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Abstract: In the aqueous phase of a two-phase (Hy0-CH,Cl,) system mimicking the
hydrophilic and the hydrophobic portions of vanadium dependent bromoperoxidases, (V-
BrPO), a mono peroxovanadium complex, formed in gitu by addition of HyO, to NH,VO,,
oxidizes Br- to a species whose nature is still largely unknown. Such species displays a
bromine-like reactivity toward organic substrates dissolved in CH,Cl,. The observation
that styrene, 1-methyl- and 2-methy!l styrenes afford, together with dibromo-compounds,
appreciable amounts of bromohydrins, suggests that a hypobromite-like species is also
formed. Evidence is presented that such a species is a vanadium complex.

Vanadium dependent bromoperoxidases (V-BrPO) are enzymes that catalyze the oxidation of

bromide ion by hydrogen peroxide.l-3

The catalytic effect is due to the formation of a

peroxovanadium complex which is a stronger oxidant than hydrogen peroxide.4-7 The nature

of the species resulting from the oxidation is still largely unknown.8-10 The term of "bromine-
equivalent” intermediate has been coined to account for its ability to brominate organic
compounds.8-10 Bromination competes with the decomposition of hydrogen peroxide.11.12 In a

recent paper!3 we proposed that the formation of the "bromine-equivalent” species occurs in a
hydrophilic portion of the enzyme whereas substrate bromination takes place in a hydrophobic
one. As a result, hydrogen peroxide decomposition is minimized. This may be mimicked in the

two-phase system shown in Figure 1.
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High yields of dibromoderivatives have been obtained with a number of olefins.10 In the
attempt to enlarge the scope of the procedure other olefins were examined.
The data obtained under the experimental conditions provided in note 14 are collected in

Table 1.
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Table 1: Bromination of olefins with HoO; and KBr, catalyzed by NH4VOg3 in a two phase
system (20 ml H,0/20 ml CHyCly), 700 rpm, at 25°C.2

# substrate yield % b  bromohydrin % ¢ dibromo derivative %¢
X
1 ©/\ 79 63 37
. -CH,
2 (j/v 83 58 42
anti:syn=n.d.c anti:syn=87:13
CH,
3 m 85 66 34
4 CI@—\ 52 - 100

5 O \ O 58 N 100

anti:syn=80:20

g ©HoO Q \ 48 38 62
O OCH, anti:syn=n.d.d anti:syn=T77:23

2 See note 14. P determined at complete consumption of the peroxide. ¢ determined by GC (internal standard
benzophenone). ¢ not determined.

The selectivity observed is low. In fact, together with dibromoderivatives, bromohydrins are
also formed. The latter are, in some cases, the major products. As an example, in the reaction
with styrene, the ratio bromohydrin-dibromo styrene is =2. The same products distribution is
observed by changing the Br- initial concentration from 1 to 20 mmol/20 ml water. The
presence of substituents in the aromatic ring (entries # 4 and 6) greatly affects the selectivity of
the reaction. In the light of the facts listed below these results provide useful hints on the
nature of the species occurring in the system. It appears rather unlikely that, under the acidic
conditions employed,14 bromohydrins can be formed by reaction of bromonium ion and HO-.
Furthermore, direct experiments rule out that bromohydrins are formed by hydrolysis of the
dibromo derivatives. Finally, bromohydrins cannot derive from cleavage of epoxides which
under our experimental conditions are not formed. Preliminary datal® indicate that
bromohydrins and dibromo derivatives are formed yia two parallel processes. In the reaction of
styrene the concentration of the two products regularly and continuously increases as a
function of time.l5

The behavior of classical brominating systemsl6-20 toward styrene under experimental
conditions identical with those employed in the two-phase vanadium catalyzed procedure is
illustrated by the data of Table 2.

It appears that when the species, either present or formed in aqueous solutions, is bromine
the reaction with styrene predominantly affords dibromostyrene. Entry 3 (Table 2) shows that
a stow addition of bromine to the reaction mixture does not affect the products distribution. On
this basis, we believe that our data provide the first direct evidence8-10.21 that the species
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resulting from the vanadium-catalyzed oxidation of KBr by HyO5 behaves differently from

bromine.

Table 2: Bromination of styrene with known brominating reagents, in a two phase system 20
ml Hy0/20 ml CH5Cl,, 700 rpm, at 25°C

# System? yield % b bromohydrin %¢ dibromo derivative %°¢
1 BrOj3-/Br/H* 99 25 75
2 Bry 99 8 92
3 Bryd 95 7 93
4 N-Br-succinimide 72 10 90
5 HOBr (BrO- / H) 72 20 80
6 HOBr (Br-/HOCI) 99 20 80

2 in all the systems the reagents are equivalent 0.2 mmoles of Bry as in the vanadium catalyzed reactions. b
determined at the disappearance of the red colour of bromine. ¢ determined by GC (internal standard
benzophenone). ¢ Brg, as aqueous Brg™ solution, was added dropwise over a period of 4 hrs.

The results of Table 3 provide more information by showing that in the reaction with styrene
the products distribution is a function of the rate of stirring.

Table 3: Bromination of styrene with H9O9 and KBr, catalyzed by NH4VO3 in a two phase
system (20 ml Hy0/20 ml CHCly), at various stirring rates, at 25°C.2

# rpm vield %P bromohydrin %¢ dibromo derivative %¢
1 30 33 18 82
2 300 52 46 54
3 700 79 63 37
4 900 72 68 32
5 1300 66 79 21

a See note 14. Pdetermined at complete consumption of the peroxide. ¢ determined by GC (internal standard
benzophenone).

