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ABSTRACT

Simplified analogues of the lobatamides have been synthesized and evaluated for inhibition of bovine V-ATPase. The salicylate phenol, enamide
NH, and the ortho-substitution of the salicylate ester have been shown to be important for V-ATPase inhibitory activity.

The recently reported salicylate enamide macrolides, includ-
ing the salicylihalamides,1 lobatamides,2 apicularens,3 CJ-
12950, and CJ-13357,4 and the oximidines5 comprise a
unique class of natural products with a common benzolactone
core structure and a highly unsaturated enamide side chain.
(Figure 1). Two members of the class, salicylihalamides and
lobatamides, displayed high potency in the NCI’s 60 cell-
line human tumor screen (mean panel GI50’s: ∼1.6 nM for
lobatamides and∼15 nm for salicylihalamide A) along with

unique cellular response profiles.1,2 Recent studies have
shown that the salicylate enamide macrolides potently inhibit
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Figure 1. Salicylate enamide natural products.
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mammalian vacuolar-type (H+)-ATPases (V-ATPases) which
are ubiquitous proton-translocating pumps of eukaryotic
cells.6 Accordingly, these natural products are exciting new
targets for chemical synthesis, lead optimization studies, and
preparation of designed analogues to further define inter-
actions with the molecular target. The salicylihalamides have
been synthesized in several laboratories,7 and De Brabander
et al. have reported the preparation and structure-function
analysis of a number of promising derivatives.8 We recently
reported the total synthesis and stereochemical assignment
of lobatamide C using Cu(I)-catalyzed amidation for syn-
thesis of the C1-C10 fragment.9 In continuation of these
studies, we report the synthesis and biological evaluation of
simplified analogues of the lobatamides in order to clarify
the minimal core structure (pharmacophore) required for
V-ATPase inhibition.

Our initial objective was to prepare acyclic lobatamide
analogues and determine their ability to inhibit V-ATPase.
Since previous studies have shown that the enamide side
chain is important for the potent bioactivities of salicyli-
halamides1,8 and apicularen A,10 we initiated studies employ-
ing the C1-C8 subunit of the lobatamides (Scheme 1). TIPS-

protected (E)-4-iodo-3-buten-1-ol11 (1) underwent copper(I)
thiophenecarboxylate (CuTC)-mediated cross coupling with
amide212 to furnish enamide3, which was desilylated using

TBAF to afford enamide alcohol4. Encouraged by literature
precedent for esterification of salicylate cyanomethyl esters,13

we prepared salicylate enamides5 and 6 by heating
compound4 with cyanomethyl ester7 or 814 in the presence
of a catalytic amount of K2CO3 in DMA (Scheme 1).15 On
the basis of literature reports and lack of acylation using
cyanomethyl benzoate, we initially suspected that keto-
ketenes (cf. Scheme 1, inset) were the active acylating
agents.16 However, trapping experiments withN,N-dimethyl
cyanamide, ethyl vinyl ether, ethoxyacetylene, andN-
benzylmaleimide failed to provide the corresponding Diels-
Alder adducts.17 An alternative mechanistic pathway was
further suggested by conformational analysis of the sodium
salt of 7.18 As shown in Figure 2, the ester carbonyl in the

conformation shown is out of planarity, which is expected
to increase the reactivity of the carbonyl toward transesteri-
fication. In addition, theo-hydroxyl is suitably oriented to
act as a general base-catalyst and direct attack of the alcohol
to the carbonylπ*. This mechanism is further substantiated
by several literature reports.19

Two related methylated analogues10 and 11 were
prepared in order to determine the biological importance of
the phenol and enamide hydrogens of the lobatamides,
respectively (Scheme 2). Enamide3 was methylated with
NaH/MeI and desilylated to affordN-methyl enamide alcohol
12, which was acylated using cyanomethyl ester7 to afford
analogue10. Unfortunately, esterification of enamide alcohol
4 with o-anisic acid using modified Keck esterification20
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Figure 2. Transesterification using intramolecular general base-
catalysis.

Scheme 1a

a Reagents and conditions: (a) CuTC, Cs2CO3, 1, 10-phenan-
throline, dba, DMA, 50%; (b) TBAF, THF, 80%; (c)7 or 8, K2CO3

(5 mol %), DMA, 90°C, 1 h, 91% (5), 70% (6).
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employing DMAP-CSA as a cocatalyst did not afford the
desired product11. Since we suspected side reactions of the
enamide under acidic conditions, enamide6 was treated with
CSA in CH2Cl2 to cleanly afford dimer13 (78%).21 Dimer-
ization of enamides by protonation to anN-acyliminium ion
and reaction with a second equivalent of enamide is
precedented in the literature22 and represents a competing
side reaction in the presence of anhydrous acid. Analogue
11was ultimately prepared using Cu-mediated enamide bond
construction using amide2 and vinyl iodide14.23

Additional acyclic, salicylate enamide analogues15 and
16were prepared using the C1-C10 fragment of lobatamide
C (Scheme 3,17 and18)9 to determine the effect of the C8

stereogenic center on V-ATPase inhibition. Although satis-
factory yields were obtained for primary alcohols in the
synthesis of analogues such as5 and6 (Scheme 1), secondary

alcohol17exhibited significantly lower reactivity in acylation
reactions with cyanomethyl ester7 to afford 15 (25%). In
addition, 15% of aâ-elimination product as well as consider-
able amounts of recovered17 were obtained. Under similar
conditions, acylation of17with cyanomethyl ester8 did not
afford the desired salicylate product. However, acid18, after
neutralization with Bu4NOH and heating with8 and Na2-
CO3 (1.0 equiv), furnished the desired salicylate ester. In
this reaction, a number of carbonate bases (Li, K, Rb, and
Cs) were also evaluated, but interestingly only stoichiometric
levels of Na2CO3 gave useful results. To facilitate purifica-
tion, the unstable enamide acid product was methylated with
trimethylsilyl diazomethane to afford methyl ester16 (34%
from 18).

