J. Am. Chem. S0d.998,120,30073018 3007

1-N-Iminosugars: Potent and Selective InhibitorsseGlycosidases

Yoshitaka Ichikawa,* Yasuhiro Igarashi, Mie Ichikawa, and Yoshitomo Suhara

Contribution from the Department of Pharmacology and Molecular Sciences, Johns Hopkiresditgi
School of Medicine, Baltimore, Maryland 21205

Receied October 2, 1997

Abstract: A series of 1IN-iminosugars were synthesized to supply the need for glycosidase inhibitors that are
both highly potent and selective fBrglycosidases. Designed on the basis of the transition-state model of the
pB-glucosidase reaction, these iminosugar inhibitors differ from the currently available inhibitors in possessing
a nitrogen atom at the anomeric position of the pyranose ring, thereby generating a positive charge on the
anomeric position rather than on the ring oxygen of the sugar. Their syntheses, starting with a readily available
carbohydrate derivative, involve (i) introduction of an amino functionality as an azido group, (ii) formation of

a 1-N-iminopyranose ring with reductive amination, and (iii) stereoselective introduction of a hydroxymethyl
or methyl group and were accomplished in a highly stereoselective and efficient manner. The inhibitory
potencies of the N-iminosugars were evaluated against severednd3-glycosidases, and they were found

to be extremely potent and highly specific against the correspongligigcosidases, with; values in the
nanomolar range.

Inhibitors of glycosidases have been attractive target com- a-Glycosidases are generally believed to go through an E2-
pounds for synthetic chemists and biochemists, not only becausetype elimination mechanisn2(— 3 in Figure 1) during which
they serve as useful biological tools for studying the biological @ positively charged aglycon (leaving group) and the lone pair
functions of oligosaccharidesut also because they may have ©f the ring oxygen are positioned antiperiplanar and coopera-
great potential as drugs to treat a variety of carbohydrate- tively facilitate the glycosidic bond-cleaving reactibnin the _
mediated diseas@sThis group of inhibitors, which are deriva- ~ ¢ase Of thes-glycosidase reaction, if the enzyme proceeds via
tives of naturally occurring azasugars, are now finding clinical @" E2-type mechanism similar to that of theglycosidases,
application as anti-HIf,anticancef, and antidiabetic agents, € Protonated substrafehas to go through a highly strained

) ) o : )
and their effectiveness has made the development of additional'mermed'ate.6 that may not favor further reaction. It. 1S,

) S . . therefore, quite natural to assume thatfhglycosidase reaction
glycosidase inhibitors a matter of considerable interest to

thetic chemista? may follow different reaction steps than those of thglycosi-
synthetic chemists: dase reaction in order to reach the presumed reaction intermedi-

- - ate 3.
R (,i) ((?g:rl]be;ané Ai.g%éb\gguégg._guz%chemlgsz 56,497-534. (b) Dwek, When we used a molecular mechanics program to study the
(2) Hughs, A. B.; Rudg’e, A. Nat. Prod. Rep1994 35-162. reaction intermediate of the&-glucosidase reaction in terms of

(3) (@) Karpas, A.; Fleet, G. W. J.; Dwek, R. A; Petursson, S.; conformation and charge distribution, we found that the positive

Namgoong, S. K.; Ramsden, N. G.; Jacob, G. S.; Rademacher, Ftdd. ; it
Natl. Acad. Sci. U.S.ALOBS 85, 9229-0233. (b) Fleet, G. W. J.; Karpas, charge was generated at the anomeric position rather than at

A Dwek, R. A.; Fellows, L. E.; Tyms, A. S.: Petursson, S.; Namgoong, the position of the ring oxygeh. In addition, extensive work
S. K.; Ramsden, N. G.; Smith, P. W.; Son, J. C.; Wilson, F.; Witty, D. R.; by the Withers group using 2-fluckor 5-fluord* carbohydrate

\JA";‘iCk?g' g- E;iH%?:ffgaghm dT- c\r,fgnélsg é—gg 21928088 42—3276 gg%ﬁiﬂgg derivatives has made it clear that retainfhglycosidases carry
L.; Heyden, N. V.; Dedera, Dvirology 1991, 181, 180-192. ' out the glycoside-cleaving reaction via a covalent glycosyl-
(4) For review on glycosidase inhibitor as anticancer agents, see: Gross,enzyme intermediat®. On the basis of these two findings, we
i’-gs-g_Bgﬁf, M. A; Carver, J. P.; Dennis, J. @lin. Cancer Res1993 have designed a new class of iminosugarbl-itninosugars9,
’ 5) (a Jdubert, P. H.; Venter, C. P.; Joubert, H. F.; Hillebranéuk. (8) For reviews on the reaction mechanims of glycosidase reactions,
J. Pharmacal 1985 28, 705-708. (b) Anzeveno, P. B.; Creemer, L. J.; see: (a) Kirby, A. JAcc. Chem. Red984 17, 305-311. (b) Gorenstein,
Daniel, J. K.; King, C.-H.; Liu, P. SJ. Org. Chem1989 54, 2539-2542. D. G. Chem. Re. 1987, 87, 1047-1077. (c) Legler, GAdv. Carbohydr.

(c) Balfour, J. A.; McTavish, DDrugs1993 46, 1025-1054. (d) Truscheit, Chem. Biocheni99Q 48, 319-384. (d) Sinnott, M. LChem. Re. 199Q
E.; Frommer, W.; Junge, B.; Mier, L.; Schmidt, D. D.; Wingender, W. 90, 1171-1202.

Angew. Chem., Int. Ed. Endl981, 20, 744-761. (9) Kajimoto, T.; Liu, K. K.-C.; Pederson, R. L.; Zhong, Z.; Ichikawa,
(6) For reviews on the synthesis of DNJ-based iminosugar inhibitor, Y.; Porco, J. A., Jr.; Wong, C.-Hl. Am. Chem. S0d 991 113 6187

see: (a) Paulsen, H.; Todt, Kdv. Carbohydr. Chem. Biocheri968 23, 6196.

115-232. (b) Look, G. C.; Fotsch, C. H.; Wong, C.-Acc. Chem. Res (10) (a) Withers, S. G.; Street, |. P.; Bird, P.; Dolphin, D. H.Am.

1993 26, 182-190. (c) Ganem. B. BAcc. Chem. Resl996 29, 340- Chem. Soc1991, 113 7530-7531. (b) Withers, S. G.; Rupitz, K.; Street,

347. (d) Gijsen, H. J. M.; Qiao, L.; Fitz, W.; Wong, C.-t€hem. Re. I. P.J. Biol. Chem 1988 263 7929-7932. (c) McCarter, J.; Adam, M.;

1996 96, 443-473. (e) Wong, C.-H.; Halcomb, R. L.; Ichikawa, Y.; Braun, C.; Namchuk, M.; Tull, D.; Withers, S. @arbohydr. Res1993

Kajimoto, T.Angew. Chem., Int. Ed. Endl995 34, 412-432 and 52% 249 77-90.

546. (11) McCarter, J. D.; Withers, S. G. Am. Chem. S04996 118 241—
(7) For some potent designed glycosidase inhibitors, see: (a) Heightman,242.

T. D.; Ermert, P.; Klein, D.; Vasella, Adelv. Chim. Actal995 78, 514— (12) (a) McCarter, J. D.; Withers, S. Gurr. Opin. Struct. Bial 1994

532. (b) Pan, Y.-T.; Kanshal, G. P.; Papandreou, G.; Ganem, B.; Elbein, 4, 885-892. (b) Davies, GStructure1995 3, 853-859. (c) Stiz, A. E.
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Figure 1. Well-acceptedx- and-galactosidase reaction mechanism.
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Figure 2. General design strategy of glycosidase inhibitor.

in which a nitrogen atom is at the anomeric position of a pyr to give a 5-tosyl-10-benzoatel? in high yield. Azido
monosaccharide; these new iminosugars are different from thesubstitution of the 5-tosyloxy group of7 gave a 5-azido
conventional deoxynojirimycin (DNJ)-type iminosugai® derivative 18. Treatment of 18 with methanolic sodium
where a nitrogen atom replaces the ring oxygen of a monosac-methoxide followed by Ho's aldol reactigh(K,COy/HCHO/
charide. We have synthesized a variety di-Iminosugars, agueous MeOH) afforded9 with a hydroxymethyl group at
includingbp-glucose-typel 1,1314p-galactose-typ&2,1° L -fucose- the C-2 position which subsequently became the C-5 position

type 13,1617 p-glucuronic acid-typel 4,18 andp-xylose-typel5
(Figure 2). We describe herein the detailed synthesis of these
1-N-iminosugars and the evaluation of their inhibitory activities
against a variety of glycosidases.

Synthesis ofb-Glucose-Type 1N-Iminosugar 11 (Scheme
1). The synthesis ob-glucose-type IN-iminosugarll was
based on our previous synthesis of anothiwgtucose-type IN-
iminosugar with a 5-OH group’ Bols et al. have prepared
D-glucose-type N-iminosugarll, but their synthesis was rather
complicated* We therefore sought to synthesikzein a simple
and practical mannerp-Lyxose was sequentially treated with
(1) concentrated pSOy/acetone? (2) TsCl/pyr; and (3) BzCl/

(13) Ichikawa, M.;
36, 1767-1770.

(14) Jespersen, T. M.; Dong, W.; Sierks, M. R.; Skrydstrup, T.; Jundt,
I.; Bols, M. Angew. Chem., Int. Ed. Engl994 33, 1778-1779.

(15) Ichikawa, Y.; Igarashi, YTetrahedron Lett1995 36, 4585-4586.

(16) lgarashi, Y.; Ichikawa, M.; Ichikawa, YBioorg. Med. Chem. Lett
1996 6, 553-558.

(17) Hansen, A.; Tagmose, T. M.; Bols, M. Chem. Sa¢ Chem.
Commun 1996 2649-2650.

(18) Igarashi, Y.; Ichikawa, M.;
37, 2707-2708.

lgarashi, Y.; Ichikawa, YTetrahedron Lett1995

Ichikawa, YTetrahedron Lett1996

of the iminosugar. Hydrogenation @B over Pd(OH) under-
went an intramolecular cyclization to give a free glucose-type
1-N-iminosugar20 with an additional OH group at the C-5
position. Sequential treatment 2® with Boc,O in MeOH and
BzCl in pyridine gave21in high yield and left only the tertiary
5-OH free. Attempts (thiocarbonyldiimidazole, phenoxythio-
carbonyl chloride-DMAP) to remove the 5-OH group at the
C-5 failed because of its low reactivity.

