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Hydrogen-bond donor and acceptor cooperative
catalysis strategy for cyclic dehydration of diols

to access O-heterocycles

Huan Wang'?, Yanfei Zhao'?, Fengtao Zhang'?, Zhengang Ke', Buxing Han"*3, Junfeng Xiang*,

Zhenpeng Wang®, Zhimin Liu"*3*

Dehydrative cyclization of diols to O-heterocycles is attractive, but acid and/or metal-based catalysts are gen-
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erally required. Here, we present a hydrogen-bond donor and acceptor cooperative catalysis strategy for the
synthesis of O-heterocycles from diols in ionic liquids [ILs; e.g., 1-hydroxyethyl-3-methyl imidazolium trifluoro-
methanesulfonate ((HO-EtMIm][OTf])] under metal-free, acid-free, and mild conditions. [HO-EtMIm][OTf] is tol-
erant to a wide diol scope, shows performance even better than H,SO,4, and affords a series of O-heterocycles
including tetrahydrofurans, tetrahydropyrans, morpholines, dioxanes, and thioxane in high yields. Mechanism
investigation indicates that the IL cation and anion serve as hydrogen-bond donor and acceptor, respectively, to
activate the C—O and O—H bonds of alcohol via hydrogen bonds, which synergistically catalyze dehydrative cy-
clization of diols to O-heterocycles. Notably, the products could be spontaneously separated after reaction be-
cause of their immiscibility with the IL, and the IL could be recycled. This green strategy has great potential for

application in industry.

INTRODUCTION
O-heterocycles such as tetrahydrofurans, tetrahydropyrans, mor-
pholines, dioxanes, and thioxane are essential chemicals with wide
applications such as solvents, environmentally friendly alternative
fuels for diesel engines, pharmaceuticals, intermediates for fine chem-
icals, and so on, and they are mainly produced via dehydrative cyclization
of diols over acidic catalytic systems (Fig. 1) (I1-6). Homogeneously
catalytic systems including Brensted acids (e.g., H,SO4, H3POy, and
H;PO5), Lewis acids [e.g., BuSnCls;, CuBr,, and Fe(OTf);], and metal-
based complex catalysts (e.g., Ru/P/Al) have been widely applied
in catalyzing dehydrative cyclization of diols to access cyclic ethers
(5, 7-9). However, they generally suffer from corrosion, pollution,
and difficulty in separation, thus limiting their practical applica-
tions (10-15). Heterogeneous catalysts with high performances and
stability, including solid-acid catalysts (e.g., y-Al,O3, H-ZSM-5,
H-Y, and H-ZSM-22) and solid-metal complexes (e.g., NHC-Ir),
have also been intensively applied in the dehydrative cyclization of
diols, which require high temperature (e.g., 200° to 400°C), leading
to the formation of by-products (e.g., hydrocarbons and coke) and
deactivation of catalysts (11, 16-19). To date, efficient synthesis of
O-heterocycles via dehydrative cyclization of diols in a green and
mild way remains challenging. Therefore, developing simple and
green approaches together with a previously unidentified reaction
mechanism is highly desirable.

Hydrogen bond interaction is widely present in nature (20-22),
and hydrogen bond catalysis is an efficient way to achieve chemical
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transformation under metal-free conditions (23-25). Ionic liquids
(ILs) are totally composed of organic cations and organic or inor-
ganic anions, in which strong hydrogen-bond interactions exist be-
tween ionic and molecular/ionic species because of the presence of
electrostatic forces (26-28). The unique hydrogen bond interaction
of ILs is capable of catalyzing the chemical reactions under metal-
free and mild conditions (29, 30), showing promising applications
in catalysis. For example, various CO,-philic ILs could activate sub-
strates via hydrogen-bond interaction, thus promoting the reaction
of CO, with the substrates under metal-free conditions (31, 32).
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Fig. 1. Reaction development for dehydrative cyclization of diols.
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Basic IL 1-ethyl-3-methylimidazolium acetate ((EMIM][OAc]) could
efficiently catalyze one-pot oxidative transformation of alcohols into
esters by hydrogen bond (29). The imidazolium ILs functionalized
with -SO3H could catalyze the ring-closing metathesis of aliphatic
ethers through three strong hydrogen bonds (30). Obviously, the
hydrogen bond interactions in IL systems play important roles in
these reactions. However, the mechanism of hydrogen bond cataly-
sis is still ambiguous, and hydrogen bond-catalyzed dehydration of
alcohols has not been reported in a literature survey.

