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i D—DNZZFEIT 545 (Scheme 1), ZAUIRU B UBRBPET HEEHRMEZH L CEH
HEED D R E A B FUSTH Y | B IRSE — RFEETLITRFE —~T 2R/
ek L CRWRISHEZ BT 58 E Q4B 25-v 7 u~nFHhrz )
ThH 2 57080 B2 < ORI O A IR I\ CHEHER B IE 2 RIS 3 5 7o
DO E L CTHWONTEZ Y, LrLAans, BAEERILOBR TEOT R
IR —[EREAHE X D To DI AR R OSSR N MNE L R D 2 b 7= /) — LD
sp? RFEDS spP IR~ L AL 2B R TH AT U AR L & Hil L 2 & KRS %
1T9 2L IFREETHY | Ak 2 ETH 5 2,

Scheme 1. Oxidative dearomatization of phenols
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bis(trifluoroacetate), PIFA) |ZAEMIEERII DO 2EMIZHIASEH I TWND 9, 21
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iz 595 (Figurela) 9, 202 50U Ho RéavFROERROFSG L—1—L 1=
UL E RS (B lifE &, 3c-4ebonding) 2k L CH Y, HOMO (% LiiE)

ThHIFEAMEO Sy FiuEIX T vRE T EICHiZFf> T\ % (Figure 1b), £ D 7=
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a) A3-iodane b) hypervalent bond (3c-4e bonding) c) AS-iodane
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(T-shaped structure)
L—I—L
Figure 1. The shape of hypervalent iodine compounds and molecular orbitals in the

hypervalent bond
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Scheme 2. General reactivity of hypervalent iodine reagent with nucleophiles
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WHEMEZA L TNDZ ETHLALTE Y, B 21X erysotrine (1), erythraline (2). erysodine
(3)iF invitro TOMMAEFEMRHMIZ 35T, Hep-G2 MIFREKRIZ 3 L CE RV H0H E IR
ICso = 15.8, 17.6, 11.8 pg/mL. HEp-2 ffafkIZxF L TEALE I ICso = 21.60, 15.90, 19.90
pg/mL OEMEZETDHZ ENMEEINTND 9, Z 9 LIRS & AWIEEN S,
TYRYFo TN nA RiIE OFBERILTFE DK A O E LS EEF
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tetracyclic spiroamine

scaffold of erythrinan erysotrine (1) erythraline (2) erysodine (3)

Figure 2. Erythrinan alkaloids skeleton and representative members (with an aromatic D-ring).
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Erysotrine (1) O &% fAENT 2 Scheme 3 (2737, WEDHIITIVT, 1 I1LA K
T 11,12-dimethoxy-8,9-dihydro-1H-indolo[ 7a,1-a]isoquinoline-2,6-dione (4) 7>5 3 TFEDE
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A[HE7R homoveratrylamine (10) &84T U —/L 11 L DOH v 7V o T2k > TEKT S
ZlEREmL, ARICETF LT

Scheme 3. Retrosynthetic analysis of erysotrine
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7= /=12 DA N Mk E 7T a e LT 13 2K 88% T2, KD MOM
L DREZIT-oTERAET U —/b 11 Z UK 94% THAK L7, 11 & homoveratrylamine
10 & @ Buchwald-Hartwig 7 & A5 » 7 VU > 7 DIZEINER (91%) THITL, 7V —/L
TIV9EGEZT, NTT I rOT7EF UL (96%) & RALEEIC KX 5 MOM A DFRE
(75%) ZATH LT, ANVIT I/ 7=/ =T &5,

Scheme 4. Preparation of 7
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@Reagents and conditions: (a) Bry, CH,Cl,, rt, 20 h, 88%; (b) MOMCI, DIPEA, CH,Cly, rt 16 h, 94%;
(c) homoveratrylamine 10, Pd,(dba)s, (S)-BINAP, NaOtBu, PhMe, 90 °C, 3 h, 91%; (d) AcCl, Et3N,
CH,Cly, rt, 6 h, 96%; (e) conc. HCI, MeOH, reflux, 17h, 75%

7 = =)V TS DRI B AL — A ' SR S O FRETE R 4 Table 1
(R T . BUSZEAT O ICH - T, BEFha vRAFKE LTET PIFA 2w, ¥
rana 2R oRTRIGEIT D &, HHERGM A 52 DR L0, B 6 2155 Z &
IXT&eholzlentryl) 22Ty r/muaAH 222 N 7vtaxy ) —(222-
trifluoroethanol, TFE) DIRETAMZ W TS EIToT2 & 2 A, ZBREULEY 6 IR
54% T LI (entry 2), & BIZIRIEA TFE OA L35 L ICRIT 80%F Tl k35
ZENRHENT (entry 3), —J7. PIFA O V2 PIDA Z AW =X, IR KIE
KT 27%) BNAELNTZ (entry 4), TFE Z¥EfEE U CHW=5M: (entries 2-4) F T
I, EARRIERY E LT 14015 O X 972 TFE L7z EHEl S5 1bA Y (Figure
3) DERBR LN,



Table 1. Oxidative dearomatization/spirocyclization sequence of 7

MeO 0]
:©/\NJLM8 oxidant (1.1 equiv)
MeO OH
solvent, 0 °C, 30 min
MeO

7
entry oxidant solvent yield (%)?
1 PhI(OCOCF3), CH,Cl, 0
2 PhI(OCOCF3),  CF3CH,OH/CH,CI, (1:1) 54
3 PhI(OCOCF3), CF3CH,OH 80
4 PhI(OAC), CF3CH,0H 27

3solated yields.

OMe
OMe

MeO
.k
0 MeO N™ "Me
A 0
F3CH2CO N Me
/Ejo MeO

MeO
14 15

Figure 3. Structure of side products 14 and 15

A DHEE WS 4 Scheme 512~ d, &Rl = ¥ KT K W bR 5 &
AT 31T 2 7 v A a7 v 2 — VEEEOF AL, 1980 4EfRIZ Kita HIZ 8V F]H T
WiE Iz %9, TFE X 1,1,1333-~%H% 74 nuA Y e/ —) (1,1,1,333-
hexafluoroisopropanol, HFIP) &\ o7 7 /b A v 7 L 3 — L iX @itk s DR < |
ENTKBREAMGARL LTEL 2RI L5NTWD, 29 LMD Kita 5T,
TFE X° HFIP [Z—BpEH D U o RZHDHZRIZA L 5 AN B O I — KB U Dffit
Bt 7= ) 2= AL AV OEREREL TODO TR ERBL TS 14,
IhEBEZDE, AUGSEHRETERIICT =/ — 7 LRl E 7 RADRE L O
BTV H Y RASHNEEZ > CTHREE 16 25 2, £D% TFEIZ X - ThHF A PEP A
17 DERMEES N TWD EEZOND, 7=/ FE=U LA A2 1T 051, ETE
72 D BRD D BAKRRIIT LY 22N TN D RFED D OREAINEIT LT, A r ik
e mMELNS, BIAERY 14 B O1513h F 42 171265 L CTREED TFE 43 M40
LTCRERAECTZE D EZZ BILD, PIFA OV IZ PIDA & WG GIZIEROK T
MNEONTZEAIZ, 7 R ERN N 70407 % BRI THREEREN KL



POREM 727 = ) =0 AA A UHFRUK 17 BAER LIZK K 2o TWAH 72D TlEan
MEHER S D,

Scheme 5. Mechanistic proposal for oxidative dearomatization/spirocyclization sequence

MeO (0] MeO
mJLMe Phl(OCOR),
MeO OH —> MeO
CF3;CH,0OH
MeO
7
PhI(OCOR), l - RCO,H T

MeO 0 MeO o)
— Phl JL
N Me - RCOZH N Me
MeO O(T/Ph MeO 0
in CF3CH,OH
> (bcor s ®
MeO MeQ)

FTLD =B AbAY 6 2R RANTIED Z LI LT-D T, Bl & #Hi< HFNT L F—
IHEEIZ LD B BRAES A T o7 (Table2), £7 THF iFiEH, AL LTFHRY T AR
R REMER D&, KIEOEITIZA b ehoTz (entry 1), £Z T 14-U4F
P LAKDORGEL T, KEBET N U U AEE T THIEGRIR 92175 & 7 /V R— L
AR S DHRREDOIR (52%) THOLNDZ L2 RH L (entry 3), X 5HIT, 5%KHER
fEB VT LOEE ) — VERERT TINEGER D275 & FTEOERY 5 OIUEIL 74%
T kL7,

Table 2. Intramolecular aldol condensation of 6

MeO
base

aldol condensation

6
entry conditions temp time yield (%)?
1 NaOMe (6.0 equiv), THF rt 2d NR
2 2 M aq. NaOH/1,4-dioxane (1:1)  reflux 10 h 52
3 5% KOH in EtOH reflux 22 h 74

solated yields.



WERAALE S DA NFX T NG N ARG T 52 LT V= 4 RRN
IR TE ST~ (Scheme 6), L&MW 4 )>Hix™ 7 @ Luche iEic &4 UTm/KEEEED A
FALD 2 TROEBRIZL > TRV Y FZ7 I (18) M3 oL, 18 DIk
FTNVI =T LEZHNET I ROBETCICE T2 Y R 1) ~LFETEXDHT
EPHBILTND DI, 2 b RO E R Z 2R LT, ARG R CIRZAMN 72 H
EWENLEITRTOT Y A F o7 AhaAf ROFLEKEOBEEZFFEIC L TRY
HEF Al S v B O b 5 FE RO AEZ R L TWD, £2, ZHudT
T IETOERETIZH DD, T D 6 ~DT = ) — L OIS F L — 4 TR A E
0 BGOSR AT 5 2 A TE R, RFEARA~OREB b A fEIC e D &
Exbivs,

Scheme 6. Formal synthesis of erysotramidine and erysotrine ¢

MeO

erysotramidine (18) erysotrine (1)

@Reagents and conditions: (a) 1 M aq. HCI, THF, 60 °C, 7 h, 91%.
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Scheme 7. Synthetically useful transformations of masked ortho-benzoquinones
R
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NAREIRW 72 7 = ) — VOB FR L2 FBT 5 FiEE LTI, AEREZE
AL T = ) = VEENL DU T AT VABRI R SN IR 2 L TE T, 1994 4
|2 Hoshino H1%. REMIEL LTS8 T 2=V AV FAEEES LA Lo AT
19 025 DAL FIRIL — 0 FRNAERERKIC LY, ArA Y AFH VY VB
HHTDH24- v anFH U ) 220 2P0 TR AR L7Z (Scheme 8a)

. £72 Quideau H1% 2004 EI1C, FTINRTH ) —)VEFEELET V=L AF Lo —
TINDOT ) — R b L, 5l&F L AT X — NN OMKDFRIZE D, A b %
) BV DOROSARRIREY 72 G A S LT % (Scheme 8b) 2, Z DX
JE TR ONREIRME O R B ER SN2 b 0D, IRPMENZ ERREE 2> T
2o LZLZODO#H, #51X PIDA ZH WX T 077 = ) — VOIS &L —
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ARELIZE > T, ANV NX ) F ) H— VR EIER, @RI S5
ZEERHLTWS (Scheme 8¢) 20, Z DALV NFx ) F ) X —AnBIE, HAVR
ZLAsOD 12N NSRRI T T2 2 L3 S TR Y . RERYI(H)-
biscarbacrol (28) D AFALICHEH SN TS, LoLARnb, ANV X E 7
B — VIR FPN MOB DT ) AL DIFBENL TV D729, Bl 21X 23 & 14K
JS7e EDx ) AT O RISIZIBOTITERIRPEDME U 2000 2y S = & 3 E B~ D
WICBITAREELTET LIS (Scheme 8d)

Z I CEHIF. XV FRAMEOREWETZ/2MOB £ LT, AV EhX ) UE AT
=130 23 % L7 (Scheme9), AV hF% /) U /) AIT I F— ML, EHRFET
OB YO R A SRR T D720, TR b LTI REIR
172 Diels-Alder SSZHWD Z ENTE D EE 2T, £y ~IT7 I — VEHNLIEZ
D% DEBDZIEG IR DRI L > TRERBETH D EHE LT, £ 2 TEE
X, ANV X EFIAIT I T BRI ONKIBIRIICAR TE D L O
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Scheme 8. Previous studies of setereoselective oxidative dearomatizations of phenols

a) First diastereoselective synthesis of spirocyclohexadienylisoxazoline mediated by PhlO and CSA

PhIO
- or (-)-CSA
CH,Cl,, -55t0 0 °C
+) -CSA: 70% (10:1 dr)
)-CSA: 87% (10:1 dr)

b) Asymmetric synthesis of ortho-benzoquinone monoketal enantiomers via anodic oxidation

OMe anodic MeO,,,O'vI
OY\ OH oxidation
Ph 34%
Br single diastereomer
21

ortho-benzoquinone

monoketal

c) Asymmetric synthesis of ortho-benzoquinone monoketals via PIDA mediated oxidative
dearomatization

OH OH
o\/ktBu Phi(OAc), MeMgBr
B — B ——
TFE, -35C THF, -35°C
iPr dr > 95:5 54%
24 ' 25 dr > 95:5
ortho-benzoquinone
monoketal
HoMe Pr g HO |
e} Me 5
PTSA-H,0O [4+2] Me .
D ————— B ——————
acetone |
(0]
iPr OH  jpr
27

(+)-biscarvacrol (28)

d) 1,4-Addition to ortho-benzoquinone monoketal
(e}

O\ _py  HiC(COMe, g
S g KHMDS 3. o

THF, -50 °C MeO,C
34%
B M B
' 65:35 dr 80, Br
23

29

Scheme 9. Stereoselective Diels—Alder reaction of ortho-benzoquinone monohemiaminals
B ¥

4
R3 dienophile R

A Ri Diels-Alder

O/g;Rg ‘ reactlon Oo
R R?
R steric shleld ‘

32
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a5 BEREROBIE LTIX, A VARSI U AL OFF T T R 202D R
vesr b7 ka7 4b®, Avu 77 b, Avu 772 56E¥, AT
T NE®, AT aXF 0 A e FF A R EREIT b
DM, BIRASIT I T BB L BITHRE SN TV iRpo 7o 82, 22T, HR
T3 UEREEH N7 = ) — VOBEIR S ERIC L A3 R ) F 7~
T I T ADERIZONT, TORMEZHIWTT 572012, 7xF I AREEZHWTK
JISRRET AT D 2 & & LT,

FNEHF ) B ANITIFTAIZ AT HREEE LTEL, Tra—L 34 O
(LRI B RALIZ 5] &t < BER R b DR 72 A B m Bk (O-cyclization) % #%H
L7cakE . 7 2 K 35 O LIS FRACICHE R T 5 ERE 101D OREN A R
Bl (N-cyclization) Z#&H L7728 D, 2380 OFENREZ 5D (Scheme 10), %

Z T, %h%h@%%’;éAﬁﬁ%%ﬂﬁbko

MOB (IS EER W= DI, AR 2355 1M Diels-Alder FUGIZ £ 5 @b =
?ﬂwﬁﬂ%é“%xcﬂm_%mw%mﬁitiﬁ B EM %2 K> MOB Tl &
{EOETEMH TED LN ZENRMOLNTND O, TnEHEZ, 7=/ —LDS
TN E B tert-T7 F VLA BN LT HE 2 A7 2, F72, BT F b X
JISEREIZB W TERF TR SN DOEFIE, OV =2 O FH & SRR S R
IERTTE D Ko mEEWETRGIMERE LT, EF ECiEEaar (Piv) &£ b
OV (Ts) EEFMAGTH2ONEYTZ LWL, 2O OEBRLEELHET HEEOAKE
1T-7,

Scheme 10. Two oxidative cyclizations to synthesize ortho-benzoquinone monohemiaminals

OH R o OH

| 0/>
N ~oH [oj ‘ON ro1 gj/o\/\NHR
'O-cyclization’ R 'N-cyclization'
R R R
34 33 35

FFTIIMRIL L0 6 ORI A B a8 b 2T 5 B IEIC DWW TRETT 57200
T XTI 36 DEREIT 2T, WA YT A4 Scheme 11 [Z7”d7, 36 1LY
NT—T V3T N6 2250 Rax v EORRELFRRNIITY Z & THROND EE X,
37037 V=T 2 38 ~DELRMEFEOHEANIC LGNS EE X, £ L T38
IZEALT V=139 & 2-7 2 )= H ) — S RGICARRATRE STERBE D 7 2
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40°Y & @ Buchwald-Hartwig 7~ 7" U & 7 BN L0 Gk rTRETS

ME L., 39 1XHikRD 4-
tert-7F N T = ) — VAl WO RGICARTEHEEZT-,

Scheme 11. Synthetic plan for achiral substrates for O-cyclization

removal of OBn R functionalization OBn

OH R
|
benzyl groups of arylamine
N
©/ ~"oH \/\OBn \/\an
tBu
36

Buchwald-Hartwig OBn

OH
coupling Br N~ ©
+ Hp _
OBn
40 tBu

tBu
39

JHHE 36 DA L% Scheme 12 (2R, 4d-tert-7 F )V T = J —)L 41 DA )V "MIDE J

TaEfl e Fux ORI I ELnT- 2 1L, TIV 40 £

Buchwald-Hartwig %7 v 7"V > 7 %{75 Z & T, TU—AT I 38 %5/ LT-, 385

E. T Iroe e B IOk e | Bl E & K FE R

k5200 0
VIUONKEOREERITH)Z LT, HE38aBLN38 AR LT,
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Scheme 12. Preparation of achiral substrates for O-cyclization “

OH OH OBn OBn H
B B N
<> (@ Co) [?rr © o8
tBu tBu tBu tBu
41 42 39 38
OBn OBn Piv OH Piv
N g N N
\/\OBn ( ) \/\OBn (e) \/\OH
tBu tBu tBu
38 37a 36a
OBn OBn Ts OH Ts
N f N N
\/\OBn () \/\OBn (9) \/\OH
tBu tBu tBu
38 37b 36b

@Reagents and conditions: (a) AcOH, HBr, DMSO, rt, 3 h, 78%; (b) BnBr, K,CO3, acetone, reflux,
3 h, 94%; (c) HoNCH,CH,0OBn (40), Pd,y(dba)s, (S)-BINAP, NaOtBu, PhMe, 80 °C, 2 d, 73%;

(d) PivCl, EtzN, CH,Cl, rt, 2 h, 100%; (e) Pd/C, Hy, MeOH, rt, 2 d, 60%; (f) TsCl, EtzN, CH,Cl,, rt,
6 h, 78%; (g) Pd/C, Hy, MeOH, 1t, 2 d, 77%.

BTN OERILT DX A TOIENER TE =D T, PIDA % H W= LIS &

Bt — A v RIS #ET L7 (Table 3),

EoNLT S R36a Vv, Yrmm Ak

VPR 0 CITBWTILN A T2 2A, IR 44% TANL M) o EIA~IT IS
— L Ba BESNTZ (entry 1), I LT 2 K 36b &2 H W CREBROSME TS ETT 9
ELANVEIR ) UEIAIT I T3 IFELND LD, 3% EEIETH -T2
(entry2), = Z CIEEE L CTFEWZ WL 2 A, E20T 2 R 36a O ITES
DITHEAT L, 43a ORI 95% & KiE7em B RS54 (entry3), hI L7 X R 36b
IZOWTHRBROEM TG E T2 2 A, BERBMICANLV X ) B ~IT IS

—)L43b 525 Z LN syinoTz (entry 4),
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Table 3. Oxidative dearomatization/O-cyclization of 36

OH Il? (0] o
N\/\OH Phl(OAc), (1.1 equiv) /N>
solvent, 0 °C, time I\?
tBu tBu
36a: R = Piv 43a: R = Piv
36b:R=Ts 43b:R=Ts

entry  substrate solvent time (min) yield? (%)

1 36a CH,Cl, 30 43a: 44
2 36b CH,Cl, 30 43b: 31
3 36a TFE 15 43a: 95
4 36b TFE 15 43b: 99

@ |solated yields.

N TERIRE A2 O REICAE r BT R OBMEFHIE o T2, 7 ¥ 7 V72 E 44
DA FFHE Z Scheme 13 (2789, 44 137 2 45 D7 =/ — /e Ru v R fifk#
IZEVEONDEEZ, 4517346 D7 2 MMk TEONDE EE X, LT
TI46 X7 )LD T T NALE = R LORTIZ L > TH LI, 48 1
d-tert-7 T IV T = ) —IL 41 DORBICERAEETS &5 2 7=,

Scheme 13. Synthetic plan for achiral substrates for N-cyclization

OH removal of OBn functionalization OBn
o .
\/\NHR benzyl group ©/O\/\NHR of amine O\/\NHZ
= f—
tBu tBu tBu
44 45 46
reduction OBn OBn OH
of nitrile O._CN OH
f— _ f—
tBu tBu tBu
47 48 41

EEED AL % Scheme 14 (277, 43 b7 B L E XU UAED 2 TRTERK L
7239 1Cxt L, ~NaF U F T AL RV I AL ELT D 2L THREA 49 21572,
AUZxtd % Baeyer—Villiger FA{LAIZ X D KT ATV EERK L, 51 & i X DMK G %
1792 LT, 48 % 3 TRIE 2% THM LT, HWEMEMHT, 7rET7E =1LV
ZRAWT 48 Ok Fa X iz 7 05k L TR 81% T 47 2137, Zhvz/kFElk
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VF AT AI = ATUET A LT R AR T I~ EH L, BohT 2
NIMAERIOEFEE A aA A7) RBIO MLz n ) RERSSELZ L TE
NENT I F50a, 50b ~EFHEL, ESICRUINVEONKESREITH 2 & THE
DE/NLT 2 K5la, FI LT 2 K 51b & BAF72IR TH7=,

Scheme 14. Preparation of achiral substrates for N-cyclization *

OBn OBn OBn OBn
[j:j/Br (a) [:EJ/CHO (b). (©) [:tj/OH (d) [:tj/O\/CN
tBu tBu Bu tBu
39 49 48 47
OBn OBn OH
©/O\/CN (e), (f) O NHPiv (9 ©/O\/\NHP|V
tBu tBu tBu
47 50a 51a
OBn OBn OH
[:;j/o\/CN (e). (h) [:tj/o\//\NHB 0) [:tj/o\//\NHE
tBu tBu tBu
47 50b 51b

@Reagents and conditions: (a) nBuLi, THF, —78 °C, 1.5 h, then DMF, —-78 °C to rt, 1 h; (b) mCPBA, CH,Cl,,
0 °Ctort, 3 d; (c) NaOH, MeOH/H,0, rt, 8 h, 82% (3 steps); (d) BrCH,CN, K,CO3, DMF, 80 °C, 21 h, 81%;
(e) LiAlH4, Et,0, 0 °C, 2 h; (f) PivCl, EtzN, CH,Cl,, rt 13 h, 93% (2 steps); (g) Pd/C, H,, THF, rt, 18 h, 96%
(h) TsCl, Et3N, CH,Cly, rt, 15 h, 96% (2 steps); (i) Pd/C, Hy, MeOH, rt, 7 h, 95%.

BOHNTHE 51 12% LT, PIDA % AW ZBRLAIBS F IR — A & a B bRIG & R
FfL7z (Tabled), TFEEEH, 0°CIZHBWTE/SLY I RSlaldA /L Fx/ F A~
7 I —/v43a =527, TFE MIIN L7247 % —/b 52a ZUUHE 39% CEICH 2 Dk
Felotz (entry 1), FI VT 2 R 51b IZOWTHREBRICSZIT) &, AL hF )
VE AT =1 43b (32%) & TFE OfHINA 52b (28%) DIRAWHE 5 1LT= (entry
2), TFE fHIAR AR LeWnE 51295728, /L7 I RSIbicxL Ty A ¥
Y DOREREEL UTRIGETT 9 & BEOY 43b DULRIE 9% & KIEIZAR T L7 (entry 3)
% ZCTFE A2 2FDEER Fif5HZ & T TFE MK 52 OEREIz 5D
TRV EEZ, TFE L7 nu X 20O LLRAEEF TS EI T2 2 A, ¥
VT 2R S1a lZAMONI T 2 — b 43a 52 FICr Z—/L 52a ZULR 59% TH
Z (entry4), b b7 X K 83b KR E LTI T I —/143b (25%) &7 % —/L 52b
(29%) DIREWMZEH 25 Z L35> T- (entry 5), IRIZ TFE XV & @ < SKEEMED
W7 vt e 7L a— VIR CH 5 HFIP 7 AW iuE, RIS Zf T& 2 O TiEZewn
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MmEBZ, FORGET 1T > 72, HFIP IEF . PIDA ZHWT 0 °C TRILZEAITS &,
SVT 2R Sla [ TEMEIRIRA M E 5 2 D DRI -7 (entry 6), — 7. hI AT R
R51b M SIEA N hF 7 | AT =1 43b MK 51% TH LN (entry 7),
kL7 X R 51b O )i % HFIP H1C, PIDA Ofti V(2 PIFA Z (LA & L CHWTIT
ST ZAIRITEISICHEL, UK 66% TANL FX ) F /~I T I —/L 43b
o7 (entry8), ZHOHDFRRNEG, ERREFNOLAERRILT LR T, £F LD
BRI S A I b NIV R R & Lz,

Table 4. Oxidative dearomatization/N-cyclization of 51

CF;
or o)
O\/\NHR oxidant (1.1 equiv) /> O\/\NHR
solvent, 0 °C, 30 min
tBu
51a: R = Piv 43a: R = Piv 52a: R = Piv
51b:R=Ts 43b:R=Ts 52b:R=Ts
entry substrate oxidant solvent yield (%)?
1 51a PIDA TFE 43a: 0; 52a: 39
2 51b PIDA TFE 43b: 32; 52b: 28
3 51b PIDA CH,Cl, 43b: 9
4 51a PIDA  TFE/CH,Cl, (1:1) 43a: 0; 52a: 59
5 51b PIDA  TFE/CH,Cl, (1:1) 43b: 25; 52b: 29
6 51a PIDA HFIP —>b
7 51b PIDA HFIP 43b: 51
8 51b PIFA HFIP 43b: 66

alsolated yields. ?“Complex mixture.

INHDOFRERNG, ANV X ) VI AIT I VOERITEB W TR, BRRETD
HOBRIEBIOERETNLORILOEL L ORI THL HINDO~IT I T — /LD
IZHETTI B2, TFE AT TORIGIZB WL, BBER 1O REMICAE BT 5
HTIX TFE O EQRIBISHEZ 6 BEEFNO AT LRLY b
WIRRCTHI 525 E WO AN LMo T2, Zhud, 2FEFFN6DAE R
BALO T PBERLDLOBRILE Y BN E W) ZEERB LTS, TOHHIZOWN
TiE, O EITEZTND, BRERFND AL BT HIE 36 (26T HB{ILDE
BIREE TS1 ICB W TR, EFELOBEHIER N7 =/ — L OBEERE DA RT X
k?é%%ﬁXHD%mﬁm%%ﬁbfwék%%?%é(E@mo —J ., BHRET
DO AEBELT A 51 TlX, 7 2 RBMISAICEAL LT EEROREF DS sp?
5 spP ~EZAET HERBIRE TS2 ICBW T, mm W EHER BT =/ —LOFFFER L O
B CYAREELZAL, TRAX—MICAF LD Z ENTREIND, TOT0, BER
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F B A OB LT 220 TN EEHIBE LN ELS . BINRTERILK 43 252 TWbH D
TIXRWMEHEER L T D,

¥ ¥
0] @]
,'l Q/B R \ />
J_I J_Jo
R
tBu tBu
TS1 TS2
TS for O-cyclization of 36 TS for N-cyclization of 51

Figure 4. Proposed transition states for O-cyclization of 36 and N-cyclization of 51
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EIE b FueXUENSORBEHATeRILICELEZANV X)) VI AIT
I F =V DIMAERIRE 2B RR

A CLMBERF D OREMICAE BT ORBICE DAV IR ) B ~IT R
F— DGR BIFRRTHEITT D 2 E RSN > 12O T IS B 244
LIENLDOTT AT VRN AN X ) VI ANIT I F—NVDOEMERRD
ZLIZL, FLTEBEOEET HMEOBE LY, BHEFR OO REICELL
DFEA LI RE &, BRIR OO RFBICEBILNFEA LI RE D, 2 BEOEEE &
B L ZNEIUS DWW TIREIBS B — o TR A B e B LA RGETT 5 2 & 25l L
770

ERFCICHEE L CERLAZHT 2 REORA MIEE T X B D FEE T IUEARE
HLEROREEZBEICAR TED L EXTZ, 22T, LAY VHKEOMIEEZ AT 5
BHEEmT 52 &2 L7z (Schemels), £9°, L-NY /—/LD b Nu oAy 72
RV MBIZ K > THELNLBEmDO T 2 > 5330 L 8T U —/L 39 L DR Buchwald—
Hartwig 7 v 7'V U 70280 T V— AT X 54 4572,

TV L TmmWE TR EELZBEATDICHI>TUX, 7T AREE L
RICEARB A NI N VEEAWDS Z G B Lz, LLRBRL, 7V —LT I
WALICHERE Lo Y 7 EALEOERE S OO0, WEREOE A NIRETH - -
(Table 5), E/Nm A NFEDBEANZIBWTIL, 7 mm A X UEEm | SR Tl E N
aAnE M) ZFAT I UEERA SIS TCIESNEIT Lo 72 (entry 1), IR
IZDMAP ZisIIL T 7 mm A% HinguREiE T 5 & ARIRZR2 236 B O 55 35
BINDZ ENgholz, (entry2), £ 2T, LV EWhROHER L LTDIPEA Z MW, &
A M L L TCELIZEIRTMAZIT T8 2 A, 94%E BIFRIGETE LT
K55 287252 LM TEE (entry3), KIZ, E2VULT 2 ROARKERERIC, b=
VIRBE T DMAP & Rz u ) REFAWSZETRUAT 2 R 57T O/ ERART,
L L7 b, mRElEOREZHNTH BTG oNT, BHEEWME 52 5DHRT
HoT- (entry 4), FTEOSIENHEIT L2WEHIZ M7 8 Y RREE WD I &
TIVIHEETERWED EEZ LV @mD/INES WA LR = VEREL L LT Ms K78
WL THFTZIToTz, LI LR syr7aa A TA LY RN T LT
2V, DMAP ZHW =4t CIEISITE T E T (entry 5), @RIEDO AT L7 1Y K
DMAP % T, ML VIR INEGRTE L TS Z2IT>Th, BID AL T I K 58
FEONTEMERAME 52 D5DRTh-o7- (entry 6), T ZTEYEUSHERFEW R Y
TNFa AL AR BRI AU R LT I RS9 21552 LR TXHD
TIERWINE B X TS EAT ST MG T TH BRI AL Z LR TE R0 o T
(entry 7)., ANRLT I RBARTEARWVERIL, AR = VEEH KO SR 72 & &
S ZATHRIENT 2 NCEEE TERWED TRV EHERI L, ARRICERE L7- 3L
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TIRSBSEZHNTEEODERMEEDDLZ L E L, 55005 2 DD DL DNIKESfiR
BiToTHEED 7 = /) —)L 56 #EE L7~ (Scheme 15),

Scheme 15. Preparation of 56 ¢

OBn OBn OBn
B H IE’]N
r (a) \:/\OBn () \/\OBn
- Pr - iPr
tBu tBu Bu
39 54 55
R e T
(C) \/\
- © o OBn
iPr H2N
Bu 5_3 _________
56

@Reagents and conditions: (a) O-benzyl valinol (53), Pd,(dba)s, (S)-BINAP, NaOtBu, PhMe,
80 °C, 14 h. 57%; (c) PivCl, DIPEA, DMAP, PhMe, 100 °C, 40 h, 94%; (d) Pd/C, H,, MeOH,
rt, 90 h, 61%.

