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conc.
DCE

DIAD
2,6-di-t-Bupy
DMA

DMAP

DMF

dmp

DMSO

dppb

dppe

EDCI

hfacac

LP

MP

MTBE

MS

NFSI

NHC

NHPI

acetyl

acetylacetonate

amyl

aryl

bond dissociation energy
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
benzyl

bis(oxazoline)

benzoyl

ceric ammonium nitrate
1,5-cyclooctadiene

concentration

1,2-dichloroethane

diisopropyl azodicarboxylate
2,6-di-tert-butylpyridine
N,N-dimethylacetamide
N,N-dimethyl-4-aminopyridine
N,N-dimethylformamide
dipivaloylmethanato
dimethylsulfoxide
1,2-bis(diphenylphosphino)benzene
1,2-bis(diphenylphosphino)ethane
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
1,1,1,3,3,3-hexafluoroacetylacetonate
less polar

more polar

methyl tert-butyl ether

molecular sieves
N-fluorobenzenesulfonimide
N-heterocyclic carbene

N-hydroxyphthalimide



NMI 1-methylimidazole

NMP N-methylpyrrolidone

PG protecting group

phen. 1,10-phenanthroline

PMB p-methoxybenzyl

PMP p-methoxyphenyl

PT proton transfer

Py pyridine

pybox bis(oxazolinyl)pyridine

rt room temperature

TBAF tetrabutylammonium fluoride
TC thiophene-2-carboxylate
temp. temperature

TEMPO 2,2,6,6-tetramethylpiperidine-N-oxyl free radical
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid

THF tetrahydrofuran

™ target molecule

TMDSO 1,1,3,3-Tetramethyldisiloxane
TMS trimethylsilyl

tol toluene

Ts 4-toluenesulfonyl

SET single electron transfer

SM starting molecule

Sphos 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl

Xphos 2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl
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PG BRSE T E A Z AR S D T DI TEME A D TV A M TH 5, 20 HEALIC
I, BIKAFIRIL, 7R Ay TV T AZERRENZOFKOENTZT T N
v hELUTHAS SN TE 2, 21 k272 0 . C-H {EMEAL OGS EH 0 72 5 BT
HEE L TRERTHEAINICHIZESNDICES> TS, ZNHAKRTEORECLY, &
WEME RN 21X U b & 3 DIERENE D 1 DA AUITRIBIIIC (L SN D ATREMED & 1 |
FEEICINDDOFEEZHND Z & THM LAY O G A TR Z RIR B L 7o #d 2
I EN OO D,

& AT D EFWSOSTERIT AT /22 b DN EE X T, 7oA vy 7V > 7 KE
R C-H {EMHALIG DFIRIZ L VLB DO EIRITEE DL EHE L RES>>H D5, =
N OB TERMICH A2 K CTEMATEEIC /R 572 b DIE, FIC sp’ REFEEZEME L
TRIGICR SN D, sp’ REMTOD v 7V o ZRISIE. FICEELE SITE WD,
EBIsp IREBTON v 7Y v 7 BFEB LT H8IT, sp” 1FE LT R 0 RF S OHIEA
ML 7D Z ENEBTE D,

ZFZTRIE, ZhS spP REMTOL v 7V 7 OBRZITLE > THBET 5 RS D a
FER R L LC, sp’ IRFET VN FHEBEOM ALHBREZEE, TV
IV B STRBRIRIICAT DR D Z L 2 & 2T, HME 7 UL & L OSSR, fil
B2 Csph)-H A OIE L TH R SN D, 2, BIEOFHREB SR TIX, &
O 2 I ALEISRIIC T VAN ERESEDLZENAEEE RV DO D, L LK
#T VU NNREITE DKL LT W) | SERBIR RS O ERIZE X 1I2bT-
LigEE L THmbhTE,

FTET, a NV R TAFANENLRE LT AL T UV EHEIEERLE L, RE
THl (£ 22) ~ORFMIMZ L0 HF R CNT v T T ay s w525, fllltn
ARFIETH A v 7Y 7 FOSDOBFEICHER LTz, ZHUZHOWTIEE I TR D,

BT, C(sp))-H it A DBEBIZUC K > THRAESEIZRFE T P H V& — BeJR Tl
LCALT-AHESRTEIC L2 Ha EE T UL AAKRTFIEEL 2 T5 1 207 L
— 7 A= b EE R FE o7 L N-~T 1 Bk 7 /L~ (NHC) B A il 4 oD BA 58
DT, ZHIZOWTIEE NI ETRRD,



Il. )L MBI XA HEFT VA b A S DR T v T T RS DB

ElI=l=N
1. B

IRFE-IRFBREOIRER S 2 EHREME D FOERERZIER L TEBY . TOHEREES
TE R BT FB 0 72 B g 2 2T 2L 72 D, 1980 FRE Tl ARkl 4 37T
% |-G, redox neutral 72 RSN A S D EIAICH 572, BLED T A5 Kb
FRATBEE 2R SOSFRMER LA TH VO . LR O 2 B B REEE DRIl %7
DT DR T T D, LML L AHAEBL TN IZHET D122,
FEFN 72 24 U2 T Tnon-redox-neutral 72| MEITT D L 5 o7c, 2D X5 7R
JETEAIE, HOEEHIC X VLS E OB ZIT 5 LRI, B L OFIHE % ATHE &
T2, ZNE TRILSETRIS S EEBREUSD 2 DM L TITh I D 2330 o1
TERHEMS & g LT, 2D
HEHIZ X > TEEW A R
BRSNS ]
RMERH 5, s T 1T
Non-redox-neutral 72 i 13
PER LV bR AV ER AL
Z b ORI & |
BT FE T H AR & T A8
THZELaARETD
(Figure 1-1)%

Oxidation state

o

Number of steps

starting material — redox economic (linear) [FEA&H el B T TR %
—— redox economic (exponential)

— fon-redox economic Y)ﬁéf(f‘jx:% . 5‘]3@4\ ﬁfﬂ%ﬁﬁfcﬁ

-=-== isohypsic extreme WAL 38 o T % I B &%
Figure 1-1 A schematic view of redox econom
9 y ¥ . Ht, (Figure 1-1)]

® O

target

' Hendrickson, J. B. J. Am. Chem. Soc. 1975, 97, 5784.
2 Burns, N. Z.; Baran, P. S.; Hoffmann, R. W. Angew. Chem., Int. Ed. 2009, 48, 2854.



DX DI HEEE O R O FHET & B A [RIRFIZ A T & 2 B E & o)A
WRFE-RBREATER UG IE, BEREVES T O AR O EHICRE < FEE5THLEZD
N5, FAMIZD XD OGS %Z BfE L, AFRICID fHirZ & & LT,

F PRI BFZEE TR SRR o =2 v M2 W7 v oy v
v 4 RrRINEI AN R B L7=(Scheme 1-1)°, ARG TIiE, 2290 b E R R(A)
DO EEMRECTH D a0 R T AFAFEB)EIE TSR ESE, 2R P~
RN 2 SOEHREC) B RE S T,

CoBr, (1 mol%) R'
BEt; (20 mol%)

R
LiBEt3H (20-30 mol%
() om BRI
N/ toluene, 70 °C, 20 h N/

Co-H R\~
rearomatization (A)

(without catalyst) ) _
atom economical hydrometalation

catalyst regeneration

AN

C-4 selective |
nucleophilic addition N

RI

Scheme 1-1 Cobalt-catalyzed C-4 selective alkylation
L2sL2Rs b AKRUS TIMBLTE MR TH SRR oa v be FU F2RASE
BH12DIZA—s3—1 KU R(LiHBEt) & AW 23V IE T RIEICIR L TV D728, BREMR
TFAMEMENE WO BB L T e, & 2 CTRIE, B2 4k CI A T RE 7 & R -1
A9 e B U Rz WD SOSRREHTIES & BT Vo v 2 B =RIc 7 L% v
A0 RS &L RSP 2 S0 B R TR EBRATREIE o 7oA X TR D
BREAFF AN D @R AR AR A TRILE Z AR~ AWIIEITHEF LT,

* Andou, T.; Saga, Y.; Komai, H.; Matsunaga, S.; Kanai, M. Angew. Chem., Int. Ed. 2013, 52, 3213.



TR 72 S TR FTRE R @R Tl =2 SV e B U R Z2iE M U 72 Al SOS 0 JeAThkE
REH 2R,

Co(acac), (5 mol%) OH
PhSiH3 (2 eq), O, (1 atm)
R X - R J\Me
THF, rt

Scheme 1-2 Cobalt-catalyzed hydration of olefin

1989 4. WIS Tz 0 Ml & 43RS, PhSiH; Z HlWTA L7 4 b7 =
— IV E BT D IR A A LTz (Scheme 1-2)* °, 3#ITHIIC EGSIH 2 W5 & 7 V7 i
MU ZF N Y ANR—=FFH A FIZEBRINDD, MLIGIET T U RIBEILAIZ R L,
PhSiH; R 7 Vo v BN SBIC T L 3 — L~ 5 = L A R L7,

S HIZ, FAFRECmL ST a3 0 Ml & PhSiH; & HV 2 o,B-A BRI /L AR = VA
IEEMET VT REDD v 7Y v TS Z#E LT % (Scheme 1-3)°, AKESRITE
T RBIFEN LT 27 V7 L RERNTE A AR S 40Tl v | BB R 1 deE o A
ZEL TS,

Co(dpm), (5 mol%)

JOL . X PhSiH3 (2 eq) o 5 ,
RiSH R ~ R1J\ER

R3 DCE, rt; H;0+ R
X =CN, CONR,, COOR

Scheme 1-3 Cobalt-catalyzed reductive cross coupling reaction between aldehydes and electron-deficient alkenes

— 57T, 2004~2009 T F T, 20 Mg X PhSiH; Z# W=7 v Dk Ra
BEREFALI 7S Carreira & DWFFE T NV —T I 6EHE I TW5B, UL TICF OHREH 2 7=

el

o

* Isayama, S.; Mukaiyama, T. Chem. Lett. 1989, 18, 1071.
> Hamilton, D. E.; Drago, R. S.; Zombeck, A. J. Am. Chem. Soc. 1987, 109, 374.
% Isayama, S.; Mukaiyama, T. Chem. Lett. 1989, 18, 1989.



B PIZ Carreira H 11X, =2 3L MMbfE L PhSiH; 2 W T, 7Y U VAR VR AT LT
LHHHT DM E D e Rk RV bz L7z (Scheme 1-4)', % 5%
DORISRIZEH L, ROCHIZ EARMESS - CTh 500 FIREN D RIERICEMRM: S Th
DT VHNRUBEAT VLR TE R0 EZ X TIFRICEF LT,

S
BL///OT Na
3 —N
Co cat. (1.5-5.0 mol%) R2 R /OO
PhSiH3 (1 eq) R1 Co™
W/\R +rB OC CoztBU . ! : O// \“
EtOM,23°C  Boc” ‘N °° 9 N=
" 0%7<
Scheme 1-4 Cobalt-catalyzed hydrohydrazination of olefin Co cat

Fl~v o AUtz AvzZE Fre R VU bbHE LTV 5 (Scheme 1-5)°, ~ > 7
R TR, 00 MR TIHRINRICRE £ 2T v v (BT Vo ZiE
TN BRESHE TV ) TR LT HEWIERIS THRIA S FOSPAEITT 5 2 &
% [ LT b (Table 1-1),

o R4 Mn cat. (2 mol%) - R2 R4 O~ | /,Q
PhSiH; (1 e Mri
T)\R + guo,c- NN -COBY 3 (1 eq) %Rs NN

R2 . N. .Boc

PrOH, 0°C, 2-3h Boc” H By O>X_/)7TBU

Scheme 1-5 Manganese-catalyzed hydrohydrazination of olefin

" Waser, J.; Carreira, E. M. J. Am. Chem. Soc. 2004, 126, 5676.
¥ Waser, J.; Carreira, E. M. Angew. Chem., Int. Ed. 2004, 43, 4099.



Table 1-1 Comparison with Mn cat. and Co cat. in hydrohydrazination reaction

entry substrate (alkene) product Co cat. Mn cat.

NHBoc

N.
; @ O Boc 24 90

Me
Me
2 \/\/\ 16 66

N
Boc” 'NHBoc

Me OH
\(\/ 22 72

N
Boc NHBoc

72 Scheme 1-4 &L [Al—d a3 )L Mtz T, Y=oz A O Rek K7
DALL AR TH Y, HEEA ISR 5 R AP O[5 & &2~ LT B (Scheme 1-6),

/COZR Co cat.-1 (1-5 mol%) EtO.C.

H
— N ) /
/+ N ! N COLEt L
RO,C silane, EtOH, 23 °C _ 0—Co
Z Loy

~ 0 ?Z—Me
Scheme 1-6 Cobalt-Catalyzed Hydrohydrazination of Dienes and Enynes Me HO 0]
Me

Co cat.-1

W T, @R = L Fe RY FMitlitz Huwwoe Fa v R 7 2 AL O ROGEE
%59, Carreira 51X TsN; Z V2t R 7 2 RMbZ 84 L7~ (Scheme 1-6)",

CO(BF4)2'6H20 (6 mol%) Ph Ph
ligand-1 (6 mol%)

Bu . X
BUOOH (30 mol%) R3 N° COXK
R PhSiH; (3 eq) or TMDSO (2 eq) R2
\/\Re' + TsNg R H OH
RZ

EtOH, 23 °C, 2-24 h N, Bu

ligand-1

Scheme 1-6 Cobalt-catalyzed hydroazidation of olefins

’ Waser, J.; Gonzalez-Gémez, J. C.; Nambu, H.; Huber, P.; Carreira, E. M. Org. Lett. 2005, 7, 4249.
10 Waser, J.; Nambu, H.; Huber, P.; Carreira, E. M. J. Am. Chem. Soc. 2005, 127, 8294.
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% 5 1% Co(BF4),*6H,0 & ¥ 7H L X 0 R FHEL L 72 =230 MMt 2 VT, BT
W AR U CRGIZT Y REEBEATDHZ EEARRIC LIz, EA LT Y REAE &N
N0 ETHIE ERFHKE L THEREREH LAY OB, Staudinger ) 7 —3 2 21
RIVwIrIAN) =R LTINS T —~DREMbGAREERD,

F 7~ Carreira HiX TsCN ZHWI-HEMT7T L7 O Faov 7 b HELTWD
(Scheme 1-8)",

Co salen-1 or 2 R3

R PhSiH R!
¥ RS+ TsCN ° - RQﬁ/J\H

R2 EtOH, 1-3 h, rt CN
=N N= =N N=
Co, Co
Bu (0] (0] Bu Bu 0] (0] Bu
Bu Bu Bu Bu
Co salen-1 Co salen-2

Scheme 1-8 Cobalt-catalyzed hydrocyanation

VT ANKR B, T IR, AT RROT X U Eiix B RE R G A L
ARECH V| Scheme 1-7 D7 ¥ RIE L FRRICEH WA ZFE T2 EERETCH D, TA7
YDt Fay T 2id, 7 U —=AT A ey B ic B D TR A S T T T
HHDD, BT N BN TIA RABEORMRLE OISR E TS EITO 2 &N
WETH-T7" FD7=%, Carreira H Db R 7 2AbIFRET /2 S THM T L4
KL TH BMORIGEZER TE L EERRE L S XD,

' Kohn, M.; Breinbauer, R. Angew. Chem., Int. Ed. 2004, 43, 3106.

12 Kolb, H. C.; Sharpless, K. B. Drug Discov. Today 2003, 8, 1128.

13 Gaspar, B.; Carreira, E. M. Angew. Chem., Int. Ed. 2007, 46, 4519.

1 (a) Nugent, W. A.; McKinney, R. J. J. Org. Chem. 1985, 50, 5370. (b) Casalnuovo, A. L.; RajanBabu,
T. V.; Ayers, T. A.; Warren, T. H. J. Am. Chem. Soc. 1994, 116, 9869. (c) Kranenburg, M.; Kamer, P. C.
J.; van Leeuwen, P. W. N. M.; Vogt, D.; Keim, W. J. Chem. Soc. Chem. Commun. 1995, 2177.

"> Keim, W.; Behr, A ; Liihr, H.-O.; Weisser, I.; J. Catal. 1982, 78, 209.

1% Goertz, W.; Kamer, P. C. J.; van Leeuwen, P. V. N. M.; Vogt, D. Chem. Commun. 1997, 1521.

11



FAEDEEISIC L0 . TsCl Z vt Fu 2z oofbd @ LTV 5 (Scheme 1-9)",

R3
R1 Co cat., PhSiH; R!
%\R?’ + TsClI > R2 H
R2 EtOH, 3-7 h, rt Cl

Scheme 1-9 Cobalt-catalyzed Hydrochlorination

Ty D R s aafbix, 7T OEBGZE W TERRISETH D,
—RE 2T VD Ra r e a b T2 @ S ivie VAR J F A v R A g T
BLLCTnWaicw, ZEBET A7 TR OITNETETT Db 00", —@H#RT
N oREL DBEREEZFETL TV U TIRARICHRRINRICCHEITSEDIZED
o lc, —J T, Carreira HIZ L > TR Iz =20 MO % Tk, TsCl K&
THIE L THWT—EBRT V7 Akt LCHRRZA Mt FTRARIRICTE Fe
2t EEITIED T ERAREE o T,

B ROz )L MR A2 =TV b 7 2= )V AR = LR AR O

54
[ FE— IR SR AE B I K S & 783 (Scheme 1-10)%,

o P, x b

Rt N Co cat. (2 mol%) N H —N\ /,N =
\/\RB + Ph \SJJ\X R1 RS /CO\
R2 Bu 0} o] Bu

o e
’ Bu Bu
Scheme 1-10 Regioselective reductive C-C bond forming reactions
Co salen-2

Scheme 1-10 DIREIZ LV T A7 o BRBEICAF L A BEEOEANAHEIZ R 572,

17 Gaspar, B.; Carreira, E. M. Angew. Chem., Int. Ed. 2008, 47, 5758.

18 (a) Dewar, M. J. S.; Fahey, R. C. J. Am. Chem. Soc. 1963, 85, 2245. (b) Brown, H. C.; Rei, M.-H.; J.
Org. Chem. 1966, 31, 1090.

' (a) Whitmore, F. C.; Johnston, F. J. Am. Chem. Soc. 1933, 55, 5020. (b) Schmerling, L. J. Am. Chem.
Soc. 1946, 68, 195. (c) Stille, J. K.; Sonnenberg, F. M.; Kinstle, T. H. J. Am. Chem. Soc. 1966, 88, 4922.
(d) Fahey, R. C.; McPherson, C. A.; J. Am. Chem. Soc. 1971, 93, 2445. (e) Becker, K. B.; Grob, C. A.
Synthesis 1973, 789. (f) Becker, K.B.; Grob, C.A. Helv. Chim. Acta 1973, 56, 2723.

20 Gaspar, B.; Carreira, E. M. J. Am. Chem. Soc. 2009, 131, 13214.
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WUT, w2 L Me RY REEHC KD 7 07 o ReFREHLKISIE, &
KT VANFEL BOSE LT WRBR R REFA & ODROSIZIRE SN TWD, £D72wd, K
BH & 72 B 7 A AR D BB R R 13RO S 0 0 | SR AR o0 FE i P AR 72
IZBRERITH U | FERRITHERENE S 772 E DB RIS T2 DI E 72 D RUSRIFE DO LR
INBE T 5, IRETDIETIE. & B A1 = L bl o sk 3 75140 o K28 36 46 BF % b
BRI 2720010, BRI T ERBEREZRT,
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2. ANV MBI XD BMT VLA X DIBTH v T TS O

2-1. WFFEDHRN

B1EOERTRAT@EY @Al Sv e FY R E 7 10 2 X 28 )
REATIMNZ, TERITFRZSREFH & OOSICIRE STV, ZOBHE LT, £H
THRAELL NV ST AR AVENERA L POV INEERETH LT VX LT L
NEEWESN DR BEIT LS DWW E3E X 572 (Scheme 2-1a)™ 2 ¥, 2D 7%
RHFOTIXNT T HNVORENMEL | T VAV E FUSHED @O IEE ~O AN RE S
NTLEIDOTITZRWDE W DG % 3. T 7= (Scheme 2-1b), & Z THAX., =/NL b-jx
FREAG O AT Z &2 BIICEBEA AR L, 250 h 7 LR L FE &2 R Al iz 7
NFRNTDOANNEEWT DL TRICRPTTOT TN T DANVRENEGEY e
OIS ZEBTEDH LB R T,

a) Conventional method

! [Drawback . NR?
RS/\ : [Drawbacks] : J\
: _ Co(il Co(lh N R' R2HN__R!
N AL *_H | j/\/
Co(llhH | st\/"' N %L» y H
' low conc. |
by My strategy [Solutions]
*R: oxidant NR2
o~ O by
i 1
CCO(IH) Co(llhR (\\Hj R' R2HN. R?
Co(llH g = A ~H —
e H R3 R3 H
high conc.

