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Synthesis and Structure-Activity Relationships of Truncated Bisubstrate Inhibitors of
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Truncated aminoglycosidecoenzyme A bisubstrate analogues were efficiently prepared using a convergent
approach where the amine and the thiol are coupled in one pot with the addition of a linker, without the
need for protecting groups. These derivatives were tested for their effect on the activity of the resistance-
causing enzyme aminoglycosideM-acetyltransferase li, and key structwiativity relationships are reported.
Moreover, one of the inhibitors is able to block aminoglycoside resistance in cells expressing this enzyme.

Introduction

Aminoglycosides are potent antibiotics particularly active o s 0 0 N'k)\/I
against aerobic, Gram-negative bactéddnfortunately, the HO. NJ\I\/];SV\NJ\/\N N\ O-F—0—H-0O "N
emergence of aminoglycoside resistance is increasingly restrict- ;Cf” H H
ing their use as antibacterig# The most common mechanism NH2
of resistance to aminoglycosides is enzymatic modification by
acetyltransferases, phosphoryltransferases, or adenylyltrans-
ferases. Of these, the aminoglycosideNeacetyltransferase
(AAC(6")3) family, is one of the most widespread determinants
of aminoglycoside resistancEnterococcus faeciurAAC(6')-

li was selected for this study based on its clinical importance
as the reason for loss @klactam/aminoglycoside synergy in
this important pathogen and because of the availability of
detailed mechanistic and structural information for the en&ite.
Investigations by Wright and co-workers suggest that AAC-
(6')-li proceeds via an ordered bi bi mechanism where AcCoA
binds first to the enzyme, followed by the aminoglycoside.
Crystallographié®1! and mutageni® studies have failed to
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reveal specific amino acid side chains available to stabilize the

proposed tetrahedral intermediate, suggesting that the role of

this enzyme may be to bind and orient the two substrates in a
geometry that favors the acyl transfer, without direct stabilization
of an aminoglycoside intermediate.

In our efforts to study the catalytic mechanism of AAQ$6

we have developed a one-pot regio- and chemoselective method

for the direct N-6-derivatization of unprotected aminoglyco-
sides!213This facilitated the preparation of the first generation
of synthetic AAC(6)-li inhibitors, the bisubstrate analoguks—

¢, 2, and3 (Figure 1). These nanomolar inhibitors have allowed
crystallization of AAC(6)-li with aminoglycoside derivatives
for the first time, although they lacked biological activiAfter
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Figure 1. First generation of bisubstrate inhibitors dfid/alues against
AAC(6')-li.

the success of these molecules as structural and mechanistiStructure-activity relationships. Bisubstrate analogdes?, and

probes of AAC(6)s, we envisaged the preparation of a second
generation of AAC(9 inhibitors of smaller size to determine
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3 show similarK; values against AAC(%li, suggesting that
aminoglycoside rings Il and IV are not essential for inhibition.
Bisubstratela was therefore used as the starting point in the
design of our second generation of AAQ(éhibitors. Thus,

the role of the different functionalities & for binding to AAC-
(6)-li was investigated with the preparation of shorter analogues.

Results

The synthesis of aminoglycosi€0A bisubstrates is a
challenging task, in part because of the complex protection/
deprotection schemes often required for aminoglycoside de-
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Figure 2. Second generation of AAC(Binhibitors.
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aReagents and conditions: (a) Amberlite IR-120 (H), MeOH, reflux,
16 h (89%); (b) MsCI, py, OC, 6 h (73%); (c) Nah, acetone/HO, reflux,
16 h (78%); (d) H/Pd(OH), MeOH, room temp, 16 h (94%); (e) Ba(OHl)
MeOH/HO, reflux, 16 h (81%); (f) 0.95 equiv of NBD bromoacetate,
acetone/HO, room temp, 10 min, then add 0.9 equiv of CoA in TEA
H2CO;s buffer, pH 8.5, room temp, 1 h; (g) 1.05 equiv of bromoacetic acid,
DCC, DMAP, DCM, room temp3 h (78%); (h) 0.95 equiv of CoA, TEA
H2CO;s buffer, pH 8.5, room temp, 1 h; (i) O3, DMF, room temp, 16 h
(97%).

rivatization and because of the water solubility of aminogly-
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Table 1. Patterns of Inhibition and Inhibition Constants #e—f and
5a—e Measured against AAC(Bli

inhibitor? inhibition patterf Ki (uM)©
4a competitive 3.4:2.0
4b competitive ~130
4c competitive 1.2£0.2
4d competitive 3.4:1.7
4e competitive 3.6:04
4f competitive 7.4:29
5a no inhibition >200
5b competitive 12+ 8
5c no inhibition >1000
5d competitive 22+1.1
5e competitive 11+ 6

a All molecules were tested as the TFA sdltnhibition pattern versus
AcCOA. ¢ As a method validatiorK, andkea;were determined for neamine,
kanamycin A, and ribostamycin. They were comparable to those reported
in the literature®.

removed using Ba(OH)to yield 7. This step could not be
reported until later because of reagent incompatibility with the
bromoacetyl group. As reported for aminoglycosiéfehe use

of endo-Nhydroxy-5-norbornene-2,3-dicarboximide bromo-
acetate (NBD bromoacetate) followed by addition of CoA
afforded4ain a one-pot reaction. Interestingly, the removal of
ring Il from the aminoglycoside moiety dfa led to a 50-fold
decrease in affinity for AAC(§-li (Table 1). This result
emphasizes the strength of the salt bridges and hydrogen bonds

cosides and coenzyme A (CoA) derivatives. It was envisaged observed between the 2-DOSlafand the enzyme in the crystal
that our previously reported method to assemble aminogly- structure of thela—AAC(6')-li complex?®

coside-CoA bisubstrates in one pot would be a great asset in

the synthesis of truncated derivatiV@3he syntheses described

AAC(6)'-li has been shown to acetylate polylysines and
histones at the-NH,.> To better understand the specificity of

below all converge to the one-pot chemo- and regioselective AAC(6')-li for aminoglycosides, the neamine moietyke#was

coupling of an amine to a thiol with incorporation of an acetyl

replaced with lysine (targeib). CommerciaN*-acetyl+-lysine

linker. From there, retrosynthetic analyses are reduced to themethyl estera) was selected to better mimic peptidic lysines.
preparation of the corresponding amines and thiols, with no needCompoundBa was bromoacetylated ®b before reaction with

for protecting groups. The first targeda (Figure 2), is an
analogue ofla lacking the 2-deoxystreptamine ring (2-DOS,
ring Il of the aminoglycoside). The amine moiety of tardet
was prepared frorl-acetylglucosamine (Scheme 1). Thus, after
glycosylation to methyl 2-acetamidio-b-glucopyranosidega),
the N-8-amine was introduced by selective Orgesylation and
azidation, followed by reduction to methyl 2-acetamido-6-
amino<¢-D-glucopyranoside §d). The N-2-acetyl group was

CoA to yield4b (Scheme 1). To our surpriséb showed 1700-
fold reduced inhibition against AAC{Bli compared tdla. This
result was attributed to the lack of positive charges available to
interact with the negatively charged aminoglycoside binding site
of this enzyme. To further confirm this assumption, we next
prepared an arginireCoA analogue. The use of NBD bromo-
acetate, here to selectively bromoacetylate arginine at-IiEel,,
followed by addition of CoA led to the formation dfc in one
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pot (Scheme 1). Remarkably, the arginif@oA analoguedc Scheme 2. Synthetic Route to InhibitorSab?
was at least 2 orders of magnitude more potent than the lysine
CoA analoguelb and even slightly more potent thda (Table
1). This result confirms the importance of positive charges for
binding the aminoglycoside pocket of AAC)4i, consistent 0 o ..
with the electrostatic properties of the active dite. D-Pantethine —2. ~[s\/\Nﬂ\/\Nﬂ\‘>’\/0TBDMS]
Propylenediamine derivatives have been shown to imitate well 95% H 12 H oH 2
the diamine portion of 2-DOS in the design of non-carbohydrate

a
D-Pantethine —— B5a
65%

mimics of aminoglycoside®. This concept was used to conceive c fl\/\ Qe Og—OR 2, s
target4d, which includes one more positive charge compared 89% ‘[S\/\” N Sa Or ]2 63%

to 4c. Compound4d was assembled from commercislN- (2 steps)

dimethyldipropylenetriamine without the need for protection, d :gg:g&a

using NBD bromoacetate anq CoA as described a.bO\{e. (.Scheme a Reagents and conditions: (&)6'-bromoacetylneamine, acetonety

