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Abstract

Tungstate-exchanged layered double hydroxides (LDHs) and V-bromoperoxidase enzymes perform oxidative brominations in a highly
similar way: first HO, binds on the metal to form a peroxometal complex; next the peroxometal oxidizewBBrt”; this electrophilic
“BrT” halogenates an organic compound, or oxidizes a secar@ Hnolecule to form excited state singlet oxygen. Full evidence for
this similarity is given, based on spectroscopic observation of peroxotungstaféOarahd on identification of the organic bromination
products. In comparison with the homogeneous oxometallates, or with heterogeneous Ti-catalysts, the bioinspired 4D Hsatéyst
displays much higher rates of Boxidation; this rate enhancement is explained. The activity of LDH-#/Ccan be enhanced by changing
the elemental composition of the octahedral layer of the LDH structure. Since LDHZW® stable toward leaching and high,&,
concentrations, it is a practical catalyst for oxidative bromination.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction tein mantles of biocatalytic centers. Therefore, our labora-
tory has focused in the past decade on the preparation of
In the catalytic preparation of fine chemicals, the bio- hybrid catalysts by embedding inorganic or semiinorganic
catalytic and chemocatalytic approaches are complementaryactive centers in inorganic matrices [1-5]. Beyond provid-
and often both reaction types are consecutively used in theind immobilization of the active center, the matrix should
production of a single compound. Biocatalysis offers clear Provide the optimum physicochemical environment for the
advantages, such as high chemo- or even enantioselectivitycatalytic center. In order to speed up the screening process,
and superior catalytic activity in mild, physiological condi- We have selected as supports easily available materials with
tions. In order to achieve such performance, biocatalysts of- gradually tunable host characteristics, such as zeolites or lay-
ten use catalytic centers and pathways that are not encoun&réd double hydroxides. Moreover, these materials can be
tered in classical chemocatalysis. Additionally, the protein decorated with active centers by simple processes such asion
matrix surrounding a catalytic center has been optimized by €xchange or isomorphic substitution. In this way, we have
the process of evolution to maximize catalyst performance, créated large libraries of composite catalysts for application
e.g., by positioning or concentration of the reaction sub- I reactions of fine chemicals. In the pre;ent contribution,
strates, or by creating local optima of acidobasicity or polar- W& Present one of these composite materials, a layered dou-
ity. Bioinspired catalysis uses such concepts of supramole-PI€ hydroxide exchanged with tungstate, which is active in

cular organization, borrowed from biocatalysis, in creating ox!gatwe bromination, and therefore is a mimic of haloper-
new synthetic catalysts. However, a main hurdle in the de- oxidase enzymes.

sign of bioinspired catalysts may be the complex and costly | Van?dlum-conttahln;ng tbrlomot%erox!ga?es E)VBP.O) tfprm a q
organic preparation of ligands or cages mimicking the pro- class ofenzymes that catalyze the oxidative bromination an
iodination of organic compounds with,B;

E— . Org—H+ X~ 4+ Hp0, + HT — Org—X+ 2H,0
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other equivalent of KHO,, forming dioxygen and water with
regeneration of the bromide [9,10]. As @riginates from
two-electron oxidation of KO, by Br', it is produced in
the excited singlet state in accordance with spin conser-
vation rules [11]. This bromide-assisted® decomposi-
tion differs from the classic well-known catalase reaction,
in which H,O2 undergoes disproportionation, forming®

and ground-state £

A number of synthetic peroxometal complexes have been
tested as models of the peroxovanadium prosthetic group of
VBPO. Such synthetic enzyme models are very helpful in
studying the mechanistic details of biohalogenation chem-
istry and in understanding the factors that enhance the reac-
tivity of peroxometal complexes toward halides. An exten-
sive list of biomimics is given in Table 1 [12-20]. For the
homogeneous VBPO mimics, appreciable catalytic activity
is invariably observed in strong acid. However, if less acid
is added, the activity is drastically lowered. In contrast, the
VBPO enzymes operate optimally at nearly neutral pH (e.qg.,
pH 6.5; see Ref. [8]).

The main challenge in VBPO mimicry is therefore to cre-
ate a catalytic system featuring high activity, even of mild
Numerous mechanistic studies have been performed to elupH. In this respect, several groups have studied enzyme
cidate the catalytic cycle of the VBPO enzymes and three mimics in order to understand the relation between pH and
main features of bromoperoxidase activity have been recog-catalytic activity. Several hypotheses have been proposed

I
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Fig. 1. Catalytic cycle for vanadium bromoperoxidase (VBPO) in contact
with HoO,. Essential features ard: peroxovanadate formatior2. bro-
mide-assisted decomposition 0b€l, with 1O, formation, 3. the bromi-
nation of organic compounds.

