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The synthesis of a UDP-Gadnalog incorporating a 1,4-dideoxy-1,4-iminegalactitol skeletor-linked

to UMP by a 3C-tether and of a series of related pyrrolidine galactofuranose mimicks is reported. These
compounds were obtained by way of the highly stereoselective reaction of silylated nucleophiles with a
N-Cbz glucofuranosylamine which afforded the corresponding open-chain product with synl,2-
stereochemistry, as predicted from pionneering studies from Kobayashi. Cyclization of these intermediates
afforded o-C-glycosides of imino-galactofuranose carrying various functional groups in the aglycone.
Further elaboration of thex-C-allyl substituted derivative by cross-metathesis with a uridigt5
vinylphosphonate provided, after deprotection, the desired original UDPrtlicks. Cleavage of the
benzyl ether protecting groups in the iminosugar component using@@ted critical to the success of

the synthetic plan. Several of the new 1,4-dideoxy-1,4-inmrgelactitol derivatives were evaluated as
inhibitors of UGM (UDP-galactopyranose mutase) freistherichia colihowever, none of them exhibited

less than mM activities toward this enzyme which catalyzes a crucial step of the biosynthesis of
galactofuranose-containing bacterial cell-surface glycans.

Introduction and leprosy. In the context of the fight against such diseases,
which is becoming even more critical as a result of the
appearance of drug-resistant strainshibition of the biosyn-
thetic pathway leading to galactofuranose-containing glycans
has been identified as a promising new therapeutic apprbach.
Indeed, the key intermediate of this pathway, UDP-galactofura-
nose (Scheme 1), is absent from mammalfang formed from
UDP-galactopyranose by a ring contraction process catalyzed

Sby UDP-galactopyranose mutase (UPMhd in the next step,

The mycobacterial cell wall exhibits a lipidated polysaccha-
ridic structure unique in the prokaryote reign that is essential
for the microorganism growth and survivalThis mycolyl-
arabinogalactan-peptidoglycan (mAGP) complex includes a
galactan biopolymer composedmfjalactofuranose units (Gal
a ring-form of galactose that occurs much less frequently than
its pyranose form (Ga). Members of the genudycobacterium
are responsible for major health problems such as tuberculosi
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SCHEME 1. UDP-Galactofuranose and Galactan Biosynthesis
OI:) o—/
UDP-Galactopyranose ~ @H
OH OH mutase UDP-Galf HO
o " transferase
< —_— OH o OH
HO . 10-UDP Y
OH HOCH, 'OH OH
0O-UDP y:
—0
UDP-Galp (92-95%) UDP-Galf (5-8%) !

cell-wall galactans

Galf residues are incorporated into the galactan structure viaenzyme inhibitors reported to date. More largely, iminosugars
alternating5-(1—5) and 5-(1—6) linkage by a bifunctional behave as inhibitors of a wide range of enzymatic processes
UDP-Gaf transferasé. and are under investigations as potential therapeutic agents for
Despite elegant bioorganic studfethe mechanism of the  a diversity of diseased.
unprecedented ring contraction promoted by the mutase has not In the context of our studies on iminosugars of biological
yet been fully elucidated. According to most recent studies, it interestl? we engaged in a research program on novel UDP-
appears that the reaction involves a displacement mechanismGalf mimicks containing a 1,4-dideoxy-1,4-imimpgalactitol
in which a reduced flavin cofactor acts as a nucleophile, thus entity. While syntheses of the parent 1,4-dideoxy-1,4-inbno-
substituting UDP from UDP-Gpland leading to aN-galacto- galactitol and of a homo-derivative have been repotiedsingle
sylated intermediate which allows equilibration between the example of suclgalactopyrrolidine linked to uridine has been
furanose and pyranose forms of galactose. As in other reactionsdescribed so fat* We reported recently the first synthesis of a
at the anomeric carbon of glycosyl donors, these displacements3-linked UDP-Gal mimicks based on a pyrrolidinol skeleton
are thought to occur by way of an oxocarbenium-like transition by way of a 1,3-dipolar cycloaddition process onto a cyclic
state? Since iminosugars are known to be mimicks of such nitrone!®We describe in this article the full details of a synthetic
positively charged states, we considered that pyrrolidine- study of UDP-Gdl mimicks in which a UMP fragment is
containing analogs of UDP-Gahight be of interest as potential ~ a-linked to 1,4-dideoxy-1,4-imin@-galactitol by a 3-carbon
inhibitors of both the ring contraction and the glycosyl transfer tether® The final, fully deprotected UDP-Glnalogs as well
reactions. In support of this proposal, pyrrolidine-based nucleo- as related compounds were then tested as inhibitors of UDP-
side analogs have been conceived by Schramm and'¥ger Gal mutase.
inhibitors of purine nucleoside phosphorylases and related Synthetic Design.Our retrosynthetic analysis starts with
enzymes on the basis of a detailed study of transition statep-glucose and is based on reactions of the Z-protected gluco-
structures carrying a partial positive charge at the reaction site; sylamineA as key intermediate (Scheme 2). The crucial step
some of these compounds turned out to be the most powerfulof the strategy is the highly stereoselective Lewis-acid-catalyzed
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Gerardy-Schahn, R.; Routier, F. Biol. Chem.2005 7, 657-661. (b)
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(6) (a) Sanders, D. A. R.; Staines, A. G.; McMahon, S. A.; McNeil, M.
R.; Whitfield, C.; Naismith, J. HNat. Struct. Biol.2001 8, 858-863. (b)
Beis, K.; Srikannathasan, V.; Liu, H.; Fullerton, S. W.; Bamford, V. A;;
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nucleophilic addition of silylated nucleophiles onto the corre-
spondingN-acyl iminium ion, a process pionneered by Koba-
yashi et alt” This process would thus lead to precursorscof *
configured’ 1,4-iminogalactitol derivatives. Then, coupling with
UMP would be achieved by cross-metathesis between-an
C-allyl-1,4-imino-dD-galactitol B and a uridin-5yl vinylphos-
phonate to provide eventually compounds of type
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SCHEME 2. Synthetic Targets and Retrosynthesis
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Results and Discussion

1-O-Acetyl-2,3,5,6-tetra®-benzylp-glucofuranosd was pre-
pared fromp-glucose on a 20 g scale by a four-step procedtre.
Under the conditions reported by Kobayashi (Z-NFAMSOTH),
the correspondindl-Z glycosylamine was obtained as a single
product in 85% yield using 2 equiv of benzyl carbamate. When
only 1.5 equiv or less of the carbamate was u2edas obtained
as a mixture (from 96/4 to 84/16) with the byprodtt(1,6-
anhydro-2,3,5-tri@-benzyl#-p-glucofuranosé? arising from a
Lewis acid-assisted regioselective @edenzylation at O-6
(Scheme 3). It is noteworthy that the reaction also works directly
from 2,3,5,6-tetrad®-benzylp-glucofuranose. This reaction was
recently extended to other deactivated amines (e.g., ppatdl
other sugar hemiacetal®.

The glucofuranosylamin2 (o, mixture) was then submitted
to the Lewis acid-catalyzed reaction with allyltrimethylsilane

JOC Article

TABLE 1. Allylation of 2 under Various Conditions?

entry lewis acid (equiv) reaction time (h) yield (%)
1 TMSOTf (0.1) 48 61
2 TMSOTTf (0.5) 65 74
3 TMSOTf (1) 48 83
4 TMSOTf (1.25) 72 86
5 Bi(OTf)3 (0.1) 48 52
6 Bi(OTf)3 (0.5) 64 80
7 Bi(OTf)s (1.25) 48 81
8 TIPSOTf (0.1) 48 72
9 TIPSOTf (1) 64 80
10 TIPSOTf (1.25) 48 80
11 HNTf, (0.1) 48 36
12 HNTf (0.5) 48 75
13 HNTf, (1.25) 48 53
14 Sc(OTf} (1.25) 48 0
15 BR:.EO (1.25) 48 8

aSeven equivalents of AllSiMewere used in MeCN at-40 °C.

with the rather oxophilic BEetherate, disappointing results were
obtained, that could be linked to the numerous chelation sites
(OBn, CGBN) on the substrate, thereby decreasing the avail-
ability of the Lewis acid to form th&l-acyl iminium ion (entry
15). Surprisingly, scandium triflate, which was expected to
behave like bismuth triflate, did not lead to the conversion of
the N-glucosylamine2 whatever the reaction conditions used
(entry 14). HNT% is a very reactive acid but its air and moisture
sensitivity limited the reproducibility of the reactions.

As a consequence, TMSOTf was used to scale up the
synthesis oBaand to perform the addition of a variety of other
silylated nucleophiles tdl-glucofuranosylaming, thus extend-
ing the synthetic value of this reaction (Scheme 5 and Table
2). Several useful functionalities could thus be introduced: with
TMSCN, the reaction led to heptononitri in an unoptimized
63% vyield (entry 2). With silyl enol ethers, various keto
functions were appended (entries 3, 4 and 5): a benzoylmethyl
group with the silyl enol ether of acetophenone, a 2-oxocyclo-
hexyl and a 2-oxocyclopentyl group with the silyl enol ethers
of cyclohexanone and cyclopentanone respectively. It is note-
worthy that a single stereoisomer was formed at the alkylation
site oo to the carbonyl group in cyclohexanone derivatRe
whereas a mixture of two sterecisomers (ratio 2:1) was isolated
for its cyclopentanone anal@g A similar result was obtained
using 2-(trimethylsiloxy)furan as the reagent: in this case, the
two epimers at the alkylation site, Cbutenolides3f and 3f'
(27:73), could be isolated and fully characterized. These
compounds are of particular interest as synthetic precursors of
disaccharide mimicks (entry 6). Despite a disappointing yield
(12%) and low stereoselectivity, it was possible to obtain the

(Scheme 4). After extensive investigations on the nature of the protecteda-amino phosphonat8g by reaction with diethyl

Lewis acid and on reaction conditions (Table 1), it was found
that TMSOTTf was the best reagent. 1.25 equiv of TMSOTf and
7 equiv of allyltrimethylsilane (added in portions) were neces-
sary for the reaction to go to completion (entry 4). Compound
3a was then isolated in a good yield of 86% and as a single
synstereoisomer (see below).
Silylated Lewis acids and bismuth triflate, known to be

somewhat azaphili€} led to the best results. On the other hand,

(18) Kall, P.; John, H.-G.; Schulz, Liebigs Ann. Chem1982 613—
625.

(29) Liautard, V.; Pillard, C.; Desvergnes, V.; Martin, O.@&arbohydr.
Res.in press; doi 10.1016/j.carres.2007.11.022.

(20) Kobayashi, S.; Busujima, T.; Nagayama,Chem-Eur. J. 2000
6, 3491-3494.

trimethylsilyl phosphite (entry 7). Unsaturated aliphatic chains
could also be introduced as alkyne or allene moieties in moderate
yields using 3-trimethylsilyl-1,2-butadiene or propargyltrimeth-
ylsilane as reagents (entries 8 and 9). The reactio® wfth

TMS isocyanate provided in one step the original cyclic
carbamats3j resulting from the reaction of the free 4-hydroxyl
group with the isocyanate function introduced as nucleophile.
This stereochemically homogeneous structure incorporates an
unprecedented, stable aminalmfjlucose (entry 10).