In this work, we present a promising strategy for the synthesis of
O-heterocycles from diols in ILs, e.g., 1-hydroxyethyl-3-methyl im-
idazolium trifluoromethanesulfonate ([HO-EtMIm][OTf]), under
metal-free, acid-free, and mild conditions (=90°C). It was indicated
that [HO-EtMIm][OT{] was tolerant to a wide diol scope, and a
series of O-heterocycles including tetrahydrofurans, tetrahydropy-
rans, morpholines, dioxanes, thioxane, and some other ethers that
are difficult to produce via traditional routes could be obtained in
100% selectivity and high yields. In addition, this strategy is also
effective for dehydrative etherification of monohydric alcohols, af-
fording various aliphatic ethers and aromatic ethers. A promising
H-bond donor-acceptor (D-A) synergistic catalysis mechanism is
proposed for the dehydrative etherification of alcohols based on ex-
perimental and theoretical studies.

RESULTS

We initiated our investigations by testing the cyclization of 1,5-
pentanediol (1a) as a benchmark reaction over various ILs, includ-
ing those with hydrogen bond D-A structures (Table 1 and fig. S1).
As shown in Table 1, the ILs with cations having the hydroxyl group
(e.g., [HO-EtMIm]", [HO-EtN;;;]", and [HO-EtMMIm]") and anion
[OTA]™ were very effective for transforming 1a to tetrahydropyran
(1b), affording 1b yields in the range of 27 to 91% and 1b selectivity
of 100% at 120°C within 12 hours (entries 1 to 3). However, the
other ILs with cations functionalized with -OH group including
[HO-EtMIm][BE,], [HO-EtMIm][PF¢], [HO-EtMIm][NT£], [HO-
EtMIm][Cl], [HO-EtMIm][OTs], [HO-EtMIm][N(CN),], [HO-
EtMIm][ClOy], and [HO-EtMIm][NOs] displayed no activity, and
[EtMIm][OT{] was not active for the reaction, although its anion is
[OT{]™ (entries 4 to 12). The above results suggest that the synergis-
tic effect between the cation and anion of the effective ILs is the key
to catalyzing the reaction.

The acid catalysis mechanism is widely accepted for alcohol de-
hydration to ethers (33). The above effective ILs are weakly acidic,
showing much lower acidity compared to commonly used Bronsted
acid, such as H,SOy4. Our experiment showed that the pK,(H,0)
value of [HO-EtMIm][OT{] is around 4.69. To get evidence for re-
vealing the catalytic mechanism of IL catalysis, we studied the per-
formance of Bronsted acid H,SO4 [22 weight % (wt %) aqueous
solution, which is generally used in industry], acetic acid, and acidic
IL [HO-EtMIm][HSOy]. In contrast, [HO-EtMIm][OTf] even showed
higher activity than H,SO4, while acetic acid displayed no activity
and [HO-EtMIm][HSO4] had a little activity (Table 1, entries 1 and
13 to 15). These control experiments suggest that the acid catalysis
mechanism is not dominant in the dehydration of 1a catalyzed by
the ILs used in this work.

Using [HO-EtMIm][OTf] as the catalyst, the effects of molar ra-
tios of IL to 1a, temperature, and reaction time on the cyclization of
1a were investigated (tables S1 to S3). It was demonstrated that the
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Table 1. IL-catalyzed cyclization of 1,5-pentanediol to
tetrahydropyran. Reaction conditions: 1a (2 mmol); yields were
determined by 'H NMR analysis with 1,3,5-trioxane as an internal
standard.

9 (@)

HO_~_~_OH 'L(lgomoczb) Q + H,0

1a 1b
Entry IL Yield of 1b
1 [HO-EtMIm][OTf] 91%
S [HOEtMNum][OTf] ........................ 27% ..................
3 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [HOEtNm][OTﬂ .......................... 87% ..................
L [HOEtM|m][BF4] ............................. g
5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [HOEtM|m][PF6] ............................. 0 .....................
6 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [HOEtNum][NTfZ] ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 0 .....................
7 e [HOEtM|m][c|] ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 0 .....................
s e [HOEtM|m][OT5] ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ o .....................

[HO-EtMIm][N(CN);

[HO E.tMI}'n]‘[C Oy4]

15 CH;COOH 0

*The amount of catalyst was based on H,SOa.

1b selectivity was 100% under all the tested conditions. The IL could
serve as both solvent and catalyst, displaying activity in a wide range
of molar ratios of IL to 1a. Notably, 83% yield of 1b was obtained
even at IL loading of 5 mole percent (mol %) (table S1). The reac-
tion could occur at 90°C, and the 1b yield increased with tempera-
ture up to 100% at 130°C (table S2). The reactions initially occurred
rapidly, and the yield of 1b almost increased linearly within 4 hours,
achieving ~100% at 15 hours (table S3). In all cases, the reactions
occurred in the IL-based phase, and the generated 1b was sponta-
neously separated to form a new phase because of its immiscibility
with the IL (figs. S2 and S3), thus promoting the reaction efficiently.
[HO-EtMIm][OT{] could be easily recovered via simple phase sep-
aration and distillation to remove the generated water. The IL could
be reused without any loss in activity after five recycles (fig. S4),
suggesting its high stability under the experimental conditions (fig.
S5) (30, 34). Thus, the [HO-EtMIm][OT{] catalyst shows a superior
waste balance with economy factors (E-factors; that is the mass ra-
tio of waste/isolated product) down to 0.40, indicating that this
method has promising application potential (35, 36). In addition,
scaled-up cyclization of 1a (10 g) was carried out with [HO-EtMIm]
[OTf] loading of 10 mol %, and 7.8 g of 1b was obtained (table S3).

