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Abstract: p-Glucosamine was transformed into phenyl and 2-benzoyloxyethyl N-acetylglucosamine
fp-glycosides 6a and 6b, respectively. Transformation of 6a,b into 6-O-unprotected N-acetylglucosamine
derivatives 9a,b permitted the generation of an aldehyde group in the 6-position. Treatment of these
intermediates with base afforded unsaturated aldehyde derivatives 10a,b, which are structural mimics of
2,3-dehydroneuraminic acid. H—Phosphonate addition to the aldehyde group and attachment of the cytidine
monophosphate residue to the generated hydroxy group gave fully protected transition state analogues of

cytidine monophosphate— N-acetylneuraminic acid 14a,b.

Liberation of the unprotected compounds 1ah,/

and 1bh,/ led to excellent inhibitors of a(2—6)-sialyltransferase from rat liver. Variation of the protective
group cleavage procedure for 14a,b led to formal loss of phosphate, thus resulting in diene derivatives

(E)-I(2)-2a,b, which also exhibited inhibitory properties.

Introduction

Sialic acid-containing glycoconjugate epitopes are involved
in various biological interactions, such as the many forms of
cell adhesion, thus influencing a variety of physiologically and
pathologically important processeéfRecently, an interesting
correlation between(2—6)-sialylation ofN-acetyllactosamine
and B lymphocyte activation and immune function was reported,
which could have medicinal applicati@riTherefore, to study
the influence of sialyl residues in biological systems, it is highly
desirable to develop efficient inhibitors for sialyltransferases.

The various sialyltransferases use, independent of their source
and their acceptor specificity, cytidine monophosphate
acetylneuraminic acid (CMPNeu5Ac, Scheme 1) as the donor
substrate. We recently showefl that structural analogues of
the donor and particularly of the transition state CiM¥ReU5AC
of the donor (Scheme 1) exhibit high affinity to sialyltrans-
ferases; therefore, they are valuable inhibifors.
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(B is derived fromA through formal loss of phosphate, Scheme
2) showed up to 2 orders of magnitude higher affinityd@—
6)-sialyltransferase of rat liver than the natural substrate EMP
Neu5Ac. Retrosynthesis @f exhibits that aldehyde derivative

C is a decisive intermediate in the generation of this type of
inhibitor. From these investigations it also became obvious that

(8) Schaub, C.; Miler, B.; Schmidt, R. REur. J. Org. Chem200Q 1745~
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Scheme 2. Convenient Generation of CMP—Neu5Ac Transition State Analogues from p-Glucosamine
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structural variations of the side chain (and also at the amino fgg'_’;%skE,%fggture of the Target Molecules 1ah./, 1bh.,

group) of the Neu5Ac residue may even increase binding to 3Na ® NH,
sialyltransferase, hence variations of substituent I iwere N
of interest. Thus, replacement of R by an alkoxy or an aryloxy Q P |l l
substituent leads 6" which, through rotation around the €O w_é)H % N~ ~0
axis, exhibits its relatedness to hlRacetylp-glucosamine if- AcN / 20 2
GIcNAc) derivative that should be readily available from OH o HO OH
D-GIcNAc via a glycoside intermediat®, as shown in Scheme 1ah, 1al NH,
2. This synthesis design exhibits thétC-glycosides ofp- o 3Na® Q
GIcNAc are also interesting precursors for NeuSAc synthesis, HO Pe® | l
as already demonstrated by Vasella and co-woPkstating \_\o o Sy O N"T0
from N-acetyl-1-deoxy-1-nitr@-glucosamine as precursor. ACNWP: )

The synthesis of compoun@ with R! being hydroxyethyl H o o HO OH
and phenyl as side chain mimics and their transformation into 1bh, 1b/
compounds of type# andB (i.e., 1lab and2ab, Scheme 3) NgD N2
are outlined in this article; the inhibition properties @f2— Q 309 | N
6)-sialyltransferase are also reported. 9Lo>=<o’ o) N/&O
Results and Discussion ACH H 2

On the basis of the synthesis design of the target molecules (Er2a, (2y2a HO OH
at first, the synthesis of phenyl and 2-hydroxyethyl GIcNAc ® NH
fp-glycosidesba and6b, respectively, was performed (Scheme HO o Nd SN
4). For the synthesis dfawe used a four-step procedufe!! — RSN A
For the synthesis o06b, glucosamine was transformed into SZ_=O)=<O o N" "0
known N-trichloroethoxycarbonyl (Tedé)-protected dono8.13 AcN H Q
Reaction with 2-benzoyloxyethadbhs acceptor in the presence (E)-2b, (2)-2b HO OH

of trimethylsilyl trifluoromethanesulfonate (TMSOTT) as catalyst

afforded3-glycoside4b in good yield {H NMR: 3, = 8.4 derivative5b, which under Zempte conditionsS led to regio-
Hz). Exchange of the Teoc group for the acetyl group with selective de@-acetylation, thus affordingb in good yield.
activated zinc in the presence of acetic anhydride in tetra- T¢ gain regioselective access to the 6-position6afb,
hydrofuran (THF)/acetic acid as solvéfitfurnished GICtNAC  regioselective 8-silylation of 6a,b with tert-butyldimethylsilyl
chloride (TBDMS-CI) and triethylamine and DMAP (Steglich’s

(9) Julina, R.; Mllier, |.; Vasella, A.; Wyler, R.Carbohydr. Res1987 164,

215-432. base) was undertakeri=(7a,b) (Scheme 5); following benzoyl-
(10) Roy, R.; Tropper, R. DCan. J. Chem1991 69, 817-821. ation with benzoyl chloride in pyridine furnished 3,4-@i-
(11) Horton, D.Methods Carbohydr. Chemi972 6, 282—285. L .
(12) Windholz, T. B.; Johnston, D. Betrahedron Lett1967, 27, 2555-2557. benzoyl derivative8ab. The 60-TBDMS protective groups
(13) (a) Paulsen, H.; Helpap, ECarbohydr. Res1991 216, 289-313. (b) idi iti i

gl T Carbohydr Res1904 252 195212, (¢) bullenkopf, Wi were then removed under acidic conditions (HCI in Me@H)

Castro-Palomino, J. C.; Manzoni, L.; Schmidt, R Grbohydr. Res1996

296, 135-137. (15) Zemple, G. Ber. Dtsch. Chem. Ge4927 60, 1554-1564.
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Scheme 4. Synthesis of Intermediates 6a,b?
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Scheme 5. Synthesis of Intermediates 10a,b?
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a Reagents and conditions: (a) TBDMEI, NEt/DMAP (92%, 94%).

