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The synthesis of two novel carbasugar analogues of o-L-iduronic acid is described in which the ring-oxy-
gen is replaced by a methylene group. In analogy with the conformational equilibrium described for o-L-
IdopA, the conformation of the carbasugars was investigated by 'H and '>C NMR spectroscopy. Hadamard
transform NMR experiments were utilised for rapid acquisition of 'H,'>C-HSQC spectra and efficient mea-
surements of heteronuclear long-range coupling constants. Analysis of 'H NMR chemical shifts and Jyu
coupling constants extracted by a total-lineshape fitting procedure in conjunction with J ¢ coupling con-
stants obtained by three different 2D NMR experiments, viz., 'H,'>C-HSQC-HECADE, J-HMBC and IPAP-
HSQC-TOCSY-HT, as well as effective proton-proton distances from 1D 'H,'"H T-ROE and NOE experi-

ments showed that the conformational equilibrium 4C; = 2Ss, = 1C, is shifted towards “C; as the predom-
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inant or exclusive conformation. These carbasugar bioisosteres of o-L-iduronic acid do not as monomers
show the inherent flexibility that is anticipated to be necessary for biological activity.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Monosaccharides are usually assumed to have a rigid ring-con-
formation. This is a good approximation for hexapyranoses with up
to one non-anomeric axial hydroxy group, which includes the
majority of monosaccharide residues found in oligosaccharides of
biological or biochemical importance. Iduronic acid, which is found
o-(1—4)-linked in nature in the glycosaminoglycans heparin, hep-
aran sulfate and dermatan sulfate, is unusual among biologically
relevant hexoses in that in its pyranose form it does not exclusively
occupy the #C; conformation, but rather is a flexible entity with
more than one low-energy conformation accessible.! The relative
population of the three low-energy conformations #C;, 2So and
¢, (Fig. 1) is dependent on the surrounding residues and sulfa-
tion.2> It has been proposed that the flexibility of iduronic acid is
key to the strong binding of certain of these glycans to their recep-
tors.! One important interaction is the binding of a heparin penta-
saccharide to antithrombin* Different conformationally
constrained mimics of iduronic acid have been synthesised and
incorporated into heparin sequences whose affinities for anti-
thrombin indicate that the 25y skew conformation is important
for this binding event.>~” The conformational preferences of idu-
ronic acid and heparin-derived oligosaccharides have been studied
by NMR spectroscopy, molecular modelling, molecular dynamics
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Figure 1. Schematic of possible conformations for o-L-iduronic acid (left column)
and the carbasugar analogues thereof synthesised herein (right column).

simulations, ab initio quantum mechanical computations and den-
sity functional theory methodology.3-16

Carbasugars (formerly pseudosugars) are carbohydrate-like
molecules in which the ring-oxygen has been formally replaced
by carbon.'”'® They thus differ from natural glycosides in that
pseudodisaccharides based on carbasugars will be hydrolytically
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stable, an important factor when considering enzyme inhibitor de-
sign. Some ido-configured carbasugars have been synthesised be-
fore: both anomers of carbaidose have been described, as have
some C1 ether pseudodisaccharides.?°-2> Only two carbaiduronic
acid derivatives have been synthesised, both as protected deriva-
tives only, and both with the non-natural B-p-configuration.?6’
Recently, two novel carbasugars were isolated from Streptomyces
lincolnesis.?®

We were interested as to whether carbaiduronic acid deriva-
tives would have a conformational profile that would give them
the potential to be useful mimics of iduronic acid, and we therefore
undertook the synthesis of carbasugar 1 and its 1-O-methyl ether
derivative 2 (Fig. 1) and investigated their ring-conformation(s),
the results of which we report in this paper.

2. Results and discussion
2.1. Synthesis

Our synthesis started from the known cyclohexene derivative 3
that is prepared from L-sorbose in nine steps (Scheme 1).2° Hydro-
genation of the C=C double bond proceeded stereoselectively with
addition of hydrogen from the same face as the free OH group to
give the protected carbaidose 4 as the major product, separable
by chromatography from the minor gluco compound 5 (ido:gluco;
4:5; 4:1).3° Selective cleavage of the primary benzyl ether from
06 in 4 was achieved by acetolysis with TFA and Ac,0,3! followed
by deacetylation with NaOMe in MeOH to give the known diol 6.3°
Initial attempts at selective oxidation to iduronic acid 7 failed how-
ever: treatment of diol 6 with TEMPO and diacetoxyiodobenzene
under two-phase conditions with CH,Cl, and water gave clean for-
mation of the C6 aldehyde,>? which was not transformed into the
acid 7 even after several hours. Using a mixture of acetone and
water as reaction solvent in the oxidation did not change the out-
come. Nevertheless, the crude aldehyde could be oxidised to the
carboxylic acid 7 with sodium chlorite.>® The secondary alcohol
at C1 remained untouched during these two steps. Hydrogenolysis
of the benzyl ethers gave the deprotected carbasugar 1.

In order to access the carbasugar analogue 2 of the methyl gly-
coside, OH1 of carbaidose 4 was methylated with methyl iodide to
give the methyl ether 8. The OH6 protection was selectively re-
moved as described above to give the primary alcohol 9. In this
case, treatment with TEMPO and diacetoxybenzene in acetone/
water gave the carboxylic acid 10 directly, although a rather long
reaction time (48 h) was needed for complete conversion. Deben-
zylation as described above gave the methyl glycoside analogue 2.

