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Massadine Chloride: A Biosynthetic Precursor of Massadine and

Stylissadine**
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To date about 30 dimeric pyrrole-imidazole alkaloids (PIAs)
are known from the marine-sponge families Agelasidae,
Axinellidae, Dictyonellidae, and Hymeniacidonidae.!"! Their
structures have encouraged an array of synthetic studies.'>?
While their biosynthesis remains a mystery, some interesting
proposals have been put forward.”! Inspired by the reassign-
ment of the relative configuration of palau’amine (1), we
recently proposed a unified biosynthetic hypothesis which
provides a logical rationalization for the origin of all the
complex PIAs that contain five-membered rings."™ In that
proposal, three new entities were described: “preaxinell-
amine” (2), massadine chloride (3), and “massadine aziri-
dine” (4). Herein, we provide indirect evidence for the
existence of both the hypothetical structures 2 and 4, as well
as the first isolation and structural characterization of 3.

The dimeric PIA massadine (5) was isolated in 2003 from
the marine sponge Stylissa aff. massa.” This alkaloid is unique
among the dimeric PIAs, in that it contains a hydroxy group at
C14 compared to a chlorine atom that is common in many
PIAs such as in axinellamines A (6) and B (7)!! (C13),
palau’amine (1) (C17), and tetrabromostyloguanidine (8)*
(C17). Our study began with the goal of determining if
massadine (5) is actually derived from massadine chloride (3)
in sponges of the genus Stylissa. The isolation of 3 would have
two implications for the biosynthesis of the dimeric PIAs.
First, it would provide substantial evidence that the biosyn-
thesis of the axinellamines, palau’amines, and styloguanidines
occurs via “preaxinellamine” (2), where 2 is simply a ring-
chain tautomer of 3 and 6 (see Scheme 1). Second, it would
explain the existence of both the unusual hydroxy group at
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C14 of 3 and the most-complex known PIAs stylissadines A
(9) and B (10).
The Caribbean sponge Stylissa caribica has emerged as a

rich source of monomeric, dimeric, and tetrameric pyrrole—

imidazole alkaloids.*® Very recently the dimeric massadine
derivatives stylissadines A (9) and B (10, tetrameric PIAs), as
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Scheme 1. “Preaxinellamine” (2) is the ring-chain tautomer of massa-
dine chloride (3) and axinellamine A (6).
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well as massadine (5) were isolated from this sponge.’ To
answer the question if massadine chloride (3) can be found in
Stylissa caribica, the organism was examined by an HPLC-
HRMS screening.®™ This approach led to the discovery of a
compound with m/z 842.8393 ([M +H]"). This value corre-
sponds to the molecular formula C,,H,,Br,CIN,,O,, identical
to that of the axinellamines A (6) and B (7). The isolated
compound was investigated by NMR spectroscopy and the
1D 'H NMR spectrum clearly showed
a different chemical structure to that
A of 6 and 7. Furthermore, 2D NMR
N experiments revealed the structure to
6/Q K%H NHR  be that of 3. The most important
HN 5 'H,'H-COSY and 'H,”C-HMBC cor-
N o NHR relations, which were essential for the

HaN S . .
structure elucidation of 3, are given in

Scheme 2.

The relative configuration of mas-
sadine chloride (3) was elucidated by
comparison of *C NMR shifts of the
eight stereogenic centers with massa-
dine (5), which revealed very similar
values except for that of Cl14
(Figure 1). This difference can be
explained by the exchange of the
hydroxy group with a chlorine atom,

NH,

Scheme 2. Section of
the structure of massa-
dine chloride (3); the
bold bonds denote
"H,"H-COSY correla-
tions observed for 3;
the arrows indicate
selected "H,"*C-HMBC
correlations.
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Figure 1. Comparison of §("*C) values of the eight stereogenic centers
of 3 (black circles) and 5 (gray squares) in [Dg]DMSO. The coherent
lines do not represent a mathematical function but give the best
overview for the comparison of different compounds.

