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An acetonide is the only protecting group used in the synthesis of both the enantiomers of 2,4-di-C-
methyl arabinose and 2-deoxy-2,4-di-C-methyl arabinose via the enantiomeric 3-C-methyl-L-erythrono-
lactone [from 2-C-methyl-D-ribono-lactone or D-ribose] and 3-C-methyl-D-erythronolactone [from D-tag-
atose or L-ribose]. NMR studies on unprotected C-methyl arabinoses show that methyl branching
significantly affects the ratios of pyranose and furanose forms present in aqueous solution.

� 2009 Elsevier Ltd. All rights reserved.
Although most carbohydrates have linear carbon chains, singly
branched sugars with one methyl or hydroxymethyl branch are
found in Nature, frequently as a component of a larger molecule.1

For example, 3-C-methyl-D-mannose occurs in a polysaccharide of
Helicobacter pylori;2 the carbohydrate portion of apoptolidins, po-
tential anti-cancer compounds, is essential for anti-tumor activity
and contains a 3-C-methyl branched sugar.3 Also 2-C-methyl-D-
erythritol phosphate is an intermediate in the non-mevalonate bio-
synthesis of terpenes providing a strategy for the inhibition of the
growth of many pathogens including mycobacteria such as tuber-
culosis.4 Many recent papers have demonstrated the chemothera-
peutic potential of 20- and 40-C-methyl nucleoside analogues,5

particularly for the treatment of hepatitis C.6 There have been very
few studies on di-C-methyl carbohydrates, although the synthesis
of bioactive 20,40-di-C-methyl nucleosides has recently been
reported.7

The Kiliani8 reaction of cyanide on monosaccharides is a very
powerful and general method for access to C-branched sugars
and polylols,9 including all four of the diastereomeric ketohexos-
es10 as well as the syntheses of C-3 branched sugars from C-2
branched sugars [such as hamamelose]11 and of b-sugar amino
acids from unprotected Amadori ketoses.12 Thus the protected
deoxyribulose 3, prepared by the addition of methylmagnesium
bromide to the acetonide of D-erythronolactone 2 derived from
arabinose 1, reacts with cyanide to give the protected 1,5-lactone
4 with high diastereoselectivity (Scheme 1); reduction of 4 fol-
ll rights reserved.
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lowed by deprotection gives 2-C-methyl-D-arabinose 5 which has
been used in the synthesis of 20-C-methyl nucleosides.13 This Letter
describes the preparation, by a similar strategy, of the two enanti-
omers of 2,4-di-C-methyl arabinoses 9D and 9L and of 2-deoxy-
2,4-di-C-methyl-L-arabinose 11L from the two enantiomers of
the acetonides 3-C-methyl erythronolactones 7D and 7L via the
1,5-lactones 8D and 8L, respectively (Scheme 2). 2-deoxy-2,4-di-
C-methyl-L-arabinose 11D would be similarly accessible from 8D.
2,4-Di-C-methyl-L-arabinose 9L was efficiently synthesized from
either D-glucose 6 or D-ribose 10D whereas 9D was obtained from
either D-tagatose 12 or L-ribose 10L. The only protection necessary
for all the syntheses was an isopropylidene group. The effect of the
introduction of carbon branching on the pyranose-furanose equi-
librium forms of arabinose was studied by NMR.

3-C-Methyl-L-erythronolactone 7L, the key intermediate for the
synthesis of the 2,4-di-C-methylarabinoses 9L and 11L, was pre-
pared from both D-glucose 6 and D-ribose 10D (Scheme 3). D-Glu-
cose 6 on reaction with dimethylamine in aqueous acetic acid,
followed by treatment of the resulting Amadori ketose with cal-
cium hydroxide, gave the branched lactone 13 in approximately
25% yield on a kilogram scale.14 Acetonation of 13, followed by
reduction with lithium borohydride, gave the triol 14 in quantita-
tive yield. Periodate oxidation of 14 formed the lactol 15L, further
oxidation of which using bromine water afforded the lactone
7L15,16 in an overall yield from 13 of 93%.

