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Organohalides are found to be effective catalysts for dehydrative
O-alkylation reactions between alcohols, providing selective, prac-
tical, green, and easily scalable homo- and cross-etherification
methods for the preparation of useful symmetrical and unsymme-
trical aliphatic ethers from the readily available alcohols. Mechan-
istic studies revealed that organohalides are regenerated as
reactive intermediates and recycled to catalyze the reactions.

Ethers are of fundamental significance in chemistry, as they
can be widely used as solvents and intermediates for the syn-
thesis of fine chemicals, pharmaceuticals, agrochemicals, poly-
mers, materials, etc.'"* Traditionally, ethers were prepared
from alcohols by the Williamson reaction (Scheme 1, eqn
(1))*® or by strong acid-mediated dehydration methods (eqn
(2)).**¢ Although the Williamson method is suitable for the
synthesis of both symmetrical and unsymmetrical ethers, it
requires strong bases and toxic and expensive organohalides,
unsuitable for base-sensitive substrates, generates undesired
waste salts, and may afford low yields of the products due to
potential competing f-H elimination reaction and byproduct
formation, especially with 2° and 3° substrates.'**° It is thus
mainly limited to primary ethers and has limited industrial
applications. As for the acidic method, it uses strong and cor-
rosive acids like sulfuric acid, unsuitable for acid-sensitive sub-
strates and 2° and 3° alcohols due to the undesired formation
of alkene byproducts.'® It is not only limited to symmetrical
primary ethers, but also has the problems of harsh conditions
and disposal of waste acids. During the past decades several
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other methodologies have also been developed, which mainly
include transition metal (TM)-catalyzed improved Ullmann
and Buclwald-Hartwig type coupling”* and TM-free aromatic
nucleophilic substitution® reactions of aryl halides (eqn (3)),
TM-catalyzed hydroalkoxylation of alkenes (eqn (4)),"°® and
TM-catalyzed dehydration of the more active 2°, allylic, and
propargylic alcohols (eqn (5)),"®” as well as other methods
including C-H activation reactions.®
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Although these methods have advantages like generality,
atom-economy, and directness, they still have their respective
limits such as the use of TM catalysts, ligands, excess amounts
of bases or oxidants, and activated substrates, generation of
waste salts, selectivity caused problems of catalyst and ligand
fine tuning, harsh conditions, metal contamination problems,
etc. The dehydration method (eqn (5))'” is in comparison a
greener, more convenient, atom-economic, and preferable
alternative for using the greener alcohols’ as the substrates
(many alkenes'® are in fact obtained from the alcohols via
dehydration) and generating water as the byproduct. Recently
Yi and co-workers reported an impressive Ru-catalyzed dehy-
dration reaction of different alcohols for unsymmetrical ether
synthesis.”® This method is advantageous for its generality,
high selectivity, efficiency, and functional group tolerability,
but it still requires the use of the sensitive and not readily-
available cationic Ru-H complex as the catalyst and chlori-
nated solvents, and also requires a glove box and inert atmos-
phere protection for disposal of the catalyst and operation of
the reactions. Therefore, developing simple and efficient etheri-
fication methods is still of great interest to date.

When studying the air-promoted TM-catalyzed dehydrative
alkylation reactions'® using alcohols as green alkylating
reagents,” we realized that there should be more protocols for
alcohol activation.’® Later, we accidentally found TM-free alde-
hyde-catalyzed (Scheme 1, eqn (6))'' and substrate ketone-
autocatalyzed (eqn (7))'* dehydrative alkylation reactions,
which were successfully employed for amine, amide, alcohol,
and ketone derivative synthesis. We thus hypothesized that
organohalides (RX) may also be good catalysts for certain alkyl-
ation reactions, because, analogous to aldehydes and ketones,
RX should be another activated form of alcohols bearing reac-
tive halogen groups (eqn (9)). With continuing interest in
alcohol-based alkylation reactions'®™® and useful (thio)
ethers,' herein we report an important advance in the field by
describing 1°, 2°, or 3° RX-catalyzed dehydrative O-alkylation/
homo- and cross-etherification reactions between the alcohols,
which led to selective, green, practical, and easily scalable
methods for synthesis of the useful symmetrical and unsym-
metrical aliphatic ethers from the readily available alcohols
(eqn (8)). This RX-catalyzed etherification is also an O-selective
alkylation reaction between the alcohols, being a good comp-
lement to our previous aldehyde-catalyzed C-selective alkyl-
ation reaction between the alcohols (eqn (6))."*?

