'LIXQFWLRQDOL]DWLRQ RI 20HILQ"
1XFOHRSKLOHV

,QDXJIJXUDO 'LVVHUWDWLRQ

=XU
(UODQJXQJ GHVY 'RNWRUJUDGHYV
GHU ODWKHPDWLVFK 1DWXUZLVVHQVFKDIWOLFKH

GHU 8QLYHUVLWIW ]X .|0Q
9RUJHOHJIW YRQ

6HQVKHQJ /LX

DXV 1LQJ[LD &KLQD

10Q
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OHWDO FDWDO\]HG UDGLFDO GLIXQFWLRQDOL]DWLRQ RI ROHI
 QWURGXFWLRQ

2YHUYLHZ Rl GLIIHUHQW WUDQVLWLRQ PHWDO FDWDO\VWV
7UDQVLWLRQ PHWDO FDWDO\]HG R[LGDWLYH GLIXQFWLRQDO
7UDQVLWLRQ PHWDO FDWDO\]JHG WULIOXRURPHWK\ODWLRQ R
OHWDO IUHH UDGLFDO GLIXQFWLRQDOL]DWLRQ RI ROHILQV
 QWURGXFWLRQ

2YHUYLHZ Rl PHWDO IUHH UDGLFDO FKDLQ GLIXQFWLRQDOL]D
2YHUYLHZ RI RUJDQRFDWDO\WLF UDGLFDO GLIXQFWLRQDO
$GGLWLRQDO PHWKRGV IRU UDGLFDO GLIXQFWLRQDOL]DWLR!
 QWURGXFWLRQ

3KRWRFKHPLVWU\ LQ UDGLFDO GLIXQFWLRQDOL]JDWLRQ RI
(OHFWURFKHPLFDO LQ UDGLFDO GLIXQFWLRQDOL]DWLRQ RI
SHIHUHQFH

&KDSWHU $FLG SURPRWHG UDGLFDO FKDLQ GLIXQFWLRQDC
&KDSWHU 2UJDQR UHGR[ FDWDO\VLV IRU WKH GLIXQFWLRQ
(;3(5,0(7 3$57

6800%$5<

$FLG BURPRWHG 5DGLFDO &KDLQ 'LIXQFWLRQDOL]DWLRQ RI 6
12 1XFOHRSKLOHYV

2UJDQR 5HGR[ &DWDO\VLV IRU WKH GLIXQFWLRQDOL]DWLRQ |
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$FLG SURPRWHG GLIXQFWLRQDOL]J]DWLRQ RI DONHQHYV
7TROHUDQFH RI 6XEVWUDWH VFRSH

&KLUDO %UiQVWHG DFLG FDWDO\VLV DSSURDFK

2UJDQR 5HGR[ &4DWDO\VLY IRU WKH GLIXQFWLRQDOL]DWLRQ |
7TROHUDQFH RI 6XEVWUDWH VFRSH

2WKHU RUJDQLF UHGR[ UHDFWLRQV FDWDO\|JHG E\ WULDU\C
$33(1',;

(UNOIUXQJ

/IHEHQVODXI
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7UDQVLWLRQ PHWDO IUHH GLIXQFWLRQDOL]DWLRQ RI ROHILC
PhD’s work. The combination of benzoyl peroxide with strong Brensted acid HPF DOORZV WKH
GLIXQFWLRQDOL]DWLRQQ RI DONHQHV ZLWK UDGLFDOV GF
WKLRSKHQROV WRIJHWKHU ZLWK QLWULOH DQG DOFRKRO QXF
SURPRWHV WKH HOHFWURQ WUDQVIHU VWHS E\ PDNLQJ %32

%\ XVLQJ RI WULDU\ODPLQH DV RUJDQR UHGR[ FDWDO\VW X
GLIXQFWLRQDOL]DWLRQ RI DONHQHV ZDV IXUWKHU VWXG
WULDU\ODPLQH DONHQHV FDQ EH GLIXQFWLRQDOL]HG E\ D
IURP & ¥VSRU KDORJHQDWHG K\GURFDUERQ QXFOHRSKLOHYV
DOFRKROV DQG IOXRULGH ORUHRYHU WKH R[LGDWLYH 5LWYV
FDQ EH DOVR DFKLHYHG XQGHU WKLV UHDFWLRQ V\VWHP

$EVWUDNW

,Q GLHVHU 'RNWRUDUEHLW ZLUG <EHUJDQJVPHWDOOIUHLH
'LIXQNWLRQDOLVLHUXQJ YRQ 20HILQHQ YRUJHVWHOOW 'LH
%UiQVWHG 6IXWH|3GLFKW GLH 'LIXQNWLRQDOLVLHUXQJ YRQ
7KLR[DQWKHQ :;DQWKHQ XQG 7KLRSKHQROHQ ]XVDPPHQ PL
OHFKDQLVWLVFKH 6WXGLHQ OHJHQ QDKH GDVV GLH 6IXUH G
%32 DOV EHVVHUHQ (OHNWURQHQDN]JHSWRU IXQJLHUW

'LH 9HUZHQGXQJ YRQ 7ULDU\ODPLQ DOV 2UJDQR 5HGR[ .DW]
XQG VIXUHIUHLHU 'LIXQNWLRQDOLVLHUXQJ YRQ $ONHQHQ Z>
NDWDO\WLVFKHU OHQJH 7ULDU\ODPLQ NDQQ $ONHQH GLI
%HUHLFK YRQ $ON\OUDGLNBOWRGHUWKIDOBRINQBHYUSVHP .RKO
1XFOHRSKLOHQ HLQVFKOLH%OLFK 1LWULOHQ (VVLJVIXUH

'DUEHU KLQDXV NDQQ XQWHU GLHVHP 5HDNWLRQVV\VWHP
DOO\OLVFKHQ RGHU EHQJ\OLVFKHQ &+ %LQGXQJHQ HUUHLFKW
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EHQ]R\O SHUR[LGH
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FHULXP DPPRQLXP QLWUDWH
FDWDO\VW
FRQYHUVLRQ
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'LFKORU  SHHQDRRKLQRQ
GLPHWK\OIRUPDPLGH
GLPHWK\OVXOIR[LGH
KH[DGHXWHURGLPHWK\OVXOIR[LG
GLDVWHURPHULF UDWLR

W HEXW\O SHUR[LGH
HOHFWURQ GRQDWLRQ JURXS
HOHFWURQ LPSDFW
HQDQWLRPHULF H[FHVV

HTXLYDOHQW

HWK\O

HOHFWURVSUD\ LRQL]DWLRQ
HOHFWURQ ZLWKGUDZLQJ JURXS

JDV FKURPDWRJUDSK\

JDV FKURPDWRJUDSK\ ZLWK PDVV GHWHFWLF

KRXU V

K\GURJHQ DWRP WUDQVIHU

KLIKHVW RFFXSLHG PROHFXODU RUELWDO
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KLJK UHVROXWLRQ PDVV VSHFWURPHWU\

+H[DIOXRURSKRVSKRULF DFLG
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LQIUDUHG VSHFWURVFRS\
OHDYLQJ JURXS

OLWHUDWXUH

ORZHVW XQRFFXSLHG PROHFXODU RUELWDO

PHWD
PXOWLSOHW
PHWDO
&KORURSHUR[\EHQ]RLF DFLG
PHWK\O
PHWKR[\O
PHVLW\O WULPHW\OSKHQ\O
PDVV VSHFWURPHWU\
PHWK\OVXOIRQ\O
PROHFXODU ZHLJKW
DWRPLF PDVV XQLWV SHU FKDUJH
QRW GHWHUPLQG

1 KHWHURF\FOLF FDUEHQH

1 K\GURWKDOLPLGH
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$00 RI WKHVH ZRUNV GHVFULEHG LQ WKLV WKHVLV KDYH EH

DWOD[ 3ODQFN ,QVWLWXW leU .RKOHQIRUVFKXQJ LQ 0<OK't
3'" 'U .OX%PDQQ ODUWLQ 21 FRXUVH P\ MRXUQH\ WR ZRUN
KDYH EHHQ SRVVLEOH ZLWKRXW WKH JHQHURXV ILQDQFLDO V

$SDUW IURP WKDW , ZRXOG OLNH WR H[SUHVV P\ GHHS JUI
JLYLQJ PH WKLV ZRQGHUIXO FKDQFH WR ZRUN LQ WKLV DPD]

.OX%PDQQ ODUWLQ LV DOZD\V VR QLFH ZKR LV LQFUHGLEC
DSSUHFLDWHG RXU FRPPXQLFDWLRQ DQG GLVFXVVLRQ , DO\
SHUIRUP P\ RZQ SURMHFW , DOVR ZDQW WR WKDQN 3URI
VXSSRUW WR RXU JURXS DQG IRU WKH VXSHUYLVLQJ PH GXL
WKDQN 3URI 'U +DQV **QWKHU 6FKPDO] ZKR LV WKH VHFRC
HQWKXVLDVWLF KHOSV WR PH

, DP YHU\ JUDWHIXO IRU P\ 3K'" FRPPLWWHH 3URI 'U $[HO .O
‘U +DQV **QWKHU 6FKPDO] 'U ;LX[LX <DQJ , DOVR ZDQW W
7\QFKW\N $PDWRY 'U OLOHV $XNODQG O0OUV %|% (VWKHU IRU
RITHULQJ PH KHOSIXO LQVLIKW DQG VXJIJHVWLRQV

O\ JUHDW DSSUHFLDWLRQV WR WKHVH 3K' FDQGLGDWHV DQ
.RKOHQIRUVFKXQJ ZKR KDYH RIITHUHG PH D ORW RI KHOS VX.
WKUHH \HDUV

, ZDQW WR WKDQN P\ ZLIH GHDU :HLKRQJ <DQ , NQRZ , FDQ

we’ve spent together as husband and wife

$QG ILQDOO\N , ZDQW WR WKDQN P\ SDUHQWYVY EURWKHUV

VXSSRUWHG PH LQ WKH IROORZLQJ RI P\ GUHDPV %HVLGHYV
QLHFH ZKR EULQJ PH D ORWRI IXQ , DP DOVR LQGHEWHG WHF
DQG EUDYHU\ DOZD\V LQVSLUHPH WR FDUU\ RQ D ZRQGHUIXO



OBJECTIVES OF THIS PhD’s WORK

7KH UDGLFDO GLIXQFWLRQDOL]DWLRQ RI ROHILQV LV WKH PI
3K' WKHVLV LV WR ILQG D PHWKRG ZKLFK FDQ EH VXLWDEOH
RQH VLPSOH DQG HDV\ KDQGOH UHDFWLRQ FRQGLWLRQ

R @/—\ NU

. . R . @
O/\ R O/\/ Oxidant O/\/R Nu O)\/R

ET

*RDO RI P\ 3K" WKHVLV

7KH PDMRU ZRUNV LQ WKLV WKHVLV DUH WZR SDUWV ZKL
ZLWK 3" 'U .OX%PDQQ ODUWLQ VHH WKH EORZ IRU UHIHUF

&KDSWHU /ILX 6 &EXWVRREE XQ —

&EKDSWHWX 6 .OXVVPDLDIR EKHP )URQW ' 42 *

&KDSWHU $FLG SURPRWHG UDGLFDO FKDLQ GLIXQFWLR

7KH ILUVW SURMHFW RI WKLY GLVVHUWDWLRQ LV GHDOLQJ Z
SURPRWHG UDGLFDO FKDLQ GLIXQFWLRQDOL]DWLRQ RI VW\
QXFOHRSKLOHYV

7\SLFDO PHWKRG IRU GLIXQFWLRQOLD]J]WLRQ RI ROHILQYV
HOHFWURQ WUDQVIHU VWHS DIWHU WKH UDGLFDO DGGLWLR
FHQWHUHG UDGLFDO )ROORZHG E\ WUDSSLQJ ZLWK QXFOH

2XU JURXS KDG SUHYLRXVO\ UHSRUWHG WKH DFWLYDWLRQ R
% DR D Q&kefsRwork on copper-catalyzed difunctionalization of alkenes using benzoyl
SHUR[LGH %32 DV R[DEDPBELWQEH3)+RZHYHU LQ WKHLU UH

QRW FOHDU DQG WKH PHWKRG FRXOG RQO\ XVH DFHWRQLWU
X
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$FLG SURPRWHG UDGLFDO FKDLQ GLIXQFWLRQDOL]IL

7KH FRPELQDWLRQ RID/IORYHOKPHIB)KRG IRU WKH GLIXQFWLRC
UDGLFDOV GHULYHG IURP WKLR[DQWKHQH [DQWKHQH DQG W
QXFOHRSKLOHYV ZDV GHYHORSHG OHFKDQLVWLF VWXGLHV VK
NH\ UROH LQ HOHFWURQ WUDQVIHU VWHS ZKLFK FRXOG PDNF

&KDSWHU 2UJDQR UHGR[ FDWDO\VLV IRU WKH GLIXQ
R[LGDWLYH 5LWWHU UHDFWLRQV

7KH VHFRQG SURMHFW RI WKLV GLVVHUWDWLRQ LV GHDOL
UDGLFDOV DQG QXFOHRSKLOHYV FDWDO\JHG E\ DQ RUJDQR UH(

a) Initiation of radical reactions by reaction of N, N-dimethylanilines with BPO:

0O

| |
©/.".‘\ . Ph)J\O/O\”/Ph . ©/N\
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BPO
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+ Ph)ol\/o Ph @ o

0
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t‘ 2po O +. Ph

$FWLYDWLRQ R1 GBPHZWWMWODQLOLQH DQG WULDU\ODP

Xl



7\SLFDO PHWKRG IRU DFWLYDWLRQ RI SHUR[LGHV QHHGV

UHGR[ FDWDO\VW FDWDO\]|HG R[LGDWLYH UDGLFDO DQG QXEF
ODFN RI YWXIDLAHN\ODQLOLQHY DUH ZHOO NQRZQ LQLWLDWRI
7KH UHDFWLRQ LV LUUHYHUVLEOH ,Q FRQWUDVW ZH DV)\
FDWDO\VLVY ZKLFK FRXOG IRUP D UDGLFDO FDWLRQ VDOW E\

+HUH ZH VKRZ WKDW WULDU\ODPLQHV FDQ EH XVHG DV RUJC
QXFOHRSKLOH GLIXQFWLRQDOL]DWLRQ RI DONHQHV DQG R
JHQHUDWHG IURP SODLQ DQG KDORJHQDWHG K\GURFDUERQYV
DFLG DOFRKROV DQG IOXRULGH ZHUH VXEFFHVVIXOO\ XVHG L
7KH R[LGDWLYH DOO\OLF DQG EHQ]J\OLF & + ERQGV 5LWWHU
VWXGLHV VXJJHVW WKDW WKH WULDU\ODPLQHY DUH FDWDO\V

