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Carbonic anhydrase catalyzes the hydration of carbon dioxide 
to bicarbonate, and structural studies have shown the active site 
to consist of a zinc ion coordinated to three histidine residues 
and either a water molecule' or a hydroxide anion, depending on 
P H . ~  Experimental3 and theoretical4 investigations of the 
enzyme's activity have led to the proposal that the key intermediate 
is a monodentate zinc bicarbonate complex, and other researchers 
have prepared monodentate zinc bicarbonate complexes which 
are models for carbonic anhydra~e.~ We have for some time 
been interested in studying the reactivity of metal alkoxide 
complexes with carbon dioxide in an effort to understand the 
fundamental organometallic chemistry of carbon dioxide.6 Fur- 
thermore, this process is pivotal in the catalytic copolymerization 
of carbon dioxide and epoxides to afford  polycarbonate^.^ In 
order to extend these investigations to an organometallic analog 
of the carbonic anhydrase reaction (eq l), an examination of 
tungsten pentacarbonyl hydroxo and bicarbonato complexes has 
been initiated. Herein are presented the synthesis and charac- 
terization of [EtdN] [W(CO)SOH] and [PPN] [W(CO)sHCO3], 
their reactivity with carbon dioxide, and the molecular structure 
of the bicarbonato complex. 

In solution, [W(CO)sOR]- (R = H, alkyl, aryl) complexes are 
extremely unstable to decarbonylation, forming [W(CO)3- 
(p3-OR)]4'aggregate~.*,~ Hydrogen-bonding solvents have been 
shown to retard the CO dissociation process considerably;" hence, 
[EtdN] [W(CO),OH] was prepared in methanol from photo- 

Erikson, A. E.; Jones, T. A.; Liljas, A. Proteins 1988, 4,274. 
Nair, S. K.; Christianson, D. W. J. Am. Chem. Soc. 1991, 113,9455. 
(a) Banci, L.; Bertini, I.; Luchinat, C.; Donaire, A,; Martinez, M.-J.; 
Moratal Mascarell, J.  M. Comments Inorg. Chem. 1990, 9, 245. (b) 
Silverman,D. N.; Lindskog,S.Acc. Chem. Res. 1988,21,30. (c) Wooley, 
P. Nature 1975,258,611. (d) Sigel, H., Ed. Zinc and its Role in Biology 
and Nutrition; Metal Ions in Biological Systems, Vol. 15; Marcel 
Dekker: New York, 1983. (e) Brown, R. S. In Enzymatic and Model 
Carboxylation and Reduction Reactions for Carhn Dioxide Utilization; 
Aresta, M., Schloss, J. V., Eds.; NATO AS1 Series C314; Kluwer 
Academic Publishers: Dordrecht, 1990; pp 145-180. 
(a) Merz, K. M., Jr.; Hoffmann, R.; Dewar, M. J. S. J. Am. Chem. SOC. 
1989,111,5636. (b) Jacob, 0.; Cardenas, R.; Tapia, 0. J.  Am. Chem. 
SOC. 1990,112, 8692. (c) Pullman, A. Ann. N.Y. Acad. Sci. 1981,367, 
340. (d) Liang, J.-Y.; Lipscomb, W. N. Int. J .  Quantum Chem. 1989, 
36,299. (e) Cook, C. M.; Allen, L. C. Ann. N.Y. Acad. Sci. 1984,429, 
84. 
(a) Gorrell, I. B.; Looney, A.;Parkin, G. J.  Chem. SOC., Chem. Commun. 
1990, 220. (b) Han, R.; Gorrell, I. B.; Looney, A. G.; Parkin, G. J.  
Chem. Soc., Chem. Commun. 1991, 717. (c) Alsfasser, R.; Powell, A. 
K. ; Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1990,29,898. (d) 
Alsfasser, R.; Trofimenko, S.; Looney, A.; Parkin, G.; Vahrenkamp, H. 
Inorg. Chem. 1991,30,4098. (e) Looney, A.; Parkin, G.; Alsfasser, R.; 
Ruf, M.; Vahrenkamp, H. Angew. Chem. Int., Ed. Engl. 1992,31,92. 
(0 Looney, A.; Han, R.; McNeill, K.; Parkin, G. J .  Am. Chem. SOC. 
1993, 115,4690. 
(a) Darensbourg, D. J.; Sanchez, K. M.; Rheingold, A. L. J .  Am. Chem. 
Soc. 1987,109,290. (b) Darensbourg, D. J.; Mueller, B. L.; Bischoff, 
C. J.; Chojnacki, S. S.; Reibenspies, J. H. Inorg. Chem. 1991,30,2418. 
(a) Rokicki, A.; Kuran, W. J. Macromol. Sci., Reu. Macromol. Chem. 
1981, C21 (l), 135. (b) Soga, K.; Imai, E.; Hattori, I. PolymerJ. 1981, 
13, 407. 
Lin, J. T.; Yeh, S. K.; Lee, G. H.; Wang, Y. J.  Organomet. Chem. 1989, 
361, 89. 
Darensbourg, D. J.; Mueller, B. L.; Bischoff, C. J.; Johnson, C. C.; 
Sanchez, K. M.; Reibenspies, J. H. Isr. J .  Chem. 1990, 30, 369. 

