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Diastereo- and Enantioselective Inverse-Electron-Demand Diels—
Alder Cycloaddition between 2-Pyrones and Acyclic Enol Ethers

Guanghao Huang, Régis Guillot, Cyrille Kouklovsky, Boris Maryasin,* and

Aurélien de la Torre*

In memory of Professor Yves Langlois.

Abstract: A broadly applicable diastereo- and enantiose-
lective inverse-electron-demand Diels—Alder reaction of
2-pyrones and acyclic enol ethers is reported herein.
Using a copper(II)-BOX catalytic system, bridged
bicyclic lactones are obtained in very high yields (up to
99 % yield) and enantioselectivities (up to 99 % ee) from
diversely substituted 2-pyrones and acyclic enol ethers.
Mechanistic experiments as well as DFT calculations
indicate the occurrence of a stepwise mechanism. The
synthetic potential of the bridged bicyclic lactones is
showcased by the enantioselective synthesis of polyfunc-
tional cyclohexenes and cyclohexadienes, as well as a
carbasugar unit. )

Introduction

The Diels—Alder cycloaddition is a classical textbook
reaction ubiquitous in organic synthesis, with broad applica-
tions from natural product synthesis to polymer chemistry."
While the chemist’s attention has been focused on “normal
electron demand” Diels—Alder cycloadditions, inverse-elec-
tron-demand Diels—Alder (IEDDA) reactions—featuring an
electron-enriched dienophile and an electron-deficient diene
—have been largely overlooked, despite the promising
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opportunities they offer for the synthesis of 6-membered
carbocycles and bridged structures.”

Electron-deficient 2-pyrone derivatives are notoriously
good partners for IEDDA reactions, affording bridged
lactone structures. These versatile intermediates offer many
possibilities for further functionalization, including CO,
extrusion, ring opening or aromatization. Thus, this reaction
was featured in various natural product syntheses, although
largely limited to racemic form or the synthesis of achiral
natural products (Scheme 1A).* Asymmetric TEDDA
reactions involving 2-pyrone derivatives were developed in
the 1990s by the groups of Posner and Marké, using chiral
Lewis acid catalysis (Scheme 1B).”) However, until recently
these reactions were limited to non-substituted enol ethers.
A huge step forward was taken when the group of Cai
reported the enantioselective IEDDA reaction of 2-pyrone
and cyclic dienophiles using a combination of Yb(OTf); and
a modified BINOL ligand.'*” However, the enantioselective
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Scheme 1. Applications of racemic IEDDA reactions of 2 pyrones and
challenges of their enantioselective version.
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IEDDA reaction of 2-pyrones with acyclic 1,2-disubstituted
dienophiles remains elusive. Only one example was reported
by Gademann and co-workers, where an alkenyl selenide
undergoes an IEDDA reaction with a 2-pyrone derivative,
affording the corresponding bridged bicyclic lactone with
84 % ee.’! Unlike cyclic dienophiles, the use of acyclic 1,2-
disubstituted dienophiles presents additional challenges of
diastereoselectivity (endo or exo) and diastereospecificity
(cis or trans product for Z or E substrates), in addition to
the enantioselectivity issue. Counterintuitively, IEDDA
reactions of 2-pyrone are not always diastereospecific, as
both pericyclic and stepwise mechanisms can occur.”
Attracted by the potential of this reaction—highlighted by
the many possible applications in total synthesis®*—we
decided to tackle this important issue. Herein, we propose a
broadly applicable method for enantio- and diastereoselec-
tive IEDDA cycloaddition involving 2-pyrones and acyclic
1,2-disubstituted dienophiles.

Results and Discussion

At the outset of the project, we studied the cycloaddition of
electron-deficient pyrone la with enol ether 2a. The
influence of the Lewis acid, ligand and solvent is reported in
Table 1 (for detailed optimization see Table S1-S5 in the
Supporting Information). A screening of different metals
and rare earths showed that copper(II) could catalyze
efficiently the reaction (entries 1-4). Among ligands com-
monly employed with Cu", BOX ligands gave the best
results (entries 4-9). By fine-tuning the BOX ligand, we
could identify L7, bearing a spiro-cyclobutane motif, as
optimal for this cycloaddition (entry 9). Finally, the choice
of counterion for the Cu"-BOX complex allowed to reach
high yield, dr and ee (entries 10-11).

