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The copolymerization of 2-(3,4-epoxycyclohexyl)ethyl-trimethoxy-
silane and carbon dioxide catalyzed by (salen)Cr"'Cl (Hpsalen =
N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-ethylenediimine) with 2.5
equiv of N-Melm as cocatalyst affords a polycarbonate devoid of
polyether linkages, along with only a trace quantity of cyclic
carbonate. The presence of the trimethoxysilane functionality in
the epoxide not only provided the reactant monomer and product
copolymer high solubility in liquid carbon dioxide but also provided
the ability to cross-link the copolymer and thereby greatly alter
the physical properties of the thus formed polycarbonate. In
addition, the enhanced solubility of the copolymer in liquid CO,
furnishes a ready means of removing the highly colored metal
catalyst from the polycarbonate product.

Recent advances in catalyst design for the copolymeriza-

(cyclohexylene carbonate) in general has inferior correspond-
ing properties with the widely applied bisphenol-A-polycar-
bonate produced from bisphenol A and phosgddewever,

the copolymers produced from propylene oxide or ethylene
oxide and carbon dioxide, i.e., poly(propylene carbonate) and
poly(ethylene carbonate), have several useful applications,
including binders, lost foam casting, and coatifgshe
search for other copolymers prepared via this environmen-
tally benign route which possess even greater commercial
value is one of our active research goals. Relevant to this
objective, the epoxy-functionalized silanes, [2-(3,4-epoxy-
cyclohexyl)ethyljtriethoxysilane and [2-(3,4-epoxycyclohexyl)-
ethyl]trimethoxysilane, are designed as cross-linkers for
coating formulationd.Herein, we report our initial findings

on the copolymerization reactions of these epoxy silanes with
carbon dioxide in the presence of (saled)Ct.

Copolymerization reactions dfand carbon dioxide were

tion of epoxides and carbon dioxide have led to the feasibility carried out in a 300 mL stainless steel Parr reactor modified

of synthesizing a new generation of thermoplastics with

to accommodate an ASI ReactlR SICOMP prébe. a

interesting characteristics and physical properties. Most of typical experiment 10 mL ofl. was added to the reactor,
the fundamental studies in this area have focused on CO-which was heated to 8, and a background Spectrum was
polymers derived from cyclohexene oxide and propylene recorded. The catalyst, (saleny@! (H.salen= N,N'-bis-

oxide monomers.Previously, we have shown that poly-
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(3,5-ditert-butylsalicylidene)-1,2-ethylenediimine) (50 mg,
0.086 mmol), and 17uL (0.21 mmol, 2.5 equiv) of
N-methylimidazole N-Melm) in 10 mL of 1 were added to
the reactor via the injection port. The reaction vessel was
pressurized with bone dry carbon dioxide to 55 bar and
maintained at 80°C. Figure 1 illustrates the three-
dimensional stack plot of the infrared spectra taken in the
v(CO,) region as a function of time, where the major
absorbance at 1748 crhis due to the polycarbonate. Noted
as well in Figure 1 is the formation of a very small quantity
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Figure 3. Infrared spectra of polycarbonate in epoxide/&0lution and
in pure liquid CQ at 55 bar pressure and ambient temperature.
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Figure 1. In situ infrared monitoring in the(CO,) region for polycar-

bonate formation. The weak band at 1818érdue to cyclic carbonate is
barely discernible. This product is better seen in the inset.

0.7
0.6
© 05 -
& 1 Copolymer
g 0.4 :
§ 0.3 -
< 0.2
Cyclic Carbonate Figure 4. (a) Copolymer originally isolated from reaction. (b) As obtained
0.1 after dissolution in liquid carbon dioxide and release of,@@essure.
0 T 1
0 500 1000 1500 solution there are no changes in the infrared spectral
Time (Minutes) characteristics. This is to be contrasted with the analogous

Figure 2. Reaction profile indicating the infrared absorbance of the band CYclohexene oxide/carbon dioxide reaction system, where at
at 1748 cm? due to the copolymer product as a function of time, as well 80 °C and 55 bar there exists a dense cyclohexene oxide
as that at 1818 cm, dug to pycllc cgrbonate. The inset shows an enlarged rich phase (Which contains the catalyst) and a less dense
view of the catalyst activation period. . L .