2.2. Conformational analysis

The conformational analysis of carbasugar 1 and its 1-O-methyl
ether derivative 2 (Fig. 1) is based on NMR spectroscopy and
molecular modelling. 'H and *C NMR chemical shift assignments
of the novel compounds used, besides standard 1D 'H and '3C
experiments, 2D 'H,"H-TOCSY, 'H,'3C-H2BC2* 'H,'*C-HMBC, and
Hadamard transform (HT) !H,'3C-HSQC experiments.>®> The
1H,"3C-HSQC-HT experiment was used to rapidly and efficiently
obtain the one-bond 'H,'C-correlations. Since the 'C resonances
from both 1 and 2 were resolved in the 1D '>C NMR spectra and
the compounds have, respectively, six and seven carbons that carry
protons, a Hadamard-8 matrix was optimal for irradiation. In par-
ticular, as the ‘all-plus’ column of the Hadamard matrix is normally
not used since it is not effective in reducing instrumental arte-
facts.36 The 'H,’>C-HSQC-HT spectra of 1 are presented in Figure 2
and the 'H and '>C NMR chemical shift assignments of the two
compounds are compiled in Table 1. Analysis of the homo- and
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Scheme 1. Reagents and conditions: (i) Hy, Pd (C), Et3N, EtOAc; 4, 78%; 5, 19%; (ii)
TFA, Ac,0; then NaOMe, MeOH, 84%; (iii) TEMPO, PhI(OAc),, CH,Cl,, water; then
DMSO, tBuOH, dimethoxybenzene, NaClO,, NaH,POy4, 67%; (iv) Pd(OAc),, Ha, EtOH,
AcOH, 96%; (v) NaH, Mel, THF, 92%; (vi) TFA, Ac,0; then NaOMe, MeOH, 65%; (vii)
TEMPO, PhI(OAc),, acetone, water, 64%; (viii) Pd(OAc),, H,, MeOH, AcOH, 89%.

heteronuclear coupling constants (vide infra) showed that the con-
formational equilibria in the two compounds are very similar, and
therefore the detailed conformational analysis is focussed on com-
pound 1.

The conformational analysis is based on the following: 3J;; ; val-
ues, >Jyc values, effective 'H,'H-distances derived from cross-
relaxation rates in 1D T-ROESY and NOESY experiments and 'H
chemical shifts. The Jy y coupling constants were extracted by a to-
tal-lineshape analysis®’ carried out with the PERCH NMR spin sim-
ulation software, which resulted in an excellent agreement
between the experimental and the simulated 'H NMR spectra
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Figure 2. 'H,'3C-HSQC-Hadamard transform spectra of 1 ('H-decoupled: black
cross-peaks; '>C-coupled: red cross-peaks).

(Fig. 3a and b). The 3Jyy values thus obtained (Table 1) could be
used in the conformational analysis. Based on previous conforma-
tional analyses of a-L-IdopA and its derivatives, it is reasonable to
consider the following three conformations in 1: “C;, 2S5, and
1C,. For a conformational equilibrium between the three ring-con-
formations, the NMR observables will be averaged by rapid ex-
change. An indication of the predominant conformation may be
obtained by predicting the 'H NMR chemical shifts and proton-
proton coupling constants for each conformation. This was carried
out using the PERCH NMR simulation software for which the 4cy,
2Ss, and 'C, energy-minimised conformations of 1 were given as
input. Comparison of the predicted '"H NMR spectra with the
experimental 'H NMR spectrum (Fig. 3c-e vs a) shows that the
4C, conformation agrees the best. This result indicates that this
conformation should be present for 1. A comparison between
experimental and predicted 3J,; 4 values, using the Karplus-type
relationships proposed by Haasnot et al.>® and implemented in
the Janocchio software,>® confirms this conclusion (Fig. 4a). All
the Jyy values of compound 2 (Table 1) are very similar to those
of 1. Consequently, whatever conformation or conformational
equilibrium is present in 1 is also present in 2.
1H,'3C-Heteronuclear coupling constants give, like "J};y, infor-
mation on conformational preferences, in particular, of torsion an-
gles via their Karplus-type relationships. Several approaches® to
extract these J-couplings have been reported, e.g., from 1D NMR
spectra.*’? In the present study we employ three different 2D
NMR experiments to measure "Jy ¢, viz., (i) 'H,'*C-HSQC-HECADE,*?
(ii) J-HMBC** and (iii) IPAP-HSQC-TOCSY-HT.2>4546 NMR spectra
resulting from the three experiments are presented in Fig. 5a-c,
respectively. For all spectra, "Jyc values are obtained from a
peak-to-peak separation. The signs of the coupling constants may
be obtained from the relative peak separation in the HSQC-HECADE
and IPAP-HSQC-TOCSY-HT experiments. If spectral overlap occurs,
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one may in the HSQC-HECADE or the J-HMBC experiments alter a
scaling factor for the Fj-peak separation to resolve the overlap.
The IPAP-HSQC-TOCSY-HT experiment requires significantly less
experimental time than the other two experiments, which have
conventional t;-evolution times. The "Jyc coupling constants,
which were quantified and were consistent between the experi-
mental spectra within +0.5 Hz of the average, are compiled in Ta-
ble 2. Two-bond coupling constants are negative whereas three-
bond coupling constants are positive. In the same way as for the
3Juu coupling constants, the 3]y ¢ coupling constants were analysed
for the three ring-conformations using the Karplus-type relation-
ship 3]y ¢ = 4.26 — 1.00cos0 + 3.56¢0s20 as proposed by Wasylishen
and Schaefer.*’” The results for the three conformations are plotted
in Figure 4b, and again the C; conformation shows the best agree-
ment between experimental and calculated values from the en-
ergy-minimised structures.

Effective proton-proton distances may be obtained from 1D
H,"H T-ROESY and 'H,'H NOESY experiments*®*° in which proton
resonances are selectively targeted and build-up curves are created
as a function of the mixing times used (Fig. 6). The cross-relaxation
rates (o) are subsequently obtained from the initial slopes and the
effective distances (rj;) are derived from rjj = T'rer(Grer/ o’ij)” 5 com-
piled in Table 3. The agreement between the effective proton-pro-
ton distances from T-ROE and NOE is excellent, and a comparison
between experimentally derived distances and those obtained
from the molecular models confirms that the #C; conformation is
the predominant one (Table 3 and Fig. 4c). In this analysis, the
effective distances between H5 and H5ap,o_s and between H5ap0-r
and H2 differ substantially between the three conformations,
whereas the distance between H5ag,-s and H2 was approximately
3.83 A in all three conformations and was not used to investigate
conformational preferences.

