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Abstract

Polychlorinated biphenyls (PCBs) are environmental pollutants implicated in a variety of adverse health effects, including cancer
and noncancer diseases in animals and humans. PCBs are metabolized to hydroxylated compounds, and some of these PCB
metabolites are more toxic than the parent PCBs. Unfortunately, most PCB metabolites needed for toxicological studies are not
available from commercial sources. Moreover, it is challenging to synthesize PCB metabolites because starting materials with
suitable substitution patterns are not readily available. Here, we report the novel synthesis of a variety of mono- and
dimethoxyarene derivatives from commercially available fluoroarenes via nucleophilic aromatic substitution with sodium
methoxide. This reaction provided good to excellent yields of the desired methoxylated products. Suzuki coupling of selected
mono- and dimethoxy haloarenes with chlorinated phenylboronic acids yielded methoxylated derivatives of PCB 11, 12, 25, 35,
and 36 in low to good yields. Crystal structures of 3,3"-dichloro-2,5-dimethoxy-1,1'-biphenyl and 3’,5-dichloro-2,3-dimethoxy-
1,1"-biphenyl confirmed the substitution pattern of both compounds. This synthesis strategy provides straightforward access to a
range of mono- and dimethoxylated PCB derivatives that were not readily accessible previously.

Keywords Environmental contaminants - Fluoroarenes - Methoxylated PCBs - PCB metabolites - Suzukicoupling - Nucleophilic
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Introduction through diet and inhalation of indoor and outdoor air, and their

adverse environmental and human health effects (ATSDR

Polychlorinated biphenyls (PCBs) remain a significant public
health concern because of their persistence in the environ-
ment, the continuing human exposure to these chemicals
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2000; EPA 2018; TARC 2016). Although their industrial pro-
duction was banned in the late 1970s, PCBs are still used in
closed applications, such as in transformers and light ballasts.
PCBs are also formed inadvertently by a variety of processes
and, as a consequence, are present in consumer products, such
as paints and others (Anezaki and Nakano 2014; Herkert et al.
2018; Hu and Hornbuckle 2010). In mammals, PCBs are me-
tabolized by cytochrome P450 enzymes to hydroxylated
PCBs (OH-PCBs) (Dhakal et al. 2018; Grimm et al. 2015;
Kania-Korwel and Lehmler 2016; Tehrani et al. 2014). As a
result, complex OH-PCB metabolite profiles are present in
environmental samples, wildlife, and humans. OH-PCBs can
be further oxidized to dihydroxylated metabolites or are con-
verted into glucuronidated or sulfated metabolites. Growing
evidence demonstrates that OH-PCB metabolites can be more
toxic than the parent PCBs. Therefore, well-authenticated and
highly pure OH-PCBs and their methoxylated derivatives
(MeO-PCBs) are needed as test compounds to study their
toxicity and as analytical standards for environmental and
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human biomonitoring studies (Li et al. 2018; Saktrakulkla
et al. 2019).

OH-PCBs are typically prepared by demethylation of the
corresponding MeO-PCB intermediates with BBr; or HBr
(Bauer et al. 1995; Lehmler and Robertson 2001b; Waller
et al. 1999). MeO-PCBs, in turn, can be synthesized using
the Suzuki, Cadogan, or Ullmann coupling reactions. The
Suzuki coupling is a powerful reaction for the synthesis of
MeO-PCB congeners with <3 ortho chlorine substituents
(Joshi et al. 2011a; Kania-Korwel et al. 2004; Lehmler and
Robertson 2001b; Song et al. 2008; Telu et al. 2010). Suitable
starting materials for the Suzuki coupling are (a) chlorinated
bromo- and iodobenzenes and methoxybenzene boronic acids
or (b) brominated methoxy benzenes and chlorobenzene bo-
ronic acids. The Cadogan coupling (Cadogan et al. 1966), a
modification of the Gomberg-Bachmann reaction, can alter-
natively be used to synthesize some MeO-PCB congeners
from a suitable chloroaniline and a large excess of a
(chlorinated) methoxybenzene derivative. The Ullmann reac-
tion is the third approach that can be employed for the synthe-
sis of MeO-PCBs by coupling chlorinated iodobenzenes with
methoxylated iodobenzenes (Telu et al. 2010; Waller et al.
1999). The Cadogan and Ullmann coupling reactions are not
regioselective, and the yields of the desired MeO-PCB conge-
ner can be very low. Thus, the Suzuki coupling reaction cur-
rently offers the most straightforward approach for the synthe-
sis of MeO-PCBs, the corresponding OH-PCBs, and other
PCB metabolites.

A major limitation of the Suzuki coupling reaction is the
availability of starting materials with substitution patterns suit-
able for the synthesis of specific MeO-PCBs. While many
chlorinated benzeneboronic acids are available for commer-
cial sources or can be synthesized from the corresponding
chlorinated bromo- or iodobenzenes, suitable methoxylated
precursors are frequently not available from commercial
sources or need to be prepared in a multistep synthesis. For
example, both 2,3,5-trichloro-4-iodo-methoxybenzene and
2,4,5-trichloro-3-iodo-methoxybenzene, precursors of hy-
droxylated PCB 136 metabolites, can be prepared in a four-
step synthesis from the corresponding trichloro-
methoxybenzenes (Waller et al. 1999). A recent advance in
the synthesis of MeO-PCBs is the regioselective iodination of
chlorinated methoxybenzenes with different silver salts, a re-
action that offers straightforward access to several relevant
methoxylated building blocks (Joshi et al. 2011b). In contrast,
the regioselective introduction of a hydroxy or methoxy group
into chlorinated bromo- or iodobenzenes has not been used for
the synthesis of OH- or MeO-PCB precursors. One exception
is the conversion of an aromatic amino group into an OH
group, a reaction that suffers from an exceedingly low yield
(Waller et al. 1999).

A large number of chlorinated fluorobenzene derivatives
are commercially available, and these fluorobenzene
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derivatives can be transformed into the corresponding
methoxy derivatives by nucleophilic displacement reactions
(SnAr). Although different methods can be used to convert
fluoroarene derivatives into the corresponding methoxy deriv-
atives (Amii and Uneyama 2009; Su et al. 2018), this reaction
has not been systematically explored for the synthesis of the
methoxylated precursors needed for the synthesis of specific
MeO-PCBs. Herein, we report the conversion of chlorinated
mono-fluoroarenes 1, 2, and 3 to the corresponding
methoxyarenes 4 to 6, and of difluoroarenes 7 to
dimethoxyarene 6 and 8. The Suzuki coupling of selected
methoxylated bromoarene derivative 5, 6, 8, or 9 with benzene
boronic acids 10 was used to synthesize a variety of mono-
and dimethoxylated PCB derivatives 11 that can be difficult to
synthesize by other approaches.

Experimental
Chemicals, reagents, and instruments

All chemicals and solvents were purchased from commercial
sources and used directly without further purification. Column
chromatography was carried out on silica gel (100-200 mesh;
Sorbent Technologies, Atlanta, GA, USA). NMR spectra were
recorded on a Bruker AV500 spectrometer in the University of
Iowa Central NMR Research Facility (Iowa City, IA, USA) in
CDCl;. Chemical shifts are reported in parts per million rela-
tive to CDCl; (‘H, 6 7.26 ppm; '*C, 6 77.16 ppm). Gas chro-
matographic analyses were performed on an Agilent 6850 gas
chromatograph (Agilent Technologies, CA, USA) equipped
with flame ionization detector (GC-FID) using an HP-5MS
column (30 m length, 250 um inner diameter, 0.25 um film
thickness). The following conditions were used for the gas
chromatographic analysis: starting temperature 50 °C,
20 °C/min to 250 °C, and hold for 5 min. The injector tem-
perature and detector temperatures were 300 and 250 °C, re-
spectively. Helium was used as the carrier gas with a flow rate
of 1.9 mL/min. Mass spectra of all compounds were recorded
on an Agilent 7890A gas chromatograph (GC) equipped with
an Agilent 5975C Inert Mass Selective Detector (Agilent
Technologies, CA, USA). A capillary Supelco SLB-5MS
GC column (30 m length, 250 um inner diameter, 0.25 pm
film thickness; Sigma-Aldrich, St. Louis, MO, USA) was used
with the following temperature program: starting at 80 °C,
10 °C/min to 150 °C, 5 °C/min to 300 °C, and hold for
5 min. The injector temperature was 280 °C, and the temper-
atures of the transfer line, source, and quadrupole were 280,
230, and 150 °C, respectively (Li et al. 2018). Accurate mass
determinations were performed by gas chromatography with
time-of-flight mass spectrometry in the High-Resolution Mass
Spectrometry Facility of the University of lowa (Iowa City,
IA, USA). Elemental analyses were carried out by Atlantic
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Microlab (Atlanta, GA, USA). The melting points were deter-
mined with a MEL-TEMP apparatus and are uncorrected.
Representative '"H NMR, '*C NMR, and mass spectra of all
reported compounds are included in the Supplemental infor-
mation (Figs. S1 to S83).

General procedure for the optimization
of the synthesis

of 1-bromo-3-chloro-5-methoxybenzene
and 2-chloro-4-iodo-1-methoxybenzene

Small-scale reactions (1 mmol starting material) were initially
carried out to optimize the reaction of 1-bromo-3-chloro-5-
fluorobenzene (2d) to 1-bromo-3-chloro-5-methoxybenzene
(5d) (Table 1) and 2-chloro-1-fluoro-4-iodobenzene (2f) to
2-chloro-4-iodo-1-methoxybenzene (5f) (Table 2). Briefly,
fluorobenzene 2d or 2f (0.125 mL, 1 mmol) was added to a
mixture of varying amounts of sodium methoxide in 5 mL of
dimethylformamide (DMF), methanol, tetrahydrofuran
(THF), 1,4-dioxane, or N-methyl-2-pyrrolidone (NMP). The
reaction mixture was stirred for 0.5 to 3 h at temperatures
ranging from room temperature to 100 °C. The reaction in
methanol was carried out in a sealed pressure vessel to avoid
the evaporation of the solvent. The reaction mixture was
quenched with cold water (5 mL) and extracted three times
with hexane (4, 4, and 2 mL). The internal standard
(diethylene glycol di-n-butyl ether, 20 pL, 17.7 mg) was
added to the combined organic phase, and the reaction mixture
was washed with saturated NaCl solution (5 mL). An aliquot
of the organic phase (200 puL) was diluted with hexane
(800 pL) before quantification of the starting material (2d or
2f), target product (5d or 5f), and possible side products (i.e.,
1c and 4c¢) by GC-FID (Shaikh et al. 2006). The relative re-
sponse factor (RRF,) of the respective analyte was calculated
from a calibration standard containing known amounts of the
internal standard and the respective analytes using the formula
RRF4 = Ajg - ma/(Aa - mys), where Ajg is the peak area of the
internal standard, A, is the peak area of analyte, m, is the
known mass of the analyte, and mg is the known mass of
the internal standard. The mass of the analytes in the reaction
mixture was determined using the formula: ma = RRF4 - A4 -
mys/Ars. All samples were analyzed in triplicate.

