55 (dd, J = 10.3, 2.9 Hz, 1H), 3.30 (dd, J = 9.7, 9.2 Hz, 1H), 2.89 (dd, J = 

14.3, 8.6 Hz, 1H), 2.65 (dd, J = 14.3, 4.6 Hz, 1H), 2.19 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 171.3, 

168.5, 147.1, 138.2, 129.4, 127.2, 124.8, 119.8, 65.1, 53.0, 47.3, 36.6, 36.4, 36.4, 24.5. HRMS m/z 

(DART) calcd for C18H21BrNO5
+ (M+H)+ 410.0598, found 410.0578. FTIR (ATR): 3308, 3182, 3108, 

3014, 2956, 2848, 2433, 2028, 1729, 1673, 1595, 1520, 1434, 1408, 1371, 1318, 1296, 1253, 1217, 

1142, 1080, 1045, 1010, 965, 947, 833, 753, 667 (cm-1). 

 

Dimethyl 3-[4-(N-tert-butoxycarbonyl)aminophenyl]-4-(bromomethyl)-cyclopent-2-ene-1,1-

dicarboxylate (10p) (Table 3.9) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 91%, Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.38-7.32 (m, 4H), 6.57 (brs, 1H), 6.11 (d, J = 1.7 Hz, 1H), 3.79-3.73 (m, 7H), 3.57 

(dd, J = 10.3, 2.9 Hz, 1H), 3.30 (t, J = 9.7 Hz, 1H), 2.88 (dd, J = 14.3, 8.6 Hz, 1H), 2.64 (dd, J = 13.8, 

4.0 Hz, 1H), 1.52 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 171.4, 171.3, 152.5, 147.1, 138.6, 128.3, 

127.3, 124.4, 118.4, 80.8, 65.0, 53.0, 47.4, 36.6, 36.5, 28.3. HRMS m/z (DART) calcd for 

C21H27BrNO6
+ (M+H)+ 468.1017, found 468.1001. FTIR (ATR): 3436, 3020, 2957, 2929, 2401, 1729, 

1611, 1586, 1520, 1502, 1435, 1410, 1317, 1215, 1156, 1082, 1053, 1028, 929, 903, 834, 749, 668 

(cm-1). m.p.: 52.7–55.7 ºC. 

 

Dimethyl-3-[(1,1'-biphenyl)-4-yl]4-(bromomethyl)-cyclopent-2-ene-1,1-dicarboxylate  

(10q) (Table 3.9) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 70%, Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.60-7.59 (m, 4H), 7.49-7.43 (m, 4H), 7.36 (t, J = 13.8 Hz, 1H), 6.24 (s, 1H), 3.81-

3.75 (m, 7H), 3.63 (d, J = 9.2 Hz, 1H), 3.35 (dd, J = 9.7, 9.2 Hz, 1H), 2.94 (dd, J = 13.8, 8.6 Hz, 1H), 

2.66 (dd, J = 14.3, 4.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.25, 171.17, 147.3, 141.3, 140.3, 

132.6, 128.8, 127.5, 127.4, 126.97, 126.95, 125.8, 65.1, 53.0, 47.4, 36.7, 36.4. HRMS m/z (DART) 

calcd for C22H22BrO4
+ (M+H)+ 429.0696, found 429.0714. FTIR (ATR): 3030, 2953, 2924, 2853, 1732, 

1599, 1580, 1510, 1488, 1433, 1405, 1339, 1300, 1247, 1205, 1141, 1080, 1046, 1007, 970, 836, 767, 

731, 698, 670 (cm-1). m.p.: 205.3–210.0 ºC. 

 

Dimethyl 4-(bromomethyl)-3-(naphthalen-2-yl)cyclopent-2-ene-1,1-dicarboxylate (10r) 

(Table 3.9) 
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 ķÚá5=?Àî�Ĥé¸ā�Ûń 64%, Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.85-7.80 (m, 4H), 7.57 (dd, J = 6.9, 1.7 Hz, 1H), 7.50-7.48 (m, 2H), 6.32 (d, J = 1.2 

Hz, 1H), 3.94-3.88 (m, 1H), 3.82 (s, 3H), 3.76 (s, 3H), 3.66 (dd, J = 10.3, 2.9 Hz, 1H), 3.38 (t, J = 9.7 

Hz, 1H), 2.96 (dd, J = 13.8, 8.0 Hz, 1H), 2.70 (dd, J = 14.3, 4.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) 

δ 171.3, 171.2, 147.7, 133.25, 133.19, 131.1, 128.5, 128.2, 127.7, 126.6, 126.5, 126.3, 125.6, 124.5, 

65.2, 53.05, 53.01, 47.5, 36.7, 36.5. HRMS m/z (DART) calcd for C20H20BrO4
+ (M+H)+ 403.0539, 

found 403.0535. FTIR (ATR): 3650, 3021, 2954, 2925, 2852, 2345, 1731, 1626, 1597, 1504, 1434, 

1356, 1249, 1216, 1140, 1078, 1046, 1020, 948, 930, 897, 845, 819, 751, 684, 688 (cm-1). m.p.: 92.3–

94.3 ºC. 

 

Dimethyl 4-(bromomethyl)-3-[(6-methoxy)naphthalen-2-yl]cyclopent-2-ene-1,1-dicarboxylate 

(10s) (Table 3.9) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 50%, Rf = 0.10 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.74-7.71 (m, 3H), 7.53 (dd, J = 6.9, 1.7 Hz, 1H), 7.16 (dd, J = 6.3, 2.3 Hz, 1H), 7.12 

(d, J = 2.3 Hz, 1H), 6.27 (d, J = 1.7 Hz, 1H), 3.93 (s, 3H), 3.93-3.87 (m, 1H), 3.82 (s ,3H), 3.76 (s ,3H), 

3.66 (dd, J = 10.3, 3.4 Hz, 1H), 3.37 (dd, J = 10.3, 9.7 Hz, 1H), 2.96 (dd, J = 14.3, 8.6 Hz, 1H), 2.70 

(dd, J = 14.3, 4.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.4, 171.3, 158.2, 147.7, 134.4, 129.7, 

128.9, 128.6, 127.3, 125.4, 125.2, 125.0, 119.3, 105.7, 65.1, 55.3, 53.02, 52.97, 47.5, 36.7, 36.6. 

HRMS m/z (DART) calcd for C21H22BrO5
+ (M+H)+ 433.0645, found 433.0667. FTIR (ATR): 3003, 

2954, 2849, 1918, 1732, 1629, 1601, 1506, 1485, 1434, 1391, 1346, 1235, 1201, 1165, 1140, 1124, 

1079, 1032, 947, 895, 848, 809, 756, 721, 699, 653 (cm-1). m.p.: 139.7–141.7 ºC. 

 

Dimethyl 4-(bromomethyl)-3-(pyridine-3-yl)cyclopent-2-ene-1,1-dicarboxylate (10t) (Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 68%, Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 8.67 (s, 1H), 8.57 (s, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.32 (brs, 1H), 6.27 (d, J = 1.8 Hz, 

1H), 3.81-3.74 (m, 7H), 3.54 (dd, J = 10.3, 2.9 Hz, 1H), 3.34 (dd, J = 10.3, 8.0 Hz, 1H), 2.94 (dd, J = 

14.3, 8.6 Hz, 1H), 2.65 (dd, J = 14.3, 4.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.8, 149.5, 147.7, 

144.8, 133.9, 129.7, 127.9, 123.6, 65.2, 53.1, 47.1, 36.5, 35.7. HRMS m/z (DART) calcd for 

C15H17BrNO4
+ (M+H)+ 354.0335, found 354.0331. FTIR (ATR): 3004, 2954, 2921, 2850, 1958, 1730, 

1587, 1568, 1475, 1434, 1415, 1248, 1142, 1083, 1047, 1025, 1013, 969, 946, 852, 809, 756, 711, 666 

(cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(thiophen-3-yl)cyclopent-2-ene-1,1-dicarboxylate (10u)62a 

(Table 3.9) 

 ķÚá5=?Àî�ĺé�ā�Ûń 64%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.32 (dd, J = 2.9, 2.3 Hz, 1H), 7.26 (s, 1H), 7.22-7.21 (m, 1H), 6.12 (d, J = 1.2 Hz, 

1H), 3.79 (s ,3H), 3.75 (s ,3H), 3.68-3.64 (m ,2H), 3.36 (t, J = 9.7 Hz, 1H), 2.84 (dd, J = 14.3, 9.2 Hz, 
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1H), 2.68 (dd, J = 14.3, 3.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.3, 171.2, 142.6, 135.4, 126.4, 

126.2, 124.8, 122.4, 65.0, 53.01, 52.98, 48.5, 36.7, 36.5. 

 

Dimethyl 4-(bromomethyl)-3-(p-tolyl)-1,1-cyclopentanedicarboxylate (12a) (Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 47% (d.r. = 59 : 41), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.13-7.06 (m, 4H), 3.80-3.77 (m, 6H), 3.49-3.39 (m, 1H), 3.21 (dd, J 

= 10.4, 7.5 Hz, 0.41H), 2.95-2.86 (m, 1.50H), 2.78-2.70 (m, 2.49H), 2.58 (dd, J = 13.8, 10.9 Hz, 

0.56H), 2.40-2.32 (m, 4.43H), 2.24 (dd, J = 13.8, 10.9 Hz, 0.41H); 13C NMR (125 MHz, CDCl3) δ 

172.86, 172.71, 172.66, 172.58, 137.5, 136.7, 136.5, 136.1, 129.4, 129.2, 128.0, 127.3, 58.6, 57.6, 

53.09, 52.96, 52.93, 52.92, 49.0, 48.4, 46.7, 45.6, 42.4, 38.93, 38.87, 38.1, 35.6, 35.5, 21.01, 20.97. 