Methyloxalyl chloride-tributyltin hydride has been used to
deoxygenate a tertiary OH group in ster@idsnd nucleosic@
derivatives, and we employed this system for our synthesis.
When21was treated with methyloxalyl chloride in acetonitrile
in the presence of DMAP the reaction proceeded quickky80
min) to convert21 to a faster moving compound in TLC.

(19) (a) Hughes, N. A.; Speakman, P. R. Garbohydr. Res1965 1,
171. (b) Kaskar, B.; Heise, G. L.; Michalak, R. S.; Vishnuvajjala, R.
Synthesi€99Q 1031-1032.

(20) (a) Ho, P.-T.Tetrahedron Lett1978 1623-1626. (b) Ho, P.-T.
Can. J. Chem1979 57, 381-383.

(21) Dolan, S. C.; MacMillan, 3. Chem. Sag¢Chem. CommuriL985
1588-1589.

(22) Matsuda, A.; Takenuki, K.; Sasaki, T.; Ueda, JI.Med. Chem
1991, 34, 234-239.
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aReagents and conditions: (a) (i) acetone-concentraﬁé@b‘rﬂovernight, (i) TsCl/pyridine/CC to r.t./overnight, (iii) BzCl/pyridine/OC to
r.t./overnight (41% overall yield); (b) NaDMSO/100°C/overnight (74%); (c) (i) NaOMe/MeOH/r.t. (ii) ¥COs/30% HCHO-MeOH/85 °C/
overnight (86-90%); (d) (i) H/Pd(OHYMeOH/r.t./overnight, (i 1 N HCI; (e) (i) BogO/EzN/MeOH/r.t./overnight, (ii) BzCl/pyridine/CC to
r.t./overnight; (f) (i) MeOCOCOCI/DMAP/CECN, (ii) BusSnH/VAZO/toluene/100C, (iii) SiO, chromatography with iPrOHAD/NH,OH (7:2:
1).

Scheme 2

b J(@ R@ T
N HO NHeHCI

b[:24R H d[26R’R2 12
25 R= Boc 27 R',R%= CH,
28 R'= CH,OH, R?= H

a2 Reagents and conditions: (a) (i) NaOMe/MeOH, (iiyPd(OH)/MeOH/r.t./overnight, (b) BoO/EtN/MeOH; (c) DMSO/(COCIE/CH.Cl,/
—78°C then E4N/—78 to 0°C; (d) n-BuLi/CHsPPh*Br-/DME/O °C to r.t./overnight; (e) (i) 9-BBN/THF/OC to r.t./3 h, (i) NaOH/30% HO./
r.t./overnight; (§ 1 N HCl/r.t./overnight.

Purification of the product was troublesome because of the and the subsequent Witting methylenation gave an exo-
instability of the product which was easily hydrolyzed back to methylene derivativ@7. As expected, hydroboration 87 with
the starting material as has been noted by the Matsuda gfoup. a sterically bulky 9-BBN followed by oxidative treatment gave
For the workup, we passed the ethyl acetate extract through aa single isome@8, with a desired galacto configuration. Acid
short column of dry silica gel and eluted the column with ethyl treatment of28 gave the galactose-typeN-iminosugarl2.
acetate in order to dry the oxala?2. Reduction of22 with Synthesis ofL-Fucose-Type IN-Iminosugar 13 (Scheme
tributyltin hydride in toluene in the presence of telkzobis-  3). Synthesis of -fucose-type IN-iminosugar was carried out
(cyclohexanecarbonitrile) (VAZO) gave a moderate conversion using a strategy similar to that used for synthesis of the
of the oxalate22 into a mixture of the deoxygenated products, p-galactose-type iminosugét. b-Ribose29 was converted to
p-glucose and-idose derivatives. After stepwise removal of a 5-azido-10-benzoyl-2,30-isopropylidene derivativ81in a
the protective groups (i) NaOMe and)(ii N HCI, each of the  manner similar to that for synthesiziig from 16. Removal
isomers was completely separated by silica gel chromatographyof the 1.0-benzoate group @1 followed by reductive amina-
with 2-propanct-water-NH4OH (7:2:1, v/v) to afford the faster  tion afforded a piperidine derivativ@2, which was then treated
movingb-glucose-typell and the slower moving-idose-type with Boc,O to give33. By a strategy similar to that used for
23 iminosugars in a ratio of 2:1. These structures were preparing the galactose-type iminosugk®, the piperidine
confirmed with their'H NMR spectra. derivative33was oxidized, giving a 5-keto derivati®4, which
Synthesis ofb-Galactose-Type IN-Iminosugar 12 (Scheme was subsequently methylenated to gBe Hydrogenation of
2). For the synthesis ab-galactose-type N-iminosugar, we 350n Pd-C occurred from the less hindered side (convex side)
decided to introduce the 5-hydroxymethyl group in a stepwise to give only a single isomeB6 with a desired.-fuco config-
manner: (i) introduction of a C-5 exo-methylene group and (ii) uration. Acidic treatment of36 furnished the synthesis of
subsequent hydroboration react®n.In this strategy, we L-fucose-type IN-iminosugarl3.
anticipated that the stereoselectivity of the hydroboration could  Synthesis ofo-Glucuronic Acid-Type 1-N-Iminosugar 14
be controlled by the bicyclic structure of the substrate in favor (Scheme 4). b-Glucuronic acid-type N-iminosugarl4 was
of the formation of the desirep-galacto configuration. synthesized in a strategy similar to that for thealactose-
O-Debenzoylation of the synthetic intermediate of the type iminosugat® (i) introduction of aC-5 exo-methylene
glucose-type iminosugdr8 followed by hydrogenation led to  group, (ii) hydroboration, and (iii) subsequent oxidation of the
intramolecular reductive amination, giving a cyclic imino hydroxymethyl group to the corresponding carboxylate.
derivative24. This step was followed by thd-protection with Arabinose37 was converted to a 5-azidofuranose deriva8ge
a Boc group, giving a 3,®-isopropylidenepiperidine derivative  according to the published procedure of Legler et*allreat-
25with a free OH group at th€-5 position. Swern oxidatidd ment of38 with 4-methoxyphenol in the presence of TMSOTf
of 25 with DMSO—(COCI), afforded a 5-keto derivativs, gave a single isomer @0. Exchange of th©-protective groups

(23) Mancuso, A. J.; Huang, S.-L.; Swern, D.Org. Chem1978 43, (24) Legler, G.; Sta, A. E.; Immich, H.Carbohydr. Res1995 272
2480-2482. 17-30.
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Scheme 3
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@ Reagents and conditions: (a) (i) acetone-concentrat&®if .t./overnight, (ii) TsCl/pyridine/0C to r.t./overnight, (iii) BzCl/pyridine/OC to
r.t./3 h (48% overall); (b) NaMDMSO/60-65 °C/overnight (91%); (c) (i) NaOMe/MeOH/r.t. (ii) #Pd(OH}/MeOH/r.t./overnight (75% overall);
(d) BoO/EtsN/MeQH/r.t./overnight (73%); (e) (i) DMSO/(COGICH:CI,/—60°C then EfN/—60 to 0°C (80%); (f)n-BuLi/CHsPPR*Br-/DME/
0 °C to r.t./overnight (77%); (g) biPd—C/MeOH/r.t./5 h (82%); (n1 N HCI/r.t./overnight (96-95%).

Scheme 4
o o CO,H OH
- 0~ e Bno/m HO HOC—7~——NH
R BnO N—Boc — HO NH
OH
b[38R1 R2 Ac E42R =H, R2= OH 14 48
39 R'= 4-OMe-Ph, R%= Ac 43R'R%=0
[
40 R'= 4-OMe-Ph, R?= Bn g E 44 R',R?= CH,

41 R'=H, R?%=Bn ,{45 R'= CH,OH, R?= H

) 45' R'= H, R?= CH,OH

|
46 R'= CHO, R’=H
46' R'= H, R%= CHO

I 47 R'= CO,H, R?=H
47' R'=H, R?= CO,H

a Reagents and conditions: (a) ref; (b) 4-MeO-phenol/TMSOT#HTWr.t./4 h; (c) (i) NaOMe/MeOH, (ii) NaH/BnBr/DMF/OC to r.t./overnight;
(d) (NHa)2Ce(NGs)e/ CHsCN—H,0/0 °C/5 min; (e) (i) H/Lindlar catalyst/MeOH/r.t./overnight, (ii) Be®©/Et;N/MeOH/r.t./4 h; (f) DMSO/(COCH
CH,Cl,/—78 °C then EfN/—78 to 0°C; (g) LIN(TMS),/CHsPPH;*Br~/THF/0 °C to r.t./overnight; (h) 9-BBN/THF/CC to r.t./overnight then
NaOH/35% HO./0 °C to r.t./overnight; (i) DMSO/(COCHCH,CI,/—78 °C then EtN/—78 °C to r.t./overnight; (j) NaCl@35% HO,/CH;CN—

phosphate buffer/0C to r.t./1 h; (k) (i) H/Pd(OH}/MeOQOH/r.t./overnight,

Scheme 8
BnO
BnO
BMN/BOC e, B"’O/mOSN/BOc b
OH
T
42 49

BnO c
> BMN/BOC -

(i 1 N HCI, (iii) SiO, chromatography.

"o\,

50 15

@ Reagents and conditions: (a) thiocarbonyldiimidazole4Ql)}4/80 °C/overnight; (b) BgSnH/AICN/toluene/100C/overnight; (c) (i) H/Pd(OH)/

MeOH/room temperature/overnight,)( N HCI.

of 39 from the acetyl to the more stable benzyl groups afforded
40, which was then treated with (Nj3Ce(NGs)s to remove
the C-1 4-methoxyphenol group and give an anomeric4ike
Reductive amination o#1 over a Lindlar catalys® (Pd—
BaSQ) afforded a piperidine derivativé2 after N-butoxycar-
bonylation. Oxidation oft2 with DMSO—(COCI)%?3 to give a
5-keto derivative43 followed by a Wittig methylenation gave
44. Hydroboration of44 with 9-BBN gave a mixture ofi5
with a b-gluco configuration (R= CH,OH, R2 = H) and the
other isomer ofL-idose45. Conversion of45 to the corre-
sponding uronic acid derivative was performed in a stepwise
manner. First, oxidation o045 with DMSO—(COCI),?® gave

an aldehydet6, which was subsequently further oxidized by
H,0, and NaClQ in a CHiCN—phosphate buffer systefito
produce ap-glucuronic acid derivativet7. Hydrogenolytic

(25) Corey, E. J.; Nicolaou, K. C.; Balanson, R. D.; MachidaSynthesis
1975 590-591.
(26) Dalcanale, E.; Montanari, B. Org. Chem1986 51, 567—569.

removal of the benzyl group @7 followed by acidic treatment
furnished thep-glucuronic acid-type N-iminosugarl4 and an
easily separable-iduronic acid derivativet8.