Scheme 2-1 My strategy to facilitate the homolytic cleavage of C-Co(lll) bond

LU BOGS S DR R &2 R4,

! Liao, C.-M.; Hsu, C. -C.; Wang, F.-S.; Wayland, B. B.; Peng, C.-H. Polym. Chem., 2013, 4, 3098.
** Debuigne, A.; Caille, J.-R.; Detrembleur, C.; Jérome, R. Angew. Chem. Int. Ed. 2005, 44, 3439.
¥ Zhao, Y.; Yu, M.; Fu, X. Chem. Commun., 2013, 49, 5186.
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2-2. SR
WO DR 21T - 72, FIHIRETE & LT, 4-phenyl-1-butene & A I ®D Ts
R A D 2 & & L7z, Carreira 512 K % @ F 7l /3L | ilifi(Table 2-1) D% % 5

BRI OB 21T 2 T2,

Table 2-1 Initial trial of cobalt catalysts

NTs Co cat. (5 mol%) NHTs
PhSiH; (1 e
N+ " ph 3(1eq) _ Ph
IPA (0.17 M)
(1 eq) Me
Cl Cl
1a 2a .10 h 3aa
entry catalyst ™ SM (aldimine) bypro. 4
( 1 Co salen-1 7 65 8 )
2 Co salen-2 trace 69 60
3~ Co salan - 45 74
4 CoCl, - 56
5 Co(OAc), - 32 trace
6 Co(acac)s - 26 56
7 Co(0OBz), - 100
EtOH was used as solvent /©/\NHTS
Cl
bypro. 4
' VY .
=N N= =N N= N N
Co. Co, Co.
Bu Bu Bu Bu Bu Bu
Co salen-1 Co salen-2 Co salan

20 MBEEORFTORER, D B~ZBOA I VETEPRILET S LD, 2Lk
U U SEHRMERIR 2 3 5 B OS2 TS5 2 L3 o T(entry 1, 2), BL T
ORI T D a hLnd sp’ RFE LT TN D a0 b7 R B REF L7228, HIgo
FOGIEELT L no F(entry 3), £72. VL UBINLF 2 R0 2 <L 3 o =31 b
W CIXE MO RISIEA AT L7275 72 (entry 4-7),

15



FEVTER % 72 B A8 2 FFD /L M L U8R % A A L (Scheme 2-2), Y72 =2 /31 K

T L DOE AR L 72 (Table 2-2),
Table 2-2 Investigation on the structure of Co salen catalysts

Co salen 1-11 (5 mol%)

NTs PhSiH (1 eq) NHTs
N+ " ph > Ph
1e IPA (0.17 M) Me
Cl 1a ( 2aq) m10h cl 3aa
entry  Co salen ™ SM (aldimine) bypro. 4 bypro. 5
(1 1 7 65 8 )
2 2 trace quant. 60 trace
3 3 100
4 4 54 trace
5 5 60 trace 20
6 6 quant.
7 7 quant.
8 8 49 10 15
9 9 22 32
10 10 90
11 11 quant. trace
gNHTS OH
cl Me )\/\Ph
bypro. 4 bypro. 5

REFORER, 7= /) —IVERD o, p-fLld ‘Bu BBIZEHE I N TE Y | AREEOZE R R I B
BT DIRFILIMD LUTABIRETH D Z ERMATH T, U EOWEN 725040 %
=9 2L MY L UEEROH T Cosalen-1 (entry AN R OFER % 5 2 7=,
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Co salen-1 Co salen-2 Co salen-3

7N

(3
=Y, — )

—N N= p
% N
=N N= Co_ =N N=
4. Bu o oO Bu Co.
Bu 0" o Bu 0" "o
Bu Bu
Bu Bu

Co salen-4 Co salen-5 Co salen-6
=N_ N= =N N= =N N=
:06\ /Cd\ /Cd\
(6] (6] (0] (0] (0] (0]
OMe MeO OMe MeO
Co salen-7 Co salen-8 Co salen-9

dwﬁd%ﬁ

Co salen-10 Co salen-11

Scheme 2-2  The structure of Co salen catalyst 1-11

=N_  N= =N_  N= =N_ N=
Co, Co. Co.
Bu Bu Bu Bu Bu Bu
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— 5T, =L MBS T <, Carreira B D~ 2 H il ¥ <5 Boger™, Baran® 5
WX DB R BB EIC L, ~ v &SRS F R L 7= (Table 2-3),

Table 2-3 Initial trial of Mn or Fe catalysts
Co cat. (5 mol%)
NHTs

NTs PhSiHg (1 eq)
IPA (0.17 M)
cl (1 eq) t, 10 h cl Me

1a 2a 3aa

entry catalyst TM  SM (aldimine) bypro. 4
1 Mn salen - - 68
Mn(OAc)5 - 100
Mn(dpm)3 - 96 trace
Fe salen - 80 20
Fe(OAc), - -
FeCl, - -
Fe(acac), - -
Fe(ClO4)oxH0 - -
FeCl, - -
Fe(OTf)5
Fe(acac)s trace ~5 ]

O © o N o o0k~ WD

—_

'
—
—

Bu Bu

Metal salen

& BT L 85 RIT Table 2-3 DRFT TH L Th - & 28 H L THRET 21T > 7= (entry
1,4), ~ > RO D % Tl U< HIDOKISITHETH T, Fe(acac); & H\\ 7=
EEDOHRDTICSITHEIT Lz(entry 11), L2 L72nR 6, SUSINEE D 5T Table 2-1,
entry | DSUGRDHFNHEL TS LWL, 230 Ml a VW CH 72 2 RSO S
EBEITOZEE LT,

** Barker, T.J.; Boger, D. L. J. Am. Chem. Soc. 2012, 134, 13588
2 Lo, J. C.; Yabe, Y.; Baran, P. S. J. Am. Chem. Soc. 2014, 136, 1304.

18



ot T SUSTR IE D IS 2 1T - 72 (Table 2-4),

Table 2-4 Effect of solvent

NTs Co salen-1 (5 mol%) NHTs
/©AH ¢ A~y PiSHa(len) th
Cl i (12(;q) solvent, rt, 10 h ol = 3aa|v|e
entry solvent ™ SM (aldimine) bypro. 4
(1 IPA 7 65 8 )
2 1-propanol - 66 18
3 EtOH trace 51
4 MeOH - 61
5 tAMOH . 25 70 /[::T/\NHE
6 DMSO - Cl
7 DMF - bypro. 4
8 CHLCN 6 50 37
9 THF - 84 11
10 DCE - 82 11

T3 —LREBEOHF TH IPA S L < IXEtOH OFHZ B D S A HEFTT 5 2 & 23R
ENT, HTHIPA D b WIERZ 5 % 72 (entry 1), HRPEIE T 1 b U PEFRBE T ld CH,CN
ZRAWIZERC B O SUS A HEIT L7z (entry 8), T— T LRI N1 7 v RIEME T,
Hioix <5 on 31z, JFEOA 2 A EIL S 7= (entry 9-10),

oo\ CE TTAl O RS A 1T o 72 (Table 2-5), T4 fiat A4 17 > 72/ 8. PhSiH; O 43 HEY
D% ST S E o (entry 1), 7 = =/VH% 1 -OF T 2 PhSiH; 73 2230 Rl - 32417
RIS L, @R =V e R REREIELOICEO R IMMEEZHE LTS EE
A BN D5, St TN RFEPHEFR 2 EOBR ML HER S T VBT TR, B
WL, EEMRETH L a L M RY REREIELZ LI TET, a2V ML
VEEERBIVA AL UTIEME L Lo A R A BRI LT EHEER S LD (entry 2-6), F
72 Si FLNRFET B SN YT Tl ERREEIZL Y 290 Mt s 4 I >0
PN RkE U CROSEAMEVME B2 3 - 7= (entry 7-10),
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Table 2-5 Effect of reductant

NTs Co salen (5 mol%) NHTs
/©)KH + A "ph reductant @ eql /Ej)\K\/Ph
(1 eq) IPA (0.17 M) L we
Cl 1a 2a rt, 10 h Cl 3aa
entry reductant ™ SM (aldimine) bypro. 4
(1 PhSiH,4 7 65 8 )
2 Ph,SiH, - -
3 (Me,SiH),0 - 25 70
4 Et,SiH - 61 45
5 (MeO)sSiH . 66 18 /@NHTS
6  (EtO),MeSiH - 50 37 o F
7 PrgSiH - 82 11 bypro. 4
8 BuPh,SiH - 100 -
9 MePh,SiH - 100 -
10 Me,PhSiH - 100 -

92\ C Table 2-1, 2-4, 2-5 DFGESM FICB W T R TRAE L2390 TV F LR
BRI ZINA D 2 & T BWERREHOUSFEIERTH DT VX VT A~ L4
L, IWROWEEZAATZ(2-1. HIFEOHIES ),

SiPhH,
RN R R2HN __R!
iPrOH I
R3 H — > R3~ Me
(E) (F)
Co(lll)-H Re N
PhSiH4 (A)
PhSiH, XO-OX
Co(l) PrOH |
R2l\|l RT Co(ll) Godll) + «OX
0 H °
*OX+ LH R3J\/
R3 (B)
(D)
Co(Il)-OX
+ XO-0OX: oxidant
NR2
H
R1J\H R3/\/
(©)

Scheme 2-3 Hypothetical catalytic cycle
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FE LT D KM 2 7R 97(Scheme 2-3), £ 22730 M L UK & PhSiH; 22 6 /&
FAOa AL R E FY FA)RA LD, $NT, TAZYRa L hE KU RA)ICH
AL, 22V T AFAFEB)BER S ND, 27390 b7 X L FE B LE 7 2
T CANERETDHL O, a2 ERT T UNERIZALIE T S Scheme 2-3 DR
MR IND, Z0a,0 v T VFLEB) EBRILA &S SET, TAXRLTTh
MOYDTRRERE S E D Z L 2l T, PUSHRE LIZB W TRILANT =30 b & A&
FAEL TV R LS, A& CRORITET T2 L EX DD, ZDd, WIHIREHIEE
B D &% 5 mol% & L CTHT > 7=(Table 2-7),

Table 2-7 Effect of catalytic amount of oxidant
Co salen-1 (5 mol%)

NTs PhSiH; (1 eq) NHTs
oxidant (5 mol%
H + NPh Xl L *)
(1 eq) IPA (0.17 M)
cl 1a 2a rt, 10 h
entry oxidant TM SM (aldimine) bypro.4  bypro. 5 /@/\ NHTs
1 CAN - 95 Cl
2 KyS,0q 9 35 10 15 bypro. 4
3 NayS,04 trace quant. 23 51
4 (BzO), 16 65 14 14 OH
5 (BuQ), trace 70 15 17
2 Me )\/\Ph
6 BuOOBz 17 52 36 18
bypro. 5

CAN TIZEL PUNMTHEIT Lo 7= M (entry 1), ~LA XY “HEEE D U o A TG
RIFEHAL LT b 0D, DTN OEER R bz (entry 2), F7o. AR LY
L LA E L TRET L& 2 A, (BzO), & BuOOBz % MW\ 7= REIZIL RS i S u7-
(entry 4,6),

LML S KR E L TIRIFMER D E RIS £ > Tie, BEAIORINC X IR
DYENFIFITER TE TWRWERHR E LT, 2Mfio a0 ML Uik % 3 izt
T HT-DICEREAI DA EE S, 2230 R T AAFAFED T VXL T VN ~OERIZIRAL
BN+ L TWRNWZ ENRBL BN, 22T, Y&E% 30mol%& L7l ok
il 2 AV T ARIEHRT 24T - 72(Table 2-8),
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Table 2-8 Effect of excess amount of oxidant
Co salen-1 (5 mol%)

NTs PhSiHz (1 eq) NHTs
oxidant (30 mol%
H + 2 >"Ph \ ) N Ph
(1 eq) IPA (0.17 M) | = Me
Cl 1a 2a rt, 10 h Cl 3aa

entry oxidant ~TM SM (aldimine) bypro.4 bypro. 5

1 CAN - - - 42 g NHTs
K28208 21 <50 15 22 Cl

2

3 PhI(OAc), - 82 - 15 bypro. 4

4 BuOOH - 28 31 -

5 (BzO)» 17 55 17 14 OH

6 (BuO), - 66 22 16 Me )\/\ph
7 BuOOBz 12 70 - 8 bypro. 5

Table 2-7 2B\ T, BEROBGEN AL G V7o B LAl 2 OIS RE Lic, ~vA % Y i
k71 V) 7 5R0(BzO), TIHEH 72 DU OB E NS AL 57 (entry 2, 5), £ 72 ‘BuOOBz (ZH 1>
T% Table 2-6 & [FIF2E L DU TRUSIIHETT L 7= (entry 7)s

LR 2 RIS 2 & A I VB ITTIR@EIERD 4) & 7 v KRR (EIAE B 5) 00 A pl &
N LTz, BRI 4 (X250 R e RY RICEY A S UBREEE TSN TEL TN D
EEZ BV BIAERY 51X BUOSRPICIRET DMBEL T NAX VT ORI L TAE
CLTWhEEZLNT, 2T, BILEKY 4 LREIAERY 5 OEHEE B LT, OGS
DI FE & Kt L 7= (Table 2-9),

Table 2-9 Optimization of concentration
Co salen-1 (5 mol%)
PhSiH3 (1 eq)

NTs BUOOBZ (5 mol%) NHTs
IPA (x M)
(1 eq) Me
Cl 1a 2a 17 h Cl 3aa

entry  concentration (x M) ™ SM (aldimine) bypro. 4  bypro. 5

1 0.025 18 32 15 13
(2 0.05 24 66 16 16 )
3 0.1 18 75 10 11
4 0.17 18 52 36 18
5 0.3 17 30 37 21
6 0.5 7 75 10 trace
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BFtORER. 0.025~0.1 M OIREIZIBWT, RO LT 0 RUGE & RIZERY 4 & RIE
R 5 DD DR S L7z (entry 1-3), IR DA G entry 2 A i S MF & LTz,

BN T SUSABE DO PR FE 2 0.05 M & L TR OB LAIORGT 21T > 7=, B Al 2 5 mol%
BN T2 o RFHZ B W T, AR R RINEEZ R THAICh o270 A
et 2 (b4 4 HhL KRG 24T - 72 (Table 2-10),

Table 2-10 Investigation on oxidant
Co salen-1 (5 mol%)
PhSiH3 (1 eq)

NTs oxidant (5 mol%) NHTs
IPA (0.05 M)
(1 eq) Me
Cl 1a 22 rt, 24 h Cl 3aa
entry oxidant AE (kJ/mol) TM SM (aldimine) bypro. 5
1 BuOOBz 141 24 66 16
2 2,4-pentanedione peroxide 31 40 46
K lauroyl peroxide 127 39 53 56 |
4 2-butaneone peroxide 15
5 dicumyl peroxide 158 29 7 33
6 di-tert-amyl peroxide 8 12 28
O O
0]
Me Me c M o OH
H
(o) 111123
2 2 Me )\/\Ph
2,4-pentanedione lauroyl peroxide bypro. 5
peroxide
Lo N X
\>LO Ph 0] Et O
2 2 2
2-butaneone peroxide dicumyl peroxide di-tert-

amyl peroxide

R L AT OFE R entry 3 @ dilauroyl peroxide H3#x B OfEH % 5-% 7=, Dilauroyl
peroxide I%, BJEFKIZ L > TT VU NEHET HIEMAL= R/ F—(AE)D 127 kI/mol
ThY ., oAl L g L TR | IR PRI 2GR THERRL 7 VM54
SHDLD, WEOUENR LN EE X TS, BuOOBz (AE = 141 kl/mol)<° dicumyl
peroxide (AE = 158 kJ/mol)H HFEE DU FE %/~ L7 23 (entry 1, 5). T 2 dilauroyl
peroxide &V & @mUVEMAL= RN F —ZFFO72 0, PERODTNRBGEICH E 72,
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Table 2-10 TIXERALAI DTN LV | 15%RREDOICRO BT LTz, L LR
O, [FRFICRIZER OERE RN LTz, 20O, BIAERY 5 DA E B <~ < G4
BatzED D 2 L & LT,

BIAERY 5 1 TAER LT VXA T DN BNaFEBERICHE SN L2FITL>TAHELT
WhEEZBNZY T, HTBEICLDAIIEE S EEE AW BiEE S S
TR EITH Z & & L7=(Table 2-11),

Table 2-11 Reaction in sealed tube Co salen-1 (5 mol%)

NTs PhSiHz (1 eq) NHTs
oxidant (5 mol%)
/©)J\H e ] th
IPA (0.05 M) Me
Cl ] (126q) rt, 10 h Cl 3
a a in sealed tube aa
entry oxidant TM SM (aldimine) bypro. 5 OH
1 BuOOBz 11 69 17 Me )\/\Ph
2 lauroyl peroxide - 62 20 bypro. 5

Table 2-10 T RAF 72N Z 7R L7 {bAl 2 VT, HE RIS TR EZITo72 8 2
A, BIER 5 ORD 720 TR, BRHOIER KT Liz(entry 1,2), RERE Z A
TRIIGGEREICR LG/ BBE O TV 0 BIRA LIZBENT LF /L a0 M &
RIETHZET, FUVBLBREELTNDEEZLND, TORD, HEEHW-5M4
FTCIH.RBPEEZHAVERET LT OINORELRLTINKE L B s LHfissh
oo £ T, HEZHOTHUOBIEA OB 21T o 70, MEDOHFIELRWERETIE, 7
CANBRELSEWEHRIESN DS DT, BAlZ 30 mol% s L TR E1T 72
(Table 2-12),

Table 2-12 Reaction in sealed tube Co salen-1 (5 mol%)

NTs PhSiH; (1 eq) NHTs
oxidant (30 mol%)
JoRRatt: W
IPA (0.05 M)
Z 1e
Cl 1a ( 2aq) rt, 10 h
in sealed tube
NHTs
entry oxidant TM SM (aldimine) bypro. 4 bypro. 5
1 lauroyl id - 90 - 13 C
?uroy perOX|. e bypro. 4
2 dicumyl peroxide - 32 77 26
3 BuOOBz 25 50 - trace OH
[ 4 2,4-pentanedione peroxide 32 16 N.D N.D ] Me)\/\Ph
bypro. 5
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FREFORE R lauroyl peroxide X° dicumyl peroxide |%, BEE DFAE L7724 F Tl
BOSITA < E#EIT LRy o Te(entry 1, 2), —MRIC, TEME(LT RV F — DR ERL AT -5
HHEVMEMIC S D, Bl FE SR T, lauroyl peroxide D K 9 72 iE AL — RV ¥ — DK
WEB AN BRI ER CTROSZHR TO+5372 7 D IV ORERNRIZN RN
HEDROEDET LR oT L EZTWD, £72. dicumyl peroxide /% Table 2-10 D
R & RIS R OEME LT R X =D 72D RSITHEIT L~ 72, —77 T, ‘BuOOBz <
2,4-pentanedione peroxide T, FAFIZRGAF T TH NI T WV ZFAET L0 LR TE
Pb= 2 F =28 b HORISERP THo R 2 F ol SR L7z L& 2
HAL D (entry 3,4), WHED 5, entry 4 O 2 4-pentanedione peroxide % F i 72 FR{L. Al &
L THEZRDHE 21T 2 7,

AL OB AT o 7e% b GRICAM E S A2 BE £ TONRDOIEENFEMR TE T
Wiehoto, TOEEE LT, BIEFN 2L ML g RE 2 6 3 i ~{bT 5
TZOICHEE SN, 2L T AFARED T VXL T DB ~OERRIZ 4555 L Tin
WIZERBZHNTZ, £ I T, Table2-13 TIEMALAID Y &4 at Lz,

Table 2-13 Reaction in sealed tube Co salen-1 (5 mol%)

2,4-pentanedione
’ Ph
/@)J\H + NPh peroxide (x mol%) /@)\(V
1e > Me
cl (1 eq) IPA (0.05 M) cl
1a 2a rt, 10 h 3aa

in sealed tube

entry X ™ SM (aldimine) bypro. 4 bypro. 5 NHTs
1 10 11 66 10 23
Cl

2 20 18 42 10 28 bypro. 4
3 30 32 16 N.D N.D

(4 50 44 8 11 47 ) OH
5 75 39 6 8 ~58 Mo )\/\Ph
6 100 39 trace N.D N.D bypro. 5

Bt OfEH . 2,4-pentanedione peroxide % 50 mol%isil L 72052, B OEENE O
7z(entry 4), B{LAIOYEZIMSED & OSHIFROBER & T VX IVT D HIVHIK
J& LT RIZERRA) 5 23 EEINT 28 23 F & 4v, BR{E A1 %2 50 mol% L LEINd 2 & §A 72 Al
ERH 5 OEEINS L B #U7z (entry 5, 6),
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BT, BREAIZ 50 mol% & LT T L v DY B & it L 72 (Table 2-14),

Table 2- i
able 2-14 The equivalent of alkene Co salen (5 mol%)

PhSiH; (1 eq)

NTs 2,4-pentanedione NHTs
| X g+ A" ph peroxide (50 mol/ol
M
cl P (x eq) IPAﬂ(Oé?ShM) Cl e
1a 2a ’ 3aa

in sealed tube

entry alkene (x eq) ™ SM (aldimine) bypro. 4

Ph

1 1 44 8 <10
2 2 54 4 <10 /©/\NHTS
3 3 44 6 <10
4 4 71 6 <10 bypro. 4

(5 5 86 11 <10 |

gL he RU RERISETHZETTIARALTOHNR LR DT VA ik, Y B4 b
MEFESH L, [CROSEN R Sz (entry 3-5), 22T, S Y4&DOT V7 &M
W5 Z L TNRD R UGENER SN2 D T entry 5 D52 Kt & L CHRE—

fEPEORE 2175 Z & & LTz,
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2-3 HE MO RE

2-2 i Table 2-13 Z Fci sl & L TRE —RIEOBRFHIB -T2, WOIZT V7 ok
'BH DRt A 4T o 72 (Scheme 2-4),

Co salen-1 (5 mol%)
PhSiH5 (1 eq)

=N_ N=
, o
peroxide (0.5 eq) R )\(R Bu O O Bu
Bu Bu

NTs 2,4-pentanedione NHTs
RI“H *t ZORe
1a 2 PrOH, rt 35 Me
(5 eq) Cobalt salen-1
NHTs NHTs NHTs ...
1 1 —_ 1
Ph co,et R'= :
R R! CoHyo R 2 : :
Me Me Me I
3aa 3ab 3ac + Cl :
86%, 2.2/1 dr 97%, 1.7/1 dr 61% 1.0/1 dr -ttt -
NHTs NHTs NHTs NHTs
Cl OH
R1 NPhth Rt Br Rt R )\K\/\/
Me Me Me Me
3ad 3ae 3af 3ag

78%,1.2/1 dr

NHTs O/ O\
R1
Me

3ah
94%, 1.0/1 dr

NHTs O

.Ph
R? N

Me Me

3ak
no T™M

63%, 2.2/1 dr 78%,1.2/1 dr 67%, 1.6/1 dr

NHTs O NHTs
R1 N R? JW/CN
Me Me
3ai 3aj
28% no T™M
NHTs NHTs
R SiMe; R OTMS
Me Me
3al 3am
no T™M no T™M

