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ABSTRACT

Bifunctional macrolides projecting an anchor group to the right or left spatial position of the lactone ring were synthesized. The regioselectivity
of the key [3 + 2] cycloaddition process was controlled by the remote cladinose group attached to the C-3 position. These conformationally
constrained molecules were employed as molecular probes to study the ribosomal binding sites of bifunctional macrolide antibiotics.

Macrolides, exemplified by erythromycin A, are important that are characterized by having a carbonyl group at the C-3
antibiotics that have been widely used for the treatment of position. Ketolides with an aryl group properly attached have
bacterial infections.They exert potent antibacterial activity shown potent activity against erythromycin-resistant bacteria.
by selectively binding to the bacterial ribosomes and inhibit- The aryl group is believed to form an additional interaction
ing the protein synthesis process-However, bacterial  with the ribosome, compensating for the free energy loss
resistance to macrolide antibiotics has become increasinglydue to the adenine dimethylatiéhABT-773> and RU-004
prevalent over the past decati®ne of the major resistant  are two of the most significant compounds resulting from
mechanisms involves dimethylation of a specific adenine the application of this anchor group strategy (Figure 1).
group in the macrolide binding site, resulting in a significant
loss of the binding affinity’. Recently this type of resistance
has been effectively addressed by the introduction of
ketolides, a new family of clinically important macrolides
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The quinolyl group, in both ABT-773 and RU-004, is compound3 in 97% yield® The chirality of the C-10 and
tethered to the macrolide skeleton through a flexible linker, C-11 centers and theis-configuration of the 2-butenylene
which allows the anchor group to move freely and occupy bridge were confirmed by the X-ray single-crystal structure
various spatial positions. Some recent studies showed thabf a sequential compound &f(Figure 2).
the aryl group in RU-004 protected the chemical modification
of a specific adenine base in the Domain Il region of the _
ribosomal RNA, indicating that the aryl group might interact
with this region of the bacterial ribosonét.is fundamentally
important to understand how the anchor group interacts with
the ribosome in order to design more potent macrolides that
overcome bacterial resistance. We report herein the synthesis
of two conformationally constrained macrolides that deliver
an anchor group to the defined spatial regions and utilization
of these molecules as probes for the anchor group binding
site.

Treatment of 69-allyl-12-O-acylimidazolidel® with al-
lylamine provided the 11,12-cyclic carbam&én a single
step in an excellent yield (Scheme 1). The reaction was

Scheme 1. Synthesis of 6,11-(cis-2-Butenylene) Bridged
Macrolide Intermediate

Figure 2. X-ray single-crystal structure of 6,11-butenylene bridged
macrolide8.

1,3-Dipolar cycloaddition of3 and 4 (which generated
3-quinolyl nitrile oxide in situ) produced a single compound
5 both regioselectively and stereoselectively in 71% vyield
(Scheme 2}! We believe that thesis-butenylene-bridged
macrolide3 adopts a conformation similar to that shown in
Figure 2. This conformation only allows the nitrile oxide to
approach from the top face of the molecule, providing

Scheme 2. Synthesis of Conformationally Constrained
Bifunctional Macrolide3
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aReagents and conditions: (a) ref 5; (b) allylamine,;CN,
H>0, rt, 48 h, 90%; (c) Grubbs catalyst, @El,, rt, 24 h, 97%.

stereoselective, generating two chiral centers at the C-10 and
C-11 positions, both having the natural configurations of
erythromycin® Ring-closing metathesiof 2, catalyzed by
Grubbs catalyst, provided the 6,tls-butenylene bridged
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aReagents and conditions: (&) EgN, THF, rt, 48 h, 71%; (b)
(i) 2 N HCI, EtOH, rt, 24 h, 56%,; (ii) DessMartin periodinane,
CH.Cly, rt, 2 h, 53%; (iii) MeOH, rt, 20 h, 80%; (c) (i) 2 N HCI,
EtOH, rt, 24 h, 83%; 9ii) NCS/M&/EgN, CH,Cl,, —10°C to rt,
quant; (d) MeOH, reflux, 4 h, 87%; (e) @, E&N, THF, rt, 24 h,
58% (two regioisomers in 2:1 ratio); (ii) MeOH, rt, 20 h, 9289
in 2:1 ratio).
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isoxazoline addudi in a stereoselective fashiéhHydrolysis
of the C-3 cladinose group fro gave the corresponding
3-OH compound, which was further converted to the C-3
carbonyl product under Des#/artin conditions. Finally, the
2'-OH protecting group was removed with metha#td give
the anchor-left isome8 in good yield.

