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Abstract: We review crown ether-facilitated nucleophilic reactions using metal salts, presenting the
studies using kinetic measurements and quantum chemical methods. We focus on the mechanistic
features, specifically on the contact ion-pair (CIP) mechanism of metal salts for nucleophilic processes
promoted by crown ethers and derivatives. Experimental verification of the CIP form of the metal
salt CsF complexed with [18-Crown-6] by H-NMR spectroscopy is described. The use of chiral crown
ethers and derivatives for enantioselective nucleophilic processes is also discussed.
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1. Introduction

Since their discovery by Pedersen [1,2], crown ethers [3,4] have been used as prominent
phase-transfer catalysts (PTCs) in various chemical reactions. This class of macrocyclic
organocatalysts forms host–guest complexes with alkali metal ions and organic cations
such as ammoniums and pyridiniums owing to the strongly electronegative O atoms in the
ring. Crown ether-based host–guest complexes have been widely used for constructing ion
sensors [5–8], artificial enzymes [9,10], and stimuli-responsive materials [11,12].

For organic reactions involving counter-cation–anion pairs, for example, in SN2 reac-
tions, crown ether was presumed to form complexes with the counter-cation and “leave
the anion bare,” thereby enhancing the reactivity of the anion. However, the detailed inter-
actions between crown ethers and counter-cation/nucleophile pairs have not been fully
examined. The most relevant question will be: Do crown ethers really “detach” the anionic
nucleophile sufficiently from the counter-cation for the former to be considered “bare”?

A series of investigations on the mechanism of SN2 rate enhancement by crown ethers
led researchers to theoretically propose that this conventional wisdom regarding the role
of crown ethers should be revised in some circumstances. Observations of phenomenally
efficient and selective SN2 reactions using metal salts activated by Lewis base promoters
(bulky alcohols, oligo(ethylene glycols), ionic liquids) suggest that metal salts MX (M = K,
Cs) may react as contact ion-pairs (CIPs) [13–20], in which the counter-cation and the
nucleophile are in close contact (RMX < 3 Å) and that crown ethers do not really “separate”
the ion pairs to large distances, but rather act as Lewis bases (through the O atoms) on
the counter-cation in CIP to mitigate the latter’s harmful Coulombic influence on the
nucleophile. In this novel mechanism, the counter-cation exists as a “neutralized spectator.”
This new class of SN2 mechanism has not been paid a fair amount of attention except
for some excellent theoretical studies [15–20], probably due to the lack of experimental
techniques for directly (in situ) probing the CIPs in reaction systems in solution phase. It
seems that the crown ether/metal salt system is the simplest and prototypical example for
this purpose, as we propose in this review.

In this review, we describe recent developments in crown ether chemistry for SN2
technology and demonstrate the efficacy of phase-transfer catalysts. We show that, in
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some cases, the reactions proceed almost instantaneously at room temperature under
the influence of crown ethers and derivatives. Crown ether derivatives are used for the
treatment of enantioselective reactions. We specifically focus on the CIP form of the metal
salt elucidated by H-NMR spectroscopy and the CIP mechanism for SN2 reactions facilitated
by crown ethers. We also provide a brief review of recent work on the synergetic effects of
crown ether/PTC combinations and on enantioselective SN2 reactions facilitated by chiral
crown ether derivatives. Although our emphasis is on SN2 processes, we also examine
other nucleophilic reactions, including SNAr and Michael addition reactions.

2. Earlier Works on Crown Ethers and Derivatives as PTCs

Crown ethers were first used as PTCs [21–28] after their discovery by Pedersen. Li-
otta and Harris in 1974 first used [18-crown-6] for the nucleophilic reactions of KF with
organic substrates in aprotic organic solvents, such as acetonitrile or benzene [29]. Notably,
the authors termed the anionic nucleophile interacting with the crown ether a “naked”
anion, which became a conventional “standard” concept. Landini, Montanari, and cowork-
ers [26,27] studied anion-promoted nucleophilic substitutions in aqueous–organic two-phase
systems in the presence of catalytic amounts of crown ether derivatives (1–3 in Figure 1).
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Figure 1. Crown ether derivatives are synthesized and used for SN2 reactions. Ref. [26].