With one exception, all addition reactions exhibited a high
degree of stereoselectivity: for the reactions leading to a single
new stereogenic center by formation of & C bond, only one
product was isolated (d.ex 98%), which was shown, after
cyclization, to have a 1,8ynrelationship, as expected from a

J. Org. ChemVol. 73, No. 8, 2008 3105
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SCHEME 5. Addition of Silylated Nucleophiles to Glycosylamine 2
OBn SiMe
O_ yNHZ Me,SiOT? OBn 3+ TfO- NuSiMe, OBn OBn I%IHZ
OBn / - =NHZ —> 53R
BnO  OBn OBn % thenH:0 680 G GBn
BnO OBn
2 3a-i
TABLE 2. Reactions of 2 with Silylated Nucleophiles NuSiMg*
Entry NuSiMe; Reaction time Product Yield (%)
OBn OBn NHZ
1 A~ SiMe, 65h BnOH,C” Y Y X 74
3a OH OBn
OBn C:)Bn l;IHZ
2 TMSCN 56h BnOH,C” Y > Scn 63
3b OH OBn
oSiMe 0Bn OBn NHZ O
3 Y ’ 72h BnOH,C” Y Y~ Ph 81
Ph 3¢ OH OBn
OSiMe, OBn 0Bn NHZ ©
4 O/ 68h BnOH,C 68
3d
0Bn OBn NHZ, f?
OSiMe, AA
BnOH,C
5 @/ 48h 72
3e (d.e. 33%)
OBn OBn NHZ |
o OSiMe, BnOH,C” o
6 g 44h S Gen 52
3f, 30 (d.e. 46%)
0Bn 98n NHZ ort
7 TMSOP(OEt), 71h BnOH,C™ ¢ Y ROkt 12
OH OBn g
3g
OBn OBn NHZ
— IS 4
8 60h BnOH,C” > Y 41
SiMe, 3h OH OBn
0Bn OBn NHZ
N . Y 54
9 \\/S'Mea 60h BnOH,C™ ™Y Y ch=c=CH,
3i OH OBn
BnOBnO'r_ OBn
)m,,(_%mNHZ
10 TMSNCO 72h BnOH,C' 4 NH 58
g
3j 0

a All reactions were performed using 0.5 equiv of TMSOTf and 7 equiv of silylated nucleophile, i€itdt —40 °C.
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favored Re-face addition on the intermediate iminiumibiihe
addition of the P-nucleophile, (EteHOTMS, is the only
reaction that proceeded with poor diastereoselectivity.

treatment of the mesylate with a baseBUOK) provided the
3106 J. Org. Chem.Vol. 73, No. 8, 2008

corresponding pyrrolidinol derivatives (seriBsin modest to
good yields (Scheme 6 and Table 3). In particular, the nitrile
5b was found to be sensitive to base and we experienced some
Next, to achieve cyclization, a classical two-step sequence difficulties with the synthesis of this compound. Also, in most
involving mesylation of the free 4-OH group and subsequent cases, better yields could be reached if the two steps Bom
were performed without isolating and purifying the mesylated
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SCHEME 6. Synthesis of Pyrrolidinols 5 SCHEME 7. N-Deprotection of Compound 5a
OBn 0Bn NHZ OBn OBn NHZ 0Bn GO,Bn OR H
i = MsCl, Et,N 3 Ne H,, Pd/C N
! ¥ R Y Y R S N SN
OBn OH OBn CH,Cl, OBn OMs OBn OBn Et,N OR [
3 62-88% , 4 BnO OBn > 95% RO OR
QBn 1 5 BCl, 6a R=Bn
tBUOK NUGR BCI
— v CH,Cl, 38 RoH
THF OBn 1 33% oH H B
21-77% BnO  OBn SN P
5
. . . - L OH B
intermediated. All new compound®$a-j are original iminoc- HO  OH
glycosyl mimicks of a-galactofuranosides. The functional 7a

groups in the aglycone can be used to tether a UDP surrogate
by various synthetic approaches or to prepare analogs of otherconfiguration of the pseudo-anomeric center was performed on
Galf conjugates. the N-deprotected pyrrolidinéa (Scheme 7) anéb.

Since the carbamate rotamers in compounds of sévies Vicinal coupling constants as well as clear NOESY connec-
complicated their analysis by NMR, the determination of tivities established unambiguously the Lj&-configuration of

TABLE 3. Synthesis of Pyrrolidinols 5

OBn OBn NHZ

i I R Yield of 5
Entry OBn OMs OBn (%) Product 5
4
OBn ?Oan
4a N’
1 55 (70)* (74)° BnOH,C
R = CHZCH:CH2 )
BnO OBn 52
OBn cl:Oan
’ y 67 (69)'J BnOH,C N WCN
R=CN )
BnO OBn 5b
OBn 902371
: SN Ph
’ ) 21 (40)* BnOH,C” " ) ‘ﬁ]/
R = CH,COPh .

BnO OBn 5¢

4d R= OBn (fOZBn
BnOH,C &N ‘@
4 36 > 0
BnO OBn 5d¢

OBn ?OZBn

4e R
5 25 )3—7 0
BnO  OBn 5e?

(o}
e =
(¢}

4hR= 9Bn FO;Bn
N
AN b BnOH,C™ Y "y
6 ¢ — cn, 63 (32) 2 ] \CH3
2 BnO  OBn 5h
4R 0Bn GO,Bn
1 = \\N !
7 —G=0=CH, 77 BNOH,C™ " S

BnO  OBn &

aTwo-step sequence starting fra®n® Three-step sequence starting fr@rf Undetermined configuration at C¥.d.r. 67:33 at C*.
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FIGURE 1. NOE correlations in compoundia and 6b.

the 1C-substituted iminogalactitol derivativeéa and 6b and
hence the 1,2yn configuration of the addition produ@a
(Figure 1). By analogy and on the basis of similarities in NMR
spectra of compounds in the same series, thecis,2onfigu-
ration was assigned to all pyrrolidinol derivativeand the 1,2-
synconfiguration to all addition productd

Further elaboration into UDP-Gaiimicks was performed
from the o-C-allylated pyrrolidinol 5a and functionalized
alkenes by cross-metathesis. This powerful coupling process is
relatively insensitive to the presence of heteroatoms in the
reaction partners, with the exception of amino grotigs has
already been used by our grddpand other®® to access
functionalizedC-glycosyl compounds in iminosugars carrying
a deactivating protecting group at nitrogen. The coupling
procedure was first investigated using diethyl vinylphosphonate
(DEVP). Hoveyda-Grubbs Il complefRu]-3 24 turned out to
be the most efficient catalyst and provided the cross-coupling
product9 in good yield, as theK)-stereoisomer only, together
with some homodimerization produt0 (10%). With Nolan’s
catalyst[Ru]-2,%5 the reaction did not go to completion and,
surprisingly, no conversion was observed with Grubbs Il
complex[Ru]-1 (Scheme 8 and Table 4).

Moreover, the latter compound@ was obtained efficiently
(53% yield) via the homo-cross-coupling 6& using 10 mol

Liautard et al.

SCHEME 8. Cross-Metathesis Reactions of 5a and

Deprotections
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[Ru] catalysts

% of [Ru]-3 as catalyst (Scheme 8). This compound is the
precursor of interesting structures mimicking fragments of
galactan. The coupling productd and 10 were N- and
O-deprotected efficiently without affecting the alkene function
using a large excess of Bflthus providing unsaturated
phosphonaté 1 and the bis-imindz-disaccharide.3 as hydro-
chlorides in 74% and 96% yield respectively. A further treatment

Mes—Ns_N-Mes Mes—N\\(N—Mes

Cllu,,'\r
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C|//,, ,,\(

—Ru=~ Ru= Ol Ru=
c™ T ph o= en o
PCy, PCy, fo)
[Ru]-1 [Ru]-2 i

[Ru]-3

of 11 using BrSiMe?8 led to the free phosphonic aci® (as
hydrobromide) and catalytic hydrogenation »8 provided
compoundl4. These new imindz-glycosyl compounds are of

TABLE 4. Screening of Catalysts for Coupling of 5a with DEVP

interest as potential inhibitors of various carbohydrate-processing
enzymes.

(21) Compain, PAdv. Synth. Catal2007, 349, 1829-1846.
(22) Godin, G.; Compain, P.; Martin, O. Rirg. Lett.2003 5, 3269~

[Ru] catalyst 5a 9 10
Grubbs II[Ru] -1 100% - —
Nolan[Ru] -2 9% 68% 8%
Hoveyda-Grubbs IJRu] —3 - 75% 10%

3272.

(23) Dondoni, A.; Giovannini, P. P.; Perrone, D.Org. Chem2005
70, 5508-5518.

(24) Kingsbury, J. S.; Harrity, J. P. A.; Bonitatebus, P. J.; Hoveyda, A.
H. J. Am. Chem. Socl999 121, 791-799. See also: Vehlow, K,;
Maechling, S.; Blechert, SOrganometallic2006 25, 25—28.

(25) (a) Huang, J.; Stevens, E. D.; Nolan, S. P.; Petersen, J.Am.
Chem. Socl1999 121, 2674-2678. (b) Amblard, F.; Nolan, S. P.; Schinazi,
R. F.; Agrofoglio, L. A.Tetrahedror2005 61, 537—544. For an application
to a homodimerization process, see, e.g., Grellepois, F.; Crousse, B.; Bonnet:
Delpon, D.; Bgue J. P.Org. Lett.2005 7, 5219-5222.

(26) For phosphonate deprotection using BrSiMeee, e.g.: (a) Vidil,
C.; Mor&e, A.; Garcia, M.; Barragan, V.; Hamdaoui, B.; Rochefort, H.;

Interestingly, the allyl group oba could be isomerized into
a 1-propenyl substituent to give compouff (69%) in the
presence of Hoveyda's catalyst when the reaction was performed
in methanol at higher temperature, as shown recently by
Hanessian and co-worket§The same isomerization process

was also successful (in 61% yield) using Pd(Me&) (10

mol % in toluene at 60C for 48 h)?® Cross-metathesis with

Montero, J.-L.Eur. J. Org. Chem1999 447-450. (b) Ladame, S.; Faure
R.; Denier, C.; Lakhdar-Ghazal, F.; Wilson, Krg. Biomol. Chem2005
3, 2070-2072.
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(27) Hanessian, S.; Giroux, S.; Larsson,@rg. Lett.2006 24, 5482
5484.
(28) Chang, G. X.; Lowary, TTetrahedron Lett2006 47, 4561-4564.
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SCHEME 9. Isomerization of Allyl Group in 5a
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other alkenes however was unsuccessful fidgrDeprotection
of 15 by the action of excess B&provided16 (Scheme 9).

The same coupling approach was used to obtaimtheked
UDP-Gaf mimicks 20 using the ethyl uridin-5yl vinylphos-
phonatel 7%° as cross-metathesis partner (Scheme 10). As with
the previous reagent, total conversion of compo&adwas
achieved using Hoveyda-Grubbs Il compl@Ru]-3 as the
catalyst. The iminosugar-nucleotide conjugdi@ was thus
obtained as a mixture of non-separaBteepimers in 61% yield
together with a small amount of compouf@ (13%). A two-
step deprotection sequence led to the fully deprotected targe
compound20 (42% overall). Treatment 018 with BCls in
excess at O°C promoted the complete deprotection of the
ribofuranose and iminogalactitol moieties and led to the
phosphonic diestet9. The ethyl phosphonate could then be
cleaved selectively by reacting® with BrSiMe; to provide
UDP-Gaf analog20. This compound incorporates an iminosugar
moiety that mimicks the putative galactofuranosyl cation

t,
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TABLE 5. Inhibition of E. Coli UGM by Selected Compound3
inhibitor residual
compound # concentration activity
7a 25 mM 61%
8 2.5mM 52.1%
13 2.5mM 50%
14 2.5mM 36.9%
16 2.5mM 59.2%
19 25 mM 52%
20 2.5mM 43%

2 See experimental procedures in ref 15b.

involved in the reactions catalyzed by UDP-Gal mutase and/or
UDP-Gaf transferases and the three-carbon linker places the
nucleotide fragment at an appropriate distance with respect to
the pseudosugar moiety. To the best of our knowledge this
compound is the closest iminosugar-based analog of UDP-Gal
ever reported.

The inhibitory activity of compound%a, 8, 13, 14, 16, 19,
and20 toward UGM fromEscherichia coliwas then evaluated
and the results are reported in Table 5. Inhibition assays on the
purified enzyme were conducted in the reverse direction in
which UDP-Gal is converted to UDP-Gplusing an HPLC
method developped by Lee and co-work@rsnder the same
conditions as previously reportéeP. Residual activity is ex-
pressed in % of the activity in absence of inhibitor.

