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Paraformaldehyde was employed as a hydride source in the palladium-catalyzed hydrodehalogenation of
aryl iodides and bromides. High throughput screening using a paper-based colorimetric iodide sensor
(PBCIS) showed that Pd(OAc)2 and Cs2CO3 were the best catalyst and base, respectively. Aryl iodides
and bromides were hydrodehalogenated to produce the reduced arenes using Pd(OAc)2 and Pd(PPh3)4

catalyst. This catalytic system showed good functional group tolerance. In addition, it was found that
paraformaldehyde is the hydride source and the reducing agent for the formation of palladium
nanoparticles.

� 2013 Elsevier Ltd. All rights reserved.
High-throughput screening assays have been widely employed
for the development of the efficient catalytic system even though
they were originally developed in the pharmaceutical industry to
accelerate the discovery process.1 A number of HTS assays by using
fluorescence spectroscopy have been developed in the transition
metal-catalyzed coupling reaction.2 However, most of them have
drawbacks that require the preparation of the corresponding sens-
ing substrate for the screening of the target coupling reaction.3 To
overcome the problem of the lack of universality, we recently
developed the colorimetric gold nanoparticle and the paper-based
colorimetric iodide sensor for the HTS.4 These two assays showed
reliable conversions in the palladium-catalyzed coupling reactions
of aryl iodides. However, in the point of simplicity and conve-
nience, PBCIS showed better than the colorimetric gold nanoparti-
cle. To expand and evaluate the PBCIS, we have paid attention to
find new catalytic system by using PBCIS.

Aryl halides are some of the most widely used substrates in the
transition-metal-catalyzed coupling reactions, and are also impor-
tant structure units of solvents, pharmaceuticals, perfumes, and in-
sect repellents.5 Although aryl halides are important structure
units in organic synthesis, they are classified as pollutants due to
their persistent toxic effect.6 It is known that the activity of the car-
bon-halogen bond in aryl halide is lower than that in alkyl halide,
because the bond dissociation energies of C–X (X = I, Br, Cl, F) in
aryl halides are higher than those in alkyl halides. As a result, aryl
halides are hard to degrade once they are emitted into. Therefore, a
number of methods to transform aryl halides into less harmful
chemicals have been developed.7 Among them, transition-metal-
catalyzed hydrodehalogenations have received attention, and
palladium,8 iron,9 rhodium,10 and nickel11 have been employed
as catalysts in these transformations. The palladium catalyst has
been most widely and intensively used in the hydrodehalogenation
of aryl halide due to the fact that palladium has shown good activ-
ity in numerous aryl halide transformations. They are usually per-
formed with hydride sources such as H2,12 alcohol,13 metal
hydride,14 formic acid,15 DMF,16 silane,17 and hydrazine.18 In our
continuing studies on the development of hydrodehalogenation,
we have focused on paraformaldehyde as a hydrogen source.
Although a number of studies on acyl C–H activation have been
reported,19 there has been no report on hydrodehalogenation using
paraformaldehyde to the best of our knowledge. Paraformaldehyde
has several advantages as a hydride source, because it is stable,
easy to handle and store, and inexpensive.

Here, we report the PBCIS assay for the development of transi-
tion metal-catalyzed hydrodehalogenation using paraformalde-
hyde (Scheme 1).
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Table 1
Pd-catalyzed hydrodehalogenationa

I

H

O

H

cat. Pd

Cs2CO3

DMSO, 80°C

+

H

Entry Pd (mol %) Mol % Conversion (%) Yieldb (%)

1 Pd2(dba)3 1.0 100 93
2 Pd(PPh3)4 1.0 100 96
3 PdCl2 1.0 100 99
4 Pd(OAc)2 1.0 100 99
5 PdCl2 0.1 75 73
6 Pd(OAc)2 0.01 100 99
7 Pd(OAc)2 0.005 100 95
8 Pd(OAc)2 0.001 35 32

a Reaction condtions: 1-iodonaphthalene (0.3 mmol), paraformaldehyde
(0.3 mmol), and Cs2CO3 (0.45 mmol) were reacted in DMSO at 80 �C for 12 h.

b Determined by gas chromatography with an internal standard.
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Figure 1. Screening of catalysts and bases for the hydrodehalogenation using PBCIS.
Catalyst: a–h, Base: A–L. (a) Picture of the PBCIS results of the reactions. (b) The
extent of conversion of 1-iodonaphthalene was determined by equation [conver-
sion (PBCIS)% = (�1.0506) � (grayscale intensity � 243.9713)] which is obtained
from linear plot of standard samples.

