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Abstract: The catalytic potential of organo-onium iodides as
nucleophilic catalysts is aptly demonstrated in the synthesis of
cyclic carbonates from epoxides and carbon dioxide (CO,), as a
representative CO; utilization reaction. Although organo-onium
iodide nucleophilic catalysts are metal-free environmentally
benign catalysts, harsh reaction conditions are generally required
to efficiently promote the coupling reactions of epoxides and CO,.
To solve this problem and accomplish efficient CO; utilization
reactions under mild conditions, bifunctional onium iodide
nucleophilic catalysts bearing a hydrogen bond donor moiety
were developed by our research group. Based on the successful
bifunctional design of the onium iodide catalysts, nucleophilic
catalysis using a potassium iodide (Kl)-tetraethylene glycol
complex was also investigated in coupling reactions of epoxides
and CO. under mild reaction conditions. These effective
bifunctional onium and potassium iodide nucleophilic catalysts
were applied to the solvent-free syntheses of 2-oxazolidinones
and cyclic thiocarbonates from epoxides.

1. Introduction

Catalysis of organo-halogen compounds has gained much
attention in recent years. Halogen-bonding catalysis of organo-
iodine compounds, which activate electrophiles via donor-
accepter interactions at the o-hole on the iodine atom, has been
extensively investigated in the field of organo-halogen
chemistry.l'!’ The development of oxidative reactions using
hypervalent organo-iodine catalysts is another emerging research
area,’” and the design of chiral hypervalent organo-iodine
catalysts for use in catalytic asymmetric reactions has become an
important research topic.®! Although these two catalytic modes
are now attracting much attention in organo-halogen chemistry,
the nucleophilic catalysis of organo-onium iodides and other
iodide compounds is another important feature in halogen
catalysis. The catalytic potential of organo-onium iodides as
nucleophilic catalysts was well demonstrated in the synthesis of
cyclic carbonates from epoxides and carbon dioxide (CO»), as a
representative CO, utilization reaction.®® Catalytic CO, utilization
reactions using organo-onium iodide nucleophilic catalysts have
been extensively investigated in the field of green and sustainable
chemistry due to the importance of research into the utilization of
COs,. Controlling the concentration of CO, has become one of the
most important tasks for the protection of planetary health, and
organo-onium iodide-catalyzed CO, utilization reactions with
epoxides that transform CO- to useful molecules could contribute
to this important task. In this context, our research group became
interested in the development of effective organo-onium iodide
nucleophilic catalysts to realize efficient coupling reactions of CO>
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and epoxides under atmospheric pressure. Herein, we
summarize our approaches to the designs of bifunctional onium
iodide nucleophilic catalysts that possess hydrogen bond donor
sites that allow them to achieve efficient coupling reactions of CO,
and epoxides. We then used our experience in the design of
bifunctional onium iodide nucleophilic catalysts to also develop a
potassium iodide—tetraethylene glycol complex catalyst for use in
CO, utilization reactions. Additionally, these bifunctional onium
and potassium iodide catalysts could be applied to the solvent-
free syntheses of 2-oxazolidinones and thiocarbonates as useful
5-membered heterocyclic compounds (Scheme 1).
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Scheme 1. Bifunctional onium and potassium iodide nucleophilic catalysts for
the activation of epoxides.

2. Bifunctional Quaternary Phosphonium
Bromide and lodide Nucleophilic Catalysts for
the Synthesis of Cyclic Carbonates

2.1. Design of Bifunctional Quaternary Phosphonium Salt
Catalysts

A wide variety of metal- and organo-catalyzed coupling reactions
of epoxides and CO; have been developed for the synthesis of
cyclic carbonates as useful building blocks.®! Quaternary onium
bromides and iodides are representative organocatalysts for CO>
utilization reactions.®! Although these onium halide catalysts are
metal-free environmentally benign catalysts, harsh reaction
conditions are required to efficiently promote the coupling
reactions of epoxides and CO, (Scheme 2), and the design of new
organocatalysts that could be effective for CO. utilization
reactions under atmospheric pressure and milder temperature is



