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Halogenated olefins are of interest because of their widespread use in industry and their
potential toxicity to humans. Epoxides are among the enzymatic oxidation products and have
been studied in regard to their toxicity. Most of the attention has been given to chlorinated
epoxides, and we have previously studied the reactions of the mono-, di-, tri-, and tetrachloro-
ethylene oxides. To further test some hypotheses concerning the reactivity of these compounds,
we prepared tribromoethylene (TBE) oxide and compared it to trichloroethylene (TCE) oxide
and other chlorinated epoxides. TBE oxide reacted with H2O about 3 times faster than did
TCE oxide. Several hydrolysis products of TBE oxide were the same as formed from TCE oxide,
i.e., glyoxylic acid, CO, and HCO2H. Br2CHCO2H was formed from TBE oxide; the yield was
higher than for Cl2CHCO2H formed in the hydrolysis of TCE oxide. The yield of tribromo-
acetaldehyde was < 0.4% in aqueous buffer (pH 7.4). In rat liver microsomal incubations
containing TBE and NADPH, Br2CHCO2H was a major product, and tribromoacetaldehyde
was a minor product. These results are consistent with schemes previously developed for
halogenated epoxides, with migration of bromine being more favorable than for chlorine.
Reaction of TBE oxide with lysine yielded relatively more N-dihaloacetyllysine and less
N-formyllysine than in the case of TCE oxide. This same pattern was observed in the products
of the reaction of TBE oxide with the lysine residues in bovine serum albumin. We conclude
that the proposed scheme of hydrolysis of halogenated epoxides follows the expected halide
order and that this can be used to rationalize patterns of hydrolysis and reactivity of other
halogenated epoxides.

Introduction

Halogenated olefins have had many uses as solvents
and as vinyl monomers in the plastics industry. Many of
these chemicals are used in large volumes, e.g., perchlo-
roethylene (PCE)1 at 108 kg year-1 in the United States
(1). These chemicals can all be toxic at high doses, and
the study of their toxicities has been a matter of consid-
erable interest. Vinyl chloride (VC) is clearly a rodent
and human carcinogen (2, 3). The carcinogenicity of
trichloroethylene (TCE) and perchloroethylene (PCE,
tetrachloroethylene) is more controversial (1, 4, 5), but
these compounds can have other detrimental effects (6).
Vinylidene chloride (VDC) is relatively toxic in liver and
kidney (7, 8) but probably not carcinogenic (9-11).

Although GSH conjugation can contribute to bioacti-
vation of some of the more highly substituted vinyl
halides (12, 13), much of the existing literature is
centered on the formation and roles of the epoxides (14,
15). The chlorooxirane derivatives of the above com-
pounds are all relatively unstable, with t1/2 of ∼2 s to 2.6
min under physiological conditions (16-21). Some of the

early studies on epoxides yielded ambiguous results in
terms of what the products were or whether the epoxide
was the principal electrophile that reacts with macro-
molecules (22). Recent work in this laboratory has led to
the hypothesis that a major feature of the reaction of
halooxiranes with nucleophiles is the intermediacy of acid
halide hydrolytic products, which behave as acylating
agents (20, 21, 23). However, the situation is complicated
by the possibility that P450 enzymes can generate acyl
halides in 1,2-migration reactions exclusive of epoxide
products (Scheme 1) (18, 19, 21). Thus, modification of
macromolecules may be difficult to understand in the
context of a single reactive species.
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Scheme 1. Proposed Mechanism of P450-Catalyzed
Oxidation of Vinyl Halidesa

a X ) halogen.
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Brominated olefins are used less commonly than the
chlorinated analogues in industry and have been studied
less. Vinyl bromide (VB) has been studied in several
contexts and exhibits behavior generally similar to VC,
in regard to both carcinogenicity (24) and mechanism of
bioactivation (25-29). Despite the limited industrial use
of bromine compounds, they can be highly useful in
studying mechanisms of reactions of halooxiranes through
insights in the halide order. A key model for our research
on vinyl halides has been TCE and the reactions of TCE
oxide (19, 20, 23, 30). We extended this research project
to tribromoethylene (TBE) in order to address some
general hypotheses about vinyl halides and their ep-
oxides. The literature contains some studies on the
chemistry of peracid oxidation of TBE (31) and the use
of TBE as a model substrate for bacterial methane
monooxygenase (32). Interestingly, TBE has also been
demonstrated to be a volatile natural product produced
by algae (33) and is a metabolite of 1,1,2,2-tetrabromo-
ethane in rats (34). TBE has also been shown to be toxic
to algae, crustaceans, and fish (35).

