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Uniquely Modified Imidazole Alkaloids from a Calcareous Leucetta Sponge
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A Fijian collection of the calcareous sponge Leucetta sp. was investigated and yielded four new imidazole
alkaloids. One compound, (+)-calcaridine A (6), is unique in its overall structure and consists of a geminally
substituted 2-aminoimidazolidinone. An additional compound, (—)-spirocalcaridine A (7), is distinctive
in its hexahydrocyclopentamidazol-2-ylidenamine spiro-linked to a cyclohexenone. A third compound,
(—)-spirocalcaridine B (8), is the OCHj; analogue of 7. These compounds have unprecedented skeletons
and functionality and are the first nonorganometalic chiral aminoimidazoles isolated from calcareous
sponges. The two issues discussed here include the challenges associated with the structure elucidations
of 6 and 7 and the relationships to previously encountered Leucetta metabolites.

Almost all of the natural products reported to date from
marine sponges are based on studies of the class Demo-
spongiae.! Alternatively, sponges of the other major class,
Calcarea, can be found in all marine habitats, yet they have
been subjects of limited previous chemical investigation.
Two Calcarea genera, Leucetta and Clathrina, have re-
ceived the widest attention. An early investigation resulted
in the isolation of pteridine from low-light zones off
Bermuda.? Overall, the literature of these two genera are
rich with examples of achiral imidazole alkaloids that vary
among five general structural frameworks. Lead com-
pounds in each category are (a) dorimidazole A (1a) and
preclathridine A (1b),3 (b) naamine A (2),* (c) isonaamine
A (3),* (d) leucettamine C (4),> and (e) 2-amino-2-deoxy-
kealiiquinone (5).6 The only chiral forms of these imidazole
alkaloids are zinc complexes such as Zn2*-(clathridine™),,
Zn?*-(isonaamidine™),, and (naamidine A~)-Zn?*-(naamidine
G- ).3b,7

We recently began a comprehensive investigation of the
chemistry and biology of calcareous sponges. Our repository
contains specimens from both the Indo-Pacific and Carib-
bean. The most ubiquitious members of this group are
organisms we refer to as “the lemon yellow” sponge. They
are especially abundant in Indo-Pacific coral reefs and have
spiculuous yellow lobes as shown by Colin.8 The work
described below was initiated on a Fijian organism also of
lemon yellow color but having a globular potato shape with
many apertures.® The chemistry of this specimen, reported
below, differs greatly from previously observed Fijian
specimens, possessing solitary lobes, of either spherical or
globular shape.3®

Results and Discussion

The Leucetta sp. (coll. no. 00111) was obtained from
several sites south of Vitu Levu, Fiji. A methanol crude
extract of this sponge provided an oil that was fractionated
according to our standard scheme.l® The 1:1 MeOH/H,0
solvent partition fraction (labeled as “FM”) was pursued
by reversed-phase HPLC and yielded three new com-
pounds: (+)-calcaridine A (6), (—)-spirocalcaridine A (7),
and (—)-spirocalcaridine C (8). On the basis of previous
experience with the chemistry of Leucetta,®~> each of these
compounds was assumed to be imidazole-containing, and
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Table 1. NMR Data (MeOH-d,) at 500/125 MHz?
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6 7 8

atom IH(On, mult, IH(On, mult, IH(On, mult,
no. 13C(¢) J, Hz) HMBC  13C(d¢) J, Hz) gHMBC  NOESY  18C(dc) J, Hz) gHMBC NOESY
2 158.6 1 156.2 1 156.2 1
4 73.1 6,8 94.8 6,8 97.3 6,8
5 174.0 16,8 96.6 6,1 97.3 6,8,1'
6 37.9 247d,139 8,15 44.6 2.43d,16.0 8,15,19,1' 452  2.43d, 16.0 1

