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Long-Chain 2H-Azirines with Heterogeneous Terminal Halogenation
from the Marine Sponge Dysidea fragilis
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Three neww-halogenated long-chairt2azirines were isolated from the sporiggsidea fragilis Their
structures revealed heterogeneitybath the composition of the terminal 1,1-dihalo-vinyl group and
enantiomeric ratios at C2 of the azirine-2-carboxylate ester terminus. Azirine-2-carboxylate esters were
shown to racemize spontaneously. A hypothesis is proposed for the biosynthesis of the azirinecarboxylate
family of natural products that involves enzyme-catalyzed free radical halogenation followed by elimination

of hydrohalic acid.

Introduction

Halogenated natural products are abundant in Nature, with
over 4500 unigue compounds isolated and characterized from
terrestrial and marine source§Vhile the vast majority of these
compounds {98%) contain Br or CI, few contain both.
Polyketides and lipids (Figure 1) produced by polyketide
synthases (PKS) and containing terminal halogenation are
moderately rare, and their structures pose an intriguing biosyn-
thetic question: how does Nature carry out terminal halogena-
tion of ostensibly unactivated polyketide precurséRecently,
Walsh and co-workers reported that oxidation of a threonine
amino acid residue in syringomycin E is carried out by a novel

o-ketoglutarate-dependent non-heme iron chlorinase that effectsP

a “free radical” chlorine substitutioff Analogous chlorination
reactions in the cyanobacteriutoyngbya majuscufé and
spongeDysidea herbace produce trichloromethyl peptides

T Department of Chemistry and Biochemistry.

*+ Skaggs School of Pharmacy and Pharmaceutical Sciences.

(1) (a) Gribble, G. WJ. Chem. Ed2004 81, 1441-1449. (b) Gribble,
G. W.Acc. Chem. Re4998 31, 141-152. (c) Hartung, JAngew. Chem.,
Int. Ed. 1999 38, 1209-1211.

(2) (a) Vaillancourt, F. H.; Yeh, E.; Vosburg, D. A.; Garneau-Tsodikova,
S.; Walsh, C. TChem. Re. 2006 106, 3364-3378. (b) Butler, A.; Carter-
Franklin, J. N.Nat. Prod. Rep2004 21, 180-188.

(3) (a) Vaillancourt, F. H.; Yin, J.; Walsh, C. Proc. Natl. Acad. Sci.
U.S.A.2005 102 10111-10116. (b) Galonic, D. P.; Vaillancourt, F. H.;
Walsh, C. T.J. Am. Chem. So2006 128 3900-3901. (c) Flatt, P. M;
O’Connell, S. J.; McPhall, K. L.; Zeller, G.; Willis, C. L.; Sherman, D. H.;
Gerwick, W. H.J. Nat. Prod.2006 69, 938-944. (d) MacMillan, J. B.;
Molinski, T. F.J. Nat. Prod.200Q 63, 155-157.

2592 J. Org. Chem2008 73, 2592-2597

(e.g., dysidenin and barbamideby replacement oéll three
hydrogen atoms of the prdmethyl group in a leucine thioester
residue. The latter halide substitutions occur at amino acid
residues in peptide substrates of nonribosomal peptide synthases
(NRPS) or PKS-NRPS clusters. The biosynthesis of terminal
vinyl halides in PKS products, for example, in phorboxazole
A,4 the recently reported mutafuran®&nd spongistatin 68
(Figure 1,i, iii, andiv, respectively), is presently unknown.
We now report the isolation and complete stereostructures
of three new halogenated long-chain lipids—@) from the
marine spongeDysidea fragilis which present two unusual
features: uncommon examples of 1-chloro-1-bromovinyl natural
roducts L and 2, to the best of our knowledge, are the first
examples of this functional group reported from marine
invertebrate$)and heterogeneous enantiomeric composition of
the even more rare azacyclopropendd-gzirine) group in
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FIGURE 1. Halogenated marine natural producis:phorboxazole Aji, barbamidejii, mutafuran Gjv, spongistatin 1.
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FIGURE 2. Structures of new compounds-3, (+)-(E)-antazirine 4),'* (+)-(2)-antazirine §),!* and )-(E)-dysidazirine 6).1°

compounds1—3. The structures shed light on end-group Comparison of théH, 13C NMR, and IR spectra df—3 with
halogenation resulting in terminal vinyl halide natural products those of R)-(—)-dysidazirine 6)1° and antazirines4(and5)1*

and possibly the origin of thetazirine ring in Nature. showed almost identical features including a band in the FTIR
spectrum av 1770 cnt! due to the characteristic azirine=®l
Results stretch. However, small differences in the chemical shifts of

