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1. Introduction

Ligand-free Cu(i)-catalyzed aerobic etherification
of aryl halides with silanes: an experimental and
theoretical approachf

Muhammad Naeem Ahmed, (2 *® Khalil Ahmad, (2 ° Khawaja Ansar Yasin,®
Tayyaba Farooq,® Bilal Ahmad Khan® and Soumendra K. Roy (2 *©

Owing to their wide occurrence in nature and immense applications in various fields, the synthesis of
aryl alkyl ethers has remained a focus of interest. In contrast to the conventional/traditional methods of
etherification, herein, we have reported a more efficient method, which is better yielding and more
general in application. The etherification of aryl halides by alkoxy/phenoxy silanes was catalyzed
by copper acetate in the presence of cesium carbonate and oxygen in DMF at 145 °C. All the
as-synthesized compounds were characterized via the *H-NMR and **C-NMR spectroscopic techniques.
Density functional theory calculations using the B3LYP functional were performed to elucidate the
reaction mechanism. The C-O coupling reaction between 2-nitroiodobenzene and tetramethoxysilane
was used as a model reaction. The activation energy barriers for the generation of catalytic species
(31.6 kcal mol™) and the o-bond metathesis (16.0 kcal mol™), oxidative addition/reductive elimination
(20.3 kcal mol™), halogen atom transfer (19.2 kcal mol™) and single electron transfer (SET) (29.5 kcal mol™)
mechanisms for the C-O coupling reaction were calculated. Calculations for the key reaction steps were
repeated with the B3PW91, PBEH1PBE, wB97XD, CAM-B3LYP and mPWI1LYP functionals. The formation of
catalytic species via a single electron transfer reaction between tetramethoxysilane and copper acetate,
formation of methoxy radicals and methoxylation of copper showed an overall energy barrier of
31.6 kcal mol™, and therefore is the rate determining step.

haloarenes with phenols. Both reactions require harsh reaction
conditions and show limited substrate scope, making them

The prime interest in the field of organic synthesis is the
selective formation of the carbon-oxygen bond at a specific
position of an arene since the aryl ether functionality is
abundantly found in agrochemicals, pharmaceuticals, materials
science, polymers and natural products.' There are numerous
examples of aryl ether-containing compounds in pharmaceuticals
such as esomeprazole,® pioglitazone’ and venlafaxine.®

The classical methods to synthesize aryl ethers include
Williamson ether synthesis via aromatic nucleophilic substitution
of aryl halides with phenoxides and Ullmann coupling of
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inappropriate for the functionalization of multifaceted organic
molecules at the advanced stage of a synthetic series.” Thus,
extensive research has been conducted for the development of
new methods for the selective synthesis of ether linkages that
can be used for the late-stage functionalization of complex
organic molecules in a complex synthetic sequence.'*™"?
Contemporary methods involve transition metal-catalyzed
sp> C-O bond formation by two main groups. Palladium-'*"°
and copper-catalyzed'”™*® Buchwald-Hartwig-type coupling
takes place between electrophilic aryl halides with nucleophilic
phenols and alcohols.>*?* Palladium catalysts are limited to
phenols and alcohols with no B-hydrogen atom, whereas
aliphatic alcohols bearing a B-hydrogen atom require a more
complex ligand system to attain good yields of the aryl/alkyl
ethers under palladium catalysis. Copper complexes and salts
are generally used to synthesize aryl ethers from aryl halides
and alcohols since they do not promote B-hydride elimination.
Copper-aided oxidative etherification of aryl nucleophiles
produced from aryl boronic acids>*° and arenecarboxylic
acid-based nucleophiles®® represent the second category to
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access aryl ethers. In both reactions, a stoichiometric quantity
of copper acetate is used in the presence of an oxidant.
The former Chan-Evan-Lam coupling of aryl boronic acids is
limited to the synthesis of biaryl ethers, whereas the latter
decarboxylative approach produces only aryl alkyl ethers by
using alkoxy silanes, while phenoxylation is executed by using
triphenoxyborane.

For copper-assisted etherification, the use of alkoxy silanes
is an attractive approach due to the wide availability of alkoxy-
lated and aryloxylated silanes either synthetically®' or commer-
cially. With the development of new approaches that involve
the synthesis of both alkyl aryl ethers and aryl aryl ethers, the
use of silicon-based etherification reagents will be valued by
the synthetic chemical community. We hypothesized that the
use of silanes with aryl halides instead of arenecarboxylic acids
as etherification reagents can extend the scope to diaryl ethers
as well as aryl alkyl ethers.

The kinetics and thermodynamics of the copper-catalyzed
C-N and C-O cross coupling reactions between aryl halides
and N- and O-nucleophiles have been studied widely by
experimentalists®*>” as well as theorists.*®*> Theoretical
studies/investigations have focused on oxidative addition/
reductive elimination, o-bond metathesis, single electron
transfer (SET) and halogen atom transfer mechanisms. The
density functional theory (DFT) studies by Jones et al>®
favoured the single electron transfer mechanism for the
B-diketone promoted N-arylation of methylamine and halogen
atom transfer mechanism for the 1,10-phenanthroline-promoted
O-arylation of methanol, disfavouring the oxidative addition/
reductive elimination and o-bond metathesis mechanisms.
However, subsequent theoretical studies by Yu et al. indicated
the oxidative addition/reductive elimination mechanism for the
B-diketone-promoted N-arylation and the 1,10-phenanthroline-
promoted O-arylation of amino alcohols.*® Several other theo-
retical studies on copper-catalyzed C-N and C-O coupling
reactions have supported the oxidative addition/reductive
elimination mechanism.*®™*>

In the present study, we established an efficient method for
the synthesis of diaryl and aryl alkyl ethers via the coupling
reaction of aryl halides with alkoxy and aryloxy silanes in the
presence of copper acetate. We also explored the oxidative
addition/reductive elimination, o-bond metathesis, single
electron transfer and halogen atom transfer mechanisms for
this reaction. These theoretical studies will help to understand
the reaction mechanism and hence in the further improvement
of catalytic systems.

2. Experimental

All catalytic reactions were performed in oven-dried 20 mL glass
vials equipped with a Teflon-coated stirring bar and a septum
cap at ambient oxygen pressure. Aryl halides and different
silanes were purchased from J&K Scientific Limited China.
tert-Butyldimethyl(phenoxy)silanes were prepared according to
the reported procedure.*®*” Copper catalysts were provided by
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Alfa Aesar, while other reagents were supplied by Acros and
Merck. The progress of the reactions was monitored by thin-
layer chromatography and purification was achieved through
flash column chromatography (FCC). "H-NMR (400 MHz) and
3C-NMR (100 MHz) spectra were recorded on a JEOL JNM-ECA
instrument in CDCl;, while J values were calculated in Hz.
Melting points were determined using a Yanaco melting point
apparatus and reported as uncorrected.

