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ABSTRACT

Reaction of homoallylic alcohols with aldehydes in the presence of TFA gives, after hydrolysis of the ester, 4-hydroxy-2,3,6-trisubstituted
tetrahydropyrans with the creation of three new stereocenters in a single-pot process. By varying the aldehyde component, a variety of
functionalized side chains are installed at C-2. The utility of this approach is extended to the enantioselective synthesis of tetrahydropyrans
with >99% ee.

Substituted tetrahydropyrans are common structural features
of many natural products, and some such as polycavernoside
A possess substituents at C-2, C-3, C-4, and C-6, all in an
equatorial position.1 Several approaches to the synthesis of
the core of such heterocycles have been reported.2

A strategy that is gaining importance for the stereoselective
synthesis of tetrahydropyrans is the acid-promoted Prins-
type reaction involving cyclization of an oxycarbenium ion
generated in situ either from reaction of the parent homo-
allylic alcohol with an aldehyde or from a homoallylic acetal3

or R-acetoxy ether.4 Such reactions have been widely used
for the construction of di- and trisubstituted tetrahydropyr-

ans;5 however, there have been few reports of this approach
being applied to the creation of more complex substitution
patterns. Notable examples include the work of Rychnovsky
and co-workers6 involving conversion of 4-allyl-1,4-dioxanes
to 4-chloro-2,3,6-trisubstituted tetrahydropyrans in good
yield. This methodology was extended to the synthesis of
the pentasubstituted tetrahydropyran fragment of phor-
boxazole A by the BF3‚OEt2-mediated cyclization of an
R-acetoxy ether.7 We now report our investigations leading
to a flexible and efficient approach to the stereocontrolled
synthesis of 4-hydroxy-2,3,6-trisubstituted tetrahydropyrans
from homoallylic alcohols and aldehydes with the creation
of three new stereocenters in a single-pot process.

We have already shown that under acidic conditions,
homoallylic acetal1 can be converted to 2,4,5-trisubstituted
tetrahydropyrans2 in good yield and with excellent stereo-
control, all substituents being in an equatorial position
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(Scheme 1).8 By judicious choice of reaction conditions, the
group at C-4 can be either a halide, ester, or acetamide. It
was envisaged that if a tetrahydropyranyl (THP)- rather than
MEM-protected alcohol were used in the acid-mediated
cyclization, then a tetrasubstituted tetrahydropyran would be
formed (Scheme 2).9 Thus, the THP-protected (E)-homo-

allylic alcohol 3 was treated with SnCl4,10 giving the
heterocycle4 with all substituents in an equatorial position
as apparent from the1H NMR spectrum cf.δ 4.22 (ddd,J
) 11.9, 10. 8, 4.8 Hz, 4-H) andδ 2.21 (ddd,J ) 12.8, 4.8,
1.8 Hz, 5-Heq).

Unfortunately, the yield of4 was less than 50% and so
this approach was abandoned in favor of the in situ formation
of the intermediate oxycarbenium ion from reaction of a
homoallylic alcohol with an aldehyde (Scheme 3).

This strategy has the advantage of being very flexible; by
judicious choice of the appropriate aldehyde, a range of
functionalized side-chains can be installed at C-2 of the

tetrahydropyran in a single-pot process.11 The stereochemical
outcome of the reaction was first explored using both (E)-
and (Z)-alkenes5 and 7. Thus, treatment of the (E)-
homoallylic alcohol5 with ethyl aluminum dichloride and
propanal gave 4-chloro-2,3,6-trisubstituted tetrahydropyran
6 with all substituents in the equatorial position. In contrast,
treatment of the (Z)-homoallylic alcohol7 under similar
conditions gave diastereomers8 and 6 in a 3:1 ratio. The
structure of8 was confirmed by NOE studies, which clearly
revealed that the substituent at C-3 was axial, by an
enhancement (5.9%) between 5-Hax and the 3-CH2. These
results are in accord with those of Thompson12a and
Rychnovsky12b on the cyclization of (Z)-homoallylic acetals
andR-acetoxy ethers.

