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Abstract: Several ionic liquids were applied as catalysts tloe synthesis of cyclic
urethanes from amino alcohols and pressurized @Othe presence of alkali metal
compounds as promoters. A comparative study waseniadthe catalytic performance
using different ionic liquids, substrates, promsteand pressures. The optimum catalytic
system was BMIM-Br promoted by,KOs, which, for 1-amino-2-propanol, produced cyclic
urethane in 40% yield with a smaller yield of sutosed cyclic urea and no oligomeric
byproducts. For other amino alcohols, cyclic uratsa cyclic ureas, and/or undesired
byproducts were produced in different yields dep@mpdn the substrates used. Possible
reaction mechanisms are proposed.
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1. Introduction

Cyclic urethanes are an important class of hetetmcgompounds, which have many biological
applications. They are synthesized by reactiorsnaiho alcohols with several different reagents such
as phosgene [1], dialkyl carbonates [1-3], mixtuoéscarbon monoxide and oxygen via oxidative
carbonylation [4-7], urea [8-10] and G{11-18]. The dialkyl carbonates and oxidative cemgation
are currently in practical use. The use of phosgankeoxidative carbonylation is not eco-friendlyedu
to risks associated with explosion hazards andopoiss phosgene or carbon monoxide. It should also



Int. J. Mol. Sci. 2006, 7 439

be noted that dialkyl carbonates are currently pced via similar hazardous routes [19-22]. Reastion
of amino alcohols with urea can produce cyclic hmaes with good yields [8-10]. However, these
reactions will require the recovery of ammoniathéy are employed for the production of cyclic
urethane in large scales. This can be an econoutigativantage of them. Under these circumstances,
the reactions of amino alcohols with €Q@re preferable from environmental and economical
viewpoints. Cyclic urethanes are produced from amafcohols and COeven in the absence of
catalysts, but, unfortunately, their yields are Id,16,18]. Desirable high yields can be achielbgd
employing stoichiometrically consumed dehydratidi®?,13] or deoxygenation reagents [14,15].
However, the use of such indispensable reagentfdwaise the cost of the reaction processes. It was
reported that triphenylstibine oxide [16,17] antudyltin oxide [18] could catalyze the synthesis of
cyclic urethanes from amino alcohols and ;C@lthough good yields were obtained with these
catalysts, high reaction temperatures and/or lomgogs of reaction time were needed. Thus, the
development of more efficient catalyst systemdilisrequired.

In recent years, significant progress has been nmaithe application of ionic liquids as catalyst&la
alternative solvents in organic synthesis becalieg possess unique advantages of negligible vapour
pressure, a broad range of room temperature ligompositions, excellent thermal and chemical
stabilities, interesting tunable physicochemicaarelsteristics, and selective dissolvability to many
organic and inorganic materials. The use of iomjuitls as reaction media and/or catalysts for clean
catalytic transformations would indicate profourfiiéets on the reaction rate and product selectivity
has extensively been reviewed that catalytic agtigind product selectivity are accelerated and
controlled when they are used for hydrogenationgdation, alkylation, hydroformylation, and Heck
and Suzuki coupling reactions [23-27]. Additionailythe synthesis is carried out with an ioniculid
catalyst and the products are immiscible withhg tatalyst separation and recycling are easyadt h
also been reported that g@re significantly soluble into the ionic liquid gée, which, therefore,
makes the reactions of GO it possible and suitable [28,29].

As recently reviewed [30], the utilization of iorliquids for the cycloaddition of C{o epoxides to
produce cyclic carbonates has been extensivelyestuth contrast, only a few authors used ionic
liquids as catalysts and reaction media for the&pecton of cyclic urethanes [31,32]. Kawanami et al
reported the effectiveness of [TORIFSI]” (or [TSAC]) (TOA: tetraoctyl ammonium; TFSI:
bis(trifluoromethylsulfonyl)imide; TSAC: (2,2,2-fluoro-N-(trifluoromethylsulfonyl)acetamide) for
the synthesis of cyclic urethanes from aziridines £€Q [31]. The reactions are conducted in a
volume of the ionic liquids under high-pressure,@@d are completed with excellent yields in such a
short time of < 10 min at a low temperature of 40B@ng et al. used copper halides and ionic liquids
(solvents) for the synthesis of cyclic urethanesnframines, propargylic alcohols, and {33]. They
showed good vyields with catalytic amounts of coppalides in 10 h at 100°C. In addition, they
reported the effectiveness of CsOH addition ingyrthesis of urea derivatives from amines ang CO
in the presence of ionic liquid catalysts [33]. @ar knowledge, no study has so far been made to
examine the use of ionic liquids as catalysts Hier gynthesis of cyclic urethanes from amedoohols
and CQ (Scheme 1). In the present work, the authors hapéed several ionic liquids in the presence
and absence of alkali metal promoters for thistreac The influence of ionic liquids, alkali metal
compounds, reaction conditions and amino alcoholthe total conversion and the product selectivity
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has been examined in the absence of any dehydragiagts and the reaction paths and mechanisms
have been discussed. This is a part of our studh@rchemical fixation of CQinto valuable organic
compounds such as carbonates, urethanes, ureassoand using multiphase catalytic reactions
[30,34,35].