(b) BzCl, pyr (93%). (c) HCI, MeOH (81%). (d) DMSO, DCC; NEB5%,
48%).

to avoid acyl group migration; thus, compounélgb were
obtained in high yield. Oxidation of the released hydroxymethyl

group was performed under Pfitzrevloffatt conditions!”

treatment of the crude dialdo glucosamine derivative with
triethylamine as base, undéelimination, furnished the desired
unsaturated aldehyde derivativé8ab, which correspond to
the general structur€’ in Scheme 21H NMR, 10a¢ = 9.26

(s, 6-H); 10b 6 = 9.23 (s, 6-H)].

For the transformation afOab into the target molecules at
first addition of diallyl H-phosphonat&1€ in the presence of
triethylamine as base was performed, furnishaadpydroxy-
phosphonate$2ab as mixtures of diastereomers, which were

not separated at this stage (Scheme 6). Treatmetah with

known cytidine-phosphite derivativé3!® in the presence of

(17) Pfitzner, K. E.; Moffatt, J. GJ. Am. Chem. Sod.965 87, 5661-5670.
(18) (a) Felber, R.; Lohse, P. Aletrahedron Lett1998 39, 2067-2070. (b)

Gibbs, D. E.; Larsen, CSynthesis1984 5, 410-413.
(19) (a) Schmidt, R. R.; Frische, Rioorg. Med. Chem. Letfl993 3, 1747

1750. (b) Amann, F. Ph.D. Dissertation, Univeisitanstanz, Konstanz,
Germany, 1997. (c) Kajihara, Y.; Ebata, T.; Koseki, K.; Kodama, H.;

Matsushita, H.; Hashimoto, Hl. Org. Chem1995 60, 5732-5735.
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Scheme 6. Generation of the Target Molecules?
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a8 Reagents and conditions: (a) NE(tquant., 87%). (b) Tetrazole;
t-BuOH; NEt3 (82%, 55%). (c) NH, H,O; Pd(PPB)4, dimedone; RP-18
HPLC; IR 120, N& (1ah, 36%;1al, 9%:;1bh, 11%;1bl, 27%). (d) Pd(PPh
3)a, dimedone; NH, HO; RP-18 HPLC; IR 120, Na[(E)-2a, 24%; @)-
2a, 6%; (E)-2b, 35%; @)-2b, 12%)].

tetrazole, subsequent oxidation of the reaction productieith
butyl hydroperoxide, and then addition of triethylamine to
remove the cyanoethyl group led to protected target molecules
1l4aand14b, respectively, in good yields. D@-acylation with
aqueous ammonia and @eallylation with catalytic amounts

of Pd(PPh), and dimedone as the nucleophifeand then
reversed-phase high-performance liquid chromatography (HPLC)
with RP-18 led to clean separation of the diastereomers, thus
providing from 14atarget moleculedah* (* h andl stand for
higher and lower moving spot on TLC) addl* and from14b,

1bh* and 1bl*.1 When the sequence of steps starting fribdab

was changed, i.e., d@-allylation was performed first and then
de-O-acylation with aqueous ammonia, under formal loss of
phosphate fronil4a a mixture of E)- and ¢)-2a (ratio 5:1)

and from14b a mixture of €)- and @)-2b (ratio 3:1) was
obtained that was again separated by reversed-phase HPLC on
RP-18. The structural assignments of the target moledidés

and 2ab could be based on the NMR data. [For instance,
rotating-frame Overhauser effect spectroscopy (ROESY) (600
MHz, CDChk); (E)-2ac ROE 6 = 4.03, 6.79 (5H/4"-H),

no ROE signal (4-H/6"-H); (2)-2a: ROE6 = 7.23, 3.89 (5
H/Ph)].

Measurement of the inhibition constari{s of compounds
lah,l, 1bh, (E)- and @)-2aand €)- and @)-2b is based on a
previously reported sialyltransferase assay systés seen in
Table 1, the previously investigated transition state analogue

(20) Berkowith, D. B.; Sloss, D. Gl. Org. Chem1995 60, 70477050.
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Table 1. Affinity of CMP—Neu5Ac (Kv) to by treatment with a solution of (NHsM0;0.4-4H,0O (20 g) and
gf(i\_,BB),-Slggllt,rigstira(sE%‘-?EfZ)ngta,Lglr?é ?E)Q’E”Z)h_'gg'on Constants (Kj Ce(SQ)2 (0.4 g) in 10% sulfuric acid (400 mL). Flash chromatography
was performed on silica gel (J. T. Baker, particle sizei40) at a
K Ki inhibition pressure of 0.30.4 bar. MPLC was performed at a pressure ofLB
(uM) (M) mode Kk ref bar on silica gel columns LiChroprep Si 60 (Merck,426 um, 28 x
CMPNeu5Ac 46 3 2.5 cm). Preparative HPLC was performed with a Shimadzu LC8A
A(R) 3.35+£0.05  competitive ~ 131.0 3 preparative pump and a Rainin Dynamax UV 1 detector at 260 nm;
B (E) 6+05 competitive 773 columns: (A) Eurospher 100-C18 (Knauer, 250x 16 mm), (B)
lah 0.029+0.006  competitive  1580.0 Eurospher 100-C18 (Knauer,um, 250 x 20 mm), (C) LiChrospher
la 0.69+ 0.19 competitive 67.0 K - ’ o
1bh 0.059+ 0.018  competitive  780.0 100 RP18 (Merck, um, 250x 25 mm). Mixtures of acetonitrile and
1bl 0.038+0.009 competitive  1210.0 0.05 M triethylammonium bicarbonate (TEAB) (pH #2.5) were used
(B)-2a 158+ 41a competitive 0.3 as mobile phase. Analytical HPLC was performed on a Merck-Hitachi
(2)-2a 2547 competitive 18 system with an L 7200 autosampler and an L 4000 UV detector;
g))gg Zesoa ggmgzmg oo column: Eurospher 100-C18 (Knauer GmbHy#, 250 x 4 mm).