2.1 General procedure for the synthesis of alkyl aryl ethers
and biaryl ethers

A mixture of aryl halide (1.0 mmol), silane (1.5 mmol) and
copper acetate (20 mol%) in 4 mL of DMF was stirred at 145 °C
for 18 h under ambient oxygen pressure. After cooling to room
temperature, the reaction mixture was diluted with 30 mL of
dichloromethane. The resultant mixture was washed with
water (2 x 30 mL), brine (30 mL), and dried over anhydrous
magnesium sulfate. The solvent was removed under vacuum
and the residue was purified by flash column chromatography
(petroleum ether: ethyl acetate) to obtain the corresponding
ethers (2a-2z).

1-Methoxy-2-nitrobenzene (2a)

Yellow liquid, yield = 85%, "H-NMR (400 MHz, CDCl;) § ppm
7.84 (m, 1H), 7.56-7.54 (m, 1H), 7.08-7.02 (m, 2H), 3.95 (s, 3H);
3C-NMR 6 ppm 152.8, 139.6, 134.1, 125.5, 120.2, 113.4, 56.3.

1-Ethoxy-2-nitrobenzene (2b)

Yellow liquid, yield = 81%, "H-NMR (400 MHz, CDCl;) § ppm
7.99 (m, 1H), 7.50 (m, 1H), 7.08-6.99 (m, 2H), 4.18 (q, 2H, J =
6.9 Hz), 1.45 (t, 3H, J = 6.9 Hz); **C-NMR 6 ppm 152.1, 139.8,
133.9, 125.2, 119.9, 114.3, 65.1, 14.3.

1-n-Propoxy-2-nitrobenzene (2c)

Yellow liquid, yield = 77%, "H-NMR (400 MHz, CDCl;) § ppm
7.72 (dd, 1H, J, = 7.8 Hz, J, = 1.8 Hz), 7.44-7.41 (m, 1H), 6.99
(m, 1H), 6.91 (m, 1H), 3.97 (t, 2H, J = 6.4 Hz), 1.78 (s, 2H, J =
6.4 Hz), 0.98 (t, 3H, J = 7.8 Hz); *C-NMR & ppm 152.2, 139.8,
133.9, 125.3, 119.9, 114.3, 70.9, 22.3, 10.34.

1-n-Butoxy-2-nitrobenzene (2d)

Yellow liquid, yield = 80%, "H-NMR (400 MHz, CDCl;) § ppm
7.81 (m, 1H), 7.49 (m, 1H), 7.0 (m, 2H), 4.10 (t, 2H, J = 6.4 Hz),
1.81 (q, 2H, J = 5.9 Hz), 1.51 (s, 2H, J = 7.3 Hz), 0.97 (t, 3H, J =
7.6 Hz)."*C-NMR 6 ppm 152.4, 140.0, 133.9, 125.4, 119.9, 114.3,
69.2, 30.9, 19.0, 13.7.

Methyl 2-methoxybenzoate (2¢)

Colorless liquid, yield = 86%, 'H-NMR (400 MHz, CDCl;) 6 ppm
7.79 (m, 1H), 7.44 (m, 1H), 6.98-6.94 (m, 2H), 3.88 (s, 3H), 3.87
(s, 3H); *C-NMR § ppm 166.5, 158.9, 133.3, 131.4, 119.8, 111.8,
55.7, 51.8.

Ethyl 2-ethoxybenzoate (2f)

Colorless liquid, yield = 81%, "H-NMR (400 MHz, CDCl;) 6 ppm
7.77 (m, 1H), 7.43 (m, 1H), 6.96 (m, 2H), 4.34 (q, 2H, J = 7.3 Hz),
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4.10 (q, 2H, J = 7.3 Hz), 1.44 (t, 3H, J = 7.3 Hz), 1.37 (t, 3H, ] =
7.3 Hz); ">C-NMR 6 ppm 166.4, 158.3, 133.0, 131.3, 120.8, 119.9,
113.1, 64.4, 60.6, 14.6, 14.4.

Ethyl 4-ethoxybenzoate (2g)

Colorless liquid, yield = 79%, 'H-NMR (400 MHz, CDCl;) § ppm
7.98 (d, 2H, J = 5.4 Hz), 6.88 (d, 2H, J = 5.4 Hz), 4.34 (q, 2H,
J =7.3 Hz), 4.08 (q, 2H, J = 6.9 Hz), 1.42 (t, 3H, J = 7.3 Hz), 1.37
(t, 3H, J = 6.9 Hz); >C-NMR § ppm 166.3, 162.6, 131.4, 122.7,
113.9, 63.6, 14.6, 14.0.

Methyl 2-n-propoxybenzoate (2h)

Colorless liquid, yield = 75%, "H-NMR (400 MHz, CDCl;) § ppm
7.78-7.46 (m, 2H), 6.96-6.93 (m, 2H), 3.99 (t, 2H, J = 6.4 Hz),
3.88 (s, 3H), 1.84 (s, 2H, J = 7.3 Hz), 1.06 (t, 3H, J = 7.8 Hz);
C-NMR § ppm 166.9, 158.5, 133.2, 131.4, 120.3, 119.9, 113.1,
70.3, 51.8, 22.5, 10.4.

Methyl 2-n-butoxybenzoate (2i)

Colorless liquid, yield = 70%, "H-NMR (400 MHz, CDCl;) § ppm
7.77-7.41 (m, 2H), 6.95-6.93 (m, 2H), 4.02 (t, 2H, J = 6.4 Hz),
3.87 (s, 3H), 1.80 (s, 2H, J = 5.9 Hz), 1.53 (q, 2H, J = 7.3 Hz), 0.97
(t, 3H, J = 7.3 Hz); *C-NMR § ppm 166.8, 158.5, 133.1, 131.4,
120.3, 119.8, 112.9, 68.4, 51.7, 31.1, 19.0, 13.6.

2-Methoxybenzaldehyde (2j)

Light yellow solid, m.p. = 36-38 °C, yield = 60%, 'H-NMR
(400 MHz, CDCl;) & ppm 10.4 (s, 1H), 7.84 (m, 1H), 7.55
(m, 1H), 7.0 (m, 2H), 3.93 (s, 3H); "*C-NMR é ppm 189.7,
181.8, 135.8, 128.5, 124.8, 120.6, 111.6, 55.6.

1-Methoxy-2-(trifluoromethyl)benzene (2k)

Colorless liquid, yield = 51%, "H-NMR (400 MHz, CDCl;) § ppm
7.57 (m, 2H), 7.01 (m, 2H), 3.90 (s, 3H); *C-NMR J ppm 157.7
(9, Je-r = 1.9 Hz), 133.2, 127.0 (q, Jc-r = 5.6 Hz), 125.0 (q, Jo-r =
272.8 Hz), 119.9, 111.9 (q, Jo_r = 31.4 Hz), 55.8.

