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ABSTRACT

Chloroform is available as not only an organic solvent but also photochemical molecular storage for synthetically important chemicals such as
Cl2, HCl, and COCl2. We have succeeded in synthesizing organochlorine compounds, hydrochloric salt of amines, ureas, organic carbonates, and
polycarbonate in practical high yields with photodecomposed chloroform.

Liquid chlorinated methanes, with high chemical stabi-
lity, volatility, and ability to dissolve a wide range of

organic compounds, are useful solvents formany chemical
processes in the research laboratory and in industrial
settings. On the other hand, their degradations via chemi-
cal or physical procedures have been also actively studied
in the fields of green chemistry and environmental science.1�7

For example, chloroform undergoes oxidative photo-
decomposition to give Cl2, HCl, and carbon oxides such
as CO, CO2, and COCl2 (phosgene) through a possible
reaction mechanism as represented in Scheme 1.6 These
compounds, except for CO2, are extremely toxic but are
also very important reagents in a variety of chemical
reactions. The phenomenon has never been seen in organic
synthesis before, and we found herein that chloroform
works as a photochemical molecular storage for those
chemicals in the reactions. To avoid experimental hazards,
chemists can temporarily convert highly toxic/caustic re-
agents into different compounds with no or low toxicity/
causticity, for easy handling in liquid or solid states, and
then utilize them in the target reactions via their chemical
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regenerations in situ. For example, COCl2, which is an
extremely toxic gas at rt but a very important C1 building
block for the industrial synthesis of a variety of com-
pounds, is frequently used in situ by generation through
the decomposition of triphosgene with a base.8 Here,
the triphosgene molecule works as chemical storage for
COCl2. Thus, the photochemical multigeneration of
synthetically useful Cl2, HCl, and COCl2 from chloroform
furnishes greater chemical benefits as well as scientific
advancements into a variety of organic syntheses and
material sciences especially in laboratory scale experi-
ments. Since chloroform is a commonly used solvent in
organic synthesis, it also has an advantage of being low
cost molecular storage for those chemicals.
Kawai reported in 1966 a pioneer example, where

1,3-diphenylurea was isolated on an analytical scale by
the addition of aniline into a photodecomposed chloro-
form solution, prepared upon exposure to light with a
fluorescent lamp under air, with the purpose of identifying
the phosgene generated in the solution.9 However, we
recently reported that liquid brominated methanes are
photoresponsive molecular storage for elemental Br2,
where they efficiently generate elemental Br2 upon oxida-
tive photodecomposition.10 By taking advantage of in situ
generation of Br2 from the organic solvent itself, many
organobromine compounds could actually be synthesized
easily as well as safely in practical high yields. With this
background, we found herein that chloroform upon ex-
posure to UV light under O2 generates multichemical
reagents such as Cl2, HCl, and COCl2, which are actually
available for a wide variety of syntheses such as organo-
chlorine compounds, hydrochloric salts, ureas, organic
carbonates, and polycarbonate in practical high yields
(Table 1).
The low-pressuremercury lamps,most ofwhichhave low

electric power consumption, mainly generate ultraviolet

light with wavelengths of 184.9 and 253.7 nm, which cover
electronic absorption bands of chlorinatedmethanes due to
σ�σ*and/orn�σ* transitions.11The lamp(20W,∼24mm�
120 mm) was inserted into the solution via a quartz
glass jacket (∼28 mm) fixed in the center of a cylindrical
flask (∼42 mm) (Figure 1A), where the photoirradiation
of pure chloroform (40 mL) at 20 �C under O2 actually
generated small gas bubbles due to its photodecomposition
(Supporting Information movie). With this photoreac-
tion system under a steady flow of O2 (50 mL/min) bub-
bled through the chloroform, a 12% decrease in weight,
including an ∼3% volatilization loss was evaluated
experimentally,12 after the photoreactions for 1 h. The
reactions may proceed as a possible mechanism of initial

Scheme 1. Possible Reaction Pathways for Oxidative Photodecomposition of Chloroform