Elemental analyses were measured on a Heraeus-GhiRapid.
aBecause of low solubility this compound was dissolved in DMSO and Phenyl 2-Acetamido-30-benzoyl-2,4-di-deoxyp-L-threo-hex-4-

the mixture diluted with buffer. ene-dialdo-1,5-pyranoside (10a)Alcohol 9a (2.5 g, 5 mmol) was
dissolved in a mixture of dimethyl sulfoxide (DMSO) (11 mL) and
A5 exhibits about 100-fold higher affinity to(2—6)-sialyl- dry toluene (3 mL). After addition of pyridine (0.8 mL, 10 mmol),
transferase from rat liver (E.C. 2.4.99.1) than the natural phosphoric acid (0.4 mL), and dicyclohexylcarbodiimide (DCC) (4 g,
substrate CMP-Neu5Ac. However, structural mimidsh and 19.4 mmol), the resulting mixture was stirred at room temperature for

1bh,| have even 1 order of magnitude higher affinity to the 72 h. The reaction mixture was filtered, washed with toluene (50 mL)
enzyme tharmA. Transition state analoguksh is by now the and methanol (50 mL), and the filtrate and washings were combined
best inhibitor of this enzyme found so far, thus exhibiting the and treated with oxalic acid monohydrate (3.8 g) for 30 min at room
importance of replacement of the NeuSAc side chain for higher temperature. Th.e mixture was dll_uted with dichloromethane (190 mL)
binding affinity. Compound shows more than 10-fold lower and extracted vylth saturatgd sodium hydrogen carbonate sglutlon (200
affinity to the enzyme thah. The same trend is also found for mL). The combined organic layers were dried over magnesium sulfate

. and concentrated. The resulting syrup was dissolved in acetone and
compoundsE)-/(Z)-2aand €)-/(Z)-2b. Obviously, the loss of filtered to remove dicyclohexyl urea. Solvents were evaporated, the

the qegat|vely charged phosphonate_ reslo_lue atC-6 leads to lowefesigue was dissolved in dry dichloromethane (25 mL), and triethyl-
binding to the enzyme. Thus, our inhibitor design confirmed amine (5 mL) was added and stirred for 1 h. Evaporation of solvents
that (i) planarity at the anomeric carbon, (ii) increased distance and purification by flash chromatography (toluene/acetone 9:2) yielded
between the anomeric carbon and the CMP leaving group, andaldehydel0a (1.6 g, 84%) as a colorless syrug. = 0.51 (toluene/

(iii) the presence of at least two negative charges close to theethyl acetate 2:1 v/v);of]P2 = +4.8 (€ = 1 in chloroform);'H NMR
glycosylation cleavage site are required for high affinity to the (250 MHz, CDC}): 6 = 1.98 (s, 3 H, NHAc), 4.91 (mfJ(1,2)= 2.5

enzyme® Hz, 3)(2,3) = 2.3 Hz,3J(2,N—H) = 8.8 Hz,4)(2,4) = 1.5 Hz, 1 H,
2-H), 5.54 (dd3J(2,3) = 2.3 Hz,3)(3,4) = 5.1 Hz, 1 H, 3-H), 5.93 (d,
Conclusion 3)(1,2)= 2.5 Hz, 1 H, 1-H), 6.24 (J(2,N—H) = 8.8 Hz, 1 H, N-H),

. . ) 6.30 (dd,2)(3,4) = 5.1 Hz,4J(2,4) = 1.5 Hz, 1 H, 4-H), 6.957.62
In conclusion, S-glycosides ofp-GIcNAc can be readily (M. 8 H, Ph, B2), 8.058.12 (m, 2 H, Bz), 9.26 (s, 1H: 6-H): elemental
transformed into unsaturated aldehyde derivatives that provide,amju),siS calcd (%) for GHiNOs (381.38): C, 66.13; H, 5.02; N, 3.67;

via H-phosphonate addition and attachment of the CMP residuefoynd: ¢, 65.82; H, 5.34: N, 3.38.

to the generated hydroxy group, excellent 'nh'b'to_rsu(’z_ ) Diallyl [Phenyl (6R,S)-2-acetamido-30-benzoyl-2,4-dideoxy-

6)-sialyltransferase. Replacement of the Neu5Ac side chain by B-L-threo-hex-4-enopyranoside-6-yl]-phosphonate K,S-12a]. Al-

a phenyloxy group leads to particularly high affinity to the dehyde10a(700 mg, 1.8 mmol) and diallyl phosphite® (490 mg, 3

enzyme. Obviously, the prospects for further structural variations mmol) were dissolved in dichloromethane (2 mL) and after addition

of this type of transition state analogue are very promising. of triethylamine (0.2 mL) stirred at room temperature for 90 min.
Evaporation of solvents and purification by flash chromatography

Experimental Section (toluene/acetone 2:1 v/v) gave compouth (980 mg, quant.) as a

