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Abstract: Our previously reported intramolecular δ-selective C-H bond oxidation by dioxiranes, generated
in situ from activated ketones, offers a novel approach to the synthesis of tetrahydropyrans. To synthesize
substituted tetrahydropyrans in a stereoselective manner, we examined the effects of alkyl, nitrogen, and
oxygen substituents at the R-, â-, and γ-sites of ketones on the stereoselectivities of intramolecular C-H
bond oxidation reactions. Ketones 1-4 with a methyl group at the R-, â-, or γ-site showed the diastereo-
selectivities that agreed with the trans/cis ratio predicted by considering steric interactions in the transition
states. Furthermore, ketones 5 and 6 carrying a bulky phthalimido group at the R- and the â-sites,
respectively, exhibited excellent stereoselectivity, each affording only one diastereomer. However, ketones
9 and 10 bearing â-oxygen substituents gave reversed stereoselectivity as compared to those with â-alkyl
or nitrogen substituents, possibly because of the hydrogen bonding interaction in the transition state. For
ketones 12 and 13, both bearing methyl and silyloxy groups, the hydrogen bonding interaction was probably
more important than the steric effect on the diastereoselectivity of intramolecular oxidation of C-H bonds.

Introduction

Substituted tetrahydropyrans are important building blocks
of many biologically active natural products such as marine
toxins and polyether antibiotics.1 Thus, the development of
efficient methods for the construction of functionalized tetrahy-
dropyrans has received considerable attention.2

Intramolecular cyclizations through the formation of C-O
and C-C bonds represent the two main approaches for the
synthesis of multisubstituted tetrahydropyrans.3,4 These cycliza-
tions usually proceeded with good to excellent stereoselectivities,
generally governed by the steric interactions developed between

substituents in the transition states of cyclizations. Despite the
success of those methods, the search for a novel strategy for
the efficient assembly of multifunctionalized tetrahydropyrans
continues to be a significant goal in organic synthesis.

Recently we developed a novel method for the synthesis of
tetrahydropyrans via dioxirane mediated regioselective intramo-
lecular hydroxylation.5-7 Unlike the currently employed methods
involving formations of C-O and C-C bonds, our approach
involved a concerted intramolecular oxidation of unactivatedδ
C-H bonds of ketones to giveδ-hydroxy ketones, which then
cyclized to afford tetrahydropyrans (Scheme 1).8

In this work, we investigated the substituent effects on the
stereoselective oxidation of unactivated C-H bonds of ketones.
We found that substituents (such as methyl, nitrogen, and
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J. L.; Martin, J. D.Chem. ReV. 1995, 95, 1953. (b) Faul, M. M.; Huff, B.
E. Chem. ReV. 2000, 100, 2407.

(3) For recent examples concerning the construction of tetrahydropyrans via
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oxygen substituents) on the aliphatic carbon chains exhibited
remarkable effects on the stereoselectivities of those intramo-
lecular C-H bond oxidation reactions. Besides the steric effects
observed in the oxidation of ketones with methyl and phthal-
imido groups, an unexpected hydrogen bonding interaction was
found to play an important role in stereoselective hydroxylation
of ketones bearingâ-oxygen substituents.

Results

To examine the effect of substituents on regioselective
intramolecular oxidation of unactivated C-H bonds, we de-
signed and synthesized a series of ketones bearing different
substituents at theR-, â-, and γ-sites.9 We first investigated
the effect of aâ-methyl group. We chose CF3 and COOCH3
substituted ketones due to their high activities in intramolecular
C-H bond oxidation reactions. As shown in Table 1, oxidation
of ketone1 was performed by adding 5.0 equiv of Oxone and
15.0 equiv of NaHCO3 to a 10 mM solution of ketone1 in a
1.5:1 mixture of CH3CN and aqueous Na2‚EDTA solution (0.4
mM) at room temperature for 4.5 h. Oxidation of1 took place
regioselectively at theδ-site of the keto group to afford a mixture
of trans-hemiketal1a andcis-hemiketal1b in a 1:10 ratio in
62% yield (entry 1). Similar to1, oxidation of trifluoromethyl
ketone2 providedcis-hemiketal2b as the major product (2a:
2b ) 1:14.7) in 85% yield (entry 2). Note that at the anomeric
center C1, the hydroxyl group prefers to be axial, while the ester
and trifluoromethyl groups prefer to be equatorial.8,10 The
stereochemistry at C3 and C5 of 1a/b and2a/b was determined
by 2D-NOESY NMR experiments.9 We then examined the
effect of R- and γ-methyl groups on the selective oxidation

