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A convenient method to obtain unknown chiral C2- and C3-functionalized aldono-1,4-lactone
derivatives starting from L-ascorbic acid, which would be valuable in the synthesis of derivatives
of various pharmacologically active agents for structure-activity studies, is described. The
practicality of this approach is demonstrated by the synthesis of a series of 5,6-O-isopropylidene-
2-allyl-3-keto-L-galactono-γ-lactone and 5,6-O-isopropylidene-3-allyl-2-keto-L-galactono-γ-lactone
derivatives using the thermal Claisen rearrangement of the corresponding 3-O- and 2-O-allyl
derivatives of 5,6-O-isopropylidene-L-ascorbic acid, respectively, followed by stereospecific reduction
to the corresponding alcohols. The synthetic steps are shown to be efficient, and enantiospecific,
and they proceed with high yields.

Introduction

In addition to the well-known physiological and phar-
macological properties of L-ascorbic acid,1 it has also been
commonly used as an inexpensive chiral synthon for the
synthesis of a variety of natural products and pharma-
cologically active agents.2 In addition to the common
usage of the oxidatively cleaved C6-C3 fragment of
ascorbic acid as a chiral synthon,2a-m the selective
alteration or modification of its C2- and/or C3-OH
functional groups provides a unique route to different
classes of aldono-1,4-lactone derivatives which are im-
portant precursors for the synthesis of modified sugars
and non-carbohydrate natural compounds.3 One of the
widely used aldonolactones in the synthesis of natural
products is D-gulono-γ-lactone, also known as D-gulono-
1,4-lactone, which is easily obtained from L-gulono-γ-
lactone by intramolecular Walden inversion.4 Although
many aldonolactones are commercially available, they

can also be readily obtained by oxidation of the respective
monosaccharides. However, the corresponding C2- or C3-
substituted aldonolactone derivatives are largely un-
known.

Gulono-1,4-lactone is a very versatile precursor for a
large number of pharmacologically active agents and
natural products. For example, it is used as a precursor
in the synthesis of (a) rare sugars such as L-ribofuranose,
which are common starting materials for the synthesis
of new nucleoside antibiotics such as novobiocin and
antibacterial agents against Gram-positive bacteria,6 (b)
pharmacological agents for the suppression of abnormal
T-cell responses,7 (c) R-hydroxy-â-amino acid natural
products that are known to display a broad range of
biological activities, which include antibiotic, antifungal,
antitumor and potent aminopeptidase protease inhibi-
tors,8 and (d) non-carbohydrate natural alkaloids with
antitumor activity.9 Furthermore, gulono-1,4-lactone also
has applications in polymer chemistry for the synthesis
of potentially renewable, biomedical polymeric materials
that are biodegradable.10 In addition to the usefulness
of aldono-1,4-lactones as synthetic chemical precursors,11

both L-galactono-γ-lactone and L-gulono-γ-lactone are also
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the key intermediate precursors of vitamin C biosynthe-
sis in plants and animals, respectively.12 Therefore, a
direct and practical route to the synthesis of unknown
C2- and C3-substituted gulono-1,4-lactone derivatives
will be very valuable in the structure-activity studies
of the above pharmacological agents to improve their
pharamacokinetics and, thus, their therapeutic values.

Our previous studies have shown that C2-O- and C3-
O-allyl derivatives of 5,6-O-isopropylidene-L-ascorbic acid,

which are cyclic enol ethers, undergo facile thermal
Claisen rearrangement, providing excellent and conve-
nient access to nonaccessible C2- and C3-substituted
L-galactono-γ-lactones.5 In the present study, we further
extend our previous findings that thermal Claisen rear-
rangement of C2-O- and C3-O-allyl-L-ascorbic acid de-
rivatives easily provides a convenient stereocontrolled
entry to nonaccessible C2- and C3-substituted L-galac-
tono-γ-lactones.5 More importantly, we show that the
Claisen-rearranged products can be stereoselectively
reduced to produce a new series of C2-substituted L-gu-
lono-γ-lactone derivatives, which are synthetically more
demanding and could be used as chiral intermediates in
the synthesis of a range of important natural products
and pharmacologically active materials.3,4,6-12

Results and Discussion

We have previously reported the characterization of a
series of thermal Claisen-rearranged products of 5,6-O-
isopropylidene-3-O-allyl-L-ascorbic acid (A, Scheme 1)
and 5,6-O-isopropylidene-2-O-allyl-L-ascorbic acid (C,
Scheme 2) as the corresponding 5,6-O-isopropylidene-2-
allyl-3-keto-L-galactono-γ-lactone (B, Scheme 1) and 5,6-
O-isopropylidene-3-allyl-2-keto-L-galactono-γ-lactone (D,
Scheme 2), respectively.5 Although all the starting ma-
terials and rearranged products reported in this study5

were carefully characterized based on the literature
procedures available at the time, structural assignments
of three 3-O-acetyl-2-O-allyl (9C, 11C, and 13C out of
28 reported) ascorbate derivatives and their rearranged
products (Scheme 2; e.g., derivatives 9D and 11D) were
incorrect. This was mainly due to the unexpected facile
migration of the C3-O-acetyl group from the C3-O to
C2-O position under the C2-O-alkylation conditions, as
we and others have reported recently.13 In the present
study, we synthesized C3-O-acetyl derivatives listed in

(2) (a) Jung, M. E.; Shaw, T. J. J. Am. Chem. Soc. 1980, 102, 6304-
6311. (b) Ishikawa, T.; Ishii, H.; Shimizu, K.; Nakao, H.; Urano, J.;
Kudo, T.; Saito, S. J. Org. Chem. 2004, 69, 8133-8135. (c) Wei, C. C.;
De Bernardo, S.; Tengi, J. P.; Borgese, J.; Weigele, M. J. Org. Chem.
1985, 50, 3462-3467. (d) Wroblewski, A. E.; Karolczak, W. Tetrahedron
2003, 59, 6075-6081. (e) Wroblewski, A. E.; Glowacka, I. E. Tetrahe-
dron: Asymmetry 2002, 13, 989-994. (f) Abushanab, E.; Vemishetti,
P.; Leiby, R. W.; Singh, H. K.; Mikkilineni, A. B.; Wu, D. C.-J.; Saibaba,
R.; Panzica, R. P. J. Org. Chem. 1988, 53, 2598-2602. (g) Ermolenko,
L.; Sasaki, N. A.; Potier, P. Helv. Chim. Acta 2003, 86, 3578-3582.
(h) Yamagata, K.; Yamagiwa, Y.; Kamikawa, T. J. Chem. Soc., Perkin
Trans. 1 1990, 3355-3357. (i) Vargeese, C.; Abushanab, E. J. Org.
Chem. 1990, 55, 4400-4403. (j) Carlsen, P. H. J.; Misund, K.; Roe, J.
Acta Chem. Scand. 1995, 49, 297-300. (k) Emons, C. H. H.; Kuster,
B. F. M.; Vekemans, J. A. J. M.; Sheldon, R. A. Tetrahedron:
Asymmetry 1991, 2, 359-362. (l) Marco, J. L.; Rodriguez, B. Tetrahe-
dron Lett. 1988, 29, 1997-1998. (m) Ley, S. V.; Michel, P.; Trapella,
C. Org. Lett. 2003, 5, 4553-4555. (n) Krishna, P. R.; Lavanya, B.;
Sharma, G. V. M. Tetrahedron: Asymmetry 2003, 14, 419-427. (o)
Vekemans, J. A. J. M.; Dapperens, C. W. M.; Claessen, R.; Koten, A.
M. J.; Godefroi, E. F.; Chittenden, G. J. F. J. Org. Chem. 1990, 55,
5336-5344. (p) Poss, A. J.; Brodowski, M. H. Tetrahedron Lett. 1989,
30, 2505-2508. (q) Vekemans, J. A. J. M.; Franken, G. A. M.;
Dapperens, C. W. M.; Godefroi, E. F.; Chittenden, G. J. F. J. Org. Chem.
1988, 53, 627-633. (r) Bond, S.; Perlmutter, P. Chem. Commun. 2000,
567-568.

(3) De Lederkremer, R. M.; Varela, O. Adv. Carbohydr. Chem.
Biochem. 1994, 50, 125-209.

(4) Vaterlaus, B. P.; Kiss, J.; Spiegelberg, H. Helv. Chim. Acta 1964,
47, 381-390.

(5) Wimalasena, K.; Mahindaratne, M. P. D. J. Org. Chem. 1994,
59, 3427-3432.

