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An efficient synthesis of polychlorinated diphenyl ethers (PCDEs) using the Cu(OAc),-catalyzed Chan-
Lam coupling reaction is described. A library of all possible mono- and dichlorinated diphenyl ether cong-
eners was prepared and characterized using MS, 'H, and '>C NMR spectroscopy, and Kovats retention
indices. Our approach, using the optimized reaction conditions (i.e., reaction temperature, oxidizing
atmosphere and base), significantly improves and simplifies the process compared to previously reported

© 2014 Elsevier Ltd. All rights reserved.

Polychlorinated diphenyl ethers (PCDEs) are persistent environ-
mental contaminants identified in various biota and abiota
matrices." With high lipophilicity and possible bioaccumulation
and biomagnification in the food chain, these compounds are con-
sidered to exhibit potentially harmful effects in humans and the
environment.” PCDEs are formed as a byproduct of the manufac-
ture of technical chlorophenols,® chlorinated phenoxyacetic acid,
or during incomplete combustion in municipal waste incinerators.”
Unlike other well-known persistent organic pollutants, such as
polychlorinated  dibenzo-p-dioxins (PCDDs), dibenzofurans
(PCDFs), and biphenyls (PCBs), the distribution, experimental tox-
icities, or human health effects of PCDEs are less well described.
For further investigations, the preparation and identification of
PCDE congeners are clearly necessary. More than half of the 209
possible PCDE congeners (Fig. 1) with different numbers and posi-
tions of the chlorine atoms have been synthesized and character-
ized.” However, to the best of our knowledge, a complete list of
all possible mono- and dichlorinated diphenyl ethers (DEs) has
not been published.

A large number of physiologically active compounds including
antibiotics, antitumor, and anti-HIV agents contain the diaryl ether
moiety.® The search for efficient and convergent methods for the
formation of such ethers has generated considerable interest.
One of the most common methods for the O-arylation of phenols
is the well-known copper-catalyzed Ullmann coupling reaction’
from aryl halides. However, applications of this reaction have been
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Figure 1. Polychlorinated diphenyl ethers (PCDEs).

problematic due to the harsh conditions. The coupling reaction of
diphenyliodinium salts with chlorinated phenols® is successful,
but requires inefficient preparation of diphenyliodinium salts in
the first step, and overall is a time-consuming procedure.

A large volume of research deals with copper-mediated cross-
coupling reactions of aryl boronic acids and phenols, which was
first reported by Chan’ and Lam'® in 1998. In the present article,
we report on the optimization and application of the Chan-Lam
coupling reaction to the synthesis of a complete library of mono-
and dichlorinated DEs (Scheme 1).

The formation of 2-chlorodiphenyl ether (6b) from phenylbo-
ronic acid (2) and 2-chlorophenol (1b) was selected as a model
reaction. To investigate the behavior of the reactants, we first
applied the usual Evans'' coupling conditions (Fig. 2). At room
temperature a reaction time of seven hours was required to give
2-chlorodiphenyl ether (6b) in 81% yield (GC). To improve this pro-
tocol we tried to increase the reaction temperature using conven-
tional or microwave heating. Both, microwave and conventional
heating led to low yields and immediate cessation of the reaction
in both cases (30% and 37%, respectively, after 7 h). On the con-
trary, cooling the reaction mixture in an ice bath increased the
yield, and after six hours, the reaction was complete yielding 93%
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Scheme 1. Synthesis of mono- and dichlorinated DE congeners.
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Figure 2. Plot of the yield of 6b against time for various reaction temperatures.

of the desired product. Attempts to further increase the yield by
cooling to —20 °C were unsuccessful. The results seem to indicate
that low temperatures are crucial for the stability of the reaction
intermediates, and for our model reaction, a temperature of 0 °C
and reaction time of six hours were the most appropriate to
achieve high yields.

Oxygen plays an important role in the proposed mechanism for
the Chan-Lam coupling reaction. After initial transmetalation of
the arylboronic acid and coordination of phenol, the aryl-Cu"-phe-
nol intermediate undergoes a plausible oxidation to give a Cu"
complex. Subsequent reductive elimination affords the product
and a Cu' species. Rapid oxidation of Cu' to a Cu" complex com-
pletes the catalytic cycle.'” Therefore, during the optimization pro-
cess, we focused our investigation on determining the influence of
the oxidizing atmosphere on our model reaction. We compared the
reaction under an inert (argon) atmosphere with oxidizing atmo-
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Figure 3. Plot of the yield of 6b against time using different reaction atmospheres.

spheres (air, oxygen and oxygen bubbling) (Fig. 3). In agreement
with the proposed mechanism, we observed an important positive
effect of the presence of oxygen over the use of an argon atmo-
sphere. However, there was no significant difference between the
reaction under an air atmosphere and that in an oxygen-rich
atmosphere.

Also, the choice of an appropriate base is critical since the reac-
tion yield is dependent on its nature. We have screened the effect
of various tertiary amine bases and their molar ratios with respect
to 1b in our model O-arylation reaction (Table 1). Surprisingly, our
first base of choice, triethylamine, was found to be the most active
(Table 1, entries 1 and 2), and other bases all exhibited lower activ-
ity, with product yields of up to 58%.

