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Abstract—We recently reported that inositol dehydrogenase (EC 1.1.1.18) from Bacillus subtilis can catalyze the highly stereoselec-
tive oxidation of 1LL-4-O-substituted myo-inositol derivatives, as well as disaccharides melibiose and isomaltose, but not gentiobiose
or maltose, consistent with the requirement of an a-(1!6) linkage. We believed that the enzyme might therefore catalyze efficient
stereoselective oxidation of the appropriate a-linked glycosyl inositols. We have synthesized a-DD-glucopyranosyl-(1!4)-(DLDL)-myo-
inositol and a-DD-galactopyranosyl-(1!4)-(DLDL)-myo-inositol using the Appel–Lee protocol to couple benzyl-protected glycosyl
donors to protected inositols. This method failed in our hands using glycosyl donors derived from DD-mannose and 2-azido-2-
deoxy-DD-glucose. When myo-inositol 1,3,5-monoorthoformate is used as the acceptor, the reaction is regiospecific for the 4/6-posi-
tion. We report here the mildest conditions known for the removal of the orthoformate group. 2-Azido-2-deoxy-a-DD-glucopyrano-
syl-(1!4)-(DLDL)-myo-inositol was synthesized using the trichloroacetimidate derivative as the donor, and all three pseudo-
disaccharides were substrates for inositol dehydrogenase. The glucopyranosyl and galactopyranosyl derivatives displayed apparent
second-order rate constants comparable to that of myo-inositol.
� 2006 Elsevier Ltd. All rights reserved.
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Glycosyl inositols are sugar-inositol conjugates found in
prokaryotic and eukaryotic cells, both as small mole-
cules and as components of complex structures. Exam-
ples of simple, naturally occurring glycosyl inositols
include galactinol (a-DD-galactopyranosyl-(1!1)-1DD-
myo-inositol), which acts as a galactosyl donor in the
formation of glycosinolates;1 mycothiol (1DD-myo-inosi-
tyl 2-(N-acetylcysteinyl)amido-2-deoxy-a-DD-glucopyr-
anoside), a functional analog of glutathione found in
mycobacteria and streptomycetes;2 and a small group
of DD-galactosamine–inositol conjugates that are putative
insulin mediators.3 More complex examples are glyco-
sylphosphatidylinositols (GPIs), which act as anchors
for cell-surface proteins. GPIs typically consist of a gly-
can largely made up of mannose residues, but connected
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via a 2-amino-2-deoxy-DD-glucose (GlcN) residue to the
1DD-myo-inositol moiety of a phosphatidylinositol (PI)
phospholipid.4 The biosynthesis of GPIs has attracted
attention as a target for anti-parasitic drugs, because
protozoa, such as Trypanosoma cruzei, Plasmodium fal-

siparum, Leishmania major, and Toxoplasma gondii, syn-
thesize these molecules via a different route from that
found in mammalian cells.4–6 The stereochemistry of
the inositol moiety has been revealed as an exploitable
feature in drug design: the GlcN-1LL-PI has been demon-
strated to inhibit GPI biosynthetic enzymes from P. fal-
siparum and T. cruzei.7,8 Thus, the biological origin and
fate of such molecules is of interest to the research com-
munity, and there is a continued need for the efficient
regio- and stereoselective syntheses of glycosyl inositols.

We recently observed that myo-inositol dehydro-
genase (IDH, EC 1.1.1.18) from Bacillus subtilis can not
only catalyze the NAD+-dependent oxidation of myo-
inositol to scyllo-inosose, but it can also use as
substrates, with high apparent stereoselectivity, the
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1LL-4-O-substituted myo-inositol derivatives; the 1DD-
enantiomer being neither a substrate nor an inhibitor.9