reactions. Ketone3 bearing anR-methyl group underwent
oxidation smoothly to yield a mixture of hemiketals in favor of
the trans-isomer3a (3a:3b ) 3.4:1) in 89% yield (entry 3),
whereas oxidation of ketone4 bearing a γ-methyl group
furnishedtrans-hemiketal4a as the major product (4a:4b )
3.6:1) in 78% yield (entry 4).

In view of the interesting effects of methyl groups on the
diastereoselective oxidation of C-H bonds, it is very appealing
to probe whether other substituents would also exhibit the same
stereochemical control. Therefore, we examined the substituent
effect of a more sterically demanding phthalimido group. Of

(7) For selected references regarding dioxirane C-H bond oxidation reactions,
see: (a) Murray, R. W.; Jeyaraman, R.; Mohan, L.J. Am. Chem. Soc.1986,
108, 2470. (b) Mello, R.; Fiorentino, M.; Fusco, C.; Curci, R.J. Am. Chem.
Soc. 1989, 111, 6749. (c) Bovicelli, P.; Lupattelli, P.; Mincione, E.;
Prencipe, T.; Curci, R.J. Org. Chem.1992, 57, 5052. (d) Bovicelli, P.;
Gambacorta, A.; Lupattelli, P.; Mincione, E.Tetrahedron Lett.1992, 33,
7411. (e) Bovicelli, P.; Lupattelli, P.; Fiorini, V.; Mincione, E.Tetrahedron
Lett.1993, 34, 6103. (f) Kuck, D.; Schuster, A.; Fusco, C.; Fiorentino, M.;
Curci, R.J. Am. Chem. Soc.1994, 116, 2375. (g) Curci, R.; Detomaso, A.;
Prencipe, T.; Carpenter, G. B.J. Am. Chem. Soc.1994, 116, 8112. (h)
Asensio, G.; Castellano, G.; Mello, R.; Gonzalez-Nunez, M. E.J. Org.
Chem.1996, 61, 5564. (i) Curci, R.; Detomaso, A.; Lattanzio, M. E.;
Carpenter, G. B.J. Am. Chem. Soc.1996, 118, 11089. (j) Adam, W.; Curci,
R.; D’Accolti, L.; Dinoi, A.; Fusco, C.; Gasparrini, F.; Kluge, R.; Paredes,
R.; Schulz, M.; Smerz, A. K.; Veloza, L. A.; Weinkotz, S.; Winde, R.
Chem.-Eur. J. 1997, 3, 105. (k) Gonzalez-Nunez, M. E.; Royo, J.;
Castellano, G.; Andreu, C.; Boix, C.; Mello, R.; Asensio, G.Org. Lett.
2000, 2, 831. (l) Curci, R.; D’Accolti, L.; Fusco, C.Tetrahedron Lett.2001,
42, 7087. (m) D’Accolti, L.; Fusco, C.; Lucchini, V.; Carpenter, G. B.;
Curci, R. J. Org. Chem.2001, 66, 9063. (n) Gonzalez-Nunez, M. E.;
Castellano, G.; Andreu, C.; Royo, J.; Baguena, M.; Mello, R.; Asensio, G.
J. Am. Chem. Soc. 2001, 123, 7487.