General experimental procedure for the synthesis
of methoxyarenes

A fluoroarene compound 1, 2, or 3 (1 mmol) was added to the
mixture of sodium methoxide (108 mg, 2 mmol, 2 equiv.
[equivalent]) and DMF (5 mL). The reaction mixture was
stirred at 110 °C for 3 h. The reaction mixture was quenched
with cold water (5 mL) and extracted three times with hexane
(4, 4, and 2 mL). The extract was washed with saturated NaCl
solution (5 mL), and the organic layer was dried over

anhydrous sodium sulfate. The solvent was removed under
vacuum, and the residue was purified by silica gel flash chro-
matography with hexane as eluent to give the desired
methoxyarenes 4, 5, or 6.

1-Bromo-2-methoxybenzene (4a) (Quibell et al. 2018;
Singh et al. 2017; Vajpayee et al. 2013): Yield 48% (88 mg),
colorless oil from 1-bromo-2-fluorobenzene (1a). Ry=0.64 in
hexane/EtOAc = 19:1. 'H NMR (500 MHz, CDCl;) § 7.54
(dd, J=7.9, 1.4 Hz, 1H), 7.28 (pseudo t, J=8.0 Hz, 1H),
6.91 (d, /J=8.2 Hz, 1H), 6.84 (pseudo t, J=7.6 Hz, 1H),
3.89 (s, 3H). *C NMR (126 MHz, CDCl;) § 155.99,
133.46, 128.62, 121.91, 112.13, 111.81, 56.25. MS m/z caled
for [C;H,BrO]": 186.0, found: 186.0.

1-Bromo-3-methoxybenzene (4b) (Blencowe et al.
2006; Gibson et al. 2005; Leas et al. 2017; Zilberman
2003): Yield 59% (111 mg), colorless oil from 1-bromo-
3-fluorobenzene (1b). Ry=0.65 in hexane/EtOAc =
19:1."H NMR (500 MHz, CDCls) § 7.15 (pseudo t, J=
8.0 Hz, 1H), 7.11-7.04 (m, 2H), 6.84 (dd, J=8.2, 1.7 Hz,
1H), 3.80 (s, 3H).">C NMR (126 MHz, CDCl;) § 160.4,
130.5, 123.8, 122.8, 117.2, 113.1, 55.4. MS m/z calcd for
[C;H,BrO]*: 186.0, found: 186.0.

2-Chloro-1-methoxybenzene (4¢) (Dhakshinamoorthy
et al. 2010; Holloway et al. 2010; Maras et al. 2008; Wu and
Hynes 2010): Reaction of 1¢ (25 mmol, 3.26 g) with sodium
methoxide (2 equiv., 50 mmol, 2.70 g) in the presence of DMF
(20 mL) for 3 h at 110 °C provided 4c¢ as a greenish yellow oil
in 80% (2.84 g) yield; 70% yield (2.49 g), colorless oil after
charcoal filtration. R¢=0.51 in hexane/EtOAc=19:1. 'H
NMR (500 MHz, CDCly) 6 7.37 (dd, J=7.8, 1.5 Hz, 1H),
7.22 (pseudo t, J=7.9 Hz, 1H), 6.94-6.87 (m, 2H), 3.88 (s,
3H). >C NMR (126 MHz, CDCly) § 155.0, 130.2, 127.8,
122.4, 121.3, 112.2, 56.0. MS m/z calcd for [C;H,CIO]™:
142.0, found: 142.0.

1-Bromo-2-chloro-3-methoxybenzene (5a) (Miyaji et al.
2017): Yield 90% (200 mg), colorless oil from 1-bromo-2-
chloro-3-fluorobenzene (2a). Ry=0.58 in hexane/EtOAc =
19:1. "H NMR (500 MHz, CDCl3) § 7.22 (dd, J=8.1,
1.2 Hz, 1H), 7.08 (pseudo t, J=8.2 Hz, 1H), 6.86 (dd, J=
8.3,0.9 Hz, 1H), 3.89 (s, 3H). ">*C NMR (126 MHz, CDCl;) &
156.5, 128.0, 125.6, 124.0, 123.5, 110.8, 56.6. MS m/z calcd
for [C;H¢BrCIO]*: 221.9, found: 222.0.

2-Bromo-1-chloro-4-methoxybenzene (5b) (Miyaji et al.
2017; Zhai et al. 2011): Yield 83% (184 mg), colorless oil
from 2-bromo-1-chloro-4-fluorobenzene (2b). R¢;=0.62 in
hexane/EtOAc = 19:1. 'H NMR (500 MHz, CDCl;) § 7.31
(d, J=8.9 Hz, 1H), 7.14 (d, J=2.9 Hz, 1H), 6.79 (dd, J=
8.9,2.9 Hz, 1H), 3.77 (s, 3H). *C NMR (126 MHz, CDCl;) &
158.7,130.55, 125.9, 122.7, 119.0, 114.8, 55.8. MS m/z calcd
for [C;HBrCIO]*: 221.9, found: 221.9.

1-Bromo-3-chloro-2-methoxybenzene (5¢) (Balko et al.
2007): Yield 75% (167 mg), colorless oil from 1-bromo-3-
chloro-2-fluorobenzene (2¢). Reaction of 2¢ (58.91 mmol,
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Table 1  Optimization of the reaction of 1-bromo-3-chloro-5-fluorobenzene (2d) to 1-bromo-3-chloro-5-methoxybenzene (5d)
Br Br
/@\ NaOCHj /@\
F cl H3CO cl
2d 5d
Entry  Solvent NaOMe Temperature Time Yield Conversion Mass
(equiv) (°O) (h) (%) (%) balance (%)
Solvent
1.1. DMF 2 80 96 97 98
1.2. Methanol 2 80 1 4 98
1.3. THF 2 80 61 62 99
1.4. Dil)’)i;ne 2 80 3 12 16 96
1.5. NMP 2 80 3 79 93 86
Equivalents of sodium methoxide
1.6. DMF 1 80 3 46 57 89
1.7. DMF 1.5 80 3 77 81 96
1.8. DMF 2 80 3 96 97 98
1.9. DMF 3 80 3 93 95 98
Temperature
1.10. DMF 2 RT (23) 3 89 93 96
1.11. DMF 2 50 3 95 96 99
1.12. DMF 2 80 3 97 97 99
1.13. DMF 2 110 3 99 100 99
Reaction time
1.14. DMF 2 110 0.5 93 97 96
1.15. DMF 2 110 1 96 99 97
1.16. DMF 2 110 2 98 99 99
1.17. DMF 2 110 3 99 100 99

Note: (1) Reactions were carried out with 1-bromo-3-chloro-5-fluorobenzene (2d, 0.125 mL, 1.0 mmol) as described under “Experimental’; (2) all yields
were determined by gas chromatography using diethylene glycol di-n-butyl ether (20 puL, 17.7 mg) as an internal standard (Shaikh et al. 2006); and (3)

data are the average of triplicate analyses

12.34 g) with sodium methoxide (2 equiv., 117.82 mmol,
6.36 g) in the presence of DMF (20 mL) for 3 h at 110 °C
provided 5¢ in 74% (9.67 g) yield. R;=0.71 in hexane/
EtOAc=19:1 'H NMR (500 MHz, CDCl;) § 7.45 (dd, J=
8.1,1.3Hz, 1H),7.33 (dd,/=8.0, 1.3 Hz, 1H), 6.92 (pseudo t,
J=8.1 Hz, 1H), 3.90 (s, 3H). '*C NMR (126 MHz, CDCl;) &
153.5,132.0, 129.8, 129.4, 125.8, 118.7, 60.7. MS m/z calcd
for [C;HBrCIO]*: 221.9, found: 222.0.
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1-Bromo-3-chloro-5-methoxybenzene (5d) (Murphy et al.
2007): Yield 80% (176 mg), colorless liquid from 1-bromo-3-
chloro-5-fluorobenzene (2d). Reaction of 2d (90.62 mmol,
18.98 g) with sodium methoxide (2 equiv., 181 mmol, 9.79
) in the presence of DMF (60 mL) for 3 h at 110 °C provided
5d in 71% (13.77 g) yield. Ry=0.67 in hexane/EtOAc=19:1.
"HNMR (500 MHz, CDCl3) 6 7.10 (pseudo t, J = 1.6 Hz, 1H),
6.95 (pseudo t, J=1.9 Hz, 1H), 6.83 (pseudo t, J=2.0 Hz,
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Table 2

Optimization of the reaction of 2-chloro-1-fluoro-4-iodobenzene (2f) to 2-chloro-4-iodo-1-methoxybenzene (5f)

F OCHs
/@E NaOCHs /@:
I cl | cl

2f

|
o

5f

|

cl
NaOCH; @[
OCHs

1c 4c
NaOMe Temp Time Yield (%) Conversion Mass
Entry Solvent
(equiv) cO) (h) 1lc  4¢ 5f (%) balance (%)
Solvent
2.1. DMF 2 80 3 2 1 83 89 97
2.2. Methanol 2 80 3 0 1 16 85
2.3. THF 2 80 3 2 74 75 101
2.4. .1’4_ 2 80 3 2 1 14 27 89
Dioxane
2.5. NMP 2 80 3 0 14 52 100 59
Equivalents of sodium methoxide
2.6. DMF 1 80 3 1 0 37 44 94
2.7. DMF 1.5 80 3 2 1 66 71 98
2.8. DMF 2 80 3 2 1 83 89 97
2.9. DMF 3 80 3 2 8 89 100 99
Temperature
2.10. DMF 2 RT 3 3 1 60 72 93
(23)
2.11. DMF 2 50 3 3 72 75 101
2.12. DMF 2 80 3 2 83 89 97
2.13. DMF 2 110 3 2 90 93 100
Reaction time

2.14. DMF 2 110 0.5 2 1 73 84 92
2.15. DMF 2 110 1 2 177 78 102
2.16. DMF 2 110 2 2 1 78 86 96
2.17. DMF 2 110 3 2 1 90 93 100

Note: (1) Reactions were carried out with 3-chloro-4-fluoro-1-iodobenzene (3, 0.125 mL, 0.78 mmol) as described under “Experimental”; (2) all yields
were determined by gas chromatography using diethylene glycol di-n-butyl ether (20 puL, 17.7 mg) as an internal standard (Shaikh et al. 2006); and (3)
data are the average of triplicate analyses

1H), 3.79 (s, 3H). '*C NMR (126 MHz, CDCl;) § 160.9,
135.7, 123.9, 123.0, 116.1, 113.8, 55.9. MS m/z caled for

[C;H¢BrCIO]*: 221.9, found: 221.9.