All derivatives tested were found to exhibit weak inhibition
of UGM. Residual activity is in the order of 50% for most
compounds at 2.5 mM inhibitor concentration. Noticably, the
presence of the UMP motif, which was anticipated to provide
significant binding, increased only to a very minor extent the
activity of the compounds carrying a simple 3-carbon substituent
at C-1. This is even more surprising in view of Kiessling’s recent
work on chemical probes for UGM which suggested that the
presence of an aromatic group mimicking uracil is essential for
better binding with the enzyni@.Most of the recognition by
the enzyme appears to arise from the 1,4-iminogalactitol moiety,
and dimerization of this unit, as ih3 and 14, contributes to
enhance the inhibitory activity. Compoutd is indeed the most
active inhibitor of the series.

In conclusion, we report in this article a convenient and highly
stereoselective methodology for the synthesis of a diversity of
o-1-C-substituted-1,4-dideoxy-1,4-imirmgalactitols; such com-
pounds constitute novel, original galactofuranoside mimicks.
One of these compounds was converted into UDH-&wlogs
(19, 20) in which UMP is linked to thegalactopyrrolidinol by
a 3-C tether, thereby mimicking closely the structure of the
natural sugar nucleotide; carbon-linked disaccharide anal@ys (
14) were also generated from the same precursor. Whereas the
activity of compounds such d9 and20 as inhibitors of UGM
was found to be weak, these sugar nucleotide analogs remain
promising chemical probes of the Gaknsfer process involved
in the biosynthesis of mycobacterial galactans. In addition the
1-C-substituted iminogalactitol derivatives and the corresponding
dimers are of interest as potential inhibitors of various glyco-
furanosidases. Further biological investigations on these com-
pounds are in progress and the results will be reported in due
course.

(29) Lee, R.; Monsey, D.; Weston, A.; Duncan, K.; Rithner, C.; McNeil,
M. Anal. Biochem1996 242, 1-7.

(30) Carlsson, E. E.; May, J. F.; Kiessling, L. Chem. Biol.2006 13,
825-837.
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Experimental Section

General Procedure A: Addition of Silylated Nucleophiles.
In adry 10 mL flask, under Ar, the silylated nucleophile (NuSiMe
in Table 2) (1.45 mmol, 7 equiv) was added to a solution of
N-benzyloxycarbonyl-2,3,5,6-tet@-benzyle,3-p-glucofuranosy-
lamine2 (140 mg, 0.21 mmot} in anhydrous acetonitrile (2.1 mL).
The mixture was stirred at40 °C during 15 min and trimethylsilyl
triflate (19uL, 0.10 mmol, 0.5 equiv) was then added by portions
to the colorless solution. The mixture was stirred-d0 °C during

Liautard et al.

mg, 81%) from2 (208 mg, 0.31 mmol), using 0.5 equiv of
trimethylsilyl triflate and after a stirring time of 72 ho[?% —3 (c

= 0.69, CHC}); 'H NMR (500 MHz, CDC}) 6 2.93 (d, 1H,J ~
7.5 Hz, OH), 3.0+-3.05 (m, 1H, ®G,COPh), 3.19-3.26 (m, 1H,
CH,COPh), 3.73-3.79 (m, 2H, H2+ H6a), 3.92-3.95 (m, 4H,
H6b + H5 + H3 + H4), 4.33-4.49 (m, 5H, H1+ OCH,Ph), 4.55
(broad s, 2H, O€,Ph), 4.76-4.77 (m, 2H, OEi,Ph), 5.02 (d, 1H,
J~ 12 Hz, OM,Ph), 5.07 (d, 1HJ ~ 12 Hz, O Ph), 5.43-
5.47 (m, 1H, NH), 7.087.81 (m, 30H, Hs); 3C NMR (125 MHz,
CDClg) 0 41.5 (CH,COPh), 48.3 (C1), 66.9 (CH,Ph), 70.3 (C5),

20-82 h, and the reaction was then quenched with saturated ;4 » (C6), 71.7, 73.6, 74.4, and 75.0G8,Ph), 77.9 (C3 or C4)
aqueous NaHCO(1 mL). Ethyl acetate (20 mL) was added and 78 3 (2 78.7 (C4 or C3), 127:5128.6, 133.3, 136.5, 138.0,
the organic layer was separated, washed with brine (20 mL) and 1333 138 4 and 138 €(), 155.9 C=0), 198.4 C=0); HRMS
dried over sodium sulfate. The solvents were removed by evapora-(ES") "caled for GxOHSI:LNNé(,)a: mz = 816.3512 M 1 Na]*;

tion under vacuum to afford a brown oil which was purified by

flash chromatography (toluene/acetone 99:1 to 98:2 containing a

trace of EtN unless otherwise indicated).

OBn OBn NHCOBn _ OBn{

6 z = \N

BnOHzC 5 : 3 ;2 1R BnOHZC 54-‘3 ) .‘1\\R
OH OBn L

BnO OBn

3 5

1(R)-1-C-Allyl-2,3,5,6-tetra-O-benzyl-1-benzyloxycarbony-
lamino-1-deoxyb-glucitol (3a). According to general procedure
A, compound3a was obtained as a colorless oil (129 mg, 86%)
from 2 (140 mg, 0.21 mmol) after a stirring time of 72 ]f%
—6 (c = 1.22, CHC}); IR (NaCl, cn1?) 3436, 3029, 3013, 2927,
2866, 1716, 1498, 1454, 1333, 1216, 1097, 1060, 182 NMR
(500 MHz, CDC}) 6 2.18-2.31 (m, 2H, G¢1,CH=CH,), 2.56 (d,
1H, J ~ 9 Hz, OH), 3.55-3.59 (m, 1H, H4), 3.623.68 (m, 2H,
H5, H6a), 3.72 (d, 1HJ ~ 8 Hz, H2), 3.81-3.91 (m, 3H, H1, H3,
H6b), 4.22 (d, 1HJ ~ 11 Hz, OM,Ph), 4.29 (d, 1HJ ~ 11.5
Hz, OCH,Ph), 4.43-4.49 (m, 3H, OG®i,Ph), 4.63 (d, 2HJ ~ 11.5
Hz, OCH,Ph), 4.73 (d, 1H,J ~ 11 Hz, OGH,Ph), 4.86-4.96 (m,
3H, OCH,Ph, H,=CH), 5.04 (d, 1HJ ~ 12.5 Hz, OCG1,Ph) 5.13
(d, 1H,J =~ 9.5 Hz, NH), 5.62-5.70 (m, 1H, G1=CH,), 7.08-
7.26 (M, 25H, Elars); 1°C NMR (125 MHz, CDC}) 6 38.3 CHo-
CH=CH,), 51.5 1), 66.8 (QCH.Ph), 70.9 C5), 71.2 C6), 71.7,
73.7, 74.7, and 75.2 (CH,Ph), 78.2 C3+C4), 79.7 C2), 117.9
(CHx=CH), 127.5-128.6 CHays), 134.7 CH=CH,), 136.7, 138.3,
138.4, and 138.6404), 156.1 C=0); (+) MS (ESI): m/z=733.5
[M + NHg*, 738.5 [M+ Na]*; HRMS (ESI): calcd for GsHag
NNaO;: m/z = 738.3407 [M+ NaJ, found : m/z = 738.3401.
Anal. Calcd. for GsHsoNO;: C, 75.50; H, 6.90; N, 1.96. Found:
C, 75.72; H, 6.96; N, 1.84.

3,4,6,7-TetraO-benzyl-2-benzyloxycarbonylamino-2-deoxy-
D-glycerob-ido-heptono-nitrile (3b). According to general pro-
cedureA, compound3b was obtained as a colorless oil (35.1 mg,
63%) from2 (53.4 mg, 0.079 mmol) using 0.5 equiv of trimeth-
ylsilyl triflate and after a stirring time of 56 ho]?, —4 (c =
0.45, CHCY); IR (NaCl, cn1?) 3427, 3033, 2253, 1726, 1497, 1455,
1271, 1215, 1096, 10284 NMR (500 MHz, CDC}) 6 2.70 (broad
s, 1H, OH), 3.5#3.61 (m, 1H, H4), 3.653.73 (m, 1H, H6a),
3.78-3.82 (m, 2H, H6bt+ H5), 3.85 (d, 1HJ ~ 7 Hz, H3), 4.03-
4.05 (m, 1H, H2), 4.28 (t, 2H] ~ 10.5 Hz, OC1,Ph), 4.56-4.65
(m, 4H, OMH,Ph), 4.71 (AB, 2H,J ~ 11 Hz, O, Ph), 4.9%
4.93 (m, 1H, H-1), 5.025.12 (m, 2H, OGi,Ph), 5.675.69 (m,
1H, NH), 7.14-7.32 (m, 25H, Glars); 3C NMR (125 MHz,
CDCl;) 0 43.8 (C1), 67.9 (CQCH,Ph), 70.2 C6, C5), 71.8, 73.7,
74.5, and 75.0 (OH,Ph), 76.6 C3), 77.6 C4), 78.0 C2), 118.2
(CN), 127.8-130.0 CHars), 135.8, 136.8, 137.7, 138.0, and 138.3
(Caar), 155.4 C=0); (+) MS (ESI) : mz= 719 [M + NH4]*;
HRMS (ESI) calcd for GsHaN,NaO;: miz= 723.3046 [M+ Na]J*,
found: m/z = 723.3041.

