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The reaction of [Rh2C12(CO)z(dpm)2] with NaBH4 in EtOH leads to [Rhz(CO)z(dpm)2]. Subsequent reactions with H+, 
CO, acetylenes, and C 0 2  lead to new complexes having the A-frame structure with the addendum molecule in the bridging 
position. Solutions of [Rh2(C0)2(dpm)~] under H2 are active in the hydrogenation of acetylene. Sequential treatment 
of [Rh2(CO),(dpm)2] with H+ and CO gives [Rh2(p-H)(p-CO)(CO)2(dpm)z]+, and a single-crystal X-ray structure 
determination of its p-toluenesulfonate salt has been performed. The complex [Rh2(p-H)(p-CO)(CO)z(dpm)z](p- 
MeC6H4SO3).2THF crystallizes in the monoclinic space group C2/m in a unit cell of dimensions a = 24.391 (1 1) A, b 
= 18.863 (9) A, c = 14.440 (6) A, and B = 107.81 (2) A with 2 = 4. The structural study reveals the presence of both 
bridging hydride and bridging CO, a Rh-Rh separation of 2.732 (2) A, and an average angle between the bridging hydride 
and the terminal CO ligands of 152 (3)O. The complex is also found to result from the decomposition of a related formate 
species [Rh2(p-02CH)(CO)2(dpm)2]+ in the presence of CO. In 1-propanol or bis(2-ethoxyethyl) ether solution, [Rhz- 
(p-H)(p-CO)(CO)2(dpm)2]+ is a catalyst for the water-gas shift reaction CO + H 2 0  + H2 + COz. At 90 OC under 1 
atm of CO, a rate corresponding to 0.58 turnover per complex/h is observed. This rate is maintained for approximately 
35 h after which it gradually decreases, completely ceasing in 70 h. The complex is also a catalyst for the hydrpgenation 
and hydroformylation of olefins with CO + H2O as the source of hydrogen. The rate and duration of catalysis for these 
reactions are similar to those found for the water-gas shift reaction. Reactions relating to the product forming steps in 
these systems are discussed. 

Introduction 
The first binuclear complexes of the A-frame geometry, I, 

I 

were reported in 1977. '~~ Since then, other complexes of this 
type have been described including several which bind small 
molecules, e.g., CO," S02,'-9 H2,6 on the endo side or pocket 
of the A-frame complex. One particularly fruitful approach 
to the synthesis of A-frame complexes has been the insertion 
of small molecules into the metal-metal bond of the bis(di- 
phosphine)-bridged system [M2X2(dpm),] (M = Pd, Pt; dpm 
= bis(dipheny1phosphino)methane; X = C1, Br), eq 1, as re- 
ported by Balch,10-12 P~ddepha t t , ' ~ - '~  and others.'"'* We 
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report herein the preparation of an analogous Rh(0) system, 
[Rh2(CO)2(dpm)2], and the addition of small molecules, L = 
CO, HCCR, C02, and H+, to form rhodium A-frame com- 
plexes, eq 2. 
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Sequential treatment of [Rh,(CO),(dpm),] with CO and 
H', in either order, produces the unusual p-hydride, p-carbonyl 
A-frame derivative [Rhz(p-H)(p-CO)(CO)z(dpm)z]+. Full 
details of a n  X-ray crystallographic study of the p-toluene- 
sulfonate salt of this complex a r e  now presented. 

The p-hydride, p-carbonyl complex is a n  active catalyst 
under relatively mild conditions for both the  water-gas shift 
reaction (ca. 90 OC and 1 a t m  of CO), and the  hydro- 
formylation/hydrogenation reactions with HzO + CO as the  
source of hydrogen (ca. 90 "C, 0.5 a t m  of CO and 0.5 atm 
of ethylene). A partial report of this work has been previously 
c o m m ~ n i c a t e d . ' ~  We now describe initial studies of the 
catalytic systems and specific reactions involving [ Rh,(p- 
H)(~-Co)(Co),(dpm)~]+ which relate to the product forming 
steps of the  catalyses. 

Experimental Section 
Materials. Rhodium trichloride hydrate (Johnson Matthey), 

phosphines (Strem), hexafluorophosphoric acid-diethyl ether, phe- 
nylacetylene, p-toluenesulfonic acid (Eastman), sodium formate, and 
sodium acetate (Mallinckrodt), and gases CO, H2, acetylene, ethylene 
(Matheson CP), and C 0 2  (Matheson Bone Dry) were used as pur- 
chased unless otherwise stated. 

Preparation and Characterization of Complexes. All syntheses were 
routinely performed under an atmosphere of dry nitrogen with modified 
Schlenk techniques. Due to the extreme sensitivity of many of the 
complexes to air and moisture, most physical manipulations involving 
them, including the preparation of IR and NMR samples, were 
performed in a drybox (Vacuum Atmospheres, Inc.). [Rh2C1,- 
(CO)2(dpm)2]20 (dpm = bis(dipheny1phosphino)methane) and 
RhH(CO)(PPh3)?' were prepared by published procedures. Elemental 
analyses were performed by Galbraith Laboratories, Knoxville, TN. 
'H and NMR spectra were recorded on a JEOL JNM-PS- 100 
Fourier transform spectrometer with heteronuclear decoupler.22 
Infrared spectra were recorded on a Perkin-Elmer 467 grating 
spectrometer calibrated with polystyrene film.22 Samples were either 
solutions prepared in a drybox, KBr pellets, or Nujol mulls on NaCl 
plates. 
[Rh2(C0)2(PPh2CH2PPh2)2]. Sodium borohydride, ca. 0.05 g, is 

dissolved in 30 mL of dry EtOH under N2, and [Rh2C12(CO)2(dpm)2], 
0.2 g, is added to the solution. A purple precipitate is formed over 
a period of 1 h and then collected under N2. The complex is washed 
twice with 50-mL portions of dry EtOH and then with Et20 and dried 
in vacuo. Recrystallization from THF-Et20 or toluene-Et20 affords 
air-sensitive, purple crystals. Anal. Calcd for CS2HMP402Rh2: C, 
60.60; H, 4.30; P, 12.02. Found: C, 60.25; H, 4.69; P, 11.57. IR: 
v(C0) = 1915 cm-' (Nujol). Repeating the procedure above, but 
with NaBD,, leads to no change in the IR spectrum. IH NMR 
(acetone-d6, ppm relative to internal Me4Si, intensity): 6 7.54 (C6H5, 
m, 40), 4.32 (CHI, m, br, 4). The 'H NMR spectrum upfield of Me4Si 
to -30.0 ppm is silent. 31P(1H) NMR (ppm relative to internal 
(CH,O),PO): 6 29.51 (m). 

RhH(CO)(PPh,),, 0.2 g, and dpm, 0.085 g, are dissolved together 
in 10 mL of CH2CI2. The reaction is accompanied by a change in 
color of the solution to dark brown and evolution of H, gas which 
is monitored by GC. After 1 h, the amount of H2 produced corre- 
sponds to ca. 1:2 H,:RhH(CO)(PPh,),. IR (CH2C12 solution): v(C0) 
= 1936 vs, 1800 s, br cm-l. A brown solid can be isolated after addition 
of 10 mL of EtOH, removal of CH2CI2 under vacuum, and storage 
of the solution at -10 "C for 4 h. The complex so obtained contains 
1 molecule of CH,Cl,/molecule of [Rh2(CO),(dpm),]. Anal. Calcd 
for C5,H4P4O2CI2Rh2: C, 57.06; H, 4.16; P, 11.1 1. Found: C, 56.94; 
H, 4.32; P, 11.03. IR (Nujol): v(C0) = 1915 vs, 1800 s, br. lH 
NMR: 6 6.20-7.60 (C6H5, m, 40), 5.32 (CH2C1,, s, 2), 4.25 (CH,, 
m, 2), 4.58 (m, 2). The 3'P{1H} NMR of a sample prepared by 

[R~~(/.~-CO)(CO)(PP~~CH~PP~~)~(SO~)] (Sol = CH2C12, PPh3). 

Kubiak, Woodcock, and  Eisenberg 

repeating the reaction above in benzene-d, shows a broadened doublet 
at 6 39.35 ( J p - ~ h  - 156 Hz) and two complex multiplets centered at 
6 19.35 and 6 9.40 in addition to free triphenylphosphine 6 -8.47 
(relative to (CH,O),PO). 

Additions of Small Molecules to [Rh2(CO),(PPh2CH2PPh2),] or 
~~(/.t-CO)(CO)(Pph2cH~PW~)~(sOl)l. Addition of CO. Preparation 
of[Rh2(~-CO)(CO)2(PW2cH2PPh2)21 The complex can be. prepared 
by any of the following three methods. 

Method A. [Rh2(CO),(dpm),], which has been prepared as de- 
scribed above by borohydride reduction of [Rh,CI,(CO),(dpm),], is 
dissolved in toluene, CH2C12, or THF. The solution is placed under 
an atmosphere of CO and immediately changes in color to red-orange. 
Dark orange microcrystals are obtained by addition of EtOH or Et,O 
and cooling to -10 OC. Anal. Calcd for CS3H4,P4O3Rh3: C, 60.13; 
H, 4.53; P, 11.70. Found: C, 59.97; H, 4.18; P, 11.10. IR: v(C0) 
= 1940 s,sh, 1920 vs, 1835 cm-' (Nujol). 'H  NMR (acetone-d,): 
for CsHS 6 7.53 (16), 7.25 (8), and 7.20 (16); for CH,, 4.46 (4). 
31P(1H) NMR (ppm relative to internal (CH,O),PO): 15.72 (dpm, 
symmetric multiplet with two principal lines separated by -144 Hz). 

A solution of [Rh2(p-CO)(CO)(dpm),(PPh,)] is 
prepared as described above from RhH(CO)(PPh,), and dpm. 
Addition of CO and EtOH or E t20  and cooling lead to the complex 
as orange microcrystals with IR and NMR data identical with those 
from samples prepared by method A. 

Method C. [Rh2C12(CO)2(dpm)2], 0.1 g, is partially dissolved in 
30 mL of dry EtOH under CO. NaBH,, ca. 0.05 g, is added, and 
after 30 min the complex is obtained as a dark orange precipitate. 
Recrystallization from CH2CI2-EtOH affords a microcrystalline 
product with IR and NMR data identical with those from samples 
prepared by method A. 

Addition of Acetylenes, RC2H (R = Ph, H) .  Characterization of 
[Rh2(HCCR)(CO)2(PPh2CH2PPh2)2] in Solution. [Rh,(HCCH)- 
(C0)2(dpm)2]. [Rh,(CO),(dpm)J, 0.1 g, is dissolved in a minimal 
amount of benzene-d6 to obtain a saturated solution. The solution 
is placed under 1 atm of acetylene gas. After 2 h, the solution color 
is deep emerald green. IR (benzene solution): v(C0) = 1946 s,sh, 
1938 vs cm-'. 'H NMR (relative to internal Me,Si, with intensity): 
6 7.5-8.3 (C6HS. m, 40), 3.35 (CH2, m, 2), 2.91 (CH2, m, 2). The 
31P{LH) NMR spectrum shows a symmetric multiplet centered at 6 
17.66 with two principal lines separated by 133.0 Hz. 
[Rh,(HCCPh)(C0),(dpn1)~1. The phenylacetylene complex is 

prepared as above, but with 10 pL of PhCCH. Benzene solutions 
of the complex are intense blue-green. IR (benzene solution): v(C0) 

(CH2, m, 2), 2.89 (CH2, m 2). The "P{'H) NMR shows a complicated 
asymmetric multiplet extending from 6 20.87 to 6 16.26. 