2-Methoxybenzaldehyde (21)

Colorless liquid, yield = 86%, 'H-NMR (400 MHz, CDCl;) § ppm
7.79 (m, 1H), 7.44 (m, 1H), 6.98-6.94 (m, 2H), 3.88 (s, 3H), 3.87
(s, 3H); **C-NMR ¢ ppm 166.5, 158.9, 133.3, 131.4, 119.8, 111.8,
55.7, 51.8.

Methyl 3-methoxybenzoate (2m)

Colorless liquid, yield = 56%, "H-NMR (400 MHz, CDCl;) § ppm
7.62 (m, 1H), 7.56 (m, 1H), 7.35 (m, 1H), 7.10 (m, 1H), 3.91
(s, 3H), 3.85 (s, 3H); "*C-NMR § ppm 166.8, 159.4, 131.3, 129.2,
121.8, 119.3, 113.8, 55.3, 52.0.

Methyl 4-methoxybenzoate (2n)

White solid, m.p. = 46-48 °C, yield = 80%, "H-NMR (400 MHz,
CDCl;) § ppm 7.98 (d, 2H, J = 6.9 Hz), 6.91 (d, 2H, ] = 6.9 Hz),
3.88 (s, 3H), 3.85 (s, 3H); ">C-NMR J ppm 166.8, 163.2, 131.5,
122.5, 113.5, 55.3, 51.7.
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1-Methoxy-4-nitrobenzene (20)

White solid, m.p. = 51-53 °C, yield = 80%, "H-NMR (400 MHz,
CDCl;) 6 ppm 8.23 (d, 2H, J = 7.3 Hz), 6.99 (d, 2H, J = 7.3 Hz),
3.94 (s, 3H); ">C-NMR § ppm 164.5, 141.4, 125.8, 113.9, 55.9.

1-Phenoxy-2-nitrobenzene (2p)

Pale yellow liquid, yield = 82%, '"H-NMR (400 MHz, CDCI;)
d ppm 7.95-7.38 (m, 4H), 7.18-7.03 (m, 5H); "*C-NMR § ppm
155.7,150.7,141.3, 134.0, 130.0, 125.6, 124.5, 123.0, 120.4, 119.2.

Methyl 2-phenoxybenzoate (2q)

Colorless liquid, yield = 75%, "H-NMR (400 MHz, CDCl;) 6 ppm
7.91-7.41 (m, 2H), 7.30-6.94 (m, 7H), 3.78 (s, 3H); "*C-NMR
é ppm 166.0, 157.5, 156.0, 133.4, 131.7, 129.6, 123.3, 123.0,
120.7, 118.0, 52.0.

Methyl 4-phenoxybenzoate (2r)

White solid, m.p. = 57-59 °C, yield = 77%, "H-NMR (400 MHz,
CDCl;) 6 ppm 8.00 (d, 2H, J = 6.9 Hz), 7.40-7.16 (m, 3H), 7.05
(d, 2H,J = 6.4 Hz), 6.99 (d, 2H, J = 8.7 Hz), 3.80 (s, 3H); >C-NMR
J ppm 166.6, 161.7, 155.6, 131.6, 130.0, 124.4, 120.0, 117.2, 51.9.

1-(3-Methoxyphenoxy)-2-nitrobenzene (2s)

Pale yellow liquid, yield = 77%, '"H-NMR (400 MHz, CDCl,)
0 ppm 7.94-7.25 (m, 4H), 7.06-6.61 (m, 4H), 3.78 (s, 3H);
13C-NMR 6 ppm 161.1, 156.8, 150.4, 141.3, 134.0, 130.4, 125.6,
123.2, 120.7, 111.0, 110.2, 105.2, 55.4.

Methyl 4-(4-methoxyphenoxy)benzoate (2t)

White solid, m.p. 99-101 °C, yield = 71%, "H-NMR (400 MHz,
CDCl;) § ppm 7.99 (d, 2H, J = 6.9 Hz), 7.00 (d, 2H, J = 6.4 Hz),
6.93-6.90 (m, 4H), 3.88 (s, 3H), 3.82 (s, 3H); ">*C-NMR  ppm
166.6, 162.7, 156.6, 148.6, 131.5, 123.8, 121.6, 116.2, 115.0,
55.6, 51.9.

Methyl 4-(4-nitrophenoxy)benzoate (2u)

Solid, m.p. 108-110 °C, yield = 74%, 'H-NMR (400 MHz, CDCl,)
o ppm 8.26 (d, 2H, J = 9.1 Hz), 8.11 (d, 2H, J = 9.1 Hz), 7.26-7.08
(m, 4H), 3.93 (s, 3H); "*C-NMR & ppm 166.1, 161.8, 158.9, 143.4,
132.0, 126.8, 119.4, 118.3, 52.2.

Methyl-4-(4-(tert-butyl)phenoxy)benzoate (2v)

Colorless liquid, yield = 69%, "H-NMR (400 MHz, CDCl;) 6 ppm
7.99 (d, 2H, J = 6.8 Hz), 7.39 (d, 2H, J = 6.8 Hz), 6.99-6.96
(m, 4H), 3.88 (s, 3H), 1.33 (s, 9H); >*C-NMR § ppm 166.6, 162.1,
153.0, 147.4, 131.5, 126.7, 124.1, 119.5, 117.0, 51.9, 34.4, 31.4.

Methyl 4-(p-tolyloxy)benzoate (2w)

White solid, m.p. 60-62 °C, yield = 73%, '"H-NMR (400 MHz,
CDCl;), 6 ppm 8.00-7.46 (m, 2H), 7.25-7.16 (m, 2H), 7.01-6.93
(m, 4H), 3.88 (s, 3H), 2.35 (s, 3H); >C-NMR § ppm 166.6, 162.2,
153.1, 134.2, 131.5, 130.4, 124.0, 120.1, 116.8, 51.9, 20.7.
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Methyl 4-(3-methoxyphenoxy)benzoate (2x)

Colorless liquid, yield = 68%, "H-NMR (400 MHz, CDCl,) § ppm 7.99
(d, 2H, J = 6.9 Hz), 7.25 (t, 1H, J = 8.2 Hz), 6.99 (d, 2H, J = 6.9 Hz),
7.00-6.61 (m, 3H), 3.88 (s, 3H), 3.76 (s, 3H); *C-NMR & ppm 166.6,
161.5, 156.6,131.5, 130.3, 124.4, 117.3, 111.9, 110.0, 105.9, 55.2, 51.8.