4,5,7,8-TetraO-benzyl-3-benzyloxycarbonylamino-2,3-dideoxy-
1-C-phenyl-p-glycerobp-ido-1-octulose (3c)According to general
procedureA, compound3c was obtained as a colorless oil (200
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found: m/z = 816.3506.
1(R)-2,3,5,6-TetraO-benzyl-1-benzyloxycarbonylamino-1-
deoxy-1C-(2-oxocyclohexyl)p-glucitol (3d). According to general
procedureA, compound3d (107 mg, 68%) was obtained from
compound? (138.1 mg, 0.205 mmol) as a single product and as a
colorless oil after purification by flash chromatography (EP/AcOEt
4:1). [0]®p —19 (€ = 0.99, CHC}); IR (NaCl, cnr?) 3435, 3063,
3031, 2935, 2863, 1718, 1702, 1498, 1454, 1210, 1072, 1628;
NMR (250 MHz, CDC}) 6 1.48-2.10 (m, 7H), 2.172.33 (m,
1H), 2.78-3.00 (m, 2H, OH and BCO), 3.573.75 (m, 2H, H5
+ H6a), 3.77#3.90 (m, 2H, H3+ H6b), 3.92-4.06 (m, 2H, H2+
H4), 4.08-4.18 (m, 1H, H1), 4.24 (d, 1H] ~ 11 Hz, O Ph),
4.31 (d, 1H,J ~ 11.5 Hz, O®,Ph), 4.43-4.59 (m, 4H, OG-
Ph), 4.66-4.72 (m, 2H, OGi,Ph), 5.52 (d, 1H,) ~ 10 Hz, NH),
7.06-7.40 (m, 25H, Elars); 13C NMR (125 MHz, CDCY) ¢ 24.4,
27.8, 31.3, 42.4, and 52.1 (cyclohexyH2 andCH), 53.5 C1),
66.8 (OCHPh), 70.0 C4), 71.0 C6), 71.9, 73.6, 73.7, and 74.0
(OCH,Ph), 77.0 C3), 77.3 C2), 78.6 (C5), 127.5-128.8 CHars),
136.8, 138.0, 138.2, 138.3, and 138.7 £39156.8 (C=0), 211.7
(C=0); (+) MS (ESI) : miz=789.5 [M+ NH4]*, 795.0 [M+
Na]*; HRMS (ESI) calcd for GgHsaNNaQs: m/z = 794.3669
[M + Na]*; found : m/z = 794.3672.
1(R)-2,3,5,6-TetraO-benzyl-1-benzyloxycarbonylamino-1-
deoxy-1C-(2-oxocyclopentyl)p-glucitol (3e). According to general
procedureA, compound3e (367.5 mg, 70%) was obtained from
compound? (463 mg, 0.688 mmol) as a colorless oil (mixture of
diastereoisomers at ap2) after purification by flash chromatog-
raphy (EP/ AcOEt 5:2 to 2:1). IR (NaCl, cr¥) 3435, 3063, 3017,
1720, 1454, 1404, 1217, 1093, 1028; NMR (400 MHz, CDC})
0 1.22-2.42 (m, 7H), 2.71 (br s, 1H, OH), 3.53..05 (m, 6H),
4.20-4.95 (m, 8H, OGi,Ph and H2), 5.085.42 (m, 2H, OCi,-
Ph and NH), 7.1£7.42 (m, 25H, Elars); 13C NMR (100 MHz,
CDCl; d1 and d2 for diast. 1 and 2, respectively; cp for cyclopentyl)
0 20.3 (d1, cpC4), 20.5 (d2, cpC4), 27.3 (d1, cpC3), 27.7 (d2,
cp-C3), 38.7 (d1, cpC5), 38.9 (d2, cpC5), 50.2 (d2, cpC2), 50.9
(d1, cpC2), 51.2 (d1,C1), 52.3 (d2,C1), 67.0 (OCHPh), 70.3
(d1,C4), 70.7 (d2,C4), 71.0 (d2,C6), 71.5 (d1,C6), 71.7, 71.8,
73.58, 73.63, 74.2, 74.38, 74.44, and 74.&QPh), 77.4 C3),
77.5 (C3), 77.9 (d1,C5), 78.1 (d2,C5), 78.3 (d1,C2), 78.5 (d2,
C2), 127.4-128.5 CHars), 136.6, 136.7, 137.9, 138.2, 138.3,
138.38, 138.40, 138.5, 138.6, and 138.94%,d.56.3 C=0), 156.7
(C=0), 218.9 (cpcl), 219.2 (cpcl); (+) MS (ESI) : mz=775.5
[M + NH4*, 780.0 [M + Na]*; HRMS (ESI) calcd for G/Hss-
NNaQ;: nv/z = 780.3512 [M+ Nal*; found : m/z = 780.3513.
1(R)-2,3,5,6-TetraO-benzyl-1-benzyloxycarbonylamino-1€-
but-2-ynyl-1-deoxy-D-glucitol (3h). According to general procedure
A, compound3h (100 mg, 47%) was obtained from compoudd
(196 mg, 0.291 mmol) as a colorless oil after purification by flash
chromatography (Toluene/ AcOEt 16:1n]f% —6 (c = 0.71,
CHCly); IR (NaCl, cmt) 3429, 3063, 3032, 2919, 2866, 1718,
1498, 1454, 1334, 1266, 1216, 1095, 1062, 10RFNMR (400
MHz, CDCk) 6 1.71 (s, 3H, CH), 2.30-2.57 (m, 2H, CH), 2.66
(br s, 1H, OH), 3.56:3.71 (m, 1H, H5), 3.733.82 (m, 1H, H4),
3.85-3.94 (m, 3H, 2H6 and H3), 3.984.07 (m, 1H, H1), 4.09
4.18 (m, 1H, H2), 4.234.42 (m, 2H, OGi,Ph), 4.49-5.00 (m,
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7H, OCH,Ph), 5.07#5.17 (m, 1H, OGi,Ph), 5.24 (d, 1HJ) ~ 9.6
Hz, NH), 7.18-7.43 (m, 25H, Elars); 13C NMR (100 MHz, CDCY)
0 3.6 (CHy), 23.6 (CH), 51.2 (1), 66.9 (CCH,Ph), 70.5 C4),
71.2 (C6), 71.7, 73.6, and 74.5QBI,Ph), 75.36 CaiyneCHs), 75.41
(OCH,Ph), 76.8 CaiyneCHy), 77.9 C3), 78.2 (C5), 78.9 C2),
127.5-128.6 CHars), 136.6, 138.2, 138.3, and 138.7 ()9 155.9
(C=0); (+) MS (ESI) : m'z= 728 [M + H]*, 745.5 [M+ NH,4] ",
750.5 [M + Nalt; HRMS (ESI) calcd for GeHsgNNaO;: m/iz =
750.3407 [M+ Na]*, found : m/z = 750.3416.
1(R)-1-C-Allenyl-2,3,5,6-tetra-O-benzyl-1-benzyloxycarbony-
lamino-1-deoxyb-glucitol (3i). According to general procedure
A, compound3i (149 mg, 54%) was obtained from compouad
(259 mg, 0.233 mmol) as a colorless oil after purification by flash
chromatography (PE/ AcOEt 7:1 to 6:1n]f% —1.6 € = 3.14,
CHCL); IR (NaCl, cntt) 3432, 3063, 3031, 2926, 2867, 1958,
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providing a colorless oil which was purified by flash chromatog-
raphy (PE/AcOEt 7:1 containing a trace ofEj.
1(R)-1-C-Allyl-2,3,5,6-tetra-O-benzyl-N-benzyloxycarbonyl-
1,4-dideoxy-1,4-iminop-galactitol (5a). According to general
procedureB applied to3a, compoundbawas obtained as a colorless
oil (70% yield, 2 steps), using 2.5 equBUOK. [a]?%, + 7 (c =
0.73, CHCY); IR (NaCl, cn1?) 3359, 3064, 3032, 2929, 2867, 1699,
1497, 1454, 1402, 1352, 1097, 1070, 1028;NMR (500 MHz,
acetoneds) 6 2.38-2.45 (m, 1H, G1,CH=CH,), 2.65 (broad s,
1H, CH,CH=CHj,), 3.62-3.64 (m, 1H, H6a), 3.743.77 (m, 1H,
H6b), 3.97-4.01 (m, 1H, H5), 4.12 (dd, 1H] ~ 3 Hz,J ~ 6.5
Hz, H2), 4.21+4.24 (m, 1H, H1), 4.26 (t, 1H] ~ 3 Hz, H3), 4.36-
4.32 (m, 1H, H4), 4.46 (d, 1H] ~ 12 Hz, OCH,Ph), 4.51 (d, 1H,
J ~ 12 Hz, OQH,Ph), 4.53-4.74 (m, 6H, OEi,Ph), 4.94-4.96
(m, 1H, GH,=CH), 5.01-5.05 (m, 1H, OGi,Ph), 5.10 (d, 1H)

1719, 1498, 1455, 1399, 1337, 1276, 1215, 1096, 1062, 1028, 854;~ 12 Hz, OGH,Ph), 5.17 (d, 1HJ ~ 12 Hz, OCH,Ph), 5.75-5.86

IH NMR (400 MHz, CDC}) 6 2.67 (d, 1HJ ~ 8.8 Hz, OH), 3.57
3.97 (m, 6H), 4.31 (d, 1H) ~ 11.2 Hz, OCH4,Ph), 4.35 (d, 1H)
~ 11.8 Hz, O®,Ph), 4.474.65 (m, 4H, OC1,Ph and H1), 4.67
4.84 (m, 5H, OGi,Ph and G,=), 4.98 (d, 1HJ ~ 12 Hz, OCH,-
Ph), 5.14 (d, 1HJ ~ 12 Hz, OGH,Ph), 5.24 (g, 1H, ~ 5.9 Hz,
CH=), 5.38 (d, 1HJ ~ 9.2 Hz, NH), 7.177.38 (m, 25H, Clars);
13C NMR (100 MHz, CDC}) 6 50.4 (C1), 66.9 (QCH,Ph), 70.9
(C6), 71.7, 73.6, 74.8, and 75.4@BI,Ph), 78.0 CH), 78.6 CH.=),
81.5 (CH), 91.8 CH=), 127.5-128.6 CHars), 136.6, 138.19,
138.21, 138.4, and 138.6 (&} 156.1 (CG=0), 207.6 €C=); (+)
MS (ESI) : miz=714.5 [M+ H]*, 731.5 [M+ NH,] ", 736.5 [M
+ NaJ*; HRMS (ESI) calcd for GsHi/NNaO;: miz = 736.3250
[M + NaJ*; found : m/z = 736.3260.

2,3,5,6-TetraO-benzyl-p-glucose aminalNs-benzyl carbamate
Ngr,O-cyclic carbamate (3j). According to general procedur,
compound3j (96.5 mg, 58%) was obtained from compouh(L57
mg, 0.233 mmol) as a colorless oil after purification by flash
chromatography (PE/AcOEt 3:1)a]?% —26 (c =1.05, CHCY);
IR (NaCl, cn1?) 3392, 3321, 3063, 3032, 2869, 1732, 1513, 1499,
1455, 1266, 1309, 1227, 1102, 1028, 1046;NMR (400 MHz,
CDCl;) 0 3.64 (t, 1H,J ~ 3.6 Hz, H2), 3.80 (dd, 1H] ~ 4.4 and
10.4 Hz, H6a), 3.88 (ddd, 1H,~ 1.6, 4.4 and 9.6 Hz, H5), 3.99
(dd, 1H,J~ 1.6 and 10.4 Hz, H6b), 4.09 (d, 1B~ 3.6 Hz, H3),
4.25-4.39 (m, 3H, OGi,Ph), 4.45-4.65 (m, 5H, OE1,Ph and H4),
4.79 (d, 1HJ ~ 11.6 Hz, OG4,Ph), 4.95-5.01 (m, 2H, OEi,Ph
and H1), 5.12 (d, 1HJ ~ 12.4 Hz, OG4,Ph), 5.86 (d, 1HJ ~ 6
Hz, NH), 6.99 (d, 1H,J =~ 9.2 Hz, NH), 7.04-7.36 (m, 25H,
CHars); 13C NMR (100 MHz, CDC}) 6 61.0 (C1), 67.2 (CCH,-
Ph), 69.1 C6), 71.0 C2), 71.8, 72.0, 73.3, and 73.6 QBi,Ph),
74.9 (C4), 75.6 C5), 76.0 C3), 127.6-128.7 CHars), 136.1, 136.7,
137.0, 138.3, and 138.4 (&9, 155.5 (CG=0), 157.3 (G=0); (+)
MS (ESI) : mz=717.5 [M+ H]*, 734.5 [M+ NH,]*, 739.5 [M
+ NaJ*; HRMS (ESI) calcd for GgH44NoNaQs: miz = 739.2995
[M + NaJ*; found : m/z = 739.2980.

General Procedure B: Cyclization Procedureln a dry flask
(10 mL), under Ar, methanesulfonyl chloride (82, 0.11 mmol,
2.1 equiv) was added by portions to a solution of substBg({&8
mg, 0.053 mmol) in anhydrous dichloromethane (&89 contain-
ing triethylamine (16uL, 0.12 mmol, 2.2 equiv). The yellow
mixture was stirred at room temperature for B h. After total
conversion (TLC monitoring), the reaction was quenched with
saturated aqueous NEI (1 mL). Ethyl acetate (20 mL) was added,

(m, 1H, CH=CHy), 7.27-7.42 (m, 25H, Glars); 13C NMR (125
MHz, acetoneds) 6 35.2 (CH,CH=CH,), 62.2-62.9 (C1), 66.2
(C4), 68.1 (GCH,Ph), 72.7 C6), 73.3, 73.7, 74.3, and 74.5CBl,-
Ph), 79.6 C5), 82.6 C3), 83.9 C2), 117.4 (CH=CH,), 128.8-
131.0 CHars), 134.6 Caar), 135.1 Caar), 137.7 CH=CH,), 139.9,
139.8, 140.2, 140.4 and 140.Tdar), 158.0 C=0); (+) MS
(ESI): miz= 715.5 [M+ NH,4]*; HRMS (ESI) calcd for GsHsr
NNaQ;: m/z = 720.3301 [M+ Nal*; found : m/z = 720.3296.
Anal. Calcd. for GsHs7/NOg: C, 77.45; H, 6.79; N, 2.01. Found:
C, 77.80; H, 6.68; N, 2.09. Note: A sample of mesyldtewas
purified (PE/AcOEt 85/15 containing a trace ogH}; yield: 62%.
Then using the general cyclization procedure, compdoma/as
obtained in 55% yield.

