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The cycloaddition of carbon dioxide (GPwith propylene oxide (PO) in the absence and presence of
alkylmethylimidazolium chlorine ([@mim]Cl, n = 2, 4, and 6) ionic liquids has been studied in detail by
performing density functional theory calculations at the B3PW91/6-31G(d,p) level. It is found that in the
absence of [@nmim]Cl the reaction proceeds via two possible channels (each of them involves one elementary
step) and the corresponding barriers are found to be as high as 59.71 and 55.10 kéaluimité in the
presence of [@nim]Cl there exist five possible reaction channels (each of them involves two or three elementary
steps) and the barriers of the rate-determining steps are reduced te-38.08 kcal mot?, clearly indicating

that [Gmim]CI promotes the reaction via modifying the reaction mechanism and thereby remarkably decreases
the barrier. The origination of the catalytic activity of J8im]Cl has been analyzed in detail. The present
theoretical study rationalizes the early experimental findings well and provides a clear profile for the
cycloaddition of CQ with PO promoted by [@nim]CI.

1. Introduction are extensively used as high-polarity solvents, electrolytes for
batteries, efficient protecting groups in carbohydrate chemistry,
and raw materials in a wide range of chemical reactf8is.

Propylene oxide (PO) is chosen as a prototype of epoxides for
study. This work was inspired by the extraordinary success of

Room-temperature ionic liquids (RTILsS), a new class of
liquids that are entirely composed of ions, are now widely
recognized as an important component of green chemistry. This

is mainly attributed to their remarkable characteristcs, " . . . )
including negligible vapor pressure, excellent thermal and tcmelo(r:i);lceloi?)%(ijé“I(i)gu(i)oflsc(%);vrzglezoa? 'E?il‘lir)g]r&etrrl]yl;médajogﬂrg
chemical stabilities, nonflammability, and good reusability. 6).22-24 ' T

Moreover, they also have low melting point, powerful solvent . . .
capacity for many organic, inorganic, and organometallic ~ COz is one of the most important greenhouse gases, which
compounds, and wide liquid range up to 3T The majority has resulted in global warming effects and serious environmental
of RTILs reported in the literatures are tetraalkylammonium Problems. On the other hand, €Can be used as an abundant,
salts, tetraalkylphosphonium salts, 1,3-dialkylimidazolium salts, inexpensive, nonflammable, and nontoxic carbon resource to
andN-alkylpyridinium salts. In the early research, RTILs were Produce useful organic compounds. One of the most widely
generally used as environmentally friendly alternatives to volatile applied technologies for the fixation and utilization of the carbon
organic media in organic syntheéi$. Later, RTILs were found ~ resource is the cycloaddition of GQith epoxides to afford

to show excellent catalytic activity for many important chemical five-membered cyclic carbonates. So far, quite numerous
reactions, such as Michael additibBeckmann rearrangemeht, ~ catalytic processes aboutthe cycloadditionhave beenregértéd.
and Henry reactiofi,since Wilkes and co-workeYsreported However, most of the catalysts reported in the literatures, such
the first successful use of dialkylimidazolium chloroaluminate asmetalhalide¥;*metal oxides,*organometallic compound;>!

as a catalyst in FriedelCrafts acylations in 1986. Currently, Lewis acid/base¥, and zeolites? usually suffer from low
RTILs are receiving growing attention due to their advantages catalyst activity or need additional cosolvent or high pressures/
as reagents and catalysts with tunable features for varioustemperatures, limiting their practicality. Thus, developing new
targeted chemical task&:12 In particular, imidazolium-based  catalysts for this cycloaddition reaction is highly desirable.
ionic liquids present more rapidly increasing importance in the Recently, some pure imidazolium-based ionic liquids with
area of catalysis. A number of chemical reactions catalyzed by different alkyl groups and anions were found to remarkably
various task-specific (or functional) dialkylimidazolium ionic ~ promote the reactiof? 24 For example, Park et at.recently
liquids have been reportéfi:1” While substantial and extensive ~ realized efficiently the copolymerization of allyl glycidyl ether
efforts have been devoted to developing new RTILs for catalytic and CQ in alkylmethylimidazolium-based ionic liquids with
applications, not much is known about the detailed reaction anions Ct, BF,~, and Pk~ under 140 psig for 48 h at 10C.
mechanism. To better understand the catalysis of RTILs on It was found from these experiments that (i) there was no
many important organic synthesis reactions, such as Biels detectable conversion of epoxide if no RTILs were used, (ii)
Alder reactions, Markovnikov additions, and Heck reactions, the selectivity of the desired five-member cyclic carbonate in
we have recently launched a theoretical project, which aims to the presence of RTILs was quite high (nearly 100%), (iii) the
address the microscopic details on how RTILs influence Yyield of cyclic carbonate increased with lengthening alkyl chain,
chemical reactivity and selectivity, based on quantum chemical and (iv) the recycle times of catalysts remarkably increased.

