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Progress of Catalytic Asymmetric Diels-Alder Reactions of 2-Pyrones

Xu, Mengmeng Cai, Quan™
(Department of Chemistry, Fudan University, Shanghai 200433)

Abstract 2-Pyrone is a type of heterocycles with a conjugated diene motif. It can react as a privileged diene in Diels-Alder
reactions. In the past several decades, 2-pyrone-based Diels-Alder reactions have been widely used in the total synthesis of
complex natural products. Therefore, the catalytic asymmetric Diels-Alder reactions of 2-pyrones have attracted increasing
attention from the synthetic community in recent years. The research progress of catalytic asymmetric normal-electron-demand
Diels-Alder reactions and inverse-electron-demand Diels-Alder reactions, and their applications in total synthesis of natural

products are summarized.
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2 KSR P2 ¥ prostratin, daphnane 35 K SR FF W)
resiniferatoxin 1 tinyatoxin 1X T K AR =) 71 I EE B
A A (Schemes 13, 14). Ul Scheme 13 Fiax, 1E&EF]H
EXGINTIATA IR cat-8 AL T 3-F24EL-2 MEMERE 1 5
PIETENZ 40 BIAXSFRIE R T 3K Diels-Alder [ M,
SEIL T MR IR R AR 41 (AR, PR AR TR A
WERREAT R, Al =HEEEH 1L4-I0R B, AT
LA 74%I0177 5 A 60% ee fHE AL G 43. G143 18
W E GO AR R 99% ee. FfE, LAY 43
TR B LA A DL A AR AL I I & Stille R
KL, G R T B R SCHHT14 47, 1£ PhsSnH/AIBN H H
B R LK Lewis B2 Eu(fod)s WG HLIREEII & 4F R, W&
V) 47 K4 T-endo H HEEAU RN, LL 72%[1) 7 245 3|
&1 48, 48 FI 22 U0 B Re A3 At e & s A H 1)

0. 0
7% then P
e Lo F
7N 70%
(_o
41
cr
N.
X-"0ONa
EDCI-HCI
(PhSe),

then hv (Hg lamp)
73%, 3 steps

AIBN, Ph3SnH
Eu(fod)s

72%, dr=11:1

3 steps
(1) Sml,
(2) BBUOK, O,, P(OEt);
l 12 (50%), epi-12 (26%) |
LIHMDS OTIPS OTIPS
[H,C=NMe,]*I
then Mel Ru3(CO)5, EtsN
then AlL,O3 then ‘BUOK, O,, P(OEt); .
76% 50 (40%), epi-50 (24%)
OTIPS
50
B 13 JL[E R 50 A

Scheme 13  Synthesis of common intermediate 50
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BIKE

ik SR

1 50.

B, HiEfk 50 2P I B & 51
(Scheme 14a). 7£ LIHMDS fit T, &%) 51 X ik 4%
PEHAE SORBEEE, PR AR IR EE o AL AL I
R, B2 AR RG2S, BIBELL 16 P45 2RI
crotophorbolone (53). b7k, AW 51 &3 o AL
WG, HRAERE-I R EE D N, RN 17 55
R IR =) langduin A (54). &%) 51 0] DT R &
4 aldol 46, T 5/KE MG, 15 2k ek (]

&, FHAEBEERETYSEAL N Ak 52. 52 7 330 nm /A AT R
W, BE—aFESR, RENE HER AR RN,
TR Ry, B 17 & KSR =Y prostratin
it 3 RN

(55). 1 Scheme 14b fi7w, 18 H 1 [a]44 50 £

OTIPS (1) PPTS, MeOH
(2) TMSOTT, ‘Pr,NEt
then ZnBr,, H,O

72%, 2 steps

50 51

LiIHMDS 32%, 2 steps

Brjj\

(1) [(Bu3P)PdBr, | (2) TBAF

Br

crotophorbolone (53)

OTIPS

A] AN I 2 I B Tk R B 44 56, SRS RN AT a
fr¥e ke, KRR O Y — 0y, 19365 58. 58 Ll fitk
6 ARG 1,2- D0 BSOS B A = BE PR, DL S B2
Mitsunobu 46 e B2, BT BL 20 5 % B 43 50l & B
daphnane ZXKIR7“¥) resiniferatoxin (60)F1 tinyatoxin
(61).