HRMS m/z (DART) calcd for C17H22BrO4
+ (M+H)+ 369.0696, found 369.0698. FTIR (ATR): 2953, 

1905, 1730, 1516, 1434, 1350, 1252, 1197, 1164, 1095, 1067, 1027, 1005, 936, 865, 844, 812, 759, 

720, 699, 674 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(m-tolyl)-1,1-cyclopentanedicarboxylate (12b) (Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 33% (d.r. = 74 : 26), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.23-7.19 (m, 1H), 7.06-6.99 (m, 3H), 3.79-3.77 (m, 6 H), 3.47-3.40 

(m, 1H), 3.22 (dd, J = 10.3, 7.5 Hz, 0.74H), 2.95-2.85 (m, 1H), 2.81-2.71 (m, 2H), 2.63-2.59 (m, 

0.22H), 2.45-2.18 (m, 6H); 13C NMR (125 MHz, CDCl3) δ 172.85, 172.75, 172.65, 172.59, 140.5, 

139.1, 138.4, 138.1, 128.9, 128.6, 128.4, 128.2, 127.8, 127.6, 125.1, 124.5, 58.5, 57.6, 52.9 (4C), 49.4, 

48.4, 47.1, 45.5, 42.4, 38.91, 38.85, 37.8, 35.6, 35.5, 21.44, 21.36. HRMS m/z (DART) calcd for 

C17H22BrO4
+ (M+H)+ 369.0696, found 369.0698. FTIR (ATR): 2953, 2924, 2853, 1733, 1607, 1589, 

1491, 1435, 1259, 1200, 1163, 1096, 937, 866, 786, 704 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(o-tolyl)-1,1-cyclopentanedicarboxylate (12c) (Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 40% (d.r. = 62 : 38), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.24-7.11 (m, 4H), 3.80-3.76 (m, 6H), 3.56-3.53 (m, 0.60H), 3.45- 3.42 

(m, 0.34H), 3.25-3.21 (m, 0.63H), 2.91-2.58 (m, 5H), 2.37-2.32 (m, 3.60H), 2.24-2.14 (m, 0.61H); 
13C NMR (125 MHz, CDCl3) δ 172.8, 172.7, 172.6, 172.5, 138.8, 136.8, 136.7, 136.5, 130.7 (2C), 

130.5, 126.8, 126.6, 126.5, 126.0, 125.4, 58.2, 53.0, 52.9, 47.4, 44.5, 43.6, 42.6, 42.4, 39.1, 38.8, 37.6, 

36.4, 35.5, 19.9, 19.8. HRMS m/z (DART) calcd for C17H22BrO4
+ (M+H)+ 369.0696, found 369.0705. 

FTIR (ATR): 3021, 2953, 2924, 2850, 1918, 1730, 1604, 1492, 1458, 1434, 1380, 1257, 1198, 1170, 

1122, 1095, 1048, 1031, 1004, 938, 865, 946, 820, 903, 758, 727, 705, 676 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-[4-(tert-butyl)phenyl]-1,1-cyclopentanedicarboxylate (12d) 

(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 46% (d.r. = 56 : 44), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 
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1H NMR (500 MHz, CDCl3) δ 7.34-7.32 (m, 2H), 7.16 (d, J = 8.0 Hz, 1.1H), 7.11 (d, J = 8.6 Hz, 0.9H), 

3.79-3.73 (m, 6H), 3.46-3.41 (m, 1H), 3.22 (dd, J =10.5, 7.5 Hz, 0.41H), 2.97-2.68 (m, 4H), 2.61 (dd, 

J = 13.8, 10.9 Hz, 0.51H), 2.41-2.36 (m, 1.45H), 2.24 (dd, J = 13.8, 10.9 Hz, 0.43H), 1.30 (s, 9H); 13C 

NMR (125 MHz, CDCl3) δ 172.9, 172.72, 172.67, 172.6, 149.9, 149.7, 137.4, 136.1, 127.8, 127.1, 

125.6, 125.4, 58.6, 57.6, 53.0, 52.9, 52.8, 48.9, 48.4, 46.7, 45.6, 42.3, 39.0, 38.8, 38.0, 35.7, 35.6, 34.4, 

31.3. *Carbon signal of tBu was overlapped with each diastereomers. HRMS m/z (DART) calcd for 

C20H28BrO4
+ (M+H)+ 411.1165, found 411.1168. FTIR (ATR): 2955, 2905, 2869, 1910, 1731, 1511, 

1458, 1434, 1394, 1363, 1254, 1199, 1165, 1096, 1067, 1023, 937, 866, 832, 802, 761, 745, 703, 680 

(cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(4-methoxyphenyl)-1,1-cyclopentanedicarboxylate (12e) 

(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Qunat. (d.r. = 63 : 37), Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.34-7.32 (m, 2H), 7.16 (d, J = 8.0 Hz, 1.1H), 7.11 (d, J = 8.6 Hz, 0.9H), 

3.79-3.73 (m, 6H), 3.46-3.41 (m, 1H), 3.22 (dd, J =10.5, 7.5 Hz, 0.41H), 2.97-2.68 (m, 4H), 2.61 (dd, 

J = 13.8, 10.9 Hz, 0.51H), 2.41-2.36 (m, 1.45H), 2.24 (dd, J = 13.8, 10.9 Hz, 0.43H), 1.30 (s, 9H); 13C 

NMR (125 MHz, CDCl3) δ 172.9, 172.72, 172.67, 172.6, 149.9, 149.7, 137.4, 136.1, 127.8, 127.1, 

125.6, 125.4, 58.6, 57.6, 53.0, 52.9, 52.8, 48.9, 48.4, 46.7, 45.6, 42.3, 39.0, 38.8, 38.0, 35.7, 35.6, 34.4, 

31.3. *Carbon signal of tBu was overlapped with each diastereomers. HRMS m/z (DART) calcd for 

C20H28BrO4
+ (M+H)+ 411.1165, found 411.1168. FTIR (ATR): 2955, 2905, 2869, 1910, 1731, 1511, 

1458, 1434, 1394, 1363, 1254, 1199, 1165, 1096, 1067, 1023, 937, 866, 832, 802, 761, 745, 703, 680 

(cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(4-fluorophenyl)-1,1-cyclopentanedicarboxylate (12f) 

(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 52% (d.r. = 58 : 42), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.22-7.15 (m, 2H), 7.03-6.97 (m, 2H), 3.81-3.73 (m, 6H), 3.47 (ddd, J 

= 10.3, 8.0, 7.5 Hz, 0.58H), 3.40 (dd, J = 10.3, 3.4 Hz, 0.42H), 3.20 (dd, J = 10.3, 6.9 Hz, 0.42H), 

2.96-2.868 (m, 4H), 2.57 (dd, J = 13.8, 10.3 Hz, 0.60H), 2.38-2.23 (m, 1.83H); 13C NMR (125 MHz, 

CDCl3) δ 172.8, 172.6, 172.50, 172.47, 161.8 (d, JC–F = 245.6 Hz), 161.7 (d, JC–F = 245.6 Hz), 136.3, 

135.0, 129.6 (d, JC–F = 7.7 Hz), 128.9 (d, JC–F = 6.7 Hz), 115.6 (d, JC–F = 22.2 Hz), 115.4 (d, JC–F = 

22.2 Hz), 58.5, 57.5, 53.1, 53.0, 52.9, 52.8, 48.52, 48.46, 46.3, 45.6, 42.3, 38.8, 38.2, 35.2, 34.8. *One 

carbon signal was overlapped. HRMS m/z (DART) calcd for C16H19BrFO4
+ (M+H)+ 373.0445, found 

373.0445. FTIR (ATR): 2955, 2851, 1731, 1606, 1512, 1435, 1261, 1226, 1200, 1162, 1094, 1067, 

1027, 1016, 939, 866, 837, 817, 762 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(4-chlorophenyl)-1,1-cyclopentanedicarboxylate (12g) 
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(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 29% (d.r. = 72 : 28), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.30-7.28 (m, 2H), 7.19-7.13 (m, 2H), 3.82-3.73 (m, 6H), 3.46 (ddd, J 

= 10.3, 8.0, 7.5 Hz, 0.72H), 3.40 (dd, J = 10.3, 2.9 Hz, 0.26H), 3.20 (dd, J = 10.3, 6.9 Hz, 0.27H), 

2.96-2.53 (m, 5H), 2.38-2.33 (m, 1.32H), 2.26 (dd, J = 14.3, 10.9 Hz, 0.28H); 13C NMR (125 MHz, 

CDCl3) δ 172.8, 172.6, 172.5, 172.4, 139.2, 137.9, 132.8, 132.7, 129.5, 128.92, 128.86, 128.7, 58.6, 

57.6, 53.08, 53.05, 53.02, 52.97, 48.6, 48.4, 46.4, 45.6, 42.2, 38.8, 38.1, 35.1, 34.7. *One carbon 

signal was overlapped. HRMS m/z (DART) calcd for C16H19BrClO4
+ (M+H)+ 389.0150, found 

389.0158. FTIR (ATR): 2954, 2850, 1731, 1597, 1494, 1435, 1414, 1347, 1266, 1200, 1168, 1093, 

1066, 1027, 1014, 937, 866, 830, 801, 762, 719 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-(4-bromophenyl)-1,1-cyclopentanedicarboxylate (12h) 

