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Synthesis and matrix metalloproteinase (MMP)-12
inhibitory activity of ageladine A and its analogs
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Abstract—Ageladine A (1) and its analogs 2–10 were expeditiously synthesized by featuring the biosynthetic route proposed for 1
(for 1–10) and by employing 2-(N-t-butoxycarbonylamino)imidazol-4-carbaldehyde as the starting material (for 1–8). From MMP-
12 inhibitory activity assay, it appeared evident that the two bromine atoms and the three NH groups (1-NH, 14-NH, and 15-NH2)
were indispensable for 1 to exhibit excellent activity.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of ageladine A (1).
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Figure 2. Structures of ageladine A analogs 2–10.
Ageladine A (1) is a pyrrol-2-aminoimidazole alkaloid
isolated from the marine sponge Agelas nakamurai by
Fusetani et al. (Fig. 1).1 It has been reported that 1 inhib-
its various subtypes of matrix metalloproteinases
(MMPs) such as MMP-1, 2, 8, 9, 12, and 13. Among these
MMPs, MMP-12 has attracted our particular attention
because it has been considered to be associated with
inflammatory diseases caused by macrophages infiltra-
tion such as skin diseases,2 atherosclerosis,3 aneurysms,4

and cancers.5 Accordingly, we embarked on evaluating 1
as a new lead compound for novel MMP-12 inhibitors.
Quite recently, two total syntheses of 1 have been re-
ported by Weinreb et al.6 and Karuso et al.7 In this
communication, we wish to describe an efficient conve-
nient synthesis of 1 and its analogs and their MMP-12
inhibitory activity. The analogs 2–10 we planned to syn-
thesize are shown in Figure 2. Compounds 2–4 are the
debrominated analogs for evaluating the two bromine
atoms of 1. Compounds 5–9 are the N-methylated ana-
logs and 10 is the deaminated analog for clarifying the
effects of the three NH groups involved in 1. We expected
that these analogs might disclose the structural features
of 1 required for its MMP-12 inhibitory activity, afford-
ing a novel analog that can show more excellent activity
than 1.
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Recently, we succeeded in developing a novel synthetic
route to 2-aminoimidazol-4-carbaldehyde derivatives,
the versatile synthetic intermediates for various struc-
tural types of 2-aminoimidazole alkaloids.8 So, we
planned to synthesize 1 and its analogs mainly employing
2-(N-t-butoxycarbonylamino)imidazol-4-carbaldehyde
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(11) as the starting material. We first tried the total syn-
thesis of 1 based on the biosynthetic route proposed by
Fusetani et al. in which 1 may be biosynthesized from
4,5-dibromopyrrol-2-carbaldehyde and histamine by
sequential imino formation, cyclization, and dehydroge-
nation (Fig. 3).1 Just after we completed the total synthe-
sis of 1 delineated below, we became aware that Karuso
et al. succeeded in synthesizing 1 based on the proposed
biosynthetic route similarly to us.7

As outlined in Scheme 1, nitroaldol condensation of 11
followed by reduction using LiAlH4 gave 2-(N-t-butoxy-
carbonylamino)histamine (12). This was readily con-
verted to the tetrahydroageladine A derivative 14a by
the Pictet–Spengler reaction9 with 4,5-dibromo-1-(2-
trimethylsilylethoxymethyl)pyrrol-2-carbaldehyde (13a)
in good yield. Nicolaou et al. reported that dehydroge-
nation of tetrahydroisoquinoline to isoquinoline is
cleanly effected using 2.5 equiv iodoxybenzoic acid
(IBX) at 45 �C, and the use of 1.5 equiv IBX at 25 �C
gave dihydroisoquinoline.10 Therefore, we thought that
the protected ageladine A 15a can be readily produced
by this method. Thus, the 8,9-dihydroageladin A deriv-
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Figure 3. The biosynthetic route of ageladine A (1) proposed by Fusetani et
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Scheme 1. Reagents and conditions: (a) AcONH4/MeNO2, reflux, 20 min, 94

