Introduction

The aminoglycosidésare a group of clinically important
antibiotics which function through binding to specific sites in
prokaryotic ribosomal RNA and affecting the fidelity of protein
synthesig.“ They have served as a paradigm for studying small
molecule-RNA interactions in a rapidly growing number of
structurat~” and chemicd ! efforts.

J. Am. Chem. S0d.999,121,6527-6541 6527

Design and Synthesis of New Aminoglycoside Antibiotics Containing
Neamine as an Optimal Core Structure: Correlation of Antibiotic
Activity with in Vitro Inhibition of Translation

William A. Greenberg, E. Scott Priestley, Pamela S. Sears, Phil B. Alper,
Christoph Rosenbohm, Martin Hendrix, Shang-Cheng Hung, and Chi-Huey Wong*

Contribution from the Department of Chemistry and Skaggs Institute of Chemical Biology,
The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037

Receied March 31, 1999

Abstract: The structure and activity of the pseudodisaccharide core found in aminoglycoside antibiotics was
probed with a series of synthetic analogues in which the position of amino groups was varied around the
glucopyranose ring. The naturally occurring structure neamine was the best in the series according to assays
for in vitro RNA binding and antibiotic activity. With this result in hand, neamine was used as a common core
structure for the synthesis of new antibiotics, which were evaluated for binding to modelsEsdherichia

coli 16S A-site ribosomal RNA, in vitro protein synthesis inhibition, and antibiotic activity. Analysis of RNA
binding revealed some correlation between the relative affinity and specificity of RNA binding and antibacterial
efficacy. However, the correlation was not linear. This result led us to develop the in vitro translation assay
in an effort to better understand aminoglycosiRNA interactions. A linear correlation between in vitro
translation inhibition and antibiotic activity was observed. In additioredGn the protein synthesis assay
were typically lower than th&gs obtained for RNA binding, suggesting that binding of these compounds to
intact ribosomes is tighter in these cases than binding to the model RNA oligonucleotides. This reflects possible
differences in RNA conformation between intact ribosomes and the free RNA of the model system, or possible
high-affinity ribosomal binding sites in addition to the A-site RNA.

biotic activity!2 Because of the unwieldy size and dense func-

tification of smaller, simpler structures which retain the activity
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As is the case for all classes of antibiotics, the emergence of
resistance has resulted in a need for new structures with anti-

tionality of aminoglycosides such as neomycin (Figure 1), an
important concern for the design of new compounds is the iden-

of the larger parent structures. Analysis of the structural elements
of naturally occurring aminoglycosides reveals that the vast

(Figure 1), glycosylated at the 4-position, as well as the 5- (neo-
a variety of aminosaccharides. Several aminoglycosides (i.e.,

neomycin, ribostamycin, kanamycin B) share a common pseudo-

Figure 1). Many other substitution patterns on the glucopyranose
are known, such as 2-amino-2-deoxyglucopyranose in paromo-
mycin, 6-amino-6-deoxyglucopyranose in kanamycin A, 4-amino-

4-deoxyglucopyranose in apramycin, and various deoxygenated

We sought to probe the structure of this pseudodisaccharide
core to find the optimal substitution pattern as a starting point
for synthesis of new potential antibiotics. A series of pseudo-

was synthesized (Figure 2). These compounds were analyzed

structure,1, was then incorporated as a core structure into a
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neomycin B

Figure 1. Structures of neomycin B, the diaminocyclitol 2-deoxy-
streptamine, which is found in most aminoglycoside antibiotics, and

the pseudodisaccharide neamidg
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a2 Reagents and conditions: (a) TENEGN, CuSQ, MeOH/CHCl,.
(b) Ac,0, pyridine, 75% over two steps. (Eandida antarcticdipase,
1:1 toluene/phosphate buffer, pH 6.2, 71% (95% based on recovered
starting material). (d) NaOMe, MeOH, 100%. (e) (i) Ley bis-
dihydropyran, CSA, CHG] (i) Ac,O, DMAP, pyridine, 50% over two
steps. (f) NaOMe, MeOH/dioxane, 90%.

2-deoxystreptamine, to differentiate the 4-hydroxyl group from

the 5- and 6-hydroxyl groups. Two different procedures, one

enzymatic and the other chemical, were explored (Scheme 1).
The enzymatic approach relied on an enantioselective deacety-

amino alcohal, or gro_matic _su_bstitutions Wh.iCh were designed lation using a resin-immobilized lipase. 2-Deoxystreptartfine
to improve RNA binding affinity and potentially antl_ba_ctenal was converted in 75% overall yield to the diazido triacetyl
activity. T_hese _cc_)mpounds were tested f_c_)r RN_A *?'Ud'“g a_md derivative 16 by Cu*-catalyzed azido transfer with triflic
antlbactgrlgl activity, as well as.for their ability to inhibit protein azidel followed by treatment with acetic anhydride and
synthesis in vitro, using a qufera;e-based_as_say. The res_ults4_DMAP in pyridine. Compound6was selectively deacetylated
of t_he Iatt_er assay correlate well in a qualitative sense with ,;, Novozym 435 Candida antarcticdipase immobilized on
antibacterial activity. a macroporous acrylic resin; Novo Nordisk), providing in

Results and Discussion (13) Georgiadas, M. P.; Constantinou-Kokotou JyCarbohydr. Chem.
1991, 10, 739-748.
(14) Alper, P. B.; Hung, S.-C.; Wong, C.-H.etrahedron Lett1996

37, 6029-6032.

Synthesis of Glycosyl AcceptorSynthesis of pseudodisac-
charide2—6 required desymmetrization of timeesocompound
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71% yield (95% based on recovered starting material). The
absolute stereochemistry b7 was confirmed by showing that
synthetic paromamined) derived from17 was identical in all

respects to paromamine obtained from the natural source (see

Experimental Section).

The second desymmetrization approach utilized the dispiro-
ketal protection/desymmetrization chemistry of Ley and co-
workers!®> Compoundl6 was deacetylated (catalytic NaOMe,
MeOH, 100%) to providd8. When treated with Ley’s (2R'R)-
PDHP reagent and catalytic camphorsulfonic acid in refluxing
chloroform, followed by acetylation]9 was obtained as the
major isomer in 50% yield. The structure D was confirmed
by solving its crystal structure (Scheme 1). Deacetylation
(catalytic NaOMe in MeOH/dioxane, 90%) provid@d, the
substrate for selective glycosylation at the 4-position. However,
attempts at glycosylation &0 provided only the undesirefl
anomer, likely due to the steric constraints of the dispiroketal
protecting group (data not shown). Therefore, glycosyl acceptor
17 was used for the synthesis 2f-6.

Synthesis of Glycosyl Donors.Scheme 2 outlines the
preparation of the glycosyl donors used in synthesiang.
Compound22, the donor for preparin®, was produced by
benzylation (BnBr, NaH, DMF, 60%) of thioglycosid3.16

The 3-azido dono24 was synthesized from known diaceto-
nide 257 in five steps. Acetonide cleavage (90% TFAB)
and peracetylation (A©, NaOAc) provided glucopyranoside
26 in 59% yield. Conversion to th8-phenylthioglycoside7
(thiophenol, BR-OEL, CHCL;, 64%), acetate removal (NaOMe,
MeOH, 100%), and benzylation (BnBr, NaH, DMF, 85%)
provided donor4.

The 4-azido donor29 was synthesized from galactose
benzylidene aceta80.18 Regioselective reduction of the ben-
zylidene acetal (BgtMesN, AICI3, THF, 85%})° provided31,
which was mesylated (330,Cl, pyridine, 73%). The mesylate
was displaced with sodium azide in DMF, providiagin 84%
yield. The 6-azido donoB3 was synthesized fron34%° by
tosylation of the primary 6-hydroxyl (TsCl, pyridine, 75%),
displacement with sodium azide in DMF (90%), and benzylation
(BnBr, NaH, DMF, 57%).

Synthesis of Pseudodisaccharides-5. 2-Deoxystreptamine
acceptorl7 was glycosylated with thioglycoside don&r21,

22, 24, 29, and 33 (N-iodosuccinimide, triflic acid, O/
CH.Cl;, —15 °C), providing pseudodisaccharide®/—41,
respectively, after deacetylation, in 5800% vyield (Scheme
3). The a/f selectivity of the glycosylation reactions was
typically in the range of 10:1 for these substrates. The use of
diethyl ether as cosolvent was crucial to this selectivity. In
dichloromethane at 60 °C, thea/s selectivity was only 2.5:1,
and the overall yield 087 was poor. Reduction of azides and

benzyl ethers in a single step proved problematic, but complete

deprotection was effected in moderate to excellent yield over
two steps. The azides were reduced with hydraZigie,NNH,,
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Scheme 2.Synthesis of Glycosyl Donor22, 24, 29, and
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a2 Reagents and conditions: (a) BnBr, NaH, DMF, 60%. (b) (i) 90%
TFA/H0; (ii) Ac,O, NaOAc, 59% over two steps. (c) Thiophenol,
BF;OEL, CHCL, 64%. (d) NaOMe, MeOH, 100%. (e) BnBr, NaH,
DMF, 85%. (f) BH-MesN, AICI3, THF, 85%. (g) MsCl, pyridine, 73%.
(h) NaNs, DMF, 100°C, 84%. (i) TsCl, pyridine, 75%. (j) Naj\DMF,

80 °C, 90%. (k) BnBr, NaH, DMF, 57%.

20% Pd(OH)/C, Degussa type, MeOH, reflux), followed by
benzyl ether cleavage gH1 atm), 20% Pd(OHJC, Degussa
type, AcOH/HO), providing2—6.

Synthesis of Neamine Derivatives #15. Scheme 4 outlines
the synthesis of neamine derivativés14. The best route to
the pseudodisaccharide building bloég, in which the 5-hy-
droxyl group of 2-deoxystreptamine is differentiated from the
other hydroxyl groups, begins from inexpensive neomycin.
Protection of the amino groups as azides using triflic &ide
was followed by peracetylation for the purpose of easier puri-
fication from byproducts of the azido transfer reaction and de-
acetylation. This material was benzylated (NaH, benzyl bromide,
tetrabutylammonium iodide, DMF, 80%), providing protected
neomycind?2 in 46% overall yield from neomycin sulfate. The
S-ribofuranosyl bond of neomycin was selectively cleaved with
1 N HCI in methanol/dioxane, providing building blod in
71% yield after recrystallization. Under these conditions, some
cleavage of thg8-L-idopyranosyl bond occurs, but little or no
cleavage of the key-L-glucopyranosyl bond occurred. The
methyl glycoside of the lower half of neomycin (neobiosamine)
was also obtained, albeit in lower yield due to the partial
cleavage of the aforemention@d.-idose glycosidic bond.
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Scheme 3. Synthesis of Pseudodisaccharidest?
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(d) Hp, 20% Pd(OHYC, AcOH/H0.

The 5-hydroxyl group of43 was alkylated (NaH, allyl is implicated for the antibiotic activity of this class of molecules.
bromide, tetrabutylammonium iodide, DMF, 99%), giviAd, By studying the interactions of aminoglycosides with small
which was subjected to ozonolysis and reductive amination of model RNA sequences, it is expected that a better understanding
the resultant aldehydé5, providing compound#€6—53. For of the molecular basis of their antibiotic activity will be gained,

substrates in which more than one amine was available to reactthereby allowing the design of antibiotics with improved profiles
during reductive amination, all but one amine was protected aswith respect to toxicity and resistance. Compoufég$ were
the benzyl carbamate. In the cased®f the secondary amine  screened on a streptavidin-modified SPR chip for RNA binding
formed in the reductive amination step was protected as a benzylagainst three related-biotinylated RNA oligonucleotides which
carbamate before proceeding with the next step. This step washave served as A-site model sequences (Figure 3) in our
found to be unnecessary and was not performed on the otherprevious studie$ AS-wt contains the wild-type sequence from
compounds in this series. One-step deprotection of all protecting E. coli, U1406A contains a single-base mutation which improves
groups by catalytic hydrogenation was problematic, as was binding of aminoglycosides, and U1495A contains a single-
observed with compound®—6. In this case, the best depro- base mutation which is deleterious to binding. The improved
tection protocol relied on first reducing the azides by a binding to the U1406A mutant is rationalized by forming an
Staudinger reaction (PMeTHF/H,0), followed by benzyl ether ~ A—U base pair with U1495, which forms a critical hydrogen
and benzyl carbamate reduction with sodium in ammonia, bond to the aminoglycoside paromomycin according to the NMR
providing compound§—14 after cation-exchange chromatog- structure® In the wild-type sequence, U1495 is mispaired to
raphy. U1406 and likely is less conformationally well-defined. The
Because the deprotection procedure described in Scheme 4J1495 mutation is deleterious to binding because the same
did not allow introduction of aromatic substituents, a new U1495 that forms a hydrogen bond to the aminoglycoside has
procedure was sought which would efficiently reduce at least been replaced by an adenine.
four azides and three benzyl ethers. After much investigation, Data obtained from the SPR screen are illustrated in Figure
the conditions shown in Scheme 5 were developed and used to4 and summarized in Table 1. Neamine was found to be the
synthesize benzimidazole-containing neamine derivalise most effective and specific A-site binder, although the 2- and
Benzimidazole has been used as an arginine mifiicotected 6-amino derivative8 and 6 did have quite good affinity for
compoundb4 was subjected to transfer hydrogenatioaNINH, the U1406A mutant. More importantly, neamine was the most
Raney Ni, EtOH}? followed by catalytic hydrogenolysis under  active antibiotic. In fact, of compounds—6, only 6 showed
acidic conditions (H (1 atm), Pd(OHYC (Degussa type), any activity in the Kirby-Bauer disk ass&§ againstE. coli,
AcOH/H;0), to providel5. Pseudomonas aerugingsar Staphylococcus aureuls mini-
RNA Binding and Antibiotic Activity of 2 —6. For several mum inhibitory concentration (MICY was less than that of
years, we have used surface plasmon resonance (SPR) to probe — —— - —
the interactions of aminoglycosides and synthetic analogues WithChgéi)tﬁlrglg%;ryggl,ﬁrﬂséc? g‘r']‘jrté?]riﬁtf{\}'in'\ggfgggsp'g?sr:‘"rgéci;%ﬂ%hY
RNA 8 In particular, we have been interested in specific binding 197s; pp 3-30.

to prokaryotic 16S ribosomal A-site RNA, the binding site which ~ (25) (a) Waterworth, P. M. IrLaboratory Methods in Antimicrobial

ChemotherapyGarrod, L., Ed.; Churchill Livingstone Press: Edinburgh,
(23) Haubner, R.; Finsinger, D.; Kessler,Ahgew. Chem., Int. Ed. Engl. 1978; pp 31+40. (b) Barry, A. L.The Antimicrobic Susceptibility Test:

1997, 36, 1374-1389. Principles and PracticeLea and Febiger: Philadelphia, PA, 1976.
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Scheme 4. Synthesis of Neamine Derivativgs-14%
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Scheme 5. Synthesis of Aromatic Neamine Derivatiié&?