This work: triarylamine organo-redox catalysis:
/_\ @

[NAr3] [NArgTPFG Nu
oh —
+ R-H +* NuH
O  NaPFq
Ph o/O Ph
BPO O

T
N
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O
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2UJDQR UHGR[ FDWDO\VLV IRU WKH GLIXQFWLRQDOL]DWLRQ

Xl
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20HILQV DUH UHDGLO\ DYDLODEOH DQG YDOXDEOH EXLOGLC
SKDUPDFHXWLFDOV 7KHUHIRUH PDQ\ ROHILQV KDYH D WU
HWK\OHQH ZLWK D ZRUOGZLGH SURGXFWLEBQRBMBH ZLWK
ZRUOGZLGH SURGXFWLRQ DURX@®G VAL\WGIQRQ WRERMNODQRRQ W
BWUXFWXUDOO\ ROHIL®¥ERFR® WIKLF O \WDQHBNW IRIQKHU D JRR
QXFOHRSKLOHVY 7KH FRQYHUVLRQ RI YHUVDWLOH DQG UHDC
FRPSOH[ PROHFXOHV KDV EHHQ D ORQJ VWDQGLQJ UHVHDL
PHWKRGRORJ\ IRRFHKHPRPRWW UHDFWLRQV EDVHG RQ WKH IXQF
EHHQ ZHOO GHYHORSHG VXFK DV IR F® DMHSIYHYY GG UK UGHDRE
'DFNHU R[L & DGMLRRIGI KIRWIRKQG UL QV

O R2 O
O O R1
'LK\GURJ[\OIL +\GURJHQD +\GUDWLF 2]RQRO\VLYV
2V 2 3G & + +2 462 HJ 2WKHQ =Q +
HO Q@ H Q HO Q Q
o)
Q OH Q H Q H Q o R?
R2
+RORK\GUL (SR[LGDWI :DFNHU RJ[L( $ON\O KDOLGHV
HJ & 582+ P&3%$% 3G&XEX&O +2 +;
HO 0 o H Q

Q o d% Q H Qd «x

O9LFLQDO 'Lt &\FORSURSD +\GURERUL 'LHOV $OGHU UHDFV

HJ &&&O =Q &X &+ %+ WKHX) D FRQMXJDWHG GLHC
ca Q H Q &
Q @ O Q OH Q

6FKHPH 6HOHFWHG H[DPSOHV RI ROHILQ IXQFWLRQDOL]DWLRC



7KH IXQFWLRQDOL]DWLRQ RI ROHILQV LV RQH WKH PRVW SRZ
. ERQGV +RZHYHU LQ FRPSDULVRQ ZLWK WKH DEXQGDQW V
ROHILQV WKH GLIXQFWLRQDOL]DWLRQ RI ROMHQNWODMWVDER
GLIXQFWLRQDOL]J]DWLRQ RI ROHILQV UHTXLUHV WZR IXQFWLR
GRXEOH ERQG LQ RQH VWHS ZLWK KLJK HIILFLHQF\ ZKLFK L
WKH IRUPDWLRQ RI XQFRQYHQWLRQDO ERQGYV E\ GHVLJQLQJ

R2 / RZ\\

[}

difunctionalization 1 L + simple  monofunctionalization R?
/ - 1 / 1 cheap . —
R underdeveloped area ‘\\ R! ,,' available  @bundant studies Rq_% or Q

~ 7’
Sa__.~"

O O : functional groups

6FKHPH ORQRIXQFWLRQDOL]DWLRQ DQG GLIXQFWLRQDOL]DWL

$Q LQWHUHVWLQJ PHWKRG DPRQJVW WKRVH LV UDGLFDO GL
7KLV PHWKRG HQDEOHV ROHILQ IXQFWLRQDOL]LQJ ZKLFK LV
FDUERQ GRXEOH ERQG IRUPLQJ D QHZ & FHQWHUMGUBEGL DM
UDGLFPIOQ HLWKHU FRPELQH ZLWK DQRWKHU RDGE ADIX U/RKQR
R[LGL]JHG WR D FDKH FPMWEBQWLIHRQWWDFNHG E\ QXFOHRSKLO

Intermolecular

‘R4 RY R2
radical precursor >_<
R', R3
initiator 3
R2 R4 Rz\‘
_ .R3 L ( \
1 { 1 3 l'
R 1 ‘R 2 R K
2 S 2
[O] ~ @ R Nu Nu R
R'" R3 R'" R3
4 5

6FKHPH 7\SLFDO LQWHUPROHFXODU UDGLFDO PHGLDWHG GLIX



7KH GLIXQFWLRQDOL]DWLRQ RI ROHILQV E\ UDGLFDOV DQG
FKHPLVWV LQ WKH ILHOG Rl UDGLFDO FKHPLVWU\ 7KLV SURW
ZLGH YDULHW\ Rl UHDJHQWV LQ KLJK FKHPR DQG UHJLRVI
QXFOHRSKLOHV WR UHRAW WRBPSOHPMRQM DQWADPROHFXODU U
RI ROHILQV FDQ SURYLGH D QHZ DSSURDFK IRU VIQWKHVLV R]

Intramolecular

radical precursor
initiator

- - - - -
/

RO ‘R® " TNuH 0]  “NuH ' Nu
: NuH — ™ o I\ ® - a1\ R3

2 3 3
‘. /\ ‘. ’/\/R N /\/R ~_.

6FKHPH 7\SLFDO LQWUDPROHFXODU SDWKZD\ IRU GLIXQFWLF
QXFOHRSKLOH

2YHU WKH SDVW GHFDGH WKH UDGLFDO GLIXQFWLRQDOL]DWI
WR WKH GHYHORSPHQW RI WUDQVLWLRQ PHWDO FDWDO\VWYV
RWKHU WHFKQRORJLHVY $OWKRXJK VRPH LQWHUHVWLQJ V\QV
WKLV JRDO WKHUH LV DV RI \HW QR PHWKRG ZLWK D WUXO'
QXFOHRSKLOHV ZKLFK KDV VSXUUHG RXU HIITRUWYV IRU IXUWK

,Q WKH IROORZLQJ FKDSWHUV DQ RYHUYLHZ RI GLIXQFWL
QXFOHRSKLOHV LV JLYHQ 5DGLFDOV WKDW DUH HLWKHU FDU
QXFOHRSKLOHY DUH GHVFULEHG DV ZHOO DV VRPH LQWHUH
UDGLFDO DGGLWLRQV 7KLV WKHVLVY GRHV QRW DLP WR EH D
OLWHUDWXUH EXW LQVWHDG KLJKOLJKWV WKH W\SLFDO F
GHPRQVWUDWH WKH FXUUHQW VWDWH RI DIIDLUV



%%$&.*5281"
OHWDO FDWDO\]HG UDGLFDO GLIXQFWLRQDOL]DWLRQ RI ROHI!

 QWURGXFWLRQ

SHFHQWO\ WUDQVLWLRQ PHWDO FDWDO\]JHG UDGLFDO GLIX
UHPDUNDEO\ ,Q WKLV VHFWLRQ WKH KLVWRULFDO GHYHORS
LV KLIKOLIJKWHG 'XH WR WKH WUHPHQGRXV GHYHORSPHQW F
RI HIFHOOHQW UHYLHZV ZULWWHQ RQ WKLV VXEMHFW

2YHUYLHZ RI GLITHUHQW WUDQVLWLRQ PHWDO FDWDO\VWYV

7\SLFDOO\ WKH LQLWLDO UDGLFDOV FRXOG EH JHQHUDWHC
HOHFWURQ WUDQVIHU 6(7 ZLWK VRPH UDGLFDO SUHFXUVRU
UDGLFDOV WR FDUERQ FDUERQ GRXEOH ERQGYV PRVWO\

WUDQVIRUPDWLRQ WR IRUP D VWIDEGODWHRQEBQ|WXH WDGQF
LQWHUPHGLDWH UHJHQHUDWHY WKH FDWDO\VZWLPBIQA VILW KN (
DWWDFNHG E\ WKH QXFOHRSKLOH WR SURYLGH WKH ILQDO SU

6(7

Radical precursor / Radical (R*)
1
\ R\/\Rz

[rm] uv

Nu
® \ / .
R2  NuH L R? R2
s Y et

R R1/\(

R R

5 4 2
6FKHPH 7UDQVLWLRQ PHWDO FDWDO\]HG UDGLFDO GLIXQFWLF

%DVHG RQ WKLV FRQFHSW FKHPLVWYV KDYH GHYHORSHG PDC
KHWHURDWRP FHQWHUHG UDGLFDOV ZLWK QXFOHRSKLOHV
WUDQVLWLRQ PHWDO FDWDO\VWYV RYHU WKH SDVW GHFDGH



7UDQVLWLRQ PHWDO FDWDO\]JHG R[LGDWLYH GLIXQFWLRQDOL

,Q =KDQJ DQG FR ZRUNHUV ILUVWO\ UHSRUWHG D FRSSHL
YLQ\ODUHQHV ZLWK F\FOLF \MHEXN\D KQGW RIS HUR{VE B F H %R 3
'LWK WKH FRPELQDWLR Q REXANKR [\ ® Q® FGFEBG UR[\O UDGLF
ZHUH JHQHUDWHG ZKLFK FDQ WKHQ BQK\IBIHR ZHY KD FAR ® LVF UHD\W
VWHS IRUPLQJ D QHZ FDUERKHFBQ®HWRCGDWNGHLFDO FRXOG G
EHQ]\OLF UDGLFDO ZKQWFKUPHIAWWE ZLWK WKH R[LGDI®RW WR
WKH EHVW RI RXU NQRZOHGJH WKLV LV WKH ILUVW H[DPSO
GLIXQFWLRQDOL]DWLRQ RI ROHILQV ZLWK XQDFWLYDWHG UD(
ORZ UHDFWLYLW\ DQG VXIIHUHG IURP D OLPLWHG VXEVWUDW!

10 mol% CuBr (0] X/>

r X 1-1.2 equiv TBHP
R~ - o 2 N o
= X~/ 60°C,12har Ry~ | 8
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6FKHPH &RSSHU FDWDO\]HG GLIXQFWLRQDOL]DWLRQ RI YLQ\O

2] SDUWLFXODU LQWHUHVW IRU WKH IXUWKHU GHYHORSPHQW
HWKHUV LQ DQG WKH JURXS RI :DQJ DQG 3DUN G
FDWDO\ZWNVNFK FRXOG FDWDO\]H WKH UHDFWLRQ PRUH HIILFL
GHVLUHG SURGXFWYV



, Q /IL DQG FR ZRUNHUV UHSRUWHG DQ LURQ FDWDO\]JHG |
DONHQHWK WKH FRPELQDWLRQ RI WKH LURQ FDWDO\VW DQG
HIILFLHQW UDGLFDO SUHFXUVRUV $ FDVFDGH UDGLFDO UH!
HOHFWURQ WUDQVIHU R[LGDWLRQ DQG GHSURWRQDWLRQ \
+RZHYHU WKLV UHDFWLRQ QHHGV DQ RUJDQLF EDVH '%8
WHPSHUDWXUH OLPLWHG WKH DSSOLFDWLRQ LQ RWKHU ILHOC

R3
R—r _
+
I\Il @]
R1

14
2013. condition A: 15, FeCl; (10 mol%), TBHP, and benzene, 120 °C, Ar, 12 h

R*Y—-,

o) S ¢ ) o—
N /
o)
o) o) o)
N N o) N
\ \ N \
17 \
77; 17b 17¢ 17d
ar o a 52% 40% 52%
6FKHPH 7WDQVLWLRQ PHWDO FDWDO\]HG DON\ODU\ODWLRC
, Q WKH VDPH JURXS GHYHORSHG D SDOODGLXP FDWDO\HC

E WKH UHDFWLRQ ZK&EKDGBIWLYHMG ZD$ISURSRVHG WR SU
SDWKzD\ ZLWK D NH\ EURPLQH DWRP WUDQVIHU VWHS



N0 RS ————
R? R
14 16 R' 18

\ 0
Bn N
\
18a 18b 18¢ 184
66% 55% 61% 62%
d.r. = 3:1 d.r. =1.5:1 ° °

6FKHPH 3BOODGLXP FDWDO\HG +HFN W\SH LQVHUWLRQ UHD
DONHQHYV

%DVHG RQ WKLV PRGHO UHDFWLRQ GLIIHUHQW UDGLFDO SUF
JURXSV VXFK DVDQNWU KOMRGEMYQ KEGWD]LQHFDUHRINPQIG HV
KDOLGHWR®HMWL DV ZHOO DV RWKHU WUDQVLWLRQ PHWDO FDW

3
I\R/R4
RT/
NO

R1
14
RS 0]
)\ XR® R°CN .
H CN HoNHN NHR
rs_ CN RS RS CONHR®
R J—Rs R® )4 R® ) R®
N o ol Y i N
R | — R | O R | O R | O
N Z N Z N Z N
R h1 i?1 i?1



6FKHPH 6 XPPDU\ RI UDGLFDO SUHFXUVRUV IRU IXQFWLRQDOL]

, Q 1HYDGR DQG FR ZRUNHUV UHSRUWHG D UDGLFDO
DU\OD]LGDWLRQ RI DHWIHIHIDEED D GNRH (DBKFG KRV SKRQ\O DPLG
FRXOG EH IRUPHG ZLWK H[FHOOHQW \LHOGV DQG KLJKO\ UHJI
XVHG WKH VDPH FRQFHSW WR DFKLHYH D VWHUHR VHOHFWL
DQRG GLEHQ]RF\FORKHSWDGLHQHYV

,Q =KX DQG FR ZRUNHU UHSRUWHG D FRSSHU FDWDO\]H¢
DONHQHV XVLQJ QLWULOHV DQIKLDOBRPRON.RGFRRMHRQO\ SU
PHWKRG IRU WKH FRQ&WRXEWLREFRID LVRQH VWHS EXW DC
ZD\ IRU R[LGDWLYH GLIXQFWLRQOL]DWLRQ RI ROHILQV E\ UDG

Cu(OTf)2 (0.2 equiv)
1,10-Phen (0.4 equiv)

> 3
Ar1\’/ . ON L ey DTBP (2 equiv) arl R on
2
AR R R?CH,CN/R*OH AR R
19 20 21 120 °C, 24 h 22
selected examples:
= OMe
1.7 3 7 | oMe Ph CN
R X L ¢R CN S CN
Ph R?
Ph
1 s 61% 5
R'=4-H, R>=Me: 77% R? = Me: 61%
R'=4-OMe, R3 = Me: 76% R? = Et: 45%
R'=4-H, R®=Et: 37% R? = CH,OMe: 75%

6FKHPH &RSSHU FDWDO\]JHG WKH DONR[\F\DQRPHWK\ODWLRQ |



$ ivhilar method was reported by Lei’s group in the same year. In 2017, Zhu’s group
GHYHORSHG D WKUHH FRPSRQHQWKEBK BRMHGHYWH RE® RII DOMNR
DV WKH QXFOHRSKLOH ,Q WKH VDPH \HDU JURXSV RI /L

