3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate D& f% &

ANHEXV =T LAFY FE DR

2020 EFE

B



R EEAGR S NROEF

BN - iR R - il AR
K4 (B53E4) : #t B (Yun-Han Hsieh)
AR SCEE  : 3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate D &% & A LR Y =7 I A
FU REDORIE

FE (XLHIT)

a1V REHWev 7 a7 m s Ab)&IE Corey-Chaykovsky (2 & » T Sz, Zd
RISV S NBFHA U R U RAFAALKRF Y = AAFY K [AF Y K : CH=S(O)Mes]”
X DHMA R TRERAIE L LTHNWONTE R, 7 a7 m /U RITEDORARE VKX
JISED T D FRLS: FEEREETHY . vy a T as Ak B A TR & U7 A kg
FEZ < HESNTND

SN EFREIMELZGET L7~ UK y ;

LICH LT 2 YROAFY FEANLE 2 CCK%{C@E] —— SO

IRFBHIR BTy 7 v R H B
75K 3 AR B AR RS 1 u @fﬁ L ‘j#
HEIN TS (Chartl), 72, 7~V U1K S :

DI FHIEZ PR LT 5,6- ot 0 ) %fi
AR 6 WCKIT B AT Y REAWERGES UL %{fﬂi ,, W
WESNTND, BRENZ 2o, 12 ’

W : Electron-withdrawing group

H7p0 5SALOERIL R?OFEWIZE Y 2 D

LB LT, BIH, R2B T VXD
EXIFAERBLOINFT Y ALK 8 OANELNTZD, RRVPEFBHREOL T8 L& by
FuZ7Z 4K 9 REbTz, v 7 r7r/NU B L FERIC Thtbﬁﬁmkmfkbf/&m
TEUBRNDD, 7=V AR ET v ORISR S D Bk LIy o e T
AR 4 EATFY REDOKISIZ 1T ERERICHEIT USARPCRAIIC T h T B RroR_uy 75w

Chart 1. ZHE TOHISE

KSR GELIT,

ORI BERND, FHIIATY FEAWTCERERICOBEICHFHILRZ By & LT,
7<) ARORDVIZ 6 LVEPND 3- o come chsome,
oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate ' R@IOIO = Rﬁﬁo ?

6

K10 ZFUSHEE L THAF Y FEDRIE
[z oW THAE L7 (Chart 2), Chare2. DT

#1E  3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate K DS FL

AR DOIIGIEBE L 0D 7 a7 2 AR 10 1% 3 NICE T RGIMMERLEEZ RO a-Er k6 &
TN EDRF2DEERAMINORIC LV AR T 52N TELLEZXLND, e R KL
TNT I DYy a7 2 FEROERICET 20 OO FTERRE SN TNL3, #F
FHOMBDIRY TIE, 3MUZEFRSMEEL AT D o-Er K6 D7 v 7 X ARGRIZET



LB o T,
%:T\wEHV%II&X%VVIZ@Wﬂ%%kﬁmﬁm%ﬁot&:%\L¢HM%

13 & 5.6-FIE 14 KON 11 © —EEI S5
770 T 2Ty 13 OULR K ONEIRMEDO S E 4 B 1Y \ Mﬁ“f Cfi N
& L?‘:ﬁ‘é}iﬁﬁ@%ﬁ#ﬁ?ﬁ%??o f:o {gﬁi & LT 1 13 (55 %) 14 (30 %)

2-7asR ) —)b, AF L 10 YEAAWDLSG  wwrasi

EFCRISET) 2ok BowEkce O (e e

PN LT, £70. RO RE 2 G @0 s 30 (e 20
B, DNMR B ATERAs fARD o 0T LT S
X MAE AT I LV IRE LT, ZORh e O dbvie (s2% : 25%)
12 B o- B 1 ARG L, 3401001 17 i :ﬂjﬁm Qggwe ?@ﬁwe
KO 5,6-(1 0044 15 2 ARk L7= (Chart 3), (47% : 28%) (7% : 5%) (21%: 18%)

Chart 3. a- &1 UK E 7L o & DR2+2DEBRALAH IS

#2EE  3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate &
DAFNANEXRY =T L AF Y R AW ERERKG
T A MRIBIZK L TATY REEHSESET R I8 Ry 77 K15 LTRA
R e adl1.0]~7Z AR 16 BfE b, ZH OMEIEIL S, 8 KTV L D X R
FE LS AT &2 S DR 2 A2 ROV IC K .
DPE LTz, 7 b T b RaRy Y 75 RO Cgiwmwmm)Crﬁl C§}
— 0o NaH (3.2 eq.)

REOCBRMEOUEZ AR E LR &

13

To72& ZADMSO FE U LR XAFILAIL L e e
Ay =00 38 Yk, KFLT RV TL32 T S S
HROKM FCRIEEATS 2 LT 15 DILKK <Iiym Cﬁ%we Bl
o~ N (-:52%) (33% : 11%) (47% : 4%)
ONEIRMEN S E LT, ZOSIZBWT, 40 o o o

6 5 ORI L ABISTIREFORIENIES o (e o
Nz ZORIEE 10 DL 7 a7 X Ak~ PN o 13% " s

WL, T FoE Fuxy 75 K 8 iKY

A BT B41.0]~TF AR TR B Iin IimﬁMﬁjﬁéﬁm

Ph™ "O0” O Et” "O0” O

7= (Chart4), (i) (5% :3%) e
Chart4. ¥ 7 v 7 2 AMRIZHT 2HEA Y Fa Ao B ARIE

e

3MICEFREMETHLZ AT VEEZ LD - R AR ET LT & D2 + 2DEER{BAHIN
%t L. 3,4-F5 A (3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate) % 17 F& 17 ~ 63 %,
5,6-fF A (2-oxa-3-oxobicyclo[4.2.0]oct-4-ene-4-carboxylate) % 15 ff 5 ~ 48 % DR TH7=,
AR L7z 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate K& ¥ A F /L AJLRF Y =7 LA F
U REDBRERSISTIEIZSOAEEY., 7 F T RaxXry 75 k% 817 ~ 54%. A
oy s adl.0l~7F AR E TRE3~TT%DINRTE-, 205 DORISIIFEEOILEWIZ
WL TEDLZEEHILMNE LT,



=T TP P TP PPPPPPPPPTPT 1
[ 3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate AR DAl 8
H—Hi  Methyl 5,6,7,8-tetrahydro-2-oxo0-2H-1-benzopyran-3-carboxylate (23) & AT L >
D[2A2NIEERACAT IS oo 12
BT A OBEIRTE «ooovvveooeeessseiesses s 12
F=H AR OMREEIIE R OSIARETIED B EZ e, 20
A VL0 K T SO B 52 (At R WA 15 TVN/A % 5 L | A 22
BAET [2 4 2DEBRACAT NS DB — BVEDRRET o 23
P 3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate {R(D 7 A F /L A)LRF Y =17 L A
FU R 2 FTZBFEZEILETIES ovvvvoeevieeieiies s 26

#—Hi  Methyl rac-(1R,2aS,8bS)-1,5,6,7,8,8b-hexahydro-3-oxo0-1-phenyl-2 -
cyclobuta[d]cyclohexa[h]pyran-2a(3H)-carboxylate 24) & AF VU REVGHND

A TSI OORETETRTE ..o 26

B AR OSSR K OSBEEEAE DHETE oo 30
BEE B EBEUR D GAFIEL oo 32
FUET AR BRSUE D EE —AEDIRTT oo 34

T RE coooeeeeeee e 37
FHTTEE e 38
EXPErMENtal SECTIOM ....ouviitiiiiitieiie sttt b e bt e ettt s e et e e b sbeebn b nneennenne e 39
BB BT T2 TR oo 40
B LT BT D TR s 67
RETETEIICES ...ttt r et r e r e e 79



S

RFBIR A DI G 72 5 BB BBRIT— MR NEBRRAKFR B S, 2 ORED
OHERI SN D L OIZ, BRIEMRAE S (sp® RSB TIE 109.5 °, sp? IRFETIX 120 ©) 2B KEL
STk fE L b, 20, LERSANBRELHKL T, aADERCHRTIRE
IR AN E—EF LTS (Table 1), !

B B / \ = @

il LN (9 60 90 108 120
BRI RAEE M EN

49.5 19.5 30 1.5 -10.5
D (°)
BROEHTRILF—

115.5 110.5 119 27.2 0
(kJ/mol)

Table 1. /NEERIKALKFEONMA L EHL TR F—

COBROEREBEH LT E, WERIL, T OWHEM, (LEMMEEICE VT, o1t
BT ONRVRERMEZ R L, 26 O/NEBRILEWMOIZEN, A EIZhT- > TiThil
TW5, 23 fFlziX, =y a7 a R AR a IMBEMH FICBRIEREZ R L, v 7y
FUB Db A525, 4 ZOY, Y ruaFu U BROBELRORS T KL —)ERE) 1) & 7o
TW5, F72. Wender HITHSUER L 0557 4-4-5 s GERILILE Y e ZMEL (180 °C, 3.0
h)y 2 &, HERMBA (a) £721F (b) &2k a—THRLICE D £ BRELI. —F,
225°C, 3.5h OFMHEEH W EZA T L gnBoNizl s HELTWD, > 2O L oIl
BEROEHLORZ KOSORE /) & Ui a B @, fii <MLzt 0 B AT, x DLE
AMEAEOERIEE LTHIAS MRS TS (Scheme 1), ©



CO,Me CO,Me
c d e > f 4+
225 °C
3.5h
(f/g=1/2) CO,Me

Scheme 1. /NEERRILKFZEDEHRT RLX—%F|H L7 BB G

a7 R BEOREEIZOWTIL Coulson HIZE>T, RO LD rnbdsd T35
maENEZ LN TS (Figure 1), 73

A
SN H )T !
/104w 108 © i H
// \\ \“C/) o FY W Tt /) 112 °
/! \ -~ \116 E E /C\
/// \\\ H L J H
B ~~ s c @~ T= <
h i i k I

Figure 1. 7 u 7/ RXUBREK OV 7 077 U BROME KOG A R

B, A, B, C =Ry 7 a7 a XU REMRT 2 REIR %2, F 2 RENTIRRIED S
MZRLTHY, CHEAIFEK LD, MEICEERENICHD (), 7 a7 /B
RFE-IRFEFEAFAIL 60° TH DA, BHAUICIE 907 LLF D SPIRAILE X/FE L2\, LavL,
AL LLEAE M E O —RELE LTS, BREBET RV —OBRNLHET
% & IRFB-IRFOFECEER O E L 104° (h), HCH OFEA AL 116° () I2BW TR b
E LD, o THREEBLEIX () L5 IAMINCIES A TR . —&IZ [T ) $EE EFEEN
TWHWXAThD, £, v r7uT7 X UBRIT, V7 a7 a XU BRICHASHYICZET, £
DOREIEIZOWTIX, V7 B 7 a XU BORE L RED L GHuEN M S AT T3]

2



EEEHUOLONEZ HND, B EEAT RV —OBMENORFET 5 &, RE-RFEOH
BHLEM O AT 108° (k). HCH OFEAMAEIL 112° (1) ICBW TR b RE L 2D, 7
INEBRIRALK R OIS 2 BT EERLSCEMIEEE BT 2 REMBIFEELTEBY . TO—1fl
Z ¥ (Figure 2), ° ¥£72. /NERBAWKFZEDISMEZFM L7 EMOER S EZE < i S
NTEY, EFELXREYOERIZHHA S TWD A4 7R3 (Figure 3),
(0]

F
F i Ow /<> U _NH g |i? P
UL W T g,

(0]
OH
O O HO
Ciprofloxacin Trovafloxacin Lobucavir Carboplatin
CcO,Me
Me (o)
HN
(6] N Me//’/a' oy (0]
OMe O, ° 5 Me
o 74 L =~ P A Me
N OMe H HO"  Me Merl=H
OMe
Duocarmycin A Chloranthalactone A (1)-Grandisol (+)-Lineatin

Figure 2. /NEBRRALKE OIE 2 & T ER O EWIE T2 A9 5 KW

(+)-Equilenin

Figure 3. /)N BB RAV/K TR O SUSHE 2 FIIJH L 72 G0 R O 6 Rl f5i]

3



a7 a N VRITEWRIMED TS . ABELHICBI 2 EELPEAETHY . TDORIS
PEZFIH LT ROSRZEEE ST g, ! —F, igid Y FEHW=s 7 n 7 m XA bR
JiIE Corey-Chaykovsky (2 &> THE Sz, 2 ZORIGTHWONDHiEA Y RV A F L
ANRFY =T LAFY R [PAFAF Y FEBT : CH=S(O)Me:] "IF a,f-REIFIH LR =L
fbemer r7ara XAk 5 ELE L THO LA TS, FEOMEEIZE VT 3 LIZE
TREMEREEZFT L7~V UFERLICH L T2 YEBEOAF U REHAWD Z L T2 KRB
D TR H BN T T K3 R D B RAEHARUS i LTS (Scheme 2),

H H
mw CH,=S(0)Me, ©\)<J;W CH,=S(0)Me, O ’
0O~ S0 Corey-Chaykovsky (0] 0 Skeletal transformation (0] w
1 reaction ) reaction 3 H OH

W : Electron-withdrawing group

Scheme 2. 7~ U UKIZKT 28 A U R & HO B ASEHG

ABISNTZ <~V A1 B 1 ¥ &EHD AT Y RIZX % Corey-Chaykovsky SURIZ Ty 7 1
2 XK 2 IR S, RIC2 Y EHDO AT Y RNT 7 USSR L, e 226
ELTET7 NUBBIER v rn T a XU BN ORBR, TOROBEOFEHEEICLY 3 oK
TOHETH D, ZOE, 3NMOBETRSIMELEWIL, 7 a7 v VR EOREE x5
EOFHZLICLY, TN VRERALSLT LS T2 0EERERHZR-LTE
D AF U NI 7 v 7S AfLAl ERERIO Zo0REIZ4H 5 Z LT v oruru/ U
DAY & BB O BRI B E- L T %,



WIZ, 7= ) AROFEEBEE A2 PR LT 5,6- EHfi-o- 0 K 41Tk D AF Y REHN
RIS EHE LTS, BREWZ Lz, 7~V R 1 L3R D 5ALOERE R OF
IZE 0 2FEALEMNIEL T, BID, RIATILFIED L E XA R [3.10]~F V2 1K6
DIHPIFHITZN, RINEFHRIEOEXIT6 L EHIZTVE R T TR 7 ™Gl

(Scheme 3), '*15
H w
R'= alkyl .
2= alkyloraryl R
R“=a ’
H Y Y , OH

- R1 “LR2
RN CH=S(OMe, |/ Rﬁw CHz=S(0)Me; R ©
: | —_— \\ - L 1 H
\“-Rz o X0 Corey- ~R27>07 N0 Skeletal J R
Chaykovsky transformaton —— > 6 + |
4 reaction 5 reaction R'= aryl -RZ° "0 w
H

) ) R2= alkyl or aryl 7 OH
W : Electron-withdrawing group

Scheme 3. 7 1 7 a /UMK Z R H T 5 B AL G

vruFuanRUREFERRICEATNERRILKEZE LT/ n T X VRN H, HIF5E=E
T, 7~V UARL TN v EDRAI2EBRABAIIRISIC LV Ak LTcy T 7 kg &
ATV RORIEEATO, SRR 2 B ERRIC A RE L TWD, 1 £, v omrT7 2y
BLERBOARTIETARTED L7 a7 T Uk 10 L AF Y FERISSESHEYE R
YT T AR KT = ) — K 12 G572 (Scheme 4),

R
H H
=P s o Y
_——
o0 X0 Skeletal OH w
9 OH

hv transformation

©\/IW [2+2] Photocycloaddition reaction
_ R'
1
O o H R2 H R 2 OH R1
1 RI-—=——R? 6 CH,=S(0)Me, R
W : Electron- h Skeletal
withdrawing group v o” "0 eleta 0 H w
OH HO
1 12

[2+2] Photocycloaddition transformation W
10 reaction

Schemed. > 7 a7 X2 UBEON 7 u 7T VB A RET A ERERLE S



(1) 3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate & DE Ak

ZOXIBRBEEND, HEBRSTaBLEWM TH L7 ~ ) ARORD D ICEBRFRENEA~
T aBR{LAY o-t'n MK 4 QH-E T v-2-4 ) K0 iENN D 3-oxa-2-oxobicyclo[4.2.0]oct-4-
ene-1-carboxylat {4 13 & A F U RZH W5 B AW BB 2 £F > 7= (Scheme 5),

i
R AW w0 W CH=S(O)Me;
-" jl\/I + | > | _ ’)

“.R27 070 alkene -.RZ° 0" "0

4 13
W : Electron-withdrawing group

Scheme 5. #F5ED HIY

LU G, SNLICETRGIMEREEZ LD a-Br ik 4 LTV v b OR2PEEREAINK
IO X o T, FZ T, £, L/ u T E K13 OAERRICETF L, Blb. 3fICE
FREIMREE b O a-E K4 E AF L2 14 ORVRDEBILNIN G 21T o728 24, 3,44
IR 15, 5,6-6H001K 16 2OV 4 O —FAK 17 2353 54172 (Scheme 6), EDFEMIC DOV TEH —F
TR 5,

Ph H, R wy |

_ _ -pl % Ph P
R AW 14 = SR /W ; ~ W L LR
{ | | + + | »
c D2 hv - R27 >0 X0 N o)

[2+2] Photocycloaddition

W : Electron-withdrawing group

Scheme 6. a-E° 12 K E TV o & ORAP2DEERIGA IR G



(2) 3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate DY A F NV ANVFEF ) =T A AF Y K
RO B AR

AF U Ra WD OSOBEIGFIEILRZ B L, 3 (LICE - RIMEEZ b - r 1K 4
& U & Ak L7z 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate 1A 15 & X F VU K& AW 2 B2
SO HIR 2R D FOSORE 21T >72, Blh, v 7n7 X AR15ICAF Y FaefEfsE
T, T7hTb RaxXu Y 774K 18 KURAE R E Y7 0[4.1.0]1~7% 1K 19 NG 6tz
(Scheme 7), Z DFEAMIZ OV TE Tk 5,

Ph
Ph H
H
- R1 _ R1 W
W CH2=S(O)M92 e //’
! I + 1
o) Skeletal transformation  *-_R2">q ! W -R2 Qo H OH
OH
15 W : Electron-withdrawing group 18 19

Scheme 7. © 7 07 X AMRIZxT D AT U K& HW T2 B ZE BN



o

3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate & D& Ak

a7 N BRIEE DR OEmWIGED T DALY FEREEREETHY . Zh
F TS DEHMITEE DR Y 7 v T a /S AL g R & Lo A a2 e L T &7z, !
EHOMFREICENTOREIZ Y 7 a7 a N UBREORISHEICET 20—k L LT, I U
b~V oLzl 7 a7 ae P hNVR BT AT VOBRBRKSOIER T T &
72 (Scheme 8), '® ZNOHIGDIE L 70D v 7 v a /XU fFERIL, op- A afly = AT LR
12kt L AT U K& M5 Corey-Chaykovsky SUtnZ L 0 Ak S iz, 12

0 o) o)
R OR! CH,=S(0)Me, R OR! Smi, R OR!
H OR' H OR' OR'
o) o) o)
R' = Aryl or alkyl

Scheme 8. A F VU R&Z W=7 a7 a XU BEORBRNIN

7=V ARV oA = AT RE BT 2N TE 1L EATFY Rizkbyrn”
2R ARG OB, PHIERBISET L, FBlE R EBOSA R Sz, BB, 3402
BIRGIMETHLIZATNAEEZET D LIZH L T2 YEDOATFY REHWAHZ LITLD 2
RBERZAENT 7 o XU Z DR T T MR 2 T D00 TH 5 (Scheme9), B AL
JSE 7~V MRS 1T Y EH DO AF U RIZL Y Corey-Chaykovsky I T 7 v m
[FIAR 3 DSBS L, 2O B DTSR T ARLETH Y EBIZ2 BEADAF Y FOT 7 |k
VHENEASDOREBBE AR L LT 7 P URLIE R Y n T u NV ROBRE, TO®%ROE
DOFEFIZED 2 ZEWT D R VIS TH DL, RBISIIAFY KRy 7 a7 Au#l s
REAID —HSDOBENZMH S Z LT, a7 a XU BOAR L BRBEOMBEICEE L T\ 5,



H
©\/iCozR CH,=S(0)Me, (>2 eq.) O
0" o (o) ! CO,R

2 OH
CH,=S(0)Me,
Corey-Chaykovsky
reaction
CO,R
Z S COzR _ COsR
Cr7COR| CH,=S(0)Me, ( o )2 o o
—_— ¢ —_— o] - X
- S s
cyclopropane H (O)Me,
3 ring opening ®S(O)Mez ®S(O)Me2 0
20 21 22

Scheme 9. 7 ~ U VU FHEAR D HHE AW D BOCHERS

. 7= ) RO FHEE R PR LT 5,6- E#-o-E 0 AR 4 12T 5 AF U FEAD
TG b Uiz, BURIRNZ L2, 7~V AR L3R e D SALOEBIER OFENIZLY
QFEDLEMNE SNz, B, RIATIILFLED L XA T[3.1.0]~F Y 1K 6 DBITE
LM, RIBRFFHEEO L X6 L Ebicve Fur 7 487 & 57 (Scheme 10), '+

H w
R'= alkyl R
R?=alkyl oraryl .
H el A OH
. -p1 AR
R | ~W CH,=S(OMe, |~ Rﬁw CH,=S(O)Me;

R? 0
X _— e 6 .- R! H
““R2 0 o Corey- R0 0 Skeletal_ ‘,'
Chaykovsky transformation 6 + ' |
4 reaction 5 reaction R'= aryl A =Te) w
H

. ) R2= alkyl or aryl 7 OH
W : Electron-withdrawing group
Scheme 10. > 7 v 7' m /X FREZ RS 5 B ARG

INODINTT 7 v TNV BROEREZ DR ZDOBREN 1 L 2 VT LTS, ¥ 7
TuRVBLRRICEATNERIRILKFZL LTy 7 a7 2 VBBl H 5, AF ) KEHWD
T a N UBRERDBERESIZBT ABREN )X, REICEATE Y/ T a RV ERO
REAKICLD2EALDBETHLZ LD, FREOELZAT L7 0T % VRS EOEIGE
N, 8IZEHL,



=V AR ET VT EDRD2INEEBRIEINEISIC L VG LIz 7 a7 2 ARS8 & AT
U REDOKIGE 1 & RRRIZEST USARIRIIZT b T 8 R oy Yy 75 04K 9 BNMESL LT
(Scheme 11), 1©

R
R H
©\/IW \— @\)ﬁ CH,=S(0O)Me,
0) (o) hv o 0 Skeletal transformation
[2+2] Photocycloaddition

1 8
W : Electron-withdrawing group

Scheme 11. 7 10 7 ¥ VERZFEH T 5B EHS 0

ZZ T, FHTATFY FEAW D EREMSOSOBEICHHILRZ AL, 7~ U RO R
POIZ4 ZIEINND EE X BHILDH 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate 148 13 % X
JICHH LT D AFT Y FEDORIGOMFEICEFT LI LIZLz, ZORDDORISHKE L 2D 3-
oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate {& 13 D43 EMLHA AT RE 72 & AT AMIIE 2 21T L
TV ETHREARRIRTH S (Scheme 12),

R -
R oo/ >3-W  CHy=S(O)Me;
-: | + . > | > )
“.R27 070 alkene -R? 0 70

4 13
W : Electron-withdrawing group

Scheme 12. #fF5E0 HHY

10



MEREE LD 7 a7 H AR 13 I 3 (LICETFRIMEEEZ b D a-Br k4 T VT
EDRA2PEBRICAIMBISIZ IV ERTHZEMTEDHEEZX LD, a-B Rk ET Vv
MBEDT T a7 R R ROEGRIZET 2 W OO FENRE STV A2 (Scheme 13) | 192
ELDOMBMRY TIE, 3AMUCEFRGIMELET D et m k4 O 7 v T 2 ARG HKIZHE
THMEGNL R -T0, £Z T, T 13 DOEUTETF L,

Cl
Cl M
e
Me >4 Me H Gl hy s Me Me cl
6 | + — Me” | + Cl
o) 3 H cl MeCN 0.3 ‘4 O
(0]
17% 34%
M (@)
Me = O~~~ by e~
(0] | - (0]
Acetone
(0] (0]
70%
MeMe
Me = Me Me % N Me
| hv
(0] _— O (0]
Benzene
(@]

Scheme 13. o-E 1 ARO[ 2+2]EEALAT NS D

11



Yav

%—Hi Methyl 5,6,7,8-tetrahydro-2-oxo-2H-1-benzopyran-3-carboxylate (23) & A F L > D[2+2]
SEERALAT B

7=V AR ORD2PEBRACAINGE DSAFITHEN 23 & 10 B BED AF L 2 DRV URIK
IZEJEKERT 7 (400W) ZFRET L7= & 2 A, 24 %D 34-FFIMK 24, 22%0D 5,6-f(FINMAK 25 K
W4 %D 23 O HfK 26 7345 H 7= (Scheme 14), !

