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Highly enantioselective synthesis of tetrahydropyrans was accomplished via a domino proline-mediated aldol reaction/intramolecular acetal

formation from an aldehyde and inexpensive aqueous tetrahydro-2

H-pyran-2,6-diol as a five-carbon unit.

Tetrahydropyrans are found in many biologically active mol- cyclization? have been reported. It is desirable to synthesize

ecules and natural produdtdduch effort has been devoted

the tetrahydropyran moiety with high enantioselectivity in a

to the development of enantioselective syntheses of theseminimum of steps from the readily available starting materi-
heterocycle$, and several methods, including the Prins als.

cyclization from optically active homoallylic alcohdlan
asymmetric catalytic hetero-Dielf\lder reactior® and 1,5-
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Organocatalysis is a rapidly expanding field in organic
synthesis, and many organocatalyst-mediated reactions have
been developed in recent year®omino reaction is a
powerful method for the synthesis of complex molecules in
a short sequence, and several enantioselective domino
reactions have been develogeRecently, organocatalysts
have also been applied to the synthesis of complex molecules
by domino reactions from simple starting materialge have
reported the highly enantioselective synthesis of optically
active cyclohexane derivatives by a domino Michadenry
reaction of commercially available aqueous tetrahydfie-2
pyran-2,6-diol and nitroalkenes catalyzed by diphenyl-
prolinolsilyl ether® Because pentane-1,5-dial, a synthetically
useful five-carbon unit, is generated under equilibrium
conditions from inexpensive aqueous tetrahydrbB/ran-
2,6-diol, this reagent would be successfully utilized for
the formation of optically active tetrahydropyrans by the
domino aldo¥/acetal formation catalyzed by organocatalysis
in the presence of waté?,as shown in Scheme 1. That is,



Scheme 1. Reaction Mechanism of Proline-Mediated Aldol, Followed by Acetal Formation
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pentane-1,5-dial, generated from tetrahydkb{®/ran-2,6-
diol under equilibrium conditions, would react with an
organocatalyst such as proling) (to generate enaminé
Enamine4 would react with an aldehyde to generéateia

an aldol reaction, followed by acetal formation to provide
tetrahydropyrary with regeneration of prolinelj. Because
tetrahydro-#-pyran-2,6-diol is available as an aqueous
solution}! these reactions have to be carried out in the
presence of water or under agueous conditions™\&led
other group®1*have shown that some of the aldol reactions

andL-proline (1) was employed as an organocatalyst. Be-
cause the addu@a (R = 4-NO,Ph) was found to be unstable
and some degradation occurred during the purification by
column chromatography7a was converted to the stable
methyl acetalBa, which was isolated. After completion of
the aldol/cyclization reaction, an aqueous workup was carried
out to remove the catalyst. Treatment of the crude mixture
with MeOH in the presence gi-toluenesulfonic acid gave
methyl acetal8a. Because four isomers (anti, syn aldol
products anda. and f anomers) are formedy,3-methyl

proceed enantioselectively in the presence of water or underacetals of the major aldol product (anti isomer, vide infra)
aqueous conditions. Thus, it is expected that aqueouscan be separated and their enantiomeric excesses can be
tetrahydro-#-pyran-2,6-diol would be employed directly in  determined. Both enantioselectivities @fand f anomers

the domino aldol/acetal formation reaction. Successful had the same value.

realization of this scenario will be described in this paper.
First, we chose a reaction gf-nitrobenzaldehyde and
aqueous tetrahydrok2pyran-2,6-diol as a model reaction,
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The activity of the organocatalyst was examined in detail.
Siloxyproline2'?2¢and surfactantproline conjugated cata-
lyst 312 (Figure 1), which promote highly enantioselective
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Figure 1. Organocatalysts examined in the present study.

aldol reaction in the presence of water, are found to be as
effective as proline, producing slightly higher diastereo- and

enantioselectivities (Table 1, entries 2 and 4). Because proline
is inexpensive and both enantiomers are readily available,
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Table 1. Effect of Catalyst and Solvent in the Reaction of
p-Nitrobenzaldehyde and Aqueous
Tetrahydro-#-pyran-2,6-dict

MeO
(0]
H o+ HO_O<-OH 1) catalyst, solvent, rt MeO
U 2) p-TsOH, MeOH O~ "OMe
O,N 8a
O,N

entry cat. solvent time(h) yield(%)® de¢ ee (%)
1 1 DMF 12 78 7/1 94

2 2 DMF 12 74 10/1 98

3 2 e 20 <10

4 3 DMF 20 70 9/1 96

5 1 DMSO 16 72 5/1 94

6 1 CHzclz 24 nr

7 1 MeOH 20 27 2/1 79

a Conditions: p-nitrobenzaldehyde (1.0 mmol), aqueous tetrahydte-2
pyran-2,6-diol (1.2 mmol), catalyst (0.1 mmol), solvent (1.0 mL), rt.
blsolated yield of four diastreomer&Diastereoselectivity of the aldol
reaction determined b4 NMR of the intermediate aldehyde before acetal
protection by integration of aldehyde peakhe enantiomeric excess of
the major isomer of the methyl acet&INo organic solvent.

screening of the solvent was conducted using prolineag
a catalyst, which showed that DMF is a good choice. The

reaction was found to proceed in the presence of 10 mol % g

of proline in DMF, to produce methyl acet®in 78% yield
with 94% enantiomeric excess after treatment of the aldol
product with MeOH ang-TsOH (entry 1).