3,4,6,7-TetraO-benzylN-benzyloxycarbonylamino-2,5-dideoxy-
2,5-imino-p-glyceroL-gluco-heptononitrile (5b). According to
general proceduréA (using TMSCN) andB applied to 3b,
compoundsb was obtained as a colorless oil in 69% yield (3-step
yield). [a]?% +17 (c = 0.66, CHC}); IR (NaCl, cnm!) 3055, 2987,
2306, 1715, 1454, 1421, 1265, 1099, 10%8;NMR (500 MHz,
acetoneds) 0 3.65-3.67 (m, 1H, H6a), 3.723.73 (m, 1H, H6b),
4.05 (br s, 1H, H5), 4.3064.31 (m, 2H, H3+ H4), 4.43-4.50 (m,
3, H2 + OCH,Ph), 4.52 (s, 2H, OB,Ph), 4.63-4.78 (m, 3H,
OCH,Ph), 4.77 (d, 1HJ ~ 11.8 Hz, O®,Ph), 5.11 (very br s,
2H, OCH,Ph), 5.30 (br s, 1H, H1), 7.247.42 (m, 25H, Clars);
13C NMR (125 MHz, acetonék) ¢ 53.9-54.2 (C1), 66.0 C4),
69.0 (OCH,Ph), 72.3-72.6 (C6), 73.0 (CCH,Ph), 74.3 (@H,Ph),
74.6 (OCH,Ph), 78.5 C5), 82.7-82.9 (C2), 83.7-83.8 C3), 117.8
(CN), 128.9-130.3 CHars), 138.2, 139.1, 139,740.3, and 140.5
(Caa); (+) MS (ESI) : miz= 700.5 [M + NH4]*; HRMS (ESI)
calcd for GaH4NoNaQs: mVz = 705.2941 [M+ NaJ*; found :
m/z = 705.2944.

Note: Stepwise process from compou8id (75.9 mg, 0.108
mmol): mesylated intermediat¥h was obtained as a colorless oil
(74.5 mg, 88%) after purification by flash chromatography (PE/
AcOEt 3:1). Compoundb was then obtained fromb (173 mg,
0.222 mmol) as a colorless oil (100.7 mg, 67%) after purification
by flash chromatography (PE/AcOEt 85:15).

4,5,7,8-TetraO-benzyl-N-benzyloxycarbonylamino-2,3,6-
trideoxy-3,6-imino-1-C-phenyl-p-glyceraL-gluco-1-octulose (5c).
Compoundbcwas prepared froric according to general procedure
B; mesylation was immediately followed by the cyclization step
because intermediatdc degrades rapidly. CompounBic was

the organic layer was separated, washed with brine (20 mL) and obtained as a colorless oil (40%, 2 steps)]?}p —2 (c = 0.73,
dried over sodium sulfate. The solvents were then evaporated, thusCHCL); IR (NaCl, cntl) 3400, 3063, 3032, 2927, 2867, 1699,

providing the corresponding methanesulfontas a yellow oil
which could be used in the next step without further purification.
Crude4 (142 mg, 0.18 mmol) was dissolved in anhydrous THF
(1.8 mL) andt-BuOK (20.12 mg, 0.18 mmol) was added. The
mixture was stirred during 224 h at room temperature. After

1685, 1453, 1408, 1351, 1317, 1266, 1094, 1071, 182 NMR
(500 MHz, acetona) 6 3.31 (m, 1H, ®¢,COPh), 3.55 (m, 2H,
H6a+ CH,COPh), 3.71 (br s, 1H, H6b), 3.91 (m, 1H, H5), 421
4.28 (m, 3H, H3, H2+ OCH.,Ph), 4.39-4.45 (m, 3H, OGi,Ph+
H4), 4.54-4.65 (m, 4H, O®i,Ph), 4.76-4.89 (m, 2H, OGI,Ph+

total conversion (TLC monitoring), the reaction was quenched with H1), 5.13 (br s, 2H, O8,Ph), 6.877.58 (m, 30H, Elars); °C

saturated aqueous NEIl (1 mL). Ethyl acetate (20 mL) was added,

NMR (125 MHz, acetonek) 6 39.9 (br,CH,COPh), 59.9-60.4

the organic layer was separated, washed with brine (20 mL) and (C1), 66.5 (C4), 68.0 (OH,Ph), 72.4-72.6 (C6), 73.85,73.93, 74.4,
dried over sodium sulfate. Then the solvents were evaporated, thusand 79.3 (@H,Ph), 82.3 (C3), 83483.5 C2), 127.5-131.2
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(CHars), 134.4-134.8 CHars), 138.7, 138.9, 139.3, 140.0, 140.2,
and 140.7 (Cg), 157.6 (G=0), 199.9 (G=0); (+) MS (ESI) :
m/z = 794.0 [M + NH,4]*; HRMS (ESI) calcd for GoH49NNaO;:
m/z = 798.3407 [M+ NaJ*; found : m/z = 798.3410.

Note: A sample of mesylated intermediate was purified by
flash chromatography (PE/AcOEt 4:1, 70% yield). Cyclization of
4c according to procedurB provided5cin 21% vyield.

1(R)-2,3,5,6-TetraO-benzyl-N-benzyloxycarbonyl-1,4-dideoxy-
1,4-imino-1-C-(2-oxocyclohexyl)p-galactitol (5d). According to
general procedur® applied to compoundd (649 mg, 0.841
mmol), mesylated intermediatd was isolated (223.1 mg, 32%)
as a colorless oil after purification by flash chromatography (PE/
AcOEt 4:1). Cyclization of intermediatéd (184 mg, 0.228 mmol)
according to procedur® afforded compounéd as a colorless oll
(61.5 mg, 36%) after purification by chromatography (PE/AcOEt
4:1). Alternatively, starting from crud&d, compound5d was
obtained in 36% yield after purification by flash chromatography,
without purification of intermediatdd. Compoundbd: [o]?% +31
(c=0.94, CHC}); IR (NaCl, cnT?) 3063, 3031, 2935, 2862, 1703,
1453, 1402, 1351, 1307, 1213, 1093, 10%1;NMR (250 MHz,
DMSO-ds, 80°C) 6 1.11-1.65 (m, 4H), 1.672.31 (m, 4H), 2.69
2.81 (m, 1H, GICO), 3.39-3.79 (m, 3H, 2H6 and H5), 4.62
4.17 (m, 2H, H3 and H2), 4.284.39 (m, 2H, H4 and OB,Ph),
4.39-4.56 (m, 6H, OE1,Ph), 4.66-4.74 (m, 2H, OEi,Ph and H1),
4.96-5.11 (m, 2H, OGi,Ph), 7.16-7.35 (m, 25H, Glars); °C
NMR (62.5 MHz, DMSOsdg, 80°C) ¢ 24.1, 27.8, 31.3, 41.5, and
50.3 (cyclohexylCH2 andCH), 58.6 C1), 63.9 C4), 66.0, 70.2,
70.6, 70.7, 71.9, 72.2, and 72.2 (O, C6), 77.8 C5), 82.1
(C3 0orC2), 82.6 C3 orC2), 127.0-127.8 CHars), 136.4, 137.5,
137.7, 137.9, and 138.2 (&g, 156.3 (CG=0), 210.5 (G=0); (+)
MS (ESI) : mz= 754.5 [M+ H]*, 771.5 [M+ NH,]*.

1(R)-2,3,5,6-TetraO-benzyl-N-benzyloxycarbonyl-1,4-dideoxy-
1,4-imino-1-C-(2-oxocyclopentyl)p-galactitol (5e).According to
general procedur® applied to compounde (127 mg, 0.186 mmaol),
mesylated intermediatewas obtained as a colorless oil (103 mg,
73%) after purification by flash chromatography (PE/AcOEt 7:3).
Then compoundbe was obtained from intermediate (83 mg,
0.1 mmol) as a colorless oil (18.3 mg, 25%, 67:33 mixture of
diastereoisomers at dp2) after purification by flash chromatog-
raphy (PE/AcOEt 4:1). IR (NaCl, cmd) 3019, 2401, 1727, 1720,
1701, 1454, 1406, 1353, 1216, 1093, 1071, 102BNMR (500
MHz, acetoneds; d1 and d2 for diast. 1 and 2, respectively; cp for
cyclopentyl) 6 1.52-2.15 (m, 6H, cp-CH), 2.32-2.40 (m, 1H,
cp-CH), 3.52 (dd, 0.76H] ~ 11 and 5.5 Hz, H6a, d1), 3.61 (dd,
0.34H,J ~ 11 and 5 Hz, H6a, d2), 3.72 (dd, 0.76H~ 11 and 3
Hz, H6b, d1), 3.77 (dd, 0.34H,~ 11 and 3 Hz, H6b, d2), 4.02
4.06 (m, 1H, H5), 4.07 (d, 0.75H, ~ 6 Hz, H2, d1), 4.16:4.27
(m, 1.35H, H3 and H2, d2), 4.364.52 (m, 5H, OGi,Ph, H1 and
H4), 4.54-4.66 (m, 4H, OGi,Ph), 4.69-4.80 (m, 1H, OEi,Ph),
4.97 (d, 0.7HJ ~ 13 Hz, O®H,Ph), 5.06-5.11 (m, 1.3H, OEi,-
Ph), 7.24-7.44 (m, 25H, Giars); °C NMR (125 MHz, acetone-
ds; d1 and d2 for diast. 1 and 2, respectively; cp for cyclopentyl)
0 21.4 (d1, cpe4), 21.5 (d2, cpe4), 26.7 (d1, cpe3), 28.4 (d2,
cp-C3), 37.5 (d1, cpe5), 38.9 (d2, cpeh), 49.0-49.2 (cp2),
62.0-62.3 (C1), 66.5 C4), 67.3, 67.4, 71.5, 71.6, 71.68, 71.74,
72.8, 73.0, 73.3, 73.66, and 73.73 (O&H, C6), 79.1 (d2,C5),
79.2 (d1,C5), 80.3-80.5 (d1,C3), 80.58-80.63 (d2,C3), 84.2-
84.6 (C2), 128.0-129.2 CHars), 138.0, 138.4, 138.89, 138.90,
139.3, 139.6, and 140.3 (&9, 157.5 (G=0), cpCl hidden by
solvent G=0 signal; (+) MS (ESI) : m/z = 762.0 [M + NaJ*;
HRMS (ESI) calcd for GH4oNNaO;: m/z= 762.3407 [M+ Na]*;
found : m/iz = 762.3416.

