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In the course of search for the robust analogs of 1 -acetoxychavicol acetate (ACA, 1), the Rev-export inhib-
itor from the medicinal plant Alpinia galanga, we clarified formation of the quinone methide intermediate
ii to be essential for exerting the inhibitory activity of 1. Based on this mechanism of action, the rational
design from the MO calculation of the conclusive activation energy to ii resulted in the four halogenated
analogs with more potent activity than ACA (1). In particular, the difluoroanalog 20d exhibited approx-
imately four-fold potent activity as compared with 1.

� 2010 Elsevier Ltd. All rights reserved.
Rev is required for expression of the majority of HIV-1 proteins
necessary for formation of infectious virus particles by promoting
nuclear-cytoplasm export of virus mRNA.1 Since the export is crit-
ical for viral replication, inhibition for this step has been recog-
nized as an attractive strategy for therapeutic intervention for
acquired immunodeficiency syndrome (AIDS).2 Previously, we
found out 10-acetoxychavicol acetate (ACA, 1) as an inhibitor for
nuclear export of Rev from the medicinal plant Alpinia galanga. In
addition, the structural requirement for the biological activity of
1 was revealed to be the configuration at C-10, the 1-acetoxy-2-
ene moiety, and the two acetyl functions linked to the hydroxyl
groups.3

Indeed, ACA (1) exhibited potent activity in vitro, while in vivo
efficacy of 1 will be expected to be significantly reduced because of
facile deacetylation leading to the inactive diol by esterase in ser-
um. On the other hand, we presented carbonates and carbamates
as not only bioisosteric but also robust functions of esters; stability
in serum increased in order of the ester, the carbonate, and the car-
bamate.4,5 Hence, we synthesized several carbonates and carba-
mates from the optical active diol (2)3 and evaluated them for
Rev-export inhibitory activity by using the fission yeast,6 which ex-
press the model fusion protein consisting of glutathione S-transfer-
ase (GST), SV40 T antigen nuclear localization signal (NLS), green
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fluorescent protein (GFP), and Rev nuclear export signal (NES)
(Scheme 1).7 Among the synthesized analogs, the methyl, ethyl,
Scheme 1. Synthesis of carbonates and carbamates of 1. Reagents and conditions:
(a) MeOCOCl, pyridine, rt, 88%; EtOCOCl, pyridine, rt, 71%; nPrOCOCl, pyridine, rt,
68%; iPrOCOCl, pyridine, rt, 87%; (tBuO)2CO, DMAP, pyridine, rt, 64%; (b) AcOH,
DPPA, Et3N, rt to 55 �C, then CuCl, rt, 88%; (c) EtNCO, CuCl, DMF, rt, 67%; nPrNCO,
CuCl, DMF, rt, 76%; iPrNCO, CuCl, DMF, rt, 58%; tBuNCO, CuCl, DMF, rt, 70%.



Table 1
Inhibitory activity of carbonates and carbamates of 1 for nuclear export of Rev

Compound MIC (lM)

1 4.3
3 25
4 25
5 10
6 >50
7 >50
8 >50
9 >50

10 >50
11 >50
12 >50
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and n-propyl carbonates (3–5) exhibited moderate inhibitory po-
tency, while the activities of the other analogs were fairly reduced
as compared with that of ACA (1) as shown in Table 1.

This unexpected outcome in the biological activity directed us
to examine stability of the carbonates and carbamates (3–12) in fe-
tal bovine serum.8 In the case of the analogs of 1, stability of all the
carbamates were enhanced as expected, while all carbonates ex-
cept for the bulky t-butyl congener (7) were facilely subjected to
enzymatic hydrolysis to afford the diol in the serum. Curiously,
the three carbonates (3–5) showed moderate activity in spite of
nearly complete conversion to the inactive diol (Fig. 1).

Recently, the first low-molecular Rev-export inhibitor, leptomy-
cin B (LMB), was clarified to be bound to Cys-529 of CRM1, the
receptor of NES, in the yeast to inhibit nuclear export of Rev.9 In
this mechanism of action, the thiol function of cysteine was shown
to be linked to the a,b-unsaturated lactone moiety in LMB by a
covalent bond. In this context, we synthesized the biotinylated
LMB probe10 capturing CRM1 by biotin-avidin affinity technique
and elucidated ACA (1) to inhibit Rev-export through the same
fashion as LMB.3 Furthermore, treatment of 1 with N-acetyl-L-cys-
teine methyl ester was found to provide the two adducts (13 and
14) readily.