(6) (a) Jeselnik, M.; Leban, I.; Polanc, S.; Kocevar, M. Org. Lett.
2003, 5, 2651-2653. (b) Takahashi, H.; Iwai, Y.; Hitomi, Y.; Ikegami,
S. Org. Lett. 2002, 4, 2401-2403. (c) Mansuri, M. M.; Farina, V.;
Starrett, J. E., Jr.; Benigni, D. A.; Brankovan, V.; Martin, J. C. Bioorg.
Med. Chem. Lett. 1991, 1, 65-68. (d) Ueda, Y.; Chuang, J. M.; Crast,
L. B.; Partyka, R. A. J. Org. Chem. 1988, 53, 5107-5113. (e) Ueda, Y.;
Chuang, J. M.; Crast, L. B., Jr.; Partyka, R. A. J. Antibiot. 1989, 42,
1379-1392. (f) Ueda, Y.; Chuang, J. M.; Fung-Tomc, J.; Partyka, R.
A. Bioorg. Med. Chem. Lett. 1994, 4, 1623-1628.

(7) Kicska, G. A.; Long, L.; Horig, H.; Fairchild, C.; Tyler, P. C.;
Furneaux, R. H.; Schramm, V. L.; Kaufman, H. Proc. Natl. Acad. Sci.
U.S.A. 2001, 98, 4593-4598.

(8) (a) Lee, J. H.; Lee, B. W.; Jang, K. C.; Jeong, I.-Y.; Yang, M. S.;
Lee, S. G.; Park, K. H. Synthesis 2003, 829-836. (b) Lee, J. H.; Yang,
M. S.; Kang, K. Y.; Moon, Y. H.; Park, K. H. Biosci. Biotechnol.
Biochem. 2004, 68, 714-720. (c) Hoover, D. J.; Damon, D. B. J. Am.
Chem. Soc. 1990, 112, 6439-6442. (d) Matsumoto, T.; Kobayashi, Y.;
Takemoto, Y.; Ito, Y.; Kamijo, T.; Harada, H.; Terashima, S. Tetrahe-
dron Lett. 1990, 29, 4175-4176. (e) Castro-Pichel, J.; Herranz, R.;
Garcia-Lopez, T. Synthesis 1989, 703-706. (f) Iizuka, K.; Kamizo, T.;
Harada, H.; Akahane, K.; Kubota, T.; Umeyama, H.; Kiso, Y. J. Chem.
Soc., Chem. Commun. 1989, 1678-1680. (g) Pearson, W. H.; Hines, J.
V. J. Org. Chem. 1989, 54, 4235-4237. (h) Ino, K.; Goto, S.; Nomura,
S.; Isobe, K.-I.; Nawa, A.; Okamoto, T.; Tomoda, Y. Anticancer Res.
1995, 15, 2081-2088. (i) Dzoljicacute, E.; Varagicacute, V. M. Fundam.
Clin. Pharmacol. 1987, 1, 307 (j) Umezawa, H.; Ishizuka, M.; Aoyagi,
T.; Takeuchi, T. J. Antibiot. 1976, 29, 857-859.

(9) Ibn-Ahmed, S.; Khaldi, M.; Chrétien, F.; Chapleur, Y. J. Org.
Chem. 2004, 69, 6722-6731.

(10) Yamanaka, C.; Hashimoto, K. J. Polym. Sci., Part A: Polym.
Chem. 2002, 40, 4158-4166.

(11) (a) Borcherding, D. R.; Scholtz, S. A.; Borchardt, R. T. J. Org.
Chem. 1987, 52, 5457-5461. (b) Lundt, I.; Frank, H. Tetrahedron 1994,
50, 13285-13298.

(12) (a) Wheeler, G. L.; Jones, M. A.; Smirnoff, N. Nature 1998, 393,
365-369. (b) Smirnoff, N.; Conklin, P. L.; Loewus, F. A. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 2001, 52, 437-467. (c) Smirnoff, N.;
Wheeler, G. L. Crit. Rev. Biochem. Mol. Biol. 2000, 35, 291-314. (d)
Crawford, T. C. Adv. Carbohydr. Chem. Biochem. 1981, 38, 287-321.
(e) Davey, M. W.; Gilot, C.; Persiau, G.; Østergaard, J.; Han, Y.; Bauw,
G. C.; Van Montagu, M. C. Plant Physiol. 1999, 121, 535-543.

(13) Olabisi, A. O.; Wimalasena, K. J. Org. Chem. 2004, 69, 7026-
7032.

SCHEME 1. Products of the Claisen
Rearrangement of C3-O-Allyl Derivatives of
5,6-O-Isopropylidene-L-ascorbic Acida

a 100% conversion of A to B was obtained in 6 h. b 1H-NMR
analysis of crude reaction mixtures indicated that the product is
a mixture of two diastereomers with >90% of the major.
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Scheme 2 by our newly developed direct C2-O-alkylation
method13 to resolve the ambiguity in the structural
assignments of the starting materials and the rearranged
products and confirmed that the previously reported 3-O-
acetyl-2-O-allyl ascorbate derivatives were not the C3-
O-acetyl-substituted derivatives as once reported,5 but
are the corresponding C2-O-acetyl-substituted deriva-
tives 2A, 5A, and 6A.13 Therefore, their Claisen-rear-
ranged products were also identical to the corresponding
C3-O to C2-allyl migrated products5 2B, 5B, and 6B
(Scheme 1). To determine the nature of the Claisen-
rearranged products of C3-O-acetyl-substituted deriva-
tives, for the first time, the rearranged products of a
series of C3-O-acetyl- and C2-O-allyl-substituted deriva-
tives (Scheme 2) were fully characterized and compared
with the rearranged products of the comparable C2-O-
acetyl- and C3-O-allyl-substituted derivatives (Scheme
1).

In our recent study,13 the detailed synthesis and
unequivocal spectroscopic characterization of the starting
materials, 1A-7A and 8C-13C, listed in Schemes 1 and
2, were reported. As previously reported,5 the Claisen
rearrangement of C3-O-allyl ascorbate derivatives listed
in Scheme 1 quantitatively produced the C2-allylated
products in about 6 h in boiling toluene. The 1H NMR
analysis of the crude reaction mixtures revealed that both
possible diastereomers were produced with more than
73% diastereomeric excess (>90% of the major isomer
formed by the approach of allyl fragment from the bottom
face opposite to the bulky C4-substituent; Scheme 1).

In contrast to the smooth rearrangement of C3-O-allyl
ascorbate derivatives under relatively mild conditions
(Scheme 1), the rearrangement of their C2-O-allyl coun-
terparts (Scheme 2) was found to be much slower and
required much more drastic reaction conditions. For
example, C2-O-allyl ascorbate derivatives such as 8C-
11C (Scheme 2) typically require about 12 h of refluxing
in toluene for the complete conversion, in comparison to

6 h for corresponding C3-O-allyl ascorbate derivatives
(Scheme 1). In addition, only a single diastereomer was
detected by 1H NMR analysis of the crude rearranged
reaction mixtures of C2-O-allyl derivatives (Scheme 2).
Sterically more hindered C2-O-allyl ascorbate derivatives
such as 12C and 13C do not undergo any significant
rearrangement, even in boiling xylene or styrene for 72
h. The relative unfavorability for the rearrangement of
C2-O-allyl in comparison to C3-O-allyl derivatives could
be due to a combination of steric and electronic effects.
First, the steric constraints on the transition state for
the C2-O to C3 allyl migration (Scheme 2) are more
pronounced relative to that of the C3-O to C2 migration
(Scheme 1), due to the presence of a bulky 1,2-O-
isopropylidene-1,2-ethanediol moiety at the C4 of the
molecule. Second, the relatively high lability of C3-O-
allylic ether linkage compared to that of the C2-O-allylic
ether linkage due to the direct interaction of the C3-O
with the conjugated enone moiety could also facilitate the
rearrangement to produce the thermodynamically more
stable C2-allylated products.13 Therefore, the facile rear-
rangement of the C3-O-allyl derivatives in comparison
to the noncatalyzed conventional Claisen rearrangement,
which requires high temperatures (150-240 °C), suggests
that the thermodynamic lability of C3-O-allylic ether
bond facilitates their efficient rearrangement to the C2-
allylated products. This notion is further supported by
the observation that the diallyl ascorbate derivative, 3A,
exclusively rearranged to produce the C2-allylated prod-
uct, 3B, and not the potential corresponding C3-allylated
product.

