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Abstract: Marine red algae (Rhodophyta) are a rich source of bioactive halogenated natural products.
The biogenesis of the cyclic halogenated terpene marine natural products, in particular, has attracted
sustained interest in part because terpenes are the biogenic precursors of many bioactive metabolites.
The first enzymatic asymmetric bromination and cyclization of a terpene, producing marine natural products
isolated from red algae, is reported. Vanadium bromoperoxidase (V-BrPO) isolated from marine red algae
(species of Laurencia, Plocamium, Corallina) catalyzes the bromination of the sesquiterpene (E)-(+)-nerolidol
producing a-, -, and y-snyderol and (+)-3/-bromo-8-epicaparrapi oxide. a-Snyderol, 5-snyderol, and (+)-
3p-bromo-8-epicaparrapi oxide have been isolated from Laurencia obtusa, and each have also been isolated
from other species of marine red algae. y-Snyderol is a proposed intermediate in other bicyclo natural
products. Single diastereomers of -snyderol, y-snyderol, and mixed diastereomers of (+)-35-bromo-8-
epicaparrapi oxide (de = 20—25%) are produced in the enzyme reaction, whereas two diastereomers of
these compounds are formed in the synthesis with 2,4,4,6-tetrabromocyclohexa-2,5-dienone (TBCO).
V-BrPO likely functions by catalyzing the two-electron oxidation of bromide ion by hydrogen peroxide
producing a bromonium ion or equivalent in the active site that brominates one face of the terminal olefin
of nerolidol. These results establish V-BrPQO’s role in the biosynthesis of brominated cyclic sesquiterpene
structures from marine red algae for the first time.

Introduction

The sheer abundance of halogenated compounds isolated from
the marine environment distinguishes marine natural products
from terrestrial natural products. In particular, halogenated
compounds from marine red algae (Rhodophyceae) comprise
some of the most frequently reported metabofitdBrominated
compounds such as thyrsiferyl acetate {ee Figure 1376
halomon (I),”® ma’ilione (Il ),%10 furanones (e.g.lV)113
cyclized sesquiterpenes (e.¥., VI),* and acetogenins (e.g.,
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Figure 1. Halogenated natural products from marine red algae. Thyrsiferyl
acetate 1,46 halomon (I ),”811 ma’ilione (Il ),>1° brominated furanone
(IV),11-13 prominated cyclized sesquiterpends {1)* and brominated
cyclized acetogeninv]l ).14

VIl ), all from marine red algae, exhibit wide-ranging biologi-
cal activities including protein phosphatase inhibitiol), (
antitumor and cytotoxic functionl(), anthelminthic properties
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(1), anti-fouling propertiesIy), as well as broad spectrum  Scheme 1

antimicrobial ¥ —VII') and antiviral () activities (Figure 1).
Within the vast array of halogenated compounds, it is the
biosynthesis of halogenated cyclic terpenes that has attracted
sustained interest, in part because terpenes are the biogenic
precursors of many bioactive natural products. Early investiga-
tions on the synthesis of halogenated terpenes were carried out
at a time when the existence of halogenating enzymes had only OH
been hypothesized. Van Tamelen and Hessler demonstrated that 0V
N-bromosuccinamide reacts with methyl farnesate in an aqueous | '©

Br-R + H,0

10, + Br

ko[H20,]

ki[RH]

tetrahydrofuran mixture to produce a bromo-bicyclic ester of

methyl farnesate. This reaction was the first demonstration of

a bromonium-ion-induced cyclization of a terpene forming a
bromocyclic product>'6 Subsequently, reagents have been

developed to produce brominated cyclized terpenes including

bromine in the presence of Lewis acids such as 4I8BnBu,
or AgBF,1"19 24 4 6-tetrabromocyclohexa-2,5-dienone
(TBCO) 222 the acid-catalyzed cyclization of terpene-contain-
ing terminal bromohydring324 as well as mercuric trifluoro-
acetate in the presence of molecular brommé’ Through these
investigations a consensus developed that brominated cyclize
terpene natural products likely resulted from a bromonium-ion-
induced cyclization of an acyclic terpene precursot’-19.28-31
Since the time of the initial investigations described above,
vanadium haloperoxida®e3*and FeHeme haloperoxid&&e’”