. . L . . the allylic carbon C15 suggested changes in substitution at the
Our chemical investigation oD. fragilis (collected in —, torminus. Compoundsand2 were isomeric with a formula
Pohnpei, 2001) was prompted by the high cytotoxicity of the ¢ C1H2sBrCINO, revealed by high-resolution EIMS and
crude extract (1€ 0.17ug/mL, HCT-116 cells) and observation  gittered from the known azirineé and 5 by replacement of
of induction of early apoptosis in human tumor cell lines (Jurkat, ;e Br for CI. Compound, Ci7HzsClLNO,, has both Br's

HCT-116, PC-3, and MCF-7). The hexane-soluble fraction of opjaced by CI. Therefore, compouBgossessed a 1,1-dichloro-
the .meth.a.nol extract of Iyoph.|||ze|.a._ fragilis contained long- vinyl terminus, whereas a terminal 1-bromo-1-chlorovinyl group
chain azirines, related to dysidaziritthat accounted for the was confirmed forl and 2.

activity. Pure compounds—5 were isolated by a combination Assignment of absolute configuration bf-3 appeared to be
of silica flash chromatography followed by HPLC on silicaand 5 jmpie matter of comparison of optical rotations with that of

reversed-phase silica to give the new azirihes along with (R)-(-)-6, the configuration of which was determined unam-

thellinown natural product&)-antazirine 4) and ¢)-antazirine  p;q,0usly by a combination of chemical degradation and circular
®). dichroism!° To our surprise, each df-5 gave a different value

©) The only ofh od 1b LehloroLalk ; wral for [a]p. Compound3 was weakly levorotatory ({]p —4.1),

e only other reported 1-bromo-1-chloro-1-alkenes from natura :
sources are simple aliphatic ketones, alcohols, and carboxylic acids from Whergas thel, 2 an;l 4, 5 were d.extrorotatory. with larger
marine algae that may derive from haphazard electrophii@ogenation- magnitudes. Analysis 0f—5 by chiral HPLC (Figure 3 and
elimination reactions of small molecular weight carbonyl compounds. (a) Table 1) showed each was a mixture of enantiomers, with

McConnell, O. J.; Fenical, WTetrahedron Lett1977 22, 1851-1854. it ; 0 0 i
(b) McConnell, O. J.: Fenical, Wehytochemistni 980 19, 233247, (¢) composition that varied from 78% ee to 4% ee. Interestingly,

Woolard, F. X.; Moore, R. ETetrahedron1976 32, 2843-2846. (d)  the % ee’s of the (@)-isomersl and5 are significantly higher

Burreson, B. J.; Moore, R. E.; Roller, P.R.Agric. Food Cheml976 24, than those of the corresponding){isomers.
856—-861.

(10) Molinski, T. F.; Ireland, C. MJ. Org. Chem.1988 53, 2103~ (11) Salomon, C. E.; Williams, D. H.; Faulkner, D.JJNat. Prod.1995
2105. 58, 1463-66.
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FIGURE 3. Chiral HPLC (Chiralpak AD, 85:15 hexane$rOH or 1:1 hexanéisPrOH, 0.5 mL/min) ofl (a), 2 (b), and3 (c).
TABLE 1. Enantiomeric Composition and Specific Rotations of SCHEME 1. Synthesis of Model Compounds 7 and®8
Compounds -5 Br
2
compd abundance (%) % e [a]p® configuration a /\/\/ © /\A/\(CI
. . g
1 0.037 72 +96.9 547,17 /\/\/ 9 7 Br
2 0.018 4 +8.9 S4E, 17 b Ccl d
3 0.020 9 ~41 R4 1-heptyne o~ — B
4 0.016 30 4167  2S4E TN
5 0.100 78 +98.9 B4z 8 c
6