2,4-Dichloro-1-methoxybenzene (5e) (Bovonsombat et al.
2015; Tay and Nicewicz 2017; Thongsornkleeb et al. 2014;
Wang et al. 2018; Xin et al. 2017; Zhang and Hu 2017): Yield

82% (144 mg), colorless oil from 2,4-dichloro-1-fluorobenzene
(2e). Ry=0.66 in hexane/EtOAc = 19:1. "H NMR (500 MHz,
CDCl3) 6 7.38 (d,J=2.5Hz, 1H), 7.20 (dd, /= 8.8, 2.5 Hz, 1H),
6.86 (d, J=8.8 Hz, 1H), 3.90 (s, 3H). '*C NMR (126 MHz,
CDCl3) 6 154.0, 130.1, 127.7,125.8,123.4,112.9, 56.5. MS m/z
caled for [C;HgBrCIOT": 176.0, found: 176.0.
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2-Chloro-4-iodo-1-methoxybenzene (5f) (Chen et al. 2011;
Gavryushin et al. 2012; Podgorsek and Iskra 2010; Tilve and
Kanetkar 2005): Yield 73% (195 mg), white solid from 2-
chloro-1-fluoro-4-iodobenzene (2f). Ry=0.54 in hexane/
EtOAc=19:1; Mp. 81-82 °C (lit. mp. 89.1-93.7 °C
(Gavryushin et al. 2012)). '"H NMR (500 MHz, CDCl3) §
7.65 (d, J=2.0 Hz, 1H), 7.51 (dd, J=8.6, 2.0 Hz, 1H), 6.68
(d, J=8.7 Hz, 1H), 3.88 (s, 3H). '3*C NMR (126 MHz,
CDCls) 0 155.3, 138.4, 136.7, 124.0, 114.1, 82.0, 56.3. MS
m/z caled for [C;HCIIO]*: 267.9, found: 267.9.

1-Bromo-2-chloro-4-methoxybenzene (5g) (Pramanick
et al. 2017; Quibell et al. 2018; Tajik et al. 2007): Yield 41%
(91 mg), colorless oil from 1-bromo-2-chloro-4-
fluorobenzene (2g). Ry=0.67 in hexane/EtOAc=19:1. 'H
NMR (500 MHz, CDCl3) § 7.46 (d, J=8.9 Hz, 1H), 7.00
(d, J=2.9 Hz, 1H), 6.68 (dd, /=8.9, 2.9 Hz, 1H), 3.78 (s,
3H). '3C NMR (126 MHz, CDCl5) § 159.4, 134.9, 133.9,
115.8, 114.5, 112.9, 55.7. MS m/z calcd for [C;HBrCIO]":
221.9, found: 221.9.

2-Bromo-4-chloro-1-methoxybenzene (5h) (Mostafa et al.
2017; Pramanick et al. 2017; Quibell et al. 2018; Tang et al.
2018): Yield 85% (188 mg), colorless oil from 2-bromo-4-
chloro-1-fluorobenzene (2h). Reaction of 2h (63.84 mmol,
13.37 g) with sodium methoxide (2 equiv., 127.68 mmol,
6.90 g) in the presence of DMF (60 mL) for 3 h at 110 °C
provided 5hin 73% (10.29 g) crude yield (> 96.84% purity, as
determined by GC-MS). For characterization, a small amount
of compound was purified by passing through charcoal in a
cotton plug pasture pipette. Ry=0.56 in hexane/EtOAc =19:1.
'"H NMR (500 MHz, CDCls) § 7.49 (d, J=2.6 Hz, 1H), 7.19
(dd, J=8.8, 2.5 Hz, 1H), 6.76 (d, J=8.8 Hz, 1H), 3.83 (s,
3H). >C NMR (126 MHz, CDCly) § 154.8, 132.8, 128.3,
125.9, 112.6, 112.1, 56.4. MS m/z caled for [C;HBrCIO]":
221.9, found: 221.9.

4-Bromo-1-chloro-2-methoxybenzene (5i) (Zhai et al.
2011): Yield 87% (193 mg), colorless oil from 4-bromo-1-
chloro-2-fluorobenzene (2i). Ry=0.69 in hexane/EtOAc =
19:1. "H NMR (500 MHz, CDCl5) § 7.20 (d, J=8.3 Hz,
1H), 7.05-7.00 (m, 2H), 3.88 (s, 3H). '°C NMR (126 MHz,
CDCly) 6 155.7, 131.2, 124.3, 121.8, 120.8, 115.7, 56.4. MS
m/z caled for [C;H¢BrCIO]*: 221.9, found: 221.9.

4-Bromo-2-chloro-1-methoxybenzene (5j) (Pramanick
et al. 2017; Wang et al. 2018): Yield 84% (186 mg), white
solid from 4-bromo-2-chloro-1-fluorobenzene (2j). A second
reaction of 2j (19.196 mmol, 4.02 g) with sodium methoxide
(2 equiv., 38.39 mmol, 2.07 g) in the presence of DMF
(20 mL) for 3 h at 110 °C provided 5j in 78% (3.26 g) yield.
R¢=0.65 in hexane/EtOAc = 19:1; Mp. 61-62 °C (lit. mp. 68—
70 °C (Pramanick et al. 2017)). "H NMR (500 MHz, CDCl;) §
7.50 (d, J=2.4 Hz, 1H), 7.33 (dd, /=8.8, 2.4 Hz, 1H), 6.80
(d, J=8.8 Hz, 1H), 3.88 (s, 3H). '*C NMR (126 MHz,
CDCly) 6 154.5, 132.8, 130.7, 123.8, 113.5, 112.6, 56.5. MS
mi/z caled for [C7HgBrCIO]*™: 221.9, found: 222.0.
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4-Bromo-1,2-dimethoxybenzene (6a) (Liu et al. 2011;
Narender et al. 2013; Ren et al. 2015; Xiong et al. 2017):
Yield 86% (184.3 mg), colorless oil from 4-bromo-2-fluoro-
1-methoxybenzene (3a). Reaction of 3a (22.57 mmol, 4.63 g)
with sodium methoxide (2 equiv., 45.15 mmol, 2.44 g) in the
presence of DMF (15 mL) for 3 h at 110 °C provided 6a in
78% (3.73 g) yield. Rg=0.31 in hexane/EtOAc=19:1. '"H
NMR (500 MHz, CDCl3) § 7.03-6.98 (m, 1H), 6.95 (dd,
J=5.0, 2.2 Hz, 1H), 6.71 (dd, J=8.5, 6.0 Hz, 1H), 3.83 (s,
3H), 3.82 (s, 3H). 3C NMR (126 MHz, CDCl;) *C NMR
(126 MHz, CDCls) § 149.9, 148.4, 123.45, 114.9, 112.8,
112.6, 56.2, 56.1. MS m/z caled for [CgHoBrO,]*: 216.0,
found: 216.0.

4-Chloro-1,2-dimethoxybenzene (6b) (Beekman and
Barrow 2014; Beil et al. 2018; Wang et al. 2013): Yield 87%
(149.5 mg), colorless oil from 4-chloro-2-fluoro-1-
methoxybenzene (3b). Or, yield 88% (151 mg) from 4-
chloro-1-fluoro-2-methoxybenzene (3¢). Ry=0.36 in hexane/
EtOAc=19:1. '"H NMR (500 MHz, CDCl;) § 6.87 (dd, J=
8.5,2.4 Hz, 1H), 6.84 (d, /=2.3 Hz, 1H), 6.76 (d, /= 8.5 Hz,
1H), 3.85 (s, 3H), 3.84 (s, 3H). °C NMR (126 MHz, CDCl5)
6 149.7, 148.0, 125.7, 120.4, 112., 112.1, 56.2, 56.1. MS m/z
caled for [CgHoClO,] *, 172.0, found: 172.0.

General experimental procedure for the synthesis
of dimethoxyarene derivatives

A difluoroarene compound 7 (1 mmol, 1 equiv.) was added to
a mixture of sodium methoxide (4 mmol, 4 equiv.) and DMF
(8 mL). The reaction mixture was stirred at 110 °C for 3 h,
quenched with cold water (5 mL) and extracted with hexane
(3 x4 mL). The combined extracts were washed with a satu-
rated NaCl solution (5 mL) and dried over anhydrous sodium
sulfate. The solvent was removed under vacuum, and the res-
idue was purified by silica gel flash chromatography with
ethyl acetate:hexane (5:95, v/v) as eluent to give the desired
dimethoxy compounds 6a and 8.

4-Bromo-1,2-dimethoxybenzene (6a): Yield 87%
(151 mg), colorless oil from 4-chloro-1,2-difluorobenzene
(7a). See above for the analytical data of 6a.

5-Bromo-1-chloro-2,3-dimethoxybenzene (8b): Yield 74%
(162 mg), colorless oil from 5-bromo-1-chloro-2,3-
difluorobenzene (7b). Ry=0.52 in hexane/EtOAc=19:1. 'H
NMR (500 MHz, CDCly) § 7.11 (d, J=2.2 Hz, 1H), 6.92 (d,
J=2.2 Hz, 1H), 3.84 (s, 3H), 3.83 (s, 3H). '*C NMR
(126 MHz, CDCl3) ¢ 154.4, 145.0, 129.3, 124.5, 116.2,
114.7, 60.8, 56.4. MS m/z caled for [CsHgBrClO,]™: 251.9,
found: 252.0.

1-Bromo-5-chloro-2,3-dimethoxybenzene (8¢): Yield 89%
(224 mg) white solid from 1-bromo-5-chloro-2,3-
difluorobenzene (7¢); Mp. =28-29 °C. Ry=0.46 in hexane/
EtOAc=19:1. "H NMR (500 MHz, CDCl5) é 7.13 (d, J=
2.3 Hz, 1H), 6.84 (d, J=2.3 Hz, 1H), 3.85 (s, 3H), 3.83 (s,
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3H). >C NMR (126 MHz, CDCly) & 154.1, 145.6, 129.8,
124.3, 118.0, 112.6, 60.8, 56.4. MS m/z calcd for
[CgHgBrClO,]*: 251.9, found: 252.0.