[Rh2(C0)2(dpm)2], 0.1 g, is dissolved in 10 mL of THF, which has 
been freshly distilled over sodium. The solution is cooled to -78 OC 
and then placed under 1 atm of C02 ,  which was passed through a 
drying tower containing "drierite". The solution is then stored at -10 
OC for 6 h to obtain a yellow precipitate. Calcd for 
CS3H4P404Rh2: C, 59.24; H, 4.13; P, 1 1.53. Found: C, 58.96; H, 
4.46; P, 11.11. IR: v(C0) = 1954 s, 1941 vs; v(C02) = 1645 m, 
1590 s cm-I (Nujol). Characterization by NMR has been precluded 
by decomposition of the complex with loss of C 0 2  when dissolved in 
most solvents. 

Protonation of [Rh2(C0)2(PPh2CH2PPh2)2]. Characterization of 

[Rh2(CO)2(dpm)2], 0.1 g, is dissolved in 10 mL of THF and I equiv 
of hexafluorophosphoric acid-diethyl ether, 0.02 g, or p-toluenesulfonic 
acid which has been dried previously under vacuum, 0.016 g, is added. 
The solution color immediately changes to dark green-brown. The 
amount of H2 detected over the solution by GC corresponds to <5% 
yield. IR (THF solution): 1974 s, sh, 1951 vs cm-I. The lH NMR 
spectrum was recorded for a sample prepared with p-toluenesulfonic 
acid in CD2CI2: 6 8.10-7.37 (C6H5, C6H4, m, 44), 3.96 (CH,, m, 
2), 4.20 (CH,, m, 2), 2.35 (CH,, s, 3), -10.10 (H, br, 1). 

Preparation of p-Carboxylates,  [Rh, ( / . t -O,CR)(CO), -  

(CO),(dpm),], 0.1 g, is partially dissolved in 30 mL of MeOH, 
followed by the addition of 1 equiv of silver nitrate. The solution is 
heated to reflux, which results in a pale yellow solution and silver 
chloride precipitate. Addition of ca. 0.05 g of sodium formate to the 
solution followed by heating at 60 OC for 15 min leads to a bright 
red solution. The complex is precipitated by adding NaBF, or NaPF6 

Method B. 

= 1958 VS, 1930 s, sh cm-l. 'H NMR 6 7.5-8.3 (C6H5, m, 45), 3.77 

Addition O f  COP Pre~grati~n Of [Rh2(CO,)(C0)2(PPh2CH2PPh,),E 

Anal. 

[Rh2(H)(CO)2(PPh2CH2PPh2)21tA- (A- = /J -CH&H4SO<, PFC). 

(PPh2CH2PPh2)2]+A- (R = H, CH,; A- = BF4-, PF,j-). [RhzC12- (19) Kubiak, C. P.; Eisenberg, R. J .  Am. Chem. SOC. 1980, 102, 3637. 
(20) (a) Mague, J. T. Inorg. Chem. 1969, 8, 1975. (b) Mague, J. T.; 

Mitchener, J. P. Ibid. 1969, 8, 119. 
(21) Ahmad, N.; Robinson, S. D.; Uttley, M. F. J.  Chem. Soc., Dalron 

Trans. 1972, 843. 
(22) For NMR data: s = singlet, d = doublet, t = triplet, quar = quartet, 

quin = quintet, m = multiplet; For IR data: vs = very strong, s = 
strong, m = medium, w = weak, sh = shoulder. 
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and recrystallized from CH2CI2-MeOH. The acetate complex is 
prepared in a similar way. Both the formate and acetate complexes 
are obtained as red crystals. 

[ Rb, (p-O,CH) (CO) 2( dpm) ,]+PF6-. Anal. Calcd for 
CS3H45PS04F6Rh2: C, 52.15; H, 3.72; P, 12.69. Found: c, 51.96; 

m cm-' (Nujol). 
[Rb2(p-02CCH3)(CO),(dpm)z]+BF4-. Anal. Calcd for 

C54H47P404BF4Rh2: C, 55.13; H, 4.03; P, 10.53. Found: C, 54.85; 

1520 m cm-I (Nujol). 

H, 3.79; P, 12.51. IR: v(C0) = 1946 VS, 1968 VS; v(HC02) = 1548 

H, 4.29; P, 10.40. IR: v(C0) = 1951 VS, 1974 VS; v(CH,COZ) = 

Protonation of [Rhz(p-CO)(CO),(PPbzCHzPPbz)z]. Preparation 

= C7Hs or CH2C12; A- = p-CH3C&SO3-, Sol = ZTHF). [Rh2(p- 
CO)(CO),(dpm),], 0.1 g, is dissolved in CH2CI2 or toluene. 
Et20H+PF{, 0.02 g, is added, leading to an immediate change in color 
of the solution to purple. Cooling the toluene solution affords the 
purple toluene solvated PF6- salt. Anal. Calcd for CsOHS3P5o3F6Rh2: 
C,55.57;H,4.12;P,11.94. Found: C,54.60;H,4.05;P,11.72. The 
purple dichloromethane-solvated PF; salt is obtained by adding Et20  
to dichloromethane solutions of the complex and cooling to -10 'C 
for 12 h. Anal. Calcd for C54H47P403F6C1zRh2: C, 50.30; H, 3.67; 
P, 12.01. Found: C, 50.70; H, 3.87; P, 12.12. IR: v(C0) = 1972 
s, 1957 vs, 1870 s cm-I (Nujol). 'H NMR (acetone-d6): 6 7.69 (C6H5. 

3iP(iH) NMR: 6 27.24 (dpm, symmetric m). 
Dark green crystals of the p-toluenesulfonic salt are obtained by 

dissolving 0.1 g of [Rhz(p-CO)(CO)z(dpm)z] and 0.02 g of p- 
toluenesulfonic acid in 5 mL of THF and cooling to -10 'C for 24 
h. IR: v(C0) = 1970 s, 1955 vs, 1860 s cm-' (Nujol). Solutions 
of the complex so prepared exhibit IR and NMR data identical with 
those of the hexafluorophosphate salt, except for differences due to 
the different anions. 

Reaction of [Rb2(H)(C0)z(PPhzCH,PPb2)2]+PF6- with CO. A 
CHzClz solution of [Rh2(H)(CO)z(dpm)2]+PF; is prepared from 
[Rh,(CO),(dpm),] and EtzOH+PF6-. CO, 1 atm, is introduced, and 
the solution color immediately changes to purple. Addition of EtzO 
followed by cooling to -10 'C leads to purple crystals of [Rh,(fi- 
H)(p-CO)(CO),(dpm),]+PF6-, identified by spectroscopic comparison 
with authentic samples. 

Reaction of [Rhz(H)(C0)z(PPb2CH2PPh2)2]+PF6- with C02. A 
T H F  solution of [Rh,(H)(CO),(dpm),]+PF,- is prepared from 
[Rh,(CO),(dpm),] and Et20H+PF;. C02,  1 atm, is introduced and 
the solution is heated briefly, ca. 1-5 min. The solution is then cooled 
to -10 'C for 4 h to obtain a red solution. Addition of EtzO leads 
to a red microcrystalline precipitate which is identified as [Rh,(p- 
02CH)(C0)2(dpm)z]+pF6- by characteristic v(C0) = 1946 vs, 1968 
vs; v(HC0,) = 1548 cm-I (Nujol). 

Reaction of [Rh,(CO,)(CO), (PPb2CHzPPbz)2] with CO. [Rhz- 
(COZ)(CO),(dpm),], 0.05 g, is dissolved in 3 mL of CH2C12 in a 
IO-mL flask. CO, 1 mL at 1 atm, is added with a gas syringe. The 
solution color changes to red-orange over a period of 10 min and C 0 2  
evolution is monitored by GC. After 10 min, the yield of C 0 2  cor- 
responds to ca. 90%. The species in solution is identified as [Rh2- 
(p-CO)(C0)2(dpm)z] by characteristic v(C0) (1950 s,sh, 1932 vs, 
1835 s, br cm-' (CHZClz)) and can be isolated by addition of EtzO 
to give the orange solid (v(C0) = 1940 s,sh, 1920 vs, 1835 s, br cm-l 
(Nujol)). 

Reaction of [R~,(~-O~CH)(C~)Z(PP~~CH~PP~~)~+PF~- with co. 
[Rhz(p-02CH)(CO)z(dpm)2]+PF6-, 0.05 g, is dissolved in 5 mL of 
CHZCl2 in a IO-mL flask. CO, 1 mL at 1 atm, is added with a gas 
syringe. The solution color slowly darkens, and C 0 2  evolution is 
monitored by GC. After 0.5 h, the solution is deep purple and the 
amount of COz produced corresponds to ca. 90% yield. The species 
in solution is identified as [Rh,(fi-H)(p-CO)(CO)z(dpm)2]+PF6- by 
characteristic purple color and v(C0) = 1980s, 1963 vs, 1870 s cm-l 
(CHzClz). 

Reaction of [Rh2( p-H) (p-CO) ( CO)z(dpm)z]+PF6- with HCI. 
[Rhz(p-H)(p-CO)(CO)z(dpm)z]+PF6-, 0.05 g, is dissolved in 5 mL 
of CH2C12, and 1 drop of 37% HC1 is added. The solution color 
immediately changes to pale yellow. H2 gas is detected over the 
solution by GC in >90% yield with the assumption of 1 mol of H,/mol 
of complex. Smaller quantities of CO (ca. 20%) and CO, (10%) are 
also detected. The species in solution are identified as a mixture of 

comparison of the IR spectrum with authentic samples prepared by 

of [Rb~(p-H)(~CO)(CO)~(PPb~CH~PPh~)~]+A-~Sol (A- = PF,, Sol 

16), 7.45 (C6H5, 8), 7.37 (C6H5, 16), 4.19 (CH2, 4), 6 -9.65 (H, 1). 

[ R ~ Z ( ~ - C I ) ( C O ) Z ( ~ P ~ ) ~ ~ +  and [R~Z(CL-C~)(~-C~)(C~)~(~P~)~I+ by 
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published  procedure^^-^ (v(C0) = 2008 s, sh, 1990 vs, 1873 m cm-' 
(CH2C1,)) and by isolation of [Rhz(p-CI)(CO)2(dpm)2]+PF; after 
replacing the gas phase with N2 and adding Et20. Anal. Calcd for 
C53H44PSC103FbRh2: C, 51.38; H, 3.58; P, 12.50; C1, 2.86. Found: 
C, 51.36; H, 3.76; P, 12.71; C1, 3.13. IR: v(C0) = 1997 s, 1978 
vs cm-I (Nujol). 