The 13C NMR spectra of C3-O to C2 and C2-O to C3
(Table 1) rearranged products show some interesting and
characteristic features that could be used in their un-
equivocal identification. For example, the C3 and C2
carbonyl signals of two series of rearranged products, B
and D, appear in the ranges of 205.7-200.9 and 186.3-
195.3 ppm, respectively. The significant upfield shift of
the 13C NMR signals of C2 carbonyls of D series must be
due to the electronic effects of the adjacent C1 lactone
carbonyl in comparison to that of the isolated C3 carbonyl
group of B series.14 Similarly, the C1 13C NMR carbonyl
signals of the two series were also quite distinguishable
and appear in the ranges of 170.3-172.8 ppm for B and
158-159.4 ppm for D, again due to the electronic effects
of the C2 carbonyl of D in comparison to that of the C3
carbonyl of B. Interestingly, C4 13C NMR signals of the
two series of rearranged products were not significantly
different. However, C4 13C NMR signals of both B and
D series show a significant downfield shift (∆δ in the
range of 5.3-9.5 ppm) in comparison to the corresponding
starting materials (A and C). This most likely reflects
the deshielding effects of the disappearance of the
conjugated enone moiety of the starting materials due
to the rearrangement. Therefore, the comparative analy-
sis of the 13C NMR characteristics of the starting materi-
als and their products could conveniently be used to

(14) (a) Breitmaier, E.; Voelter, W. Carbon-13-NMR Spectroscopy:
High-Resolution Methods and Applications in Organic Chemistry and
Biochemistry, 3rd ed.; VCH Publishers: New York, 1987; Chapter 4.
(b) Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric
Identification of Organic Compounds, 5th ed.; John Wiley: New York,
1991; Chapter 4-6.

SCHEME 2. Products of the Claisen
Rearrangement of C2-O-Allyl Derivatives of
5,6-O-Isopropylidene-L-ascorbic Acida

a 100% conversion of C to D was obtained in 12 h. b 1H-NMR
analysis of the crude reaction mixtures indicated that only a single
diastereomer was detectable. c 12C & 13C were not susceptible
to rearrangement even under vigorous conditions (refluxing in
xylene or styrene for over 72 h).
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distinguish between the two series of Claisen-rearranged
products (B and D).

To further explore the chemistry and synthetic utility
of the Claisen-rearranged products B and D, we have
attempted the selective reduction of their C3- and C2-
keto groups by conventional methods. The reduction of
the major isomers of the rearranged products of the B
series (Scheme 3) with sodium borohydride in ethanol
proceeds with high regio- and stereoselectivity in produc-
ing a ∼7:1 diastereomeric mixture of alcohol products,
E series, in almost quantitative yield. The diastereomeric
mixture could easily be separated by normal phase silica
gel column chromatography using ethyl acetate/hexane.
Subsequent acetylation of E under the conditions of
Scheme 3 gave the corresponding acetates (F series) in
quantitative yield. In contrast to the B series, the
attempts to reduce the rearranged C2-keto products (D
series) gave uncharacterizable complex reaction mixtures
under the above conditions. However, under carefully
controlled conditions, we were able to obtain a clean
reduced product 9G from 9D in 60% yield (Scheme 4)
after careful silica gel chromatography with ethyl acetate/
hexane solvent system.

The structures of the major isomers of sodium boro-
hydride reduced products (E) and their acetates (F) were

unequivocally identified by their 1H and 13C NMR
characteristics. For example, upon reduction, the 1H
NMR C4-H doublets at 4.54-4.66 ppm in the starting
materials (B, Scheme 3) were shifted to doublet of
doublets at 4.44-4.48 ppm for hydroxyl derivatives (E,
Scheme 3) and 4.08-4.43 ppm for the corresponding
acetates (F, Scheme 3) as expected. In addition, a new
1H NMR signal appeared in the range of 4.15-4.25 ppm
for hydroxyl derivatives, and at 5.51-6.11 ppm for
acetates, due to the newly generated C3-H of the
reduced product. Furthermore, the characteristic 13C
NMR signals of the â-carbonyl carbon singlets in the
range of 200.9-206.1 ppm disappeared upon reduction,
and a new C3 13C NMR signal (doublet) appeared in the
range of 71.9-74.7 ppm for alcohols (E, Scheme 3) and
72.2-73.0 ppm for acetates (F, Scheme 3). Similarly, the
reduction of the C2 carbonyl of C2-O to C3-rearranged
product, 9D, resulted in a new 1H NMR singlet at 4.09
ppm, which corresponds to the newly generated C2-H.
The C2-carbonyl carbon 13C NMR singlet of the starting
material at 186.3 ppm is converted to a doublet at 71.8
ppm, confirming the reduction of the C2-carbonyl of 9D
to produce 9G.14

Stereochemistry. The intrinsic stereochemistry at
the C4 and C5 positions of all the starting materials,
rearranged products, and their derivatives is fixed, since
L-ascorbic acid is used in all cases.1,15 The stereochemistry

(15) A collection of spectra and some X-ray crystallography data are
included in Mahindaratne, M. P. D. Ph.D. Thesis, Wichita State
University, Wichita, KS, May 2000.

TABLE 1. 13C NMR Chemical Shifts (δ) of Claisen Rearranged Products (B and D Series)

R1 ) H; R2 ) H R1 ) H; R2 ) Ac

carbon # 1A 1B 8C 8D 2A 2B 9C 9D

δ (1-C) 171.0 172.6 168.8 159.4 167.6 170.9 166.4 158.2
δ (2-C) 119.2 74.5 121.4 193.9 114.6 73.8 130.1 186.3
δ (3-C) 148.2 205.5 156.4 77.2 159.5 201.0 143.8 78.4
δ (4-C) 75.6 81.5 73.9 80.8 75.3 82.1 74.5 81.1

R1 ) CH3; R2 ) H R1 ) CH3; R2 ) Ac

carbon # 4A 4B 10C 10D 5A 5B 11C 11D

δ (1-C) 171.8 172.8 170.1 159.5 167.6 170.3 166.5 158.0
δ (2-C) 119.1 74.4 120.8 195.3 114.4 77.3 132.2 187.5
δ (3-C) 148.6 205.7 157.9 78.9 159.7 200.9 143.8 77.3
δ (4-C) 75.7 81.8 74.6 80.0 75.3 84.8 74.4 79.7

SCHEME 3. Reduction Products of
5,6-O-Isopropylidene-2-allyl-3-keto-L-galactono-
γ-lactone (B)

SCHEME 4. Reduction Product of
5,6-O-Isopropylidene-3-allyl-2-keto-L-galactono-
γ-lactone 9D

C2- and C3-Substituted Gulono-γ-lactone Derivatives
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of the C2 of the Claisen-rearranged products (B) was
previously assigned by their NMR spectroscopic charac-
teristics and confirmed by X-ray crystallographic stud-
ies.5,15 These studies unequivocally established that the
least-bulky C3-O-allyl Claisen substrates (1A) yield a
major diastereomer (∼90%), which is C2-allylated from
the bottom face of the lactone ring.5,15 As reasoned above,
we believe the preferential migration of the allylic
functionality from the bottom face of the lactone ring
must be primarily due to the steric constraints imposed
by the bulky C4 substituent (1,2-O-isopropylidene-1,2-
ethanediol moiety) on the top face of the molecule.5,15 On
the basis of these arguments, we conclude that C2-O-
allyl Claisen rearrangements must also exclusively occur
from the bottom face of the molecule, since the steric
constraints of the C4 bulky substituent must be even
more pronounced for the C2-O to C3 migrations (Scheme
2) in comparison to C3-O to C2 migration (Scheme 1).

The factors affecting the stereochemical outcome of the
products of thermal Claisen rearrangement have been
extensively studied and clearly defined based on the
orbital symmetry rules on the concerted and highly
ordered cyclic transition states.16-20 The Claisen rear-
rangement is shown to preferentially progress through
a chairlike transition state to minimize the steric inter-

actions of various substituents, as illustrated in Scheme
5. Thus, the relative stereochemistry (erythro/threo) at
the newly generated allylic stereocenters is controlled by
the relative geometry of the allylic double bond of the
Claisen substrate.19 Therefore, as shown in Scheme 5,
(Z,Z) and (E,E) Claisen substrates produce threo prod-
ucts, while (E,Z) and (Z,E) produce erythro as the major
products.19 Since the allylic functionality migrates from
the bottom face of the lactone ring during the C3-O to
C2 rearrangement as argued above, the C12 stereochem-
istry of the major isomer must be erythro with respect to
-OR2 functionality as shown in Scheme 5. On the basis
of these arguments, we conclude that the major isomer
of the Claisen-rearranged products of crotyl (4B, 5B, 10D,
and 11D) and cinnamyl (7B) derivatives must have R
stereochemistry at the C12 as shown in Scheme 5.