Based on 'H chemical shifts and homo- and heteronuclear cou-
pling constants together with effective proton-proton distances,
the equilibrium in 1 (and 2) is shifted far towards the “C; confor-
mation (Fig. 7), which is the predominant or exclusive conforma-
tion with only small if any populations of 2Ss, and 'C,, since
increased populations of these conformations would not lead to
significantly better agreement with experimental data (cf. Fig. 4).
The exchange of the ring-oxygen in a-i-IdopA for a methylene
group results in the absence of an anomeric effect that would sta-
bilise the conformation with an axial C1-01 bond, i.e., the 'C4 con-
former. Thus, the driving force to populate the 'C, conformation in
a 4C; =285, = 'C, equilibrium is not present to any significant ex-
tent in these carbasugars. The importance of the anomeric effect in
general and the exo-anomeric effect in particular has also been
noted for carba- and C-fucopyranosides®>>! where, in its absence,
conformations that would not be populated to any significant ex-
tent then are present. The fact that internal o-L.-IdopA and 2-O-sul-
fo-a-L-IdopA in oligosaccharide sequences related to heparin only
populate the 'C,4 and 2Sg conformations whereas non-sulfated o-
1-IdopA as a terminal group populates also the “C; conformation®
indicates that the carbaiduronic acid bioisosteres may still be suit-
able as hydrolytically stable residues in synthetic oligosaccharides.

Table 1
'H and 3C NMR chemical shifts and 'H,'H coupling constants of compounds 1 and 2 at 27 °C in D,0
1 2 3 4 5 5a 6 Me
*J11.H5a(pro-R)H5a(pro-S) 2.3 *Ji3.14 Jnans *J1s Hsa(pro-R)/H5a(pro-5) %Jisa(pro-R)/H5a(pro-5)
1 'H sppm 356 3.20 3.60 353 281 1.49 (pro-R) 2.29 (pro-S)
"yn/Hz 11.94, 4.67 9.34, 9.30 9.78 5.57 495, 2.97 -13.54
3C 5 ppm 70.5 78.0 75.2 73.6 441 32.0 181.2
2 H  sppm 3267 3274 361 353 2384 1.34 (pro-R) 2.50 (pro-5) 3.44
"uu/Hz 11.43, 4.36 9.57,9.33 9.71 5.54 472, 3.10 -13.44
Ee J ppm 80.3 76.7 75.4 73.5 43.8 28.4 181.0 57.5
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Figure 3. 'H NMR analysis at 700 MHz of 1: (a) experimental spectrum (black), (b) simulated spectrum by total-lineshape analysis using the PERCH NMR software to obtain
H,'H coupling constants (blue), (c) predicted by PERCH NMR software for the “C; conformation (green), (d) for the 2S5, conformation (purple) and (e) for the 'C4 conformation

(red).

3. Conclusions

The conformational preferences of the two novel carbaiduronic
acid derivatives 1 and 2 of o-1-IdopA were studied by 'H NMR

chemical shifts, 3]y, and 3] obtained by three different 2D
NMR experiments as well as proton-proton distances from two
different types of nuclear Overhauser experiments. The carbasugar
bioisosteres do not exhibit the conformational flexibility that has
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Figure 4. Experimental versus calculated data of 1 for the three conformations “C;
(green diamonds), °Ss, (purple squares) and C, (red triangles): (a) Juu; (b) Jeus; (€)
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been reported for a-L-iduronic acid in oligo- or polysaccharides and
which is of great importance for its interaction with some protein
receptors, such as antithrombin. The present study shows that the
conformational equilibrium in the six-membered ring may be
investigated in detail using different NMR techniques. To be able
to use these carbasugars in (pseudo)oligosaccharides that mimic
the biological activity of heparin, the influence by a 2-0O-sulfo
group or by sugar residues at O1 and 04 of the carbasugar on its
conformation should be investigated. Substitution with a 2-O-sulfo
group and incorporation of the carbasugar into a heparin-like oli-
gosaccharide that may affect the conformational properties of the
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Figure 5. Two- and three-bond heteronuclear correlations in 1: (a) 'H,'*C-HSQC-
HECADE spectrum (mixing time 40 ms) showing the H5a,,.s to C5 correlation (A);
(b) JFHMBC spectrum with « = 20.6 showing the H2 to C1 (B) and the H5 to C1 (C)
correlations (c) IPAP-HSQC-TOCSY-HT (mixing time 50 ms) showing the H2 to C5a
(D) and the H5 to C5a (E) correlations.

carbasugar, as has been seen for iduronic acid itself, would be
the most obvious extension of this work. It is hoped that oligosac-
charides having these chemically modified and hydrolytically sta-
ble residues may be of importance as therapeutic agents of
medical significance related to cancer processes.>?

4. Experimental section
4.1. General methods

Proton nuclear magnetic resonance ('H) spectra (4—10) were
recorded on Bruker Avance II 400 (400 MHz) and Varian Mercury



E. Sdwén et al./ Carbohydrate Research 345 (2010) 984-993 989

Table 2
Two- and three-bond heteronuclear coupling constants extracted from 'H,'>C-HSQC-HECADE, ]-HMBC and IPAP-HSQC-TOCSY-HT experiments
Carbon Proton Compound 1 Compound 2
HECADE J-HMBC IPAP-TOCSY HECADE J-HMBC IPAP-TOCSY
J/Hz Ul/Hz J/Hz J/Hz Ul/Hz JHz
c1 H2 -5.1 4.7 -5.1 54
H3 1.0 1.1 1.5 1.3 1.8 23
H5 10.0 10.2 10.6 10.1
H5ap0-r -6.0 6.2 -6.2 -6.0 6.3
H5a,r0.5 57 5.7 54 50 55
OMe >0 4.6
c2 H1 41 5.2 -5.1
H3 —4.5 4.6 —-4.1 4.2
H4 1.2 1.1
H5apro-r 3.4 3.0 2.8 2.9
H5ap0-s 10.4 10.7 10.6 10.7
c3 H1 1.3
H2 -5.0 4.8
H4 6.2
H5 7.8 8.6 9.2 8.4
C4 H2 1.2 1.3 1.4
H3 -5.8 5.8 -5.4 7.2
H5 —-6.7 6.4 —6.6 6.5 —6.1
H5apr0-r 1.5 1.5 2.6 1.8 21
H5ap0-5 10.8 11.0 10.5 10.7
C5 H1 1.2
H3 1.1 1.6 0.7 1.1 2.1
H4 24 2.7 2.8 -2.6 —-3.6
H5ap0-r -3.6 34 -34 -35 3.6 -3.7
H5ap0-s —-4.4 43 —4.2 —-4.6 4.2 -5.1
C5a H1 -2.0 1.8 -2.2
H2 1.2 1.1 1.2
H4 1.2 >0
H5 -5.1 5.0 -5.5 —45 49 —4.6
Cc6 H4 9.3
H5 6.6 6.4
H5apr0.7 93
H5ap0-5 2.2

