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Introduction

Vanadium haloperoxidases (V-HPO) are involved in the halo-
genation of more than 4500 natural products. The reaction of

H2O2 with the vanadium center in V-HPO results in the forma-
tion of a vanadium-oxo-peroxo species.[1] A subsequent halide

attack forms a vanadium oxyhalide intermediate, which is pri-
marily responsible for the halogenation of several natural prod-

ucts (Scheme 1).[1c, 2] The vanadium ion is oxidatively inert

during the process and maintains its 5++ oxidation state

throughout the catalytic cycle. Several synthetic complexes
that include an array of ligands coordinated to V centers have
been reported to serve as functional mimics of V-HPO.[1a] In

Nature, deformylation is a common phenomenon. Cyto-
chrome-P450, 14a-demethylase, and cyanobacterial aldehyde

decarbonylase dependent enzymes perform deformylation re-

actions with the elimination of formate.[3] In these cases, both
mono- and dinuclear heme-iron(III)-peroxo species have been

proposed as plausible intermediates. Synthetic mononuclear
nonheme [FeIII(TMC)(h2-O2)]++ (side-on peroxo; TMC = 1,4,7,10-

tetramethyl-1,4,7,10-tetraazacyclododecane) can promote the
deformylation of aldehydes by the elimination of formate

(HCO2
@).[4] However, the coalescence of both decarbonylation

and halogenation into a single-step decarbonylative halogena-
tion can be envisaged with the vanadium-oxo-peroxo species

(Scheme 2).[5]

Results and Discussion

We envisioned that V2O5 (1) can produce vanadium-oxo-
peroxo upon the addition of acid and H2O2 that will perform

the decarbonylative halogenation in the presence of a halide
and H2O2 (Scheme 3).

The halogenation of the C@H bond by metal-oxo-peroxo spe-
cies and the decarbonylation of aldehydes by metal-peroxo
species are performed routinely in biological systems. Howev-

er, metal-mediated decarbonylative halogenation is unknown
in nature. In this work, we have shown that widely available
V2O5 and VO(acac)2 (acac = acetylacetonate) can catalyze decar-
bonylative halogenation through the generation of an inter-

mediate vanadium-oxo-peroxo species, which was character-
ized by using 51 V NMR, UV/Vis, and resonance Raman spectros-

copy. Further detection of formic acid from the reaction mix-
ture confirmed the biomimetic aspects of decarbonylative hal-
ogenation. A detailed experimental and DFT study indicated
a concerted mechanism for this decarbonylative halogenation
performed under simple and mild reaction conditions.

Scheme 1. Mechanistic action followed by V-HPO.

Scheme 2. Decarbonylation and halogenation reaction.

Scheme 3. Decarbonylative halogenation by V2O5.
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In addition, to realize this double-biomimetic reaction with
V2O5, detailed experimental studies have been performed to

elucidate the mechanism of this decarbonylative halogenation
reaction. The commercial accessibility and the cost-effective-

ness of V2O5 is expected to attract synthetic chemists to realize
the full potential of these new strategies.

We started with the decarbonylative chlorination of 2-me-
thoxynaphthaldehyde by V2O5 in the presence of KCl and H2O2.
The desired 1-chloro-2-methoxynaphthalene was obtained in

a good yield (Table 1, entry 1). In the absence of V2O5 with all

of the other reagents (e.g. , KCl, H2O2) constant, the reaction

was performed with 2-methoxy-1-naphthaldehyde. As expect-
ed, no trace of 1-chloro-2-methoxynaphthalene was obtained.
Furthermore, exploration with 2-hydroxynaphthaldehyde also
produced the expected 1-chloronaphthalen-2-ol (50 %; Table 1,

entry 2) by successful decarbonylation and chlorination.
The relatively electron-deficient substrate 6-bromo-2-me-

thoxy-1-naphthaldehyde provided the corresponding decar-
bonylative halogenated product 6-bromo-1-chloro-2-methoxy-
naphthalene (30 %; Table 1, entry 4). The decrease in the yield

of the halogenated product is because of the presence of the
electron-withdrawing bromide group at the 6-position. The

a,b-unsaturated aldehyde 3,3-diphenylacrylaldehyde provided
the corresponding decarbonylative halogenated product