The 1H and 13C NMR spectra of E, obtained from the
sodium borohydride reduction of B, as well as their
acetylated products, F (Scheme 3), were in good agree-
ment with all reported spectra of similar compounds.21

The stereochemistry of these compounds was confirmed
by qualitative NOESY correlation studies. For instance,
the strong NOESY correlation between the newly gener-
ated C3-H and the C4-H of all the products listed in
Scheme 3 (E and F series) strongly suggests that the
configuration of these protons are cis to each other and
identical to the overall configuration of L-gulono-γ-
lactones. However, since the C2-O-allyl to C3-allyl-
rearranged product, 9D, and its reduced product, 9G,
showed no strong NOESY correlation between the C4-
H, C2-H, or C12-H2, the C2 stereochemistry of the
product 9G could not be assigned with certainty. How-
ever, synthesis and complete structural characterization
of a full series of C2-O-allyl to C3 Claisen-rearranged

(16) (a) Ziegler, F. E. Chem. Rev. 1988, 88, 1423-1452. (b) Lutz, R.
P. Chem. Rev. 1984, 84, 205-247. (c) Blechert, S. Synthesis 1989, 71-
82. (d) Bennett, G. B. Synthesis 1977, 589-606. (e) Ziegler, F. E. Acc.
Chem. Res. 1977, 10, 227-232.

(17) (a) Pratt, D. V.; Hopkins, P. B. Tetrahedron Lett. 1987, 28,
3065-3068. (b) Ponaras, A. A. Tetrahedron Lett. 1983, 24, 3-6. (c)
Paquette, L. A.; Annis, G. D.; Schostarez, H. J. Am. Chem. Soc. 1982,
104, 6646-6653. (d) Coates, R. M.; Shah, S. K.; Mason, R. W. J. Am.
Chem. Soc. 1982, 2198-2208.

(18) (a) Vittorelli, P.; Winkler, T.; Hansen, H. J.; Schmid, H. Helv.
Chim. Acta 1968, 51, 1457-1461. (b) Hansen, H.-J.; Schmid, H.
Tetrahedron 1974, 30, 1959-1969.

(19) Martin Castro, A. M. Chem. Rev. 2004, 104, 2939-3002.
(20) Ireland, R. E.; Wipf, P.; Xiang, J.-N. J. Org. Chem. 1991, 56,

3572-3582.

(21) (a) Wong, H. Aust. J. Chem. 1984, 37, 327-333. (b) Horton, D.;
Walaszek, Z. Carbohydr. Res. 1982, 105, 111-129. (c) Walaszek, Z.;
Horton, D. Carbohydr. Res. 1982, 105, 131-143.

SCHEME 5. Stereochemical Course of the Claisen Rearrangement of A and C

Olabisi et al.

6786 J. Org. Chem., Vol. 70, No. 17, 2005



derivatives (D) and their reduced products (G) are
currently in progress in our laboratory.

Experimental Section

Synthetic procedures for starting materials 1A-7A and
8C-13C have been reported previously.13

5,6-O-Isopropylidene-3-O-allyl-L-ascorbic Acid (1A).
This was synthesized in 80% yield (light transparent oil) as
previously described:13 1H NMR (300 MHz, CDCl3): δ 1.35 (3H,
s), 1.39 (3H, s), 4.02 (1H, dd, J ) 8.6, 6.6 Hz), 4.13 (1H, dd, J
) 8.6, 6.6 Hz), 4.27 (1H, dt, J ) 6.6, 3.8 Hz), 4.56 (1H, d, J )
3.8 Hz), 4.92-5.20 (2H, m), 5.30 (1H, dq, J ) 10.3, 1.5 Hz),
5.40 (1H, dq, J ) 17.3, 1.5 Hz), 6.01 (1H, ddt, J ) 17.3, 10.3,
5.6 Hz); 13C NMR (75 MHz, CDCl3): δ 25.6, 25.9, 65.3, 72.3,
74.3, 75.7, 110.4, 119.1, 119.4, 132.2, 148.5, 171.2.

5,6-O-Isopropylidene-2-O-acetyl-3-O-allyl-L-ascorbic
Acid (2A). This was synthesized in 70% yield (colorless
semisolid) as previously described:13 1H NMR (300 MHz,
CDCl3): δ 1.36 (3H, s), 1.40 (3H, s), 2.28 (3H, s), 4.07 (1H, dd,
J ) 8.6, 6.6 Hz), 4.17 (1H, dd, J ) 8.6, 6.6 Hz), 4.37 (1H, dt,
J ) 6.6, 3.0 Hz), 4.68 (1H, d, J ) 3.0 Hz), 4.81 (2H, m), 5.36
(1H, dq, J ) 10.6, 1.2 Hz), 5.39 (1H, dq, J ) 17.7, 1.6 Hz),
5.96 (1H, ddt, J ) 17.7, 10.6, 5.5 Hz); 13C NMR (75 MHz,
CDCl3): δ 20.3, 25.5, 25.8, 65.2, 72.6, 73.7, 75.3, 110.5, 114.6,
119.5, 131.0, 159.5, 166.8, 167.6.

5,6-O-Isopropylidene-2,3-O-diallyl-L-ascorbic Acid (3A).
This was synthesized in 61% yield (light yellow oil) as
previously described:5 1H NMR (300 MHz, CDCl3) δ 1.36 (3H,
s), 1.39 (3H, s), 4.04 (1H, dd, J ) 8.5, 6.6 Hz), 4.14 (1H, dd, J
) 8.5, 6.7 Hz), 4.30 (1H, dt, J ) 6.7, 3.2 Hz), 4.55 (1H, d, J )
3.2 Hz), 4.62 (2H, m), 4.94 (2H, dt, J ) 5.6, 1.5 Hz), 5.27 (1H,
dq, J ) 10.8, 1.4 Hz), 5.31 (1H, dq, J ) 10.5, 1.4 Hz), 5.35
(1H, dq, J ) 17.2, 1.6 Hz), 5.39 (1H, dq, J ) 17.3, 1.6 Hz),
5.98 (1H, ddt, J ) 17.3, 10.5, 5.6 Hz), 5.99 (1H, ddt, J ) 17.2,
10.3, 6.1 Hz); 13C NMR (75 MHz, CDCl3) δ 25.6, 25.9, 65.3,
72.3, 72.5, 74.0, 74.7, 110.3, 118.9, 119.2, 121.5, 131.9, 132.9,
155.7, 168.9.

5,6-O-Isopropylidene-3-O-trans-crotyl-L-ascorbic Acid
(4A). This was synthesized in 72% yield (light yellow oil) as
previously described:13 1H NMR (300 MHz, CDCl3): δ 1.38 (3H,
s), 1.39 (3H, s), 1.76 (3H, dq, J ) 6.6, 1.6 Hz), 4.03 (1H, dd, J
) 8.6, 6.7 Hz), 4.12 (1H, dd, J ) 8.6, 6.7 Hz), 4.27 (1H, dt, J
) 6.7, 3.9 Hz), 4.56 (1H, d, J ) 3.9 Hz), 4.88 (2H, m), 5.68
(1H, dtq, J ) 15.3, 6.6, 1.6 Hz), 5.91 (1H, dtq, J ) 15.3, 6.6,
1.6 Hz); 13C NMR (75 MHz, CDCl3): δ 17.8, 25.6, 25.9, 65.3,
72.4, 74.4, 75.7, 110.4, 119.2, 125.2, 132.6, 148.6, 171.8.

5,6-O-Isopropylidene-2-O-acetyl-3-O-trans-crotyl-L-
ascorbic Acid (5A). This was synthesized in 78% (light yellow
semisolid) as previously described:13 1H NMR (300 MHz,
CDCl3): δ 1.37 (3H, s), 1.41 (3H, s), 1.75 (3H, dq, J ) 6.6, 1.7
Hz), 2.27 (3H, s), 4.08 (1H, dd, J ) 8.6, 6.5 Hz), 4.16 (1H, dd,
J ) 8.6, 6.5 Hz), 4.35 (1H, dt, J ) 6.5, 3.1 Hz), 4.67 (1H, d, J
) 3.1 Hz), 4.73 (2H, m), 5.63 (1H, dtq, J ) 15.4, 6.6, 1.6 Hz),
5.88 (1H, dtq, J ) 15.4, 6.6, 1.7 Hz); 13C NMR (75 MHz,
CDCl3): δ 17.7, 20.2, 25.6, 25.8, 65.2, 72.6, 73.7, 75.3, 110.4,
114.4, 124.0, 133.2, 159.7, 167.0, 167.6.