General. Solvents were purified according to the standard proce- colorless glassy = 0.24 (toluene/acetone 2:1 v/¥} NMR (250 MHz,

dures. Melting points are reported in degrees Celsius (uncorrected), [P4methanol):0 = 1.98/1.99 (2s, 3 H; NHAc), 4.454.60 (m, 6 H;
NMR measurements were recorded at 22 on a Bruker AC 250 2-H, 3-H, allyl), 5.17-5.15 (m, 2 H; allyl), 5.27-5.39 (m, 2 H; allyl),
Cryospec, Bruker DRX 600, or a JEOL JNM-GX 400. Tetramethyl- 49 (2m, 2 H; 4-H, 6-H), 5.83 (d)(1,2)= 5.3 Hz, 1 H; 1-H), 5.75

silane (TMS) or the resonance of the deuterated solvent was used a$-00 (M. 2 H; allyl), 7.04-7.63 (m, 8 H; Ph, Bz), 8.048.06 (m, 2 H;
internal standard; solvents: CDCIS = 7.24; DO, 6 = 4.63; Bz); P NMR (243 MHz, [D]methanol): 6 = 23.13/23.74 (2s);

[D4Jmethanol,d = 3.305. ForP NMR phosphoric acid was used as elemental analysis calcd (%) for£130NOgP (543.50): C, 59.67; H,

an external standar#C NMR spectra were broadbafd decoupled. 5.56; N, 2.58; found: C, 59.56; H, 5.57; N, 2.47.

Matrix-assisted laser desorption ionization mass spectra (MALDI-MS)  Triethylammonium [Phenyl (6R,S)-2-acetamido-30-benzoyl-2,4-
were recorded on a Kratos Kompact Maldi 2, and 2,5-dihydroxybenzoic dideoxy-6-diallylphosphoryl#-L-threo-hex-4-enopyranoside-6-ylJ-

acid (DHB) or 6-aza-thiothymine (ATT) were used as matrixes. Fast acetyl-2,3-di-O-acetylcytidine-5-yl)phosphate (14a).Alcohol 12a
atom bombardment mass spectra (FAB-MS) were measured on a(410 mg, 0.75 mmol) and cytidine phosphoramidi&® (520 mg, 0.90
Finnigan MAT 312/AMD 5000 (70 eV, 76C). Optical rotations were mmol) were coevaporated with dry dichloromethane and dried under
measured on a Bihi polar monitorin a 1 dmcell at 22°C. Thin-layer high vacuum. The mixture was dissolved in dry dichloromethane (5
chromatography was performed on silica gel plastic plates £) F  mL) and tetrazole (95 mg, 1.36 mmol) was added. After stirring for 3
(Merck) or glass plates RP-18 (Merck); compounds were visualized h at room temperature, the coupling reaction was completetentd

J. AM. CHEM. SOC. = VOL. 124, NO. 8, 2002 1635
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butyl hydroperoxide (27@L, 1.49 mmol, 5.5 M in nonane) was added.
After 2 h, triethylamine (5 mL) was added, and the solution was stirred
overnight. Evaporation of the solvents and purification by flash

chromatography (ethyl acetate/methanol 5:1 %/\L% triethylamine)
afforded the triethylammonium saliR,S)-14a(600 mg, 82%, mixture
of diastereomers) as a colorless lyophilis&®e= 0.17 (ethyl acetate/
methanol 5:1 v/v 1% triethylamine)H NMR (250 MHz, D,O): 6

= 1.07 (2t,3J = 7.3 Hz, 9 H; 3 ethyl), 1.81/1.86/1.94/1.97 (8s, 12 H;

NHAc, 3 acetyl), 3.00 (2¢2J = 7.3 Hz, 6 H; 3 ethyl), 3.754.07 (m,
3 H; 4-H,5a-H, 5b-H), 4.25-4.51 (m, 6 H; 2-H, 3"-H, allyl), 4.77
(dd, 23(6",P)= 11.7 Hz,3)(6",P) = 15.9 Hz, 1 H; 6-H), 5.02-5.27
(m, 6 H; 2-H, 3-H, allyl), 5.39-5.48 (m, 2 H; I-H, 4"'-H), 5.61 (d,
3)(1',2) = 5.3 Hz, 1 H; 1-H), 5.66-5.84 (m, 2 H; allyl), 6.757.51
(m, 8 H; Ph, Bz), 6,91 (c#J(5,6) = 7.6 Hz, 1 H; 5-H), 7.757.84 (m,
2 H; Bz), 7.96 (d2J(5,6) = 7.6 Hz, 1 H; 6-H); MALDI-MS (negative
mode, matrix: ATT):m/z (%): 973 (15) M — HNEt] -, 933 (100)
[M — HNEts* — All* + H*]™; MALDI-MS (positive mode, matrix:
DHB): m/z (%): 997 (100) M — HNEt:" + Na™ + H*]™, 875 (80)
[M — HNEt* — PhCOOH+ Na' + H*]*, 1075.4 for GgHesN4O16P>.
Triethylammonium [2-Benzoyloxyethyl (6R,S)-2-acetamido-3-
O-benzoyl-2,4-dideoxy-6-diallylphosphorylg-L-threo-hex-4-eno-
pyranoside-6-yl](N-acetyl-2,3-di-O-acetylcytidine-5-yl)phosphate

(14b). Alcohol 12b (140 mg, 0.23 mmol) and cytidine phosphoramidite
13'9(160 mg, 0.28 mmol) were coevaporated with dry dichloromethane
and dried under high vacuum. The mixture was dissolved in dry
dichloromethane (2 mL) and tetrazole (32 mg, 0.44 mmol) was added.
After stirring for 3 h atroom temperature, the coupling reaction was

complete, andert-butyl hydroperoxide (7, 0.38 mmol, 5.5 M in

nonane) was added. After 2 h, triethylamine (4 mL) and dichloro-
methane (2 mL) were added and the solution stirred overnight.
Evaporation of the solvents and purification by flash chromatography

