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Cyclic ethers have been effectively synthesized via the
intramolecular cyclization of diols using trimethyl phosphate and
NaH. The present cyclization could proceed at room temperature
to produce 5-7 membered cyclic ethers in good to excellent yields.
Substrates possessing a chiral secondary hydroxy group were
transformed into the corresponding chiral cyclic ethers along with
the retention of their stereochemistries.

Cyclic ethers are fundamental heterocycles of bioactive
compounds (i.e., tegafur, griseofulvin, tocopherol and
isosorbide), natural products, etc. 13 Although cyclic ethers can
be directly synthesized from readily available diols by the acid-
catalyzed intramolecular cyclization, harsh reaction conditions,
such as strong acidic and heating conditions, are required to
activate the less reactive free hydroxy groups as a leaving
group (Scheme 1: route B).4 Therefore, a stepwise procedure
via the selective transformation of one hydroxyl group into a
good leaving group using moisture sensitive reagents (e.g.,
tosyl chloride, thionyl chloride and phosphorus tribromide)
and the subsequent intramolecular nucleophilic substitution of
the other hydroxyl group is generally adopted to convert the
diol into the corresponding cyclic ether (route C).5 A direct and
efficient synthesis of cyclic ethers from diols was recently
reported using sodium methoxide and dimethyl carbonate as
an activator of the hydroxy groups under the basic and heating
conditions (route D).6 We have recently developed a novel
activation method of the hydroxy group using trimethyl
phosphate [PO(OMe);] as an inexpensive and stable reagent
for the conversion of allenols into eneynes.7 We now report
that PO(OMe); and NaH efficiently facilitates the
intramolecular cyclization of various diols into cyclic ethers at
room temperature in cyclopentyl methyl ether (CPME) as a
process chemistry-friendly ether type solvent (route A).8
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Furthermore, the stereoselective cyclization could also be
accomplished with retention of the stereochemistry using
chiral diols.
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Scheme 1. Synthesis of cyclic ethers from diols

2-Phenylbuta-1,4-diol (1a) as a substrate was smoothly
transformed into 3-phenyltetrahydrofuran (2a) in 86% isolated
yield using PO(OMe); (2.5 equiv.) and NaH (2 equiv.) in CPME
at room temprature for 24 h (entry 1). Other bases, such as KH,
NaOH, NaNH,, NaOMe, and 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) gave low vyields (entries 2-6). The use of relatively
bulky phosphates possessing the more bulky residues [e.g.,
PO(OEt);, PO(On-Bu); and PO(OPh);] were inadequate (entries
7-9). Although THF is also a good solvent for the present
reaction, CPME is a more favorable solvent by virtue of its
quite low productivity of a peroxide8 (entries 1 vs. 10).
Meanwhile, the reaction in hexane, CH3;CN, toulene or DMF for
24 h was incomplete (entries 11-14) and no reaction was
observed in (CH,Cl), (entry 15). The reduced use of NaH or
PO(OMe); caused a significant decerase in reaction efficiency
(the details are described in Supporting Information).
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Table 1. Optimization
OH (2 quiv.)

/L/\ PO(OR)s (2.5 - quiv.) Lc}
P OH Vot ot 24 P
1a 2a
entry base R solvent yield (%)?
la 2a

1 NaH Me  CPME 0 88 (86%)"
2 KH Me CPME 18 66
3 NaOH Me CPME 56 35
4 NaNH, Me CPME 60 34
5 NaOMe Me CPME 79 13
6 DBU Me CPME 98 0
7 NaH Et CPME 56 40
8 NaH n-Bu CPME 63 27
9 NaH Ph CPME complex mixture
10 NaH Me THF 0 88
11 NaH Me hexane 5 85
12 NaH Me CH5;CN 9 85
13 NaH Me toluene 3 79
14 NaH Me DMF 2 72
15 NaH Me (CH,CI), 98 0

? The yield was determined by 'H NMR using 1,1,2,2,-
tetrachloroethane as the internal standard. ° Isolated yield.;
CPME: cyclopentyl methyl ether