Table 5. N-Functionalization of 54

OBn H OBn Il?
N \:/\an N-functionalization N \:/\an
iPr iPr
tBu tBu
54 55: R = Piv; 57: R = Ts;

58: R=Ms; 59: R=Tf

entry R conditions (equiv) solvent temp (°C)  time yield (%)?
1 Piv PivCI (1.1), Et3N (1.1) CH,Cl, rt 4d NR
2 Piv PivCI (1.1), Et3N (1.1), DMAP (1.0) CH,Cl,  reflux 4h 55: 280
3 Piv PivCl (5.0), DIPEA (5.0), DMAP (1.0) PhMe 100 40 h 55: 94
4 Ts TsCl (3.0), DMAP (3.0) PhMe 100 21h —c
5 Ms MsCI(1.1+1.0), Et3N (1.9 + 1.9), DMAP (0.2 + 1.0) CH,Cl, rttoreflux 23 +4h almost NR
6 Ms MsClI (3.0), DMAP (3.0) PhMe reflux 18 h —
7 T T,0 (1.5), EtsN (3.0), DMAP (0.5) PhMe reflux 4h —c

asolated yields. °60% brsm. °“Complex mixture.

Bz 56 VT, SAREIRIRA L b V' ) AT VO AR E R
3=, PIDA Z W CJi&4T7->7- (Table 6), TFE "1 0°C THRUGETT O &R 57%
TANDEF ) EANIT I T =060 ENHETCE2NWT T AT LA ~—61 MG 6T
D3, ONARERET 4:1 E{E o 72 (entry 1), AR 60 ONLAR(LERIE kot NMR
® NOESY Mz L » CRE L7z, TFE &7 v XX O 11 {BEWE % HW TG
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AT oA, IR &SRB IR T2/ R & e o 72 (entry 2),

Table 6. Stereoselective oxidative cyclization of 56

Piv fPr
OH Piv o} N,g
N\_/\ PhI(OAc), (1.1 equiv) : o
Pr solvent, 0 °C, 30 min
tBu tBu
56 61
minor
entry solvent yield (%)?
1 TFE 57 (4:1 dr)?
2 TFE/CH,Cl, (1:1) 42 (3:1dr)?
Isolated yields. NOESY
bDetermined by "H NMR analysis. analysis of 60

WIZ, B Fr XU ERHEE LIERBICAFHLER T HEEIZOWTORFEITO -
W, WEHE L TERNES 72 67 % L7 (Scheme 16), & %iL 4-tert-7F N7 = /
— 41 BB L, T2/ —ADOF N MIO=FefP, B R oDk

IZ L BR#E, = Fr RO LA X (1D IZL5EITLENERIT-> T 64 157, LT, 64
DT FEE R ELTHELN 65 Ik L, 7= F T m I REHWTHIBHOMH
BEITH>Z LT brr66 G Lz, &2, PA/C il 2 A 7o ik B kic L o~
YIONEDREE R DNANLO TV = )VEEDBRITT AR RIRHIAT O 2 & T, 67 2157,

Scheme 16. Preparation of 67 ¢
tBu

OH OBn OBn
(@) @N% (b) @N% © @NHZ
—_— B ——— —_—
tBu tBu tBu
41 62 63 64
OBn OBn Ts (0] OH Ts OH
—_— B — —_—
tBu tBu tBu

@Reagents and conditions: (a) Oxone, NaNO,, wet SiO,, CH,Cly, rt, 30 min, 45% (67% brsm); (b) BnBr, K,COs3,
acetone, reflux, 39 h, 93%; (c) SnCl,, EtOAc/EtOH (1:1), 70 °C, 39 h, 66%; (d) TsCl, Py, CH,Cl,, rt, 2 h, 100%;
(e) BrCH,C(O)Ph, K,CO3, acetone, 50 °C, 1 h, 95%; (f) Pd/C, Hy, MeOH/THF (2:1), rt, 16 h, 81%.
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& 67 DEEALRINS F L — 2 ¥ r BBALBOS T, RE D TFE ~DOEMFEMED
S7cle), TFE &7 mu 22 O L RAEEEZ AW TS EZ1T>7-, 75 &, PIDA
EZRHWEISETIE 93%E W) BWETAIL b X ) VB AIT I F— AR G617
N, DEHECE WO T AT LA ~—68 & 69 N 1:2.5 DR THER L TWND Z &R
> 7= (Scheme 17) , FE 69 OTARELE X, IRAW O kK5t NMR HIEIZ & 5 NOESY
DFFITIC L > TRET D Z EMTE T,

Scheme 17. Stereoselective oxidative cyclization of 67

Ph Ts
OH Ph o) ,g 0
Ts o N
N\)\OH PIDA (1.1 equiv) 5 : />"'Ph
N + O
Ts
69

TFE/CH,Cl, (1:1), 0 °C, 30 min
93% (68:69 = 1:2.5) 18U

67 68

tBu tBu

H_H Ts
H

NOE correlation
of 69
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Bai TIVEPLORBHACRLICXAANV X ) VB AIT IS
— VD IARBIR 2B R

55 3 i Tk, B B L & FIBHO B Ra %D ORI A B rig{kic
Lo TBHRIETAHL I X ) VE ) ANITIFT—LERARTELZEEZRAHLEEY
DD, BALDOSARERIR IRV ME 23 5 Z L 2SN L, 22T, 73 2 &0 D
REHNCA O BILT D X A FOIEIZHOWT S, IO BEHIEOREAALE S B D Ak
BEER L, TNEIUCOWTIERRIR AL R ) VB ) ~IT I T — VDG E
it o282 lc, 7 LA BT 5 RINOEETIL, 7F 7V REETO
SOt (Tabled) 725, R /L7 2 ROLFRE LTI RED L RWERZ 5252
EDRB ST, ERITHERT HEHLIT M VEEZBIR LT,

FI. T RIS L RBICAFRLEATHHEEL LT, LAY 2 —LHSEOH
HERTL 72— T2 Gt L. TOAFEIT->7= (Scheme 18), L-/NU J —/Lin»
SRDIELND SCHREER O N- T2 2w 1089 2%f L, RS TF T =/
— A8 HNZHZ LT, TVUPUDONAREED /NS WM D OFBRS & 5] & Z
L. P72 R 71 ZFREDINE TRz, Kt T 71 O P —7 )VEL 2 ik
BT DL THEELERD T2 AR LTz,

Scheme 18. Preparation of 72 ¢

OBn iPr OH iPr
O - -
TsN Pr (a) \/\NHTS (b) ©/o\/\NHTS
tBu
72

70
tBu
71

@Reagents and conditions: (a) 2-benzyloxy-5-tert-butylphenol 48, K,CO3, DMF, 100 °C, 2 h, 63%;
(b) Pd/C, Hy, MeOH/THF (3:1), rt, 1 h, 98%

EEW 12 PEDF N X ) F ) ~IT T VO SREIRI 72 G RO IRahfs R &
Table 7 \Z7~3, E&fLAlL LT PIDA Z M\, TFE &2 7 mu X ¥ oo 11 RAEET
0°C THRUSZEATI &y ANVBF /B AIT IFT =/ T35 10% &0 5 RIR T H
D00 FTH—DEMEEKE LTHONT (entry ), ZOFRMET T, BIARME L
TYAIED TFE SN L7- 74 DR (8%) MRS 7=, £ 2T TFE Dbz kb
SKIEEVEAMEW HFIP Z2 IV TRIS AT 572 & 2 A UK 38%, SAGEIRME 14:1 T~ T
ST BB/OND T ERGh T (entry2), IEROM EA#IFF LT, HFIP L 27
Ha A XD L RGEEY . PIDA OfH 0 IC PIFA # W CRUSZ T 72L& 2 A, 57
RERMEIT 12:1 IFIEED LT, IRIT 47% F CTH E L7 (entry 3), F#&E 72 1% TFE
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SOPRFEPEIZARN S HFIP [ZIXVEME L= 729, FefbAl & LT PIFA, ¥A#E & LC HFIP %
HAWTEIR AT 7c & 2 A, IR & NLRIEPPRIZZNEI 45%, 141 THH | K&k
FIR N o7 (entry 4), ~I 7 I F—/L 73 OIARELE T Kt NMR H{IE 2 &
% NOESY fENTIZ & - TIRE LTz,

Table 7. Stereoselective oxidative dearomatization/N-cyclization of 72

CF,
OH iPr o o iPr
o~ i i z 3 o~
\/\NHTS oxidant (1.1 equiv) s N iPr \/\NHTs
+
solvent, 0 °C, 30 min Ts
tBu tBu tBu
72 73 74
entry oxidant solvent yield (%)%
1 PIDA  TFE/CH,Cl, (1:1) 73: 10 (>20:1 dr); 74: 8
2 PIDA  HFIP/CH,Cl, (1:1) 73: 38 (14:1 dr)
3 PIFA  HFIP/CH,CI, (1:1) 73: 47 (12:1 dr)
4 PIFA HFIP 73: 45 (14:1 dr)
3solated yield. NOE correlation of 73

bDiastereomeric ratio (dr) was determined by "H NMR analysis.

WIZ, =—T VBB UTo kB BICEBRIE 2/ T 5 B OV TR EIT I I2HTZ 0 |
Scheme 17 [Z/RL7=2A /N FX ) VB AITIFT— L 68BLV69 25295 K57k
BHBELTTT2HEL, ZDOEK%EIT>7 (Scheme19), AF L E(N-FI VA X /)7
= =/La—TF > (PhI=NTs) 7 HEGITHMATREZR SCEBEA D N-F T oy o
753NZ%F L, BF3-OEt % Lewis BEfitlit & L CTHWT 48 L7 VU UV U BBRKIG 0% 1T
5 RUVILIZ 48 A LT —T /L 76 DNHRREDINRTEH LN, FVTR
VN =T NVORAEITH T LT, E 7T BRARIE TR L,

Scheme 19. Preparation of 77 ¢

OBn OH
0 o
TsN @ Y ONHTs _ ©) N ONHTs
|>—Ph Ph Ph
75 Bu Bu
76 77

@Reagents and conditions: (a) 2-benzyloxy-5-tert-butylphenol (48), BF3-OEt,, CH,Cl,, 0 °C,
30 min, 52%; (b) Pd/C, H,, MeOH, rt, 1 h, 90%
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BRFTNORENA a8 bT 58 77 ICBT 2 R R IR /a4 L b ) v
N2 T RS VDO ERRE ORE R % Table 8 (27§, BR{LAIE LT PIDA % MV, TFE
Evzmr Ao L RGEEF 0 °C TRISEITY &, AV EXR ) UE I/ AIT R
T 68 UK 42%, T AT LA BRYE 11:1 TH L, BIZERY & LT TFE 23N
L7272 — 78 (22%) 0, HEIEREILTE /2h - 7228 PIDA HSROERR S 4 /v M
TN L7z EHERI S L DRI D ER A fER LT (entry 1), £ D72, T HREIARKL
MOT e H —NEBILET L ETAHLRX ) B/ ANIT I T 68 ~LFHETE
RO EE 2 BREIBS B RALSOS ORI LT, il & PPTS 211 CT7
T b AR THIEA L 72 (Scheme20), = DOfEFR, A/ FF /) ) A~IT ) —)L 68
U 82%, 11:1 ONARIBIRMETHONDL Z EZRAH LT, ZO~IT7 I —/1 68 1%
TH )= VP THERT DI E TCRGBICHEH—-DODUT AT LA~—L L THEET S Z &
MTET,

WA F A DERCHII S B AL O BEFEIZ 35T 2 RIAERM DAER Z 12 5 72912 TFE O
RDOVIZHFIP Z HWTRIGEIToTo & Z A, ~I 7 I —/1 68 [T 66%, ik
P 12:1 THL, BEEOR R G477 (Table8, entry2), /L7 X K 77 X HFIP
\ZIAfR L7272, BR{bANE PIDA % FVy, HFIP Z¥EM e L CRn 21T & 2 A, 3K
BHRPEIZ 13:1 EoF0Izm E L7200, IUHRIL 54%I2KF L7z (entry 3), #RIZ, PIFA
ERWEGAIZOWTHRET 21T 72, HFIP & ¥ 7 nu X % @ 1:1 {RATAEH C PIFA
EEHASE D &, 68 DULRIT 78% 21h b L7=28, 3®IRMEIL 3:1 & KIEIZIE T L7= (entry
4), PIFA & HFIP a2 FIW 235613, BRI ST%ITAR T L, J8RPEIL 3:1 SRR D
FEL o7 (entry5), BIMEAIR T S 2 EIL, BUSOEFE THRAET HIEH KD b
U 7 A a g (TFA) (265D TidZen & %, PIFA IZx LT 2 Y EDREEKFE T
N O AEZRIML CRIGEITo72 (entry 6), ZDFEFR., WHRIL 62%., 7 AT LA ik
PREE 51 & HichbT o bEnRoniz, ZoEND, RPTEAT D TFA B
FOGDSEASEIRMEN AT S DO FEEEE KIE L TWBKFO—2ThDHZ ENRE Iz
2, MMOER N ETH L AR D EETE 20,
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Table 8. Stereoselective oxidative cyclization of 77

OH
o . .
NHTs oxidant (1.1equiv)
Ph solvent, 0 °C, 30 min
tBu
77
entry  reagent solvent yield (%)%?

1 PIDA  TFE/CH,Cl, (1:1) 68: 42 (11:1 dr); 78: 22

2 PIDA HFIP/CH,CI, (1:1) 68: 66 (12:1 dr)

3 PIDA HFIP 68: 54 (13:1 dr) Bu
4 PIFA HFIP/CH,CI, (1:1) 68:78 (3:1dr) .
5 PIFA HFIP 68: 57 (3:1 dr) NOE cc;rg;latlon
6° PIFA HFIP 68: 62 (5:1 dr) ©

lsolated yields.
bpjastereomeric ratio (dr) was determined by 'H NMR analysis.
“The reaction was performed in the presence of NaHCO3 (2.2 equiv).

Scheme 20. Stereoselective oxidative dearomatization/N-cyclization and subsequent acid-

treatment of 77

OH PIDA (1.1 equiv)

(
OY\NHTS TFE/CH,CI, (1:1), 0 °C, 30 min;
Ph

PPTS (0.2 equiv),
acetone, reflux, 26 h
82% (11:1 dr);
59% after recryst. (single diastereomer)

tBu

tBu
68

77

BSOS OFILFEIZ L > T 68 2NBIRIICHS HA7- (Scheme 20) Z & 7
5. B O STASERIRPE DS S FRAIIC I E © TV D D, AR DB 0022 B PRI 3
FLSNTWD DN ZERT D120 DRiFEI 41T 72 (Scheme 21), 7 =/ —/V 67 Dz,
I E L — Re X EhbORBEMNA e BRbic > TH LAV X v
B/ ANITIFT—L68 L 69 D125 EAEWE. 0.2 YED PPTS DIFEF 7 & R HT
RIS EI%, 68 £ 69 Z[EIN L7-E 2 A, ZOFIEHIT 125 HZEEL TWh o
Tco —H, BT T AT UAw—L LTHELN 68 ZF UMM LT, B L
72 68 ICBWTEMILITA O oT2, ZOFEE G, Scheme 20 (2B W TA/L k&
JUEIASNIT T 68 OEMEALITE Z 67, STRRIUEIEERICRE ST
VWD &R LT,
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Scheme 21. Acid-treatments of ortho-benzoquinone monohemiaminal 68 and 69

ol
':}l/>"'Ph PPTS (0.2 equiv)
+ (0]
acetone, reflux, 6 h
80% recovered
tBu tBu (68:69 = 1:2.5)
68 69

(1:2.5 mixture)

PPTS (0.2 equiv)

acetone, reflux, 6 h
73% recovered
Bu (single diastereomer)
68
(single diastereomer)
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BSE MRICERIBRISEIRIL — A B o BRALER RIS IZ BT 5 L AEIRE D E 5

AFTRARIZ LI BEFEF SR aBR(bT 544 FORLE 72 L 77 1AL T
i, mbuﬁxéﬁ?ﬂ PEDRBLAZFERT 5 Z LN TE T2, F7o. T ONAEERMEITHE LR
BLCH DI EMWRIBE NI, FE 72 & 77 DAL S EFIRALOGIZB T 5 EnEno
BIRMEOF BRI BT 2 BLR L LU FIZR 5,

MR DR T I ROBRZA Y e BV EEHT D 72 OERI G E IR (L — A R
BIZBWTIE, 7=/ — v ERRE URFAIEE ORD Y o RRHE, ~I 7 17
— )V E TR T 2 A18H1X envelope BLEED 5 BB % & 5 2L 2 515 (Scheme 22), =
DERIZA Y 71 VT equatrial 72 55 EARET D &, 2 DOEBIREE TS3 B LW
TS4 N EZ HND, ZD 95 H TS4 T, envelope BLEED > H AL k3 B D axial
PKF L 7 = ) — )V OREFIR T OINLE -3t & ORIO KT 8 2 12 FAXRFIZ TS3 23
AREIRS>TBEFEAFDE LTEZTHNDOTIT RN EEZLND,

Scheme 22. Rationale for the formation of ortho-benzoquinone monohemiaminals 73 and

74

ROCOI * o
|; Q/>
! HO = N i ipr
o L o
3 T
[ TSN | Pl °
P -RCOH gy
OH iPr tBu 73
O\/'\N/Ts Phl(OCOR), - TS3 - major
H ] favored
—RCO,H
OCOR ,
Bu l ¥ o T P
72 N/g
— — I~o
N Ts —PhI
- RCO,H Bu
TS4 74
disfavored minor

T— T VSE R DEEIC 7::%/1/%7&75?‘5% 7T DAV X ) T ANIT
IV ONHRIEIRPARICEE LT, FIERIC 5 BER envelope BB % 5 ToiE R IR g
ZRETH & TERIRELFIITE D EE R %ﬂé (Scheme23), Z DAL, 7 ==
JVIEDS envelope BUBLEE D[ A BAVTZ IR FE RITHEA T 2720, T equatrial fif
O LEBRELIETET DL, TSS & TS6 NEZX HiLd, ZD 5B TS6 (1#E axial /17
DKRF LT = /) —NVOFRFRFTF DOINLE X & DROKFENZZ BN DT, L AF
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72 TSS Z ki U CERILAEIT L, 68 LM H 2 TWnWH EB X bND, £, 7L
TV 3 — VIR O R LRI S B RS TIE ol F A4 PR R O A Rl A & L
TRISHETT D L) Kita HIZ K DB 90, 18 DL O b Z— L & DIREH DR
PRI X > THAIN X ) E AT /L 68 DR WNLAREIRPE 2 #EFRE L TR
A7~ (Scheme 20) Z Lt #HFEx 2L, V=2 /) o vUbA AU PHEEZRBE L TAY
2 ERALDSLAERIRICET T 2 RRIE L B 2 biIvd, TOLAEITIHE W T H EARERPED R
BLOMHEIIRERICHIATE , 72 /) =0 A F LD TS5 D KL 9 72 envelope
WMo 5 BEREBIREBARBT 52 & T AEEIRICA B R BRIEBETL TS EE X
W5,

Scheme 23. Rationale for the formation of ortho-benzoquinone monohemiaminal 68 from

77.
ROCO, | ¥ Ph
I o}
'3 o
— O — . N
Ts Ph _ :
| TS, N’ﬁ/ Phl Ts
- RCO,H {Bu
OH H
tBu
O~ -Ts 68
Y N PhI(OCOR), - TS5 - major
Ph H favored
~RCO,H _ . _
tBu | OCOR |t
77 H Y I o 1°
Ph o) N
| . /"""Ph
L > @] - _ = (0]
N Js | — Phl
H - RCO,H Bu
tBu 69
- ~TS6 - minor
disfavored

—HE3E TR LI BEIR DA iR bd 58 56 8L 67 122\ T
I ANV xR AT TV OICRIZHEE WS DO SEAREIR LMK L 72
DEVIBIRN RO, FT2HE 56 OFUGIE, Scheme 23 IT7R L72H D & FHELOE
BIRBEE T N BENN DRIV L 1T DO T AT LA~—%2 TARME LTE 2D
FERIZIRSo TS, ZOHBIZOWVWTIFHROEIIZELZ LTS, THF T LT U —
7 IR36at36b, TLTHFINARTI—NATIFRSBILO67IE. WINbEEIZE
WTR—F<v—BEME L THFEIEL TS Z EXN ' HNMR 22 BoRIBE Tz, VR T R
REBRRD RIZT I NGO —4~—% 5270 WWALR T I ROFEE 36b &
67 IR\ TChbr—F~v—0BllSN=Z &t n, [REEREEEY Y = /) — LD RFEFRT &
ERFEFOMOMRICHDL LEZXOND, ThbH 67T 2fllcLdL, TOR—F~—
I% Scheme 24 (/R T L 91T, 7 =/ — /b & &5 EOBEBILDS SRR S 20T THER &
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BHRIFFO sp? FEHAEIZ LT 67TA BL W 67B O X 5 RRETHAEL TS LAHET
&5, 2D C—NEEEHEOH I NS SRk — A e r B XV b +cs#iT i
X, 67 OSIE Scheme 22 (2R L7726 D L FAEROBBIREEZ KRB L, ERETNHHO
A a B UG & RS ORIRETAERME 525 L PRISLD, L L7eh b FEEORE
RAIZER D72, S OREREEE D SRINE I EE S 5 2 TV D AMREE N RIB X b, D
ED 6TA B LTV6TB S PIDA & U 7 RAHA L CTH U A HEHA 79A 35 LTV 79B DI
b [EHRERE N 8 5 & TREI I, ENEND DO TNAE B EAEERIEEL D b
72, VT AT LAY —68 £ 69 DERKIIZENNEL TVWADTIERNWNEEZD
s

Scheme 24. Mechanistic proposal for oxidative dearomatization/O-cyclization of 67

HO Ph
OH T C—N bond OH
/'S tation
N ro N
Ts
tBu HO—2 slow tBu
67A Ph 67B
ligand Phl(OAc), ligand Phl(OAc),
exchange — AcOH exchange — AcOH
OAc
Ph—I no-»"h
C—N bond
0] (0]
[Ts rotation | >\§
) N —_— | N\
slow ) Ts
tBu HO—2 tBu I—Ph
Ph OAc
79A 79B

spirocyclization — Phl
faster — AcOH

spirocyclization — Phl
faster — AcOH

Ph Ts
(0] (O}
Q/g NS
= z "'Ph
N (0]
Ts
tBu tBu
68 69
minor major
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FToEi ANDBIFK UFIAIT IF DD DONARERIRK Diels-Alder K)it>

FNRF ) I ANIT I T 68 B NAREINICARK T 5 Z LTS LToD T,
ZDERIZEB T DR HAREM: 2 7~ 372, Diels—Alder S ita~D H % it L 7= (Table
9), TITLEM 68 L7 TF v =)L=—TF )L L D EiER O Diels-Alder i % 54
7o S, MG T C b SOSTEI T T, E R RAIIHIRT D DR TH -7 (entry 1),
BEEEDOY T ) 7 e U THIRE = VoA TF L2 W6 | [FAERIC AR
1356720 -5 7- (entries 2 and 3) ,

ZZTCEFRIMEEDFES LI ) 74 Ve DRISERB DT, ATV E =L
FoEMA TRISEATTo & ZA, SR, SRR ERILEER 80 3G b5
ZEngymoTlc (entryd), MDA FIE IR I NMR TD NOESY DOFFHTIZ L -
THREL, Scheme 9 (TR L= THIEY IZ, EFLEOGEW N AERY O EE
Wik L. FOHDEND P ) 7 4 ABBOGE L TWD Z DR TE T, £/, N-7 =
== A 2 REDRGH IR THEIT L, 81 ZH —DRM(K L LTH X7 (entry 5),
ZOMDOEARGNWES ) 74V E LT TZ VAMBATFALT 70 LA V& HNTK
JEEAT>Th, ZHENFEERIC Diels-Alder SR 82 35 LU 83 MANEIE, @K
BRI OND 2 LR LTz,

ZOfERIZ, ANV X AIT IS NEEEFEER O Diels-Alder it
IZBWCHFINRY T L L TCHEHATEDZZLZ2RLTRY, AR LEOFH L/ CTE
HEZEZTND,
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Table 9. Diels—Alder reaction of ortho-benzoquinone monohemiaminal 68

dienophile

PhMe, temp, time

tBu

68
(single diastereomer)

NOE correlation: <

P

O s
Hu,)
Ho,

/\tBu OBU
A R B
N HO H., N
PH Ph" 5 NPh
! Me
HH

O
0]

H 1o Bu

/7

H

Ho,
h™ o
¢

H.
HH H,I/Ie\N H
H
\J

81

H o N H
82 83 \)A
entry dienophile (equiv) temp (°C) time (h) yield (%)?
1 butyl vinyl ether (10) 90 19 slow decomposition
2 vinyl acetate (10 + 10) 90 32+ 23 no reaction
3 styrene (10) 100 72 slow decomposition
4 methyl vinyl ketone (3.0) 80 25 80: 94
5 N-phenyl maleimide (3.0) 90 14 81: 96°
6 methyl acrylate (30) 130° 24 82: 890
7 acrolein (30 + 15) 130° 2+42 83: 920

3|solated yields. °Single diastereomer.

