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Inspired by the occurrence and function of phenazines in natural products, new glycosylated analogs were designed
and synthesized. DISAL (methyl 3,5-dinitrosalicylate) glycosyl donors were used in an efficient and easily-handled
glycosylation protocol compatible with combinatorial chemistry. Benzoylated -glucose, -galactose and -quinovose
DISAL glycosyl donors were synthesized in high yields and used under mild conditions to glycosylate methyl
saphenate and 2-hydroxyphenazine. The glycosides were screened for biological activity and one compound showed
inhibitory activity towards topoisomerase II.

Introduction
The need for new antibiotics and anticancer agents has inspired
researchers to search beyond secondary metabolites produced
by soil-borne bacteria and investigate the diverse pool of
marine natural products to discover new pharmacologically
relevant compounds.1 Phenazine-containing antibiotics have
been found not only in soil-derived species but also in marine
microorganisms. Two such examples are saphenamycin, the
6-methylsalicylic acid ester of the natural secondary metabolite
phenazine saphenic acid (6-(1-hydroxyethyl)phenazine-1-carb-
oxylic acid),2 and phenostatin A, the methyl ester of saphenic
acid 2-hydroxyphenazine ether (Fig. 1), both isolated from

Fig. 1 Structure of two phenazine containing natural products
isolated from Streptomyces strains: saphenamycin and phenostatin A.

† Electronic supplementary information (ESI) available: HPLC analysis
data for compounds 2, 3 and 6–20. See http://www.rsc.org/suppdata/ob/
b3/b306789k/

Streptomyces.3 Our recent research on phenazine natural prod-
ucts include an improved synthetic route to saphenic acid,4 the
first chemical synthesis and absolute structure elucidation of
saphenamycin,5 as well as efficient solid-phase syntheses of
highly potent antibiotic analogs of saphenamycin.6 The
physiological functions of these phenazines are still not fully
understood, and proposed biological targets include DNA
intercalation,7 free-radical scavenging,8 and inhibition of
topoisomerase I or II.9

During the last decade, glycoconjugates like vancomycin,10

doxorubicin,11 epipodophyllotoxin 12 and aminoglycoside anti-
biotics 13 have attracted much attention in the design and devel-
opment of drugs, which target microbial and viral infections
(HIV) or cancer. Interestingly, glycosylated saphenic acid
analogs with antibacterial activity against a broad range of
Gram-negative and Gram-positive bacteria were isolated in the
early 1990’s from a Streptomyces strain.14 The derivatives were
shown to be mixtures of α- and β-anomers of the rare mono-
saccharide -quinovose (6-deoxy--glucose) linked at O-2 or
O-3 to saphenic acid through a labile ester bond (Fig. 2).

Fig. 2 Structure of the carbohydrate containing antibiotics, saphenic
acid -quinovose esters.
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Classical glycosylation methods require general or specific
Lewis acid activation of the glycosyl donor. We have developed
an efficient method for glycosylation under strictly neutral,
mildly basic, or very mild, acidic conditions, as described in
recent papers.15,16 In this glycosylation technique, the anomeric
leaving group on the donor is methyl 3,5-dinitrosalicylate
(DISAL), which combines high reactivity with stability on
prolonged storage. Preceding reports on DISAL glycosylation
show excellent yields in the glycosylation of simple alcohols
and good yields for more complex carbohydrate acceptors. The
potential of DISAL glycosyl donors has previously been
demonstrated for solid-phase oligosaccharide synthesis,15b

intramolecular glycosylations,15c and for the synthesis of
hexasaccharides.15d

Our research aims at combining the structural input from
natural products with new efficient methodologies for high-
throughput synthesis and combinatorial chemistry to facilitate
access to new biologically active natural product analogs.17

Stable analogs of glycophenazines, in which the labile ester
linkage had been substituted for a configurationally stable
glycoside bond, could be accessed by combining our novel
glycosylation protocol with our chemistry for the synthesis of
saphenic acid for the preparation of novel phenazine com-
pounds. Glycosylation with DISAL donors could provide
us with stable and anomerically well-defined derivatives of
2-hydroxyphenazine and saphenic acid, which would be the first
members of a hitherto unexplored class of natural product
analogs.

As phenazine derivatives are not stable to hydrogenolysis
conditions,18 this precluded the use of benzyl protecting groups
on the glycosyl donor. However, benzoyl protecting groups can
be removed by treatment in methanol with catalytic amounts of
methoxide. Benzoyl protected DISAL glycosides become effi-
cient glycosyl donors in the presence of LiClO4.

15b These very
mild conditions should be compatible with polycyclic hetero-
aromatics such as phenazine derivatives. Deprotection of the
phenazine glycosides would be performed in two steps, giving
rise to two sets of compounds, both with potential biologically
interesting properties, first the glycoside methyl esters and then
the corresponding free acids.

Results and discussion
The DISAL glycosyl donors were prepared by convenient
nucleophilic aromatic substitution of an activated aryl fluoride
in the presence of an insoluble inorganic base, Li2CO3 and
a soluble organic base. Earlier studies have shown that use of 4-
N,N-dimethylaminopyridine (DMAP) as the soluble base pro-
vided DISAL α-glucopyranosides with high selectivity, whereas
1,4-dimethylpiperazine (DMP) gave predominantly β-glyco-
sides.15a Here, perbenzoylated gluco-, galacto- and quinovo-
pyranoses were converted into their corresponding DISAL
glycosyl donors by DMAP catalyzed reaction with methyl
2-fluoro-3,5-dinitrobenzoic ester in very good to excellent yields
(Scheme 1, 92%, 96% and 76% for 1, 2 and 3, respectively) but
predominantly as DISAL β-galacto- and quinovopyranosides.
As discussed in a previous paper, the anomer distribution of
the donors is determined by the nucleophilicity and rate
of interconversion of the individual anomeric alkoxides.15a