1(R)-2,3,5,6-TetraO-benzyl-N-benzyloxycarbonyl-1C-but-2-
ynyl-1,4-dideoxy-1,4-iminop-galactitol (5h). According to general
procedureB applied to compoundh (30.1 mg, 0.037 mmol),
compoundsh was obtained as a colorless oil (16.2 mg, 63%) after
purification by flash chromatography (PE/AcOEt 9:1) by way of
mesylate4h. Compoundsh: [a]?% +1.5 € = 1.42, CHC}); IR
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(NaCl, cntl) 3424, 2921, 2861, 1695, 1454, 1403, 1353, 1095,
1070, 1027;*H NMR (400 MHz, CDC}) ¢ 1.70 (s, 3H, ChH),
2.28-2.35 (m, 1H, CH,), 2.53-2.91 (m, 1H, CHy), 3.37-3.66
(m, 2H, H6), 3.85-3.97 (m, 1H, H5), 4.084.10 (m, 2H, H2, H3),
4.18-4.31 (m, 2H, H1, H4), 4.374.70 (m, 8H, OGi,Ph), 5.04-
5.20 (m, 2H, OC®1,Ph), 7.10-7.34 (m, 25H, Giars); 13C NMR
(100 MHz, CDC}) 6 3.7 (CHg), 19.0-20.3 (CH), 60.5-61.9 (C1),
65.1 (C4), 67.2 (@H,Ph), 71.4 (@H,Ph), 71.5-71.8 (C6), 73.1,
73.2, and 73.4 (OH,Ph), 76.4 CaiyneCHs), 77.4 CaiyneCH2),
77.6 (C5), 80.8-81.0 (C2 or C3), 81.6-82.8 (C2 or C3), 127.6-
128.6 CHars), 136.9, 137.9, 138.1, 138.4, and 138.8 {(qL56.8
(C=0); (+) MS (ESI) : miz= 712.5 [M + H]*; HRMS (ESI)
calcd for GgH47NNaGs: m/z= 732.3301 [M+ NaJ*; found : m/z
= 732.3313.
1(R)-1-C-Allenyl-2,3,5,6-tetra-O-benzyl-N-benzyloxycarbonyl-
1,4-dideoxy-1,4-iminop-galactitol (5i). According to general
procedureB applied to compoundi (50 mg, 0.063 mmol),
compoundbi was obtained as a colorless oil (33.8 mg, 77%) after
purification by flash chromatography (PE/ AcOEt 9:1) by way of
mesylatedi. Compoundsi: [a]?% +28 (¢ = 0.61, CHC}); IR
(NaCl, cnrl) 3415, 2929, 2867, 1957, 1702, 1497, 1454, 1405,
1353, 1267, 10972H NMR (400 MHz, CDC}) 6 3.54-3.75 (m,
2H, H6), 3.95-4.05 (m, 2H, H2 and H5), 4.674.20 (m, 2H, H3
and H4), 4.374.85 (m, 11H, OEl,Ph, (H,= and H1), 4.98
5.28 (m, 3H, OGi,Ph and ®i=), 7.18-7.35 (m, 25H, Clars);
13C NMR (100 MHz, CDC}) 6 60.0 C1), 63.5 C4), 67.4, 72.1,
72.2, 73.3, 73.4 (CH,Ph, C6), 75.8-76.1 CH,=), 77.7 (C5),
81.9-82.1 (C3), 82.9-83.1 (C2), 88.2 CH=), 127.6-128.5
(CHars), 136.6, 137.8, 138.2, 138.5, and 138.7 A§q156.1 (C=
0), 209.3 &C=); (+) MS (ESI) : m/z = 696.5 [M + H]*, 714
[M + NH4"; HRMS (ESI) calcd for GsHssNNaQs: miz =
718.31446 [M+ Na]*; found : m/z = 718.3143.

General Procedure C: Carbamate DeprotectionCompound
5aor 5b (0.056 mmol) and triethylamine (2.) were dissolved in
ethanol (0.5 mL). The flask was submitted to 3 freepamp—
thaw cycles and palladium on charcoal (10% Pd on C, 0.1 equiv)
was added under argon. The mixture was then placed under
hydrogen. After a stirring time of 1:53 h at room temperature,
the solids were removed by filtration on celite and washed with
dichloromethane. Evaporation of the solvents provided a colorless
oily product which was homogeneous by NMR.

1(R)-2,3,5,6-TetraO-benzyl-1,4-dideoxy-1,4-imino-1S-propyl-
D-galactitol (6a). This product was obtained froBa (39 mg, 0.056
mmol) as a colorless oil (31.2 mg, 99%y]f% —33 (€ = 0.91,
CHCl); IR (NaCl, cnrl) 3055, 2864, 1612, 1454, 1420, 1265,
1108;H NMR (500 MHz, acetonels) o 0.91 (t, 3H,J ~ 7.4 Hz,
CHs), 1.29-1.46 (m, 2H, G1,CHjs), 1.50-1.57 (m, 1H) and 1.59
1.67 (m, 1H) (G4,CH,CHy), 2.97 (dt, 1H,J ~ 7 Hz,J ~ 4 Hz,
H1), 3.14 (t, 1HJ ~ 4 Hz, H4), 3.72-3.74 (m, 2H,2H6), 3.81 (d,
1H,J~ 4 Hz, H2), 3.813.81 (m, 1H, H5), 3.92 (d, 1H] ~ 4.5
Hz, H3), 4.18-4.25 (m, 0.5H, NH), 4.454.55 (m, 5H, OCE1,Ph),
4.60-4.66 (m, 2H, OCGi,Ph), 4.76 (d, 1HJ ~ 11.7 Hz, OC,-
Ph), 7.23-7.37 (m, 20H, H,); 33C NMR (125 MHz, acetonek) 6
15.7 (CHs), 22.1 CH,CHg), 32.7 CH,CH,CHg), 63.9 (1), 68.8
(C4), 72.3, 73.3, and 74.XCH,OPh), 74.5 C6), 74.7 CH,OPh),
79.7 (C5), 86.4 C2), 86.9 C3), 129.1-130.6 CHars), 130.6
(CHar), 133.0 CHar), 140.76, 140.80, 140.8, and 141.0 (@a(+)
MS (ESI) : mz=566.5 [M+ H]*; HRMS (ESI) calcd for G/Has
NOs m/z = 566.3270 [M+ H]T; found : m/z = 566.3266.

3,4,6,7-TetraO-benzyl-2,5-dideoxy-2,5-iminos-glycercL-gluco-
heptononitrile (6b). Deprotection of5b (12 mg, 0.018 mmol)
according to general procedugeafforded6b as colorless oil (9.5
mg, 99%). p]%% —7 (c = 0.81, CHC}); IR (NaCl, cn?) 3019,
2927, G=N not visible, 1602, 1455, 1215, 10981 NMR (500
MHz, CDCk) ¢ 3.09 (t, 1H,J ~ 5.3 Hz, H4), 3.543.61 (m, 2H,
H6), 3.68 (dd, 1HJ ~ 10 Hz,J ~ 5 Hz, H5), 3.81 (dd, 1HJ ~
5Hz,J~ 3.2 Hz, H3), 3.90 (d, 1H) ~ 5.2 Hz, H1), 4.00 (dd, 1H,
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J~ 3.1 Hz,J~ 5.2 Hz, H2), 4.21 (d, 1H) ~ 11.7 Hz, OG4,Ph),
4.33 (d, 1H,J ~ 11.7 Hz, OC®i,Ph), 4.40 (s, 2H, OB,Ph), 4.43
(d, 1H,J ~ 11.7 Hz, O®,Ph), 4.50 (d, 1HJ ~ 11.8 Hz, OCH,-
Ph), 4.57 (d, 1HJ ~ 11.8 Hz, O®{,Ph), 4.66 (d, 1HJ ~ 11.5
Hz, OCH,Ph), 7.16-7.31 (m, 20H, Glars); **C NMR (125 MHz,
CDCl) 6 51.4 (C1), 65.0 C4), 71.1 C6), 72.3, 72.6, 73.1, and
73.6 (OCH,Ph), 77.3 C5), 83.4 (C2), 83.9 (C3), 118.0 (CN),
127.8-128.7 CHars), 137.1, 137.7, 138.1, and 138.3 (£ (+)
MS (ESI): m/z = 550.0 [M + H]"; HRMS (ESI) calcd for
CasHzeNoNaOy: m/z = 571.2573 [M+ NaJ*; found : m/z =
571.2572.

General Procedure D: O-DebenzylationTo a 0.01 M solution
of benzylated compound (1 equiv) in dry @El, was added at
0 °C a fre$r 1 M solution of BC} in hexane (11.5 equiv). The
mixture was stirred overnight at @, and then the solids formed

were dissolved by addition of MeOH (20 mL) and a few drops of
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25H, CHars); C NMR (125 MHz, DMSOes, 80 °C) 6 16.5 (d,
CHg), 34.2 (d,J ~ 21.6 Hz CH,CH=CHP), 59.8 C1), 61.4 (d,
CHsCH;0), 64.4 C2), 66.9 (CCH,Ph), 71.4 (@H,Ph), 71.8 C6),
72.4 (QCH,Ph), 72.9 (@H,Ph), 73.1 (@H,Ph), 78.2 C5), 81.9
(C3 or C4), 82.5 C3 or C4), 118.8 (RH=CH, Jcp~186 Hz,
measured in CDG), 127.7-128.7 CHars), 137.8-138.2 (Caqy),
150.0 (CHCH=CH), 156.4 (G=0); 3P NMR (202 MHz, CDC})
0 18.25; (+) MS (ESI): m/z= 835 [M + H]*, 856 [M + NaJ';
HRMS (ESI) calcd for GoHsgNNaQP : m/z = 856.3590 [M+
Na]*, found : m/z = 856.3583. Anal. Calcd. for £gHsgNOgP: C,
70.57; H, 6.77; N, 1.68. Found: C, 70.15; H, 6.70; N, 1.71.
1,4-Bis-[1R)-2,3,5,6-tetraO-benzylN-benzyloxycarbonyl-1,4-
dideoxy-1,4-iminob-galactit-1-yl)-2-butene (10).A solution of
5a (209 mg, 0.3 mmol) in dry CkCl, (3.5 mL) was submitted to
3 freeze-pump—thaw cycles and placed under Ar. Then Hoveyda-
Grubbs catalyst (9.4 mg, 5%) was added and the 3 frepamp—

water. The reaction mixture was then concentrated under reducedthaw-argon cycles were repeated. The green reaction medium was
pressure. In some cases, it was found necessary to repeat the reacticstirred overnight at 40°C and then the brown mixture was

with 3 equiv of BCk overnight. In general, purification of the crude

final product was performed by flash chromatography of- C
reverse phase silica gel §8/MeOH 1:0 to 4:1), thus providing
the debenzylated compound as its hydrochloride salt.
1(R)-1-C-Allyl-1,4-dideoxy-1,4-imino-D-galactitol (7a). Ac-
cording to general proceduf®, compound/awas prepared from

concentrated under reduced pressure. Purification by flash chro-
matography (PE/AcOEt 85:15) provided compourif108.1 mg,
53%) as a green oily product. IR (NaCl, ci 3442, 3052, 3031,
1695, 1454, 1403, 1265, 1096, 1068; NMR (400 MHz, CDC})

0 2.17-2.31 (m, 2H, ®,CH=), 2.37-2.77 (m, 2H, Gi,CH=),
3.39-3.68 (m, 4H, H6), 3.843.96 (m, 4H, H5, H2), 3.994.14

5a(134 mg, 0.19 mmol). MeOH and water (5 mL, 20:1) were added (m, 4H, H1, H3), 4.20 (dd, 2H) ~ 2.4 and 6.8 Hz, H4), 4.28
to the mixture at the end of the reaction and the solution was quickly 4.56 (m, 14H, OEGi,Ph), 4.58-4.70 (m, 2H, OEi,Ph), 4.975.13

filtered through ion-exchange resin (Dowexx18, OH~ form)
which was then washed with MeOH (2 20 mL) and water (10

mL). Purification of the crude product by flash chromatography

on silica gel (CHCI,/MeOH 7:3 to 3:2) provided compountha
(12.7 mg, 33%) as a brown produat]f>; —30 (c = 1.21, MeOH);
IH NMR (CD3OD, 500 MHz) 6 2.48-2.54 (m, 1H) and 2.60
2.66 (m, 1H)(allyl-GH,), 3.37 (dd, 1HJ ~ 8 Hz,J ~ 2.5 Hz, H4),
3.57 (td, 1HJ ~ 3 and 7.5 Hz, H1), 3.65 (dd, 1H,~ 5 and 11.5
Hz, H6a), 3.72 (dd, 1HJ ~ 4.5 and 11.5 Hz, H6b), 3.853.90
(m, 1H, H5), 3.98 (dd, 1HJ ~ 1 and 3 Hz, H2), 4.08 (dd, 1H],
~ 1 and 2.5 Hz, H3), 5.18 (dd, 1H,~ 1.5 and 10 Hz=CH.Hy),
5.27 (dd, 1HJ ~ 1.5 and 17 Hz=CH,Hy), 5.89 (m, 1H,=CH);
13C NMR (CD;0OD, 125 MHz)6 31.5 (CH,CH=), 63.1 (C1), 64.8
(C6), 70.3 C4), 71.7 C5), 77.0 C2), 78.8 C3), 119.0 ECH,),
134.5 &CH); (+) MS (ESI) : m/iz = 204.0 [M + H]*; HRMS
(ESI) calcd for GH1gNO,4 : m/z = 204.1236 [M+ H]*, found :
m/z = 204.1239.
1(R)-2,3,5,6-TetraO-benzyl-N-benzyloxycarbonyl-1,4-dideoxy-
1-C-(3-diethylphosphono-2-propen-1-yl)-1,4-imince-galactitol
(9). To a solution of5a (172.4 mg, 0.248 mmol) in dry Ci€l,