(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 43% (d.r. = 56 : 44), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.45-7.44 (m, 2H), 7.14-7.07 (m, 2H), 3.81-3.73 (m, 6H), 3.43 (ddd, J 

= 10.3, 8.0, 7.5 Hz, 0.56H), 3.38 (dd, J = 10.3, 2.9 Hz, 0.42H), 3.20 (dd, J = 10.3, 6.9 Hz, 0.44H), 

2.96-2.67 (m, 4H), 2.55 (dd, J = 13.8, 10.3 Hz, 0.63H), 2.38-2.33 (m, 1.41H), 2.25 (dd, J = 10.3, 3.4 

Hz, 0.47H); 13C NMR (125 MHz, CDCl3) δ 172.7, 172.5, 172.43, 172.39, 139.7, 138.4, 131.9, 131.6, 

129.9, 129.2, 120.81, 120.76, 58.5, 57.6, 53.1, 53.04, 53.00, 52.96, 48.7, 48.3, 46.5, 45.5, 42.1, 38.8, 

38.0, 35.1, 34.6. *One carbon signal was overlapped. HRMS m/z (DART) calcd for C16H19Br2O4
+ 

(M+H)+ 432.9645, found 432.9661. FTIR (ATR): 2952, 2924, 2849, 1905, 1730, 1591, 1490, 1434, 

1410, 1347, 1259, 1200, 1166, 1096, 1073, 1027, 1010, 936, 865, 825, 759, 717, 676 (cm-1). 

 

Dimethyl-3-[(1,1'-biphenyl)-4-yl]-4-(bromomethyl)-1,1-cyclopentanedicarboxylate (12i) 

(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 55% (d.r. = 54 : 46), Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.59-7.54 (m, 4H), 7.45-7.42 (m, 2H), 7.36-7.27 (m, 3H), 3.83-3.74 

(m, 6H), 3.53 (ddd, J = 10.3, 8.0, 7.5 Hz, 0.58H), 3.46 (dd, J = 10.3, 7.5 Hz, 0.42H), 3.26 (dd, J = 

10.3, 6.9 Hz, 0.44H), 3.02-2.96 (m, 1.58H), 2.86-2.65 (m, 3.10H), 2.49- 2.39 (m, 1.34H), 2.28 (dd, J 

= 13.8, 10.3 Hz, 0.44H); 13C NMR (125 MHz, CDCl3) δ 172.8, 172.7, 172.61, 172.56, 140.7, 140.6, 

140.0, 139.8, 139.7, 138.4, 128.8, 128.6, 127.9, 127.5, 127.3, 127.25, 127.19, 127.0, 126.9, 58.6, 57.6, 

53.05, 53.02, 52.98, 52.95, 49.0, 48.4, 46.8, 45.7, 42.3, 38.94, 38.88, 38.1, 35.5, 35.3. *One carbon 

signal was overlapped. HRMS m/z (DART) calcd for C22H24BrO4
+ (M+H)+ 431.0852, found 431.0874. 

FTIR (ATR): 3029, 2953, 2925, 2852, 1732, 1600, 1522, 1488, 1435, 1263, 1200, 1167, 1097, 1008, 

937, 839, 766, 736, 699 (cm-1). 

 

Dimethyl-4-(bromomethyl)-3-(naphthalen-2-yl)-1,1-cyclopentanedicarboxylate (12j) 
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(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 38% (d.r. = 57 : 43), Rf = 0.50 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.83-7.79 (m, 3H), 7.68-7.63 (m, 1H), 7.49-7.45 (m, 2H), 7.39-7.31 

(m, 1H), 3.84-3.74 (m, 6H), 3.68-3.63 (m, 0.58H), 3.44 (dd, J = 10.3, 3.4 Hz, 0.41H), 3.25 (dd, J = 

10.3, 6.9 Hz, 0.42H), 3.14-3.08 (m, 0.47H), 2.96-2.44 (m, 5.39H), 2.31 (dd, J = 13.8, 10.9 Hz, 0.43H); 
13C NMR (125 MHz, CDCl3) δ 172.9, 172.7, 172.62, 172.60, 138.0, 136.7, 133.5, 133.3, 132.6, 132.3, 

128.6, 128.2, 127.7, 127.62, 127.58, 126.6, 126.5, 126.4, 126.30, 126.28, 125.8, 125.7, 125.2, 58.6, 

57.7, 53.07, 53.05, 53.01, 52.97, 49.5, 48.3, 47.2, 45.5, 42.3, 39.0, 38.9, 37.8, 35.5, 35.4. *One carbon 

signal was overlapped. HRMS m/z (DART) calcd for C20H22BrO4
+ (M+H)+ 405.0696, found 405.0704. 

FTIR (ATR): 3054, 2953, 4731, 1633, 1601, 1508, 1435, 1377, 1260, 1227, 1200, 1166, 1127, 1097, 

1069, 1027, 959, 892, 858, 820, 751, 703 (cm-1). 

 

Dimethyl-4-(bromomethyl)-3-(pyridine-2-yl)-1,1-cyclopentanedicarboxylate (12k) 

(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 67% (d.r. = 70 : 30), Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 8.56-8.55 (m, 1H), 7.64-7.60 (m, 1H), 7.21-7.14 (m, 2H), 3.82-3.76 

(m, 6H), 3.48 (dd, J = 10.3, 3.4 Hz, 0.72H), 3.30 (dd, J = 10.3, 6.3 Hz, 0.71H), 3.18-3.12 (m, 0.73H), 

3.04-2.53 (m, 4.23H), 2.25-2.05 (m, 1.59H); 13C NMR (125 MHz, CDCl3) δ (Major diastereomer) 

172.8, 172.4, 160.1, 149.7, 136.5, 123.2, 122.0, 58.0, 53.85, 52.89, 50.9, 46.9, 41.1, 38.6, 36.0. HRMS 

m/z (DART) calcd for C15H19BrNO4
+ (M+H)+ 356.0492, found 356.0494. FTIR (ATR): 3458, 3004, 

2955, 2894, 2844, 1730, 1591, 1571, 1435, 1254, 1202, 1166, 964, 864, 753, 729 (cm-1). 

 

Dimethyl 4-(bromomethyl)-2-methyl-3-phenyl-1,1-cyclopentanedicarboxylate (12l) 

(Table 3.10) 

 ķÚá5=?Àî�ĺé�ā�Ûń 26% (d.r. = 59 : 41), Rf = 0.60 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) (Major) δ 7.34-7.31 (m, 2H), 7.26-7.23 (m, 1H), 7.16 (d, J = 7.5 Hz, 2H), 

3.80 (s, 3H), 3.77 (s, 3H), 3.18 (dd, J = 12.6, 7.5 Hz, 1H), 3.11 (dd, J = 12.6, 6.9 Hz, 1H), 2.96-2.85 

(m, 2H), 2.58-2.49 (m, 2H), 2.09-2.04 (m, 1H), 0.98 (d, J = 6.3 Hz, 3H); (Minor) { 7.34-7.31 (m, 

2H), 7.26-7.23 (m, 1H), 7.20 (d, J = 7.5 Hz, 2H), 3.79 (s, 3H), 3.76 (s, 3H), 3.36 (dd, J = 10.3, 3.4 Hz, 

1H), 3.30 (dd, J = 10.3, 8.6 Hz, 1H), 2.96-2.85 (m, 4H), 2.43-2.37 (m, 1H), 0.86 (d, J = 6.9 Hz, 3H); 
13C NMR (125 MHz, CDCl3) δ (Major) 172.5, 171.9, 138.0, 128.7, 128.6, 127.0, 62.0, 54.0, 52.7, 52.3, 

47.6, 43.5, 40.0, 37.7, 30.9. (Minor) 172.8, 172.1, 140.1, 128.8, 127.9, 127.2, 61.6, 56.6, 52.7, 52.3, 

47.9, 43.0, 38.7, 35.9, 29.7. HRMS m/z (DART) calcd for C17H22BrO4
+ (M+H)+ 369.0696, found 

369.0709. FTIR (ATR): 2954, 1729, 1602, 1497, 1455, 1435, 1380, 1261, 1206, 1157, 1157, 1071, 

1013, 803, 778, 749, 702 (cm-1). 

 

Diethyl 4-(bromomethyl)-3-phenylcyclopent-2-ene-1,1-dicarboxylate (13b)62a (Table 3.11) 
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 ķÚá5=?Àî�ĺé�ā�Ûń 51%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.42-7.30 (m, 5H), 6.20 (d, J = 1.2 Hz, 1H), 4.27-4.19 (m ,4H), 3.80-3.72 (m, 1H), 

3.58 (d, J = 10.3 Hz, 1H), 3.31 (dd, J = 10.3, 9.7 Hz, 1H), 2.89 (dd, J = 13.8, 8.0 Hz, 1H), 2.63 (dd, J 

= 13.8, 4.0 Hz, 1H), 1.32-1.25 (m, 6H); 13C NMR (125 MHz, CDCl3) δ 170.84, 170.77, 147.6, 133.8, 

128.7, 128.5, 126.6, 126.0, 65.3, 61.8, 47.5, 36.5, 14.1, 14.0. 

