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An efficient and practical short-chain alkoxylation of unacti-
vated aryl bromides has been developed with special atten-
tion focussed on the applicability of the reaction. Sodium alk-
oxide is used as the nucleophile, and the corresponding
alcohol as the solvent. The reaction requires neither precious
metals nor organic ligands. It uses a catalytic system con-
sisting of copper(l) bromide as a catalyst, the corresponding

alkyl formate as a noncontaminating cocatalyst, and lithium
chloride as an additive. A wide range of substrates and test
cases highlight the synthetic utility of the approach. Con-
sidering the commercial accessibility and affordability of the
feedstocks, this protocol shows promise as a new alternative
for the sustainable preparation of aryl alkyl ethers.

Introduction

It is well known that aryl alkyl ethers are important
structures that are often found in pharmaceuticals, agro-
chemicals, and fine organic chemicals (Figure 1).I'! For in-
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stance, ethyl vanillin, which has an aryl ethyl ether frame-
work, is a value-added analogue of vanillin, and is one of
the most famous flavouring agents in the food industry.!!
In addition, the aryl butyl ether derivative pramoxine has
served clinically as a classic local anaesthetic agent for dec-
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Figure 1. Selected important compounds containing aryl alkyl ether motifs.

[a] School of Pharmacy, East China University of Science &
Technology,
130 Meilong Road, Shanghai 200237, P. R. China
E-mail: jyf@ecust.edu.cn
http://webmanage.ecust.edu.cn/s/48/t/239/a/9386/info.jspy

[b] State Key Laboratory of Bioactive Substance and Function
of Natural Medicines, Institute of Materia Medica, Chinese
Academy of Medical Sciences & Peking Union Medical
College,
1 Xiannongtan Street, Beijing 100050, P. R. China
E-mail: xdp@imm.ac.cn
http://www.imm.ac.cn/cn/scientistinfo.asp?rstid=983

2 Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.201500500.

4744 Wiley Online Library

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ades as a result of its high anaesthetic potency and low
toxicity.'8] Furthermore, the convenient O-dealkylation of
aryl alkyl ethers represents a useful approach to phenols.”’)

Unlike activated aryl halides bearing strongly electron-
withdrawing groups like NO,, CN, CF3, etc. which react by
an aromatic SyAr mechanism, unactivated electron-rich
aryl substrates require a transition-metal catalyst to un-
dergo nucleophilic coupling reactions. Although the palla-
dium-catalysed C-O coupling of unactivated aryl halides
has been quite successful,’”! some inherent limitations such
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as moisture sensitivity, the cost of palladium, the tedious
synthesis of the ligands, the environmental toxicity of phos-
phine ligands,!! and the possibility of a competing B-H eli-
mination side-reaction,!”) might restrict its synthetic appli-
cability (Scheme 1, a).

a) Palladium catalysis:

A X
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Scheme 1. Transition-metal-catalysed alkoxylation of aryl halides.
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In contrast, copper-catalysed Ullmann-type C-O bond
formation has been an attractive alternative by virtue of the
relatively low toxicity and cost of the catalyst, as well as a
decreased amount of B-H elimination.!® For these reasons,
considerable efforts have been devoted to the development
of copper-catalysed C-O coupling methods for the con-
struction of aryl alkyl ethers. Generally, these catalytic sys-
tems have required ligands for the transformations to be
effective.”] Drawbacks associated with the use of ligands
include issues of cost, separation, and pollution. Further-
more, from a practical perspective, the use of aryl iodides
as reaction substrates and copper iodide as catalyst would
still make an alkoxylation reaction uneconomical compared
to the more cost-effective aryl bromide and copper bromide
(Scheme 1, b). Therefore, it would be highly desirable to
develop a ligand-free copper-catalysed alkoxylation reac-
tion of unactivated aryl bromides.

Until now, ligand-free copper-catalysed alkoxylation
strategies have remained scarce for unactivated aryl halides,
due to the low catalytic activity and instability of copper(I)
ions in the absence of organic ligands.'”) Recently, we dis-
closed a ligand-free method, catalysed by copper(I) chlor-
ide/methyl formate, for the methoxylation of unactivated
aryl bromides to give anisoles in nearly quantitative
yields.''l As part of our ongoing research into the explora-
tion of practical methods for Cg,,—~OR iy formation, in
this paper we report a ligand-free copper-catalysed method
for the short-chain alkoxylation of unactivated aryl brom-
ides. The protocol uses nonprecious copper(I) bromide as a
catalyst, the matching alkyl formate as a cocatalyst, inor-
ganic lithium chloride as an additive, the corresponding so-
dium alkoxide as the nucleophile, and the corresponding
alcohol as the solvent (Scheme 1, c¢). The presence of the
sodium alkoxide, which can function both as a strong base
and an active nucleophile, could enhance the etherification
process under the ligand-free conditions. The alkyl formate
plays a cocatalytic role by undergoing a nucleophilic ad-
dition with the alkoxide anion in the catalytic cycle.'!]
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Moreover, it enables the clean recovery of the alcohol sol-
vent after completion of the reaction, due to its decarb-
onylative decomposition into alcohol and CO in the pres-
ence of sodium alkoxide and transition metal in the open
system (Scheme 2).[1%]
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Scheme 2. Decarbonylative decomposition of alkyl formates.

Results and Discussion

Given the fact that copper(I) ion can quickly be reduced
into elemental copper in ethanolic sodium ethoxide, and
thus lose its catalytic activity,!'3! we chose ethoxylation as a
model reaction to optimize the reaction conditions. The
model reaction with substrate 4-bromotoluene (1a) was
conducted in a Teflon®-lined sealed tube at 110 °C for 4 h,
in the presence of copper(I) salt (15 mol-%) as the catalyst,
and ethyl formate (1.0 equiv.) as the cocatalyst (Table 1).
Initially, we observed that the reaction gave only a 39%
conversion (by GC-MS analysis) in the absence of a lithium
salt (Table 1, entry 1). The low yield is probably due to the
reduction of copper(I) ion (Scheme 3).['3] Hence, it was cru-
cial to find an additive that could suppress the reductive

Table 1. Optimization of the reaction conditions.[®]

EtONa/EtOH
\@\ Cu(l) salt (n mol-%) \©\
Br HCOOEt (n4 equiv.) OFEt
1a Li salt (n, equiv.) 2a
110°C, 4 h
Entry Cu' salt HCOOEt  Li salt (n, equiv.) Conversion [%o}/
(nmol-%)  [n; equiv.] selectivity [%o]™!

1 CuBr (15) 1.0 0 39/100
2 CuBr (15 1.0 (COO),Li, (1.0)  84/100
3 CuBr (15 1.0 HCOOLi (1.0) 94/100
4 CuBr (15) 1.0 PhCOOLi (1.0)  96/100
5 CuBr (15) 1.0 LiBr (1.0) 96/100
6 CuBr (15 1.0 AcOLi (1.0) 100/100
7 CuBr (15 1.0 LiCl (1.0) 100/100
8 CuBr (15) 1.0 LiCl (0.7) 95/100
9 CuBr (0) 1.0 LiCl (1.0) 0/0
10 CuBr (15 0 LiCl (1.0) 0/0
11 CuCl (15) 1.0 LiCl (1.0) 40/100
121 CuBr (15 NMP 0 0/0
134 CuBr (15 1.0 LiCl (1.0) 0/0
141 CuBr (15 1.0 LiCl (1.0) 100/100

[a] Reaction conditions: 1a (3.0 mmol), EtONa [6.0 mmol, freshly
prepared from Na (6.0 mmol) and EtOH (6 mL)], Cu' salt (n mol-
%), HCOOEt (n; equiv.), and Li salt (1, equiv.) in a Teflon®-lined
sealed tube at 110 °C for 4 h. [b] Conversion [%] and selectivity [%0]
determined by GC-MS using the area normalization method in
the total ionization chromatogram. [c] Reaction with 1-methyl-2-
pyrrolidinone (NMP; 6 mL) instead of HCOOEt in a flask. [d] 1a
replaced by 4-chlorotoluene. [e] 1a replaced by 4-iodotoluene.
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capacity of alkoxide anion. Inspired by previous elegant
work, %131 we realized that the single-shell lithium ion has a
unique affinity for oxygen,['* and probably forms a dimeric
oxygen-lithium complex to decrease the reductive capacity
of the alkoxide anion (Scheme 3).[1%]

a) Known fact:

+ reduction
v, RO\Cu ——— > Cu® quickly

RONa

b) Current assumption:

R R R .
Li* * Cu* R reduction
RONa == O b B, RO\Li'o\Na — RO\Li o\Cu — >
Li- 0 R slowly

R = short-chain alkyl

Scheme 3. Reduction of Cu' ion by sodium alkoxide in the absence
or presence of a lithium salt.

To our delight, the screening of lithium salts revealed
that lithium oxalate had a beneficial effect on the reaction,
giving 84 % conversion (Table 1, entry 2). The ethoxylation
reaction of 1a proceeded even more effectively when lithium
formate, lithium benzoate, or lithium bromide was used as
the additive, delivering the desired product (i.e., 2a) with
94-96% conversion and excellent selectivity (Table 1, en-
tries 3-5). Lithium acetate and lithium chloride were
equally effective, and gave the highest efficiency (Table 1,
entries 6 and 7). We chose to use inorganic lithium chloride
as the additive due to its nontoxicity, low cost, and ready
recoverability.'®l Lowering the loading of lithium chloride
(0.7 equiv.) resulted in a visible loss of efficiency (95% con-
version; Table 1, entry 8).

Next, the catalyst and cocatalyst were evaluated in the
presence of lithium chloride. We found that copper(I) brom-
ide and ethyl formate were equally important for the reac-
tion. In the absence of either of these, no product was de-
tected (Table 1, entries 9 and 10). On the other hand, the
conversion of la decreased sharply to 40% when copper(I)
bromide was replaced with copper(I) chloride (Table 1, en-
try 11). When 1-methyl-2-pyrrolidinone (NMP) was used as
an aprotic cosolvent instead of ethyl formate and lithium
chloride,'3! none of the desired product was produced, and
the rapid generation of elemental copper was observed
(Table 1, entry 12). Moreover, 4-chlorotoluene did not de-
liver any of the product (Table I, entry 13), whereas its
more reactive counterpart 4-iodotoluene underwent eth-
oxylation as effectively as la with full conversion and ex-
clusive selectivity (Table 1, entry 14). On the basis of these
results, the standard reaction conditions (Table 1, entry 7)
were established to probe the generality of the alkoxylation
process.

Ethoxylation and propoxylation were evaluated first, and
the results are shown in Table 2. In general, substrates con-
taining electron-donating (1a-1e) and weakly electron-with-
drawing (1g-1i) substitutents were cleanly transformed into
the corresponding aryl ethers in excellent yields, using ethyl
formate or propyl formate as the matching cocatalyst. The
vast majority of the aryl bromides delivered the desired
products with full conversion and exclusive selectivity. A
range of functionalities including methyl, methoxy, hydroxy,
4746
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chloro, formyl, ethoxycarbonyl, and thiophenyl groups were
well tolerated.