The L-lactone 7L was also synthesized from D-ribose 10D
(Scheme 3). The branching hydroxymethyl group was introduced
via a Ho crossed aldol reaction between the acetonide of ribose
and formaldehyde to give the protected D-hamamelose 16D in
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88% yield as previously described.17 Reduction of 16D by sodium
borohydride followed by sodium periodate oxidation afforded the
protected L-apiose 17L (94%) which on treatment with bromine
water gave the L-apionolactone 18L [mp 90–92 �C; ½a�22

D +70.5 (c,
0.95)18] in 90% yield. Esterification of the free alcohol in 18L with
triflic anhydride in dichloromethane in the presence of pyridine
gave the corresponding triflate which on reaction with tetra-n-
butylammonium iodide afforded the iodide 19L [mp 60–62 �C;
½a�18

D
18 +27.7 (c, 1.29)] in 76% yield. Hydrogenation of 19L in the

presence of palladium and triethylamine gave the 3-C-methyl lac-
tone 7L, identical to the material prepared from D-glucose 6, in 85%
yield [64% overall yield of 7L from 16D].

Reaction of the lactone 7L with methylmagnesium bromide
gave the protected 4-C-methyl deoxy-L-ribulose 20L (87% yield).
Treatment of 20L with sodium cyanide resulted in a highly diaste-
reoselective Kiliani reaction to give the arabinonolactone 8L19 in
77% yield together with a small amount (3%) of the epimeric ribon-
olactone 21L.20 The structure of 8L was confirmed by X-ray crystal
analysis.21 The high yield of the protected lactone is due to lack of
hydrolysis of the ketal protecting group in 8L in comparison to the
very easy hydrolysis of the mono-C-methyl analogue 4.14 3,4-O-
Isopropylidene-1,5-lactones invariably crystallize in a boat confor-
mation;22 the diastereoselectivity may be rationalized by less ste-
ric congestion in the arabino lactone 8L [with a flagpole hydroxy
group] than in the ribo epimer 21L [with the larger flagpole methyl
substituent]. DIBALH reduction of the lactone 8L gave the pro-
tected lactol 22L [mp 84–86 �C; ½a�17

D +26.6 (c, 0.60)] in 67% yield
with 22% recovery of the starting material 8L. Although removal
of the isopropylidene protecting group in the lactone 8L in good
yield was not possible, the protected lactol 22L with acid ion ex-
change resin, afforded the target di-C-methyl-L-arabinose 9L [mp
132–134 �C; ½a�17

D +13.0 (c, 0.90 in MeOH)] in quantitative yield;
9L crystallized as the hydrate of the a-pyranose form.23

For the 2-deoxy sugar 11L, the lactone 8L was esterified with
triflic anhydride and allowed to stand at room temperature; the
unsaturated lactone 23L24 was formed as a stable crystalline solid
in 63% yield. All attempts to base catalyze this elimination failed
and gave complex mixtures. Hydrogenation of 23L in the presence
of palladium in ethanol gave a single C-methyl compound 24L25 in
72% yield; a significant nOe between C2H and C5H was strongly
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suggestive of the production of the more stable arabino product
24L even though this would require hydrogenation from the most
hindered face. Reduction of 24L by DIBALH gave the lactol 25L [mp
76–79 �C; ½a�25

D �49.6 (c, 0.15)], which was crystallized as the b-
pyranose anomer,26 in 59% yield. Removal of the isopropylidene
protecting group by acid ion exchange resin gave 2-deoxy-2,4-di-
C-methyl-L-arabinose 11L [oil, ½a�22

D �12.7 (c, 0.56 in MeCN)] in
82% yield.