Coiotin Coiotin> ?
N3 Ngz 5
ngaél\ig\ Ny ab HS% HoN 3 G-¢C S G : C G : C
38 —_ 2 O,m/ G—-C G-C G-C
Ny oL N Q\N w9 NH, c-G c-G C-G
N N\) 0OBn N/”\/N\) OH G-C G-C G-C
H i 1406 — 1495 1408 A — U U— A 1495
54 15 A A c %
@ Reagents and conditions: (a) Raney nickel, hydrazine, EtOH. (b) AT A AC_ ah AC_ g?
H: (1 atm), 20% Pd(OR)C, AcOH/H,O, 32% over two steps. 1410§: 31490 A—U A—U
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neamine {) (Table 1). With these results, it was concluded that C—G c—G cC-G
neamine {) was the most promising pseudodisaccharide core U G U G u G
for further development. uc uc uc
RNA Binding and Antibiotic Activity of 7 —15. The AS-wt AS-U1406A AS-U1495A

diamine, triamine, amino alcohol, and aromatic substitutions on
neamine derivatives—15were chosen for several reasons. The
encouraging results on simplified neomycin analo§ussg-
gested that linear alkyl diamines might be effective replacements
for more complex aminosaccharides. We were also interested RNA binding data obtained by SPR and antibiotic activity
in probing the effect of neighboring hydroxyl groups, in keeping  for compoundg—15 are summarized in Table 2. As expected,
with the identification of 1,2- and 1,3-amino alcohols as an aqgition of amines to the neamine core typically resulted in a
effective phosphate-binding mo#f. Finally, the structural  10_20-fold enhancement in RNA binding affinity compared
simplicity of this sgries, relative to the natural products gnd to the parent pseudodisaccharide. Compoufds0, 12, and
previously synthesized analogusneant that their synthesis 13|l hound in the submicromolar range. Specificity was slightly
would be easier and more amenable to rapid development Ofdegraded, being in the-B-fold range, compared to-4-fold
analogues. for neamine. There is only a weak correlation between RNA
binding affinity and antibacterial activity. Despite binding more
strongly than neamine, several analogues were weaker antibiot-

(positive mutant) (negative mutant)

Figure 3. A-Site model RNA sequences screened by surface plasmon
resonance for aminoglycoside binding.

(26) Hendrix, M.; Alper, P. B.; Priestley, E. S.; Wong, C.-Bingew.
Chem., Int. Ed. Engl1997, 36, 95-98.
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Binding of 1-6 to AS-wt RNA \f\ §-30 Extract
‘1 e (E. coli cytoplasmic fraction
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Figure 4. Representative SPR binding data (equivalents bound as a Figure 5. Schematic of the in vitro translation assay. A plasmid-borne
function of concentration) for compounds-6 to AS-wt RNA. luciferase reporter gene is combined wih coli cytoplasmic S-30

extract, containing transcription and translation machinery, and incu-
Table 1. RNA Binding to Variants of the Decoding Region A-Site  pated with necessary cofactors and amino acids for 30 min. Reactions
and Antibacterial Activity for Compounds—6 are then assayed for production of active luciferase.

MIC, E. coli
compd AS-wt U1406A U1495A  ATCC 25922 glycosides’* Many compounds which are known to be effective
1 7.8 55 31 50 antibiotics, such as gentamicin and ribostamycin, appeared to
2 >300 >300 >300 no activity be relatively poor A-site binders with respect to both affinity
3 50 15 60 no activity and specificity. In an effort to understand this discrepancy, we
4 80 80 70 no activity reasoned that studies on inhibition of whole ribosomes, using a
g 1:3"8 1218 1728 >n2°530t'v'ty cell-free protein synthesis assay, could be informative. Direct

study in vitro on the effect of these compounds on translation,
~ ?Dissociation constants and minimum inhibitory concentrations are the acknowledged mechanism of antibiotic action, should
in units of micromoles per liter. provide a more accurate model than the indirect study solely

Table 2. RNA Binding to Variants of the Decoding Region A-Site  ©f RNA binding.

and Antibacterial Activity for Compoundg—15 The coupled transcription/protein synthesis assay is illustrated
MIC, E. coli in Figure 5. A cytoplasmic extract d&. coli (which includes
compd AS-wt U1406A U1495A ATCC 25922 ribosomes and transcription machinery) is combined with all
7 07 04 15 100 amino acids and required cofactors, a plasmid containing the
) 05 04 1.0 50 reporter gene luciferase, and varying concentrations of the
9 0.8 0.5 1.0 100 aminoglycoside of interest. After induction with IPTG, the
10 0.4 0.25 0.7 100 reaction proceeds for 30 min and is then assayed for expression
11 7.0 8.0 10 >100 of enzymatically active luciferase.
ié 28 8'; 12 gg Protein synthesis inhibition data were collected for a series
14 4.0 4.0 6.0 100 of compounds of interest, including the aminoglycosides neo-
15 4.9 3.1 3.7 >100 mycin, gentamicin, and ribostamycin, previously reported

synthetic derivative§5 and56,2° neamine, and compound®
and 13 from this work (Figure 6). Dose-dependent inhibition
by these compounds is illustrated in Figure 7. The data are
ics. Similar antibiotic profiles were observed agaistureus collected and compared to MIC values agaiBstoli andKg
but none of the synthetic compounds (or neamine) were active values on the AS-wt RNA in Table 3.
againstP. aeruginosa The natural products neomycin and gentamicin are equally

The isomersl2 and 13 present an interesting case. The potent antibiotics, with measured MICs of 1.6/, although
addition of hydroxymethyl groups to the diaminoalkyl substitu- the AS-wt binding data are very different (low nanomolar versus
ent had negligible effect on RNA binding (compd2and13 low micromolar). When IG values in the protein synthesis
to 7) but did have a beneficial effect on antibiotic activity. The assay are compared, however, the two compounds appear
simplest explanation for the improvement is that the hydroxyl similar. Both inhibit translation and, by inference, bind to the
group improves cell permeability. Another possible factor is A-site of intact ribosomes at 280 nM concentration. The
that in vitro binding to these model RNA sequences does not synthetic derivative$5 and 56 also inhibit translation in this
exactly mimic the binding event on whole ribosomes in vivo. range, which is consistent with their exceptional antibiotic
This issue is discussed in detail in the following section. The activity, despite their apparently weaker A-site binding compared
fact that the isomer$2 and13 behaved identically both in RNA  to neomycin in the SPR assay. The new translation inhibition
binding and in antibiotic activity assays suggests that the data explain why the synthetic molecui® is as potent an
substituent at the 5-position of the 2-deoxystreptamine ring antibiotic as most active naturally occurring aminoglycosides.
remains flexible upon binding; that is, both isomers can adopt Ribostamycin curiously has a MIC (12:81) that is lower than
productive conformations when bound to RNA. its Kg against AS-wt (25:M). However, it inhibits translation

In Vitro Inhibition of Translation. The lack of a close at 100 nM, suggesting that it binds to the intact ribosome at a
correlation for these compounds between effectiveness as RNA250-fold lower concentration than it binds to the A-site model
binders and as antibiotics is in line with similar observations RNA. Likewise, neamine inhibits translation at a 20-fold lower
made previously for many of the naturally occurring amino- concentration than it binds to AS-wt. Compouritisand 13

aDissociation constants and minimum inhibitory concentrations are
in units of micromoles per liter.
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Figure 7. Semilogarithmic plot of in vitro inhibition of translation,
measured as the yield of active luciferase as a function of concentration
for neomycin, ribostamycin, neamine, and compouti8land56. The

data points represent the average of3lindependent experiments.

Table 3. Comparison of Results for in Vitro Translation
Inhibition, Minimum Inhibitory Concentration, and A-Site RNA
Binding for Aminoglycosides Shown in Figuré 6

that were tested in the in vitro translation assay. Gentamicin was tested as

somal RNA is the most prevalent RNA in the cell, and at low
inhibitor concentrations, a tight ribosome-binding inhibitor is
titrating only a fraction of the very large number of ribosomes.
Only at higher concentrations are all ribosomes saturated and
protein synthesis significantly impaired. More potent ribosome-
targeting antibiotics could be envisioned if they were designed
to be catalytic inhibitors, as is the case with the extremely toxic
proteins ricid” and diphtheria toxid®

The apparent differences in aminoglycoside binding affinity
for the 16S A-site RNA, whether isolated in a model oligo-
nucleotide or in the context of the ribosome, may be due to a
number of factors. It is possible that aminoglycosides have other
high-affinity binding sites on the ribosome besides the A-site.
However, no such sites were identified in Noller’s footprinting
experiments on intact ribosomeslt is possible that additional
stabilizing contacts are made with neighboring ribosomal
proteins or with RNA which is distal in primary sequence but
proximal in space. It is also possible that neighboring proteins
or RNA affect binding indirectly by affecting the conformation
of the A-site RNA so that it adopts a different structure, more
amenable to aminoglycoside binding, than it does as an isolated
system such as the A-site model oligonucleotides. The in vitro
translation assay provides a good correlation between in vitro
activity and antibiotic activity and represents a reliable new
method of understanding the relative efficacy of synthetic

invitro translation ~ MIC, E. coli aminoglycoside analogues. A clearer understanding of ami-

compd ICso ATCC 25922 Ky (AS-wi) noglycoside interactions with the ribosome on a molecular level
gentamicin 0.020 16 17 awaits high-resolution structural data on the ribosome, a
ﬁgc()fg;gi?]) %%22% 11-% %%‘;0 formidable challenge due to its size (several megadaltons) and
55 (ref 8b) 0025 31 17 complexity, but one which we hope will be solved s@8n.
ribostamycin 0.10 12.5 25 E . | .
13 0.33 25 1.0 xperimental Section
12 0.42 25 0.8 ; ; i dri
neamine 041 50 78 General. All reactions were carried out in oven-dried glassware

a All values are concentrations in micromoles per liter.

had an order of magnitude improvement over neamine in AS-
wt binding but had very similar 163 values, which is consistent
with their similar MICs.

An overall review of Table 3 shows a close qualitative
correlation between in vitro translation §€values and MIC
values againsk. coli. In general, MICs are at about 100-fold
higher concentrations than4¢s. The differences in these values
likely reflect two major factors: cell permeability and high
ribosome concentration. The latter is of particular note. Ribo-

under a positive pressure of argon. Tetrahydrofuran and diethyl ether
were distilled from sodium metal/benzophenone ketyl. Acetonitrile,
toluene, and dichloromethane were distilled from calcium hydride.
Reactions were monitored by analytical thin-layer chromatography
(TLC) on EM silica gel 60 Bs4 plates (0.25 mm), visualized by
ultraviolet light and/or by staining with ceric ammonium molybdate
or ninhydrin.*H NMR spectra were obtained on a Bruker AMX-400

(27) Endo, Y.; Mitsui, K.; Motizuki, M.; Tsurugi, KJ. Biol. Chem1987,
262 5908-5912.

(28) Ward, W. H.Trends Biochem. Sci1987 12, 28—31.

(29) Ban, N.; Freeborn, B.; Nissen, P.; Penczek, P.; Grassucci, R. A;;
Sweet, R.; Frank, J.; Moore, P. B.; Steitz, T. @ell 1998 93, 1105~
1115.
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(400 MHz), AMX-500 (500 MHz), or DRX-600 (600 MHz) spectrom-  bis-dihydropyraf® (0.208 g, 0.652 mmol) in CHEI(10 mL, distilled

eter at ambient temperature. Data were reported as follows: chemicalfrom P,Os), and the resulting mixture was refluxed for 18 h. The
shift on theo scale (using either TMS or residual protio solvent as reaction mixture was cooled to room temperature, diluted with ethyl
internal standard), multiplicity (b+= broad, s= singlet, d= doublet, acetate, and washed with saturated aqueous sodium bicarbonate and
t = triplet, = quartet, m= multiplet), coupling constant(s) in hertz,  brine. The aqueous layers were backwashed with ethyl acetate, and
and integration!3C NMR spectra were obtained with proton decoupling the combined organics were dried (Mgg@nd concentrated under

on a Bruker AMX-400 (100 MHz), AMX-500 (125 MHz), or DRX- reduced pressure. The residue was coevaporated twice from anhydrous
600 (150 MHz) spectrometer and were reported in ppm with residual toluene. Acetic anhydride (0.140 mL, 1.48 mmol) was added dropwise

solvent for internal standard (77.0 for CREI to a solution of the residue and 4-(dimethylamino)pyridine (3.1 mg,
2-Deoxy-1,3-diazido-4,5,6-triO-acetylstreptamine (15). Triflic 0.025 mmol) in pyridine (5 mL) at ambient temperature. The reaction
azide solution (ca. 0.5 M in dichloromethane, 80 mL, 40 mmol) was mixture was stirred for 24 h and then quenched by addition of methanol
added slowly dropwise to a mixture of 2-deoxystreptariiig.24 g, (3 mL). The reaction mixture was diluted with ethyl acetate and washed
20.0 mmol), triethylamine (29.0 mL, 208 mmol), and CuT93 mg, with saturated aqueous sodium bicarbonate and brine. The aqueous