Figure 1. Schematic illustration of an experimental setup for
photodecomposition of chloroform (A) and for reactions of
substrates with the photodecomposed chloroform (B) under
flowing O2. (a) Low-pressure mercury lamp (20 W, ∼24 �
120 mm); (b) quartz glass jacket (∼30 mm); (c) stirring bar; (d)
cylindrical flask (∼42 mm); (e) water bath; (f) cooling medium;
(g) two-neck round-bottom flask (n = 1 or 3).
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photolytic cleavage of a C�Cl bond, and subsequent
reactions of the resulting halomethane radicals with O2

finally generate carbon oxides with eliminations of Cl2 and
HCl via formation ofCOCl2 (Scheme 1).6,13 SinceCOCl2 is
soluble in organic solvents, 13C NMR spectroscopy of a
CDCl3 solution, which had been exposed to the gas
including photodecomposed products of chloroform for
1.0 h at 0 �C, actually showed only a strong singlet signal at
δ=143.22 ppm, originating from COCl2 (Figure S1). On
the other hand, the resulting photodecomposed CHCl3
solution after exposure to UV light contained not only the
above volatile products but also C�C coupled products.
Solid C2Cl6 could actually be isolated in 0.1% yield from
the remaining chloroform solution after exposure to light
for 1.0 h and subsequent washing of the solution with
water. C2Cl6may form through a radical coupling reaction
of trichloromethyl radicals, generated in the course of
photodecomposition reactions (Scheme 1). The observed
photodecomposition of chloroform also occurred under
flowing natural air, containingmoisture, or in the presence
of a little amount of ethanol, which has been used as a
stabilizer in commercially available chloroform.9

With the above experimental results for photodecompo-
sition of chloroform in mind, we then demonstrated some
possible organic reactions for the reactive photodecom-
posed products of Cl2, HCl, and COCl2 with appropriate
reaction substrates. These photodecomposed products,
especially COCl2, are extremely toxic, but following pro-
cedures developed in this study will allow their application
into a variety of reactions without hazardous handling,
expensive experimental settings, or otherwise harsh condi-
tions. As illustrated in Figure 1, the reactions can be
demonstrated in a pseudoclosed system,where the reaction
substrate dissolved in organic solvents is exposed to the
photodecomposed chloroform gas, prepared by photoir-
radiation under flowing O2. The unreacted photodecom-
posed products, after passing through the reaction system,
must be trapped and neutralized by water containing
NaHCO3 at the terminal of the reaction system. With this
system, when 8.3 mmol of anisole, dissolved in 15 mL of
chloroform, was exposed for 1 h to the photodecomposed
chloroform/O2 gas at rt, 4-chloroanisole was obtained in
90% isolated yield (Table 1, entry 1). Anthracene also
underwent chlorination to give 9,10-dichloroanthracene in
97% yield (entry 2). Here, Cl2 included in the photode-
composed products may allow the observed chlorination
reaction.14 On the other hand, amines dissolved in metha-
nol, whose solvent allows dissolution of polar species and
decomposition of COCl2,

15 provided their HCl salts

quantitatively upon exposure to the gas. For example, a
methanol solution of cyclohexylamine provided its HCl
salt in 99% yield after the reaction for 1 h (entry 3). How-
ever, interestingly, cyclohexylamine dissolved in chloro-
form upon exposure to the gas gave not only the HCl salt
but also 1,3-dicyclohexylurea in 19% isolated yield, which
most likely formed through the reaction of the amine with
COCl2 (entry 4-I).16 In order to trap HCl, which may
prevent substitution reactions of the amine to COCl2,
5 equiv amounts of triethylamine (TEA) were added into
the solution, and then, the yieldwas dramatically increased
to 99% yield (entry 4-II). Aniline also converted to the
corresponding ureas in the solution containing 5 equiv of
TEA in 76% yield (entry 5). These reactions described
above also occurred under flowing natural air instead of
O2 gas in analogous high yields, but no reactions were
observed without photoirradiation.