On the basis of the above experimental results, we applied [HO-
EtMIm][OTf] in catalyzing cyclization of a series of diols under the
optimal conditions, and various O-heterocycles including tetrahy-
drofurans, tetrahydropyrans, morpholines, dioxanes, and 1,4-thioxane
were obtained in high yields without by-products in most cases. As
illustrated in Table 2A, a series of five-, six-, and seven-membered
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Table 2. IL-catalyzed dehydrative etherification of diols and monohydric alcohols to ethers.

A

120 °C, 12h

O gv*fi)

2b (100%/96%) 3b (75%/72%) 4b (79%I75%) 5b 36% 6b 82%?

O@:%%

(o)
on [HO-EtMIm][OT!
HO/\(V)n/\/ Ag 7n

b

7b, 90%? 8b56%  9b (99%/97%)°
10b (>99%/98%)°

SRS ®
N
16b, X=0, (>99%/96%)¢ 17b, >99%°
18b, X=S, 80%°

15b (>99%/99%)° §

25b, 87%"

0.

19b, R=Me (89%/87%)°
20b, R=NO, (83%/82%)¢

B on [HO-EtMIm][OTg o
2 - ~Us + H,0
R 120 °C, 12h R™ R 2
c d
o
vy

10d, R=H (87%/86%)
11d, R=Me, 85%!

12d, R=NO, (92%/91%)
13d, R=Cl, 83%!'

14d, R=F, 82%'

15d, R=OMe, 90%!

1d, n=0, 67%"; 2d, n=1,91%
3d, n=2, 89%9; 4d, n=3, 93%"
6d, n=4, 92%"; 7d, n=7, 90%"
8d, n=8, 91%"; 9d, n=11, 87%"

>~

5d, 92%!

11b, R=H (>99%I98%)b
Cb Cp > o
13b R= F(>99%I98%)b

0=8=0 145, R=Me (>99%/99%)° 21p, S99%> 22b (>98%/98%)°

23b, >99%" 24b, 89%°
O L X -Q
o oj\ o @
16b, 87%° 26b, 91%1 27b, 76%1 3b' >99%°
ee, >90%

Reaction conditions: (A) alcohol (2 mmol), IL (0.2 mmol): ®IL (0.4 mmol), 48 hours; bIL(1 mmol) 36 hours; IL (1 mmol), 48 hours; dIL(1 mmol), 130°C 48 hours;
€24 hours. (B) alcohol (2 mmol), IL (1 mmol): falcohol (10 mmol), IL (5 mmol); 924 hours; "130°C, 24 hours; '48 hours. Yields were determined by 'H NMR/isolated

yields.

O-heterocycles bearing methyl, dimethyl, ethyl, alkenyl, and phenyl
substituted with electron-rich and electron-deficient groups (e.g., methyl,
chlorine, and fluorine) were acquired in high yields of 79 to 100%
(e.g., 2b-4b, 6b, and 7b-14b) under the experimental conditions
(fig. S6). However, 5b and 8b were achieved in low yields of 36 and
56%, respectively, because of the formation of by-products includ-
ing alkenes and isomerized cyclic ethers (figs. S7 and S8). The diol
with a gem-dimethyl group at 3-position (15a) was well tolerated,
affording product (15b) in a yield of 86%. 1,4-Dioxanes (16b, 17b),
1,4-thioxane (18b), and osyl-/nosyl-protected morpholines (19b, 20b)
that are usually applied in drug design were obtained in high yields
from dehydrative etherification of corresponding diols. A series
of furans (21b-24b) were also achieved in 100% selectivity and ex-
cellent yields from intramolecular dehydration of corresponding
diols (fig. S9). For the diol with two hydroxy groups appended to a
carbocyclic ring (25a), its intramolecular dehydrative cyclization
occurred quickly, producing polycyclic tetrahydrofuran (25b), show-
casing the potential of this method for the rapid generation of un-
usual heterocyclic architectures that are of potential interest to drug
synthesis (37). For the diols with two -OH groups connected on two
adjacent C atoms, e.g., ethane-1,2-diol, propane-1,2-diol, and butane-
2,3-diol, dehydrative etherification occurred between two diol mol-
ecules, forming 1,4-dioxanes (16b, 26b, and 27b) in high yields
without any by-products (fig. S10). Notably, among the above re-
sultant cyclic ethers, 7b, 12b-15b, 19b, 20b, and 26b were obtained
via the dehydrative cyclization of diols.

