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ABSTRACT: Four new tris-bromoindole cyclic guanidine
alkaloids, araiosamines A—D, were isolated from the methanol
extract of a marine sponge, Clathria (Thalysias) araiosa, col-
lected from Vanuatu. Their carbon skeletons delineate a new
class of indole alkaloids apparently derived from a linear
polymerization process involving a carbon—carbon bond for-
mation. Comparison of the structures including the relative
configurations suggests a common intermediate containing a
dihydroaminopyrimidine moiety capable of undergoing various
modalities of conjugate addition to yield unprecedented ring
systems.

B INTRODUCTION

Two oft-occurring motifs in nonpeptidic alkaloids, both marine
and terrestrial, are the presence of indole rings and cyclic guani-
dines. The high prevalence of indole rings can be understood from
their versatility both in binding interactions (through hydrogen
bonding, aromatic stacking, hydrophobic, or dipolar interactions)
and as a scaffold for chemical modification due to the incorpora-
tion of a heteroatom in the aromatic system. Although marine
alkaloids containing two indole rings are fairly common," tris-
indole alkaloids are far less frequently encountered, though there
are examples from sponges,™ ascidians,” and marine bacteria.” Pro-
perties of cyclic guanidines possibly contributing to their pre-
valence in natural products include a delocalized charge system
and their tendency to form compact and rigid rings. In particular,
a [4.3.0]-bicyclic core incorporating five-membered and six-mem-
bered guanidine rings features prominently in the paralytic toxin
saxitoxin.® The structural diversity of guanidines (cyclic or other-
wise) and the variety of their biological activities have been recently
reviewed.”

Marine sponges from the genus Clathria have been reported
to produce many different classes of natural products including
carotenoids,® S-thio-D-mannose,” brominated lipid amides,'” terpe-
noids such as the antiviral sulfated sterol clathsterol,'" ceramides,"
the cytotoxic microcionamides,"® and various alkaloids. Among
the alkaloids are the pseudoanchynazines,14 unusual pteridine-
containing indole alkaloids, the cyclic guanidine-containing
mirabilins,">'® and various batzelladine congeners.'” A speci-
men of Clathria (Thalysias) araiosa Hooper and Levi, 1993 was
collected from Vanuatu whose extracts displayed mass spectral
peaks indicative of multiple halogenations and the occurrence
of a large number of nitrogen atoms. Subsequent isolation and
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identification of the relevant compounds led to the discovery of
a new family of alkaloids incorporating three bromoindole moieties
and both five- and six-membered cyclic guanidines. These com-
pounds, whose structures suggest an unusual linear multimeriza-
tion of tryptamine-like subunits via carbon—carbon bond for-
mation, have been named araiosamines A—D (1—4).

B RESULTS AND DISCUSSION

Araiosamine A (1) was obtained as a white amorphous solid. A
characteristic cluster of mass spectral isotope peaks with an
intensity ratio of 1:2:2:1 at m/z 792 is consistent with the pre-
sence of three bromine atoms, according well with a formula of
C3,H,9NgOBr; derived from HRMS ([M + H] ™ m/z 794.0034;
caled for C3,H,oNoO”?Br,®'Br, 794.0025). This formula was
supported by the combined 'H and *C NMR data which in-
dicated two quaternary heteroatom-bound sp> carbons, 12 qua-
ternary aromatic carbons, 12 aromatic methines, four hetero-
atom-bound aliphatic methines, and two aliphatic methines
adjacent to aromatic systems. 2D ["°N, 'H] HSQC was used
to identify three types of protonated nitrogens (Table 1): three
downfield (O 134—137 ppm, Oy 11.08—11.39 ppm), four at
medium range (O 84.6—104 ppm, Oy 8.33—9.42 ppm), and
two relatively upfield (O 70—72 ppm, Og; 6.95—7.95 ppm). The
"H and "N shifts of the furthest downfield group were consistent
with the presence of indole rings.'® Closer examination of the
NMR data revealed three identical disubstituted indole rings with
substituents at ring positions 2 or 3 and at S or 6. The latter was
suggested by the occurrence of two doublets and one singlet
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"H NMR signals for the benzenoid hydrogens. The presence of sub-
stituents at positions 3 and 6 in all rings was confirmed by strong
COSY correlations between the exchangeable indole hydrogen
and the pyrrole-bound hydrogen and by NOESY correlations from
the exchangeable indole hydrogen to both the pyrrole-bound hy-
drogen and the benzenoid singlet hydrogen (Table 1). This sub-
stitution pattern was confirmed for all indole rings by HMBC
(Table 1). Attachment of the three bromine atoms to position 6
of each of the indole rings was supported by the relatively high-
field shift of the corresponding carbons (d¢ 114.1, 114.1, and
114.3 ppm, for C-6/, C-6”, and C-6""/, respectively, vs 130 ppm
expected with aliphatic substitution;'® Table 1). The presence of
indole moieties in 1 is also consistent with a strong UV absorp-
tion at 288 nm (& = 7800).

A
3N LA
%Y
”1' 7 8 Br

The six aliphatic methines were sequentially connected to one
another using COSY correlations suggesting a linear spin system
spanning positions 1—6 (Table 1). Attachment of C-3/, C-3”,
and C-3"' of the three indole rings to positions 2, 4, and 6, re-
spectively, was confirmed by HMBC correlations in methanol-d,
from H-1 to C-3/, from H-2 to C-2" and C-3’, from H-3 to C-3",
from H-S to C-3" and C-3'”, and from H-6 to C-2"" and C-3""
(Table 1). Carbons C-1, C-3, C-5, and C-6 exhibited low field
signals (O¢ 77.2, 51.3, 63.1, and 56.0 ppm, respectively; Table 1)
consistent with attachment to heteroatoms. This was further
confirmed by observation of COSY correlations for each of H-1,
H-3, H-5, and H-6 to nitrogen-bound protons at Oy 8.36, 8.33,
9.42, and 8.46 ppm, respectively (H-7a, H-7c, H-8a, and H-8¢ in
Table 1). In addition, H-1 exhibited a COSY correlation with an
exchangeable proton at dy 6.28 ppm (1-OH; Table 1) which
exhibited no correlations in the 2D [**N, *H] HSQC spectrum,
suggesting that the corresponding hydrogen is attached to the
sole oxygen atom in the molecule. The presence of a hemiaminal
at position 1 is further supported by a low-field shift for C-1 (0¢
77.2 ppm; Table 1) and a large Ye_y for C-1/H-1 of 162 Hz
(Table S2, Supporting Information). The molecular fragments
described thus far account for all heavy atoms except two carbons
and two nitrogens and for 18 of the 22 units of unsaturation. This
suggested that the nitrogen atoms attached to C-1, C-3, C-5, and