General experimental procedure for the Suzuki
coupling reaction

A mixture of a bromoarene derivative 5, 8, or 9 (1.0 equiv.),
Pd(dppf)Cl, (0.005 equiv.) and aqueous Na,CO5; (2 N,
1.5 mL) was placed in a flame-dried flask (Kania-Korwel
et al. 2004). The mixture was dissolved in dioxane (6 mL)
under a nitrogen atmosphere. A solution of the phenylboronic
acid 10 (1.2 equiv.) in ethanol (1.5 mL) was added dropwise to
the reaction mixture. The mixture was heated under reflux for
16 h, allowed to cool to room temperature, and quenched with
water (3 mL). The mixture was extracted by ethyl acetate (3 x
5 mL), and the combined organic phases were washed with
brine (5 mL) and dried over anhydrous sodium sulfate. The
solvent was removed under vacuum, and the residue was pu-
rified by silica gel flash chromatography with ethyl
acetate:hexane (5:95, v/v) as eluent to give the corresponding
methoxylated biphenyl derivative 11.
3,3'-Dichloro-2-methoxy-1,1'-biphenyl (11a) (Li et al.
2018; Zhu etal. 2013): Yield 26% (351 mg), colorless oil from
I-bromo-3-chloro-2-methoxybenzene (S5¢) and 3-
chlorophenylboronic acid (10a). R;=0.67 in hexane/
EtOAc=19:1. "H NMR (500 MHz, CDCls) § 7.57 (m, 1H),
7.47-7.44 (m, 1H), 7.40 (dd, /=8.0, 1.6 Hz, 1H), 7.38-7.34
(m, 2H), 7.23 (dd, J=7.7, 1.6 Hz, 1H), 7.12 (pseudo t, J=
7.8 Hz, 1H), 3.54 (s, 3H). >*C NMR (126 MHz, CDCL;) §
153.6, 139.4, 135.7, 134.3, 130.2, 129.7, 129.4, 129.3, 128.8,
127.8,127.4, 125.05, 60.8. MS m/z calcd for [C5H;oCLO]":
252.0, found: 252.0.
3,3'-Dichloro-4-methoxy-1,1'-biphenyl (11b) (Li et al.
2018; Zhu et al. 2013): Yield 68% (197 mg), white solid from
I-bromo-3-chloro-4-methoxybenzene (5j) and 3-
chlorophenylboronic acid (10a). R¢=0.45 in hexane/
EtOAc=19:1; Mp. 43-44 °C (lit. mp. 4445 °C (Zhu et al.
2013)). "H NMR (500 MHz, CDCly) § 7.59 (d, J=2.3 Hz,
1H), 7.51 (pseudo t,J= 1.6 Hz, 1H), 7.42 (dd, J=8.6, 2.3 Hz,
1H), 7.40 (dm, J=7.7 Hz, 1H), 7.35 (pseudo t, J=7.7 Hz,
1H), 7.30 (dm, J=7.9 Hz, 1H), 7.00 (d, /= 8.5 Hz, 1H), 3.95
(s, 3H). '*C NMR (126 MHz, CDCls) é 155.0, 141.5, 134.9,
133.3,130.2, 129.0, 127.4, 127.0, 126.4, 125.0, 123.2, 112.5,
56.4. MS m/z caled for [C3H;oCL,O]": 252.0, found: 252.0.
3,3'-Dichloro-5-methoxy-1,1'-biphenyl (11¢) (Li et al.
2018): Yield 57% (236 mg), colorless oil from 4-bromo-2-
chloro-1-methoxybenzene (5d) and 3-chlorophenylboronic
(10a). R;=0.61 in hexane/EtOAc=19:1. '"H NMR
(500 MHz, CDCl3) § 7.53 (m, 1H), 6 7.42 (d, pseudo t, J=
6.9, 1.9 Hz, 1H), 7.38-7.32 (m, 2H), 7.13 (pseudo t, J=
1.6 Hz, 1H), 6.96 (pseudo t, J=1.9 Hz, 1H), 6.91 (pseudo t,
J=1.9 Hz, 1H), 3.85 (s, 3H). '*C NMR (126 MHz, CDCl;) 6

160.8, 142.5,141.8, 135.5,134.9, 130.2, 128.1, 127.4, 125 4,
119.9, 113.6, 111.8, 55.6. MS m/z calcd for [C5H,;,CLOT":
252.0, found: 252.0.
3,3'-Dichloro-6-methoxy-1,1'-biphenyl (11d) (Li et al.
2018; Zhu etal. 2013): Yield 38% (690 mg), colorless oil from
2-bromo-4-chloro-1-methoxybenzene (Sh) and 3-
chlorophenylboroic acid (10a). R¢=0.55 in hexane/EtOAc =
19:1. "H NMR (500 MHz, CDCls) § 7.53 (m, 1H), 7.42-7.27
(m, 5H), 6.91 (dm, J=9.0 Hz, 1H), 3.81 (s, 3H). >*C NMR
(126 MHz, CDCl5) 6 155.1, 139.1, 134.0, 130.8, 130.5, 129.6,
129.4, 128.8, 127.7, 127.6, 125.9, 112.7, 56.0. MS m/z calcd
for [C3H;(CLO]": 252.0, found: 252.0.
3,3'-Dichloro-2,5-dimethoxy-1,1"-biphenyl (11e): Yield
23% (73 mg), white solid from 3-bromo-1-chloro-2,5-
dimethoxybenzene (9b; Sigma-Aldrich) and 3-
chlorophenylboronic acid (10a). R¢=0.59 in hexane/
EtOAc=19:1; Mp. 80-80 °C. '"H NMR (500 MHz, CDCl5)
6 7.55-7.56 (m, 1H), 7.48-7.43 (m, 1H), 7.34-7.38 (m, 2H),
6.95(d,J=3.1Hz, 1H), 6.76 (d,J=3.1 Hz, 1H), 3.80 (s, 3H),
3.47 (s, 3H). °C NMR (126 MHz, CDCl3) § 156.0, 147.4,
139.5,135.9,134.3,129.7, 129.2, 129.2, 127.9, 127.4, 115.2,
115.0, 61.0, 56.0. HRMS (ESI) m/z: [M-H]" calcd for
[C14H,CLO,]": 282.0214, found: 282.0212.
3’,5-Dichloro-2,3-dimethoxy-1,1'"-biphenyl (11f): Yield
15% (107 mg), white solid from 1-bromo-5-chloro-2,3-
dimethoxybenzene (8¢) and 3-chlorophenylboronic acid
(10a). R¢=0.48 in hexane/EtOAc =19:1; Mp. 49-50 °C. '"H
NMR (500 MHz, CDCl3) 6 7.51 (m, 1H), 7.43-7.38 (m, 1H),
7.36-7.32 (m, 2H), 6.91-6.92 (m, 2H), 3.90 (s, 3H), 3.58 (s,
3H). >C NMR (126 MHz, CDCl3) § 153.9, 145.4, 139.0,
135.5, 134.2, 129.6, 129.3, 129.2, 127.8, 127.5, 122.1,
112.7, 61.0, 56.3. Elemental analysis calcd for C;4H;,C1,O;:
C, 59.39; H, 4.27; found: C, 59.66; H, 4.22. HRMS (ESI) m/z:
[M-H]* caled for [C;4H;,Cl1,0,]": 282.0214, found:
282.0221.
3,4-Dichloro-3',4'-dimethoxy-1,1"-biphenyl (11g) (Bauer
et al. 1995): Crude yield 45% (482 mg), white solid from 4-
bromo-1,2-dimethoxybenzene (6a) and 3,4-
dichlorophenylboronic acid (10b). R¢=0.28 in hexane/
EtOAc=19:1; Mp. 88-89 °C (lit. mp. 93-94 °C (Bauer
et al. 1995)). "H NMR (500 MHz, CDCl3) § 7.61 (d, J=
2.1 Hz, 1H), 7.46 (d, J=8.3 Hz, 1H), 7.36 (dd, J=38.3,
2.1 Hz, 1H), 7.08 (dd, J=38.3, 2.1 Hz, 1H), 7.02 (d, J=
2.0 Hz, 1H), 6.93 (d, J=8.3 Hz, 1H), 3.95 (s, 3H), 3.92 (s,
3H). >C NMR (126 MHz, CDCly) & 149.5, 149.4, 141.2,
132.8, 131.8, 130.9, 130.7, 128.7, 126.1, 119.5, 111.7,
110.2, 56.14, 56.11. Elemental analysis calcd for
C4H»C1,0,: C, 59.39; H, 4.27; found: C, 59.20; H, 4.20.
MS m/z caled for [Cy4H;,CL,O,]*: 282.0, found: 282.0.
2,3',4-Trichloro-5'-methoxy-1,1'-biphenyl (11h): Yield
40% (87 mg) white solid from 1-bromo-3-chloro-5-
methoxybenzene (5d) and 2,4-dichlorophenylboronic acid
(10¢). Rr=0.67 in hexane/EtOAc =19:1; Mp. 55-56 °C. '"H
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NMR (500 MHz, CDCl3) § 7.49 (d, J=2.0 Hz, 1H), 7.30 (dd,
J=8.3,2.0 Hz, 1H), 7.25 (d, J=8.3 Hz, 1H), 6.98 (m, 1H),
6.93 (pseudo t, J=2.0 Hz, 1H), 6.83 (pseudo t, J=1.7 Hz,
1H), 3.84 (s, 3H). '*C NMR (126 MHz, CDCls) § 160.1,
140.7, 137.9, 134.8, 134.4, 133.3, 132.0, 130.0, 127.4,
122.0, 114.1, 113.9, 55.8. MS m/z calcd for [C,3HoCl;0]":
286.0, found: 286.0.