(2-chloroethene-1,1-diyl)dibenzene (10 %) with benzophenone

(15 %) as a byproduct. Interestingly, if a more-electron-rich sub-
strate was used the corresponding aromatic ring halogenation

was observed. The electron-rich 2-aminobezaldehyde provided
2,4,6-tricloroaniline (20 %; Table 1, entry 5). In this case, the aro-

matic ring was chlorinated after the formation of the decar-
bonylative halogenation product 2-chloroaniline because of

the presence of an electron-rich amino group. The scope of
the V2O5-catalyzed bromination reaction was explored with

2-methoxy-1-naphthaldehyde and 6-bromo-2-methoxy-1-naph-
thaldehyde in the presence of KBr and H2O2 under the stan-

dard reaction conditions. The decarbonylative bromination of
2-methoxy-1-naphthaldehyde provided the brominated prod-

uct in 55 % yield, whereas 6-bromo derivatives gave 40 % of
the desired product (Scheme 4).

Interestingly, with bulky alkoxy groups (OR, R = allyl, prop-
argyl, 2-chlorobenzyl) at the ortho position of 1-naphthalde-

hyde, trace amounts of halogenated products were obtained
(Scheme 5). Such observations suggest the importance of the

effective coordination of an alkoxy moiety to V during the de-
carbonylative halogenation reactions.

UV/Vis spectra recorded in the absence of the exogenous

substrate showed a band at l= 452 nm (e= 391 m@1 cm@1; Fig-
ure 1 a), which indicated the formation of the red-colored va-

nadium-oxo-peroxo species (Figure 1 a).[6] This characteristic ab-
sorption can be assigned as the peroxo to VV charge transition
band, which corresponds to VVO(O2) species. Similar UV/Vis

spectra for vanadium-oxo-peroxo species have been reported
previously.[6] The same red solution of vanadium-oxo-peroxo

species was further characterized by using 51V NMR spectrosco-
py. The vanadium(V)-oxo-peroxo VO(O2)++ complex showed

a sharp resonance at d=@534.68 ppm, which corroborated

well with previous results (Figure 2 a).[7]

Furthermore, the same red-colored solution of VO(O2)++ was

characterized by using Raman spectroscopy. The Raman spec-
trum of VO(O2)++ showed the characteristic Raman shifts of

V@Operoxo at ñ = 550 cm@1, O@O (side-on peroxo) at
ñ= 933 cm@1, and the V=O bond at ñ= 979 cm@1 (Figure 3).[8]

Scheme 4. Decarbonylative bromination by V2O5. V2O5 (0.09 mmol), KBr
(0.55 g, 4.62 mmol), substrate (0.5 mmol), H2O2 (30 %, 330 mL, 3.25 mmol),
acidic water solution (H2SO4) in water (3 mL), citrate-phosphate buffer
(2 mL), acetone (1 mL).

Scheme 5. Steric effect on decarbonylative halogenations.

Table 1. Decarbonylative halogenation catalyzed by V2O5.

Entry Isolated yield

[%]

1 52

2 50

3 10

4 30

5 20[a]

V2O5 (0.09 mmol), substrate (0.5 mmol), KCl (0.55 g, 7.5 mmol), H2O2

(330 mL, 3.25 mmol), acidic solution (prepared by the addition of HCl to
water; 2 mL), citrate-phosphate buffer (2 mL), acetone (1 mL). [a] GC
yield.
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The FTIR spectrum of VVO(O2) showed peaks that correspond
to V=O stretching at ñ= 987 cm@1, O@OP stretching at

ñ= 910 cm@1, and V@O stretching at ñ= 615 cm@1.[6a, 9]

The vanadium(V)-oxo-peroxo species can form VO(O2)(OCl)