(ethyl acetate/methanol 5:1 vA+ 1% triethylamine) afforded the

triethylammonium salt§4b (140 mg, 55%, mixture of diastereomers)
as a colorless lyophilisat& = 0.78 (ethyl acetate/methanol 1:1 v/v

+ 1% triethylamine)H NMR (250 MHz, D;O): 6 = 1.30 (2t, 9 H;

3 N-ethyl), 1.92-2.15 (8s, 12 H; NHAc, 3 acetyl), 3.00 (2q, 6 H; 3

N-ethyl), 3.85-4.7 (m, 11 H; 1"'a-H, 1"b-H, 2"a-H, 2"b-H, 4-H,
5'a-H, 8b-H, allyl), 4.9-5.7 (m, 11 H; 1-H, 2-H, 3-H, 2"'-H, 3"-H,
4"-H, 6'-H, allyl), 5.84-6.00 (m, 2 H; allyl), 6.17 (2 d3J(1",2") =
4.3 Hz, 1 H; I'-H), 7.15-7.58 (m, 6 H; 5-H, Bz), 7.968.00 (m, 4 H;
Bz), 8.40/8.44 (2d3)(5,6) = 7.6 Hz, 1 H; 6-H); MALDI-MS (negative
mode, matrix: ATT):m/z(%): 1045 (40) M — HNEt;*]~ 1004 (100)
[M — HNEt" — All " + H*]~; MALDI-MS (positive mode, matrix:
DHB): m/z (%): 1069 (50) M — HNEt* + Na® + H*]*, 969 (100)
[M — HNEts" — PhCOOH+ 2Na']*, 1147.4 for GiHezN4O»1P,.
Trisodium [Phenyl (6R,S)-2-acetamido-30-benzoyl-2,4-dideoxy-
6-phosphoryl-L-threo-hex-4-enopyranoside-6-yl](cytidine-5yl)-
phosphate (14,1). A solution of14a(50 mg, 0.046 mmol) in aqueous
ammonia (25%, 3 mL) was stirredrfd h atroom temperature. The

5.80 (d,%J(1',2) = 3 Hz, 1 H, 1-H), 6.03 ((d,%J(5,6) = 7.8 Hz, 1 H,
5-H), 7.0:7.28 (m, 5 H, Ph), 8.09 (¢)(5,6) = 7.8 Hz, 1 H, 6-H);
13C NMR (150.9 MHz, BO): 6 = 52.2 (2'-C), 63.5 fQJ(C,P)= 4.6
Hz; 5-C), 65.3 (3-C), 68.4 (3-C), 74.6 (2-C), 73.4 {J(C,P)= 160
Hz, 6'-C), 82.6 (4-C), 89.7 (1-C), 95.1 (6-C), 98.4 (1-C), 103.7 (4-
C), 116.8/123.2/129.8 (Ph), 143.9 (5-C), 148.2-(%), 156.7 (4-C),
174.5 (2-C);3'P NMR (243 MHz, BO): § = 1.52 (bd,2J(P,P)= 25
Hz, PQ), 13.44 (bd3J(P,P)= 25 Hz, PQ); MALDI-MS (negative
mode, matrix: ATT):mVz (%): 663 (100) M — 3Na" + 2H"]~, 730.4
for C23H27N4N63015P2.

lal. HPLC: prep. RP-18, column A (flow 15 mL mih, 0.05 M
TEAB buffer, 6% acetonitrile):tg = 11.5 min;*H NMR (600 MHz,
D,0): 6 = 1.94 (s, 3H; NHAc), 4.01 (m2J(5'a,5b) = 11.4 Hz, 1 H;
Sa-H), 4.16 (m, 1 H; 2H), 4.19 (m, 1 H; &4H), 4.22 (m, 1 H; 3H),
4.28 (m,2)(5'a,8b) = 11.4 Hz, 1 H; B-H), 4.33 (m, 1 H; 3-H), 4.37
(m,3J(1",2") = 7.3 Hz, 1 H; 2-H), 4.41 (m,2)(6",P)= 12.9 Hz, 1 H;
6"-H), 5.20 (dd3J(3",4") = 4J(4",6") = 3.2 Hz, 1 H; 4-H), 5.43 (d,
3J(1",2") = 7.3 Hz, 1 H, 1'-H), 5.88 (d,®J(1,2) = 2.5 Hz, 1 H, 1-H),
6.00 (d,2J(5,6)= 7.9 Hz, 1 H, 5-H), 6.99-7.26 (m, 5 H, Ph), 8.12 (d,
8J(5,6) = 7.9 Hz, 1 H, 6-H);**C NMR (150.9 MHz, BO): 6 =52.5
(2'-C), 63.4 (5-C), 66.26 (3-C), 67.9 (3-C), 71.6 tJ(C,P)= 160
Hz, 6'-C), 74.6 (2-C), 82.1 (4-C), 89.9 (1-C), 94.7 (6-C), 98.4 (1-

C), 101.5 (4-C), 116.5/123.2/129.8 (Ph), 144.2 (5-C), 149.4-(),
158.4 (4-C), 174.6 (2-CF*P NMR (243 MHz, DO): ¢ = 1.45 (bd,
3J(P,P)= 25 Hz, PQ), 13.34 (bd,2J(P,P)= 25 Hz, PQ); MALDI-
MS (negative mode, matrix: ATT)m/z (%): 663 (100) M — 3Na+
2H]"; FAB-MS (positive mode, matrix: glycerol/acetonitrile/0.1%
trifluoroacetic acid 1:1:1): 687 (20M — 2Na* + 3H']*, 709 (40)
[M — Nat + 2H*]*, 725 (35) M — 2Na" + K+ + 2H*]*, 731 (35)
[M + H+]+, 730.4 for Q3H27N4N83015P2.