Table 2. Substrate scope of the ethoxylation and propoxylation re-
actions.[l

RONa/ROH
{j\ _CUBr(15mok-%), o S
1
HCOOR (1.0 equiv.) Z>0oR
LiCl (1.0 equiv.) g S f Elt:,
110°C, 4 h =
T, T
OR OR OR OR
OMe OH

2a 100/100[°! (88)lc!
3a 100/100 (92)

2b 100/100 (96)
3b 100/100 (95)

CHO

2c 100/95(92)  2d100/100 (93)
3c 100/98(94)  3d!@100/100 (94)

Cl

Cl
MeO OR OR \©\OR

OH OH OR

2¢l%100/100(94)  2f(9100/100(93) 29 100/100(97)  2h 100/100 (96)
3¢l 100/100 (94)  3fl9100/100(92)  3g 100/100(97)  3h 100/100 (97)

EtOOC fj
OR

2i 100/100 (88) 2j 100/100 (89)
3j 100/100 (92)

[a] Reaction conditions: 1 (3.0 mmol), RONa [6.0 mmol, freshly
prepared from Na (6.0 mmol) and ROH (6 mL)], CuBr
(0.45 mmol), HCOOR (1.0 equiv.), LiCl (1.0 equiv.) in a Teflon®-
lined sealed tube at 110 °C for 4 h. [b] Conversion [%] and selectiv-
ity [%] were determined by GC-MS using the area normalization
method in the total ionization chromatogram. [c] [solated yields
[%)]; 2a, 3a, 2j, and 3j as volatile products had lower yields. [d] The
substrate with a phenolic hydroxyl group needed an additional
1.0 equiv. of RONa.

We found that a trace amount of dehalogenated by-prod-
uct was formed in the cases of the aryl bromides containing
an ortho-methoxy group (95 and 98 % selectivity for 2¢ and
3c, respectively, see Supporting Information).'”? In con-
trast, the dehalogenation was not observed in ortho-
hydroxy-substituted substrates (full conversion and exclus-
ive selectivity for 2d-2f and 3d-3f). We presume that coordi-
nation between the phenolate anion and the active copper
species removes the possibility of dehalogenation in these
cases. This protection effect resulting from the presence of
the formyl and hydroxy groups is proposed based on the
previously described dearomatization—enolization of 4-
hydroxybenzaldehydes in the synthesis of vanillin analogues
(2f and 3f).['1

For substrate 1i, the ethoxylation gave a slightly lower
yield of 88% of the product (i.e., 2i), mainly due to the
lower stability of the ethoxycarbonyl group. The electron-
rich heterocyclic 2-bromothiophene (1j) was also amenable
to this protocol, delivering the target products (i.e., 2j and
3j) with full conversion and exclusive selectivity.

Next, we examined further short-chain sodium alkoxides
as reaction partners (Table 3). Butoxylation, isobutoxyl-
ation, and pentyloxylation reactions were conducted with a

Eur. J. Org. Chem. 2015, 4744-4755
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prolonged reaction time of 7 h, but under otherwise iden-
tical conditions. Gratifyingly, the butoxylation reactions of
para-bromophenetole (1k) and ortho-bromophenol (11) pro-
ceeded smoothly to give the products (i.e., 4k and 4l) in
>95% yields. The butoxylation of ortho-methyl-substituted
bromoarene 1m also gave 4m in good yield, but a trace
amount of dehalogenated by-product was observed (98%
conversion/98 % selectivity). Although the sterically more
demanding isobutoxylation reactions suffered somewhat
with slightly lower conversions of 93-98% (1g, 1h, and 1n)
and marginal dehalogenations (1g and 1h), the reactions
still gave the isobutyl ethers in >89% yields (5g, Sh, and
5n). In the pentyloxylation reactions, substrates 1m, 1o, and
1p were effectively converted into products 6m, 60, and 6p
with excellent yields of 88-91%. Meanwhile, some dehalo-
genation was seen in the reaction to give 6m.

Table 3. Further substrate scope of the alkoxylation reactions.[
| A gall N
R'— R _ 4R =nBu
Z>ar OR 5R=iBu
6 R = nPent
1 7R=iPr

RONa/ROH
CuBr (15 mol-%)

HCOOR (1.0 equiv.)
LiClI (1.0 equiv.)
110°C, 7 h

L E} e
OnBu OnBu OnBu 0iBu
OH

5g 97/97(91)

4k 99/100%! (96)! 411¢1 100/100 (95) 4m 98/98 (92)

[ :L [ :L % OnPent [j\
OiBu OiBu OnPent

5h 93/98 (89) 5n 98/100 (94) 6m 92/98 (88) eo[dl 95/100 (91)
- f OnPent \©\ ©\

OiPr OiPr
6p 92/100 (90) al®l 100/67 (63) 7nl¢l 100/65 (62)

[a] Reaction conditions: 1 (3.0 mmol), RONa [6.0 mmol, freshly
prepared from Na (6.0 mmol) and ROH (6 mL)], CuBr
(0.45 mmol), HCOOR (1.0 equiv.), LiCl (1.0 equiv.) in a Teflon®-
lined sealed tube at 110 °C for 7 h. [b] Conversion [%] and selectiv-
ity [%] determined by GC-MS using the area normalization
method in the total ionization chromatogram. [c] Isolated yield [%].
[d] The substrate with a phenolic hydroxyl group needed an ad-
ditional 1.0 equiv. of RONa. [e] For a reaction time of 12 h.

Although the isopropoxylation reactions of 1a and In
proceeded with full conversions, they gave only moderate
yields (7a and 7n, see Supporting Information) as a result
of severe dehalogenation. This is in contrast with the results
of the linear propoxylation reaction.”**1 We speculate that
the bulky secondary alkoxide anion, which has a poor affin-
ity for the copper(I) ion, requires a longer reaction time
to complete the desired alkoxylation. However, during these
slower reactions, the copper reacts competitively with the
unreacted bromoarenes to give an arylcopper species that
then leads to the formation of the dehalogenated arenes.'?!
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The method can also be used with unactivated dibromo-
arenes (Table 4). Most of the substrates underwent dieth-
oxylation and dipropoxylation with full conversion and ex-
clusive selectivity (2q—2s, 3q—3s). A prolonged reaction time
of 10 h was required for dibromoarene 1t, which then gave
an almost quantitative yield. This approach to polyalkoxyl-
ation clearly has the potential for further development.

Table 4. Dialkoxylation.[2!

ROH/RONa
CuBr (30 mol-%)
ArBr, Ar(OR),
HCOOR (2.0 equiv.)
1 LiCI (2.0 equiv.) g E = E;
110°C, 7 h =
OR OMe
RO OR
OR
2q 100710001 (97)( 2r 100/100 (97)
3q 100/100 (98) 3r 100/100 (97)
OR
RO OR OR
OH OH

2sl9 100/100 (96)
3sl9 100/100 (95)

2tl9¢1 100/100 (97)
3tl4€1 100/100 (95)

[a] Reaction conditions: 1 (2.0 mmol), RONa [8.0 mmol, freshly
prepared from Na (8.0 mmol) and ROH (8 mL)], CuBr (0.6 mmol),
HCOOR (2.0 equiv.), LiCl (2.0 equiv.) in a Teflon®-lined sealed
tube at 110 °C for 7 h. [b] Conversion [%] and selectivity [%] deter-
mined by GC-MS using the area normalization method in the total
ionization chromatogram. [c] Isolated yield [%)]. [d] The substrate
with a phenolic hydroxyl group needed an additional 1.0 equiv. of
RONa. [e] For a reaction time of 10 h.

There is a trend to replace vanillin in the flavouring and
food industries by ethyl vanillin (2f; 3-ethoxy-4-hydroxy-
benzaldehyde) because of its superior properties.’l To dem-
onstrate the synthetic utility of the protocol, the prepara-
tion of 2f was carried out on a multigram scale (Scheme 4,
a). Pleasingly, 1f was smoothly converted into ethyl vanillin
(2f) in 90% yield, with the clean and quantitative recovery
of ethanol. Compared with the industrial route (Scheme 4,
a),l'81 the new method introduces a promising alternative
for the synthesis of 2f on the basis of the efficient prepara-
tion of 1£11

The synthetic utility of this alkoxylation approach was
further demonstrated through the multigram-scale prepara-
tions of the common organic intermediate isovanillin (9;
Scheme 4, b)!'I and the classic anaesthetic agent pramoxine
(13; Scheme 4, c).['* Notably, the new route to 9 delivered
an overall yield of 78 % through a facile three-step sequence
of propoxylation, methylation, and depropylation.l*”! Simi-
larly, the new approach to pramoxine staring from inexpen-
4747
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a) Preparation of ethyl vanillin:

CHO EtONa/EtOH CHO
CuBr (15 mol-%)
Our approach on HCOOEt (1.0 equiv.)
multigram-scale Br LiCl (1.0 equiv.) OEt
OH 110°C, 7 h OH
1f (4.02 g) autoclave 2f (2.98 g, 90%)
CfozH CHO
o) -Co
Industrial route cHo 2 :
OEt Cu(ll) OEt
OH OH
2f Ref.[201
b) Preparation of isovanillin starting from 1f:
GHO nPrONa/nPrOH CHO
CuBr (15 mol-%) Me,SOy4 (1.4 equiv.)
Br HCOOnPr (1..0 equiv.) OnPr aqli. NaOH (1.4 equiv.)
OH LiCl (1.0 equiv.) OH 90 °C
1f@402g)  110°C,7h 3f (88%)
CHO CHO
AICl3 (2.2 equiv.)
tol 1.
OnPr oluene, r OH
OMe OMe
o isovanillin
8 (96%) 9 (2.36 g, 92%)
overall yield: 78%
c) Preparation of pramoxine:
OH AN 0" "N
N c @ nBUONa/nBuOH
OJ 11 (1.2 equiv.) CuBr (15 mol-%)
K2COs3 (2.0 equiv.) HCOONBuU (1.0 equiv.)
Br CH4CN, reflux Br LiCl (1.0 equiv.)
10 (3.46 g) 12 (98%) 110°C,7h
Lo
OnBu

pramoxine
13(5.22 g, 91%)
overall yield: 89%

Scheme 4. Applications of the alkoxylation protocol in the synthesis of high-value compounds on a multigram scale.

sive 4-bromophenol (10) was successfully implemented to
give an overall yield of 89% in a high-yielding two-step se-
quence of condensation and butoxylation.

In addition, our alkoxylation protocol gave convenient
access to 3,5-di-hetero-alkoxy-4-hydroxybenzaldehydes (un-
symmetrical syringaldehydes; Table 5). Syringaldehyde, a
synthetically useful feedstock with the skeleton of natural
gallic acid, is a versatile building block in the pharmaceuti-
cal industry and for drug discovery.?!l Therefore, a strategy
that would allow the preparation of unsymmetrical syring-
aldehydes would be highly valuable for drug discovery. As
4748
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shown in Table 5, substrates 14, 2f, 3f, 26, and 27 under-
went bromination followed by alkoxylation to achieve a col-
lection of unsymmetrical syringaldehydes. Using a short-
before-long approach (pathway A), the butoxylation and
pentoxylation steps gave lower yields of 48-56% for prod-
ucts 20, 21, and 23-25. In contrast, the long-before-short
approach (pathway B) gave these products with improved
yields of >81% in the last alkoxylation steps (see Support-
ing Information). These results also proved that the eth-
oxylation and propoxylation processes are more robust than
butoxylation and pentoxylation.

Eur. J Org. Chem. 2015, 4744-4755
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Pathway A:
CHO R20H/R20Na
Br, (1.0 equiv.) CuBr (15 mol-%)
OR! ACOH,rt HCOOR? (1.0 equiv.) R20
LiCl (1.0 equiv.)
OH 110°Cv7 h
14 R = 15R' = Me 94% 18 25
2fR'= Et 16 R'= Et 92% R' = Me, R? = Et, nPr, nBu, nPent;
3fR! = nPr 17 R' = nPr 92% R"=Et, R?=nPr, nBu, nPent;
R'=nPr, R? = nBu
Pathway B:
CHO R?0OH/R?0ONa
Brz (1.0 equiv.) CuBr (15 mol-%)
AcOH 't HCOOR? (1.0 equiv.)
OR! OR' LiCl (1.0 equiv.)
OH 110°C, 7 h
26 R1 =nBu 28 R1 =nBu 91% 20, 21 and 23-25
27 R' = nPent 29 R' = nPent 90% R' = nBu, R? = Me, Et, nPr;

R' = nPent, R2 = Me, Et

CHO CHO CHO CHO
tO i OMe nPrO i OMe nBuO i OMe nPentO i OMe
OH OH OH OH

18 88%!2! 19 849%el

20 56%!41 (93%)MP! 21 51%1 (91%)P!

