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ORGANIC SYNTHESIS

An oxidative photocyclization approach to the
synthesis of Securiflustra securifrons alkaloids

Brandon W. Alexander't, Noah M. Bartfield't, Vaani Gupta’, Brandon Q. Mercado'?,

Mark Del Campo®, Seth B. Herzon™*5*

Securines and securamines are cytotoxic alkaloids that contain reactive alkene and heterocyclic residues
embedded in skeletons comprising four to six oxidized rings. This structural complexity imparts

a rich chemistry to the isolates but has impeded synthetic access to the structures in the nearly
three decades since their isolation. We present a flexible route to eight isolates that exemplify the
three skeletal classes of metabolites. The route proceeds by the modular assembly of the advanced azides
38 and 49 (13 steps, 6 to 10% yield), sequential oxidative photocyclizations, and late-stage functional
group manipulations. With this approach, the targets were obtained in 17 to 19 steps, 12 to 13 purifications,
and 0.5 to 3.5% overall yield. The structure of an advanced intermediate was elucidated by microcrystal
electron diffraction (MicroED) analysis. The route will support structure-function and target identification

studies of the securamines.

ryozoa are a rich source of structurally

diverse halogenated secondary metabo-

lites (7). In 1996, Christophersen and co-

workers reported the characterization

of securamines A (1) and B (2) in ex-
tracts of the bryozoan Securiflustra securifrons
(Fig. 1A) (2). Subsequently, the cytotoxic hex-
acyclic bis(aminal) isolates securamines D (3)
and C (4) and related isolates that differ in the
oxidation state at the C2-C3 linkage [such as
securamine G (5)] or the halogenation pattern
on the indoline [such as securamine I (6)] were
discovered (3-5). Despite their relatively small
structures, these alkaloids present major chal-
lenges to chemical synthesis, including an un-
stable cis-enamide, a neopentylic secondary
alkyl chloride, a basic haloimidazole, and a
labile halogenated indoline residue. Since the
1990s, numerous groups have worked toward
the synthesis of securamines (6-10) and the
related chartellines (17-24). As a testament to
the challenges posed by their structures, sec-
uramines have yet to be prepared through
chemical synthesis, with the synthesis of char-
telline C (9) (Fig. 1B) reported by Baran and
Shenvi in 2006 (13, 16) standing as the only
completed route to any isolate structurally
related to 1 to 8. These prior studies make clear
that the close proximity of reactive function-
al groups leads to unexpected reactivity,
rendering well-designed approaches to the
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isolates unfeasible. Further highlighting their
complex reactivity, Christophersen reported
the reversible, solvent-dependent isomeriza-
tion of securamines A (1) and B (2) to the
macrolactam-indole derivatives securines A
(7) and B (8) (2). Hansen observed the rever-
sible incorporation of methanol at the C2 posi-
tion of the extended Michael acceptor within
hexacyclic isolates and reported that their cel-
lular toxicity increases with increasing pyrro-
loindoline halogenation (). Collectively, these
observations suggest that the indoline halo-
genation and electrophilic character at C2 co-
operatively enhance activity, but the mechanism
of action and intracellular target of the mole-
cules is not known.

In prior studies toward chartelline C (9),
Baran and Nishikawa (13, 16, 24) constructed
the spirocyclic f-lactam through sequential in-
dole oxidation at C20 and rearrangement of
an aza-ortho-quinone methide intermediate
(10) (Fig. 1B) (25). This approach may mim-
ic the biosynthesis of chartelline C (9). 2,3-
Disubstituted indoles are known to react with
singlet (26) and triplet (27) dioxygen to form 3-
hydroperoxyindolenines, which may convert to
an aza-ortho-quinone methide after addition
of N1 to C12 (Fig. 1C). In reconciling the
putative biosynthesis of chartelline C (9) and
the hexacyclic securamines 3 to 6, which bear
an unusual oxidized urea residue, we took
note of studies examining the photooxidation
of simple imidazoles (28) and histidine resi-
dues in proteins (29) with singlet dioxygen.
Foundational studies by Wasserman (30, 31)
and Foote (32) established that addition of
singlet dioxygen to imidazole provides an endo-
peroxide that undergoes ring-opening to the
electrophilic acylimine 11 (Fig. 1D). In biol-
ogical systems, singlet dioxygen can be formed
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enzymatically or through energy transfer f Check for |