Glycosyl acceptor methyl saphenate (4) was synthesized by
activation of racemic saphenic acid with oxalyl chloride and
subsequent treatment with methanol. Racemic saphenic acid
was available to us through a synthesis in a few steps from
readily available starting materials, as previously reported.4

2-Hydroxyphenazine (5) was synthesized via the Beirut reaction
in two steps from hydroquinone and benzofurazan oxide.19

Racemic methyl saphenate (4) and 2-hydroxyphenazine (5) were
both glycosylated with glycosyl donors 1–3 giving rise to six
protected carbohydrate phenazine derivatives 6–11 in good
yields (Scheme 2). In previous DISAL studies we established

three sets of standard conditions for glycosylation with DISAL
donors (1.5 equiv. to 3 equiv.): (i) donor and acceptor in NMP
at 40–60 �C; (ii) donor and acceptor in (CH2Cl)2, CH2Cl2 or
CH3NO2 in the presence of LiClO4 (2.0–3.7 equiv.), in some
cases also with Li2CO3 as an acid scavenger (2 equiv.); (iii)
donor and acceptor in (CH2Cl)2 or CH2Cl2 in the presence of
LiClO4 and Bu4NI.15 Conditions for the glycosylation reactions
described herein were adapted from these earlier studies. Activ-
ation of the benzoylated glycosyl donors 1–3 with the very mild
Lewis acid LiClO4 (4 equiv.) proved efficient in all cases and
afforded products 6–11 in 60–70% yield as pure β-anomers,
indicating neighboring group participation by the 2-O-benzoyl
group (Scheme 2).20 However, glycosides 6–8 were diastereo-
meric mixtures due to the use of racemic saphenic acid. The
glycosylation reactions were carried out in standard plastic
vials, followed by analytical HPLC and full conversion was
observed within 19 h for all glycosylations. The phenolic glyco-
syl acceptor 5 was glycosylated somewhat faster than the
secondary benzylic alcohol in 4. No large reactivity differences
were observed for the three donors 1–3. Purification of the
glycosylation products proceeded smoothly by direct injection
of the filtered reaction mixtures into a preparative HPLC fol-
lowed by lyophilization of fractions without additional work-
up. Incidentally, this is also the first report on glycosylation of
phenols by DISAL donors.

The glycosides were deprotected in two steps. First, the
protected glycosides 6–11 were subjected to Zemplén de-
benzoylation, which afforded compounds 12–17 (Scheme 3) in
near-quantitative yields, except for 2-hydroxyphenazine deriv-
atives 10 and 11, which were only sparsely soluble and less
reactive. Debenzoylation of these proceeded in only moderate
yields. Then, the free acids were liberated by hydrolysis of the
methyl esters 12–14 with LiOH in near-quantitative yields
affording acids 18–20 (Scheme 3).

This ensemble of 3 by 3 compounds (12–20) was tested for
antibiotic activity against a range of Gram-negative bacteria
that were known to be sensitive to saphenamycin.21 However,
none of the tested glycosides, all of β-configuration, exhibited
any inhibition of bacterial growth.

Glycosides 12–20 were also screened for topoisomerase
IIα inhibition in a decatenation assay, since several known
phenazine-containing compounds have shown antitumor

Scheme 1 Synthesis of glycosyl donors 1 (as recently reported 15a), 2,
and 3. a) Li2CO3, methyl 2-fluoro-3,5-dinitrobenzoic ester, DMAP,
CH2Cl2.
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Scheme 2 Glycosylation reactions.

Scheme 3 Deprotection scheme. a) Anhydr. MeOH, NaOMe (cat.). b) Anhydr. MeOH, min. amount DMF, NaOMe (cat.). c) LiOH�H2O, MeOH–
H2O (3 : 1).

effects.2 Topoisomerase IIα is an enzyme responsible for topo-
logical changes in DNA (e.g. decatenation and relaxation of
supercoiling), which is largely confined to proliferating cells,
and therefore is an obvious target for anticancer drugs. Some
antitumor agents trap the enzyme by inhibiting the formation
of the cleavable complex (catalytic inhibitors), thus no decaten-

ation will take place.22 Other antitumor drugs are cytotoxic
or poisonous due to stabilization of the cleavable covalent
DNA–topoisomerase II intermediate, hence inhibiting the
DNA-religation step. Decatenation assays may be comple-
mented by damage control assays in order to distinguish
between topoisomerase poisons and catalytic inhibitors. Glyco-
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side 20 reduced decatenation by ca. 50% (relative to dexrazox-
ane) at concentrations above 150 µM. In the damage control
assay 100% survival of cells was observed at concentrations up
to 300 µM showing that glycoside 20 does not act as a cell
poison. A catalytic inhibitor will protect the cell against the
cytotoxic effect of a poison like daunorubicin or etoposide,
hence poison-induced cell death will decrease. In the presence
of epotoposide and daunorubicin compound 20 induced
increased cell growth at concentrations of 10–100 µM and some
inhibition of poison induced cell death was observed at a
concentration of 300 µM.

Conclusion
We have applied novel DISAL glycosyl donors in the synthesis
of glycosylated phenazines in an experimentally simple and
high-yielding protocol well-suited for combinatorial chem-
istry. DISAL glycosyl donors were synthesized in good
yields based on benzoylated -glucose, -galactose, and the
rare carbohydrate -quinovose and proved stable on prolonged
storage at 5 �C. The DISAL glycosides became efficient glycosyl
donors under very mild conditions (LiClO4 in nitromethane)
and were easy to handle both during reaction, work-up and
purification (direct injection of reaction mixtures into pre-
parative HPLC). Phenazine glycosides were obtained in good
yields as pure β-anomers as was anticipated because of the
anchimeric assistance provided by the 2-O-benzoyl group.
Zemplén deacylation removed the benzoyl protecting groups in
near-quantitative yields, though two rather sparsely soluble
compounds gave only moderate yields. Final methyl ester
hydrolysis proceeded quantitatively yielding the free acids. The
nine glycosylated phenazine derivatives were tested for anti-
biotic activity and topoisomerase II inhibition. While no anti-
biotic activity was detected in any of the glycosides, quinovosyl
derivative 20 showed catalytic inhibition of the topoisomerase
IIα at 100 µM and no cytotoxicity at concentrations up to
300 µM.