Trisodium [2'-Hydroxyethyl (6R,S)-2-acetamido-30-benzoyl-
2,4-dideoxy-6-phosphorylg-L-threo-hex-4-enopyranoside-6-yl]-
(cytidine-5'-yl)phosphate (1h,l). A solution of 14b (30 mg, 0.026
mmol) in aqueous ammonia (25%, 4 mL) was stirred for 3 days at
room temperature. The mixture was concentrated and lyophilized from
water. To a solution of the resulting lyophilisate and dimedone (50
mg, 0.37 mmol) in THF (2.5 mL), was added Pd(RR!{15 mg, 12
umol) in the dark. Afte 5 h the solvents were evaporated and dimedone
was removed by RP-18 chromatography (ethanol/water 1:3 v/v). After
lyophilization from water, separation of diastereomers by RP-18 HPLC,
conversion into the sodium salts by IR 120 (Nand lyophilization
from waterlbh (2 mg, 11%) andlbl (5 mg, 27%) were collected.

1bh. HPLC: prep. RP-18 column (flow 15 mL mift, 0.05 m TEAB
buffer, 1% acetonitrile):tx = 11 min;*H NMR (250 MHz, D:0): o
=1.92 (s, 3H; NHAc), 3.454.30 (m, 12 H; 1'a,b—H,2""'a,b—H, 3"-
H, 2'-H, 5a,b—H, 4-H, 2-H, 3-H, 6'-H), 4.95 (d, 1 H; 1-H), 5.20
(m, 1 H; 4'-H), 5.84 (d,2J(1',2) = 3.5 Hz, 1 H; 1-H), 6.16 (d,2J(5,6)
= 7.8 Hz, 1 H; 5-H), 8.02 (d%J(5,6) = 7.8 Hz, 1 H; 6-H); MALDI-

mixture was concentrated and lyophilized from water. To a solution MS (negative mode, matrix: ATT)mVz (%): 631 (100) M — 3Na"
of the resulting lyophilisate and dimedone (30 mg, 0.22 mmol) in THF + 2H']", 698.4 for GgHz/N4NaO1P.

(2 mL) was added Pd(PBh (15 mg, 12umol) in the dark. After 5 h

1bl. HPLC: prep. RP-18 column (flow 15 mL mitt, 0.05 M TEAB

the solvents were evaporated and dimedone was removed by RP-1&uffer, 1% acetonitrile):t = 12 min;'H NMR (600 MHz, D;O): &

chromatography (ethanol/water 1:3 v/v). After lyophilization from water,
purification and separation of diastereomers by RP-18 HPLC (0.05 M
TEAB) the products were converted into their sodium salts by IR 120

(Na") and lyophilized to yieldlah (12 mg, 36%) and.a (3 mg, 9%).

lah. HPLC: prep. RP-18, column A (flow 15 mL mifk, 0.05 M
TEAB buffer, 6% acetonitrile):tx = 10 min; *H NMR (600 MHz,
D,0): 6 = 1.95 (s, 3H; NHAc), 3.93 (m2J(5'a,3b) = 14 Hz, 1 H;
5'a-H), 4.09 (dd3J(1',2) = 3 Hz,3)(2',3) = 4.8 Hz, 1 H; 2-H), 4.12
(m,3)(3,4) = 4.8 Hz, 1 H; 4-H), 4.14 (m,2)(5'a,8b) = 14 Hz, 1 H;
5'b-H), 4.19 (dd,2)(2',3) = 4.8 Hz,3)(3,4) = 4.8 Hz, 1 H; 3-H),
4.22 (m,3)(2",3") = 6.1 Hz, 1 H; 3-H), 4.36 (dd,2J(2",3") = 6.1
Hz,3J(1",2") = 6.4 Hz, 1 H; 2-H), 4.61 (m,2)(6",P)= 12.1 Hz, 1 H;
6"-H), 5.19 (m, 1 H; 4-H), 5.54 (d,3)(1",2") = 6.4 Hz, 1 H, T-H),

1636 J. AM. CHEM. SOC. = VOL. 124, NO. 8, 2002

=1.94 (s, 3H; NHAc), 3.643.90 (m, 4 H; 1'a,b—H,2""a,b—H), 4.02-
4.04 (m, 2 H; 2-H, 3"-H), 4.10-4.20 (m,2)(5'a,8b) = 12.7 Hz, 3 H;
5'a,b—H, 4-H), 4.26-4.27 (m, 2 H; 2-H, 3-H), 4.45 (dd,2J(6",P) =
12 Hz,%J(4",6") ~ 5 Hz), 1 H; 6'-H), 5.01 (d,3J(1",2") = 5.6 Hz, 1
H; 1"-H), 5.12 (dd,2)(3",4") ~ 4)(4",6") ~ 5 Hz, 1 H; 4'-H), 5.85
(d,%J(1',2) = 3.6 Hz, 1 H; 1-H), 6.23 (d,2J(5,6) = 7.8 Hz, 1 H; 5-H),
8.11 (d,%J(5,6)= 7.8 Hz, 1 H; 6-H);**C NMR (150.9 MHz, BO): ¢
=52.4 (2'-C), 60.5 (2'-C), 63.9 £J(C,P)= 4.6 Hz; 3-C), 65.3 (3-
C), 68.7/73.4 (2C,3-C), 70.7 (1'-C), 72.6 {J(C,P)= 155 Hz,2)(C,P)
= 9.2 Hz; 6'-C), 83.1 (J(C,P)= 7.8 Hz; 4-C), 89.6 (1-C), 95.4 (6-
C), 99.2 (1'-C), 101.3 $J(C,P)= 7.5 Hz; 4'-C), 143.5 (5-C), 149.3
(3J(C,P)= 72 Hz; B'-C), 160.0 (4-C), 174 (2-C§*P NMR (243 MHz,
D,0): 6 = 1.23 (b, PQ), 12.9 (b, PQ); MALDI-MS (negative mode,
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matrix: ATT): m/z (%): 653 (15) M — 2Na" + H*]~, 631 (100) M
— 3Na" + 2H+]7, 698.4 for GoH27N4sNagO16P>.