Scheme 1. Optimization of hydrodehalogenations by using PBCIS.
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To find suitable catalytic system, as shown in Table 1, 1-iodo-
naphthalene was chosen as a model substrate and reacted with
paraformaldehyde under 96 reaction conditions. The reaction of
iodonaphthalene and paraformaldehyde was carried out in the
presence of catalyst and base in DMSO at 80 �C for 6 h. As a cata-
lyst, PdCl2 (a), Pd(OAc)2 (b), NiCl2 (c), Ni(OAc)2 (d), CuCl (e), CuCl2

(f), FeCl3 (g), and CoBr2 (h) were employed. Five kinds of weak
inorganic bases [Cs2CO3 (A), K2CO3 (B), Na2CO3 (C), K3PO4 (D),
and K2HPO4 (E)], four kinds of organic bases [DBU (F), Et3N (G),
DBN (H), and TMEDA (I)], and three kinds of strong bases [NaH
(J), KOtBu (K), and NaOtBu (L)] were tested. First, we monitored
the conversion of iodonaphthalene by using PBCIS, which is sim-
pler and easier than using gold nanoparticles, and much faster than
gas chromatography. The reaction mixture was diluted and treated
with 0.2 N HCl, and this solution was spotted into the PBCIS. All the
reactions provide different strengths of color, as shown in Fig-
ure 1(a). The spots on the scanned PBCIS were converted to gray-
scale values using Adobe Photoshop. Then, they were converted
to the extent of conversion using the conversion equation shown
in Figure 1 (b).20

As shown in Figure 1, we found several things as followings: (1)
PBCIS is a very useful tool to find the optimized condition for the
hydrodeiodination. (2) PBCIS is a suitable assay for the transition
metal catalyst such as palladium, copper, nickel, iron, and cobalt.
(3) At seeing the darkness of spots, the extent of conversion was
obtained quickly, and the value of that was obtained from their
grayscale intensity. From the results of Figure 1, the reactions with
palladium showed higher conversion extents than other catalysts.
Among the palladium-catalyzed reactions, weak inorganic bases
such as Cs2CO3, K2CO3, and Et3N and strong bases such as NaH
and NaOtBu showed high conversion extents (sample numbers 1,
2, 7, 10, 12, 13, 14, 19, 22, and 24). Considering the mild reaction
conditions, PdCl2 and Pd(OAc)2 were chosen. In addition, Pd2(dba)3

and Pd(PPh3)4 were added as palladium sources due to their good
activities in the Pd-catalyzed hydrodehalogenation of aryl bro-
mide.13b They were tested for the hydrodehalogenation of iodo-
naphthalene in the presence of Cs2CO3.21 Their conversions and
product yields were monitored by gas chromatography with an
internal standard.

Pd2(dba)3 and Pd(PPh3)4 showed 100% conversion of 1-iodo-
naphthalene, however, the yields of products were 93% and 96%,
respectively (entries 1 and 2). Both PdCl2 and Pd(OAc)2 showed good
yields when 1.0 mol % of them was used (entries 3 and 4). These re-
sults were similar to those from PBCIS. When the amount of palla-
dium was decreased to 0.1 mol %, PdCl2 afforded a 73% yield of the
product (entry 5). The employment of 0.01 and 0.005 mol % of
Pd(OAc)2 produced naphthalene in 99% and 95% yields, respectively
(entries 6 and 7). However, the product yield was decreased to 32%
when the amount of Pd(OAc)2 was decreased to 0.001 mol % (entry
8). Based on these results, the optimized conditions of the hydrode-
halogenation of aryl iodides involve aryl iodides (1.0 equiv) and
paraformaldehyde (1.0 equiv) reacted with Pd(OAc)2 (0.01 mol %)
and Cs2CO3 (1.5 equiv) in DMSO at 80 �C for 12 h. In addition, when
the reaction was conducted in the presence of formaline instead of
paraformaldehyde, the desired hydrodehalogenated product was
formed. A variety of aryl iodides were reacted with paraformalde-
hyde under the optimized conditions to explore them further. The
results are summarized in Table 2.

Alkyl and alkoxy-substituted aryl iodides were converted into
the hydrodehalogenated arenes in good yields (entries 1–6). Halo-
substituted aryl iodides were transformed into the deiodinated
arenes in good yields (entries 7–9). The hydrodebromination did
not proceed in these reaction conditions (entry 9). Aryl iodides
bearing the amino or ester group produced the corresponding
product in good yields (entries 10 and 11). 4-Nitro iodobenzene
was converted to nitrobenzene without the reduction of the nitro
group (entry 12). Heteroaromatic iodides such as 2-iodothiophene
and 2-iodopyridine also produced the hydrodeiodinated arenes in
good yields (entries 13 and 14).