enzymes have been isolated from marine organisms. Vanadium
bromoperoxidase (V-BrPO), which appears to be the more

prevalent of the two classes of enzymes, is an abundant an

robust enzyme found in all classes of marine algae, including

species that produce chiral halogenated natural products. In th
active site of V-BrPO, the vanadate ion\(Ms coordinated to
the protein scaffold by a single histidine residue positioned at
the bottom of a deep active-site chanffel? Multiple amino

acid side chains hydrogen bond to the vanadate oxygen atoms

The ligand histidine and the amino acids that participate in
hydrogen bonding are conserved in V-BrPO isolated from both
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red (Rhodophyta) and brown (Phaeophyta) marine algae,
although little sequence homology exist in the rest of the active-
site channel.

V-BrPO catalyzes the oxidation of halides (Br~, CI~) by

the peroxo complex of V-BrPO (Scheme 1). The oxidized

halogen intermediate can halogenate an appropriate organic
substrate or oxidize a second equivalent of hydrogen peroxide,

doroducing dioxygen in the singlet excited state to complete the

catalytic cycle (Scheme #}:3840Bromination reactions cata-
lyzed by V-BrPO proceed via an electrophilic mechanism (i.e.,
Brt), as opposed to a radical (Bprocess'!

While the numbers of halogenated metabolites isolated from
marine organisms continue to increase, the biochemical path-

ways by which these products are synthesized within the algae

ave not been fully elucidated 44 We recently reported that
-BrPO isolated from marine red algae (e.@grallina offici-
nalis, Laurencia pacificaandPlocamium cartilagineuincata-

ﬁyzes the bromination and cyclization of monoterpenes geraniol

and nerol to cyclic structures that are found in many bromocyclic
terpene marine metabolités, although these bromocyclic
monoterpene compounds are not known, marine natural prod-
ucts. Several bromosesquiterpene metabolites isolated from the
red algal. obtusaprovide an attractive target for biosynthetic
studies because all of these compounds could originate from a
single substrate. Herein we report the first enzymatic asymmetric
bromination and cyclization of a sesquiterpetg;((+)-nerolidol

(1), by V-BrPO producing marine natural productssnyderol

(2), p-snyderol 8), and (+)-35-bromo-8-epicaparrapi oxidéy,

and we establish V-BrPO'’s likely role in the biosynthesis of
brominated cyclic sesquiterpene structures from marine red
algae.

Methods and Materials

General Methods.Vanadium bromoperoxidase from the marine red
algaeC. officinalis P. cartilagineum andL. pacificawere purified as
previously described fo€. officinalis with minor modifications'¢4
C. officinalisandP. cartilagineumwere collected off the coast of Santa
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15679.
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J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15061



ARTICLES

Carter-Franklin and Butler

Barbara, CA.L. pacificawas collected from an intertidal region off
the coast of La Jolla, CA. Bromoperoxidase activity was determined
by monitoring the bromination of 56M monochlorodimedone (MCD)
spectrophotometrically at 290 nm under conditions of 0.1 M KBr, and
1 mM H;0.in 0.1 M sodium phosphate buffer pH 6.00. The extinction
coefficient difference at 290 nm between brominated MCD and MCD
is 19 900 cmt M~1.48

H NMR and*3C NMR spectra were recorded on a Varian Inova
instrument (500 and 125 MHz, respectively) using deuteriochloroform
as the solvent (internal referenée= 7.27 ppm, CHGJ). Consumption

under the same reaction conditions as described above for V-BrPO-
catalyzed reactions (i.e., 0.04 M KBr in 0.15 M phosphate buffer (pH
5.7) containing 40% ethanol), although without addition of V-BrPO
or H;O,. Agueous bromine was added in a controlled manner via
syringe pump at a rate approximating the bromination rate of MCD by
V-BrPO (all reactions were performed in the dark with stirring).
Bromination of 1 with TBCO was performed in nitromethane with
stirring in the darlké®22

Competitive Substrate Kinetics. Competitive kinetics for the
bromination of phenol red (50M) catalyzed by V-BrPO (5 nM) or

and formation of reaction substrates and products were monitored by carried out by the stoichiometric addition of aqueous bromine as a
gas chromatography (GC). Chiral GC analysis was performed using afunction of the concentration of were performed at 25C in the

Cyclosil B capillary column J & W Scientific).

