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Bu,NI-Catalyzed C—O Bond Formation by Using a Cross-Dehydrogenative
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The cleavage and functionalization of C—H bonds is of
fundamental interest for both academia and industry. Gener-
ally, the transformation relies on transition metals,)! which
are involved in four major approaches: 1) electrophilic acti-
vation of the C—H bond by a high-valent transition metal;
2) oxidative addition to the C—H bond by low-valent transi-
tion metals; 3) C—H bond activation by o-bond metathesis,
and 4) insertion of a metal carbenoid/nitrenoid into the C—
H bond. After extensive studies, transition-metal-catalyzed
C—H activation has arisen as an excellent synthetic method
to build complex structures because it reduces prefunction-
alization while improving atom economy and energy effi-
ciency. However, the use of expensive metal catalysts and
the problems involved in removing the residual metals from
the final products, which is usually a difficult and tedious
process, limits the practical applications of this strategy. The
discovery of an efficient C—H transformation that does not
require a metal catalyst would be of great value. This strat-
egy would eliminate the requirement to remove traces of
metal from the final products and solve the problem of dis-
posal of the metal catalyst from the reaction mixtures. Re-
cently, several groups disclosed a variety of novel C—C bond
formations by using C—H activation under transition-metal-
free conditions.>®) The cross-dehydrogenative coupling
(CDC) reaction, beyond traditional cross-couplings, has
been the object of increasing interest over the last ten years.
However, transition-metal catalysts, such as iron and copper
salts, were usually required to promote this transforma-
tion.[*

The formation of C—O bonds is a fundamental transfor-
mation in synthetic organic chemistry.!®! Therefore, the cata-
lytic use of transition metals in C—O construction through
C—H functionalization is of great interest.”) However, the
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catalytic formation of C—O bonds through C—H functionali-
zation under transition-metal-free conditions is less ex-
plored.®

a-Acyloxy ethers appear frequently as a structural unit!”’
in biological and medicinal molecules of interest and are
also useful synthetic intermediates” in organic synthesis.
(Scheme 1) Conventional routes to this ubiquitous class of
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Scheme 1. Selected examples of a-acyloxy ethers.

compounds have relied on the addition of a carboxylic acid
to an alkenyl ether,' the nucleophilic substitution of a car-
boxylic acid to an a-halo ether,' the esterification of a
hemiacetal,”®*"! or a two-step synthesis.'¥ Herein, we
report a simple and efficient method to construct a-acyloxy
ethers by using Bu,NI as a catalyst and tert-butyl hydroper-
oxide (TBHP) as the oxidant. The transformation involves
the CDC reaction of the C—H bond and the O—H group,
without the aid of a transition-metal catalyst.

We began our investigation by examining the coupling of
benzoic acid (la) and 1,4-dioxane (2a) under metal-free
conditions (Table 1, entry 1). From a wide range of candi-
dates, the combination of Bu,NI (20 mol%) and TBHP
(2.2 equiv, 70% aqueous solution) was found to be particu-
larly effective and produced the desired 1,4-dioxan-2-yl ben-
zoate (3a) in 95% yield. Table 1 shows the impact of cata-
lyst and oxidant on the efficiency of the C—H oxidation pro-
cess. The choice of oxidant has a paramount effect on this
transformation; replacing TBHP with other common oxi-
dants halted the formation of the desired product (Table 1,
entries 2-8). In the absence of Bu/NI, no 3a was formed
(Table 1, entry 10). Other quaternary ammonium iodides,
such as Me,NI and Me;BnNI, were also tested resulting in
the desired product 3a in decreased yields (Table 1, en-
tries 11 and 12). Both Bu,NCIl and Bu,NBr showed negligi-
ble activity (Table 1, entries 13 and 14). Notably, the addi-
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Table 1. Optimization of the reaction conditions.

