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It is interesting to compare and contrast our attempts 
to synthesize compounds of the type M(C0)5[PPh2AlR2] 
with a study in which compounds of the type M(CO)5- 
[PPh,B(NR,),] were reported.37 The boron-phosphorus 
compounds were obtained by the reaction of M(CO),PPh; 
and B(NR2)2Br in THF and the ligand displacement re- 
actions of M(C0)5L (L = CO, THF, CH3CN) by B- 
(NRz)2PR2. The analogous reactions to produce the alu- 
minum compounds have yielded compounds in which the 
A1-P bond is cleaved and the A1 and P atoms are bound 
to first-row elements instead. The only successful route 
to compounds of the type M(CO),[PPh2AIFLJ has involved 
displacement of the relatively unreactive ligand NMe3 of 
Cr(C0)5NMe3 by (Me3SiCH2),A1PPh2. 
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Treatment of [ (norbornadiene)RhC112 with Ph2PCH2CH2NMe3+N03- (amphos nitrate) results in chloride 
bridge splitting to give [NBDRhCl(amphos)]+N03- (I). I reacts further with amphos to give [NBDRh- 
(amphos),I3+ (II), which in turn reacts with hydrogen in methanol or water to give [RhH,(amphos),- 
(solvent),I3+ or, if excess amphos is available, [RhH2(amphos)3(solvent)]4+. While the latter complex is 
stable with respect to reductive elimination of hydrogen, the former readily loses hydrogen to give [Rh- 
(amph~s)~(solvent)~ 3+. Carbonylation of I and I1 appears to give [~is-RhCl(CO)~(amphos)]+ and [cis- 
Rh(C0)2(amphos)2]s+, respectively. Aqueous solutions of I1 catalyze the hydrogenation of water-soluble 
olefins in single-phase systems, and the hydrogenation and hydroformylation of water-immiscible olefins 
dissolved in n-pentane, methylene chloride, and ethyl ether. Adsorption of I1 onto the sodium form of 
a strong acid, ion-exchange resin results in a novel supported catalyst system for the hydrogenation and 
hydroformylation of olefins in acetone solution. Virtually no leaching of rhodium into the olefin-containing 
phases occurs in the two-phase systems, although the rhodium can be readily recovered from the resin 
by elution with acid. 

Introduction 
The potential advantages of homogeneous over hetero- 

geneous catalysis (relatively high selectivity, activity) are 
well recognized, but a major impediment to more general 
utilization of homogeneous systems revolves around the 
problem of separation of products from cata1ysts.l A 
common solution to this problem involves the attachment 

(1) Parshall, G. W. 'Homogeneous Catalysis"; Wiley-Interscience: 
New York, 1980. 

0276-7333/83/2302-1138$01.50/0 

of a normally soluble catalyst to an insoluble support, in 
an attempt to combine the virtues of both homogeneous 
and heterogeneous  catalyst^.^-^ Unfortunately, the an- 
choring of soluble metal catalyst precursors to, for instance, 
a variety of tertiary phosphine-functionalized supports has 
not in general led to useful catalysts; problems encountered 

(2) Hartley, F. R.; Vezey, P. N. Ado. Organornet. Chem. 1977,15,189. 
(3 )  Bailey, D. C.; Langer, S. H. Chern. Reo. 1981, 81, 109. 
(4) Ciardelli, F.; Braca, G.; Carlini, C.; Sbrana, G.; Valentini, G. J.  Mol. 

Catal. 1982, 14, 1. 
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include leaching of metal into the solvent, lowered activity 
or selectivity relative to purely homogeneous analogues, 
and supervenient oxidation of the phosphorus 

A quite different approach to the problem of separation 
of catalyst and product has involved the use of metal 
complexes of polar, water-soluble ligands such as sulfo- 
nated triarylphosphines.10 While aqueous solutions of 
such complexes do catalyze reactions of water-immiscible 
substrates, possibly via a phase-transfer process, little has 
actually been done in this area. 

We have earlier" reported the synthesis of the cationic, 
water-soluble phosphine (2-(dipheny1phosphino)ethyl)- 
trimethylammonium iodide (Ph2PCHzCH2NMe3+I- = 
amphos iodide) and its metal carbonyl complexes [Fe- 
(CO)4amphos]I and [M(C0)5amphos]I (M = Mo, w) .  As 
the carbonyl stretching frequencies of these compounds 
were found to  be very similar to those of analogous com- 
plexes of neutral tertiary phosphines, it is clear that the 
effects of the positive charge are almost completely at- 
tenuated along the aliphatic chain of the ligand. However, 
the compounds did exhibit unusually high solubilities in 
polar solvents (water, methanol, acetonitrile), and it was 
anticipated that the coordination chemistry of amphos 
complexes of the platinum metals might prove interesting 
in such media. We now report details of the (amphos)- 
rhodium(1) system, including some catalytic properties; a 
preliminary communication of this work has appeared.12 

Experimental Section 
Operations were normally carried out under nitrogen unless 

otherwise described. Solvents were distilled from appropriate 
drying agents and stored over molecular sieves until used. The 
60-MHz 'H NMR spectra were run on a Bruker HX-60 spec- 
trometer and the 31P spectra (all 'H decoupled) and 200-MHz 
'H spectra on a Bruker CXP 200 spectrometer. IR spectra were 
run on a Beckman IR 4240 spectrophotometer and gas-liquid 
chromatography on a Hewlett Packard 5880A gas chromatograph 
with a flame ionization detector. Chemical analyses (except Rh) 
were carried out by Canadian Microanalytical Services Ltd. 

Preparation of (2-(Dipheny1phosphino)ethyl)trimethyl- 
ammonium Nitrate (Amphos Nitrate). A column of anion- 
exchange resin (Biorad AGl-X8 or AG2-X8) w u  converted from 
the chloride to the nitrate form by elution with aqueous solutions 
of sodium or ammonium nitrate. The resin was then washed well 
with water (100 mL) and methanol (100 mL). Amphos iodide 
was converted to amphos nitrate by passing a deaerated methanol 
solution of the former through the column; the amount of resin 
was chosen so as to ensure that the capacity of the column ex- 
ceeded the amount of iodide to be exchanged by a factor of 10. 
The resulting methanol solution of halide-free amphos nitrate 
could be reacted as such, or the solvent could be removed to give 
the compound as a gummy solid, shown to be pure by its lH and 
31P NMR spectra." 

