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Abbreviations

ARICHFCIIEE ELL N OSEEE =,

keto-ABNO 9-azabicyclo[3.3.1]nonan-3-one N-oxyl
acac acetylacetonato

AIBN azobisisobutyronitrile

ag. aqueous

nor-AZADO 9-azanoradamantane N-oxyl

Bn benzyl

BQ benzoquinone

2,2’-bipy. 2,2’-bipyridyl

t-Bu tert-butyl

Bz benzoyl

CAN ceric ammonium nitrate

cat. catalyst or catalytic

cod 1,5-cyclooctadiene

conv. conversion

Cp cyclopentadienyl

dba dibenzylideneacetone

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCE 1,2-dichloroethane

DDQ 2,3-dichloro-5,6-dicyano-para-benzoquinone
DEAD diethyl azodicarboxylate

decomp. decomposition

DIBAL diisobutylalminium hydride

diox. 1,4-dioxane

DIPEA N,N-diisopropylethylamine

DMA dimethylacetamide

DMAP 4-dimethylaminopyridine

DMBQ 2,6-dimethyl-para-benzoquinone
DMEDA N,N -dimethylethylenediamine
DMF dimethylformamide

DMPU N,N'-dimethylpropyleneurea
DMSO dimethylsulfoxide

dppe 1,2-bis(diphenylphosphino)ethane



dppf
eq.

esp
EWG
HMDS
HMPA
HTS
IBX
imid.
intermol.
intramol.
lle

IPA
LAH
LDA
MS
NBS
NFSI
NHPI
NIS
NMO
NMP
NOE
NR
PDP

1,10-phen.

Pin
PINO
Piv
i-Pr
Py.

rt
TBAI
TBHP
TBP
TBS

1,1-bis(diphenylphosphino)ferrocene
equivalent

a, o, o, o’-tetramethyl-1,3-benzenedipropionate
electron-withdrawing group
hexamethyldisilazane
hexamethylphosphoric triamide
high-throughput screening
2-iodoxybenzoic acid
imidazole

intermolecular

intramolecular

isoleucine

isopropanol

lithium alminum hydride
lithium diisopropylamide
molecular sieves
N-bromosuccinimide
N-fluorobenzenesulfonimide
N-hydroxyphthalimide
N-iodosuccinimide
N-methylmorpholine N-oxide
N-methyl-2-pyrrolidone
nuclear overhauser effect

no reaction
[N,N’-bis(2-pyridylmethyl)]-2,2’-bipyrrolidine
1,10-phenanthroline

pinacolato

phthalimide-N-oxyl

pivaloyl

isopropyl

pyridyl

room temperature
tetrabutylammonium iodide
tert-butylhydroperoxide
di-tert-butylperoxide
tert-butyldimethylsilyl



tetra(2,6-dichlorophenyl)porphinato
temperature
2,2,6,6-tetramethylpiperidine 1-oxyl
triethylsilyl

trifluoromethanesulfonyl
trifluoroacetic acid or trifluoroacetate
tetrahydrofuran

triisopropylsilyl

N,N,N’,N -tetramethylethylenediamine
tetramesitylporphinato

trimethylsilyl

ortho-tolyl

tetraphenylporphinato

para-toluenesulfonyl



I. i

RS ICRE SN HEERIEMENE A FFOBBEE Ay 713, i < b Fex ABOAEITK
Wehm EXETE, ZHSHBEL. 20X 5 RlRENS 727 P4 v LART 2 8HA
AL LWV D RS I E TRBEZ T TEN, AL WO BLED R EBEE
2 2 DOMBEICHEK L TND EFEHRITEZX TS, T77bb, OB T2 EABETEA
AT 2 BRICBEAFE OB FIER OFERIIIRAR R 2 TWD 2 & RUQF L aens il
FFCX DAy 1 OER) chemical space DHLEFE, NI NS % OFHEE LSO &
WX D, BIEOREENEEL SN TODHE LT, FBURD 1 & KA H 2R O W ME 723 &
%o EMBHER KRS 72 EORBIZ L DERY —5 v N R OLA WG O s Mg Iz
FIRT % ZOMAEOEICIT, AAREEZESSFRREESN TS, ZORENEMNED
X NRHNZ A AR OREIERNAE T 2 (= BREIC A O 1T O A & o o) FiEN e <,
ZHZEUMEREOHEN LA SN TLES TS LW BRAH D, THITERD HES
THESRALFORRS 2R LTE Y . HHES FOERGEICT 72 Fikimos 4
DFESIEDBIFEMIEN RS HN TN D, H%BE ORI OWN T, RO EN SN % R
STZEHET T DI G ERGS T L OBRMEZ B LT W (=AW EZ BB LT 0
T E D) EREILBER TR sp® IRBEEE AT & O RRWEREME Y TR 2O
LA WREZ B4 L, % @ chemical space Z 753 5 (= BLFEMITHK L 5 2 oy 1S DO SR
BN EBNEENDY, L L, ZOX D LA MEEE RIS O EENEE < R T
XLTEMITVWELREETHY, BANT 7 AL I D0 FORFIENRRE LN TWDH T
DICETHLOMREIERR ) 2 R Z L L < 72> T 5,

Thebb, BHS T OMEHARE FEBT 2 HIEmOBIRE &, AR/ TE 5
By TREDFIATTIERIC L D RAARR E N, MAEIZEE L T < BEMERSLRINC b1
LTEHELTE TV LEFIBEZCND, Bdb D0 FERUEOHTY TRk sp’C-H
ATRRBAMERIS) 12, BRT2HBICEY 20k S alEmeE LTEETHY, A9
L LT HMEOEHWKIEETH D,

ER{LHY sp’C-H A B RRE(CR G D EEM:
VTAERE TR IR TE 6 G2 L 72 > TWDREI D O E DIT, R3E — K FE(C-H)FE A D #7228
WSR2 D, 72T h [sp’C-HFEA ] 1065 b7 ) BRI HSOSIT. I

! (a) Barker, A.; Kettle, J. G.; Nowak, T.; Pease, J. E. Drug Discov. Today 2013, 18, 293. (b) Lachance, H.; Wetzel,
S.; Kumar, K.; Waldmann, H. J. Med. Chem. 2012, 55, 5989.

2 For reviews of C-H bond functionalization: (a) Topics in Current Chemistry; Yu, J.-Q.; Shi, Z.-J., Eds.; Springer,
2010; Vol. 292. (b) Dick, A. R.; Sanford, M. S. Tetrahedron 2006, 62, 2439. (c) Davies, H. M. L.; Du Bois, J.; Yu,
J.-Q. Chem. Soc. Rev. 2011, 40, 1855.



To 3 SOBEMICL Y BEEARNEHRETH S, 10, ARUSERBY AR ERT
B A THD 3 SO ) I —(7 haxa )33 2FyFra )34 KL K
vy Axa ) IV e 2 TERATAEBNARRISERE 2D 8 Th s, HEORERELE
VB LT C-H G O EHEMICE RS AS B L FIEEIC T 2 RULE AR C-H S
FSEARR DR R TH DD, ZIICZEEOMLE % C-H fi A MR & R E5F-
EHDHZ TR DDOT, MEBLIRRECERR T & O MR Z 1 5 ik E he A LA
& D EDOBVEREMEAMOABMNEIICHESGT D HEEORE OV RISERTHH 5,
5502, spC-H f ATk B 2SR & Ll U sp®C-H S AT 5 ZE BRSSO I A5 54
WOl KORRBHEL RS TVDHETHD, HoIC, sp’ REE L L FFLAWIE LER
B s LTALE THDEANRTOND, i, EEBEEOKBEMICEIT S EREM LS
WD AR5 5 sp® REDEIE OEIHENRBRED 7 = — AT T >IN 5 BT
bHo, LWV HF—Z(Figure 1)’ b EMITOEND LD THD, ZHITBE L, sp’ REMN
BERNEE T OBE B B E N E < EE

k . . © 05 0.43 Q.45 047

& OMBEAERNES TR0 IEMENH T 04| 036 0.38
TN E WV o TR sp® IRFEE 4y 2 03
FICHA sp? RS AN TR LD S 02

- . . 2 01
KA T 2 REMA T Z L 0/RE 5 | | | | | |
DME S EIRVEICEN D LW o - HEIC & Discovery Phasel Phasell Phaselll  Drug

Stage of development

LDHDTH D EHREIND, Figure 1: C(sp®)/C(all) and stage of development

BMLHY sp°C-H FE A B BEEAL UG D SE B 72

YPOSTERITHE F TR 2 20 - SR IS L Tl 2 STz, £0 C-H i
AUl - ERe A bERUE I, OIS D C-H R Ik L4 & OB AgFHN<> CMD
BEHEIZ LD C- A Z AL EST L 2y REHA L S 2 BUsHk(type A), OIFMEFETH 5 A
BT FEERRLAZ NI N ) A R 8D C-H #EA 1A UERERE L S 5 ROSERE
(type B). @F Y AU/LIH C-H fEE YW 72 LIC KV IRFE T D AN F A 2 70 E OIEMET A
WAERRL ZNNERER LS N D Z & ThEMDZ 5 2 5 RISH(type C), @ 3 DIZKBITE
HEEX D, WAL sp’C-H A B RERALIUS DINFERI %2 . BRI L VR ENDHESG T L
WZULFICHEBL L Table 1ICFE &5,

3 Trost, B. M. Science 1991, 254, 1471.

4 Wender, P. A.; Verma, V. A.; Paxton, T. J.; Pillow, T. H. Acc. Chem. Res. 2008, 41, 40.

% Discussion of the benefit of constant escalation of the oxidation level in complex molecule synthesis: (a) Baran, P.
S.; Maimone, T. J.; Ritcher, J. M. Nature 2007, 446, 404. (b) Burns, N. Z.; Baran, P. S.; Hoffmann, R. W. Angew.
Chem. Int. Ed. 2009, 48, 2854. (c) Ishihara, Y.; Baran, P. S. Synlett 2010, 1733.

6 Lovering, F.; Bikker, J.; Humblet, C. J. Med. Chem. 2009, 52, 6752.

6



C-H f A OmAFE B RERAL k ONEFRF IR IT, RARWSEMIETE LS 22 O
EREREE AMBICEATE D FIEL LTAHATH 5, BFEEREALLUS X type A, B, C Z
2%t L, Shilov 5045 ™. Groves ©H D4 ™. Kharasch, Sosnovsky s @7z &
HLMBMENREINTE T, T UL « XRUDUANLI ETEMLE N7z C-H FEE 721 T
<, BT LB D C-HFERITH LTHUSHINFET D25, A5 o i 72 5 X Bl 72
HEIZHTHRIEMEE AL ETH D 9 ZATBIRVEICZ L= EBEOBEME S 6 I
H3 2 L-UniZidZe o 7223, 2000 FARED O EBEOABICE T L 5 2 AR « ISR
BRI SN TE -, ZhHITEI, (@)fELAFE(directing group: D.G.)%Falak iz & FE 1/
AT F 7o I XIEMERE 2 BOST 5 C-H RS AISES 5 ™™ (b)fEfn e KOS 4T C-H
Fell 2 F28L L HE O/ « STIRBUREED D EOG TR E C-H 5 A & £ O C-H f5& % 2%
BE 2 K (C)iEMERED AT B E T (directing activator: DAY G 575 LD HEENICH Y
C-H AU A FHNRISIZE V25 ™ Lo/ T 7 a —F TR/ C-H
BOMFBERAEISEZET L TV 5,

EHREHRAAURE S RBEIC 2 HOE ST d, < 22545 TV 5 Barton fi7s &
I PN X D C-H SR & /it LTz C-H ZHEREREA 2 T ofl b H 228, %< Of
IR G L ITRHPCTHRAETHA X VT A ML= FFEENEMERE 720 C-H /A1 A
T LSRR E &> TWD, BIZIEREY —/NA— K« ALK T I R OB AREE
FERETEFE AL vEREIZL OB ETHA P L= REMEEZRZFREIEDLZ

7 (a) Kharasch, M. S.; Sosnovsky, G. J. Am. Chem. Soc. 1958, 80, 756. (b) Gol’dshleger, N. F.; Es’kova, V. V.; Shilov,
A. E.; Shteinman, A. A. Zh. Fiz. Khim. 1972, 46, 1353. (c) Groves, J. T.; Nemo, T. E.; Myers, R. S. J. Am. Chem. Soc.
1979, 101, 1032. (d) Heumann, A,; Akermark, B. Angew. Chem. Int. Ed. 1984, 23, 453. (e) Battioni, P.; Renaud, J. P.;
Bartoli, J. F.; Reina-Artiles, M.; Fort, M.; Mansuy, D. J. Am. Chem. Soc. 1988, 110, 8462. (f) Dangel, B. D.; Johnson,
J. A;; Sames, D. J. Am. Chem. Soc. 2001, 123, 8149. (g) Chen, M. S.; White, M. C. J. Am. Chem. Soc. 2004, 126,
1346. (h) Desai, L. V.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 9542. (i) Brodsky, B. H.; Du Bois, J.
J. Am. Chem. Soc. 2005, 127, 15391. (j) Das, S.; Incarvito, C. D.; Crabtree, R. H.; Brudvig, G. W. Science 2006, 312,
1941. (k) Chen, M. S.; White, M. C. Science 2007, 318, 783. (I) Chen, K.; Richter, J. M.; Baran, P. S. J. Am. Chem.
Soc. 2008, 130, 7247. (m) Kasuya, S.; Kamijo, S.; Inoue, M. Org. Lett. 2009, 11, 3630.

8 (a) Barton, D. H. R; Beaton, J. M.; Geller, L. E.; Pechet, M. M. J. Am. Chem. Soc. 1960, 82, 2640. (b) Breslow, R.;
Gellman, S. H. J. Chem. Soc. Chem. Commun. 1982, 1400. (c) Espino, C. G.; Du Bois, J. Angew. Chem. Int. Ed. 2001,
40, 598. (d) Espino, C. G.; Fiori, K. W.; Kim, M. ;Du Bois, J. J. Am. Chem. Soc. 2004, 126, 15378. (e) Liang, C.;
Robert-Peillard, F.; Fruit, C.; Muller, P.; Dodd, R. H.; Dauban, P. Angew. Chem. Int. Ed. 2006, 45, 4641. (f) Rice, G.
T.; White, M. C. J. Am. Chem. Soc. 2009, 131, 11707. (g) Wiese, S.; Badiei, Y. M.; Gephart, R. T.; Mossin, S.;
Varonka, M. S.; Melzer, M. M.; Meyer, K.; Cundari, T. R.; Warren, T. H. Angew. Chem. Int. Ed. 2010, 49, 8850. (h)
Ochiai, M.; Miyamoto, K.; Kaneaki, T.; Hayashi, S.; Nakanishi, W. Science 2011, 332, 448. (i) Amaoka, Y.; Kamijo,
S.; Hoshikawa, T.; Inoue, M. J. Org. Chem. 2012, 77, 9959.
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EINTE, ZhErY UL -k v H o EO&RMBEEZHANT CHE~EBASE
HEIENEB SN TS, BBEEEACE A, B2 EEICRE S TVD Z & EIR
PEICZ LT & 722 ERHII O@EH] ® 1281 B REThH 7208, ISR - TGS
ERRFINCT 5 Z & TRILRZE R DAL T U AL E1EMZR C-H fE AR S5, (b)
7 I NEEZH B U IREITHAAALR S FHNRIGIE L0 BOS R AT 5, (©)fitiED T =
—= UK OSSR ERIET S, 0T I u—FIC L0 @RV CoREN RS
TWa, £70, fioF 1~ L= RFEfitke LT, BRAIRERELHOBEER " b
HENTND,

C-C #EATERBUS TN T ABRICB W TR B E#E L < ol TEEEOH TR A TH
B, sp’C-H A ZBALINC C-C kB~ & B 2 ROSTE RN IR T IUE, B 2 I Z AR
MBI D C-HEBTEMLERI= 7 Z T A N v 7Y U 7 K DINKRI R BB
ENFEBLRREL 720 | M TAMAERESHFENTHHOLHIFFTE D, 2D X572 CC
FEOTEREESIE, type A @D C-H f5 6 A Z Wb &% 2 IR FER0H & DR 999 type B
EJB AN A RFED spC-H A ~DFE AR P, K type C @ sp’C-H fE ARz L v
WU %0 FA 7 EROSTEMERED 1R 3K & OfSATERL % % % ok h EHEA TV 5,
ZDHH, type A F721E C ORUSERIZ L D 2 2D C-HEANBEEE C-CREANDNEMR I
D (=RFEREMM G C-H A LAEMT 2)UGIE, BAKER 7 a2y 7 v 7 Kk
(Cross-Dehydrogenative Coupling: CDC i)™ & FRTHL, FEE H sk Y BFEFEY D A p 72 E1E
kDI aAH YTV T RIS T B K2 O WL DS » 7 ) v RS E LT
HEHEDTND,

ZOMIZH, 7 v FOREIETRe, AT vk ORFEREY, REREAS 2R L

o (a) Demonceau, A.; Noels, A. F.; Hubert, A. J.; Teyssié, P. J. Chem. Soc., Chem. Commun. 1981, 688. (b) Davies, H.
M. L.; Hansen, T. J. Am. Chem. Soc. 1997, 119, 9075. (c) Li, Z.-P.; Li, C.-J. J. Am. Chem. Soc. 2004, 126, 11810. (d)
Li, Z.-P.; Li, C.-J. J. Am. Chem. Soc. 2006, 128, 56. (e) Li, Z.-P.; Yu, R.; Li, H. Angew. Chem. Int. Ed. 2008, 47, 7497.
(f) Lin, S.; Song, C.-X.; Cai, G.-X.; Wang, W.-H.; Shi, Z.-J. J. Am. Chem. Soc. 2008, 130, 12901. (g) Young, A. J.;
White, M. C. J. Am. Chem. Soc. 2008, 130, 14090. (h) Wasa, M.; Engle, K. M.; Yu, J-.Q. J. Am. Chem. Soc. 2010,
132, 3680. (i) Chan, K. S. L.; Wasa, M.; Chu, L.; Laforteza, B. N.; Miura, M.; Yu, J.-Q. Nature Chem. 2014, 6, 146.
9 For reviews on CDC reactions: (a) Li, C.-J. Acc. Chem. Res. 2009, 42, 335. (b) Scheuermann, C. J. Chem. Asian J.
2010, 5, 436. (c) Klussmann, M.; Sureshkumar, D. Synthesis 2011, 353. (d) Liu, C.; Zhang, H.; Shi, W.; Lei, A. Chem.
Rev. 2011, 111, 1780.

1 (a) Hull, K. L.; Anani, W. Q.; Sanford, M. S. J. Am. Chem. Soc. 2006, 128, 7134. (b) Liu, W.; Huang, X.; Cheng,
M.-J.; Nielsen, R. J.; Goddard 11, W. A.; Groves, J. T. Science 2012, 337, 1322. (c) Bloom, S. B.; Pitts, C. R.; Miller,
D. C.; Haselton, N.; Holl, M. G.; Urheim, E.; Lectka, T. Angew. Chem. Int. Ed. 2012, 51, 10580. (d) Amaoka, Y.;
Nagatomo, M.; Inoue, M. Org. Lett. 2013, 15, 2160.

2 (a) Breslow, R.; Baldwin, S.; Flechtner, T.; Kalicky, P.; Liu, S.; Washburn, W. J. Am. Chem. Soc. 1973, 95, 3251.
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B F MBS & b L sp’C-H fE A ERERML E LThITHNn 5,

ZO XD A BRI A BT A E A C-H MAEBRLUS ORI AT T, T
late-stage functionalization™ DAL & BIRE SN TEY . HEREDY A XefFo = 0F x5t L
C-H FEEZHLS 2 i UFSRENE 20 1 2 Zh RIS A M IERIERT 3 5 FIENBLEMIZ /2 S
DD,

BR{LAY sp’C-H & B BB RS D4 1 DRSS

LLEREBLL T 72 &k 910, Bk 2o 5VE - SRk L CTARIBR O UG s ST & 72,
LU, B FOFEREGHS XV BRBEAROD WK O 53 FE/E WO BLEDD
I, WEERRTREFENIFZ > TWD EE XD, FlziE, Ol THid 7z & e e i 2
AW WFERORENET OND, DX efib&EitN—2 L Ufildlida At
FHEWATREL L CEn, KL THEED L — 2 X Z LDl 173 o 3R kg O 8l
EPPALRTHHBTH S, £, QMHFBLBEBRLAKE L L OBREEATR O 2 W LAZ
BEBHE L THND Z L0, OBIEICREZRMEE & 72 B0 H % &/ NRIC
Mz 5, EVolELEIN TS, 50, EBEOBEMED TERICHV DRI KX
N R E TR S TND DN, mim7e EiES 72 OGSRED UL UIXREL & 70 5 7o D b 78R
PESEREETFENEB LB T-WEBURTH Y | OZERRIEEEMEE ~0M I 5 5
FER Do IRM 2 BT D ROSRIEOEBLLHRETH 5,

EIT T D FTHRARTER LD RMEERA SIS, B - B ERRAE L TH AR
T B ik & LT OBMLRY sp’C-H fE A B RE R LR IC B B AFZRIC I Y A T & T,
LR IC BN T - 7o BSOS B R (k) 238 U C L ARSI 08 - 72 KOS A B+
2 BB R DO MBI ARISTER A RO TARICEA T 2 MEME A U T E T,

Z 2 CHAERRRICB W T, BRIRORE & 72 2 F AR OB IC X - TRIGH: & Bl
T HWTE, BROEREOS TERICHEAT 5 = & CARISEREFI Uiz EWiEiEsy 78k
DAL LT, Osp’C-H f5ATEFERE LI AT 7= BB R OB RIFZE, & O@FUEE
TEWERIRA R ~A O VDB, O 2 SORFFEREICIY A TE 2,

(b) Cekovié, Z.; Dimttruevié, Lj.; Djokic¢a, G.; Srni¢b, T. Tetrahedron 1979, 35, 2021. (c) Johnson, J. A.; Li, N.;
Sames, D. J. Am. Chem. Soc. 2002, 124, 6900. (d) Gottker-Schnetmann, I.; White, P.; Brookhart, M. J. Am. Chem.
Soc. 2004, 126, 1804. (e) Voica, A.-F.; Mendoza, A.; Gutekunst, W. R.; Fraga, J. O.; Baran, P. S. Nature Chem. 2012,
4, 629.

1% Dehydrogenative Diels-Alder reaction via allylic C-H oxidation to afford diene as an example: Stang, E. M.;
White, M. C. J. Am. Chem. Soc. 2011, 133, 14892.

4 (a) White, M. C. Science 2012, 335, 807. (b) Wencel-Delord, J.; Glorius, F. Nature Chem. 2013, 5, 369.

15 Nakamura, E.; Sato, K. Nature Mater. 2011, 10, 158.



C-0 bond
formation

C-N bond
formation

before
1990

1990

2000

2010

Purple-colored :

Allylic oxidation of simple subst.
Cu cat.-t-BuOOBz
1958 Kharasch, Sosnovsky (Ref.7a)

Methane oxidation to methanol
Pt(I1) cat.-Pt(IV) oxid.
1972 Shilov (Ref.7b)

Oxidation of simple alkane
Fe(TPP) cat.-PhlO 1979 Groves (Ref.7c)
Mn(TDCPP) cat.-H,0, 1988 Mansuy (Ref.7e)

Allylic oxidation
Pd cat.-BQ cat.-MnO,
1984 Heumann, Akermark (Ref.7d)

Intramol. trapping by -CO,H
Pt cat.-Cu(ll)-CO,H as D.G.
2001 Sames (Ref.7f)

Allylic acetoxylation
Pd cat.-BQ
2004 White (Ref.7g)

Acetoxylation of terminal C-H
via directed metallation

Pd cat.-Phl(OAc),-oxime ether as D.G.
2004 Sanford (Ref.7h)

Predictable site-selectivity by
electric & steric factors of subst.
oxaziridine cat.-H,0, 2005 Du Bois (Ref.7i)
Fe(PDP) cat.-H,0, 2007 White (Ref.7k)

Site-selectivity by molecular recognition

Mn cat.-Oxone 2006 Crabtree (Ref.7j)

1,3-Diol synthesis from alchol
utilizing HLF reaction
AcOBr-carbamate as D.A.

2008 Baran (Ref.71)

Regioselective hydroxylation
by intramol. dioxirane
Oxone-CFj3 ketone as D.A.

2009 Inoue (Ref.7m)

Green-colored : type A transformations

Blue-colored : type B transformations

type C transformations

Barton reaction
nitrite ester-hv
1960 Barton (Ref.8a)

Insertion of (imidoiodo)benzene
to unactivated C-H bonds
Fe(TPP), Mn(TPP), or Rh cat.

1982 Breslow (Ref.8b)

Intramol. C-H amination
Rh cat.-Phl(OAc),
2001 Du Bois (Ref.8c)

Intra/intermol. C-H amination
high performance by cat. development
Rhy(esp), cat.-Phl(OAc),

2004 Du Bois (Ref.8d)

Efficient C-H amination even for inert C-Hs
Rh cat.-Phl(OPiv),
2006 Miller, Dodd, Dauban (Ref.8e)

Allylic amination
Pd cat.-BQ
2009 White (Ref.8f)

Benzylic/allylic amination
Cu cat.-TBP
2010 Warren (Ref.8g)

C-H amination Benzylic C-H amination
hypervalent Br reagent  NHPI-DEAD
2011 Ochiai (Ref.8h) 2012 Inoue (Ref.8i)

Table 1-a: Representative precedents of oxidative C(sp®)-H functionalization (continued)
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C-C bond
formation

other
transformation

before
1990

1990

2000

2010

Intermol. insertion of carbenoid
into simple alkane C-Hs

Rh cat.-diazoester

1981 Noels (Ref.9a)

Intermol. asymmetric insertion of
carbenoid into alkane/THF C-Hs

chiral Rh cat.-diazoester
1997 Davies (Ref.9b)

a-Alkynylation of amines
Cu cat.-TBHP
2004 C.-J. Li (Ref.9c)

Allylic C-H alkylation
Cu & Co cat.-TBHP
2006 C. J. Li (Ref.9d)

a-Alkylation of (thio)ethers
Fe cat.-TBP
2008 Z.-P. Li (Ref.9e)

Allylic C-H alkylation
Pd cat.-BQ

2008 Shi (Ref.9f)

2008 White (Ref.9g)

Olefination & arylation
Pd cat.-Cu(ll) or Ag(l)
2010, 2014 Yu (Ref.9h, 9i)

Remote desaturation of steroids
intramol.-attatched benzophenone as D.A.-hv
1973 Breslow (Ref.12a)

Remote desaturation of alkane
intramol.-attatched peroxide as D.A.-Cu salt
1979 Cekovié (Ref.12b)

Asymmetric desaturation
Pt-chiral D.G. 2002 Sames (Ref.12c)

Transfer dehydrogenation
Ir-pincer cat. 2004 Brookhart (Ref.12d)

*Tz% Me

.N
N"" "NEt,

Dehydrogenative Diels-Alder Og,s‘f\
Pd cat.-BQ 2011 White (Ref.13)

Fluorination
Mn(TMP) cat.-AgF-PhIO
2012 Groves (Ref.11b)

D.A.-guided desaturation
TEMPO-Tz° moiety as D.A.
2012 Baran (Ref.12e)

Table 1-b: Representative precedents of oxidative C(sp®)-H functionalization
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. sp’C-H #EAMRRMICIZ T 7= i Akl R DB RS
OI—1. &8

AHERICBT 5BbH L LT FIRER

FRALS I A B A RS D AR D BB SJEERTH D . T OWFFIC L - THZ <
DOEALAINBRFE SN TE T2, TOFRTH o FIRkEEHR T, ORK[DOK 20%iTFEE TH Y KA
HFICEEICHEET D, OMISHORIERY & L CYEMICERT 20I3KOATHD, O
B CTHARIZ L0 ERABNCHE LT D, & W o 7Rl md b Jeiip i AR o iRk Al
ThHH®, L, HFIRBEITETZE SN ZHERETHEELTWT, HE,LD
BABENIIE O RV —ERENFET D, BbAl L L CEFEEL AW Tn D BRI
BHETR AR OB L > TZON— RV EFRYBZ THDHD, EFILFRICIZZ O~—
RZ L > THEEOKIE~OEANKE HIRESNTHLORBIRTH 5,

SFIRBER & AV 2B LRs

C-H faERELTIERWEBLRISIZ FIREBRERZH WL 611X < fFEL, Fl 2R
Wacker BELS0VE L 72 812 & 5 —EIEmEFE OSSO X 5 e i B 22 55 b AU S -5
— 7T, FIREESE OFREIRIH O 72 DI RIS 23 T o T & 7o B — R 7 O Z A
ELT, Ta—nA7 I VOBLRIGRZFET b s, Bz, $-N-FX 0T O (E
I TEMPO)R®, L7 =17 L-TEMPO R, -7 W LRF L L— FRD, 5 D0 Al
BERP N-A XV TOHARPREN, HFIRBHFE L Y EREH E LTT La— Lz bl

18 For selected reviews of use of molecular oxygen for organic synthesis: (a) Punniyamurthy, T.; Velusamy, S.; Igbal,
J. Chem. Rev. 2005, 105, 2329. (b) Piera, J.; Béckvall, J.-E. Angew. Chem. Int. Ed. 2008, 47, 3506. (c) Shi, Z.-Z.;
Zhang, C.; Tang, C.; Jiao, N. Chem. Soc. Rev. 2012, 41, 3381.