Synthesis ofp-Xylose-Type Iminosugar 15 (Scheme 5).
Theb-xylose-type 1IN-iminosugarl5was easily prepared from
a synthetic intermediatd2 during the synthesis of the-
glucuronic acid-type iminosugat4. Treatment of43 with
thiocarbonyldiimidazole gave a thiocarbonylimidate derivative
49, which was subsequently subjected to radical deoxygenation
with BusSnH to give a deoxygenated derivati8. Hydro-
genolysis of 50 followed by acidic treatment afforded the
D-xylose-type IN-iminosugarlb.

N-Alkylation of 1- N-Iminosugars. N-Alkylation of 1-N-
iminosugars was performed by reductive amination-bfitanal
and boranepyridine complex in MeOH-phosphate bufféf
to give the correspondiniy-n-butyl 1-N-iminosugars almost
quantitatively.

(27) Yoshida, T.; Lee, Y. C. Carbohydr. R&994 251, 175-186.
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Evaluation of the Inhibitory Potencies of the 1-N-Imino- in 55% and56,% significantly abolished the inhibitory activity
sugar Derivatives. We evaluate# the ability of each of the of the iminosugar (entries 8 and 9).
synthesized N-iminosugars to inhibit a series commercially Fuconojirimycin, a DNJ-type iminosugar, is a potent inhibitor
available glycosidaseso-glucosidase (yeast)3-glucosidase of a-fucosidase, with a Ki of 4.8 nN2 however L -fucose-type
(almond),a-galactosidase (green coffee beafisjalactosidase  1-N-iminosugarl3 (entry 10) was, as expected, a moderate
(Aspergillus orizag a-mannosidase (jack beanm);fucosidase inhibitor againsii-fucosidase, with an I of 26 uM, because
(bovine kidney), ang-glucuronidase (bovine liver), all obtained  the 1N-iminosugar was designed as an inhibitor feglycosi-
from Sigma Chemical Co., (St. Louis, MO). Thesiiralues dase and not for-glycosidasé® It is noteworthy that the

obtained are summarized in Table 1. N-butyl derivative57 (Entry 11) was found to inhibif-glu-
The conventional type iminosugar deoxynojirimycin (DNJ) cosidase effectively, with an Kgof 80 uM.
inhibits o-glucosidase more potentlyK{ = 12.6 uM) than A conventional glucuronic acid-type iminosugar is a weak

p-glucosidasel; = 47 uM).8¢ As expected, the glucose-type inhibitor of -p-glucuronidase, with a Ki of 8@M,33 whereas,
1-N-iminosugar11 (entry 1) was found to be a very potent as expected, the glucuronic acid-typ&ldminosugarl5 (Entry
inhibitor of B-glucosidase with an I value of 0.1uM; in 13) was a very potent inhibitor ¢f-p-glucuronidase with a Ki
contrast, it did not effectively inhibit-glucosidase (16, 150 of 79 nM, and this iminosugar did not inhibit other glycosidases
uM). The structure of the N-iminosugar does not include a  at concentrations below 1 m#. L-lduronic acid-type imino-
C-2 OH group; however, the kg value of this iminosugar  sugar48 (Entry 14) inhibits-p-glucuronidase only modestly
againsta-mannosidase was determined to be 280, which (ICs0 = 1.3 uM).

is similar to that fora-glucosidase, and it may be concluded  We have also examined the inhibitory potencies of othisr 1-
that the glucose-type M-iminosugarll did not discriminate  iminosugars that were easily prepared from the synthetic
betweena-glucosidase and--mannosidase. Even thougdi intermediates of the synthesesidf-14. A C-2 symmetrical
did not inhibit either a-galactosidase and-fucosidase, it iminosugars8 (Entry 15) which was prepared fro&2 by acidic
showed a modest inhibition of-galactosidase. When the treatment was found to be a potent inhibitorfglucosidase,

nitrogen group was butylated, tté-butylglucose-type N- with an 1Gso of 8.8 uM. It also inhibitedp-galactosidase only
|m|nosugar5; (entry 2) |nh|.b'|ted'ﬁ-gluc03|dase 380-quch less  weakly (IGso = 40uM). The N-butyl derivative59 (Entry 16)
potent than did th&l-unmodified iminosugat1. N-Modifica- had a 60-fold lower inhibitory activity againgkglucosidase.

tion (alkylation) has been reported to not alter the inhibitory  The|-galactose-type N-iminosuga60, which was prepared
activity of the DNJ-type iminosugar very muéhhowever, the  py hydroboration 086, and itsN-butyl derivative61 inhibited
inhibitory potencies of IN-iminosugars were found to be  g.glucosidase and-galactosidase only weakly (entries 17 and
significantly affected. Itis interesting that the inhibitory potency 18). Another iminosuga224343(Entry 19), prepared from the
againsta-glucosidase remained the same updalkylation. synthetic intermediat@4, was found to inhibito- and 5-ga-
With an additional OH group at the C-5 position dfl, lactosidases equally, with kg values of 56-70 uM. It is
compound 20! (entry 3) was also a potent inhibitor of interesting that the-idose-type IN-iminosugar23 (Entry 21)
fB-glucosidase but was not as potentldswhich lacks this OH inhibited 5-glucosidase quite well, with an kgof 8 uM.
group. TheN-butyl derivative52 showed an inhibition pattern Discussion. We have designed and synthesized a new class
similar to thqt 9f51- o of glycosidase inhibitors, N-iminosugars. All the syntheses
DNJ-type iminosugar galactonojirimycin is a very potent \yere straightforward and highly stereoselective and were carried
inhibitor of a-galactosidase with a Ki of 1.6 nM butis notvery oyt using readily available monosaccharides. There was a
effective fora-galactosidasel; = 160 nM)8°3! The galactose-  remarkable difference between ouNtiminosugars9 and the
type 1N-iminosugarl2 (entry 5) was found to be an extremely  conventional DNJ-type iminosugaf€. Iminosugars with a
potent inhibitor off-galactosidase, with an kgvalue of 12 pitrogen atom replacing the ring oxygen positid tend to
nM (Ki = 4 nM).1*> It was also a potent inhibitor ¢f-glucosi- inhibit the corresponding-glycosidases more potently than the
OH group is different. These data suggested that the mostjminosugars9 with a nitrogen atom at the anomeric position
critical factor required for potent inhibition ma.y be the Charge are extreme|y potent inhibitors of the Correspon(ﬂqghlcosi_
distribution. N-Butylation of 12 (entry 6) dramatically weak-  gases, and show only modest inhibitory potencies against
ened the inhibitory potency again$tgalactosidase (by-400- a-glycosidases.
fold); the 1C5o of 53 was determined to be/&M. However,53 In the case of the-galactosidase reaction (A in Figure 3),
showed a slightly higher (about 4-fold) inhibitory activity against (1) 5 substrate-galactoside as a ground-state structure is bound
o-galactosidase. Thi-oxide derivative54 (entry 7) showed  py the enzyme active site, (2) the aglycon of the enzyme-bound
moderate inhibitory activity similar to that &3, and it may  gypstrate is protonated by a general acid, and (3) an E2-like
indicate that the oxidation of the nitrogen atom did not help g|imination reaction takes place between the lone electron pair
produce a clear positive charge on the nitrogen atom. The o the ring oxygen and the protonated aglycon show64
presence of the an additional OH group at the C-5 position, asgecause these two components in the E2 elimination are
(28) (a) Halvorson, HMethods EnzymolL966 8, 559-562. (b) Dale, positioned antiperiplanar to each other, this elimination process

M. P.; Ensley, H. E.; Kern, K.; Sastry, K. A. R.; Byers, L. Biochemistry proceeds rapidly without a noticeable intermediate to lead to a
1985 24, 3530-3539.

(29) (a) For study oiN-alkylated iminosugars with isolated enzymes, (32) Fleet, G. W.; Shaw, A. N.; Evans, S. V.; Fellows, L.E.Chem.

see: Al Daher, S.; Fleet, G.; Namgoong, S. K.; WinchesteBiBchem. J Soc., Chem. Commuh985 841—-842.

1989 258 613-615. (b) For study oN-alkylated iminosugars with cells, (33) Cenci di Bello, I.; Dorling, P.; Fellows, L.; Winchester, BEBS

see: Tan, A.; van den Broek, L.; van Boeckel, S.; Ploegh, H.; Bolscher, J. Lett 1984 176, 61-64.

J. Biol. Chem 1991, 266, 14504-14510. (34) We synthesized the iminosugd® and 63 from 24 which was a
(30) Ichikawa, M.; Ichikawa, YBiorg. Med. Chem1995 3, 161-165. synthetic intermediate for the galactose-typ&-iminosugar12. Their
(31) (a) Paulsen, H.; Hayauchi, Y.; Sinnwell, hem. Ber198Q 113 syntheses have been reported. Bar (a) Bernotas, R. C.; Papandreous,

2601-2608. (b) Legler, G.; Pohl, SCarbohyr. Res1986 155 119-129. G.; Urbach, J.; Ganem, Bletrahedron Lett1990Q 31, 3393-3396. (b)

(c) Bernotas, R. C.; Pezzone, M. A.; Ganem,@arbohydr. Res1987, See ref 24. Fo63: McCaig, A. E.; Chomier, B.; Wightman, R. Hl.

