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Summary: The coupling reaction of carbon dioxide and
2,3-epoxy-1,2,3,4-tetrahydronaphthalene catalyzed by
(salen)CrIIICl, H2salen ) N,N ′-bis(3,5-di-tert-butylsali-
cylidene)-1,2-ethylenediimine, in the presence of a co-
catalyst, N-methylimidazole, affords a moderate yield of
the cis cyclic carbonate product along with a trace
quantity of polycarbonate. The solid-state structures of
both the epoxide monomer and the cis cyclic carbonate
were determined by X-ray crystallography.

Introduction

Most of the successful studies of carbon dioxide/
epoxide alternating copolymerization processes cata-
lyzed by well-defined metal complexes have utilized
cyclohexene oxide as the monomer.1 This is primarily
due to the fact that, in this instance, little to no cyclic
carbonate byproduct is produced. The latter pathway
is inhibited as a result of ring strain imposed on the
five-membered carbonate ring in order to accommodate
the conformational requirements of the alicyclic cyclo-
hexyl ring.2 Concomitantly, the utilization of carbon
dioxide as a synthetic building block coupled with
oxiranes can provide an important synthetic route to
cyclic carbonates. It has been amply demonstrated that
poly(cyclohexylene carbonate), which has a Tg value of
115 °C, in general has inferior corresponding properties
compared to the commercially widely applied polycar-
bonate derived from bisphenol A and phosgene.3 Hence,
a focus of our current efforts in this area has involved
the investigation of the use of various monomers which

when copolymerized with carbon dioxide would produce
copolymers with properties more competitive with those
of bisphenol-A-polycarbonate.4 In this regard we have
examined the copolymerization of 2,3-epoxy-1,2,3,4-
tetrahydronaphthalene (1) and carbon dioxide catalyzed
by (salen)CrIIICl (2), where H2salen ) N,N ′-bis(3,5-di-
tert-butylsalicylidene)-1,2-ethylenediimine.

The epoxide, 1, which is not commercially available,
was synthesized from 1,4-dihydronaphthalene and m-
chloroperoxybenzoic acid in an isolated yield of 49%.
Crystals of 1 suitable for X-ray analysis were obtained
from the slow evaporation of a concentrated diethyl
ether solution. Figure 1 contains thermal ellipsoid
drawings of 1, along with selected bond distances and
angles. As depicted in the inset of Figure 1, the six
carbon atoms of the aromatic ring in addition to two of
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Figure 1. Thermal ellipsoid representations of compound
1. Selected bond angles (deg) and distances (Å): C(1)-
O(1)-C(10) 60.43(9), O(1)-C(1)-C(10) 59.92(10), O(1)-
C(10)-C(1) 59.65(9), C(1)-C(2)-C(3) 113.47(13), O(1)-
C(1)-C(2) 116.44(13), C(1)-C(10) 1.461(2), C(1)-C(2)
1.502(2), C(2)-C(3) 1.513(2), C(1)-O(1) 1.449(2), C(10)-
O(1) 1.453(2), C-C bonds of aromatic ring average )
1.394(2).
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the carbon atoms of the cyclohexyl ring are coplanar
(rms deviation ) 0.0052 Å). The dihedral angle between
this plane and the plane containing C(1), C(2), C(9), and
C(10) (rms ) 0.0011 Å) is 151.19(1)°. The reaction of 1
dissolved in toluene under a CO2 pressure of 55 bar at
60 °C in the presence of complex 2 (0.42 mol % relative
to 1) along with a cocatalyst (N-methylimidazole) was
monitored by in situ infrared spectroscopy for 12 h.

During this time no products containing the CO2
functionality were observed. Upon raising the reaction
temperature to 70 °C, a slow coupling process took place
as depicted in Figure 2a, which illustrates the three-
dimensional stack plot of the infrared spectra in the
ν(CO2) region as a function of time. The absorbance at
1746 cm-1 is due to the polycarbonate, and the one at
1821 cm-1 corresponds to the cyclic carbonate. From
Figure 2b, where the reaction profiles for the formation
of polycarbonate and cyclic carbonate are described, it
can be seen that after about 2 h reaction time the ν(CO2)
absorbances of copolymer and cyclic carbonate are
approximately equal. However, after 24 h, the major
product is the cyclic carbonate. Similarly, if the reaction
is carried out at 80 °C, after 24 h the major product is
the cyclic carbonate.