(2) easily in the presence of H2O2 and KCl in the absence of

substrates to perform the decarbonylative halogenations reac-
tions. If 2-methoxy-1-naphthaldehyde in acetone was added to

the persistent red-colored solution (formed under the standard
reaction conditions), which had a UV/Vis band at l= 452 nm

(Figure 1), the red solution turned green because of the forma-
tion of the decarbonylated halogenated product 1-chloro-2-

methoxynaphthalene. The green-colored species displayed

UV/Vis bands at l= 342 (sh) and 425 nm (sh) (Figure 1).[10] The
51V NMR spectrum of this species showed a sharp peak at

d=@538.15 ppm, which could be attributed to the formation
of a cis-dioxovanadium species (VVO2

++).[11] This green species

turned to red-colored VVO(O2) upon the addition of H2O2 to
continue the catalytic cycle.

The 51V NMR spectrum was recorded after the addition of

2-methoxy-1-naphthaldehyde in acetone to the VVO(O2)(OH)++

solution. The spectrum showed some new upfield peaks at

d&@520 and @502 ppm, which might be because of the sub-
strate coordination to the vanadium-oxo-peroxo species. After

the reaction, the green-colored solution showed an upfield
peak at d=@538.15 ppm, which could be because of the for-

mation of cis-dioxovanadium species (Figure 2 d).[10d] The
51V NMR spectra recorded at the beginning and at the end of
the reaction showed chemical shifts at d=@537.3 and

@538.1 ppm, respectively. These chemical shifts are particularly
characteristic of the VV oxidation state.[11] Therefore, the VV oxi-

dation state remains unaltered during the reaction.
In our attempt to achieve decarbonylative halogenation, the

formation of formic acid was expected. Indeed the generation

of formic acid was confirmed (yield = 50 %) under the standard
reaction conditions (Scheme 6). This observation, therefore,

shows that our system mimics decarbonylation reactions by
metal-peroxo complexes found in Nature.

Mechanistic investigations suggested that vanadium-oxo-
peroxo species 2 was coordinated to an aldehyde substrate.

Figure 1. UV/Vis spectra recorded a) in the absence of organic substrate,
b) in water after the addition of H2O2 and KCl to an acidic aqueous solution
of V2O5 with the maximum at l= 452 nm because of the formation of vana-
dium-oxo-peroxo species, and c) after the completion of the reaction in the
presence of organic substrate, in which the yellowish-green color of the
aqueous part is likely to be caused by VO2

++.

Figure 2. 51V NMR spectra recorded during the course of decarbonylative
halogenation reaction under the standard reaction protocol (in acidic aque-
ous medium) a) at the beginning of the reaction and in the absence of or-
ganic substrate (red-colored species), the vanadium oxo-peroxo species
formed (d=@534.68 ppm), b) recorded after 30 min upon the addition of 2-
methoxy-1-naphthaldehyde, c) recorded after 3 h, and d) after the comple-
tion of the reaction as a yellowish-green species.

Figure 3. Raman spectrum of VVO(O2)++, which shows the characteristic
Raman shift of V@Operoxo at ñ= 550 cm@1, O@O (side-on peroxo) at
ñ= 933 cm@1, and V = O at ñ = 979 cm@1.
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The peroxo moiety reacted with the carbonyl center in 3 to
produce 4 to provide the halogenated product in the presence
of Cl@ and H2O2 by the generation of formic acid (Scheme 7).