To achieve a successful RX-catalyzed alkylation reaction, we
initially attempted the reactions of PhnCH,OH (1a) and various
nucleophilic substrates. In spite of many failures, we found
that 1a alone could afford considerable amounts of dibenzyl
ether (2a) in the presence of PhCH,Br (Table 1) (see ESIf for
details). Thus, without PhCH,X, no reaction occurred even at
120 °C (entry 1). In contrast, addition of only 1 mol% of
PhCH,Br dramatically accelerated the reaction to give 41% 2a
under the same conditions (entry 2). Screening on catalyst
loading, reaction temperature and time (see ESIt for details)
showed that 10 mol% PhCH,Br, 120 °C, and 24 h were the best
conditions, ensuring complete conversion of 1a to give a high
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Table 1 Condition screening for PACH,X-catalyzed O-alkylative homo-
etherification of PhCH,OH?

cat. ~

N, N\,
Ph 1a OH under air, 120 °C, 24 h Ph 23 Ph
- H,0
Entry Cat. (mol%), additive (mol%) 2a%”
1 — 0
2 PhCH,Br (1) 41
3 PhCH,Br (10) >99 (97)
4 PhCH,CI (10) 18
5° PhCH,Br (10) (93)
677 PhCH,3Br (10), toluene (51)
7%e HBr (10), toluene (57)
8¢ HBr (10) (60)
9 NaBr (10 mol%), H;PO, (10-15 mol%) (17)

“Unless otherwise noted, the neat mixture of 1a (10 mmol) and the
catalyst was sealed under air in a 20 mL Schlenk tube and then heated
and monitored by GC-MS and TLC. ”GC yields (isolated yields in
parenthesis) based on 1a. ° Dry PhCH,Br was used. Y4 mmol 1a and
dry toluene (0.5 mL) were used. * HBr (33 wt% in acetic acid) was used.

97% isolated yield of 2a (entry 3). PhCH,Cl was also tested,
only exhibiting a much lower activity (entry 4). We found that
the above reactions could be readily carried out under air
without affecting the results, revealing that inert atmosphere
protection was not necessary. Thus, the reaction conditions
and operation can be greatly simplified, revealing the high
practicability of the new method.

Moreover, since the residual hydrobromic acid (HBr) in
commercial PhCH,Br or from hydrolysis of PhCH,Br is also a
potential factor to promote the reaction, additional control
reactions were investigated to exclude or prove its influence on
the reaction. Firstly, a neat reaction (entry 4) and a diluted
reaction in dry toluene (entry 5) using dry PhCH,Br free of HBr
were investigated, affording a high and a moderate yield of 2a,
respectively. These results showed that pure PhCH,Br is
equally effective with unpretreated PhCH,Br in catalyzing the
reaction. The catalytic activity of HBr (33 wt% in acetic acid)
was then examined. The results revealed that HBr was less
effective, giving only moderate yields of 2a without or with a
solvent (entries 7 and 8). In addition, in situ generated HBr
from NaBr-H;PO, only showed that this method is even less
effective in the reaction. These results suggested that the effect
of HBr (a haloid acid HX) is less important but that PhCH,Br
(an organohalide RX) is highly active in catalyzing the reaction,
making this method an effective etherification strategy.

This method was then applied to other 1°, 2°, and 3° alco-
hols to extend the scope of the homo-etherification method
(Table 2). Like 1a, the reactions of 1° benzylic alcohols 1b-c
were readily catalyzed by the corresponding benzylic bromides
to afford high yields of the target ethers under the same con-
ditions (entries 1-3). The reactions of 1° aliphatic alcohols
were less efficient. They require the use of more active alkyl
iodides and a higher temperature (see ESIf for details), giving
moderate yields of dialkyl ethers 2d-g (entries 4-7). Allylic
alcohol such as cinnamyl alcohol 1h was more reactive and
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Table 2 Organohalide-catalyzed O-alkylative homo-etherification of
alcohols for synthesis of symmetrical ethers?