The substituent can be as large as a camphorsulfonyl
group, and aromatic groups are recognized particularly
well, resulting in apparent Km values lower than that of
myo-inositol! Because there could be no biological
imperative for the oxidation of 1LL-4-O-benzyl-myo-ino-
sitol, for example, we speculated that perhaps there
was some naturally occurring compound that could take
advantage of this cavity adjacent to the active site. Ino-
sitol-4-phosphate showed only trace activity, consistent
with a relatively nonpolar cavity. Recalling that phenyl
glycosides are known to bind more strongly to proteins
than the disaccharides that are the in vivo ligands,10,11

and knowing that IDH could also oxidize roughly iso-
steric monosaccharides, such as DD-glucose, we proposed
that disaccharides might also be oxidized by IDH. This
proved to be the case: a-(1!6) linked disaccharides mel-
ibiose and isomaltose are substrates for the enzyme,
while b-(1!6) linked gentiobiose and a-(1!4) linked
maltose showed little or no activity. The kinetic con-
stants obtained for these substrates were not so high
as to suggest that IDH is truly a ‘disaccharide dehydro-
genase’. Recently it has been reported that DD-chiro-ino-
sitol is also a substrate, but kinetic constants were not
reported.12

From the results described above, it was clear that cer-
tain glycosyl inositols might be very efficient substrates
for IDH. We predicted that compounds, such as DD-
glucopyranosyl-a-(1!4)-1LL-myo-inositol (1) and DD-
galactopyranosyl-a-(1!4)-1LL-myo-inositol (2), would
act as substrates. The 1DD-diastereomer will not react;
therefore, the need for a stereospecific synthetic scheme
is removed. Because several of the examples of biologi-
cally important glycosyl inositols noted above contain
glucosaminyl-inositol, we were also interested in observ-
ing the action of IDH on 2-azido-2-deoxy-a-DD-glucopyr-
anosyl-(1!4)-myo-inositol (3), which serves as a
synthetic precursor to glucosaminyl-inositol derivatives
(Fig. 1).

The key consideration in the synthesis is the forma-
tion of the a-glycosidic bond. As discussed by Cid
et al.,13 the major requirement for the construction of
the 1,2-cis-glycosidic bonds like the a-linkages we
desired is the presence of a non-participating group at
C-2 of the glycosyl donor. Thus, we chose the benzyl group
to protect the C-2 oxygen of the glycosyl donor, except
in the case of the 2-azido-2-deoxy-glucosyl donor. Mar-
tı́n-Lomas and co-workers have described the synthesis
of many inosityl 2-azido-2-deoxy-a-DD-glucopyranosides
using the trichloroacetimidate (TCA) method.13–15

Yields of such glycosylation reactions show ‘fair to good
stereoselectivity’ and yields typically <50%. We hoped
to improve on this by applying the Appel–Lee method
of glycosidic bond formation16,17 that has recently been
exploited by Nishida and co-workers.18–20 In general
terms, this method uses a tertiary phosphine and a car-
bon tetrahalide as a mild and efficient way of generating
a glycosyl halide for a halide-catalyzed glycosylation.21

The Appel–Lee coupling method, which we performed
using triphenylphosphine and carbon tetrabromide, is
far simpler to perform than using TCA derivatives. In
particular, no precautions, such as an inert atmosphere
and molecular sieves, are required to ensure dryness
during the reaction. For the preparation of 1, we synthe-
sized a glucosyl donor 6-O-acetyl-2,3,4-tri-O-benzyl-DD-
glucopyranose (4)22 and a protected inositol (±)-3-O-
benzyl-1,2:4,5-di-O-isopropylidene-myo-inositol (5)23 as
the acceptor, using published methods. Using the
Appel–Lee procedure, we isolated 6 as the expected pair
of diastereomers in 83% yield, and contamination by the
b-linked pseudo-disaccharide could not be detected by
NMR spectroscopy. Deprotection by hydrogenolysis
of the benzyl ethers, followed by methanolysis of the
ester, proceeded in quantitative yields to give 1. This
represents a considerable improvement over the previ-
ously reported syntheses of glucosyl inositols.