2 2-MtEHEIAAANRREFFKE Diels-
Alder M

FHEC T IE o775 3R 1) Diels-Alder S8, F& T 46
AT R B B 7 75 SR ) Diels-Alder e SEIF 78 /01, ]
M, FEFEANBI G RA, B R TR
Diels-Alder R0 HGEAT I G BLo BT, 2-AHk e Bl ) — 4

OAc
N

(1) TMSOTH, Pr,NEt
then ZnBry, H,0 (77%)

(2) TiCly, "BusN, TMSOTFf
Acetone, then Ac,0,
DMAP (77%)

(3) NyHy*H,0, then Pb(OAc), 52, R'=TMS

(1) [(‘BugP)PdBr], |(2) Pd/C, Hy
LiHMDS (3) TBAF
32%, 3 steps

Xe lamp (330 nm) | 78%
then HFpyridine | 2 steps

OAc

(1) TMSOTT, Pr,NEt
then PPTS, MeOH

mCPBA
then NaOH
then PhB(OH),

50
(2) Me,HSICI, Pr,NEt 25% (57)
then TMSOTf 43% (58)
(3) NaOH, MeOH
7 58
(1) PPTS, PhB(OH),
(2) ZnBr,, 87%, 2 steps T
HO
HO@_}‘
(1) LaClzepyridine
Brig™  then KHF, X
PPhs, DBAD
(19%, 4 steps) (X OMe)

{Ph

(2) DCC, PhCH,COoH (96%)
(3) (CF5C0),0, then TBAF ~ ~ HO

99%, 2 steps

HO

MeO resiniferatoxin (60)

tinyatoxin (61)

PPh3z, DBAD, (X = OMe), 54%, 2 steps

B = 14 Crotophorbolone, langduin A, prostratin, resiniferatoxin 1 tinyatoxin 45 &
Scheme 14 Total synthesis of crotophorbolone, langduin A, prostratin, resiniferatoxin and tinyatoxin
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HIERE AU, QN B AT BRI, B

FLHE I BEAE N B T RUG RS 5 I BT 7R R 1)
Diels-Alder M, Fitt, B0 LCAE GERBIMLEI /SEIA R
A R AT

T8 2- MLk R I P AN o R LT 75 SR 1) Diels-Alder %
A& 1 Marké Z54R3E. 1994 4F, A/ 1525 F = & iR
5 1,1-BE 25 (BINOL) AL (R)-L1 AL, SZBL
T 3-figFE-2-nE R 62 5 E LT LM SE R B 0 R ek
63 AR R I HL 75 3K 1 Diels-Alder < ¥ (Scheme 15).
SR, %R X IR — 1 s PR 240 25l 1 (X
RIEBNEE, PP ee (ERAK, A LH5HE QBN
VIR, FEYIR ee fHAUHN 27%:; BEHEBUREEMIN K, P4
(1] ee MHA THHRMIRS, 0 H S NIFEEE 2070 FEmERT,
PN ee {H1 95%.

JUT-[EEF, Posner 4@ 2H3H F£K(1V)5 BINOL 1]
BC&4, SEPL T 2-MEMREE 62 5 )@ I BERERE 65 1A X FR
LT3R 1) Diels-Alder JB, MITTEL 90% 117 2 Al
96%~98%1] ee MHFF endo TLINE=H) 66. LA AL
fith, MATITER T IRTTE R B 4R 2R D3 KA EAS
SR A . U0 Scheme 16 fTaR, L&) 66
2 3 I I I £ 0 B IR R 2L A 67, AL
S 67 K, I EEBRAT R A R i B4 05 P JE s, R
AR IR B AW 68, & B (IR 15
FEY 69. LEY 69 LidHgE LR . Johnson-
Claisen SEHE. RIE W IR PA ROE B A MSEMLEY) 72. 1k
G 12 SR EEENIER . IHNEER AR DR
AFNEA DY I A 2 DS a4 73, (L&Y 73 &3
B ] R I Lythgoe-type 18 JB 5% i 341, ] S
calcitriol (74)FIx BUEFEM: A k. 1Z TAER I R

T 2-PHk PR R PR AN KRR S FLF 75 3K ) Diels-Alder [ MAE
A6 BT T IR 7).