1). Despite the extra positive chargéd shows |nh|b|t|on. DTT, 20 equiv of DIPEA, room temp, 1 h: (ki)art—butyld’imethylsilyl
comparable to that observed #e (Table 1). The larger entropic  chioride, imidazole, DMF, room temp, 16 h (99%); (c) dibenzylchloro-
penalty needed for binding the polyamine may compensate for phosphate ¥3), CsF (2.5 equiv), py, room temi8 h (97%); (d) Na,
the higher enthalpy of binding expected with an additional naphthalene, THF-40 °C to room temp2 h (91%).

electrostatic interaction.

To reduce the flexibility of the linear polyamine, the strong anchoring points for the cofactor. The absence of

preparation of piperazine derivative®e and 4f was next inhibition is likely also explained by the high flexibility of the
envisaged. Indeed, piperazine is a common pharmacophorepantetheinyl group.
that may resemble 2-DOS.Compound4e was synthesized Target5b was next prepared to examine the importance of

directly from commercially available 1-(2-amino)piperazine the pantetheinyl'4phosphate group. Synthesis&if began with
(Scheme 1). Synthesis @ff began with a reaction between  the preparation of known dibenzylphosphoryl chloritig) using
benzyl 1-piperazinecarboxylaté)(and benzyl 3-bromopropyl-  a modification of the reported proced#Direct phosphoryla-

carbamate 10) in the presence of ¥CO; to form 1la in tion of p-pantethine usingl3 under conditions described
quantitative yield (Scheme 1). Global Cbz deprotectiod 1d previously for other alcohot$ was not successful. This may
to 11bwas followed by our standard one-pot reaction with NBD  be due to the low nucleophilicity of the-iydroxyl group of
bromoacetate and CoA to yieWf. Inhibition studies withde p-pantethine, likely resulting from an intramolecular hydrogen
and 4f revealed similar potency compared4o and4d. The bond with the nearby hydroxyl group. Thus, a silyl ether was

longer chain o#f is somewhat detrimental. Overall these results formed to temporarily break this hydrogen bond. Cleavage of
not only confirm the importance of the positive charges for the silyl ether with CsF to generate the alcohol in situ facilitated
interaction with the aminoglycoside pocket of AACKE but the reaction withl3 to afford 14 (Scheme 2). Intermediati4

also confirm the necessity of proper orientation of the amino was reduced using sodium naphthaleffide remove the benzyl
groups. Our results are also in agreement with a previous reportgroups and to generate the free thiol. With the desired thiol in
suggesting that neamine is the minimal substrate of AA€(6  hand, our one-pot methodology was next applied using neamine
li.> Retaining neamine in the inhibitor is rather convenient and NBD bromoacetate to affofib in 63% yield after HPLC
because of the low cost of this aminoglycoside, the ease of purification. To our surprise, the simple addition of one
derivatization using our one-pot methodology, and the known phosphate group was sufficient to recover low micromolar
active transport of aminoglycosides across the cell membranesinhibition.

of most bacterial strainsNeamine is also the smallest amino- The relatively good activity obb encouraged us to add a

glycoside able to cause mistranslation in bacterial protein gecond phosphate group; however, phosphates have negative

synthesis? charges that reduce their applicability. Two strategies may be
After modifications at the neamine moiety bé (targetsda— envisaged to overcome this issue. One is to temporarily mask

f) we next envisaged truncation of the CoA endlaf(targets the phosphoric acids as esters or amides (e.g., as in some
5a—e, Figure 2). The multiple negative charges of CoA are prodrugsf® A second approach is to use a mimic of the
believed to prevent bisubstratés-4 from crossing bacterial  phosphate groufy. The crystal structures reveal that the interac-
cell membranes. Inhibitors that can penetrate cells are desirabletions between the CoA pyrophosphate group and the enzyme
not only for cell-based experiments but also for potential use involve mainly hydrogen bonds as opposed to salt bridgés.

as pharmaceuticals. Binding to the pantetheinyl portion of This implies that it may be possible to mimic the pyrophosphate

AcCoA to acetyltransferases is relatively conserifd? We moiety with two carbonyl groups, as in targéts—e. Synthesis
hypothesized that with an intact pantetheinyl group, the of 5c first involved the coupling of succinic anhydride to the
molecules would more likely be general AAC(Bnhibitors. 4'-hydroxyl group ofpb-pantethine to yieldl6 (Scheme 3).

Target 5a was prepared in one-pot by regioselective 'N-6  CompoundL6 was transformed intécin one pot in the presence
derivatization of neamine in the presence of NBD bromoacetate of DTT (in situ reduction of the disulfide), neamine, and NBD
andp-pantetheine (Scheme 2)-Pantetheine was produced in  bromoacetate. The succinate moiety turned out to be a bad
situ by reduction of commercialpantethine using dithiothreitol ~ mimic of the pyrophosphate group, as suggested by the absence
(DTT). Compoundba was next tested at concentrations up to of AAC(6')-li inhibition in the presence dic. Synthesis obd
200uM for its effect on the activity of AAC(6-li but did not began with the coupling otert-butyl malonate 17) and
show any significant inhibition. A considerable reduction in bp-pantethine to yield 8 (Scheme 3). Removal of ttert-butyl
affinity was expected on the basis of the crystal structures of protecting group at this point was not successful but proceeded
AAC(6")-1i,”#11which reveal that of the hydrogen bonds formed more easily when carried after disulfide reduction and reaction
between the enzyme and AcCoA, five are between the phosphatevith NBD bromoacetate and neamine. We were pleased to see
groups and the protein. These hydrogen bonds likely serve asthat5d is a more potent inhibitor of AAC(%-li than 5b, which
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Scheme 3.Synthetic Route to InhibitorSc—e (R =
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aReagents and conditions: (a) succinic anhydride, py, room temp, 16
h; (b) N-6'-bromoacetylneamine, acetone;® DTT, 20 equiv of DIPEA,
room temp, 1 h; (c) MsCI, pytert-butanol, THF, O°C, 2 h, room temp, 1
h; (d) b-pantethine, DCC, DMAP, THF, room temp, 16 h; (e) TFA/DCM/
anisole, room temp, 16 h; (f) lithium acetoacetate, HATU, 2 equiv of DIPEA,
DMF, room temp, 16 h.

120

100

80

60 1

% Growth

40 -

20

200 300 400 600

[Kanamycin A] (ug/mL)

Figure 3. Potentiation of kanamycin A antibiotic activity by compound
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contained a phosphate group dr@H. This result suggests that
malonate is a good mimic of the pyrophosphate. The two
carbonyl groups of succinate are likely too far apart to mimic
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was prepared but found to be unstable). Synthesie ofvolved
the coupling of acetoacetate to pantethine, followed by disulfide
reduction and reaction witN-6"-bromoacetylneamine as before
(Scheme 3). We were pleased to find that replacement of a
negatively charged oxygen with a methyl group did not cause
a considerable reduction in the affinity for AACJ@i. This
result confirms that, for this enzyme, the pyrophosphate moiety
of the CoA substrate can be conveniently mimicked with a
p-dicarbonyl group.