Aqueous bromine was prepared by dilution of bromine vapors in
0.1 M NaOH and standardized by tri-iodide formatiog {IAmax 353
nm, Ae = 26 600 cnt* M%) by reaction with 0.05 M Kl in 0.1 M
citrate phosphate buffer pH 4.5. The predominant species in solution
at pH 6-7 is HOBr; however, multiple oxidized bromine species are
present in solution which are best represented as GBHOBr = Br,
= Brs~,*° hereafter referred to as “aqueous bromine”.

Normal-phase HPLC was used to purify produt8, and4 which

presence of 40 mM KBr in 0.1 M phosphate buffer (pH 5.7) containing
40% ethanol. V-BrPO-catalyzed experiments were initiated by the
addition of 0.5 mM HO,. Nonenzymatic competition experiments were
initiated by the addition of agueous bromine (5 mM stock solution) in
10uL aliquots at 30 s intervals. UV absorbance was measured 20 s
after each addition of aqueous bromine. Production of bromophenol
blue was monitored at 596 nm.

Results and Discussion

often eluted as overlapping peaks in reversed-phase mode. Using asilica \/-BrPO-Catalyzed Reaction with (E)-(+)-Nerolidol (1)

HPLC column (semipreparative 250 mm 10 mm, YMC-Sil, YMC
Inc.), products were eluted isocratically with 0.3% 2-propanol/hexanes,

and detected by UV absorbance (214 nm). Reversed-phase HPLC wa

used to purify product. Samples were applied to a;£column
(semipreparative 250 mm 10 mm or analytical 250 mnx 4.5 mm,
ODS-AQ, YMC Inc.), and products were eluted using gradient mixtures
of acetonitrile and water. The UV absorbance of the eluent was
monitored at 214 nm. Flash column chromatography was performed
using 236-400 mesh silica gel (EM Science) and mixtures of ether
and pentane as eluentE){(+)-Nerolidol (1) was purchased from

versus Reaction with Aqueous Bromine or TBCO:To explore
whether V-BrPO could be involved in the biosynthesis of

%alogenated marine natural products, the reactivity of V-BrPO

toward E)-(+)-nerolidol (1) was investigated. Wherkf-(+)-
nerolidol (7 mM) @) reacts with V-BrPO (55 nM) in phosphate
buffer (pH 6.5) containing 40% organic cosolvent (e.g., EtOH,
iPrOH), bromide (40 mM), and 1 or 2 equiv of hydrogen
peroxide, a mixture of bromoether, bromo alcohol, bromohydrin,
and epoxide species is produced.

Indofine Chemical Company and used as received. TBCO was used \/-BrPO-Catalyzed Biosynthesis of-, B-, and y-Snyderols.

as obtained from Acros.

V-BrPO-Catalyzed Reaction with (E)-(+)-Nerolidol (1). (E)-(+)-
Nerolidol (1) (0.5 mM) was dissolved in ethanol and added to 0.15 M
phosphate buffer (pH 5.7) containing 40% v/v ethanol and 40 mM KBr.
Enzymatic reactions containing 23 nM V-BrPO, were initiated by
addition of 1 or 2 mol equiv of kD, via syringe pump with respect to
1. After 2.5 h, the reactions were extracted with 3 volumes of hexanes.

Alcohol and ether products were separated by elution on a silica Sep-

pak (Waters Corp.) with 10% ether/pentane. Bromo alcohol and

The V-BrPO-catalyzed reaction with produces the known
bromo alcoholsx-, 5-, andy-snyderols 2, 3, and4), where2
and3 are natural products isolated from the marine red &lga
obtusa®® Snyderol product&8—4 are not produced in the absence
of V-BrPO or of one or more reaction substrates (e.g-, &r
H,0,), indicating that oxidation of bromide by a peroxy-
BrPO complex is necessary for the bromination and cyclization
of 1 to produce2—4. In addition, the presence of organic

bromoether products were resuspended in 100% ethanol and injectedcosolvent £40%) is necessary for the formation of snyderols,

directly on a Gg analytical column for product profile and retention
time analysis by reversed-phase HPLC.

