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Abstract

The catalytic activities of several Cu and Mn aza complexes for cyclic carbonate synthesis fg@and€poxides are reported. The various
factors affecting activation of C{by metal complexes and its utilization in cyclic carbonate synthesis have been investigated. FT-IR, UV—-vis
and EPR spectroscopic investigations reveal that @@rdinates to Cu im*—C mode of coordination. Nature of the ligand and substitution
influence the lability of metal-CObonding. The differences in the catalytic activities are correlated with the mode and strength of CO
binding.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction plexes catalyze this cycloaddition reaction, at mild condi-
tions (393K, 6.9 bar), in the presence of nucleophiles such
Utilization of CO, as G-feedstock in chemicals and asN,N-dimethylaminopyridine (DMAP), quaternary ammo-
fuels synthesis is of great interegl—4]. The coupling nium and phosphonium salts or imidazoles as promoters/co-
of CO, with epoxides yielding cyclic and polycarbonates catalystg13-15] We report here the application of cyclen
(Scheme 1is one of the most efficient ways of GQ@tiliza- complexesltig. 1) in this reaction.
tion[5-7]. Inoue et al[8] reported this alternative, phosgene- Activation of CQ, is the key step for its further participa-
free, eco-friendly approach for cyclic and polycarbonates, tion in the cycloaddition reaction. GQoordinates to metal
for the first time, in 1969. Since then significant progress ions in different coordination modes. The strength and labil-
has been made toward developing more efficient catalystsity of metal-CG bond and the mode of coordination con-
for this reaction[9-11] BASF (Ludwigshafen, Germany) trol the reactivity in different C@fixation reactions. Peraza
[12] and Chimie-Asahi corporation (Taiwarf$] produce macrocycles have been known for €@xtivation[16]. The
cyclic carbonates in large capacities (several ten thousand€<Cu complex ofN,N’', N”-triallyl-1,4,7-triazacyclononane re-
of tons annually) using inexpensive catalysts. The reac- ductively couples two C®molecules yielding the oxalate
tions in the commercial process, however, have to be con-anion (GO427) [17]. Ni-cyclam was an efficient and selec-
ducted at high temperatures (453-473 K) and high pressuregive catalyst for electroreduction of G@n Hg electrode in
(50-80 bar). Porphyrin, phthalocyanine and Schiff base com- water[18]. The application of Cu and Mn—cyclen complexes
(Fig. 1) in cyclic carbonate synthesis is reported here, for the
* Corresponding author. Tel.: +91 20 2589 3761; fax: +91 20 2589 3761, first time. The catalytic activities of the Cu and Mn—cyclen
E-mail addresssrinivas@cata.ncl.res.in (D. Srinivas). complexes (12-membered saturated ring system) are com-
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j\ 2. Experimental
/& + 0o, —= w - AE(S_/D’H\:'? 2.1. Synthesis and physical measurements

R R
R Cu(ND3)22.5H,0, Cu(CHCOOR-H,0 and Cu-
R = CH,Cl, CH, phthalocyanine (CuPc) were procured from Aldrich. All
the other reagents and solvents were obtained from Merck
Scheme 1. India Ltd. The copper complexes CuTRE0], Cu(salen)

[21], Cu(saloph)[22], Cu(HO)(phenanthrolinelNOs3)>
(Cu(phen)) [23], Cu(NGs)(bipyridinep(H20)(NO3)
pared with those of phthalocyanine and tetraphenylporphyrin (Cu(bipy)) [23], [Cu(cyclen)(NQ)]CIO4 (Cu(cyclen))[24]
complexes (16-membered unsaturated ring systé&igs;1) and [Cu(Mecyclen)(CHCN)](ClOs)2 ((Cu(Mescyclen))
as well as Schiff base (salen and saloph), bipyridine (bipy) [24] were prepared by the known procedures. The analogous
and phenanthroline (phen) complexes (acyclic systems). ThemMn(cyclen) and Mn(Megcyclen) complexes were also
influence of the macrocyclic ring, central metal ion and pe- prepared in a similar manner.
ripheral substitution on the catalytic activity is investigated. Physicochemical characterization by elemental analysis,
The activation and mode of G@oordination and cycliccar-  FT-IR, UV-vis and EPR spectroscopy confirmed the forma-
bonate formation over the Cu complexes are explored usingtion and purity of the complexes. The results agreed well
in situ FT-IR, UV-vis and EPR spectroscopic techniques. with the earlier reporti20—24] FT-IR spectra were recorded