It is well known that the alkylation and acylation of
myo-inositol 1,3,5-monoorthoformate (7) can be
achieved with high regioselectivity, owing to the pKa dif-
ference of the axial 4/6-hydroxyl group relative to the
hydroxyl group of carbon-2.9,24 We hoped that this gly-
cosylation reaction would result in a similar regioselec-
tivity, because 7 is commercially available, and very
easy to prepare from myo-inositol. Using 2,3,4,6-tetra-
O-benzyl-DD-galactopyranose 825 as the glycosyl donor,
reaction with 7 provided 9a as an 82:18 mixture of a:b
anomers, as discerned by 1H NMR, in 81% yield
(Scheme 2). This matches the findings of anomeric selec-
tivity for the galactopyranosyl reaction reported previ-
ously.18 The reaction proceeded to completion much



O
OAc

BnO
BnO

BnOO

OBn

O
O

O
O

(  )
O

OAc

BnO
BnO

OBn OH

i, ii

                   83%
4

iii

quantitative

iv

O
OH

HO
HO

HOO

OH

OH
OH

HO
OH

(  )

6 1

HO

BnOO

O
O

O

rac-5

Scheme 1. Synthesis of 1. Reagents and conditions: (i) PPh3, CBr4, CH2Cl2, rt, 3 h; (ii) tetramethylurea, rac-5, rt, 1 week; (iii) 1 atm H2, 10% Pd/C,
CH3OH, rt, 2 d; (iv) CH3ONa/CH3OH, rt, 2 h.

R. Daniellou, D. R. J. Palmer / Carbohydrate Research 341 (2006) 2145–2150 2147
more quickly than that of Scheme 1, due at least in part
to the more polar solvent system,20 but perhaps also due
to the enhanced reactivity of 7. To deconvolute the
NMR signals and establish the site of glycosylation,
the product was per-acetylated to 9b, allowing us to dis-
tinguish the glycosylation of the 2-position of inositol
from the glycosylation of the 4-position. The former
would result in a meso-product, with H-4/6 giving one
signal in the proton spectrum. The isolated product 9b

is unsymmetrical, resulting in two signals at 5.5 and
5.4 ppm, confirming the expected regioselectivity.
Hydrogenolysis of 9a removed the benzyl groups, as dis-
cussed previously. The orthoformate ester was cleaved
by stirring in water in the presence of Dowex 50X8
(H+-form) at room temperature overnight, resulting in
2 as a mixture of anomers. This procedure is milder
and simpler than the usual method using 80% trifluoro-
acetic acid.

Attempts to use the Appel–Lee procedure for the cou-
pling of suitably protected mannose derivatives to 7 were
unsuccessful using 2,3,4,6-tetra-O-acetyl-DD-mannopyra-
nose or 6-O-acetyl-2,3,4-tri-O-benzyl-DD-mannopyranose.
NMR and TLC analysis suggested the mannopyranosyl
bromide formed, which did not react further under these
conditions. Using 2-azido-2-deoxy-3,4,6-tri-O-benzyl-DD-
glucopyranose as the donor, no product was isolated.
In this case, triphenylphosphine may react with the azido
group to form an iminophosphorane. We therefore syn-
thesized 3 by the reaction of 10 with 11. Donor 10 was
synthesized from 2-amino-2-deoxy-DD-glucose by diazo
transfer, followed by protection and activation as the
TCA derivative.26,27 Acceptor 1128 bears a protecting
group at C-2 because this glycosylation is not regioselec-
tive.29 The coupling and deprotection proceeds in a
O
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modest yield, resulting in a 2:1 mixture of 4-O- and 6-
O-glycosyl diastereomers (Scheme 3).