(m, 4H, OMH,Ph), 5.39-5.50 (m, 2H, G1=), 7.16-7.29 (m, 50H,
CHars); 13C NMR (62.5 MHz, CDC}) 6 27.7 CH,CH=), 32.4,
(CH.CH=), 60.6-61.6 (C1), 64.1 C4), 64.4 (C4), 67.06 (C6),
67.10 C6), 71.5, 71.6, 72872.1, 72.4, 73.15, 73.21, and 73.3
(OCH2Ph), 77.4 C5), 77.9 C5), 80.8 C3), 81.12-81.15 (C3),
82.3-82.8 (C2), 127.5-128.5 CHars), 129.1 (CHCH=), 129.2
(CH,CH=), 136.82, 136.84, 137.8, 138.1, 138.2, 138.4, 138.7, and
138.8 (Cqy), 156.8 (C=0); (+) MS (ESI) : m/z= 1385.0 [M+
NH4]*; HRMS (ESI) calcd for @gHgoN,O1oNa: m/z= 1389.63915
[M + NaJ]f; found : m/z = 1389.6389. Anal. Calcd. for
ngHgoNzO;Lz: C, 77.28; H, 6.63; N, 2.05. Found: C, 77.06; H,
6.65; N, 1.98.
1(R)-1,4-Dideoxy-1€C-(3-diethylphosphono-2-propen-1-yl)-
1,4-imino-db-galactitol (11). Compoundl1was obtained according
to procedureD, starting from compouné (220 mg, 0.263 mmol).
Purification by Gg-reverse phase silica gel chromatography@H
MeOH 1:0 to 9:1) afforded the hydrochloride saltldf (98.8 mg,
74%) as a colorless foamy produat]$>, —20 (c = 1.46, MeOH);
H NMR (500 MHz, CDyOD) 0 1.33 (t, 6H,J ~ 7 Hz, CH3), 2.74~
2.80 (m, 1H) and 2.852.91 (m, 1H)(G4,CH=CH), 3.44-3.48

(4.1 mL) was added dropwise commercial diethyl vinylphosphonate (m, 1H, H4), 3.66 (dd, 1H) ~ 4.5 Hz,J ~ 11.5 Hz, H6a), 3.7%
(76.8 uL, 0.495 mmol, 2 equiv). The flask was submitted to 3 3.77 (m, 2H, H1 and H6b), 3.863.90 (m, 1H, H5), 4.01 (d, 1H,
freeze-pump—thaw cycles and placed under Ar. Then Hoveyda- J~ 2.5 Hz, H2), 4.06-4.13 (m, 5H, H3 and 8,CHs), 6.02 (dd,

Grubbs catalyst (7.8 mg, 5%) was added and the 3 frepamp—

1H,J ~ 17 Hz,J4-p~20.8 Hz, PGI=CH), 6.75 (ddt, IHJ ~ 7

thaw-argon cycles were repeated. The reaction mixture was stirredHz, J ~ 17 Hz, J4_p~21.5 Hz, PCH=CH); *C NMR (125 MHz,
for 12 h at 40°C, then another addition of Hoveyda-Grubbs catalyst CDsOD) 6 16.6 (CHs), 16.7 CHs), 31.4 (d,J ~ 23.7 Hz CHx-
(7.8 mg, 5%) was made. After an additional stirring time of 12 h CH=CHP), 62.1 C1), 63.5 (CHCH,0), 63.6 (CHCH.0), 64.7
at 40 °C, the reaction mixture was concentrated under reduced (C6), 70.9 C4), 71.5 C5), 76.9 C2), 78.1 C3), 121.8 (d,J =
pressure. Excess diethyl vinylphosphonate was removed from the186.5 Hz PCH=CH,), 148.9 (d,J ~ 5.3 Hz, CHCH=CH); 3P
brown residue by coevaporation with toluene. Purification by flash NMR (202 MHz, CQxOD) 6 17.84 (s); ) MS (ESI): miz= 340.5

chromatography (CHCl,/MeOH 99:1) afforded compour@l(154.9
mg, 75%) as a brown oily product. IR (NaCl, ck 3063, 3031,

[M + H]*, 362.5 [M + Na]*; HRMS (ESI) calcd for GsHoe
NNaO,P: m/z= 362.13446 [M+ Na]*; found : m/z= 362.1340.

2981, 2867, 1701, 1454, 1402, 1353, 1267, 1247, 1216, 1099, 1059 Anal. Calcd. for GsH»CINO/P+2H,0: C, 39.65; H, 7.42; N, 3.56;

1027; *H NMR (400 MHz, DMSO¢s, 80 °C; Jyn coupling
constants were measured oR'B-decoupled spectrund) 1.22 (t,
6H, J ~ 7 Hz, CH), 2.48-2.53 (m, 1H) and 2.582.66 (m, 1H)
(CH,CH=CH), 3.57 (dd, 1H,) ~ 5.9 Hz,J ~ 10.9 Hz, H6a), 3.70
(dd, 1H,J ~ 2.8 Hz,J ~ 10.9 Hz, H6b), 3.87 (m, 1H, H5), 3.92
(quint, 4H,J ~ 7.1 Hz, (H,CHs), 4.09-4.13 (m, 1H, H2), 4.16
4.19 (m, 2H, H3, H4), 4.29 (q, 1H] ~ 7.2 Hz, H1), 4.43-4.68
(m, 8H, OQH,Ph), 5.09 (broad s, 2H, Q&Ph), 5.61-5.70 (dd,
1H,J~ 17 Hz,J4-p~21.3 Hz, PEG=CH), 6.58-6.71 (ddt, 1HJ
~ 6.6 Hz,J ~ 17 Hz,Jy_p~21.8 Hz, PCH=CH), 7.28-7.37 (m,

Cl, 9.00. Found: C, 39.75; H, 6.94; N, 3.4; Cl, 9.66.

General Procedure E: Preparation of Free Phosphonic Acids.
To a 0.1 M solution of ethyl phosphonat&l(or 19) (1 equiv) in
dry MeCN was added BrSiMg10 eq) at room temperature. The
mixture was stirred for the indicated time. The mixture was then
diluted with MeOH (15 mL) and concentrated under reduced
pressure. The dilution and evaporation process was repeated twice.
The residue was then taken up with water and the mixture extracted
with CH,Cl, to remove traces of less polar organic compounds.
The aqueous phase was concentrated under reduced pressure.
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Chromatography of the crude product opy@versed phase silica
gel (H,O/MeOH 1:0 to 4:1) provided free phosphonic acids.

(1R)-1,4-Dideoxy-1€-(3-phosphono-2-propen-1-yl)-1,4-imino-
p-galactitol (12). Compoundl2 was obtained as a brownish foam
(10.7 mg, 59%) froml1 (20 mg, 0.05 mmol) according to general
procedureE (reaction time: 64 h)!H NMR (400 MHz, CQxOD)
0 2.70-2.77 (m, 1H) and 2.812.89 (m, 1H) (¢1,CH=CH), 3.47
(dd, 1H,J =~ 2.4 and 8.8 Hz, H4), 3.67 (dd, 1Hd,~ 8 Hz,J ~
11.6 Hz, H6a), 3.783.77 (m, 2H, H1 and H6b), 3.883.92 (m,
1H, H5), 4.02-4.07 (m, 1H, H2), 4.13 (m, 1H] ~ 2.4 Hz, H3),
6.01-6.11 (m, 1H, PE=CH), 6.54-6.70 (m, 1H, PCH-CH); 3C
NMR (100 MHz, CxOD) 6 31.1 (d,J ~ 23 Hz, CH,CH=CHP),
62.3 (C1), 64.6 C6), 70.7 C4), 71.5 Cb), 76.7 C2), 78.1 C3),
117.5 (RH=CH,), 144.7 (CHCH=CH); 3P NMR (162 MHz,
CDs0D) ¢ 14.54 (s); HRMS (ESI) calcd for gHoeNNaO;P: m/z
= 362.13446 [M+ Na]; found : m/z = 362.1340.

1,4-Bis-[1R)-1,4-dideoxy-1,4-iminop-galactit-1-yl]-2-
butene (13). Compound13 was prepared by the debenzylation
procedureD, starting from compoundO (196 mg, 0.143 mmol).
CompoundL3was obtained as a colorless foam, as its hydrochloride
salt (62 mg, 96%) and as a mixture &E isomers (1:2)'H NMR
(250 MHz, CD,OD) ¢ 2.48-2.83 (m, 4H, ¢1,CH=), 3.40-3.53
(m, 2H, H4), 3.573.81 (m, 6H, H1, 2H6), 3.863.94 (m, 2H,
H5), 3.98-4.07 (m, 2H, H2), 4.0#4.18 (m, 2H, H3), 5.635.69
(m, 0.7H, CH=, Z-isomer), 5.7%5.80 (m, 1.3H, CH&, E-isomer);
13C NMR (62.5 MHz, CQOD) 6 24.9 CH,CH=, Z), 29.9 CH,-
CH=, E), 63.25 (C1.2), 63.30 (C1E), 64.6 (C6), 70.56 (C4E),
70.60 (C4,2), 71.45 (C5,2), 71.49 (C5,E), 76.6 C2, 2), 76.7
(C2,E), 78.2 (C3,E), 78.3 (C3,2), 128.5 (CH=, 2), 130.0 (CH=,
E); (+) MS (ESI) : m/z = 379.5 [M + H]*; HRMS (ESI) calcd
for Ci6H3zoN2NaGs: m/'z = 401.18999 [M+ Na]*, found : miz =
401.1898