2000 4, Marko S0 3R I = 5 F A 5 X
WEPEIR G A L2 7] DML 3-PRJE-2-NE MR 62 5 2 M5
RN IERE 75 BIAKIFR S ¥ 77 5K [ Diels-Alder M
(Scheme 17a). B Z M 0 Bk #EvE R A 4, (|
H T H 48R Lewis BRYE, H TP XUEREIREC AR IR 25 5
T8 I AR R AT e R 4 RO, R IR 2R R N A EE A
Bt — PR, 2013 4F, Gademann Z5P7I7E pLILAE 2
b, A =5 R R AR 5 T M SRR C A L3 AL T
3-PigFE-2- kPR 62 5 e NIRAI FE Ik 77 FAS KR S HLF
i K 1 Diels-Alder KO8, PL 919%™ 26 Al 84%1) ee 1A
133 endo BAMIAAEE 78. WLEY 78 ik, 1@t H H
B SR LA G BRI TP T B ) Ak, RO RE SR &
TAESET RO RIRZH(+)-gelsemiol (81) )% ik
M4 A li(Scheme 17b).

FH 2K U4 B (toluene dioxygenase, TDO)# AL 1] 7%
T AN 0 R AL I BB AF B =) F S &
i-cis- B2 — PR E BN TG NT, BN T
RARF=W A TF- 1 2590 1 B 6 B 301, R B
ity PR AX A BSORH SR A P AR TR R R, HE RIS
AKEFR G B — B2 WA A= i — A . 2019
A, ZR R RZE FOIE T 2- N M 1) Diels-Alder J 3 AT
Diels-Alder M, KR T —MHEE USRI, =30
SEIL T F IS O M -cis- R AL AL AS KT FR A K
(Scheme 18a). 7E = % fif & 4 A1 1o 960 2% BE HUAR 1)
BINOL BC/(R)-L4 HIfiEAL T, 3-Hadk-2 AL 82 5 1,3-
RIS 83 BIAKIFR S HL T 7 5K ) Diels-Alder
AT BA LR fey F 772 28 A vy RO LI #2115 21 endo

I | OH

MeO.__O Yb(OTf (20 mol%) o
(R)-L 24 mol%) ovie OH
NGO . WXR DIPEA, 4A|v|s DCM O‘
-0 X=0,8
(R-L1
O 0
CoM
OZMe ozme OzMe o]/COMe ane o,COMe
z /
Et 0"Bu o < P

64a, 93%, <6% ee  64b, 90%,

ﬂgo .
SEt SBu

649, 97%, 85% ee  64h, 96%, 30% ee 64i, 70%, 57% ee

27% ee  64c, 95%, 36% ee

64d, 95%,

ﬂg . ﬂ%{) " ﬂ%{) - ﬂg .

64j, 93%, 72% ee

OCy
64f, 91%, 82% ee

L@S .

SBn SCy SPh
64k, 88%, 86% ee 641, 1%, >95% ee

49% ee  64e, 93%, 71% ee

B 15 2-Att i ) 1 A AR L 5 SR 14 Diels-Alder S
Scheme 15 First examples of IEDDA reactions of 2-pyrones
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MeO. O (R)-BINOL-TICl,(O'Pr), AIYIOLC, O Me
o oTBS (1.3 equiv.) TBSO,, Pd(OAc),
30° OLi
= . W toluene, -30 °C } OTBS HCO,H
0 90%, 96% ~ 98% ee 74% 86%
OH
62 65 67
HO
CO,Me CO,Me | COaEt
TBSO, TBSO,
TBSO., TBSOTF : DIBAL-H PhSOCH,C(OEt);
0
94% 94% 89% TBSO' oTBS
OH OTBS OTBS
68 69 70
CO,E (1) DIBAL-H POPh,
| (2)NCS
(3) LiPPh,
hv (4) H,0, | Ref. [34]
0 TBSO" OTBS  55%, 4 steps _
100% TBSO" OTBS _
72 73 HO OH " calcitriol (74)
R 16 BE=BRASTRAK
Scheme 16 Asymmetric total synthesis of calcitriol
@  mMeo__o Cu(0Th), (2.5 mol%) 07><Vo
L2 (4 mol% CO,Me | \\)
NP DCM(78t o O S/N N—
o~ ,-78t0 0°C y L
o + Z > SePh . R
x 90%, 56% ee SePh L2 R = Ph
62 75 76 L3, R=Bu
®) meo. o Cu(OTf), (10 mol%) 0 BusSnH, AIBN
L3 (12 mol%) o CO,Me PhH, reflux
DCM, r.t. then silica gel
A L B0 > Nseph - 8’4:/ y g
o, b ee ! 88%
X0 Bno—/ SePh
62 77 78
(1) LiMe, CuBr-DMS Ly H
H o TMSCI, THF o 0
o (2) NaOH, HQO then 002 Me o) Me 0]
(3) I, THF/H,0 _ . i A
Bro— 1 COxMe 45% Bro— ' COH HO™ OH
79 80 (+)-gelsemiol (81)