167, 305-311. Carbohydr. Chem1994 13, 397-407.
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A. o-Galactosidase reaction mechanism

No Stable
Intermediate

First Intermediate

HO OH | HO _OH HO -oH HO _oH HO -OH
____________ HO | HO HO 2 2
68 69 70 71 12
Ki value for a-galactosidase 1.6 nM 7.5uM 8.3 uM 200 nM 200 puM (ICs)
Ki value for B-galactosidase 160 nM 13.4 uM 6.5 uM 140 uM 4.1nM

Figure 3. Proposed reaction mechanismaof and $-galactosidases.

well-accepted transition-state structéin which the galactose  the positive charge on the C-1 nitrogen atom is too far away
has a half-chair conformation and a positive charge developing for interacting with the general base.

at the position of the ring oxygen. A naturally occurring As in the case of thg-galactosidase reaction mechanism (B
deoxygalactonojirimycin (DGJ$S8, a conventional DNJ-type  in Figure 3), a protonated aglycon of the enzyme-bound substrate
iminosugar, is an extremely potent inhibitor@fgalactosidase  $-galactosideé6 departs from the sugar ring with the aid of the
(K; = 1.6 nM¥c3t presumably because it has a ground-state general base. This leaves (albeit transiently) a galactose
conformation and has a positive charge that is close enough toderivative having a positive charge at the anomeric posgion

be able to interact with the negative charge of the general base We gave the name “First Intermediate” to this derivat a

A galactosylamine derivativé9 has a positive charge on the relatively stable reaction intermediate of tfiegalactosidase
glycosyl amino group that is a little too far to interact with the reaction that is stabilized by the general base group. The
general base, and therefore it shows a modest inhibitory potencycomplex of First Intermediategeneral base is similar in
againsti-galactosidas& Ganem’s amidine derivative0® has ~ Structure to the glycosyl enzyme complex described by the
both characteristics, making it a potential potent inhibitor of Withers group37 First Intermediate is then collapsed, with
glycosidase: a half-chair conformation and a positive charge the aid of the lone electron pair of the ring oxygen, shown as
at the ring oxygen position mimicking the transition-state 67, t0 yield the common reaction intermedi&® DGJ68was
structure65; however, its Ki value was reported to be 8! found to be a less potent inhibitor gfgalactosidase than of

for a-galactosidasés® This result was rather unexpected a-galactosidas€ presumably because positive charge may be

because it has been thought that a transition-state mimeticsocated far from the general base, even though it has a ground-

would be a more potent inhibitor than would a compound that state conformation which is favorable for binding to the enzyme

is a ground-state analogue. It is possible to assume that gactive site. The galactosylamine derivaté&is still a moderate

conformational difference between the ground-s@tand the !nhibitor of f-galactosidas®, again because its positive chargg
amidine derivativer0 could disrupt the binding of the inhibitor is located far from the general base. Because Ganem's amidine

to an enzyme active site that binds to a substrate with a ground-Zg‘E\l’;"aeS (Prrgfairti?stﬁk::r\/%gltl,-:gctzg r;ees dpter;tr:s?ﬂgﬁi?ar?;astgronal raend
state conformation. A five-membered iminosu@armrepared 9 ' P B3

by the Wong groug? which shares some of the characteristics which is common to botfu- and f-galactosidases, the com-

\ - pound shows similar inhibitory potencies against bath(K;
of both DGJ and Ganem’s amidine-type compound, also showed” : . _ 6635 Thic find;
an inhibitory potency that was similar to that of the amidine 8.3uM) andf5-galactosidases( = 6.5uM). This finding

derivative 70, probably for the reasons already cited for the may indicate that a compound which mimics the transition state
. ’ I o f the gl id ti Idb tent inhibitor but rath
amidine70. Our 1N-iminosugar inhibitorl2 showed only a Of Ihe giyeosICase reaction could be a potent INMIvIor LUt rather

T . = nonspecific. Wong's five-membered iminosugék shows a
weak inhibition ofa-galactosidase (I = 200 4M) because similar decrease in inhibitory potency when compared to that

(35) (&) Tong, M. K.; Papandreou, G.; Ganem.JBAm. Chem. Soc (36) Wang, Y.-F.; Takaoka, Y.; Wong, C.-tAngew. Chem., Int. Ed.
199Q 112 6137-6139. (b) An unsuccessful approach to a similar amidine Engl. 1994 33, 1242-1244.
derivative was reported: Bird, P.; Dolphin, D. H.; Withers, S.Gan. J. (37) Withers, S. G.; Street, I. B. Am. Chem. Sod 988 110, 8551

Chem 199Q 68, 317—322. 8553.
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of DGJ3¢ Our 1N-iminosugar12 has both characteristics
required for targeting First Intermedia6¥: a ground-state-
like conformation and correct positioning of the positive charge
to allow it to interact with the general base; consistent with

these features, it was found to be an extremely potent inhibitor

of -galactosidase, with a Ki value of 4.1 nM. Further study

is necessary to determine whether First Intermediate is formed = ¢_ Azido-5-deoxy-2-(hydroxymethyl)-2,30-

Ichikawa et al.

H-5), 4.83 (d, 1H,J = 5.8 Hz, H-2), 4.87 (dd, 1H] = 3.2 and 5.8 Hz,
H-3), 6.35 (s, 1H, H-1), 7.32 (d, 2H] = 8.0 Hz, o-aromatic H of
benzoyl group), 7.45 (t, 2H) = 7.7 Hz, maromatic H of benzoyl
group), 7.59 (tt, 1HJ = 1.4 and 7.4 Hzp-aromatic H of benzoyl
group), 7.81 (d, 2HJ = 8.3 Hz, aromatic H of tosyl group), 7.98 (d,
2H,J = 8.4 Hz, aromatic H of tosyl group). Anal. Calcd fopH24-
SGs: C, 58.92; H, 5.39. Found: C, 58.52; H, 5.52.
isopropylidene-o/f-p-

via an 1-type process followed by subsequent charge stabi- |yxofyranose (19). A mixture of 17 (21.0 g, 46.8 mmol) and NaN
lization or whether it is formed via an assisted internal concerted (13.2 g, 203 mmol) in DMF (150 mL) was heated overnight at 120

process involving the carboxylate ion as a nucleophile as
suggested by the Wither's grodn1? In any cases, our work

has not only further confirmed the structure of the intermediate
of glycosidase reaction by the Wither's group but has also

°C, and the reaction mixture was poured intoieeater and extracted
with EtOAc. The combined extracts were successively washed with
water, agueous NaHGGolution, and brine, dried, and concentrated
to give an azido derivativé8 as a colorless solid. This was employed

suggested a strategy for designing a potent and specific inhibitorfor the next step without further purification.

of p-glycosidase: (i) a proper charge distribution (positive
charge at the anomeric position) and (ii) a ground-state-like
conformation (a chair conformation).

Summary. We have described the synthesis, from readily
available monosaccharides, of a new class dFininosugars

A solution of the abovd8in MeOH (250 mL) and 25% methanolic
NaOMe (2.5 mL) was stirred for 30 min at room temperature, and the
solution was neutralized by the addition of AcOH. The mixture was
concentrated, and the residue was passed through silica gel with
toluene-EtOAc (20:1) to give the crud®-debenzoylated derivative
as a colorless oil. This was employed for the next step without further

with a nitrogen atom at the anomeric position. These synthesespurification.

were carried out in a highly stereoselective and efficient manner

and produced N-iminosugars that are highly potent and
specific inhibitors off3-glycosidases. The concept of imino-

sugars that we demonstrated herein clearly indicates a design

strategy for development of selective inhibitors of glycosi-
dases: We could develop a potent and specific inhibitor of a
pB-glycosidase by synthesizing an analogue of olN-imino-
sugars9; in contrast, an analogue of the conventional DNJ-
type iminosugard 0 would be expected to be a potent inhibitor
of a-glycosidases.

Experimental Section

General Methods. All melting points are uncorrected. The reagents

A solution of the above anomeric free derivative, 30% HCHO
solution (125 mL), and KCO; (12.5 g, 90.4 mmol) in MeOH (200
mL) was heated for 24 h at 8&. After cooling, the reaction mixture
as neutralized by the addition of 10%%$0, solution, concentrated,
diluted with water, and extracted with EtOAc. The combined extracts
were successively washed with water, agueous Natoition, and
brine, dried, and concentrated. The residue was chromatographed on
silica gel with hexanesEtOAc (20:1 to 2:1) to givel9 (9.2 g, 80%)
as a colorless oil, which crystallized on standing. A small portion was
recrystallized from hexane€tOAc to give an analytical sample as
colorless needles: mp 781 °C (hexanesEtOAc); 'H NMR (CDCl)

0 1.48 and 1.57 (each s, each 3H, £ the isopropylidene group),
3.56 (dd, 1H,J = 6.43 and 13.04 Hz, H-5a), 3.59 (dd, 1#= 6.47
and 13.04 Hz, H-5b), 3.74 (ddd, 1B= 2.86 and 6.45 Hz, H-4), 3.80
(d, 1H,J = 2.89 Hz, H-3), 3.85 (d, 1H] = 11.7 Hz, H-2a), 4.60 (d,

used were purchased from Aldrich, Sigma, or Acros, and the solvents 1H, J = 2.97 Hz, H-1), 4.92 (d, 1H) = 11.7 Hz, H-2b).
were reagent grade and used as supplied. Organic extracts were dried tert-Butyl (3S,4S,5R)-4,5-Di-O-benzoyl-3-((benzoyloxy)methyl)-

over anhydrous MgSg£and concentrated in vacuéH NMR spectra
were recorded at 300 MHz, ad#C NMR spectra were recorded at 75
MHz on a Bruker AXM 300 spectrometer. Internal standards used in
IH NMR spectra were TMS¢( 0.00) for CDC}, HOD (6 4.78) for
D,0, and in*3C NMR were CDC} (6 75.0) for CDC} and CHCN (6
1.30) for D,O. Elemental analysis were performed by Galbraith

3,4,5-trinydroxypiperidine-1-carboxylate (21). A mixture of19(2.0

g, 8.16 mmol) and Pd(OH)(450 mg) in MeOH (100 mL) was
vigorously stirred under an atmosphere ofdd room temperature for

12 h, the reaction mixture was filtered through a Celite pad, and the
filter cake was washed with aqueous 50% MeOH. The combined
filtrates were concentrated to give a crude piperidine derivative. This

Laboratories (Knoxville, TN), and mass spectral data were analyzed was employed for the next step without further purification.

by Mass Spectrometry Laboratory at University of Illinois (Urbana
Champaign, IL).

Synthesis ofb-Glucose-Type 1IN-Iminosugar. 1-O-Benzoyl-2,3-
O-isopropylidene-50-p-toluenesulfonyl-a-p-lyxofuranose (17). A
mixture ofp-lyxose (12.6 g, 83.9 mmol) and concentrates8, (0.74
mL) in dry acetone (300 mL) was stirred overnight at room temperature,
and the reaction mixture was neutralized by stirring with solid
anhydrous NzCO; (30 g) for 3 h. The suspension was filtered and
concentrated to give crude 2¢3isopropylidenes-lyxofuranose as a
colorless syrup. This was employed for the next step without further
purification.

p-Toluenesulfonyl chloride (17.6 g, 92.3 mmol) was added portion-
wise to a cooled solution of the above isopropylidene derivative in
pyridine (300 mL) at 6-5 °C, and the mixture was stirred overnight at
room temperature. The reaction mixture was then cooled-t T,

A solution of the above piperidine derivative 1 N HCI (30 mL)
was stirred overnight at room temperature, and the mixture was
concentrated. The residue was coevaporated with MeOH and 1,4-
dioxane several times to give cru@6. This was employed for the
next step without further purification.

