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One of the main scientific challenges in the 21st cen-
tury is the global warming due to the increasing level of
carbon dioxide.' The consumption of fossil fuels is con-
tinue to increase with emitting substantial amount of
green house gas.” The solution currently considered is
capturing and storing of carbon dioxide which compress-
ing carbon dioxide and then storing it into oil wells or
under the ocean.’ The other solution include converting
the carbon dioxide into useful chemicals with significant
commercial demand,* but low chemical reactivity of car-
bon dioxide restricts the chemical reactions.

One of the facile reactions of carbon dioxide includes
inserting carbon dioxide into epoxides to generate cyclic
carbonates or a polycarbonate.”” Several olefin cyclic car-
bonates were manufactured commercially and reduced
atmospheric carbon dioxide up to 120 million tons per
year if the process designed economically.?

Salen aluminum complexes were developed for the syn-
thesis cyclic carbonates,® which have an axial aluminum
chloride and could effectively catalyze the reaction between
carbon dioxide and epoxides to form cyclic carbonates.
Porphyrin complexes were designed at the beginning but
the preparation of salen complex is much easier and less
expensive.’

This research include the preparation of several alumi-
num-Salen complexes and modification of the amount of
moisture and ammonium salt for searching the optimum
condition under ambient temperature and atmospheric
pressure. Moisture and ammonium salt could function as a
co-catalyst at the cyclic carbonate forming reaction.

After the reaction complete, the product was examined
with GC/MS analysis. The product cyclic carbonate was
detected with the TOF more than 60 and the resulting cat-
alyst was continuously recycled. The catalyst reactivity
maintained more than 5 days.

It is apparent that adding moisture significantly increased
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the conversion TOFs (Fig. 2). Also addition of ammonium
salt increased the conversion efficiency significantly.
Without using the salen complex did not make any
product. This means moisture and ammonium salts are co-
catalyst which help the function of salen complex.
Salen complex to tetrabutylammonium bromide ratio
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Scheme 1. Synthesized salen aluminium complexes attached with
various functional groups.
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Figure 1. Results of cyclic carbonate synthesis using modified
salen aluminium catalyst (the functional group number is the
same as entry number as shown in Table 1).
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Scheme 2. Experimental scheme for cyclic carbonate synthesis
using carbon dioxide.

Table 1. Results of cyclic carbonate synthesis using modified salen
aluminium catalyst

TOF  Catalyst and ammonium  Water amount

Compounds (h™h salt amount (mol%) (mol%)
1A 52 5 2.5
1B 54 5 2.5
2A 63 5 2.5
2B 65 5 2.5
3A 70 5 2.5
3B 72 5 2.5
4A 65 5 2.5
4B 68 5 2.5
5A 54 5 2.5
5B 58 5 2.5

#Carbon dioxide bubbling at the flow rate of 50 ml/min at 24 h and
the product was determined by GC-MS analysis

was investigated (Fig. 2b). The amount catalyst 3B was
fixed at 5 mol% and the amount of to tetrabutylammonium
bromide was varied 0—5 mol%. The results indicate that at
least same mol% of both catalyst and ammonium salt is
required to reach maximum catalytic performance. The
highest TOF appeared when catalyst 1B and co-catalyst
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Figure 2. (a) Cyclic carbonate yields by modification of the
water amount. (b) Cyclic carbonate yields by modification of the
ammonium salt amount.

combination of salen complex : moisture : ammonium salt
=1:1:1.

Since salen complexes and #n-BusNY are easily dissolved
in propylene oxide, the catalyzed reaction between CO,
and epoxides does not require any solvent. No by-product
such as polycarbonates or polyester was detected at the
GC/MS analysis. However, in the absence of the quater-
nary ammonium salt, the polycarbonates (1730 cm™ in FTIR)
and propylene carbonate were formed with a very low rate
at room temperature. For catalyst 3b alone, neither pro-
pylene carbonate nor polymer formed. It is important to
note that these quaternary ammonium salts by themselves
showed no catalytic activity under the mild conditions. A
rate conversion profile (TOFs) for the transformation of
reactant to product indicated that the complex salen-
ammonium salt system showed 700-fold rate enhance-
ment and 200-fold rate enhancement by adding moisture.
The results indicate a synergistic effect in the formation of
propylene carbonate from CO, and propylene oxide by
salen catalyst in conjunction with a quaternary ammonium
salt and moisture. Mechanistic investigation on the acti-
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Table 2. Results of cyclic carbonate synthesis using several salts
and catalyst 3B

Salen and salt amount  Water amount

Anionsalt  TOF (h™") (mol%) (mol%)
n-BuNI 72 5 2.5
n-BuNBr 68 5 25
n-BuNCl 55 5 25
Ki 20 5 2.5
KBr 18 5 2.5
KCl 11 3 25
BMIMBE, 15 5 23
BMIM PF; 18 S 25

#Carbon dioxide bubbling at the flow rate of 50 ml/min at 24 h and
the product was determined by GC-MS analysis

vation of CO; and epoxides in the presence of the catalysts
are currently in progress by femto second Raman spec-
troscopy. This catalyst system can operate very efficiently
even at low temperature of 298K and atmospheric pressure
of CO, environment.