Preparation of Chloro(norbornadiene)rhodium(I)-(2- 
(Dipheny1phosphino)ethyltrimethylammonium Nitrate 
([NBDRhCl(amphos)]N03 (I)). Amphos iodide (1.7 g, 4.4 
mmol) was converted to the nitrate salt (see above). To this in 
75 mL of methanol was added [NBDRhC1I2l3 (NBD = nor- 
bornadiene) (1.0 g, 2.2 mmol), and the mixture was stirred until 
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Table I. 31P NMR Data 
compd 6 pa (J( Rh-P)) A 

amphos nitrate -21.3 
[NBDRhCl(amphos)]+ (I) 25.3 (176) 46.6 
NBDRhCl(PPh,) 31.6 (171) 37.0 
[NBDRh(arnpho~),]~+ (11) 15.7 (152) 36.7 
[NBDRh(PPh,),]+ 29.8 (157) 35.2 
INBDRh(PMePh,L 1' 3.5 (140) 31.3 

(5) Lang, W. H.; Jurewicz, A. T.; Haag, W. 0.; Whitehurst, D. D.; 

(6) Grubbs, R. H.; Sweet, E. M. J. Mol. Catal. 1977/1978, 3, 259. 
(7) Tang, S. C.; Paxson, T. E.; Kim, L. J. Mol. Catal. 1980, 9, 313. 
(8) De Croon, M. H. J. M.; Coenen, J. W. E. J. Mol. Catal. 1981, 11, 

(9) Bemi, L.; Clark, H. C.; Davies, J. A.; Fyfe, C. A.; Wasylishen, R. 

(10) Jo6, F.; T6th, 2. J. Mol. Catal. 1980,8,369 and references therein. 
(11) Smith, R. T.; Baird, M. C. Inorg. Chim. Acta 1982, 62, 135. 
(12) Smith, R. T.; Ungar, R. K.; Baird, M. C. Trans. Met. Chem., 1982, 

(13) Abel, E. W.; Bennett, M. A.; Wilkinson, G. J. Chem. SOC. 1959, 

Rollmann, L. D. J. Organomet. Chem. 1977, 134,85. 

301. 

E. J. Am. Chem. SOC. 1982, 104,438. 

7, 288. 

3178. 

[ RhH,\amph~s) ,~M~OH),]~+ (111) 

[ RhH,(PP/IePh,),(MeOH), ] + 

[ Rh(amphos),(MeOH),] 3 +  (IV) 

[ RhH,(PPh,)z(MeOH), 1 + 

[ Rh( PPh 3 ),(Me OH 1 2  1 + 

[ RhH,(amphos),X] 3 +  Or 4 +  (VI 

Rh H, C1( PPh , ) 3  

31.5 i122j 
41.8 (121) 
23.8 (118) 
46.4 (205) 
57.2 (207) 

31.2 (117) 
20.7 (go), 

11.9 (95), 

~. 

52.8 
47.2 
51.6 
67.7 
62.6 
33.2, 

26.1, 
52.5 

40.3 (114) 45.7 
a In ppm relative to external H,PO, ; downfield shifts 

positive. Coupling constants in hertz. 

all of the rhodium compound had gone into solution. On con- 
centration of the solution to about 20 mL (water aspirator), I began 
to precipitate; addition of 25 mL of ethyl completed the precip- 
itation of yellow crystals, which were recrystallized from aceto- 
nitrile-ethyl ether: mp 175-177 OC; yield 90%. Anal. Calcd for 

Found: C, 50.93; H, 5.73; N, 4.99; C1, 6.55; P, 4.92. Conductivity 
measurements in acetonitrile showed that I is a 1:l electrolyte 
(Ao = 136 $2-' L1l2, B = 650 Q-' L1/2 equi~- ' /~) . '~  

Reactions of I. A variety of reactions of I with excess amphos 
nitrate, hydrogen, and carbon monoxide in water, methanol, and 
acetonitrile were carried out and wil l  be described below. Attempts 
to isolate pure samples of the cationic products by the addition 
of sodium tetrafluoroborate, tetraphenylborate, and hexafluoro- 
phosphate, however, were invariably unsuccessful. Only amphos 
salts or rhodium-containing gummy materials could ever be ob- 
tained on cooling and/or concentration of reaction solutions. 
AU compounds were therefore identified by comparisons of their 

IR, their 'H NMR, and, more particularly, their 31P NMR spectral 
parameters with data for known compounds of other phosphines. 
As has been shown previ~usly,'~ the coordination shift, A,16 and 
'J(Rh-P) are generally very reliable criteria for the identification 
of solution species, being especially sensitive to the nature of the 
ligand trans to the phosphine. We therefore present all relevant 
31P NMR data for the complexes formed in solution in Table I, 
where they are compared with the corresponding data for the 
analogous, well-characterized triphenylphosphine and methyl- 
diphenylphosphine systems. 

Catalysis Studies. In general, solutions of amphos nitrate 
were generated in methanol as described above, and an appro- 
priate weight of [NBDRhC1I2 (about 0.05 mmol) was added to 
make solutions of the desired phosphine:rhodium ratio. 
(Henceforth the compositions of mixtures will often be denoted 
by this ratio, i.e., 1:1, 2:1, etc.) The methanol solution could then 
be used, or the methanol could be removed at reduced pressure 
to give a residue which could then be redissolved in some other 
solvent. 

(a) Homogeneous hydrogenations of the water-soluble olefins, 
crotonic and maleic acids, were carried out in DzO. Thus mixtures 
of a 2 1  or 31 catalyst (0.05 m o l ,  lo-' M) were treated with maleic 
acid (0.4 g, 3.5 mmol) or crotonic acid (0.4 g, 4.6 mmol) in 5 mL 
of DzO. The solutions were stirred under 1 atm of hydrogen at 
room temperature, samples being withdrawn periodically so that 
their 'H NMR spectra could be recorded. The extent of hy- 
drogenation could readily be obtained by integration of the spectra. 
The same olefins were also hydrogenated in methanol, aliquots 
being analyzed in the same way after removal of the methanol 
at  reduced pressure. For comparison purposes, similar experi- 

C24H31ClN203PRh: C, 51.03; H, 5.53; N, 4.96; C1, 6.28; P, 5.48. 