7 For reviews: (a) Clennan, E. L.; Pace, A. Tetrahedron 2005, 61, 6665. (b) Margaros, I.; Montagnon, T.; Tofi, M
Pavlakos, E.; Vassilikogiannakis, G. Tetrahedron 2006, 62, 5308.

18 (a) Blackman, W.; Gaasbeek, C. J. Recl. Trav. Chim. Pays-Bas 1966, 85, 257. (b) Semmelhack, M. F.; Schmid, C.
R.; Cortes D. A.; Chou, C. S. J. Am. Chem. Soc. 1984, 106, 3374. (c) Ragagnin, G.; Betzemeier, B.; Quichi, S;
Knochel, P. Tetrahedron 2002, 58, 3985. (d) Jessica, M. H.; Stahl, S. S. J. Am. Chem. Soc. 2011, 133, 16901.

9 Dijksman, A.; Marino-Gonzélez, A.; i Payeras, A. M.; Arends, I. W. C. E.; Sheldon, R. A. J. Am. Chem. Soc. 2001,
123, 6826.

20 (@) Marko, 1. E.; Giles, P. R.; Tsukazaki, M.; Brown, S. M.; Urch, C. J. Science 1996, 274, 2044. (b) Marko, 1. E.;
Gautier, A.; Doda, K.; Philippart, F.; Brown, S. M.; Urch, C. J. Angew. Chem. Int. Ed. 2004, 43, 1588.

2 (a) Blackburn, T. F.; Schwartz, J. Chem. Commun. 1977, 157. (b) Peterson, K. B.; Larock, R. C. J. Org. Chem.
1998, 63, 3185. (c) Nishimura,. T.; Ohe, K.; Onoue, T.; Uemura, S. J. Org. Chem. 1999, 64, 6750. (d) Jensen, D. R;
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A= G~ EBIET DR E L THE SN TWD, [FERIZT 2 AT D062 S
TV 3 — VEBAERBER SIS SN BB % o TETE VD, HAN-FF LT VL RM,
¥ VUBEER(—EITER AR AL L O AEER) . F OMiE 4 OB & REAE VD
REORENT I VBBERIMEER L L THRESN TN D, TLa—A=e7 I v OBbofic
b, DFRBEOBBERFEZEATHHLR=LaffiDE Rk b 7 & OfH b
%

ST IREERE AV TCBEA sp’C-H A B REELRIS

i Tk~ 72 L 912, sp’C-H #EA OELEBRITER & < BFFExt5ic 2> TE Y C-0
fEa=° C-C MR E~E BT D FIEPBE B I TELN, - HIRBEZ &R
Al LT 2B MD TR LN TS, Ishii HIZXVBIRE SN N-BE Refo 7 XA K
(NHPI) % il &+ 2 SO R 232 R FEH & LThHIT HaL, NHPI O 1 EFbic kv AT
72 PINO T VL) sp’C-H &% T VA NENCUIl§ 5 2 & TIEMEPRATH HRET Y
HIVEFRESHE, C-H B DBEERERILEIT>T\D, £72, sp’C-H fEAD 5 DEHEN
72 C-C #& BTER B~ D IS P & 45 & 4T % (Scheme 1),

Schultz, M. J.; Mueller, J. A.; Sigman, M. S. Angew. Chem. Int. Ed. 2003, 42, 3810.

22 () Liu, R.; Liang, X.; Dong, C.-Y.; Hu, X.-Q. J. Am. Chem. Soc. 2004, 126, 4112. (b) Shibuya, M.; Osada, Y.;
Sasano, Y.; Tomizawa, M.; lwabuchi, Y. J. Am. Chem. Soc. 2011, 133, 6497.

2% For a recent review: Schiimperli, M. T.; Hammond, C.; Hermans, I. ACS Catal. 2012, 2, 1108.

2 (a) Hua, Z.-Z.; Kerton, F.-M. Org. Biomol. Chem. 2012, 10, 1618. (b) Sonobe, T.; Oisaki, K.; Kanai, M. Chem. Sci.
2012, 3, 3249. (c) Kim, J.; Stahl, S. S. ACS Catal. 2013, 3, 1652. (d) Huanga, B.; Tiana, H.-W.; Lina, S.-S.; Xieb, M;
Yua, X.-C.; Xu, Q. Tetrahedron Lett. 2013, 54, 2861.

% (a) Wendlandt, A. E.; Stahl, S. S. Org. Lett. 2012, 14, 2850. (b) Largeron, M.; Fleury, M.-B. Angew. Chem. Int. Ed.
2012, 51, 5409. (c) Wendlandt, A. E.; Stahl, S. S. J. Am. Chem. Soc. 2014, 136, 506. (d) Wendlandt, A. E.; Stahl, S. S.
J. Am. Chem. Soc. 2014, 136, 11910.

% (a) Nishinaga, A.; Yamazaki, S.; Matsuura, T. Tetrahedron Lett. 1988, 29, 4115 (b) Porta, F.; Crotti, C.; Cenini, S.;
Palmisano, G. J. Mol. Catal. 1989, 50, 333. (c) Minakata, S.; Ohshima, Y.; Takemiya, A.; Ryu, |.-H.; Komatsu, M.;
Ohshiro, Y. Chem. Lett. 1997, 26, 311. (d) Samec, J. S. M ; Ell, A. H.; Backvall, J.-E. Chem. Eur. J. 2005, 11, 2327.
(e) Wang, J.-R.; Fu, Y.; Zhang, B.-B.; Cui, X.; Liu, L.; Guo, Q.-X. Tetrahedron Lett. 2006, 47, 8293. (f) Murahashi,
S.-i.; Okano, Y.; Sato, H.; Nakae, T.; Komiya, N. Synlett 2007, 1675.

2" For selected examples: (a) Chuang, G. J.; Wang, W.; Lee, E.-S.; Ritter, T. J. Am. Chem. Soc. 2011, 133, 1760. (b)
Yang, Y.-Y.; Moinodeen, F.; Chin, W.; Ma, T.; Jiang, Z.-Y.; Tan, C.-H. Org. Lett. 2012, 14, 4762.

2 For reviews of NHPI chemistry: (a) Ishii, Y.; Sakaguchi, S.; lwahama, T. Adv. Synth. Catal. 2001, 343, 393. (b)
Recupero, F.; Punta, C. Chem. Rev. 2007, 107, 3800. (c) Melone, L.; Punta, C. Beil. J. Org. Chem. 2013, 9, 1296.

2 For representative examples: (a) Hara, T.; Iwahama, T.; Sakaguchi, S.; Ishii, Y. J. Org. Chem. 2001, 66, 6425. (b)
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a) Concept of NHPI chemistry
(+ metal cat.)

- > 2 — Further
; g 7\ transformations
NHPI a %\ PINO radical

b) Examples of NHPI-catalyzed aerobic oxidative C-H functionalizations

CO,H

Co(acac), (0.5 mol%) Co(acac), (0.5 mol%) ©/ 96%
NHPI (10 mol%) CO,H NHPI (10 mol%) + °
AcOH, 100 °C CO,H AcOH, rt CHO

O, (1 atm) 32% 38% 0, (1 atm) ©/
45% conv. 84% conv. 4%

CuCl (5 mol%) o o
R-H  Co(acac), (1 mol%) O(H) Ar~ Ar FeCl, (5 mol%)
N NHPI (30 mol%) oo NHPIROmOI%) A OR
~ PhCN,75°C  R~"“Ewe 105 °C
7 EWG 0, (1atm) Ar‘MOR 0, (1 atm) Ar” Ar

H
Scheme 1: NHPI chemistry and C-O/C-C forming reactions from C-H bonds
ZOMIZH ., FAEE LTEH B AN L R 2 L E A FI O AR
ICARTENE C-H FE A DIREILZ 1T > TV B HIO0, 73 DV OMERLIC L WV AT 5T 2
VNT VAL DTN C-H AL RS CH fEEM R e G s Tnd, &
Tow NZ VT NllEE DT U MIBERIEZO, 7 makY ) v OB ERIIC

a) Biomimetic C-H hydroxylation b) C-H oxygenation directed by amidine moiety
2
2-Py. R
R »i\n 1) Cu(OTf), R{ y R3\ M CuBrSMe; (cat.) R?
2) 2,2'-bipy. (cat.) N/§<R2
3 DMSO-PhCF
; \H s L <

/g 80 °C

NH O, (1 atm)

c) Allylic C-H acetoxylation by Pd cat. d) Aromatization of cyclohexanone by Pd cat.
*ligand: o Pd(TFA), (cat.)
Pd(OAc), (cat.) l¢) ligand (cat.) *ligand:
H ligand (cat.) QAC p-TsOH (cat.) J
—= U " 5
R/v AcOH, 80 °C R/\) 7\ T DMSO, 80 °C (\/LNM
0, (1 atm) =N" NF R O, (1atm) ©2

Scheme 2: Miscellaneous aerobic oxidative C(sp®)-H functionalizations

Yooa, W.-J.; Correiaa, C. A.; Zhang, Y.; Li, C.-J. Synlett 2009, 138. (c) Correiaa, C. A.; Li, C.-J. Tetrahedron Lett.
2010, 51, 1172.

30 schonecker, B.; Zheldakova, T.; Liu, Y.; Kétteritzsch, M.; Giinther, W.; Gorls, H. Angew. Chem. Int. Ed. 2003, 42,
3240.

8 Wang, Y.-F.; Chen, H.; Zhu, X.; Chiba, S. J. Am. Chem. Soc. 2012, 134, 11980.

2 Campbell, A. N.; White, P. B.; Guzei, I. A.; Stahl S. S. J. Am. Chem. Soc. 2010, 132, 15116.
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E2 7= —nEaBe b HE SN TV S (Scheme 2), & 51213, JefliR % C-H f5 A HE
FIBL SN LT WA B HE STV 5,

L LZINoOfE R THD L, EiRSCIRIESME e EROSSEEDEE CTh 2 80, K
NHAZ2 S DIZIRE SN TV D AL B OBIRENH — 1) T2 < EIRMEICZ Lz
. WEORMAELIEL TS EE XD,

IO DEELELR, HTIRIEEEEMEA L T 5 sp’C-H f5 S OBMLEYE REEM VS 2 1R
72 BSOS M TEREBLT 2 Fri it R 2 BIR T 1UE, BERAMEO & O BAER 72 b A
Tt A ZAREICT AMEOE WL DIZ D L E 2 FEEITFHAESR OB E T
THZEE LT

3 |zawa, Y.; Pun, D.; Stahl, S. S. Science 2011, 333, 209
% Fora representative example: Rosenthal, J.; Luckett, T. D.; Hodgkiss, J. M.; Nocera, D. G. J. Am. Chem. Soc. 2006,

128, 6546.
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0 — 2. fREEEREHEES R OEE

FSOANERRL Ry J A filfh

FIREER 2 W C-H FEATRILEUSD, Jeilk D X 512D TIIED EW 6 D Th 51T
LEDOLTVELEREETHD I LIE, 20 L) RO ERSKRECH D = & & Bk
LTW5, ZORKE LT, Z< OWERBEAFOFZROFRITHZ LV HEfk LT &
D WDIXGBFEIESN L DT 7 a—FITEIG L TN DD TR0 EFEHITE X
Tzo 22T, XIOVBHALET 7 u—F L LT, BESNDISHBZTRSED L O %
PRI AR AR N DR T DL ToDONA— RALEZZ BN NNEE L REtEITH) 2L &
L7,

EHIIARFE LRI W T, M= b a st v 7Y I ROR R LT
(Scheme 3)®°, AKIETIE, = har 1 tfiaDm—F)L 7 LHH2 Lo, B2
T TEVMIEERIEZ L > ThH vy 70 U 7K 3 BWAERRT 5, REBORHE L
T, flix OFREEZ LIS EEIIH L THLENGEER D Z &y 7Y U TER
BondENnd, BWERETAENET OND, £z, YN L TIT - 7o KOS
AT BRI K > T, — gl & BefbAl TBHP &7~ Fenton HU i &% CAZ R 32 Al & 4
X2 T DNV L W I IE 2 ML LBOSENRECH 2 0 F A hiEk 4 25 %
ZHUCE b r s L SSREEAINT 2 R AR St 30800 - oo 15 I e L A S
AN 2 FEO 1 E LAl E LT C-H AU H BRI G- 5 & ) DS BN

CuOBz (5 mol%) o
H 1,10-phen. (6 mol%) PRNe)
o O u x_n,F-G NaHCOs (20 moi%) Ph™ =N =
Ph N . KV TBHP R%\/x%y S
L L DMSO MeO,C 1
R™ "CO;Me St at room temperature S
1 2 3
Proposed mechanism:
Cull @
o //X\
+ |:> t-BuO- H\/X\\ I:> !
t-BuO-OH \ /‘, AN
(TBHP) 4
2
Cooperative
1e"+1e” oxidation

Scheme 3: Catalytic migratory oxidative coupling of nitrones

3% (a) Hashizume, S.; Oisaki, K.; Kanai, M. Org. Lett. 2011, 13, 4288. (b) Hashizume, S.; Oisaki, K.; Kanai, M.
Chem. Rec. 2011, 11, 236. (c) Hashizume, S.; Oisaki, K.; Kanai, M. Chem. Asian J. 2012, 11, 236. (d) Hashizume, S.
“Catalytic Migratory Oxidative Coupling of Nitrones” MSc Dissertation; The University of Tokyo, 2012.

% For arelated study on the mechanism of C-H transformations adjacent to heteroatom: Boess, E.; Sureshkumar, D.;

Sud, A.; Wirtz, C.; Farés, C.; Klussmann, M. J. Am. Chem. Soc. 2011, 133, 8106.
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IR WERREFAMEDEBICHF G L WD BRI Nz, FEH OITZ OBEM I
MEaRrRIFrMEEREEITMELE LT, VDV HEERL Ky 7 X fil i
(Radical-Conjugated Redox Catalysis : RCRC)Z #&"& L 7=,

LG

ZOWEERZIRS = kT 5 2 LN TEIUR, BLRISROERDERICTF L LD 5 L H
REL. o FIREER 2 WR{bAl & 4% RCRC MR 2 FEI TE RV E B R, FHITAERRE
WA T NINHWE LT Figure 2 O X 9 R RENRAERGEZSLR LT, Thbb, —kW
1BV Ry 7 AWBERD T WVWEBS I ONTWDH - S X 0F—FERESRE S, 1
BB IV AT CONVEORADFRFTE L2 6WERE L A GLED 2 & T,
AR T 2 B L Ry 7 RIEEEROMEBLORIR A2 BRI 2 & & Lz, REREICH S
A 7y FIRFERIC K o TSN D 2 & T, PLBRLAVDAKEY 2 — AR ZEREN 1
BT O SNTIEMIREBIC 2 0 . T OAKT D HNFEREED C-H #a% 7 VUV
U5 & L b mELIREBIC H AP OERAIRET ANV E LE LT HZ LT,
FOSHED @ WHRTH D 0 F A R0 OF MR L 52 5 LEI D, T O

BOFRE LT, SEMEE U CRM Oz HxOp)
P — BB & % WG 012 75 C —~ N ()
— s . N ! 2e” redox metal
XDHRRO, TUIINE WD FRME e el X process ).(
V= 5 U C A2 72 B B 2 0 I H ( J
N ] . 1" redox-acti ul
e EV L FRL A C-H &8Ik o eorr;anoi)c( r?’lcoéf\;ele [ C® otc 9

TEMREICHWD Z Ik > T, B2fnre
SISt &AL SRR oD [ 37 W AR
TEDHENET NS,

—. product

Figure 2: Concept of catalyst design

A fRME T R )L ¥ —(Bond Dissociation Energy : BDE)

BT O NFERIEE D C-H D% T 2 I NHNTEIWT 5 Kokt 2 A8E T 2B A H
L7220 2 DEEEC RSB R L % —(Bond Dissociation Energy: LA T BDE)3%F H 15,
Tebb, C-HEAUINNCES T 5 LBEIND AT 2 HLFE X ORIBEA X-H ¢ BDE
L. ERET D CH KB ® BDE &L, BIENZRE LD REWEEL LWET Vv
X723 C-H #5862 Gl 2 FRIZB) FRICARITH Y | W THIUTES ) FIICARITH S
ERENICHBEL D Z B TE D,

REMR CH 13~ T 2 7-H 54 ® BDE % Table 212k L0 5%, il LTHbL

S (a) McMillen, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982, 33, 493. (b) Blanksby, S. J.; Ellison, G. B. Acc.
Chem. Res. 2003, 36, 255. (c) Luo, Y.-R. Handbook of Bond Dissociation Energies in Organic Compounds; CRC
Press: Boca Raton, FL, 2003. (d) Tian, Z.; Fattahi, A.; Lis, L.; Kass, S. R. J. Am. Chem. Soc. 2006, 128, 17087. ()
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72 Ishii ©® NHPI T X 2 FUSRICB W TRISECIE > BDE A thikd 5 &, MR TH D
PINO 7 ¥4 /L DA NHPI @ BDE & [A%: ™ BDE %455 C-H fEA £ TH, b L 1Ll
PRGSO S keal mol 1E £ K&\ BDE ZHf5 C-H fi& £ TORBMLATEETH 5
ZERbMD, ZOX S, IHEERORD C-H A UINHEIX BDE IC L > THLREERED
HTENTED,

H Me H
wr e o D (T
e

104.99+0.03 101.1+0.4 98.2+0.5 96.5+04 94.5 £ 1.0 (Ref.37a) 95.5 £ 1.0 (Ref.37a)

(Ref.37b) (Ref.37b) (Ref.37b) (Ref.37b) 95.6 + 1.0 (Ref.37c) 99.5 £ 1.2 (Ref.37c)
H
H
Q ©/ PR O l/\f
82.3+1.1 85+ 1 89.8+0.6 829+1.2 921+1.6 90.1
(Ref.37d) (Ref.37d) (Ref.37b) (Ref.37e) (Ref.37e) (Ref.37f)
Me
Me N-O—H N Me
HO-H Me——O-H  HO-O-H © o
Mé o (NHPI)
(R = t-Bu) (TEMPO-H)
118.82 £ 0.07 106.3+0.7 87.8+0.5 82.8+0.21 88.1 69.8
(Ref.37b) (Ref.37b) (Ref.37b) (Ref.37g) (Ref.28b) (Ref.37h)

All values are in kcal-mol™.
Table 2: BDE values of representative C-H or heteroatom-H bonds

PLED X 90z, MR EHIEE LT v WiEE R O FiBRIA D BDE #%[E4 5 Z & T, C-H
AU T ATEE A HATRE RS 2 N T | R OBEIC /25 2 L 3R T
5, FEHXINEBE LD OAHTY 2 — VN ORGFE2ITH> Z & & LTz,

1%%VFy&XEﬁﬁ%E%§@%ﬁ

BT L Ry 7 AR AR OB E L CIkkx R BERENDH D, N-BE Ko7 3
V%?:F\4:Fi\%@Noﬁéﬁf7yﬁwmxﬁﬁ%##%ﬁmiéﬁ CC AL
WEZ LD LN TED, ZOXIREEMRDOID, VETFIRIGIZL DT PV
IR S ThHH Z ENMHLNTEV®E, ek L7z NHPI iR S A NICHRET 5 2L b 2D
JFEECHTX %, LL, N-O 7 VAN OILFIFRIA < HFE S0 CTE Y BEE R LAz
JEHENTVBEP LWL b bz, FECZ LwWeEBEZz bRz, 2T, 1ETL

Laarhoven, L. J. J.; Mulder, P. J. Phys. Chem. B 1997, 101, 73. (f) Wayner, D. D. M.; Clark, K. B.; Rauk, A.; Yu, D.;
Armstrong, D. A. J. Am. Chem. Soc. 1997, 119, 8925. (g) Lucarini, M.; Pedrielli, P.; Pedulli, G. F.; Cabiddu, S;
Fattuoni, C. J. Org. Chem. 1996, 61, 9259. (h) Sheldon, R. A.; Arends, I. W. C. E. Adv. Synth. Catal. 2004, 346, 1051.
% Hicks, R. G. Org. Biomol. Chem. 2007, 5, 1321.

% For representative reviews: (a) Ryland, B. L.; Stahl, S. S. Angew. Chem. Int. Ed. 2014, 53, 8824. (b) Seki, Y.
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Ky 7 2EMEE#EFER L a) 3 oxidation states of hydroquinones-quinones

LColties b HE D OH _ 0 _ o
B S LTV TWS © oen © e @
BIAIEIT RV EHRER L LT,

OH OH (@]

EHEE R/ v-% /v hydroquinone semiquinone quinone
AR & D il R A S (HQ) (SQ) @

e L, (Scheme 4) b) Examples of redox potentials of hydroquinones-quinones

ERass /-5 003, 1 Me MeO
B L Ry 7 R E I

Tk FE%/ U HQ)., &%

. . _— E®(Q/SQ) -264 -150 650
7 <(8Q). F /A (QD 3 Felis E(SQ/HQ) 350 187 473 >650
DOEALIkEEZ & 5 Z N T *All values are in mV.
&5, £, HERETOE Scheme 4: Hydroquinones-quinones

HAHSE AN 7p PHEEERICE D U Ky 7 AREOFRTI B RN ES THhDHZ L bFlRE LT
BIFoind, MPIZEF NS S, BEEIC L > TEORLETEMIIRESE{LT
WD ENRDLND,

v IXx - URIOBEIETTENMN EV(Q/SQ)23-180 MV L FDE I & /) T U VX ]
WRNZ TIRBBE ERIGE L, A—R—F X T DNEE 2 AHIEX ) o~ ifbEn b
ZERMENTVAY, 2—R—F XSO HANT T h AL E T T Y L HOO [EHITER

1e” Oxidation of Radical

by SQ or metal™? /O-~ metal

/
or C~OH o) Electron

) Transfer
\ .

/ metal /O“' metal
. _Oe + C . . Oe
HO HO

Electron
D Transfer

n+1

0, Activation

~ metal 0O,
QZ( O OH = metal
# Jj%/ *0-0H
C-H Cleavage

Scheme 5: Working hypothesis of RCRC catalysis using HQ as redox-active organic module

Oisaki, K.; Kanai, M. Tetrahedron Lett. 2014, 55, 3738.
40 (a) Son, Y.; Buettner, G. R. Free Radic. Biol. Med. 2010, 49, 919. (b) Samoilova, R. I.; Crofts, A. R.; Dikanov, S.

