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Scheme 1 Representative diene component of Diels-Alder reaction Scheme 3 Diels-Alder reaction of 2-pyrone with alkyne or alkene
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Scheme 4 Representative subsitituted 2-pyrones utilized in Diels-Alder
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EDG s
. . 0 . 7 !.ewns acid/L —
e R3 Diels—Alder reaction
Advantages [ via "] Advantages
. . . : (I
Readily available reaction 1 \ S * Bridged lactone
) partners R'O__O"M—L e Highly functionalized
‘{aﬂﬂl_ls types of electron- / \L* « Multiple chiral centers
rich dienophiles , 20 * Excellent control of
. Inve_rse-eledrnn-demand R : 0 stereochemistry
fashion

Scheme 3 Enantioselective inverse-electron-demand Diels-Alder (IED-
DA) reaction of 2-pyrones with Lewis acid catalysis
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* Markd (1994)

MeO._ O Yb(OTf)s (20 mol%) 0
{Fi'j-BINDL_ (24 mol%) CO:-Me
L0 "/KH DIPEA, 4 A MS, CH,Cl, /D
+ =
>0 X=0,8 XR
1a 2 3

Selected examples:

9] O @] O

o CO:Me 0 COsMe 0 CO:Me 0 CO.Me
4 4 f G
0
OEt OCy OAd

3a, 93%, <5% ee 3b, 90%, 27% ee 3c, 91%, 82% ee 3d, 97%, 85% ee

0 9] @] O
0 COsMe 0 COsMe o CO-Me o CO-Me
Y ¥ s 4
SEt SBn

SCy SPh

Je, 96%, 0% ee 3g, 88%, 86% ee 3h, 91%, >95% ee

3f, 93:’.-{:, 72% ee

Scheme 4 Ytterbium-catalyzed enantioselective inverse-electron-de-
mand Diels-Alder reactions of 2-pyrones
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* Markd (2000)
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0 o
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R R

MeO.__O

0 CHECIE,—?E"CtDD:C o |C0=Me

0 iy
h 8 7 "SePh SePh BOX-L1, R = Ph
1a 9, 90%, 56% ee BOX-L2, R = Bu

* Gademann (2013)

MeO. O Cu(OTf), (10 mol%) O
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- fl [
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Scheme 6 Copper-catalyzed asymmetric inverse-electron-demand
Diels—Alder reactions of 2-pyrones
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Table 1. Optimization of reaction conditions for the initial Diels-Alder reaction

0, OR'
0, —(_}I'-
e )<
Entry” Lewis (R)-L, R t[h] Yield ee
acid (%] [%]
) 1 YbOTH; LL,R=H 24 58 40
GRS B EE, A 2 Yb(OTH: L2, R=246-(Prj-CéH2 48 10 0
G CE e R L AL 7 3 Yb(OTf)s L3, R = 9-anthryl 48 11

4 YbOTh: L4, R = PhsSi 48 15 0
5 YbOTH: L5, R=Cl 20 7479
6  YbOTH; L8, R=1 10 85 94
7 YbOTH; L6, R = Br 6 87 94

8 Sc(OTH): L6, R = Br 2 67 12

9 Y(OTH: L6, R = Br 23 76 58

10 Sm(OTf: L6, R = Br 7 81 T2

11 Eu(OTf): L6, R = Br 8§ 61 73
12 Ho(OTH); L6, R=Br 4 67 80
13 Ex(OTH; L6, R =Br 5 47 74
14 Tm(OTD)s L6, R =Br 4 6 84
15 YB(OTHs L9, R = 4-F-CsHs 11 8 94

16  YbOTf)s  L10,R = 3,5-F2-CsHs 15 83 97

17 YbOTf)s LILR=35-(CFs)-CéHs 3 74 95

18 Yb(OTHs L7, R = CeFs 3 8 98

199 Yb(OTH); L7, R = CoFs 3 87 98

[a] Reaction conditions: 1a (0.2 mmol), 2 (0.6 mmol), 20 mol% Lewis acid, 24 mol% (R)-L,
48 mol% DIPEA, 4 A molecular sieves (50 mg) in DCM (1.0 mL) at 40°C. [b] Isolated yield.
[c] Enantiomeric excess was determined by HPLC on a chiral stationary phase. [d] 10 mol%
Yb(OTt)s, 12 mol% (R)-L7, 24 mol% DIPEA, Conc. = 0.4 M.



Table 2.0ptimization of reaction conditions for the retro Diels-Alder extrusion of CO:

0
S G e
O T @ﬂlﬁ:}}( v a &
3aG T 4a N 5a ,)(
Entry solvent Conc. T Yield [%]* ee [%]°
[M] [h] 4a/5a 4a/5a

1 toluene 0.5 24 --191 --/>99
2 toluene 0.1 24 26/70 93/>99
3 toluene 0.05 24 56/28 97/>99
4 toluene 0.01 24 79/20 98/>99
5 1. 4-dioxane 0.01 24 trace --
6 o-xylene 0.01 3 91 98
7 m-xylene 0.01 5 92 98
8 p-xylene 0.01 5 93 98
9 CICsHs 0.01 4 98 98

[a] Yield of 1solated product. [b] Enantiomeric excess was determined by HPLC on a chiral

stationary phase.



