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5.33 (d, 5 H, JHp = 2.0 Hz, Cp), 5.05 (dd, 1 H, JHH = 17.5, 1.8 
Hz, CHCHH), 4.96 (dd, 1 H, JHH = 10.4, 1.8 Hz, CHCHH), 1.27 

I3C NMR (100.4 MHz, C,D6): d 306.90 (Jcp = 26.6 Hz, Jc-H = 111 
Hz, C,,), 151.83 (Jcp = 4.5 Hz, CHCH,), 106.55 (CHCHJ, 102.42 

(s, 3 H, Me), 1.18 (s, 3 H, Me), 0.80 (d, 9 H, JHp = 6.3 Hz, PMe,). 

(Cp), 99.85 (Cp), 56.28 (quaternary), 31.41 (Jcp = 4.4 Hz, Me), 
30.42 (Jcp = 6.0 Hz, Me), 20.44 (JcP = 17.7 Hz, PMe,). IR (C,D,): 
3070 (w), 2940 (s), 2900 (s), 2850 (m), 1625 (w), 1420 (m), 1365 
(w), 1298 (w), 1279 (m), 1020 (sh), 1010 (m), 942 (s), 933 (sh), 892 
(m), 818 (w), 790 (vs), 780 (sh), 720 (w), 710 (s), 660 (w) cm-'; ,'P 
NMR (36.27 MHz, C6D,: d f11.91. Anal. Calcd for Cl9H2,TiP: 
C, 67.86; H, 8.70. Found: C, 67.83; H, 8.18. 

Preparation of PMe,Ph Adduct 2b. The adduct 2b was 
prepared by the same procedure described for 2a using PPhMe, 
(60 ML, 0.42 mmol). Phosphine adduct 2b was obtained as a tan 
powder (84 mg, 55%). 'H NMR (400 MHz, C6D6): 6 13.23 (d, 
1 H, JHp = 6.8 Hz, HJ, 7.22-7.09 (m, 5 H, Ph), 6.22 (dd, 1 H, JHH 
= 10.6, 17.6 Hz, CHCHZ), 5.46 (s, 5 H, Cp), 5.37 (d, 5 H, JHP = 
2.0 Hz, Cp), 5.07 (d, 1 H, JHH = 17.6, CHCHH), 4.96 (d, 1 H, JHH 
= 10.6 Hz, CHCHH), 1.30 (s, 3 H, Me), 1.29 (d, 3 H, JHp = 6.8 
Hz, PMeMePh), 1.21 (s, 3 H, Me), 1.18 (d, 3 H, JHP = 6.4 Hz, 
PMeMePh). I3C NMR (100.4 MHz, C,D,): 6 309.38 (Jcp = 24.9 
Hz, JCH = 115 Hz, CJ, 151.80 (Jcp = 3.0 Hz, CHCHZ), 140.92 (Jcp 
= 13.2 Hz), 131.52 (Jcp = 10.3 Hz), 129.11,128.34, 106.71 (CHCH,), 
102.96 (Cp), 100.17 (Cp), 56.67 (Jcp = 3.0 Hz, quaternary), 31.68 
(Jcp = 4.4 Hz, Me), 30.40 (Jcp = 5.8 Hz, Me), 21.59 (Jcp = 22.1 
Hz, PMeMePh), 20.01 (Jcp = 20.5 Hz, PMeMePh). ,'P NMR 

(m), 2860 (w), 1625 (w), 1480 (w), 1465 (w), 1432 (s), 1365 (m), 
1285 (w), 1275 (w) 1091 (w), 1065 (w), 1015 (s), 937 (m), 900 (s), 
825 (w), 792 (vs), 740 (s), 722 (w), 692 (m) cm-'. Anal. Calcd for 
C24H31TiP: C, 72.35; H, 7.84. Found: C, 72.12; H, 7.59. 

Reaction of 1 and PPh,Me. To a 5-mm NMR tube containing 
1 (10 mg, 0.04 mmol) in 0.5 mL of benzene-d6 was added 20 yL 
of PPh,Me (0.10 mmol). The tube was placed in the probe of 
the JEOL-GX4OO NMR instrument, and the reaction was mon- 
itored by 'H NMR spectroscopy. The reaction was observed to 
reach an equilibrium between 1 and its PPhzMe adduct 2c, with 
an approximate ratio of 1:1, within 1 h. 'H N W  (400 MHz, c6D6) 
assignment based on exclusion of peaks attributable to 1: 6 12.32 
(d, 1 H, JHp = 5.9 Hz, Ha), 7.22-7.02 (m, 10 H, Ph), 6.14 (dd, 1 

(36.27 MHz, C,3D,): 6 +25.10. IR (C~DG): 3015 (w), 2950 (s), 2900 

H, JHH = 17.6, 10.5 Hz, CHCHZ), 5.49 (d, 5 H, JHp = 2.0 Hz, Cp), 
5.36 (d, 5 H, JHp = 2.0 Hz, Cp), 5.12 (d, 1 H, JHH = 17.6 Hz, 
CHCHH), 4.97 (d, 1 H, JHH = 10.5 Hz, CHCHH), 1.65 (d, 3 H, 
JPH = 6.0 Hz. PMe), 1.38 (s, 3 H, Me), 1.26 (s, 3H. Me). I3C NMR 

(100.4 MHz, C,D,): 6 312.20 (Jcp = 23.5 Hz, JcH = 110 Hz, CJ. 
Equilibrium Measurements. To each of three 5-mm NMR 

tubes was added 400 1L of a 0.096 M solution of 1 in benzene-d6 
(10 mg of 1 to each). One, two, and four equivalents (7.2, 14.3, 
and 28.6 ML) of PMePh, were added to the tubes along with 
additional benzene-d6 to bring the volume of the contents of each 
tube to 450 gL. The samples were stored at -20 "C until use. Each 
tube was placed in the probe of the JEOL-GX400. The reactions 
were monitored by 'H NMR spectroscopy until no change was 
observed for 30 min. All samples required less than 1.5 h to reach 
equilibrium. The equilibrium ratio was measured by integration 
of the doublet a t  6 4.90 (H, of 1) and the doublet at 6 4.97 
(CHCHH of 2c). The three derived equilibrium constants were 
averaged to obtain the reported constant. 

Preparation of the AlMe,Cl Adduct 3. To a -40 "C solution 
of 1 (250 mg, 0.96 mmol) in 2.0 mL of toluene was added 400 fiL 
of a 2.5 M AlMe,Cl solution (1.0 mmol of AlMe,CI). An immediate 
color change from red to purple was observed. After 30 min at 
-40 "C, the volatiles were removed in vacuo at -10 OC yielding 
a drak purple solid. The solid was redissolved in -10 "C pentane. 
A small amount of insoluble material was discarded. Slow cooling 
of the pentane solution to -50 "C afforded 95 mg (28%) of 3 as 
a purple powder. Solid 3 was stored a t  -40 "C. In solution, 3 
is unstable at temperatures above 10 "c. 'H NMR (90 MHz, C,D,, 
10 "C): 6 9.78 (s, 1 H, HJ, 6.63 (dd, 1 H, J m  = 16.6,10.0, CHCHZ), 
5.85 (5, 5 H, Cp), 5.61 (s, 5 H, Cp), 5.04 (d, 1 H, JHH = 16.6, 
CHCHH), 5.01 (d, 1 H, JHH = 10.0, CHCHH), 1.20 (s, 3 H, Me), 
0.96 (s, 3 H, Me), -0.13 (s, 3 H, AMeMe), -0.24 (s, 3 H, AlMeMe). 