C-6 must be bridged to one other by cyclic guanidine groups,
consuming the last atoms and units of unsaturation. The pre-
sence of a guanidine group connecting N-8a and N-8¢ was sup-
ported by both NOESY and HMBC. Each of H-8a and H-8¢ (J
9.42 and 8.46 ppm, respectively; Table 1) exhibited NOESY
correlations with H-8b (041 7.95 ppm) which in turn exhibited a
2D [N, "H] HSQC correlation with &y 70.6 ppm (Table 1).
Furthermore, HMBC correlations in DMSO-ds to C-8 (O¢
157.6 ppm; Table 1) from H-8a, H-8c, and H-6 suggested that
C-8 is bound to both N-8a and N-8c. This in turn suggested that
the last remaining guanidine group included N-7a and N-7c,
forming a six-membered ring and completing structure 1. This
was further supported by mutual NOESY correlations from
both H-7a and H-7c to H-7b at 0y 6.95 ppm (Table 1). The
occurrence of N-7a in a guanidine group was further confirmed by
an HMBC correlation from H-1 to C-7 (0 1554 ppm; Table 1) in
methanol-d,.

Due to the planar nature of the guanidine group, the six-mem-
bered cyclic guanidine appears to adopt a half-chair conforma-
tion. Furthermore H-1, H-2, and H-3 all have axial locations
based on the large values of 3]H_1,H_2 and 3]H_2,H_3 (7.5 and
10.2 Hz, respectively; Table 1) and the presence of a strong
NOESY correlation between H-1 and H-3 (Table 1). A moder-
ately small value of *Jir.s—1.6 at 3.2 Hz (Table 1) suggested a
trans substitution pattern for the five-membered cyclic guanidine,
which likely has a planar conformation in which the bond C-5/C-
6 adopts an eclipsed rotamer (Figure 1F). This substitution pattern
was further supported by the presence of a strong NOESY cor-
relation between H-4 and H-6 (Table 1), whereas H-4 and H-§
are anti to one another based on a *Jj1.4_11. of 9.5 Hz (Table 1).
Thus, although the relative configurations could be established
independently for the groups 1/2/3 and 5/6, a more detailed
analysis was necessary to relate the configurations of each of
these groups to one another and to that of position 4. There are
four relative configurations that can be obtained by combining
the three groups 1/2/3, 4, and 5/6 that were each judged by their
consistency with the scalar coupling and NOESY data.

The bond C-3/C-4 adopts a conformation that places H-3
gauche to H-4 as evidenced by *Ji13 14 < 3 Hz (Table 1) and
a strong NOESY correlation for H-3/H-4 (Table 1; Figure 1D).
The presence of reasonably strong NOESY correlations for H-5/
H-7c and for H-S/H-3 (Table 1; Figure 1D) suggests that C-5 is
gauche to both N-7c and H-3, respectively. The presence of a
NOESY correlation for H-7c/H-2"" (Table 1; Figure 1D) further
suggests that C-3" is also gauche to N-7c, leaving H-4 as being
anti to N-7¢, and fixing the configuration of C-4 relative to C-3.
Next, considering bond C-4/C-5, a *Jyy.4 1.5 of 9.8 Hz (Table 1)
indicates that H-S is anti to H-4 (Figure 1E). The aforemen-
tioned NOESY correlations H-3/H-5 and H-S5/H-7c indicate
that H-S is gauche to C-3 (Figures 1D, 1E). The presence of a
reasonably strong NOESY correlation H-3/H-8a further sug-
gests that N-8a is gauche to C-3, leaving C-6 gauche to H-4 and
anti to C-3, fixing the configuration of C-5 relative to C-4
(Figure 1E). Figure 1 illustrates the best conformation and con-
figuration along with key experimental restraints that it satisfies.
Thus, the relative configuration of 1 is 1R*28%35%45%55%6S*

Because of the presence of two freely rotatable bonds at C-3/
C-4 and C-4/C-5, there are many possible combinations of
relative configuration pairings among the groups C-1/C-2/C-3,
C-4,and C-5/C-6 and bond rotamers for C-3/C-4 and C-4/C-5.
To further probe whether the experimental observations noted
above uniquely defined a configuration and conformation for 1, a
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Table 1. NMR Data for Compound 1 Recorded at 600 MHz in DMSO-dg

position Oy mult (J in Hz) Oc On COSY
1 4.86 dd (7.9,7.5) 77.2CH 2, 7a, 1-OH
2 2.61dd (10.2,7.5) 40.7 CH 1,3
3 4.62 d(102) 51.3CH 2,4, 7c
4 3.24d(9.5) 42.0CH 3,5
5 4.43dd (9.5,3.2) 63.1CH 4,6, 8
6 4.38d(3.2) 56.0 CH 5, 8¢
7a 8.36s 103.7 1 (vw)
7b 6.95s 72.0
7 —b
7c 8.33s 84.6 3
8a 9.42s 89.3 5, 8¢
8b 7.95s 70.6
8 157.6C
8c 846 s 93.0 6, 8a
1-OH 6.28d(7.9) 1
v 11.36brs 134.9 2
2/ 6.99brs 125.5CH 1
3 109.9C
ry 7.28d(7.8) 120.6 CH s
s 7.07d(7.8) 121.3CH 47
6 114.1C
7' 7.63d(2:2) 1142 CH s
8 137.4C
9 1252C
1" 11.39s 137.0 2"
2" 7.13s 125.3CH 1"
3" 107.4C
4" 6.74d(8.6) 119.9CH s
s 6.93d(8.6) 121.3CH 4"
6" 114.1C
7" 7.61s 113.9CH
8" 1363C
9’ 1273C
1" 11.08brs 134.0 2"
2" 6.54d(1.9) 1232 CH 1
3" 1144 C
4" 6.56d(8.8) 119.3CH s
5" 6.97d(8.8) 121.3CH 47"
6" 1143C
7" 747 s 114.1CH s
8" 1372 C
9" 1232C