10
4.2 22 —-33.% 2R4E
\)\BJ\/
1 H

apPercent dry weight of spong@Determined by chiral HPLC (Chiralpak
AD); see Figure 3¢ Recorded im-hexane at 24C. 9 Lit. +10.31% €|n
MeOH, lit. —165°.10 See also note in ref 20.

a2 Reagents and conditions:) (d&gNOs, NBS, acetone, 23C, 2 h, 81%;
(b) (i) n-BuLi, THF, —25°C, 1 h, (ii) NCS, THF, 2.25 h;- 25°C to t,
Faulkner first hypothesized thdtand5 may be nonracemic  58% over two steps; (c) (L1, THF, —15 °C to rt, 3 h, (ii) CuCh,
mixtures of enantiomers, and Davis suggested that natural DMA, THF/HO, 0 °C to rt, 16 h, 5% over 2 steps; (d) ()1, THF,
(—)-6 may not be optically pure on the basis of comparison of ~15°Ctort 3 h, (i) CuBe, DMA, THF/H,0, 0°C to t, 16 h, 10% over
[a]p values of the synthetic and natural compoutfdeo resolve two steps.
this question, we also measured the enantiomeric COmpositionTABLE 2. In Vitro Cytotoxicity Data of 1 —5 against HCT-116
of the original sample of naturaH)-6, originally isolated from Cells?

D. fragilis collected in Fijil® We found that this sample &, compound 1Go (ug/mL) 1Cs0 (M)
dating back to 1988, was 22% ee, much lower than an original 1 53 136
estimate based on a synthetic sarptnd suggesting partial 2 5.9 15.2
racemization had occurred. 3 8.6 24.8
Assignment of the terminal double bond geometry iand 4 8.5 19.6

2 was a non-trivial problem. Stereospecific methods for 5 7.9 18.2
synthesizing 1-bromo-1-chloro-1-alkenes have been repbited, 2 Cells were grown for 20 h (37C, 5% CQ), treated with drug, and
but with insufficient Spectroscopic data to allow Comparison then grown for 3.5 days. Cell viability was ‘measure‘d by the MTS endpoint
with 1—3. NMR methods (e.g., NOE, calculation BC NMR (soluble formazan dye); MTS= (3-(4,5-d|methy_lth|az_o|-2-yl)-5-(3-car-

. - . . boxymethoxyphenyl)-2-(4-sulfophenyl}2tetrazolium, inner salt.
shifts) were sufficiently equivocal that we resorted to preparation
of authenticZ andE model compounds for comparison €
NMR chemical shifts with those of the natural products. We bond in the haloalkyne and retention of geometry during the
chose to synthesiz&Z)- and E)-1-chloro-1-bromo-1-heptene  subsequent boron displacement by halogen. Interestingly, no
(7 and 8, respectively) based on the procedure of Masatla  significant differences were observed in tHe NMR vinyl
al.13 (Scheme 1). Briefly, 1-bromoheptyn8)(and 1-chloro-  proton chemical shifts of, 7, or8 (6 6.07, t, CDC}); however
heptyne 10) were separately subjected to hydroboration with the3*C NMR chemical shift of the spquaternary carbon was
di-secbutylborane followed by halogenation with CuBor sensitive to the geometry of the olefid, (6 106.2, s; ©)-7,
CuCh to give compound§ and8, respectively. The geometry ~ 106.2, s; E)-8, 103.7, s, CDG). Hence the geometry of the
of the resulting double bond in each compound is defined by terminal olefin in1 and2 can be assigned &
anti-Markovnikovsyn addition of the borane across the triple Compounds1-5 displayed moderaten uitro cytotoxic
activity against HCT-116 cells (Table 2). AlthougR){(—)-
36é112)3lgg\2/is, F. A Reddy, G. V.; Liu, HJ. Am. Chem. Sod.995 117, dysidazirine ) was reported to show significant in vitro activity