There have been some theoretical studies ol-@DO, co- on a Shimadzu 8201 PC spectrophotometer. UV-vis spectra
ordinationg19]. We report here a spectroscopic evidence for were measured on a Shimadzu UV-2550 spectrometer in the
the activated C#-CO, complexes. range 200-800 nm. Electron paramagnetic resonance (EPR)

CuTPP CuPc Cu(cyclen)

A SOOI

Cu(Me,cyclen) Cu(salen) Cu(saloph)

%
”éo
Cu(phen) Cu(bipy)

Fig. 1. Structures of metal complexes investigated in the present study.
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measurements were made on a Bruker EMX spectrometer atctivity of different Cu and Mn-peraza complexes. Ligand
X-band frequency with 100 kHz field modulation. structure has a marked effect on the catalytic activity. With
different ligands the catalytic activity (turnover frequency
per hour (TOF)) in chloropropylene carbonate synthesis
decreased (from 502 to 40Table J) in the order: phthalo-
cyanine (Pc) > tetraphenyl porphyrin (TPP) > phenanthroline

o : - - 7" (phen)>saloph >salen > cyclen>bipyridine  (bipy). In
catalyst, N,N-dimethylaminopyridine (DMAP, co-catalyst; propylene carbonate synthesis the catalytic activity

0.0072 mmol) and solvent (20 ml) were taken in a 300 mi ) ) )
stainless steel PARR pressure reactor. The reactor was preSQecreased (from 286 to 19Table ) in the order: cy-

surized with CQ (6.9 bar), temperature was raised to 393 K clen>phen >saloph > blpy? salen.  Among the = cyclic
and the reaction was conducted for 4h. The reactor Wassystems the unsaturated ligand systems (Pc and TPP) are

then cooled to 298K and unreacted £®as vented out. more efficient than the saturated ligand system (cyclen).

The products were isolated and analyzed quantitatively by Tht(? .rtne:ﬁl cotrr?plexesl.of Cth|IC azabl_lgandz e);]h'b'teglh'%her
gas chromatography (Varian 3400; CP-SIL8CB column; with ZC 'V't.y anb t('at acytc Ic sytshe|m§/|( '%y and p 5?31 etc :otr)
a 30m-long, and 0.53mm-i.d.). The products were iden- onating substituents (methyl, Me) decreased the catalytic

. : o tivity (compare entry nos. 3 and 8). On the other hand,
tified by GC-MS (Shimadzu QP-5000; with a 30 m-long, ac ; .
0.25mm-i.d., and 0.2m-thick capillary column DB-1), & remarkable increase in TOF (from 258 to 449) was ob-

4 : .
GC-IR (Perkin ElImer 2000; BP-1 column; with a 25 m-long, seLv?.? whten it replgccj:edf byl!\t/li .dElﬁctron }IVItZ(;(?WIngTh
and 0.32 mm-i.d.) andH NMR (Bruker AC 200). substituents on epoxide facilitated the cycloaddition. he

Spectral characteristics of the products: chloropropy- reactllon W'th.dep'Chtl)?rOhyd_rllﬂ |sd.frpore facﬂg thatnlv;/]th
lene carbonate—IR(cm): vc=o, 1800,vc—o, 1133, 1080; propylene oxide Table 9. The differences in catalytic

LH NMR (CDCs), 8(ppm): 5.03-4.94 (1H, m), 4.61-4.52 ?ﬁ“"i}%la@ due tot.(“ﬁeéenl‘?es i”.ttr?e mo?eIOftggndi”g' |
(1H, q), 4.44-4.35 (lH, q), 3.84-3.74 (2H, m)' propylene e Tollowing section dealing with spectral studies reveals

carbonate—IR (le): Vo, 1793100, 1121, 10783H the differences in the type of COcoordination to Cu

NMR (CDCls), 8(ppm): 4.88-4.77 (1H, m), 4.55-4.49 (1H, Complexes.
t), 4.01-3.96 (1H, 1), 1.45 (3H, d).

2.2. Cyclic carbonate synthesis: reaction procedure

In a typical cycloaddition reaction, epoxide (18 mmol),

3.2. Spectroscopic studies

3. Results and discussion The activation of C@ and formation of cyclic car-
bonate (from CQ@ and epichlorohydrin) over Cu(cyclen)—
3.1. Catalytic activity DMAP-CH3CN system were monitored by FT-IR, UV-vis

and EPR spectroscopies. The reactions were conducted as de-
The reaction of epoxide (ECH, epichlorohydrin and PO, scribed in the experimental section under pressure conditions
propylene oxide) and Cfyielded the corresponding cyclic (6.9 bar, 398 K, 4 h) and the reaction mixtures were subjected
carbonate as the selective product (>92%); diols and ethersto spectral analysis. The reaction of £@ith the catalyst
formed in minor amountsTable 1 presents the catalytic  system generated two new IR peaks at 1716 and 122% cm