°Heated in a sealed tube.
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BAE O XHAF I VLT L— U BRBORE & &R L BRI
FIFALR)S~DEA ZB T 5158

B HRER. AROREB X OEKEE

7 x ) — VO ARFBRALAB I F RGBT REHIEIC L2 FEM EICEE L
DL, B LR TR OBLEN S L 0BTV DX 7 U7 a3 & 7o 13 il 2
WA TETH D, REOHIENC L > T7 =/ — D = F o F AR 72 B LB i 55 7
AV % FIREIC T D 72O OMFSEIL, A T TE 72, 2005 422, Porco HIX
XINRTT I EHOEERE RN HIDT = ) — DI F AR e R LR
FFHEACROG 2 WS LT 5 ¥, Z LT 2008 45, Kita HIFMBEICEERE LT 1r3 ¥
FAEN . HEREHITH D mCPBA OIF(E FCTHx 7 V7B bAIE 7213l s LT, 7
= )= /VEO T T o F A BRGNS F L — 0 FN A w Z 7k ABEURIC
HATEAZ LML), 5122015 F12iE, AELICK TR I ARINUHKRT o F
S AR S TR AR U CHWE T = ) — VO ARFERALRI TS RV SO
DEESNTND 9, 2D OSBRI 2 O 0 ICARRIS T EHZ R R E LR %
AETEY, 4BLIOLRDIIEEDIAEND,

7 x ) VO G o F AR R BRI R I B WL, B ESCERG R
ENER0, BRERKARRAEMEL LCORANRAENDIF I ARIUHRILAME
TR 3 U B 2 W2 FEN R b A EH I TE Y | Kita 12 K D) Ofr) R~
BIEDHE 3L, Z< O RET-HICL > TS TS ERENAB I TE
(Scheme 25) %9, Kita & DHEMFIOHETIX, MIERAE T EA VX U 2 FKICEE>E
AL T U — L fili 86a &AL EGRE D mCPBA & AW T, 2L 7 R U BRAFEA LT
L+7k~w%%m8%cm%mmem?&LVMﬁEﬂﬁmkafy%ﬁ%ﬁT
(65%ee) THATTHHLDOD, T T FABIRE (86%ee) 155 T-DIZITLF &
%i@mm@%k%ﬁ%g&éhfwt”%megm3ﬁmi\a?$®ﬁme_
TFNHEBEANLT-RIL86b 2 D Z & T, LD EWIBIRMEOFEL (92% ee) % K,
T5HZ LIS L TWA 3, e T Ishihara 513 2010 4E(2, XV kA E 2 A5
FF03 LT U —/L 86¢ AN, [FEEEZR 1-F 7 b — A BEK OB LIS BRI — A ' a
77 NALRISIZB W TEN =T U FARIRMEEZ BB T 52 L2 AL Y9 X5
RSN L 7o AS | 2 (IS m RUBHBRES LTIc T = /) — VB RORFRBLA A &
277 FAGICHEMAETH D Z L 2fE LTS 419, I HITIEH, Tbrahim 523
anti-dimethanoanthracene 4% H 9 5% 7 /L3 — K7 L— 86d % ** Masson 573 1,1
binaphthyl-2,2'-diamine Hi K D& 2 FfO % 7 /L 3 7 & filllt 86e 2 T *», 7 h—b
8@@%mmxtm77ﬁ/m#¢&ﬁ®:+/%ﬁ@ﬁéfﬁ TT 5 EEHLMNIC
LTEY., ITLEESRISIZHEM TR/ 72725 Z v 3 o Rl & LT Pericas H 2%
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AL NV T — VAT D C D 3 — K7 L—1 86f9<°, Ogasawara © (T
KO ESNLT he T RUEEE UTHBERRER G MBEXF 7 1rva— o=y
86gVNWEIN TS, ZOXHICFTI NI UERKER T = /) —VHEOREFE
BB A FEALIZZ < DT N—TIZ X o TR IR S TV DD, mh= o F 7
BIRMEORIUTI W E S ERETH | T2 E oG b RER EICH D70,
SORDLHMICRF T NI UFRREOREREENL TN D,

Scheme 25. Previously reported enantioselective oxidative spirolactonization of 1-naphthol

derivative with chiral hypervalent iodines

OH 86 (10-25 mol%) 0
“/\/C‘DzH mCPBA (1.3-1.5 equiv)
(0]
e (o
84a 85a
R (0] | (0]
(0] (0]
MesHNJ\:/ \l)J\NHMes
Me Me
Me

86¢: 90% ee

R Q2

86a (R = H): 65% ee
86b (R = Et): 92% ee [

‘ 86d: 40% ee

O T™MS
| OTIPS

|

Yo ogme OO

N=N )

! ™S
86f: 80% ee 869: 73% ee

86e: 36% ee

O LIl RERE 2 EE TS U T AR BRI T E AL SOS I N D
ENTE OO B E ) BEEICERATEEE B X N HT- ¥ T L3 vHER
FEL LT, 87 ®L 57, BINOL O8I D G Mtz AT oMiEL R L
(Figure 5), 3 — K7 L — 87 (% 1,4-diiodobenzene Eg D 2,373 LN 5,6-(0 20>
THINEIZHEER L72 2 50 BINOL 28, BLHIBS FHALORIGR & 725 3 U R DJE
D ASTARBIZERY BT 72D, IRNCAFZFHFRT LN TEDLH BT, £o,
BINOL ® 33" L DEHIERIZTZ AT NLT R R ED I VAR = /VERERLZE AT L,
IKFEAEERCHIE O W AAERNC X 28Rl 3 v R O%El Ob JiAd 5 LHEE
L.l 72 KR & SO T /L Ve EOEBIL A RS 2 L CEIUEC RSO FET © 7l HE

W22 B EEZ T,
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Figure 5. Structure of novel C>-symmetric chiral diiodoarene 87
ool oo Qo
ﬁ = SN
0 0 T 0 0
L, T 0 O T
R R R R ‘
87 ‘§

Friz 727 v a v &K 87 OWi A AT % Scheme 26 (2789, BHEHEER~D I 7 HRIH
FOEANZ p-7 ==L VT 2 UFFEK 88 /2D D Sandmeyer SUGNMZ L - TITH Z & %
EZ. 2007 X /3T Hofmann 85012 K W T I R8I MH AR TE HEE X, 3,3-
MIZEBIER FH) 28T 5REOARICHTZ->TIE, 90 DX 5727 hT u Al
EKINEDI 7V TR K > TEE S EREBENEAFRRICRS EBE L, £
LT 8 BEA2EaTeMILERKIL. TNT2 OB RGIMEENHES LT 23,56-7 b
Indar L r7aa= kUL 91T D 2 51 BINOL 8K 92 O F5 7 i K k% E
BOSIZ & » THSET 5 2 & 2dtE LT,

Scheme 26. Retrosynthetic analysis of chiral diiodoarene 87

Sandmeyer
lodlnatlon
N H,
Hofmann CON H2 O
rearrangement coupling
——

CONH2 O
C ON H nucleophilic CN X
2 aromatic . .
OH

substltutlon

I :[ OH
F F
CONH2 CN OO X
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%281 BINOL FHEED L OHFLEEOERK

RIEDOFEROGRATRENEZRZ T 5720, ilROT F I 7 vtnTrLr7Xa= |
UL (TFTPN) 9149 & (S)-BINOL 358 /K 93 —95 & O W5 & Kk EH S & 7k 7+ 7= (Table
10), TR (S)-BINOL93 & kgD U w7 A& vy, NMP BB CRISEITH &, =T
2B O5F B L OG5 &K< 2 FHNEEBERZEWRSSPET L, =—T L2518 B
BROMEER L 72 LB RS ()-96 2 IR TGS Z LN TE 7= (entry 1), (S)-BINOL93 & @
FOSIZE W TIE, DMSO =° DMFPH T 6 SUSIFHEIT L(-)-96 25225 DD, 93 D5E
BIRMHREMERT D ENTET NMPIFEDN RS BWRERE 5 2 72, FR(-)-96 1%
J B aRV AR 1 4-UF XY AR DB, VT —T v, BTV, VY
RO RAR AR )= X ) )b KRSOEMENEL . KA — VA RRICEIT 5
WMHEBRERS L OV DTN T L a~ NTT7 7 4 —IC LD NPREEC D 2 &N
FTRENTZ, &2 TH)-96 DKSNDEEMIEDOILES & VT 5 BRIk X ORRMR
BEDK~DOEEFEIEO B S AR L, Al & i L DR AR T2, JOSK THOE
K2 AR A, AT L7z [ER A2 Al LK CUif LI i S, 7 m oL A0 6 s
fa9 5 Z & T, 16.7mmol A7 — L T(-)-96 % Ak b+ 7 UK 88% (INE: 10.3g) T
5HZEMTER (entry2), WRIZ. BINOL @ 33 -fL|CEHIL R Z#EATHITHI-0 ., b
LML m Ak L7z BINOL Z W THLLEEZREZE L, RIC7 a Xy T 7
XS TEREEZEATHZ L EZF W L-, £ 2T, (S)-BINOL93 225 3 TFETEZIC
A R T RE 72 SCHREE 20 D (S)-3,3'-dibromo-BINOL 940 2 W TR i 24T o 72, LY LR 5
NMP EEF, 50 °C F CTHIE LK T TH, BIE T2 2 20 94 A LToLEW
97 DA A MR T H Z E1XTE . TFTPN 91 & 94 73 1:1 ThUG L 72 99 MMEIL R T
BNDDIHTH-T= (entry 3), LAY 99 &(S)-3,3"-dibromo-BINOL 94 & DD & & 7¢
5 EHERE BSOS b RAR TR, BIO 97 13& 6 -oT-, —EH OB EFRER
BSOS ET L WEHIZRBR FOmE S LD 94 OISHEDIR T O Tl
RNEEZT, T, /ANy T T TORETE L 0D, Lo ED/NE
WHERF % 3.3 hE S L72BE O BINOL #5381k 95 & D )i & #ist L7z, TFTPN
91 & BINOL #%E4K 95 O SiIE DMF I TH#EAT L, |IR TS Sz & &3 53%

(entry 4) THHMI()-98 551, 80 °C F THIR L7=HA1E 77%F TN A E L
7= (entry 5), Z DZMTiX, TFTPN [Z5%22ICHAT 25 H DD, BINOL FHEIK 95 135k
L7280, YIVBTNAT A~ NS T 74—l KA AENEL LT,
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Table 10. Syhthesis of the key intermediates (—)-96 and (—)-98

R R
CN O on R
F F K,COj3 (5.0 equi
OH 2C03 (5.0 equiv) o o
F F OO OH  solvent, temp, time OO 0 o OO
N
CN R R C

+

R
9 93 (R = H) (-)-96 (R = H)
(1.0equiv) 94 (R =Br) 97 (R=Br)
95 (R = Cl) (-)-98 (R = CI)
(2.0 equiv)
entry substrate  solvent temp (°C) time (h) yield (%)@
Br
1 93 NMP t 98 (-)-96: quant.? OO CN
2 93 NMP t 12 (-)-96: 88° 0 F
3 94 NMP 50 16 97: 0; 99: 319 o)
4 95 DMF rt 4 (-)-98: 53¢ OO F
5 95 DMF 80 16 (-)-98: 777 gr CN
99

%solated yields.

50n 0.51 mmol scale, purified by silica gel column chromatography.

°On 16.7 mmol scale, purified by filtration and recrystallization.

90n 0.062 mmol scale, purified by silica gel column chromatography.

€0n 1.08 mmol scale, purified by silica gel column chromatography.

fOn 15.8 mmol scale, purified by filtration and recrystallization, and silica gel
chromatography of the mother liquor.
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H38 BINOL #& LICE#E LBV I LI vRAEDOARR

552 filC BV TR 72 K 9 1T BINOL Fi0 e I E UL 2 K572 720N (-)-96 12D\ T
X, BRI ERT D BRI LTZ, 22T, ()96 1L DOF Ty a—R7 L—r
(b EW~DiHE %R A7 (Scheme 27),

{LAYI()-96 % DMSO FAEH . KERILA U w7 AEE FISIBI LA FEK TLMET 5 2
ET. 220037 ) EPHRHIZT I RS, ()-100 Z BAF 72N TR LD
ZENGMoT, VT2 F()-100 1(-)-96 &[RRI & F X F A HHEIABE A~ OPRfEIE DK
INRMEE 2o T2, RISTERZKICINZ D Z & TERDZITH S, i, Kizkd
Ve, RS ZIERITY 2 & CRITE D 2 L 2R L. A7 —NVT v 7 &% alhE &
L7,

U7 I RE-100 22527 2 101 ~OEHT, HYNIFBNED L CHEN B o 72,
SFEIERBRFEITHoTERE., U7 2 F()-100 O Hofmann #5(71%, PIFA % DMF A/t
1 0°C T, TOREE~NEFEIEDLETEEMITETL, M To60 14 Vv
THx— b5 252 R L, A VT F— FONMKDCIENTIE, 4910350
TREMER IS BN D HAERY % THF <° 1,4-dioxane [ZIAfR SH. £ 212 SM Kb b
U0 LKERZMZTMES 5 &5 FikE Lo T e, L LN S ZHARDKE &
IRD T2 OO PE L AN g EHE S D RSO AR L CHRY
DOTT 101 PRI/ D E W) BN B - T=, £ Z T, DMF &EA2 FHviuids)
—RITT2 0 SO NR X < HEFTT D O TidAev s & #I5F L, Hofmann #5072 17 > 7214 D
FNEA D DMF IHRIZ T R > N CilFlEoO 5 M KER LT N U O LK E %,
80 °C THEAEZIT 72, Z DEMETIZ DMF O3 R%ZLE D & O OIIK D RA FEELME R <
EITL, 7 12101 238 50% DR TH LN, BEFEERT V-V T I Th
% 101 [ IREZETH o272, 3<IC Sandmeyer FUGMZ LV I vHElbEITH>Z & L L
7o VT U001 BEEEEDO Y 3 — R A X AR L BAEEE tert-7 TV % 2T 80 °C
T4 2 2 LT, BRIOY I —R7 L—2()-102 37 2 K(©)-100 7225 2 TREIY
F 2% THLND Z EERH L,
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Scheme 27. Syhthesis of chiral diiodoarene (—)-102*

CCo, L Q1 SONPW e

0 o () o) o) (b)

o o 0 o) ”
I L T ) L, T

(-)-96 (-)-100
SO Nee L, L LI

o) 9) (c) 0] 9)

o o o 9]
SR Ge Q0 T U
L 101 . (-)-102

@Reagents and conditions: (a) KOH, 30% aq. H,O,, DMSO, rt, 4 h, 87%; (b) PhI(OCOCF3),, DMF, 0 °Ctort, 1 h
then add 5 M aq. NaOH (10 equiv), 80 °C, 18 h; (c) tBuONO (2.0 equiv), CH,l,, 80 °C, 18 h, 22% (2 steps).
NMP = 1-methyl-2-pyrrolidinone, DMSO = dimethylsulfoxide, DMF = dimethylformamide.
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Bagi BRI VRBRE~DEBRLEARFBRILH AT R T 7 b IALRIE~D
3

Tl BEOXT NI TEILAEM()-102 ZEKT HZ ENTEXLOT, (-)-102 DR
T = U FRIEA~DO LA K AT (Table 11), F313()-102 23 FF> 2 2O A VFED H
HLOR G EMMEOBE i = 735 103 12885 Z L 2B L, FMIERE21To 72, BE
FRAFAE T CilFEIED Selectfluor®Z LAl E L THWTY T v a— XU VP Ui
EBIREGD LM VT, BIbOBEITIZR 672> 7= (entries 1 and 2), ~VU 74w
FERRAFAE TIZ Oxone®Z NS Z & TEA(MY 74 u T hF)a— P Uik
BIRE G 250 0%, B ITHEERHO AR Z 5 27 (entry 3), £/, BF
FEAFA/E T T Oxone®Z EH & 2 S CIIAL SO ITEIT L7202 o 72 (entry 4) . HEFATA
PR SV A RIS N UMK E N Tvdm AL R VIR g E VTS
G (entry 5) 90, ~ULAF Y RS Y U AL N U T aFEEE VTS (entry
6) WTHRILEITSTZA, 40 °C FTHNAL TH ST 53 vRIT 7T — MR b
VINAua7v T —  efGb 2 Lz Taholz, fikb B BRALRIEBHETT LIZDI,
FEREAAA/E N C mCPBA & W T AAT 5 RIFCThH o7z, Kita HI1E 2004 T, TH~
VEUEREIZAODI— RRUBUVRBES LIALAEICOWT Bzl T/ rm X X
v OIRGEEE . ARG T T mCPBA #1EHE® 5 Z & Thhib T2 a vEIHY 7+
T hEEEMNIIHRTEIEERELTNDE D, INESBIISEIToTE 2 A, Eil
T 24 R BUG S E TR ITFEE OSBRI VH R RS S 4L, mitE7e 104 2 5 2 72 (entry
To —H. KISREZ 0 °CIZ FIFTRIGEIT D &, 48 FEf# % T b SO TERE TR B i
72> 72 (entry 8),

mCPBA |2 X B TH LN - AR 104 13, RISFEMEHBICY 7 nu 22 2%
L. B mFRAIR I~ o 2 NZ2 D 2 L CERD Z LB SE, ABLTAFY T
Verg Lo 3 2 2 & oAk s LTHE o, ZOMEBRMD 7 7 F 2 NMR 2175
el ZA FEFRERIC T 0 — RREMEEY— 7 BA LI, —FTT7 ' MUY T 5
AFNEOC—TIZR N7, £, 104 DY 7 anm A X R A iR THE L
TEL &, —HBEEOO-102 1IZRES Z L8 TLC AT L » ORI S iz, W&k E
EATHOICIES O EMAENTEL Licled, ZOoWEE Y W5 vra~ NI T 7 41—
IZ K> THEEER L L 5 LRA700y, BEEHRED S LOBERIC MR R o, BT
HZEETERPoT, Fo, BRBIOHERELX AN E LTI E I EREELHW
THMEMERSTN, I EHMETELIFRMEZRMT I LT TERD o7,
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Table 11. Oxidation of (—)-102

o o CO oxidant OO o 0 g ‘
(e} (0] OO solvent, temp, time O o 0 OO
OO | ‘ |

(-)-102 103
(expected product)
R =Acor TFA orH

entry reagents (equiv) solvent temp (°C) time (h) results
1 Selectfluor® (5.0) MeCN/AcOH (3:1) rt 24 NR
2 Selectfluor® (5.0) PhH/AcOH (3:1) rt 19 NR
3 Oxone (4.0 + 6.3) CHCI3/CF3CO5H (5:1) rt 17 + 10 102 + unidentified prod.
4 Oxone (10) CHCI3/AcOH/H,0 (4:4:1) rt 48 NR
5 NaBO; ‘4 H,0 (20), CF3SO3H (6.0) AcOH rtto40 1.5+43 NR
6 K28208 (14) CH2C|2/CF3C02H (1 1) rt to 40 1+ 27 NR
7 mCPBA (12) CH,CI,/AcOH (1:1) rt 24 104
8 mCPBA (12) CH,Cl,/AcOH (1:1) 0 48 104 (with remaining 102)
9 mCPBA (12) CH,Cl, 0 48 104 (with remaining 102)

Figure 6. Tentatively assigned structure of 104

IR = VR IR 104 238D K9 RELIREEZ &L > TWDLNEIRET HZ LT
TR MoTelod | TR 21TV B EITIRE SV AL E C HAER SR AT Re 72 J R 7
i 2 v FE OB 24 Lz, Skulski 51, i I — K27 L—%8 (Arl=0) 1%, %t
IG5 Ifioa—F7Lr—2 (Arl) EVioI—I 07 L—r (A0,) ~ERBHITR
YU Z R Z 3720, BRIINEECH 5 LR T3 %9, F£72, Power’)<° Ibrahim* 5 |
WAL LIS E BT LR VRN ERL L7239 — RRUE U EFERICOWT, a5 3
%wa%@AﬁﬁI%f%é*&%ﬁibfwé MZ T, dw@mWEF GRS A
U MIICEBR L3 — R7 L— A2 L TH, BIRl 2 7 EB (MR AL E T HEERS
FOMERENTERDPSTCEVIFH BN H 5, 29 LIcmEOWFEEFH G, 104
I% Figure 6 [ZR” T K97 E/ I— R /RE LTHEEL TWD D TIEZRW I EHERI L
77

MBS 7 FLEY 104 Z HEERERIT 2 Z LR TE o770, 3 v HEREORE
LRI B IRALEORIZ BT 2 R FFREZ <5 BT, (5)-102 & mCPBA &M\ T
SO UDEBETAM T VREREFR L, TORFIC 1-F77 F— L iFEREE 84 21z
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TRIGEBYT 2 2 & 23 Uiz, W, bRy r 77 M ALKISIZEB W TE
FAa vFEE 7= ) —ABREELTEEE AL HEITT 5 associative 7281 %
AFNCT D7D LITUIEAWS S 334D JERINIME, FERRMERIETH 2 7 v m AL A
BT,

A= T L—r()-102 1Tk L7 nakrad, i@EEO mCPBA Mz T=RET
18 RFRISUS D &, (9)-102 DERITILIND Z BRI NT-, & 2 TRISEIK
Z 0 °CIZmAIL, FFED 1-naphthol FHE(K 84a Z Mz D&, AR T 7 FALKIEH
HOIZHEIT L. 77 b 85a SR 43%, 83% ee &\ HFEFEDINR, Buom) v
T A ERE T B 472 (Table 12, entry 1), UGDEREHZ, ¥ 3 — K7 L— 2 3l3E(-)-102
E VATV T LT~ N7 T 7 4 —IC X ORI BT 5 Z LR ARETH -
7oo ZOREREZ RGO IE —EEHEND D XN D00 4 (IS ERIEE A
95 1-77 b=V EEEIZHOWTHFT 21T > 72, 4-bromo-1-naphthol #7535 {K 84b 75 (FUY
3 54%, JERVEITOIRT LU 74% ee THEBMID G DI (entry 2), 4 7IZ Bz 2% H
T HIE 85¢ LB (79%) TAER T M a2 G20, BmIUEITOOET
(75% ee) L7z (entry 3), 4 filZ A FIVINEWR LT-HE 84d DA 2T 7 FALT
LR (47%) &EIRME (69% ee) DIRT 23R H47z (entry4), % 72 4-phenyl-1-naphthol
PR 8de DL TIX, WL =) v FARREO KIEZRIKT (K 36%, 48%ee) W3
B SN (entry5), AT T 7 k1 85a—c Dt SLAELE 13Tk 334D & DFECHE DT
FOHIZE D WIS RIKTHD EPIE LT,

Table 12. Scope of the spirolactonization using stoichiometric (—)-102*

OH (—)-1 02 (1.0 equiv)
co,H  MCPBA (12 equiv)
OO CHCls, t, 18 h
then add
R 84a—e (1.0 equiv)
84a-e 0 °C, 30 min 85a-e
entry substrate R product yield® (%) ee® (%)
1 84a H (+)-(R)-85a 43 83
2 84b Br (+)-(R)-85b¢ 54 74
3 84c Bz (-)-(R)-85¢¢ 79 75
4 84d Me (+)-85d 47 69
5 84e Ph (+)-85e 36 48

@ Reaction conditions: 84 (0.05 mmol), solvent (2.5 mL, 0.02 M). ? Isolated yields.
¢ Determined by HPLC analysis on chiral separation column.

9 Absolute stereochemistry by comparing the optical rotation.384")

VA= RT7 L= -102 PR AFFEEZ T L 2R TE 220, KIT (-
102 Ofiftt & U-Coodd Al REME 27l 3- X <, AR AR Kita A1 Z 7 R AUKISIZD
WTCHFIT 52 & & L7 (Table13), E L LT 1-F7 7 b—/LiBEK 84a %, Fpfbil &

43



LT 1.3 %D mCPBA % V>, 0°C T25mol % I 7ALT U —/1(-)-102 1T L S ER{LIT
2w T bk LT E 2 A, KISIEFER LT 27 b (H)-(R)-85a % 80% ee L\ N9
Bifipmt o FARRETHEONIZ OO, IEIX 7% EHEF KD -7 (entry 1), &
JE A ERASEFIR IS &SRR OEREN R DAL=y, ERIXFERE T 8%, =)
T AR DT E LT 84%ee TH o7z (entry2), I — K7 L—1(-)-102 3
fitlii) Kita AR 7 7 R ALKISIZH L CARFEZFLT D 2 &EDNMEND DAL=, I
FOMLE N L 22> 72720, KSR % 4 BRICEE L, S=iEICB WL CREEO R %
Tofe, WitZ Y 7 oo A X AZERT D & MEEIT 22%FE THh L Lozt T4
RMEFE T L7z (entry3), hAx I THIERIT 27%E Tl B L7223, RFIHEIL 75%
ee Tholz (entry 4), 7B BF/NLL~D= B AZ L OFRME, ERIITIZIFE L E
B 29, FHENEEZETEE (entry 5), KV EOE W7 v kLA TFE REVE
BECIE, IR E L 18% CAERM 2 5 2 7213, =F 2 T AIRIRNEIL 60% ee & K& <
KT L7 (entry6), ZiIUHDOFERNMG, (9)-102 ZHWT Kita A w7 7 kAL %
BT U F AR CHIT S E 51T 7 B a L AN RE AR CTH D &l L=,
WTIDOERMEIZE N THREIOEEPHERE S, A7 7 b 85a &filli(H)-102 @
fitllZ i, HEERSE R E W 2 st b S ORGSR b T,

U= 7 L—2(0)-102 IEFETIZBWT 1-F7 7 h—/LiEE(K 84a & mCPBA %7
2 a ARV APTRISSED & 0°C TIEBUNTET Lo 722y |IE T T 0 A
B 77 hr88a WERT D Z & BlE S, HBEREE e mARIE O AN EL D T L
bR LT, VI3 — K7 L—2(9)-102 Z Wi Rk A B r 7 7 kA
JRICBW TR R 5N T A e 77 b BMEICRICHE £ 2B, (0-102 234
T 5 3 UEFEFOBREREL . IR T mCPBA 175 F TOREED/RENEH L Z -
TLEIZDTIERW N EE T,

Table 13. Kita spirolactonization using (-)-102 as precatalyst *

o)
OH (-)-102 (25 mol%) Q4
' . ~_-CO,H  mCPBA (1.3 equiv) =z
OO solvent, temp, time O‘
84a (R)-85a
entry solvent temp (°C) time (h) yield® (%)  ee® (%)

1 CHCl; 0 22 7 80
2 CHCl; rt 4 8 84
3 CH,Cl, rt 4 22 74
4 PhMe rt 4 27 75
5 CHCI3/MeNO, (2:1) rt 4 9 75
6 CHCI3/CF3CH,0H (1:1) rt 4 18 60

@ Reaction conditions: 84a (0.05 mmol), solvent (2.5 mL, 0.02 M). ? Isolated yields.
¢ Determined by HPLC analysis on chiral separation column.
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AN T, REOA YT T 7 MU PMEEMICE BN Z & 233 2 & IRTE
T /L% Scheme 28 |Z7~d, £9°, (-)-102 (X mCPBA (2 X ¥ SUGTEME 72 BBIR 7l = v 5%
(IHFE~E b5, RS URADNT = m#EEErF LT, RE\EI N
v RE2ODEFRIN equatrial \L &, 2 DDO~T BJFA U H 2 R L A apical it & 5&55
ZERMBATWD, Z 2T 1-naphthol JL'E 84 ZMX 5 & U REZHNEZ D, Z
N&EIIZEZDE, 77 b—/L 84 13(-)-102 O BINOL HkDF 7 # L B & DE DL
IRPEE 20T T, 108 LV 6 109 (R T KO ICRET 2 BN ARIEEBEZbND, £ L
T108 2BV T, K2V TWnWbF 7 h—1® Re [l H LAEHD VR F 2 L HEDK X
AR, AR T F(R)-85 ZIBIRWIZEH 2 TW\WD EHEHI L T\ 5,

Scheme 28. Mechanistic proposal

Sl X = S

(-)-102 hypervalent iodine(lll)

OH

CO,H
OO ligand
exchange

’E)I OH Re-face

R attack
L 109 108 -
favored disfavored
l - (-)-102 l - (-)-102
(0]
(0]
R
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581 BINOL D33 ANLICHNVR=NVEEZFET I3 URAEKDOESRK & il
o i

B4 FHIZBWTI_7/= X 912, BINOL @ 33“fLICEHIEZ -/ % T 13 o #E
FE(—)-102 (IAREA) A F BRI S F AL EOS IR W TR 2 R S e o Tz, £ 2
T33NACHNAR =N EEE G T D3R DT M E U THIEL, 3 vFRombzE oD
HOTIET/RWINEHERI LTz, 22 C, 7 b7 7 mrfR-)-98 76 Hi%E LT, BINOL #457>
EED 33 NLIC I NVAR =NV EHT HREOERICEY #A 72 (Scheme 29),

= KU ()98 % DMSO EEH . KE(EA U U AFAE TSI L /KB K TUEET 5
ZET, = MU LT I RAOKFIEIGEBET L(O)-110 RDHFREOIETH LN D
Z Mo T2, BINOL #57D 3,3 ANE~D B VR = )VIEOE ATV T I R(-)-110 (2%t
LTITHO ORBWEEZ 2 LT U — L ~OES A Rk V- CO S % ft
L7z, HALT VU —izxt3 237 U0 Al 42 7z CO FRAIS DG FILA 72 < |
HIED CO FPHR T COERIE Buchwald B DB ENTH 5 0, % Z T Buchwald
HRHE LTV D EFITHEV, PA(OAc), filtfif & 1,3-bis(dicyclohexylphosphino)propane

(depp) BN 2 W TN EIT-oT2 2 2 A, HIIOT b T (A FF T LR =W R(-)-

M 2350z, ZOKETIET I RN AR ~OSTNEEDET Lz & b
NDHRIERM S Aoz, BIAERMOMA %2 7 — V3R X5 B -)-111 ~0
FHEEBXL T, Wy 7V I RIGOHAERM % CSA fFIE T AKX/ — /L THIELER
L. (O-111 2K 51%THZ, P72 FO-11 056V 7 22 112 ~OE#H T, £7
PIFA % H\ T Hofmann #£(721T795 Z & TRILT DA VYT R — ha G Liz, 20D
A VT = NI ZETH Y | BISMNAKSREOSEMICHTZ 2B s L,
$ & LTKERIET b U 7 A% DBU, DMAP 72 8N OO T 2 2 at Lk R, b
JZFAT IEHNDZ LT, AF AT AT IVONKSREINZ 72036 BAFRINER T
PTIVIR /oL E xR L,

FOEFERA~O I VRFETOBEANTYT I 112 526 O Sandmeyer i, T2 65T
7= AR 3 USRI I > TITE D LEHE L7 (Table14), 7 I 112 (1
ML TYI—RAX AR U CHWCHREE tert-7 FVEERSES 9L R
42% T I — FMEO-113 G567 (entry 1), LU 5, I — KA X2 Ly
2 tert-7 F V& VT2 S TIEL |IE~60 °C IZB W TS NEL | KGOS
120°C Ok ZFE LTz, £ 2 TRUBVEEM, 93— RV a2 a vHERERE L THND
Sandmeyer UGS VER LI & 2 A, LIRS TRIGHET L, RO DT )
7em Ed R oi7e (entry 2),
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Scheme 29. Syhthesis of chiral diamine 112

o

()98

CO,Me MeOQC
(-)-11

CCL
(c
o
I,

110

COzlvle MeOZC

];Ng[
NH,

COzMe Meogc

@Reagents and conditions: (a) KOH, 30% aqg. H,0,, DMSO, rt, 35 h, 46%; (b) Pd(OAc),, dcpp-2HBF,,
K,CO3, MeOH, 3 A MS, CO, DMSO, 120 °C, 4 h; (c) CSA, MeOH, 50 °C, 12 h, 51% (2 steps);

(d) PhI(OCOCF3),, DMF, rt, 30 min; (e) Et3N, THF/H,0, 60 °C, 3 h, 83% (2 steps). dcpp = 1,3-
bis(dicyclohexylphosphino)propane. CSA = camphorsulfonic acid

Table 14. Sandmeyer reaction of diamine 112

C02 e eOzC eOZC
tBUONO (10 equiv)
iodine source
solvent, temp, ovn
NH,
OzMe MeOZ OzMe MeOZC
112 )-113
entry iodine source solvent temp (°C) yield? (%)
1 CHoyl, (neat) — 120 42
2 CHI3 (10 equiv) PhH 80 49

@ |solated yields.