Acetylene Hydrogenation, Water-Gas Shift Catalysis, and Hydro- 
formylation Catalysis. Typically, solutions were prepared in 100- or 
500-mL flasks, which were charged with a total of 400-600 torr of 
the reagent gasses and heated to 80 or 90 'C. During the reactions, 
gasses were sampled with a "Pressure-Lok" gas syringe (Precision 
Sampling Corp.) and analyzed by gas chromatography (Hewlett- 
Packard 5700A) using a 12-ft Porapak Q or 2-ft molecular sieve 
column at 43 'C, a thermal conductivity detector at 100 'C, and a 
helium carrier gas with a flow rate of 40 mL/min. GC peak heights 
for the product and reagent gasses were converted to partial pressures 
by using calibration plots previously obtained. Methane gas, ca. 60 
torr, was used as an internal calibrant. The aldehyde and alcohol 
products obtained from the hydroformylation reactions were analyzed 
by GC (Hewlett Packard 5730A) using a 15 ft X in. 15% Carbowax 
on Chromosorb P column at 100 'C, a flame ionization detector, and 
a N2 carrier gas flow rate of 60 mL/min. A JEOL JNM-PS-100 
Fourier transform spectrometer was used to record the IH NMR 
spectra of the product aldehyde. 

Acetylene Hydrogenation. [Rh2(C0)2(dpm)2], 0.05 g, is dissolved 
in 30 mL of toluene. The reaction flask is charged with C2H2 (300 
torr) and H2 (300 torr) and heated to 80 'C. 

Water-Gas Shift. Method A. [Rhz(p-H)(p-CO)(CO),(dpm)2]+- 
p-CH3C6H4so3-, 0.05 g, is dissolved in 50 mL of 1-propanol, and 
an aqueous solution, 2 mL, containing 2 molar equiv of a salt such 
as LiCl is added. The solution is placed under CO (500 torr) and 
heated to 90 'C. 

Method B. [Rhz(p-CO)(CO)z(dpm)2], 0.075 g, is dissolved in 50 
mL of bis(2-ethoxyethyl) ether, and 0.01 g of p-toluenesulfonic acid 
dissolved in 2 mL of HzO is added. The solution is placed under CO 
(500 torr) and heated to 90 'C. 

Hydroformylation Using CO + HzO. [Rh2(p-C0)(CO),(dpm),1, 
0.05 g, is dissolved in 30 mL of 1-propanol, bis(2-ethoxyethyl) ether, 
or p-dioxane containing 2 molar equiv of LicI, 1 molar equiv of 
p-toluenesulfonic acid, and 2 mL of H20.  The system is charged with 
CO (300 torr) and CzH4 (300 torr) and heated to 90 'C. 

Data Collection and Reduction. Dark green crystals of [Rh2(p- 
H)(p-CO)(C0)2(dpm)2]+(p-CH,CsH,S03)-.2THF were obtained as 
above. The crystals showed no signs of decomposition after exposure 
to air for a period of 2 weeks, and protection of the crystal chosen 
for data collection from the atmosphere was deemed unnecessary. On 
the basis of optical goniometry and precession photographs, it was 
determined that the crystals belong to the monoclinic system. The 
observed systematic absence of hkl ,  h + k = 2n + 1, is consistent 
with space groups C2 (Ci), Cm (C,), and C2/m (Cih).z3 The lattice 
constants at 24 'C were determined from a least-squares refinement 
of 12 intense, high-angle reflections ((sin @/A L 0.1528)" on a Picker 
FACS-1 diffractometer equipped with a graphite monochromator using 
Mo Kdr radiation (A = 0.71069 A). The lattice constants are a = 
24.391 (11) A, b = 18.863 (9) A, c = 14.440 (6) A, and @ = 107.81 
(2)'. The calculated density (Z = 4) of 1.44 g/cm3 agrees with a 
value of 1.42 (2) g/cm3 determined by the flotation method. 

The mosaicity of the crystal used for intensity measurements was 
examined by means of a narrow-source, open-counter w-scan tech- 
n iq~e . ,~  The full widths at half-maximum for typical strong reflections 
were 10.12'. Intensities were measured by the 8-28 scan technique. 
The crystal was mounted with the b* axis offset by 3.5' from the 6 
axis of the diffractometer. The takeoff angle for the X-ray tube was 
1.4'. The scan was from 0.6' below the Kal  peak to 0.6' above the 
KaZ peak. The scan speed was 1 '/min, and backgrounds were counted 
at  each end of the scan range for 10 s (28 5 35O) or 20 s (35' < 28 
I 40'). Attenuator foils were automatically inserted when the intensity 
of the diffracted beam reached 10000 counts/s. The pulse-height 

(23) "International Tables for X-ray Crystallography"; Kynoch Press: Bir- 
mingham, England, 1960; Vol. I, pp 81, 87, 95. 

(24) The programs for refinement of lattice constants and automated oper- 
ation of the diffractometer are those of Busing and Levy as modified 
by Picker Corp. 

(25) Furnas, T. C. 'Single Crystal Orienter Instruction Manual"; General 
Electric Co.: Milwaukee, WI, 1957; Chapter 10. 
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Table 1. Final Positional and Thermal Parameters for [ Rh,(p-H)(pCO)(CO), (dpm), ]+CH3C,H,S03-.2THF 

Kubiak, Woodcock, and Eisenberg 

X Y Z P I , ”  62, P33 01, pi3 0 2 3  

Rh(1) 0.29491 ( 5 )  0.0 (0)  0.20087 (9) 15.0 (4) 26.6 (6) 49.7 (10) 0.0 ( 0 )  6.2 (4) 
Rh(2) 0.17808 ( 5 )  0.0 (0)  0.12623 (10) 14.9 (4) 22.2 (6) 57.8 (11) 0.0 ( 0 )  10.7 (4) 
S 0.24138 (25) 0.500000 ( 0 )  0.1809 (4) 29.6 (15) 60.6 (28) 67. (4) 0.0 ( 0 )  14.6 (20) 
P(1) 0.30238 (12) -0.11949 (18) 0.18044 (21) 15.3 (7) 29.4 (13) 50.5 (22) 1.6 (7) 8.4 (9) 
P(2) 0,17406 (12) 0,11786 (16) 0.08328 (22) 14.9 (7) 26.3 (13) 54.1 (22) -0.6 (7) 8.7 (10) 
O(PTS1) 0.2304 ( 5 )  0.4364 (6) 0.1226 (8) 42. (3) 92 (6) 130 (10) -10 (4) 29 ( 5 )  
O(PTS2) 0.2965 (6) 0.500000 (0 )  0.2544 (9) 31. (4) 69 (7) 73 (10) 0.0 ( 0 )  7 ( 5 )  
C(DPM) 0.2437 (4) -0.1490 (6) 0.0712 (7) 9.7 (22) 41 ( 5 )  37 (7) 0.9 (27) 3 (3) 
C(1) 0.3680 (9) 0.0 ( 0 )  0.2943 (14) 21. ( 5 )  48 (9) 75 (15) 0.0 (0) l ( 7 )  

0.1000 (8) 0.0 ( 0 )  0.1089 (14) 23. ( 5 )  24 (7) 89 (15) 0.0 (0)  13 (7) 
‘(’) 0.0520 (6) 0.0 (0)  0.1032 (12) 18. (3) 5 5  (7) 174 (15) 0.0 ( 0 )  26 (6) 
C(3) o(2) 0.2276 (7) 0.0 ( 0 )  0.2760 (14) 15. (4) 39 (8) 61 (14) 0.0 ( 0 )  8 (6) 
O(3) 0.2231 (6) 0.0 (0)  0.3505 (10) 34. (4) 82 (8) 51 (9) 0.0 (0)  22 ( 5 )  
O(THF1) 0.4274 (19) 0.500000 ( 0 )  -0.378 (3) 1.50. (22) 143 (21) 358 (63) 0.0 ( 0 )  36 (29) 
C(THF1) 0.4115 (15) 0.4383 (11) -0.4322 (20) 131. (14) 46 (8) 134 (20) -10 (9) 4 (14) 

O(THF2) 0.0 (0 )  0.3338 (20) -0.500000 (0) 115. (25) 116 (22) 364 (52) 0.0 (0) 17 (29) 
C(THF2) 0.0375 (18) 0.2880 (23) -0.535 (4) 47. (9) 176 (33) 291 (41) 17 (18) 71 (15) 

C(PTS) 0.0561 (14) 0.500000 (0 )  0.3861 (24) 15.2 (11) 
H 0.236 ( 5 )  0.0 ( 0 )  0.079 (8) 3.5 (29) 

O(1) 0.4134 (7) 0.0 ( 0 )  0.3475 (12) 27. (4) 64 (8) 140 (15) 0.0 ( 0 )  -21 (6) 

C(THF1) 0.3951 (17) 0.4636 (13) -0.5196 (18) 182. (17) 93 (18) 133 (21) 12 (12) -53 (16) 

C(THF2) 0.0216 (24) 0.2289 (17) -0.513 (6) 104. (35) 120 (20) 490 (98) 46 (24) 145 (38) 

The form of the anisotropic thermal ellipsoid is exp(-(h2p11 + k’p,, + Pp,, t 2hkp1, + 2hlP1, + 2klp,,)J. Entries are X lo4 

Table 11. Group Parameters“ 

0.0 (0)  
0.0 (0) 
0.0 (0 )  
0.7 (12) 
1.6 (13) 

0.0 ( 0 )  

0.0 ( 0 )  
0.0 (0)  
0.0 ( 0 )  
0.0 ( 0 )  
0.0 (0) 
0.0 (0 )  
0.0 (0) 

-4 (11) 
-33 (14) 

0.0 ( 0 )  
57 (44) 
10 (58) 

-64 (6) 