(14) Davies, J. A.; Hartley, F. R.; Murray, S. G. Inorg. Chim. Acta 

(15) Slack, D. A.; Greveling, I.; Baird, M. C. Inorg. Chem. 1979, 18, 

(16) The difference in 31P chemical shifts between free and coordi- 

1980, 43, 69. 

3125 and references therein. 

nated ligands. 
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ments were conducted by using [NBDRh(PPh,),]PF," as catalyst 
(0.05 mmol, M). 

Styrene (2 mL, 17 mmol) was hydrogenated in 20 mL of 1:l 
ethanol-benzene by 2:l and 3:l catalysts (0.05 mmol, 2.5 X loe3 
M) and by RhC1(PPh3)28 (0.05 mmol, 2.5 x M). The reactions 
were monitored by gas chromatography using a Carbowax on 
Chromosorb W column. 

(b) Two-phase hydrogenations were performed typically by 
mixing a solution of a 2:l or 3:l catalyst (0.05 mmol, 2.5 X 
M) in 20 mL doubly distilled, deaerated water with the water- 
immiscible olefins styrene (6 mL, 52 mmol) and 1-hexene (6 mL, 
48 mmol). The olefins were either added neat or dissolved in 20 
mL of an organic solvent (ethyl ether, methylene chloride, or 
n-pentane). The two-phase liquid mixtures were transferred by 
syringe to a nitrogen-filled pressure bottle of a Parr Hydrogenation 
Apparatus, the bottle was flushed several times with hydrogen, 
brought to 3 atm of hydrogen, and shaken for 6 h. 

The organic phases were separated, and the reaction products 
were analyzed by gas chromatography; the styrene system was 
analyzed as described above, and the 1-hexene system was ana- 
lyzed by using an n-octane on Poracil C column. The organic 
phases were also analyzed by rhodium by using a Perkin-Elmer 
603 atomic absorption spectrophotometer. A typical procedure19 
involved evaporating a sample to near dryness, treating it with 
10 mL of 12 M hydrochloric acid and 5 mL of 15 M nitric acid, 
and heating the mixture for several hours. The acid treatment 
was then repeated once, 1 mL of 18 M sulfuric acid was added, 
and the sample was heated until SO3 fumes were clearly evident. 
The sample was cooled and brought to a known volume with 
distilled water. The sample and standards were run at 343.5 nm 
(3-mm slit width) by using a lean blue/air acetylene flame. 
Calibration curves showed that the detection limit was approx- 
imately 0.1 ppm or 1 pg for a 10-mL sample. Since most catalytic 
runs contained about 10 mg of rhodium, leaching of amounts as 
low as 0.01% of the total was detectable. 

(c) Supported olefin hydrogenation catalysts were prepared by 
mixing a 2:l or 3:l catalyst (0.05 mmol, M) in 50 mL of 
distilled water with 10 g of a macroreticular cation resin, Rexyn 
101, the sodium form of a 200-400 mesh sulfonated polystyrene 
copolymer (Fisher Scientific). The resin had previously been 
pumped on at 0.1 mm for about 1 h. Adsorption of the catalyst 
onto the resin was generally complete within 1 h or less, as judged 
by the disappearance of the yellow color. The water was then 
filtered off under nitrogen, and the resin was washed successively 
with 50-mL portions of distilled water, methanol, and either 
acetone or ethyl ether. The resin was transferred immediately 
to a 300-mL Parr Mini Reactor, 2 mL of either 1-hexene or 
cyclohexene in 20 mL of either ethyl ether or acetone was added, 
and the reactor was sealed, flushed with hydrogen, and pressured 
to 5-12 atm with hydrogen. The reaction mixture was normally 
stirred 17 h, when the reactor was opened and the liquid layer 
was analyzed as above for organic products and rhodium. 

(d) Two-phase hydroformylation reactions were carried out by 
using aqueous solutions of 2:l and 3:l catalysts (0.1 mmol, 5 X 

M), buffered to pH 5-7 using NaH2P04/Na2HP04 mixtures, 
and 1-hexene (3 mL, 24 mmol), either neat or dissolved in a 
water-immiscible solvent (methylene chloride, ethyl ether, or 
n-pentane). The reactions were carried out in a Parr Mini Reactor 
at 90 "C and a pressure of 40 atm (Hz:CO = 1). After the mixture 
was stirred 24 h, the reactor was cooled to -78 "C and opened. 
The organic phases were then separated and analyzed as above. 

An attempt was also made to hydroformylate neat 1-hexene 
by using a 3:l catalyst (0.1 m o l ,  5 X M, pH 5.8) in an absence 
of added hydrogen (Pco = 40 atm), hoping to utilize the water 
gas shift reaction, i.e. 

CO + HzO Hz + COz (1) 

The extent of (1) in the absence of olefin was determined by 
measuring carbon monoxide, hydrogen, and carbon dioxide by 
gas chromatography (TC detector, Poropak N column). 

Smith et al. 

Hydroformylation of ethyl ether solutions of 1-hexene (3 mL) 
using the types of 2:l and 3:l supported catalysts described in 
(c) above were attempted. The reactions were generally stirred 
for 24 h in a Parr Mini reactor under 40 atm of 1:l hydrogen- 
carbon monoxide. 

Results and Discussion 
The potential of iodide ion to act as a ligand to rhodium 

necessitated the conversion of the previously reported 
amphos iodide" to the nitrate salt. This was easily effected 
by using an anion-exchange column. Attempts to prepare 
amphos complexes of rhodium by reacting amphos nitrate 
with RhC1,.3H20 and [ (C2H4),RhC1I2 gave solutions con- 
taining, as judged by their 31P NMR spectra, mixtures of 
products. Reaction with [NBDRhCl], in methanol in the 
appropriate ratio, however, proceeded smoothly at room 
temperature to give within 15 min a near quantitative yield 
of [NBDRhCl(amphos)]NO, (I). This compound, a 1:l 
electrolyte in acetonitrile, has been characterized by ele- 
mental analyses and is the product expected from chloride 
bridge splitting, i.e. 