CHO CHO CHO CHO
nPrO i OEt nBuO i OEt npento/©\o|5t nBuo/©\OnPr
OH OH OH OH

22 83%lel 23 52%81 (86%)MP]

24 48%1 (84%)P] 25 51%l81 (81%)P]

[a] Isolated yield of the alkoxylation step by pathway A. [b] Isolated yield of the methoxylation or alkoxylation step by pathway B (see

Supporting Information).

Conclusion

In summary, we have developed a ligand-free copper(I)-
bromide-catalysed short-chain alkoxylation process for un-
activated aryl bromides. The sodium alkoxide is used as the
nucleophile, the corresponding alkyl formate as a cocata-
lyst, and the corresponding alcohol as the solvent. A lith-
ium chloride additive enables the reaction, which would
otherwise be difficult under ligand-free conditions, to pro-
ceed efficiently to give various alkoxylated products in high
yields, with easy quantitative recovery of the alcohol sol-
vent. The method is very practical for the preparation of
high-value aryl alkyl ethers. We anticipate that the approach
developed here will become a useful tool for organic synthe-
sis.

Experimental Section

General Methods: Unless otherwise indicated, reagents were ob-
tained from commercial sources, and were used as received without
further purification. Reactions were carried out in a Teflon®-lined
stainless steel sealed tube or autoclave. Solvents were dried only

Eur. J. Org. Chem. 2015, 4744-4755
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with 4 A molecular sieves. Reaction products were purified by col-
umn chromatography on silica gel (300-400 mesh). Melting points
were determined using an open capillaries. '"H (400 MHz) and '3C
(100 MHz) NMR spectra were determined with a Bruker AV400
instrument in CDCl; or [Dg]DMSO, with tetramethylsilane as in-
ternal standard. HRMS spectra were measured with a QSTAR Pul-
sar I LC/TOF MS mass spectrometer or a Micromass GCTTM gas
chromatograph/mass spectrometer. GC-MS measurements were
carried out with an Agilent 6890-5973N gas chromatograph/mass
spectrometer.

General Procedure for the Alkoxylation of Aryl Bromides: (sce
Tables 2 and 3) A Teflon®-lined sealed tube (25 mL) was loaded
with a solution of RONa in ROH [freshly prepared from metallic
Na (0.14 g, 6.0 mmol) and ROH (6 mL)], LiClI (0.13 g, 3.0 mmol),
aryl bromide (3.0 mmol), CuBr (0.06 g, 0.45 mmol), and HCOOR
(3.0 mmol). The mixture was stirred in the sealed tube for 15 min,
and then it was heated at 110 °C for the time stated. After the
reaction was complete, the mixture was stirred open to the air for
0.5 h at room temperature. Then the mixture was concentrated in
vacuo to recover the ROH solvent and give a residue. MTBE
(10 mL) and dilute hydrochloric acid (1.0 m; 10 mL) were added to
the residue. The organic phase was separated, and the aqueous
phase was extracted with MTBE (3X 10 mL). The combined or-
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ganic layers were dried with anhydrous MgSQO,, and then concen-
trated in vacuo. The crude product was evaluated by GC-MS to
measure the conversion and selectivity. Lastly, purification of the
crude product by column chromatography on silica gel (petroleum
ether/ethyl acetate, 20:1) gave the desired product.

1-Ethoxy-4-methylbenzene (2a): Colourless oil, the best result: (con-
version/selectivity: 100/100%), 0.36 g (88%, volatile product). 'H
NMR (400 MHz, CDCl;): 6 = 7.07 (d, J = 8.0 Hz, 2 H), 6.79 (d,
J=8.0Hz, 2 H), 3.99 (q, J/ = 7.2 Hz, 2 H), 2.28 (s, 3 H), 1.39 (t,
J = 7.2Hz, 3 H) ppm. 3C NMR (100 MHz, CDCl5): § = 156.8,
129.9 (2 C), 129.7, 114.4 (2 C), 63.4, 20.5, 14.9 ppm. HRMS (EI):
caled. for CoH,O [M]* 136.0888; found 136.0887.

1-Methyl-4-propoxybenzene (3a): Colourless oil (conversion/selec-
tivity: 100/100%), 0.41 g (92%). 'H NMR (400 MHz, CDCl,): § =
7.07 (d, J = 8.4 Hz 2 H), 6.80 (d, / = 8.4Hz, 2 H), 3.89 (t, J =
7.2 Hz, 2 H), 2.28 (s, 3 H), 1.79 (sext, J = 7.2 Hz, 2 H), 1.03 (t, J
= 7.2 Hz, 3 H) ppm. *C NMR (100 MHz, CDCl;): § = 157.0,
129.9 (2 C), 129.7, 114.4 (2 C), 69.6, 22.7, 20.5, 10.6 ppm. HRMS
(EI): caled. for CoH 40 [M]* 150.1045; found 150.1046.

1-Ethoxy-4-methoxybenzene (2b): Colourless oil (conversion/selec-
tivity: 100/100%), 0.44 g (96%). 'H NMR (400 MHz, CDCl,): § =
6.83 (s, 4 H), 398 (q, J = 7.2 Hz, 2 H), 3.77 (s, 3 H), 1.39 (, J =
7.2 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCls): § = 153.7, 153.1,
1154 (2 C), 114.6 (2 C), 64.0, 55.7, 15.0 ppm. HRMS (ESI): calcd.
for CoH 30, [M + H]* 153.0916; found 153.0924.

1-Methoxy-4-propoxybenzene (3b): Colourless oil (conversion/selec-
tivity: 100/100%), 0.47 g (95%). '"H NMR (400 MHz, CDCls): 6 =
6.83 (s, 4 H), 3.87 (t, J = 7.2 Hz, 2 H), 3.77 (s, 3 H), 1.78 (sext, J
=7.2Hz,2H), 1.03(t,J =7.2 Hz, 3 H) ppm. *C NMR (100 MHz,
CDCly): 6 = 153.7, 153.3, 115.4 (2 C), 114.6 (2 C), 70.2, 55.7, 22.7,
10.6 ppm. HRMS (EI): caled. for C;oH 40, [M]* 166.0994; found
166.0995.

2-Ethoxy-1-methoxy-4-methylbenzene (2c): Yellowish oil (conver-
sion/selectivity: 100%/95%), 0.46 g (92%). '"H NMR (400 MHz,
CDCl3): 0 = 6.77 (d, J = 7.6 Hz, 1 H), 6.71 (s, 1 H), 6.70 (s, 1 H),
4.09 (q, J = 6.8 Hz, 2 H), 3.84 (s, 3 H), 2.29 (s, 3 H), 1.46 (t, J =
6.8 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCls): § = 148.0, 147.1,
130.3, 120.8, 113.9, 111.5, 64.2, 56.0, 21.0, 14.9 ppm. HRMS (ESI):
caled. for C;oH 50, [M + H]* 167.1072; found 167.1076.

1-Methoxy-4-methyl-2-propoxybenzene (3c): Yellowish oil (conver-
sion/selectivity: 100%/98%), 0.51 g (94%). '"H NMR (400 MHz,
CDCl): 0 = 6.78 (d, J = 8.0 Hz, 1 H), 6.71 (s, 1 H), 6.69 (s, 1 H),
3.96 (t, J = 7.2 Hz, 2 H), 3.84 (s, 3 H), 2.29 (s, 3 H), 1.87 (sext, J
=7.2Hz,2H), 1.04 (t,J =7.2 Hz, 3 H) ppm. *C NMR (100 MHz,
CDCly): 0 = 148.4, 147.3, 130.4, 120.9, 114.2, 111.9, 70.4, 56.1,
22.6, 21.0, 10.5 ppm. HRMS (ESI): calcd. for C;;H;,0, [M + H]*
181.1229; found 181.1231.

2-Ethoxy-4-methylphenol (2d): Yellowish oil (conversion/selectivity:
100/100%), 0.42 g (93%). '"H NMR (400 MHz, CDCl;): 6 = 6.83
(d, 7 =7.6Hz 1 H), 6.68 (s, | H), 6.66 (s, 1 H), 5.56 (br. s, 1 H),
4.10 (q, J = 6.8 Hz, 2 H), 2.29 (s, 3 H), 1.45 (t, J = 6.8 Hz, 3 H)
ppm. 3C NMR (100 MHz, CDCls): 6 = 145.6, 143.5, 129.5, 121.5,
114.1, 112.7, 64.4, 21.1, 15.0 ppm. HRMS (ESI): [M + Na*] calcd.
for CyH;,0,Na 175.0735; found 175.0762.

4-Methyl-2-propoxyphenol (3d): Yellowish oil (conversion/selectiv-
ity: 100/100%), 0.47 g (94%). '"H NMR (400 MHz, CDCl,): § =
6.82 (d, /= 7.6 Hz, 1 H), 6.68 (s, 1 H), 6.65 (s, 1 H), 5.52 (br. s, 1
H), 3.99 (t, J = 7.2 Hz, 2 H), 2.28 (s, 3 H), 1.84 (sext, J = 7.2 Hz,
2 H), 1.05 (t, J = 7.2 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCl;):
0 = 145.8, 143.6, 129.4, 114.1, 112.7, 70.4, 22.7, 21.1, 10.5 ppm.

4750

WWW.Eurjoc.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

HRMS (ESI): [M + Na™] calcd. for C;(H40,Na 189.0891; found
189.0888.

2-Ethoxy-6-methoxy-4-methylphenol (2¢): Yellowish oil (conversion/
selectivity: 100/100%), 0.51 g (94%). "H NMR (400 MHz, CDCl;):
0 =638 (s,2 H), 5.37 (br. s, 1 H), 4.09 (q, J = 6.8 Hz, 2 H), 3.87
(s, 3 H), 2.28 (s, 3 H), 1.43 (t, J = 6.8 Hz, 3 H) ppm. '3*C NMR
(100 MHz, CDCls): 6 = 146.9, 146.1, 132.7, 128.7, 106.7, 105.7,
64.7, 56.2, 21.6, 15.0 ppm. HRMS (ESI): calcd. for C(H 503 [M
+ H]* 183.1021; found 183.1023.

2-Methoxy-4-methyl-6-propoxyphenol (3e): Yellowish oil (conver-
sion/selectivity: 100/100%), 0.55g (94%). '"H NMR (400 MHz,
CDCl;): 0 = 6.38 (s, 2 H), 5.35 (br. s, 1 H), 3.98 (t, J = 7.2 Hz, 2
H), 3.87 (s, 3 H), 2.28 (s, 3 H), 1.84 (sext, J = 7.2 Hz, 2 H), 1.04
(t, J=7.2Hz, 3 H) ppm. *C NMR (100 MHz, CDCl;): § = 146.9,
146.2, 132.7, 128.6, 106.7, 105.7, 70.8, 56.2, 22.6, 21.5, 10.5 ppm.
HRMS (ESI): caled. for C;;H;O; [M + H]* 197.1178; found
197.1187.