A mixture of the above0, EtN (1.79 mL, 12.9 mmol), and (Bog)
(3.74 g, 17.2 mmol) in MeOH (100 mL) was stirred overnight at room
temperature, and the reaction mixture was concentrated to give an
N-Boc derivative. This was employed for the next step without further
purification.

Benzoyl chloride (6.03 g, 42.9 mmol) was added dropwise to a
solution of the aboveN-Boc derivative in pyridine (50 mL) at-85
°C, and the reaction mixture was stirred overnight at room temperature.
The reaction mixture was poured into iewater and extracted with
EtOAc. The combined extracts were successively washed with water,

and benzoyl chloride (14.2 g, 101 mmol) was added dropwise to the diluted CuSQ solution, aqueous NaHGGolution, and brine, dried,

mixture. After 1 h, the reaction mixture was poured into-ieeter

and concentrated. The residue was chromatographed on silica gel with

and extracted with EtOAc. The combined extracts were successively hexanes-EtOAc (20:1 to 2:1) to give2l (2.3 g, 49% overall) as a

washed with diluted HCI solution, aqueous NaH&0lution, and brine,
dried, and concentrated to give crutie(29.3 g, 78% fronp-lyxose)

as a colorless solid. A small portion was recrystallized from hexanes
EtOAc to give an analytical sample as colorless needles: mp-115
118°C (hexanesEtOAc); 'H NMR (CDCls) 6 1.30 and 1.39 (each s,
each 3H, CH of isopropylidene group), 2.42 (s, 3H, Glof tosyl
group), 4.21 (ddd, 1H) = 3.2 and 8.9 Hz, H-4), 4.364.44 (m, 2H,

colorless solid. A small portion was recrystallized from hexanes
EtOAc to give an analytical sample as colorless cubes: mp-178
°C (hexanesEtOAc); *H NMR (CDCl;) ¢ 1.45 (s, 9H, tBu of Boc
group), 3.35 (m, 2H), 4.18 (m, 1H), 4.38 (m, 1H), 4.40 (d, IH+
11.7 Hz), 4.50 (d, 1HJ = 11.7 Hz), 5.52 (m, 1H, H-3), 5.68 (d, 1H,
J = 8.2 Hz, H-4), 7.32-7.58 (m, 9H, aromatic H of benzoyl group),
7.91-8.02 (m, 6H, aromatic H of benzoyl group).
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D-Glucose-Type 1IN-Iminosugar: (3R,4R,5R)-5-(Hydroxymethyl)- and the reaction mixture was neutralized by the addition of AcOH.
piperidine-3,4-diol Hydrochloride Salt (11). MeOCOCOCI (0.19 mL, The mixture was concentrated, and the residue was passed through silica
255 mg, 2.08 mmol) was added dropwise to a cooled solutioklof gel with toluene-EtOAc (20:1) to give crude anomeric free product.
(700 mg, 1.22 mmol) and DMAP (340 mg, 2.78 mmol) in £HN (10 This was employed for the next step without further purification.

mL) at 0-5 °C, and the reaction mixture was stirred fbh atroom A mixture of the above product and Pd(QH250 mg) in MeOH
temperature. The reaction mixture was poured inte-ivater and (200 mL) was vigorously stirred under 1 atm of fér 12 h at room
extracted with EtOAc, and the combined extracts were successively temperature, the reaction mixture was filtered through a Celite pad,
washed with water, aqueous NaHgsblution, and brine, dried, and  and the filter cake was washed with aqueous MeOH. The combined
passed through a short column of dry silica gel with EtOAc. Due to filtrates were concentrated to give a piperidine derivafi¢e This was

the liability of the compound, the combined filtrates were concentrated employed for the next step without further purification.

and the compound was employed for the next step immediately. A solution of the above@4, (Boc)0 (1.02 g, 4.70 mmol), and g

A solution of BuSnH (809 mg, 2.78 mmol) and VAZO (30 mg,  (0.48 g, 4.70 mmol) in MeOH (20 mL) was stirred overnight at room
catalytic amount) in toluene (30 mL) was added dropwise to a solution temperature, and the reaction mixture was concentrated. The residue
of the above oxalyl ester in toluene (10 mL), and the mixture was heated was diluted with EtOAc, and the organic layer was successively washed
at 100°C for 1 h. The reaction mixture was concentrated, and the with water and brine, dried, and concentrated to e This was
residue was passed through silica gel with tolueBEOAc (40:1) to employed for the next step without further purification.
give crude deoxygenated derivatives. A solution of DMSO (1.18 g, 15.1 mmol) in Gi&l, (5 mL) was

A solution of the above deoxygenated derivatives and 25% metha- added dropwise to a cooled solution of (CQGB.77 mL, 7.6 mmol,
nolic NaOMe (0.20 mL) in MeOH (5 mL) was stirredrf@ h atroom 2.0 M solution) in CHCI, (15 mL) at—78 °C. After 30 min, to the
temperature. Next N HCI (5 mL) was added to the mixture, and the  solution was added dropwise a solution of the ab®¥én CH,Cl, (7
reaction mixture was stirred overnight at room temperature. The mL) at—78°C, and the mixture was stirred for another 40 mirn-a8
mixture was diluted with water (20 mL) and applied onto a column of °C. A solution of Et{N (1.90 g, 18.8 mmol) in CkCl, (5 mL) was
Dowex 50W-X8 [Hf] resin (20 mL). The column was washed with  then added dropwise to the reaction mixture-@8 °C, and the reaction
water (30 mL), and the product was eluted out with 3%,0H (50 temperature was gradually raised te®°C in 30 min. The reaction
mL). The fractions containing the mixture &fl and23 were pooled mixture was poured into icewater and extracted with EtOAc. The
and concentrated. The residue was chromatographed on silica gel withcombined extracts were successively washed with water, aqueous
2-propanot-H,O—NH4OH (7:2:1) to give chromatographically pure  NaHCGQ; solution, and brine, dried, and concentrated. The residue was
11 (R 0.37 in 2-propanetH,O—NH,OH, 7:2:1) and23 (R 0.26 in chromatographed on silica gel with toluerietOAc (10:1 to 4:1) to
2-propanot-H,O—NH4OH, 7:2:1). Water (10 mL) was added to the  give 26 (365 mg, 43% overall) as a colorless needle: mp 11616.5
residue, and the solution was concentrated in order to remove the°C (hexanesEtOAc); 'H NMR (CDCl) 6 1.40 (s, 3H, CH of
residual NHOH. Water (10 mL) ad 1 N HCI (5 mL) were added to isopropylidene group), 1.45 (s, 9H, t-Bu of Boc group), 1.47 (s, 3H,
residue, and the solution was concentrated in order to form a CHjs of isopropylidene group), 3.51 (m, 1H, H-6), 3.60 (m, 1H, H-6),
hydrochloride salt of the iminosugar. The residue was applied onto a 4.65 (m, 1H, H-2), 4.83 (m, 2H, H-4 and -5), 4.95 (m, 1H, H-Z¢
column of Sephadex G-25 (10 25 cm) and eluted with water. The  NMR (CDCl) 6 24.9, 26.3, 80.5, 111.2, 154.2, 202.8.
fractions containing the product were pooled and concentrated. The tert-Butyl (3R,4S)-3,4-O-Isopropylidene-5-methylene-3,4-dihy-
residue was lyophilized from water (5 mL) to affotd (80 mg, 36%) droxypiperidine-1-carboxylate (27). A solution of 1.6 Mn-BulLi (3.47
as a colorless amorphous powder (HCl salt). In a similar ma@28r,  mL, 5.17 mmol) in hexane was added dropwise to a cooled suspension
(40 mg, 18%) was also obtained as a colorless amorphous powder (HClof methyltriphenylphosphonium bromide (2.19 g, 5.77 mmol) in DME

salt). Forll (p-glucose-type):*H NMR (Dz0) 4 1.91-2.02 (m, 1H, (35 mL) at 0-5 °C, and the mixture was stirredrfd h at 0-5 °C. A
H-5), 2.88 (t, 1H,J = 11.92 Hz), 2.97 (t, 1HJ = 12.68 Hz), 3.48 solution of 26 (320 mg, 1.18 mmol) in DME (2 mL) was added
3.56 (m, 2H), 3.7+3.85 (m, 3H). The data were in good agreement dropwise to the solution at-6 °C, and the mixture was stirred for 2
with those reported by Bols et &l. For L-idose-type IN-iminosugar h at 0-5°C. The reaction mixture was then stirred for anotBé at
(3R,4R,55)-5-hydroxymethyl-piperidine-3,4-diol hydrochloride salt the ambient temperature. The reaction mixture was poured inte ice
(23): *H NMR (D20) 6 2.37-2.45 (m, 1H, H-5), 3.00 (t, 1H) = water and extracted with EtOAc. The combined extracts were
12.52 Hz), 3.22-3.38 (m, 3H), 3.59 (dd, 1HI=7.19, 11.29 Hz, H-7a), successively washed with water, aqueous Naki€fution, and brine,
3.70 (dd, 1H,J = 6.56, 11.29 Hz, H-7b), 3.984.01 (m, 1H), 4.04 dried, and concentrated. The residue was chromatographed on silica
4.07 (m, 1H). gel with toluene-EtOAc (30:1 to 10:1) to giv@7 (246 mg, 77%) as
N-Butyl p-Glucose-Type 1N-Iminosugar: (3R,4R,5R)-N-Butyl- a colorless oil:'H NMR (CDs;0OD) 6 1.34 (s, 3H, CHof isopropylidene
5-(hydroxymethyl)piperidine-3,4-diol Hydrochloride Salt (51). BH3- group), 1.40 (s, 3H, Cklof isopropylidene group), 1.46 (s, 9H, tBu of

pyridine (8 M; 50 mL, 0.40 mmol) was added to a cooled mixture of Boc group), 2.94 (m, 1H, H-2), 3.74 (m, 1H, H-6), 3.89 (dd+ 2.4

11 (24.7 mg, 0.13 mmol) and-PrCHO (19 mg, 0.27 mmol; 25 mL) and 14.4 Hz, H-2), 4.244.36 (m, 2H, H-3 and H-6), 4.71 (d,= 7.5

in MeOH (2 mL) and phosphate buffer (100 mM, pH 6.8; 5 mL) at Hz, 1H, H-4), 5.20 (s, 1H, €CH,), 5.27 (s, 1H, &CH,); 13*C NMR

0-5 °C, and the reaction mixture was stirred overnight at room (CDs;OD) 6 24.94, 27.05, 28.76, 76.05, 77.33, 80.87, 110.25, 141.24,

temperature. The mixture was diluted with water (30 mL), and Dowex 156.91.