(17) (a) Schrock, R. R.; Osbom, J. A. J. Am. Chem. SOC. 1971,93,2397; 

(18) Osbom, J. A.; Jardine, F. H.; Young, J. F.; Wilkinson, G. J. Chem. 

(19) Beamish, F. E.; Lewis, C. L.; VanLoon, J. C. Talanta 1969,16, 1. 

(b) Ibid. 1976, 98, 2134. 

SOC. A 1966, 1711. 

[NBDRhCl], + 2 amphos+N03- - 
2 [ NBDRhCl(amphos)] NO3 (2) 

I 
The reaction also occurs in water, although more slowly 

because of the insolubility of the norbornadiene complex. 
A variety of other tertiary phosphines is known to react 
similarly,20 and the 31P NMR spectral parameters (A,  J- 
(Rh-P)) compare well with those of NBDRhClF'Ph3 (Table 
I). As well, the Rh-C1 stretching frequency of I (283 cm-') 
matches that  of the triphenylphosphine analogue (286 
cm-l).,l In contrast, however, to  NBDRhClPPh,, which 
is inert to hydrogen,* I decomposes rapidly in the presence 
of hydrogen in methanol or water to give rhodium metal 
and norbornane, i.e. 

(3) 
Reaction of I in water or methanol with another 

equivalent of amphos nitrate gave a new species which 
exhibited a single resonance in its 31P NMR spectrum at 
room temperature, broadened because of rapid phosphine 
exchange. Cooling a methanol solution containing a slight 
excess of amphos nitrate to -70 "C gave two 31P resonances, 
a singlet at 6 -21.3 for free amphos and a doublet at 6 15.7 
(J(Rh-P) = 152 Hz). The new species appears to be a 
bis(amphos) complex, 11, i.e. 

I + H2 - Rh metal + norbornane 

I + amphos - [NBDRh(ampho~)~]~+  (4) 
I1 

While there are precedents for five-coordination in such 
cases,23 I1 was shown not to  contain coordinated chloride 
ion by carrying out its formation in the absence of halide. 
Thus treatment of [NBDRhCl], with 2 equiv of silver 
nitrate in ethanol gave insoluble silver chloride and, pre- 
sumably, [NBDRh(EtOH),]+. Addition to the solution of 
2 equiv of amphos nitrate gave rise to a species with a 31P 
NMR spectrum identical with that of 11. Further addition 
of 10 equiv of tetraethylammonium chloride did not change 
the spectrum, nor did the addition of excess amphos ni- 
trate, as mentioned above. Thus the tris(amphos) species 
[NBDRh(ampho~)~]~+  also does not form, in contrast to 
the behavior of other  phosphine^."",^^ 

(20) Denise, B.; Pannetier, G .  J. Organomet. Chem. 1978, 148, 155. 
(21) Bennett, M. A,; Clark, R. J. H., Milner, D. L. Inorg. Chem. 1967, 

(22) Shapley, J. R.; Schrock, R. R.; Osborn, J. A. J. Am. Chem. SOC. 

(23) Vrieze, K.; Volger, H. C.; Praat, A. P. J. Organomet. Chem. 1968, 

6, 1647. 

1969,91,2816. 

14, 185. 
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Although, as mentioned in the Experimental Section, 
I1 could not be obtained sufficiently pure for elemental 
analyses, the NMR spectral parameters compare well 
with those of the well-known triphenylphosphine and 
methyldiphenylph~sphine~~ analogues (Table I). Thus 
there can be little doubt but that  the structure of I1 is as 
formulated. 

Bubbling hydrogen through a chloride-free, methanol 
solution of I1 for 5 min gave a pale yellow solution with 
quantitative formation of norbornane. The ,'P NMR 
spectrum at  -70 "C showed a doublet a t  6 31.5, with co- 
ordination shift and J(Rh-P) very similar to those of 
[RhH2(PR3)2(MeOH)2]+ (PR, = PPh,, PMePh224) (Table 
I), which are prepared similarly via the hydrogenation of 
[NBDRh(PR,)2]+.24 The 'H NMR spectrum of a CD30D 
solution at  -70 "C exhibited a broad resonance with some 
fine structure a t  6 -20.11, similar to  that of [RhH2- 
(PPh,),(EtOH),]+ in methylene chloride (6 -22.31),17b and 
thus the hydrogenation reaction is as 
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(amphos),Cll3+ or [RhH,(amph~s),(MeOH)]~+. 
[NBDRhC1I2 + 6amphos - [RhH2(amphos),XI3+ Or 4+ 

(7) 
V 

X = C1-, MeOH 

The 'H NMR spectrum of V at  -70 "C (CD30D) ex- 
hibited a doublet a t  6 -10.4 (J(P-H) = 168 Hz) and a 
singlet a t  6 -17.8 (relative intensities l : l ) ,  while the 31P 
NMR spectrum a t  -70 "C consisted of a doublet of 
doublets centered at  6 31.2 and a broad doublet a t  6 11.9 
(relative intensities 2:l) (Table I). These spectral param- 
eters compare very well with those of RhH2C1(PPh3)3,26 
strengthening the formulation of V (the data do not sug- 
gest a possible distinction between chloride and methanol 
as the sixth ligand). 

In the analogous complexes of triphenyl- and tri-p- 
tolylphosphines, the phosphines trans to hydrogen are 
known to be labile and to exchange rapidly on the NMR 
time scale a t  room temperature.26 The NMR spectrum of 
V showed a similar exchange phenomenon a t  room tem- 
perature, even the hydride resonances becoming exceed- 
ingly broadened. However, there was no exchange evident 
between free amphos and V at -70 "C, and V is much more 
stable with respect to loss of hydrogen at room temperature 
than is 111. No changes in the 31P spectrum were observed 
after several hours under an atmosphere of hydrogen. 

