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Abstract: Several sialyl Lewis X (SL§ mimics that contain the essential functional groups for receptor interaction

and a negative charge or a hydrophobic group have been developed as inhibitors of E-, P-, and L-selectins. Some
of the mimics exhibit selectin inhibition activities 3010*-fold more potent than does the natural ligand tetrasaccharide,
with 1Csq in the low micromolar to high nanomolar range. The syntheses of these mimics are relatively simple,
using TMSOTf-AeO mediatedC-glycosylation with concurrent selective deprotection of the primary benzyl group

and enzymatic aldol addition reactions as key steps.

Current interest in the study of selectisialyl Lewis X
tetrasaccharide (Skginteraction! a recognition process in-
volved in the adhesion leukocytes to vascular endothelial cells Asp 106 H
during inflammatory responses, has led to an intensive search °Y\§j§
for small molecules as inhibitors of selectin binding and as Sy
potential drug candidates for the treatment of reperfusion injury : . Y /"',,0
and other inflammatory disordetsDevelopment of carbohydrate- ~.'. ..........
based therapy is, however, hindered by the complication that P )
most proteins bind carbohydrates with weak affifiand that
synthesis of complex carbohydrates is a rather expensive and
difficult process. Understanding the molecular basis of pretein
carbohydrate interaction is therefore of fundamental importance
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m )\\/\ﬁ/&’\ OH benzene, 80C, 24 h.

OH 4a with the hydrophobic portion of E- and P-selecfihsnd
Ho therefore to enhance binding. As a result, a dramatic increase
OH in inhibition against all three selectins was observed. Removing
the carboxylate fron3 and placing a more constrained benzoic
acid in the NeuAc-CgH position still shows an impressive
:C activity, indicating the significant effect of the hydrophobic
HOLC™ ™" CoNH CON group. Compound4 and4awere also prepared for evaluation
6 AH in consideration of our previous result from the related structure
6a R=CH,CONH(CHy)13CHs 5 which binds more tightly than does SLéo E-selectirgf
Surprisingly, the phosphate-containi@glinked mannoside is
10*-fold more potent than Skeagainst P-selectin (g = 0.6
Table 1. 1Cs (M) Values in Selectin Inhibitioh uM). This remarkable enhancement of inhibition may be due
1 2 3 3a 4 4a 5 6 6a  SLe to some additional interactions of the aglycon groups with some
E- 110 100 40 74 100 800 160 300 37 500 (720) qther groups of P-selecFin. One possibility is the ipnic interac-
P-nd n¢ 22 5 06 5né 2500 7 >3000(8000) tion of the phosphate with Lys111 and Lys113 which are close
L- nd> ncf 7.6 100 95 40 ntl >3000 190 1300 (3900) to the NeuAc-CGH and the Gal-2-OH group. Another
aDetermined in a cell-free assay (ref 7) based on the polymeri¢ SLe pC.)SSIbI“ty Is that a nucleophile in the active site ma.y In.teraCt
interaction with a microtiter plate coated selectin. The values represent With the carbonyl group, as some’L&-phosphate derivatives
the average of three measurements, wiftd% error.> The number is did not significantly improve the affinity. The C-linked

Figure 2. Designated Sl’emimetics.

taken from the NMR study (ref 5¢c¥.Not determined. phosphateta, structurally related tdb, was found less active
o o . . than 4, though much more potent than SlLagainst P- and
ment of small molecules that mimic St.én interaction with L-selectins. For comparison, the inhibition activitieséoénd

its receptorg,and further enhancement of inhibition has been g prepared previousk were also included.
achieved with addition of a hydrophobic gré@fto the mimic The synthesis of these mimics are relatively simple as

or W'th.the use of multivalent strated§® . indicated in Schemes-#4. Of particular interest is the synthesis
In this study,_ we have develope_d a nNew series of MAannose- ¢ key intermediate8 from 7 via a one-pot TMSOT{-AgO
based SLemimics .(1._4)’ as shown in Figure 2, some O{V\.’h'Ch mediatedC-allylation with a concurrent debenzylation/acety-
Eﬁ.egl.é\?v mgri)meoﬁgit;gr:gg) Tr?c?\svr??ct)eg;tg]?'Il't:lgl?enl?c'[g(l)r)r‘:;oun d lation of the 6-benzyl group, which provides an easy access to
. : : . . " ) C-glycosides with alkyl substituents at the C-6 position. This
1, a peptide disaccharide, contains the six essential funCt'onalreaction was found to be also applicable to other benzylated

groups required for SlXerecognition, and as expected, its h 8 Another i - on is th ;
activity is comparable to the natural ligand. Compougdsd EXOSES. .not er mterestmg reaction s t eo.ne-step enzymatic
aldol reaction to givet (Scheme 4) anda using theO- and

3 employ a carboxylate group to replace the Gal residue, with . . ;
the hope that it may also interact with the nearby Lys111 and Clinked aldeh_yde .substrates, respecnvgly. The other diaster-
eomers of4 with different aglycon configurations were also

Lys113 residues in E- and P-selectfag® Mimetic 3 also ) . .
contains a long-chain hydrophobic gréuesigned to interact preparec_i using different aldplas’@:*.)ut all Fhe products exhibit
weaker inhibition thar against P-selectin.
(5) For the SL& structure bound to E-selectin, see: (a) Scheffler, K.; ; ; ; ;
Ernst, B.: Katopodis, A.: Magnani, J. L. Wang, W. T.. Weisemann. R - In conclusion, this study describes the _synthesls_ of several
Peters, TAngew. Chem., Int. Ed. Engl995 34, 1841-1844. (b) Cooke, new molecules that are structural and functional mimics o#SLe
R. M.; Hale, R. S.; Lister, S. G.; Shah, G.; Weir, M.Blochemistry1994 in selectin inhibition. It appears that very tight-binding inhibi-

33, 10591-10596. For SL€bound to E-, P-, and L-selectin, see: (c) Poppe, i i in hindi o
L Brown. G. S. Philo, J. S.: Nikrad, P. VV.: Shah, B. H.Am. Chem. tors, with an increase in binding energy ©6 kcal/mol (it is

