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Structural analysis of oxazolomycin and simpler fragments containing a common 3-hydroxy-2,2-dimeth-
ylpropanamide moiety has indicated that a U-shaped conformation is preferred, in some cases stabilised
by hydrogen bonding between the N–H and O–H residues, as shown by a combination of molecular mod-
elling, NMR spectroscopic and single crystal X-ray analysis. A direct synthesis of this unit has been estab-
lished via the opening of b-lactones by a range of amines, and their antibacterial activity been shown to
vary with the hydrophobic character of the substituents.

� 2008 Elsevier Ltd. All rights reserved.
The oxazolomycins1 1, the first originally isolated in 1985,2 and
the most recent, lajollamycin 2, isolated much later in 2005,3 are
structurally novel antibiotic and antiviral agents, whose bioactivity
has been proposed to arise from their protonophoric properties
and whose biosynthesis has been the recent focus of attention.4,5

Only one member, neooxazolomycin, has been successfully syn-
thesised,6,7 although a number of groups have established strate-
gies for the synthesis of core components, including the lactam,8–13

the middle component,14 and the left-hand portion.15–18 Related
compounds, with various structural elements common to the oxa-
zolomycins, such as inthomycin19–21 and clathrynamide,22 have
also been the focus of attention. It has been reported that the ob-
served antimicrobial properties of the oxazolomycins are a result
of their protonophoric activity,23,24 similar to the lipopeptaibols,
a family of membrane active antimicrobial peptides.25

Amongst a number of unusual structural features of this com-
pound, the central amide function is remarkable for the proximal
geminal dimethyl and b-hydroxy functions. Although it is clearly
not so hindered that amide bond formation is not possible, as the
two extant syntheses of neooxazolomycin testify,6,7 it seemed to
us that this gem-dimethyl amide motif was likely to enforce a U-
shaped structure on the molecule on the basis of the Thorpe–In-
gold effect,26 and that this might in turn be an important element
to the observed bioactivity of the oxazolomycins; such an arrange-
ment would be expected to give a polar lactam-lactone head group,
and a non-polar tail. We report here results which suggest that
oxazolomycin is in fact likely to adopt such a conformation, as do
ll rights reserved.
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suitably substituted but simpler gem-dimethyl amides, and that
the latter can exhibit antibacterial activity in their own right.

Molecular modeling27 of the truncated structure 3 of oxazolo-
mycin generated an energy minimised structure in which the gem-
inal dimethylamide portion induced a turn, likely to be stabilised
by a hydrogen bond as a result of the predicted close proximity
of the N–H and C-3 hydroxyl groups (2.07 Å) (Fig. 1). Of interest
was that in the modelling of oxazolomycin B 1b itself, the mini-
mum energy conformation (see Fig. 2) generated by AM1 semi-
empirical (SPARTAN) calculation gave a U-shaped preferred con-
formation with an NH–O distance of 4.07 Å, too long for effective
hydrogen bonding, but that this was indeed the preferred confor-
mation was suggested by modelling a more linear structure, which
was nearly 6 kcal/mol higher in energy and for which the NH. . .O
distance was 4.65 Å. Similarly, the modelling of inthomycin B 4, a
primary amide lacking the dienyl substituent of oxazolomycin,
indicated a structure which (Fig. 3) has an NH-O distance of
2.07 Å but which is clearly linear. A similar trimethyl substitution
pattern to that found in the oxazolomycins has been reported to
effectively control conformation in cyclic prodrugs,28 and the po-
tential influence of acyclic stereocontrol for the maintenance of
antibacterial bioactivity is illustrated by the importance of intra-
molecular hydrogen bonds in the non-peptidic antibacterial anti-
mycin A29 and of conformational effects in pediocin.30 On this
basis, a more detailed examination of the synthesis and structure
of the gem-dimethyl amide motif was warranted; desirable in
any synthesis was the capacity to readily modify the amide flank-
ing groups in order to explore their effect on antibacterial activity.