We synthesized TBE oxide and compared it with TCE
oxide in terms of rates of hydrolysis, hydrolytic products,
and reactions with free and protein Lys. With this
information about TBE oxide and previous results with
VC oxide, VDC oxide, TCE oxide, and PCE oxide, we
postulate general mechanisms for the formation of ha-
logenated epoxides and their reactivity.

Experimental Procedures

Caution: TBE oxide and the acyl halides used here are
reactive acylating agents and should be handled carefully.
Gloves and other protective clothing should be used appropri-
ately.

Materials. TBE was purchased from TCI America (Portland,
OR) and distilled under reduced pressure (bp 48-52 °C, 10
Torr). TCE oxide was prepared as described previously (20).
Br3CCHO and Br2CHCO2H were purchased from Aldrich Chemi-
cal Co. (Milwaukee, WI).

HPLC and Spectroscopy. HPLC analysis was done using
a Hitachi 7100 or a Spectra-Physics 8700 pumping system. Mass
spectra were measured with Finnigan TSQ7000 instruments,
using either direct injection (synthetic chemicals) or HPLC
introduction (albumin products), in an electrospray/positive ion
mode. NMR spectra were collected on Bruker 300 and 400 MHz
instruments in the Vanderbilt facility. The HOD signal was
adjusted to δ 4.79 in D2O solutions. CH3OH (49.5 ppm) was used
as an internal reference for 13C NMR spectra (D2O solutions).
(CH3)4Si was used as an internal standard in CDCl3 solutions.

Synthesis of TBE Oxide. Distilled TBE was oxidized with
m-chloroperbenzoic acid using the same procedure described for
TCE oxide (20, 36), for 100 min. Analysis of the reaction for
TBE oxide using 4-(4-nitrobenzyl)pyridine reaction (37) indi-
cated that TBE oxide formation had peaked at this time. The
product was distilled in vacuo (bp 60-66 °C, 15 Torr) to yield a
colorless liquid, in residual TBE (the most concentrated fraction
of TBE oxide was obtained at 60-66 °C). The product was stable
in CDCl3 and could be washed (quickly) with cold 6 N NaOH to
remove acid and acyl bromide impurities. The 1H NMR spectrum
(CDCl3) showed a proton singlet at δ 5.42 (along with the TBE
singlet at δ 7.00) [cf. δ 5.31 for TCE oxide (19)]. The 13C NMR
spectrum (in CDCl3) yielded peaks at 55.5 and 64.7 ppm, which
are assigned to the CHBr and CBr2 carbons of TBE oxide,
respectively (with the CHBr and CBr2 carbon signals of TBE
found at 92.8 and 110.4 ppm, respectively) [cf. TCE and TCE
oxide shifts in ref (19)]. The concentration of the TBE oxide in
the NMR tube was calculated with the addition of a known
amount of TCE (δ 6.46 singlet), with integration of the proton

signals. From these measurements, the concentration of TBE
oxide in the TBE was 4.9% (v/v) in the sample used, and the
ε560 of the 4-(4-nitrobenzyl)pyridine complex (37) was calculated
to be 19 800 M-1 cm-1 under these conditions (20, 21). This
extinction coefficient was subsequently used in other assays.
The residual TBE did not interfere with any of the subsequent
measurements, and it did not yield any of the analyzed products
of TBE oxide. TBE oxide was stored in the presence of desiccant
at -80 °C.

Synthesis of N6-DibromoacetylLys. Ethyl dibromoacetate
(0.88 g, 1.2 equiv) was added to 3.0 mmol of L-Lys‚HCl in 1.5
mL of 2 N NaOH (3.0 mmol), and the reaction was stirred at
room temperature (2 h). The addition of 1 mL of 1 N HCl yielded
a white precipitate, which was collected by suction filtration,
washed with 50% (v/v) aqueous C2H5OH, and dried in vacuo
over P2O5 to give the product (203 mg, 20%). Recrystallization
from hot aqueous C2H5OH gave 170 mg of crystalline material
(mp 190 °C, decomp): 1H NMR (D2O) δ 1.40 (m, 2H, γ-H), 1.58
(m, 2H, â-H), 1.87 (m, 2H, δ-H), 3.25 (t, 2H, J ) 6.7 Hz, ε-H),
3.69 (t, 1H, J ) 6.3 Hz, R-H), 6.17 (s, 1H, -COCHBr2); 13C NMR
(D2O) δ 22.3 (γ), 28.3 (δ), 30.7 (â) 37.0 (-CHBr2), 40.5 (ε), 53.3
(R), 168.2 (-COCHBr2), 175.4 (CO2H); MS m/z 345, 347, 349
(MH+) (plus MNa+ ions at 367, 369, 371).