Reactions of I and I1 with carbon monoxide were exam- 
ined briefly, although literature precedents were not as 
useful in determining structures of products in these cases. 
Treatment of a yellow solution of I in acetonitrile with CO 
gave a colourless solution within seconds. Analysis of the 
solution showed that norbornadiene had been released 
quantitatively, while the IR spectrum of the solution ex- 
hibited two bands of equal intensity at 2070 and 1995 cm-l, 
indicating a cis-dicarbonyl arrangement. The well-char- 
acterized compounds ci~-RhCl(CO)~(amine) (amine = 
pyridine, p-toluidine, hexylamine, a l l~lamine)~ '  exhibit 
v(C0) at  -2090 and -2020 cm-l, and the somewhat less 
well-characterized triphenylphosphine analoguez8 exhibits 
v(C0) a t  2088 and 2002 cm-'. The ,'P NMR spectrum 
indicated the presence of a single species (6 24.6 (J(Rh-P) 
= 127 Hz)), and thus the carbonylation reaction probably 
proceeds as 

[NBDRhCl(amphos)]+ + 2CO - 
I 

[~is-RhCl(CO)~(amphos)]+ + NBD (8) 

Similar chemistry occurred in water and methanol, as 
judged by ,'P NMR spectroscopy. Reaction of I1 with CO 
in acetonitrile also resulted in displacement of the nor- 
bornadiene, forming a single product (VII) with u(C0) at  
2068 and 1991 cm-' and a resonance at 6 23.5 (J(Rh-P 
= 124 Hz). Although [NBDRh(PPh3),]+ is reported to.be 
inert to C0,'7a [ (1,5-~yclmtadiene)Rh(PPh~)~]+ reacts with 
CO with displacement of the diene to yield the tricarbonyl 
complex [Rh(CO)3CpPh3)2]+, with v(C0) at  2037 and 2023 
cm-'. These frequencies are sufficiently different from 
those observed in the amphos system that it seems likely 
that the carbonylation of I1 proceeds as 

The similarities in chemical shift and J(Rh-P) between 
VI and VI1 are consistent with the amphos being trans to 

VI 

[RhH2( ampho~)~(MeOH),] 3+ + norbornane (5) 

Interestingly, when the reaction was done in the pres- 
ence of 1 equiv of chloride per rhodium, a species in ad- 
dition to I11 was formed. Although the room-temperature 

NMR spectrum of the reaction mixture exhibited only 
a single broad doublet, the low-temperature (-70 "C) 
spectrum exhibited two doublet resonances, that attributed 
to 111, and another to slightly lower field (6 35.0) but with 
the same coupling constant. Since I11 and the new species 
are clearly exchanging at room temperature, it is concluded 
that the latter is [RhH2(amphos)2C1(MeOH)]2+, with a 
coordinated chloride. The solvent molecules in complexes 
similar to I11 are known to be very substitution labile.25 

Even under 1 atm of hydrogen, I11 and its chloro de- 
rivative both lose hydrogen over a period of l h to give a 
new species, IV. The 'H NMR spectrum of a reaction 
mixture clearly demonstrated this conversion, as the hy- 
dride resonance gradually disappeared. As well, in the 31P 
NMR spectrum, the resonances of the hydrides were re- 
placed by a new doublet a t  much lower field, 6 46.4. The 
coordination shift and J(Rh-P) are very similar to thoseu 
of [Rh(PPh,)2(MeOH)2]+ and [Rh(PMePh2)2(MeOH)21+ 
(Table I), and the observed reaction clearly involves re- 
ductive elimination of hydrogen, i.e. 

[RhH2(amphos)2(MeOH)~13+ --, 

I11 

I11 
[ R h ( a m p h o ~ ) ~ ( M e O H ) ~ ] ~ +  + H2 (6) 

Solvent effects are very important in this reaction, as 
hydrogenation of I1 in water yields the aqua analogue of 
IV quantitatively within 2 min, no dihydride being de- 
tected. The amphos system is thus strikingly different 
from the methyldiphenylphosphine system, in which the 
reductive elimination step does not occur.24 The solvent 
effect observed here also appears to be unprecedented. 

While I1 does not react further with amphos, hydro- 
genation of either a mixture of [NBDRhC1Iz and 6 equiv 
of amphos or of a solution of I1 plus 1 equiv of amphos in 
methanol gave a new species, V, formulated as [RhH2- 

IV 

(24) Brown, J. M.; Chaloner, P. A.; Kent, A. G.; Murrer, B. A.; Ni- 
cholson, P. N.; Parker, D.; Sidebottom, P. J. J. Organomet. Chem. 1981, 
216, 263. 

(25) Howarth, 0. W.; McAteer, C. H.; Moore, P.; Morris, G. E. J. 
Chem. Soc., Dalton Trans. 1981, 1481. 

(26) Tolman, C. A.; Meakin, P. Z.; Lindner, D. L.; Jesson, P. J. J. Am. 

(27) Fougeroux, P.; Denise, B.; Bonnaire, R.; Pannetier, G. J. Orga- 

(28) Poilblanc, R.; Gallay, J. J. Organomet. Chem. 1971, 27, C53. 

Chem. SOC. 1974,96, 2762. 

nomet. Chem. 1973, 60, 375. 
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I1 
[Rh(C0)2(amphos)2]3+ + NBD (9) 

VI1 
the same ligand in both cases. 

Catalyst Studies 
As shown above, I1 is capable of activating hydrogen by 

oxidative addition to form the compounds I11 and IV, both 
of which are of types widely recognized as being key in- 
termediates in many homogeneous, rhodium olefin hy- 
drogenation catalyst systems.29 We were prompted, 
therefore, to make an investigation of the catalyst activities 
of the new compounds. 

(a) Olefin Hydrogenations in Single-phase Sys- 
tems. Solutions of I1 in water and methanol were normally 
generated from the reaction of [NBDRhC1I2 with 4 equiv 
of freshly ion-exchanged amphos nitrate. The solutions 
in water and methanol were found to catalyze the hydro- 
genation of the water soluble olefins maleic and crotonic 
acids, and typical experimental results are shown in Figure 
1, which also compares favorably the activity of the 2:l 
amphos complex with that of the triphenylphosphine 
complex [NBDRh(PPh3)2]+.17 

Rates were significantly higher in methanol than in 
water, possibly either because of the much higher solubility 
of hydrogen in the former solvent30 or because of the 
relatively low stability of the aquated dihydride [RhH2- 
( a m p h ~ s ) ~ ( H ~ O ) ~ ] ~ +  (see above). Addition of a third 
equivalent of amophos per rhodium also resulted in a 
decrease in activity, presumably because of blocking of the 
site a t  which the olefin would ~ o o r d i n a t e . ~ ~  Solutions of 
a 3:l catalyst in 1:l ethanol-benzene were found to exhibit 
activities about one-fourth that of RhC1(PPh3)218~29~31 for 
the hydrogenation of styrene (Figure 1). 