1.21 mmol) in methanol (200 mL). The reaction was stirred for 21 h layers were backwashed with ethyl acetate and the combined organics
at room temperature and concentrated under reduced pressure to a gregiried (NaSQ;) and concentrated under reduced pressure. The residue
oil. (Caution: Do not concentrate completely, as triflic azide has been was chromatographed on silica gel with a gradient of 0 to 4% ethyl
reported to be explose in the absence of s@nt) The residue was  acetate in hexanes to provid® (0.146 g, 50%) as a slightly yellow
purified by chromatography on silica gel with a gradient from 80% solid: R 0.29 (10% ethyl acetate/hexané$);NMR (500 MHz, CDC})
ethyl acetate/1% triethylamine/19% hexanes to 20% methanol/1% 6 7.41-7.34 (m, 8H), 7.327.27 (m, 2H), 4.98 (dd) = 9.5, 9.5, 1H),
triethylamine/79% ethyl acetate. This material (4.3 g) was dissolved 4.76 (dd,J = 2.0, 12.0, 1H), 4.62 (dd] = 2.0, 12.0, 1H), 3.72 (dd]
in anhydrous pyridine (40 mL), cooled to°@, and treated with acetic = 9.5, 9.5, 1H), 3.68 (dd] = 9.5, 9.5, 1H), 3.52 (ddd] = 4.5, 10.0,
anhydride (8.5 mL, 90 mmol). The reaction was allowed to warm to 12.5, 1H), 3.42 (ddd) = 4.5, 10.0, 12.5, 1H), 2.18 (s, 3H), 2.13 (ddd,
room temperature and stirrred for 19 h. 4-(Dimethylamino)pyridine (114 J=4.5, 4.5, 13.0, 1H), 2.092.01 (m, 2H), 1.9%+1.64 (m, 8H), 1.53
mg, 0.933 mmol) was added, follo&/@ h later by an additional aliquot ~ 1.45 (m, 2H), 1.36 (dddj = 13.0, 13.0, 13.0, 1H)}*C NMR (125
of acetic anhydride (3.0 mL, 32 mmol). After 40 min, the reaction was MHz, CDCk) 6 169.5, 142.8, 142.7,128.4,128.2, 127.5, 127.4, 125.9,
quenched by addition of methanol (20 mL) and concentrated under 98.3, 97.9, 73.0, 72.4, 72.3, 72.0, 68.6, 58.5, 57.2, 33.5, 33.4, 32.4,
reduced pressure. The residue was dissolved in ethyl acetate (100 mL)28.0, 20.7, 18.9 (x2); HRMS (FABj)Ve calcd for GoHz,CsNsOg (M
washed successively witl N HCI, saturated sodium bicarbonate, and + Cs") 707.1594, found 707.1615.
brine, dried (NaSQy), filtered, and concentrated under reduced pressure.  Dispiroketal (20). A suspension of acetylated dispiroketfl(0.146
To remove residual triflic amide, the residue was dissolved in ethyl g, 0.254 mmol) in methanol (5 mL) and ether (1 mL) was treated with
acetate (100 mL), washed WwitL N NaOH (twice) and brine, dried  sufficient sodium methoxide (approximatel M in methanol) to give
(N&SQy), filtered, and concentrated under reduced pressure. This a “pH” of ~10. After the solution was stirred for 21 h at ambient
material was chromatographed with a gradient of 15 to 30% ethyl temperature, TLC indicated incomplete reaction. 1,4-Dioxane (3 mL)
acetate in hexanes to giub (5.11 g, 75%) as a colorless amorphous was added, and all solid dissolved. After 3 h, the reaction was di-
solid: R 0.31 (25% ethyl acetate/hexane€$);NMR (400 MHz, CDC}) luted with ethyl acetate and washed with 5% ammonium chloride and
0 5.08-5.01 (m, 3H), 3.653.51 (m, 2H), 2.33 (ddd] = 4.5, 4.5, brine. The organic phase was dried §8@y) and concentrated under
13.5, 1H), 2.09 (s, 6H), 2.01 (s, 3H), 1.56 (ddd+ 12.7, 12.7, 13.5, reduced pressure. The residue was purified by chromatography on silica
1H); 33C NMR (100 MHz, CDC}) 6 169.9, 169.5, 73.5, 71.5, 58.0,  gel with a gradient of 0 to 10% ethyl acetate in hexanes (loaded as a
31.8, 20.5, 20.4; HRMS (FABj/e calcd for GoHi17NgOs (M + H¥) dichloromethane solution) to providz0 (0.121 g, 90%) as a color-
341.1210, found 341.1217. less solid: Ry 0.22 (10% ethyl acetate in hexane&j NMR (400
2-Deoxy-1,3-diazido-5,6-di©-acetylstreptamine (17).Novozym MHz, CDCk) ¢ 4.76 (dd,J = 2.5, 11.7, 1H), 4.73 (dd] = 2.5, 11.7,
435 (Candida antarcticdipase immobilized on a macroporous acrylic ~ 1H), 3.64-3.50 (m, 4H), 3.383.33 (m, 1H), 2.57 (br s, 1H, OH),
resin, Novo Nordisk, 0.329 g) was added1t6 (0.340 g, 1.00 mmol) 2.17-1.99 (m, 5H), 1.921.85 (m, 2H), 1.86-1.70 (m, 4H), 1.53
in a well-stirred mixture of toluene (7 mL) and 0.1 M sodium phosphate 1.47 (m, 2H), 1.25 (app §,= 10.1, 1H);*3C NMR (125 MHz, CDC})
buffer, pH 6.2 (7 mL), at ambient temperature. After 72 h, TLC ¢ 142.8 (x2), 128.3, 127.4%2), 125.9 «2), 98.1, 97.9, 73.7, 72.4,
indicated no further conversion, and the reaction mixture was filtered 72.2, 71.7, 70.4, 60.1, 57.4, 33.4, 32.4, 28.1, 28.0, 18.9, 18.8; HRMS
and the retained enzyme washed with ethyl acetate and water. The(FAB) m/e calcd for GgH3,CsNsOs (M + Cs") 665.1489, found
aqueous layer of the combined filtrate and washings was extracted twice665.1469.

with ethyl acetate. The combined organics were dried %9y, filtered, 2-Azido-2-deoxy-3,4,6-triO-benzyl-1-phenylthio-p-glucopy-
and concentrated under reduced pressure. The residue was chromatqanoeside (22).Sodium hydride (0.203 g, 8.46 mmol) was added in
graphed on silica gel with 10% acetone in toluene to giv¢0.211 g, one portion to a solution of thioglycosidzs!s (0.782 g, 2.63 mmol)
71%) as a colorless solid, along with recoverki(0.085 g, 25%). and benzyl bromide (1.2 mL, 10 mmol) in dimethylformamide (20 mL)
Compoundl?: R 0.17 (10% acetone/toluene}i NMR (500 MHz, at 0 °C. The reaction was allowed to slowly warm to ambient

CDCly) 6 4.99-4.94 (m, 2H), 3.62-3.56 (M, 2H), 3.52:3.46 (m, 1H), temperature. After 2 h, the reaction was quenched by addition of
2.82 (br s, 1H, OH), 2.30 (ddd, = 4.5, 4.5, 13.0, 1H), 2.10 (s, 3H),  methanol (3 mL). This material was combined with an identically
2.09 (s, 3H), 1.46 (ddd) = 12.5, 13.0, 13.0, 1H);*C NMR (125 processed reaction on 201 mg of thioglycosk#® The combined

MHz, CDCk) 6 170.7, 169.9, 74.7, 73.8, 73.5, 60.3, 58.2, 31.8, 20.7, quenched reaction mixtures were concentrated under reduced pressure.
20.6; HRMS (FAB)nve calcd for GoHisNeOs (M + H¥) 299.1104, The residue was dissolved in ethyl acetate, washed with saturated

found 299.1115. sodium bicarbonate and brine, dried (8&), filtered, and concentrated
2-Deoxy-1,3-diazidostreptamine (18).Sodium methoxide (ap- under reduced pressure. The residue was recrystallized from ethanol

proximatey 1 M solution in methanol) was added dropwisel&2.47 to give 22 (0.895 g, 60%) as colorless needleR: 0.62 (25% ethyl
g, 7.24 mmol) in methanol (30 mL) to give a “pH” of 11. After being  acetate/hexanes¥ NMR (500 MHz, CDC}) 6 7.60 (m, 2H), 7.35

stirred for 2.5 h at ambient temperature, the reaction was neutralized7.19 (m, 18H), 4.86 (d) = 10.5, 1H), 4.83 (dJ = 10.5, 1H), 4.79 (d,
with Amberlite IR-120 (H). The solution was concentrated under J=11.0, 1H), 4.62 (dJ = 12.0, 1H), 4.58 (dJ = 10.5, 1H), 4.54 (d,
reduced pressure to givie3 (1.55 g, 100%) as a white solidx 0.24 J=12.0, 1H), 4.41 (dJ = 10.0, 1H), 3.78 (ddJ = 2.0, 11.0, 1H),

(75% ethyl acetate/hexanedly NMR (500 MHz, CROD) 6 3.38— 3.74 (dd,J = 4.0, 11.0, 1H), 3.61 (dd] = 9.5, 9.5, 1H), 3.51 (ddJ

3.29 (m, 2H), 3.23-3.20 (m, 3H), 2.08 (ddd] = 4.4, 4.4, 13.0, 1H), = 9.5, 9.5, 1H), 3.47 (ddd] = 2.0, 4.0, 9.5, 1H), 3.34 (dd} = 9.5,

1.22 (dddJ = 12.3, 12.3, 13.0, 1H)}*C NMR (125 MHz, CROD) 6 9.5, 1H);13C NMR (125 MHz, CDC}) ¢ 138.2, 137.8, 137.6, 133.6,
77.6, 77.0, 62.3, 33.4; MS (ESI negje 213 (M — H*]"). 131.1, 129.0, 128.5, 128.4, 128.3, 128.2, 128.0, 127.9, 127.8, 127.6,

Acetylated Dispiroketal (19).Camphorsulfonic acid (0.013 g, 0.055  127.5, 85.9, 85.0, 79.3, 77.5, 75.9, 75.0, 73.4, 68.7, 65.0; HRMS (FAB)
mmol) was added to a solution &6 (0.109 g, 0.511 mmol) and Ley’s m/e calcd for GsH33sCsNsO4S (M + Cs') 700.1246, found 700.1273.
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1,2,4,6-TetraO-acetyl-3-azido-3-deoxye/f-D-glucopyranoside (26). dissolved in ethyl acetate, washed with saturated sodium bicarbonate
Diacetonide25'7 (0.77 g, 2.7 mmol) was treated with 90% trifluoro-  solution and brine, dried (N&Q), filtered, and concentrated under
acetic acid/water (10 mL). After 1 h, the reaction mixture was reduced pressure. The residue was purified by chromatography on silica
concentrated under reduced pressure and coevaporated twice with wateigel with a gradient of 0 to 10% ethyl acetate in hexane (compound
The residue was dried under oil pump vacuum. This material was was loaded in dichloromethane) to proviés (0.476 g, 85%) as a
dissolved in hot acetic anhydride (2 mL) and added dropwise to a slightly off-white solid: R 0.27 (10% ethyl acetate/hexane'$);NMR
suspension of sodium acetate (0.502 g, 6.1 mmol) in refluxing acetic (500 MHz, CDC}) 6 7.58-7.56 (m, 2H), 7.4#7.45 (m, 2H), 7.39
anhydride (2 mL). After 10 min, the reaction mixture was cooled to 7.24 (m, 16H), 4.90 (d) = 10.0, 1H), 4.80 (dJ = 10.5, 1H), 4.74 (d,
ambient temperature, poured into a well-stirred dichloromethane/water J = 10.0, 1H), 4.63 (dJ = 9.5, 1H), 4.62 (dJ = 12.0, 1H), 4.56 (d,
mixture, and neutralized with sodium carbonate. The organic phaseJ = 9.5, 1H), 4.54 (dJ = 12.0, 1H), 3.75 (ddyJ = 2.0, 11.0, 1H),
was separated and washed with brine, and the aqueous phases were.72 (dd,J = 3.5, 11.0, 1H), 3.60 (dd] = 9.0, 9.0, 1H), 3.49 (dd)
backwashed with ethyl acetate. The combined organic layers were dried= 9.0, 9.0, 1H), 3.45 (m, 1H), 3.33 (dd,= 9.5, 9.5, 1H);**C NMR
(NaSQy), filtered, and concentrated under reduced pressure. The residue(125 MHz, CDC}) 6 138.0, 137.4, 137.3, 133.4, 132.0, 129.0, 128.6,
was purified by chromatography on silica gel with a gradient of 25 to 128.5, 128.4,128.2,128.1, 128.0, 127.8, 127.7, 127.6, 87.7, 79.3, 79.2,
33% ethyl acetate in hexanes to gi2@(0.596 g, 59%) as a colorless  76.1, 75.3, 74.9, 73.5, 70.6, 68.6; HRMS (FARJe calcd for GsHsz
oil: R 0.36 (33% ethyl acetate/hexane'$);NMR (500 MHz, CDC}, NaNsO,S (M + Na') 590.2089, found 590.2073.
3:1 mixture of3 anda. anomers)S-anomerd 5.68 (d,J = 8.0, 1H), 2,3,6-Tri-O-benzyl-1-phenylthio-p-galactopyranoside (31).A
5.05 (dd,J = 8.0, 10.0, 1H), 5.03 (dd] = 10.0, 10.0, 1H), 4.25 (dJ solution of acetaB0* (0.203 g, 0.375 mmol) in THF (4 mL) was
=4.5,12.5, 1H), 4.10 (d) = 2.5, 12.5, 1H), 3.79 (ddd] = 2.5, 4.5, stirred for 10 min over 4-A molecular sieves. Borafigmethylamine
10.0, 1H), 3.70 (ddJ = 10.0, 10.0, 1H), 2.13 (s, 3H), 2.12 (s, 3H), complex (0.178 g, 2.44 mmol) was added in one portion, followed by
2.12 (s, 3H), 2.09 (s, 3Hp-anomerd 6.31 (d,J = 3.5, 1H), 5.03 (m, aluminum chloride (0.307 g, 2.30 mmol). After 4.5 h, additional
1H), 4.96 (ddJ = 4.0, 10.5, 1H), 4.22 (dd] = 4.0, 13.0, 1H), 4.10 borane-trimethylamine complex (0.111 g, 1.52 mmol) and aluminum
(m, 1H), 4.04 (m, 1H), 3.97 (dd] = 10.5, 10.5, 1H), 2.19 (s, 3H),  chloride (0.158 g, 1.18 mmol) were added, and the reaction was stirred

2.14 (s, 3H), 2.10 (s, 3H), 2.10 (s, 3HJC NMR (125 MHz, CDC4, overnight at ambient temperature. The reaction mixture was filtered
3:1 mixture of 8 and o. anomers)8-anomero 169.1, 169.0, 168.9, through Celite, neutralized with IR-120(} filtered again through
91.8, 73.5, 70.0, 67.7, 64.2, 61.4, 20.8, 20.7, 2&8)( c-anomero Celite, and concentrated under reduced pressure. The residue was