nized: (1) the formation of a peroxometal entity, (2) the
bromide-assisted disproportionation op®, and (3) the
electrophilic bromination of organics (Fig. 1). The first step
is the coordination of KO to the \W ion, producing a V-
bound peroxide moiety [6]. The bromide reacts with the
peroxide complex, yielding a free two-electron oxidized Br
species. The primary oxidized species is presumably QBr
however, this is hard to establish due to rapid equilibration

in the literature. First, differences in activity at various pH
values may be explained in terms of the formation of vari-
ous peroxo intermediates. Indeed, the coordination@H

to the metal gives rise to an equilibrium mixture of perox-
ometal complexes, the composition of which is determined
by the concentration of the acid [21-23]. Second, protons
may facilitate the binding of b, to the metal by labilizing
oxo and hydroxo ligands [24]. Of course, this explanation

with hypobromous acid, bromine, and tribromide [7,8]. In only holds if the peroxometal formation is rate-determining.
a subsequent step, the intermediate” Ban either halo-  Finally, the solvent may play an important additional role,
genate an appropriate organic substrate, or react with an-together with the proton concentration. Colpas et al. [25]

Table 1

Literature overview of synthetic catalysts mimicking VBPO activity

Catalyst TOR H™* concentration Solvent [HoOo]; [Br~] Ref.
VO43~ 15 0.05 M HCIQ, 25% MeOH 5mM; 0.43 M [12]
vVo-sg 1.3 Stoichiometric SB DMF 4mM; 0.1 M [13]
vVo-si 2.8 0.001 M HCIQ DMF 4mM;0.1M [13]
K(18-crown-6)-VQ(Oy)heid? 120 0.005 M triflic acid Acetonitrile 5mM; 15 mM [14]
V0,3~ 0.17 0.12 M HCIQ H,0/CHCl3 20 mM; 0.05 M [15,16]
MoO42~ 48 0.1 M HCIgy 25% MeOH 1.5mM; 0.5 M [17]
MoO42~ 1.8 1073 M (acetate buffer) 25% MeOH 0.3mM;1M [16]
MoO(05)2(0X)2~ 1.7 10~5 M (oxalate buffer) 25% MeOH — 1M [17]
MoO(Oz)z(ox)Z_ 3.2 1075 M (oxalate buffer) Water 1mM;0.1M [18]
WO,2~ 95 0.5 M HCIgy Water 1mM; 0.1 M [17]
WO, 24 0.01 M HCIQ, 25% MeOH 1mM; 2 M [17]
CH3Re(3 85 1 M HCIOy Water 1mM [19]
Ti-MCM-48 0.16 3x 1077 M (hepes buffer) Water 10 mM; 0.1 M [20]

& TOF= mole Br~ oxidized per mole catalyst and per h.

b SB= schiff base; heida= N-(2-hydroxyethyl)iminodiacetate.

€ In the absence of added acid, the reaction is not catalytic in the metal.

d Stoichiometric reaction. Only 1 mole of product per mole of metal is formed; hence(®S(0x)2~ is a reagent and not a catalyst.
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found that the bromide oxidation activity of peroxovanadate 2.2.2. Bromination of DMT
complexes was higher in acetonitrile than in water. Thiswas  Bromination of 2,3-dimethoxytoluene (DMT) with FeBr
explained in terms of changes of the relative basicity of the and Be in MeOH results exclusively in the ring-brominated
active complex. In the nonprotic solvent, the active proto- DMT, whereas with Bf in CCls the methyl group is also
nated W oxoperoxo complex is less dissociated than in wa- brominated. For 2,3-dimethoxybenzylbromide, the parent
ter, and hence requires fewer Hons for high activity. The ions atm/z = 232 and 230 are very weak: 232 (1), 230
same effect may be at the origin of the high activity of the (1), 218 (1), 216 (1), 202 (3), 200 (3), 151 (10), 136 (40),
enzymes, for which leveling of the pH may occur in the hy- 105 (19), 91 (50), 77 (32), 65 (100), 63 (53). At contrast,
drophobic pockets in the protein interior [26]. in the mass spectrum of ring-brominated dimethoxytoluene,
A heterogeneous VBPO bioinspired catalyst has been re-the parentions are the most abundant species: 232 (100), 230
ported, namely a Ti-containing silicate, Ti-MCM-48 [20]. (100), 217 (46), 215 (46), 189 (19), 187 (19), 121 (11), 108
Although this catalyst is active at neutral pH, the activ- (76), 93 (60), 77 (38), 65 (41), 63 (44).
ity is rather modest. Recently, we reported the oxidative ~ Bromination of DMT is conducted at ambient tempera-
bromination of various unsaturated organic compounds overture (700 rpm) for 125 min using 0.75 mM metal on LDH,
WO,2~ -exchanged layered double hydroxides (LDHs). Ex- 33 mM DMT, 0.33 M NH;Br, and 55 mM HO; (final con-
traordinarily high bromination activities were observed in Ccentration)in a water—-methan@0: 50) mixture. The HO;
comparison with many other homogeneous and heteroge-i§ added in five portions equally divided over the reaction
neous oxidation catalysts even in benign reaction conditionstime.
[27-29]. In this report, we investigate in detail how the syn- ) o
thetic LDH catalyst imitates biohalogenation by vanadium 2-2-3. Detection of Oz chemiluminescence .
bromoperoxidase VBPO. Experiments are therefore focused  1he formation of singlet dioxygen was monitored by
on the mechanistic aspects of bromination by LDH catalysts. the chem;lumlnescence froml the spin-forbidden transition
Relationships are sought between the activity of the solid ("4g = “Xg~) at 1270 cm™ using a liquid-N-cooled
catalyst and its composition. Special attention is paid to the G€ detector. Reactions were performed in a cuvette (1

stability of the catalyst in terms of reusability and transition 1 X 4 ¢m) and were started by adding 100 mMyG#

metal leaching during the oxidation process. into a stirred suspension containing 20 mg solid catalyst
and 0.1 M NHBr in 3 ml D,O-CD;0OD. Reactions were

repeated in the absence of the bromide source and in the

presence of 55 mM monochlorodimedone. The NIR spectra

were recorded continuously between 1220 and 1350 nm at

1 nm/2.2 s. For each sample, 10 scans were accumulated.