A. J. Phys. Chem. A 2011, 115, 11589.
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R0 O-H 54 7547 88 keal- mol™ & HLi iV BDE 285, & BICI3bA Afg7e & OELALIC
K0 ZDT VRV IRENPARLE S, C-H fEE TR LT R Y @mWEED FEBLT6E & 4
FFC&ED, INHLEEZBEL, L Ny 7 RAIEHEARERELZBEOEMLH & LTS
ZHUCEVAETCTEA—NR=FR TV N% C-HFEDT VA NAIEIRIZHWS Z & 250
. Scheme 5 (TR ARERMEE Y A 7 V2 SER UT- (S Ic oW Cidgid), 372bb, h
DARE DEBEAZH(step AN L VAL DB IX ) 0T VDV yFIREESE & KO L(step B)
HELDA=R=FF T HNVNRIEED C-HFEE T I NVHNZUIETT 5 (step C), FEFE%
1EFETLY ) o~ tBbESNEAHBE Y 2 — VL, TO%RMEER L IRET VL E 1
B3 ORI L(step D, E)MEJECIREE~E D EHE L, 1ET LV Ny 7 ATREAHERE
LN EEE C-H 5B 2 BB L T 2B T2 SUCREE 2 IR JE iR U 7= s & (Figure 2) &
TR 505, MR EIEML L C-H REUIIS T 2 IEMEM 2 R ESE L 7 rE AIZAEL D
AT O HINEHNTHT, HIEBERE 1 BV Ny 7 AEEAHRERELHAE
PELZEIZEVEKRT2E SV Ry 7 AEROMBEZRET L TWAETIERICTH D,

filgi oy DELEE

ATTE Con LI AR ERMEEY 1 7 V2 RBLT 572012, SR L v R/ -5 VML
EOMBREBEIRZNUNIEL 2D EEHITBEXT-, T T, e ka¥x /) o-F ) Va4
B AT L XY oe R/ -acac AT 5 255 L=, @R LINEEICH D 5F
—HEBARIC L0 1B E22T 1,3- VR = LB S T VB REAT 56
L HERB V™, BE L OIS ICB W TH RN VETFRICE IR v

TV HIVINEGIFET DH(step A) EWIFFL 72, 51X 0O O
CHREER DAL P TH Y RO 4- 93— R 7 = /) —

L6 ) 3BTRS A FTRE T db % (Scheme 6). 27 oul (cat)

A, UETIEZ DL Ry 7 ZBHEIC STl 3)Pd-C.H,
NHENTWRY, ZNHOREER, FEE5FZ D5  OH O ONa OH
ERFOMFSR LB L b LT ® -z °

Scheme 6: Structure and synthesis of

hydroquinone-acac catalyst 5

41 For a review of Mn(l11)-promoted oxidative generation of radicals: Melikyan, C. G. Org. React. 1997, 49, 427.
42 Cativiela, C.; Serrano, J. L.; Zurbano, M. M. J. Org. Chem. 1995, 60, 3074.
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O—3. b FeXx)  BHEEE AWKk

v Fe ¥/ -acac L&A 5 % Ay 25t

AT - B L ORI A . AT O 2 MO BT 5 MR mLES & T
NWELTHWAZ ETITHIZ EE LT, S5ALICE Raxvikas LSBT 4 —/L 8 DafiL
C-HFAmb L fi< A B AL b= AT )L Q TER T ~T 1 i+ 2 DI E NI ATE LS
H Y L STV CH A EIENE LTRY, M ED T4 B0 NE
THESCDIHIR SN D T-DRIOE B Z 012 <, FIIRFOET V& LTt &5 2 7,
Flo, TIVRZ—T N Dafif C-H #EE & ik URIEMETH 5 DL C-H f5H Ol
EEOEEHEOETLE L THRELR,

FTHDIC, HE 8 D9 ~DRAL G % T T MRt Z24T - 7= (Table 3), #1HIZ, & - #%
2 E R RMIEORG 2T oTc L 2A, WF AU EomWEREZHWEEIZXD
FEVEMEZ R T Z L300 | Fe(OTH)s 3 b mWEMEAZ R L7, RIZ, @@ICEAL L T
HEEZOND 5 BT =ALMEY B R ET 5B THEERMAIORG 2{To72L 2 A,
WHTEME AR T ST LEOMMBRE R oTo, MEMRICORIERY TH L KEZFR B TH

o O
0 metal (x mol%) e}
OJ\\/YOH HQ-cat. 5 (y mol%) _ /tO)LPh
H >

o/ P DMSO,60°C, 24 h C Ph
O, (1 atm) 5
8 9 OH
Effect of metal (x: 10, y: 20) Effect of additives (metal: Fe(OTf)3, x: 10, y: 20)
metal yield [%] metal  yield [%] E base MS
Cu(OAc), 0 Fe(OTf); 18 : (20 mol%) yield [%] (600 mg/mmol) yield [%]
Cu(OTf), 5 Fe(OTf)* 7 5 NaOMe 10 3A 9
Cu(OTf),* 0 Co(OTf),* 0 ! KoCO3 2 4A 7
FeCly 3 Ni(OTf),* 0 ! NaHCO; 8 5A 15
Fe(OH); 2 none 0 N-Me-imid. 11 13X 4
*With 20 mol% of DIPEA . 2,6-t-Bu-Py. 19
' DMAP 9
Other modif. (metal: Fe(OTf)3, x: 10, y: 20) Substituent effect on HQ-catalyst
modification yield [%)] : (metal: Fe(OTf), x: 10, y: 20)
air instead of O, 14 ' e Q e 9 o 92
rt 1
1eq.of 55 Me Me
Effect of cat. amount & ratio (metal: Fe(OTf)3) : o o ol
Xy yield[%] x y yield[%] OH OH OH
10 20 18 10 5 7 5 10 " 12
25 20 29 10 10 12 ! 14% 6% 0%
5 20 24 10 0 0 5 8%* 3%* 0%*
20 20 19 0 20 0 ! *With 20 mol% of NaOMe

Effect of solvent (metal: Fe(OTf)3, x: 2.5, y: 20)

DMF DMA NMP DMPU HMPA CH3CN, AcOEt, toluene, benzene, CHCI3, DCE, IPA
13% 31% 94% 36% 11% all 0%

Table 3: Initial investigation using HQ-catalyst 5
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WBKF S, BODEERIZE 2 e oz, T ORE TSI F#IT LT o
ToDT, flliE 5 BERLIREED O ATHPRREICER S ST YA 7 L D3 [El5 TW WO Tl
&w#k%%b ;®fﬁ7u%2%@%Lﬁéﬁ%TE@%%EALKS@%%WNJZ
ERRET LI, WICNEEA R T ESE L858 7207, Lol @B L 5 O K O
ﬁEEW@@ﬂ%ﬁokk;éx%E%ﬁgéﬁﬁéﬁéitfﬂgﬁﬁibx%ﬁ%%
FROSITEITT 2 2 L0 oTc. S OICHEEOBRF HIT-o72 & 2 A, CHCN R X v fidk
DIRVEBEF TIERSIEELEIT LR -2 b 0D, 7 2 RRORE TR B2 R4
R~ L. NMP Z V53556 10 TRghZR CRLEUG A EIT LT, E£7o, AEZAEREL LY
BAEREETH DY 7 2=V A X 2 13 O b 14 ~OFLE % AV D IEERHE £4T -
7oy AW DTN Ko TR E < SOSMEDZEA LS 2 17 23 FIERIZHERS S 41(Scheme 7), 24 fil:
B 5 % N2 OGS R DSBS RS KA E 2 R 2 L oo T,

metal (2.5 mol%) o

H)<H HQ-cat. 5 (10 mol%) _ L
Ph solvent, 60 °C, 24 h Ph

13 O, (1 atm) 14

NMP DMSO CH3;CN

Ph 15% 2%  <1%

Ph

Scheme 7: Solvent effect for oxidation of diphenylmethane 13

NMP JEIEH TR WG TEA R SILD Z &N o TodD T, &G L7 ¥/ ‘/ﬁﬂll;?;
5 HIROMEEZMERT 2 BT, 2> b — Ul % V7= 5T RS8R 21T - 7= (Table 4),
bbb, B RaX ) UBRITERW 15 R0 16 O X 5 Zefillil & 72 BRI ER L RS 23 #Z)
MEPEHER LT, ZOME. NMP EEZ WD L, 1516 DX O X I—Dk KX
J A W25 A 130 T @BRMIEDH DA THTIITETEEEZ K L ST
JEEATT 2 2 3o te, L, EERSKISZEIT DL, & FeXk ) it 5
FAE FCTIEIEAFEAE F R b ROSHNRED 72 0 <, FEBRIZHERR ThOUS Z 457 1k 4 2 EiR

n’%%‘%z)%% ARSIz, Thbb, b FaXx )/ Uil 5 JEFEE T Cb M bS I3
17920, 5123 &S RISOME R &5 Z Lol

Q\ o Fe(OTf)s (2.5 mol%) o
o/\\/><OH catalyst (10 or 20 mol%) _ /\:o)zh
H

A NMP,60°C,24h O Ph
8 O, (1 atm) 9
a) Control experiments catalyst 20 mol%) b) Short-time experiments (catalyst: 10 mol%)
o]
catalyst time yield [%]

5 4h 6

M none 24 h 94

none 4h !

24 h 85

94% 92% 78% 30% 85%

Table 4: Control experiments using redox-inert catalysts
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Time-Course 5k

filtlt 5 DSOS IEN R Ff o TV 2 &0 | 5 F(E TR OFEAFAE T C OIS ORI
By 72 28 & ffERR 9 < | time-course EBR A 1T -72, NMPIFIEEH CTHOT X —/1 8 LY 7
x =)L A X 13 OFELRIS ORI LA . Ml 5 OfFFE T EIEFE N & Tl 252 &
T 5 ORFAEMGE LT,

metal (2.5 mol%) o
H)<H HQ-cat. 5 (0 or 10 mol%) _ )J\

Ph”” “Ph NMP, 60 °C Ph™ ~Ph
13 O, (1 atm) 14
yield of 14 [%]
20
10
== without HQ-cat. (0 mol%)
==te=with HQ-cat. (10 mol%)
O T T T 1 time
0 6 12 18 24107l
Q\O metal (2.5 mol%) o
O/\\/><OH HQ-cat. 5 (0 or 10 mol%) _ o Ph
" P Ph "é)MP% 6? N O/t)LPh
8 2 (1 atm) 9
yield of 9 [%]
100
- /‘/'/K
50
o5 =t=without HQ-cat. (0 mol%)
=0-with HQ-cat. (10 mol%)
0 - . . time

0 6 12 18 24 [0rs]

Table 5: Time-course experiments about oxidation of 8 and 13 in NMP-solvent

ZORER, 8L 13 ELLDEEEZMWDMIS S FEROZEE 27~ L, Ml 5 ££7E T TITX
JEBRARE R > HEALEOG ST LTy < DIt L, 5 IEAE(E F CIIRIGBRAAH 6 IR L%
LT BEEREITT 5 LV ) BBRIEWT — 2 3G b, TORSENG, il 5 121X
RNL Y LS NE S/ 22038 D 2 & D3RR S 4172 (Table 5),
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FEMRII X B RET

b Ra$ ) Ul 5 1 NMP A Ch ARREDIEM A R L= b 00, L K&/ C-H
fEA OB bE BIE LTZBRIC, FEE O C-H G L0 bIEEE L U GRREIE(FIET 5 NMP BIED
C-HRAEZEEMIIIEL TLE S Z LA ST, FEEIC NMP BB O SUGHE T4
IX. NMP OZE o7 C-H FEABMLICH KT 2 E bbb N-AF LAy v g 2 R0, Rk
B A FIALERTER LI L Bbhd -t ) RURBIEINT, ThaiEL, BRhic
% U CARIGHE 2R B CHOIRET 2RO 2 HIE L. il 5 OFFEMLIc k27 7 r—
F a2 R,

FEDORRFHZEBW T, NMP BB TS ZAT 2 2SI 3 RN T il oive Ra X 2 ik
5 132 (ICHREE L T o 7212 L, CHRCN AR AR CIE A B AR O L < -
72o THUDY CHCN EIEH TRAL UGS RMERE L 72 D2 o TEJRR OO E D TIH RV E B X
5LRERDOL Ry 7 A%E A L HZ ENTEHMELZTEL 2RO, ZOMBERZMRL S
DA A & DB 17-22 %G - AR LT,

a) Synthesis of derivatives 17-22 of HQ-catalyst 5

O OH
|
OMe
)é\ _C 5 * 19 _9efg O
OBn 25(R H)
OH

23 26 (R = Br)

(@] (@]
19 R B

O OH

OMeO
JD@ O Sl " Rt
MeO O
OMe OH

Reagents and conditions: (a) 24, Cul (cat.), proline (cat.), DMSO, 120 °C (b) 10% Pd-C, CH,Cl,, rt, H, (1 atm),
10% (2 steps) (c) cinnamyl chloride, AICI5, DCE, 0 °C to reflux, 19-30% (d) BnBr, K,CO3, TBAI, DMF, rt, 90%
(e) (BPin),, PdCly(dppf) (cat.), KOAc, DMSO, 80 °C, 80% (f) ag.H,0,, THF-H,0, 0 °C (g) BBr3, CH,Cl,, 0 °C,
25% (2 steps) (h) 1,4-(MeO),-benzene, AICIl;, CH,Cly,, 0 °C, 87% (i) PdCly(PPhs3), (cat.), NaOAc, DMA, 130 °C,
9% (j) BBr3, CH,Cl,, -78 °C to rt, 94% (k) AcCl, AICl3, CH,Cl,, 0 °C, quant. (1) BBr3, CH,Cl,, -78 °C to rt, 95%

b) Evaluation of derivatives 17-22 yields [%]
derivatives in NMP in CH;CN
H H Fe(QTf)3(2.5moI%) o 5 15 <1
)4 derivative (10 mol%) )J\ 17 15 <1
Ph™ "Ph NMP or CH;CN Ph” "Ph 18 trace <1
13 60°C, 24 h 14 19 6 <1
02 (1 atm) 20 1 <1
21 1 <1
22 1 <1

Scheme 8: Derivatization of hydroquinone-acac catalyst 5
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B LI ZNOFHERE, N DILBRAEEOE 2T 7 /WIS OBERHT 21T > 72, L
LWFROFEE S NMPIEBH TS LAED L IZZNBL FORER%E 5 2, CHCN &
PR CIE 5 & [FRERR LA IEST L 72 7> - 7= (Scheme 8),

VIR D DEE

UED XSz, b Fu )y gl 5 2R & UMK ZET VRRE LTE
DR IEREREREAN 21T > 7o SR O ELRE TP AN BRE 7 E IR A 2R LTe s, BBk
(ZxF LARTEPEZ: CHRCN 72 & DR CIEBRbIZIZ & A EH#EAT Lo e, 72, 5 FEAFAE
TIZBWTYH, MUSEEDKTABHEND L DD, NMP a4 L L THW ISR LG
FFITEIT LT, S HITE, FAFERE A URET L7Tc b DD, B biG M I iR £
BTHIMANELS BENz, ZNHDOZ Enb, i Lt 5 T/, Wit LT
M2 NMP 23 bIEHE D FBUC M TH D L HER STz,
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O—4. 73 FOERUIEERME DN

ATE E TOMG L 0 IEEE RO NMP NERLES 2 8 < RET 5 2 L BNbho T2 h3, 2
ED X DI ARE L TV H DLW o 72 NMP OREIZ RIS 5 Z L i1x, TOH%DOITERe
FRIZEL RO THETH D, ZOBRENENBHSNZHYNICEZ b hetEs L
T, ONMP 2Milt4: 8 1233 2@ Y 7B 1 & 72 > T CAR A T & T2 EA R EESR
FREIZKRT L CHRVIEMEZ 7R LT 5 . QA BRI DY NMP JE8EH Cidsni] S vt
FE RN Z N EIEIEIC DR o T D ORLIEMERE OB AEICEDL L Ky 7 A AT ¢
T—H—OEEE LTS, © 3 DBRFEFOND, QOREEMIZOWTIL, RAIFEIZEBWNT
TR A7z X5 (Sl 5 2NEEE S 2 A NMP Tl - oo OIS B S =03, 5 IEFE
Tob Fax ) VATV E AW ZBIC O RIS EIT T2 2 E0vh . ZOREERIZE
HEZHE XTI, Ko T, ORUVODARENEIZOWTEET 272D ORF 24179 =
bl Oy el

7 X R& A FERNLFIT K D%FT

SR LT-QORYMERFT D720, RIS LTT 2 FROZOMEBFRF 1 & BT
ENLC R OB T 2RI L7 9 2 TIET X RSB CHBEDEITT 2 it 217 o 72,
LU D, WTENOEA B RISITIEE A SHEITET, NMP IREE M4 8 263 2 5
BI7RBNL A & 70 > T D ATREME & SR 2 5 1345 B v 7> - 72 (Scheme 9),

Fe(OTf); (2.5 mol%)

H H  N-typedigand (3 mol%) _ L
Ph Ph  CH3CN,60°C, 24 h Ph

13 O, (1 atm) 14

all <1%

N-type-ligands :

' HO
2,2'-bipy. | x

1,10-phen. o N7 P OH

H
TMEDA AN NG

(Ar = 2,6-i-Pr,-phenyl) /

353

\NH HN/

Scheme 9: Reaction with N-based ligands in CH3;CN solvent

7 I FEHMANC & 5%t HRER

@DEHMHEIZ OV THRAT R, T RZFRMAIL LTRPICHEFSELZ LIk -
TERALSUG D EITT 2 D EDRET 21T >720 NMP 2D 107721 T, lixDT7 IV - 7
2 REE 2 YEOUIAIE L TR L, %@’f*%\ ) 7 2= 7 2 U EBWETRT
D7 I R8T, IINFIEFLE TSI T L7222 o e BRGSO T 0 Tlddh 5
WHEATT D 2 L0 ﬂ@ﬁm%$E%®MmmﬁLOHﬁéé%kﬁP%%ﬂ3K$PT%
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Fe(OTf)3 (2.5 mol%)
HQ-cat. 5 (0 or 10 mol%)

3% additive (2.0 eq.) _ i
Ph™ “Ph CH3CN, 60 °C, 24 h Ph™ “Ph
13 Oz (1 atm) 14
0 0
0 0
additive none NPhg ©E,\>:O N-Me N-Ph
L N-Me N-Ph
Me Me
Me Me
30 (NMP) 31 32 33
without 5 0% 0% 0% 0% 0% 0% 0%
with 5 0% 0% trace 1% 1% 1% 2%

Table 6: Control experiments using various amides as stoichiometric additive
ARSI L2 AT S BT/ & D, BHRoNLO C-HFEERCKFET Vv, ElidfmbE
DA I RIgENZDOREEFF-> TN TIEARL . 7 FEARSECIZ A LEZE
TR ZRIZLTNDZ e DND, £lo, B Rk U 5 EFEEFICBNTIT IR
DI &> TRISHEIT LR o 72 Z L b B TIIBbIEEZ /RS20 08 5 HIKIZ
b BOSOIEERN IR D B 2 Z & D3RR E 472 (Table 6),

LLEOBFDS . 7 I RIZEMEIEMERE ORI D D = L1 & o TIbR &2 LT
WD L EE DA LT, 3E LWEREIEIEEO R AEERIT RIS, TS O EREE R A
BBHIT, TIREVIHERELO L OBMALIEERICZEL L TWD b L < I3MLIEIERED
R EHEE D> TV D EEXDONEY &2 5, NMP BB CEWEMEL RN R Sh
o, ZO#EERETT I PABREEHRER)FEL TV ENLTHS, EEX T
%o 73 RBEUIEMERORAEICE DS & Vo A RIT W E WSR2 <R, B skats
175 2 & THRMIER ~OR BN S -7, WHEMUBEOBRHNEITH> 2L & L,

43 Although no amide-catalyzed or -mediated aerobic oxidative process has been reported, aminyl radical-catalyzed
aerobic oxidative C-H transformation was reported: Jia, X.-D.; Peng, F.-F.; Qing, C.; Huo, C.; Wang, X. Org. Lett.
2012, 14, 4030.
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0—5. 73 Pl m i st

HTHl A= X 91, FHIELT X R 50O CEALIEMEREIZ B > TV B L Hll L
ko_ﬂ%ﬁﬁ BHIOHKF L ITRR Db OO, 7 Re_—R L L0 21T 9
Tl TRbH, 1F %V%/7x@$ﬁwﬁﬁﬁkbf7:\%mmégkf\é
MIRBLTIZL D72 T PN L Ry 7 2l OB E ROSEERE N FELTE 20 Tiden
MEHIRFL, TR bk¢uiﬁﬁfmﬁﬁ B RN D XD i A 3G - G LR
EITHIZEE LT,

T X NIRRT 34 KO 35 DA

FRALIEME DR BUCMETIZ R -T2 b DD Fu X ) Uil 5 28 2 ik & 5 20 3
ERLIEZEEEE L, 5 OMEICT I REMAARTLER E OGN & E S5 2
ETCINHOMTOMNBREFRZZPHFCE 5B 4, 7 I NIEAAME 34 O 35 %
FE L7, Zhbid, filO N-7==n-2-t'r Y 31, HOERIEN CHREEEY T %
TIN36DINET 2=t LTz 336, NIMOIT— NMuEi< Iy 7Y 7 ORI
X VAT % Z & 23T E 7= (Scheme 10),

0.0

SO S I

H
Me N o
Me><j 31:R=H 37:R=H
—2 » 33:R=Me 38:R=Me 34 R=H
36 35:R=Me

Reagents and conditions: (a) Phl, Cul (cat.), DMEDA, CsCO3;, diox., 90 °C, 84% (b) NIS, AcOH, 100 °C, 74-
79% (c) acetylacetone, Cul (cat.), L-proline (cat.), K;CO3, DMSO, 90 °C, 36-42%

Scheme 10: Synthesis of amide-conjugated catalysts 34 and 35

filigt 34 Fo O 35 OBEREFTAT

B LTz 34 JoOY 35 ORREERE DREATI 22 . [FIARIZ 13 D2 DA UG & €7 /VITAT
ST, W OfiiEE | 10 mol%, 50 mol%, 100 mol% O filifi & TR 21T -7 & Z A, NMP
DEH 7T I RELERMF L L TMZ D 5L ik LTkt RE<m kL, L
LR, WTN G RELL EOBLRINITE TE T, YEKSICEE-TLEI L
Bbhmole, KVBEINTWEE THLIERIRT B4 —L 8 OMILUS bRAT-8, 2
DEE b U EPUSIIHE £ > T LE > 7(Table 7).

4 Osby, J. O.; Ganem, B. Tetrahedron Lett. 1985, 26, 6413.

28



H 4 Fe(OTf) (2.5 mol%) o) j O Co(OAc), (2.5 mol%) j o o Ph
P 34 or 35 (x mol%) P )\H\/><OH 35(xmol%) O)L)L

O » Ph
Ph™ "Ph cHieN,60°C, 240 Ph™ Ph pr{ ph  CHsCN, 60°C, 24 h
13 0O, (1 atm) 14 8 O, (1 atm) 9
x  yield x  yield X yield
catalyst [mol%] [%] catalyst [mol%] [%] [mol%] [%]
10 1 10 2 10 7
34 50 6 35 50 13 50 38
10 13 100 24
10 2
35* 50 8
100 16

*Co(OAc); instead of Fe(OTf)3

Table 7: Evaluation of reactivity of 34 and 35 as catalyst

a) Synthesis of amide-catalysts 39, 40, and 41

OH
S CL g T o >
e
a

Q - = N/ N OMGL C'—d>

N Me Me N__o
Me Me

43 ' v

9 44

42
3
40
OH O
oM O OMe O ]
SRl @A o wo A
e
Me N
o
45 ! Me><_7? 36
46

4“1

Reagents and conditions: (a) 36, Cul (cat.), DMEDA, CsCOs;, diox., 90 °C, 34% (b) NIS, TFA, CH3CN, 50
°C, 54% (c) 36, Cul (cat.), glycine, K3POy, diox., 100 °C, 36% (d) BBr3, CH,Cl,, -78 °C to rt, 42% (e) I,,
PhI(OCOCF3;),, CH3CN, rt, 94% (f) 36, Cul (cat.), DMEDA, K,COs, diox., 100 °C, ~20% (g) BBr3, CH,Cl,,
-78 °C, 21%

b) Evalution of amide-catalysts 39, 40, and 41
subst. metal amide results

H H o 39~
M 13 metal (2.5 mol%) )J\ 14 Fe(OTf); 40
Ph” ~Ph 39, 40, or 41 Ph™ P 41 .
or (100r20mol%) or 39
CH4CN, 60 °C, 24 h 13 Fe(Ohc) :2 No reaction
Q\O Oz (1 atm) o . e 39 " ~ in all entries
OH o _Ph
o) ) o Ph Co(OAc), 40
PH Ph O~ “__
8 9 40
8 Co(OAc), ,,

Scheme 11: Derivatization of amide-catalyst 35 and their evaluation
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FEART I R 34-35 DAL OHEREREAT
FRET L7277 X MR 34 J O 35 1%, AREEEIERIZ L T Wb oo, &RFEEENE T
RERAL & T2 K OICRREI L2 Z & T, BT I RE2 M ERINA & 32 5% & ik U g
BT BIEMENRE LS ER L2 &3 hoTa, ZHEER, FEERBERRE 2o
il 25X A LIRS 21TV AERETH L7 I Nofitifi ks HiE L7,
FEFILIFHOT I MR 39, 40 KN4l #%F L, TOK 2 EAR LTz, Zivh O
%ﬂM% RV NG R OYT 7 # — VoAU G % T T MAT 2 723, WTho
BRI DIEMEIT F o 72 < IR & 7220 o 72 (Scheme 11),

U EDOBEHERICT2EE

FALTEMERE D EIC 7 X RAEHER D> TWD T LRI ENT-DT, 7 F&L Ry
7 ATEMEAHEEREIL & U CTHW DAl A SRt L7223, 34 K Or 35 @ K 9 7 acac LA/
DOREED HERTEYEZ ) E X W7z, LosL, K OIEMEAE W 35128\ Th ., B LRSI fik
AL EEIT P Y BRSNS E > T LE o7, ZORIGICEW TELEE AR LIS D ARk
MZREET D L. RICHK T 35 1XFEIT 47 ~EHEL TWAHZ B bnolz, ZiX, 48
FIT A DX 72— FF L RRGRLTAER LD EBZ L, 35 BIRIT 47 ~ L
BEND Z LIC K VBETEMEREZ BAESE TV D EEZ LN, BIEE A OS2 iz L
TWhEHEEIND, ZOBLOT B ARRRHHTHY 47 ~EHEEL TN 72D, 35
(IR IR RE P Y BROSICE E > T LE-> TV 5 & 2 b A (Figure 3),

O O (6] — . 7
presumably via
O
after the
MMW 0 reaction MMSG? o N o M e)%i?;
e e Me
35 47 L 48 49 ]

Figure 3: Decomposition of amide-catalyst 35 and hypothetical decomposing pathway



O—6. 7 FBEEFTOX VNV C-H fEEBRILRUE

AEE TOMG T, AWEREROMB(LITER SN THESIOUSICEE>TLE-STWD
LoD, T IR ESFIREERE D DLTEMM 2 A SETWD Z & ARSI OO E A
Pt L7 VWD, £ZTEHIT, 7 I FEEEEE LTIV D U DAL RIS DI
PEZRard o2 L& L

H H O
A 3 30% s L1 a X metal (x mol%)
. o s Ph™ "Ph  solvent, 60°C,24n  Ph~ Ph
EPOOIC BlAE I~ V722, o 1
VAR NZDRY T 2 ) 1A ~DERAELEUS .
X NMR vyield

PETILE L, BARISSHORSEZITo 72 entry metal [mol%] solvent [%]

(Table 8), NMP V& CHix DF—HEB L 1 CuCl 5 NMP trace
) B ) 2 Cu(OAc), 5 NMP 14
BRI REI LI 2 A, iz SV 7T 3  Fe(OAc), 5 NMP 1
N7 "= FeHWBERBIZBENTERDL S 4 Fe(OThy 5 NMP 13
ot e e . 5 Fe(acac) 5 NMP 6
W LR 2R 2 L 3o f:(entry 1-9)0 6 Fe(acac)z 5 NMP 8
oy ba—v & LTHOEE SR L T 7 Co(OTf), 5 NMP 2
N EN . . =73 8 Co(acac), 5 NMP 60
ﬁ\7\bwﬁfﬁéDMAT@k§<W4ﬁ 9 Cofmcac) 5  NMP 58
KT L., Z OMOPEEECII S TIFIFET L 10 Co(acac), 5 DMA 9
Ino7z(entry 10-13), F7-. iR A Ky xy 11 Colacac, 5 DMSO  trace
. 12 Co(acac), 5 CH;CN  trace
FZACIX 720> 7z (entry 14, 15)D T, 5mol%% 14 Co(acac) 25 NMP 43
15 Co(acac), 10 NMP 55

REGM LT 88 LT
Table 8: Optimization of conditions

EE RO

ATEOMFHT X o Thalifb SN RGBT, BE A RF Lz, =F
RO XD RBHIRE S R UL C-HFE A OBRLITIRINRICE E 72 b DD, Z Do
BRE ) RV VAR VLB N TR, Fix OEREA B OREICKH L TH, B
Blea RAFRIGER CREREIT T2 2 L3000 | BIbSDEE — M Z R"3 2 &
T X /=(Table 9),
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Co(acac), (5 mol%)
: NMP, 60 °C
ol O, (1 atm)

0]

Ph)l\ Ph

24 h, 60%

O

o R=H:
O O R F:12h, 81%
o O‘O BTf 12h, 81%

3 h, quant.