170.6, 169.3, 169.2, 88.7, 70.0, 69.9, 67.7, 61.4, 60.8, 30.9, 20.8, 20.6,coevaporated four times with methanol, dissolved in ethyl acetate,
20.4; HRMS (FAB)m/e calcd for G4H16CsNsOg (M + Cs') 506.0176, filtered, and concentrated. This material was purified by chromatography
found 506.0159. on silica gel with a gradient of 0 to 5% ethyl acetate in toluene to give
3-Azido-3-deoxy-2,4,6-triO-acetyl-1-phenylthiofi-p-glucopy- 31(173 mg, 85%) as a cloudy 0ilR: 0.16 (5% ethyl acetate/toluene);
ranoside (27).Boron trifluoride diethyl etherate (1.0 mL, 7.9 mmol) 'H NMR (500 MHz, CDC}) 6 7.58-7.56 (m, 2H), 7.4%7.39 (m,
was added dropwise to a solution of glycosyl ace2#t€0.593 g, 1.59 2H), 7.377.28 (m, 12H), 7.257.23 (m, 4H), 4.83 (dJ = 10.0, 1H),
mmol) and thiophenol (17%L, 1.70 mmol) in chloroform (3 mL, 4.74 (d,J=10.5, 1H), 4.72 (dJ = 12.0, 1H), 4.68 (dJ = 12.0, 1H),
distilled from phosphorus pentoxide). The reaction mixture was stirred 4.64 (d,J = 10.0, 1H), 4.56 (s, 2H), 4.10 (m, 1H), 3.83.73 (m,
at ambient temperature for 22 h and then quenched by addition of 3H), 3.61-3.56 (m, 2H);**C NMR (125 MHz, CDC}) ¢ 138.1, 137.8,
saturated sodium bicarbonate (several milliliters). The layers were 137.6, 133.8, 131.7, 128.8, 128.4, 128.3(x2), 128.2, 127.9, 127.8, 127.7
separated, and the aqueous layer was backwashed with dichloromethangx?2), 127.2, 87.6, 82.5, 76.%@), 75.6, 73.6, 72.0, 69.4, 66.8; HRMS
The combined organic phases were dried .@@), filtered, and (FAB) m/e calcd for GgHz/CsQS (M + Cs') 675.1181, found
concentrated under reduced pressure. The residue was purified by675.1161.
chromatography on silica gel with a gradient of 3 to 4% acetone in 2,3,6-Tri-O-benzyl-4-O-methanesulfonyl-1-phenylthiof-p-galac-
toluene to provide7 (0.431 g, 64%) as a colorless, amorphous solid:  topyranoside (32).Methanesulfonyl chloride (26L, 0.32 mmol) was
R 0.17 (5% acetone/toluenel}i NMR (500 MHz, CDC}) 6 7.51— added dropwise to a solution of alcot®i (0.138 g, 0.254 mmol) in
7.47 (m, 2H), 7.33-7.30 (m, 3H), 4.94 (dd) = 10.0, 10.0, 1H), 4.92  pyridine (3 mL) at 0°C. The reaction was allowed to slowly warm to
(dd,J = 10.0, 10.0, 1H), 4.66 (d] = 10.0, 1H), 4.2+4.15 (m, 2H), ambient temperature. Additional portions of methanesulfony! chloride
3.68 (m, 1H), 3.67 (ddJ = 10.0, 10.0, 1H), 2.18 (s, 3H), 2.12 (s, 3H),  were added until TLC indicated that the reaction was complete (7 h).
2.08 (s, 3H)*C NMR (125 MHz, CDC}) 4 170.6, 169.2, 169.0, 132.8,  The reaction mixture was diluted with ethyl acetate, washed with 1 N
131.9,128.9, 128.3, 86.2, 76.3, 70.0, 68.2, 65.8, 62.2, 20.8, 20.7, 20.6;HCI, saturated sodium bicarbonate, and brine, dried$i99), filtered,
HRMS (FAB) nve calcd for GgH2:.CsNsO/S (M + Cs*) 556.0155, and concentrated under reduced pressure. The residue was purified by
found 556.0173. chromatography on silica gel with 14% ethyl acetate in hexanes to
3-Azido-3-deoxy-1-phenylthiof-b-glucopyranoside (28) Sodium provide32 (116 mg, 73%) as a colorless oiR 0.27 (5% ethyl acetate/
methoxide (0.4 M in methanol, 106L, 40 umol) was added to a hexanes)!H NMR (400 MHz, CDC}) 6 7.57-7.54 (m, 2H), 7.46-
suspension of triacetag (0.431 g, 1.02 mmol) in methanol (10 mL).  7.23 (m, 18H), 5.34 (dJ = 2.0, 1H), 4.84 (dJ = 10.5, 1H), 4.81 (d,
The reaction was stirred for 16 h at ambient temperature. TLC indicated J = 10.3, 1H), 4.75 (dJ = 10.3, 1H), 4.66 (m, 1H), 4.63 (d,= 11.2,
that the reaction was incomplete, and additional sodium methoxide 1H), 4.59 (d,J = 10.7, 1H), 4.48 (dJ = 11.2, 1H), 3.78-3.71 (m,
solution (3.0 mL, 1.2 mmol) was added. After 1.5 h, the reaction was 3H), 3.65-3.62 (m, 2H), 2.98 (s, 3H}*C NMR (100 MHz, CDC}) 6
guenched with IR-120(H), filtered, and concentrated under reduced 137.7,137.5, 137.0, 133.3, 132.1, 128.9, 128.5, 1282},(128.2 2),
pressure to giv@8 (0.303 g, quantitative) as a colorless soli:0.14 128.1,127.9%2), 127.6, 87.8, 80.9, 76.5, 76.0, 75.7, 75.4, 73.8, 72.9,
(25% acetone/toluene}! NMR (500 MHz, CQXOD) ¢ 7.56—7.54 (m, 67.9, 39.0; HRMS (FAB)me calcd for GsH3CsO'S, (M + Cs')
2H), 7.32-7.26 (m, 3H), 4.62 (dJ = 9.5, 1H), 3.84 (ddJ = 2.0, 753.0957, found 753.0941.
12.0, 1H), 3.65 (ddJ = 5.8, 12.0, 1H), 3.35 (m, 1H), 3.33 (dd,= 4-Azido-4-deoxy-2,3,6-triO-benzyl-1-phenylthiof-p-glucopy-
9.0, 9.0, 1H), 3.27 (dd] = 9.5, 9.5, 1H), 3.21 (dd] = 9.5, 9.5, 1H); ranoside (29).Sodium azide (0.326 g, 5.01 mmol) was added to a
13C NMR (125 MHz, CROD) ¢ 134.9, 132.9, 129.9, 128.5, 89.6, 82.4,  solution of mesylat&2 (0.608 g, 0.979 mmol) in dimethylformamide
73.0, 72.8, 70.0, 62.5; HRMS (FAB)Ve calcd for GoHisNaNsOS (10 mL). The reaction was stirred at 160 for 13 h, cooled to ambient
(M + Na*) 320.0681, found 320.0691. temperature, and concentrated under reduced pressure. The residue was
3-Azido-3-deoxy-2,4,6-triO-benzyl-1-phenylthioff-p-glucopy- dissolved in ethyl acetate and washed with saturated sodium bicarbonate
ranoside (24).Sodium hydride (0.085 g, 3.5 mmol) was added in one and brine. The aqueous layers were backwashed with ethyl acetate,
portion to a solution of thioglycosid28 (0.293 g, 0.985 mmol) and and the combined organic phases were dried.$g), filtered, and
benzyl bromide (42@L, 3.53 mmol) in dimethylformamide (5 mL) at ~ concentrated under reduced pressure. The residue was purified by
0 °C. The reaction was allowed to slowly warm to ambient temperature. chromatography on silica gel in toluene to gi#® (0.468 g, 84%) as
After 4 h, the reaction was quenched with methanol (I mL). The reaction a colorless, amorphous solid® 0.23 (toluene)H NMR (500 MHz,
mixture was concentrated under reduced pressure. The residue wasCDCls) 6 7.57—7.55 (m, 2H), 7.46-7.23 (m, 18H), 4.91 (d) = 11.0,
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1H), 4.88 (d,J = 11.0, 1H), 4.83 (dJ = 10.5, 1H), 4.71 (dJ = 10.5,
1H), 4.63 (d,J = 11.5, 1H), 4.62 (dJ = 9.0, 1H), 4.57 (dJ = 12.0,
1H), 3.80 (dd,J = 2.0, 10.5, 1H), 3.72 (dd] = 4.5, 10.5, 1H), 3.66
(dd,J = 9.8, 9.8, 1H), 3.55 (dd] = 9.0, 9.0, 1H), 3.51 (dd] = 9.0,
9.0, 1H), 3.32 (ddd) = 2.0, 4.5, 10.5, 1H)33C NMR (125 MHz,

Greenberg et al.

4-0-(2,3,4,6-TetraO-benzyl-a-p-glucopyranosyl)-2-deoxy-
streptamine (37).Donor 21 (0.349 g, 0.551 mmol) and acceptbr
(0.125 g, 0.419 mmol) were coevaporated twice from dry toluene and
further dried under high vacuum overnight. Diethyl ether (8.0 mL) and
dichloromethane (2.0 mL) were added, and the reaction was cooled to

CDCl) 6 138.0, 137.8, 137.6, 133.4, 132.1, 128.9, 128.5, 128.4, 128.2, —30°C. Trifluoromethanesulfonic acid (7:0.) was added to a solution
128.0, 127.7, 87.6, 84.9, 80.5, 78.0, 75.8, 75.4, 73.5, 69.2, 61.9; HRMS of N-iodosuccinimide (0.184 g, 0.818 mmol) in diethyl ether (6.0 mL)

(FAB) m/e calcd for GaH33CsNsOsS (M + Cst) 700.1246, found
700.1271.

1-Phenylthio-6-O-p-toluenesulfonylf#-p-glucopyranoside (35)A

and dichloromethane (6.0 mL). A portion (8.0 mL) of the resulting
faint orange solution was added slowly dropwise to the solutia?ilof
and 17, which was maintained at30 °C. After 30 min, the reaction

mixture was diluted with diethyl ether and washed with 10% aqueous
sodium bisulfite, saturated sodium bicarbonate, and brine. The aqueous
pyridine (20 mL) at O°C. The transfer was quantitated with pyridine layers were back extracted with diethyl ether. The combined organic
(5 mL). After 4 h at 0°C, the reaction was allowed to slowly warm to  phases were dried (M8Qy), filtered, and concentrated under reduced
ambient temperature and stirred for an additional 16 h. The reaction pressure. The residue was purified by chromatography on silica gel
was then quenched by addition of methanol (3 mL) and concentrated with a gradient of 2 to 10% ethyl acetate in toluene to provide a slightly
under reduced pressure. The residue was dissolved in dichloromethangellow oil (0.311 g,R 0.14 in 5% ethyl acetate/toluene). This material
and washed sequentially with saturated sodium bicarbphateHCI, was dissolved in tetrahydrofuran (1.0 mL) and methanol (9.0 mL), and
and saturated sodium bicarbonate. The aqueous layers were backwashegbdium methoxide (0.5 M in methanol, 200, 0.1 mmol) was added.

with dichloromethane. The organic phases were combined, dried The reaction mixture was stirred at ambient temperature for 16 h. The
(MgSQy), decanted, and concentrated under reduced pressure. Thesolution was neutralized with Amberlite IR-120(H filtered, and
residue was chromatographed on silica gel with a gradient of 50% ethyl evaporated under reduced pressure. The residue was purified by

solution ofp-toluenesulfonyl chloride in pyridine (0.57 M, 15 mL, 8.6
mmol) was added dropwise to thioglycosig(1.84 g, 6.76 mmol) in

acetate/hexanes to 100% ethyl acetate to pro8&l€2.17 g, 75%) as
a colorless foam:Rr 0.37 (1% methanol/ethyl acetatélj NMR (400
MHz, CDCL) 6 7.79 (m, 1H), 7.77 (m, 1H), 7.447.41 (m, 1H), 7.29
(m, 1H), 7.27 (m, 1H), 7.247.19 (m, 3H), 4.46 (dJ = 9.5, 1H), 4.26
(m, 2H), 3.84 (br s, 3H, OH), 3.553.38 (m, 3H), 3.28 (ddJ = 9.5,
9.0, 1H), 2.38 (s, 3H); HRMS (FABiVe calcd for GgH2oNaGO;S; (M
+ Na') 449.0705, found 449.0718.
6-Azido-6-deoxy-1-phenylthiof-p-glucopyranoside (36) Sodium
azide (0.397 g, 6.11 mmol) was added to thioglycos38¢(2.17 g,

chromatography on silica gel with a gradient of 5 to 7% acetone in
toluene to give37 (0.244 g, 79%) as a colorless o0iR: 0.21 (10%
acetone/toluene}H NMR (500 MHz, CDC}) 6 7.37-7.26 (m, 18H),
7.14-7.12 (m, 2H), 4.96 (d) = 4.0, 1H, H1), 4.93 (m, 2H), 4.89 (d,
J=12.0, 1H), 4.81 (dJ = 10.5, 1H), 4.79 (br s, 1H, OH), 4.74 (d,
=11.5, 1H), 4.65 (dJ = 12.0, 1H), 4.51 (dJ = 10.5, 1H), 4.47 (d,
J=12.5, 1H), 4.04 (ddJ, = J, = 9.5, 1H), 4.03 (m, 1H) 3.81 (dd,

= 3.0, 10.5, 1H), 3.76 (ddl; = J, = 9.5, 1H), 3.69 (ddJ = 1.8, 10.5,
1H), 3.48-3.37 (m, 3H), 3.24 (m, 1H), 3.18 (dd, = J, = 9.0, 1H),

5.09 mmol) in dimethylformamide (20 mL). This suspension was placed 2.98 (br s, 1H, OH), 2.28 (ddd,= 4.5, 4.5, 13.5, 1H), 1.46 (ddd,=

in an 80°C oil bath and stirred for 5 h. The reaction mixture was 12.0, 12.0, 13.5, 1H);*C NMR (125 MHz, CDC{) 6 138.3, 138.0,
cooled to ambient temperature and concentrated under reduced presl37.7, 136.8, 128.7, 128.5, 128.4, 128.3, 128.0, 127.8, 127.7, 127.6,
sure. The residue was dissolved in ethyl acetate and washed with101.3, 85.4, 82.3, 79.1, 77.7, 75.6, 75.3, 75.1, 74.5, 73.5, 71.4, 68.0,
saturated sodium bicarbonate and brine. The aqueous layers wereb9.6, 59.4, 32.3; HRMS (FAB)Ve calcd for GoHa4CsNsOs (M + Cs')
backwashed with ethyl acetate, and the combined organic phases wer&69.2275, found 869.2247.

dried (NaSQy), decanted, and concentrated under reduced pressure. 4-O-(2-Azido-2-deoxy-3,4,6-triO-benzyl-a-p-glucopyranosyl)-2-

The crude material was purified by chromatography on silica gel with deoxystreptamine (38)Donor22 (148 mg, 0.261 mmol) and acceptor

ethyl acetate to giv86 (1.36 g, 90%) as a slightly yellow oilR; 0.42
(1% methanol/ethyl acetate}d NMR (500 MHz, CDC}) 6 7.54—
7.52 (m, 2H), 7.3%7.29 (m, 3H), 4.92 (br s, 1H, OH), 4.51 (d,=
10.0, 1H), 4.27 (br s, 1H, OH), 3.98 (br s, 1H, OH), 3-5537 (m,
5H), 3.34 (ddJ = 9.0, 9.5, 1H)C NMR (125 MHz, CDC}) 6 133.1,

131.2, 129.1, 128.5, 87.8, 78.4, 77.5, 71.8, 70.1, 51.4; HRMS (FAB)

m/e calcd for GoHisNaNsO,S (M + Na') 320.0681, found 320.0692.
6-Azido-6-deoxy-2,3,4-triO-benzyl-1-phenylthiof-b-glucopy-

ranoside (33).Sodium hydride (0.376 g, 15.7 mmol) was added in

one portion to a solution of thioglycosid6 (1.34 g, 4.5 mmol) and

benzyl bromide (1.9 mL, 16 mmol) in dimethylformamide (20 mL) at

17 (60 mg, 0.201 mmol) were coevaporated twice from dry toluene
and further dried under high vacuum overnight. Diethyl ether (4.0 mL)
and dichloromethane (1.0 mL) were added, and the reaction was cooled
to —10°C. Trifluoromethanesulfonic acid (5/, 56 umol) was added

to a solution ofN-iodosuccinimide (118 mg, 0.524 mmol) in diethyl
ether (3.0 mL) and dichloromethane (3.0 mL). A portion (5.5 mL) of
the resulting faint orange solution was added slowly dropwise to the
solution of22 and17, which was maintained at10 °C. After 30 min,

the reaction mixture was diluted with diethyl ether and washed with
10% aqueous sodium bisulfite, saturated sodium bicarbonate, and brine.
The aqueous layers were back extracted with diethyl ether. The