calculations, and some prototypes have been rep&tid. Although the cycloaddition reaction has been successfully
In this paper, we carry out our notion on an important class achieved? 24the details of the mechanism are still ambiguous
of reactions, the cycloaddition of carbon dioxide (@ith and worthy of further exploration. Herein, by performing density

epoxides to synthesize five-membered cyclic carbonates, whichfunctional theory (DFT) calculations, we show the details of
mechanism for the cycloaddition reaction of £&hd PO with
* Corresponding author: e-mail zhangdj@sdu.edu.cn. and without the presence of [@im]CI (n = 2, 4 and 6), and
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strated to involve electrostatic and hydrogen-bond interactiofts.
(1.436) (1.436) So it is expected that the B3PW91 functional would give a

1.167 (1_51'35;3?0 ) reasonable description for the present cycloaddition reaction
(1.160) promoted by [Gmim]CIl. The combination of B3PW91 func-

J tional with the medium-size 6-31G(d,p) basis set offers a good

o compromise between computational cost and accuracy of

(180.0) computational outcomes. All geometries for the isolated reac-

tants, products, intermediates, and transition states involved in
CcO, PO the cycloaddition reaction have been fully optimized. Vibrational
frequency calculations, from which the zero-point energies
(ZPEs) were derived, have been performed for each optimized
structure at the same level to identify the natures of all the
stationary points (local minimum or first-order saddle point).
‘ The intrinsic reaction coordinate (IR€)pathways have been
traced in order to verify that each saddle point links two desired
minima. The electronic properties for the reactants were
illustrated on the basis of the natural bond orbital (NBO)
analysist”#8For all the cited energies, the ZPE corrections have
been taken into account.
To support our choice for the functional and basis set, we
first performed benchmark calculations for isolatedCPO,
and [Gmim]Cl molecules, for which experimental geometrical
parameters are availai&5! Figure 1 compares the calculated
results with the experimental values. We find that the optimized
geometrical parameters are in good agreement with the experi-
mental values, and the deviations are only 8:0M2 A for the
bond lengths and 0:41.3 for the bond angles, indicating the

[Csmim|Cl reliability of the calculation method used for describing the
Figure 1. Optimized geometries for GO PO, and [Gmim]CI. present system.
Distances are in angstroms and angles are in degrees. The values in . .
parentheses are experimental results from refs>9 3. Results and Discussion

3.1. Cycloaddition Reaction in the Absence of [gmim]-
Cl. To make a quantitative comparison with the catalyzed
reaction, we first consider the cycloaddition of @@ith PO in
the absence of [{nim]Cl. Figure 2 shows the calculated
potential energy surface (PES) profiles along the reaction
Our calculations were carried out by performing density coordinate with the optimized structures of the minima and
functional theory (DFT¥-37 calculations by use of the B3PW91 transition states involved in the reaction.
functionaf”-38with the 6-31G(d,p) basis set as implemented in Initially, a dimolecular complex between GCand PO,
Gaussian 03 program packajeThe B3PW91 functional has  denoted as IM, was formed via the weak van der Waals
been proven to give more reliable intermolecular interaction interaction, as indicated by the long distance (2.853 A) and small
energy than other functionals, such as the most popular B3LYP binding energy (1.66 kcal mol) between two molecules.
functional, for complexes involving strongly bound ionic Starting from IM, two structurally very similar five-membered
hydrogen bond4® The systems involving RTILs were demon-  ring transition states, TS1 and TS2, have been located on the

we expect to provide a reasonable explanation for the experi-
mental observations.

2. Computational Details
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Figure 2. Potential energy surface (PES) profiles with the optimized geometries of stable points (intermediate, transition states, and product) on
PESs for the cycloaddition reaction of g@ith PO in the absence of [@im]Cl. Values in parentheses denote the imaginary frequencies of
transition states. Distances are in angstroms.
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Figure 3. Optimized geometries for the intermediates and transition states involved in path |. Values in parentheses denote the imaginary frequencies
of transition states. Distances are in angstroms.