He), 150.51 (d, CHCH,), 113.33 (d, Cp), 111.12 (d, Cp), 109.12 
(t, CHCH,), 59.13 (quaternary), 34.83 (4, Me), 30.99 (q, Me), -4.7 
(br q, HCH = 115 Hz, AlMe,). Anal. Calcd for Cl8H2,TiA1C1: C, 
61.29; H, 7.43. Found C, 60.96; H, 7.23. A more complete analysis 
was precluded by the thermal instability of 3. 

I3C NMR (22.5 MHz, CsD6,lO "C): 6 225.83 (d, JcH = 116 Hz, 
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Isolation of Intermediates in the Water Gas Shift Reactions 
Catalyzed by [ Ru(bpy),(CO)CI]+ and [ R~(bpy),(C0),]~+ 
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The water gas shift (WGS) reaction catalyzed by bis(2,2'-bipyridine)carbonylruthenium(II) complexes 
under mild conditions (70-150 OC; 3-20 kg/cm2 of CO) has been investigated. Turnover numbers for the 
H, formation of about 500 in 20 h have been obtained in an aqueous KOH solution containing [Ru- 
(bpy),(CO)Cl)(PF,) (bpy = 2,2'-bipyridine) as a catalyst precursor. The solvolysis of [ R ~ ( b p y ) ~ ( C 0 ) C l ] +  
in an aqueous solution affords [Ru(bpy),(CO)(H2O)l2+, which exists as an equilibrium mixture with 
[Ru(bpy)z(CO)(OH)l+ in a weak alkaline solution. Coordinated HzO of [ R U ( ~ ~ ~ ) ~ ( C O ) ( H ~ O ) ] ~ +  is readily 
substituted by CO to produce [Ru(bpy),(C0),12+, which undergoes a nucleophilic attack of OH- to afford 
[Ru(bpy),(CO)C(O)OH]+. This hydroxycarbonyl complex not only exists as an equilibrium mixture with 
[R~(bpy)~(CO) , l*+ and [ R ~ ( b p y ) ~ ( C O ) ( C 0 0 - ) ] +  in alkaline media but also undergoes a decarboxylation 
reaction a t  elevated temperatures to give C 0 2  and [Ru(bpy),(CO)H]+, which further reacts with H30+ to 
evolve H, and regenerate [R~(bpy),(C0)(H,0)]~+. All these species involved in the cycle of the WGS reaction 
catalyzed by [ R ~ ( b p y ) ~ ( C 0 ) C l ] +  have been isolated or characterized by spectrophotometry. 

Introduction CO + HzO - CO, + H, (1) 
Since the  homogeneous water gas shift (WGS) reaction 

(eq 1) catalyzed by  transition-metal complexes was re- 

0276-7333/86/2305-0724$01.50/0 

ported in 1977,' a large number of homogeneous WGS 
reactions under  mild conditions have been studied by 
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mmol) and a catalytic amount of Ru(bpy)zOzMoOz (12 mg, 0.02 
mmol) was refluxed for 6 h, during which time the color of the 
solution changed from purple to reddish brown. After being cooled 
to room temperature, the solution was evaporated to about a 
quarter volume in vacuo, and water (50 cm3) was added. The 
resulting solution was filtered, and the filtrate was mixed with 
an aqueous (5  cm3) solution of NH4PF6 (200 mg, 1.2 mmol) to 
afford an orange precipitate, which was collected by filtration, 
chromatographed on alkaline alumina using CH3CN/C6H6 (1:l 
v/v) as an eluent, and then recrystallized from CH3CN/C6H6: 
80% yield; mp 290 "C dec; v(C=O) 1960 cm-'. Anal. Calcd for 
C21H,6C1F6N40PRu: C, 40.56; H, 2.59; N, 9.01. Found: C, 40.27; 
H, 2.64; N, 9.16. 

Preparation of [ R ~ ( b p y ) ~ ( c o ) ~ ] ( P F ~ ) ~  An aqueous (15 cm3) 
suspension of [ R U ( ~ ~ ~ ) ~ ( C ~ ) C ~ ] ( P F , )  (354 mg, 0.57 mmol) under 
10 kg/cm2 of CO in a stainless-steel bomb was stirred magnetically 
a t  150 "C for 20 h. After the bomb was cooled to room tem- 
perature, the CO pressure was released. The resulting colorless 
solution was filtered. To the filtrate was added NH4PF6 (810 mg, 
5.0 mmol) dissolved in a small amount of water (5  cm3) to yield 
a white precipitate, which was collected by filtration and crys- 
tallized from CH3CN/C6H6 (1:l v/v): 70% yield; mp 280 "C; 
v(C=O) 2040, 2085 cm-'. Anal. Calcd for C22H16F12N402P2R~: 
C, 34.80; H, 2.12; N, 7.38. Found: C, 34.98; H, 2.29; N, 7.65. 

Preparation of [Ru(bpy)z(CO)(HzO)][B(C6H5)4]z~Hz0. An 
aqueous acidic solution (400 cm3) of [Ru(bpy),(CO)H](PF,) (50 
mg, 0.085 mmol) at  pH 4.0 (adjusted with 1.0 N HC1) was stirred 
for 1 h at  room temperature and then concentrated to about a 
half volume under reduced pressure. To the resulting solution 
was added N&(C6H5), (120 mg, 0.35 mmol) dissolved in a small 
amount of water (5  cm3) at  pH 4.0 to afford a yellow precipitate, 
which was collected by filtration and recrystallized from 
MeOH/HzO (pH 4.0): 50% yield; mp 120 "C dec; the amount of 
HzO solvated was determined by 'H NMR in CD3CN; v(C=O) 
1990 cm-', u(0-H) 3040 cm-'. Anal. Calcd for C69HwBzN403Ru: 
C, 73.05; H, 5.51; N, 4.94. Found: C, 72.76; H, 5.34; N, 5.30. 

Preparation of [RU(~~~)~(CO)(OH)](PF~).H~~. An 
aqueous acidic solution (100 cm3) of [Ru(bpy),(CO)H](PF,) (51 
mg, 0.087 mmol) at  pH 4.0 (adjusted with 1.0 N HCl) was stirred 
for 1 h at  room temperature, and 1.0 N aqueous NaOH was then 
added to adjust the pH of the solution to 9.5. The resulting 
solution was filtrated, and the filtrate was concentrated to about 
a quarter volume under reduced pressure. When the pH value 
of the filtrate was adjusted to 11, an orange precipitate formed 
which was collected by filtration and dried in vacuo: 30% yield; 
mp 200 "C dec; the amount of HzO solvated was determined by 
'H NMR in CD3CN; u ( C 4 )  1980 cm-', u(0-H) 3050 cm-'. Anal. 
Calcd for CzlH19F6N403PRu: C, 40.59; H, 3.08; N, 9.01. Found: 
C, 40.32; H, 2.84; N, 8.87. 