photoexcited aromatic amino acids, porp..,-
ins, or aromatic hydrocarbons (33). These data
suggest to us that the reported ring closure (2)
of securines A (‘7) and B (8) to their respective
securamines (1 and 2, respectively) could
mask the reactive indole residue and divert
oxidation toward the bromoimidazole, provid-
ing securamines D (3) and C (4) (Fig. 1E).
Although the photooxidation of 2-haloimidazoles
is not known, one can envision a mechanism
that comprises photocycloaddition to form
the endoperoxide 12, cyclization by C8-N13
bond formation, and collapse of the 2,3-dioxa-
5,7-diazabicyclo[2.2.1]Theptane intermediate 13.

Synthetic strategy

We envisioned that N°-benzyloxymethyl (BOM)
securamine A (14) might serve as a common
precursor to the three distinct isolates shown
in Fig. 1A and that 14 could be derived from
the isomeric a,f-unsaturated y-lactam 15
through a cycloisomerization (34, 35). The
o,B-unsaturated y-lactam 15 was prepared
by means of acid-mediated chlorination and
skeletal remodeling of the 12-membered mac-
rolactam 16, followed by reduction of the
nitroarene. The macrolactam was traced to a
convergent assembly of the B-ketophosphonate
17, the aldehyde 18, and iodoacetamide (19).
This strategy avoids introduction of the reac-
tive pyrroloindoline residue until late in the
sequence and installation of the chloride func-
tionality by an invertive displacement, which
had hindered prior studies (8, 10). Addition-
ally, macrocycle 16 might serve a strategic role
in controlling enamide geometry, and by vary-
ing the ketophosphonate 17 and carrying out
late-stage peripheral modifications, this route
could be adapted to the synthesis of secur-
amines C (4, G (5), or I (6).

Synthesis of a precursor to securamine A (1)
and securine A (7)

Our synthesis of the aldehyde 18 builds on
studies toward chartelline C (9) by Weinreb
and coworkers (Fig. 2A) (I7). Treatment of
(4-imidazolyl)acetonitrile (20) with sodium
hydride and benzyl chloromethyl ether (BOMCI)
provided a mixture of N1 and N3 benzylox-
ymethyl ether derivatives [~1:2 ratio of N1
and N3 alkylation; proton nuclear magnetic
resonance ("H NMR) analysis]. This mix-
ture was isomerized to the more stable NI-
benzyloxymethyl isomer 21 by heating with
substoichiometric amounts of benzyloxymethyl
chloride (0.10 equiv; single regioisomer by
means of "H NMR analysis; 60 to 80% from
20) (36). Twofold methylation of 21 (potas-
sium tert-butoxide, iodomethane, 18-crown-6)
provided the o-quaternary nitrile 22 (94%,
6.5 g scale). The C5-bromoimidazole 23 was
obtained through site-selective bromination
(17) of 22 by using benzyltrimethylammonium
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A securamine and securine alkaloids prepared in this study
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Fig. 1. Background and synthetic plan. (A) Structures of securamines A to D (1, 2, 4, and 3, respectively), securamine G (5), securamine | (6), and securines A and B
(7 and 8, respectively). (B) Oxidative rearrangement approach to the construction of the spirocyclic B-lactam within chartelline C (9). (C) The addition of dioxygen

to 2,3-disubstituted indoles provides 3-hydroperoxyindolenines. This oxidation may occur in the biosynthesis of chartelline C (9). (D) Intermediates in the oxidation of
imidazole with singlet dioxygen. (E) Postulated selective imidazole oxidation of securamines A (1) and B (2) to form hexacyclic securamines D (3) and C (4). (F) Synthetic
strategy for the assembly of N®-BOM securamine A (14), a potential precursor to securamine A (1), securine A (7), and securamine D (3).