O
0]
Ph)J\Me
0,
24 h, 7% 8 h, 75%

10 h, 83%

12 h, 69%

o) o)
+
o)
76% 10%
8h
O  CO,R

‘ R = Me : 24 h, 62%
Bn: 24 h, 62%

32

Table 9: Substrate scope of benzylic C-H oxidation in NMP-solvent



0— 7. BERIGHEE

B IEHEAERRAT FEBRIIAT - TR O THER O Z B2 W, BEROBELSUG 2 &b 5B IE
FRRE LT D ROSHERE % Scheme 12 12779, I E L THWIZ NMP 7 X RER, 4
TIREESE & FPRLTEMERE A2 Bk L Z U O C-HAE S UIRTIC B » TV B EHERI L T 5,

EP. 7 I FRESBRLIREBICH AMESBIC L - T 1 EFBIEZT. TIRDOTTH
NAFAHL B0 #HE LD, it WL T I RBEEETH S DMF F1C A2 —{ms 252
TEEND E VDT —2%(Scheme 12, b)) 6 b, ZUMOH LD E VWD, ZOELTET
RDZTHNAF A 80 1%, o FRkEEHE & )OS L C-H RS UIWNEEZ & oR—FF T
HNBL AL D, BERFEOT DN DFF 2 EGFIRBBEND D/S—FF TP
DFAEIL, T I =0T DIV E i L T DS 0O A T = X (Scheme 12, ¢) T H e Eé
mfwé“o_®ﬁ$@f%5ﬂwﬁ%y7/w»ﬁlwg 1D C-H e % T V7 VT
Wrlicob, B LTCRFE T I MTEESR & ORG, %9*%¥@NMPitiﬁ%M%
OfEERIC LD 1 BETART, ERWE 525 L ESND, KFEEFIEH N3
—FX T IHNFI A=A F TR B2 LY RUSKTHBIAISNIZA I R 53 X2 D/3—

a) Speculative reaction mechanism

5

0 OO 0
Me\N Me, + ( Me\ Amide activates O, to generate
active species cleaving C-H
ox1datlon
(NMP) Ar_ _H
\/ . o
| 0 0
Ar\ . Ar\/O +e Ar\/O
O | io | 1
Me. H=O, o ’ v
Dead-end of N Q® +
amide moiety <~—  Me~y Are O
o e
53 |
observed 52
b) Reduction of Cu' to Cu' in DMF (Ref.45) c) Reaction of aminyl radical with O, (Ref.43)
41 Ar3N )
.l A : Cu(OAc), in DMF Oz re
: B : Aafter 0.5 h at 90 °C
s C : B after cooling to rt —
—c
1 ArsN-0-0-+ ArsN-0O- o
400 450 500 550 600 650 700 750 800 850 900 950 1000 J-l\
Wavelengthin nm Ar\ Ar\ PN
(Figure is cited from Ref.45.) N* COR N™ "COR

Scheme 12: Consideration on reaction mechanism

4 Chiba, S. Chem. Lett. 2012, 41, 1554.
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FX T RHEEOLDTHDLEEZLND, YLDV A 70 TT I Nid, BBFEEIEHLL T
PV IEMERE 2 A i D IR T Al O & E 2 - LT, —Efb S5 & WIERRE IR
HIEMWTERWEN, 7 FOMBALIZEE L TON—RLERoTWND EEZTND,
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I—8. ABEDE LOEVSHDOEA

LED LS ICEFIL, TV ANVIER L Ry 7 2l &0 5 B IC82E U7 &Ic &S
& RARL 72 D51 RIS U 7 O BRFEAFJEICER A A T & 7o, WIEIREHZ IV T
R SRR & ) ) TS ORI D, 7 2 ROBEIEEOEIC 2> TWVWE 2
EERRM L, BHOBRE SRR DEFF LIRS, T2 Re_—R & LIfilitT 91
ANEN 0 BRZRE AT o T, BEE - AR LT R R CIE, B T R R & bl LEgE
BT HIEHEIIRE < R Leb oo, KISITAEE R, EETE T Y BRI E -
TLED Zenbhole, LinL, fix O BIERNS T I FEPBLIEHERO AT
B> T D Z L@, 7 REGTIREBREN DBLITHERENRAETH L0 )
BELOM NG BT,

SHBROBELE LTI, FPROCHEOMGE, FFICRIEMROREN ST b b, FiE
THRIGHEEIZ DN T DB LR Z IR AT, WEEHE O 2 17" & 5 72 2 SZBRIREE)S 2
Th b, RICAPED SR IE L e HIE, B b S 27 X Mt 2850 L CHIg oz
{LRREIC R T 7 1 & AP A T B & 72 5, [EHE N-O F5 A &8z Bl 51k
FREERAPIHEFIELOFH LW EHESNLIOT, —RKRE T =R 551
Ry 7 ZTEMEAL 2 7 X REMLICKT & S, BLRRBICH DT X FIZ—FFicE ik 5%
L. TO®%EE LR %Z LB oL T 52 & TZOL Ky 7 RGN S I 0
FRIGIRBBICIR B, Z D & 9 74878 YA 7 /1 (Scheme 13)IZ W 7= iS5 £ < @iHiE, 7
I REf T A LB EREE AR DTEA D,

T.E.D. : tempolary electron donor

%0 ( G-x TED. \..)LR Electron
e —Lranster wetal
n (6]
ne1 O Ce Metal T.E.D.\.'\JIJJ\R
TED._ '
l}l R R
R+ Metal
O,
Electron
KTransfer decompose
O
20 * TED. iy
T.E.D.\ )]\ + Motal A, .E. .\(,3 .
'}l R ¢ n (0] (l)/ \R-
R \T.E.D.\ﬁJLR % O+ Metal
/\/ Q/ -
-0 C—H
Amide moiety is H + Metal

reduced back by T.E.D

Scheme 13: Strategy for realization of amide-catalyst
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M. HiEEESERAMA LV N3~ A 2V EOARFS
m—1. &5

C-H & & EREIL &1 5 KRME L

FEamil Tl 72 K 912, ITHES < DRFZEE OAFFES & 72> T HEBRIZ C-H fEE
RERALEIS T, T OFMMEZISHB & U TR R E R EFEERO 53 FE AU b
RENDHIREL 2o TODE, BUTIC, £ OHAMERBEFICR S REH % 2 O A pil
g & & b IR IR~ 5 (Scheme 14),

Yu HiE, HUHIV IS & & R KIWI(-)-lithospermic acid (54) DA Er k% 2011 4R IZ S
LT3, I A ISR LT O MIMGRICE 2 sp’C-H #EETEIE LA R 54 L

a) Synthesis of (-)-lithospermic acid 54 by Yu's group

“CO,Me /@/\
Meom (0] RO
55 Pd(OAc), (2 mol%) OR

OMe >~ Ac-lle-OH (4 mol%)
. h KHCO,
H t-amylOH, 85 °C
COXK 0, (1 atm)

1) Me5SnOH |: R=Me:57
2) TMSI, quinoline R=H :(-)-lithospermic acid (54)

b) Synthesis of (-)-tetrodotoxin 58 by Du Bois' group

MeM MeM MeMe
e e o)
O+ O_g N Rhy(HNCOCF3),
N OTBS ha(HNCOCPh3)4 OTBS Cl 0] (10 mol%)
2 (1.5 mol%) &o ><'V|e PhI(OAc),, MgO
CCly, rt g Me benzene, 65°C
© o "y © 07" H
Pvo’ N Pvo’ OWNHZ
59 60 o 61
Me
e
o g OH
Cl
0 O><Me HOR/ Fom
d Me — Ho {/ OH (-)-tetrodotoxin
07 ™7 “NH HNW/NHOH (58)
o{\ 62 HN®
0

Scheme 14: Examples of total synthesis utilizing C-H functionalization

4 For reviews: (a) Yamaguchi, J.; Yamaguchi, A. D.; Itami, K. Angew. Chem. Int. Ed. 2012, 51, 8960. (b) McMurray,
L.; O'Hara, F.; Gaunt, M. J. Chem. Soc. Rev. 2011, 40, 1885.
47 Wang, D.-H.; Yu, J.-Q. J. Am. Chem. Soc. 2011, 133, 5767.

36



7 4 ARSI X 5T, BRREERIZBWT B £ 56 EDT T A NIy T U T EITH
Z & TEEICURRI R B RGRR A fESL L T D,

Du Bois 5%, 7 77 T % (-)-tetrodotoxin (58) D44 ik % 2003 2 LT\ 5%, e
HBER S sp’ IRFEE R ZORRWE . 513w 20 Az k5 sp’C-H e~ n
CULANR) AL RROA T AT A R A ROFBAEZ WD Z & TRRICHEE
LT3,

IO DOFIZRE L CTHD & sp’ ENE L G END 1L sp’C-H A BRERARIL %
FREIC sp® IRENZ K BEN D55 71T sp’C-H A BRI Z#S L LTHWS Z &
T, ZOEBIFELN ESHETNDEWNWR D, ZIUTEHER C-H EEERE LRSS, 7
FERICEHA T2 HiEmeE LTOAAMZRF > TnD ZEZ2ERLTW5D,

AV KXYy~ U8

FHE IS L e CICT 2L AR D T A4 77 U —JERICEE LT, KBTI E < »
LEFMICERILEM T A 7T ) — & ML TE o, FBLEIEAIIC AT 72 in silico
T A R HTS 72 EOHA N 3EZE L BIEIZB W T H ks, RGN b OF L&D
PRSI WM 2 > TV 5%, 1981-2010 40> 30 ERIIC AR SNZEHRD 9 5 6 HILL E
DRI S L <IFZZD mimetic THHEWHI T —Frbb, ZORERITIALNTHDL EF
25,

oo D RAREIRO 2T, HOREHEIL actinomycin D% LIS Bich-0 %
B OEMIHE R OMAEIR E 7o > TR Y . ZOHUIBIEE TIZ 13000 2825, TD%
<IEBE ECHRESNTZEEN DHBES N TE 7208, B ETIEH LIS A I <
MY o0bh D L0, BETIEORER CICL Y | ITERELEVE R E 2 OB A W H B
BESNBHINEL o TETVAEY,

ZOXH R FEOR T, AAKEKRKEHD Sato 5O Z IV — T IXFIESERI D T K
O R EE OH- 72 R NPS-643 4 HifE L 7-%%, JEfk K Streptomyces cacaoi & 16S rRNA
AR TSI 96.0% D HRE 1 ¥V —%FF> TNz Z EvD . NPS-643 37 7- 72 Streptomyces J&
WRT2EMTHDL &SN, A2 ¥~ A1 2 8 6368 (X, 2D NPS-643 7> B X
WIHHARY 77 2 A4 RERRWEETH H(Figure 4), A > R¥H~A 2 B-EldA v REH
~ AT ADENENRDAT VIR E Faxo A FHRICE b I-fEiEsE &> T
T AV RFY~A VU FIIA LV RE~A 2 COE Ra X L C6 (izisfin L7

“8 Hinman, A.; Du Bois, J. J. Am. Chem. Soc. 2003, 125, 11510.

49 Newman , D. J.; Cragg, G. M. J. Nat. Prod. 2012, 75, 311.

50 Waksman, S. A.; Woodruff, H. B. Proc. Soc. Exptl. Biol. Med. 1940, 45, 609.

51 Fenical, W.; Jensen, P. R. Nat. Chem. Biol. 2006, 2, 666.

52 gato, S.; lwata, F.; Mukai, T.; Yamada, S.; Takeo, J.; Abe, A.; Kawahara, H. J. Org. Chem. 2009, 74, 5502.
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EEESTND, BB, BUEE TICRE Sh T D28 BRI )12 X 0 Y0 & 342
WEL7T-ARIEIIRTIES 20T, FTEROMIEZ KPTITIIR L Th 5 (4 0IE C2 MLDNLIRN
A L CL7 - C2PRr DA L 7 4 L8 E R T H S MRS TV 7),

Me N1|0

indoxamycin A indoxamycin B indoxamycin C
(63) (64) (65)

indoxamycin D indoxamycin E indoxamycin F
(66) (67) (68)

Figure 4: Structures of indoxamycins A-F (63-68)

Sato 5131 > RF¥H~A ¥ L HEHDOAEMIHRMHIZONTHHE LT 5, HT-29 b HSIG IR
FESEAINIZX LT 0.03 uM 205 3 uM ORI TAILAWRED T v A 21712 2 A, A K
X~ A T AKRFED, ZILZEI ICsfE 0.59 uM, 0.31 uM THUEFEIGEEZ R34 Z & 234y
#oko4VP%#v4yyB£&wﬁbmﬁg%k<4yF#%v4yyA&UFﬁ%
PEZFFOZ LD, TEMEICITBUKMEEE N EE RO TRV EEOITHRL TWD, £
D Ding 51 ;DAmm%mth%®%%ﬂ&énﬁﬁ@#%%mﬁ#ot_k%ﬁi
ENTWD P2, KMeAWHENH ZBREOHIEGFEEZ R L, #FEfilIck &bl
SR IIEME A R T R0 H Y BRI - RFE L THETH L LEXBND,

AMEAERECILE L TR OLND 6 DOMEKET 2 ARFT.O0, MEre 3 B L W\Wo72s)
THEE EOREIT, SREFERBLE D A THEBRENLOTH Y | TO(LFEARKITT v
LoV I ThD I ENTHEND, £, BRFITHT D spP REDEIA D 55% & LY
ENZ LR, ARRICRT B —F O & b HMEBREHIBALIC sp’ RENELE L TVDH Z
&#%\mﬁfrbtﬁ%méﬂﬁ sp’C-H M A H RIS 2 L2 0f Atk 254
A=l Myl LTHELTWD EEZLND,

%% He, C.; Zhu, C.-L.; Wang, B.-N.; Ding, H.-F. Chem. Eur. J. 2014, 20, 15053.
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M—2. £~ FF¥FYh~A TV EHoOLERB]

AU RFY~A TV VHHITBAEETIC2 OO N—FI2 LV FOREMPRE SN TIN5,
PLFICZE O 2 2 b <%,

Carreira HIZ L B4 Y K¥H~A T A BORERKR ¥

Me Me
HO %
Me Me
Me Me |} +-BuOH Me Me KOt-Bu, 18-crown-6
NH4/THF, -78 °C; THF, -78 °C to -40 °C;
ICH,OPiv, -78 °C > TESCI, -78 °C
CO,Me MeOC 4o, 0_0
69 70 >x< 71
OTES 0
Me Me \\
Me Me Me 2a o Me Me
Pd(OAC), ’ Me
I Me (10 mol%) _ o
DMSO, 45 °C H Me ”
Me H Me
o__0O 0, o__0O o)
X K e’ 0
72 73
=
OH Z°"  [AuohnPhos)[CI
[(Ph3PAu);0]BF, : Me (10 mol%)
(1 mol%) LiBHEt; o _AgOTs (10 mol%) _
DCE, 75 °C THF, -78 °C toluene, 60 °C

Me 1) ©il/\ Ni-Pr,
_P<
0" ~OMe
PhNCO, Ph-tetrazole
CH20|2, rt

2) Bu3SnH, AIBN
benzene, 80 °C

indoxamycin B indoxamycin A
Me (64) Me (63)

CO,H CO,H

Scheme 15: Total synthesis of indoxamycins Aand B by Carreira’s group

54 (a) Jeker, O. F.; Carreira, E. M. Angew. Chem. Int. Ed. 2012, 51, 3474. (b) Jeker, O. F. PhD Dissertation; ETH
Zurich: Switzerland, 2013.
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Carreira 1%, C5 LD UK R & & JFUEHG B D Be i CHEA U AR EE L [Mbi 5 C4 (i-Cha
MDD C-C fiE % BT T T, T=4 M4 % Cope finhi a2 WD Z & T 72 ~
LM UAEEE L T D, 9l VT C2afii-C7b (L] 0 C-C A A TR S O CTh (AL DUk ik 37 DA EE 4 |
IRT V7 D2 I B Sy N RIBRALBOG 2 T LR L TV D, £ D% Fl A& DZEHR
EITVWE =7 a2 UL L —T )L T4 BN =05 | &tz v 5 Saucy-Marbet #5472
Lo T CoaMDIIRRIRFEMEE L TT L 15 2T\ D, ZOT LAk 5 4 filiit 4
W2 FHNE Fr X BIZ L0 THREERZHEEL 77 ~ L BN b | fit < flax OFRERA
Bzl A2 REY~ 120 AMOB (63, 64)DEA & R L TV 5 (Scheme 15),

Ding HI2 & B4 v REH=A v AFDLER *

Ding 5%, Carreira & & [AERICHERN OGRS BAME S 2 B2 2 & TA v R¥Hh~ A1
VUHOBRBREEER L TS, 51 20183 o, FFIEPRIIATH D 80 2D DSy
AR L DA REY~ A3 A C, F (63, 65 68)DEKAME L TV 5 (Scheme
16)™* %0, iz, C2a fi-C7b fir OB 2 Mk FEF L0 C-C fbATERk %, =27 /L 81
5@ lreland-Claisen #5712 K - TITWV 82 ~LEWTW 5,6 BRI 2T ) o~ LA LT
Db, RNT VT Al E AW T WNET v ) VRIS EAWD Z L TikE 5 BER
ZNLRRINAYITIEEE L TV D, Ch WD IR R TR T 2 VAR = V2RI L e
JI—=brrIA M) =TI To TS, =/ -7 TE NE8s &, #KETHD 1,2-

o KHMDS, TMSCI, E;N — Tvs 0
toluene, -78 °C to 70 °C; . % ) — \\
oJ\/\ TMSCHN,, CH,Cl,, rt Mo Mo
Me T™MS MeO,C Me MeO,C Me
81 82 83

COzMe Me k.

e
Pd,(dba)s, P(o-tol)3 MgBr
Et3S|H AcOH g THF, -78 °C;
benzene, rt Me=

M Eschenmosers salt
MeO, c e

Me CO,Me
H ~

- indoxamycin A, C, F
(63, 65, 68)

Scheme 16: Total synthesis of indoxamycins A, C and F by Ding’s group

55 (@) He, C.; Zhu, C.-L.; Dai, Z.-F; Tseng, C.-C.; Ding, H.-F. Angew. Chem. Int. Ed. 2013, 52, 13256. (b) He, C.;
Zhu, C.-L.; Ding, H.-F. Synlett 2014, 25, 1487. and Ref.53.
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(N e A% o~A 7NN X% AF L ALD X T AR E M35 2 & T, 4 REL
=y MEANLZ—T VEREE L R IATWILEF K TH D 80 ~LFHNTWD, ZD 80
DOFEA DBEREREMZ 9 2 & TH v RS~ 2 A C, F (63, 65, 68)D & kA K L
TW5,

T D% 2014 I B, RO A MRIKIC L > TR OEBRETH LA v REd~ 1 v
> B, D, E (64, 66, 67) D& & i LTV 5 (Scheme 17) 2, £ > F¥H~ A 2> D (66) D&
x4 2 REY~A L AAFLT ATV 86 &7 U LD SR 9 & CARLA
FHICbEND Z 2R LER L T D, 4> RE¥~A1 0B (64)1L. C5 LD
RFBREL DRI A FLRBFHORDVIZHALLT VT REHWSZ LT CL0 itk R
BXUAFNEEZEAL, FROARREEZREDLZ L TAREINTWD, 41V R¥Hh~Aa
YU E B)DOERICEE LT, CINACIMFEERRIAENEAI NG Y 77 L3 87 # A

a) Synthesis of indoxamycin D 66
CO,Me

S

CO,H

1) SeO,, TBHP
CH,Cl,, 30 °C

Me 2) aq.LiOH
THF/MeOH, rt

indoxamycin A methyl ester indoxamycin D
(86) (66)
b) Synthesis of indoxamycin B 64
OTBS
CO,Me MeO,C
M L _OH 1)KHCOs, aq.HCHO ML o
MeOH, rt
- —
Me=> 2) TBSOTY, lutidine ~ Me=
s Me CH,Cl,, -78 °C z_Me
OAH 87 2~12 OAH 88
Me indoxamycin B
(64)
c) Synthesis of indoxamycin E 67
Me
Me CO,Me Me Me CO,Me 3
H\~ H\” 87
0 ¢ TBSO/\/\Li
_P-TsOH-H0 _ THF, -78 °C;
Me= o toluene, 60 °C ~ Me== o Eschenmoser’s salt
N N -78°Ctort
0™y 85 0Ny 86 °r
CO,H
Me Me :a
H <
Y

indoxamycin E
(67)

Scheme 17: Total synthesis of indoxamycins B, D, and E by Ding’s group
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72 85 ~D 124N+ 5378 T AT VA BRPRMEZ B L2722 LD, 85 D=F Y A
L7 % CIN-CANLDWNEA L 7 4 o ~EFRICERIEEET=D 6, 84 ~DF T AR
ZATH 2 & TZORBELMRL 67 DA AR L TV D,

EIWEOIE, HMEEMREORF G A BE T~ Bl v 7Y UV ROSEARFL
regiodivergent 72 i & 95 Z LTI L TW D, 83 DT KA T D L ) AR TIT
I ETH YT AT LA~ —%@mTt v F A @PWETH TV % (Scheme 18),

o [PA(CH3CN)I(BF); (2.5 mol%) H o H o
(R)-segphos (5 mol%)
R Et;SiH, HCHO N
Me Me + M602C E

DMSO, rt N
MeOZC Me MGOQC Me Me Me
83 84 2a-epi-84
46% 43%
(93% ee) (80% ee)

Scheme 18: Regiodivergent intramolecular reductive coupling of 83

UL En&A R 2 Blicxt3 288
UEDESIT, KAEEWRELZNETIZ 2 FIZOREEDRE SN TWVDR, Wb

HEEPLIIED IR S SN o @ BAEEOL 70 E 2 BEE L T, 2V RrICER 2 S L T

WHERRRIKE TH DL Z LD, ZHb AT 2 &, MARRREIZLLTO X 5 edtm

RERHPTZENRTED VR D,

OB IO 3 BB A% Td % 2-oxatricyclo[5.3.1.0*]undeca-5,9-diene ‘B #% A 43
HINEFFE LT, A2 —MDfbEMIcb Eb e 6 BREZGDILEMERE L, IRITKKE 5
BEREHEE, RBICTHRFRZMEL T 5D,

ONRINIRI G - T IR B AEEE, #51C C2ahr, Cdafhr, C5NIfFT DGR bkt R &
TR DEALOMEEIK LT, RIS BT 5 2 & TEOMBEZ R LT
5o

@I ARIZDQD & 9 MG, FERMICIRFE L= b ZEBEIEAN UK EE L
TV BRI A AR & 72> T B,
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I— 3. &pkEHE

ATE T 2 FIORLEY DG RRFI OB %7~ L2 HIC 0T 2 8z ik <703, AL
IRAEMIEEZ FE ORI EMZ EIRY — R & T 2850 D 2 O BIIEORN e H 8K A
& W o TR R A BT ERIC, BEROBEMRAESRREEIITN EEHEORNE > T D
bz b, FITEERIL. AMAMEIRORREIZE > TEKRT S Z & T, FEk -
MR G R ABEL LAMEA Y Z ) — R & LIz ERRAIFGE ISR R T & 5 alREtE 2 /8t
FUE, BB OEER & 13 Be DMifEE T E— L TE 5D TIERVNE B X T,

AAEEOFLERZ | 3 BER Tld7Ze < AxFrCTd % 3-oxabicyclo[3.3.0]oct-6-ene ‘F 457>
5 3ODEHIENRTNE EEZNE, 3ODT7 T 7 AL MIHAKTE 215 DI
T T TR EIT) 28 TR TE DD TIER WA E % 2 7-(Scheme 19), T 72b b,
HEYBRE 2 X MR TR LTSS IZB W CHiA L L. 3-oxabicyclo[3.3.0]octane B %% &> 2
BRYEA VIR —T 190 (ARE, 2z [a 7 @tk] LIES)E . 2 ODKREIET 7 7 A &
EHAEDEDZ LIS DA MG AL E Lz, BARAICIE, 2 7B O THF Bafiz C-H

B MOTUARCETIZY R rohiod sp’C-H fEa DL ERERALIC L > THEL D B F
FUREDEMRICH LT, By TV TR — =L R DR T 7 7 A s ZIBRAE
AEE5Z LT, 3ODB(LA C-CHABEIRAIT) 2L L L, spPPRENELLGENDIA
LB DERRITHK LT, B sp’C-H FEA T RERML 2 B2 2 & T, M5 CHM R
Wiz L DaT7HBRNOLEREAZ — FSEDHZENTE, YHEmOAEAMEEZIEH L
AR L 725 Z E BRI TE B,

R2
EWG
Ho
Me Me
ol
H g~ H
R1
R4
o | 90
R3 R® ]
indoxamycins (X=0or CHy) R3
(63-68) 89 3 C-C formations through

oxidative C(sp®)-H functionalization
Scheme 19: Synthetic strategy toward convergent synthesis of indoxamycins
IS 3 OOHMINICE DT EFEM TE 5 & 5 REUSHIZ D b DIFEE Sh TV
W, ZbEEBT LR, R BEMOREESBICLIZET A T4 —va s
MUBEL D LRESND, LrL, 2 b 3 DDA sp’C-H i & B REE L IZEEHR O
HEBEIZTDEFRIIEBRRETH D LB DI, FHMARRTEIISH THRIBT 205,
~T 1 JEFofil C-H i UL C-H a3 DFRIKIZ X 5 ~T v i -8 ABUS D Z 73
O3 C-CHRERTERBULR EbMESINTEBY 7 hrafinbRBESEex= /) 7 — FOmEk
By 7V TR HE SN TN D
— T, Rit L7z ZOERRREKIC iﬁ%%%ﬁéhéo30@%ﬁm%ﬁ5ﬁ%m\?&
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TaTBERDORA N TFAAATHTZ0 | £, 6 BRBEICMIT 72 C-C AL 2 B ik =
T ERO concave I~ EATHOMENRBH DL, Ll ZTO XD RREERES oo, Bk L
7= DU AR B AR T & D ERAL LR~ DI BN, K OQ% AR 4 5 7 ik
& LTORMEAY sp’C-H f5 A B HESAL DA FMEZ SRR &\ 9 A RUEF2RIEE O F24E,
LV ST RERFFETE—ATE L EHFTE D, FEFIXZ OAKGEIZE SN
AV REI~ A VEHOEMMICEFTHZ L L LT,
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M—4. 2REaT7TBERDOERR

AROAZ — R L LT, FHETETaTEKRELD 2 BEA VKT VERKT S Z
L& L, BET D sp’C-H AMLIERFICE N TIEA L7 4 v L0 b7 ol &
DIBLICRNEETH D E TIRENTZ L0, =X Y AF LRI b XA LV 7 4 vk
FISICE O RGITERTED EPRENTEZEND, ETIETF KRN 2% —F v byt
ELTRELR,

9l DEET 2 2 S0 4 WMIRFELHEET 2 DIZREETH D = LN FPAHE NN, BIBA L
BT 94 PICRBERIOILEH TH Y . ZHUTH L A FRERZ L4-HmsE5 2 &
NTENE, =7y b~EETFHOTIIRVNEEL-, 5 BERT 2 %11, TOAK
DHEEETH S Pauson-Khand sz WD Z Ik Hiim o A B3 MnbARTESZ
EDRTTICHE S TnE™,

FIT A B EHKOT VAT La—L 2 L 7a v L7m REDARKL,
Pauson-Khand )i % SCRRO THEIZ L > T/ v 94 O &R E e L7=23, FEEICZ LI
BHRNBIZEESTLEY Z R0 oT2, L L, oA DA V7 4 U Pa,0- Bl
THIHHEIZHEA L CWDARIEROBINRZ LW b, KAFEICL> T2 v E2EKRT
HZEE LT,

TV IZHIT B A FORER O La4-fHne LT, EFTIEAFALFa—T L — RO
ERat Lz, DEBOoBL -ZEBRT ) THYBMNONIREENKE N ENnD,
Yamamoto 512 & 0 #ii S AL IEME(EH & LT TMSCI Z JHV 5 5 S it L7228, 1ML
ROFHZD DO TEICETAFAEEZEAT L LNTE, HIOT R 91 %155
Z & /3T & 7= (Scheme 20),

Co,(CO)g O o]
Me NaH toluene, rt
\( THF, 0 °C; | msan Me,CuLi
—_—
o Propargyl bromide \f "NMO, -10°C Me THF Me Me
0°Ctort oF 78°Cto0°C o
92

ca.50% 35-47% 94 82% 91

(after distillation)

Scheme 20: Synthesis of bicyclic meso-ether 91

% peréz-Serrano, L.; Casarrubios, L.; Dominguez, G.; Peréz-Castells, J. Org. Lett. 1999, 1, 1187.
5 Asao, N.; Lee, S.-Y.; Yamamoto, Y. Tetrahedron Lett. 2003, 44, 4265.
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M—5. a7 EKICEIT S THF Befif C-H A DBR{LORKE

THF BRafif C-H #5670 b OB 2L » 7Y > OGS & U CU8HE 7o 138k AR & T
Wbl L LT 8—FF s FEAWD, Li 50 C-CHEA KD C-N FEA TR G S0 7 13 A
PAELRICB VTR Lz C-CREATEISUE PN¥ T b5, Ll 2 b ORIGEME
EEATHE, G LTE 28REA VIR —T L 91 ZEFIEMA VDO LERH D | BLERTIX
RNEEZ b, £DH, C-CREBTEMBUGTET T < BiffiZg C-H G ILS C-~7
2 RFHRER TSI BN TV A RICR B S BT, RIAS IR 2175 2 & & LT,

MERRE L LT, 8-TBHP % . NHPI-CAN %%, #i-NFSI %%, <> H o H Lo k-3
— RYRB R BN 2 BIEA VIR —F 1 91 O THF BRafif C-H #E ABLEE 24
AT HZ &b Lz, ZORR, #-NFSI ZE N~ H P L Uglk-a— Ry XU B U RIS
BWTKILA S E W EH T 2 2 & 72 < BRI LR 2 5- 2 72 2 & 2> B (Table 10),
IND 2 ODMIGRIZBWTHR AR EITHI Z & & Lz,

O
conditions lactol : 95
Me Me .
CH4CN, temp. lactone : 96
o~ H ~24 h
91
catalyst(s) oxidant temp.
entry (mol%) (eq.) [°C] results & comments

reacted with 3.0 eq. of imidazole

L FeCly6H,0 (5) TBHP (3.0) rt 40% conv., 11% lactone, no 2e™-oxidized product
2 NHPI (20) CAN (3.0) rt messy reaction

>95% conv. (= no 91 remained), lactol 8%, lactone 21%
other unknown products observed, slightly messy

stopped @ 4h, 71% conv., lactol 17%, lactone 9%
other unknown products observed

5 CuBr (10) NFSI (2.0) 0 NR

3 CuBr (10) NFSI(2.0) Otort

4 CuBr (10) NFSI (2.0) Otort

Mn(OAc);-2H,0 (5) 63% conv. N e
6 salen-ligand 97 (5) PhiO(20)  Otort lactol 32%, lactone 12%
OH HO
Mn(OAc)3-2H,0 (5) 70% conv.
! salen-ligand 97 (5) Phio (2.0) 0 lactol 37%, lactone 7% OMe  MeO 97

Table 10: Initial investigation on aC-H oxidation of THF ring

% Ref.9e and Pan, S.-G.; Liu, J.-H.; Li, H.-R_; Wang, Z.-Y.; Guo, X.-W.,; Li, Z.-P. Org. Lett. 2010, 12, 1932.