Table 1. Syntheses of Organochlorine Compounds, HCl Salt of
Amine, Ureas, andCarbonates with Photodecomposed Chloro-
forma

aReactions were carried out with 0.6�8.3 mmol of substrates in
15mLof organic solvent upon exposure to the photodecomposed chloro-
form gas for 0.5�1.0 h at rt. b Isolated yields are given.
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Next, we carried out the synthesis of organic carbonates
with the photodecomposed chloroform. The organic car-
bonates can be synthesized in general through the reactions
of phosgene and phenol derivatives with the assistance of
a base catalyst, which can deprotonate the phenolic OH
group.17 By reference to the above procedures for the
synthesis of urea derivatives, phenol, dissolved in chloro-
form containing 3.5 equiv of TEA, was exposed to the
photodecomposed chloroform/O2 gas. Then, the corre-
sponding diphenylcarbonate was obtained in 99% yield
after a reaction time of 1.0 h at rt (entry 6-II). As expected,
the reaction hardly proceeded in the absence of TEA,
which may work as both the base catalyst and the HCl
trapping reagent (entry 6-I). 4-tert-Butylphenol and 4-ni-
trolphenol, having an electron-donating and -withdrawing
group, respectively, also converted efficiently to the corre-
sponding diarylcarbonates in 99% yields (entries 7 and 8,
respectively). With this new synthetic methodology, effi-
cient formations of carbonates without notable side pro-
ducts are observed, and we can further demonstrate the
synthesis of polycarbonate through the reaction of 4,40-
isopropylidenediphenol (bisphenol A), having two hydro-
xy groups, and the photodecomposed chloroform.18When
15 mL of chloroform solution containing bisphenol A
(456 mg, 2.0 mmol) and 7 equiv of TEA were exposed
for 0.5 h to the photodecomposed chloroform/O2 gas, the
polycarbonate was obtained as a white powdery solid in
90% yield with an average molecular weight (Mw) of
43 000 having a polydispersity index of Mw/Mn = 2.8,
determined by HPLC (entry 9, Figure S2).
Finally, to increase the atom economy of the reaction

using the photodecomposed products of chloroform, we
have demonstrated a triple synthesis of 9,10-dichloroan-
thracene, polycarbonate, and the HCl salt of cyclohexyla-
mine with a sequential reaction system as schematically
illustrated in Figure 1 (n = 3). This multireaction system
exploits the advantage of heterogeneous gas�liquid reac-
tions, which allow photodecomposed chloroform gas to
pass through all reaction vessels with dominant consump-
tions of the necessary reagents in the order shown from the
photoreactor. Considering the reaction features described
above, the gas was first passed through a chloroform
solutionof anthracene, thena chloroformsolution containing
a 1:7 mixture of bisphenol A and TEA, and finally a
methanol solution of cyclohexylamine (Scheme 2).
After a reaction time of 1 h, we successfully obtained

9,10-dichloroanthracene, polycarbonate, and cyclohexyla-
mine HCl salt in 96%, 90%, and 99% yield, respectively.
Here, total elemental consumptions of carbon and chlorine
atoms of the photodecomposed chloroform to these
reactions could be evaluated approximately as 4% and
more than 7%, respectively. These values will increase
with future improvements of the reaction conditions and
systems.
In conclusion, we found in this study that chloroform is

not only an organic solvent but also photochemicalmolec-
ular storage for synthetically important chemicals such as
Cl2, HCl, and COCl2. High yield syntheses of organo-
chlorine compounds, the hydrochloric salt of amines,
ureas, organic carbonates, and polycarbonate were actu-
ally achieved through the reactions of substrates with the
photodecomposed chloroform. This new synthetic meth-
odology developed herein is widely applicable in all fields
of chemistry. Its extension to other halomethanes, com-
posed of hetero/homo combinations of H, F, Cl, Br, and I,
is a fascinating project, which is now in progress in our
laboratory.
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Scheme 2. Sequential Triple Reactions with Photodecomposed
Chloroform
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