R-X (10 mol%)

R71OH under air, T, t R_(;_R
- H,0

Entry R X T, t 2%”
1 PhCH, (1a) Br 120 °C, 24 h 2a: 97
2 4-MeC¢H,CH, (1b) Br 120°C,24 h 2b: 96
3 4-FC4H,CH, (1¢) Br 120 °C, 24 h 2¢: 88
4 n-CsHy; (1d) I 150 °C, 48 h 2d: 65
5 n-CeHj; (1€) I 150 °C, 48 h 2e: 60
6 n-C;H; 5 (1f) I 150 °C, 30 h 2f: 63
7 n-CgH,7 (1) I 150 °C, 30 h 2g: 64
8 PhCH=CHCH, (1h) Br 60 °C, 16 h 2h: 58
9 Ph,CH (1i) Br 80°C,13 h 2i: 98
10 Ph,CH (1i) Cl 80°C,13 h 2i: 94
11 PhCH(CH;) (1j) Br 90 °C, 24 h 2j: 89
12 PhCH(CH;) (1j) Cl 90 °C, 24 h 2j: 71
13 n-CsH,;1CH(CH3) (1K) Br 150 °C, 40 h 2k: 20
14 t-BuOH (11) Br 150 °C, 40 h NR¢

150 °C, 40 h NR®

15 @\ Br
OH (1m)

“See Table 1 for similar conditions. ” Isolated yields based on 1. No
reaction.

prone to give unknown byproducts. Thus, the reaction was
carried out under a milder condition of 60 °C, affording the
target dicinnamyl ether 2h in a moderate yield (entry 8). 2°
benzylic alcohols 1i-j are also good substrates. They were
readily catalyzed by the corresponding RBr or RCl, affording
good to high yields of the ethers at 80-90 °C, with RBr being
more active than RCI (entries 9-12). Like 1° aliphatic alcohols,
2° aliphatic ones were also less reactive, giving only a low yield
of ether 2k at 150 °C (entry 13). Contrary to the above reac-
tions, no homo-etherification occurred with 3° alcohols such
as t-BuOH 11 and 1-adamantyl alcohol 1m (entries 14 and 15),
most possibly due to the large steric hindrance of the bulky 3°
alkyl groups.

To further extend the scope of this etherification method
for unsymmetrical ether synthesis, the same catalytic protocol
was adopted in cross reactions of different alcohols by using
corresponding 1°, 2°, or 3° RX as the catalyst.

As shown in Scheme 2, in the reaction of 2° alcohol 1i with
1a, initial tests showed that the corresponding RX, such as
PhCH,Br, Ph,CHBr, and Ph,CHCI, all exhibited good catalytic
activities to give good to high selectivities and good to high
yields of the target cross ether 3a (entries 1-3), with detection
of only low amounts of homo-ether byproducts (see ESIT).
Ph,CHBr is the best catalyst, affording 3a in the highest 96%
selectivity and 90% isolated yield (entry 1). Interestingly, the
PhCH,Br-catalyzed reaction also gave a good result with for-
mation of only 1% byproduct 2a (entry 3) (see ESI{),"® which
revealed not only the high selectivity of the reaction for pro-
duction of the target cross ether 3a, but also that, in the reac-
tion process, Ph,CHBr rather than PhCH,Br should be
selectively regenerated from the more active alcohol 1i and
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3
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3f: 96% sel., 94%
(11) Ph
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30: 90% sel., 80%
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3r: 75% sel., 64%

(2) PhoCHCI (5 mol%): 81% sel., 75%
(3) PhCH,Br (5 mol%): 93% sel., 84%

p-CICgHs” 0" Ph

3d: 95% sel., 92%
(9 Ph

NN
3g: 95% sel., 94%
(12) Ph
n-CsHy7 >0 Ph
3j: 96% sel., 94%
(15) Ph
PhCHz/\O)\Ph
3m: 97% sel., 96%
(18)° Ph
n-CsHy 1*0)\ Ph
3p: 95% sel., 92%

Ph

Scheme 2 Ph,CHBr-catalyzed O-alkylative cross-etherification of
Ph,CHOH (see ESIf). Selectivities determined by GC-MS. Isolated yields
based on 1i. ? 73 °C. » 3 equiv. ROH.