Synthesis of N2-DibromoacetylLys. Br2CHCO2H (5.6 g,
26 mmol) was dissolved in 5.0 mL of SOCl2 and heated at reflux
for 2 h. Excess SOCl2 was removed in vacuo. A portion of the
resulting dibromoacetyl chloride (0.19 mL, 1.2 equiv) was added
to 0.81 g (2.0 mmol) of N6-CBZ-L-Lys benzyl ester‚HCl (21, 38)
in a mixture of 8 mL of ethyl acetate/1 mL of (C2H5)3N at 0 °C,
and the mixture was stirred for 2 h, yielding a pale yellow solid
(0.86 g, 90% yield): 1H NMR (CDCl3) δ 1.24-1.48 (m, 4H, â-
and γ-Η), 1.77-201 (m, 2H, â-Η), 3.14 (m, 2H, ε-H), 4.58 (m,
1H, R-H), 4.73 (br s, 1H, NH-), 5.09 (s, 2H, PhCH2-), 5.17 and
5.24 (each d, total 2H, J ) 12.1 Hz, PhCH2-), 5.81 (s, 1H,
-CHBr2), 7.08 (app d, 1H, J ) 6.6 Hz, NH), 7.26-7.36 (m, 10
H, aromatic).

The above compound (740 mg) was hydrolyzed with 1 N
NaOH (2 mL) in CH3OH (4 mL) for 1.5 h at room temperature.
The mixture was acidified with 1 N HCl, and the resulting
carboxylic acid was extracted into ethyl acetate (3×). The solvent
was removed in vacuo, and the residue was treated with 3 mL
of HBr in CH3CO2H (30% w/v) at room temperature for 1 h,
followed by the addition of 200 mL of (C2H5)2O to give N2-
dibromoacetylLys‚HBr. The free base was obtained by neutral-
ization with NaOH, followed by decolorization with activated
charcoal and concentration in vacuo [yield 210 mg (47%); mp
172 °C (from C2H5OH, decomp)]: 1H NMR (D2O) δ 1.43 (m, 2H,
γ-Η), 1.63-1.82 (m, 3H, â-Η1 and δ-H), 1.90 (m, 1H, â-H2), 2.99
(t, 2H, J ) 7.5 Hz, ε-Η), 4.19 (dd, 1H, J ) 5.0 and 8.1 Hz, R-H),
6.28 (s, 1H, -CHBr2); 13C NMR (D2O) δ 22.6 (γ), 26.9 (δ), 31.5
(â), 37.0 (-CHBr2), 39.9 (ε), 56.2 (R), 167.3 (-COCHBr2), 178.4
(-CO2H); MS m/z 345, 347, 349 (MH+).

Synthesis of N5-DibromoacetylOrn. (This compound was
used as an internal standard in the analysis of Lys residues in
albumin modified with TBE oxide.) The procedure used was the
same as for preparations of N6-dibromoacetylLys (vide supra).
L-Orn‚HCl (5.5 nmol) was stirred with 2.1 equiv of NaOH and
1.3 equiv of Br2CHCOCl in 3.4 mL of H2O for 1.6 h at room
temperature. The reaction was neutralized with 1 N HCl and
concentrated in vacuo. C2H5OH was added to the residue.
Cooling at 4 °C yielded a precipitate, which was collected and
dried over P2O5 (320 mg, 18% yield): mp 164 °C (decomp); 1H
NMR (D2O) δ 1.66 (m, 2H, γ-Η), 1.88 (m, 2H, â-Η), 3.32 (t, 2H,
J ) 6.6 Hz, δ-Η), 3.75 (t, 1H, J ) 6.0 Hz, R-Η), 6.16 (s, 1H,
-CHBr2); 13C NMR (D2O) δ 24.5 (γ), 28.4 (â), 36.9 (-CHBr2), 40.2
(δ), 55.0 (R), 168.2 (-COCHBr2), 175.0 (-CO2H); MS m/z 331, 333,
335 (MH+), 353, 355, 357 (MNa+).

Analysis of TBE and TCE Oxide Hydrolysis Kinetics
and Products. The general methods were as previously
described (20, 21).