5,6-O-Isopropylidene-2-O-acetyl-3-O-trans-cinnamyl-
L-ascorbic Acid (6A). This was synthesized in 76% yield
(colorless crystals) as previously described:13 1H NMR (300
MHz, CDCl3): δ 1.37 (3H, s), 1.41 (3H, s), 2.29 (3H, s), 4.10
(1H, dd, J ) 8.6, 6.5 Hz), 4.16 (1H, dd, J ) 8.6, 6.6 Hz), 4.41
(1H, dt, J ) 6.5, 3.0 Hz), 4.72 (1H, d, J ) 3.0 Hz), 4.90-5.03
(m, 2H), 6.30 (1H, dt, J ) 16.0, 6.3 Hz), 6.72 (1H, d, J ) 16.0
Hz), 7.22-7.37 (3H, m), 7.36-7.41 (2H, m); 13C NMR (75 MHz,
CDCl3): δ 20.2, 25.6, 25.7, 65.2, 72.6, 73.6, 75.3, 110.5, 114.7,
121.6, 126.7, 128.6, 128.7, 129.3, 135.5, 159.7, 166.9, 167.6.

5,6-O-Isopropylidene-2-O-allyl-L-ascorbic Acid (8C).
This was synthesized in 80% yield (white semisolid) as
previously described:13 1H NMR (300 MHz, CDCl3): δ 1.39 (3H,
s), 1.44 (3H, s), 4.03 (1H, dd, J ) 9.0, 6.7 Hz), 4.15 (1H, dd, J
) 9.0, 6.7 Hz), 4.43 (1H, dt, J ) 6.7, 3.5 Hz), 4.63 (2H, dt, J )

6.2, 1.2 Hz), 4.71 (1H, d, J ) 3.5 Hz), 5.29 (1H, dq, J ) 10.1,
2.1 Hz), 5.37 (1H, dq, J ) 17.2, 2.1 Hz), 5.99 (1H, ddt, J )
17.3, 10.1, 6.2 Hz); 13C NMR (75 MHz, CDCl3): δ 25.3, 25.7,
64.9, 72.1, 73.8, 73.9, 110.6, 119.6, 121.4, 133.0, 156.4, 168.8.

5,6-O-Isopropylidene-3-O-acetyl-2-O-allyl-L-ascorbic
Acid (9C). This was synthesized in 70% yield (light yellow
oil) as previously described:13 1H NMR (300 MHz, CDCl3): δ
1.35 (3H, s), 1.39 (3H, s), 2.32 (3H, s), 4.01 (1H, dd, J ) 8.3,
6.7 Hz), 4.16 (1H, dd, J ) 8.3, 6.7 Hz), 4.30 (1H, dt, J ) 6.7,
2.7 Hz), 4.77 (2H, m), 5.19 (1H, d, J ) 2.7 Hz), 5.29 (1H, dq,
J ) 10.5, 2.2 Hz), 5.38 (1H, dq, J ) 17.3, 2.2 Hz), 5.98 (1H,
ddt, J ) 17.3, 10.5, 5.2 Hz); 13C NMR (75 MHz, CDCl3): δ 20.6,
25.3, 25.6, 65.1, 71.3, 72.8, 74.5, 110.5, 118.9, 130.1, 132.4,
143.8, 166.3, 166.4.

5,6-O-Isopropylidene-2-O-trans-crotyl-L-ascorbic Acid
(10C). This was synthesized in 72% yield (light yellow oil) as
previously described:13 1H NMR (300 MHz, CDCl3): δ 1.37 (3H,
s), 1.40 (3H, s), 1.72 (3H, dq, J ) 7.0, 1.7 Hz), 4.06 (1H, dd, J
) 8.5, 6.7 Hz), 4.16 (1H, dd, J ) 8.5, 6.7 Hz), 4.38 (1H, dt, J
) 6.7, 3.6 Hz), 4.50 (2H, dt, J ) 6.6, 1.7 Hz), 4.70 (1H, d, J )
3.6 Hz), 5.65 (1H, dtq, J ) 15.8, 7.0, 1.7 Hz), 5.79 (1H, dtq, J
) 15.8, 7.0, 1.7 Hz); 13C NMR (75 MHz, CDCl3): δ 17.8, 25.3,
25.7, 64.5, 72.3, 73.9, 74.6, 110.4, 120.8, 125.8, 132.6, 157.9,
170.1.

5,6-O-Isopropylidene-3-O-acetyl-2-O-trans-crotyl-L-
ascorbic Acid (11C). This was synthesized in 84% yield (light
yellow oil) as previously described:13 1H NMR (400 MHz,
CDCl3): δ 1.37 (3H, s), 1.39 (3H, s), 1.73 (3H, dq, J ) 6.5, 1.7
Hz), 2.30 (3H, s), 4.02 (1H, dd, J ) 8.4, 6.7 Hz), 4.13 (1H, dd,
J ) 8.4, 6.7 Hz), 4.27 (1H, dt, J ) 6.7, 2.5 Hz), 4.69 (2H, dt, J
) 6.5, 1.7 Hz), 5.17 (1H, d, J ) 2.5 Hz), 5.65 (1H, dtq, J )
16.7, 6.5, 1.7 Hz), 5.84 (1H, dtq, J ) 16.7, 6.5, 1.7 Hz); 13C
NMR (100 MHz, CDCl3); δ 17.7, 20.5, 25.3, 25.6, 65.0, 71.4,
72.9, 74.4, 110.5, 125.4, 130.1, 132.2, 143.8, 166.3, 166.5.

5,6-O-Isopropylidene-2-O-trans-cinnamyl-3-O-methyl-
L-ascorbic Acid (12C). This was synthesized in 71% yield
(colorless crystals) as previously described:5 mp 114-115 °C;
1H NMR (300 MHz, CDCl3) δ 1.33 (3H, s), 1.37 (3H, s), 4.02
(1H, dd, J ) 8.5, 6.7 Hz), 4.13 (1H, dd, J ) 8.5, 6.7 Hz), 4.16
(3H, s), 4.28 (1H, dt, J ) 6.7, 3.0 Hz), 4.52 (1H, d, J ) 3.0 Hz),
4.73 (1H, ddd, J ) 12.1, 6.8, 1.2 Hz), 4.82 (1H, ddd, J ) 12.1,
6.6, 1.2 Hz), 6.37 (1H, dt, J ) 15.9, 6.7 Hz), 6.67 (1H, d, J )
15.9 Hz), 7.22-7.36 (3H, m), 7.37-7.43 (2H, m); 13C NMR (75
MHz, CDCl3); δ 25.5, 25.8, 59.6, 65.2, 72.4, 73.8, 74.5, 110.3,
121.1, 123.8, 126.7, 128.1, 128.6, 135.1, 136.2, 157.4, 169.0.

5,6-O-Isopropylidene-3-O-acetyl-2-O-trans-cinnamyl-
L-ascorbic Acid (13C). This was synthesized in 76% yield
(viscous oil) as previously described:13 1H NMR (300 MHz,
CDCl3): δ 1.31 (3H, s), 1.33 (3H, s), 2.29 (3H, s), 4.03 (1H, dd,
J ) 8.4, 6.7 Hz), 4.13 (1H, dd, J ) 8.4, 6.7 Hz), 4.30 (1H, dt,
J ) 6.7, 2.5 Hz), 4.88-5.00 (2H, m), 5.18 (1H, d, J ) 2.5 Hz),
6.32 (1H, dt, J ) 13.7, 6.5 Hz), 6.09 (1H, d, J ) 13.7 Hz), 7.20-
7.43 (5H, m); 13C NMR (75 MHz, CDCl3): δ 25.3, 25.4, 25.6,
65.1, 71.3, 72.9, 74.5, 110.6, 123.4, 126.7, 128.3, 128.6, 128.8,
134.8, 136.0, 144.6, 166.3, 166.6.

5,6-O-Isopropylidene-3-keto-2-(1-prop-2-enyl)-L-galac-
tono-γ-lactone (1B). This was obtained as a major diastere-
omer with a small amount of a minor diastereomer5 from the
Claisen rearrangement of pure 1A in refluxing toluene for 6
h (Scheme 1): 1H NMR (300 MHz, CDCl3) δ 1.35 (3H, s), 1.40
(3H, s), 2.65 (2H, d, J ) 7.4 Hz), 4.09 (1H, dd, J ) 8.7, 6.8
Hz), 4.20 (1H, dd, J ) 8.7, 6.8 Hz), 4.55 (1H, dt, J ) 6.8, 2.0
Hz), 4.67 (1H, d, J ) 2.0 Hz), 5.26 (1H, dq, J ) 16.7, 1.4 Hz),
5.29 (1H, dq, J ) 10.5, 1.0 Hz), 5.70 (1H, ddt, J ) 16.7, 10.5,
7.5 Hz); 13C NMR (75 MHz, CDCl3) δ 25.3, 25.5, 39.7, 64.8,
72.0, 74.5, 81.5, 111.4, 122.9, 127.6, 172.6, 205.5.

