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Through computer-assisted design, a multiple hydrogen bonding
catalyst was developed to achieve efficient hydration of epoxides
under mild temperatures and atmospheric pressure, eliminating
the use of metals. Through the introduction of multiple hydrogen
bonds and the prediction of optimal bond strength, guanidine-
functionalized and hydroxyl-bridged IL with four hydrogen bonds
exhibited the highest activity, leading to an excellent yield of 97%
at 50 °C and 1 bar CO,. A combination of control experiments,
isotope labeling experiments and quantum-chemical calculations
were carried out to reveal the mechanism, which indicated that
the interactions of multiple hydrogen bonds could promote the
reaction effectively. We believe this strategy using multiple hydro-
gen bonding interactions provides a novel idea for developing
metal-free catalysts.

1,2-Diols are commonly used as coolants and as the basic
material of polyester fiber and resin." At present, the industrial
synthesis of ethylene glycol (EG) mainly depends on the
thermal hydration of ethylene oxide (EO). However, due to the
limitation of side reactions,®® a large amount of water
(20-25 mol/mol EO) is needed to obtain high selectivity. The
distillation of EG from excess water usually leads to huge
energy consumption. Some metal catalysts, like Co and Sn,
were initially used for the hydration of EO under low H,O/EO
ratio and mild conditions (Table S17), however, these catalysts
are harmful to humans and the environment owing to their
toxicity. Therefore, developing metal-free catalysts to achieve
highly efficient and selective hydration is desired.

Ionic liquids (ILs) could provide a valuable alternative that
avoids the usage of metals. However, due to the high energy
barrier in the process of direct hydration, the reaction needs
high temperature and pressure, like 120 °C and 2 MPa N,.>*
Two-step transformations from epoxy to intermediates such as
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cyclic carbonate (EC) have been found to be suitable for the
production of EG. For example, Gao’s group achieved high
selectivity with a lower H,O/EO ratio (<1.5),” although the
reaction still required a high temperature (100 °C) and high-
pressure CO, (1.5 MPa). Therefore, developing a novel strategy
for efficient hydration under mild temperatures and atmos-
pheric pressure using a metal-free is still challenging.

Although the two-step process was considered to effectively
reduce the energy barrier, the formation of four main tran-
sition states in the reaction still required high energy, leading
to the need for high temperatures and pressure. It has been
reported that hydrogen bonding can effectively stabilize the
transition state,” however, it is not able to achieve the same
strong activation ability as a coordination bond induced by a
metal because of the weak interaction of a single hydrogen
bond. Recently, due to their strong nucleophilicity and high
selectivity, multiple hydrogen bonds have been widely used in
some fields such as supramolecular self-assembly,® healable
polymers,” molecular recognition® and hydrogen bond cross-
linked polymer materials.” Inspired by this, we attempted to
introduce multiple hydrogen bonds into the structure of a
catalyst in order to effectively reduce the energy barrier of the
hydration (Fig. 1).
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Fig. 1 The two-step reaction process and four main transition states in
the two-step process.
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Considering that hydrogen bonds play different roles in the
four main transition states, which require different hydrogen
bond strengths, it is necessary to design the structure of mul-
tiple hydrogen bonding catalysts. The strategy of computer-
aided design could help us to filter and predict the optimal
structure before experiment.'® This method of calculating the
reaction energy barrier directly, which is not based on experi-
mental trial and error, will have great significance in the
screening of these catalysts with multiple hydrogen bonds.

Herein, we reported the design of multiple hydrogen
bonding catalysts for hydration, through the strategy of a com-
puter-aided method, eliminating the use of a metal catalyst. By
comparing the reaction energy barriers through quantum-
chemical calculations, a series of hydrogen bonds such as two
hydrogen bonds, three hydrogen bonds and four hydrogen
bonds were introduced, and the optimal hydrogen bond
strengths were predicted. An ideal metal-free catalyst with mul-
tiple hydrogen bonds guanidine-functionalized and hydroxyl-
bridged IL was selected, which was further verified to be

View Article Online

Green Chemistry

highly effective in the hydration of epoxides at mild tempera-
tures and atmospheric pressure. Through control experiments,
isotope labeling experiments, and density functional theory
(DFT), the roles of multiple hydrogen bonds and CO, were
investigated in detail, indicating the importance of multiple
hydrogen bonding interactions.