Methyl 4-(2-methoxyphenoxy)benzoate (2y)

Colorless liquid, yield = 70%, "H-NMR (400 MHz, CDCl;) § ppm
7.96 (d, 2H, J = 6.8 Hz), 7.30-6.98 (m, 6H), 3.87 (s, 3H), 3.78
(s, 3H); *C-NMR 6 ppm 166.6, 162.2, 151.6, 143.3, 131.4, 126.0,
123.8, 122.2, 121.2, 115.7, 112.9, 55.8, 51.8.

Methyl 2-(3-methoxyphenoxy)benzoate (2z)

Colorless liquid, yield = 69%, 'H-NMR (400 MHz, CDCl;) § ppm
7.91-7.46 (m, 2H), 7.20-7.00 (m, 2H), 6.56-6.50 (m, 4H), 3.80 (s, 3H),
3.75 (s, 3H); *C-NMR & ppm 166.0, 160.8, 158.7, 155.8, 133.4, 131.7,
130.0, 123.5, 123.1, 120.9, 110.1, 108.6, 104.1, 55.2, 55.0.

3. Results and discussion

For the synthesis of alkyl aryl ethers and diaryl ethers using
silanes as etherification reagents, we started our investigations
with the highly reactive 2-nitroiodobenzene and tetramethoxy-
silane in DMF at 145 °C. After 18 h, 2-nitroiodobenzene was
fully recovered even in the absence and presence of a base,
indicating that the aromatic nucleophilic substitution mecha-
nism was absent (entries 1 and 2). When the reaction was
conducted in the presence of 20 mol% of copper acetate,
2-nitroiodobenzene was converted into the 2-nitroanisole in
45% yield, indicating the role of the copper catalyst (entry 3).
The presence of oxygen dramatically increased the yield to 84%,
confirming the mechanistic proposition of Stahl*® (entry 4).
The screening of different quantities of copper sources and
bases showed that 20 mol% of the copper acetate catalyst
provided the optimum yield in the presence of 2 equivalents
of cesium carbonate (entries 5-16). Testing of various ligands
and oxidants resulted in a decrease in the yield of the reaction.
The solvent screening showed that the polar aprotic DMF is the
solvent of choice for the etherification reaction. The tempera-
ture and time optimization showed that the reaction is best
performed at 145 °C for 18 h, and lower than that resulted a
decrease in the yield (Table 1).

Having established the optimized reaction protocol for the
methoxylation of 2-nitroiodobenzene with tetramethoxysilane
in the presence of 20 mol% of copper acetate and ambient
oxygen pressure at 145 °C for 18 h, we next tested the scope of
the transformation with regard to the O-nucleophile and aryl
halides (Table 2).

Among the O-nucleophiles tested, methoxy, ethoxy,
n-propoxy and n-butoxy groups were smoothly transferred from
silanes to aromatic rings (2a-d). In addition to alkoxy groups,
phenoxy and substituted phenoxy groups were also transferred
from silane to the substituted iodobenzenes to produce the
respective diaryl ethers in good yields (2p-z). In earlier reports,
boron reagents were employed to access diaryl ethers.*
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Table 1 Optimization of the reaction conditions?
I Cu salt, Base, Add. OMe
NO, 0, NO,
+ Si(OMe), >
Solv., 145 °C, 18 h
1a 2 3a
#  Catalyst Base Additive Solvent Yield
1 — — — DMF —
2 — Cs,CO; — DMF —
3 Cu(OAc), Cs,C0; — DMF 45
4 Cu(OAc), Cs,CO; O, DMF 84
5  CuF,2H,0 Cs,CO; O, DMF 30
6 CuSO, Cs,CO; O, DMF Trace
7  Cu(wformate-4H,0 Cs,CO; O, DMF 20
8  Cu(OBz),2H,0 Cs,C0; O, DMF 56
9 Cuy(PO), Cs,CO; O, DMF Trace
10 Cu(OAc), Cs,CO; O, DMF 25°
11 Cu(OAc), Cs,CO; O, DMF 17°¢
12 Cu(OAc), Cs,CO; O, DMF 404
13 Cu(OAc), Cs,CO; O, DMF 50°
14 Cu(OAc), NaOH O, DMF —
15 Cu(OAc), K,COs O, DMF 49
16 Cu(OAc), Ag,CO; O, DMF Trace
17 Cu(OAc), Ag,0 0, DMF Trace
18 Cu(OAc), (CHs);:N 0, DMF a1
19 Cu(OAc), Cs,CO; O, DMSO 60
20 Cu(OAc), Cs,CO; O, NMP 47
21 Cu(OAc), Cs,CO; O, Toluene’ —
22 Cu(OAc), Cs,CO; O, Acetonitrile® —
23 Cu(OAc), Cs,CO; BQ DMF —
24 Cu(OAc), Cs,CO;  1,10-Phenan. DMF 10
25 Cu(OAc), Cs,CO;  PPh, DMF 33

¢ Reaction conditions: 2-nitroiodobenzene (1 mmol), Si(OMe), (1.5 mmol),
Cat. (20 mol%), Cs,CO; (2 eq.), 4 mL Solv., 145 °C, 18 h. Isolated yields.
b Cu(0Ac), (15 and 10 mol% respectively). ¢ Cu(OAc), (15 and 10 mol%
respectively). ¢ 100 °C. ¢ 12 h./ 105 °C and 95 °C. ¢ 105 °C and 95 °C.

The reaction conditions are tolerant to various substituents
including ether, nitro and ter¢t-butyl on the phenyl ring of the
O-nucleophiles.

After successful transfer of alkoxy and phenoxy groups from
silane partner, we next investigated the scope of the transfor-
mation with respect to aryl halides. The results showed that the
reaction methodology is not restricted to aryl iodides (2e-2j),
and aryl bromides and even aryl chlorides produced above 40%
of the corresponding ethers (21, 2n, 2t, 2x, 2y, 2z and 2a). In case
of aryl bromides and chlorides, the presence of an electron
withdrawing group is necessary, whereas aryl iodides produce
aryl ethers even in the absence of electron withdrawing groups.