PES, where one of the-€0 bonds in PO is breaking and the 3.2. Cycloaddition Reaction in the Presence of [@nim]-

two C—0O bonds between PO and ¢@re forming. In TS1 the Cl. In this section, we turn to the cycloaddition reaction in the
breaking G-O bond is elongated to 1.944 A and the two presence of [@nim]Cl. [C:mim]Cl was chosen as a representa-
forming C—O bonds are shorten to 1.614 and 2.264 A, while tive of [Comim]Cl (n = 2, 4, and 6) to study the mechanism
the corresponding ones in TS2 are 2.028, 1.615, and 2.382 A, details. By performing extensive PES scans, we found that there
respectively. The unique imaginary frequencies of TS1 and TS2 exist five possible pathways-V for the reaction in the presence
are 727i and 609i crt, respectively, and the corresponding of [Comim]CI, which can be divided into two sets: the three-
normal modes clearly indicate that in both cases the cycload- step mechanism for paths | and Il, and the two-step mechanism
dition reaction proceeds via a concerted mechanism. Along thefor paths II=V. The structures of the stable points located on
reaction coordinate, our forward IRC calculations demonstrate each path, with the main geometrical parameters, are shown in
that both TS1 and TS2 converge to the desired product, Figures 3-6. The PES profiles along the reaction coordinate
propylene carbonate (PC), which is 16.27 kcal Thohore stable are depicted in Figure 7, where the sum of the energies of the
than the isolated reactants, indicating that the cycloaddition isolated reactants (GG~ PO) and catalyst ([@€nim]Cl) is taken
reaction is thermodynamically favorable. However, the barriers as zero energy. In the following sections, we will discuss the
from IM to TS1 and TS2 are found to be as high as 59.71 and geometries and energies of all intermediates and transition states
55.10 kcal mot?, respectively, which may account for the involved in paths +V in detail.

observed difficulty of the cycloaddition reaction in the absence  As shown in Figure 7, path | involves three elementary steps.
of catalyst [Gmim]CI. Figure 3 shows the optimized structures for all intermediates
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Figure 4. Optimized geometries for the intermediates and transition states involved in path Il. Values in parentheses denote the imaginary frequencies
of transition states. Distances are in angstroms.

and transition states involved in this pathway. Initially, PO and ~ When CQ enters into the reaction system, a new complex ¢
[C.mim]Cl interact via hydrogen bond to form a supermolecule is formed through a electrostatic attraction betwegrad G,
complex, a, which lies 7.06 kcal mdl lower in energy than as indicated by the larges©C; distance (2.739 A) and small
the isolated reactants. And then this complex can be convertedenergy release (2.30 kcal mé) from this process. Once c is
into intermediate b, which is 9.32 kcal mélmore stable than formed, the electrophilic attack of G@o Oz atom occurs; as a
the separate reactants, via transition statg J @®ith a barrier result, G—03 bond forms and kimigrates back to & to pro-

of 28.52 kcal mot?. In TS,p, the lengths of ¢-0Oz, C4—Hs, duce chloroalkoxy carbonate intermediate d, which lies below
and @—Hs bonds are 1.799, 1.141, and 1.623 A, respectively. the reactants by 18.54 kcal mél This step proceeds via
These geometrical parameters along with the normal modetransition state TSq with a barrier of 7.16 kcal mof, where
corresponding to the imaginary frequency (437iépof TS, the lengths of the forming £-C; and G—Hs bonds are 1.983
clearly indicate that Klis migrating from G to O; while C;— and 1.258 A and the breaking;©Hs distance is 1.331 A. The
03 bond is breaking. The migration ofsitan be attributed to  imaginary frequency is 435i cm and the normal mode mainly
the larger electronegativity of{@han G, whereas the breaking  corresponds to large-amplitude motions of, @3, and G in

of C;—03 bond is clearly the result of the nucleophilic attack the desired directions. Subsequently, intermediate d converts
of CI~ anion on G. into productlike intermediate e via an intramolecular cyclic SN2-
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Figure 5. Optimized geometries for the intermediates and transition R0 4
states exclusively involved in paths Ill and IV. Values in parentheses : J(
denote the imaginary frequencies of transition states. Distances are in 17 f 2773/
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type reaction, as demonstrated by transition state J $here f‘
Cl~ is getting away from €due to the attack of ©from the “ C 21437 i
back. The frequency calculation on S gives one imaginary 5854 __JJ_J
frequency of 439i cmi, and the corresponding transition vector < J"z’éﬁ‘o 405
is associated with the formation of €0 bond and the breaking TS i
of C;—Cl bond. As shown in Figure 3, in §S. the forming °‘.p
C,—0Og bond is 1.852 A, while the breaking €Cl bond is 2.383 (139i) p

A. The barrier of this SN2-type reaction is 20.88 kcal ol Figure 6. Optimized geometries for the intermediates and transition
(see Figure 7). In addition, the productlike intermediate € is states involved in path V. Values in parentheses and brackets denote
found to be more stable in energy by 23.11 kcal Théhan the the imaginary frequencies of transition states and the dihedral angles
reactants, and its direct dissociation results in the formation of of Dos-cs-c1-06, respectively. Distances are in angstroms.