The active catalytic species 2 was regenerated in presence of
H2O2 and Cl@ . Throughout the catalytic cycle, the VV oxidation

state was maintained similar to that of V-HPO enzymes.[1c, 2e] As
mononuclear vanadium-oxo-peroxo VVO(O2)(OCl) (2) was re-

sponsible for the catalysis of the decarbonylative halogenation

reaction, we aimed to generate a similar intermediate, which
can be obtained from simple monomeric VIVO(acac)2 (5 ; acac =

acetylacetonate) under the same reaction conditions as the
V2O5-catalyzed decarbonylative chlorination.[6a, 8c, 12]

Interestingly, if we started from 5 we obtained 1-chloro-2-
methoxy naphthalene from 2-methoxy-1-naphthaldehyde

under the standard reaction conditions (Scheme 8). As expect-

ed, we observed the formation of a deep red solution after the
addition of KCl/H2O2 that changed to green during the course

of the reaction. These observations were further supported by
the similar UV/Vis (l= 450 nm) and 51V NMR spectra

(d&@535 ppm).[8c] The generation of formic acid was also con-

firmed during the decarbonylative halogenation reaction with
5.

Insights in the mechanistic steps from DFT calculations

To understand the intricate steps in this reaction, we per-

formed a DFT study to probe the mechanism. Based on our ex-
perimental observations, a mechanistic scheme was adapted

for the DFT calculations (Scheme 9). We explored the energy

landscape for the interaction of aldehyde with vanadium-oxo-

peroxo hydroxo [VVO(O2)(OH)] species and with vanadium-oxo-
peroxo hypochlorite species [VVO(O2)(OCl)] (2). Our calculations

revealed that the interaction of aldehyde with vanadium-oxo-
peroxo hypochlorite species was more exothermic by
8 kJ mol@1 than the vanadium-oxo-peroxo hydroxo species.

Thus we decided to begin our investigation with the vanadi-
um-oxo-peroxo hypochlorite species 2. Although vanadium hy-
pobromites are known,[1c, 9b, 14] recent reports suggest the in-
volvement of hypochlorite as the catalytically active species

particularly for heme-iron systems.[15] This, along with the com-
puted energetics, suggest vanadium hypochlorite as the start-

ing species in our catalytic reaction. Additionally, this species
has a high relevance to the active site of vanadium haloperoxi-
dase.[16] The geometry around V was trigonal planar, and the

V=O bond was calculated to be 1.580 a. The other two peroxo
O atoms were bonded symmetrically with bond length of

1.787 a. The V@O(Cl) bond length was estimated to be 1.797 a.
In the next step, the ligand L (L = 2-methoxy napthaldehyde,

Scheme 9) was assumed to coordinate to the vanadium-oxo-

peroxo hypochlorite species. The optimized structure of this
prereacting species is shown in Scheme 9. Energetically, this

step was estimated to be exothermic in nature by
@34.9 kJ mol@1. This species, which has a literature prece-

dent,[14b, 16a] had a significant relevance to the active site of the
vanadium haloperoxidase, and the only difference was the co-

Scheme 6. Generation of formic acid.

Scheme 7. Proposed mechanism based on experimental evidence.

Scheme 8. Decarbonylative chlorination by VIVO(acac)2.

Scheme 9. Proposed mechanism for the decarbonylative halogenations
based on DFT studies.
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ordination of the aldehyde O atoms instead of a N atom of an
imidazole ring. Selected bond parameters of the optimized

structures are given in Table S1.[8c]

The optimized structure revealed that the O atom of the

@CHO group formed a strong coordination bond to the V
(2.012 a), and the O atom of the @OMe group coordinated

weakly (3.111 a) to the center. The V=O bond length was esti-
mated to be 1.590 a, and the peroxo O atoms were coordinat-

ed asymmetrically to the V atom (1.799 and 1.836 a). The

V@O(Cl) and O@Cl bond lengths were 1.825 and 1.706 a, re-
spectively. A significant difference in the structure here com-

pared to the reactant species was the asymmetric nature of
the peroxo group with one long and one short V@O bond. Sig-

nificant s/p-donation from the carbonyl O atom influenced the
peroxo bonding as a clear p donation from only one of the O
atoms (which possessed a shorter V@O distance) was visible