highly desired.®®! To realize these ideal reaction conditions,
hydrogen bond donor molecules such as phenols, alcohols, and
silanols were employed as co-catalysts with quaternary onium
halide catalysts.*? These binary organo-catalytic systems
significantly improved the catalytic efficiency, and the binary
catalysts promoted the coupling reactions of epoxides and CO-
under milder reaction conditions. Reports about the positive
effects of hydrogen bonding co-catalysts picked our interest in the
design of bifunctional quaternary onium halide catalysts bearing
a hydrogen bond donor moiety. We have designed and
synthesized bifunctional quaternary phosphonium halides 1
possessing a phenolic hydroxy group.”® The bifunctional
quaternary phosphonium halides 1 with a biphenyl backbone
were readily prepared from triphenylphosphine and the
corresponding arylmethyl halides.
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Scheme 2. Quaternary onium salt-catalyzed coupling reactions of epoxides and
COs..
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The catalytic performance of bifunctional quaternary
phosphonium bromides 1 was investigated in the coupling
reaction of styrene oxide and CO, under atmospheric pressure
(Scheme 3).1 When styrene oxide and bifunctional quaternary
phosphonium bromide 1-Br (1 mol %) were mixed at 60 °C for 24
hours under a CO, atmosphere (1 atm, using a balloon) without
the use of a solvent, the target cyclic carbonate product was
obtained in an 80% yield. The effects from the position of the
hydroxy group in bifunctional quaternary phosphonium bromide
catalysts with a biphenyl backbone were examined. The
regioisomeric phosphonium bromide catalysts m-1-Br and p-1-Br
showed lower catalytic activities than catalyst 1-Br. These results
suggest that fine tuning of the catalyst structure improves the
catalytic activity. An exchange of the bromide counter anion with
iodide (1-1) further improved the catalytic activity. Several control
experiments were performed to clarify the utility of bifunctional
quaternary phosphonium salt catalysts. A commercially available
simple benzyltriphenylphosphonium bromide showed quite low
catalytic activity under the mild reaction conditions (3% yield). A
binary catalytic system using benzyltriphenylphosphonium
bromide (1 mol %) and phenol (1 mol %) was also submitted to
the CO; utilization reaction. Although the reaction was
accelerated by the effect of a phenol co-catalyst (51% yield), the
activity was lower than that of bifunctional quaternary
phosphonium bromide 1-Br. To clarify the effect of a hydroxy
group on 1-Br, the catalytic activity of hydroxy-protected
quaternary phosphonium bromide was also investigated. As
expected, the hydroxy-protected catalyst provided the target
product only in a 16% yield. The structure of the bifunctional
quaternary phosphonium bromide 1-Br was confirmed via X-ray
diffraction analysis.
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Scheme 3. Effects of quaternary phosphonium halide catalysts in the coupling
reaction of styrene oxide and COx.

Based on the results in Scheme 3, we proposed a catalytic
cycle for the CO, utilization reaction catalyzed by bifunctional
quaternary phosphonium iodide 1-l (Scheme 4). In this reaction,
epoxide is activated via hydrogen bonding with a phenolic hydroxy
group on the bifunctional catalyst. The activated epoxide then
undergoes nucleophilic attack by an iodide counter anion. The
resulting alkoxide attacks CO,, and a subsequential
intramolecular ring-closing reaction affords the cyclic carbonate
product with a regeneration of the phosphonium iodide catalyst 1-
I. Compared with the use of a bromide anion (1-Br), as shown in
Scheme 3, the positive effect of the iodide anion (1-l) could be
explained by a lower ability to coordinate with phenolic hydrogen
in the iodide nucleophilic attack step. Another explanation could
be based on the ability of the higher leaving groups in the ring-
closing step.
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Scheme 4. Proposed catalytic cycle for the bifunctional quaternary
phosphonium iodide-catalyzed coupling reactions of epoxides and CO>.

The substrate scope in the bifunctional quaternary
phosphonium iodide 1-I-catalyzed coupling reactions of epoxides
and CO, was examined under solvent-free conditions (Scheme 5).
The target cyclic carbonates bearing various functionalities were
prepared under atmospheric CO- pressure in good to high yields.
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Scheme 5. Generality of the substrates in the bifunctional quaternary
phosphonium iodide-catalyzed coupling reactions of epoxides and CO>.

2.2. Kinetic Resolution of Epoxide by Chiral Bifunctional
Quaternary Phosphonium Salt

Once we had established an effective design of bifunctional
quaternary phosphonium salt catalysts 1-1 and 1-Br with a
biphenyl backbone, we next became interested in the



development of a “chiral” bifunctional quaternary phosphonium
salt for the kinetic resolution of epoxides via a coupling reaction
with CO; (Scheme 6).1" The biphenyl backbone in the catalyst 1-
Br was simply exchanged for a binaphthyl backbone to prepare
the target chiral bifunctional quaternary phosphonium bromide
catalyst (S)-2a. The catalytic ability for a kinetic resolution of
epoxide was examined under atmospheric CO, pressure.!
Although the ability of (S)-2a as an asymmetric catalyst was
insufficient, a certain level of enantioselectivity was observed in
both the cyclic carbonate product and in recovered starting
epoxide. It should be noted that with respect to kinetic resolution
the chiral recognition ability of bifunctional quaternary
phosphonium bromide (S)-2a was better than that of the hydroxy-
protected chiral quaternary phosphonium bromide (S)-2b. These
results suggest the potential utility of the bifunctional catalyst
design for the kinetic resolution of epoxides.
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Scheme 6. Kinetic resolution of epoxide by chiral bifunctional quaternary
phosphonium bromide via a coupling reaction with CO>.