Sodium [Phenyl (R,S)-2-acetamido-2,3,5-trideoxy-6-phosphoryl-
p-b-glycerohex-3,5-dienopyranoside-6-yl]-(cytidine-5yl)phos-
phate (E)-2a,(Z)-2a. To a solution ofl4a (60 mg, 0.056 mmol) and
dimedone (54 mg, 0.39 mmol) in THF (2.5 mL) was added Pd{RPh
(22 mg, 18«mol) in the dark. After 18 h the solvents were evaporated

Pd(PPh)4 (10 mg, 8umol) in the dark. After 36 h the solvents were
evaporated and dimedone was removed by RP-18 chromatography
(ethanol/water 1:3 v/v). The crude product was dissolved in aqueous
ammonia (25%, 3 mL) and stirredrfd h atroom temperature. The
mixture was concentrated and lyophilized from water. Purification and
separation of diastereomers by RP-18 HPLC (0.05 M TEAB) conversion
into the sodium salts by IR 120 (Npand lyophilization from water

and dimedone was removed by RP-18 chromatography (ethanol/wateryielded (Z)-2b (2 mg, 12%) andE)-2b (6 mg, 35%)

1:3 v/v). The crude product was dissolved in agueous ammonia (25%,
2 mL) and stirred fo 4 h atroom temperature. The mixture was
concentrated and lyophilized from water. Purification and separation
of diastereomers by RP-18 HPLC (0.05 M TEAB) ion exchange by IR
120 (Na’) and lyophilization from water yieldedZj-2a (2 mg, 6%)
and E)-2a (8 mg, 24%)

(2)-2a.HPLC: prep. RP-18, column B [flow 18 mL mif, 0.05 M

TEAB buffer, 7-15% acetonitrile (6-30 min, linear gradient)]tgr =
24 min;*H NMR (600 MHz, D,O): 6 = 1.91 (s, 3H; NHAc), 3.61
(dd,2J(5'a,8b) = 11.8 Hz,3)(4',5a) = 3.3 Hz, 1 H; 3a-H), 3.83 (dd,
1 H; 2-H), 3.88 (dd, 1 H; 3H), 3.89 (dd2J(5'a,3b) = 11.8 Hz, 1 H;
5'b-H), 3.91 (m, 1 H; 4H), 4.51 (dd, 1 H; 2-H), 5.55 (d, 1 H; 1-H),
5.72 (d, 1 H, 1-H), 5.74 (dd3)(3",4") = 9.8 Hz 1 H; 3-H), 5.83 (d,
3J(5,6) = 7.5 Hz, 1 H, 5-H), 6.18 (m3J(6",P) = 6.1 Hz,4)(4",6") <
1 Hz, 1 H; 8'-H), 6.24 (dd2J(3",4") = 9.8 Hz,4)(4",6") < 1 Hz, 1
H, 4'-H), 6.98-7.23 (m, 5 H, Ph), 7.52 (£J(5,6) = 7.5 Hz, 1 H,
6-H); ROESY (600 Hz, BO: 6 = 7.29, 3.89 Ph, 5H); 3C NMR
(150.9 MHz, BO): 6 = 46.4 (2'-C), 64.6 (5-C), 69.3 (3-C), 745
(2-C), 82.6 (4-C), 89.5 (1-C), 96.8 (6-C), 97.4 (1-C), 118.9 (3-C),
123.4 (4-C), 125.6 (6-C), 117.8/123.8/130.1 (Ph), 141.0 (5-CP
NMR (243 MHz, D;0): 6 = —1.84 (s, PQ); MALDI-MS (positive
mode, matrix: DHB): 589 (30)N1 + Hf]*, 611 (100) M + Na']™,
627 (80) M + K*]*, 588.1 for GsHa6NaNaOy4P.

(E)-2a.HPLC: prep. RP-18, column B (flow 18 mL mif& 0.05 m
TEAB buffer, 7-15% acetonitrile (6-30 min, linear gradient)ig =
26 min; 'H NMR (600 MHz, D,O): 6 = 1.90 (s, 3H; NHAc), 3.89
(dd, 3J(1',2) = 2.6 Hz,3)(2,3) = 4.7 Hz, 1 H; 2-H), 3.95 (dd,
2J(5'a,8b) = 14 Hz, 1 H; Ba-H), 3.98 (dd3J(2,3) = 4.7 Hz, 1 H;
3-H), 4.02 (m, 1 H; 4H), 4.03 (dd2J(5'a,3b) = 14 Hz, 1 H; 8b-H),
4.44 (dd3)(2",3") = 5.8 Hz, 1 H; 2-H), 5.47 (d,3)(1',2) = 2.6 Hz,

1 H; 1-H), 5.52 (d, 1 H, 1-H), 5.73 (d,3J(5,6) = 7.5 Hz, 1 H, 5-H),
5.86 (d,%J(3",4") = 10 Hz,3)(2",3") = 5.8 Hz, 1 H; 3-H), 6.37 (m,
3)(6",P) = 4.7 Hz,%)(4",6") < 1 Hz, 1 H; 6'-H), 6.79 (dd 3J(4",3")
=10 Hz,4)(4",6") < 1 Hz, 1 H, 4-H), 6.89-7.11 (m, 5 H, Ph), 7.52
(d, 3J(5,6) = 7.5 Hz, 1 H, 6-H); ROESY (600 Hz, ): 6 = 4.03,
6.79 (3-H,4"-H); 13C NMR (150.9 MHz, RO): ¢ = 46.5 (2'-C), 63.9
(5'-C), 68.3 (3-C), 74.8 (2-C), 81.8 (4-C), 90.2 (1-C), 96.3 (6-C),
97.3 (1'-C), 120.5 (4-C), 120.6 (3-C), 127.0 (6-C), 116.6/123.6/
129.8 (Ph), 140.8 (5-CP*P NMR (243 MHz, DO): 6 = —2.18 (s,
PQOy); MALDI-MS (negative mode, matrix: ATT):m/z (%): 565 M
— Na']~; MALDI-MS (positive mode, matrix: DHB): 589 (30)M
+ H*]*, 611 (100) M + Na']*, 588.1 for GsHogNsNaOyP.