Wang et al., Sci. Adv. 2021; 7 : eabg0396 26 May 2021

The IL [HO-EtMIm][OTI] was also effective for catalyzing in-
termolecularly dehydrative etherification of a wide range of mono-
hydric alcohols, including primary or secondary linear alcohols and
benzyl alcohols substituted with electron-donating groups (e.g., -OMe
and -Me) and electron-withdrawing groups (e.g., -NO, -Cl, and -F),
and a series of linear and benzyl ethers were obtained in 100% selec-
tivity and high yields under the experimental conditions (Table 2B,
1d-15d, and fig. S11). However, for some cyclic secondary alcohols
such as cyclohexanol and cyclohexyl methyl alcohol, the intermo-
lecular dehydrative etherification occurred to produce ethers (16d,
17d); meanwhile, intramolecular dehydration also took place to gen-
erate a considerable amount of olefin by-products (table S4 and figs.
S$12 and S13), suggesting the strong ability of the IL catalyst for cat-
alyzing the dehydration. In addition, several unsymmetrical ethers
could also be obtained in good yields via intermolecularly dehydra-
tive etherification of different alcohols under similar conditions
(table S5).

As discussed above, acid catalysis is not the main reaction path-
way. To explore the catalytic mechanism of [HO-EtMIm][OT{], the
chirality transfer experiment and kinetic studies were performed.
As shown in fig. S14A, >99% of (S)-2-methyltetrahydrofuran (3b’,
ee > 90%) was obtained via the dehydrative cyclization of (R)-pentane-
1,4-diol (3a’, ee = 97%), which suggests that the [HO-EtMIm][OTf]
catalyst mainly promotes an Sy2 pathway to yield 3b’ and little 3b
may be obtained via an Sy1 pathway under these reaction condi-
tions (7, 8, 38). Because of the steric effects, the primary alcohol
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and secondary carbon acted as the nucleophile and the electrophile,
respectively, which resulted in the inversion of configuration for 3a’
to 3b’. The rate order of [HO-EtMIm][OTf] was performed by
varying its concentrations in the transformation of 1c to 1d, and the
results indicate that the reaction follows a first-order dependence
on catalyst concentrations (figs. S15 and S16). Moreover, an inverse
deuterium kinetic isotope effect (ku/kp = 0.89) was observed by
comparing the rate of dehydrative etherification of 1c with that of
CD;OH (1¢’), which supports the idea that the reaction mainly fol-
lows an Sn2-like pathway (fig. S14, B and C) (7, 9, 39). In addition,
tertiary alcohol (e.g., 5a) was also tolerant to this IL catalyst but
showed a low reactivity with a 36% yield of 5b under the similar
reaction conditions. This indicates that [HO-EtMIm][OTf] could
promote an Sy1 pathway with lower activity in the reaction. There-
fore, it can be deduced that both Sn2 and Sy1 pathways may exist
simultaneously in the reaction, and [HO-EtMIm][OT{] prefers to
promote an Sy2-like pathway.

To further explore the interaction between alcohols and the IL,
nuclear magnetic resonance (NMR) experiments were carried out.
Because the peaks assigning to O atoms of la and [HO-EtMIm]
[OTf] in 'O NMR spectra were overlapped, we selected the dehy-
dration of methanol to dimethyl ether (1d) as a model reaction to
investigate the interaction between alcohol and IL by means of 'H,
70, and "’F NMR analyses performed at 60°C (Fig. 2, A and B, and
fig. S17). It was demonstrated that the 'H and 7O NMR spectra of
methanol and IL changed considerably as they mixed, indicating

the strong interaction between methanol and IL. In the "H NMR
spectra, the resonance band assigned to the H atom of -OH in
[HO-EtMIm]* obviously shifted upfield; meanwhile, the resonance
band assigned to the O atom of methanol became wider and shifted
downfield. These results provide evidence for the formation of the
hydrogen bond between the IL cation and methanol molecule in the
form of CH;-(H)O...HO-EtMIm" with the electron transfer from
the O atom of methanol to the H atom of -OH in [HO-EtMIm]®.
This indicates that the IL cation serves as a hydrogen-bond donor to
form the hydrogen bond with the O atom in methanol, which may
activate the C—O bond in methanol.