Molecules5d and 5e were tested in combination with the
aminoglycoside kanamycin A (a substrate for AAQ(@&gainst
E. faeciumC238 harboring the AAC(§li encoding gene.
Compoundbd did not show any activity, where&e displayed
a synergistic effect with kanamycin A and effectively decreased
its MIC as predicted for an inhibitor of antibiotic resistance
(Figure 3). This supports our hypothesis that the negative charge
of the carboxylate group may prevent cell penetration.

Discussion

In conclusion, we have demonstrated that aminoglyceside
CoA bisubstrate analogues can be rapidly and efficiently
assembled using NBD bromoacetate directly with unprotected
amines and truncated CoA analogues. Our methodology is
chemo- and regioselective, efficient and applicable to water-
soluble molecules. By use of this method, 11 analogues of
bisubstratela were rapidly synthesized. These molecules were
tested for inhibition of the aminoglycoside resistance-causing
enzyme AAC(6)-li. This enzyme represents a good model not
only for AAC(6')s but also for the numerous other acetyltrans-
ferases that adopt the same fold and/or proceed via a similar
catalytic mechanism (e.g., some histone acetyltransféfades
involved in gene regulation and cancer, serotonine acetyltrans-
ferasé!involved in circadian rhythm, and spermidine/spermine
N-1-acetyltransferagginvolved in cancer and HIV infection).

The bisubstrate analogues were tested in vitro for their effect
on the activity of AAC(6)-li. This led to the elucidation of
several structureactivity relationships (Figure 4). Our results
indicate that inhibition by aminoglycoside€CoA bisubstrates
is more sensitive to truncation at the aminoglycoside than at
the CoA end. The smaller neamine is, however, as efficient as

the pyrophosphate group, as Suggested by the absence oliarger aminoglycosides to maintain the affinity of the bisubstrate

inhibition observed fobc. The malonate group dd, on the
other hand, seems to properly position the two carbonyls for
interaction with the enzyme. It is interesting to note that
truncation of ring Il of neamine (se&) has the same effect on
the inhibition as the deletion of the entire ADP moiety of CoA
(seebb and5d). This was unexpected based on g values

of neamine (6:M) and CoA (9uM) for this enzyme’. Next, 5e

for AAC(6')-li. This was expected on the basis of the reported
Kn for various AAC(8)-li substrates. Our results with ana-
logues4a—e have also emphasized the importance of properly
oriented positively charged amino groups for interaction with
the aminoglycoside binding pocket of AAC)&i.

Truncation of the CoA moiety of bisubstratarevealed that
the pantetheinyl group is not sufficient for recognition by the

was prepared and tested to verify the importance of the negativeenzyme and at least one phosphate group is needed. More potent
charge of the malonate group (the methyl malonate derivative inhibitors are obtained when the pyrophosphate moiety of CoA

Pantetheinyl group is not sufficient
At Ieast one phosphate group is needed

N)H\*S\/\NJ\/\ J\)\/OP o P -0, )N\I

Third aminoglycoside
ring not needed
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OH
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Figure 4. Summary of SARs.
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is mimicked with S-dicarbonyl groups such as malonate or General Procedure for the Preparation of 4a,e-f. The general
acetoacetate. To our knowledge, this is the first time that a procedure for the preparation éh,c—f is exemplified with the
pyrophosphate group is successfully mimicked with acetoacetate following procedure foda. Compound? (20 mg, 0.1 mmol) was
Compound5e is also the first inhibitor of an aminoglycoside dlsso_lved in water (2mL)in avnabndoN-Hydroxy-5-norbqrnene-
resistance-causing enzyme active in cells. This provides a proof2-3-dicarboximide bromoaceta(d8 mg, 0.06 mmol) was dissolved

. . o in acetone (2 mL) in another vial. The two solutions were mixed,
of concept for the pharmaceutical potential of AAG@hibi- sonicated for 1 min, and stirred for an extra 15 min before addition

tors. . . . . ) of CoA—SH (15 mg, 0.02 mmol) in TEA KOs buffer (4 mL,
These structureactivity relationships, combined with our iy 85). The mixture was stirred for another hour and then
structural studies of bisubstrate-AACKE complexes'? provide evaporated to dryness under vacuum. The crude powder was

crucial information for the design of AAC{Binhibitors and dissolved in a 0.05% solution of TFA in water and purified by
novel antibacterials effective against resistant strains. CompoundHPLC.
Serepresents a new lead in the development of pharmaceuticals Compound 4a.Yield: 11 mg, 68% NMR (D0, 400 MHz,
able to block aminoglycoside resistance caused by AAC(6  presat): 0 8.51 (s, 1H), 8.29 (s, 1H), 6.06 (d,= 5.0, 1H), 4.83
_ _ (d, J = 3.5, 1H), 4.78-4.71 (m, 1H), 4.46 (br s, 1H), 4.14 (m,

Experimental Section 2H), 3.88 (s, 3H), 3.73 (m, 1H), 3.66 @,= 10.0, 1H), 3.56 (m,

