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ABSTRACT

Organotelluride 1 is a water-soluble catalyst for the oxidation of iodide with hydrogen peroxide in pH 6 phosphate buffer. In two-phase
systems, organic substrates are efficiently iodinated using 0.8 mol % of catalyst. Water-soluble substrates are iodinated without an organic
cosolvent.

The halogenation of organic substrates is an important
reaction for the preparation of specialty, pharmaceutical, and
agricultural chemicals. The general method used to haloge-
nate organic substrates has been the use of bromine, chlorine,
or iodine. However, halogenation reactions have associated
environmental hazards with respect to transport, handling,
and storage of chlorine, bromine, and iodine.1 Halide salts
are safer commodities and can be oxidized to the corre-
sponding positive halogen/hypohalous acid by a variety of
methods. One method is the oxidation of chloride, bromide,
or iodide with H2O2, a powerful and environmentally friendly
oxidant.2 Although the oxidation of these halides with H2O2

is thermodynamically favored, it is kinetically slow.3 At
lower pH, the oxidation is accelerated and the hypohalous
acids generated from hydrochloric or hydrobromic acid and
H2O2 have been used for the successful halogenation of a

variety of organic substrates although acid-sensitive func-
tionality will not tolerate the reaction conditions.4

Nature has evolved the haloperoxidase enzymes to perform
biological halogenations at neutral pH with the available
H2O2 and halide salts found in seawater.5 In recent years,
chemists have sought catalysts to activate H2O2 and other
peroxides (such astert-butyl hydroperoxide) to mimic the
function of the haloperoxidases and to provide environmen-
tally friendly means for the halogenation of organic sub-
strates.6 We have been interested in the activation of H2O2

using organotellurium compounds as catalysts and have
successfully performed halogenation reactions in the presence
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of H2O2 and halide salts.7 While these reactions have
demonstrated proof of principle, the positive halogen species
were trapped in the presence of a large excess of substrate,
limiting the synthetic utility of these earlier studies.

The activation of H2O2 with organotellurides is a multistep
process involving oxidative addition, ligand exchange, and
reductive elimination.7c,d The active halogenating species in
the telluride-catalyzed reactions may either be the free
halogen/hypohalous acid or a halotelluronium salt intermedi-
ate as illustrated in Scheme 1.8 The rate-limiting step in these

reactions appears to be the rate of reductive elimination or
cleavage of the halogen-tellurium bond.7d,8 The most
effective catalysts have some water solubility,7d and the most
active halogen transfer agents have a chelating heteroatom
as a ligand to the oxidized tellurium center (see Figure 1a).9

The chelating ligand prevents the addition of a second halide
to the oxidized tellurium atom while the positive charge
activates the halo ligand to nucleophilic attack.9

We report highly efficient iodination reactions employing
the organotelluride catalyst1 (Figure 1b) for the oxidation
of iodide with H2O2. The catalyst1 was designed to provide
water solubility and to optimize both oxidation with H2O2

and reductive elimination or halogen transfer. We anticipated
that the amino substituent of1 would add electron density
to the telluride, which would facilitate oxidation with H2O2.
The oxygen atom of the phenoxypropyl group would chelate
the oxidized tellurium center by donating an electron pair
(via a five-membered ring, Figure 1b) to block addition of
iodide to form the I-Te-I array and to activate nucleophilic
attack at the iodo ligand. The catalyst1 is readily oxidized
by hydrogen peroxide with a second-order rate constant of
(3.93( 0.08)× 102 M-1 s-1 in pH 6 phosphate buffer and
is an effective iodination catalyst at 0.8 mol % of substrate
(see Supporting Information for experimental details). As a
biscarboxylate salt,1 is water-soluble and remains in solution
at pH 6, where the iodination reactions were run. The near-
neutral pH of these reactions is tolerated by most acid-
sensitive organic functionality. Furthermore, the reactions
can be run without an organic cosolvent if the substrates
have some aqueous solubility.

Biscarboxylate salt1 was prepared from 4-N,N-bis-
(carboethoxymethyl)aniline as shown in Scheme 2. The

addition of TeCl4 to 4-N,N-bis(carboethoxymethyl)aniline
followed the procedure of Engman and Persson10 except that
1 equiv of pyridine was added to give pyridinium salt2 as
an isolable intermediate,11 which was then reduced with
sodium bisulfite to give the ditelluride3. Ditelluride3 was
isolated as the major product in a 2:1 mixture with the
corresponding monotelluride (85% isolated yield of the
mixture). We were not able to separate the ditelluride from
the monotelluride in this mixture. Ditelluride3 was reduced
with NaBH4 to the corresponding sodium aryltellurolate,
which reacted with 1-bromo-3-phenoxypropane to give the
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Scheme 1. Possible Halogenating Agents from the Oxidation
of Halide Salts with Organotelluride Catalysts

Figure 1. (a and b) Chelating ligands that activate halo ligand on
tellurium. (c) Catalyst1.