 

Dimethyl-4-(bromomethyl)-3-(naphthalen-2-yl)-1,1-cyclopentanedicarboxylate (13c) 

(Table 3.11) 

 ķÚá5=?Àî�ĺé�ā�Ûń 65%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.42-7.29 (m, 5H), 6.18 (d, J = 1.8 Hz, 1H), 5.11-5.02 (m ,2H), 3.77-3.75 (m, 1H), 

3.57 (dd, J = 10.3, 3.4 Hz, 1H), 3.32 (dd, J = 10.3, 9.7 Hz, 1H), 2.85 (dd, J = 13.8, 8.6 Hz, 1H), 2.63 

(dd, J = 13.8, 3.4 Hz, 1H), 1.29-1.21 (m, 12H); 13C NMR (125 MHz, CDCl3) δ 170.4, 170.3, 147.5, 

133.9, 128.7, 128.4, 126.6, 126.2, 69.2, 65.4, 47.6, 36.5, 36.3, 47.6, 36.5, 36.3, 21.6, 21.5. HRMS m/z 

(DART) calcd for C20H26BrO4
+ (M+H)+ 409.1009, found 409.1007. FTIR (ATR): 3�3059, 2981, 2935, 

1724, 1600, 1576, 1497, 1467, 1448, 1387, 1375, 1348, 1298, 1248, 1204, 1182, 1145, 1103, 1076, 

1040, 1002, 962, 913, 855, 828, 765, 696, 673 (cm-1). 

 

Ethyl 1-acetyl-4-(bromomethyl)-3-phenylcyclopent-2-enecarboxylate (13d)62a (Table 3.11) 

 ķÚá5=?Àî�ĺé�ā�Ûń 51% (d.r. = 57 : 43), Rf = 0.20 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.41-7.32 (m, 5H), 6.23-6.22 (m, 1H), 4.20-4.19 (m, 2H), 3.78-3.72 

(m, 1H), 3.60-3.54 (m, 1H), 3.31-3.23 (m, 1H), 2.92 (dd, J = 14.3, 8.6 Hz, 0.44H), 2.80 (dd, J =�14.3, 

8.6 Hz, 0.54H), 2.61 (dd, J = 14.3, 4.6 Hz, 0.53H), 2.53 (dd, J = 14.3, 4.6 Hz, 0.43H), 2.31 (s, 1.30H), 

2.27 (s, 1.58H), 1.32 (t, J = 13.8 Hz, 1.71H), 1.26 (t, J = 13.8 Hz, 1.29H); 13C NMR (125 MHz, CDCl3) 

δ 203.5, 202.8, 171.2, 171.1, 148.1, 148.0, 133.9, 133.8, 128.7, 128.5, 126.51, 126.48, 126.0, 125.8, 

72.1 (2C), 61.9 (2C), 47.3, 47.1, 36.5 (2C), 35.1, 35.0, 27.0, 26.5, 14.1, 14.0. *Two carbon signals 

were overlapped. 

 

Dimethyl 4-(iodomethyl)-3-phenylcyclopent-2-ene-1,1-dicarboxylate (13e) (Table 3.11) 

 ķÚá5=?Àî�ĺé�ā�Ûń 38%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.41-7.32 (m, 5H), 6.23 (d, J = 1.2 Hz, 1H), 3.80 (s ,3H), 3.74 (s ,3H), 3.70-3.65 (m, 

1H), 3.42 (dd, J = 9.5, 2.9 Hz, 1H), 3.10 (t, J = 9.5 Hz, 1H), 2.94 (dd, J = 14.3, 8.0 Hz, 1H), 2.51 (dd, 

J = 14.3, 4.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 171.13, 171.10, 148.8, 133.8, 128.7, 128.5, 

126.6, 125.3, 64.8, 52.99, 52.97, 47.4, 38.5, 11.3. HRMS m/z (DART) calcd for C16H18IO4
+ (M+H)+ 

401.0244, found 401.0236. FTIR (ATR): 3026, 2953, 2923, 2850, 1733, 1599, 1576, 1495, 1446, 1444, 

1247, 1209, 1176, 1134, 1076, 1042, 1007, 966, 947, 922, 850, 765, 697 (cm-1). 

 

Dimethyl 4-(bromomethyl)-4-methyl-3-phenylcyclopent-2-ene-1,1-dicarboxylate (13f) 
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(Table 3.11) 

 ķÚá5=?Àî�ĺé�ā�Ûń 18%, Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.37-7.29 (m, 5H), 5.90 (s, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 3.45 (s, 2H), 2.88 (d, J = 

13.8 Hz, 1H), 2.53 (d, J = 13.8 Hz, 1H), 1.41 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 171.4, 171.3, 

152.2, 135.0, 128.2, 128.0, 127.3, 63.6, 53.0, 52.9, 52.3, 44.0, 43.1, 25.6. *One carbon signal was 

overlapped. HRMS m/z (DART) calcd for C17H20BrO4
+ (M+H)+ 367.0539, found 367.0535. FTIR 

(ATR): 2955, 2926, 2852, 1734, 1494, 1434, 1376, 1288, 1243, 1146, 1107, 1072, 1032, 960, 848, 766, 

700 (cm-1). 

 

Dimethyl 4-(bromomethyl)-3-phenylcyclohex-2-ene-1,1-dicarboxylate (13g) (Table 3.11) 

 ķÚá5=?Àî�ĺé�ā�Ûń 23%, Rf = 0.30 (n-hexane : EtOAc = 4 : 1), 1H NMR (500 

MHz, CDCl3) δ 7.36-7.30 (m, 5H), 6.18 (d, J = 1.2 Hz, 1H), 3.80 (s, 3H), 3.72 (s, 3H), 3.34 (dd, J = 

10.3, 2.9 Hz, 1H), 3.19 (dd, J = 10.3, 9.7 Hz, 1H), 3.17-3.10 (m, 1H), 2.32- 2.27 (m, 1H), 2.16-2.10 

(m, 2H), 2.06-2.00 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 171.1, 170.7, 142.1, 139.8, 128.6, 128.0, 

126.6, 124.7, 55.5, 53.0, 52.9, 38.0, 35.5, 24.9, 23.2. HRMS m/z (DART) calcd for C17H20BrO4
+ 

(M+H)+ 367.0539, found 367.0533. FTIR (ATR): 2954, 2926, 2853, 1734, 1600, 1576, 1493, 1446, 

1434, 1362, 1264, 1236, 1218, 1172, 1146, 1079, 1062, 1015, 967, 917, 865, 762, 700, 676 (cm-1). 

 

(E)-Dimethyl 4-(bromomethylene)-3-phenylcyclopent-2-ene-1,1-dicarboxylate (13h) 

(Table 3.11) 

 ķÚá5=?Àî�ĺé�ā�Ûń 34% (E / Z = 95 : 5), Rf = 0.30 (n-hexane : EtOAc = 4 : 1), 
1H NMR (500 MHz, CDCl3) δ 7.39-7.33 (m, 5H), 6.29 (s, 1H), 6.25 (t, J = 2.3 Hz, 1H), 3.79 (s, 6H), 

3.39 (d, J = 2.3 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 170.3, 147.2, 147.0, 133.2, 133.1, 128.63, 

128.57, 128.1, 101.5, 63.1, 53.2, 39.4. HRMS m/z (DART) calcd for C16H16BrO4
+ (M+H)+ 351.0226, 

found 351.0214. FTIR (ATR): 3084, 2954, 2847, 1736, 1672, 1622, 1494, 1435, 1259, 1198, 1170, 

1119, 1064, 956, 845, 802, 759, 700 (cm-1). ğÒ³ NMR41H-1H NOESY5þĎ6¯�">.δ 
3.79 (s, 6H)3 6.29 (s, 1H)6û�.6.29 (s, 1H)3 7.39-7.33 (m, 5H)6û�.6.25 (t, J = 2.3 Hz, 

1H)3 7.39-7.33 (m, 5H)6û�#�þ(A.� 

 

Dimethyl 2-allylidene malonate (14a)63b (Scheme 3.11) 

 ķÚá5=?Àî�TEMPO43.0 Ęņ5BĐ��ĺé�ā�Trace, Rf = 0.50 (n-hexane : EtOAc 

= 4 : 1), 1H NMR (500 MHz, CDCl3) δ 7.36 (d, J = 11.5 Hz, 1H), 6.80-6.73 (m, 1H), 5.80 (d, J = 17.2 

Hz, 1H), 5.69 (d, J = 10.9 Hz, 1H), 3.86 (s, 3H), 3.81 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 165.4, 

164.8, 145.2, 131.7, 130.0, 125.8, 52.5, 52.4. 
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 ķÚá1 

Ķ¾ÿeyRz�ı 141.0 equiv, 0.1 mmol5.Wnyz 243.0 equiv, 0.3 mmol5.ćÉKvG
q43.0 equiv, 0.3 mmol5.hHd2wĽĚā41.0 equiv, 0.1 mmol5BfFDwĭ41.4 cm7
4.5 cm55ĠA.DZ`b`vw41.0 mL5BVvzW2� .�,6¹.Ĕ¯ą£B 3 �
½�.DwTzLY5ĉ�).�,6ĥ�ŀ�5Ă)�"> LED4420 nm, 3 W5ºB�İ
äÙ).4LED 3ĥ�Ŀ�6��7 1.0 cm5�Ö��5!�1 20 Ñ�Ŋŉ¹.ĥ�ŀ�B
Ifox2[25=01µ}��ú(+@'32øðîıBĜ.�'AB.1,1,2,2-^`uO
yyI[z3ÁÀ).1H NMR Ĳó5!C@jy`zħ"> NMR ÛńBÈß).�Ä¹5.
øðîıBVvKRwKuqOyp`PuhE24n-hexane/EtOAc = 50 : 1 to 20 : 1, 

CHCl3/MeOH = 100 : 15.æÀ5=01.Recycling Preparative HPLC LC-9201 (Japan Analytical 

Industry, Co, Ltd.)9.7Ã¯ã5=?ñò).Ă�*@mGù�ā 4, 5 BĜ.� 

 

2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4a)63a (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 92% (X = I), Rf = 0.51 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.75 (d, J = 8.0 Hz, 2H), 6.90 (d, J = 8.0 Hz, 2H), 3.82 (s, 3H), 1.33 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 162.1, 136.5, 113.3, 83.5, 55.1, 24.8. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 25.7–27.1 

ºC. 