Experimental

General procedures

Commercially available reagents were used without further
purification unless otherwise noted. Racemic saphenic acid was
prepared as previously reported.4 Solvents were distilled prior
to use and stored over molecular sieves. VLC was performed
using Merck 60H silica gel. Flash chromatography was per-
formed automatically on a Biotage Quad3� apparatus with
pre-packed columns (KP-SIL, 32–63 µm, 60 Å). Corrected
melting points were measured in open capillary tubes. Pre-
parative HPLC was performed on a Waters 600 system with a
Waters 996 diode array detector and three consecutive columns
(40 × 100 mm prep. NOVA Pak HR C18 6 µm, 60 Å). Linear
gradients of CH3CN and water (MilliQ) were used. 1H, 13C
NMR, gHSQC and H,H-COSY spectra were recorded on a
Varian Mercury 300 or a Varian Unity Inova 500 spectrometer.
The chemical shifts are referenced to an internal standard.
Accurate mass determination (high resolution MS, HR-MS)
was performed on a Micromass LCT apparatus with an AP-
ESI probe. The purity of compounds 2–3 and 6–20 was verified
by analytical HPLC analysis using a Waters system (600 control
unit, 996 photodiode array (PDA) detector, 717 Plus auto-
sampler) with a Waters X-Terra C18 column (3.0 × 50 mm,
3.8 µm) using linear gradients of CH3CN and water (MilliQ)
with 0.1% TFA if needed.

General procedure for the synthesis of glycosyl donors 1, 2 and 3

In a dried flask, protected carbohydrate derivatives (2,3,4,6-
tetra-O-benzoyl--glucopyranose, 2,3,4,6-tetra-O-benzoyl--
galactopyranose or 6-deoxy-2,3,4-tri-O-benzoyl--glucopyran-

ose), Li2CO3 (2 equiv.), and methyl 2-fluoro-3,5-dinitrobenzoic
ester (1.2 equiv.) were suspended in CH2Cl2 (1–2 mL mmol�1).
Reactions proceeded in the presence of DMP or DMAP. (1)
For reactions with 1,4-dimethylpiperazine catalysis, DMP
(0.5 equiv.) was added to the suspension and the mixture was
stirred for 2–3 h. (2) For reactions with DMAP catalysis,
DMAP (0.3 equiv.) was dissolved in CH2Cl2 (0.5 mL) and
added to the suspension in 5 portions over 20 min. After
addition of the first portion, the color changed from slightly
discolored to a strong yellow–brown. After stirring for an addi-
tional 10 min, the products were isolated by VLC chromato-
graphy (eluting with toluene–ethyl acetate 1 : 0  10 : 1).

2,4-Dinitro-6-(methoxycarbonyl)phenyl 2,3,4,6-tetra-O-benz-
oyl-�-D-glucopyranoside (1�). 92% yield, α : β 6.7 : 1. The phys-
ical and analytical data were in agreement with previous
reports.15a Electrospray HR-MS (positive mode): m/z calcd. for
C42H36N3O16 (M � NH4)

� 838.2034, found 838.2103 (25%);
m/z calcd. for C42H32N2NaO16 (M � Na)� 843.1650, found
843.1619 (50%); m/z calcd. for C42H32N2KO16 (M � K)�

859.1389, found 859.1387 (10%), m/z calcd. for C27H23O8 (M �
DISAL � BzOH � H)� 475.1393, found 475.1373 (100%).

2,4-Dinitro-6-(methoxycarbonyl)phenyl 2,3,4,6-tetra-O-benz-
oyl-�-D-galactopyranoside (2�). 96% yield, α : β 1 : 4, mp 88–91
�C. Anal. HPLC (215 nm) >95%. 1H-NMR (500 MHz, CDCl3)
δ 8.72 (1H, d, J = 3.0 Hz), 8.69 (1H, d, J = 3.0 Hz), 8.22–7.14
(20H, m), 6.14 (1H, dd, J = 7.7 and 10.7 Hz, H-2), 5.99 (1H,
br d, J = 3.4 Hz, H-4), 5.71 (1H, d, J = 7.7 Hz, H-1β), 5.68 (1H,
dd, J = 3.4 and 10.7 Hz, H-3), 4.51 (1H, dd, J = 7.0 and 11.1 Hz,
H-6), 4.34 (1H, dd, J = 6.0 and 11.1 Hz, H-6�), 4.30 (1H, br dd,
J = 6 and 7 Hz, H-5), 3.81 (3H, s, OMe). 13C-NMR (125 MHz,
CDCl3) δ 165.9, 165.6, 165.55, 165.4, 162.9, 150.8, 147.0, 143.7,
134.0, 133.6, 130.9, 130.5–128.4 (m, 22C), 125.5, 123.0, 102.4
(C-1β), 72.5, 71.5, 70.0, 67.7, 61.6, 53.4 (OMe). Electrospray
HR-MS (positive mode): m/z calcd. for C42H36N3O16 (M �
NH4)

� 838.2096, found 838.2103 (25%); m/z calcd. for
C42H32N2NaO16 (M � Na)� 843.1650, found 843.1637 (70%);
m/z calcd. for C42H34N2NaO17 (M � Na � H2O)� 861.1755,
found 861.2634 (100%); m/z calcd. for C27H23O8 (M � DISAL
� BzOH � H)� 475.1393, found 475.1380 (45%).