To summarize, the amphos-rhodium system provides 
olefin hydrogenation catalysts which are roughly compa- 
rable in activities with the well-known triphenylphosphine 
s y ~ t e m . ~ ~ ~ ~ '  The new catalysts have the advantage of 
considerable air stability and are much more active in pure 
water than are the corresponding rhodium catalysts con- 
taining sodium (m-sulfonylphenyl)diphenylphosphine.32 
However, there is little basis for comparison with work 
recently published on hydrogenations of water-soluble 
olefins by rhodium complexes of chelating diphosphines 
of the types RN(CH,CH,PPh,), (R = polar functional 
groups).33 

(b) Two-Phase "Homogeneous" Hydrogenations. Of 
great interest was the discovery that aqueous solutions of 
I1 would catalyze the hydrogenations of water-immiscible 
olefins, either neat or dissolved in a water-immiscible 
solvent. Rates were inconveniently low under 1 atm of 
hydrogen in these cases, and the reactions were therefore 
carried out under 3 atm of hydrogen in a Parr hydrogen- 
ation apparatus. Repeated monitoring during the course 
of the reactions was therefore not facile, and the reactions 
were routinely run for 6 h after which the solutions were 
analyzed; results are shown in Table 11. 

As can be seen, the 2:l catalysts were again more active 
than the 3:l systems, and 1-hexene was hydrogenated 

Smith et al. 

(29) James, B. R. Adu. Organomet. Chem. 1979, 17, 319. 
(30) "International Critical Tables"; McGraw-Hill: London, 1928; Vol. 

111, p 251. 
(31) James, B. R. In 'Homogeneous Hydrogenation"; Wiley: New 

York, 1973. 
(32) Dror, Y.; Manassen, J. J .  Mol. Catal. 1977, 2, 219. 
(33) (a) Nuzzo, R. G.; Feitler, D.; Whitesides, G. M. J.  Am. Chem. SOC. 

1979,101, 3683. (b) Nuzzo, R. G.; Haynie, S. L.; Wilson, M. E.; White- 
sides, G. M. J .  Org. Chem. 1981,46, 2861. 

Figure 1. The catalytic hydrogenation of (a) 12.9 mmol of maleic 
acid in 30 mL of methanol at 1 atm of Hz by 0.056 mmol of 
[NBDRh(amphos)2I3+ (0) or [NBDRh(PPh,),]+ (0) and (b) 17 
mmol of styrene in 20 mL of 1:l ethanol-benzene at 1 atm of Hz 
by 0.05 mmol of [NBDRh(ampho~)~]~+ + amphos (v) or RhCl- 
(PPh3)3 (A). 

faster than styrene, as has been found elsewhere for other 
rhodium homogeneous catalysts.31 The 1-hexene reaction 
was also accompanied by partial (10-2070) isomerization 
of the olefin to internal olefins, as occurs when [NBDRh- 
(PPh3)2]+ is used as a catalyst p rec~rsor . "~  In the latter 
case, a monohydride species of the type RhH(PPh,),- 
(solvent), is a key intermediate, but such a species was not 
identified in the amphos system. 

Variation of the organic cosolvent produced some in- 
teresting results, the activities for hydrogenation of styrene 
decreasing in the order ethyl ether >> neat olefin > n- 
pentane > methylene chloride. Halogenated solvents are 
known to inhibit hydrogenation in single-phase homoge- 
neous c a t a l y s i ~ , ' ~ ~ ~ ~  and it is possible that two-phase hy- 
drogenations are affected similarly. That n-pentane should 
be a much poorer solvent than ethyl ether is not as easily 
rationalized, though it may be of consequence that ethyl 
ether is much more soluble in water than is n - ~ e n t a n e . ~ ~  
The hydrogenation of 1-hexene followed a similar pattern, 
with the greatest activity being observed in ethyl ether, 
the lowest in methylene chloride solution. 

It was necessary to ensure that deionized water was used 
for all experiments as it was found that the distilled water 
on tap in the laboratory contained low levels of some im- 
purity, possibly chloride ion, which inhibited hydrogena- 
tion. In agreement with this hypothesis, added chloride 
did poison the catalyst. (This was not a problem in the 
single phase reactions already discussed, as these were 
carried out in D20.) 

The utility of the two-phase hydrogenations lies in the 
great ease of separation of product from catalyst by simple 
decantation. The colorless organic phases separated easily 
with little emulsification and were analyzed for rhodium 
content in order to determine the extent of catalyst 
leaching from the aqueous phase. In all cases the organic 
phases contained virtually no rhodium, amounts found 
being less than 0.25 ppm and corresponding to less than 
0.1% of the total catalyst used. 

While we have not attempted to ascertain a maximum 
turnover number in any case, it was found that an aqueous 
catalyst system could be reused with little or no loss of 
activity, even after exposure to air. Indeed, hydrogenations 
could even be run under 4 atm of a 3:l hydrogen-air 

(34) Jardine, F. H.; Osborn, J. A.; Wilkinson, G. J. Chem. SOC. A 1967, 

(35) 'International Critical Tables"; McGraw-Hill: 1928; Vol. 111, p 
1574. 