LOWHUPROHFXODU GLIXQFWLRQDOL]DWLRQ 7KILYR CGHUR Q/\R FR-
HQDEOHY VLODQHY DV UDGLFDO SUHFXUVRUV ZLWK QXFOHRS
DQG GLFDUERQ\OV ZKLFK SURYLGHV D SRZHUIXO PHWKRC

DONDQH GHULYDWLYHYV G6FKHPH

7KH FRPPRQ FRQFHSW IRU WKHVH UHDFWLRQV DUH DQDORJR
FDQ XQGHUJR KRPRO\WLF FQBDWRBHSRHWHGFH RERQ®QVLWLI
FDWDO\VW JHQHUDWLQJ D K\GUR[\ FRPSOH[ Rl KLJKFLDQR[LGD
WKHQ DEVWUDFW D K\WWHRRXQKD¥WRPWRRMQHUBWELWQRZ BRDG
WR ROHILQV IRUPV D QHZZ&K EMHKQWWH WKAH QIRGLEDIHG WVRGJILYH
UHJHQHUDWH WRB PAXWMRQOEWWOWWDFNHG E\ QXFOHRIKLOHV W
FRQFHSW LV D VR FDOOHG R[LGDWLYH GLIXQFWLRQDOL]DWLR

H FeCl, (10 mol%) H Si(RY,R
: |
RZ\%\R:s +  H-SIRY,R® +  NuH DTEP (Bequv) , R%Rs ’
1 PhCF, Nu”]
R 120 °C, 20 h, Ar R

8 0]
/R 0] 0]
RS _R7 N
H p I\ RY R10
H
N H
H |

6FKHPH ,URQ FDWDO\]JHG LQWHUPROHFXODU GLIXQFWLRQI
QXFOHRSKLOHYV

'LWK WKH GHYHORSPHQW RI WUDQVLWLRQ PHWDO FDWDO\]}
YDULRXV UDGLFDOV KDYH EHHQ XVHGA RHPWHDWG& BB Q@WHWD
FHQWHUHG @BBOMWHIM G DOG IR OBYVZHOO DV QXFOHRSKLOH



transition metal )
R2 peroxides Nu R

’_ 1 3
R R R
1 5
R-O-O-R >~ R-0O- + R—O@
23 24 25
HAT)™ ~ p-R?
26
v ser [rm)” .
27'R/R%R2
Nu ® 1
RZ  NuH R? 2
R’ " RTY RIONR
R® R3 R3
5 4 2

"R%C,N, P,0,S,Cl,Se, Si
Nucleophiles: ArH, nitriles, ROH, RNH,, ROOH, CN", N3°, X

6FKHPH 7TUDQVLWLRQ PHWDO FDWDO\]HG GLIXQFWLRQDOL]DW|

,Q JHQHUDO SHUR[LGHV DUH ZLGHO\ XVHG IRU UDGLFDO GLI
WKH\ DUH JRRG R[LGDQWV EXW DQVR L G4LIRO DUDGS ERDDR B N H B X
DQ R[\ DON\ODWLRQ Rl DONG QMHKHZS WKV SIQFR[IRGHWRQ FDWDC
SHUR[LGHRXOG UHDFW ZLWK DONHQHV $ UDGLFDO SRODU FU
DON\O UDBR¥DORUPHG E\ DRWIQH 88dHVHQFH RI WKH LURQ FDW
7KHQ WKH DONUG WAVEYL FZAOVK VW\UHQH WR ZRWUPKDLEHRYLGLFHG
LURQ ,,, WR JLYH DDRBUERRRQWLRYKH EDVEWRBWLRWWDFNH
QXFOHRSKLOH WR GHOLYHBFWHPHGHVLUKE B$DRIGXEMRXS DOVI
FDUERDPLQDWLRQ RI DONHQHV WKURXJK D %\ VXWH®J UMILPK
PHWKRG SULPDU\ VHFRQGDU\ DQG WHUWLDU\ DON\O UDG
JHQHUDWHG IURP SHUR[LGHV ZKLFK SURYLGHV D SRZHUIX
DONHQHV WR JHQHUDWH WKHPROHEXOHVY WKDW DUH RWKHU



FeIII

32 Fe”
29
‘ j/ PR
NuH
® Felll
R
phe PR
31 30

6FKHPH 2[\ DON\DWLRQ RI DONHQHV ZLWK SHUR[LGHV

,Q =KX DQG FR ZRUNHUV UHSRUWHG D FRSSHU FDWDO\]
DONHQ@BWVXVLQJ GLFXP\O MHO®RJVLG HS RURGILGH '7%3 DV PHWK\
GLIXQFWLRQDOL]DWLRQ RI DONHQHV ZLWK GLIITHUHQW QXFOH
VXOIRQDPLGHYVY ZDV DFKLHYHG 7KLV SURWRFRO DOORZV PH
tetrahydropyrans,y ODFWRQHV DQG S\UUROLGLQHV ZLWK FRQFXUUHC
LQ JRRG WR H[FHOOHQW \LHOGV 6FKHPH ,Q DQG WZR
$U% 2+ZHUH D&&OsimtdBreaction conditions by Bao’s group.

intermolecular  intramolecular

R . cu' catalyst mmmmmm e .
R ! X Ligand NURO R : ‘M :
1 1 . 1 1
/& o . DCP/DTBP (4.0 equiv) IROJ e or iar X
Ar : ! . Ar 1 :
i Ar ni ROH/LIN3 1 Me ,
33 ____35__, 120 °C 34 .36,
OMe
N Me N Me e Me
3 3
M M M
Ph>|\/ ¢ Ph ¢ Ph ¢
34a, 81% 34b, 78% 34c, 96% 34d, 73%
HsC,
p /E/¥ O ’ D Mep
Ph”| © P’ © N
o Ph
Ve Me Ph Ts

36a, 82% 36b, 63% 36¢c,41% 36d, 71%



6FKHPH OHWK\ODWLYH GLIXQFWLRQDOL]DWLRQ RI DONHQHYV

7KH JURXS RI :DQJ UHSRUWHG D UKHQLXP FDWDO\]HG DONHCQ
UHDJHQWYV YLD GHFDUEWR[\IODWKRIQILQYPVW WLPH WKDW K\SHUY
KDYH EHHQ XVHG DV DON\ODWLRQ DQG R[\JHQDWLRQ VRXUFH
VKRZHG D ZLGH VXEVWUDWH VFRSH ZLWK H[FHOOHQW UHJLR
FDWDO\|HG DF\OR[\DON\ODWLRQ RI VWA\UHQHV XVLQJ K\SHU
Kuninobu’s group in 2017. & RPSDUHG ZLWK WKH SUHYLRXV UHSRUW WHK
UHDJHQWY ZLWK YDULRXV IXQFWLRQDO JURXSV ZDV H[SDQGH
JRRG \LHOGV DQG FRXOG DOVR SHUIRUPHG RQ JUDP VFDOH

©

0,CR3® Phe
Ph\I/OZCRS Ph\|”|® 2 \|I||
. — ' 0,crRé 39
0,CR3 0,CR3
37 38
kv C02 + Phl
[Re]' SET [Re]" /
.R3
RL/\ P
., © ; a R
OOCR 0,CR © o
2 - 1 - 2 R2
1J\(R R
) R® \Fg R/\I'\|’/3
40 4 2

6FKHPH 5KHQLXP FDWDO\]HG DONHQH R[\DON\ODWLRQ ZLWK

,Q D VKRUW VXPPDU\ WKH XVH RI WUDQVLWLRQ PHWDOV W
ROHILQV E\ UDGLFDO DQG QXFOHRSKLOH KDV EHHQ LQYHVW
FDWDO\WVWV DUH IUHTXHQWO\ XVHG IRU LQLWLDWLQJ WKH U
ZLGH UDQJH RI UDGLFDOV DQG QXFOHRSKLOHYV KDYH EHHQ D
DSSURDFK IRU WKH SUHSDUDWLRQ RI IXQFWLRQDOL]HG FRPS|
KLIK WHPSHUDWXUHY SURORQJHG UHDFWLRQ WLPHV DQG
GHYHORSPHQW RI D UHGR[ QHXWUDO PHWKRG XQGHU PLOG |



VFRSH ZLOO HQDEOH WKH UDSLG FRQVWUXFWLRQ RI PROHF
PDQQHU

7UDQVLWLRQ PHWDO FDWDO\]JHG WULIOXRURPHWK\ODWLRQ RI

$QRWKHU DSSURDFK UHOLHVY RQ WULIORBURPEVWVWID\WVOBEWHRQ@RC
LQ WKLV VHFWLRQ ZH DLP WR PDNH D VKRUW VXPPDU\ LQ RL
, Q %WXFKZDOG DQG =KX UHSRUWHG WUDQVLWLRQ PHWDO
7KLV PHWKRG SURYLGHV D PLOG YHUVDWLOH DQG FRQYHC
XQDFWLYDWHG DONHQHV 1XFOHRSKLOHV VXFK DV FDUERI[\OI
IRU WKLV UHDFW L ReQsug@dst Fhit Eh€)Tloyhié kebgetW XIGL UHG XFHG E\ WKH |
FDWDO\VW WR JHDRGUDDO ONRKZHH & )E\ UDGLFDO DGGLWLRQ DQG
JLYH FDUERFDWLRQ@PQ@ WHURREGUDWH WKH FRSSHU FDWDO\VW
ZLWK WKH QXFOHRSKLOH OHDG\W W RHW K HO G W\HUU HVEK & U\RESRXHF W
OoOLJDQGV WR HQDEOH DQ DV\PPHWULF SURFHVV WKDW GHOLY
6FKHPH

Cu(MeCN)4PFg (10 mol%)

0

7T NuH ©i/< ligand (20 mol%) /T N

: . 0 -

\ \ CF
NN |\’ MeCN, 55 °C, 16 h )\/ 3

41 42 CF;y 43
proposed mechanism /CF3
I\
. 0
" “Nu
" CF4 Cu' 420
43 cu'
CF3; 44
‘/’ NU(_—BH ,"—\\NU-H
\\\_’/\/CF3 \\\—’ N
46 " T Nu-H 41

cull . _~_CF3



6FKHPH 2[\WULIOXRURPHWK\ODWLRQ RUDGLIF®HWLYDWHG DONH

,Q WKH VDPH \HDU WKH JURXSV Rl 6]DEy DQG 6RGHRND ER

FRPSRQHQW WULIOXRURPHWKMNQDWLSRSU RD AKHWVHQBRFHHG ZLW

VWHUHRVHOHFWLYLW\ DQG DOVR D VLUGenblofs 24gdt EDAGNWKU
Togni’s reagent respectively 6 FKHPH D

a) Szabo and Sodeoka's works

1
NN cu' (10 mol%) OCOR
f i - CF
R + Togni's reagent AN 3
= MeCN, 55 °C, 16 h R+
=
6 47

OMe
47a 47b 47c 47d
86% 77% 51% 58%

) N
R 4 OFa A CFs
~FN CR, ? R R
R R CF3 Pz =
48 49 50 51
R2 /—CF3 O CF,
| A N
R N 0 R
=
R i
- R
™
52 53

6FKHPH &)UDGLFDOV LQ WUDQVLWLRQ PHWDO FDWDO\]HG GL



'LWK WKH GHYHORSPHQW RI WUDQVLWLRQ PHWDO FDWDO\]}
UDGLFDOV WKHUH KDYH EHHQ D QXPEHU RI GHYHORSHG F
RI\WULIOXRURPHWK\ODWLRQ DPLREW\WLB XWUR PO-XRK\RD PR R
F\IDQRWULIOXRURPHWK\ERWUWLIRQ XRURPHWK\G DN UG DOWLIRRUR P H W |
UHDUUDQJHHFKE® WH E

ORVW RI WKH PHWKRGV IDFLOLWDWH FRQYHQLHQW WULIOXR
FRQGLWLRQV ZLWK KLJK FKHPR RU UHJLRVHOHFWLYWLHV
WULIOXRURPHWK\ODWLRQ WKLV DUHD KDV QRZ EHFDPH
GLIXQFWLRQDOL]DWLRQ RI ROHILQYV



OHWDO IUHH UDGLFDO GLIXQFWLRQDOL]DWLRQ RI ROHILC

 QWURGXFWLRQ

'LWK WKH GHYHORSPHQW RI GLIXQFWLRQDOL]DWLRQ RI ROHI
WKH XVH RI SUHFLRXV RU WR[LF WUDQVLWLRQ PHWDO FDWDC
LQH[SHQVLYH R[LGDQWV ZLWKRXW QHHGLQJ PHWDO FDWDO
FKHPLVWYV ,Q WKLV VHFWLRQ WKH DGYDQFHPHQWY RI UDGL
PHWDO IUHH FRQGLWLRQV LV VXPPDUL]JHG $JDLQ D QXPEHU
ZHUH ZULWWHQ RQ WKH VXEMHFW

2YHUYLHZ RI PHWDO IUHH UDGLFDO FKDLQ GLIXQFWLRQDOL]D

$OPRVW HYHU\ UDGLFDO FKDLQ UHDFWLRQ QHHG DQ LQLWLI
ROHILQV WKDW SURFHHG WKURXJK D UDGLFDO FKDLQ PHFKDGC

nBusSnH
l AIBN
RX nBusSn
nBuzSnX 54
R1J\/ R
R1/\ 56
R1/.\/ R nBuzSnH

55
6FKHPH $]R LQLWLDWRUV ZLWK 7LQ K\GULGH UHDJHQWYV IRU

$]R LOQLWLDWRUV VXFK DV DJRELVLVREXW\URQLWU,IQOWKH, % 1
HDUO\ GHYHORSPHQWY PRVW UDGLFDO FKDLQ GLIXQFWLRCQC
UHDJHQWY FRPELQHG ZLWK $,%1 W\SIKAD GA®\FRVAEREXKMWK DR C
FRPSRXQGYV OHDGV WR WKH IRUPDWLRQ RI QLWURJHQ DQG



WUDQVIUEIQRPDQG GHOLYHU\ WKH RKILLAEKX W\OHADL QD B DGLL\W D &
WUDQVIHU GLIXQFWLRQDOL]DWLRQ RI ROHILQ +RZHYHU PR\
E\SURGXFWV JHQHUDWHG DUH GLIILFXOW WR UHPRYH FRPSC
LQGXVWULDO VHWWLQJ

$]R LQLWLDWRUV DUH ZLGHO\ XVHG IRU HQDEOLQJ DWRP WUI
.LWD DQG FR ZRUNHUV UHSRUWHG DWRP WUDQVIHU UDGLFD
LQ 8VLQJ FDWDO\WLF TXDQWLWLHV RI DQ D]JR LQLWLDWR!
PLOG UHDFWLRQ FRQGLWLRQV B6FKHPH

Azo initiator Br CN

X NC._ CN (5 mol%)
S - on
Br CH,Cl,,25 °C
__________ - - . . S
CN CN CN
N NN @] N
><\‘/ \N/’\>< /><\‘/ \N/’\></ e 7(\‘/ \N/’\><O/