3,3",4-Trichloro-4'-methoxy-1,1’-biphenyl (11i) (Lehmler
and Robertson 2001a): Yield 86% (374 mg), white solid from
4-bromo-2-chloro-1-methoxybenzene (5j) and 3,4-
dichlorophenylboronic acid (10b). Ry=0.45 in hexane/
EtOAc=19:1; Mp. 120-121 °C (lit. mp. 110-111 °C
(Lehmler and Robertson 2001a)). '"H NMR (500 MHz,
CDCly) 6 7.61 (d, J=2.1 Hz, 1H), 7.56 (d, J=2.3 Hz, 1H),
7.48 (d, J=8.3 Hz, 1H), 7.40 (dd, J=8.5, 2.3 Hz, 1H), 7.35
(dd, /=8.3, 2.1 Hz, 1H), 7.00 (d, J=8.5 Hz, 1H), 3.95 (s, 3H).
13C NMR (126 MHz, CDCly) 6 155.2, 139.7, 133.1, 132.3,
131.5, 130.9, 128.8, 128.6, 126.3, 126.0, 123.3, 112.5, 56.4.
MS m/z caled for [C13HoCl30]": 286.0, found: 286.0.

3,3',5-Trichloro-4-methoxy-1,1’-biphenyl (11j) (Lehmler
and Robertson 2001a): Yield 68% (368 mg), white crystalline
solid from 5-bromo-1,3-dichloro-2-methoxybenzene (9a;
Sigma-Aldrich) and 3-chlorophenylboronic acid (10a). R¢=
0.72 in hexane/EtOAc =19:1; Mp. 82-83 °C (lit. mp. 73—
75 °C (Lehmler and Robertson 2001a)). "H NMR (500 MHz,
CDCly) § 7.50-7.48 (m, 1H), 7.48 (s, 2H), 7.41-7.30 (m, 3H),
3.95 (s, 3H). *C NMR (126 MHz, CDCl5) § 152.2, 140.2,
137.4, 135.1, 130.4, 130.0, 128.3, 127.6, 127.2, 125.2, 61.0.
MS m/z caled for [C3HoC150]": 286.0, found: 286.0.

Crystal structure analysis

Crystals of 3,3’-dichloro-2,5-dimethoxy-1,1'-biphenyl (11e)
and 3',5-dichloro-2,3-dimethoxy-1,1'-biphenyl (11f) suitable
for crystal structure analysis were obtained by slow evapora-
tion of a solution of the compound in hexane:methanol (3:1,
v/v). X-ray diffraction data were collected at 90 K on a Bruker
D8 Venture dual source in the X-ray Crystallography Facility
in the Department of Chemistry at the University of Kentucky
(Lexington, KY, USA) as described previously (Li et al.
2014). All crystallographic data have been deposited with
the Cambridge Crystallographic Data Centre, CCDC deposi-
tion numbers 1961507 and 1961508.

Result and discussion

Optimization of the synthesis of 1-bromo-3-chloro-5-
methoxybenzene (5d).

Initially, the reaction conditions for the conversion of 1-
bromo-3-chloro-5-fluorobenzene (2d) to 1-bromo-3-chloro-
5-methoxybenzene (5d) were optimized (Table 1). The total
conversion of the starting material 2d and the mass balance
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were >98 and > 97%, respectively, for all reaction conditions
investigated, suggesting that no major side products were
formed. Moreover, no additional products were observed in
the gas chromatographic analyses of the crude reaction mix-
ture. The reaction of 2d with two equivalents of sodium
methoxide in anhydrous N,N-dimethylformamide (DMF) for
3 hat 80 °C gave the desired product 5d in 96% yield (Table 1,
entry 1.1). Under the same conditions, lower yields of 5d
ranging from 1 to 79% were observed when the reaction
was performed in methanol, THF, 1,4-dioxane, or N-methyl-
2-pyrrolidone as solvent (Table 1, entries 1.2—1.5). These find-
ings suggest that, out of the solvents investigated, DMF is the
best solvent for the reaction of 2d to 5d in the presence of
excess sodium methoxide.

To determine the optimal amount of sodium methoxide for
the synthesis of 5d, a series of reactions were carried out with 1
to 3 equivalents of sodium methoxide in DMF for 3 h at 80 °C
(Table 1, entries 1.6—-1.9). Yields of 5d slightly increased from
89 to 98% when the amount of sodium methoxide was in-
creased from 1 to 2 equivalents. Similarly, yields of 5d in-
creased from 89 to 99% when the reaction temperature was
increased from 23 °C (ambient temperature) to 110 °C using
2 equiv. of sodium methoxide in DMF for 3 h (Table 1, entries
1.10-1.13). Reactions carried out with 2 equivalents of sodium
methoxide in DMF at 110 °C for 0.5 to 3 h (Table 1, entries
1.14-1.17) gave 5d in yields of 93 to 99%, with reaction times
of 3 h giving the best yield (99%; Table 1, entry 1.17). Overall,
these experiments suggest that 2d is converted near quantita-
tively to 5d in the presence of 2 equivalents of sodium
methoxide in DMF at 110 °C for 3 h.

Optimization of the synthesis
of 2-chloro-4-iodo-1-methoxybenzene (5f)

We were also interested in optimizing the reaction of
iodoarene derivatives with sodium methoxide to provide the
corresponding methoxyiodoarene derivatives. Therefore, we
first treated 2-chloro-1-fluoro-4-iodobenzene (2f) with 2
equivalents of sodium methoxide in DMF for 3 h at 80 °C
(Table 2, entry 2.1). This reaction provided 2-chloro-4-iodo-1-
methoxybenzene (5f) in 83% yield. We also observed side
products resulting from the loss of iodine, such as 2-chloro-
1-fluorobenzene (1¢) in 2% yield and 2-chloro-1-
methoxybenzene (4¢) in 1% yield. The overall conversion
and the yields of 5f were much lower when the reaction was
performed in methanol, THF, or 1,4-dioxane (Table 2, entries
2.2-2.4). Complete conversion of 2f was observed in NMP;
however, the yield of 5f was only 52% (Table 2, entry 2.5).
The poor mass balance (59%) of this reaction suggests that
other, nonidentified products were formed in reactions with
NMP as the solvent.

Additional experiments in DMF were performed to opti-
mize the reaction of 2f to 5f, while at the same time
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Scheme 1 Synthesis of mono- F OCHj

methoxy compounds 4a—c and R R CH3ONa (2 equiv) RS R

5a—j from mono-fluoroarenes.

See Tables 3 and 4 for additional R R2 DMF, 3h, 110 °C R4 R2

information R3 R3
1a-c, 2a-j 4a-c, 5a-j

Disubstituted Compounds:
1a,4a: R'=Br,R2, R3 R* R®=H
1b, 4b: R2=Br,R", R} R* R®=H
1c,4c:R'=CI,R?, R% R4 R5=H
Trisubstituted Compounds:

Trisubstituted Compounds (cont.):
2d,5d; R2=Cl,R*=Br,R!" R? R®=H
2e,5e;R'=CI,R®=CI,R2, R* R°=H
2f, 5f; R'=CI,R®=|,R2,R* R5=H
29, 59; R®=Br, R2=CI,R", R2, R®=H

2a,5a; R'=Cl, R?=Br, R, R* RS=H 2h,5h;R'"=Br,R®=CI,R? R* R®=H
2b, 5b; R®=Cl, R2=Br, R", R* RS=H 2i, 5i; R'=CI, R*=Br,R? R} R®=H
2¢,5¢;R'=Br,R®=CI,R? R} R*=H 2j,5j;R"=CI,R®=Br, R?, R* R®=H

minimizing the formation of undesired by-products (i.e., 1c
and 4c¢). Increasing the amount of sodium methoxide from 1 to
3 equivalents increased the overall conversion from 44 to
100% and the yields of 5f from 37 to 89% (Table 2, entries
2.6-2.9). The formation of by-products, in particular, 2-
chloro-1-methoxybenzene (4¢), was relatively high in reac-
tions with 3 equivalents of sodium methoxide, suggesting that
2 equivalents of sodium methoxide are optimal for this reac-
tion. In the presence of 2 equivalents of sodium methoxide, an
increase in the reaction temperature from 23 °C (ambient tem-
perature) to 110 °C increased the conversion of 2f from 72 to
93% (Table 2, entries 2.10-2.13). The yield of the desired
product 5f also increased with increasing temperature, where-
as the formation of deiodination products 1¢ and 4¢ was not
affected by the reaction temperature. Finally, the reaction of 2f
at 110 °C in the presence of 2 equivalents of sodium
methoxide gave both overall conversions and yields of 5f that

improved from 0.5 to 3 h without increasing the formation of
undesired side products (Table 2, entries 2.14-2.17). Overall,
the optimal reaction conditions for the synthesis of 5f from the
corresponding fluoroiodoarene 2f are essentially identical to
those described for the synthesis of 1-bromo-3-chloro-5-
methoxybenzene (5d) described above.

General synthesis of monomethoxyarene derivatives

To expand the scope of the synthesis of bromo- or chloro-
substituted methoxyarenes (i.e., 5d and 5f) from the corre-
sponding fluoroarenes, a series of monomethoxyarene deriv-
atives was prepared from di- and trisubstituted fluoroarenes
using the optimized reaction conditions described above
(Scheme 1). Two bromofluorobenzenes, 1a and 1b, reacted
with 2 equivalents of sodium methoxide in DMF for 3 h at
110 °C to provide the corresponding bromomethoxybenzenes

Table 3  Reaction of disubstituted fluoroarenes 1a—c¢ with 2 equiv. of sodium methoxide yields the corresponding methoxyarenes 4a—c
Entry Fluoro Compound Methoxy Compounds Yield”
3.1. Br Br 48%

la 4a
F Br H3;CO Br
59%
1b 4b
©1F OCH,
3.3. . C :m 80%"
1c 4c

See “Experimental” section for additional details
#Reaction was carried out at a 1-mmol scale

® Reaction was carried out only in a 25-mmol scale to provide product 4¢
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Table 4 Reaction of trisubstituted fluoroarenes 2a-j with 2 equiv. of sodium methoxide yields the corresponding methoxyarenes Sa-j

Entry Fluoro Compound Methoxy Compound Yield
Br Br
Cl C[CI
4.1. a
F OCH,4 90%
2a Sa
Cl /@[Cl
4.2. F/©[Br H3;CO Br 83%, a
2b 5b
Br Br
F OCH,4
43. 75%*°
cl cl
2c 5c
Br Br
2 o
F cl H,CO cl
2d Sd
/@[F /©:OCH3
4.5. cl cl cl cl 82%"
2e Se
i@ oo
4.6. [ cl | cl 73%"
2f 5f
Br /@iBr
4.7. F/©[CI H,CO cl 41%°
2g 5g
Cl Br C|\©i3r
a,d
4.8. \@F OCH,8 85%
2h Sh
Cl /©:C|
4.9. Br/©[F Br OCHs 87%"“
2i 5i
jod oo
4.10. Br Cl Br Cl 84%&6
2j 5j