Ethyl (2',3-O-isopropylideneuridin-5'-yl) vinylphosphonate
(17).To a solution of diethyl vinylphosphonate (341, 2.44 mmol)
in dry CH,Cl, (10 mL) was added oxalyl chloride (2360, 2.68
mmol, 1.1 equiv) under Ar. After stirring overnight at room
temperature, the mixture was stirred at I5 for 24 h and then
concentrated under reduced pressure. Ethyl vinylphosphonyl chlo-
ride was thus obtained with a conversion of 94%i (NMR
integration) as a colorless oily product. This reagent was used
without further purification because it was air and moisture
sensitive. To a solution of ethyl vinylphosphony! chloride (340 mg,
2.2 mmol) in dry CHCI, (11 mL) under Ar were added,3'-O-
isopropylideneuridine (940 mg, 3.30 mmol, 1.5 equiv) angNEt
(618uL, 4.39 mmol, 2 equiv). The purple mixture was stirred for
36 h at 35°C, then the reaction was quenched by adding water (2
mL). Compoundl?7 was extracted with CkCl, (3x), the organic
layers were combined and dried over,N@y, and the solvent was
evaporated under reduced pressure. The pink foam thus obtaine
was purified by flash chromatography (@E,/MeOH 99:1 to 96:
4). Compoundl?7 was obtained as a white foam (540 mg, 61%
from commercial diethyl vinylphosphonate) and as a 1:1 mixture
of P-stereoisomers (d1 and d2). IR (NaCl, tin3466, 3169, 3057,
2989, 2940, 1694, 1633, 1457, 1383, 1271, 1235, 1159, 1067, 1019
IH NMR (250 MHz, CDC}) 6 1.21-1.27 (m, 6H, G5 isopropy-
lidene+ CH3;CH;0), 1.48 (s, 3H, €3 isopropylidene), 3.984.11
(dquint, 2H,J ~ 7.5 Hz, CHCH,0 d1 and d2), 4.244.29 (m,
2H, H5), 4.32-4.40 (m, 1H, H4), 4.77-4.80 (m, 1H, H3), 4.86
(dd, 1H,J~ 6.25 Hz, H2d1 and d2), 5.64 (d, 1Hl ~ 8 Hz, H5),
5.73 (dd, 1H,J ~ 4.75 Hz, H1 d1 and d2), 5.8#6.39 (m, 3H,
CH,=CHP + CH,=CHP d1 and d2), 7.39 (t, 1H] ~ 8.25 Hz,
H6 d1 and d2), 10.44 (broad s, 1H, NHFC NMR (62.5 MHz,
CDCl;) 6 16.0, 16.1 CH3, d1 and d2), 26.0 and 26.9 (GH
isopropylidene), 62.2, 62.3 (GBH,O d1 and d2), 64.965.0 (m,
C5 d1 and d2), 80.5, 80.6 (C81 and d2), 84.2, 84.35¢' d1 and
d2), 85.3 (dJc-p ~11.3 Hz, C4d1), 85.5 (dJc—p ~11.3 Hz, C4
d2), 93.4, 93.7 (C1ld1 and d2), 102.2, 102.3 (C5, d1 and d2),
114.15, 114.18 (Cq isopropylidene, d1 and d2), 124.8Jdp
~183 Hz, RRH=CH, d1), 124.9 (dJc-p ~183 Hz, CH=CH,
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d2), 136.4 (PCHCH,), 141.8, 141.9 (C6, d1 and d2), 150.13,
150.15 C2, d1 and d2), 163.7 (C4¥iP NMR (202 MHz, CDC))
0 17.83 (s), 18.0 (s);%) MS (ESI) : m/z = 420.0 [M + NH,]";
HRMS (ESI) : calcd for GsH23NoNaGsP: m/z = 425.1090 [M+
NaJ*; found : m/z = 425.1092.
1(R)-2,3,5,6-TetraO-benzyl-N-benzyloxycarbonyl-1,4-dideoxy-
1-C-{3-[(ethyl)(2',3'-O-isopropylideneuridin-5'-yl)phosphono]-
2-propen-1-ylt-1,4-imino-D-galactitol (18). To a solution of
compoundba (115 mg, 0.165 mmol) in dry CKCl, (2.75 mL) was
added compound7 (133 mg, 0.33 mmol, 2 equiv). The flask was
then submitted to 3 freezg@oump—thaw cycles and placed under
Ar. Then Hoveyda-Grubbs catalyst (5.2 mg, 5%) was added and
the 3 freeze-pump-thaw-argon cycles were repeated. The reaction
medium was stirred for 24 h at 4C, then a second addition of
Hoveyda-Grubbs catalyst (5.2 mg, 5%) was performed. After 20 h
stirring time at 40°C, the reaction mixture was concentrated under
reduced pressure. The brownish residue was dried by coevaporation
with toluene. Purification by flash chromatography ({Ci/MeOH
99:1 to 98:2) provided compouriB (107.5 mg, 61%) as a brown
oily product (1:1 mixture oP-stereoisomers, d1 and d2). IR (NaCl,
cm 1) 3032, 2988, 2935, 2249, 1695, 1455, 1266, 1215, 1158, 1095,
1068, 1028H NMR (500 MHz, DMSOds, 80°C) d 1.22 (t, 3H,
J ~ 6.3 Hz, OCHCHj3, d1), 1.24 (t, 3H,J ~ 6.3 Hz, OCHCH3;
d2), 1.34 (s, 3H) and 1.54 (s, 3HHg isopropylidene), 2.482.53
(m, 1H, H.,CH=CHP), 2.61-2.68 (m, 1H, ¢{,CH=CHP), 3.58
(dd,J ~ 5.8 Hz,J ~ 10.9 Hz, 1H, H6a), 3.69 (dd,~ 3.24 Hz,J
~ 10.9 Hz, 1H, H6b), 3.883.94 (m, 1H, H5), 3.934.00 (m, 2H,
OCH,CHj3), 4.08-4.13 (m, 2H, H3+ HY'), 4.18 (m, 2H, H2+
H4), 4.22 (q, 1HJ ~ 5.2 Hz, H4), 4.27-4.33 (m, 1H, H1), 4.46
(d, 1H,J ~ 5.1 Hz, OGH,Ph), 4.50-4.59 (m, 6H, OC1,Ph), 4.66
(d, 1H,J ~ 11.6 Hz, OCG1,Ph), 4.82 (dd, 1HJ) ~ 4 Hz, J~ 6.4
Hz, H3), 5.02 (m, 1H, H2), 5.10 (broad s, 2H, O&,Ph), 5.61 (d,
1H, J ~ 8 Hz, H5"), 5.66-5.74 (m, 1H, CH=CHP), 5.86-5.87
(m, 1H, H1), 6.62-6.76 (m, 1H, GZI=CHP), 7.277.39 (m, 25H,
CHars), 7.64 (dd, 1H,J ~ 8 Hz, H6"); 13C NMR (125 MHz,
DMSO-dg, 80 °C) 6 16.28 CHj3), 16.32 CHs), 25.6 and 27.3 (2
CHzisopropylidene), 34.1 (dlc—p~22.1 Hz,CH,CH=CHP), 59.66,
59.71 (C-1, d1 and d2), 61.66, 61.71GB,CH;, d1 and d2), 64.26,
64.31 C2, d1 and d2), 64.96, 65.00 (C8l1 and d2), 66.8 (OH.-
Ph), 71.2,71.5,72.3,72.7, 72.9 (864 OCH,Ph), 78.0 (C5), 81.1
(C3), 81.8 (C4), 82.3 (C-3), 83.9¢), 85.2 (m, C4), 92.65, 92.68
(C-1, d1 and d2), 102.3 (C5"), 113.8 (Cq isopropylidene), 118.5
(d, Jc-p~185.6 Hz, CH=CHP d1), 118.7 (d,Jc-p~185.6 Hz,
CH=CHP d2), 127.5-128.5 CHars), 137.1, 138.0, 138.5, 138.7,
and 138.9 (Cg), 142.4 (C-6"), 150.6 (dJc-p~21.6 Hz,CH=
CHP), 156.2 (&=0), 163.2 (G=0); 3P NMR (202 MHz, CDC})
0 17.94 (s), 18.01 (s):#) MS (ESI) : m/z= 1095.5 [M+ NaJ';
RMS (ESI) calcd for GHeeN3NaO4P: m/z=1094.4180 [M+
aJt; found : m/z = 1094.4175. Anal. Calcd. for 4gHggN3014P:
C, 66.09; H, 6.20; N, 3.92. Found: C, 66.07; H, 6.20; N, 3.79.
1(R)-1,4-Dideoxy-1€-{ 3-[(ethyl)(uridin-5"-yl)phosphono]-2-
propen-1-yl}-1,4-imino-D-galactitol (19). To a solution ofl8 (79
‘mg, 0.073 mmol) in dry CkCl, (2.5 mL) was added BgI(862
uL, 735 mmol, 100 equiv) at 8C under argon. The reaction mixture
was stirred overnight at @C, then it was diluted by the addition of
CH.Cl, (2.5 mL) and the solids formed during the reaction were
dissolved by the addition of MeOH (15 mL) and a few drops of
water. The reaction mixture was then concentrated under reduced
pressure. MeOH and water (5 mL, 20:1) were added and the
solution was quickly filtered through ion-exchange resin (Dowex
1 x 8, OH form) which was then washed with MeOH ¢ 20
mL) and water (10 mL). Purification of the crude product by flash
chromatography on fgreversed phase silica gel {8/i-PrOH 1:0
to 7:3) provided compound9 (20.2 mg, 52%) as a white foam
(1:1 mixture of P-stereocisomers):H NMR (500 MHz, CQ;OD,
d1 and d2 forP-epimers)d 1.35 (t, 3H,J ~ 6.3 Hz, OCHCHjs,
dl), 1.36 (t, 3HJ ~ 6.3 Hz, OCHCHj3, d2), 2.76-2.78 (m, 1H)
and 2.83-2.88 (m, 1H)(®,CH=CHP), 3.40 (m, 1H, H4), 3.63
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3.74 (m, 3H, H1, 2H6), 3.853.88 (m, 1H, H5), 3.994.00 (m,
1H, H2), 4.09 (brs, 1H, H3), 4.124.18 (m, 4H, O®i,CH; + H2'),
4.19-4.21 (m, 1H, H4), 4.22-4.26 (m, 1H, H%), 4.36-4.34 (m,
1H, H5b), 5.71 (d, 1HJ ~ 8 Hz, H5"), 5.83 (dd, 1H,J ~ 3.9 Hz,
J~ 6.1 Hz, H1), 6.01-6.09 (m, 1H, CH=CHP), 6.68-6.77 (m,
1H, CH=CHP), 7.72 (dd, 1HJ ~ 8 Hz, H6" d1 and d2)}3C NMR
(125 MHz, CDQOD) 6 16.65, 16.70 CH3, d1 and d2), 32.0 (d,
Jc-p~22.1 Hz,CH,CH=CHP), 61.8 (C1), 63.9, 64.0 (€H,CHs,
d1 and d2), 64.8@2), 66.2-66.3 (m, C5), 70.5 (C4), 70.9 (C3,
71.7 (C5), 74.99, 75.0202, d1 and d2), 77.1 (C3), 78.6, 78.7
(C2, d1 and d2), 83.55, 83.60 (C4I1 and d2), 91.8, 91.9 (C11
and d2), 102.9 (CH, 120.7 (d Jc-p~187.3 Hz, CH=CHP), 120.8
(d, Jc—p~187.1 Hz, CH=CHP), 142.49, 142.54 (C“6d1 and d2),
150.5 (m,CH=CHP), 152.2 (€=0), 166.0 (G=0); 3P NMR (202
MHz, CD;OD) 6 18.35 (s), 18.53 (s):#) MS (ESI) : m/z=538.5
[M + H]*; HRMS (ESI) calcd for GoH3aN3O1P: m/z=538.1802
[M + H]T; found : m/z= 538.1800. Calcd for §H3z,N3NaO;,P:
m/z = 560.1621 [M+ Na]*; found : m/z = 560.1622.
Procedure for 19HCI. Debenzylation of phosphonate (149
mg, 0.139 mmol) according to general procedWeafforded

compoundl9as its hydrochloride salt (62.6 mg, 78%). Anal. Calcd.

for CyoH33CIN3O1,P+2H,0: C, 39.38; H, 6.11; N, 6.89; CI, 5.81.
Found: C, 39.27; H, 6.29; N, 6.53; Cl, 5.80.
1(R)-1,4-Dideoxy-1€-{ 3-[(uridin-5'-yl)phosphono]-2-propen-
1-yl}-1,4-imino-b-galactitol (20). Compound20 (8 mg, 36%) was
obtained as a white foam frof® (21.9 mg, 0.038 mmol) according
to general procedurE (stirring time: 3 d). f]%% —2 (c = 0.49,
MeOH); *H NMR (400 MHz, CQyOD) 6 2.58-2.80 (m, 2H, G-
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CH=CHP), 3.42 (dd, 1HJ ~ 2.4 Hz,J ~ 8.4 Hz, H4), 3.62-3.77
(m, 3H, H1 and 2H6), 3.853.90 (m, 1H, H5), 3.984.12 (m, 5H),
4.19-4.23 (m, 2H), 5.79 (d, 1H) ~ 8 Hz, H5'), 5.89-6.01 (m,
2H, H1 and CH=CHP), 6.36-6.50 (m, 1H, Gi=CHP), 8.01 (d,
1H, J ~ 8 Hz, H6'"); 3C NMR (100 MHz, CROD) 6 31.4 (d,
Jo_p~21.6 Hz,CH,CH=CHP), 62.8 (C1), 64.5 (dlc_p~4.6 Hz,
C5), 64.7 (m, C6), 70.7 (C4), 71.5 (C8r C2'), 71.7 (C5), 75.6
(C2 or C3), 77.0 C2), 78.3 (C3), 85.1 (dJc—p~8.2 Hz, C4),
90.0 (C1), 103.0 (C5"), 128.4 (dJc-p~175 Hz, CH=CHP), 142.1
(CH=CHP), 142.6 (C6"), 152.6 (€0), 166.2 (C=0); 3P NMR
(162 MHz, CXOD) ¢ 12.05 (s); ) MS (ESI): miz=532.5 [M
-+ NaJ*; HRMS (ESI) calcd for GgHogNsNaO,P: miz=532.13083
[M + Na]*; found : m/z = 538.1306.

Inhibition Assay. Inhibition assays of UGM by the new
compounds were performed as previously described.
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