Aliphatic or aromatic side chains of these crown ethers formed stable complexes with
metal cations, acting as PTCs, among which III showed the best performance (Table 1).
They also observed that the removal of the water phase only led to a minimal variation in
anion reactivity, balanced by a larger cation–anion interaction. However, complexed crown
ethers can hardly be considered a source of “naked anions”, unlike cryptates. Thus, from
the beginning, the naked nucleophile view has been suspected. Nevertheless, unambiguous
evidence for the form (CIP vs. separated ion-pair (SIP)) of counter-cation–anion pairs under
the influence of crown ethers in the solution phase has been lacking, and ambiguity has
persisted for a long time, although some crown ether/metal salt complexes have been
found to involve the CIP cation–anion pair in crystalline states [2,3]. However, this view of
the separated ion-pair (SIP) mechanism for nucleophilic processes may not be correct, as
illustrated below.

Table 1. Dependence of catalytic activity on crown ethers in the conversion of n-C8H17Br into
n-C8H17I under phase-transfer conditions. Ref. [26].

Metal Salt Crown Ether Reaction Time (h) Yield (%)

KI 1 40 80
NaI 2 21 80
KI 3 3 100
KI - 24 <4

Structural modifications have also been attempted; for example, the attachment of
–OHs was shown to give crown ethers the bifunctional capability of simultaneous anion sol-
vation and cation complexation [30]. Pliego and coworkers’ design of “hydrocrowns” [31]
(Figure 2) is the most recent example along this scheme line. The initial interest in crown
ethers as PTCs subsided in the 1990s and was somewhat overshadowed by the develop-
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ment of other classes of PTCs, such as quaternary ammonium salts [20,32–35], organic
phosphonium salts [36–38], polyethylene glycols [39], and ionic liquids [40–42]. However,
the use of crown ether derivatives for asymmetric syntheses has revived them.
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In 1984, Pietraszkiewicz and Jurczak [43] introduced carbohydrates as chiral side
chains (Figure 3). Subsequently, a wide variety of chiral crown ethers have been designed
and used for chiral recognition and asymmetric synthesis. Crown ether-derived peptides
are one example [44,45], as discussed below.
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3. Functionalized Crown Ethers

Another feature of crown ethers is the possibility of functionalizing them for specific
purposes, such as ion sensing or chiral recognition. However, here, we only discuss the
functionalization of crown ethers in relation to their capability as PTCs. The crown ether
derivatives used for asymmetric synthesis are reviewed in Section 5. Olsher et al.’s struc-
tural modification of crown ethers [30] by attaching one or more pendant hydroxyl groups
might be a typical early example. The authors found that functionalization allowed PTCs
to act as bifunctional ligands for simultaneous anion solvation and cation complexation
(Figure 4). They demonstrated the capability of the bifunctional crown ether by identifying
the X-ray structure of its complex with LiNCS (Figure 4).
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Cryptands as PTCs are very similar to crown ethers and derivatives, and they may
safely be considered functionalized crown ethers. First discovered by Lehn in 1969 [46],
this class of PTCs [47,48] soon found use as organocatalysts [49]. As for the mechanistic
features of the best-known cryptand, [2.2.2], Pliego carried out a theoretical analysis in
2018 [50], confirming the most outstanding capability of the PTC, better than bulky alcohols
or oligoEGs. KF was predicted to be in CIP form in the KF/[2.2.2] complex and in the TS
for the SN2 fluorination of ethyl bromide by KF in the presence of [2.2.2] (Figure 5).
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bromide by KF in the presence of/[2.2.2]. Ref. [50].

OligoEGs (Figure 6) form a major subset that can be viewed as “truncated” crown
ethers. The first (achiral) oligoETs were introduced in 2009 [39] as excellent PTCs for SN2
fluorination using KF. Since then, chiral versions of OligoEGs (BINOL-based) have been
developed that show excellent capability for the enantioselective induction of a fluorine
atom. Because this progress has been well reviewed elsewhere [14,51], we only discuss
other related functionalized crown ethers.
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In this respect, Dalessandro and Pliego’s theoretical design of functionalized crown
ethers should be noted [52] (Figure 7). The authors predicted that the newly designed
catalysts would be effective in promoting SN2 fluorination reactions and that the macrocycle
based on a thiourea-crown-ether structure (TCEbut in Figure 7) would be more effective
than the [2.2.2]-cryptand by complexing K+ and forming four hydrogen bonds with the TS
through the thiourea groups.
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Figure 7. Crown ether-based PTCs theoretically designed by Dalessandro and Pliego. Ref. [52].