then selectively reacted with the less bulky and more nucleo-
philic 1a to give 3a in high selectivity (vide infra)."> Ph,CHBr
was then used as the catalyst for the reactions of 1i and other
alcohols. Thus, electron-rich and -deficient benzylic alcohols
(entries 4-8), short- or long-chain aliphatic ones (entries 9-14),
homo-benzylic ones (entries 15 and 16), and even the sterically
more bulky 2° aliphatic alcohols (entries 17-19), all reacted
efficiently with 1i at 80 °C to give the target cross ethers in
high selectivities and high yields. The reaction of cinnamyl
alcohol 1h was less selective, giving a moderate yield of the
target ether 3r (entry 20).

Similarly, cross-etherification reactions of another 2°
alcohol 1j using the more active PhCH(CHj;)Br as the catalyst
were also investigated (Scheme 3). In this case a slight modifi-
cation of the conditions is necessary. Thus, the reactions of 1j
and 1a at lower temperatures were less efficient, giving lower
selectivities of the target cross-ether 4a (entries 1 and 2);
whereas the reaction at 120 °C afforded the best result, giving
4a in high selectivity and a good isolated yield of 81% (entry
3). This condition was then applied to cross reactions of 1j
with electron-rich and -deficient benzylic alcohols (entries
4-8), 1° aliphatic ones (entries 9-12), and homo-benzylic ones
(entries 13 and 14), all giving target ethers in good to high
selectivities and good isolated yields. The reactions of 1j with
2° aliphatic alcohols were less efficient than those of 1i, giving
moderate to good selectivities and moderate yields of the
cross ethers due to formation of homo-ether byproducts
(entries 15 and 16).

This journal is © The Royal Society of Chemistry 2015
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OH Ph
PhCH(CH3)Br (5 mol%) Y
R-OH + — = =, R
1 Ph/I\Me under air, 120 °C, 24 h 0" "Me
(1.1 equiv.) 1j - H,0 4
Me (1) 60 °C, 24 h: 66% sel., 50%

~ )\ 4a (2) 90°C, 24 h: 71% sel., 64%

Ph" 07 Ph (3) 120 °C, 24 h: 94% sel., 81%
(4) )M\e (5) )M\e (6) Me
p-MeCeHi SO” “Ph  p-FCeH{ O “Ph p-CICeH4/\O)\ Ph

4b: 70% sel., 66%
(7) Me

®) O Me (9 Me
p—BrCeH4/\O)\Ph O O)\Ph /\o)\ Ph

4c: 82% sel., 66% 4d: 82% sel., 66%

4e: 87% sel., 66% 4 81% sel., 67%  4g: 87% sel., 76%
(10) Me (11) Me (12) Me
n-CsHi7” 07 Ph

4i: 92% sel., 86%

n-CHg” 07 Ph
4h: 85% sel., 83%
(13) Me

n-CeHigs~ SO~ Ph
4j: >99% sel., 82%
“ roweror
Ph(CHa);” Y07 “Ph  n-CsHii~ O~ “Ph
41: 95% sel., 75% 4m: 82% sel., 66%

PhCHy” 0" “Ph
ak: >99% sel., 80%

(16)53\ Me
o)\Ph

4n: 71% sel., 52%

Scheme 3 PhCH(CH3s)Br-catalyzed O-alkylative cross-etherification of
PhCH(CH3)OH (see ESIf). Selectivities determined by GC-MS. Isolated
yields based on 1j. ¢ 3 equiv. of ROH; 38 h.

As for cross-etherification reactions of 1° alcohols, cinnamyl
alcohol 1h reacted with either a benzylic alcohol 1a or an ali-
phatic alcohol 1d smoothly at 60 °C in the presence of 5 mol%
cinnamyl bromide, giving good selectivities and moderate to
good yields of the allylic ethers 5a and 5b (eqn (10)). In con-
trast, cross reactions using 1a as the alkylating reagent were
less effective. As shown in eqn (11), the reaction of 1a and
another benzylic alcohol 4-MeOC¢H,CH,0OH give a moderate
yield and selectivity of the target ether 6a at 120 °C. Another
reaction with an aliphatic alcohol n-C,H;50H 1f was even less
effective. It required a higher temperature of 140 °C, and gave
a low yield of the target ether 6b in moderate selectivity.