With these optimal conditions in hand, we started
exploring the scope of the reaction (Scheme 2). Various
ester moieties were well tolerated in position 3, from non-
bulky Me ester to sterically demanding t-Bu ester (3a-3d),
although longer reaction times were needed in the latter
case. Benzyl ester, which can be converted to the corre-
sponding carboxylic acid orthogonally to classical saponifica-
tion conditions, also performed well (3e).”! Testosterone
and cholesterol derivatives could also undergo the IEDDA
reaction efficiently (3f-3g), proving its applicability to
complex structures. We were disappointed to see that
amides were not reactive enough to undergo the cyclo-
addition. Substitution in position 4 was well tolerated in
general, with both alkyl (3h) and aryl substituents. More-
over, both electron-enriched (3, 3n) and electron deficient
(3k-3m) aryl substituents performed well, although with
somewhat lower ee in some cases. Substitution was also
possible in ortho and meta position of the C* aryl substituent
(30-3p). C-substituted 2-pyrones gave the corresponding
bridged bicyclic lactones in very high yields and excellent
enantioselectivities, both in the case of alkyl (3q-3s) and
aryl substituents (3t-3w). However, C° substituted 2-
pyrones proved unreactive in the reaction conditions. The
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Table 1: Optimization of the reaction conditions.?

(o]
is aci 0
CO,Me MeO Lell/yls aé:ld MeO,C.
o] | 1gan Me0,C. MeO
Z + —_— +
Solvent
N0 OTBS Temperature 1BSO” Ope TBSO
1a 2a 3a
E o % o o :
| 1) SeNe© :
3 OoH §,N N~/ N B J: > ] ;
tBu Bu N~/ tBu N N ngy !
L1 L2 L3 Bu L4
: 7
5 S X X
: 3” N y{q 1 3/! 1)
H N N—/ A N N—/
: B iPr iPr B
E iPr L5 iPr L6 tBu L7 tBu

Entry Lewis acid Ligand Yield dr (3a/4a) ee
18! Eu(hfc), - 65 13:1 8
2o Yb(OTf), L1 83 >20:1 5
Zn(OTf), L2 17 >20:1 25
4 Cu(OTf), L2 76 >20:1 72
5 Cu(OTf), L3 10 - 26
6 Cu(OTf), L4 70 >20:1 44
7 Cu(OTf), L5 - - -
8 Cu(OTf), L6 76 >20:1 36
9 Cu(OTf), L7 75 >20:1 73
100 Cu(SbFy), L7 98 >20:1 87
17lede Cu(SbFe), L7 95 >20:1 97

[a] General reaction conditions: 1a (1 equiv), 2a (3 equiv), Lewis acid
(0.1 equiv), Ligand (0.12 equiv), DCM, RT. [b] The reaction was run at
60°C. [c] The reaction was run in the presence of 4 A molecular sieves.
[d] The catalyst was pre-formed by mixing CuCl, with the ligand,
adding AgSbF, and filtrating the silver salts. [e] The reaction was run
using 0.05 equiv of Cu(SbFg),, 0.05 equiv of ligand, in toluene:DCM
(2:1) and at —40°C.

absolute configuration of the products could be confirmed
by single-crystal X-ray analysis of 3r.!

We then studied the applicability of our reaction to
different enol ethers (Scheme 3). Various O-substituents
were well tolerated, with ethyl and isopropyl enol ethers
providing the corresponding bridged bicyclic lactones 3x-3y
with excellent enantioselectivity. Classical protecting groups
such as benzyl, allyl or TBS were also well tolerated (3z—
3ad). Regarding the substitution at position 2, various alkyl
substituents were tolerated (3ab-3ad), including non-bulky
Me substituent (3ab) or more sterically demanding Bn
(3ad). Good results were also observed in the presence of
protected alcohols (3af-3ai). Remarkably, a highly sensitive
TMS protecting group survived on a primary alcohol in the
reaction conditions, underlying the mildness of the reaction
conditions.