Table 2: Substrate scope with respect to substituted 2-pyrones."'b‘]

GOR’ o COzR‘ COR' Conditions 1:
= o} W0 Yb(OTH)s (10 mol9%), (R)-LT (12 mol%)
5 [ _Sonduions’s ks iorelo O ¢ < DIPEA (24 moi%), 4 A MS, DCM, 40 C
x O o oy
o Conditions 2:
1 2 4 0.01 M, chlorobenzene, reflux
........................... o
1 =
CO,R!  3a,R'=CyH,Ph, 86%, 98% ee” COR' b =Ll D Y%, DA
3b, R = Me, 85%, 97% ee \0 . w1 e
/ o 3¢, R' =Et, 76%, 97% ee o e g
3d, R1 - Allyl 84%. 98% ee .,,,o ‘d R‘ le' 92% 97% ee
30 R1 Bn 81% 92% ee ‘e R'= Bn 95% 91% ee
CO,Me COMe CO,Me CO;Me CO,Me
7 O i) WO /i g .‘\O
'llo O “y "
O (gram scale) (gram scale) ‘0
3f, 89%, 91%ee 4f, 94%, 91% ee 3g, 75%. 92%ee 4q, 96%, 92% ee 3h, 75%, 90% ee 4h, 93%, 89% ee
CO;Me CO:Me
COzMe COZMe Co2Me o) \\\O
/i O o] /] O
:,,o :“0
:,,O
3i, 89%, 94% ee 4i, 94%, 94% ee 3j, 86%, 99%ee 45 78%, 99% ee 3k, 95%, 99% ee 4k 81%, 99% ee
CO,Me O
CO,Me O .“o CO,Et CO,Et COMe CO;Me
‘\\O Wi O
ll,o O "lo
31, 96%, 99% ee 41, 80%, 99% ee 3m, 94%, 99% ee 4m, 85%, 98% ee 3n, 91%, 98% ee 4n, 88%, 98% ee
CO,Me COMe

002M3 CO:MQ
/ 7
] Y@ = ?
ulo
O-—\~ o-\‘

30, 81%, 96% ee 40, 78%, 96% ee 3p, 87%, 95% ee

-\\O
:”o

4p, unstable

10



CO.R!
2
D 2 O Conditions 3
7O . [D>< Yb{OTH, (20 mol%),
(R)-LT (24 mold)
DIPEA (48 mol%),
. ! 4 A MS, DCM, 40 °C
COsMe

0 4q. R =H, 87%, > 99% ea
g >< 4r, R = Me, 79%, > 99% ee
s 4s, R = OMe, 54%, > 99% e
dt, R = F, B2%, > 99% ee
du, R = Cl, 79%, > 98% ee
dv, R = Br, B8%, > 99% ee?
dw, R = CF3, B4%, = 99% ee

4ab, 27%, 92% ee

dac, 50%, > 99% ee

CD:R1 B O 7] C02R1
2
W0 CO,R! R o]
< || g ] LX<
"oy R3 ! U—¥ R? o
R4 R*
4 = exo-4 . ent-4 |

CO.Me COsMe COsMe

(ly L

dx, B7%, »99% ea dy, 35%, 99% ee 4z, B2%, 99% ee

dae, 88%, 99% ea®

d4aa, 82%, 99% a8

CO.Me

i)
@ I K
@]

dad, 20%, %1% ee®

CO.Me
COLEt
ant D

(J2o<
an S o i
F

4af, 71%, 96% ea®

4ag, 85%, 93% ee®

[a] Reaction conditions 1: 1 (0.2 mmeol), 2 (0.6 mmol), 10 mol % Yb(OTf);, 12 mol% (R)-L7, 24 mol % DIPEA, 4 A molecular sieves (50 mg) in DCM
(1.0 mL) at 40°C; Reaction conditions 2: 3 (0.1 mmol) in chlorobenzene (0.01 m) at reflux; Reaction conditions 3: 1 (0.2 mmol), 2 (0.6 mmol),
Yb(OTf); (20 mol%), (R)-L7 (24 mol %), DIPEA (48 mol %), 4 A molecular sieves (50 mg) in DCM (1.0 mL) at 40°C. [b] Yield of isolated product.
[c] Enantiomeric excess was determined by HPLC on a chiral stationary phase. [d] The structure and absolute configurations of 3a and 4v were
assigned by an X-ray crystallographic analysis of enantiopure samples (see the Supporting Information for details). [e] The reaction was conducted at

40°C, and then heated at 80°C.
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Table 3: Calculated energy profiles of the CO, extrusion process.”!

2 B §
coMe CO,Me
.|'l"-D
1, . 5% RAEHABHIFCO-HE
= =, &E
o NN G#HE (endo-3)
e ! ) 4 hz:. REHESCH
Entry, R* endo-3 TS 4
1, R=H 0.0 24.2 —25.5
2, R=Me 0.0 20.0 —25.9 on
3, R=Ph 0.0 15.4 —29.5 e utie
b) DIBAL-H wOH
[a] Relative Gibbs free energies in dichloromethane (in kcalmol™) are a) 0504 NMO. w0, ) AcCl, MeOH
reported. Calculated at the B3LYP/6-31G** level of theory. >< 68% ""Cr>< 81%  HO "OH
2 steps OH
OH
4b, 97% ee 8 6, (+)-MK7807
OH
dl mCPBA Oy OMe f) TBSOTf
EBUDHF'phCISphEIIE g]l LlﬂlHd
>< buffer pH E} .n"-D>< h) HCI, MeOH ,..1.'|DH
32% Wt &7 ?1 D.'"rﬂ W iy
2 steps HO' o 3 steps HO O
OH OH
4b, 97% ee 9 7, 1-epi-(+)-MK7607

Scheme 2. Enantioselective total synthesis of (+)-MK7607 and 1-epi-
(+)-MK7607.
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Table 1: Optimization of the reaction conditions.