% sakaguchi, S.; Hirabayashi, T.; Ishii, Y. Chem. Commun. 2002, 516.

60 (@) Ni, Z.-K.; Zhang, Q.; Xiong, T.; Zheng, Y.; Li, Y.; Zhang, H.W.,; Zhang, J.-P.; Liu, Q. Angew. Chem. Int. Ed.
2012, 51, 1244. (b) Kaneko, K.; Yoshino, T.; Matsunaga, S.; Kanai, M. Org. Lett. 2013, 15, 2502.

81 Suematsu, H.; Tamura, Y.; Shitama, H.; Katsuki, T. Heterocycles 2007, 71, 2587.
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a) Optimization of C-H oxidation using Cu-NFSI system

Q Cu salt (10 mol%)
ligand (10 mol%)
NFSI (1.2 eq.)
Me
CH3CN, 0 °C to rt
o~ H 14 h
91 95 or 96
results (NMR yields)
Cu salt ligand conv. lactol lactone comments
CuBr - 79 37 26
CuCl - 73 15 16
Cul - no reaction
CuOAc - 57 8 11
CuOTf - 74 8 8 messy reaction
Cu(CH3CN)4PFg - 59 7 9 messy reaction
CuBr DMEDA 53 20 15
CuBr TMEDA 43 22 18 X
CuBr 1,10-phen. 9 3 4 Ny | NP N
CuBr terpyridine no reaction <\,NH HN\/)
CuBr ligand 98 no reaction 98

b) Optimization of C-H oxidation using Mn(salen)-PhlO system
(0] O

catalyst (x mol%)
PhIO (y eq.)

CH3CN, temp.
o~ H time o~ ~O(H)

91 95 or 96

Me Me

temp. time  results (NMR yields)
entry  catalyst (mol%) y [°C] [hrs] conv. lactol lactone comment

Mn(OAc)3-2H,0 (5)
+ salen ligand 97 (5)

Mn(OAc)3-2H,0 (10)

1.5 0 30 70 37 9

2 + salen ligand 97 (10) 12 rt 6 42 3 4
complex 99 (10) 1.2 rt 6 58 47
4 complex 99 (20) 1.2 rt 6 39 31
5  complex 99 (10) 20t 6 73 61 :‘ggg‘*%drz’:ﬂl j:gér cenle
6 complex 100 (10) 2.0 rt 6 75 32
7 complex 101 (10) 2.0 rt 6 44 8
8 complex 102 (10) 2.0 rt 6 37 16
9 complex 103 (10) 20 rt 6 86

; g 102 : M = Fe'

103 : M = Mn"'(OH)

100 R =1t-Bu

Table 11: Further optimization of Cu-NFSI and Mn(salen)-PhlO systems
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F9°. 8H-NFSI %% W5 SISOk & 0 /a2 17 - 72 (Table 11, a), = OfEF, S o
N BT =F RN FIC K o TRIGHEIIRE S BT 52 3 ohoicb oo, #E
RSOSHERE L 72 DI ONBEREBILARTH DT 7 b b < AR LTLE D L) AR
B, YRISRICEBWNTIERELE 2 EFRELETHLT7 7 h— L TA RNy 7SHELD
FEE L EAVRIB ST,

WIZ, = oL ghiR-a— R Y _XUB U RE WD KSR D faE k21T - 72 (Table
11, b), £, FOSRE A ER E THIE L TH ROGKEE & 856 LR LAl O &2 KT 5 Z &
T, 77 M= EOIEZIZTR O T Z & 2 BIERM O AR EIfl T2 2 LB T
(entry 1,2), £7= R T~ B UL LU By RERA LESRZTER S8 5 &0 5
BEETR LTe@m b FA D~ B L U BER 99 & W B BIFefE R e 525 2 &
Doy inodz(entry 2, 3), il 2 M S 2 LT SOSNRIZT TR > TLE -7, BLA
DOEZWLT EBREIFRILIEN DT ICE L ART D LODORIGFRIINETT 7 h—NE2HD
ZEMMTE B Ny odz(entry 3-5), F7o, MO~ AT W L EEHA 100, 101 <0,
FARICHETEMFE Ch D -4 X VIR L ERT D EEZOND 7 X v 7 = 85K 102
103 HARFT L7278 99 3 b BAF7efE A2 525 Z £ 030> 0 (entry 5-9), IERIZ Lk D43 Hy
EERLTVDH0D, OEETentry 5 IR T&BEZT—T /191 DT 7 F—/L 95 ~DEE{L
B DB EEPEC RSt & L=,

BN L & C-CHREATERE 1 BB CHEI TS H 5, C-HEEGD B DOEEER C-C it e
TRBUG 24T 5 ORNEBRYZ2, 2 7B O THF BRafii C-H fi & 2 B(LANICERER LT
B ENIMoTDT, OEEPERLIZZDTZ h—1 95 ZHEELIRD AT v 7 &t
THIEELT,
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M— 6. EFARERNC L B THF Bafpi 7 VX AL DS

ZX V=0 LATFFFEELEBET S C-CRETEHROBRES

EFTHIOIC, 77 NN EBEEIMNTZETREFEORWE XY =T A DT F %
HEIHEDHZ LT, CCREATKPEITT 2O TIIRVWNEBZXRGEITO 2L & LT,
77 b= B EHANDENCL Y BT 7 b—L 104 ZET VHEE E LTHWT, BE#H
D27 P BT EFAREAIL LTEZAT T — hROT UL T EMALH L
LCT L AT v RER(TFA) K OV A AFR(FeBrs % 7213 BFy OEL) 2t Lz, T OFEER, 7
ULy 7 ] O BFy OEt, & WD SREICB W TEBED TV F LRI T LI=D T, Y54
AT BHROBIICEIVESNTZTF 2 b= 9510k LM Lz, SREFEAITR A
FNANLNZ D T= D720, 104 [T ASREEATINC L D FEB TR NEE L 725 2 & b RE Sz,
FHX Y =T LTFA L DRISED & S 0B INEHB DK INEA L —XIZ#IT L, &I
Hoo @NLARERIRME T THF BRafL 237 U W b S 7= £ 105 % 5 % 7= (Scheme 21),
FEEOERMUTHE AT 2BRTIZZ D C-C BT DINARNEE L 72 50T, A4 105 O
SRR IRMVE R R LTZ, 105 OV T AT VAREMIINEER#ECTCH 72D T, TDOEF

a) Investigation of C-C formation using lactol 104

G/ OH 4 Nucleophile —conditions _ G/NUC.
(2.0 eq.)
104
nucleophile conditions results
Z>0Ac FeBry (0.1 eq.), DCE, rt Messy mixture
Only acetal exchange
7
~~ "OAc (Messy mixture @ 60 °C)
TFA (0.1 eq.), DCE, rt
/\/TMS Only acetal exchange
/\ .
= ~OAc BF,-OEt, (2.0 eq.) Messy mixture
/\/TMS CHyCly, -78°Ctort TM main

TMS — _

o Al o major isomer:

(4.4 eq.)

Me Me
Me Me Me Me AN e}

o~ “OH -78°Ctort o -
95 86% 105H i H

(dr 5.6:1) (major isomer shown) L \/NOE J

Scheme 21: Investigation of C-C formation from lactol 95 via cation intermediate

62 (a) Nishimoto, Y,; Onishi, Y.; Yasuda, M.; Baba, A. Angew. Chem. Int. Ed. 2009, 48, 9131. (b) Schmitt, A.; ReiBig,
H.-U. Eur. J. Org. Chem. 2000, 3893.
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NOESY MIEZAT 5 Z & TR AR LTz, T DORER. 105 O FEAERMIL 2 BB H# D convex
A~ & IRFHA MR LT b D TH D Z k#“ﬂoto_®4wgﬂ iE, AF V=0 A
AFF RIS 27 Vv T DRI IBWTILARAIIZ Z D 220 T convex
7O MBPELE LI THDL EBLELTND,

Z OSLARERPE, indoxamycin @ 3 BREASIESLIC AT 7SR LT TH Y | C2 Lo C-H
fEA 7B O side-chain (CL"AL-C4”(LD 4 fRFEL=> NYEAIZHWHZ L L L, ZD
side-chain 3| A Z Z OB TIE AR < 3 MEBMEERZRITITZAIE, MEMEIZEL ST
convex/concave [fifHl DYNLARRIELEEDZEN LD REL 2570, b Lmb\@*ﬂﬁi))%fﬁfﬂé’
L EHIFTE D, R, ETUL 3 BRBEMBEIIT 72 i OSKIEIRMEZ BB 2720
MOFEERRTHZ L L LT,

HET B - ALV T 4 VR - XU~ A FAAINIC K D C-CHEATEROBE
WICEFIL, B2 D ROCHRE CHEITT AR EM AT 5 2 & T, SRBRIRIEE 2 S+
LIENTERONEER, 22T, 77 b—AORRIZEVAELDLT VT E R ﬂb

TEFRBIEE OV T 4 VTR EITO., it 3 FHNA T~ A FAHNRE Z

%ﬁ%’1HF%MiﬁTw%wméMKém%ﬂ%%né®fiﬁm#t%zto_@ﬁ

KCHETT DT /) ~—(LOT NI IALIEE, EICHEEK L S35 E LT
BB RS SN TWDRn, FOEITLY 26D L EZMFEITI 2L & L,
WIDIZ, 7 N BR#ED T 7 b —L 95 1ZxF L TR AR R — b 106 & OIS T To

BE & T2 2 A, F R AR LTOF LT 4 VIBRODE T 7 h— L OKEEEN 4

yv%#»ﬁMLtéﬁ%lM%ﬁzto:@’&ﬂ%%ﬁm%f’iéoc#A%ﬁi

BOTDITITT M2 RiET 20 ENH DL EHEL, 7 Ui x B a— g —b

&%@Lt7&%~wm9%éﬁb\@ﬁ%ﬁﬁ:&&bt&mmwnﬁmx
?7Fewm9WE®CC%é%&%\$Z$7/HO&U$X$*H%N6%%V51
& THidt L7=(Scheme 22, ¢), 78 A4 T > 110 Z W= BRICIE, entryl 2\ T Ko I

HAETRERA T ELLIZBWTHHBEMTHD T 7 b—/1 109 I[ZITELR RO ho Tz,

—J5C, entrry 3 (2R T K D ITAR AR R — b 106 & W 2B SRS IC B W TRV o

Yw%wmmuiﬁﬁ%%EWéﬂtoﬁ%@mﬁ%%iﬁé_kif%ﬁ#ok@ﬁ\$

FOGONCRE EZ2AHN, T 7 b —/VOBBRN Z OREBEIZEB W TUIE Z 0 I2< WO TRy
75\&%/{ 77 VBB AR S D INIIFI ARG 5 2 & & Lz, Swain & Brown Jr.
T2NCAKRFEREA R —L720 25 RuXx o Lk E2ROC Y P UVENRT 7 h—10

%%%ﬁ BT 52 LAHELTVDY, ThEasBEIC LT, entry 47 ITRT X D12 2 f1ITk

8 For an example of anomeric alkylation of sugar using phosphate and base: Ranoux, A.; Lemiégre, L.; Benoit, M.;
Guégan J.-P.; Benvegnu, T. Eur. J. Org. Chem. 2010, 1314.
® Swain, C. G.; Brown Jr., J. F. J. Am. Chem. Soc. 1952, 74, 2538.
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a) Initial investigation of C-C formation from lactol 95

o o CO,Et
EtO’F\/COZEt
EtO 106 (1.2 eq.)
Me Me KOt-Bu (1.5 eq.)
o OH THF, 50 °C mainly
95 observed

b) Synthesis of pinacol-ketal adduct 109

? 1) p-TSOHH,O (cat) O O  Mn(salen)PFq 99
HC(OMe); (cat.)
MeOH, rt, 30 min. PhIO
Me Me - > Me Me Me Me
2) pinacol, BF3-OEt, CH;CN
0 ether, 0 °C to rt o~ H 0°Ctort o~ "OH
91 93% (2 steps) 108 32% 109
c) Investigation of C-C formation from protected-lactol 109
o_ O nucleophile (1.5 eq.) o_ O
KOt-Bu (x eq.)
additive 2-Py.-X:
Me Me X Me Me AN
1,4-dioxane CO,Et |
OH
e} temp. oy NT > x
109 111
eq. of temp.
entry nucleophile KOt-Bu (x) additive (eq.) [°C] results
1 PhsPy CO,Et 0 - 50t0 90 NR
2 110 1.0 - 50t0 90 NR
3 25 - 50 TM trace
4 IQ 3.0 2-Py.-OH (0.2) 50 NR
5 EtO’F\/COZEt 3.0 2-Py.-SH (0.2) 50 TM ca.10%
6 EtO 3.0 2-Py.-NH, (0.2) 50 TM trace
7 106 3.0 2-Py.-CO,H (0.2) 50 TM <10%, less than entry 5
8 3.5 2-Py.-SH (0.5) 50 TM 17% (iso.), dr 3.1:1
d) Determination of stereochemistry of alkylated product 111
maior isomer- Major stereoisomer of 111is i
J : H . Me pe
NOE /. 3. 0O HO /
e N
H Me y ng ‘ N
/ N : Me Me More stable
0 : ,, COEL EtO,C "downside"
EtO,C (0) H L conformation |

Scheme 22: Investigation toward C-C formation from lactol 109 via ring-opening of lactol

FREG KT =L 9 2B BEZROE Y DUV ERNAIE LTNZ72E A, 205 B
O THIGORENBRI S, 2-A VA 7 hE Y DU 2RI UTEBRICHR S Z O RN &
7= (entry 5), E/RHMFTORERE. entry 8 [TRT X D ICSUNMIEIRIZE E 72 b DD,
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HREEDSRBRIRMEZ RT 2 ENbholc, ZTOEMY 111 OSNIERZEIZE & FRERIC
NOESY HIEA T2 Z & THERR L= L Z A, 111 OFAERMIL 2 Bk D concave [~ &
IRFBFAVHELIZLOTH Y | JoIE E L T OSTIRERIRMEZ R 2 & 345 5> 7= (Scheme 22
d), ZONAEBIRVEIE, AL 7 4 VIBREZ O T REICBWTAH L 7 0 B Tl Z O - B
JEREVEETHY, I ey v En3dv~A A Liz7z) EE8L 1L T
Do TU M= VBABR - AL T 4 VB - A XV~ A IV OE G K o T R
PEE XN Z 2N H OO, el OGN L IXWONIRBRIENG D= 2 & T, 3BEKICH
T CEBDNAR AT LT 2155 Z LN TE T2,
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I— 7. C-CERTRRIIICESREZRFORBETO C-C AR OBET

SR AR IR — b &AW RE

AIECT 7 h—ABABR « AL 7 4 VB - A v~ A ZFAMINOER S 3 BB
FZANT B DNARRIRNMEZ R T Z LN -T2 T, BAVERRICHY T2 L0 EMEeE
tERORBAOHEMZmET o2 Lz, £T1E A FE¥H~A 2 A D EICHY
THRARLR— N 12 OEHAMEEZRGFTH6Z L& L,

RARR— N 12 1%, HILEME D 3B TERT HZ LN TE T, 2-AF-2-X
TUBR N3 ZATF NV ATV UAIZEWB L0, 7T U AN E T el LEHD 115 (2%}
L Arbuzov G %E1TH 2 & T, HIIOKRAR R — b 112 #1525 Z & 23T X 7=(Scheme 23),

(e}
I
Me Me CCly, reflux Me Me neat, 140 °C Me Me
84% 115 91% 112

R=H13) 14,50, (cat)
R = Et (114) < EtOH, reflux, 62%

Scheme 23: Synthesis of phosphonate 112
AL 112 & X0 B2 ZE R AR K — b 116 1k LT IR E L RBRDSFICR
TS Z1T o7 LU S, JOSREZ FIR L THEAOD C-C MaEMITETET,
3 109 OEILE L ILZNBEE L2 b D& 5 X 2D T - 7-(Table 12),
ot ot

KOt-Bu (3.5 eq.)
phosphonate 2-Py.-SH (0.5 eq.) y _

Me Me + ° (15eq) diox temp, WV Me Me  CO.E
~
o~ On O H e Me
109 117 e
phosphonate temp. results
O N
1} o
Eto-P N CO,Et 50°C
EtO 112 90 °C
________ Me Me 11 No C-C formation
o Only decomposition of SM
50 °C

Table 12: Application of multi-substituted phosphonate 112 and 116 to C-C forming reaction

BBIET VT b FEEE L-EE 118 DAL
ZEHAR AR R — b 112 %0116 206 O S IE < EIT Lo 2R E & LT UL O
WD ERITE G ORREEREZE 2 b, T78bb, ORI ED ZEBLAR AR R — k
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LIS TED TR BEOT VT B RRBENRFICHAELRW(ET 7 b=V OBRERNHE L
W), @QRARCFNAANLNZ ST DT VT b NI L SEHARARL— b & OGN
FINTIRAENWT ETWOTARAEE, b L ITHATERDAEIT L7 LTHHE< U U BED syn il
BEL D LWSUSIZ L D C-C fEAHAEO TN E N, Lo AlREETH L, 2T, 77 b—
JVBHBRIREEZ B E(L L7727 VT b REEZ W& 201E, QDX 51277 h—
BROWEH DB N—RLERSTNDLEDN, QDEIZELELAT LT 4 VIERBEE LD
D EHIWT L D% OIREHREOMENZ 25 LB 2. ZORFEITI Z & & Lz,

ZOTNTE R 118 & JEMR AR/ TLEILOD, 77 b=/ 109 & VA —
V119 ~EBRILULREO DB EIT O 2 E TR LT, YA —/L 119 OF ) A —/L 120
~OZEBIE, ARIR TV RO &2 T 5 2 LICK D SIERTERT 52 LN TE
Tco 72, 108 DT 7 h— 1 109 ~DFEENHEREN 0 L VRN T =0 At
RICBNWTT 7 Fr 121 ~&—ERFEIERIL L 119 ~EE T 2R LB L TWD
(Scheme 24),

A
{
1

O
o
O
O

TIPSOTS (1.05 eq.)

M " LAH " " DIPEA - "
© © THE R ° ®  CH,Cl, -78°C e e
0" “OH ggo,  HO OH 99% TIPSO OH
109 119 120
LAH, THF, rt IBX
91% (2 steps) DMSO, rt, 90%
o_ O O O o O
RuClz-nH,0 (cat.)
Me Me NalO, - Me Me Me Me 118
CCl4-CH3CN-H,0
(0] rt o~ O TIPSO~ /=0
108 121

Scheme 24: Synthesis aldehyde-fixed substrate 118

TAFE K118 AV = HWE K& DRt

HECLTZT VT e R 118 IZxT 5 HWE 4, HAMZRZE AR AR — F 116 L VK
BN E W EFRE S D Weinreb 7 X RZ A T ORARF— MU EZHWNTRFTHZ & &
L7, F7, o5 & U CEBRIEZ FF72 72\ 0 R AR 31— b 106 K TN 120 % W25 ST
DT H, [FRRICHRF 21T > 72,

ZTORER, EHILEZ A X200 106 K TN120 N HDF LT 4 VTERRIT A L— RIZHEIT L,
FRZT I REA T D120 # HWEBRICIEZ T v =T W E S5 2 & THRIRIZBW
THA LT AL A L—RTHEEIT LTz, ZAUTK LS E#H O 116 0119 2 F VW 72 BRI,
2 ORISR ERFI LTI b O, F L7 ¢ VAT A AT, BB & 721X
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TT R R 118 DA DA TH -7z (Table 13),

HEFEHLR AR 3 — b 106 =° 120 725 7T b R 18 12xFd B SRS AS Vg Ic 1T L, @
RARF— K 116 X° 119 & AV 72BRIZ &< C-CHREGTERDBEIT LR -2 2 &0 h | A
TR L9 RATREMEICSOW TR, 527 h—/L 109 DBBRONEE S 13H 2BEHDH HDOD
KERHTIER L, AT VRN G Z D SLRFEERLYSOG DN PR BICRENWZ &35

Mmool
o_ O o_ O
9 KOt-Bu (2.0 eq.)
~ additive
Me Me + EtO /PYEWG - > Me Me
EtO 1,4-dioxane - EWG
TIPSO~ {0 1 5R temp. TIPSO
5eq.
118 (15eq) 121 R
R EWG temp. additive (eq.) results
.CO.Et 4106 20 °C - TM ca.60%
- 50°C 18-crown-6 (2.0) TM ca.60%
H o 50 °C - T™ ca.90%
P U\N/OMe 120 50°C  18-crown-6 (2.0) TM>90%
Me rt 18-crown-6 (2.0) TM ca.90%
Co.Et 116 20°C - NR
90 °C - Decomp
Me o 50 °C -
/U\ _OMe 119 90 °C - Slightly decomp. but almost NR
g I\N/I 50°C 18-crown-6 (2.0)
e

90°C  18-crown-6 (2.0) Decomp. to lactol (TIPS-removed)

Table 13: Investigation of C-C formation from aldehyde 118

o-> V= kU V%A= Peterson [ i D3

AIEORE R L 0 FE 1T, ZEBALREAZ V5 C-C fEATEREBROZDIZIE, L ViE
WREZREZ A T DRI OMG 21T 2 BN H D LHW LTz, £ 2T, ofiflZRE 7 E H
BEaFiOT NF N T & HTz Peterson SO ZIRETT D Z & & Lo, IR AR R — MMIHA
oD pKy M EW O v N AL DBRICHRIEIRZ WD MERH DD, DT =F
DR @ —ERAEZTERT 5 L WROMIEF IR Z D IC< W EHIFFTE 5,
ZOHOERIIEE AEZ, a-> Vb= KU /L 122 Lol & L C LDA Z W5 &%
WIDITHRT Uiz, 122 27 e hAb LT =4 v 2 RAESEZ0L, 745k F118 iz
e, AVLT 4 AL A L— RITHEAT UARIR TR CERMICARY 123 25252 &
Woyhole, Floo 727 b= 109 76 OEFEN R C-C fiaT Z > 722y, BUSITHEHE
BAEMEHEZ2D50DRThote, TIVT b K118 ~E —EERT HILERH D H DD, JHV il
D SEARBITIR A S LB ICB W TEA D C-C AT A ER T % 2 & 23T X 7-(Scheme
25),
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Me Me

109

122
(1.5eq.)

122
(1.5eq.)

LDA (1.5 eq.)
THF, -78 °C, 30 min;

118, -78 °C to rt, 30 min.

%_6

o_ O

> Me MeCN
TIPSO =
123 Me

quant.
o_ 0O
LDA (2.5 eq.) %
THF, -78 OC’ 30 min.; \\ Me Me
109, -78 °C to rt \!

56

AO%ICN

124
messy mixture

Scheme 25: Utilization of Peterson-type olefination



I— 8. Peterson KISEGER 123 250 FABRLOEE 128 ~DARK

FRERIA A B ET 2 MEN B 5 B CHEORMDH D DD, HHOALETD C-C fEH
TERRZ R LT=D T, RRD8ETH D0 TNEIERIG~E Bl EED L Z & & LTz,
Peterson SOt iAEIA 123 =k U /L% DIBALIC L > CEIL LT /AT & R 125 ~E B L7-
DB, RARF— k116 Z 72 HWE JSIC THIM O RFEL= v hBRTRCTEA SN
Tr 126 ~EEHW T, HENT, TBAF RIFIZBWT TIPS JEDFRE & ZAUZ LV AT 5

1T VT — Do FNA X~ A T AR RRFICHET L, =— 7 VERPEEE I L
R 127 24572, 728, 2O 164 127 OAREAFIFE S IXB-yLIZR T 5 Z &3
BinoTe, TODL FAK TRA BRI 2 & T8 a— o7 X — Vv ONKG g E1T
W RN E AL Sy FNBR L D IYE 128 ~ &L= (Scheme 26),

Z DR 128 ONIAK% NOE JIEIZ L > THER L7o, 128 13BN EE7e 1:1 o BRI
B THoTT2D, IREVMODIRIET NOE MIEEZIT -T2, DRGSR, ﬁb\LD THF f)ﬂaﬁ
BWTHRESIT concave [l ~EHORTWT, L7 4 UIE R T ZEKTHY I L= 2
FIVULDNARIZ L DT AT VAREM TH D L EE ST, %T/V%’%f%ﬂﬂb\fd‘ﬁﬁ@
B L RERICZ, D FNA X~ A FIMOBRIZA L 7 4 U35 BERO 2 DO AT LI L
U~ &< KD REENLE ThoTolod LRI, T RBRIICK D 3 BREMEEIC
T T 128 WELDNARERFF L TWND Z Lo Tz,

EtO/P CO,Et o__0
EtO Ve 116
_DIBAL _ _KOtBu _ Me CO,Et
TIPSO ether, 0 Tether, 0°C TIPSO THF, 50 THF. 50 °C TIPSO \(
Me
quant. 88% 126
o_ O Q
TFA-H,0O
TBAF 1
o o Me Me CO,Et M. Me Me CO,Et
THF, 50 °C Y (\(
o) o”
91% Me Me 76% Me Me MeT™H
127 128 L EtO,C 10%

Scheme 26: Synthesis of substrate 128 for 2nd key reaction from Peterson adduct 123
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M—9. BMERISFWN C-CHEETRIC K DBRILDOBES

)7 —NOBLWZ v XA v 7Y v TG

HNR= G BRAESE T ) T — Do T DBbR T~ 7Y v T RIS,
fl—x/ 7= hDORED Y7V TROSCK LTI E S A HEOMEN 2SN TELES, L
ML, Bfir/ 77— MHICB T 70X By 7Y U IRNE, —HFOx ) T — N EEEE
AWTHRED v 7Y v 7 2403 5 FIECLSMNIE & < @i 43 7e o 72, Baran & 13 2006 4F
WZZDOEE R T 582 R L LY ETOORMET ) F— b rnxA vy 7Y o7
R BIEANC G 2 5 RS2 8 LT A% YRS, %5 H &I X 5 stephacidin A 72 & D
2E % O™ 8% Overman & 12 & % (-)-actinophyllic acid d A& P13 1] & 2 oA MR
R E LTV 5 (Scheme 27),

a) Oxidative cross-coupling of two different enolates reported by Baran's group

ester or ketone

Cu'': Cu(2-Et-hexanoate),
(1.0 eq. each)

Fe'': Fe(acac),

b) Oxidative coupling of enolates in synthesis of (-)-actinophyllic acid by Overman's group

H
0
NBoc LDA, THF, -78 °C;
[Fe(DMF)sCl,][FeCly]
COR _78°Ctort
H CO,R
129 130 OH

(-)-actinophyllic acid
Scheme 27: Oxidative cross-coupling of enolates and its application to total synthesis

% For representative examples: (a) Ivanoff, D.; Spassoff, A. Bull. Soc. Chim. Fr. 1935, 2, 76. (b) Rathke, M. W.;
Lindert, A. J. Am. Chem. Soc. 1971, 93, 4605.