Preparation of [Ru(bpy)2(CO)C(0)OH](PF6).'/2H20. An 
aqueous solution (300 cm3) of [ R U ( ~ ~ ~ ) ~ ( C O ) ~ ] ( P F , ) ,  (144 mg, 
0.19 mmol) a t  pH 9.5 (adjusted with 0.2 N NaOH) was concen- 
trated to ca. 20 cm3 under reduced pressures. When the pH value 
was adjusted to 10, a yellow precipitate formed which was collected 
by filtration, washed with ether, and dried in vacuo: 20% yield, 
mp 155 "C dec; the amount of HzO solvated was determined by 
'H NMR in CD3CN; 40-H) 3070 cm-', v(C=O) 1960 cm-', 
v(C=O) 1587 cm-', v ( C - 0 )  1140 cm-'. Anal. Calcd for 
CzzHlsF6N403,5PRu: C, 41.26; H, 2.83; N, 8.75. Found C, 41.08; 
H, 2.82; N, 8.87. 

Preparation of [Ru(b~y)~(C0)C( O)OCH3](PF6).'/,CH,Cl,. 
An anhydrous CH30H (50 cm3) solution containing [Ru(bpy),- 
(co)z](PF& (77 mg, 0.10 mmol) and CH30Na (0.29 mmol) was 
stirred for 1 h under N, atmosphere a t  room temperature. The 
resulting solution was evaporated to dryness under reduced 
pressures. The crude product so obtained was dissolved in CH,Cl, 
(90 cm3), and the solution was dried with Na2S04. The resulting 
solution was filtered, and the filtrate was evaporated to ca. 5 cm3, 
giving a yellow solid, 80% yield; mp 110 "C dec; the amount of 
CHzC12 solvated was determined by 'H NMR in CD3CN; u(C=O) 
1960 cm-', u(C=O) 1605 cm-', u(C-0) 1045 cm-'. Anal. Calcd 
for C23.&z&1F6N4O3PRu: C, 41.03; H, 2.93; N, 8.14. Found: C, 
41.02; H, 3.28; N, 7.86. 

General Procedure for the WGS Reaction Studies. The 
WGS reaction was carried out in a stainless-steel bomb (65 cm3) 
containing a glass tube in which a ruthenium catalyst (0.05 mmol) 

employing mono- and polynuclear transition-metal car- 
bonyl c o m p l e x e ~ , ~ ~ ~  of which ruthenium carbonyl clusters 
have attracted much attention as very active catalysts for 
the WGS r e a ~ t i o n . ~  The WGS reaction catalyzed by 
transition-metal complexes in alkaline media a t  elevated 
temperature has been suggested to involve the following 
key steps: (i) a nucleophilic attack of OH- or HzO on the 
carbon atom of CO coordinated to transition metals, giving 
a hydroxycarbonyl complex (eq 2),5 (ii) a thermal decar- 
boxylation of the hydroxycarbonyl complex to afford C02 
and a metal hydride (eq 31, and (iii) H2 evolution by the 

M-CO + OH- -+ M-COOH (2) 

(3) 

reaction of the metal hydride with protons or water. 
However, few hydroxycarbonyl, hydride, and aquo inter- 
mediates involved in each step have been isolated so far. 
This paper reports systematic isolation of all the possible 
intermediates in the WGS reaction catalyzed by [Ru- 
(bpy)2(CO)C1]' (bpy = 2,2'-bipyridine) which is a catalyst 
precursor in aqueous alkaline solutions; part of this paper 
has appeared recently.6 

Experimental Section 
Materials. Bis(2,2'-bipyridine)dichlororuthenium(II), Ru- 

(bpy)zC12,7 tris(2,2'-bipyridine)ruthenium(II) dichloride, [Ru- 
(bpy),]Cl,> and bis(2,2'-bipyridine)carbonylhydridoruthenium(II) 
hexafluorophosphate, [ R U ( ~ ~ ~ ) ~ ( C O ) H ] ( P F , ) ~  were prepared 
according to the literature. A CzH50H/H,0 (1:l v/v, 50 cm3) 
solution contaiing R ~ ( b p y ) ~ C 1 ~ - 2 H ~ O  (420 mg, 0.81 mmol) and 
NazMo04.2Hz0 (200 mg, 0.82 mmol) was stirred in a sealed tube 
a t  120 "C for 18 h. The reaction mixture was cooled to room 

M-COOH -+ M-H + COZ 

temperature to give a black precipitate of (bpy),Ru-O-Mo-O(O), 
which was collected by filtration, washed with water, ethanol, and 
then diethyl ether, and dried in vacuo: 51% yield; mp 150 "C dec. 
Anal. Calcd for CZ0Hl6N4MoO4Ru: C, 41.90; H, 2.81; N, 9.77. 
Found: C, 41.42; H, 2.89; N, 9.83. 

Preparation of [RU(~PY)~(CO)C~](PF,).  An ethylene glycol 
solution (100 cm3) containing R ~ ( b p y ) ~ C l ~ . 2 H ~ O  (137 mg, 0.26 

(1) (a) Laine. R. M.: Rinker. R. G.: Ford. P. C. J .  Am. Chem. SOC. 1977. 
99,252. (b) Cheng, C. H.; Hendriksen, D. E.; Eisenberg, R. J .  Am. Chem: 
SOC. 1977, 99, 2791. (c) Kang, H.; Mauldin, C. H.; Cole, T.; Slegeir, W.; 
Cann, K.; Pettit, R. J .  Am. Chem. SOC. 1977, 99, 8323. 

(2) (a) Ford, P. C. Acc. Chem. Res. 1981,14,31 and references therein. 
(b) Darensbourg, D. J.; Rokicki, A. Organometallics 1982, I, 1685. (c) 
Pearson, R. G.; Mauermann, H. J .  Am. Chem. SOC. 1982,104, 500. (d) 
Yoshida, T.; Okano, T.; Ueda, Y.; Otsuka, S. J.  Am. Chem. SOC. 1981,103, 
3411. (e) Baker, E. C.; Hendriksen, D. E.; Eisenberg, R. J .  Am. Chem. 
SOC. 1980, 102, 1020. (f) Nuzzo, R. G.; Feitler, D.; Whitesides, G. M. J.  
Am. Chem. SOC. 1979,101,3683. (g) Cheng, C. H.; Eisenberg, R. J.  Am. 
Chem. SOC. 1978,100,5968. (h) King, R. B.; Frazier, C. C.; Hanes, R. M.; 
King, A. D., Jr. J .  Am. Chem. SOC. 1978, 100, 2925. 

(3) Sato, S.; White, J. M. J.  Am. Chem. SOC. 1980, 102, 7206. 
(4) (a) Inkrott, K. E.; Shore, S. G. J .  Am. Chem. SOC. 1978,100,3954. 

(b) Ford, P. C.; Rinker, R. G.; Ungermann, C.; Laine, R. M.; Landis, V.; 
Moya, S. A. J .  Am.  Chem. SOC. 1978,100,4595. (c)  Laine, R. M. J.  Am. 
Chem. SOC. 1978,100,6451. (d) Inkrott, K. E.; Shore, S. G. Inorg. Chem. 
1979,18, 2817. (e) Ungermann, C.; Landis, V.; Moya, S. A.; Cohen, H.; 
Walker, H.; Pearson, R. G.; Rinker, R. G.; Ford, P. C. J .  Am. Chem. SOC. 
1979, 101, 5922. (f) Nagel, C. C.; Shore, S. G. J .  Chem. SOC., Chem. 
Commun. 1980,530. (g) Nagel, C. C.; Bricker, J. C.; Alway, D. G.; Shore, 
S. G. J. Organomet. Chem. 1981, 219, C9. (h) Bhattacharyya, A. A.; 
Nagel, C. C.; Shore, S. G. Organometallics 1983, 2, 1187. (i) Bhatta- 
charyya, A. A.; Shore, S. G. Organometallics 1983,2, 1251. 6)  Bricker, 
J. C.; Nagel, C. C.; Bhattacharyya, A. A.; Shore, S. G. J. Am.  Chem. SOC. 
1985,107,377. (k) Gross, D. C.; Ford, P. C. J .  Am. Chem. SOC. 1985,107, 
585. 