3. Triethylamine Hydroiodide as a Simple Yet
Effective Bifunctional Nucleophilic Catalyst

3.1. Synthesis of Cyclic Carbonates using a Triethylamine
Hydroiodide Catalyst

The design concept for the bifunctional quaternary phosphonium
iodide 1-1 prompted our interest in the catalytic activity of
triethylamine hydroiodide as a readily available bifunctional
catalyst for the CO utilization reactions (Scheme 7).[011]
Triethylamine hydroiodide is easily prepared via a simple mixing
of triethylamine and hydroiodic acid. The reported pK, value of
hydrogen on the nitrogen atom of triethylamine hydroiodide is
sufficiently acidic to activate epoxides. Thus, we expected that
triethylamine hydroiodide could work as a simple yet effective
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bifunctional nucleophilic catalyst to promote CO, utilization
reactions under atmospheric pressure.
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Scheme 7. Triethylamine hydroiodide as a simple bifunctional onium salt
catalyst.

To prove the utility of our design for a simple nucleophilic
iodide catalyst, triethylamine hydroiodide was used as a catalyst
in the coupling reaction of styrene oxide and CO, (Scheme 8).'%
As expected, the CO; utilization reaction was efficiently promoted
by triethylamine hydroiodide (10 mol %) under mild reaction
conditions (1 atm using a CO; balloon, at 35 °C, without a solvent)
to provide the corresponding cyclic carbonate product in a 92%
yield. On the other hand, triethylamine hydrobromide and chloride
catalysts showed catalytic activity that was at best modest to low
under same reaction conditions. Several control experiments
were also performed to clarify the importance of the bifunctional
nature of the triethylamine hydroiodide catalyst. Almost no
catalytic activity was observed when the reactions were
performed with a catalytic amount of either triethylamine or
hydroiodic acid. Furthermore, tetraethylammonium iodide catalyst
sluggishly promoted the reaction under mild reaction conditions.
These results clearly suggest the importance of the bifunctional
properties of triethylamine hydroiodide for the efficient promotion
of the CO utilization reaction under mild reaction conditions.
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Scheme 8. Effects of ammonium salt catalysts in the coupling reaction of
styrene oxide and COa.

The generality of epoxides in the CO, utilization reaction
under atmospheric pressure and mild temperature was examined
in the presence of the triethylamine hydroiodide nucleophilic
catalyst (Scheme 9). The target cyclic carbonates bearing various
functionalities were obtained in good to high yields under solvent-
free conditions.
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Scheme 9. Substrate generality in the triethylamine hydroiodide-catalyzed
coupling reactions of epoxides and CO..

The utility of the present catalytic system using a
triethylamine hydroiodide nucleophilic catalyst was further
demonstrated in the synthesis of optically active cyclic carbonates
(Scheme 10). The proposed catalytic cycle of the onium iodide-
catalyzed coupling reactions of CO, and epoxides, as shown in
Scheme 4, does not involve nucleophilic attacks at the chiral
carbon center. The reaction mechanism suggests that
stereochemical information of a chiral carbon center on epoxide
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substrates, such as glycidyl ethers, will be kept after the formation
of cyclic carbonate products. As expected, the coupling reactions
with optically active epoxides and CO, were efficiently promoted
by triethylamine hydroiodide under mild reaction conditions to
produce the targeted optically active products with no loss of
enantiomeric purity.
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Scheme 10. Coupling reactions with optically active epoxides and CO., as
promoted by the triethylamine hydroiodide catalyst.

3.2. Synthesis of 2-Oxazolidinones using a Triethylamine
Hydroiodide Catalyst

Triethylamine hydroiodide worked as an effective bifunctional
nucleophilic’ catalyst in the CO; utilization reactions via the
activation of epoxides. To expand the utility of the triethylamine
hydroiodide catalyst for the activation of epoxides, we next
attempted the synthesis of 2-oxazolidinones from epoxides and
isocyanates under the influence of the triethylamine hydroiodide
catalyst (Scheme 11).['2'3 The chemical similarity between CO,
and isocyanates was recognizable when considering the
electronic properties of the sp-carbon atoms in these compounds.
The 2-oxazolidinones are among the most important 5-membered
heterocycles in medicinal chemistry,[" and their efficient
formation by the reactions of epoxides and isocyanates was
expected to be accomplished using the same catalytic system as
that used in the CO utilization reactions.
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Scheme 11. Triethylamine hydroiodide-catalyzed coupling reactions of
epoxides and isocyanates for the synthesis of 2-oxazolidinones as
pharmaceutical building blocks.

Based on discussion of the coupling reactions of epoxides
and isocyanates, the catalytic ability of a triethylamine
hydroiodide catalyst was investigated in the reaction of glycidyl
phenyl ether and phenyl isocyanate under solvent-free conditions
(Scheme 12).1'2 To our delight, the targeted 2-oxazolidinone
product was obtained in a good yield (83% yield). The effects of
triethylamine hydrobromide and chloride catalysts as well as
several control experiments were examined. Similar tendencies
on catalytic activities in comparison with the CO, utilization
reaction as shown in Scheme 8 were observed.
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Scheme 12. Effects of ammonium salt catalysts in the coupling reaction of
glycidyl phenyl ether and phenyl isocyanate.