The hydration of propylene oxide (PO) was chosen as the
model reaction. During the two-step process, the first step
process had a higher energy barrier, which was considered to
be the rate-determining step. For the two main transition
states in the first step process (I, II), various common cations
with bromine anions were firstly used to calculate the reaction
barrier (Table S2, entries 1-117). The results showed that when
the cations could provide hydrogen bonding, the reaction
energy barrier would be reduced to a certain extent (Table S2,
entries 9-111). Among these, C-2 H in [Emim] had the better
hydrogen bond strength and achieved the lowest reaction
energy barrier compared to the other cations (Table S2, entry
111). Secondly, [Emim] with different common anions was

Table 1 Prediction of the effect of different catalysts on the reaction energy barrier
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also substituted into the reaction process for calculation
(Table S2, entries 11-18%). It was seen that [Emim][HCO;]
showed the best catalytic activity (Table S2, entry 187).

On the basis of [Emim][HCO;], we further added hydrogen
bonds into the structure of the ILs. At first, because it was
difficult for [HCO;] to leave, the cyclization process of cyclic
carbonate (II) had a high energy barrier. Based on this, we
added [TMGH][Br] to the original structure (Table 1, entry 2),
which could form hydrogen bonds with [HCO;] to help it
leave. As expected, the reaction energy barrier of II with two
hydrogen bonds reduced to some extent. In order to further
reduce the energy of ring opening of epoxides, some groups
with other hydrogen bonds such as hydroxyl, amino and car-
boxyl groups were added to the original structure for the calcu-
lation (Table 1, entries 3-5). The results showed that the
decrease of the open-ring energy barrier of epoxy (I) was often
accompanied by an increase of the ring-closing barrier of
cyclic carbonate (II). Among these, guanidine-functionalized
and hydroxyl-functionalized IL with three hydrogen bonds had

Table 2 The effect of different metal-free catalysts on the hydration of
PO
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Entry” Catalyst Amount (mol%) T (°C) Yield” (%)
1 2a 15 50 25
2 2b 15 50 30
3¢ 2¢ 15 50 68
44 2d 15 50 76
54 2e 15 50 65
6¢ TMG 15 50 30
7¢ 2f 10 50 80
8¢ 2g 10 50 88
9¢ 2h 10 50 97
10%¢ 2h 10 50 71
11° 2i 10 50 91
12/ 2j 10 50 88
13%¢ 2h 10 50 87
14" 2h 10 50 94
15 NaOAc 10 50 15
16 Et;N 10 50 20

“Reaction condltlons PO (5 mmol), HZO (25 mmol), catalyst 24 h,
and CO, (~1 bar) b Determined by GC. ®Without CO,. ¢ With extra
15 mol% TMG. Wlth extra 20 mol% TMG. With extra 20 mol% DBU.
£1 bar 15%CO,. " Catalyst was used fifth time.
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the optimal hydrogen bond strength (Table 1, entry 3).
Although the reaction energy barrier had been further
reduced, the reaction still required a lot of energy.

On the basis of the original structure, we further added a
fourth hydrogen bond to optimize the configuration of the cat-
alysts. To our delight, the reaction energy barrier of each step
by guanidine-functionalized and hydroxyl-bridged IL with four
hydrogen bonds was further reduced, and the energy barrier of
the rate-determining step was only 13.7 kcal mol™" (Table 1,
entry 6). Besides, carboxyl functional groups and organic bases
DBU were also added to the structure for calculation (Table 1,
entries 7 and 8). Based on the literature,'” we also considered
the effect of cations with different hydrogen bonds on the
state of anions and further explained the role of the hydrogen
bonds (Fig. S41).

Based on the above calculated results, it appeared that the
addition of multiple hydrogen bonds could reduce the energy
barrier effectively and different transition states needed the
corresponding optimal hydrogen bond strength. Among these,
ILs including [HCO;], [TMGH] and bis-C-2 H with hydroxyl
groups were the best match, which could reduce the reaction
energy barrier most effectively (Table 1, entry 6). Did this

Table 3 Scope of internal epoxides and epoxides with different term-
inal groups
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Fig. 2 Isotope labeling experiments for the mechanism.
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Fig. 3 Computational studies of the reaction mechanism.

mean that this multiple hydrogen bonding catalyst would
exhibit a higher catalytic activity than the others?