In the D-series the synthesis of 2,4-di-C-methyl-D-arabinose 9D
required D-erythronolactone 7D which was prepared from both
D-tagatose 12 and L-ribose 10L (Scheme 5). Although the price of
D-tagatose in the 2007–2008 Aldrich catalogue is £331.00 for
5 g,27 it is now available cheaply in large quantities [around £5
per kg] by either chemical28 or biotechnological29 procedures and
has been developed as a low calorie sweetener.30 The potential of
D-tagatose as a chiral building block is beginning to be recog-
nized.31 For example, D-tagatose 12 underwent an efficient Kiliani
reaction to give a mixture of diastereomeric lactones which on
treatment with acetone and acid resulted in the easy isolation of
the diacetonide 26 in 51% yield. Appel reaction of the alcohol 26
with triphenylphosphine and iodine in the presence of imidazole
afforded the corresponding iodide which on hydrogenation gave
the 2-C-methyl branched lactone 27 in 92% yield.32 Reduction of
27 with lithium borohydride in THF formed a diol from which
the terminal acetonide was removed selectively by aqueous acetic
(i)

O
O

OO
Me

O

O
O

Me Me

OH

OO

OO
Me

OH

Me

CH2OH

CHO

Me

OH

Me

HO

25L

O

O
O

Me
Me

OH O

O
O

Me
Me

O

7L 20L 8L

24L11L

(vii)(viii)
Me

OO

OO

H H

(ii)

Scheme 4. Reagents and conditions: (i) MeMgBr, THF, �78 �C, 45 min, 87%; (ii) NaCN, H
90 �C, 1.5 h, 100%; (v) (CF3SO2)2O, pyridine, CH2Cl2; then DMF, rt, 16 h, 63%; (vi) H2, 20% P
90 �C, 1.5 h, 82%.

(ii)

CH2OH

HOH2C

HO
OH

HO
O

12 D-tagatose

(iii)
O

CH2OH
O

O
O

O O

26

O

Me
O

O
O

O O

27

(i)

HOH2C CHO

OH

OHMe MeHO

O

Me

9D

Scheme 5. Reagents and conditions: (i) NaCN, H2O; then Me2CO, H2SO4, 51%; (ii) Ph3P, I
then AcOH, H2O, 16 h, 90%; (iv) NaIO4, H2O, rt, 4 h, 96%; (v) Br2, BaCO3, H2O, 93%.
acid to give the tetraol 28 [mp 81–82 �C; ½a�25
D +10.9 (c, 1.0)] in 90%

yield. Sequential oxidation with periodate to 15D33 and then bro-
mine water gave the lactone 7D [mp 82–84 �C; ½a�17

D -106.6 (c,
1.34); ½a�17

D +101.6 (c, 0.80) for the enantiomer 7L] in 90% yield
[overall 75% yield from 26]. The lactone 7D was also prepared from
L-ribose 10L, via the protected hamamelose 16L, by the same se-
quence of reactions described for the D-isomer in Scheme 3.

The lactone 7D was then subjected to analogous reactions to
those on 7L to form the di-C-methyl D-arabinonolactone 8D {mp
112–114 �C; ½a�22

D �139.4 (c, 1.20); for the enantiomer 8L, ½a�23
D

+131.8 (c, 1.50)}. DIBALH reduction followed by deprotection, as
described for the L-enantiomer 8L in Scheme 4, afforded the free
di-C-methyl sugar 9D {½a�22

D �15.5 (c, 1.10 in MeOH); for the enan-
tiomer 9L, ½a�17

D +13.0 (c, 0.90 in MeOH)}.
Full NMR analyses34 of 2-C-methyl-arabinose 5, 2,4-di-C-

