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Summary: A reaction of [Ru(bpy),(CO),](PF,), with 2 
equiv of Bu,NOH in H,O/EtOH (1:l v/v) affords an r]'-CO, 
complex, [Ru(bpy),(CO)(C00)]*3H,O. An addition of an 
aqueous HCI solution to a MeOH solution of [Ru(bpy),- 
(CO)(COO)]*3H,O quantitatively regenerates [Ru(bpy),- 
(CO),l ,+. 

Much attention has been paid to electro- and photo- 
chemical C02 reduction using homogeneous catalysts, and 
a variety of transition-metal complexes have been shown 
to be active as catalyst precursors in those homogeneous 
reactionsS2 Among these metal complexes, [ R ~ ( b p y ) ~ -  
(C0),l2+ is of interest in the ability to catalyze not only 
e l e ~ t r o - ~  and photochemical COz reduction2' but also the 
water-gas shift reaction (WGSR)4 as a reverse reaction of 
C02 reduction. A carbonyl carbon of [R~(bpy)~(CO),l~' 
undergoes a reversible nucleophilic attack of OH- to form 
[RU(~~~)~(CO)C(O)OH]+ in a neutral aqueous solution (eq 
l), and [R~(bpy)~(CO)(C00)]  has been proposed to be 

[ Ru(bpy) Z(C0) 21 '+ + OH- + [ Ru(bpy) 2( CO) C( 0) OH] + 

(1) 

[R~(~PY)~(CO)(COO)I  + H2O (2) 

formed by dissociation of the hydroxycarbonyl proton of 
[ R U ( ~ ~ ~ ) ~ ( C O ) C ( O ) O H ] +  in alkaline solutions (eq 2).4 
[R~(bpy)~(CO)(C00)]  is inactive in the WGSR but is 
considered to be the key intermediate in the C02 reduction. 
This communication reports the crystal structure of the 
key intermediate, [Ru(bpy),(CO)(COO)], in a catalytic 
cycle of the C02 reduction. 

A colorless H20/EtOH (1:l v/v) solution of [Ru- 
(bpy)2(CO)2] (PI?,), rapidly changed to yellow by addition 
of an equimolar amount of Bu4NOH in MeOH, and the 
crude product showed strong v ( C 4 )  and v(C=O) bands 

[RU(~PY)~(CO)C(O)OH]+ + OH- + 
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Figure 1. Molecular structure of [R~(bpy)~(CO)(C00)]. Selected 
bond distances (A) and angles (deg): Ru-C1, 2.064 (13); R u 4 2 ,  
1.814 (14); Ru-N1, 2.073 (10); Ru-N~ ,  2.133 (10); Ru-N~ ,  2.204 
(10); R u - N ~ ,  2.105 (10); C1-01, 1.245 (16); C1-02, 1.283 (15); 
C2-03, 1.150 (17); Ru-C1-01, 118 (1); Ru-C1-02, 121 (1); 01- 
C1-02, 121 (1); Ru-C2-03, 179 (1). 

at  1946 and 1619 cm-' for [RU(~~~)~(CO)(C(~)OH)](PF,) 
(eq l ) ,  as described el~ewhere.~ On the other hand, an 
H20/EtOH (1:l v/v) solution of [Ru(bpy),(CO),] (PF,J2 
turned to red by addition of 2 equiv of Bu4NOH. Slow 
evaporation of the red solution gave single crystals of a 
neutral complex, [R~(bpy)~(CO)(C00)].3H,0,~ which 
displayed two strong IR bands at 1911 and 1242 cm-' 
assignable to v(C=O) and v(COz), since those bands were 
shifted to 1869 to 1213 cm-l, respectively, after treatment 
of [Ru(bpy),(CO)(COO)].3H20 with H2180 (97%). Also, 
addition of an aqueous HC1 solution to a methanolic so- 
lution of [R~(bpy)~(CO)(C00)]-3H~0 quantiatively re- 
generated the colorless [ R ~ ( b p y ) ~ ( C O ) ~ l ~ + .  These obser- 
vations suggest that the COz adduct of eq 2 proposed so 
far4 exists as a neutral C02 adduct in the solid state. 

The structure of [Ru(b~y)~(C0)  (C00)].3Hz0 is shown 
in Figure The ruthenium is octahedrally coordinated 
by a CO, an +-COz in a cis position, and four nitrogen 
atoms of 2,2'-bipyridine ligands. Both CO and COz exhibit 
a strong trans influence; the Ru-N3 (trans to C02) distance 

(5) Anal. Calcd for [R~(bpy)~(CO)(C00)].3H~0, CzzH2zN406Ru: C, 
48.98; H, 4.11; N, 10.38. Found C, 48.86; H, 3.99; N, 10.37. 