The kinetics of hydrolysis of TBE oxide were examined using
the following procedure. To 1.0 mL of 100 mM potassium MOPS
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(pH 7.4) in an ice bath was added 80 µL of TBE oxide (in dry
CH3CN), with stirring (final concentration of TBE oxide ∼0.8
mM). At varying times, 40 µL aliquots of the solution were added
to 500 µL of a solution of 4-(4-nitrobenzyl)pyridine reagent (16,
17, 19, 20). The mixture was reacted at room temperature for 5
min, and then 500 µL of a mixture of (C2H5)3N/acetone (1:1, v/v)
was added. A560 measurements were used to determine the
remaining TBE oxide (ε560 ) 19 800 M-1 cm-1), fitting the data
to a plot for (pseudo) first-order decomposition.

In the analysis of hydrolysis products, 40 µL of a CH3CN stock
solution of TBE or TCE oxide (1.8 µmol) was added to 1.0 mL
of potassium 3-(N-morpholino)propanesulfonate (MOPS) buffer
at 0 °C. TBE was removed by extraction of the solution with
1.0 mL of (C2H5)2O, and 30 µL of the aqueous phase was injected
onto a 4.6 × 250 mm octadecylsilane column (5 µm, Beckman,
San Ramon, CA) equilibrated with 10 mM tetra-n-butylammo-
nium sulfate (pH 6.0) (for analysis of HCO2H and glyoxylic acid)
or the same buffer plus 20% CH3CN (v/v) for the analysis of
Br2CHCO2H (flow rate 1.2 mL min-1, A210 detection in all cases).

Br3CCHO (tribromoacetaldehyde, bromal) was analyzed by
treating 1.0 mL aliquots of the hydrolyzed samples with 2,4-
dinitrophenylhydrazine and extraction as described for HCHO
previously (39). The derivatized extracts, including a set of
standards of known concentration, were analyzed by HPLC
[6.2 × 80 mm Zorbax octadecylsilane column, 3 µm (MacMod,
Chadds Ford, PA), 54% aqueous CH3CN (v/v), flow rate 2.5 mL
min-1, A360].

CO was analyzed in a closed gas-phase circuit using an
electrochemical sensor (ERMF-0503, Draeger, Pittsburgh, PA),
as described earlier (20), with calibration using standardized
amounts of CO.

Microsomal Incubations. Liver microsomes prepared from
phenobarbital-treated rats (4.6 mg of protein mL-1) (40) were
incubated with an NADPH-generating system (40) and 10 mM
TBE (added without organic solvent) in 0.10 M potassium MOPS
buffer (pH 7.4). The flask was shaken in air at 37 °C, and 1.0
mL aliquots were withdrawn at various time points, quenched
with the addition of 0.15 mL of 25% HClO4, and chilled.
Insoluble protein was removed by centrifugation at 3000g for
10 min, and 1.0 mL of the supernatant was analyzed for
Br3CCHO, using 2,4-dinitrophenylhydrazone as described above.

In separate incubations, 5.0 mL aliquots of a similar incuba-
tion were withdrawn after varying incubation times and quenched
by the addition of H2SO4 to 2% (w/v). Precipitated protein was
removed by centrifugation at 3000g for 10 min, and the
supernatants (pH <2) were extracted 5× with 5 mL of
(CH3CH2)2O. The pooled organic extracts were concentrated to
dryness under an N2 stream. Direct analysis of Br2CHCO2H by
ion-pair HPLC (A210, vide supra) was unsuccessful because of
interfering peaks. Br2CHCO2H in the extracts was derivatized
using 4-nitrophenacyl bromide (Aldrich) according to Morozo-
wich and Douglas (19, 41). A 0.10 M solution of 4-nitrophenacyl
bromide (200 µL) and 1 µL of N,N-diisopropyl-N-ethylamine was
added to each sample, and the p-nitrophenacyl ester product
was analyzed after 15 min at room temperature, using HPLC
[6.2 × 80 mm Zorbax octadecylsilane column, 3 µm, linear
gradient of 18-45% CH3CN in H2O, A260].

The analyses of Br3CCHO and Br2CHCO2H were done using
comparisons with standards prepared using the same procedure.

Benzene extracts of NADPH-fortified microsomal incubations
were analyzed for TBE oxide using 4-(4-nitrobenzyl)pyridine as
described elsewhere (19).