The cyclic carbonate product, 3, was purified and
isolated as colorless crystals following column chroma-
tography in about 20% yield. This represents a turnover
number for the catalyst (2) of 37 mol of cyclic carbonate/
mol of chromium. Because of the low yield of copolymer,
it was not possible to obtain a pure sample of the
polycarbonate. However, we were able to identify 13C
resonances in C6D6 due to the carbonate moiety in the
copolymer at 155.1 and 154.2 ppm. The more intense
resonance at 155.1 ppm generally corresponds to the
m-centered tetrads, whereas the signals at higher field
(154.2 ppm) are due to the r-centered tetrads.5 The cyclic
carbonate product has a 13C signal due to the carbonate
carbon center at 153.2 ppm in C6D6. The cis stereo-

chemistry of 3 was established in the solid state by
X-ray crystallography. Figure 3 illustrates a thermal
ellipsoid drawing of 3, along with selected bond dis-
tances and angles. As observed in compound 1, the six
carbon atoms of the aromatic ring in addition to C(2)
and C(9) are nearly coplanar (rms ) 0.0125 Å). How-
ever, the dihedral angle between this plane and that
composed of the four carbon atoms (C(1), C(2), C(9),
C(10)) at 134.09(8)° is significantly less obtuse than that
seen in compound 1.

The infrared spectrum of the cyclic carbonate ob-
served while monitoring the coupling reaction of 1 and
CO2 and that obtained on the isolated purified sample
3 were shown to be identical. Therefore, the major cyclic
carbonate product produced for this reaction is the cis
isomer (compound 3). It is noteworthy to mention that
the infrared spectrum in the ν(CO2) region of the
isolated crystalline 3 is solvent dependent (see Figure
4), similar to what was observed for the cyclic carbonate
produced from CO2 and cyclohexene oxide.6 The cis
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Figure 2. (A) In situ infrared monitoring in the ν(CO2)
region of reaction between 1 and CO2. (B) Reaction profiles
for the formation of copolymer and cyclic carbonate as a
function of time.

Figure 3. Thermal ellipsoid representation of compound
3. Selected bond angles (deg) and distances (Å): O(1)-
C(1)-C(2) 109.08(13), C(1)-C(2)-C(3) 111.48(13), O(2)-
C(11)-O(1) 111.79(14), C(11)-O(2)-C(10) 110.66(13),
C(10)-C(1)-O(1) 103.18(12), O(3)-C(11)-O(1) 124.41(16),
C(11)-O(3) 1.203(2), C(11)-O(1) 1.341(2), C(10)-O(2)
1.460(2), C(1)-C(2) 1.529(2), C(1)-C(10) 1.550(2), C(2)-
C(3) 1.512(2), C-C bonds of aromatic ring average )
1.396(2).

Figure 4. Overlay of cis cyclic carbonate (3) infrared
spectra in different solvents.
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stereochemistry of the cyclic carbonate is indicative of
a double inversion pathway for its production (Scheme
1),7 as opposed to a backbiting mechanism for polymer
degradation which provides the trans isomer (Scheme
2).8 This is consistent with the product profiles shown
in Figure 2b, where there is very little buildup of
copolymer. Nevertheless, a small quantity of the trans
isomer afforded by the copolymer degradation process
could have gone undetected.

Conclusions

The present study demonstrates that the (salen)CrCl
derivative is capable of catalyzing the coupling reaction
of CO2 and 2,3-epoxy-1,2,3,4-tetrahydronaphthalene. It
is noteworthy that the previously examined zinc cata-
lysts, which were quite active at coupling CO2 and
cyclohexene oxide, were unreactive toward 2,3-epoxy-
1,2,3,4-tetrahydronaphthalene. The major product from
the reaction of CO2 and 1 is the cis cyclic carbonate.
This is to be contrasted with what is observed in the
case of the analogously catalyzed reaction between
cyclohexene oxide and CO2, where the copolymer is the
primary product.2 We assume this difference in selectiv-
ity for cyclic carbonate versus polycarbonate is due to
electronic factors. Nevertheless, the synthesis of cyclic
carbonates from the coupling reaction of oxiranes and
carbon dioxide represents an important route to organic
carbonates. Indeed, five-membered cyclic carbonates are
involved in a variety of significant applications.9 Par-
ticularly relevant to this report, cis cyclic carbonates
provide a synthetic route to cis diols, which can readily
be converted into other derivatives, such as cyclic
sulfites and sulfates. Furthermore, we have ongoing
efforts in this area that suggest that by modifying the
initiator and cocatalyst it might be possible to alter the
selectivity of this coupling process catalyzed by (salen)-
CrX derivatives in favor of polycarbonate formation. For
example, we and others have found the selectivity for
product distribution as a function of cyclohexene oxide
versus propylene oxide to be highly dependent both on
the nature of the salen ligand and the cocatalyst.10