S0c.1997, 119, 1727. The dissociation constants determined fo*®bend noted that 1G values do not always correspond to binding
to E-, P-, and L-selectins are 0.72, 7.8, and 3.9 mM, respectively. For the energy), can be developed via incorporation of one or two new
functional groups of E-selectin involved in Slginding based on modeling, imi iti i
see: (d) Kogan, T. P.. Revelle B. M.. Tapp. S.: Scott, D.. Beck. P. 3. A. groups to the carb(_)h_ydrate mimic t(_) have additional electro_stgtlc
J. Biol. Chem 1995 270, 14047-14055. and/or hydrophobic interactions with the receptor. Work is in
(6) DeFrees, S. A.; Phillips, L.; Guo, L.; Zalipsky, &.Am. Chem. Soc.
1996 118 1601-1604. Spevak, W.; Foxall, C.; Carych, D. H.; Dasgupta, (8) When the long-chain hydrophobic group was changed to aryl
F.; Nagy, J. OJ. Med. Chem1996 39, 1018-1020. Also see ref 1b and hydrophobic group, it was also shown a better activity than that of SLe

citations therein. (unpublished result).
(7) Determined in a cell-free assay: Weitz-Schmidt, G.; Stokmaier, D.; (9) Hung, S.-C; Lin, C.-C.; Wong, C.-H.etrahedron Lett1997, in press.
Scheel, G.; Nifantev, N. E.; Tuzikou, A. B.; Bovin, A. Bnnal. Biochem. (10) Both fuculose 1-phosphate and rhamnulose 1-phosphate aldolases

1996 238 184-190. were used to prepare ti@linked diastereomers.
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Scheme 3

3a

a2 Reagents and conditions: (a) EDC/HOBLt (1.2 equiv), NMM, 0
°C, 63%; (b) LiOH, 87%; (c) K, Pd—C (Degussa type, 10 % w/w),
HOAc—H0 (8:2 v/v), 91%.

progress to investigate the mechanisms of these mimics binding
and to prepare polyvalent inhibitors to further enhance the
inhibition.

Experimental Section

3-(6-0O-Acetyl-2,3,4-tri-O-benzyl-a-p-mannopyranosyl)pro-
pene (8). To a solution of methyl 2,3,4,6-tet@-benzylo-
glycoside {) (0.69 mmol) in CHCN (1.4 mL) was added
allyltrimethylsilane (1.45 mmol) at OC under argon. To the
mixture was added TMSOTTf (0.35 mmol), and the reaction was
kept stirring under the same temperature overnight, then warmed
up to 25°C. The mixture was added acetic anhydride (1 mL)
drop by drop. After 5 min, the reaction was diluted with £H

Wong et al.

Scheme 4
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@ Reagents and conditions: (a) FDP aldolase (200 U)7p&17, 30
h, 25°C; (b) 0y78 °C, DMS/23°C.

Cl, (10 mL) and the resulting solution was quenched by
saturated NaHC® The aqueous layer was extracted with.£H
Cl> (2 x 10 mL), and the combined organic layers were washed
with brine, dried with MgSQ filtered, evaporated, and purified
by column chromatography to provide acet8te 83% yield:
1H NMR (500 MHz, CDC}) 6 7.35-7.28 (m, 15 H), 5.72 (ddt,
J=17.0,10.3, 6.9 Hz, 1 H), 5.645.00 (m, 2 H), 4.75 (d) =
11.2 Hz, 1 H), 4.63-4.53 (m, 5 H), 4.39 (dd) = 11.6, 6.4 Hz,
1 H), 4.25 (dd,J = 11.6, 2.8 Hz, 1 H), 4.07 (ddd] = 10.5,
5.9, 2.2 Hz, 1 H), 3.833.75 (m, 3 H), 3.62 (ddJ = 4.4, 2.7
Hz, 1 H), 2.38-2.27 (m, 2 H), 2.05 (s, 3 HEC NMR (125
MHz, CDCk) 6 170.90, 138.07, 137.92, 133.94, 128.43, 128.39,
128.31, 127.99, 127.95, 127.87, 127.83, 127.77, 127.67, 117.27,
76.93, 74.94, 74.73, 73.98, 72.25, 72.12, 72.02, 71.51, 63.20,
34.32, 20.90; HRMS (FAB, Wi Cs) calcd for GyH30sCs
649.1566, found 649.1589.
3-(6-O-Hexadecanyl-2,3,4-triO-benzyl-a-b-mannopyrano-
syl)propene (9b). To a solution of8 (516 mg, 1 mmol) in
anhydrous MeOH (5 mL) was added NaOMe (16.2 mg, 0.3
mmol) at 25°C under argon. After 2 h, the mixture was
neutralized with Dowex 50x 8—100 acidic resin and the
solution was filtered, washed with MeOH, and evaporated to
yield the desired alcohol compound (450.2 mg, 95%):NMR
(400 MHz, CDC¥}) 6 7.37—7.28 (m, 15 H), 5.68 (ddt] = 17.2,
10.2, 7.0 Hz, 1 H), 5.054.98 (m, 2 H), 4.83 (dJ = 11.1 Hz,
1 H), 4.67-4.56 (m, 5 H), 4.03 (ddd) = 9.0, 6.3, 3.1 Hz, 1
H), 3.85 (t,J= 8.0 Hz, 1 H), 3.81 (ddJ = 11.6, 6.1 Hz, 1 H),
3.78 (dd,J = 8.0, 3.1 Hz, 1 H), 3.72 (dd] = 11.6, 3.1 Hz, 1
H), 3.64 (t,J = 3.1 Hz, 1 H), 3.61 (ddd) = 8.0, 6.1, 3.1 Hz,
1 H), 2.36 (dddJ = 14.8, 9.0, 7.0 Hz, 1 H), 2.22 (ddd,=
14.8, 7.0, 6.3 Hz, 1 H), 2.1 (bs, 1 H¥C NMR (100 MHz,
CDCls) 6 138.12, 138.05, 133.79, 128.43, 128.39, 128.33,
128.00, 127.97, 127.81, 127.74, 127.69, 117.60, 77.93, 75.18,
74.51, 73.84, 73.46, 72.16, 71.91, 62.15, 34.11; HRMS (FAB,
M + Na) calcd for GoH340sNa 497.2304, found 497.2315.