Scheme 2-4 Substrate scope of alkenes
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Fi B REJE & FF 72 720 dodecene <° 4-phenyl-1-butene T3 TEWETHIKD K
I IXEEIT L7=(3aa, 3ab), F£7-. Kl =30 bR 7 Ok IR o 2o AR
REREZFFOE TOMF LT - 72(3ac~3am), Kui(ZBIEEHEI TH D T A7 /L (3ac)X°
THNA I R@ad)ZFFOT T AR LTH BHTIERITME T L2, PRENLG
VMR T H O ROSITHETT Lz, FEV T, Rimlc 7 1 v M (3ae)° 7 = EEQBan & Ko7
I ATBNT S PR D B @ VIR T H O RUSIFET Lz, & 51T, Kl HERGE
DOt FaxTEQ@Bag) xR o7 V7 v THBRARWINETHROKINIHET L, Tk
B — V& FFOT VG 2 (3ah) TS TRV THORINTHEIT Lz, L L72RM
O, BLEFED T N B FFOT LV 2 (3al) TIHIGRITE N Lz, Risl2 > 7/ H(3aj), 7

2 F(3ak), TMS %@a)C v U b= —7 b@am) & R o7 L7 o Tlidae< B KSIE
ITL722 o7,

FEWNT, ZEHT V7 Tk LT h E — MO fEt 21T - 72 (Scheme 2-5),
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Co salen-1 (5 mol%)
PhSiH5 (1 eq)

3
NTs R 2,4-pentanedione
R H t @ R4 peroxide (0.5 eq) R
R2 . .
1a 6 PrOH, rt
(5 eq)

NHTs

7a

R2 Bu

Me

=N_ N=
Co
O O
Bu Bu
Cobalt salen-1

Bu

Y\/O\H/Ph X/Sil\/le3 ﬁ/OSiMeS yCOQMe Me3SiO

Me 0] Br Me
6a 6b 6¢c
NHTs NHTs
R1 O \I(Ph R SiMe3
Me Me O Me Br
7aa 7ab
no T™ no TM
bypro.3: 300%
NHTs NHTs
R1 COQMe " R1SO
Me ClI €3l
7ad 7ae
no TM no TM

Cl

7af
no T™M

O
6e 6f

______________

Me %\/O \”/Ph
Me
bypro. 8

Scheme 2-5 Substrate scope of multi-substituted alkenes
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BT VT R HWTEBRETCIE, BHORIGNEAE T LR D > 7 (Taa~Taf), HIY
DOFOSHHEIT L WEEIR & LT, 2290 7 R A BGRREOMBE TR, 2391
e RU REZBEET VT U nBA LT 3BT VXN T VAN ORISHEMERNTZDIZ,
A IO Ts RERIZKTT D4 MBHEIT Lo T2 B2 bivD, 6a 2 EIZH WK
W2, B 8 NAEL D LWV ) ERFEENO L ZIITEMIT NG, ZERT V7D
a9 e KU RIZx3 2 A REZ < ET L, 2 0% O I EI T8 9712 B-H Bl
2K > CRIZRY 8 ICEH I &3 2T\ % (Scheme 2-6),

H H
Co
Co(lInH B-H elimination
O_ _Ph O_ _Ph Me O_ _Ph
N —— T - Y
Me (0] Me O -Co(llhH Me O
6a bypro. 8

more stable alkene
Scheme 2-6 Reaction mechanism to yield bypro. 8
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N T, A X O HE — it DRGES Z2 17 © 72 (Scheme 2-7),

Co salen-1 (5 mol%) ‘
PhSiH3 (1 eq) N
Nt 2,4-pentanedione NHTs o
R'” H + /\Rz peroxide (0.5 eq) R )\‘/RZ Bu o ‘o -
1 2 iProH, rt 3p Me Bu  'Bu
(5 eq) Cobalt salen-1
NHTs NHTs NHTs NHTs
WCQHW WC9H19 WCQH19 WC9H19
Me M M !
Me F e MeO e Br e
3bb 3cb 3db 3eb

98%, 1.7/1 dr 63%, 1.1/1 dr 65%, 1.3/1 dr 70%, 1.4/1 dr

NHTs
Cl X NHTs NHTs
~ CgH
| ~ Me o /\O ] CoHig 7] CoHio
Me [S Me
3fb: 0-, 71%, 2.2/1 dr
3gb: m-, 74%, 1.4/1 dr 3hb 3ib

3ab: p-, 97%, 1.7/1 dr

58%, 1.8/1 dr

33%, 1.5/1 dr

NHTs NHTs NHTs
Ph Ph
Soh SR
\\ Me FsC Me MeO,C Me
3ja 3ka 3la
38% 34%, 2.1/1 dr 17%
NHTs NHTs NHTs
Ph s Ph Ph
\
OuN Me Me Me
3ma 3na 3o0a
no T™M no T™M no T™M
Scheme 2-7 Substrate scopes of imine
NRUPUVBRICEBEOHFE LR T = =/L A X A I 2 3bb) Tl TEWWILER T
FOSITEEIT Lz, £72. XRUBUVERD pREBEHGETH D AT LEGBeh) A R %
VH@3db), B REIETHL 7 0 EHKQGBeb) TEHLINTZ T ==V A X A I 2B

T R DU CTROSIFHETT Lz, i T, XU B UV BROBEBRAE DR HITV,

NEND 7 = =)V 0-(3fb), m-(3gb), p(3ab)ufanmﬁé Il A I8N T
HHRRENS SHWIR THMOISIZH#EIT L, BFERE2E5 2-7 UL RAZ A I
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Bhb)L 3-F =L A Z A 2 BBV T HIRIERZ N S, BAO B EHEIT LT,
Flo 2-FZ = A 2 @na)TIE RS BOISITET L o7, 2-F7F v
A B A X2 (3ja) TlE AMORISIZHET T 2 MEVILRICH £ 572, RUE VRO p-
MENTRVWVE R ETEBINTZ T 2= A X A I Tl BOKISITET LS5
VMEIFNZ & 0 | B R BN TRVERE O AT ThH o 7o, p-(LhH’ CF; H(3ka)P—
TNAGBl) TERINTZ 7 2=V A X A L TIHRIGEETHMORISITETT 2 b O
D, = EGma) TEBENTZ 7 ==V A X A 2 TlEe< BIEOGITHET LA
Mo lo, BITNENIGEA X KT HMFTbIT o7, 7 m~F X Z A 3 2/ (30a)
EAVDE A IvOas L e FU RICEZEAMEL L, HIORIRIES BT L
o Tz,
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2-4  [USHEREIZ OV T OB

SiPhH,
R2|\|| R1 R2HN R1
T, eon L
R3 H > R3~ Me
(E) (F)
Co(lll)-H SR
PhSiH4 (A)
PhSiH,4 XO-OX
Co(lin) PrOH |
e R Coll) ox
Co(ll °
T e
R3 (B)
(D)
Co(ll)-OX
+ XO-0X: oxidant
NR2 -
R1J\H Ra”

(€)
Scheme 2-8 Hypothetical catalytic cycle

FE SN 5 USRI OV T OB % LLFIC/R T (Scheme 2-8)°, 2 flid =30 b4 L
VEERNS, L b RY RAWEL, 2290 R T LR LB EZR T, 7TAFLT
T IC) &AL D E TORUCERE T Scheme 2-3 THE L& CTHITL TV D B X
NS, IEFMFICEB N TYEOBRILAIN LA TH T2 LD, TAF LT VI (C)
PA I MU RICHAT 2 &8 2 5N HBALAICOXNTEB DT L a—L b L<
I3 PhSiH; & W o 72 KBRS K it S, KIET 2 & & 27, PRUKD)H & HHK(E)
TERR S 005 SOGHEREIX. 2 BT HE S L < 1X o-bond A ¥ & ¥ AHEHE & CTHETT L T
HEBRELI,

FI-ARRIEIE Shenvi HIZ & » THETS L2 HAT 2T, TAFLT P h L&A
S D SOSHERE b T & 5 & B 2 72 (Scheme 2-9),

2 Waser, J.; Gaspar, B.; Nambu, H.; Carreira, E. M. J. Am. Chem. Soc. 2006, 128, 11693.
7 (a) Iwasaki, K.; Wan, K. K.; Oppedisano, A,.; Crossley, S. W. M.; Shenvi, R. A. J. Am. Chem. Soc.
2014, 136, 1300. (b) Crossley, S. W. M.; Barabe, F.; Shenvi, R. A. J. Am. Chem. Soc. 2014, 136, 16788.
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E—— R3~ Me
(F)
Co(lll)-H |
\ 1
PhSiH, (A) R3 :
: PhSiH5 SET :
Co(lll) PrOH
| : ® :
RN R1 o)  Co(iV)-H+ o |
3/\@:
D :
‘ ’\\:\ Call PT :
Nm: E
R1 H s
! (C)

Scheme 2-9 Hypothetical catalytic cycle (2)

HAT ZfH T2 SHE T, =90 be FU FA)DD SETHEIC L > T, =
FNF—HENOFWRLEETHRIRB)ZEL D, FWTHBAEBNL T2 h b T A
T —HEEIC Lo T 2l N N ETIAFALT DI ICO)NEET D, BELET L
FNNTIHNMFA I AU FRAELTZA I VOEFEHROT I =T TUH L& 2
D3 EBFORS L THIERD)Z KT 5, & D%IL Scheme 2-3 X° Scheme 2-8 &
[FER DSOCHEMEIZ > THIMIA~ A I D LB R T,
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3. SEERIRAYBOS KT O RS

FZ, RO 250 ML g R & 2 & @ PhSiH; 2 AWT, BT L v b A
VO Ts RER E OBRITT v 7V T ROEOBAFICERTD Uiz, ARBUGSTEK 97%INH
EITTDHHOD VT AT UARIRNE, = F v F A @RPEICEEE 7R LTV 7= (58 2 F),
Z 2T, KEITIE, SEREIRMEOR B Z B4 L TIT o T2 EZBREE R 2R T,
WO, LAl & L T 2,4-pentandione peroxide Z ¥R L72FFIZ, £V BWILRS YT
AT VA BRI Z R 3230 M A B OVE A L 72 (Scheme 3-1),

Co catalyst (5 mol%)
PhSiH; (1 eq)

NTs 2,4-pentanedione NHTs
+ 2 >"ph peroxide (50 mol%) Ph
cl (5 eq) IPA (0.05 M) ol Me
1a 2a rt, 21 h 3aa

in sealed tube

=N N= =N N= =N N=
o, cs 6.
Bu (0] (0] Bu 1By o o By Bu (0] (0] Bu
Bu Bu Bu Bu Bu Bu

Co salen-1 Co salen-2 Co salen-3

TM (86%, 2.2:1) no T™M TM (trace)

7//\7\ Ph Ph o
b

Co salen-4 Co salen-5 Co cat.-1 Co cat 2
no T™M TM (26%, dr = 2.4:1) T™M (12%, dr = 2.4:1) no T™M

Scheme 3-1 Investigation on Co catalyst

T OFER, 2-2 810D Co salen-1 LV HENTZH LAIFRIZEDOIRELE U7 27 L 4%
WL R IIFEE Lo Tn, £ 2T, Cosalen-1 Z W TEHZBOBB 2D TV
ZEE LT,
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BENT, A I ORERLZHRFT 52 & & Lic, REFAHNERITAFBNL T &4
(RS2 Z & Z2E XL, @|e 2 EERALL 5 5 Rz T 0ICET 21T - 72 (Table

3-1),

Table 3-1 Investigation on protecting group
Co salen-1 (5 mol%)
PhSiH3 (1 eq) NHR

NR
oxidant (0.5 e
H o+ " ph ( CI)‘ Ph
(5 eq) IPA (0.05 M) Me
Cl 24 t,20h  ©
in sealed tube
entry R ™ dr comment
0.0
S .
. SM (aldimine): 11%
0 % \©\ 86 22:1.0 bypro. 4: <10%
Me
00

SM (aldimine): 5%

s__S .
‘ 1 % K\ 7 48 12210 pinro. 5: 93% |

0 0
2 %S N - - SM (aldimine): 38%

0.0 NO,
: - - SM (aldimine): 43%

3 ;{L‘S

>

P

METOREF. 2-thienylsulfonyl J& TORGE S 721 X U (entry D& AW RFIC, PR
IWRTHORISAET LTz, £ 2T, Pri#kk% 2-thienylsulfonyl £k & L T/ A Ak &
ARFENLTF 2B L BB SLARIRPEDN R BT 2 &2 et L7z,
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F 9. 2-thienylsulfonyl J: TIR#E S - A 2 AT ARG E B ZI 20 La
AP & RFEAL T & FRET L 72 (Table 3-2),

Table 3-2 Experiment for enantioselectivity  Co cat. (5 mol%)
PhSiH3 (1 eq)

0o 2,4-pentanedione O, %
S s peroxide (0.5 eq) s.S
N U Lewis acid (5 mol%) HN U
N H + Z"ph ligand (5 mol%) _ /@)\K\/Ph
cl /@L (5 eq) IPA (0.05 M) al Me
9a 2a r, 21h 10aa
in sealed tube
entry L.A. ligand ™ dr ee SM (aldimine) bypro. 11
0 o R .- SL -1 SO S
1 Y(OTf)3 (R,R)-Prpybox 33 1.7:1 <5 42 -
2 Zn(OTf), (S,S5)-Bu-box 14 20:1 <5 8 48
3 MgBr, (8,S)-Bu-box 20 20:1 <5 17 23
4 Mg(ClOg), (S,S)-Bu-box 16 25:1 <5 10 12
5 Mgl, (8,5)-Bu-box 27 20:1 <5 17 -

(R,R)-Pr-pybox (S,5)-Bu-box bypro. 11

BOSFBHIC VA A & RFBNL 2B LT2, T AT VA BRIRYEO S ES =

EPNED BT A SR o7, Flo, RO T bfEsE Sz, LA
BLUZRWEIKE LT, BNPEDIRNT L a— LB EEICHNTWD 728, LA AROAR
FEAL 23 EE I Y 1T 2-thienylsulfonyl FEIZALAL L TV RWZ ERE X vz, £Z T,
PSR 2 7 v 22— )V RS OIREAL A BT T 5 2 & &2 A B o et 217
7= (Table 3-3),

¥ Morimoto, H.; Lu, G.; Aoyama, N.; Matsunaga, S.; Shibasaki, M.; J. Am. Chem. Soc. 2007, 129, 9588.
¥ Lu, G.; Morimoto, H.; Matsunaga, S.; Shibasaki, M. Angew. Chem. Int. Ed. 2008, 47, 6847.

30 Nakamura, S.; Nakashima, H.; Sugimoto, H.; Sano, H.; Hattori, M.; Shibata, N.; Toru, T. Chem. Eur. J.
2008, /4, 2145.

37



Table 3-3 Investigation on solvent (R)-Co cat. (5 mol%)

o0 PhSiH; (1 eq) 0.9
S g 2,4-pentanedione S-S
N U peroxide (0.5 eq) HN \(L_/?
/©)J\H + 2 pn solvent (0.05 M) i W/Ph
cl (5 eq) rt, 24 h o~~~ | Me
9a 2a in sealed tube 10aa
entry solvent ™ dr SM (aldimine)  bypro. 11

(1 CH5CN 52 1.9:1.0 trace 32 )

2 DCE 9 26 10

3 CHJCl, 8 18 1

4 toluene trace 38 13
( 5 THF 14 161 46 13 |

6 Et,O 13 67 6

7 dioxane trace 54 9

8 MTBE 13 56

9 1,2-dimethoxy ether no ™™ 34 19

10 cyclopentylmethy ether no TM 21 -

9.0
HN -S S
0
| N
cl N
bypro. 11

FTENNEZ AT D7 0 32— L RUSNADEEE THET 21T > 72, CH;CN Z flv % & IPA
EHEE L TULR E U7 A7 LA BRIIEN DT M kE Lz (entry 1), Fe\W T, BAPED
IRV 2 TR E 21T o 7o, N\ T U SRS B IERR RS B CIIIN R A E LR R L
7=(entry 2-4), F 7T —T LV RIEETIX, (KRWIETIEH S H OO THF, Et,0 X° MTBE
WD E BHORIENHEIT LT (entry 5, 6, 8), AL DFERN S, CH;CN & THF %
WT, SEARBRRPEFE U [T 72 2 D 7z,
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¥V T, CHiCN & THF 215t LT, B F 7 FAFREZFHESOXF I LT L AT v R

B % O T e 21T - 7 (Table 3-4),

Table 3-4 Investigation on chiral Brgnsted acid
(R)-Co cat. (5 mol%)

00 PhSiH3 (1 eq) 0.9
S s 2,4-pentandione s._S
N’ U peroxide (0.5 eq) HN @
H + " ph (R)-P ligand (5 m0I°/£) | N
o (5 eq) solvent (0.05 M) Cl = Me
%a 2a rt, 20 h 10aa

in sealed tube

entry chiral Brgnsted acid solvent TM dr ee SM (aldimine) bypro. 11

1 P1 CH,CN 43 19:1 <5 9 12
2 P2 CHCN 44 19:1 <5 20 14
3 P3 CH,CN 57 20:1 <5 6 12
4 P4 CHCN 18 23:1 <5 21 7
5 P5 CH,CN 51 22:1 <5 17 17
6 P3 THF 24 14:1 <5 42 <5
7 P4 THF 11 1.7:1 <5 46 10
8 P5 THF 60 1.7:1 <5 15 22

P }P,i P
MeO Ph
P2 P3
F Ph O 0
3 /S S
OO 00 HN \U
/PN,Tf
O H
s Ph “

FREFORER. BRMEE D EW P4 2 W25 ik, CH3;CN, THF =1 ZF O CIY
RBORKBRIRTRRAON, MERERREOLES oo T(entry 4,7), £l27 LV
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A7 v REEPL, P2, P3 Z AWTZ &M TIE, IR & NLRBRRIEIC BT RE REITR S
7o 7= (entry 1-3, 6), EBEIZ THE % N2 entry 8 ORUSSMA T, 7L AT v R
BRI L 72 WGRR L i LT IR oW B RSz, L LR b, SEAIEIRE
ElWEINRNST,

VT, LA ARl LT Cu(OTh, &2, AR E LT box L DEMLT-% WV THst %
1T > 7=(Table 3-5),

Table 3-5 Investigation on Cu + ligand
(R)-Co salen-1 (5 mol%)
PhSiH3 (1 eq)

00 2,4-pentanedione 0. O
s g peroxide (0.5 eq) s._S
N U Cg(OTf)g (10 mol%) HN U
ﬁH + A "pp ligand (10 mol%) /@)WPh
(5 eq) solvent (0.05 M) Me
Cl 9a 2a t, 24 h Cl 10aa
in sealed tube
entry solvent ligand ™ dr ee (LP, MP) SM (aldimine) bypro. 11
1 CHsCN  (§5,5)-Bu-Box 58 2.1:1 <10, 4.0 23 <10
2 CH4CN (-)-bis(oxazoline) 31 2.5:1 03,04 12 9
3 CHiCN (-)-In-Box 31 34:1 8.8,18 35 15
4 THF (5,9)-Bu-Box 20 1.9:1 <4.4,35 trace 12
5 THF  (-)-bis(oxazoline) 13 1.6:1 0.8,2.8 21 5
6 THF (-)-In-Box 19 21:1 1.1,6.2 23 20

(-)-bis(oxazoline) -)-In- bypro. 11

METORER, CH;CN & THF O L5 & OWBEA FIW T2 56 S IR & SLAREIRIEIC K X
TRUGEIL AL B AL 72 Hr o 72 (entry 1-6),

BT gL ML R & RFELAL T O match-mismatch (2 K 5 SEREERPE~D
%8 7 W4 L 7=(Table 3-6),
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Table 3-6 Investigation on much-mismuch effect
(S or R)-Co salen-1 (5 mol%)
PhSiH; (1 eq)

00 2,4-pentanedione 0. O
s s peroxide (0.5 eq) s._S
N’ D Cu(OTf)5 (10 mol%) HN U
H + A"ph ligand (10 mol%) N Ph
(5 eq) solvent (0.05 M) | = Me
Cl 9a 2a f, 24 h c 10aa
in sealed tube
entry solvent Co salen-1 ligand ™ dr ee (LP, MP) SM (aldimine) bypro. 11
1 CH4CN R (5,9)-Bu-box 58 21:1  <10,4.0 23 <10
L2 CHELCN S . (5,5yBubox 19 22:1 <1064 9 12
3 THF R (S8,5)-Bu-box 20 1.9:1 <4.4,3.5 35 9
4 THF S (S8,5)-Bu-box 12 1.8:1 0.1,1.4 13 21
0 0
HN -S S
oy N
Cl

bypro. 11

IV R L UKD RIKE SIREGR L., ETRENO/EEZ VT Table 3-5 &[]
BEOEM FIC TR 21T 5 72, IRIEC CHCN 2 W74 Tk, ILRARE S B D
AR LT RFEBRNLF Z I LR WS EOUE TR S dy > 7o (entry 1, 2),
F 7o, BB THF 2 AW 750ETiE. RIKE SIROMIE TE(LIZ R b 7e k- 72 (entry
3,4), Table 3-4,3-5,3-6 DFERN D EREFIZEFRIMEDORELE L FFOA I 1T
T DI T, TAF N T AT D3EER RS X D7, CARRIR 72 K
JIE~OHEANRETH D B Z T2, T2 T, ZVHNVOMMPBPET LS50 EHERIES N
LEHFFTFICETIGEOREL LS I V2RV THRHEZIT 2L & LT,
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] ? Y )
oo o ot

Figure 3-1 Canditates for protecting group

7. Figure 3-1 DRFERLE H VT, VA RABEZRIN LT ISEMHFIZB W THOR
JE T 7Y v T ROSDIHEIT S S D 2 A L 72 (Table 3-7),

Table 3-7 Investigation on protecting group

Co cat. (5 mol%)
PhSiH3 (1 eq)
2,4-pentandione

NR peroxide (0.5 eq) NHR
Y+ A "ph La(OTf)3 (5 mol%) Ph
(5 eq) IPA (0.05 M) Me
Cl o ft, 20 h Cl

in sealed tube

entry R ™ dr
1 Bn -
2 PMP 13 1.0:1

3 Meo}g@ 6 1.0:1
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REFOFER. entry 2 @ PMP % & entry 3 @ o-methoxyphenyl %% H VN2 REIZ H 9D X
JEDIELT LTe, eV Ty b A ARRIRINRE DA IS DI R & e gd 4~ <L v A A
DAFAE LR WERAEIZ B W T B RS D HETT T 2 & Fi st L 72 (Table 3-8),