It is known that both electronegative F and O atoms in [OTf]
anion are good hydrogen-bond acceptors for forming hydrogen
bonds with the H atom of -OH in methanol (23, 40-43). From the
170, °F, and "H NMR spectra of methanol, IL, and their mixture, it
can be observed that the resonance band assigning to O atoms in
[OT{]" shifted from 163.007 to 162.098 ppm, while the signal to the
F atoms in [OT{]™ hardly changed and the resonance band to the H
atom of -OH in methanol shifted from 4.762 to 4.070 ppm as meth-
anol mixed with the IL (Fig. 2, A and B, and fig. S17A). These find-
ings suggest that the O atoms in [OTf] are the hydrogen-bond
acceptor to form the hydrogen bond with methanol in the form
of -CF3(50,)0...H-OCHj3, which may activate the O—H bond of
methanol. The above NMR analysis indicates that the IL cation (i.e.,
[HO-EtMIm]") and anion ([OTf]") cooperatively catalyze the de-
hydration between two methanol molecules to 1d.
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Fig. 2. Mechanistic studies. (A and B) "Hand 70 NMR spectra of methanol, IL, and their mixture recorded at 60°C. (C) In situ "HNMR spectra recorded in 1a transforma-

tion process over [HO-EtMIm][OTf] at 120°C. (D) ATR-FTIR spectra of methanol-d,, IL,
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To further explore the catalytic mechanism of [HO-EtMIm][OT{],
we performed in situ 'H NMR analysis on 1a dehydrative etherifi-
cation over this IL, which provided direct evidence for the strong
hydrogen bond interaction between IL and 1a. As shown in Fig. 2C
and fig. S18, the resonance bands of H atoms of -OH in IL and 1a
shifted largely with the corresponding peaks broadening as the re-
action proceeded; meanwhile, new peaks appeared in the range of
4.10 to 4.00 ppm in the in situ "H NMR spectra of the reaction solu-
tion of 1a dehydration over IL, which may be assigned to the H at-
oms of the intermediate M1 formed from IL and 1a. The 'H NMR
analysis on 1la, IL, and their mixture performed at 60°C also sup-
ported the above results (fig. S19).

The strong hydrogen bond interaction between methanol and
the IL was also evidenced by attenuated total reflection-Fourier
transform infrared spectroscopy (ATR-FTIR) spectra (Fig. 2D), in
which the characteristic absorption bands for the O—H stretchin%
vibration of IL cation and MeOH-D, shifted from 3454 and 2470 cm™
to 3465 and 2564 cm ™, respectively (43). Furthermore, the S—O
stretching vibration of IL anion slightly shifted from 1026 to 1027 cm™,
which verified the formation of the hydrogen bond between [OTf]~
and MeOH-Dy (Fig. 2D). In addition, high-resolution electrospray
ionization mass spectrometry [HR-ESI-MS(+)] analysis (fig. S20)
indicated that the IL could capture methanol molecules to form
species like [(HO-EtMIm)(CH;0H),]", suggesting the strong inter-
actions between the IL and methanol. Similarly, [HO-EtMIm][OT{]
can activate 1a with the IL cation and anion, respectively, by form-
ing hydrogen bonds with one of the two -OH groups of 1a in the
opposite mode (detailed information was provided in the Supple-
mentary Materials), thus further catalyzing the dehydrative cycliza-
tion between the two -OH groups of 1a to generate 1b. The above
NMR, ATR-FTIR, and ESI-MS(+) analyses indicate that strong

hydrogen bond interactions exist between ionic species and al-
cohol molecules, which realize the activation of C—O and O—H
bonds in alcohols, resulting in the dehydrative etherification of
alcohols.

Density functional theory (DFT) calculations were performed to
gain insight into the hydrogen bonding between 1a and IL (Fig. 3).
For comparison purposes, three ILs— [HO-EtMIm][OT{], [HO-
EtN};;][OTf], and [HO-EtMIm][Cl]—were selected to perform the
DFT calculations (Fig. 3, A to C). From the optimized chemical
structures of each IL with 1a, the distances of hydrogen bond formed
between the H atom of -OH in cation and the O atom of 1a were
estimated to be 1.82 A for [HO-EtMIm][OTf], 1.86 A for [HO-
EtN;1;][OTf], and 1.81 A for [HO-EtMIm][Cl], while the distances
of hydrogen bonds formed between the O or Cl atom of anion and
the H atom of -OH from 1a were calculated to be 1.90, 1.88,and 2.15 A
for [HO-EtMIm][OTI{], [HO-EtN;;;][OTf], and [HO-EtMIm][Cl],
respectively. These results indicate that as a hydrogen-bond donor,
the cations (e.g., [HO-EtMIm]" and [HO-EtNj;;]") have the similar
ability to form very strong hydrogen bonds with 1a, while as a
hydrogen-bond acceptor, [OTf] ™ has a much stronger ability to form
a hydrogen bond with 1a than [CI]". This can explain why [HO-
EtMIm][Cl] was ineffective for the reaction. The calculated cor-
responding bond energies are consistent with the estimated
hydrogen-bond distance results. From the above experimental and
calculation results, it can be concluded that both hydrogen bonds of
IL cation and anion with alcohol molecules should be strong enough
to cooperatively catalyze the dehydration of alcohol.