Ethyl Vanillin (2f): Yellowish solid (conversion/selectivity: 100/
100%), 0.46 g (93%), m.p. 76-78 °C. 'H NMR (400 MHz, CDCl;):
0=9.81(, 1 H), 741 (d, J=2.0Hz 1 H), 7.39 (s, | H), 7.03 (d,
J=84Hz, | H), 6.35 (br. s, | H), 4.19 (q, J = 7.2 Hz, 2 H), 1.47
(t, J=7.2 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCl;): § = 190.9,
151.8, 146.4, 129.8, 127.3, 114.3, 109.6, 64.8, 14.7 ppm. HRMS
(ED): caled. for CoH ;O3 [M]* 166.0630; found 166.0631.

4-Hydroxy-3-propoxybenzaldehyde (3f): Yellowish solid (conver-
sion/selectivity: 100/100%), 0.50 g (92%), m.p. 82-83 °C. 'TH NMR
(400 MHz, CDCly): 6 = 9.82 (s, 1 H), 7.42 (d, J = 2.0 Hz, 1 H),
7.40 (s, 1 H), 7.04 (d, J = 8.4 Hz, 1 H), 6.24 (br. s, 1 H), 4.09 (t, J
=7.2Hz, 2 H), 1.87 (sext, J = 7.2 Hz, 2 H), 1.06 (t, J = 7.2 Hz, 3
H) ppm. 3C NMR (100 MHz, CDCls): § = 190.9, 151.8, 146.5,
129.8, 127.3, 114.3, 109.6, 70.7, 22.4, 10.4 ppm. HRMS (EI): calcd.
for C,oH;,0; [M]* 180.0786; found 180.0787.

1-Chloro-4-ethoxybenzene (2g): Colourless oil (conversion/selectiv-
ity: 100/100%), 0.45 g (97%). 'H NMR (400 MHz, CDCls): ¢ =
7.22 (d, J = 8.6 Hz, 2 H), 6.82 (d, J = 8.6 Hz, 2 H), 4.00 (q, J =
6.8 Hz, 2 H), 1.40 (t, J = 6.8 Hz, 3 H) ppm. '*C NMR (100 MHz,
CDCly): 6 = 157.6, 129.3 (2 C), 125.3, 115.7 (2 C), 63.7, 14.8 ppm.
HRMS (EI): caled. for CgHyClO [M]* 156.0342; found 156.0343.

1-Chloro-4-propoxybenzene (3g): Colourless oil (conversion/selec-
tivity: 100/100%), 0.49 g (97%). '"H NMR (400 MHz, CDCl,): J =
7.22 (d, J = 8.6Hz 2 H), 6.82 (d, J = 8.6 Hz, 2 H), 3.88 (t, J =
7.2 Hz, 2 H), 1.80 (sext, J = 7.2 Hz, 2 H), 1.03 (t, J = 7.2 Hz, 3 H)
ppm. 3C NMR (100 MHz, CDCl5): ¢ = 160.0, 134.8, 130.2, 120.6,
1149, 113.1, 69.7, 22.5, 10.5ppm. HRMS (EI): caled. for
CyH,,CIO [M]* 170.0498; found 170.0500.

1-Chloro-3-ethoxybenzene (2h): Colourless oil (conversion/selectiv-
ity: 100/100%), 0.45 g (96%). 'H NMR (400 MHz, CDCl5): 6 =
717 (t, J = 84Hz, 1 H), 691 (d, J = 84Hz, 1 H), 6.88 (t, J =
2.4Hz, 1 H), 6.77 (dd, J = 84, J = 24 Hz, 1 H), 4.00 (q, J =
6.8 Hz, 2 H), 1.40 (t, J = 6.8 Hz, 3 H) ppm. '*C NMR (100 MHz,
CDCl3): 0 = 159.7, 134.8, 130.2, 120.7, 114.8, 113.1, 63.7, 14.7 ppm.
HRMS (EI): caled. for CgHoClO [M]* 156.0342; found 156.0344.

1-Chloro-3-propoxybenzene (3h): Colourless oil (conversion/selec-
tivity: 100/100%), 0.49 g (97%). '"H NMR (500 MHz, CDCl,): 6 =
7.18 (t, J = 8.0Hz, 1 H), 6.92 (d, J = 2.0Hz, 1 H), 6.90 (t, J =
2.0Hz, 1 H), 6.79 (dd, J = 8.0, /=2.0 Hz, 1 H), 3.90 (t, /= 7.5 Hz,
2 H), 1.80 (sext, J = 7.5 Hz, 2 H), 1.04 (t, J = 7.5 Hz, 3 H) ppm.
13C NMR (100 MHz, CDCl;): 6 = 159.9, 134.8, 130.2, 120.6, 114.8,
113.1, 69.7, 22.5, 10.5 ppm. HRMS (EI): calcd. for CoH;;CIO
[M]* 170.0498; found 170.0499.
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Ethyl 4-Ethoxybenzoate (2i): Colourless oil (conversion/selectivity:
100/100%), 0.51 g (88%). '"H NMR (400 MHz, CDCls): § = 7.98
(d, J=8.8Hz,2 H), 6.89 (d, / = 8.8 Hz, 2 H), 4.34 (q, / = 7.2 Hz,
2 H), 4.08 (q, J = 7.2 Hz, 2 H), 1.43 (t, J = 7.2 Hz, 3 H), 1.37 (t,
J = 7.2Hz, 3 H) ppm. 3C NMR (100 MHz, CDCl5): 6 = 166.4,
162.7, 131.5 (2 C), 122.7, 113.9 (2 C), 63.6, 60.6, 14.7, 14.4 ppm.
HRMS (ESI): caled. for C;{H;s05; [M + H]* 195.1021; found
195.1025.

2-Ethoxythiophene (2j): Colourless oil (conversion/selectivity: 100/
100%), 0.34 g (89%). '"H NMR (400 MHz, CDCl5): ¢ = 6.71 (dd,
J=156,J=3.6Hz | H),6.54 (dd, J = 5.6, J = 1.2Hz, 1 H), 6.21
(dd, J=3.6,J=12Hz, 1 H),4.10 (q, J = 6.8 Hz, 2 H), 1.42 (t, J
= 6.8 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCls): § = 165.6,
124.7,111.8, 104.7, 69.5, 14.8 ppm. HRMS (EI): calcd. for C¢HgOS
[M]* 128.0296; found 128.0297.

2-Propoxythiophene (3j): Colourless oil (conversion/selectivity: 100/
100%), 0.39 g (92%). 'H NMR (400 MHz, CDCls): § = 6.71 (dd,
J=56,J=3.6Hz, 1 H), 6.53 (dd, J = 5.6, J= 1.2 Hz, | H), 6.20
(dd,J=3.6,J=1.2Hz,1H),3.99 (t, /=7.2 Hz, 2 H), 1.81 (sext, J
=7.2Hz,2 H), 1.03 (t,J = 7.2 Hz, 3 H) ppm. '3*C NMR (100 MHz,
CDCly): 0 = 165.8, 124.7, 111.7, 104.5, 75.4, 22.6, 10.4 ppm.
HRMS (EI): caled. for C;H;qOS [M]" 142.0452; found 142.0454.

1-Butoxy-4-ethoxybenzene (4k): Yellowish oil (conversion/selectiv-
ity: 99/100%), 0.56 g (96%). 'H NMR (400 MHz, CDCls): 6 = 6.82
(s, 4 H), 3.98 (q, J/ = 6.8 Hz, 2 H), 391 (t, J = 6.4 Hz, 2 H), 1.74
(quint, J = 6.4 Hz, 2 H), 1.48 (sext, J = 7.2 Hz, 2 H), 1.39 (t, J =
6.8 Hz, 3 H), 0.97 (t, J = 7.2 Hz, 3 H) ppm. '*C NMR (100 MHz,
CDCl,): 0 = 153.3, 153.0, 115.4 (4 C), 68.3, 64.0, 31.5, 19.3, 15.0,
13.9 ppm. HRMS (EI): caled. for C;,H;30, [M]* 194.1307; found
194.1309.

2-Butoxy-4,6-dimethylphenol (41): Yellow oil (conversion/selectivity:
100/100%), 0.55 g (95%). "H NMR (500 MHz, CDCls): § = 6.55
(s, 1 H), 6.53 (s, 1 H), 5.57 (br. s, 1 H), 4.01 (t, J = 6.5 Hz, 2 H),
2.25 (s, 3 H), 2.22 (s, 3 H), 1.79 (quint, J = 6.5 Hz, 2 H), 1.49 (sext,
J = 75Hz, 2 H), 0.99 (t, J = 7.5Hz, 3 H) ppm. 3C NMR
(100 MHz, CDCly): 0 = 145.4, 141.6, 128.4, 126.4, 23.3, 110.0, 68.6,
31.4,21.0, 19.3, 15.4, 13.8 ppm. HRMS (ESI): calcd. for C;,H 90,
[M + HJ]" 195.1385; found 195.1390.

1-Butoxy-4-methoxy-2-methylbenzene (4m): Yellow oil (conversion/
selectivity: 98 %/98 %), 0.53 g (92%). '"H NMR (400 MHz, CDCl5):
0=06.75(d, J=9.2Hz, 1 H), 6.74 (s, 1 H), 6.67 (d, /= 9.2 Hz, 1
H), 3.92 (t, J = 6.4 Hz, 2 H), 3.76 (s, 3 H), 2.23 (s, 3 H), 1.77 (quint,
J=6.4Hz, 2 H), 1.62 (sext, J = 7.6 Hz, 2 H), 0.99 (t, J = 7.6 Hz,
3 H) ppm. 3C NMR (100 MHz, CDCls): § = 153.7, 140.5, 136.3,
128.9, 126.7, 115.1, 67.0, 62.9, 28.0, 21.0, 15.9, 13.3 ppm. HRMS
(ESI): calced. for C,H9O, [M + HJ* 195.1385; found 195.1395.

1-Chloro-4-isobutoxybenzene (5g): Colourless oil (conversion/selec-
tivity: 97%/97%), 0.50 g (91%). 'H NMR (400 MHz, CDCl3): 0 =
7.22 (d, J = 8.8 Hz, 2 H), 6.82 (d, J = 8.8 Hz, 2 H), 3.68 (d, J =
6.8 Hz, 2 H), 2.12-2.02 (m, 1 H), 1.02 (d, J = 6.8 Hz, 6 H) ppm.
13C NMR (100 MHz, CDCl5): 6 = 157.9, 132.8, 130.2, 129.2, 125.2,
115.8, 74.7, 28.3, 19.2 (2 C) ppm. HRMS (EI): caled. for
CoH3CIO [M]* 184.0655; found 184.0657.

1-Chloro-3-isobutoxybenzene (5h): Colourless oil (conversion/selec-
tivity: 93%/98 %), 0.49 g (89%). '"H NMR (400 MHz, CDCls): § =
7.18 (t, J = 8.4Hz, 1 H), 691 (s, | H), 6.90 (d, J = 2.4 Hz, 1 H),
6.78 (dd, J =8.4,J=24Hz, 1 H),3.70 (d, J = 6.8 Hz, 2 H), 2.12—
2.03 (m, 1 H), 1.02 (d, J = 6.8 Hz, 6 H) ppm. '3C NMR (100 MHz,
CDCl3): 0 = 160.0, 134.8, 130.1, 120.6, 114.9, 113.1, 74.6, 28.2, 19.2
(2 ©) ppm. HRMS (EI): caled. for C;oH;3CIO [M]* 184.0655;
found 184.0657.
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1-Isobutoxy-3-methoxybenzene (5n): Colourless oil (conversion/
selectivity: 98/100%), 0.51 g (94%). 'H NMR (400 MHz, CDCls):
0=717(t, J =84Hz 1 H), 6.50 (dt, J = 8.4, J = 2.4 Hz, 2 H),
6.47 (t, J = 2.4 Hz, 1 H), 3.79 (s, 3 H), 3.70 (d, J = 6.8 Hz, 2 H),
2.13-2.03 (m, 1 H), 1.02 (d, J = 6.8 Hz, 6 H) ppm. '*C NMR
(100 MHz, CDCls): 6 = 160.9, 160.6, 129.8, 106.7, 106.1, 100.9,
74.4,55.2,28.3, 19.3 (2 C) ppm. HRMS (ESI): calced. for C;;H,0,
[M + HJ* 181.1229; found 181.1224.