(6) Crystal data for [RU(~~~)~(CO)(COO)]-~H,O: CzzHzzN,06Ru, 
monoclinic space group P2,/n, a = 8.672 (2) A, b = 12.279 (1) A, c = 
20.820 (4) A, /3 = 97.32 (2)", V = 2190.1 (7) A3, 2 = 4, D, = 1.64 g ~ m ' ~ ,  
RF = 0.071 for 2370 unique reflections (8  < 27.5') with F > 4a(F) and 299 
variables. Data were collected on an Enraf-Nonius CAD4-GX21 auto- 
mated four-circle diffractometer with Mo K a  radiation. The structure 
was solved by the heavy-atom method. All non-hydrogen atoms were 
refined anisotropically, and hydrogen atoms were included as fixed con- 
tributions. 
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05 is connected to 0 2  (CO,), 0 4  (water), and 0 6  (water) 
with distances of 2.764 (14), 2.800 (14), and 2.870 (14) A, 
respectively, and 0 6  is connected to 01 (CO,), 0 4  (water), 
and 05 (water) with distances of 2.653 (15), 2.751 (15), and 
2.870 (14) A, respectively. The hydrogen-bonding network 
of [Ru(bpy),(CO) (C00)].3H20 results in a distinct dif- 
ference in solubility of hydrated and anhydrous [Ru- 

soluble in MeOH and EtOH and almost insoluble in 
CH,CN, DMSO, and DMF, while anhydrous [Ru(bpy),- 
(CO)(COO)] prepared similarly in dry CH,CN in place of 
H20/EtOH is quite soluble in most organic solvents. 

Recently, Meyer et al. have reported that the one-elec- 
tron-reduction product of [Ru(bpy),(CO)H]+ reacts with 
CO, to form a formato complex, [Ru(bpy),(CO)O(O)CH], 
which produces HCOO- upon another one-electron re- 
d u c t i ~ n . ~  The fact, however, that electrochemical re- 
duction of [Ru(bpy),(C0),l2+ at  -1.10 V (vs SCE) in dry 
CH&N under a COB atmosphere gives [Ru(bpy),(CO)- 
(COO)]1o and CO (eq 3)3 supports the notion that a se- 
[R~(bpy)~(CO), l~+ + CO, + 2e- - 

[RU(~PY)~(CO)(COO)I + CO (3) 
lective electrochemical CO, reduction to not only C03 but 
also HCOO-l1 by [Ru(bpy),(C0),l2+ proceeds through 
rapid interconversions among [Ru(bpy),(C0),l2+, [Ru- 
(~PY)~(CO)C(O)OHI+, and [Ru(bp~)~(CO)(C00)1, de- 
pending on the acidity of the proton source in the reaction 
media. 

Registry No. [ R U ( ~ ~ ~ ) ~ ( C O ) ~ ] ( P F ~ ) , ,  75550-97-9; [Ru- 

(~PY)~(CO)(COO)I; [R~(~PY)~(CO)(COO)I.~H~O is only 

(~PY)Z(CO),(C(O)OH)I(PF,), 86536-99-4; [Ru(bpy)z(CO),- 
(C00)]*3HzO, 139495-15-1; [Ru(bpy),(CO),(COO) 1,86536-98-3. 

Supplementary Material Available: For this structure 
study, tables of atomic parameters with averaged thermal pa- 
rameters and anisotropic thermal parameters (3 pages); a table 
of observed and calculated structure factors (13 pages). Ordering 
information is given on any current masthead page. 

Figure 2. Three-dimensional network of hydrogen bonding in 
[R~(bpy)~(CO)(C00)1~3H~O. Distances (A): 01-06,2.653 (15); 
02-04, 2.711 (14); 04-06,2.751 (15); 04-05,2.800 (14); 06-05’, 
2.870 (14); 02-05”, 2.764 (14); 05”-04’, 2.800 (14); 05”-06’, 2.870 
(14). 

(2.204 (10) A) is longer than the Ru-N4 (trans to bpy) 
distance (2.105 (10) A). Similarly, the Ru-N2 (trans to CO) 
distance (2.133 (10) A) is longer than the Ru-N1 (trans 
to bpy) distance (2.073 (10) A). The CO is linearly coor- 
dinated to Ru with an Ru42-03  angle of 179 ( 1 ) O .  The 
most interesting feature in the complex is the Ru-C02 
fragment; the Ru-C distance is 2.064 (13) A, the Ru-C-O 
angles are 121 (1) and 118 ( 1 ) O ,  respectively, and the C-O 
distances are 1.245 (16) and 1.283 (15) A, respectively, with 
an 0-C-0 angle of 121 ( 1 ) O .  These values are like those 
observed in the other 7+C02 compelxes reported so far, 
[ Rh(#-CO,) Cl(diars),]’ and [ Co(pr-salen)KCO,.THF] n.8 
The other interesting feature is the extended three-di- 
mensional network of hydrogen bondings observed be- 
tween the complex and three hydrated water molecules 
(Figure 2). Each water molecule is connected by three 
hydrogen bondings; e.g., 0 4  (water) is connected to 0 2  
(CO,), 05 (water), and 0 6  (water) with distances of 2.711 
(14), 2.800 (14), and 2.751 (14) A, respectively. Similarly, 
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(IO) A prolonged electrolysis of [R~(bpy)~(CO)(C00)]  at -1.10 V in 
dry CH3CN results in a slow decomposition of the +COz complex even 
under a COz atm~sphere .~  Therefore, reduction of [ R ~ ( b p y ) ~ ( C 0 ) ~ ] ~ +  
under anhydrous conditions with COz is not suitable for the synthesis of 
pure [R~(~PY)~(CO)(COO)I .  
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