We found that the required gem-dimethyl amides were most
readily generated by reaction of the enolate of phenyl isobutyrate
5 with aldehydes according to the literature method31; when
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Figure 2. Minimum energy conformation for oxazolomycin B 1b (energy =
�252.4 kcal/mol, NH. . .O distance 4.07 Å).
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applied to benzaldehyde, the corresponding b-lactone 6 was gener-
ated in 75% yield (Scheme 1). This could be opened by treatment
with primary saturated and unsaturated amines, to give the amides
7a–e in good to excellent yield,32 although this reaction could be
sluggish, as might be expected of such a hindered lactone, requiring
extended reaction time at 40 �C to force the reaction to completion,
whilst avoiding the expected competing decarboxylation side reac-
tion which would occur at high temperature. That these structures
exist in a U-shaped conformation in solution was suggested by nOe
analysis of 7a, which showed enhancements of N–H, Me and
C(H)OH protons (Scheme 1), and in the case of 12b, single crystal
X-ray analysis (Fig. 4a and Tables 1 and 3)33 clearly indicated a hair-
pin structure, stabilised by an intramolecular hydrogen bond as a
result of the predicted close proximity of the N–H and C-8 hydroxyl
groups (2.29 Å), consistent with the in silico result. The sequence
was also applicable to ketones, as exemplified by the reaction of
cyclohexanone with phenyl isobutyrate 5 followed by ring opening
with allylamine, to give amide 9 in excellent overall yield. Variation
in the acyl side chain substitution pattern was also possible, as
shown by the reaction of aldehydes 10a–e giving amides 12a–e in
excellent overall yield (see Scheme 2). Although the aldehyde 10d
was easily prepared as shown in Scheme 3, attempted coupling of
bromide 11e with the same styrylboronate gave not the expected
b-lactone, but the alkene (E)-1-(2-methylprop-1-enyl)-2-styryl-
benzene, from Suzuki coupling followed by direct decarboxylation,
in 34% yield as a result of the high temperature which was used. In
the case of a,b-unsaturated aldehydes (see Scheme 4), the aldol ad-
ducts 13 and 14 rather than the expected b-lactones were formed,
Figure 1. Minimum energy co
but only in the presence of zinc chloride (2 equivalents); in the ab-
sence of zinc chloride, only the elimination products 15 and 16
were obtained in low yield, resulting from spontaneous decarboxyl-
ation of the b-lactone which was initially formed, along with unre-
acted starting material. It would appear that the zinc chloride acts
as a Lewis acid, promoting the initial aldol addition, but also pre-
venting the subsequent cyclisation by chelation across the b-
hydroxycarbonyl group. These esters could be easily converted to
amides 17 and 18 by aminolysis. Single crystal X-ray analysis of
nformation for amide 3.



Scheme 1.

Scheme 2.

Figure 3. Minimum energy conformation for inthomycin 4.
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17 clearly indicated a linear structure, stabilised by an intermolec-
ular hydrogen bond (Fig. 4b and Table 1).33

Bioassay against Staphylococcus aureus and Escherichia coli gave
the results indicated in Table 2.34 Derivative 12c showed the best
activity against S. aureus, although both 12d and 18 exhibited
weaker activity, with potency values relative to cephalosporin C
of some 5–8%; the minimum inhibitory concentration of the most
active compound 12c was found to be 4 mg/ml, making this com-
pound approximately 80-fold less active than KSM-2690, a mem-
ber of the oxazolomycin family reported to be active against
S. aureus at 50 lg/ml.35 Much higher levels of activity were found
against E. coli, and 12a, 12c, 12d and 18 in particular exhibited po-
tent activity at 4 mg/ml; their minimum inhibitory concentration
was found to be in the range 0.5–1 mg/ml. Since the reported
MIC values for oxazolomycins A–C 1a–c are in excess of 100 lg/
ml,36 the most active fragments 7a, 12c and 12d are approximately
only 5 times lower in activity. The bioactivity of these compounds
broadly correlates with their hydrophobicity, as shown from their
LogP values; the exceptional compounds are bromophenyl deriva-
tive 7e and amide 18.