 

2-(3-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4b)63c (Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 71% (X = I), Rf = 0.47 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.40 (d, J = 7.5 Hz, 1H), 7.33-7.28 (m, 2H), 7.02-7.00 (m, 1H), 3.84 (s, 

3H), 1.35 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 159.0, 128.9, 127.1, 118.6, 117.9, 83.8, 55.2, 24.8. 

The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b 

 

2-(2-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4c)63c (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 39% (X = I), Rf = 0.28 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.68-7.67 (m, 1H), 7.41-7.38 (m, 1H), 6.94 (t, J = 7.5 Hz, 1H), 6.86 (d, J 

= 8.0 Hz, 1H), 3.83 (s, 3H), 1.35 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 164.1, 136.7, 132.4, 120.2, 

110.4, 83.4, 55.8, 24.8. The carbon directly attached to the boron atom was not detected, likely due to 

quadrupolar relaxation.63b m.p.: 82.2–83.8 ºC. 

 

4,4,5,5-tetramethyl-2-{2-(methylthio)phenyl}-1,3,2-dioxaborolane (4d)63d (Table 4.2) 

 ķÚá5=?Àî��é�ā�Ûń 33% (X = I), Rf = 0.50 (n-hexane : EtOAc = 10 : 1), 1H 
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NMR (500 MHz, CDCl3) δ 7.69 (d, J = 7.5 Hz, 1H), 7.37 (t, J = 8.0 Hz, 1H), 7.16 (d, J = 8.0 Hz, 1H), 

7.10 (t, J = 7.5 Hz, 1H), 2.45 (s, 3H), 1.37 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 145.2, 135.9, 

131.2, 123.7, 123.6, 84.0, 24.8, 15.6. The carbon directly attached to the boron atom was not detected, 

likely due to quadrupolar relaxation.63b  

 

4,4,5,5-Tetramethyl-2-p-tolyl-1,3,2-dioxaborolane (4e)63c (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 81% (X = I), Rf = 0.53 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.70 (d, J = 7.8 Hz, 2H), 7.19 (d, J = 7.8 Hz, 2H), 2.37 (s, 3H), 1.34 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 141.4, 134.8, 128.5, 83.6, 24.8, 21.7. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 44.8–46.3 

ºC. 

 

4,4,5,5-Tetramethyl-2-m-tolyl-1,3,2-dioxaborolane (4f)63c (Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 79% (X = I), Rf = 0.53 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.64 (s, 1H), 7.62-7.59 (m, 1H), 7.29-7.27 (m, 2H), 2.36 (s, 3H), 1.35 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 141.4, 134.8, 128.5, 83.6, 24.8, 21.7. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b  

 

4,4,5,5-Tetramethyl-2-o-tolyl-1,3,2-dioxaborolane (4g)63c (Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 86% (X = I), Rf = 0.56 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.76 (d, J = 6.9 Hz, 1H), 7.32 (d, J = 7.5 Hz, 1H), 7.17-7.15 (m, 2H), 2.54 

(s, 3H), 1.34 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 144.8, 135.8, 130.8, 129.8, 124.7, 83.4, 24.9, 

22.2. The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b  

 

4,4,5,5-Tetramethyl-2-(2,6-dimethylphenyl)-1,3,2-dioxaborolane (4h)63c (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 40% (X = I), Rf = 0.50 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.12 (t, J = 8.0 Hz, 1H), 6.94 (d, J = 7.5 Hz, 2H), 2.40 (s, 6H), 1.39 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 141.7, 129.1, 126.4, 83.6, 24.9, 22.2. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 48.9–50.1 

ºC. 

 

2-Mesityl-4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (4i)63c (Table 4.2) 

 ķÚá5=?Àî��é�ā�Ûń 41% (X = I), Rf = 0.47 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 6.77 (s, 2H), 2.36 (s, 6H), 2.24 (s, 3H), 1.37 (s, 12H); 13C NMR (125 MHz, 

CDCl3) δ 142.1, 138.9, 127.4, 83.4, 24.9, 22.2, 21.2. The carbon directly attached to the boron atom 

was not detected, likely due to quadrupolar relaxation.63b  
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4,4,5,5-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (4j)63c (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 96% (X = I); 12% (X = Br), Rf = 0.51 (n-hexane : EtOAc 

= 10 : 1), 1H NMR (500 MHz, CDCl3) δ 7.82 (d, J = 7.2 Hz, 2H), 7.47 (t, J = 7.5 Hz, 1H), 7.35-7.38 

(m, 2H), 1.35 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 134.7, 131.2, 127.7, 83.7, 24.8. The carbon 

directly attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 

26.6–27.5 ºC. 

 

2-(4-Fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4k)63a (Table 4.2) 

 ķÚá5=?Àî��é�ā�Ûń 87% (X = I), Rf = 0.45 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.81-7.78 (m, 2H), 7.07-7.03 (m, 2H), 1.34 (s, 12H); 13C NMR (125 MHz, 

CDCl3) δ 166.1, 164.1, 137.0, 136.9, 114.9, 114.8, 83.9, 24.8. 19F NMR (470 MHz, CDCl3) δ -108.3. 

The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b   

 

2-(4-Chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4l)63a (Table 4.2) 

 ķÚá5=?Àî�ĺé¸ā�Ûń 46% (X = I), Rf = 0.68 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.73 (d, J = 8.6 Hz, 2H), 7.35 (d, J = 6.3, 2H), 1.34 (s, 12H); 13C NMR 

(125 MHz, CDCl3) δ 137.5, 136.1, 128.0, 84.0, 24.8. The carbon directly attached to the boron atom 

was not detected, likely due to quadrupolar relaxation.63b m.p.: 32.1–34.0 ºC. 

 

2-(4-Bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4m)63a (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 30% (X = I), Rf = 0.64 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.66 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.0, 2H), 1.34 (s, 12H); 13C NMR 

(125 MHz, CDCl3) δ 136.3, 130.9, 126.2, 84.0, 24.8. The carbon directly attached to the boron atom 

was not detected, likely due to quadrupolar relaxation.63b m.p.: 82.1–83.8 ºC. 

 

2-(4-Iodophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4n)63e (Table 4.2) 

 ķÚá5=?Àî�~Ňé¸ā�Ûń 23% (X = I), Rf = 0.64 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.72 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.0, 2H), 1.33 (s, 12H); 13C NMR 

(125 MHz, CDCl3) δ 136.9, 136.3, 98.8, 84.0, 24.8. The carbon directly attached to the boron atom 

was not detected, likely due to quadrupolar relaxation.63b m.p.: 99.4–101.2 ºC. 

 

4,4,5,5-Tetramethyl-2-{4-(trifluoromethyl)phenyl}-1,3,2-dioxaborolane (4o)63e (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 23% (X = Br); Ûń 15% (X = Cl), Rf = 0.55 (n-hexane : 

EtOAc = 10 : 1), 1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 7.5 Hz, 2H), 7.61 (d, J = 8.0, 2H), 1.36 

(s, 12H); 13C NMR (125 MHz, CDCl3) δ 135.0, 132.8 (q, J = 32.4 Hz), 124.3 (q, J = 4.8 Hz), 84.3, 
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24.8. 19F NMR (470 MHz, CDCl3) δ -62.9. The carbon directly attached to the boron atom was not 

detected, likely due to quadrupolar relaxation.63b m.p.: 71.6–73.3 ºC. 

 

1,3-Ditrifluoromethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (4p)63f (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 22% (X = Br), Rf = 0.51 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.24 (s, 2H), 7.95 (s, 1H), 1.37 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 

134.6, 130.9 (q, J = 33.6 Hz), 124.7 (q, J = 3.6 Hz), 123.4 (q, J = 273.5 Hz), 84.8, 24.8. 19F NMR (470 

MHz, CDCl3) δ -62.7. The carbon directly attached to the boron atom was not detected, likely due to 

quadrupolar relaxation.63b m.p.: 71.4–72.9 ºC. 

 

Methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (4q)63g (Table 4.2) 

 ķÚá5=?Àî�ĺé¸ā�Ûń 75% (X = I), Rf = 0.35 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.02 (d, J = 8.2 Hz, 2H), 7.87 (d, J = 8.2 Hz, 2H), 3.92 (s, 3H), 1.36 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 167.1, 134.6, 132.2, 128.6, 84.2, 52.2, 24.9. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 76.0–77.9 

ºC. 

 

1-{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}ethanone (4r)63a (Table 4.2) 

 ķÚá5=?Àî��é¸ā�Ûń 80% (X = I), 81% (X = Br), Rf = 0.35 (n-hexane : EtOAc 

= 10 : 1), 1H NMR (500 MHz, CDCl3) δ 7.95-7.89 (m, 4H), 2.62 (s, 3H), 1.36 (s, 12H); 13C NMR (125 

MHz, CDCl3) δ 158.4, 136.7, 114.8, 83.6, 24.8. The carbon directly attached to the boron atom was 

not detected, likely due to quadrupolar relaxation.63b m.p.: 70.1–71.7 ºC. 