2.1. Materials As a referencé-O, was generated photochemically with the
sensitizer R(bpy)3>*.

2. Experimental

All substrates and solvents were obtained from commer- _
cial sources in the highest grade available and were used2-3. Instrumentation

without further purification. o o )
Identification and quantification of reaction products

were performed with GC (HP 5890 gas chromatograph with

a 50-m Chrompack CP-Sil 5 column, equipped with FID)

and were based on retention times and suitable response

2.2.1. Phenol red and monochlorodimedone (MCD) factors, respectively. In order to confirm the identity of

bromination the products, GC-MS was performed with a Fisons system
The standard assay for bromoperoxidase activity is the equipped with a 50-m CP Sil-5 column. Bromination of

bromination of phenol red or MCD. Spectral changes were phenol red or monochlorodimedone was followed using a

followed with a UV-vis spectrophotometer in 2-mm path pPerkin—Elmer Lambda 12 spectrophotometer. Identification

length quartz cuvettes. Data analysis was performed atof the bromophenol blue was performed by ligéild NMR

598 nm, theimax for bromophenol blue, or at 290 nm, the  on a Bruker AMX-300 instrument (300 MHz).

Amax for MCD. Initial rates dAsgg/dr and —dA2go/dr were

measured from the slope of the linear part of the absorbance2.4. Synthesis and characterization of the catalysts

vs time curve in order to obtain the oxidation rate of the

bromide anions. For phenol red, this value is multiplied by 4 2.4.1. Preparation of LDH precursor

since four Br atoms are introduced into one phenol blue  All LDHs are prepared by co-precipitation at 298 K and

molecule. Activities were determined at room temperature, constant pH according to procedures described in detail

with 700 rpm stirring, using 0.05-0.5 mM metal catalyst, 1- elsewhere [30,31]. For the MgAI-NO, for instance, the

5 mM Hy05, 0.1 M NH4Br in 20 ml solventH,0O : MeOH: pH of 100 ml deionized and boiled water in a 1 liter three-

THF=4:3:2), and 0.05 mM phenol red or MCD. neck round-bottom flask was adjusted to££@®.2 by 1 N

2.2. Catalytic experiments
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NaOH, followed by the simultaneous addition of 120 ml of 2.4.4. Physical measurements
0.3 M AI(NO3)3 - 9H,0 and 120 ml of 0.7 M M@gNO3)> - The crystallinity and the basal spacing were controlled by
6H,0 (60 ml/h) under N atmosphere at room temperature. X-ray powder diffraction (XRD) using a Siemens
The pH of the slurry was maintained at3®.2 by addition D5000maticdiffractometer, equipped with a Ni-filtered Cu-
of 1 N NaOH. Upon complete addition of the NO salts, K, radiation of 1.5418 A at 40 kV and 50 mA. The dif-
the suspension was stirred for 24 h at ambient temperaturefractograms were recorded betweeh=23° and 2 = 65°
The white precipitate was washed and centrifuged four with a scanning rate of°lper minute. The infrared spectra
times and was dried by lyophilization (yield 90% on a (IR) were obtained from pressed KBr pellets in a Nicolet FT-
weight basis). For Zn- and Ni-containing LDHs, the pH of IR 730 spectrophotometer. The IR spectra (200 scans) were
precipitation was kept at 8-8.5. The synthesis of a-Br recorded between 400 and 4000 tmFT-Raman spectra
containing MgAIl-LDH was performed starting from the Mg were collected on a Bruker IFS200, with 1062-nm excita-
and Al nitrate salts, in a large excess (2 M) of NaBr. tion and 50 mW laser power. Intermediate peroxotungstate
species on the LDH were observed with diffuse reflectance
2.4.2. Preparation of the metal-anion-exchanged LDHs ~ SPectroscopy (DRS) on a Varian Cary05 UV-vis—NIR spec-
trophotometer, equipped with an integrating sphere acces-

Generally, 1.5 g of the LDH precursor is contacted with -
an aqueous solution of 1.875 mM of, e.g. ;M4 (150 ml) sory. The measurements were performed on the solid LDH-
. ,e.g., o "
and stirred over a period of at least 12 h at ambient tempera-VO4~~ sample before and after addition 0p®. BaSQ

ture under N atmosphere. The eventual solid products (e.g., WS used to obtain the baseline.