Table 3-8 Investigation on protecting group

R)-Co salen-1 (5 mol%)
OMe(o or ( OMe(o or p)
& (0orp) PhSiHs (1 eq) A7
2,4-pentandione
S ’ S
N peroxide (0.5 eq) HN
oo+ A"ph La(OTf)3 (5 mol%) - Ph
(5eq) CH4CN (0.05 M) cl Me
cl 12a 2a t, 18 h 13aa
in sealed tube
OMe(o or p)
entry PG Lewisacid TM SM (aldimine) bypro. 14 //|
‘ 1 o- - 6 60 3 ’ HN N
2 o la@OTfl, 25 8 B
3 p- - 13 97 8

PMP %t & o-methoxyphenyl & DX 5 TS ONMIED RN R b7, FTH, FFIC
WD EFHMN R 5472 o-methoxyphenyl % W TAZOMF 2D L Z L& LT
(entry 1, 2),

BT, A I 2l IEM LT 201 AR EHAT 5 Z & & L7=(Table 3-9),
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Table 3-9 Investigation on Lewis acid
(R)-Co salen-1 (5 mol%)

MeO PhSiHs (1 eq) MeO
2,4-pentandione
N peroxide (0.5 eq) HN
Ho+ " ph Lewis acid (5 mol%)' _Ph
Cl (5 eq) CH4CN (0.05 M) cl Me
12a 2a rt, 18 h 13aa

in sealed tube

entry Lewis acid ™ SM (aldimine)  bypro.14

o 6 . 60 . 3.
1 In(OT)3 7 - 94
2 Bi(OTf)4 trace - 95
3 FeCl, - - 64
4 CoCl, 26 <10 38 MeO
5 Cu(OTf), 20 9 65 :I:::]
6 Mgl, 8 50 4 HN
7 Ti(OiPY), - 17 36
8 BFg#OEt, 23 12 12 - oypro. 14
9 La(OTf); 23 8 73
(10 Y(OTf)g 27 trace 68 |
11 Eu(OTf)s 27 6 75
12 Yb(OTf)3 25 trace 67
13 Sc(OTf);  trace 12 82

THET 4 VT 4 DRIV A AR 2 PNV A ABRDORRE AT -7, Fx BRSOk
Feo soft VA AT U H ) A RFRONA A% AW TZRES . RO NG TR &
N5z Enginoi(entry 4-5, 9-12), F CTHREDOIEZ R L, HEMEIARY 14 O
AR ED V720 entry 10 O Y(OTH); Z i st & L THER D MFT 2D 72,

3 Kobayashi, S.; Busujima, T.; Nagayama, S. Chem. Eur. J. 2000, 6, 3491.
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FEWVT, Y(OTH); Z /A Al LCTHWT, RUGRFITHEEI 22 AR FBUAL -2,
SERBIRME L A S UMT XN T O ADRHEIGT D LD I L@ D FE B & H
& L 7=(Table 3-10),

Table 3-10 Investigation on appropriate ligand for Y(OTf)3
(R)-Co salen-1 (5 mol%)

MeO PhSiH; (1 eq) MeO
@ oxidant (0.5 eq) :@
N Y (OTf)5 (5 mol%) HN
- " ph Ligand (5 mol%) R Ph
Cl (5 eq) CH3CN (0.05 M) cl Me
12a 2a rt, 20 h 13aa
in sealed tube

entry ligand ™ dr ee” SM (aldimine)  bypro. 14
o0 e 6101 6 .3
(1 (R,R)-Pr-pybox 26  1.4:1  N.D. 9 59 )

2 (S,5)-Bu-box 25 1.0:1 N. D. 5 61
3 (-)-Inbox 31 1.0:1 N. D. trace 64
4 (R,R)-Ph-box 27 1.0:1 N. D. - 79
5 (S,9)-L1 45 1.0:1 N. D. 23 110
6 (S,S,5,5)-L2 21 1.0:1 N. D. - 58

Me Me p MeO
ij/o Ph . O N/"'»ro Ph j@
HN
| |
S/N ] \) Ph >§:N) N J:<Ph
Pr iPr Q/-
L1 L2 Cl bypro. 14

Fl 2 FTOFER entry 1 OFNL T2 HWD Z ETHOT DY T AT LA LLOSEN A
bivlc, WA AEE L THWTWD T % ) A RIZEBOIRTFHERENRE WD, = JF
BeAL 2 B BeAL 12358 < LA A L BAfL U, SERERIRE D[ LIcFH S5 Lt B2 b,
Flo, RN TIEAE S EAREIIE DO B BT R 72 v o 7o (entry 2-5), L2 L7RAS
Hloentry | DFFRBINERL T T AT L ABREIZEB W T E DT ERE Lo T
72, FTNVT LU ATy R HOWT-REHcE 5 2 & & L7 (Table 3-11),
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Table 3-4 & [AEEIC BINOL B ZHSX T /L7 L 27 v RigE WS mE 21T
- 72(Table 3-11),

Table 3-11 Investigation on chiral Bronsted acid
(R)-Co cat. (5 mol%)

MeO PhSiH3 (1 eq) MeO
]@ 2,4-pentanedione :@
N peroxide (0.5 eq) HN

Ligand (5 mol%)

CH4CN (0.05 M)
cl (5 eq) f, 20 h cl Me
12a 2a in sealed tube 13aa
entry ligand TM dr ee SM (aldimine) bypro. 14 MeO
.0 ... 6. 10 60__________..3____ @
1 P1 16 1.8:1 N.D. 14 37 HN
2 P3 12 3.0:1 N.D. 19 24
3 P4 23 1.0:1 N.D - 55
4 P5 22 161 N.D 11 39 O© bypro. 14

LEEG R MEFE DRV PL o P3 2 WD & T LT LA O FEN /L 5 7= (entry 1-2,
4), BEMEFE D@ P3 TN AREIRME O S8 134 < B S 72 5> - 7= (entry 3), Table 3-10, 11
DERY O T o FARIREOFELZFE LT 2 A, Ak ORI mD T L |
HPLC TOEENREETH > 772D EfE7 e o F AN RETE 2oz, TDT=®,
4-phenyl-1-butene £ ¥ HBMED B W T LA 2 2d) & W TSR FT 21T - 72 (Scheme
3-3),

(R)-Co cat. (5 mol%)
MeO PhSiH5 (1 eq) MeO
o 2,4-pentanedione o
N peroxide (0.5 eq) HN
Q)LH o N P1(5mol%) J@)Wr\?\p
(5eq) (o] CH3CN (0.05 M) Me
¢ 12a 2d rM,20h c 13ad o
in sealed tube TM: trace, dr: 1.2 : 1
ee (LP, MP): 1.3, 1.7

SM (aldimine): 34%
Scheme 3-3 Experiment to calculate ee bypro.14: 15%

Scheme 3-3 OFERN G T AMNOEEIZRR D b OO F U F A BPEIT 2 < FH
FLTWRNWZ ERbnote, T72bb, T VAREHEANC L - TA 2 A FER
BART-ETH T Uh O RISHED & S MU SRR IRE 722 KOS RITITIS A TE R o
oo DD, SARERMEORBF 2 WriEa Lz,
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=i

4. TRFE

FUETIE, iR a9 ML AL Y& D PhSiH; 2 W2 BT v &
A IO M UARERE OB T D v 7 ) o T RIGDOBAFICHOW TR Lz, 9% 2 fi
TiE, HOKIERZFEBT 272 0ICAE®BY | BEAORMNLETH D Z & & FEik
L7, EBRFERNS . 0.5 BEOBRICHIISOSRFT THOIEDOT VXL T AN ZFAE
SEDL LT, HETHD Z LOVRIRI NI, ARISE. 7 A7 VA RRMEIC #2757
HLOD, Bix R EREGEREO Fa XUkl 2R OB ICH LT BRFRIGET
Hi % 5 % 7=,

fe < 2 3 B CIIBHIE Lo RS R DO SRR 2 S5 T 5 72 OIXAT » 1o EBRAE R 4 R
LTco RESSET VRN T DANDBA I VMMLTWDEZX bILLTD, TLF /L
TUBNDKIEEDE S HEET DL, BNOZRIZREA D 5 & TSI, 83
HiTlX, FIREFAITH LA I VICAFIRAEANT 5 2 & T SEEIR 22N
NERBEIEDL R EIT ST, BIITER TE o 7o, & 3 B TOERERN
b, ZVANE RO THIE 2 SPRRIRO S Z BT 2 DR TH 5 LK U, KW
TIONNVIEARFIREEANT DL REFORT AT 4 TR ERAIRTH L L fbam L
776
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M. AV VT L-N-~T B BRI VR (NHC) AR Z 2 1 )V EE IR O A HL & Z O filiit
S PR
1. Hx

RF-KFEAE G DML, WEAIRZARENSEH L 5 20BN TH Y | 4t
RCERILFER 2SN TND, PTH, BEREMEAYORRFEICHT D sp’ KFED
A ANBRFE BB DOWEAT EE (2 - THIINT 2SS 5 005 b, Csp’)-H A O E Y
IREHSOSIZERAIBICHRTH D2, L LR b, Cip’)-H fd OEBSIE,
C(sp’)-H A& DEBIZ AR THBHE N B < . BRAR EICH D,

T ETEBMBLIC X 58% < D Csp))-H A LS ARE SN TEY  C-HES
TV a—)L, TI, TIVXINT Y —=ANTGA RRLTAFIT U —)LiRT NI EH
THZLEBAREL o TV D, T DEBMBIC X2 AN, ZhEh2 >0 %
ST Bl D USHEB R THET L TVND B XN TWD, 0 2 DO,
inner-sphere iEPE(L & outer-sphere BUEMAL TH VW . LU TFICE OFEMZ 7§,

(i) C-H bond cleavage (ii) Functionalization

QH + cat. [M] - Q[M] > QX

Scheme 1-1 Inner-sphere mechanism for C-H functionalization

Inner-sphere BYEMELIZFIC 2 BRREOBIRIC L > TR SN TEB Y . )&RE T VX L/
T U= AR O DD C-H &G OIBnERE, ()RS R O RRH & O R L
TaRET VX )VT V= VFEOERENMZIT 2 FE TH % (Scheme 1-1), Inner-sphere i D
Rk, A RBHRIEEER T2 2L THY . ZOHRIEOHEESTE IR L -
THLE B KON ARE IR R fEHAL AL R BB WRE L 7> T D, L LARR B,
inner-sphere EMEALIZ, STAREF, Bt U FBEEOORE, BV KT A X Z A7
ENRFRE 22D REGHRE DR LIAD D 28k, 3 #k C(sp))-H fEH O LI IE
HAREEE ST,

—J5C. outer-sphere FEMALD A T =X KL, ¥ b7 v A PAS0 7 EOFEFRIC L D E
RN EICEEL L TR Y | OEEL S NTZBNL 2 AT 5 @B RO & B RO TE K.

** Lovering, F.; Bikker, I.; Humblet, C. J. Med. Chem. 2009, 52, 6752.
3 White, M. C. Science 2012, 335, 807.
** Dick, A. R.; Sanford, M. S. Tetrahedron 2006, 62, 2439.
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foe < (AL T X & C-HAEADLUSIZ L > TR SN TV 5 BULF X & C-HAEE DX
JEIEL BUAZ - X O C-H AT D (laffi A b L <IE(1ib)KFEZ P AL DF|EHEND
IRFET v EDIGIT L > T58 T3 5H(Scheme 1-2), outer-sphere FUEMALD A 1 =X
LK, TN T L= e EDBUSHIN BN R L & OSETIT, $EK
DOEAML TG 5 Z & Tdh D, Scheme 1-2 [Z/RTHY ., 26 DOEBRESNITIRFET ¥
ANATNERAFF I ke LTERT D LML, EDROHRU UL, 3
% C(sp”)-Ho~T 1 JE -0 o it 72 £ D BDE DA C-H AT % L T v @R 2 77,

(iia) Direct H
insertion M =Xzl

t
‘ .H
(i) Oxidation H X

oxidant B ) o
cat.[M]| ——— > [M]=X + (i) Functionalization

| oy
- [M]—-X, *

(iib) H Atom Abstraction/
Rebond

Scheme 1-2 Outer-sphere mechanism for C-H functionalization

e TR T 28 & B L C, C(sp’)-H 56 O BLEI 72 B R AL G O JeA TR 725 %
9, Clsp?)-H A OEBARIBEISIE. Clp’)-HfERZ T L a—Lor b Al
FRENZEBT H IR TETH D, 2O OEREITEMTHEIL L L THEA ISR
RBTHD, TDDH, 2D DEBEUSHTETR &M THOmWIERM A o THRE L
IRAVT, BEREME Y - OGBS HTIC R kiIg & 5 2 5,

PLFIZ 2B EHAREGS, inner-sphere RUBEREIZ L5 6 D, % L < 1% outer-sphere U
LD bDMNTHESZH TTHRINTT 5, &I inner-sphere HHEAE D ALIEIZ DUV ToR
R
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N

N /N\ /CI
T ke
N NT C

{

HSC_H > Hsc_OSC)sH
H,S0,4/S05, 200 °C

Scheme 1-3 Conversion CH, to CH3;0SOgH

Inner-sphere FEERE (2 K % C(sp’)-H & DB LIS DI DOBFZE 1L, AR ~D
HWHZRIEZ TAZ DAY ) =V ~OEBRIZERRHTOHN TV, ZOERHDO L
il 2 N2 A 2 o DF %2 2R = UL A S =P (Scheme 1-3), A X D
Fx AR =T, B REPEO AT A NE = VENEAN SN D T2, ER O
C-H fB ORISR A 2 C-H fEDOFOSE & g L TRESE T L, —EHIAR TR
ISDEATEMZ D Z EBAEETHH, L LN 6 @V EFERIEIETR L 0D,
AU R ITEIRSGE F(200C), & DICEmMESRE FICTHEITT 2720, BiEEZ O
HALAIITEA TE R, EBIS, n-T IV i ORI ALK EE TIXPRREE DAL
ERPUECALFRIUEICE 5 & WV A2 T,

ZIT REABHICEENDRAEOTFREEAZTIEH U, il 4 ks AR @ E T 5
Z L TR ERPUE & S BT 2 B A 3 A O T2 AFFE S T AR A C d % (Scheme 1-4),

(i) Directed C-H Activation (ii) Oxygenation
N 7 - < Loy~ oxidant N
MO T L c-H c"~ ———> L C-OR

L = Ligand; R =H, Ac, alkyl

Scheme 1-4 C-H bond oxygenation of substrates with coordinating functional groups

% Periana, R. A.; Taube, D. J.; Gamble, S.; Taube, H.; Satoh, T.; Fujii, H. Science 1998, 280, 560.
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BLIAFEIC K - T C(sp')-H #5E OB EOG % 8 M B IR M S TR L 720 O RF5e
B & 774, Sames © 1% 2 i > [ &M & LB OEALAIZ AW TT 2/ BRO AR LI
Jis & #8 L 7-(Scheme 1-5)%°,

0 0] o o)
KoPtCly (5 mol%) 1.Boc,0 !
M (7eq) 2 ACOH “ . . on
ubla (7 €q ' NHBoc NHBoc ! -
NH, H,0, 160 °C, 10 h . _pt~NA

27% (dr = 3:1) ! I
' Possible intermediate

Scheme 1-5 y-oxygenation of amino acid derivatives

TS DRISTRRD TRV y ALRIPEDORBLE FREDO T A7 L ARIRMEEL R L
TeAs . AR ORI R 160 °C CEEE RS2 W TR | KRE L TIEA R L
TuW =,

&R CORMBEREZ FRT X< 8T U0 Al & FlE L% V72 Csp))-H fE G o
ZEHICEAS Sanford 12 & > THE SN TWEY, /T 27 AT X 5 KGR THE
FERI72 4242100 °C LA ), @Ol BEET KL (TON>50), 8 s W S5 2 F I DS BBk S A7z,
IHIT, BB Eim IS U THW MRS 2N HE XD (Table 1-1) &3k, =
35 inner-sphere FUHERE D C(sp’)-H BRAL S A HERENE S D WA D & Al R A (238 L
THESL SN TR, EAMZR C@sp’)-HBILSORENEB L5255 L E X5,

*% Dangel, B. D.; Johnson, J. A.; Sames, D. J. Am. Chem. Soc. 2001, 123, 8149.
37 (a) Dick, A. R.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 2300. (b) Desai, L. V.; Hull,
K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 9542.

¥ Fraunhoffer, K. J.; Bachovchin, D. A.; White, M. C. Org. Lett. 2005, 7, 223.
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Table 1-1 Pd(OAc).-catalyzed oxygenation fo C-H bonds with PhlI(OAc)»

Pd(OAc), cat.
VYR PhI(OAC),
L C-H —— L C-OAc
solvent
entry SM major product yield (%)

MeO

Ac 78

XN
| P > R = Ac; 88
N R =Me; 77
OR
N
*CO
OAc
N
‘oM

75

e e

X
N/
MeO\N
2 )J\i

MeO ‘N MeO ‘N OAc

4 ifb &5 61

H A

N.__O._ N__O

OAc
AN N N7

5

(L $

M M

eO ‘N eO ‘N
OAc

6 61

—J5 T, Zh & v outer-sphere HAEAE 12 K D C(sp’)-H ML S DBFZEH] % 759, Outer-sphere
RIS 2 DAl & LT~ o Bk L= b2 e LIeARLT ¢ U UERIRN
L ST % (Figure 1-1), ARV 7 ¢ U VBRIL Figure 1-1 1IR3 L B0 E1Re LA
RO bONZ, b OfMBLITER 2 72 C-H FEELMMISICHN BTV D 2, N
PIALD Csp?)-H A 72 £ DKV BDE % #5 C-H A A IS % L TV B IRME 2 38314 5,
Outer-sphere MU DFREE A & L Cld, PREOEFERIWEICE £ 2 8, EEban
C-H A ICPRE STV D R, ALESERPUEC AR PUE MRV S ER T b b,

66
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X M = Mn, Fe, Re ;[::rk\ [ij [::i:j
Ar A Ar = CgFs, CeClsy 2,6-CgHaCly | H
« « X=H,F ClBr |

X Ar X
Figure 1-1 Porphyrin-based coordination catalyst and representative alcohol products

VR, 2 T VREIBRNL T 4 U flli(Figure 1-2)% W72 SEARTERIRAD 72 C(sp’)-H FE &
DIEALBS D3 4TV 5 (Table 1-2),

MeO  OMe

(1 (1 (1

Figure 1-2 Chiral catalysts for asymmetric C-H bond hydroxylation

Table 1-2 Asymmetric hydroxylation

H H OH
catalyst (I)-(111) %
Me oxidant | A Me
R
MeO MeO =

entry  catalyst oxidant yield (%) ee (%

)
1 cat. ()  Ph-I=0 20 66 (R)
2 cat.(I)  Ph-I=0 13 87 (R)
3 cat(ll) ClpyNO 65 62 (S)
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FP. X T AARC(sp))-HEE A ORRALIE D J BRI 72878 L LT, Grovesb L) 7 F
VBRIV T 4 U UBRICHS LT-Fed L 7 4 U VKA W F LR B o
DAL DR KBRS B LY, Z0%, MW L U SERYSRuBE L 7 ¢ U bk
HZHWT, = F o FARIRPERCUCR O ) 2B O HE TER L- iGN 2 & T
Do WCRLONREPME, BE BRI EORMAZE T bOD, 26 OWFZEHIE
outer-sphere B IS 1= & % SRR A 72 C(sp?)-Hid B A A 2 BR%E 9 5 L CHE %
BleE25,

W59 5 & inner-sphereBUTE ML 1% B A B il & FR A1 2 2 IV D 2 & TC(sp))-HiE &
DN E BRI IR EBRFIRE L 72 o TE oy L LR B, REFRIG~D RN LIAD 5
2% + 3FRC(sp”)-HAE B DM, SARIEE, Bt NV FBEEOGRE, B T2 x
ZNAbZe ENRE L 72 D kIR E L CIREETH 5, —J7 T, outer-sphere 2 yE M Lats F2 Tl
BDED G &2 & » TS DHEIT LT ENIRE SN D720, 28k « 3#kC(sp))-HiE B D2
B IE~D N RS Th D, L LR b, B &5 L TRt & B
ToNLTE THEMEALDNE Z 2 728 | SRS A B @8 BUSTE A A~ DB & W 5 T THilBR 23
KREV, ZHOISERITEK DR Y | SEASEIRAY 72 C(sp)-Hikk A 28 B 022 i 7 B 4
JEC(sp))-HIG AL A OBRF I IZRE R H D L B2 bz,

% Groves, J. T.; Viski, P. J. Org. Chem. 1990, 55, 3628.
*0 Hamada, T.; Irie, R.; Mihara, J.; Hamachi, K.; Katsuki, T. Tetrahedron 1998, 54, 10017.
4 Zhang, R.; Yu, W. Y.; Lai, T. S.; Che, C.-M. M. Chem. Commun. 1999, 1791.
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Z OREZ RS~ BT B AR RAETCIEEZ R, Wi D redox active fd
(LTS5 IR 2 FA W - il S I2 35 B L7=%, Redox active BN 113408 & BHZRIDICIERA T
52 & TRBICAKED > TOIRVEEAMEE 2 R0 Z L3 AETH 5,

e oo

4
Bu N\ \/N Bu R "OH Bu N\ ) Bu
M M
~ 7 N RN
0" o N o\ o
Bu Bu "R OH Bu 0 Bu
H,0, g H
M!l = Cu, Zn
l H abstraction
0,

- ®
Q j y trar?sfer 7N j
7/

Scheme 1-6 Oxidation by redox active ligand

redox active ligand $&5{K 2 VN2 BSOS O —f1 & L TiE, Wieghardt 512 K 2 b
JRBZET BN DY, ZOWE Tk, B LIR TG 2 Ff 7 72V H$A % redox active Blfi 1~ &
PETERL SH 5 2 & TSRS LE CIEE A FF 2 2 2 ENAREL 72> TV D, £ 2 T,
M 2R FE L 72 redox active BUAZ - % FE SR 2 I CTURER O LA & ) % 7= C(sp”)-H
fi B DOEMPIS 2T D52 & & LT,

C(sp))-H fE5G OIEMEALICH 7 NHPIMORE S H E 2 S TR LB T AR T &
JV N-OH 837 % 5O redox active Bifi. T2 B L. @B L BRI EDLH Z & T, LT
FED C(sp’)-H fEA DIEMALZIT Y 2 & & LT, AREIKIC X - T, 4@ it siph <
BT E 720 C(sp’)-H A OIEMAL~ LIS TE D B2, AFFRICET LT,

* (a) Lyaskovskyy, V.; de Bruin, B. ACS Catal. 2012, 2, 270. (b) Luca, O. R.; Crabtree, R. H. Chem. Soc.
Rev., 2013, 42, 1440.

