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ABSTRACT
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A highly stereoselective route to 2,4,5-trisubstituted tetrahydropyrans is reported. The key step employs an intramolecular allylation of a
(2-allylsilane onto an aldehyde under Bransted acid activation. Complete 1,4-stereoinduction accounts for the formation of only two out of the
possible four THP products. The level of 1,3-stereoinduction is optimal when the reaction is carried out in an apolar solvent, which is in
accord with electrostatics being key to controlling this aspect of the stereoselectivity.

Substituted tetrahydropyrans (THPsS) are important targetsa Prins-type cyclization between an alkene and an oxacar-
because of their frequent occurrence in natural products andoenium ion, generated in situ from MEM ethgrprovided
medicinally important moleculésThey have been con- the 2,4,5-trisubstituted THPin which all three substituents
structed in a wide variety of ways, with the most common occupy equatorial positions. In an alternative approach,
strategies involving cyclizations onto oxacarbenium ions or Schmidt employed a completely regio- and stereoselective
epoxides, hetero DietsAlder cyclizations, conjugate addition  ring-opening reaction on epoxi@do generate the diastereo-
reactions, and the reduction of cyclic hemiketaldf the isomeric 2,4,5-trisubstituted TH® (Scheme 1, eq 2

range of permutations that is available for trisubstituted We now wish to report a new approach to 2,4,5-tri-
THPs, the 2,4,6-substitution pattern has been the most widelysubstituted THPs, which is complementary in its stereo-
studied; indeed, excellent methods now exist for its construc- chemical outcome to the methods of both Schmidt and Willis.
tion.22In sharp contrast, stereoselective approaches to 2,4,5-To serve as an introduction, we have recently been inves-
trisubstituted THPs remain rafeA particularly attractive tigating intramolecular allylation strategies in which an
route to this substitution pattern was recently described by allylsilane nucleophile is covalently attached to an aldehyde
Willis and co-workers (Scheme 1, eq®)in their approach,  electrophile through a temporary silicon connectiéim the
case of aldehyd8, the allylsilane nucleophilic component

(1) (a) Clarke, P. A.; Santos, &ur. J. Org. Chem2006 2045 and
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So0c.1993,115, 1147. Smith, R. W.; Willis, C. L.Chem. Commur2001, 835. (c) Angle, S. R.;
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Chem. So0c1999,121, 1092. Tetrahedron Lett1984,25, 2035.
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Scheme 1. Existing Stereoselective Approaches to
2,4,5-Trisubstituted THPs
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Scheme 3. Intramolecular Allylation Approach to
2,4,5-Trisubstituted THP8
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we hypothesized that this structural change might have a
pronounced effect on the 1,4-stereoinduction but would have
minimal impact on the 1,3-stereocinduction because the
electrostatic interactions governing this aspect of the reaction
should effectively remain the same. Furthermore, by using
a more robust methylene bridge to connect the allylsilane to

the presence of a Brgnsted acid scavenger, effected intramothe aldehyde, we hoped to be able to investigate Bransted

lecular allylation to provide two out of the four possible
oxasilacycles$ (Scheme 2¥¢ Complete 1,3-stereoinduction

Scheme 2. Intramolecular Allylation of Aldehydé& Generates
Two Out of the Possible Four Oxasilacycles
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is observed in this cyclization. We have rationalized this

observation on electrostatic grounds according to a modified
Evans dipole model in which the dipole moments across the
polar C=0 and C—O bonds are opposing one another in

the transition state (TS$)The more modest 1,4-stereoinduc-

tion arises from minimizing steric interactions between the
allylsilane and the ethyl substituents contained within the
silyl tether, which is best achieved by placing the allylsilane

in a pseudoaxial orientation.

Substituting the diethylsilyl tether in aldehydefor a
methylene group would providd and a route to the
corresponding 2,4,5-trisubstituted THP(Scheme 3§.0n
the basis of our previous observations whtScheme 2j¢

(4) (a) Ramalho, R.; Beignet, J.; Humphries, A. C.; Cox, LSRnthesis
2005, 3389. (b) Beignet, J.; Tiernan, J.; Woo, C. H.; Kariuki, B. M.; Cox,
L. R.J. Org. Chem2004,69, 6341. (c) Beignet, J.; Cox, L. Rrg. Lett.
2003,5, 4231.