To a solution of above compound (1.00 g, 2.11 mmol) in
DMF (7 mL) was added 95% NaH (0.10 g, 2.74 mmol) &0
under argon. After 30 min, to the mixture was added 1-bro-
mohexadecane (0.84 mL, 2.74 mmol) followed by tetra-
butylammonium iodide (37.4 mg, 0.11 mmol) and the resulting
solution was warmed up to Z%& overnight. The reaction was
guenched by KD (10 mL), then extracted with EtOAc (8 10
mL), and the combined organic layers were washed with brine,
dried with MgSQ, filtered, evaporated, and purified by column
chromatography (hexane to EtOAc/hexan&/20) to yield ether
9b (1.13 g, 77%). *H NMR (400 MHz, CDC}) ¢ 7.36-7.27
(m, 15 H), 5.79-5.68 (m, 1 H), 5.024.98 (m, 2 H), 4.74 (d,
J=11.4Hz, 1 H), 4.6%14.54 (m, 5 H), 4.05 (dt) = 7.5, 4.8
Hz, 1 H), 3.86 (tJ = 6.9 Hz, 1 H), 3.79-3.75 (m, 2 H), 3.7¢
3.63 (m, 2 H), 3.61 (ddJ = 4.5, 3.2 Hz, 1 H), 3.483.38 (m,

2 H), 2.39-2.26 (m, 2 H), 1.581.52 (m, 2 H), 1.25 (bs, 26
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H), 0.88 (t,J = 6.5 Hz, 3 H):13C NMR (100 MHz, CDC}) 6

J. Am. Chem. Soc., Vol. 119, No. 35, 189%5

EtOAc/hexane), giving the product in low yield (35%3H

138.36, 138.19, 138.13, 134.27, 128.34, 128.31, 128.27, 128.24NMR (CDCls, 400 MHz) 6 7.60-7.25 (m, 5 H), 6.02-5.92
127.97, 127.90, 127.84, 127.64, 127.56, 117.08, 76.84, 75.01,(m, 1 H), 5.55 (s, 1 H), 5.33 (m, 1 H), 5.22 (m, 1 H), 4.36 (dd,
74.82, 73.81, 73.46, 72.24, 71.93, 71.57, 71.36, 69.67, 34.55,J = 1.5, 12.4 Hz, 1 H), 4.27 (d, 1 H), 4.26 (m, 1 H), 4.22 (m,
31.88, 29.65, 29.61, 29.51, 29.32, 26.13, 22.65, 14.09; HRMS 1 H), 4.09 (ddJ = 1.9, 12.4 Hz, 1 H), 3.95 (ddd,= 1.8, 7.7,

(FAB, M + Cs) calcd for GgHgsOsCs 831.3965, found
831.3984.
trans-1-(2,3,4,6-TetraO-benzyl-a-p-mannopyranosyl)pro-
pene (10). To a solution of the terminal olefi®a (500 mg,
0.887 mmol) in benzene (50 mL) was added RdChtalytic),

9.7 Hz, 1 H), 3.59 (s, 3 H), 3.48 (dd,= 3.6, 9.7 Hz, 1 H),
3.43 (m, 1 H);}3C NMR (CDCl, 100 MHz)6 138.56, 135.60,
129.66, 128.81, 127.12, 118.45, 104.48, 101.68, 79.42, 73.41,
70.99, 70.32, 69.71, 67.02, 57.33; IR (neat) 3419, 2966, 2871,
1450, 1401, 1370, 1079, 1050, 812 ¢mHRMS calcd for

and the solution was heated to reflux for 24 h. The reaction Ci7H2:0sNa (M + Na) 345.1314, found 345.1316. Anal. Calcd
mixture was filtered through Celite and evaporated, and the for Ci17H2:0s: C, 63.34; H, 6.87. Found: C, 63.20; H, 6.85.

crude oil was purified by silica gel chromatography (EtOAc:
hexane, 1:9 to 1:1), giving the internal olefl® in 46% yield
(30 mg): 3C NMR (CDCk, 100 MHz) 6 138.34, 138.29,

To a solution of (COC} (209uL, 2.40 mmol) in CHCI, (4
mL) at —78 °C was added DMSO (34iL, 78.1 mmol). The
reaction mixture was warmed to @ for 5 min and then

138.26, 129.66, 128.27, 128.25, 127.92, 127.87, 127.74, 127.57 recooled to-78°C. Methyl 3-allyl-4,6-benzylidene-2-hydroxy-
127.50, 127.39, 126.90, 78.60, 76.03, 75.20, 74.50, 73.88, 73.593-p-galactopyranoside (704 mg, 2.19 mmol) was dissolved in

73.27,91.99, 71.56, 69.42, 18.07; HRMS calcd fafHGoOs-

Cs (M + Cs), 697.1930, found 697.1954.
1-(2,3,4,6-TetraO-benzyl-o-p-mannopyranosyl)formic Acid

(11). To a solution of olefinl0 (230 mg, 0.407 mmol) in CH

Cl; (20 mL) at —78 °C was bubbled @ until a blue color

persisted. To remove residuas,ure Q was bubbled through

until the solution turned clear. DMS (1.0 mL) was added, and

the reaction mixture was warmed to 23 and stirred for 24 h.

CH.CI, (4 mL) and added slowly dropwise. The reaction
mixture was stirred for 30 min, and DIPEA was added (1.48
mL, 10.9 mmol). The reaction mixture was warmed to°23
diluted with CHCI, (100 mL), washed with saturated NaHgO
(50 mL), and dried (MgSg). The crude product was used
directly in the next step without further purification.

To a solution of the above ketone in MeOH (20 mL) was
added NHOAc until the solution was saturated. Sodium

The reaction mixture was concentrated under reduced pressuregyanoborohydride (116 mg, 2.19 mmol) was added, and the

The crude oil was used directly without further purification.

reaction mixture was stirred for 48 h. The reaction mixture

The aldehyde prepared above was dissolved in acetone (Swas partitioned between EtOAc (100 mL) and saturated

mL) and cooled to O@C. Jones reagent was added dropwise
until an orange color persistedPrOH (1 mL) was added to

NaHCG; (50 mL), and the aqueous layer was further extracted
with EtOAc (2 x 50 mL). The combined organic layers were

guench any excess Jones reagent, and the reaction mixture wadried (MgSQ), concentrated under reduced pressure, and

then partitioned between EtOAc (50 mL)cah N HCI (50 mL).

chromatographed (5% MeOH/GEL,), giving the aminel2 in

The aqueous layer was extracted with EtOAc (50 mL), and the good yield (77% two steps)!H NMR (CDCl;, 400 MHz) 6

combined organic phases were dried (Mgs@oncentrated

under reduced pressure, and purified by silica gel flash chro-

matography (EtOAc:Hexane:HOAc, 3:1:0.01), giving the car-
boxylic acid11in 70% vyield (two steps, 634 mg): HRMS calcd
for CgsHz60;Cs (M + Cs) 701.1515, found 701.1528.