400 (400 MHz) spectrometers; multiplicities are quoted as singlet
(s), broad singlet (br s), doublet (d), doublet of doublets (dd), etc.
or multiplet (m). Carbon nuclear magnetic resonance (3C) spectra
(4—10) were recorded on Bruker Avance Il 400 (100 MHz) and Var-
ian Mercury 400 (100 MHz) spectrometers. Spectra were assigned
using COSY, HSQC and DEPT experiments. Chemical shifts and cou-
pling constants were recorded in units of ppm and Hz. Residual sol-
vent signals were used as an internal reference for CDCls:
éy =7.26 ppm and Jc =77.16 ppm for compounds 4—10. In order
to extract accurate coupling constant values, computational spec-
tral analyses of all the '"H NMR spectra were performed with the
PERCH NMR software. For molecules with several benzyl groups,
the substitution positions have not been determined but they are
distinguished by different number of primes. Low- and high-reso-
lution (HRMS) electrospray (ES) mass spectra were recorded using
a Bruker Microtof instrument. Infra-red spectra were recorded on a
Perkin-Elmer Spectrum One FT-IR spectrometer using the thin film
method on NaCl plates. Optical rotations were measured on a Per-
kin-Elmer 241 polarimeter with a path length of 1 dm; concentra-
tions are given in g/100 mL. Thin layer chromatography (TLC) was
carried out on Merck Kieselgel sheets, pre-coated with 60F,s4 sil-
ica. The plates were visualised with UV light or developed using
10% sulfuric acid or an ammonium molybdate (10% w/v) and cer-
ium (IV) sulfate (2% w/v) solution in 10% sulfuric acid. Flash col-
umn chromatography was carried out on silica gel (35-70 pum,
Grace). Dichloromethane was distilled from calcium hydride. THF
was distilled from sodium benzophenone ketyl radical. Reactions
performed under an atmosphere of hydrogen or nitrogen were
maintained by an inflated balloon.

4.1.1. 5a-Carba-2,3,4,6-tetra-0-benzyl-a-L-idopyranose (4)

Unsaturated alcohol 3 (157 mg, 0.29 mmol) was dissolved in
EtOAc (4 mL), and palladium (10% on carbon, 15 mg) and triethyl-
amine (41 pL, 0.29 mmol) were added. The mixture was degassed
and stirred under an atmosphere of hydrogen. After 2 h, the mix-
ture was filtered through Celite and concentrated in vacuo. The
residue was purified by flash column chromatography (CH,Cl,/
ether, 30:1) to give protected carbaidose 4 (123 mg, 78%) as a col-
ourless oil. [)2 —34.6 (c 1.0 in CHCl3); Vmax(film)/cm~! 3376 (br,
OH St), OH (400 MHz, CDC13) 1.42 (]H, ddd, JSa(pl‘o—S),Sa(pro—R)
—13.6 Hz, H5ap,0-5), 2.24 (1H, ddd, H5apr0-r), 2.46 (1H, br s, OH1),
2.52 (1H, ddddd, JS,Sa(pro—S) 4.8 HZ, 15’53([,1—0_13) 4.3 HZ, ]55 4.7 HZ, ]55/
8.3 Hz, H5), 3.35 (1H, dd, J,5 8.2Hz, H2), 3.53 (1H, dd, H6'),
3.720 (1H, dd, J45 5.0 Hz, H4), 3.721 (1H, dd, Jss —9.4 Hz, H6),
3.73 (1H. dd, ]3'4 8.6 Hz, H3). 3.89 (]H, ddd, ]1‘2 8.4 Hz, ]l,Sa(pro—S)
10.7 Hz, J15apro-r) 4.6 Hz, H1), 4.54, 4.57 (2H, 2 x d, ] —12.2 Hz,
PhCH,), 4.62, 4.66 (2H, 2 x d, ] —11.5 Hz, PhCH,), 4.69, 4.95 (2H,
2 xd, ] —11.4Hz, PhCH;), 4.73, 489 (2H, 2 xd, ] —10.9 Hz,
PhCHY'), 7.27—-7.40 (20H, m, Ph); éc (100 MHz, CDCl5) 29.7 (C5a),
349 (C5), 68.5 (C6), 68.7 (C1), 72.4, 73.3, 75.0, 75.2 (PhCH,),
81.2, 81.6 (C3, C4), 85.3 (C2), 127.6, 127.7, 127.7, 127.7, 127.9,
127.9, 127.9, 128.0, 128.1, 128.4, 128.5, 128.5, 128.7 (Ph-CH),
138.5, 138.5, 138.6, 138.7 (Ph-C); HRMS (ES") Calcd for
C35H3505Na (MNa*) 561.2611; Found 561.2617. Along with a mix-
ture of gluco 5 and ido 4 isomers (6:1, 30 mg, 19%).

4.1.2. 5a-Carba-2,3,4-tri-0-benzyl-a-1-idopyranose (6)
Alcohol 4 (37 mg, 0.069 mmol) was dissolved in a mixture of
Ac;0 (1 mL) and TFA (0.25 mL) and stirred at rt. After 55 min,
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Figure 6. (top) 1D 'H,'H-NOESY spectrum of 1 with selective excitation of the
resonance from H5 and a mixing time of 400 ms; (bottom) 'H,'H cross-relaxation
build-up curves obtained from the 1D 'H,"H NOESY spectra of 1; H5 to H5ap0-s
(blue filled squares) and to H4 (cerise filled diamond).