To test the limits of stereoselection induced by our
catalytic system, we evaluated the influence of a mismatched
chiral dienophile in the reaction conditions. Thus, (—)-
menthyl-enol ether 2m was subjected to the reaction
conditions using an achiral ligand (Scheme 4). Compound
3aj’ was obtained with a 5:1 dr. Conversely, when our
catalytic system was employed, the diastereomeric ratio was
reversed, and the other diastereoisomer was obtained with a

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB017 SUOWILIOD @A) 8|gealdde ay) Aq peusenob ale sajoie YO ‘8sn Jo seni oy Akeigi auluQ /8|1 UO (SUONIPUOD-pUB-SLULB)/LI0D A8 1M Alelg i jpul|uo//sdny) SuonipuoD pue suie | 8y 8es *[zz0z/TT/60] uo Ariqiauliuo A8[IM ‘ONISHNDA!E [EHod AQ S8T80ZZ0Z @IUe/Z00T OT/I0P/L0D A3 | Ae.q 1 jpul|uo//sdny wo.j pepeojumod 'z ‘2202 ‘€LLETEST



GDCh
~~

MeO CuCly (5 mol%), L7 (5 mol%) Q
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Z +
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-0 850" Onia
3

OTBS  -40°C 20h, then RT 2h
1 2a
(0 3 mmol)

MeO,C. % EtO,C. § iPro,C. % tBUO,C. % BnO,C. %
TBSO gme - TBSO &ye - TBSO  &ya - TBSO &g - TBSO
3b[a] 3d[b] 3e[a]
95% 80% 78% 92% 75%
97% ee 96% ee 96% ee 99% ee 95% ee

o}
R 3i,R=H, 99%, 96% ee
MeOCJ\y e MeOCJ\) O 3j, R = OMe, 92%, 97% ee
N 3k, R = Cl, 9%, 86% ee
T8S0” Svie 880" dvie 31, R =F, 99%, 87% ee
3h 3m, R = CF3, 99%, 88% ee
79%
92% ee
o O—\O o Me o
TBSO™ & TBSO™ ¢ TBSO™ Ome  Me
OMe OMe
3n 30 3p
96% 93% 91%
87% ee 85% ee 92% ee

0 o)
EtO,C % EtO,C. %
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94% 91%
92% ee 95% ee
Q Q
EtO,C § MeO,C %
TBSO &e Pt TBSO gy ~ph 18597 OMe
3sle 3tlel 3u
83% 95% ggf/’ﬁe
94% ee 95% ee :
Q Q
MeO,C. § MeO,C %
8507 Svie q 8507 Sve
3vial 3wlal
76% 71%
96% ee 97% ee

Scheme 2. Scope of the reaction regarding 2-pyrone derivatives. [a] The
reaction was conducted at —40°C for 40 h then RT for 2 h. [b] The
reaction was conducted at —40°C for 60 h then RT for 2 h. [c] The
reaction was conducted at RT for 3 days.

6:1 dr, highlighting the stereoinducing power of our catalytic
system.

We were also interested by the diastereospecificity of
the reaction. However, a reoptimization was needed for the
case of Z enol ethers (see Table S6), allowing us to highlight
L9 as the optimal ligand for Z enol ethers. When subjecting
Z enol ethers 20 and 2p to the reaction conditions, only cis-
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diastereomers 3ak-3al were observed (Scheme 5). How-
ever, the cycloaddition involving 2 q provided a 28:1 mixture
of cis and trans diastereoisomers. Interestingly, the two
diastereomers 3am and 4a were isolated with different ee. Z
to E enol ether isomerization cannot be invoked to explain
this result, as the minor trans isomer is 4a and not 3a. On
the other hand, when 1,1’ 2-trisubstituted enol ether 2r
reacted with 1a, 4 diastereoisomers were obtained, with a
poor selectivity. Each diastereoisomer could be isolated
separately. Remarkably, each pair of epimer 3an-3aq and
3ao-3ap had the same ee. These last results are indicative
of the occurrence of a stepwise mechanism, although we
could not rule out a competing concerted mechanism at this
point.