(8) These hemiketals bearing a C-1 axial hydroxy group and an equatorial
carboxylate group share a common cyclic skeleton with biologically
important sialic acids. For selected references regarding synthesis of sialic
acids, see: (a) Smith, D. B.; Wang, Z.; Schreiber, S. L.Tetrahedron1990,
46, 4793. (b) DeNinno, M. P.Synthesis1991, 583. (c) Hu, Y.-J.; Huang,
X.-D.; Yao, Z.-J.; Wu, Y.-L.J. Org. Chem.1998, 63, 2456. (d) Schlessinger,
R. H.; Pettus, L. H.J. Org. Chem.1998, 63, 9089. (e) Burke, S. D.; Sametz,
G. M. Org. Lett.1999, 1, 71. (f) Li, L.-S.; Wu, Y.-L.; Wu, Y.Org. Lett.
2000, 2, 891. (g) Burke, S. D.; Voight, E. A.Org. Lett.2001, 3, 237. (h)
Voight, E. A.; Rein, C.; Burke, S. D.Tetrahedron Lett.2001, 42, 8747.

(9) See the Supporting Information.
(10) For references regarding experimental and theoretical calculations of the

anomeric effect of tetrahydropyrans, see: (a) Booth, H.; Dixon, J. M.;
Khedhair, K. A.Tetrahedron1992, 48, 6161. (b) Salzner, U.; Schleyer, P.
v. R. J. Org. Chem.1994, 59, 2138. (c) Cortes, F.; Tenorio, J.; Collera,
O.; Cuevas, G.J. Org. Chem.2001, 66, 2918.

Scheme 1 Table 1. Selective Oxidation of Ketones 1-13a

a Unless otherwise indicated, all reactions were carried out with a 10
mM solution of ketone in a 1.5:1 mixture of CH3CN and aqueous Na2‚EDTA
solution (0.4 mM) containing 5.0 equiv of Oxone and 15.0 equiv of NaHCO3
at room temperature.b Unless otherwise indicated, the trans/cis ratio was
determined by1H NMR. c Yield of isolated product after flash column
chromatography, and the conversion was shown in parentheses.d Trans/
cis ratio was determined by converting4a and 4b to the corresponding
lactones. See the Supporting Information.e Reaction was carried out at 15
°C. f Reaction was carried out at 0°C. g Trans/cis ratio was determined
from the ratio of the isolated products after flash column chromatography.
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significant importance, oxidation reactions of ketone5 bearing
an R-phthalimido group and ketone6 with a â-phthalimido
group afforded exclusivelytrans-isomer5a andcis-isomer6a
in 45 and 54% yields, respectively (Table 1, entries 5 and 6).
This excellent stereoselectivity in oxidation was probably due
to the larger size of the phthalimido group. However, for ketone
7 possessing aγ-phthalimido group, oxidation failed to provide
any identifiable product with complete consumption of7 in 14
h (entry 7).

We then investigated the effect of oxygen substituents on
the C-H bond oxidation reactions. Ketone8 with anR-methoxy
group underwent oxidation to offer a 1:1 mixture of hemiketals
8a and8b in poor yield (9%) (Table 1, entry 8). Surprisingly,
oxidation reactions of ketones9 and10 bearing OTBDMS and
OR (R) Bu-t) groups, respectively, at theâ-positions yielded
trans-isomers9a and10aas the major products in 63 and 76%
yields, respectively (9a:9b ) 2.7:1;10a:10b ) 2.7:1) (entries
9 and 10). Thistrans-selectivity is opposite to thecis-selectivity
observed in the oxidation reactions of ketones1, 2, and6 bearing
â-methyl andâ-phthalimido groups (entries 9 and 10 vs entries
1, 2, and 6). No identifiable product could be isolated in the
oxidation reaction of ketone11 carrying an acetoxy group at
the γ-site (entry 11).

Finally, we studied the oxidation reactions of ketones
containing two different substituents. Oxidation of ketone12
bearing aâ-OTBDMS group and aγ-methyl group in an anti
relationship offered12aas the major product (12a:12b ) 2.3:

1) in 53% yield. On the other hand, ketone13 with a
â-OTBDMS group and a synγ-methyl group underwent an
oxidation reaction to generate hemiketal13a as the major
product (13a:13b ) 3.1:1) in 65% yield.