Figure 3D shows the electrostatic potential (ESP) distribution of
[HO-EtMIm][OT(] with 1a. It is clear that at the areas where the
hydrogen bonds are formed, the negative surface potential (blue area)
of O in 1a overlaps with the positive surface potential (red area) of

0.03
0.02
0.01
-0.01
-0.02

-0.03

Fig. 3. DFT calculations. (A to C) Structures of 1a interacting with [HO-EtMIm][OTf], [HO-EtN;;,1[OTf], and [HO-EtMIm][CI] optimized at M062X-D3/def2-TZVP level, on
which the hydrogen bond distances [black word: atom distance (A)] are marked. (D) Electrostatic potential (ESP) distribution of [HO-EtMIm][OTf] with 1a.
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Fig. 4. Proposed reaction pathway of 1a dehydrative cyclization to 1b.

O—H in [HO-EtMIm]*; meanwhile, the negative surface potential
of O in [OTf]™ overlaps with the positive surface potential of O—H
in 1a. This indicates the electrostatic attraction of hydrogen bonds
formed between the IL and 1a (44-46).

On the basis of the above experimental and calculation results,
the reaction mechanism of dehydrative cyclization of 1a to 1b is
proposed as illustrated in Fig. 4. First, 1a is activated simultaneous-
ly by a pair of IL cation and anion via strong hydrogen bonds in
opposite directions. Subsequently, the O atom of one -OH in 1la
forming H-bond with anion attacks the C atom connecting with
another -OH in 1a forming H-bond with cation, producing 1b fol-
lowed by the release of one water molecule and regeneration of the
IL. This means that the hydrogen bond D-A of IL cooperatively cat-
alyzes the dehydrative cyclization of 1a to 1b. The intermolecular
dehydration of methanol to 1d follows the similar reaction mecha-
nism (figs. S21 and S22).

DISCUSSION

In summary, a promising strategy for the synthesis of ethers is pre-
sented on the basis of dehydrative etherification of alcohols under
cooperative catalysis of hydrogen bond D-A in ILs (e.g., [HO-
EtMIm][OTf]), and various ethers including tetrahydrofurans, tetra-
hydropyrans, morpholines, dioxanes thioxane, aliphatic ethers, and
aromatic ethers can be obtained in high yields and 100% selectivity
under mild conditions (e.g., 120°C). In particular, some O-heterocycles
that are difficult to get via traditional routes have been obtained
from dehydrative cyclization of diols. Notably, the generated ethers
can be spontaneously separated from the reaction system because of
their immiscibility with the IL catalysts, which makes the product
separation and purification easily achieved. Moreover, the IL cata-
lyst is recyclable and reusable without activity loss for a long life-
time. This work opens the way for efficiently transforming alcohols
to ethers under metal-free, acid-free, and mild conditions. This hy-
drogen bond D-A cooperative catalysis strategy may be extended to
the other type of dehydration reactions, and related work is under-
way in our group. Therefore, we believe that this simple, efficient,
and green strategy has great potential for application in industry.