We have also initiated studies employing the C1-C10
fragment of the lobatamides to prepare simplified and
potentially more chemically stable macrocyclic analogues
(Scheme 4). Our initial target, macrodilactone19, replaces

the fragile divinylcarbinol moiety with a Z-olefin and
simplified three-carbon segment. Stille coupling24 of vinyl
stannane2025 and benzylic bromide219 afforded salicylate
22. Selective desilylation (TBAF) provided cyanomethyl
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Scheme 2a

a Reagents and conditions: (a) NaH, DMF, MeI, 98%; (b) TBAF,
THF, 90%; (c)7, K2CO3, DMA, 81%; (d)2, CuTC, Cs2CO3, DMA,
29%; (e) CSA (50 mol %), CH2Cl2, rt, 1 h (78%).

Scheme 3a

a Reagents and conditions: (a)7, K2CO3, DMA, 25%, 60%
recovered17; (b) (i) Bu4NOH, MeOH;azeotrope water; Na2CO3,
8, DMF/2-butanone, 80°C, 2 h, (ii) TMSCHN2; 34% (two steps).

Scheme 4a

a Reagents and conditions: (a) Pd2(dba)3CHCl3, AsPh3, THF,
70 °C, 60%; (b) TBAF, THF, 0°C, 73%; (c)18, Bu4NOH, MeOH;
azeotrope water; Na2CO3, 23, DMF/2-butanone, 80°C, 2 h; (d)
HF-pyridine/pyridine, THF, 36% (2 steps); (e) DIAD, PPh3, THF,
65%.
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ester23, which was coupled with enamide acid18 to furnish
the salicylate24. Desilylation (HF-pyridine/pyridine) pro-
vided hydroxy acid25, which underwent Mitsunobu mac-
rolactonization9 (0.005 M) to afford the target macrocyclic
analogue19 (65%).

The simplified lobatamide analogues were evaluated for
activity against bovine V-ATPase (Table 1).26 Enamide4

was found to be inactive, which indicates the requirement
for both the salicylate ester and enamide for inhibition. The
minimal salicylate enamide compounds5 and9 were found
to inhibit bovine V-ATPase (25% inhibition at 20 and 30
mm, respectively). Interestingly, permutation of theortho
hydrogen to a methyl group substantially increased the
activity against bovine ATPase (6, IC50 ) 1.3µM). Dimeric
compound13 was considerably less active. Methylated
analogues10 and11 showed relatively weak inhibition of
V-ATPase, which indicates the importance of a free phenol
and enamide NH. Macrodilactone19 showed good V-
ATPase inhibition (1.2µm), but not at the nanomolar potency
of the lobatamides, which indicates that the ring size and
substitution of the macrolactone are important for potent
V-ATPase inhibition. The most potent simplified salicylate
enamide analogue to emerge from this study waso-methyl-

substituted compound16 (0.1 µM), which was 180 times
more active than unsubstituted compound15. Conformational
analysis18 of 15 and16 (Figure 3A) indicates that ortho-H-

substituted salicylate15 maintains near planarity of the
carbonyl with the aromatic ring. In contrast, theo-methyl
substituent forces the carbonyl out-of-plane by approximately
60°, presumably because of steric hindrance effects.27 This
sterically hindered resonance effect is also seen in the X-ray
crystal structure of apicularen A3b (salicylate ester carbonyl
out of planarity by 80°) and may be an important configu-
ration of the salicylate moiety in potent V-ATPase inhibitors.

In summary, a series of simplified analogues of the
lobatamides have been prepared and evaluated as mammalian
V-ATPase inhibitors. Although simplified derivatives are not
as potent as the natural products, a number of useful
structure-reactivity relationships have been uncovered,
including enhancement of V-ATPase inhibition in acyclic
analogues by ortho-substitution of the salicylate ring. Con-
tinued studies on the synthesis of salicylate enamides and
analogues are ongoing.
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Table 1. Effect of Simplified Analogues of Lobatamides
against Bovine V-ATPasea

analogue IC50 (µM) analogue IC50 (µM)

lobatamide C 0.002 11 no effect
5 b 13 d
6 1.3 15 18
9 c 16 0.1
10 200 19 1.2

a ATPase activity determined as described in the Supporting Information
using 20µg of membrane protein and the indicated amount of inhibitor.
b 25% inhibition at 20 µm, higher concentrations not soluble.c 25%
inhibition at 30µm, higher concentrations not soluble.d 35% inhibition at
30 µm, higher concentrations not soluble.

Figure 3. Representative minimum energy conformations of15
(A) and16 (B) (Chem 3D, enamide side chain omitted for clarity).
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