* Chaudhuri, P.; Hess, M.; Miiller, J.; Hildenbrand, K.; Bill, E.; Weyhermiiller, T.; Wieghard, K. J. 4m.
Chem. Soc. 1999, 121, 9599.

* (a) Ishii, Y.; Sakaguchi, S.; Iwahama, T. Adv. Synth. Catal., 2001, 343, 393. (b) Recupero, F.; Punta, C.
Chem. Rev., 2007, 107, 3800.
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2. AU TTLN-~T BB I LR (NHC) AT T 2 H VIR DA AL
21 WIEOHER

ROV, MBIZEREF L7 redox active B/ 1 2 Fi 285K 2 W T IR DS & 1%
— AT D Clsp’)-H fE A DLW # T D Z & & L7z, Redox active Fitfiz 1~ & L
T. C(sp’)-H #i & DIEMEACIC A 72 NHPI DRSS HEREHL 2 LT, BEFRET &
JV N-OH B2 % F#-> NHC Bl ¥ Z 5% 7 L 72 (Scheme 2-1),

W70 C-HEIEHREREAT ODEFARE= X T VB L%, NHC BIENLFZ I

L CABITE CHRES Y, A LTRET VI A ERIEICEEOT.OEE & MG S,
AHERELAERSEDL 2B 2T, BEINDMCHBEZED Z & T, JUGRHF T
FELTIRF T PN E RSB OGRS BT 2 2 RN ARE L 720 | SR
REDIRFT VA NMEF DO 2 2 T OSTER A2 EBLTE 5 L& R T,

Activation by both ligand and metal

more reactive _

- R P R P
RO P L ﬁ/« R M
M | R 9 L N -OH N -OH
N-Oe R X W< X \«
hinke X \‘< - Mn —><_ Mn+1
+ Mn ) R )\
M (metal) R /°\ organometallic
L species  _|

Scheme 2-1 C(sp?)-H bond activation led by redox active ligand with metal complex
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22 BJREEIRD AR

FEWT BT ARRE= haXxo 7 VB OFiBE AR (acyl-N-OH #47) % F 3 % NHC BifL
TOEMERAT, ARO@Y (F 1 H i), = hex T Bz R-> NHC Bz
TIE. WERFO S TCOMENEMHED N TND, LLERRG, oA H
EIRE T2 RFELOMBISH~ORBFICZ L, EE LTRET ¥ HIIEENR
B S A 1A & - 7= (Figure 2-1)%,

3 5 )
@ | N
N =N_ o
S—Au-PPhg Pd o
N — N ‘
0 N
. X o

Figure 2-1 Precedent of NHC radical metal complex

ZOEH B AR=baF T VAV ER Lz NHC BN 048 B85 KO & ks,
OWTIEAEIS A 2 B L2 gE I3 < fEEE T, KRRk CH 72, £ T,
ZID DLESEROHEGERLE MR 2 Ic, EBRICEMT D NHC Bl F4fXe L7z
(Scheme 2-2),

__-- Raise the reactivity of N-oxyl radical.

O -

T OOH T 6-membered ring NHC ligand
| XN
/@ N//K ___.- Adjust the reactivity of N-oxy! radical.

Ho---

Me ©CI

Scheme 2-2 Design of NHC ligand with acyl N-oxyl radical

NHC BN 71T, BORS Sh6 6 BEREEEZERHATLIZEE LT, RUEBUVERD
NRUDNUANNNI A NVR = VR B EAN L, N-F X T OV DE a2 ER LT,
BT, BEEF L7 NHC BEAL 138 B L S5 2 & C, B ARdk=taxr 7

* (a) Tanimoto, R.; Suzuki, S.; Kozaki, M.; Okada, K. Chem. Lett. 2014, 43, 678. (b) Zhang, X.; Suzuki,
A.; Kozaki, M.; Okada, K. J. Am. Chem. Soc. 2012, 134, 17866. (c) Suzuki, S.; Yokoi, H.; Kozaki, M.;
Kanzaki, Y.; Shiomi, D.; Sato, K.; Takui, T.; Okada, K. Eur. J. Inorg. Chem 2014, 28, 4740.
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AN EEEEGTHB S, RET W NERESED LRIFHIZEEORE & UG L.
ARG RELREIEDLZ L 25 LT,

0 0 0
o- _OH _OH
kaN (ikl\l @N
N’gl\/ln = N/gM” N/&M"”
' M Me )—
Me H=— —> e ) [ e A

—
R RN organometallic
species

Scheme 2-3 Proposed mechanisms of NHC ligand complex with acyl N-oxyl radical
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=

FEEIZ, T 2L N-OH EBAL % £5-2 NHC $51K DA Rl % 1T - 72 (Scheme 2-4),

HO \/\TMS ©\)J\i
o 16 N™ "0

PPhs, DIAD NoH4H0 o 19 Me
(0] A
@N_OH ———— Pt~ OTMS > HN ™S

CHClg, 1t, 14 h CH,Cl, H,0, 50 °C, 2 h
15 0 55% 17 ,1h 18 quant.
quant.
o) 0
T™MS HCOZH Ac,0 T™S CI OEt | x JN\ T™S
/ ~
r,5h 50°C 5h oN "H 22
Me 73% (2 steps) Me OCI

Scheme 2-4 Synthesis of NHC ligand with acyl N-OH moiety

EREFT 77X 04 RASEHEME L LT, 2«(RU AF ALV U )T L ) —)L
a@%%%k%@ﬁﬁ%ﬁoto%%ﬂk?i/?wz—w%£¢aﬂ®7&n4w%
ZEREL, T/ a3 —) TMS = F)VETIRE SN AL EW 18 157, i T, N-AF
A MR E T T X 73— 18 D N-T LU b E 1TV ALEW 20 %
AR LTz, fEWT, AR LIZALAW 20 O 2 87 2 > & iR & HEKFRRRIC L - Tahr 2
MEL T, kB 21 26 LT-, &ZRIC, 7 e g F L2 HnT, 6 BERA K
SH2-(FY AF AT Y =T LI TRE SN2 E A& NO E % £F-> NHC Bz 1
AITBRIAR(22) & G Rk L 72,

F 72 TR NO B % £5-5 NHC BN - D2 HE EOE#IL T Scheme 2-5 1289 5k
RRIRNZTE, AV MR ARG PR E T2 2 L TESHIZT U — LV EICAE T AThE
Th s,

o o\/\TMS o)
mCPBA (1.1 eq)
(Lo aomnar d SO
o) o
N CH20I24? 48 h /g H,0, :;)/C 1h NH
1 7 DO 00
Ph
23 N 24 Ph 25
o 0
HCOzH Ac,0 \/\TMS CI)LOEt NO~Tms
®_l_
i, 2h 50°C, 4 h N H ¢®
26 Ph 27 Ph

21% (2 steps)

Scheme 2-5 Synthesis of NHC ligand with N-phenyl group
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N-7 = =)L A % F > (23)% Baeyer-Villiger fi#{t3 5 Z & T, N-7 = =)L A ¥ MEEEEK
W4 G L=, &k L7 24 % Scheme 2-4 & [FARRD SUSSMFICIRT Z & T 3 BEREIC
C NHC Ffr D %FHE EO@E#IE%S Ph & L7 HO NHC BN 1-ATBRIA 2 G L7z
(Scheme 2-5),

NHC BN - D% H# EOEBIEE Mes J& & LB T DAL S A A 72 (Scheme 2-6),

o T™MS
cl (2 eq)
OMe OMs 31

0
290 (1.05eq) 0 NaHCOj; (2 eq)
EtzN (1.2eq) M M CsF (6 eq) mCPBA (1.1 eq)
Mes —NH, 34> es\N OMe —_— N ° — >
CHCl,, 1t, 10 h H o CHSCN, 1t, 10 h J CH,Cl,, 1, 48 h
28 30 32 Mes
quant. 90% 44%
.0
©\)k : /U\ s HCOH, Ac,0 : JL o\/\TMS
/g H50,50°C,1 h NH i, 2h
Mes quant. Mes 34 MesO 35

Scheme 2-6  Synthesis of NHC ligand with N-mesityl group

FTACTFAT IV 70l UAFUNEBEAT LN LD X 2T 11k
ATV, 30 2GRk L7, eV T, AR L2 30 X2 VSR E 72D 31 &R S
HDHIET N-AVTFNAYTF B %E AR LT, Scheme 2-5 & [FERIZ 32 %
Baeyer-Villiger f2{t. L, 1 ¥ NEEHEKY) 33 2#157-, £ 5072 33 {12k LT 18 # VTR
BEBLOGZIT, 34 Z 8 LT, LU D, 34 D287 X I A T IVEEDE
PRRE S &SR DK S BT %R & SUKEERRIC & 2 60F F TlIadr I LA HELT L 72 »
o7z, BUE3S BT XL RMERFTE2IT> TV D,

BN T, B AR=haFxd T VUV ORBRAESZ A9 % 5 BB NHC BT DA KL
% 72 (Scheme 2-7),
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©\Br (1.0 eq)

H,N-OPMB (1.1 eq)

38
CuBr-SMe, (10 mol%) EDCI (1.1 eq)
K,CO3 (1.5 eq) HOBT (1.1 eq) HCOOH, Ac,0
OH Ph. OH =™ Ph. N -
HZN DMA N CH,Cl, N “OPMB r,5h
(@] 120 oC, 3h (6] rt, 2 d (0] quant.
36 45% 37 quant. 39
o]
P 0
H Cl~ ~OEt
Phn Noomme ———— ph-N<N-opPvB
~N._N-
J_ o 50 °C, 5h ®
O”H 31% ocl
40 M
Scheme 2-7  Synthesis of 5-membered NHC ligand

ET. -7 I a2 VR CE36) & SRR Lol Lo T e
NB DTy T TRISEATWD, 28k T I &7 V= LTz, VT, Tra
— LIS PMB TIRESNTZT 2 ) T a— L 38) & e Bk L7z B VR 8 37 L Hae
UL EW 39 ~ L B L7-, DKL, Scheme 2-4 TR LIZ AR ICHE- T2k T
VDRI ESFRBRIEEZITV, BRO 5 BEREE % F7-O NHC BAL 1 RTBEA 41
DEREER LT,

0 o 1) Ag,0, CH,Cl, 0 o o
N~ \/\TMS rt, 3h @N - \/\TMS TBAF, cod
_— - =
. N__N_
)\H © N /&Ir(cod)Cl THF, 1t, 20min ~ Me o

oN 2) [Ir(cod)Cll, , g
Me c CH,Cly, 1t, 4 h Me 40% cod) " ﬁ
22 32% (2 steps) 42 43

Scheme 2-8 Synthesis of NHC iridium complex

AR L72 NHC Bfz 1-RIBEIARQ2) Z B (LR & IS S5 2 & THRAR I ®, Hit\ T,
[Ir(cod)Cl], D " BiRE N T U AAZ L EEDHZ LI2k»TA U P 7L NHC $51K42)
AL, &BIC, MU AFAV YL FNEERETDLIHET, 7V HERORIEE AR
& 72 %7 /v N-OH FBAL & A 2. 7= NHC $5K43)DERUITHT) LT, ASEARITEE R 1
PR T EBARMEE S L TEL N D (4. Scheme 2-8),
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IBICA VYT LUSND NHC &ESEROERbRAAT, TTAVPULEFRLE 9
BEO&ERTh 2D Y7 ATOWTHE 21T - 72(Scheme 2-9),

0 1) Ag,0, CH,Cl, O
(j\)KN/O\/\TMS i, 3h 0\/\TMS TBAF o
2 N
4 P N J\H e
! cl

.N N
2) [Rh(cod)Cl], N ,& Rh(cod)ClI THF, rt, 20 min Me™
CH.Cl,, 11, 4 h Me 54% (cod) Rh ﬁﬂzﬁ
O,
22 60% (2 steps) 44 5

Scheme 2-9 Synthesis of NHC rhodium complex

7Y 7 AEEIRIE Scheme 2-8 DN SRMHIC K W BESHIC Bk E L TAKRARETH -7,
VT, 5 10RO /XT DT JTHOW TR & #9072 (Scheme 2-10),

1) Ag,0, CH,Cl, o o
(f Oc"1ms r,3h O 1us TBAF
J\ - /g —/7[’ N__N

2) [Pd(allyl)Cll, Pd@lyhcl  THEm 20min'’  Me” Y o
CH,Cl, 1t, 4 h Me (alyy 7 ﬁ

72% (2 steps)

22 46 47

Scheme 2-10 Synthesis of NHC palladium complex

NHC B2 R bR & SOG S5 2 & CHiERL S, Pd(allyl)Cl @ &k &L h T &
AZNALEEDH Z LI X > T/8F Y7 A NHC $EKMA6)DERRICHEIh Lz, Los L7
5. TBAF ZHWVWT R AF AL UL FLEDREZITI ENRTOTLT T v 7 DE
FRZ o TROSRITEMEL L, BROSEK 47 135G b7 o7z,

FEWNT, B LTeA U ¥ A NHC 85RO X BRfG da ST 217 o 7o, X Bk st
AT OFRER DS . N-OH FEDOFEREN R DK DA U D0 L LR Z R LT &Rk
EERMDENRA LN RS T, 17, HERA OB 45A LECEENLTBY, o
FAAARF e & OTFEITR D B2 )y - 1= (Figure 2-2),

46 Janiak, C. J. Chem. Soc., Dalton Trans., 2000, 3885.
47 Karunarathnal, A. A. S.; Saebo, S. Struct Chem, 2015, 26, 1689.
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Ir centers

4.5 A

Figure 2-2  The result of X-ray structural analysis

KEITIZAKR L2 NHC A U 20 L8 K2 VT, Csp’)-H #E B DRSO BR%E %
1T o T RETORER 2 RT,
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3. A UYL NHC 8% T2 D AL DO ERFEERAY SO D BR
3.1 FERE
F2HEITARK L2 NHC A U 27 AR Z B T Cspd)-H G B EHEE 21T 9

AL RYPAED Csph)-H A ORI EIRLSOE & E 7 VRS & L. Bk o i
D FEFE%Z 1T - 7= (Table 3-1),

Table 3-1 Investigation on co-oxidant and additive

Ir cat. (5 mol%) 0
H H Co(OAc), or NaNO5 (10 mol%) 0
additive (10 mol%) N_ _N
/Irﬁﬁ,ﬂ“r
MeO MeO (cod) ™" 7

THF (0.1 M)
48 60°C,3h 49 Ir NHC dimer cat.
entry CO-OXi. additive ™ comment
1 - trace SM remained.
[ 2 NaNO, NaOH - SM remained.]
3 Co(OAc), AcOH 6 messy
4 Co(OAc), P1 trace messy
5 Co(OAc), DMAP trace
6 Co(OAc), NMI trace
7 Co(OAc), NaOH trace
8 Co(OAc), NaOEt trace SM remained.
9 Co(OAc), KOBu -
(10 Co(OAc), '‘BuOOBz 49 messy |

BN 2 BARDA VDT AFERND N-A XN T D H V%GR CRAEIE S5
haRt Lz, 4V YU LMRIXLE 2 B EEBA L TR Y | IRINAIOLFIE L
WSS TR P AL D Csp?)-H FEAIT% L CRUGHE &2 7R S 2270 7o (entry 1), %
ZC, R EAlE LT NaNO, X° Co(OAc),, Ikt & LTT LU ATy Rlig, 7L A
Ty N AL -72 & 2 RIS SUS R PHUTIRIN L TR &2 17 - 72 (entry 2~10), #&t
DOFEFL, entry 2 @ Co(OAc), & AcOH DIFINNT L - T 6% 73 5 B O ERLE S S ST
L7z, 7V A7y REERUSAOTMAITIXHBO N TIE & A EHEIT LDy > 7= (entry
3-9), — 4 T, '‘BuOOBz Z 1% 7=WElE, HAEE DI TH MO KSITHEIT LTz,

VT, entry 2 & entry 10 DFRIEOEE| 2 G 9~< | xtHFEBRZ1T > 72, Table 3-1

64



(entry 10)D %} FREEER D5 R A Table 3-2 12~
Table 3-2 The role of BuOOBz

Ir cat. (5 mol%)
Co(OAC), (10 mol%) O
H H BuOOBz (10 mOlo/o) () N N
O, (1 atm) Me j]/ e
Me > Me Ir ﬁp
THF (0.1 M) (cod) " 3
MeO 60 °C. 3 h MeO
48 ’ 49 Ir NHC dimer cat.
entry catalyst ™
.0 . IrNHCdmercat. 49 .
1 [Ir(cod)Cl], trace
| 2 (no Ir cat.) 62 |

Table 3-2 (entry D)DFERNS . A U 27 A NHC it LIS O il it 2 F v 5 & IR DK
TR BAT N (entry 1), A U P07 ML ALE L 22 WA THBL S ITEIT LT
(entry 2), entry 2 D FGSM T, Co(OAc), & ‘BuOOBz |2 L % Fenton ) REHERE™ 2 %

THETLTEY, AU Py LEARE L TV RWnZ & 2vRiE
#EVNT, Table 3-1 (entry 3)D %} FUS2ER 21T > 7= (Table 3-3),

Table 3-3 The role of additive

Ir cat. (5 mol%)
O

H H additive (10 mol%)
O, (1 atm)
| A Me > Me
THF (0.1 M)
MeO

iz,

(o

.N__N
Me Ne)
2

(ood) "3

Ir NHC dimer cat.

MeO
° h
48 60°C, 3 49
entry additive ™ comment
o Co(OAC)a +AOH 6 messy ___
| 1 AcOH 19 messy |
2 BuOOBz 15 messy

8 Leonard, S.; Gannett, P. M.; Rojanasakul, Y.; Schwegler-Berry, D.; Castranova, V.; Vallyathan, V.;

Shi, X. J. Inorg. Biochem. 1998, 70, 239.
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RETORER. Co(OAc), Z RN L= SIFIC TIGEDIR T 23 s S iz 72, Co(OAc),
IIARETH D Z &I Lz (entry 1), E72¥IAIE LT BuOOBz /142 T AcOH &
[FARICULR DN W E ST (entry 2), T D DFERNDL | K BUIEDOE W AcOH 21z %
xSt LThs a5 2L L L,

FEVT, AcOH DY & ZMFt L, IR DK % 574 7 (Table 3-4),

Table 3-4 The amount of AcOH

Ir cat. (5 mol%) entry AcOH (x mol%) TM
M ACOH xmot) o 0. 10 19
/©)<Me 2 Me 1 20 trace
T SRR
48 ’ 49

AcOH DY EZ T L7z & 2 A, 10 mol% i Tdh D 2 & 2353 h > T (entry 0), &
25 20 mol%LA b D Gt TILBHE 72 R O T 25 HEFE S 417 (entry 1-3),
Z 2T, ACOH 3 ED L 5 72 G HE A R CULR OB FEICHH L TV DN EELET D

O W O

- ~ ,N N N
Me™ ™ "o -HX Me”™ 3 “OH
_r I
(cod) IPPPHQJJ (cod)” "X

Scheme 3-1 Proposed mechanism

(Scheme 3-1),

FTTIUN-O S OBEIR T 07 1 hofbEhd, e b AL EREh /) & 7o T
Ir-O fEGKE L, TN EFFICBOEEENER EEEEHRT DB 1, T/
5 Scheme 3-1 IZ/RTUSHEMEZ B LT, 4V YU A " ERPHER~ L fEEEL .,
AV VT LEBEERNRDANLO Csp’)-H KA OBRLTEEZ R L TWb EE X T,
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eV N T, Scheme 3-1 O SGHEME A 7o T 72 7 L v AT v REEEZ AT << Bk
PRERYERE DR & O TR 21T - 7= (Table 3-5), 21 E T, fEE% Smol% & L T
AT TEP, MEE 2.5 mol%IZ U C b AREDINEEZ /R Lz, fill &
Z 2.5mol% & L CLL T ORFT 21T - 7,

Table 3-5 Investigation on acid

H H Ir cat. (2.5 mol%) 0

acid (10 mol%)
/©)<Me 02 (1 atm) O)LMG
MeO MeO

THF (0.1 M)
48 50°C, 24 h 49

entry acid pKy T™M
1 AcOH 4.8 17
2 benzoic acid 42 8
3 4-fluorobenzoic acid 41 21
4 4-chlorobenzoic acid 4.0 13
5 3-chlorobenzoic acid 3.8 17
6 2-chlorobenzoic acid 30 5
7  2,3,4,5-tetrafluorobenzoic acid 1.7 13
8 4-nitroanthranilic acid 3.9
9 salicylic acid 3.0 20
10 TFA 0.2
11 TsOH « H,0 28 0

TV AT v RgERF LIz 2 A, KH T pK, 2% 4.0~5.0 (L OfEAH D AcOH X°
BEEBFHGRICBON TR RINEL T Z ERbho 2 (entry 1-9), LLARN 5,
AcOH X% BFEWE L 0 WM OV TFA < TsOH % H\W\ 2 L UURIME T L 7= (entry
10-11), HEWT, BEFR I E T 2 Al BETEERE O KOS E O B KOl 0 2 E b 2 BIX L
TR P22 &8 L,
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Table 3-6 Investigation on ligand

Ir cat. (2.5 mol%)
H H

4-F-CgH4CO-H (10 mol%)
Me ligand (10 mol%) Me
O5 (1 atm)
MeO > MeO

THF (0.1 M), 50 °C, 24 h

48 49

0] O o 0

entry ligand ™ [ />_<\ l | \J
1 2,2bipy. gy N N" gy N N~/

2 1,10-phen. L1 Pr L2 Pr
3 Bu-box
4 L1 Ph o |
5
6
7

~,, (@) Ph
Ph N '(JLPh
> O

L3

0 N OO © O

L2
Pr-pybox

(0]

L3 trace

FFIRVVE L S5O E IR DOBL T Z KiEf L 72 (Table 3-6), 2 JEEAL 7-X° 3 JFERLNL
FERA LN, EHLLORNMFIZBWTHBINRITI 1 ELLFThoT-, Ht\ T, B A
HYEDR AT 4 2 ROBUL % KRGt L 7= (Table 3-7),

Table 3-7 Investigation on P-ligand
Ir cat. (2.5 mol%)