PC and the release of §@im]Cl, and thereby a catalytic cycle

is completed. The total reaction is calculated to be exothermic in path | involve H-bonding interactions, which play an
by 23.11 kcal mot! compared to the separate reactants, important role in stabilizing these structures and taking the
indicating that the channel is thermodynamically favorable.  reaction to the energetically favorable path.

From Figure 7, it is clear that the cycloaddition reaction in As shown in Figures 4 and 7, path Il is an analogue of path
path |1 now involves a three-step mechanism and the rate-1. The main difference between two paths is the initial attack
determining step is the first step with a barrier of 28.52 kcal of ClI~ on G in path | or G in path Il of PO, resulting in the
mol~1, which is easily overcome at the experimental temperature ring opening of PO by breaking ;03 or C,—Os bond,
of 100 °C?* and is in contrast with the uncatalyzed reaction respectively. The following process to form the product is almost
involving one elementary step with barriers as high as 59.71 the same with path I. For simplification, here we only show
and 55.10 kcal moft. This fact demonstrates that with the the optimized structures (Figure 4) and draw the PES profile
presence of [@nim]Cl the reaction mechanism has been along this path (Figure 7); the relevant details of the geometries,
modified and the barrier to be surmounted has been reducedenergies, and mechanism are not involved. Compared with path
remarkably. The important promotion of J@im]CI for the [, the barrier of the rate-determined step in path Il is higher by
reaction is ascribed to the concerted effort ofrffim]and CI- 1.33 kcal mot? due to the larger steric hindrance of the methyl
to open the ring of PO via the H-bonding interaction with PO group on G. This tendency is expected to become more obvious
and the nucleophilic attack to PO, respectively, as shown by with augmentation of the substitutional group onil€PO. Thus,
the vibrational mode of the imaginary frequency and the path Il may be not preferred for PO with a large substitutional
structural parameters in TS, (Figure 3). It is noted that path  group, although it is competitive with path I in the present case.
I is slightly different from the mechanism reported by Park et  In contrast with the three-step mechanism discussed above,
al?* Our calculations propose that the nucleophilic attack of we have also located three two-step paths-(Mlin Figure 7)

CI~ leads to ring opening of PO and thereby the abstraction of for the cycloaddition reaction, which start from trimolecule
H atom from G of [Comim]* to Oz, while in the description of complexes k, I, and m (Figures 5 and 6) with similar stabilities
Park et al2* the H migration process was not proposed. We (lying below the reactants by 7.11 or 9.80 kcal mipland
ascribe this fact to the acidity of the H atom ond@® [Comim]* different relative orientations among @O, and [GmimCl].

and the larger electronegativity ofs;@tom than @ atom. It is Paths Il and VI are alike in mechanism, which cross into paths
noteworthy that all intermediates and transition states located| and Il via TS—q and TS-j, respectively. In T8 ¢/TS-i the C
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atom in CQ is joining itself to the O atom in PO as an induced
result of the nuclophilic attack of Clto the G/C, atom in PO.
The imaginary frequencies of TS and TS-; are 439i and 423i
cm™1, and IRC calculations from these two transition states
indicate that they connect intermediates k and d, and | and i

we expect that the barrier from n to o is small since this process
involves primarily a torsional deformation, rather than bond
breaking and bond formation. After intermediate o, the desired
addition proceeds via TSp, Which is 14.14 kcal mot* lower
,than TS,—, to obtain a productlike intermediate p that has

respectively. The sequential processes after i and d along pathglifferent relative orientation between PC and catalyst with e

Il and IV will be not taken into account again because they

and j. As shown in Figure 7, the barrier for the rate-determining

have been discussed in detail above. From Figure 7, it is clearstep along path V is 38.05 kcal md| which is energetically

that the first step along both paths Ill and IV is the rate-
determining step. The barriers from k to (' and from | to
TS-; are found to be 27.93 and 28.88 kcal miglwhich are

less favorable by about 10 kcal méthan the other four paths.
Soitis only a possible path for the cycloaddition reaction under
high energetics.

comparable with those for the rate-determining steps along paths To sum up the above discussion, we have located five possible

I and Il, 28.52 and 29.85 kcal mol. This proposes that paths
Il and IV are competitive with paths | and Il for the
cycloaddition reaction.