To obtain product, 3, 4, and5 for spectroscopic characterization,
reactions were run on a scale of 7 miMvith 55 nM V-BrPO. Upon
reaction completion (ca. 2.5 h), products were extracted with 3 volumes
of hexanes, washed with brine, dried with MgS@nd reduced to a
small volume in vacuo. Crude extracts were first fractioned by flash
chromatography followed by HPLC purification as described above.
Spectroscopic data f&; 3, 4, 5, and5' are identical to reported literature
values!”:5051

The relative stereochemistries 2f 3, 4, and5 were determined
from coupling constants and by one-dimensional nOe analysis. Dia-

where the use of 2-propanol is preferred to minimize competing
nucleophilic reactions by the cosolvent.

The formation of2—4 in the V-BrPO-catalyzed reaction
results from selective bromination of the C1011 olefinic bond
of 1, producing a bromoniumnerolidol adduct (Scheme 2).
The proposed bromocarbenium ion intermediate is subsequently
attacked by the electron-rich internal olefin, followed by one
of three different elimination reactions leading2p3, and4.
Brominated snyderol2—4 comprise 10% of the total isolated
products of the reactiot?. The proposed mechanism of forma-
tion of 2, 3, and 4 is analogous to the V-BrPO-catalyzed

stereomeric excesses were established by chiral GC analysis using aiteactions with geraniol and geranyl acetate, producing bro-

isotherm of 155°C for 2, 3, 4, and 165°C for 5. Chiral GC reten-
tion times for3 and 4 were 75.7 and 91.0 min, respectively. Reten-
tion times for diastereomer§ and 5 were 27.6 and 26.8 min,
respectively.

Nonenzymatic Reactions with E)-(+)-Nerolidol (1). Reaction of
1 (0.5 mM) with 1 or 2 mol equiv of aqueous bromine was carried out

(48) Hager, L.; Morris, D.; Brown, F.; Eberwein, H. Biol. Chem1966 241,
1769-1777.

(49) Ziderman, lIsr. J. Chem1972 11, 7—20.

(50) Howard, B. M.; Fenical, WTetrahedron Lett1976 1, 41—44.

(51) Faulkner, D. JPhytochemistryl976 15, 1993-1994.
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mocyclized monoterpenég?>

In contrast to the V-BrPO reaction, only trace quantities of
2, 3, and4 are formed in the reaction dfwith aqueous bromine
(1—2 equiv) (Figure 2). Similar results were observed previously
with the monoterpenes, nerol and geraniol, where brominated
cyclized products were only produced in the enzyme-catalyzed
reactions and absent from reactions with aqueous brofhine.

(52) The remaining 90% of isolated product included brominated cyclic ethers
(30%) and bromohydrin and epoxide species (60%).
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(2)3) a a
(4)
(2)(3) b
(4)
b
c
A ’\A A(2)§n3)(4) M
4.0 8.0 12.0 16.0 20.0 24.0
minutes 1 1 T T T 1 1 1 1
68.0 72.0 76.0 80.0 84.0
Figure 2. Reversed-phase HPLC separation of bromo alcohol containing minutes

fractions formed in the reactions of V-BrPO and aqueous bromine lwith
(a) Mixture of authentic sample af-, 5-, y-snyderol g, 3, and4) (i.e.,
synthesized using TBCO in nitromethd®&). (b) Bromo alcohol containing
fraction of the V-BrPO-catalyzed reactiore) Bromo alcohol containing

Figure 3. Chiral GG-MS chromatogram for3 isolated from the (a)
V-BrPO-catalyzed reaction and the (b) TBCO reaction Witfihe retention
time for the single diastereomer 8fisolated from V-BrPO reactions was

fraction of the aqueous bromine reaction. Peaks are denoted with numbers75.7 min. Diastereomers isolated from TBCO reactions eluted with retention
corresponding to their structures. The reaction mixtures contained 0.04 M times of 74.1 and 75.7 min, respectively. Gas chromatography was

KBr and 0.5 mM1 in 0.1 M sodium phosphate, pH 5.7 with 40% v/v
ethanol. Enzymatic reactions were initiated by the addition&H1 mM)
and allowed to react at 24 for 60 min. Agueous bromine reactions were
initiated by the addition of NaOBr to a final concentration of 1mM and
reacted at 24C for 60 min.