LDH-WO42~) were obtained by repeated centrifugation—

washing cycles and by lyophilization. The final catalysts . )

contain approximately 0.18 mmol metal (W or Mo) for one 3 Resultsand discussion

gram of solid material. In the case of vanadate, the ex-

change solution contained 3.75 mM NayCand hence, 3.1. Catalyst characterization

the ultimate V content in the final catalyst was somewhat

higher ¢~ 0.31 mmolV g1). All the preparative procedures XRD patterns of as-synthesized LDH materials gave

on LDHs were performed with deionized and boiled water, evidence for high phase purity. The unit cell parameters

which was cooled under nitrogen in order to preclude conta- Were calculated from thegos and dogg reflections, forco,

mination by CQ. and fromdi1g, for the ap parameter [30,31]. As can be
The decavanadate-exchanged LDH was synthesized acseen in Table 2, the values slightly vary with the size of

cording to literature procedure [32-34]. After the rehydra- the octahedrally coordinated ions in the layer structure and

tion of 1 g LDH precursor in 100 ml water at room tem- with the nature of the Charge Compensating anion, V|Z,C|

perature, the pH of the suspension is quickly brought at 4.5 NOs™, and Br'. The X-ray patterns hardly change upon

with 2 M HNOs. In another recipient, 1 g NaViJs solubi-  €xchange of W@?~, MoOs*~, and VG, which indicates

lized in 33 ml hot water and acidified at pH 4.5, giving an that at the low exchange levels used, there is no appreciable

orange solution of decavanadate Species_ The colored So]uintercalation of these OXyanionS. In contrast, plllarlng of the

tion is added to the LDH suspension over 15 min at room Structure was observed when MgAI-LDH was exchanged

temperature, while keeping the pH at 4.5. After 4 h of stir- With an excess of decavanadate at pH 4.5 (Table 2) [34].

fring, the suspension is centrifuged and washed several times, The presence and the nature of the exchanged oxyan-
yielding a yellow—orange solid. lons were confirmed with vibrational spectroscopy. Thus,

IR and particularly Raman make it possible to identify the
exchanged tungsten and molybdenum anions as monomeric

2.4.3. Preparation of Ti-zeolites and zeolite-encapsulated WO42~ and MoQ?-, respectively [31]; V is present as

complexes
Zeolite-entrapped bipyridine complexes were prepared as
previously described, starting with partial exchange of NaY Table 2

zeolites with M+ and Fé&+ from Mn(OAc) - 4H,0 and Unit cell parameters of synthesized LDH structures, as calculated from
. . X-ray diffraction pattern®

FeSQ - 7H,0, respectively [35]. After dehydration of the

exchanged zeolite at 423 K, a twofold excess of crystalline Support o (A) a0 (A)
bipyridine with respect to the metal ion was mixed with MgAl(2.3)-CI" 23.66 3.05

the dry zeolite. Heating for 24 h at 363 K then results in MIAI2.3-NO™ 2452 3.07
intrazeolite chelation, and after Soxhlet extraction to remove MoAI(2.3)-Br", NOs 2517 3.08
Intraz , ZnAl(2.3)-Ct 2348 3.06

free ligand, the Mibpy),Y and Febpy),Y catalysts are ZnAl(2.3)-NO;~ 26.52 3.08
obtained. TS-1 and Ti,Al-Beta were prepared according to NiAl(2.9)-CI— 23.40 3.03
well-known literature procedures [36,37]; for Ti-MCM-41, MgAI(2.3)-V10028°~ 354 3.04

the recipe using grafting of TiGEl2 onto a preformed a Numbers in parentheses indicate the elemental ratio of the two cations

MCM-41 matrix was followed [38]. in the octahedral layers.
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terial [34]. O O s - (@
Br Br

3.2. Evidence for a bromoperoxidase-like catalytic cycle OH OH
Phenol red Bromophenol blue

In following experiments, it is checked whether the LDH- The widespread use of this dye stems from its ability to
based catalysts display the aforementioned diagnostic chartndergo rapid and stoichiometric bromination and from
acteristics of the enzymatic pathway of bromoperoxidases.the ease with which this can be monitored using UV-vis
Tungstate exchanged on MgAl-NOor MgAI-CI~ precur-  SPectroscopy [42,43]. When MgAI-W&™ is allowed to

sors, denoted as MgAI-Wg&~, was used as model catalyst €act with phenol red in the presence of®3 and NH,Br,
in all experiments. the yellow color of the reaction mixture rapidly changes

to deep-blue. Figure 3 shows the electronic absorption
spectra collected during such a color change. From these
spectra, the disappearance of phenol ragaf = 429 nm;

e =214 mM~lcm1) and the formation of the blue
compound {max = 598 nm; ¢ = 70.4 mM~1cm™1) are

3.2.1. Formation of the peroxotungstates
Evidence for the reaction of D, with the immobilized
tungstate is obtained from diffuse reflectance spectroscopy

. o . 2
(Fllgd 2). .l(JjIIDOH addlt;pr;](l)f |2|O”2 th? w2|teU|:/|/gAl—WQ evident [42]. That bromophenol blue is indeed formed in the
solid rapidly turns slightly yellow. In the UV-vis spectrum MgAI-WO42~ /Br~ /H,0, reaction mixture is confirmed

tvyo broaql bands appear at 235 and 33_0 nm. By analogyby 1H NMR spectroscopy. For the purpose of product
wn?_the literature, the band at ,2,35 nm 'S, assigned to the identification, a 250-ml scale experiment was performed.
0"~ W charge transfer transition of a diperoxotungstate g yiglet.blue-colored compound was extracted with tetra-
(e.g., WQ(OZ)? , W205(02)4°7), whereas the be}nd at n-hexylammonium chloride into dichloromethane and the
330 nm is ascribed to the2@2)‘ — W charge t-ransfer in the organic layer was evaporated to dryness. The NMR

tetraperoxotungstate W)4~ [39-41]. So, in analogy 0 gyactrym of the remaining blue solid shows one singlet
the active V site in the enzyme, tungstate is transformed into (7.29, 4H), two doublets (7.01 and 7.90,H1 each,J =

its peroxo forms upon exposure of the solid MgAI- 7.5 Hz), and two triplets (7.41 and 7.50H1each,J =
to H202. 7.5 Hz) (Fig. 4), which agrees with the resonances of
authentic bromophenol blue [42].