(5) (a) Darensbourg, D. J.; Froelich, J. A. J.  Am. Chem. SOC. 1977,99, 
5940. (b) Lane, K. R.; Lee, R. E.; Sallans, L.; Squires, R. R. J.  Am. Chem. 
SOC. 1984,106,5767. (c) Trautman, R. J.; Gross, D. C.; Ford, P. C. J.  Am. 
Chem. SOC. 1985, 107, 2355. 

(6) Tanaka, K.; Morimoto, M.; Tanaka, T. Chem. Let t .  1983, 901. 
(7) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J. Inorg. Chem. 1978,17, 

(8) Burstall, F. H. J.  Chem. SOC. 1936, 173. 
(9) Kelly, J. M.; Vos, J. G. Angew. Chem., Int. Ed. Engl. 1982,21, 628. 
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Table I. The Water Gas Shift Reaction 

entry 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

cat.' temp/% 
100 
100 
150 
150 
150 
150 

70 
100 
100 
150 
150 

CO/kg/cm2 
3 

10 
5 

10 
20 
10 
10 
3 

10 
10 
20 

KOHb/mmol 
3.2 
3.2 
3.2 
3.2 
3.2 
0 
3.2 
3.2 
3.2 
3.2 
3.2 

gaseous productC 
H* COZ 
3.8 

165 95 
112 46 
197 75 
502 203 

1.1 0.7 
4.1 1.1 

10.8 0.4 
82.7 -. 147 

198 13 

16 15 

a PF, salt, 0.05 mmol in H,O (15 cm3). *Quantity of KOH initially added. Mol/(mol of catalyst.20 h). C1 salt 

and an aqueous KOH solution (0.21 m~ladm-~, 15 cm3) were placed. 
After being degassed by three 10 kg/cm2 pressurization1de- 
pressurization cycles with CO, the bomb was pressurized with 3-20 
kg/cm2 of CO and kept at  the reaction temperature for 20 h with 
magnetic stirring. After the bomb was cooled to room temper- 
ature, gaseous products in the vapor phase were sampled with 
a gas syringe through a septum cap attached to the exit of the 
tap and analyzed with a Shimazu GC-7A gas chromatography 
equipped with TCD using a 60180 mesh Unibeads 1s under N2 
carrier gas. A Shimazu Chromatopack C-E1B digital integrator 
was used to integrate the output from the gas chromatograph. 

Physical Measurements. Electronic and infrared spectra 
were measured with Union SM-401 and Hitachi 215 spectro- 
photometers, respectively. 'H NMR spectra were recorded on 
a JEOL PS-100 spectrometer. The pH value of the reaction 
mixture was measured with a Toa Denpa Model GS-135 pH 
electrode. Equilibrium constants were determined by spectro- 
photometry or potentiometric titration a t  25 "C. The kinetic 
measurement for the nucleophilic attack of OH- to [Ru(bpy)2- 
(CO),](PF,), was carried out in H20 under the pseudo-first-order 
conditions with at  least 5-fold excess amounts of [Ru(bpyI2- 
(CO),](PF,), (2.63 X lo4 m~l -dm-~)  in an aqueous KOH solution. 
The rate of reactions was followed by monitoring the absorbance 
a t  440 nm due to [Ru(bpy)2(CO)C(0)OH]+ and [Ru(bpy),- 
(CO)(COO-)]+ in the reaction mixture, using a Union RA-413 
stopped-flow spectrophotometer equipped with a 0.2-cm length 
quartz cell in a cell holder thermostated within 25.0 f 0.2 O C .  

Pseudo-first-order rate constants were obtained from the slope 
of plots of log IA, - A,I against time, which were found to be linear 
for at  least 3 half-lives, where A, and A, are absorbances at a time 
t and a t  the end of the reaction, respectively. 

Results and Discussion 
Catalytic Reactions and the Isolation of [Ru- 

( b ~ y ) ~ ( c o ) ~ ] ( P F , ) ~ .  It  has been reported that [Ru- 
(bpy),(CO)Cl]Cl and [Ru(phen),(CO)Cl]Cl (phen = 1 , l O -  
phenanthroline) catalyze the photochemical WGS reaction 
in aqueous solutions under mild conditions (1-3 kg/cm2 
of CO, 100-160 OC).l0 We have, however, found that 
[R~(bpy)~(co)Cl](PF,) is still active for the WGS reaction 
without irradiation in aqueous alkaline solutions. Although 
the turnover number for the H2 formation in the present 
study using [R~(bpy)~(co)Cl](PF,)  in the presence of 
KOH (3.2 mmol) was only 3.8 for 20 h under a pressure 
of 3 kg/cm2 of CO at 100 "C (entry 1, Table I), it increases 
with increases in the reaction temperature and the CO 
pressure (compare entry 1 with 2, entries 3 and 4 with 5 ,  
and entry 2 with 4, Table I). The maximum turnover 
number in the present study was 502 under 20 kg/cm2 of 
CO a t  150 O C  (entry 5, Table I), while the theoretical one 
expected from the volume of the bomb used in this study 
is 800 under the initial pressure of 20 kg/cm2 of CO. No 

(10) (a) Choudhury, D.; Cole-Hamilton, D. J. J .  Chem. Soc., Dalton 
Trans. 1982.1885. (b) Cole-Hamilton. D. J. J.  Chem. Soc.. Chem. Com- 

further attempt to increase the turnover number has been 
made, since the purpose of this work is to explore the active 
species in the WGS reacti0n.l' 

The discrepancy in the amounts of H2 and C02 evolved 
in the gas phase (Table I) may result from the higher 
solubility of C 0 2  than H2 in addition to  the formation of 
the carbonate ion in alkaline solutions as suggested pre- 
viously.12 In fact, the amount of C02 dissolved in the final 
solutions obtained after releasing the pressures in the 
bomb was determined as 20-30 wt 7" of that in the gas 
phase by gas chromatography. The [R~(bpy)~(CO)Cll-  
(PF,) complex was gradually decomposed in the course of 
the WGS reaction for 20 h, finally giving a solution of 
[ R u ( b ~ y ) ~ ] ~ + ,  as confirmed from the electronic absorption 
spectrum, with a pale green precipitate. The catalytic 
activity of [Ru(bpy),]Cl, in the WGS reaction is, however, 
much lower than that of [Ru(bpy),(CO)Cl](PF,) (compare 
entry 5 with 11, Table I), suggesting that [ R ~ ( b p y ) ~ ] ~ +  is 
not the actual catalyst in the WGS reaction. 