Scheme 2. Proposed Mechanism for V-BrPO-Catalyzed
Biosynthesis of the Marine Natural Products a-, -, and y-Snyderol
(2, 3, and 4), and (+)-3p3-Bromo-8-epicaparrapi Oxide (5 and 5')

—~ll
V-BrPO Br->
KBr ~
=20 .

H30; l

40 % aq. EtOH

N
B/Q:/Y\ Br%

“'OH
) l
N
Bf’;;/(/%o? |
®)
‘OH
“

HO

8y

N
« o OH

™

X

Br

On the other hand, reaction dfwith TBCO carried out in non-
nucleophilic solvents (e.g., methylene chloride or nitromethane)
produces2—4 as previously reporte#f:3!

The relative stereochemistry of the proton adjacent to the
bromine in2—4 is indicated by a doublet of doublets signal at
4.17 ppm fora-snyderol § = 9, 7 Hz), 4.10 ppm fop-snyderol
(J=11, 5 Hz), and 4.22 ppm for-snyderol § = 10, 4 Hz) in
the IH NMR spectrum, which is indicative of an axial proton
and thus an equatorial bromih&The stereochemistry @—4
is consistent with our previous results of a V-BrPO-catalyzed
reaction with geraniol to produce bromocyclogeraniol, in which
the bromine is also found in the equatorial positidm addition,
the stereochemistry d?—4 is in agreement with the stereo-
chemistry determined for the isolated marine natural prodcts.

performed using 90 min, 158 isotherm runs.

a
Lo Lo,
b
82.0 86.0 90.0 94.0 98.0
minutes

Figure 4. Chiral GG-MS chromatogram for isolated from the (a)
V-BrPO-catalyzed reaction and the (b) TBCO reaction Witfihe retention
time for the single diastereomer 4fisolated from V-BrPO reactions was
91.0 min. Diastereomers isolated from TBCO reactions eluted with retention
times of 89.6 and 91.0 min, respectively. Gas chromatography was
performed using 90 min, 158C isotherm runs.

arrangement of the bromoniunterpene adduct appears to
control the conformation of the transition state in the cyclization
reaction?1.23

Chiral GC-MS analysis of snydero®—4 demonstrates that
V-BrPO catalyzes the asymmetric bromination of the €10
C11 double bond ofL (Figures 3 and 4). A single peak is
observed in the chiral GC chromatogrampe$nyderol 8) and
y-snyderol §) formed in the enzyme reaction, with a retention
time equal to that of one of the two diastereomers formed in
the TBCO reaction (Figures 3 and 4). SnydeBx#sd4 obtained
from TBCO reactions, as expected, showed the formation of
equal amounts of the two diastereom®&&. The diastereomers
of a-snyderol @) could not be separated by chiral GC using
the conditions employed f@& and4 nor under any of the other

The equatorial position of bromine in cyclized terpenes has beenconditions investigated. The fact that single diastereomess of
observed in many cationic cyclization reactions, where the and 4 are obtained in the V-BrPO reactions implies that

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15063
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Scheme 3 ®) a
farnesylpyrophosphate @ OH
| JUN

OPP
A0

10-bromo-a—chamigrene

bromination of the terminal olefin df occurs within the active-
site cavity, and not outside the enzyme active site via a freely
diffusible brominating species (e.g., HOBr,,.BBr3~, etc). Thus,

we propose thal orients in a favorable conformation within
the active site suitable for asymmetric bromination at the-€10
C11 double bond, possibly assisted by some protein interaction
with the allylic alcohol moiety ofl. The ability of V-BrPO to
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Figure 5. Reversed-phase HPLC separation of bromoether-containing
fractions from the reactions of V-BrPO and aqueous bromine Witfa)
Authentic sample of {)-33-bromo-8-epicaparrapi oxidé&) and5' (i.e.,
synthesized using TBC®3)). (b) V-BrPO-catalyzed reaction. (c) Aqueous

specifically bind and orient substrates has been reported andbromine reaction. Peaks are denoted with numbers corresponding to their

has resulted in the regioselective brominative oxidation of
substituted indole®® as well as the non-halide-dependent
enantiospecific oxidation of sulfidé4:56