RO .0 Lewis acid (20 mol%) @G :
(R)-L (24 mol%)
ANg° DIPEA (48 mol%) OH
4AMS., DCM, 25 °C OH

N0 oTBS > g@
R' = CH,CH,Ph ©/ B

1a 2a 3a (R)-L
Entry®l  Lewis acid (R)-L, R T Yield ee

[min] %" [%]"

1 Yb(OTf), L1, R=H 120 80 34
2 ‘|’|:)['C1Tf)3 L2, R=Br 30 79 65
3 Yb(OTf), L3, R=4-F-CH, 120 79 47
4 Yb(OTf), L4 R=4-CF,-CH, 120 50 —11
5 Yb(OTf), L5, R=4-NO,-CH, 30 76 52
6 Yb(OTf); L6 R=3,5-(CF;),CH, 30 63 8
7 Yb(OTf), L7, R=3,5-F,-C;H, 120 88 84
8 Yb(OTf), L8 R=CF; 10 82 91
9 Y(OT), L8, R=C,F, 10 71 87
10 Lu(OTf), L8 R=C,F, 10 73 89
11 Gd(OTf), L8 R=CF; 30 78 78
12 Eu(OTf), L8 R=C.F, 30 trace n.d.
13 Yb(OTf), L8, R=CF. 10 89 97
1461 Yb(OTf), L8, R=C,F; 10 89 98

[a] Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), Yb(OTf),

(20 mol %), (R)-L (24 mol%), DIPEA (48 mol%), 4 A M.S. (25 mg) in
DCM (0.5 mL) at 25°C. [b] Yield of isolated 3 a. [c] Determined by HPLC
analysis. [d] The reaction was conducted at 0°C. [e] 1a (0.2 mmol), 2a
(0.3 mmol), Yb(OTF), (5 mol %), (R)-L (6 mol %), DIPEA (18 mol %), 4 A
M.S. (50 mg) in DCM (0.5 mL). DIPEA= N,N-diisopropylethylamine,

M.S.=molecular sieves, n.d. =not determined.
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Table 2: Substrate scope with respect to substituted 2-pyrones and silyl

dienol ethers.[*®<
OTBS (R)-L8 (6 mol%)
DIPEA (18 mol%)
+ " 4AMS., DCM, 0°C
.—.R3 >
N
2
2-Pyrones
3a, R' = CH,CH,Ph O 4
89%, 98% ee CO.Me 3d, R °= Me,o
3b,R' = Me rR2_ 9 H 25 °C, 58%, 80% ee
96%, 97% ee 7 .
oTBS 3¢, R'=Allyl oTBS 99%. 61% ee

81%, 96% ee
3f, R2 = Me, 81%, 94% ee  3j, R? = 4-Me-Ph,
0, 0y
3g, R? = Et, 89%, 98% ee 83%, 96% ee
2 3k, R? = 4-Br-Ph,
3h, R? = iPr, 95%, 93% ee

97%, 96% ee
OTBS  3i, R? = Ph, 89%, 97% ee 31, R2 = Br, 84%, 48% ee

Silyl dienol ethers
3m, R® = Me, 30,n=1,
89%, 96% ee 88%, 96% ee
3p,n=2,
34y bimon B 84%, 94% ee
ores PN B4% ee OTBS 3q n=3,

84%, 85% ee

3s
CO,Me CO,Me
) 8 o) -
N e )
i ITee OTBS oTBS |
Meé Me 0 °C, trace, n.d.
90%, 94% ee 0%, n.d. 39%, 3% ee 25°C, 24%, 63% ee

[a] Reaction conditions: 1 (0.2 mmol), 2 (0.3 mmol) were used. [b] Yield
of isolated 3. [c] The ee of 3 was determined by HPLC analysis. [d] The
absolute configuration of 3 n was assigned by the X-ray crystallographic

Table 3: Substrate scope with respect to 6-substituted 2-pyrones.*"¢

O
4
4a 0
OMe
H
Me
H

50%, 97% eel

OTBS

40%, 97% eell

Yb(OTf) (10 mol%) MeO.___.O
(R)-L8 (12 mol%) H
DIPEA (36 mol%) Z ©
4AMS., DCM, 25 °C R~
- N
then HCI, THF '
R? ,

46%, 89% eel®]

[a] Reaction conditions: 1 (0.2 mmol), 2 (0.3 mmol) were used. [b] Iso-
lated yield of 4. [c] The ee of 4 was determined by HPLC analysis. [d] The
reaction was conducted at 40°C. [e] The reaction was heated at 80°C for
the complete extrusion of CO, after the Diels—Alder reaction was
finished. For details, see the Supporting Information.



Diels-Alder R'O.__0O
reaction
—) NP
H R2..._

x 0
Me \/ Me
cis-decalin with K
methyl group (R)- or (S)-2k
b. Yb(OTf)3 (5 mol%) Yb(OTf)3 (5 mol%)
(R)-L8 (6 mol%) (S)-L8 (6 mol%)
DIPEA (18 mol%) DIPEA (18 mol%)
4AMS.,DCM,0°C 4AMS., DCM,0°C
- '
oTes (S5)-2k, > 99% ee (S)-2k, > 99% ee TBSO
MeO O
(S,R, S, S, S)-3v (R, S, R, S, R)-3v
95%, > 20:1 dr, > 99% ee o 4 99%, > 20:1 dr, > 99% ee
x O
1a
(R)-2k, > 99% ee (R)-2k, > 99% ee
2
OTBS  Yb(OTf)3 (5 mol%) Yb(OTf)3 (5 mol%)
(R)-L8 (6 mol%) (S)-L8 (6 mol%)

DIPEA (18 mol%)