Reaction of TBE Oxide with Lys. In the reaction with Lys,
100 µL of 100 mM TBE oxide (in dry CH3CN) was added to 900
µL of an aqueous solution of (10 mM) L-Lys (free base) on ice,
and reaction was allowed to occur for 30 min. The samples were
washed with an equal volume of (C2H5)2O, and residual (C2H5)2O
was removed under an N2 stream. The aqueous samples were
diluted 5-fold with 10 mM NH4CH3CO2 buffer (pH 6.5) and
analyzed using a 4.6 × 250 mm Beckman octadecylsilane HPLC
column (5 µm), with an (isocratic) buffer of 10 mM NH4CH3CO2

(pH 6.5) at a flow rate of 0.7 mL min-1 (A210).

Reaction of TBE Oxide with Albumin. The indicated
amounts of TBE oxide, diluted to 50 µL in dry CH3CN (to give
final concentrations of 8 and 20 mM TBE oxide), were added to
a solution of bovine serum albumin (1.0 mg in 200 µL of 250
mM potassium MOPS buffer, pH 7.4). The samples were
incubated at 0 °C for 30 min and then evaporated to dryness
under an N2 stream. The residue was dissolved in 250 µL of
potassium MOPS buffer (pH 7.4). To the mixture was added 50
µL of a solution containing both 4 mM N5-formylOrn (23) and 4
mM N5-dibromoacetylOrn (vide supra). The albumin was di-
gested with proteinase K overnight at 37 °C under Ar, and the
digest was derivatized with phenylisothiocyanate as described
elsewhere (23).

Aliquots of the modified amino acid digest were analyzed by
combined HPLC/electrospray MS in the general procedure
described for TCE oxide products (23). Internal standard
calibration curves were prepared using varying amounts of N6-
formylLys and N6-dibromoacetylLys, carried through the de-
rivatization and HPLC/MS steps with fixed amounts of N5-
formylOrn and N5-dibromoacetylOrn. The HPLC and MS
conditions were identical to those described for PCE (21), using
a Zorbax octylsilane column (4.6 × 250 mm) connected to a
Finnegan TSQ7000 instrument operating in the electrospray
mode, with single ion monitoring (MH+ ion in each case). A 10
mM NH4CH3CO2 buffer (pH 6.5) was used with an increasing
CH3OH gradient. The appropriate m/z peaks were integrated,
and the internal standard curves (based on Orn derivatives)
were used to do calculations.

Results

Hydrolysis of TBE Oxide. TBE oxide was prepared
as described, using a general approach used previously
for VDC and TCE oxides (18, 20, 36). We were unable to
obtain a mass spectrum due to the instability of the
compound, but the 1H and 13C NMR spectra and reactiv-
ity are consistent with the nature of the product.

The rate of hydrolysis (at 0 °C and pH 7.4) was
estimated using 4-(4-nitrobenzyl)pyridine reagent and
was 0.0114 ((0.0018) s-1 under these conditions (Table
1) (20). This rate is about 3 times faster than that of TCE
oxide (measured in a parallel experiment) (Table 1). The
rate corresponds to a t1/2 of 61 s (pseudo-first-order
reaction at 0 °C) and would be considerably faster at
higher temperatures (estimated ∼5 s at 23 °C, based on
behavior of TCE oxide) (19, 20).

The products were identified and quantified by HPLC
with the exception of CO, which was measured with a
gas-selective electrode (Table 1). The products of TCE
oxide hydrolysis have been measured previously (19, 20)
and were analyzed again here in parallel experiments
(Table 1). More than 95% of the TBE oxide products were
accounted for, except for the low recovery of HCO2H. Only

Table 1. Decomposition Products of TCE and
TBE Oxidesa

yield (µmol/µmol of epoxide)

product TCE oxide TBE oxide

CHX2CO2Hb 0.18 0.53
OHCCO2H 0.08 0.08
HCO2H 0.382 0.16
CO 0.422 0.37
CX3CHOb <0.001 <0.004

rate of hydrolysisc 0.0042 s-1 d 0.0114 s-1

(0.0002 (0.0018
a Incubations were done at 0 °C for 10 min in 0.10 M potassium

MOPS buffer (pH 7.4). b X ) Cl for TCE oxide, X ) Br for TBE
oxide. c Estimated using 4-(4-nitrobenzyl)pyridine reagent. d At 0
°C. Compare with 0.0069 s-1 reported previously (20).
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trace Br3CCHO was detected (<0.4%), and the possibility
that this had been formed slowly in the TBE oxide by
rearrangement prior to hydrolysis cannot be excluded.
The yield of glyoxylic acid from TBE oxide is very similar
as from TCE oxide. CO and HCO2H were both formed,
as in the case with TCE oxide. In the case of TCE oxide,
the yield of HCO2H was nearly equivalent to that of CO
in this (Table 1) and previous work. However, here we
recovered only 50% HCO2H relative to CO.2 The yield of
Br2CHCO2H was clearly higher than that of Cl2CHCO2H
recovered here in the parallel experiment or in any of
the previous studies in this laboratory (19, 20).