Experimental Section

Synthesis of 2,3-Epoxy-1,2,3,4-tetrahydronaphthalene
(1).11 In a Schlenk flask fitted with a medium-porosity frit,
4.01 g (90% purity, 27.7 mmol) of 1,4-dihydronaphthalene
(purchased from TCI America and shown to be 90% pure by
1H NMR) was dissolved in 20 mL of dichloromethane and
cooled to 0 °C. An excess of m-chloroperoxybenzoic acid (8.42
g, 57-86% purity) was dissolved in 45 mL of dichloromethane
and dried over Na2SO4. The MCPBA solution was cannulated
into the reaction mixture through the frit to remove any solid
material. After stirring for 2 h at 0 °C, the cloudy solution
was filtered to separate out the precipitated m-chlorobenzoic
acid. The organic phase was washed with saturated Na2CO3,
saturated NaHCO3, distilled water, and brine (1 × 50 mL
each). Thick layer chromatography (silica gel, dichloromethane
as eluent) followed by removal of solvent in vacuo gave a pale
yellow solid (2.00 g, 49% yield). Crystals suitable for X-ray
analysis were grown from slow evaporation of diethyl ether.
1H NMR (C6D6, 200 MHz): δ 7.00-7.05 (m, 2H, Ph-H), 6.80-
6.85 (m, 2H, Ph-H), 2.95 (s, 2H, epoxide-CH), 2.59-2.93 (m,
4H, Ph-CH2). 13C{1H} NMR (C6D6, 50 MHz): δ 132.6, 129.8,
126.9, 51.5, 30.3.

Reaction of 1 with Carbon Dioxide. The coupling reac-
tion of 1 and carbon dioxide was carried out in a 300 mL
stainless steel Parr reactor modified to accommodate an ASI
ReactIR SiCOMP in situ probe. In a typical experiment, 10
mL of toluene was added to the reactor that was heated to 80
°C, and a background spectrum was recorded. The catalyst,
50 mg (0.086 mmol) of (salen)CrIIICl (H2salen ) N,N ′-bis(3,5-
di-tert-butylsalicylidene-1,2-ethylenediimine), along with 15.5
µL (0.19 mmol; 2.25 equiv) of N-methylimidazole and 3.0 g
(20.5 mmol) of epoxide (1), was dissolved in 5 mL of toluene
and added to the reactor via the injection port. The reaction
vessel was pressurized with bone dry carbon dioxide to 55 bar
and maintained at the desired temperature for 12 h. After that
time, the autoclave was cooled and the CO2 vented into a fume
hood. The reactor was opened, and the reaction solution was
evacuated under vacuum, leaving behind a viscous liquid.
Compound 3 was obtained as colorless crystals from the
reaction mixture by column chromatography (4:1, hexanes/
ethyl acetate). The isolated yield of purified 3 was 0.60 g or
20%. This corresponds to a TON of 37 mol of 3/mol of Cr. It
should be noted that there was only a small quantity of
unreacted epoxide at the end of the reaction, as revealed by

(7) Dümler, W.; Kisch, H. Ber. 1990, 123, 277-283.
(8) Kuran, W.; Listos, T. Macromol. Chem. Phys. 1994, 195, 977-
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Rapid Commun. 2003, 24, 194-196. (b) Darensbourg, D. J.; Mack-
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Scheme 1

Scheme 2

Table 1. X-ray Crystallographic Data for
Compounds 1 and 3

1 3

empirical formula C10H10O C11H10O3
fw (g mol-1) 146.18 190.19
temperature (K) 110(2) 110(2)
wavelength (Å) 0.71073 0.71073
space group P1h P2(1)/n
a (Å) 8.227(7) 8.943(3)
b (Å) 8.769(8) 9.950(3)
c (Å) 8.920(8) 10.833(4)
R (deg) 112.535(13)
â (deg) 93.380(15) 112.996(5)
γ (deg) 103.536(13)
volume (Å)3 569.9(9) 887.4(5)
Z 3 4
Dcalc (g cm-1) 1.278 1.424
absolute coeff (mm-1) 0.081 0.104
Ra 0.0437 0.0485
Rw

b 0.1186 0.1264
goodness-of-fit on F2 1.079 1.150

926 Organometallics, Vol. 23, No. 4, 2004 Notes

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 3
, 2

00
9

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
5,

 2
00

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
03

42
78

m



1H NMR. This observation, along with the low yield of
copolymer, suggests that the low isolated yield of compound 3
is the result of its method of isolation. Hence, the TON is
probably significantly higher than 37, but less than the
theoretical maximum value of 184. 13C{1H} NMR (C6D6, 50
MHz): δ 153.2 ppm (s, CO3). IR (toluene): νCO2 1817 cm-1.
Anal. Calcd for C11H10O3: C, 69.46; H, 5.30. Found: C, 69.20;
H, 5.36.

X-ray Crystallography. The X-ray data for compounds 1
and 3 were obtained on a Bruker CCD diffractometer and
covered more than a hemisphere of reciprocal space by a
combination of three sets of exposures. Crystal data and details

of data collection are provided in Table 1. The structures were
solved by direct methods [SHELXS, SHELTXL-PLUS program
package, Sheldrick (1997)].12
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