13) () Masuda, V. Suyama, T.: Murata, M.: WatanabeJ.SChem. agalngt the_pathoggnlc ye&andida alblcanéo we found1—-5
Soc., Perkin Trans. 1995 2955-2956. (b) Fisher, R. P.; On, H. P.; Snow, ~Were inactive against the same organism and seven other
J. T.; Zweifel, G.Synthesis1982 127. yeasts C. albicansATCC 14503,C. albicansUCD-FR1, C.
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SCHEME 2. Possible Biosynthesis of 1,1-Dihalogenated-
1-alkenes
Halogenation Elimination
H
Fe' ) Br
0,-dependant R/\)\f’sr —HX R/\/\( Br
haloge?« X Br
H
RN RV\)rgBr —HX RWQ
\ X Br
H

28 S HA cl
RWCI _— R X
X=BrorCl (X /\/\(

Cl

SCHEME 3. Calculated Energies of 1-Chloro-1,1-dibromo-
butane Conformers A1—-3 and Elimination Products E-B
and Z-B (kcal mol—1, MMFF, Spartan 04)

BFW _ Cl - Cl
= HBr . HBr y
Cl Br Br er/
EB A zB
6.29 7.47
Cl Cl Cl
H H H R R H
Br Br Br Br Br Br
R H H
A1 A2 A3
-9.9 -10.9 -10.9

albicans96-489,C. glabratg C. krusej Cryptococcus neofor-
mansvar. grubii, and Cryptococcus neoformansr. gatti).14
Apparently chain length, end-group substitutions, or both are
important in modulatingn vitro antifungal activity of long-
chain H-azirines.

Discussion

Compoundsl—5 comprise an unusually high percentage of
the hexane-soluble lipid fraction (15.5% wi/w) Bf fragilis.

JOC Article

level) would be the favoredinetic product ofE2 elimination

of HBr from the corresponding 1,1-dibromo-1-chloroalkane by
virtue of entropic factors that are best illustrated by the following
example of a simple model. Of the three staggered conforma-
tions of 1-chloro-1,1-dibromobutanA&® and the two degenerate
conformersA2 andA3, Scheme 3)anti-periplanarE2 elimina-

tion of HBr from A2/A3 is expected to give rise to th&)-
geometrical isomer of 1-bromo-1-chloro-1-butene. On the other
hand,A1, which lies only 1.2 kcal mol* higher in energy than
A2/A3, provides two favorabl&2 pathways for elimination of
HBr, each leading to theZf-isomer exclusively.

While the isolation of all five compounds from the same
specimen oD. fragilis supports terminal radical halogenation
in 1-5, there are also recent precedents for this hypothesis.
Walsh et al. demonstrat&tthat two Fé, O,-dependent halo-
genases, encoded by tBarB1/BarB2 synthase gene clusté&t,
are responsible for iterative triple chlorination of the terminal
pro-S-methyl group of-leucine in the biosynthesis of barbamide
(Figure 1,ii).3¢ The homologous enzyntyrB2from Pseudomo-
nas syringaepv. syringaeB301D installs chlorine at C4 of the
threonine (Thr) residue in syringomycinr*ESyrB2 is somewhat
promiscuous; it can utilize Brin place of CI to convert Thr
to 4-bromot-Thr, albeit with a lower selectivity 4180:1
favoring CI").16 Indeed, dechloro-bromosyringomycin E was
produced wherPseudomonas syringa@as cultured in the
presence of excess NaBr.Finally, the biosynthesis of the
cyclopropyl amino acid coronamic acid (CMA, Scheme 4a)
proceeds through “cryptic halogenation”; chlorination of the
y-methyl group ofL-allo-isoleucine is followed by a base-
induced cyclization that breaks the nascent carbon-chlorine bond
by intramolecular §2 displacement by the-enolate to form
the cyclopropane riné Although speculation for the biosyn-
thesis of a trichloromethyl group by sequential triple halogena-
tion of leucine dates back to 1977 with the isolation of the
marine natural product dysidediiand experimental evidence
for 1C-leucine incorporation into demethyldysidenin by the
spongeDysidea herbaceavas communicated in 1992° the