CO,Me hy (Hg lamp) CO,Me
53 2 styrene (10 eq.) 2
60" SO benzene

23 4 (24%) 25 (22%) 26 (4%)

Scheme 14. a-t' 12 K & 7V o L oRA2DCERAVAT NS
B AR OREERE

Z NS AERY) OREEFEITIRD L 212770, EafREE &8 (HR-EIMS) X v A4
24 OV 25 D431 CioH00s TH D | kaﬁwu/@ﬁmm+gm)%ELtA%ﬁfk
V.23 LAFLUBIMUTEAERD TH D EHEE LTz, £ 26 D FHiE CoHuOs TH
0. 23(CiiH1p0sx2) O _EIKTHD EHE LT, 24 K25 DY 7 v 7 X VEBRONEIL
NMR A7 MV DHHRIZ K o THENL S 372, 24 & 25 O 'H-NMR A7 MLIZE N T 7 B
THUBEEOT R DY 7L 2.0~4.0 ppm (O T v kD7 FIOVICER 7 < BlER
N7, 25 TV /a7 X B EOT e b O BT ESOTHY . ap- AT LR =4k
EYOBALT B b D 4-H YT D 7 F LN 6.84 ppm T singlet (s) & L THEIE ST,
23 D471 b iE 8.04 ppm (T singlet (s) TEIZIND Z & XV 3446 “EESIIARE(NLT
DN IND, —H. 2D T Z R EOTE R OEIZMOTHY | 23 D 4-HIZ
FIY4 92 > 7 F 35 6 ~ 8 ppm OIRBIGITITBE SN2 -7 2 & LV 3.4 L —EEAIT
LT Z END, FORER. 24 (X 34MIETH Y | 25 1L 5,6-FHIMATH D LREL
7= (Figure 4),
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Figure 4. (a) a- 12 > {& 23 @ 'H-.NMR A< /L (500 MHz in CDCls)
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24 D7 = =)VEDONEIX, 'THNMR A7 Moy r7aT7 B2 g Eo7a ol 7
IR =Ko THEE S L, 1-Ph D & E T, £ D7 FViE, 1-H 1E doublet @ doublet
@ doublet (ddd)., @ 2-H iZ doublet ® doublet (dd) K T* 8b-H iZ doublet (d) & L CH#i%
EnbEEZLND, —J7, 2-Ph O & & iE, o 1-H I$ ddd, 2-H (% dd, 8b-H (% dd & #1%2
EhaiEz2bN5, FEEE24 TiX 1-H 1% 3.91 ppm (q, J=9.0 Hz, 1H), 2-H i% 3.34 ppm (ddd, J
=11.5,9.5,2.0 Hz, IH) K& T*2.89 ppm (dd, J = 13.0, 8.0 Hz, 1H), 8b-H i 3.42 ppm (d, /= 9.0 Hz,
IH)THh b, I, BELEFKEaL—L 2 (HMBC) A7 FMUENTICE Y 1-H & 8a-C K&
O1-H & 2a-C IR R ONT-Z LI X 7 2= VT I ICHEE LTV D EIRET S Z
EWTET,

3AFTIMRIZE — DA 24 L LTHOLNTTZ0, 20 1 M BETHD epi-24 & D A
7 MZE BB TN 2 RET D 2 EIXTE RN o72,24 O 7 = = )VIEONIRLET,
24, 1 fi-TE~— (epi-24), K O7 = = VDWW 7 a7 X ALEY 27 O 'TH-NMR A7
Mz BEEEPLES S (Density functional theory, DFT) (2 X 2 5HRALFNL RO D Z LI Lz
(Table2), 7 = =/LEEDE % LG 1T 09\ 8-Ha, 8-Hg LT 8b-H Db 7 Ml A& il
L7, DFT #HE X 0BG oni b 7 NI, TOFEMRE L K42 DLFT 7 MZXVRD 5
M7= (Table3), FtHE &i7= 'H-NMR A7 MV TIL, 7 = = /VEROEEN LD 700 g
<720 epi-24 Jo TN 27 @ 8-Ha & 8-Hp DAL 7 i, epi-24 T 1.40 & 1.85.27 T1.98 & 1.76
ETrHEnTz, —J7, 24 TE7 = =/VEROBERMBRIZLDY 1.02 & 1.38 & ms Bl s
b E TR STz, EERIT, 24 D 8-Ha KON 8-Hp DY 7 /Ui, ZILE 4 0.92~0.98 LT 1.46
~1.51 ppm TEIZE I, 5HE Iz 24 [ TED > T2, BT, 24 OFEFIELE T, nuclear Overhauser
effect spectroscopy (NOESY) (23T 7-Ha & Ph-H }2 T 8-Ha & Ph-H ORICHHBE N L 64072
LWLV HERTDLIENTE, ZNLOREND, 24 1 methyl rac-(1R,2aS,8bS)-
1,5,6,7,8,8b-hexahydro-3-oxo-1-phenyl-2H-cyclobuta[d]cyclohexa[b]pyran-2a(3 H)-carboxylate T &
D EWE LT,
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Chemical shift (ppm)

Position
Observed 24 Calculated 242 Calculated epi-242 Calculated 272
8-Ha 0.92-0.98 (0.95") 1.02 1.40 1.98
8-Hs 1.46-1.51 (1.49") 1.38 1.85 1.76
8b-H 3.42 3.43 2.98 2.76
a: DFT calculations were performed at the ®B97X-D/6-31G* level of theory.
b: Median value.
Table 2. DFT 5 X 0 15§ 5072 34-M ko b5y 7 b & FZHIME
34K (24)
a7~ —DIF(EL 8-Ha 8-Hs 8b-H
0.63 141 1.64 3.36
0.37 0.35 0.95 3.56
AT Fv— DR EEBE L
1.02 1.38 3.43
FIHBNTT R
34-F1IME (epi-24)
oy 7~ —DIFEk 8-Ha 8-Hg 8b-H
0.77 1.37 1.90 2.98
0.23 1.52 1.68 3.00
a7 Fv— DR EEE LT
1.40 1.85 2.99
FIHBNTT R

15




340K (27)

a7~ —DIEEL 8-Ha 8-Hg 8b-H
0.67 2.11 1.68 2.65
0.33 1.73 1.97 2.99
a7 v —DFEREEE L
1.98 1.76 2.76
IS T b

Table 3. DFT 25 L 0 R 7= 3 4-(HIMEDbFS 7 -
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25 D7 = = VEEONEIL, 'HINMR A7 MOy a7 2 R EOTa Oy 7Y
VIR = INBPRET D ZEINTE 2o 728 HMBC A7 hIVIREHT L Y 4-H & 10-C K
W 8a-C & 10-H DMICHBENAONTZZ LICLVHET DI ENTE, 25D 7 = =/LHD
SRR 24 DA L RIBRIC, 25, 10 (- B — (epi-25). M O\T7 == VR s a T
2 LAY 28 O DFT #HEIZ L %5 'TH-NMR A7 RV FHNC L - THEE S 7= (Table 4, 5),
25 @ 5-Ha. 5-Hp KON epi-25 D 4-H 1T, 7 = =/VEORELZZ T 5L PRSND, FHHEICZEK
DR HALTZ 25, epi-25, KT 28 D 5-Ha & 5-He k%Y 7 FOZEX, TN 044, 0.01,
0.26 ppm Th 5, BIEINTZ 25 DT 053 ppm TH Y | FHRE I 25 12T o7, I,
25 OFAXALE (X, NOESY A7 hLIZEHBWT 6-Ha & 10-H J2 O 8-Ha & 9-Ha O RIFHEIAS
RoNTZZ EICRVEET D2 ENTET, RO DOFERN B | 25 1 methyl rac-(4aR,8aS,108S)-
5,6,7,8-tetrahydro-2-oxo-10-phenyl-4a,8a-ethano-2H-1-benzopyran-3-carboxylate & #-7& L 7=,

HB HA H

%

25 epi-25 28
Chemical shift (ppm)
Position
Observed 25 Calculated 25* Calculated epi-252 Calculated 282
4-H 6.85 6.69 7.63 7.48
5-Ha 1.81-1.93 (1.87") 1.63 1.39 1.53
5-Hs 1.24-1.43 (1.34") 1.19 1.38 1.27

a: DFT calculations were performed at the ®B97X-D/6-31G* level of theory.

b: Median value.

Table 4. DFT 28 X 0 8 5007 5,6-( KDL 7~ & ERIE
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5,6-f1 ik (25)

a7 F~—DOIFEL 5-Ha 5-Hg 4-H
0.70 1.66 1.21 6.67
0.20 1.55 1.11 6.92
0.10 1.58 1.19 6.41
AT F v — DR EEE L
R 1.63 1.19 6.69
5,6-(1 A (epi-25)
a7 g~ —DIFEL 5-Ha 5-Hg 4-H
0.46 1.35 1.38 7.64
0.42 1.33 1.42 7.60
0.12 1.74 1.21 7.72
AT DR EEE L
<L 1.39 1.38 7.63
5,6-fmik (28)
oL T v —DIEER 5-Ha 5-Hg 4-H
1.00 1.53 1.27 7.48

Table 5. DFT & L VR 7= 5,6-(T A D{LFs 7 |k
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£/, 261323 D _EAKTHY . 'HNMR A7 FLICEWT 23 O 4-HICHY TS5 7
VIR 6 ~ 8 ppm DIRESHZIZBIE SN2 oTcZ b, Z LTy 7 a7 X VR ED V7L
73 3.87 ppm T singlet(s) & L TEIE SN LD, 261223 X9 LD 3ANIIIMRTH D &
HEE L7z,

BB, JONT AR OZNENOREZ T 572D, X Bk T 2170,
TNENOHEE L MR LT (Figure 5),

24 25 26

Figure 5. 3,4-fH {4 24, 5,6-(F 001K 25 B OV &1k 26 © ORTEP

Z O fE B . 24 X methyl rac-(1R,2aS,8bS)-1,5,6,7,8,8b-hexahydro-3-oxo-1-phenyl-2H-
cyclobuta[d]cyclohexa[b]pyran-2a(3H)-carboxylate . 25 [ methyl rac-(4aR,8aS,10S8)-5,6,7,8-
tetrahydro-2-0xo0-10-phenyl-4a,8a-ethano-2 H-1-benzopyran-3-carboxylate & T8 26 | dimethyl rac-
(6aR,6bS,12aR,12bS)-6,12-diox0-2,3,4,7,8,9,10,12b-octahydra-1H,6-H-cyclobuta[ 1,2-¢:3,4-
c'|bis[1]benzopyran-6a,12a(6aH,12bH)-dicarboxylat T& % &k 7E L7,
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B AR ONLEER I K ONLASER I 00 5 2%

3AIRIZIE, WODILEMNE Z b DN, FEEIZIT—FEO DAY 24 G5
720 2-Ph K TH 5 29 & epi-29 DI AF LU DHETIZ, RUPUBRET 7 FUBRHWVIZT
AT NI L OSRFEER CEFHIREOTZOAFTHL EZ 2 HD (C,D), £/, 24 DI
G AU EDONEEERH VAT THDL EBEZHIL (A, ATFLOETIE B
DEFTHD EE 2 b5 (Figure 6),

24 epi-24 29 epi-29
H Ph
WPITS H A 5P
OfICOZMe | N CO,Me | \\LCOZMe OfICOZMe
0~ "o 0~ o 0~ SO0 O
A B c D

Figure 6. -1 K &L AF L2 X0 ARpkT 5 34Nk

—J. 5,6 H . WODILEMDERNE Z HIVDD, 5,6-FNME S —FEEHO Z DA
R 25 VR DT, 25030 DA, AFLUOERIE, NP VEBRET Y FUBRHVITT
AT IVEEE ONREE R ONEFHRIEIZL D (B, G). £7-. epi-25 X epi-30 DH, AF L
YORETIX, v aand YU E OMEEEIZLY (F, H), WThOEAIZH, RAFITHD
L&z 65 (Figure 7).

@%ICOZMe Ph__. COsMe @\/ICOQMe @ft\[cone

25 epi-25 epi-30
H., CO,Me CO,Me
75* COzMe Ny U2 2
| COzMe
< o o)
H P
E G H

m@mmweuywkx%vy@iﬁféiaﬁmw
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Z D 24 J N 25 OALEFRRME R OSIARRIPEIL 7 7 o7 ¢ THUEEIC K-> Tl s v b,
— AR T PG CEE R T n T 4 THUEIX, OO O ERIRIEICH D — D
BOSHS D HOMO KUY LUMO 73, 5 O SOGEy 28 B EIR BRI & - 72 & & D HOMO KT
LUMO & 2N ENAEEMT 2, Al KRS TEER 7 v 7 ¢ 7 #iEIZX HOMO /'HOMO!
K OLUMO /'LUMO' #HAEHRTH D, (Z 2 Ta—F—3i g f. b OBLENESEO
HOMO =\ M % LUMO TidZe <, b3 i Z 2 Ao L ERED HOMO 5\ M i LUMO % 7R
7)o

23 L AF L OB T EILEIELE (Density functional theory) D wB97X-D/6-31G* L
AULTEE LT, =7 OFR%UE, DFT TROIZH L EMIE 4 Hartree - Fock {4 : STO-3G @
1 BEHRICTRD =, 23 EAF LD HOMO 1ZZNEH -8.3eV KN -8.0eV TH Y, =
X —7E03eV ThoTz, —J7. LUMO IZZENZEIL -0.1eV KD 1.1eV THY |, =x/LF—
#12eV Tholz, TDOWH, ZORLETIE 23 D HOMO & AF L ®  'HOMO' O#iE
THET L EZOND, 3AMIMKIZEARDTH Y, 5,6-MIMKITRVERY Th 5, (LE
BPPEICE LTI, 23 D 34-FINE AF LU DEEDER Y 8 5,6-MME 0 bl L TW\5,

— 7 SERERIRE T, 34-MIED v,5- “EFEG E AT L OB UBR (YA ETDYNS
RE-2'R7). 5,6-M KD ap- “EiES & AF L DORUP VB (B L1 Y o fi-2'07) D Ik
M7 fEFE EAERIC L VBB S5 (Figure 8), 23 @ &1k Tl Head to Head - II{ANFHF]
ThHbHERDIDN, FEFEIZIE Head to Tail fHIIMAK 26 235 5 4v7-, #uEFH A/EH TIEL, Head
to Head 2ZAF| Tod 5723, B VAR = )VEEDOEFHI I K ONLARIEEIZ KD Head to Tail Ti
ITLIEEZ 26N D,

B
CO,M
y\OL 2Ve 1
| + A\ 2 hv
507 o >

3 4-fF A 5,6-f1 ik (N

-------- : primary interaction ----:secondary interaction
Figure 8. [2+2 D GERAUATINES O LA G
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FIUE (2 + 2DEBEAEATINEUS O FiEAk

3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate & 13 # [SHEE LT DHAF VU FEDOKIN%E
TO72DIC, BETAERME L TRDIVERDD, 22T, 7. 24 OICER LD D5
TERET 24T o 72, Bel) 10 M ED A F L v & iV B & 7R 2 M5t L7- (Table 6), & D5,
T OB O Neat HC 3,4-(T11K 24 N FEAERM TH -7 (Entry 1 ~ 11), Neat D542 H
W DOILETH > 7228 (Entry 10), LT A7 v 2 VWD GASCERY WV ORS &/ &
ZER L, WITPERORBWA Y 7T aN ) — V& SOEEE LTI L7 (Entry 11), KIZ,
AFLUDYBERF LIZEZA, AFLUOBNHEZ D LI 341K 24 DULER & 1%
WZHIN L7225, 10 B &L ETIERIGENETRT Lz, £D72, entry 11 gt e L, K
ERMEOREEIT) & & Lz,

Styrene Time Yield (%)
Entry Solvent

(eq.) (h) 24 25 26

1 Benzene 10 10 24 22 4
2 Toluene 10 23 49 27 8
3 Acetonitrile 10 11 51 40 2
4 Dichloromethane 10 29 52 35 —
5 Cyclohexane 10 11 44 19 13
6 Tetrahydrofuran 10 12 47 34 4
7 Acetone 10 9 51 30 —
8 Ethyl acetate 10 14 42 27 4
9 Dimethylformamide 10 10 43 29 3
10 Neat 10 15 56 29 —
11 Isopropanol 10 9 55 30 4
12 Isopropanol 1 9 38 25 6
13 Isopropanol 2 9 43 30 3
14 Isopropanol @ 3 9 48 42 —
15 Isopropanol 5 9 51 39 3
16 Isopropanol 15 9 50 32 —

a: Compound 23 was added in quarters.
Table 6. [2 + 2]EERALATINSOG O 5wt
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BALE 2+ 2DEBRALATINEOS D IE — R PE O RS

WA, SIS CRa U 7o il 4o & I D [2 + 26 BRAL AN SO D HBT — etk 2 bt L 72,
£k % 732 2-0x0-2H-pyran-3-carboxylate #5385 (K 31 & 7 L7 v & D2+ 2PEBRALAINI G 24T - 7=,
Z DFER % table 7 1T~ T, & OV AR OMEEIL, 'TH-NMR A7 RUZEBWNTHNT IO
BAEbY a7 X U BENEO T e kAN 220 ~4.00 ppm (DT S EER D Z LR
BEINDZ 05,24 LN 25 D 'HANMR A7 RV L #T 25 2 12 X 0 I-JE L7, Entry
10, 13, KON 14 RO TEAERDIL 344K TH 572, Entry 6 DA, 5,6-(IMEKITSE S
NI Told, ZHUIHERDB W SN2 Th D B2 b5, 5,6-MOEEILIL, FEER
A FEITERA (Entry 1 ~15) LOHRIAE £ 7213 5B (Entry 7~ 10) (ZBHR 72 < BOSHETT
Lice B VB BICEBRLEZHET D2 AF L THRIGHAEIT L (Entry 12~15), LU,
n-l-~FX Y B R n-1-4 7 T DX RINLT N v ERGZEZ A 32 33 3e<Ebh
T, 23 O EBIK26(14~17%) OAHBMELNTZ (Entry 16, 17), —J5, 772 LT13-7
BN E 2D 3 AL 21% DR TS S8, 5,6-(H I35 /e h-
7z (Entry 18), ZAUX, 5,6-HIMAD =R BRI Z & RN 1,3-7 F V273 s-cis B/
EWMVICS WD THDL EEZEZXBND, ZNDLDOFERIL, BIkO 777 ¢ THLED — KK
FHAEADRARISICBWTEETHD Z L 2R LT D,

R>:<H
1 H H
I,"R]\/\/\[COZMG’ (10 eq.) ,
1 % \l
- R2 o Yo Isopropanol ’
hv
31
R H
= Time Yield (%)
Entry Substrate H H
(h)
R- 32 33
AN COzMe .
1 | 31a <i::ﬂj~:1; <i::>>—— 9 |32a:42i| 33a:22
(6] (e}
AN COzMe .
2 | 31b: | <i::>>—— 13 | 32b:45 | 33b:30]
(@] (0]

23



AN COzMe ' .
3 3lc: | @ 9 |32c:537 | 33c:28]
o Yo
- CO2Me ' '
4 | 31d: (CHp)s || @ 13 | 32d:58/ | 33d: 35
0" Yo
Q “CO2Me
52 | 3le: om @ 10 | 32e:32 | 33e:25
0 o
MeO XN CO,Me
6° | 31f: m @ 15 | 32f:50 i
o Yo
n-Pr N CO,Me
7 31g: jl\/I @ 15 | 329:47 | 33g: 28]
n-Bu o 0
Ph._-CO2Me
8 | 31h: jl\/I @ 21 | 32h:21 | 33h:18
Et (0] O
Me XN CO,Me
9 | 31 jl\/I @ 21 | 32i:17 | 33i:5
Ph (e} (6]
10 | 31 XN COMe @ 44 | 32j:20 | 33j:22
MeO |
Me~ O "O
Me - C02Me
11 | 31k m @ 9 | 32k:63% | 33k: 30 i
0 Yo b
- CO2Me
12 | 23 | F@ 9 | 32:39 | 331:37
o Yo ¢
AN COzMe
13 | 23: | C|4©7 5 |32m:31 | 33m:45
(6] O d
- CO2Me
14 | 23 | Meo@ 11 | 32n:27 | 33n:48
(0] (6]
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AN COzMe
15 | 23 (:EI Me4©7 9 | 320:38 | 330:36
o O f

AN COzMe
16 | 23 (II CH3(CHy)s- 10 - -
(@) @) g

AN COzMe
17 | 23 (II CHa(CHp)s- | 11 - -
(@] @] h

AN COzMe
18 23 (II H,C=CH- 10 | 32p:21' -
@] @] i

a: Ethyl acetate was used as a solvent.

b: The dimer of 30k was obtained in 5% vyield as a diastereomeric mixture.

c—i: The dimer (26) was obtained (c: 4%, d: 4%, e: 3%, f: 4%, g: 14%, h: 17%, i: 21%)
j: The structure was confirmed by X-ray crystallography.

k: Diastereomeric mixtures of 6 : 4.

I: The reaction was carried out in a sealed tube.