NOESY [*C, 'H] HMBC [**c, 'H] HMBC"
3,7a, 1-OH, 4 (w)* 3(w)57,3
1-OH, 2’ (w)* 3,3 1,3,4 (w)2,3
1,4,567c8,2,4 1,2, 3"

3,6 (s) 8a (w)5, 2" (vw), 4"

3,7¢, 83,2 6,83",3"
3, 4 (S)E, 8C, 2// (VW)C, 2/// 8, 2/// 4’ S, 8, 2///’ 3///
1, 7b, 1-OH 2

7a, 7¢

3,5,7b, 8a,2" 2

3,4 (w)5 5,7¢, 8b 568

8a, 8¢

6, 8b 56,8

1,2 (W)El 7a 1,2

2/} 7/ (W)C 3/, 8/, 9/

2 (w)5 3,1 3,8,9

1 (w)3,5 9

4! 7/ 7/, 9/

1/ 5/’ 6/, 9/ 5/’ 6/, 9/
2!/’ 7// (W)C 3/!, 9!/

4 (VW)C, 5’ 6 (VW)C, 7C, 1// 3//) 8// 3//) 8//, 9//
4’ 5// 6”, 8//

4// 7// 7//, 9//

1!/ (W)C 5//, 6”, 9// 5//, 6”, 9//
2///’ 7/// (W)C 3///’ 8///, 9///

6, 1/// 3///’ 8/”, 9//! 3///! 8/”, 9//!
5/// 3///, 8/// 6/”, 8///, 9///
4/// 7///, 9/// 7///’ 9///

1/// (W)C 5///’ 6/”, 9/// 5///’ 6/”, 9///

“ Correlations observed in CD;0D at 600 MHz. ®Not observed in 2D [**C, '"H] HMBC in DMSO-dg. s, strong; w, weak; vw, very weak.

series of molecular modeling calculations were carried out for all
of the possible diastereomeric pairings of the groups noted above,
namely bc (base configuration; 1R*25%3S*4R*SR*,6R*), bc-4-
ent (1R%25%*35%4S*SR*6R*), bc-5,6-ent (1R*25%35*4R*55%
6S*), and bc-4,5,6-ent (1R*25%35%45%55%65%). Note that the
experimentally determined configuration described above corre-
sponds to bc-4,5,6-ent. Each base structure was subjected to two
different types of conformational search. The first search was based
on the use of simulated annealing to generate 200 base structures
that were then each submitted to a Monte Carlo conformation
search followed by energy minimization. The second search was

based on the use of molecular dynamics simulation with implicit
solvent at high temperature to sample accessible conformations,
followed by selection of unique conformational families based on
clustering analysis of the simulation trajectories,”® and energy
minimization of the members of each cluster. Low energy con-
formers within $ kcal/mol of the minimum energy conformer for
each family were pooled together and compared based on backbone
conformation (i.e., for carbons C-1 through C-6 and the corre-
sponding cyclic guanidines). For each diastereomer, the lowest
energy unique conformers were then subjected to ab initio struc-
ture optimization and single-point energy calculation to allow for
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Figure 1. Relative configuration of araiosamine A (1). (A) Cross-eyed
stereogram of a low energy conformer that satisfies the experimental
restraints. (B—F) Newman projections along the backbone bonds in the
low energy conformer depicted in (A). Solid double-ended arrows
indicate experimental NOE correlations were observed for the indicated
pair. Distances in the model are shown by each arrow. Dashed arrows
indicate *J;;_y; > 8 Hz for the indicated pair. (B) Projection for bond
C-1/C-2. (C) Projection for bond C-2/C-3. (D) Projection for bond
C-3/C-4. (E) Projection for bond C-4/C-5. (F) Projection for bond
C-5/C-6.

comparison of conformational energetics. The optimized struc-
tures for each diastereomer were then compared against the ex-
perimental NOE and *Ji;_y; measurements to identify all dia-
stereomers that have low energy conformers that are consistent
with experimental observations (Table S12, Supporting Infor-
mation). Of the four diastereomers, bc-4,5,6-ent was the only one
that had conformers satisfying all experimental restraints. The bc-
4,5,6-ent conformers satisfying all restraints were either the lowest
energy conformer or within 2.2 kcal/mol of the lowest energy
conformer depending on whether the PCM implicit solvent cor-
rection was excluded or included, respectively (Table S12, Sup-
porting Information). Of the other diastereomers, bc contained a
conformer which satisfied all but one experimental observation,
the NOE between H-7¢ and H-5, and bc-4-ent had a conformer
that satisfied all experimental restraints except the NOE between
H-3 and H-8a. The structure depicted in Figure 1A illustrates a
low energy conformer of the bc-4,5,6-ent configuration that
satisfied the experimental observations.