Microsomal Oxidation of TBE. Liver microsomes
(prepared from rats treated with phenobarbital) were
used as a source of P450 and incubated with TBE (Figure
1). Br2CHCO2H, detected as the p-nitrophenacyl ester,
was the major product detected (Figure 1). Br3CCHO was
formed, detected, and measured as the 2,4-dinitrophen-
ylhydrazone. The rates of formation of these products are
much lower than for formation of Cl3CCHO (major and
other products, Cl2CHCO2H, not detected) from TCE
measured under similar conditions (19) and less than
that of Cl3CCO2H formed from PCE (21).

A benzene extract of an incubation containing a higher
concentration of microsomal protein yielded a 4-(4-
nitrobenzyl)pyridine adduct, as judged by the character-
istic λmax of the purple adduct observed in the presence
of (C2H5)3N under nonaqueous conditions (19). However,
under the conditions used in the assays of Figure 1, the
concentration of TBE oxide formed (measured over 15-
150 s) was <1 µM (corresponding to <0.01 A520 in the
assays).

Reaction of TBE Oxide with Lys. The reactions of
TBE oxide with free Lys in solution yielded a mixture of
acylated Lys derivatives (Figure 2)(plus Br2CHCO2H
resulting from hydrolysis of TBE oxide). The major Lys
products were the N2 derivatives, consistent with the
lower pKa of the Lys N2 nitrogen relative to the N6 atom
(42). The amount of the dibromoacetyl product was ∼2×
greater than that of the formyl.

Reaction of TBE Oxide with Albumin. TBE oxide
was reacted with bovine serum albumin, and the Lys

adducts were analyzed (HPLC/MS) after proteinase K
digestion and derivatization with phenylisothiocyanate
(Figure 3). In the protein, only the N6 amino groups can
be modified (barring the possibility of an N-terminal Lys
N2 amino group in a protein). The amount of N6-
dibromoacetylLys was 2-3× greater than that of N6-
formylLys.

Discussion

A central focus of the work described in this report was
the examination of the halide order in reactions of
polyhalooxiranes. Specifically, reactions involving TBE
oxide were compared to those with TCE oxide. The
results, along with previous work, support some rela-
tively general hypotheses regarding the reactions of
chlorinated and brominated epoxides.

The results obtained with NADPH-fortified microsomal
incubations of TBE contrast with those with TCE, with
Br3CCHO as a minor product and Br2CHCO2H as a major
one (Figure 1). The rate of oxidation of TBE was much
less than that of TCE (in liver microsomes prepared from

2 An error of (5% is estimated to be associated with the precision
of measurement of both CO and HCO2H. However, accurate compari-
son of each relative to each other is probably more difficult due to the
inherent error in the calibration of each assay. In the present
experiments with TCE oxide (Table 1), the CO:HCO2H ratio was nearly
unity. However, in previous work, the ratio has varied from 1.4 to 0.6
(19, 20).

Figure 1. Products of P450-catalyzed oxidation of TBE. Liver
microsomes prepared from phenobarbital-treated rats (4.6 mg
of protein mL-1) were incubated with TBE (10 mM) and an
NADPH-generating system in 0.10 M potassium MOPS buffer
(pH 7.4) at 37 °C; the products were analyzed as described under
Experimental Procedures. (9) Br3CCHO; (O) Br2CHCO2H.

Figure 2. Products of reaction of TBE oxide with Lys. TBE
oxide and Lys (100 mM each) were mixed in H2O, and the
reaction proceeded at 0 °C for 30 min. An aliquot of the reaction
was diluted with the HPLC solvent and analyzed by HPLC as
described under Experimental Procedures. The identities of the
peaks were identified by co-chromatography with standard
reference materials and HPLC/MS in a similar chromatography
system. The first two peaks (near void volume) are unidentified.