5,6-O-Isopropylidene-3-keto-2-O-acetyl-2-(1-prop-2-
enyl)-L-galactono-γ-lactone (2B). This was obtained as a
major diastereomer with a small amount of a minor diaste-
reomer5 from the Claisen rearrangement of pure 2A in
refluxing toluene for 6 h (Scheme 1): 1H NMR (300 MHz,
CDCl3) δ 1.37 (3H, s), 1.42 (3H, s), 2.16 (3H, s), 2.80 (2H, m),
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4.10 (1H, dd, J ) 8.5, 7.1 Hz), 4.20 (1H, dd, J ) 8.5, 7.1 Hz),
4.53 (1H, dt, J ) 7.1, 1.6 Hz), 4.87 (1H, d, J ) 1.7 Hz), 5.19
(1H, dq, J ) 17.0, 1.5 Hz), 5.26 (1H, dq, J ) 10.2, 1.5 Hz),
5.90 (1H, ddt, J ) 17.2, 10.1, 7.0 Hz); 13C NMR (75 MHz CDCl3)
δ 19.2, 25.5, 25.8, 34.5, 65.2, 73.7, 73.8, 82.1, 110.8, 120.8,
128.3, 169.7, 170.9, 201.0.

5,6-O-Isopropylidene-3-keto-2-O-(1-prop-2-enyl)-2-(1-
prop-2-enyl)-L-galactono-γ-lactone (3B). This was obtained
as a major diastereomer with small amount of a minor
diastereomer5 from the Claisen rearrangement of pure 3A in
refluxing toluene for 6 h (Scheme 1): 1H NMR (300 MHz,
CDCl3) δ 1.34 (3H, s), 1.40 (3H, s), 2.67 (2H, m), 4.00 (2H, m),
4.07 (1H, dd, J ) 8.7, 6.9 Hz), 4.16 (1H, dd, J ) 8.7, 6.9 Hz),
4.55 (1H, d, J ) 1.9 Hz), 4.65 (1H, dt, J ) 6.9, 1.9 Hz), 5.20
(1H, dq, J ) 10.5, 1.2 Hz), 5.22 (1H, dq, J ) 17.0, 1.2 Hz),
5.26 (1H, dq, J ) 10.4, 1.2 Hz), 5.31 (1H, dq, J ) 17.3, 1.6
Hz), 5.75 (1H, dddd, J ) 17.0, 10.4, 7.9, 6.9 Hz), 5.90 (1H, ddt,
J ) 17.3, 10.4, 5.7 Hz); 13C NMR (75 MHz, CDCl3) δ 25.4, 25.7,
41.2, 64.9, 69.2, 74.2, 79.9, 81.5, 110.9, 118.0, 122.2, 127.8,
133.2, 171.4, 206.1. Anal. Calcd for C15H20O6: C, 60.80; H, 6.80.
Found: C, 60.66; H, 6.70.

5,6-O-Isopropylidene-3-keto-2-(1-methyl-1-prop-2-enyl)-
L-galactono-γ-lactone (4B). This was obtained as a major
diastereomer with a small amount of a minor diastereomer5

from the Claisen rearrangement of pure 4A in refluxing
toluene for 6 h (Scheme 1): 1H NMR (300 MHz, CDCl3) δ 1.19
(3H, d, J ) 7.0 Hz), 1.35 (3H, s), 1.41 (3H, s), 2.69-2.81 (1H,
m), 4.08 (1H, dd, J ) 8.7, 6.8 Hz), 4.17 (1H, dd, J ) 8.7, 6.8
Hz), 4.52 (1H, dt, J ) 6.8, 2.1 Hz), 4.61 (1H, d, J ) 2.2 Hz),
5.25 (1H, dt, J ) 17.9, 1.0 Hz), 5.29 (1H, dt, J ) 9.8, 1.0 Hz),
5.76 (1H, ddd, J ) 17.9, 9.8, 8.2 Hz); 13C NMR (75 MHz, CDCl3)
δ 12.5, 25.4, 25.5, 44.3, 64.8, 74.3, 74.4, 81.8, 111.1, 120.0,
134.3, 172.8, 205.7.

5,6-O-Isopropylidene-3-keto-2-O-acetyl-2-(1-methyl-1-
prop-2-enyl)-L-galactono-γ-lactone (5B). This was obtained
as a major diastereomer with a small amount of a minor
diastereomer5 from the Claisen rearrangement of pure 5A in
refluxing toluene for 6 h (Scheme 1): 1H NMR (300 MHz,
CDCl3) δ 1.23 (3H, d, J ) 6.8 Hz), 1.39 (3H, s), 1.48 (3H, s),
2.16 (3H, s), 2.95 (1H, dq, J ) 7.8, 6.8 Hz), 4.08-4.18 (2H, m),
4.46-4.55 (2H, m), 5.28 (1H, dt, J ) 17.0, 1.1 Hz), 5.31 (1H,
dt, J ) 10.4, 1.1 Hz), 5.71 (1H, ddd, J ) 17.0, 10.4, 7.8 Hz);
13C NMR (75 MHz, CDCl3) δ 12.4, 19.3, 25.3, 26.7, 41.4, 65.2,
75.1, 77.3, 84.8, 110.0, 120.6, 132.9, 169.3, 170.3, 200.9.

5,6-O-Isopropylidene-3-keto-2-O-acetyl-2-(1-phenyl-1-
prop-2-enyl)-L-galactono-γ-lactone (6B). This was obtained
as a major diastereomer with a small amount of a minor
diastereomer5 from the Claisen rearrangement of pure 6A in
refluxing toluene for 6 h (Scheme 1): 1H NMR (300 MHz,
CDCl3) δ 1.28 (3H, s), 1.46 (3H, s), 2.13 (3H, s), 2.99 (1H, dt,
J ) 6.8, 6.1 Hz), 3.83 (1H, dd, J ) 8.8, 6.9 Hz), 3.97 (1H, dd,
J ) 8.8, 6.9 Hz), 4.06 (1H, d, J ) 8.6 Hz), 4.76 (1H, d, J ) 6.8
Hz), 5.18 (1H, dt, J ) 17.0, 1.1 Hz), 5.31 (1H, dt, J ) 10.3, 1.1
Hz), 6.44 (1H, ddd, J ) 17.0, 10.3, 8.6 Hz), 7.21-7.27 (2H, m),
7.32-7.40 (3H, m); 13C NMR (75 MHz, CDCl3) δ 19.3, 25.4,
26.4, 51.3, 64.9, 72.7, 76.0, 83.9, 110.2, 119.9, 128.5, 129.3,
129.8, 132.5, 134.9, 169.3, 170.6, 201.5.

5,6-O-Isopropylidene-3-keto-2-(1-phenyl-1-prop-2-enyl)-
L-galactono-γ-lactone (7B). This was obtained as a major
diastereomer with a small amount of a minor diastereomer5

from the Claisen rearrangement of pure 7A in refluxing
toluene for 6 h (Scheme 1): 1H NMR (400 MHz, CDCl3) δ 1.30
(3H, s), 1.32 (3H, s), 3.55 (1H, d, J ) 1.9 Hz), 3.88 (1H, dd, J
) 8.6, 7.0 Hz), 3.91 (1H, dd, J ) 8.6, 7.0 Hz), 3.94 (1H, d, J )
2.0 Hz), 4.45 (1H, dt, J ) 7.0, 2.0 Hz), 5.39-5.49 (2H, m), 6.35-
6.50 (1H, m), 7.19-7.36 (5H, m); 13C NMR (100 MHz, CDCl3)
δ 25.3, 25.5, 56.7, 64.7, 74.0, 74.2, 81.9, 111.0, 122.3, 128.5,
128.7, 129.1, 131.1, 134.2, 172.0, 206.1.