EtOH, 50 �C, 4–6 h; (d) IBX (1.5 equiv)/DMSO, rt, 1.5–3 h; (e) MnO2/CH2CI

BF3–OEt2 (10 equiv)/CH2CI2, rt, overnight; (h) TFA/MeOH, rt, 5 min, 70%
ative11 was produced in good yield by treating 14a with
1.5 equiv IBX. However, complete dehydrogenation of
14a turned out to be fruitless by using 2.5 equiv IBX,
resulting in the formation of a mixture of 15a and the
8,9-dihydroageladine A derivative. Further addition of
IBX was not effective for complete dehydrogenation
and afforded the decreased yield. Therefore, we next
examined a two-step dehydrogenation protocol, in
which the additional dehydrogenation was attempted
using another oxidant after obtaining the 8,9-dihydroa-
geladine A derivative from 14a using 1.5 equiv IBX.
After experimentation, it was found that activated
MnO2 smoothly led the 8,9-dihydroageladine A
derivative to 15a in good yield. The yield of 15a from
14a for this reaction was 89% over two steps. On the
other hand, when 14a was directly oxidized using acti-
vated MnO2, the yield of 15a was 37%. This result obvi-
ously shows the efficacy of this two-step
dehydrogenation. With 15a in hand, we deprotected
both the 2-trimethylsilylethoxymethyl and the t-butoxy-
carbonyl groups by using excess trifluoroboran–diethyl-
ether complex, giving rise to 1. Ageladine A (1) thus
obtained was isolated as its bistrifluoroacetate.12,13
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Next, we examined the synthesis of various analogs 2–5
of 1 by applying this synthetic route. Thus, 1 was
debrominated by catalytic hydrogenation to yield 4.
Employing 13b and 13d in place of 13a, 2 and 5 were
prepared by the same method as that for 1. Selective
monobromination of intermediate 15c synthesized from
12 and 13c by way of 14c, followed by removal of the
protective groups, afforded 3 (Scheme 1).

The synthetic routes of analogs 6–8 are shown in
Scheme 2. All these analogs were derived from the com-
mon intermediate 15a. Methylation of 15a using NaH
and iodomethane produced 16a and 16b in 36% and
27% yield, respectively, after separation by column chro-
matography.14 On the other hand, methylation after re-
moval of the t-butoxycarbonyl group provided 18. 16a,
16b, and 18 were converted to the corresponding target
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Scheme 3. Reagents and conditions: (a) Compound 13a/EtOH, reflux, 5 h (for

DMSO, rt, 2 h; (c) MnO2/CH2Cl2, rt, 18 h; (d) 2 M Me2NH in MeOH, 100 �C

TFA/MeOH, rt, 5 min.
analogs 6–8 by the same deprotection method as that for
the synthesis of 1.

As depicted in Scheme 3, the synthesis of analogs 9 and
10 was completed in good yields by a similar method to
that for 1. Reaction of 2-bromohistamine (19a)15 or his-
tamine (19b) with aldehyde 13a was carried out at high-
er temperature than that for the case of 1. In addition,
the second dehydrogenation using activated MnO2

required longer reaction time. Transformation of the
2-bromine atom of 20a into a dimethylamino group
was readily performed by using excess dimethylamine
at 100 �C in a sealed tube, giving rise to 20c. Deprotec-
tion of 20a and 20c in the same manner as that for the
preparation of 1 furnished 9 and 10. Similarly to 1, all
the analogs 2–10 thus produced were isolated as their
bistrifluoroacetates.
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Table 1. MMP-12 inhibitory activity of ageladine A (1) and its analogs

2–10

Compound MMP-12 inhibition IC50 (lM)

1 3.66

2 >100

3 >100

4 >100

5 >100

6 10.4

7 56.9

8 >100

9 >100

10 43.6
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Ageladine A (1) and its analogs 2–10 were then sub-
jected to MMP-12 inhibition assay.16 The results are
summarized in Table 1. It appeared that the debromi-
nated analogs 2–4 did not inhibit MMP-12 even at a
concentration of 100 lM. These results clearly disclosed
that two bromine atoms in the pyrrole ring are indis-
pensable for 1 to exhibit inhibitory activity. The lack
of inhibitory activity of 5 bearing 1-N-methyl group
might be explained by deformation of the conjugate sys-
tem for 1, caused by the bond rotation between the pyr-
role and the 5-azabenzimidazole rings and/or by
inhibition of the intramolecular hydrogen bond between
the 1-NH and 12-N group. While 14- and 15-N-monom-
ethylated analogs 6, 7 were found to show inhibitory
activity against MMP-12, which is obviously inferior
to that of 1, the 14,15- and 15,15-N,N-dimethylated
analogs 8, 9 exhibited no inhibitory activity even at a
concentration of 100 lM. These results and the weak
inhibitory activity observed for 10 clearly suggest that
14-NH and 15-NH2 groups might play some role in
the inhibitory activity of 1, through intermolecular
hydrogen and/or coordination bond in the catalytic
domain of MMP-12 (ageladine A numbering). In sum-
mary, these results suggest that the two bromine atoms
and the three NH groups (1-NH, 14-NH, and 15-NH2)
of 1 play important roles in its MMP-12 inhibitory
activity.

In conclusion, we have succeeded in synthesizing agela-
dine A (1) and its analogs 2–10 by featuring the biosyn-
thetic route proposed for 1 (for 1–10) and by employing
2-(N-t-butoxycarbonylamino)imidazol-4-carbaldehyde
as the starting material (for 1–8). Contrary to our expec-
tation, it appeared that, among these analogs, 14- or 15-
N-monomethylated analogs 6, 7 and 13-deaminated
analog 10 (ageladine A numbering) only exhibited very
weak MMP-12 inhibitory activity. However, these
results clearly disclosed that the two bromine atoms
and the three NH groups were indispensable for 1 to
exhibit strong activity. Aiming at exploring novel cong-
eners of 1 that can show more prominent inhibitory
activity against MMP-12 is in progress.
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