(S.R.S,R.S)v  4AMS,DCM,0°C
90%, >20:1 dr, > 99% ee

DIPEA (18 mol%)
aAms,pcm0°c (R SRR R}3v
96%, > 20:1 dr, > 99% ee

H
(S,R, S, S, S)-3wk
(R)-L8, 92%, 15:1 dr
major, > 99% ee
minor, 15% ee

(R, S, R, S, R)-3wld
(S)-L8, 85%, 16:1 dr
major, > 99% ee

minor, 84% ee

(S, R, S, R, S)-3xl?
(R)-L8, 87%, 7:1 dr
major, > 99% ee

minor, 59% ee

iPr
(R, S, R, R, R)-3x12

(S)-L8, 86%, > 20:1 dr
> 99% ee

(S,R, S, S, S)-3y
(R)-L8, 96%, 8:1 dr
major, > 99% ee

minor, 21% ee

(R, S, R, S, R)-3yl"!

(S)-L8, 83%, 20:1 dr
> 99% ee
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O
a. MeO O

a) Yb(OTf)g (5 I'T‘:Ol%) COQMS
0O OTBS (R)-L8 (6 mol%) O H
g . DIPEA (18 mol%) j
0 <
4AMS., DCM,0°C,0.5h OTBS
1b 2a 6.62 g, 91%, 96% ee 3b
b. MeO_ O o, °
b) Yb(OTf); (5 mol%) %
(o} OTBS (S)-L8 (6 mol%) 7
4 i O/ DIPEA (18 mol%)
o) >
X 4AMS.,DCM, 0°C,05h MeOC
1b 2a 2.23 g, 94%, 98% ee ent-3p ©TBS
C) CsHsCl, 95%
reflux, 5h L 98% ee
CO2M3

d) Me,CulLi, TMSI

OTBS Et,0, -78°C, 0.5 h
-
H 91%
i A
7
e) Hy PtO, EtOAc, rt, 0.5 h
56% | f)MeLi, THF, —78 °C, 30 min i) tBuOK, DMSO
3steps | thenHCl, i, 1h 120°C, 23 h
g) PhsPMeBr, tBuOK, DMSO [ ¥
9 (70%), 10 (28%)

OH' 60°C,1h i &3

h) BuOK, DMSO
140°C, 3 h

9 (26%), 10 (69%) t f

i H H
3-amorphen-11-0l (9) 4-amorphen-11-0l(10)

LLLE

-
8

Scheme 3. Gram-scale experiment and enantioselective total synthesis
of 4-amorphen-11-ol.
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OTBS d)Me,CuLi, TMSI
y
91%

E} Hz, PtOQ
f) MeLi, THF, then HCI

oTes 9) PhsPMeBr, tBuOK, DMSO
y

56%, 3 steps

g
8

i) tBUOK, DMSO, 120 °C
9 (70%), 10 (28%)

Y

OH

h) tBuOK, DMSQO,
140 °C
-

9 (26%), 10 (69%)

= H

Tiis
1

:H

3-amorphen-11-ol (9) 4-amorphen-11-ol(10)

o

1,6-Michael addition

BRRV B, /HERRERKAR

1.
2.
3. Wittig reaction

Wi%EFHI[1.3]oRIERS
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a) YB{OTf)3 (10 mol%)

(S)-L8 (12 mol%)
DIPEA (30 mol%)
Me OMe  JAMS,DCM 0°C 24h Me
RS 0 then Et3N'3HF, n4h
| -
g OTBES
1d > 99% ee 3z, 12% 3z, 47%
Me (R)-2k

b) CgHsCl, reflux, 3 h
then PTSA (0.1 mol%), (CH,OH), | 95%
benzene, reflux, 12 h

(o H ?00'“3 ¢) H, (50 bar), Raney Ni (20 mol%)

wMe EtOAc, 80 °C, 24 h
-
61%
H

90% l d) LDA, DMPU, THF, -78°C, 3 h

then allyl iodide, 0 °C, 2 h

\ O}_ _ €) 0sO, (5 mol%), NaiO,
( 3 PrOHM,0 (2:1), rt, 16 h
Me -
65%
aeH gB(OHb
13 f) . Et;Zn, toluene/hexane, 60°C, 18 h 62%
then 14, (S)-La, 0°C, 1h. then H,0, . 5h [ gy

g) HCI, MeOH, reflux, 1 h

@ convex ’ ‘JEO/>

(S)-La H concave
cis-crotonin (15) cis-crotonin (15)
Scheme 4. Enantioselective total synthesis of cis-crotonin. PTSA=p-
toluenesulfonic acid, LDA=lithium diisopropylamide, DMPU =1,3-
dimethyl-tetrahydropyrimidin-2 (1H)-one.
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H COOMe () Raney Ni

0
<\ Me 50
O
g EtOAc, 80 °C
M
© 11 61%
COOMe d)
@] H =
(\ AMe NN <‘O
0 T
LDA, DMPU

H T
12

0
\ Y—0Me .