CN CN CN
AIBN, 0 59, 45% 60, 95%

6FKHPH $]R LQLWLDWRUV LQ DWRP WUDQVIHU UDGLFDO DGGL

ORUHRYHU D]R LQLWLDWRUV FDQ DOVR EH GRQRUV RI F\DQR
LQFRUSRUDWLRQ RI F\DQR RU F\DQR FRQWDLQLQJ IXQFWLRC
UHVHDUFK WRSLF LQ RUJDQLF VI\QWKHVLV

, Q *XR DQG FR ZRUNHUV GHYHORSHG D VLPSOH
F\DQRLVRSURS\OD W DRQODUF\WD\DYW PR@AHNREN ROV XOIRQ\O DFU\ODPI
$, %1 6FKHPH



R2

AN e ™
1 CH3NO XN
R )K’/ , ABN %772 . gl P o CN
X 60 °C, 24 h X 61
14 R? 22 examples

up to 93% yield

selected examples

N

\

61a 61b Ph
89% 50% 61c | 61d
56% 65%

6FKHPH OHWDO IUHH F\DQRLVRSURS\ODWLRQ DU\ODWLRQ RI |

7TRIHWKHU ZLWK D]R LQLWLDWRUV SHUR[LGHH THUR [LLRESRU W
HDVLO\ GHFRPSRVHG LQWR R[\O UDGLFDOV EHFDXVH RI WKH
WKLRO HQHUHDFWLRQ WKDW ZDV 8YH R UMLK HEV TKHHR®/R WKHQ
LQLWLDWRUV WKHAMKH\DHQBGDMHIBY WKURXJK +$7 ZKLFK WK
FDUERQ GRXEOH ERQG WR IRUP D QHERGDBERG EM EWHWRIIGH (
WUDQVIHU ITURRHWWKRBO HQH @& RDEXFWKHU WAKHUVUG UDWBREKFGO
ZKLFK FDQ VXEVHTXHQWO\ SDUWLFLSDWH LQ PXOWLSOH SU]I
R[LGDWLRQ RI ROHILQV ZDV ILUVW UHSRUWH® \E\Z HKDAJ DWF KV |
UDGLFDO GLIXQFWLRQDOL]DWLRQ UHDFWLRQ ERWK RI ZKLFK
LQLWLDWLQJ 7KHVH WZR W\SH RI UDGLFDO GLIXQFWLRQDOL

ODWH V DQG HDUO\ V IRU WKHLU IHDVLELOLW\ DQG =
R-SH H
62 R™sH - R1J\/S\R * R-S-
llnitiation ,----J------; 65 thiol-ene reaction
Rs- + RIY — = IpTSR | 64 on
63 s 66

Oxidants thiol-oxygen co-oxidation



6FKHPH 7\SLFDO WKLRO HQH UHDFWLRQ DQG WKLRO R[\JHQ F

7KH IRUPDWLRQ RI FDUERQ FHQWHUHG UDGLFDOV RIWHQ UHT
ERQG RU FDUERQ K\GURJHQ ERQG LQ WKH SUHVHQFH RI UDG
DSSURDFKHV QHHG KLJKHU WHPSHUDWXUH ZKLFK DOZD\V VX
SRO\PHUL]DRKMR @SSURSULDWH WHPSHUDWXUH LV VLIQLILFDC

, Q .KDUDVFK DQG FR ZRUNHUV UHSRUWHG DQ DWRP WUD:"
NQRZQ DV WKH .KDUDWFK KH BARWMIVRIQFH RI UDGLFDO LQLWLE
DGGV WR ROHILQV WR JLY HAWMB0OHCS®RiGX F W Q@HIURRGEG W LKHFORRWO
FOHDYDJH RI WKH 2 2 ERQGIRDURY DIWHWIORVUDRG 2D O ZKLFK
KDORJHQ DWRP WWRQWHGAHUDWHA D QUEHODGGENOWR ROHILQV \
& FHQWHUHG URGRKDY WUDSSHG E\ DQ DGDQW® LRAYXDHU BIW K VY
GHVLUHG SBLR&MNPW
0]

M o
0 o T 0
Cl + W —O>
Cl cl Cl
Cl 100 °C,4 h Cl ClI CI 79
67 68

co, l

67
I i DA
Cl
CI)J\-/ + Cl)W\/\/\ CI)S(\./\/\/\
Cl Cl ClI ¢ CI Cl
7 70 72

6FKHPH .KDUDVFK DGGLWLRQ RI WULFKORUDFHW\OFKORULGH



$OWKRXIK WKH PDMRULW\ RI H[DPSOHV UHTXLUH SKRWRUHG
IHZ SXEOLVKHG UHSRUWYV XQGHU WUDKH IPDIMRYU PHMREO HB HH/
DWRP WUDQVIHU UDGLFDO SRO\PHUL]DWLRQ $753 UHDFWLR
UDGLFDO DGGLWLRQ UHDFWLRQV $75% 6R IDU WUDQVLWLR
WKH DUHD RI ROHILQ GLIXQFWLRQDOL]DWLRQ

,Q .OXVVPDQQ DQG FR ZRUNHUV UHSRUWHG DQ DFLG FC
NHWRQHV WRKROMHKYBBWRQNHWRQHY FDQ EH IXUWKHU WUDQV
SURGXFWV VXFK DV GLNHWRQHV KRPRDOGRO SURGXFWYV
YDOXDEOH PHWKRG IRU WKH DGGLWLRQ RI VLPSOH NHWRQH
UDGLFDO FKDLQ PHFKDQLVP ZDV PRUH IDYRUHG LQ WKLV UHE
DFLG 7%+3 UHDFWV ZLWKQ S HWKEYH TR Q RAOR D OANDHIQ XASHULRI[R (¢
IDFLOH KRPRO\WLF ERQG FOHDYDJH GHOLYHULOQODD @MW W HVR
EXWR[\O UDGQPRDIOH SUMXBDFHDRIDVW HTXLOLEULXR G [WAKWMYV |
WHUWEXW\OSHURJY® WIDEGIL ARG OWMWRMRRWKH FDUERQ FDUERQ
JHQHUDWHKNFK UHDFWV ZLWK WHRHISWMH RYK H D GEFEKDOSKH R G X F W

‘BUOOH (4 equiv)

0
pTsOH (10 mol%)

Ar/\ + R1\)J\ 2
6 R MeCN, 50 °C, overnight ~ Ar

73 74 O

proposed mechanism:

0 t [H'] o- 0
)J\ + Bu(;OH o { /& H)J\} + 1BuO -
-2

73a “ 77 78

t A o 0Bu
HQ OO0Bu
ST T N

75 76

BuOO R,

'BUOH + BuOO*
10 9 81

OOBu
(“-)k : ‘BuOO -
AT — Ar/\/\ﬂ/ —_— )\/\H/
Ar
79 O

80 O



6FKHPH 2[LGDWLYH UDGLFDO DGGLWLRQ RI NHWRQHV WR RO}

, Q ;LQJ DQG FR ZRUNHUV UHSRUWHG D PHWDO IUHH GLI.
ZLWK )&HW&dV D O SfifilesVibRthe synthesis of y NHW R Q L W6 K®I I YA $
VLPLODU PHFKDin¥RvolW RZDU XS RSRKH KLIKO\ WHBRAWBWE G
UDGLFR®@ WKH K\GUR[\O UD& KFDW® RIPE YWRPD MWVKW RE K RMQUH. DMHW H
SULPDU\ DON\OS$WGEGEAMWIDRY RI WKH SULWRUWRB NRDUEBRQLFDOE R
ERQG IRUPV D QHZ EHQ]\OL¥ WRBQFDROUPHG DIWHU UDGLFD
EHWZHHQ WKH EHQ@OQ@W. WHXGPFDRWQBRQYHUWHG WR WKH GHYV
LQ WKH SUHVHQFH RI "%8 6FKHPH $ VLPLODU PHWK
JURXSV RI /L DQG 'XDQ RUWKOPFB% KEGERVHQ GRQRUV

) DBU (1 equiv) O CN
R1_!\ =~ NCYR TBHP (4 equiv) N o
% H neat, 110 °C R
6 20 = 82
R2 R2
| |
BuO® or “"OH + H—-CHCN 'BUOH or HOH + *CHCN
10 20 83
R2 R? 81 BUOO  R2
. -
R1_|\ \ CHCN ; | AN CN tBUOO' | AN CN
6 84 = 85
BuOO  R?

0 R?
N DBU
ol N Y o
— R'—@
85 R 7

6FKHPH 'LIXQFWLRQDOL]DWLRQ RI WHUPLQDO YLQ\ODUHQHYV

$GGLWLRQDOO\ RWKHU 7%+3 LQYROYHG UDGLFDO GLIXQFWL
UHFHQW,Q\ 'DQJ DQG FR ZRUNHUV UHSRUWHG WKB GLIXQF



DQG 3+2FRPSRXQGV WRLR®RBKHRWISKDWHY XVLQJ 7%+3 DV WK
R[LGDQW

In 2017, Yu’s group developed a metal |UHH DON\ODU\ODWLRQ RI DOO\OLF
DOGHK\GHWHEXW\O SHUR[LGHDV7/%YHG DV WKH LQLWLDWRU L
UHDFWLRQ '7%3 Z8VOOGEHth RimSRoVW BEXW R[\O UDGRGEGDRYHG E\
K\GURJHQ DWRP WUDQVIHU DQG GHFDUERRKNODGN \FOQUWE B QLY G
XQGHUJRHV LQWHUPROHFXODU UDGLFDO WRGLWIHRQ QWRZWKH
LQWHUPHGUWWH UDGLFDO DGGLWLRQ QHRSK\O UHDUUDQJHP
SURGXFWFKHPH 6LPLODU UHDFWLRQV ZLWK GLIITHUHC
SXEOLVKHG

BuO—0OBu 86 OH

Ph
)OJ\ l:at o co Phi:/ . P
.ot [ : R
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91

87 88 29 90

Ph Ph

93 92
6FKHPH DON\ODU\ODWLRQ RI DOO\OLF DOFRKROV ZLWK DO
, Q .OX%PDQQ DQG /LX UHSRUWHG DQ DFLG SURPRWHG

VWV\UHQHYV ZLWK VWDELOL]J]HG UDGLFDOV D®&GE UHDFQXNARIHBSBR
WKURXJK VHTXHQWLDO DGGLWLRQ RI D UDGLFDO DQG D QXFO
FKDLQ PHFKDQLVP DQG KHQFH GRHV QRW UHTXLULQJ D FDWD
SHUR[LGH %32 R[LGDQW LV IDFLOLWDWHG E\ SURWRQDWLRQ
WKH FKDSWHU RQH RI WKLV WKHVLV IRU D GHWDLOHG GLVFX\
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6FKHPH $FLG SURPRWHG UDGLFDO FKDLQ GLIXQFWLRQDOL]D\

2WKHU R[LGDQWYV DQG UDGLMHEXIWOOQWESHBHWRUEHQYRBW HD V'
GLDFHWR[\LRGR W HE)W/O® QLWULIWKBDIL®HNG PROHFXODU R[\JH
KDYH EHHQ VXFFHVVIXOO\ XWLOL]J]HG IRU UDGLFDO GLIXQFWLI

IDWHU $OH[DQLDQ DQG FR ZRUNHUV UHSRUWHG D PHWDO IU
K\GUR[DPLF DFLOWM X¥LQJ K\GUR[DBDE DFRLGVWGLIXQFWLRQDOL]
ZDV DFKLHYHG IRU D ZLGH UDQJH RI XQVDWXUDWHG VXEVWU|]
GLIIHUHQWLDWHG R[\JHQ DWRP IXQFWLRQDOLWLHV 2QH \F
R[\DPLQDWLRQ RI DONHQHV ZLWK HYHQ KLJKHU FKHPR DQG L

R R o R
_N__0O DIAD _N__O 2 _N__O
HO A -0 7 [ o)
— P HO L .
Alexanian's work in 2010
95 96
94 IIQ
R?0.__0O ..N.__O
‘ ) w
.N
CO,R? RZO)J\N
2 NN ) Alexanian's work in 2011
R<0O,C 97
/Ph
j ~-N
iPro,c” “, 'Pro,Cc™ ™
2 Me /\/OH ) N
IPFOZC

97a: 80% 97b: 80% 97¢: 89%
> 75:25dr > 95:5dr > 95:5dr

6FKHPH 2[\DON\ODWLRQ DQG R[\DPLQDWLRQV RI DONHQHYV



2YHUYLHZ RI RUIJDQRFDWDO\WLF UDGLFDO GLIXQFWLRQDOL]D

, Q ODFPLOODQ DQG FR ZRUNHUV GHYHORSHG D FDUER F
RUJD QR F D WKHLOAWWD WODDOAVGMVLIQHG DQG XVHG IRU ZKDW KDV E
FDWDO\VLV LQ GLIXQFWLRQDOL]DWLRQ RI ROHILQV IRU W
HOQDQWLRVKRPIREHQHODWLRQ RI DOGHK\GHV XVLQJ D YDULH)

WKH VDPH JURXS XVHG WKH VDPH FDWDO\VW IRU WKH H¢
PHPEHUHG FDUERF\FOHV E\ F\FORDGGLWLRQ IURP VLPSOH
HQDQWLRVHOHFWLYLHNZD\YH® KLIXDWHOGWKH DV\PPHWULF V\
ZDV DOVR UHSRUWHG ZLWK VLPLODUO\ KLJK VHOHFWLYLWLHYV

Me O M

Me -1e”
87 H 98 % %
. SOMO
aldehyde amine catalyst activated

Me O Me (0] Me O
S o G ¢
’Bu’zif\Me Ph Bu" N~ Me e BUTN T Me
% k/\/Ph k(\/Ph
R R R
Me O
B ~Me Nu/H,0 _— l—f\
k/\/ " - tB M
Ph = N e
102 - © R N H
R 103 98

6FKHPH 6202 DPLQH FDWDO\VLV IRU WKH GLIXQFWLRQDOL]DW

, Q ILX DQG FR ZRUNHUV UHSRUWHG D QRYHO RUJDQRF
DONHQHKNH GLQLWURJHQ FEOPDSRXQGM SRUWDQW UROH ZKLF
GLDFHWRI[\LRGR EWGQENPHOWIRD RUFD &/ HEX®B/ \\WU KHOGWKMHO SURPF



UDGLFDO F\FOL]DWLRQ 7KLV UHDFWLRQ SURYLGHV D KLJKC
RILQGROWBKRP VLPSOH DU\DFRIKEBPRLGHYV

Cata. 104 (15 mol%) S
N PhI(0,CBu), (2.5 equiv) XN
R-r _ R—r O
r\ll 0 Cs0O,CBu (3.0 equiv) Z N