Table 7. a-t' 2 AR E TV o L DR 2DEERAVAT NS

ARETIE, 3MUCE T RSMEETH DI ATV E LD a-Eu ke T EoR+21%
BULAINEE 2 et L, B, 10 4 BOT IV v Ek A Y T a8 —)LEEitg . 400 W &/ T
KRT T HWETHZ LIk, ZoDEMR AR LTz, GO ERdiE, 34k
(3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate) 2 17 f& 17 ~ 63 %, 5,6-fF MK (2-oxa-3-
oxobicyclo[4.2.0]oct-4-ene-4-carboxylate)Z 15 Ff 5 ~ 48 % MM o-E 0 MED 81K 26 % 2 ~
21% DR TR,
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Sfs — =

.

3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate {& D
VAFNANEXRY =L AFY R AW EBRERKS

EHIIAT Y R W B AHRBOS OBESHMEILRZ HNE LT, 7~ U AEDfRbY
124 £V ENID 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate K 13 Z SN IE & 925 A F
U R &EDRISITHDOW TG L7,

H—Hi Methyl rac-(1R,2aS,8bS)-1,5,6,7,8,8b-hexahydro-3-oxo-1-phenyl-2 H-
cyclobuta[d]cyclohexa[b]pyran-2a(3H)-carboxylate (24) & A F VU L V&L DAY
DIEERIE

vrm 72 R 13 L L TRIE O RR2DEERAAA IS IZ LV AL 72 methyl rac-
(1R,2a8,8bS5)-1,5,6,7,8,8b-hexahydro-3-oxo0-1-phenyl-2 H-cyclobuta[d|cyclohexa[ b]pyran-2a(3 H)-
carboxylate 24 Z LHEE & L CGRIRLTZ, 8 & AT U RE W BEETE S DOSMEITHE-
T, 24 L2488DOATFY N2 DMSO H1, =i TMEHSEZZLEZ A, 4% OT FTE R
0RO T TR 34 R 21 % DA E L7 1[4.1.01~F X AR 35 3EF S 72 (Scheme
15),

Ph Ph
H CH,=S(0)Me, H
“, (2.4 eq) + CO,Me
~1CO,Me
DMSO, rt " OH
(@) 0] 0]
24 35 (21%)

Scheme 15. ©7 0 7 X AMKIZxT 25 AT U R& W 2GS )N

ARk 34 KO 35 431 RiUE HR-EIMS LD CyH»Os THY . 24 LV CH, —HALHEN
(CioH2004 + CHy) L72ERM Th o 7o, 34 L N35 1%, 5,6- _Effi-o-tr K4 X7~V o~
K1EVERENDY 7T X ARS8 L AT Y ROKISICEVELND 6,7 KON IZHELI L
TWAHZERTRERIND, W6 22T, 4L abua vMiEATFY NEDODRISIZEVEONTZ
Ve RrT7TU4K36 L 3T RO VENOER SN I nT A AR E AT FED
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FINZEDHEONTT I Ra Ry 75 4K 38 & D 'TH-NMR A7 MLz g L7
(Table 8), HIH. '"H-NMR A7 hUZEBWT, 25 OLEMITRHBI72AGEEN 7 1 b K
OZNICHET 2 70 bl LTz, 34 & 38 ([CRW T, EREONFRN, HEROEND
IZ8 D Hey HeDLF > 7 MTHETOEWDRH D, L, ZORENDLRNEEZ HILD Ha
3y TV TEREGORLS —HE L5, £, 34, 36, 37 IZB W TILABRES 5 BER.

6 BERKLK O Ph EOFEIZ L V(LFT 7 FEOI v 7 ) VT EBICEFOEWIAOLNLD H D
DENLOMEEIT—E L TWD, HIZ, 34 D Hy, Heo Ph EOFREIE X, NOESY (28T
Hy, & Ph-H X O'Hy & He OFICFHBAR OGN Z LI LV alleis (K THDH Z & EHEE LT,

(‘Ph
Hb a Ph b Ha Hb ‘\\Ha
S e o6
o CO,Me  Et"\ O CO,Me O CO,Et
°OH °OH OH
34 +—x :NOESY 36 37 38
Chemical shift (ppm) [# > 7'V F/Z—2 JfE (Hz)]
Proton
34 36 37 38
2.63 2.45 (td, 1.5, 14.6) 2.63-2.74 2.64
Ha
(td, 11.0, 4.0) 2.60 (dd, 14.6, 8.4) (m) (td, 11.2,3.9)
3.03 3.50 3.62 3.57
H,
(t, 10.0) (t, 8.4) (t,9.4) (dd, 11.4,8.1)
4.85 5.31 543 5.12
He
(d,9.0) (dd, 8.4, 1.5) (dd,9.4,1.2) (d, 8.1)

Table8. & F 7t KXV 77 1K 34 TN 36~38 @ 'H-NMR A7 b /LD
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WIZ, 35 L A [3.1.0]~F K39 & D 'HINMR A7 hL%& g L7 (Table 9), £
RO 5 BE. 6 BEOBVWRO L0, HEAALI L2 — %2R Uiz, BT, 35 O Hs,
He. Ph ZEDOFHXALE (X, NOESY (28T Ph-H & Hy XUV Hy, & He OB L B 47z 2
L&Y allcis K TH D EHEE LT,

4"\ . NOESY

Chemical shift (ppm) [#7 v 7'V > 7 /3% —2 J{E (Hz)]
Proton
35 39
2.90 2.37(ddd, 17.8, 2.8, 0.8)
H,
(ddd, 10.5, 6.5, 4.5 ) 2.82 (dd, 17.8, 7.6)
2.22 2.17
Hy
(dd, 9.0, 4.5) (td, 7.4,0.8)
2.26 2.75
He
(d, 9.0) (dd, 7.2,2.4)

Table 9. At B2 7 1[4.1.0]~7"% K 35 D 'H-NMR A7 /LD g
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AR, 1 DI ER O X BAEIET 217V, ZNEhoE 2l Lz, T8
Y. 34 % methyl rac-(1R,4aS,9bR)-1,2,4a,6,7,8,9,9b-octahydro-4-hydroxy-1-phenyldibenzofuran-
3-carboxylate, 35 (X methyl rac-(1R,5R,6S,7R)-2-hydroxy-2'-0x0-5-phenylspiro[bicyclo[4.1.0]hept-2-
ene-7,1'-cyclohexane]-3-carboxylate T % & ffgid T & 7= (Figure 9),

ir b5 d gD
PRSP LA g
L) A ANg g G oS
. / \/3\ l/ \éf =t rl’i A R
34 3

Figure 9. 34 }2 1" 35 ® ORTEP
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o H SRR O SLREIRIE K OB HERS DO HEE

24 L AT Y ROBEELSINTIE, epi-34 KON epi-35 DAERMNE 2 D0, FEEIZIT 34
KN 35 BEONTe, TORFEIZT ~ U ARET VT 2 L ORR2PEBRCAIINISIT XD ARk
L7cy 7 a7 % MK (endo-40 S X exo-40) D'EAEZEISDOBRIZ b BlE Sz, BIG. endo-
40 2> 6 DL exo-40 P HIEF LD H O EF—DLEY (41) 23ERK L7 (Scheme 18), '°

CO,Me 5
=
Ph
H
|
o} CO,Me ~®
OH
34
Ph Ph
Ph
H, CH,=S(0)Me, H CH,=S(0)Me, H
/1CO,Et (2.0 eq) O ‘ (2.0 eq) CO,Et
o X0 DMF, rt, 24h o} CO,Et DMF, rt, 24h o o
(77%) OH (81%)
endo-40 41 exo-40

Scheme 18. 7 10 7 X AKX T D AF U K& W T2 B ZE 6
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HEE SN D RICHE A figure 10 12779, £ 1 B EHOMKEA Y KR F 27 MO VAR
SVRBEAKEL, T FUBRNTYZ 07 Z UBRNSEHER L, TR 42 KT 5, 22
BHOEA Y RBEREE L TEAL, AVEARFY =T AELY e a5 S HEA YR
(43) AT D, ZORE, 7 ua~F¥ ) UESITET TV RICALE L TN DT 44
~OPARIZIZES T, 1-8b HFEANERE LEE=D MU TV H AT D . 45 025 46 ~DPALR
DHEITT 5, 46 BIXEZL 47 72V | Route a ZfE 555, C-O MEEER A LV 2h 5 DMSO
DHEEL, 7 hobe RaxXvy 77 0Kk34 25255205, —Ji. Route b 2 5;
A, C-CHREG DI AR5 5 DMSO AL, At r s 7 u[41.0]~7 % K35 25
ZHEBZBND,

W = COOMe
Y = S(O)Me,

- |
072 w
H on
epi-34
Ph
H/
y w
..» v,
1 OH
oH
epi-35
Ph
H
a
— |
(o) w
H
OH
34
Ph
H
b w
z
.
H OH
(o]
35

Figure 10. > 7 27 % MRIZxET 2 A F U K& W T BSOS O HEE S

31



B ERARSOS O ST Rl

3-Oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate & 24 LV EAKH THH T Ku 7 J (K
34 ~OFEEBSOEORRIEZITH L, £ 34 OICROUEE B E LRI 21T
-7z (Table 10), £7°. DMSO H, AF VU RZLEKTHDD NU AFNLANLKRFY =7 A4
— Y FEAKRFT U UL (NaH) OUEDOBRF 21T 270, £ DR, iFL OB W,
34 DUCENHEINL 5 YUEDO L X HEEHDOINETH -7 (Entry 1-9), LinL, REDY &L &L
FAEZELCentry 8 II/RLE MY ANLARFY=0U L3 —Y K38 Y&, NaH 3.2 Y4k
O IR 2 Rt Uz, Tt & U CIET v b UM PA e rh ClIESS OEI TN L S 7203,
THF ¥R TSI T L2 v o 72 (Bntry 8 &N 10-12), FE7 1 b oEIEAS ¢l
IERBEDIETH -7 (Entry 8,10, 11), HIZ, 0°C 7225 40°C DO IGNIRETH, IEEIC
IRIE & A BN o128, 60°C TIHIENE T L7z (Entry 13 - 16),

Ph Ph
H, Me3S(O)! H o
.. e
[\CO,Me NaH + ?
solvent, tem
o o P o H OH
24 34 35
trimethylsulfoxonium | NaH temp Yield (%)
Entry solvent
iodide (eq.) (eq.) (°O) 34 35
1 1.0 1.0 DMSO r.t. 27 19
2 1.0 2.0 DMSO r.t. 27 19
3 1.0 2.0 DMSO r.t. 36 22
4 1.0 3.0° DMSO r.t. 24 18
5 2.4 24 DMSO r.t. 44 21
6 3.2 3.2 DMSO r.t. 46 17
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7 3.8 3.8 DMSO r.t. 51 13
8 3.8 3.2 DMSO r.t. 54 19
9 5.0 5.0 DMSO r.t. 60 11
10 3.8 3.2 DMF r.t. 52 12
11 3.8 3.2 DMA r.t. 50 12
12 3.8 3.2 THF r.t. — —
13 3.8 3.2 DMF 0 50 12
14 3.8 3.2 DMSO 40 48 15
15 3.8 3.2 DMSO 40¢ 51 18
16 3.8 3.2 DMSO 60 36 17

a: NaH was added in two batches at an interval of 30 min.
b: NaH was added in four batches at intervals of 30 min.
c: 1 IRl T CT=IR S 40°C FTHRAIZHIRE LT,
Table 10. X 5V % 7o B A 24 SUG O et
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UGN WAL D FE — et O fRET

BEE TR LR SR E VD AT Y ROF AR O HE — e 2 it Lz,
£k % 72 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate #7538 (K 48 D EIE LM IEEAT -T2, &
DOFfERA Table 11 ITR-7, FONTAERDOREET, WTHhOHBELYE Fur T VEEW
2B EY Y B[40 ~T X VBOEIEMN 70 b ROFOBE T DL 7T LR
HTHDHZ LD, 34 KTN35 D 'HINMR A7 ML LIS HZ LICKVIRELT,

Entry 1 X OV 6 Tlid 49a OV 49F (345 Hiv7e o7, ZAUFAERM) & LT 3.4,5,6-tetrahydro-
2H-cyclopenta[bfuran ‘A D2 L & 72V | BBEAIILVARLETHDHEZEZONDHT-HT
Hb, ERAOBEDOY A ZNKELRDHIZONTAER E Y Y B[4.1.0]~7 % K 50 DU
HAIIE T L, 50d 1315 5720 > 7= (Table 10 @ Entry 8 & Table 11 @ Entry 2 ~4), D
ROV AZXNRRKREL D EV 7 a~FRUVEREDVKEEDRRKREILIRLIEDTHLEEZD
N5, 5,6- 3R EROFEROFHAEMRSISTIZT T8 ReXu Yy 7 7 RN AR
Thol- (Entry7~9), ZAUFEHIER OT VX NIESLT Y =Ly 7o~ BgBED
SREEDO-DTHD EEZBND, FEEE. ChemBio3D O MM2 % HWEHHE 21TV R! - C7 -
C6 DA ZERDIZE A, 35, 50g, 50h KT 50i DZNZENOFEEAMAIL 122.3 °, 119.4 °,
120.5°, KN 117.6° Tholo, faAPERNEEIE, R & C-H L ORI 722, D7
b, AR E YT B[4 1.01~T X MR 50 ODERN LIZK WEEZLND, — ., SANRT IV
XD a-Br K4 L AFY ROLOKIETE, AR YT 7 a[B.1.0]~F % 1K 6 1315
bz, ZAILHLDEWL, 5-5 BERRE 5-6 BROEBLDEFEWIZEIDTZHOTHDL EBEZ LD,
LUEDFERD G 5,6-A DB OFBRIREHLDOFHERICER R < ATF Y P HWToERZA
ARSI HEITT D Z E B BN E 5Tz,
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"1CO,Me

Me;S(O)l (3.8 eq.)

-
v

Ph
H
CO,Me
+ R! 7 2

- R0 X0 NaH (3.2 eq.) CoMe - paNg H OH
DMSO, rt
48 50
Products
Entry Substrate (48) - :
Yield (%) of 49 Yield (%) of 50

1 32a: 49a: - 50a: 52
2 32b: 49b: 33 50b: 11
32 32c¢: 49c: 47°¢ 50c¢: 4
4b 32d: 49d: 48 50d: -
5 32e: 49e¢: 23 50e: 13
6 32f: 49f: - 50f: 77
7 32g: 49g: 25 50g: -
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8 32h: 49h: 45 50h: 3

9 32i: 49i: 17 50i: -

a: 12% of (E)-2-hydroxy-2-(2-phenylethenyl)cyclooctan-1-one was obtained.
b: 8% of (E)-2-hydroxy-2-(2-phenylethenyl)cyclododecan-1-one was obtained.

c: The structure was confirmed using the X-ray crystallography technique.

Table 11. 27 07 X MRIZxT D ATV K& AW T2 B2 6

ARETIE, 3NMICEFREMETH L AT VA LD a-Er ke TV & DR +21%
BRALATINEOS £V &% L7- 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate K& A F VU K& o
BB S AR L, 38 YUBED N AFALALARF Y= Ad—T R, 32 ¥ &ED NaH,
AL L LC DMSO, UGNEEIZHRIROSME 2RV, —o0EFMNELNSE Z L2 LN E
LTz BONTARMIIT FT a7 K% §FE 17~54%, AL 7 1[4.1.0]
T B ANRE TFE 3~ T7% DR THT-,
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hul
apl
hu!

FZHEX, B EMBA~AT e BILAM TH D a-t'u K QH-E'r 2 2-4 ) K 0#E»NnD
3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate #EKDHEFE A U REIGHI“Y A F /L ALK F
V=g AAT Y R & AW B R AL G & et LTz,

1. 3MLICEFREMMEIERAGT D a-Br Mk QH-Y' 1 2-4 ) & TV o oR2DEERE ST
INEEZ & % 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate F5E (KD G kL % M L 7=,
ZORER, BEL 10 MBEOT VT Ay T ass ) —VEEEh . 400 W m KR 7
ERETHZ L0 oMY, 3.4-fF K 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-
carboxylate (17 i 17 ~ 63 %). 5,6-fFII{A 2-oxa-3-oxobicyclo[4.2.0]oct-4-ene-4-carboxylate
(15FE5~48%) KWNa-E' 1 MDD &K (2~21%) #1537,

2. &k L7z 3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylate F5E (R IZ %5 ¥ A F /LA LR F
V=g A ATFY REHWICES BRSO E T 572, 3.8 YED MY AF LA KRFY =0
LT —U R, 32 Y4EO NaH, %L LT DMSO., RGIREIZFIROFEFZ2 A, Z20
KR, 7 Rt Ra_y Yy 754K (8 FE 17~54%). AL E L7 0[41.01~7 % Ak
(THE3~T77%) =157,
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EIfSE

D VIZEREA . ARBFZEIZES U CHRAEIZRE RS & I RE 2 5 0 £ L 72 sUER R R 7
HERLEZSE I T ETHERICLEVEHOEEZE L9, MERYRIRE LV FEED—
BELTAXTHE, ZOEPMNEFZTHIENTELOITOE ZITEEDIRE &L TK
AL T ES,

Prichbin, Fx GRS L EEELZ Y £ LIoRHEER R ERRETSH NG
EAAEZER, AREEBIBBIC TR B L £7

AWIEDIEIRT 24T > TIHE | KD E o0 T 2 fFo TIHE £ Lo m#ERRF  |H
BERE > b L Fndid | FRBEFEE L RIEEMHE L. Navnath Dnyanoba Yadav f#
. =mtRdiE L B iE IR B L £

AWFFEOHEEIZEE L TR N2 THE £ Lo i3l R Ry SEARETS Y AHb
KT, HMGFT L RERMT L WHER 5 FEMER Y Rt
gy, FHRERY L BROMET L, At BRI B L
EJS AN

BHESHrOWE &L AERHEZH 0 £ LI EH R KT LRFA#SsE 2 — S
JNDIACHER S . RRERAS W3RN . Z2 ACEEBN BUT IR < G B L £7

K AERICH T2V . ARREE 2150 £ LIERHERRY Bbealh FH 5
B N FERL R b o A E IR IR OVETE L £,

Flo. BRIZRLDE MR DTSR NI Z2THE  LIcBIbESRY s 2
soPEEE. B BREBBICHE B LT,

BT, HERBBRA~OEFZORSE 52, EO X RPN TH XA T Lzl
BUZD DB L £,
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Experimental Sectiom

General procedure: All reactions were carried out under a positive atmosphere of N» in dried glassware
unless otherwise noted. Solvents were dried and distilled according to standard protocols. Materials
were obtained from commercial suppliers and used without further purification except when otherwise
noted. All melting point were measured with a Yanaco MP micro-melting point apparatus and are
uncorrected. NMR spectra were measured on Bruker Ultrashield™ 300 (‘H: 300 MHz; *C: 75 Hz),
JEOL ECS-400 ('H: 400 MHz; '3C: 100 Hz), and Bruker Ascend™ 500 (‘H: 500 MHz; '*C: 125 Hz)
spectrometers with tetramethylsilane as the internal standard. Chemical shifts are reported in parts per
million. IR spectra were measured with a JASCO FT/IR-4600 spectrophotometer. A JEOL JMS-GC
mate II spectrometer was used for low-resolution and high-resolution electron ionization mass
spectrometry (LR-EIMS and HR-EIMS). X-ray crystal analyses were performed on a Rigaku RAXIS
RAPID II imaging plate area detector with graphite monochromatized Cu-Ka radiation at 23.0 °C.
Photochemical reactions were performed on an RH-400-10W (Riko-Kagaku Sangyo). All solvents were
removed under reduced pressure in the usual work-up procedure. Silica gel 60 Fas4 (Merck) for thin-
layer chromatography, silica gel 60N (Kanto Chemical) for column chromatography, silica gel packed
in a glass column (Yamazen, 0.040 mm) for medium-pressure liquid chromatography (MPLC),
Cosmosil 5SL-II, and Cosmosil 5Cis-AR-II packed column (Nacalai Tesque, 20 mm 1.D. x 250 mm) for

recycling preparative high-performance liquid chromatography (HPLC) were used.
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H—EICEYT 5 ER
B HHOER

Typical procedure for the synthesis of methyl rac-(1R,2aS$,8bS)-3-oxo-1-phenyl-1,5,6,7,8,8b-
hexahydro-2H-cyclobuta|d|pyran-2a(3H)-carboxylate (24), methyl rac-(4aR,8aS$,105)-5,6,7,8-
tetrahydro-2-oxo-10-phenyl-4a,8a-ethano-2H-1-benzopyran-3-carboxylate (25) and dimethyl rac-
(6aR,6bS,12aR,12bS)-6,12-dioxo0-2,3,4,7,8,9,10,12b-octahydra-1H,6 H-cyclobuta[1,2-c:3,4-
c'|bis[1]benzopyran-6a,12a(6aH,12bH)-dicarboxylate (26):

styrene (10 eq.) H Ph
X CO2Me isopropanol % N CO2Me
| - + +
o~ ~o hv (400 W Hg lamp) 0" "o
9h
23 25 (30%) 26 (4%)

A mixture of methyl 5,6,7,8-tetrahydro-2-oxo-2H-1-benzopyran-3-carboxylate 23 (208 mg, 1.0 mmol,
1 eq) and styrene (1.2 ml, 10.0 mmol, 10.0 eq.) in 2-propanol (5.0 mL) was irradiated with a high-
pressure mercury lamp (400 W) to afford the [2+2] cycloadducts until 23 disappeared as determined by
TLC (9 h). The reaction mixture was evaporated under reduced pressure. The residue was purified by
silica gel chromatographed (n-hexane-EtOAc = 4:1) to yield compounds 24 (173 mg, 55%), 25 (95 mg,
30%) and 26 (18 mg, 4%).