\‘Me

HF,-78 °C-0 °C
90%

) OsQy, NalOy4 <"
>
_ O
'PrOH/H,0, rt

65%

@]
bar H, (\ .
»> O

Raney Niin&ix &

HAENL

PO S 58+ 1 TR 3R
PUC: 3R]
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B{OH),

)
[
O” , EtsZn, toluene/hexane, 60 °C 0
O O 0 o] O
then (S)-La (20 mol%), 14, 0 °C |
N A one (S)-La ( 6) 0 P pr
( HY e  thenHZ0 £,
‘ OH
0 > Me*" ° \
:H g) HCI, MeOH, reflux H ] CPhy
Me ,Me (S)'La
14 62%, 2 steps cis-crotonin (15)

1. B/Zn exchange reaction (H#1$ERXFIxERE M FiZ M)

A~ ~BOH2 1) Er,zn, 60 °C, 0.5 h % R
R1_ | = RI—
= 2) ligand, aldehyde, 0 °C % 1

2. BERREE A
3. Bifrr (WN4EER % EIFE)

A. M. M. Carlos, M. E. Contreira, B. S. Martins, M. F. Immich, A. V. Moro, D. S. Ldtke, Tetrahedron 2015, 71, 1202 — 1206.
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Enantioselective Synthesis of Axially Chiral Biaryls by Diels—Alder/

Retro-Diels—Alder Reaction of 2-Pyrones with Alkynes

Meng-Meng Xu, Xin-Yu You, Yu-Zhen Zhang, Yang Lu, Kui Tan, Limin Yang,* and Quan Cai*

R‘D | |
D- a"—"n."l‘&ll’ﬂ D-A
'\A'D : Uz
m inverse-electron-demand Diels-Alder reaction A

R
|
Oz
D-A RV A‘T
W md
sf L R

B ambient reaction conditions

®m densely substituted axially chiral biaryls

@

with allene-axial chirality with alkene-axial chirality |

retro
D-4

\‘

CO,

B up to 97% vyield, >99% ee
B readily convertible functionalities
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Table S1. Investigation of the Lewis acids.”

nPr
MeO._ _.O Il
Y 0 . OMe
2 0
1a 2a

Lewis acid (10 mol%)
(8,.5)-L1 (12 mol%)

O 0 0,
nPr CO;Me I |J
OMe N N 4
- [
L1
3a

DCM, 25 °C, th
entry Lewis acid t (h) yield (%) ? ee (%) ¢
1 Cu(ClO4)2+6H>0 72 61 64
2 Cu(BF4)2XH20 72 9 60
3 Cu(NTf)2 72 0 --
4 Cu(OTf) 72 37 66
5 Cu(SbFs)2 72 0 --
6 Cu(PFe)2 72 0 -
7 In(OTH)3 72 0 --
8 Ni(ClO4)2+6H20 72 0 -
9 Co(ClO4)2+6H>0 72 0 --

“ Reaction conditions: 1a (0.1 mmol), 2a (0.3 mmol), Lewis acid (10 mol%) and (S,.5)-
L1 (12 mol%) in DCM (1.0 mL) at 25 °C. ?Isolated yield. ¢ Determined by HPLC

analysis.
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Table S2. Investigation of the ligands.® ¢

ner
MeO.__O Il G
nPr CO;Me
Cu(ClO,);#6H,0 (10 mol%)
= 0 . OMe Ligand (12 mol%) - OMe
=~ .0 DCM, 25°C, 72 h
1a 2a Ja

G\I><|,G o 0 0 0 o
| | | | Ph | | “nPh
$,N N N N N N Ph IN NI
Ph L1 Ph Bn L2 Bn Ph L3 Ph Ph L4 -|:-"|“|
61%, 64% ee 47%, —34% ee 47%, 79% ee 35%, ¥d% ee
il !
OMe

{Bu

Ph

40%, 75% ee 46%, 82% ee 72%, 89% ee L

Pr

Ph L1 Ph
34%, T3% ee 41%, 75% ee 34%, 71% ee 59%, 84% ee
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0 oy F
Ph Ph IJ~---Ph
N N
Ph L13  Pn Ph L14  Pp Ph L15  Ph Ph L16  Ph
32%, 72% ee 43%, 80% ee 41%, 70% ee 50%, B2% ee
OMe OMe
OMe D\%ro
IN NIJ"-:;
0 0 0 4
Ph Ph | »wPh  Ph I | Yewph ;
N N N N
ph L7 P PR L18 P PR L1989  Pp L20

42%, 82% ee 48%, T3% ee 35%, T4% ee 19%, 7% ee

“Reaction conditions: 1a (0.1 mmol), 2a (0.3 mmol), Cu(Cl104)2+6H20 (10 mol%) and
ligand (12 mmol%) in DCM (1.0 mL) at 25 °C. ?Isolated yield. ¢ Determined by HPLC

analysis.
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Table S3. Investigation of the solvents and additives.”

” cO,Me
Cu(ClO,),#6H,0 (10 mol%)
L8 (12 mol%) OMe
a0 Solvent, Additive, 25 °C, rh

entry solvent additive t (h) yield (%)” ee (%)°
1 DCM - 72 61 93
2 DCE - 36 88 95
3 DCE 3AM.S. 36 90 96
4 DCE 4 AM.S. 36 89 96
5 DCE 5AM.S. 36 91 96
67 DCE 5AM.S. 72 97 96

“ Reaction conditions: 1a (0.1 mmol), 2a (0.3 mmol), Cu(ClO4)226H20 (10 mol%) and
L8 (12 mol%) in DCM (1.0 mL) at 25 °C. ? Isolated yield. ¢ Determined by HPLC
analysis. ? 1a (0.2 mmol), 2a (0.3 mmol), Cu(C104)2*6H,0 (5 mol%), L8 (6 mol%) and

5 A M.S. (50 mg) in DCE (1.0 mL) at 25 °C. .



Table 2. Substrate Scnpe“!l’r‘:

RZ
RS \ '
= '
R'O. _O | | Cu(Cl04);+6H20 (5 mol%) | P ;
L& (6 mol%) R3 CO,R’ '
O 5 5 AM.S., DCE, 25 °C 5 :
= + OR ' ' OR '
= '
RET\/U R > R '
N = . :

1 2 CO, 3

Scope of 2-pyrones
i Me
CO4Bn nPr

nPr CO;Me nPr I CO,Et nPr I CO5C,H4Ph nPr CO;Me
i l OMe COMe

oeh O ool S 9¢

OnW,

3a, 97%, 96% ee b, 84%, 95% ee 3c, 73%, 95% ee 3d, 73%, 94% ee 3e, 72%, 95% ee © 3f, 96%, 92% ee ¢
Me Ph Br O
nPr I CO:Me nPr I COzMe nPr I COzMe ner I COzMe
l l OMe l l OMe ] l OMe ] l OMe
3i, 70%, 81% ee 3j, 82%, 82% ee 3k, 66%, 72% ee ? 31, trace, n.d.?