(Figure 4). Another significant distinction was on the ligand
moiety, in which the aldehyde C atom, C(1), developed a signifi-
cant positive charge (Mulliken charge analysis revealed an in-
crease from 0.89 in the free ligand to 1.22 in int2) upon coordi-

nation.
The coordination of the ligand, which induced asymmetry in

the peroxo moiety, was the key to the next step, in which the

longer V@O bond was expected to cleave. This was assumed
to take place via ts1 (Figure 4) to lead to the formation of a

V@O@O@ species as an intermediate (int2; Figure 4).[8c] V@O
bond cleavage was heterolytic consistent with the mechanism

proposed for the vanadium haloperoxidases mimics.[14b, c, 16a]

In ts1, the V@O bond elongated from 1.836 to 2.300 a, and

the other V@O bond of the peroxo moiety was shortened. The

O@O bond length also shortened significantly as a greater elec-
tron density was available at the distal O atom. The calculated

barrier height for this step was estimated to be 74.2 kJ mol@1

(Figure 4). The formation of the int2 species was slightly endo-

thermic with respect to int1, however, from the reactant
energy, it was still exothermic.

Thus the next logical step was the attack of the end-on

peroxo species on the aldehyde C atom via ts2 (Figure 4).[8c]

The nucleophilic character of the end-on/side-on peroxo
species with various metal ions was probed in detail. Particu-

larly, the deformylation by the iron(III)-peroxo species indicated
clearly that these species were nucleophilic.[17] Thus all these

literature precedents support our mechanistic hypothesis. The
attack of the distal O atom at the C atom led to the elongation

of the O@O bond from 1.343 to 1.415 a. The new O(2)@C(1)
distances were estimated to be 1.900 a, which shows a signifi-

cant bonding interaction even in the transition state. The tran-

sition state showed a stronger interaction between the me-
thoxy O atom with the V center (from 2.567 a in int2 to

2.210 a; Figure 4).[8c] The barrier height for this step was esti-
mated to be 91.7 kJ mol@1 from int2, whereas on the reactant

scale it was 63.3 kJ mol@1 (Figure 4).[8c]

In the next step, the formed O(2)@C(1) bond is completed

(1.434 a) to lead to int3 (Figure 4).[8c] This intermediate forma-

tion was exothermic by 82.6 kJ mol@1 from the reactant, which
suggests the feasible formation of this species.

Incidentally, a five-coordinate hypochlorite that attacks the C
atom was ruled out based on the following arguments: (i) the

OCl@ group was far away from the C(2) atom (4.986 a), (ii) as
per the experimental conditions, the solution contained a sig-

nificant amount of chloride ions, which makes the external

attack by a Cl@ ion feasible, and (iii) a dissociative pathway in
which O@Cl bond breaking first leads to the generation of Cl@

species was unlikely as the bond-dissociation energy for the
O@Cl bond was very large (++443.5 kJ mol@1).

In the transition state, the new Cl@(C2) bond length was es-
timated to be 2.45 a (Figure 4). Interestingly, the attack of the

chloride ion at the C(2) position via this transition state was

a concerted process in which the approach of the chloride ion
triggered two structural changes: (i) at the transition state, the

O@O bond breaks away (2.422 a at ts3) and (ii) a new
O(2)@C(3) bond was formed (1.443 a at ts3). Furthermore,

there was a slight elongation of the C(1)@C(2) bond (1.530 a at
ts3). At the transition state, steps (i) and (ii) were already com-

pleted, and step (iii) showed signs of progress towards the

cleavage of the C(1)@C(2) bond. The intrinsic reaction coordi-
nate (IRC) calculations confirmed this point, at 2.5 a Cl@(C2),

Figure 4. B3LYP computed energy (in solvent; DG in kJ mol@1) profile diagram for the decarbonylative halogenations.
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the peroxo bonds were not broken, however, at 2.45 a Cl@(C2),
the O@O bond was broken and the O(2)@C(3) bond was

formed partially. Despite all these structural changes, the barri-
er height computed for this transition state was 1.2 kJ mol@1

from int3, which reveals a nearly barrierless process that leads
to the formation of int4 (Figure 4).[8c]

In the next step the C(l)@(C2) bond was formed completely
(1.829 a), and the O(2)@C(3) bond strengthened further
(1.425 a). The formation of this intermediate was excessively

exothermic in nature (@150.3 kJ mol@1 from the reactant). No-
tably, at this intermediate (int4), a constrained four-membered
ring (C@C@C@O; Figure 4) existed, and in the next step this
ring was expected to cleave via ts4 (Figure 4). The C(1)@C(2)

and O(2)@C(3) bonds cleaved to result in the formation of
formic acid and the decarbonylated halogenated product.