H H 4-F-CgH,CO,H (10 mol%) 0o
P-ligand (10 mol%)
/©)<Me 02 (1 atm) /@)‘\Me
MeO . MeO
48 THF (0.1 M), 50 °C, 24 h 49
PCYQ
PPh,
t l ™
entry ligand Q O o p P2 @[
o - 17 PPh,
OMe
1 P(o-tol t
(o-tohs race Sphos dppe dppb
2 Sphos 10
3 dppe 17 (
4 dppb 15 PPh,
PP PPh, O
5 BINAP 12 PPh, PPh,
6 Xphos 15
BINAP Xphos
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RAT 4 FRENL T OB L > T, OT TR IT T L7 (entry 1-6), Table 3-6, 7
DOFERN G BN ORI KDtk U B ORE ZMatd 5 2 & & L= (Table
3-8),

Table 3-8 Investigation on concentration

Ir cat. (2.5 mol%) entry X ™
H H AcOH (10 mol%) 0 1 0.05 8
0, (1 atm) > 01 17
| N Me S Me ( J
_ THF (x M) 3 0.2 11
MeO 50 OC, 24 h MeO 4 0.5 -
48 49

ARISEA U 7 5 NHC il 3 =2 DAL D C(sp)-H i B 2 WS S & T Kb
RPTTIAFNTOHNERAEL TS EDRGBUIIE SN TN D, BUSMED @\ T L ¥
VT DIV EVIRIZ T TIRRIC L > THE S 272011, RE IS T 2880
RENEETHL LHRINT, T2 CTHSEBEOREZRFI L2 ZA, ZhETSR
HERFT 21T > T2 0.1 M AERIETH D Z &N hoTz(entry 2), TDT=d, 5% O
AMH0IMTITHOZ LT,
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ZHE TSRS THE 2 W T A U 2% & NHC fliEc X % =0 P AL Csp’)-H
fti G ORISR % 1T% IR D3 B R U 7o, AR IR 72 I TR OB k%
ERTEDLOOMIEEND Clsp’)-H FEAOBRMITE N WO RIBEEZ R TV, T
P, WHEIZ THE Z W% &, THF BRRE 1O o (L3 B S V72 BIA R 50, 51
RIAE STz, SERDEBVESRMIC CTHMT 5 Z b b RIZERY 51180, 5ROt
EEPNETFTLTCWDZ ERNEZ BN, 2T, BLEMICHT 225 THF LA o) /e
W2 TET X< RGBSR b ED ., SUSEEE O 21T - 72(Table 3-9),

Table 3-9 Investigation on solvent
Ir cat. (2.5 mol%) 0

H H Acid (10 mol%)
/©)<Me 02 (1 atm) /@)J\Me
MeO solvent (0.1 M) MeO

48 50 °C, 24 h 49
entry solvent ™ entry solvent ™
o THF 17 6 THF/CHCN =1/1  trace
1 DMF - 7 THF/EtOH =11
2 DMA - 8 THF/BUOH =1/1  trace
3 NMP 5 9 THF/BUOH = 4/1 13
4 DMSO - 10 THF/BUOH =9/1  trace
5 benzene - 11 THF/BuOH =100/1 16
O o (0]
OH
L ol
bypro. 50 bypro. 51

W R OFE 5L, NMP % W2 BRI B B O RUSITELT L7223, IR KIEICIE T L
7= (entry 3), NMP LIS OV TIE A < BDO OGS ITHEIT L 720> > 72 (entry 1-2, 4-5), fEl>
TIRAEEER LR Liz(entry 6-11), L2 L7Z2235, THF L0 & @EWINEE 5 2 5 IR
TRHE 2o T,
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INETOERMERNG, 7LV ATy RBRORMB RN TH D Z EBRRE I NI,
FE DN BEIR D BB AR~ DfEEE A 2T & W D {ELD IT, Scheme 3-2 IR TR TT LU X T
Y RERDRGEZAT) 2L L Lic, ex A U Y0 LEEHERICENAL L TV 2 cod 1348 1263
LHENLRER TN D, RIS SR RN D Z ENB I b, & HITENHE
D cod Kb D Z LT, BUSKRH TEMRNANLZE N S v, METEEOE T 2/ T
L2EbEFEZLND,

<
| N \N OH
N O
HO O
o -cod
N__N_ = =
Me” 3 "o -HX
/|fﬁﬁ)‘f
(COd) ~ 2 +COd
dimer monomer

Scheme 3-2 Ir NHC monomer coordinated by dicarboxylic acid

F 2 C BRI T BT & LTS B DL ELLAIRER T LU AT v
RE2(Scheme 3-2)D kit & 1T - 7=(Table 3-10), Mz 7=feiL, BEMEEREEOBEREIICE Y
U D 7g EORNIEDRERE & R oL &8 T ®H 5 (Scheme 3-2),

Table 3-10 Investigation on acid with ligand like structure
Ir cat. (2.5 mol%)

H H carboxylic acid (10 mol%) o)
O5 (1 atm)
Me > Me
THF (0.1 M)
MeO 48 r, 24 h MeO 49
entry carboxylic acid pK, TM
1 pyridine-2-carboxylic acid 1.0 trace
[ 2 2,2'-bipyridine-6,6'-dicarboxylic acid 3.0 30 ]
3 2,2'-bipyridine-4,4'-dicarboxylic acid 1.7 12
4 2,2'-bipyridine-5,5'-dicarboxylic acid 2.0 trace
5 2,2"6'2"-terpypridine-4'-carboxylic acid 1.9 8
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MRt ORE R, —BAEZ MRS 2% 5 & BT L2 ZET DRBI O & R 7
VY ATy REEOWINZ XV . WEROUGEIZE) LT (entry 2), 4@ % ZELT HENL
TEALIE 2 FEOREE MY T o T=(entry 1-2), F72, 7L AT v RO LA IT
HEROEROD T o Z—T =F e bl2d BV UAD affiZINVR VB EAT
HAEE D e R O % 5 2 7~ (entry 2-4),

FEWTH R DR OUEZIT 5 ~< . HFOENLT DT 21T - 72(Table 3-11),

Table 3-11 Investigation on olefin ligand

Ir cat. (2.5 mol%)
AcOH (10 mol%) 0

olefin ligand (x mol%)
/©)<Me O5 (1 atm) @Me
MeO MeO

THF (0.1 M), 50 °C, 48 h

48 49
entry olefin ligand ™
L ] 17 .

1 1,5-cyclooctadiene (10) 26

(2 1,5-cyclooctadiene (50) 28 )

3 1,5-cyclooctadiene (100) 26
4 1,4-cyclohexadiene (50)

5 cyclohexene (50) 13
6 1,7-octadiene (50) 12
7 cyclooctene (50) 13
8 2,5-norbornadiene (50) 20

AL 7 & LTeod ZININLIZE 2 A, IR SES N (entry 1), £ Z T, BT D
MEAMRFT L7 E 2 Aentry 1-3), 0.5 Y@ENHRIE CTHDH Z &b z(entry 2), D
72, BN FORMEZ 05 YEE LT, A7 1 VENL DG 21T - 7= (entry 4-8),
il 2 T ORGSR BN OREERRAE & DCRICH BT R 7227 o 7223, cod 23 b 1)
W Z 5% 7,

T, cod DRERENZ HSUNTE L4 % (Scheme 3-3),
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(Scheme 3-1)
O  cod 0 HX 0
decomposition of

the dimer complex Me” 3 "0  -cod Me™ 7 "o -HX Me NN

~Ir r
Ss/ }r”ﬂ; (cod) }rﬂ“ép (cod)~" X

Scheme 3-3 Speculated role of cod in this reaction

OH

Scheme 3-1 C/r L72i@ Y | 2,2"-bipyridine-6,6"-dicarboxylic acid (%1 U 27 LB &K%
FOSHEPTLERLTND EEZXDBND, — T, codldA UYL _BEEZZEML
TW5 EE 2 HL5(Scheme 3-3), T4 A U YT AERIZEUNL L TV D cod 134 R IZ%F
T ORNLREDN I T2 BRI F TR G IC Kb D EHERI STz, cod BBEDTE. cod
DENLFNTEEN BN L, £ D%, MRS RT 2 &EZE 26N D, ISR TIT cod %
W+ % & Scheme 3-3 [ZRTEHALMAEELS 72, MO FEMR R 2D
DA EICHFGLILEEZ TN,
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% 7= 2,2"-bipyridine-6,6'-dicarboxylic acid & cod D ii 5 & K4 FIZ NN L TR &2 4T
DT EITH ST, PERITHRKR 45%F TS s 2 & & R L 72 (Scheme 3-4),

H H Ir cat. (2.5 mol%) 0
/©)<Me 2,2'-bipyridine-6,6'-dicarboxylic acid (10 mol%) /@)LMG
cod (0.5 eq), O, (1 atm)
MeO > MeO

48 THF (0.1 M), 50 °C, 48 h 49
45% yield

Scheme 3-4 Addtion of both dicarboxylic acid and cod

T, kT IRZEBR 21T - 72 (Scheme 3-5), NHC BN 1% £57= 22 \[Ir(cod)Cl], <° N-OH
ENREINT-A Y U7 A NHC 5K 2 AW CHRERICICROIE TR R b iz, £07-
WD, TIIVN-O BN ZFFDZ & T, D TIBEICE DU PIALO Csp’)-H fES ORER1L
MIEI LD Z EDRINTZEFZZTND,

Ir source (5.0 mol%)

H H dicarboxylic acid (10 mol%) O
/©)<Me cod (0.5 eq), O, (1 atm)‘ /@)J\Me
MeO THF (0.1 M), 50°C, 48 h  MeO
48 49
QYO | @YO 5
[Ir(cod)Cl], NN ! NN ;
Me - \ﬂ/ \O /\/TMS E Me - \O :
. | I !
(cod)” ~Cl | (cod)” !
22% 21% L 45% |

Scheme 3-5 Reaction using control catalysts
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— 5T, ZHE T Crabtree 512K - T 34liod Cp*A U ¥ 7 AflliE & 2 C(sp”)-H ik
B DBALSE A A STV 5 (Table 3-12)*,

H H Ir cat. (x mol%) (0]

CAN (y e
©)<Me (v eq) ©)KM6
BuOH/H,0 (1:1), rt
entry Ircat.(xmol%) yeq vyield (%) : [ :
~n-lf-al
N\

Ir cat. -1 Ir cat. -2 Ir cat. -3

1 Ir cat. -1 (3) 18 55
2 [Cp*IrCl,]5 (1) 9 29
3 Ir cat. -2 (11) 18 26
4 Ir cat. -3 (3) 4.5 0

Table 3-12 Ir(lll) Catalyzed C-H Oxidation

BAFE L7-A U ¥ A NHC #5KIC K 50 DAL Cspd)-H A OBHEBLEE &
Cp*A U P07 LEERIC L B DAL D Csp')-H FiA DR L & el $ % & . RIS
0 0 S T DAR N ERAL A 2 W 724D TRRFI 72 S0 F CEBIL ST T2 Z &b o
7=,

* Zhou, M.; Schley, N. D.; Crabtree, R. H. J. Am. Chem. Soc. 2010, 132, 12550.
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32 SUGHEREIZ DWW T D&

PLUTFICARE &4 2 BOSHRE 12D T/ 97(Scheme 3-6),

©Yo Me * \I[f 0

. _Ir

120 e NN (co) " 3y ©
e

NN
)OJ\ (cod) ” 7/Me \[( OH

Ar Me (E) (cod) ~

oy <>J

X" + Me” \n/ “OH

(cod) 7/Me (cod)~ Ir "X
(D) ‘\/HH (©)
Ar)< Me

Scheme 3-6 Proposed catalytic cycle

. CBEROA Y DT ABLAR T L RAT y REBICE ST, A VYT AHEEER
(B Zfi# B4 5 (Scheme 3-1), e\ T 1 FE R 2 MlEE(B)D N-OH 2D KFE T UL %5| &
REN-AXTNNTVHNVO)NEET D, BELTE N-AXT AT DI (C)BIEED
YIUMED C-H G ERAIEDERIFIC, A VP TAET AT IR
FRARD)ZTERT 5, HiV THREAD)D N-OH D /KHET B AR5 E i, Fi
KE)E 2D, wBIT, TRKENI D FIEHR &IOS L, MiA)OFA L EEOE Fr X
NAXY REBRBALES b ~OBBNERIND L EZT,
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3.3 SOSHEREAEAT

LLURIZ  BOGBERE AT O F2BRE R 2 737, £ 7 radical clock F6k %17 - 72 (Scheme 3-7),
RUVNAANIZHAE LT T VIR 7 a7 a N RgERER IS LRI VLT
CHNBRAET DL HICEE 52 ZRKE Lo, AR LTAb& W 52 2 VT 2 B ki
St IO TR U DAL Csp)-H Fi A DR ZEBILES 24T - 12,

Ir cat. (2.5 mol%)
H H 2,2"-bipyridine-6,6'-
dicarboxylic acid (10 mol%)
| cod (0.5 eq), O, (1 atm)

MeO >
52 THF (0.1 M), 50 °C, 48 h

Ircat.l
YO
MeO P

53 MeO 54

N\ /

Scheme 3-7 Radical clock experiment

EBROFR, BESND B9 55 13AEKET . OSRBEM LT, BRAFHK
TR EOBACAINFET DD EEZBND, —H T, BIERY 59 DR S N
7o IR 59 13 Scheme 3-8 DSUSHEME ZfEH L TRAEL TWDH EEXBND,
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H H

4 Ir cat. : Ph
—_—
MeO MeO

52 53

X Ph 02 x Ph
. —_—
.0
MeO MeO .0
54 56
Co° i
. Ph 02 AN & Ph O)LOH
— | 0—O0
MeO 0—0 MeO ™ o MeO
57 58 59

Scheme 3-8 Proposed mechanism of generating the bypro. 59

Tbb, £A U DT A NHC il X > T, R PIALD Cspd)-H & 73 5% BE
HWLTTNAXNT VNN 3 AT D, BELE 53 Ny r7uara XU ROBREZRT
54 L7200 | T VNI FIEFRIT L o THIHE S 4156 ICEH S 1D, 56 135 BER Z AL
TORRICT VT ERIGE LT ST ~EBEI N RE LT O 57T BEO TR L
L, 58 ~EEHEIND, REICTHEIE 58 DXV PANOBREN DL DET O
LHELICE D, RE-RFERHEDHREL, BIERY 59 WEKLTWD EBELE, £
D=, REBFERND, N-AX T TN BRUNAALO C-H fEHZYIWT25 2
ET, RUDATVAANRFEELTND I LERBLTNDEEZBND,
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=i

4. TREE

EIE2EHICBWTC,BEFRE= Xy T Ph a4 Lz NHC BN T D% eFA K
&L EONHCEANFZHT LAV P ULEKRDOEMZEIZ DN THRE Lz, B2
= hw ¥ T VAVATEEAR (acyl-N-OH ##1&) &2 A L 72 NHC Bl 11X, AV U L7ZIF T
BT ARNRT VT LE LIRS ED I ENARRTH 0T,

EBHICHE 3 EH TR, 2 S8R Z LI IV 72 Csp’)-H #5 & DB R AL UG DB b
TN, A U 20 L NHC SRS X 0 R DAL Csp’)-H FEA ZBRILT 5 Z LITII L
Too AREUGSIE Cp*A U 207 DEERIC L DR D ALD Csp)-H FE G Db & i+ % &
i 3 2 B LA D SOSHED KD bR TR G T CHEROBL N EITT 5 2 &2
Do le, S%IT BN 7 O E 2 FHE L, T2 S Eom EE2 BIET TETH D,

Fo. RUVIALD Csp)-H FEAITH L TRISHEER BT 5 A U 27 A NHC $8k D X
MR AR G ARAT 24T o 7o X OBURS f S M OS2 5 | B N-OH HE D4 73 5
ROEERDA Y DU L EREG T LRI ZBEEEEZ D Z LRI LN

277,
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V. SZBRIH

1. General Method

'"H NMR spectra were recorded on a JEOL-LAS500 spectrometer, a JNM-ECX500
spectrometer, and a JNM-ECA500 spectrometer, operating at 500 MHz for 'H NMR and 125.65
MHz for °C NMR. Chemical shifts were reported downfield from TMS (8 = 0 ppm) for 'H
NMR. For *C NMR, chemical shifts were reported in the scale relative to the solvent used as an
internal reference. Infrared (IR) spectra were recorded on a JASCO FT/IR 410 Fourier
transform infrared spectrophotometer. ESI-mass spectra were measured on a Waters ZQ4000
spectrometer (for LRMS), and a JEOL JMS-T100LC AccuTOF spectrometer (for HRMS).
Column chromatographies were performed with silica gel Merck 60 (230-400 mesh ASTM). In

general, reactions were carried out under an argon atmosphere.

2. Experimental Information about Chapter 2

General Procedure for Cobalt-catalyzed Reductive Coupling of 1 and 2

Co salen-1 (5 mol%)
PhSiH5 (1 eq)

NTs 2,4-pentanedione NHTs
oo+ PR peroxide (50 mol%) Ph
i
al (5 eq) PrOrI: (201(?]5 M) Cl Me
1a 2a ’ 3aa

in sealed tube

To a flame dried sealed tube under argon was charged with Co salen-1 (1.5 mg, 2.5 pmol),
imine 1a (15 mg, 0.05 mmol) and dry, degassed 'PrOH (1.0 mL). To the sealed tube was further
added 4-phenyl-1-butene 2a (38 pL, 0.25 mmol), 2,4-pentanedione peroxide (17 ul, 0.025
mmol), phenylsilane (6.1 pl, 0.05 mmol), and the reaction mixture was stirred at room
temperature for 21 hours. The reaction was quenched with silica gel. The mixture was filtered
through short pad column with AcOEt. The solvent was removed under reduced pressure, and
the residue was purified by flash column chromatography (silica gel, hexane/acetone = 10:1) to
afford 3aa (18.4 mg, 0.043 mmol) in 86% yield.

All entries were performed with the same procedure except for purification process (varied

eluent systems were used).
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Characterization of New Compounds

N-(1-(4-chlorophenyl)-2-methyl-4-phenylbutyl)-4-methylbenzenesulfonamide (3aa)

a colorless solid; 'H NMR (CDCls, 400 MHz) & 0.77 and 0.91 (d, J = NHTs o
6.9 Hz, 3 H), 1.29-1.40 (m, 4 H), 1.70-1.85 (m, 2 H), 2.34 (s, 3 H), e

Cl
4.11 and 4.25 (dd, J= 6.4, 8.7 Hz, 1 H), 4.81 and 4.84 (d, J = 8.2 Hz, 3aa

1 H), 6.81-6.89 (m, 2 H), 7.00-7.10 (m, 5 H), 7.18-7.23 (m, 4 H), 7.42-7.50 (m, 2 H); °*C NMR
(CDCls, 125 MHz) § 14.9, 16.0, 21.4, 32.9, 34.1, 34.7, 38.4, 38.6, 61.4, 62.2, 125.8, 127.0,
128.2, 128.3, 128.3, 128.4, 129.2, 129.3, 132.7, 137.4, 138.4, 141.6; IR (neat, v/cm™") 3254,
1496, 1457, 1320, 1163, 1090, 813, 668; HRMS (ESI): m/z calculated for
Cy4H,6CINO,S [M+Na]™: 450.1265, found: 450.1264.

N-(1-(4-chlorophenyl)-2-methyldodecyl)-4-methylbenzenesulfonamide (3ab)

a colorless solid; '"H NMR (CDCls, 400 MHz) & 0.67 and 0.83 (d, J = NHTs

6.4 Hz, 3 H), 0.88 (t, J=7.3 Hz, 3 H), 1.03-1.34 (m, 18 H), 2.36 (s, 3 | N CoHig
H), 4.09 and 4.18 (dd, /= 6.9, 7.3 Hz, 1 H), 5.00 and 5.02 (d,/=8.3 cI & Me

Hz, 1 H), 6.84-6.93 (m, 2 H), 7.01-7.13 (m, 4 H), 7.44-7.52 (m, 2 H); 3ab

C NMR (CDCls, 100 MHz) & 14.1, 14.9, 21.4, 22.7, 23.5, 26.9, 29.3, 29.5, 29.6, 29.6, 29.7,
31.9, 33.2, 394, 61.6, 127.0, 128.1, 128.2, 128.5, 129.2, 129.2, 137.4, 138.8, 143.2; IR (neat,
viem™) 3259, 2925, 2853, 1458, 1320, 1164, 1092, 812, 710, 668; HRMS (ESI): m/z calculated

for CoH33CINO,S [M+Na]": 486.2204, found: 486.2206.

ethyl 5-(4-chlorophenyl)-4-methyl-5-((4-methylphenyl)sulfonamido)pentanoate (3ac)

a colorless solid; "H NMR (CDCls, 400 MHz) & 0.66 and 0.86 (d, J NHTs ot
2
= 6.9 Hz, 3 H), 1.22 and 1.25 (t, J = 6.9 Hz, 3 H), 1.26-1.31 (m, 1 e
Cl
H), 1.58-1.80 and 1.91-1.99 (m, 2 H), 2.38 (s, 3 H), 4.05 and 4.12 3ac

(dd, J=6.3,7.5Hz, 1 H), 4.09 and 4.13 (q, /= 6.9 Hz, 2 H), 5.21 and 5.49 (d, /= 6.9 Hz, 1 H),
6.86-6.90 (m, 2 H), 7.04-7.10 (m, 4 H), 7.43-7.50 (m, 2 H); °C NMR (CDCl;, 100 MHz) & 14.2,
15.0, 16.3, 21.4,27.7,27.9, 31.5, 38.5, 60.4, 60.6, 61.3, 62.4, 127.0, 127.1, 128.2, 128.5, 129.2,
129.3, 129.8, 132.9, 138.0, 173.3, 173.7; IR (neat, v/cm™) 3278, 2976, 1733, 1493, 1456, 1329,
1161, 1092, 1014, 813; HRMS (ESI): m/z calculated for C,H,CINO4S [M+Na]": 446.1163,
found: 446.1152.
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N-(1-(4-chlorophenyl)-5-(1,3-dioxoisoindolin-2-yl)-2-methylpentyl)-4-methylbenzenesulfon
amide (3ad)

cq.01
a colorless solid; 'H NMR (CDCl;, 400 MHz) 6 0.66 and NHTs 0

0.87 (d, J = 6.9 Hz, 3 H), 0.89-1.20 (m, 1 H), 1.49-1.90 (m, WNE :
4 H), 2.33 (s, 3 H), 3.49-3.52 and 3.60-3.64 (m, 2 H), 401 Mz .o

a
and 4.13 (dd, J= 5.7, 8.1 Hz, 1 H), 5.09 and 5.25 (d, J =
8.6 Hz, 1 H), 6.87 (d, J = 8.0 Hz, 2 H), 6.98-7.20 (m, 3 H), 7.40 (d, J = 7.5 Hz, 1 H), 7.47 (d, J
= 7.5 Hz, 1 H), 7.68-7.72 (m, 3 H), 7.80-7.88 (m, 2 H); *C NMR (CDCls;, 100 MHz) & 15.0,
16.0, 21.4, 25.5, 25.5, 29.0, 29.8, 37.0, 37.4, 37.6, 38.4, 61.7, 62.4, 123.2, 123.3, 126.9, 127.0,
128.2, 128.4, 129.1, 129.2, 129.7, 131.9, 132.0, 132.8, 134.0, 134.1, 137.3, 137.6, 168.4, 168.7;

IR (neat, v/em™) 3277, 2929, 1771, 1715, 1397, 1161, 1092, 813, 722, 665; HRMS (ESI): m/z
calculated for C»7H,,CIN,04S [M+Na]": 533.1272, found: 533.1260.