MATERIALS AND METHODS

Materials

Hydroxyethyl-3-methyl imidazolium trifluoromethanesulfonate
([HO-EtMIm][OT{], 99%), 1-hydroxyethyl-2,3-dimethyl imid-
azolium trifluoromethanesulfonate ((HO-EtMMIm][OTI{], 99%),
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1-hydroxyethyl trimethyl ammonium trifluoromethanesulfonate
([HO-EtN}1;][OTf], 99%), 1-hydroxyethyl-3-methyl imidazolium
tetrafluoroborate ([HO-EtMIm][BF4], 99%), 1-hydroxyethyl-3-
methyl imidazolium hexafluorophosphate ([HO-EtMIm][PF¢], 99%),
1-hydroxyethyl-3-methyl imidazolium bis(trifluoromethylsulfonate)
imine ([HO-EtMIm][NT£,], 99%), 1-hydroxyethyl-3-methyl imid-
azolium chloride ([HO-EtMIm][CI], 99%), 1-butylsulfonate-3-
methylimidazolium tosylate ([HO-EtMIm][TsO], 99%),
1-hydroxyethyl-3-methyllimidazolium dicyanamide ((HO-EtMIm]
[N(CN),], 99%), 1-hydroxyethyl-3-methyl limidazolium perchlorate
([(HO-EtMIm][ClO4], 99%), 1-hydroxyethyl-3-methyl limidazolium
nitrate ([HO-EtMIm][NOs], 99%), and 1-hydroxyethyl-3-methyl
limidazolium trifluoromethanesulfonate ([EtMIm][OTf], 99%) were
provided by Centre of Green Chemistry and Catalysis, Lanzhou In-
stitute of Chemical Physics, Chinese Academy of Sciences, and their
chemical structures are shown in fig. S1. 1,5-Pentanediol (98%),
1,4-pentanediol (99%), 2,5-dimethyl-2,5-hexanediol (99%), 1,6-
hexanediol (98%), diethylene glycol (99%), ethylene glycol (99%),
1,2-propanediol (99%), 2,3-butanediol (mixture of stereoisomers,
98%), ethanol (99.9%), 1-propanol (99.9%), 1-butanol (99.9%), isopropyl
alcohol (>99.5%), 1-pentanol (99%), 1-hexanol (99%), 1-heptanol
(99%), 1-octanol (98%), benzyl alcohol (99%), 4-methylbenzyl alco-
hol (99%+), 4-nitrobenzyl alcohol (98%), 4-chlorobenzyl alcohol
(99%), 4-methoxybenzyl alcohol (98%), chloroform-d [99.8 atomic %
(at %) of D], deuterium oxide (99.9 at % of D), and methyl sulfoxide-ds
(DMSO-dg, 99.8 at % of D) were purchased from Beijing InnoChem
Science and Technology Co. Ltd. 2,5-Hexanediol (mixture of isomers,
98%), 2,4-diethyl-1,5-pentanediol (DL- and meso-mixture, 93%),
N,N-bis(2-hydroxyethyl)-4-methylbenzene-1-sulfonamide (97%), cis-
1,2-cyclohexanedimethanol (95%), (1R,2R)-cyclohexane-1,2-
diyldimeth-anol (98%), 5-norbornene-2,3-dimethanol (mixture of
endo- and exo-, predominantly endo-isomer, 95%), 1-nonanol (97%),
1-undecanol (99%), and 4-fluorobenzyl alcohol (>98%) were pur-
chased from TCI Shanghai Co. Ltd. Dipropylene glycol (mixture of
isomers, 97%+) was purchased from Adamas. Hexane-2,6-diol (98%)
was purchased from TRC. Methanol (99.90%) was purchased from
Alfa Aesar. Sulfuric acid (98%) was provided by Sinopharm Chemical
Reagent Co. Methanol-D3 (99.5 at % of D) and methanol-D4 (99.5
at % of D) were purchased from Acros. Eu(hfc); {Europium(III)
tris[3-(heptafluoropropylhydroxymethylene)-d-camphorate] puriss. p.a.,
for NMR spectroscopy} was purchased from Sigma-Aldrich. All re-
agents were used as received without further purification. The alco-
hol substrates that are not commercially available were synthesized
following the reported procedures (37, 47, 48), which are given in
Supplementary Text.

General procedures for dehydrative etherification

of methanol

For methanol dehydration to dimethyl ether, all reactions were con-
ducted in a high-pressure reactor (16 ml of inner volume) equipped
with a magnetic stirrer. In a typical experiment, [HO-EtMIm][OTf]
(5 mmol) and methanol (10 mmol) were sequentially loaded into the
reactor and sealed under the nitrogen atmosphere. Subsequently, the
reactor was moved to an oil bath of the desired temperature (e.g., 120°C)
and stirred for 12 hours. After the reaction, the reactor was cooled down
in ice water. The qualitative analysis of products was conducted using a
gas chromatography-mass spectrometer (GC-MS) (Agilent 5975C-
7890A) and by comparing with authentic samples. The yields of corre-
sponding ethers were quantitatively analyzed by GC and "H NMR.
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General procedures for dehydrative etherification
of alcohols except for methanol
All reactions were conducted in a sealed tube (15 ml of inner vol-
ume) equipped with a magnetic stirrer. In a typical experiment,
[HO-EtMIm][OTf] (0.2 mmol) and 1,5-pentanediol (2 mmol) were
sequentially added into the reactor and sealed under the nitrogen
atmosphere. Subsequently, the reactor was moved to an oil bath of
desired temperature (e.g., 120°C) and stirred for desired time. After
the reaction, the reactor was cooled down in ice water. For NMR
analysis, 1,3,5-trioxane (0.0450 g) as an internal standard and
CHCl; (1.5 ml) were added into the reaction mixture. After being
stirred vigorously and followed by centrifugation, the lower layer
liquid (products) and the IL phase were collected, respectively. The
qualitative analysis of the products was conducted using a GC-MS
(Agilent 5975C-7890A) and by comparing with authentic samples.
The yields of corresponding ethers were quantitatively analyzed by
"H NMR using 1,3,5-trioxane as an internal standard.