The C(1)@C(2) and O(2)@C(3) bond lengths were 2.292 and

1.567 a, respectively. Although there was a significant kinetic
barrier for this species from int4, from the reactant surface, it

lay at 26.5 kJ mol@1, which suggests the feasible formation of
the product. The formation of the final product was a thermo-

dynamic sink with a stabilization of @196.9 kJ mol@1, and this
energy gain was likely to ease the barrier heights required for

the next catalytic cycle.[18] The potential-energy surface devel-

oped for the catalytic cycle studied is shown in Figure 4. The
catalytic cycle was assumed to start from vanadium-oxo-

peroxo hypochlorite species. This species was characterized by
using spectroscopic methods. In the next step, the ligand was

assumed to coordinate to this species to lead to the formation
of [V(O)(O2)(OCl)(L)] species. This step was computed to be

exothermic, and the formation of this species was also wit-

nessed in the experiments by variation in the 51V NMR chemi-
cal shift. The 51V NMR chemical shifts were associated qualita-

tively with the HOMO–LUMO gap, and such analysis is well
supported by previous reports for several vanadyl com-

plexes.[19] For species 2, the HOMO–LUMO gap was computed
to be 3.1 eV, which decreased drastically to 1.2 eV for int1,
which suggests a significant shift in the 51V NMR shift as ob-

served in the experiments.[20]

The first transition state had a barrier height of 74.2 kJ mol@1,

and the second transition state had a much higher energy bar-
rier (91.7 kJ mol@1). These two transition states formed the key
to the product formation, and the second step was rate limit-
ing. Although the absolute barrier height of 91.7 kJ mol@1

seemed high, on a relative scale to the reactant, the peak
energy was placed at 63.3 kJ mol@1, that is, the energy gained
upon ligand coordination eased the kinetic requirement. The

large energy barrier computed also correlates with the experi-
mental fact that the reactions were very slow and required

a long time for completion (nearly 6–24 h).
The first transition state required significant energy as the

strong V@O bond of the peroxo group needed to be broken.

Apart from the strong s-interaction, there was also significant
p-donation from the peroxo group that enhanced the barrier

height. A stronger p-interaction was correlated to the formal
oxidation state of the VV ions. For other transition metal ions

that possess half-filled and more than half-filled orbitals, the
breakup of the peroxo species was a facile step to lead to

the formation of highly reactive end-on peroxo/superoxo spe-
cies.[17a, c, 21] Although the second transition state was electro-

statically favorable as discussed earlier, a significant penalty in
energy arose because of the structural distortion required to

attain this transition state and the unfavorable orientation of
the p*(C=O) orbital (Figure 4).[8c] The large exothermic gain

upon reaching intermediate 3 made other steps feasible and
facilitated a faster reaction. The ts3 was a concerted process in
which several key structural alterations took place as confirmed

by our IRC calculations. The approach of the chloride ion was
essential to trigger a series of structural alterations.

Such a concerted step also correlated to the experimental
observation that decarbonylative products are not detected in
the reaction mixture. Without the addition of KCl, no product
formation (decarbonylation, oxidation of aldehyde etc.) was

detected, which thereby suggests the necessity of external
stimuli to drive the reaction as revealed by ts3. Thus the pro-
posed mechanism rationalizes all the experimental observa-
tions and suggests that this is the likely pathway through
which the chlorination of aromatic compounds takes place.