REBRTEEBE, FRS5ee T B



Scope of 1-naphathyl acetylenes

GzME Et COaMe
l l OMe i ‘ OMe
am, 84%, 95% ee 3n, T5%, 96% ee
‘ E CO.Me I" CO.Me
I l e l l OMa

3s, 95%, 95% ee?

l nPr

CO:Me

3y, 88%, 99% ee

G

nPr COaMe

OMe MeD I

Jae, 89%, 94% ee

o I

ak, ® = H, 0%, n.d.
al, X = OH. 52%, 32% ee

OMe gg OMe
Ph

3t, 95%, 96% aa’

3z, 93%, 98% ee

nPr

OaV,

3af, 86%, 85% ee

\?

3w

COsMe

GzME

OMe

nBu @ CO:Me i OzMe Wi COzMe ‘ COzMe
O QO O oo
3o, 92%, 96% ee 88%, 95% =e 3g, 67%, 96% ee © 3r, 81%, 96% ee
‘ OaMe Q ‘ CouMe Br l COzMe ‘ OzMe
el O™ 0 Q h
[3u 57%, 94% ee? 3v, 16%, 96% ee 3w, 89%, 94% e ® 3x, 84%, 94% ee
I COsMe nPr I COyMe nPr COsMe nPr l COsMe
OMa OMe g g OMe Me l OMe
MeO NC g
3aa, 97%, 98% e 3ab, 96%, 98% ee " |3ac. 10%, 91% e ® | Jad, 93%, 93% ee
‘ COsMe I COMe nPr l OsMe nPr COzMe
OMe I I OEt I I DiPr l I OBn
3ag, 92%, BE% ee” 3ah, 93%, 97% ee 3al, 65%, 91% ea” 3aj, 96%, 94% ee

e |

BB e e e e N S N S S N eSS s s ssmssss s

» Double atroposalective Diels-Aldar/ratra-Diels-Alder reactions of 1a and 2ab

Cu(CIO,)+6H20 (10 mol%)
L8 {12 mol%)
5 A M.5., DCE, 25 °C

L=

MECE(

1a (1.0 equiv.) 2ab (0.5 equiv.)

3am, 51%, =09% ee, 19:1 dr
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Figure 1. DFT calculations. (a) DFT-optimized transition structures and relative free energies. (b) Calculated free energy profile for pathways A

and B.



a, Br

Cu(CI0, );+BH,0
MeO Il (5 molis) @
o L8 {6 mol%) Br COzMe
= - OMe ol Chde
3 S5AMS.DCE, 25°C
= 1.60 g, BT%, 94% ee
1a 21 Iw
b.
O 1. Pd(PPha)y 2. Pd{dppfiCl, @
FhB{OH); (BPin); .
i I:DZ ’ A P."B DJME
OMe OMe
GG 3. Pd(DAc), | 5. Pd(Oc),
{Bu,P+HBF, ¥phos
3v,90%, 95% €8 PhOCHO 4. PaP(Bulz BocNH 4, 43%, 95% ee
meinyl acrylale 2
@ Mel @
PhO,C OsMe EU;—ME BocHN DaMe
oon o8
5, 83%, 95% ee B, 97%, 95% ea T, 1%, 95% ee
c.

then DMP

Chle

Ph ‘ COyMe 6. DIBAL-H Ph l CHO

>oh

3Iv, 95% ea

@ 7. NaOH 8. DPPA, Et;N
then H,OiTHF
Ph CO Me ;‘,f 0; [THF 0N _foc 'c Ph
I l OMa COhide C

- C

B, BE%, 95% ea

MH,
Ole

3v, 95% e 9, 91%, 96% ae 10, 75%, 96% e
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Cephanolides A and B
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c. Enantioselective IEDDA reactions of 2-pyrones with indenes (this work) \/

O
R'0_ 0 IEDDA reaction
0 | N / \ r
R2 N + Rt —\CuL") —> o7
1 2 > 40 examples 3
= electron-deficient 2-pyrones m electronically unbiased indenes

= highly functionalized hexahydrofiuorenyl lactones = high yield, high dr, high ee

m asymmetric total syntheses of cephanolides A and B
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Table S1. Investigation of Lewis acids”

Lewis acid (10 mol%)

COsMe :

0 L1 (12 mol%) o H :
- - AN D
a0 4AM.S., DCM, 25 °C : 4

1a 2 3a TR
entry Lewis acid t'h yield (%)’ ee (%)°
1 Cu(OT1) 12 99 62
2 Cu(ClO4)26H20 12 98 59
3 Cu(OAc) 24 3 0
4 Cu(OCOCF3), 24 3 0
5 Cu(NTf2)2 12 99 49
6 CuBr; 12 trace --
7 Cu(CH3CN)PFs 24 6 0
8 Cu(BF4)2¢xH>0 12 97 63
9 Cu(CH3iCN),BF4 24 6 0

@ Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), Lewis acid (10 mol%), L1 (12 mol%), 4 A M.S.
(50.0 mg) in DCM (1.0 mL) at 25 °C. ®Isolated yield. ¢ Determined by HPLC analysis. M.S., molecular
sieves. DCM = dichloromethane.
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Table S2. Investigation of Additives”

MeO.__.O / :
5 Cu(OTH), (10 mol%) J102e 0%0
= . L1 (12 mol%) / | |
20 DCM, additives, 25 °C = a@ : 3(” N\Z
! PhH Ph
1a 2a 3a i L1
entry additives t/h yield (%) ee (%)°

] - 12 77 62
2 3AMS. 12 76 62
3 4 AMS. 12 99 62
4 5AMS. 12 97 62

“Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), Cu(OTh): (10 mol%), L1 (12 mol%), additives (50.0
mg) in DCM (1.0 mL) at 25 °C. “Isolated yield. “Determined by HPLC analysis.
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Table S3. Investigation of Ligands®®¢

MeOp© Cu(OTH); (10 mal%)

0 Ligand (12 mol%) . CD;-EE
= + c - ﬂ.
a0 4AM.S., DCM, 25 °C, 12 h ag

@ 2a 3a

co s SN < @ s RYc o R g SSTIc 8 &

* N N
= Bn Bn B P H
Ph Ph BU +Bu P Ph Ph
L1 L2 L9 L10
099, 62% ee 98%, 32% ee 88%, 40% ee 98%, 69% ee 89%, -63% ee
t-Bu
t=-Bu -Bu
t-Bu
o) o)
| \) o 0, +Bu 0 0 0 0 o] O,  OMe
N Ny «J | J Ph |\)'-"Ph Ph |\)""Ph
%, N N N N N N N N
PR Ph Ph Ph Ph Ph Ph Ph
L11 L12 L13 L14 L15
96%, 24% ee 99%, -84% ee T1%, 72% ee 97%, 75% ee 98%, 77% ee
Me CF3 =Bu
Ph
=Pr
0 0 o o Me o 0 CF; 0 0 t-Bu
Ph \)---IPn Ph I\)--uph Ph |\>""F’h Ph I\)--uph
N Ne N N N N N N
Ph Ph Ph Ph Ph Ph Ph Ph
L16 L17 L18 L19 L20

99%, 76% ee 86%, 74% ee 99%, 80% ee 98%, 71% ee 99%, 86% ee
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L21

99%, 81% ee

Ph

Ph Ph
L22

L2E

L30
98%, 85% ee

M

el
MeO
el

M :
OMeleO

L23 L24
98%, 79% ee 93%, 78% ee

L27 L28
94%, 78% ee

OMe

Ph Ph
L31

03%, 90% ee 97%, 81% ee
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O Q
Ph Ph—&l I\)-mph
/ N N
Ph Ph Ph Ph

L5
98%, 85% ee

/@10 0\@\ Mel
t=Bu =Bu \Q/
F’h—s'

Ph

OEt Qi-Pr

L6
99%, B7% ee

0
|\)""F’h
N -
Ph

L33
99%, 91% ee

Oh-Pr

OPh

O 0 Ph
Ph \)----F‘h
M M
Ph Ph
L7

99%, 92% ee

Bu Q. 8] t-Bu

=Bu t=-Bu
0 0
Ph-—S’ |\)----Ph
N M /
Ph Ph

L32
99%, 88% ee

Ohde

L34
98%, 92% ee

93%, 94% ee

“Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), Cu(OTf), (10 mol%), Ligand (12 mol%), 4 A M.S.
(50.0 mg) in DCM (1.0 mL) at 25 °C. “Isolated yield. “Determined by HPLC analysis.
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Table S4. Investigation of Solvents®

0 : o
Cu(OTH), (10 mal%) COMe Lo

Mel o
o
=z L8 (12 mol%) i} H
5! e - A3
= 4A M.S., solvent, 25 °C G
1a 2a

entry solvent t/h yield (%)° ee (%)°

1 DCM 12 93 94

2 DCE 12 86 94

3 CHCl; 12 99 94

4 PhCl 12 99 84

5 Toluene 22 94 79

6 THF 22 99 70
7¢ DCM 12 99 94

“Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), Cu(OTf)2 (10 mol%

), L8 (12 mol%), 4 A M.S. (25

mg) in DCM (0.5 mL) at 25 °C. ®Isolated yield. “Determined by HPLC analysis. “1a (0.2 mmol), 2a (0.3
mmol), Cu(OTf) (5 mol%), L8 (6 mol%), 4 A M.S. (50 mg) in DCM (1.0 mL) at 25 °C. DCE =

dichloroethane; THF = tetrahydrofuran.
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O o)
O
CU(OTf)2 (5 mol%) C02R1 MeO OMe

L8 (6 mol%) [ H

4AM.S., DCM, 25 °C

Scope of 2-pyrones

O (o) 0
CO,Bn CO,Me CO,Me
H Me 3 H Bt 0 b
D) D D
3c, 99%, 92% ee 3d, 96%, 94% ee 3e, 93%, 85% ee 3f, 94%, 82% ee
0
- CO;Me
COzMe 002Me q 2 o
JWay D)
@ Ph
39, 99%, 73% ee 3h, 95%, 71% ee 3i, 97%, 88% ee 3j, 46%, 90% ee 3k, 99%, 89% ee 31, 97%, 90% ee
co,Me CO;Me CO,Me 0,Me O,Me
co 2Me .u\\ Me O aw OMe C o OMe O o OMe - OMe
g lu, '1'" a'u, ull[ g “y
- o) & ¢ g

