
538 / . Am. Chem. Soc. 1995, 117, 5 3 8 - 5 3 9 

Syntheses and Structures of Epoxide Adducts of 
Soluble Cadmium(II) Carboxylates. Models for the 
Initiation Process in Epoxide/CCh Coupling 
Reactions 

Donald J. Darensbourg,* Matthew W. Holtcamp, 
Bandana Khandelwal, Kevin K. Klausmeyer, and 
Joseph H. Reibenspies 

Department of Chemistry, Texas A&M University 
College Station, Texas 77843 

Received September 21, 1994 

Dicarboxylates of zinc(II) afford the most active catalysts to 
date for the copolymerization of CO2 and epoxides to produce 
high molecular weight polycarbonates.1,2 This polymerization 
process represents one of the few examples of an economically 
feasible catalytic incorporation of CO2 into useful organic 
products.3 Nevertheless, it is only marginally practical, suffering 
from such factors as low polymer yields and reproducibility, 
side reactions which afford cyclic carbonates, and the use of 
environmentally unfavorable solvents. This latter deficiency 
has been partially mitigated via the employment of supercritical 
carbon dioxide as both solvent and reactant.4 More importantly, 
mechanistic investigations have been frustrated largely due to 
difficulties in assessing the nature of these heterogeneous 
catalysts.5 Significant mechanistic studies are necessary in order 
to provide a better understanding of the intimate reactions 
involved in this process and, hence, improve its utility. This 
report describes the use of Cd(II) carboxylates, solubilized in 
organic solvents by the tris-3-phenylpyrazole hydroborate 
ligand,6 as model reagents for the heterogeneous catalytic 
system. In particular the reactions of these carboxylate deriva
tives with epoxides to afford novel, isolable metal—epoxide 
complexes and their subsequent reactions to provide C-O bonds 
will be presented. 

The 113Cd nucleus being NMR active provides a highly 
sensitive spectroscopic probe for observation of its reaction 
chemistry.7 Indeed, substitution of Zn(II) with Cd(U) has been 
used extensively to study zinc enzymes.8 (?73-HB(3-Phpz)3)-
Cdn(acetate)*THF may be prepared by the addition of slightly 
less than 1 equiv of K[J73-HB(3-Phpz)3] to Cd(acetate)2 in THF. 

(1) Soga, K.; Imai, E.; Hattori, I. Polym. J. 1981, 13, 407. 
(2) These Zn(II) dicarboxylate catalysts are currently in industrial use. 

(a) Rokicki, A. U.S. Patent, 4,943,677, 1990. (b) Motika, S. A. U.S. Patent, 
5,026,676, 1991. (c) Kawachi, H. U.S. Patent, 4,981,948, 1991. 

(3) The following references list other examples of systems which report 
catalytic incorporation of CO2 into organic products; however, these 
examples have found little industrial application, probably due to poor 
product yields: (a) Inoue, Y.; Itoh, Y.; Hashimoto, H. Chem. Lett. 1977, 
855. (b) Inoue, Y.; Itoh, Y.; Hashimoto, H. BMH. Chem. Soc. Jpn. 1980, 
53, 3329. (c) Walther, D.; Braunlich, G.; Kemp, R.; Sieler, J. J. Organomet. 
Chem. 1992, 436, 109. (d) Lapidus, A. L.; Pirozhkuh, S. D.; Koryakin, A. 
A. Bull. Acad. ScL USSR., Div. Chem. Sci. 1978, 2513. (e) Tsuda, T.; 
Yamamoto, T.; Saegusa, T. J. Organomet. Chem. 1992, 429, C46. 

(4) Darensbourg, D. J.; Stafford, N. W.; Katsurao, T. J. MoI. Catal, in 
press. 

(5) (a) Inoue, S.; Koinuma, H.; Tsuruta, T. Makromol. Chem. 1969,130, 
210. (b) Kobayashi, M.; Tang, Y.; Tsuruta, T.; Inoue, S. Makromol. Chem. 
1973,169, 69. (c) Kurun, W.; Pasynkeiwicz, S.; Skupinska, J. Makromol. 
Chem. 1976,177,1283. (d) Kobayashi, M.; Inoue, S.; Tsuruta, T. J. Polym. 
Sci., Polym. Chem. Ed. 1973,11, 2383. (e) Inoue, S.; Koinuma, H.; Tsuruta, 
T. / . Polym. Sci. 1969, B7, 287. (f) Soga, K.; Uenishi, K.; Hosoda, S.; 
Ikeda, S. Makromol. Chem. 1977, 178, 893. (g) Aida, T.; Inoue, S. 
Macromolecules 1982, 15, 682. (h) Aida, T.; Masahide, I.; Inoue, S. 
Macromolecules 1986, 19, 8. (i) Inoue, S.; Koinuma, H.; Yokoo, Y.; 
Tsuruta, T. Makromol. Chem. 1971, 143, 97. (j) Hirano, T.; Inoue, S.; 
Tsuruta, T. Makromol. Chem. 1976, 177, 3237. 