Another type of functionalized crown ether is the crown ether-integrated substrate,
synthesized and used to elucidate the mechanism (CIP vs. SIP) of intramolecular SN2
reactions using metal salts activated by the [18-Crown-6] unit, recently studied by Kim
and Lee. These systems were adopted to shed further light on the mechanism of crown
ether-facilitated processes and to exhibit the outstanding capability of crown ethers as
PTCs. Substrate 5 was designed to study the promotion of the intramolecular SN2 reaction
using crown ether-integrated substrate 5. Lee and Kim [53] carried out intramolecular SN2
fluorination of 5, promoted by a fused crown ether unit.

The SN2 fluorination yields of the reaction are presented in Figure 8 as a function of
time, which shows several interesting kinetic features. Intramolecular SN2 fluorination was
nearly complete within 12 h, demonstrating the efficacy of the intramolecular promoter of
crown ether.
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Figure 9 shows the calculated energetics for the intramolecular SN2 fluorination reaction.
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The structures of the TSs involved in the SN2 fluorination are shown in Figure 10.
In SN2 fluorination of 5, the nucleophile F− seems to react with 5 either in close contact
with (G‡ = 6.85 kcal/mol, RCs-F = 3.238 Å, Sub(1-OMs)-I; CIP mechanism) or far away
from the counter-cation Cs+ (G‡ = 6.82 kcal/mol, RCs-F = 7.724 Å, Sub(1-OMs)-II; separated
ion-pair (SIP) mechanism). Because the two reaction paths have very similar energetics
(via Sub(1-OMs)-I and Sub(1-OMs)-II), they were predicted to contribute almost equally to
the reaction.
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Figure 10 presents the observed yields of SN2 cyanation of the crown ether-integrated
mesylate substrate [55] as a function of time. SN2 cyanation was extremely fast, almost
complete within 2 h at room temperature with no side products, yielding a cyano-product
quantitatively. The relative feasibility of the CIP vs. SIP cyanation mechanism was deter-
mined by the energetics of the reactions shown in Figure 10. The Gibbs free energies of
the TSs for two reaction pathways via (TS_CIP_2) and (TS_SIP_2) are very similar (the
difference is only 0.2 kcal/mol), thus they may be considered to contribute almost equally
to the cyanation reaction.

4. Synergetic Effects of Crown Ether/Alcohol and/Ammonium Combination

In addition to attempts to modify the structures of crown ethers, some recent studies
have examined the use of crown ethers in combination with another PTC to strengthen their
catalytic capability. Pliego and coworkers’ theoretical/experimental study [31,56–58] on
the use of [18-Crown-6] in combination with diols was the most recent scheme (Figure 11).
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Figure 11. SN2 fluorination is facilitated by 18-Crown-6 and diols. Ref. [56].

The authors showed that this combined PTC gave much better SN2 yields than those
(4.7–13.5%) previously observed by using [18-Crown-6]/t-butanol PTC. This improvement
was attributed to double hydrogen bonding between the diols. Hong et al.’s study on
the cooperative action of [18-crown-6] and tetramethylammonium (TMA+) salts [59] was
also noted (Figure 12). The authors’ scheme afforded fluorinated products in high yields
(mostly >80%) and purities under mild conditions (i.e., did not require a rigorously anhy-
drous environment). A possible explanation is that [18-crown-6] and TMA+, act as cation-
and anion-binding ligands, respectively, and that a quadruple CIP mechanism involving
TMA+, X−, M+ (M = K, Cs), and F− is at work. Maruoka and co-workers’ [60] observation of
the dramatic rate increase of alkylation by using crown ether/achiral quaternary ammonium
salt combinations as PTCs is another excellent example along this line of work. This scheme
looks promising, which is in line with the intramolecular combined use of BINOL and chiral
OligoEGs for asymmetric SN2 reactions described below, but the mechanistic details of the
reactions have not yet been systematically studied.
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5. Mechanistic Features for Crown Ether-Facilitated SN2 Reactions