CaCOj (3.0 equiv), DMA, 110°C 18\
14 16 exmaples
up to 86% yield

\\\\\ tB u @) \‘\\\ tB u
o ( o
N o N\
\
86% 47%

6FKHPH 2UJDQRFDWDO\]HG DU\ODON\ODWLRQ RI DFWLYDWHG

7KH XVHV Rl RUJDQLF VPDOO PROHFXOHV IRU FDWDO\]JLQJ W
IXUWKHU VWXIBHAGBW Y drdfreported D W@ BRXNMD\O D P P R Q LPORN DR G]LIHGH

UHJLRVHOHFWLYH GLIXQFWLRQDOLPDWGERQWRIRRQDP Q1 YCDQNGH 6
UHSRUW HEGE BWNVGI DVRUAR Q L X@0 X LbRIP LKDFW D O\|HG-$F DU R RRG\DW MR- C

'BUOOH I"or Br BuQO* + H,0
9 81
1/2
BuO - + OoH e BuooH + ©oH
10 2 2
)OJ\ O g8 0 BULOO O
AT TH trin - . /\)J\ )\/U\
g7 U0 Ar R o5 A R q06 v
R
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i 'BuOH )J\ R/\/O\H/Ar R)\/ \n/ r
Ar” ~OH Ar” 0" 0o o

6FKHPH @QoX, 7%+3 QQG%U 7%+3 VIVWHPV IRU GLIXQFWLRQDOL



VW\UHQH GHUARWALYH¥N+3 RGE%U 7%+3 VIVWHPV KDYH EHFR
XVHG IRU WKH GLIXQFWLRQOL]DWLRQ RI ROHILQV EHFDXVH
HQYLURQPHQWDO IULHQGOLQHVV 6FKHPH

In 2015, Mao’s group report HG D FDWDO\WLF DPRXQW RI 1D, FDWDO\]JHG
DONHQHYV ZLWK QLWULOHMDW WKW KHX FIOUHMR/S K[ ORBOH ZKHUH
ZDV XVHG DV D FDWDO\VW IRU WKH GLIXQFWLRQDOL]DWLRQ
VXLWDEOH IRU D ZLGH UDQJH RI VXEVWUDWHYV ZLWK H[FHOOH

R-0O- O R 86
02
121 PhSH o
111 J
. . HN
® Ritter reaction s
—_—_—nmm ~
ons ph " pn, Ph Ph
114

112 T[]

/\
Ph™ X S.
ph 5 pp,

64a

PhS )
63

6FKHPH 1D, FDWDO\]JHG DFHWDPLGRVXOSKHQ\ODWLRQ RI DON

SHFHQWO\ D QXPEHU RI DGGLWLRQDO LRGLGH FDWDO\]HG U
EHHQ SXEOLVKHG E\ RWREZH YTWR X®WYKHVH UHDFWLRQV DUH VW
VXEVWUDWH VFRSH VSXUULQJ RXU HIIRUWYV RI IXUWKHU UHV|

In 2020, Li’'s groXS UHSRUWHG KWAKMHURBWOLF FDUEHQH 1+& FD
DF\OIOXRURDON\ODWIRIQV RRURWYRHRXYY ZDV VKRZQ WR EH V
GLIOXRURDON\O EURPLGHV EHDULQJ GLYHUVH IXQFWLRQDO
EURPLGH PRLHWLHYVY ORUHRYHU SHUIOXRURDON\ODWLRQ FR

HIDPSOHV RI IOXRURNHWRQHV ZHUH HDVLO\ DFFHVVHG
OHFKDQLVWLF VWXGLHV VXJJHWEGMNBEHMGDEWYI®HW HY PB ¢ILQWEIH
HOHFWURQ WUDQVIHU WR JLN®GD DI GXRYRYVYMOWUBRBWRO QJUDG|
IOXRURDON\O WD G/WDAHQH SURGXFHV D6EBQHDOAHQWEDNG LMD OL



UDGLFDO FURVV FRXSOLQJ SDWKBERG IRKRAVIQQRRWHRNHW RDW HS
GHOLYHUHG E\ UHOWHOVILQUVK+®W KH FDWDO\WLF F\FOH 6FKHPH

R (0]
R j\ R NHC 116 f
3 + + s] source 3 117
sz\/R R H R X R
115 R“R
1 87
up to 120 examples
up to 99% yield
Bz R¢ .'""“""6- ----- !
a— ' ClO4 !
Ph PhCHO + base ' ; [
X N : — Pr 1
117 N A ! :
. SN !
116 base-H ' ©) !
: i !
S o S )
116
QN X/\N\
Z Ar Ar X=SorN
( - | 118
Ph O@ Ph O@
R Ph
f
121 118 [R¢] source
115
{ o\
Ph ( )OG) Ry - 119
R \%
Ph/\/ f

6FKHPH 1+& FDWDO\]HG UDGLFDO DF\OIOXRURDON\ODWLRQ R

'XULQJ WKH SDVW GHFDGH RUJDQRFDWDO\WLF UDGLFDO GLI>
E\ PDQ\ RWKHU+RIZR¥$SHW PRVW UHSRUWHG PHWKRGV DUH IF
UHDJHQWV RU FDWDO\JHG E\ LRGLGH $V FDQ EH VHHQ W
GLIXQFWLRQDOL]DWLRQ RI ROHILQV DUH VWLOO ODFNLQJ =z
SURFHVVHYV



$GGLWLRQDO PHWKRGV IRU UDGLFDO GLIXQFWLRQDOL]D\

 QWURGXFWLRQ

S3KRWR RU HOHFWUR FKHPLVWU\ KDV QRZ EHFRPH D YHU\ KF
XVLQJ SKRWR RU HOHFWUR FKHPLVWU\ IRU ROHILQ GLIXQF)V
JRRG WROHUDQFH RI IXQFWLRQDO JURXSV KDV EHHQ DFKLHY
SKRWR RU HOHFWURFKHPLFDO FRQGLWLRQV ZLOO EH VXPPDU

SKRWRFKHPLVWU\ LQ UDGLFDO GLIXQFWLRQDOL]DWLRQ RI RO

,Q UHFHQW \HDUV SKRWRUHGR[ FDWDO\VLV KDV HPHUJHG DV
YLVLEOH OLJKW LQGXFHG VLQJOH HOHFVWKR® RMWHDER/I IFD W DE
GLIXQFWLRQDOL]DWLRQ RI ROHILQV ZLWK YDULRXV UDGLFDO
$PRQJVW WKHP WKH WULIOXRDRBHG/KCOXRDBSRHADMB\IOBYBGLFLC
EHFRPH ZLGHO\ XVHG IRU FRQVWUXFWLRQ RI WUL DQG GLIOX

hv

R\/\
CFs L—CF3
121

nucleophilic

trapping
R -«
Y cFs

Nu

124

R\./\C3 "CF3
122 Z R 44
L-CF5
""""""""" F.Cc T Ty e
195 oIS S ¢ e TN
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1 | | ! 1
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Umemoto's reagent Togni's reagent Yagupolskii-Umemoto's reagent:

6FKHPH 7\SLFDO PHFKDQLVP IRU WKH SKRWRFDWDO\WLF G
IOXRURPHWK\ODWLQJ UHDJHQWYV



,Q DQG $NLWD DQG FR ZRDGHBD AR XFARX WK EW &HQHU
UHGXFWLRQ SURFHVVRE\ 586Kkt WifFUrWihb®’s réhgent  and Togni’s

UHDJHQWNWULIOXRURPHWK\ODWHG DQG DPLQRWULIOXRURPH
EURDG VFRSH DQG UHJLRVHOHFWLYLWLHV IRU ERWK WHUPL
DOLSKDWLF DONHQHYV GLG QRW SURGXFH WKH FRUUHVSRQGL(

photoredox Nu

catalyst 2
R1/\/R2 +  CFzreagents + Nu-H Y - R R

Condition A:
[fac-Ir(ppy) 3] (0.5 mol%), Umemote's reagent (1.1 equiv), DCE/ROH (9:1), rt, blue LED

OMe
HO/,, ...CF3
[j CF3 CF3 OH O
124c 124d
124a 95% 93% 77%
99% (1:10 d.r.) (1:3.4 d.r.) (1:4.6 d.r.)
Condition B:

[Ru(bpy)3](PFg)2 (0.5 mol%), Umemote's reagent (1.0 equiv), CH3CN/H,0, rt, blue LED

o 0
\H/N HNW/
mﬁ; O CF,4 O
CF
124f ° 1249 17%40/“
95% 56% 63:31 dr

6FKHPH 2[\WULIOXRURPHWK\ODWLRQ DQG DPLQRWULIOXRURP

7KH VWUDWHJ\ Rl XVLQJ SKRWR U H & RafbéhEcbBrOnltip6 bb@IX RUR P H V
KDV QRZ EHHQ VHHQ DV D SRZHUIXO WRRO IRU GLIXQFWL
QXFOHRSKLOH 1XFOHRSKLOHV VXFK DV ZDWHU DOFRKROV
DOO EHHQ XVHG VXPFBGGIXWIORQ WR WKHVH PHW KRG FDKOL F k
VRXUFHV UHFHQW DGYDQFHPHQWY KDYH VKRZQ WKDW D Q.
XVHG IRU ROHILQ GLIXQFWLRQDOL]DWLRQ



,Q BWHSKHQVRQ DQG FR ZRUNHUV XVHG SKRWRFDWDO\V
DGGLWLRQ WR ROHILQV XQGHUKRVOSI RWRFW ORZD ¥ RRK®LMDIERVGH
\LHOGV DQG EURDG VFRSH ,Q WKH SUHVHQW UHDFW
> U G) 83\GWEES\ @D3) XVHG 8QGHU WKH YLVLEOH[FAMWK® L
VSHFLHV UHGXFHV WWR RDGRBOWRQH 0 KW DUDNG DF DWIGH € D O
DGGV WR WKH ROHILQ WR JLYH ZKQHREK &\ RQWEGH PHHGE YILIDG DFDIC
WUDQVIHU VWH SFDARDIL\WW WIQHWKH JURXQG VWDWH DQG WKE
BXEVHTXHQW QXFOHRSKLOLF WUDSSLQJ E\ WKH7KB OLGWMK8UR
VXJIJHVWHG WKH LQYROYHPHQW RI D UDGLFDO SURSDJDWLRQ
SUHVHQW UHDFWLRQ 6FKHPH IDWHU RWKHU JURXSV K
F\ADQDWDRRG@ VXOIRQ\O KDRRRIOGDMIMR Y KURXJIJK DWRP WUDQVIH
GLIIHUHQW SKRWRUHGR[ FDWDO\VWYV

Photoredox X
Ri_y + /\R catalyst R
visible light R
128 6 129
proposed mechanism
h/\\
nucleophilic I3+ 3+
trapping
- \/\R R1-X
129 128
Ir**[X]
Radical propagation -R! 129
2
i 130 7R

‘R R'-Xx

6FKHPH $WRP WUDQVIHU UDGLFDO DGGLWLRQ WR ROHILQV H

9LVLEOH OLJKW PHGLDWHG SKRWRUHGR[ FDWDO\JHG GLIXQF\
UDGLFDO DGGLWLRQ UHDFWLRQ LV D YHUVDWLOH DQG HIIL
YDULRXV VWUXFWXUDO PRWLIV ZLWK PDQ\ SRWHQWLDO DSSO



$QRWKHU W\SH Rl SKRWRFKHPLVWU\ IRU ROHILQ GLIXQFWLR
SKRWRUHGR[ FDWDO\VLVY DQG SHUR[LGHV ZKLFK FDQ LQWUR
LQYROYLQJ K\GURJHQ DWRP WUDQVIHU

, Q :DQJ DQG FR ZRUNHUV GHYHORSHG D QRYHO SKRW
RI[ILQGROWMWM3 FDQ EH UHGXFHG E\ WKH H[FLWHGHERWLQR{\FDYV
UDGLFOD®&LFK DEVWUDFWY D K\GURJHQ DWWR JURM WIKWHD D QOR
FHOQWHUHG WDKRWDDV LQ UHVRQDQFH ZLWEKKW KHS G XKW LR@\ R I
VXOIRQ\O UDVMGRADIOH FDUERQ FDUERQ GRXEOH ERQGIWHRUGYV
LQWUDPROHFXODU F\FOL]DWLRQ R[LGDWLRQ DQ&F KHBKHRWROQ

Q132
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133
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Eosm Y* Eosin Y
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\ 136
135
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deprotonation ©\)€ S\
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137 \ 138

6FKHPH 3KRWRFDWDO\WLF VIQWKHVLV RI VXOIRQDWHG R[LQG

,Q 6XQ DQG FR ZRUNHUV XVHG WKH VDPH SKRWRFDWDO\
VIQWKHVLV RI HVWHU IXQFM@SKODO QW & US \WLLEIR ¥ K UV YLDH/S IRYUHY
1 FHQWHUHG UDGLFDO ZDV IRUPHG ZKLFK LV WKH NH\ IRU \
SHFHQWO\ .OX%PDQQ DQG ODUFHO UHSRUWHG WKH FRQVHI



DON\OLQGROH QXFOHRSKLOHV WR VW\UHQHWHQMWQY X &N RW
IXQFWLRQDO JURXSV RQ WKH ROHILQV FDQ EH HPSOR\HG IF
DGGLWLRQ RI LQGROHY DQG EHQ]JRWULD]JROH WR WKH EHQ]\
LULGLXP SKRWRFDWDO\VLV IRUPV W KEX®HQ |G DUNDRBKLFDADH U A/H C
EXWR[\O UMWKIHF@ DEVWUDFWYV D K\GURJW&XDWRF UQRMD IHZHKD
ZKLFK DGGV WR WKH VW\UHQH GHULMDWIKYHY | FKMHEH G B Y A
R[LGDWLRQ E\ WKH ,U ,9 VSHFLHV JHQHZBWHY LD WEFDFLEWICR
QXFOHRSKLOH WR IRUP @HKKHPIHDDO SURGXFW

R
Ar
/ *
N Ir o
oBz + 'BuO"
. J 10
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R O J
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Ar R 87 'BuOH
139 tBUOOBZ
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6FKHPH 3KRWRUHGR[ FDWDO\VLV IRU WKH GLIXQFWLRQDOL]
LOQGROHYV

, Q /L DQG FR ZRUNHUV UHSRUWHG DQ LQWHUPROHFXODU
& VS+ ERQGV XVLQJ SKRWRUHGR{LNVQSIU RWRF ROVBEDBWLIG/HYV D S
IRU WKH DGGLWLRQ RI WZR YLFLQDO DON\O JURXSV DFURV!
& VS+ IXQFWLRQDOL]DWLRQ XQGHU PLOG FRQGLWLRQV 7KH L
UHVSHFW WRUERIKY ¥FEQWHUHG UDGLFDO SUHFXUVRUV VXFK I