N O
(o} \/

OH [ ] catalyst, oxidant . 0‘&
C go o EtOAc, 80 °C, 12 h ©_<\o o

1a 2a 3a

Entry Catalyst Oxidant Yield®[%]
1 Bu,NI TBHP 95

2 Bu,NI oxone el
3 Bu,NI NaClO Ll
4 Bu,NI H,0, Ll
5 Bu,NI BuOCl L
6 Bu,NI (tBuO), L
7 Bu,NI 0, el
8 Bu,NI benzoquinone L
9 Bu,NI - e
10 - TBHP Ll
11 Me,N1 TBHP 52
12 Me;BnNI TBHP 88
13 Bu,NClI TBHP <5
14 Bu,NBr TBHP <5
15 PdCl, TBHP <5
16 Pd(OAc), TBHP <5
17 CuCl TBHP <5
18 Cul TBHP <5
19 RuCl;-nH,0 TBHP <5
20 Bu,NI TBHP 9414

[a] Reaction conditions: benzoic acid (0.5 mmol), 1,4-dioxane (10 mmol),
and catalyst (20 mol%) in EtOAc (2.0 mL) at 80°C for 5 h unless other-
wise noted. [b] Yield of isolated product. [c] Product not observed.
[d] 100 mmol of benzoic acid was added.

tion of various metal catalysts,
such as Pd, Cu, and Ru salts,
suppressed the transformation
(Table 1, entries 15-19). Grati- 1

fyingly, the presence of air and/ o o
/@)‘\O)\/O
F

RCOOH +

or moisture hardly has any
effect on the reaction, which is
in stark contrast to most transi-

para-substituted aromatic acids reacted with 1,4-dioxane to
give the corresponding products. Both electronic and steric
effects of the aromatic acids hardly influenced the reactivity,
giving the desired products in good to excellent yields. Nota-
bly, the presence of halide and even iodo substituents on the
aromatic groups did not interfere with the C—H activation
process, affording products 3b-3e that could be further
functionalized by transition-metal-catalyzed cross-coupling
reactions. Even aliphatic acids also reacted with 1,4-dioxane
to form products 3p or 3q in excellent yields of 93 and
96 %, respectively. Furthermore, when heteroarenes, such as
pyridine, thiophene, and furan were reacted, the correspond-
ing products 3r-3t were also obtained in high yields.

After testing the coupling reaction of 1,4-dioxane with
carboxylic acids, other target ethers were investigated. As
shown in Table 2, a variety of ethers, including cyclic and
acyclic ethers, were found to be coupling partners and the
desired products were formed in satisfactory to excellent
yields. When unsymmetrical 1,2-dimethoxyethane was react-
ed with benzoic acid, two regioisomers, 4da and 4db, were
obtained with an excellent combined yield (Table 2,
entry 4). Notably, the methodology was also suitable for
bis(2-chloroethyl) ether (Table 2, entry 7).

The results in Scheme 2 and Table 2 showed the potential
of the unprecedented C—O bond-forming reaction, therefore
we next investigated the reaction mechanism to help further

BuaNI (20 mol %) o
[Oj TBHP (2.2 equiv) j\ J: j
R E—
o EtOAc, 80 °C, 12 h 0" o
2a

@*C ety G

. . 3b, 86% 3¢, 89% 3d, 95% 3e,91%
tion-metal-catalyzed reactions.
The present methodology was o o o
also tested on a larger scale @ o0 & )\/O /Ej)k )\/0
(100 mmol) and the product Ph COPh
was obtained in 94% yield 3t, 92% 3g, 92% 3h, 90% 0o
M onee the viabiy of SO Y.
nce the wviability of the )\/o o

0 o )
method was established, this ><©)k @ )\/ 0 /©)\ /@*o)\/
approach was then applied to H3C” \‘ sO
the coupling of 1,4-dioxane to a 3j, 98% 3k, 90% 31, 86% 3m, 95%

variety of carboxylic acids and
the results of which are shown
in Scheme 2. The process exhib-
its a broad scope and a high
compatibility with functional
groups, such as halide, keto,
ether, cyano, sulfone, trifluoro-
methane sulfonate (OTs), nitro,
alkene, and amide functional
groups. Different substitution
patterns on the aryl ring were
tolerated; ortho-, meta-, and