Figure 13 depicts the ion-exchange model of onium-salt-promoted reactions. In this
mechanism, alkali metal counter-cations (Na+ in Figure 13), nucleophile Y−, and onium
salt cations or anions undergo complicated ion exchange processes, which are not clearly
understood. In contrast, crown ethers can solubilize alkali metal salts even in nonpolar
organic solvents, not by ion exchange but by complexation [30]. In this sense, they may
be called “solid–liquid phase-transfer catalysts” [56]. Therefore, the most relevant ques-
tion for the mechanism of the crown ether-enhanced reaction is: What is the nature of
the complexation?
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Pliego and Riveros, in 2012, were the first to systematically examine the detailed
mechanism of phase-transfer catalysis of the SN2 reaction using metal salt (KF) promoted
by [18-crown-6] [56]. By calculating and comparing the mechanism of SN2 fluorination
of ethyl bromide by KF in toluene vs. in the presence of [18-crown-6], Pliego and Riveros
found that the Gibbs free energy of activation was lowered from 24 to 14.0 kcal/mol, mostly
because of the stabilization of K+ in the TSs (Figure 14). Interestingly, KF was seen to be in
the CIP form (RKF = 2.54–2.61 Å) in the TSs.
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More recent interest in crown ethers has also arisen in connection with the mechanism of
the SN2 reaction using metal salts activated by crown ether PTCs. Lee’s group [41,53–55,61]
carried out systematic studies on the nature (CIP vs. SIP) of metal salts MX (M = K,
Cs) in SN2 reactions in the solution phase in the presence of crown ethers. Theoretical
(density functional theory) calculations preceded the experimental verification by H-NMR
spectroscopic methods for SN2 reactions facilitated by [18-Crown-6]. The first clue to the
CIP metal salts interacting with crown ethers was obtained from the H-NMR spectrum of
[18-Crown-6]/CsF in D2O (Figure 15) [53], which exhibited two NMR peaks of very similar
intensities, in contrast with the observed single peak (at 3.674 ppm) for [18-Crown-6] in
CDCl3 (Figure 15). This feature of the H-NMR spectrum of the [18-Crown-6]/CsF complex
in D2O was interpreted to reflect the asymmetry of the CsF/[18-Crown-6] complex; the
peak at 3.703 ppm was due to the protons farther from F− (and closer to Cs+), whereas
that at 4.6763 ppm corresponded to the protons closer to F−. This asymmetry of the
CsF/[18-Crown-6] complex clearly manifest that in the complex CsF exists as a CIP even in
D2O with a very large dielectric constant. This was indisputable evidence for the role of
[18-Crown-6]: the crown ether did not “separate” the counter-cation and the nucleophile.
Still, it made them react in CIP form under the minimal influence of the counter-cation Cs+,
as Landini, Montanari, and coworkers suggested long ago [26,27].
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Figure 16 depicts the scheme to illustrate the efficacy of [18-Crown-6] in enhancing the
rates of SN2 fluorination, and Figure 16a,b depict the calculated energetics and structure of
the TS. The role of [18-crown-6] seems clear: the metal salt Cs+F− coordinates to [18-crown-
6] through interactions with the O atoms that act as Lewis bases, alleviating the Coulombic
influence of the counter-cation Cs+ to enhance the nucleophilicity of F−. CsF was predicted
to react as CIP (RCs-F = 3.072 Å) based on the structure of the TS for the SN2 process.
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6. Chiral Crown Ethers and Derivatives for Asymmetric Synthesis

A vast number of studies on asymmetric reactions promoted by crown ethers and
derivatives have been reported in recent decades, and a comprehensive review of the
development of these exciting fields would be impossible. Thus, we have limited our dis-
cussion to nucleophilic processes. Crown ether-facilitated processes involving asymmetric
phase-transfer [62] or supramolecular [63] catalysis have been well reviewed elsewhere;
therefore, they are not included here.

Koga and coworkers’ chiral crown ether complexed with KOtBu [64] is one of the
simplest prototypes of chiral crown ethers (Figure 17). Chiral induction by the chiral
catalysts in Michael addition reactions was attributed to the diaxial-like conformation of
the vicinal methyl groups in 1·potassium enolate complex.
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Dela Sala, Izzo, and co-workers’ work on the arylogous Michael addition [65] and
the fluoride-promoted vinylogous Mukaiyama–Michael reaction [66] are also to be noted
as primary examples in which the crown ether/CIP metal salt was proposed to work for
excellent diastereoselective reactions.