General. All reagents were purchased from Sigma-Aldrich 1H), 3.51-3.46 (m, 2H), 3.33 (m, 3H), 3.26 (s, 3H), 3.21{t=
Canada Ltd. (Oakville, Ontario, Canada) except for protected lysine 6.0, 2H), 3.18 (ddJ = 30, 9.0, 1H), 3.15 (s, 3H), 2.54 {,= 6.5,
8a, which was purchased from Chem-Impex International Inc. 2H), 2.33 (t,J = 6.5, 2H), 0.80 (s, 3H), 0.68 (s, 3H})C NMR
(Wood Dale, IL), and HATU, which was purchased from GL (D20, 100 MHz): 6 174.9, 174.1, 173.1, 150.0, 144.9, 142.6, 118.7,
Biochem Ltd. (Shanghai, China). Coenzyme A was purchased as117.6, 109.5, 103.5, 96.2, 87.7, 83.6, 74.4, 74.0, 72.2, 71.2, 70.3,
the trilithium salt ¢~95%). Reagents and solvents were used without 69.9, 65.3,55.4, 54.1, 40.2, 38.4, 35.6, 35.5, 34.8, 31.4, 21.0, 18.5.
further purification unless otherwise stated. Flash chromatography HRMS for GsgHsoN9O,1PsS (M + 2H)*" caled 500.6178, found
and analytical TLC (F-254) were performed with 60 A silica gel 500.6177. Purity, 98% (method £ = 3.13 min; method Bir =
from Silicycle (Quebec, Canada). All the target molecules were 3.00 min).
purified by reversed-phase HPLC using an Agilent 1100 modular ~ Compound 4b. Compound8b (16 mg, 0.05 mmol) and CoA
system equipped with an autosampler, a quaternary pump system(25 mg, ~0.03 mmol of the lithium salt) were dissolved in
a photodiode array detector, a thermostated column compartment friethylammonium bicarbonate buffer (p+B.5, 4 mL). The mixture
and a ChemStation (for LC 3D A.09.03) data system. The column was stirred overnight at room temperature and evaporated to
used was a semipreparative Zorbax SB-CN of 4.6 mi250 mm dryness. The resulting white powder was dissolved in water
and 5um (Agilent, Palo Alto, CA). Samples were eluted at a flow containing 0.05% TFA and purified by HPLC to yiedth as a white
rate of 3 mL/min, using a combination of mobile phase A (0.05% powder (yield: 19.8 mg, 59%3H NMR (D20, 400 MHz, presat):
TFA in water at pH~3.5) and mobile phase B (acetonitriie 6 8.31 (s, 1H), 8.13 (s, 1H), 6.05 (d,= 5.0, 1H), 4.46 (s, 1H),
containing 0.05% TFA). After 2 min at 1% mobile phase B, the 4.20 (dd,J = 8.8, 3.6, 1H), 4.13 (s, 2H), 3.91 (s, 1H), 3.68 {d,
eluent was brought to 40% mobile phase B in a linear gradient = 9.2, 1H), 3.64 (s, 3H), 3.44 (d,= 9.2, 1H), 3.35 (tJ = 6.4,
over 20 min. For molecules containing an adenine group, the 2H), 3.25 (tJ = 6.4, 2H), 3.14 (s, 2H), 3.08 (§,= 6.4, 2H), 2.56
detector was set to 260 nm; otherwise, 214 nm was used. The purity(t, J = 6.4, 2H), 2.35 (tJ = 6.4, 2H), 1.93 (s, 3H), 1.81 (m, 1H),
of the targets was evaluated by HPLC using the same equipment1.61 (m, 1H), 1.56 (m, 2H), 1.40 (d,= 7.2, 2H), 1.24 (m, 2H),
and column described above but using an isocratic elution with 0.76 (s, 3H), 0.63 (s, 3H}3C NMR (D;O, 100 MHz): 6 174.7,
ratios of phase A/phase B of either 65/35 (method A) or 55/45 174.4,174.3,174.2,174.0, 154.1, 150.8, 149.3, 140.5, 119.2, 95.4,
(method B). The purity of all target molecules used in the biological 86.8, 84.0, 74.2,74.0,73.8,72.1,71.9, 68.0, 67.6, 65.7, 53.5, 52.9,
assays was 95%. HRMS data were obtained by direct infusion 39.7, 38.2, 35.8, 34.6, 31.4, 27.5, 21.3, 20.4, 18.2. HRMS for
electrospray ionization from a solution of 50 mM formic acid: Cs2HsaNgO20PsS (M + H) calcd 1010.2423, found 1010.2425.
methanol, 90:10, at 2L/min in an lonSpe 7 T FTICR instrument.  Purity, 98% (method Air = 3.44 min; method Bir = 3.29 min).
The resolving power was approximately 80 000. HRMS data of ~ Compound 4c.Yield: 10.2 mg, 65%H NMR (D-O, 400 MHz,
all intermediates were obtained on a Kratos MS 25RFA mass presat): 6 8.49 (d,J = 1.6, 1H), 8.26 (s, 1H), 6.05 (d, = 5.2,
spectrometer at a source temperature of ZD@nd 70 eV. LRMS 1H), 4.74 (m, 1H), 4.43 (br s, 1H), 4.11 (m, 3H), 3.87 (s, 1H),
was performed using a Finnigan LCQDUO mass spectrometer with 3.71 (m, 1H), 3.46 (br dJ = 9.6, 1H), 3.32 (tJ = 6.4, 2H), 3.20
ESI without fragmentatiortH and'3C NMR spectra were recorded ~ (t, J = 6.4, 2H), 3.16 (s, 2H), 3.01 (§ = 6.4, 3H), 2.54 (tJ =
using a Varian mercury 400 or 300 or a Unity 500 spectrometer. 6.4, 2H), 2.31 (tJ = 6.4, 2H), 1.75-1.65 (m, 1H), 1.651.55 (m,
For all IH NMR spectra of target molecules, presaturation (presat) 1H), 1.55-1.40 (m, 2H), 0.79 (s, 3H), 0.68 (s, 3HJC NMR (DO,
is used to suppress the water peak. The chemical sbifte/ére 100 MHz): 6 175.8,174.4,174.2,174.0, 158.2, 154.4, 151.2, 149.7,
reported in parts per million (ppm) and are referenced to either the 141.0, 118.9, 86.8, 84.0, 74.2, 73.8, 72.1, 71.9, 67.6, 65.7, 53.5,
internal standard TMS (when CDgIis used) or the deuterated 52.9, 39.5, 38.2, 35.8, 34.6, 31.4, 27.5, 21.3, 20.4, 18.0. HRMS
solvent used. The peak patterns are indicated as follows: s, singletfor CagHsiN12018P5S (M + H) calcd 981.2451, found 981.2475.
d, doublet; t, triplet; dt, doublet of triplet; ddd, doublet of doublet Purity, 98% (method Atg = 3.13 min; method Bigr = 3.00 min).
of doublet; td, triplet of doublet; m, multiplet; g, quartet; p, pentet; Compound 4d.Yield: 13 mg, 78%!H NMR (D0, 400 MHz,
br s, broad singlet. The coupling constadtare reported in hertz ~ presat): 6 8.52 (s, 1H), 8.33 (s, 1H), 6.09 (d,= 5.0, 1H), 4.78
(Hz). The NMR spectra were obtained from the TFA saltd&f f (m, 1H), 4.48 (br s, 1H), 4.16 (m, 2H), 3.89 (s, 1H), 3.74 (m, 1H),
and5a—ein D,O (pD ~4). Reactions with air- or moisture-sensitive  3.65-3.50 (m, 12H), 3.4%+3.32 (m, 4H), 3.26:3.19 (m, 4H), 2.57
reagents and solvents were carried out under an atmosphere oft, J = 6.4, 2H), 2.34 (tJ = 6.4, 2H), 0.81 (s, 3H), 0.71 (s, 3H).
argon. All the reactions were carried out in round-bottom flasks 3C NMR (DO, 100 MHz): 6 174.6, 174.2, 173.9, 150.0, 149.3,

capped with a septum unless otherwise stated. 145.0, 143.1, 119.5, 88.6, 82.8, 74.0, 73.8, 72.0, 70.2, 67.9, 56.8,

Synthetic Procedures and Compound CharacterizationN-6'- 49.3,42.0,41.4,39.0, 36.1, 36.0, 35.2, 34.7,32.1, 21.2, 18.8. HRMS
Bromoacetylneamine Solution.Neamine free base (32 mg, 0.1  for CygH5i1N100:17PsS (M + H) calcd 937.2367, found 937.2456.
mmol) was dissolved in water (2 mL) in a vial, armhdoN- Purity, 96% (method Afgr = 3.11 min; method Btr = 2.98
hydroxy-5-norbornene-2,3-dicarboximide bromoacétét@ mg, min).

0.06 mmol) was dissolved in acetone (2 mL) in another vial. The ~ Compound 4e.Yield: 9.7 mg, 63%H NMR (D0, 400 MHz,
two solutions were mixed, sonicated for 1 min, and stirred for 15 presat): 6 8.55 (s, 1H), 8.35 (s, 1H), 6.11 (d,= 5.0, 1H), 4.79
min. This solution is referred to as tid6'-bromoacetylneamine  (m, 1H), 4.46 (br s, 1H), 4.19 (m, 2H), 3.92 (s, 1H), 3.79 (m, 3H),
solution. 3.70-3.50 (m, 6H), 3.56-3.38 (m, 4H), 3.28-3.15 (m, 8H), 2.61
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(t, J= 6.4, 2H), 2.39 (tJ = 6.4, 2H), 1.94 (m, 2H) 0.81 (s, 3H),
0.71 (s, 3H).:3C NMR (D,O, 100 MHz): & 174.5, 174.0, 173.6,

Gao et al.

29.1, 28.5, 20.7, 19.6. HRMS for2§£—|52N6014S (M + H) calcd
741.3335, found 741.3333. Purity, 98% (method#s= 3.55 min;

150.1, 149.4, 145.0, 143.2, 119.5, 88.0, 83.1, 74.2, 73.8, 72.2, 69.5,method B,tr = 3.34 min).
64.8,54.7, 46.6, 40.4, 39.8, 38.4, 36.4, 35.3, 35.1, 34.7, 31.2, 23.4, Compound 5d.Crude18 (80 mg, 0.10 mmol) was dissolved in

20.9, 18.3. HRMS for gHs3N100:17PsS (M + H) calcd 951.2524,
found 951.2528. Purity, 97% (method #, = 3.27 min; method
B, tr = 3.08 min).