B 17 AR 2- Mk I 5 0 5L A R R P AS 0 R 5 L 175 3K /14 Diels-Alder J ¥

Scheme 17 Cu-catalyzed asymmetric IEDDA reaction of 2-pyrones and vinylselenides

TR N BEF=2) 84. BEJS,

132 ee IR BT O Mi-cis- —BERTAY) 85.
IR AR E U 1R
TS FAE I BUREE, B 35 RE UL
NSRS R, F@BEZ, A C6)hr BRI Ry
JRINY, FEFRTER Diels-Alder KN4, Z M AE—

N

I+ COOMHIRERS

B bR, T

BRI AT 5| N BE B2 O FRMRIY Diels-Alder J M JBiFE —
FALTR I RE 22, M SR & M -cis- —
N T BRI %A WO R A P N AN E, 1

708

http://sioc-journal.cn/

WEY 84 1ERAR LI

g PE, 2-ME MR Y e 2 L C(4)

HIR(DFT)IHEEW, C6)fr

lE— DA K.

© 2022 Chinese Chemical Society & SIOC, CAS

HAr, M cis-1

FIH 97% ee {E 11774 85a Ay ts Jikl, &t = PP
Sy S SEEL T i I O R AR P H(+)-MK 7607 FEL ()
ZH F AR 1-epi-(+)-MK7607 1) % W % 5 14 & Bl
(Scheme 18Db).

cis-TEEZR—MEEMNSWEIG, | IZ AT
T RIRF=W [ 254 oy e,
751 £ B AL RS Robinson Mb/A Ak &%,
TR Diels-Alder S M ZEHEHEI2, 2020 4, SRR
SHISRIH 2-ME M R 1A X AR R BT 75 3K 1 Diels-Alder
L, RIET —ME BT cis-+4A

=R

LA AT

BRI AN, W
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Scheme 19a ffizr, £ Yb(OTf); FMFHE BINOL KLk
(R)-L4 WAL R, 3-FR3E-2-ME MR 82 5 3 O ) S Ak
90 FRIANKIFR S HLF 75 3K 1 Diels-Alder v G LA =5 )
FERF MUE B B S E B R B cis- A A%
Y. ZRMN AR, SRR, B SRR
2L s T R 3R 2, 0 R Ak Pk 20 7 AR 0 1) ) SR A 3 3 1
HNEARH cis-TEEZENG RIRAE TR 8. ok, H
TAZAN TR R BAG IR RF g, ke nr el
IR T O R R IR DL . BINOL Btk

ZRSIAR R A R, DY e R A 35 g BXASHAR (1) ST A
IEPEMEE ] (Scheme 19b). F FHZ AR R BUHE & R #E,
E#LL 4-F AR LR Bl 95 FNEA O J JE A Tk
(R)-93 JNJEH, (S)-L4 NECH, SBT3t A BE 97 5L
RGN, HatEanitil, mA&U-EBS T
i R RIRFEY) cis-crotonin (102)HI4= & J#(Scheme 19¢).