4-Methoxy-2-methyl-1-(pentyloxy)benzene (6m): Yellow oil (conver-
sion/selectivity: 92/98%), 0.55g (88%). 'H NMR (400 MHz,
CDCly): 0 = 6.75-6.73 (m, 2 H), 6.66 (dd, J = 8.8, J = 3.2 Hz, |
H), 3.90 (t, /= 6.8 Hz, 2 H), 3.76 (s, 3 H), 2.22 (s, 3 H), 1.78 (quint,
J = 6.8 Hz, 2 H), 1.49-1.34 (m, 4 H), 0.93 (t, J = 6.8 Hz, 3 H)
ppm. 3C NMR (100 MHz, CDCls): 6 = 153.3, 151.6, 128.2, 116.9,
112.3, 110.8, 68.8, 55.6, 29.3, 28.4, 22.5, 16.4, 14.1 ppm. HRMS
(EI): caled. for C3H,,0, [M]* 208.1463; found 208.1464.

4-Ethyl-2-(pentyloxy)phenol (60): Yellow oil (conversion/selectivity:
95/100%), 0.57 g (91%). "H NMR (400 MHz, CDCl;): 6 = 6.84 (d,
J=84Hz, 1H), 6.69 (s, | H), 6.68 (d, J=8.4Hz, 1 H), 5.50 (br.
s, 1 H), 4.03 (t, J = 6.8 Hz, 2 H), 2.57 (q, J = 7.2 Hz, 2 H), 1.82
(quint, J = 6.8 Hz, 2 H), 1.48-1.36 (m, 4 H), 1.21 (t, J/ = 6.8 Hz, 3
H), 0.94 (t, J = 7.2 Hz, 3 H) ppm. 3C NMR (100 MHz, CDCl5):
0 = 145.8, 143.7, 136.2, 120.1, 114.1, 111.4, 68.8, 29.0, 28.6, 28.2,
22.5, 16.0, 14.0 ppm. HRMS (EI): caled. for Ci3H,,0, [M]*
208.1463; found 208.1462.

1,3-Methyl-5-(pentyloxy)benzene (6p): Yellowish oil (conversion/
selectivity: 92/100%), 0.52 g (90%). 'H NMR (400 MHz, CDCls):
0=06.59 (s, 1 H), 6.54 (s, 2 H), 3.92 (t, J = 6.8 Hz, 2 H), 2.29 (s, 6
H), 1.77 (quint, J = 6.8 Hz, 2 H), 1.47-1.35 (m, 4 H), 0.93 (t, J =
7.2 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCls): 6 = 155.2, 131.4
2 ©), 126.6, 111.1 (2 C), 68.2, 29.1, 284, 22.5, 204 (2 C),
14.1 ppm. HRMS (EI): calcd. for C;3H,,0 [M]* 192.1514; found
192.1516.

1-Isopropoxy-4-methylbenzene (7a): Colourless oil (conversion/
selectivity: 100%/67%), 0.28 g (63%). 'H NMR (400 MHz,
CDCly): 0 = 7.10 (d, J = 7.6 Hz, 2 H), 6.83 (d, J = 7.6 Hz, 2 H),
4.53 (heptet, d, J = 5.2 Hz, 1 H), 2.31 (s, 3 H), 1.35 (d, /= 5.2 Hz,
6 H) ppm. 3C NMR (100 MHz, CDCly): § = 155.7, 129.9 (2 C),
129.8, 115.9 (2 C), 70.0, 22.1 (2 C), 20.5 ppm. HRMS (EI): calcd.
for C;oH14,0 [M]* 150.1045; found 150.1044.

1-Isopropoxy-3-methoxybenzene (7n): Colourless oil (conversion/
selectivity: 100%/65%), 0.31g (62%). 'H NMR (400 MHz,
CDCl;): 0 = 7.18 (t, J = 8.0 Hz, 1 H), 6.50 (d, J = 8.0 Hz, 2 H),
6.47 (s, 1 H), 6.53 (heptet, d, J = 6.0 Hz, 1 H), 3.79 (s, 3 H), 1.35
(d, J = 6.0 Hz, 6 H) ppm. '3C NMR (100 MHz, CDCl;): § = 160.9,
159.2,129.8,107.9, 106.1, 102.3, 69.8, 55.2, 22.1 (2 C) ppm. HRMS
(EX): caled. for C;oH 40, [M]* 166.0994; found 166.0995.

General Procedure for the Dialkoxylation: (Table 4): A Teflon®-
lined sealed tube (25 mL) was loaded with a solution of RONa in
ROH ([freshly prepared from metallic Na (0.18 g, 8.0 mmol) and
ROH (8 mL)], LiCl (0.17 g, 4.0 mmol), aryl bromide (2.0 mmol),
CuBr (0.09 g, 0.6 mmol), and HCOOR (4.0 mmol). The mixture
was stirred in the sealed tube for 15 min, and then it was heated at
110 °C for 7 h. After the reaction was complete, the mixture was
stirred open to the air for 0.5 h at room temperature, and then it
was concentrated in vacuo to recover the ROH solvent and give a
residue. MTBE (10 mL) and dilute hydrochloric acid (1.0 M; 10 mL)
were added to the residue. The organic phase was separated, and
the aqueous phase was extracted with MTBE (3 X 10 mL). The
combined organic layers were dried with anhydrous MgSO,, and
then concentrated in vacuo. The crude product, which was evalu-
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ated by GC-MS to measure the conversion and selectivity. Lastly,
purification of the crude product by column chromatography on
silica gel (petroleum ether/ethyl acetate, 20:1) gave the desired prod-
uct.

1,4-Diethoxybenzene (2q): White solid (conversion/selectivity: 100/
100%), 0.32 g (97%), m.p. 71-72 °C. '"H NMR (400 MHz, CDCl;):
0=06.382(s,4H),39(q,J=68Hz, 4 H), 1.39 (t, J = 6.8 Hz, 6
H) ppm. 3C NMR (100 MHz, CDCl3): 6 = 153.0 (2 C), 115.4 (4
C), 64.0 (2 C), 15.0 (2 C) ppm. HRMS (EI): caled. for C;yH 4,0,
[M]* 166.0994; found 166.0996.

1,4-Dipropoxybenzene (3q): Yellow oil (conversion/selectivity: 100/
100%), 0.38 g (98%). 'H NMR (400 MHz, CDCls): § = 6.83 (s, 4
H), 3.87 (t, J = 6.8 Hz, 4 H), 1.78 (sext, J = 6.8 Hz, 4 H), 1.02 (t,
J = 6.8 Hz, 6 H) ppm. '3*C NMR (100 MHz, CDCl;): 6 = 153.2 (2
Q0), 1154 (4 C), 70.2 (2 C), 22.7 (2 C), 10.5 (2 C) ppm. HRMS
(EI): caled. for C,H 30, [M]* 194.1307; found 194.1309.

1,3-Diethoxy-5-methoxybenzene (2r): Colourless oil (conversion/
selectivity: 100/100%), 0.38 g (97%). 'H NMR (400 MHz, CDCls):
0 =6.07 (s, 3H), 3.99 (q, J = 6.8 Hz, 4 H), 3.76 (s, 3 H), 1.39 (t,
J = 6.8 Hz, 6 H) ppm. '3C NMR (100 MHz, CDCl5): § = 161.5,
160.8 (2 C), 93.8, 93.3 (2 C), 63.5 (2 C), 55.3, 14.8 (2 C) ppm.
HRMS (EI): caled. for C;1H;s0; [M]* 196.1099; found 196.1101.

1-Methoxy-3,5-dipropoxybenzene (3r): Colourless oil (conversion/
selectivity: 100/100%), 0.43 g (97%). 'H NMR (400 MHz, CDCls):
0=16.08 (s, 3 H), 3.88 (t, /= 7.2 Hz, 4 H), 3.76 (s, 3 H), 1.79 (sext, J
=7.2Hz, 4 H), 1.02 (t, J = 7.2 Hz, 6 H) ppm. '3C NMR (100 MHz,
CDCly): 6 = 161.5, 161.0 (2 C), 93.9, 93.3 (2 C), 69.5 (2 C), 55.3,
22.6 2 C), 10.5 2 C) ppm. HRMS (EI): caled. for C;3H,,05
[M]* 224.1412; found 224.1415.

2,6-Diethoxy-4-methylphenol (2s): White solid (conversion/selectiv-
ity: 100/100%), 0.38 g (96%), m.p. 81-82 °C. 'H NMR (400 MHz,
CDCly): 6 = 6.37 (s, 2 H), 5.38 (br. s, 1 H), 4.09 (q, / = 6.8 Hz, 4
H), 2.27 (s, 3 H), 1.43 (t, J = 6.8 Hz, 6 H) ppm. '*C NMR
(100 MHz, CDCl;): 0 = 146.1 (2 C), 133.0, 128.5, 106.8 (2 C), 64.7
(2 ©), 21.5, 15.0 (2 C) ppm. HRMS (EI): caled. for C;;H ;405 [M]*
196.1099; found 196.1100.

4-Methyl-2,6-dipropoxyphenol (3s): White solid (conversion/selec-
tivity:  100/100%), 0.42g (95%), m.p. 57-58°C. 'H NMR
(400 MHz, CDCl;): 6 = 6.38 (s, 2 H), 5.35 (br. s, 1 H), 3.98 (t, J =
7.2 Hz, 4 H), 2.26 (s, 3 H), 1.84 (sext, J = 7.2 Hz, 4 H), 1.03 (t, J
= 7.2Hz, 6 H) ppm. '3C NMR (100 MHz, CDCl3): § = 146.3 (2
O), 133.1, 128.5, 106.9 (2 C), 70.8 (2 C), 22.7 (2 C), 21.5, 10.5 (2
C) ppm. HRMS (EI): caled. for C;3H,,03 [M]* 224.1412; found
224.1414.

2,4-Diethoxy-6-methylphenol (2t): White solid (conversion/selectiv-
ity: 100/100%), 0.38 g (97%), m.p. 66-68 °C. '"H NMR (400 MHz,
CDCLy): 6 = 6.34 (d, J = 28 Hz, 1 H), 6.27 (d, J = 2.8 Hz, 1 H),
5.32 (br. s, 1 H), 4.06 (q, J = 6.8 Hz, 2 H), 3.95 (q, / = 6.8 Hz, 2
H), 2.23 (s, 3 H), 1.43 (t, J = 6.8 Hz, 3 H), 1.38 (t, / = 6.8 Hz, 3
H) ppm. 13C NMR (100 MHz, CDCl5): § = 151.9, 145.8, 138.0,
123.6, 107.4, 98.2, 64.5, 64.0, 15.8, 15.0, 14.9 ppm. HRMS (EI):
caled. for C;{H 405 [M]" 196.1099; found 196.1100.