2,4-Dinitro-6-(methoxycarbonyl)phenyl 2,3,4-tri-O-benzoyl-6-
deoxy-�-L-glucopyranoside (3�). 76% yield, α : β 1 : 19, mp 81–
83 �C. Anal. HPLC (215 nm) 94%. 1H-NMR (300 MHz,
CDCl3) δ 8.79 (1H, d, J = 3 Hz), 8.72 (1H, d, J = 3 Hz), 8.2–7.1
(15H, m), 5.9 (1H, t, J = 9.9 Hz, H-4), 5.8 (1H, dd, J = 7.5 and
9.7 Hz, H-2), 5.59 (1H, d, J = 7.5 Hz, H-1β), 5.39 (1H, t, J = 9.6
Hz, H-3), 3.83 (3H, s, OMe), 3.81 (1H, m, H-5), 1.26 (3H, d,
J = 9.3 Hz, H-6). 13C-NMR (75 MHz, CDCl3) δ 166.0, 165.8,
165.7, 163.8, 150.8, 146.2, 144.1, 133.7, 133.6, 133.7, 130.3–
128.5 (m, 17C), 123.0, 102.2 (C-1β), 73.5, 72.4, 72.3, 71.9, 53.9
(OMe), 19.3 (C-6). Electrospray HR-MS (positive mode): m/z
calcd. for C35H32N3O14 (M � NH4)

� 718.1884, found 718.1858
(50%); m/z calcd. for C35H28N2NaO14 (M � Na)� 723.1438,
found 723.1437 (15%); m/z calcd. for C27H23O7 (M � DISAL)�

459.1393, found 459.1380 (100%).

General procedure for the glycosylation reactions and purification

Glycosyl donor (1, 2 or 3; 0.12 mmol, 1.5 equiv.), glycosyl
acceptor (4 or 5; 0.10 mmol, 1 equiv.), LiClO4 (0.4 mmol,
3 equiv.) and crushed 4 Å molecular sieves (50 mg) and a
magnet were placed in a 5 mL plastic tube with a septum. The
tube was dried under high vacuum for 1 h, filled with argon,
CH3NO2 (0.7 mL) was added and the reaction mixture was
stirred for 0.5 h at room temperature. The temperature was
raised to 50 �C and stirring was continued for 19 h. The reaction
mixture was filtered (through cotton wool and a microfilter)
and loaded onto a preparative HPLC column with CH3CN or
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1 : 1 DMF–CH3CN (if necessary for dissolution). Purification
on preparative HLPC (C18 column, 10% to 95% CH3CN over
65 min) furnished the glycosylation products 6–11.

Methyl 6-[(R/S )-1-(2,3,4,6-tetra-O-benzoyl-�-D-glucopyrano-
syl)ethyl]phenazine-1-carboxylic ester (6). 65% yield, pure β,
1 : 1 mixture of diastereomers (β-glycosides of both enantio-
mers of saphenic acid), mp 213–214 �C. Anal. HPLC (215 nm)
>95%. 1H-NMR for pairs of diastereomers (500 MHz, CDCl3)
δ 8.27 and 8.26 (1H, dd, J = 1.3 and 5.5 Hz, H-4�), 8.22 and
8.20 (1H, dd, J = 1.3 and 7.2 Hz, H-2�), 8.15 and 8.11 (1H,
dd, J = 1.3 and 8.6 Hz, H-9�), 8.08 (1H, dd, J = 1.3 and 8.2 Hz,
H-7�), 8.05–8.00 (2H, m, H-3� and H-8�), 7.92–7.15 (20H, m),
6.38 and 6.24 (1H, q, J = 6.4 Hz, H-1�), 5.94 and 5.78 (1H, t,
J = 9.6 Hz, H-3), 5.73–5,63 (2H, m, H-2 and H-4), 5.22 and
4.94 (1H, d, J = 7.7 Hz, H-1β), 4.71 and 4.41 (1H, dd, J =
3.4 and 11.9 Hz, H-6), 4.57 and 4.36 (1H, dd, J = 5.6 and
11.9 Hz, H-6�), 4.1 (4H, m, H-5 and OMe), 1.58 and 1.42 (3H,
d, J = 6.4 Hz, H-2�). 13C-NMR for pairs of diastereomers
(75 MHz, CDCl3) δ 167.4, 166.0, 165.9, 165.3, 165.1, 143.5,
142.1, 141.9, 141.6, 140.8, 134.9–127.7 (m, 31C), 100.5
and 100.3 (C-1β), 73.7, 73.2 and 73.1, 72.5 and 72.4, 72.3
and 70.2, 65.2 and 65.1, 63.6 and 63.4 (C-1�), 52.9 (OMe), 23.9
and 23.0 (C-2�). Electrospray HR-MS (positive mode): m/z
calcd. for C50H41N2O12 (M � H)� 861.2660, found 861.2503
(100%).