Discussion

Intramolecular oxidation reactions of ketones1-6, 8-10, 12,
and13 occurred in a highly regioselective manner at theδ-site
of the ketone group and afforded cyclic hemiketals as the major
products, independent of the substituents on the aliphatic carbon
chains and the reactivities of ketones. In principle, for each of
the ketones1-11bearing substituents at theR-, â-, andγ-sites,
there are two possible tetrahydropyran products, trans and cis
(referring to the stereochemical relationship between the site
bearing the substituent and theδ-site), formed by oxidation of
δ C-Ha and C-Hb bonds, respectively (Scheme 2).

To rationalize the diastereoselectivities observed in thoseδ
C-H bond oxidation reactions, the transition state geometries
for the oxidation of ketones1-4 bearing methyl substituents
are analyzed. Given the known spiro geometry for the transition
state of δ C-H bond oxidation,5,11 there are two possible
transition states for each dioxirane bearing a methyl group at
the R-, â-, or γ-site (Figure 1). In the favored transition states
A, D, andF, all of the substituents are situated at the equatorial
positions. In the disfavored transition statesB, C, andE, the
R-, â-, or γ-methyl group is located in an axial orientation,
resulting in unfavorable 1,3-diaxial interactions.12 For the
oxidation reactions ofR- and γ-methyl substituted ketones3
and4, the presence of one pair of 1,3-diaxial CH3/H interaction

(11) For references regarding theoretical calculations supporting a spiro and
concerted transition state, see: (a) Shustov, G. V.; Rauk, A.J. Org. Chem.
1998, 63, 5413. (b) Du, X.; Houk, K. N.J. Org. Chem.1998, 63, 6480. (c)
Glukhovtsev, M. N.; Canepa, C.; Bach, R. D.J. Am. Chem. Soc.1998,
120, 10528.

Figure 1. Possible transition states for oxidation reactions of ketones1-4.

Scheme 2

Figure 2. Possible transition state for the oxidation reactions of ketones9
and10.
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(0.85 kcal/mol) in the disfavored transition statesC andE is
anticipated to give a trans/cis ratio of 4.3:1 at 20°C. For the
oxidation of â-substituted ketones1 and 2, the presence of a
1,3-diaxial CH3/O interaction in addition to the 1,3-diaxial
CH3/H interaction makes the transition stateB even more
unfavorable than transition statesC and E. Thus, higher
diastereoselectivity is expected for oxidation of1 and 2. We
were delighted to find that the observed product distributions
agreed well with the above predictions (Table 1, entries 1-4).

As the steric size of a phthalimido group is much larger than
that of a methyl group,13 higher diastereoselectivities are
expected in the oxidation of ketones5 and 6. This is indeed
confirmed by the exclusive formation of a single isomer in the
oxidation of ketone5 or 6 (Table 1, entries 5 and 6). The good
correlation between steric interaction and diastereoselectivity
lends a strong support for the transition state models proposed
in Figure 1.

However, the transition state models based on steric argu-
ments (Figure 1) could not be used to rationalize the unexpected
trans-selectivity in the oxidation reactions ofâ-oxygen substi-
tuted ketones9 and 10 (Table 1, entries 9 and 10). It is
interesting to note that the1H NMR chemical shifts of the
hydroxyl groups oftrans-9aandtrans-10ain CDCl3 were found
to be 6.25 and 6.56 ppm, respectively, which are much more
downfield than those of free hydroxyl groups. Therefore, the
axial hydroxyl groups oftrans-9a andtrans-10awere intramo-
lecularly hydrogen bonded to the axial OTBDMS and OR
(R ) Bu-t) groups, respectively, which may offer a clue to the
transition states (Figure 2). One possibility is that the favorable
hydrogen bonding interactions of a bridging water molecule with
the axialâ-oxygen substituent and the pseudoaxial oxygen atom
of dioxirane in transition stateG provide certain stabilization
to counteract the unfavorable steric and electrostatic repulsions
between those two axial groups (Figure 2),14,15resulting intrans-
9a or 10a as the major product.