2-Methyl-4,6-dipropoxyphenol (3t): Yellow oil (conversion/selectiv-
ity: 100/100%), 0.43 g (95%). 'H NMR (400 MHz, CDCls): 6 =
6.35(d, J =2.8Hz | H), 6.28 (d, J = 2.8 Hz, 1 H), 5.31 (br. s, 1
H), 3.96 (t, / = 6.8 Hz, 2 H), 3.84 (t, / = 6.8 Hz, 2 H), 2.23 (s, 3
H), 1.87-1.73 (m, 4 H), 1.04 (t, J/ = 6.8Hz, 3 H), 1.02 (t, J =
6.8 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCls): § = 152.1, 145.9,
138.0, 123.6, 107.4, 98.2, 70.5, 70.2, 22.7, 22.6, 15.8, 10.6,
10.5 ppm. HRMS (EI): caled. for C 3H,,0; [M]* 224.1412; found
224.1414.
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Procedure for the Preparation of Isovanillin (9) on a Multigram Scale

4-Hydroxy-3-propoxybenzaldehyde (3f): A Teflon®-lined autoclave
(100 mL) was loaded with a solution of nPrONa in n-propanol
[freshly prepared from nPrOH (40 mL) and metallic Na (1.38 g,
60 mmol)], LiCl (0.85g, 20mmol), 3-bromo-4-hydroxybenz-
aldehyde (1f; 4.02 g, 20 mmol), CuBr (0.43 g, 3.0 mmol), and
HCOOnPr (1.94 mL, 0.91 g/mL, 20 mmol). The mixture was stirred
in the autoclave for 15 min, and then it was heated at 110 °C for
7 h. After the reaction was complete, the mixture was stirred open
to the air for 0.5 h at room temperature, and then it was concen-
trated in vacuo to recover the nPrOH solvent and give a residue.
MTBE (60 mL) and dilute hydrochloric acid (1.0 m; 60 mL) were
added to the residue. The organic phase was separated, and the
aqueous phase was extracted with MTBE (3 X 30 mL). The com-
bined organic layers were dried with anhydrous MgSO,, and then
concentrated in vacuo. The crude product was purified by column
chromatography on silica gel (petroleum ether/ethyl acetate, 8:1) to
give 3f (3.16 g, 88%) as a yellowish solid.

4-Methoxy-3-propoxybenzaldehyde (8): A four-necked flask was
loaded with the above product 3f (3.16 g, 17.6 mmol) and water
(10 mL) under a nitrogen atmosphere, then the mixture was heated
to 90 °C. Dimethyl sulfate (2.33 mL, 1.332 g/mL, 24.6 mmol) and
aqueous sodium hydroxide solution (5M; 4.92 mL) were added
dropwise to the mixture over 40 min. Subsequently, the mixture was
stirred for a further 2 h at 90 °C. After the reaction was complete,
MTBE (20 mL) was added to the mixture. The organic phase was
separated, and the aqueous phase was extracted with MTBE (3 X
15mL). The combined organic layers were dried with anhydrous
MgSO,, and then concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (petroleum ether/
ethyl acetate, 10:1) to give 8 (3.28 g, 96%) as a white solid, m.p.
46-47 °C. "H NMR (400 MHz, CDCl3): 6 = 9.84 (s, 1 H), 7.44 (dd,
J=280,J=16Hz 1 H), 740 (d, /= 1.6 Hz, 1 H), 6.97 (d, J =
8.0 Hz, 1 H), 4.04 (t, J = 7.2 Hz, 2 H), 3.95 (s, 3 H), 1.89 (sext, J
=7.2Hz, 2 H), 1.05(t, /= 7.2 Hz, 3 H) ppm. *C NMR (100 MHz,
CDCl3): 0 = 191.0, 154.8, 149.1, 130.1, 126.6, 110.6, 110.3, 70.5,
56.2, 22.3, 10.4 ppm. HRMS (ESI): caled. for C;;H,505 [M + H]*
195.1021; found 195.1019.

Isovanillin (9): A three-necked flask was loaded with toluene
(15 mL), the above product 8 (3.28 g, 16.9 mmol), and anhydrous
AICl; (4.96 g, 37.2 mmol). The solution was stirred at room tem-
perature for 8 h, and then it was quenched with saturated aqueous
ammonium chloride (15 mL). The organic phase was separated,
and the aqueous phase was extracted with toluene (3 X 10 mL).
The combined organic layers were washed with brine (30 mL),
dried with anhydrous MgSQOy,, and then concentrated in vacuo. The
crude product was purified by column chromatography on silica
gel (petroleum ether/ethyl acetate, 8:1) to give 9 (2.36 g, 92%) as a
white solid, m.p. 114-115°C. '"H NMR (400 MHz, CDCl5): 6 =
9.85(s, 1 H), 744 (s, 1 H), 742 (d, J = 1.6 Hz, 1| H), 6.97 (d, J =
8.8 Hz, 1 H), 5.75 (br. s, 1 H), 3.99 (s, 3 H) ppm. '3C NMR
(100 MHz, CDCl3): 6 = 191.2, 151.9, 146.2, 130.6, 124.7, 114.1,
110.2, 56.2 ppm. HRMS (ESI): calcd. for CgHyO5; [M + H]*
153.0552; found 153.0549.

Preparation of Pramoxine (13) on a Multigram Scale

4-|3-(4-Bromophenoxy)propyljmorpholine (12): A three-necked flask
was loaded with 4-bromophenol (10; 3.46 g, 20 mmol), 4-(3-
chloropropyl)morpholine (11; 3.93 g, 24 mmol), K,CO; (5.53 g,
40 mmol), and CH3CN (15 mL). The solution was stirred under
reflux for 2 h. After the reaction was complete, the mixture was
concentrated in vacuo. MTBE (30 mL) and brine (30 mL) were
added to the residue. The organic phase was separated, and the
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aqueous phase was extracted with MTBE (3 X 15 mL). The com-
bined organic layers were dried with anhydrous MgSO,, and then
concentrated in vacuo. The crude product was purified by column
chromatography on silica gel (petroleum ether/ethyl acetate, 8:1) to
give 12 (5.88 g, 98%) as a white solid, m.p. 56-57 °C. 'H NMR
(400 MHz, CDCl3): 6 = 7.36 (d, J = 8.8 Hz, 2 H), 6.77 (d, J =
8.8 Hz, 2 H), 3.99 (t, J = 6.4 Hz, 2 H), 3.73 (br. s, 4 H), 2.52-2.48
(m, 6 H), 1.96 (quint, J = 6.4 Hz, 2 H) ppm. '3C NMR (100 MHz,
CDCl3): 0 = 158.1, 132.2 (2 C), 116.3 (2 C), 112.7, 67.0 (2 C), 66.3,
55.5, 53.8 (2 C), 26.4 ppm. HRMS (EI): calcd. for C;3H gNBrO,
[M]* 299.0521; found 299.0525.

Pramoxine (13): A Teflon®-lined autoclave (100 mL) was loaded
with a solution of nBuONa in nBuOH [freshly prepared from
nBuOH (40 mL) and metallic Na (0.90 g, 39.2 mmol)], LiCI (0.83 g,
19.6 mmol), the above product 12 (5.88 g, 19.6 mmol), CuBr
(042¢g, 294mmol), and HCOOxnBu (2.2mL, 0.91 g/mL,
19.6 mmol). The mixture was stirred in the autoclave for 15 min,
and then it was heated at 110 °C for 7 h. After the reaction was
complete, the mixture was stirred open to air for 0.5h at room
temperature, and then it was concentrated in vacuo to recover the
nBuOH solvent and give a residue. MTBE (40 mL) and brine
(40 mL) were added to the residue. The organic phase was sepa-
rated, and the aqueous phase was extracted with MTBE (3 X
20 mL). The combined organic layers were dried with anhydrous
MgSO,, and then concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (petroleum ether/
ethyl acetate, 8:1) to give 13 (5.22 g, 91%) as a yellow oil. 'H NMR
(400 MHz, CDCl5): 6 = 6.82 (s, 4 H), 3.97 (t, J = 6.4 Hz, 2 H),
3.90 (t, J = 6.4 Hz, 2 H), 3.73 (br. s, 4 H), 2.55-2.48 (m, 6 H), 1.96
(quint, J = 6.4 Hz, 2 H), 1.74 (quint, J = 6.4 Hz, 2 H), 1.48 (sext, J
=7.2 Hz, 2 H), 0.96 (t, J = 7.2 Hz, 3 H) ppm. 3*C NMR (100 MHz,
CDCl3): 0 = 153.3, 153.0, 115.4 (4 C), 68.3, 67.0 (2 C), 66.7, 55.6,
53.7 (2 ©), 31.5, 26.5, 19.3, 13.9 ppm. HRMS (EI): calcd. for
C,7H,;NO; [M]* 293.1991; found 293.1995.

Synthesis of the Unsymmetrical Syringaldehydes

Bromination Procedure of Pathway A: A three-necked flask was
loaded with 3-alkoxy-4-hydroxybenzaldhyde (3.0 mmol) and
CH;COOH (5 mL). A solution of bromine (0.15 mL, 3.119 g/mL,
3.0 mmol) in CH3COOH (3 mL) was then added dropwise over 2 h
at room temperature. The mixture was then stirred for a further
5 h. Ice water (10 mL) was added to the solution, which led to the
formation of a precipitate. The precipitate was washed with water
until neutral pH, and then it was dried in vacuo at 50 °C to give
the desired crude product, which was directly used in the next step.

3-Bromo-4-hydroxy-5-methoxybenzaldehyde (15): Yellow solid,
0.65 g (94%), m.p. 164-165 °C. 'H NMR (400 MHz, CDCl,): 6 =
9.79 (s, 1 H), 7.64 (d, J = 1.6 Hz, 1 H), 7.37 (d, J = 1.6 Hz, 1 H),
6.49 (br. s, 1 H), 3.99 (s, 1 H) ppm. '*C NMR (100 MHz, CDCls):
0 = 189.7, 1489, 147.7, 130.1, 130.0, 108.2, 108.0, 56.7 ppm.
HRMS (EI): caled. for CgHgBrO; [M — H] 228.9500; found
228.9491.

3-Bromo-5-ethoxy-4-hydroxybenzaldehyde (16): Yellow solid, 0.68 g
(92%), m.p. 142-143 °C. '"H NMR (400 MHz, CDCl5): 6 = 9.78 (s,
1 H),7.63(d,J=16Hz | H),7.34 (d, J= 1.6 Hz, 1 H), 6.53 (br.
s, 1 H), 422 (q, J = 7.2 Hz, 2 H), 1.50 (t, J/ = 7.2 Hz, 3 H) ppm.
13C NMR (100 MHz, CDCls): 6 = 189.8, 149.0, 146.9, 130.0 (2 C),
108.7, 108.1, 65.4, 14.7 ppm. HRMS (EI): calcd. for CoHgBrO;
[M — H] 242.9657; found 242.9652.

3-Bromo-4-hydroxy-5-propoxybenzaldehyde (17): Yellow solid,
0.71 g (92%), m.p. 136-137 °C. 'H NMR (400 MHz, CDCls): § =
9.78 (s, 1 H), 7.62 (d, J = 1.6 Hz, 1 H), 7.34 (d, J = 1.6 Hz, 1 H),
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6.59 (br. s, 1 H), 4.10 (t, J = 7.2 Hz, 2 H), 1.88 (sext, J = 7.2 Hz,
2 H), 1.06 (t, J = 7.2 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCl5):
0 = 189.8, 149.1, 147.0, 130.0 (2 C), 108.8, 108.1, 71.3, 22.3,
10.4 ppm. HRMS (EI): calcd. for C,(H;(BrO; [M — H] 256.9813;
found 256.9811.