Methyl 3-Allyl-2-amino-4,6-benzylidenef-p-talopyrano-
side (12). To a solution of methyB-p-galactopyranoside (10
g, 51.5 mmol) in CHCN (250 mL) was added benzaldehyde
dimethyl acetal (15.6 mL, 103 mmol) followed by CSA (1.19
g, 5.15 mmol). After 30 min, BN (1 mL) was added and the

7.66—-7.25 (m, 5 H), 5.99-5.88 (m, 1 H), 5.46 (s, 1 H), 5.32

5.26 (m, 1 H), 5.23+5.18 (m, 1 H), 4.36 (dd] = 1.4, 12.5 Hz,

1 H), 4.25 (d,J = 1.4 Hz, 1 H), 4.20 (dJ = 3.8 Hz, 1 H),
4.21-4.07 (m, 1 H), 4.08 (dd) = 2.0, 12.5 Hz, 1 H) 3.54 (s,

3 H), 3.54-3.48 (m, 1 H), 3.29 (dJ = 1.3 Hz, 1 H), 3.21 (d,
J=4.0Hz, 1 H), 2.19 (s, 1 H*3C NMR (CDCk, 100 MHz)

0 138.41, 135.42, 129.71, 128.90, 127.0, 118.67, 103.01, 101,-
97, 75.67, 73.76, 69.93, 69.51, 67.41, 57.22, 51.86; IR (neat)
3376, 3310, 2867, 1748, 1687, 1587, 1542, 1451, 1402, 1366
cm1; HRMS calcd for GH240sNNa (M + Na) 344.11474,

solvent was removed under reduced pressure and the crude solifound 345.1476.

was recrystallized from hot MeOH, affording the benzylidene
acetal in good yield (85%):!H NMR (CDCls, 400 MHz) 6
7.55-7.35 (m, 5 H), 5.57 (s, 1 H), 4.36 (dd= 1.4, 12.4 Hz,
1H),4.23(ddJ=1.2,38Hz,1H),422d)=74Hz 1
H), 4.10 (dd,J = 1.9, 12.5 Hz, 1 H), 3.60 (s, 3 H), 3.78.67
(m, 2 H), 3.51 (ddJ = 1.6, 3.0 Hz, 1 H), 3.49 (d] = 5.48 Hz,

1 H); 3C NMR (CDCk, 100 MHz) 6 138.0, 130.03, 129.0,

Methyl 2-[N-[(2,3,4,6-Tetra-O-benzyl-a-p-mannopyrano-
syl)carbonyl]Jamino-3-allyl-4,6-O-dibenzylidinetalopyrano-
side (13). To a solution of compouni2 (65 mg, 0.203 mmol),
mannose carboxylic acitll (150 mg, 0.264 mmol), NMM (45
uL, 0.407), and HOBt (41.1 mg, 0.305 mmol) in gEl, (3
mL) at 0 °C was added EDC (60.1 mg, 0.305 mmol). The
reaction mixture was warmed to 2& and stirred for 24 h.

127.15, 104.38, 102.06, 75.75, 73.14, 72.18, 69.53, 67.06, 57.54;The reaction mixture was diluted with EtOAc (50 mL) and
IR (neat) 3385 (br), 2966, 2872, 1466, 1551, 1403, 1366, 1173, washed successively with a 5% citric acid solution (20 mL)

1078 cntl; MS calcd for G4H1g0sNa (M + Na) 305.

and saturated NaHGQ(20 mL). The solvent was removed

To a solution of the above galactose benzylidene acetal (4.7under reduced pressure and dried (Mgh@nd the crude oil

g, 16.7 mmol) in toluene (55 mL) was added,BanO (4.56 g,
18.3 mmol), and the solution was dehydrated using a Bean
Stark trap (13C°C, 2 h). The reaction mixture was cooled to
70 °C, and TBAI (4.3 g, 11.7 mmol) was added followed by
allyl bromide (2.18 mL, 25 mmol). The solution was stirred at
130°C for 24 h before being cooled to 2& and partitioned
between EtOAc (200 mL) and saturated NaHQ@00 mL).
The aqueous layer was extracted with EtOAcx2vol), and
the combined organic layers were dried (Mggg@oncentrated

was purified by silica gel chromatography (EtOAc:hexane, 1:3
to 3:1), giving the coupled produdB in good yield (63%, 41
mg): H NMR (CDCl;, 400 MHz) 6 7.62-7.08 (m, 25 H),
5.85-5.70 (m, 1 H), 5.50 (s, 1 H), 5.16 (dd,= 1.3, 17.2 Hz,

1 H), 4.97 (dd,J = 0.72, 9.6 Hz, 1 H), 4.884.27 (m, 4 H),
4.22 (d,J= 3.2 Hz, 1 H), 4.16 (tJ = 9.6 Hz, 1 H), 4.09 (dd,
J=1.6,12.5Hz, 1 H), 4.063.93 (m, 1 H), 3.843.75 (m, 3

H), 3.64-3.51 (m, 6 H), 3.40 (dd) = 2.5, 11.4 Hz, 1 H), 3.32
(s, 1 H), 2.64 (ddJ = 1.2, 11.2 Hz, 1 H); HRMS calcd for

under reduced pressure, and chromatographed (1:1 to 100%Cs;Hs70::NCs (M + Cs) 1004.2986, found 1004.2951.
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Methyl 2-[N-[(2,3,4,6-Hydroxy-a-b-mannopyranosyl)car-
bonyllamino]-3-carboxymethyl-4,6-hydroxytalopyranoside (1).
To a solution of olefin13 (100 mg, 0.114 mmol) in CCl,
(10 mL) at—78°C was bubbled @until a blue color persisted.
To remove residual § pure Q was bubbled through until the

Wong et al.