As we predicted, 1 acted as a substrate for IDH under
the conditions we have described previously.9 The appar-
ent Vmax and Km values were 4.0 ± 0.5 lmol min�1 mg�1

and 18 ± 2 mM, respectively, comparable to those
observed for myo-inositol (8 ± 1 lmol min�1 mg�1 and
18 ± 1 mM). We predicted that the 1DD-inositol isomer
of 1 would act as neither a substrate nor an inhibitor,
in simile with the behaviour of 4-O-benzyl-myo-inositol.
The 1H NMR spectrum of an enzymatic reaction in
which NADH is recycled in the presence of lactate dehy-
drogenase and excess pyruvate9 confirmed that only one
diastereomer reacts. Consistent with our understanding
of the IDH active site as described above, this suggests
that the true Km value for the 1LL-isomer of 1 is 9 mM,
and therefore the apparent second-order rate constants
(V/K) for the oxidation of myo-inositol and 1LL-1 are
the same. Because 2 and 3 are not simple mixtures of
1DD- and 1LL-stereoisomers, the uncertainty associated
with any measured kinetic constants becomes significant.
If our assumption that neither the 1DD-isomers nor the
b-anomers serve as substrates, then 2 shows similar reac-
tivity to that of 1, and each of these is five times more
reactive than 3. The steric demand of the azido-group,
the only significant difference between the substrates,
must impair the fit in the active site.

In conclusion, the Appel–Lee procedure can be
applied efficiently to the synthesis of glucopyranosyl and
galactopyranosyl inositols, and we hope this advance
will allow improved synthesis of more complex targets.
We have shown that IDH can catalyze the oxidation
of glycosyl inositols efficiently; it may be that IDH acts
as a broad-spectrum inositol/pyranose dehydrogenase
iv
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to allow the organism to take advantage of the available
carbon sources.
1. Experimental

1.1. General methods

Chemical reagents, including buffers, salts, myo-inositol,
DD-glucose, DD-galactose, and NAD+ were obtained from
Sigma–Aldrich Canada, Ltd (Oakville, ON), or VWR
CanLab (Mississauga, ON), and were categorized as
Molecular Biology Grade or were the highest grade
available. Inositol dehydrogenase was purified as we
described elsewhere.9 UV–vis absorbance was measured
using a Beckman DU-640 spectrophotometer with a
circulating water bath-controlled temperature block.
NMR spectra were recorded on a Bruker 500 MHz
spectrometer. Chemical shifts are reported in ppm
downfield from tetramethylsilane. For the NMR spectra
of the glycosyl inositols, signals from the pyranosyl
moiety are labeled with prime (e.g., H-1 0) and, when
possible, signals arising from the 1DD- and 1LL-inositol
stereoisomers are labeled a and b, respectively. TOCSY
experiments were used to make assignments where
necessary. Mass spectra were recorded with a VG
70SE mass spectrometer. Thin-layer chromatography
was performed on aluminum-backed plates of Silica
Gel 60F254 (EM Science, Gibbstown, NJ) using phos-
phomolybdic acid/ethanol reagent, or a 10% solution
of sulfuric acid in ethanol, and/or UV at 254 nm to visu-
alize the spots. Silica Gel 60 (40–63 lm) was used for
flash chromatography.

1.2. General protocol for one-pot glycosylation using the

Appel–Lee reagents

Reactions were carried out in a glass vessel closed with a
septum. Neither molecular sieves nor an inert atmo-
sphere was used. A 2-O-benzyl-1-hydroxy sugar in
CH2Cl2 (for 1) or in a 1/1 mix of CH2Cl2/DMF (for
2) was treated with Ph3P (3 mol equiv) and CBr4 (3 mol
equiv) and stirred for 3 h at rt. Then, N,N-tetramethyl-
urea and the acceptor alcohol (3 mol equiv) were added
and stirred at rt. In both cases, the reaction was contin-
ued until the bromide donor was consumed completely,
as evidenced by TLC analysis. The reaction mixture, di-
luted with CHCl3, was washed with satd aq NaHCO3

and aq NaCl solution, dried over anhydrous MgSO4,
and concentrated. The product was purified by silica
gel column chromatography.