3.13d, 13.9 2.46d, 16.0 2.47d, 16.0
7 123.2 6,16,18 48.2 6,8,16,18 48.6 6,8
8 84.2  4.55s 8',10,14 62.6 3.70s 6,10,14 6,10,14,19 615 3.85s 6,10,14
9 126.6 8,11,13 124.9 8,11,13 124.9 8,11,13
10 129.2 7.35d, 8.7 8 131.0 7.21d,85 8 8 131.0 7.19d, 8.5 8
11 1135 7.00d, 8.7 113.2 6.80d, 8.5 113.1  6.80d, 8.5 12'
12 160.5 10,11,12", 159.9 10,14,12' 159.6 10,14,12'
13,14
13 1135 7.00d, 8.7 113.2 6.80d, 8.5 113.1 6.80d, 8.5 12
14 129.2 7.35d, 8.7 8 131.0 7.21d,85 8 8 131.0 7.19d, 8.5 8
15 130.7 6.85d, 8.4 6 149.7 7.03dd, 9.8,2.0 6,8 6,16 155.3  6.98d, 9.8 6,8
16 114.7 6.61d, 8.4 129.7 6.28dd, 9.8, 2.0 15 129.8 6.28d, 9.8
17 156.6 15,19 185.9 15,19 185.8 15,19
18 114.7 6.61d, 8.4 129.1 6.12dd, 9.8, 2.0 19 129.1  6.12d,9.8
19 130.7 6.85d, 8.4 6 1555 6.93dd, 9.8,2.0 6 6,8,18 149.5 6.97d, 9.8 6,8,18
1 25.2 2.80s 249 3.01s 6 24.8 3.02s 6
4 50.9 3.40s
8’ 55,9 3.82s
12' 54.4 3.15s 542 3.73s 54.2 3.75s 11,13
a gHMBC correlations reported as 'H to 3C atom no., NOESY correlations reported as 'H to 'H atom no.
this supposition was quickly verified once the structural OCH;s

characterizations commenced.
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The first compound examined was (+)-calcaridine A (6),
which gave an m/z = 370.1755 [M + H]"™ and required a
C20H23N30, molecular formula. Its *H NMR spectrum along
with the data of Table 1 revealed seven isolated spin
systems consisting of four singlets (three of area 3 and one
of area 1), one AB pattern characteristic of diastereotopic
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Figure 1. Substructures.

benzylic protons (H»-6 ¢ 2.47, 3.13), and two simplified
AA'XX' multiplets characteristic of a para-disubstituted
benzene ring. Among the three methyl singlets, two were
OCHj3; groups (Hz-12" 6y 3.15 and H3-8' 6y 3.82) and one
was an NMe (Hz-1' 6y 2.80). The remaining singlet at oy
4.55 (H-8) was set as benzylic, and its carbon shift of dc
84.2 d indicated there was an oxygen attachment. Last,
the resonances at 6c 158.6 (C-2) and at d¢q 25.2/2.80 (Me-
1') were nearly identical to peaks observed in other
Leucetta-derived imidazoles including 1—4. On the basis
of these data it was possible to draw the three substruc-
tures shown in Figure 1, including a para-hydroxybenzyl
(A), a para-methoxy-a-methoxybenzyl (B), and a N-meth-
ylguanidyl (C). The assignment and interconnections of
these fragments came from the selected gHMBC correla-
tions shown in Figure 2 plus those outlined in Table 1.
Confirmation of fragment A was verified from H—-1C
correlations from H-15 (64 6.85) to C-17 (dc 156.6) and
reciprocal correlations between benzylic CH,-6 (6¢c/n 37.9/
2.47, 3.13) and CH-15/19 (6c/n 130.7/6.85). Likewise frag-
ment B was based on 'H—13C correlations from OMe-12'
(0n 3.15), H-11 (6w 7.00), and H-10 (6 7.35) to C-12 (6c
160.5), from H-8 (dy 4.55) and H-11 (dy 7.00) to C-9 (ic
126.6), and reciprocal gHMBC correlations between OMe-
8 (Ocn 55.9/3.82) and CH-8 (dc 84.2/4.55). The final
substructure C (of formula C,HsN;) was reaffirmed by
gHMBC correlations observed from NMe-1'(6y 2.80 s) to



Imidazole Alkaloids from a Leucetta Sponge

(+)6

Figure 2. Key gHMBC correlations.

Oc 158.6 (C-2). The gHMBC peaks from H-8 to C-6 and from
H,-6 to both C-4 and C-5 justified connecting moieties A
and B in a geminal fashion to C-4 and adding this piece to
substructure C. At this juncture the only option to complete
the structure involved creating the aminoimidazole ring
by connecting N-3 and C-4 plus connecting C-4 and C-5.
An additional key correlation was observed from NMe-1'
to amide carbonyl C-5, which allowed placing the Me-1" at
N-1 versus at N-3. Additional justification for the atom
arrangement in the heterocyclic ring of calcaridine A (6)
rested on its biogenetic relatedness to leucettamine C (4).
Finally, as expected, the selected 13C NMR shifts shown
(see structures) for this pair were close in value.