% Fora representative example: Ito, Y.; Konoike, T.; Saegusa, T. J. Am. Chem. Soc. 1975, 97, 2912.

67 (a) Baran, P. S.; DeMartino, M. P. Angew. Chem. Int. Ed. 2006, 45, 7083. (b) DeMartino, M. P.; Chen, K.; Baran, P.
S. J. Am. Chem. Soc. 2008, 130, 11546.

68 (a) Baran, P. S.; Guerrero, C. A.; Ambhaikar, N. B.; Hafensteiner, B. D. Angew. Chem. Int. Ed. 2005, 44, 606. (b)
Baran, P. S.; Hafensteiner, B. D.; Ambhaikar, N. B.; Guerrero, C. A.; Gallagher, J. D. J. Am. Chem. Soc. 2006, 128,
8678.

69 (a) Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008, 130, 7568. (b) Martin, C. L.; Overman, L.
E.; Rohde, J. M. J. Am. Chem. Soc. 2010, 132, 4894.
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BEARRLERIC & 5EAEOR

m@f Ko ) T — NOLH 7 0 29 7Y » TROGE S FHNROG E L TEBRT S
oIk, KE 12807 b, m AT VMO a2 FAbERTCE AT ) T — a4
ﬁéﬁé%%ﬂ%éoM%ﬁ%%%#éw:\ﬁmﬁﬁ¢ﬁ%f%5EXi/7%%ﬂ%
FUAR L TWD Z L A2MRT 570, EARFLERICEIV ZOEEREITO>ZLELE
(Table 14),

LU 7Zeln G, BRERSFMC 128 2 LEA X ) — NV To/ = F LA, 7 brafiL
FEAFESNDOICR L, AT vafiide BEAFRLSNnE W fERE 52 7=
(entry 1,4), S ORDLDMHFNEAT o7, FIRSCRISIRED LA 72 7 v b oAbk 258 <
T EHEDOHEEZBNTLE Y Z &b T-(entry 6,8,9), 7=, {KiE T KHMDS %
b\“CHEE7 1 AL ERATZERITIL, = AT Vo LIRS A S Lo S—F % 2 K 131-d 28

S5 2 ENS Mo T (entry 2)0 FUSHNCIABE A MK T 2 MBEE LBV TR Z DK
mx T L7einor= 2 Linb(entry 7). 131-d 1ZVAIEH T LUV BR A S LARRR L
ZbDLEZOND, ok, ZOBBERERMITIIT D KHMDS 205K HFICB VTS,
T AT VoL D BEKFCITMERR S pinode, U EDORGET, AEH 128 608 Rxx ) F
— FOAERITEE L < EROB(L s v 7V RIS EHEAT 5 OIXRETH D Ll LT,

o] o]
H D
Pt base (2.5 eq.) Pt
Me Me H CO,Et THF, temp., time; > Me Me D CO,E
.,”N quench with ,,”N
(0] D,0O or CD3;0D (0]
Me Me 2 3 Me Me
128 128-d,

temp. conc. time
entry  base [°C] [M] [h]  results & comments

1 LHMDS -78 0.02 1 Only ketone-side deuterated, not at ester-side
KHMDS -78 0.02
NaHMDS -78 0.02
LDA -78  0.02
NaH -78  0.02
LHMDS 0 0.02
KHMDS -78 0.02
LDA -78 0.1
NaHMDS -78 0.1

Formation of peroxide 131-d, clean conversion
~20% converted to 131-d

Similar to entry 1, slightly decomposed
No deuteration at all

Messy mixture
Degassed, no 131 formation but same as entry 1

1
1
1
1
1
1
1 Messy mixutre
1

© 00 N O O b~ WOWDN

Messy mixture

Table 14: Deuteration experiment of substrate 128

Tsuji-Trost B it Dt
Sk D EKFALERICIB N T, IER L LT KHMDS Z W5 5&E T T AT L afiT I
A OEREEZENEA SN S—FF > R 131-d BNERK LT, OO INE . T UL

™ Chen, B.-C.; Zhou, P.; Davis, A.; Ciganek, E. Org. React. 2003, 62, 1.
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MTHH DT AT VofIZEREREENEA SN &5 2 UE, TNEBBELICEZ -0,
7N UHRORER(T ) T — hex=F 22 E DA Tsuji-Trost B G547 9 2 & ¢ C-C
FEATMREER TE AN NEB X, MiteiTo> 2L & L,

FH 128 % KHMDS &1 LIZ2eig i A2+ 2 L Tk Re ¥ U ERE A S v/ 132
AR, ZD182 %787 — M 133, A—ARF— M 1A ICETNENEIT S Z LT, AEEK
ISDOE AR LT, L LARL, 26 OREITH LEEROMEER 2 258 00 2 KOS

a) Synthesis of allyl acetate 133 and allyl carbonate 134

Q Acy0, ELN,DMAP _
KHMDS (2.5 eq.) CHCl,0°Ctort  R=ac
THF, -78 °C, 2 h; )
128 ' AT RO - 61%
EtOH quench; Me Me/ COEt —
PPhs, 1t 0" T me NaH, THF, 0°C; .,
e o
132 CICOZMe,Ort R = CO,Me
R=H 42%
b) Trials for Tsuji-Trost-type cyclization using allyl acetate 133 and allyl carbonate 134
o
H metal catalyst (20 mol%) H M%OzEt
R base or amine L\ '
e q COEt W™ e
(@)
Me Me O H Me
133 or 134 135
subst. catalyst base or amine conditions results
133 pyrrolidine Unknown byproduct observed
133 PA(PPhs)-dppe (1:2) proline DMSO. rt to 100 °C Unknown byproduct observed
134 3)aappe L pyrrolidine 1o B-Elimination to afford diene
134 proline NR
133 Pd(PPhs),-d (1:2) LHMDS THF, rt to 60 °C NR
- e : (o}
134 3)aPP 1o NR
133 NR
Mo(CO LHMDS THF, rt to 60 °C
134 (GO o NR
133 NR
Ir(cod)Cl],-P(OPh); (0.5:1 LHMDS THF, rt to 60 °C
134 [Ir(cod)CI]-P(OPh); (0.5:1) NR
133 NR
RhCI(PPh3);-P(OEt)5 (1:4 LHMDS THF, rt to 60 °C
134 ( 3)3-P(OED; (1:4) e Unknown byproduct observed

Table 15: Investigation toward Tsuji-Trost-type C-C formation

L For reaction using Pd catalysis: (a) Ibrahem, I; Cérdova, A. Angew. Chem. Int. Ed. 2006, 45, 1952. (b) Braun, M.;
Meier, T.; Laicher, F.; Meletis P.; Fidan, M. Adv. Synth. Catal. 2008, 350, 303. Mo catalysis: (c) Trost, B. M.; Lautens,
M. J. Am. Chem. Soc. 1987, 109, 1469. Ir catalysis: (d) Takeuchi, R.; Kashio, M. Angew. Chem. Int. Ed. Engl. 1997,
36, 263. (e) Takeuchi, R.; kashio, M. J. Am. Chem. Soc. 1998, 120, 8647. (f) Weix, D. J.; Hartwig, J. F. J. Am. Chem.
Soc. 2007, 129, 7720. Rh catalysis: (g) Evans, P. A.; Lawler, M. J. J. Am. Chem. Soc. 2004, 126, 8642.
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K LT OO, WITNOHEIZBWTHELD C-C FERITEEIT L o7z
(Table 15), Z ik, MAKITIRAE S TAALEIZE T 2 -7 UV IVEHAD AN R #EETH - 7=
7= LEEZ TS,

~a3Rx— M A TOEE 136 Z R HRF

WIZEF T, WEEZAERTHZ LIV YERICEERT LI A HIE LT, KiZEDk
BIZBW T AT vafi D7 v N AL BRETH -7 Z L 2 HE 2T, var— oA
DI 136 IZAET L2 LT AT AN LDT ) T — NMERBPES /D, EAhOE R
T ) T— EBEKT BTV nEE 2=, 136 1%, 77 b K 125 (2% % Knoevenagel
MEEDDL, FROFHFITBNTHRELITH Z & Té\ﬁiﬂ‘é:kﬁif‘%f:(Scheme 28),
¥, 136 DHELDONREZRFF L TV D Z & H5EIEE L RERIC NOE JIEIZ LV figgd LT
%y

EtO,C._CO,Et

(5.0 eq.)
plperldlne
(40 mol%
CHO THF, 50 °C
TIPSO TIPSO _COEt 1) TBAF
THF, 50 °C
125 Me 2) TFA-H,O

37  CO,Et ©1)

rt
o 32% yield
(for 3 steps)
Me Me COQEt pra—
iy /
O
Me CO,Et
136

Scheme 28: Synthesis of malonate-type substrate 136

FTIEERAT ) T — " HVEY AR L TWD 2 & 2R T <, LIF & EFRERIC 136
Zx3 2 EARFLFEREZIT o7z, KIRT - (RREOSRMF N CIXEABDBHERTE 205
7ZHboo, g E LT NaHMDS, 0°C, 0.05M, 2 B DO&MFICHB N7 by« 22T )L
WA B 2 EARFBEPHER S, HOEY EAT ) T — MBER LTS LD LEEERX
U7z (Table 16),

ERAT ) T — FOAERPHER TE =0T, LA C-C GRS & A3~ < B bAl
ORFTEFT ) Z & & Ui, BERO SR T e £ 7213 =gk 2 ibAl & L CTHVTW
LA, BEto#E & L CREx O 1B FRIEFIND 2 BTELAIE TR RiTT o2 L &
L7z, Flx AT T o 72h, WTOHEIT S KOS OBEHEA LB 22 B b3 A 2RI R
YDA, JFEHE 72 & OFEROBAG Hiv, LAHOARY 138 138U S /e h o 7= (Table
17), ey Em & LT, WikriR ) 2Bt A 2 O TZBRICIER B EHE L L, iy~ o
IV RIRIRAEA 2 T BRIZIIBOR 23 Z DA S WETANZ & - 72,

61



(0] (0]
H D
A base (2.5 eq.) A
Me Me H coEt THF, temp., time; _ e Me D coEt
° o CD3;0D quench o o
Me CO,Et Me CO,Et
136 136-d,
temp. conc. time
base [°C] [M] [h] results & comments
LHMDS -78 0.01 1
LDA -78  0.01 1 No deuteration at all
NaHMDS -78  0.01 1
LHMDS 0 0.01 1 No deuteration at ketone-side
LDA 0 0.01 1 No deuteration at ketone-side, and slightly decomp.
NaHMDS O 0.01 1 No deuteration at ketone-side
NaHMDS O 0.05 2  Deuterated at ketone-side but not at ester-side
NaHMDS O 0.05 2 CH3CO,D quench, deuterated at both sides

Table 16: Deuteration experiments of malonate-type substrate 136

O
CO,Et
H NaHMDS (2.5 eq.) H CO,Et
THF, 0 °C, 2 h; '
Me Me H COZEt - \§\> Me
i oxidant, temp.
(0]
Me CO,Et O H Me
136 138
temp. time
oxidant  (eq.) [°C] [h] results
CuCl, 25 rt 4 ~25% C-C cleavage to afford byproduct 95
Cu(OAc), 2.5 rt 24 Unknown byproduct mainly o
Cu(acac), 25 rt 4 No reaction
FeBrj 25 rt 4 >80% C-C cleaveage to afford 95 Me Me
[CpoFelBF, 2.5 0 0.33 Severely messy reaction, SM consumed o~ “OH
Fe(acac); 25 rt 4 No reaction 95
Mn(acac); 2.5 0 0.33 Similar pattern to [Cp,Fe]BF,
AgOTf 25 rt 0.5 Messy mixture, byproducts having dimer's mass
AgOAc 25 50 14 Unknown byproduct observed, SM remained
TEMPO 25 50 15 Ti tof b duct
. iny amount of several byproducts,
nor-AZADG 2.5 50 15 much SM remained, NR @ rt
keto-ABNO 2.5 50 15
I 1.25 rt 4 Similar pattern to [Cp,Fe]BF,
PhI(OAc), 1.25 rt 0.5 Messy reaction
PhI(OTFA), 1.25 rt 0.5 Desaturation products 139 main, slightly messy
DDQ 1.25 rt 20 No reaction

Table 17: Investigation toward oxidative C-C formation from 136
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TH Y AFUVURIEE 140 25 T VLT X LIS DORRET

HE 136 (Zxf T D AmE & AT U CUEBBRI T U UL T L A OGO AVE 2 /e LT,
T U AL C-H A0 b DOE 72 R{LH) C-C F5 AT RSUGIX, Shi 5> White Hi2X D /37
D A VDR, L HIC X D - 3oL MR % I D R YR E S
ENTW5, BENBEMARIEEICRESNTND Z &0, REFBIBREA 0 FLE % i T &
WMEELFTHZ L BRONREEZMNELTHIEREEMBKL, N7 VT AR E WD
B D2 BT 2 AYEIC O W TR 21T 9 2 & & Lie, Z2ds. AYE 140 1% 136 (Txt
L Petasis itIEZEH S E 5 2 &L TEGIZAKT 5 Z & 3T & 7=(Table 18, a),

Z 140 1Zxf L, Shi 5(entry 1)<° White & (entry 3) D&% 5% 12 21T - 7=(Table 18,
b), Entry 1, 2 DMt TIHIFIERISE Z 720> 7225, entry 4 DEEICBNTAL 7 4

a) Synthesis of exo-methylene-type substrate 140 via olefination

O
Petasis reagent
10 eq.
Me Me CO,Et ( 9.) Me Me CO,Et
7 THF, reflux o
o o o
Me CO,Et 73% Me CO,Et
136 140
b) Trial for intramolecular oxidative C-C formation from allylic C-H
H Pd cg;aly?t 2250 mol%) H CO,Et
oucart(119e4) oo
Me Me H co,et W= Me w
o try /
Me CO,Et OH Me
140 141
additive temp.
entry Pd cat. oxidant (eq.) solvent [°C] results
1 Pd(OAc), BQ - toluene 60 No reaction
Trace acetoxylated adduct & isomerized one
2 Pd(OAc) BQ DBU (2.0) toluene 60 Other bypros (reacted with BQ) also observed
3 Pd-c104n;plex DMBQ AcOH (0.5) diox(.;fl_):\)/lSO 60 Trace acetoxylated adduct, almost no reaction
4 PHCOmPIX pMBQ DBU (2.0) d'°x(ﬂ\)"so 60 SM remained, but byproduct 143 major
5 Pd(OAc), BQ - DMSO 60 Acetoxylated adduct & unknown byproduct major
Immediately Pd-black appeared
6  Pd(OAck BQ DBU (2.0) DMSO rt and SM consumed, messy reaction
Me
o./—\ O
\\S 4 O Me (0]
Ph—= - “>Ph <
Pd(OAC), 7 M a3
Pd-complex 142 Me Me (not conclusive structure)

Table 18: Synthesis of 140 and investigation toward allylic C-H alkylation from 140

"2 For their first reports, see Ref.9f and 9g. For additional developments of this reaction: (a) Young, A. J.; White, M.

C. Angew. Chem. Int. Ed. 2011, 50, 6824. (b) Osberger, T. J.; White, M. C. J. Am. Chem. Soc. 2014, 136, 11176.
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X D EEE RO E C-C AUl &2 CAR L7z & b 2 BIAERY) 143 238142
S, ZoZ &b, TUNMMIEEE YD & Wacker Z A ZORISHER L TRZ > TLE
STWDHEE X, £Z T, DMSO AT 35T Wacker % A ZORUG LD &7 U Az
Mﬁ@%?ékwﬁm%m%®%¢ﬁ%%%’ DMSO &L CO G DRI 21T 572, L
N LUEADKSTETET, BEOT & FX AP HEITT DDA TH - 7= (entry 5, 6),

BALAI TN C-C ARG ORFNIRT2BR LS BOBE

ULbED XS 2 DHORKISOER A B U2 it 21T > T iy, BAROBREE
BAHZLIXTERDST, FHZ 136 D E AT ) 55— NOS TN » 7V v VRS
DRA T, BAT ) T — DA ZERFCER THEE L TWD S DODOFTED LA
ITLRD o T T, ZO%ROBEACHIH » 7V > T D AT 73] & O JFIK THIT LTV
@m%@k%i%héozmﬁlkbf OFEFHERIC L0 SOSBET L2, 20T
@SRRI LR ITLRWATRBMERE 2 bbb, QIFd bbb, EbbnEiEms
D= )T — ki xﬁ“é@zﬂmﬁ Rt L7e B b A I3t Z 5722 OIS EIT LN Z &
T D50, 139 O L 9 IZHMIZERLASHEAT L 7B AE R O A R0, w&M%w&mﬁ%%w
HERNEMLTHZ D, ZOREEMEICOWTIEH TV E I W EFEFITHEEL T
Wb, LAEZOLND AR E LTIX, @QONARMERIZ LV #EEE R TR E KGR
FERESEICL L, MAERPEIT L2 E W) aIREETH 5, FlziE, 6 BERE BT
DIZIZZ AT ABALDOA VT 4 VIR Cis IR DTN B DH N, trans (K TH D 136 D~/ 7
— N TCORMACNEG TROWABEENEZ bNWD, 7o, =/ F7— MR BETLHEZ0A
L7 g BT8R0 2 OB NKR=V EYLDRFEE TONT TR EHE R
FAEL, FEEPETEDDx 7 Ffllox ) F— MrFEEESSEEEZ EDIZ <o
TWAAREME S E 2 HLD, ZORMBEICH LT, 144 DL HICZDF L7 40D sp? k%
sp® IRFE~ELEHE LBLEICA L 7 4 VICRT E Voo FIERR, 145 O X 978 A T ORE
WCEETDHE VST HFIEICLY, BEOHBEZELS T LWt MIRREZ L b, &
% OGO T H & 5 (Figure 5),

(0]
Too planar structure
©g makes C-C formation difficult X
Me Me'y  co,et 144
O S) 0 iy
Me Me / o I > X Me CO2E
iy /
Y o Enabling flexible conformation
Me EtO by changing C(sp?) to C(sp°) o
136 Me M‘?\\(COZEt 145
o Me

Me

Figure 5: Future perspective for realization of 2nd key C-C formation

& Ref.7g and Chen, M. S.; Prabagaran, N.; Labenz, N. A.; White, M. C. J. Am. Chem. Soc. 2005, 127, 6970.
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M—10. AEDFLDODRVSHOEY

LLED X 9 CEE T, FUESTEERRY A RE D~ A VU HOAMEICET L, A
LA EHLRERY — RE & O X EFREFOFR~ORBELBE L, Ml & X872
2 BN DN INORAYE AR IR IZ L D A RGHE &2 TR LEBEOGRAE B Lz, BHIC
ARTHER 2 BEME A VKT —F /L 108 & THF Brafir sp’C-H & OEbHYE BEHAL 2 B8 H»
D& LT, SEERHITIRAE S TABEIZB W CRBEKEMEETHZ LIk L, Fikd
BHIZED 2 DHOBIETH D0 FINIBRILR C-C MATRSIG DIE 146 ~ L x4
OGO et 2 1T 1208, LAOERUIKR 147 21525 Z L 13 T& 725> 72 (Scheme 29),

A OMEE LTE, 12 H O#IE T 5 Peterson B C-C FE ARG % BIERIAT
VT B ROBEEEZRRET T 7 F =6 EENICHET S 5 FIEmOBRRBEC. 2 D H 08t
B Td 555 FNBALEUS DR ZFIT bivd, BB ORI ET S 3 BREHEESE L =
R AUE, WD C2 (L1231 B THF BRodiz sp’C-H S AR L& L3> 0 & L= side-chain 3
AR, CARLIZIHBIT H AT NVEDEAN, REFEFHMEIZL D 2 RFE2=> MNC2HI-CI{L)EA
BITH)ZETA U R~ A UV HOERRMPERTE S LBEIND,

+ + +

O®  Csp%)-H oxidation SN TMSYCN
& aldehyde fixation M
Me Me — Me J >§Me e
o~ H TIPSO /=0 TIPSO

Peterson olefination

108 118 at sterically hindered position

Easily preparable
bicyclic meso-ether l l

Intramolecular oxidative coupling
as 2nd key C-C formation

H R (under investigation) (=0.cha
under investigation
EWG g H
" '@ ) Met—te H e
.,,I/\\/
R3 OH Me % b R
indc(né(grgéc):ins 147 146

Scheme 29: Summary of results so far
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IV. #5

B

HHIL. B sp’C-H RSB B RERAL UGS SEMESY TR DI ER(E & 2 BIR O ARk
DRERRICRE LS FET D LE 2, LB ZE U CHBRAER OBREMIEIC K 5 UG
PO, ROAKRKSEROBEAIZ L 20 AR A TX 2,

A OAFZETIE, MUPRREE LIl & 138 2 2 b 00, oIKkEEFE L VTR b SIS
BWTT I FA C-H MABLAIBADIEEZ R AESE L2 2 /A LT, ZOMAND
UPOFTEAZZEE L, 7 I R a2 A BB OB 240 > 7228, Y &'ESIOSITH
F o TLE VMBI ST 2 280 o, A%IFZF OIEERECIE bR s 8RS
Fer B3 2 e DT R - BELENEEN, TORMRKETIEZT I Fefliib+o2 &
HEEEL 2D H Lt

HBHEOMFETIX, PUEBIEMELZFFBEEY — RELTALETHL A R~ A VU
DERMIEEAT o Te, WEROERIELITRRY | Z D% O EILFHINFIEZ B 2 72 IR
BB RIEIC L DA RETH 2 R L Bt 21T 572, 3 O E L7-8E C-C /ARG D 9 b,
1 5 H ONARBNTIRAE 2 T ALE T D C-C fE BT & JEMER T ENETITH 5 b D DOERT
HZENTEIZ, BUE2 DHORICZRFTEFETHY . ZOZERPLEND, £/, 1D
H OFERIEDET NVREANZ FAVTEREFHER LIV 3 OHORKISOEBR L HLETH S &AL
ANEND,
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Experimental Section

1. General

'H NMR spectra were recorded on a JNM-ECX500 spectrometer (operating at 500 MHz for *H
NMR and 125.65 MHz for *C NMR) and a JNM-ECS400 spectrometer (operating at 400 MHz for
'H NMR and 100 MHz for *C NMR). Chemical shifts were reported downfield from TMS (5= 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) unless otherwise
noted. In general, reactions were carried out under an argon atmosphere. Commercially available
reagents were all purchased from Aldrich, TCI (Tokyo Chemical Industry Co., Ltd.), Kanto
Chemical Co., Inc., and Wako Pure Chemical Industries, Ltd. and used without further purification.

2. Experimental Information about Chapter 2
2-1. General procedure for oxidation of 8 or 13 to evaluate catalyst abilities (Scheme 8)

jo Fe(OTf)s (2.5 mol%) jo
O)WOH HQ-cat. 5 (20 mol%) _ O)QO)<Ph
NMP, 60 °C, 24 h Ph

Ph Ph
O, (1 atm
8 2 ( ) 9

94% NMR yield

To a flame-dried test tube charged with Fe(OTf); (1.3 mg, 0.0025 mmol, weighed in a glove-box)

and HQ-catalyst 5 (3.8 mg, 0.020 mmol) was added dry NMP (0.5 mL). After stirring for a couple of
minutes, substrate 8 (34.0 mg, 0.10 mmol) was added in one portion. Then, internal atmosphere of
test tube was exchanged to oxygen (1 atm, balloon) and the reaction mixture was heated to 60 °C
with vigorous stirring for 24 hours. After that, reaction was cooled to room temperature and diluted
with ether-water. Extraction with ether twice, drying over Na,SO,, filtration, and evaporation
afforded a crude mixture. NMR yield of 9 was determined by analysis of *H NMR of the crude
mixture with 1,1,2 2-tetrachloroethane (21.1 uL, 33.6 mg, 0.20 mmol) as internal standard.
2,2,3,3-Tetramethyl-7,7-diphenyl-1,4,6-trioxaspiro[4.4]nonane (9)
'H NMR (CDClsy): 6 = 7.49 (d, 4H, J = 7.8 Hz), 7.29 (dd, 4H, J = 7.8, 7.8 Hz), 7.19 (dd, 2H, J = 7.8,
7.8 Hz), 2.66 (t, 2H, J = 7.5 Hz), 2.11 (t, 2H, J = 7.5 Hz), 1.44 (s, 3H), 1.22 (s, 3H); *C NMR
(CDCly): 6 = 146.33, 127.92, 126.86, 126.57, 125.96, 87.11, 82.91, 37.85, 36.02, 23.39, 23.18; IR
(neat): 2978, 1598, 1492, 1368, 1333, 1160, 1039, 972, 916, 874, 824, 745, 701 cm™; MS (ESI): m/z
361 [M+Na]"; HRMS (ESI): m/z calcd for C,,H,603sNa [M+Na]* 361.1774. Found 361.1763.
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2-2. Synthesis of model substrate 8

Q\o Jones reagent Q\O Mel (5.0 eq.) Q\O
o om0 XL on KERE0, XL owe

acetone DMF, rt, 13 h
0 °C to rt, 30 min. O
148 149 150
70% yield
O
PhMgBr (3.0 eq.)
L OH
ether o
0°Ctort,7h Ph Ph
8
93% yield

Alcohol 148 was prepared following a reported procedure™ and purified by distillation (83-84 °C,
0.5 kPa). To a solution of the alcohol 148 (3.77 g, 20.0 mmol) in acetone (65 mL) cooled to 0 °C was
added Jones reagent (2.5 M solution, 16.0 mL, 40.0 mmol) dropwise. After completion of the
addition, the reaction temperature was raised up to room temperature and the mixture was stirred for
30 minutes. The reaction was quenched with i-PrOH followed by addition of AcOEt-H,O and the
organic compounds were extracted with AcOEt twice. The combined organic phase was washed with
brine, dried over Na,SO,, filtered, and evaporated to afford a crude mixture containing carboxylic
acid 149, which was used for the next step without purification.