The present reaction conditions using PO(OMe); and NaH in
CPME at room temperature could be applied to the
intramolecular cyclization of various diols (1a-10) into the
corresponding cyclic ethers (2, Table 2). Various 1-arylbutan-
1,4-diols (1b-1f) bearing a 1,4-diol functionality were smoothly
transformed into the corresponding 2-aryltetrahydrofuran
products (2b-2f) in moderate to excellent yields (entries 2-6).
Dodecan-1,4-diol (1g) as an aliphatic substrate underwent the
present cyclization to give the corresponding 2-
octyltetrahydrofuran (2g) in 79% yield (entry 7). The sterically-
hindered diols (1h) possessing a tertiary hydroxy group were

also good substrates to produce the 2,2-disubstituted
tetrahydrofuran (2h) in 76% vyield (entry 8). Phthalan
derivatives are also useful compounds.g'm A variety of

phthalan derivatives (2i-2l) could also be constructed from the
1,2-benzenedimethanol derivatives (1i-1l) (entries 9-12).
Phenolic and primary hydroxy groups in 2-hydroxyethyl phenol
(Im) could be effectively condensed to give 2,3-
dihydrobenzofuran (2m) in 90% yield (entry 13). 1,5- and 1,6-
Diol derivatives (1n-1p) were also transformed into 6 and 7-
membered cyclic ethers (entries 14—16).11'13

Table 2. Scope of substrates
NaH (2 equiv.)
PO(OMe); (2.5 equiv.)

Substrate (1) CPME. 1. 24 h Product (2)
entry  substrate product Yield®
' J/\Oi\ /[(> o
Ph OH Ph
1a 2a
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OH /Q
R)\/\/OH R DOI: 10.1039/C7CCO1514C

2 1b; R = Ph 2b 91%
3 1c; R = 4-MeO-Ph 2c 78%
4 1d; R = 4-Me-Ph 2d 68%
5 1e; R = 4-CI-Ph 2e 68%
6 1f; R = 4-F-Ph 2f 53%
7 1g; R = n-octyl 2g 79%
8 OH 4-Me-Ph_ P 76%
: m: E:MOH 4-Me-Ph
1h 2h
R2 R
Rj@iOH Rmo
R OH R
R2 R
9 1i; RY, R = H 2i 67%
10° 1j; R'=MeO,R*=H  2j 46%
11 1k; R'=Cl, R*=H 2k 50%
12 1l; R = H, R? = Me 21 39%
(dr=69/31) (cis/trans = 64/36)

13 @(\/OH ©E> 90%
(0]
OH

1im 2m
OH 0

1n 2n

15 OH 26%
©W >
10
16 l l ;0] 76%
2p

p
% Isolated yield. ® THF was used instead of CPME.

While the desired product (2a) was efficiently obtained in
88% NMR vyield (86% isolated yield) for 24 h (Table 1, entry 1
and Table 2, entry 1), the reaction suspended at 6 h under the
same reaction conditions gave only 47% of 2a and 7% of the
unchanged 1a together with a trace amount of the phosphate
derivatives as expected reaction intermediates, such as
monophosphates (3), cyclic phosphate (4) and diphosphate (5)
as shown in eq. 1. 3 were easily transformed into 2a via the
formation of 4 in the presence of NaH (eq. 2), while 4 and 5
could also be converted to 2a in the presence of MeOH as a
nucleophilic reagent (egs. 3 and 4)."*"® These results indicated
that monophosphates (3) are the principal
intermediates for 2a.

reaction
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2-Phenylbutan-1,4-diol (1a) was initially transformed into the
monophosphate sodium salts (3’) in the presence of NaH and
PO(OMe); and 2a could be produced by the intramolecular
nucleophilic substitution accompanied with the elimination of
dimethylphosphate (Scheme 2). Otherwise, 4 could be
produced by the nucleophilic attack of the hydroxyl anion of 3’
to the intramolecular phosphate in association with
elimination of the methoxide ion, and 5 is also generated by
the second phosphorylation of 3’. 4 and 5 could be
reconverted into 3’ by the nucleophilic attack of the in situ-
generated methoxide ion. Various types of phosphate
derivatives could probably be formed during the reaction as an
undetectable amount of side products (e.g., A), which were all
transformed into 2a. Consequently, a single product (2a) was
obtained via various intermediates after stirring for 24 h.