 

1-{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}ethanone (4s)63h (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 84% (X = I); 77% (X = Br), Rf = 0.33 (n-hexane : EtOAc 

= 10 : 1), 1H NMR (500 MHz, CDCl3) δ 10.07 (s, 1H), 7.99 (d, J = 8.2 Hz, 2H), 7.89 (d, J = 8.2 Hz, 

2H), 1.39 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 192.7, 138.0, 135.2, 128.7, 84.3, 24.8. The carbon 

directly attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 

58.0–59.5 ºC. 

 

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (4t)63a (Table 4.2) 

 ķÚá5=?Àî��é¸ā�Ûń 79% (X = I); 37% (X = Br), Rf = 0.22 (n-hexane : EtOAc 

= 10 : 1), 1H NMR (500 MHz, CDCl3) δ 7.89 (d, J = 8.0 Hz, 2H), 7.64 (d, J = 8.0 Hz, 2H), 1.35 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 135.1, 131.1, 118.9, 114.5, 84.5, 24.8. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 98.7–100.3 

ºC. 
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4,4,5,5-Tetramethyl-2-[4-{(trimethylsilyl)oxy}phenyl]-1,3,2-dioxaborolane (4u)63i (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 95% (NMR yield, ArO–TMS) 8 91% (Isolated yield, 

ArO–H) (X = I), Rf = 0.18 (n-hexane : EtOAc = 10 : 1), 1H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 

8.3 Hz, 2H), 6.83 (d, J = 8.3 Hz, 2H), 4.85 (s, 1H), 1.33 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 

158.4, 136.7, 114.8, 83.6, 24.8. The carbon directly attached to the boron atom was not detected, likely 

due to quadrupolar relaxation.63b m.p.: 109.8–110.7 ºC. 4u was deprotected via column 

chromatography. Eventually, phenol derivative was obtained.63j 

 

1-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-4-{(triisopropylsilyl)oxy}benzene (4v)63k 

(Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 91% (X = I), Rf = 0.52 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.68 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 7.5 Hz, 2H), 1.33 (s, 12H), 1.29-1.22 

(m, 3H), 1.09 (d, J = 7.5 Hz, 18H); 13C NMR (125 MHz, CDCl3) δ 158.9, 136.4, 119.4, 83.5, 24.9, 

17.9, 12.7. The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b  

 

2-{4-(allyloxy)phenyl}-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4w)63l (Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 86% (X = I), Rf = 0.49 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.74 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 9.2 Hz, 2H) ,6.06 (ddt, J = 16.0, 6.9, 

4.0 Hz, 1H), 5.41 (dd, J = 15.5, 1.7 Hz, 1H), 5.29 (dd, J = 9.2, 1.7 Hz, 1H), 4.56 (dt, J = 6.3, 1.7 Hz. 

2H), 1.33 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 161.1, 136.5, 133.0, 117.7, 114.0, 83.5, 68.5, 24.8. 

The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b  

 

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl acetate (4x)63k (Table 4.2) 

 ķÚá5=?Àî�ĺé¸ā�Ûń 50% (X = I), Rf = 0.46 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.6 Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 2.29 (s, 3H), 1.33 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 169.2, 153.2, 136.2, 120.9, 83.9, 24.8, 21.1. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 61.1–62.8 

ºC. 

 

4-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)phenol (4y)63i (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 87% (X = I), Rf = 0.17 (CHCl3), 1H NMR (500 MHz, CDCl3) 

δ 7.71 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 5.43 (s, 1H), 1.33 (s, 12H); 13C NMR (125 MHz, 

CDCl3) δ 158.3, 136.8, 114.8, 83.7, 24.8. The carbon directly attached to the boron atom was not 

detected, likely due to quadrupolar relaxation.63b m.p.: 107.5–108.2 ºC. 
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3-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)phenol (4z)63m (Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 74% (X = I), Rf = 0.23 (CHCl3), 1H NMR (500 MHz, CDCl3) 

δ 7.38 (d, J = 6.9 Hz, 1H), 7.29-7.25 (m, 2H), 6.96 (d, J = 8.0 Hz, 1H), 4.98 (s, 1H), 1.34 (s, 12H); 
13C NMR (125 MHz, CDCl3) δ 155.0, 129.3, 127.1, 121.0, 118.3, 83.9, 24.8. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b  

 

3-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)phenol (4aa) (Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 43% (X = I), Rf = 0.57 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.6 Hz, 2H), 4.72 (s, 2H), 1.34 (s, 

12H), 0.15 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 144.2, 134.8, 125.7, 83.7, 64.6, 24.8, -0.39. The 

carbon directly attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b 

HRMS m/z (DART) calcd for C16H28BO3Si+ (M+H)+ 307.18953, found 307.19057. FTIR (ATR): 3402, 

2978, 2925, 1614, 1517, 1456, 1400, 1361, 1320, 1273, 1214, 1145, 1088, 1019, 963, 859, 726, 657. 

(cm-1). 

 

4,4,5,5-Tetramethyl-2-(4-[{(triisopropylsilyl)oxy}methyl]phenyl)-1,3,2-dioxaborolane  

(4ab) (Table 4.2) 

 ķÚá5=?Àî�ĺé�ā�Ûń 61% (X = I), Rf = 0.78 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.78 (d, J = 7.5 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 4.85 (s, 2H), 1.34 (s, 

12H), 1.21-1.13 (m, 3H), 1.08 (d, J = 6.9 Hz, 18H); 13C NMR (125 MHz, CDCl3) δ 144.9, 134.7, 

125.0, 83.6, 65.0, 24.8, 18.0, 12.0. The carbon directly attached to the boron atom was not detected, 

likely due to quadrupolar relaxation.63b HRMS m/z (DART) calcd for C22H40BO3Si+ (M+H)+ 

391.28343, found 391.28525. FTIR (ATR): 2942, 2892, 2866, 2723, 1927, 1613, 1565, 1517, 1463, 

1400, 1390, 1359, 1319, 1301, 1270, 1210, 1145, 1113, 1090, 1069, 1021, 996, 963, 919, 882, 860, 

821, 800, 725, 683, 672, 657. (cm-1). 

 

N-{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}acetamide (4ac)63a (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 70% (X = I), Rf = 0.45 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.77 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 7.21 (s, 1H), 2.19 (s, 

3H), 1.34 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 168.2, 140.5, 135.8, 118.4, 83.7, 24.8, 24.8. The 

carbon directly attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b 

m.p.: 137.1–138.7 ºC. 

 

tert-Butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenylcarbamate (4ad)63a (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 91% (X = I), Rf = 0.35 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.73 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 6.53 (s, 1H), 1.52 (s, 

9H), 1.33 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 152.4, 141.0, 135.8, 117.1, 83.6, 80.7, 28.3, 24.8. 
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The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b m.p.: 163.8–165.6 ºC. 

 

N-{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}methanesulfonamide (4ae)63n  

(Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 47% (X = I), Rf = 0.52 (n-hexane : EtOAc = 1 : 1), 1H NMR 

(500 MHz, CDCl3) δ 7.79 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 6.91 (brs, 1H), 3.03 (s, 9H), 

1.34 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 139.4, 136.4, 118.5, 83.9, 39.4, 24.8. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 197.3–199.2 

ºC. 

 

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (4af)63o (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 82% (X = I), Rf = 0.29 (CHCl3), 1H NMR (500 MHz, CDCl3) 

δ 7.62 (d, J = 8.6 Hz, 2H), 6.66 (d, J = 8.6 Hz, 2H), 3.84 (brs, 2H), 1.32 (s, 12H); 13C NMR (125 MHz, 

CDCl3) δ 149.3, 136.4, 114.0, 83.3, 24.8. The carbon directly attached to the boron atom was not 

detected, likely due to quadrupolar relaxation.63b m.p.: 174.9–175.5 ºC. 

 

N-tert-butoxycarbonyl-4-aminomethylphenylboronic acid pinacol ester (4ag)63p (Table 4.2) 

 ķÚá5=?Àî��é�ā�Ûń 85% (X = I), Rf = 0.40 (n-hexane : EtOAc = 4 : 1), 1H NMR 

(500 MHz, CDCl3) δ 7.78 (d, J = 7.8 Hz, 2H), 7.29 (d, J = 7.8 Hz, 2H), 4.85 (bs, 1H), 4.33 (d, J = 5.7 

Hz, 2H), 1.46 (s, 9H), 1.34 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 155.8, 142.0, 135.1, 126.7, 83.8, 

79.5, 44.7, 28.4, 24.8. The carbon directly attached to the boron atom was not detected, likely due to 

quadrupolar relaxation.63b  

 

N-[{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}methyl]methanesulfonamide  

(4ah) (Table 4.2) 

 ķÚá5=?Àî��é�ā�Ûń 85% (X = I), Rf = 0.44 (n-hexane : EtOAc = 2 : 1), 1H NMR 

(500 MHz, CDCl3) δ 7.80 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 4.95-4.92 (m, 1H), 4.33 (d, J 

= 6.3 Hz, 2H), 2.83 (s, 3H), 1.35 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 139.7, 135.3, 127.1, 83.9, 

47.1, 41.1, 24.8. The carbon directly attached to the boron atom was not detected, likely due to 

quadrupolar relaxation.63b HRMS m/z (DART) calcd for C14H23BNO4S+ (M+H)+ 312.14354, found 

312.14282. FTIR (ATR): 3280, 2979, 2932, 1937, 1613, 1565, 1519, 1436, 1398, 1358, 1319, 1272, 

1214, 1142, 1107, 1088, 1021, 995, 963, 858, 831, 788, 755, 700, 658. (cm-1). 