Compound 4f.Yield: 13 mg, 79%H NMR (D,O, 400 MHz,
presat): 6 8.47 (s, 1H), 8.25 (s, 1H), 6.04 (d,= 5.0, 1H), 4.41
(brs, 1H), 4.16-4.03 (m, 2H), 3.83 (s, 1H), 3.67 (dd~= 9.6, 4.4,
1H), 3.43 (dd,J = 9.6, 4.4, 1H), 3.30 (m, 2H), 3.£%8.09 (m,
5H), 3.09-3.02 (m, 3H), 3.022.98 (m, 2H), 2.98-2.88 (m, 4H),
2.72 (s, 6H), 2.50 (tJ = 6.8, 2H), 2.29 (tJ = 6.8, 2H), 2.03-
1.95 (m, 2H), 1.86-1.71 (m, 2H), 0.76 (s, 3H), 0.65 (s, 3H}C
NMR (D20, 100 MHz): 6 174.6, 174.0, 173.0, 150.0, 148.5, 147 .4,

TFA/DCM/anisole (3 mL, 90/9/1 v/v) in a plastic bottle and stirred
overnight. After workup as described féa and evaporation of
the TFA and DCM, the residue was purified by HPLC to gbe®

(18 mg, 41%)*H NMR (D0, 500 MHz, presat):0 5.57 (d,J =

3.5, 1H), 3.94 (dJ = 10.5, 1H), 3.84 (s, 1H), 3.80 (d,= 10.5,
1H), 3.79-3.70 (m, 3H), 3.54-3.30 (m, 9H), 3.36-3.22 (m, 4H,
3.21-3.13 (m, 3H), 2.56 (t) = 6.4, 2H), 2.406-2.30 (m, 3H), 1.72
(g,J=13.2, 1H), 0.82 (s, 3H), 0.79 (s, 3H}C NMR (D;0O, 125
MHz): 6 174.4,173.2,172.2,171.6, 170.6, 97.2, 79.3, 75.5, 75.2,
72.6,72.0,71.2,70.6, 69.0, 54.0, 50.0, 48.8, 40.1, 39.4, 38.5, 35.6,
35.5, 35.0, 34.8, 31.5, 28.5, 20.7, 20.0. HRMS fogHzN6O14S

144.8, 142.5, 118.7, 118.33, 87.1, 83.5, 74.5, 74.2, 72.2, 65.3, 54.5,(M + H) calcd 727.3246, found 727.3237. Purity, 98% (method
46.9, 44.5, 43.0, 38.6, 36.7, 35.6. 35.1, 31.5, 25.8, 23.4, 21.6, 21.2 A, tr = 3.47 min; method Big = 3.25 min).

18.7. HRMS for GiHs7N10017PsS (M + H) calcd 967.2827, found
967.2917. Purity, 98% (method A = 3.32 min; method Btg =
3.11 min).

Compound 5a.In a vial, b-pantethine (15 mg, 0.03 mmol), DTT
(5 mg, 0.03 mmol), and DIPEA (1 mL, 5 mmol) were mixed in
acetone/HO (2 mL, 1/1 v/v) and sonicated for 2 min. This solution
was transferred to th&-6'-bromoacetylneamine solution (0.06
mmol, 4 mL), and the resulting mixture was sonicated for another
2 min and then stirred for 1 h. After evaporation of the solvent

Compound 5e.p-Pantethine (0.27 g, 0.5 mmol) and lithium
acetoacetate (0.18 g, 1.5 mmol) were dissolved in DMF (10 mL).
The mixture was stirred for 10 min followed by the addition of
HATU (0.38 g, 1.0 mmol) and DIPEA (0.4 mL, 2.0 mmol). The
mixture was stirred for 16 h at room temperature before evaporation
under vacuum. The residue was triturated with dichloromethane
(2 x 10 mL) to yield a paste. This paste was dissolved in GHCI
MeOH (30 mL, 10/1, v/v) and washed with,& (2 x 10 mL).

The organic layer was dried over sodium sulfate and evaporated to

under vacuum, the residue was dissolved in 0.1% aqueous TFAdryness to give0 as a yellowish powder. Compoura® (80 mg,

(10 mL) and washed with ethyl acetate x23 mL). The aqueous

~0.1 mmol), DTT (15 mg, 0.1 mmol), and DIPEA (1 mL, 5 mmol)

layer was evaporated to dryness under vacuum and redissolved invere mixed in acetoned® (5 mL, 1/1 v/v). The mixture was

0.05% TFA water (3 mL) before purification by HPLC to gia
(22 mg, 65% based op-pantethine). In general the final workup
process and purification fd@b—d are the same as described here
for 5a. 'H NMR (D0, 400 MHz, presat)o 5.56 (d,J = 3.2, 1H),
3.82 (s, 1H), 3.74 (m, 3H), 3.523.30 (m, 10H), 3.36-3.12 (m,
6H), 2.58 (t,J = 6.4, 2H), 2.35 (m, 3H), 1.73 (¢} = 12.4, 1H),
0.76 (s, 3H), 0.73 (s, 3H}:2C NMR (D;0, 100 MHz): 6 174.4,

sonicated for 2 min and stirred overnight. This solution was
transferred to thé\-6'-bromoacetylneamine solution (4 mL). The
resulting mixture was sonicated for 2 min and stirred for 1 h.
Workup was carried out as described $arand followed by HPLC
purification to affordse (4.6 mg, 10%)H NMR (D0, 400 MHz,
presat): 0 5.57 (s, 1H), 3.87 (s, 1H), 3.79 @,= 9.6, 2H), 3.69 (t,
J=9.6, 1H), 3.53-3.19 (m, 18 H), 2.62 (tJ = 6.0, 2 H), 2.4t

173.9, 173.7, 96.8, 79.0, 75.9, 75.0, 72.6, 71.5, 70.5, 68.8, 68.5,2.34 (m, 3H), 2.16 (s, 3H), 1.71 (d,= 13.2, 1H), 0.80 (s, 3H),
53.8, 49.7, 48.5, 40.0, 39.5, 38.3, 35.4, 35.3, 34.7, 31.2, 28.3, 20.5,0.77 (s, 3H).3C NMR (D;0, 100 MHz): ¢ 215.2, 174.4, 174.0,

19.2. HRMS for GsHsgNeO1:S (M + H) caled 641.3175, found
641.3167. Purity, 95% (method A = 3.25 min; method Btg =
3.06 min).

Compound 5b. 14(25 mg, 0.05 mmol) and DIPEA (1 mL, 5
mmol) were mixed in acetonef® (2 mL, 1/1 v/v) and sonicated
for 2 min. This solution was transferred into tNe6'-bromoacetyl-
neamine solution (0.06 mmol, 4 mL). The resulting mixture was

173.8, 173.5, 98.9, 88.5, 84.8, 76.2, 75.8, 73.2, 73.0, 72.0, 71.8,
69.3, 69.0, 55.8, 53.7, 51.2, 50.0, 48.8, 40.0, 39.6, 36.0, 35.8, 35.0,
32.0, 21.1, 19.3. HRMS for £Hs3NO13S (M + H) calcd 741.3386,
found 741.3384. Purity, 98% (method £, = 3.35 min; method
B, tr = 3.21 min).