5,6-O-Isopropylidene-2-keto-3-(1-prop-2-enyl)-L-galac-
tono-γ-lactone (8D). This was obtained as a major diastere-
omer with an insignificant amount of a minor diastereomer
from the Claisen rearrangement of pure 8C in refluxing

toluene for 12 h (Scheme 2): 1H NMR (400 MHz, CDCl3): δ
1.30 (3H, s), 1.32 (3H, s), 2.54 (2H, dt, J ) 7.2, 1.2 Hz), 3.13
(1H, br), 4.10 (1H, dd, J ) 8.8, 6.8 Hz), 4.17 (1H, dd, J ) 15.2,
8.8 Hz), 4.52 (1H, dt, J ) 13.2, 6.8 Hz), 4.70 (1H, d, J ) 1.2
Hz), 5.25 (1H, dq, J ) 17.2, 3.2 Hz), 5.35 (1H, dq, J ) 10.4,
1.6 Hz), 5.81 (1H, ddd, J ) 10.4, 7.2, 3.2 Hz); 13C NMR (100
MHz, CDCl3) δ 24.6, 24.8, 39.6, 64.4, 73.1, 77.2, 80.8, 111.3,
121.9, 129.0, 159.4, 193.9.

5,6-O-Isopropylidene-2-keto-3-O-acetyl-3-(1-prop-2-
enyl)-L-galactono-γ-lactone (9D). This was obtained as a
major diastereomer with an insignificant amount of a minor
diastereomer from the Claisen rearrangement of pure 9C in
refluxing toluene for 12 h (Scheme 2): 1H NMR (400 MHz,
CDCl3): δ 1.32 (3H, s), 1.34 (3H, s), 2.16 (3H, s), 2.76 (1H, m),
2.97 (1H, m), 4.04 (1H, dd, J ) 8.6, 7.2 Hz), 4.14 (1H, dd, J )
8.6, 7.2 Hz), 4.28 (1H, dt, J ) 7.2, 1.6 Hz), 4.94 (1H, d, J ) 1.6
Hz), 5.23 (2H, m), 5.62-5.73 (1H, m); 13C NMR (100 MHz,
CDCl3) δ 20.0, 25.0, 25.2, 36.9, 65.1, 72.6, 78.4, 81.1, 111.1,
121.9, 128.1, 158.2, 170.6, 186.3.

5,6-O-Isopropylidene-2-keto-3-(1-methyl-1-prop-2-enyl)-
L-galactono-γ-lactone (10D). This was obtained as a major
diastereomer with an insignificant amount of a minor diaste-
reomer from the Claisen rearrangement of pure 10C in
refluxing toluene for 12 h (Scheme 2): 1H NMR (400 MHz,
CDCl3): δ 1.15 (3H, d, J ) 6.9 Hz), 1.29 (3H, s), 1.32 (3H, s),
2.71 (1H, m), 3.23 (1H, br), 4.08 (1H, dd, J ) 8.7, 7.1 Hz), 4.18
(1H, dd, J ) 8.4, 7.1 Hz), 4.52 (1H, dt, J ) 7.1, 1.5 Hz), 4.75
(1H, d, J ) 1.5 Hz), 5.18 (2H, m), 5.72-5.85 (1H, m); 13C NMR
(100 MHz, CDCl3) δ 13.2, 24.8, 24.9, 43.8, 64.4, 73.4, 78.9, 80.0,
111.2, 118.6, 135.3, 159.5, 195.3.

5,6-O-Isopropylidene-2-keto-3-O-acetyl-3-(1-methyl-1-
prop-2-enyl)-L-galactono-γ-lactone (11D). This was ob-
tained as a major diastereomer with an insignificant amount
of a minor diastereomer from the Claisen rearrangement of
pure 11C in refluxing toluene for 12 h (Scheme 2): 1H NMR
(400 MHz, CDCl3): δ 1.10 (3H, d, J ) 7.0 Hz), 1.33 (3H, s),
1.35 (3H, s), 2.16 (3H, s), 3.17 (1H, m), 4.04 (1H, dd, J ) 8.8,
7.1 Hz), 4.13 (1H, dd, J ) 8.8, 7.1 Hz), 4.30 (1H, dt, J ) 7.2,
2.4 Hz), 4.83 (1H, d, J ) 2.4 Hz), 5.15-5.28 (2H, m), 5.64-
5.81 (1H, m); 13C NMR (100 MHz, CDCl3) δ 12.8, 19.9, 25.2,
25.5, 42.1, 65.5, 73.4, 77.3, 79.7, 111.0, 119.7, 134.7, 158.0,
170.9, 187.5.

5,6-O-Isopropylidene-2-(1-prop-2-enyl)-L-gulono-γ-lac-
tone (1E). To a stirred solution of diastereomerically pure 1B
(1.50 g, 5.85 mmol) in absolute EtOH (80 mL) at -79 °C was
added NaBH4 (244 mg, 6.44 mmol). The reaction mixture was
kept at -79 °C for 5 min and then allowed to rise to room
temperature for a period of no more than 30 min. The reaction
mixture was concentrated under reduced pressure to about
25 mL and diluted with a mixture of 1:1 cold water and ethyl
acetate (250 mL) and stirred for 30 min. The ethyl acetate
layer was separated, and the aqueous layer was extracted
twice with ethyl acetate. The combined ethyl acetate extracts
were dried with anhydrous Na2SO4, and the solvents were
removed under reduced pressure. The residue was chromato-
graphed on silica gel using 3:1 n-hexane/ethyl acetate to give
1.39 g (92%) of pure 1E as a white semisolid and ∼200 mg of
its diastereomer (Scheme 3): 1H NMR (400 MHz, CDCl3) δ
1.40 (3H, s), 1.43 (3H, s), 2.56 (1H, dd, J ) 14.5, 8.8 Hz), 2.62
(1H, dd, J ) 14.5, 6.2 Hz), 2.77 (1H, d, J ) 4.5 Hz), 3.65 (1H,
br), 4.03 (1H, dd, J ) 8.4, 7.0 Hz), 4.15 (1H, t, J ) 6.4 Hz),
4.17 (1H, m), 4.37 (1H, dt, J ) 7.0, 4.5 Hz), 4.44 (1H, dd, J )
6.4, 4.5 Hz), 5.30 (1H, d, J ) 12.0 Hz), 5.31 (1H, d, J ) 16.4
Hz), 5.90-6.00 (1H, m); 13C NMR (100 MHz, CDCl3) δ 25.5,
25.9, 36.4, 65.2, 74.3, 75.9, 77.2, 79.8, 110.7, 121.1, 130.9, 175.4.
Anal. Calcd for C12H18O6: C, 55.81; H, 7.02. Found: C, 55.73;
H, 7.04.

5,6-O-Isopropylidene-2-O-(1-prop-2-enyl)-2-(1-prop-2-
enyl)-L-gulono-γ-lactone (3E). This was synthesized from
diastereomerically pure 3B in 90% yield as a semisolid using
the same procedure as for 1E: 1H NMR (400 MHz, CDCl3) δ
1.38 (3H, s), 1.46 (3H, s), 2.47 (1H, m), 2.77 (1H, m), 3.01 (1H,
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d, J ) 4.6 Hz), 3.83 (1H, dd, J ) 8.4, 6.8 Hz), 4.21 (1H, dd, J
) 8.8, 6.8 Hz), 4.25 (1H, t, J ) 7.0 Hz), 4.28-4.31 (1H, m),
4.39 (1H, dt, J ) 8.0, 4.6 Hz), 4.48 (1H, dd, J ) 7.0, 4.6 Hz),
4.55-4.60 (1H, m), 5.19-5.24 (2H, m), 5.25-5.26 (2H, m),
5.72-5.82 (1H, m), 5.86-5.96 (1H, m); 13C NMR (100 MHz,
CDCl3) δ 25.2, 26.6, 35.7, 65.5, 65.7, 71.9, 74.9, 78.2, 81.5,
110.1, 117.5, 120.8, 129.9, 133.7, 173.2. Anal. Calcd for
C15H22O6: C, 60.39; H, 7.43. Found: C, 60.52; H, 7.63.

5,6-O-Isopropylidene-2-(1-methyl-1-prop-2-enyl)-L-gu-
lono-γ-lactone (4E). This was synthesized from diastereo-
merically pure 4B in 91% yield as a semisolid using the same
procedure as for 1E: 1H NMR (400 MHz, CDCl3) δ 1.27 (3H,
d, J ) 7.2 Hz), 1.40 (3H, s), 1.43 (3H, s), 2.64 (1H, d, J ) 4.5),
2.75 (1H, m), 4.03 (1H, dd, J ) 8.8, 7.0 Hz), 4.15 (1H, dd, J )
8.8, 7.0 Hz), 4.23 (1H, t, J ) 6.2 Hz), 4.35 (1H, dt, J ) 7.0, 4.5
Hz), 4.45 (1H, dd, J ) 6.2, 4.5 Hz), 5.26 (1H, d, J ) 10.4 Hz),
5.29 (1H, d, J ) 9.8 Hz), 5.99 (1H, ddd, J ) 17.6, 10.4, 8.0
Hz); 13C NMR (100 MHz, CDCl3) δ 14.5, 25.6, 25.9, 41.9, 65.3,
74.7, 76.9, 77.7, 80.5, 110.7, 118.5, 138.4, 175.2. Anal. Calcd
for C13H20O6: C, 57.34; H, 7.40. Found: C, 57.40; H, 7.22.