3.2.2. Evidence for oxidative bromination of organic In the absence of MgAl-Wg¥~, and within the same
compounds time scale, no bromophenol blue is formed. This shows that
The conversion of the dye phenol red (phenolsulfoneph- MgAI-WO42~ is the catalyst for phenol bromination by
thalein) into bromophenol blue (tetrabromophenolsulfo- H2O, and Br . From the example in Fig. 3, the turnover
nephthalein) is a common test to monitor bromination ac- rate of MgAI-WQ?~ can be calculated as 8.5 moles of
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LDH-WO,2~ -catalyzed peroxidative bromination of phenol red, measured Fig. 5. Effect of charge-compensating co-anion on the decomposition of

in DMSO-.

bromophenol per mol W and per h, in 2.5 mM® and
at 298 K.

3.2.3. Evidence for the electrophilic nature
of the brominating species

The bromination with the VBPO enzymes is an elec-
trophilic process. The present MgA-W& catalyst forms

H,0y: 0.1 g solid LDH-WQ?~, 0.22 M H;O5, 20 ml MeOH. Anions
on the support are N§ (H) or Br—(@). (#) = blank with LDH-NOG;™
without WO, 2~

instance, shows the consumption 0f® when 0.1 g of
MgAI-WO42~ (0.94 mM WQ;2~) containing Br or NO3~

as compensating anions is added to 0.22 }Dlin MeOH.
The HO, decomposition rates for the various catalysts
are 21 x 107® moll~1h=! for the material with N@~

similar active species, as demonstrated in an experimentwithcharge compensation, vs3k 10-4 mol I=* h~ for the Br~-

the probe molecule 2,3-dimethoxytoluene (DMT). This sub-

containing catalyst. From the data, itis clear that the bromide

strate can be used to distinguish between electrophilic andanion promotes the disappearance g0k

radical bromination [44]

Me
Me
OMe Br,, FeBr OMe 3
% b
MeOH ( )
OMe
OMe Br
Me
Me CH_Br
OMe Brﬁ)hv OMe n 2 oM 4
e.
cCi (4)
OMe
OMe Br OMe

When 80 mg MgAI-WQ?~ is stirred at room temperature
in 20 ml of aqueous methanol containing &t (0.3 M),

DMT (0.03 M), and HO» (0.05 M), ring-substituted bromo-
DMT is formed exclusively at DMT conversion of 24%. This

The slow B0, decomposition with the N&  compen-
sating anion is due to the thermal instability of the peroxo-
tungstates and the formation's®,, in analogy with the per-
oxomolybdates [45,46]. However, in the presence of Br
the decomposition of }D, proceeds more than 60 times
faster. Hence, bromide anions and WO jointly catalyze
the decomposition of $D» in O2 and water

27
Br + H,0, 2% Brt 4+ 20H",
Brt 4+ H,0, + 20H" —> Br + 0, + 2H0. (5)

The electronic state of the produced 3 investigated by
monitoring the chemiluminescence in the near-infrared re-
gion using a Ge detector [47-49]. The results of the lumi-
nescence measurements performed on mixtures containing
a MgA-WQ,?~ catalyst, HO, and Br- are summarized

points to an electrophilic bromination mechanism (Eq. (3)), in Fig. 6. Deuterated solvents were used since the lifetime
since for radical processes dimethoxybenzylbromide would of singlet dioxygen is much longer in a deuterated medium
also be formed (Eq. (4)). The active bromide intermediate than in protonated solvents. Figure 6a shows the typidal

can therefore be denoted astBiather than Bf.

3.2.4. Evidence for the Br-assisted® decomposition
As stated above, a haloperoxidase assisted byaBions
catalyzes the decomposition of,8, into singlet oxygen

emission observed near 1269 nm whesOhl is added to
MgAI-WO42~ and NH;Br in a deuterated solvent. If the
bromide source is omitted from the reaction, no emission
is detected (Fig. 6b). These two observations clearly demon-
strate the assistance of the bromide anions in the production

(10,) in the absence of any organic substrate. An analogousof 105.

effect of bromide anions on the decomposition ofQ
is observed with the MgAI-Wg¥— catalyst. Figure 5, for