The diastereoselective formationjpsnyderol 4) is striking
when one considers that this is the first report of an enzymatic
bromonium-ion-induced cyclization forming a tetra-substituted
olefin. V-BrPO-catalyzed formation o# supports previous
proposals of an enzyme-catalyzed cyclization of farnesyl pyro-
phosphate to 10-broma-chamigrene via a tetra-substituted
monobromocyclofarnesyl pyrophosphate intermedizité’
(Scheme 3). Cyclization of the brominated monocyclofarnesyl
pyrophosphate is assumed to proceed through an allylic cation.
Previously, Wolinksky and Faulkner demonstrated in a biomi-
metic synthesis of 10-broma-chamigrene the conversion of
racemic4 to the chamigrene skeletdh10-Bromoe-chamigrene
was not detected in our biosynthetic studies with V-BrPO;
however, reactions withE)-farnesyl pyrophosphate are under
investigation.

V-BrPO-Catalyzed Biosynthesis of {)-3f-Bromo-8-epi-
caparrapi Oxide. The marine natural productH)-33-bromo-
8-epicaparrapi oxides], and its corresponding diastereom&y,(
was obtained from the bromoether-containing fractions of the
V-BrPO-catalyzed reaction withh. As was observed with the
snyderol productsg and5' are produced only when all substrate
components of the enzyme reaction are present (i.e., V-BrPO,
KBr, H,0,, 40% cosolvent). The presence of the C-8 epimer
of 5and5' is not observed, indicating that epimerization of the
allylic alcohol during the reaction does not occur. The optical
rotation measurements & (i.e., [a]p + 31.8;c = 1.52 in
EtOH) isolated from the V-BrPO-catalyzed reaction are similar

(53) Martinez, J. S.; Carroll, G. L.; Tschirret-Guth, R. A.; Altenhoff, G.; Little,
R. D.; Butler, A.J. Am. Chem. So®001, 123 3289-3294.

(54) Andersson, M.; Willetts, A.; Allenmark, Sl. Org. Chem.1997, 62, 2,
8455-8458.

(55) ten Brink, H. B.; Tuynman, A.; Dekker, H.; Hemrika, W.; Izumi, Y.; Oshiro,
T.; Schoemaker, H. E.; Wever, Rorg. Chem.1998 37, 6780-6784.

(56) Andersson, M.; Allenmark, Scetrahedron1998 54, 15293-15304.

(57) Martin, J. D.; Palazon, J. M.; Perez, C.; Ravelo, JPure Appl. Chem.
1986 58, 395-406.
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structures. The reaction mixture contained 0.04 M KBr and 0.5 inidl

0.1 M sodium phosphate (pH 5.7) with 40% v/v ethanol. Enzymatic reactions
were initiated by the addition of #, (1 mM) and allowed to react at 24
°C for 60 min. Aqueous bromine reactions were initiated by addition of
NaOBr (1ImM) and reacted at 2& for 60 min.

to those of the natural product isolated frdamobtusa (i.e.,
[a]p + 30.4;c = 1.46 in EtOH)%!

The V-BrPO-catalyzed formation & and5' is proposed to
occur via bromination of the terminal olefin dffollowed by
stereospecific cyclization to ring closure (Scheme 2). Nucleo-
philic trapping of the proposed bromocarbenium ion by the
allylic alcohol leading to5 and 5' is supported by cationic
cyclization reactions of terpenes previously reported and used
to study the concertedness of the overall ring-formation
proces§_6,27,58,59

Reaction ofl with aqueous bromine (1 or 2 equiv) produces
only trace quantities 06 and5' (Figure 5). TBCO reactions
with 1 produces and5' as previously described.In addition,
five- and six-membered cyclic bromoether species (i.e., 25%)
were also present within the bromoether-containing fractions.
These brominated cyclic ethers have been previously identi-
fied;20 the specificity of bromination of these products is under
investigation. ¢)-34-Bromo-8-epicaparrapi oxidé&) was iso-
lated in ~5% vyield, and the remaining cyclic bromoether
compounds were produced in 25% isolated yield.

The stereochemistry & at the bromine bearing carbon was
determined by the presence ofidignal as a doublet of doublets
ato 3.99 J = 12.5 Hz). The stereochemistry of the bridgehead
methyl was determined by the presence of a nOe signal to the
vinylic proton at 6.0 ppm, thus indicating that the cyclization
reaction produces #&ansfused bicyclo[4.4.0] system. The
stereochemistry d is consistent with that previously reported
in cyclization reactions where the four chiral centerssadre
introduced stereospecifically following bromination @f in

(58) Garst, M.; Cheung, Y.; Johnson, \W.Am. Chem. S0d.979 101, 4404~
4406.