Using the above-mentioned optimized reaction parameters,'®
we have synthesized a complete library of mono- and dichlorinat-
ed DEs, that is, compounds 6a-p. In the majority of cases very good
reaction yields were achieved. The results are summarized in
Table 2. Reaction yields were lower with sterically demanding phe-
nolic substrates (Table 2, 6e and 6k), but we found no evidence of
any effects due to electronic factors.

Usually there were several typical side products (Scheme 2)
detected (GC/MS) in the crude reaction mixture. Even under seem-
ingly anhydrous conditions (activated powdered 4 A molecular
sieves, dried solvent), we detected traces of by-products associated
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Table 1
Effect of the base in the preparation of 6b*

Entry Base Equiv® Yield® (%)
1 \ 2 80
2 N 5 93
3 N 2 10
7 U 5 34

N
5 2 19
6 E,\}:O 5 23
\
7 N, 2 10
8 &W@ 5 44
9 N N 2+2 58
+

10 N @

11 2 48

12 \;N/\/ 5 56

13 N 2 —

14 L ll\l’ 5 3

15 N 2 6

16 [ ) 5 9

N

3 Reaction conditions: 1b (1.0 mmol), 2 (2 mmol), Cu(OAc), (1.0 mmol), 4 A MS
(1.0 g), CH,Cl, (5 ml), 0 °C, under air atmosphere.

 Molar ratio of base with respect to 1b.

¢ Yield determined by GC.
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Scheme 2. By-products in the PCDE congener synthesis.

with the presence of water.!' Phenylboronic acid undergoes O-ary-
lation with water and gives the corresponding phenol 7. Subse-
quent coupling of newly generated phenol 7 affords diaryl ether
8. This was supported, among others, by the observation of 1a
and 6a in the reaction of phenylboronic acid (2) with 2-chlorophe-
nol (1b). Also, biphenyl 9 was detected as the product of homocou-
pling of arylboronic acids. With 2-chlorophenylboronic acid, 2,2’-
dichlorobiphenyl was observed as the major product. Therefore,
we avoided the use of this sterically hindered phenylboronic acid,
when possible.

We have also performed control experiments using phenol and
chlorinated phenylboronic acids for the preparation of monochlo-
rinated DEs 6b-d. The yields were comparable for 3-chloroDE
(6c) and 4-chloroDE (6d), but as mentioned above, 2-chlorophenyl-
boronic acid (3) gave 2,2’-dichlorobiphenyl as the major product.

All the PCDE congeners were purified using silica gel flash chro-
matography and compounds 7, 8, and 9 were completely separated
from the desired product. The purified products were characterized
by MS, 'H, and '>C NMR spectroscopy (see Supplementary data),
and using Kovats'“ retention indices (Table 2). Both retention indi-
ces and mass spectra are crucial in routine environmental analysis.
Although it is difficult to distinguish between congeners with the
same number of chlorine atoms, mass spectral patterns give
important clues about the chlorine positions. We found the molec-
ular ion (M*) to be the major peak in all cases except for those with

Table 2
Synthesis of mono and dichlorinated DEs from chlorinated phenols and (chlorinated)
phenylboronic acids

No.® PCDE Chlorine Phenol Phenyl-boronic  Yield” (%) RI¢
position acid
— 6a — 1a 2 85 1436.9
1 6b 2 1b 2 89 1613.4
2 6¢c 3 1c 2 86 1620.8
3 6d 4 1d 2 90 1637.1
4 6e 2,2 1b 3 8! 1621.1
5 6f 23 1le 2 84 1820.1
6 6g 23 1b 4 81 1794.6
7 6h 2,4 1f 2 81 1782.3
8 6i 24 1b 5 70 1818.5
9 6 25 1g 2 74 17703
10 6k 2,6 1h 2 54 1743.0
11 61 3,3 1c 4 81 1806.5
12 6m 3,4 1i 2 79 1824.6
13 6n 34 1c 5 84 1828.0
14 60 3,5 1j 2 65 1764.8
15 6p 4.4’ 1d 5 80 1850.2

Suggested numbering analogous to PCBs.?

Yields are given for isolated products.

Retention indices.'*!”

2,2'-Dichlorobiphenyl was isolated as the major product.

ortho-chlorines 6b,e-k. This mass spectrometric ortho effect'® was
observed for monochlorinated diphenyl ethers, where the loss of
CI' from (M*) is the lowest-energy process. In agreement with this
the ions (M—Cl)* for 6b or (M—2Cl)" for 6e-k were observed as the
base peaks in the mass spectrum. Also for 2,4-(6h) and 2,4’-(6i)
substituted congeners, the ion M* was almost as intense as the
fragment (M—2Cl)".

In conclusion we have developed a copper-catalyzed protocol
for the synthesis of chlorinated diaryl ethers. This protocol was
successfully applied to the synthesis of mono- and dichlorinated
DEs.
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