0020-1669/93/1332-4675$04.00/0 

generated W(CO)s(MeOH) and Et4NOHlO and characterized 
by IR and NMR spectroscopies."J2 Due to its high solubility 
in methanol and susceptibility to form clusters upon solvent 
removal under vacuum, this complex was not isolated. The 
preparation of [dibenzo-1 8-crown-6-K] [W(CO)sOH] has pre- 
viously been published,I3 but the infrared spectrum provided is 
significantly different from that observed for the complex reported 
upon herein as well as for the closely related alkoxide derivatives6 
such as to raise doubt about its authenticity. 

The addition of COz, COS, or CS2 to methanol solutions of 
[Et4N] [W(CO)sOH] results in an instantaneous reaction as 
indicated by an increase in the u(C0) modes of the -W(CO)s 
moiety.I4 This is consistent with insertion of the three cumulenes 
into the W-OH bond. The insertion reaction occurs with equal 
facility in a carbon monoxide atmosphere with no formation of 
W(CO)b,hence ruling out hydroxide ion dissociation prior to its 
reaction with COZ. The asymmetric and symmetric u(W02) 
frequencies for the COz insertion product were observed in 
methanol at 1647 and 1312 cm-I, respectively, and were 
unambiguously confirmed by I3CO2 substitution, which provided 
corresponding u('~COZ) vibrations at 1602 and 1285 cm-I. The 
difference between the asymmetric and symmetric U ( ~ ~ C O ~ )  (A 
= 335 cm-I) supports a unidentate mode of coordination for the 
bicarbonate to the tungsten center. The COz insertion product 
was characterized further by 13C NMR spectroscopy. That is, 
using I3CO-enriched [EtdN] [W(CO)sOH] and l3CO2, a I3C 
NMR spectrum with carbonyl resonances at 198 ppm (cis) and 
203 ppm (trans) along with a singlet at 159 ppm assigned to the 
bound bicarbonate ligand was observed. This latter signal splits 
into a doublet with a carbon-hydrogen coupling constant of 15 
Hz when the proton decoupler is turned off.l5 In the case of CO2, 
the insertion is reversible, with the removal of the COZ atmosphere 
rapidly leading to decarboxylation. For COS and CSz, the 
insertion is irreversible due to the stronger W S  bond formation. 

In order to facilitate isolation of the bicarbonato complex, 
[PPN] [W(CO)sHC03] was prepared from W(CO)s(acetone) 

(10) The complex was prepared by photolyzing 0.20 g of W(CO)6 (0.57 
mmol) and 80 mL of dry methanol for 2 h (IR of W(C0)sMeOH in 
methanol: 2069 (w), 1927 (s), and 1888 (m) cm-l). This solution was 
then added to 0.48 g (0.81 mmol) of 25% Et4NOH in methanol at OOC. 
The solution was immediately placed under an atmosphere of CO to 
prevent aggregation. 

(11) Infrared in u(C0) region in methanol: 2061 (w), 1917 (s), and 1864 
(m). 13C NMR in methanol: 200 ppm (4 COS), 204 ppm (1 CO). The 
complex was identified by enriching it in W O  by stirring a solution of 
[EtdN] [W(CO)sOH] in methanol in the presence of an atmosphere of 
I3CO for 2.5 h at ambient temperature. 

(12) Althoughtheu(C0)and 13CNMRspectraofthe [W(CO)sOMe]-anion 
are expected to be quite similar to those of the [W(CO)SOH]- species, 
the complex we report herein is clearly the latter derivative on the basis 
of its quantiratiue reaction with COz to afford the bicarbonate complex. 
Nevertheless, it is anticipated that upon prolonged dissolution of 
[W(CO)sOH]. in methanol the methoxide derivative is likely formed: 
Bates, A.; Muraoka, M. T.; Trautman, R. J. Inorg. Chem. 1993, 32, 
2651. 

(13) Cihonski, J. L.; Levenson, R. A. Inorg. Chem. 1975,14,1717. Infrared 
in the u(C0) region in CHC13 reported: 2064 (w), 1923 (s), and 1902 
(m) cm-'. 