Scheme 2. Proposed reaction mechanism
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The cyclization of the chiral (S)-1-arylbutan-1,4-diol
derivatives as 1,4-diols bearing a (S)-secondary benzylic alcohol
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%
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moiety was investigated. The acid-mediated cyglization,of
chiral 1,4-diols generally gives the corre§pOnding clicCethkts
with stereoinversion due to the high leaving-group ability of
the secondary hydroxy group.4f On the other hand, the
stereoretentive cyclization of chiral diols using sodium
methoxide and dimethyl carbonate was also reported.6 We
have investigated the stereoselective cyclization of diols
bearing a secondary benzylic alcohol moiety within the
molecule. The reaction of (S)-2-phenylbuta-1,4-diol (1a: 97%
ee) in the presence of NaH and PO(OMe); efficiently
proceeded at room temperature with perfect stereoretention
to give (S)-2a in 81% yield with 96% ee (Table 3, entry 1). 1-(4-
Fluorophenyl)butan-1,4-diol was also stereo-selectively
converted into the corresponding (S)-2f in a stereoretentive
manner of 67% yield and 92% ee (entry 2). Meanwhile, a slight
loss of enantioselectivity was observed during the cyclization
of 1-(4-methoxyphenyl)butan-1,4-diol [(S)-1c; 77% ee] into (S)-
2c (71% ee) (entry 3). The primary hydroxy group of the
substrate is preferentially phosphorylated and the following
intramolecular nucleophilic attack by the chiral secondary
hydroxyl anion produces the corresponding chiral cyclic ether
in a stereoretentive manner (eq. 5).

Table 3. The cyclization with stereoretention
NaH (2 equiv)

/'i/\/ 4 P ( Me) 25 equiv) /Q
Ar Ar

CPME rt 24 h
(S)1 (S)2
entry substrate product
Ar ee yield ee
1 Ph 1a: 97% (S) 81% 96% (S)
4-F-Ph 1f: 94% (S) 67% 92% (S)
3 4-MeO-Ph 1c: 77% (S) 61% 71% (S)

PO(OMe) OH Fl’O(OMe)z
NaH o~ O NaH
OH Main route Ph

Stereoretention
o~ OH

1PO(OMe) o PO(OMe), o (€a 5)
!NaH NaH /D

R > OH --%-- > R

Minor route Ph/k/\/ Ph

Stereoinversion

In conclusion, we have accomplished the efficient cyclic ether
synthesis via the intramolecular cyclization of diol derivatives
using an inexpensive and easily handled
trimethylphosphate/NaH combination. The present cyclization
of diols could efficiently proceed in CPME at room
temperature and 5-7 membered cyclic ethers were smoothly
constructed. Furthermore, diols bearing a chiral secondary
benzylic alcohol moiety within the molecule could be
transformed into the corresponding chiral cyclic ethers with
complete stereoretention.
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The reaction of 1n and 1o resulted in low yields. A small
amount of starting material remained unchanged, and
phosphorylated reaction intermediates were probably
formed.

The cyclization of 1n or 10 at 80 °C gave 53% of 2n or 35% of
20. The elebvated reaction temperature slightly improved
the yields, but they are unsatisfactory.

The reaction of 1-decanol in the presence of PO(OMe); and
NaH never produced didecyl ether as a symmetric ether
formed by the intermolecular coupling.

2 uiv
2 uiv
\MQ (¢} ,rt, 24 \MQ H;
notd t ct d

Compounds 3, 4 and 5 could be alternatively prepared using
POCI(OMe),. See Supporting Information.

The use of NaH in the absence of MeOH also gave 2a in low
yields (10-14%). The contaminated H,0 probably facilitates
the conversion of 4 and 5 into 3’ derivative as shown in
Scheme 2.
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