The yields of the reactions were calculated on the basis of the
following equations

Moles of the product obtained = Moles of the internal
standard x Peak area of the corresponding product obtained x The
H number of corresponding product obtained/(Peak area of the

internal standard x 6)

Moles of the product obtained

0,
Theoretic moles of the product x 100%

Yield of product =

Recycling of catalyst

The reusability of the IL [HO-EtMIm][OT{] was tested using
the benchmark reaction of 1a dehydrative cyclization. After the
reaction, the reaction mixture in the reactor was transferred into a
centrifuge tube. After centrifugation, the IL phase was collected by
phase separation and distilled under vacuum to remove the gener-
ated H,O. Then, [HO-EtMIm][OT{] was reused directly for the
next run.

pK, measurements

[HO-EtMIm][OTf] aqueous solution (0.1 M) was prepared, and the
pH was measured with a pH meter. Then, pK, (where K, is the acid
dissociation constant) was calculated on the basis of the follow-
ing equations

pH = -Ig[H"]

pK. = pH +Ig([HA]/[H"])

NMR measurements

NMR spectra were recorded on a Bruker Avance 11400 HD or 500 WB
spectrometer equipped with 5-mm pulsed-field gradient probes.
Chemical shifts are given in parts per million (ppm) relative to te-
tramethylsilane. To eliminate the effect of solvent, Wilmad coaxial in-
sert NMR tubes were used for 'H, ’F, 70, and "*C NMR analysis at
333.2 K. DMSO-dg was added in the inner tube, and the sample was
added in the outer tube.
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For 'H, 'F, and 7O NMR analysis, pure MeOH, [HO-EtMIm]
[OT1], and the mixture of MeOH and [HO-EtMIm][OTf] with a
molar ratio of 2:1 were prepared. Each sample (0.3 ml) was added
into the outer tube, and the inner tube was inserted.

For in situ 'H NMR analysis, the mixture of 1,5-pentanediol and
[HO-EtMIm][OT{] with a molar ratio of 1:1 was prepared. The
mixture (0.5 ml) was added into the NMR tube, and the spectra
were recorded every 60 s from 0 to 3 hours at 393.2 K. Sixteen rep-
resentative in situ 'H NMR spectra were selected to analyze the in-
termediates during the reaction. For "H NMR analysis, spectra of 3b
or 3b’ with Eu(hfc); (chiral lanthanide shift reagent) were recorded
on a Bruker Neo 700 NMR spectrometer equipped with a CP BBO
BB-H&F-D 05 probe at 298.2 K.

ATR-FTIR characterization

Pure methanol-d,, [HO-EtMIm][OT{], and the mixture of methanol-d,
and [HO-EtMIm][OTf] with a molar ratio of 2:1 were prepared be-
fore analysis. FTIR spectra of the liquid samples were detected in
the ATR mode on a Bruker Vertex 70 infrared spectrometer at a
1-cm™ resolution. A total of 64 scans were collected for both the
background (the air) and the samples.

X-ray diffraction analysis

X-ray intensities were measured on an XtaLAB AFC10 (RCD3):
fixed-chi single diffractometer. The crystal was kept at 170.00(10) K
during data collection. Intensity data were integrated with the Olex2
software (49). The structure was solved with the ShelXT (50) struc-
ture solution program using intrinsic phasing and refined with the
ShelXL (51) refinement package using least squares minimization.

HR-ESI-MS characterization

The mixture of methanol (2 ml) and [HO-EtMIm][OT{] (2 mmol)
was stirred at room temperature for 12 hours. After stirring, the
mixture was analyzed by Bruker FT-ICR-MS (Solarix 9.4T). The
ionization method and mode of detection used were indicated for
the corresponding experiment, and all masses were reported in atomic
units per elementary charge (mass/charge ratio) with an intensity nor-
malized to the most intense peak.

LC-MS characterization

The liquid chromatography-MS (LC-MS) analysis was carried out
using LC-MS2010 equipped with a C18 column (Ascentis Express,
2.1 mm x 100 mm x 1.7 um particle size, Supelco). Mobile phase A
was an aqueous solution of formic acid (0.1 wt %), and mobile phase
B was an acetonitrile solution of formic acid (0.1 wt %). The flow
rate was 0.2 ml/min (gradient program: 90% A and 10% B for 5 min,
t0 20% A and 80% B for 12 min, to 90% A and 10% B for 2 min, and
held for 1 min). Positive ion model was used.

DFT calculations

All calculations were performed with the Gaussian 09 package (52).
Geometry optimizations were carried out at the M06-2X (53)/def2-
TZVP (54) level at 393.15 K. The frequency calculations were carried
out at the M06-2X/def2-TZVP level using the optimized structures
to confirm that the reactant and product have no imaginary fre-
quencies and that the transition states (TSs) have only one imagi-
nary frequency. The intrinsic reaction coordinate calculations were
used to verify these TSs. Solvation corrections (55, 56) were calcu-
lated by a self-consistent reaction field using the SMD-GIL model.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabg0396/DC1
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