methyl-arabinose 9, and 2,4-di-C-methyl-2-deoxy-arabinose 11
were carried out in D2O to study the effect of introducing C-methyl
groups on the equilibrium between pyranose and furanose forms,
and between anomers; the 1D 1H NMR spectra are shown in Figure
1, and the 1H and 13C assignments are given in Tables 1 and 2. For
all compounds, the pyranose forms were identified by the HMBC
peak between C1 and C5H/C5H0, and between C5 and C1H; the
furanose forms were identified by the HMBC peak between C4
and C1H. There was no evidence of the open-chain keto form with-
in the detection limit in any of the samples (<2%). The furanose
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b-anomers of all three sugars and the pyranose b-anomers of 5 and
9 could be identified by the strong C1H to C2CH3 NOEs. The pyra-
nose b-anomer of 11 could be identified by the large trans-diaxial
coupling between C1H and C2H. The proportions of furanose and
pyranose forms are shown in Figure 2 [shown for the L-enantio-
mers]. For the b-pyranose form of 2-C-methyl-arabinose 5, the
large 3JHH coupling between C4H and C5H0 indicates that these
two protons are axial. This defines the ring conformation as 1C4.
For the a-pyranose form, the lack of a large coupling between
C4H and either C5H or C5H0 indicates that C4H is equatorial and
hence the ring is in the 4C1 conformation. These conformations
are those predicted on steric grounds, both having two axial and
three equatorial substituents; however, in the a-form the axial
substituents are on the same side of the ring, whilst in the b-form
they are on the opposite sides, hence the a/b ratio is less than one.
Table 1
13C chemical shifts of C-methyl-arabinoses (referenced to acetone at 30.90 ppm)

C1 C2 C3 C4 C5 C2C C4C

2-C-Methyl-arabinose 5
a-Fur 21% 103.16 81.02 77.81 84.79 62.4 15.98 —
b-Fur 30% 100.71 78.54 76.36 81.91 63.23 18.04 —
a-Pyr 20% 98.32 73.96 74.59 67.31 63.85 17.1 —
b-Pyr 29% 95.95 73.24 73.66 65.82 63.61 20.97 —

2,4-Di-C-methyl-arabinose 9
a-Fur 9% 102.26 81.76 79.23 86.62 67.86 16.6 19.61
b-Fur 16% 99.55 79.72 78.49 84.47 68.7 19.24 18.37
a-Pyr 46% 99.34 75.05 78.52 72.23 71.82 13.7 22.39
b-Pyr 29% 97.63 73.14 75.09 72.12 67.05 19.99 22.93

2,4-Di-C-methyl-2-deoxy-arabinose 11
a-Fur 7% 100.23 42.65 75.44 88.6 67.75 8.02 19.52
b-Fur 17% 103.41 45.11 75.83 87.75 67.85 9.85 18.49
a-Pyr 15% 95.36 36.11 75.66 69.69 63.27a 12.01a 22.55
b-Pyr 61% 97.17 39.28 76.02 69.88 68.28 12.77 22.84

% ages were estimated from peak area in the 1H 1D spectrum.
a Broad peaks in the 1D spectrum.
For the b-pyranose form of 2,4-di-C-methyl-arabinose 9, the rela-
tively high chemical shift for C1H suggests that this proton is equa-
torial and the large difference between the chemical shifts of C5H
and C5H0 implies that C1OH is axial, consistent with a 4C1 ring con-
formation. For the a-pyranose form, the relatively low chemical
shift for C1H indicates that this proton is axial, thus suggesting that
the ring is also in the 4C1 conformation. For the a-anomer, this con-
formation would be predicted on steric grounds, placing four of the
six groups equatorial. For the b-anomer, both the 1C4 and 4C1 con-
formations place three groups axial and three equatorial.