GLR[DQH +RZHYHU WKH QXFOHRSKLOHV DUH OLPLWHG L



FKDUDWHULVWLF LQ WKLV PHWKRG LV WKDW WKH SKRWRUH
R[LGDWLRQ VWHS E\ UHJXODWLQJ WKH UHGR[ SRWHQWLDOV R

,Q X DQG FR ZRUNHUV UHSRUWHG D GLIXDFW VRODQHD M
& VS+ SDUWQHUV XQGHU SKRWRFDWDO\WWK FR(HG ERPRQYD \G |
SKRWRUHGR[ DQG +$7 FDWDO\VLVY D EURDG VXEVWUDWH VF
DFKLHYHG 7KLV SURWRFRO SURYLGHV D QHZ PHWKRG IRU W
HOHFWURSKLOHV UDWKHU WKDQ QXFOHRSKLOHV ZKLFK
GLIXQFWLRQDOL]DWLRQ SODWIRDF RQ KIHH FPVHWRKSRKA\D KW DQQIC
FRQGLWLRQV KDYHZEWHK QB UFHHSRRUHNEBG L FD OV

Si(C)R® . 3
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COO~ [%/OAC PC
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148 147
[@/OAC CO,

R
N~/ 143 SET
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N
+ hv
142

145
R“\‘ H—Si(C)R®
144
R1/'\/Si(C)R3
146
6FKHPH &2DQG VLODQHV SOWWQIBUV IRU WKH GLIXQFWLRQDO
SKRWRFDWDO\WLF FRQGLWLRQV



(OHFWURFKHPLFDO UDGLFDO GLIXQFWLRQDOL]DWLRQ RI ROHI

, Q ;X bQG FR ZRUNHUV GHYHORSHG DQ HOHFWURFKHPLF
XQDFWLYDWHKKDOY $SHEMMVRFRO HQDEOHG WKH DGGLWLRQ RI QL
IROORZHG E\ WUDSSLQJ RI WKH F\FOL]HG UDGLFDO LQWHUP
1R[\O UDGLFDO 7(032 WR JLYH WKH GHVLUHEG KOKRKQRRQIBHQL

UHJLRVHOHFWLYWLWHYV 6FKHPH

BU4NBF4,
Na2CO3 (1 equiv)

R. .
NH & HTEMPO (2 e_quwo)
)\ \ 20, CH3CN; 60 °C R

O O ~--7 RVC anode, Pt cathode
149 constant current = 10 mA O:< 5
o) AP
150
F
/:< /:( o : ? /:( 0: Q

N : N - N
0= o~ 1 ) 0~ 0=

O o)

150c 150d
150a 150b 90% 91%
90% 91%
d.r. > 20:1 d.r.>20.1
RVC anode Pt cathode
Ar< . 1
N
S X :
_ '}‘ 0" R e
(SN O
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2
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6FKHPH (OHFWURFKHPLFDO LQWUDPROHFXODU DPLQRR[\JHQTEL



,Q DQG ‘X DQG FR ZRUNHUV UHSRUWH® PAWKRH DIDGNGLQNHLF

XQGHU HOHFWURFDWDO\WLF FRQGLWLRQV 7KHVH UHDFWLR
HITLFLHQW DSSURDFKHV IRU WKH SUHSDUDWLRQ RI F\FOLF V
IlUHH FRQGLWLRQV SURYLGH D PRUH JUHHQ DQG SUDFWLFDO

PROHFXODU 6FKHPH

R1 R2
o) feo
H Ho 3
R R® 151 / Roass
= or or
R2 NArj (cat.)
1 0. 0 ONP) Functiionalization R% 5
R\N/S\NH R! RS R4‘N/S\NH and deprotection NH HN-R
H H Ve >i/ R R™\, RS
2 R" 3 R
152 R R2 R 155
154
Ph_o Ph{ 0 Ph._0O Ph. o
o WD R o)
0 o H TsHN 0 &s o
153a 153b 153c 153d
91% 70% 75% 40%

0] - "
H Ph' | Ph  Cy
Ph N
154a 154b
from estrone from fasudil ;gf/a
76% 82% °

6FKHPH 'LIXQFWLRQDOL]DWLRQ RI DONHQHV ZLWK GLROV
FRQGLWLRQV

Xu'sgroup KDV DOVR GHYHORSHG YDULRXV DGGLWLRQDO HOHFWU
JRU LOQVWDQFH IOXRURDON\QWWIO®W®XROQRRHWKNODWORRBQRIN HC

DONHQXDWH EHHQ UHSRUWHG



, Q WKH &8DQWLOOR JURXS UHSRUWHG D PLOG FDWDO\VW
RI DONHRBIWHG RQ WKH FRQFHSW RI SDLUHG HOHFWURO\VLYV |
ZDWHU LQ DQ XQGUDPGGEHRABRAHOOH@HUDWHG IURP6R[DQDRWQRQ

DW WKH DQRGLF VLWH PHDQZKLOH ZDWHU DFWV DV WK
QXFOHRSKLOH WR SURYLGH WKH K\GUR[\O JURXSV IRU WKH
VXLWDEOH IRU VXEVWLWXWHG WHUPLQDO DQG LQWHUQDO D
K\GUR[\ WULIOXRURPHW&KRRHPRPSRXQGYV

Anode (radical and cation generation)

)

- -e Ar X -e
CF3S0, > -CF; - a2 AN CFs
s -SO2 M 122 123 OH
_ CF
- % _ Ar)\/ 3
2H,0 Ho + 20H 157

Cathode (nucleophile generation)

6FKHPH (OHFWURFKHPLFDO R[\WULIOXRURPHWK\ODWLRQ RI D

Recently, Lin’s group is certainly one of the PRVW DFWLYH LQ GHYHORSLQJ
DSSURDFKHVY WR HQDEOH UDGLFDO @GLIXQFWLR QBCE |PRVERQ |
UHSRUWHG DQ HOHFWURFKHPLFDO PDQJD QMM RMDWDDOAIRIGP G
SURYLGHYV D XVHIXO PHWKRG WR DFFHVV GLDPLQOWHCE KSHMNR G
WKHUDGLFDO ZKLFK WKHQ DGGV WR WKH DONHQH LQ DQ D
FHQWHUHG UDGLFDO )LQDOO\ WKH & FHQWHUHWD GDEBDL ©DinQ G
FRPSOHWHYVY WKH GHVLUHG GLD]LGDWLRQ :LWK WKH GHYFE
GLIXQFWLRQDOL]DWLRQ RI ROHILQV YDULRXV QXFOHRSKLO}
FDUERQ GRXEOH ERQGV VXFFHVVIXOO\ 6FKHPH

electro-chemistry X
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Br Br N X I
R)\/CF?’ R)\/Br R)\/Ns R)\/Ng R gl\R' R)\/I?R'\R'

158 159 160 161 162 163
Cl O R
)\/ll:l’ CINC CN F,c— Mep—ci Cl N3 H Cl
X
164 165 166 167 168 169

6FKHPH 6XPPDU\ RI GLIXQFWLRQDOL]DWLRQV RI ROHILQV HQI

,QGHHG HOHFWURFKHPLVWU\ KDV HPSRZHUHG D QHZ DUHD IF
WUDQVLWLRQ PHWDO FDWDO\VWV DQG R[LGDQWV IRU WKH
GHYHORSPHQWY LQ WKLV ILHOG DUH VXUH WR EH GLVFORVHG



SHIHUHQFH

*DUVLGH 0 *OREDO SURGXFWLRQ FDSTORBEDO RWHWK\OH
KWWSV 7ZZZ VWDWLVWD FRP VWDWLVWLFV JOREDO HWK\
*DUVLGH 0 *OREDO SURGXFWLRQ FDSDPGEREDORDWBURS\OF
KWWSV Z7ZZ VWDWLVWD FRP VWDWLVWLFV JOREDO SURS
*DUVLGH 0 *OREDO SULFH RI.UX®WIVHDRH 5HVHDUFK
KWWSV 7ZZZ VWDWLVWD FRP VWDWLVWLFV SULFH VW\UH
/L < 4 X ' &KHQJ + * <LQ * < 'LIXQFWLRQDOL]DWLR
OLJUDWQRKZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ

.ROE + & O9DQILHXZHQKJH 0O 6 6KDUSOHVV . % &DWDO
&KHPLFDO 5HYLHZV

JLVKHU 7 - 'XVVDXOW 37THWSDKHGURRJRQRO\VLV

'HZDU 0 - 6 20LYHOOD 6 6WHZDUW - - 3 OHFKDQLVP RI
EXWDGLHQH ZLWK HWK\OHRXUQRG R|D/QKRH WKHOHBBY &KHPLFDC

JHUQDQGHV 5 $ -KD $ . .XPDU 3 5HFHQW DGYDQFHV LQ
WR PRGHUQ YDULD QWNVWDXG VDLYSORIFHDWIHR QVHFKQROR J\
-DFREV 7 [/ - - R W $ & 6 7KRX&QDPOLRWUWKRI SFO-NHFDDQ
BRFLHW)\

7DQJ 6 /LX . /LX & J/HL $ -+ IXQFEWELRQODBIIQWLRQ WKU
DONHQ\QPMALIRF@O 6RFLHW\ 5HYLHZV

<LQ * < O0X ; J/LX * 6 3DOODGLXP ,, &DWDO\]JHG 2[LGDWL
%RQG JRUPLQJ DW D +LJK 9DSFHQ@WQ3ID\ @D & KX L8A-DIDWIHHNV H D U F k

%DR : = /L - -LDQJ : +XR & ' 5DGLFDO OHGLDWHG "'
\QWKHVLV 6WXWWJIDUW
/IDQ ; : :DQJ 1 : ;LQJ < / 5HFHQW $GYDQFHV LQ 5DGLFD

$ONHQHMSHDQ -RXUQDO RI 2UJDQLF &KHPLVWU\
/LX 6 .OXVVPDQQ O $FLG SURPRWHG UDGLFDO FKDLQ G
VWDELOL]HG UDGLFDOV &KHP LE 20 QRPPKRIS K DOVH\R Q V

=KDQJ - 6 /LX / &KHQ 7 4 +DQ / % 7UDQVLWLRQ OH
'LIXQFWLRQDOL]DWKR®Y VRV $\ODNG GMYDQ -RXUQDO
=KDQJ * /LX < =KDR - % /L < =KDQJ 4 5DGLFDO FDVI

ERQGV LQYROYBOUHRQREMRERWLRO &KHPLVWU\



&KHQJ . +XDQJ / =KDQJ < &X%U OHGLDWHG 2[\DON\ODW|
&RQGLWLRQV YL DC-MBhS ¥ D Okygll MBIDQLF /HWWHUV

6XQ + =KDQJ < *XR ) =KD = :DQJ = 5HJLRVHOHFWLY
&DWDO\]HG E\ 'LDWRPLWH 6XSSRUWHG DRI IJIIRXWDHD @[ RG H ULIIX
&KHPLVWU\

LP - < 3DUN - & B6RQJ + 3DUN 2 ¥DQRPFXERVWEDWRO
'LIXQFWLRQDOL]DWLRQ 5HDFWLRQ R%XIO@@WLMHEAHW EHWR USH B G
6RFLHW\

‘HL : 7 =KRX 0 % )DQ - + /LX : 6RQJ 5 - J[LX <
6\QWKHVLV RI 2[LQGROHV E\ ,URQ &DWDO\]HG 2[LGDWLYH $C
DQ $U\O #& %BQG DQG+ DARQ/S $GMDFHQW W®RJIBZDIQ\E WUIHR R WHRAPL
,QWHUQDWLRQDO (GLWLRQ

)DQ - + <:HL : 7 =KRX 0 % 6RQJ 5 - /L - + 3DOO
'LIXQFWLRQDOL]DWLRQ Rl $ONHQHV ZLWK DOSKD &DUERQ\O $
W\SH ,QVHUWLRQ $ 5R X% MZAD QGERO B® HPRLAIHWWHUQDWLRQEL

/L - :DQJ = * X 1 - *DR * <RX - 6 5DGLFDO FDVFDG|
DONHQHV WR FRQVWUXFW F\OKHRP VEXEY VWIRPRW @ IGF RWMLRGR/O HV

:DQJ + *XR /1 '‘XDQ ; + 3DOODGLXP &DWDO\HG $ON\OC
B8QDFWLYDWHG $ONIQDHD RLZMHVDQLF &KHPLVWU\
=KDR < 3 /L = + 6KDUPD 8 . 6KDUPD 1 6RQJ * + 91

FDWDO\|JHG DON\ODU\ODWLRQ RI DFWLYDWHG DONHQHV XVLQ.
UDGLFDO DFFHVV WR SEUHDROLNF\IDMD &/ R B P X [Q IQFDRNMOLHRQ V

+H = < *XR - < 7LDQ 6 . &RSSHU &DWDO\]HG 2[LGL
$U\ODFU\ODPLGHV ZLWK +\GUD]JLQHFDUER[DPLGHNG YIDQE&EHGI W
6\QWKHVLYVY &DWDO\VLYV

/lLX - - +XDQJ + < &KHQJ / /LX 4 :DQJ ' /LX [/ $ F
WUDQV LRGRDON\QDWLRF RIWNLERROHFXODU &KHPLVWU\

7LDQ < ) *H < ; =KHQJ / 3 <DQ 4 4 5HQ < 0 :DQJ
= 4 =KDR - & /L = - $ J)UHH 5DGLFDOREDYFDIGEIL QLSO NWAL
6LPSOH .HWRQHW D@ -(RVXANUHIWDO RI 2UIJDQLF &KHPLVWU\

7DQJ 6 'HQJ < [/ /L - :DQJ :DQJ < & /L = = <XLC
5 / $HURELF R[LGDWLYH F\FOL]DWLRQ R IVWEHPWD\FOLOGANVR QL DU B
HQWU\ WR DON\ODWHXHPWRH B OQSRROPLFQHG LIFIDQH\R Q V



.RQJ : 4 OHULQR ( 1HYDGR & $U\OSKRVSKRQ\ODWLRQ
$ONH®PIVHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ

.RQJ : 4 )XHQWHV 1 *DUFLD 'RPLQJXH] $ OHULQR (
B\QWKHVLV Rl +LJKO\ )XQFWLRQDOL]JHG ,QGDQHV DQG 'LEHQ
5DGLFDO &DVFDSH BEDEWWRIQV¥KHPLH ,QWHUQDWLRQDO (GLWLF
&KDWDORYD 6D]HSLQ & :DQJ 4 6DPPLV * 0 =KX - 3 &
&DUERHWKHULILFDWLRQ RI 8QDFWLYDWHG$®ONERQ®OEVWVEN &GN L
,QWHUQDWLRQDO (GLWLRQ

JLDR = ; <L + /L = )DQ & =KDQJ ; J/LX - 'HQJ = ;
5DGLFDO &DUERR[\JHQDWLRQ $ON\ODWKRBLY@®\$HN BMDDQ LR

%XQHVFX $ +D 7 O :DQJ 4 =KX - 3 &RSSHU &DV
&DUERD]LGDWLRQ RI $ONHQHV ZLWK $BOQWRDDYAWEH &RBBL
,QWHUQDWLRQDO (GLWLRQ

<DQJ < 6RQJ 5 - 2X\DQJ ; + 'DQJ & < /L - 4+ /X
, QWHUPROHFXODU 'LIXQFWLRQDOL]DWLRQ RI 6W\UHQHV DC
IXFOHRS$SRQUBEWQGWH &KHPLH QWHUQDWLRQDO (GLWLRQ