Methyl rac-(1R,2aS,8bS)-3-0x0-1-phenyl-1,5,6,7,8,8b-hexahydro-2H-cyclobuta|d]pyran-2a(3H)-
carboxylate (24)

Colorless plates; m.p. 114.4-115.2 °C (Diisopropyl ether); "H NMR (500 MHz, CDCl3) 6 7.31 (t,J=7.5
Hz, 2H), 7.27-7.24 (m, 1H), 7.20 (d, J= 7.5 Hz, 2H), 3.91 (q, /= 9.0 Hz, 1H), 3.85 (s, 3H), 3.42 (d, J =
9.0 Hz, 1H), 3.34 (ddd, J=11.5, 9.5, 2.0 Hz, 1H), 2.89 (dd, J = 13.0, 8.0 Hz, 1H), 2.10 (td, /= 6.0, 2.0
Hz, 2H), 1.58-1.52 (m, 1H), 1.51-1.39 (m, 2H), 1.34-1.27 (m, 1H), 1.07-0.99 (m, 1H), 0.98-0.92 (m,
1H); *C NMR (75 MHz, CDCls) § 170.9, 166.2, 146.7, 138.6, 128.2 (2C), 127.9 (2C),127.2, 106.8,
53.2,47.7,46.5,41.2,33.9,26.2,25.8,21.9,21.7; IR (ATR): 3029.6, 1739.5 cm™'; LR-EIMS m/z: 312
(M7, 1.0), 208 (100), 180 (40), 176 (14), 152 (13), 121 (22), 104 (14); HR-EIMS calcd for Ci9H2004:
312.1362. Found: 312.1363.
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X-ray Crystal Data: Crystal Color, Habit; colorless, block, Crystal Dimensions; 0.400 x 0.300 x 0.300
mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 11.1831(2) A, b =
9.6074(2) A, c=15.8510(3) A, p=103.284(7)°, V = 1657.47(8) A3, Space Group; P2/n (#14), Z value;
4, Dear; 1.252 g/em?, Fooo; 664.00, p(CuKa); 7.105 cm™!, Intensity Measurement: Diffractometer; R-
AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 40 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
oscillation Range (y=54.0, ¢=0.0); 80.0 - 260.0°, Exposure Rate; 140.0 sec./°, ® oscillation Range
(x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 140.0 sec./°, o oscillation Range (¥y=54.0, ¢=180.0);
80.0 - 260.0°, Exposure Rate; 140.0 sec./°, @ oscillation Range (3=54.0, ¢$=270.0); 80.0 - 260.0°,
Exposure Rate; 140.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max; 136.1°, No. of
Reflections Measured; Total: 17813, Unique: 2988 (Rine = 0.0531), Corrections; Lorentz-polarization
Absorption (trans. factors: 0.692 - 0.808), Secondary Extinction (coefficient: 9.10000e-003). Structure
Solution; Direct Methods (SHELXT Version 2018/2), Refinement; Full-matrix least-squares on F2
Function Minimized; ¥ w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ 6*(Fo?) + (0.0857 - P)>+ 0.6986 -
P ] where P = (Max(Fo?,0) + 2Fc?)/3, 20max cutoff; 136.1°, Anomalous Dispersion; All non-hydrogen
42



atoms, No. Observations (All reflections); 2988, No. Variables; 209, Reflection/Parameter Ratio; 14.30,
Residuals: R1 (I>2.000(I)); 0.0622, Residuals: R (All reflections); 0.0663, Residuals: wR2 (All
reflections); 0.1765, Goodness of Fit Indicator; 1.071, Max Shift/Error in Final Cycle; 0.000, Maximum
peak in Final Diff. Map; 0.46 ¢/A3, Minimum peak in Final Diff. Map; -0.45 e/A%.

Deposition number CCDC-2047464 for 24. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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Methyl rac-(4aR,8a8,105)-5,6,7,8-tetrahydro-2-oxo-10-phenyl-4a,8a-ethano-2 H-1benzopyran-3-
carboxylate (25)

Colorless needles; m.p. 126.9-128.4 °C (Diisopropyl ether); 'H NMR (300 MHz, CDCls) ¢ 7.38-7.25
(m, 3H), 7.12-7.08 (m, 2H), 6.85 (s, 1H), 3.77 (s, 3H), 3.52 (dd, J=10.8, 7.2 Hz, 1H), 2.80 (t, /= 10.8
Hz, 1H), 2.37 (ddd, J=14.7, 4.2, 3.3 Hz, 1H), 2.28 (dd, J=11.1, 7.5 Hz, 1H), 1.95-1.81 (m, 3H), 1.77-
1.57 (m, 2H), 1.43-1.24 (2H, m); >*C NMR (125 MHz, CDCl3) 6 163.8, 159.4, 156.3, 135.2, 128.7 (2C),
127.5 (2C), 127.4, 122.9, 77.0 52.5, 48.4, 38.8, 36.9, 34.6, 28.8, 20.6, 20.4; IR (ATR): 3025.8, 1753.0,
1713.4 cm™; LR-EIMS m/z: 312 (M*, 1.0), 208 (100), 180 (44), 176 (16), 152 (15), 121 (24), 104 (15);
HR-EIMS calcd for Ci19H2004: 312.1362. Found: 312.1357.
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X-ray Crystal Data: Crystal Color, Habit; colorless, platelet, Crystal Dimensions; 0.200 x 0.100 x 0.040
mm, Crystal System; triclinic, Lattice Type; Primitive, Lattice Parameters; a = 9.2261(5) A, b =
10.5187(6) A, ¢ = 10.5900(5) A, o = 104.403(7)°, B = 103.284(7)°, y = 107.817(8)°, V = 802.79(14) A3,
Space Group; P-1 (#2), Z value; 2, Dcac; 1.292 g/cm?, Foo; 332.00, u(CuKa); 7.335 cm?, Intensity
Measurement: Diffractometer; R-AXIS RAPID, Radiation; CuKa (A = 154187 A), graphite
monochromated, Voltage, Current; 40 kV, 100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x
256.0 mm, Data Images; 45 exposures, o oscillation Range (y=54.0, $=0.0);80.0 - 260.0°, Exposure
Rate; 360.0 sec./°, o oscillation Range (x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 360.0 sec./°, ®
oscillation Range (x=54.0, $=180.0); 80.0 - 260.0°, Exposure Rate; 360.0 sec./°, ® oscillation Range
(x=54.0, $=270.0); 80.0 - 260.0°, Exposure Rate; 360.0 sec./°, Detector Position; 127.40 mm, Pixel Size;
0.100 mm, 26max; 136.4°, No. of Reflections Measured; Total: 8887, Unique: 2867 (Rirx = 0.0714),
Corrections; Lorentz-polarization Absorption (trans. factors: 0.582 - 0.971), Secondary Extinction
(coefficient: 9.71000e-003). Structure Solution; Direct Methods (SHELXT WVersion 2018/2),
Refinement; Full-matrix least-squares on F2, Function Minimized; £ w (Fo? - Fc?)?, Least Squares
Weights; w = 1/ [ 6?(Fo?) + (0.1217 - P)? + 0.0000 - P ] where P = (Max(Fo0?,0) + 2Fc?)/3, 20max cutoff;
136.4°, Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All reflections); 2867, No.
Variables; 209, Reflection/Parameter Ratio; 13.72, Residuals: R1 (1>2.00c(1)); 0.0728, Residuals: R
(All reflections); 0.1272, Residuals: wR2 (All reflections); 0.2300, Goodness of Fit Indicator; 0.930,
Max Shift/Error in Final Cycle ; 0.000, Maximum peak in Final Diff. Map; 0.20 e /A3, Minimum
peak in Final Diff. Map; -0.23 e/A3,

Deposition number CCDC-2047465 for 25. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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Dimethyl rac-(6aR,6bS,12aR,12bS)-6,12-dioxo0-2,3,4,7,8,9,10,12b-octahydra-1H,6 H-
cyclobuta|1,2-c:3,4-c'|bis[1]benzopyran-6a,12a(6aH,12bH)-dicarboxylate (26)

Colorless plates; m.p. 221.0-223.7 °C (Diisopropyl ether); 'H NMR (300 MHz, CDCls) 6 3.87 (s, 2H),
3.79 (s, 6H), 2.32-2.09 (m, 6H), 2.00-1.85 (m, 2H), 1.81-1.50 (m, 8H); '*C NMR (125 MHz, CDCl;) ¢
169.0 (2C), 162.2 (2C), 148.5 (2C), 106.2 (2C), 53.5 (2C), 53.0 (2C), 45.8 (2C), 26.2 (2C), 25.8 (2C),
21.9 (2C), 21.8 (2C); IR (CHCIl3): 2945.1, 1755.1 ecm™'; LR-EIMS m/z: 416 (M, 5.7), 209 (59), 208
(100), 180 (48), 177 (61), 176 (33), 121 (31); HR-EIMS calcd for C22H240s: 416.1471. Found: 416.1475.

X-ray Crystal Data: Crystal Color, Habit; colorless, prism, Crystal Dimensions; 0.300 x 0.200 x 0.150
mm, Crystal System; orthorhombic, Lattice Type; Primitive, Lattice Parameters; a = 17.9688(7) A, b =
8.5912(3) A, c = 13.4535(5) A, V = 2076.88(13) A3, Space Group; P2:2:2 (#18), Z value; 4, Dcar; 1.332
g/cm?®, Fooo; 880.00, n(MoKa); 1.015 cm™, Intensity Measurement: Diffractometer; R-AXIS RAPID,
Radiation; MoKo (A = 0.71075 A), graphite monochromated, Voltage, Current; 50 kV, 100 mA,
Temperature; -165.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 44 exposures, o oscillation
Range (x=45.0, 1=30.0); 130.0 - 190.0°, Exposure Rate; 90.0 sec./°, o oscillation Range (y=45.0,
$=180.0); 0.0 - 160.0°, Exposure Rate; 90.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm,
20max; 54.8°, No. of Reflections Measured; Total: 20098, Unique: 4722 (Rin = 0.0624), Corrections;
Lorentz-polarization Absorption (trans. factors: 0.771 - 0.985), Secondary Extinction (coefficient:
8.05000e-003). Structure Solution; Direct Methods (SHELXT Version 2018/2), Refinement; Full-
matrix least-squares on F2, Function Minimized; ¥ w (Fo? - Fc?)?, Least Squares Weights; w = 1/
[ 6?(Fo?) + (0.0379 - P)2 + 4.8019 - P ] where P = (Max(Fo?,0) + 2Fc?)/3, 20max cutoff; 54.8°, Anomalous
Dispersion; All non-hydrogen atoms, No. Observations (All reflections); 4722, No. Variables; 272,
Reflection/Parameter Ratio; 17.36, Residuals: R1 (1>2.00c(1)); 0.0765, Residuals: R (All reflections);
0.1168, Residuals: wR2 (All reflections); 0.1981, Goodness of Fit Indicator; 1.131, Max Shift/Error in
Final Cycle; 0.000, Maximum peak in Final Diff. Map; 0.40 e/A3, Minimum peak in Final Diff. Map; -
0.38 e7A%,

Deposition number CCDC-2047494 for 26. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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COMPUTATIONAL METHODS:

The candidate compounds with at most five hundred from the lowest energy or less than 40 klJ/mol
difference from the lowest energy were generated with the molecular mechanics method at the MMFF
level of theory in the Spartan’18 software, which automatically identifies conformational degrees of
freedom (single bonds and flexible rings). The equilibrium geometries of the candidate compounds were
sequentially recalculated with the semi-empirical method at the PM3 level of theory and the Hartree—
Fock method at the 6-31G™* level of theory. Finally, the lowest-energy structures were obtained with the
DFT method at the ®B97X-D/6-31G* level of theory. The HOMO and LUMO levels of 23 and styrene
were determined by DFT, and their molecular orbital coefficients were calculated by the Hartree—Fock
method at the STO-3G level of theory with the optimized geometries of the lowest-energy structures
calculated by DFT. The *H-NMR spectra of 24, epi-24, 25, epi-25, 27, and 28 were calculated according

to the Boltzmann weights of some of the candidate conformers calculated by DFT.
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EREDEBR

Methyl rac-(1R,2a8,7bS)-3-0xo0-1-phenyl-1,2,5,6,7,7b-hexahydrocyclobuta|d]cyclopenta[b]pyran-
2a(3H)-carboxylate (32a)

Colorless needles; m.p. 118.2-120.0 °C (Diisopropyl ether); 'H NMR (300 MHz, CDCl;) 6 7.35-7.27
(m, 3H), 7.21-7.17 (m, 2H), 3.98 (q, J = 9.3 Hz, 1H), 3.88 (s, 3H), 3.53 (dd, J = 8.7, 2.1 Hz, 1H), 3.24
(ddd, J=12.3, 8.7, 3.0 Hz, 1H), 2.96 (ddd, J = 12.3, 9.9, 1.2 Hz, 1H), 2.48-2.41 (m, 2H), 1.82-1.68 (m,
2H), 1.58-1.48 (m, 1H), 1.12-1.03 (m, 1H); 3C NMR (75 MHz, CDCls) 6 171.2, 166.5, 149.9, 138.7,
128.5 (2C), 127.6 (2C), 127.4,109.7, 53.4, 47.0, 44.9, 41.6, 33.5, 30.3, 29.7, 19.6.; IR (CHCI;): 3030.6,
1755.1 em; LR-EIMS m/z: 298 (M", 1.4), 195 (13), 194 (100), 162 (47), 138 (14), 134 (26), 104 (20);
HR-EIMS calcd for CisHisO4: 298.1205. Found: 298.1209.

X-ray Crystal Data: Crystal Color, Habit; colorless, chunk, Crystal Dimensions; 0.300 x 0.200 x 0.100
mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 11.3828(3) A, b =
9.0422(2) A, ¢ =15.6478(4) A, B =103.768(7) °, V = 1564.29(9) A%, Space Group; P2:/n (#14), Z value;
4, Deaic; 1.267 g/lcm?®, Fooo; 632.00, n(CuKa); 7.295 cm?, Intensity Measurement: Diffractometer; R-
AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 50 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
oscillation Range (x=54.0, $=0.0);  80.0 - 260.0°, Exposure Rate; 120.0 sec./’, » oscillation Range
(x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 120.0 sec./°, ® oscillation Range (y=54.0, $=180.0);
80.0 - 260.0°, Exposure Rate; 120.0 sec./°, o oscillation Range (x=54.0, $=270.0); 80.0 - 260.0°,
Exposure Rate; 120.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max; 136.2°, No. of
Reflections Measured; Total: 16573, Unique: 2849 (Rin: = 0.0436), Corrections; Lorentz-polarization
Absorption (trans. factors: 0.733 - 0.930), Secondary Extinction (coefficient: 9.30000e-003). Structure
Solution; Direct Methods (SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F?,
Function Minimized; = w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ 6?(Fo?) + (0.0578 - P)? + 0.1875
- P ] where P = (Max(Fo?,0) + 2Fc?)/3, 20max cutoff; 136.2°, Anomalous Dispersion; All non-hydrogen
atoms, No. Observations (All reflections); 2849, No. Variables; 272, Reflection/Parameter Ratio; 10.47,
Residuals: R1 (1>2.00c(1)); 0.0404, Residuals: R (All reflections); 0.0571, Residuals: wR2 (All
reflections); 0.1139, Goodness of Fit Indicator; 1.033, Max Shift/Error in Final Cycle ; 0.004,
Maximum peak in Final Diff. Map; 0.16 e/A3, Minimum peak in Final Diff. Map; -0.12 e /A%,
Deposition number CCDC-2047474 for 32a. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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Methyl rac-(4aR,7a8,95)-6,7-dihydro-2-0x0-9-phenyl-4a,7a-ethano-2H,5H-1-cyclopenta[b]pyran-
3-carboxylate (33a)

Yellow needles; m.p. 139.7-142.1 °C (Diisopropyl ether); 'H NMR (300 MHz, CDCl;) 6 7.36-7.23 (m,
3H), 7.15-7.12 (m, 2H), 6.94 (s, 1H), 3.75 (s, 3H), 3.43 (t, /= 9.0 Hz, 1H), 2.84 (ddd, /= 13.2,9.9, 1.5
Hz, 1H), 2.57 (dd, J = 13.2, 8.7 Hz, 1H), 2.40-2.30 (m, 1H), 2.23-2.05 (m, 4H), 1.87-1.80 (m, 1H); 1*C
NMR (75 MHz, CDCl;) 6 164.2, 158.3, 153.2, 136.7, 128.8 (2C), 127.6 (2C), 127.4, 123.2, 85.9, 52.9,
52.6,44.2,39.6, 37.5, 36.7, 23.2; IR (CHCI;): 3028.0, 1751.2, 1728.1 cm’!; LR-EIMS m/z: 298 (M",
1.0), 194 (100), 162 (37), 134 (23), 104 (21), 195 (13), 138 (2); HR-EIMS calcd for C;sHsO04: 298.1205.
Found: 298.1209.

Methyl rac-(1R,2aS8,9bS)-3-0xo0-1-phenyl-1,2,5,6,7,8,9,9b-
octahydrocyclobuta[d]cyclohepta[b]pyran-2a(3H)-carboxylate (32b)

Colorless oil; '"H NMR (300 MHz, CDCls) 6 7.36-7.26 (m, 3H), 7.22-7.17 (m, 2H), 3.91 (q, J=9.3 Hz,
1H), 3.85 (s, 3H), 3.56 (d, /= 9.3 Hz, 1H), 3.30 (ddd, J = 12.9, 9.3, 2.1 Hz, 1H), 2.88 (ddd, J = 12.9,
8.1, 1.2 Hz, 1H), 2.36-2.20 (m, 2H), 1.61-1.07 (m, 7H), 0.80-0.63 (m, 1H); *C NMR (75 MHz, CDCls)
0 171.0, 166.7, 150.9, 138.9, 128.3 (2C), 128.1 (2C), 127.1, 110.8, 53.2, 48.7, 47.2, 41.4, 33.6, 32.2,
30.3, 29.6, 24.9, 24.5; IR (CHCI;): 3028.7, 1748.2 cm™'; LR-EIMS m/z: 326 (M*, 1.0), 223 (17), 222
(100), 194 (73),135 (33), 104 (24), 91 (13); HR-EIMS calcd for C20H2,04: 326.1518. Found: 326.1515.

Methyl rac-(4aR,9aS8,115)-6,7,8,9-tetrahydro-2-oxo-11-phenyl-4a,9a-ethano-2 H,SH-1-
cyclohepta|b]pyran-3-carboxylate (33b)

Colorless cubics; m.p. 113.8-114.7 °C (Diisopropyl ether); 'H NMR (300 MHz, CDCls) § 7.36-7.28 (m,
3H), 7.11-7.07 (m, 2H), 6.71 (s, 1H), 3.77 (s, 3H), 3.43 (dd, J = 11.1, 8.4 Hz, 1H), 2.81 (dd, J = 12.3,
11.1 Hz, 1H), 2.36 (dd, J = 12.3, 8.4 Hz, 1H), 2.23-2.07 (m, 3H), 2.02-1.98 (m, 1H), 1.94-1.72 (m, 4H),
1.46-1.34 (m, 1H), 1.14-0.99 (m, 1H); *C NMR (75 MHz, CDCls) 6 163.6, 159.1, 157.2, 135.5, 128.6
(20), 127.3, 127.2 (2C), 125.0, 82.8, 52.9, 52.5, 47.3, 39.3, 36.6, 36.4, 31.5, 24.6, 23.9; IR (CHCI»):
3028.7, 1753.9, 1731.8 cm’!; LR-EIMS m/z: 326 (M", 1.7), 222 (100), 195 (7), 194 (50), 135 (17), 104
(7), 91 (13); HR-EIMS calcd for C20H204: 326.1518. Found: 326.1515.

X-ray Crystal Data: Crystal Color, Habit; colorless, chunk, Crystal Dimensions; 0.300 x 0.300 x 0.200
mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 8.2398(4) A, b =
13.0827(7) A, ¢ = 16.1271(8) A, p = 96.255(7) °, V = 1728.13(15) A3, Space Group; P2i/c (#14), Z
value; 4, Deaic; 1.254 g/lcm®, Fooo; 696.00, u(CuKa); 7.026 cm', Intensity Measurement: Diffractometer;
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R-AXIS RAPID, Radiation; CuKa (A= 1.54187 A), graphite monochromated, Voltage, Current; 40 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
oscillation Range (x=54.0, $=0.0);  80.0 - 260.0°, Exposure Rate; 180.0 sec./°, o oscillation Range
(x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 180.0 sec./°, ® oscillation Range (y=54.0, $=180.0);
80.0 - 260.0°, Exposure Rate; 180.0 sec./°,  oscillation Range (x=54.0, ¢$=270.0); 80.0 - 260.0°,
Exposure Rate; 180.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 26max; 136.1°, No. of
Reflections Measured; Total: 19033, Unique: 3139 (Rin = 0.0416), Corrections; Lorentz-polarization
Absorption (trans. factors: 0.761 - 0.869), Secondary Extinction (coefficient: 2.81000e-003). Structure
Solution; Direct Methods (SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F2,
Function Minimized; X w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ 6?(Fo?) + (0.0468 - P)? + 0.1737
- P ] where P = (Max(F0?%,0) + 2Fc?)/3, 20max cutoff; 136.1°, Anomalous Dispersion; All non-hydrogen
atoms, No. Observations (All reflections); 3139, No. Variables; 306, Reflection/Parameter Ratio; 10.26,
Residuals: R1 (1>2.000(l)); 0.0355, Residuals: R (All reflections); 0.0425, Residuals: wR2 (All
reflections); 0.0989, Goodness of Fit Indicator; 1.046, Max Shift/Error in Final Cycle ; 0.003,
Maximum peak in Final Diff. Map; 0.13 e/A3, Minimum peak in Final Diff. Map; -0.12 e/A3.

Deposition number CCDC-2047463 for 33b. Free copies of the data can be obtained via

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac-(1R,2aS,10bS)-3-0xo-1-phenyl-1,5,6,7,8,9,10,10b-octahydro-2H-
cyclobuta|d]cycloocta[b]pyran-2a(3H)-carboxylate (32¢)

Colorless needles; m.p. 135.7-137.0 °C (Diisopropyl ether); '"H NMR (300 MHz, CDCls) § 7.33-7.25
(m, 3H), 7.23-7.17 (m, 2H) 3.90 (q, J = 9.0 Hz, 1H), 3.85 (s, 3H), 3.56 (dd, J = 9.0, 2.4 Hz, 1H), 3.30
(ddd, J=12.9, 9.0, 2.4 Hz, 1H), 2.92 (ddd, J = 12.9, 8.4, 1.2 Hz, 1H), 2.33 (ddd, J = 14.4, 11.1, 5.4 Hz,
1H), 2.12 (dt, J = 14.4, 4.2 Hz, 1H), 1.73-1.10 (m, 10H); '*C NMR (125 MHz, CDCl:) 6 170.9, 166.7,
148.7, 138.6, 128.3 (2C), 128.0 (2C), 127.1, 108.5, 53.2, 47.8,46.0, 41.6, 33.8, 28.6, 28.3, 27.84, 27.83,
26.1,25.9; IR (CHCI5): 3027.7, 1752.0, 1712.5 cm™'; LR-EIMS m/z: 340 (M*, 0.5), 237 (21), 236 (100),
208 (30), 180 (32), 152 (17); HR-EIMS calcd for Ca1H2404: 340.1675. Found: 340.1680.

X-ray Crystal Data: Crystal Color, Habit; colorless, chunk, Crystal Dimensions; 0.200 x 0.100 x 0.100
mm, Crystal System; orthorhombic, Lattice Type; Primitive, Lattice Parameters; a = 7.0569(6) A b=
10.9918(9) A, ¢ =23.2000(19) A, V = 1799.6(3) A3, Space Group; P212:2; (#19), Z value; 4, Dcac; 1.256
g/cm®, Fooo; 728.00, p(CuKoa); 6.950 cm, Intensity Measurement: Diffractometer; R-AXIS RAPID,
Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 50 kV, 100 mA,

51


mailto:deposit@ccdc.cam.ac.uk

Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, « oscillation
Range (x=54.0, $=0.0); 80.0 - 260.0°, Exposure Rate; 150.0 sec./°, » oscillation Range (y=54.0, $=90.0);
80.0 - 260.0°, Exposure Rate; 150.0 sec./°, o oscillation Range (x=54.0, $=180.0); 80.0 - 260.0°,
Exposure Rate; 150.0 sec./°, o oscillation Range (x=54.0, $=270.0); 80.0 - 260.0°, Exposure Rate; 150.0
sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max; 136.2°, No. of Reflections Measured;
Total: 19511, Unique: 3259 (Rin: = 0.1190), Corrections; Lorentz-polarization Absorption (trans. factors:
0.599 - 0.933), Secondary Extinction (coefficient: 2.23000e-003). Structure Solution; Direct Methods
(SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F?, Function Minimized; = w (Fo?
- Fc?)?, Least Squares Weights; w = 1/ [ o?(Fo?) + (0.0186 - P)? + 0.0000 - P ] where P = (Max(Fo0?,0) +
2Fc?)/3, 20max cutoff; 136.2°, Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All
reflections); 3259, No. Variables; 263, Reflection/Parameter Ratio; 12.39, Residuals: R1 (1>2.000(1));
0.0411, Residuals: R (All reflections); 0.1552, Residuals: wR2 (All reflections); 0.0723, Goodness of
Fit Indicator; 0.719, Max Shift/Error in Final Cycle; 0.002, Maximum peak in Final Diff. Map; 0.19
e/A3, Minimum peak in Final Diff. Map; -0.15 e”/A3.