0 °C. After 1 h, the reaction mixture was allowed to slowly warm to combined organic phases were dried {8/@,), filtered, and concen-
ambient temperature. After 3 h, additional portions of benzyl bromide trated under reduced pressure. The residue was purified by chroma-
(0.55 mL, 4.6 mmol) and sodium hydride (88 mg, 3.7 mmol) were tography on silica gel with a gradient of 3 to 5% ethyl acetate in toluene
added. TLC indicated no change after an additional 1.5 h, and the to provide a slightly yellow oil (90 mdx: 0.15 in 5% acetone/toluene).
reaction was quenched with methanol (3 mL). The reaction was This material was dissolved in tetrahydrofuran (0.2 mL) and methanol
concentrated under reduced pressure. The residue was dissolved in ethy(1.8 mL), and sodium methoxide (0.6 M in methanol, 1400 60 xmol)
acetate, washed with 5% ammonium chloride solution and brine, dried was added. The reaction mixture was stirred at ambient temperature
(NaSQy), filtered, and concentrated under reduced pressure. The residuefor 19 h. The solution was neutralized with Amberlite IR-120f{H

was purified by chromatography on silica gel with a gradient of O to filtered, and evaporated under reduced pressure. The residue was
10% ethyl acetate in hexane (compound was loaded in dichloromethane)purified by chromatography on silica gel with 7% acetone in toluene
to provide33 (1.47 g, 57%) as a colorless solid (an analytically pure to give 38 (78 mg, 58%) as a colorless oiR 0.10 (10% acetone/

sample was obtained by recrystallization from ethan&)0.24 (10%
ethyl acetate/hexanesyi NMR (500 MHz, CDC}) 6 7.59 (m, 2H),
7.42-7.25 (m, 18H), 4.93 (dJ = 10.5, 2H), 4.88 (dJ = 11.0, 1H),
4.85 (d,J=11.0, 1H), 4.76 (dJ = 10.0, 1H), 4.67 (dJ = 10.0, 1H),
4.61 (d,J = 11.0, 1H), 3.71 (ddJ = 9.0, 9.0, 1H), 3.563.51 (m,
3H), 3.46 (m, 1H), 3.35 (dd] = 13.0, 5.5, 1H)3C NMR (125 MHz,

toluene);’H NMR (500 MHz, CDC}) 6 7.35-7.25 (m, 13H), 7.16

7.14 (m, 2H), 5.15 (dJ = 3.6, 1H, H1), 4.92 (d,J = 10.5, 1H), 4.85
(d,J=10.5, 1H), 4.78 (dJ = 10.8, 1H), 4.64 (dJ = 12.0, 1H), 4.54
(d,J =10.8, 1H), 4.49 (d) = 12.0, 1H), 4.20 (dJ = 2.0, 1H, OH),
4.09 (m, 1H), 3.98 (ddJ ;=J= 9.1, 1H), 3.82-3.76 (m, 2H) 3.68
(dd,J = 2.0, 10.8, 1H), 3.64 (dd] = 3.6, 10.2, 1H), 3.453.38 (m,

CDCly) 6 138.1, 137.9, 137.6, 132.9, 132.7, 129.0, 128.5, 128.5, 128.4, 3H), 3.26-3.24 (m, 2H), 2.94 (dJ = 2.0, 1H, OH), 2.30 (m, 1H),

128.2,128.0%2), 127.9 &«2), 127.8 (2) 87.7, 86.5, 80.8, 78.1, 78.0,
75.8, 75.5, 75.2, 51.4; HRMS (FAB)Ve calcd for GsHzsCsNsO4S
(M + Cs") 700.1246, found 700.1220.

1.48 (m, 1H);*3C NMR (150 MHz, CDC}) ¢ 137.8, 137.7, 137.5,
128.5, 128.4 x2), 128.0 «2), 127.9, 127.8%2), 127.7, 99.5, 83.9,
81.0, 78.1, 75.8, 75.6, 75.3, 75.0, 73.6, 71.7, 68.0, 64.2, 59.6, 58.7,
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32.0; HRMS (FAB)nVe calcd for GsHz7CsNyO7 (M + Cs'™) 804.1870,
found 804.1838.
4-0O-(3-Azido-3-deoxy-2,4,6-triO-benzyl-o-p-glucopyranosyl)-2-
deoxystreptamine (39)Donor24 (138 mg, 0.244 mmol) and acceptor
17 (60 mg, 0.202 mmol) were coevaporated twice from dry toluene
and further dried under high vacuum overnight. Diethyl ether (4.0 mL)
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(x2), 101.1, 85.2, 80.4, 78.9, 75.7, 75.5, 75.4, 74.5, 73.6, 70.6, 68.2,

61.8, 59.6, 59.3, 32.2; HRMS (FABe calcd for GsH37CsNO7 (M

+ Cs') 804.1870, found 804.1896.
4-O-(6-Azido-6-deoxy-2,3,4-triO-benzyl-a-p-glucopyranosyl)-2-

deoxystreptamine (41)Donor33 (273 mg, 0.481 mmol) and acceptor

17 (60 mg, 0.202 mmol) were coevaporated twice from dry toluene

and dichloromethane (1.0 mL) were added, and the reaction was cooledand further dried under high vacuum overnight. Diethyl ether (8.0 mL)

to —15°C. Trifluoromethanesulfonic acid (5/0, 56 umol) was added

to a solution ofN-iodosuccinimide (110 mg, 0.489 mmol) in diethyl
ether (3.0 mL) and dichloromethane (3.0 mL). A portion (3.0 mL) of
the resulting faint orange solution was added slowly dropwise to the
solution of24 and17, which was maintained at15 °C. After 30 min,

the reaction mixture was diluted with diethyl ether and washed with

and dichloromethane (2.0 mL) were added, and the reaction was cooled
to —15 °C. Trifluoromethanesulfonic acid (104L, 113 umol) was
added to a solution oRN-iodosuccinimide (216 mg, 0.960 mmol) in
diethyl ether (6.0 mL) and dichloromethane (6.0 mL). A portion (6.0
mL) of the resulting faint orange solution was added slowly dropwise
to the solution of33 and 17, which was maintained at15 °C. After

10% aqueous sodium bisulfite, saturated sodium bicarbonate, and brine 30 min, the reaction mixture was diluted with diethyl ether and washed
The aqueous layers were back extracted with diethyl ether. The with 10% aqueous sodium bisulfite, saturated sodium bicarbonate, and

combined organic phases were dried {8&;), filtered, and concen-

brine. The aqueous layers were back extracted with diethyl ether. The

trated under reduced pressure. The residue was purified by chroma-combined organic phases were dried {81@), filtered, and concen-

tography on silica gel with 5% ethyl acetate in toluene to provide a
slightly yellow oil (R: 0.46 in 10% acetone/toluene). This material was
dissolved in tetrahydrofuran (0.4 mL) and methanol (1.6 mL), and
sodium methoxide (0.5 M in methanol, 120, 50 umol) was added.
The reaction mixture was stirred at ambient temperature for 20 h. An
additional portion of sodium methoxide (0.5 M in methanol, 200

100 umol) was added. After being stirred a further 1 h, the solution
was neutralized with Amberlite IR-120(hj, filtered, and evaporated

trated under reduced pressure. The residue was purified by chroma-
tography on silica gel with 4% ethyl acetate in toluene to provide a
colorless oil (331 mgRs 0.55 in 10% acetone/toluene). This material
was dissolved in tetrahydrofuran (0.8 mL) and methanol (3.2 mL), and
sodium methoxide (0.9 M in methanol, 400, 377 umol) was added.

The reaction mixture was stirred at ambient temperature for 19 h, and
the solution was then neutralized with Amberlite IR-120)Hiltered,

and evaporated under reduced pressure. The residue was purified by

under reduced pressure. The residue was purified by chromatographychromatography on silica gel with 5% acetone in toluene to gie

on silica gel with 10% acetone in toluene to gi¥@ (139 mg, 100%)
as a colorless oilR 0.22 (10% acetone/toluenélf NMR (500 MHz,
CDClg) 6 7.35-7.25 (m, 13H), 7.167.14 (m, 2H), 5.15 (dJ = 3.6,
1H, H1), 4.92 (d,J = 10.6, 1H), 4.85 (dJ = 10.6, 1H), 4.78 (d) =
10.8, 1H), 4.64 (dJ = 12.0, 1H), 4.54 (dJ = 10.8, 1H), 4.49 (dJ =
12.0, 1H), 4.20 (dJ = 2.3, 1H, OH), 4.09 (m, 1H), 3.98 (dd; = J,
=9.1, 1H), 3.82-3.76 (m, 2H) 3.68 (dd) = 1.8, 10.8, 1H), 3.64 (dd,
J= 3.6, 10.2, 1H), 3.453.38 (m, 3H), 3.26:3.24 (m, 2H), 2.94 (d,
J = 1.8, 1H, OH), 2.30 (m, 1H), 1.48 (m, 1HYC NMR (125 MHz,
CDCls) 6 137.5, 137.3, 136.3, 128.8, 128.7, 128.6, 128.4, 1282 (

(222 mg, 82%) as a colorless oiR: 0.30 (10% acetone/toluene}

NMR (500 MHz, CDC}) 6 7.35-7.26 (m, 15H), 4.96 (d] = 4.0, 1H,

H1'), 4.92 (m, 2H), 4.81 (dJ = 11.0, 1H), 4.88 (dJ = 12.0, 1H),

4.73 (d,J = 11.5, 1H), 4.62 (m, 2H), 4.06 (m, 1H), 4.03 (db= 9.2,

9.2, 1H), 3.60-3.54 (m, 3H), 3.453.36 (m, 4H), 3.26 (m, 1H), 3.17

(m, 1H), 3.02 (s, 1H), 2.27 (ddd,= 4.5, 4.5, 13.5, 1H), 1.45 (ddd,
=125,12.5,12.5, 1H}i°C NMR (125 MHz, CDC}) 6 138.1, 137.7,
136.7,128.7, 128.5, 128.4, 127.9, 127.6, 100.8, 85.2, 82.0, 79.3, 78.2,
75.5, 75.3, 75.2, 74.6, 71.0, 59.6, 59.3, 51.0, 32.2; HRMS (FA®)
calcd for GsHs/CsNyO7 (M + Cs') 804.1870, found 804.1896.

128.0,127.9,100.2, 85.2,77.2,76.2,75.5, 75.3, 74.9, 74.3, 73.6, 71.0, 4-O-(a-p-Glucopyranosyl)-2-deoxystreptamine (2)A solution of

67.8, 65.9, 59.5, 59.2, 32.2; HRMS (FABJe calcd for G3H3z7CsNyO7

(M + Cs") 804.1870, found 804.1840.
4-O-(4-Azido-4-deoxy-2,3,6-triO-benzyl-o-p-glucopyranosyl)-2-

deoxystreptamine (40)Donor29 (137 mg, 0.241 mmol) and acceptor

pseudodisaccharidg7 (91 mg, 0.12 mmol) in methanol (6 mL) was
degassed by evacuating the flask and backfilling with argon three times.
Hydrazine (25«L, 0.80 mmol) was added, followed immediately by
20% Pd(OH) on carbon €10 mg, Degussa type), and the reaction

17 (60 mg, 0.202 mmol) were coevaporated twice from dry toluene mixture was heated at reflux for 16 h. The solution was cooled to
and further dried under high vacuum overnight. Diethyl ether (4.0 mL) ambient temperature, filtered through Celite, and concentrated under
and dichloromethane (1.0 mL) were added, and the reaction was cooledreduced pressure to afford a colorless oil (80 mg). This material was
to —15°C. Trifluoromethanesulfonic acid (640, 68 umol) was added dissolved in a mixture of acetic acid (2.5 mL) and water (2.5 mL), and
to a solution ofN-iodosuccinimide (112 mg, 0.498 mmol) in diethyl  the solution was degassed by evacuating the flask and backfilling with
ether (3.0 mL) and dichloromethane (3.0 mL). A portion (3.0 mL) of argon three times. Next, 20% Pd(Qttn carbon {10 mg, Degussa

the resulting faint orange solution was added slowly dropwise to the type) was added, and the solution was purged with hydrogen. The
solution of29 and17, which was maintained at15 °C. After 30 min, reaction mixture was stirred at ambient temperature under hydrogen
the reaction mixture was diluted with diethyl ether and washed with gas ¢-1 atm, balloon) for 22 h (an additional portion of catalyst was
10% aqueous sodium bisulfite, saturated sodium bicarbonate, and brineadded after 6 h). The solution was filtered through Celite and
The aqueous layers were back extracted with diethyl ether. The concentrated under reduced pressure. The residue was purified by
combined organic phases were dried £81@;), filtered, and concen- ~ chromatography on Amberlite CG-50 (I¥H 1.5-cm-diametex 10.5-
trated under reduced pressure. The residue was purified by chroma-cm column) with a gradient of 0 to 1.2% concentrated ammonium
tography on silica gel with 5% ethyl acetate in toluene to provide a hydroxide in water. Fractions containing product were pooled and
colorless oil (154 mgR; 0.54 in 10% acetone/toluene). This material ~concentrated under reduced pressure. The residue was dissolved in water
was dissolved in tetrahydrofuran (0.4 mL) and methanol (1.6 mL), and (several milliliters), acidified with acetic acid, and lyophilized to provide
sodium methoxide (0.7 M in methanol, 200, 140 zmol) was added. 2 (57 mg, 100%) as its oily diacetate sati NMR (600 MHz, D:O)

The reaction mixture was stirred at ambient temperature for 19 h, and ¢ 5.28 (d,J = 4.0, 1H, HI), 3.80 (dd,J = 2.2, 12.0, 1H), 3.71 (m,

the solution was then neutralized with Amberlite IR-120fHiltered, 1H), 3.67 (app tJ = 9.7, 1H), 3.63-3.58 (m, 3H), 3.54 (dd) = 4.0,

and evaporated under reduced pressure. The residue was purified byl0.0, 1H), 3.473.42 (m, 2H), 3.29 (app &) = 9.7, 1H), 3.22 (m,
chromatography on silica gel with 5% acetone in toluene to gi¥e 1H), 2.38 (dddJ = 4.2, 4.2, 12.5, 1H), 1.83 (s, 6H), 1.73 (ddb=

(125 mg, 92%) as a colorless oiR 0.07 (5% acetone/toluenel 12.5,12.5, 12.5, 1H)*C NMR (150 MHz, RO) 6 181.5, 99.5,81.6,
NMR (500 MHz, CDC}) 6 7.42-7.26 (m, 15H), 4.95 (dJ = 3.5, 1H, 74.8,73.9,73.4,73.1,72.0, 70.2, 61.4, 50.5, 49.4, 29.0, 23.6; MS (ESI)
H1'), 4.90 (s, 2H), 4.86 (dJ = 12.0, 1H), 4.70 (dJ = 11.5, 1H), 4.65 325 (MH").