Araiosamine B (2) had a molecular formula of C53H3oNyOBr;
(A =+1.4 ppm) as determined by HRMS, which differs from the
molecular formula of 1 by addition of CH,. Analysis of the NMR
spectra for 2 revealed the presence of a methoxy group (1a; Oy
3.24,0¢ 56.1 ppm; Table 2) that exhibited an HMBC correlation
to C-1 (Oc 83.6 ppm; Table S3, Supporting Information),
suggesting that 2 is the methyl ether of 1. The remaining features
found in 1, namely three 6-bromoindole substituents, the pre-
sence of a linear six-carbon chain, and the presence of six-mem-
bered and five-membered cyclic guanidines, were all confirmed in
2 by analysis of the NMR spectra and comparsion to those of 1.
In 2, however, H-1 is located equatorially although H-2 and H-3
are both located axially, as determined by 3]H_1_H_2 < 3 Hz and

*Ji12_ 13 > 11 Hz. Further evidence supporting an equatorial
location for H-1 is provided by a NOESY correlation between
H-1 and H-2 (Table S3, Supporting Information). On the basis
of similarity in scalar coupling constants and in NOESY correla-
tions, the remaining stereocenters appear to have the same con-
figurations as in 1.

The mass spectrum of araiosamine C (3) exhibited the same
isotopic pattern as observed for 1, indicating the presence of three
bromine atoms in the molecule. The molecular formula obtained
by HRMS, C3,H,NoBrs ([M + H]" m/z 773.9937; calcd for
C3,H,7No"®Bry 773.9939), differed from that of 1 by loss of
H,O. Analysis of the NMR data revealed 3 to have the same
overall architecture of 1 with a linear chain of six carbons, 6-bro-
moindole rings attached at C-2, C-4, and C-6, and with 5-mem-
bered and 6-membered cyclic guanidine groups. This, combined
with the molecular formula, suggested that 3 is similar to 1 but
with an additional ring. Since all carbon-bound protonsin 1 could be
accounted for in 3, this in turn suggested that the additional cy-
clization occurs via nitrogen. Through combined use of COSY,
NOESY, and 2D [N, "H] HSQC, it was possible to confirm the
adjacency of H-1 and H-7a, of H-3 and H-7¢, and of H-6 and
H-8c (Table SS, Supporting Information). Moreover, NOESY
correlations from H-7b to both H-7a and H-7c¢ confirmed their
inclusion in a single guanidine group (Table SS, Supporting In-
formation). Likewise, a NOESY correlation from H-8b to H-8c
confirmed that a second guanidine group was present (Table S5,
Supporting Information). Taken together, the data suggested
that N-8a had formed a new bond to carbon. Further evidence
supporting this hypothesis came from the 2D ['°N, "H] HMBC
acquired in CD;OH/TFA where a correlation was observed from
H-8c to an unprotonated nitrogen at Oy 107.2 ppm (N-8a; Table
S7, Supporting Information). On the basis of the loss of a hy-
droxyl substituent at C-1 for 3 compared to 1 and the apparent
absence of changes in connectivity for all other chain carbons,
C-1 was judged the most likely site of attachment for N-8a.
Although the '>C NMR shift for C-1 in 3 has shifted upfield
relative to the corresponding carbon in 1 (O 58.8 vs 78.7 ppm;
Table 2), a large measured 'Ji1.;.c.; (166 Hz; Table SS, Support-
ing Information) suggests that C-1 in 3 is nevertheless still bound
to two heteroatoms. Moreover, the presence of a NOESY
correlation from H-1 to H-5 supports the proposed cyclization
(Table SS, Supporting Information).

Of the observable scalar proton—proton coupling interactions
in 3, only 3]H,3,H,4 and 3]H,4,H,5 remain essentially unchanged
from the corresponding couplings in 1. The presence of a weak
COSY correlation between H-1 and H-3 (in methanol-d,; Table
S6, Supporting Information) suggests a W-coupling interaction
best explained if H-1 and H-3 are both located equatorially with
respect to the six-membered cyclic guanidine ring. Under such an
arrangement, the newly formed ring would be axially fused to the
six-membered cyclic guanidine at C-1 and C-3 which is sterically
favorable. An equatorial location for H-2 with respect to the
cyclic guanidine ring is strongly suggested by a reasonably strong
NOESY correlation from H-2 to H-S (Table SS, Supporting
Information). Further evidence supporting this arrangement in-
cludes a weak NOESY correlation apparent at short mixing time
from H-7c to H-2' on the axially located indole ring (Table SS,
Supporting Information). Thus, although the ring conformation
is inverted in 3 relative to 1, C-1, C-2, and C-3 all have the same
configuration relative to one another as observed in 1.

The newly formed ring appears to adopt a boat conformation
based on the aforementioned flagpole NOESY correlation from
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Table 2. NMR Data for Compounds 1—4 Recorded at 600 MHz in Methanol-d,

1 2 3 4

position Oy mult (J in Hz) Oc Oy mult (J in Hz) Oc Oy mult (J in Hz) Oc Oy mult (J in Hz) Oc

1 5.09d (8.3) 78.7 CH 4344 (3.0) 83.6CH  597d(L1) $8.8 CH 492dd (23,13) 466 CH

2 2.81dd (9.6,83)  42.5CH 2.97d(11.8) 39.6CH  429d(L1) 30.0 CH 382dd (27,13) 343 CH

3 4.67 dd (9.6, 2.0) 53.6 CH 4.83d(11.8) 51.3CH 4.10d (10.5) 54.8 CH 4.71d (3.8) 523 CH

4 352dd (9.8,20)  439CH 329m 446CH  3.83d(10.5) 489 CH 3.87dd (38,24) 463 CH

5 4.60dd (9.8,55) 649 CH 4.574dd(10.3,5.0) 653CH  476dd (10.5,96) 603 CH 523dd (82,24)  65.1CH