50W-X8 [H*] resin (30 mL) was carefully added to the mixture tert-Butyl (3R,4S,5R)-3-(Hydroxymethyl)-4,5-O-isopropylidene-

(hydrogen bubble was evolved). After the bubbling ceased, the resin 4,5-dihydroxypiperidine-1-carboxylate (28). To a stirred solution of

was packed in a column and washed with water (50 mL). The product 27 (200 mg, 0.743 mmol) in THF (6 mL) was added dropwise a 0.5 M

was eluted out with 3% NFDH, and the fractions containing the  solution of 9-BBN (7.43 mL, 3.72 mmol) in THF at® °C, and the

product were pooled and concentrated. The residue was diluted with reaction mixture was stirred for 15 h at room temperature and then

water aid 1 N HCI (until the solution became acidic), and the resulting cooled to 6-5 °C. To the cooled mixture were successively added

mixture was concentrated. The residue was purified with Sephadex water (0.5 mL) 1 N NaOH solution (0.5 mL), and 30%;,8B; solution

G-25, with water, and the fractions were concentrated. The product (0.5 mL) at G-5 °C, and the reaction mixture was stirred for 12 h at

was lyophilized from water to givB1 (25 mg, 80%):H NMR (D20) room temperature. The reaction mixture was diluted with water and

0 0.94 (t, 3H,J = 7.38 Hz, CH of Bu), 1.39 (g, 2H,J = 7.43 Hz, extracted with EtOAc. The combined extracts were successively

CH3CH2CH,CH.N), 1.68-1.79 (m, 2H, CHCH>CH.CH:N), 1.92-2.07 washed with water and brine, dried, and concentrated. The residue

(m, 1H, H-5), 2.85-3.04 (m, 1H), 3.183.25 (m, 2H), 3.53 (t, 1HJ was chromatographed on silica gel with tolue#OAc (20:1 to 3:1)

= 10.13 Hz), 3.6%+3.66 (m, 1H), 3.723.86 (m, 3H). to give 28 (121 mg, 56%) as a colorless oitH NMR (CDCl) 6 1.35
Synthesis ofb-Galactose-Type IN-iminosugar. tert-Butyl (4R,5R)- and 1.45 (each s, each 3H, €éf isopropylidene group), 1.46 (s, 9H,

4,5-0-Isopropylidene-4,5-dihydroxy-3-piperidone-1-carboxylate (26). tBu of Boc group), 2.01 (s, 1H), 3.22 (m, 2H), 3.50 (m, 1H), 3.75 (m,

A solution 0f18 (1.0 g, 3.13 mmol) and 25% methanolic NaOMe (0.2  4H), 4.46 (dd, 1H,) = 2.67 and 7.02 Hz); HRMS (ClI) calcd fori s

mL) in MeOH (20 mL) was stirred for 30 min at room temperature, NOs (M*) 287.1733, found 287.1738.
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p-Galactose-Type IN-Iminosugar: (3R,4S,5R)-5-(Hydroxymeth-
yl)piperidine-3,4-diol Hydrochloride Salt (12). A solution 0f28 (103
mg, 0.36 mmol)m 1 N HCI (10 mL) was stirred overnight at room

Ichikawa et al.

3.51 (m, 1H, H-6), 3.60 (m, 1H, H-6), 4.65 (m, 1H, H-2), 4.83 (m,
2H, H-4 and -5), 4.95 (m, 1H, H-2J3C NMR (CDCE) 6 24.9, 26.3,
80.5, 111.2, 154.2, 202.8; FABMS calcd forsH24N20s (M + NHz)*

temperature, and the reaction mixture was concentrated. The residue288.1, found 288.1.

was coevaporated with water (10 mL) and purified with a column of

tert-Butyl (3S,4R)-3,4-O-Isopropylidene-5-methylene-3,4-dihy-

Sephadex G-25 with water. The fractions containing iminosugar were droxypiperidine-1-carboxylate (35). In a manner similar to the
pooled and concentrated, and the residue was lyophilized from water preparation of the methylene derivati2@ from the ketone derivative

(5 mL) to givel2 (62 mg, 94%) as a colorless amorphous powdet:
NMR (D20) 6 1.89-1.99 (m, 1H, H-5), 2.73 (t, 1HJ = 12.6 Hz,
H-2ax), 2.86 (t, 1HJ = 11.9 Hz, H-6ax), 3.05 (dd, 1H,= 4.29 and
12.21 Hz, H-6eq), 3.09 (dd, 1H,= 7.07 and 11.89 Hz, H-2eq), 3.40
(dd, 1H,J = 7.24 and 11.29 Hz, H-7a), 3.40 (dd, 1= 6.70 and
11.26 Hz, H-7b), 3.77 (ddd, 1H,= 2.69, 7.05, and 11.55 Hz, H-3),
3.93 (br s, 1H, H-4)!3C NMR (D;O) ¢ 41.54, 42.31, 44.65, 62.71,
68.32, 68.70; HRMS (CI) calcd for 81:13NOs (M + H*) 148.0974,
found 148.0976.

Synthesis ofL-Fucose-Type 1N-Iminosugar. 1-O-Benzoyl-2,3-
O-isopropylidene-5O-p-toluenesulfonyl3-p-ribose (30). In a manner
similar to the preparation of the tosyl derivati¢& from p-lyxose 16,
D-ribose 29 (10 g) was converted to the tosyl derivatigé (20.0 g,
48% fromp-ribose) as colorless needles: mp 8283.0°C (hexanes
EtOAc); 'H NMR (CDCl;) 6 1.35 (s, 3H, CH), 1.57 (s, 3H, Ch),
2.39 (s, 3H, ArCH), 4.05 (dd, 1HJ = 6.9, 10.3 Hz, H-5), 4.10 (dd,
1H,J=5.1, 10.3 Hz, H-5), 4.48 (dd, 1H,= 5.1, 6.9 Hz, H-4), 4.87
(s, 2H, H-2,3), 6.43 (s, 1H, H-1), 7.22 (d, 2Bi= 8.2 Hz, aromatic H
of the tosyl group), 7.48 (dd, 2H,= 7.7 Hz, aromatic H of the benzoyl
group), 7.62 (dd, 1H) = 7.3 Hz, aromatic H of the benzoyl group),
7.66 (d, 2H,J = 8.2 Hz, aromatic H of the tosyl group), 8.00 (d, 2H,
J = 7.3 Hz, aromatic H of the benzoyl grougfC NMR (CDCk) 6

26, 34 (935 mg, 3.45 mmol) was converted35 (610 mg, 66%) as a
colorless oil: *"H NMR (CD;OD) 6 1.34 (s, 3H, CHof isopropylidene
group), 1.40 (s, 3H, Cklof isopropylidene group), 1.46 (s, 9H, tBu of
Boc group), 2.94 (m, 1H, H-2), 3.74 (m, 1H, H-6), 3.89 (dd= 2.4
and 14.4 Hz, H-2), 4.244.36 (m, 2H, H-3 and H-6), 4.71 (d,= 7.5
Hz, 1H, H-4), 5.20 (s, 1H, €CHy), 5.27 (s, 1H, G=CH,); 3C NMR
(CDsOD) ¢ 24.94, 27.05, 28.76, 76.05, 77.33, 80.87, 110.25, 141.24,
156.91; HRMS (ClI) calcd for GH2sNO4 (M + H*) 270.1705, found
270.1710.

tert-Butyl (3S,4R,5R)-3,4-O-Isopropylidene-5-methyl-3,4-dihy-
droxypiperidine-1-carboxylate (36). A suspension 0B85 (493 mg,
1.83 mmol) and 10% Pd/C (50 mg) in EtOAEtOH (30 mL-20 mL)
was vigorously stirred under an atmosphere offét 10 h at room
temperature, the reaction mixture was filtered through a Celite pad,
and the filter cake was washed with EtOAc. The combined filtrates
were concentrated, and the residue was chromatographed on silica gel
with hexanes EtOAc (30:1 to 10:1) to give36 (408 mg, 82%) as a
colorless oil: '"H NMR (CDCl3) 6 1.05 (d, 3H,J = 6.9 Hz, CH at
C-5), 1.34 and 1.44 (each s, each 3H,GHl isopropylidene group),
1.46 (s, 9H, tBu of Boc group), 1.90 (m, 1H, H-5), 2.99 (t, iH+=
12.3 Hz), 3.34 (m, 2H), 3.68 (m, 1H), 4.20 (dd, 1H= 2.5 and 6.9
Hz), 4.27 (br s, 1H)*C NMR (CDCk) 0 24.7, 26.5, 28.4, 30.7, 72.7,

21.47,24.87, 26.33, 68.84, 81.09, 84.92, 85.09, 102.73, 113.32, 127.78,74.9, 108.2, 164.1; HRMS (CI) calcd for1£1,sNOs (M + H™)
128.45, 129.73, 129.80, 133.48, 145.04, 164.61. Anal. Calcd for 272.1862, found 272.1860.

C:H206S: C, 59.19; H, 4.96. Found: C, 55.53; H, 5.50.
5-Azido-1-O-benzoyl-5-deoxy-2,329-isopropylidene3-p-ribose (31).
In a manner similar to the preparation of the azido derivati®@éom
the tosyl derivativel7, 30 (18.7 g, 41.7 mmol) was converted 8d
(12.2 g, 92%) as colorless needles: mp 880.5°C (EtOH-hexane);
1H NMR (CDCl;) 6 1.37 (s, 3H, CH), 1.59 (s, 3H, CH), 3.31 (dd,
1H,J = 6.8 and 12.7 Hz, H-5), 3.55 (dd, 1H,= 7.0 and 12.7 Hz,
H-5), 4.48 (dt, 1HJ = 0.93 and 6.9 Hz, H-4), 4.76 (dd, 1B= 0.93
and 6.0 Hz, H-3), 4.90 (d, 1H,= 6.0 Hz, H-2), 7.46 (dd, 2H]= 7.4
and 7.9 Hzmr-aromatic H), 7.60 (tt, 1H) = 1.3 and 7.4 Hzp-aromatic
H), 8.01 (dd, 2H,) = 1.3 and 7.9 Hzp-aromatic H);:3C NMR (CDCk)