Methyl 6-[(R/S )-1-(2,3,4,6-tetra-O-benzoyl-�-D-galacto-
pyranosyl)ethyl]phenazine-1-carboxylic ester (7). 60% yield,
pure β, 1 : 1 mixture of diastereomers (β-glycosides of both
enantiomers of saphenic acid), mp 215–216 �C. Anal. HPLC
(215 nm) >95%. 1H-NMR for pairs of diastereomers (300
MHz, CDCl3) δ 8.17 and 8.17 (1H, dd, J = 1.2 and 5.7 Hz,
H-4�), 8.10 and 8.08 (1H, dd, J = 1.5 and 6.0 Hz, H-2�), 8.04 and
8.02 (1H, dd, J = 1.2 and 8.1 Hz, H-9�), 8.01–7.87 (3H, m, H-3�,
H-7�and H-8�), 7.73–7.06 (20H, m), 6.28 and 6.19 (1H, q,
J = 6.6 Hz, H-1�), 5.87–5.77 (2H, m, H-2 and H-4), 5.53 and
5.34 (1H, dd, J = 3.6 and 10.5 Hz, H-3), 5.06 and 4.80 (1H, d,
J = 8.1 Hz, H-1β), 4.66 and 4.35 (1H, dd, J = 6.6 and 11.4 Hz,
H-6), 4.40–4.12 (2H, m, H-5, H-6�), 3.98 (3H, s, OMe), 1.62 and
1.44 (3H, d, J = 6.6 Hz, H-2�). 13C-NMR for pairs of dia-
stereomers (75 MHz, CDCl3) δ 167.4 and 167.3, 166.1 and
165.9, 165.81 and 165.78, 165.7 and 165.6, 165.5, 143.6 and
143.5, 142.0, 141.9, 141.3, 140.8, 134.0–128.4 (m, 31C), 102.4
and 100.7 (C-1β), 73.5 and 72.5, 72.04 and 71.99, 71.7 and 71.6,
70.4 and 70.2, 68.5 and 68.4, 62.3 and 62.2 (C-1�), 52.9 (OMe),
22.9 and 21.8 (C-2�). Electrospray HR-MS (positive mode): m/z
calcd. for C50H41N2O12 (M � H)� 861.2660, found 861.2634
(100%); m/z calcd. for C50H40N2NaO12 (M � Na)� 883.2574,
found 883.2484 (5%).

Methyl 6-[(R/S )-1-(2,3,4-tri-O-benzoyl-6-deoxy-�-L-gluco-
pyranosyl)ethyl]phenazine-1-carboxylic ester (8). 69% yield,
pure β, 1 : 1 mixture of diastereomers (β-glycosides of both
enantiomers of saphenic acid), mp 169–170 �C. Anal. HPLC
(215 nm) >95%. 1H-NMR for pairs of diastereomers (300
MHz, CDCl3) δ 8.45 and 8.35 (1H, dd, J = 1.2 and 8.7 Hz,
H-4�), 8.25–8.21 (1H, m, H-2�), 8.20 and 8.10 (1H, dd, J = 0.9
and 8.7 Hz, H-9�), 8.04 and 8.02 (1H, J = 0.9 and 7.5 Hz, H-7�),
7.92–7.15 (17H, m, H-3� and H-8�, Ar–H), 6.35 and 6.26 (1H,
q, J = 6.6 Hz, H-1�), 5.86 and 5.69 (1H, t, J = 9.8 Hz, H-4), 5.66–
5.59 (1H, m, H-2), 5.37 and 5.31 (1H, t, J = 9.3 Hz, H-3), 5.17
and 4.83 (1H, d, J = 8.1 Hz, H-1β), 4.11 and 4.10 (3H, s, OMe),
3.77 (1H, m, H-5), 1.71 and 1.57 (3H, d, J = 6.3 Hz, H-2�), 1.43
and 1.12 (3H, d, J = 6.3 Hz, H-6). 13C-NMR for pairs of
diastereomers (75 MHz, CDCl3) δ 166.1, 166.0, 165.6, 165.4,
142.1, 141.9, 141.8, 141.6, 140.8, 133.9–127.8 (m, 25C), 100.1
(C-1β), 74.3 and 74.2, 73.32 and 73.30, 72.9 and 72.8, 70.83 and
70.82, 66.4 and 66.0 (C-1�), 52.9 (OMe), 24.1 and 22.8 (C-2�),
17.9 and 17.7 (C-6). Electrospray HR-MS (positive mode): m/z

calcd. for C43H37N2O10 (M � H)� 741.2448, found 741.2305
(100%).

2-(2,3,4,6-Tetra-O-benzoyl-�-D-glucopyranosyl)phenazine (9).
67% yield, mp 195–197 �C. Anal. HPLC (215 nm) >95%. 1H
NMR (500 MHz, CDCl3) δ 8.23 (1H, d, J = 8.5 Hz, H-6�), 8.16
(1H, d, J = 8.5 Hz, H-9�), 8.10 (1H, d, J = 9.4 Hz, H-4�), 8.06–
7.78 (10H, m, 8Ar-H, H-7�, H-8�), 7.76 (1H, d, J = 2.6 Hz,
H-1�), 7.57–7.24 (13H, m, 12Ar-H, H-3�), 6.08 (1H, dd, J =
9.0 and 9.4 Hz, H-3), 5.95 (1H, dd, J = 8.1 and 8.5 Hz, H-2),
5.82 (1H, t, J = 9.4 Hz, H-4), 5.79 (1H, d, J = 8.1Hz, H-1β), 4.77
(1H, dd, J = 2.1 and 12.0 Hz, H-6), 4.58 (1H, dd, J = 6.4 and
12.0 Hz, H-6�), 4.52 (1H, m, H-5). 13C-NMR (75 MHz, CDCl3)
δ 166.26, 165.92, 165.39, 165.26, 158.01, 144.54, 143.72, 142.73,
141.19, 133.80, 133.66, 133.59, 133.20, 131.42, 130.86, 130.1–
128.5 (m, 23C), 125.96, 109.74 (C-1�), 98.80 (C-1β), 73.30,
72.92, 71.76, 69.55, 63.33. Electrospray HR-MS (positive
mode): m/z calcd. for C46H35N2O10 (M � H)� 775.2292, found
775.2300 (100%).