PhCH=CHCH,Br (56 mol%) R —
R-OH + pn X" 2 AN
PRTS OH under air, 60 °C, 46 h o Ph
1 1h - H,0 5
(1.1 equiv.) 2 5a: R = PhCH,, 82% sel., 75%
5b: R = n-CsHyq, 72% sel., 56%
(10)
PhCH_Br (5 mol%)
R-OH + ph NoH —— 22T Rigpy
1 1a under air, T, t 6
- H,0 (11)

6a: R = 4-MeOCgH4CH, (1.2 equiv. 1), 120 °C, 32 h; 59% sel., 50%
6b: R = n-C;H45 (3.0 equiv. 1), 140 °C, 24 h; 76% sel., 35%

Although 3° alcohols are not good substrates in homo-
etherification reactions (vide supra), we still investigated their
cross reactions with other alcohols using the corresponding
RX as the catalyst. As shown in eqn (12), both the reactions of
a benzylic and an aliphatic alcohol with #BuOH (11) in the
presence of ¢-BuBr successfully afforded moderate yields of the
useful ¢t-butyl ethers 7a-b in high selectivity under mild con-

This journal is © The Royal Society of Chemistry 2015
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ditions of 60 °C. By contrast, the reaction of 1-adamantyl
alcohol (1m) with 1a still gave no target cross ether (eqn (13)).

R-OH + )\OH

tBUBr (15 mol%) ¢ )<
(BB 1o mo) g,
7

1 1l under air, 60 °C, 57 h (12)
. - H,0
(1.1 equiv.) #” 7a:R = PhCHy, 100% sel., 57%
7b: R = n-CHys, 100% sel., 63%
R-OH + Ph" ™ OH RBr (5 mol%) Ro ~
1m 1a under air, 60~90 °C, 24 h 0" "Ph
not detected (1 3 )

<.

The scalability of the etherification method was then inves-
tigated because this is significant to the practical preparation
of the target ethers. Thus, in a round-bottomed flask equipped
with a water separator and a condenser open to air (see ESIT
for details), 50 mL 1a (~484 mmol) and 10 mol% PhCH,Br
were heated at 120 °C. Byproduct water gradually formed and
was collected in the water separator. Then, vacuum distillation
of the residue readily afforded 83% isolated yield of 2a (eqn
(14)). This simple procedure shows the high scalability and
practicability of the large scale etherification reaction, and also
its potential for industrial scale preparation of useful ethers.

PhCH,Br (10 mol%
Ph” ™ OH “onder o 120°C 34 1 2 12(0 o 34"')1 h">0" " Ph
1a under air, X 2a . (14)
- H,0 90% conversion
83% isolated yield

50 mL scale

(484 mmol )

Meanwhile, the use of catalytic amounts of RX to success-
fully catalyze the reactions also suggested that the reaction
mechanism should be interesting. Like aldehydes and
ketones, RX is another activated form of the alcohols
(Scheme 1C). Besides, we frequently observed in GC or NMR
spectra that the added RX still remained in considerable quan-
tities in the reaction mixtures (see ESIt). As shown in Fig. 1,
"H NMR analysis of the reaction of 1a and 1i indicated that, as
the conversion of 1i and yield of 3a increased greatly, catalyst
Ph,CHBr did not disappear, gradually reaching a steady value
in the reaction mixture (see ESIt). We thus hypothesized that,
similarly to previous aldehyde-catalyzed and substrate ketone-
autocatalyzed N- and C-alkylation reactions,""'* this etherifica-
tion reaction may also involve an RX-participated, -regenerated,

OH ph,CHBr (20 mol% added) b Bh; Eh
P oK+ e Ph 0 en| P o0 en
i - H0 3a 2i
100 —
90 1i% (conv.)
80 +
70 3a%
60
% so
40
30
» Ph,CHBr (mol%)
10 { 4
0
0 1 2 3 4 5 6
time (h)

Fig. 1 Results for 'H NMR analysis on variation of the components
in the Ph,CHBr-catalyzed cross-etherification reaction of 1la and 1i
(see ESIT).

Green Chem., 2015, 17, 2774-2779 | 2777


http://dx.doi.org/10.1039/c5gc00284b

Published on 20 March 2015. Downloaded by University of Birmingham on 29/05/2015 02:23:38.