Me Br Cl
3m, 99%, 89% ee 4a, 97%, 95% ee ° 4b, 70%, 94% ee ¢ 4c, 91%, 93% ee ¢ 4d, 86%, 93% ee ¢ 4e, 95%, 95% ee ¢



Scope of indenes

i-Pr
3n, 95%, 92% ee 30, 99%, 94% ee 3p, 98%, 94% ee 3r, 98%, 94% ee
O (0] (0]
COsMe COsMe CO,Me
o H L H () H
R D D)
OMe OMe Br
3t, 96%, 97% ee 3u, 98%, 95% ee 3v, 98%, 92% ee 3w, 92%, 93% ee 3x, 98%, 95% ee 3y, 97%, 93% ee
0] 0] 0]
COzMe COzMe COzMe
9 H o H o H
ol Bl Gl
Cl CO,Me
3z, 90%, 93% ee 3aa, 98%, 95% ee 3ac, 93%, 92% ee
0
(0]
CO;M
COsMe Q 2He
=S e el
OMe
OMe OMe Me

3ae, 89%, 92% ee 3af, 99%, 98% ee 3ag, 99%, 95% ee 3ah, 99%, 97% ee 3ai, 96%, 94% ee



a. Asymmetric total synthesis of cephanoclide A

AP

1e 2w

1. Cu(OTf)z (5 mol%)
L8 (6 mol%)

2.29 g, 99%, 92% ee
98% ee after
recrystallization

MeO 9. Phl{OAc);, I MeO

Me 500 wLED
-
0 999, Me

Me

10. TBAF, THF
11. PCC, silica gel | 38% over 2 steps

M
12. MeOCH,PPhscl | MEC

LIHMDS

- Me

4 AM.S.,DCM, 0 °C
-

B DPSO\‘

MEG ME 2 DlBAL‘ "1D GC
CO,Me 3. TsOH, MeOH
then TBDPSCI
Me O
85%, 6:1 d.r.
over 2 steps
H
Jaq

7.DBU,0°C MeO

e 8. NaBH4, 0 °C

-

O g39% over 2 steps M€

oTepps 5+ AcOH/H,0, 50 °C MeO

100

MeO.

OTBDPS 4. BHs*SMe;

10 OMe then HQDE
Me

60%
(total yield, ca.)

4 (+C10-epi-4, d.r. ca. 6:1)

6. PCC, silica gel

~

61% over 2 steps Me

5 (55% from 4)
C10-epi-5 (90% from C10-epi-4 )

MeO HO
13. PTSA, DCE — \ X ~Me 14, pd/c, H (1 atm) Me
110 °C then BBrs
> ™ X0 > Me ©
52% over 2 steps d 68%
H H
11 cephanolide A (12)



' ' 2
MeO Me MeO Me 1' EH 1{)?\-
COs;Me 3 OTBDPS
o A2 pisaLH pISAMeOH A/ ome 2. %EE,‘]{%*F (MeOH/TBDPSCl)
S e
o toluene, 10 °C then TBDPSCI, ™0 }
H imidazole, DCM, 41 °C HH
3aq 4 (75% over 2 steps)

C10-epi-4 (12% over 2 steps)

1. gl ()

MeQ MeO

BH3*SMe,, THF
25°C

then H,O,, NaOH
(55% )

Me — Me

MeQ Me MeO
3 OTBDPS BHs*SMe;, THF

H 25 °C
Me i D - Me

then H-O-, MaOH
T 0 OMe 22
H (90% )
H

C10-epi-4 C10-epi5
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1. /Kfi#

MeO M MeO ==
e, OTBOPS 0o e, (oTeDPS 2. REF M (PCCREFBRMLIEEL
OH o H
2 OMe 50°C
e Ao 02 o | A0t | —
T O H (94% ) o]
H MeO OTBDPS
5 | 19 _ PCC, silica gel
- Me O
— 7 DCM, 25 °C o
MeO M MeO
e N OTBDPS ACOH/H,0 3/01'5[);'5 (67% ) H
OH o OH 6
2 10,-H s50°C 10
Me " Me ’17.,WOH —
i 0O OMe (80% ) o]
H H
C10-epi-5 | 19 _

wo 7o, DBU ERR4S

DBU, THF, 25 °C

- Me 0
(93%)
H

20

MeO TBDPSO\ MeO TBDF’SO\
3 Y Me Me = ‘I
. ) HO E“ NI )R
Me (o] NaBH4, MeOH, 0 °C Me 0]
-

(quant.) 0



TBDPSO

MeO \\
Me PhI(OAG),, I, DCM, 0 °C
HO 500 W LED
Me O -
U 4 (99%)
H

7

Suarez reaction

AO OAc

\N. 7/
I I
I #0 € - CsHyOH of hv
Y W +2CH3C — - —_— O
Noi a
IBDA

Hit (R 37

TEDPSO HO,

\ Ve MeO \) Ve

TBAF, THF, 25 °C
O o Me 0= 0
(91%) ~3

MeO

Me




MeO MeO

PCC, silica gel

Me - Me

DCM, 25 °C
(97%)

MeD H MeO
ON'—Me  CH,OCH,PPhyCI PTSA, DCE
LIHMDS 110 °C
Me 0 - Me -
THF, 25 °C (59% over 2 steps)
H -
9 10 11

L INSER

MeO
Me
S 2.
Pd/C, H, (1atm), EtOAc, rt H%,{%*F
Me 0 Q -
: d then BBrs, -78 °C to rt
H (63%)

11 cephanolide A (12)
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