Among the species computed, only marginal changes in the V
charge were noted (1.09 to 1.27; Table S2).[8c] This suggests

that the 5++ oxidation state of V was maintained throughout

the reaction. A recent 51V NMR study on vanadium haloperoxi-
dases suggests the presence of spectroscopically silent VV

during the catalytic cycle as revealed in our biomimetic mod-
els.[16b] The mechanism proposed has high relevance to biology

particularly if vanadium haloperoxidase is found to halogenate
thousands of natural products. Some of the key steps are likely

to be common to both the enzymes and the biomimetic

chemistry proposed in this work.

Conclusion

We have developed a decarbonylative halogenation procedure
that starts with simple and readily available vanadium pentox-

ide. We have shown that a vanadium-oxo-peroxo species
formed in situ is responsible for the decarbonylative halogena-
tion reaction in the presence of chloride through the elimina-
tion of formate. The proposed mechanism of decarbonylative
halogenation by vanadium-oxo-peroxo species based on our

experimental findings is supported by the results of detailed
DFT studies.

Experimental Section

General information

Isolated compounds were characterized by using 1H and 13C NMR
spectroscopy and GC–MS. IR spectra were recorded by using
a FTIR spectrometer, and the samples were prepared as KBr pellets.
NMR spectra were recorded by using either a Bruker 400/500 MHz
or on a Varian 300/400 MHz instrument. All 51 V NMR spectra were
recorded in D2O and reported in ppm relative to NH4VO3

(@571.5 ppm)[13] .
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Procedure A for decarbonylative chlorination

V2O5 (18 mol %, &17 mg) was taken in a 20 mL screw-capped reac-
tion tube. Acidic aqueous solution (2 mL; 33 mL of concentrated
HCl in 300 mL distilled water) was added followed by KCl (0.55 g,
7.5 mmol). Subsequently, the substrate (0.5 mmol) in acetone
(1 mL) was added. Finally, 30 % H2O2 (330 mL, 12 mmol) was added
to the contents of the reaction tube, and the screw cap was closed
and sealed with paraffin. The reaction tube was kept at RT with
constant stirring. After 12 h, dichloromethane (50 mL) was added
to the reaction mixture, and the organic component was extracted.
The process was repeated, and the organics were combined and
dried over Na2SO4 and concentrated under reduced pressure by
using a rotary evaporator. The crude product was purified by
column chromatography, and the yield of the isolated product was
calculated with respect to the starting material used in the reac-
tion.

Procedure B for decarbonylative bromination

V2O5 (18 mol %, &17 mg) was taken in a 20 mL screw-capped reac-
tion tube. Acidic water (3 mL; 10–15 mL of concentrated H2SO4 in
3 mL of water) was added followed by citrate-phosphate buffer
(2 mL). KBr (0.55 g, 4.62 mmol) was added to this resulting solution.
Subsequently, substrate (0.5 mmol) in acetone (1 mL) was added.
Finally, 30 % H2O2 (330 mL) was added to the contents of the reac-
tion tube, and the screw cap was closed and sealed with paraffin.
The reaction tube was kept at RT with constant stirring. After 12 h,
dichloromethane (50 mL) was added to the reaction mixture, and
the organic component was extracted. The process was repeated,
and the organics were combined and dried over Na2SO4 and con-
centrated under reduced pressure by using a rotary evaporator.
The crude product was purified by column chromatography, and
the yield of the isolated product was calculated with respect to
the starting material used in the reaction.

Preparation of acidic water solution

In a 500 mL beaker, concentrated HCl (12 m, 33 mL, Merck Chemi-
cals) was added to distilled water (300 mL) to form a dilute acid so-
lution. Alternatively, H2SO4 (250 mL) was added to distilled water
(10 mL) with stirring to make it homogeneous. Both acidic solu-
tions were used for the decarbonylative halogenation reactions
and the characterization of the reactive intermediates. We ob-
tained similar observations by using both acidic solutions.