TLC (pentane/EtOAc, 3:1) showed conversion to a major compo-
nent (Rf 0.2) and little remaining starting material (R¢ 0.1). The
reaction mixture was diluted with CH,Cl, (25 mL) and washed

Table 3

with NaHCOs (saturated aqueous, 30 mL). The aqueous phase
was re-extracted with CH,Cl, (15 mL). The combined organic ex-
tracts were dried (NaSO,), filtered and concentrated in vacuo.
The residue was dried under high vacuum then dissolved in MeOH
(1.6 mL). Na (8 mg, 0.35 mmol) was added to MeOH (1.6 mL) and
the resulting solution was added to the sugar solution and the mix-
ture was stirred at rt. After 2 h 40 min, TLC (pentane/EtOAc, 1:1)
showed the formation of a major product (R 0.1). The reaction
was quenched with ammonium chloride (saturated aqueous,
30mL) and extracted with ether (30 mL + 15 mL). The combined
organic extracts were dried (Na,SO,4), filtered and concentrated
in vacuo. The residue was purified by flash column chromatogra-
phy (EtOAc/pentane, 3:2) to give the diol 6 (26 mg, 84%) as a col-
ourless oil. [o]3' —22.1 (¢ 1.0 in CHCl3) (lit>® —19.0 (¢ 1.07 in
CHCl3)); Vmax(film)/cm™! 3384 (br, OH st); 6y (400 MHz, CDCl3)
1.45 (1H, ddd, ]Sa(pro—s),Sa(pro—R) —13.7 Hz, H5apm_5), 1.99 (1H, ddd,
HSaPrO_R), 2.42 (1H, ddddd, _]5'5,3(13‘-0,5) 5.0 Hz, ]S.Sa(pro»R) 4.3 Hz, _]5'5
4.9 Hz, Js¢ 8.2 Hz, H5), 2.63 (1H, br s, OH1), 2.63 (1H, br s, OH6),
3.31 (1H, dd, J»3 8.3 Hz, H2), 3.59 (1H, dd, Js¢ —11.3 Hz, H6),
3.72 (11‘[, ddd, ]1'2 84 HZ, jl,Sa(pro—S) 110, ]l,Sa(prO—R) 4.6 HZ, H]),
3.76 (1H, dd, Js5 5.1 Hz, H4), 3.81 (1H, dd, J34 8.7 Hz, H3), 3.95
(1H, dd, H6'), 4.67, 4.72 (2H, 2 x d, ] —11.3 Hz, PhCH,), 4.68, 4.94
(2H, 2 x d, ] —11.4 Hz, PhCH}), 4.80, 4.88 (2H, 2 x d, ] —10.9 Hz,
PhCH,), 7.13-7.36 (15H, m, Ph); éc (100 MHz, CDCl5) 30.3 (C5a),
36.9 (C5), 63.9 (C6), 68.8 (C1), 73.5, 75.2, 75.4 (PhCH,), 81.4 (C3),
82.8 (C4), 85.4 (C2), 127.9, 128.0, 128.1, 128.1, 128.1, 128.6,
128.7,128.8 (Ph-CH), 137.9, 138.4, 138.6 (Ph-C); HRMS (ES*) Calcd
for C,gH3,05Na (MNa*) 471.2142; Found 471.2130.

4.1.3. 5a-Carba-2,3,4-tri-0-benzyl-a-L-idopyranuronic acid (7)
Diol 6 (26 mg, 0.058 mmol) was dissolved in CH,Cl, (1.5 mL),
and water (0.6 mL) was added. TEMPO (4 mg, 0.026 mmol) and
(diacetoxyiodo)benzene (46 mg, 0.15 mmol) were added, and the
mixture was stirred at rt. After 1 h 30 min, TLC (EtOAc) showed
the formation of a major product (R; 0.7) and the complete con-
sumption of starting material (R¢ 0.5). After a further 5 h, no change

H,'H Distances and cross-relaxation rates for 1 derived from NMR experiments and molecular mechanics models

Atom pair NMR experiment Molecular mechanics models®
T-ROE® NOE® G 254 Cy
reriS/A o x 103/s7! rei/A o x 103[s~! Distance/A

H5 H4 2.38 5.16 2.38 427 243 245 245
H5 H5apr0-r 2.35 5.414 2.35 4.66 2.46 2.54 247
H5 H5apr0-5 247 4,074 2.46 3.49 2.53 3.06 3.07
H5ap0-r H2 2.50 2.82 2.47 3.44 2.68 3.70 4.28
H5ap0 1 H5apr0.5 1.76%¢ 30.8 1.76%¢ 26.1 1.76 1.76 1.76
H5ap0-5 H1 242 4.57 243 3.81 2.48 232 243

¢ Energy-minimised in the VEGA ZZ software and geometry optimised using the PERCH NMR software.

b Selective excitation of the first resonance in the atom pair.

N rij = rref(aref/aij)l/s-

4 Mean values from excitations of both resonances in the atom pair.

e

Reference distance.

2SSa

1c4

Figure 7. The conformational equilibrium is shifted far to the left with the C; conformation in 1 predominating over the 2Ss, and the 'C, conformations.
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was visible by TLC and the reaction mixture was diluted with
CH,Cl, (20 mL) and washed with Na,S,03 (10% aqueous, 20 mL).
The organic phase was dried (Na,SO,), filtered and concentrated
in vacuo.