See “Experimental” section for additional details

# Reactions were carried out at a 1-mmol scale

® Reaction was also carried out at a 58.9-mmol scale to provide product 5¢ in 74% yield

¢ Reaction was carried out at a 90.6-mmol scale to provide product 5d in 71%

9 Reaction was also carried out at a 63.8-mmol scale to provide product 5 h in 73% crude yield

“Reaction was also carried out at a 19.2-mmol scale to provide product 5j in 78%
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Table 5 Synthesis of dimethoxyarene derivatives from mono- and difluoroarenes
Entry Fluoro Compound Dimethoxy Compound Yield
OCHg OCH;
Cx 5
5.1. Br F Br OCH,
3a 6a
5.2. cl F cl OCH, 87%"¢
3b 6b
: F OCHj
5.3. cl OCHs ollg : :OCH3 88%"¢
3¢ 6b
o4 o
5.4. cl F cl OCH, 87%¢
7a 6b
F OCHj
F OCHj
5.5. 74%¢
Br (o Br cl
7b 8b
Br Br
F OCHj
5.6. 89%*“
cl F Cl OCHjy
Tc 8c

See “Experimental” section for additional details

#Reactions were carried out at a 1-mmol scale

® Reaction was also carried out at a 22.6-mmol scale to provide product 6a in 78% yield
¢ Reaction was carried out with 2 equiv. of the base

9 Reaction was carried out with 4 equiv. of the base

4a and 4b in moderate yields (Table 3, entries 3.1 and 3.2).
The conversion of 2-chloro-1-fluorobenzene (1¢) gave the de-
sired monomethoxyarene 4¢ in good yield (80%; Table 3,
entry 3.3).

Trisubstituted fluoroarene derivatives 2a—j also underwent
nucleophilic aromatic substitution with sodium methoxide to
give a variety of methoxyhaloarene derivatives in good yields

/©:F CH30ONa, (2-3 equiv)
Cl F DMF, 3 hr, 110 °C

7a 3b

ranging from 73 to 90% (Table 4, entries 4.1-4.10). As shown
for several examples in Table 4, the yields were similar when
the reactions were scaled up and performed in the gram scale.
The synthesis of 1-bromo-2-chloro-4-methoxybenzene (5g)
from 1-bromo-2-chloro-4-fluorobenzene (2g) was one excep-
tion, with reproducibly poor yields (Table 4, entry 4.7).
Overall, the nucleophilic substitution reaction provides easy

OCH,4 F OCH,
- . X
F cl OCH,; ¢l OCH,

3c 6b

Scheme 2 Reaction of difluoroarene 7a with 2 and 3 equivalents of sodium methoxide yields mixtures of mono- and dimethoxylated compounds. The
reaction products were identified by comparison of their retention times in the GC-FID analysis with authentic standards
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Scheme 3 Synthesis of
dimethoxy compounds 6a—b and
8b—c from methoxylated mono-
fluoroarenes 3a—c or
difluoroarenes 7a—c. See Table 3
for additional information

OCHj,4
CH3ONa, (2 or4 equiv) RS R'

RS R4
R4 R2 DMF, 3 hr, 110 °C R4 R?

R3 R3
3a-c, 7a-c

6a-b, 8b-c

3a, 6a; R' = OCHg; R*= Br; R%,R%R*=H

3b, 6b; R' = OCHg; R*= Cl; RZR®R° = H

3¢, 6b; R' = OCHj; R®= CI; RZ,R*R®=H

7a;R" = F; R® = Cl; RZR*R®=H/6b; R" = OCHg; R® = CI; R®,R*R® = H

7b; R' =F; R?=Cl; R*=Br; R%R® = H/8b; R' = OCH;; R?=CI; R*=Br; R¥R° = H
7¢; R' = F; R? = Br; R*=Cl; R3R®=H/8¢; R' = OCH3; R?=Br; R*= C; R¥R° = H

access to structurally diverse bromochloro-substituted
methoxyarenes that could be important precursors to synthe-
size a wide variety of methoxylated polychlorinated biphenyls
via the Suzuki coupling.

Both small- and large-scale reactions provided the desired
mono-methoxyarenes in good to excellent yields. Although
some metal-catalyzed reactions (Amii and Uneyama 2009;
Keegstra et al. 1992) undergo a selective replacement of a
bromine group by a methoxide group, we did not detect any
replacement of bromine and chlorine substituents by a
methoxide group, or other by-products, based on GC-MS
analysis.

General synthesis of dimethoxyarene derivatives

In addition to monomethoxyarenes, diverse bromo(chloro)-
substituted dimethoxyarene derivatives are valuable starting
materials for the synthesis of dimethoxylated PCB derivatives.
These compounds are useful as analytical standards
(Haraguchi et al. 2004; Kania-Korwel et al. 2017; Lu et al.
2013; McLean et al. 1996) or can be demethylated to yield
dihydroxylated PCB derivatives needed for in vitro and

Scheme 4 Synthesis of a variety

of methoxylated derivatives of R2 Br
PCB 11, PCB 12, PCB 25, PCB .
35, and PCB 36 (11a—j) from Rﬁﬁ
selected methoxylated starting R4

materials via the Suzuki coupling
reaction. See Tables 6 and 7 for
additional details

5c,h,j, 8b-c, 9a-b
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in vivo toxicological studies (Espandiari et al. 2004;
Srinivasan et al. 2001). Therefore, we investigated if
bromo(chloro)-substituted dimethoxyarene derivatives can
be prepared from fluoro-substituted methoxybenzenes or
difluoro-substituted bromo(chloro)benzenes (Scheme 3). The
reaction of 4-bromo-2-fluoro-1-methoxybenzene (3a) with
sodium methoxide afforded 4-bromo-1,2-dimethoxybenzene
(6a) in 86% yield (Table 5, entry 5.1). When the reaction was
scaled up to 4.63 g starting material, 6a was obtained in 78%
yield. Reaction of 4-chloro-2-fluoro-1-methoxybenzene (3b)
or 4-chloro-1-fluoro-2-methoxybenzene (3¢) with 2 equiva-
lents of sodium methoxide also yielded 4-chloro-1,2-
dimethoxybenzene (6b) in good yields (87 and 88%, respec-
tively; Table 5, entries 5.2 and 5.3).

Reaction of 2 or 3 equivalents of sodium methoxide with 4-
chloro-1,2-difluorobenzene (7a) as a model compound resulted
in a mixture of 4-chloro-2-fluoro-1-methoxybenzene (3b), 4-
chloro-1-fluoro-2-methoxybenzene (3¢), and 4-chloro-1,2-
dimethoxybenzene (6b) (Scheme 2). However, 4 equivalents
of the base provided the desired product (6b) in 88% yield
(Table 5, entry 5.4). Analogously, difluorobenzenes 7b and 7¢
afforded the desired bromo(chloro)-substituted dimethoxyarene

7
R Pd(dppf)Cly/2N Na,COj (ag.)

1,4-dioxane, 16 h, reflux

10a-c

5¢c, 10a, 11a; R2R7 = CI; R' = OCHj3; R3R*R5 R6 R8 = H
5j, 10a, 11b; R2,R” = CI; R® = OCH3; R",R*R% R6,R® = H
5d, 10a, 11¢; R?,R7= CI; R* = OCH3; R",R3,R5, R6,R® = H
5h, 10a, 11d; R2,R” = CI; R® = OCH3; R",R3,R* R8,R® = H
9b, 10a, 11e; R2,R” = Cl; R',R* = OCH3; R®R5R% R&=H
8c, 10a, 11f; R2R” = CI; R* R%= OCH,; R',R3R®, R® = H
6a, 10b, 11g; R7,R® = CI; R?, R%= OCH3; R',R*R% Ré = H
5d, 10c, 11h; R2,R8,R® = CI; R* = OCH3; R",R%,R®%, R” = H
5j, 10b, 11i; R% R7,R® = CI; R® = OCH3; R",R*R5% Ré = H

9a, 10a, 11j; R2,R* R” = CI; R® = OCH3 R',R® R8, R® = H
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Table 6  Synthesis of methoxylated PCB 11 derivatives 11a—f from methoxylated starting materials and 3-chlorobenzene boronic acid (10a) using the
Suzuki coupling reaction

Entry Methoxy Compound Product Yield”

cl
OCH,4

cl Br OCHs O
6.1. c 26%

Sc 11a
c
Cl Br O
6.2. H3COji>/ “ O 68%
5j H;CO
11b
c
Cl Br O
c
63, 57%
OCH,4 ScH,
>d 11c
o
C Br O
OCH;
OCH;
Sh 11d
C
OCH, OCH;
cl Br c
65 O 23%
OCH,4 OCH;
9b 11e
C
cl Br u'i:
c
6.6. OCH3 O 1 5%
OCH;
8c
11f

*TIsolated yields

derivatives 8b and 8¢ in 74 to 89% yield, respectively (Table 5, structurally diverse dimethoxyarenes (i.e., 6b, 8b—c) that are
entries 5.5-5.6). This reaction provides facile access to  difficult to synthesize by other routes (Scheme 3).
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Synthesis of methoxylated PCB derivatives via Suzuki
coupling

Several building blocks prepared from fluoroarene precur-
sors were used to synthesize mono- and dimethoxylated
PCB derivatives (Scheme 4). These efforts included a se-
ries of PCB 11 derivatives that are needed as analytical
standards to study the metabolism of PCB 11, an environ-
mentally prevalent, non-Aroclor PCB congener, and the
toxicity of the corresponding hydroxylated PCB 11 deriv-
atives. The mono-methoxylated PCB derivatives 11a—d
were prepared using the Suzuki coupling reaction of the
corresponding mono-methoxybromoarene derivatives
with 3-chlorophenyl boronic acid (10a) in the presence
of Pd(dppf)Cl, and an aqueous solution of sodium car-
bonate (Table 6) (Kania-Korwel et al. 2004). The yields
of mono-methoxylated PCB 11 derivatives 11a—d ranged
from 26 to 68% (Table 6, entries 6.1-6.4). Also, we pre-
pared two dimethoxylated PCB 11 derivatives, 11e and
11f, with poor, isolated yields (23 and 15%, respectively;
Table 6, entries 6.5-6.6). Besides, we synthesized a series

of mono- and dimethoxy derivatives of PCB 12 (11g),
PCB 25 (11h), PCB 35 (11i), and PCB 36 (11j) with the
Suzuki coupling reaction in moderate to good yields
(Table 7, entries 7.1-7.4).