(5) (a) For reviews on the temporary silicon connection: Cox, L. R.;

Ley, S. V. In Templated Organic SynthesiBiederich, F., Stang, P. J.,
Eds.; Wiley-VCH: Weinheim, 1999; pp 273895. (b) Gauthier, D. R., Jr.;
Zandi, K. S.; Shea, K. JTetrahedron1998, 54, 2289. (c) Bols, M.;
Skrydstrup, T.Chem. Rey1995,95, 1253.

(6) Evans, D. A; Dart, M. J.; Duffy, J. L.; Yang, M. G. Am. Chem.
Soc.1996,118, 4322.
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acid activators, something we had been unable to do in our
previous cyclizations because of the lability of the silyl tether
to these activators.

Becauses-hydroxy esters are readily accessed in enan-
tiomerically enriched forni, we opted for a route to the
cyclization precursor which would exploit this facile entry
into enantiomerically enriched systems (Table 1). The
lynchpin step in our synthesis @fwould therefore involve
the formation of the ether linkage betweg+hydroxy ester
11 and an allylsilane or a masked synthetic equivalent.
Mindful of the propensity for allylsilanes containing a leaving
group at they-terminus to degrade through a vinylogous Si-
mediated elimination sequentewe chose to tether a
propargyl silane precursor instead, as we expected this
functionality would be less susceptible to degradation via
this pathway. Significantly, unmasking the double bond at a
later stage in the synthesis through a partial hydrogenation
would also allow access to @)-allylsilane, which has been
shown in related systems to impart higher levels of stereo-
selectivity in intramolecular allylation reactions than E-(
stereoisomet.

The propensity fof-hydroxy esters to undergo dehydra-
tion or a retro-aldol transformation called for a nonbasic
etherification procedure. To this end, propargyl alco®él
was first transformed into trichloroacetimidat@!* which
reacted with3-hydroxy estef 1, in the presence of TMSOTH,
to provide ethefl2in good yield!? Partial hydrogenation of
the alkyne functionality irl2 using Ra—Ni/H afforded the

(7) For aldol approaches, see: (a) Palomo, C.; Oiarbide, M.; &aici
M. Chem. Soc. Re2004,33, 65. (b) Machajewski, T. D.; Wong, C.-H.
Angew. Chem., Int. EQ000,39, 1352. (c) Asymmetric reduction Gfketo
esters provides an alternative strategy: Noyori, RAdgmmetric Catalysis
in Organic SynthesjdViley: New York, 1994. (d) Nakamura, K.; Matsuda,

T. Curr. Org. Chem2006,10, 1217.

(8) (a) Fleming, I.; Morgan, I. T.; Sarkar, A. K. Chem. Soc., Perkin
Trans. 11998, 2749. (b) Angoh, A. G.; Clive, D. L. J. Chem. Soc., Chem.
Commun.1984, 534.

(9) () Schlosser, M.; Franzini, L.; Bauer, C.; Leroux,Ghem.—Eur.

J. 2001,7, 1909. (b) Keck, G. E.; Dougherty, S. M.; Savin, K. A.Am.
Chem. Soc1995,117, 6210.

(10) (a) McGarvey, G. J.; Bajwa, J. $. Org. Chem1984,49, 4091.
(b) Slutsky, J.; Kwart, HJ. Am. Chem. S0d.973,95, 8678.

(11) (a) Wessel, H.-P.; Iversen, T.; Bundle, D.RChem. Soc., Perkin
Trans.1 1985, 2247. (b) Clark, J. S.; Fessard, T. C.; WilsonQO@. Lett.
2004,6, 1773.