(59) Snowden, R.; Eichenberger, J.; Linder, S.; Sonnay, P.; Vial, C.; Schulte-
Elte, K. J. Org. Chem1992 57, 955-960.
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biosynthesis of theransfused ring system with exclusion of

the cis-fused ring system can be rationalized by assuming the Figure 7. Time course for the bromination of phenol red as a function of
g sy y 9 the E)-(+)-nerolidol (1) concentration (a) catalyzed by V-BrPO or (b) by

reaction with aqueous bromine. The reactions were performed o€ 24

the presence of 5@M phenol red and 40 mM KBr in 0.1 M sodium
phosphate buffer (pH 5.7) with 40% v/v ethanol. V-BrPO reactions were
initiated by addition of 0.5 mM kD, and 5 nM V-BrPO. Aqueous bromine

. . . . .. reactions were initiated by addition of NaOBr (stock solution 5 mM in
from the equatorial to the axial position leading to 1,3-diaxial 902 M NaOH) in 10uL aliquots at 30 s intervals. Production of
bromophenol blue was monitored at 596 nm. Concentratiofi: o®, 0

uM; O, 50 uM; w100 uM.

planar bromocarbenium ion is quenched by internal nucleophilic
trapping on the empty-orbital by the allylic alcohol in an
equatorial position (Scheme 4). Formation of giefused ring
system is hindered by unfavorable isomerization of the bromine

interactions'® V-BrPO-catalyzed bromination and cyclization
of 1to 5is considered consistent with the Stefkschenmoser
hypothesis for a synchronous cyclization mechanism initiated
by bromination at the C18C11 olefin of 1.69.61

V-BrPO catalyzed the asymmetric bromination of the terminal
olefin of 1 followed by successive cyclization to produce){
36-bromo-8-eqicaparrapi oxid&)as a mixture of diastereomers
(de = 20—25%), whereas equal amounts of the two diastere-
omers are observed for the corresponding TBCO rea€tion
(Figure 6). In an analogous reaction, enzymes such as terpen
cyclases control the stereospecific cyclization of isoprenoids by

successive cyclizations and stabilization of intermediates and

conformations within enzyme cavities lined with hydrophobic
residues$2-%5 These results suggest a “terpene cyclase-like
cyclization along the hydrophobic substrate channel in V-BrPO.
Cyclization is initiated by the asymmetric bromination of the

(60) Stork, G.; Burgstahler, A. WI. Am. Chem. Sod.955 77, 5068-5077.

(61) Eschenmoser, A.; Ruzicka, L.; Jeger, O.; Arigoni,Hlv. Chim. Acta
1955 38, 1890-1904.

(62) Croteau, R.; Cane, D. Blethods Enzymoll985 110, 383—-405.

(63) Cane, D. EChem. Re. 1990 90, 1089-1103.

(64) Dougherty, D. ASciencel996 271, 163-168.

terminal olefin to generate a bromonium-ion adduct of nerolidol
on the terminal olefin which controls the stereoselectivity of

the cyclization reaction.

Competition Kinetics for the Bromination of (E)-(+)-
Nerolidol (1) versus Phenol RedVanadium bromoperoxidase
%referentially catalyzes the bromination dfwhen presented

ith a mixture ofl and phenol red as organic substrates (Figure
. ; : . 7). The preferential bromination dfis concentration dependent
the asymmetric protonation of the terminal olefin, followed by as indicated by the increase in the lag phase for the bromination
of phenol red as the concentrationlois increased (Figure 7a).
Following the consumption of, the rate of bromination of
phenol red occurs at the same rate as in the absence of added
1. Furthermore, a concentration-dependent lag phase is absent
in reactions with aqueous bromine under the same conditions
as V-BrPO, indicating thal and phenol red are brominated
simultaneously (Figure 7b). The difference in reactivityloh
the V-BrPO/HO,/Br~ system versus reaction with aqueous

(65) Davis, E. M.; Croteau, RTop. Curr. Chem200Q 209, 53—95.