3n, 81%

o o
A0
I/
N

3r, 88%

(2.0 mL), 80°C, 12 h.
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Scheme 2. Coupling of 1,4-dioxane to a variety of carboxylic acids; reaction conditions: carboxylic acid
(0.5 mmol), 1,4-dioxane (10 mmol), Bu,NI (20 mol%), TBHP (2.2 equiv, 70% aqueous solution), EtOAc
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Table 2. Reaction of benzoic acid with ethers.
BuyNI (20 mol%)
0 TBHP (2.2 equiv)
< >—4 + RICHORZ — _ >~
OH R0 EtOAc, 80 °C, 5 h

0 R2
O<e
0~

R1
1a 2 4
Entry  Ether Product Yield®™[%]
o]
(o]
1 O @ O 42 9%
°© o)
o]
o]
2 [O> ©_< < 4 86
o)
3 Bu,0 ©\,(° OJ 4c
o (/
4da 37
O\/O\/\O/
e}
4 DME
O~
0 4db 54
o
O
/
5 Et,0 Q(OTOV 4e 86
0]
o
6 Q o,0 4f 90
S )
7 O ™~O o\[o\/\m 4g 66
o Cl
[a] Reaction conditions: carboxylic acid (0.5 mmol), 1,4-dioxane

(10 mmol), Bu,NI (20 mol %), TBHP (2.2 equiv, 70% aqueous solution),
EtOAc (2.0 mL), 80°C, 12 h. [b] Yield of isolated product. DME =1,2-di-
methoxyethane.

a)

BugNI (20 mol%,

D
D 0 b
) o
CO-H [Oj TBHP (2.2 equiv) 0O 0o DD + 0
+ -
©/ o 80°C D

expansion. We suspected that
the addition of the carboxylic
acid to the alkenyl ether could
be involved in the -catalytic
cycle. In fact, when 1,4-dioxane
was replaced with [Dg]1,4-diox-
ane, product [D]3a was ach-
ieved in low yield. However, no
hydrogen-incorporated product
was observed (Scheme 3a). Ad-
ditionally, complicated mixtures
were observed when dihydro- a0
pyran was used as the ether
(Scheme 3b). Based upon these
results, alkenyl ether might not
act as an intermediate in this )

[Dg]1,4-dioxane

transformation."! The reaction o

of benzoic acid and iodomethyl
methyl ether resulted in mix-
tures, which means that the nu-
cleophilic substitution of car-
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boxylic acid to the a-halo ether™ is an unlikely pathway for
the catalytic cycle (Scheme 3c). Notably, hemiacetal was
also excluded as an intermediate in this transformation
based upon a control experiment (Scheme 3d).”™"! More-
over, a kinetic isotopic effect (KIE) experiment was con-
ducted under the optimized conditions (Scheme 3e). The re-
action shows a significant ky/kp of 9.0, implying that C—H
bond cleavage is the rate-limiting step of this transforma-
tion. (The KIE was determined by '"H NMR spectroscopy by
analyzing the ratio of 3a and [D]3a).

Addition of a radical-trapping reagent, in this case 2,2,6,6-
tetramethylpiperidine N-oxide (TEMPO), to the reaction
medium suppressed the transformation, which indicated that
the C—O bond formation is probably a radical process. A
brown color in the reaction mixture indicated the generation
of iodine in this reaction system. A control experiment, in
which Bu,NI was replaced with iodine, showed no coupling,
which discounted iodine as the active catalyst (Scheme 4a).
Switching the catalyst to KI provided the desired product 3a
in low yield (Scheme 4b). In addition, we demonstrated that
hypervalent iodine reagents do not act as oxidants in the re-
action, based on a control experiment (Scheme 4c).