Solid-state structure
of 3,3"-dichloro-2,5-dimethoxy-1,1-biphenyl (11e)
and 3',5-dichloro-2,3-dimethoxy-1,1"-biphenyl (11f)

The three-dimensional structure of PCBs and their metabolites
is an important determinant in their interactions with different
cellular targets, such as nuclear transcription factors (Lehmler
etal. 2002; Shaikh et al. 2008; Song et al. 2011). To add to the
available information about the three-dimensional structure of
PCBs (Table S1), we obtained single-crystal structures of two
dimethoxylated PCB 11 derivatives, 3,3'-dichloro-2,5-
dimethoxy-1,1'-biphenyl (11e) and 3’,5-dichloro-2,3-
dimethoxy-1,1'-biphenyl (11f). Crystal data, bond lengths,
bond angles, and torsion angles for both compounds are pre-
sented in Tables 8 and 9. Dimethoxy derivative 11e crystal-
lized in the space group P1 with two molecules in the

Table 7  Synthesis of a variety of methoxylated derivatives of PCB 12, 25, 35, and 36 (11g—j) from methoxylated starting materials via the Suzuki
coupling reaction
Entry  Methoxy Compound Boronic Acid Product Yield”
H,CO Br cl cl
7.1. H5CO (HO),B cl O 45%
6 10b oo
a 11g
Cl
H,CO Br
\Q Cl H,CcO
)
7.2, 7 <H0)2B© O & 40%
Cl
Cl
5d 10c 11h
Cl
Cl Br Cl
)1 e
)
73. hco Hons o O 86%
11i
Cl
Cl Br Cl
Cl
7.4. Ha,CO O 68%
Cl (HO),B H;CO
9a 10a cl
11

#Tsolated yields
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Table 8 Crystal data of 3,3'-dichloro-2,5-dimethoxy-1,1"-biphenyl (11e) and 3',5-dichloro-2,3-dimethoxy-1,1'-biphenyl (11f)

Data

3,3"-Dichloro-2,5-dimethoxy-1,1'-biphenyl (11e)

3',5-Dichloro-2,3-dimethoxy-1,1"-biphenyl (11f)

Crystal data
Chemical formula
Molecular weight
Cell setting, space group
aA), b A), cA)
a, B,y
V(A3
zZ
F(000)
Dx (Mg m )
Radiation type
p(mm ")
Temperature (K)
Crystal form, color
Crystal size (mm)
Data collection
Diffractometer
Scan
Absorption correction
Tonins Timax
No. of measured reflections
No. of independent reflections
No. of observed reflections
Criterion for observed reflections
Rint, Oumins Omax
h, k1
Refinement
Refinement on R[F> > 20(F2)]
WR(F?)
S
No. of reflections
No. of parameters
Restraint
H-atom treatment
Apmaxs APmin (€ Aﬂ)

Ci4H12CLO,

283.14

Triclinic, PT

7.3327(2), 9.2656(3), 19.1081(5)
83.273(1)°, 86.301(1)°, 89.476(1)°
1286.61(6)

4

584

1.462 Mg m™>

Mo Ka

0.494

90.0(2)

Solvent-rounded cut block, colorless
0.200 x 0.180 x 0.130

Bruker D8 Venture dual source
¢ and w scans

Multiscan

0.906, 0.958

25,149

5903

5361

1>20(])

0.029, 2.571°, 27.491°

-9-9, - 12—12,-24—24

0.0265

0.0659

1.058

5903

330

0

Constrained
0.412,-0.232

Ci4H12CLO,

283.14

Monoclinic, P2,/c

11.2311(5), 14.0879(6), 8.4982(3)
90°, 104.1765(12)°, 90°
1303.66(9)

4

584

1.443

Mo Ko

0.488

90.0(2)

Solvent-rounded slab, colorless
0.280 % 0.200 x 0.120

Bruker D8 Venture dual source
¢ and w scans

Multiscan

0.865,0.971

21,142

2991

2713

1>20(l)

0.0326, 2.864°, 27.487°
—14—14,-18—18, - 10—11

0.0268

0.0619

1.056

2991

165

0

Constrained
0.291,-0.236

asymmetric unit (Fig. 1). The two molecules, A and B, display
m—7t stacking of the methoxylated rings, with the distance
between the centers of gravity of Cg(C1A-C6A) to
Cg(C1B-C6B) of 3.7280(16) A. Moreover, CH— interac-
tions were present between C6A'-H6A' and ring C1B—C6B,
with a distance from C6A’ to the mean plane of C1B'—C6B’ of
3.6900(14) A. Dimethoxy PCB derivative 11f crystallized in
the space group P2/c (Fig. 2). The packing suggests Cl-7t
interactions between glide-related molecules with a C1-C6
mean plane distance to C11(x,0.5-1,x-0.5) of 3.3309(6) A.
The dihedral angle between the two phenyl rings plays an
important role in the three-dimensional structure of PCB

derivatives. The solid-state dihedral angles between the two
benzene rings of 11e were 47.64(4)° and 47.17(4)° for the two
molecules in the asymmetric unit (Fig. 1). The dihedral angle
of 11f was slightly smaller, at 40.82(5)°. 4-Chloro-2',3'-
dimethoxybiphenyl, another PCB derivative with one ortho
methoxy substituent, and 4-chloro-biphenyl-2,5-diol had
comparable solid-state dihedral angles of 40.05° and 43.3°,
respectively (Song et al. 2008; Song et al. 2011; Vyas et al.
2006b). For comparison, PCB derivatives without ortho chlo-
rine substituents typically have solid-state dihedral angles
ranging from 18.52(10)° to 43.94(6)°, whereas PCB deriva-
tives with one ortho chlorine substituent typically have much
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Table 9  Summary of bond length, bond angles, and torsion angles of 3,3'-dichloro-2,5-dimethoxy-1,1"-biphenyl (11e) and 3',5-dichloro-2,3-

dimethoxy-1,1'-biphenyl (11f)

3,3"-Dichloro-2,5-dimethoxy-1,1'-biphenyl (11e)

3',5-Dichloro-2,3-dimethoxy-1,1'-biphenyl (11f)

Bond length
Cl1A-C3A
CI2A-C3A’
O1A-C2A
O1A-C7A
02A-C5A
02A-C8A
C1A-CoA
Cl1A-C2A
CI1A-CI1A’

C2A-C3A
C3A-C4A
C4A-C5A
C5A-Co6A
CIA-C2A!
C1A'-C6A’
C2A'-C3A!
C3A'-C4A’
C4A'-C5A!
C5A'-C6A’

Bond angles
C2A-O1A-C7A
C5A-02A—C8A
C6A-C1A-C2A
C6A-C1A-C1A’
C2A-C1A-C1A’
O1A-C2A-C3A
O1A-C2A-CI1A
C3A-C2A-C1A
C2A-C3A-C4A
C2A-C3A-Cl1A
C4A-C3A-CIIA
C5A-C4A-C3A
O2A-C5A-C4A
02A-C5A-C6A
C4A-C5A-C6A
C1A-C6A-C5A
C2A'-C1A'-Co6A’
C2A'-C1A'-C1A
CoA'-C1A'C1A
C3A'-C2A'-C1A’
C2A'-C3A'-C4A’
C2A'-C3A'-CI2A
C4A'-C3A'-CI2A
C3A'-C4A'-C5A’
C6A'-C5A'-C4A’
C5A'-C6A'-C1A’

Dihedral angles
C7A-O1A-C2A-C3A
C7A-O1A-C2A-CI1A
C6A-C1A-C2A-O1A
C1A'-C1A-C2A-O1A
C6A-C1A-C2A-C3A
CIA'-C1A-C2A-C3A
O1A-C2A-C3A-C4A
C1A-C2A-C3A-C4A

1.7375(13)
1.7458(13)
1.3743(14)
1.4405(16)
1.3659(15)
1.4308(16)
1.3904(17)
1.4044(17)
1.4884(16)
1.3867(17)
1.3900(17)
1.3872(18)
1.3973(17)
1.3949(17)
1.3958(17)
1.3850(17)
1.3869(18)
1.3897(19)
1.3880(18)

113.15(10)
117.59(10)
119.00(11)
119.63(11)
121.36(11)
120.02(11)
121.28(11)
118.69(11)
122.82(11)
118.69(10)
118.49(9)

118.09(11)
124.30(11)
115.51(11)
120.19(11)
121.19(12)
119.12(11)
120.39(11)
120.48(11)
119.40(11)
122.10(12)
118.57(10)
119.32(10)
118.10(12)
120.81(12)
120.45(12)

93.99(13)
—87.22(14)
—177.21(11)
3.71(18)
1.60(17)
~177.48(11)
178.11(11)
—0.72(18)

Cl1B-C3B
CI2B-C3B’
O1B-C2B
O1B-C7B
02B-C5B
02B-C8B
C1B-C6B
C1B-C2B
C1B-C1B’
C2B-C3B
C3B-C4B
C4B-C5B
C5B-C6B
C1B-C2B’
C1B'-C6B’
C2B'-C3B’
C3B'-C4B’
C4B'-C5B’
C5B'-C6B’

C2B-O1B-C7B
C5B-02B-C8B
C6B-C1B-C2B
C6B-C1B-C1B’
C2B-C1B-CI1B’
01B-C2B-C3B
O1B-C2B-C1B
C3B-C2B-C1B
C2B-C3B-C4B
C2B-C3B-Cl1B
C4B-C3B-CIIB
C5B-C4B-C3B
02B-C5B-C4B
02B-C5B-C6B
C4B-C5B—C6B
C1B-C6B-C5B
C2B'-C1B—C6B’
C2B'-CI1B-CIB
C6B'-C1B'-CIB
C3B-C2BCI1B’
C2B'-C3B'-C4B’
C2B'-C3B'-CI2B
C4B-C3B'-C12B
C3B'-C4B'-C5B’
C4B'-C5B'—C6B’
C5B-C6B'—C1B’

C7B-0O1B-C2B-C3B
C7B-O1B-C2B—CI1B
C6B-C1B-C2B-O1B
C1B'-C1B-C2B-O1B
C6B-C1B-C2B-C3B
C1B-C1B-C2B-C3B
O1B-C2B-C3B-C4B
C1B-C2B-C3B-C4B

1.7401(12)
1.7456(13)
1.3735(14)
1.4368(16)
1.3670(14)
1.4305(15)
1.3905(17)
1.4054(17)
1.4880(17)
1.3886(17)
1.3891(17)
1.3847(17)
1.3966(17)
1.3960(17)
1.3982(17)
1.3848(17)
1.3872(18)
1.3883(19)
1.3887(18)