To consider the disappointing biological activity of the carba-
mates (8–12), the most potent carbonate 5 and inactive carbamate
10 were also treated with N-acetyl-L-cysteine methyl ester. In re-
gard to 5, the same adducts were similarly afforded, while the car-
bamate 10 robuster in the serum than 1 suffered no modification
upon this treatment. In addition to this chemical outcome, taking
removal of the 4-O-acetyl group as well as equal formation of the
diastereomers of 14 from treatment of 1 and 5 with N-acetyl-L-cys-
teine methyl ester into account, the two adducts would be pro-
vided through sequential formation of the monocarbonate i and
quinone methide intermediate ii as depicted Scheme 2. Exertion
Figure 1. Stability of carbonates and carbamates of 1 in serum.
of biological activity of ACA (1) and its analogs was, therefore, pre-
sumed to be significantly concerned with formation of these
intermediates.

To confirm this hypothesis, some 4-O-acetyl analogs (16–19)
were synthesized from the optical active acetate 153 and evaluated
for Rev-export inhibitory activity. Consequently, the analogs ex-
cept for 19 bearing the isopropoxycarbonyl group inhibited Rev-
export moderately (Fig. 2). Next, we planned to design the analogs
of 1 by ingenious use of the above hypothesis. In general, the qui-
none methide ii was assumed to be formed through hydrolysis of
the functional groups at C-4 (STEP 1) followed by elimination of
the substituents at C-10 (STEP 2) by way of the 4-hydroxy-interme-
diates i. Thus, we intended to design more potent analogs than 1 by
utilizing the activation energy for STEP 1 and 2. As a result of cal-
culating the activation energy for both steps with respect to ACA
(1) and the 4-O-acetyl analogs (16–19), the hydrolysis step must
be the rate-determining step to the quinone methide ii.11 In addi-
tion, the activation energy for STEP 1 (E1) was found to show favor-
able correlation with Rev-export inhibitory activity as shown in
Figure 2.

This finding led us to introduce electron-withdrawing halogen
substituents at the ortho position of C-4 bearing the hydrolyzed
functions to explore more potent analogs of 1. Table 2 summarizes
the activation energy (E1 and E2) of some ortho-halogenated ana-
logs (20a–20d). As expected, introduction of the halogen atoms at
the meta position of ACA (1) reduces E1 and noticeable decrease in
E1 was observed for the 2,3-difluoroanalog (20d) in particular.
Hence, we embarked on the synthesis of the four analogs and eval-
uation for their Rev-export inhibitory potency.

The synthesis of 20a–20d12 was executed as depicted in Scheme
3. Successive protection of the hydroxyl group in 3-fluoro-4-
hydroxybenzaldehyde (23a) as t-butyldimethylsilyl (TBS) ether
and introduction of the vinyl group by vinylmagnesium bromide
afforded allyl alcohol 24a. Dess–Martin periodinane oxidation of
the alcohol provided ketone 25a in 59% yield for three steps. Enan-
tioselective reduction of 25a with the complex of (R)-2-methyl-
CBS-oxazaborolidine and BH3�SMe2

13 afforded (S)-secondary alco-
hol 26a in 72% yield with 90% ee. Removal of the TBS group by
Scheme 2. Reagents and conditions: (a) N-acetyl-L-cysteine methyl ester, 1,4-
dioxane, Tris buffer (pH 7.5), rt, 47% for 13, 43% for 14; (b) nPrCOCl, pyridine, rt,
74%; iPrCOCl, pyridine, rt, 73%; nPrOCOCl, pyridine, rt, 73%; iPrOCOCl, pyridine, rt,
72%.