The assumed catalytic cycle for the synthesis of 2-
oxazolidinone catalyzed by a triethylamine hydroiodide appears
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in Scheme 13. It should be noted that the reaction mechanisms
for cyclic carbonate synthesis with CO, and that of 2-
oxazolidinone synthesis with isocyanates were expected to be
quite similar.

)
Are 0
o Bl g
{ £ N—H R
4
R [
Et 2
Et““‘N_Ha,a o e N—H,///
B :,N»\o el 5 ‘ii’op\
@ R 7 =R
»
Et
\®
0=C=N Et“"lN_H’ o
“Ar Et ?

Scheme 13. Assumed catalytic cycle for the triethylamine hydroiodide-
catalyzed coupling reactions of epoxides and isocyanates.

The scopes of both epoxides and isocyanates were
investigated, and the selected examples appear in Scheme 14. A
wide variety of 2-oxazolidinones, which include pharmaceutical
building blocks, were synthesized in good to high yields under the
influence of a triethylamine hydroiodide catalyst.
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Scheme 14. Substrate generality in the synthesis of 2-oxazolidinones under the
influence of a triethylamine hydroiodide catalyst.



Based on the discussion about reaction mechanism in
Scheme 13, it is expected that stereochemical information of
epoxide substrates, such as glycidyl ethers, will be kept after the
formation of 2-oxazolidinone products as same as cyclic
carbonate synthesis with CO,. As expected, optically active 2-
oxazolidinones could be synthesized from optically active
epoxides in the catalytic system that uses a triethylamine
hydroiodide (Scheme 15).

@
EtsN-H 1© o
o (10 mol %) M
Bho. 4\ + 0=C=N —— 0" "N-Ph
~ ‘ph  no solvent
(99% ee) 100°C,1h BnO\\BO%
® (99% ee)
Et,N-H 1© o
o (10 mol %) M
=c= ~Ph
PhO + 0=C=N _— O N
\/Q ‘Ph  no solvent \)—/
(99% ee) 100°C,1h PhO S50
(99% ee)

complete retention of stereochemistry

Scheme 15. Optically active 2-oxazolidinone synthesis promoted by a
triethylamine hydroiodide catalyst.

4. Potassium lodide-Tetraethylene Glycol
Complex as a Catalyst

4.1. Synthesis of Cyclic Carbonates using a KI-Glycol
Complex as a Catalyst

Bifunctional quaternary phosphonium iodide 1-1 and triethylamine
hydroiodide functioned as effective organocatalysts in the
coupling reactions of epoxides and CO, under atmospheric
pressure. The design concept of these two bifunctional onium
iodide nucleophilic catalysts piqued our interest in the catalytic
ability of a potassium iodide (Kl)-tetraethylene glycol complex
(Scheme 16).1'518 Tetraethylene glycol forms a complex with K
that increases the nucleophilic ability of an iodide anion.
Additionally, the hydroxy groups of tetraethylene glycol complex
activate epoxide substrates via hydrogen bonding interactions.
Thus, as a catalyst the Kl-tetraethylene glycol complex promotes
practical coupling reactions of epoxides and CO, under mild
reaction conditions.
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Scheme 16. Kl-tetraethylene glycol complex as a practical bifunctional catalyst.

To clarify the utility of a Kl-tetraethylene glycol complex as
the catalyst for the coupling reactions of epoxides and CO;, the
effects of glycols and alkali metal halides were investigated
(Scheme 17).'S When styrene oxide and Kl alone were mixed
under a CO, atmosphere (1 atm using a CO- balloon) at room
temperature for 24 hours, almost none of the targeted cyclic
carbonate was obtained. The effects of glycols were investigated
using the same reaction system. The use of catalytic amounts of
1,2-dihydroxyethane and Kl could only provide the product in a
6% vyield, whereas a Kl-tetraethylene glycol complex catalyst
efficiently promoted the CO; utilization reaction under mild
conditions to give the targeted cyclic carbonate in a 70% yield. To
clarify the role of hydroxy groups in tetraethylene glycol, reactions
using tetraethylene glycol dimethyl ether and monomethyl ether
were performed. Catalytic activities that were lower than those for
CO, utilization with tetraethylene glycol were observed in these
reactions (17 and 34% yields, respectively). Furthermore, an 18-
crown-6 complex with KI showed catalytic activity (24% yield) that
was lower than that of the Kl—tetraethylene glycol complex. These
results suggest that the hydroxy groups in the Kl-tetraethylene
glycol complex catalyst are important for the efficient promotion of
the coupling reaction. The effects of alkali metal halides were
examined next. The KCI and KBr complex catalysts with
tetraethylene glycol showed low levels of catalytic activity. On the
other hand, the CO, utilization reaction using the Nal—
tetraethylene glycol complex as a catalyst showed activity that
was similar to that of using the Kl complex as a catalyst. Butera
and Detz performed computational studies for these catalytic
systems to clarify the activation modes of epoxides by Kl-
tetraethylene glycol complex.['”]
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Scheme 17. The effects of glycols and alkali metal halides in the coupling
reaction of styrene oxide and COx.