tribromide (69%, 2.0 g scale). Stille cross- | 92%, 3.9 g scale). Deprotonation of the C2 po- | Reduction of the nitrile by use of chlorobis
coupling with cis-1,2-ethoxytributylstannane | sition [lithium diisopropyl amide (LDA); 3.3 g | (cyclopentadienyl)}-hydridozirconium (Schwartz’s
(24) provided the enol ether 25 as a single de- | scale] followed by addition of tetrabromo- | reagent) (37) then formed the aldehyde 18
tectable cis-diastereomer (‘"H NMR analysis; | methane furnished a C2-bromoimidazole. | (87%, from 25; 41% from 20).
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Fig. 2. Synthesis of a precursor to securamine A (1) and securine A (7). (A) Synthesis of the a,B-unsaturated-y-lactam 15, an isomer of N°-BOM securamine
A (14). The synthetic route provides 15 as a racemate; the (10S, 12R) enantiomer is arbitrarily depicted. (B) Mechanistic proposal for the transformation of 28
to 29, based on LC-MS monitoring of the reaction at 0°C (fig. S2). (C) Synthesis of the y-unsaturated-y-lactam 37 and attempted isomerization to N°>-BOM

securamine A (14).

The B-keto phosphonate 17 was prepared in
three steps and 51% yield from 2-iodonitrobenzene
(supplementary materials). Fragment coupling
of 17 and the aldehyde 18 under Masamune-
Roush olefination conditions [lithium chloride
and diisopropylethylamine (DIPEA)] (38) pro-
vided the o,B-unsaturated ketone 26 as a single
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detectable (E)-diastereomer (‘H NMR analysis;
91%, 3.0 g scale). Hydrolysis of the enol ether
[trifluoroacetic acid (TFA) and water] followed
by addition of iodoacetamide (19) to the re-
sulting aldehyde (titanium isopropoxide) formed
the racemic macrocyclization precursor 27 (84%,
two steps, 3.1 g scale). Base-mediated cyclization

23 February 2024

of 27 [sodium hexamethyldisilazide NaHMDS),
1.10 equiv] generated the macrolactam 28 as
a 19:1 mixture of diastereomers. The relative
configuration of the C2 and C20 centers was
assigned by nuclear Overhauser effect (NOE)
analysis in conjugation with molecular dynam-
ics simulations (fig. S1).
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In a critical transformation that involves
remodeling of nearly every functional group
in the 12-membered macrolactam 28, disso-
lution of 28 in anhydrous hydrochloric acid-
dioxane (4.0 M) at 23°C was found to provide

the chlorinated 1-aza-bicyclo[7.3.0]dodec-2,10-
diene 29 as a single detectable diastereomer
(*H NMR analysis). When this reaction was
carried out in a mixture of toluene and diox-
ane at 0°C, the reaction rate was diminished,

and the intermediates in the transformation
could be identified with liquid chromatography-
mass spectrometry (LC-MS) analysis (Fig. 2B
and fig. S2). These studies suggest initial sub-
stitution of the Zso-propoxy substituent provided
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Fig. 3. Completion of the synthesis of the securamine A (1), securine A (7), and
adaptation of the route to other securamines and securines. (A) Synthesis of

the N-aryl azide 38 and its elaboration to securamine A (1) and securine A (7). MicroED
analysis of the acetanilide 39 served to confirm the connectivity and stereochemical
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securamine C (4), 22% from 49

securamine G (5)

assignment of 38. (B) Photooxidation of N°-BOM securamine A (14) and elaboration of the
photooxidation product 46 to securamine D (3). (C) Synthesis of securamines B (2),
C(4), G (5),and | (6) and securine B (8). The chloride 50 was identified as a side product
when the photochemical reaction of 49 was conducted in dichloromethane.
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the N-acyl chloroaminal 30, which was observed
as the corresponding hemiaminal in LC-MS
analysis. Enone hydrochlorination (30—31)
was followed by elimination to the enamide
(31—32) and ring contraction to provide the
B,y-unsaturated-y-lactam 33. Tautomerization
to the hydroxypyrrole 34 and protonation at
C12 provided the observed product 29. On the
basis of the available data, an alternate se-
quence proceeding through 35 instead of 32
cannot be excluded. This cascade reaction
forms the cis-enamide, neopentylic alkyl chlo-
ride, y-lactam, and a nine-membered ring—
four challenging substructures present in the
securamines—in a single step.