(12) Standard etherification conditions using trichloroacetimidates use
TfOH as the activator. In our case, however, this acid effected protodesi-
lylation of ether12, providing an allene as the major product.
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Table 1. Stereoselective Synthesis of 2,4,5-Trisubstituted THPs

OH O 11 SiMe
Na, I . J
HO /SiMe3 CCON. | e o \/\SiMe3 R OEt o~ SMe; RaNihy O ~F
quant il TMSOTY, A _coget 89-97% CO,Et
9 NH 10 cyclohexane R R 13
54-74% 12 DIBALH,
s 87-96% SiMe;
R /o) ) . J
TS leading to m O 0TS activator o
major THP 14 *o’ SiMe; + . eovent o A_cHO
> H R OH R “OH S‘; ;3/?; R
15 14 7
aldehyde ratio® isolated yield®
entry? 7 R solvent activator time (min) 14/15 14 (%)
1 7a Ph CHyClg TMSOTf 1.5 12:1 81
2 7a Ph MeCN/CHCl; 1:1 TMSOTf 1.5 5:1 73
3 7a Ph CHyClg MeSOsH 1.5 30:1 86
4 7a Ph toluene MeSOsH 45 >50:1 88
5 7b "Bu toluene MeSOsH 50 50:1 91
6 7c Bu toluene MeSOsH 40 32:1 87
7 7d Me toluene MeSOsH 45 7:1 82
8 Te BnOCH;CHy— toluene MeSOsH 40 12:1 81
9 7f TBDPSOCH,— toluene MeSOsH 40 18:1 82
10 g 2-furyl toluene MeSOsH 40 25:1 86
11 7h (E)-styryl toluene MeSOsH 40 19:1 84

aReaction conditions: activator (1.1 equiv), TTBP (1.2 equiv with TMSOTf onlyj8 °C. © Ratio calculated from analysis of the crude reaction mixture
by H NMR. ¢ Isolated yields following column chromatography.

desired allylsilanel312 Finally, DIBALH reduction of the tethered allylations. We propose that this reversal in 1,4-
ester group inl3 proceeded uneventfully to afford the stereoinduction can be explained by the absence of steric
corresponding aldehyde cyclization precurgor clashes between the allylsilane and the methylene bridge now

Commencing our intramolecular allylation study with the favoring this diastereoisomeric TS (cf. TSs in Scheme 2 and
conditions that had proved so successful in our earlier work, the TS in Table 1, inset). The minor diastereoisomer now
we treated aldehydéa with TMSOTf in CH,Cl, at —78°C derives from an erosion in the 1,3-stereoinduction, although
in the presence of the Brgnsted acid scavenger tri-tert-butylit is important to note that the sense of 1,3-induction is in
pyrimidine (TTBP). Intramolecular allylation proceeded complete agreement with our earlier work, as had been
smoothly, providing two of the possible four hydroxy- predicted. We postulate that its attenuation results from a
substituted THP44aand15ain a ratio of 12:1 (Table 1,  steric interaction between the pseudoaxial aldehyde and the
entry 1)!* The relative stereochemistry of the major dia- now pseudoequatorial allylsilane in the reacting TS, a
stereoisomefl4a was elucidated by nOe experiments and situation which is worsened by th&)¢stereochemistry of
vicinal coupling constant measuremetitginal corroboration the allylsilane. Postulating that replacing the Lewis acid
came from an X-ray structure, which also showed that the activator for a Brgnsted acid would relieve these interactions
ring adopts a standard chair conformation (see Supportingand help recover the 1,3-induction, it was gratifying to
Information). The stereochemistry of the minor diastereo- observe that switching from TMSOTf to MeS®°° led to
isomer15awas elucidated from vicinal coupling constant an increase in the stereoselectivity to 3at44/15a) (Table
datat® 1, entry 3).

The stereochemical outcome of this intramolecular ally- A number of factors may be responsible for the aldehyde
lation was in contrast to our previous work (Scheme 2). This preferring to adopt a pseudoaxial orientation in the favored
time, complete 1,4-stereoinduction was observed, with both TS. Such a conformation, in association with the use of a
diastereoisomers now resulting from TSs in which the (Z)-allylsilane, would concur with a degree of secondary
allylsilane adopts a pseudoequatorial position in a chairlike frontier molecular orbital control, as proposed by Keck and
TS, an orientation which had been disfavored in our silyl- Denmark3®¢which is only possible if the reacting groups
adopt such a syn synclinal orientation. However, we were

(13)E)/(Z) ratio of 13 = 95:5. This reaction had to be monitored carefully keen to assess the importance of our proposed dipole
to avoid overreduction.