1.3. 6-O-Acetyl-2,3,4-tri-O-benzyl-a-DD-glucopyranosyl-

(1!6)-(±)-1,2,4,5-di-O-isopropylidene-3-O-benzyl-myo-

inositol (6)

This compound has been prepared from 4 (0.60 g,
1.2 mmol) and 5 (1.28 g, 3.63 mmol) following the
Appel–Lee protocol to yield 0.82 g of 6 (83%), as a 1/1
mixture of diastereoisomers. 1H NMR (500 MHz,
CDCl3): d 7.45–7.25 (m, 5H · 8, –CH2C6H5), 5.46 (d,
1H, J = 4.0 Hz, H-1 0a), 5.41 (d, 1H, J = 4.0 Hz, H-
1 0b), 5.05 (dd, 2H, J = 2.0, 10.0 Hz), 4.94–4.80 (m,
11H), 4,73–4.53 (m, 7H), 4.48–4.31 (m, 5H), 4.25–3.90
(m, 16H), 3.80–3.75 (m, 2H), 3.60–3.45 (m, 6H), 3.35
(t, 1H, J = 10 Hz), 2.03, 2.02 (2s, 3H · 2, CH3 acetate),
1.58, 1.56, 1.52, 1.49, 1.46, 1.43, 1.39, 1.32 (8s, 3H · 8,
CH3 isopropylidene); 13C NMR (125 MHz, CDCl3): d
171.18, 171.15 (2 · C@O), 139.0–138.0, 128.9–128.0,
112.79 (O–C–O), 112.52 (O–C–O), 110.46 (O–C–O),
110.32 (O–C–O), 96.58 (C-1 0a), 95.73 (C-1 0b), 82.36,
82.12, 81.93, 80.08, 79.69, 79.57, 79.41, 79.18, 78.02,
77.78, 76.86, 76.15, 76.09, 75.57, 75.53, 75.33, 74.86,
74.80, 72.81, 72.45, 72.37, 68.58, 68.50, 63.29, 63.16,
60.77, 28.72, 28.61, 27.54, 27.51, 27.39, 27.32, 26.42,
26.22 (8 · CH3 isopropylidene), 21.29, 21.23 (2 · CH3

acetate); ESIMS: m/z calcd for C48H56O12Na
[M+Na]+: 847.3669. Found: 847.3661.

1.4. a-DD-Glucopyranosyl-(1!6)-(±)-myo-inositol (1)

Compound 6 (0.82 g, 1 mmol) and Pd/C 10% (200 mg)
in CH3OH (50 mL) were stirred for 2 days under an
atmosphere of H2. The reaction mixture was filtered
through Celite, and a catalytic amount of NaOCH3

was added. The solution was stirred for 2 h at rt, then
neutralized using Dowex 50X8 (H+-form) and concen-
trated. The residue was re-taken in water and lyophi-
lized to yield 340 mg of 1 (99%), as a 1/1 mixture of
diastereoisomers. All NMR spectra were in good agree-
ment with those previously reported.30,31 1H NMR
(500 MHz, D2O): d 5.22 (d, 1H, J = 4.0 Hz, H-1 0a),
5.18 (d, 1H, J = 4.0 Hz, H-1 0b), 3.96 (t, 1H,
J = 2.7 Hz, H-2a), 3.94 (t, 1H, J = 2.7 Hz, H-2b),
3.93–3.88 (m, 2H), 3.70–3.20 (m, 20H); 13C NMR
(125 MHz, D2O): d 99.84 (C-1 0a), 99.81 (C-1 0b), 81.00



R. Daniellou, D. R. J. Palmer / Carbohydrate Research 341 (2006) 2145–2150 2149
(2 · C-4), 75.00 (C-5a), 73.39 (C-3 0a), 73.34 (C-3 0b),
73.29 (C-5b), 72.94 (C-2a), 72.86 (C-6b), 72.80 (C-2b),
72.63 (C-5 0a), 72.61 (C-5 0b), 72.32 (C-6a), 72.23 (C-
2 0a), 72.13 (C-2 0b), 72.00 (C-3b), 71.37 (C-1a), 71.35
(C-1b), 70.15 (C-3a), 69.81 (C-4 0a), 69.70 (C-4 0b),
60.80 (C-6 0a), 60.66 (C-6 0b); ESIMS (ESI): m/z calcd
for C12H21O11 [M�H]�: 341.1089. Found: 341.1085.
Anal. Calcd for C12H22O11+H2O: C, 40.00; H, 6.71.
Found: C, 40.16; H, 6.65.