Deposition number CCDC-2047471 for 32c. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac-(4aR,10aS,125)-5,6,7,8,9,10-hexahydro-2-oxo-12-phenyl-4a,10a-ethano-2H-1-
cycloocta[b]pyran-3-carboxylate (33c)

Colorless prisms; m.p. 154.5-155.9 °C (Diisopropyl ether); '"H NMR (300 MHz, CDCls) § 7.36-7.26 (m,
3H), 7.14-7.11 (m, 2H), 6.78 (s, 1H), 3.78 (s, 3H), 3.23 (dd, J= 8.1, 11.7 Hz, 1H), 2.95 (t, J = 11.7 Hz,
1H), 2.27 (dd, J = 8.1, 12.3 Hz, 1H), 2.22-2.08 (m, 3H), 1.95-1.64 (m, 5H), 1.43-1.11 (m, 3H), 1.02-
0.84 (m, 1H); 3C NMR (75 MHz, CDCls) § 163.6, 159.0, 157.6, 134.8, 128.6 (2C), 127.7 (2C), 127.6,
125.3,81.2,52.5,51.7,45.4,39.0,35.2,31.9, 24.6,24.5,24.4, 24.1; IR (CHCI»): 3027.7,1752.0, 1712.5
cm'; LR-EIMS m/z: 340 (M*, 1.3), 236 (100), 208 (31), 180 (34), 152 (18), 104 (19); HR-EIMS calcd
for C21H2404: 340.1675. Found: 340.1683

X-ray Crystal Data: Crystal Color, Habit; colorless, chunk, Crystal Dimensions; 0.200 x 0.200 x 0.200
mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 8.4728(3) A b=
13.6953(4) A, ¢ = 15.7982(5) A, B = 99.311(7) °, V = 1809.04(10) A3, Space Group; P2i/c (#14), Z
value; 4, Dearc; 1.250 g/cm®, Fooo; 728.00, u(CuKa); 6.913 cm™?, Intensity Measurement: Diffractometer;
R-AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, VVoltage, Current; 40 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
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oscillation Range (x=54.0, $=0.0);  80.0 - 260.0°, Exposure Rate; 180.0 sec./°, » oscillation Range
(x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 180.0 sec./°, o oscillation Range (y=54.0, $=180.0);
80.0 - 260.0°, Exposure Rate; 180.0 sec./°, o oscillation Range (x=54.0, $=270.0); 80.0 - 260.0°,
Exposure Rate; 180.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 26max; 136.2°, No. of
Reflections Measured; Total: 19379, Unique: 3294 (Rin: = 0.0482), Corrections; Lorentz-polarization
Absorption (trans. factors: 0.691 - 0.871), Secondary Extinction (coefficient: 2.24000e-003). Structure
Solution; Direct Methods (SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F?,
Function Minimized; £ w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ 6(Fo?) + (0.0410 - P)2 + 0.2991
- P ] where P = (Max(Fo?,0) + 2Fc?)/3, 20max cutoff; 136.2°, Anomalous Dispersion; All non-hydrogen
atoms, No. Observations (All reflections); 3294, No. Variables; 323, Reflection/Parameter Ratio; 10.20,
Residuals: R1 (1>2.00c(1)); 0.0403, Residuals: R (All reflections); 0.0569, Residuals: wR2 (All
reflections); 0.1036, Goodness of Fit Indicator; 1.046, Max Shift/Error in Final Cycle ; 0.008,
Maximum peak in Final Diff. Map; 0.21 e/A3, Minimum peak in Final Diff. Map; -0.12 e /A3

Deposition number CCDC-2047466 for 33c. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac-(1R,2a8$,14bS)-3-oxo-1-phenyl-1,5,6,7,8,9,10,11,12,13,14,14b-dodecahydro-2 H-
cyclobuta|d]cyclododeca|b]pyran-2a(3H)-carboxylate (32d)

Colorless prisms; m.p. 115.3-116.9 °C (Diisopropyl ether); 'H NMR (400 MHz, CDCl;) 6 7.31-7.27 (m,
2H), 7.25-7.21 (m, 1H), 7.18-7.16 (m, 2H), 3.87-3.79 (m, 4H), 3.65 (d, J = 9.6 Hz, 1H), 3.39 (ddd, J =
12.8,9.6, 1.2 Hz, 1H), 2.87 (ddd, J=14.4, 7.2 Hz, 1H), 2.30 (ddd J=14.4, 8.4, 7.2 Hz, 1H), 1.95 (dt, J
=14.4,7.2 Hz, 1H), 1.84 (dt, J = 14.4, 7.2 Hz, 1H), 1.70-1.63 (m, 1H), 1.53-1.45 (m, 1H), 1.36-0.99 (m,
15H); 3C NMR (100 MHz, CDCls) § 171.2, 167.6, 149.3, 139.2, 128.6 (2C), 128.3 (2C), 127.4, 109.6,
53.5,48.2, 44.7, 41.9, 34.4, 26.4, 25.6, 24.9, 24.63, 24.59, 24.4, 24.2, 24.1, 22.7, 22.3; IR (CHCIl;):
3030.0, 1747.4 cm'; LR-EIMS m/z: 396 (M, 0.6), 293 (27), 292 (100), 264 (12), 189 (12), 104 (12).;
HR-EIMS calcd for C2sH3204: 396.2301. Found: 396.2299.

X-ray Crystal Data: Crystal Color, Habit; colorless, chunk, Crystal Dimensions; 0.300 x 0.200 x 0.200
mm, Crystal System; orthorhombic, Lattice Type; Primitive, Lattice Parameters; a = 11.9301(3) A b=
16.9532(4) A, ¢ = 21.7354(5) A, V = 4396.08(17) A3, Space Group; Pbca (#61), Z value; 8, Deac; 1.198
g/cm®, Fooo; 1712.00, u(CuKa); 6.354 cm?, Intensity Measurement: Diffractometer; R-AXIS RAPID,
Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 40 kV, 100 mA,

Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, o oscillation
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Range (x=54.0, $=0.0); 80.0 - 260.0°, Exposure Rate; 60.0 sec./°, » oscillation Range (y=54.0, $=90.0);
80.0 - 260.0°, Exposure Rate; 60.0 sec./°, » oscillation Range (y=54.0, $=180.0); 80.0 - 260.0°, Exposure
Rate; 60.0 sec./°, o oscillation Range (y=54.0, $=270.0); 80.0 - 260.0°, Exposure Rate; 60.0 sec./°,
Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max; 136.3°, No. of Reflections Measured; Total:
42907, Unique: 4008 (Rin: = 0.0432), Corrections; Lorentz-polarization Absorption (trans. factors: 0.681
- 0.881), Secondary Extinction (coefficient: 5.30000e-004). Structure Solution; Direct Methods
(SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F?, Function Minimized; = w (Fo?
- Fc?)?, Least Squares Weights; w = 1/ [ 6%(Fo?) + (0.0437 - P)? + 0.5698 - P ] where P = (Max(Fo0?2,0) +
2Fc?)/3, 20max cutoff; 136.3°, Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All
reflections); 4008, No. Variables; 391, Reflection/Parameter Ratio; 10.25, Residuals: R1 (1>2.005(1));
0.0367, Residuals: R (All reflections); 0.0553, Residuals: wR2 (All reflections); 0.0973, Goodness of
Fit Indicator; 1.016, Max Shift/Error in Final Cycle; 0.009, Maximum peak in Final Diff. Map; 0.13
e/A3, Minimum peak in Final Diff. Map; -0.09 e”/A3.

Deposition number CCDC-2047462 for 32d. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac-(4aR,14aS$,165)-5,6,7,8,9,10,11,12,13,14-decahydro-2-oxo-16-phenyl-4a,14a-ethano-
2H-1-cyclododeca[b]pyran-3-carboxylate (33d)

Colorless prisms; m.p. 117.8-118.7 °C (Diisopropyl ether); 1H NMR (300 MHz, CDCls) ¢ 7.34-7.27 (m,
3H), 7.13-7.10 (m, 2H), 6.79 (s, 1H), 3.78 (s, 3H), 3.24 (dd, J=11.7, 8.1 Hz, 1H), 2.85 (t, J=11.7 Hz,
1H), 2.26 (dd, J = 12.0, 8.1 Hz, 1H), 2.15-1.93 (m, 3H), 1.79-1.61 (m, 6H), 1.53-1.18 (m, 11H); 13C
NMR (75 MHz, CDCl3) 0 164.0, 159.5, 157.7, 135.2, 129.0 (2C), 128.1 (2C), 127.9, 124.9, 83.2, 53.8,
52.9,45.2,38.1,35.4,33.3,28.6, 27.6, 26.9, 26.5, 25.9, 24.6, 23.6, 23.5; IR (CHCIs): 3028.0, 1753.2,
1728.1 cn'; LR-EIMS m/z: 396 (M, 1.2), 293 (28), 292 (100), 264 (12), 104 (11); HR-EIMS calcd for
CasH3204: 396.2301. Found: 396.2306.

X-ray Crystal Data: Crystal Color, Habit; colorless, chunk, Crystal Dimensions; 0.300 x 0.200 x 0.100
mm, Crystal System:; triclinic, Lattice Type; Primitive, Lattice Parameters; a = 8.6760(2) A, b =
11.0683(3) A, ¢ = 12.4001(4) A, o = 78.310(6) °, p = 80.381(6) ©, y = 70.323(5) °, V = 1091.64(7) A%,
Space Group; P-1 (#2), Z value; 2, Dcac; 1.206 g/cm?, Foo; 428.00, u(CuKa); 6.397 cm?, Intensity
Measurement: Diffractometer; R-AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite
monochromated, Voltage, Current; 40 kV, 100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x
256.0 mm, Data Images; 45 exposures, o oscillation Range (y=54.0, $=0.0);80.0 - 260.0°, Exposure
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Rate; 240.0 sec./°, o oscillation Range (x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 240.0 sec./°, ®
oscillation Range (x=54.0, $=180.0); 80.0 - 260.0°, Exposure Rate; 240.0 sec./°, ® oscillation Range
(x=54.0, $=270.0); 80.0 - 260.0°, Exposure Rate; 240.0 sec./°, Detector Position; 127.40 mm, Pixel Size;
0.100 mm, 20max; 136.2°, No. of Reflections Measured; Total: 12317, Unique: 3892 (Rin = 0.0414),
Corrections; Lorentz-polarization Absorption (trans. factors: 0.706 - 0.938), Secondary Extinction
(coefficient: 3.64000e-003). Structure Solution; Direct Methods (SHELXT WVersion 2014/5),
Refinement; Full-matrix least-squares on F?, Function Minimized; £ w (Fo? - Fc?)?, Least Squares
Weights; w = 1/ [ 6?(Fo?) + (0.0427 - P)? + 0.1561 - P ] where P = (Max(Fo?,0) + 2Fc?)/3, 20max cutoff;
136.2°, Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All reflections); 3892, No.
Variables; 391, Reflection/Parameter Ratio; 9.95, Residuals: R1 (1>2.000(1)); 0.0399, Residuals: R (All
reflections); 0.0576, Residuals: wR2 (All reflections); 0.1040, Goodness of Fit Indicator; 1.038, Max
Shift/Error in Final Cycle ; 0.000, Maximum peak in Final Diff. Map; 0.16 e/A3, Minimum peak in
Final Diff. Map; -0.12 e”/A3,

Deposition number CCDC-2047461 for 33d. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac (1R,2aS,8bS)-3-0x0-1-phenyl-1,5,8,8b-tetrahydro-2 H,6 H-
spiro[cyclobutac]chromene-7,2'-[1,3]dioxolane]-2a(3H)-carboxylate (32¢)

Colorless oil; 'TH NMR (400 MHz, CDCls) 6 7.35-7.31 (m, 2H), 7.29-7.25 (m, 1H), 7.22-7.20 (m, 2H)
3.94 (q, J =9.2 Hz, 1H), 3.86 (s, 3H), 3.84-3.73 (m, 3H), 3.55 (dt, /= 13.2, 6.8 Hz, 1H), 3.40 (d, J =
9.2 Hz, 1H), 3.30 (ddd, J=12.8, 9.2, 2.4 Hz, 1H), 2.92 (dd, J=12.8, 9.2 Hz, 1H), 2.42-2.32 (m, 2H),
1.72 (dt, J=13.2, 6.8 Hz, 1H), 1.62 (d, /= 16.8 Hz, 1H), 1.50 (dt, /= 13.2, 6.8 Hz, 1H), 1.20 (d, J =
16.8 Hz, 1H); '*C NMR (100 MHz, CDCls) 6 170.8, 165.6, 145.6, 138.0, 128.5 (2C), 127.9 (2C), 127.4,
106.8, 104.4, 64.3,64.2,53.3,47.0, 46.4, 41.4, 35.8, 34.1, 30.6, 25.4; IR (CHCl5): 3028.0, 1743.5 cm™;
LR-EIMS m/z: 370 (M", 1.1), 266 (100), 99 (34), 86 (53); HR-EIMS calcd for C,1H»0Os: 370.1416.
Found: 370.1419.
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Methyl rac- (4a'R,8a'S,10'S)-7',8'-dihydro-2'-0x0-10'-phenyl-2'H,5'H-spiro[[1,3]dioxolane-2,6'-
[4a,8a]ethanochromene]-3'-carboxylate (33e)

Colorless prisms; m.p. 142.3-143.3 °C (Acetone); '"H NMR (400 MHz, CDCl;) 6 7.37-7.32 (m, 2H),
7.30-7.27 (m, 1H), 7.12-7.10 (m, 2H), 6.79 (s, 1H), 4.14-4.07 (m, 2H), 4.05-4.00 (m, 1H), 3.99-3.93 (m,
2H), 3.78 (s, 3H), 2.80 (t, /= 11.2 Hz, 1H), 2.43-2.35 (m, 2H), 2.31 (dd, J=11.2, 7.6 Hz, 1H), 1.95 (d,
J=14.4Hz, 1H), 1.74 (dd, J= 9.6, 4.8 Hz, 2H), 1.55 (d, J = 14.4 Hz, 1H); *C NMR (75 MHz, CDCl;)
0 163.6, 159.3, 155.0, 135.0, 128.7 (2C), 127.5 (2C), 127.4, 122.9, 107.8, 76.2, 64.6, 63.9, 52.5, 49.3,
39.7, 37.0, 36.3, 32.3, 29.5; IR (CHCls): 3028.7, 1755.9, 1728.9 cm™'; LR-EIMS m/z: 370 (M+, 1.0),
267 (18), 266 (100), 99 (45), 86 (66); HR-EIMS calcd for C>1H20s: 370.1416. Found: 370.1417.

Methyl rac-(1R,2aS$,9bS)-7-methoxy-3-oxo-1-phenyl-1,2,9,9b-tetrahydrocyclobuta[d]indeno[1,2-
b]pyran-2a(3H)-carboxylate (32f)

Orange columns; m.p. 145.8-147.3 °C (Diisopropyl ether); '"H NMR (500 MHz, CDCl;) § 7.33 (d, J =
8.5 Hz, 1H), 7.26-7.21 (m, 3H), 7.12-7.11 (m, 2H), 6.84 (dd, J = 8.5, 2.0 Hz, 1H), 6.77 (d, J = 2.0 Hz,
1H), 4.11 (dt, J=10.5, 9.0 Hz, 1H), 3.95 (ddd, J = 9.0, 3.0, 0.5 Hz, 1H), 3.91 (s, 3H), 3.78 (s, 3H), 3.28
(ddd, J = 12.0, 9.0, 3.0 Hz, 1H), 3.06 (ddd, J = 12.0, 10.5, 0.5 Hz, 1H), 2.76 (d, J=21.5 Hz, 1H), 2.12
(d, J = 21.5 Hz, 1H); “C NMR (75 MHz, CDCl3) ¢ 170.9. 165.7, 158.9, 149.0, 143.7, 138.5, 129.0,
128.6 (20), 127.39 (2C), 127.35, 118.3, 111.9, 110.8, 110.5, 55.5, 53.4, 47.6, 45.4, 42.3, 35.2, 33.5; IR
(CHCI5): 3032.5, 1765.5, 1735.6 cm™!; LR-EIMS m/z: 376 (M", 0.1), 272 (100), 244 (49), 240 (42), 273
(36), 213 (26); HR-EIMS calcd for C23H200s: 376.1311. Found: 376.1315.

X-ray Crystal Data: Crystal Color, Habit; colorless, chunk, Crystal Dimensions; 0.300 x 0.200 x 0.100
mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 9.9435(3) A, b =
10.5711(3) A, ¢ = 18.6456(5) A, p = 99.717(7) °, V = 1931.79(10) A3, Space Group; P2:/n (#14), Z
value; 4, Dearc; 1.294 g/cm®, Fooo; 792.00, u(CuKa); 7.474 cm?, Intensity Measurement: Diffractometer;
R-AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 50 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
oscillation Range (x=54.0, $=0.0);  80.0 - 260.0°, Exposure Rate; 120.0 sec./°, o oscillation Range
(x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 120.0 sec./°, ® oscillation Range (y=54.0, $=180.0);
80.0 - 260.0°, Exposure Rate; 120.0 sec./°, o oscillation Range (x=54.0, $=270.0); 80.0 - 260.0°,
Exposure Rate; 120.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 26max; 136.2°, No. of
Reflections Measured; Total: 20772, Unique: 3469 (Rin: = 0.0449), Corrections; Lorentz-polarization
Absorption (trans. factors: 0.768 - 0.928), Secondary Extinction (coefficient: 5.05000e-003). Structure
Solution; Direct Methods (SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F?,
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Function Minimized; = w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ o?(Fo?) + (0.3509 - P)?] where
P = (Max(Fo?0) + 2Fc?)/3, 20max cutoff; 136.1°, Anomalous Dispersion; All non-hydrogen atoms, No.
Observations (All reflections); 3469, No. Variables; 318, Reflection/Parameter Ratio; 10.91, Residuals:
R1 (1>2.005(1)); 0.0421, Residuals: R (All reflections); 0.0533, Residuals: wR2 (All reflections); 0.1188,
Goodness of Fit Indicator; 1.056, Max Shift/Error in Final Cycle; 0.010, Maximum peak in Final Diff.
Map; 0.20 e/A3, Minimum peak in Final Diff. Map; -0.15 e /A3,

Deposition number CCDC-2047473 for 32f. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methy rac-(1R, 6R, 7S)- 4-butyl-2-0x0-7-phenyl-5-propyl-3-oxabicyclo[4.2.0]oct-4-ene-1-
carboxylate (32g)

Colorless oil; "H NMR (400 MHz, CDCls) 6 7.33-7.28 (m, 2H), 7.25-7.21 (m, 1H), 7.19-7.16 (m, 2H),
3.85(td, J=9.2, 6.4 Hz, 1H), 3.82 (s, 3H), 3.62 (d, /= 9.2 Hz, 1H), 3.36 (ddd, /= 13.2, 9.2, 0.8 Hz,
1H), 2.90 (ddd, J = 13.2, 6.4, 0.8 Hz, 1H), 2.14-2.07 (m, 1H), 2.03-1.96 (m, 1H), 1.69-1.61 (m, 1H),
1.43-1.34 (m, 1H), 1.33-1.21 (m, 2H), 1.19-1.08 (m, 4H), 0.84 (t, J = 7.2 Hz, 3H), 0.75 (t, /= 7.2 Hz,
3H); C NMR (125 MHz, CDCIs) 6 170.6, 167.0, 149.0, 138.4, 128.1 (2C), 127.8 (2C), 126.9, 108.3,
52.9,47.7,44.8, 41.2, 33.3, 30.2, 29.0, 28.8, 21.9, 20.8, 13.7, 13.5; IR (CHCl5): 3030.5, 1747.4 cm’';
LR-EIMS m/z: 356 (M", 0.6), 252 (100), 224 (41), 195 (20), 191 (12), 181 (34); HR-EIMS calcd for
C2H2504: 356.1988. Found: 356.1983.

Methyl rac-(1R,6S,7R)-1-butyl-3-o0xo-7-phenyl-6-propyl-2-oxabicyclo[4.2.0]oct-4-ene-4-
carboxylate (33g)

Colorless columnar crystals; m.p. 129.7-130.9 °C (Diisopropyl ether); 'H NMR (300 MHz, CDCls) ¢
7.36-7.24 (m, 3H), 7.12-7.09 (m, 2H), 6.83 (s, 1H), 3.78 (s, 3H), 3.22 (dd, J = 11.7, 7.8 Hz, 1H), 2.72
(td, J=11.7, 1.5 Hz, 1H), 2.44 (dd, J=11.7, 7.8, Hz, 1H), 1.98-1.80 (m, 3H), 1.79-1.64 (m, 2H), 1.47-
1.36 (m, 3H), 1.33-1.06 (m, 2H), 0.98 (t, J = 7.2 Hz, 3H), 0.90 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz,
CDCl) 0 163.7, 159.0, 156.9, 135.1, 128.7 (2C), 127.7 (2C), 127.5, 124.9, 81.9, 53.2, 52.5, 44.9, 36.3,
34.4,33.5,24.7,23.1, 18.9, 14.4, 14.1; IR (CHCI5): 3030.6, 1754.9, 1715.4 cm™'; LR-EIMS m/z: 356
(M*, 0.3), 253 (27), 252 (100), 224 (53), 223 (24), 181 (47); HR-EIMS calcd for CorHasO4: 356.1988.
Found: 356.1985.