6 4.64 d (5.5) 584 CH 4.50d(5.0) $92CH  511d(9.6) 60.6 CH 529d (82) 563 CH

1-OMe N/A N/A 3.24s 56.1 CH; N/A N/A N/A N/A

7 1554 C 155.8C 153.0C 154.7 C

8 159.6 C 159.9C a a

2/ 6.96 s 126.2 CH 7.03s 127.0CH 723 124.3 CH 729 123.7 CH

3 1109 C 110.7C 108.4 C 1129 C

y 7.15d (8.5) 1210CH  7.20d(8.5) 1221CH  7.47d(84) 1203CH  7.53d(8.5) 1202 CH

s 7.06 d (8.5) 1233CH  7.05d(8.5) 1234CH  7.11d(84) 1233CH  7.16d(8.5) 123.0 CH

6 1160 C 1162C 1163 C 1163 C

7 7.60's 1154CH  7.61s 1153CH  7.525 1153CH  7.54s 1153 CH

8 1389 C 139.0C 1383 C 138.7C

9 1262 C 1269C 1256 C 1263 C

2" 7.00 s 125.4 CH 6.86s 126.1 CH 6.86's 123.7 CH 139.3C

3" 108.5C 108.5C 1132 C 1063 C

4" 6.75 d (8.5) 1206CH  647d(83) 1208CH  7.62d(8.5) 1201CH  7.38d(8.6) 121.6 CH

s 6.99 d (8.5) 1231CH  685d(83) 1233CH  7.15d(8.5) 1232CH  7.18dd (84,18) 1239 CH

6’ 1162 C 116.3C 116.1 C 116.7 C

7 7.56s 1153CH  7.52s 1152CH 742 1152CH  7.63d(18) 115.8 CH

8’ 1379 C 138.1C 1383 C 139.3C

9’ 1286 C 1287C 1259 C 1258 C

2" 6.35s 124.4 CH 6.28s 1244 CH 6.85s 125.6 CH 741s 126.2 CH

3" 1149 C 1154C 1122C 1136 C

4 671 d (8.4) 1201CH  659d(86) 1204CH  7.37d(85) 1209 CH  7.46d(8.5) 1202 CH

s 6.97d (84) 123.3 CH 6.92d(8.6) 123.3CH 7.02d (8.5) 123.1 CH 7.23 dd (8.5, 1.6) 123.7 CH

6" 1160 C 1162C 1159 C 116.6 C

7" 7.38s 1153 CH 7.38s 115.3CH 740s 115.1 CH 7.61d (1.6) 1159 CH

8" 139.0C 139.0C 1388 C 139.6 C

9" 1244 C 1247C 1248 C 1253 C
“Not observed in 2D [**C, "H] HMBC.
H-2 to H-5. This correlation also makes it possible to fix the that deviates from planarity and places H-S and H-6 anti to one
configuration of C-5 relative to C-1, C-2, and C-3. The presence another. Such a conformation and configuration is further sup-
of alarge *Jir4—11.s (10.3 Hz; Table S5, Supporting Information) ported by a NOESY correlation from H-5 to H-4"" (Table SS,
further suggests an anti relationship between H-4 and H-S, placing Supporting Information; Figure 2F). It should be noted that the
H-4 axially with respect to the newly formed ring. Additional configurations for all stereocenters in 3 are identical to those in 1.
support for this arrangement comes from NOESY interactions Figure 2 shows a summary of key experimental correlations sup-
between H-2" on the equatorially located indole ring and both porting the stereochemical assignments for 3.
H-2 and H-S (Table SS, Supporting Information; Figure 2A). The molecular formula of araiosamine D (4) was suggested to
Finally, a larger Jits 16 in 3 compared to 1 (9.3 and 3.2 Hz, be C3,H,4NoBry by HRMS ([M + H]" m/2773.9944, A +0.65
respectively; Table SS, Supporting Information) admits the ppm), making 4 an isomer of 3. Compound 4 appeared to share
possibility of a change in relative configuration between C-S and the same overall architecture with the other araiosamines. Again,
C-6 for 3 compared to 1. This does not appear to be the case, six aliphatic carbons form a linear spin system. The presence of
however, based on the presence of a reasonably strong NOESY the five-membered and six-membered cyclic guanidines could be
correlation between H-4 and H-6 (Table SS, Supporting In- confirmed by NOESY correlations from H-7b to both H-7a and
formation). Given that H-4 is anti to H-S, if H-S and H-6 were cis H-7c and from H-8b to both H-8a and H-8c (Table S8, Sup-
to one another then H-6 would be expected to also be located porting Information) combined with COSY correlations H-1/
distal to H-4. Instead, the increase in 3]H_5_H_6 might be caused H-7a, H-3/H-7¢, H-5/H-8a, and H-6/H-8c (Table S8, Supporting
by a change in conformation in the five-membered cyclic guanidine Information). Moreover, HMBC in CD;OH/TFA clearly showed
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Figure 2. Relative configuration of araiosamine C (3). (A) Cross-eyed
stereogram of a model that satisfies the experimental restraints. (B—F)
Newman projections along the backbone bonds in the model depicted in
(A). Solid double-ended arrows indicate experimental NOE correlations
were observed for the indicated pair. Distances in the model are shown
by each arrow. Dashed arrows indicate 311 > 8 Hz for the indicated
pair. (B) Projection for bond C-1/C-2. (C) Projection for bond C-2/
C-3. (D) Projection for bond C-3/C-4. (E) Projection for bond C-4/
C-S. (F) Projection for bond C-5/C-6.

correlations from all of H-6, H-8a, and H-8c into C-8 (Table S10,
Supporting Information). The three 6-bromoindole moieties
could also be assigned in the NMR data, although one of the rings
had one fewer methine than the others. In addition, the >*C NMR
signal for C-1 was shifted significantly upfield compared to 1—3
(Table 2), and 'Ji1.1_c.; was much lower than in the other com-
pounds (148 Hz; Table S9, Supporting Information), suggesting
that C-1 no longer binds to two heteroatoms in 4. The nitrogen-
bound hydrogen of one of the three indole rings exhibited no COSY
correlations and had a NOESY correlation with H-1 (Table S8,
Supporting Information), suggesting that C-1 was connected to
position 2 of one of the three indoles. Attachment between C-1
and C-2' could be ruled out based on an HMBC correlation from
H-2 to the protonated carbon C-2' (Table S8, Supporting
Information). Moreover, membership of C-1 in a strained four-
membered ring is contraindicated by the small ! JH.1_c.1 men-
tioned previously. Attachment between C-1 and C-2""/ could be
ruled out on the basis of HMBC correlations in methanol-d,
from H-6 to C-2"", C-3'", and C-9"" and from H-2"" to C-6,
C-3"",and C-9'"" (Table S9, Supporting Information). Thus, C-1
was determined to bond to C-2”, forming a six-membered ring in
a [3.3.1] bicyclic system.