The crude aldehyde was dissolved in a mixture of n-butanol
(2.5 mL) and DMSO (2.5 mL). NaClO, (250 mg) was dissolved in
water (5 mL) and the pH was adjusted to 4.5 by addition of sodium
phosphate (monobasic). 1,3-Dimethoxybenzene (10 pL) was added
to the aldehyde solution, then aqueous chlorite solution (0.44 mL)
was added, and the mixture was stirred at rt. After 20 min, further
1,3-dimethoxybenzene (70 puL) and chlorite solution (0.44 mL)
were added and the mixture was stirred further. After 1 h, ether
(25 mL) was added, and the mixture was washed with water
(25 mL) and brine (25 mL). The organic phase was dried (Na,SO,),
filtered and concentrated in vacuo. TLC (EtOAc) showed the pres-
ence of a major component (Rf 0.1) and a faster component (R
0.9). The residue was purified by flash column chromatography
(EtOAc) to give the acid 7 (18 mg, 67%) as a colourless oil. [o]2'
—31.5 (¢ 1.0 in CHCl3); vmax(film)/cm™! 1728 (s, C=0 st); oy
(400 MHz, CDCl3) 1.48 (1H, ddd, Jsapro-s)sapro-r) —13.9 Hz,
H5ap,0-5), 2.34 (1H, ddd, H5a0-%), 3.06 (1H, ddd, Js5 5a(pro-s) 5.1 Hz,
Js5a(pro-r) 3.9 Hz, H5), 3.29 (1H, dd, J,3 8.4 Hz, H2), 3.75 (1H, dd,
Jas 5.6 Hz, H4), 3.92 (1H, dd, J54 8.9 Hz, H3), 3.97 (1H, ddd, J;
8.6 Hz, _]],Sa(profs) 10.8 Hz, ]1.53(pr07R) 4.6 Hz, Hl), 4.68, 4.94 (ZH,
2 xd, ] —11.4Hz, PhCH;), 4.75 (2H, s, PhCH,), 4.79, 4.87 (2H,
2 x d, ] —10.9 Hz, PhCH}), 7.28-7.35 (15H, m, Ph); ¢ (100 MHz,
CDCl3) 29.0 (C5a), 40.9 (C5), 68.7 (C1), 73.9, 75.2, 75.6 (PhCH,),
80.1 (C4), 81.4 (C3), 84.9 (C2), 127.9, 128.0, 128.0, 128.2, 128.3,
128.4, 128.6, 128.7, 128.8 (Ph-CH), 137.2, 138.3, 138.6 (Ph-C),
175.4 (C=0); HRMS (ES™) Calcd for CygH300sNa (MNa*) 485.1935;
Found 485.1923.

4.1.4. 5a-Carba-a-L-idopyranuronic acid (1)

Protected acid 7 (15 mg, 0.032 mmol) was dissolved in a mix-
ture of ethanol (2.25 mL) and acetic acid (0.25 mL). Palladium ace-
tate (8 mg) was added and it dissolved to give a yellow solution.
The mixture was degassed and stirred under an atmosphere of
hydrogen. After 14 h, a black suspension had appeared and the
solution was colourless. TLC (CHCl;/MeOH/AcOH/H,0, 60:30:3:5)
showed the formation of a major polar product (Rf 0.2). The mix-
ture was filtered through Celite and concentrated in vacuo. The
residue was purified on a Waters Sep-Pak C-18 cartridge eluting
with water, to give the deprotected carbasugar 1 (6 mg, 96%) as a
colourless oil. [#]2 —38 (c, 0.3 in MeOH); 'H NMR and '*C NMR:
See Table 1. HRMS (ES*) Calcd for C;H;,06Na (MNa*) 215.0526;
Found 215.0530.

4.1.5. Methyl 5a-carba-2,3,4,6-tetra-0-benzyl-a-L-idopyranoside
(8)

Alcohol 4 (70 mg, 0.13 mmol) was dissolved in THF (2 mL), and
methyl iodide (16 pL, 0.26 mmol) and sodium hydride (60% in oil,
16 mg, 0.39 mmol) were added. The mixture was stirred under N,
and further methyl iodide (16 pL, 0.26 mmol) was added after 2 h.
After a further 3 h 30 min, TLC (pentane/EtOAc, 3:1) showed the
formation of a major product (R¢ 0.8), and almost no remaining
starting material (Rf 0.3). The reaction was quenched by the addi-
tion of methanol, then silica was added and the solvent was re-
moved in vacuo. The residue was purified directly by flash
column chromatography (pentane/EtOAc, 6:1-4:1) to give the
methyl ether 8 (66 mg, 92%) as a colourless oil. [oc]f)] -27.2(c 1.0
in CHC13), OH (400 MHz, CDC]3) 1.24 (11‘[, ddd, ]Sa(pro—S),Sa(pro»R)
—13.6 Hz, H5apr-s), 2.34 (1H, ddd, H5ap0), 2.49 (1H, ddddd,
]S,Sa(pro»s) 4.5 Hz, ]S,Sa(pro»R) 3.2 Hz, ]5'5 4.2 Hz, .]5,6’ 9.4 Hz, HS), 3.38
(1H, dd, J,3 9.1 Hz, H2), 3.448 (1H, ddd, J1> 9.4 Hz, Ji5a0pros)
11.3 Hz, J15apro-r) 5.0 Hz, H1), 3.449 (3H, s, OMe), 3.49 (1H, dd,
H6'), 3.61 (1H, dd, J54 9.5 Hz, H3), 3.63 (1H, dd, J45 5.2 Hz, H4),

3.70 (1H, dd, Jss —9.4 Hz, H6), 4.50, 4.59 (2H, 2 x d, ] —12.2 Hz,
PhCH,), 4.61, 4.65 (2H, 2 x d, ] —11.5 Hz, PhCH)), 4.76, 4.84 (2H,
2 xd, ] —10.8Hz, PhCH;), 4.80, 4.82 (2H, 2 xd, ] —11.0Hz,
PhCHY), 7.26-7.37 (20H, m, Ph); dc (100 MHz, CDCl5) 27.9 (C5a),
354 (C5), 58.2 (OMe), 67.8 (C6), 72.5, 73.3, 75.7, 75.8 (PhCH,),
79.5 (C1), 81.7, 82.5 (C3, C4), 85.9 (C2), 127.6, 127.6, 127.7,
127.7, 127.8, 127.8, 128.1, 128.1, 128.4, 128.4, 128.5, 128.6 (Ph-
CH), 138.6, 138.7, 139.1, 139.1 (Ph-C): HRMS (ES") Calcd for
C36H4005Na (MN3+) 575.2768; Found 575.2761.