-6 ( 5 )  

~~~~~~~ ~~ ~ 

X C  Y c  Z C  @ e P 

PlCl  0.42093 (25) -0.140 74 (29) 0.1330 (4) -2.565 (8) -2.286 ( 5 )  -2.375 (7) 
P1C2 0.301 29 (19) -0.2324 (3) 0.3444 (4) -3.190 (6) 2.422 ( 5 )  1.576 (6) 
P2C 1 0.140 82 (20) 0.2347 (3) 0.2157 (4) 2.957 (7) -2.385 ( 5 )  1.218 (6) 
P2C2 0.081 46 (26) 0.1284 (3) -0.1269 ( 5 )  1.051 (7) -2.446 ( 5 )  -1.937 (7) 
to1 0.147 2 (4) 0.500 00 (0 )  0.2888 (7) 1.57080 ( 0 )  -0.768 (9) -1.57080 ( 0 )  

a xc,  y c ,  and z c  are the groups’ center of mass coordinates; @, e ,  and p are angular parameters described previously. B (in .AZ), the group 
thermal parameter which was not refined, is 0.0. 

analyzer was set for a 90% window centered on Mo Ka radiation. 
Data were collected from the quadrant with h, k 1 0 in the range 

3.5O I 28 I 40°. Three standard reflections were monitored every 
100 observations. The intensities of the standards varied by ca. f7% 
but showed no significant trends over the course of data collection. 
A total of 3187 reflections were observed. The values of Zand u2(I) 
were obtained from expressions described previously26 and converted 
to P and $(P) by application of Lorentz and polarization corrections. 
The value of p used in the expression for the variance was O.O4.” The 
approximate dimensions of the crystal were 0.32 X 0.21 X 0.08 mm. 
The linear absorption coefficient for Mo Ka radiation is 6.97 cm-I, 
and no correction for absorption was made. The final data set consisted 
of 3187 reflections of which 2194 had F: 1 3u(F:). 

Solution and Refiwment of tbe Structure. The structure was solved 
by standard heavy-atom methods in the space group C2/m.28 The 
positions of two rhodium atoms on the crystallographic mirror plane 
at y = 0 were determined from a three-dimensional Patterson map 
as were the positions of two phosphorus atoms. 

Refinement of the scale factor and atomic positional and thermal 
parameters for these atoms resulted in residuals of R1 = 0.3238 and 
R, = 0.4102.29 In this and all subsequent refinements, the quantity 
minimized was xw(lFol - lFc1)2 where the weights, w, were 4 P / d ( P ) .  
Only those reflections with F: 1 347:) were included in the re- 
finements. Scattering factors for neutral Rh, s, P, 0, and C were 

(26) Goldberg, S. 2.; Kubiak, C.; Meyer, C. D.; Eisenberg, R. Inorg. Chem. 
1975, 14, 1650. 

(27) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967, 6, 
107 .<,. 

(28) All computations were performed on an IBM 3032 computer. The data 
processing program was an extensively modified version of Raymond’s 
URFACS. In addition, local versions of the following were used: Ibers’ 
NUCLS, a group least-squares program; Zalkin’s FORDAP Fourier pro- 
gram; ORFFE, a function and error program by Busing, Martin, and 
Levv: Johnson’s ORTEP thermal elliosoid olottine orogram. 

(29) Rl,~‘EllFol - lFcll/El~ol: R2 = Ib4Fbl; lFj ) ’ /~wl~o121’!2 .  The 
estimated standard deviation of an observation of unit weieht is eiven 
by [E:w(lF?l - lFc1)2/(No - NV)] ’ l2 ,  where No and N, are :he nukber 
of observations and variables, respectively. 

those tabulated by Cromer and M a r ~ n . ~ ~  The effects of anomalous 
dispersion were included in the calculation of IFJ; values of Af’ and 
Af” were those of Cromer and Liberman.” The scattering factors 
for hydrogen were those of Stewart et al.32 

The remaining atoms were located by the usual sequence of dif- 
ference Fourier maps and least-squares refinements. In these re- 
finements the bis(dipheny1phosphino)methane and p-toluenesulfonate 
phenyl rings were treated as rigid groups33 with d(C-C) = 1.392 A. 
A model in which the carbon and oxygen atoms were refined with 
isotropic thermal parameters and all other atoms with anisotropic 
parameters was refined to convergence with residuals RI = 0.0643 
and Rz = 0.0789. The third most intense peak of the subsequent 
difference Fourier map corresponded to the hydride with its y co- 
ordinate fixed on the mirror plane at y = 0. Most other peaks in the 
Fourier map including the highest one corresponded to phenyl hydrogen 
atoms. 

The two THF solvent molecules showed extremely large thermal 
motion when refined with isotropic thermal parameters, with B values 
ranging from 9 to 25 A2. A difference Fourier synthesis following 
a refinement of the T H F  atomic positions with fixed thermal pa- 
rameters, B = 12.0 A2, did not show any peaks which could be logically 
incorporated into a static disorder model. In the final model, all 
nongroup, nonhydrogen atoms including those of the two T H F  
molecules were refined with anisotropic thermal parameters. The 
dpm phenyl hydrogen atoms were included in the rigid groups with 
isotropic thermal parameters constrained to BH = Bc + 1. The total 
of 208 variables for 2123 independent observations was refined to 
convergence with residuals of R,  = 0.0578 and R2 = 0.0698. In the 
final cycle of refinement none of the parameters for the [Rh2(p- 
H)(p-CO)(CO)2(dpm)2]+ unit or p-toluenesulfonate shifted by more 

(30) Cromer, D. T.; Mann, B. Acta Crystallogr., Secr. A 1968, 24A, 321. 
(31) Cromer, D. T.; Liberman, D. J .  Chem. Phys. 1970, 53, 1891. 
(32) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J.  Chem. Phys. 1965, 

42, 3175. 
(33) (a) Eisenberg, R.; Ibers, J. A. Inorg. Chem. 1965,4, 773. (b) LaPlaca, 

S. J.; Ibers, J. A. J .  Am. Chem. SOC. 1965,87, 2851. (c )  LaPlaca, S. 
J.; Ibers, J. A. Acra Crystallogr. 1965, 18, 51 1. 



Rh A-Frame Complexes with Small-Molecule Bridgeheads 

Table 111. Derived Positional and Thermal 
Parameters of Group Atoms 

X Y Z B, A' 

PIC1la 0.367 60 (28) -0.1373 (4) 0.1493 (6) 3.88 (25) 
PlC12 0.3757 (3) -0.1039 (4) 0.0685 (5) 6.3 (3) 
PlC13 0.4290 (4) -0.1073 (5) 0.0523 (5) 7.7 (4) 
PlC14 0.47426 (28) -0.1441 (5) 0.1168 (7) 6.1 (3) 
PlC15 0.4661 (3) -0.1776 (5) 0.1975 (6) 8.1 (4) 
PlC16 0.4128 (4) -0.1742 (4) 0.2138 (5) 6.8 (3) 
PlH12 0.3443 (4) -0.0787 (6) 0.0245 (7) 7.3 
PlH13 0.4346 (6) -0.0845 (6) -0.0029 (7) 8.7 
PlH14 0.5107 (3) -0.1465 (7) 0.1056 (9) 7.1 
PlH15 0.4970 (4) -0.2027 (7) 0.2415 (8) 9.1 
PlH16 0.4073 (5) -0.1970 (6) 0.2689 (7) 7.8 
PlC21 0.3029 (3) -0.1838 (4) 0.2728 (5) 3.61 (24) 
PlC22 0.3040 (3) -0.1601 (3) 0.3646 (6) 5.30 (29) 
PlC23 0.3024 (3) -0.2087 (5) 0.4363 (4) 7.2 (4) 
PlC24 0.2997 (4) -0.2810 (4) 0.4161 (6) 6.2 (3) 
PlC25 0.2986 (4) -0.3047 (3) 0.3242 (7) 7.5 (4) 
PlC26 0.3002 (3) -0.2561 (4) 0.2526 (5) 6.0 (3) 
PlH22 0.3059 (5) -0.1107 (3) 0.3784 (8) 6.3 
PlH23 0.3031 (5) -0.1925 (7) 0.4990 (5) 8.2 
PlH24 0.2985 (5) -0.3142 (6) 0.4650 (7) 7.2 
PlH25 0.2967 (6) -0.3541 (3) 0.3104 (9) 8.5 
PlH26 0.2995 (5) -0.2723 (6) 0.1899 (6) 7.0 
P2Cll 0.1541 (3) 0.1833 (4) 0.1568 (5) 4.28 (26) 
P2C12 0.1544 (4) 0.2547 (5) 0.1325 (5) 7.5 (4) 
P2C13 0.1411 (4) 0.3062 (3) 0.1915 (7) 8.4 (4) 
P2C14 0.1276 (4) 0.2862 (4) 0.2747 (6) 6.9 (4) 
P2C15 0.1273 (3) 0.2148 (5) 0.2989 (5) 6.8 (4) 
P2C16 0.1405 (3) 0.1633 (3) 0.2400 (6) 4.47 (26) 
P2H12 0.1636 (5) 0.2684 (7) 0.0758 (6) 8.5 
P2H13 0.1413 (6) 0.3549 (4) 0.1749 (10) 9.4 
P2H14 0.1185 (5) 0.3213 (5) 0.3149 (8) 7.9 
P2H15 0.1180 (5) 0.2011 (7) 0.3557 (6) 7.8 
P2H16 0.1403 (5) 0.1146 (4) 0.2565 (8) 5.47 
P2C21 0.1233 (3) 0.1294 (5) -0.0362 (5) 4.53 (27) 
P2C22 0.13696 (29) 0.1045 (5) -0.1172 (6) 6.1 (3) 
P2C23 0.0952 (4) 0.1035 (5) -0.2079 (5) 7.8 (4) 
P2C24 0.0397 (3) 0.1274 (5) -0.2176 (5) 7.3 (4) 
P2C25 0.025 97 (28) 0.1523 (5) -0.1367 (7) 8.9 (4) 
P2C26 0.0678 (4) 0.1533 (5) -0.0459 (6) 7.6 (4) 
P2H22 0.1748 (3) 0.0882 (7) -0.1105 (9) 7.1 
P2H23 0.1045 (6) 0.0865 (7) -0.2632 (7) 8.8 
P2H24 0.0112 (5) 0.1267 (7) -0.2796 (6) 8.3 
P2H25 -0.0119 (3) 0.1686 (7) -0.1433 (10) 9.9 
P2H26 0.0584 (6) 0.1702 (7) 0.0093 (7) 8.6 
S l C l l  0.1888 (5) 0.50 0.2409 (10) 5.0 (3) 
SlC12 0.1307 (6) 0.50 0.1876 (7) 6.2 (3) 
SlC13 0.0890 (4) 0.50 0.2354 (11) 7.5 (4) 
SlC14 0.1055 (7) 0.50 0.3366 (11) 9.6 (5) 
SlC15 0.1637 (8) 0.50 0.3900 (7) 9.8 (5) 
SlC16 0.2054 (5) 0.50 0.3422 (10) 9.1 (5) 
a In the numbering scheme for phenyl carbons, the first number 

following P or S denotes the phosphorus or sulfur atom to which 
the ring is bound. The first number following C is an identifier 
for the phenyl rings bound to the same phosphorus. The last 
number always denotes the position of the carbon in the ring with 
C1 bound to phosphorus or sulfur. Phenyl hydrogen atoms are 
numbered the same as the carbon to which they are bound. 

than 12% of their estimated standard deviations. Several of the thermal 
parameters for the THF atoms shifted by as much as 1 estimated 
standard deviation. The final estimated standard deviation for an 
observation of unit weight was 2.24 e. The largest peak of a final 
difference Fourier map was 0.6 e/A or 34% of a typical carbon atom 
peak in this study. 

The final atomic positional and thermal parameters are given in 
Table I. Group parameters are given in Table 11. Derived positional 
and thermal parameters for the group atoms are given in Table 111. 
A listing of observed and calculated structure factors is available as 
supplementary material. 
Results and Discussion 

Preparation of Binuclear Rh(0) A-Frame Precursors. The 
Rh(0) species [Rh,(CO),(dpm),] is prepared by borohydride 
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reduction of [Rh2C12(CO)2(dpm)2]. The complex exhibits a 
single u(C0) at  1915 cm-' and does not show peaks which 
might be attributed to v(Rh-H). There is no spectroscopic 
evidence for a possible hydride formulation. The substitution 
of NaBD4 as the reducing agent has no effect on the IR 
spectrum, and the 'H NMR spectrum in the hydride region, 
upfield of Me4Si to -30 ppm, is silent. The 31P(1H] N M R  
spectrum is complicated, showing a symmetric multiplet 
centered at 6 29.51, with four principal lines. The spectrum 
is qualitatively different from those of other binuclear dpm- 
bridged Rh complexes which generally display two intense 
principal lines separated, to first order, by 1JRh-p.3*8 We 
propose the identity of the complex as the metal-metal-bonded 
Rh(0) dimer 11, which is consistent with the spectroscopic data 
and which is strongly supported by its reaction chemistry (vide 
infra). n 

0C-kh-f)h-CO 

U 
I1 