Crude 149, Mel (6.23 mL, 14.2 g, 100 mmol), and K,CO; (5.53 g, 40.0 mmol) were dissolved in
DMF (20 mL). After stirring for 13 hours, water was added to the mixture, which was extracted with
AcOEt twice. The combined organic phase was washed with 1 N ag.HCI and brine, dried over
Na,SO,, filtered, and evaporated to afford a crude mixture. Purification by flash column
chromatography (silica gel, AcOEt/n-hexane = 1:6) afforded ester 150 (3.03 g, 14.0 mmol) as
colorless oil in 70% yield for 2 steps.

To a solution of ester 150 (3.03 g, 14.0 mmol) in ether (28 mL) cooled to 0 °C was added PhMgBr
(1.08 M solution in THF, 38.9 mL, 42.0 mmol) slowly via a syringe. After completion of the addition,
the reaction temperature was raised up to room temperature and the mixture was stirred for 7 hours.
The reaction was quenched with saturated aqueous NH4ClI solution. Extraction with AcOEt twice,
drying over Na,SO,, filtration, and evaporation afforded a crude mixture. Purification by flash
column chromatography (silica gel, ether/n-hexane = 1:3) afforded alcohol 8 (4.42 g, 13.0 mmol) as
white solid in 93% yield.
1,1-Diphenyl-3-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)propan-1-ol (8)

'H NMR (CDCly): 8 = 7.45 (d, 4H, J = 7.5 Hz), 7.29 (dd, 4H, J = 7.5, 7.5 Hz), 7.19 (dd, 2H, J = 7.5,
7.5Hz),5.10 (t, 1H, J =5.2 Hz), 3.48 (s, 1H), 2.45 (t, 2H, J = 7.5 HZz), 1.67 (dt, 2H, J = 5.2, 7.5 Hz),
1.19 (s, 3H), 1.15 (s, 3H); *C NMR (CDCly): § = 147.20, 128.03, 126.59, 126.09, 100.85, 82.13,

™ stowell, J. C.; Polito, M. A. J. Org. Chem. 1992, 57, 2195.
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77.71, 36.22, 30.76, 24.10, 22.08; IR (KBr): 3435, 3087, 3050, 2928, 2772, 2656, 2332, 1969,
1894 ,1816, 1599, 1582, 1369, 1150, 982, 857, 760 cm™; MS (ESI): m/z 363 [M+Na]*; HRMS
(ESI): m/z calcd for Cy,H503Na [M+Na]* 303.1931. Found 363.1933.

2-3. Synthesis of amide catalyst 34 and 35 (Scheme 15)

O O
| acetylacetone (3.0 eq.)
Cul (5 mol%)
L-proline (10 mol%)
K2003 (40 eq) o
DMSO
@;o 90 °C, 100 min. C/v/o
37 34
36% vyield

Aryl iodide 37 was prepared following a reported procedure.” A mixture of aryl iodide 37 (1.14 g,

3.97 mmol), acetylacetone (1.22 mL, 1.19 g, 11.9 mmol), Cul (37.8 mg, 0.199 mmol), L-proline
(45.7 mg, 0.397 mmol), and K,COj3 (2.19 g, 15.9 mmol) in dry DMSO (16 mL) was heated to 90 °C.
After stirring at the same temperature for 100 minutes, the reaction mixture was cooled to room
temperature followed by quenching with 1 N aqg.HCI. Extraction with ether twice, drying over
Na,SO,, filtration, and evaporation afforded a crude mixture. Purification by flash column
chromatography (silica gel, AcCOEt/CH,Cl, = 1:19 to 1:4) afforded 34 (367 mg, 1.42 mmol) as
slightly reddish white solid in 36% yield.
3-(4-(2-Oxopyrrolidin-1-yl)phenyl)pentane-2,4-dione (34)
'H NMR (CDCls): § = 7.64 (d, 2H, J = 8.6 Hz), 7.16 (d, 2H, J = 8.6 Hz), 3.89 (t, 2H, J = 7.2 Hz),
2.63 (t, 2H, J = 8.0 Hz), 2.18 (tt, 2H, J = 7.2, 8.0 Hz), 1.88 (s, 6H); BC NMR (CDCly): 6 = 191.02,
174.28, 138.75, 132.81, 131.48, 119.93, 114.54, 48.65, 32.76, 24.16, 18.00; IR (KBr): 2972, 2878,
1695, 1606, 1517, 1486, 1460, 1387, 1306, 1220, 1124, 981, 838, 815, 734, 642 cm™; MS (ESI): m/z
282 [M+Na]"; HRMS (ESI): m/z calcd for C;5sH1;NOsNa [M+Na]* 282.1101. Found 282.1090.

o O

[
Phl (2.0 eq.)

Cul (50 mol%) Cul (5 mol%)
H DMEDA (700 mol%) L-proline (10 mol%)
Wo CsCO3(3.0eq.) NIS (3.5 eq.) KoCO3 (4.0eq.)

acetylacetone (3.0 eq.)

diox., 90 °C, 17 h N._0 AcOH, 100 °C N_0O DMSO0,90°C,35h N__o

33 38 35
84% yield 74% vield 42% yield

Amide 36 was prepared following a reported procedure.** A mixture of amide 36 (326 mg, 2.88

™ Kalyani, D.; Dick, A. R.; Anani, W. Q.; Sanford, M. S. Tetrahedron 2006, 62, 11483.
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mmol), Phl (642 puL, 1.18 g, 5.76 mmol), Cul (274 mg, 1.44 mmol), DMEDA (2.17 mL, 1.78 g, 20.2
mmol), and Cs,CO; (2.82 g, 8.64 mmol) in dry 1,4-dioxane (14 mL) was heated to 90 °C. After
stirring at the same temperature for 17 hours, the reaction mixture was cooled to room temperature
followed by dilution with AcCOEt. The organic phase was washed with water, dried over Na,SOy,
filtered, and evaporated to afford a crude mixture. Purification by flash column chromatography
(silica gel, AcOEt/n-hexane = 1:1 to 3:2) afforded 33 (457 mg, 2.41 mmol) as white crystalline solid
in 84% yield.

A solution of amide 33 (284 mg, 1.50 mmol) and NIS (506 mg, 2.25 mmol) in AcOH (10 mL) was
heated to 100 °C. After stirring at the same temperature for 18 hours, additional NIS (675 mg, 3.00
mmol) was added to the reaction mixture followed by stirring for additional 41 hours at 100 °C.
Then, the reaction mixture was cooled to room temperature followed by evaporation of AcOH. The
residue was diluted with CH,CI,, washed by saturated aqueous Na,S,0; solution, saturated aqueous
Na,HCO; solution and brine, dried over Na,SO,, filtered, and evaporated to afford a crude mixture.
Purification by flash column chromatography (silica gel, AcOEt/n-hexane = 1:1) afforded 38 (350
mg, 1.11 mmol) as white crystalline solid in 74% yield.

A mixture of aryl iodide 38 (350 mg, 1.11 mmol), acetylacetone (342 uL, 333 mg, 3.33 mmol), Cul

(10.6 mg, 0.0555 mmol), L-proline (12.8 mg, 0.111 mmol), K,CO; (614 mg, 4.44 mmol) in dry
DMSO (4.5 mL) was heated to 90 °C. After stirring at the same temperature for 3.5 hours, the
reaction mixture was cooled to room temperature followed by quenching with 1 N aq.HCI. The
mixture was extracted with ether for three times and the combined organic phase was dried over
Na,SO,, filtrated, and evaporated to afford crude mixture. Purification by flash column
chromatography (silica gel, AcOEt/n-hexane = 1:1 to 3:2) afforded 35 (133 mg, 0.463 mmol) as
white solid in 42% yield.
3-(4-(2,2-Dimethyl-5-oxopyrrolidin-1-yl)phenyl)pentane-2,4-dione (35)
'H NMR (CDCly): 6 =7.22 (d, 2H, J = 8.6 Hz), 7.17 (d, 2H, J = 8.6 Hz), 2.60 (t, 2H, J = 8.0 Hz),
2.07 (t, 2H, J = 8.0 Hz), 1.91 (s, 6H), 1.28 (s, 6H); *C NMR (CDCl3): & = 190.95, 174.73, 136.38,
135.78, 131.81, 129.59, 114.49, 62.53, 34.90, 30.17, 27.70, 24.26; IR (KBr): 2969, 1691, 1515, 1375,
1200, 994, 913, 874, 833, 778, 654 cm™; MS (ESI): m/z 310 [M+Na]*; HRMS (ESI): m/z calcd for
C17H»NO3Na [M+Na]* 310.1414. Found 310.1421.
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3. Experimental Information about Chapter 3
Synthesis of 91 from 94 (Scheme 29)

MelLi (2.4 eq.)
Cul (1.2 eq.)
Me > Me Me
ether
o -78°Cto0°C o
94 35h 91
82% yield

Enone 94 was prepared following reported procedure.® To a slurry of Cul (6.53 g, 34.3 mmol) in

ether (100 mL) cooled to -78 °C (dry ice-acetone bath) was added MeLi (1.13 M solution in ether,
60.7 mL, 68.6 mmol) dropwise followed by warming up to 0 °C. The mixture was stirred at 0 °C for
10 minutes and then cooled to -78 °C again. To the cooled mixture, a solution of enone 94 (3.95 g,
28.6 mmol) in ether (50 mL) was added slowly via a syringe and the reaction mixture was stirred at
0 °C for 10 minutes. The reaction was quenched with saturated aqueous NH,CI solution followed by
vigorous stirring at room temperature under open air. Then, extraction with AcOEt twice, drying
over Na,SO,, filteration, and evaporation provided a crude mixture. Purification by flash column
chromatography (silica gel, AcOEt/n-hexane = 1:4 to 1:2) afforded 91 (3.63 g, 23.5 mmol) as white
solid in 82% vyield.
3a,6a-Dimethyltetrahydro-1H-cyclopenta[c]furan-5(3H)-one (91)
'H NMR (CDCls): 8 = 3.79 (d, 2H, J = 8.6 Hz), 3.73 (d, 2H, J = 8.6 Hz), 2.46 (d, 2H, J = 19.5 Hz),
2.24 (d, 2H, J = 19.5 Hz), 1.14 (s, 6H); *C NMR (CDCls): & = 216.61, 79.44, 49.99, 48.43, 19.67;
IR (KBr): 2966, 1745, 1449, 1403, 1247, 1196, 1095, 1059, 958, 917 cm™; MS (ESI): m/z 177
[M+Na]*; HRMS (ESI): m/z calcd for CoH1,0,Na [M+Na]" 177.0886. Found 177.0087.

Oxidation of 91 to lactol 95 (Scheme 31, b, entry 5)

O o}

Mn-cat. 99 (10 mol%)
PhIO (2.0 eq.) Mn-cat. 99 :
Me Me CHACN » Me Me

/ \ *
o 0°Ctort,4h o~ “OH =N MnIIIN_ -
49% yield

Mn"" catalyst 99 was prepared following the reported procedure.”® 91 (77.1 mg, 0.500 mmol) and
Mn'" catalyst 99 (26.3 mg, 0.0500 mmol) were dissolved in dry CH,CN (2.5 mL). After cooling to 0

°C (ice-water bath), iodosobenzene (220 mg, 1.00 mmol) was added in one portion. Then, the

reaction temperature was raised up to room temperature followed by stirring for 4 hours. After that,

the reaction was diluted with AcOEt, and treated with silica gel. After stirring for 5 minutes, the

" Dailey, G. C.; Horwitz, C. P.; Lisek, C. A. Inorg. Chem. 1992, 31, 5325.
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mixture was filtrated through a pad of silica gel. Evaporation the filterate afforded a crude mixture.
Purification by flash column chromatography (silica gel, AcOEt/n-hexane = 1:2) afforded recovered
starting cyclic ether 91 (20.6 mg, 0.134 mmol) as white solid in 27% yield and lactol 95 (41.6 mg,
0.244 mmol) as white solid in 49% vyield.
1-Hydroxy-3a,6a-dimethyltetrahydro-1H-cyclopenta[c]furan-5(3H)-one (95)

95 was obtained as 1.9:1 mixture of diastereomers. *H NMR chemical shifts of the major isomer are
underlined. *"H NMR (CDCls): & = 5.22 (s, 1H), 5.19 (s, 1H), 4.05 (d, 1H, J = 8.9 Hz), 4.03 (d, 1H, J
= 8.3 Hz), 3.80 (d, 1H, J = 8.9 Hz), 3.78 (d, 1H, J = 8.3 Hz), 3.15 (s br, 1H), 2.92 (s br, 1H), 2.74 (d,
1H, J = 18.3 Hz), 2.72 (d, 1H, J = 18.9 Hz), 2.45 (d, 1H, J = 18.3 Hz), 2.41 (d, 1H, J = 18.3 Hz),
2.24 (d, 1H, J = 18.3 Hz), 2.22 (d, 1H, J = 18.3 Hz), 2.17 (dd, 1H, J = 1.5, 18.9 Hz), 2.04 (dd, 1H, J
= 1.5, 18.3 Hz), 1.30 (5, 3H), 1.16 (s, 3H), 1.13 (5, 3H), 1.12 (s, 3H); **C NMR (CDCly): § = 217.04,
216.43, 105.39, 104.52, 79.56, 78.73, 52.22, 52.17, 51.58, 50.72, 50.54, 47.49, 47.23, 45.54, 22.49,
20.72, 19.36, 16.29; IR (KBr): 3420, 2926, 1745, 1459, 1398, 1205, 1022, 924, 690 cm™; MS (ESI):
m/z 193 [M+Na]"; HRMS (ESI): m/z calcd for CgH;40sNa [M+Na]* 193.0835. Found 193.0832.

Allylation of lactol 95 to 105 (Scheme 32, b)

o /\/TMS o
(4.4 eq.)
BF3-OEt, (4.4 eq.)‘
Me Me CH,Cl, > Me Me -

o~ OH -78°Ctort, 14 h o

95 105
86% yield
(dr 5.6:1)

Lactol 95 (32.1 mg, 0.189 mmol) and allyltrimethylsilane (131 uL, 94.3 mg, 0.825 mmol) were
dissolved in dry CH,Cl, (1.7 mL). After cooling to -78 °C (dry ice-acetone bath), borontrifluoride
etherate (104 uL, 117 mg, 0.825 mmol) was added via a syringe. Then, the reaction temperature was
gradually raised up to room temperature, followed by stirring for 14 hours. The reaction was
guenched with saturated aqueous NaHCO3 solution, followed by extraction with AcOEt twice. The
combined organic phase was dried over Na,SQ,, filtered, and evaporated to afford a crude mixture.
Diastereoselectivity was determined by 'H NMR analysis of the crude mixture to be 5.6:1.
Purification by flash column chromatography (silica gel, AcOEt/n-hexane = 1:6) afforded
diastereo-mixture of 105 (31.6 mg, 0.163 mmol) as pale-yellow oil in 86% yield.
1-Allyl-3a,6a-dimethyltetrahydro-1H-cyclopenta[c]furan-5(3H)-one (105)

'H NMR chemical shifts of the major isomer are underlined. *H NMR (CDCl5): & = 5.76-5.90 (m,
1H+1H), 5.05-5.16 (m, 2H+2H), 3.83 (d, 1H, J = 8.6 Hz), 3.76 (d, 1H, J = 8.6 Hz), 3.69-3.77 (m,
1H+3H), 2.49-2.58 (m, 1H+1H), 2.40 (d, 1H, J = 18.9 Hz), 2.16-2.34 (m, 4H+3H), 2.13 (dd, 1H, J =
1.4, 18.4 Hz), 2.00 (dd, 1H, J = 1.7, 18.3 Hz), 1.16 (s, 3H), 1.09 (s, 3H), 1.03 (s, 3H), 1.02 (s, 3H);
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3C NMR (CDCly): § = 216.65, 135.05, 134.98, 117.08, 116.85, 85.84, 84.55, 78.96, 77.52, 51.41,
50.89, 49.97, 49.31, 48.90, 48.80, 47.82, 46.77, 35.79, 35.58, 21.40, 20.00, 18.45, 15.41; IR (neat):
2970, 1744, 1641, 1408, 1180, 1056, 913 cm™; MS (ESI): m/z 217 [M+Na]"; HRMS (ESI): m/z
calcd for C1,H;50,Na [M+Na]* 217.1199. Found 217.1194.

Synthesis of pinacol ketal 108 from ketone 91 (Scheme 33, b)

o MeO_ OMe o_ O
HC(OMe); (2.0 eq.) pinacol (2.0 eq.)
p-TsOH-H,0 (5 mol%) BF3-OEt; (1.5eq.)
Me Me "“MeOH, it, 30 min. Ve Me ether ~ Me Me
o o 0°Ctort,21h o
91 151 108
93% yield
(for 2 steps)

A mixture of ketone 91 (3.63 g, 23.5 mmol), trimethyl orthoformate (5.15 mL, 5.00 g, 47.1 mmol),
and p-TsOH monohydrate (224 mg, 1.18 mmol) in MeOH (60 mL) was stirred at room temperature
for 30 minutes. Then, the reaction mixture was diluted with CH,Cl, and filtered through a pad of
basic alumina. Evaporation of the filtrate afforded dimethyl-ketal 151 as pale-yellow oil, which was
directly used for the next step without further purification.

The solution of dimethyl-ketal 151 and pinacol (5.56 g, 47.1 mmol) in dry ether (235 mL) in 500

mL round-bottom flask was cooled to 0 °C, followed by addition of BF;- OEt, (4.43 mL, 5.01 g, 35.3
mmol). After stirring at room temperature for 21 hours, the reaction was diluted with ether and
washed with saturated aqueous NaHCOj3 solution. The organic phase was dried over Na,SO,, filtered
and evaporated to afford the crude mixture. Purification by flash column chromatography (silica gel,
AcOEt/n-hexane = 1:6) afforded pinacol-ketal 108 (5.56 g, 21.9 mmol) as white solid in 93% yield
for 2 steps.
3a,4',4'5' 5" 6a-Hexamethylhexahydrospiro[cyclopenta[c]furan-5,2'-[1,3]dioxolane] (108)
'H NMR (CDCls): 8 = 3.81 (d, 2H, J = 8.3 Hz), 3.44 (d, 2H, J = 8.3 Hz), 2.09 (d, 2H, J = 13.8 Hz),
1.86 (d, 2H, J = 13.8 Hz), 1.16 (s, 6H), 1.15 (s, 6H), 1.02 (s, 6H); *C NMR (CDCl,): 5 = 113.59,
82.09, 81.97, 80.67, 52.57, 49.41, 23.47, 23.41, 20.46; IR (KBr): 2970, 2871, 1460, 1365, 1326,
1159, 1048, 970, 888, 739 cm™; MS (ESI): m/z 277 [M+Na]*; HRMS (ESI): m/z calcd for
C1sH2603Na [M+Na]" 277.1774. Found 277.1771.
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Oxidation of 108 to lactol 109 (Scheme 33, b)

£ £

0. 0 Mn-cat. 99 (16 mol%) 0_©
PhIO (3.2 eq.)
Me Me CH,CN ~ Me Me
0°Ctort,2h
108 109
32% yield
(dr ~4:1)

Lactol 99 was prepared following the same procedure for the preparation of lactol 95, using cyclic
ether 108 (21.9 mg, 0.086 mmol), Mn"" catalyst 99 (7.4 mg, 0.014 mmol), iodosobenzene (61.6 mg,
0.280 mmol), and dry CH3CN (0.70 mL). Reaction for 2 hours and succeeding purification by flash
column chromatography (silica gel, AcOEt/n-hexane = 1:4 to 1:3) afforded lactol 109 (7.5 mg, 0.028
mmol) as white solid in 32% yield.
3a,4',4' 5" 5" 6a-Hexamethylhexahydrospiro[cyclopenta[c]furan-5,2'-[1,3]dioxolan]-1-ol (109)
109 was obtained as 1.7:1 mixture of diastereomers. ‘"H NMR chemical shifts of the major isomer
are underlined. "H NMR (CDCly): & = 5.22 (d, 1H, J = 12.6 Hz), 5.13(d, 1H, J = 3.5 Hz), 4.88 (d, 1H,
J=12.6 Hz), 3.88 (d, 1H, J = 8.6 Hz), 3.87 (d, 1H, J = 8.9 Hz), 3.78 (d, 1H, J = 8.6 Hz), 3.50 (d, 1H,
J = 8.9 Hz), 2.47 (br, 1H), 2.32 (dd, 1H, J = 1.7, 14.3 Hz), 2.03-2.12 (m, 2H+1H), 1.91 (dd, 1H, J =
1.2, 13.8 Hz), 1.84-1.89 (m, 1H+1H), 1.79 (d, 1H, J = 14.4 Hz), 1.24 (s, 3H), 1.20 (s, 3H), 1.20 (s,
3H), 1.18 (s, 3H), 1.16 (s, 6H), 1.15 (s, 6H), 1.11 (s, 3H), 1.06 (s, 3H), 1.05 (s, 3H), 1.04 (s, 3H); *C
NMR (CDCl,): 6 = 113.56, 112.87, 107.85, 105.17, 84.17, 82.24, 82.21, 82.06, 79.28, 76.92, 53.25,
53.06, 52.71, 52.24, 48.41, 48.28, 48.02, 23.47, 23.45, 23.37, 23.34, 23.25, 22.28, 22.26, 22.15,
16.53; IR (KBr): 3377, 2975, 1458, 1366, 1329, 1161, 1080, 1005, 971 cm™; MS (ESI): m/z 293
[M+Na]"; HRMS (ESI): m/z calcd for C15H,603Na [M+Na]* 293.1723. Found 293.1727.

Tandem lactol-opening-HWE olefination-oxy-Michael addition affording 111 (Scheme 33, c)

% s%

0,0 [o) KOt-Bu (3.5 eq.) 0,0
I 2-pyridyl-SH (0.5 eq.)
+ _P.__CO,Et =PY -
Me Me ~ EGN diox., 50 °C, 77 h Me Me
o 106 ., COoEL
o o
1.5 eq.
109 (1:5eq) 111
17% yield

(dr 3.1:1)

Lactol 109 (8.1 mg, 0.030 mmol), phosphonate 106 (9.0 uL, 10.1 mg, 0.045 mmol), KOtBu (11.8
mg, 0.105 mmol), and 2-mercaptopyridine (1.7 mg, 0.015 mmol) were dissolved in 1,4-dioxane (0.3
mL), and the mixture was stirred for 77 hours at 50 °C. Then, the mixture was cooled to room
temperature and diluted with water. Extraction with ether twice, drying over Na,SQ,, filtration, and

evaporation afforded a crude mixture. Diastereoselectivity was determined by *H NMR analysis of
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the crude mixture to be 3.1:1. Purification by flash column chromatography twice (silica gel,
AcOEt/n-hexane = 1:9, then AcOEt/CH,CI, = 1:19) afforded diastereo-mixture of 111 (1.7 mg,
0.0050 mmol) as green oil in 17% vyield.

Ethyl 2-(3a,4'.4'5'5',6a-hexamethylhexahydrospiro[cyclopenta[c]furan-5,2'-[1,3]dioxolan]-1-
yl)acetate (111)

'H NMR chemical shifts of the major isomer are underlined. *"H NMR (CDCl,): & = 4.35 (dd, 1H, J
= 4.6, 9.2 Hz), 4.13-4.19 (m, 2H+2H), 3.86 (dd, 1H, J = 3.5, 9.8 Hz), 3.84 (d, 1H, J = 8.6 Hz), 3.79
(d, 1H, J = 8.6 Hz), 3.58 (d, 1H, J = 8.6 Hz), 3.44 (d, 1H, J = 8.6 Hz), 2.47 (dd, 1H, J = 9.2, 14.9
Hz), 2.47 (dd, 1H, J = 9.8, 15.5 Hz), 2.38 (dd, 1H, J = 4.6, 14.9 Hz), 2.36 (dd, 1H, J = 3.5, 15.5 Hz),
2.18 (d, 1H, J = 13.2 Hz), 2.03-2.12 (m, 2H+1H), 1.84-1.90 (m, 1H+1H), 1.82 (dd, 1H, J = 1.2, 14.3
Hz), 1.53 (dd, 1H, J = 2.3, 13.8 Hz), 1.24-1.29 (m, 3H+3H), 1.13-1.17 (m, 12H+15H), 1.04 (s, 3H),
1.03 (s, 3H), 1.00 (s, 3H); **C NMR (CDCls): § = 171.91, 113.66, 83.37, 82.91, 82.51, 82.04, 81.76,
80.27, 78.96, 60.61, 60.52, 52.80, 52.72, 51.69, 51.59, 51.20, 50.54, 49.69, 48.00, 36.68, 36.27,
23.54, 23.48, 23.45, 23.42, 23.40, 23.36, 23.32, 21.58, 21.40, 18.67, 18.18; IR (neat): 2972, 1737,
1365, 1326, 1159 cm™; MS (ESI): m/z 363 [M+Na]*; HRMS (ESI): m/z calcd for CigH3,0sNa
[M+Na]" 363.2142. Found 363.2148.

Reduction of lactol 109 to diol 119 (Scheme 36)

o_ O o_ O
LAH (2.5 eq.) _
Me Me THE T Me Me
o OH O0°Ctort,1.5h HO OH
109 119
95% yield

To a solution of lithium aluminum hydride (8.3 mg, 0.219 mmol) in dry THF (2.2 mL) cooled to 0
°C, lactol 109 (59.2 mg, 0.219 mmol) was added in one portion. After stirring at 0 °C for 30 minutes,
the reaction mixture was warmed up to room temperature and stirred for additional 30 minutes.
Additional lithium aluminum hydride (12.5 mg, 0.329 mmol) was added to the reaction mixture in
one portion and the reaction was stirred for further additional 30 minutes. The reaction was
guenched by water carefully followed by addition of saturated aqueous solution of Rochelle salt.
Extraction with AcOEt twice, drying over Na,SO,, filtration, and evaporation afforded a crude
mixture. Purification by flash column chromatography (silica gel, ether/n-hexane = 1:1) afforded
diol 119 (56.8 mg, 0.209 mmol) as white solid in 95% yield.
(2,2,3,3,7,8-Hexamethyl-1,4-dioxaspiro[4.4]nonane-7,8-diyl)dimethanol (119)

'H NMR (CDCls): 5 = 3.64 (dd, 2H, J = 5.2, 11.8 Hz), 3.48 (dd, 2H, J = 6.3, 11.8 Hz), 3.30 (br, 2H),
2.10 (d, 2H, J = 14.3 Hz), 1.94 (d, 2H, J = 14.3 Hz), 1.16 (s, 6H), 1.15 (s, 6H), 0.98 (s, 6H); **C
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NMR (CDCls): 8 = 112.69, 82.70, 82.55, 68.81, 51.98, 46.26, 23.26, 23.20, 21.28; IR (KBr): 3324,
2972, 1465, 1388, 1365, 1326, 1162, 1038, 1015, 972, 885 cm™; MS (ESI): m/z 295 [M+Na]";
HRMS (ESI): m/z calcd for Cy5H,504Na [M+Na]™ 295.1880. Found 295.1889.