4. Mechanistic studies
4.1 Computational details

DFT calculations were performed using the Gaussian09 suite of
programs®® using the unrestricted UB3LYP functional.>*™? All
geometries were optimized using the 6-31G(d) basis set for H,
C, N and O atoms. Copper atom was described with the
Stuttgart RSC 1997 ECP basis set with 10 core electrons. For
the iodine atom, the LANL2DZ effective core potential of Hay

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Table 2 Scope of the transformation
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Entry Aryl halides Silanes Product Yields (%)
I o~ 85
NO,
1 NO, Si(OMe),
Cl
J : "
o™
NO.
2 | N02
2 ©/ Si(OEt), 81
2b
o
| NO,
3 ©/ Si(OPr), 77
2c
o/\/\
N02
| NO,
4 ©/ Si(OBu), 80
2d
~
COOMe ?
| CO,Me
5 Si(OMe);Me 86
2e
COOEt OJ
6 ©/ ! Si(OEt), COEL 81
2f
o
COOEt
7 © Si(OEt), 79
i CO,Et
2g
o~
COOMe
I COzMe
8 Si(OPr), 75
2h
O/\/\
COOMe
| CO,Me
9 Si(OBu), 70
2i
-
(@)
CHO | CHO
10 ©/ Si(OMe), 60
2j
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Table 2 (continued)
Entry Aryl halides Silanes Product Yields (%)
e
CF; o
| CF;
11 ©/ Si(OMe), 51
2k
~
COOMe 0
Br COzMe
12 Si(OMe)(CH3); 86
21
o~
COOMe
13 Si(OMe), 56
CO,Me
|
2m
~
COOMe 0
14 © Si(OMe), © 80
COgMe
Br
2n
~
O
NO,
15 © Si(OMe), © 80
i NO,
20
NO, o O/[ j
16 ©/ ! s \© @/ NO, 82
2p
COOMe \ o O/©
5 i /I ><s|\ \@ i .CO,Me 75
2q
COOMe O/©
\
Q) )
18 >< \ 77
' CO,Me
2r
NO, \ o OMe O/©\0Me
19 @/l ><SI\ \©/ ©/N02 77
2s
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Table 2 (continued)
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Entry Aryl halides Silanes Product Yields (%)
OMe
COOMe o/[::r
\
0
20 >< N 71
OMe
Br CO,Me
2t
NO,
COOMe O/E::j/
\
Si'O
21 >< \ 74
NO,
CO,Me
2u
COOMe /[::I/Li
\ 0o
Sro
22 N 69
CO.,Me
2v
COOMe O/[::T/
\
23 \ 73
CO,Me
2w
COOMe o/©\ow|e
\Si,o OMe
24 \ \I:::]/ 68
Br CO-Me
2x
COOMe
OMe MeOZCOO OMe
\S,,o
25 >< I\ 68
Br 2y
CO,Me
COOMe OMe GO
26 @\ >< 69
_Si
Br oA MeG
2z
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and Wadt augmented with additional p and d polarization
functions (exponents 0.0308 and 0.2940, respectively) was
used.”® The Berny algorithm was used to optimize the transi-
tion states.>® All ground and transition states were verified by
vibrational frequency analysis. Intrinsic reaction coordinate
calculations were performed to confirm the transition states.
The CPCM solvent model was employed to consider the solvent
effects.”>™>’ Single point energy calculations in the solution
phase were erformed with the unrestricted UB3LYP, UB3PW91,
UPBEH1PBE, UwB97XD, UCAM-B3LYP and UmPWI1LYP func-
tionals using the 6-311+G(d,p) basis set for H, C, N and O
atoms. For copper and iodine atoms, the cc-pVTZ-PP basis sets
were used. The solvent parameters for DMF solvent (¢ = 36.71)
are not available in Gaussian09; therefore, the solvent para-
meters for acetonitrile (¢ = 36.64) were employed. A similar
approach has been adopted elsewhere in the literature.*®

4.2 Generation of the catalytic species

Copper-catalyzed C-N and C-O cross-coupling reactions are
catalyzed by the three common oxidation states of copper, i.e.
Cu(0), Cu(r) and Cu(u).>®*”* The Cu(r)-catalyzed reactions are
slightly faster than Cu(0) and Cu(u). It is believed that Cu(i) is
the actual catalyst for these reactions and both Cu(0) and Cu(u)
are converted to Cu(r) prior to the initiation of the catalytic
reactions.”*””® Experimental studies also support the conver-
sion of Cu(0) and Cu(u) to Cu(1) in their catalytic reactions.”®*®
For CuH-based catalytic systems, the catalytically active Cu()
species “LCuH” is formed by the reaction of Cu(u) acetate with
a stoichiometric amount of trialkoxyhydrosilanes ((RO);SiH).* >
In our reaction, tetramethoxysilane is used instead of trialkoxy-
hydrosilane, and we propose that tetramethoxysilane reacts with
copper(n) acetate to give LCu'OMe species, where L can be a
methoxy (Intl; [Cu(OCHjs),] ), acetate group (Int2; [Cu(OCH;)-
(CH3COO)] ") or a DMF molecule (Int3; [Cu(OCH;)(DMF)]).

The optimized geometries and relative energies of Int1, Int2
and Int3 are given in Fig. 1. Among the three plausible inter-
mediates, intermediate Intl is 16.8 and 27.6 kcal more stable
than intermediates Int2 and Int3, respectively.

The mechanistic studies performed by Selvakumar et al. for
the copper-mediated etherification of heteroarenes with alkoxy-
silanes supported the radical mechanism for the reaction.”
The transfer of single electron from alkoxysilanes to copper(i)
acetate affords alkoxysilane radicals, which undergo Si-O bond
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cleavage to deliver the alkoxy radicals. In the reaction system
under investigation, the tetramethoxysilane could undergo
radical reaction by transferring a single electron to copper(u)
acetate. The Gibbs free energy of the electron transfer reaction
was calculated from the energies of the separated reactants and
products of the reaction.®® The activation energy for the elec-
tron transfer was calculated from the Gibbs free energy of the
reaction using the Marcus-Hush model.***" The calculated
activation energy barrier for the electron transfer reaction between
tetramethoxysilane and copper(n) acetate is 105.7 kcal mol™*
(Scheme 1). Due to the very high activation energy barrier, the
transfer of electrons from tetramethoxysilane to copper(u) acetate
was ruled out.

It has been observed that in the presence of anions, the
tetra-coordinated silicon compounds form penta- and hexa-
coordinated species.'® Hence, the carbonate anion could react
with the tetramethoxysilane to give tetramethoxysilicon carbo-
nate, which could undergo single electron transfer reaction,
and the Gibbs free energy for the formation of tetramethoxysi-
licon carbonate is +2.3 kcal mol . The single electron transfer
(SET) reaction of tetramethoxysilicon carbonate and further
reaction steps describing the formation of methoxy radicals,
methoxylation of copper by the methoxy radicals and activation
of methoxysilane compounds by electron transfer reactions
with Cu(u) are represented by reactions (a) to (h) in Scheme 2.