1453, 1437, 1363, 1266, 1156, 1119 ¢mHRMS calcd for
CseH380,Cs (M + Cs) 715.1672, found 715.1680. Anal. Calcd
for C3gH3807: C, 74.20; H, 6.78. Found: C, 74.01; H, 6.50.
Dibenzyl N-[(2,3,4,6-Tetra-O-benzyl-a-p-mannopyrano-
syl)acetyl]1-glutamate (16). To a solution of carboxylic acid

solution turned clear. DMS (1.0 mL) was added, and the 14 (50 mg, 0.086 mmol), H-Glu-(OBg)pTsOH (0.095 mmol),

reaction mixture was warmed to 28 and stirred for 4 h. The

HOBt (12.8 mg, 0.095 mmol), and NMM (10:&., 0.095 mmol)

reaction mixture concentrated under reduced pressure. Thein CH,Cl, (500 uL) at 0 °C was added EDC (18 mg, 0.095

crude oil was used directly without further purification.

mmol). The reaction was allowed to stir for 24 h before being

The aldehyde prepared above was dissolved in acetone (5diluted with CHCI, (50 mL) and washed successively with a
mL) and cooled to OC. Jones reagent was added dropwise 5% citric acid solution (25 mL), saturated NaHg®bolution

until a orange color persistedPrOH (1 mL) was added to

(25 mL), and brine (25 mL). The organic phase was dried

quench any excess Jones reagent, and the reaction mixture waMgSQy), concentrated under reduced pressure, and purified by

then partitioned between EtOAc (50 mL)cah N HCI (50 mL).

silica gel chromatography (EtOAc:hexane, 1:1), giving the

The aqueous layer was extracted with EtOAc (50 mL), and the coupled productl6 in good yield (80%): *H NMR (CDCls,

combined organic phases were dried (MghQ@oncentrated

400 MHz) 6 7.35-7.15 (m, 35 H), 5.10 (s, 2 H), 5.03 (m, 2

under reduced pressure, and purified by silica gel flash chro- H), 4.60 (dddJ = 5.3, 8.3, 10.8 Hz, 1H), 4.514.35 (m, 8 H),

matography (EtOAc:HOAc, 95:5), giving the carboxylic acid
in 33% yield (two steps, 634 mg}H NMR (CDClz, 400 MHz)

0 7.54-7.10 (m, 25 H), 5.48 (s, 1 H), 4.74.26 (m, 5 H),
4.09-3.93 (m, 3 H), 3.94 (dJ = 9.6 Hz, 1 H), 3.77 (s, 1 H),
3.64 (d,J = 7.2 Hz, 1 H), 3.53 (s, 3 H), 3.573.47 (m, 1 H),
3.31 (s, 1 H), 2.64 (dJ = 8.4 Hz, 1 H), 2.78 (dJ = 8.4 Hz,

1 H); HRMS calcd for GiHss013 NCs (M + Cs) 1022.2728,
found 1022.2768.

To a solution of the above protected mimic (33 mg, 0.037
mmol) in 80% HOAc/HO (10 mL) was added a catalytic

4.29 (ddd,J = 3.1, 8.7, 8.7 Hz, 1 H), 4.043.98 (m, 1 H), 3.84
(dd,J = 7.9, 10.2 Hz, 1 H), 3.72 (dd] = 3.0, 5.1 Hz, 1 H),
3.63 (dd,J = 3.7, 5.2 Hz, 1H), 3.57 (ddl = 3.0, 7.1 Hz, 1 H),
3.55 (dd,J = 4.7, 10.2 Hz, 1 H), 2.60 (dd] = 3.3, 16.0 Hz, 1

H), 2.52 (dd,J = 9.0, 15.9 Hz, 1 H), 2.482.25 (m, 2 H), 2.16

2.07 (m, 1 H), 1.96-1.81 (m, 1 H);13C NMR (CDCk, 400
MHz) 6 171.36, 170.66, 138.07, 137.88, 137.78, 137.71, 130.32,
128.54, 128.47, 128.45, 128.39, 128.35, 128.32, 128.18, 128.14,
128.09, 128.04, 127.97, 127.94, 127.85, 127.78, 127.63, 75.25,
72.31, 74.24, 73.13, 72.80, 72.47, 71.46, 67.97, 67.73, 66.98,

amount of Pd/C (Degussa type, 10% by wt). The solution was 53.45, 37.22, 36.73; IR (neat) 3336, 3062, 3029, 2919, 2861,

flushed with hydrogen for 30 min, then stirred for 24 h under

1741, 165, 1515, 1453, 1208, 1096 TmHRMS calcd for

a H, atmosphere. The reaction mixture was filtered through CssHsgO1N (M + H) 892.4061, found 892.4095.
Celite and evaporated down under reduced pressure. The crude N-[(a-D-Mannopyranosyl)acetyl]+-glutamic Acid (2). To

oil was further evaporated withJ @ (2 x 15 mL) and finally
lyophilized, giving mimic1 as a white hygroscopic solidtH
NMR (D;0O, 400 MHz)¢ 8.02 (d,J = 7.6 Hz, 1 H), 4.58 (s, 2
H), 4.51 (s, 1 H), 4.48 (s, 1 H), 4.244.16 (m, 2 H), 4.07 (s, 1
H), 3.84-3.73 (m, 6 H), 3.62 (dd] = 3.2, 4.0 Hz, 1 H), 3.55
3.45 (m, 5 H).
2-(2,3,4,6-TetraO-benzyl-o-b-mannopyranosyl)acetic Acid
(14). To a solution of olefi@a (679 mg, 1.20 mmol) in Ck
Cl,:MeOH (8 mL:4 mL) at—78 °C was bubbled @in O, until
a blue color persisted. To remove residual Pure Q was
bubbled through until the solution turned clear. DMS (1.7 mL,

a solution of the benzyl-protected glycine aminoglycosiée
(33 mg, 0.045 mmol) in 80% HOAc/H® was added a catalytic
amount of Pd/C (Degussa type, 10% by weight). The solution
was flushed with hydrogen for 30 min then stirred for 24 h
under a H atmosphere. The reaction mixture was filtered and
evaporated down under reduced pressure. The crude oil was
further evaporated with #0 (2 x 5 mL) and finally lyophilized,
giving mimic 2 as a white hygroscopic solid 990% yield)H
NMR (D20, 400 MHz)6 4.37-4.42 (m, 1 H), 4.32 (ddd] =
1.8,5.0,5.0 Hz, 1 H), 3.87 (§ = 2.9 Hz, 1 H), 3.79 (dd) =
3.3,9.0 Hz, 1 H), 3.743.77 (m, 2 H), 3.67 (ddJ = 9.2, 9.2