4.1.6. Methyl 5a-carba-2,3,4-tri-0-benzyl-a-L-idopyranoside (9)

Fully protected 8 (66 mg, 0.12 mmol) was dissolved in a mix-
ture of Ac;0 (2mlL) and TFA (0.5 mL) and stirred at rt. After
55 min, TLC (pentane/EtOAc, 3:1) showed conversion to a major
component (R 0.5) and no remaining starting material (R 0.55).
The reaction mixture was diluted with CH,Cl, (25 mL) and washed
with NaHCOs3 (saturated aqueous, 30 mL). The aqueous phase was
re-extracted with CH,Cl, (15 mL). The combined organic extracts
were dried (Na,SO,), filtered and concentrated in vacuo. The resi-
due was dried under high vacuum then dissolved in MeOH
(1.6 mL). Na (8 mg, 0.35 mmol) was added to MeOH (1.6 mL) and
the resulting solution was added to the sugar solution and the mix-
ture was stirred at rt. After 1 h, TLC (pentane/EtOAc, 1:1) showed
the formation of a major product (Rf 0.5). The reaction was
quenched by the addition of Dowex IR-120 (H") resin, filtered
and concentrated in vacuo. The residue was purified by flash col-
umn chromatography (EtOAc/pentane, 4:5) to give the alcohol 9
(36 mg, 65%) as a colourless oil. [o]3' +4.8 (c 1.0 in CHCl3); Vimax
(film)/cm~" 3440 (br, OH st); dy (400 MHz, CDCl3) 1.34 (1H, ddd,
Jsa(pro-s)5a(pro-r) —13.8 Hz, H5apr0-5), 2.07 (1H, ddd, H5apro-z), 2.43
(lH, ddddd, ]S,Sa(pro-S) 5.0 Hz, ]S,SE(DFO—R) 3.4 Hz, _]5,6 5.1 Hz, _’5,6’
8.3 Hz, H5), 2.72 (1H, br s, OH6), 3.35 (1H, ddd, J1 > 8.8 Hz, J1 5a(pro-s)
11.6 Hz, 1 sapro-r) 4.8 Hz, H1), 3.40 (1H, dd, />3 8.8 Hz, H2), 3.45
(3H, s, OMe), 3.58 (1H, dd, Jeg —11.2 Hz, H6), 3.73 (1H, dd, J45
5.2 Hz, H4), 3.77 (1H, dd, J34 9.3 Hz, H3), 3.98 (1H, dd, H6'), 4.69,
474 (2H, 2 xd, J —11.3 Hz, PhCH;), 4.81, 4.86 (2H, 2 xd, J
—10.8 Hz, PhCH,), 4.85, 4.86 (2H, 2 xd, J —10.9 Hz, PhCH;),
7.28-7.36 (15H, m, Ph); 6c (100 MHz, CDCl3) 28.9 (C5a), 37.3
(C5), 58.2 (OMe), 63.8 (C6), 73.8, 75.7, 75.8 (PhCH,), 79.7 (C1),
82.1 (C3), 83.2 (C4), 85.9 (C2), 127.7, 127.7, 128.0, 128.1, 128.1,
128.1, 128.5, 128.5, 128.7 (Ph-CH), 138.1, 138.9, 139.0 (Ph-C);
HRMS (ES") Calcd for CygH340sNa (MNa*) 485.2298; Found
485.2303.

4.1.7. Methyl 5a-carba-2,3,4-tri-0O-benzyl-o-L-
idopyranosiduronic acid (10)

Alcohol 9 (35 mg, 0.076 mmol) was dissolved in acetone (2 mL),
and water (1 mL) was added. TEMPO (5 mg, 0.030 mmol) and
diacetoxyiodobenzene (65 mg, 0.19 mmol) were added, and the
mixture was stirred at rt. After 3 h, TLC (EtOAc/pentane, 2:1)
showed the formation of a major product (Rf 0.9) and the complete
consumption of starting material (Rf 0.6). After a further 5 h, signif-
icant amounts of a new product (Ry 0.2) had appeared, but much of
the initially formed product remained. After a further 18 h, further
diacetoxyiodobenzene (37 mg, 0.11 mmol) was added. After a fur-
ther 24 h, TLC (EtOAc/pentane, 2:1) showed the polar compound
(Rf 0.2) to be the major reaction component, and very little of the
initially formed product (Rf 0.9) remaining. The mixture was di-
luted with CH,Cl, (30 mL) and washed with Na,S,05. HCI (1 M,
20 mL) was added to the aqueous phase, which was then extracted
with CH,Cl; (20 mL). The combined organic extracts were dried
(NayS0,), filtered and concentrated in vacuo. The residue was puri-
fied by flash column chromatography (EtOAc/pentane, 2:1) to give
the acid 10 (23 mg, 64%) as a colourless oil. [¢)2' —9.1 (c 1.0 in
CHCl3); vmax(film)jcm™! 1731 (s, C=0 st); oy (400 MHz, CDCls)
1.31 (1H, dd, Jsapro-s)sa(pro-ry —13.8 Hz, H5ap0.5), 2.48 (1H, dd,
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H5apr0-x), 3.00 (1H, ddd, J5 sa(pro-s) 4.8 HZ, J5.5a(pro-r) 3.3 Hz, H5), 3.37
(1H,dd, J, 5 8.9 Hz, H2), 3.48 (3H, s, OMe), 3.59 (1H, ddd, J , 8.9 Hz,
_]1,5:-1(pr0—5) 11.3 HZ, _]1,53(pr0—R) 4.8 HZ, H]), 3.71 (1H, dd, 14’5 5.8 HZ,
H4), 3.78 (1H, dd, Js4 9.6Hz, H3), 4.75, 480 (2H, 2 xd, J
—11.5 Hz, PhCH,), 4.79, 4.87 (2H, 2 x d, ] —10.9 Hz, PhCH,), 4.81,
4.84 (2H, 2 x d, J —10.7 Hz, PhCH}), 7.26—7.35 (15H, m, Ph); dc
(100 MHz, CDCl3) 27.4 (C5a), 41.1 (C5), 58.4 (OMe), 74.1, 75.5,
75.9 (PhCH,), 79.4 (C1), 80.1 (C4), 81.8 (C3), 85.1 (C2), 127.6,
127.8, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.5, 128.8 (Ph-
CH), 137.1, 138.6, 139.0 (Ph-C), 175.0 (C=0); HRMS (ES*) Calcd
for CoH3,06Na (MNa*) 499.2091; Found 499.2116.