The generality of the epoxide substrates during the CO;
utilization reaction under mild conditions (1 atm using a CO;
balloon, at 40 °C, without a solvent) was examined using the Kl—
tetraethylene glycol complex as a catalyst (Scheme 18). The
target cyclic carbonates bearing various functionalities were
obtained in high yields under atmospheric CO, pressure. The
optically active cyclic carbonate products were also obtained by
the reactions using optically active epoxide substrates.
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Scheme 18. Substrate generality in the Kl-tetraethylene glycol complex-
catalyzed coupling reactions of epoxides and COs..

The CO; utilization reaction with styrene oxide was
conducted on a 50 mmol scale to demonstrate the practicality of
the catalytic system when using a Kl-tetraethylene glycol complex
(Scheme 19). The target cyclic carbonate product (8.2 g) was
obtained in a quantitative yield.
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Scheme 19. The larger scale coupling reaction of styrene oxide and CO2 when
using a Kl-tetraethylene glycol complex.

Recycling experiments using the Kl-tetraethylene glycol
complex catalyst were also performed to further demonstrate the
practicality (Scheme 20). After recycling the catalyst ten times, we
observed no significant loss of activity.
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Scheme 20. Reusability of a Kl-tetraethylene glycol complex as a catalyst.

4.2. Synthesis of Cyclic Thiocarbonates using a KI-
Tetraethylene Glycol Complex as a Catalyst

The effectiveness of the Kil-tetraethylene glycol complex for the
activation of epoxides was proven in the CO, utilization reactions.
Based on these findings, we were next interested in the coupling
reactions of epoxides and CS,, which is an isoelectronic analogue
of CO,.['81 Although these two reactions for the synthesis of
cyclic carbonates and thiocarbonates seem to be very similar, we
nonetheless observed that the reaction mechanisms for CO, and
CS; are totally different (Scheme 21).
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Scheme 21. Synthesis of cyclic carbonates and thiocarbonates using a Kl
tetraethylene glycol complex catalyst.

When a mixture of optically active N-glycidylphthalimide as
a substrate, CS; (1.2 equiv), KI (10 mol %), and tetraethylene
glycol (10 mol %) was stirred for 5 hours at 80 °C under solvent-
free conditions, the targeted optically active dithiocarbonate
product was obtained in a 70% yield with complete “retention” of
the stereochemistry (Scheme 22).'® |t is noteworthy that the
corresponding trithiocarbonate was also isolated in this reaction
as minor product (11% vyield). Importantly, the trithiocarbonate
product was obtained with complete “inversion” of the
stereochemistry. These interesting observations prompted us to
further investigate the stereochemical behavior in the coupling
reaction of cis-epoxycyclohexane and CS,. When the reaction of
cis-epoxycyclohexane and CS, was performed at room
temperature for 16 hours under the influence of a Ki-tetraethylene
glycol complex catalyst, trans-dithiocarbonate and trans-
trithiocarbonate products were isolated in 41 and 15% yields,
respectively. On the other hand, when the same cis-
epoxycyclohexane was submitted to the reaction with CO; using
the same catalytic system, only cis-carbonate product was
produced.
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Scheme 22. Stereochemical behaviors in the coupling reactions of epoxides
and CSz using a Kl-tetraethylene glycol complex catalyst.

The retention of stereochemistry in the coupling reaction of
cis-epoxycyclohexane and CO, was explained in basically the
same reaction mechanism as that discussed in Scheme 4 for
bifunctional phosphonium iodide 1-l-catalyzed reactions. The cis-
cyclic carbonate product was obtained via double Sn2 inversions
with epoxide activation promoted by a Kl-tetraethylene glycol
complex catalyst (Scheme 23).
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Scheme 23. Assumed catalytic cycle for the Kl-tetraethylene glycol complex-
catalyzed coupling reaction of cis-epoxycyclohexane and COx.

In sharp contrast, the coupling reaction of cis-
epoxycyclohexane and CS; provided trans-dithiocarbonate and
trans-trithiocarbonate products. Based on these results and those
of previous related reports,?°! the assumed mechanisms for the
reaction of epoxides and CS, are proposed in Scheme 24. The
first step of the reaction with CS; is known to differ from the
reaction with CO,. At first, an iodide anion attacks CS,, which is
activated via hydrogen-bonding with the hydroxy groups of
tetraethylene glycol (intermediate A). Subsequently, a Sny2-type
nucleophilic attack by the resultant iododithioformate anion in
intermediate B on the epoxide leads to intermediate C via a Sy2
inversion. Intramolecular cyclization (intermediate C) and the
subsequent elimination of the iodide anion (intermediate D) lead
to the attainment of a trans-dithiocarbonate product. On the other
hand, a trans-trithiocarbonate minor product was obtained via the
ring opening in intermediate D to form intermediate E (Scheme
24). The intramolecular Sy2 reaction of the thiolate anion in
intermediate E afforded cis-thiirane. The reaction of cis-thiirane
with CS; under the influence of a Kl-tetraethylene glycol complex
gave trans-trithiocarbonate product in the catalytic cycle, which is
similar to the previously mentioned reaction mechanism in the
formation of trans-dithiocarbonate. The proposed reaction
mechanisms in Scheme 24 are supported by the stereochemistry
observed in the coupling reaction of optically active N-
glycidylphthalimide and CS,, as shown in Scheme 22. The
substrate scope for the Kl-tetraethylene glycol complex-catalyzed
coupling reactions of epoxides and CS; was also reported in our
original manuscript.["8
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Scheme 24. Assumed reaction mechanisms for the Kl-tetraethylene glycol
complex-catalyzed coupling reaction of cis-epoxycyclohexane and CSz.