A second, related Rh(0) complex is prepared by the reaction 
of RhH(CO)(PPh3), with bis(dipheny1phosphino)methane 
(dpm). A stoichiometric quantity of H2 is produced during 
the reaction, according to eq 3. The complex in solution 
ZRhH(CO)(PPh,), + 2dpm + 

differs from that prepared by borohydride reduction of 
[Rh2C12(CO)2(dpm)2] in color and by the appearance of both 
a bridging and a terminal v(CO), 1800 s, br and 1936 cm-', 
respectively (CH2C12 solution), in the IR spectrum. This 
difference relates to the presence of triphenylphosphine which 
is liberated during the reaction. The predominant species in 
solution appears to be [Rh2(p-C0)(CO)(dpm),(PPh3)]. 
Evidence for a coordinated triphenylphosphine is found in the 
31P('H) NMR. A broadened doublet at  6 39.35 is assigned 
to bound PPh,, while two complex multiplets at  6 19.35 and 
9.40 are assigned to two chemically different pairs of dpm 
phosphorus nuclei. Free triphenylphosphine is also seen at 6 
-8.47 (s). Identical IR and NMR data are obtained when 
triphenylphosphine is added to a solution of [ Rh2(C0)2- 
( d ~ m ) ~ ] .  Hence in solution, the product of the reaction of 
RhH(CO)(PPh,), with dpm is [Rh2(p-CO)(CO)(dpm)2- 
(PPh,)], a triphenylphosphine adduct of [Rh2(CO)2(dpm)2]. 
Surprisingly, the triphenylphosphine appears only weakly 
bound and is easily replaced. Microanalytical data for the 
isolated solid indicates the replacement of PPh, by 1 molecule 
of solvent. The presence of the solvent molecule is verified 
by 'H N M R  data. The solid samples of the complex which 
have been isolated are formulated as solvated isomers of 
[Rh~(CO)~(dpm)~l ,  i.e., [Rh2(r-CO)(CO)(dpm)2(Sol)l (Sol 
= CH2C12, THF). The strongest evidence for this formulation 
comes from the fact that while their IR and NMR spectra are 
different, the two Rh(0) complexes [Rhz(CO),(dpm),] and 
[Rhz(p-CO)(CO)(dpm)2(So1)] undergo addition reactions with 
small molecules to give identical products which are described 
below. 

Additions of CO and H+ and the Synthesis of [Rh2(p-H)- 
(~-C0)(CO)~(dpm)~]+. The complex [Rh2(CO)2(dpm)2] ex- 
hibits an extensive small molecule addition chemistry. The 
reaction with CO is accompanied by a rapid solution color 
change to red-orange after which [Rh2(p-CO)(CO)2(dpm)2] 
may be isolated in analytically pure form. The IR spectrum 
shows a bridging carbonyl stretch at  1835 cm-' in addition to 
terminal stretches at  1940 s, sh and 1920 vs. The controlled 
addition of CO to [Rh2(CO)2(dpm)2] by gas syringe followed 
by GC monitoring of the reaction shows that 1 equiv of CO 

[Rhz(CO)2(dPm)zl+ 6PPh3 + H2 (3) 
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is consumed; no H2 is produced. The 'H NMR spectrum of 
[Rh2(p-CO)(CO)2(dpm)2] displays no resonances attributable 
to a Rh hydride formulation. The 31P(1HJ NMR indicates a 
symmetric phosphorus environment, and is shown in Figure 
4. Protonation of [Rh,(CO),(dpm),] with 1 equiv of a non- 
coordinating acid, HA (A- = p-CH3C6H4SO3- or PF6-), leads 
to [Rh,(H)(CO),(dpm),]+A-. Only a trace of H2 is observed 
in the course of the reaction. The protonated complex has not 
yet been isolated in pure form but has been characterized in 
solution. The 'H NMR spectrum reveals a featureless hydride 
resonance at 6 -10.1, and in the IR, two u(C0) are seen at 
1974 s,sh and 1951 vs cm-' (THF solution). 

We conclude that the products are A-frame complexes with 
the added proton or CO in the bridgehead position. The 
identities of the products of carbonylation and protonation of 
[Rh,(CO),(dpm),] as p-CO and p-H A-frame complexes, 
respectively, gain additional support from their reactions which 
lead to a p-hydride, p-carbonyl derivative, [Rh2(p-H)(p- 
CO)(CO),(dpm),]+. This common derivative is formed either 
by protonation of [Rh,(p-CO)(CO),(dpm),] or by addition 
of CO to [Rh,(H)(CO),(dpm),]+. These reactions are re- 
versible. Heating [Rh2(p-H)(p-CO)(CO)2(dpm)2]+ under N2 
regenerates [Rh2(H)(C0),(dpm),]+, while addition of 1 equiv 
of NaHB(OMe)3 to the complex yields [Rh,(p-CO)(CO),- 
(dpm),] and 1 equiv of HZ. The p-hydride, p-carbonyl complex 
exhibits u(C0)  at 1972 s, 1957 vs, and 1870 s cm-', and a 
broad hydride resonance at 6 -9.71. The 31P(1H) NMR of the 
complex suggests a symmetric phosphorus environment, and 
is shown in Figure 5. The structure of the p-toluenesulfonate 
salt of the complex has been determined by X-ray crystal- 
lography and is described below in the discussion of the sol- 
id-state structure as a p-hydride A-frame of Rh(1) with a 
carbon monoxide bound in the endo pocket. The reversible 
carbonylation of [ Rh2( H) (CO),(dpm),]+ to [ Rh,(p-H) (p- 
CO)(CO)2(dpm)2]+ points to the identity of the former com- 
plex as a p-hydride A-frame of Rh(1). The reversible car- 
bonylation is analogous to that reported for the structurally 
similar A-frame CO adducts [Rh,(p-Cl)(p-CO)(CO),- 

The spectroscopic data for [Rh2(p-CO)(CO),(dpm)2] to- 
gether with its facile protonation to form [Rh,(p-H)(p- 
CO)(C0)2(dpm)2]+ provides compelling evidence of a Rh(0) 
carbonyl-bridged A-frame complex, analogous to Pd(I), Pt(I), 
and Rh species reported p r e v i ~ u s l y . ~ * ~ ~ * ' ~ ~ ' ~ ~ ~ ~  The p-hydride, 
p-carbonyl complex may thus be viewed as resulting from 
either the introduction of CO into the pocket of the hydride 
A-frame or from protonation of the neutral Rh(0) carbonyl 
A-frame. The reactions interrelating the hydride- and car- 
bonyl-bridged complexes are summarized in Scheme I. 

Solid-state Structure of [Rh2(r-H)(r-C0)(CO),- 

The crystal structure is composed of discrete [Rh2(p-H)- 
(p-CO)(CO),(dpm),]+ cations, J?-CH$~H~SO,- anions, and 
THF solvent molecules. The asymmetic unit contains half of 
the complex. The present structure determination of the 
complex represents our fourth attempt and first success. The 
structures of the hexafluorophosphate, tetrafluoroborate, and 
trifluoromethylsulfonate salts were found in earlier studies to 
be badly disordered and intractable. 

The molecular structure of [Rh2(p-H)(p-CO)(CO)2- 
( d ~ m ) ~ ] +  consists of two rhodium atoms bridged by two bis- 
(dipheny1phosphino)methane ligands, a hydride, and a carbon 
monoxide. Each of the two molecular ions and two THF 
solvent molecules possess an element of crystallographic sym- 
metry. The [Rh,(p-H)(p-CO)(CO),(dpm),l+ cation is bi- 
sected by a mirror plane which contains the two rhodium 
atoms, bridging hydride, and bridging and terminal carbonyls. 
The p-toluenesulfonate anion also lies on a mirror plane, while 

(dpm),l+ and [Rhz(c~-s)(~-Co)(Co)z(dpm)21 .6 

(PPh&HzPPh2)2]+p -CH$bH@03-.2THF 

Kubiak, Woodcock, and Eisenberg 

C 

Figure 1. Perspective view of the cation [Rh2(p-H)(p-C0)(CO),- 
( d ~ m ) ~ ] +  in which phenyl rings have been omitted for clarity. 

Figure 2. Perspective view of the cation [Rh2(p-H)(p-CO)(C0)2- 
(dpm),l+. 

Figure 3. Stereoview of the unit cell of [Rh2(p-H)(p-C0)(CO),- 
(dpm)2]+(p-CH3C6H4S03)--2THF. 

the two THF molecules possess twofold and mirror symmetry, 
respectively. Figure 1 presents a perspective view of the 
[Rh2(p-H)(p-CO)(CO)2(dpm)2]+ cation in which the phenyl 
rings have been omitted. A second view, with phenyl rings, 
appears in Figure 2. A stereoview of the unit cell contents 
is given in Figure 3. Interatomic distances and angles are 
listed in Table IV. 
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Scheme I n 

/Rh-.Rh A- 
oc p$ ' c o  

The coordination geometry about each rhodium atom is 
distorted square pyramidal. The approximately square basal 
planes contain two trans dpm phosphorus atoms, a terminal 
carbon monoxide, and the shared corner corresponding to the 
bridging hydride. These ligand atoms exhibit trans angles of 
P( 1)-Rh( 1)-P( 1)' = 155.2 (2)' and H-Rh( 1)-C( 1) = 
155(4)" at Rh(1) and P(2)-Rh(2)-P(2)' = 149.9 (2)O and 
H-Rh(2)-C(2) = 151 (3)' at the second rhodium atom, 
Rh(2). The corresponding cis angles exhibited by the basal 
ligands are P(1)-Rh(1)-H = 84.6 (8)', P(1)-Rh(l)-C(l) = 
90.4 (2)O, P(2)-Rh(2)-H = 82.5 (7)', and P(2)-Rh(2)-C(2) 
= 90.4 (2)' at Rh( 1) and Rh(2), respectively. The rhodium 
atoms, Rh( 1) and Rh(2), are displaced from their basal planes 
of ligands by 0.476 (3) and 0.564 (3) A. The bridging carbon 
monoxide is mutually apical, showing cis angles to the two sets 
of basal ligands of C(3)-Rh(l)-H = 90 (4)', C(3)-Rh(l)- 
P(l)  = 101.1 (l)', and C(3)-Rh(l)-C(l), 114.6 (9)' at Rh(1) 
and C(3)-Rh(2)-H = 97 (3)O, C(3)-Rh(2)-P(2) = 103.75 
(go), and C(3)-Rh(2)-C(2) = 112.3 (8)' at Rh(2). The 
dihedral angle between the least-square planes [H,C( l),P- 
(l),P(l)'] and [H,C(2),P(2),P(2)'] is 114.6". 

The Rh-Rh separation of 2.731 (2) A is well within the 
range normally reported for Rh-Rh single bonds.3e38 The 
compression along the Rh-Rh internuclear axis is evident in 
a shorter separation between the metals than between the 
adjacent dpm phosphorus atoms, P(l)-P(2), 3.012 (4) A. The 
bridging hydride bond lengths, Rh(1)-H = 1.97 (11) and 
Rh(2)-H = 1.75 (1 1) A, are within the range usually found 
for p-hydrido complexes of second- and third-row group 8 
transition metals.39 The [Rh2(p-H)(p-CO)(CO)2(dpm)2]+ 
cation shows the structural arrangement of a hydride bridged 
A-frame complex with a CO molecule bound in the endo 
pocket. The structure bears a strong resemblance to two other 
endo A-frame CO adducts [Rh,(p-Cl)(p-CO)(CO),- 
(dpm),]+ 3*5 and [Ir2(p-S)(p-CO)(CO)2(dpm)2] .6 This re- 
semblance is unexpected in view of the usual electron-counting 

(a) Mills, 0. S.; Nice, J. P. J .  Organomet. Chem. 1967, 10, 337. (b) 
Mills, 0. S.; Paulus, E. F. Ibid. 1967, 10, 331. 
Albano, V. S.; Sansoni, M.; Chini, P.; Martinego, S.; Strumolo, D. J .  
Chem. SOC., Dalton Trans. 1976, 970. 
C h i ,  G.; Garlaschelli, L.; Manassero, M.; Sartorelli, U. J.  Orgammer. 
Chem. 1977, 129, C25. 
Corcy, E. R.; Dahl, L. F.; Beck, W. J .  Am. Chem. SOC. 1%3,85, 1202. 
Wei, C. H. Inorg. Chem. 1969,8, 2385. 
(a) Bau, R.; Teller, R. G.; Kirtley, S. W.; Koetzle, T. F. Acc. Chem. 
Res. 1979, 12, 176. (b) Churchill, M. R.; Lashewycz, R. A. Inorg. 
Chem. 1979, 18, 3261. 