112.99(10)
117.56(10)
119.24(11)
119.49(11)
121.26(11)
120.06(11)
121.40(11)
118.52(11)
122.66(11)
118.89(9)

118.45(9)

118.32(11)
124.13(11)
115.59(11)
120.28(11)
120.96(11)
118.99(11)
120.69(11)
120.29(11)
119.44(11)
122.07(12)
118.57(10)
119.35(10)
118.24(12)
120.74(12)
120.50(12)

-95.62(13)
85.63(14)
177.54(11)
-3.23(18)
-1.23317)
178.00(11)
— 178.46(11)
0.33(18)

Cl1-C5
C12-C3'
o1-C2
o1-C7
02-C3
02-C8
Cl1-C2
C1-Cé6
C1-Cr’
C2-C3
C3-C4
C4-C5
C5-C6
c1r-cz2'
C1'-Co’
Cc2'-C3
c3 -4
C4'-C5'
C5'-Co’

C2-01-C7
C3-02-C8
C2-C1-Coé
c2-C1-Cr’
C6—C1-Cl’
01-C2-C1
01-C2-C3
C1-C2-C3
02-C3-C4
02-C3-C2
C4-C3-C2
C3-C4-Cs5
C6-C5-C4
C6-C5-Cll
C4-C5-Cll
C5-C6-C1
C2'-C1-C6’
C2'-C1'C1
C6'-C1'C1
c3-Cc2-Cr’
c2'-C3-C4
C2'-C3'CI2
C4'-C3'CI2
C3'-C4-C5'
C4'-C5'C6'
C5'-C6C1’

C7-01-C2-C1
C7-01-C2-C3
C6—C1-C2-01
C1'-C1-C2-01
Co—C1-C2-C3
C1'-C1-C2-C3
C8-02-C3-C4
C8-02-C3-C2

1.7443(13)
1.7425(13)
1.3802(14)
1.4371(15)
1.3640(14)
1.4298(16)
1.3938(17)
1.4029(17)
1.4871(17)
1.4057(17)
1.3879(17)
1.3900(17)
1.3759(17)
1.3985(17)
1.4004(17)
1.3844(17)
1.3844(18)
1.3851(18)
1.3855(18)

112.19(9)
117.27(10)
118.64(11)
122.47(11)
118.88(11)
120.87(11)
118.45(11)
120.67(11)
124.33(11)
115.13(11)
120.54(11)
117.77(11)
122.83(12)
118.82(10)
118.35(10)
119.55(11)
118.78(11)
121.21(11)
119.98(11)
119.27(11)
122.19(12)
119.01(10)
118.8(1)
118.42(12)
120.61(12)
120.72(12)

97.54(13)
—83.35(14)
179.10(11)
~1.09(18)
0.01(18)
179.81(11)
~5.22(18)
175.28(11)
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Table 9 (continued)

3,3'-Dichloro-2,5-dimethoxy-1,1"-biphenyl (11e)

3',5-Dichloro-2,3-dimethoxy-1,1"-biphenyl (11f)

O1A-C2A-C3A-Cl1A
C1A-C2A-C3A-Cl1A
C2A-C3A-C4A-C5A
Cl1A-C3A-C4A-C5A
C8A-O2A-C5A-C4A
C8A-O2A-C5A-C6A
C3A-C4A-C5A-02A
C3A-C4A-C5A-Co6A
C2A-C1A-C6A-C5A
CIA'-C1A-C6A-C5A
02A-C5A-C6A-C1A
C4A-C5A-C6A—C1A
C6A-C1A-CIA™-C2A’
C2A-C1A-CIA-C2A’
C6A-C1A-CIA'-CoA’
C2A-C1A-CIA'-CoA’
C6A'-C1A'—C2A'-C3A’
CIA-C1A'-C2A-C3A’
CIA'-C2A'-C3A'-C4A’
CIA'-C2A'-C3A'-CI2A
C2A'-C3A'-C4A'-C5A’
CI2A-C3A'-C4A'-C5A’
C3A'-C4A'-CSA'-CoA’
C4A'-C5A'-C6A'-C1A’
C2A'-C1A'-C6A'-C5A’
CIA-C1A'-C6A'-C5A’

~2.36(16)
178.82(9)
~0.28(18)
~179.82(9)
0.16(17)
~179.92(11)
~179.70(11)
0.39(18)
~1.53(18)
177.56(11)
—179.40(11)
0.53(18)
132.37(12)
—48.55(17)
—46.31(17)
132.76(13)
0.77(18)
—177.94(11)
~1.36(19)
177.409)
0.97(19)
—177.78(10)
0.0(2)
-0.5(2)
0.16(19)
178.86(12)

O1B-C2B-C3B-Cl1B
C1B-C2B-C3B-Cl1B
C2B-C3B-C4B-C5B
Cl1B-C3B-C4B-C5B
C8B-02B-C5B—-C4B
C8B-02B-C5B-C6B
C3B-C4B-C5B-02B
C3B-C4B-C5B-C6B
C2B-C1B-C6B-C5B
C1B'-C1B-C6B-C5B
02B-C5B-C6B—C1B
C4B-C5B-C6B—C1B
C6B-C1B-C1B-C2B’
C2B-C1B-C1B-C2B’
C6B-C1B-C1B'-C6B’
C2B-C1B-C1B-C6B’
C6B'-C1B—C2B—C3B’
CIB-C1B-C2B'-C3B’
C1B'-C2B'-C3B"-C4B’
C1B'-C2B-C3B'-CI2B
C2B'-C3B'—C4B"-C5B’
CI2B-C3B'-C4B'-C5B’
C3B'-C4B'-C5B—C6B’
C4B'-C5B—C6B'—C1B’
C2B-C1B—C6B'-C5B’
C1B-C1B-C6B'-C5B'

135(16)  01-C2-C3-02
~179.86(9)  C1-C2-C3-02
023(18)  O1-C2-C3-C4
~179.5809)  C1-C2-C3-C4
0.16(17)  02-C3-C4-C5
~179.96(11)  C2-C3-C4-C5
179.99(11)  C3-C4-C5-C6
0.12(18)  C3-C4-C5-Cll
1.60(18)  C4-C5-C6-Cl
~177.64(11)  Cl1-C5-C6-Cl
179.07(11)  C2-C1-C6-C5
~1.04(18)  C1'-C1-C6-C5
—13234(12) C2-C1-C1'-C2’
4844(17)  C6-C1-C1'-C2'
4565(17)  C2-C1-C1'-C6'
—~133.5713)  C6-C1-C1'-C6'
-0.89(18)  C6-C1'-C2'-C3'
177.12(11)  C1-C1'-C2"-C3’
1.57(19)  Cl'-C2'-C3'-C4'
~177.0309)  C1'-C2'-C3'-CI2
~11Q2)  C2-C3-C4-C5'
177.52(10)  CI2-C3'-C4'CS'
—0.12)  C3-C4'C5-C6'
072)  C4-C5-C6'—Cl'
-023(19)  C2'-C1'-C6'-C5'
~17826(12)  C1-C1-C6'-CS'

0.16(16)
179.28(11)

~179.36(11)

~0.25(18)

—179.51(11)

~0.03(18)
0.57(19)

—179.10(9)

-0.81(19)
178.85(9)
0.50(18)

~179.31(11)

42.47(17)

~137.72(12)
~139.75(12)

40.06(17)
0.42(18)
178.23(11)
—1.44(19)
178.49(9)
1.19(19)

~178.74(10)

0.08(19)
~-1.1Q2)
0.80(19)

~177.03(12)

larger solid-state dihedral angles ranging from 47.25(4)° to
59.92(9)° due to the steric demand of the chlorine substituent
(Table S1). It is important to emphasize that intermolecular
interactions in the solid state allow biphenyl molecules to
adopt dihedral angles that would otherwise be energetically

unfavorable.

Fig. 1 Crystal structure showing
two molecules in the
crystallographic asymmetric unit
of 3,3'-dichloro-2,5-dimethoxy-
1,1'-biphenyl (11e) with atom-
labeling scheme. Displacement
ellipsoids are drawn at 50%
probability

The dihedral angle between the phenyl ring and the
methoxy groups is an additional factor influencing the
three-dimensional structure of methoxylated PCB deriva-
tives. For biphenyl derivative 11e, the dihedral angles for
the ortho C-O-Me group relative to the mean plane of the
phenyl ring are 86.82(8)° and 85.21(8)° for C2A-O1A—
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Fig. 2 Crystal structure of 3',5-
dichloro-2,3-dimethoxy-1,1'"-
biphenyl (11f) with atom-labeling
scheme. Displacement ellipsoids
are drawn at 50% probability

C7A to C1A-C6A and C2B-O1B-C7B to C1B—C6B, re-
spectively. In contrast, the meta C—O-Me group of 11f
essentially lies within the mean plane of the phenyl ring,
with dihedral angles of 0.14(1)° and 0.38(1)° for the
C5A—02A-C8A to C1A-C6A and C5B-0O2B-C8B to
C1B-C6B dihedral angles. Dihedral angles between the
planes of the methoxy groups and the phenyl ring for
PCB derivative 11e are 82.62(7)° for C2-0O1-C7 to Cl-
C6 and 4.88(19)° for C3—02—C8 to C1-C6. Analogously,
methoxyarenes with no or one substituent ortho to the
methoxy group, including PCB derivatives, adopt a con-
formation in the solid state where the C-O-Me group is
near coplanar with the mean plane of the phenyl ring
(Lehmler et al. 2013; Song et al. 2007; Song et al.
2010; Tan et al. 2005; Vyas et al. 2006a). In contrast,
methoxyarenes with two substituents ortho to the
methoxy group adopt a conformation where the C-O—
Me group is nearly at a 90° angle relative to the mean
plane of the phenyl ring.

Conclusions

We synthesized a number of mono- and dimethoxyarene
derivatives starting from commercially available and rela-
tively inexpensive fluoroarenes. This method provided
good to excellent yields and can easily scale up to prepare
gram quantities of mono- and dimethoxyarene derivatives
4, 5, 6, and 8. These mono- and dimethoxyarene deriva-
tives provide facile access to a variety of mono- and
dimethoxylated PCB congeners that are difficult to synthe-
size by other routes, thus expanding the available strategies
for the synthesis of specific mono- and dimethoxylated
PCB congeners needed as analytical standards, study com-
pounds, and precursors for the preparation of hydroxylated
and other PCB metabolites.
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