To investigate whethetO, formation and bromination
result from the same intermediate, as postulated for the
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Fig. 6. Near-IR luminescence ofO, at 1269 nm. 100 mM biOy,
20 mg WQZ_-exchanged LDH-Ng@~ in 3 ml deuterated solvent
(D20 : MeOH=3:1): (a) 0.1 M NH4Br; (b) no NHyBr; (c) 0.1 M NHsBr
and 55 mM monochlorodimedone.
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initial stage of the reaction, all the oxidized Br species react
with the substrate rather than withp&,, which would lead

to 10,. Indeed, most of the kinetic profiles of substrate dis-
appearance vs time were essentially linear, i.e., zero order,
except near the end of the reaction due to reagent depletion.
Appropriate probe substrates are phenol red and MCD. In
order to compare activities of catalysts, the following reac-
tion parameters are defined:

Bromination ratgvgy)

moles Br oxidized

= 7
VBr time- volume Q)
Turnover frequency (TOF)

moles Br oxidized
TOF= X112 8)
moles exchanged metaime
Specific activity (SA)
moles Br oxidized
)

~ total weight of oxyanion exchanged LDHime

enzyme (see cycle in Fig. 1), the chemiluminescence wasg 3 1 - Homogeneous versus heterogeneous catalysis

monitored in presence of monochlorodimedone (MCD).
This model substrate can easily be brominated and is
commonly used, together with phenol red, to determine
bromoperoxidase activity (8):

Ccl, H Br

(o)

Cl

(6] O

— °.

(6)

As can be seen from Fig. 6¢, MCD addition causes a drop
in the luminescence intensity to 6—7% of the original value,
indicating that MCD bromination competes witD, for-
mation. In addition, UV—vis spectroscopy of the supernatant
shows that this drop in accompanied by the formation of 2-
Br-2-ClI-1,3-cyclohexanedione. The formation of the latter

Bromination of phenol red is carried out in homoge-
neous conditions with tha® transition metal anions V&,
WO42~, and MoQ?2~, and with the same anions including
decavanadate immobilized on a MgAI-NOLDH via an-
ion exchange. The results of the reactions are listed in Ta-
ble 3.

The VO3, MoO42~, and WQ?2~ catalysts exhibit a
much higher activity in an LDH environment than in
solution, even on a total catalyst weight basis (compare
vgr and SA for entries 2 and 6, 3 and 8, and 4 and 9).
For bromination of phenol red under identical reaction
conditions, the turnover rate TOF of M@® is enhanced
more than 400 times by immobilization on the positively

was derived from the decrease of the absorbance at 290 nmTable 3

as a consequence of the 200 times smaller molar extinction

coefficient of the bromination product in comparison with
that of MCD (data not shown).

3.3. Activity and stability of the bioinspired catalyst

In this section, the effect of the immobilization of a tran-
sition metal anion (e.g., W§~ on LDH) on its bromina-
tion activity is investigated. In order to find the conditions
for maximum activity, parameters of catalyst composition
and of reaction conditions, e.g.,8, concentration, are in-
vestigated. The activity of the LDH supported catalysts is

Catalytic bromination of phenol red with homogeneous and LDH-

immobilized catalyst

Entry Catalyst vgr x 100 TOF SA
(mmol h™h (mmol
157 gthh
1 - Q01 - -
2 NH4VO4 0.02 0001 0015
3 NayMoO, 0.67 0050 a3
4 NapWO, 39 0.280 11
5 MgALDH 2.0 - 003
6 MgAVO3~ 6.0 0.100 004
7 MgAI-V 100585~ 08 0013 Q004
8 MgAM00O42~ 280 20100 37
MgA-WO,42~ 300 21600 40

also compared with various heterogeneous redox system<9

and with an immobilized enzyme. Finally, the stability of

the LDH-supported catalyst is discussed based on catalysl'\’I

regeneration and leaching experiments.
Bromoperoxidase activities were determined using ex-

@ Reaction conditions: catalysts: 0.05 mM soluble catalyst; 2.7 mg
gAI-NO37; 2.7 mg LDH—MQZ— (from the MgAI-NGO;~ precursor)
containing 0.05 mM W or Mo; 5.4 mg MgAl-Vg~ (or 0.2 mM V); or
6.0 mg MgAI—VlOOZBG— (or 2 mM V). Other conditions: 2.5 mM 405,
0.05 mM phenol red, 0.1 M NjBr, 10 ml H,O: MeOH: THF (4:3: 2),

tremely reactive substrates. This ensures that, at least in the93 k.



B.F. Sels et al. / Journal of Catalysis 216 (2003) 288-297 295

charged LDH structure. In absence of a catalyst, the reactionThis may be due to the higheroB, concentration used
produces 0.01 pM bromophenol blue per h, whereas with in combination with MCD, as will be explained later.

the LDH-WQZ~ catalyst, the rate is.27 mMh™1, or Irrespective of the BF trapping agent used, the following
27,000 times faster (entries 1 and 9). This strongly increasedactivity order was observed for the Ctontaining supports:
activity in mild pH conditions(6 < —log[H*] < 8) is in Mg?t > Ni?t > Zn?t (entries 1, 4, and 6). A similar order

sharp contrast with previous, homogeneous mimics, which is obtained for the supports having NOas compensating
generally require strong aci@- log[H"] < 2.5) to achieve anion: M¢™ > Zn®* (entries 2 and 5). In contrast, there is
comparable catalytic activities (see Table 1). no direct correlation of the activity with the exchanged co-