To better understand the last results with Z-disubstituted
and trisubstituted enol ethers, we re-subjected separately
each diastereoisomer 3an-3aq to the reaction conditions
(Table 2). After, 20h under the reaction conditions, we
observed epimerization at ether-bearing stereogenic center,
with no significant change in ee. Again, this result points
towards a stepwise mechanism, with a reversible cyclization
step. The similar ee for each pair of epimers can be
explained by the fact that only the cyclization step is
effectively reversible in this case. Subjecting 3am to the
reaction conditions led to a similar epimerization, confirm-
ing that the presence of 4a arises from the reversibility of
the cyclization step (see Scheme S1). We also performed a
kinetic study of the reaction. The results showed that the
ratio of each diastereoisomer is constant over the reaction
course (Figure 1).

We have performed quantum chemical calculations at
the density functional theory (DFT) level (see the Support-
ing Information for details) to shed light on the reaction
mechanism and clarify the experimentally observed diaster-
eoselectivity. Figure 2 shows the computed reaction profiles

Table 2: Control experiment.

MeO,C
Mo 2 MeOzC
CuCl, (5 mol%) TBSO

L7 (5 mol%) TBSO
3an or 3ao or 3ap or 3aq AgSbFg (10 mol%) an
4>
(0.10 mmol) 2AMS
toluene/DCM (2:1) Me02C
-40°C, 20 h s
TBSO
e TBS(%
3ap aq

Starting lactone  Resulting lactones

3an 3ao 3ap 3aq
3an 22% - - 42%
(90% ee) (90% ee) (87 % ee)
3a0 - 27% 49% -
(86% ee) (86% ee)  (87% ee)
3ap - 25% 64 % -
(85% ee) (86% ee)  (85% ee)
3aq 22% - - 70%
(90% ee) 90% ee 91% ee

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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interaction between the copper and the oxygen atoms of the
methoxy groups of enol ethers is the reason for the
computed free energy lowering compared to the separately
considered reactants. The next step is the attack of the enol
ethers. We have explored both concerted and stepwise
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Figure 1. Kinetic experiment.
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Scheme 3. Scope of the reaction regarding enol ethers. [a] The reaction
was conducted at —40°C for 40 h then at RT for 2 h. [b] The reaction Scheme 5. Diastereospecificity of the reaction.
was conducted at —40°C for 60 h then at RT for 2 h.
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for the reactions of the malonate model complex of the i
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(Figure 2B). The malonate complex A-Cu associates with 821
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Figure 2. Computed reaction profiles (0B97X-D/def2-TZVP//wB97X-D/6-31G(d),LanL2DZ, AG;sg 1uenes kcal mol ™) for the reaction with the E and Z

enol ethers.

mechanisms for this event, and the calculations strongly
deny the concerted mechanism. The endo attack of the enol
ethers leads to the formation of the Intl_E and Intl_Z via
low barrier transition states TS1_E (AG* =15.0 kcalmol ',
the optimized 3d structure is also shown in Figure 2A) and
TS1_Z (AG* =15.4 kcalmol ™) respectively. The conforma-
tional flexibility of the intermediates Intl E and Intl Z
allows two types of structures regarding Me and OMe
groups orientation: Intl_trans and Intl_cis. As shown in

Angew. Chem. Int. Ed. 2022, 61, €202208185 (5 of 8)

Figure 2 the trans form of the intermediate Intl is more
stabilized than the cis form in the case of the E enol ether,
while vice versa the cis form is thermodynamically more
favorable for the Z enol ether.