5. Summary and Outlook

Three types of bifunctional iodide nucleophilic catalysts for the
activation of epoxides were introduced herein. Previous reports of
the positive effects of hydrogen bonding co-catalysts in the
quaternary onium iodide-catalyzed coupling reactions of CO; and
epoxides were consulted in the design of a bifunctional quaternary
phosphonium iodide catalyst bearing a phenolic hydroxy group.
The bifunctional quaternary phosphonium iodide with a biphenyl
backbone efficiently promoted the coupling reactions of epoxides
under atmospheric CO; pressure. BINOL-derived chiral
bifunctional quaternary phosphonium salt was prepared and
employed for the kinetic resolutions of epoxides via the CO,
utilization reactions. The design of the effective bifunctional
quaternary phosphonium salt catalysts prompted our interest in
the catalytic ability of triethylamine hydroiodide to perform as a
readily available bifunctional onium iodide catalyst. In this study,
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we successfully used a simple triethylamine hydroiodide as an
effective bifunctional nucleophilic catalyst for the coupling
reactions of CO, and epoxides under mild reaction conditions.
The utility of the triethylamine hydroiodide nucleophilic catalyst
was further demonstrated in the solvent-free synthesis of 2-
oxazolidinones, which are important pharmaceutical building
blocks. The coupling reactions of epoxides and isocyanates were
efficiently promoted by a simple triethylamine hydroiodide catalyst.
The design concept of bifunctional onium iodide nucleophilic
catalysts piqued our interest in the catalytic ability of a Kl-
tetraethylene glycol complex. The Kl-tetraethylene glycol
complex worked as a bifunctional nucleophilic catalyst to realize
practical CO; utilization reactions of epoxides. The practicality of
this reaction system was demonstrated on a larger scale in the
synthesis and recycling experiments of the catalyst. The catalytic
ability of the Kl-tetraethylene glycol complex was also
demonstrated in the coupling reactions of epoxides and CSg,
which is an isoelectronic analogue of CO,. Although the two
coupling reactions of epoxides with CS; or CO, seem similar, the
reaction mechanisms proved to be totally different. The
mechanistic differences of these two reactions were discussed
based on the stereochemistry of cyclic thiocarbonate and
carbonate products. Among the developed three types of
bifunctional iodide nucleophilic catalysts, bifunctional quaternary
phosphonium iodide with a biphenyl backbone efficiently
promoted the coupling reactions of epoxides and CO, at lower
catalyst loading (1 mol %) than other two catalysts (10 mol %).
However, triethylamine hydroiodide catalyst and Kl-tetraethylene
glycol complex catalyst possess different advantages from
viewpoint of the availability. Kl-tetraethylene glycol complex
catalyst, which is formed in-situ by simple mixing of Kl and
tetraethylene glycol, may be most practical catalyst from the
viewpoint of availability and easy-to-handle.

The utility of the bifunctional design of onium and potassium
iodide nucleophilic catalysts was clearly demonstrated in these
studies. We have successfully developed efficient solvent-free
methods for the syntheses of cyclic carbonates, cyclic
thiocarbonates, and 2-oxizolidinones from epoxides using these
bifunctional iodide catalysts. However, the substrates, which were
activated by bifunctional iodide catalysts, were limited to epoxides
in our reports. Further application of our bifunctional iodide
catalytic system for the activation of other electrophilic substrates
should be possible. Reactions with aziridines, as compounds that
are related to epoxides, under the influence of iodide nucleophilic
catalysts may provide attractive methods for the synthesis of
nitrogen-containing compounds. The design and development of
effective chiral iodide nucleophilic catalysts, for the kinetic
resolution of epoxides via CO, utilization reactions and other
asymmetric transformations, are another important topic for future
research.

Acknowledgements

A portion of the research by our group on this topic was supported
by The Naito Foundation, by Nagase Science and Technology
Foundation, by The Asahi Glass Foundation, by The Kurata



Grants from The Hitachi Global Foundation, by Tokyo Kasei
Chemical Promotion Foundation, by Kumagai Foundation for
Science and Technology, by Fujimori Science and Technology
Foundation, and by Naohiko Fukuoka Memaorial Foundation.