=KX 1 :DQJ 7 *H [/ JL < y3PDQR % XWOR F+$FLG *$%$ 6\
(QDEOHG E\ &RSSHU &DWDO\]|HG 2DUERDF LIQWWHRE RI $ONHQH
6XQ ; /L ; 6RQJ 6 =KX < /LDQJ < ) -LDR 1 - - R W
HITLFLHQW DHURELF R[LGDWLYH K& bpprpadh b F DWMLIGRRY RO FR&EIRIQ X
-RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\

=KDQJ % 6WXGHU $ - 2 O 6WHUHRVHOHRPWUDI LMD GHMDANH I

'DQJ < :DQJ : 7DQJ 5 < /LX = + 7DR : + )DQJ = ; |
DOSKD EHWD DPLQRSKRVSKLQR\ODWLRQ RI VWI\UHQHV ZLWK
2UJDQLF %LRPROHFXODU &KHPLVWU\

'HL : :HQ - <DQJ ' :X 0 <RX - :DQJ + - 2 FKHPLVW
GLIXQFWLRQDOL]DWLRQ Rl DONHQHV ZLWK GLR[\JHQ DQG VX
approachto p NHW RV XU RMMHMF %LRPROHFXODU &KHPLVWU\

<DQJ - /LX < < 6RQJ 5 - 3HQJ = + /L - + - $ 6 &D
'LIXQFWLRQDOL]DWLRQ RI 6W\UHQH W BEGWWMW \OR GLLW B LAWHO Y X Bl D
WR6 X O IRQ\OHW K DRRYITHEHEGHYQWKHVLY &DWDO\VLV
6]pNHO\ $ .OXVVPDQQ O OROHFXODU 5DGLFDO &KDLQ ,
7HPSHUDWXUH BBEPLFIVWLREY $VLDQ -RXUDQO



-LDQ : *H / -LDR < 4LDQ % %DR + ,URQ &DWDO\]HG 't
RI 9LQ\ODUHQHV ZLWK $OLSKDWLRB @GFLITDQ 6W HV & KHPQ N\ QQ BRHX
(GLWLRQ

4LDQ % &KHQ 6 :DQJ 7 =KDQJ ; %DR + ,URQ &DWDO
6\QWKHVLV RI $PLQH\ 3OGQR \VHHEXWQ WX \RH® KH $PHULFDQ &KH

%DR ; <RNRH 7 +D 7 0 :DQJ 4 =KX - &RSSHL
GLIXQFWLRQDOL]DIMVRQHRE FOFCPNGHQQLIFD W LR Q V
‘HL 5 :LRQJ + <H & /L < %DR + ,URQ &DWDO\]HG $O!
$ONHQHV ZLWK 'LDF\0OSHURIRGHN /Bl Q/GV AW6/L

=KX ; 7 66X 0 4 =KDQJ 4 /L < - %DR + [/ &X &DW
9LQ\ODUHQHV ZLWK ODVNRG JXON\P /(OMEFWURSKLOHYV
'DQJ < =KDQJ / <DQJ < + =KDQJ 3 'X = 7 :DQJ &

(QDEOHG E\ OHUJLQJ 5KHQLXP &DWDO\VLV ZLWK +\SHUYD
'"HFDUER[\ORDWIRDD RI WKH $PHULFDQ &KHPLFDO 6RFLHW\

'DQJ = .DQDL 0 .XQLQREX < ,URQ &DWDO\]HG $F\ORJ\I
+\SHUYDOHQW ,RBUIDHD & A D Bl QWU V

=KX 5 %XFKZDOG 6 / &RSSHU &DWDO\]HG 2[\WULIOXRURP
-RXUQDO Rl WKH $PHULFDQ &KHPLFDO 6RFLHW\

=KX 5 %XFKZDOG 6 / (QDQWLRVHOHFWLYH )XQFWLRQDOL]
&DWDO\VLYV &RSSHU &DWDO\]HG $V\PPHWULF $Q\WAZDI@XWHRF
&KHPLH ,QWHUQDWLRQDO (GLWLRQ

-DQVRQ 3 * *KRQHLP , ,OFKHQNR 1 2 6]DEy . - (OHF
&RSSHU &DWDO\]HG BGBQWIHRQS5RID&N QWY WR2%0 BB QH V HWQ/GH $

(JDPL + 6KLPL]X 5 B6RGHRND 0 2[\WULIOXRURPHWK\ODW|
FDWDO\VW XQGHUW RPWOG KHREWRW LRWWHUV

8PHPRWR 7 (OHFWURSKLOLF SKHPQRBORBMHYNHYDWLQJ $IJHQW\
.LHOWVFK , (LVHQEHUJHU 3 7RJQL $ OLOG (OHFWURSKL
6XOIXU &HQWHUHG 1XFOHRSKLOH\&)ES HD 3 SSHWYDQIEGWMA  &RKGH_RL
,QWHUQDWLRQDO (GLWLRQ

/LQ - 6 ::LRQJ < 3 0D & / =KDR / - 7DQ % /LX ; <
'LUHFW ,QWUDPROHFXODU $PLQRWULIOXRURPHWK\ODWLRQ RI
%DVHG 1XF@AKRPKNVOHN $ (XURSHDQ -RXUDQO



JHQJ & /RK 7 3 - $ & , ( 'LUHFWLQJ *URXS $VVLVWI
7ULIOXRURPHWK\ODWLRQ RI (®OFNDREG WHH L & KH G WH $ @NHQUHYD V

+H < 7 /L [/ + <DQJ < ) =KRX = = +XD + [ JLX ; =
&RSSHU FDWDO\]JHG LQWHUPROHFXODU RDIIRNBLOHNRVUREBW W K

:DQJ ) L ; /ILDQJ = &KHQ 3 /IlLX * - $ & &RSSHU
7TULIOXRURPHWK\OD]LGDWLRQ RI $ONHE&RQWDRERQAVHQEE RV HH
$QIJHZDQGWH &KHPLH

(JDPL + 6KLPL]X 5 .DZDPXUD 6 6RGHRND 0 - $ & , (
&RXSOHG ZEWKR&G )RUPDWLRQ &RQVWUXFWLRQ RI 7ULIOXR
+HWHUR$¥OERBEMWQGWH &KHPLH QWHUQDWLRQDO (GLWLRQ
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%DUDWD 9DOOHMR 6 /DQWDXxR % BRVWLJR $ 5HFHQW $G
ZLWK (OHFWURSKLOLF 7ULI| CXRHPRBAWYK \FODH/DLQQ J RXHUBICH® W V

1X\NHQ 2 B6FKHUHU & %DLQGO $ %UHQQHU $ 5 'DKQ
.ROOHIUDWK 5 ODWXVFKH 3 O9RLW % $]R JURXS FRQWDLQL
W HF K QRIQURILHWY LQ 3RO\PHU 6FLHQFH
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$VWUXF ' 7+( 86( 2) 3, 25*$12,521 6$1':,&+(6 ,1 $5208$7,& &+(
7RSLFV LQ &XUUHQW &KHPLVWU\ 6HULHV

'RZG 3 =KDQJ : )5(( 5%$',&$/ 0(',$7(" 5,1* (;3$16,21 $1' 5(/$
$118/$7,21&KHPLFDO 5HYLHZV

6PDGMD : $&<&/,& ', $67(5(2)%$&,%/ 6(/(&7,21 ,1 ,17(502/(&
5%$',&%/ 5($&7,216 67(5,& 96 (/(&7521,& &2ADTHRWW

+RIIPDQQ 5 : ODUNRYQLNRY IUHH UDGLFDO DGGLWLRQ UHD
&KHPLFDO 6RFLHW\ 5HYLHZV

. XPDU 0 6LQKD $ )UDQFLVFR - 6 5ROH RI 'RXEOH +\GUTJ
$WPRVSKHULF$&RRRDWWURI & KHPLFDO 5HVHDUFK

.LWD < *RWDQGD . OXUDWD . B6XHPXUD 0 6DQR $ <DF

SUDFWLFDO O5DGLFDO $GGLWLR Q¥ing XQRGHIRELVOG GEIRFPHOLKNOR
PHWKR[\YDOHURQLWULOH2UJD Q laF BW DEH V¥ L BWH\DIMDRIF K 'HYHO

=KDQJ 0 6KHQJ : -L 3 J/LX < *XR & OHWDO IUHH GLUHI
1 DU\ODFU\ODPLGHY RU 1 DON\O 1 DU\OVXOIRQ\O DFU\ODPLG
DSSURDFK WR F\DQR FEQWHEYPDQEFHRILQGROHYV

6]JHNHO\ $ .OXVVPDQQ O OROHFXODU 5DGLFDO &KDLQ ,
7HPSHUDWXUH &BRBPL¥IVWLRBQVWVLDQ -RXUQDO

3RVQHU 7 %HLWUIJH ]XU .HQQWQLVV GHU XQJHVIWWLJIJWHQ
OHUFDSWDQHQ DQ XQJHVIWWHUNHW RK IO HQKIDR VHUAN WR I 1H
.KDUDVFK 0 1XGHQEHUJ : ODQWHOO * - 7 - R 2 & 5
)5(( 5%$',&$/6 ,1 62/87,21 ::9 7+( 5($&7,216 2) 2/(),16 :, 7
0(5&$37%$16 ,1 7+( 35(6(1&( 2) 2;ZKH -RXUQDO RI 2UJDQLF &KHP

IRZH $ Yene7¥cROUHDFWLRQV DQG UHFHQW DSSOLFDWLRQV
VIOWKHRA\WHU &KHPLVWU\

'"6RX]D 9 7 ,2\HU 9 . 6]PDQW + + 7KLRO ROHILQ FRR[LGI
HITHFWV LQ WKH R[LGDWLRQ RI VRFKHRNKROARUOIDDLRWIK2RR D@ E K &l

&KULVWHQVHQ + 6HKHVWHG . &RUILW]IHQ + B5HDFWLRQ
SHUR[LGH DW DPELHQW DQMXHORXDYWBHG RMHPASMUPMWX EKWYPLVW

.+$5%$6&+ 0 6 -(16(1 (9 855< : +  $'",7,21 2) &$E
7(75%$&+/25,"( $1' &+/252)250 72 2/(6FLHQFH



.KDUDVFK O 8UU\ -HQVHQ ( 9 - - R W $ & 6 $GGLV
DFHWLF DFLGRXWR R® RILWKH $PHULFDQ &KHPLFDO 6RFLHW\

6DZDPD < IDNDWDQL 5 ,PDQLVKL 7 )XMLZDUD < ORQJX
VRGLXP DFHWDWH LQ DWRP WUDQVIHU UDGLEB®OSO CEOLQWFIHRQ |

-LDQJ + B6WXGHU $ - $ & , ( $PLGGPLilBRLRPOYFIEG V2L
7UDQVLWLRQ OHWDO )UHH $PLGRIOXRULQIQUHRQ Q 8 W H8 QDK MVALL
, QWHUQDWLRQDO (GLWLRQ

i LDR < IlLX = 4 - 7 - R R F $WRP 7UDQVIHU 5DGLFDO
$ON\QGHKH -RXUQDO RI 2UJDQLF &KHPLVWU\
SLQWDXHU 7 ODW\MDV]HZVNL . - & 6 5 $WRP WUDQVIHL

UHDFWLRQV FDWDO\JHG E\ SSP DRKX@WRDRI| 6RFISHNU BRPEBAY

Mufioz-Molina, J. M.; Belderrain, T. R.; Pérez, P. J. J. E. J.o. , & $WRP 7UDQVIHU 5D
S5HDFWLRQV DV D 7RRO IRU-20@ WKR )BXQWW LRODFN(PBDRISRIP RO L F |
-RXUQDO RI ,QRUJDQLF &KHPLVWU\

6FKZHLW]HU &KDSXW % 'HPDHUHO - (QJOHU + .OXVVP
5DGLFDO $GGLWLRQ RIS HIWROBVG WH QIOHPLEV,QWHUQDWLRQDO

OLQLVFL ) )RQWDQD ) $UDQHR 6 B5HFXSHUR ) %DQ
OHWDOORSRUSK\ULQ &DWDO\VLV LQ WKH )XQFWLRQDOL]DWLRQ
%X22+ )UHH 5DGLFDO OHFKDQLVPV 6ROYHQW (IIHFW DQG 5
-RXUQDO Rl WKH $PHULFDQ &KHPLFDO 6RFLHW\

/IDQ ; : :DQJ 1 ; %DL & % /DQ & / =KDQJ 7 &KHQ
& VS+ %RQG )XQFWLRQDOL]J]DWLRQ RI $ON\O 1LWULOHV ZLWK
2UJDQLF /HWWHUV

=KRX 0 % 6RQJ 5 - 2X\DQJ ; + /LX < <:HL : 7 'HQJ

R[LGDWLYH WDQGHP FRXSOLQJ RI DFWk YEDRAQHEG/ IDAONGH B H\O Z& W R
ERQGV XVLQBEHPI#3DO 6FLHQFH

OHQJ < *XR / 1 :DQJ + 'XDQ ; + OHWDO IUHH R[LGDW
DFWLYDWHG DONHQH VI X FGWLIRHFDAD 1V ® VEEKRHP LAFID D OFRKRYOYL F D W

<DQJ : /| I/RQJ < &KHQ ) +DQ % 6\QWKHVLV RI LVR[D]RO
UDGLFDO SURPRWHG FDVFDGH R[\DO N\OIDWQILK Q&K E R LY IVINO PURL



'DQJ + &KHQ & /LX : % =KX = % 'LIXQFWLRQDOL]DWLF
EXW\O K\GURSHUR[LGH 7%+3 DW URRP WW PEXWDOSHUR[\RU \
LRGRHWKO@YWHLQ -RXUQDO RI 2UJDQLF &KHPLVWU\

&KHQ & 7DQ + /LX % ) <XH & & /LX : % $75%$ OLN
DONHQHV ZLWK WULFKORURPHWK\O GHULYDWLY RWID\QWKH FF
&KHPLVWU\ JURQWLHUYV

&KHQ & /L < % 3DQ < 3 'XDQ / + /LX : % 2[LGDWLYF
DONHQHV WR DFFHVYV GLFKORURDOKQD O HR\K HPRF WU P $ORIQUVH.D

/JLX & =KX 0 :HL : <DQJ ' &XL + /LX : :DQJ
GLIXQFWLRQDOL]DWLRQDRIG D30 2HRPIBR XZQ @\ [ HRGROKBRVSKDWH
2UJDQLF &KHPLVWU\ JURQWLHUV