Establishing the structure of (—)-spirocalcaridine A (7)
was challenging due to an unusual arrangement of its
oxygen functionality and the presence of seven quaternary
carbons. The MS data established the molecular formula
as Cy9H»1N304, and comparison to the APT NMR formula
of CigH317 indicated four heteroatom protons were present.
Although the unsaturation number of 11 was the same as
that of naamine A (2),* perhaps intimating their similar
content of five- and six-membered rings, there were major
differences in their comparative properties. The 'H NMR
(MeOH-d,) data of 7 shown in Table 1 revealed six isolated
spin systems consisting of three singlets (2 CHj's and a
CH), an AB pattern, a simplified AA'XX' array, and a
weakly coupled collection of four nonequivalent protons.
The characteristic NMR shifts at the NCH3 (¢ 24.9, oy
3.01) and at C-2 in 7 accompanied by the gHMBC correla-
tions from the NCH; to both C-2 (6c 156.2) and C-5 (dc¢
96.6) were consistent with the presence of substructure C,
which could be extended to include the N-1/C-5 bond. A
para-disubstituted benzene ring, identified by symmetrical
multiplets at d4 6.80 and 7.21, was flanked by moieties
including (a) an isolated benzylic proton H-8 (6 3.70, s)
and (b) a methoxy group (dy 3.73). These features were
verified from the HMBC data shown in Table 1. Next, the
coupled nonequivalent protons at 4 6.12, 6.28, 6.93, and
7.03 were eventually recognized as being part of a spiro-
4,4-disubstituted cyclohexadienone ring system. Further
support for this unique substructure came from comparison
of our data to literature shifts. For example, the compound
7 C-17 (0c 185.9) carbonyl was close in value to that of 4,4-
dimethylcyclohexadienone (d¢c 185.8),1* and the shift of the
compound 7 spiro carbon C-7 (dc 48.2, MeOH-d,) was
analogous to the 6c 52.8 (CDCl3) for the spiro carbon in
sesquiterpenoid 9.12

H3CO

Yo~

9

The remaining unsaturations and proton resonances of
compound 7 were eventually assigned to bicyclic substruc-
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ture D, shown in Figure 1. The interconnection of ring
atoms 1, 2, 3, and 5 was established above. The protons
attached to ring carbon atoms consisted of the isolated
benzylic proton H-8 previously discussed and the diaste-
reotopic aliphatic geminal protons at C-6 (0 2.43, 2.46)
displaying the characteristically large 2J = 16 Hz. The
three aliphatic carbons, C-6, C-7, and C-8, were joined
together and fused into substructure D based upon gHMBC
correlations from both H-8 (0 3.70) and H,-6 (0 2.43, 2.46)
to the bisallylic carbon C-7 (6c 48.2) and to o,a'-dienone
moiety carbons C-15 (0c 149.7) and C-19 (Jc 155.5).
Additional gHMBC correlations from H,-6 to aliphatic
quaternary carbons C-4 (6c 94.8) and C-5 (dc 96.6) and from
H-8 to C-4 meant that C-4 was also in the bicyclic ring D.
Finally, the unusually low-field shifts of C-4 and C-5
indicated they were substituted with two electron-with-
drawing groups consisting of an oxygen and nitrogen as
required by constraints defined above. With C-7 defined
previously as the terminus of the spiro-fused cyclohexadi-
enone, this required C-8 as the location of the p-methoxy-
phenyl, further substantiated by the NOESY correlation
between CH;-1' and H,-6. The assignment of the diaste-
reotopic protons (H-15/H-16 versus H-18/H-19) was based
on the NOESY correlations observed between H-8 (6 3.70)
and H-19 (64 6.93). Unfortunately, the NMR data did not
allow assignment of the relative stereochemistry at the
three chiral centers.

The structure elucidation of (—)-spirocalcaridine B (8)
was based on analogies that could be made with 7. The
HRESI-TOF-MS m/z at 369.1760 [M + H]* established its
molecular formula as C,oH23N304, which was identical to
that of 6 and greater than 7 by a CH-2. Comparison of the
IH NMR data between 8 and 7 revealed identical spin
systems except that of a new OCH3; (6¢ 50.9, 3.40) consis-
tent with their difference of one CH, group. Provisional
assignment of an OCHj; at C-4 was based on gHMBC and
NOE data. Unfortunately, the only HMBC correlations
observed from Hs-4' (6 3.40 s) were to the overlapping peaks
at C-4 and C-5 (6¢ 97.3, 97.3). None of a series of NOE
irradiations (by g1D difference) of H-8 (0 3.85), Hx-6 (01
2.43, 2.47), H-10 (0 7.19), H-14 (6y 7.19), H-15 (64 6.98),
H-19 (0w 6.97), or Hs-1' (6 3.02) showed excitation of the
resonance at dy 3.40. Similarly, NOE irradiation of the
latter did not give signal enhancement for any other
resonance. Between the two possible —OCHj3 substitution
regioisomers, the one that is most consistent with the NOE
data from the —OCHj is the structure having it attached
at C-4. There are additional properties of spirocalcaridines
A (7) and B (8) that deserve mention. Both compounds were
observed by HPLC in approximately equal amounts in the
crude extract. Compound 7 was stable for long periods of
time when stored in methanol and was not transformed to
compound 8 when warmed to 40 °C in this solvent.
Likewise, compound 8 is extremely stable in methanol.