Since many natural products incorporating substituted
tetrahydropyrans possess an alcohol at C-4, we concentrated
the remainder of this study on the synthesis of 4-hydroxy-
2,3,6-trisubstituted tetrahydropyrans starting from homo-
allylic alcohol 10 (Scheme 4). Alkyne9 was prepared by

coupling 1-methoxybut-3-yne with propylene oxide. Reduc-
tion of 9 using sodium in liquid ammonia in the presence of
tert-butyl alcohol gave homoallylic alcohol10 in 94% yield
(Scheme 4). The ratio of (E):(Z)-alkenes was approximately
9:1 as determined by NMR spectroscopy. Reaction of10
with propanal in the presence of TFA gave tetrahydropyrans
11 and12 in 97% yield and as a 93:7 mixture of epimers at
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Scheme 1. Cyclization of Homoallylic Acetals

Scheme 2. Cyclization of3

Scheme 3. Cyclization of (E)- and (Z)-Homoallylic Alcohols

Scheme 4. Cyclization of10a

a Conditions: (a) Na, NH3, tBuOH, -30 °C (94%); (b) EtCHO,
TFA, CH2Cl2 (97%).
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C-3 in favor of the all-equatorial diastereomer (as determined
by 1H and13C NMR spectroscopy). This result is in accord
with the stereochemical outcome of the cyclizations il-
lustrated in Scheme 3 when the ratio of (E):(Z)-alkenes in
the starting material10 is taken into account.

To investigate the generality of this cyclization process,
homoallylic alcohol10was reacted with a range of aldehydes
(Table 1).

In each case, the resultant trifluoroacetate was hydrolyzed
with potassium carbonate in methanol to give the 4-hydroxy-
2,3,6-trisubstituted tetrahydropyran. The products were ob-
tained in good yields, but the reactions were less efficient
when R,â-unsaturated or benzylic aldehydes were used
compared with aldehydes with a saturated centerR to the
carbonyl (i.e., entries i and vii).

If these reactions are to be used to good effect in natural
product synthesis, clearly they need to be readily adapted
for the enantioselective synthesis of tetrahydropyrans. Re-
cently, we have shown that, in the case of a benzylic
homoallylic alcohol possessing an electron-donating group,
e.g.,15 (89% ee), that loss of stereochemical integrity was
observed during the cyclization to give16 (<5% ee), a
process that is believed to be occurring via a stabilized
benzylic cation intermediateI (Scheme 5).13 To ensure than
no racemization is occurring during the cyclizations to the
tetrasubstituted tetrahydropyrans, (S)-homoallylic alcohol (S)-
10 was prepared from (S)-propylene oxide in 99% ee (as
determined from the Mosher’s ester derivatives) and as ca.
9:1 mixture of (E):(Z)-isomers (Scheme 6). Treatment of (S)-
10 with 3-phenylpropanal and TFA gave, after hydrolysis

of the esters with potassium carbonate, the diastereomeric
alcohols13gand14g in approximately a 93:7 ratio and 81%
overall yield. The products were separated by HPLC and
the major diastereomer13g analyzed by chiral HPLC
confirming that it had retained the stereochemical integrity
of the starting (S)-homoallylic alcohol (S)-10of >99% ee.

In this case, using homoallylic alcohol10 (in which the
side-chain is not aromatic) would not favor formation of the
stabilized carbocationI. When propanal and a benzylic
alcohol with an electron-donating substituent, e.g.,15, is used
in the Prins cyclization, the symmetrical tetrahydropyran17
predominates (Scheme 5). We proposed that17 is formed
via a side-chain exchange process initiated by an oxonia-
Cope rearrangement (II to III ).13 The outcome of the reaction
will be dependent upon the equilibria for the sequenceI to

(13) (a) Crosby, S. R.; Harding, J. R.; King, C. D.; Parker, G. D.; Willis,
C. L. Org. Lett.2002,4, 577. (b) Crosby, S. R.; Harding, J. R.; King, C.
D.; Parker, G. D.; Willis, C. L.Org. Lett.2002,4, 3407.