The pattern of scalar couplings for positions 1—6 was different
for 4 compared to 1 with all scalar couplings being below 4 Hz
except “Jis 1.6 which was 7.7 Hz (Table S8, Supporting
Information). Again, the COSY acquired in methanol-d, exhib-
ited a correlation between H-1 and H-3 (Table S9), suggesting
that both hydrogens are located equatorially. Evidence for an
axial location for the indole ring attached to C-2 was provided by
a NOESY correlation from H-7c to H-2" (Table S8, Supporting
Information). Despite the similarity in chemical shift of H-2 and
H-4 (0y 3.77 and 3.71 ppm, respectively), a ROESY correlation

B 26A 27A C o244 D 26 A 22A
226 A
R i T s g
H CHC¥H H-C H H C2ChH
[2'«4 A )2 6A
c? N72 ct cc?y H-C2 N7eH
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E 23 A 3.1A F ;/\y A
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3.0 AN___wHN8 51A

Figure 3. Relative configuration of araiosamine D (4). (A) Cross-eyed
stereogram of a model that satisfies the experimental restraints. (B—F)
Newman projections along the backbone bonds in the model depicted in
(A). Solid double-ended arrows indicate experimental NOE correlations
were observed for the indicated pair. Distances in the model are shown
by each arrow. Dashed arrows indicate *Ji—u > 8 Hz for the indicated
pair. (B) Projection for bond C-1/C-2. (C) Projection for bond C-2/
C-3. (D) Projection for bond C-3/C-4. (E) Projection for bond C-4/
C-5. (F) Projection for bond C-5/C-6.

was just resolved from the diagonal in DMSO-d, (Figure S56),
suggesting that H-2 and H-4 have a 1,3-diaxial relationship in the
newly formed ring (Figures 3A, 3D). Further confirmation of this
arrangement was provided by the presence of a reasonably strong
NOESY correlation between H-7c and H-6 (Table S8, Support-
ing Information; Figure 3D), which suggests that Newman projec-
tion along bond C-3/C-4 should place C-S gauche to N-7c rather
than anti, thus determining the configuration of C-4 (Figure 3D).
H-S displayed reasonably strong NOESY and ROESY correla-
tions with H-4 and H-4"" and a considerably weaker correlation to
H-3 (Table S8, Supporting Information), suggesting that H-S is
gauche to both H-4 and C-3" when considering the C-4/C-S
bond (Figure 3E). H-6 displays a strong NOESY correlation with
H-3 in addition to the aforementioned correlation with H-7¢
(Table S8, Supporting Information), suggesting that C-6 is gauche
to C-3 in the projection along the C-4/C-5 bond (Figure 3E). The
presence of a NOESY correlation between H-6 and H-4 (Table
S8, Supporting Information) further suggests that C-6 is gauche
to H-4 (Figure 3E). In addition, a NOESY correlation at short
mixing time (80 ms) between H-8a and H-4"' suggests that N-8a
is gauche to C-3" (Figure 3E), thus fixing the configuration of C-$
relative to the rest of the molecule. Finally, 3]H_5,H_6 is somewhat
larger in 4 than in 1 (7.7 and 3.2 Hz, respectively; Tables S8,
Supporting Information, and 1) again raising the question as to
whether the change in scalar coupling is due to a change in relative
configuration or to a change in ring conformation. Building a
molecular model of the two possible configurations of C-6 with
all other centers fixed and bond rotations optimized to be consistent
with the experimental observations noted above strongly favors a
trans substitution pattern for the five-membered cyclic guanidine.
With trans substitution, the approximate internuclear distances
from H-6 to H-3 and H-7c are 2.1 A and 2.6 A, respectively
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Figure 4. Proposed biogenesis for the putative intermediate of the
araiosamines.

whereas with cis substitution the corresponding distances are 3.7
Aand 4.4 A, respectively. Thus, the relative configuration for 4 is
18%28%3R"45%55%6S". Taking into account changes in priority
due to the newly formed bond between C-1 and C-2", the con-
figuration for all centers in 4 are identical to the corresponding
centers in 1. Key correlations are highlighted in Figure 3.

The araiosamines represent a new class among indole-contain-
ing alkaloids. The aminoimadazoline-containing portion of the
araiosamines most closely resemble the discodermindoles™"** and
trachycladindoles,” both of which were isolated from marine
sponges. In the araiosamines, discodermindoles, and trachycla-
dindoles, the 2-aminoimidazoline moieties incorporate carbons
equivalent to C-2 and C-3 of tryptophan. The araiosamines differ
from these simpler compounds, however, in that position 2 for
each indole is not substituted whereas in discodermindole and
trachycladindole the corresponding position is substituted with
bromine and carboxylate, respectively. In addition, discodermin-
dole and trachycladindole only incorporate one tryptophan equiva-
lent, whereas the araiosamines each incorporate three. Furthermore,
the polycyclic cores of 3 and 4 are without precedent among syn-
thetic or natural compounds.