To determine the relative configuration &4, the follow-

ing transformation was performed as shown in Scheme 2.

Scheme 2. Determination of Relative Configuration
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the presence qi-TsOH, acetald0awere generated in 80%
yield in an 8:1 ratio. The configuration of the major isomer
was determined as an anti isomer by analysis of its NMR
spectrum.

Because such good results were obtained with the model
reaction, the generality of the reaction was investigated, with
the results summarized in Table 2. A catalytic amount (10

Table 2. Organocatalytic Reaction of Aqueous
Tetrahydro-#-pyran-2,6-diol with Aldehydes for the Formation
of Optically Active Tetrahydropyrafs

MeO
o HO__O._OH 1) L-proline, DMF, rt
LT R
R "H 2) p-TsOH, MeOH
R¥ O~ "OMe
8
time yield ratio ee
entry R conditions (h) (%) det o/p? (%)
1 4-NO2CgHy A 12 78 7/1 60/40 94
2 3-NO2CeHy A 14 60 4/1 65/35 99
3 2-NO2CeHy A 24 50 4/1 60/40 93
4 4-CF3CeHy A 16 71 7/1 65/35 97
5 4-CNCgHy A 16 63 4/1 60/40 95
6 4-TfOCgHy A 24 52 4/1 60/40 97
7 2-CICeHy4 B 48 67 4/1 65/35 99
4-BrCgHy B 48 59 4/1 60/40 95
9 Ph B 48 42  4/1 60/40 97

aCondition A: 1.2 equiv of aqueous tetrahydrb-pyran-2,6-diol, 10
mol % proline. Condition B: 3 equiv aqueous tetrahydrb{2yran-2,6-
diol, 30 mol % proline? Isolated yield (after 2 steps) Diastereoselectivity
(anti:syn) of the aldol reaction. Calculated from crute NMR of first
step.d Calculated from crudéH NMR after acetalization stefg.Determined
by chiral HPLC.f Determined after reduction of chloro by LiAk
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(12) (a) Hayashi, Y.; Sumiya, T.; Takahashi, J.; Gotoh, H.; Urushima,
T.; Shoji, M. Angew. Chem., Int. EQ006 45, 958. (b) Hayashi, Y.; Aratake,
S.; Okano, T.; Takahashi, J.; Sumiya, T.; Shoji,Mgew. Chem., Int. Ed
20086 45, 5527. (c) Hayashi, Y.; Aratake, S.; Itoh, T.; Okano, T.; Sumiya,
T.; Shoji, M. Chem. CommurR007, 957. (d) Aratake, S.; Itoh, T.; Okano,
T.; Usui, T.; Shoji, M.; Hayashi, YChem. Commun2007, 2524. (e)
Aratake, S.; Itoh, T.; Okano, T.; Nagae, N.; Sumiya, T.; Shoji, M.; Hayashi,
Y. Chem. Eur. J2007, 13, 10246.

(13) For organocatalysis-mediated asymmetric aldol reaction in agueous
solvent, see: (a) Torii, H.; Nakadai, M.; Ishihara, K.; Saito, S.; Yamamoto,
H. Angew. Chem., Int. EQR004 43, 198. (b) Nyberg, A. I.; Usano, A.;
Pihko, P. M.Synlett2004 1891. (c) Tang, Z.; Yang, Z.-H.; Cun, L.-F.;

After the first aldol reaction, inseparable anti and syn isomers Gong, L.-Z.; Mi, A.-Q.; Jiang, Y.-ZOrg. Lett 2004 6, 2285. (d) Casas,

7awere formed. The mixture was reduced with NagHl
MeOH, producing the trioBa in 62% vyield as a diastereo-
meric mixture. When trioRa was treated with acetone in

(9) For reviews on asymmetric aldol reaction catalyzed by organoca-
talysis, see: (a) List, B. IAmine-catalyzed Aldol ReactiamModern Aldol
Reactions Mahrwald, R., Ed.; Wiley-VCH: Weinheim, 2004; Vol. 1,
Chapter 4. (b) List, BTetrahedror2002 58, 5573. (c) List, BAcc. Chem.
Res 2004 37, 548. (d) Saito, S.; Yamamoto, tAcc. Chem. Re2004 37,
570. (e) Notz, W.; Tanaka, F.; Barbas, C. F., lcc. Chem. Re2004
37, 580. (f) Seayad, J.; List, BOrg. Biomol Chem 2005 3, 719.