Communication

-recycled, and consequently-catalyzed dehydrative O-alkylation
type mechanism.

In addition, to gain more insight into the stereochemistry
of the reaction, we investigated the homo-etherification of opti-
cally enriched (S)-1j (98% ee) catalyzed by racemic PhCH(CHj;)
Br (eqn (15)) (see ESIf). After heating at 50 °C for 24 h, 15%
isolated yield of 2j with a (SS + RR)/RS ratio of 59/41 was
obtained (see ESIf). Optical rotatory power measurement (a =
—0.977) suggested that (S,5)-2j is the major isomer. Then, the
specific optical rotatory power ([a]s’ = —176.5) and its
comparison with the literature data ((S,5)-2j, [a]y = —234;
(R,R)-2j, [a]ly = +224)'° also suggested that the SS/RR enantiomer
ratio should be ca. 88/12-89/11 (ca. 76-78% ee). These results
indicated that Sy2 pathways should have been involved in the
reaction, but Sy1 pathways still cannot be excluded since the
diastereomer selectivity is not high.

OH  BhCH(CH)BY (3 mol%) J\ J\

hMe Ph” 0"« Ph
50°C, 24 h (SS/RR)- and (RS)-2j
(S)-1j, 98% ee 40%GC, 159%isolated (15)

dr ((SS+RR)/RS): 59/41
[o]p'®7 = - 176.5 (c = 0.00553, CH,Cl)
(Iit."8: (S,9)-2j, [0]p?° = - 234; (R R)-2j, [a]p?° = + 224)
enantiomer ratio (SS/RR): ca. 88/12~89/11; ca. 76~78% ee

Based on all the above results, a simplified mechanism for
the etherification reaction was proposed. As shown in
Scheme 4, under base-free neutral conditions, RX (reactivity:
RI > RBr > RCl, vide supra) may firstly react selectively with the
less bulky and more nucleophilic ROH (step i) to form
oxonium ion I and afford the ether product (step ii), which is
in fact the counter-reaction of the well documented ether’s
acidic cleavage with strong acids.'®* In this step, both the
selective Sy2 paths and the non-selective Sy1 paths with for-
mation of carbon cation species are possible, since the reac-
tion is not a stereospecific one but a not very selective reaction
(eqn (15)). Besides, although possible formation of gaseous
HX of low boiling points in this step and loss of X in the reac-
tion can not be excluded completely, I may also undergo
proton exchange directly with the more active ROH to produce
since considerable amounts of RX were always detected in the
reaction mixtures and RX is found to be catalytically more
effective than HX (vide supra) (see ESIT)."” Upon formation, II
may lose water to give RX (step iv), which is the well-known

TN
R-BHy ! = R X = _iv ot
/ (I>Br> C')\\; RX hydrolysis

H
o | x@ 5@ | x®
r”OR rROH
oxonium ion | oxonium ion Il

acidic cleavage of ethers
(activity: ROH > R'OH)

Scheme 4 Possible mechanism for organohalide-catalyzed etherifica-
tion reaction of alcohols.
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organohalide preparation reaction from alcohols and also the
counter-reaction of organohalide hydrolysis.'® Finally, upon
regeneration, RX should selectively react with R'OH again and
then catalyze the whole reaction to give the target homo- or
cross-ethers in high selectivities, producing water as the
byproduct.

In conclusion, based on our previous work and by a
rational design of the dehydrative alkylation reactions, organo-
halides are now found to be effective catalysts for dehydrative
O-alkylation/homo- and cross-etherification reactions between
the alcohols. This new method provided a selective, practical,
green, and easily scalable method for preparation of the useful
symmetrical and unsymmetrical aliphatic ethers from the
readily available alcohols, with water generated as the bypro-
duct. More importantly, the present results showed that
addition of organohalides can indeed be an effective method
for alcohol activation, which not only leads to a complemen-
tary O-selective alkylation method using the same alcohols,'*?
but also suggests that alcohols can also be activated via halo-
genation reactions to give more reactive organohalides and
further work as the alkylating reagents. Further application
and extension of the organohalide-catalyzed dehydrative alkyl-
ation reactions and deeper mechanistic insights are underway.
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