Table 1. Reaction of Homoallylic Alcohol10 with a Range of
Aldehydesa

entry R yields 13 + 14 (%)

i 13a H2CdCHCH2CH2 97
ii 13b CH3CHdCH 47
iii 13c H2CdCH 65
iv 13d Ph 63
v 13e 2-BrC6H4 65
vi 13f 4-(OMe)C6H4 39b

vii 13g PhCH2CH2 84
viii 13h 73

a Conditions: (a) Na, NH3, tBuOH, -30 °C (94%); (b) EtCHO, TFA,
DCM (97%) b Starting material (39%) was recovered.

Scheme 5a

a Conditions: BF3‚Et2O, AcOH, TMSOAc.

Scheme 6. Cyclization of Enantioenriched Homoallylic
Alcohols
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II to III to 18 (Scheme 5). For example, if 4-methoxyben-
zaldehyde were used in the cyclization reaction instead of
propanal, the stereochemical integrity of an enantiopure
starting material may be lost. To explore this, homoallylic
alcohol (S)-10was treated with 4-methoxybenzaldehyde in
the presence of TFA giving, after hydrolysis of the esters, a
93:7 mixture of the diastereomeric alcohols13f and 14f
(Scheme 6). The major product was shown to be essentially
a single enantiomer from analysis of the Mosher’s ester
derivatives. In this case, TFA was used in the cyclization
process, which contrasts with the reaction shown in Scheme
5, where BF3‚Et2O, AcOH, and TMSOAc (as a fluoride trap)
were used.

Recently, Rychnovsky and co-workers11 have shown that
the extent of side-chain exchange processes and partial
racemization in acid-promoted Prins cyclizations of benzylic
homoallylic alcohols and aldehydes is dependent not only
on the substituents on the aromatic ring but also on the
reaction conditions employed. While reaction of a benzylic
homoallylic alcohol with propanal and BF3‚Et2O, AcOH, and
TMSOAc led to partial racemization, using SnBr4, Rych-
novsky and co-workers found that the reaction was more
efficient and that the stereochemical integrity of the starting
material was maintained in the resultant 4-bromotetrahydro-
pyran.

Thus, in the final part of this investigation, we examined
the reaction of homoallylic alcohol (S)-10and 4-methoxy-
benzaldehyde with BF3‚Et2O, TMSOAc, and AcOH and
obtained the product13f in 66% yield and>99% ee, similar
to the results obtained using TFA followed by hydrolysis of
the resultant trifluoroacetate (Scheme 6). In this case, the
reaction conditions (i.e., TFA or BF3‚Et2O, TMSOAc, and

AcOH) do not effect the overall outcome of the reaction and
conversion of the oxycarbenium ion or oxonia-Cope rear-
rangement intermediates (analogous toII and III) to the
tetrasubstituted tetrahydropyran is the preferred pathway.

In conclusion, a flexible and efficient approach to the
synthesis of 4-hydroxy-2,3,6-tetrasubstituted tetrahydropyrans
has been described involving the reaction of aldehydes,
homoallylic alcohols, and TFA with the creation of three
new stereocenters in a single-pot process. By changing the
aldehyde component, a variety of functionalized side-chains
can be installed at C-2. The method has been applied to the
enantioselective synthesis of tetrahydropyrans13f and13g
giving the products in good yields and>99% ee. This one-
pot reaction has exciting potential for use in natural product
synthesis. From the work described herein and from our
previous studies,13 it is apparent that care is needed in the
retrosynthetic analysis of tetrahydropyrans with an aromatic
side-chain at C-2 or C-6 (e.g., catechols fromPlectranthus
sylVestris13b). Ideally, the aromatic portion of the target
molecule should be derived from the requisite substituted
benzylic aldehyde, not from a benzylic homoallylic alcohol.
An alternative approach to the synthesis of such molecules
is the use of segment-coupling Prins cyclization.11
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