 

4-Methyl-N-[{4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}methyl]benzene- 

sulfonamide (4ai) (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 53% (X = I), Rf = 0.23 (n-hexane : EtOAc = 4 : 1), 1H NMR 
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(500 MHz, CDCl3) δ 7.75 (d, J = 8.0 Hz, 2H), 7.71 (d, J = 8.0 Hz, 2H), 6.06 (d, J = 8.0 Hz, 2H), 7.19 

(d, J = 8.0 Hz, 2H), 4.63 (t, J = 6.3 Hz, 1H), 4.14 (d, J = 6.3 Hz. 2H), 2.44 (s, 3H), 1.33 (s, 12H); 13C 

NMR (125 MHz, CDCl3) δ 143.6, 139.2, 136.7, 135.1, 129.8, 127.2, 127.1, 83.7, 47.3, 24.8, 21.5. The 

carbon directly attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b 

HRMS m/z (DART) calcd for C20H27BNO4S+ (M+H)+ 388.17484, found 388.17534. FTIR (ATR): 

3299, 2977, 2928, 1613, 1519, 1448, 1399, 1361, 1326, 1304, 1273, 1215, 1184, 1158, 1145, 1090, 

1021, 962, 858, 811, 731, 703, 660. (cm-1). m.p.: 157.5–159.0 ºC. 

 

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)biphenyl (4aj)63g (Table 4.2) 

 ķÚá5=?Àî�ĺé¸ā�Ûń 81% (X = I), Rf = 0.55 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.89 (d, J = 8.0 Hz, 2H), 7.63-7.61 (m, 4H), 7.46-7.43 (m, 2H), 7.38-7.34 

(m, 1H), 1.37 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 143.9, 141.0, 135.2, 128.7, 127.5, 127.2, 126.4, 

83.8, 24.9. The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b m.p.: 122.8–124.4 ºC. 

 

4,4,5,5-Tetramethyl-2-naphthalen-1-yl-[1,3,2]dioxaborolane (4ak)63i (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 95% (X = I), Rf = 0.40 (n-hexane : EtOAc = 40 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.76 (d, J = 8.7 Hz, 1H), 8.07 (d, J = 6.9 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 

7.83 (d, J = 8.2 Hz, 1H), 7.53 (dd, J = 8.7, 6.9 Hz, 1H), 7.45-7.49 (m, 2H), 1.42 (s, 12H); 13C NMR 

(125 MHz, CDCl3) δ 136.9, 135.6, 133.2, 131.6, 128.4, 128.3, 126.3, 125.5, 125.0, 83.7, 25.0. The 

carbon directly attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b 

m.p.: 56.6–57.9 ºC. 

 

4,4,5,5-Tetramethyl-2-naphthalen-2-yl-[1,3,2]dioxaborolane (4al)63q (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 89% (X = I), Rf = 0.40 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.37 (s, 1H), 7.89-7.82 (m, 4H), 7.53-7.45 (m, 2H), 1.39 (s, 12H); 13C 

NMR (125 MHz, CDCl3) δ 136.2, 135.0, 132.8, 130.4, 128.6, 127.7, 127.0, 127.0, 125.8, 83.9, 24.9. 

The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b m.p.: 49.0–50.3 ºC. 

 

3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (4am)63r (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 60% (X = I), Rf = 0.10 (n-hexane : EtOAc = 5 : 1), 1H NMR 

(500 MHz, CDCl3) δ 8.98 (brs, 1H), 8.71 (brs, 1H), 8.10 (d, J = 7.5 Hz, 2H), 7.33 (brs, 1H), 1.36 (s, 

12H); 13C NMR (125 MHz, CDCl3) δ 154.8, 151.3, 142.6, 123.3, 84.2, 24.8. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 102.8–103.8 

ºC. 

 



� ��������

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (4an)63s (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 55% (X = Br), Rf = 0.10 (n-hexane : EtOAc = 5 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.63 (brs, 2H), 7.64 (d, J = 4.0 Hz, 2H), 1.35 (s, 12H); 13C NMR (125 

MHz, CDCl3) δ 149.0, 128.7, 84.5, 24.8. The carbon directly attached to the boron atom was not 

detected, likely due to quadrupolar relaxation.63b m.p.: 121.9–123.7 ºC. 

 

3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)quinoline (4ao)63e (Table 4.2) 

 ķÚá5=?Àî��é�ā�Ûń 61% (X = Br), Rf = 0.10 (n-hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 9.21 (d, J = 1.2 Hz, 1H), 8.67 (s, 1H), 8.17 (d, J = 8.0 Hz, 1H), 7.87 (d, J 

= 8.0 Hz, 1H), 7.79 (t, J = 6.9 Hz, 1H), 7.58 (t, J = 7.5 Hz, 1H), 1.41 (s, 12H); 13C NMR (125 MHz, 

CDCl3) δ 154.3, 148.6, 144.8, 130.9, 128.8, 128.4, 127.6, 126.7, 84.4, 24.9. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b  

 

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (4ap)63r (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 75% (X = I), Rf = 0.18 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.27 (brs, 1H), 8.19 (s, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.34 (d, J = 8.0 Hz, 

1H), 7.13 (t, J = 5.7 Hz, 1H), 6.55-6.54 (m, 1H), 1.36 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 137.8, 

128.6, 128.0, 127.6, 124.2, 110.5, 103.0, 83.4, 24.8. The carbon directly attached to the boron atom 

was not detected, likely due to quadrupolar relaxation.63b m.p.: 97.8–98.7 ºC. 

 

4,4,5,5-Tetramethyl-2-(2-thienyl)-1,3,2-dioxaborolane (4aq)63r (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 43% (X = I), Rf = 0.16 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.66 (d, J = 3.4 Hz, 1H), 7.63 (d, J = 4.0 Hz, 1H), 7.19 (t, J = 3.4 Hz, 1H), 

1.35 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 137.1, 132.4, 128.2, 84.0, 24.7. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 66.8–68.5 

ºC. 

 

4,4,5,5-Tetramethyl-2-(3-thienyl)-1,3,2-dioxaborolane (4ar)50c (Table 4.2) 

 ķÚá5=?Àî��é¸ā�Ûń 27% (X = I), Rf = 0.16 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.93 (d, J = 1.7 Hz, 1H), 7.41 (d, J = 4.6 Hz, 1H), 7.35-7.34 (m, 1H), 1.34 

(s, 12H); 13C NMR (125 MHz, CDCl3) δ 136.4, 132.0, 125.3, 83.6, 24.8. The carbon directly attached 

to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 51.2–53.0 ºC. 

 

2-{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}-1H-benzimidazole (4as) (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 52% (X = Br), Rf = 0.22 (n-hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 9.56 (brs, 1H), 8.06 (d, J = 8.0 Hz, 2H), 7.95 (d, J = 8.0 Hz, 2H), 7.84 (brs, 

1H), 7.51-7.46 (m, 1H), 7.30-7.28 (m, 2H), 1.37 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 151.4, 135.4, 
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132.0, 130.2, 129.7, 129.1, 126.6, 125.6, 123.1, 123.0, 84.1, 24.9. The carbon directly attached to the 

boron atom was not detected, likely due to quadrupolar relaxation.63b HRMS m/z (DART) calcd for 

C19H22BN2O2
+ (M+H)+ 321.17688, found 321.17825. FTIR (ATR): 3055, 2980, 2924, 2855, 2755, 

1722, 1615, 1592, 1549, 1448, 1430, 1396, 1360, 1328, 1317, 1269, 1229, 1215, 1167, 1145, 1112, 

1086, 1019, 966, 930, 858, 826, 753, 742, 702, 667, 652. (cm-1). m.p.: 233.1–234.0 ºC. 

 

2-{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}-1H-benzoxazole (4at) (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 95% (X = Br), Rf = 0.54 (n-hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.26 (d, J = 7.5 Hz, 2H), 7.97 (d, J = 7.5 Hz, 2H), 7.80-7.77 (m, 1H), 7.62-

7.59 (m, 1H), 7.39-7.35 (m, 2H), 1.39 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 163.0, 150.7, 142.1, 

135.2, 129.3, 126.7, 125.3, 124.6, 120.1, 110.6, 84.2, 24.9. The carbon directly attached to the boron 

atom was not detected, likely due to quadrupolar relaxation.63b HRMS m/z (DART) calcd for 

C19H21BNO3
+ (M+H)+ 322.16090, found 322.15967. FTIR (ATR): 2983, 1606, 1570, 1547, 1453, 

1400, 1360, 1330, 1269, 1244, 1141, 1093, 1049, 1016, 964, 923, 858, 845, 824, 762, 746, 708, 668, 

653. (cm-1). m.p.: 185.9–187.5 ºC. 

 

2-{4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl}-1H-benzthiazole (4au) (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 91% (X = Br), Rf = 0.57 (n-hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.11-8.08 (m, 3H), 7.94-7.91 (m, 3H), 7.50 (t, J = 7.7 Hz, 1H), 7.40 (t, J 

= 8.0 Hz, 1H), 1.38 (s, 12H); 13C NMR (125 MHz, CDCl3) δ 168.0, 154.1, 135.8, 135.4, 135.1, 126.6, 

126.4, 125.3, 123.3, 121.6, 84.1, 24.9. The carbon directly attached to the boron atom was not detected, 

likely due to quadrupolar relaxation.63b HRMS m/z (DART) calcd for C19H21BNO2S+ (M+H)+ 

338.13806, found 338.13747. FTIR (ATR): 2979, 2925, 1608, 1521, 1484, 1456, 1435, 1395, 1361, 

1326, 1313, 1272, 1251, 1224, 1146, 1104, 1092, 1019, 964, 857, 842, 759, 726, 706, 681, 670, 654, 

613, 570, 555, 532, 526, 520. (cm-1). m.p.: 162.8–163.7 ºC. 