Alkoxylation Procedure of Pathway A: A Teflon®-lined sealed tube
(25 mL) was loaded with a solution of R?0ONa in the corresponding
alcohol [freshly prepared from metallic Na (0.14 g, 6.0 mmol) and
R?20OH (6 mL)], LiCl (0.08 g, 2.0 mmol), 3-bromo-5-alkoxy-4-
hydroxybenzaldehyde (2.0 mmol), CuBr (0.04 g, 0.3 mmol), and
HCOOR? (2.0 mmol). The mixture was stirred in the sealed tube
for 15 min, and then it was heated at 110 °C for 7 h. After the
reaction was complete, the mixture was stirred open to the air for
0.5 h at room temperature, and then it was concentrated in vacuo
to recover the R?0OH solvent and give a residue. MTBE (10 mL)
and dilute hydrochloric acid (1.0 M; 10 mL) were added to the resi-
due. The organic phase was separated, and the aqueous phase was
extracted with MTBE (3 X 10 mL). The combined organic layers
were dried with anhydrous MgSO,, and then concentrated in
vacuo. The crude product was purified by column chromatography
on silica gel (petroleum ether/ethyl acetate, 8:1) to give the desired
product.

3-Ethoxy-4-hydroxy-5-methoxybenzaldehyde (18): White solid,
0.34 g (88%), m.p. 72-73 °C. '"H NMR (400 MHz, CDCl;): § =
9.80 (s, 1 H), 7.14 (d, J = 1.6 Hz, 1 H), 7.13 (d, J = 1.6 Hz, 1 H),
6.09 (br. s, 1 H), 4.20 (q, J = 7.2 Hz, 2 H), 3.97 (s, 3 H), 1.49 (t, J
= 7.2 Hz, 3 H) ppm. 3C NMR (100 MHz, CDCls): § = 190.8,
147.4, 146.5, 141.0, 128.3, 107.6, 106.6, 65.1, 56.4, 14.8 ppm.
HRMS (EI): caled. for C;(H30, [M + H]" 197.0814; found
197.0804.

4-Hydroxy-3-methoxy-5-propoxybenzaldehyde (19): White solid,
0.35 g (84%), m.p. 84-86°C. 'H NMR (400 MHz, CDCLy): & =
9.80 (s, 1 H), 7.13 (s, 2 H), 6.06 (br. s, 1 H), 4.09 (t, J = 7.2 Hz, 2
H), 3.97 (s, 3 H), 1.88 (sext, J = 7.2 Hz, 2 H), 1.06 (t, J = 7.2 Hz,
3 H) ppm. *C NMR (100 MHz, CDCLy): 6 = 189.8, 146.4, 145.6,
140.0, 127.3, 106.6, 105.6, 70.0, 55.4, 21.4, 9.4 ppm. HRMS (EI):
caled. for C;{H50,4 [M + H]* 211.0970; found 211.0962.

3-Butoxy-4-hydroxy-5-methoxybenzaldehyde (20): White solid,
0.25¢g (56%), m.p. 56-58 °C. '"H NMR (400 MHz, CDCl;): § =
9.81 (s, 1 H), 7.14 (s, 2 H), 6.05 (br. s, 1 H), 4.13 (t, J = 6.8 Hz, 2
H), 3.97 (s, 3 H), 1.84 (quint, J = 7.2 Hz, 2 H), 1.51 (sext, J =
7.2 Hz, 2 H), 0.99 (t, / = 7.2 Hz, 3 H) ppm. '3C NMR (100 MHz,
CDCl;): 0 = 190.8, 147.4, 146.7, 141.0, 128.3, 107.6, 106.7, 69.3,
56.4, 31.1, 19.2, 13.8 ppm. HRMS (EI): calcd. for C;,H ;404 [M]*
224.1049; found 224.1052.

4-Hydroxy-3-methoxy-5-(pentyloxy)benzaldehyde (21): White solid,
0.24 g (51%), m.p. 54-56 °C. 'H NMR (400 MHz, CDCls): § =
9.80 (s, 1 H), 7.13 (s, 2 H), 6.08 (br. s, 1 H), 4.11 (t, J = 6.8 Hz, 2
H), 3.96 (s, 3 H), 1.86 (quint, J = 6.8 Hz, 2 H), 1.49-1.35 (m, 4 H),
0.93 (t, J = 6.8 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCl;): § =
190.8, 147.4, 146.7, 141.1, 128.3, 107.6, 106.7, 69.6, 56.4, 28.8, 28.0,
22.4, 14.0 ppm. HRMS (EI): caled. for C;3H;30, [M]* 238.1205;
found 238.1208.

3-Ethoxy-4-hydroxy-5-propoxybenzaldehyde (22): White solid,
0.37 g (83%), m.p. 93-94 °C. '"H NMR (400 MHz, CDCls): § =
9.79 (s, 1 H), 7.12 (s, 2 H), 6.07 (br. s, 1 H), 4.20 (q, J = 7.2 Hz, 2
H), 4.08 (t, / = 6.8 Hz, 2 H), 1.88 (sext, J = 7.2 Hz, 2 H), 1.48 (t, J
=6.8 Hz, 3 H), 1.06 (t, J = 7.2 Hz, 3 H) ppm. '*C NMR (100 MHz,
CDCly): 0 = 190.9, 146.8, 146.6, 141.4, 128.3, 107.7 (2 C), 71.1,
65.1, 22.5, 14.8, 10.4 ppm. HRMS (EI): calcd. for C;,H,404 [M]*
224.1049; found 224.1050.
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3-Butoxy-5-ethoxy-4-hydroxybenzaldehyde (23): White solid, 0.25 g
(52%), m.p. 115-117 °C. 'H NMR (400 MHz, CDCls): § = 9.79 (s,
1 H), 7.12 (s, 2 H), 6.06 (br. s, 1 H), 4.20 (g, / = 7.2 Hz, 2 H), 4.12
(t, J = 6.8 Hz, 2 H), 1.84 (quint, J = 6.8 Hz, 2 H), 1.55-1.47 (m, 5
H), 0.99 (t, J = 7.2 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCls):
0 =190.9, 146.8, 146.6, 141.3, 128.3, 107.7, 107.6, 69.3, 65.0, 31.1,
19.2, 14.8, 13.8 ppm. HRMS (EI): caled. for C;3H ;304 [M]*
238.1205; found 238.1204.

3-Ethoxy-4-hydroxy-5-(pentyloxy)benzaldehyde (24): White solid,
0.24 g (48%), m.p. 99-100 °C. 'H NMR (400 MHz, CDCl;): 6 =
9.79 (s, 1 H), 7.12 (s, 2 H), 6.07 (br. s, 1 H), 4.20 (q, J = 7.2 Hz, 2
H), 4.11 (t, J = 6.8 Hz, 2 H), 1.86 (quint, J = 6.8 Hz, 2 H), 1.48 (t,
J = 7.2Hz, 3 H), 1.45-1.35 (m, 4 H), 0.93 (t, J = 6.8 Hz, 3 H)
ppm. 3C NMR (100 MHz, CDCl): 6 = 190.8, 146.8, 146.6, 141.3,
128.3, 107.7, 107.6, 69.6, 65.1, 28.8, 28.1, 22.4, 14.8, 14.0 ppm.
HRMS (EI): caled. for C4H»O,4 [M]* 252.1362; found 252.1361.

3-Butoxy-4-hydroxy-5-propoxybenzaldehyde (25): White solid,
0.26 g (51%), m.p. 49-50 °C. 'H NMR (400 MHz, CDCls): § =
9.79 (s, 1 H), 7.12 (s, 2 H), 6.04 (br. s, 1 H), 4.12 (t, J = 7.2 Hz, 2
H), 4.08 (t, J = 7.2 Hz, 2 H), 1.93-1.81 (m, 4 H), 1.51 (sext, J =
7.2Hz, 2 H), 1.06 (t, J = 7.2 Hz, 3 H), 0.99 (t, J = 7.2 Hz, 3 H)
ppm. 13C NMR (100 MHz, CDCl,): 6 = 190.9, 146.8, 146.7, 141.4,
128.2, 107.8, 107.7, 71.0, 69.3, 31.1, 22.4, 19.1, 13.8, 10.4 ppm.
HRMS (ED): caled. for C4H»04 [M]* 252.1362; found 252.1364.

Bromination Procedure of Pathway B: This procedure was the same
as the bromination procedure of pathway A.

3-Bromo-5-butoxy-4-hydroxybenzaldehyde (28): Yellow solid, 0.74 g
(91%), m.p. 109-110 °C. '"H NMR (400 MHz, CDCls): § = 9.78 (s,
1 H),7.62(d,J=16Hz, 1 H),7.34(d, J= 1.6 Hz, | H), 6.50 (br.
s, | H), 4.15 (t, J = 6.8 Hz, 2 H), 1.84 (quint, J = 6.8 Hz, 2 H),
1.50 (sext, J = 7.2 Hz, 2 H), 1.0 (t, J = 7.2 Hz, 3 H) ppm. ’C
NMR (100 MHz, CDCls): 6 = 189.8, 149.0, 147.0, 130.0, 129.9,
108.7, 108.0, 69.9, 30.9, 19.1, 13.8 ppm. HRMS (EI): calcd. for
C,;H,BrO; [M — H] 270.9970; found 270.9966.

3-Bromo-4-hydroxy-5-(pentyloxy)benzaldehyde (29): Yellow solid,
0.77 g (90%), m.p. 88-89 °C. 'H NMR (400 MHz, CDCls): § =
9.78 (s, 1 H), 7.62 (d, J = 1.6 Hz, 1 H), 7.34 (d, J = 1.6 Hz, 1 H),
6.51 (br. s, 1 H), 4.14 (t, J = 6.8 Hz, 2 H), 1.86 (quint, J = 6.8 Hz,
2 H), 1.48-1.37 (m, 4 H), 0.94 (t, J = 6.8 Hz, 3 H) ppm. *C NMR
(100 MHz, CDCl;): 6 = 189.7, 149.0, 147.0, 130.0, 129.9, 108.7,
108.0, 69.8, 28.6, 28.0, 22.4, 14.0 ppm. HRMS (EI): calcd. for
C,H,sBrO; [M]* 286.0205; found 286.0208.

Methoxylation Procedure of Pathway B: A Teflon®-lined sealed
tube (25 mL) was loaded with methanolic MeONa [freshly pre-
pared from metallic Na (0.14 g, 6.0 mmol) and MeOH (6 mL)], 5-
alkoxy-3-bromo-4-hydroxybenzaldhyde (2.0 mmol), CuCl (0.008 g,
0.08 mmol), and HCOOMe (0.05 mL, 0.98 g/mL, 0.8 mmol). The
mixture was stirred in the sealed tube for 15 min, and then it was
heated at 110 °C for 4 h. After the reaction was complete, the mix-
ture was stirred open to the air for 0.5 h at room temperature, and
then it was concentrated in vacuo to recover the MeOH solvent
and give a residue. MTBE (10 mL) and dilute hydrochloric acid
(1.0 M; 10 mL) were added to the residue. The organic phase was
separated, and the aqueous phase was extracted with MTBE (3 X
10 mL). The combined organic layers were dried with anhydrous
MgSO,, and then concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (petroleum ether/
ethyl acetate, 8:1) to give the desired product.

3-Butoxy-4-hydroxy-5-methoxybenzaldehyde (20): Prepared by
methoxylation of 28, white solid, 0.42 g (93%), m.p. 56-58 °C; the
characterization data is given above.
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4-Hydroxy-3-methoxy-5-(pentyloxy)benzaldehyde (21): Prepared by
methoxylation of 29, white solid, 0.43 g (91%), m.p. 54-56 °C; the
characterization data is given above.

Alkoxylation Procedure of Pathway B: This procedure was the same
as the alkoxylation procedure of pathway A.

3-Butoxy-5-ethoxy-4-hydroxybenzaldehyde (23): Prepared by eth-
oxylation of 28, white solid, 0.41 g (86%), m.p. 115-117 °C; the
characterization data is given above.