The following step is the exergonic formation of the
second C—C bond leading to the product complexes and
ultimately to the final products. In good agreement with the
experiment the formation of the in vitro observed product
P _trans_E in the case of E enol ether substrates is both
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kinetically (AAG™=AG"(intl_E—P_cis_E)—AG™(intl_E—
P_trans_E)=14.7-8.3=6.4 kcalmol ') and thermodynami-
cally (AAG=G(P_cis_E)—G(P_trans_E)=-2.7—(-7.1)=
4.4 kcalmol ') more favorable as compared to the P_cis_E.
Also in the case of Z enol ether the calculations agree with
the experimental evidence, suggesting that the formation of
the cis product P_cis_Z is energetically more probable,
AAG™ = AG*(intl_Z—P_trans_Z)—AG*(intl_Z—P_cis_

Z)=9.6-9.2=0.4 kcalmol™!, AAG=G(P_trans_Z)—G(P_
cis_Z)=—3.7—(—5.4)=1.7 kcalmol '. Moreover, the calcu-
lations predict a more significant free energy gap between
the TS2 transition states in the case of E enol ether: AAG™* =

Research Articles
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AG*  (TS2_cis_E)—AG*(TS2_trans_E)=6.4 kcalmol ' as
compared to AAGT=AG*(TS2_trans_Z)—AG*(TS2_cis_
Z)=0.4 kcalmol*. This result agrees with the experimen-
tally observed higher epimerization probability in the case
of the Z enol ether. Thus, the computationally revealed
stepwise mechanism allows us to clarify the observed
diastereoselectivity for the reactions with Z and E dien-
ophiles.

At the next stage of the computational study, we
explored the reaction of the malonate model complex of the
bis(oxazoline) ligand A-Cu with the trisubstituted dieno-
phile (E)-2-methoxybut-2-ene C (Figure 3). Both exo and

1 - «]
meo—me-~ 1| £
e
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MeO -[Cul*]
Me—ome " | £

R
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MeO,0- ! Ve il
\ _0O MeO Me)” ;[CU] i
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o) O, ~Me " MeO ICuT €0,
[Cul* = \N(\\NFJ Me0,—o-~[!] e ome o [ Me— >0
v\ ','2+ ,_" :::;:)70 Mei\o‘fo Meo
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—_ - 2
RS 27 = 02  MeO
.-[Cu]* S T6 3 R 0.7 -0.3 Me \
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c = 0 |“ | M?) | ?) e
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Figure 3. Computed reaction profiles (0B97X-D/def2-TZVP//wB97X-D/6-31G(d),LanL2DZ, AG,ss so1uener kcal mol™") for the reaction with the

trisubstituted dienophile.
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endo pathways have been computed and found to be
kinetically equivalent. Indeed, the barrier of the exo attack
is AG*(A-Cu*C—intl_exo)=12.6 kcalmol ™', while of the
endo  attack, it is AGT(A-Cu*C—intl_endo)=
12.7 kcalmol ..

The conformational flexibility of the intermediates Int1_
exo and Intl_endo allows four possible further pathways
(trans and cis pathways for endo and exo attacks), finally
leading to the four products. These four products are very
close thermodynamically and kinetically. Indeed, the energy
range as the difference between the most stable P_trans_exo
and the least stable P_trans_endo products is only AAG =
G(P_trans_endo)—G(P_trans_exo)=0.4—(—0.7)=
1.1 kcalmol . Which is smaller compared to the case of 1-
methoxyprop-1-ene. Thus, the calculations suggest that all
four products can be formed. The latter strongly supports
the experimental evidence. Moreover, the calculations also
clarify the in vitro observation of the reaction reversibility in
the case of trisubstituted dienophile. Indeed, the thermody-
namic gain of this reaction is almost zero in contrast to the
clearly exergonic reactions with 1-methoxyprop-1-ene. Over-
all, the calculations 1) suggest stepwise mechanism of the
considered reactions and deny the possibility of concerted
mechanism, 2) reveal the reason for the experimentally
observed diastereoselectivity, and 3) explain the reversibility
of the reaction with the trisubstituted dienophile.