and was confirmed by increment calculations for aliphatic
hydroxy and chloride moieties.”” In addition, 3/ coupling
constants” and ROE-derived interproton distances (see the
Supporting Information for details) support an identical
relative configuration of massadine chloride (3) and massa-
dine (5). An identical absolute configuration for both com-
pounds is indicated by very similar values for the optical
rotation for 3 ([a]¥ = —14.9 (¢ =0.49, MeOH)) and 5 ([a]* =
—18.5 (c=0.45, MeOH™)). The absolute configuration of 5
depicted herein is based on the studies of Fusetani and co-
workers."!

During our NMR investigations of massadine chloride (3)
a degradation of the compound was observed even in
anhydrous [Dg]DMSO. To investigate the chemical stability
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of 3 in aqueous solutions, various experiments were per-
formed. In a first approach 3 was dissolved in 500 pL of
[D¢]DMSO and 10 pL of H,O, the sample was stored at 40°C
in an NMR tube, and the degradation progress was followed
by 1D 'H NMR spectra. Comparison of the 'H and *C NMR
shifts revealed that massadine (5) was the product of the
reaction between 3 and H,O (Figure 2).
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Figure 2. Expanded region (H7 and H9) of the 1D '"H NMR spectra of
massadine chloride (3) in H,0O/[Dg]DMSO. At t=0 only 3 is observed.
The signals that arise result from formation of massadine (5).

In a second experiment 3 was dissolved in H,O and stored
at 60°C. The solution was analyzed by HPLC-HRMS
(Figure 3). After 4h, 3 was completely converted into 5,
which was proven by the change in the isotopic pattern, the
retention time, and the accurate mass of massadine (5).

Since the relative configuration of the cyclopentane ring
in massadine (5) and massadine chloride (3) is identical, the
mechanism of nucleophilic substitution must be considered.

0 5 10 15 20 25 30
L./ min

Figure 3. HPLC chromatograms for the reaction of massadine chloride
(3) in H,0, for t=0 (gray line) and t=4 h at 60°C (black line).
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We previously put forward a mechanism which hinges upon
the formation of an aziridine intermediate and a double
inversion of the configuration at C14 (Scheme 3).'"! In the
first step position the nitrogen atom at position 12 attacks the

NH,
(oot

i N= aziridine
NH formation
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at Cl4 to occur. The structures of axinellamine,® and
styloguanidine!'”/palau’amine!” display dihedral angles of
79° and 99° and an almost perpendicular arrangement of the
N—C and C—Cl bonds, which prevents chloride displacement.
Thus, these compounds retain their characteristic
chlorine atoms.

In summary, the novel PIA massadine chlo-
ride (3) has been isolated and characterized for
the first time. Experiments have unambiguously
demonstrated that 3 is the biosynthetic precursor
of massadine (5), most probably via a remarkable

N -NH aziridine intermediate 4. Optimized molecular
HoN models and experimental evidence (with 8)
3 4 5 (Nu = OH) prgvide a clear mechanistic rationale for Fhe
9 (Nu = Massadine)  existence of a hydroxy group at C14 of massadine

11 (Nu = OMe)

(5) rather than the characteristic chlorine atom

Scheme 3. Proposed mechanism for the solvolysis of massadine chloride (3) in H,O.

carbon atom at C14 to form an aziridine ring with expulsion of
chloride anion. Then, H,O attacks the carbon atom at C14
from the same face, which results in retention of configu-
ration. Such neighboring-group participation is well prece-
dented. The same behavior is observed for the reaction of 3
with MeOH. The solvolysis product observed by HPLC-
HRMS is 14-methoxymassadine (11). It seems likely that 3 is
converted into 11 via “massadine aziridine” (4).