386. 
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Table 11. Two-Phase "Homogeneous" Hydrogenation Reactions4 
amphos:Rh 1O3[catalyst], M olefin solvent(s) activity b 

84 
42 

3 2.5 styrene HZ0 

3 3.0 styrene H,O/n-C,H, 48 
3 3.0 styrene H,O/Et,O 228 

2 2.5c styrene H,O/Et,O 90 
3 2.5 1 -hexene H,O 

3 3.0 styrene H,O/CH,Cl, 

2 3.0 styrene H,O/Et,O 426 

120 
342 3 2.5 1-hexene H,O/Et,O 

2 3.0 1-hexene H,O/Et,O 504 

P H  = 3 atm, T = 25 "C; 20 mol of H,O + 20 mL of cosolvent (if any). Turnover number = number of moles of olefin 
reduczd per mole of catalyst in 6 h. +5.0 X 10'' M Et,N+CI-. 

mixture, although activity did eventually decrease because 
of slow oxidation of amphos to the oxide, as shown by 31P 
NMR spectroscopy. Aged catalyst systems often exhibited 
the amphos oxide resonance a t  6 35.9. 

The only similar two-phase catalytic hydrogenation 
systems which appear to  have been reported utilize rho- 
dium and ru thenium complexes of Na[ (m- 
SO3C6H4PPh2)] .36 While relative activities are difficult 
to compare, these systems were in fact virtually inactive 
unless a water-soluble organic co-solvent was added. They 
were also found to be exceedingly air-sensitive, in contrast 
to the amphos system, and in some cases catalysis was 
retarded by sulfonate coordination, a type of inhibition 
which cannot occur with amphos complexes. 

(c) Supported Olefin Hydrogenation Catalysts. The 
cationic nature of the ligand amphos led to the possibility 
of supporting its coordination compounds via ionic at- 
tachment to cation-exchange resins. Very few reports of 
ionically supported complexes capable of catalytic activity 
have appeared in the literature, and, of those that have, 
most involve metal complexes that are ionic in nature 
rather than having ligands which have ionic functional 
groups. For example, [RhC&]*, [PdCl4l2-, [PtCl4I2-, and 
[Rh12(C0)2]- have been supported on anion-exchange re- 
sins, the first three being utilized as hydrogenation cata- 
l y s t ~ , ~ '  the last as a methanol carbonylation catalyst.38 

Addition of a strong acid, macroreticular cation-ex- 
change resin in the sodium form to a stirred, aqueous 
solution of I1 resulted in essentially quantitative (by AA) 
adsorption of the rhodium within 1 h. Catalytic hydro- 
genation studies using the Parr hydrogenation apparatus 
were generally unsatisfactory, however, because the resin 
beads tended to collect a t  the top of the glass pressure 
vessel and thus were not in complete contact with the 
liquid in the flask. All reactions were therefore run in a 
300-mL stirred Parr mini reactor equipped with a glass 
liner. Solutions of olefin (1-hexene, cyclohexene) were 
hydrogenated (5-12 atm) for 17 h, and while the reaction 
conditions were somewhat variable as various attempts 
were made to achieve optimization, yields of hydrogenated 
product of 90-9870 were normally achieved by using ace- 
tone solutions; little isomerization of 1-hexene to internal 
olefins was observed if the reactions were stopped short 
of completion. Acetone was much better as a solvent for 
the olefins than was ethyl ether, possibly because the latter 
did not solvate well the highly polar surfaces of the resin 
heads. Used catalyst was found to exhibit little or no loss 
of activity when reused, although no attempt was made 
to determine a maximum possible turnover number. 

(36) Borowski, A. F.; Cole-Hamilton, D.; Wilkinson, G. Nouu. J. Chim. 

(37) Chauvin, Y.;  Commereuc, D.; Dawans, F. B o g .  Polym. Sci. 1977, 

(38) Drago, R. S.; Nyberg, E. D.; A'mma, A. E.; Zombeck, A. I n o g .  

1978, 2, 137. 

5, 95. 

Chem. 1981,20,641. 

The mode of attachment of I1 to the resin is not known, 
but it is anticipated that it involves essentially ion-pairing 
between the tetraalkylammonium moieties of the coordi- 
nated amphos ligands and sulfonate groups on the surface 
of the resin, i.e. 

SO3- ---tMe3NCH2CH2(Ph)2P ' RhNBDt 
---'Me3NCH,CH,(Ph)2P ' 

VI11 
Indirect evidence for the formation of VI11 comes from 
finding that conversion of I1 to IV by treatment with hy- 
drogen prior to adsorption on the resin gave a hydro- 
formylation catalyst of reduced activity (see below). While 
the bulky NBD and two PPh2 moieties of I1 may well 
inhibit direct ion pairing of the cationic metal center to 
a sulfonate group, the steric protection may be largely lost 
in IV, possibly leading to adsorption of both "ends" of the 
cationic molecule and hence to lowered activity. Sulfonate 
coordination has been cited by others as a possible reason 
for deactivation of homogeneous catalysts.36 

The organic phases from reactions of supported I1 were 
catalytically inactive, and chemical analyses showed that 
the rhodium concentrations were in the range 0.10-0.25 
ppm in both ether and acetone. Although metal leaching 
has been recognized as a major limitation to the technical 
use of supported platinum metal catalysts: there are in 
fact few relevant analytical data in the literature. We note, 
however, that rhodium leaching from covalently bonded 
supports during hydroformylation experiments can be an 
order of magnitude highel.51~ than that found here and still 
apparently be deemed to be  O OW".^ We had rather ex- 
pected that leaching into the relatively polar acetone, a t  
least, would be significant, given the ionic nature of the 
catalyst binding. That the systems appeared to  exhibit 
relatively low dispositions to leaching came as a pleasant 
surprise. 

On the other hand, because of the ionic nature of the 
bonding, the rhodium could be quantitatively recovered 
from the resin after a reaction by elution with 6 M per- 
chloric acid. We are unaware of attempts to recover 
rhodium covalently bonded to supports. Since in most 
cases recovery of the metal would require destruction of 
the support, it is probably a problem which has not been 
hitherto addressed. 