Compound 6a.N-Acetyl-D-glucosamine (3 g, 13.5 mmol) was
dissolved in methanol (70 mL), and Amberlite IR 120 (H) resin (5

sonicated for another 2 min and stirred for 1 h. Workup as described g) was added. The mixture was refluxed overnight, cooled to room

for 5a was followed by HPLC to givésb (24 mg, 63% based on
14). 'H NMR (D20, 400 MHz, presat):d 5.60 (br s, 1H), 3.90 (br

s, 1H), 3.76-3.85 (m, 3H), 3.76-3.60 (m, 1H), 3.523.39 (m,
9H), 3.39-3.19 (m, 6H), 2.60 (tJ = 6.5, 2H), 2.38 (m, 3H), 1.78
(9,J = 13.2, 1H), 0.85 (s, 3H), 0.78 (s, 3HFC NMR (D0, 100
MHz): 6 177.4, 175.0, 173.7, 96.1, 78.2, 77.1, 75.4, 72.7, 70.8,

temperature, and filtered to remove the resin. The filtrate was
evaporated to dryness to giga as a white powder (2.83 g, 89%,
highly hygroscopic)!H NMR (400 MHz, DMSOsg): ¢ 7.71 (d,
J=4.0, 1H), 4.6 (br s, 3H), 4.50 (d,= 3.0, 1H), 3.62 (m, 2H),
3.38-3.46 (m, 2H), 3.28 (m, 1H), 3.22 (s, 3H), 3.10 (m, 1H), 1.82
(s, 3H).23C NMR (100 MHz, DMSO¢): 6 169.9, 98.6, 73.5, 71.6,

70.2,69.5, 68.4, 53.8, 49.9, 48.6, 41.5, 40.6, 39.7, 36.0, 33.1, 30.4,71.5, 61.3, 55.0, 54.5, 23.5. ESI-MS (M H) for CoH1/NOg, calcd

29.1, 28.4, 21.0, 18.6'P NMR (D0, 81 MHz): 6 —0.05. HRMS
for CasHaoNgO14PS (M + H) calcd 721.2838, found 721.2846.
Purity, 97% (method Atgr = 3.10 min; method Btg = 2.99 min).
Compound 5c. 1525 mg, 0.03 mmol), DTT (5 mg, 0.03 mmol),
and DIPEA (1 mL, 5 mmol) were mixed in acetong{H (3 mL,
1/1 viv). The mixture was sonicated for 2 min and stirred overnight.
This solution was transferred to the-6'-bromoacetylneamine
solution (4 mL). The resulting mixture was sonicated for 2 min
and stirred for 1 h. Workup as described f was followed by
HPLC to give 5d (26 mg, 58%).'H NMR (D,O, 400 MHz,
presat): 6 5.57 (d,J = 3.5, 1H), 3.89 (dJ = 10.5, 1H), 3.83 (s,
1H), 3.79-3.70 (m, 4H), 3.51 (dJ = 9.0, 1H), 3.48 (tJ = 4.0,
1H), 3.45 (tJ = 4.0, 1H), 3.43-3.40 (m, 1H), 3.39 (m, 1H), 3.38
3.34 (m, 3H), 3.283.22 (m, 4H), 3.17 (m, 2H), 2.56 (m, 6H),
2.40-2.32 (m, 3H), 2.06 (s, 2H), 1.73 (d,= 13.2, 1H), 0.81 (s,
3H), 0.79 (s, 3H)13C NMR (D;O, 100 MHz): 6 174.4, 173.2,

236.1, found 236.3.

Compound 6b. 6a(1 g, 4.25 mmol) was dissolved in pyridine
(15 mL), the mixture was cooled t640 °C, and methanesulfonyl
chloride (0.35 mL, 4.5 mmol) was added. The mixture was stirred
at —40 °C for 2 h and at room temperature for 10 h. After
evaporation of the solvent, the residue was purified by flash
chromatographyRs = 0.40, CHC}/MeOH 99/1) to give6b as a
white powder (0.97 g, 73%fH NMR (DMSO-ds, 400 MHz): ¢
7.77 (d,J= 5.6, 1H), 5.36 (dJ = 5.6, 1H), 4.88 (dJ = 6.0, 1H),
4.54 (d,J = 3.6, 1H), 4.38 (dJ = 9.8, 1H), 4.27 (ddJ = 10.8,
5.6, 1H), 3.66 (tdJ = 10.8, 3.6, 1H), 3.57 (dd] = 10.8, 5.6, 1H),
3.34 (s, 3H), 3.43 (m, 1H), 3.23 (s, 3H), 3.15 (m, 1H), 1.81 (s,
3H). 3C NMR (DMSO-+g, 100 MHz): ¢ 170.0, 98.8, 79.9, 71.2,
71.0, 70.4, 55.4, 54.3, 37.5, 23.4. ESI-MS (MH) for CyioH1o-
NOgS calcd 314.3, found 314.2.

Compound 6c¢. 6b(0.63 g, 2.11 mmol) and NajN0.68 g, 10.55

172.2,171.6, 170.6, 96.9, 79.3, 75.3, 75.2, 72.7, 71.8, 70.7, 70.6,mmol) were mixed in acetonef® (30 mL, 3/2 v/v). The mixture
70.4,68.9, 54.0, 48,8, 41.8, 39.8, 39.4, 38.5, 37.3, 35.0, 31.5, 30.5,was refluxed for 16 h. After evaporation of the solvent, the residue
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was purified by flash chromatographi (= 0.66, CHCYMeOH
95/5) to givebe as a yellowish powder (0.43 g, 78%H NMR
(DMSO-ds, 300 MHz): 6 7.76 (d,J = 5.6, 1H), 5.26 (dJ = 5.6,
1H), 4.85 (d,J = 5.6, 1H), 4.54 (dJ = 3.6, 1H), 3.66 (tdJ =
11.2, 5.4, 1H), 3.383.49 (m, 4H), 3.26 (s, 3H), 3.12 (m, 1H),
1.82 (s, 3H)13C NMR (DMSO-ds, 100 MHz): ¢ 170.0, 98.8, 72.3,
71.9, 71.1, 55.3, 54.3, 52.0, 23.4. ESI-MS (M H) for
CoH1eN4Os: 261.1, found 261.3.

Compound 6d. 6¢(0.33 g, 1.27 mmol) and Pd(OKHT (10%,

25 mg) were mixed in methanol (20 mL), and hydrogenolysis was
performed under 1 atm of Hovernight. The mixture was run
through a short pad of Celite and purified by flash chromatography
(Rr = 0.28, CHC}{/MeOH, 10/1 containing 2% TEA) to gived as

a yellowish paste (0.30 g, quantid NMR (DMSO-ds, 400
MHz): 6 7.76 (d,J = 5.4, 1H), 5.38 (br s, 1H), 4.90 (br s, 1H),
452 (d,J = 3.6, 1H), 4.38 (dJ = 9.8, 1H), 4.27 (dd] = 10.2,

5.6, 1H), 3.46-3.60 (m, 3H), 3.06-3.40 (m, 6H), 1.80 (s, 3H).
13C NMR (DMSOds, 75 MHz): 6 170.0, 99.0, 74.6, 71.2, 71.0,
55.4, 54.3, 38.1, 23.4. ESI-MS (Mt Na) for GH1gN2Os: 257.1,
found 257.2.

Compound 7. 6d(0.28 g, 1.20 mmol) was dissolved in MeOH/
H,0 (20 mL, 1/1 v/v). Ba(OH)(1.71 g, 10 mmol) was added, and
the mixture was refluxed for 12 h before concentratiorfi® mL.
Following slow addition of 10% k5O, until pH ~3, the solution
was left in the refrigerator overnight. The next day, the solution
was filtered to remove the precipitate (Bag$OThe filtrate was
evaporated to dryness to affordas a white foamy powder (0.20
g, 81%).1H NMR (D0, 400 MHz): 6 4.62 (d,J = 3.4, 1H), 3.63
(m, 1H), 3.40 (t,J = 9.6, 1H), 3.23 (s, 3H), 3.17 (dd, = 13.2,
3.6, 1H), 3.13 (tJ = 9.6, 1H), 2.92 (ddJ = 13.2, 8.8, 1H), 2.72
(dd,J = 9.6, 3.2, 1H).13C NMR (DO, 75 MHz): 6 99.3, 72.8,
71.7,68.4,55.7,54.7, 40.8. HRMS (# H) for C;H16N2O,, calcd
193.1110, found 193.1102.