Selective reduction of the nitroarene in the
presence of other reducible functionalities was
achieved by treating the lactam 29 with tetra-
hydroxydiboron and 4,4/-bipyridine (39) to
provide the complex lactam 15. Because in-
termediates 28 and 29 were difficult to obtain
in analytically pure form, we advanced them
without purification in preparative-scale ex-
periments. By this approach, the lactam 15
was obtained in three steps and 49% yield
from 27 (>20:1 diastereomeric ratio, 'H NMR
analysis; 2.6 g scale).

We envisioned that isomerization of the lac-
tam 15 to an N-acyliminium ion, followed by
ring closure (N13-C12 bond formation), would
provide N°-BOM securamine A (14)). However,
we were unable to actualize this strategy, po-
tentially because of the basicity of the imid-
azole and/or aniline. To circumvent this, we
developed a two-step procedure to obtain the
alternative N-acyliminium precursor 37 (Fig.
2C). Treatment of the aniline 15 with tert-
butyldimethylsilyl trifluoromethanesulfonate
(TBSOTY) and 2,6-lutidine provided the silox-
ypyrrole 36. Exposure of 36 to tin tetrachloride
(40) at -78°C generated a 3:2:1 mixture of the
B,y-unsaturated-y-lactam 37, 15, and 12-epi-15.
Unfortunately, all attempts to induce cyclization
of 37 by using Lewis or Breonsted acids [such
as mercury(Il) acetate or trifluoroacetic acid]
resulted in reversion to 15. Additionally, we
noted that 12-epi-15 spontaneously isomerized
to 15 upon standing in dichloromethane-d, at
23°C, suggesting that 15 is the thermodynami-
cally favored stereoisomer. We presume that
this epimerization proceeds through an aromatic
hydroxypyrrole analogous to that of 34: (Fig. 2B).

Completion of the synthesis by photochemical
nitrene insertion

Drawing inspiration from recent advances in
the photochemistry of N-aryl azides (41-43)
and the insertion of N-aryl nitrenes into ali-
phatic C-H bonds (44, 45), we conceived a
strategy to access the cis-fused pyrroloindoline
framework by forming the N13-C12 bond
through C-H amination (Fig. 3A). For this
transformation to be feasible, the C12-H bond
and N-aryl nitrene must reside on the same

Alexander et al., Science 383, 849-854 (2024)

face of the lactam, which would require a
facially selective reduction of the unsat-
urated y-lactam 15. A single diastereomer
(*H NMR analysis) of the hydrogenation
product was obtained when 15 was treated
with Crabtree’s catalyst [(tricyclohexylphos-
phine)(1,5-cyclooctadiene)(pyridine)iridium(I)
hexafluorophosphate] and dihydrogen (46).
Acylation of the hydrogenation product with
4-nitrobenzoyl chloride provided the acetani-
lide 39 (79% overall). Although NMR anal-
ysis suggested that the reduction proceeded
with the desired stereoselectivity (*Jiya00 ~ 0 Hz),
we carried out many attempts to obtain single
crystals of 39 to confirm this assignment
with x-ray analysis. However, the compound
presented as thin, microcrystalline platelets
unsuitable for conventional crystallography.
Accordingly, we turned to microcrystal electron
diffraction (MicroED) (47, 48), which con-
firmed that the acetanilide 39 possessed the
relative configuration required for the pro-
posed C-H amination (fig. S3). Our MicroED
studies also revealed that the BOM ether pop-
ulated four conformers in the solid state,
which explains our inability to grow uniform
single crystals of 39 (figs. S4 and S5).