Two suggestions have been proposed for biosynthesis ofpytative intermediacy of heterogeneously substituted bromod-
azirines: an aberrant shunt reaction of sphingolipid biosynthe- jchioromethyl groups and tribromomethyl groups (Schemes 2

sisl% or “a possible biosynthetic scheme involving formation of
the azirine ring by a mechanism involving bromination/dehydro-
bromination” as intimated by Faulkn&tThe origin ofw-vinyl
halides in long-chain lipids is also unknown; however, a
common theme of halogenationestchof the termini may unify
the biogenesis df—5: free-radical halogenation of an extended
starter unit in the growing polyketide chain followed bgiagle
f-elimination (Scheme 2) and a differeshbublehalogenation-
dehydrohalogenation at theterminus (Scheme 4).

Itis interesting to note that the terminal 1,1-dihalovinyl groups
in compoundd—5 represent all possible permutations that could
arise from promiscuous triple free radical halogenation by Br
or Cl followed by a base-inducgtielimination of HX (Scheme
2), except the (1B)-isomers ofl and 2.1 The (1%)-alkene,
although calculated to be less stable than the “missingEY15
isomer by approximately 1.3 kcal mdl (Spartan ‘04, PM3

(14) Candida albicansATCC 14503 and UCD-FR1 (selected by passage

and 3) is unprecedented and deserving of further investigation.
The mixture of enantiomers observed fbr5 requires no

special explanation since theKp of H2 is expected to be

appreciable and the compounds racemize slowly under auto-

(16) Vaillancourt, F. H.; Vosburg, D. A.; Walsh, C. ThemBioChem
2006 7, 748-752.

(17) Grgurina, I.: Barca, A.; Cervigni, S.; Gallo, M.; Scaloni, A.; Pucci,
P. Experiential994 50, 130-133.

(18) Vaillancourt, F. H.; Yeh, E.; Vosburg, D. A.; O’Connor, S. E.;
Walsh, C. T.Nature 2005 436, 1191-1194.

(19) (a) Emmert, E. A.; Klimowicz, A. K.; Thomas, M. G.; Handelsman,
J. Appl. Erviron. Microbiol. 2004 70, 104. (b) Stohl, E. A.; Milner, J. L.;
Handelsman, JGene1999 237, 403.

(20) The calculated i, (HA™) of azirine is 4.56 (CAS reg no. 157-16-
4, ACD/Labs software) or slightly less basic than pyridine. The C2 enolates
of 1-5 should be stabilized by delocalization of the negative charge.
Azirines 1—6 were chemically stable when stored-e20 °C as free bases.
Remarkably, the original sample d®)¢(—)-dysidazirine 6) from Fijit® was
found to be unchanged after 19 years in storage2®t°C (*H NMR, FTIR)
except for the % ee, which eroded from 89% (estim&tiedm the measured

through Fluconazole-containing media, are resistant to Fluconazole (100 [a]p —165 in ~November 198%) to 22% (chiral HPLC) andd]p —33.5

ug/mL). Clinical isolates ofCandida glabratawere provided by Kathy
Holton (University of Texas Medical Center), a@dyptococcus neoformans
var. grubii and gatti were provided by Prof. Angie Gelli (University of
California, Davis School of Medicine).

(15) We have not been able to detect the presence &){iEdmer ofl
or 2 in the azirine-containing fraction db. fragilis (silica HPLC, UV 1
254 nm, upper limit of detectiorr0.007% dry weight of sponge).

(August 2007, see Supporting Information). Assuming an exponential first
order rate law for racemization, we calculated the half-liféofi, = 9.4
years at—20 °C.