X-ray Crystal Data: Crystal Color, Habit; colorless, block, Crystal Dimensions; 0.500 x 0.200 x 0.200
mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 9.73880(18) A b=
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14.3807(3) A, ¢ = 14.9034(3) A, p = 101.7417(10) °, V = 2043.54(7) A3, Space Group; P2:/c (#14), Z
value; 4, Dearc; 1.159 g/cm®, Fooo; 768.00, u(CuKa); 6.301 cm™?, Intensity Measurement: Diffractometer;
R-AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, VVoltage, Current; 40 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 30 exposures, ®
oscillation Range (x=54.0, $=0.0);  80.0 - 260.0°, Exposure Rate; 60.0 sec./°, o oscillation Range
(x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 60.0 sec./°, o oscillation Range (y=54.0, $=180.0); 80.0
- 260.0°, Exposure Rate; 60.0 sec./°, o oscillation Range (x=54.0, $=270.0); 80.0 - 260.0°, Exposure
Rate; 60.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max; 136.3°, No. of Reflections
Measured; Total: 19998, Unique: 3716 (Rixx = 0.0458), Corrections; Lorentz-polarization Absorption
(trans. factors: 0.719 - 0.882), Secondary Extinction (coefficient: 5.83000e-003). Structure Solution;
Direct Methods (SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F?, Function
Minimized; = w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ 6%(Fo?) + (0.0728 - P)? + 0.5425 - P ]
where P = (Max(F0?,0) + 2Fc?)/3, 20max cutoff; 136.3°, Anomalous Dispersion; All non-hydrogen atoms,
No. Observations (All reflections); 3716, No. Variables; 336, Reflection/Parameter Ratio; 11.06,
Residuals: R1 (1>2.00c(1)); 0.0518, Residuals: R (All reflections); 0.0729, Residuals: wR2 (All
reflections); 0.1684, Goodness of Fit Indicator; 1.096, Max Shift/Error in Final Cycle; 0.005, Maximum
peak in Final Diff. Map; 0.33 e/A3, Minimum peak in Final Diff. Map; -0.25 e/A3,

Deposition number CCDC-2047460 for 33g. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac-(1R,6R,7S)-4-ethyl-2-0x0-5,7-diphenyl-3-oxabicyclo[4.2.0]oct-4-ene-1-carboxylate
(32h)

Colorless oil; "H NMR (500 MHz, CDCls) 6 7.25-7.23 (m, 3H), 7.16-7.10 (m, 3H), 7.01-6.99 (m, 2H),
6.56-6.55 (m, 2H), 4.04 (d, J = 9.5 Hz, 1H), 3.88 (s, 3H), 3.78 (td, /= 9.5, 6.0 Hz, 1H), 3.45 (dd, J =
13.5,9.5 Hz, 1H), 2.98 (dd, J = 13.5, 6.0 Hz, 1H), 1.99 (q, /= 7.0 Hz, 2H), 0.93 (t, J = 7.0 Hz, 3H); '°C
NMR (125 MHz, CDCl3) 6 170.7, 167.3, 151.9, 138.4, 136.4, 128.6 (2C), 128.3 (2C), 128.1 (2C), 127.9
(20), 127.0, 126.9, 110.9, 53.3, 48.3, 46.9, 41.2, 33.5, 23.7, 11.7; IR (CHCls): 3027.7, 1753.0, 1736.6
cm!; LR- EIMS m/z: 362 (M*, 0.6), 259 (20), 258 (100), 230 (27), 229 (23), 200 (16),197 (19); HR-
EIMS calcd for C23H2204: 362.1518. Found: 362.1521.
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ethyl rac-(1R,6S,7R)-1-ethyl-3-0x0-6,7-diphenyl-2-oxabicyclo[4.2.0]oct-4-ene-4-carboxylate (33h)
Colorless prisms; m.p. 168.4-170.0 °C (Diisopropyl ether); "H NMR (500 MHz, CDCl3) 6 7.44-7.41 (m,
2H), 7.37-7.26 (m, 8H), 7.07 (s, 1H), 4.17 (dd, J = 12.0, 8.5 Hz, 1H), 3.77 (s, 3H), 2.79 (td, J = 12.0,
1.5 Hz, 1H), 2.66 (dd, J = 12.0, 8.5 Hz, 1H), 1.53-1.42 (m, 2H), 0.96 (t, J= 7.5 Hz, 3H); *C NMR (75
MHz, CDCl3) 6 163.7, 159.1, 154.6, 136.6, 135.7, 129.0 (2C), 128.8 (2C), 128.3, 128.0 (2C), 127.6,
127.5 (2C), 123.6, 82.8, 56.4, 52.7,40.1, 34.5, 28.6, 6.8; IR (CHCl5): 3032.5, 1732.7, 1716.3 cm™!; LR-
MIES m/z: 362 (M", 9.8), 330 (79), 259 (84), 258 (100), 230 (40), 229 (39). 215 (30), 202 (36), 197 (39);
HR-EIMS calcd for C»3H2,04: 362.1518.  Found: 362.1519.

Methyl rac-(1R,6R,7S)-5-methyl-2-0x0-4,7-diphenyl-3-oxabicyclo[4.2.0]oct-4-ene-1-carboxylate
(32i)

Colorless oil; '"H NMR (500 MHz, CDCl;) 6 7.37-7.28 (m, 8H), 7.25-7.22 (m, 2H), 4.05 (q, J=9.0 Hz,
1H), 3.89 (s, 3H), 3.63 (d, J=9.5 Hz, 1H), 3.39 (ddd, /= 13.0, 9.5, 2.0 Hz, 1H), 3.02 (dd, /= 13.0, 8.0
Hz, 1H), 1.12 (s, 3H); *C NMR (75 MHz, CDCl;) § 170.7, 166.0, 146.2, 138.3, 132.8, 128.8, 128.7
(20), 128.4 (2C), 128.00 (2C), 127.95 (2C), 127.4,107.5,53.3,48.2,47.7,41.7,33.7, 16.7; IR (CHCl»):
3027.0, 1732.0 cm!; LR-EIMS m/z: 348 (M, 0.3), 244 (100), 216 (95), 105 (44); HR-EIMS calcd for
C2oH2004: 348.1362. Found: 348.1365.

Methyl rac-(1R,6S,7R)-6-methyl-3-0x0-1,7-diphenyl-2-oxabicyclo[4.2.0]oct-4-ene-4-carboxylate
(33i)

Colorless prisms; m.p. 150.7-151.4 °C (Diisopropyl ether); '"H NMR (500 MHz, CDCl3) 6 7.54 (d, J =
7.5 Hz, 2H), 7.47 (t, J= 7.5 Hz, 2H), 7.41, (t, J=7.5 Hz, 1H), 7.36 (t, /= 7.5 Hz, 2H), 7.31 (t, J= 7.5
Hz, 1H), 7.15 (d, J= 7.5 Hz, 2H), 6.87 (s, 1H), 3.80 (s, 3H), 3.49 (dd, J=11.5, 8.0 Hz, 1H), 3.19 (dd, J
=12.5,8.0Hz, 1H), 3.15(dd, J=12.5, 11.5 Hz, 1H), 0.95 (s, 3H); '*C NMR (100 MHz, CDCl;) § 163.7,
158.7, 156.8, 137.5, 134.8, 128.8 (2C), 128.6 (30), 127.7, 127.4 (2C), 126.4 (2C), 123.4, 83.2, 52.7,
50.2,45.9,35.3,22.1; IR (CHCls): 3028.0, 1755.1, 1732.0 cm™'; LR-EIMS m/z: 348 (M", 1.0), 244 (100),
216 (87), 185 (16), 129 (15), 105 (55), 77 (27); HR-EIMS calcd for Cx»H2004: 348.1362. Found:
348.1361.

Methyl rac-(1R,6R,75)-5-(2-methoxyphenyl)-4-methyl-2-0x0-7-phenyl-3-oxabicyclo[4.2.0]oct-4-
ene-1-carboxylate (32j)

Colorless oil; '"H NMR (300 MHz, CDCls) 6 7.27-7.19 (m, 3H), 7.14 (ddd, J = 8.4, 7.5, 1.8 Hz, 1H),
7.04-6.98 (m, 2H), 6.73 (d, J= 8.2 Hz, 1H), 6.62 (td, J= 7.5, 0.9 Hz, 1H), 5.98 (brs, 1H), 4.19 (dq, J =
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9.6, 1.2, 1H), 3.88 (s, 3H), 3.73 (td, /= 9.6, 6.0 Hz, 1H), 3.69 (s, 3H), 3.42 (ddd, /= 13.2, 9.6, 0.9 Hz,
1H), 2.96 (ddd, J=13.2, 6.0, 0.9 Hz, 1H), 1.61 (d, J= 1.2 Hz, 3H); *C NMR (75 MHz, CDCl;) § 170.9,
167.5,156.7,147.6, 138.7,131.3, 128.7, 128.3 (2C), 128.0 (2C), 126.8, 124.4, 120.0, 110.5, 108.9, 55.3,
53.2,48.2,45.1,41.2, 33.4, 16.9; IR (CHCI;): 3027.7, 1752.0, 1736.6 cm™!; LR-EIMS m/z: 378 (M",
1.8), 275 (17), 274 (100), 246 (20), 242 (24), 227 (29), 189 (13), 159 (13), 115 (10); HR-EIMS calcd
for C23H20s: 378.1467. Found: 378.1467.

Methyl rac-(1R,6S,7R)-6-(2-methoxyphenyl)-1-methyl-3-oxo-7-phenyl-2-oxabicyclo[4.2.0]oct-4-
ene-4-carboxylate (33))

Colorless prisms; m.p. 163.7-165.0 °C (Diisopropyl ether); "H NMR (400 MHz, CDCls) 6 7.51 (d, J =
8.0 Hz, 1H), 7.41-7.27 (m, 6H), 7.02-7.06 (m, 2H), 6.88 (d, J = 8.0 Hz, 1H), 3.98 (dd, J=11.6, 8.0 Hz,
1H), 3.78 (d, J= 0.8 Hz, 3H), 3.73 (d, /= 0.8 Hz, 3H), 2.92 (t, /= 11.6 Hz, 1H), 2.51 (dd, J=11.6, 8.0
Hz, 1H), 1.35 (s, 3H); *C NMR (75 MHz, CDCls) J 164.1, 159.7, 157.9, 152.6, 136.2, 129.8, 128.8
(20), 128.6 (20), 127.6, 127.4, 126.6, 123.9, 121.0, 111.1, 79.8, 55.3, 55.0, 52.5, 42.2, 38.8, 22.7; IR
(CHCI5): 3035.4, 1746.2, 1701.9 cm™; LR-EIMS m/z: 378 (M*, 11.1), 360 (85), 346 (89), 328 (53), 321
(23),303 (32), 289 (46), 275 (41), 274 (100), 246 (38); HR-EIMS calcd for C»3H2,0s: 378.1467. Found:
378.1469.

Aliquot of the mixture of 32ka and 32kb (32ka : 32kb = 4 : 6) was purified by preparative HPLC.
Cosmosil 5SL-II, EtOAc—n-hexane (1:20), 3.0 mL/min (254 nm), number of recycles: 12. First fraction
was 32Kka. Second fraction was 32kb.

Methyl rac-(1R,2a8,7R,8bS)-7-methyl-3-0x0-1-phenyl-1,5,6,7,8,8b-hexahydro-2 H-
cyclobuta|c]chromene-2a(3 H)-carboxylate (32ka)

Colorless oil; 'H NMR (500 MHz, CDCl;) 6 7.32-7.29 (m, 2H), 7.26-7.23 (m, 1H), 7.20-7.18 (m, 2H),
3.89 (q, J = 8.0 Hz, 1H), 3.85 (s, 3H), 3.42 (dd, J = 9.5, 1.0 Hz, 1H), 3.36 (ddd, /= 13.0, 9.5, 2.0 Hz,
1H), 2.88 (ddd, J = 13.0, 8.0, 1.0 Hz, 1H), 2.19-2.08 (m, 2H), 1.58-1.54 (m, 1H), 1.29-1.23 (m, 1H),
1.22-1.14 (m, 1H), 1.03 (dd, J = 16.0, 4.5 Hz, 1H), 1.00-0.92 (m, 1H), 0.68 (d, J = 6.5 Hz, 3H); 1*C
NMR (125 MHz, CDCl3) 6 171.0, 166.4, 146.6, 138.6, 128.3 (2C), 127.9 (2C), 127.2, 106.1, 53.2, 47.7,
45.9,41.2,34.1,33.7, 30.0, 27.9, 26.2, 20.9; IR (CHCl5): 3028.7, 1739.5 cm™'; LR-EIMS m/z: 326 (M",
1.0), 223 (14), 222 (100), 194 (38), 190 (10), 152 (30), 135 (12), 104 (13), 91 (8); HR-EIMS calcd for
C20H204: 326.1518. Found: 326.1517.
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Methyl rac-(1R,2a8,7S,8bS)-7-methyl-3-oxo-1-phenyl-1,5,6,7,8,8b-hexahydro-2 H-
cyclobuta|c]chromene-2a(3H)-carboxylate (32kb)

Colorless oil; 'H NMR (500 MHz, CDCl;) 6 7.33-7.29 (m, 2H), 7.27-7.23 (m, 1H), 7.20-7.18 (m, 2H),
3.93 (q,J=9.0 Hz, 1H), 3.86 (s, 3H), 3.39 (d, J = 9.0 Hz, 1H), 3.32 (ddd, J = 13.0, 9.0, 2.0 Hz, 1H),
2.90 (ddd, J = 13.0, 8.5, 0.5 Hz, 1H), 2.22-2.08 (m, 2H), 1.60-1.55 (m, 2H), 1.53-1.44 (m, 2H), 0.94
(dtd, J=13.0, 10.5, 6.5 Hz, 1H), 0.57 (d, J = 6.5 Hz, 3H); '*C NMR (125 MHz, CDCls3) § 171.0, 166.2,
146.5, 138.5, 128.3 (2C), 128.0 (2C), 127.2, 106.2, 53.2, 47.6, 46.9, 41.3, 34.4, 33.7, 29.8, 28.0, 26.1,
20.6; IR (CHCI5): 3029.6, 1738.5 cm™'; LR-EIMS m/z: 326 (M*, 1.2), 222 (100), 194 (48), 190 (14), 162
(17), 152 (39), 135 (15), 104 (22), 91 (10); HR-EIMS caled for C20H2204: 326.1518. Found: 326.1514.

Aliquot of the mixture of 33ka and 33kb (33ka : 33kb = 6 : 4) was purified by preparative HPLC.
Cosmosil 5C3-AR-II packed column, CH3;CN-H»O (3:2), 3.0 mL/min (254 nm), number of recycles: 6.
First fraction was 33ka. Second fraction was 33Kkb.

Methyl rac-(4aR,6R,8aS5,10S5)-6-methyl--5,6,7,8-tetrahydro-2-oxo-10-phenyl-4a,8a-ethano-2H-1-
benzopyran-3-carboxylate (33ka)

Colorless prisms; m.p. 135.4-136.6 °C (Diisopropyl ether); 'H NMR (500 MHz, CDCl;) § 7.33 (t, J =
7.5 Hz, 2H), 7.26 (t, J = 7.5 Hz, 1H), 7.12 (d, J = 7.5 Hz, 2H), 6.83 (s, 1H), 3.75 (s, 3H), 3.50 (dd, J =
10.0, 8.0 Hz, 1H), 2.78 (t, J = 11.5 Hz, 1H), 2.45 (dd, J = 12.0, 8.0 Hz, 1H), 2.15-2.10 (m, 1H), 2.02-
1.91 (m, 2H), 1.72 (dd, J = 13.0, 3.5 Hz, 1H), 1.66 (t, J = 11.5 Hz, 1H), 1.59-1.49 (m, 1H), 1.33-1.26
(m, 1H), 1.00 (d, J = 6.5 Hz, 3H); '3C NMR (125 MHz, CDCls) § 163.6, 159.0, 155.1, 135.7, 128.6 (2C),
127.2 (2C), 127.1, 124.1, 78.2, 52.4, 48.6, 47.5, 39.0, 36.5, 28.4, 25.9, 23.4, 22.0; IR (CHCIs): 3025.8,
1757.8, 1707.7 cm’'; LR-EIMS m/z: 326 (M, 0.8), 252 (12), 223 (22), 222 (100), 194 (38), 191 (11),
190 (11), 167 (15), 162 (14), 152 (37); HR-EIMS calcd for CaH204: 326.1518. Found: 326.1518.
X-ray Crystal Data: Crystal Color, Habit; colorless, block, Crystal Dimensions; 0.300 x 0.250 x 0.200
mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 9.8286(2) A, b =
0.7685(2) A, c = 18.4242(4) A, p = 90.441(6) °, V = 1768.88(7) A%, Space Group; P2:/n (#14), Z value;
4, Dear; 1.226 g/cmd, Fooo; 696.00, u(CuKa); 6.864 cm™, Intensity Measurement: Diffractometer; R-
AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 40 kV,
100 mA, Temperature; 20.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
oscillation Range (x=54.0, $=0.0); 80.0 - 260.0°, Exposure Rate; 150.0 sec.’, o oscillation Range
(x=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 150.0 sec./°, @ oscillation Range (y=54.0, $=180.0);
80.0 - 260.0°, Exposure Rate; 150.0 sec./°, o oscillation Range (x=54.0, $=270.0); 80.0 - 260.0°,
Exposure Rate; 150.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 26may; 136.1°, No. of
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Reflections Measured; Total: 18635, Unique: 3231 (Rin: = 0.0512), Corrections; Lorentz-polarization
Absorption (trans. factors: 0.741 - 0.872), Secondary Extinction (coefficient: 3.69000e-003). Structure
Solution; Direct Methods (SHELXT Version 2018/2), Refinement; Full-matrix least-squares on F?,
Function Minimized; £ w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ 6%(Fo?) + (0.0507 - P)? + 0.2518
- P ] where P = (Max(Fo?,0) + 2Fc?)/3, 20max cutoff; 136.1°, Anomalous Dispersion; All non-hydrogen
atoms, No. Observations (All reflections); 3231, No. Variables; 218, Reflection/Parameter Ratio; 14.82,
Residuals: R1 (1>2.00c(1)); 0.0388, Residuals: R (All reflections); 0.0452, Residuals: wR2 (All
reflections); 0.1090, Goodness of Fit Indicator; 1.034, Max Shift/Error in Final Cycle; 0.000, Maximum
peak in Final Diff. Map; 0.17 e/A3, Minimum peak in Final Diff. Map; -0.12 e /A3

Deposition number CCDC-2047475 for 33ka. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac-(4aR,6S,8a5,10S)-6-methyl-5,6,7,8-tetrahydro-2-oxo-10-phenyl-4a,8a-ethano-2H-1-
benzopyran-3-carboxylate (33kb)

Colorless prisms; m.p. 135.5-136.9 °C (Diisopropyl ether); 'H NMR (500 MHz, CDCl;) § 7.35 (t, J =
7.5 Hz, 2H), 7.28 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 7.5 Hz, 2H), 6.83 (s, 1H), 3.77 (s, 3H), 3.48 (dd, J =
11.0, 7.0 Hz, 1H), 2.79 (t, J = 11.0 Hz, 1H), 2.40 (d, J = 15.0 Hz, 1H), 2.27 (dd, J = 11.0, 7.0 Hz, 1H),
1.92-1.82 (m, 3H), 1.65 (d, J = 13.5 Hz, 1H), 1.12-1.07 (m, 1H), 1.03 (d, J = 6.0 Hz, 3H), 0.93 (t, J =
12.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) 6 163.9, 159.4, 156.1, 135.2, 128.7 (2C), 127.5 (2C), 127.4,
122.7,76.5, 52.5, 49.4, 39.1, 37.5, 36.7, 35.3, 29.3, 27.8, 22.1; IR (CHCl;): 3029.6, 1709.6 cm™'; LR-
EIMS m/z: 326 (M*, 1.3), 223 (34), 222 (100), 195 (11), 194 (70), 191 (19), 190 (20), 167 (10), 162 (24),
152 (62); HR-EIMS calcd for C20H2204: 326.1518. Found: 326.1518.

X-ray Crystal Data: Crystal Color, Habit; colorless, block, Crystal Dimensions; 0.350 x 0.300 x 0.150
mm, Crystal System; monoclinic, Lattice Type; C-centered, Lattice Parameters; a = 19.1195(6) A, b =
12.5429(4) A, ¢ = 14.4946(5) A, B = 94.319(7) °, V = 3466.1(2) A%, Space Group; C2/c (#15), Z value;
8, Deaic; 1.251 g/cm?®, Fooo; 1392.00, p(CuKo); 7.006 cm™, Intensity Measurement: Diffractometer; R-
AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 40 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
oscillation Range (y=54.0, $=0.0); 80.0 - 260.0°, Exposure Rate; 90.0 sec./°, @ oscillation Range (y=54.0,
$=90.0); 80.0 - 260.0°, Exposure Rate; 90.0 sec./°,  oscillation Range (x=54.0, $=180.0); 80.0 - 260.0°,
Exposure Rate; 90.0 sec./°, o oscillation Range (x=54.0, $=270.0); 80.0 - 260.0°, Exposure Rate; 90.0
sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max; 136.3°, No. of Reflections Measured;
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Total: 19254, Unique: 3162 (Rin: = 0.0795), Corrections; Lorentz-polarization Absorption (trans. factors:
0.694 - 0.900), Secondary Extinction (coefficient: 1.26000e-003). Structure Solution; Direct Methods
(SHELXT Version 2018/2), Refinement; Full-matrix least-squares on F?, Function Minimized;  w (Fo?
- Fc?)?, Least Squares Weights; w = 1/ [ 6%(Fo?) + (0.0468 - P)? + 1.6691 - P ] where P = (Max(Fo0?2,0) +
2Fc?)/3, 20max cutoff; 136.3°, Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All
reflections); 3162, No. Variables; 218, Reflection/Parameter Ratio; 14.50, Residuals: R1 (1>2.005(1));
0.0419, Residuals: R (All reflections); 0.0509, Residuals: wR2 (All reflections); 0.1143, Goodness of
Fit Indicator; 1.040, Max Shift/Error in Final Cycle; 0.001, Maximum peak in Final Diff. Map; 0.22
e/A3, Minimum peak in Final Diff. Map; -0.17 e”/A3.

Deposition number CCDC-2047443 for 33kb. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Methyl rac-(1R,2aS,8bS)-1-(4-fluorophenyl)-3-oxo-1,5,6,7,8,8b-hexahydro-2 H-
cyclobuta|d]cyclphex|b]pyran-2a(3H)-carboxylate (321)

Yellowish oil; "H NMR (400 MHz, CDCls) 6 7.29 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 8.4 Hz, 2H), 3.88 (q,
J=9.0 Hz, 1H), 3.80 (s, 3H), 3.42 (d, /=9.2 Hz, 1H), 3.35 (ddd, /=12.8, 9.2, 2.0 Hz, 1H), 2.82 (dd, J
=12.8, 8.4 Hz, 1H), 2.15-2.09 (m, 2H), 1.62-1.42 (m, 4H), 1.40-1.31 (m, 1H), 1.14-1.04 (m, 1H), 1.02-
0.95 (m, 1H); *C NMR (100 MHz, CDCls) § 170.8, 166.1, 162.0 (d, J = 244.7 Hz), 147.0, 134.4, 129.4
(d,J=8.1Hz 2C), 115.1 (d,J=21.1 Hz, 2C), 106.6, 53.3,47.6,46.4, 40.5, 34.3, 26.3,25.9,21.9, 21.7;
IR (CHCls): 3026.1, 1747.4 cm™'; LR-EIMS m/z: 330 (M",1.8), 208 (100), 180 (42), 122 (26), 121 (29);
HR-EIMS calcd for Ci9H19FO4: 330.1267. Found: 330.1261.