In the absence of KOH, the WGS reaction catalyzed by 
[ R U ( ~ ~ ~ ) ~ ( C O ) C ~ ] ( P F , )  is slow even under 10 kg/cm2 of 
CO at 150 "C €or 20 h (entry 6, Table I); an almost colorless 
solution of the Ru(I1) salt was obtained without any de- 
composition after the reaction for 20 h. The addition of 
NH4PF6 to the resulting colorless solution afforded a 
known dicarbonyl complex, [R~(bpy)~(CO),l  (PF6),,13 in a 
70% yield. This complex isolated also catalyzes the WGS 
reaction under similar conditions (entries 7-10, Table I); 
the turnover numbers a t  100 and 150 OC are essentially 
the same as those in the case with [ R U ( ~ ~ ~ ) ~ ( C O ) C ~ ] ( P F , )  
(compare entries 9 and 10 with 2 and 4, respectively, Table 
I), indicating that [R~(bpy)~(CO)Cll+ may be converted 
t o  [R~(bpy)2(CO),]~' under CO pressure in an alkaline 
solution. 

Solvolysis of [R~(bpy)~(CO)Cl l+  To Give [Ru- 
(bpy)2(CO)(HZO) J2+. It has been suggested that [Ru- 
(bpy)2(CO)C1]+ undergoes thermal and photochemical 
solvolyses in H20 to give [ R U ( ~ ~ ~ ) ~ ( C O ) ( H , O ) ] ~ +  (eq 4) and 
[ Ru(bpy),( H,O)Cl]+ (eq 5), re~pectively.'~ However, there 

A 
[R~(bpy)2(CO)Cl]+ + H20 --+ 

[Ru(bpy)z(C0)(H,O)l2+ + C1- (4) 

hu 
[ R ~ ( b p y ) ~ ( C 0 ) C l ] +  + H,O - 

[ R U ( ~ P Y ) ~ ( H ~ O ) C ~ I +  + CO (5) 

(11) Gas sampling in the course of WGS reactions affected the turn- 
over numbers significantly due to small volume of the bomb. Therefore, 
kinetic studies for the WGS reaction were not performed. 

(12) King, A. D., Jr.; King, R. B.; Yang, D. B. J .  Am. Chem. Soc. 1980, 
102, 1028. 

(13) Choudhury, D.; Jones, R. F.; Smith, G.; Cole-Hamilton, D. J. J .  
Chem. SOC.,  Dalton Trans. 1982, 1143. mun. 1980, i213. 
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Intermediates in the Water Gas Shift Reactions 

PH 
r 6.82 

Organometallics, Vol. 5, No. 4 ,  1986 727 

1 "m 300 Lw 500 600 

Wavelenglhl nm 

Figure 1. Electronic absorption spectra of [ R ~ ( b p y ) ~ -  
(CO)(HZ0)l2+ (1.0 X loF4 mol dm-9 in HzO at various pHs (25 
"C). 

is no difference between the electronic absorption spectra 
of aqueous solutions of [Ru(bpy)2(CO)C1](PF6) after ir- 
radiation with a 500-W Xe lamp ( A  > 360 nm) a t  room 
temperature for 10 h and after refluxing for 1 h. In ad- 
dition, the spectra coincided with that of [Ru(bpy),- 
(CO)(H,0)I2+ formed in the reaction of [Ru(bpy),(CO)- 
H](PF,) with H30+ in water (pH 4.0) for 1 h at  room 
temperature (eq 6).9 In fact, the addition of NaBPh, to 
[Ru(bpy),(CO)H]+ + H30+ - 

[RU(~PY)Z(CO)(H~O)I~+ + Hz (6) 
the solution after the hydrolysis of [Ru(bpy),(CO)Cl]+ 
afforded [R~(bpy)~(CO)(H,0)1 (BPh,), as a yellow precip- 
itate. Thus, [Ru(bpy),(CO)Cl]+ is subject to a thermal 
solvolysis in water to give [Ru(bpy),(CO)(H2O)l2+, which 
may undergo the substitution of CO under CO pressure, 
yielding [R~(bpy) , (C0) , ]~+.  

Interconversion between [ R U ( ~ P ~ ) ~ ( C O ) ( H , O ) ] ~ +  
and [Ru(bpy),(CO)(OH)]+ in Weak Alkaline Solu- 
tions. The addition of an aqueous KOH solution to a weak 
acidic solution of [R~(bpy),(CO)(H,0)1~+ resulted in the 
disappearance of the electronic absorption bands of [Ru- 
(bpy)2(CO)(H20)]2+ (Amm 259,304,314, and 390 nm) and 
in the appearance of new bands a t  292, 350, and 444 nm 
with isosbestic points a t  270, 304, and 340 nm, as shown 
in Figure 1. At  pHs higher than 11, a limiting spectrum 
was obtained. In addition, the pH dependence of the 
spectra is reversible. Thus, an equilibrium may exist be- 
tween [ R U ( ~ ~ Y ) ~ ( C O ) ( H ~ O ) ] ~ +  and [R~(bpy)~(C0) (0H) ]+  
(eq 7). The equilibrium constant (K,) calculated from the 
[RU(~PY)Z(CO)(H,O)I~+ + OH- 

& [Ru(bpy),(CO)(OH)]+ + H 2 0  (7) 
change of the absorbance at  260 nm was 5.06 X lo5 
mol-'.dm3 at  25 "C. The rate of eq 7, however, is too fast 
to be determined by a stopped-flow method probably 
because of a diffusion controlled reaction. The existence 
of the equilibrium (eq 7) is compatible with the fact that 
[R~(bpy)~(CO)(oH) l  (PF,) has been isolated on the ad- 
dition of excess NH4PF6 to a concentrated aqueous alkaline 
solution of [ R U ( ~ P Y ) ~ ( C O ) ( H ~ O ) ] ~ + .  

Nucleophilic Attack of OH- to Coordinated CO of 
[ R u ( b ~ y ) ~ ( C O ) , l ~ + .  The absorption spectrum of an 
aqueous solution of [R~(bpy)~(C0) , ]  (PF& also changed 
reversibly depending on the pH value. The electronic 
spectrum of [R~(bpy)~(C0) , ]~+  in an acidic solution shows 

(14) Clear, J. M.; Kelly, J. M.; OConnell, C. M.; Vos, J. G.; Cardin, C. 
J.; Costa, S. R.; Edwards, A. J. J. Chem. Soc., Chem. Commun. 1980,750. 

200 300 400 500 

Wavenumberl cm-' 

Figure 2. Electronic absorption spectra of [R~(bpy)~(C0)~l(PF,), 
((a) 2.84 X mol dm-3) in H20 
at various pHs (25 "C). 

mol dm-3 and (b) 2.84 X 

' f  
0 0.05 0.10 0 . 1 5  

volume of  [OH-I (0.20 N )  /cm3 

Figure 3. Titration of [ R U ( ~ ~ ~ ) ~ ( C O ) ~ ] ( P F , ) ~  (1.03 X mol) 
in H20 (20 cm3) by an aqueous KOH solution (0.2 mol d m 3  at 
25 O C .  

two absorption maxima a t  253 and 307 nm, which gradu- 
ally disappear upon the addition of an aqueous KOH so- 
lution; instead four new bands a t  248, 274,344, and 430 
nm appear with three isosbestic points at 260,302, and 329 
nm, as shown in Figure 2a. It should, however, be noted 
that in a weak alkaline medium there appears a weak 
shoulder a t  400 nm, which is concealed by an absorption 
at  430 nm appearing at  a pH value higher than 9.0 (Figure 
2b). The absorption band at  430 nm attained a maximum 
intensity around pH 11.0 and was almost unchanged at the 
higher pH values. Moreover, [Ru(bpy),(CO),](PF,), (5.15 
X m~lmdm-~) in H 2 0  behaves as a dibasic acid upon 
titration with an aqueous KOH solution (0.2 mol~dm-~),  
as shown in Figure 3. Thus, there may exist two successive 
equilibria in an aqueous alkaline solution of [Ru(bpy),- 

When an aqueous solution of [R~(bpy)~(C0) , ]  (PF,), 
with pH 9.5 f 0.5 was concentrated under reduced pres- 
sures, the ruthenium hydroxycarbonyl complex [Ru- 
(bpy),(CO)C(0)OH](PF6) was obtained as a yellow pre- 
cipitate, suggesting that the nucleophilic attack of OH- on 
CO of [R~(bpy),(CO)~l (PF,), takes place in weak alkaline 
media. Thus, [R~(bpy)~(CO), l~ '  may exist as an equilib- 
rium mixture with [ R U ( ~ ~ ~ ) ~ ( C O ) C ( O ) O H ] +  in weak al- 
kaline solutions (eq 8). 