In reaction step (a), a single electron is transferred from
tetramethoxysilicon carbonate to copper(u) acetate, and the
calculated Gibbs free energy and the activation energy barrier
for the single electron transfer reaction are 4.4 and 6.8 kecal mol ™%,
respectively. In reaction step (b), the tetramethoxysilicon carbo-
nate radical (compound 3) disintegrates to produce trimethoxy-
silicon carbonate (compound 5) and a methoxy radical via the
transition state TS(,). In step (c), the methoxy radical displaces an
acetate ligand from complex 4 to yield Cu(u) complex 6. In step (d),
an acetate group adds to compound 5 to produce compound 7,
the formation of the compound 7 is endothermic by 12.2 kcal mol .
In step (e), the compound 7 transfers single electron to the Cu(n)
complex 6 to afford a radical compound 8 and Cu(i) complex 9, and
the Gibbs free energy and activation energy for the single electron
transfer reaction are 8.4 and 9.8 keal mol *, respectively. In step (f),
the radical compound 8 disintegrates to provide a methoxy radical
via the transition state TS, and the activation energy of TS is
15.5 keal mol ™. In reaction step (g), the methoxy radical created

o '

.9 : B
D0  +CH,Co0 xj cu 4‘) _HDMF Cuw
O—M OCH; ‘,‘_‘t %  _cH,coo *‘/k J

%% |nt1 ©

o' /‘J

0° Int2 9  Int3

(0.0) (16.8) (27.6)
Cu-0"=1.830 Cu-0"=1.868 Cu-0"=1.903
Cu-02=1.830 Cu-0°=1.821 Cu-02=1.782

Fig. 1 Optimized geometries of Intl, Int2 and Int3 (values within parentheses represent relative Gibbs free energies in kcal mol™).

Si(OCH3)s + Cu(OAc),

[Si(OCH3)4]" + [Cu(OAc) ]

AG, = 69.8 kcal/mol, E, =105.7 kcal/mol

Scheme 1 Gibbs free energy and activation energy barrier for the single electron transfer reaction between tetramethoxysilane and copper(i) acetate.
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(a) [Si(OCH3)s(CO3)]> + Cu(OAc);—SET . [Si(OCH3)4(CO3)] - + [Cu(OAc) AG, = 4.4 kcallmol; E, = 6.8 kcal/mol
1 2 3 4
(b) [Si(OCH3)4(CO3)] "~ W’l [SI(OCH3)3(CO3)I" + [OCH3]' AG, = -0.4 keal/mol; E, = 9.6 kcal/mol
3 ®) 5
(¢) [Cu(OAc)]™ + [OCH3 Cu(OAC)(OCH;) + OAC AG, = -8.5 kcal/mol
4 6
(d) [Si(OCH3)3(CO3)]- +O0AC [Si(OCH3)3(CO3)(OAC)> AG, = 12.2 kcal/mol
5 7
() [Si(OCH3)3(CO3)(OAC)Z + Cu(OAC)OCHz) ~Er [SI(OCH3)3(COS)(OAC)] ™ + [Cu(OAC)OCHs)]-  AG: = 8.4 kealimol;
7 6 8 9 E, = 9.8 kcal/mol
. .- Radical formation __. _
(f) [Si(OCH3)3(CO3)(OAC)] — [Si(OCH3)2(CO3)(OAC)]l™ + [OCH3]" AG, = 1.2 kcal/mol; E, = 15.5 kcal/mol
8 (f) 10
(9) [Cu(OAC)(OCHg)]- + [OCH3]" Cu(OCH3), + OAC AG, = -11.5 kcal/mol
9 1
SET

(h) [Si(OCH3)4(CO3)]% + Cu(OCH3),
1 11 3

Scheme 2 Calculated Gibbs free energies for reaction steps (a—h) and activation energies for steps (a), (b), (e), (f) and (h).

[Si(OCH3)4(CO3)] ~ + [Cu(OCH3),]~
Int1

AG, = 7.0 kcal/mol; E, = 8.7 kcal/mol

in step (f) reacts with Cu(r) complex 9 to afford Cu(u) complex 11.
In step (h), the tetramethoxysilicon carbonate reduces the Cu(m)
complex 11 to Cu(1) complex (Int1). The overall reaction com-
prises three single electron transfer reactions, whereas each
tetramethoxysilicon carbonate provides two electrons, and thus
the use of 1.5 equivalents of tetramethoxysilane in the reaction
is justified.

The energy level diagram depicting the Gibbs free energies
of reaction steps (a) to (h), activation energies of steps (a), (b),
(e), (f) and (h), and the overall activation energy barrier is
presented in Fig. 2. The overall barrier for reactions (a) to (h)
is 31.6 keal mol .

4.3 Activation of C-I bond of aryl iodide and C-O coupling
reaction

Four mechanisms, ie. oxidative addition/reductive elimination
(OA/RE), c-bond metathesis, single electron transfer (SET) and
halogen atom transfer (HAT) reaction, were studied for the
mechanistic investigations of copper-catalyzed C-N and C-O
cross coupling reactions between aryl halides and N- and
O-nucleophiles.**** A general scheme representing the methox-
ylation of 2-nitroiodobenzene with tetramethoxysilane via differ-
ent mechanisms is depicted in Scheme 3.

In the oxidative addition/reductive elimination mechanism,
the aryl halide adds to the Cu(i) complex to yield a Cu(m)

A
./‘ TS ”‘/)
’ : ! (31.6) 1 o
3G o ! 1
0. (o) - " !
HyC—( ;c( H—CHy ‘ o Cu\d>—CH;\ : ': \q
o o : | -OCHy ‘
2 9 )Qo 2- 9 : :
2 53 i =
| o7 - “sic O\ | E,SET, ! !
O, |/O\ o//\o ni_(e)\_g ! \ 10 TS
< Jo £ |iurs P8 i
o/ o TSy o ! 16.1) (17.3)
% — ! . 1© E,-SET,
d | (14.0) 7 il - V4
1 1 ] i 'o ' 14.5 1-3
' ] ! ° 'a i+ (14.5) Int1
1 1 1 1
i |-OCHy ! \ O T i
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3 AN - ) %o/ 2 L] o—cu—o
£ ! —— o CH3
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| 1+2 | © ‘o +! HiC "
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o o -4.5 o
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Fig. 2 Energy level diagram for the generation of catalytic species through reaction steps (a) to (h).
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Scheme 3 General scheme representing: (a) oxidative addition/reductive elimination (OA/RE), (b) o-bond metathesis, (c) single electron transfer (SET)
and (d) halogen atom transfer (HAT) mechanisms for the methoxylation of 2-nitroiodobenzene with tetramethoxysilane.

intermediate. The Cu(m) intermediate undergoes reductive
elimination to produce the coupling product and Cu(1) species,
which is available for another catalytic cycle. The energy level
diagram for the oxidative addition/reductive elimination reac-
tions of Intl and Int2 is displayed in Fig. 3. The intermediate
Intl undergoes oxidative addition reaction with 2-nitroiodo-
benzene via a three-centered transition state Int1-TSp, to yield
the Cu(m) intermediate Int1-M1. The calculated activation
energy for the oxidative addition step is 20.3 kcal mol™" and
the free energy for the formation of Int1-M1 is —7.2 kcal mol .
The intermediate Int1-M1 undergoes reductive elimination to
yield 1-methoxy-2-nitrobenzene and a Cu(i) species (Int1-M2).
The activation energy for the reductive elimination reaction is
10.0 keal mol™" and the free energy for the overall reaction is
—43.7 keal mol ™. In the overall reaction, the oxidative addition
is the rate-limiting step with an activation energy of 20.3 keal mol .
For Int2, the activation energy for the oxidative addition and
reductive elimination steps is 22.5 and 3.7 kcal mol ™, respectively.
The overall barrier for the oxidative addition/reductive elimination
mechanism of Int2 is 39.3 keal mol .