The large 3JHH coupling between C1H and C2H indicates that
these two protons are axial in the b-pyranose form of 2,4-di-C-
methyl-2-deoxy-arabinose 11. This defines the ring conformation
as 1C4, which maximizes the number of equatorial substituents rel-
ative to axial substituents. For the a-pyranose form, the relatively
high chemical shift for C1H implies that this proton is equatorial
and the large difference between the chemical shifts of C5H and
C5H0 suggests that C1OH is axial. This implies that the ring confor-
mation is also 1C4, consistent with the identical 3JHH coupling be-
tween C2H and C3H and between C3H and C5H0. For the b-
anomer, this conformation would be predicted on steric grounds,
placing three of the five groups equatorial. For the a-anomer, steric
arguments would favor the 4C1 conformation rather than the 1C4;
however, the observed peak broadening may indicate some dy-
namic ring behavior. C-Methyl branching increases the proportion
of furanose forms relative to pyranose forms compared to the par-
ent arabinose 1,35 more so for the 2-C-methyl 5 than for the di-
methyl 9 and 11 sugars (Fig. 2). The b-furanose form relative to
a-furanose is stabilized by C2-methylation, 5; C2,C4-dimethyla-
tion, 9 and 11, stabilizes the b-anomer still further. This is as ex-
pected as both methyl groups are on the same side of the ring as
C1OH in the a-anomer. For the pyranose forms, C-methylation
causes more complex changes in ring conformation and stability.
C2-Methylation does not alter the stable ring conformations of
the a- and b-anomers relative to arabinose, but makes the b-ano-



Table 2
1H chemical shifts (ppm) and 3-bond coupling constants (Hz) of C-methyl-arabinoses (referenced to acetone at 2.220 ppm)

C1H C2H C3H C4H C5H C5H0 C2CH3 C4CH3

2-C-Methyl-arabinose 5
a-Fur 21% 5.137 — 3.853 (J3,4 5.8) 4.068 3.773 (J4,5 3.6) 3.708 (J4,50 5.5) 1.292 —
b-Fur 30% 4.975 — 4.004 (J3,4 6.7) 3.765 3.773 (J4,5 3.3) 3.668 (J4,50 6.5) 1.256 —
a-Pyr 20% 4.584 — 3.685 (J3,4 5.0) 4.003 3.871 (J4,5 5.3) 3.658 (J4,50 3.1) 1.285 —
b-Pyr 29% 4.794 — 3.771 (J3,4 3.6) 4.082 3.852 (J4,5 4.7) 3.605 (J4,50 8.5) 1.263 —

2,4-Di-C-methyl-arabinose 9
a-Fur 9% 5.074 — 3.921 — 3.55 3.55 1.292 1.23
b-Fur 16% 4.958 — 4.069 — 3.56 3.56 1.279 1.166
a-Pyr 46% 4.517 — 3.387 — 3.712 3.523 1.229 1.153
b-Pyr 29% 4.917 — 3.634 — 3.884 3.456 1.303 1.199

2,4-Di-C-methyl-2-deoxy-arabinose 11
a-Fur 7% 5.260 (J1,2 4.9) 2.44 (J2,3 5.7) 3.959 — 3.403 3.403 1.049 (J2,Me 7.2) 1.296
b-Fur 17% 5.126 (J1,2 6.5) 2.317 (J2,3 5.7) 4.06 — 3.522 3.484 1.057 (J2,Me 7.2) 1.22
a-Pyr 15% 4.952 (J1,2 3.3) 2.073 (J2,3 2.6) 3.57 — 3.886 3.276 1.05 (J2,Me 7.1) 1.269
b-Pyr 61% 4.679 (J1,2 8.8) 1.852 (J2,3 2.6) 3.596 — 3.68 3.437 0.993 (J2,Me 6.9) 1.327

% ages were estimated from peak area in the 1H 1D spectrum.

Figure 2. Ring conformations and relative populations for the a-pyr, b-pyr, a-fur, and b-fur forms of (a) 11L, (b) 9L, (c) 5L, and (d) arabinose 1L. * ring conformations not
unambiguously determined by NMR.
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mer more stable than the a-anomer. C2,C4-Dimethylation alters
the ring conformation of the b-anomer relative to arabinose 1
and again increases its stability relative to the a-anomer, although
the latter is still more stable. C2,C4-Dimethylation combined with
loss of the C2-hydroxy group in 11 changes the ring conformation
of the a-anomer and makes the b-anomer far more stable.

In summary, this Letter reports the first synthesis of unpro-
tected di-C-methyl branched monosaccharides by an efficient Kili-
ani reaction on a branched deoxyketose. The effect of C-methyl
branching on the ratios of pyranose to furanose anomers in arabi-
nose has been studied.
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