4.1.8. Methyl 5a-carba-o-L-idopyranosiduronic acid (2)
Protected acid 10 (13 mg, 0.027 mmol) was dissolved in a mix-
ture of methanol (2.25 mL) and acetic acid (0.25 mL). Palladium
acetate (7 mg) was added and it dissolved to give a yellow solution.
The mixture was degassed and stirred under an atmosphere of
hydrogen. After 22 h, a black suspension had appeared and the
solution was colourless. TLC (CHCl;/MeOH/AcOH/H,0, 60:30:3:5)
showed the formation of a major polar product (Rf 0.3). The mix-
ture was filtered through Celite and concentrated in vacuo. The
residue was purified on a Waters Sep-Pak C-18 cartridge, eluting
with water to give the deprotected carbasugar 2 (5 mg, 89%) as a
colourless oil. [0]% —52 (c 0.2 in MeOH); m/z (ES*) 435 (2 M+Na*,
40), 229 (M+Na*, 100%); 'H NMR and '*C NMR: See Table 1. HRMS
(ES™) Calcd for CygH3012Na (2MNa*) 435.1473; Found 435.1467.

4.2. NMR spectroscopy

NMR experiments on 1 (44 mM) and 2 (24 mM) in D,0O (pD = 6)
were performed at 27 °C on three different spectrometers, a Varian
INOVA 600 MHz spectrometer equipped with a 5 mm PFG triple
resonance probe, a Bruker AVANCE 500 MHz spectrometer and a
Bruker AVANCE Il 700 MHz spectrometer; the latter two equipped
with 5 mm TCI Z-Gradient CryoProbes. 'H chemical shifts were ref-
erenced to internal TSP (Jy 0.00) and '3C chemical shifts were ref-
erenced to external dioxane in D,0 (6¢c 67.40). 'H chemical shift
assignments were performed using 'H,"H-TOCSY experiments re-
corded over 5 ppm with 1466 x 128 points in F, x F;, respectively,
and 8 scans per t; increment using the States-TPPI method. An
MLEV-17 spin-lock of 12.7 kHz and two different mixing times,
10ms and 50 ms, were used. Zero-filling was performed to
4096 x 512 points. Prior to Fourier transformation a 90° shifted
sine-bell function was applied in the direct dimension and a 90°
shifted squared sine-bell function was used in the indirect dimen-
sion. For 2 a 'H,'>C-H2BC experiment>* was recorded over 10 ppm
in the direct dimension and 165 ppm in the indirect dimension
with 2048 x 256 points and 64 scans per t; increment with the
echo/anti-echo method. A constant time delay of 22 ms was used
for Jyu evolution. Zero-filling to 2048 x 1024 points and a 90°
shifted squared sine-bell function was applied prior to Fourier
transformation. The H2BC spectrum was processed in magnitude
mode. For 2 a 'H,'">C-HMBC experiment was also recorded over
5 ppm in the direct dimension and 96 ppm in the indirect dimen-
sion with 2048 x 256 points and 64 scans per t; increment with
the States-TPPI method. A 50 ms long evolution time for long-
range coupling constants was used. Zero-filling to 2048 x 1024
points and a Gaussian line-broadening factor with the maximum
at a fraction of 0.28 of the fid were applied prior to Fourier trans-
formation. 'H chemical shifts and Jy; 4 were refined from 1D 'H
spectra with the PERCH NMR software>’

13C chemical shifts were assigned using coupled and decoupled
1H,'3C-HSQC-HT experiments.3> Prior to recording the Hadamard
transform (HT) experiment, a '>C spectrum with a spectral width
of 96 ppm was performed and from peak-picking, six or seven
13C frequencies were selected for 1 and 2, respectively. The se-

lected '3C frequencies were irradiated by 45 ms 180° Gaussian
shaped pulses (20 Hz bandwidth) and encoded as on or off with
a Hadamard-8 matrix using 32 scans. Adiabatic 180° pulses were
used for inversion and refocusing on '3C. For 'H decoupling, the
same pulse length (45 ms) as for the irradiation was used with adi-
abatic 180¢° pulses of a 6.5 kHz sweep width.

The 'H,'>C-HSQC-HECADE experiment** was performed over a
spectral width of 14 ppm for 'H and 65 ppm for '3C. A 40 ms DIP-
SI-2 spin-lock with (yB;/27 = 9.6 kHz) was applied and a ] /t; scal-
ing factor of unity. A 2D matrix of 4096 x 256 points, 16 scans per
t; increment and the echo/anti-echo method were used. Prior to
Fourier transformation zero-filling to 8192 x 1024 points was per-
formed and 90° shifted squared sine-bell functions were applied in
both dimensions.

In the J-HMBC experiment** a three-fold low-pass J-filter
(J=120Hz, 150 Hz and 190 Hz) was used to suppress the 'Jc.
Scale factors between 15 and 24, calculated from
K = (0.6/73M) /¢ were used to scale the coupling constants in
the indirect dimension. Spectral widths of 10 ppm for 'H and
100 ppm for '3C were used. The experiments were performed with
3072 x 512 points and 64 scans per t; increment with the echo/
anti-echo method. Forward linear prediction to 1024 points in F4
and subsequent zero-filling to 2048 x 8192 points was applied
prior to Fourier transformation. Coupling constants were extracted
from 1D-projections of the resonances of interest.

The IPAP-HSQC-TOCSY-HT experiment>>4> was carried out with
zero-quantum suppression as devised by Thrippleton and Keeler,*®
with 512 scans and a 50 ms long spin-lock (yB;/2m = 5 kHz); other-
wise the same parameters were used as in the HSQC-HT experi-
ment. Zero-filling was carried out to 2048 x 256 points. In the 'H
dimension an exponential line-broadening factor of 1 Hz was ap-
plied. Following baseline correction in F,, coupling constants were
extracted from the 1D IPAP selections of the corresponding '3C
frequencies.

'H,'H cross-relaxation rates were measured using 1D 'H,'H-
DPFGSE NOESY*® with zero-quantum suppression and 1D 'H,'H-
DPFGSE T-ROESY#° experiments at 600 MHz. Selective excitations
of H5, H5apr0. and H5apr.s were achieved using 60 Hz broad i-
SNOB-2 shaped pulses of 28 ms duration. Six different mixing
times between 50 ms and 300 ms were used. The spectral width
was 5 ppm sampled with 24,314 points. A relaxation delay of
8.5 s was used. The T-ROESY spin-lock strength was 3.0 kHz. Pulsed
field gradients of 10 ms were used. Zero-filling to 65,536 points
and an exponential line-broadening of 1 Hz were used prior to Fou-
rier transformation. All spectra were baseline corrected and inte-
grated with the same limits in all mixing times.
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