(10) (a) Hayashi, YAngew. Chem., Int. E@006 45, 8103. (b) Brogan,

A. P.; Dickerson, T. J.; Janda, K. Angew. Chem., Int. EQ2006 45,
8100.
(11) Sigma-Aldrich, 50 wt % solution in water, catalogue no. G6403.

Org. Lett.,, Vol. 10, No. 7, 2008

J.; Sunda, H.; Cadova, A.Tetrahedron Lett2004 45, 6117. (e) Ward,
D. E.; Jheengut, VTetrahedron Lett2004 45, 8347. (f) lbrahem, |;
Cordova, A. Tetrahedron Lett.2005 46, 3363. (g) Amedjkouh, M.
Tetrahedron: Asymmetr005 16, 1411. (h) Codova, A.; Zou, W,
Ibrahem, |.; Reyes, E.; Engqvist, M.; Liao, W.-\@hem. Commur2005
3586. (i) Wu, Y.-S.; Chen, Y.; Deng, D.-S.; Cai,Synlett2005 1627. (j)
Dziedzic, P.; Zou, W.; Hafren, J.; @dova, A.Org. Biomol. Chem2006

4, 38. (k) Pihko, P. M.; Laurikainen, K. M.; Usano, A.; Nyberg, A. |.; Kaavi,
J. A. Tetrahedron2006 62, 317. (I) Cadova, A.; Zou, W.; Dziedzic, P.;
Ibrahem, I.; Reyes, E.; Xu, YChem. Eur. J2006 12, 5383.

(14) For the reaction in the presence of water, see: (a) Jiang, Z.; Liang,
Z.; Wu, X.; Lu, Y. Chem. Commur2006 2801. (b) Wu, Y.; Zhang, Y.;
Yu, M.; Zhao, G.; Wang, SOrg. Lett 2006 8, 4417. (c) Font, D.; Jimeno,
C.; Pericas, M. AOrg. Lett 2006 8, 4653. (d) Guillena, G.; Hita, M. C.;
Najera, C.Tetrahedron: Asymmet3006 17, 1493. (e) Wu, X.; Jiang, Z.;
Shen, H.-M.; Lu, Y.Adv. Synth. Catal2007, 349 812. (f) Maya, V.; Raj,
M.; Singh, V. K. Org. Lett 2007, 9, 2593.

1447



p-trifluoromethanesulfonylbenzaldehydes, to produce the from both a,3-cis anomers without compromising the
corresponding tetrahydropyran derivatives with excellent enantioselectivity. Thus, by a combination of the present
enantioselectivity (entries-16, conditions A). domino reaction and a successive isomerization reaction, both
In the reaction of arylaldehydes without strong electron- trans- and cis-substituted tetrahydropyran derivatives are
withdrawing substituents, such aschlorobenzaldehyde, obtained with excellent optical purities.
p-bromobenzaldehyde, and benzaldehyde, the reaction pro-
ceeds in the presence of 30 mol % of the catalyst using thre

equivalents of aqueous tetrahydra-pyran-2,6-diol to Scheme 3. Isomerization of Tetrahydropyraa
produce the tetrahydropyran derivatives with excellent enan- MeO 10 mol % 0
tioselectivity (entries #9, conditions B). MeO TsOH-H,0 H
The absolute configuration was determined by X-ray 0 OMe 0" oMo

crystallographic analysis of th&methyl acetaBa derived acetone, 30 °C
from p-nitrobenzaldehyde (Figure #.This absolute con- ~ O2N O:N

8a-o. 94%ee 80% 11a-a

8a-p 93%ee 76% 11a-p

20 mol %

DBU

o)
Q@
-—-O
f CHCl 0" “OMe
[n]

3 \ O,N
12a-0. 69%, 93%ee (12a-a:11a-a = 3.6:1)
12a-f 67%, 92%ee (12a-p:11a-p = 2.5:1)

In summary, we have developed an enantioselective
‘ Vg synthetic method for substituted tetrahydropyrans via a
A?“"@ domino proline-mediated aldol reaction/acetal cyclization
reaction. Pentane-1,5-dial, a useful five-carbon unit, is
Figure 2. ORTEP drawing oBa{. Displacement ellipsoids are ~ generated from inexpensive aqueous tetrahydtepgran-
drawn at the 50% probability level. 2,6-diol under equilibrium conditions. It is a noteworthy
advantage of the organocatalyst that the reaction proceeds
efficiently with excellent enantioselectivity under agqueous
figuration is in accordance with that expected from the conditions. Because the obtained cis-substituted tetrahydro-
L-proline-mediated aldol reactiofi. pyran derivative can be transformed into the trans isomer
Tetrahydropyran8 have two dialkyl acetal moieties. One  without compromising the enantioselectivity, the present

is the dlmethyl acetal and the other is the monomethyl acetal.method would be an effective method for the preparation of
From a synthetic point of view, selective discrimination of sypstituted chiral tetrahydropyran derivatives.

these two moieties has to be achieved. The dimethyl acetal
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