The azide 38 was prepared by means of
sequential hydrogenation of 15 and exposure
to tert-butyl nitrite (BuONO) and trimethyl-
silyl azide (TMSN3; 64% from 15, 800 mg
scale). Irradiation of solutions of 38 in dichlo-
romethane with ultraviolet (UV) light (medium-
pressure Hg lamp, 100 W, borosilicate filter)
provided N°>-BOM securamine A (14) as a 5:1
mixture of (Z)- and (E)-enamide diastereomers
(43%). Removal of the BOM ether (boron tri-
chloride) proceeded with concomitant opening
of the pyrroloindoline to the indole, affording
securine A (%7, 70%; 17 steps, 12 purifications,
3.0% overall). NMR spectroscopic data for
natural and synthetic securine A (7) in dimethyl
sulfoxide-dg (DMSO-dg) were in agreement
(table S1) (2). However, whereas Christophersen
reported that dissolution of natural securine
A (*7) in chloroform-d induced isomerization
to securamine A (1) (2), we observed line broad-
ening and no evidence of the pyrroloindoline
framework (fig. S6). We reasoned that the
solvent used might have contained acidic im-
purities (2), but we did not observe isomer-
ization when phosphoric, trifluoroacetic, or
hydrochloric acid were added to the NMR
sample (fig. S6).

Fortunately, we were able to obtain secur-
amine A (1) by reordering the steps in the se-
quence. Treatment of the azide 38 with boron
trichloride provided the NH imidazole 40 (86%).
Irradiation of 40 with UV light then generated
securamine A (1; 16%; 17 steps, 12 purifications,
1.4% overall). The diminished yield of this trans-
formation relative to 38—14« (43%) points
toward the free imidazole in 40, which may
divert the nitrene from productive C-H insertion
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through nucleophilic trapping. Spectroscopic
data for synthetic and natural securamine A
(1) in chloroform-d were in agreement (table
S2). Solutions of synthetic securamine A (1)
were indefinitely stable at 23°C in DMSO-dg,
which contradicts Christophersen’s observa-
tions (2). However, upon warming to 90°C, we
did observe near-quantitative isomerization
to securine A (7). Consistent with our exper-
imental findings, density functional theory
(DFT) calculations (optimized geometries and
computational details are provided in fig. S7)
indicate that securamine A (1) is >4 kcal/mol
less stable than securine A (%7) (corresponding
to an equilibrium ratio of 7:1 of >10%). Col-
lectively, our data suggest that securamine A (1)
is kinetically stable and that the ring-opening
to securine A (7) is irreversible.

Synthesis of additional securines and securamines

Our route to N>-BOM securamine A (14 en-
abled us to investigate photooxidation and
conversion to securamine D (3) (Fig. 3B). We
found that irradiation of mixtures of rose
bengal and N°-BOM securamine A (14) in
methanol under an atmosphere of dioxygen
provided a 1:1.6 mixture *H NMR analysis)
of the amidinyl bromide 45 (tentatively as-
signed) and the imidazolone 46. Both prod-
ucts were found to incorporate methanol at
C2, in accord with the reactivity recorded
earlier by Hansen and coworkers (4). Because
the methyl ether within 46 underwent sub-
stitution by water (46—4%7) to varying extents
during NMR analysis and purification, the
mixture of 45 and 46 was treated directly
with boron trichloride in dichloromethane to
provide securamine D (3; 27% from 38; 18 steps,
12 purifications, 2.7% overall). NMR spectro-
scopic data for synthetic and natural secur-
amine D (3) in chloroform-d were in agreement
(table S3) (2). The photoxidation of 2-haloimi-
dazoles is apparently unknown, and several
mechanistic pathways for the transformation
of N°-BOM securamine A (14) to 45 and 46
can be envisioned. For example, [4+2] cyclo-
addition to form the endoperoxide 41, cycli-
zation to the intermediate 42 (C8-N13 bond
formation), fragmentation of the peroxyaminal
to the extended iminium ion 43, and addition of
methanol would provide the C6 tetrahedral
intermediate 44. This intermediate could par-
tition between the observed products 46 and
45 through formal loss of hypobromous acid
or hydrogen peroxide, respectively.
Modification of the arene in the -ketophosph-
onate 17 was anticipated to provide access to
additional securamines (Fig. 3C). To illustrate
this, we synthesized the C16-bromoaniline 48
in six steps and 24% yield from the aldehyde
18 (supplementary materials). Although the ab-
solute stereochemistry of the securamines is not
known, optical rotations have been reported for
all isolates. We developed a method to efficiently
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resolve the aniline (+)-48 by acylation with
(S)-(-)-fluorenylethylchloroformate (FLEC-CI)
on preparative scales (fig. S8) (4¢9). This reso-
lution provides a path to establish the absolute
configuration of a broad range of isolates. An-
alogous to the securamine A (1) series, the C16-
bromoaniline 48 was converted to the azide
49 by reduction and diazotransfer (64% over-
all) (Fig. 3C). Securamine B (2) was obtained by
removing the benzyloxymethyl ether protec-
ting group (boron trichloride) and C-H amination
(medium-pressure Hg lamp, 100 W, borosilicate
filter; 29% from 4:9; 17 steps, 12 purifications,
1.8% overall). Alternatively, the sequence of C-H
amination followed by protecting group re-
moval provided securine B (8; 55% from 49;
17 steps, 12 purifications, 3.5% overall). When
these C-H amination reactions were carried
out in dichloromethane, we observed minor
amounts of aryl chloride 50, potentially aris-
ing from homolysis of the C16-Br bond and ab-
straction of chloride from solvent. Fortunately,
this was suppressed by using dibromomethane
as solvent. Spectroscopic data for natural and
synthetic securamine B (2) and securine B (8)
were in agreement (tables S4 and S5).