(14) Infrared in the u(C0) region in methanol: CO2, 2067 (w), 1927 (s), 
1866 (m) cm-'; COS, 2064 (w), 1924 (s), 1873 (m) cm-l; CSZ, 2063 (w), 
1926 (s), 1880 (m) cm-l. 

(1 5) The IH NMR spectra show resonances for the ONgroup of the HOCOZ- 
and HOC&- ligands at 11.9 ppm. The "C resonance for the carbonate 
carbon in W(CO)4C032- was observed at 161 ppm in acetonitrile.& 
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structurally characterized by X-ray diffraction due to their 
tendency to afford more stable carbonate derivatives1*J9 Fur- 
thermore, there is a scarcity of definitive infrared data on 
structurally characterized bicarbonate complexes. The hydrogen 
bonding between the two bicarbonate anions is quite strong, with 
the 0--0 distance being 2.57( 1) A. In the structure of [EtdN]2- 
[W(C0)4(C03)].H201 the hydrogen bonding between the com- 
plex and the water molecule was considerably weaker with an 
O-.O distance of 2.834 A.6a 

The fact that the bicarbonate ligand is monodentate in this 
instance is consistent with previous findings on related carboxylate 
complexes, [W(C0)502CR]-.20 The first-order rate constant 
for cis CO loss via a dissociative mechanism in [W(C0)502CR]- 
derivatives displays a linear free energy relationship when plotted 
against Taft's polar substituent constants (a*), with CO disso- 
ciation being facilitated by electron-releasing groups. Further- 
more, electron-releasing R substituents lead to bidentate car- 
boxylate binding, whereas electron-withdrawing R substituents 
afford only unidentate binding. In this regard the predicted rate 
constant for CO dissociation in [W(CO)5HCO3]- (u* = 1.34 for 
R = OH) is 7.9 X 10-4 s-l at 40 OC with no chelation anticipated, 
whereas the deprotonated complex [W(CO)~COS]~- (u* = -2.78 
for R = 0-) is expected to have a kl value of 4.2 X 10-l s-I at 
40 OC with chelation occurring. The observations reported upon 
herein and elsewhere are completely in accord with these 
predictions. 

Forthcoming studies are aimed at understanding the mech- 
anistic aspects of the decarboxylation process involving the 
[W(CO)5HCO,]- anion in aprotic solvents in the presence and 
absence of hydrogen-bonding reagents such as water. 
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Supplemotary Material Available: Tables describing details of the 
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Figure 1. Drawing of the two [W(CO)~HCO3]- anions in each unit cell 
showing the hydrogen bonding between them. 

and PPN(HCO3) and characterized by IR and 13C NMR 
spectroscopies.16 An infrared spectrum of the complex in 
methanol confirmed it to be the same as the complex resulting 
from the insertion of carbon dioxide into the hydroxo complex. 
This complex decarboxylates readily in the absence of carbon 
dioxide, and consequently undergoes a very facile C02 exchange 
reaction (eq 2). 

[W(CO),O,COH]- + 13C0, + [W(C0),02'3COH]- + 
co, (2) 

Slow diffusion of hexane into a concentrated acetone solution 
of [PPN][W(CO)5HC03] underCO2at-10 OCproducedX-ray- 
quality crystals. The complex exists as a slightly distorted 
octahedron with five CO ligands and a monodentate bicarbonate 
group. The bicarbonate ligand is positioned 2.19 A away from 
the tungsten atom diagonally in the plane of the cis carbonyl 
ligands so that the distal oxygen atom (3.4 A away from the 
tungsten center) lies directly between twocarbonyl carbon atoms. 
Although the bicarbonate hydrogen atom was not specifically 
located, its presence is confirmed by both the single counterion 
and the hydrogen bonding between the two anions in the unit cell 
as illustrated in Figure 1 .17 In addition, it was located in solution 
by 'Hand 13C(1H) NMR spectroscopic measurements. It is worth 
noting that there are few unidentate bicarbonate metal complexes 

(16) In a typical synthesis, 0.20 g of W(CO)6 (0.57 mmol) and 75 mL of dry 
acetone were photolyzed for 45 min to give W(CO)s(acetone) and a 
small amount of W(CO),(acetone)z. This solution was then added to 
0.30gofPPN(HCO1) (0.50mmol) under a C02atmosphereUlocaMula. 
The product was precipitated using a mixture of hexane and ether to 
give a yellow-orange powder. Yield: 0.145 g, 31%. IR (acetone): 2063 
(w), 1914 (s), 1848 (m) cm-I. Anal. Calcd for [PPN][W(CO)S- 
HCO+H20 C, 53.58; H, 4.53. Found: C, 53.19; H, 4.45. 

(1 7) The details of the structure analysis may be found in the supplementary 
material. 
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