5,6-O-Isopropylidene-2-(1-phenyl-1-prop-2-enyl)-L-gu-
lono-γ-lactone (7E). This was synthesized from diastereo-
merically pure 7B in 90% yield (crude) as a semisolid using
the same procedure as for 1E: Since analytically pure 7E could
not be obtained by traditional chromatographic techniques, it
was characterized as acetate (7F), which was easily obtained
in its pure form (see below).

The Product of NaBH4 Reduction of 5,6-O-Isopropyl-
idene-2-keto-3-O-acetyl-3-(1-prop-2-enyl)-L-galactono-γ-lactone
(9G). This was synthesized from diastereomerically pure 9D
in 60% yield as a white semisolid using the same procedure
as for 1E (Scheme 4): 1H NMR (400 MHz, CDCl3) δ 1.42 (3H,
s), 1.46 (3H, s), 2.25 (3H, s), 2.48 (1H, dd, J ) 14.2, 8.0 Hz),
2.54 (1H, dd, J ) 14.0, 7.5 Hz), 4.05 (1H, dd, J ) 8.4, 6.8 Hz),
4.09 (1H, s), 4.20 (1H, dd, J ) 8.4, 6.8 Hz), 4.30 (1H, d, J )
3.0 Hz), 4.53 (1H, dt, J ) 6.8, 3.0 Hz), 5.24 (2H, dd, J ) 15.2,
7.2 Hz), 5.52 (1H, br), 5.82-5.93 (1H, m); 13C NMR (100 MHz,
CDCl3) δ 20.5, 25.7, 40.9, 65.7, 71.8, 73.5, 77.7, 79.9, 111.1,
120.8, 130.8, 169.4, 170.1.

5,6-O-Isopropylidene-2,3-O-diacetyl-2-(1-prop-2-enyl)-
L-gulono-γ-lactone (1F). To a stirred solution of a mixture
of diastereomerically pure 1E (1.20 g, 4.65 mmol), 4-DMAP
(284 mg, 2.32 mmol), and triethylamine (3.3 mL, 23 mmol) in
dichloromethane (30 mL) at -79 °C was added acetic anhy-
dride (1.76 mL, 18.6 mmol). The reaction mixture was stirred
for 3 h at -79 °C and then quenched with saturated aqueous
sodium bicarbonate. The mixture was extracted with ethyl
acetate, and the organic layer was washed with water and
brine and then dried over anhydrous Na2SO4. The solvents
were removed under reduced pressure, and the residue was
chromatographed on silica gel using 10:1 n-hexane/ethyl
acetate to give pure 1F (1.59 g, quant.) as a white semisolid
(Scheme 3): 1H NMR (400 MHz, CDCl3) δ 1.37 (3H, s), 1.43
(3H, s), 2.15 (3H, s), 2.16 (3H, s), 2.58 (1H, m), 2.60 (1H, m),
3.98 (1H, dd, J ) dd, J ) 9.0, 6.0 Hz), 4.06 (1H, dd, J ) 9.0,
7.0 Hz), 4.30 (1H, dd, J ) 8.0, 6.0 Hz), 4.43 (1H, dt, J ) 11.6,

6.0 Hz), 5.27 (1H, m), 5.83 (1H, m), 5.94 (1H, J ) 8.0 Hz); 13C
NMR (100 MHz, CDCl3) δ 20.4, 20.5, 25.0, 26.1, 36.2, 64.6,
72.5, 74.6, 78.1, 81.3, 110.5, 121.4, 128.8, 169.3, 169.8, 169.9.
Anal. Calcd for C16H22O8: C, 56.13; H, 6.48. Found: C, 56.35;
H, 6.38.

5,6-O-Isopropylidene-3-O-acetyl-2-O-(1-prop-2-enyl)-2-
(1-prop-2-enyl)-L-gulono-γ-lactone (3F). This was synthe-
sized from diastereomerically pure 3E in quantitative yield
(white semisolid) using the same procedure as for 1F: 1H NMR
(400 MHz, CDCl3) δ 1.37 (3H, s), 1.46 (3H, s), 2.11 (3H, s),
2.58 (1H, dt, J ) 14.8, 7.6 Hz), 2.71 (1H, dt, J ) 14.8, 7.6 Hz),
3.69 (1H, dd, J ) 8.8, 6.8 Hz), 4.01 (1H, dd, J ) 8.8, 6.8 Hz),
4.19 (1H, m), 4.22 (1H, m), 4.33 (1H, m), 4.43 (1H, dd, J )
8.0, 4.2 Hz), 5.12-5.16 (2H, m), 5.26-5.30 (2H, m), 5.51 (1H,
d, J ) 4.2 Hz), 5.78-5.90 (2H, m); 13C NMR (75 MHz, CDCl3)
δ 20.6, 25.1, 26.5, 37.4, 65.2, 66.7, 72.4, 74.5, 79.2, 79.4, 110.3,
116.2, 120.8, 129.8, 134.0, 169.2, 172.4. Anal. Calcd for
C17H24O7: C, 59.99; H, 7.11. Found: C, 60.23; H, 7.39.

5,6-O-Isopropylidene-2,3-O-diacetyl-2-(1-methyl-1-prop-
2-enyl)-L-gulono-γ-lactone (4F). This was synthesized from
diastereomerically pure 4E in quantitative yield (white semi-
solid) using the same procedure as for 1F: 1H NMR (400 MHz,
CDCl3) δ 1.21 (3H, d, J ) 7.2 Hz), 1.37 (3H, s), 1.43 (3H, s),
2.14 (3H, s), 2.15 (3H, s), 2.75-2.84 (1H, m), 3.90 (1H, dd, J )
8.8, 6.4 Hz), 4.04 (1H, dd, J ) 8.8, 6.4 Hz), 4.31 (1H, dd, J )
8.0, 6.0 Hz), 4.42 (1H, dt, J ) 12.8, 6.4 Hz), 5.16 (1H, d, J )
14.8 Hz), 5.17 (1H, d, J ) 12.8 Hz), 5.89-5.94 (1H, m), 5.96
(1H, d, J ) 8.0 Hz); 13C NMR (100 MHz, CDCl3) δ 14.9, 20.5,
20.6, 25.0, 26.1, 41.6, 64.5, 73.0, 74.9, 78.7, 82.9, 110.4, 118.2,
135.8, 169.4, 169.8, 170. Anal. Calcd for C17H24O8: C, 57.30;
H, 6.79. Found: C, 57.48; H, 6.50.

5,6-O-Isopropylidene-2,3-O-diacetyl-2-(1-phenyl-1-prop-
2-enyl)-L-gulono-γ-lactone (7F). This was synthesized from
diastereomerically pure 7E in quantitative yield (white semi-
solid) using the same procedure as for 1F: 1H NMR (400 MHz,
CDCl3) δ 1.34 (3H, s), 1.39 (3H, s), 1.94 (3H, s), 2.11 (3H, s),
3.91 (1H, dd, J ) 9.0, 6.4 Hz), 4.00 (1H, dd, J ) 9.0, 6.4 Hz),
4.08 (1H, dd, J ) 8.0, 6.2 Hz), 4.31 (1H, dt, J ) 11.9, 6.4 Hz),
5.20 (1H, d, J ) 16.9 Hz), 5.26 (1H, d, J ) 10.4 Hz), 6.11 (1H,
d, J ) 8.0 Hz), 6.22 (1H, ddd, J ) 16.9, 10.4, 9.0 Hz), 7.26-
7.35 (2H, m), 7.39-7.41 (3H, m); 13C NMR (75 MHz, CDCl3) δ
20.3, 20.6, 24.9, 26.0, 52.4, 64.5, 72.2, 74.4, 77.6, 83.1, 110.4,
119.3, 127.7, 128.5, 130.2, 134.2, 136.4, 169.1, 169.4, 169.7.
Anal. Calcd for C22H26O8: C, 63.15; H, 6.26. Found: C, 63.46;
H, 6.04.
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