(6) K[)/3-HB(3-Phpz)3] was prepared according to the following refer
ence: Trofimenko, S.; Calabrese, J. C; Thompson, J. S. Inorg. Chem. 1987, 
26, 1507. 

(7) (a) Bertini, I.; Luchinat, C. In Metal Ions in Biological Systems; Sigel, 
H., Ed.; Dekker: New York, 1983; Vol. 15, p 100. (b) Coleman, J. E.; 
Gettins, P. In Zinc Enzymes; Bertini, I., Luchinat, C, Viezzoli, M. S., Eds.; 
Birkhauser: Boston, 1986; p 77. 

Addition of H2O results in the precipitation of product in high 
yields. One equivalent of THF per Cd ion was found in the 
resulting complex as verified by 1H NMR and chemical 
analysis.9 113Cd NMR indicated total dissociation of the THF 
adduct in chloroform or dichloromethane at room temperature 
as observed by a single resonance at 150 ppm relative to Cd-
(004)2- The saturated six-coordinate species was observed at 
a resonance of 83.4 ppm at —90 0C in dichloromethane in the 
presence of excess THF.10 

The observation of a labile THF at the Cd(II) center suggests 
the possibility of preparing a Cd(II) carboxylate complex with 
a coordinated epoxide ligand. Indeed, we have been able to 
isolate the corresponding propylene oxide and cyclohexene oxide 
derivatives (1 and 2, respectively) by a repeated dissolution of 
the THF complex in the epoxide solvent.11 Because of the 
unusual nature of these complexes, we have characterized them 
by single-crystal X-ray diffraction.12 The molecular structures 
of these complexes are depicted in Figures 1 and 2. Although 
the structure of a ruthenium(II) thiirane complex has been 
published,13 only recently has the first crystal structure of a metal 
epoxide complex been reported for a ruthenium porphyrin 
derivative of styrene oxide.14 One-to-one adducts of epoxides 
with Cd(II) porphyrins have been observed spectrophotometri-
cally; however, to our knowledge the complexes presented 
herein represent the only other structurally characterized 
examples containing metal—epoxide binding.15 In contrast to 
analogous Zn(II) carboxylates, which typically are four- or five-
coordinate with unidentate or asymmetrically chelated carboxy
late ligands,16 these Cd(II) derivatives are six-coordinate with 
the acetate being rather symmetrically bonded to the metal 

(8) (a) Jonsson, N. B. H.; Tibell, L. A. E.; Evelhoch, J. L.; Bell, S. J.; 
Sudmeier, J. L. Proc. Natl. Acad. Sci. U.SA. 1980, 77, 3269-3272. (b) 
Armitage, I. H.; Pajer, R. T.; Schoot Uiterkamp, A. J. M.; Chlebowski, J. 
F.; Coleman, J. E. J. Am. Chem. Soc. 1976, 98, 5710-5711. (c) Armitage, 
I. H.; Schoot Uiterkamp, A. J. M ; Chlebowski, J. F.; Coleman, J. E. J. 
Magn. Reson. 1977, 29, 375-392. (d) Sudmeier, J. L.; Bell, S. J. J. Am. 
Chem. Soc. 1977, 99, 4499-4500. (e) Evelhoch, J. L.; Bocian, D. F.; 
Sudmeier, J. L. Biochemistry 1981, 20, 4951-4950. (f) Bertini, I.; Gray, 
H. B.; Lippard, S. J.; Valentine, J. S. In Bioinorganic Chemistry; University 
Science Books: Mill Valley, CA, 1994. 

(9) 1H NMR for [j/3-HB(3-Phpz)3]Cd(acetate)-THF: <5 1.73 [4H, br 
{THF}], 1.91 [3H, s, (Cd-O2CCH3)], 3.63 [4H, br, {THF}], 6.48 [3H, d, 
{»73-HB(3-PhFz)3-Cd}], 7.4-7.7 [15H, m, {»73-HB(3-F7jPz)3-Cd}], 7.82 
[3H, d, ?73-HB(3-Phft)3-Cd}]. Anal. Calcd for C33H33N6O3CdB: C, 
57.87; H, 4.86. Found: C, 57.26; H, 4.83. 

(10) (a) Private communication with Professor D. Reger indicated that 
113Cd NMR resonances of similar N3O2Cd and N3O3Cd complexes are 
observed in these general regions, (b) Reger, D. L.; Mason, S. S.; 
Rheingold, A. L.; Ostrander, R. C. Inorg. Chem. 1993, 32, 5216. 