3DQ & ' 1L 4 7 )X < <X - 7 5DGLFDO $ON\ODU\O
$OFRKROV ZLWK $OGHK\GHV YLIRXHEBR\® I5HDIOUD.FJIERHO MW W

<DQJ / /X : =KRX : =KDQJ ) OHWDO IUHH FDVFDGH
DON\ODU\ODWLRQ RI DFU\ODPLGHV ZLWK DOLSKDWLF DOGHK\!
GXDO & VS + ERQG MUGIFHQL R QI B/WLR Q

/L < ; :DQJ 4 4 <DQJ / OHWDO IUHH GHFDUERQ\ODWLYH
GHULYDWLYHV ZLWK DOLSKDWLF DOGRKIGBYF DQ G LR RR®UHEX
&KHPLVWU\

X = 4 :DQJ & /L / 'XDQ [/ / /L < 0 &RQVWUXFWLRQ |
DQG ,QGDQRQHV YLD '7%3 3URPRWHG 2[LGDWLYH &RXSOLQJ ¥
$OGHKYEBMYQDO RI 2UJDQLF &KHPLVWU\

+H < + :DQJ < 4 *DR - =HQJ / /L 6 6 :DQJ : =KHQ.
/ - /L * 3 &DWDO\WLF PHWDO IUHH DON\OKHWHURDU\ODW
PLIJUD®KIRPMLFDO &RPPXQLFDWLRQV

/JLX 6 6 .OXVVPDQQ O $FLG SURPRWHG UDGLFDO FKDLQ
VWDELOL]HG UDGLFDOV &KHP LE 20 GQRPPKRSKDOH\R Q V

=KDQJ + *X = :X 3 +X + &KHQJ < =KX &-9OH\RDRG IUHH
IXQFWLRQDOL]DWLRQ Rl DONDQHV DQG GHDURPDWL]DWLRQ RI
DIDVSLUR> &@BPIEFMIAHERPPXQLFDWLRQV

X = B5HQ 5 * =KX & &RPELQDWLRQ RI D &\DQR OLJU
'LIXQFWLRQDOL]DWLRQ 7KH (OXVLYH 6HOHFW L$GHJ I$ FIDGRFWMHQ D
&KHPLH ,QWHUQDWLRQDO (GLWLRQ



'X < 0 &KHQ < J/LX < [/ 4LQ : : /L = ' 7UDQVLWLRQ
$]LGRKHWHURDU\ODWLRQ RI $ONHQHV (IILFLHQW $FFHVV WR
3UHOLPLQDU\ $QWLIXQJDO (YDOXDWSL\RE $H B L Q \6W/ 0 W WQIMIR W |

X =KX & 5DGLFDO OHGLDWHG 5HPRWHR)XQW W LRR RIX® P UH
5HVHDUFK
&KHQ ) =KRX 1 1 =KDQ - [/ +DQ % <X ' WHUW %

VXOIR[LPDWLRQ RI DONHQHV ZLWK VXOILQLF DFLGV D KLJKO
NHWR[2BBHNMQLF &KHPLVWU\ )URQWLHUYV

X < =KDQJ < / <DQJ = -LD - & =KHQJ ; . JHQJ : 6
7DQJ / 'XDO 5ROHV RI WHUW %XW\O 1LWULWH LQ WKH 7UDC
7TULIOXRURPHWK\OR[LPODMPLMXY RKE® NHQHYV

=KDQJ 0 = ~-L 3 < [/LX < ) ;X - ¢ *XR & & 'LVXOILGH
IRU WKH 6\QWKHVLV Rl 6XOIRKGYRROM® LAQQYKRYILYGR&BIW D O\

+H ) 6 :X < 4 =KDQJ - ;LD + * :X - 7KLRVXOIRQ\ODW
RI VXOIXU GLR[LGH XQGH U 2QR Q (PLHFWEKHPLLN WRIQ GURQWQM U V

/L < 6 /X 5 6XQ 6 7 /LX / OHWDO )UHH 7KUHH &RPSRQ
2UJDQLF /HWWHUV

*DR ) OHQJ ) : 'X - < =KDQJ 6 < +XDQJ + [ 2
7ULIOXRURHWK\ODWHG &KURPRQHV YLD 5DGLFDO &DVFD
$00\OR[\ DU\QRORHHHKD@HRXUQDO RI 2UIJDQLF &KHPLVWU\

/X 4 =KDQJ - :HL ) 4L < :DQJ + /LX = [HL $ $HL
$ONHQHV /HDGLQJ WR TefithF BQ:GOUR[\ WX OHQDHADQGWH &KHPL
,QWHUQDWLRQDO (GLWLRQ

JLX & 'LQJ / *XR * /LX : 2[\WXOIRQ\ODWLRQ RI $ONHQH\
7UDQVLWLRQ OHWDOXURSHBRQBXWDRQV2UJFDQLF &KHPLVWU\
6FKPLGW 9 $ $OH[DQLDQ ( - OHWDO )UHH $HURELF 'L
+\GUR[DPLF$®BHEVPQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ
6FKPLGW 9 $ $OH[DQLDQ ( - OHWDO )UHH 2[\DPLQDWLRQV
-RXUQDO Rl WKH $PHULFDQ &KHPLFDO 6RFLHW\

*UDKDP 7 + -RQHV & 0 -XL 1 7 ODFOLOODQ ' : & (Q

2FFXSLHG OROHFXODU 2UELWDO &DWDO\VRXUQ@RB &D WERH RHR & U
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online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
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assign or transfer to any other person (whether a natural person or an organization of any kind) the license
created by the Order Confirmation and these terms and conditions or any rights granted hereunder;
provided, however, that User may assign such license in its entirety on written notice to CCC in the event of
a transfer of all or substantially all of User's rights in the new material which includes the Work(s) licensed
under this Service.
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principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.
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A difunctionalization of alkenes through sequential addition of a
radical and a nucleophile has been developed, which is suggested
to proceed by a radical chain mechanism not requiring a catalyst.
An electron transfer step to the oxidant benzoyl peroxide is facili-
tated by protonation with a strong acid.

The difunctionalization of alkenes is a powerful transformation
in synthetic organic chemistry. Besides transition-metal cata-
lysed methods that proceed via organometallic intermediates,"
such reactions can be efficiently conducted by addition of free
radicals.” An interesting strategy amongst these is the conse-
cutive addition of a radical and a nucleophile, which requires
an electron transfer (ET) step after the radical addition, in order
to generate a carbocation that could be trapped by a nucleophile
(Scheme 1a).*** Such reactions would enable functionalizing
olefins with a wide variety of reagents in a regioselective manner,
given that radical precursors and nucleophiles mostly react com-
plementarily. Although many synthetically interesting methods
have been developed towards this goal, there is as of yet no
method with a truly broad substrate scope of both radicals and
nucleophiles.*® Most of these methods require the presence
of a transition metal catalyst or reagent to achieve the desired
ET forming the carbocation intermediate, notable exceptions
utilize an organic photocatalyst,” iodide as catalyst® or electro-
chemistry.’

We had previously worked on the activation of tert-butyl
hydroperoxide by Brensted acids, most notably in the presence of
ketones.'® We noticed the work by Zhang, Bao and co-workers, who
reported a copper-catalysed difunctionalization of alkenes using
benzoyl peroxide (BPO) in the presence of HPFs."' Acetonitrile was
both radical precursor and nucleophile and the role of the acid was
not clear, thus it raised our interest for its combination of a

Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1,

45470 Miilheim an der Ruhr, Germany. E-mail: klusi@mpi-muelheim.mpg.de

t Electronic supplementary information (ESI) available: Including experimental
details, NMR spectra, X-ray crystallographic data and a CIF file. CCDC 1957001.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c9¢cc09369a
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peroxide and acid and its potential to add radicals and nucleo-
philes to olefins.

Here, we report mechanistic details of the effect of acid
on benzoyl peroxide and a method for difunctionalization of
styrene derivatives with stabilized C- and S-radicals and N- and
O-nucleophiles. The reactions do not require a catalyst but the
presence of a strong Brgnsted acid, and they operate at only
slightly elevated temperature (Scheme 1b).

We found that the combination of BPO with HPF allowed
for the addition of thioxanthene (2a) and acetonitrile to styrene
(1a) without any additional catalyst within two hours at 50 °C
(Table 1, entry 1). The product’s structure (3a) suggested that a
thioxanthenyl radical was added to styrene and subsequently
acetonitrile attacked as a nucleophile in a Ritter reaction."” The
C-radical of thioxanthene had apparently formed by H-atom
transfer (HAT),"® presumably to a benzoyloxyl radical generated
from BPO.

The acid plays a crucial role for the reaction: with lower
amounts, the yield drops significantly (entry 2) and without
acid, no reaction occurs (entry 3; for further results under
changed reaction conditions, see the ESIt). In the presence of
other acids, the product was also formed, but apparently the
yield is correlated with the acid strength. For example, trifluoro-
acetic acid gave only 11% of 3a, while the stronger acids HBF,
and HClO, gave 39% and 51% (entries 4-6). In the absence of
BPO and with other peroxide oxidants, the product was not
formed. Ambient temperature is sufficient for the reaction, but

Scheme 1 Radical-nucleophile addition of olefins. BPO = Benzoyl peroxide.
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Table 1 Optimization of the reaction conditions?

Entry Acid Acid equiv. Yield” (%)
1 HPF (aq., 55%) 1.0 88

2 HPF, (aq., 55%)° 0.1 20

3 — — 0

4 CF;CO,H* 1.0 11

5 HBF, (aq., 48%) 1.0 39

6 HCIlO, (aq., 70%) 1.0 51

74 HPF, (aq., 55%) 1.0 91 (88, 839)

“1a (0.2 mmol), 2a (0.4 mmol, 2.0 equiv.), BPO (0.3 mmol, 1.5 equiv.),
Acid (0.2 mmol, 1.0 equiv.) in CH;CN (2 ml). ” Yields determined by
"H NMR spectroscopic analysis of the crude reaction mixture relative to
internal standard CH3NO,, yield of isolated product in parentheses. ¢ With
addition of 1.0 equiv. of water. ¢ Degassed, under argon. ° Performed on a
larger scale, isolating 1.5 g of 3a.

the rate is significantly reduced. Performing the reaction under
strict exclusion of oxygen increased the yield, and the reaction
could also be performed on a larger scale, giving 1.5 g of 3a with
an isolated yield of 83% (entry 7).

The reaction is very likely proceeding via a radical mecha-
nism, as the addition of radical inhibitors reduced the yield
significantly (see the ESI} for details). The acid apparently does
not affect the decomposition of BPO, which has a reported
10 hour half-life temperature of 73 °C.'* As an NMR experiment
revealed, BPO with or without acid did not change when heated
in acetonitrile at 50 °C for two hours (Scheme 2a). However,
in the presence of thioxanthene, benzoic acid was formed in
significant amounts under these conditions, indicating that it
accelerates the peroxide decomposition (Scheme 2b).

While the acid does not accelerate the homolytic cleavage of
BPO, it does change its redox potential. We studied this effect
by cyclic voltammetry (Fig. 1). The reduction of BPO alone was
found to occur at —345 mV, which underwent a shift by
+470 mV in the presence of 0.66 equiv. of HPFs, the relative
amount used under reaction conditions. Other acids also
induced such a shift, but less strong, as is shown here for
trifluoroacetic acid (for other acids, see the ESIT). The reduction
was thus significantly eased by the strong acid HPF, possibly

Scheme 2 Experiments pointing to the reaction mechanism.

1558 | Chem. Commun., 2020, 56, 1557-1560
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Fig. 1 Cyclic voltammograms showing the effect of acid addition on the
reduction potential of BPO. Two platinized Pt wires as a counter and
working electrode with a Ag/AgCl electrode as a reference were used. The
cyclic voltammetry (CV) was conducted from —1.0 V to 2.0 V with a scan
rate of 100 mV s~1. BPO (0.3 mmol), acid (0.2 mmol), tetrabutylammonium
hexafluorophosphate (0.1 M) in CH3CN under Ar.

by protonation that turns the now cationic peroxide into a
better electron acceptor.

These results indicate a reaction mechanism that relies on
electron transfer (ET) steps (Scheme 3). Initiating benzoyloxyl
radicals (4) are formed from BPO in the presence of thioxanthene,
possibly by ET to BPO that is facilitated by protonation. These
induce HAT from thioxanthene, generating a new radical (5),
which then adds to styrene, forming the benzylic radical 6. This is
oxidized by BPO in the presence of HPF4, most likely by ET to the
protonated peroxide (7), giving the intermediate carbocation 8,
benzoate and a new benzoyloxyl radical. The cation 8 can react as
an electrophile with acetonitrile, generating the product 3a in the
fashion of a Ritter reaction. Thus, the reaction appears to run by a
radical chain mechanism and can be seen as a case of “electron-
catalysis”."

Based on this working model of the reaction’s mechanism,
other substrates that can initiate such a radical chain by
interaction with BPO'® and that easily form radicals by HAT
to a benzoyloxyl radical should also be employable, as well as
other olefins and alternative nucleophiles.

Scheme 3 Potential reaction mechanism, shown exemplary for 1a and 2a.

This journal is © The Royal Society of Chemistry 2020



As shown in Scheme 4, styrenes with both weakly electron-
donating (Me, ‘Bu) and withdrawing (F, Cl, Br) substituents
on the aromatic ring, regardless of their positions, afforded
the desired products in good yields 62-96% (3b-3f, 3j-3k and
3m-3o0), as did 4-vinylbiphenyl and vinylnaphthalene (3i, 3p).
However, styrene bearing the strongly electron-donating
methoxy substituent did not give the desired product, and the
strongly electron-withdrawing NO, and CF; substituents led to
low yields of 3g, 3h and 3l in 10%, 30% and 33%. Using indene
as olefin gave the product 3q in 30% yield, but it is remarkable
for its high trans-selectivity. A diastereomeric ratio of >21:1
was determined in the crude reaction mixture, but after
purification, we received the pure trans-product 3q. Similarly,
only the trans-product 3r was isolated from the reaction with
E-B-methylstyrene. Strangely, other nitriles besides acetonitrile
did not lead to the expected products with thioxanthene.
However, when we used xanthene as HAT-donor, we could
isolate different amide products by performing the reaction
in different nitriles as solvent. Aliphatic and aromatic nitriles as
well gave the products 3s-3x with good yields after an extended
reaction time of 6 hours. The general structure of these products
was confirmed by X-ray crystallography of product 3e.

Next, the scope with respect to nucleophiles was explored.
Although we tried many substrates (see the ESIt for further
details), only alcohols were successful, and only with thiox-
anthene but not with xanthene (Scheme 5). Reactions of styrene
with various alcohols produced the expected products in good

This journal is © The Royal Society of Chemistry 2020

yields, with primary alcohols in generally higher yields (9a-9e,
73-93%) than secondary (9f-9¢) and tertiary alcohols (9h).

Thiophenols (10) as HAT-donors with acetonitrile as nucleo-
phile could also be employed successfully in this reaction with
styrene (Scheme 6). While alkyl thiols did not react under those
conditions, products 11 with various differently substituted
thiophe

Chem. Commun., 2020, 56, 1557-1560 | 1559





















































































































































































































































































