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15065



ARTICLES Carter-Franklin and Butler

bromine, is consistent with an enzyme-trapped or enzyme-boundbromination reaction outside the enzyme active-%ité? Sub-
brominating species, and not a freely diffusible brominating sequent kinetic studies showing sequential bromination or
specie$3.66 brominative oxidation of different substrat®sas well as
different selectivity3®79suggested that some substrates bind to
the V-BrPO active site and block the release of the oxidized
Vanadium bromoperoxidase catalyzes the asymmetric bro- halogen intermediate. The discovery of direct asymmetric
mination and cyclization ofE)-(+)-nerolidol (1) to produce oxidation of bicyclic sulfides catalyzed by V-BrPO, producing

Conclusions

single diastereomers of the marine natural prody:tsand the corresponding sulfoxides with high enantioselecti%Atsf,
y-snyderol 8 and 4) and a mixture of diastereomers of ) bolstered the hypothesis that V-BrPO can participate in asym-
36-bromo-8-epicaparrapi oxidé&). In contrast, reaction ot metric halogenation reactions. Finally, the bromination and
with aqueous bromine produced only minimal quantities of these cyclization of model terpene precurs#rslemonstrated that
brominated cyclized products, and reactioriLafith TBCO in V-BrPO can catalyze the bromination and cyclization of

nitromethane produced an equal mixture of each diastereomericterpenes, producing cyclic structures that make up parts of
product of3, 4, and5. Diastereomers d could not be resolved  halogenated marine natural products. Now, as we demonstrated
by chiral GC. The observed diastereoselectivity is the first report above, V-BrPO has been shown to catalyze the asymmetric
of V-BrPO-catalyzed enantiospecific bromination and cycliza- bromination and cyclization off)-(+)-nerolidol (1), forming
tion of sesquiterpenes, forming chiral brominated marine natural known marine natural products. While compouri$, and5
products, and establishes a role for V-BrPO in the biogenesisare all natural products that have been isolated fraurencia
of halogenated metabolites in marine algae. The high specificity obtusa®®51.7* these compounds have each also been isolated
of these V-BrPO-catalyzed reactions suggests thatocks singly from other species dfaurencia(i.e., L. intricata, L.
within the active-site channel of V-BrPO in a specific orientation synderiag, and the product distribution of these compounds
and is not randomly binding within the active-site cavity. In  within different algae is not yet understood. Additional experi-
the case of random substrate binding, one would expectments are under way to further understand the interactions
symmetric bromination of the C30C11 olefinic bond of1, between E)-(+)-nerolidol (1) and V-BrPO that promote the
leading to equal distribution of both diastereomers of the cyclization process, both for sesquiterpenes as reported here and
different natural products. V-BrPO functions by coordination also for longer-chain terpenes. Other cyclic brominated terpenes
of H2O, followed by oxidation of Br to produce the equivalent  are also metabolites produced by marine red algae that likely
of a bromonium ion (Bt) that attacks one face of the terminal  contain haloperoxidases with different substrate reactivity or
olefin of 1. The nature of the brominating species as enzyme substrate selectivity or that work in concert with other enzymes
bound (e.g., VOBr) or enzyme trapped (e.g., BrHOBr, such as terpene cyclases, etc. Thus, with the discovery of the
OBr, etc.) is not known and cannot be addressed by theseasymmetric halogenation catalyzed by V-BrPO, many interesting
experiments, although the competitive kinetic data shows that questions can now be investigated.
the brominating species is not consistent with release from the
active site.

The X-ray structure of V-BrPO frorg. officinalisshows that
the vanadium site resides at the bottom of a 20-A deep substrat

channePf® Hydrophobic patches of residues dominate the , !
substrate channel leading to the vanadium site. With the and a Sea Grant Traineeship for J.C.F. funded by a grant from

exception of the amino acids involved in hydrogen bonding to the National Sea Grant College Program, National Oceanic and

the vanadate ion, only three other hydrophilic residues (Glu124, Atmospheric. Administration, and the U.S. Department of
Arg395, Asp292) are positioned within 7.5 A of the vanadate Commerce.

oxygen atoms. Thus, the hydrophobic surface of the substratejan047925p

cavity, as well as certain charged residues, likely provides the

environment necessary for docking and brominatior.of Egg
9
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