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Table IV. Bond Distances (A) and Angles (Deg) for 
[Rh,Ot-H)OtCO)(CO),(dpm), ]+@-CH,C,HSSO,)-.2THF 

Rh(l)-C(l)  1.83 (2) P(l)-PlC21 1.792 (8) 
1.810 (8) 

Rh(l)-C(3) 2.15 (2) P(2)-P2Cll 1.790 (9) 
Rh(1)-P(1) 2.317 (4) P(2)-P2C21 1.803 (7) 
Rh(l)-Rh(2) 2.731 (2) P(l)...P(2) 3.012 (4) 
Rh(2)-H 1.75 (11) S-O(PTS1) 1.44 (1) 
Rh(2)-C(2) 1.84 (2) S-O(PTS2) 1.44 (1) 
Rh(2)-C(3) 2.13 (2) S-SlC11 1.75 (1) 

P(l)-C(dpm) 1.86 (1) O(PTSl).-PlH12 2.36 (1) 
P(Z)-C(dpm) 1.86 (1) O(PTSl).-P2H22 2.41 (2) 

Rh(1)-H 1.97 (11) P( l ) -P lCl l  

Rh(2)-P(2) 2.301 (3) C(PTS)-SlC14 1.58 (4) 

C(1)-0(1) 1.14 (2) PlH13.. .PlH14 2.56 (2) 
C(2)-0(2) 1.15 (2) PlH16.. .PlC21 2.57 (2) 
C(3)-0(3) 1.11 (2) P2H25..*P2H26 2.52 (2) 

C(l)-Rh(l)-H 155 (4) P2Cll-(2)-P2C21 104.6 (4) 

C(1)-Rh(1)-P(1) 90 .4  (2) P2Cll-P(2)-Rh(2) 120.2 (3) 

H-Rh(1)-P( 1) 84.6 (8) P2C21-P(2)-Rh(2) 109.5 (3) 

C(l)-Rh(l)-C(3) 114.6 (9) P2Cll-P(2)-C(dpm) 105.1 (5) 

H-Rh(l)-C(3) 9 0  (4) PZCZl-P(2)-C(dpm) 104.7 (4) 

C(3)-Rh(l)-P(1) 101.1 (1) C(dpm)-P(2)-Rh(2) 111.5 (4) 
P(1)-Rh(1)-P(1)' 155.2 (2) P(l)-C(dpm)-P(2) 108.5 (6) 
C(2)-R h(2)-H 151 (3) O(l)-C(l)-Rh(l)  180 (2) 
C(2)-Rh(2)-C(3) 112.3 (8) 0(2)-C(2)-Rh(2) 177 (2) 
C(2)-Rh(2)-P(2) 90 .4  (2) 0(3)-C(3)-Rh(l)  138 (1) 
H-Rh(2)-C(3) 97 (3) 0(3)-C(3)-Rh(2) 142 (2) 
H-Rh(2)-P(2) 82.5 (7) Rh(l)-C(3)-Rh(2) 79.4 (7) 

P(2)-Rh(2)-P(2)' 149.9 (2) O(PTSl)-S-O(PTS2) 1 1  3.3 (6) 
PlC21-P(l)-PlC11 104.8 (4) O(PTSl)-S-O(F'TSl)' 113 (1) 

PlC21-P(l)-Rh(l) 120.5 (3) O(PTSl)-S-SlCll  104.8 (6) 

PlCll-P(1)-Rh(1) 110.1 (3) C(PTS)-S-SlClS 123 (2) 

C(3)-Rh(2)-P(2) 103.75 (9) Rh(lI-H-Rh(2) 9 4  (5) 

PlC21-P(l)-C(dpm) 105.2 (4) O(PTS2)-S-SlCll 107.2 (8) 

P l C l  l-P(l)-C(dpm) 104.1 (4) C(PTS)-S-S1C13 117 (1) 

C(dpm)-P(1)-Rh(1) 110.8 (4) 

formalisms which acknowledge bridging H, S ,  and C1 atoms 
as 1-, 2-, and 3-e donors, respectively. Thus, the electron count 
for the p-H structure is implied to be 2 e less than the p-Cl 
and p-S structures. The apparent differences between the three 
structures, however, are small. The present structure does 
show a slightly shorter M-M distance of d(Rh-Rh) = 2.731 
(2) A compared to [Rh,(p-Cl)(p-CO)(CO),(dpm),]+, d(Rh- 
Rh) = 2.8415 (7) A, and [Ir,(p-S)(p-CO)(CO), (dpm),], 
d(Ir-Ir) = 2.843 (2) A. The angle through the bridgehead 
ligand is also wider, Rh-H-Rh = 94 ( 5 ) O ,  than in the p-C1 
and p-S  structures, Rh-C1-Rh = 66.51 (4)' and Ir-S-Ir = 
70.5 (1)'. The wider bond angle, however, is expected from 
shorter Rh-H bond lengths: 1.97 (1 1) and 1.75 (1 1) A com- 
pared to Rh-Cl = 2.572 (2), 2.607 (2) and Ir-S = 2.463 (3) 
A. While we offer no bonding description to account for the 
structural similarity of the p-H complex to the p-C1 and p-S 
species, we note that Hoffman and Hoffmann have found the 
molecular orbital energy levels in [Rh2(p-C1)(p-CO)(C0),- 
(dpm),]+ and [Rh2(p-H)(p-CO>(CO),(dpm),]+ to be quali- 
tatively very similar.40 An analogous trend in a series of 
( ~ - H ) O S ~ ( C O ) , ~ ( ~ - L )  structures (L = H, C1, Br) has been 
reported by C h u r ~ h i l l . ~ ~ ~  The substitution of L = H for C1 
or Br in these complexes has been found to lead to no sig- 
nificant changes in the overall structure except a contraction 
of the bridged Os-Os bond, d(0s-Os) = 2.683 (1) for L = 
H compared to 2.846 (1) for L = C1 and 2.851 ( l ) ,  2.876 (1) 
8, for L = Br. 

The remainder of bond distances for [Rh,(p-H)(p-C0)- 
(CO),(dpm),]+ and the p-toluenesulfonate anion appear 
normal. The two Rh-P bond lengths of 2.301 (3) and 2.317 
(4) A agree with values reported for similar rhodium dpm 
comple~es .~ -~*~  The Rh-C distances for the terminal, 1.83 (2) 
and 1.84 (2) A, and bridging carbonyls, 2.15 (2) and 2.13 (2) 

(40) Hoffmann, R., personal communication. Hoffman, D. M.; Hoffmann, 
R. Inorg. Chem. 1981, 20, 3543-3555. 
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spectrum of [Rh,(p-CO)(CO),(dpm),] (Figure 4). The 
corresponding blue-green phenylacetylene complex [Rh2- 
(PhCCH)(CO),(dpm),] is prepared by the addition of 1 equiv 
of phenylacetylene to a solution of [Rh,(CO),(dpm),]. The 
phenylacetylene adduct is characterized by v(CO), at 1958 
vs, 1930 s, sh cm-', and a very complex 31P(1H1 NMR spectrum 
with none of the symmetry seen for the normal acetylene 
adduct. Attempts to prepare a diphenylacetylene complex have 
been unsuccessful, presumably a consequence of incompatible 
steric requirements of the dpm and diphenylacetylene phenyl 
rings. 

Balch has reported the additions of activated acetylenes, 
hexafluoro-Zbutyne and dimethyl acetylenedicarboxylate, to 
[Pd,Cl,(dpm),] ,lZa and more recently, Cowie has described 
the addition of these same acetylenes to [RhCl(CO)(dpm)], 
and [Rh2(p-CO)C12(dpm)2].'2b The adducts [Pd2(p-CF3C= 
CCF,)Cl,(dpm),] and [Rh2(p-CH3C02C==CC02CH3)(p- 
CO)Cl,(dpm),] were found by X-ray studies to possess the 
structural arrangement of dimetalated olefins. The available 
spectroscopic data are insufficient to determine the mode of 
acetylene bonding in the present Rh(0) complexes. 

The acetylene complex [Rh2(HCCH)(C0)2(dpm)2] reacts 
with H2 when solutions of it are heated. Under an atmosphere 
of 2:l H2/C2H2, toluene solutions of [Rh,(CO),(dpm),] at 
80 OC hydrogenate acetylene to ethane at a rate of ca. 3.3 mol 
of ethane (mol of complex)-' h-l. No cyclotrimerization is 
observed, and the rate of acetylene reduction to ethane is 
greater than the rate of ethylene hydrogenation under similar 
conditions (ca. 0.1 turnover/h). Recently, Sanger has dem- 
onstrated the effectiveness of the cationic A-frame complex 
[Rh2(p-Cl)(C0)2(dpm)2]+ for the hydrogenation of alkynes 
and  alkene^.'^ 

Addition of CO, and the Preparation and Reactions of 
[Rh2(p-02CH)(CO)2(dpm)2]. The addition of C 0 2  to [Rh2- 
(CO),(dpm),] is accomplished in dry THF solutions at low 
temperature and leads to [Rh2(CO2)(C0),(dpm),] as a pale 
yellow precipitate. The complex displays v(C0) at 1954 s and 
1941 vs and additional peaks attributed to v(C0,) at 1645 m 
and 1590 s cm-' (Nujol). These values compare favorably with 
values of 1660 and 1635 cm-' reported by Aresta and Nobile43 
for Ni(C02)(PR3), complexes. Further characterization by 
spectroscopic methods requiring solution samples has been 
frustrated by the facile dissociation of C 0 2  with reversion to 

The reaction chemistry which has been attempted is found 
to lead only to the products which would be expected from 
similar reactions with [Rh2(C0),(dpm),] alone. Thus, the 
addition of 1 equiv of CO produces the Rh(0) carbonyl A- 
frame complex [Rh2(~-CO)(CO),(dpm),] as well as 1 equiv 
of C02.  The protonation of the C 0 2  complex leads to 

Although direct protonation of the CO, complex causes CO, 
loss, a p-formato complex, [Rh,(~-0,CH)(CO)~(dpm),l+, can 
be prepared by heating the hydride species [Rh,(H)(CO),- 
(dpm),]+ in the presence of excess CO, for ca. 5 min. The 
red formate complex is obtained analytically pure and exhibits 
v(C0) of 1946 vs, and 1968 vs and an additional stretch at 
1548 cm-' (Nujol) in the region characteristic of t12 or bridging 
carboxylate The formate complex can also be 

[Rh,(CO),(dPm),l* 

IRh2(H)(Co>2(d~m)21+ and C02.  

li li 

2 ( P P d  

Figure 4. 31P{'H} NMR spectrum of [Rh2(p-CO)(CO)2(dpm)2]. 
Chemical shifts in ppm downfield of internal trimethyl phosphate. 

A, correspond to reported  value^.^-^.^' The S-O,  S-C, and 
CH3-C distances of 1.44 (I) ,  1.75 ( l ) ,  and 1.58 (4) A, re- 
spectively, are in complete agreement with other structurally 
characterized p-toluenes~lfonates.~~ 

The two THF molecules are thermally disordered and show 
chemically unreasonable average C-C bond lengths of 1.29 
(6) A. An indication of the degree of thermal disorder is that 
while the two THF molecules show the stable five-membered 
ring conformations of C, "envelope" and C, "half-~hair",4~ they 
are much less pronounced than the idealized conformations. 
The disorder appears to have the effect of averaging the THF 
carbon and oxygen atomic positions to values which correspond 
to severely flattened T H F  molecules with unrealistic bond 
lengths. The displacements of the oxygen and carbon atoms 
from the least-squares plane through the THF molecule with 
C, symmetry are for 0,0.06, for C1, -0.05, and for C(2), 0.02, 
which are to be compared with the ideal values for 0, 0.63, 
for C1, -0.51, and for C(2), 0.20 A.43 The actual vs. idealized 
values for the T H F  molecules with C, symmetry are for 0, 
0.0, for C1, -0.06, and for C(2), 0.13, which should be com- 
pared to values for 0, 0.0, for C1, -0.37, and for C(2), 0.60. 

There are no unusual intra- or intermolecular contacts in 
the structure. The solvent THF molecules, ptoluenesulfonate, 
and [Rh2(p-H)(p-CO)(CO)2(dpm)2]+ cation are all well 
separated from each other. The closest approaches of the anion 
and cation involve the p-toluenesulfonate oxygen atoms and 
dpm phenyl H atoms: O(PTSI)-.PIHI2 = 2.36 ( I ) ,  0- 
(PTSl).-P2H22 = 2.41 (2) A. All phenyl H.-H distances 
in the structure are greater than the sum of van der Waals 
radii (2.4 A). The closest inter- and intramolecular phenyl 
H-oH distances are PlH13.-PIH14 = 2.56 (2) and 
P2H25-P2H26 = 2.52 (2) A, respectively. 

Additions of Acetylenes. The unsaturated Rh(0) complex 
[Rh,(CO),(dpm),] adds other substrates besides CO and H+. 
Acetylene reacts to produce intense emerald green solutions 
which contain [Rhz(C2H2)(CO)2(dpm)z]. The acetylene ad- 
duct exhibits two v(C0) at 1946 s,sh and 1938 vs cm-' 
(benzene solution). The acetylenic proton resonances were 
not observed in the 'H NMR spectrum and possibly overlap 
other resonances. The 31P(1H) NMR spectrum shows a sym- 
metric multiplet centered at 6 17.66 with two principal lines 
separated by 133 Hz and features extremely similar to the 

(41) Vidal, J. L.; Fiato, R. A.; Pruett, R. L. Inorg. Chem. 1978, 17, 2574. 
(42) (a) Couldwell, C.; Prout, K.; Robey, D.; Taylor, R.; Rossotti, F. J. C. 

Acta Crystallogr., Sect. B 1978, 34, 1491. (b) Eliel, E. L. 
'Stereochemistry of Carbon Compounds"; McGraw-Hill: New York, 
1962; p 250. 

(43) Arcsta, M.; Nobile, C. F. J. Chem. SOC., Dalton Trons. 1977, 708. 