2-MHE R 5 ok e A2 22 T ) Diels-Alder/3% Diels-
Alder RPN & BRI A RO77%. B, 8RS
PN B RS T — PP A T 2-PHE MR - b e A

o4 x g Y,

KL EA LLAESLET D OW cis-+H &

Yb(OTH)3 (10 mol%)

SRR I HL T 75 3R [ Diels-Alder [ N /3% Diels-Alder [ M,

@ RO 90
o (R)-L4 (12 mol%) 1 chlorobenzene O+ _OR!
R2 o o DIPEA (24 mol%) R2 OR (0.01 mollL)
~ . [ >< 4 AMS, DCM, 40 °C 4 5 reﬂux ><
R X0 o Diels-Alder o*—\ © rewo
reaction Diels-Alder
82 83 84 reaction
CsF
y 6Fs
[0
2
R0 [O>< Yb(OTf)3 /(R)-L4 R? 20 OH
+ OH
RN 0] o Diels-Alder &\ R3 "'O><
R4 retro-Diels-Alde 4
reaction CO, R CeFs
82 83 85 (R-L4
09 00
OR! 5 OMe
: 5 "
O >< O;\\ ’IO

R' = Me, 85%, 97% ee
R' = Allyl, 84%, 98% ee
R'=Bn, 81%, 92% ee
0o
OMe

0]

3
R o)

R3 = Me, 94%, 99% ee
R® = Et, 91%, 98% ee

R3 = Pr, 81%, 96% ee
R3 = Ph, 86%, 99% ee

= Me, 88%, 97% ee
R1 Allyl, 92%, 97% ee
R" = Bn, 95%, 91% ee

R2 = Ph, 89%, 91% ee
R? = 4-Me-Ph, 75%, 92% ee

R2 = Ph, 94%, 91% ee
R2 = 4-Me-Ph, 96%,

92% ee

(0] OMe

.\O
/5" ><

R3 (0]

R® = Me, 85%, 98% ee
RS = Et, 88%, 98% ee

R3 = Pr, 78%, 96% ee
R® = Ph, 78%, 99% ee

R? = 4-CI-Ph, 89%, 94% ee  R2 = 4-CI-Ph, 94%, 94% ee
CO,Me CO,Me
e O -“o><
g e e
R4

R* = Me, 20%, 91% ee
R* = Ph, 87%, > 99% ee
R* = 2-Naphthy, 87%, > 99% ee

Cl
82%, 99% ee

85a, 97% ee

Os_OMe
.\\O
5'"o><

85a, 97% ee
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Os_OMe OH
) DIBAL-H OH
0s04, NMO _(2)AcCl, MeOH _
68% 81% 2 steps HO el
OH
(+)-MK7607 (87)
(1) mCPBA ) TBSOTf OH
(2) 'BuOH/phosphate L|AIH4
buffer (pH = 8) 3) HCI, MeOH ~OH
32%, 2 steps 71%, 3 steps HO" "'OH
OH

B 18 FHIF O I -cis- BN Wk £PE S %

Scheme 18 Asymmetric synthesis of arene cis-dihydrodiols
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(@ R'O__o
OTBS Yb(OTf)3 (5 mol%)
N0 _ (R)-L4 (6 mol%)
R2—— + —R®
N o) . DIPEA (18 mol%)
4 AMS, DCM, 0 °C
RS
82 90
04 04 0o
OMe OMe OEt
ol 4 Me— QL _H }%'\
74 7
oTes otes i oTes
91a, 96%, 97% ee 91b, 58%, 80% ee 91c, 89%, 97% ee

(e}
H OMe
Ph™
e}

92a, 78%, 99% ee

(b)
Yb(OTf)5/(R)-L4 Yb(OTf)/(S)-L4
(S)-93, > 99% ce (S)-93, > 99% ee
MeO__O
94a, 95%, > 20:1 dr, > 99% ee © OTBS
= o +
O
62 Me g3
(R)-93, > 99% ee ‘ ‘ (R)-93, > 99% o6
Yb(OTf)5/(R)-L4 Yb(OTf)/(S)-L4