In the four paths discussed above; @litacks the C atoms

paths for the cycloaddition reaction in the presence of
[ComimCl]. Along each path, the reaction proceeds via a
stepwise mechanism with much less barrier compared to the
uncatalyzed process. The rate-determining steps along all five

on the ring of PO. Now we consider an alternative process, in paths involve consistently the initial ring opening of PO. We

which CI~ attacks the C atom in COThis conjecture is based
on the fact that the C atom of G@arries more positive charge
than the C atoms on the ring of PO. As shown by the NBO

found that H-bonding interaction exists throughout all interme-
diates and transition states, and in most cases it occurs between
Hs atom of [Gmim]™ and Q atom of PO due to relatively

analysis, the charge on the former is 1.014 au, while that on stronger Lewis acidity of K°1~5* The notable catalytic activity

the latter is from—0.164 to 0.038 au. According to this idea,

of [ComimCl] may originate from the cooperative actions of

we have discovered path V for the cycloaddition reaction. Figure the cation and anion, which stabilize the intermediates and
6 shows the four intermediates, m, n, 0, and p, and two transitiontransition states through the hydrogen-bonding interactions and
states, TR-n and TS, involved in this path, and the PES  make the ring opening easier via the nucleophilic attack to PO,
profile is gathered in Figure 7 again. First, the nucleophilic attack respectively. It should be noted that our calculations were
of the O atom of C@to C; induced by the nucleophilic attack  performed with one CI anion, one imidazolium cation, and

of ClI~ to the C atom of C@results in the ring opening of PO  one each of the two neutral reactants in gas phase, which is
and proton migration from £to Os. This scene is very clear  different from the real ionic liquid state. The barriers are likely
by observing the vivid transition vectors corresponding to the to change if more ion pairs of the ionic liquid system are
imaginary frequency of T$., (471i). By performing IRC modeled, although the main conclusions drawn out from the
calculations in both directions, we found that,J-§ connects present calculations are expected to hold.

m and n. The former is an initial complex among £®0, Furthermore, to understand the effects of cation structure on
and [Gmim]Cl, which is energetically less favorable by 2.69 the conversion of PO, we also performed the PES scans for the
kcal mol® than k and I. The latter is a metastable intermediate, cycloaddition reaction promoted by J@im]Cl and [Gmim]-
which lies above the reactants by 6.17 kcal molThe barrier Cl along two representative paths, | for the three-step mechanism
to be overcome from m to n is calculated to be 38.05 kcalfnol  and IlI for the two-step mechanism, respectively. The relevant
To obtain the desired product PC, the addition af t® C;, geometries are shown in Figures-S34 of the Supporting
followed by the departure of Cland the migration of Klback Information, and the calculated barriers for each elementary step
to C4, must occur subsequently. However &d G atoms in are compared in Table 1 with the corresponding ones in the
n are too far away to realize the addition, so n must distort the presence of [@nim]Cl. It is found that the barrier of each
dihedral angle 0Do3-c2-c1-06 (175.9) to form another proper  elementary step slightly decreases with the enlarging cation,
metastable intermediate o (58 0which is calculated to be 2.96  with an exception for the second step along path |I. However,
kcal mol™ less stable than n. Although the transition-state the tendency is insensitive to the length of the alkyl side chain.
structure connecting n and o was not located in the present work, The barriers vary at most by about 1 kcal miglwhich is even
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TABLE 1: Calculated Barriers for the Element Steps
Involved in the Cycloaddition Reaction of CO, with PO in
the Presence of [Gmim]CI (n = 2, 4, and 6) along Paths |
and Il

AE, kcal molt
[Comim]CI [Camim]CI [Cemim]ClI
Path |
AE2 28.52 28.35 28.21
AEP 7.16 7.31 7.20
AEg® 20.88 19.72 19.68
Path Ill
AE9 27.90 27.59 26.75
AEZ® 20.88 19.72 19.68

aFor the first step (the rate-determining step) along patlFbr the
second step along path®lFor the third step along path 9.For the
first step (the rate-determining step) along path 4For the second
step along path .
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