(21) (a) Kazlauskas, R.; Lidgard, R. O.; Wells, R. J.; Vetter, W.
Tetrahedron Lett1977 3183-3186. (b) Garson, M. J. IBponges in Space
and Time: Biology, Chemistry and Pharmacolpgf. A. Balkema:
Amsterdam, 1994; p 437.
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SCHEME 4.
2-Carboxy-2H-azirines

(a) (—C|

CmaB (Fe?*)

Skepper and Molinski

(a) Cryptic Halogenation in the Biosynthesis of Coronamic Acid® (b) Proposal for the Biosynthesis of

0,, CI,
a-ketoglutarate CmaC HoN
Hz"‘j\fo - H ?YO omet \A
s — HCl s H,0 Hooc "
coronamic acid
e
CmaD CmabD
(b)
R R
| I x
amino acid (s < N
H-N — HX
HN 0 - 0 MeOOC/Q\/\R
2 double —HX
. HZOl
S halogenation X = Br or Cl S
i =Bror
1 iii SAM

Enz

g

catalysis? It is interesting to note that and5, which possess
a (2) olefin at C4-C5, occur with significantly higher % ee’s
than 2—4, which possess theéEj double bond. As no optical
rotation was reported fd¥in the original isolatior}} it remains

removed under reduced pressure. The remaining aqueous layer was

partitioned twice againgt-butanol (250 mL).

The hexanes-soluble fraction was evaporated to dryness, giving
a dark oil (2.24 g). A portion of this fraction (1.67 g) was subjected

to be seen if this trend is general for antazirines or simply a to gradient flash chromatography (000% EtOAc/hexanes). The
coincidence for this sample. The origin of the nitrogen atom second collected fraction eluting at 1:9 EtOAc/hexanes (468 mg,

poses an interesting question. Whether tHea2irine ring arises ~ °range oil) was purified by passage through a reversed phase

from incorporation of an unusual nitrogenous terminal ketide Egm)%%i d(gilsi?w dgé)?aig?azlﬁag\ggm Zt;) a%lt:\iirﬁ\eng)xfg'rrii:f
stgr.terpl\Jlnlt (cf%-amlréom_aloréyl Cﬁ_A |n(|:.or(pj)ogqtlon '?1 zvymerr; mixture was subjected to silica HPLC (Dynamax Microsorb, 1:19
micin 9). or from deviated sphingolipid biosynthesis, the  gtoac/hexanes, 15 mL/mir, 254 nm), yielding three fractions.
nitrogen will be traceable to-serine in both cases. SingfeN- Reversed phase HPLC separation (Dynamax Microsorb C18, 17.5:

serine labeling experiments may not discriminate between theseg2.5 HO/MeOH, 15 mL/min,A 254 nm) of the three fractions

two possible pathways; however, triple labeling with [1,2-
13C,,15N]-serine may.

Conclusion

In summary, three new long-chaimHzazirines (—3) have
been isolated from the marine sporigefragilis, two containing
a terminal g)-1-bromo-1-chlorovinyl group, the first such

yielded4 (22 mg, 0.016%)5 (136 mg, 0.10%)1 (50 mg, 0.037%),
2 (24 mg, 0.018%), and (27 mg, 0.02%), each as a clear, colorless
oil.

(42,152)-(9)-1.[a]?>* +96.9 (c 1.09,n-hexane); UV (-hexane)
210 nm € 11 767); IR (thin film) vmax 2925, 2855, 1759, 1732,
1611, 1433, 1336, 1200, 1180, 1025, 846, 799%AH NMR (500
MHz, CDCk) ¢ 6.55 (dt, 1H,J = 10.5, 8.0 Hz, H5), 6.41 (dt, 1H,
J=10.5, 1.2 Hz, H4) 6.06 (t, 1H] = 7.5 Hz, H15), 3.71 (s, 3H,

example from a marine invertebrate. The heterogeneity of OMe), 2.61 (s, 1H, H2), 2.48 (m, 2H, H6), 2.09 (q, 2H= 7.5

terminal halogenation and enantiomeric compositiof-3 and

Hz, H14), 1.43-1.35 (br m, 2H), 1.25 (br s, 10H}3C NMR (100

MHz, CDCk) ¢ 172.0 (C, C1), 154.0 (C, C3), 152.4 (CH, C5),
133.8 (CH, C15), 111.1 (CH, C4), 106.2 (C, C16), 52.3 ¢{CH
OMe), 31.9 (CH), 29.7 (CH), 29.5 (CH), 29.38 (CH), 29.35
(CH,), 29.32 (CH, C2), 29.2 (CH), 29.1 (CH), 28.9 (CH), 28.0
(CH,); LRESIMS m/z 392.04 [M+ H]*; HREIMS nvz 389.0754