Conclusions

The chiral aminoimidazoles isolated here, (+)-calcaridine
A (6) and (—)-spirocalcaridine A (7), contain several rare
structural units that, taken together, are without precedent
in the chemistry of calcareous sponges. These are the first
examples of inherently chiral aminoimidazole-containing
alkaloids encountered from Leucetta, as all previous opti-
cally active compounds derive chirality from the complex-
ation with Zn?*. The polycyclic nature of 7 is striking even
though spiro-linked carbobicyclic systems are a common
feature of plant- and marine algal-derived sesquiterpenes.'3
Such structures are less frequently encountered from
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marine invertebrates.* Further, a cyclohexadienone ring
spiro-linked to a five-membered carbocyclic ring does not
appear to have been directly observed from marine natural
products; however, the ring contraction of 174-hydroxy-17a-
methylandrosta-1,4-dien-3-one to yield a spiro-linked de-
rivative via incubation with the green alga T76 Scenedes-
mus quadricauda has been reported.®> There are obvious
biosynthetic relationships that relate known achiral cal-
careous sponge metabolites to (—)-6 and (—)-7, but unex-
plained is the process responsible for the chirality. Naamine
A (2) provides a likely starting point for an intramolecular
rearrangement to explain the connectivities in (—)-6.
Similarly, distinct intramolecular cyclizations from 2 ra-
tionalize the 2D frameworks of 5 and (—)-7, respectively.

Experimental Section

General Experimental Procedures. NMR spectra were
collected at 500 MHz for *H and 125 MHz for 3C. Multiplicities
of 33C NMR peaks were determined using DEPT and gHMQC
data. High-resolution mass measurements were obtained on
a benchtop ESI-TOF apparatus. Other procedures were as
previously published.'®

Biological Material, Collection, and Identification.
The Leucetta sp. (coll. no. 00111, 6.2 kg) was collected using
scuba from a variety of habitats off the coast of Fiji, (S
18°19.19', E 178°01.99") and (S 18°19.36', E 178°01.346') at
various depths. This sponge was identified by Dr. M. C. Diaz
(UCSC, IMS) in reference to properties described in the
literature.'” Voucher specimens and underwater photos are
available (from P.C.).

Extraction and Isolation. The sponge was preserved in
the field according to our standard procedures and transported
back to the laboratory at ambient temperature.® The collection
was extracted with MeOH (3x), after which the solvent was
removed and the resulting oil was partitioned between hexanes
and 10% aqueous MeOH. The MeOH layer was adjusted to
50% aqueous MeOH and extracted with CH,Cl,. The MeOH/
water layer was evaporated and yielded a yellow-brown oil
(0.427 g). This was subjected directly to reversed-phase (Cis)
HPLC (gradient 10% to 100% MeOH in 60 min), yielding minor
components 6 (6.1 mg), 7 (5.4 mg), and 8 (6.3 mg).

(+)-Calcaridine A (6): yellow oil; [a]o +1.6° (c 0.122,
MeOH); *H NMR (MeOH-d4, 500 MHz) and *C NMR (MeOH-
d4, 125 MHz), see Table 1 and Supporting Information Figure
S1; 'H—'H COSY NMR correlations H-10—H-11, H-13—H-14,
H-15—H-16, H-18—H-19; HRESIMS [M + H]* obsd 370.1755,
calcd for C20H24N304 370.1761.

(—)-Spirocalcaridine A (7): yellow oil; [o]o —59.3° (¢ 0.108,
MeOH); *H NMR (MeOH-d,4, 500 MHz) and *C NMR (MeOH-
d4, 125 MHz), see Table 1 and Supporting Information Figures
S2 and S3; 'H-!H COSY NMR correlations H-10—H-11,
H-13—H-14, H-15—H-16, H-18—H-19; HRESIMS [M + H]*
obsd 356.1610, calcd for C19H2,N30,4 356.1605.

(—)-Spirocalcaridine B (8): yellow oil; [o]o —50.8° (c 0.126,
MeOH); *H NMR (MeOH-d4, 500 MHz) and *C NMR (MeOH-
d4, 125 MHz), see Table 1 and Supporting Information Figures
S4 and S5; *H—'H COSY NMR correlations H-10—H-11,
H-13—H-14, H-15—H-16, H-18—H-19; HRESIMS [M + H]*
obsd 370.1760, calcd for CzoH24N30,4 370.1761. Attempts were
made to obtain NMR data in different solvents, but limited
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solubility prevented the use of CDCI; or acetone-ds, and
extremely broad peaks were observed for DMSO-de.
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