2-(2,3,4,6-Tetra-O-benzoyl-�-D-galactopyranosyl)phenazine
(10). 70% yield, mp 138 �C. Anal. HPLC (215 nm) >95%.
1H-NMR (500 MHz, CDCl3) δ 8.23 (1H, d, J = 8.5 Hz, H-6�),
8.20–8.08 (3H, m, 2Ar-H, H-9�), 7.97 (1H, d, J = 9.4 Hz, H-4�),
7.95–7.78 (8H, m, 6Ar-H, H-7�, H-8�), 7.68–7.20 (14H, m,
12Ar-H, H-1�, H-3�), 6.18 (1H, dd, J = 7.8 and 10.2 Hz, H-2),
6.10 (1H, m, H-3), 5.85–5.72 (2H, m, H-1β, H-4), 4.58–4.53
(3H, m, H-5, 2H-6). 13C-NMR (75 MHz, CDCl3) δ 166.2, 165.7,
165.6, 165.4, 158.1, 144.5, 143.7, 136.6, 136.2, 136.1, 133.9,
133.7, 133.6, 133.4, 131.4, 130.9, 130.3–126.0 (m, 23C), 109.7
(C-1�), 99.3 (C-1β), 72.5, 71.8, 69.5, 68.2, 62.5. Electrospray
HR-MS (positive mode): m/z calcd. for C46H35N2O10 (M � H)�

775.2292, found 775.2277 (100%).

2-(2,3,4,6-Tri-O-benzoyl-6-deoxy-�-L-glucopyranosyl)-
phenazine (11). 70% yield, mp 136 �C. Anal. HPLC (215 nm)
>95%. 1H-NMR (500 MHz, CDCl3) δ 8.24–8.21 (2H, m, H-6�
and H-9�), 8.12 (1H, d, J = 9.0 Hz, H-4�), 7.99–7.74 (9H, m,
H-1�, H-7�, 7Ar–H), 7.56–7.26 (10H, m, H-3�, H-8�, 8Ar–H),
5.98 (1H, t, J = 9.0 Hz, H-4), 5.86 (1H, dd, J = 8.0 and 10.0 Hz,
H-2), 5.71 (1H, d, J = 8.0 Hz, H-1β), 5.50 (1H, t, J = 9.5 Hz,
H-3), 4.21 (1H, m, H-5), 1.50 (3H, d, J = 6.0 Hz, H-6).
13C-NMR (75 MHz, CDCl3) δ 166.4, 166.0, 165.7, 158.4, 142.7,
133.7, 133.5, 133.4, 131.4–126.3 (m, 23C), 125.3 (C-3�), 114.4
(C-1�), 98.8 (C-1β), 73.7, 73.0, 72.1, 71.6, 17.9
(C-6). Electrospray HR-MS (positive mode): m/z calcd. for
C39H31N2O8 (M � H)� 655.2080, found 655.2073 (100%).

General procedure for Zemplén debenzoylations

The benzoyl protected glycoside (6–11) was dissolved in dry
MeOH. For complete dissolution of 10, a minimum amount of
DMF was added. A catalytic amount of NaOMe was added
and the reaction was stirred at room temperature for 19 h. In
the synthesis of 15–17 the temperature was raised to 60 �C, and
stirring was continued for 1–4 h in order to obtain complete
conversion of 9–11. On cooling to room temperature, the reac-
tion mixture was acidified to pH 6 with AcOH (conc.), then
evaporated to dryness and dried under high vacuum. Purifi-
cation on VLC or Biotage (eluting with CH2Cl2–MeOH 90 : 10
or 80 : 20) and evaporation or crystallization from Et2O gave
deprotected compounds 12–17.

Methyl 6-[(R/S )-1-(�-D-glucopyranosyl)-ethyl]-phenazine-1-
carboxylic ester (12). Yield quant., pure β, 1 : 1 mixture of
diastereomers (β-glycosides of both enantiomers of saphenic
acid), mp 179–180 �C. Anal. HPLC (215 nm) >95%. 1H-NMR
for pairs of diastereomers (300 MHz, CD3OD) δ 8.41 and 8.38
(1H, dd, J = 1.2 and 3.6 Hz, H-4�), 8.28–8.15 (3H, m, H-2�,
H-9�, H-7�), 7.97–7.87 (2H, m, H-3� and H-8�), 6.40 and 6.28
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(1H, q, J = 6.3 Hz, H-1�), 4.66 and 4.30 (1H, d, J = 7.8 Hz,
H-1β), 4.06 (3H, s, OMe), 3.89 and 3.58 (1H, dd, J = 2.4 and
12.0 Hz, H-6), 3.70 and 3.49 (1H, dd, J = 5.7 and 12.0 Hz,
H-6�), 3.45–3.21 (3H, m, H-2, H-3, H-4), 3.20–3.09 (1H, m,
H-5), 1.70 and 1.68 (3H, d, J = 6.3 Hz, H-2�). 13C-NMR for
pairs of diastereomers (75 MHz, CD3OD) δ 165.6, 142.3, 141.6,
133.4–127.8 (m, 10C), 101.9 and 101.2 (C-1β), 76.9 and 76.8,
76.7 and 76.6, 74.3 and 74.2, 71.9, 70.5 and 70.4, 61.6 and 61.3
(C-1�), 52.0 (OMe), 23.1 and 21.7 (C-2�). Electrospray HR-MS
(positive mode): m/z calcd. for C22H25N2O8 (M � H)� 445.1611,
found 445.1598 (100%).

Methyl 6-[(R/S )-1-(�-D-galactopyranosyl)ethyl]phenazine-1-
carboxylic ester (13). 97% yield, pure β, 1 : 1 mixture of
diastereomers (β-glycosides of both enantiomers of saphenic
acid), mp 210–211 �C. Anal. HPLC (215 nm) >95%. 1H-NMR
for pairs of diastereomers (300 MHz, CD3OD) δ 8.42 and 8.40
(1H, dd, J = 1.5 and 4.2 Hz, H-4�), 8.30–8.17 (3H, m, H-2�, H-
9�, H-7�), 7.98–7.90 (2H, m, H-3� and H-8�), 6.41 and 6.28 (1H,
q, J = 6.9 Hz, H-1�), 4.61 and 4.25 (1H, d, J = 7.8 Hz, H-1β),
4.07 (3H, s, OMe), 3.82–3.32 (6H, m, H-2, H-3, H-4, H-5, H-6,
H-6�), 1.70 and 1.68 (3H, d, J = 6.3 Hz, H-2�). 13C-NMR (75
MHz, CD3OD) δ 167.6, 143.4, 141.8, 133.5, 133.4, 132.0, 131.5,
131.4, 129.3, 129.2, 128.5, 128.2, 126.2, 101.8 (C-1β), 75.4 and
75.3, 73.9 and 73.8, 72.0 and 71.7, 71.6 and 70.3, 69.1 and 69.0,
61.3 and 60.9 (C-1�), 52.0 (OMe), 23.2 and 21.8 (C-2�). Electro-
spray HR-MS (positive mode): m/z calcd. for C22H25N2O8

(M � H)� 445.1611, found 445.1613 (100%).