(d,J=12.0, 1H), 4.59 (dJ = 1.0, 1H, OH), 4.49 (dJ = 12.0, 1H), Paromamine (3).A solution of pseudodisacchari@8 (73 mg, 0.11

3.87 (app tJ = 9.8, 1H), 3.84 (m, 1H), 3.763.70 (m, 2H) 3.66 (dd, mmol) in methanol (6 mL) was degassed by evacuating the flask and
J =138, 10.8, 1H), 3.60 (dd] = 3.5, 9.5, 1H), 3.4#3.36 (m, 3H), backfilling with argon three times. Hydrazine (&, 2.7 mmol) was
3.26 (m, 1H), 3.17 (m, 1H), 2.88 (d,= 1.0, 1H, OH), 2.26 (ddd] = added, followed immediately by 20% Pd(QH)n carbon €10 mg,
4.4,4.4,13.5, 1H), 1.44 (app 4,= 12.5, 1H);**C NMR (125 MHz, Degussa type), and the reaction mixture was heated at reflux for 90 h.
CDCls) 6 137.6, 136.5, 128.7, 128.%p), 128.4, 128.1, 128.0, 127.8  The solution was cooled to ambient temperature, filtered through Celite,
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and concentrated under reduced pressure to afford a colorless solid (68vas purified by chromatography on Amberlite CG-50 (NHL.5-cm-

mg). This material was dissolved in a mixture of acetic acid (2 mL)

diameterx 10.5-cm column) with a gradient of O to 2.5% concentrated

and water (2 mL), and the solution was degassed by evacuating theammonium hydroxide in water. Fractions containing product were

flask and backfilling with argon three times. Next, 20% Pd(@bt)

pooled and concentrated under reduced pressure. The residue was

carbon (~10 mg, Degussa type) was added, and the solution was purgeddissolved in water (3 mL), acidified with acetic acid, and lyophilized
with hydrogen. The reaction mixture was stirred at ambient temperature to provide5 (42 mg, 45%) as its oily triacetate salR 0.07 (10%

under hydrogen gas<l atm, balloon) for 21 h (an additional portion

concentrated ammonium hydroxide/methanétj; NMR (600 MHz,

of catalyst was added after 5 h). The solution was filtered through Celite D,O) ¢ 5.40 (d,J = 3.9, 1H, HI1), 4.04 (m, 1H), 3.82 (app § = 10.0,
and concentrated under reduced pressure. The residue was purified byLtH), 3.77 (ddJ = 3.4, 12.3, 1H), 3.723.67 (m, 2H), 3.643.60 (m,

chromatography on Amberlite CG-50 (I¥H 1.5-cm-diametex 10.5-
cm column) with a gradient of 0 to 2.5% concentrated ammonium

2H), 3.49-3.43 (m, 2H), 3.21 (m, 1H), 3.14 (appd,= 10.0, 1H),
2.38 (ddd,J = 4.2, 4.2, 12.5, 1H), 1.83 (s, 9H), 1.73 (ddb= 12.5,

hydroxide in water. Fractions containing product were pooled and 12.5, 12.5, 1H)*C NMR (150 MHz, BO) § 181.8, 98.1, 80.9, 74.3,
concentrated under reduced pressure. The residue was dissolved in watef3.5, 71.9, 70.5, 69.6, 61.1, 52.8, 50.5, 49.0, 29.0, 23.8; MS (ESI) 324

(3 mL), acidified with acetic acid, and lyophilized to provi@e(45
mg, 82%) as its oily triacetate salt. All spectral data for synthetic and
naturally derived paromamine were identicatr] = +68° (c = 1,
H.0) (natural paromamine)a]p = +67° (¢ = 1, H,0) (synthetic
paromamine); R 0.11 (10% concentrated ammonium hydroxide/
methanol);'H NMR (600 MHz, D,O) 6 5.54 (d,J = 3.9, 1H, HI),
3.85-3.79 (m, 2H), 3.76 (m, 1H), 3.71 (appX~ 9.5, 1H), 3.66 (dd,
J=6.4,12.2, 1H), 3.56 (appd,= 9.2, 1H), 3.47 (app t] = 9.5, 1H),
3.42-3.36 (m, 2H), 3.33 (ddJ = 3.9, 10.9, 1H), 3.21 (m, 1H) 2.37
(ddd,J = 4.3, 4.3, 12.6, 1H), 1.83 (s, 9H), 1.71 (ddds= 12.6, 12.6,
12.6, 1H);°C NMR (150 MHz, BO) ¢ 182.1, 98.0, 82.0, 75.6, 74.4,
73.4,70.2,70.0,61.1, 54.9, 50.6, 49.6, 29.7, 23.9; MS (ESI) 324 jMH
4-0O-(3-Amino-3-deoxy-a-p-glucopyranosyl)-2-deoxystrept-
amine (4).A solution of pseudodisacchari®® (139 mg, 0.20 mmol)

(MH™).

4-O-(6-Amino-6-deoxy-a-D-glucopyranosyl)-2-deoxystrept-
amine (6).A solution of pseudodisaccharidd (106 mg, 0.16 mmol)
in methanol (5 mL) was degassed by evacuating the flask and back-
filling with argon three times. Hydrazine (14, 0.60 mmol) was added,
followed immediately by 20% Pd(Okpn carbon £10 mg, Degussa
type), and the reaction mixture was heated at reflux for 19 h. The
solution was cooled to ambient temperature, filtered through Celite,
and concentrated under reduced pressure to afford a waxy solid (95
mg). This material was dissolved in a mixture of acetic acid (2.5 mL)
and water (2.5 mL), and the solution was degassed by evacuating the
flask and backfilling with argon three times. Next, 20% Pd(@bh)
carbon 20 mg, Degussa type) was added, and the solution was purged
with hydrogen. The reaction mixture was stirred at ambient temperature

in methanol (10 mL) was degassed by evacuating the flask and under hydrogen gas<l atm, balloon) for 22 h. The solution was filtered

backfilling with argon three times. Hydrazine (68, 2.0 mmol) was
added, followed immediately by 20% Pd(QH)n carbon <10 mg,

through Celite and concentrated under reduced pressure. The residue
was purified by chromatography on Amberlite CG-50 (NHL.5-cm-

Degussa type), and the reaction mixture was heated at reflux for 46 h diameterx 10.5-cm column) with a gradient of 0 to 4% concentrated
(an additional portion of catalyst was added after 17 h). The solution ammonium hydroxide in water. Fractions containing product were
was cooled to ambient temperature, filtered through Celite, and pooled and concentrated under reduced pressure. The residue was
concentrated under reduced pressure to afford a colorless solid (130dissolved in water (3 mL), acidified with acetic acid, and lyophilized

mg). This material was dissolved in a mixture of acetic acid (2.5 mL)

to provide6 (79 mg, 99%) as its oily triacetate salR: 0.12 (20%

and water (2.5 mL), and the solution was degassed by evacuating theconcentrated ammonium hydroxide/methanétj; NMR (600 MHz,

flask and backfilling with argon three times. Next, 20% Pd(©bt)

D;0) ¢ 5.43 (d,J = 3.9, 1H, H1), 3.90 (m, 1H), 3.74 (dd) = 10.0,

carbon (10 mg, Degussa type) was added, and the solution was purged10.0, 1H), 3.66 (ddJ = 9.5, 9.5, 1H), 3.62 (ddJ = 9.5, 9.5, 1H),
with hydrogen. The reaction mixture was stirred at ambient temperature 3.55 (dd,J = 3.9, 10.0, 1H), 3.48 (m, 1H), 3.44 (dd= 9.5, 9.5, 1H),

under hydrogen gas<l atm, balloon) for 46 h (an additional portion

3.31 (dd,J = 3.1, 13.3, 1H), 3.26 (ddl = 9.5, 9.5, 1H), 3.20 (m, 1H),

of catalyst was added after 23 h). The solution was filtered through 3.07 (dd,J = 8.0, 13.4, 1H), 2.38 (m, 1H), 1.83 (s, 9H), 1.75 (ddd,
Celite and concentrated under reduced pressure. The residue was= 12.5, 12.5, 12.5, 1H)¥*C NMR (150 MHz, BO) ¢ 181.5, 96.5,

purified by chromatography on Amberlite CG-50 (NH 1.5-cm-
diameterx 10.5-cm column) with a gradient of O to 2.5% concentrated
ammonium hydroxide in water. Fractions containing product were

79.2,74.0, 73.8, 73.0, 71.6(x2), 69.5, 50.6, 48.5, 41.1, 28.9, 23.7; MS
(ESI) 324 (MH").
Hexaazido-hepta©-benzyl Neomycin (42).A freshly prepared

pooled and concentrated under reduced pressure. The residue wagichloromethane solution of triflic azié#(180 mL,~1.5 M) was added

dissolved in water (3 mL), acidified with acetic acid, and lyophilized
to provide4 (52 mg, 50%) as its oily triacetate salR 0.10 (10%
concentrated ammonium hydroxide/methandtj; NMR (600 MHz,
D,0) 0 5.58 (d,J = 3.9, 1H, HI1), 3.79-3.69 (m, 4H), 3.643.58 (m,
2H), 3.54 (app tJ = 10.0, 1H), 3.45-3.39 (m, 2H), 3.36 (app ] =
10.6, 1H), 3.19 (m, 1H), 2.36 (ddd,= 4.3, 4.3, 12.6, 1H), 1.80 (s,
9H), 1.71 (dddJ = 12.6, 12.6, 12.6, 1H):3C NMR (150 MHz, B:O)

slowly to a mixture of neomycin trisulfate hydrate (25.0 g, 26.2 mmol),
triethylamine (34.5 mL, 250 mmol), and Cu$6H,0 (411 mg, 1.65
mmol) in 150 mL of HO plus 400 mL of methanol. The mixture was
stirred at room temperature. When TLC analysis showed incomplete
reaction afte 8 h (Rr = 0.6, EtOAc), an additional portion of triflic
azide (90 mL,~1.5 M in dichloromethane) was added, and the mixture
was stirred for 10 h. The solvent was then removed under reduced

6182.0,98.1, 81.0, 74.9, 73.7, 73.4, 68.6, 66.5, 60.8, 55.6, 50.5, 49.4, pressure, and the residue was redissolved in 200 mL of ethyl acetate.

29.2, 23.9; MS (ESI) 324 (MH).
4-O-(4-Amino-4-deoxy-a-D-glucopyranosyl)-2-deoxystrept-
amine (5).A solution of pseudodisaccharid® (124 mg, 0.18 mmol)

The solution was extracted with saturated aqueous NaH&x@
concentrated to a green foam. For ease of purification, the product was
peracetylated: the crude green foam was dissolved in 30 mL of pyridine

in methanol (10 mL) was degassed by evacuating the flask and and 20 mL of acetic anhydride, and 4-(dimethylamino)pyridine (168

backfilling with argon three times. Hydrazine (8Q, 0.96 mmol) was
added, followed immediately by 20% Pd(QH)n carbon €10 mg,

mg, 5 mol %) was added. The mixture was stirred 3oh atroom
temperature, concentrated under reduced pressure, redissolved in 200

Degussa type), and the reaction mixture was heated at reflux for 21 hmL of ethyl acetate, and extracted twice with 100 nflldvl aqueous

(an additional portion of catalyst was added after 17 h). The solution HCI. The organic layer was concentrated and passed through a plug of
was cooled to ambient temperature, filtered through Celite, and silica, eluting with 2:1 EtOAc/hexanes, and then concentrated to a light
concentrated under reduced pressure to afford a waxy solid (111 mg).yellow gum. This was dissolved in 100 mL of methanol, and sodium

This material was dissolved in a mixture of acetic acid (2.5 mL) and

methoxide in methanol was added to a pH of 11. The solution was

water (2.5 mL), and the solution was degassed by evacuating the flaskstirred fa 2 h and then neutralized with Amberlite IR-120%(Hfiltered,

and backfilling with argon three times. Next, 20% Pd(@bly carbon

and concentrated under reduced pressure, providing an off-white foam

(~20 mg, Degussa type) was added, and the solution was purged with(11.72 g, 15.2 mmol, 58%) which was directly benzylated: the foam
hydrogen. The reaction mixture was stirred at ambient temperature was dissolved in 80 mL of DMF, and tetrabutylammonium iodide was

under hydrogen gas+<(l atm, balloon) for 15 h. The solution was filtered

added (2.8 g, 7.5 mmol). Benzyl bromide was added (31.6 mL, 266

through Celite and concentrated under reduced pressure. The residuenmol), followed by sodium hydride (3.65 g, 152 mmol)~+100-mg
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portions every 3-5 min over 2 h. After a total of 12 h, the solvent was
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4.0, 1H), 4.82-4.93 (m, 4H), 4.64 (app. gl = 10.5, 1H), 4.50 (m,

removed in vacuo, and the residue was dissolved in 200 mL of ethyl 2H), 4.27 (dddJ, =10, J, =4.0,J; =2.5, 1H), 3.94 (ddJ; = 10.5,J,

acetate, extracted with 200 mL of water, washed with 100 mL of brine,

and concentrated. The product was purified by silica gel chromatog-

= 9.0, 1H), 3.52-3.60 (m, 2H), 3.50 (ddj; = 13.0,J; = 2.5, 1H),
3.35-3.43 (m, 6H), 2.32 (ddd}; = 12.5,J, = J; = 4.5, 1H), 1.51

raphy, eluting first with hexanes to remove excess benzyl bromide and (ddd,J; = J, = J; = 12.5, 1H);*3C NMR (125 MHz, CDC}) 6 197.8,

then with 4:1 hexanes/EtOAc, providii? as a straw-colored gum
(17.2 g, 12.1 mmol, 80%, 46% from neomycin sulfat€}: 0.5 (4:1
hexanes/EtOAc)H NMR (400 MHz, CDC}) 6 7.15-7.37 (m, 35H),
6.16 (d,J = 3.8, 1H), 5.66 (dJ = 5.5, 1H), 4.69-4.99 (m, 6H), 4.39-
4.66 (M, 8H), 4.23-4.34 (m, 2H), 4.12 (m, 1H), 4.03 (dd; = 11,J,
=8, 1H), 3.92-3.99 (m, 2H), 3.743.83 (m, 3H), 3.6%3.70 (m, 2H),
3.56 (dd,J; = 10, J, = 3, 1H), 3.46-3.50 (m, 4H), 3.36-3.38 (m,
2H), 3.206-3.30 (m, 3H), 3.11 (m, 1H), 2.99 (dd; = 10, J, = 3.5,
1H), 2.86 (ddJ, = 13.5,J, = 3.5, 1H), 2.25 (dddJ, = 12.5,J, = J3
= 4.5, 1H), 1.42 (dddj; = J, = Js = 12.5, 1H);*3C NMR (100 MHz,

137.5, 137.5, 137.0, 128.6, 128.5, 128.2, 128.1, 128.0, 127.9, 127.8,
98.1, 85.1, 84.3, 80.0, 79.3, 78.7, 78.3, 75.9, 75.4, 75.1, 71.2, 63.3,
60.2, 58.8, 50.8, 32.0; HRMS (FAB) forsgHssN12,07 (M + Cs') calcd
871.2041, found 871.2071.

General Procedure for Reductive Aminations (46-54). Crude
aldehyde45 (~100 mg, 0.14 mmol) was dissolved in 0.90 mL of
methanol. Three equivalents of the appropriate protected &h{ihé0
mmol) was addedsaa 1 Msolution in methanol (0.40 mL), followed
by 0.43 mL d 1 M solution of acetic acid in methanol. The pH was
checked and adjusted to about 6 with acetic acid, if necessary.