N-(5-bromo-1-(4-chlorophenyl)-2-methylpentyl)-4-methylbenzenesulfonamide (3ae)

a colorless solid; "H NMR (CDCls, 500 MHz) & 0.69 and 0.86 (d, J NHTs

= 6.9 Hz, 3 H), 1.10-1.42 (m, 3 H), 1.59-1.83 (m, 2 H), 2.37 (s, 3 e Br
|

H), 3.18-3.35 (m, 2 H), 4.05 and 4.19 (dd, J = 6.9, 8.0 Hz, 1 H), ° 3ae

5.16 and 5.18 (d, J = 9.5 Hz, 1 H), 6.84-6.95 (m, 2 H), 7.00-7.20

(m, 4 H), 7.41-7.53 (m, 2 H); *C NMR (CDCls, 100 MHz) 5 14.2, 21.4, 30.2, 31.8, 33.3, 33.5,
38.4, 38.8, 61.5, 127.0, 127.1, 128.2, 128.3, 128.4, 129.3, 129.3, 129.8, 132.9, 137.2; IR (neat,
viem™) 3271, 2927, 1493, 1437, 1321, 1161, 1092, 813, 739, 666; HRMS (ESI): m/z calculated
for C1oHpBrCINO,S [M+Na]": 466.0214, found: 466.0233.

N-(6-chloro-1-(4-chlorophenyl)-2-methylhexyl)-4-methylbenzenesulfonamide (3af)

a colorless solid; "H NMR (CDCls, 500 MHz) 5 0.68 and 0.85 (d, NHTs N
J =69 Hz, 3 H), 0.97-1.10 (m, 2 H), 1.15-1.34 (m, 2 H), .

Cl
1.36-1.76 (m, 4 H), 2.36 (s, 3 H), 3.42 (t, J = 6.3 Hz, 2 H), 4.09 3af

and 4.19 (dd, J = 6.3, 8.6 Hz, 1 H), 5.21 and 5.23 (d, J = 8.6 Hz, 1 H), 6.84-6.91 (m, 2 H),
7.04-7.11 (m, 4 H), 7.45-7.52 (m, 2 H); >C NMR (CDCls, 125 MHz) § 14.8, 16.0, 21.4, 24.2,
31.7, 32.4, 32.5, 35.5, 38.9, 39.3, 44.8, 61.6, 127.0, 127.0, 128.2, 128.4, 129.2, 129.3, 132.7,
137.3, 143.3; IR (neat, viem™") 3279, 2931, 1598, 1492, 1321, 1160, 1092, 813, 740, 666;
HRMS (ESI): m/z calculated for C,0H,sC1,NO,S [M+Na]": 436.0875, found: 436.0883.
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N-(1-(4-chlorophenyl)-6-hydroxy-2-methylhexyl)-4-methylbenzenesulfonamide (3ag)

a colorless solid; "H NMR (CDCls, 500 MHz) § 0.67 and 0.85 (d, NHTs on
X
J=6.9 Hz, 3 H), 0.87-1.79 (m, 7 H), 2.35 (s, 3 H), 3.56 and 3.61 L e
Cl
(t, J = 6.3 Hz, 2 H), 4.06 and 4.21 (dd, J = 6.3, 8.1 Hz, 1 H), 3ag

5.26 and 5.36 (d, J = 8.1 Hz, 1 H), 6.83-6.90 (m, 2 H), 7.05-7.10 (m, 4 H), 7.42-7.50 (m, 2 H);
C NMR (CDCls, 125 MHz) & 14.9, 16.1, 21.4, 22.7, 23.0, 32.0, 32.5, 32.5, 32.7, 38.8, 39.3,
61.4, 62.3, 62.5, 62.6, 127.0, 127.0, 128.1, 128.2, 128.4, 129.2, 129.2, 132.7, 137.3, 138.3,
143.1; IR (neat, v/iem™) 3281, 2932, 1492, 1457, 1266, 1160, 1092, 813, 741, 666; HRMS
(ESI): m/z calculated for C,0H,6CINO;S [M+Na]": 418.1214, found: 418.1224.

N-(1-(4-chlorophenyl)-2-methyl-4-(2-methyl-1,3-dioxolan-2-yl)butyl)-4-methylbenzenesulf
onamide (3ah)

a colorless solid; '"H NMR (CDCls, 400 MHz) & 0.67 and 0.83 (d, J =

NHTs o/_\o
6.8 Hz, 3 H), 1.00-1.20 and 1.27-1.38 (m, 2 H), 1.18 and 1.24 (s, 3
H), 1.42-1.53 (m, 1 H), 1.54-1.78 (m, 3 H), 2.35 (s, 3 H), 3.78-3.94 cl Me
(m, 4 H), 4.08 and 4.19 (dd, J = 6.0, 8.2 Hz, 1 H), 5.27 and 5.33 (d, J 3ah

= 8.2 Hz, 1 H), 6.84-6.92 (m, 2 H), 7.02-7.10 (m, 4 H), 7.42-7.52 (m, 2 H); *C NMR (CDCl;,
100 MHz) & 15.0, 16.1, 21.4, 23.6, 23.8, 26.7, 27.4, 36.1, 36.2, 39.0, 39.3, 46.5, 61.6, 62.2, 64.5,
64.6, 109.8, 109.9, 127.0, 127.1, 128.1, 128.2, 128.5, 128.7, 129.2, 129.3, 129.8, 138.5, 143.1;
IR (neat, viem™) 3279, 2960, 1597, 1492, 1328, 1161, 1092, 814, 738, 665; HRMS (ESI): m/z
calculated for C2,H,sCINO4S [M+Na]™: 460.1320, found: 460.1325.

4-methyl-N-(2-methyl-1-phenyldodecyl)benzenesulfonamide (3bb)

a colorless solid; "H NMR (CDCls, 500 MHz) & 0.69 and 0.84 (d, J= 6.9 NHTs
Hz, 3 H), 0.84-0.93 (m, 3 H), 0.96-1.03 (m, 1 H), 1.08-1.38 (m, 17 H), e Cotlio
1.70-1.80 (m, 1 H), 2.33 (s, 3 H), 4.11 and 4.20 (dd, J = 6.4, 8.1 Hz, 1 H), 3bb

4.96 and 4.97 (d, J = 8.1 Hz, 1 H), 6.90-7.00 (m, 2 H), 7.04-7.16 (m, 4

H), 7.46-7.55 (m, 2 H); °C NMR (CDCl;, 125 MHz) § 14.0, 14.1, 14.9, 16.0, 21.4, 22.7, 26.8,
26.9,29.3,29.5, 29.6, 29.7, 31.9, 32.5, 33.2, 38.7, 39.2, 62.2, 62.9, 126.8, 126.9, 127.0, 127.0,
128.0, 129.1, 137.6, 137.6, 140.3, 142.8; IR (neat, v/cm™) 3279, 2925, 2854, 1455, 1326, 1161,
1093, 812, 702, 670; HRMS (ESI): m/z calculated for CoH3oNO,S [M+Na]": 452.2594, found:
452.2593.
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4-methyl-N-(2-methyl-1-(p-tolyl)dodecyl)benzenesulfonamide (3cb)
a colorless solid; '"H NMR (CDCl;, 500 MHz) & 0.68 and 0.84 (d, J = NHTs
6.9 Hz, 3 H), 0.86-0.91 (m, 3 H), 1.07-1.39 (m, 18 H), 1.67-1.79 (m, Catlrs
1 H), 2.26 (s, 3 H), 2.34 (s, 3 H), 4.08 and 4.16 (dd, J=6.3,8.0 Hz, | Me Me

H), 4.89 and 4.88 (d, J = 8.0 Hz, 1 H), 6.80-6.87 (m, 2 H), 6.90-6.95 e

(m, 2 H), 7.04-7.10 (m, 2 H), 7.47-7.55 (m, 2 H); *C NMR (CDCl;, 125 MHz) & 10.9, 14.1,
15.0, 16.0, 21.4,22.7,23.0, 26.8, 26.9, 28.9, 29.3, 29.6, 31.9, 33.2, 38.7, 39.0, 62.1, 62.7, 126.7,
127.0, 127.0, 128.7, 129.1, 137.2, 137.7, 142.7; IR (neat, v/em™") 3279, 2925, 1717, 1457, 1323,

1160, 688; HRMS (ESI): m/z calculated for C,7H4NO,S [M+Na]": 466.2750, found: 466.2738.

N-(1-(4-methoxyphenyl)-2-methyldodecyl)-4-methylbenzenesulfonamide (3db)
a colorless solid; '"H NMR (CDCls;, 500 MHz) & 0.68 and 0.87 (d, J NHTs
=6.9 Hz, 3 H), 0.88-0.92 (m, 3 H), 1.07-1.39 (m, 18 H), 1.68-1.80 CoH1o
(m, 1 H), 2.34 (s, 3 H), 3.74 (s, 3 H), 4.07 and 4.14 (dd, /= 7.4, 8.1 MeO Me

Hz, 1 H), 4.79 and 4.80 (d, J = 8.1 Hz, 1 H), 6.62-6.70 (m, 2 H), b

6.83-6.90 (m, 2 H), 7.06-7.14 (m, 2 H), 7.47-7.54 (m, 2 H); "C NMR (CDCl;, 125 MHz) & 14.1,
15.1, 16.0, 21.4, 22.7, 26.9, 29.3, 29.3, 29.5, 29.6, 29.7, 29.8, 31.9, 32.6, 33.1, 39.4, 55.2, 61.9,
62.4,127.0,127.1,127.9, 128.1, 129.1, 129.1, 132.4, 137.7, 142.7; IR (neat, v/cm™") 3279, 2926,
2854, 1513, 1457, 1250, 1160, 1038, 758, 669; HRMS (ESI): m/z calculated for

Cy7HyNO3S [M+Na]": 482.2699, found: 482.2698.

N-(1-(4-bromophenyl)-2-methyldodecyl)-4-methylbenzenesulfonamide (3eb)
a colorless solid; '"H NMR (CDCls;, 500 MHz) & 0.68 and 0.83 (d, J =

NHTs
6.9 Hz, 3 H), 0.87-0.90 (m, 3 H), 1.08-1.34 (m, 18 H), 1.64-1.74 (m, CoHio
1 H), 2.37 (s, 3 H), 4.08 and 4.16 (dd, J= 6.9, 8.1 Hz, 1 H), 497 and pr Me

3eb

4.99 (d, J = 8.1 Hz, 1 H), 6.80-6.88 (m, 2 H), 7.07-7.13 (m, 2 H),

7.20-7.25 (m, 2 H), 7.45-7.51 (m, 2 H); >C NMR (CDCls, 125 MHz) & 14.1, 14.9, 21.4, 22.7,
26.7,26.9, 29.3, 29.5, 29.6, 29.6, 29.7, 31.9, 33.1, 39.3, 61.7, 127.0, 127.0, 128.6, 128.9, 129.2,
129.2, 131.0, 131.0, 137.4, 143.2; IR (neat, v/em™) 3275, 2925, 2854, 1457, 1328, 1161, 1010,
812, 759, 661; HRMS (ESI): m/z calculated for CasH3sBrNO,S [M+Na]™: 530.1699, found:
530.1690.
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N-(1-(2-chlorophenyl)-2-methyldodecyl)-4-methylbenzenesulfonamide (3fb)
a colorless solid; "H NMR (CDCls, 500 MHz) & 0.69 and 0.83 (d, J = 6.9

Cl NHTs

Hz, 3 H), 0.87 (t, J = 7.5 Hz, 3 H), 1.05-1.33 (m, 18 H), 1.80-1.90 (m, 1 CoHirg
H), 4.40-4.54 and 4.59-4.69 (m, 1 H), 5.00-5.18 (m, 1 H), 7.00-7.10 (m, 6 Me
3fb

H), 7.10-7.19 (m, 1 H), 7.48-7.56 (m, 2 H); *C NMR (CDCl;, 125 MHz)

§ 14.1, 21.4, 22.7, 26.1, 26.7, 26.8, 29.3, 29.5, 29.6, 29.6, 29.7, 29.9, 31.9, 33.7, 35.7, 37.2,
126.3, 126.5, 127.0, 127.0, 128.0, 128.0, 129.1, 129.2, 129.2, 129.6; IR (neat, v/cm™) 3280,
2925, 2853, 1443, 1332, 1161, 1093, 754, 707, 668; HRMS (ESI): m/z calculated for
Ca6H3sCINO,S [M+Na]": 486.2204, found: 486.2206.

N-(1-(3-chlorophenyl)-2-methyldodecyl)-4-methylbenzenesulfonamide (3gb)
a colorless solid; '"H NMR (CDCls, 500 MHz) & 0.69 and 0.84 (d, J =

NHTs
6.9 Hz, 3 H), 0.86-0.91 (m, 3 H), 1.08-1.40 (m, 18 H), 1.65-1.78 (m, © Cotro
1 H), 2.34 (s, 3 H), 4.07 and 4.18 (dd, J = 6.3, 8.0 Hz, 1 H), 4.93 and Me

3gb

4.92 (d, J = 8.0 Hz, 1 H), 6.78-6.83 (m, 1 H), 6.87-6.93 (m, 1 H),

7.05-7.13 (m, 4 H), 7.46-7.55 (m, 2 H); *C NMR (CDCls, 125 MHz) § 14.1, 14.7, 16.1, 21 4,
22.7, 26.7, 26.9, 29.3, 29.3, 29.5, 29.6, 29.7, 31.9, 32.3, 33.2, 39.3, 61.7, 62.5, 125.0, 125.2,
127.0, 127.0, 127.1, 127.4, 129.2, 129.4, 133.9, 137.3, 141.8, 142.4, 143.2; IR (neat, v/cm™)
3278, 2925, 2854, 1457, 1329, 1161, 1093, 813, 759, 668; HRMS (ESI): m/z calculated for
Ca6H3sCINO,S TM+Na]': 486.2204, found: 486.2206.

N-(1-(furan-2-yl)-2-methyldodecyl)-4-methylbenzenesulfonamide (3hb)

a colorless solid; 'TH NMR (CDCls, 400 MHz) & 0.76 and 0.87 (d, J = 6.6 NHTs

O
Hz, 3 H), 0.88 (t, /= 5.9 Hz, 3 H), 1.10-1.32 (m, 16 H), 1.40-1.70 (m,2 [ [ Coftio
H), 1.80-1.89 (m, 1 H), 2.36 (s, 3 H), 4.22 and 4.27 (dd, J = 6.4, 10.1 Hz, 3hb

1 H), 4.83 and 4.87 (d, J= 10.1 Hz, 1 H), 5.78-5.81 (m, 1 H), 6.05-6.10 (m, 1 H), 7.10-7.1 (m, 2
H), 7.53-7.59 (m, 2 H), 7.68-7.73 (m, 1 H); *C NMR (CDCls, 125 MHz) § 14.1, 15.4, 15.7,
21.4,22.7,26.8,26.9, 29.2, 29.3, 29.5, 29.6, 29.7, 29.7, 31.9, 32.6, 32.8, 37.7, 37.8, 53.7, 56.3,
56.4,99.9, 107.0, 107.3, 109.8, 109.9, 126.9, 126.9, 129.2, 137.6, 141.4, 141.5, 142.9, 142.9; IR
(neat, v/em™) 3265, 2925, 1703, 1457, 1324, 1162, 1011, 813, 757, 667; HRMS (ESI): m/z
calculated for Co,H3;NO5S [M+Na]": 442.2386, found: 442.2399.

85



4-methyl-N-(2-methyl-1-(thiophen-3-yl)dodecyl)benzenesulfonamide (3ib)

a colorless solid; '"H NMR (CDCls, 500 MHz) & 0.73 and 0.83 (d, J= 6.9 NHTs

Hz, 3 H), 0.83-0.89 (m, 3 H), 1.14-1.31 (m, 18 H), 1.71-1.80 (m, 1 H), ¢ | . Coltio
S

2.34 (s, 3 H), 4.27 and 4.34 (dd, J = 6.5, 8.6 Hz, 1 H), 4.60 and 4.61 (d, J 3ib

= 8.6 Hz, 1 H), 6.66-6.70 (m, 1 H), 6.70-6.74 (m, 1 H), 7.06-7.13 (m, 2 H), 7.49-7.55 (m, 2 H),
7.67-7.69 (m, 1 H); *C NMR (CDCls, 125 MHz) § 10.9, 14.0, 14.1, 15.2, 15.8, 21.4,22.7, 23.0,
28.9, 29.3, 29.5, 29.6, 29.7, 30.3, 31.9, 32.5, 33.0, 38.7, 38.8, 58.4, 68.1, 125.7, 126.9, 126.9,
128.8, 129.2, 129.2, 130.9, 132.4, 137.7; IR (neat, v/em™") 3272, 2925, 1731, 1457, 1288, 1160,
757, 669; HRMS (ESI): m/z calculated for C,4H3;NO,S, [M+Na]": 458.2158, found: 458.2151.
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3. Experimental Information about Chapter 3

Synthesis of 2-(trimethylsilyl)ethyloxyamine 18 from NHPI 15

1O~ 1uis
0 16
PPhj, DIAD NzH4-H20 0
N-OH ————— ppp O TMs ——= HN" 7 NS
CHClg, 1t, 14 h CHCl,
15 0 55% 17 r,1h 18

quant.

Compound 17 was prepared following a reported procedure™ and purified by flash column
chromatography. To a solution of 17 (1.78 g, 6.8 mmol) in CH,Cl, (23 mL) was added
hydrazine monohydrade (0.6 mL, 20 mmol), then the mixture was stirred for 30 minutes. After
30 minutes, colorless precipitates appeared and the precipitate was removed by filtration. The
filtrate was washed with brine, dried over Na,SO,, filtered, and evaporated to afford a crude

mixture containing 18, which was used for the next step without purification.

2-(2-(trimethylsilyl)ethoxy)isoindoline-1,3-dione (17)
a colorless solid; '"H NMR (CDCls, 500 MHz) & 0.06 (s, 9 H), 1.21 (t, J
=89 Hz,2 H),4.28 (t,J=8.9 Hz, 2 H), 7.71-7.74 (m, 2 H), 7.83-7.86

N’O\/\TMS

o17

(m, 2 H).

O-(2-(trimethylsilyl)ethyl)hydroxylamine (18)
a colorless oil; '"H NMR (CDCls, 500 MHz) & 0.02 (s, 9 H), 0.90-0.94 (m, 2 H,N ’o\/\TMS
H), 3.70-3.74 (m, 2 H). 18

% Canham, S. M.; France, D. J.; Overman, L. E. J. Org. Chem. 2013, 78, 9.
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Synthesis of 20 from compound 18

0
NS0 i
HN™ > TMS 19 Ve @ka/ ~"TMs
H

18 H,0, 50 °C, 2 h NH 20
quant. Me

To a solution of N-methylisatoic anhydride 19 (800 mg, 4.5 mmol) in H,O (2.4 mL), aq. 18
(1.1 mL, 40% w/w., 6.8 mmol) was added and the reaction was stirred at 50 °C for 2 hour. The
reaction was cooled, diluted with H,O and extracted with EtOAc. The combined organic phases
were washed with brine, dried over Na,SO,, filtered and concentrated under reduced pressure to

yield 20, which was used for the next step without purification.

2-(methylamino)-/V-(2-(trimethylsilyl)ethoxy)benzamide (20)

a colorless solid; "H NMR (CDCls, 500 MHz) 6 0.05 (s, 9 H), 1.11 (t, Q
J=28.6 Hz, 2 H), 2.86 (d, /= 5.2 Hz, 3 H), 4.00 (t, /= 8.6 Hz, 2 H), @
6.56 (t,J=7.5Hz, 1 H), 6.67 (t, J=8.0Hz, 1 H), 7.28 (d, /= 6.3 Hz, Me 20
1 H), 7.34 (t,J=7.5 Hz, 1 H), 8.40 (s, 1 H).

Synthesis of NHC ligand with acyl N-OH moiety 22)

o) o}
.0
N O 1ms HCOzH Ac,0 \/\TMS CI)I\OEt NTT T TMS
H SN
NH 20 1, 5h 50°C 5h ®@N""H 2
Me 73% (2 steps) Me ©CI

Formic acid (3.6 mL, 94.7 mmol) and acetic anhydride (8.1 mL, 85.7 mmol) were heated
together for 2 hours at 55 °C. After the reaction mixture was cooled to 0 °C, 20 (1.2 g, 4.5
mmol) was added and the reaction mixture was stirred at room temperature for 5 hours. The
mixture was concentrated under reduced pressure to yield 21 as a colorless solid, which was

used for the next step without purification.

Under inert atmosphere, 21 (1.3 g, 4.5 mmol) was suspended in ethyl chloroformate (17.2 mL,
180 mmol) and stirred for 5 hours at 50 °C. After 5 hour, the reaction was concentrated under

reduced pressure and the resulting solid was rinsed with EtOAc. Appeared colorless solid 22
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was collected by filtration (1.0 g, 3.3 mmol, 73% overall yield from 20).