Methyl 6-[(R/S )-1-(6-deoxy-�-L-glucopyranosyl)ethyl]phen-
azine-1-carboxylic ester (14). 85% yield, pure β, 1 : 1 mixture of
diastereomers (β-glycosides of both enantiomers of saphenic
acid), mp 182–183 �C. Anal. HPLC (215 nm) >95%. 1H-NMR
for pairs of diastereomers (300 MHz, CDCl3) δ 8.30 and 8.26
(1H, d, J = 7.2 Hz, H-4�), 8.16–8.10 (2H, m, H-9�, H-7�), 7.97–
7.91 (1H, d, J = 7.8 Hz, H-2�), 7.77–7.69 (2H, m, H-3�, H-8�),
6.13 (1H, m, H-1�), 4.57 and 4.37 (1H, d, J = 9.8 Hz, H-1β), 4.01
(3H, s, OMe), 3.50–3.08 (4H, m, H-2, H-3, H-4, H-5), 1.67 and
1.60 (3H, d, J = 7.2 Hz, H-2�), 1.25 (3H, d, J = 2.4 Hz, H-6).
13C-NMR for pairs of diastereomers (75 MHz, CDCl3) δ 167.2,
143.9, 142.0, 141.9, 140.9, 140.8, 139.0, 133.7, 131.4, 130.2,
130.1, 129.3, 128.3, 89.2 (C-1β), 75.5, 75.4, 72.2, 72.1, 60.6
(C-1�), 52.9 (OMe), 22.8 (C-2�), 17.9 (C-6). Electrospray HR-
MS (positive mode): m/z calcd. for C22H25N2O7 (M � H)�

429.1662, found 429.1670 (100%).

2-(�-D-Glucopyranosyl)phenazine (15). 95% yield, mp 236–
237 �C (decomp.). Anal. HPLC (215 nm) >95%. 1H-NMR (500
MHz, CD3COOD) δ 8.33–8.26 (3H, 3d, J = 7–8 Hz, H-4�, H-6�,
H-9�), 7.95 (1H, br s, H-1�), 7.91 (1H, br t, J = 6.8 Hz, H-7�/8�),
7.86 (1H, br t, J = 6.8 Hz, H-7�/8�), 7.69 (1H, br d, J = 7.8 Hz,
H-3�), 5.41 (1H, d, J = 7.5 Hz, H-1β), 4.10 (1H, br d, J = 12.4
Hz, H-6), 3.98 (1H, dd, J = 3.0 and 12.4 Hz, H-6�), 3.93–3–77
(4H, m, H-2, H-3, H-4, H-5). 13C-NMR (75 MHz, CD3COOD)
δ 160.3, 144.8, 143.4, 142.5, 141.4, 130.9, 130.8, 129.5, 129.4,
128.5, 128.2, 109.0 (C-1�), 100.9 (C-1β), 86.4, 77.2, 77.1, 74.4,
70.6. Electrospray HR-MS (positive mode): m/z calcd. for
C18H19N2O6 (M � H)� 359.1243, found 359.1232 (100%).

2-(�-D-Galactopyranosyl)phenazine (16). 74% yield, mp 230–
231 �C (decomp.). Anal. HPLC (215 nm) >95%. 1H-NMR (500
MHz, CD3COOD) δ 8.36–8.29 (3H, 3d, J = 7–8 Hz, H-4�, H-6�,
H-9�), 8.01 (1H, br s, H-1�), 7.93 (1H, br t, J = 7.9 Hz, H-7�/8�),
7.89 (1H, br t, J = 7.5 Hz, H-7�/8�), 7.73 (1H, br d, J = 8.0 Hz,
H-3�), 5.37 (1H, d, J = 7.5 Hz, H-1β), 4.23–4.08 (3H, m, H-6,
H-6�, H-2), 4.03–3.95 (2H, m, H-3, H-4), 3.79 (1H, m, H-5).
13C-NMR (75 MHz, CD3COOD) δ 159.6, 145.1, 144.3, 143.9,
143.0, 141.0, 140.8, 136.7, 133.8, 133.5, 131.8, 108.9 (C-1�),
100.0 (C-1β), 83.9, 80.9, 77.9, 71.4, 63.4. Electrospray HR-MS

(positive mode): m/z calcd. for C18H19N2O6 (M � H)� 359.1243,
found 359.1266 (100%).

2-(�-L-6-Deoxygalactopyranosyl)phenazine (17). 68% yield,
mp 219–220 �C (decomp.). Anal. HPLC (215 nm) >95%.
1H-NMR (300 MHz, CD3COOD) δ 8.38–8.30 (3H, m, H-4�, H-
6�, H-9�), 7.98–7.85 (3H, m, H-1�,H-7�, H-8�), 7.71 (1H, dd, J =
2.7 and 9.6 Hz, H-3�), 5.38 (1H, d, J = 7.5 Hz, H-1β), 3.94–3.85
(3H, m, H-2, H-3, H-4), 3.46 (1H, m, H-5), 1.46 (3H, d, J = 6.3
Hz, H-6). 13C-NMR (75 MHz, CD3COOD) δ 159.6, 143.8,
142.3, 141.6, 140.5, 131.8, 130.4, 129.9, 128.7, 127.6, 126.9,
107.8 (C-1�), 100.0 (C-1β), 76.4, 75.3, 73.8, 72.3, 17.1. Electro-
spray HR-MS (positive mode): m/z calcd. for C18H19N2O5 (M �
H)� 343.1294, found 343.1205 (100%).