Compound 8b. 8a(0.95 g, 4.72 mmol) and bromoacetic acid
(0.69 g, 4.96 mmol) were dissolved in dry gE, (40 mL). With
stirring, DCC (1.02 g, 4.96 mmol) and DMAP (20 mg) were added,
and the mixture was stirred overnight at room temperature. The
mixture was filtered to remove DCU, and the filtrate was evaporated
to dryness before purification by flash chromatograpgRy= 0.30,
CHCIy/MeOH, 95/5 v/v) to yielBb as a white and very fine powder
(0.96 g, 78%).XH NMR (CDCls, 400 MHz): ¢ 6.30 (br s, NH),
6.09 (br s, NH), 4.55 (m, 1H), 3.86 (s, 2H), 3.74 (s, 3H), 3.28 (m,
2H), 2.03 (s, 3H), 1.88 (m, 1H), 1.75 (m, 1H), 1.56 (m, 2H), 1.36
(m, 2H).13C NMR (CDCh, 100 MHz): ¢ 173.0, 170.3, 165.9, 52.9,
52.0, 39.9, 32.3, 29.6, 28.9, 23.6, 22.6. HRMS faiH;sBrN,O,

(M + H) calcd 322.0528 (100%) and 324.0508 (97%), found
322.0520 (100%) and 324.0502 (97%).

Compound 10.3-Bromopropylamine hydrobromide (2.5 g, 11.4
mmol) was dissolved in 15% aqueous NaOH (40 mL). After the
mixture was cooled to 0C, benzyl chloroformate (3.26 mL, 22.8
mmol) was added with vigorous stirring. The mixture was stirred
overnight at room temperature. The precipitate was collected,
washed with warm water (200 mL), and purified by flash chro-
matography R = 0.35, ethyl acetate/hexan, v/v) to afford 10
as a colorless oil (3.4 g, 98%)H NMR (CDCls, 300 MHz): ¢
7.31(m, 5H), 5.42 (br s, 1H), 5.06 (s, 2H), 3.38Jt= 6.5, 2H),
3.28 (m, 2H), 2.01 (m, 2H):3C NMR (CDCk,75 MHz): ¢ 156.8,
146.4, 128.7, 128.3, 127.6, 67.0, 39.8, 32.9, 31.2. ESI-MSHM
Na) for C;H14BrNO,, calcd 294.0, found 294.2 (100%), 296.2
(97%).

Compound 1la. 9(1.1 g, 5.0 mmol),10 (1.36 g, 5.0 mmol),
and K;CO;s (1.38 g, 10 mmol) were mixed in DMF (20 mL). The
mixture was stirred at 90C for 5 h and then evaporated to dryness.
The residue was dissolved in water (100 mL) and extracted with
ethyl acetate (3« 50 mL) to yield11aas a colorless oil (1.45 g,
70%).'H NMR (CDCl;, 400 MHz): 6 7.34 (m, 10H), 5.62 (br s,
1H), 5.19 (s, 2H), 5.08 (s, 2H), 3.49 &= 5.2, 4H), 3.26 (m, 2H),
2.39 (m, 6H), 1.68 (pJ = 5.2, 2H).13C NMR (CDChk, 75 MHz):

0 155.6, 155.3, 136.9, 136.8, 128.7, 128.6, 128.2, 128.0, 127.6,
127.1, 67.4, 66.8, 57.0, 53.2, 44.1, 40.7, 26.6. ESI-MSHNH)
for Co3H,9N30O,4, calcd 412.2, found 412.5.
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Compound 11b. 11a(1.40 g, 3.4 mmol) was dissolved in
methanol (10 mL). Pd(OHJ)C (10% Pd, 0.15 g) was added, and
hydrogenolysis was performed under 1 atm of hydrogen at room
temperature for 12 h. The mixture was filtered and evaporated to
give a yellowish oil (0.52 g), which was dissolved in water (10
mL). The aqueous solution was filtered through cotton and
lyophilized to yield11b as a white powder (0.46 g, 94%H NMR
(D20, 300 MHz): 6 2.56-2.64 (m, 6H), 2.26-2.30 (m, 6H), 1.54
(p, J = 5.4, 2H).13C NMR (D;O, 75 MHz): ¢ 55.6, 52.6, 44.2,
38.8, 25.8. ESI-MS (Mt H) for C;H17N3, caled 144.1, found 144.3.

Compound 12.p-Pantethine (0.22 g, 0.4 mmol) was dissolved
in dry DMF (10 mL). Imidazole (75 mg, 1.1 mmol) anert-
butyldimethylchlorosilane (140 mg, 1.0 mmol) were added. The
mixture was stirred overnight at room temperature. DMF was
evaporated under vacuum. The resulting viscous liquid was
extracted with CHGIH,O to yield 13 as a transparent glasslike
solid (0.30 g, 95%)*H NMR (CDCl;, 400 MHz): ¢ 7.28 (t,J =
6.8, 1H), 6.94 (tJ = 6.8, 1H), 4.72 (br s, 1H), 3.99 (s, 1H), 3.53
(m, 6H), 2.80 (tJ = 6.8, 2H), 2.48 (tJ = 6.8, 2H), 0.95 (s, 3H),
0.94 (s, 3H), 0.90 (s, 9H), 0.08 (s, 6HFC NMR (CDCk, 100
MHz): 6 172.9,171.7,79.1, 73.3, 40.0, 38.8, 38.7, 38.1, 36.9, 25.4,
22.1,19.8, 18.5:-5.2. HRMS (M+ H) for C34H70N40sS;Si, calcd
783.4174, found 783. 4166.

Compound 13.NCS (0.30 g, 2.2 mmol) was dissolved in dry
toluene (10 mL). Benzyl phosphite (0.47 mL, 2.0 mmol) was added,
and the mixture was stirred fd@ h atroom temperature. After
filtration to remove the precipitate, the filtrate was evaporated to
yield 13 as a colorless oil (0.58 g, 98%) NMR (CDCl;, 400
MHz): 6 7.36 (br s, 10H), 5.19 (dey = 10.2, 4H).13C NMR
(CDCls, 100 MHz): 6 141.1, 132.2, 130.8, 128.1, 703P NMR
(CDCl, 81 MHz): 0 6.04. ESI-MS (M+ H) for C;4H15CIO4P calcd
297.0, found 297.2.

Compound 14.13 (0.23 g, 0.29 mmol) was dissolved in dry
THF (10 mL). CsF (0.22 g, 1.45 mmol) was added, and the mixture
was refluxed fo 1 h before cooling to room temperature. To this
solution, freshly prepared dibenzylchlorophospha8: .19 g, 0.65
mmol) was added, and the mixture was stirred overnight at room
temperature. This mixture was evaporated to dryness under high
vacuum to afford a fine powder, which was triturated with CHCI
MeOH (5 x 20 mL, 10/1 v/v). The combined solutions were
evaporated to dryness to yieldl as a fine white powder (0.29 g,
~97%). This crude product was used directly in the Birch reduction
to preparel6. 'H NMR (CDClz, 400 MHz): ¢ 7.36 (br s, 10H),
7.28 (t,J = 6.8, 1H), 7.01 (tJ = 6.8, 1H), 5.12 (d sy = 10.2,
4H), 4.75 (br s, 1H), 4.01 (s, 1H), 3.54 (m, 6H), 2.81)t 6.8,
2H), 2.50 (t,J = 6.8, 2H), 0.93 (s, 3H), 0.88 (s, 3H)C NMR
(CDCl;, 100 MHz): ¢ 173.2, 171.9, 141.4, 132.5, 131.1, 128.4,
79.3, 73.5, 70.3, 39.8, 38.4, 38.0, 37.3, 35.6, 22.0, B2NMR
(CDCl;, 81 MHz): 6 0.85. ESI-MS (M+ H) for CsoHegN4O14P2S;
calcd 1075.4, found 1075.3.