BINOL @ 33N A F NI AT INVERTHY I — RMEO-113 2552 LN TE2D
T, ZOMBIEMEEZFARD 720, 1-F7 7 b —/LiFE (K 84a & - il AR A Fe b i)
Av'r 77 NAbERATe (Scheme 30), (AL LT umdk i, kAl L LT
mCPBA % VN, 25mol %D 3 — K7 L —(-)-113 Z I L CHRIR TRt Z21T -

2o LIZLARS, AR T 7 by 8Ba i< BEbhnT, WEONMOLNRLND

FERLL o Tz,
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Scheme 30. Survey of oxidative spirolactonization of 84a using a catalytic amount of (-)-
113

6]
OH (-)-113 (25 mol%) 94
CO,H  mCPBA (1.3 equiv)
O o n L
84a 0% 85a

BINOL 43 H§&ED 33 ALl VAR = )VERRREZ AT 53 EIZ O T, B a5 &
FRALBOSIZ B Cat3Eds L OV & U CoBRED L B v 72 0o T2 RN, BUG HL o =
RSO0 BNARNIRAE S T LT, SHITBENEIT LICS Ko TND T2
TRV EB 2T, £io, BRHIEORIPLCAR A MOFES NS, 113 IZHET 51L
EMETEELE LTHWD AU v hbi#WEE X T2, £ 2T T e —F\2 X % filitag
Dm EEEETHZ ST L,
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Bofi I URBEE LEFFROEBEFRBOHFE

BWAREFBEELRLEF I LIT— R L— (D102 S ARG 2 1E LR S =
UROBLAEHLS 35 2 L ThHE A BT 720, I URBHEA LIS EROE IR
REIZA H Lz, IbrahimS i, #5203 Lz — 7 13— K7 L — i3 (-
86d DFRIENMEZ ] LS D720, I URFFONTALOBEWEL A A FIVHED S
YDA MR UEICEZ HZ LTI UHRD Ll b M~ L3 Z 03 < e d
&L TH AR ()-86d’ DEXET & AELAIT o TRV, EEEICI-F 7 h—LiEE
R84b DML AR F B A B 7 7 R ARIZE T DIEOH E&2 @R LT\ 5D
(Scheme 31) **,

Scheme 31. Catalytic asymmetric oxidative spirolactonization reported by Ibrahim et al.

OH (~)-86d or (-)-86d" (10 mol%)
COxH mCPBA (1.3 equiv)
OO CHCI3/MeNO, (2:1),
—20°C, 19 h
Br (-)-86d: 63% yield, 67% ee :
84b (-)-86d": 82% yield, 53% ee (+)-85b ' (-)-86d (-)-86d’

....................................

INESEZBIZLT, EELO-12BFO2O0F VR TOR E A MFUICEZD
LTI URDOBIEPIEL 720 BUSOMBE LA RIAD 5 D TIE RV EE 2, WD
AR E4T -7~ (Scheme32), Y3 — K7 L—1(0)-1021Z% LIS EDp-7F /LY F 7 4
EEREET v U F U LAZHmEIT, U A MR ART VLRSS T %I
BRI TR EL T FeX U OB ALK, T2 &, RIERNLFLD114
DEOLNTZT-H, 2Ok FeXx I L TATF/UEEITH)> ZE T, p-A X a—
RARUP U ()-115% B LT,
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Scheme 32. Synthesis of modified chiral iodoarene (-)-115 *

SSRGS o
PSS

8Reagents and conditions: (a) nBuLi, THF, —78 °C, 1 h; B(OMe)3, =78 °C, to rt, 5 h; 5 M aq. NaOH,
30% aq. HyO,, 1t, 13 h, 26% (b) Mel, K,CO3, acetone, 50 °C, 3 h, 85%.

X 713 UHERIEKO)-115 Z VT, 1-T7 7 b—/L 84a ORI RFER LA A ' n 5 7
N ALKIS & fEt L7c (Table 15, entry 2), L L7235, AKPI(R)-85a 1 80% ee &
BWAEFIREHERE L2 OO, WRITDO T 6% TH VY, filBElfiz 4 iR 5 2 &1k
T&ERhoT,

Table 15. Catalytic asymmetric oxidative spirolactonization with precatalyst 115-118

OH iodoarene (25 mol%)
“/\/002H mCPBA (1.3 equiv)
OO CHCl3, rt, time

84a 85a

entry  iodoarene time (h) yield® (%)  ee® (%)

1 (-)-102 4 8 84
2 (-)-115 4 6 80
3 116 2 22 —
4 17 2 37 —
5 118 2 47 —

dlsolated yields.
bpetermined by HPLC analysis on chiral separation column.

| |
OMe Me Me Me Me
OMe Me Me Me Me
| Me

(-)-102: R = | 17 118
(-)-115: R = OMe

Figure 7. Sturucture of aryliodine precatalysts
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ZZ T, (102 BEOVO-115 ORSMEOIR I, 3 TR DJE D DSLARIIIZIA S
A2 TND ZEIZHRT D200, £ e bEFIIRERIZL 5D O W THRGEES 572
. Figure 7 |2/~ HifliZe €7 /Lik3E 1,4-diiodo-2,3,5,6-tetramethoxybenzene 116 2% 1
TR A B r T 7 N ABRS ZRET L7z, 25mol % 116 & 1.3 equiv ® mCPBA % H
WT, 7 ek ARERTRICEZR UIRER, JOSNE 2R TEME L, AEr T2 K
> 85a ML 22% TIF HALTE (entry 3), (-)-102 2 W o356 & bR TOREEO [ B,
BOSRJE O OSSR ZRIBHED I IE O FR THDH LB ZDBND (entryl1vs3), Ll
BB HETMEEY 116 & AW TCiEL T b BRI & e > 72728 4-iodo-
2,3,5,6-tetraalkoxybenzene DH#1E B AN SOSHEDIKHIZEE L TW D A[EEE S E 2 bl
oo ZZTARXVHEORDVICATNAVEN 4 SDEHRLIZTIRKO 1,4-diiodo-2,3,5,6-
tetramethylbenzene 117 Z IV T, RO ARG CRUG 2T 272 & 2 A, IERIE 37%
E T ELT (entry4), S HIZ 420D I 7 5E % A F/UIZ{EHL L 7= pentamethyliodobenzene
118 # W 7580 %, IRIT 47%~ &M E L7z (entry5), T DDFEREMNS, 99— KX
YEUVBRICT =TIV 4 OfES LICEIED, BE S ITEEE - OE R MEDFHER)
RICE-oTavELOBTEEZRTEIELZ L TCavEOmbEES L, @ 7ili=
URMBEE L TOEEE TP TV EHEER Lz, ZhnEBE 2, 4 DOBER T2 AT
L AT LTS ORIER DI BOWAFHERE AR B2 HAREE & U CTHRET 5 Al
BN H D EBEZTND,
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HSE BFE
Ao a U FICRIET 5,

1. TURVFrTATal ROEEKRICEET 20523\ C, TFE BB+ T PIFA
EHWEAN T R 7 2 ) — VOB EIIBS F L — 53N A B e B AOG
2L, REMOFLEEEZNEHICARTEDLZEE AL, ZETh Al
TRREICE Y, R ) Y h T30 Y Y ORISR E ER
L7,

MeO
MeO
PhI(OCOCF3;),
— > MeO
CF3CH,0OH

80%

erysotramidine erysotrine

2. HER¥TILMOB THLHAN X ) F ) ~IT 2T —/LONLRRINA G kA
DOFAFICBET HIFZEIC BN T, BRI T2 O REMICA EriR{bT 5 X 5 22 RIgi%
Ffo7 = ) — VOGN LNARRIRNCA L R ) V) NI T IS — Ve ET
HZ LTI LTz, o, ARLTEANL IR ) VB NI T I SN BITEFK
Sl ) 7 4 v & ORI TINLARERIRW 7257 -8 Diels-Alder SGSMDHETTT 5 Z &
R LT,

Ph
OH o PhI(OAc), (1.1 equiv) 9 o/g
W/\ CF3CH,0OH/CH,CI, (1:1), 0 °C, 30 min; :
NHTs 3~ 2772
N
Ph PPTS (0.2 equiv), acetone, reflux, 26 h © l|'S
B8 82% (dr 11:1); B
u 59% after recryst. (single diastereomer) u
0 ph H tB
Ts [tPU
T& A EWG H A
~N Ho/ N H
1|_ PhMe, heat Ph™ © EWG
s 89-96% yield 5 i
tBu (single diastereomer) H
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3.

P G ®MPARF I LT L — RO EF & A ki L OV F B & ik b
B ~Ou B 5228V T, 1,4- 3 — KB D 23478 L TVS5,6-(IC
(8)-1,1"-bi-2-naphthol N =—7 L& Z &L 8 BERA N L TREA Lo, CGXFELZ A
TLX TN AVRICAEMERRT D Z LIRS Lz, £12, ZOEWN 1-F7 k
—VHREEROBIL S EFFRIL— A T 7 N ALRISIZB W CERWAEHEEE
HFIHZ xR LT,

» . O o . QA
F F. OH — 0 0
OH (0] (0]
F F
L 0y T U
OH novel chiral iodoarene and mCPBA o

CO.H stoichiometric conditions o
OO 2 43% yield, 83% ee O‘
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General Information.

'H and C NMR spectra were recorded on a JEOL AL-400 spectrometer. 'H and '*C chemical
shifts are reported in ppm downfield from tetramethylsilane (TMS, & scale) with the solvent
resonances as internal standards. The following abbreviations were used to explain the
multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; band, several overlapping
signals; br, broad. IR spectra were recorded on a JASCO FT/IR-8300. Melting points (mp) are
uncorrected, recorded on a Yamato capillary melting point apparatus. Mass spectra and elemental
analyses were provided at the Materials Characterization Central Laboratory, Waseda University.
Chiral HPLC analysis was performed on a JASCO PU-980 and UV-970 detector. All reactions
were carried out under an argon atmosphere with dry, freshly distilled solvents under anhydrous
conditions, unless otherwise noted. All reactions were monitored by thin-layer chromatography
carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as visualizing agent
and phosphomolybdic acid and heat as developing agents. E. All reagents were purchased from
Aldrich, TCI, Wako, or Kanto Chemical Co. Ltd. Chiral HPLC analysis was performed on a
JASCO PU-980 and UV-970 detector. All reactions were carried out under an argon atmosphere
with dry, freshly distilled solvents under anhydrous conditions, unless otherwise noted. All
reactions were monitored by thin-layer chromatography carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as visualizing agent, and phosphomolybdic acid, basic
potassium permanganate, p-anisaldehyde, ninhydrin and heat as developing agents. Kanto
Chemical Silica Gel 60N (spherical, neutral, 63-210 um or 40-50 pum partial size) was used for
flash column chromatography. Preparative thin-layer chromatography (PTLC) separations were
carried out on self-made 0.3 mm E. Merck silica gel plates (60F-254). TLC Rys of purified

compounds were included.

Materials.

THF and Et20 were distilled from sodium/benzophenone ketyl, and CH2Clz, benzene, and
MeCN from calcium hydride. DMSO was distilled from calcium hydride under reduced
pressure. MeOH was distilled from magnesium and 2. All reagents were purchased from
Aldrich, TCI, Merck, or Kanto Chemical Co. Ltd.
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2-Bromo-4-methoxyphenol (13)

Br

ﬁj "
MeO

Bromine (2.18 mL, 42.3 mmol) was added dropwise to a stirred solution of 4-
methoxyphenol 12 (5.00 g, 40.3 mmol) in dry CH,Cl, (67.1 mL). The resulting mixture was
stirred at room temperature for 20 h (evolved HBr was trapped with H>O). The reaction mixture
was quenched with saturated aqueous Na>SO; solution (70 mL). The organic layer was washed
with brine (70 mL), dried over Na>SOs and filtered. The solvent was removed under reduced
pressure, and the residue was purified by silica gel flash column chromatography with
hexanes/EtOAc (50:1 to 4:1) to give 13 (7.23 g, 35.6 mmol, 88% yield) as a white needle. R; =
0.37 (silica gel, hexanes/EtOAc = 4:1); mp 42 °C (CH»Cl,); IR (neat) 3286, 1590, 1498, 1421,
1267, 1199, 1031, 860, 745 cm™!; 'H NMR (400 MHz, CDCl3)  7.01 (d, J = 2.7 Hz, 1H), 6.94 (d,
J=9.2 Hz, 1H), 6.80 (dd, J=9.2, 2.7 Hz, 1H), 5.11 (br s, 1H), 3.75 (s, 3H); *C NMR (100 MHz,
CDCl3) 6 160.0, 146.6, 116.9, 116.4, 115.5, 110.0, 56.1; HRMS calcd for C;H;BrO, [M]:
201.9624, found 201.9625.

2-Bromo-4-methoxy-1-methoxymethoxybenzene (11)

Br

/©/OMOM
MeO

To a stirred solution of 10 (3.00 g, 14.8 mmol) in CH,Cl, (73.9 mL) was added N, V-
diisopropylethylamine (3.06 mL, 17.7 mmol) and chloromethyl methyl ether (1.35 mL, 17.7
mmol). The resulting mixture was stirred at room temperature for 16 h, and then quenched with
saturated aqueous NH4Cl solution (75 mL). After extracting the aqueous layer with CH,Cl, (50
mL % 3), the combined organic layer was dried over Na,SO4 and filtered. The solvent was
removed under reduced pressure, and the residue was purified by silica gel flash column
chromatography with hexanes/EtOAc (50:1 to 30:1) to give 11 (3.44 g, 13.9 mmol, 94% yield) as
a colorless oil. Ry = 0.45 (silica gel, hexanes/EtOAc = 4:1); IR (neat) 1489, 1216, 1197, 1081,
1031, 969, 920, 861, 729 cm™'; 'H NMR (400 MHz, CDCls) 8 7.11 (d, J= 3.2 Hz, 1H), 7.08 (d, J
=9.2 Hz, 1H), 6.80 (dd, J = 9.2, 3.2Hz, 1H), 5.16 (s, 2H), 3.76 (s, 3H), 3.53 (s, 3H); *C NMR
(100 MHz, CDCl3) 6 155.2, 148.1, 118,6, 118.0, 114.1, 113.7, 96.2, 56.5, 55.9; HRMS calcd for
CoHiiBrNaO; [M + Na]': 268.9789, found 268.9784.
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N-(3,4-Dimethoxyphenethyl)-5-methoxy-2-methoxymethoxybenzeneamine (9)
MeO
MeODB/HOMOM
MeO

To a stirred solution of 11 (1.00 g, 4.05 mmol) in toluene (16.2 mL) was successively
added homoveratrylamine 10 (0.73 mL, 4.45 mmol), sodium tert-butoxide (1.17 g, 12.1 mmol),
Pd»(dba); (185 mg, 0.20 mmol), and (S)-BINAP (302 mg, 0.49 mmol). The resulting mixture was
heated to 90 °C. After 3 h, the mixture was cooled to room temperature, diluted with Et,O and
filtered through a pad of Celite. The filtrate was concentrated, and the residue was purified by
silica gel flash column chromatography with hexanes/EtOAc (8:1 to 4:1) to give 9 (1.28 g, 3.68
mmol, 91% yield) as a yellow solid. Ry = 0.14 (silica gel, hexanes/EtOAc = 4:1); mp 42-44 °C
(CH,CL,); IR (neat) 3431, 1614, 1510, 1260, 1236, 1210, 1150, 1133, 1000, 817 cm™'; 1TH NMR
(400 MHz, CDCl3) 6 6.89 (d, J = 8.7 Hz, 1H), 6.84-6,72 (m, 3H), 6.26 (d, /= 2.7 Hz, 1H), 6.13
(dd, J=8.7,2.7 Hz, 1H), 5.04 (s, 2H), 4.33 (br s, 1H), 3.86 (s, 3H x 2), 3.76 (s, 3H), 3.42 (s, 3H),
3.37 (t, J = 6.9 Hz, 2H), 2.89 (t, J = 6.9 Hz, 2H); *C NMR (100 MHz, CDCI3) & 156.0, 149.0,

147.7, 140.0, 139.1, 132.1, 120.8, 115.4, 112.1, 111.5, 99.3, 98.3, 96.1, 56.1, 56.0, 55.9, 55.5,
45.0, 35.1; HRMS calcd for C19H2sNNaOs [M + Na]": 370.1630, found 370.1625.

N-(3,4-Dimethoxyphenethyl)-V-(5-methoxy-2-(methoxymethoxy)phenyl)acetamide (8)

MeO

NAc

MeO%OMOM
MeO

To a stirred solution of 9 (1.00 g, 2.88 mmol) in CH>Cl, (14.4 mL) was added Et;N (0.56
mL, 4.03 mmol). The reaction mixture was cooled to 0 °C and AcCl (0.25 mL, 3.45 mmol) was
added slowly. After stirring at room temperature for 6 h, the mixture was concentrated. To the
residue was added water (10 mL), and the aqueous layer was extracted with EtOAc (15 mL x 3).
The combined organic layer was washed with 0.5 M HCI (10 mL), saturated aqueous NaHCO3
solution (10 mL) and brine (10 mL). Then it was dried over Na>SOj4 and filtered. After removing
the solvent under reduced pressure, the residue was purified by silica gel flash column
chromatography with hexanes/EtOAc (2:1 to 1:1 to 1:2) to give 8 (1.08 g, 2.77 mmol, 96% yield)
as a pale yellow oil. Re=0.09 (silica gel, EtOAc/hexanes 1:2); IR (neat) 1655, 1503, 1260, 1234,
1216, 1196, 1153, 1028, 984, 806 cm™'; 'H NMR (400 MHz, CDCl;) & 7.15 (d, J = 9.2 Hz, 1H),
6.84 (dd, J=9.2, 3.2 Hz, 1H), 6.79-6.69 (m, 3H), 6.52 (d, J = 3.2 Hz, 1H), 5.13 (d, J= 6.9 Hz,
1H), 5.10 (d, /= 6.9 Hz, 1H), 4.09 (ddd, J = 13, 10, 5.5 Hz, 1H), 3.84 (s, 3H x 2), 3.74 (s, 3H),
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3.58 (ddd, J =13, 10, 6.0 Hz, 1H), 3.45 (s, 3H), 2.89 (ddd, J = 13, 10, 6.0 Hz, 1H), 2.77 (ddd, J
=13, 10, 5.5 Hz, 1H), 1.85 (s, 3H); '*C NMR (100 MHz, CDCls) & 171.1, 154.6, 148.9, 147.5,
147.3, 133.2, 131.8, 120.8, 116.6, 115.4, 114.3, 112.2, 111.3, 95.2, 56.3, 56.0, 55.9, 55.8, 50.2,
33.7, 22.3; HRMS calcd for C21H27NNaOg [M + Na]*: 412.1736, found 412.1731.

N-(3,4-Dimethoxyphenethyl)-V-(2-hydroxy-5-methoxyphenyl)acetamide (7).
Mer@/\
MeO /@Nng
MeO

To a stirred solution of 8 (1.06 g, 2.72 mmol) in MeOH (13.6 mL) was added conc. HCI
(2 drops) and heated to reflux. After 17 h, the mixture was cooled to room temperature, and the
crude product was precipitated. The precipitate was then filtered, washed with Et,O to give 7 (470
mg, 1.36 mmol) as a white solid. The solid was sufficiently pure and used for the next step without
further purification. The filtrate was concentrated and purified by silica gel flash column
chromatography with hexanes/EtOAc (2:1 to 1:1) to give another crop of compound 4 (237 mg,
0.69 mmol, 75% total yield) as a white solid. Ry= 0.24 (silica gel, hexanes/EtOAc = 1:2); mp 169-
170 °C (EtOAc/hexanes); IR (neat) 3071, 1636, 1503, 1443, 1317, 1237, 1157, 1025, 863, 816
cm'; "TH NMR (400 MHz, CDCl3) 8 6.91 (d, J =9.2 Hz, 1H), 6.84 (dd, J=9.2, 2.7 Hz, 1H), 6.78
(d, J=8.7 Hz, 1H), 6.73 (d, J= 2.3 Hz, 1H), 6.72 (d, J = 8.7 Hz, 1H), 6.51 (d, /= 2.7 Hz, 1H),
3.96-3.88 (m, 2H), 3.85 (s, 3H), 3.83 (s, 3H), 3.74 (s, 3H), 2.95-2.78 (m, 2H), 1.85 (s, 3H); 1*C
NMR (100 MHz, CDCl3) 6 172.3, 153.6, 149.1, 147.7, 146.5, 131.1, 129.6, 127.8, 118.1, 115.6,

114.0, 112.0, 111.4, 56.0, 55.95, 55.91, 49.6, 33.4, 22.5; HRMS calcd for Ci9H23NNaOs [M +
Na]": 368.1474, found 368.1479.

2'-Acetyl-3,6',7'-trimethoxy-3',4'-dihydro-2'H-spiro[cyclohexane-1,1'-isoquinoline]-2,4-
dien-6-one (6) (Table 1, entry 3)

To a stirred solution of 7 (75.1 mg, 0.22 mmol) in 2,2 2-trifluoroethanol (4.3 mL) was
added phenyliodine (III) bis(trifluoroacetate) (PIFA) (103.0 mg, 0.24 mmol) at 0 °C. The reaction
mixture was stirred at 0 °C for 30 min. and powdered NaHCO; was added to the reaction mixture.
Stirring was continued at 0 °C for another 1 h and then filtered through a pad of Celite. The filtrate

was concentrated and the residue was purified by silica gel flash column chromatography with
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hexanes/EtOAc (1:2 to 1:4 to 1:8) to give 6 (60.0 mg, 0.17 mmol, 80% yield) as a yellow solid.
R¢=0.06 (silica gel, hexanes/EtOAc = 1:2); mp 225-226 °C (EtOH); IR (neat) 1672, 1637, 1514,
1403, 1246, 1213, 1009, 860, 796, 560 cm™'; 'H NMR (400 MHz, CDCl3) 6 6.87 (dd, J = 10, 3.2
Hz, 1H), 6.64 (s, 1H), 6.61 (s, 1H), 6.15 (d, /=10 Hz, 1H), 5.12 (d, /= 3.2 Hz, 1H), 4.06 (dt, J
=12,3.7 Hz, 1H), 3.84 (s, 3H), 3.74 (s, 3H), 3.61 (s, 3H), 3.47 (dt, /=12, 2.7 Hz, 1H), 3.25 (ddd,
J=15,12,3.7 Hz, 1H), 2.75 (dt, J = 15, 2.7 Hz, 1H), 2.18 (s, 3H); *C NMR (100 MHz, CDCls)
6 195.9, 168.6, 152.0, 148.6, 148.1, 139.2, 127.5, 127.2, 125.2, 112.0, 108.9, 107.6, 64.9, 56.2,
56.0,55.1,43.3,29.8,22.7; HRMS calcd for C1oH2;NNaOs [M +Na]™: 366.1317, found 366.1312.

2,11,12-Trimethoxy-8,9-dihydro-6 H-indolo|7a,1-a]isoquinolin-6-one (5) (Table 2, entry 3)

5% KOH solution in ethanol (11.7mL) was added to 6 (500 mg, 1.46 mmol) and the
resulting mixture was heated to reflux and stirred for 22 h. Then the reaction mixture was cooled
to room temperature, and water (10 mL) was added to it. After extracting the aqueous layer with
CH>Cl, (20 mL x 3), the combined organic layer was washed with 1 M aq. HCI (10 mL), saturated
ag. NaHCOs (10 mL) and brine (10 mL), then dried over Na,SO4 and filtered. Then the solvent
was removed under reduced pressure, and the residue was purified by silica gel flash column
chromatography with hexanes/EtOAc (2:1 to 1:1 to 1:2) to give 5 (351 mg, 1.08 mmol, 74% yield)
as a pale yellow solid. R¢=0.52 (silica gel, EtOAc); mp 117-120 °C (CH2Cly/hexanes); IR (neat)
1670, 1514, 1454, 1256, 1221, 1104, 1076, 1011, 857, 800 cm™'; '"H NMR (400 MHz, CDCl5) &
7.41 (s, 1H), 6.71 (d, J = 10 Hz, 1H), 6.55 (s, 1H), 6.09 (dd, J = 10, 2.3 Hz, 1H), 5.97 (s, 1H),
5.34 (d, J = 2.3 Hz, 1H), 4.35 (ddd, J = 13, 6.4, 1.8 Hz, 1H), 3.83 (s, 3H), 3.79 (s, 3H), 3.55 (s,
3H), 3.23 (ddd, J= 13, 12, 4.6 Hz, 1H), 3.04 (ddd, /=16, 12, 6.4 Hz, 1H), 2.57 (ddd, /=16, 4.6,
1.8 Hz, 1H); *C NMR (100 MHz, CDCl3) 8 172.2, 161.7, 153.3, 148.9, 147.4, 129.6, 129.5, 124.6,
123.8, 121.9, 111.6, 108.2, 103.9, 69.8, 56.1, 55.9, 54.8, 36.4, 27.9; HRMS calcd for
CioH19NNaO4 [M + Na]": 348.1212, found 348.1206.

11,12-Dimethoxy-8,9-dihydro-1H-indolo[7a,1-a]isoquinoline-2,6-dione (4)

To a solution of § (40 mg, 0.12 mmol) in THF (0.6 mL) was added 1 M HCI (0.6 mL).
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The reaction mixture was stirred at 60 °C for 7 h, and then quenched with water (1 mL). After
extracting the aqueous layer with EtOAc (2 mL x 3), the combined organic layer was washed with
water (5 mL) and brine (5 mL), dried over Na,SO4 and filtered. The solvent was removed under
reduced pressure, and the residue was purified by silica gel flash column chromatography with
hexanes/EtOAc (1:2) to give 4 (35 mg, 0.11 mmol, 91% yield) as a pale yellow needle. Ry=0.13
(silica gel, hexanes/EtOAc = 1:2); mp 192-194 °C (acetone/hexanes); IR (neat) 1673, 1511, 1208,
1108, 1071, 1034, 1013, 949, 859, 619 cm™'; 'H NMR (400 MHz, CDCls) & 7.75 (d, J = 10 Hz,
1H), 6.85 (s, 1H), 6.66 (s, 1H), 6.42 (d, /=10 Hz, 1H), 6.37 (s, 1H), 4.22 (ddd, /=13, 6.9, 5.0
Hz, 1H), 3.84 (s, 3H), 3.72 (s, 3H), 3.40 (ddd, /=13, 8.7, 5.5 Hz, 1H), 3.27 (d, /= 16 Hz, 1H),
3.03 (ddd, J = 16, 8.7, 6.9 Hz, 1H), 2.83 (dt, J = 16, 5.5Hz, 1H), 2.80 (d, J = 16 Hz, 1H); 13C
NMR (100 MHz, CDCls) 6 195.3, 169.8, 154.9, 148.9, 147.4, 138.6, 132.0, 128.2, 126.1, 125.7,
112.6, 108.0, 67.8, 56.1, 56.0, 52.6, 37.0, 27.8; HRMS calcd for C;sH;7NNaO4 [M + Na]":
334.1056, found 334.1050.