024.9, 26.4,53.0, 81.7, 85.2, 86.6, 103.1, 113.4, 128.5, 129.6, 133.5,

164.7. Anal. Calcd for GH17/NsOs: C, 56.42; H, 5.36; N, 13.16.
Found: C, 56.76; H, 5.43; N, 12.98.

(3S,4R,5R)-3,4-O-Isopropylidenepiperidine-3,4,5-triol (32). In a
manner similar to the preparation of the piperidine deriva2dérom
the azido derivativel8, 31 (4.62 g, 14.5 mmol) was converted 3@
(1.88 g, 95% overall) as a colorless amorphous powder: mpR92
°C; 'H NMR (CDCk) 6 1.38 and 1.55 (each s, each 3H, £éf
isopropylidene group), 2.743.15 (m, 6H, H-2, -6, ® and NH), 3.79
(m, 1H), 4.15 (m, 1H), 4.27 (m, 1H}3C NMR (CDCk) ¢ 25.5, 26.9,
46.6, 47.2, 64.9, 71.8, 74.2, 108.7; HRMS (CI) calcd fgHENO3
(M + H)* 174.1130, found 174.1129.

tert-Butyl (3S,4R,5R)-2,3-O-Isopropylidene-3,4,5-trinydroxypip-
eridine-1-carboxylate (33). In a manner similar to the preparation of
the N-Boc derivative25 from the piperidine derivativé4, 32 (4.50 g,
26.0 mmol) was converted t83 (5.10 g, 73%) as colorless needles:
mp 82.5-83.5°C (from hexanesEtOAc); *H NMR (CDCl) ¢ 1.38
and 1.51 (each s, each 3H, €éf isopropylidene group), 1.46 (s, 9H,
tBu of Boc group), 2.79 (m, 1H), 3.18 (dd, 1Bl= 9.9 and 12.2 Hz),
3.45 (dd, 1HJ = 4.0 and 14.0 Hz), 3.56 (m, 2H), 3.90 (m, 1H), 4.38
(m, 2H);13C NMR (CDCk) 6 24.7, 26.6, 28.3, 65.6, 72.2, 79.8, 109.3.
Anal. Calcd for GsH23NOs: C, 57.13; H, 8.48; N, 5.12. Found: C,
57.08; H, 8.74; N, 5.21.

tert-Butyl (4S,55)-4,5-O-Isopropylidene-4,5-dihydroxy-3-piperi-
done-1-carboxylate (34).In a manner similar to the preparation of
the ketone derivativ@6 from the hydroxyl derivative5, 33 (2.06 g,
7.54 mmol) was converted @4 (1.63 g, 80%) as a colorless oitH
NMR (CDCls) 6 1.40 (s, 3H, CH of isopropylidene group), 1.45 (s,
9H, t-Bu of Boc group), 1.47 (s, 3H, GHbf isopropylidene group),

L-Fucose-Type IN-Iminosugar: (3S,4R,5R)-5-methylpiperidine-
3,4-diol Hydrochloride Salt (13). In a manner similar to the
preparation ofL.2 from the protected derivative8, 36 (278 mg, 1.02
mmol) was converted t@3 (154 mg, 90%) as a colorless amorphous
powder (HCI salt): *H NMR (D20) ¢ 0.93 (d, 3H,J = 6.75 Hz, C-5
CHs), 1.96 (m, 1H, H-5), 2.73 (dd, 1H, = 12.6 Hz, H-2ax or -6ax),
2.91 (dd, 1HJ = 11.7 Hz, H-6ax or -2ax), 3.01 (dd, 1d~= 3.65 and
12.6 Hz, H-2eq or -6eq), 3.17 (dd, 18l= 4.22 and 11.3 Hz, H-6eq
or -2eq), 3.85 (s, 1H, H-4), 3.87 (dm, 1Bi= 12 Hz, H-3);°C NMR
(D,0) 6 13.89, 31.88, 41.85, 43.22, 66.25, 69.70; HRMS (CI) calcd
for CeH1aNO, (M + H)* 132.1025, found 132.1023.

Synthesis ofb-Glucuronic Acid-Type 1-N-Iminosugar 14. p-
Methoxyphenyl 5-Azido-5-deoxy-2,3-di©-acetyl-a-p-arabinofura-
noside (39). TMSOTf (2.06 g, 1.79 mL, 9.27 mmol) was added
dropwise to a cooled solution d38 (9.3 g, 30.9 mmol) andp-
methoxyphenol (5.75 g, 46.4 mmol) in GEl, (200 mL) at G-5 °C,
and the mixture was stirredf@ h atroom temperature. The reaction
mixture was diluted with CECl,, washed successively with saturated
NaHCG; solution and brine, dried, and concentrated. The residue was
chromatographed on silica gel with hexar&OAc (20:1 to 4:1) to
give 39 (9.5 g, 84%) as a colorless oitH NMR (CDCl3) 6 2.14 (s,
3H, CH; of acetyl group), 2.15 (s, 3H, GHof acetyl group), 3.47 (dd,
1H,J = 4.8 and 13.3 Hz, H-5a), 3.69 (dd, 1Bi= 3.0 and 13.3 Hz,
H-5b), 3.77 (s, 3H, OCH), 4.35 (ddd, 1HJ = 3.0, 4.8, and 4.9 Hz,
H-4), 5.08 (dd, 1H,) = 1.4 and 4.9 Hz, H-3), 5.36 (d, 1H,= 1.4 Hz,
H-2), 5.61 (s, 1H, H-1), 6.83 (dm, 2H,= 9.1 Hz, aromatic H), 7.01
(dm, 2H,J = 9.1 Hz, aromatic H)}*C NMR (CDCk) 6 20.76, 51.34,
55.65, 77.68, 81.45, 82.86, 104.91, 114.63, 118.34, 149.93, 155.33,
169.75, 170.40. Anal. Calcd for;@4:9N3O7 C, 52.60; H, 5.24; N,
11.50. Found: C, 52.80; H, 5.32; N, 11.29.

p-Methoxyphenyl 5-Azido-5-deoxy-2,3-di©-benzyl-a-p-arabino-
furanoside (40). A mixture of 39 (8.0 g, 21.9 mmol) and 25%
methanolic NaOMe (1.6 mL) in MeOH (160 mL) was stirred for 30
min at room temperature, and the reaction mixture was neutralized with
Dowex 50W-X8 [H], filtered to remove the resins, and concentrated.
The residual oil was diluted with ED, dried, and concentrated.

NaH (60% mineral oil dispersion; 2.10 g, 52.6 mmol) was added
portionwise to a cooled solution of the above residue in dry DMF (150
mL) at 0-5 °C, and the suspension was stirred for 30 min at room
temperature. The mixture was cooled again-ab0C, benzyl bromide
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(8.99 g, 6.25 mL, 52.6 mmol) was added dropwise to this solution, was stirred for 18 h at ambient temperature. The reaction mixture was
and the reaction mixture was stirred overnight at room temperature. evaporated, and the residue was dissolved in water and EtOAc. The
The reaction mixture was poured onto io@ater and extracted with organic layer was successively washed with water and brine, dried,
EtOAc. The combined extracts were successively washed with water and concentrated. The residue was chromatographed on silica gel with
and brine, dried, and concentrated. The residue was chromatographedexanes-EtOAc (30:1 to 10:1) to givéd4 (596 mg, 81%) as a colorless

on silica gel with hexanesetOAc (1:0 to 10:1) to givé0 (9.5 g, 99%) oil: *H NMR (CDCls) 6 1.44 (s, 9H, t-Bu of Boc group), 3.56 (br s,

as a colorless oil*H NMR (CDCls) 6 3.31 (dd, 1HJ = 5.0 and 13.2 2H), 3.75 (dd, 1HJ = 5.3 and 14.2 Hz), 3.91 (m, 2H), 4.15 (m, 1H),
Hz, H-5a), 3.51 (dd, 1HJ = 2.8 and 13.2 Hz, H-5b), 3.77 (s, 3H, 4.45 (d, 1H,J = 11.8 Hz, benzylic H), 4.57 (d, 1H] = 11.5 Hz,
OCHg), 4.00 (dd, 1HJ = 3.3 and 6.7 Hz, H-3), 4.30 (dd, 1H=1.1 benzylic H), 4.61 (d, 1HJ = 11.5 Hz, benzylic H), 4.71 (d, 1H, =

and 3.5 Hz, H-2), 4.32 (m, 1H, H-4), 4.54 (d, 2H+= 11.8 Hz, benzylic 11.8 Hz), 5.13 (s, 1H, €CH), 5.23 (br s, 1H, &CH), 7.28-7.36

H), 4.64 (d, 2H,J = 11.8 Hz, benzylic H), 5.60 (s, 1H, H-1), 6.83 (d,  (m, 10H, aromatic H). Anal. Calcd forgHs;NOs: C, 72.52; H, 7.86;
2H,J = 9.1 Hz, aromatic H op-MeOPh group), 6.98 (d, 2H,= 9.1 N, 3.52. Found: C, 72.60; H, 8.14; N, 3.48.

Hz, aromatic H ofp-MeOPh group), 7.3%7.35 (m, 10H, aromatic H tert-Butyl (3R,4R,5R9)-3,4-Di-O-benzyl-3,4-dihydroxy-5-(hy-

of benzyl groups);*C NMR (CDCk) ¢ 51.64, 55.68, 72.34, 72.50,  groxymethyl)piperidine-1-carboxylate (45). In a manner similar to
80.77, 83.61, 88.21, 105.37, 114.61, 118.04, 127.88, 128.01, 128.04:the hydroboration reaction of the methylene derivattiz to the
128.09, 128.51, 128.55, 137.17, 137.55, 150.46, 155.03. Anal. Calcd hydroxy! derivative28, 44 (339 mg, 0.853 mmol) was converted46

for CodHzN3Os: C, 67.67; H, 5.89; N, 9.10. Found: C, 68.00; H,  (concomitant with45) (404 mg, quantitative) as a colorless ot

6.00; N, 8.87. _ o NMR (CDCl) 6 1.43 (s, 9H, t-Bu of Boc group), 1.84 (m, 1H, H-5),
(3R4R 5R)-3,4-Di-O-benzyl-3,4,5-trihydroxypiperidine (42). (NHz)>- 3.47-3.84 (m, 8H), 4.58 (d, 1H) = 11.6 Hz), 4.66 (d, 1H) = 11.4

Ce(NGy)s (18.8 g, 3.4.3 mmol) was added to a cooled solutiot@f Hz), 4.72 (dm, 1H,) = 11.6 Hz), 4.84 (m, 1H), 7.367.35 (m, 10H,

(5.0 g, 11.4 mmol) in CECN (90 mL) and HO (30 mL) at 6-5 °C, aromatic H of benzyl group); FABMS calcd forg13NOs (M + H)*

and the mixture was stirred for 5 min at this temperature. The reaction 427 2 found 427.3.
mixture was diluted with BEO, washed successively with water, diluted : :