Song and coworkers’ use of BINOL-based chiral OligoEGs for various asymmetric
nucleophilic reactions seems to be the most prominent recent progress. These authors
utilized the cation-coordinating capability of crown ether but introduced powerful hy-
drogen bonds of –OHs by truncating the ring. Chirality was induced by functionalizing
the oligoEGs with BINOL units. These chiral PTCs worked well with excellent yields
and ee%, as discussed in a recent review [67]. Figure 18 illustrates an example (yield,
ee% > 90%). Song and coworkers confirmed the formation of some BINOL-based chiral
oligoEG/KF complexes by ESI-HRMS and proposed a plausible TS. From the structure of
the TS depicted in Figure 18, some mechanistic features could be deduced: (1) The O atoms
in the OligoEG ring coordinate K+, which is in close vicinity to F− (KF is in the form of
CIP); (2) F− acts as a Brønsted base for abstracting the α-hydrogen of thiol, thus providing
a partial negative charge to –SH to increase the nucleophilicity of the latter; (3) One of
the two BINOL –OHs acts as an “anchor” for F−, whereas the other –OH donates acidic
hydrogen to aldehyde carboxyl. Experimental elucidation of the structure of the chiral
OligoEG/KF complex would unambiguously confirm the CIP mechanism.
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Biomolecules are promising candidates for use as chiral side chains in crown ethers.
Rapi and coworkers [68] synthesized various crown ether-D-glucoses and used them as
PCTs. Figure 19 depicts the enantioselective Michael-initiated ring closure reaction. The
enantioselectivity of the PTCs was excellent, with >88% ee (Table 2).
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Entry R1 R2 Yield (%) ee (%) 
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Figure 19. Crown ether-D-glucose as an efficient phase-transfer catalyst for the enantioselective
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Table 2. Effect of crown ethers on the MIRC reaction of chalcones and diethyl bromomalonate. Ref. [69].

Entry Ar1 * Ar2 * Catalyst Yield (%) ee (%)

1 C6H5 C6H5 12 28 88
2 4-O2N-C6H4 C6H5 12 77 99
3 C6H5 Thiophen-2-yl 12 57 94
4 C6H5 C6H5 13 32 98
5 C6H5 C6H5 14 35 99

* See Figure 19.

Voyer’s [44,45] use of crown ether-modified cyclic dipeptides as supramolecular chiral
catalysts for enantioselective epoxidation (Table 3) is another excellent example. The
authors synthesized various crown ether-modified cyclic dipeptides and examined their
performance as supramolecular PTCs for enantioselective epoxidation reactions. They
found that the method significantly improved the reaction yields and enantioselectivities
(up to 93 and 40 ee%, respectively) from those obtained using the cyclic dipeptides alone [44]
(Table 3). The mechanism or origin of the observed enantioselectivity is highly intriguing to
elucidate. There also exist many examples for crown ether catalyzed asymmetric synthesis,
for example, transition-metal assisted of crown ether catalyzed asymmetric synthetic
methods. However, since we cannot hope to be exhaustive in this brief review, we only cite
a nice recent review [63] for this topic.

Table 3. Enantioselective epoxidation facilitated by the crown ether-modified cyclic di-leucine
21 Ref. [44].
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Entry R1 R2 Yield (%) ee (%)

1 Ph Ph 93 34

2 p-Cl- Ph Ph 32 27

3 p-F- Ph Ph 31 30

4 Ph p-F- Ph 67 18

5 p-NO2- Ph p-CH3- Ph 54 40

6 p-NO2- Ph Ph 81 21

7 o-NO2- Ph Ph 54 15

8 p-OMe- Ph Ph 43 6

9 o-OMe- Ph Ph 10 13

10 2-naphtyl Ph 45 19

7. Concluding Remarks

Since their discovery in 1967, crown ethers have found applications in various fields,
solving some difficult chemical problems. Here, we focus mainly on the efficiency of
crown ethers and the mechanistic features of PTCs. Using these materials for a wider
range of asymmetric syntheses is an exciting avenue for exploration. The experimental
evidence delineated in this review is expected to shed further light on the mechanism
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of catalysis by crown ethers, which will aid in the design, manufacture, and application
of more efficient and selective crown ether PTCs because understanding the underlying
mechanism is always the most effective and economical means to advance technology.

8. Materials and Methods

All calculations were carried out by M06-2X [70] density functional theory method
with 6-311G** basis set for C, H, O, S, F atoms and LANL2DZ basis set for Cs, Br with
its corresponding effective core potential [71] as implemented in Gaussian16 suite of pro-
grams [72]. The SMD [73] model was used to treat the effects of solvation. All frequencies
for pre-/post- reaction complexes were confirmed to be real, and for TSs only one of those
for reaction coordinate was ascertained to be imaginary. To determine the unique reaction
pathway, the intrinsic reaction coordinate analysis was applied.
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