Figure 3. Formation of Lys adducts in bovine serum albumin
modified with TBE oxide. Reactions were done at 0 °C for 30
min in 250 mM potassium MOPS buffer (pH 7.4) with bovine
serum albumin (4 mg mL-1) and the indicated concentrations
of TBE oxide. Lys adducts were quantified (followed proteinase
K digestion and derivatization with phenylisothiocyanate) using
HPLC/MS. N5-FormylOrn and N5-dibromoacetylOrn were used
to generate internal standard curves for N6-formylLys and N6-
dibromoacetylLys. Results are shown for the formation of N6-
dibromoacetylLys (9) and N6-formylLys (O).
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phenobarbital-treated rats) (19), as judged by the rates
of formation of the characterized products. It is of interest
to note that the rate of oxidation of TBE to Br3CCHO
(and HCO2H) was reported to be ∼1% that of TCE for
the bacterial enzyme methane monooxygenase (32). A
possible explanation is that the bulkier bromine atoms
restrict access of the (FeO complex of the) oxygenases to
the olefin. In the case of TCE (19), we were able to
measure steady-state levels of the epoxide in microsomal
incubations and found that these were kinetically incon-
sistent with an obligatory role of TCE epoxide in the
formation of Cl3CCHO (19). With TBE such an argument
cannot be presented because of the lower rates of forma-
tion of products (Figure 1) plus the higher rate of
hydrolysis of TBE oxide (Table 1). Thus, although we
were only able to provide qualitative evidence for the
microsomal oxidation of TBE to TBE oxide, we could
not quantify it (below a level of 1 µM), and the possi-
bility that it is an intermediate in the formation of
Br2CHCO2H cannot be dismissed. However, TBE oxide
did not form Br3CCHO, and the enzymatic oxidation of
TBE to Br3CCHO is attributed to pathway a in Scheme
1. Br2CHCO2H could be formed by pathway c or d or by
hydrolysis of the epoxide.

TBE oxide was synthesized in this work, apparently
for the first time. The same method we employed for the
synthesis of TCE oxide (20, 36) was used, and the spectral
and other properties are in order with those expected for
such a halooxirane. TBE oxide hydrolyzed ∼3× faster in
H2O than did TCE oxide (Table 1). The effect of substitu-
tion of bromine for chlorine was similar to that seen with
VC and VB (17, 29). The pattern of hydrolysis products
seen with TBE oxide was shifted from 1-carbon products
to Br2CHCO2H, relative to TCE oxide, as judged by a
direct comparison to work done either with TCE oxide
in parallel experiments or with previous analyses in this
laboratory (19, 20).2 The results reflect some error in the
difficulty of making several difficult measurements. The
fraction of the total products recovered as X2CHCO2H
(X ) halogen) was 27% in the case of TCE oxide and 62%
in the case of TBE oxide, with normalization for the
number of carbons (Table 1). The HCO2H production was
decreased relative to CO, although the difference may
reflect some error in the CO measurements.2

The shift from 1-carbon products to Br2CHCO2H as-
sociated with substitution of bromine for chlorine appears
to be consistent with the scheme developed earlier
(Scheme 2) for TCE oxide on the basis of 18O and 2H
labeling patterns (20). Pathway B of Scheme 2 may be
facilitated due to the properties of bromide as a leaving
group, yielding more Br2CHCO2H.

The patterns of Lys adducts are also shifted to a
predominance of dibromoacetyl adducts relative to TCE
oxide (Figures 2 and 3). The change is most clearly seen
in the case of albumin, where the N6-dihaloacetylLys:N6-
formylLys ratio is shifted from the value of ∼0.1 observed
for TCE oxide (23) to 2-3 (Figure 3).

This pathway can be generalized for other haloox-
iranes, at least for the gem-substituted ones. At very low
pH values, hydrolysis of TCE and VDC oxides is domi-
nated by formation of 2-carbon carboxylic acids (18, 19).
However, throughout most of the pH range, the composi-
tion of TCE oxide products is relatively invariant, when
phosphate trapping is avoided (20, 21). At neutral to high

pH, C-C bond scission is a dominant reaction. The major
1-carbon products obtained with the halooxiranes are
shown in Scheme 3. CO is a product in all cases and can
be rationalized with Scheme 4, generalized to accom-
modate the observations with tri- and tetrahalooxiranes
(18-21). Thus we propose that the gem-dihalo-substi-
tuted carbon yields CO and that the valence of the second
carbon dictates the course of the other product and
determines its oxidation state, yielding HCHO, HCO2H,
or CO2. The leaving group ability of the halogen can alter
the balance between C-C scission and halide migration
(e.g., see Table 1).