Animal Material. Dysidea fragilis(01-18-154) was collected (caled for G7HasBrCINO,, 389.0752).
using scuba at Arrow Wall, Pohnpei, Federated States of Micronesia_ (4E,152)-(S)-2. [a]** +8.9" (¢ 0.51,n-hexane); UV (-hexane)
in September, 2001. The sample was frozen (652.3 g wet weight) 210 nm € 15 660); IR (thin film) vma 2925, 2846, 1767, 1728,
and stored at-20 °C until extraction. A voucher sample of the ~ 1468, 1433, 1336, 1262, 1200, 1184 ¢m'H NMR (400 MHz,
sponge is kept at UC San Diegol CDC|3) 0 6.68 (dt, 1H,J = 154, 6.8 HZ, H5), 6.53 (dt, lH], =

Extraction and Isolation. Freeze-dried sponge (182.5 g dry 15.4, 1.4 Hz, H4), 6.06 (t, 1H] = 7.3 Hz, H15), 3.71 (s, 3H,
weight) was soaked in MeOH (1.2 L) for 4 h. The methanol extract OMe), 2.56 (s, 1H, H2), 2.35 (br q, 2H,= 6.8 Hz, H6), 2.10 (q,
was filtered off, fresh MeOH (1.2 L) was added, and the sponge 2H,J = 7.3 Hz, H14), 1.53-1.46 (br m, 2H), 1.421.35 (br m,
was allowed to soak overnight. The combined MeOH extracts were 2H), 1.26 (br s, 10H)}*C NMR (100 MHz, CDCY) 6 172.1 (C,
concentrated under reduced pressure 500 mL. Water (75 mL) ~ C1), 156.6 (C, C3), 155.6 (CH, C5), 133.9 (CH, C15), 112.9 (CH,
was added, and the aqueous mixture was partitioned against hexanes4), 106.3 (C, C16), 52.2 (GJ1OMe), 33.2 (CH), 31.8 (CH),
(500 mL). The aqueous MeOH layer was separated and diluted 29.3 (CH), 29.2 (CH), 29.1 (CH), 29.0 (Ch), 28.3 (CH, C2),
with a further 75 mL of water and then partitioned against GHCI  27.9 (CH), 27.8 (CH); LRESIMSm/z392.01 [M+ H]*; HREIMS
(500 mL). After separation the aqueous MeOH layer was diluted Mz 389.0755 (calcd for GH2sBrCINO,, 389.0752).
with water (100 mL) and re-extracted with CHCh-BuOH (20 (4E)-(R)-3. [0]?* —4.1° (c 0.62,n-hexane); UV h-hexane) 218
mL) was added to the aqueous MeOH layer, and the MeOH was nm (¢ 14 235); IR (thin film)vmax 2925, 2846, 1774, 1735, 1623,

other known long-chain azirines suggest a common halogenation
motif in the biosynthesis of the two chain termini.