Methyl rac-(4aR,8aS$,108)-5,6,7,8-tetrahydro-2-oxo-10-(4-fluorophenyl)-4a,8a-ethano-2H-1-
benzopyran-3-carboxylate (331)

Colorless cubics; m.p. 159.3-160.1 °C; "H NMR (300 MHz, CDCl5) 6 7.13-6.98 (m, 4H), 6.82 (s, 1H),
3.79 (s, 3H),3.50 (dd, J =11.4, 7.5 Hz, 1H), 2.74(t,J=11.4Hz, 1H), 2.38 (dt, J = 15.6, 3.0 Hz, 1H),
2.33(dd, J=11.4, 7.5 Hz, 1H), 1.91-1.80 (m, 3H), 1.78-1.69 (m, 1H), 1.68-1.56 (m, 1H), 1.44-1.21 (m,
2H); *C NMR (75 MHz, CDCls) 6 163.8, 162.1 (d, J = 244.9 Hz), 159.3, 156.0, 131.0 (d, J = 3.2 Hz),
129.0 (d,/=8.0 Hz, 2C), 123.1, 115.7 (d, J=21.2 Hz, 2C), 76.9, 52.6, 48.4, 38.2,37.3, 34.6, 28.8, 20.6,
20.4; IR (CHCI3): 3026.1, 1755.1, 1728.1 cm'; LR-EIMS m/z: 330 (M*,1.0), 208 (100), 180 (48), 122
(26), 121 (36); HR-EIMS calcd for Ci9H9FO4: 330.1267. Found: 330.1272.
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Methyl rac-(1R,2aS,8bS)-1-(4-chlorophenyl)-3-0x0-1,5,6,7,8,8b-hexahydro-2 H-
cyclobuta|d]cyclphex|b]pyran-2a(3H)-carboxylate (32m)

Yellowish oil; '"H NMR (300 MHz, CDCls) § 7.32-7.27 (m, 2H), 7.15-7.11 (m, 2H), 3.88 (q, /= 9.3 Hz,
1H), 3.80 (s, 3H), 3.42 (dq, J = 9.3, 2.1 Hz, 1H), 3.35 (ddd, J = 12.9, 9.3, 2.1 Hz, 1H), 2.82 (ddd, J =
12.9, 8.4, 1.2 Hz, 1H), 2.12 (tq, J = 6.9, 2.1 Hz, 2H), 1.67-1.51 (m, 3H), 1.49-1.44 (m, 1H), 1.43-1.30
(m, 1H), 1.15-1.05 (m, 1H), 1.04-0.94 (m, 1H); *C NMR (75 MHz, CDCl3) 6 170.8, 166.0, 147.1, 137.2,
133.1, 129.3 (2C), 128.4 (2C), 106.5, 53.3, 47.6, 46.4, 40.7, 34.2, 26.3, 26.0, 22.0, 21.8; IR (CHCl;):
1752.0 ecm'; LR-EIMS m/z: 346 (M*,0.9), 208 (100), 180 (65), 121 (33); HR-EIMS calcd for
Ci9H19Cl04: 346.0972. Found: 346.0969.

Methyl rac-(4aR,8a8,108)-5,6,7,8-tetrahydro-2-0xo0-10-(4-chlorophenyl)-4a,8a-ethano-2H-1-
benzopyran-3-carboxylate (33m)

Colorless cubics; m.p. 145.2-146.0 °C; '"H NMR (300 MHz, CDCls) 6 7.34-7.30 (m, 2H), 7.06-7.02 (m,
2H), 6.81 (s, 1H), 3.80 (s, 3H), 3.49 (dd, J=11.1, 7.2 Hz, 1H), 2.74 (t, J= 11.1 Hz, 1H), 2.37 (dt, J =
15.6,2.7 Hz, 1H), 2.29 (dd, /= 11.1, 7.5 Hz, 1H), 1.93-1.80 (m, 3H), 1.78-1.67 (m, 1H), 1.66-1.56 (m,
1H), 1.46-1.22 (m, 2H); C NMR (75 MHz, CDCls) 6 163.8, 159.3, 155.7, 133.8, 133.4, 129.0 (2C),
128.9(2C), 123.2,76.9,52.7,48.4,38.3,37.1,34.7,28.9, 20.6, 20.4; IR (CHCls): 3026.7, 1755.9, 1729.8
cm’!'; LR-EIMS m/z: 346 (M*,0.7), 208 (100), 180 (52), 121 (30); HR-EIMS calcd for CioH;9ClO4:
346.0972. Found: 346.0977.

Methyl rac-(1R,2aS,8bS)-1-(4-methoxyphenyl)-3-oxo-1,5,6,7,8,8b-hexahydro-2 H-
cyclobuta|d]cyclphex[b]pyran-2a(3H)-carboxylate (32n)

Yellowish oil; "H NMR (400 MHz, CDCls) § 7.12 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 3.84 (q,
J=9.2Hz, 1H), 3.83 (s, 3H), 3.78 (s, 3H), 3.38 (d, /= 9.2 Hz, 1H), 3.32 (ddd, J = 12.8, 9.2, 2.0 Hz,
1H), 2.83 (dd, J = 12.8, 8.8 Hz, 1H), 2.12 (tq, J = 6.0, 2.0 Hz, 2H), 1.61-1.53 (m, 1H), 1.52-1.42 (m,
2H), 1.38-1.29 (m, 1H), 1.14-1.05 (m, 1H), 1.04-0.96 (m, 1H); *C NMR (75 MHz, CDCls) J 171.0,
166.2, 158.8, 146.6, 130.7, 128.9 (2C), 113.6 (2C), 106.9, 55.2, 53.2, 47.6, 46.7, 40.6, 34.5, 26.3, 25.9,
22.0,21.8; IR (CHCl5): 3020.0, 1739.5 cm™"; LR-EIMS m/z: 342 (M*, 0.1), 135 (18), 134 (100), 121 (5),
119 (13); HR-EIMS calcd for C0H2,0s: 342.1467. Found: 342.1469.

64



Methyl rac-(4aR,8a8,108)-5,6,7,8-tetrahydro-2-ox0-10-(4-methoxyphenyl)-4a,8a-ethano-2H-1-
benzopyran-3-carboxylate (33n)

Colorless cubics; m.p.112.3-114.0 °C; '"H NMR (400 MHz, CDCl;) 6 7.2 (d, J = 8.4 Hz, 2H), 6.89-6.85
(m, 3H), 3.81 (s, 3H), 3.79 (s, 3H), 3.46 (dd, J=11.2. 7.2 Hz, 1H), 2.75 (t, /= 11.2 Hz, 1H), 2.37 (dt, J
=14.8, 3.6 Hz, 1H), 2.27 (dd, J = 11.2, 7.2 Hz, 1H), 1.87-1.80 (m, 3H), 1.77-1.66 (m, 1H), 1.65-1.57
(m, 1H), 1.39-1.25 (m, 2H); *C NMR (75 MHz, CDCls) § 164.0, 159.6, 158.9, 156.7, 128.6 (2C), 127.1,
122.8,114.2 (2C), 77.1, 55.2, 52.6, 48.4, 38.3, 37.3, 34.7, 28.8, 20.7, 20.5; IR (CHCl3): 3035.4, 1755.9,
1729.8 cm™; LR-EIMS m/z: 342 (0.9), 298 (35), 266 (23), 239 (62), 238 (18), 197 (23), 134 (100), 121
(25), 108 (23); HR-EIMS calcd for C20H2:05.342.1467. Found: 342.1465.

Methyl rac-(1R,2aS,8bS)-3-0xo0-1-(p-tolyl)-1,5,6,7,8,8b-hexahydro-2 H-
cyclobuta|d]cyclphex|b]pyran-2a(3H)-carboxylate (320)

Yellowish oil;"H NMR (300 MHz, CDCls) 6 7.14-7.05 (m, 4H), 3.87 (q, J = 9.3 Hz, 1H) 3.85 (s, 3H),
3.39 (dq, J=9.3, 2.1 Hz, 1H), 3.31 (ddd, J = 12.6, 9.3, 2.4 Hz, 1H), 2.85 (ddd, J = 12.6, 8.4, 1.2 Hz,
1H), 2.33 (s, 3H), 2.12 (tq, J = 8.4, 2.1 Hz, 2H), 1.56-1.39 (m, 3H), 1.38-1.23 (m, 1H), 1.13-0.94 (m,
2H); 3C NMR (75 MHz, CDCls) J 171.0, 166.2, 146.6, 136.9, 135.5, 128.9 (2C), 127.8 (2C), 106.9,
53.2,47.7, 46.5, 41.0, 34.3, 26.3, 25.9, 22.0, 21.8, 21.1; IR (CHCI5): 3024.8, 1753.0 cm™'; LR-EIMS
m/z: 326 (M*,0.1), 209 (16), 208 (16), 118 (100), 83 (18); HR-EIMS calcd for C,0H»04: 326.1518.
Found: 326.1512.

Methyl rac-(4aR,8aS$,105)-5,6,7,8-tetrahydro-2-oxo-10-(p-tolyl)-4a,8a-ethano-2 H-1-benzopyran-
3-carboxylate (330)

Colorless cubics; m.p. 98.3-102.7 °C; 'H NMR (400 MHz, CDCIs) é 7.14 (d, J = 8.0 Hz, 2H), 6.99 (d,
J =28.0 Hz, 2H), 6.87 (s, 1H), 3.79 (s, 3H), 3.48 (dd, J = 10.8, 7.2 Hz, 1H), 2.77 (t, J = 10.8 Hz, 1H),
2.34 (s, 3H), 2.26 (dd, J=10.8, 7.2 Hz, 1H), 1.88-1.80 (m, 3H), 1.78-1.67 (m, 1H), 1.66-1.56 (m, 1H),
1.40-1.25 (m, 2H); '*C NMR (100 MHz, CDCI3) 6 164.0, 159.6, 156.8, 137.1, 132.0, 129.4 (2C), 127.5
(20), 122.8,77.1,52.6,48.4,38.5,37.1,34.7,28.8, 21.0, 20.7, 20.5; IR (CHCl;): 3023.8, 1755.9, 1728.9
cm’!; LR-EIMS m/z: 326 (M™, 0.8), 209 (14), 208 (20), 118 (100), 83 (17); HR-EIMS calcd for C2H2:04:
326.1518. Found: 326.1512.
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Methyl rac-(1R,2aR,8bR)-3-0x0-1-vinyl-1,5,6,7,8,8b-hexahydro-2 H-
cyclobuta|d|cyclphex[b]pyran-2a(3H)-carboxylate (32p)

Colorless oil; 'H NMR (500 MHz, CDCl;) 6 5.82 (ddd, J = 17.0, 10.0, 7.5 Hz, 1H), 5.11 (dd, J = 10.0,
1.0 Hz, 1H), 5.08 (dd, J=17.0, 1.0 Hz, 1H), 3.80 (s, 3H), 3.23 (brd, /= 8.5 Hz, 1H), 3.22-3.16 (m, 1H),
3.15 (td, J = 8.5, 2.0 Hz, 1H), 2.49 (dd, J = 11.5, 5.0 Hz, 1H), 2.26-2.14 (m, 2H), 1.98-1.92 (m, 1H),
1.84-1.77 (m, 1H), 1.76-1.66 (m, 2H), 1.65-1.54 (m, 2H); '*C NMR (125 MHz, CDCls) § 170.7, 166.7,
146.6, 136.6, 116.7, 106.8, 53.1, 48.1, 44.9, 39.2, 33.8, 26.3, 26.2, 22.2, 22.0; IR (CHCIs): 3079.8,
1736.6 cm™; LR-EIMS m/z: 262 (M", 0.8), 209 (13), 208 (100), 203 (21), 180 (59), 176 (19), 152 (26),
148 (24), 121 (44), 120 (14); HR-EIMS calcd for Ci5Hi304: 262.1205. Found: 262.1206.
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Typical Procedure for the Synthesis of Methyl rac-(1R,4a5,9bR)-4-Hydroxy-1-phenyl-
1,2,4a,6,7,8,9,9b-octahydrodibenzo[b,d]|furan-3-carboxylate (34) and Methyl rac-(1R,5R,6S8,7R)-2-
Hydroxy-2'-oxo-5-phenylspiro[bicyclo[4.1.0]heptane-7,1'-cyclohexan]-2-ene-3-carboxylate  (35)

as an example.

Ph
Ph Me,S(0)l (3.8 eq) Ny
H, NaH (3.2 eq) .\ CO,Me
"1CO,Me
2 DMSO, rt o
o "0 o)
24 35 (19%)

To a suspension of trimethylsulfoxonium iodide (837 mg, 3.8mmol, 3.8 eq) in DMSO (5.0 mL), NaH
(60% in mineral oil, 128 mg, 3.2 mmol, 3.2 eq) was added and the whole was stirred for 30 min at rt
under N, atmosphere. Methyl rac-(1R,2aS,8bS)-3-0x0-1-phenyl-1,5,6,7,8,8b-hexahydro-2H-
cyclobuta[d]cyclohexa[ b]pyran-2a(3H)-carboxylate 24 (312 mg, 1.0 mmol, 1 eq) was added to the
reaction mixture, and the stirring was continued overnight. After acidification with 1N HCI aq., the
mixture was extracted with CHCIl;. The combined extracts were washed with water, dried over Na;SOy,
and evaporated. The residue was purified by silica gel column chromatography with n-hexane-EtOAc

(10:1) to yield 34 (176 mg, 54%) of white powders and 35 (62 mg, 19%) of white powders.

Methyl rac-(1R,4aS,9bR)-4-Hydroxy-1-phenyl-1,2,4a,6,7,8,9,9b-octahydrodibenzo[b,d]|furan-3-
carboxylate (34)

Colorless plates; m.p. 162.8-164.6 °C (Diisopropyl ether); 'H NMR (500 MHz, CDCls) § 12.04 (s, 1H),
7.30-7.28 (m, 2H), 7.24-7.21 (m, 3H), 4.85 (d, /= 9.0 Hz, 1H), 3.75 (s, 3H), 3.03 (t, /= 10.0 Hz, 1H),
2.63 (qd, J=11.0, 4.0 Hz, 1H), 2.60 (dd, J = 16.5, 4.5 Hz, 1H), 2.26 (dd, /= 16.5, 12.0 Hz, 1H), 2.12-
2.08 (m, 2H), 1.71-1.64 (m, 1H), 1.55-1.48 (m, 2H), 1.46-1.41 (m, 1H), 1.36-1.28 (m, 1H), 1.22-1.16
(m, 1H); BC NMR (125 MHz, CDCl3) 6 172.1,165.7,151.3,143.9, 128.4 (2C), 127.5 (2C), 126.6, 110.9,
100.6, 77.3, 51.8, 49.5, 44.8, 31.2, 23.2, 23.0, 22.73, 22.67; FT-IR: 3027.7, 1702.8, 1661.4 cm™'; LR-
EIMS m/z: 326 (M", 37.4), 235 (100), 203 (64), 149 (29), 115 (36), 91 (29); HR-EIMS calcd for
Cy0H2,04: 326.1518. Found: 326.1517.

67



34 ® HMBC A~ KL

! ) lJJJ‘L m’vﬁ_ﬁ%\_

120
(130
(140
— 9 5% Fiso
Fso
— 4 B Fi70
F1so
F1so

[-200

1356 130 126 120 115 110 105 100 95 90 85 80 75 70 B.EQ(S.O) 65 50 45 40 35 30 25 20 15 10 05 00 -05 -10
ppm;

34 ® HSQC A~ kL

I

— (100

— [110

F120

[130

140

— 150

135 130 125 120 115 110 105 100 95 90 85 80 75 70 asme.o) 55 50 45 40 35 30 25 20 15 10 05 00 -05 -0
ppm]

68



34 O NOESY A~7 k)L

‘. i ﬂt l Ak ,1‘[_ JU'L__ s

L ‘ L’l i 4L

S e e e L e e e S L. S S s S e S e S e L A e 2
135 130 125 120 115 110 105 100 95 960 85 80 75 70 E'SFZEG‘D‘ 55 50 45 40 35 30 25 20 15 10 05 00 -05 -0
ppm)

X-ray Crystal Data: Crystal Color, Habit; colorless, prism, Crystal Dimensions; 0.300 x 0.200 x 0.100
mm, Crystal System; triclinic, Lattice Type; Primitive, Lattice Parameters; a = 9.4385(9) A, b =9.9886(9)
A, ¢ =11.1944(10) A, o = 64.187(3)°, B = 63.883(3)°, y = 76.344(3)°, V = 851.77(13) A3, Space
Group; P-1 (#2), Z value; 2, Deae; 1.273 g/em?®, Fooo; 348.00, u(MoKa); 0.876 cm’', Intensity
Measurement: Diffractometer; R-AXIS RAPID, Radiation; MoKa (L = 0.71075 A), graphite
monochromated, Voltage, Current; 50 kV, 100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x
256.0 mm, Data Images; 44 exposures, @ oscillation Range (y=45.0, $=0.0); 130.0 - 190.0°, Exposure
Rate; 90.0 sec./°, @ oscillation Range (y=45.0, ¢$=180.0); 0.0 - 160.0°, Exposure Rate; 90.0 sec./°,
Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20m.x; 55.0°, No. of Reflections Measured; Total:
8400, Unique: 3860 (Rin = 0.0343), Corrections; Lorentz-polarization Absorption (trans. factors: 0.691
- 0.991), Secondary Extinction (coefficient: 1.77900e-002). Structure Solution; Direct Methods
(SHELXT Version 2018/2), Refinement; Full-matrix least-squares on F2, Function Minimized; £ w (Fo?
- Fc?)?, Least Squares Weights; w = 1/ [ 6*(Fo?) + (0.0973 - P)> +0.1528 - P ] where P = (Max(F02,0) +
2Fc?)/3, 2qmax cutoff; 54.9°, Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All
reflections); 3860, No. Variables; 218, Reflection/Parameter Ratio; 17.71, Residuals: R1 (I>2.005(1));
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0.0579, Residuals: R (All reflections); 0.1196, Residuals: wR2 (All reflections); 0.2159, Goodness of
Fit Indicator; 1.107, Max Shift/Error in Final Cycle; 0.000, Maximum peak in Final Diff. Map; 0.47
¢/A3, Minimum peak in Final Diff. Map; -0.33 ¢7/A°.

Deposition number CCDC-2048966 for 34. Free copies of the data can be obtained via

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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Methyl rac-(1R,5R,6S,7R)-2-Hydroxy-2'-oxo-5-phenylspiro[bicyclo[4.1.0]heptane-7,1'-
cyclohexan]-2-ene-3-carboxylate (35)

Colorless plates; m.p. 110.7-112.9 °C (Diisopropyl ether); 'H NMR (500 MHz, CDCls) 6 12.18 (s, 1H),
7.33-7.30 (m, 2H), 7.28-7.26 (m, 2H), 7.23 (tt, J = 7.0, 1.5 Hz, 1H), 3.73 (s, 3H), 2.90 (ddd, J = 10.5,
6.5, 4.5 Hz, 1H), 2.59 (dd, J = 15.5, 6.0 Hz, 1H), 2.52 (dd, J = 15.5, 9.0 Hz, 1H), 2.45-2.42 (m, 2H),
2.26 (d,J=9.0 Hz, 1H), 2.22 (dd, J=9.0, 4.5 Hz, 1H), 2.00-1.95 (m, 1H), 1.93-1.86 (m, 3H), 1.85-1.80
(m, 2H); C NMR (125 MHz, CDCls)  208.3, 172.1, 168.0, 145.6, 128.7 (2C), 127.2 (2C), 126.6, 98.4,
51.6,40.1, 39.5,35.7, 32.3, 30.2, 28.7, 24.3, 23.6, 23.2; FT-IR: 3027.7, 1686.4, 1648.8 cm™'; LR-EIMS
m/z: 326 (M", 100), 308 (43), 294 (49), 213 (99), 211 (36), 203 (37), 163 (34), 141 (37), 115 (54); HR-
EIMS calcd for C20H2204: 326.1518. Found: 326.1517.
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X-ray Crystal Data: Crystal Color, Habit; colorless, needle, Crystal Dimensions; 0.200 x 0.100 x 0.050
mm, Crystal System; monoclinic, Lattice Type; C-centered, Lattice Parameters; a = 26.4518(14) A, b=
6.4380(4) A, ¢ =20.1809(11) A, B =95.176(7)°, V = 3422.7(3) A3, Space Group; C2/c (#15), Z value;
8, Deaie; 1.267 g/em?, Fooo; 1392.00, pw(CuKo); 7.094 cm!, Intensity Measurement: Diffractometer; R-
AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite monochromated, Voltage, Current; 50 kV,
100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures, ®
oscillation Range (y=54.0, ¢=0.0); 80.0 - 260.0°, Exposure Rate; 270.0 sec./°, ® oscillation Range
(x=54.0, $=105.0); 80.0 - 260.0°, Exposure Rate; 270.0 sec./°, o oscillation Range (y=54.0, $=180.0);
80.0 - 260.0°, Exposure Rate; 270.0 sec./°, ® oscillation Range (y=54.0, ¢$=270.0); 80.0 - 260.0°,
Exposure Rate; 270.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max; 136.2°, No. of
Reflections Measured; Total: 18223, Unique: 3131 (Rine = 0.0903), Corrections; Lorentz-polarization
Absorption (trans. factors: 0.648 - 0.965), Secondary Extinction (coefficient: 1.10000e-004). Structure
Solution; Direct Methods (SHELXT Version 2014/5), Refinement; Full-matrix least-squares on F?,
Function Minimized; X w (Fo? - Fc?)?, Least Squares Weights; w = 1/ [ 6*(Fo?) + (0.0540 - P)>+ 0.0000 -
P ] where P = (Max(Fo?,0) + 2Fc¢?)/3, 20may cutoff; 136.2°, Anomalous Dispersion; All non-hydrogen
atoms, No. Observations (All reflections); 3131, No. Variables; 218, Reflection/Parameter Ratio; 14.36,
Residuals: R1 (I>2.000(I)); 0.0636, Residuals: R (All reflections); 0.1495, Residuals: wR2 (All
reflections); 0.1412, Goodness of Fit Indicator; 1.014, Max Shift/Error in Final Cycle ; 0.000, Maximum
peak in Final Diff. Map; 0.13 ¢/A?, Minimum peak in Final Diff. Map; -0.14 e/A>.

Deposition number CCDC-2048967 for 35. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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Methyl rac-(1R,5R,6S,7R)-2-hydroxy-2'-oxo-5-phenylspiro[bicyclo[4.1.0]heptane-7,1'-
cyclopentan]-2-ene-3-carboxylate (50a)

Colorless plates; m.p. 143.2-144.8 °C (Diisopropyl ether); "TH NMR (500 MHz, CDCls) 6 12.32 (s, 1H),
7.31-7.27 (m, 2H), 7.26-7.23 (m, 2H), 7.22 (tt, J= 6.5, 1.5 Hz, 1H), 3.70 (s, 3H), 3.15 (dt, J=17.5, 3.5
Hz, 1H), 2.58 (ddd, J=16.5, 3.5, 1.5 Hz, 1H), 2.48-2.42 (m, 1H), 2.37 (dd, J=10.5, 8.0 Hz, 1H), 2.32
(dd, J=8.5,2.5 Hz, 1H), 2.26-2.14 (m, 4H), 2.03-1.96 (m, 1H), 1.95-1.89 (m, 1H); *C NMR (75 MHz,
CDCl3) 6 215.5, 172.3, 168.4, 145.5, 128.6 (2C), 127.1 (2C), 126.6, 94.3, 51.7, 41.9, 38.4, 34.1, 32.6,
30.5,28.0,25.3,21.0; FT-IR: 3022.9, 1720.2, 1644.0 cm™'; LR-EIMS m/z: 312 (M", 88.8), 280 (44), 252
(68),224 (45), 199 (100), 197 (38), 196 (36), 141 (37), 115 (49), 91 (59); HR-EIMS calcd for C19H2004:
312.1362.Found: 312.1362.