~C0),l2+. 

[ R U ( ~ P Y ) ~ ( C O ) , ] ~ +  + OH- 
k -"- [Ru(~PY)~(CO)C(O)OHI+ (8) 
k, 
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-h- 15 min 

m'n a 
6 5 L 3 2 1 0 

s / Dpm 

Figure 4. Time dependence of the 'H NMR spectrum of [Ru- 
(bpy)z(CO)C(0)OCH3](PF6) after dissolved in CD&N containing 
a small amount of HzO at 25 "C. A CH2C12 signal arose from a 
solvated molecule. 

0' 

c 0.5 '.C 

102~ii2H! /mol dT -3  

Figure 5. A plot of kobd vs. [KOH] for the reaction of [Ru- 
(bpy)z(CO)z](PF,)z with KOH in H20 at 25 O C .  

The formation of the monoohydroxycarbonyl complex 
from [ R ~ ( b p y ) ~ ( C 0 ) , ] ~ +  in alkaline solutions (eq 8) may 
be consistent with the fact that the reaction of [Ru- 
(bpy)2(CO)z](PF6)z with NaOCH, in dry CH,OH afforded 
a monomethoxycarbonyl derivative, [ Ru(bpy)& CO) C (0) - 
OCH3](PF6), whose 'H NMR spectra shown in Figure 4 
reveal that [Ru(~~~)~(CO)C(O)OCH~](PF,) readily un- 
dergoes a hydrolysis reaction in the presence of a small 
amount of water to give CH30H and [ R ~ ( b p y ) ~ ( C 0 ) ~ ] ~ + .  
Thus, [Ru(~PY)~(CO)C(O)OCH,~+ and [Ru(bpy)z(C0)2lZ+ 
may exist as an equilibrium mixture in solution, as ex- 
pressed by eq 9. A similar equilibrium is known for 
[ R U ~ ( C O ) ~ ~ C ( O ) O C H ~ ] - ,  which partly dissociates into 
RU,(CO)~, and CH,O- in methan01.l~ 

[ R ~ ( b p y ) ~ ( C O ) , l ~ +  + CH30- 
[Ru(bpy)z(CO)C(O)OCH3]+ (9) 

The hydroxycarbonyl complex formed in eq 8 is known 
to undergo deprotonation reactions in strong alkaline so- 
lutions.16 Another equilibrium existing in alkaline solu- 
tions may, therefore, be expressed by eq 10. The existence 
[RU(~PY)~(CO)C(O)OH]' + OH- 

5 
7 [R~(bpy)z(CO)(C00-)]' + HzO (10) 

of the equilibria shown by eq 8 and 10 may be consistent 
with the fact that the reaction of [PtH(CO)(P(i-Pr),),]' 

L O  

2 0 . 5  

5 
5 6 7 6 9 10 11 12 13 

31 

Figure 6. Distribution of the ruthenium species in HzO at various 
pHs at 25 "C. 

3300 3000 2700 2100 1300 

Wavenumberlcm-l 

Figure 7. Infrared absorption spectrum of the thermolysis 
products of [ R U ( ~ ~ ~ ) ~ ( C ~ ) ~ ] ( P F , ) ~  in H20  (pH 8.09) at 100 "C. 

with an excess KOH in a mixture of THF and HzO gives 
PtH(COOK)(P(i-Pr)3)2.16 The equilibrium constants of eq 
8 (K, = h,/k-g) and lO(K10) were determined as 1.32 X lo5 
and 2.27 X lo4 mo1-l.dm3, respectively, by the potentio- 
metric method.17 The rate of the reaction of [Ru(bpy)z- 
(CO)z](PF6)z with KOH at  25 "C, hobsd,  is plotted against 
the concentration of KOH, as shown in Figure 5, which 
indicates a linear relation between those with a small 
nonzero intercept. The forward rate constant (h,) of eq 
8 determined from the slope of the plot is 2.3 X lo4 
mol-l.dm3. The backward rate constant (k,) was calcu- 
lated as 0.17 s-' from K8 and k,, since the intercept of the 
plot (Figure 5) is too small to determine this value accu- 
rately. The reaction rate of eq 10 has not been determined 
by the stopped-flow technique owing to a diffusion-con- 
trolled reaction. 

Distribution of the Ruthenium Species in Water. 
In the WGS reaction under aqueous alkaline conditions, 
CO readily reacts with OH- quantitatively to form a for- 
mate ion, which may function as a buffer to some extent, 
adjusting the pH of the initial solution around 8.5." 
However, the pH value of the solution is lowered gradually 
to about 7.5 due to the formation of carbonate ion arising 
from COz evolved in the course of the WGS reaction.', 
Thus, the reaction in alkaline media actually proceeds at 
pH 7.5-8.5. The distribution of several Ru(I1) species at 
various pHs, calculated from the equilibrium constants K7, 
K,, and Klo, are shown in Figure 6, which indicates that 
the Ru(I1) species existing in the pH range of the present 
reaction (pH 7.5-8.5) are [R~(bpy)~(CO) , l~+,  [Ru(bpy),- 
(CO)C(O)OHl+, ~Ru(~PY)z(CO)(HZO)~",  and [Ru(bpy),- 
(CO)(OH)]+. Although a hydroxyplatinum complex, Pt- 
(CH,)(OH)L [L = bis(tertiary phosphine)], has been re- 
ported to undergo an insertion reaction of CO to afford 
the hydroxycarbonyl derivatives Pt(CH3) (C(O)OH)L,l8 a 
substitution reaction of CH3CN, but not CO, for the hy- 
droxy group of [ R ~ ( b p y ) ~ ( C 0 ) ( 0 H ) ]  (PI?,) occurred when 
the hydroxyruthenium(I1) complex was heated in CH&N 
under 10 kg/cm2 of CO at  100 "C. 

(15) Gross, D. C.; Ford, P. C. Inorg. Chem. 1982, 21, 1702. 
(16) Yoshida, T.; Ueda, Y.;  Otsuka, S. J .  Am. Chem. Soc. 1978, 100, 

3941. 