The anion of salt significantly affected the catalytic activ-
ities of the salen catalysts (7able 2). Especially quaternary
ammonium halide showed a considerably high activity prob-
ably due to having moderate nucleophilicity and high leav-
ing ability. Either potassium salts or ionic liquids did not
exhibit any high reactivity under the same condition.

Although KI or KBr anion has higher nucleophilicity,
salen-ionic liquid system showed very low activity prob-
ably due to low leaving ability of the anion. When the anions
have not strong nucleophilicity, such as BMIM BF4 or
BMIM PFg, have high leaving ability, salen-ionic liquid
systems showed very low reactivity.

Several salen complexes with varying substituent groups
on the aromatic rings were investigated as catalysts for the
coupling of CO; and PO (Fig. 1). Complex 3B exhibited
the highest catalytic activity in these catalysts and is 20%
better active than either nitro or tert-butyl group attached
one. The order of the activity is not consistent with the
order of electrophilicity of these aluminum complexes.
The results indicate that the neutral electronic ability and
the sterically less clouded one affect the catalytic prop-
erties. The bridged phenyl ring could not help the reactivity.
The structural flexibility might affect the performance of
catalysts because the ethyl group would be more flexible
than phenyl group.

Catalytic reaction mechanism is represented (Scheme 3).
Exactly 0.5 mol amount of moisture enhanced the max-
imum catalytic reactivity. This means that the moisture
reacts - with the salen aluminium chloride to form dimer.
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Scheme 3. Possible catalytic reaction mechanism.

This oxo bridged dimer (1a) is participated into the reac-
tion. Ring opening of the epoxide by aid of bromide ion
results in aluminium bound alkoxide. Then the carbon
dioxide is coordinated on to the other aluminium ion, fol-
lowed by intramolecular electron transfer to make carbonate.
Finally the cyclic carbonate is detached from aluminium
complex and the detached bromide ion is recycled.

CONCLUSION

Homogeneous salen catalyt systems were investigated
for the conversion of greenhouse gas into cyclic carbonate
under room temperature and atmospheric pressure. Salen
complexes were more active than salophen complexes.
Neither electron withdrawing nor donating group showed
lower conversion efficiency. Co-catalysts such as moisture or
ammonium salt increased the conversion efficiency dra-
matically. These results have potential to decrease carbon
dioxide emitted from fossil fuel combustions under mild
condition.

EXPERIMENTAL

Propylene oxide was heated at reflux over a mixture of
KOH and CaH; and fractionally distilled under a nitrogen
atmosphere. CO, was purified by passing through a col-
umn packed with 4 molecular sieve before use.

Modified salen ligands were synthesized by a single-step
Mannich condensation between the phenylene diamine,
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ethylene diamine, formaldehyde and the substituted phe-
nol.*’ The synthesized salen compounds are shown in
Scheme 1 the structures of synthetic compounds are con-
firmed with the spectroscopic data.®®

The Schiff base aluminum complexes were prepared by
the reaction of the corresponding free bases with Et AICI
according to the literature methods.®’ These complexes
are all sensitive to air or moisture and should be stored in a
nitrogen atmosphere. The coupling reaction with epoxide
was carried out in a 50 ml test tube with CO, bubbling at
50 ml/min (Scheme 2).

In a typical procedure, to a test tube (50 ml) were added
salen catalyst (5 mol%) and #n-BusNY (5 mol%) under dry
nitrogen. Propylene oxide (50 ml) and water (5 mol%) were
introduced and CO» gas was bubbled for 24 h at 50 ml/min.
The remaining mixture was degassed and fractionally dis-
tilled under reduced pressure to afford pure cyclic car-
bonates.

Acknowledgments. NMR analyses were performed at
KBSI (Korea Basic Science Institute). And the publica-

tion cost of this paper was supported by the Korean Chem-
ical Society.

REFERENCES

. Arkawal, H. Chem. Rev. 2001, 101, 953.

. Xiaoding, X.; Moulijin, J. A. Energy Fuels 1996, 10, 305.

. Aresta, M.; Dibenedetto, A. Catal. Today 2004, 98, 455.

. Omae, 1. Catal. Today 2006, 115, 33-52.

. Coates, G. W.; Moore, D. R. Angew. Chem. Int. Ed. 2004,

43, 6618-6639.

6. Darensbourg, D. J.; Mackiewicz, R. M.; Phelps, A. L.;
Billodeaux, D. R. Acc. Chem. Res. 2004, 37, 836—884.

7. Darensbourg, D. J.; Holtcamp, M. W. Coord. Chem. Rev.
1996, 753, 155-174.

8. Peri, D.; Meker, S.; Manna, C. M.; Tshuva, E. Y. Inorg.
Chem. 2011, 50, 1030-1038.

9. Peri, D.; Meker, S.; Shavit, M.; Tshuva, E. Y. Chem. Eur.

J. 2009, 15, 2403-2415.

WA W N —

Journal of the Korean Chemical Society




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