H,N OH CO;

\ / - 5 HN O + ho

Scheme 1. Synthesis of cyclic urethane from amino alcohml €Q.

2. Results and Discussion

2.1. Activity of different ionic liquids

Several ionic liquids as given in Table 1 were soeal for the reaction of 2-aminoethadohnd
CO, under certain conditions. 2-OxazolidinoBeand 1-(2-hydroxyethyl)-2-imidazolidinor& were
observed to form along with other oligomeric heayducts. Fig. 1 shows the significant influence
of different ionic liquid catalysts on the reactidm conformity with the previous results [11,16,1iBe
yields of2 and3 are low in the absence of the ionic liquids. Thg@skls increase in the presence of the
ionic liquids. The type of cations and anions & tanic liquids have a strong impact on the product
selectivity rather than the total conversion. lindicated that TBPB gives a larger yield2oby a factor
of 2 compared with TBAB, the more electropositiventer (P) being better than the less
electropositive one (N. Similar yields of2 were obtained with TBPB and BMIM-Br but the yiaitl3
was larger with the latter. A larger yield @fwas also observed with BMIM-BFhowever, the

Table 1. lonic liquids used as catalysts for the synthetisyclic urethanes from amino alcohols
and carbon dioxide

Cation Anion (X) Abbreviation
\N/\N/R
\®/ Br, CI, PR, BF BMIM-X (R = Butyl)
/\/\ﬁ/\/\
NN NN Br TBAB
/\/\+/\/\ Br' TBPB

A NN




Int. J. Mol. Sci. 2006, 7 441

reaction mixture changed into a gel after the reacand it was difficult to treat and use further.
BMIM-BF 4 was selective to the formation & OMIM-BF, gave similar small yields & and3 with a
larger yield of undesired byproducts. Thus, BMIM{Bas been used to examine reaction conditions
and mechanisms in the following runs.

In a separate run, the reaction was carried otttenabsence of ethanol. Under this condition, the
total yield of oligomeric byproducts was largerplpably because of a higher substrate concentration.
So, dilution using a solvent would be importanawid the formation of undesired byproducts.

None
TBAB
TBPB
BMIM-Br
BMIM-CI
BMIM-PFg )
BMIM-BF4 | 13
OMIM-BF,4 I others
| | | | | | | | |
0 20 40 60 80 100
Yield (%)

Figure 1. Reaction of CQwith 2-aminoethanol in the presence of variouscdiquids. Reaction
conditions: 2-aminoethanol, 60 mmol; €00 MPa; ethanol, 4 ciionic liquid, 11.4 mmol;
temperature, 150°C; time, 6 h.

2.2. Additive effects of alkali metal compounds

Deng et al. reported the effectiveness of CsOHtextdio ionic liquid catalysts for the synthesis of
urea derivatives from amines and £[33]. In the present work, attempts were madedd alkal
metal compounds to improve the performance of BMAMeatalyst. Table 2 gives the results of
reactions oflL. and CQ in the presence of several carbonates and hydrexithese additives affect the
total conversion oflL but not so markedly. It is noteworthy that the iadd of K,CO; enhances the
yields of 2 and3, more significantly for2, and stops the formation of undesired oligomeradpcts,
compared with the results obtained in the preseicBMIM-Br alone. K;COs; is a much better
promoter than the other additives ot€C0O;, CsCO;, KOH and CsOH examined, which give large
amounts of undesired oligomeric byproducts. Inwloeek of Deng et al., KOH, a weaker base, was
found to be less effective for their urea synthdsasm CsOH [33].