Experimental Section
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1434, 1341, 1264, 1200, 1035, 972, 875, 793, 725%cAH NMR
(500 MHz, CDC}) 6 6.68 (dt, 1H,J = 15.3, 7.0 Hz, H5), 6.53 (dt,
1H,J=15.3, 1.5 Hz, H4), 5.83 (t, 1Hl = 7.4 Hz, H15), 3.71 (s,
3H, OMe), 2.56 (s, 1H, H2), 2.35 (br q, 2B= 7.0 Hz, H6), 2.14
(0, 2H,J = 7.4 Hz, H14), 1.521.46 (br m, 2H), 1.441.35 (br
m, 2H), 1.27 (br s, 10H)}3C NMR (100 MHz, CDC}) 6 172.2
(C, C1), 156.6 (C, C3), 155.7 (CH, C5), 130.0 (CH, C15), 119.7
(C, C16), 112.9 (CH, C4), 52.2 (GHOMe), 33.2 (CH), 29.5
(CHy), 29.3 (CHy), 29.24 (CH), 29.22 (CH), 29.1 (CHy), 29.0
(CHy), 28.3 (CH, C2), 28.1 (Ch), 27.8 (Ch); HREIMS m/z
345.1255 (calcd for GH,5CI,NO,, 345.1257).
(+)-(E)-(S)-Antazirine (4).1 [a]?* +16.7 (c 0.58,n-hexane),
lit. +10.3 (c 0.39, CHC});1! LRESIMS mvz 435.98 [M + H] ™.
See Table 1 for enantiomeric composition.
(H)-(2)-(9)-Antazirine (5).1* [a]?* +98.9 (c 3.33,n-hexane);
LRESIMS nv/z 435.99 [M + H]*. See Table 1 for enantiomeric
composition.
Preparation of 1-Bromo-1-chloro HeptenesCompound4 and
8 were prepared according to the method of Masuda ét2al.
1-Heptyne was halogenated (NBS/Agi@ give 1-bromoheptyne
(9) or treated withn-BuLi/NCS to give 1-chloroheptynel().
Alkynes 9 and 10 were then subjected to hydroboration with di-
secbutylborane followed by halogenation with either CuCl or GuBr
to give 7 and8, respectively. The products were separately purified
after extractive workup with pentane by HPLC (silica, pentane, 3
mL/min, followed by Gg reversed phase HPLC, MeOH, 3.5 mL/
min, refractive index detection).
(Z2)-1-Bromo-1-chloro-1-heptene (7)IR (neat)v 2917, 2851,
1476, 1464, 866, 726 cry; *H NMR (400 MHz, CDC}) 6 6.07
(t, 1H, 7.2 Hz), 2.10 (q, 2H, 7.2 Hz), 1.40 (m, 2H), 1-34.25 (m,
4H), 0.88 (t, 3H, 7.0 Hz)13C NMR (100 MHz, CDC}) 6 134.0
(CH), 106.2 (C), 31.9 (Ch, 31.2 (CH), 27.7 (CH), 22.4 (CH),
14.0 (CHy); HREIMS nvz 209.9808 (calcd for @4,,BrCl, 209.9805).
(E)-1-Bromo-1-chloro-1-heptene (8)IR (neat)v 2958, 2933,
2859, 1608, 1456, 827 crj *H NMR (400 MHz, CDC}) 6 6.07
(t, 1H, 7.4 Hz), 2.12 (q, 2H, 7.4 Hz), 1.39 (m, 2H), 1:36.24 (m,
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4H), 0.88 (t, 3H, 7.0 Hz)33C NMR (100 MHz, CDC}) 6 135.2
(CH), 103.7 (C), 31.2 (Ch), 30.5 (CH), 27.7 (CH), 22.4 (CH),
14.0 (CH); HREIMS nYz 209.9805 (calcd for @41,BrCl, 209.9805).
Chiral HPLC Analysis of Natural ( R)-(E)-Dysidazirine (6).
The original purified sample of natural dysidaziring (solated
from D. fragilis, collected in Fiji, 198% and stored at-20 °C
since 1988) was verified as unchanged by NMR (500 MHz,
CDClg). The sample was analyzed by chiral HPLC (Chiralpak AD,
1:9i-PrOH/hexanes, 0.5 mL/min). Integration of peaks correspond-
ing to SandR enantiomers indicated 22% eeax]{2 —33.5 (c 1.29,
MeOH) (lit.1°[a]p —165 (c 0.5, MeOH)). For HPLC comparison,
an authentic sample of syntheticR2(E)-dysidazirine (53% ee)
was prepared by photochemical isomerization (sunlamp, catalytic
I, CH.Cly) of synthetic R)-(2)-dysidazirine, (53% e&) and
analyzed under the same conditions (co-injection) (see Supporting
Information for chromatograms and the exponential fit for first-
order racemization).
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