- . . ) tert-Butyl (3R,4R,5RS)-3,4-Di-O-benzyl-5-formyl-3,4-dihydrox-
N2,S0; solution, saturated NaHGCSolution and brine, dried, and hypiperidine-l-carboxylate (46). In a manner similar to the oxidation

concentrated. The residue was chromatographed on silica gel wit of the hydroxyl derivative?5 to the ketone derivativas, 45 (300 mg,

hexanes EtOAC (29:1 10 4:1) to give crudél as a colorless oil. . 0.724 mmol) was converted #6 (251 mg, 84%) as a colorless oil:
A suspended mixture of the abovd and Pd-CaCQ (1.50 g) in IH NMR (CDCly) 6 1.45 (s, 9H, tBu of Boc group), 2.968.12 (m,

MeOH (600 mL) was vigorously stirred under the atmosphere of H 2H), 3.60-4.66 (m, 9H), 7.26-7.36 (M, 10H, aromatic H of benzyl

for 24 h at room temperature. The reaction mixture was filtered through . +
a Celite pad, and the filtrate was concentrated. The residue Wasgroup), FABMS calcd for @eHsNOs (M + H)" 426.2, found 426.3.

chromatographed on silica gel with CHEMeOH (1:0 to 10:1) to _D-Glucuronic Acid-Type 1-N-Iminosugar: (3R 4R,55)-5-Carboxy-
give the imine (2.14 g, 60%) as a colorless dil NMR (CDCl) 6 Ipiperidine-3,4-diol Hydrochloride Salt (14). To a mixture of46 (220

2.49 (dd, 1H,) = 8.7 and 13.4 Hz, H-2ax), 2.65 (dd, 18i= 2.4and ~ ™MY: 0-53 mmol) and Na#pQy-H.0 (736 mg, 5.3 mmol) in CLCN—
13.8 Hz, H-6ax), 3.00 (dd, 1H,= 4.6 and 13.8 Hz, H-6eq), 3.14 (dd, H.O (10 mL-2 mL) were successn_/ely added a 35%OK solution
1H, J = 4.3 and 13.4 Hz, H-2eq), 3.51 (dd, 18i= 3.1 and 7.8 Hz, (0.062 mL, 0.64 mmol) and a solution of NaGI(B0%, 72 mg, 0.64
H-4), 3.65 (ddd, 1H) = 4.4, 7.8, and 8.7 Hz, H-3), 3.95 (ddd, 18, mmol) in water (10 mL) at 65 °C, and the reaction mixture was stirred

=2.4,3.1, and 4.6 Hz, H-5), 4.63 (d, 18= 11.8 Hz, benzylic H) for 1 h atroom temperature. N80O; (100 mg) was added to the
4.672‘(d 1HJ = 11.7 Hz bénzylic H') 4674 «d 1H = 11.8 Hz. mixture to quench the oxidants, and the resulting mixture was extracted

benzylic H), 4.73 (d, 1H,) = 11.7 Hz, benzylic H), 7.287.36 (m with EtOAc. The combined extracts were successively washed with
10H aromalltic H)-13é NMR (CDCk) 6 48.00 49.1'9 67.20 72.3:5 water and brine, dried, and concentrated. The residue was passed

72.54, 76.02, 81.28, 127.66, 127.79, 127.88, 128.40, 128.50, 138.18,through silica gel with CHG-MeOH (9:1) to give cruded7 as a
138.56; HRMS calcd for GH.NOs (M + H)* 314.1756, found colorless oil. This was employed for the next step without further

314.1755. purification.
tertButyl (3R,4R 5R)-3,4-Di-O-benzyl-3,4,5-trihydroxypiperidine- A mixture of the abovet7and Pd(OH) (50 mg) in MeOH (12 mL)
1-carboxylate (42). A solution of41 (1.61 g, 5.14 mmol), (BogD was vigorously stirred under the atmosphere offét 18 h at room

(1.68 g, 7.71 mmol), and B (0.78 g, 7.71 mmol) in MeOH (30 mL) temperature. The mixture was filtered through a Celite pad, and the
was stirred fo 4 h atroom temperature, and the reaction mixture was filtrate was concentrated. A mixture of the residoeliN HCI (3 mL)
concentrated. The residue was chromatographed on silica gel withwas stirred fo 3 h at room temperature, and the mixture was
hexanesEtOAc (20:1 to 4:1) to givel2 (1.55 g, 75%) as a colorless concentrated. The residue was chromatographed on silica gel with
oil: H NMR (CDCl) 6 1.44 (s, 9H, tBu of Boc group), 3.4(8.50 2-propanot-Hz;0—30% NH,OH (7:2:1; v/v) to give a chromatographi-
(m, 3H), 3.60 (dd, 1HJ = 3.2 and 6.0 Hz, H-4), 3.70 (m, 2H), 3.96  cally pure14, which was dissolved in 0.1 N HCI and concentrated.
(br's, 1H, H-5), 4.53 (d, 1H]J = 11.6 Hz, benzylic H), 4.62 (d, 1H), The residue was diluted with water (1 mL) and applied onto a column
= 11.8 Hz, benzylic H), 4.68 (d, 1H = 11.8 Hz, benzylic H), 4.70 of Sephadex G-25 (1.8 25 cm) and eluted with water. The fractions
(d, 1H,J = 11.6 Hz, benzylic H), 7.387.36 (m, 10H, aromatic H); containing the product were pooled and concentrated. The residue was
FABMS calcd for G4H3:NOs 412.2, found 412.2. lyophilized from water to givd4 (27.5 mg, 26% overall) as a colorless
tert-Butyl (4S,5R)-4,5-O-Dibenzyl-4,5-dihydroxy-3-piperidone-1- amorphous powder (HCI saltjH NMR (300 MHz, D:0) 6 2.90 (ddd,
carboxylate (43). In a manner similar to the preparation of the ketone 1H,J=4.3,7.4,7.8 Hz, H-5), 3.07 (dd, 1d= 7.7, 12.9 Hz, H-2ax),
derivative26 from the hydroxyl derivative5s, 42 (1.36 g, 3.39 mmol) 3.38 (dd, 1H,J = 7.8, 13.2 Hz, H-6ax), 3.50 (dd, 1H,= 3.6, 12.9

was converted td3(1.06 g, 78%) as a colorless oil NMR (CDCly) Hz, H-2eq), 3.51 (dd, 1H] = 4.3, 13.2 Hz, H-6eq), 3.90 (ddd, 18,

0 1.44 (s, 9H, tBu of Boc group), 3.67 (dd, 18/= 6.0 and 13.8 Hz), =3.6, 7.2, 7.7 Hz, H-3), 4.08 (t, 1H,= 7.0 Hz, H-4); HRMS calcd

3.83 (m, 1H), 3.93-4.00 (m, 3H), 4.14 (d, 1H] = 17.0 Hz), 4.56 (d, for CeH12NO4 (M + H)* 162.0766, found 162.0766.

1H,J = 11.6 Hz, benzylic H), 4.62 (d, 1H, = 11.9 Hz, benzylic H), D-Xylose-Type 1N-Iminosugar: (3R,4R)-Piperidine-3,4-diol Hy-

4.68 (d, 1H,J = 11.9 Hz, benzylic H), 4.79 (d, 1H] = 11.6 Hz, drochloride Salt (15). A mixture of 42 (900 mg, 2.18 mmol) and

benzylic H), 7.28-7.37 (m, 10H, aromatic H). Anal. Calcd fop{l,s thiocarbonyldiimidazole (1.55 g, 8.7 mmol) in CIGEH.CI (50 mL)

NGs: C, 69.16; H, 7.31; N, 3.51. Found: C, 69.22; H, 6.95; N, 3.27. was heated under gentle reflux overnight, and the reaction mixture was
tert-Butyl (3R,4R)-3,4-Di-O-benzyl-5-methylene-3,4-dihydroxypi- concentrated. The residue was chromatographed on silica gel, with

peridine-1-carboxylate (44). (TMS),NLi (1M solution; 15.7 mL, 15.7 hexanes-EtOAc (20:1), to give49 (940 mg, 83%). ltstH NMR

mmol) was added dropwise to a cooled suspension GPEHBr (6.68 spectrum (in CDG)) showed the presence of two components probably

g, 18.7 mmol) in DME (80 mL), and the mixture was stirred foh at due to the isomers around th&Boc group: *H NMR (300 MHz,
0—5°C. A solution 0f43 (740 mg, 1.85 mmol) in DME (10 mL) was CDCl3) 6 1.31 and 1.39 (br s each, Boc group), 5.72 and 5.84 (br s
then added dropwise to the mixture at®°C, and the reaction mixture each, H-5), 7.03 (br s, 1H, imidazole), 7.54 (br s, 1H, imidazole).
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A solution of 49 (940 mg, 1.80 mmol) and 17hzobis(cyclohex- Each assay was performed in either phosphate buffer (25 mM; pH
anecarbonitrile) (30 mg) in toluene (20 mL) was added dropwise to a 6.8) or acetate buffer (25 mM; pH 5.0) with 4-nitropheny- (
preheated mixture of-BusSnH (1.31 g, 4.49 mmol; 1.21 mL) in toluene  nitrophenyl) glycoside derivatives of the sugars exceptfFaalac-

(50 mL) at 90°C, and the reaction mixture was heated overnight at 90 tosidase assay in which 2-nitrophengdr{itrophenyl)s-galactoside was
°C. The mixture was concentrated, and the residue was chromato-used. The reactions were initiated by addition of enzyme to a cooled
graphed on silica gel, with hexareBtOAc (50:1), to give50 (213 solution of the substrate (06 mM) at 0-5 °C in the presence or
mg, 36%) contaminated with a trace amount of tin compound. absence of a various concentration of iminosugars in buffer which had

A mixture of 50 (213 mg, 0.64 mmol) and 20% Pd(OHR20 mg) been thermodynamically equilibrated. After the mixture was incubated
in MeOH (5 mL) ad 1 N HCI (20 mL) was stirred at 1 atm of.Hor for 10—15 min at 37°C, the reaction was quenched by addition of 200
18 h at room temperature. The reaction mixture was filtered through mM NaCO; solution. The absorbance of the resulting mixture was
a Celite pad, and the filtrate was concentrated. The residue wasread at 400 nm (for 4-nitrophenol) or 420 nm (for 2-nitrophenol}e IC
dissolved in water (30 mL), applied on a column of Dowex 50W-X8 values were determined as a concentration of the iminosugars that
[H*] resin, and eluted with 3% NMDH. The fractions containing the inhibits 50% of the enzyme activity. Ki values were determined with
product were pooled, concentrated, and sequentially coevaporated witha Sigma Plot program (version 4.1, Jandel Scientific).

1 N HCI and water. The residue was chromatographed on Sephadex

G-20, with water, and lyophilized from water to givb (65 mg, Acknowledgment. The NMR studies was performed in the
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