Keywords: Carbon dioxide fixation « Green chemistry « Halides
Heterocycles * Organocatalysis

)

[3]

a) D. Bulfield, S. M. Huber, Chem. Eur. J. 2016, 22, 14434-14450; b) Y.
Zhao, Y. Cotelle, N. Sakai, S. Matile, J. Am. Chem. Soc. 2016, 138,
4270-4277; c) M. Breugst, D. von der Heiden, Chem. Eur. J. 2018, 24,
9187-9199; d) R. L. Sutar, S. M. Huber, ACS Catal. 2019, 9, 9622-9639;
e) M. Breugst, J. J. Koenig, Eur. J. Org. Chem. 2020, 5473-5487; f) R.
Robidas, D. L. Reinhard, C. Y. Legault, S. M. Huber, Chem. Rec. 2021,
21,1912-1927.

a) R. D. Richardson, T. Wirth, Angew. Chem. Int. Ed. 2006, 45, 4402—
4404; Angew. Chem. 2006, 118, 4510-4512; b) M. Uyanik, K. Ishihara,
ChemCatChem 2012, 4, 177-185; c) F. V. Singh, T. Wirth, Chem. Asian
J. 2014, 9, 950-971; d) X. Li, P. Chen, G. Liu, Beilstein J. Org. Chem.
2018, 74, 1813-1825; e) F. V. Singh, S. E. Shetgaonkar, M. Krishnan, T.
Wirth, Chem. Soc. Rev. 2022, 51, 8102-8139.

a) A. Parra, S. Reboredo, Chem. Eur. J. 2013, 19, 17244-17260; b) A.
Parra, Chem. Rev. 2019, 119, 12033-12088.

a) M. Cokoja, M. E. Wilhelm, M. H. Anthofer, W. A. Herrmann, F. E. Kihn,
ChemSusChem 2015, 8, 2436-2454; b) M. Alves, B. Grignard, R.
Mereau, C. Jerome, T. Tassaing, C. Detrembleur, Catal. Sci. Technol.
2017, 7, 2651-2684; c) H. Bittner, L. Longwitz, J. Steinbauer, C. Wulf,
T.Werner, Top. Curr. Chem. 2017, 375, 50; d) K. Okuno, R. Nishiyori, M.
Hiraki, S. Shirakawa, Heterocycles 2021, 103, 94—109.

a) T. Sakakura, J.-C. Choi, H. Yasuda, Chem. Rev. 2007, 107, 2365—
2387; b) M. Cokoja, C. Bruckmeier, B. Rieger, W. A. Herrmann, F. E.
Kuhn, Angew. Chem. Int. Ed. 2011, 50, 8510-8537; Angew. Chem. 2011,
123, 8662-8690; c) C. Maeda, Y. Miyazaki, T. Ema, Catal. Sci. Technol.
2014, 4, 1482-1497; d) G. Fiorani, W. Guo, A. W. Kleij, Green Chem.
2015, 17, 1375-1389; e) J. Klankermayer, S. Wesselbaum, K. Beydoun,
W. Leitner, Angew. Chem. Int. Ed. 2016, 55, 7296—7343; Angew. Chem.
2016, 128, 7416-7467.

a) V. Besse, F. Camara, C. Voirin, R. Auvergne, S. Caillol, B. Boutevin,
Polym. Chem. 2013, 4, 4545-4561; b) C. Martin, G. Fiorani, A. W. Kleij,
ACS Catal. 2015, 5, 1353—-1370; c) J. W. Comerford, I. D. V. Ingram, M.
North, X. Wu, Green Chem. 2015, 17, 1966-1987; d) A. Hosseinian, S.
Farshbaf, R. Mohammadi, A. Monfared, E. Vessally, RSC Adv. 2018, 8,
17976-17988; e) R. R. Shaikh, S. Pornpraprom, V. D’Elia, ACS Catal.
2018, 8, 419-450.

S. Liu, N. Suematsu, K. Maruoka, S. Shirakawa, Green Chem. 2016, 18,
4611-4615.

a) T. Werner, H. Blttner, ChemSusChem 2014, 7, 3268-3271; b) Y.
Toda, Y. Komiyama, A. Kikuchi, H. Suga, ACS Catal. 2016, 6, 6906—
6910.

[0

[10]

[11]

[12]

(3]

[14]

[15]
[16]
(17
[18]
[19]

[20]

WILEY-VCH

a) N. Kielland, C. J. Whiteoak, A. W. Kleij, Adv. Synth. Catal. 2013, 355,
2115-2138; b) J. Vaitla, Y. Guttormsen, J. K. Mannisto, A. Nova, T. Repo,
A. Bayer, K. H. Hopmann, ACS Catal. 2017, 7, 7231-7244; c) Y. Shi, B.-
W. Pan, Y. Zhou, J. Zhou, Y.-L. Liu, F. Zhou, Org. Biomol. Chem. 2020,
18, 8597-8619; d) C.-K. Ran, X.-W. Chen, Y.-Y. Gui, J. Liu, L. Song, K.
Ren, D.-G. Yu, Sci. China Chem. 2020, 63, 1336—1351.