Based on these observations and literature reports,
a plausible catalytic cycle has been proposed in Scheme 5.
The mechanism involves four steps: firstly, TBHP decom-
poses to the tert-butoxyl radical and a hydroxyl anion in the
presence of Bu,NI (Scheme 5, step a); next the carboxylic
acid is deprotonated by the hydroxyl anion, which gives the
anionic species A (Scheme 5, step b); on the ether, hydrogen
is extracted from the C—H bond adjacent to an oxygen
atom, to give the intermediate B and iodine oxidation gener-
ates an oxonium ion C (Scheme 5, step c). Finally, nucleo-

[3a,5m,15]

HD

OJOD b oL,
e ek
J "o

D

X

Yield: 17% Not Observed
BuyNI (20 mol%)
TBHP (2.2 equiv)

_

|

BugNI (20 mol%)
TBHP (2.2 equiv)

80°C

Mixtures

Mixtures

Oy

4a, Not Observed

BuyNI (20 mol%)
TBHP (2.2 equiv)

)

HO™ O 80°C

BugNI (20 mol%)
TBHP (2.2 equiv)
B ieceqlv)

80°C

3a + [D]3a

O

[Dgl1,4-dioxane ratio: 9/1

Scheme 3. Investigation into the reaction mechanism.

— 4087

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

X. Wan et al.

A EUROPEAN JOURNAL

a)
15 (20 mol%)
TBHP (2.2 equiv)

COH [Oj
©/ 0 80°C

KI (20 mol%)
TBHP (2.2 equiv)
- >

o 80°C

+

o]
o—(_}
o (¢]
Ph
3a, Not Observed
(o]
o
o O—)
Ph

3a, Yield: 12%

Q
o
I
+
@]
N/

o
CO:H o A o+
©/ . [] NIS (2.0 equiv). PHI(OAG), or BX O_)
o 80°C Ph

3a, Not Observed

Scheme 4. Investigation into the role of iodide.

a) I~ + BuOOH — 121, + BuO*° + HO
b) RICO,H + HO —_— R'COo, + H0
A
c) fBuO- + i g T8 RS 121, RZ&O,HS
p2 o KiEr90 RP O \ ®
B I C
o)
3
d R'co, + R o —_— R‘JJ\O
[©] 3
o
A c 3

Scheme 5. A plausible reaction mechanism.

philic addition of A to C generates the desired product 3
(Scheme 5, step d). Overall, the I/I” redox process plays a
key role in the C—O bond formation, by promoting the re-
ductive cleavage of the O—O bond in the peroxide
(Scheme 5, step a) and in the oxidation of the carbon radical
to an oxonium ion (Scheme 5, step c).

In summary, we have developed a new method for the
construction of C—O bonds by using the CDC reaction. The
methodology is distinguished by 1) the lack of expensive
transition metals required for the transformation; 2) the
direct use of commercially available materials; 3) opera-
tional simplicity; 4) the fact that an inert atmosphere or dry
solvents are not required; and 5) a wide tolerance of various
functional groups. We believe that this is the most simple
and straightforward methodology available for the synthesis
of a-acyloxy ethers to date. Investigation on an asymmetric
version, a detailed mechanism, and synthetic applications of
this reaction are underway in our laboratory.

Experimental Section

General procedures for preparation of 3 and 4: Carboxylic acid
(0.5 mmol), ether (10 mmol or 15mmol), EtOAc (2.0mL), Bu,NI
(0.1 mmol, 20 mol%), and TBHP (2.2 equiv, 70% aqueous solution)
were added to a tube under air. The reaction mixture was heated in an
oil bath at 80°C for the designated time. Removal of the organic solvent
under vacuum followed by purification with flash silica gel column chro-
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matography (eluting with petroleum ether and ethyl acetate mixtures) af-
forded products in moderate to high yields.
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