Sample preparation for 51V NMR spectroscopy

D2O (2 mL) was added to V2O5 (20 mg) in a vial followed by con-
centrated H2SO4 (40 mL). H2O2 (30 %, 330 mL, 3.25 mmol) and KCl
(0.55 g, 7.5 mmol) were added, and the mixture was stirred for 5–
10 min before the NMR spectrum was recorded. A similar solution
was prepared to which 2-methoxy-1-naphthaldehyde in acetone
was added and stirred until the green color appeared. 51V NMR
spectra were recorded during reaction after 30 min and 3 h and
after the completion of the reaction when the green color ap-
peared.

Sample preparation for UV/Vis spectroscopy

Water (2 mL) was added to V2O5 (20 mg) in a 20 mL glass vial fol-
lowed by H2SO4 (50 mL). H2O2 (30 %, 330 mL, 3.25 mmol) and KCl

(0.55 g, 7.5 mmol) were added to the solution. Then, citrate-phos-
phate buffer (2 mL) was added, and a UV/Vis spectrum was record-
ed from the resulting solution, which showed a band at l=
452 nm. Alternatively, H2O (2 mL) and H2SO4 (40 mL) were added to
V2O5 (20 mg) in a vial, and the mixture was stirred for 5 min. H2O2

(330 mL, 3.25 mmol) and KCl (0.55 g, 7.5 mmol) were added, and
the mixture was stirred for 5 min. The resulting solution was used
for UV/Vis spectrophotometry. The acid solution prepared from
concentrated HCl in distilled water provides the same spectra of
the vanadium-oxoperoxo complex.

Raman spectroscopy

We recorded resonance Raman spectra of the vanadium-oxo-
peroxo species by using a confocal Raman microscope (alpha
300R, WITec, Germany). A frequency-doubled DPSS Nd:YAG laser of
l= 532 nm was used at a power of 5 mW to excite the vanadium-
oxo-peroxo sample in mili-Q water in a constant flow through
1 mm flow-cell. The scattered light in the focal plane was collected
through a 100 mm core multimode fiber as the pinhole. The spec-
tra were collected at an integration time of 60 s by using a lens-
based ultrahigh throughput spectrometer (UHTS300, 1800
grooves/mm grating) coupled to a back-illuminated charge-cou-
pled device (CCD) camera (1024 V 128 pixels, ~2 cm@1 per CCD
pixel).

Sample preparation for Raman spectroscopy

Water (2 mL) and H2SO4 (40 mL) were added to V2O5 (20 mg) in
a 20 mL glass vial. Subsequently, H2O2 (30 %, 330 mL, 3.25 mmol)
and KCl (0.55 g, 7.5 mmol) were added to the solution, and it was
stirred for 5–10 min. The spectrum of the resulting solution
showed UV/Vis band at l= 452 nm. The prepared solution was
used for Raman spectroscopy.

Computational details

We used the Gaussian 09 suite of programs to perform all the cal-
culations.[22] The geometry optimizations were performed with the
B3LYP functional.[23] The B3LYP has a proven track record to predict
the structures and energetics accurately for such metal-mediated
catalytic reactions. The LACVP basis set that comprises LanL2DZ—
Los Alamos effective core potential for V[24] and a 6–31G*[25] basis
set for the other atoms (B-I) were employed for geometry optimi-
zation, and the optimized geometries were then used to perform
single-point energy calculations using a TZVPP basis set (B-II) on all
atoms.[26] The solvation energies were computed using the polariz-
able continuum model (PCM) solvation model, and acetonitrile was
employed as the solvent.[27] Frequency calculations were performed
on the optimized structures at B-I level to verify that they were
minima on the potential-energy surface (PES) and to obtain free
energy corrections. The quoted DFT energies were B3LYP solvation
energies that incorporated zero-point energy corrections at the B-I
level computed at 298.15 K, unless otherwise mentioned. The tran-
sition states were characterized by a single negative frequency
that corresponds to the reaction coordinate and were verified by
animating the frequency using visualization software such as
Molden.[28]
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