24.0 mmol) was added, and the reaction mixture was warmedHz, 1 H), 3.53-3.60 (m, 1 H), 2.80 (dd] = 10.8, 14.8 Hz, 1

to 23 °C and stirred for 24 h. The reaction mixture was
evaporated and partitioned between a saturated Nald@lGtion

H), 2.55 (dd,J = 5.1, 14.9 Hz, 1 H), 2.46 (dd,= 7.0, 7.0 Hz,
2H), 2.11-2.20 (m, 1 H), 1.96-2.02 (m, 1 H){3C NMR (D;0/

(50 mL) and EtOAc (5 mL). The aqueous phase was extracted DMSO, 100 MHz)6 192, 187, 181.8, 84.2, 83.7, 79.9, 76.2,

with EtOAc (2 x 30 mL), and the combined organic phases

70.0, 44.3, 35.1; HRMS calcd for 1€H200:0N (M + H),

were dried and concentrated under reduced pressure. The crud852.1244, found 352.1238.

oil was used directly without further purification.

Dibenzyl N-[(6-O-Hexadecanyl-2,3,4-triO-benzyl-a.-b-

The aldehyde prepared above was dissolved in acetone (5mannopyranosyl)acetyl]+-glutamate (18). To a solution of
mL) and cooled to OC. Jones reagent was added dropwise 90 (1.13g, 1.62 mmol) in 1/1 acetone/8l (10 mL) was added
until a orange color persisted, which indicated the oxidation NMO (0.24 g, 2.05 mmol) followed by a solution of Os®

had gone to completioniPrOH (1 mL) was added to quench

'BuOH (0.2 g, 2.5% w/w) at 23C. The solution was stirred

any excess Jones reagent, and the reaction mixture was thefor 16 h, and the reaction was quenched by the addition of

partitioned between EtOAc (50 mL) dril N HCI (50 mL).

Na:S;03 (0.2 g), Florisil (1 g), and KD (10 mL). The mixture

The aqueous |ayer was extracted with EtOAc (50 mL), and the was acidified to pH: 1 with 1 N HCI, and the resulting solution

combined organic phases were dried (MghQoncentrated

was extracted with EtOAc (% 20 mL). The combined organic

under reduced pressure, and purified by silica gel flash chro- layers were washed with saturated NaHCfd brine, dried

matography (EtOAc:hexane:HOAc, 3:1:0.01), giving the car-
boxylic acid 14 in excellent yield (90%, 634 mg)H NMR
(CDCls, 400 MHz)6 7.35-7.15 (m, 25 H), 4.02 (m, 1 H), 3.86
(dd,J = 7.3, 10.0 Hz, 1 H), 3.78 (dd] = 2.7, 4.9 Hz, 1 H),
3.72 (dd,J= 3.2, 3.2 Hz, 1 H), 3.663.62 (m, 1 H), 3.61 (dd,
J=28,7.6 Hz, 1 H), 2.77 (dd] = 4.2, 15.8 Hz, 1 H), 2.55
(dd,J = 8.7, 15.8 Hz, 1 H); IR (neat) 3059, 2866, 1719, 1496,

with MgSQ,, filtered, and evaporated to yield a 1/1 mixture of
diastereomeric diols (1.2173 g).

To a solution of above diols (1.2173 g) in THF (8 mL) was
added NalQ@ (0.61 g) in one portion. The stirred slurry was
added HO (8 mL) over 5 min, and the mixture was kept stirring
for 2 h. The resulting solution was extracted with EtOAc(3
20 mL), and the combined organic layers were washed with
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brine, dried with MgSQ filtered, and evaporated to yield the
crude aldehyde (1.1090 g).
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(t, = 3.7 Hz, 1 H), 3.63 (ddJ = 8.2, 2.9 Hz, 1 H), 3.59 (dd,
J=4.4,3.2 Hz, 1 H), 3.443.38 (m, 1 H), 3.38 (t) = 6.9 Hz,

The above aldehyde (1.1090 g) was dissolved in acetone (72 H), 2.79 (ddJ = 16.0, 2.3 Hz, 1 H), 2.71 (dd} = 16.0, 9.5

mL), and the solution was cooled to°C. The mixture was
added Celite (0.8 g) in one portion followed by the addition of

Hz, 1 H), 1.39-1.36 (m, 2 H), 1.37 (t} = 7.1 Hz, 3 H), 1.26-
1.12 (m, 26 H), 0.88 (&) = 7.0 Hz, 3 H);13C NMR (100 MHz,

Jones reagent drop by drop until a orange color persisted, whichCDCl) 6 169.21, 166.25, 138.35, 137.69, 137.58, 137.44,
indicated the oxidation had gone to completiéRrOH (1 mL) 130.87, 128.64, 128.46, 128.42, 128.10, 127.90, 127.74, 124.90,
was added to quench any excess Jones reagent, and the reactid#1.40, 75.39, 74.73, 74.55, 73.35, 72.80, 72.41, 71.77, 71.51,
mixture was then partitioned between EtOAc (50 mL) and 1 N 67.75, 66.93, 60.88, 38.43, 31.86, 29.64, 29.60, 29.55, 29.49,
HCI (50 mL). The aqueous layer was extracted with EtOAc (2 29-35, 29.31, 29.17, 25.82, 22.64, 14.27, 14.08; HRMS (FAB,
x 50 mL), and the combined organic phases were dried with M + Cs) calcd for G4H7sNOgCs 996.4391, found 996.4353.

(MgSQy), concentrated, and purified by silica gel flash chro-

3-{N-[(6-O-Hexadecanyle-p-mannopyranosyl)]acetyl]-

matography (EtOAc/hexane/AcOH, 3/1/0.01) to yield the car- amino}benzoic Acid (3a). An ice-cold solution of 0.25 M

boxylic acid17 (0.904 g, 78% in three steps): HRMS (FAB,
M + Cs) calcd for GsHe40,Cs 849.3706, found 849.3729.