VDC oxide requires some extra explanation because
both HCHO and HCO2H are produced, along with CO
(18). In terms of oxidation state, CO and HCO2H are
equivalent and in one sense differ only in their hydration.
We previously proposed formyl chloride as a precursor
of HCO2H (19) and subsequently rejected it as an
intermediate (20). Formyl chloride is generally dehydro-

Scheme 2. Proposed Mechanism of Hydrolysis of
TBE Oxide (20)

Scheme 3. Hydrolysis Products of Halooxiranes
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halogenated to CO except at high pH (>13) (43). Further,
the isotopic labeling patterns we found with TCE oxide
rejected this possibility (20). An explanation for the
hydrolysis of VDC oxide is presented in Scheme 5. In part
A, the formation of CO and HCHO is explained by the
general mechanism presented in Schemes 2-4. A revers-
ible hydration step is proposed in part B, yielding HCHO
and HCO2H.

The above considerations apply to the gem-dihaloox-
iranes discussed here and should apply to others. In the
case of monohalogenated oxiranes (from VC and VB), the
principles do not appear to be operative. CO has not been
detected as a product, and hydrolysis appears to involve
simple halide migration (17). In the context of the
enzymatic oxidations, we have no proof that a 1,2-shift
occurs with a P450-VC (or -VB) intermediate but
cannot rule this out. Our current view is that the
paradigm of Schemes 2 and 4 will only apply to gem-
dihalooxiranes such as VDC, TCE, TBE, and PCE.

The reactions of TBE oxide with Lys are assumed to
be similar to those previously defined by isotopic labeling
with TCE oxide, yielding N6-formyl- and N6-dihalo-
acetylLys. The increased fraction of dihaloacetyl adducts
with TBE oxide (relative to N-formyl adducts, more
abundant with TCE oxide) is postulated to reflect the
concentrations of the individual acylhalides rather than

their reactivity (Scheme 6) (20). One issue that first
surfaced in our first work with TCE (19) is the reaction
of intermediates with phosphate (Scheme 5). The pres-
ence of phosphate in aqueous systems had the effect of
diminishing the production of some products of TCE oxide
(19), VDC oxide (18), and PCE oxide (21). The effect was
explained in the case of PCE oxide, where oxalyl phos-
phate was identified in 0.1 M phosphate reactions (21).
Oxalyl phosphate is not stable indefinitely but slowly
hydrolyzes to oxalic acid, without reacting with nucleo-
philes such as Lys (21). We have not identified any
organic phosphates generated from VDC oxide or TCE
oxide but presume that the reactions are similar; i.e., one
might expect to find products such as glyoxyl phosphate
from TCE oxide or TBE oxide (Schemes 2 and 4). These
reactions with phosphate should be considered experi-
mental artifacts, and phosphate and other potential
nucleophilic buffers should be avoided in experiments
with these halooxiranes. The relevance of the phosphate
reaction to reactions with the phosphate groups of nucleic
acids is not clear. In the case of TCE, we have shown
that unstable products are formed in the reaction of TCE
oxide with oligonucleotides, but the possibility that the
reaction is with phosphates instead of the nucleic acid
bases has not been addressed (30).

In conclusion, we have extended studies of haloox-
iranes to TBE oxide, an apparent oxidation product of
TBE. We considered the halide order in the context of
several previous studies with chlorooxiranes and inter-
pret reactivity in the context of a general mechanism first
proposed for TCE oxide (20). The results are generally
consistent with a set of general paradigms (Schemes 2
and 4) for gem-substituted dihalooxiranes but probably
do not apply to monohalooxiranes. This paradigm leads
to general predictions about the reactions of some vinyl
halides. However, the point should be emphasized that
generation of acyl halides in P450 enzymes in paths
independent of halooxirane formation (Scheme 1) will
alter the balance of reactive products, and therefore the
halooxiranes cannot be considered the only factors in the
prediction of reactivity of vinyl halides.
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Scheme 4. Proposed General Mechanism of
Hydrolysis of Tri- and Tetra-halooxiranesa

a R1 ) H or X (halogen); Pi ) phosphate ion. See (20, 21).

Scheme 5. Schemes for Hydrolysis of VDC Oxide
To Explain Observed Products (18): (A) HCHO +

CO; (B) HCHO + HCO2H

Scheme 6. Proposed General Mechanism of
Reaction of Halogenated Epoxides with Lys (20)
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