2.3. Influence of CO, pressure and reaction paths
The reaction ofl with CO, was run at different COpressures in the presence of BMIM-Br and

K2COs promoter. As shown in Fig. 2, the total conversetapends slightly on the pressure but the
yield of 2 significantly increases to a maximum at aroundviEr, at which no oligomeric byproducts
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Table 2. Additive effects of alkaline carbonates and hyihtez on the reactimof 2-aminoethandl
and carbon dioxide in the presence of BMIM-Br

—_—

o o
HzN OH €O )k )k Pl
N/ HNT Yo, HNT N
-/ /

1 2 3
Additive Conversion Selectivity (%)
(%) 2 3 Others

- 67 18 51 31
LICO3 68 15 40 45

KoCOs 55 34 66 0
CsCOs 66 15 35 50
KOH 59 17 38 45
CsOH 68 15 62 22

@ Reaction conditions: 2-aminoethanol 60 mmol ,@0 MPa, ethanol 4 cin
BMIM-Br 11.4 mmol, additive 0.7 mmol, 150 °C, 6 h.

100
n 2
13
B others

80 |-

60 I~

Yield (%)

40 |-

20

6 8 10 12 14
COg2 pressure / MPa

Figure 2. Influence of CQ pressure on the reaction of €anhd 2-aminoethanol. Reaction conditions:
2-aminoethanol, 60 mmol; ethanol, 4%MBMIM-Br, 11.4 mmol; KCOs, 0.7 mmol; temperature, 150
°C; time, 6 h.

were observed to form. The yield ®fis less dependent on the pressure compared2wii a higher
pressure of 14 MPa, the oligomeric byproducts amnéd again and the yields 2fand3 are reduced.
Under the conditions used, the optimum pressu@®fis 10 MPa with respect to the formation2of
The phase behavior is important for multiphasetreas using pressurized G@nd it was examined
by the naked eye. For the liquid mixture of thesdtdiel and the solvent, ethanol, at the reaction
temperature, the gas and liquid phases were foormbéxist at pressures up to 30 MPa. Thus, the
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reaction should occur under biphasic conditiong $lubstrate, the ionic liquid catalyst, and the
promoter are mainly dissolved in the liquid phaseyhich CQ is also soluble, and the gas phase is a
reservoir of CQ. The main reaction phase is the liquid (ethanbBse at C@pressures used in the
present work.

Fig. 3 shows the changes of total conversion anduymt yields with reaction time. The yield &f
increases during the initial period of time andntlggadually decreases while the yield &imply
increases with time. In a separate run using thetsatel and the produc in the absence of GOthe
compound3 was observed to form at the expensd.ofhus, there occur consecutive reactions that
reacts with C@ producing2 and then2 reacts withl giving 3 (Scheme 2) and these two reactions
proceed in parallel. It is difficult at presentdiearly explain the pressure dependence shownginZri
but it could be ascribable to negative and posiffects of pressurized GOncreasing C@pressure
may increase the concentration of {@the liquid phase but decreases the substrateeatration; the
former promotes the formation @ but not of3; in addition, higher C® pressures may stop the
formation of oligomeric byproducts.

100

Conversion, yield (%)

time/h

Figure 3. Changes of total conversion and product yieldd watiction timeConversion,[] ); yields

of 2 (@) and3 O).
i HoN OH i
H,N oH  CO HN)kO __/ HN)k _OH
-/
1 2 3

Scheme 2. Consecutive transformation from 2-aminoethdntd 2-oxazolidinon® and then to 1-(2-
hydroxyethyl)-2-imidazolidinoné&.
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2.4. Application to different amino alcohols

The optimum catalyst system of BMIM-Br with,&0O; has been applied for other different amino
alcohols as shown in Scheme 3. The catalytic pmdoce was shown to strongly depend on the
structure of the substrates used (Fig. 4).¥ep@a better yield of cyclic urethar®e was obtained along
with a smaller yield of cyclic uredc. A similar cyclic urethane2fl) yield was shown witidd but a
larger amount of cyclic ure2d was produced with a detectable amount of oligotnigyproducts. For
la and1b, the cyclic urethane2a and2b were produced in smaller quantities, compared Withnd
1d; for the former substrate, a large amount of cyatiea 8a) was formed with no other products; for
the latter, cyclic ure&b was obtained in a small amount with a large amotiather byproducts. For
secondary amino alcohaole and1f, cyclic urethanes were observed to form with iaseal quantities
of oligomeric byproducts but no corresponding ayclieas were detected.

fe) (o]

HoN OH CO, )k HN)kN/\/OH
N, , . HNT Do 1a
la 2a (20%) 32 (38%)