To a solution of carboxylic acid7 (260 mg, 0.363 mmol)
in CH,Cl, (3 mL) were added BnO-Glu(OBn)-NiHp-TsOH
(200 mg, 0.399 mmol), triethylamine (5@, 0.399 mmol),
HOBt (54.0 mg, 0.399 mmol), and EDC (76.4 mg, 0.399 mmol)
at 25°C under argon. The reaction was allowed to stir for 24
h before being diluted with C¥l, (20 mL) and washed
successively wit a 1 N hydrochloric acid solution (15 mL),
saturated NaHC@solution (15 mL), and brine (15 mL). The
organic phase was dried with Mg@@oncentrated, and purified
by silica gel chromatography to yietB (271 mg, 73%):H
NMR (500 MHz, CDC§) 6 7.33-7.22 (m, 25 H), 7.17 (d] =
7.9 Hz, 1 H), 5.14 (s, 2 H), 5.07, 5.04 (ABd,= 12.3 Hz, 2
H), 4.66 (dt,J = 7.9, 5.2 Hz, 1 H), 4.544.44 (m, 6 H), 4.29
(dt,J=8.3, 3.3 Hz, 1 H), 3.983.95 (m, 1 H), 3.783.71 (m,
3 H), 3.61-3.58 (m, 2 H), 3.39-3.29 (m, 2 H), 2.61 (dd) =
15.8, 3.2 Hz, 1 H), 2.52 (dd] = 15.8, 8.7 Hz, 1 H), 2.43
2.30 (m, 2 H), 2.23-2.16 (m, 1 H), 1.981.91 (m, 1 H), 1.49
(t, J=6.1 Hz, 2 H), 1.25 (bs, 26 H), 0.88 (dt= 6.8, 2.7 Hz,
3 H); 13C NMR (100 MHz, CDC}) 6 172.26, 171.35, 170.49,

LiOH in 75% MeOHag) (5.3 mL) was added to a solution of
19 (230 mg, 0.27 mmol) in tetrahydrofuran (5 mL), and the
mixture was vigorously stirred for 2 days at@. The resulting
solution was acidified wit 1 N HCI to pH -2 and extracted
with EtOAc (3 x 10 mL). The combined organic layers were
washed with brine, dried with MgSfiltered, evaporated, and
purified by a short column chromatography to yield free acid
compound 193 mg (87%)*H NMR (400 MHz, CDC}) 6 9.19

(s, 1 H), 8.06 (tJ=1.7 Hz, 1 H), 8.02 (ddd) =7.9,1.7,1.2

Hz, 1 H), 7.78 (dtJ = 7.9, 1.2 Hz, 1 H), 7.3%#7.23 (m, 16 H),
4.60 (d,J = 12.0 Hz, 1 H), 4.574.49 (m, 5 H), 4.40 (dt) =

8.8, 2.5 Hz, 1 H), 4.17 (dJ = 9.1, 3.4 Hz, 1 H), 4.00 () =

9.9 Hz, 1 H), 3.81 (tJ = 3.7 Hz, 1 H), 3.65 (ddJ = 8.1, 2.9

Hz, 1 H), 3.61 (dd,J = 4.5, 3.2 Hz, 1 H), 3.433.41 (m, 1 H),
3.39 (t,J = 7.0 Hz, 2 H), 2.83 (ddJ = 16.2, 2.5 Hz, 1 H),
2.70 (dd,J = 16.2, 9.6 Hz, 1 H), 1.431.37 (m, 2 H), 1.3+

1.13 (m, 26 H), 0.87 (t) = 7.0 Hz, 3 H);13C NMR (100 MHz,
CDCl) 6 170.86, 169.36, 138.60, 137.68, 137.59, 137.39,
129.78, 128.89, 128.48, 128.45, 128.17, 127.95, 127.82, 127.79,
125.60, 125.43, 121.82, 75.41, 74.65, 74.46, 73.48, 72.74, 72.48,
71.81, 71.58, 67.83, 67.12, 38.64, 31.89, 29.68, 29.64, 29.60,

137.81, 137.67, 135.70, 135.27, 128.46, 128.40, 128.32, 128.2829.54, 29.41, 29.34, 29.20, 25.85, 22.66, 14.11; HRMS (FAB,
128.22, 128.08, 128.04, 128.02, 127.78, 127.73, 127.69, 75.03M + Cs) calcd for GHeoNOsCs 968.4078, found 968.4060.
74.27, 73.94, 73.89, 72.48, 72.28, 71.37, 68.31, 67.49, 66.90, The above acid was hydrogenated by following the previously
66.23, 51.37, 37.44, 31.82, 30.13, 29.61, 29.57, 29.45, 29.26,described method to give compoudain 91% yield: 'H NMR

27.02, 26.00, 22.59, 14.05; HRMS (FAB, M Cs) calcd for
Co4HgsNO1oCs 1158.5071, found 1158.5116.
N-[(6-O-Hexadecanyle-p-mannopyranosyl)acetyl]+ -
glutamic Acid (3). To a mixture of benzyl ethet8 (250 mg,
0.24 mmol) in HOAC/THF/HO (12 mL, 4/1/1) was added a

(400 MHz, CDOD/CDCkL = 1/1) 6 8.16 (s, 1 H), 7.87 (d) =

7.6 Hz, 1 H), 7.78 (d) = 7.6 Hz, 1 H), 7.40 (t) = 7.6 Hz, 1
H), 4.39-4.36 (m, 1 H), 4.10 (s, 1 H), 3.823.64 (m, 5 H),
3.47 (t,J = 7.1 Hz, 2 H), 2.81 (ddJ = 15.1, 9.9 Hz, 1 H),
2.67 (dd,J = 15.1, 4.6 Hz, 1 H), 1.441.18 (m, 28 H), 0.89 (t,

catalytic amount of Pd/C (Degussa type, 10% by wt). The J = 6.8 Hz, 3 H); HRMS (FAB, M+ Cs) calcd for GiHs1-

solution was flushed with hydrogen for 30 min, then stirred for
24 h under a llatmosphere. The reaction mixture was filtered

NOgCs 698.2669, found 698.2684.
Compound 20. p-Mannose (1500 mg, 8.3 mmol) was added

and coevaporated with toluene under reduced pressure. Thdo 10 mL of allyl alcohol together with a catalytic amount (10
crude produce was recrystallized from chloroform and hexane mg) of camphorsulfonic acid. The mixture was heated to 90

to yield mimetic3 as a white solid (130 mg, 93%)H NMR

(400 MHz, CxOD/CDCl, 1/1) 6 4.52—4.48 (m, 1 H), 4.36-

4.26 (m, 1 H), 3.76-3.69 (m, 6 H), 3.50 (tJ = 7.0 Hz, 2 H),
2.67 (ddJ=14.9, 8.2 Hz, 1 H), 2.57 (ddl = 14.9, 5.8 Hz, 1
H), 2.44-2.40 (m, 2 H), 2.26-:2.22 (m, 1 H), 2.051.98 (m, 1
H), 1.59-1.56 (m, 2 H), 1.27 (bs, 26 H), 0.89 ,= 6.9 Hz,
3 H); HRMS (FAB, M + Na) calcd for GgHssNOjoNa
598.3567, found 598.3576.