Figure 2. Relationship between activation energy and Rev-export inhibitory activity in 4-O-acetyl analogs of 1.
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n-Bu4NF followed by acetylation of the resulting diol with Ac2O in
pyridine furnished 10-acetoxy-3-fluorochavicol acetate (20a) quan-
titatively from 26a. The chloro and bromo analogs (20b and 20c)
were synthesized from the corresponding aldehydes (23b and
23c) in the same manner as 20a. The synthesis of the 2,3-difluoro-
analog 20d was similarly carried out after preparation for the start-
ing aldehyde 23d described as follows. Methylation of 2,3-
difluorophenol (21) by MeI and K2CO3 followed by introduction
of the formyl residue, which was achieved by treatment with
dichloromethyl methyl ether and TiCl4,14 provided the hydroxyl-
protected aldehyde 22. Removal of the methyl group in 22 by treat-
ment with BBr3 afforded 2,3-difluoro-4-hydroxybenzaldehyde
(23a).

The synthesized analogs were assessed for Rev-export inhibi-
tory activity by using the fission yeast expressing the fusion pro-
tein of GST-NLS-GFP-RevNES. All the halogenated analogs more
potently inhibited Rev-export than ACA (1). Among them, the
difluoroanalog 20d exhibited the most potent inhibitory activity.
Moreover, we evaluated inhibitory effect for nuclear export of
nearly genuine HIV-Rev in HeLa cells, transfected with HA-tagged
Rev plasmids,15 by indirect fluorescent antibody technique with re-
gard to 1 and the four halogenated analogs.3,16 In this bioassay, all
the analogs (20a–20d) also showed more potent inhibitory activity
than ACA (1) as listed in Table 3. Notably, the difluoroanalog 20d
with the lowest E1 most potently inhibited Rev-export in both as-
says and exhibited approximately eight-fold potent activity in the
genuine system in comparison with 1.

In the course of search for the robust analogs of ACA (1), we
clarified formation of the quinone methide intermediate ii to be
Table 2
Calculated activation energy of halogenated analogs of 1

Activation energy (kcal/mol)

E1 E2

ACA (1) 48.4 21.2
3-FluoroACA (20a) 43.6 23.4
3-ChloroACA (20b) 45.1 23.6
3-BromoACA (20c) 44.9 24.1
2,3-DifluoroACA (20d) 39.2 26.4
crucial for exerting Rev-export inhibitory activity of 1. Based on
this mechanism of action, we disclosed the four halogenated ana-
logs 20a–20d as the more potent active inhibitors than 1 by the ra-
tional design from the activation energy in the rate-determining
step to ii by MO calculation. So far, several biological activities of
1, in addition to inhibition for nuclear export of Rev, have been
found and loss of the two acetyl functions has almost brought
about significant reduction in the activities.17–19 These findings
Scheme 3. Synthesis of halogenated analogs of 1. Reagents and conditions: (a) MeI,
K2CO3, DMSO, rt, quant.; (b) TiCl4, CHCl2OMe, CH2Cl2, rt, 75%; (c) BBr3, CH2Cl2, rt,
52%; (d) TBSCl, imidazole, CH2Cl2, rt; (e) vinylmagnesium bromide, THF, rt, 71% for
24a, 79% for 24b, 77% for 24c, 63% for 24d, two steps; (f) Dess–Martin periodinane,
CH2Cl2, rt, 83% for 25a, quant. for 25b, 88% for 25c, 74% for 25d; (g) (R)-2-methyl-
CBS-oxazaborolidine, BH3�SMe2, THF, �40 �C, 72% (90% ee) for 26a, 69% (96% ee) for
26b, 78% (99% ee) for 26c, 33% (60% ee) for 26d; (h) nBu4NF, THF, rt; (i) Ac2O,
pyridine, rt, quant. for 20a, 91% for 20b, 93% for 20c, 88% for 20d, two steps.



Table 3
Inhibitory activity of halogenated analogs of 1 for nuclear export of Rev

Compound Model fusion protein in
fission yeast (MIC, lM)

HA-Rev in HeLa
cell (IC50, lM)

ACA (1) 4.3 0.98
3-FluoroACA (20a) 1.7 0.48
3-ChloroACA (20b) 2.2 0.62
3-BromoACA (20c) 1.7 0.49
2,3-DifluoroACA (20d) 1.4 0.13
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would indicate that the activities share the mechanism of action
involving formation of the quinone methide intermediate ii. Thus,
the logical design by the activation energy E1 would open up a new
avenue to develop new agents using ACA (1) as a scaffold.
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