HoN OH _ CO, HNXO 1b HN N/K/OH

O
RIS S

2c (37%) 3c (9%)
Y I
NH, OH
co
2 Hbo _ HN)kN/\/\OH
1d 2d (39%) 3d (17%)
o)
I N
co, ~
N OH ——=» N O
SN \/
le 2e (12%)

o}
d X

N OH Co; N Do
NSNS \

1f 2f (17%)

Scheme 3. Reactions of C@with various amino alcohols. Product yields wekeg in the parentheses.
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1a I3
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E [ others
» 1c
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o 1d
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1f
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Yield (%)

Figure 4. Reactions of C@with various amino alcohols. Reaction conditicesino alcohol, 60
mmol; CQ 10 MPa; ethanol, 4 cmBMIM-Br, 11.4 mmol; KCOs, 0.7 mmol; temperature, 150°C;
time, 6 h.

Nomura et al. used a homogeneous catalyst of mgsiebine oxide for the synthesis of cyclic
urethanes from several amino alcohols and {(16]. This catalyst gave low yields of cyclic urahes
from 2-aminoethanol and 1-amino-2-propanol eventhe presence of molecular sieve 3A as a
dehydration agent at 160°C for 6 h under compre€¥ed(5 MPa at room temperature). For these
substrates, the stibine oxide catalyst is not &ffeccompared with BMIM-Br. However, when 2-
methylamino-ethanol and 1-methylamino-2-propanotevesed as the starting amino alcohols, the
oxide catalyst gave moderate yields of correspandiyclic urethanes. Similar influence of N-
alkylation on the cyclic urethane yield was alspared by Tominaga and Sasaki who used dibutyltin
oxide n-BuSnO as the catalyst in an organic solvent of NM#.[Cyclic urethane was obtained from
2-methylamino-ethanol at a yield above 90% in glome of 16 h at a higher temperature of 180°C.
However, the yield of cyclic urethane decreaseb380, when 2-aminoethanol was used as the
substrate. Thus, the effects of N-alkylation of @mmnalcohol in the presence of these oxide catafysts
different from that in the presence of BMIM-Br (Fig).

Those results demonstrate that the present cagfstgms can produce cyclic urethanes from amino
alcohols and C& which are more eco-friendly compared with thevypmas reaction systems using
harmful reagents such as phosgene and carbon naenfix#-7]. For the practical green production of
cyclic urethanes, the separation and recycling atélgsts are an important issue. To examine the
separation of the catalyst by extraction from thaedpcts, we measured those solubilities into sévera
organic solvents. Unfortunately, among the solvéested (acetone, dichloromethane, diethyl ether,
ethyl acetate, dimethylformamidid;methylpyrrolidone, hexane, toluene), good solvéotBMIM-Br
were also good ones for the products. So, the aeparof the catalyst by simple extraction is dfit
even after removing the reaction solvent of ethamu unreacted aminoethanol by evaporation. The
catalyst separation would be possible by fractiahatillation and/or column chromatography. The
dispersion of catalytically active components (ohguids and alkali metals) on a solid surfaceras
supported liquid phase catalysts [36] could be laaropossible way for the separation and recycling,
which will be the subject of future research.
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2.5. Reaction mechanisms

Although the details of catalytic function of thenic liquids and alkali metal promoters are
unknown, brief consideration is given here to neacimechanisms. A possible mechanism for the
formation of cyclic urethane from amino alcohoiligstrated in Scheme 4. It is known that carbamic
acid is easy to form by interaction of MNlroup with a CQ@ molecule. It has been reported that
imidazolium salts and imidazolium cations can astLewis acids and/or anion receptors [37-39].
Therefore, the coordination of the imidazoliun caio the carbonyl group of the carbamic acid would
be likely to occur (step 3). This produces a reactntermediatet, which could be converted to a
cyclic intermediate5 by the intramolecular attack of alcoholic hydroxgtoup (step 4). The
intermediate5 can be converted to cyclic urethane by dehydratiorthe case of the reaction with
either 1e or 1f, the yields of urethanes are lower (Fig. 4). Thesailts would be caused by a steric
hindrance effect, resulting from bulkiness of setay aminede and1f as a nucleophile, on the first
steps in Scheme 4.

LA LA
" E LA
O=C=0 o (o] 3 O/ C{ OH i
J >\ OH \FOH >*OH @
+LA B, HN™ O
H,N OH __, HN OH *LA,_ OH == uN @L oH — HN OH H,0

e Sy =
Ri Ry Ri R KR, K R,

LA = imidazolium cation 4 5

Scheme 4. A possible mechanism for the formation of cycliethane from amino alcohol.