Conceptually, the high activity of the LDH-W®&" anion. Whereas the Clcontaining catalyst is more active
mimic is likely due to its unique supramolecular archi- than its NQ~ analogue in the case of the MgAl supports,
tecture. The large positive electric potential of the LDH- the reverse order is obtained for the ZnAl-LDHs (compare
WO42~ surface induces an enrichment of bromide anions entries 1 and 2 with 4 and 5). Only a careful characterization
close to the surface. Moreover, the simultaneous presenceof the supports will unequivocally explain these activity
of bromide and peroxotungstate anions (e.gz08(02)4%~ differences. At this point, it is assumed that the surface area
and W0>)427) on the catalyst surface decreases the elec- and the electrical potential of the solid, which is associated
trostatic repulsion between these negatively charged reactiorwith the nature of the anions and the total AEC, are likely
partners. This architectural aspect, namely spatial organisato be key parameters. Anyhow, from this preliminary study,
tion of the reaction partners, and electrical shielding, is to- MgAI-CI~, MgAI-NOs3~, and NiAI-CI™ appear to be the
tally lacking in the presently known homogeneous VBPO three most preferred supports.
mimics. Note that charge shielding at the active site is also
important for enzymes, and has recently been documented3.3.3. Influence of the #D, concentration
for natural VBPO. For instance, for the VBPO 6Lrvu- Figure 7 depicts the effect of the,B, concentration
laria inaequalis, the negative charge of the peroxovana- On the bromination rate of phenol red with LDH-W®.
date is compensated by the surrounding Arg, His, and LysAs can be seen, increasing the concentration eOH
residues [26]. brings along an increase of the bromination rate. For

Arather low activity is found for decavanadate, supported the enzymatic reaction, the bromination activity normally
in an LDH structure (Table 3, entry 7). Such low TOFs can reaches an optimum at 28, concentrations of ca. 1-
indeed be expected, since only one or a few V atoms in 4 mM [50]. Higher concentrations are undesired, as they
a V100,88~ anion can interact with $0,. Moreover, the destroy the enzyme. In contrast, the rate of phenol red
XRD analysis shows that the LDH structure is truly inter- bromination by the LDH-WG?~ bioinspired catalyst is not
calated with decavanadate anions, which means that manysaturated at 5D, concentrations up to 10 mM. In practice,
of these are located in the interlayer galleries, and hence arethis means that the require¢€, does not need to be added
rather inaccessible for the substrates)s and Br. in small amounts, which opens perspectives for synthetic

applications.

3.3.2. Influence of the composition of the LDHs

To investigate the influence of the support composition
on the bromination activity, various LDH supports were
exchanged with the same amount of WO and tested in
the oxidative bromination of phenol red and MCD (Table 4).
Note that the activity measured when MCD is used is
systematically higher than that when phenol red is used.

25

Table 4
Catalytic bromination of phenol r@and MCDP with WO,2~ exchanged
on various LDH supports

Specific Activity (mmol g-1 h-1)

Entry Support TORh™ 1)

1 MgAI(2.3)-CI 32.02 70.6°

2 MgAI(2.3)-NO3 ™ 2162, 40.9P

3 MgAI(2.3)-Br—, NO3~ 6.22 14.9° 0 f f

4 ZnAl(2.3)-CI™ 3.28 0 4 8 12

5 ZnAl(2.3)-NO;~ 6.82

6 NiAI(2.9)—CI~ 12,62 [H202] (mM)
@ Reaction conditions: 2.7 mg LDH—W@’ (or 0.05 MM W), 2.5 mM Fig. 7. Influence of the initial hydrogen peroxide concentration on the

H205. specific activity of WQZ~, exchanged on LDH—CI, as obtained in the
b5 mM HyO,, 0.05 mM phenol red, 0.1 M NiBr, 10 ml HO : bromination of phenol red. Reaction conditions as in Table 4 except for

MeOH: THF (4:3:2). the concentration of 5.
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3.3.4. Comparison with heterogeneous catalysts and VBPOTable 6

enzymes
Table 5 compares the activities of a soluble and an
immobilized commercial bromoperoxidase and of several

established heterogeneous redox catalysts and solid VBPQOLDH-W0,2~

mimics with that of the LDHs. Ti-MCM-41 and Ti-MCM-
48 contained 4 and 5 wt% Ti; TS-1 and Ti,Al-Beta had Ti
content of 3.5 and 5 wt% Ti, respectively. The commercial
VBPO is a lyophilized protein mixture (10% pure) extracted
from Corallina officinalis(Sigma).

It is clear that WQ?~ exchanged on MgAI-Cl is a
much more active material than any other solid inorganic
VBPO mimic, e.g., mesoporous Ti catalysts or any hetero-

geneous redox catalyst (Table 5, entry 5 vs entries 1-4).