(11) (a) 1H NMR for [>;3-HB(3-Phpz)3]Cd(acetate>(propylene oxide): <3 
1.30 [3H, d, {CH3CHCH20}], 1.91 [3H, s, (Cd-O2CCH3)], 2.41 [IH, q, 
(CH3CHCH2O)], 2.75 [IH, t, (CH3CHCH2O)], 2.95 [IH, m, (CH3-
CHCH2O)], 6.48 [3H, d, (;;3-HB(3-PhFz)3-Cd)], 7.4-7.7 [15H, m, {*73-
HB(3-FAPz)3-Cd}], 7.82 [3H, d, )/3-HB(3-PhPz)3-Cd}]. Anal. Calcd for 
C32H31N6O3CdB: C, 57.29; H, 4.66. Found: C, 56.14; H, 4.69. (b) 1H 
NMR for [»73-HB(3-Phpz)3]Cd(acetateXcyclohexene oxide): (51.1-1.5 [4H, 
m, {0(CH)2(CH2)2(CH2)2}], 1.6-2.0 [7H, m, (0(CH2)2(CH2)2(CH)2, CdO2-
CCH3)], 3.12 [2H, q, {0(CH2)2(CH)2(CH2)2}], 6.48 [3H, d, ()73-HB(3-
Phpz)3-Cd}], 7.4-7.7 [15H, m, {)73-HB(3-P/jpz)3-Cd}], 7.82 [3H, d, r;3-
HB(3Phpz)3-Cd}]. Anal. Calcd for C35H35N6O3CdB: C, 58.80; H, 5.50. 
Found: C, 59.24; H, 5.43. 

(12) The details of the structure analysis for compounds 1 and 2 may be 
found in the supplementary material. Complexes 1 and 2 were solved on 
a Siemens R3m/V X-ray diffractometer (oriented graphite monochromator; 
Mo Ka A = 0.710 73 A radiation). Full-matrix least-square anisotropic 
refinement for all non-hydrogen atoms yielded RF = 4.17, RWF = 9-22, and 
S= 1.06 for 1 and Rr = 4.87, /?WF = 11.29, and S = 1.0 for 2. Note: 
Both epoxide ligands were found to contain disordered atoms. In 1, atoms 
C(3a) and C(5a) were refined with 45% partial occupancy and C(3b) and 
C(5b) were refined with 55% partial occupancy anisotropically. Atoms 
C(3b) and C(5b) in 1 were omitted for clarity. In 2, atoms C(5), C(6), 
C(7), and C(8) were refined isotropically with 61% occupancy. Atoms 
C(5'), C(6'), C(7'), and C(8') were refined isotropically with 39% partial 
occupancy. RF = E|F„ - F0|/XF„. RwF = ([Iw(F0

2 - Fo2)2]/[vKF0
2)2]}1/2. 

(13) Amarascker, J.; Rauchfuss, T. B.; Wilson, S. R. / . Am. Chem. Soc. 
1988, 110, 2332. 

(14) Groves, J. T.; Han, Y.; Van Engen, D. J. Chem. Soc, Chem. 
Commun. 1990, 436-437. 

(15) Dumas, P.; Guerin, P. Can. J. Chem. 1978, 56, 925. 
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Scheme 1 

Figure 1. The molecular structure of the non-hydrogen atoms of 1. 
The thermal ellipsoids are drawn at the 30% probability level. 

Figure 2. The molecular structure of the non-hydrogen atoms of 2. 
The thermal ellipsoids are drawn at the 50% probability level. 

center. That is, the Cd-O(I ) and Cd-0(2 ) bond distances are 
2.300(4) and 2.346 A, respectively, in 1 and 2.309 and 2.355 
A, respectively, in 2. The C d - O distances for cyclohexene 
oxide (2.395(4) A) and propylene oxide (2.414(4) A) are similar, 
albeit the propylene oxide bond to Cd(II) is slightly weaker. 
The angle defined by the C d - O vector and the midpoint of the 
OC2 plane is about 140° in both derivatives. 

At ambient temperature in methylene chloride, complexes 1 
and 2 undergo complete epoxide dissociation to afford the 
corresponding five-coordinate complex (3) as indicated by a 
common 113Cd resonance at 156 ppm (eq 1). On the other hand, 
at —90 0C in the presence of excess epoxide ligand, eq 1 shifts 
to the right to provide the six-coordinate complexes 1 and 2 
with 113Cd signals at 85.1 and 84.1 ppm, respectively. Initial 
competition studies utilizing equal molar mixtures of propylene 
oxide and cyclohexene oxide indicate only a slight preference 
for cyclohexene oxide binding to Cd(II) as compared with 
propylene oxide. However, it is clear from these studies, as 
well as others,15 that there is thermodynamic selection for THF 
or propylene sulfide binding to the Cd(II) center when compared 
with either of these epoxides.17 