At the core of the araiosamines is a linear precursor formally
obtained by bond formation between C-2 of one tryptophan unit
and C-3 of a second unit. Although such a formal tryptophan
dimer can be found in substructures of other natural products
such as yuehchukene (derived from prenylindole),>* violacein,*>*°
the eusynstyelamides,””** and various aplysinopsin dimers,*”*°
in the other natural products the interunit bonds co-occur with
cyclization and are hence limited to dimerization whereas in the
araiosamines this linkage appears to be a means of assembling a
linear chain. One can envision a few modes of linking the units
together such as Claisen condensation of 2-(1H-indol-3-yl)ethanoic
acid thioesters, a chain polymerization of (1H-indol-3-yl)ethene
units potentially initiated by nucleophilic attack of a guanidine
group at the equivalent of C-6 (Figure 4), or a stepwise condensa-
tion of (1H-indol-3-yl)ethene derivatives via free radical forma-
tion. The second of these possibilities is illustrated in Figure 4
which is essentiallzf a biogenetic route originally proposed for the
trachycladindoles™® extended to incorporate multiple (1H-indol-
3-yl)ethene units. The ability to form what are essentially tryptamine
oligomers via carbon—carbon bond formation appears to be a novel
means of achieving biogenetic diversity.

Each of the araiosamines apparently derives from a common
precursor in which five of the six chiral centers are defined
(Scheme 1). This putative precursor incorporates a dihydroami-
nopyrimidine ring structure that provides a platform for struc-
tural diversification. 1,4-Conjugate addition to C-1 of the pre-
cursor by either solvent or an internal nucleophile can account
for the structures of 1—4. Such a mechanism provides an elegant
means for constructing highly complex cyclic structures from a
relatively simple precursor. It should be noted that dihydroami-
nopyrimidine moieties occur in other compounds isolated from
Clathria including some mirabilins'® and some members of the

Scheme 1. Proposed Common Intermediate for 1—4 and
Mechanisms for Generating Each Compound”

4

Br HO C1
— 1

—~

CH,OH C-1

“The arrows illustrate how the lone pair electrons on N-1" contribute to
the nucleophilicity of C-2"".

batzelladine family,'” although in neither case is there an imine in
direct conjugation with the guanidine group as in the hypothe-
tical precursor in Scheme 1. It is also interesting to note that
pseudoanchynazine A isolated from Clathria sp."* might plau-
sibly derive from a nucleophilic attack by position 2 of an indole
ring on a biopterin analogue precursor, not unlike the cyclization
proposed to lead to 4 (Scheme 1).

The araiosamines were tested for phenotypic effects against
zebrafish embryos, for antibacterial activity against Staphylococcus
aureus, and in an HIV infection assay but did not exhibit any
significant effects.

In conclusion, the araiosamines are exemplary of many of the
best features of marine, particularly sponge, natural products. Their
structures incorporate simple but distinctive repeated structural
motifs such as brominated indole rings and cyclic guanidines, the
means of combining biogenetic precursors is innovative and unique,
and the apparent assembled precursor to the araiosamines is
stereochemically and regiochemically compatible with intramo-
lecular cyclization reactions yielding complex polycyclic scaffolds.
Both the sponge species (Clathria (Thalysias) araiosa) and the
location it was collected from (Vanuatu) have not been subjects
of intensive chemical study, suggesting that focusing on under-
represented organisms and locales remains, even now, a viable
route to identifying novel chemical entities.

B EXPERIMENTAL SECTION

General Experimental Procedures. NMR spectra were ac-
quired at 600, 150, and 60 MHz for 'H, °C, and "N, respectively,
except for the "*C NMR spectra for 3 and 4 which were acquired at
200 MHz. Cryogenically cooled probes were used for all NMR experi-
ments with a sample temperature of 26 °C. 'H and "*C NMR signals
were referenced to residual solvent signals at 3.30 and 49.0 ppm,
respectively, for methanol-d; and CD;OH/TFA or at 2.50 and
39.5 ppm, respectively, for DMSO-ds. All HPLC purifications were
carried out using HPLC-grade solvents and UV detection. Semipre-
parative scale purification was performed using a Phenomenex Luna C18
column (§ um, 10 X 250 mm). Analytical scale purification was carried
out using an Agilent Eclipse Plus C18 column (3.6 ym, 4.6 X 150 mm).

Animal Material. The specimen of Clathria (Thalysias) araiosa
Hooper & Levi, 1993 was collected from Aore Island, Vanuatu (Sanma
Province), in 2008. The collection site was located at S 15° 34.736' and E
167° 08.221". A voucher specimen (Van08-13-093) is maintained at the
University of Utah, Department of Medicinal Chemistry, Salt Lake
City, UT.

Extraction and Isolation. Frozen sponge material (448 g) was
exhaustively extracted with MeOH (3 x 500 mL) to afford 8.84 g of
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crude extract. A portion of this crude extract (5.06 g) was subjected to a
solvent partition scheme to yield CHCl;, EtOAc, n-BuOH, and aqueous
extracts. The CHCl; extract (214.5 mg) was further partitioned between
MeOH and hexane. The MeOH-soluble material was subjected to semi-
preparative reversed-phase HPLC chromatography using a gradient of
35—50% CH;CN in 0.5% TFA over 45 min to yield eight fractions
(F1—F8). Fraction FS was subjected to semipreparative reversed-phase
HPLC using isocratic elution with 42% CH;CN in 0.5% TFA followed
by two successive rounds of analytical reversed-phase HPLC (40%
CH;CN in 0.5% TFA for both separations) to afford 1.0 mg araiosamine
A (1). Araiosamine B (2) (1.1 mg) was obtained by semipreparative
reversed-phase HPLC of fraction F7 (42% CH;CN in 0.5% TFA)
followed by analytical reversed-phase HPLC (40% CH,CN in 0.5%
TFA). Fraction F8 was subjected to analytical reversed-phase HPLC
(45% CH3CN in 0.5% TFA) to yield 1.1 mg araiosamine C (3). Fraction
F6 was subjected to analytical reversed-phase HPLC (40—50% CH;CN
in 0.5% TFA over 20 min) to provide araiosamine D (4) (0.8 mg).

Araiosamine A (1): white amorphous powder; [at]**p, +20.6 (¢ 0.18,
MeOH); UV (MeOH) A, (€) 228 (47000), 288 nm (7800); IR
(flm) vy, 3272, 1700, 1683, 1600, 1204, 1139, 802, 725 cm ™ '; 'H and
13C NMR data in Table 1; (4) HRMS with ESI source and TOF mass
analyzer: [M + H]" m/z 794.0034 (caled for C3,H,0NoO”’Br,*'Br,
794.0025, A +1.1 ppm).