To verify this hypothesis, corresponding catalysts with mul-
tiple hydrogen bonds were synthesized and the structures were
determined by NMR spectra (Fig. S1t). Then, hydration of PO
was carried out at 50 °C under 1 bar CO,.

After optimizing the H,O/PO ratios and the amounts of
catalyst (Table S37), a yield of 97% was obtained when guani-
dine-functionalized and hydroxyl-bridged IL with four hydro-
gen bonds (2h) was used as the catalyst (Table 2, entry 9).
Under the same conditions, some common bases such as
NaOAc and Et;N only had 15% and 20% yield (Table 2, entries
15 and 16). As far as we know, this was the first work that
could effectively achieve hydration of epoxides under mild con-
ditions and atmospheric pressure using a metal-free catalyst
(Table S1t). We also tested the recycling of catalyst 2h and its
performance at a flue gas concentration of CO, (Table 2,
entries 13 and 14). Furthermore, other catalysts were also
tested and the results are summarized in Table 2. Consistent
with the data of the prediction, the yield was highly related to
hydrogen bond number. With the increase of hydrogen bond
multiplicity, the yield increased accordingly (Table S47).

Using the ideal metal-free catalyst with four hydrogen
bonds 2h, we further explored the substrate scope under mild
temperatures and atmospheric pressure. The catalytic perform-
ance of 2h for different types of epoxides was investigated and
the results are listed in Table 3. It was seen that the yield of
most of diols was excellent, where the yield was higher than
97%. The hydration reaction of the epoxides was more difficult
with the increase of steric hindrance, where higher tempera-
tures were required to obtain satisfactory conversion.

In order to further explore the reaction process, isotope
labeling experiments were carried out by using isotope-labeled
water. In contrast to the direct hydration reaction (Fig. 2, eqn

3440 | Green Chem., 2023, 25, 3437-3442

(1)), unlabeled PG (m/z 76) and labeled C'*00 (m/z 46) were
detected, indicating that CO, participated and changed the
reaction path (Fig. 2, eqn (2)). The process of CO, and H,O par-
ticipation in the reaction can be seen in Fig. 3. Detected PG
(m/z 78) and C'*0"®0 (m/z 48) also proved that CO, worked as
the cocatalyst (Fig. S37).

Based on the experimental results and literature reports, a
possible reaction mechanism was proposed.” DFT calculations
were further carried out at the B3LYP/6-311++G (d,p) level to
explain the role of multiple hydrogen bonding catalysts and
clarify the mechanism (Fig. 3), where the solvation effect of
water was also included by using solvation model density
(SMD).

At first, [HCO;] in 1 nucleophilically attacked the epoxy
carbon of the reactant PO, overcoming an energy barrier of
18.7 keal mol™. The closing of the five-membered-ring and
formation of propylene carbonate (PC) required an activation
free energy of 20.0 kcal mol™". Then, the PC in 5 was hydro-
lyzed with an energy barrier of 23.0 kcal mol™, making it the
rate-determining step in the reaction. Finally, 8 was produced
through the opening of the penta-ring in 7 with TMG, requir-
ing an energy barrier of 2.7 kcal mol™'. After the release of
CO,, product 9 was formed. The role of the multiple hydrogen
bonds was also determined in the DFT calculations.

Conclusions

In conclusion, a multiple hydrogen bonding catalyst was devel-
oped through the strategy of computer-aided design. Through
the addition of hydrogen bonds and the prediction of the
optimal hydrogen bond strength, the ideal metal-free catalyst
with four hydrogen bonds 2h was designed, which could effec-
tively catalyze the hydration of epoxides under mild tempera-

This journal is © The Royal Society of Chemistry 2023
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tures and atmospheric pressure. Through a combination of
control experiments, isotope labeling experiments and
quantum-chemical calculations, we found that the synergy of
the multiple hydrogen bonds was the main reason for such a
high catalytic activity. Finally, we believe this strategy using
multiple hydrogen bonding interactions provides a novel idea
for developing metal-free catalysts, which has potential in
other metal-catalyzed reactions such as the synthesis of alkyli-
dene cyclic carbonates.™!
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