Oxidation of 108 to lactone 121 (Scheme 36)

0, © RUCl3-H,0 (2 mol%) 0,0
NalO,4 (4.0 eq.)
Me Me CCly-H,0-CH5CN Me Me
rt, 17 h o
() ()
108 121

To a solution of ether 108 (5.56 g, 21.9 mmol) and RuCls* H,O (98.6 mg, 0.437 mmol) in CCl, (45
mL), CH3CN (45 mL), and water (65 mL) was added NalO, (18.7 g, 87.4 mmol) in one portion.
After vigorous stirring at room temperature for 17 hours, the reaction was diluted with AcOEt, and
the organic phase was washed with saturated aqueous Na,S,0; solution. The combined organic
phase was dried over Na,SOq, filtered, and evaporated to afford lactone 121, which was used for the
next step without further purification.

Reduction of lactone 121 to diol 119 (Scheme 36)

o_ 0 o_ 0
LAH (1.0 eq.)
Me Me  THF,0°Ctort ~  Me Me
o’ =0 65 min. HO OH
121 119
91% yield
(2 steps)

To a solution of lithium aluminum hydride (830 mg, 21.9 mmol) in dry THF (200 mL) cooled to 0
°C was added lactone 121 (all amount of the oxidation product) in one portion. After stirring at 0 °C
for 25 minutes, the reaction mixture was warmed up to room temperature and stirred for additional
40 minutes. The reaction was quenched by water carefully followed by addition of saturated aqueous
solution of Rochelle salt. Extraction with AcOEt twice, drying over Na,SQ,, filtration, and
evaporation afforded a crude mixture. Purification by flash column chromatography (silica gel,
ether/n-hexane = 2:3 to 1:1) to afford diol 119 (5.40 g, 19.8 mmol) as white solid in 91% vyield for 2

steps.
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Mono-protection of diol 119 to alchol 120 (Scheme 36)

SN TIPSOTf (1.05 eq.) 0,0
DIPEA (1.5eq.)

Me Me CH,Cl, T Me Me
HO oH 7/8°C.15h TIPSO OH
119 120

99% yield

A solution of diol 119 (3.27 g, 12.0 mmol) and DIPEA (3.14 mL, 2.33 g, 18.0 mmol) in CH,Cl,

(120 mL) was cooled to -78 °C (dry ice-acetone bath). After cooling, TIPSOTf (3.39 mL, 3.86 g,
12.6 mmol) was slowly added to the solution via syringe. After stirring at the same temperature for
1.5 hours, the reaction was quenched with saturated aqueous NaHCO3 solution. The mixture was
extracted with AcOEt twice. The combined organic phase was dried over Na,SQ,, filtered, and the
solvent was evaporated to afford a crude mixture. Purification by flash column chromatography
(silica gel, AcOEt/n-hexane = 1:6 to 1:4) afforded alcohol 120 (5.09 g, 11.9 mmol) as colorless
viscous oil in 99% yield.
(2,2,3,3,7,8-Hexamethyl-8-(((triisopropylsilyl)oxy)methyl)-1,4-dioxaspiro[4.4]nonan-7-yl)metha
nol (120)
'H NMR (CDCls): & = 3.88 (d, 1H, J = 10.4 Hz), 3.64 (dd, 1H, J = 2.9, 10.3 Hz), 3.46 (d, 1H, J =
10.3 Hz), 3.31-3.41 (m, 2H), 1.99 (d, 1H, J = 14.3 Hz), 1.99 (d, 1H, J = 14.3 Hz), 1.87 (d, 1H, J =
14.3 Hz), 1.86 (d, 1H, J = 14.3 Hz), 1.01-1.17 (m, 39H); *C NMR (CDCl,): & = 112.59, 82.29,
82.17, 69.38, 69.05, 52.61, 51.75, 46.47, 46.33, 23.26, 23.22, 21.77, 20.99, 18.02, 18.01, 11.94; IR
(neat): 3481, 2942, 1464, 1365, 1329, 1161, 1065, 970, 883, 802, 682 cm™; MS (ESI): m/z 451
[M+Na]*; HRMS (ESI): m/z calcd for C,,H4504SiNa [M+Na]" 451.3214. Found 451.3210.

Oxidation of alchol 120 to aldehyde 118 (Scheme 36)

- .

o_ 0 o_ 0

jét BX (11 0) %

Me Me DMSO Me Me

TIPSO OH n,8h TIPSO~ /<0
120 18

90% yield

To a solution of alcohol 120 (5.09 g, 11.9 mmol) in DMSO (40 mL), IBX (3.66 g, 13.1 mmol) was
added in one portion. After stirring at room temperature, the reaction was quenched with saturated
aqueous Na,S,03 solution. The mixture was extracted with ether 2 times. The combined organic
phase was dried over Na,SO,, filtered, and the solvent was evaporated to afford a crude mixture.

Purification by flash column chromatography (silica gel, AcOEt/n-hexane = 1:9 to 1:6) afforded
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aldehyde 118 (4.57 g, 10.7 mmol) as white crystalline in 90% yield.
2,2,3,3,7,8-Hexamethyl-8-(((triisopropylsilyl)oxy)methyl)-1,4-dioxaspiro[4.4]nonane-7-carbalde
hyde (118)

'H NMR (CDCls): 6 =9.71 (s, 1H), 3.65 (d, 1H, J = 10.1 Hz), 3.46 (d, 1H, J = 10.1 Hz), 2.56 (d, 1H,
J = 14.3 Hz), 2.17 (d, 1H, J = 14.3 Hz), 1.88 (d, 1H, J = 14.3 Hz), 1.87 (d, 1H, J = 14.3 Hz),
1.02-1.16 (m, 39H); **C NMR (CDCls): 5 = 204.18, 112.44, 82.52, 82.22, 67.71, 55.84, 50.43, 49.63,
48.78, 23.29, 23.21, 20.18, 18.01, 17.09, 11.91; IR (neat): 2943, 2867, 1721, 1464, 1365, 1327, 1161,
1095, 970, 883, 805 cm™; MS (ESI): m/z 449 [M+Na]"; HRMS (ESI): m/z calcd for C,sH450,SiNa
[M+Na]" 449.3058. Found 449.3078.

Peterson olefination of aldehyde 118 to afford 123 (Scheme 38)

0., © LDA (1.5 eq.) 0,0
TMS CN THF,-78°C, 30 min.; _
+ >

Me Me \l\% then 118, Me Me CN
-78 °C to rt, 30 min. =
TIPSO~ /0 122 TIPSO
118 (15eq.) 123 Me
quant.

To a solution of diisopropylamine (3.53 mL, 2.55 g, 25.2 mmol) in THF (170 mL) cooled to -78 °C
(dry ice-acetone bath) was added n-BuL.i (2.65 M solution in hexane, 9.51 mL, 25.2 mmol), and the
mixture was stirred for 20 minutes at 0 °C (ice-water bath). This prepared LDA solution was cooled
to -78 °C again, and then o-silylnitrile 122 (3.86 mL, 3.21 g, 25.2 mmol) was added via a syringe.
After the solution was stirred at the same temperature for 30 minutes, aldehyde 118 (7.17 g, 16.8
mmol) was added in one portion. After stirring at -78 °C for 5 minutes, the reaction temperature was
gradually raised up to room temperature for 30 minutes followed by quenching with saturated
aqueous NH4CI solution. Extraction with ether, drying over Na,SO,, filtration, and evaporation
afforded a crude mixture. Purification by flash column chromatography (silica gel, AcCOEt/n-hexane
= 1:9) afforded E/Z mixture of o,B-unsaturated nitrile 123 (7.66 g, 17.0 mmol) as pale yellow oil in
quantitative yield.
3-(2,2,3,3,7,8-Hexamethyl-8-(((triisopropylsilyl)oxy)methyl)-1,4-dioxaspiro[4.4]nonan-7-yl)-2-
methylacrylonitrile (123)

123 was obtained as 2.8:1 mixture of olefin isomers. *H NMR chemical shifts of the major isomer
are underlined. *H NMR (CDCly): 6 =6.54 (d, 1H, J = 1.2 Hz), 6.34 (d, 1H, J = 1.2 Hz), 3.48-3.52
(m, 1H+2H), 3.45 (d, 1H, J = 1.2 Hz), 2.50 (d, 1H, J = 14.3 Hz), 2.38 (d, 1H, J = 14.3 Hz), 2.33 (d,
1H, J = 14.3 Hz), 2.22 (d, 1H, J = 14.3 Hz), 2.12-2.19 (m, 1H+1H), 1.95 (d, 3H, J = 1.2 Hz), 1.91 (d,
3H, J = 1.2 Hz), 1.84 (d, 1H, J = 14.3 Hz), 1.77 (d, 1H, J = 14.3 Hz), 1.24 (s, 3H), 1.00-1.17 (m,
36H+39H); *C NMR (CDCly): & = 152.70, 152.33, 121.73, 119.18, 112.55, 108.10, 105.36, 82.29,
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82.20, 68.01, 67.39, 53.55, 52.83, 49.55, 49.39, 49.27, 48.23, 47.83, 47.75, 23.41, 23.31, 23.19,
23.14, 23.05, 22.80, 22.68, 18.19, 18.08, 18.06, 18.03, 17.81, 16.45, 11.94; IR (neat): 2943, 2216,
1463, 1366, 1328, 1160, 1122, 970, 883, 819, 682 cm™; MS (ESI): m/z 486 [M+Na]"; HRMS (ESI):
m/z calcd for C,7H49NO3SiNa [M+Na]”™ 486.3374. Found 486.3359.

Reduction of nitrile 123 to aldehyde 125 (Scheme 39)

DIBAL (2.0 eq.)
N > Me Me
Me MeMe ether,Q C — Me
TIPSO = 40 min. TIPSO
s
123 CON H O
125
quant.

To a solution of nitrile 123 (1.95 g, 4.34 mmol) in ether (22 mL) cooled to 0 °C was added DIBAL

(1.01 M solution in ether, 8.68 mL, 8.68 mmol). The mixture was stirred for 40 minutes at the same
temperature followed by quenching with MeOH. Then, 1 N aqueous HCI was added to the mixture,
and the whole was stirred for over 15 minutes at room temperature. After that, the mixture was
diluted with water and extracted with ether twice. The combined organic phase was dried over
Na,SO,, filtered, and evaporated to afford the crude mixture. Purification by flash column
chromatography (silica gel, AcOEt/n-hexane = 1:9) afforded E/Z mixture of aldehyde 125 (2.03 g,
4.49 mmol) as yellow oil in quantitative yield.
3-(2,2,3,3,7,8-Hexamethyl-8-(((triisopropylsilyl)oxy)methyl)-1,4-dioxaspiro[4.4]nonan-7-yl)-2-
methylacrylaldehyde (125)
125 was obtained as 1.1:1 mixture of olefin isomers. *H NMR chemical shifts of the major isomer
are underlined. '"H NMR (CDCls): & = 10.11 (s, 1H), 9.34 (s, 1H), 6.73 (s, 1H), 6.67 (s, 1H),
3.45-3.58 (m, 2H+2H), 2.56 (d, 1H, J = 13.8 Hz), 2.47 (d, 1H, J = 14.3 Hz), 2.22-2.31 (m, 2H+2H),
1.76-1.86 (m, 4H+4H), 1.26 (s, 3H), 1.02-1.21 (m, 36H+39H); *C NMR (CDCl,): & = 196.47,
193.14, 159.45, 153.05, 137.44, 134.55, 112.61, 112.59, 82.27, 82.21, 82.15, 67.57, 67.31, 56.79,
53.55, 50.00, 49.54, 48.59, 47.84, 47.75, 23.43, 23.18, 23.09, 23.06, 22.62, 18.06, 18.03, 17.95,
17.59, 17.38, 11.96, 10.15; IR (neat): 2943, 1691, 1463, 1365, 1327, 1161, 1121, 1030, 970, 883,
816, 735, 683 cm™; MS (ESI): m/z 489 [M+Na]"; HRMS (ESI): m/z calcd for CpsHs004SiNa
[M+Na]" 489.3371. Found 489.3365.
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HWE olefination of aldehyde 125 to afford 126 (Scheme 39)

N D

3 b o_ O
Q
Ve Vo N EtO’,P CO,Et KOtBu (3.0 eq.) Me MeMe
Me EtO THF, 50 °C TIPSO ~
TIPSO = Me 25h — Me
116
H O (3.0eq.) COLE
88% yield

Aldehyde 125 (1.99 g, 4.40 mmol), phosphate 116 (2.83 mL, 3.14 g, 13.2 mmol), and KOt-Bu
(1.48 g, 13.2 mmol) were dissolved in THF (22 mL). The solution was heated to 50 °C and stirred
for 2.5 hours. Then, the mixture was cooled to room temperature and diluted with water and
saturated aqueous NaHCOj; solution. Extraction with ether twice, drying over Na,SOy, filteration,
and evaporation gave a crude mixture. Purification by flash column chromatography (silica gel,
AcOEt/n-hexane = 1:19 to 1:9) afforded ester 126 (2.14 g, 3.88 mmol) as colorless oil in 88% vyield.
Ethyl 5-(2,2,3,3,7,8-hexamethyl-8-(((triisopropylsilyl)oxy)methyl)-1,4-dioxaspiro[4.4]nonan-7-
yl)-2,4-dimethylpenta-2,4-dienoate (126)

126 was obtained as 47:45:7:1 mixture of four olefin isomers. 'H NMR chemical shifts of each
isomer are underline-italicized, underlined, italicized, or unmodified, respectively. 'H NMR
(CDCly): 8 =7.33 (s, 1H), 7.06 (s, 1H), 6.50 (s, 1H), 6.07 (s, 1H), 5.62 (s, 1H), 5.53 (s, 1H), 5.47 (s,
1H), 5.25 (s, 1H), 4.12-4.25 (m, 2H+2H+2H+2H), 3.52-3.64 (m, 1H+1H+1H+1H), 3.38-3.50 (m,
1H+1H+1H+1H), 2.22-2.44 (m, 3H+2H+2H+2H), 1.68-1.99 (m, 7H+8H+8H+8H), 1.24-1.33 (m,
2H+2H+2H+2H), 0.94-1.19 (m, 39H+39H+39H+39H); *C NMR (CDCl): & = 169.11, 168.21,
144.80, 141.40, 138.61, 133.97, 130.89, 129.23, 127.50, 125.32, 113.08, 112.99, 82.02, 81.99, 81.79,
67.04, 66.72, 60.56, 60.45, 54.67, 53.94, 49.79, 49.32, 48.00, 47.30, 46.51, 46.44, 24.33, 23.61,
23.52, 23.31, 23.24, 23.19, 23.12, 23.05, 23.01, 24.33, 23.61, 23.52, 23.31, 23.24, 23.19, 23.11,
23.08, 23.05, 23.01, 18.11, 18.09, 17.86, 17.49, 17.42; IR (neat): 2943, 1713, 1464, 1365, 1327,
1254, 1161, 1114, 970, 918, 883, 818, 736, 682 cm™; MS (ESI): m/z 537 [M+Na]"; HRMS (ESI):
m/z calcd for Cs,Hsg05SiNa [M+Na]™ 573.3946. Found 573.3946.

Removal of TIPS group and oxy-Michael addition to afford 127 (Scheme 39)

rmy

(0] o_ O
TBAF (1.2 eq.)
— T =
Me Me THF, 50 °C Me Me CO,Et
~Me 25h Y
TIPSO o)
~_,Me Me Me
126

CO,Et 127
91% vyield
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To a solution of TIPS-protected alcohol 126 (2.12 g, 3.85 mmol) in THF (40 mL) was added TBAF
(1.0 M solution in THF, 4.62 mL, 4.62 mmol), followed by heating up to 50 °C. After stirring for 2.5
hours, the mixture was cooled to room temperature and diluted with water. After extraction with
ACcOEt twice, the combined organic phase was dried over Na,SO,, filtered, and evaporated to afford
a crude mixture. Purification by flash column chromatography (silica gel, AcCOEt/n-hexane = 1:9 to
1:6) afforded bicyclic ether 127 (1.38 g, 3.50 mmol) as colorless oil in 91% yield.

Ethyl 4-(3a,4'4'5'5',6a-hexamethylhexahydrospiro[cyclopenta[c]furan-5,2'-[1,3]dioxolan]-1-
yl)-2-methylpent-3-enoate (127)

127 was obtained as 46:46:8 mixture of three isomers. *H NMR chemical shifts of each isomer are
underlined, italicized, or unmodified, respectively. ‘"H NMR (CDCls): & = 5.51-5.57 (m, 1H+1H),
5.46-5.49 (m, 1H), 4.38 (d, 1H, J = 8.6 Hz), 4.05-4.13 (m, 2H+2H+2H), 3.81-3.87 (m, 2H+2H+1H),
3.77 (d, 1H, J = 8.0 Hz), 3.61 (d, 1H, J = 8.0 Hz), 3.32-3.42 (m, 2H+2H+1H), 2.08-2.20 (m,
1H+1H+2H), 1.97-2.04 (m, 1H+1H), 1.74-1.87 (m, 1H+1H+2H), 1.64-1.68 (m, 3H+3H+3H),
1.32-1.42 (m, 1H+1H), 1.20-1.25 (m, 6H+6H+6H), 0.98-1.17 (m, 18H+18H+18H); *C NMR
(CDCly): 8 = 175.04, 174.95, 135.07, 134.90, 125.00, 124.61, 113.81, 113.79, 90.17, 82.37, 82.34,
81.56, 81.45, 79.28, 79.18, 60.35, 60.31, 52.11, 51.90, 50.51, 50.36, 48.10, 47.95, 38.59, 38.54,
23.59, 23.54, 23.49, 23.44, 23.39, 23.31, 23.27, 21.36, 21.30, 20.97, 20.70, 17.79, 17.67, 17.53,
14.94, 14.40, 14.28, 14.20, 12.26; IR (neat): 2974, 1735, 1448, 1366, 1327, 1160, 1085, 970, 890,
743 cm™; MS (ESI): m/z 417 [M+Na]"; HRMS (ESI): m/z calcd for C,sHzs0sNa [M+Na]* 417.2612.
Found 417.2599.

Removal of pinacol-ketal to afford 128 (Scheme 39)

-+ ;

o_ 0O
90% aq.TFA
Me Me  cot M, 9h Me Me/ COEt
o 74 (@) Me
Me Me Me
128
127 76% yield

Pinacol ketal 127 (1.66 g, 4.21 mmol) was dissolved in a 9:1 mixture of TFA-H,0 (4.2 mL). After
stirring for 9 hours at room temperature, the mixture was diluted with AcOEt followed by
neutralization with saturated aqueous NaHCOj; solution. Extraction with AcOEt twice, drying over
Na,SO,, filteration, and evaporation afforded a crude mixture. Purification by flash column
chromatography (silica gel, AcOEt/n-hexane = 1:4 to 1:3) afforded ketone 128 (944 mg, 3.21 mmol)
as colorless oil in 76% yield.

Ethyl 4-(3a,6a-dimethyl-5-oxohexahydro-1H-cyclopenta[c]furan-1-yl)-2-methylpent-3-enoate
(128)
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128 was obtained as 1:1 mixture of two isomers. 1H in *H NMR chemical shifts means one proton of
one isomer. '"H NMR (CDCls): & = 5.56-5.61 (m, 1H+1H), 4.15 (s, 1H+1H), 4.08-4.14 (m, 2H+2H),
3.74-3.78 (m, 1H+1H), 3.68-3.72 (m, 1H+1H), 3.32-3.40 (m, 1H+1H), 2.37-2.53 (m, 2H+2H),
2.13-2.20 (m, 1H+1H), 1.83-1.92 (m, 1H+1H), 1.65 (s, 3H+3H), 1.20-1.25 (m, 6H+6H), 1.18 (s,
3H+3H), 1.15 (s, 3H), 1.14 (s, 3H); *C NMR (CDCls): & = 216.63, 216.39, 174.45, 174.71, 134.80,
125.83, 125.27, 89.21, 89.07, 78.09, 78.05, 60.57, 60.50, 51.36, 51.33, 49.58, 49.37, 49.06, 48.90,
47.33, 47.22, 38.51, 38.44, 21.21, 21.02, 20.71, 20.68, 17.78, 17.60, 14.76, 14.32, 14.23; IR (neat):
2973, 2359, 1735, 1451, 1387, 1249, 1178, 1064, 959, 862, 820, 681 cm™; MS (ESI): m/z 317
[M+Na]"; HRMS (ESI): m/z calcd for C17H,60,Na [M+Na]" 317.1723. Found 317.1727.

Synthesis of malonate-type substrate 136 (Scheme 43)

ﬁ_é EtO,C._CO,Et OH

o}
o O (5.0 eq.)
piperidine 1) TBAF, THF
y e _HOmOI%) _ Mem—{Me o il Memj—=Me couet
e © 1o THF, 50 °C ~Me 2) 90% aq.TFA ?
— Me i TIPSO 7h o
TIPSO - COEt T, Me CO2Et
H O CO,Et e
137 z
125 32% yield

(for 3 steps)

A solution of aldehyde 125 (1.35 g, 2.89 mmol), diethyl malonate (2.18 mL, 2.31 g, 14.5 mmol),
and piperidine (114 pL, 98.4 mg, 1.16 mmol) in EtOH (7.2 mL) was heated up to 50 °C and stirred
for 54 hours. Then, the mixture was cooled to room temperature and the solvent was evaporated to
afford the crude mixture. Purification by flash column chromatography (silica gel, ether/n-hexane =
1:9 to 1:6) afforded an inseparable 1:6.3 (calculated by *H NMR) mixture of 137 and diethyl
malonate as colorless oil.

To a solution of this mixture containing 137 (ca.1.7 mmol) in THF (17 mL) was added TBAF (1.0
M solution in THF, 6.6 mL, 6.60 mmol). The mixture was stirred for 24 hours at 50 °C, followed by
dilution with AcOEt. This organic phase was washed with water, dried over Na,SO,, filtered, and
evaporated to afford a crude mixture. Purification by flash column chromatography (silica gel,
AcOEt/n-hexane = 1:9 to 1:6) afforded an inseparable mixture of the product and unknown
byproduct as colorless oil.

This mixture containing the pinacol ketal was dissolved in a 9:1 mixture of TFA-H,O (3.0 mL).
After stirring for 7 hours at room temperature, the mixture was diluted with AcOEt followed by
neutralization with saturated aqueous NaHCOj3 solution. Extraction with AcOEt twice, drying over
Na,SO,, filteration, and evaporation afforded the crude mixture. Purification by flash column
chromatography (silica gel, AcCOEt/n-hexane = 1:3 to 1:2) afforded ketone 136 (330 mg, 0.94 mmol)
as colorless oil in 32% vyield for 3 steps.
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Diethyl 2-(2-(-3a,6a-dimethyl-5-oxohexahydro-1H-cyclopenta[c]furan-1-yl)prop-1-en-1-yl)malo
nate (136)

136 was obtained as 9:1 mixture of two isomers. ‘H NMR chemical shifts of the major isomer are
underlined. '"H NMR (CDCls): 8 = 5.84-5.92 (m, 1H+1H), 4.23-4.29 (m, 1H+1H), 4.13-4.23 (m,
5H+5H), 3.88 (d, 1H, J = 18.9 Hz), 3.83 (d, 1H, J = 18.9 Hz), 3.77 (d, 1H, J = 18.9 Hz), 3.72 (d, 1H,
J=18.9 Hz), 2.57, (d, 1H, J = 18.9 Hz), 2.51 (d, 1H, J = 18.9 Hz), 2.50 (d, 1H, J = 18.9 Hz), 2.41 (d,
1H, J = 18.9 Hz), 2.26 (d, 1H, J = 18.9 Hz), 2.19 (d, 1H, J = 18.9 Hz), 2.15 (dd, 1H, J = 1.8, 18.9
Hz), 1.86 (dd, 1H, J = 1.8, 18.9 Hz), 1.70 (s, 3H), 1.67 (s, 3H), 1.21-1.28 (m, 6H+6H), 1.18 (s, 3H),
1.15 (s, 3H), 1.07 (s, 3H), 0.91 (s, 3H); *C NMR (CDCls): § = 216.23, 168.08, 168.00, 138.79,
117.79, 88.86, 78.17, 61.68, 61.61, 51.55, 51.18, 49.52, 48.98, 48.67, 47.18, 20.96, 20.71, 14.73,
14.04; IR (neat): 2977, 1733, 1448, 1368, 1201, 1032, 859, 735 cm™; MS (ESI): m/z 375 [M+Na]";
HRMS (ESI): m/z calcd for CyoH»50sNa [M+Na]* 375.1778. Found 375.1773.

Olefination to synthesize exo-methylene substrate 140 (Scheme 46, a)

(0]
Petasis reagent
10 eq.)
Me Me E ( » Me Me E
, COEL TiiF reflux, 5.5 h , COEL
0 y / o) " /
Me CO,Et Me CO,Et
136 140
73% yield

To a suspension of titanocene dichloride (398 mg, 1.60 mmol) in ether (16 mL) was added MeLi
(1.13 M solution in ether, 4.25 mL, 4.80 mmol), and the mixture was stirred at room temperature for
2 hours. This mixture was quenched with ice block, extracted with ether for twice, dried over
Na,SO,, filtered, and evaporated to afford Petasis reagent as orange crystalline solid, which was
immediately used for olefination. To a solution of all amount of thus prepared Petasis reagent in dry
THF (1.0 mL) was added ketone 136 (56.6 mg, 0.160 mmol) using dry THF (0.6 mL). The reaction
mixture was refluxed for 5.5 hours, followed by cooling to room temperature. The mixture was
diluted with ether and treated with silica gel, followed by filtration through a pad of silica gel. The
filtrate was evaporated to afford a crude mixture. Purification by flash column chromatography
(silica gel, AcOEt/n-hexane = 1:9) afforded olefin 140 (41.0 mg, 0.117 mmol) as yellow oil in 73%
yield.

Diethyl 2-(2-(3a,6a-dimethyl-5-methylenehexahydro-1H-cyclopenta[c]furan-1-yl)prop-1-en-1-
yl)malonate (140)

140 was obtained as 6.3:1 mixture of two isomers. *H NMR chemical shifts of the major isomer are
underlined. *H NMR (CDCly): & = 5.86 (dt, 1H, J = 9.8, 1.2 Hz), 5.80 (dt, 1H, J = 9.8, 1.2 Hz),
4.71-4.79 (m, 2H+2H), 4.30 (d, 1H, J = 9.8 Hz), 4.29 (d, 1H, J = 9.8 Hz), 4.16-4.24 (m, 2H+2H),
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4.11 (s, 1H), 4.05 (s, 1H), 3.86 (d, 1H, J = 8.9 Hz), 3.81 (d, 1H, J=8.9 Hz), 3.75 (d, 1H, J = 8.3 H2),
3.55 (d, 1H, J = 8.3 Hz), 2.55 (dd, 1H, J = 2.3, 16.3 Hz), 2.49 (d, 1H, J = 19.2 Hz), 2.40 (d, 1H, J =
16.3 Hz), 2.26 (d, 1H, J = 19.2 Hz), 2.20 (dd, 1H, J = 2.3, 16.3 Hz), 1.76-1.94 (m, 1H+2H), 1.70 (d,
3H,J=1.2Hz), 1.68 (d, 3H, J = 1.2 Hz), 1.24-1.28 (m, 6H+6H), 1.05 (s, 3H), 1.03 (s, 3H), 0.97 (s,
3H), 0.77 (s, 3H); *C NMR (CDCl5): & = 168.34, 168.32, 149.60, 139.45, 116.90, 106.19, 89.44,
78.86, 61.53, 61.50, 53.92, 52.29, 51.34, 45.77, 44.21, 41.70, 20.91, 20.65, 14.85, 14.07; IR (neat):
3440, 2967, 1734, 1447, 1368, 1148, 1033, 877 cm™; MS (ESI): m/z 373 [M+Na]"; HRMS (ESI):
m/z calcd for CooH300sNa [M+Na]* 373.1986. Found 373.1977.
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