The optimized geometries of the transition states and the
different reaction intermediates are presented in Fig. 4.

In the o-bond metathesis mechanism, the copper atom
remains in the 1+ oxidation state throughout the catalytic cycle.
The aryl halide bond is activated via a four-centered transition
state between the aryl halide and the copper catalyst. The
energy level diagram for the activation of the C-I bond of aryl
iodide by o-bond metathesis reaction of Intl and Int2 is

New J. Chem.

presented in Fig. 5. The calculated activation energies for
the o-bond metathesis reaction of Intl and Int2 are 16.0
and 16.5 kcal mol " and the overall barriers are 16.0 and
33.3 keal mol ™, respectively.

Copper complexes Intl and Int2 can transfer a single
electron to aryl iodide to activate the C-I bond. The transfer
of the electron can take place either in a stepwise or a concerted
manner. In the stepwise electron transfer, the activation energy
was estimated using the outer-sphere Marcus-Hush model.”* %
In the concerted method, the activation energy was estimated
using Savéant’s model,"”'* which includes the effect of C-I
bond cleavage energy in the estimation of activation energy. The
Gibbs free energy of the single electron transfer reactions was
calculated from the energies of the separated reactants and
products of the reaction.?® The Gibbs free energies for the outer-
and inner-sphere single electron transfer reactions of Intl and
Int2 are presented in Scheme 4.

In the halogen atom transfer mechanism, the iodine atom of
the aryl halide is transferred to the Cu(i) complex. The transition
state for the iodine atom transfer could not be located after many
attempts. Therefore, the activation energy for the iodine atom
transfer was taken to be equal to the free energy of the iodine
atom transfer reaction, and a similar approach has been adopted
in the literature.*®*'°® The Gibbs free energies for the iodine atom
transfer reaction of Int1 and Int2 are described in Scheme 5.

The calculated activation energy barriers for the single electron
transfer and halogen atom transfer mechanisms of Int1 and Int2
are given in Table 3.
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Fig. 3 Energy profile for the oxidative addition/reductive elimination mechanism of Intl and Int2 (values in parentheses represent the Gibbs free energy
in kcal mol™).
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Fig. 4 Optimized geometries of the different species in the oxidative addition/reductive elimination reaction of Intl (H atoms are removed for clarity
and bond lengths are given in A).
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Fig. 5 Energy profile for the o-bond metathesis mechanism of Intl and
Int2 (values in parentheses represent the Gibbs free energy in kcal mol™).

The activation energy barrier for the activation of the C-I
bond of 2-nitroiodobenzene is lower for intermediate Int1 than
Int2 for all four mechanisms investigated theoretically, and the

. NO2
a  [cu(OCHy),|” + ©/

NO,

b [Cu(OCHy:|" &

. NO,
¢ [Cu(CH;CO0)(OCH)| +

NO,
Cu(OCH3); +
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o-bond metathesis mechanism showed the lowest activation
energy. Interestingly, this is in contrast to the copper-catalyzed
C-N coupling reactions, which proceeded mainly via the oxida-
tive addition/reductive elimination mechanism.***> The com-
puted activation energy for the o-bond metathesis mechanism
is very low under the given reaction conditions (145 °C, 18 h).
Further investigations were carried out by calculating the key
reaction steps of the o-bond metathesis, oxidative addition/
reductive elimination and iodine atom transfer mechanism of
Intl with the B3PW91, PBEH1PBE, wB97XD, CAM-B3LYP and
mPW1LYP functionals, including a DMF molecule in the coor-
dination sphere of copper, and by calculating the activation
energy barriers for iodobenzene and comparing them with that
of 2-nitroiodobenzene (Table 4).

With all the DFT functionals used, the o-bond metathesis
mechanism displayed the lowest barrier for the activation of
the C-I bond of 2-nitroiodobenzene. Moreover, the oxidative
addition reaction showed the lowest barrier for the activation of
iodobenzene, which is much higher than that for 2-nitroiodo-
benzene, and furthermore the inclusion of a DMF molecule in
the coordination sphere of copper changed the activation
energies. For further insight into the reaction mechanism,
the Gibbs free energies for the dissociation of the C-I bond
of 2-nitroiodobenzene and iodobenzene were calculated. The
calculated Gibbs free energy for the dissociation of the C-I

AG, = 28.7 kcal/mol

NO,

Cu(OCH3), + © w0 AG, = 30.8 kcal/mol

I
NO,
Cu(CH;COO0)(OCH3) + AG, = 32.2 kcalimol

NO,

| .
] NO, :
d [CU(CH3C°°)(°CH3)] + —— Cu(CH3;COO)(OCH3) + + 17 AG, = 34.3kcalimol

Scheme 4 Gibbs free energy for the outer-sphere (a and c) and inner-sphere (b and d) single electron transfer reactions of Intl and Int2.

I
(@) [cucHy,|” + ©/N°2 —— [cul(oCHy)|”  +
I

NO,

(b) [cu(cH;cO0)(OCH;)|" +

[Cul(CHscooxocus)]' +

NO, |*
AG, = 19.2 kcal/mol

NO, |*

AG, = 23.2 kcal/mol

Scheme 5 Gibbs free energies for the iodine atom transfer reaction of Intl and Int2.
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Table 3 Gibbs free energies (AG,), activation energies (E,) and overall barriers for single electron transfer (SET) and halogen atom transfer mechanisms of

Intl and Int2

Intermediate Mechanism AG; (kcal mol ™) E, (kcal mol™) Overall barrier (kcal mol ™)
Int1 Outer sphere SET? 28.7 29.5 29.5