Scheme 2a
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bisester4 in 74% isolated yield. Compound4 was saponified
with 4 equiv of sodium hydroxide in aqueous EtOH to give
1 in >95% isolated yields.12

The1-catalyzed iodinations of organic substrates with NaI
and H2O2 are summarized in Table 1 and used the following

general procedure. The substrate (2.5 mmol) and1 (10.3 mg,
0.020 mmol) were dissolved in a stirred mixture of 25 mL
of ether and 50 mL of pH 6 phosphate buffer at ambient
temperature. Sodium iodide as a 2 M solution (2.75-5.0 mL)
and 2 M H2O2 (2.1-6.3 mL) were added independently in
small aliquots via syringe every 5 min over a 45-min interval
in the stoichiometry described in Table 1. The reaction
mixtures were stirred until reaction was complete (1-5 h)
as monitored by1H NMR. The organic phase was separated
and the aqueous layer extracted with two additional aliquots
of ether. The combined ether extracts were washed with brine
and then 3% sodium bisulfite, dried over MgSO4, and
concentrated. The crude product was purified via chroma-
tography on SiO2 or recrystallization for crystalline products.
Isolated yields of purified products are compiled in Table

1.12 For entry 8, the sodium salt of 4-pentenoic acid was
iodinated without an organic cosolvent and 5-iodo-γ-vale-
rolactone was isolated in a yield nearly identical to the two-
phase procedure of entry 1. In the absence of catalyst, less
than 10% conversion of substrate was observed after 24 h
for all substrates in Table 1.

The iodination of N,N-dimethylaniline (entry 6) and
N-phenylmorpholine (entry 7) gave the 4-substituted products
with >98% regioselectivity as determined by the1H NMR
spectra of the crude product mixtures. The lactonizations of
4-pentenoic acid (entries 1 and 8), 2,2-diphenyl-4-pentenoic
acid13 (entry 2), and 2-(1-cyclohexen-1-yl) acetic acid14 (entry
3) as well as the cyclization of 4-pentenol (entry 4) gave
only products containing five-membered rings as determined
by 1H NMR. Unreacted 2-(1-cyclohexen-1-yl)acetic acid
(35%) was recovered from entry 3. The iodination of 1,3,5-
trimethoxybenzene (entry 5) gave 2-3% of the diiodo
product as determined by the1H NMR spectrum of the crude
product mixture.

As shown for each substrate entry of Table 1, the
1-catalyzed iodinations with iodide and H2O2 gave results
nearly identical to the use of elemental iodine in two-phase
systems. Furthermore, neither the catalyzed iodination nor
the direct iodination with iodine was effective with unacti-
vated aromatic substrates (benzene, toluene) giving less than
10% iodination after 24 h with 5 equiv of H2O2 and 4 equiv
of NaI in the catalyzed reaction and less than 10% iodination
after 24 h with 2.5 equiv of iodine.

We are developing chlorination and bromination reactions
using chalcogenide catalysts with halide salts and H2O2. In
other systems, bromination reactions with organotelluride
reagents have been less efficient than iodination reactions
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Table 1. Iodination of Organic Substrates with NaI, Hydrogen
Peroxide, and 0.8 mol % of Organotelluride Catalyst1a

Table 2. Bromination of Organic Substrates with Sodium
Bromide, Hydrogen Peroxide, and 2.5 mol % of Organotelluride
Catalyst1
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with organotelluride reagents.8a This is presumably due to
the greater bond strength of the Te-Br bond relative to the
bond strength of the Te-I bond. In stoichiometric reactions,
selenium(IV) bromides were found to be better brominating
agents than tellurium(IV) bromides presumably due to the
weaker Se-Br bond strength, which facilitates bromine
transfer.

Consistent with these earlier observations, the1-catalyzed
brominations of organic substrates required higher concentra-
tions of bromide, peroxide, and catalyst than the correspond-
ing iodinations as well as longer reaction times. Several
examples are listed in Table 2 using 2.5 mol % of1 in pH
6 phosphate buffer with a 15-fold excess of H2O2 (3 M) and
a 10-fold excess of NaBr (2 M). These reactions were
stopped after 24 h. It should be noted that in the absence of
catalyst less than 5% conversion of substrate to product
occurred after 24 h. Although the sodium salt of 4-pentenoic
acid was readily brominated under these reaction conditions,
2,2-diphenyl-4-pentenoic gave only trace amounts of prod-
ucts after 24 h. The bromination of 1,3,5-trimethoxybenzene
gave only 45% conversion to 2-bromo-1,3,5-trimethoxyben-
zene after 24 h.

We are currently preparing the selenide analogue of1 and
related compounds as catalysts for brominations and chlo-
rinations. Hopefully, the weaker selenium-halogen bonds
in the oxidized catalyst will provide more efficient chlorina-
tion and bromination of organic substrates to complement
the efficient iodinations that we have described here.
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