Ethyl 3-{N-[(6-O-Hexadecanyl-2,3,4-triO-benzyl-o-D-
mannopyranosyl)acetyllaming benzoate (19). The prepara-
tion for the coupling of17 and ethyl 3-aminobenzoate was
followed by the above procedure to affot® in 63% vyield:
H NMR (500 MHz, CDC}) 6 9.09 (s, 1 H), 8.05 (t)= 1.5
Hz, 1 H), 7.84 (dJ = 6.5 Hz, 1 H), 7.75 (dt) = 6.5, 1.5 Hz,
1 H), 7.34-7.22 (m, 16 H), 4.60 (d) = 12.1 Hz, 1 H), 4.56-
4.48 (m, 5 H), 4.394.35 (m, 1 H), 4.35 (¢J = 7.1 Hz, 2 H),
4.16 (dt,J = 9.0, 3.5 Hz, 1 H), 4.00 (1) = 10.0 Hz, 1 H), 3.80

°C overnight, and then the excess allyl alcohol was evaporated
in vacua Flash chromatography of the residue (EtOAc:MeOH,
6:1 to 4:1) gave 1400 mg (76%) af-O-allylmannopyrano-
side: 13C NMR (CDsOD, ¢, ppm) 136.31, 118.28, 101.48,
75.47, 73.55, 72.94, 69.67, 69.36, 63.68.

To a solution of the above compound (482 mg, 2.2 mmol) in
CH,CI;:MeOH (1:4) was bubbled ozone at78 °C in the
presence of a catalytic amount of NaHg QAfter the blue color
appeared, indicating that the solution was saturated with ozone,
an excess (3 equiv) of B was added. After stirring overnight,
an extractive workup was performed (gH,/water), the
aqueous portion was evaporated, and the residue showed the
presence of only one aldehyde as the dihydrate as judged by
13C NMR (CD:0D, 6, ppm): 100.13, 88.22, 72.73, 70.36, 69.84,
66.66, 60.85.

Compound 20a. The ozonolysis oBa was performed as
described above. The aldehyde product (2 mmol, 1.1 g) was



8158 J. Am. Chem. Soc., Vol. 119, No. 35, 1997 Wong et al.

dissolved in a 3:1 mixture of THF and water and hydrogenated were further separated by ion exchange (HC©@olumn, 400
overnight at 1 atm in the presence of a catalytic amount ef Pd mM of Et;NH-HCQ;), converted to the H form (Dowex-50
C. After filtration through Celite and evaporation of the solvent, H*) and lyophilized to yield the product.

the deprotected aldehy@®a (440 mg, 98%) was isolated:C Compound 4:H NMR (D0, 400 MHz)d 4.72 (d,J = 1.7
NMR (D20) major 88.36 (hydrate), 75.05, 74.13, 71.45, 70.68, Hz, 1H), 4.69 (dd,] = 18.4, 6.7 Hz, 1H), 4.54 (dd] = 18.4,
67.38, 61.30, 35.65 (Cht minor 204.35 (aldehyde), 74.70, 6.7 Hz, 1H), 4.41J = 3 Hz, 1H), 4.15 (mJ = 8.7, 5.7, 3 Hz,
72.38, 70.68, 70.49, 67.29, 60.99, 42.23 ¢CH 1H), 3.83 (dd,J = 3.3, 1.7 Hz, 1H), 3.753.65 (m, 3H, 3.60
Enzymatic Aldol Reaction. An aldehyde (1.21.5 mmol) (m, 2H), 3.55-3.45 (m, 2H) ppm3C NMR (D,O, 100 MHz)
was dissolved in a solution of dihydroxyacetone phosphate  206.07, 96.49, 76.71, 73.72, 71.11, 70.94, 70.71, 69.18, 68.04,
(DHAP, 1 mmol, 3 mL of a 330 mM solution). The pH was 65,71, 61.73 ppm.
adjusted to 6.7 by adding NaOH and 200 U of FDP aldolase Compound 4a: *H NMR (D0, 400 MHz)o 4.55 (dd,J =
(Sigma) was added. The progress of the reaction was followed 18.7, 6 Hz, 1H), 4.45 (dd] = 18.’7 6, 1H), 4.33 (d) = 2’ Hz
by DHAP consumption (UV assay) and BYP-NMR spectros- 1H) '4.28 ('ddd '1-10.4. 3. 2 Hz 1H) 4.20 (ddd= 11.5 36
copy. After DHAP had been consumed a#B-NMR showed Hy 1H) 377 (dd] —~ 33 93Hz ,1H) 374 (ad] — 121
the appearance of a new product, the pH was adjusted to 8 and; g /', 1i_|) 3.67 (ddJ = 93 33 Hz llH) 3.56 (ddJ _
1 g of BaC}-2H;0 (4.4 mmol) in 5 mL of water was added 151 cg s 1H), 3.48 (] = 9.3 Hz lH’) 342 (ddd) = 9.3
slowly. The cloudy mixture was kept in an ice bath for 15 £ o™ 5, ,1H) 192 (ddd) = 14.7 115 3 Hz 1H) 1.60
min, and the precipitates were removed by centrifugation. Two dd’d,J _ 121_7, 1’0'4' 3.6 Hz, 1H) pp;n‘r?C NMR (,DZO,,100

volumes of acetone were added to the supernate and the mixtur Hz) 6 212.60, 78.13, 75.11, 73.97, 72.09, 70.86, 68.40, 68.20
stored at 0°C for 1 h. The precipitates were collected by 67.65. 61 4'7 3’0 4'9 p,pm. T T e e e

centrifugation, and the supernatant was discarded. The pellet
was treated with Dowex-50 Huntil the solid was completely
dissolved (ca. 30 min), and the resin was filtered off. The pH
of the filtrate was adjusted to 7.0 by adding NaOH. Lyophiliza-
tion of the solution yielded a mixture of the phosphonates that JA970920Q
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