General procedure for the methyl ester hydrolysis

The methyl ester (12, 13 or 14) and LiOH�H2O (5 equiv.) were
dissolved in MeOH–H2O (3 : 1) and stirred at room temper-
ature for 19 h. The reaction mixture was acidified to pH 4 with
HCl (aq. 4 M), evaporated to dryness, and purified by column
chromatography on a Biotage QUAD3� (eluting with CH2Cl2–
MeOH 85 : 15 or 90 : 10) to give the free acids 18–20.

6-[(R/S )-1-(�-D-Glucopyranosyl)ethyl]phenazine-1-carboxylic
acid (18). Quant. yield, 1 : 1 mixture of diastereomers (β-
glycosides of both enantiomers of saphenic acid), oil. Anal.
HPLC (215 nm) >95%. 1H-NMR (300 MHz, CD3OD) δ 8.66
(1H, br d, J = 6.9 Hz, H-2�), 8.45 (1H, br d, J = 8.7 Hz, H-4�),
8.34 and 8.23 (1H, d, J = 6.9 Hz, H-9�), 8.14–7.97 (3H, m, H-3�,
H-7�,H-8�), 6.38 and 6.24 (1H, q, J = 6.3 Hz, H-1�), 4.70 and
4.35 (1H, d, J = 7.2 Hz, H-1β), 3.90 and 3.61 (1H, dd, J = 2.4
and 12.0 Hz, H-6), 3.73 and 3.50 (1H, dd, J = 5.4 and 12.0 Hz,
H-6�), 3.49–3.27 (3H, m, H-2, H-3, H-4), 3.20 (1H, m, H-5),
1.70 and 1.69 (3H, d, J = 6.3 Hz, H-2�). 13C-NMR for pairs
of diastereomers (75 MHz, CD3OD) δ 174.7, 143.6, 142.7,
140.6, 140.1, 136.1, 134.9, 133.3, 130.1, 128.7, 128.4, 126.9,
126.6, 101.9 and 101.2 (C-1β), 76.9 and 76.8, 76.7 and 76.6,
74.3 and 74.2, 71.8, 70.5 and 70.4, 61.6 and 61.4 (C-1�), 23.2
and 21.8 (C-2�). Electrospray HR-MS (positive mode): m/z
calcd. for C21H23N2O8 (M � H)� 431.1454, found 431.1453
(100%).

6-[(R/S )-1-(�-D-Galactopyranosyl)ethyl]phenazine-1-carb-
oxylic acid (19). 97% yield, 1 : 1 mixture of diastereomers
(β-glycosides of both enantiomers of saphenic acid), oil. Anal.
HPLC (215 nm) >95%. 1H-NMR for pairs of diastereomers
(300 MHz, CD3OD) δ 8.55–8.18 (4H, m, H-2�, H-4�, H-9�,
H-3�), 8.10–7.91 (2H, m, H-7�,H-8�), 6.41 and 6.28 (1H, q,
J = 6.1 Hz, H-1�), 4.62 and 4.65 (1H, d, J = 7.2 Hz, H-1β), 3.90–
3.18 (6H, m, H-6, H-6�, H-2, H-3, H-4, H-5), 1.71 and 1.69 (3H,
d, J = 6.3 Hz, H-2�). 13C-NMR for pairs of diastereomers (75
MHz, CD3OD) δ 172.1, 143.3, 142.1, 141.7, 140.7, 138.5, 137.8,
134.8, 131.1, 130.1, 128.1, 127.9, 127.1, 102.8 and 101.8 (C-1β),
75.4 and 75.3, 73.9 and 73.8, 71.7 and 71.6, 70.6, 69.1 and 68.9,
61.2 and 60.8 (C-1�), 23.2 and 21.8 (C-2�). Electrospray HR-MS
(positive mode): m/z calcd. for C21H23N2O8 (M � H)� 431.1454,
found 431.1443 (100%).

6-[(R/S )-1-(6-Deoxy-�-D-glucopyranosyl)ethyl]phenazine-1-
carboxylic acid (20). Quant. yield, 1 : 1 mixture of diastereo-
mers (β-glycosides of both enantiomers of saphenic acid), mp
131–133 �C. Anal. HPLC (215 nm) >95%. 1H-NMR for pairs
of diastereomers (300 MHz, CD3OD) δ 8.80 (1H, br d, H-2�),
8.56 and 8.52 (1H, br d, H-4�), 8.34 and 8.20 (1H, d, J = 7.2 Hz,
H-9�), 8.22–8.00 (3H, m, H-3�, H-7�, H-8�), 6.31 and 6.21 (1H,
q, J = 6.3 Hz, H-1�), 4.62 and 4.28 (1H, d, J = 7.2 Hz, H-1β),
3.40–2.28 (4H, m, H-2, H-3, H-4, H-5), 1.70 and 1.68 (3H, d,
J = 6 Hz, H-2�), 1.29 and 0.92 (3H, d, J = 6 Hz, H-6). 13C-NMR
for pairs of diastereomers (75 MHz, CD3OD) δ 167.0, 143.9,
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142.8, 140.2, 140.0, 139.7, 135.4, 133.4, 133.3, 130.1, 128.6,
128.4, 126.5, 102.2 and 101.1 (C-1β), 76.7 and 76.6, 75.9 and
75.8, 74.5 and 74.4, 72.1 and 71.9, 72.0 and 70.4, 23.2 and 21.8
(C-2�), 16.9 and 16.7 (C-6). Electrospray HR-MS (positive
mode): m/z calcd. for C21H23N2O7 (M � H)� 415.1505, found
415.1463 (100%).
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