We decided to show the broad applicability of the
resulting bicyclic lactones by performing a gram-scale
reaction and post functionalization (Scheme 6). The TBS
protecting group could be removed without altering the
integrity of the bridged lactone. Bicyclic lactone 3a could be
thermically decarboxylated through a retro-[4+42] reaction.
It should be noted that the resulting cyclohexadiene 6
cannot be prepared enantioselectively by any other method
to the best of our knowledge. On the other hand, bridged
bicyclic lactone 3a could be ring-opened by transesterifica-
tion, affording polysubstituted cyclohexene 7. Remarkably,

1a + 2a
o
CO,Me
MeO,C General MeO,,
conditions g
OME TBAF PhCI
JHF 140 °C OTBS
99%, 97% ee MeO,C
98%, 97% ee
TBSO
3a, 1 7
NaOMe  o5%, 97% e _ PAIC, H,
MeOH
MeO,C CO,Me (5 mmol scale) EtOAc o
MeO,,
" MeO,C
050, NMO
THF/H,0
TBSO OH TBSO OMe
! 8
88%, 97% ee o o] 99%, 97% ee
MeO,C § oH MeO,C
OH 1gso 7
TBSO OMe Me© OH
9a 9b

47%, 97% ee 26%, 97% ee
1.8:1dr

Scheme 6. Post-functionalization of the bicyclic lactone.
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both IEDDA/CO, extrusion and IEDDA/lactone opening
sequences were key points in the synthesis of various
calcitriol analogs and pseudo disaccharides.'"”! However, as
no enantioselective method for the IEDDA reaction of 2-
pyrones with acyclic 1,2-disubstituted enol ethers existed at
the time, these syntheses had to rely on the chiral pool. The
olefin could be hydrogenated, furnishing bicyclic compound
8 quantitatively. Finally, dihydroxylation could lead to diols
9a and 9b, albeit with poor diastereoselectivity (1.8:1).

Carbasugars are carbohydrate-like structures where the
ring oxygen is replaced by a methylene unit. This structural
change provides carbasugar analogs with increased stability
and different biological properties.'”! Thus, the synthesis of
carbasugar units is of utmost importance as new, non-natural
carbasugars could open the door to new bioactive molecules.
Inspired by the work of Afarinkia,'™! we decided to apply
our reaction to the enantioselective synthesis of a new
carbasugar analog. Starting from 2-pyrone 1a and enol ether
2f, the IEDDA reaction afforded (—)-3ab in high yield and
good ee (Scheme 7). Ring-opening through transesterifica-
tion led to cyclohexene derivative (4)-10, on which the free
alcohol was protected as a TBS ether. From the resulting
intermediate (+)-11, we performed a Pd-mediated decar-
boxylative deallylation. A mixture of olefin isomers was
obtained, and therefore the mixture was treated with DBU
at the end of the reaction to obtain the conjugated alkene.
Finally, ester reduction led to the formation of (—)-12, a
protected carbasugar unit which is a methyl analog of
Afarinkia’s carbasugar.!'™!

Conclusion

To conclude, we have developed a broadly applicable,
diastereo- and enantioselective IEDDA reaction between 2-
pyrones and 1,2-disubstituted acyclic enol ethers. The
reaction could support various substituted 2-pyrones as well
as dienophiles. Mechanistic experiments suggested that the
reaction proceeds at least partially through a stepwise
mechanism. DFT calculations supported the proposed
stepwise mechanism, explaining the observed diastereoselec-
tivity. Given the numerous uses of the racemic version of
this reaction in natural product synthesis, we are convinced

"""" Ho Tt BSOS e cuct, (5 mol%), LT (5 moi%) Q
: 2f AgSbFg (10 mol%) MeO,C
GlcO, ! +
i MeO,C O 4AMS, toluene/DCM (2:1) Me
: J -40°C 20h, then RT 2h oTBS
0 . o] 92%, 89% ee (-)-3ab
Afarinkia's ! 1a nBulLi
{ pseudodisaccharide | Allyl alcohol
a) Pd(OAc), PPhs O;i}./z h
HCO,H, EtsN :
HO dioxane MeO,C, COAly  1BSOTE  Meo,C. coAlyl
100°C 8h TBSO,, lutidine TBSO,,,
TBSO,,, then DBU, rt, 1h " DCM "
M b) DIBAL-H,DCM  Meé! 0°C, 10 min  Me
OTBS -78°C 1h, rt 1h OTBS quant. OH
o
()12 57% (2 steps) (+)-11 (+)-10

Scheme 7. Synthesis of a carbasugar unit.
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that this method will become an important tool in total
synthesis in the future.
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