Table 1
Catalytic activity of Cu and Mn complexes for cyclic carbonate synthesis froma@ epoxide
Catalyst (mmol) Epoxide Epoxide conversion (wt%) TOF Cyclic carbonate
selectivity (%)
CuPc (0.0072) ECH 80.3 502 97.2
CuTPP (0.0072) ECH 78.2 489 96.4
[Cu(cyclen)(NQ)]CIO4 (0.0078) ECH 71.4 412 95.2
Cu(saloph) (0.0072) ECH 71.8 449 98.2
Cu(phen)(NO3)2(H20) (0.0069) ECH 69.6 454 97.2
Cu(salen) (0.0072) ECH 66.1 413 95.8
Cu(bipy)(NOsz)2(H20) (0.0069) ECH 61.4 400 96.7
[Cu(Mescyclen)(CHCN)](CIO4)2 (0.0066) ECH 37.8 258 96.8
[Mn(Mescyclen)(NG)](ClO4)2 (0.0064) ECH 63.8 449 97.2
[Cu(cyclen)(NQ@)]CIO4 (0.0078) PO 49.6 286 91.3
Cu(saloph) (0.0072) PO 34.2 214 97.5
Cu(phen)(NOs)2(H-0) (0.0069) PO 38.0 248 98.4
Cu(salen) (0.0072) PO 30.6 191 100
Cu(bipy)(NO3)2(H20) (0.0069) PO 29.6 193 97.9
[Mn(Mescyclen)(NG)](ClO4)2 (0.0064) PO 30.2 206 91.8

Reaction conditions: epoxide (18 mmol), catalyst (0.0064—0.0078 mmol), DMAP (0.0072 mme{|BH0 ml), CQ (6.9 bar), temperature (393 K), reaction
time (4 h). Turnover frequency (TOF), moles of epoxide converted per mole of metal per hour; ECH, epichlorohydrin; PO, propylene carbonate.
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Fig. 2. FT-IR spectra in C(CN: (a) Cu(cyclen)+DMAP, (b)

Cu(cyclen) + DMAP + CQ, (c) Cu(cyclen)+ DMAP + CQ@+ECH. Aste-
risk indicates the characteristic IR peaks for cyclic carbonate.

(Fig. 2 attributable to the formation of an activated £0
complex[25]. When both CQ and ECH were reacted (in
CHsCN) additional peaks (denoted by asteribig. 2) ap-
peared at 1805, 1649, 1170 and 1074 énThese additional
peaks compared well with the IR spectrum of a commercial
cyclic carbonate sample. The peaks due to the-C@nplex
(at 1716 and 1225 cmt) could not be discerned from the
spectra of C@+ ECH reaction solutions due to overlap of
highly intense peaks of cyclic carbonate.
Cu(cyclen)-DMAP—-CHCN showed a weak d—d band at
around 660 nmHKig. 3). The CQ-reacted solution showed
new bands at 415 nm consistent with the formation of an
activated CQ complex. These bands could be attributed to
metal-to-ligand charge transfer transitions (Cu (d orbitais)
CO; (w" orbitals))[26]. When both ECH and COwere re-

acted the d—d band shifted to higher energy side and a new,

resolved feature appeared at 524 ririg( 3). These spec-

tral variations indicate a change in the molecular structure
of the Cu complex due to formation of cyclic carbonate and
adduct complexes. Similar conclusions are drawn also from
the EPR spectra (vide infra). When the reactions were con-
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Fig. 3. UV-vis spectra in CjCN:
Cu(cyclen)+DMAP+CQ, (c) Cu(cyclen)+DMAP +ECH,
Cu(cyclen) + DMAP + CQ + ECH.

(@) Cu(cyclen)+DMAP, (b)
(d)
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Fig. 4. EPR spectra in GGCN at 100K: (i) Cu(cyclen)+DMAP, (ii)
Cu(cyclen) + DMAP + CQ, (iii) Cu(cyclen) + DMAP +CQ + ECH.

ducted over Cu(phen) and Cu(bipy) complexes (spectra not
shown here), the position of the charge transfer band of the
activated CQ complex shifted from 415 nm (originally ob-
served for Cu(cyclen) complexes) to 409 nm. This shift in
the charge transfer band position can be corresponded to a
change in the mode of CQoordination and GuaCO, bond
strength.