CDCls) 6 138.3, 137.9, 137.7, 137.0, 136.9, 128.7, 128.5, 128.4, 128.3, NaCNBH; was added as a freshly prepared 0.3 M solution in methanol
128.3, 128.2, 128.1, 127.9, 127.8, 127.7, 127.5, 127.4, 106.4, 98.6,(0.19 mL), and the mixture was stirred at room temperature for 2 h.
95.6, 84.2, 82.5, 82.0, 81.7, 79.9, 78.6, 75.5, 75.3, 75.1, 74.8, 74.4, The reaction was quenched with a few drops of water and concentrated
73.3, 72.8, 72.3, 71.7, 71.4, 70.9, 70.2, 63.1, 60.3, 59.9, 57.2, 51.3,under reduced pressure, and the product was purified by silica

51.0, 32.5; HRMS (FAB) for €H7zeN1g013 (M + Cs') calcd 1533.4894,
found 1533.4998.

1,3,2,6-Tetraazido-6,3,4'-tri- O-benzyl Neamine (43)Compound
42 (3.87 g, 2.76 mmol) was dissolved in 120 mf.JloM HCl in 5:5:1

chromatography (#5% MeOH/0.5-1% triethylamine/dichloromethane).

In the case of46, the secondary amine arising from the reductive
amination was protected as a benzyl carbamate (benzyl chloroformate,
pyridine) before proceeding to the next step. Reported yields are

methanol/dioxane/water and stirred under reflux for 24 h. The acid was combined for the ozonolysis and reductive amination steps.

guenched with solid NaHC#) and the solution was filtered and

Compound 46: yield 48 mg, 39%!H NMR (500 MHz, CDC}) o

concentrated in vacuo. The residue was chromatographed on silica (75:7.25-7.40 (m, 25H), 5.50 (m, 1H), 5.43 (m, 1H), 5:6%.13 (m, 4H),

15:10 hexanes/EtOAc/toluene), providing an oil, which was further
purified by recrystallization from 8:1:1 hexanes/EtOAc/toluene, produc-
ing 43 as colorless long needles (1.03 g). The mother liquor and

4.80-4.87 (m, 4H), 4.73 (m, 1H), 4.604.65 (M, 2H), 4.24 (m, 1H),
3.96-4.00 (m, 3H), 3.853.89 (m, 1H), 3.053.54 (m, 13H), 2.26
(m, 1H), 1.63 (m, 2H), 1.42 (m, 1H}3C NMR (125 MHz, CDC}) &

remaining column fractions containing starting material were resubjected 156.6, 155.8, 137.7, 137.6, 137.4, 136.7, 136.5, 129.6, 129.2, 128.8,

to the reaction conditions for 16 h, providing an additional 330 mg of
43 after chromatography and recrystallization. Total yield48fwas
1.36 g (1.96 mmol, 71%)R: 0.4 (5:1 hexanes/EtOAc)H NMR (400
MHz, CDCL) 6 7.25-7.43 (m, 15H), 5.25 (dJ = 3.0, 1H), 4.85
4.92 (m, 6H), 4.63 (dJ = 9.5, 1H), 4.14 (m, 1H), 3.98 (dd; = 8.5,

J, = 7.5, 1H), 3.70 (br, 1H), 3.473.67 (m, 4H), 3.45 (m, 1H), 3.40
(dd, J; = 10.5,J, = 3.5, 1H), 3.23-3.32 (m, 3H), 2.30 (dddJ); =
10.5,J, = J; = 4.5, 1H), 1.48 (ddd); = J, = J; = 10.5, 1H);°C
NMR (100 MHz, CDC¥) 6 137.7, 137.6, 137.4, 128.6, 128.5, 128.3,

128.4, 128.3, 128.0, 127.9, 127.8, 127.5, 97.6, 84.7, 84.5, 84.4, 79.9,
79.6, 78.6, 75.7, 75.4, 75.2, 75.1, 71.8, 71.1, 67.4, 66.5, 62.7, 60.1,
59.1, 50.9, 47.7, 46.5, 45.3, 44.6, 38.0, 37.4, 32.1, 27.8, 25.4; HRMS
(FAB) for CssHeoN14010 (M + Cs*) caled 1197.3671, found 1197.3738.
Compound 47: yield 78 mg, 60%!H NMR (400 MHz, CDC}) ¢

7.25-7.42 (m, 20H), 5.71 (m, 1H), 5.59 (d, = 2.9, 1H), 5.07 (s,
2H), 4.83-4.88 (m, 5H), 4.61 (m, 1H), 4.26 (m, 1H), 3.9@.03 (m,

3H), 3.19-3.56 (m, 11H), 2.81 (m, 2H), 2.52.73 (m, 2H), 2.38 (m,
4H), 2.26 (m, 1H), 2.152.18 (m, 4H), 1.62-1.65 (m, 4H), 1.45 (m,

128.1, 127.8, 99.3, 83.6, 82.9, 80.6, 78.7, 76.7, 75.7, 75.4, 75.2, 71.3,1H); °C NMR (100 MHz, CDC}) 6 137.6, 137.4, 136.7, 136.5, 128.5,

64.1,59.8, 58.7, 50.9, 32.3; HRMS (FAB) fogdBl3sN1,0s (M + Cs')
calcd 829.1935, found 829.1968.
5-0-Allyl-1,3,2',6'-tetraazido-6,3,4'-tri- O-benzyl Neamine (44).
Compound43 (810 mg, 1.21 mmol) was dissolved in 10 mL of DMF.
Tetrabutylammonium iodide (425 mg, 1.14 mmol) was added, followed
by sodium hydride (44 mg, 1.73 mmol). Allyl bromide was added (303
uL, 3.5 mmol), and the mixture was stirred at room temperature for 2

128.4, 128.1, 128.0, 127.9, 127.8, 97.6, 84.8, 84.4, 79.8, 78.7, 77.5,
75.6, 75.4, 75.1, 71.1, 66.5, 63.1, 60.2, 59.1, 56.5, 55.6, 50.9, 49.3,
48.7, 41.6, 39.6, 37.4, 32.1, 26.7; HRMS (FAB) fo30ds3N150s (M
+ Cs") calcd 1134.4038, found 1134.4099.

Compound 48: yield 65 mg, 52%*H NMR (400 MHz, CDC}) 6
7.25-7.38 (m, 25H), 5.56 (dJ = 3.8, 1H), 5.28 (m, 2H), 5.025.09
(m, 4H), 4.81-4.90 (m, 4H), 4.71 (m, 1H), 4.59 (m, 1H), 4.25 (m,

h. The reaction was quenched with 1 mL of methanol, the solvent was 1H), 4.02 (m, 1H), 3.91 (m, 1H), 3.76 (m, 1H), 3:68.56 (m, 13H),
removed under reduced pressure, and the residue was redissolved i#-64 (m, 2H), 2.51 (m, 4H), 2.19 (m, 1H), 1.37 (m, 1H)C NMR

30 mL of ethyl acetate and extracted with brine. After the organic layer (100 MHz, CDC}) 6 156.5, 137.6, 137.6, 137.6, 128.7, 128.7, 128.6,
was concentrated, the product was purified by silica chromatography 128.6, 128.6, 128.5, 128.5, 128.4, 128.4, 128.4, 128.3, 128.3, 128.3,

(10:1 hexanes/EtOAc), providing4 as a colorless gum (890 mg,
99%): Rr 0.55 (10:1 hexanes/EtOACH NMR (500 MHz, CDC}) 6
7.26-7.41 (m, 15H), 5.96 (m, 1H) 5.59 (d, = 4.0, 1H), 5.30 (m,
1H), 5.19 (m, 1H), 4.864.90 (m, 3H), 4.81 (m, 2H), 4.63 (m, 1H),
4.45 (m, 1H), 4.38 (m, 1H), 4.27 (ddd;, = 10, J, = 4.5,J; = 3.0,
1H), 3.99 (ddJ, = 10.5,J, = 9.0, 1H), 3.32-3.59 (m, 9H), 2.27 (ddd,
J1 =13.0,3, = J3 = 4.5, 1H), 1.44 (ddd), = J, = J; = 13.0, 1H);
13C NMR (125 MHz, CDCY) 6 137.7, 137.6, 137.3, 128.5, 128.4, 128.3,

128.2, 128.1, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.5, 97.6,
84.6, 84.4, 79.5, 78.7, 75.3, 75.1, 71.7, 71.1, 66.6, 63.0, 60.0, 59.2,
54.0, 53.9, 50.9, 45.7, 38.9, 31.9; HRMS (FAB) fossks3N15010 (M

+ H*) calcd 1094.4961, found 1094.4917.

Compound 49: yield 81 mg, 63%IH NMR (400 MHz, CDC}) 6
7.27-7.38 (m, 20H), 5.68 (dJ = 3.8, 1H), 5.28 (m, 1H), 5.12 (m,
4H), 4.84-4.91 (m, 4H), 4.63 (m, 1H), 4.28 (m, 1H), 3.88.10 (m,
3H), 3.25-3.58 (m, 11H), 2.85 (m, 2H), 2.70 (m, 1H), 2:23.54 (m,

128.0, 127.9, 127.7, 116.4, 97.6, 84.4, 84.1, 80.0, 78.6, 77.5, 75.9, 75.1,9H), 1.44 (m, 1H)*C NMR (100 MHz, CDC}) 6 156.3, 137.6, 137.4,

70.9, 63.5, 60.0, 59.1, 50.9, 32.3; HRMS (FAB) foge@4oN1,06 (M
+ Cs") calcd 869.2248, found 869.2214.

Aldehyde 45.Compound44 (290 mg, 0.39 mmol) was dissolved
in 15 mL of 1:1 dichloromethane/methanol and cooled-{@8 °C.
Ozone was bubbled into the solution until it turned blaeZ0 s), at
which time the solution was flushed with,ODimethyl sulfide (300

136.8, 136.7, 128.5, 128.5, 128.3, 128.2, 128.2, 128.1, 128.0, 127.9,
127.8, 97.7, 84.6, 84.5, 79.7, 78.7, 77.6, 75.7, 75.5, 75.1, 71.0, 67.3,
67.1, 66.7, 63.3, 59.1, 57.5, 57.0, 52.6, 50.9, 49.8, 46.3, 45.8, 43.7,
37.4, 32.2; HRMS (FAB) for GzHsgN150s (M + Cs') caled 1118.3725,
found 1118.3789.

Compound 50: yield 61 mg, 53%!H NMR (400 MHz, CDC})

uL, 4.1 mmol) was added, and the mixture was warmed to room 7.25-7.35 (M, 15H), 5.69 (d) = 2.9, 1H), 4.83-4.89 (m, 6H), 4.63
temperature and stirred for 1 h. The solvent was removed under reduced™: 1H), 4.28 (m, 1H), 3.994.06 (m, 3H), 3.91 (m, 1H), 3.68 (m,

pressure, providing-290 mg of crudet5 as a colorless oil, which was
used without further purificationR: 0.1 (6:1 hexanes/EtOAc)H NMR
(500 MHz, CDC}) 6 9.55 (s, 1H), 7.267.38 (m, 15H), 5.49 (d) =

(30) (a) Atwell, G. J.; Denny, W. ASynthesisl984 1032-1033. (b)
Adamczyk, M.; Fishpaugh, J. R.; Heuser, K.Qrg. Prep. Proced. Int.
1998 30, 339—-348.
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4H), 3.33-3.57 (m, 8H), 2.84 (m, 2H), 2.70 (m, 2H), 2.40 (m, 6H),
2.27 (m, 1H), 1.43 (m, 1H)C NMR (100 MHz, CDC}) ¢ 137.6,

137.4, 136.8, 128.5, 128.5, 128.4, 128.2, 128.0, 128.0, 128.0, 127.9,
127.8, 97.6, 84.6, 79.8, 78.7, 77.5, 75.7, 75.5, 75.1, 73.1, 71.0, 66.9,

63.3, 60.1, 59.2, 58.7, 53.7, 50.9, 50.0, 46.3, 32.2; HRMS (FAB) for
Cu1Hs2N1407 (M + Cs') caled 985.3198, found 985.3226.

Compound 51: yield 59 mg, 44%*H NMR (400 MHz, CDC}) ¢
7.27-7.41 (m, 20H), 5.63 (dJ = 3.8, 1H), 5.08 (s, 2H), 4.824.88
(m, 6H), 4.61 (dJ = 11, 1H), 4.26 (m, 1H), 3.974.02 (m, 2H), 3.88
(m, 1H), 3.16-3.59 (m, 13H), 2.86 (m, 1H), 2.74 (m, 1H), 2.56 (m,
1H), 2.28 (m, 1H), 1.271.50 (m, 6H);**C NMR (100 MHz, CDC})
0 153.3,137.5,137.4, 128.6, 128.5, 128.5, 128.5, 128.4, 128.1, 128.1
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96.3, 84.6, 76.8, 74.3, 72.0, 71.0, 70.7, 67.7, 55.0, 51.6, 50.3, 49.1,
46.2, 41.6, 38.1, 30.6, 25.2; LRMS (ESI) forA3sNeOs (M + H™)
calcd 423, found 423, (M- CI7), calcd 457, found 457.

Compound 8: yield 34 mg, 58%;*H NMR (400 MHz, D,O) ¢
5.84 (d,J = 3.5, 1H), 4.18-4.24 (m, 2H), 4.044.14 (m, 2H), 3.94
(m, 1H), 3.88 (t,J = 9.5, 1H), 3.80 (tJ = 9.5, 1H), 3.36-3.60 (m,
12H), 3.21 (t,J = 7.8, 2H), 3.10 (tJ = 7.8, 2H), 2.94 (s, 3H), 2.46
(ddd,J; = J, = J3 = 12.5, 1H), 2.1%2.24 (m, 4H), 1.91 (ddd}), =
12.5,J, = J3 = 4.0, 1H), 1.64-1.77 (m, 4H), 1.4+1.51 (m, 2H)*C
NMR (100 MHz, D;0) 6 99.0, 87.8, 86.5, 79.0, 77.4, 74.9, 70.7, 59.0,
55.7, 55.5, 55.3, 53.3, 52.3, 51.3, 50.3, 42.4, 42.1, 38.9, 30.6, 29.4,

,25.8, 24.5; LRMS (ESI) for gH4/N-Os (M + H™) calcd 494, found

128.0, 127.9, 127.8,97.6, 87.8, 84.5,79.7, 78.7, 77.4,75.7, 77.1, 77.1,494, (M + CI") calcd 528, found 528.

77.1, 75.7, 75.1, 63.2, 60.1, 59.2, 58.8, 50.9, 46.5, 40.7, 32.2, 31.0,

30.3, 30.1, 23.0; LRMS (ESI) for f8HeoN1409 (M + H™) calcd 990,
found 990.