Molecular modeling o8'* suggests that the C-3 cladinose

experiment. The dipolar interaction between H-13 and H-18/
H-19 is observed in both compoun@sand 9, confirming
that the whole group between the C-6 and C-11 overlays on
top of the macrolide ring. The extra NOE observed in
compound® between the H-5 and one of the quinolyl protons
(H-30) indicates that compoun@ has an anchor-right
configuration. This configuration places the quinolyl group

group is placed above the macrolide ring and blocks one of in the proximity of cladinose, resulting in a significant upfield

the two pathways for the incoming nitrile oxide, leading to
anchor-left isomeb as the single product (Figure 3). We
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Figure 3. Two potential pathways for the dipolar addition ®f
and nitrile oxide generated frodh

rationalized that removing the cladinose group prior to the
[3 + 2] cycloaddition should eliminate this remote steric
effect and allow the formation of the anchor-right isomer.
Thus, acid hydrolysis of the cladinose fradrfollowed by
oxidation of the remaining hydroxyl group under Cotrey
Kim conditions® provided the C-3 carbonyl compouiidn
excellent yield. Deprotection of7 in refluxing MeOH
provided compound, whose structure was confirmed by
X-ray crystallography (Figure 2). Dipolar addition dfvith
the nitrile oxide generated in situ frofi! provided a mixture
of two regioisomers, which leads to compourdand9 in
a 2:1 ratio upon removal of the'-®H acetyl protecting
group.

The structures 06 and9 as regioisomers were confirmed
respectively by various homo and hetero 2D NMR experi-

shift for the C-6 methyl protons (observed at 0.31 ppm for
9 as compared to 1.23 ppm f6) due to the strong shielding
effect of the aromatic ring.

The antibacterial activities @, 8, and9, as determined
by using the agar dilution method, are reported as minimum
inhibitory concentration (MIC) against four representative
Gram-positive organisms (Table 9%treptococcus Pyogenes

Table 1. Antibacterial Activity of Conformationally
Constrained Bifunctional Macrolides

MIC (ug/mL)
organisma EryP 8 6 9 ABT®
Spy EES61 0.06 0.25 0.25 2 0.004
Spy 930 >128 >128 64 >128 1
Spn 6303 0.12 0.25 0.25 2 0.004
Spn 5737 >128 >128 32 >128 0.25

a SpyrepresentStreptococcus pyogenasdSpnrepresentStreptococcus
pneumoniage® Ery represents erythromycin AABT represents ABT-773.

EES 61 andStreptococcus pneumonia®TCC 6303 are
erythromycin-susceptible strains, whigreptococcus Pyo-
genes930 andStreptococcus pneumoni&¥ 37 are eryth-
romycin-resistant strains with the macrolide binding site
methylated.

The anchor-left and the anchor-right isomém=nd9 differ
significantly in potency (Table 1). Compouléds about 10-
fold more potent thar® against the susceptible strains as
well as the resistant strains with methylated binding sites.
The data are consistent with the notion that the quinolyl

ments, especially the proton-carbon long-range correlation 9"0UpP in compound interacts with a secondary binding site
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on bacterial ribosomes, while the quinolyl grouiexerts

a detrimental steric effect to the binding. The anchoring effect
of 6 is more profound against methylated ribosomes where
the primary binding has been compromised.

Detailed knowledge of the anchor-ribosome interaction is
critical for the rational design of a new generation of
macrolides that overcome antibiotic resistance. Compounds
6 and9 are both relatively rigid molecules that confine the
quinolyl group to a limited spatial region (Figure 4). It
appears that the quinolyl group in compouhig positioned
such that a secondary interaction with the ribosome is
allowed, but such an interaction does not exist in structure
9. This work suggests that the secondary binding site for
the bifunctional macrolides is located on the left side of the
macrolide ring above the C-13 carbon. It is interesting to
note that ABT-773 adopts a fold-in conformation in its crystal
form where the quinolyl group is positioned on top of the
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ribosome-bound erythromycin, the quinolyl group ®fs
projected to a new site in domain Il of ribosomal RNA,
indicating that the potential binding site for the anchor group
is located in this region of the ribosome. The same interaction
in Domain Il has also been suggested by ribosome foot-
printing experiments. Bifunctional macrolides, such as ABT-
773 and RU-004, block the chemical modification of the
same binding site in Domain I, while erythromycin and other
nonbifunctional macrolides have no protective effect in this
Figure 4. Minimized conformations of anchor-left and anchor- region’!

right regioisomers. The molecules prepared for the current study are highly
rigid, and that may actually prohibit the formation of an
effective secondary interaction with the ribosome. This
possibility is strongly supported by the fact that compound
6 is less active than both ABT-773 and RU-004, where the
quinolyl group moves freely and allows the formation of a
Suitable conformation for effective binding. Therefore, future
work will be directed at the design and synthesis of less rigid
molecules that allow the anchor group to move in a broader
spatial area and at conformationally constrained molecules
that deliver the anchor group to a more effective spatial
position.

C-13 carbort® The quinolyl group in RU-004 occupies a
similar spatial position both in crystal and in solution forths.
The atomic-resolution crystal structure of bacterial ribo-

of the most significant developments in the area of macrolide
research® Cocrystal structures of the 50S ribosomal subunit
isolated from the eubacteriueinococcus radiodurants
complexed with erythromycin and two other nonbifunctional
macrolides has also become availalSlélhese cocrystal
structures revealed some detailed interactions of a non-
bifunctional macrolide with Domain V of the ribosomal
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