Cu(cyclen) +DMAP in CHCN showed an axial
EPR spectrum with spin Hamiltonian parameters being
g/|=2.211,9, =2.054 andA||®“=169.4G Fig. 4). Upon
reaction with CQ new signals (denoted as A Fig. 4; re-
solved mainly in the parallel region) appearedjat 2.252
and A||°“=165.0G in addition to the signals characteris-
tic of Cu(cyclen)-DMAP complex. These new EPR sig-
nals, in agreement with the FT-IR and UV-vis results, could
be attributed to the activated G@omplex. The higheg
value Q|| =2.252) compared to that of Cu(cyclen)-DMAP
complex indicates stronger pentacoordinatedGapecies
[27]. The axial spectrum indicates a symmetric coordination
of COy to Cu. Upon reaction with CoO+ ECH, significant
changes in the spectral parameters were obsefvigd 4).

Two types of Cd* with the following spin Hamiltonian
parameters were observed. Species A withF 2.258 and
A||®Y=155.0G is the activated G@&omplex and species B
with g|| =2.208,g, =2.056 andA||““=173.5G is the cyclic
carbonate adduct. The origin of species B was confirmed by
recording the spectra of Cu(cyclen)-DMAP + propylene car-
bonate.

CO, in gaseous state is a lineardp triatomic molecule
with three fundamental modes of vibratiorn( 1285,
1388cntl; vo: 667 cntl; v3: 2349 cntl) [28]. By conven-
tion v1 andvs are referred to as the symmetric and asym-
metric G-O stretching modes whereas is the degenerate
C-0 deformational mode. The centro-symmetrical nature of
the free CQ molecule imposes mutual exclusion restric-
tions on the vibrational activities and as a resujtjs Ra-
man active whilevo and vz are IR active. Apart from the
weak bands due to natural abundah®€0, and overtone-
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Fig. 5. Modes of CQ coordination at metal center in 1:1 metal-€»m-
plexes.

combination bands, a classic Fermi-resonance betwgen
and 2, at 1285/1388 cm! is observed in the Raman spec-
trum. A chemisorbed or complexed G®olecule shows
asymmetric and symmetric-@© stretching vibration bands
at 1750-1500 and 1350-1150th) respectively[29]. The

203

Based on this, we may conclude that Cu—cyclen complexes
(showingvz andv1 IR bands at 1716 and 1225 ¢ respec-
tively) form a pentacoordinated structure ajle-C type CQ
coordination. It may be noted that Co-tetraaza macrocycles
[25] and Schiff basef32] form similarn'-CO, complexes
and show IR bands at around 1702 and 1217tm

CO, has two sets ofr molecular orbitals which are or-
thogonal[29]. Form! andn? bonding involving carbon and
a metal, these are in two sets: (a) theyr andw* molecular
orbitals which lie in the plane of metal and g(@arallel), and
(b) an equivalent set which is in a plane perpendicular to the
first set (perpendicular). The parallel molecular orbitals are
the most important in bonding to transition metal. In qual-
itative terms, for then'-C mode of CQ coordination the
charge transfer interaction between a filled nhetal orbital

positions and numbers of absorption bands indicate a markedand the emptyr* orbital of CO; is strong. In contrast, foq?

decrease in both the-© bond order and the symmetry of
the triatomic species upon complexation.

Carbon dioxide binds to metal ions in different coordina-
tion modeq30]. The coordination modes for a monomeric
1:1 complex are shown inF{g. 5. The position of the

C-O stretching band is sensitive to the coordination mode.

For n'—C coordination the symmetric stretching band oc-
curs in the range 1600-1750 cmand form2-coordination
this band is observed below 1600th[25,31] The dif-
ference betweenvg§—v1) for m!-C coordination is<
400 cn L. While in case ofy2—(C, O) coordination this dif-
ference is >500 cmt. Further, for pentacoordinated com-
plexes (3 — v1) is little greater than 400 crt while for the
hexacoordinated complexes this difference<i300 cnt L.

0

coordination, the charge transfer transition is not that strong.
This coordination has @ bonding involving ther orbital of
CO, and an empty £ metal orbital together withr-bonding
involving afilled d,; metal orbital and the empty* orbital of
CO,. CU#* species having a filled,8 orbital would form the
former type of CQ coordination and exhibit distinct charge
transfer band in the UV-vis spectrum. The metal to ligand
charge transfer transition observed at 415 nm confirmgthe
coordination for CQ in Cu—cyclen complexes in agreement
with the FT-IR results. The shift in the charge transfer band
position from 415 to 409 nm in Cu—phen and Cu-bipy com-
plexes is perhaps due to weaker £g0ordination. It may be
noted that Ag(CQ) system shows charge transfer bands at
around 400 nnj26].

N0

+
co

2

DMAP
V DMAP

0

(o

A/

Fig. 6. Possible reaction mechanism for cyclic carbonate synthesis.
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