Sodium [2-Hydroxyethyl 2-acetamido-2,3,5-trideoxy-6-phos-
phoryl- f-p-glycerchex-3,5-dienopyranoside-6-yl]-(cytidine-5yl)-
phosphate E)-2b,(Z)-2b. To a solution of1l4b (34 mg, 0.029 mmol)
and dimedone (20 mg, 0.15 mmol) in THF (1.5 mL) was added

(2)-2b. HPLC: prep. RP-18, column C (flow 18 mL mirt, 0.05
M TEAB buffer, 1% acetonitrile):t = 22 min;*H NMR (600 MHz,
D,0): 6 = 1.92 (s, 3H; NHAC), 3.63 (2 dddJ(2"'a,2"'b) = 12.4 Hz,
3)(1"a,2""a) = 7.0 Hz,3J(1'"'a,2"b) = 3.2 Hz,3J(1'""'b,2"a) = 3.3
Hz, 3J(1""b,2"'b) = 5.4 Hz, 2 H; 2'a-H, 2"b-H), 3.65 (ddd,
2)(1"'a,2"b) = 11.3 Hz,3J(1""a,2""a) = 7.0 Hz,3J(1""a,2""b) = 3.2
Hz, 1 H; 2"a-H), 3.80 (ddd2J(1""a,1""b) = 11.3 Hz,23J(1'""'b,2""a) =
3.3 Hz,%J(1'""'b,2"b) = 5.4 Hz, 1 H; 1"b-H), 4.04 (dd2J(5'a,8b) =
12.5 Hz,33(5d,P) = 5 Hz,3)(4,5d) = 3 Hz, 1 H; Ba-H), 4.18-4.24
(m, 4 H; 2-H, 3-H, 4'-H, 5b-H), 4.32 (dd,2(2",3") = 5.7 Hz, 1 H;
2"-H), 4.98 (d, 1 H; 1-H), 5.65 (dd,2J(3",4") = 10 Hz,3J(2",3") =
5.7 Hz, 1 H; 3-H), 5.90 (d, 1 H, %-H), 6.09 (d,3J(5,6)= 7.8 Hz, 1
H, 5-H), 6.14 (d2J(3",4") = 10 Hz, 1 H, 4-H), 6.17 (d,2)(6",P) =
6 Hz, 1 H; 6'-H), 7.90 (d,3J(5,6) = 7.8 Hz, 1 H, 6-H);*C NMR
(150.9 MHz, BO): 6 = 46.1 (2'-C), 60.8 (2'-C), 65 (8-C), 69.5
(2-C), 70.2 (1'-C), 74.1 (3-C), 83.0 (4-C), 89.4 (1-C), 95.5 (5-C),
98.6 (1'-C), 118.9 (3-C), 123.3 (4-C), 125.9 (6-C), 142.8 (6-C);
3p NMR (243 MHz, DO): 6 = —4.46 (bs, PG); MALDI-MS
(negative mode, matrix: ATT)m/z (%): 633 M — Na']~, 656.1 for
C19H26NsNaO,P.

(E)-2b. HPLC: prep. RP-18, column C (flow 18 mL mirt, 0.05
M TEAB buffer, 1% acetonitrile):tx = 26 min;*H NMR (600 MHz,
D;0): 6 = 1.93 (s, 3H; NHAc), 3.61 (2 ddd, 2 H;"2a-H, 2"b-H),
3.63 (ddd, 1 H; T'a-H), 3.73 (ddd, 1 H; Tb-H), 4.06-4.23 (m,
2J(5'a,8b) = 11.8 Hz, 5 H; 2-H, 3-H, 4-H, 5a-H, 5b-H), 4.29 (dd,
8)(2",3") = 5.5 Hz, 1 H; 2-H), 4.94 (d,J < 2 Hz, 1 H; 7'-H), 5.75
(dd, 33(3",4") = 9.6 Hz,3J(2",3") = 5.5 Hz, 1 H; 3-H), 5.89 (d,
3J(1',2) = 2.3 Hz, 1 H, 1-H), 6.13 ((d,3J(5,6) = 7.8 Hz, 1 H, 5-H),
6.46 (d,3J(6",P) = 4.5 Hz, 1 H; 6-H), 6.68 (d,%J(3",4") = 9.6 Hz,
1 H, 4'-H), 7.92 (d,3)(5,6) = 7.8 Hz, 1 H, 6-H);**C NMR (150.9
MHz, D;O): 6 = 46.0 (2'-C), 60.3 (2'-C), 64.4 (5-C), 69 (2-C),
69.1 (1"-C), 74 (3-C), 82.8 (4-C), 89.5 (1-C), 95.9 (5-C), 98.9 (1
C), 119.5 (4-C), 120.5 (3-C), 126.6 (6-C), 142.5 (6-C):3'P NMR
(243 MHz, D;O): 6 = —4.19 (bs, PGQ); MALDI-MS (negative mode,
matrix: ATT): m/z (%): 533 M — Na']~, 556.1 for GoH2eNsNaOP.
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