~~~ ~~ 

(44) Johnson, S. A.; Hunt, H. R.; Ncumann, H. M. Inorg. Chem. 1963,2, 
960. 

(45) Vol'pin, M. E.; Kolomnikov, I. S. Organomet. React. 1975, 5, 313. 
(46) Eisenberg, R.; Hendriksen, D. E. Adu. Carol. 1979, 28, 79. 
(47) Immirzi, A.; Musco, A. Inorg. Chim. Acta 1977, 24, L49. 
(48) Yoshida, T.; Thorn, D. L.; Okano, T.; Ibers, J. A.; Otsuka, S .  J. Am. 

Chem. SOC. 1979, 101, 4212. 
(49) Yoshida, T.; Ueda, Y.; Otsuka, S .  J. Am. Chem. SOC. 1978,100,3941. 
(50) Balch, A. L.; Tulyathan, B. Znorg. Chem. 1977, 16, 2840. 
(51) Smith, S. A.; Blake, D. M.; Kubota, M. Inorg. Chem. 1972, 11, 660. 
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Scheme I1 

8 (PPm) 
Figure 5. 31P{1H) NMR spectrum of [R~~(PH)(PCO)(CO)~- 
(dpm)#PF6-. Chemical shifts in ppm downfield of internal trimethyl 
phosphate. 

prepared independently from [Rh2C12(C0)2(dpm)2] and 
NaHC02. The insertion of C02 into M-H bonds has a 
number of precedents in the chemistry of mononuclear hydride 
comple~es . '~~  The two methods of preparation and proposed 
structure, 111, of the formate complex are summarized in eq 
4. We have also prepared the corresponding acetate complex 

u u  
111 

I: R h p C I p ( C 0  ) p (  d pm ) p  1 (4) 

from NaCH3C02; it too is red and shows v(C0) at  1951 vs 
and 1974 vs and v(CH3C02) at 1520 cm-' (Nujol). A related 
neutral diacetate complex, [Rh2(~-0~CCH~)~(CO)~(dpm)~l, 
has been reported by Balch and has similar color and IR data 
as the present r-carboxylate c o m p l e ~ e s . ~ ~  

An unusual reaction of the formate complex [Rh2(p- 
02CH)(CO)2(dpm)2]+ is its rapid decomposition in the 
presence of CO. The products of the reaction are C 0 2  and 
[Rh2(p-H)(p-CO)(C0),(dpm),l+ according to eq 5 .  In 

+ 
H 

t c o p  

contrast, the closely related acetate complex does not show 
any evidence of reaction with CO. The decomposition of 
formate to hydride and C 0 2  may proceed via a change in 
formate coordination from bridging to terminal followed by 
decarboxylation through a &elimination step 

r H\c//o 

Kubota has reported reactions of Ir q2-carboxylates with CO 
which produce the corresponding &arboxylate, carbonyl 
complexe~ .~~  Masters has recently reported an apparently 
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2+ 

/"O 
0 LO 
1 + 
c c  SOl'R@h 

0 0  , 

H'cOO- (CO t O H - )  

similar "&elimination" of hydride from a +formate complex 
of iridium to give C 0 2  and the corresponding iridium 

Water-Gas Shift Catalysis. Two independent observations 
regarding the reaction chemistry of [Rh2(p-H)(p-CO)- 
(CO)2(dpm)2]+ suggest the possibility of water-gas shift 
(WGS) catalysis (eq 6). The first is decomposition of the 

H20 + CO C02 + H2 (6) 
formate complex in the presence of CO to produce the hydride 
[Rl~,(p-H)(p-CO)(CO)~(dpm)~l+ and C 0 2  (eq 5) .  The second 
observation is that hydrogen can be produced by treating 
[Rh2(p-H)(p-CO)(CO)2(dpm)2]+ with acid. For example, the 
reaction of [Rh2(p-H)(p-CO)(CO)2(dpm)2]+ with HCl under 
CO leads to the immediate production of 1 equiv of H2 and 
the p-Cl, p-CO complex [Rh2(p-C1)(p-CO)(CO)2(dpm)2]+, 
first reported by Sanger et al.3 A similar reaction with HClO, 
yields H2 and the solvated dication [Rh2(CO)2(Sol)2(dpm)2]2+, 
which can be formed independently from Rh2C12(CO),(dpm), 
and AgBF4. These observations together with the established 
preparation of the formate complex form [Rh2C12(CO)2- 
( d ~ m ) ~ ]  and HC02- form a complete cycle of steps sufficient 
for water-gas shift catalysis. While this proposal led us to 
discover the activity of [Rh2(p-H)(p-CO)(CO)2(dpm)2]+ as 
a WGS catalyst, the reactions shown in Scheme I1 do not 
necessarily represent actual steps in the catalysis. 

Both method A and method B (see Experimental Section) 
produced stoichiometric amounts of C 0 2  and H2 while con- 
suming a stoichiometric amount of CO. In a typical run with 
method A, 0.39 mmol of CO was converted into 0.39 mmol 
of C 0 2  and 0.39 mmol of H2 in 15 h. Employing method B 
resulted in the consumption of 0.53 mmol of CO and the 
production of 0.53 mmol of CO, and 0.53 mmol of H2 in 15 
h. 