Direct photooxidation of securamine B (2)
(rose bengal and methanol) provided secura-
mine C (4, 22% from 48; 18 steps, 12 purifi-
cations, 1.4% overall). The reported propensity
of the oxidized securamine scaffolds to act as a
Michael acceptor (4) under ambient condi-
tions motivated us to consider the conjugate
reduction of securamine C (4) to provide sec-
uramine G (5) (3). Addition of tetrabutylam-
monium borohydride (Bu,NBH,) to solutions
of securamine C (4) in dichloromethane gen-
erated securamine G (5, 50%; 19 steps, 13
purifications, 0.7% overall). Alternatively, bro-
mination of securamine C (4) [N-bromosucci-
nimide (NBS)] provided securamine I (6, 34%;
19 steps, 13 purifications, 0.5% overall) (4).
Natural securamine C (4) (2), G (5) (3), and I
(6) (4¢) were characterized in chloroform-d, but
we found that synthetic samples of these com-
pounds were insoluble in chloroform-d (fig.
S9). It seems plausible that the presence of
variable amounts of methanol, water, and other
organic impurities in samples of natural secur-
amines C (4) and I (6) may have promoted
their dissolution in chloroform-d (4). Graph-
ical reproductions of NMR spectra for secur-
amines A (1), B (2), and G (5) and securines
A and B (7 and 8), are not available (2, 3). We
therefore characterized them in DMSO-dg
(tables S6 to S8). We obtained natural secu-
ramine I (6) and found that it was identical to
synthetic material by means of NMR analysis
in DMSO-ds and with LC-MS co-injection (figs.
S10 to S12 and table S8).

Conclusions

We devised synthetic routes to eight isolates
representing the three skeletal classes in secu-
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ramines and securines. The hydrochlorination
cascade (28—29) (Fig. 2A) we discovered in-
stalls many of the challenging functional groups
in the targets in a single step while also achiev-
ing a productive remodeling of the skeletal
framework of our intermediates. Sequential
photochemical C-H amination and cycloaddi-
tion of singlet dioxygen enabled rapid access
to the pyrroloindoline residue and hexacyclic
scaffold of the targets. The success of the se-
lective oxidation of the bromoimidazole residue
lends support to the hypothesis that divergent
biosynthetic oxidations of the indole-bearing
securines and masked-indole securamines lead
to skeletally distinct metabolites. Although we
cannot recapitulate the previously reported
securamine-securine equilibrium (2), our data
make clear that synthetic samples of securines
do not readily interconvert with their pyrro-
loindoline counterparts. Fortunately, the photo-
chemical C-H amination we developed allowed
us to circumvent this unexpected challenge.
Pyrroloindolines are widespread in secondary
metabolites (50), and we anticipate that this
amination approach will be of general utility
in accessing this substructure. This study also
underscores the utility of MicroED as an in-
dispensable tool for complex molecule struc-
ture determination.
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