FIE

2-Bromo-4-tert-butylphenol (42)

OH
Br

tBu

To a stirred solution of 4-tert-butylphenol 41 (5.00 g, 33.3 mmol) in AcOH (67 mL) and
48% aq. HBr (110 mL) was added DMSO (33 mL) dropwise.*? After stirring at room temperature
for 3 h, the reaction mixture was quenched with 5 M aqueous NaOH solution (150 mL) and
saturated aqueous NaHCOj; solution (150 mL). The aqueous layer was extracted with Et;O (200
mL % 3), and the combined organic layer was washed with brine (300 mL x 1), dried over Na>SOs,
and concentrated under reduced pressure. The residue was purified by flash silica gel column
chromatography (hexane/EtOAc = 30/1) to afford 42 (5.97 g, 78%) as a colorless oil.
Spectroscopic analyses of 42 were in agreement with previous literature report®: Ry = 0.50
(hexane/EtOAc = 4/1); '"H NMR (500 MHz, CDCl;) 6 7.44 (d, J = 2.3 Hz, 1H), 7.23 (dd, J = 2.3,
8.7 Hz, 1H), 6.95 (d, J = 8.7 Hz, 1H), 5.35 (br s, 1H, -OH), 1.28 (s, 9H) ppm.
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1-Benzyloxy-2-bromo-4-tert-butylbenzene (39)

OBn
Br

tBu

To a stirred solution of 42 (5.31 g, 23.2 mmol) in acetone (33 mL) were added K,COs
(6.41 g, 46.4 mmol) and benzyl bromide (3.3 mL, 27.8 mmol). After stirring at reflux for 3 h, the
reaction mixture was quenched with 5 M aqueous HCI solution (30 mL). The aqueous layer was
extracted with Et,O (20 mL x 3), and the combined organic layer was washed with brine (50 mL
x 1), dried over Na,SQs, and concentrated under reduced pressure. The residue was purified by
flash silica gel column chromatography (hexane/EtOAc = 50/1) to afford 39 (6.92 g, 94%) as a
colorless oil: Ry=0.68 (hexane/EtOAc = 4/1); 'H NMR (400 MHz, CDCl;) 6 7.56 (d, J= 2.3 Hz,
1H), 7.47 (d, J= 7.3 Hz, 2H), 7.39 (t, J = 7.3 Hz, 2H), 7.31 (t, /= 7.3 Hz, 1H), 7.22 (dd, J = 2.3,
8.7 Hz, 1H), 6.86 (d, J=8.7 Hz, 1H), 5.13 (s, 2H), 1.28 (s, 9H) ppm; *C NMR (125 MHz, CDCls)
0 152.8, 145.5, 136.9, 130.6, 128.7, 128.0, 127.1, 125.3, 113.6, 112.2, 71.0, 34.3, 31.5 ppm; IR
(ATR) Vmax: 2960, 2904, 1740, 1599, 1499, 1228, 1079, 880, 604, 582 cm™; HRMS (ESI)
[M+Na*] calced for C17H19BrNaO: 341.0511, found 341.0506.

2-Benzyloxy-/N-2-benzyloxyethyl-5-fert-butylaniline (38).

OBn

H
@ e

tBu

To a stirred solution of 39 (2.30 g, 7.20 mmol) in toluene (45 mL) were added 2-
phenylmethoxyethanamine 40°! (1.24 g, 8.19 mmol), sodium tert-butoxide (2.09 g, 21.7 mmol),
Pd»(dba)s (336 mg, 0.367 mmol), and (S)-BINAP (547 mg, 0.879 mmol). After stirring at 80 °C
for 19 h, the reaction mixture was cooled to room temperature and then diluted with Et;O (20
mL). The mixture was filtered through a Celite pad and the residue was washed with Et,O for
several times. The combined filtrate was concentrated under reduced pressure, and the residue
was purified by flash silica gel column chromatography (hexane/EtOAc =30/1) to afford 38 (2.06
g, 73%) as a white solid: Ry= 0.50 (hexane/EtOAc = 10/1); '"H NMR (400 MHz, CDCI3) J 7.43-
7.27 (m, 10H), 6.79-6.68 (m, 3H), 5.06 (s, 2H), 4.55 (s, 2H), 3.74 (t, /= 5.5 Hz, 2H), 3.40 (t, /=
5.5 Hz, 2H), 1.29 (s, 9H); *C NMR (125 MHz, CDCl;) J 144.5, 144.4, 138.3,137.8, 137.5, 128.6,
128.5, 127.9, 127.7, 127.6, 113.2, 110.7, 108.3, 73.1, 70.6, 68.8, 43.7, 34.4, 31.7 ppm; IR (ATR)
Vmax: 3386, 3063, 2966, 2859, 1604, 1451, 1391, 1213, 1035, 695, 650 cm™'; HRMS (ESI) [M+H"]
calcd for C6H3:NO»: 390.2428, found 390.2419; mp: 56.7 °C.
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N-2-Benzyloxy-5-fert-butylphenyl-N-2-benzyloxyethyl pivalamide (37a).

OBnN I|3iv
N
~">0Bn

tBu

To a stirred solution of 38 (1.02 g, 2.63 mmol) in CH,Cl, (25 mL) were added pivaloyl
chloride (0.35 mL, 2.84 mmol) and triethylamine (0.50 mL, 3.59 mmol). The reaction mixture
was stirred at room temperature for 2 h, and then, the mixture was quenched with H>O (20 mL).
The aqueous layer was extracted with CH>Cl, (10 mL x 3), dried over Na>SOs, and concentrated
under reduced pressure. The residue was purified by flash silica gel column chromatography
(hexane/EtOAc = 20/1 to 6/1) to afford 37a (1.24 g, 100%) as a white solid: Ry = 0.50
(hexane/EtOAc =4/1); '"HNMR (400 MHz, DMSO-ds) J 7.43-7.23 (m, 12H), 7.09 (d, J= 8.7 Hz,
1H), 5.11 (d, J= 6.9 Hz, 2H), 4.38 (s, 2H), 4.21-4.14 (m, 1H), 3.61-3.53 (m, 1H), 3.50-3.43 (m,
1H), 3.14-3.05 (m, 1H), 1.19 (s, 9H), 0.90 (s, 9H) ppm; *C NMR (125 MHz, CDCls) 6 178.4,
152.5, 143.4, 138.6, 136.8, 132.1, 129.5, 128.7, 128.4, 128.0, 127.7, 127.5, 126.9, 125.7, 111.9,
73.0, 69.9, 67.8, 51.1, 40.9, 34.0, 31.4, 29.0 ppm; IR (ATR) Vmax: 2957, 2863, 1623, 1342, 1204,
1025, 744, 721, 541 cm'; HRMS (ESI) [M+Na*] caled for C3;H3NNaOs: 496.2822 , found
496.2811; mp: 38.8 °C.

N-5-tert-Butyl-2-hydroxyphenyl-N-2-hydroxyethyl pivalamide (36a)

tBu

To a stirred solution of 37a (1.24 g, 2.63 mmol) in MeOH (25 mL) was added palladium
on activated carbon (250 mg, 20 wt %). The suspension was sparged with H» via a balloon and
subsequently stirred under hydrogen atmosphere at room temperature for 2 days. Then, the
reaction mixture was sparged with argon to remove excess hydrogen, diluted with EtOAc (20
mL), filtered through a Celite pad and the residue was washed with EtOAc for several times. The
combined filtrate was concentrated under reduced pressure, and the residue was purified by flash
silica gel column chromatography (hexane/EtOAc = 5/1) to afford 36a (462 mg, 60%) as a white
solid: Ry = 0.30 (hexane/EtOAc = 2/1); 'TH NMR (400 MHz, DMSO-ds) 6 7.19 (dd, J = 2.3, 8.2
Hz, 1H), 7.09 (d, J=2.3 Hz, 1H), 6.82 (d, J = 8.2 Hz, 1H), 3.72 (br s, 1H), 3.53 (br s, 2H), 3.20
(br's, 1H), 1.23 (s, 9H), 0.92 (s, 9H) ppm; *C NMR (125 MHz, CDCl;) § 181.5, 151.2, 143 .4,
130.2, 127.1, 117.4, 59.8, 54.8, 41.3, 34.1, 31.5, 28.9 ppm; IR (ATR) vmax: 3170, 2962, 2871,
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1583, 1422, 1291, 1207, 823, 722 cm’!; HRMS (ESI) [M+Na*] calcd for C17H27NNaOs: 316.1883,
found 316.1876; mp: 155.4 °C.

N-2-Benzyloxy-5-tert-butylphenyl-/NV-2-benzyloxyethyl-4-methylbenzenesulfonamide (37b)

tBu

To a stirred solution of 38 (1.01 g, 2.59 mmol) in CH,CL (25 mL) was added
triethylamine (0.5 mL, 3.59 mmol) and p-toluenesulfonyl chloride (555 mg, 2.91 mmol). The
reaction mixture was stirred at room temperature for 17 h, and then quenched with saturated
aqueous NH4Cl solution (10 mL). The aqueous layer was extracted with CH,Cl, (30 mL x 3),
dried over Na,SO4, and concentrated under reduced pressure. The residue was purified by flash
silica gel column chromatography (hexane/EtOAc = 20/1 to 10/1) to afford 37b (1.09 g, 78%) as
a white solid: Ry= 0.50 (hexane/EtOAc = 4/1); 'H NMR (400 MHz, DMSO-ds) 6 7.49 (d, J= 8.2
Hz, 2H), 7.35-7.13 (m, 13H), 7.01 (d, J= 6.4 Hz, 1H), 7.00 (s, 1H), 4.89 (br s, 2H), 4.32 (s, 2H),
3.74 (brs, 2H), 3.45 (s, 2H), 2.29 (s, 3H), 1.15 (s, 9H) ppm; *C NMR (125 MHz, CDCl3) 6 155.3,
143.8, 142.8, 138.2, 137.6, 136.7, 130.5, 129.1, 128.4, 127.7, 127.7, 127.6, 126.8, 126.3, 112.3,
73.2,69.9,69.0,49.7, 34.1, 31.4, 21.6 ppm; IR (ATR) vimax: 3057, 2959, 2855, 1598, 1341, 1146,
972, 732, 660, 543 cm!; HRMS (ESI) [M+Na*] caled for C33H37NNaO4S: 566.2336, found
566.2335; mp: 85.2 °C.

N-5-tert-Butyl-2-hydroxyphenyl-N-2-hydroxyethyl-4-methylbenzenesulfonamide (36b)

tBu

To a stirred solution of 37b (1.09 g, 2.01 mmol) in MeOH (16 mL) and THF (4.0 mL)
was added palladium on activated carbon (219 mg, 20 wt %). The suspension was sparged with
hydrogen via a balloon and subsequently stirred under hydrogen atmosphere at room temperature
for 2 days. Then, the reaction mixture was sparged with argon to remove excess hydrogen, diluted
with EtOAc (10 mL), filtered through a Celite pad and the residue was washed with EtOAc for
several times. The combined filtrate was concentrated under reduced pressure, and the residue
was purified by flash silica gel column chromatography (hexane/EtOAc = 6/1) to afford 36b (560
mg, 77%) as a white solid: Ry = 0.30 (hexane/EtOAc = 2/1); 'H NMR (400 MHz, DMSO-ds) §
7.56 (d, J = 8.2 Hz, 2H), 7.37 (d, J= 8.2 Hz, 2H), 7.16 (dd, /= 2.3, 8.2 Hz, 1H), 6.76 (d, /= 8.2
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Hz, 1H), 6.65 (d, J = 2.3 Hz, 1H), 3.53 (t, /= 6.4 Hz, 2H), 3.38 (t, J = 6.4 Hz, 2H), 2.39 (s, 3H),
1.10 (s, 9H) ppm; *C NMR (125 MHz, CDCls) 6 153.2, 144.1, 143.7, 135.2, 129.7, 128.1, 127 .4,
125.1, 125.0, 117.2, 60.0, 54.2, 34.0, 31.2, 21.7 ppm; IR (ATR) vmax: 3491, 3178, 2952, 2865,
1598, 1325, 1106, 813, 724, 534 cm™'; HRMS (ESI) [M+Na*] calcd for C19H2sNNaO4S: 386.1397,
found 386.1392; mp: 120.9 °C.

9-tert-Butyl-4-pivaloyl-1-oxa-4-azaspiro[4.5]deca-7,9-dien-6-one (43a) (Table 3, entry 3)

2o
¥
Piv
tBu
To a stirred solution of 36a (20.8 mg, 0.0710 mmol) in TFE (1.7 mL) was added PIDA
(25.8 mg, 0.0801 mmol) at 0 °C and the reaction mixture was stirred at 0 °C for 15 min. Then,
the mixture was quenched with saturated aqueous NaHCOs solution (1.0 mL) and saturated
aqueous Na,S,0s solution (1.0 mL), and the aqueous layer was extracted with CH»Cl, (3.0 mL %
3), dried over Na,SQOs, and concentrated under reduced pressure. The residue was purified by
flash silica gel column chromatography (hexane/EtOAc = 10/1 to 5/1) to afford a yellow solid. It
was further purified by PTLC (hexane/EtOAc = 2/1) to afford 43a (19.6 mg, 95%) as a pale
yellow solid: Ry = 0.30 (hexane/EtOAc = 2/1); '"H NMR (500 MHz, CDCls) 6 7.06 (dd, J = 2.3,
10.1 Hz, 1H), 6.13 (d, /= 10.1 Hz, 1H), 5.72 (d, J = 2.3 Hz, 1H), 4.48-4.41 (m, 1H), 4.22-4.12
(m, 2H), 3.83-3.75 (m, 1H), 1.25 (s, 9H), 1.15 (s, 9H) ppm; *C NMR (125 MHz, CDCl;) § 196.0,
175.7, 145.5, 140.3, 127.6, 125.4, 87.1, 66.4, 46.6, 38.5, 34.3, 28.6, 27.0 ppm; IR (ATR) Vimax:
2962, 1678, 1618, 1363, 1136, 824 cm’; HRMS (ESI) [M+Na'] caled for Ci7H2sNNaOs:
314.1727, found 314.1726; mp: 72.7 °C.

9-tert-Butyl-4-tosyl-1-oxa-4-azaspiro[4.5]deca-7,9-dien-6-one (28) (Table 1, entry 4).

o}
0
¥
Ts
tBu
To a stirred solution of 36b (26.6 mg, 0.0732 mmol) in TFE (1.83 mL) was added PIDA
(28.5 mg, 0.0885 mmol) at 0 °C and the reaction mixture was stirred at 0 °C for 15 min. Then,
the mixture was quenched with saturated aqueous NaHCOs solution (1.0 mL) and saturated
aqueous Na,S,0s solution (1.0 mL), and the aqueous layer was extracted with CH»Cl, (3.0 mL x
3), dried over Na,SO4, and concentrated under reduced pressure. The residue was purified by

flash silica gel column chromatography (hexane/EtOAc = 10/1 to 5/1) to afford a yellow solid. It
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was further purified by PTLC (hexane/EtOAc = 2/1) to afford 43b (26.3 mg, 99%) as a pale
yellow solid: Ry= 0.50 (hexane/EtOAc = 2/1); '"H NMR (500 MHz, CDCls) § 7.67 (d, J = 8.2 Hz,
2H), 7.29 (d, J=8.2 Hz, 2H), 7.07 (dd, /= 2.3, 10.5 Hz, 1H), 6.06 (d, J=10.5 Hz, 1H), 5.75 (d,
J =23 Hz, 1H), 4.45-4.40 (m, 1H), 4.18-4.14 (m, 1H), 3.87-3.82 (m, 1H), 3.67-3.61 (m, 1H),
2.43 (s, 3H), 1.58 (s, 9H) ppm; *C NMR (125 MHz, CDCl5) 6 197.1, 146.4, 143.8, 141.1, 137.2,
129.6, 127.8, 127.5, 124.7, 86.0, 65.8, 46.8, 34.5, 28.2, 21.6 ppm; IR (ATR) Vmax: 2954, 1682,
1151, 994, 825, 547 cm’'; HRMS (ESI) [M+Na'] calcd for Ci9H23NNaO4S: 384.124, found
384.124; mp: 127.4-128.2 °C.

2-benzyloxy-5-tert-butylphenol (48)

OBn
OH

tBu

To a stirred solution of 39 (21.3 g, 66.6 mmol) in THF (130 mL), »-BuLi (1.61 M in
hexane, 45.5 mL, 73.3 mmol) was added at —78 °C. After stirring for 1.5 h at =78 °C, DMF (22
mL, 271 mmol) was added to the solution. The reaction mixture was stirred for 30 min at -78 °C
and warmed up to room temperature. After stirring for 1 h at room temperature, the mixture was
quenched with H,O (100 mL). The aqueous layer was extracted with Et,O (100 mL x 3), and the
combined organic layer was washed with brine (300 mL x 1), dried over Na2SO4, and
concentrated under reduced pressure. The residue 49 was used for the next reaction without
further purification.

To a stirred solution of the crude product in CH,Cl, (220 mL), mCPBA (contains ca.
35% water, 19.4 g, 73.3 mmol) was added at 0 °C. The mixture was stirred at 0 °C for 30 min and
warmed up to room temperature. After stirring for 13 h at room temperature, the mixture was
quenched with saturated aqueous NaHCO3 solution (100 mL) and saturated aqueous NaS,0;
solution (100 mL). The aqueous layer was extracted with CH,Cl, (100 mL X 3), dried over
Na2S04, and concentrated under reduced pressure. The residue was used for the next reaction
without further purification.

To a stirred solution of the crude product in MeOH (150 mL), NaOH (5.34 g, 134 mmol)
in H>O (50 mL) was added. After stirring for 2.5 h at room temperature, the mixture was quenched
with 5 M HCI (40 mL). The aqueous layer was extracted with Et;O (100 mL x 5), and the
combined organic layer was washed with brine (300 mL x 1), dried over Na2SO4, and
concentrated under reduced pressure. The residue was purified by silica gel chromatography
(hexane/EtOAc = 100/1) to afford product 9 (13.9 g, 82%) as a pale yellow oil. Spectroscopic

analyses were in agreement with previous literature report?®: Ry= 0.53 (hexane/EtOAc = 4/1); 'H
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NMR (400 MHz, CDCls) 6 7.43-7.34 (m, 5H), 7.01 (d, J= 1.4 Hz, 1H), 6.87-6.82 (m, 2H), 5.66-
5.54 (br s, 0.5H, -OH), 5.08 (s, 2H), 1.28 (s, 9H) ppm; mp: 40.9-42.4 °C.

2-(2-(benzyloxy)-5-(tert-butyl)phenoxy)acetonitrile (47)

OBn

O._CN

N

tBu

To a stirred solution of 48 (3.12 g, 12.2 mmol) in DMF (60 mL) was added
bromoacetonitrile (1.0 mL, 15.0 mmol) and K,CO; (2.59 g, 18.8 mmol). After the reaction
mixture was stirred at 80 °C for 20 h, bromoacetonitrile (0.5 mL, 7.50 mmol) was added to the
reaction mixture and it was stirred at 80 °C for 20 h. Then, the mixture was quenched with H,O
(50 mL) and the aqueous layer was extracted with EtOAc (50 mL x 3), and the combined organic
layer was washed with brine (100 mL x 1), dried over Na2SO4, and concentrated under reduced
pressure. The residue was purified by silica gel chromatography (hexane/EtOAc = 100/1 to 50/1)
to afford product 47 (2.91 g, 81%) as a colorless oil: R;= 0.50 (hexane/EtOAc = 4/1); 'H NMR
(500 MHz, CDCl3) 6 7.45-7.31 (m, 5H), 7.13 (d, J = 2.3 Hz, 1H), 7.08 (dd, /= 2.3, 8.7 Hz, 1H),
6.92 (d,J=8.7Hz, 1H), 5.10 (s, 2H), 4.82 (s, 2H), 1.30 (s, 9H) ppm; *C NMR (125 MHz, CDCls)
0 147.7, 145.6, 145.1, 136.8, 128.8, 128.2, 127.5, 121.7, 116.9, 115.7, 114.0, 71.1, 56.4, 34.4,
31.5 ppm; IR (ATR) Vinax: 2962, 2868, 1604, 1507, 1270, 1143, 1026, 812, 697, 530 cm™'; HRMS
(ESI) [M+Na'] caled for Ci9H2:NNaO,: 318.1465, found 318.1456.

N-(2-(2-(benzyloxy)-5-(tert-butyl)phenoxy)ethyl)pivalamide (50a)

OBn
NHPiv

tBu

To a stirred suspension of LiAlH4 (136 mg, 3.59 mmol) in Et;O (5.0 mL), 47 (827 mg,
2.80 mmol) in Et;O (15 mL) was added at 0 °C and the reaction mixture was stirred at 0 °C for
1 h. After the reaction was completed, saturated aqueous Na>SQOj4 solution was added dropwise
at 0 °C and the mixture was stirred at 0 °C for 1 h. Then, the reaction mixture was diluted with
Et0 (10 mL), filtered through Celite pad and the residue was washed with Et,O for several
times. The filtrate was concentrated under reduced pressure to afford the crude product, which
was used for the next reaction without further purification.

To a stirred solution of the crude amine in CH>Cl, (15 mL), triethylamine (0.75 mL,

5.38 mmol) and pivaloyl chloride (0.41 mL, 3.33 mmol) were added. The reaction mixture was
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stirred at room temperature for 12 h and quenched with H>O (10 mL). The aqueous layer was
extracted with CH,Cl, (10 mL x 3), dried over Na,SQO4, and concentrated under reduced pressure.
The residue was purified by silica gel chromatography (hexane/EtOAc = 10/1) to afford product
50a (993 mg, 93%) as a white solid: R;=0.20 (hexane/EtOAc =4/1); "H NMR (500 MHz, CDCl5)
0 7.46-7.29 (m, 5H), 6.97 (d, J= 1.4 Hz, 1H), 6.94 (dd, J= 1.4, 8.7 Hz, 1H), 6.88 (d, /= 8.7 Hz,
1H), 6.32 (br's, 1H), 5.09 (s, 2H), 4.12 (dd, J=5.0, 10.0 Hz, 2H), 3.63 (dd, /= 5.0, 10.0 Hz, 2H),
1.29 (s, 9H), 1.10 (s, 9H) ppm; *C NMR (125 MHz, CDCls) § 178.7, 148.0, 147.1, 145.1, 137.3,
128.7, 128.1, 127.5, 118.8, 113.9, 113.7, 71.2, 69.3, 39.2, 38.7, 34.4, 31.6, 27.5 ppm; IR (ATR)
vmax: 3352, 2961, 2868, 1638, 1518, 1264, 1215, 1143, 732, 695, 581 cm™'; HRMS (ESI) [M+Na']
calcd for C4H33NNaOs: 406.2353, found 406.2341; mp: 51.2-53.4 °C.

N-(2-(5-(tert-butyl)-2-hydroxyphenoxy)ethyl)pivalamide (51a)

OH
O\/\ .
NHPiv

tBu

To a stirred solution of 50a (993 mg, 2.59 mmol) in THF (25 mL), palladium on
activated carbon (200 mg, 20 wt %) was added. The suspension was sparged with H» via a balloon
and subsequently stirred for 20 h at room temperature under H,. Then, the reaction mixture was
sparged with Ar to remove excess H,, diluted with EtOAc (10 mL), filtered through Celite pad
and the residue was washed with EtOAc for several times. The filtrate was concentrated under
reduced pressure and the residue was purified by silica gel chromatography (hexane/EtOAc = 6/1
to 4/1) to afford product 51a (733 mg, 96%) as a white solid: R;= 0.20 (hexane/EtOAc = 2/1); 'H
NMR (500 MHz, CDCls) d 6.92-6.85 (m, 3H), 6.19-6.07 (br s, 1H), 4.15 (dd, J = 5.0, 10.5 Hz,
2H), 3.68 (dd, J= 5.0, 10.5 Hz, 2H), 1.28 (s, 9H), 1.20 (s, 9H) ppm; *C NMR (125 MHz, CDCI;)
0179.4,145.4,143.9,143.5,118.9,114.5,110.5,69.1,39.5, 38.9, 34.5,31.7,27.6 ppm; IR (ATR)
vmax: 3360, 2958, 1627, 1518, 1269, 1215, 1057, 822, 607 cm™'; HRMS (ESI) [M+Na*] calcd for
Ci7H2»7NNaOs: 316.1883, found 316.1877; mp: 102.6-104.5 °C.

N-(2-(2-(benzyloxy)-5-(tert-butyl)phenoxy)ethyl)-4-methylbenzenesulfonamide (50b)

OBn
o~
NHTs

tBu

To a stirred suspension of LiAlH4 (210 mg, 5.52 mmol) in Et,O (8.0 mL), 47 (1.33 g,

4.50 mmol) in Et,O (14 mL) was added at 0 °C and the reaction mixture was stirred at 0 °C for
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2 h. After the reaction was completed, saturated aqueous Na,SO4 solution was added dropwise
at 0 °C and the mixture was stirred at 0 °C for 3 h. Then, the reaction mixture was diluted with
Et,O (10 mL), filtered through Celite pad and the residue was washed with Et;O for several
times. The filtrate was concentrated under reduced pressure to afford the crude product, which
was used for the next reaction without further purification.

To a stirred solution of the crude amine in CH>Cl» (22 mL), triethylamine (0.75 mL,
5.38 mmol) and p-toluenesulfonyl chloride (1.06 g, 5.54 mmol) were added. The reaction mixture
was stirred at room temperature for 15 h and quenched with H,O (20 mL). The aqueous layer was
extracted with CH,Cl, (10 mL x 3), dried over Na,SQO4, and concentrated under reduced pressure.
The residue was purified by silica gel chromatography (hexane/EtOAc = 10/1 to 5/1) to afford
product 50b (1.97 g, 96%) as a whtite solid: R;= 0.30 (hexane/EtOAc = 4/1); '"H NMR (500 MHz,
CDCl3) 0 7.64 (d, J = 8.2 Hz, 2H), 7.46-7.32 (m, 5H), 7.21 (d, J = 8.2 Hz, 2H), 6.94 (dd, J = 2.3,
8.7 Hz, 1H), 6.89-6.83 (m, 2H), 5.29 (m, 1H), 5.08 (s, 2H), 4.04 (dd, J= 5.5, 10.5 Hz, 2H), 3.27
(dd, J=5.5, 10.5 Hz, 2H), 2.38 (s, 3H), 1.26 (s, 9H) ppm; *C NMR (125 MHz, CDCl3) J 147.6,
147.2, 145.0, 143.4, 137.1, 137.0, 129.8, 128.8, 128.1, 127.6, 127.1, 119.4, 114.4, 113.8, 71.2,
69.3,42.9,34.4,31.5,21.6 ppm; IR (ATR) vmax: 3271, 3067, 2959, 2872, 1598, 1508, 1320, 1265,
1097, 1004, 747, 660, 551 cm™'; HRMS (ESI) [M+Na'] calcd for C26H31NNaO.S: 476.1866, found
476.1859; mp: 55.3-57.5 °C.

N-(2-(5-(tert-butyl)-2-hydroxyphenoxy)ethyl)-4-methylbenzenesulfonamide (51b)

OH
O\/\
NHTs

tBu

To a stirred solution of 50b (1.78 g, 3.93 mmol) in MeOH (40 mL), palladium on
activated carbon (369 mg, 20 wt %) was added. The suspension was sparged with H» via a balloon
and subsequently stirred for 7 h at room temperature under H,. Then, the reaction mixture was
sparged with Ar to remove excess H,, diluted with EtOAc (20 mL), filtered through Celite pad
and the residue was washed with EtOAc for several times. The filtrate was concentrated under
reduced pressure and the residue was purified by silica gel chromatography (hexane/EtOAc = 6/1
to 3/1) to afford product 51b (1.35 g, 95%) as a clear oil: Ry = 0.30 (hexane/EtOAc = 4/1); 'H
NMR (500 MHz, CDCls) ¢ 7.78 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 6.88 (dd, J = 2.5,
8.2 Hz, 1H), 6.82 (d, J = 8.2 Hz, 1H), 6.76 (d, J= 2.5 Hz, 1H), 5.68 (s, 1H), 5.31 (br s, 1H), 4.06
(dd, J = 5.0, 10.5 Hz, 2H), 3.38 (dd, J = 5.0, 10.5 Hz, 2H), 2.40 (s, 3H), 1.26 (s, 9H) ppm; *C
NMR (125 MHz, CDCls) ¢ 145.0, 143.7, 143.5, 143.3, 136.8, 129.9, 127.1, 118.6, 114.8, 109.6,
67.3,42.6,34.4,31.7,21.6 ppm; IR (ATR) vmax: 3431, 3283, 2950, 1598, 1421, 1221, 1130, 815,
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663, 564 cm™'; HRMS (ESI) [M+Na*] calcd for C19H,sNNaQ4S: 386.1397, found 386.1388.

Representative Procedure for Oxidative Dearomatization/NV-Cyclization Cascade of Phenol
51 (Table 4, entry 8)

OH o]
o PIFA (1.1 equiv) 0/>
" NHTs N
HFIP, 0 °C, 30 min \
Ts
tBu tBu

51b 43b

To a stirred solution of 51b (22.0 mg, 0.0605 mmol) in HFIP (1.5 mL), PIFA (31.5 mg,
0.0732 mmol) was added and the reaction mixture was stirred at 0 °C for 30 min. Then, the
mixture was quenched with a mixture of saturated aqueous NaHCOj solution (1.0 mL) and
saturated aqueous Na,S,0; solution (1.0 mL) and the aqueous layer was extracted with CH,Cl,
(3.0 mL x 3), dried over Na,SOy4, and concentrated under reduced pressure. The residue was
purified by silica gel chromatography (hexane/EtOAc = 4/1) to afford a product 43b (14.4 mg,
66%) as a yellow solid.