The most active catalytic systems contain [Rh2(p-CO)- 
(CO)2(dpm)2], 1 equiv of p-toluenesulfonic acid and 2 equiv 
of a salt (i.e., LiCl, LiBr, NaCl) in l-propanol solution. The 
rates of catalysis at 90 OC for the most active systems using 
previously established proceduress3 and GC analysis of the 

~~ 

(52) Masters, C. Ado. Orgummet. Chem. 1979, 17, 61. 
(53) Cheng, C. H.; Hendriksen, D. E.; Eisenberg, R. J .  Am. Chem. SOC. 

1977, 99, 2791. 
(54) Laine, R. M.; Rinker, R. G.; Ford, P. C. J .  Am. Chem. SOC. 1977,99, 

252. 
(55) Cheng, C. H.; Eisenberg, R. J .  Am. Chem. Soc. 1978, 100, 5968. 
(56) Ford, P. C.; Rinker, R. G.; Ungermann, C.; Laine, R. M.; Landis, V.; 

Moya, S. A. J .  Am. Chem. Soc. 1978, 100,4595. 
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Figure 6. Plot of turnovers vs. time illustrating the effect of various 
salts on the catalysis of the WGSR. 

gases above the catalyst solutions correspond to 0.58 turn- 
over/h. The catalysis continues at this rate for approximately 
35 h, after which the rate gradually decreases until cessation 
of catalysis after 70 h. The highest rates of catalysis are 
obtained at nearly neutral pH conditions. Excess acid or base 
results in decomposition of the catalyst complex. The effect 
of different salts on the catalysis is shown in Figure 6. No 
simple explanation of the rate differences is apparent. While 
LiBr, LiCl, and NaCl appear to enhance the catalysis, we also 
find that the halebridged complex [Rh2(p-X)(C0)2(dpm)2]+ 
(X = C1, Br), which can form by the reaction of [Rh2- 
(CO),(S~l),(dpm),]~+ with X-, is inactive as a catalyst pre- 
cursor when used in a similar run. Carboxylate salts appear 
to slow the reaction. Surprisingly, this observation includes 
formate which we initially proposed as the species by which 
CO + OH- enter the catalytic cycle shown in Scheme 11. We 
do not have direct evidence for formate involvement in the 
catalysis and note that other species such as hydroxycarbonyls 
may actually be involved. In any case the effect of added salts 
is not a major one and may simply relate to a medium effect. 
Finally, the deactivation of the catalyst is observed in all 
systems tried. Further studies designed to uncover the nature 
of the deactivated catalyst and to maintain the lifetime of the 
active catalyst are in progress. 

Hydroformylation/Hydrogenation Catalysis. The same 
conditions employed in the WGS catalysis system also catalyze 
the hydroformylation of ethylene to propanal via the Reppe 
modification, as well as the hydrogenation by CO + HzO, of 
both ethylene to ethane and propanal to 1-propanol. The rate 
of hydroformylation catalysis based on C 0 2  production is 0.52 
turnovers/h for approximately 35 h. Analysis of the reduction 
products at the end of catalysis indicates the formation of 
approximately 25% propanal, 25% hydrogen, 15% ethane, and 
5% 1-propanol compared with C02 which is the only oxidation 
product formed (each reduction step requires the formation 
of 1 molecule of C02).  A typical run is shown in Figure 7. 
The strong dependence of the activity of this system on the 
presence of a salt (e.g., LiCl) is also indicated during the first 
few hours of the run. 

If, in addition to CO and ethylene, H2 is present, the catalyst 
system promotes hydrogenation more effectively than hydro- 
formylation. The amount of ethane produced is eight times 
greater than that of propanal. The rate of hydrogenation is 
also faster than for Reppe hydroformylation, being 7.5 turn- 

(57) Kang, H. C.; Mauldon, C. H.; Cole, T.; Slegeir, W.; Cann, K.; Pettit, 
R. J .  Am. Chem. SOC. 1977, 99, 8323. 

(58) King, R. B.; Frazier, C. C.; Hanes, R. M.; King, A. D. J.  Am. Chem. 
SOC. 1978. 100. 2925. -, - - - ,  

(59) Mague, J. T.; DeVries, S. H. Inorg. Chem. 1980, 19, 3743. 
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Figure 7. Plot of turnovers vs. time for the hydroformylation/hy- 
drogenation of ethylene. 

overs/h for the ethylene-to-ethane conversion on the basis of 
GC analysis of ethane produced when commencing with 
300-torr CO, 150-torr C2H4, and 150-torr H2 at 90 "C. The 
catalyst also hydrogenates propanal to 1-propanol in the 
presence of H2. 

The slowness of hydroformylation via the Reppe modifi- 
cation and the near identity of the rate of this reaction with 
that of water-gas shift strongly suggest similar slow steps in 
the two catalyses. The observation of increased amounts of 
ethane when H2 is present vs. the product distribution when 
the Reppe modification of hydroformylation is followed 
without added H2 rules against a two-stage hydroformylation 
process in which H2 is initially formed via WGS and then 
consumed via conventional hydroformylation. 

These conclusions and the experiments on which they are 
based are under continuing study. 
Conclusions 

We have shown that the binuclear Rh(0) complex [Rh2- 
(CO)2(dpm)2] and its apparent solvated isomer [Rh2(p- 
CO)(CO)(dpm)2(Sol)] are capable of adding numerous small 
molecule substrates. A-Frame complexes result from the 
addition of CO, H', acetylenes, and possibly COP The activity 
of several of these complexes as homogeneous catalysts is 
significant. An acetylene A-frame complex [Rh2(HCCH)- 
(C0)2(dpm)2] is found to efficiently reduce acetylene to 
ethane. An unusual p-hydride, p-carbonyl complex is prepared 
by the addition of H+ and CO to [Rh,(CO),(dpm),]. The 
structure of [ Rh2( p-H) (p-CO) (CO) 2(dpm) 21 ' ( p -  
CH3C6H4SO3)-*2THF was determined by X-ray crystallog- 
raphy and shows a p-hydride A-frame skeleton with a carbon 
monoxide bridging the two Rh centers in the endo pocket. This 
p-hydride, p-carbonyl complex is also prepared by the reaction 
of a p-formato complex with CO and shows high activity in 
the water-gas shift reaction as well as in the catalysis of the 
hydroformylation of ethylene. 
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Some attempts to achieve optically active products were carried out by new catalysts of the type [Rh(COD)(P*)z]+, where 
the chiral phosphorus ligands are a-naphthylphenyl(e or ptoly1)phcsphine (NPTP), bis[phenyl(o- or ptoly1)phosphinol ethane 
(BPTE), bis(a-naphthylpheny1phosphino)ethane (BNPE), and l-phenyl-l,2-bis(diphenylphosphino)ethane (R-PDPE). Optical 
yields of 50-75% ee (ee = enantiomeric excess) were obtained in the hydrogenation of acetamidoacrylic acid. The ortho 
isomer of the tolyl group gave a higher optical yield than the para one. Isoalcohols were effective solvents. It was found 
that these catalysts can be recovered and reused for asymmetric hydrogenation. 

Introduction 
Many studies (for example, ref 1-4) of selective asymmetric 

hydrogenation with metal catalysts have been made. Ligands 
which have optical activity on an atom of phosphorus, nitrogen, 
or carbon can give optically active products. It has been said 
that ligands containing optically active phosphorus atoms are 
more effective than others, but in recent years it has been 
shown that ligands having optical activity on carbon5 and 
nitrogen6 may be very effective for asymmetric hydrogenation. 
Many asymmetric hydrogenation catalysts are sensitive to air 
and moisture, so they require special handling. 

We have prepared catalysts which are stable in air and 
effective for asymmetric hydrogenation. The ligands described 
have optical activity residing on a phosphorus atom (P* or 
P*P*) and contain phenyl, tolyl, and naphthyl groups. Those 
compounds were expected to give complexes having large 
optical activity because of their bulky structures. Also 1- 
phenyl-1,2-bis(dipheny1phosphino)ethane' (R-PDPE or R- 
phenphos) was used as a typical aromatic ligand having optical 
activity on one carbon atom. 
Results and Discussion 

Ligand I, NPTP, is monodentate, so it presents the possi- 
bility that either one or two groups may coordinate to give 
[Rh(COD)(P*)X] or [Rh(COD)(P*)2]X. The first was tested 
by using the monophosphine complex for hydrogenation of 
a-acetamidoacrylic acid. However, so the completely hy- 
drogenated product could be obtained, it was found that the 
hydrogenation had to be carried out with a relatively large 
concentration of catalyst (S/Rh = 5). The reaction was slow. 
On the other hand, the rhodium compound containing two 
monophosphine molecules was effective under moderate con- 

n 
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ditions. Therefore, in all later studies on asymmetric hydro- 
genation, we used bidentate phosphine rhodium compounds. 

The ligands described in this paper are shown in Figure 1. 
Ligands I and I1 each exist in two isomeric forms (ortho and 
para), both optically active. The other ligands exist as meso-, 
levo-, and dextrorotatory isomers. Optical resolutions were 
carried out by fractional precipitation of the D-a-bromo- 
camphor-*-sulfonate (BCS)-rhodium compounds. In each 
case, the fractional precipitation was repeated until the limiting 
optical activity was obtained. The resulting optically active 
compounds were converted to the desired salts as described 
in the Experimental Section. 

Figure 2 shows the relationship between hydrogenation yield 
and time of reaction. All of the catalysts have the ability to 
completely hydrogenate a-acetamidoacrylic acid in 4 h. 
Therefore, the following asymmetric hydrogenations (except 
with the monophosphine catalyst and others especially noted) 
were carried out under the following conditions: 1 atm 
pressure, room temperature, substrate/Rh = 50-100, solvent 
95% EtOH. Yields at  less than 4 h show that all of these 
catalysts can hydrogenate at  about the same rate (Figure 2). 

Table I gives the optical yields of products hydrogenated 
asymmetrically by these catalysts. In general, the optical yield 
seems to depend upon the magnitude of the optical activity 
of the catalyst. The optical yield with [Rh(COD)- 
(NPTP)(HzO)]+ as the catalyst is very much lower than with 
the diphosphine catalysts. On the other hand, catalysts with 
diphosphine ligands give good optical yields, especially [ Rh- 
(COD)(BNPE)]+. The results suggest that tolyl and phenyl 
groups on the phosphorus atoms in NPTP exist in the same 
conformation as in BPTE. If the naphthyl groups in NPTP 
have the same spatial relationship as do those in BNPE, the 
yield might be close to the value given by [Rh(COD)- 
(BNPE)]+. 

Effects of Catalyst Anions. As noted by Knowles,s there 
is little difference in optical yield when the catalysts contain 
different anions. 

Effects of Position Isomers. The position of the methyl 
group on the tolyl ring is very important in achieving high 

(8) B. D. Vineyard, W. S. Knowles, M. J. Sabacky, G. L. Bachman, and 
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