 

2,2'-(1,4-Phenylene)-bis[4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4av)63r (Table 4.2) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 92% (X = I), Rf = 0.79 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.80 (s, 4H), 1.35 (s, 24H); 13C NMR (125 MHz, CDCl3) δ 133.9, 83.8, 

24.8. The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b m.p.: 227.1–228.0 ºC. 

 

2,3-Dihydro-1H-naphtho[1,8-de]-1,3,2-diazaborinyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan- 

2-yl)benzene (4aw)63t (Table 4.2) 

 ķÚá5=?Àî��é¸ā�Ûń 60% (X = I), Rf = 0.25 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.88 (d, J = 6.3 Hz, 2H), 7.66 (d, J = 6.9 Hz, 2H), 7.14 (t, J = 8.0 Hz, 2H), 

7.06 (d, J = 8.0 Hz, 2H), 6.43 (d, J = 6.9 Hz, 2H), 6.06 (brs, 2H), 1.37 (s, 12H); 13C NMR (125 MHz, 
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CDCl3) δ 141.0, 136.3, 134.4, 130.6, 127.6, 119.9, 117.8, 106.0, 83.9, 24.9. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 224.4–225.6 

ºC. 

 

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)- 

benzoate (4ax) (Table 4.2) 


1
���	���0-����� 94% (X = I), Rf = 0.54 (n-hexane : EtOAc = 2 : 1), 1H NMR 

(500 MHz, CDCl3) δ 8.02 (d, J = 8.6 Hz, 2H), 7.87 (d, J = 8.0 Hz, 2H), 4.94 (td, J = 6.9, 4.0 Hz, 1H), 

2.14-2.10 (m, 1H), 1.99-1.90 (m, 1H), 1.75-1.71 (m, 2H), 1.60-1.52 (m, 2H), 1.36 (s, 12H), 1.18-1.08 

(m, 2H), 0.94-0.90 (m, 7H), 0.79 (d, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 166.1, 134.6, 

133.0, 128.6, 84.1, 74.9, 47.2, 40.9, 34.3, 31.4, 26.5, 24.9, 24.8, 23.6, 22.0, 20.7, 16.5. The carbon 

directly attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b HRMS 

m/z (DART) calcd for C23H36BO4
+ (M+H)+ 387.27012, found 387.26930. FTIR (ATR): 2956, 2930, 

2870, 1949, 1713, 1615, 1563, 1510, 1456, 1399, 1359, 1326, 1309, 1286, 1266, 1214, 1177, 1167, 

1145, 1112, 1095, 1039, 1021, 982, 962, 917, 888, 859, 830, 815, 772, 758, 710, 667, 651, 605, 596, 

579, 536, 526, 521. (cm-1). m.p.: 126.5–128.1 ºC. 

 

4’-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolane-2-yl)-phenyl 2,3,4,6-tetra-O-acetyl-b-D- 

glucopyranoside (4ay)63u (Table 4.2) 


1
���	���0-����� 66% (X = I), Rf = 0.53 (n-hexane : EtOAc = 1 : 1), 1H NMR 

(500 MHz, CDCl3) δ 7.75 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.6 Hz, 2H), 5.33-5.26 (m, 2H), 5.18-5.12 

(m, 2H), 4.28 (dd, J = 6.9, 5.7 Hz, 1H), 4.17 (dd, J = 9.7, 2.3 Hz, 1H), 3.89 (ddd, J = 5.7, 3.4, 2.3 Hz, 

1H), 2.08 (s, 3H), 2.052 (s, 3H), 2.049 (s, 3H), 2.038 (s, 3H), 1.33 (s, 12H); 13C NMR (125 MHz, 

CDCl3) δ 170.2, 169.4, 169.3, 159.2, 136.5, 115.9, 98.6, 83.8, 72.7, 72.1, 71.1, 68.2, 61.9, 24.82, 25.80, 

20.7, 20.6. The carbon directly attached to the boron atom was not detected, likely due to quadrupolar 

relaxation.63b m.p.: 161.0–162.6 ºC. 

 

2-(4-Methoxyphenyl)-5,5-dimethyl-[1,3,2]dioxaborinane (5a)63v (Table 4.2) 


1
���	���0-����� 97% (X = I), Rf = 0.49 (n-hexane : EtOAc = 4 : 1), 1H NMR 

(500 MHz, CDCl3) δ 7.74 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 9.2 Hz, 2H), 3.82 (s, 3H), 3.75 (s, 4H), 1.01 

(s, 6H); 13C NMR (125 MHz, CDCl3) δ 161.7, 135.5, 113.1, 72.2, 55.0, 31.9, 21.9. The carbon directly 

attached to the boron atom was not detected, likely due to quadrupolar relaxation.63b m.p.: 61.6–62.7 

ºC. 

 

2-(4-Methoxyphenyl)-4,4,6-trimethyl-1,3,2-dioxaborinane (5b)63w (Table 4.2) 


1
���	���0-����� 94% (X = I), Rf = 0.47 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.75 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 4.32 (dqd, J = 8.6, 6.3, 
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2.9 Hz, 1H), 3.81 (s, 3H), 1.84 (dd, J = 3.4, 2.9 Hz, 1H), 1.59-1.57 (m, 1H), 1.35 (d, J = 6.3 Hz, 6H), 

1.33 (d, J = 6.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 161.4, 135.4, 113.0, 70.8, 64.8, 55.0, 46.0, 

31.3, 28.1, 23.3. The carbon directly attached to the boron atom was not detected, likely due to 

quadrupolar relaxation.63b m.p.: 59.8–60.9 ºC. 

 

2,3-Dihydro-3-{(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl}benzofuran (4az)63r  

(Scheme 4.3) 

 ķÚá5=?Àî�ĺé�ā�Ûń 39% (X = I), Rf = 0.75 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.20 (d, J = 7.5 Hz, 1H), 7.09 (t, J = 8.0 Hz, 1H), 6.84 (t, J = 7.5 Hz, 1H), 

6.76 (d, J = 8.0 Hz, 1H), 4.70 (t, J = 8.6 Hz, 1H), 4.10 (t, J = 8.0 Hz, 1H), 3.67-3.61 (m, 1H), 1.35-

1.34 (m, 1H), 1.24 (s, 12H), 1.13-1.08 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 159.7, 132.7, 127.8, 

124.0, 120.3, 109.3, 83.4, 78.6, 37.6, 24.9, 24.7. The carbon directly attached to the boron atom was 

not detected, likely due to quadrupolar relaxation.63b  

 

5H-dibenzo[c,f]chromen-5-one (6)63x (Scheme 4.3) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 11% (X = I), Rf = 0.51 (n-hexane : EtOAc = 10 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.79 (d, J = 8.6 Hz, 1H), 8.67 (d, J = 8.0 Hz, 1H), 8.51 (d, J = 8.0 Hz, 1H), 

7.97-7.89 (m, 3H), 7.70-7.63 (m, 2H), 7.58-7.56 (m, 1H), 7.50 (d, J = 8.6 Hz, 1H); 13C NMR (125 

MHz, CDCl3) δ 161.4, 150.2, 135.4, 134.4, 131.60, 131.55, 130.7, 129.5, 129.3, 128.2, 127.8, 126.4, 

125.4, 125.0, 122.3, 117.6, 112.6. m.p.: 166.7–168.4 ºC. 

 

Methyl 4-{(2,2,6,6-tetramethylpiperidin-1-yl)oxy}benzoate (7a)63y (Scheme 4.3) 

 ķÚá5=?Àî�Ĥé¸ā�Ûń 36% (X = I), Rf = 0.76 (CHCl3), 1H NMR (500 MHz, CDCl3) 

δ 7.92 (d, J = 6.9 Hz, 2H), 7.22 (brs, 2H), 3.87 (s, 3H), 1.72-1.58 (m, 5H), 1.47-1.41 (m, 1H), 1.23 (s, 

6H), 0.99 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 167.4, 167.0, 131.0, 121.9, 113.7, 60.5, 51.7, 39.7, 

32.3, 20.4, 16.9. HRMS m/z (DART) calcd for C17H26NO3
+ (M+H)+ 292.19072, found 292.19152. 

FTIR (ATR): 2976, 2933, 2873, 1719, 1602, 1502, 1456, 1435, 1416, 1379, 1365, 1349, 1313, 1275, 

1252, 1224, 1184, 1151, 1132, 1111, 1096, 1047, 1008, 995, 971, 955, 928, 875, 855, 810, 791, 771, 

726, 698, 649, 631, 601, 576, 561, 551, 531, 525, 520. (cm-1). m.p.: 72.7–73.8 ºC. 

 

2-{(2,2,6,6-Tetramethyl-1-piperidinyl)oxy}acetonitrile (7b)63z (Scheme 4.3) 

 ķÚá5=?Àî��é�ā�Ûń 57% (X = I), Rf = 0.80 (CHCl3), 1H NMR (500 MHz, CDCl3) 

δ 4.52 (s, 2H), 1.60-1.46 (m, 4H), 1.43-1.30 (m, 2H), 1.20 (s, 6H), 1.10 (s, 6H); 13C NMR (125 MHz, 

CDCl3) δ 116.0, 62.6, 60.3, 39.5, 32.9, 19.9, 16.8. 
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