1.5. 2,3,4,6-Tetra-O-benzyl-a-DD-galactopyranosyl-(1!4)-

(±)-1,3,5-O-methylidyne-myo-inositol (9a)

This compound was prepared from 8 (1.5 g, 2.8 mmol)
and 7 (1.6 g, 7.8 mmol) following the Appel–Lee proto-
col to yield 1.6 g of 9a (81%), as a 82/18 a/b mixture of
anomers. 1H NMR (500 MHz, CDCl3): d 7.40–7.25 (m,
5H · 4, –CH2C6H5), 5.54 (d, 1H, J = 1.2 Hz, H ortho-
formate anomer b), 5.52 (d, 1H, J = 1.2 Hz, H orthofor-
mate anomer a), 5.14 (d, 1H, J = 3.0 Hz, H-1a 0), 5.00–
4.96 (m, 1H), 4.90–4.83 (m, 2H), 4.80–4.66 (m, 3H),
4.60–4.56 (m, 2H), 4.51–4.41 (m, 4H), 4.38–4.32 (m,
2H), 4.27 (t, 1H, J = 6.0 Hz, H-5 0), 4.18–4.00 (m, 4H),
3.67–3.42 (m, 3H); 13C NMR (125 MHz, CDCl3) of
the a-anomer: d 139.27, 139.08, 138.94, 138.45,
129.00–127.80, 102.88 (C orthoformate), 98.91 (C-1 0),
79.34, 76.99, 75.62, 75.24, 73.76, 73.59, 73.55, 73.37,
72.79, 70.15, 69.91, 69.09, 68.48, 68.44, 68.00; ESIMS
m/z calcd for C41H44O11Na [M+Na]+: 735.2775. Found:
735.2780.

1.6. 2,3,4,6-Tetra-O-benzyl-DD-galactopyranosyl-(1!4)-

(±)-2,6-di-O-acetyl-1,3,5-O-methylidyne-myo-inositol

(9b)

An aliquot of 9a was quantitatively per-acetylated by
the overnight action of a 1/1 (v/v) mixture of Ac2O/pyr-
idine. 1H NMR (500 MHz, CDCl3): d 7.40–7.25 (m,
5H · 4, –CH2C6H5), 5.58 (d, 1H, J = 1.2 Hz, H ortho-
formate anomer a), 5.49 (m, 1H, H-6), 5.38 (m, 1H, H-
2), 5.02 (d, 1H, J = 3.0 Hz, H-1a 0), 5.00–4.96 (m, 1H),
4.90–4.83 (m, 2H), 4.80–4.66 (m, 3H), 4.60–4.41 (m,
6H), 4.35–4.32 (m, 1H), 4.24 (t, 1H, J = 6.0 Hz, H-5 0),
4.12–4.08 (m, 2H), 3.90–3.85 (m, 1H), 3.58–3.46 (m,
2H), 2.07 (s, 3H, CH3 acetate), 1.98 (s, 3H, CH3 ace-
tate); ESIMS: m/z calcd for C45H48O13Na [M+Na]+:
819.2987. Found: 819.3000.