N-(2-((3-(tert-butyl)-6-0x0-1-(2,2,2-trifluoroethoxy)cyclohexa-2,4-dien-1-
yDoxy)ethyl)pivalamide (52a) (Table 4, entry 1)

CF3
o)

%
@/ ~">NHPiv

tBu

The reaction was performed according to the representative procedure with using
substrate S1a (31.2 mg, 0.106 mmol), PIDA (38.0 mg, 0.118 mmol), and TFE (2.7 mL). After
silica gel chromatography, 52a was obtained as a yellow oil (16.1 mg, 39%): Ry = 0.30
(hexane/EtOAc = 2/1); '"H NMR (400 MHz, CDCls) 6 7.07 (dd, J = 2.3, 10.5 Hz, 1H), 6.10 (br s,
1H), 6.05 (d, /= 10.5 Hz, 1H), 5.99 (d, J = 2.3 Hz, 1H), 4.31-4.21 (m, 1H), 4.14-4.04 (m, 1H),
3.75-3.68 (m, 1H), 3.58-3.53 (m, 1H), 3.46 (d, /= 5.0 Hz, 1H), 3.43 (d, /=5.0 Hz, 1H), 1.20 (s,
9H), 1.17 (s, 9H) ppm; *C NMR (125 MHz, CDCl3) J 195.6, 178.7, 147.2, 141.3, 126.1, 125.4,
123.8 (d, /=278 Hz), 91.2, 62.7, 60.4 (q, J = 35 Hz), 39.4, 38.8, 34.7, 28.3, 27.6 ppm; IR (ATR)
Vmax: 3349,2963,1647,1522,1280, 1155, 1057, 563 cm™; HRMS (ESI) [M+Na*] caled for C1oHas
F3NNaOs: 414.1863, found 414.186.
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N-(2-((3-(tert-butyl)-6-0x0-1-(2,2,2-trifluoroethoxy)cyclohexa-2,4-dien-1-yl)oxy)ethyl)-4-
methylbenzenesulfonamide (52b) (Table 4, entry 2)

CF3
0]

o
@/ ~"“NHTs

tBu

The reaction was performed according to the representative procedure with using
substrate S1b (22.9 mg, 0.0630 mmol), PhI(OAc), (23.9 mg, 0.0742 mmol) and 2,2.2-
trifluoroethanol (1.6 mL). After silica gel chromatography, compound 43b (7.3 mg, 32%) and
52b (8.1 mg, 28%) were obtained as a yellow oil. Compound 52b: Ry= 0.48 (hexane/EtOAc =
2/1); 'H NMR (400 MHz, CDCl5) J 7.73 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 7.06 (dd,
J=1.8,10.1 Hz, 1H), 6.03 (d, J=10.1 Hz, 1H), 5.94 (d, /= 1.8 Hz, 1H), 4.79 (t,J= 6.0 Hz, 1H),
4.18-4.08 (m, 1H), 4.05-3.95 (m, 1H), 3.72-3.68 (m, 1H), 3.66-3.59 (m, 1H), 3.19-3.06 (m, 2H),
2.43 (s, 3H), 1.16 (s, 9H) ppm; *C NMR (125 MHz, CDCls) § 194.9, 147.2, 143.7, 141.2, 136.8,
129.9,127.1,125.5,125.4,123.7 (d, /=278 Hz), 91.1, 62.1, 60.5 (q, /=35 Hz), 43.0, 34.7, 28 .3,
21.6 ppm; IR (ATR) vmax: 3286, 2965, 1685, 1331, 1155, 1017, 814, 731, 547 cm™'; HRMS (ESI)
[M+Na*] caled for Co;H26F3NNaOsS: 484.1376, found 484.13803.

(5)-2-Benzyloxy-/N-1-benzyloxy-3-methylbutan-2-yl-5-tert-butylaniline (54).

OBn H

N\E/\OBn
iPr
tBu

To a stirred solution of 39 (2.95 g, 9.24 mmol) in toluene (15 mL), (S)-1-benzyloxy-3-
methylbutan-2-amine 53%' (1.95 g, 10.1 mmol) in toluene (15 mL) were added sodium tzert-
butoxide (2.67 g, 27.8 mmol), Pd2(dba); (421 mg, 0.460 mmol), and (S)-BINAP (692 mg, 1.11
mmol). After stirring at 90 °C for 14 h, the reaction mixture was cooled to room temperature and
then diluted with Et;O (20 mL). The solution was filtered through a Celite pad and the residue
was washed with Et,O for several times. The combined filtrate was concentrated under reduced
pressure, and the residue was purified by flash silica gel column chromatography (hexane/EtOAc
=200/1) to afford 54 (2.28 g, 57%) as a yellow oil: R;= 0.60 (hexane/EtOAc = 10/1); '"H NMR
(500 MHz, DMSO-dg) 6 7.43-7.25 (m, 10H), 6.79 (d, J = 8.7 Hz, 1H), 6.64 (d, /= 2.3 Hz, 1H),
6.49 (dd, J = 2.3, 8.7 Hz, 1H), 5.07 (s, 2H), 4.50-4.42 (m, 3H), 3.52 (dd, J = 4.6, 10.0 Hz, 1H),
3.49 (dd, J = 4.6, 10.0 Hz, 1H), 3.42-3.36 (m, 1H), 2.01-1.93 (m, 1H), 1.21 (s, 9H), 0.94 (d, J =
5.5 Hz, 3H), 0.92 (d, J = 5.0 Hz, 3H) ppm; *C NMR (125 MHz, CDCl;) § 144.6, 144.3, 138.6,
138.0, 137.8, 128.7, 128.5,127.9, 127.7, 127.6, 127.4,112.5, 111.1, 108.5, 73.5, 70.8, 70.5, 58.2,
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34.5,31.8,29.9,19.8, 18.4 ppm; IR (ATR) vmax: 3432, 3032, 2956, 2866, 1593, 1453, 1208, 1101,
732, 647 cm’'; HRMS (ESI) [M+H'] calcd for Co9H3sNO»: 432.2897, found 432.2895; [a]p® —
29.7 (¢ 0.58, CHCI,).

(S)-N-1-Benzyloxy-3-methylbutan-2-yl-/NV-2-benzyloxy-5-fert-butylphenyl pivalamide (55).

OBn
N\E/\OBn
iPr
tBu

To a stirred solution of 54 (692 mg, 1.60 mmol) in toluene (5.3 mL) were added DIPEA
(1.4 mL, 8.04 mmol), DMAP (196 mg, 1.60 mmol) and pivaloyl chloride (0.96 mL, 7.80 mmol).
After stirring at 100 °C for 40 h, the reaction mixture was cooled to room temperature and then
quenched with H>O (10 mL). The aqueous layer was extracted with EtOAc (10 mL x 3), and the
combined organic layer was washed with saturated aqueous NH4Cl solution (30 mL x 1) and brine
(30 mL x 1), dried over Na,SOs, and concentrated under reduced pressure. The residue was
purified by flash silica gel column chromatography (hexane/EtOAc = 20/1) to afford product 55
(773 mg, 94%) as a yellow oil: R;= 0.60 (hexane/EtOAc = 4/1); '"H NMR (500 MHz, CDCls, 2:1
mixture of two rotamers) 0 7.44-7.27 (m, 6H), 7.25-7.16 (m, 5H), 7.05-6.94 (m, 1H), 6.85-6.78
(m, 1H), 5.08-4.93 (m, 2H), 4.31-3.49 (m, 5H), 2.42-2.18 (m, 1H), 1.26 (s, 6H), 1.26 (s, 3H), 1.02
(d, J=6.9 Hz, 3H), 1.00 (s, 9H), 0.91(d, J = 6.9 Hz, 1H), 0.84 (d, J = 6.9 Hz, 2H) ppms; *C NMR
(125 MHz, DMSO-ds, mixture of two rotamers) ¢ 178.5, 177.8, 154.2, 153.4, 142.9, 142.7, 139.0,
138.9, 137.2 (2), 129.9, 129.0, 128.9, 128.6, 128.5 (2), 128.4, 128.2, 128.1, 127.8, 127.6, 127.5
(2), 126.2, 125.8, 112.6, 112.4, 79.7 (2), 72.3, 72.0, 71.2 (2), 70.2, 69.8, 41.7, 41.4, 34.2, 34.1,
31.6 (2),29.6 (2),29.4(2),29.2 (2),22.7,21.0, 20.6, 20.1 ppm; IR (ATR) Vmax: 2959, 2869, 1630,
1454, 1287, 1025, 732, 663, 543 cm™'; HRMS (ESI) [M+H"] caled for C34HaNO;: 516.3472,
found 516.3483; [a]p?® +0.4 (¢ 1.04, CHCl5).

(S)-N-5-tert-Butyl-2-hydroxyphenyl-/V-1-hydroxy-3-methylbutan-2-yl pivalamide (56).

OH
N " oH
iPr
fBu
To a stirred solution of 55 (621 mg, 1.20 mmol) in MeOH (4.0 mL) was added palladium
on activated carbon (124 mg, 20 wt %) was added. The suspension was sparged with hydrogen
via a balloon and subsequently stirred under hydrogen atmosphere at room temperature for 2 days.

Then, the reaction mixture was sparged with argon to remove excess hydrogen, diluted with
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EtOAc (10 mL), filtered through a Celite pad and the residue was washed with EtOAc for several
times. The combined filtrate was concentrated under reduced pressure, and the residue was
purified by flash silica gel column chromatography (hexane/EtOAc = 20/1 to 10/1) to afford 56
(247 mg, 61%) as a yellow oil: Ry= 0.13 (hexane/EtOAc = 4/1); '"H NMR (500 MHz, DMSO-ds,
observed as a 3:2 mixture of two rotamers) ¢ 7.27 (dd, J=2.3, 8.7 Hz, 0.4 H), 7.22-7.19 (m, 1.2
H), 7.04 (d, /= 2.3 Hz, 0.4 H), 6.83 (d, /= 8.7 Hz, 0.4 H), 6.78-6.76 (m, 0.6 H), 4.62-4.56 (m,
0.4 H), 3.99 (t, J=10.1 Hz, 0.6 H), 3.69-3.61 (m, 1H), 3.03 (t, /= 10.5 Hz, 0.4 H), 2.86 (dt, /=
4.1,9.6 Hz, 0.6 H), 2.43-2.32 (m, 0.6 H), 1.65-1.56 (m, 0.4 H), 1.23 (s, 9H), 1.06-1.02 (m, 3H),
0.92 (s, 3.6 H), 0.91 (s, 5.4 H), 0.84-0.81 (m, 3H) ppm; *C NMR (125 MHz, CDCls, observed as
a mixture of two rotamers) for the major rotamer: ¢ 182.6, 154.0, 142.3, 129.3, 127.2, 124.4,
117.8, 63.5, 61.0, 42.0, 34.0, 31.4, 29.0, 27.5, 21.5, 19.5 ppm; for the minor rotamer: §180.1,
151.0, 141.0, 128.3, 126.6, 131.8, 117.4, 75.3, 61.0, 41.5, 34.1, 31.5, 29.5, 28.9, 21.7, 21.4 ppm;
IR (ATR) Vmax: 3380, 2959, 2871, 1604, 1287, 1191, 1013, 720, 583 cm™!; HRMS (ESI) [M+Na*]
calcd for C0H33NNaO;: 358.2353, found 358.2352; [a]p?® —63.4 (¢ 0.62, CHCI5).

(3S,5R)- and (35,55)-9-tert-Butyl-3-isopropyl-4-pivaloyl-1-oxa-4-azaspiro[4.5]deca-7,9-
dien-6-one (60 and 61) (Table 6, entry 1).

o Piv iPr
i |
OH EIV 0 Q/> N/g
~ Phl(OAc), (1.1 equiv : P :
= “OH (OAc), (1.1 equiv) N . 5
iPr ° . \
solvent, 0 °C, 30 min Piv
tBu tBu tBu
56 60 61
major minor

To a stirred solution of 56 (27.0 mg, 0.0805 mmol) in TFE (2.0 mL) was added PIDA
(30.5 mg, 0.0947 mmol) and the reaction mixture was stirred at 0 °C for 30 min. Then, the mixture
was quenched with saturated aqueous NaHCOj3 solution (1.0 mL) and saturated aqueous Na,S,0;
solution (1.0 mL). The aqueous layer was extracted with CH>Cl, (3.0 mL x 3), dried over Na>SOs,
and concentrated under reduced pressure. The residue was purified by flash silica gel column
chromatography (hexane/EtOAc = 10/1) to afford a mixture of two diastereomers (60 and 61) as
a yellow oil (15.4 mg, 57%, 60:61 = 4:1, determined by 'H NMR analysis): Ry = 0.70
(hexane/EtOAc = 2/1); '"H NMR (400 MHz, CDCls, 4:1 mixture of diastereomers) J 7.05 (dd, J
=2.3,10.5 Hz, 0.8 H), 7.00 (dd, /= 2.3, 10.5 Hz, 0.2 H), 6.15 (d, /= 10.5 Hz, 0.2 H), 6.10 (d, J
=10.5 Hz, 0.8 H), 5.91 (d, J=2.3 Hz, 0.8 H), 5.79 (s, 0.2 H), 4.39 (dd, J = 6.4, 8.2 Hz, 0.8 H),
4.27-4.24 (m, 0.8 H), 4.23-4.10 (m, 0.6 H), 3.95 (d, /= 8.7 Hz, 0.8 H), 2.39-2.31 (m, 0.2 H), 2.29-
2.20 (m, 0.8 H), 1.27 (s, 7.2 H), 1.24 (s, 1.8 H), 1.17 (s, 7.2 H), 1.13 (s, 1.8 H), 1.05 (d, /= 6.4
Hz, 3H), 1.01 (d, J = 7.3 Hz, 3H) ppm; *C NMR (125 MHz, CDCI;) for the major isomer 60: J
195.8, 177.8, 145.1, 140.1, 128.0, 125.7, 88.5, 65.8, 61.8, 40.0, 34.3, 31.7, 28.6, 28.2, 20.2, 17.4
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ppm; IR (ATR) vimax: 2961, 2873, 1751, 1608, 1364, 1115, 816, 733, 560 cm™'; HRMS (ESI)
[M+Na"] calcd for C20H31NNaOs: 356.2196, found 356.2193.

4-tert-Butyl-2-nitrophenol (62).

OH

tBu

To a stirred solution of 4-tert-butylphenol 41 (2.89 g, 19.2 mmol) in CH,Cl, (64 mL)
was added SiO; (1.93 g), H>O (1.9 mL), Oxone® (5.90 g, 9.60 mmol) and NaNO> (1.33 g, 19.3
mmol).>* After stirred for 30 min at room temperature, the reaction mixture was diluted with
CHCl, (20 mL), filtered through a Celite pad and the residue was washed with CH,Cl, for several
times. The combined filtrate was concentrated under reduced pressure, and the residue was
purified by silica gel chromatography (hexane/EtOAc = 50/1 to 20/1) to afford 62 (1.67 g, 45%)
as a white solid. Phenol 41 was also recovered (975 mg, 34% recovered). Spectroscopic analyses

of 62 were in agreement with previous literature report.**

1-Benzyloxy-4-tert-butyl-2-nitrobenzene (63).

OBn

tBu

To a stirred solution of 62 (1.67 g, 8.57 mmol) in acetone (30 mL) were added K,COs
(2.37 g, 17.2 mmol) and benzyl bromide (1.0 mL, 8.59 mmol). The reaction mixture was stirred
at reflux temperature for 2 days and then quenched with saturated aqueous NH4CI solution (10
mL). The aqueous layer was extracted with Et,O (10 mL X 3), and the combined organic layer
was washed with brine (30 mL X 1), dried over Na,SO4, and concentrated under reduced pressure.
The residue was purified by silica gel chromatography (hexane/EtOAc = 20/1) to afford 63 (2.26
g, 93%) as a pale yellow solid: Ry= 0.50 (hexane/EtOAc = 4/1); '"H NMR (500 MHz, CDCls) §
7.85 (d, J= 1.8 Hz, 1H), 7.51 (dd, J = 1.8, 8.7 Hz, 1H), 7.47-7.31 (m, 5H), 7.04 (d, J = 8.7 Hz,
1H), 5.22 (s, 2H), 1.31 (s, 9H) ppm; *C NMR (125 MHz, CDCl;) J 149.8, 144.2, 139.9, 135.9,
131.2,128.8, 128.2, 127.0, 122.6, 115.0, 71.3, 34.4, 31.3 ppm; IR (ATR) Vmax: 2960, 2868, 1619,
1521, 1478, 1254, 1015, 842, 736, 692 cm™'; HRMS (ESI) [M+Na] calcd for C17H;9NNaOs:
308.1257, found 308.125; mp: 48.7 °C.
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2-Benzyloxy-5-tert-butylaniline (64).

OBn

tBu

To a stirred solution of 63 (3.14 g, 11.0 mmol) in EtOAc (18 mL) and EtOH (18 mL)
was added SnCl, (5.23 g, 27.6 mmol) and the reaction mixture was stirred at room temperature
for 5 h. Then, the mixture was warmed up to 70 °C and stirred at 70 °C for 20 h. After the reaction
was complete, the mixture was cooled to 0 °C and quenched with H,O (50 mL). The aqueous
layer was extracted with EtOAc (30 mL x 3), and the combined organic layer was washed with
brine (100 mL x 1), dried over Na,SOs, and concentrated under reduced pressure. The residue
was purified by silica gel chromatography (hexane/EtOAc = 30/1) to afford 64 (1.84 g, 66%) as
a yellow solid: Ry= 0.50 (hexane/EtOAc = 4/1); 'H NMR (400 MHz, CDCl;) 6 7.85 (d, J = 2.8
Hz, 1H), 7.51 (dd, J=2.8, 8.7 Hz, 1H), 7.47-7.30 (m, 5H), 7.04 (d, /= 8.7 Hz, 1H), 5.22 (s, 2H),
1.32 (s, 9H) ppm; *C NMR (125 MHz, CDCls) 6 149.8, 144.3, 139.8, 136.0, 131.2, 128.8, 128.2,
127.0, 122.6, 115.0, 71.3, 34.4, 31.3 ppm; IR (ATR) vmax: 2960, 2868, 1619, 1462, 1348, 1264,
1015, 823, 735, 692 cm’!; HRMS (ESI) [M+H] calcd for C17H2NO: 256.1696, found 256.169;
mp: 47.3 °C.

N-2-Benzyloxy-5-tert-butylphenyl-4-methylbenzenesulfonamide (65).

OBn
NHTs

tBu

To a stirred solution of 64 (981 mg, 3.84 mmol) in CH>Cl, (20 mL) were added pyridine
(1.9 mL, 23.0 mmol) and p-toluenesulfonyl chloride (872 mg, 4.57 mmol) and the reaction
mixture was stirred at room temperature for 2.5 h. The mixture was quenched with saturated
aqueous NH4Cl solution (10 mL) and the aqueous layer was extracted with CH>Cl, (20 mL x 3),
and the combined organic layer was dried over Na,SQs, and concentrated under reduced pressure.
The residue was purified by silica gel chromatography (hexane/EtOAc = 50/1 to 10/1) to afford
65 (1.57 g, 99%) as a white solid: R;= 0.25 (hexane/EtOAc = 4/1); 'H NMR (400 MHz, CDCl;)
0793 (d,J=8.7 Hz, 2H), 7.85 (d, /= 2.5 Hz, 1H), 7.50 (dd, J = 2.5 Hz, 8.7 Hz, 1H), 7.47-7.31
(m, 7H), 7.04 (d, J = 8.7 Hz, 1H), 5.22 (s, 2H), 2.50 (s, 3H), 1.31 (s, 9H) ppm; *C NMR (125
MHz, CDCls) 6 149.8, 146.9, 144.3, 141.8, 139.8, 136.0, 131.2, 130.3, 128.8, 128.2, 127.1, 127.1,
122.6, 115.0, 71.3, 34.4, 31.3, 21.9 ppm; IR (ATR) vmax: 3256, 3213, 2949, 2865, 1598, 1330,
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1164, 1090, 809, 695, 680, 543 cm™'; HRMS (ESI) [M+Na*] calcd for C2sH27NNaO;S: 432.1604,
found 432.1608; mp: 88.6 °C.

N-2-Benzyloxy-5-fert-butylphenyl-4-methyl-/V-(2-oxo0-2-phenylethyl)benzenesulfonamide
(66).

OBn

TsO
iN
Ph

tBu

To a stirred solution of 66 (1.56 g, 3.82 mmol) in acetone (20 mL) were added K,COs
(797 mg, 5.77 mmol) and phenacyl bromide (798 mg, 4.01 mmol) and the reaction mixture was
stirred at room temperature for 30 min. Then, the mixture was warmed up to 50 °C and stirred at
50 °C for 1 h. After the reaction was complete, the mixture was cooled to room temperature and
quenched with H>O (20 mL). The aqueous layer was extracted with EtOAc (30 mL X 3), and the
combined organic layer was washed with brine (100 mL x 1), dried over Na,SO4, and
concentrated under reduced pressure. The residue was purified by silica gel chromatography
(hexane/EtOAc = 9/1) to afford 66 (1.92 g, 95%) as a white solid: R,= 0.25 (hexane/EtOAc =
4/1); '"H NMR (400 MHz, CDCl;) 6 7.88 (dd, J = 1.4, 8.2 Hz, 2H), 7.60-7.52 (m, 3H), 7.44-7.30
(m, 5H), 7.27 (d, J = 2.3 Hz, 1H), 7.22-7.17 (m, 3H), 7.13 (d, J = 8.2 Hz, 2H), 6.77 (d, J = 8.7
Hz, 1H), 5.09 (s, 2H), 4.80 (s, 2H), 2.36 (s, 3H), 1.17 (s, 9H) ppm; *C NMR (125 MHz, CDCls)
0194.8,153.0, 143.8, 143.1, 137.3, 136.7, 135.5, 133.4, 131.5, 129.2, 128.7, 128.5, 128.3, 127.9,
127.1, 126.4, 126.3, 112.2, 70.2, 56.2, 34.1, 31.3, 21.7 ppm; IR (ATR) vmax: 2961, 2868, 1702,
1605, 1328, 1217, 1153, 985, 744, 543 cm™'; HRMS (ESI) [M+Na*] calcd for C3,H33NNaQ,S:
550.2023, found 550.2012; mp: 136.4 °C.

N-5-tert-Butyl-2-hydroxyphenyl-/V-2-hydroxy-2-phenylethyl-4-methylbenzenesulfonamide
(67).

OH Ts OH
N
tBu

To a stirred solution of 66 (252 mg, 0.477 mmol) in MeOH (4.8 mL) and THF (2.4 mL)
was added palladium on activated carbon (25.0 mg, 10 wt %). The suspension was sparged with
hydrogen via a balloon and subsequently stirred under hydrogen at room temperature for 20 h.
Then, the reaction mixture was sparged with argon to remove excess hydrogen, diluted with

EtOAc (5.0 mL), filtered through a Celite pad and the residue was washed with EtOAc for several

74



times. The combined filtrate was concentrated under reduced pressure, and the residue was
purified by silica gel chromatography (hexane/EtOAc = 10/1) to afford 67 (170 mg, 81%) as a
white solid: Ry= 0.30 (hexane/EtOAc = 2/1); 'H NMR (400 MHz, DMSO-ds) 6 9.26 (brs, 1H, -
OH), 7.50-7.20 (m, 9H), 7.11 (d, J = 7.8 Hz, 1H), 6.71 (d, J = 8.7 Hz, 1H), 6.58 (s, 1H), 5.56 (br
s, 1H, -OH), 4.60 (br s, 1H), 3.74-3.53 (m, 2H), 2.37 (s, 3H), 1.09 (s, 9H) ppm; *C NMR (125
MHz, CDCls) 6 144.2,143.7, 140.6, 136.1, 129.7, 128.8, 128.4, 128.1, 127.5, 126.2, 124.7, 117.2,
74.4,70.9, 61.1, 59.0, 34.0, 31.3, 21.7 ppm; IR (ATR) vimax: 3556, 3265, 2951, 2860, 1597, 1506,
1345,1160, 1047, 812,556 cm’'; HRMS (ESI) [M+Na"] calcd for C2sH2oNNaO.S: 462.171, found
462.1703; mp: 143.7 °C.

(2R*,55%)- and (2R *,5R*)-9-tert-Butyl-2-phenyl-4-tosyl-1-o0xa-4-azaspiro[4.5]deca-7,9-dien-
6-one (68 and 69).

Ph Ts
OH Ph 0 /g o's,
Ts C_) N
N\)\OH PIDA (1.1 equiv) : : />...Ph
N + O
TFE/CH,Cl, (1:1), 0 °C, 30 min Ts
Bu 93% (68:69 = 1:2.5)
67 68 69

tBu tBu

To a stirred solution of 67 (114 mg, 0.258 mmol) in TFE (3.2 mL) and CH»Cl, (3.2 mL)
was added PIDA (93.7 mg, 0.291 mmol) and the reaction mixture was stirred at 0 °C for 30 min.
Then, the reaction mixture was quenched with saturated aqueous NaHCOs solution (3.0 mL) and
saturated aqueous Na»S,0s solution (3.0 mL). The aqueous layer was extracted with CH,Cl, (15
mL % 3), dried over Na,SOs, and concentrated under reduced pressure. The residue was purified
by flash silica gel column chromatography (hexane/EtOAc = 10/1) to afford an inseparable
mixture of two diastereomers 68 and 69 (106 mg, 93%, 68:69 = 1:2.5, determined by '"H NMR
analysis) as a yellow solid: Ry= 0.60 (hexane/EtOAc = 2/1); '"H NMR (500 MHz, CDCl;) for 68:
07.64 (d, J= 8.2 Hz, 2H), 7.43-7.39 (m, 2H), 7.35-7.27 (m, SH), 7.12 (dd, J = 2.3, 10.5 Hz, 1H),
6.09 (d, J=10.5 Hz, 1H), 6.08 (d, J= 2.3 Hz, 1H), 5.34 (dd, J= 5.5, 9.6 Hz, 1H), 4.06 (dd, J =
5.5, 8.2 Hz, 1H), 3.71 (dd, J = 8.2, 9.6 Hz, 1H), 2.43 (s, 3H), 1.18 (s, 9H) ppm; for 69: J 7.68
(d, J=8.2 Hz, 2H), 7.36-7.27 (m, 7H), 7.09 (dd, /= 2.3, 10.1 Hz, 1H), 6.12 (d, /= 10.1 Hz, 1H),
5.83 (d,J=1.8 Hz, 1H), 5.71 (dd, /= 6.4, 8.7 Hz, 1H), 4.14 (dd, J = 6.4, 8.2 Hz, 1H), 3.42 (dd,
J=18.2,8.7 Hz, 1H), 2.44 (s, 3H), 1.17 (s, 9H) ppm; *C NMR (125 MHz, CDCl5) for 68: 6 196.6,
145.2,144.0,141.8,136.5,136.4,129.6,129.1, 129.1,128.7, 127.6, 127.4, 124.7, 86.0, 80.4, 54.9,
34.5,28.2,21.7 ppm; for 69: 6 197.2, 146.6, 143.9, 141.1, 137.2, 136.7, 129.7, 129.0, 128.8, 127.8,
127.5, 126.9, 124.8, 127.8, 127.5, 126.9, 124.8, 86.7, 78.5, 77.3, 53.3, 34.6, 28.2 ppm; IR (ATR)
Vmax: 2964, 2872, 1686, 1649, 1597, 1466, 1346, 1156, 1009, 699 cm™'; HRMS (ESI) [M+Na']
calcd for Cp5H27NNaO4S: 460.1553, found 460.1551.
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(S)-NV-(1-(2-(benzyloxy)-5-(tert-butyl)phenoxy)-3-methylbutan-2-yl)-4-
methylbenzenesulfonamide (71)

OBn iPr
O NHTs

tBu

To a stirred solution of phenol 48 (1.03 g, 4.03 mmol) in DMF (13 mL), (S)-2-isopropyl-
1-tosylaziridine 70°* (919 mg, 3.84 mmol) and K,COs (536 mg, 3.88mmol) were added and the
reaction mixture was stirred at 100 °C for 2 h. Then, the mixture was cooled to room temperature
and quenched with saturated aqueous NH4Cl solution (10 mL). The aqueous layer was extracted
with EtOAc (10 mL x 3) and the combined organic layer was washed with brine (30 mL x 1),
dried over Na2SOs, and concentrated under reduced pressure. The residue was purified by silica
gel chromatography (hexane/EtOAc = 50/1 to 15/1) to afford product 71 (1.25 g, 63%) as a white
solid. Phenol 48 was also recovered (205 mg, 20% recovered). Compound 71: Ry = 0.60
(hexane/EtOAc =2/1); 'TH NMR (500 MHz, CDCl5) § 7.67 (d, J = 8.2 Hz, 2H), 7.45-7.29 (m, 5H),
7.13 (d,J=8.2 Hz, 2H), 6.91 (dd, J=2.3, 8.7 Hz, 1H), 6.84 (d, /= 8.7 Hz, 1H), 6.75 (d, J=2.3
Hz, 1H), 5.36 (d, J= 8.7 Hz, 1H), 5.08 (d, /= 11.9 Hz, 1H), 5.04 (d, J = 11.9 Hz, 1H), 4.02 (dd,
J=3.2,9.6 Hz, 1H), 3.61 (dd, J=4.6, 9.6 Hz, 1H), 3.26-3.20 (m, 1H), 2.32 (s, 3H), 2.09-1.97 (m,
1H), 1.25 (s, 9H), 0.88 (d, J = 6.9 Hz, 3H), 0.85 (d, J = 6.9 Hz, 3H) ppm; *C NMR (125 MHz,
CDCl3) 0 148.2,147.1,144.9, 143.0, 138.2,137.3, 129.6, 128.7, 128.0, 127.5, 127.1, 119.0, 114.0,
113.9,71.2, 69.8, 58.8, 34.4, 31.6, 29.9, 21.6, 19.2, 18.7 ppm; IR (ATR) vmax: 3249, 3063, 2958,
2870, 1597, 1327, 1157, 997, 808, 666, 565 cm'; HRMS (ESI) [M+Na'] caled for
C29H37NNaO4S: 518.2336, found 518.2328; mp: 77.4-79.8 °C; [a]p*® —33.5 (¢ 0.57, CHCl;)

(S)-NV-(1-(5-(tert-butyl)-2-hydroxyphenoxy)-3-methylbutan-2-yl)-4-

methylbenzenesulfonamide (72)

OH iPr
O~
NHTs

tBu

To a stirred solution of 71 (1.01 g, 2.04 mmol) in MeOH (6.8 mL) and THF (2.2 mL),
palladium on activated carbon (104 mg, 10 wt%) was added. The suspension was sparged with
H, via a balloon and subsequently stirred for 1.5 h at room temperature under H,. Then, the
reaction mixture was sparged with Ar to remove excess H,, diluted with EtOAc (10 mL), filtered

through Celite pad and the residue was washed with EtOAc for several times. The filtrate was
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concentrated under reduced pressure and the residue was purified by silica gel chromatography
(hexane/EtOAc = 8/1) to afford product 72 (808 mg, 98%) as a white solid: R, = 0.30
(hexane/EtOAc = 4/1); "H NMR (500 MHz, CDCls) 6 7.76 (d, J = 8.2 Hz, 2H), 7.14 (d, J= 8.2
Hz, 2H), 6.83 (dd, /= 1.8, 8.2 Hz, 1H), 6.78 (d, J = 8.2 Hz, 1H), 6.63 (d, J = 1.8 Hz, 1H), 6.20
(brs, 1H, -OH), 6.02 (d, /= 8.7 Hz, 1H), 3.92 (dd, /= 5.0, 9.6 Hz, 1H), 3.77 (dd, /= 4.1, 9.6 Hz,
1H), 3.44-3.37 (m, 1H), 2.31 (s, 3H), 2.03-1.91 (m, 1H), 1.24 (s, 9H), 0.92 (d, J = 6.4 Hz, 3H),
0.86 (d, J = 6.4 Hz, 3H) ppm; *C NMR (125 MHz, CDCl;) J 145.2, 143.7, 143.5, 143.0, 137.9,
129.7, 127.0, 118.3, 114.6, 109.1, 68.0, 58.7, 34.4, 31.7, 30.1, 21.6, 19.4, 18.8 ppm; IR (ATR)
vmax: 3368, 3247, 2963, 2870, 1601, 1290, 1158, 813, 668, 545 cm™'; HRMS (ESI) [M+Na'] caled
for C2xH31NNaO4S: 428.1866, found 428.1859; mp: 117.7-118.2 °C; [a]p* —35.3 (¢ 0.67, CHCI;)

Representative Procedure for Stereoselective Oxidative Dearomatization//N-Cyclization
Cascade of 72 (Table 7, entry 4):

OH iPr 995
- PIFA (1.1 equiv />
O\/\NHTS ( quiv) N iPr
HFIP, 0 °C, 30 min Ts
tBu tBu
72 73

To a stirred solution of 72 (24.2 mg, 0.0597 mmol) in HFIP (1.5 mL), PIFA (32.2 mg,
0.0749 mmol) was added and the reaction mixture was stirred at 0 °C for 30 min. Then, the
mixture was quenched with saturated aqueous NaHCOs3 solution (1.0 mL) and saturated aqueous
Na2S20s solution (1.0 mL). The aqueous layer was extracted with CH,Cl, (3.0 mL x 3), dried over
Na,SO4, and concentrated under reduced pressure. The residue was purified by silica gel
chromatography (hexane/EtOAc = 10/1) to afford a product 73 (10.9 mg, 45%, 14:1 dr,
determined by 'H NMR analysis) as a yellow oil.