Next, we attempted to apply this reaction method to the aryl
bromides. However, the hydrodehalogenated product was formed
in low yield in the presence of Pd(OAc)2. To increase the yield of



Table 3
Pd-catalyzed hydrodebromination of aryl bromidesa
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Scheme 2. The reaction of 1-iodonaphthalene and D2CO.
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Scheme 3. Proposed mechanism.

Table 2
Pd-catalyzed hydrodeiodination of aryl iodidesa

Ar I
0.01 mol% Pd(OAc)2

Cs2CO3

DMSO, 80°C

Ar H
H

O

H
+

Entry Ar–I Product Yield (%)

1 I H 98

2
I

OMe

H

OMe

72

3
I

MeO

H

MeO

85

4 IMeO HMeO 95

5
I

Me

Me H

Me

Me
85

6 ItBu HtBu 84

7 IF HF 94

8 ICl HCl 95

9 IBr HBr 91

10
ICl

NH 2

HCl

NH2

42

11 IMeO2C HMeO2C 81

12 IO2N HO2N 80

13
S I S H 82

14
N I N H

83

a Reaction condition: aryl iodide (5.0 mmol), paraformaldehyde (5.0 mmol),
Cs2CO3 (7.0 mmol), and Pd(OAc)2 (0.0005 mmol) were reacted in DMSO at 80 �C for
12 h.
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the product, Pd(PPh3)4 was employed in place of Pd(OAc)2, with
expectations that PPh3 works as a good ligand. As expected, most
aryl bromides were transformed into the corresponding hydrode-
halogenated one, as shown in Table 3.

Bromobenzene was transformed into benzene in 98% yield (en-
try 1). Alkyl or alkoxy-substituted aryl bromides showed good
yields (entries 2–7). 1- and 2-Bromonaphthalene afforded naph-
thalene in 93% and 87% yields, respectively (entries 8 and 9). Aryl
bromides bearing alcohol and ester groups were also hydrodebro-
minated in good yields (entries 10 and 11).

To investigate the role of paraformaldehyde, the hydrodehalo-
genation of 1-iodonaphthalene was conducted with paraformalde-
hyde-d2. As shown in Scheme 2, deuterated naphthalene was
formed in 95% yield.

To explain the high activity of Pd(OAc)2 toward aryl iodides
without the additional ligand, the palladium residue was analyzed
by TEM. It showed that nanoparticles of palladium were formed in
the reaction mixture.22 It has been reported that paraformaldehyde
works as a reducing agent for the formation of palladium nanopar-
ticles.23 Based on these results, we suggest that paraformaldehyde
is the hydrogen source and the reducing agent for the formation of
nanoparticles.

We propose the reaction mechanism as shown in Scheme 3.
Pd(0) is the active catalytic species, which reacted with aryl
halides to form the oxidative adduct 1. Paraformaldehyde, which
is activated by a base, reacted with palladium complex 1 to form
complex 2. The b-hydride elimination produced the hydro aryl
palladium complex 3, and then the reductive elimination affor-
ded the hydrodehalogenated product. In addition, we could rule
out the mechanism of cycle II, which contains the reaction of
formic acid formed from the oxidation of paraformaldehyde,
from the fact that hydrodeiodinated product was formed in
45% yield when benzaldehyde was employed instead of
paraformaldehyde.

In summary, we have employed the PBCIS for the high-through-
put screening for developing the palladium-catalyzed hydrode-
halogenation of aryl halides using paraformaldehyde as a hydride
source. PBCIS was proven to be a fast and simple tool for hydro-
deiodination, and showed that Pd(OAc)2 and Cs2CO3 are the best
catalyst and base, respectively, for the hydrodeiodination. These
conditions showed good yields in a variety of aryl iodides. With
aryl bromides, Pd(PPh3)4 afforded the desired hydrodebrominated
products in good yields. It is noteworthy that paraformaldehyde is
stable, easy to handle and store, and an inexpensive hydride
source. To the best of our knowledge, this is the first example of
paraformaldehyde being employed as a hydride source in the
hydrodehalogenation.
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Experimental section

The reaction flask was charged with an appropriate amount of
aryl iodides (5.0 mmol), paraformaldehyde (150 mg, 5.0 mmol),
Cs2CO3 (351 mg, 7.0 mmol), and Pd(OAc)2 (0.0005 mmol from
stock solution). And then DMSO (15.0 mL) was added. The flask
was sealed and heated at 80 �C for 12 h. The reaction mixture
was cooled, and an aliquot was taken and dissolved in Et2O for
GC–MS analysis. The products were confirmed by GC–MS and the
data of authentic sample.
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