Scheme 5 also gives a possible mechanism for ttleefuchange of cyclic urethane with amino
alcohol substrate to substituted cyclic urea. Tir& btep is the ring opening through nucleophilic
attack of nitrogen of amino alcohol to the carbtommaat G position of the ring, giving a substituted
carbamic acidé. As a similar manner in the formation of urethand® carbamic acid would be
coordinated again by imidazolium cation to formeaative intermediaté and this species could be
transformed to the substituted cyclic urea thoratnghformation of a cyclic intermedia8ollowed by
dehydration. Foll.c and1d, the yields of cyclic urea are smaller comparethda (Fig. 4); forlc, the
smaller yield of cyclic urea is ascribable to aristéindrance effect on the first step in Scheme 5,
resulting from the presence of methyl group ap@sition of the oxazolidinongc; for 1d, the smaller
yield may be ascribed to that the six-membered oin2d is more stable than the five-membered ring
of 2a, resulting in a slower rate of the first step.

o 0o o. Q & oH R o R
R

R y /
1 2 OH R \%OH H \ )k
1A >—OH R o Ry M@ OH o o)
HN® (0 H — HN_ HN ——=HN_ HN <—=HN N = HN N —-> HN N H
\/m OH OH "LA — —— 2 ) —
Ry Rz Ry 2 Ry 1 2 Ry 1 2 Ry 1 2 1 2

Scheme 5. A possible mechanism for the formation of subgiicyclic urea from cyclic urethane.
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In conclusion, a two-component catalytic systemBMIM-Br with a promoter of KCOs is
effective for the transformation of amino alcohwfsh pressurized Coto cyclic urethanes and ureas.
The catalytic performance of this catalyst systémongly depends on the structure of substrates.used
For 1-amino-2-propanoll€) under optimized conditions, a high yield of thelc urethane Zc) of
40% is obtained along with the substituted cycleau@c) in a yield of 10%. It is important to note
that no undesired oligomeric products are formetth Wiis substrate. For 2-aminoethanbd)( cyclic
urethane Za) and cyclic urea3a) are produced in comparable yields with no othgrdducts. For 3-
amino-1-propanolld), the yield of the desired produ@d] is good with smaller yields of the cyclic
urea @d) and other byproducts. For other amino alcoholmmgred, significant amounts of undesired
oligomeric compounds are produced. After considgtitose results, possible reaction mechanisms are
suggested for the formation of cyclic urethanes @miic ureas. In the present study, only etharms w
employed as the solvent, because it dissolvesatatyst and the substrate, resulting in a goodngixi
of them. Additionally, ethanol is also a good solvéor the product cyclic compounds. This makes it
easier to treat the reaction mixture for the progumalysis. However, the influence of the solvemt o
the reaction is an important issue, which will garained in near future.

3. Experimental Section

All chemicals were purchased from Wako and Flukd ased without further purification. All
reaction runs were carried out in a 50°cmtoclave with a mechanical agitator. In a typicai, the
reactor was charged with the ionic liquid (11.4 nymsubstrate (60 mmol) and ethanol (4%mand
purged with CQ a few times at atmospheric pressure. The reacsrheated to 150°C and then £O
was further injected up to 6 MPa under stirringe Taaction mixture was stirred for 6 h and then the
reactor was cooled to room temperature and depiesdu The liquid reaction mixture was diluted
with ethanol to 50 cthand analyzed by a gas chromatogragh (GL Scienc®%B8) with a flame
ionization detector. The results were also confanby a gas chromatograph coupled with a mass
spectrometer (Shimadzu GC-MS QP5050A). For thetiawmf 2-aminoethanoll and CQ, for
example, we observed the formation of 2-oxazolide®and 1-(2-hydroxyethyl)-2-imidazolidinorge
The yield of2 (or 3) was determined by (the amountofor 3) formed) / (the initial amount df used).
However, the mass balance of the reaction was sme®not good depending on the catalyst, reaction
conditions and the substrate. We analyzed theiogagtixture by GC-MS; however, no peaks for high
boiling products were observed even when a nonrpzdpillary column was used for the analysis.
Furthermore, the reaction mixtures were sometinightly sticky. So, it was concluded oligomers of
the substrate and/or the products that could nexbeded from the column were formed along vidth
and 3. Thus, the structures and yields of the origombyjroducts could not be determined. So, for
convenience, the % yield of the oligomeric prodwess calculated by 100 — the summed % yield® of
and3. The phase behavior of reaction mixtures was exedghby the naked eye with another 10°cm
autoclave with sapphire windows [40,41] using thes volume ratio of reacting species as used for
the reaction runs.
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