In particular, the dibromoderivative, which is presumably formed by reaction with
bromine, is the major product at low stirring rate whereas, at high stirring rate bromohydrin is
predominantly formed. Taking into account that bromine is readily transferred into the
organic phase even in the absence of stirring, the results of Table 3 suggest that, in the
aqueous phase, together with bromine, another species is formed which reacts with olefins
yielding the bromohydrins. The tendency of such species to migrate into the organic phase is
lower than that of bromine. A plausible scheme which provides a rationale to the observations
presented here is shown in Figure 2.

It is envisaged that the first interaction of the peroxovanadium complex with the bromide ion
produces intermediate 1 whose resemblance with a hypobromite derivative is evident. This is
the species responsible of bromohydrin formation. Further reaction of 1 with Br- leads to
bromine which brominates the substrate. The competition between bromohydrin formation and
dibromination implies that the product distribution should depend not only on the rate of
stirring but also on the rates of the various reactions and hence on the nature of the substrates.
This is indeed the case as revealed by an inspection of the date of Table 1. It may be seen that
the presence in the aromatic ring of styrene of the electronwithdrawing Cl group, which
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decreases the nucleophilicity of the substrate, drives the reaction toward the quantitative

formation of the dibromoderivative (entries # 1 and 4).

Thus it appears that bromohydrin

formation is more sensitive to electronic effect than the formation of the dibromoderivative. In

turn, two electrondonating groups, OCHg, in the aromatic rings of stilbene, allow the onset of
bromohydrin formation (entries # 5 and 6). In the light of our results, the occurrence of species

such as 1 in the chemistry of bromoperoxidases is, at least, worthy of further investigation.

Figure 2

|O| T+ ﬁ 0o
HO ! 0O Br H,0. __0 Br, H* 0 Il

S —~y=" HO_ , _—OH
ho | o | oBr| T [ SSSo + B

o Hy HO |

H, OH, OH,
Sub Sub  CHyCly
Sub(OH)(Br) SubBry

References and Notes

#
1.

Al

15.
16.
17.
18.
19.
20.
21.

Erasmus Student from University of Geteborg.

Wever, R.; Kreenn, M. B. E. Vanadium in Biological System; N. D. Chasteen Editor, Kluwer
Academic Publishers, Dordrecht, The Netherlands. 1990; pp. 81-97.

Butler, A.; Carrano, C. J. Coord. Chem. Rev. 1991, 109, 61-105.

Butler, A.; Walker, J. V. Chem. Rev. 1993, 93, 1937-1944.

Neumann, R.; Assel, I. J. Am. Chem. Soc. 1989, 111, 8410-8417.

Bonchio, M.; Conte, V.; Di Furia, F.; Modena, G.; Moro, S.; Edwards, J.0. Inorg. Chem. 1994, 33,
1631-1637, and references cited therein.

Bonchio, M.; Conte, V.; Di Furia, F.; Modena, G.; Moro, S. J. Org. Chem. 1994, 59, 6262-6267.
Conte, V.; Di Furia, F.; Moro, S. J. Mol. Catal. 1994, 94, 323-333.

Hager, L. P.; Morris, D. R.; Braun, F. S., Eberwein, H. J. Biol. Chem. 1966, 241, 1769-1777.

De Boer, E.; Wever, R. J. Biol. Chem. 1988, 262, 12326-12332.

. Clague, M. J.; Keder, N. L.; Butler, A. Inorg. Chem. 1993, 32, 4754-4761.

. Everett, R. R.; Kanofsky, J. R.; Butler, A. J. Biol. Chem. 1990, 265, 4908-4914.

. Soedjak, H. S. Ph.D. Thesis, UC Santa Barbara 1989.

. Conte, V.; Di Furia, F.; Moro, S. Tetrahedron Lett. 1994, 35, 7429-7432.

. In the acid (pH=1, HCIO4) aqueous phase (20 ml) KBr (1 mmole), HgOg (0.2 mmoles) and NH4VOg

(0.2 mmoles) are dissolved. Under these conditions vanadium is present as the oxo-monoperoxo
aquo complex 1 as revealed by 51y.NMR analysis (see ref. 7). Table 1 collects the results obtained
with some selected substrates (0.2 mmoles in 20 ml of CHgClg), at 25°C under stirring (700 rpm). In
the absence of vanadium only traces of brominated products are detected. All reactions have been
done in the presence of excesses of Br- in order to avoid kinetic effects on the formation of bromine.
Andersson, M.; Conte, V.; Di Furia, F.; Moro, S. unpublished results.

Vogel, A. 1. A Text-Book of Quantitative Inorganic Analysis; Longmans: London. 1964; pp.383-391.
Rolston, J. H.; Yates, K. JJ. Am. Chem. Soc. 1969, 96, 1477-1479.

Dalton, D. R.; Dutta, V. P. J. Chem. Soc. (B) 1971, 85-89.

Troy, R. C.; Margerum, D. W. Inorg.Chem. 1991, 30, 3538-3543.

Gazda, M.; Margerum, D. W. Inorg.Chem. 1994, 33, 118-123.

Reynolds, M. S.; Morandi, S. J.; Raebiger, J. W.; Melican, S. P.; Smith, S. P. E. Inorg. Chem. 1994,
33, 4977-4984.

(Received in UK 10 January 1995; revised 10 February 1995; accepted 17 February 1995)