Araiosamine B (2): white amorphous powder; [a]**p +7.3 (c 0.22,
MeOH); UV (MeOH) ..., (€) 228 (17000), 286 nm (3300); IR (film)
Vo 3239, 2924, 1682, 1444, 1201, 1140, 1026, 841, 802, 720 cm ™ ; 'H
and *C NMR data in Table 2; (++) HRMS with ESI source and TOF mass
analyzer: [M + H]" m/z 808.0192 (caled for C;3H3,NoO”?Br,*'Br,
808.0181, A +1.4 ppm).

Araiosamine C (3): white amorphous powder; [0]**p +25 (¢ 0.1,
MeOH); UV (MeOH) ... (€) 226 (48000), 286 nm (8800); IR (film)
Vo 3116, 2922, 1672, 1616, 1558, 1540, 1200, 1134, 801, 724 cm ™ ' 'H
and "*C NMR data in Table 2; (4) HRMS with ESI source and FT mass
analyzer: [M + H] " m/z773.9937 (caled for C3,H,,No’*Brs 773.9939,
A —0.3 ppm).

Araiosamine D (4): white amorphous powder; [a]**p +5.7 (c 0.2,
MeOH); UV (MeOH) 4,,,., (€) 228 (32000), 288 nm (6400); IR (film)
Vinax 3174, 2916, 1676, 1445, 1197, 1137, 801, 721 cm ™ '; 'H and °C
NMR data in Table 2; (+) HRMS with ESI source and FT mass
analyzer: [M + H]" m/2773.9944 (calcd for C3,H,,No *Brs, 773.9939,
A +0.6 ppm).

Molecular Modeling. Four different diastereomers of 1 were
generated that represented all combinations of the three groups for
which relative configuration could be unambiguously determined from
the scalar coupling and NOE data (C-1/C-2/C-3, C-4, and C-5/C-6,
respectively): bc (base configuration; 1R*25*3S*4R*SR*6R*), bc-4-
ent (1R*25%35%4S* SR*,6R*), bc-S,6-ent (1R*25%35*4R* 55%,65*), and
bc-4,5,6-ent (1R%25%35%45%55%6S*). The initial structures for each
diastereomer were generated using the Avogadro molecular editor
(version 1.01)*" with minimization using the MMFF94 force field. >
Two parallel strategies were pursued for generating conformers for each
of the four diastereomers noted above. The first strategy made use of the
Tinker suite of molecular mechanics programs version 5.0* that was
adapted to implement the MMFF94 potential function.** For each
diastereomer, 200 conformers were generated by simulated annealing
followed by Monte Carlo torsion angle search. Simulated annealing was
carried out using the ANNEAL program with an initial temperature of
2000 K and a final temperature of 0 K with 2 x 10° steps used both for
equilibration and linear cooling. The step size was 1 fs, and a unity
multiplier was used for atomic masses. A Monte Carlo conformational
search on the annealed structures was carried out in torsional space using
the MONTE program. For each annealed structure, 300 iterations were
used. The steepest descent energy minimization was applied at a
simulated temperature of 298 K to an rms gradient of 0.01 kcal/mol.

For each structure generated by simulated annealing, only the lowest
energy conformer found by Monte Carlo search was retained for
analysis. For each diastereomer, the 200 structures generated were then
clustered into families by rmsd comparison of the heavy atoms making
up the backbone (C-1 through C-6 and the cyclic guanidine groups).
The lowest energy member of each family was analyzed for congruence
with the experimental data.

The second strategy to generate conformers used the AMBER molecular
dynamics package.* The initial structures, with both guanidines proto-
nated, were parametrized with the general AMBER force field* using
the Antechamber tool. Charges were determined using the AM1-BCC
method. Improper torsion parameters were added to the guanidinium
groups to improve rigidity. Molecular dynamics simulations of the para-
metrized diastereomers were carried out with PMEMD using the gen-
eralized Born solvation model (ighb = 1) and an infinite nonbonded
cutoff. Temperature was regulated using randomly seeded Langevin
dynamics with a collision frequency of 1 ps . Bonds involving hydrogen
atoms were constrained using the SHAKE algorithm. A time step of 1 fs
was used and trajectory coordinates were recorded every picosecond.
Initially the structures were minimized for 1000 steps using the steepest
descent method, followed by 1000 steps of conjugate gradient mini-
mization. The structures then were smoothly heated from 10 to 600 K
over the course of 1 ns. Final production runs at 600 K lasted SO ns. The
conformers generated during the production simulations were sorted
using the cluster analysis features in Ptraj.”® Using a subset of every tenth
frame, the trajectories of each diastereomer were split into 10 clusters
using the average linkage algorithm with the rms distance metric. Each
frame of each cluster was then minimized (900 steps steepest descent,
100 steps conjugate gradient) and an average energy was obtained for
each cluster.

For each of the four diastereomers, a representative set of conformers
was chosen that covered all of the different backbone conformations
observed. These were then subjected to ab initio structure optimization
and single-point energy calculation to allow comparison of the relative
energy level of each conformer for the various diastereomers. These
calculations were performed using the Gaussian09 program.>” Geome-
try optimization was performed first at the HF/3-21G level, followed by
DFT optimization and frequency calculation at the B3LYP/6-311G
(d,p) level. Optimization to an energy minimum was confirmed by the
absence of negative frequencies. Single point energies of the optimized
structures were computed at the MP2/6-311G(d,p) level, both with and
without the Polarizable Continuum Model (using methanol as the
solvent). Each optimized conformer was then analyzed for how well it
adhered to experimental observations.

B ASSOCIATED CONTENT

© Supporting Information. NMR data and complete as-
signments for 1—4 recorded in various solvents; CD spectra in
methanol; models used for structure analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.
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