(17) Speakman, J. C. J .  Chem. SOC. 1940, 855. 
(18) Appleton, T. G.; Bennett, M. A. J .  Organomet. Chem. 1973, 55, 

C88. 
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The Decarboxj 'ation from [Ru(bpy)z(CO)C(0)- 
OH]+. When an aqueous solution of [R~(bpy)~(CO),1- 
(PF,), a t  pH 8.09 (KOH-H3B03 buffer) was kept a t  100 
"C for 2 h under 10 kg/cm2 of Nz in a bomb, CO, and Hz 
were evolved. To the resulting solution was added an 
aqueous solution of NaBPh, to precipitate all the cationic 
ruthenium specieslg as the BPh4- salts. After collection 
by filtration, washing with water, and drying in vacuo, the 
precipitate in Nujol mulls exhibits four IR bands at  1910 
(s), 1960 (m), 1980 (s), and 1990 (sh) cm-l due to v(C=O), 
as shown in Figure 7. The former two bands are assigned 
to [ R U ( ~ P Y ) ~ ( C O ) H I ( B P ~ ~ )  and [Ru(bpMCO)C(O)- 
OH] (BPh,), respectively, by comparing the frequencies 
with those of the authentic samples. Of the latter two, the 
intense band is associated with [Ru(bpy),(CO)(H,O)]- 
(BPh4), and the shoulder is assignable to [Ru(bpy),- 
(CO)(OH)](BPh,), based on the infrared spectra of the 
authentic samples. On the other hand, appreciable ther- 
molysis of [R~(bpy)~(CO)(C00-)]+ did not take place when 
an aqueous solution (pH 11.0, KOH-H3P04 buffer) of 
[Ru(bpy),(CO),](PF,), was heated at  100 "C for 2 h under 
10 kg/cm2 of N2.20 These results indicate that [Ru- 
(bpy),(CO)C(O)OH]+ existing as an equilibrium mixture 
with [R~(bpy)~(C0) , ]~+ in a weak aqueous alkaline solution 
undergoes a decarboxylation to give [Ru(bpy),(CO)H]+ (eq 
l l ) ,  which further reacts with H30+ to produce Hz and 

[Ru(~PY)~(CO)C(O)OHI+ - [Ru(bpy)z(CO)H]++ COz 
(11) 

[R~(bpy),(C0)(H,0)]~+ (eq 6), as described in the previous 
section. In fact, the hydrolysis of [ R u ( ~ ~ ~ ) ~ ( C O ) H ] ( P F , )  
in water at pH 8.05 (KOH-H3B03 buffer) under 10 kg/cm2 
of Nz a t  100 "C has evolved Hz. The reaction of [Ru- 
(bpy)z(CO)H]+ with H 2 0  in place of H30+ may also pro- 
duce Hz together with [Ru(bpy),(CO)(OH)]+, though the 
contribution of this reaction to the Hz formation has not 
been evaluated because of a rapid equilibrium between 
[R~(bpy),(C0)(H,0)]~+ and [Ru(bpy),(CO)(OH)]+ in weak 
alkaline solutions. However, [ R ~ ( b p y ) ~ ( C 0 ) H ] +  may be 
one of the actual catalysts in the reaction, since using 
[Ru(bpy),(CO)H](PF,) in the presence of KOH under 10 
kg/cm2 of CO at  100 "C for 20 h gave the turnover number 
179, which is essentially the same value as that with 
[Ru(bpy),(CO)Cl](PF,) as a catalyst under the same con- 
ditions (entry 2 in Table I). 

The WGS Reaction Using Ru(bpy),Cl, as a Catalyst 
Precursor. It has been reported that Ru(bpy),Cl, in 
CHzClz under CO pressures a t  80 "C is converted to [Ru- 
(bpy)2(C0)2]2+.13 The same reaction occurred also when 
Ru(bpy),Cl, (0.05 mmol) was allowed to stand under 10 
kg/cm2 of CO a t  100 "C in water (15 cm3) for 20 h.,l As 
expected from this, a large turnover number (243) was 
obtained in the reaction using Ru(bpy),Cl, (0.05 mmol) 
as a catalyst precursor in the presence of KOH (3.2 mmol) 
under 10 kg/cm2 of CO at 100 "C for 20 h. It should be 
noted that the turnover number is considerably larger than 
that obtained in the reaction using the PF,- salt of [Ru- 
(bpy)z(CO)C1]+ or [ R ~ ( b p y ) ~ ( C 0 ) , ] ~ +  (see entry 2 or 9, 
Table I). On the other hand, the addition of NH,PF, (0.10 
mmol) to an aqueous solution containing Ru(bpy),Cl, (0.05 
mmol) and KOH (3.2 mmol) under 10 kg/cm2 of CO at 100 

(19) Has not been precipitated by adding a large amount of NaPF, 
dissolved in H,O. 

(20) The final solution was treated with HCl to regenerate [Ru- 
(bpy)2(CO)2]2+, which was confirmed by the electronic absorption spec- 
trum. 

(21) A crude product obtained by evaporation of solvent water was 
[ R ~ ( b p y ) ~ ( C 0 ) , ] ~ '  contaminated with a small amount of [Ru(bpy),- 
(CO)(H,0)]2C, as confirmed by the infrared spectrum. 

Scheme I 
R u L ~ C I ~  

C,-CfCo 

CRUL+CO)CII* 

H- c I- 

'4 I':' L =  bpy 
[RuL2(CO)(COO-)]' 

"C has reduced the turnover number of the reaction to 149. 
This result may be interpreted by a weak poisoning effect 
of PF,- on the WGS reaction. 

Catalytic Cycle of the WGS Reaction. The WGS 
reaction catalyzed by some metal carbonyls, M(CO), (M 
= Cr, Mo, W), in alkaline media has been reported to 
proceed preferentially by decomposition of the formate ion 
(eq 12) which is produced at  the beginning of the reac- 

W C O k  
HCOO- + HzO Hz + CO2 +OH- (12) 

tion.22-24 For example, HCOO- reacts with M(CO)5 re- 
sulting from the dissociation of a CO ligand of M(C0)6 to 
afford M(CO),OC(O)H-, which undergoes a decarboxyla- 
tion to generate M(CO)5H-, as proposed by King et al.23,25,26 
A similar thermal decarboxylation has been reported for 
[ Ru( bpy) ,( CO)OC( 0) H]+ in 2-methoxyethanol, giving 
[ R U ( ~ ~ ~ ) ~ ( C O ) H ] + . ~ ~ ~ ~ ~  Therefore, we have examined the 
Hz evolution arising from the decomposition of HCOO- in 
the presence of the Ru(I1) complexes. The thermal de- 
composition of HCOOH (13 mmol) in the presence of 
[Ru(bpy),(CO)X](PF,) (X = H, C1) (0.05 mmol) in HzO 
a t  pH 8.0-9.0 (KOH-HCOOH buffer) evolved 0.5-1.0 
mmol of Hz under 10 kg/cm2 of Nz at 100 "C for 20 h. The 
amount of Hz evolved, however, was much smaller than 
that in the WGS reaction at  100 "C (see entries 2 and 9 
in Table I), despite the presence of a large amount of 
HCOO- in the solution. Thus, the decomposition of 
HCOOH may not be the main pathway for the Hz evolu- 
tion in the present WGS reaction. 

A plausible catalytic cycle of the reaction is depicted in 
Scheme I; Ru(bpy),Cl, in an aqueous KOH solution under 
CO pressures at elevated temperatures may be converted 
to [R~(bpy)~(C0) , ]~+ probably through [Ru(bpy),(CO)Cl]+ 
and [ R ~ ( b p y ) ~ ( C 0 ) ( H , 0 ) ] ~ +  successively, followed by the 
substitution reaction by CO. The nucleophilic attack of 
OH- to one of the coordinated CO of [ R ~ ( b p y ) ~ ( C 0 ) , ] ~ +  
at  pH 8.0-9.0 affords [ R U ( ~ ~ ~ ) ~ ( C O ) C ( O ) O H ] + ,  which 
undergoes the decarboxylation to give [Ru(bpy),(CO)H]+. 