Y. Kumatabara, M. Okada, S. Shirakawa, ACS Sustainable Chem. Eng.
2017, 5, 7295-7301.

a) N. Aoyagi, Y. Furusho, T. Endo, Chem. Lett. 2012, 41, 240-241; b) N.
Aoyagi, Y. Furusho, T. Endo, J. Polym. Sci. Part A: Polym. Chem. 2013,
51, 1230-1242; c) Z. Zhang, F. Fan, H. Xing, Q. Yang, Z. Bao, Q. Ren,
ACS Sustainable Chem. Eng. 2017, 5, 2841-2846; d) N. Aoyagi, Y.
Furusho, T. Endo, Tetrahedron 2019, 75, 130781.

R. Nishiyori, K. Okuno, S. Shirakawa, Eur. J. Org. Chem. 2020, 4937—
4941.

a) F. Sun, E. V. Van der Eycken, H. Feng, Adv. Synth. Catal. 2021, 363,
5168-5195; b) K. Okuno, R. Nishiyori, K. Abe, T. Mori, S. Shirakawa,
Chirality 2022, 34, 915-924.

a) D. J. Diekema, R. N. Jones, Lancet 2001, 358, 1975-1982; b) M. R.
Barbachyn, C. W. Ford, Angew. Chem. Int. Ed. 2003, 42, 2010-2023;
Angew. Chem. 2003, 115, 2056-2070; c) T. A. Mukhtar, G. D. Wright,
Chem. Rev. 2005, 105, 529-542.

S. Kaneko, S. Shirakawa, ACS Sustainable Chem. Eng. 2017, 5, 2836—
2840.

S. Kumar, S. L. Jain, Ind. Eng. Chem. Res. 2014, 53, 541-546.

V. Butera, H. Detz, ACS Omega 2020, 5, 18064—18072.

M. Okada, R. Nishiyori, S. Kaneko, K. Igawa, S. Shirakawa, Eur. J. Org.
Chem. 2018, 2022-2027.

C.Diez-Poza, L. Alvarez-Miguel, M. E. G. Mosquera, C. J. Whiteoak, Org.
Biomol. Chem. 2023, 21, 3733-3755.

a) Y. Taguchi, M. Yasumoto, |. Shibuya, Y. Suhara, Bull. Chem. Soc. Jpn.
1989, 62, 474-478; b) N. Kihara, Y. Nakawaki, T. Endo, J. Org. Chem.
1995, 60, 473-475; c) |. Yavari, M. Ghazanfarpour-Darjani, Z. Hossaini,
M. Sabbaghan, N. Hosseini, Synlett 2008, 889-891; d) R. Maggi, C.
Malmassari, C. Oro, R. Pela, G. Sartori, L. Soldi, Synthesis 2008, 53-56;
e) A. Z. Halimehjani, F. Ebrahimi, N. Azizi, M. R. Saidi, J. Heterocycl.
Chem. 2009, 46, 347-350; f) W. Clegg, R. W. Harrington, M. North, P.
Villuendas, J. Org. Chem. 2010, 75, 6201-6207; g) C. Beattie, M. North,
Chem. Eur. J. 2014, 20, 8182-8188; h) C. Beattie, M. North,
ChemCatChem 2014, 6, 1252-1259; i) J. Cao, M. Yu, H. Li, L. Wang, X.
Zhu, G. Wang, Y. Shi, C. Cao, Res. Chem. Intermed. 2015, 41, 5323—
5330; j) J. Diebler, A. Spannenberg, T. Werner, ChemCatChem 2016, 8,
2027-2030; k) J. Diebler, A. Spannenberg, T. Werner, Org. Biomol.
Chem. 2016, 14, 7480-7489; 1) M. Ghazanfarpour-Darjani, A.
Khodakarami, Monatsh. Chem. 2016, 147, 829-835; m) C. Mei, X. Li, L.
Liu, C. Cao, G. Pang, Y. Shi, Tetrahedron 2017, 73, 5706-5714.



WILEY-VCH

Entry for the Table of Contents

PERSONAL ACCOUNT

® Et
o O PPhs \®

I 5 e N—H
0\0 Bt
H

e e

Three types of bifunctional iodide nucleophilic catalysts bearing hydrogen bond donor
site were developed for the solvent-free coupling reactions of epoxides and CO,
under atmospheric pressure. These bifunctional iodide catalysts could also be
applied to the solvent-free syntheses of thiocarbonates and 2-oxazolidinones, as
useful 5-membered heterocyclic compounds, from epoxides.

Prof. Dr. S. Shirakawa*

Page No. — Page No.

Bifunctional Onium and Potassium
lodides as Nucleophilic Catalysts for
the Solvent-Free Syntheses of
Carbonates, Thiocarbonates, and
Oxazolidinones from Epoxides