1.7. DD-Galactopyranosyl-(1!6)-(±)-myo-inositol (2)

Compound 9a (0.42 g, 0.59 mmol) and Pd/C 10%
(200 mg) in CH3OH (50 mL) were stirred for 2 days un-
der an atmosphere of H2. The reaction mixture was fil-
tered through Celite, and concentrated. The residue
was dissolved in water (50 mL) and 2 mL of Dowex
50X8 (H+-form) was added. After stirring at rt over-
night and filtration, the solution was lyophilized to yield
201 mg of 2 (99%), as a mixture of anomers a/b 82/18.
1H NMR (500 MHz, D2O): d 5.09 (d, 1H, J = 3.4 Hz,
H-1 0a), 4.47 (d, 1H, J = 7.6 Hz, H-1 0b), 4.10 (t, 1H,
J = 6.0 Hz, H-5 0), 4.03 (t, 1H, J = 2.0 Hz), 3.95 (t, 1H,
J = 2.7 Hz, H-2), 3.90 (m, 1H), 3.77 (m, 2H), 3.65–
3.45 (m, 4H), 3.42 (dd, J = 3.0 Hz, J = 9.0 Hz, 1H),
3.17 (m, 1H); 13C NMR (125 MHz, D2O) of the a ano-
mer: d 103.56 (C-1 0), 84.49 (C-4), 76.98, 75.59, 75.35,
74.78, 74.39, 73.94, 73.23, 72.06, 71.75, 71.63, 63.52
(C-6 0); ESIMS m/z calcd for C12H22O11Na [M+Na]+:
365.1054. Found: 365.1064.

1.8. 2-Azido-2-deoxy-a-DD-glucopyranosyl-(1!6)-(±)-

myo-inositol (3)

Toluene was evaporated three times from a mixture of
10 (100 mg, 0.21 mmol) and 11 (50 mg, 0.16 mmol),
and the residue was dried under vacuum for several
hours. Freshly distilled CH2Cl2 (2.5 mL) was added
and the mixture was stirred at rt for 30 min. Then, a
solution of TMSOTf in CH2Cl2 (0.2 M, 0.1 mL,
0.1 equiv) was added and the solution was stirred at rt
for 1 h. The reaction was quenched by the addition of
Et3N (0.3 mL), and concentrated. Flash chromatogra-
phy (hexane/EtOAc, 1/1) of the residue gave a partially
desilylated mixture of the pseudo-disaccharide. This was
deacetylated using a catalytic amount of NaOCH3 in
CH3OH (5 mL) for 2 h at rt. Then, 2 mL of Dowex
50X8 (H+-form) was added to neutralize to NaOCH3,
and also to remove the other protecting groups. After
stirring at rt overnight and filtration, the solution was
concentrated. The residue was extracted in water and
lyophilized to yield 11.1 mg of 12 (18%), as a 2/1 mix-
ture of diastereoisomers. 1H NMR (500 MHz, D2O): d
5.38 (d, 1H, J = 3.6 Hz, H-1 0a), 5.32 (d, 1H,
J = 3.6 Hz, H-1 0b), 3.99–3.95 (m, 2H), 3.94 (t, 1H,
J = 2.7 Hz, H-2a), 3.91 (t, 1H, J = 2.7 Hz, H-2b),
3.93–3.88 (m, 2H), 3.70–3.20 (m, 16H); ESIMS: m/z
calcd for C12H20O10N3Na [M+Na]+: 390.1119. Found:
390.1130.

1.9. Enzymatic studies

IDH was purified and kinetic assays were performed as
previously described.9 The enzymatic reaction as fol-
lowed by NMR spectroscopy was prepared as follows:
NAD+ (0.6 mg, 1.5 mM), pyruvate (6.3 mg, 95 mM),
and 1 (5.3 mg, 26 mM) were dissolved in 580 lL of
0.1 M Tris–DCl in D2O, pD = 9.0, and the mixture
was introduced into an NMR tube. Then, 1 U of lactate
dehydrogenase (LDH) and 10 lL of IDH (8 mg/mL)
were introduced. After 24 h, an additional 1 U of
LDH as well as 10 mg of pyruvate and 10 lL of IDH
dissolved in 50 lL of buffer were added to drive the reac-
tion toward completion.
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