(22) King, A. D., Jr.; King, R. B.; Yang, D. B. J.  Am. Chem. SOC. 1981, 

(23) King, A. D., Jr.; King, R. B.; Sailers, E. L., I11 J.  Am. Chem. SOC. 

(24) Weiller, B. H.; Liu, J.-P.; Grant, E. R. J. Am. Chem. SOC. 1985, 

(25) Slegeir, W. A. R.; Sapienza, R. S.; Rayford, R.; Lam, L. Organo- 

(26) Darensbourg, D. J.; Fischer, M. B.; Schmidt, R. E., Jr.; Baldwin, 

(27) Caspar, J. V.; Sullivan, B. P; Meyer, T. J. Organometallics 1983, 

(28) Sullivan, B. P.; Caspar, J. V.; Johnson, S. R.; Meyer, T. J. Or- 

103, 2699. 

1981, 103, 1867. 

107, 1595. 

metallics 1982, 1 ,  1728. 

B. J. J. Am. Chem. SOC. 1981, 103, 1297. 

2, 551. 

ganometallics 1984, 3, 1241. 
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The hydride complex thus formed reacts with H30+ to ersity of Georgia, for helpful discussions. 
evolve H, with regenerating [R~(bpy)~(CO)(H~0)1~+ ,  while Registry No. [ R U ( ~ ~ ~ ) ~ ( C O ) C ~ ] ( P F , ) ,  86389-99-3; [Ru- 
the reaction of [Ru(bpy),(CO)Hl+ with H2O may partic- (bpy)2(CO)2](PF,)2, 75550-97-9; [ R ~ ( ~ ~ Y ) ~ ~ C O ~ ~ H ~ O ~ ~ [ B ~ C , H , ) , I , ,  
ipate into the production of H2 to some extent. These 100190-77-0; [RU(~~~)~(CO)(OH)](PF,), 100190-79-2; [Ru- 
reaction-pathways are strongly supported by the isolation (bpy)Z(CO)C(0)OH](PF6), 86536-99-4; [ R U ( ~ ~ ~ ) ~ ( C O ) C ( O ) -  
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The pentamethylcyclopentadienyl-substituted germylenes Me5CSGeCH(SiMe3)2 (1) and Me6CSGeC1 (2) 
exhibit nucleophilic reactivity at the r-system of the MeSCS ligand, at the chlorine atom, and at the Ge-C 
o-bond of the Ge-CH(SiMe3)2 group. Furthermore, oxidative addition reactions with alkylating and acylating 
agents may be rationalized in terms of electrophilic attack at the germanium center and thus suggest 
nucleophilic activity also of the lone pair of electrons. 

Introduction 
The analogous carbene species of germanium and tin 

possess a nonbonding pair of electrons as well as an empty 
pz orbital. In the cyclopentadienyl-substituted species the 
x-bonded ligand partly saturates the electron deficiency 
a t  the 4B (1424) element. Nucleophilic attack, however, 
still can take place a t  the metal center.' For an electro- 
philic attack the molecule provides as objectives the T -  

system of the cyclopentadienyl ligand, a center of electron 
density a t  the second ligand, or its cr-bond to the 4B (14) 
element (with the R5C5E1+ cationzw4 acting as a leaving 
group) and the lone pair of electrons of the 4B (14) ele- 
ment. 

Electrophilic attack a t  the x-system of the cyclo- 
pentadienyl ligand has been demonstrated upon proton- 
a t i ~ n ~ , ~  and alkylation6 of bis(pentamethylcycl0- 
pentadienyl)germanium, as well as in its reaction with 
germanium dichloride-dioxane,7 which acts as a Lewis acid. 
The reactions of bis(pentamethylcyclopentadieny1)ger- 
manium with electrophiles are shown in Scheme I. 

The existence of a nucleophilic center a t  the 4B(14) 
element to date has not clearly been demonstrated. Al- 
though analogous carbene complexes of the type R,Ge-- 
M(C0)6 (R = (Me3Si),CH, (Me,Si),N; M = Cr, W) are 
available by irradiation of hexacarbonylchromium and 
- t u n g ~ t e n ~ > ~  in the presence of the free germylene, the 

(1) Jutzi, P.; Hampel, B.; Hursthouse, M. B.; Howes, A. d.. in prepa- 

(2) Jutzi, P.; Kohl, F.; Kriiger, C. Angew. Chem. 1979, 91, 81. 
(3) Jutzi, P.; Kohl, F.; Hofmann, P.; Kruger, C.; Yi-Hung, T. Chem. 

(4) Kohl, F. X.; Jutzi, P. Chem. Ber. 1981, 1 1 4 ,  488. 
(5) Jutzi, P.; Kohl, F. X.; Schliiter, E.; Hursthouse, M. B.; Walker, N. 

(6) Kohl, F. X.; Schliiter, E.; Jutzi, P.; Kruger, C.; Wolmershiiuser, G.; 

(7) Kohl, F. X.; Jutzi. P. J .  Organomet. ChPm. 1983. 243, 31. 

ration. 

Ber. 1980, 113, 757. 

P.  C. J .  Organomet. Chem. 1984, 271, 393. 

Hofmann, P.; Stauffert, P. Chem. Ber. 1984, 117, 1178. 

Scheme I 
Me,C,Ge+X- 

X=BF4. (Me00C),C5 
Me 5C ,GeO,SCF, 

GeC12*C4H802 
2Me ,C5GeCI 

-C4H802 

complexation of cyclopentadienyl-substituted species 
failed.1° The identity of adducts from (CSHS),Sn and 
(MeC5H4)2Sn with transition-metal Lewis acids" as well 
as with boron and aluminum trihalides," reported in the 
literature, is uncertain. A detailed scrutiny of the product 
of the reaction from stannocene with boron trifluoride has 
been reported re~ent1y.l~ Experimental evidence for the 
activity of the lone pair a t  the 4B(14) element was given 
first by the synthesis of the complexes Me5CS(C1)Ge-W- 
(CO)510 and Me5C5((Me3Si)zCH)Ge-W(C0)514 whose 
structures have been confirmed by X-ray crystallography. 
Unfortunately, these adducts are only accessible by a 
synthetic detour, based on an already established 4B( 14) 

(8) Lappert, M. F.; Miles, S. J.; Power, P. P.; Carty, A. J.; Taylor, N. 

(9) Lappert, M. F.; Power, P. P.; J .  Chem. SOC., Dalton Trans. 1985, 
J. J .  Chem. Soc., Chem. Commun. 1977, 458. 

~~ 

51. 

Hofmann, P. Chem. Ber. 1985, 118, 2789. 

Chem. 1976, 108, 47. 

36. 

1985, 281, C1. 

nnmet. Chem. 1986,299, 19. 

(10) Jutzi, P.; Hampel, B.; Stroppel, K.; Kriiger, C.; Angermund, K.; 

(11) Cornwell, A. B.; Harrison, P.  G.; Richards, J. A. J .  Organomet. 

(12) Harrison, P .  G.; Richards, J. A. J .  Organomet. Chem. 1976, 108, 

(13) Dory, T. S.; Zuckerman, J .  J.; Barnes, C. L. J .  Organomet. Chem. 

(14) Jutzi, P.; Hampel, B.; Hursthouse, M. B.; Howes, A. J. J .  Orga- 
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