Compound 52: yield 75 mg, 56%*H NMR (400 MHz, CDC}) ¢
7.26-7.41 (m, 20H), 5.65 (dJ = 3.8, 1H), 5.08 (s, 2H), 4.864.88
(m, 6H), 4.61 (dJ = 11.4, 1H), 4.27 (m, 1H), 3.974.07 (m, 2H),
3.84 (m, 1H), 3.16-3.58 (m, 13H), 2.87 (m, 1H), 2.72 (m, 1H), 2.55
(m, 1H), 2.28 (m, 1H), 1.281.50 (m, 6H);*3C NMR (100 MHz,
CDCly) 6 153.3, 137.6, 137.4,128.5, 128.5, 128.1, 128.1, 128.0, 128.0,

127.8, 97.7, 84.5, 79.7, 718.7, 77.5, 75.7, 75.5, 75.1, 73.3, 71.1, 66.6,
63.2, 62.5, 60.1, 59.1, 58.8, 50.9, 46.8, 40.7, 32.2, 31.0, 30.3, 30.1,

23.0; HRMS (FAB) for GgHgoN1409 (M + Cs') caled 1121.3722, found
1121.3772.

Compound 53: yield 66 mg, 62%*H NMR (500 MHz, CDC}) ¢
7.26-7.42 (m, 15H), 5.70 (dJ = 3.5, 1H), 4.84-4.90 (m, 6H), 4.63
(m, 1H), 4.26 (m, 1H), 3.994.08 (m, 2H), 3.88 (m, 1H), 3.333.68
(m, 13H), 2.84 (m, 2H), 2.69 (M, 1H), 2.31 (M, 3H), 1.46 (m, 115G
NMR (125 MHz, CDC}) ¢ 137.5, 137.4, 134.6, 128.5, 127.9, 127.8,

97.5, 84.6, 84.5, 79.6, 78.7, 77.5, 75.6, 75.4, 75.1, 73.0, 71.6, 63.8,

62.6, 60.6, 60.0, 59.4, 50.4, 46.9, 46.1, 32.0; HRMS (FAB) for
CagHa7N130g (M + Cs') calcd 946.2725, found 946.2696.

Compound 54: yield 62 mg, 62%*H NMR (400 MHz, CDC}) ¢
7.20-7.53 (m, 19H), 5.70 (dJ = 3.8, 1H), 4.774.91 (m, 6H), 4.62
(m, 1H), 4.29 (m, 1H), 3.994.11 (m, 4H), 3.90 (m, 1H), 3.253.58
(m, 8H), 2.81 (m, 2H), 2.28 (m, 1H), 1.45 (m, 1HFC NMR (100
MHz, CDCk) ¢ 153.7, 137.6, 137.6, 137.5, 128.6, 128.6, 128.5, 128.5,

Compound 9: yield 39 mg, 44%;'H NMR (400 MHz, D,O) 6
5.88 (d,J = 3.5, 1H), 4.20 (tJ =9, 1H), 3.92- -4.14 (m, 4H), 3.77
3.86 (m, 2H), 3.34-3.64 (m, 8H), 3.21 () = 6.5, 4H), 3.03 (m, 4H),
2.49 (dddJ; = J, = Js = 12.5, 1H), 1.93 (ddd}; = 12.5,3, = J3 =
4.0, 1H);13C NMR (100 MHz, BO) ¢ 95.7, 87.9, 85.6, 75.5, 74.9,
72.6, 72.5, 70.6, 55.6, 55.4, 52.9, 52.4, 51.3, 42.5, 38.1, 30.3; LRMS
(ESI) for CigHaiN7Os (M + H™) calcd 452, found 452, (Mt CI7)
calcd 486, found 486.
Compound 10: yield 8 mg, 13%;H NMR (400 MHz, D,O) 6
5.84 (d,J = 3.8, 1H), 4.21 (m, 1H), 4.044.13 (m, 2H), 3.93 (m, 1H),
3.85 (t,J = 9.5, 1H), 3.79 (tJ =9, 1H), 3.26-3.62 (m, 13H), 2.86
2.90 (m, 8H), 2.48 (ddd); = J, = J; = 12.5, 1H), 1.91 (dddJ, =
12.5,J, = J; = 4.0, 1H); C NMR (100 MHz, BO) 6 102.7, 87.9,
86.7, 81.0, 73.3, 69.5, 68.2, 56.8, 56.0, 55.5, 54.8, 51.5, 51.0, 50.0,
455, 45.2, 35.1, 34.2, 30.3; LRMS (ESI) fopH4sN70s (M + HT)
calcd 478, found 478, (M- CI™) calcd 512, found 512.
Compound 11: yield 34 mg, 68%:H NMR (400 MHz, D,O) &
5.87 (d,J = 3.5, 1H), 4.24 (m, 2H), 4.074.16 (m, 2H), 3.79-3.97
(m, 6H), 3.35-3.65 (m, 17H), 2.50 (ddd}; = J, = J; = 12.5, 1H),
1.94 (dddJ, = 12.5,3; = J; = 4.0, 1H);13C NMR (100 MHz, BO)
0 96.0, 87.8, 85.3, 75.9, 73.2, 72.5, 70.5, 68.4, 66.6, 55.5, 54.9, 54.5,
52.3, 51.2, 50.7, 44.1, 42.3, 37.8, 30.4; LRMS (ESI) fesHz:N¢Or
(M + H™) calcd 479, found 479, (M- CI7) calcd 513, found 513.
Compound 12: yield 21 mg, 60%;'H NMR (400 MHz, D,O) ¢
5.81 (d,J = 3.8, 1H), 4.16-4.23 (m, 3H), 4.03 (tJ =9, 1H), 3.88-
3.96 (m, 2H), 3.743.86 (m, 3H), 3.323.58 (m, 9H), 2.99 (tJ =

128.4,128.1,128.1, 128.0, 127.9, 127.9, 127.8, 122.3, 97.7, 84.6, 84.4,7.8, 2H), 2.45 (ddd), = J. = J3 = 12.5, 1H), 1.89 (ddd), = 12.5,

79.4, 78.6, 77.5, 75.7, 75.4, 75.1, 73.3, 71.1, 63.1, 60.1, 59.2, 51.0,

49.5, 47.7, 32.2; HRMS (FAB) for £H47/N1s0s (M + Cs') calcd
1002.2888, found 1002.2844.

General Procedure for Deprotection of 46-53 (7—14). The
starting material was dissolved in 4.5 mL of THF and 0.5 mL of 0.1
M aqueous NaOH. Then, 4.5 equiv of PMwas added :a 1 M
solution in THF, and the mixture was stirred at room temperature (or
50 °C if the reaction was proceeding slowly) for 2 h. When complete,

J,=J3= 4.0, 1H), 1.64-1.77 (m, 4H), 1.4+ 1.51 (m, 2H);**C NMR
(100 MHz, B»;0) ¢ 94.0, 87.8, 85.5, 75.0, 72.6, 72.5, 70.6, 68.7, 61.9,
60.4, 55.6, 52.8, 52.3, 51.3, 47.5, 42.4, 41.5, 30.5, 29.1, 29.0, 24.4,
LRMS (ESI) for GoHa4NsO7 (M + HT) calcd 481, found 481, (M-
CI7) calcd 515, found 515.
Compound 13: yield 34 mg, 80%;:H NMR (400 MHz, D,O) 6
5.85 (d,J = 3.5, 1H), 4.24 (m, 2H), 4.054.15 (m, 2H), 3.86-3.95
(m, 4H), 3.75 (m, 1H), 3.353.65 (m, 9H), 3.00 (tJ = 7.6, 2H), 2.49

the mixture was concentrated and passed through a short silica column(ddd, J; = J, = J; = 12.5, 1H), 1.94 (dddJ), = 12.5,J, = J; = 4.0,

(10:1 MeOH/NH(aqueous). The crude amine product was then
dissolved in 2 mL of 1:1 EtOH/THF and added in small portions to a
blue solution of sodium metak80 mg) in liquid ammonia (25 mL)
and THF (10 mL). After all starting material had been added, the
mixture was stirred until the blue color returned and was stable for 15
min. At this time, the reaction was quenched with ammonium formate
(500 mg in 1 mL of water), the solvent was evaporated off, and the
product mixture was lyophilized. Products were purified by ion-
exchange chromatography (Amberlite CG-50,Nfbrm) with a linear
gradient of agueous ammonia. Gradients 6f10, 0-15, or 0-20%

1H), 1.65-1.75 (m, 4H), 1.43-1.49 (m, 2H);33C NMR (100 MHz,
D,0) 6 95.8, 87.9, 85.3, 75.8, 74.8, 72.5, 70.6, 68.4, 61.6, 60.6, 55.6,
52.3, 51.3, 46.9, 42.4, 41.6, 30.3, 29.0, 28.9, 24.4; LRMS (ESI) for
Co0HasNgO7 (M + HT) caled 481, found 481, (M+ CI) calcd 515,
found 515.

Compound 14: yield 11 mg, 76%;H NMR (500 MHz, D,O) 6
5.82 (d,J = 3.5, 1H), 4.25 (m, 1H), 4.18 ( = 9.2, 1H), 4.13 (m,
1H), 4.04 (t,J = 9.5, 1H), 3.76-3.92 (m, 8H), 3.75 (m, 1H), 3.51
3.59 (m, 2H), 3.383.48 (m, 6H), 2.46 (dddJ); = J, = J; = 12.5,
1H), 1.89 (dddJ, = 12.5,J, = J; = 4.0, 1H);*C NMR (100 MHz,

concentrated aqueous ammonia were used. Fractions (3 mL) wereD,0) ¢ 102.5, 87.9, 85.4, 75.1, 72.3, 70.9, 68.6, 62.6, 59.9, 59.8, 58.6,

collected with an automated fraction collector, and those containing
product were pooled and lyophilized and then converted to their
hydrochloride salts by dissolving in an excess of 0.1 M aqueous HCI
and lyophilizing again. Yields are reported for the HCI salts, combined
for the two-step deprotection.

Compound 7: yield 19 mg, 65%;*H NMR (600 MHz, D,O) 6
5.69 (d,J = 3.6, 1H), 4.03 (m, 1H), 3.863.98 (m, 3H), 3.76 (m, 1H),
3.68 (dd,J;= J, = 9.0, 1H), 3.44 (ddJ, = J. = 9.0, 1H), 3.40 (ddJ,
= 13.5,J, = 3.5, 1H), 3.24-3.39 (m, 6H), 3.14 (m, 2H), 3.05 (m,
2H), 2.33 (dddJ, = J; = J; = 12.5, 1H), 2.02-2.10 (m, 2H), 1.42
(ddd, J; = 12.5,J, = J; = 4.0, 1H); 3C NMR (150 MHz, BO) ¢

55.6,52.3,51.2, 47.6, 42.3, 32.8; HRMS (FAB) for85:NsOg (M +
H*) calcd. 440.2720, found 440.2704.

Compound 15.Protected compoung4 (60 mg, 0.069 mmol) was
dissolved in 2 mL of ethanol. Hydrazine (&L, 0.35 mmol) was added,
followed by Raney nickel+30 mg). The mixture was stirred at room
temperature fo2 h and then filtered through Celite, concentrated, and
redissolved in 2 mL of 1:1 acetic acid/water. Palladium hydroxide (20
mg, 20% on C, Degussa type) was added, and the mixture was stirred
under a hydrogen balloon for 12 h. The product was filtered, lyophilized,
and purified by ion-exchange chromatography (Amberlite CG-50,"NH
form) with a linear gradient (810%) of aqueous ammonia. Fractions
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(3 mL) were collected with an automated fraction collector, and those Final concentrations in the translation mixture were as follows: Tris
containing product were pooled and lyophilized and then converted to acetate (pH 7.4), 70 mM; dithiothreitol, 2.2 mM; ATP (sodium salt),
the hydrochloride salt by dissolving in an excess of 0.1 M aqueous 1.5 mM; UTP, GTP, CTP (sodium salts), 1 mM each; phophoenolpyru-
HCI and lyophilizing again: yield 16 mg, 32% NMR (400 MHz, vate (potassium salt), 33 mM; PEG-8000, 2.4% (w/v); folinic acid, 42
CDCls) 6 7.83 (m, 2H), 7.61 (m, 2H), 5.86 (d,= 3.8, 1H), 4.18 ug/mL; pyridoxine hydrochloride, 33g/mL; NADP, 33ug/mL; FAD,
4.34 (m, 3H), 4.08 (tJ = 9.8, 1H), 3.8%+3.96 (m, 3H), 3.3+3.64 33ug/mL; p-aminobenzoic acid, 1349/mL; tRNA (fromE. coli, type
(m, 10H), 2.49 (m, 1H), 1.95 (app §,= 12.7, 1H);**C NMR (100 XXI from Sigma), 0.2 mg/mL; potassium acetate, 88 mM; ammonium
MHz, CDCk) 6 202.9, 135.1, 129.0, 117.2, 95.9, 85.4, 75.8, 74.9, 72.6, acetate, 44 mM; calcium acetate, 4 mM; magnesium acetate, 8 mM;
72.4,70.5, 68.5,55.5,52.3,51.3,50.7, 44.4, 42.4, 30.3; HRMS (FAB) IPTG (isopropylthiogalactoside, induckes expression), 1 mM; amino
for CyH3/N7O0s (M + HT) calcd 496.2884, found 496.2889. acids (all 20), 0.1 mM of each; 8L of S-30 extract and kg of DNA
SPR Binding Studies.5'-Biotinylated A-site RNA was prepared  template per 2L of translation solution. The translation assays were
exactly as described previousiinding experiments and curve fitting performed by mixing all of the reagents, varying amounts of the

were also performed as previously describeBata from 2-4 compounds to be tested, and the DNA template in a RNase-free
independent experiments for each compound were averaged to obtaimmicrocentrifuge tube. The S-30 extract was always added last, and the
the reported dissociation constants. reaction was maintained at 2t 1 °C in a water bath. The reaction
Antibiotic Testing. Minimal inhibitory concentrations (MICs) were ~ was terminated after 30 min by diluting the reaction 10-fold with
determined according to published protocSl8riefly, E. coli ATCC luciferase dilution reagent (25 mM Triphosphate, pH 7.8; 2 mM

25922 was grown in MuellefHinton broth (cation-adjusted, BBL DTT; 2 mM 1,2-diaminocyclohexand\,N,N',N'-tetraacetate; 10%
Microbiology Systems) to an optical density (@g) of ~ 0.5, and glycerol; 1% Triton X-100; and 1 mg/mL bovine serum albumin).
then diluted to Olgy= 0.1. Samples of antibiotic were prepared in  Translation yield was determined by mixing 14 of the diluted
Mueller—Hinton broth over the desired concentration range. For each reaction mixture with 5@L of luciferase assay reagent (20 mM Tricine,
concentration, 50 mL of diluted culture was combined with 1 mL of pH 7.8; 15 mM MgSQ; 0.1 mM EDTA; 33.3 mM DTT; 270uM
antibiotic sample and incubated at 37 for 4—6 h. The control sample coenzyme A; 47M luciferin; and 530«M ATP) and monitoring the

(no antibiotic) typically would have an Qg of 1.2—1.5 at this time. luminescence with a Turner Designs luminometer. For each assay,
The absorbance of each sample was read, and the MIC was consideregoints were collected in duplicate, and the full assays were performed
to be the lowest concentration of antibiotic at which éowas less at least three times for each compound.

than 1% of the control.
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translation mixture, or S-30 extract, and the reaction buffers were
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