If it is possible to observe such a fast and efficient
conversion of 3 into 5, why do the other dimeric PIAs such as
tetrabromostyloguanidine (8)"! or the palau’amines” not
exhibit a similar reactivity ? Indeed, the chemical structures of
8 and 3 are very similar and therefore a related reaction of 8 in
H,O might be expected. In reality, 8 is indefinitely stable at
room temperature in [Dg]DMSO and H,O. In a solution of
H,O at 60°C, decomposition sets in rapidly. Several uniden-
tified compounds were observed from HPLC-HRMS analysis
after short reaction times (4 h) in addition to a signal that
corresponded to a hydroxy-substituted product (8—Cl+ OH,
C,,H,;Br,N;,O,4, Am =0.1 ppm). After a longer reaction time,
a formal elimination product prevailed that was characterized
by its accurate mass (§—HCI, C,,H,Br,N,,0;, Am = 1.4 ppm)
and contained 16 instead of 15 degrees of unsaturation.
Unfortunately, isolation and structure elucidation by NMR of
these products failed because of their low quantities.

Molecular modeling can explain why massadine chloride
(3) reacts rapidly with H,O while tetrabromostyloguanidine
(8) is stable. The molecular structures of 3, axinellamine A
(6), and tetrabromostyloguanidine (8) were examined based
on model compounds optimized from DFT calculations. In
these models the dibromopyrrole side chains were replaced
by N-acetyl residues, whereas the substitution pattern of the
central rings was retained in all cases.

The different reactivities of massadine chloride (3) and
tetrabromostyloguanidine (8) are explained in Figure 4. The
geometrical disposition and dihedral angle between the
nitrogen atom of the imidazole (N12) and the chlorine atom
(atoms a, b, ¢, and d) in massadine chloride (152°) allows an
intramolecular displacement via back-side attack of the free
electron pair of the nitrogen atom at N12 to the carbon atom
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Figure 4. DFT-optimized structures of the model compounds for
massadine chloride (3), axinellamine A (6), and tetrabromostyloguani-
dine (8); The complete structures are shown in the Supporting
Information. Top: the central cyclopentane rings with substituents. The
dihedral angle of interest is indicated by the atoms a, b, ¢, and d.
Bottom: the dihedral angle of interest presented as Newman projec-
tions. The obtained values are: 152° for 3, 79° for 6, and 99° for 8.

C black, H white, O red, N blue, Cl green.

found in other complex PIAs. Taken together, these results
strongly implicate “preaxinellamine” (2)!'® as a key inter-
mediate that leads to many of the complex PIAs. Any total
synthesis program in this area that is influenced by biosyn-
thetic considerations is likely to benefit from these findings.
Efforts to convert massadine chloride (3) into the structurally
unique tetrameric stylissadines (9 and 10) are underway.

Experimental Section

Sponge collection, extraction, and isolation were performed as
previously reported.®*®! The crude extract and each fraction obtained
from Sephadex LH-20 chromatography (eluent: MeOH) were
analyzed by HPLC-MS to follow the unknown compound. The
isolated compounds were purified by preparative reversed-phase
HPLC (Kromasil RP3 column (16 x250 mm, 10 pum), MeCN/H,O/
trifluoroacetic acid gradient) to afford 5 (31.8 mg, 0.03% of dry
weight) and 3 (104.1 mg, 0.11 % of dry weight).
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"H NMR and “C NMR spectra were recorded on Bruker AV 400
and AV 600 NMR spectrometers at 25°C. The 'H,'H-DQF-COSY,
'H,C-HSQC, 'H,”C-HMBC, and 'H,"N-HSQC experiments were
carried out using standard parameters. HPLC-MS analyses were
performed with an Agilent 1100 HPLC system and a Bruker
Daltonics microTOF, . mass spectrometer. Separation was achieved
by a Waters XTerra RP5 column (3.0 x 150 mm, 3.5 pm) applying a
MeCN/H,0/HCOOH gradient (0 min: 10% MeCN/90% HCOOH
(0.01%); 30 min: 60 % MeCN/40% HCOOH (0.01 %)) with a flow
rate of 0.4 mLmin™!. UV spectra were recorded during HPLC
analysis with a DAD (Agilent). HRMS data were acquired using a
Bruker Daltonics microTOF, - mass spectrometer.