Me
94c, 90%, > 20:1 dr, > 99% ee

(c)
Me OMe Yb(OTf)3 (10 mol%) CeHsCl, reflux
OTBS  (S)-L4 (12 mol%) Me then PTSA,
X Yo then EtzN-3HF (CH0H),
I + + —
o o 12% (96), 47% (97) 95%
Me
95 (R)-93, > 99% ee
COo,M \_
(\o HoTo2ne H, (5000 kPa) (o H 902Me LDA, DMPU \ OMe
o Me “Raney Ni o WMe  then allyl iodide .Me 0sOy, NalO,
61% 59%, 2 steps
Ve Me
98 99 100
B(OH o
Vi (OH)2 o]
| -/
) A Ph__ph
o— ,EtyZn, (S)-L5 WX
(2) HCI, MeOH e <o N OH
62%, 2 steps H 3 \o CPhy
Me (S)-L5

cis-crotonin (102)

B 19 cis- T EGZERIARFRA B
Scheme 19 Asymmetric synthesis of cis-decalins
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(Scheme 20a). 7 — 55 FF Tk F% A A1 320 FE5 4 1 P XV el
BeAR L6 WAL R, 3-FEJE-2-NE MR 82 55 2-%e %A JE-1-28
H 103 FIAXTFR Diels-Alder/i¥i Diels-Alder S N X} 5% Fi
AT 20k e i R 1 -2 ) B e i A s vk, s
T 25 Fh 22 BURCER 75 56 1Y S i WOk B & .
T TR B IALER, F 5 R H % B 2 s B8 (DFT) 1
S S SHLFRREAT TS, TERSE SRR LR
R, 1-255k 103 X} 2-MEb Ml 62 17 sEA% it %, 153

L6 (6 mol%)

CU(ClO4)2*6H,0 (5 mol%)

(5] i) A e O T P I Ul il T ) I PR R R
(VOM)H [aMfA Vb B R A PR SR, K IS il
TR BRI - 77 FE T, 53384 0T
Wi -7 R YRR IR N R A VI BEJS, VIAE
75 A IR B Sy AR AL R, K AR F Y Diels-
Alder N it bR — 8 ALRR, Ridke—7 B IR 2
TiEE-TTREETE, BB R AT EY 105a
(Scheme 20b).

PL_E 2-M s e (1) s H 7 75 SR 1) Diels-Alder i3

"Pr O CO5R!
l i OMe

B R' = Me, 97%, 96% ee
R' = Bn, 73%, 94% ee

I CO,Me "Pr I CO,Me
OMe
L

R* = Me, 88%, 99% ee
R* = Ph, 93%, 98% ee

E R3 = Me, 84%, 95% ee
' R®=Br, 89%, 94% ee

5AMS, DCE, 25 °C

4 2
R A R //R
| ]
CO, CO,R!
OR®
105
R2 CO,Me

R2 = Me, 72%, 95% ee R2 = Me, 70%, 81% ee
R2 = Ph, 96%, 92% ee R2 = Ph, 82%, 82% ee

‘ CO,Me "pr ‘ CO,Me !
OMe ! OR®>

RS = Et, 93%, 97% ee
RS = Bn, 96%, 94% ee

R* = Me, 93%, 93% ee
R* = Ph, 89%, 94% ee

'
'
..................................................... J

(b)

Me w
—

central chirality O/&
alkene-aryl-axial chirality o

central chirality
allene-axial chirality

\

\f\

103a

aryl-aryl axial chirality O le)
Vil

CO,Me
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v

B 20 ST IEET EAL S VIR A R FR G AR
Scheme 20 Asymmetric synthesis of axially chiral biaryls
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PRI LUMO Ui R B, el 58 L FIdie i . %
SSEE AR SR B B —, BRI T 1% B — 4R
JE. TR, R AL S B 20 B O T R L
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Tk B A5 1 HOMO $UB fe i, oz i o,e- WU REME
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LT 77 SR ) Diels-Alder 287, AT DAASE =3 72 SR A0S0 gk
RS BIXGA P S =4 107 (Scheme 21).
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FHEA O[22, 2158 N EE 110 10 & 2800 ik B A i,
DR A A R 2 RAR P ) A i A 31 B .

3 REERE
CEIR T I LS AR 2P R R A £ A6 A X R Diels-Alder
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Scheme 21 Asymmetric Diels-Alder reactions of 2-pyrones
with cyclic 2,5-dienones
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Scheme 22 Asymmetric Diels-Alder reactions of 2-pyrones with a,f-unsaturated aldehydes
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