Similar to trans-9a/10a, the1H NMR chemical shifts of the
hydroxyl groups of 3,5-trans-12aand 3,5-trans-13a(entries 12

and 13) in CDCl3 were also found in the downfield region (5.96
and 6.09 ppm, respectively), and they remained unchanged upon
dilutions with CDCl3 (from 40 to 0.7 mM).9 These experiments
suggested that the hydroxyl groups of 3,5-trans-12a and 3,5-
trans-13a were intramolecularly hydrogen bonded. The 3,5-
trans-selectivity might be explained by the transition state
models illustrated in Figure 3. For ketone12, the disfavored
1,3-diaxial CH3/H interaction in transition stateH led to the
formation of minor isomer12b, whereas the favored transition
stateI with intramolecular hydrogen bonding resulted in major
isomer12a. For the oxidation of ketone13, 3,5-cis-isomer13b
came from transition stateJ, in which all of the substituents
were located at equatorial positions, whereas transition stateK
involving hydrogen bonding gave rise to major isomer13a. The
preferred formation of 3,5-trans products suggested that the
favorable hydrogen bonding interactions for the axialâ-OTB-
DMS group outweigh the unfavorable steric interactions en-
countered for axialγ-methyl group in transition stateK . To
summarize, ketones9-10 and12-13 bearingâ-oxygen sub-
stituents always afforded 3,5-trans-isomers as the major products
regardless of the presence of the methyl group on the aliphatic
carbon chains.

Conclusion

In summary, we have carried out a systematic investigation
on the intramolecularδ C-H bond oxidation of ketones bearing
alkyl, nitrogen, and oxygen substituents on the aliphatic carbon
chains. We found that those substituents exerted remarkable
effects on the diastereoselectivities ofδ-hydroxylation reactions.
Transition state models were proposed to rationalize the
observed diastereoselectivities in the oxidation reactions based
on steric and hydrogen bonding interactions. This strategy allows
for the assembly of biologically important multifunctionalized
tetrahydropyran systems from simple acyclic precursors. Future
work will be directed at exploring the potential of this method
in natural product synthesis.

Experimental Section

General Procedure for Intramolecular δ C-H Bond Oxidation
(Table 1, Entry 1). To an acetonitrile solution (8.4 mL) of ketone1
(0.03 g, 0.14 mmol) at room temperature was added an aqueous Na2‚
EDTA solution (5.6 mL, 0.4 mM). To this reaction mixture was added
a mixture of Oxone (0.43 g, 0.70 mmol) and NaHCO3 (0.18 g, 2.17

(12) Eliel, E. L.; Wilen, S. H.; Mander, L. N.Stereochemistry of Organic
Compounds; Wiley & Sons: New York, 1994; pp 690-709.

(13) Because a phthalimido group is much larger than a phenyl group, theA
value of the phthalimido group should be much larger than that of the phenyl
group (2.8 kcal/mol). See ref 12.

(14) It was known in the literature that the reactivity of dioxiranes in C-H
bond oxidation could be enhanced by hydrogen bonding between the oxygen
atoms of dioxiranes and hydrogen bond donor solvents. Furthermore, the
hydrogen bonding properties of dioxiranes have been employed to
rationalize the site selectivity in some C-H bond oxidation reactions. For
related references, see: (a) Murray, R. W.; Gu, H.J. Chem. Soc., Perkin
Trans. 21994, 451. (b) Murray, R. W.; Gu, H.J. Org. Chem.1995, 60,
5673.

(15) A similar stabilization of transition states by hydrogen bonding between
dioxiranes and a water molecule has been suggested for dioxirane
epoxidation reactions, see: Jenson, C.; Liu, J.; Houk, K. N.; Jorgensen,
W. L. J. Am. Chem. Soc.1997, 119, 12982.

Figure 3. Possible transition states for oxidation reactions of ketones12 and13.
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mmol). After being stirred at room temperature for 4.5 h, the reaction
mixture was added to brine and extracted with EtOAc. The combined
organic layers were dried over anhydrous MgSO4 and concentrated.
The residue was purified by flash column chromatography (10% EtOAc
in n-hexane) to afford a mixture of1a and1b (0.026 g, 62% yield) as
a colorless syrup.
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