(35,55)-9-(tert-butyl)-3-isopropyl-4-tosyl-1-oxa-4-azaspiro[4.5] deca-7,9-dien-6-one (73)
0
o]
Z /> "iPr
N
Ts

tBu

Compound 73: Ry= 0.70 (hexane/EtOAc = 2/1); 'TH NMR (500 MHz, CDCl3) J 7.71 (d,
J=8.2 Hz, 2H), 7.29 (d, J= 8.2 Hz, 2H), 7.05 (dd, /= 1.8, 10.5 Hz, 1H), 6.14 (d, J = 10.5 Hz,
1H), 5.91 (d, /= 1.8 Hz, 1H), 4.19 (dd, J=4.6, 8.7 Hz, 1H), 4.13 (dd, /= 6.9, 8.7 Hz, 1H), 3.92-
3.86 (m, 1H), 2.43 (s, 3H), 2.18-2.05 (m, 1H), 1.14 (s, 9H), 1.00 (d, J = 7.3 Hz, 3H), 0.87 (d, J =
7.3 Hz, 3H) ppm; *C NMR (125 MHz, CDCls) 6 195.3, 144.9, 143.9, 140.6, 137.5, 129.6, 128.1,
127.2,125.3, 87.8, 67.5, 63.4, 34.5,29.0, 28.2, 21.7,20.3, 15.1 ppm; IR (ATR) vmax: 2965, 2871,
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1682, 1649, 1333, 1149, 1046, 989, 823, 668, 571 cm™; HRMS (ESI) [M+Na'] caled for
C22H20NNaO4S: 426.171, found 426.1709; mp: 128.0-130.3 °C. [a]p** —71.4 (¢ 0.07, CHCI3).

N-((25)-1-((3-(tert-butyl)-6-0x0-1-(2,2,2-trifluoroethoxy)cyclohexa-2,4-dien-1-yl)oxy)-3-
methylbutan-2-yl)-4-methylbenzenesulfonamide (74) (Table 2, entry 1)

CF3
(0] iPr

0 :
@/O\/\NHTS

tBu

The reaction was performed according to the representative procedure with using
substrate 72 (51.0 mg, 0.126 mmol), PIDA (46.3 mg, 0.144 mmol), TFE (1.5 mL) and CH»Cl,
(1.5 mL). Purification by silica gel chromatography gave compound 73 (5.0 mg, 10%) and 74
(4.9 mg, 8%). Compound 74 was obtained as a yellow oil: Ry= 0.60 (hexane/EtOAc = 1/1); 'H
NMR (400 MHz, CDCls, observed as a 1:1 mixture of two diastereomers) ¢ 7.75-7.69 (m, 2H),
7.31-7.27 (m, 2H), 7.06-7.00 (m, 1H), 6.00 (d, /= 10.5 Hz, 0.5 H), 5.99 (d, /= 10.5 Hz, 0.5 H),
5.88 (d,J=2.3 Hz, 1H), 4.73 (d, J = 8.7 Hz, 1H), 4.15-3.93 (m, 2H), 3.58 (dd, J = 4.1, 9.6 Hz,
0.5 H), 3.49 (dd, J=4.1, 9.6 Hz, 0.5 H), 3.39 (dd, J=4.1, 9.6 Hz, 0.5 H), 3.34 (dd, /= 4.1, 9.6
Hz, 0.5 H), 3.11-3.05 (m, 1H), 2.42 (s, 1.5 H), 2.41 (s, 1.5 H), 1.93-1.83 (m, 1H), 1.16 (s, 4.5 H),
1.15 (s, 4.5 H), 0.84-0.78 (m, 6H) ppm; *C NMR (125 MHz, CDCl;, observed as a mixture of
diastereomers) 0 195.3, 195.2, 147.3, 147.3, 143.5, 143.4, 141.2, 141.1, 138.0, 137.9, 129.8, 129.7,
127.2,127.1, 126.1, 125.9, 123.7 (2) (d, J = 278 Hz), 91.2, 91.0, 63.2, 63.0, 60.4 (d, J = 36 Hz),
60.4 (d, /=36 Hz), 58.8, 58.7,34.7 (2), 29.5, 29.3, 28.3 (2), 21.6 (2), 19.1, 18.8, 18.6, 18.3 ppm;
IR (ATR) vmax: 3284, 2964, 1682, 1280, 1023, 754, 549 cm™'; HRMS (ESI) [M+Na*] calcd for
C24H3,F3sNNaOsS: 526.1845, found 526.1848.

N-(2-(2-(benzyloxy)-5-(tert-butyl)phenoxy)-2-phenylethyl)-4-methylbenzenesulfonamide
(76)
OBn

o)
" ONHTs
Ph

tBu

To a stirred solution of phenol 48 (2.02 g, 7.88 mmol) in CH2Cl, (39 mL), 2-phenyl-1-
tosylaziridine 75% (2.06 g, 7.55 mmol) and boron trifluoride-ethyl ether complex (0.19 mL, 1.50
mmol) were added successively at 0 °C. After stirring at 0 °C for 30 min, the reaction mixture
was warmed up to room temperature and quenched with saturated aqueous NaHCOs3 solution (30

mL). The aqueous layer was extracted with CH,Cl, (20 mL x 3) and dried over Na2SOs, and
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concentrated under reduced pressure. The residue was purified by silica gel chromatography
(hexane/EtOAc = 30/1 to 15/1) to afford product 76 (2.09 g, 52%) as a clear oil. The phenol 48
was also recovered (658 mg, 33% recovered). Compound 76: R, = 0.20 (hexane/EtOAc = 4/1);
"H NMR (400 MHz, CDCl3) 6 7.57 (d, J = 8.2 Hz, 2H), 7.53-7.28 (m, 10 H), 7.18 (d, J = 8.2 Hz,
2H), 6.89 (dd, J=2.3, 8.2 Hz, 1H), 6.85 (d, /= 8.2 Hz, 1H), 6.60 (d, J=2.3 Hz, 1H), 5.66 (dd, J
=2.3,9.6 Hz, 1H), 5.18 (d,/J=11.9 Hz, 1H), 5.13 (d, /= 11.9 Hz, 1H), 4.93 (dd, /= 3.2, 9.6 Hz,
1H), 3.37 (ddd, J=12.8, 9.6, 3.2 Hz, 1H), 3.20 (ddd, /= 12.8, 9.6, 2.3 Hz, 1H), 2.38 (s, 3H), 1.08
(s, 9H) ppm; C NMR (125 MHz, CDCl3) 6 147.3, 147.2, 144.6, 143.2,138.8,137.1, 137.1, 129.7,
128.8, 128.8, 128.5, 128.1, 127.8, 127.1, 126.4, 119.5, 116.3, 113.4, 82.8, 71.2, 49.5, 34.2, 31.3,
21.6 ppm; IR (ATR) vmax: 3343, 3062, 3034, 2960, 2865, 1606, 1349, 1161, 1069, 882, 664, 550
cm'; HRMS (ESI) [M+Na'] caled for C3>H3sNNaO4S: 552.2179, found 552.2167.

N-(2-(5-(tert-butyl)-2-hydroxyphenoxy)-2-phenylethyl)-4-methylbenzenesulfonamide (77)

OH
o _~
x NHTs
Ph

tBu

To a stirred solution of 76 (296 mg, 0.558 mmol) in MeOH (2.3 mL) was added
palladium on activated carbon (30.0 mg, 10 wt%). The suspension was sparged with H» via a
balloon and subsequently stirred for 1 h at room temperature under H». Then, the reaction mixture
was sparged with Ar to remove excess H», diluted with EtOAc (5.0 mL), filtered through Celite
pad and the residue was washed with EtOAc for several times. The filtrate was concentrated under
reduced pressure and the residue was purified by silica gel chromatography (hexane/EtOAc =
10/1) to afford product 77 (221 mg, 90%) as a white solid: Ry= 0.30 (hexane/EtOAc = 2/1); 'H
NMR (400 MHz, DMSO-dp) 0 8.44 (br s, 1H), 7.96 (br s, 1H), 7.66 (d, J= 8.2 Hz, 2H), 7.36-7.24
(m, 7H), 6.65 (s, 2H), 6.51 (s, 1H), 5.18 (t,J = 6.0 Hz, 1H), 3.19 (d, J= 6.0 Hz, 2H), 2.33 (s, 3H),
1.01 (s, 9H) ppm; *C NMR (125 MHz, CDCls) 6 144.1, 143.9, 143.8, 143.1, 137.9, 137.0, 129.9,
129.1, 128.7, 127.1, 126.3, 118.8, 114.7, 112.3, 80.1, 49.2, 34.2, 31.4, 21.7 ppm; IR (ATR) Vmax:
3369, 2962, 1599, 1508, 1327, 1154, 1018, 813, 549 cm™; HRMS (ESI) [M+Na'] calcd for
C2sH2NNaO4S: 462.171, found 462.1703; mp: 170.8-173.1 °C.
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Representative Procedure for Stereoselective Oxidative Dearomatization/N-Cyclization
Cascade of 77 (Table 8, entry 2):

OH
o~ .
Y NHTs PIDA (1.1 equiv)
Ph
HFIP/CH,CI, (1:1), 0 °C, 30 min
tBu tBu
77 68

To a stirred solution of 77 (20.1 mg, 0.0457 mmol) in HFIP (0.6 mL) and CH»Cl, (0.6
mL) was added PIDA (18.2 mg, 0.0565 mmol) at 0 °C. After stirred at 0 °C for 30 min, the
reaction mixture was quenched with saturated aqueous NaHCO3 solution (1.0 mL) and saturated
aqueous Na2S20s solution (1.0 mL). Then the aqueous layer was extracted with CH»Cl, (3.0 mL
x 3), dried over Na,SQs, and concentrated under reduced pressure. The residue was purified by
silica gel chromatography (hexane/EtOAc = 10/1) to afford a product 68 (13.1 mg, 66%, 14:1 dr,
determined by 'H NMR analysis) as a yellow solid.

Procedure for Stereoselective Oxidative Dearomatization//V-Cyclization Cascade and

Subsequent Acid-Treatment of the Crude Products to obtain 68 (Scheme 20)

Ph
OH
o 1) PIDA (1.1 equiv) C /g
" NHTs  TFE/CH,Cly, 0 °C, 30 min 3
Ph
2) PPTS Ts
tBu acetone, reflux, 26 h tBu
77 68

To a stirred solution of 77 (136 mg, 0.310 mmol) in TFE (3.9 mL) and CH,Cl, (3.9
mL) was added PIDA (109 mg, 0.339 mmol) was added. The reaction mixture was stirred at
0 °C for 20 min, and then, the solvent was evaporated under reduced pressure. The residue was
used for the next reaction without further purification.

To a stirred solution of the crude product in acetone (3.1 mL) was added PPTS (7.80
mg, 0.0310 mmol) and the reaction mixture was stirred at reflux for 9 h. Then, another amount of
PPTS (7.50 mg, 0.0298 mmol) was added to the mixture and it was stirred at reflux for 17 h. After
the reaction was completed, the mixture was cooled to room temperature and the solvent was
evaporated under reduced pressure. The residue was purified by silica gel chromatography
(hexane/EtOAc = 10/1) to afford 68 as a yellow solid (111 mg, 82%, 11:1 dr). It was further
purified by recrystallization (EtOH) to afford compound 68 (80.1 mg, 59%, single diastereomer)

as a yellow needle.
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(28,5R)-9-(tert-butyl)-2-phenyl-4-tosyl-1-oxa-4-azaspiro[4.5]deca-7,9-dien-6-one (68)

o Ph
Q/g
N
\
Ts

tBu

R;/= 0.60 (hexane/EtOAc = 2/1); '"H NMR (500 MHz, CDCl;) § 7.64 (d, J = 8.2 Hz, 2H),
7.43-7.39 (m, 2H), 7.35-7.27 (m, 5H), 7.12 (dd, J= 2.3, 10.5 Hz, 1H), 6.09 (d, /= 10.5 Hz, 1H),
6.08 (d, J=2.3 Hz, 1H), 5.34 (dd, /= 5.5, 9.6 Hz, 1H), 4.06 (dd, J = 5.5, 8.2 Hz, 1H), 3.71 (dd,
J=8.2,9.6 Hz, 1H), 2.43 (s, 3H), 1.18 (s, 9H) ppm; *C NMR (125 MHz, CDCl;) § 196.6, 145.1,
144.0, 141.8, 136.5, 136.4, 129.6, 129.1, 129.1, 128.7, 127.6, 127.4, 124.7, 86.0, 80.4, 54.9, 34.5,
28.2,21.7 ppm; IR (ATR) vmax: 2952, 2902, 1686, 1334, 1151, 1039, 932, 695, 537 cm™'; HRMS
(ESI) [M+Na'] calcd for C2sH27NNaO4S: 460.1553, found 460.1553; mp: 153.7-154.1 °C

N-(2-((3-(tert-butyl)-6-0x0-1-(2,2,2-trifluoroethoxy)cyclohexa-2,4-dien-1-yl)oxy)-2-
phenylethyl)-4-methylbenzenesulfonamide (78) (Table 8, entry 1)

CF4
0
O._Ph
@ \ENHTS
tBu

To a stirred solution of 77 (110 mg, 0.25 mmol) in TFE (3.1 mL) and CH>Cl; (3.1 mL),
PIDA (91.9 mg, 0.285 mmol) was added and the reaction mixture was stirred at 0 °C for 30 min.
Then, the mixture was quenched with saturated aqueous NaHCO3 solution (3.0 mL) and saturated
aqueous Na2S20s solution (3.0 mL), and the aqueous layer was extracted with CH,Cl, (6.0 mL x
3). The combined organic layer was dried over Na,SOs, and concentrated under reduced pressure.
The residue was purified by silica gel chromatography (hexane/EtOAc = 10/1) to afford product
78 (29.6 mg, 22%, 2:1 mixture of two diastereomers) as a yellow oil, along with 68 (42%, 11:1
dr). For analytical purpose, the major diastereomer of 78 was isolated after preparative thin layer
chromatography as a yellow oil: Ry= 0.50 (hexane/EtOAc = 2/1); 'H NMR (400 MHz, CDCls) §
7.68 (d, J = 8.2 Hz, 2H), 7.30-7.28 (m, 2H), 7.25-7.07 (m, 5H), 6.87 (dd, J = 2.3, 10.5 Hz, 1H),
5.97 (d, J=10.5 Hz, 1H), 5.65 (d, J = 2.3 Hz, 1H), 5.07 (t, J = 5.5 Hz, 1H), 4.77 (t, J = 5.5 Hz,
1H), 4.36-4.26 (m, 1H), 4.18-4.05 (m, 1H), 3.17-3.11 (m, 2H), 2.42 (s, 3H), 0.76 (s, 9H) ppm;
3C NMR (125 MHz, CDCl3) J 194.4, 145.1, 143.6, 141.3, 140.1, 136.8, 129.8, 128.7, 128.5,
127.2, 126.4, 126.3, 125.1, 91.1, 77.3, 74.5, 60.9 (d, J = 35 Hz), 49.5, 34.1, 27.7, 21.6 ppm; IR
(ATR) vmax: 3292, 2965, 1753, 1650, 1409, 1279, 1093, 700, 545 cm™'; HRMS (ESI) [M+Na*]
calcd for C7H30F3NNaOsS: 560.1689, found 560.1688.
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Diels—Alder Reactions of ortho-Benzoquinone Monohemiaminal 68 (Table 9)

(1R,2R,4R,5'S,8R)-8-acetyl-6-(tert-butyl)-5'-phenyl-3'-tosylspiro[bicyclo[2.2.2]octane-2,2'-

oxazolidin]-5-en-3-one (80)
Ts tBu

Ph\g\N 1 5
o Me

To a stirred solution of 68 (50.1 mg, 0.115 mmol) in toluene (0.29 mL), methyl vinyl
ketone (0.029 mL, 0.348 mmol) was added and the reaction mixture was stirred at 80 °C for 25
h. After the reaction was completed, the mixture was cooled to room temperature and the solvent
was evaporated. The residue was purified by silica gel chromatography (hexane/EtOAc = 10/1)
to afford product 80 as a pale yellow foam (54.9 mg, 94%): R;= 0.40 (hexane/EtOAc = 2/1); 'H
NMR (500 MHz, CDCl3) 6 7.70 (d, J = 8.2 Hz, 2H), 7.22-7.15 (m, 3H), 7.08 (t, /= 7.8 Hz, 2H),
6.88 (d, J=7.8 Hz, 2H), 5.95 (dd, /= 1.8, 6.0 Hz, 1H), 5.20 (dd, J = 6.0, 8.2 Hz, 1H), 3.94 (dd,
J=28.2,10.5 Hz, 1H), 3.77 (dd, J = 1.8, 6.0 Hz, 1H), 3.45 (dd, J = 6.0, 10.5 Hz, 1H), 3.37-3.33
(m, 1H), 2.99 (ddd, J = 1.8, 5.0, 6.9 Hz, 1H), 2.41 (s, 3H), 2.19 (s, 3H), 2.08 (ddd, /= 2.3, 6.9,
13.3 Hz, 1H), 1.94 (ddd, J = 3.2, 5.0, 13.3 Hz, 1H), 1.21 (s, 9H) ppm; *C NMR (125 MHz,
CDCl3) 6 205.0, 202.0, 152.5, 143.8, 139.0, 135.3, 129.3, 129.1, 128.5, 128.1, 125.9, 116.5, 92.8,
77.4, 53.5, 50.1, 50.0, 42.7, 35.3, 28.3, 28.3, 22.5, 21.2 ppm; IR (ATR) vmax: 2952, 2867, 1746,
1707, 1342, 1158, 998, 698, 668, 581 cm'; HRMS (ESI) [M+Na*] calcd for CaoH33sNNaOsS:
530.1972, found 530.1971; mp: 125.2-128.2 °C.

(2RA'R,7'R,72'S)-5'-(tert-butyl)-2',5-diphenyl-3-tosyl-3a',4',7',7a'-tetrahydro-1'H-
spiro[oxazolidine-2,9'-[4,7]ethanoisoindole]-1',3',8'(2'H)-trione (81)

Ts tBu
Ph\(\N o)
0 NPh

0 o

To a stirred solution of 68 (67.9 mg, 0.155 mmol) in toluene (0.39 mL), N-
phenylmaleimide (81.5 mg, 0.471 mmol) was added and the reaction mixture was stirred at 90 °C
for 14 h. After the reaction was completed, the mixture was cooled to room temperature and the
solvent was evaporated. The residue was purified by silica gel column chromatography
(hexane/EtOAc = 10/1 to 4/1) to afford product 81 as a white solid (90.8 mg, 96%): R, = 0.38
(hexane/EtOAc = 2/1); '"H NMR (500 MHz, CDCl;3) 6 7.66 (d, J = 8.2 Hz, 2H), 7.52-7.38 (m, 3H),
7.23 (d, J = 7.3 Hz, 2H), 7.20-7.16 (m, 3H), 7.07 (t, J = 7.3 Hz, 2H), 6.87 (d, J = 7.3 Hz, 2H),
6.32 (dd, /= 1.8, 6.4 Hz, 1H), 5.35 (dd, J=5.5, 8.2 Hz, 1H), 4.04 (dd, /=3.7, 6.4 Hz, 1H), 4.01
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(dd, J= 8.2, 11.5 Hz, 1H), 3.91-3.89 (m, 1H), 3.61 (dd, J = 2.8, 8.7 Hz, 1H), 3.57 (dd, J = 5.5,
11.5 Hz, 1H), 3.36 (dd, J= 3.7, 8.7 Hz, 1H), 2.42 (s, 3H), 1.20 (s, 9H) ppm; 3C NMR (125 MHz,
CDCls) 6 199.5, 176.2, 174.8, 150.4, 144.2, 138.7, 134.9, 131.6, 129.4, 129.4, 129.2, 129.0, 128.6,
128.2, 126.3, 125.8, 120.0, 91.6, 77.7, 53.5, 48.0, 45.1, 43.3, 40.0, 34.8, 29.1, 21.6 ppm; IR (ATR)
vimax: 2964, 1749, 1708, 1349, 1159, 1015, 751, 663, 581 cm’'; HRMS (ESI) [M+Na'] calcd for
C35H3sN2NaOgS: 633.203, found 633.2028; mp: 231.6-233.4 °C.

Methyl(1R,2R,4R,8R)-6-(tert-butyl)-3-oxo0-5'-phenyl-3'-tosylspiro[bicyclo[2.2.2]octane-2,2'-

oxazolidin|-5-ene-8-carboxylate (82)
Ts tBu

Ph\g\N 1 o
le) OMe

Compound 68 (41.2 mg, 0.0942 mmol) was added to a sealed tube, then dissolved in
toluene (0.95 mL). To this solution, methyl acrylate (0.25 mL, 2.78 mmol) was added and the
reaction mixture was stirred at 130 °C for 24 h. After the reaction was completed, the mixture
was cooled to room temperature and the solvent was evaporated. The residue was purified by
silica gel column chromatography (hexane/EtOAc = 10/1) to afford product 82 as a white solid
(44.0 mg, 89%): Ry = 0.54 (benzene/EtOAc = 10/1); '"H NMR (400 MHz, CDCl3) § 7.70 (d, J =
8.2 Hz, 2H), 7.20-7.14 (m, 3H), 7.08 (t, /= 7.3 Hz, 2H), 6.87 (d, J = 7.3 Hz, 2H), 6.02 (dd, J =
1.8, 6.4 Hz, 1H), 5.19 (dd, J = 6.0, 7.8 Hz, 1H), 3.94 (dd, J="7.8, 11.0 Hz, 1H), 3.78 (dd, J=2.3,
6.4 Hz, 1H), 3.70 (s, 3H), 3.44 (dd, J = 6.0, 11.0 Hz, 1H), 3.34 (m, 1H), 2.99 (ddd, J = 2.3, 4.6,
10.1 Hz, 1H), 2.40 (s, 3H), 2.22 (ddd, J = 2.3, 10.1, 13.7 Hz, 1H), 1.92 (ddd, J = 4.6, 5.0, 13.7
Hz, 1H), 1.23 (s, 9H) ppm; *C NMR (125 MHz, CDCl;) 6 201.8, 173.0, 152.4, 143.8, 139.0,
135.2,129.3,129.1, 128.5,128.1, 125.9, 117.4,92.8, 77.4, 53.5, 52.5, 50.2,42.5,42.1, 35.3, 28.3,
24.0, 21.6 ppm; IR (ATR) vmax: 2952, 2902, 1744, 1599, 1343, 1158, 1194, 814, 752, 671 cm’';
HRMS (ESI) [M+Na*] caled for C2oH33NNaOeS: 546.1921, found 546.1921; mp: 148.0-153.5°C.

(1R,2R 4R 8 R)-6-(tert-butyl)-3-oxo-5'-phenyl-3'-tosylspiro[bicyclo[2.2.2]octane-2,2'-

oxazolidin]-5-ene-8-carbaldehyde (83)
Ts tBu

i
Ph\g\N 1 o
o H
To a sealed tube, compound 68 (42.1 mg, 0.0962 mmol) was added and dissolved in
toluene (0.96 mL). Acrolein (0.19 mL, 2.85 mmol) was added to the solution, and the reaction
mixture was stirred at 130 °C for 2 h. After cooling at rt, TLC analysis showed incomplete

conversion. Additional acrylaldehyde was added (0.10 mL, 1.50 mmol) and heating was
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continued at 130 °C for 42 h. After the reaction was completed, the mixture was cooled to room
temperature and the solvent was evaporated. The residue was purified by silica gel
chromatography (hexane/EtOAc = 10/1 to 5/1) to afford product 83 as a white solid (43.6 mg,
92%): Ry= 0.41 (hexane/EtOAc = 2/1); 'H NMR (400 MHz, CDCl5) 6 9.58 (s, 1H), 7.69 (d, J =
8.7 Hz, 2H), 7.22-7.15 (m, 3H), 7.08 (t, J= 7.3 Hz, 2H), 6.89-6.85 (m, 2H), 5.99 (dd, /=2.3, 6.4
Hz, 1H), 5.21 (dd, /= 6.0, 8.2 Hz, 1H), 3.94 (dd, /= 8.2, 11.0 Hz, 1H), 3.85 (dd, /=2.3, 6.4 Hz,
1H), 3.45 (dd, /= 6.0, 11.0 Hz, 1H), 3.40-3.36 (m, 1H), 2.96 (ddd, J=2.3, 4.1, 9.6 Hz, 1H), 2.41
(s, 3H), 2.18-2.10 (ddd, J=2.3,9.6, 13.7 Hz, 1H), 2.02-1.95 (ddd, /=3.7, 4.1, 13.7 Hz, 1H), 1.21
(s, 9H) ppm; *C NMR (125 MHz, CDCls) 6 201.5, 199.3, 153.3, 143.9, 138.9, 135.1, 129.4, 129.1,
128.5,128.2,125.9,116.9,93.2,77.3, 53.5,50.3,48.2,42.8,35.4, 28.3,21.6, 21.5 ppm; IR (ATR)
vmax: 2594, 1749, 1724, 1458, 1345, 1159, 1017, 746, 666 cm™'; HRMS (ESI) [M+Na'] calcd for
C2H31NNaOsS: 516.1815, found 516.182; mp: 66.6—70.0 °C.