cyclohexene oxide poor liquid pha¥eThe infrared probe
is situated to sample the more dense phase. Furthermore,
the reaction mixture remains monophasic as the reaction
proceeds, i.e., because of the silane groups the polycarbonate
is highly miscible with carbon dioxide (see Figure®3).

of cyclic carbonate as indicated by the infrared absorption
at 1818 cm®. Figure 2 depicts the reaction profiles for the

formation of the copolymer and cyclic carbonate with time.
From the overlay in Figure 2 it is apparent that the time

period to activate the catalyshg initiation step is greatly Following a 3-day reaction period, at which time all of
reduced {12 min) as compared to that seen for its the epoxide monomerwas consumed, the reactor was cooled
1,2-cyclohexene diimine chromium(lll) analogueg0 min) and vented to release the carbon dioXidEhe resulting

employing cyclohexene oxide as monomer under identical yellow polymer was extracted from the reactor via dissolution
reaction condition§. This may be the consequence of a in methylene chloride and maintained under anhydrous
decrease in steric crowding about the metal center in theconditions to avoid premature cross-linking. Upon removal
former case. Recall that the initiation step displays a second-Of the solvent under vacuum, 21.7 g (86% yield with a TON
order rate dependence on [catalyst], i.e., it proceeds via aof 4815 g of polymer/g of Cr or 862 mol of CHO/mol of
dinuclear transition stafe/ More extensive ongoing studies ~ Cr) of yellow polycarbonate solid was isolated and shown
in our laboratory show this initiation period to be dependent PY *H NMR in CDCl; to contain less than 1% ether linkages.
on several variables, including the salen ligand, the ring- Because the reaction was carried out for an extended period
opening nucleophile attached to chromium, and the epoxide.of time in order to consume all of the epoxide, it is possible
It is noteworthy that the reaction’s liquid phase is monophasic 0 only report a minimum value for the TOF of 66.9 g of
as evidenced by the observation that upon stirring of the Polymer/g of Cr/h or 12.0 mol of CHO/mol of Cr/h. A
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J. L.; Jacobsen, E. Nl. Am. Chem. S0d.996 118 10924-10925. monomer is difficult to remove from the copolymer via distillation
(c) Jacobsen, E. NAcc. Chem. Re®00Q 33, 421—-431. without cross-linking the silane groups.
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copolymer produced from cyclohexene oxide and,@®©
the presence of (salen)CrCl, tH€ NMR spectrum displays

its most intense carbonate signal at 153.7 ppm, with the
upfield signals being less inten$elowever,assuminghese

13C signals are similarly assigned for the copolymer derived
from 1 and carbon dioxide using (salen)CrCl as catalyst, the
intensity pattern is reversed, indicative of a reversal in
stereoselectivity of monomer enchainment.

The enhanced solubility of the polycarbonate afforded by
the monomed in carbon dioxide has allowed for the ready
removal of the highly colored catalyst remains from the
copolymer. That is, upon dissolving the crude polymer in
liquid CO, and releasing the pressure, the catalyst material
settles out first, wittonedissolution cycle leading to a greatly
decolorized material (See Figure 4). Upon allowing the

Figure 5. The randomly cross-linked copolymer afforded from a poly- polycyclohexylene carbonate derived from carbon dioxide
carbonate product where no attempt was made to remove the metal catalyst.and the epoxide bearing trimethoxysilane functionality to
stand in moist air for extended periods of time, or during
drying of the copolymer under vacuum at elevated temper-
atures, random cross-linking of the trimethoxysilane units

preliminary M,, value of~21000 was determined by GPC.

An authentic sample of the polyether was prepared from the
neat monomer in the presence of zinc chloride as catalyst. . . . .
The polyether protons on the cyclohexane backbone appeau?_Ccurs to provide a tough polymeric material possessing a

as a broad group of resonances between 3.2 and 3.5 ppm in ¢ - 180_ C (see Figure 5). Pr_esent StL.Jd'.eS are aimed at
investigating controlled hydrolytic cross-linking to incorpo-

rate silsesquioxane groups into the polycarbonate, thereby
providing materials with potentially useful propertigs.

CDCls. The silane methoxy protons in the monomer appear
at 3.49 ppm in CDGl and are unshifted in either the
polycarbonate or polyether.
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