(?73-HB(3-Phpz)3)Cd(acetate) 
3 

+ epoxide ** (^3-HB(3-Phpz)3)Cd(acetate)«epoxide (1) 

These complexes represent the first isolated species which 
can be envisioned as intermediates in the initiation step for the 

(16) (a) Han, R.; Gorell, I. B.; Looney, A. G.; Parkin, G. J. Chem. Soc, 
Chem. Commun. 1991, 717. (b) Liles, D. C; McPartlin, M.; Tasker, P. A. 
J. Am. Chem. Soc. 1977, 99, 7704. (c) Kirchner, C; Krebs, B. Inorg. Chem. 
1987,26, 3569. (d) Ahlgren, M.; Turpeinen, U.; Hamalainen, R. Acta Chem. 
Scand., Ser. A 1982, 36, 841. (e) Chaudhuri, P.; Stockheim, C; Wieghardt, 
K.; Deck, W.; Gregorzik, R.; Vahrenkamp, H.; Nuber, B.; Weiss, J. Inorg. 
Chem. 1992, 31, 1451. (f) Darensbourg, D. J.; Holtcamp, M. W.; 
Khandelwal, B.; Klausmeyer, K. K.; Reibenspies, J. H. Unpublished 
observations. 
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polymerization of epoxides or the copolymerization of epoxide 
and carbon dioxide starting from metal carboxylates. Indeed, 
preliminary investigations illustrate carboxylate—epoxide cou
pling as outlined in Scheme 1, with subsequent processes 
affording homo-oligomers. That is, refluxing a cyclohexene 
oxide solution of the (^3-HB(3-Phpz)3)Cdn(acetate>THF adduct 
resulted in the formation of a homo-oligomerized product with 
an ester end group as seen by infrared and 1H NMR 
spectroscopies.18-20 This was verified by employing the 1-13C, 
99% labeled acetate derivative, (^3-HB(3-Phpz)3)Cdn(ace-
tate)*cyclohexene oxide.21 When the analogous reaction with 
propylene oxide was carried out in the presence of CO2 (1050 
psi), in addition to the epoxide/carboxylate coupling reaction 
occurring, catalytically produced quantities of cyclic carbonate 
were also formed. Therefore, it is reasonable to expect that 
copolymerization of CO2 and epoxides in the presence of 
complexes 1 or 2 may be possible under the appropriate set of 
reaction conditions. As indicated in Scheme 1 this epoxide— 
carboxylate coupling process may be occurring via a metal-
bound or dissociated carboxylate ligand. Indeed, the kinetic 
lability of ligands associated with d10 metal ions suggests the 
involvement of an uncoordinated, more basic carboxylate group. 
However, these mechanistic details must await definitive kinetic 
studies, which are currently in progress. 

In summary, complexes 1 and 2 represent well-characterized 
metal—epoxide complexes. Our studies indicate that the epoxide 
ligand is relatively weakly binding toward Cd(II), much more 
so than THF and thiirane ligands. Furthermore, we have 
observed coupling of the epoxide ligand with the carboxylate 
group in these metal complexes to subsequently provide 
oligomers of the epoxide with terminal ester groups. In 
analogous reactions carried out in the presence of carbon 
dioxide, cyclic carbonates are also formed. Hence, these 
cadmium complexes appear to be excellent models for mimick
ing the catalytic properties of the more reactive, poorly 
characterized catalysts derived from Zn(II) dicarboxylates. 
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(17) The X-ray structure of (>73-HB(3-Phpz)3)Cd(cyanoacetate>THF 
reveals a Cd-O(THF) bond distance of 2.386(5) A. Reibenspies, J. H.; 
Holtcamp, M. W.; Khandelwal, B.; Darensbourg, D. J. Z. Kristallogr., in 
press. 

(18) IR (CH2Cl2): V(CO) 1735 cm"1. 1H NMR (CDCl3): d 1.0-2.2 
[br], 3.0-4.0 [br], 2.1 [s, (CH3CO2C)].19 

(19)Bacskai, R. J. Polym. ScL, Part A 1963, 1, 2777-2790. 
(20) In a typical run, AZn, the number average molecular weight, and 

Afw, the weight average molecular weight, were determined to be 286 and 
1393, respectively, for the oligomers by GPC analysis. 

(21) [>/3-HB(3-Phpz)3]Cd(0213CCH3>(cyclohexene oxide) was synthe
sized by the addition of labeled acetic acid to a cyclohexene oxide solution 
of the corresponding unlabeled complex. The 13C resonance in the acetate 
complex at 179.7 ppm shifts to signals at 170.5 and 171.0 ppm for the 
ester group in the oligomer. 