FBA4E

Compound (-)-96

To a stirred solution of tetrafluoroterephthalonitrile (TFTPN) 91 (3.35 g, 16.7 mmol, 1.0
equiv) in 1-methyl-2-pyrrolidinone (167 mL) was added (S)-(—)-BINOL 93 (9.60 g, 33.5 mmol)
and K»COs (11.7 g, 84.7 mmol). The solution was stirred at room temperature for 12 h. Then the
reaction mixture was poured in water to precipitate the crude product. The precipitated product
was filtered and washed with water. The residue was dissolved in chloroform and dried with
Na,SO4. Then, Na,SO4 was filtered off and concentrated in vacuo to afford yellow solid, which
was recrystallized from chloroform/hexane to yield dinitrile (—)-96 (10.3 g, 88%) as a pale yellow
crystal: Ry= 0.40 (hexane/EtOAc = 4/1); 'TH NMR (400 MHz, CDCls) 6 8.04 (d, J = 8.7 Hz, 4H),
7.98 (d, J=8.2 Hz, 4H), 7.55 (ddd, /= 0.9, 6.9, 8.2 Hz, 4H), 7.49 (d, /= 8.2 Hz, 4H), 7.42 (ddd,
J=0.9,6.9, 8.2 Hz, 4H) ppm; *C NMR (125 MHz, CDCI3) J 149.5, 146.8, 132.3, 132.1, 131.6,
128.6, 127.5, 126.8, 126.5, 125.1, 120.6, 111.6, 106.8 ppm; IR (ATR) vinax : 3058, 2239, 1588,
1509, 1438, 1258, 1202, 1186, 1073, 1005, 827, 660 cm™'; HRMS (ESI) [M+Na"] calcd for
CusH24N>O4: 715.1628, found 715.1627; mp: 488 °C (decomposition). [a]p? = —772.8 (c 0.64,
CHCly).
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To a stirred solution of TFTPN 91 (3.16 g, 15.8 mmol) in DMF (158 mL) was added
(5)-3,3'-dichloro-[ 1,1'-binaphthalene]-2,2'-diol 95 (11.2 g, 31.6 mmol) and K,COs (11.1 g, 80.2
mmol). After stirring at 80 °C for 16 h, DMF was removed in vacuo. Then, HO (200 mL) and
CHCI; (150 mL) were added to the residue, and the mixture was extracted with CHCl; (200 mL
x 3). The combined organic layer were dried over Na,SOs, and concentrated in vacuo to give a
crude product. The crude product was triturated with CHCl; (100 mL). After filtration of the
suspension, the residue was purified by recrystallization (CHCls/hexane) to afford product 98 as
a white solid. The filtrate was concentrated under reduced pressure and purified via flash column
chromatography on silica gel (hexane/EtOAc = 4/1) to afford product 98 (1.76 g). The total yield
of 98 was 77% (10.1 g), a pale yellow solid: R;=0.41 (hexane/EtOAc = 2/1); '"H NMR (400 MHz,
CDCL) ¢ 8.14 (s, 4H), 7.91 (d, J = 8.2 Hz, 4H), 7.58 (ddd, J = 2.3, 6.0, 8.2 Hz, 4H), 7.45-7.38
(m, 8H) ppm; 1*C NMR (125 MHz, DMSO-ds) 6 145.3, 145.0, 132.6, 132.1, 130.1, 129.0, 128.6,
128.5, 127.3, 126.5, 124.6, 108.2, 79.7 ppm; IR (ATR) vmax : 2240, 1740, 1229, 1089, 955, 884,
811, 746, 622 cm’'; HRMS (ESI) [M+Na'] caled for CisHaCl:N2NaOs: 851.0069, found
851.0067; mp: 334.0 °C; [a]p*' = —572.5 (¢ 0.52, CHCl;).

Compound 99

so,
O:@:F
0
F
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Br
To a stirred solution of TFTPN 91 (12.3 mg, 0.0615 mmol, 1.0 equiv) in 1-methyl-2-
pyrrolidinone (1.2 mL) was added 3,3'-dibromo-[1,1'-binaphthalene]-2,2'-diol 94 (54.8 mg, 0.123
mmol, 2.0 equiv) and K>COj3 (42.8 g, 0.310 mmol). The solution was stirred at 50 °C for 16 h.
Then the reaction mixture was poured in water to precipitate the crude product. The precipitated
product was filtered and washed with water. The residue was dissolved in chloroform and dried
with NaxSOas. Then, Na,SO4 was filtered off and concentrated in vacuo to afford yellow solid,
which was purified by silica gel column chromatography (hexane/benzene = 4/1 to 1/1) to yield
compound 99 (11.7 mg, 31%) as a white solid: Ry= 0.31 (hexane/EtOAc = 4/1); '"H NMR (400
MHz, CDCls) ¢ 8.34 (s, 2H), 7.92 (d, J = 8.2 Hz, 2H), 7.60 (m, 2H), 7.45 (m, 2H), 7.38 (d, J =
8.7 Hz, 2H) ppm.
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Compound (-)-100
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To a stirred solution of dinitrile (—)-100 (20.5 g, 29.6 mmol) in DMSO (290 mL) was
added powdered KOH (4.91 g, 87.4 mmol). To the mixture, H>O, (30% in water, 14.7 ml, 142
mmol) was added dropwise. After stirring for 4 h at room temperature, the reaction mixture was
poured into water and the resulting suspension was filtered. After washed with water, the residue
was dissolved in chloroform and dried with Na>SOs. Then, Na,SOs was filtered off and
concentrated in vacuo. The crude product was recrystallized from chloroform/hexane to yield
diamide (-)-100 (18.7 g, 87%) as a white solid: Ry= 0.33 (hexane/EtOAc = 1/1); '"H NMR (400
MHz, DMSO-ds) 0 8.46 (s, 2H), 8.19 (d, /= 9.2 Hz, 4H), 8.11 (d, J = 8.2 Hz, 4H), 8.00 (s, 2H),
7.66 (d, J=9.2 Hz, 4H), 7.58 (dd, J= 1.4, 8.2 Hz, 4H), 7.48 (dd, /= 1.4, 8.2 Hz, 4H), 7.37 (d, J
= 8.2 Hz, 4H) ppm; *C NMR (125 MHz, DMSO-ds) 6 165.2, 150.6, 141.1, 132.0, 131.9, 131.6,
129.2, 128.0, 127.0, 126.5, 126.3, 125.4, 121.7 ppm; IR (ATR) vmax: 3492, 3059, 1686, 1417,
1219, 1204, 1188, 1110, 1029, 998, 774, 749 cm™'; HRMS (ESI) [M+Na"] calcd for CssH2sN>Oé:
751.1840, found 751.1834; mp: >450 °C; [a]p*® = —387.7 (¢ 0.53, DMSO).

Compound 101

To a stirred solution of diamide (-)-100 (888 mg, 1.22 mmol) in DMF (25 mL), PIFA
(1.31 g, 3.05 mmol) was added at 0 °C. After stirring for 15 min at 0 °C, the reaction mixture was
warmed to room temperature and stirred for 1 h, and then, 5 M NaOH (1.2 mL) was added to the
mixture. After stirring at 80 °C for 18 h, it was cooled to room temperature and quenched with
saturated aqueous NH4Cl solution (15 mL). The aqueous layer was extracted with EtOAc¢ (20 mL
x 3), and the combined organic layer was washed with brine (50 mL X 1), dried over Na,SOs, and
concentrated under reduced pressure. The residue was purified by silica gel chromatography
(hexane/EtOAc = 4/1 with 2% Et;N) to afford 101 (410 mg, ca. 50%) as a pale yellow solid: Ry=
0.71 (hexane/EtOAc = 1/1). This material was employed immediately in the next step due to the
instability.
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Compound (—)-102
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To a stirred solution of diamine 101 (410 mg, 0.609 mmol) in diiodomethane (3.0 mL),
BuONO (0.15 mL, 1.26 mmol) was added. After stirring at 80 °C for 18 h, the reaction mixture
was cooled to room temperature and quenched with saturated aqueous NaHCOj solution (2.0 mL)
and saturated aqueous Na,S;0; solution (2.0 mL). The aqueous layer was extracted with CH,Cl,
(10 mL x 3), and the combined organic layer was dried over Na>SO4 and concentrated under
reduced pressure. The residue was purified via flash column chromatography on silica gel (hexane
— hexane/EtOAc = 30/1 to 10/1) to afford (-)-102 (240 mg, 44%) as a pale yellow solid: R, =
0.65 (hexane/EtOAc = 2/1); 'H NMR (400 MHz, CDCl3) 6 7.95 (m, 8H), 7.59 (m, 8H), 7.50 (ddd,
J=1.37,6.87, 8.24 Hz, 4H), 7.39 (ddd, J = 1.37, 6.87, 8.24 Hz, 4H) ppm; *C NMR (125 MHz,
CDCl3) 0 150.7, 145.9, 132.1, 131.0, 128.6, 127.0, 125.8, 125.6, 121.3, 90.53 ppm; IR (ATR)
Vmax : 3052, 2921, 1586, 1507, 1464, 1393, 1327, 1216, 1204, 1125, 1070, 988, 886, 689 cm™;
HRMS (ESI) [M+Na'] calcd for CasHxul:Os: 916.9656, found 916.9655; mp: 400 °C
(decomposition); [a]p?®> = —651.0 (¢ 0.49, CHCl5).

General procedure for one-pot stoichiometric oxidative dearomatization/spirolactonization
(Table 12)

To a stirred solution of (-)-102 (0.05 mmol, 1.0 equiv) in CHCI; (0.02 M) was added
65% mCPBA (12 equiv). After stirring for 18 h at room temperature, the reaction mixture was
cooled to 0 °C and substrate 84°%4! (0.05 mmol, 1.0 equiv) was added to it. Then the mixture was
stirred at 0 °C for 30 min. The reaction mixture was warmed to room temperature, quenched with
ag. NaHCO; (2.0 mL) and aq. Na>S,03 (2.0 mL) and extracted with CH,Cl, (10 mL x 3). The
combined organic layers were dried over Na,SQO4, and concentrated in vacuo to give a crude
product. This material was purified via flash column chromatography on silica gel (hexane/EtOAc
= 10/1 to 4/1). It was further purified by PTLC (benzene/EtOAc = 10/1) to afford product 85.
Isolated product yield was described on Table 12.

General procedure for catalytic oxidative dearomatization/spirolactonization (Table 13 and
15, and Scheme 30)

To a stirred solution of substrate 84a (0.05 mmol, 1.0 equiv) and iodoarene (0.0125
mmol, 25 mol %) in CHCI; (0.02 M) was added 65% mCPBA (0.065 mmol, 1.3 equiv). After

stirring at room temperature for 4 h, the reaction mixture was cooled to 0 °C and quenched with
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ag. NaHCOs (2.0 mL) and aqg. Na»S,03 (2.0 mL). The aqueous layer was extracted with CH,Cl,
(10 mL x 3), and then the combined organic layer was dried over Na,SOs, and concentrated in
vacuo to give a crude product. This material was dissolved in minimal benzene and purified via
flash column chromatography on silica gel (hexane/EtOAc = 10/1 to 4/1). It was further purified
by PTLC (benzene/EtOAc = 10/1) to afford product 85a. Isolated product yield was described on
Table 13 and 15.

(R)-3,4-dihydro-1'H,5H-spiro[furan-2,2'-naphthalene]-1',5-dione (85a)

)

o
0

Ee was determined by chiral HPLC analysis (Daisel Chiralcel OD-H column, hexane/2-
propanol = 85/15, 1.0 mL/min, A = 230 nm, t(major, R isomer) = 18.9 min, t(minor, S isomer) =
22.5 min, 83% ee).

R;=0.37 (hexane/EtOAc = 1/1); 'H NMR (400 MHz, CDCl3) 6 8.01 (d, J= 7.8 Hz, 1H),
7.62 (t,J= 7.8 Hz, 1H), 7.41 (t, J = 7.8 Hz, 1H), 7.25 (d, J = 7.8 Hz, 1H), 6.64 (d, J = 9.6 Hz,
1H), 6.19 (d, J=9.6 Hz, 1H), 2.90 (ddd, J=9.6, 11.5, 17.6 Hz, 1H), 2.60 (ddd, /=2.3,9.6, 17.6
Hz, 1H), 2.41 (ddd, J = 2.3, 9.6, 13.5 Hz, 1H), 2.18 (ddd, J = 9.6, 11.5, 13.5 Hz, 1H) ppm; *C
NMR (125 MHz, CDCls) 6 196.7, 176.7, 136.9, 135.8, 132.4, 129.1, 128.1, 128.0, 127.8, 127.4,
83.55, 31.33, 26.62 ppm; IR (ATR) vmax : 1782, 1683, 1592, 1450, 1323, 1289, 1176, 1035, 931,
791, 778, 757, 641 cm’'; HRMS (ESI) [M*] caled for Ci3H;00;3: 237.0522, found 237.0524; mp:
99.6 °C; [a]p? = +68.4 (c 0.29, CHCI;) for 78% ee.

(R)-4'-bromo-3,4-dihydro-1'H,SH-spiro[furan-2,2'-naphthalene]-1',5-dione (85b)

Ee was determined by chiral HPLC analysis (Daisel Chiralcel OD-H column, hexane/2-
propanol = 85/15, 0.7 mL/min, A = 235 nm, t(major, R isomer) = 28.1 min, t(minor, S isomer) =
32.0 min, 74% ee).

R;=0.55 (hexane/EtOAc = 1/1); '"H NMR (400 MHz, CDCls) 6 8.05 (d,J= 7.3 Hz, 1H),
7.78-7.73 (m, 2H), 7.53-7.49 (m, 1H), 6.67 (s, 1H), 2.90 (ddd, J=9.6, 11.5, 17.9 Hz, 1H), 2.62
(ddd, /= 2.3, 9.6, 17.9 Hz, 1H), 2.46 (ddd, J = 2.3, 9.6, 13.3 Hz, 1H), 2.25 (ddd, J = 9.6, 11.5,
13.3 Hz, 1H) ppm; *C NMR (125 MHz, CDCl5): 6 194.9, 175.8, 136.0, 135.2, 133.5, 130.2, 128.9,
128.1, 127.4, 122.6, 84.4, 31.3, 26.6 ppm; IR (ATR) vimax : 3069, 1778, 1692, 1671, 1591, 1474,
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1319, 1223, 1215, 1189, 1033, 998, 912, 867, 765, 640 cm™; HRMS (ESI) [M*] calcd for
C13HoBrOs: 314.9627, found 314.9627; mp: 120-140 °C (decomposition); [a]p'® =+19.8 (¢ 0.54,
CHCIs) for 74% ee.

(R)-4'-benzoyl-3,4-dihydro-1'H,SH-spiro[furan-2,2'-naphthalene]-1',5-dione (85c)

Ee was determined by chiral HPLC analysis (Daisel Chiralcel OD-H column, hexane/2-
propanol = 85/15, 1.0 mL/min, A = 254 nm, t(major, R isomer) = 34.2 min, t(minor, S isomer) =
41.8 min, 75% ee).

R;=0.50 (hexane/EtOAc = 1/1); 'H NMR (400 MHz, CDCls) 6 8.13 (dd, J = 1.4, 7.8
Hz, 1H), 7.97 (d, J= 8.2Hz, 1H), 7.68-7.59 (m, 2H), 7.53-7.46 (m, 3H), 7.41 (d, J= 7.8 Hz, 1H),
6.39 (s, 1H), 2.92 (ddd, J = 9.6, 11.5, 17.4 Hz, 1H), 2.62 (ddd, J = 2.3, 9.6, 17.4 Hz, 1H), 2.53
(ddd, J=2.3,9.6, 13.3 Hz, 1H), 2.28 (ddd, J= 9.6, 11.5, 13.3 Hz, 1H) ppm; *C NMR (125 MHz,
CDCl) 6 195.4, 194.6, 176.0, 137.5, 136.0, 135.9, 134.4, 134.3, 134.2, 130.2 (2C), 130.0, 129.0
(2C), 128.6,127.4,127.0, 82.8, 31.28, 26.36 ppm; IR (ATR) vinax : 1783, 1693, 1660, 1593, 1449,
1274, 1241, 1191, 1165, 1029, 934, 885, 773, 701, 661 cm™'; HRMS (ESI) [M+Na'] calcd for
C20H1404: 341.0784, found 341.0784; mp: 49.4 °C; [a]p** = —25.5 (c 0.64, CHCl5) for 75% ee.

(R)-4'-methyl-3,4-dihydro-1'H,SH-spiro[furan-2,2'-naphthalene]-1',5-dione (85d)

Ee was determined by chiral HPLC analysis (Daisel Chiralpak AD-H column, hexane/2-
propanol = 85/15, 0.7 mL/min, A = 254 nm, t(minor) = 18.1 min, t(major) =21.7 min, 69% ee).

Ry = 0.43 (hexane/EtOAc = 1/1); '"H NMR (400 MHz, CDCI5): 6 8.05 (dd, J= 1.4, 7.8
Hz, 1H), 7.69 (dt, J= 1.4, 7.8 Hz, 1H), 7.45-7.40 (m, 2H), 6.02 (s, 1H), 2.90 (ddd, /= 9.6, 11.5,
17.9 Hz, 1H), 2.59 (ddd, J= 1.8, 9.6, 17.9 Hz, 1H), 2.41 (ddd, /= 1.8, 9.6, 13.3 Hz, 1H), 2.21 (s,
3H), 2.24-2.12 (m, 1H) ppm; '3C NMR (125 MHz, CDCl;): 6 197.0, 176.8, 138.0, 135.7, 133.2,
129.0, 128.7, 127.9, 127.4, 125.0, 83.7, 31.6, 26.9, 19.4 ppm; IR (ATR) Vmax : 2984, 2936, 1775,
1750, 1692, 1658, 1595, 1449, 1344, 1277, 1225, 1174, 1117, 1033, 994, 817, 796, 641 cm;
HRMS (ESI) [M+Na"] caled for C1sH20s: 251.0679, found 251.0683; mp: 112.8 °C; [a]p* =
+33.8 (¢ 0.23, CHCIs) for 69% ee.
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(R)-4'-phenyl-3,4-dihydro-1'H,5H-spiro[furan-2,2'-naphthalene]-1',5-dione (85e¢)

Ee was determined by chiral HPLC analysis (Daisel Chiralcel OD-H column, hexane/2-
propanol = 85/15, 1.0 mL/min, A = 254 nm, t(minor) = 20.0 min, t(major) = 32.4 min, 48% ee).

R;=0.58 (hexane/EtOAc = 1/1); 'TH NMR (400 MHz, CDCl3) 6 8.10 (d, J= 7.3 Hz, 1H),
7.56 (t,J=17.3 Hz, 1H), 7.50-7.33 (m, 6H), 7.16 (d, /= 7.8 Hz, 1H), 6.13 (s, 1H), 2.92 (ddd, J =
9.6, 11.5, 17.4 Hz, 1H), 2.63 (ddd, J = 2.3, 9.6, 17.4 Hz, 1H), 2.53 (ddd, J = 2.3, 9.6, 13.3 Hz,
1H), 2.29 (ddd, J = 9.6, 11.5, 13.3 Hz, 1H) ppm; *C NMR (125 MHz, CDCI;) 6 196.6, 176.5,
139.9,137.7,137.5, 135.5,130.7, 129.0, 128.9 (2C), 128.8 (2C), 128.5, 128.2, 127.7, 127.5, 83.9,
31.6,26.8 ppm; IR (ATR) vmax : 1781, 1694, 1593, 1276, 1218, 1186, 1150, 1073, 1032, 990, 945,
929, 852, 772, 702, 631, 581 cm™; HRMS (ESI) [M] calcd for CioH1405: 313.0835, found
313.0837; mp: 154.1 °C.

Compound (-)-110
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To a stirred solution of dinitrile (—)-98 (4.42 g, 5.34 mmol) in DMSO (107 mL) was
added powdered KOH (300 mg, 5.25 mmol). To the mixture, H>O, (30% in water, 0.16 mL, 157
mmol) was added dropwise, and stirred at room temperature. To push the reaction to completion,
KOH (300 mg, 5.25 mmol) and H>O> (30% in water, 16.0 mL, 157 mmol) were added to the
reaction mixture every 1 hour (x 3). After the completion of the reaction, the mixture was cooled
down to 0 °C and saturated aqueous Na,S;0; solution (30 mL) was added to the mixture and
stirred for 1 h at 0 °C. Then, the solution was warmed to room temperature and stirred for 12 h.
The aqueous layer was extracted with EtOAc (50 mL x 3), and the combined organic layer was
washed with brine (100 mL x 1), dried over Na;SO4 and concentrated under reduced pressure.
The residue was purified by Al,O3 chromatography (CH>Cl,) to afford product diamide (-)-110
(2.64 g, 57%) as a white solid: Ry= 0.28 (hexane/EtOAc = 1/1); 'H NMR (400 MHz, CDCl5) §
7.96 (s, 4H), 7.80 (d, J = 8.2 Hz, 4H), 7.49 (ddd, J = 1.4, 6.4, 8.2 Hz, 4H), 7.38 (d, J = 8.2 Hz,
4H), 7.35-7.31 (m, 4H); *C NMR (125 MHz, CDCls) J 164.4, 146.4, 142.3, 132.1, 130.6, 130.3,
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127.9, 127.5, 127.1, 127.0, 126.8, 126.6, 126.4 ppm; IR (ATR) vmax : 3481, 3386, 3057, 2926,
1682, 1583, 1395, 1231, 1087, 923, 806 cm™'; HRMS (ESI) [M+Na'] calcd for C4sH24C1sN>NaO:
887.0281, found 887.0278; mp: 370 °C (decomposition); [a]p?! = —492.0 (¢ 0.55, CHCI).

Compound (-)-111
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To a stirred mixture of K»CO;3 (600 mg, 4.34 mmol) and MS 3A (404 mg), which was
pre-dried under reduced pressure with heating, Cls-diamide (550 mg, 634 mmol) in DMSO (6.0
mL), Pd(OAc), (15.0 mg, 0.0668 mmol), dcpp-2HBF4 (81.3 mg, 0.133 mmol) and MeOH (1.0
mL) were added. After the reaction mixture was stirred for 4 h at 120 °C under CO gas, the
mixture was quenched with saturated aqueous NH4Cl solution (4.0 mL). The aqueous layer was
extracted with EtOAc (20 mL x 3) and the combined organic layer was washed with brine (30 mL
% 1). The organic layer was filtered through Celite pad and the filtrate was dried over Na>SO4 and
concentrated under reduced pressure. The residue was used for the next reaction without further
purification.

To a stirred solution of the crude product in MeOH (20 mL), (+)-10-camphorsulfonic
acid (1.47 g, 6.34 mmol) was added. After stirring for 12 h at 50 °C, the reaction mixture was
cooled to room temperature and then quenched with saturated aqueous NaHCOj3 solution (10 mL).
The aqueous layer was extracted with EtOAc (20 mL x 3), and the combined organic layer was
washed with brine (30 mL x 1), dried over Na,SO4 and concentrated under reduced pressure. The
residue was purified by silica gel chromatography (hexane/EtOAc = 1/1) to afford product (-)-
111 (313 mg, 51%) as a pale yellow solid: Ry= 0.49 (hexane/EtOAc = 1/10); "H NMR (400 MHz,
CDCls) 0 8.37 (s, 4H), 8.00 (d, J = 8.2 Hz, 4H), 7.60-7.54 (m, 4H), 7.46-7.40 (m, 4H), 7.37 (d, J
= 8.7 Hz, 4H), 3.66 (s, 12H) ppm; *C NMR (125 MHz,CDCl;) 6 166.2, 164.0, 147.6, 143.4,
133.2, 133.0, 130.7, 129.1, 128.6, 127.8, 127.0, 126.8, 125.4, 123.8, 53.0 ppm; IR (ATR) Vax :
3355, 2950, 1724, 1686, 1623, 1401, 1306, 1207, 1093, 750 cm™'; HRMS (ESI) [M+Na*] calcd
for CssH3sNaNaO14: 983.2059, found 983.2059; mp: 380 °C (decomposition); [a]p>! = —393.6 (¢
0.43, CHCly).
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Compound 112
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To a stirred solution of (—)-111 (20.8 mg, 0.0217 mmol) in DMF (0.22 mL) was added
PIFA (28.5 mg, 0.0663 mmol). After stirring at room temperature, for 30 min the mixture was
quenched with saturated aqueous NaHCO; solution (0.2 mL) and saturated aqueous NaS,0;
solution (0.2 mL). The aqueous layer was extracted with EtOAc (2.0 mL x 3), and the combined
organic layer was washed with brine (3.0 mL X 1), dried over Na,SOs4 and concentrated under
reduced pressure. The residue was used for the next reaction without further purification.

To a stirred solution of the crude product in THF (0.4 mL) and H,O (0.2 mL) was added
EtsN (0.12 mL, 8.66 mmol). After stirring at 60 °C for 3 h, the mixture was quenched with
saturated aqueous NH4CI solution (0.5 mL). The aqueous layer was extracted with EtOAc (1.0
mL % 3), and the combined organic layer was washed with brine (2.0 mL x 1), dried over Na>SO4
and concentrated under reduced pressure. The residue was purified by silica gel chromatography
(hexane/EtOAc = 3/1 with 2% Et;N) to afford product diamine 112 (16.3 mg, 83%) as a brown
solid. This material was employed immediately in the next step: Ry=0.53 (benzene/EtOAc =2/1);
"H NMR (400 MHz, CDCl5) J 8.33 (s, 4H), 7.98 (d, J = 8.2 Hz, 4H), 7.53 (dd, J= 7.3, 8.2 Hz,
4H), 7.42 (dd, J= 7.3, 8.2 Hz, 4H), 7.34 (d, /= 8.2 Hz, 4H), 3.74 (s, 12H) ppm.

Compound (-)-113
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To a stirred solution of diamine (—)-112 (51.5 mg, 0.0569 mmol) in benzene (1.1 mL)
was added CHIs (226 mg, 0.575 mmol) and tBuONO (0.068 mL, 0.569 mmol). After the reaction
mixture was stirred at 80 °C for 20 h, the mixture was cooled to room temperature and quenched
with saturated aqueous Na>S,0s solution (1.0 mL). The aqueous layer was extracted with EtOAc
(1.0 mL x 3), and the combined organic layer was washed with brine (2.0 mL x 1), dried over
Na,SO4 and concentrated under reduced pressure. The residue was purified by silica gel
chromatography (hexane — hexane/EtOAc = 3/1) to afford product diiodide (—)-113 (31.3 mg,
49%) as a brown solid: R;= 0.48 (benzene/EtOAc = 10/1); 'H NMR (400 MHz, CDCls) J 8.27 (s,
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4H), 8.01 (d, J = 8.2 Hz, 4H), 7.59 (ddd, /= 0.9, 6.9, 8.2 Hz, 4H), 7.46 (dd, J = 6.9, 8.2 Hz, 4H),
7.40 (d, J = 8.2 Hz, 4H), 3.44 (s, 12H) ppm; *C NMR (125 MHz,CDCl;) J 167.3, 147.3, 145.3,
133.0, 132.2, 130.8, 129.0, 128.5, 127.5, 127.1, 126.9, 126.5, 53.4 ppm; IR (ATR) Vmax : 3464,
3368, 2948, 1720, 1329, 1244, 614 cm’; HRMS (ESI) [M+Na*] calcd for CssH3,1:NaOqo:
1148.9875, found 1148.9879; mp: 360 °C (decomposition); [a]p?! =—399.8 (¢ 0.60, CHCI;).

Compound 114

|
L, ﬁ LI
o} o}

SSRGS

To a stirred solution of diiodide (—)-102 (96.5 mg, 0.108 mmol) in THF (1.1 mL) was
added n-BuLi (0.066 mL, 0.108 mmol) at =78 °C. After stirring at —78 °C for 1 h, B(OMe); (0.014
mL, 0.127 mmol) was added to the solution at —78 °C. After stirring for 10 min, the reaction
mixture was warmed to room temperature and stirred for 5 h. Then, 5SM NaOH (0.052 mL, 0.260
mmol) and 30% H,0O, (0.026 mL, 0.255 mmol) were added to the mixture and the reaction mixture
was stirred at room temperature for 13 h, and the mixture was quenched with 1N HCI (1.0 mL).
The aqueous layer was extracted with EtOAc (2.0 mLx3), and the combined organic layer was
washed with brine (5.0 mLx1), dried over Na>SQs, and concentrated under reduced pressure. The
residue was purified by silica gel chromatography (hexane/EtOAc = 30/1 to 4/1) to afford 114
(22.4 mg, 26%) as a pale yellow solid: Ry = 0.39 (hexane/EtOAc = 2/1). '"H NMR (CDCls, 400
MHz) ¢ 8.04-7.90 (m, 8H), 7.65-7.34 (m, 16H). This material was employed immediately in the

next step.

Compound (-)-115

2 ﬁ (2

To a stirred solution of 114 (22.4 mg, 0.0286 mmol) in acetone (0.58 mL) was added
K>COs3 (40.4 mg, 0.292 mmol) and Mel (0.018 mL, 0.289 mmol) were added at room temperature.
After the reaction mixture was stirred at 50 °C for 3 h, it was cooled to room temperature and
quenched with saturated aqueous NH4Cl solution (1.0 mL). The aqueous layer was extracted with
EtOAc (1.0 mLx3), and the combined organic layer was washed with brine (3.0 mLx1), dried
over Na;SOs, and concentrated under reduced pressure. The residue was purified by silica gel
chromatography (hexane/EtOAc = 30/1) to afford (—)-115 (19.4 mg, 85%) as a white solid: Ry =
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0.53 (hexane/EtOAc =2/1); 'THNMR (400 MHz, CDCl5) § 8.02-7.88 (m, 8H), 7.63-7.32 (m, 16H),
4.16 (s, 3H) ppm; *C NMR (125 MHz, CDCl3) 6 151.1, 150.7, 146.3, 145.7, 139.8, 132.2, 132.0,
131.9, 130.9, 130.9, 130.8, 130.7, 128.5, 126.9, 126.8, 126.0, 125.9, 125.8, 125.7, 125.6, 125.6,
125.5, 121.5, 121.3, 62.6 ppm; IR (ATR) vmax : 3054, 2924, 2851, 1718, 1412, 1219, 995, 747,
731, 699, 579 cm'; HRMS (ESI) [M+Na*] caled for C47H7INaOs: 821.0795, found 821.0791;
mp: 280 °C (decomposition); [a]p>! = —308.4 (c 0.84, CHCI5).
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