Methyl rac-(1R,4a8,10bR)-4-hydroxy-1-phenyl-2,4a,6,7,8,9,10,10b-octahydro-1H-
cyclohepta|b]benzofuran-3-carboxylate (49b)

Colorless plates; m.p. 150.7-152.2 °C (Diisopropyl ether); 'H NMR (500 MHz, CDCl;) 6 11.99 (s, 1H),
7.31-7.27 (m, 2H), 7.24-7.20 (m, 3H), 4.76 (d, J= 8.5 Hz, 1H), 3.75 (s, 3H), 2.91 (dd, J=11.0, 9.0 Hz,
1H), 2.67 (td, J = 11.5, 4.0 Hz, 1H), 2.59 (dd, J = 16.0, 4.0 Hz, 1H), 2.30 (dd, J = 11.0, 1.0 Hz, 1H),
2.31-2.22 (m, 2H), 1.60-1.48 (m, 5H), 1.33-1.26 (m, 2H), 1.23-1.17 (m, 1H); *C NMR (125 MHz,
CDCl3) 6 172.1, 165.5, 153.7, 143.7, 128.4 (2C), 127.7 (2C), 126.6, 114.1, 100.6, 77.0, 52.6, 51.7, 45.0,
30.9,29.7,28.2,28.1,25.8,25.7; FT-IR: 3033.5, 1659.5 cm™'; LR-EIMS m/z: 340 (M", 16.5), 249 (100),
217 (37), 163 (20), 115 (11), 113 (17); HR-EIMS caled for C21H2404: 340.1675. Found: 340.1673.

Methyl rac-(1R,5R,6S,7R)-2-hydroxy-2'-0xo-5-phenylspiro[bicyclo[4.1.0] heptane-7,1'-
cycloheptan]-2-ene-3-carboxylate (50b)

Colorless oil; "H NMR (500 MHz, CDCls) 6 12.16 (s, 1H), 7.34-3.31 (m, 2H), 7.29-7.27 (m, 2H), 7.23
(tt,J=17.0, 1.5 Hz, 1H), 3.73 (s, 3H), 2.88 (dt, /= 10.5, 6.0 Hz, 1H), 2.71 (dd, /= 9.5, 2.0 Hz, 1H), 2.67
(ddd, J=16.5,9.5, 2.0 Hz, 1H), 2.62 (dd, J=15.5, 6.0 Hz, 1H), 2.52 (ddd, J = 14.5, 10.5, 1.0 Hz, 1H),
2.39(d,J=9.0 Hz, 1H), 2.09 (dd, /=9.0, 5.0 Hz, 1H), 2.02 (dd, J = 14.5, 10.5 Hz, 1H), 1.89-1.84 (m,
2H), 1.82-1.70 (m, 3H), 1.67-1.59 (m, 2H); *C NMR (125 MHz, CDCl;) 6 211.7, 172.1, 168.6, 145 .4,
128.7 (2C), 127.3 (2C), 126.6, 98.8, 51.6, 43.9, 43.1, 36.7, 35.8, 30.9, 30.7, 30.4, 27.8, 24.9, 24.6; FT-
IR: 3025.8 1681.6, 1649.8 cm™'; LR-EIMS m/z: 340 (M*, 100), 322 (55), 308 (52), 227 (49), 225 (51),
197 (44), 177 (48), 115 (43), 91 (63); HR-EIMS calcd for C21H2404: 340.1675. Found: 340.1676.
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Methyl rac-(1R,4aS,11bR)-4-hydroxy-1-phenyl-1,2,4a,6,7,8,9,10,11,11b-
decahydrocycloocta[b]benzofuran-3-carboxylate (49c)

Colorless plates; m.p. 116.4-118.1 °C (Diisopropyl ether); 'H NMR (500 MHz, CDCls) 6 12.00 (s, 1H),
7.31-7.27 (m, 2H), 7.24-7.20 (m, 3H), 4.80 (d, /= 9.0 Hz, 1H), 3.75 (s, 3H), 3.00 (dd, /= 10.5, 9.0 Hz,
1H), 2.72 (td, J = 10.5, 4.5 Hz, 1H), 2.59 (dd, J = 16.0, 4.5 Hz, 1H), 2.32-2.26 (m, 3H), 1.72-1.59 (m,
3H), 1.56-1.36 (m, 5H), 1.29-1.22 (m, 1H), 1.14-1.06 (m, 1H); *C NMR (125 MHz, CDCl;) 6 172.1,
165.7, 152.5, 143.7, 128.4 (2C), 127.6 (2C), 126.6, 111.2, 100.5, 77.0, 51.7, 50.4, 44.4, 31.0, 27.7, 26 .4,
26.3,25.6,25.4,23.8; FT-IR: 3030.6, 1659.5, 1626.7 cm™'; LR-EIMS m/z: 354 (M*, 9.7), 263 (56), 252,
(100), 250 (64), 235 (42),233 (27), 231 (18), 219 (30), 217 (17), 83 (26); HR-EIMS calcd for C22H2604:
354.1831. Found: 354.1830.

X-ray Crystal Data: Crystal Color, Habit; colorless, platelet, Crystal Dimensions; 0.700 x 0.700 x 0.050
mm, Crystal System; triclinic, Lattice Type; Primitive, Lattice Parameters; a = 9.7437(5) A, b =
10.4931(5) A, ¢ = 11.2669(6) A, a = 113.999(8)°, B = 97.462(7)°, y = 110.914(8)°, V = 930.57(15) A3,
Space Group; P-1 (#2), Z value; 2, Deac; 1.265 g/em?®, Fooo; 380.00, pu(CuKa); 6.916 cm™, Intensity
Measurement: Diffractometer; R-AXIS RAPID, Radiation; CuKa (A = 1.54187 A), graphite
monochromated, Voltage, Current; 40 kV, 100 mA, Temperature; 23.0 °C, Detector Aperture; 460.0 x
256.0 mm, Data Images; 45 exposures, ® oscillation Range (¥y=54.0, $=0.0); 80.0 - 260.0°, Exposure
Rate; 100.0 sec./°, o oscillation Range (y=54.0, $=90.0); 80.0 - 260.0°, Exposure Rate; 100.0 sec./°, ®
oscillation Range (y=54.0, $=180.0); 80.0 - 260.0°, Exposure Rate; 100.0 sec./°, ® oscillation Range
(x=54.0, $=270.0); 80.0 - 260.0°, Exposure Rate; 100.0 sec./°, ® oscillation Range (y=10.0, $=60.0);
80.0 - 260.0°, Exposure Rate; 100.0 sec./°, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 20max;
136.3°, No. of Reflections Measured; Total: 10342, Unique: 3301 (Riy = 0.0562), Corrections; Lorentz-
polarization Absorption (trans. factors: 0.696 - 0.966), Secondary Extinction (coefficient: 6.67000e-003).
Structure Solution; Direct Methods (SHELXT Version 2014/5), Refinement; Full-matrix least-squares
on F2, Function Minimized; £ w (Fo? - F¢?)?, Least Squares Weights; w = 1/ [ 6*(Fo?) + (0.0853 - P)* +
0.0824 - P ] where P = (Max(Fo%,0) + 2Fc?)/3, 20max cutoff; 136.3°, Anomalous Dispersion; All non-
hydrogen atoms, No. Observations (All reflections); 3301, No. Variables; 236, Reflection/Parameter
Ratio; 13.99, Residuals: R1 (I>2.005(1)); 0.0508, Residuals: R (All reflections); 0.0622, Residuals: wR2
(All reflections); 0.1575, Goodness of Fit Indicator; 1.090, Max Shift/Error in Final Cycle; 0.000,
Maximum peak in Final Diff. Map; 0.50 e/A?, Minimum peak in Final Diff. Map; -0.18 e/A%.
Deposition number CCDC-2048968 for 49c. Free copies of the data can be obtained via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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Methyl rac-(1R,5R,6S,7R)-2-hydroxy-2'-0xo-5-phenylspiro[bicyclo[4.1.0] heptane-7,1'-
cyclooctan]-2-ene-3-carboxylate (50c)

Colorless oil; '"H NMR (500 MHz, CDCl3) 6 12.23 (s, 1H), 7.33-7.26 (m, 4H), 7.22 (tt, J = 6.5, 1.5 Hz,
1H), 3.73 (s, 3H), 3.03 (ddd, J = 9.0, 6.5, 4.0 Hz, 1H), 2.76 (ddd, J = 11.0, 10.0, 4.0 Hz, 1H), 2.62 (dd,
J=16.0, 6.5 Hz, 1H), 2.56 (ddd, J=16.0, 7.5, 4.0 Hz, 1H), 2.53 (dd, J = 16.0, 8.5 Hz, 1H), 2.33 (ddd,
J=16.0,9.0,4.0 Hz, 1H), 2.27-2.22 (m, 2H), 2.05 (ddd, J = 16.0, 7.5, 4.0 Hz, 1H), 1.83-1.67 (m, 3H),
1.64-1.50 (m, 4H), 1.48-1.40 (m, 1H); *C NMR (125 MHz, CDCl3) § 213.3, 172.2, 168.7, 145.8, 128.6
(20), 127.1 (2C), 126.5, 98.2, 51.6, 43.2, 39.0, 36.2, 32.7, 30.2, 29.7, 28.9, 27.6, 26.3, 25.5, 22.7; FT-
IR: 3024.8, 1681.6, 1650.8 cm™'; LR-EIMS m/z: 354 (M, 100), 322 (39), 294 (29), 263 (26), 239 (33),
197 (36), 191 (38), 141 (26), 115 (34), 91 (51); HR-EIMS calcd for CH2604: 354.1831. Found:
354.1830.

Methyl rac-(1R,4aS,15bR)-4-hydroxy-1-phenyl-1,2,4a,6,7,8,9,10,11,12,13,14,15,15b-
tetradecahydrocyclododeca[b]benzofuran-3-carboxylate (49d)

Colorless oil; 'H NMR (500 MHz, CDCls) 6 12.02 (s, 1H), 7.30-7.27 (m, 2H), 7.23-7.20 (m, 3H), 4.70
(d, J= 8.5 Hz, 1H), 3.75 (s, 3H), 3.04 (dd, /= 11.0, 8.5 Hz, 1H), 2.67 (td, J = 11.0, 4.5 Hz, 1H), 2.58
(dd, J=16.5,4.5 Hz, 1H), 2.34 (ddd, J=15.5, 11.0, 5.0 Hz 1H), 2.29 (ddd, /= 16.0, 11.0, 1.0 Hz, 1H),
2.03 (dt, J=14.5, 4.5 Hz, 1H), 1.90 (ddd, J = 14.5, 9.0, 6.0 Hz, 1H), 1.85-1.78 (m, 1H), 1.45-1.36 (m,
2H), 1.35-1.20 (m, 8H), 1.16-1.05 (m, 4H), 1.03-0.94 (m, 2H); *C NMR (125 MHz, CDCl;) § 172.2,
165.7,151.3, 144.0, 128.4 (2C), 127.6 (2C), 126.7, 113.7, 100.5, 76.8, 51.8, 47.5,44.2,31.2,25.2, 25.0,
24.5,24.29,24.27,23.9,22.7,22.4,21.7,21.5; FT-IR: 3025.8, 1661.4, 1626.7 cm™'; LR-EIMS m/z: 410
(M", 21.8), 319 (100), 306 (19), 287 (25), 233 (27), 228 (12), 115 (10), 113 (20), 91 (12), 55 (12); HR-
EIMS calcd for C26H3404: 410.2457. Found: 410.2458.

Methyl rac-(5aR,95,9aS)-6-hydroxy-9-phenyl-3,4,5a,8,9,9a-hexahydro-1H-
spiro[dibenzo[b,d]furan-2,2'-[1,3]dioxolane]-7-carboxylate (49¢)

Colorless cylindrical crystals; m.p. 165.3-167.1 °C (Diisopropyl ether); 'H NMR (500 MHz, CDCl;) ¢
12.03 (s, 1H), 7.31-7.28 (m, 2H), 7.24-7.21 (m, 3H), 4.96 (d, J = 9.5 Hz, 1H), 3.90-3.77 (m, 4H), 3.76
(s, 3H), 3.03 (td, /= 9.5, 1.0 Hz, 1H), 2.67 (td, J = 11.5, 4.0 Hz, 1H), 2.61 (dd, J = 16.0, 4.0 Hz, 1H),
2.38-2.28 (m, 2H), 2.24 (ddd, J=16.0, 11.5, 1.0 Hz, 1H), 1.80-1.71 (m, 3H), 1.53 (d, /= 16.5 Hz, 1H);
BC NMR (125 MHz, CDCls) 6 172.0, 165.3, 150.6, 143.5, 128.6 (2C), 127.5 (2C), 126.8, 108.8, 108 4,
100.8,78.5, 64.4,64.3,51.8,49.3,44.7,33.7,31.2,31.0, 21.3; FT-IR : 3031.6, 1702.8, 1660.4 cm™'; LR-
EIMS m/z: 384 (M*, 45.2), 293 (47), 228 (71), 197 (32), 156 (32), 115 (26), 100 (30), 99 (100), 87 (35),
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86 (39); HR-EIMS calcd for C2,H2406: 384.1573. Found: 384.1576.

Methyl rac-(1R,5R,6S,7R)-2-hydroxy-4'-oxo-5-phenyldispiro[bicyclo[4.1.0]heptane-7,3'-
cyclohexane-1',2"-[1,3]dioxolan]-2-ene-3-carboxylate (50e)

Colorless oil; "H NMR (500 MHz, CDCls) § 12.20 (s, 1H), 7.33-7.28 (m, 4H), 7.22 (tt, J = 6.5, 2.0 Hz,
1H), 4.06-3.98 (m, 4H), 3.73 (s, 3H), 3.04 (td, /= 7.5, 4.0 Hz, 1H), 2.67-2.55 (m, 4H), 2.45 (d, J=9.0
Hz, 1H), 2.13-2.10 (m, 4H), 2.07 (dd, /= 9.0, 4.0 Hz, 1H); '*C NMR (125 MHz, CDCls) § 206.7, 172.1,
167.9, 145.7, 128.7 (2C), 127.1 (2C), 126.6, 107.8, 97.8, 64.8, 64.6, 51.6, 38.4, 36.7, 35.4, 34.7, 32.4,
32.2,29.5,28.4; FT-IR: 3025.8, 1694.2, 1650.8 cm™'; LR-EIMS m/z: 384 (M", 83.5), 366 (20), 352 (43),
293 (21), 271 (26), 167 (22), 141 (14), 115 (20), 99 (100); HR-EIMS calcd for C22H24O0¢: 384.1573.
Found: 384.1573.

Methyl rac-(1R,5R,6S,7R)-2-hydroxy-5'-methoxy-1'-oxo-5-phenyl-1',3'-
dihydrospiro[bicyclo[4.1.0]heptane-7,2'-inden]-2-ene-3-carboxylate (50f)

Colorless column; m.p. 183.9-185.4 °C (Diisopropyl ether); '"H NMR (500 MHz, CDCls) § 12.35 (s,
1H), 7.71 (dd, J = 8.0, 1.5 Hz, 1H), 7.33-7.27 (m, 4H), 7.25-7.22 (m, 1H), 6.95-6.93 (m, 2H), 3.89 (s,
3H), 3.72 (s, 3H), 3.331 (d, /= 17.5 Hz, 1H), 3.329 (dt, /= 8.0, 2.5 Hz, 1H), 3.06 (d, /= 17.0 Hz, 1H),
2.69 (ddd, J = 17.0, 2.5, 1.5 Hz, 1H), 2.51-2.43 (m, 3H); '*C NMR (75 MHz, CDCIs) 6 200.1, 172.2,
169.0, 165.1, 155.1, 145.7, 129.4, 128.6 (2C), 127.0 (2C), 126.6, 125.2, 115.2, 109.7, 93.3, 55.6, 51.6,
42.3,34.1, 32.6, 29.7, 29.5, 27.8; FT-IR: 3023.8, 1684.5, 1656.6 cm™'; LR-EIMS m/z: 390 (M", 39.0),
358 (27), 278 (21), 277 (100), 275 (12), 215 (12), 199 (13), 162 (16), 115 (17); HR-EIMS calcd for
C24H2,05: 390.1467. Found: 390.1465.

Methyl rac-(3aR,4R,7aS)-2-butyl-7-hydroxy-4-phenyl-3-propyl-3a,4,5,7a-tetrahydrobenzofuran-
6-carboxylate (49g)

Colorless oil; '"H NMR (400 MHz, CDCls) 6 12.01 (s, 1H), 7.31-7.27 (m, 2H), 7.25-7.20 (m, 3H), 4.70
(d,J=8.8 Hz, 1H), 3.75 (s, 3H), 3.02 (dd, /= 10.8, 8.8 Hz, 1H), 2.67-2.56 (m, 2H), 2.33-2.26 (m, 1H),
2.17-2.04 (m, 2H), 1.70-1.61 (m, 2H), 1.48 (sext, J= 7.2 Hz, 2H), 1.30 (sext, /= 7.2 Hz, 2H), 1.17-1.05
(m, 1H), 1.04-0.94 (m, 2H), 0.89 (t, J = 7.2 Hz, 3H), 0.59 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz,
CDCl3) 6 172.2,165.7, 151.8, 143.9, 128.4 (2C), 127.6 (2C), 126.6, 112.6, 100.5, 76.7, 51.8, 48.0, 44.5,
31.1,29.4,27.0,25.4,22.3,21.7,13.9, 13.6.; FT-IR: 3029.6, 1736.6 cm’!; LR-EIMS m/z: 370 (M", 12.1),
279 (100), 247 (27), 193 (21), 179 (10), 115 (9), 113 (18), 104 (8), 91 (8), 57 (9); HR-EIMS calcd for
C23H3004: 370.2144. Found: 370.2146.
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Methyl rac-(3aR,4R,7aS)-2-ethyl-7-hydroxy-3,4-diphenyl-3a,4,5,7a-tetrahydrobenzofuran-6-
carboxylate (49h)

Colorless oil; 'H NMR (500 MHz, CDCls) 6 12.03 (s, 1H), 7.07-6.96 (m, 8H), 6.93-6.91 (m, 2H), 5.02
(d, J=8.5Hz, 1H), 3.79 (t, J = 8.5 Hz, 1H), 3.75 (s, 3H), 2.92 (td, J = 8.5, 4.5 Hz, 1H), 2.54 (dd, J =
16.5,4.5 Hz, 1H), 2.42 (dd, J = 16.5, 8.5 Hz, 1H), 2.344 (qd, J="7.5, 1.0 Hz, 1H), 2.339 (q, /= 7.5 Hz,
1H), 1.15 (t, J= 7.5 Hz, 3H); *C NMR (125 MHz, CDCls) § 172.2, 165.6, 155.5, 142.9, 134.4, 128.03
(20), 127.95 (2C), 127.78 (2C), 127.77 (2C), 126.1, 125.4, 113.0, 100.0, 76.7, 51.8, 49.9, 42.8, 28.3,
20.0, 11.9.; FT-IR: 3025.8, 1660.4, 1625.7 cm’'; LR-EIMS m/z: 376 (M", 81.3), 285 (100), 253 (49),
199 (39), 197 (29), 172 (44), 115 (52), 113 (57), 91 (42), 57 (42); HR-EIMS calcd for C24H2404:
376.1675.Found: 376.1673.

Methyl rac-(1R,5R,6S,7R)-2-hydroxy-5,7-diphenyl-7-propionylbicyclo[4.1.0]hept-2-ene-3-
carboxylate (50h)

Colorless column; m.p. 154.1-155.9 °C (Diisopropyl ether); "H NMR (500 MHz, CDCls) 6§ 12.39 (s,
1H), 7.41-7.35 (m, 5H), 7.32-7.28 (m, 2H), 7.26-7.20 (m, 3H), 3.55 (s, 3H), 3.19 (dt, J = 6.5, 3.0 Hz,
1H), 2.65-2.61 (m, 2H), 2.22 (q, J = 7.5 Hz, 1H), 2.20 (q, J = 7.5 Hz, 1H), 2.15 (dd, J = 16.5, 3.0 Hz,
1H), 1.22 (dd, J = 16.5, 8.0 Hz, 1H), 0.88 (t, J = 7.5 Hz, 3H); *C NMR (125 MHz, CDCl;) 6 207.9,
172.0, 168.0, 146.1, 134.7, 131.0 (2C), 128.9 (2C), 128.6 (2C), 128.1, 127.2 (2C), 126.5, 96.0, 51.4,
48.7,35.4,35.1,34.7,31.1,27.5,7.8; FT-IR: 3027.7, 1685.5, 1645.0 cm™'; LR-EIMS m/z: 376 (M*, 100),
344 (27), 288 (30), 287 (44), 259 (22), 115 (37), 91 (72), 85 (28), 83 (40), 57 (35); HR-EIMS calcd for
C24H2404: 376.1675. Found: 376.1674.

Methyl rac-(3aR,4R,7aS)-7-hydroxy-3-methyl-2,4-diphenyl-3a.,4,5,7a-tetrahydrobenzofuran-6-
carboxylate (49i)

Colorless square column crystals; m.p. 203.4-205.6 °C (Diisopropyl ether); "H NMR (500 MHz, CDCls)
012.05 (s, 1H), 7.54-7.52 (m, 2H), 7.35-7.32 (m, 4H), 7.29-7.24 (m, 4H), 4.94 (d, /= 8.5 Hz, 1H), 3.77
(s, 3H), 3.09 (dd, J=11.0, 8.5 Hz, 1H), 2.84 (td, /= 11.0, 4.5 Hz, 1H), 2.65 (dd, /= 16.0, 4.5 Hz, 1H),
2.38(ddd, J=16.0, 11.0, 1.0 Hz, 1H), 1.35 (s, 3H).; *C NMR (125 MHz, CDCl3) 6 172.1, 165.4, 148.6,
143.6, 131.2, 128.6 (2C), 128.04 (2C), 128.02, 127.8 (2C), 127.5 (2C), 126.8, 110.7, 100.7, 76.5, 53.3,
51.8,44.4,30.9, 12.9; FT-IR: 3018.1, 1656.6, 1628.6 cm™"; LR-EIMS m/z: 362 (M*, 24.9), 272 (30), 271
(100), 239 (52), 185 (45), 158 (47), 115 (28), 113 (48), 105 (59), 77 (29); HR-EIMS calcd for C23H2,04:
362.1518. Found: 362.1520.
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