2-(N-methylformamido)-VN-(2-(trimethylsilyl)ethoxy)benzamide (21)
a colorless solid; '"H NMR (CDCls, 500 MHz) & 0.05 (s, 9 H), Q 0
NT O TMS
0.99-1.16 (m, 2 H), 2.22 and 2.35 (s, 3 H), 3.98-4.18 (m, 2 H), H
7.16-7.24 (m, 2 H), 7.40-7.45 (m, 1 H), 7.54 (t, J = 8.0 Hz, 1 H),
8.08 (s, 1 H).

1-methyl-4-0x0-3-(2-(trimethylsilyl)ethoxy)-3,4-dihydroquinazolin-1-ium chloride (22)
a colorless solid; '"H NMR (CDCls, 500 MHz) & 0.10 (s, 9 H),
1.31-1.37 (m, 2 H), 4.49 (s, 3 H), 4.77-4.82 (m, 2 H), 7.75 (d, J = Ow1us
10.9 Hz, 2 H), 7.84-7.87 (m, 1 H), 8.08-8.13 (m, 1 H), 8.52-8.55 (

(m, 1 H), 12.2 (s, 1 H); °C NMR (CDCls, 125 MHz) & -1.6, 16.7,
40.6, 79.2, 118.2, 120.3, 128.7, 129.8, 137.1, 137.7, 153.2, 154.5; IR (neat, v/cm™") 2820, 1717,
1486, 1356, 1250, 1177, 1067, 953, 867, 766.

22
e @CI

Synthesis of N-phenylisatoic anhydride 24

0]
mCPBA (1.1 eq) o
—_—
CH,Cly, 1t, 48 h N’go
XX% 24 Ph

N-phenylisatoic anhydride 24 was prepared following a reported procedure’ and purified by

column chromatography.

1-phenyl-2H-benzo|d][1,3]oxazine-2,4(1H)-dione (24)
a colorless solid; "H NMR (CDCls, 500 MHz) & 6.55 (d, J = 8.6 Hz, 1 H),
7.34-7.39 (m, 3 H), 7.53-7.64 (m, 4 H), 8.19 (d, J= 8.0 Hz, 1 H). N

1 Coppola, G. M. J. Heterocyclic Chem., 1987, 24, 1249.
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2-(phenylamino)-N-(2-(trimethylsilyl)ethoxy)benzamide (25)

a colorless solid; '"H NMR (CDCls, 500 MHz) & 0.05 (s, 9 H),
1.08-1.14 (m, 2 H), 4.05-4.10 (m, 2 H), 6.72-6.78 (m, 1 H), @

7.00-7.04 (m, 1 H), 7.18 (d, J = 8.0 Hz, 1 H), 7.28-7.40 (m, 6 H), b 25
8.62 (s, 1 H), 8.99 (s, 1 H).

2-(N-phenylformamido)-/NV-(2-(trimethylsilyl)ethoxy)benzamide (26)

a colorless solid; 'H NMR (CDCl;3, 500 MHz) 6 0.02 (s, 9 H), Q
N0 1us
1.00-1.15 (m, 2 H), 4.00-4.08 (m, 2 H), 6.67-6.70 (m, 1 H), [ ] H ,
N
6.91-6.97 (m, 1 H), 8.06-8.11 (m, 6 H), 8.62-8.65 (m, 1 H). ,Q(o 26

4-o0x0-1-phenyl-3-(2-(trimethylsilyl)ethoxy)-3,4-dihydroquinazolin-1-ium chloride (27)
a colorless solid; "H NMR (CDCls, 500 MHz) 6 0.11 (s, 9 H), 1.27 (t, 10
J=28.6 Hz,2 H), 5.19 (t,J=8.6 Hz, 2 H), 7.16 (d, /= 8.0 Hz, 1 H), @N'O\/\TMS
7.68-7.72 (m, 3 H), 7.78 (t, J = 6.9 Hz, 1 H), 7.83-7.88 (m, 1 H), %

8.04-8.08 (m, 2 H), 8.51-8.54 (m, 1 H), 10.5 (s, 1 H); °C NMR
(CDCl;, 125 MHz) 6 -1.4, 17.0, 79.1, 119.3, 120.4, 127.6, 129.0, 129.9, 130.6, 131.9, 135.2,
136.6, 138.8, 151.7, 154.5; IR (neat, v/cm™") 3431, 1726, 1636, 1482, 1293, 1254, 936, 844, 765,
686.

Synthesis of N-mesitylisatin 32
o T™MS
of (2 eq)
OMe OMs 31 o
290 (1.05€q) 0 NaHCO3; (2 eq)
EtN (1.2eq) Mes. M CsF (6 eq)
Mes —NH, 3 es N OMe \ e}

CH2C|2, rt, 10 h o CH3CN, rt, 10 h \
28 30 32 Mes
quant. 90%

N-mesitylisatin 32 was prepared from 28 following a reported procedure™.

> Rogness, D. C.; Larock, R. C. J. Org. Chem. 2011, 76, 4980.
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methyl 2-(mesitylamino)-2-oxoacetate (30)

a colorless solid; 'H NMR (CDCl, 500 MHz) § 2.20 (s, 6 H), 2.28 (s, 3 0]
Mes . OMe
H), 3.98 (s, 3 H), 6.92 (s, 2 H), 8.34 (br, 1 H). ”J\W
(0]
30

1-mesitylindoline-2,3-dione (32)

a colorless solid; "H NMR (CDCls, 500 MHz) & 2.13 (s, 6 H), 2.35 (s, 3 H),
6.43 (d,J=7.5Hz, 1 H), 7.02 (s, 2 H), 7.14-7.17 (m, 1 H), 7.49-7.51 (m, 1 H), (:ﬁé:o
7.68-7.71 (m, 1 H). gy Mes

Synthesis of N-mesitylisatoic anhydride 33

0
©j/g: mCPBA (1.1 eq) @EL
o
’\! CH20|2 rt 48 h /g

32 Mes 44% 33 Mes

To a solution of mCPBA (820 mg, 4.8 mmol) in CH,Cl, (57 ml) was added 32 (1.2 g, 4.5
mmol) and the mixture was allowed to stir at room temperature for 48 hours. The reaction
mixture was washed with sat. NaHCOj; solution, 10% aq. Na,S,0; solution and brine. The
organic phase was dried over Na,SO, and evaporated under reduced pressure. The residue was
purified by flash column chromatography (silica gel, hexane/diethyl ether = 10/1 to
hexane/AcOEt = 3/1) to afford 33 (560 mg, 2.0 mmol) as a colorless solid in 44% yield.

1-mesityl-2H-benzo|d][1,3]oxazine-2,4(1H)-dione (33)
a colorless solid; 'H NMR (CDCL;, 500 MHz) & 2.07 (s, 6 H), 2.37 (s, 3 H),

6.45 (d, J = 8.6 Hz, 1 H), 7.29 (d, J = 7.5 Hz, 1 H), 7.54-7.59 (m, 1 H), @ftk

8.19-8.22 (m, 1 H).

33 Mes

Compound 34 was prepared following the procedure (18 to 20).
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2-(mesitylamino)-/NV-(2-(trimethylsilyl)ethoxy)benzamide (34)

1.11-1.16 (m, 2 H), 2.15 (s, 6 H), 2.30 (s, 3 H), 4.08-4.14 (m, 2 H),

6.22 (d, J = 8.5 Hz, 1 H), 6.58 (d, J = 8.0 Hz, 1 H), 6.93 (s, 2 H), '
7.13-7.17 (m, 1 H), 7.34-7.36 (m, 1 H), 8.51 (s, 1 H), 8.68 (s, 1 H); 34

3C NMR (CDCls, 125 MHz) & -1.6, 16.7, 18.1 20.8, 74.4, 111.9, 112.9, 115.3, 127.1, 129.0,
133.0, 134.6, 135.6, 136.1, 148.6, 169.1; IR (neat, v/em™) 3230, 2915, 1636, 1597, 1506, 1448,

a colorless solid; '"H NMR (CDCl;, 500 MHz) & 0.06 (s, 9 H), Q

1248, 1155, 835, 750; HRMS (ESI): m/z calculated for C,H3oN,O,Si [M+Na]": 393.1969,
found: 393.1968.

Synthesis of 38 from NHPI 15

0 PMBCI (1.0 eq) oMo oMo
EtsN (25 e f< >’ NoH 4-H,0 /—< >*
(j:iN_o 3 q) (ﬁ 2HgHy NHeH0 N
o}

2
DMF, 90 °C 1h CHQCIZ

rt,1h

38
90% (2 steps)

To a solution of PMBCI (5.5 mL, 30.5 mmol) in DMF (94 mL) was added NHPI (4.9 g, 36.2
mmol) and Et;N (10.3 mL, 74.1 mmol). The mixture was stirred at 90 °C for an hour. After an
hour, the mixture was cooled to 45 °C, and poured over ice/water. And then, colorless
precipitates 38’ appeared and the precipitates were collected by filtration. The precipitate 38’
was used for the next step without purification. And compound 38 was prepared following the

procedure (17 to 18) to get 38 (4.2 g, 27.3 mmol, 90% overall yield from 15).
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Synthesis of 39 from compound 36

H,N-OPMB (1.1 eq)
©\Br (10 eq) 2 38

CuBr-SMe, (10 mol%) EDCI (1.1 eq)
K,CO3 (1.5 eq) HOBT (1.1 eq) "
OH Ph. OH =™ 7> Ph, N_
HoN DMA H CH.Cl, H OPMB
120 °C, 3 h o) n,2d o)
36 45% 37 quant. 39

Carboxylic acid 37 was prepared following a reported procedure™ and purified by flash

column chromatography. To a solution of 37 (219 mg, 1.0 mmol) in CH,Cl, (7.7 ml) was added

38 (150 pL, 1.1 mmol), HOBt (150 mg, 1.1 mmol) and EDCI (210 mg, 1.1 mmol). The mixture

was allowed to stir at room temperature for 48 hours. After water was added to the mixture, the

organic layer was extracted with CHCI; three times, dried over Na,SO,, filtered, and evaporated

to afford a crude mixture containing 39. The residue was purified by flash column

chromatography (silica gel, hexane/AcOEt = 10/1 to 3/1) to afford 39 (350 mg, 1.0 mmol) as a

colorless solid in quantitative yield.

1-(phenylamino)cyclohexane-1-carboxylic acid (36)
a colorless solid; '"H NMR (CDCl;, 500 MHz) 6 1.33-1.46 (m, 3 H),

1.60-1.72 (m, 3 H), 1.96-2.06 (m, 4 H), 6.76-6.79 (m, 2 H), 6.96-7.00 (m, 1 " N OH
(6]
H), 7.21-7.25 (m, 2 H). a7
O-(4-methoxybenzyl)hydroxylamine (25)
a colorless oil; 'H NMR (CDCls, 500 MHz) & 3.81 (s, 3 H), 4.62 (s, 2 _~_ OMe
H), 5.34 (br, 2 H), 6.89-6.91 (m, 2 H), 7.29-7.31 (m, 2 H). HN O |
38

> Shinozuka, T.; Shimada, K.; Matsui, S.; Yamane, T.; Ama, M.; Fukuda, T. Taki, M.; Takeda,Y.;
Otsuka, E.; Yamato, M.; Naito, S. Bioorg. Med. Chem. 2006, 14, 6807.
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N-((4-methoxybenzyl)oxy)-1-(phenylamino)cyclohexane-1-carboxamide (26)

a colorless solid; '"H NMR (CDCl;, 500 MHz) 6 1.44-1.60 (m, 5 H),

1.88-1.98 (m, 5 H), 3.78 (s, 3 H), 4.75 (s, 2 H), 6.62-6.68 (m, 3 H), pp_ H
N

N “OPMB
6.84-6.88 (m, 2 H), 7.08-7.12 (m, 2 H), 7.28 (d, J = 8.6 Hz, 2 H).

39

N-((4-methoxybenzyl)oxy)-1-(/V-phenylformamido)cyclohexane-1-carboxamide (27)
a colorless solid; "H NMR (CDCl;, 500 MHz) & 1.39-1.48 (m, 5 H),

1.66-1.74 (m, 2 H), 2.22-2.30 (m, 2 H), 3.81 (s, 3 H), 4.90 (s, 2 H), pn N
6.88-6.92 (m, 2 H), 7.20-7.24 (m, 2 H), 7.36-7.42 (m, 5 H), 8.14 (s, 1 O//]\H 0
H), 9.61 (s, 1 H). 40

ZT

“OPMB

3-((4-methoxybenzyl)oxy)-4-oxo-1-phenyl-1,3-diazaspiro[4.5]dec-1-en-1-ium chloride (28)
a colorless solid; '"H NMR (CDCl3, 500 MHz) 6 1.68-1.78 (m, 4 H), Q(o
1.92-2.00 (m, 2 H), 2.20-2.25 (m, 2 H), 3.82 (s, 3 H), 5.80 (s, 2 H), 6.93

ph-N+ N-opvB
(d, J=8.6 Hz, 2 H), 7.56-7.64 (m, 4 H), 7.75-7.78 (m, 2 H), 10.5 (s, 1 H); ® T oc
C NMR (CDCls, 125 MHz) & 18.1, 20.9, 23.4, 29.9, 55.1, 70.5, 81.2, 41
113.7, 124.6, 128.4, 129.6, 131.1, 131.2, 132.4, 160.4, 161.4, 169.6, 173.8; IR (neat, v/cm™)
2949, 1786, 1720, 1612, 1514, 1250, 1181, 1153, 1029, 822; HRMS (ESI): m/z calculated for

C»H,5N,0;5 [M]': 365.1860, found: 365.1868.
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Synthesis of NHC iridium complex 42

O 1) Ag,0, CH,Cl, o

@N/OWTMS rt,3h N~ s
B — e
N/J\H © I/&Ir(cod)Cl

\ 2) [Ir(cod)Cl]»
Me Cl CH,Cl,, 1t, 4 h Me

32% (2 steps) 42

NHC precursor with acyl N-O(TMSethyl) moiety 22 (159 mg, 0.50 mmol) and Ag,O (63 mg,
0.27 mmol) were dissolved in 10 mL of CH,Cl, and stirred for 3 h at room temperature in
darkness. Bis(1,5-cyclooctadiene)diiridium(I) dichloride (336 mg, 0.50 mmol) was added and
the mixture was stirred for 4 hours at room temperature in darkness before filtering through a
Celite pad to remove the AgCl byproduct. The solvent was removed under reduced pressure.
The residue was purified by flash column chromatography (silica gel, hexane/AcOEt = 8/1 to
4/1) to afford 42 (98 mg, 0.16 mmol) as a yellow solid in 32% yield.

(1-methyl-4-0x0-3-(2-(trimethylsilyl)ethoxy)-3,4-dihydroquinazolin-2(1H)-ylidene)(1,5-cycl
ooctadiene)iridium(I) chloride (42)

a yellow solid; 'H NMR (CDCl;, 500 MHz) & 0.11 (s, 9 H),

1.38-1.48 (m, 2 H), 1.67-1.84 (m, 3 H), 1.88-1.94 (m, 1 H), @ O 1ms
2.20-2.28 (m, 2 H), 2.30-2.38 (m, 2 H), 3.08-3.12 (m, 1 H), ’&” cod)C
3.48-3.52 (m, 1 H), 4.49-4.54 (m, 1 H), 4.69 (s, 3 H), 4.72-4.78 (m, 2

H), 4.74-4.80 (m, 1 H), 7.46-7.52 (m, 2 H), 7.78-7.83 (m, 1 H), *

8.31-8.35 (m, 1 H); °C NMR (CDCl;, 125 MHz) & -1.3, 17.1, 29.2 29.4, 32.8, 33.5, 43.8, 54.7,
56.1, 75.8, 85.2, 85.3, 115.2, 119.0, 126.2, 128.6, 135.2, 141.0, 155.7, 207.1; IR (neat, v/cm™)
2952, 1712, 1607, 1480, 1392, 1325, 1181, 1104, 838, 761.

95



Synthesis of NHC iridium complex 43

()\)J\ \/\ T™S TBAF, cod QYO
A THE 20 i

Ir(cod)C THF i, 20min ~ Me”™ 3 "0
9 Ir
40% (cod)” N;’J
42 43

To a solution of 42 (267 mg, 0.43 mmol) in THF (3.0 mL) was added 1,5-cyclooctadiene (161
pL, 1.3 mmol) and TBAF (1.0 M solution in THF, 1.3 mL, 1.3 mmol). The reaction mixture
was stirred at room temperature for 30 minutes. The reaction was quenched with water. The
organic layer was extracted with CH,Cl, three times, dried over Na,SO,, filtered, and
evaporated to afford a crude mixture containing 43. The residue was purified by flash column
chromatography (silica gel, hexane/AcOEt = 2/1 to hexane/acetone = 6/1) to afford 43 (134 mg,
0.17 mmol) as a red solid in 40% yield.

NHC iridium complex (43)

a red solid; "H NMR (CDCls;, 500 MHz) § 1.57-1.63 (m, 1 H), 1.73-1.79 (m, 1

H), 1.88-2.00 (m, 2 H), 2.12-2.21 (m, 1 H), 2.48-2.58 (m, 2 H), 2.60-2.65 (m, 1 ©\fo
H), 2.68-2.78 (m, 1 H), 3.61-3.66 (m, 1 H), 4.61 (s, 3 H), 4.79-4.85 (m, 1 H), Me/N\ﬂ/N\O
5.10-5.16 (m, 1 H), 6.99 (d, J = 8.6 Hz, 2 H), 7.20 (t, J = 8.0 Hz, 1 H), (COd)/lrﬁ
7.35-7.39 (m, 1 H), 8.11-8.14 (m, 1 H); *C NMR (CDCls, 125 MHz) & 27.2, ®

30.8, 31.9, 34.5, 38.9, 42.1, 51.0, 52.2, 76.2, 86.8, 114.5, 118.0, 124.9, 127.6, 133.3, 139.6,

156.0, 202.0; IR (neat, v/iem™) 3430, 2871, 1685, 1606, 1479, 1389, 1330, 1179, 1095, 751.
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General Procedure for Ir-NHC-catalyzed Oxidation of Benzylic C(sp3)-H bond of
4-ethylanisole (48) with O,

0]

H H Ir cat. (2.5 mol%)
/@%Me 2,2'-bipyridine-6,6'-dicarboxylic acid (10 mol%) /@)J\Me
cod (0.5 eq), O, (1 atm)
MeO MeO

48 THF (0.1 M), 50 °C, 48 h 49

To a flame dried test tube under argon was charged with Ir cat. (1.2 mg, 0.13 umol),
2,2’-bipyridine-6,6’-dicarboxylic acid (1.2 mg, 0.005 mmol) and dry, degassed THF (0.5 mL).
To the test tube was further added 1,5-cyclooctadiene (3.1 pL, 0.025 mmol), 4-ethylanisole 48
(7.1 pL, 0.05 mmol). After replacing the air inside the tube with O, (1 atm, balloon), the
reaction mixture was stirred at 50 °C for 48 hours. The reaction was quenched with silica gel.
The mixture was filtered through short pad silica gel column and eluted with AcOEt. The
solvent was removed under reduced pressure, and the residue was purified by flash column
chromatography (silica gel, hexane/AcOEt = 10:1) to afford 49 (3.1 mg, 0.023 mmol) in 45%

yield.

1-(4-methoxyphenyl)ethan-1-one (49)

a colorless solid; '"H NMR (CDCls, 500 MHz) & 2.56 (s, 3 H), 3.87 (s, 3 H), Q
o™
MeO

6.91-6.95 (m, 2 H), 7.92-7.96 (m, 2 H).

49

Synthesis of compound 52 for radical clock experiment

CHoal, (2.0 eq)

7 ZnEt, (2.0 eq) <
TFA (2.0 eq)
MeO MeO
52' — 52

CH,Cly, 1t, 30 h

1-methoxy-4-(3-phenyl-2-propen-1-yl)-benzene 52’ was prepared following a reported
procedure™. And succeeding synthetic method of 52 is shown below. To dry CH,Cl, (5 mL)
was added Et,Zn (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under Ar. The solution was cooled in an

ice bath and a solution of trifluoroacetic acid (0.39 mL, 5.0 mmol) in CH,Cl, (2.5 mL) was

>* Ueda, M.; Nishimura, K.; Kashima, R.; Ryu, I. Synlert 2012, 23, 1085.
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added very slowly into the reaction mixture via syringe. Upon stirring for 20 min, a solution of
CH,I, (0.4 mL, 5.0 mmol) in CH,Cl, (2.5 mL) was added. After an additional 20 min of stirring,
a solution of 52’ (560 mg, 2.5 mmol) in CH,Cl, (10 mL) was added, and the ice bath was
removed. After an additional 30 min of stirring, the reaction mixture was quenched with 0.1 M
HCI and the aqueous layer was extracted with hexanes. The combined organic layers were
washed with sat. NaHCO;, H,O, and brine and then dried over Na,SO,, filtered, concentrated,
and purified by flash column chromatography (only hexane) to afford 52 (350 mg, 1.5 mmol) as

a colorless oil in 59% yield.

1-cinnamyl-4-methoxybenzene (52°)

a colorless oil; '"H NMR (CDCl;, 400 MHz) & 3.50 (d, J = 6.8 Hz, _

2 H), 3.80 (s, 3 H), 634 (dt, /= 68, 160 Hz, 1 H), 643 (. J =
16.0 Hz, 1 H), 6.84-6.88 (m, 2 H), 7.14-7.19 (m, 2 H), 7.19-7.23 52

(m, 1 H), 7.27-7.32 (m, 2 H), 7.37-7.40 (m, 1 H).

1-methoxy-4-((2-phenylcyclopropyl)methyl)benzene (52)

a colorless oil; 'H NMR (CDCls, 500 MHz) § 0.89-0.94 (m, 1 H), O <] O
0.94-1.00 (m, 1 H), 1.26-1.36 (m, 1 H), 1.76-1.80 (m, 1 H), 2.63 MeO 52

(dd, J=6.9,149 Hz, 1 H),2.74 (dd, J= 6.9, 14.9 Hz, 1 H), 3.78 (s,

3 H), 6.82-6.86 (m, 2 H), 7.05 (d, J=8.1 Hz, 1 H), 7.13 (t, /= 7.5 Hz, 1 H), 7.18 (d, /= 8.6 Hz,
2 H), 7.22-7.26 (m, 2 H).
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