3: colorless powder; [a]d=—14.9 (¢=0.49, MeOH); complete
NMR data may be found in the Supporting Information; '"H NMR
(400.14 MHz, [D4]DMSO, 25°C): 6 =12.77 (d, /=2.4 Hz, 1H, HY'),
12.73 (d,J=2.5Hz,1H,H8"),9.64 (s, 1H, H4),9.62 (s, 1 H, H12), 9.57
(s, 1H, H10), 9.15 (s, 1H, H6), 8.42 (t, J=5.6 Hz, 1 H, H2"), 8.39 (s,
2H,5-NH,), 8.39 (s,2H, 11-NH,), 8.08 (t,/ =5.8 Hz, 1H, H2"), 7.53 (s,
1H, 3-OH), 6.97 (d, J=2.7Hz, 1H, HY'), 6.94 (d, /J=2.7Hz, 1H,
H5"), 5.65 (s, 1H, H9), 5.35 (d, /=24 Hz, 1H, H7), 432 (d, /=
1.5Hz, 1H, H14),3.71 (m, 1H, H1"), 3.57 (m, 1H, H1"), 3.47 (m, 2H,
H1"),2.46 (m, 1H, H15), 2.44 (d, J=12.3 Hz, 1H, H2), 2.20 ppm (m,
1H, H1); *C NMR (150.30 MHz, [D¢]DMSO, 25°C): § =159.6 (C3),
159.2 (C3"), 157.2 (C11), 157.1 (CS5), 127.8 (C4'), 127.7 (C4"), 113.2
(C5'),112.8 (C5"),105.0 (C7'), 104.9 (C7"), 98.1 (C6'),97.9 (C6"), 90.2
(C7),87.0 (C3), 84.0 (C9), 70.3 (C13), 65.6 (C14),52.4 (C5), 42.6 (C2),
414 (C17), 40.6 (C1), 40.4ppm (Cl); "N-NMR (40.56 MHz,
[Dg]DMSO, 25°C): 6 =166 (N8'), 166 (N8”), 106 (N2”), 105 (N4),
104 (N2'), 100 (N10), 95 (N6), 93 (N12), 76 (5-NH,), 76 ppm (11-
NH,); UV (DAD) A, 280 nm; HPLC/HR(+)ESI-MS: tz = 19.8 min,
miz 842.8393 [M + H]", caled for C,H,,”Br,*CIN,,0,, m/z 842.8399,
Am=0.6 ppm.

Stability assay for 3 and 8: each compound (1 mg) was dissolved
in H,O (500 pL) in a HPLC vial. Compound 8 was first dissolved in
MeOH (50 uL). After dissolution, each sample was measured by
HPLC-HRMS. The samples were stored at 60°C and analyzed by
HPLC-HRMS after varying times.

Reaction of 3 with H,O: 3 (5 mg) was dissolved in dry [Dg]DMSO
(500 puL) in an NMR tube. The sample was stored at 30°C in an NMR
spectrometer. After 48 h, H,O (10 uL) was added and the sample was
stored at 40°C. The reaction was followed by the acquisition of 1D
"H NMR experiments at varying times.

DFT calculations were used to fully optimize the molecular
geometries of compounds 3, 6, and 8 (with N-acetyl side chains). All
computations were carried out using the Gaussian03!"! program and
applying the Becke-Lee—Young—Parr parameters (B3LYP)!2%! in
combination with the 6-311G + (d,p) basis set.' The polarizable
continuum (PCM) model for water as a solvent was included in the
optimizations of all doubly charged cations. Molecular graphics were
prepared using the MolArch* program.!'”!
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