Int1 Inner sphere SET? 30.8 35.9 35.9

Int1 Halogen atom transfer 19.2 19.2 19.2

Int2 Outer sphere SET? 32.2 35.0 51.8

Int2 Inner sphere SET? 34.3 38.6 55.4

Int2 Halogen atom transfer 23.2 23.2 23.2

“ Stepwise electron transfer (Marcus-Hush model). ” Concerted electron

Table 4 The C-| bond activation energies of 2-nitroiodobenzene and
iodobenzene calculated with different DFT functionals and by adding a
DMF molecule to the coordination sphere of Cu

Activation energy (keal mol )

2-Nitroiodobenzene Iodobenzene

o-Bond
metathesis OA IAT

o-Bond

DFT functional metathesis OA IAT

B3LYP 16.0 20.3 19.2 26.8 24.2 244
B3PWI1 14.4 19.2 193 25.6 22.7 24.2
PBEH1PBE 11.6 18.3 18.6 23.1 21.3 234
wB97XD 10.7 23.1 23.2 233 23.7 27.8
CAM-B3LYP 16.1 28.2 21.0 28.0 29.0 25.9
mPWI1LYP 15.4 21.4 17.2 26.5 24.8 22.4
B3LYP? 16.6 206 192 — — —

¢ Activation energies calculated by adding DMF molecule to the
coordination sphere of Cu.

AG, = 45.4 kcal/mol

AG, = 53.9 kcal/mol

of -

Scheme 6 Gibbs free energy for the dissociation of the C-I bond of
2-nitroiodobenzene and iodobenzene.

transfer (Savéant’s model).

bond of 2-nitroiodobenzene (8.5 kcal mol™') is significantly
lower than the C-I bond dissociation energy of iodobenzene
(Scheme 6). The lower C-I bond dissociation energy of
2-nitroiodobenzene is plausibly responsible for its very facile
cleavage through the o-bond metathesis reaction.

4.4 Role of O,

During the optimization of the reaction conditions, it was
observed that the reaction gave a much higher yield under
aerobic conditions. Various experimental'®” "> and theoretical
studies"'®'™ have shown that atmospheric oxygen (O,) can
oxidize Cu() species to Cu(u). In the current reaction, O, could
facilitate the regeneration of the catalytic species by oxidizing
the copper(l) complex (Int1-M2) to copper(u), which could
undergo redox reactions with tetramethoxysilane to yield the
catalytic species (Scheme 2). The calculated Gibbs free energies
of the different steps involved in the oxidation of Cu(i) to Cu(u)
are described in Scheme 7. In step (I), the iodide ligand of
Int1-M2 could be replaced by an acetate ligand to yield complex
9, which could coordinate with an O, molecule to provide the
0,-coordinated complex 9-O,. The reaction of the Cs" ion with
complex 9-O, could generate Cu(u) complex 6 together with the
formation of CsO,. The calculated Gibbs free energies for
the replacement of the iodide ligand with acetate, coordination
of O, with complex 9 and formation of complex 6 are —5.0, —1.3
and +13.5 kcal mol™!, respectively. Further reactions of

@) I.I?'c‘o—c —J LSS o—C _ AG, = -5.0 kcal/mol
u F u >—CH3
Int1-M2 9
- H3C\ -
i Hac\o _CU/9>_ cH 0, g AG, = -1.3 kcal/mol
~ —Cu_ %cu3
9
9-0,
H3C\° -
H;C o _

(k) _ + N AN AG, = 13.3 kcal/mol

Cu >“CH + Cs (o] Cu\6>—c|-|3 +CsO,

9-02 6

Scheme 7 Calculated Gibbs free energies for the aerobic oxidation of Cuf() to Cu(n).
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Fig. 6 Catalytic cycle A representing the etherification of 2-nitroiodobenzene by the o-bond metathesis mechanism and catalytic cycle B representing
the etherification of iodobenzene by the oxidative addition/reductive elimination mechanism.

complex 6 to generate catalytic species (Intl) are described
in Scheme 2.

5. Catalytic cycle

The catalytic cycle for the reaction is given in Fig. 6. In catalytic
cycle A, copper acetate reacts with tetramethoxysilane to generate
the Cu(i) complex Intl. The o-bond metathesis reaction of Intl
and 2-nitroiodobenzene yields 1-methoxy-2-nitrobenzene and
Cu(1) complex Int1-M2. The iodide ligand in Int1-M2 is replaced
with an acetate ligand to yield complex 9. Atmospheric oxygen
oxidizes the Cu(1) complex 9 to Cu(u) complex 6, which on reaction
with tetramethoxysilane yields the catalytic species Intl. The
catalytic cycle B represents the etherification of iodobenzene
through the oxidative addition/reductive elimination mechanism.
The oxidative addition of iodobenzene to Intl affords the Cu(m)
intermediate Int1-M1, which undergoes reductive elimination to
yield methoxy benzene and Cu(r) intermediate Int1-M2. The
replacement of the iodide ligand of Int1-M2 with acetate,
oxidation with O, and methoxylation with tetramethoxysilane
regenerate the catalytic species Intl.

6. Conclusion

We developed an efficient route for the synthesis of diaryl and
aryl alkyl ethers by the coupling reaction of aryl halides with
alkoxy and aryloxy silanes in the presence of 20 mol% of copper
acetate under oxidative conditions in DMF at 145 °C. The
reaction setup was easy to perform and utilized aryl iodides,
bromides and chlorides. A broad variety of functional groups
was tolerated under the reaction conditions. A high degree of
chemo-selectivity was also achieved in 2j. DFT studies were
carried out to study the mechanism of the reaction. Two
plausible Cu(i) intermediates, Intl ([Cu(OCH;),]”) and Int2

New J. Chem.

([Cu(OCH3)(CH3CO0)] ), were selected for the mechanistic
studies. Calculations were performed for the generation of
catalytic species as well as for the oxidative addition/reductive
elimination, o-bond metathesis, single electron transfer and
halogen atom transfer mechanisms for the C-O coupling step
in the methoxylation of 2-nitroiodobenzene and iodobenzene.
For the C-O coupling step, the o-bond metathesis mechanism
showed the lowest activation energy (16.0 kcal mol™") for the
methoxylation of 2-nitroiodobenzene, whereas the oxidative
addition/reductive elimination mechanism showed the lowest
barrier (24.2 keal mol ™) for the methoxylation of iodobenzene.
The calculated C-I bond dissociation energy of 2-nitroiodo-
benzene (45.4 kcal mol™') is significantly lower than the C-I
bond dissociation energy of iodobenzene (53.9 kcal mol ") and
is plausibly responsible for its facile C-O coupling reaction. The
overall activation energy barrier for the generation of catalytic
species (31.6 kcal mol™") through single electron transfer from
tetramethoxysilane to copper acetate, formation of methoxy
radicals and methoxylation of copper is the rate-determining
reaction step. Thus, the calculated activation energy barrier is
reasonable under the given experimental conditions (145 °C, 18 h).
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