Amazingly, LDH-WQ?~ turns out to be 700 times more
active than Ti-MCM-48, which has recently been reported
as an effective solid biomimic of VBPO [20]. If the two cat-

Comparison of the TORh™1) of LDH—WO42* before and after reuse of
the catalyst

Run 1
21.6

Run 2
20.2

Run 3
20.8

@ Conditions: as in Table 4.

alyst was separated from the reaction mixture by centrifu-
gation and washed with the solvent mixture; then the next
run was performed (Table 6). The results with the recycled
catalyst invariably show unaltered activity, suggesting that
LDH-WO42~ is a stable, heterogeneous catalyst. In this re-
spect, it is important to stress that the LDH-WWO catalyst,
in contrast to enzymes, is not sensitive to oxidative destruc-
tion, as a consequence of its completely inorganic structure.
Additional evidence for the retention of W& on the
LDH support is obtained from leaching experiments. In this

alysts are compared in exactly the same reaction conditionsexperiment, the supernatant of vigorously stirred agueous

(room temperature, 0.1 M KBr, 10 mM metal, 0.2 mM phe-
nol red, pH= 6.5, and 10 mM HO> in H,O as solvent;
see Ref. [15], Fig. 1), the reaction is complete with LDH—
WO4?~ within 10-15 s, whereas with the Ti-MCM-48, the
reaction lasts 137 min, and is at least 500 times slower.
Finally, while the use of V bromoperoxidase results in
high activities (entry 8), immobilization of the enzyme is
preferred in industrial applications to improve reusability
and stability at elevated temperatures or higiOplconcen-

mixtures containing LDH-WgF~ and Br anions was
analyzed for the presence of dissolved W. The results of
Table 7 show that WgF— anions remain fairly well retained
after 24 h of stirring, even when the BN atomic ratio

is as high as 1250. Not only W@, but also its peroxo
analogues show a higher affinity for the LDH—support than
the bromide anions in the reaction conditions. Indeed, even
in the presence of 30 mM4®o, the degree of leaching of W

in solution was less than 0.2 ppm, i.e., less than 0.3% of the

trations. However, enzyme immobilization in general causes total amount of W. Both the heterogeneity of tungstate and

at least a 100-fold reduction of the activity per catalyst
weight[51,52], which may be ascribed to reduced activity of
the enzyme, but which is mainly the result of the additional
weight of the support. For haloperoxidases in particular, ac-
tivity reduction between and 1¢ times upon immo-
bilization has been reported [50,53]. Therefore, the LDH-
WO42~ mimic presents an attractive alternative to the VBPO
enzymes for practical use.

3.3.5. Heterogeneity and stability
In order to check the stability of the LDH-W&~ cata-

the constant catalyst activity are essential requirements for
practical implementation.

4, Conclusion

Based on the information gained from spectroscopic and
catalytic studies, it is clear that the catalytic cycle of LDH—
WO4%~ bears all essential characteristics of bromoperox-
idase activity. Hence, a catalytic cycle similar to that for
VBPO can be drawn, in which theD and the V O(0,)

lyst, the same catalyst was reused during several consecutivgroups are replaced by W@ and peroxotungstates respec-

reaction cycles. After completion of the reaction, the cat-

tively (Fig. 1). The activity of the bioinspired LDH-\\f3~

Table 5

Bromination of phenol red with heterogeneous catalysts and VBPO en2ymes

Entry Catalyst [HoO5] [metal] TOF SA
(mM) (mM) (-1 (mmolg~1h~Y)

1 TS-1 25 0.5 0.001 0.00025

2 Ti,Al-8 25 0.3 0.051 0.016

3 Ti-MCM-41 25 0.3 0.056 0.047

4 Ti-MCM-48 (Ref. [15]) 10 25 0.160 0.16

5 WO42~ on MgAI-CI~ 10 25 109.600 20.3

6 Mn(bpy)-Y 25 0.05 nd® nd®

7 Febpy),-Y 25 0.05 0.001 0.00078

8 VBPO (Sigma) - - - 600

9 Immobilized VBPO - - - a5x 106

@ Reaction conditions (1-3; 5-7): 0.05 mM phenol red, 0.1 MyBH 10 ml HbO: MeOH: THF (4: 3: 2).

b Nothing detected.
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Table 7
Leaching experiments of W (%) in the absence of organic sub3trate
0.IMNHsBr  0.3MNHsBr  0.5M NH,Br
Without H,O»
After 40 min 0.12 0.23 0.32
After 24 h 0.33 0.60 0.73
With HoOo
After 20 mirP 0.06 0.20 0.27

@ Conditions: LDH—WQZ_ (0.4 MM W) in H,O with 0.1, 0.3, 0or 0.5 M
NH4Br, in absence or presence of 30 mM®p.

b At this time, the concentration of 40, is still sufficient to keep W in
its peroxo state, as can be derived from the yellow color of the solid.

catalyst is superior to that of immobilized commercial en-
zymes, even at nearly neutral pH. In view of the succesfull
leaching tests, and in view of the excellent stability of the
catalyst to high HO concentrations, oxidative bromination
with LDH-WO42~ is a synthetic alternative to bromination
reagents such as N-bromo compounds or wiBelf, which
always produces one Brion per Br atom incorporated into
aromatic molecules. At contrast, the route with@4, bro-
mide anions, and LDH-W§3~ presents a 100% atom econ-

omy based on Br. Concepts such as supramolecular organi-
zation of reagents and charge shielding, which are common

in enzymology, are the basis of the high bromide oxidation
activity. LDH-derived catalysts similar to those discussed in

the present paper have already been shown to be useful in

olefin epoxidation with or without bromide assistance, in the

catalytic generation of excited state singlet dioxygen, and in

several other oxidative transformations [29]. This illustrates

the promise of this approach for broad application to large

classes of organic transformations.
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