It is noteworthy that the common 3-hydroxy-2,2-dimethylpro-
panamide motif present in these compounds, and the parent oxa-
zolomycins, complies with the Lipinski ‘Rule of Five’37 and is a
versatile lead-like template suitable for library generation with at
least two points of chemical diversity. The value of such Lipinski-
compliant natural products with the required physicochemical
properties for lead structures for drug discovery has recently been
elaborated.38



Figure 4. Crystal structures of (a) compound 12b and (b) compound 17 showing the hydrogen bonding interactions detailed in Table 1. Thermal ellipsoids shown at 15%
probability level.

Table 2
Bioassay of compounds 4–9 against S. aureus and E. coli using the hole plate method

Compound LogPa

S. aureus

Zone size/mm Relative potencyc

7a 3.59 Inactive —
7b 2.07 Inactive —
7c 2.55 Inactive —
7d 2.68 Inactive —
7e 4.42 Inactive —
9 2.26 Inactive —
12a 3.73 Inactive —
12b 2.83 Inactive —
12c 4.08 17 0.08
12d 4.74 14 0.06
17 2.14 Inactive —
18 2.83 14 0.05

a LogP calculated using ChemBioDraw Ultra 11.0.
b Hole plate bioassay at 4 mg/ml (7:3 DMSO/H2O).34

c Expressed as zone size per mg/ml, relative to cephalosporin C standard.
d Minimum inhibitory concentration estimated by serial dilution until no inhibition z

Table 1
Hydrogen bonds for compounds 12b and 17 (in Å and �; symmetry transformations used to generate equivalent atoms: #1 �x + 1, y + 1/2, �z + 2 #2 �x + 1, y � 1/2, �z + 2)

Compound D–H. . .A D(D–H) D(H. . .A) D(D. . .A) <(DHA)

12b N(3)–H(31). . .O(9) 0.89 2.29 2.851(2) 121
17 N(16)–H(161). . .O(15)#1 0.90 2.27 3.104(3) 154

O(1)–H(11). . .O(15)#2 0.86 1.90 2.739(3) 168

Scheme 3.
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In conclusion, we have shown that the 3-hydroxy-2,2-dim-
ethylpropanamide motif present in the oxazolomycins is likely
to induce a turn in the preferred molecular conformation, and
that, appropriately substituted, it can exhibit antibacterial
activity. This natural product inspired motif is therefore of
interest, since it may provide a template for library generation
capable of ready optimisation against a number of bacterial
targets.
Bioactivityb

E. coli

MICd Zone size/mm Relative potencyc MICd (mg/ml)

— 17 0.005 0.5
— 15 0.003 nd
— Inactive — —
— Inactive — —
— Inactive — —
— Inactive — —
— 22 0.01 1.0
— Inactive — —
4 23 0.01 0.5
nd 20 0.01 0.5
— Inactive – —
— 28 0.03 1.0

one is observed; nd, not determined.



Scheme 4.

Table 3
Crystals structure data for compounds 12b and 17

Compound 12b 17

Chemical formula C15H21NO2 C13H17NO2

Formula weight 247.34 219.28
Temperature (K) 150 150
Wavelength (Å) 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Space group P 21/c P 21

a (Å) 13.9977(3) 6.0960(2)
b (Å) 7.9134(2) 8.2767(3)
c (Å) 12.5315(5) 11.9649(5)
a (�) 90 90
b (�) 91.3997(12) 102.1584(12)
c (�) 90 90
Cell volume (Å3) 1387.69(7) 590.14(4)
Z 4 2
Calculated density (mg/m3) 1.184 1.234
Absorption coefficient (mm�1) 0.078 0.083
F0 0 0 536 236
Crystal size (mm) 0.20 � 0.15 � 0.07 0.18 � 0.18 � 0.18
Reflections measured 17901 10880
Unique reflections 3152 1435
Rint 0.058 0.045
Observed reflections (I > 2r(I)) 2368 1356
Parameters refined 163 145
Goodness of fit 0.9845 0.9995
R(I > 2r(I)) 0.0488 0.0348
wR(I > 2r(I)) 0.1268 0.0859
Residual electron density (min,max)

(eÅ�3)
�0.29, 0.25 �0.17, 0.16
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Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.05.105.
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