Compound 15. Sodium metal (0.12 g, 5 mmol, washed with
hexane, THF, methanol, and THF) and naphthalene (0.67 g, 5.2
mmol) were dissolved in dry THF (20 mL) at40 °C. The color
of the mixture changed from clear to blue after stirring for 10 min
and then to black. This mixture was stirred for a total ¢ before
slow transfer (by cannula) into a solutionf(0.25 g, 0.23 mmol)
in THF (10 mL) until the solution turned pink (transfer was stopped
after~15 mL). This mixture was stirred for another hour and then
quenched with water (2 mL). After evaporation to dryness the
residue was triturated with water (100 mL). The aqueous solution
was washed with DCM (% 20 mL) and ether (x 20 mL) and
lyophilized to yield crude product5 (0.31 g,~91%). 3P NMR
(D20, 81 MHz): 6 5.27. ESI-MS (M+ H) for C11H2:N,O;PSNa
calcd 403.1, found 403.3.

Compound 16. p-Pantethine (0.275 g, 0.5 mmol), succinic
anhydride (0.11 g, 1.1 mmol), and DMAP (25 mg) were dissolved
in pyridine (10 mL). The solution was stirred at 8G overnight.
After evaporation of the pyridine, the residue was purified by flash
chromatographyRs = 0.22, CHC}/MeOH, 10/1 v/v) to givel6 as
a white powder (0.18 g, 48%)H NMR (D0, 300 MHz): 6 3.86
(d,J =11, 1H), 3.84 (s, 1H), 3.71 (d,= 11, 1H), 3.33 (m, 4H),



5280 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 17

2.66 (t,J = 6.4, 2H), 2.47 (1] = 6.4, 2H), 2.33 (m, 4H), 0.81 (s,
3H), 0.76 (s, 3H)13C NMR (D0, 75 MHz): 6 175.9, 175.1, 174.8,

Gao et al.

or eq 3, which suggests competitive inhibition. However, the low
Ki values obtained imply that these molecules are tight binding

174.0,74.8,70.4, 38.2, 37.8, 36.7, 35.6, 35.5, 31.6, 30.6, 20.8, 19.5.inhibitors (K; of less than 1000 times the concentration of AAC-

HRMS (M + H) for C30H50N4014SQ, calcd 755.2766, found
755.2759.

Compound 17.Malonic acid (11.88 g, 114 mmol) was dissolved
in dry THF (70 mL). Pyridine (20 mL) antert-butanol (20 mL,
209 mmol) were added with stirring. The mixture was cooled to 0
°C, and methanesulfonyl chloride (9 mL, 116 mmol) was added
over 30 min. The mixture was stirred at room temperature for 3 h
and then filtered to remove the pyridine hydrochloride salt. The
filtrate was concentrated t920 mL and diluted in water (200 mL).
This solution was brought to pH11 usirg 4 N NaOH and washed
with DCM (2 x 25 mL). The aqueous layer was acidified to pH
~3 with concentrated HCI and extracted with DCM %450 mL)
before evaporation to givé7 as a colorless oi13.5 g, 71%)H
NMR (CDCl;, 400 MHz): 6 11.12 (br s, 1H), 3.34 (s, 2H), 1.47
(s, 9H).13C NMR (CDChk, 100 MHz): 6 172.2, 166.4, 82.8, 42.4,
28.3. ESI-MS (M+ H) for C;H;,0, calcd 161.1, found 161.3.

Compound 18.p-Pantethine (0.55 g, 1 mmol) aid (0.32 g,
2 mmol) were dissolved in THF/DCM (50 mL, 4/1 v/v). DCC (0.4
g, 2 mmol) and DMAP (25 mg) were added, and the mixture was
stirred for 36 h at 60C. After filtration to remove DCU, the filtrate

was evaporated to dryness and purified by flash chromatography

(Rr=0.35, CHC}YMeOH 10/1) to yieldl8 as a white powder (0.53

g, 63%).1H NMR (CDCl;, 400 MHz): 6 7.48 (t,J = 5.6, 1H),
7.32 (t,J = 5.6, 1H), 4.58 (br s, 1H), 4.10 (d,= 9.2, 1H), 3.88

(s, 2H), 3.56-3.41 (m, 4H), 3.30 (s, 2H), 2.76 (8, = 6.8, 2H),
2.46 (t,J = 6.8, 2H), 1.44 (s, 9H), 1.00 (s, 3H), 0.93 (s, 3HC
NMR (CDCls, 100 MHz): ¢ 173.1, 172.2, 167.2, 166.3, 82.8, 75.2,
71.6, 43.2, 38.9, 38.8, 38.0, 36.1, 35.6, 28.4, 21.6, 20.6. HRMS
(M + H) for CagHgaN4014S, caled 839.3722, found 839. 3712.

Compound 19. 18(55 mg, 0.065 mmol), DTT (10 mg, 0.065
mmol), and DIPEA (1 mL, 5 mmol) were mixed in acetone (5 mL).
The mixture was sonicated for 2 min and vigorously stirred
overnight. ESI-MS revealed the disappearancel8fand the
formation of a product with peaks at 421.2 and 44323¢],
corresponding to [M+ H] and [M + Na] of reducedL8 (free thiol).
This mixture was added to tHé-6'-bromoacetylneamine solution
(0.06 mmol, 4 mL). The resulting mixture was sonicated for 2 min,
stirred for 1 h, and evaporated to dryness to give cri@as a
white powder (106 mg, quant.).

AAC(6')-li Inhibition Assays. AAC(6')-li was expressed and
purified as previously described elsewh&&nzyme activity was
monitored using a procedure reported eafli€hus, the assays were
performed in HEPES buffer (25 mM, pH 7.5) containing EDTA
(1 mM), 4,4-dithiodipyridine (DTDP, 40@:M), neamine (10@M),
and various concentrations of AcCoA. Reaction volumes were
typically 400uL. The assay mixtures were preincubated for 3 min
at 37°C, and the reaction was initiated by the addition of AAC-
(6')-1i (3.6 uM). The initial reaction velocities obtained at various
concentrations of inhibitor were fit to eq 1 for competitive inhibition,
eq 2 for noncompetitive inhibition, or eq 3 for uncompetitive
inhibition, where [S] is the concentration of AcCoK,, is the
Michaelis—=Menten constantymax is the maximal velocity, [I] is
the concentration of inhibitor, anld; is the inhibition constant.

Vel S
U=—)I ] i (2)
[S]+ Km(l + K)
V__ IS
([S] + Km)(l + K)
VinadS
v [ﬁ ] ®
[S](l + ?) + Ky

For all molecules tested eq 1 provided a much better fit than eq 2

(6')-1i).3% Thus, eqgs 4, 5, and®&were applied for tight binding
competitive inhibition, tight binding noncompetitive inhibition, and
tight binding uncompetitive inhibition, respectively.

KaPP = Ki(l + g) @)
KPP= K 5)

Km
KEPP = Ki(l + ﬁ) (6)

The K was determined from Morrison eg3¥where [E] is the
AAC(6")-li concentrationy; is the initial velocity in the presence
of inhibitor at concentration [l], andy is the initial velocity in the
absence of inhibitor, respectively.

g ([E] + [1] + K&) — /(E] + [ + K™ — 4[E][]

vy 2[E]

)

The experimental data fit eq 4 much better than eq 5 or eq 6,
confirming that the aminoglycoside derivatives are tight binding
competitive inhibitors. Calculated kinetic constants are listed in
Table 1.

Evaluation of Biological Activity of Compound 5e. A two-
dimensional checkerboard MIC assay was conducted Séthnd
kanamycin A (Bioshop Canada) verdtisterococcus faeciui@238
in brain heart infusion media (Difco) using NCCLS protocols in
duplicate. Compoun8ewas diluted using a 2-fold dilution to create
a gradient from 8 to 512g/mL, and the range of concentrations
for kanamycin A was 100600 «g/mL. The cultures were grown
at 37°C for 16 h in 96-well microtiter U-bottom MIC plates, and
growth was monitored in a SPECTRAmax Plus plate reader at
ODg2s The data from each set were averaged and normalized
against the mean of the sterility controls and reported as a
percentage of growth with respect to the mean of the positive growth
controls.
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