(14) The two diastereoisomers were readily separated by flash column
chromatography. Loss of the TMS group under the reaction conditions meant  (16) (a) Denmark, S. E.; Weber, E. J.; Wilson, T. M.; Willson, T. M.
that the products were obtained as the free alcohol. Tetrahedronl989 45, 1053. (b) Denmark, S. E.; Weber, EJJAm. Chem.

(15) See Supporting Information for a full analysis. Soc.1984,106, 7970.
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minimization modef®® by carrying out the reaction in
solvents of different polarities. In line with electrostatics
being a controlling factor, cyclization dfain a 1:1 MeCN/
CH,CI; mix, and using a TMSOTf activator, led to a
significant reduction in the 1,3-stereocinductiddé/15a, 5:1,
Table 1, entry 2). From this result, we reasoned that using a
Brgnsted acid alongside an apolar solvent would provide the
optimum conditions for this transformation, which indeed
proved to be the case: reaction & with MeSGH in
toluene at—78 °C provided a quantitative yield of THPs
14aand15a, this time in a>50:1 ratio, although now the
reaction time was increased from 90 s to 45 min (Table 1,
entry 4). The generality of the reaction under these optimized
conditions was demonstrated with a range of aldehydes
(Table 1). All those tested reacted similarly, with the methyl-
substituted system providing the lowest, although still good,
stereoselectivity.

In line with the two diastereoisomeric products being
epimeric at the carbinol center, Dedglartin oxidation of
the crude cyclization productisd/15aand14/15b, obtained
from 7aand7b, respectively, in both cases effected stereo-
convergence of the mixture to a single ketone product in
quantitative yield. Usefully, this keto functionality could then
be reduced to the corresponding THB with excellent
stereoselectivity using NaBHAXxial hydride attack accounts
for the formation of what was the minor THP diastereocisomer
from our intramolecular allylation (Scheme 4).

Scheme 4. Two-Step Epimerization of the 4-Hydroxyl Group
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Because a propargylsilarf is an intermediate in the
synthesis of cyclization precursof, we were keen to
investigate whether such a pendant nucleophile might cyclize
onto an aldehyde to produce an allene-containing THP.

To this end, DIBALH reduction of estet2b proceeded
uneventfully to provide aldehydisb. Cyclization under our
optimized allylation conditions, however, was slow (40 min)
and led to a range of products, including the desired allene

(17) Eliel, E. L.; Wilen, S. H. IrStereochemistry of Organic Compounds
J. Wiley and Sons: New York, 1994; Chapter 11.4, pp-7357.

(18) Clive, D. L. J.; He, X.; Postema, M. H. D.; Mashimbye, M.JJ.
Org. Chem.1999,64, 4397.
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17bin 56% yield. Suspecting the slower rate of reaction was
allowing other reaction pathways to be followed, we returned
to CH.CI, as solvent and with this change were pleased to
obtain an 83% yield of the desired alled@b as a 10:1
mixture of diastereoisomers (relative stereochemistry of
major diastereoisomer in line with our previous observations)
(Scheme 5). Aldehydd6a possessing a Ph substituent

Scheme 5. Stereoselective Synthesis of Allene-Containing
THPs
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reacted with even better stereoinduction, with all&fi@now
being obtained as a single diastereoisomer (88%).

In summary, a highly stereoselective route to 2,4,5-
trisubstituted THPs has been developed. The key step
involves an intramolecular allylation of Z)-allylsilane onto
an aldehyde under Brgnsted acid activation. Complete 1,4-
stereoinduction accounts for the formation of only two out
of the possible four THP products. The level of 1,3-
stereoinduction is optimal when the reaction is carried out
in an apolar solvent, which is in accord with electrostatics
being key to controlling the sense of 1,3-induction. Signifi-
cantly, the observed relative stereochemistry of the major
diastereoisomer is complementary to 2,4,5-trisubstituted
THPs prepared by alternative methods. The strategy is readily
modified to provide different product outcomes. Thus, an
oxidation—reduction sequence on THE} provides an
efficient route to the all-equatorial produd, whereas
substituting the allylsilane nucleophile for a propargylsilane
allows the formation of a versatile allene-containing THP
17, again with high stereoselectivity. Future work will focus
on extending this cyclization strategy to the preparation of
other oxygen heterocycles.
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