(d) Hydroformylation Reactions. Aqueous solutions 
containing the 3:l catalyst were found to hydroformylate 
1-hexene (either neat or in methylene chloride, ethyl ether, 
or n-pentane solutions) in two-phase reactions at  90 "C and 
40 atm of 1:l  CO-H,; the results are shown in Table 111. 
The reactions, which were allowed to go to completion, 
gave heptanals in high yields, generally -90'70, with n:iso 
ratios as high as 4 but surprisingly dependent on the 
solvent. Small amounts of hexane, 2-hexenes, and heptanol 
were also sometimes observed through side reactions. The 
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Table 111. Two-Phase “Homogeneous” Hydroformylation Reactions of 1-Hexenea 

product distributns, % 

amphos: Rh PH solvent(s) heptanals (n:iso) hexane hexenes heotanol 
3 6.8 
4 6.8 
10 6.8 

3 5.8 
3 5.0 
3 5.8 
3 5.8 
3 5.8 
3b 5.8 

86 (4 .6 )  3 
94 (3 .4 )  1 

H2O 
HZO 
H2O 89 (3 .4)  2 
H2 0 88 (4 .0)  1 

H,O/Et,O 96 (1 .7 )  1 
H,O/%H,Cl, 90  (2 .4)  1 
H20/n-C,H, 90  (3 .3)  1 
HZO 5 ( 1 . 1 )  2 

HZO 76 (4 .0 )  16  

a P = 40 atm; CO:H, = 1.1; temp = 90  “C; time = 24 h. P,, = 40 atm, PH2 = 0. 

organic phases were generally yellow in colour after reac- 
tion and thus were analyzed for rhodium after product 
analysis by gas chromatography. The concentrations of 
rhodium were, however, found to be quite small, usually 
less that 0.5 ppm, and corresponding to leaching of less 
than 0.1% of the total rhodium into the aqueous phase. 

I t  was thought advisable to buffer the aqueous phase as 
the use of hydroformylation precursors containing chloride 
is known to liberate HCl.39 Between pH 5.5 and 6.8, the 
hydroformylation of neat 1-hexene proceeded in 90% yield, 
but a t  pH 5.0 the yield of heptanals dropped to 76% and 
the undesirable hydrogenation of 1-hexene to hexane be- 
came important (16%). Increasing the phosphine to 
rhodium ratio, a variable known to increase product lin- 
earity in other rhodium systems,* had little effect in the 
two-phase system. At a phosphine to rhodium ratio of 10, 
the n:iso ratio, in fact, decreased slightly to 3.4 from the 
value of 4.6 observed with a 3:l mixture. 

Interestingly, in the absence of added hydrogen, l-hex- 
ene could still be hydroformylated by the 3:l amphos 
mixture, though yields were low (-5%). The explanation 
for this is likely to be related to the observation that the 
aqueous rhodium system can also catalyze the water gas 
shift reaction (eq l ) ,  thus providing the hydrogen necessary 
for hydroformylation. Several other rhodium phosphine 
complexes have been reported to be active catalysts for the 
water gas shift reacti0n,4~9~~ and indeed, when the reaction 
was done in absence of 1-hexene, hydrogen was formed in 
quantities comparable with those of the heptanals in the 
previous experiment. As well, the amount of carbon di- 
oxide found corresponded to the amount of heptanals, and 
it would thus appear that any hydrogen produced in the 
presence of 1-hexene was consumed to form the heptanals. 
The n:iso ratio was low (1.1) because of the higher partial 
pressure of carbon monoxide (40 atm), a factor well un- 
derstood to decrease product linearity in single phase 
hydroformylations with traditional rhodium  catalyst^.^, 

Preliminary hydroformylation experiments were also 
carried out with complexes adsorbed onto macroreticular 
cation exchange resins. Aqueous amphos-rhodium solu- 
tions were adsorbed onto the resins in a fashion similar 
to that described above, and solutions of 1-hexene in ethyl 
ether were reacted under the same conditions as in the 
previous hydroformylation experiments. In contrast to the 
two-phase homogeneous reactions, however, in which I1 
proved to be a somewhat less active hydroformylation 
catalyst, supported I1 was catalytically active, as was the 

(39) O’Connor, C.; Wilkinson, G. J. Chem. SOC. A 1968, 2665. 
(40) Slaugh, L. H.; Mullineaux, R. D. J. Organornet. Chern. 1968, 13, 

469. 
(41) Kaspar, J.; Spogharich, P.; Mestroni, G.; Grazziani, M. Congr. 

(42) Yoshida, T.; Okano, T.; Ueda, Y.; Otsuka, S. J. Am. Chem. SOC. 
Nuz. Chin. Inorg. [Att i ] ,  13th 1980, 307. 

1981, 103, 3411. 
(43) Pruett, R. L. Adu. Organornet. Chem. 1979,17, 1. 
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supported 3:l mixture. Yields were much lower for the 
3:l complex (-30%), though a high n:iso ration of 6.8 was 
observed. Isomerization to 2-hexenes was the predominant 
reaction (65%) in this case. Hydroformylation with sup- 
ported complex 11, in contrast, gave a 90% yield of hep- 
tanals with an n:iso ratio of only 2.4. 

In a second set of experiments, aqueous solutions of 
either I1 or the 3:l mixture were treated with hydrogen (1 
atm) for 5 min prior to being supported on resins. As 
shown previously, exposure to hydrogen quantitatively 
reduces NBD to norbornane, giving either complex IV 
(from 11) or complex I11 (from the 3:l mixture). Complexes 
adsorbed from these solutions hydroformylated 1-hexene 
to heptanals in 30% yield with n:iso ratios of about 2, the 
major reaction being isomerization of the substrate to 
2-hexenes (65% ). 

These reactions do show promise, however, as the or- 
ganic phases were easily separated from the resin and again 
contained less than 0.5 rpm rhodium. 

The only two liquid-phase hydroformylation reactions 
reported in the literature are based on N a b -  
S03C6H4PPh2) complexes of rhodium and ruthenium. 
Wilkinson et  al. have described the activity of RuHCl,, 
where L = the above sulfonated triphenylphosphine, 
though few details were given.% Rh6ne-Poulenc Industries 
have patented the two phase hydroformylation of a num- 
ber of olefins based on catalysts formed from rhodium 
precursors such as (COD)RhC12 and sulfonated tri- 
phenylphosphine.& They report high yields of heptanals 
(-90%) for the hydroformylation of 1-hexene, with n:iso 
ratios as high as 9. After reaction the organic phases were 
coloured, though no rhodium analyses were performed. 
Many supported rhodium hydroformylation catalysts are 
k n ~ w n , ~ ? ~ ~  of course, with better activities and n:iso ratios 
than found here. However, as noted above, leaching of 
rhodium is often signifi~ant.~?’ 
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