3-Ethoxy-4-hydroxy-5-(pentyloxy)benzaldehyde (24): Prepared by
ethoxylation of 29, white solid, 0.42 g (84%), m.p. 99-100 °C; the
characterization data is given above.

3-Butoxy-4-hydroxy-5-propoxybenzaldehyde (25): Prepared by
propoxylation of 29, white solid, 0.41 g (81%), m.p. 49-50 °C; the
characterization data is given above.

Supporting Information (see footnote on the first page of this arti-
cle): Copies of 'H and '3C NMR, GC-MS, and HRMS spectra of
the products.

Acknowledgments

The authors are grateful to the National Natural Science Founda-
tion of China (NSFC) (project numbers 21176074 and 21476074)
and the Research Fund for the Doctoral Program of Higher Educa-
tion of China (project number 20130074110009) for financial sup-
port.

[1]1 a) H. B. Wright, M. B. Moore, J Am. Chem. Soc. 1954, 76,
4396-4398; b) H.J. Hoorn, T.H.A. Peters, J. Pis,
WO 2003037851, 2003; ¢) V. Corbel, F. Chandre, F. Darriet, F.
Lardeux, J.-M. Hougard, Med. Vet. Entomol. 2003, 17, 158
164; d) E. T. Lyons, S. C. Tolliver, M. Ionita, S. S. Collins, Para-
sitol. Res. 2008, 103, 287-291; e) A. Tai, T. Sawano, F. Yazama,
Biosci. Biotechnol. Biochem. 2011, 75, 2346-2350; f) S.B.
Singh, K. Herath, J. N. Kahn, P. Mann, G. Abruzzo, M. Motyl,
Bioorg. Med. Chem. Lett. 2013, 23, 3253-3256.

[2] a) H.J. Jung, Y. S. Song, K. Kim, C.-J. Lim, E.-H. Park, Arch.
Pharm. Res. 2010, 33, 309-316; b) X.-X. Pan, J-J. Li, M.-G.
Wang, W.-S. He, C.-S. Jia, X.-M. Zhang, B. Feng, D.-L. Li, Z.
Zeng, Biotechnol. Lett. 2013, 35, 921-927.

[3] S. A. Weissman, D. Zewge, Tetrahedron 2005, 61, 7833-7863.

[4] a) T. F. Woiwode, C. Rose, T. J. Wandless, J. Org. Chem. 1998,
63, 9594-9596; b) S. F. Ouellet, A. Bernardi, R. Angelaud, P. D.
O’Shea, Tetrahedron Lett. 2009, 50, 3776-3779; ¢) H. M. Mesh-
ram, P. R. Goud, B. C. Reddy, D. A. Kumar, Synth. Commun.
2010, 40, 2122-2129.

[5] a) D. Prim, J.-M. Campagne, D. Joseph, B. Andrioletti, Tetra-
hedron 2002, 58, 2041-2075; b) B. Schlummer, U. Scholz, Adv.
Synth. Catal. 2004, 346, 1599-1626.

[6] a) K. W. Anderson, T. Ikawa, R. E. Tundel, S. L. Buchwald, J.
Am. Chem. Soc. 2006, 128, 10694-10695; b) S. Gowrisanlar,
A. G. Sergeev, P. Anbarasan, A. Spannenberg, H. Neumann,
M. Beller, J Am. Chem. Soc. 2010, 132, 11592-11598; c¢) X.-X.
Wu, B. P. Fors, S. L. Buchwald, Angew. Chem. Int. Ed. 2011,
50, 9943-9947-10121; Angew. Chem. 2011, 123, 10117-10121.

[7]1 a) K. E. Torraca, X.-H. Huang, C. A. Parrish, S. L. Buchwald,
J. Am. Chem. Soc. 2001, 123, 10770-10771; b) A. V. Vorogu-
shin, X.-H. Huang, S. L. Buchwald, J 4Am. Chem. Soc. 2005,
127, 8146-8149.

[8] a) S. V. Ley, A. W. Thomas, Angew. Chem. Int. Ed. 2003, 42,
5400-5449; Angew. Chem. 2003, 115, 5558-5607; b) G. Evano,
N. Blanchard, M. Toumi, Chem. Rev. 2008, 108, 3054-3131; ¢)
F. Monnier, M. Taillefer, Angew. Chem. Int. Ed. 2009, 48, 6954—
6971; Angew. Chem. 2009, 121, 7088-7105.

[9] a) M. Wolter, G. Nordmann, G. E. Job, S. L. Buchwald, Org
Lett. 2002, 4, 973-976; b) R. Hosseinzadeh, M. Tajbakhsh, M.

Eur. J. Org. Chem. 2015, 4744-4755



Copper-Catalysed Alkoxylation of Aryl Bromides

Mohadjerani, M. Alikarami, Synlettr 2005, 16, 1101-1104; c)
G. F. Manbeck, A.J. Lipman, R. A. Stockland Jr., A. L. Fre-
idl, A. F. Hasler, J. J. Stone, I. A. Guzei, J Org. Chem. 2005,
70, 244-250; d) A. Shafir, P. A. Lichtor, S. L. Buchwald, J Am.
Chem. Soc. 2007, 129, 3490-3491; ¢) H. Zhang, D.-W. Ma, W.-
G. Cao, Synlett 2007, 18, 243-246; f) R. A. Altmann, A. Shafir,
A. Choi, P. A. Lichtor, S. L. Buchwald, J Org. Chem. 2008, 73,
284-286; g) J.-J. Niu, H. Zhou, Z.-G. Li, J.-W. Xu, S.-J. Hu, J
Org. Chem. 2008, 73, 7814-7817; h) A. B. Naidu, G. Sekar,
Tetrahedron Lett. 2008, 49, 3147-3151; i) J.-J. Niu, P.-R. Guo,
J-T. Kang, Z.-G. Li, J-W. Xu, S.-J. Hu, J Org Chem. 2009,
74, 5075-5078; j) B. Suchand, J. Krishna, B. V. Ramulu, D.
Dibyendu, A. G. K. Reddy, L. Mahendar, G. Satyanarayana,
Tetrahedron Lett. 2012, 53, 3861-3864; k) S.-L. Yang, W.-B.
Xie, H. Zhou, C.-Q. Wu, Y.-Q. Yang, J.-J. Niu, W. Yang, J.-W.
Xu, Tetrahedron 2013, 69, 3415-3418.

[10]a) J.-K. Huang, Y. Chen, J. Chan, M. L. Ronk, R. D. Larsen,
M. M. Faul, Synlett 2011, 22, 1419; b) M. Wang, B. Yuan, T.
Ma, H.-F. Jiang, Y.-W. Li, RSC Adv. 2012, 2, 5528-5530; ¢) 1.
Giell, X. Ribas, Eur. J. Org. Chem. 2014, 15, 3188-3195.

[11]J-A. Jiang, C. Chen, Y. Guo, D.-H. Liao, X.-D. Pan, Y.-F. Ji,
Green Chem. 2014, 16, 2807-2814.

[12]a) T. Morimoto, K. Kaliuchi, Angew. Chem. Int. Ed. 2004, 43,
5580-5588; Angew. Chem. 2004, 116, 5698-5706; b) O. Jogun-
ola, T. Salmi, M. Kangas, J.-P. Mikkola, Chem. Eng J 2012,
203, 469-479; c¢) T. Ueda, H. Konishi, K. Manabe, Org. Lett.
2012, 74, 5370-5373; d) T. Fujihara, T. Hosoki, Y. Katafuchi,
T. Iwai, J. Terao, Y. Tsuji, Chem. Commun. 2012, 48, 8012—
8014.

[13]M. A. Keegstra, T. H. A. Peters, L. Brandsma, Tetrahedron
1992, 48, 3633-3652.

[14]a) U. Olsher, R. M. Izatt, J. S. Bradshaw, N. K. Dalley, Chem.
Rev. 1991, 91, 137-164; b) S. Inokuma, M. Takezawa, H. Sa-
toh, Y. Nakamura, T. Sasaki, J. Nishimura, J Org. Chem. 1998,
63, 5791-5796; ¢) L. A. Paquette, C. S. Ra, J. C. Gallucci, H.-
J. Kang, N. Ohmori, M. P. Arrington, W. David, J. S. Brodbelt,
J. Org. Chem. 2001, 66, 8629-8639.

Eur. J. Org. Chem. 2015, 4744-4755

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|OC

European Journal
of Organic Chemistry

[15]a) H. Heuclin, S.Y.-F. Ho, X.F. L. Goff, C.-W. So, N.
Mézailles, J Am. Chem. Soc. 2013, 135, 8774-8777; b) J.-Q.
Hong, L.-X. Zhang, K. Wang, Z.-X. Chen, L.-M. Wu, X.-G.
Zhou, Organometallics 2013, 32, 7312-7322; c¢) J. Langer, V. K.
Palfi, B. Schowtka, H. Gorls, M. Reiher, Inorg. Chem. Com-
mun. 2013, 32, 28-31; d) C. Su, J. Guang, P. G. Williard, J. Org
Chem. 2014, 79, 1032-1039.

[16]a) L. T. Peird, G. V. Méndez, R. U. Ayres, JOM-US 2013, 65,
986-996; b) V. T. Nguyen, J.-C. Lee, J. Jeong, B.-S. Kim, B. D.
Pandey, Met. Mater. Int. 2014, 20, 357-365.

[17]a) T. Cohen, J. Wood, A. G. Dietz Jr., Tetrahedron Lett. 1974,
15, 3555-3558; b) Y. Kabri, M. D. Crozet, R. Szabo, R.
Vanelle, Synthesis 2011, 43, 3115-3122.

[18]a) S. Hans, M. Hermann, M. Eberhard, S. Dieter, N. Gunter,
DE 289516, 1983; b) B. Heinisch, P. Pitiot, J.-L. Grieneisen,
WO 2009077383, 2009; c¢) J-S. Li, X. Li, B.-G. Liu,
CN 102040495, 2010.

[19] H. R. Bjersvik, L. Liguori, F. Minisci, Org. Process Res. Dev.
2000, 4, 534-543.

[20] W.-B. Huang, C.-Y. Du, J.-A. Jiang, Y.-E Ji, Res. Chem. In-
termed. 2013, 39, 2849.

[21]a) C. Mateo, V. Lopez, M. Medarde, R. Pelaez, Chem. Eur. J.
2007, 13, 7246-7256; b) A. M. Deveau, N. E. Costa, E. M.
Joshi, T. L. Macdonald, Bioorg. Med. Chem. Lett. 2008, 18,
3522-3525; ¢) A. Shirali, M. Sriram, J. J. Hall, B. L. Nguyen,
R. Guddneppanavar, M. B. Hadimani, J. E. Ackley, R. Siles,
C.J. Jelinek, P. Arthasery, R. C. Brown, V.L. Murrell, A.
McMordie, S. Sharma, D.J. Chaplin, K. G. Pinney, J Nat.
Prod. 2009, 72, 414-421; d) G.-C. Wang, W.-S. Wu, F. Peng, D.
Cao, Z. Yang, L. Ma, N. Qiu, H.-Y. Ye, X.-L. Han, J.-Y. Chen,
J-X. Qiu, Y. Sang, X.-L. Liang, Y. Ran, A.-H. Peng, Y.-Q. Wei,
L.-J. Chen, Eur. J Med. Chem. 2012, 54, 793-803; ¢) Y. Sugano,
F. Kikuchi, A. Toita, S. Nakamura, S. Hashimoto, Chem. Eur.
J 2012, 18, 9682-9690.

Received: April 21, 2015
Published Online: June 10, 2015

4755

WWW.Eurjoc.org



