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Table I. Thermal Programmed Desorption and Infrared Spectral Data Bifunctional Rhodium-Oxometalate Catalysts 

Sir: 

It has recently been proposed that metal alkoxides' and het- 
eropolyanions2-8 can provide useful models for chemical and 
magnetic6 interactions on oxide surfaces. Here described is the 
use of Keggin ions, which are molecular metal oxide clusters 
having the general formula X"+M12040(8-n)- (M = Mo, W; X = 
P, Si; n is the formal oxidation number of the central heteroatom 
X)9 to represent molybdenum or tungsten oxide surfaces. Features 
that make Keggin ions attractive models as well as starting ma- 
terials for new organometallic-metal oxide composites are (1) a 
closely packed arrangement of interior M 0 6  octahedra and of 
exterior oxygen atoms, (2) relatively short exopolyhedral M = O  
bond lengths with which is associated low oxide nucleophilicity, 
and (3) the electronic analogy between Keggin ions, which are 
reversibly feduced in successive one-electron steps? and tungsten 
or molybdenum bronzes, Na,M03. A significant defect of these 
models is the high charge to mass ratio, which can be remedied 
in part by the preparative reactions described below. In pursuit 
of this analogy, we have developed new solid-state synthetic routes 
to novel Keggin ion derivatives that contain coordinatively un- 
saturated (Ph3P)2Rh(CO)+ units. These materials are bifunctional 
catalysts useful for the synthesis of C,+' carboxylic acids from 
C, olefins by sequential "one-pot" hydroformylation and oxidation 
steps. Further, the compounds reported here are structurally 
unique in that (Ph3P)2Rh(CO)+ moieties are located in interstitial 
lattice sites and are not covalently bonded to the oxygen atoms 
of the surrounding metal oxide clusters. In this regard, the 
compounds are quite distinct from those in which an added 
transition metal is incorporated into oxometallate cages3*4s7-9 and 
from oxide-supported organometallic reagents in which surface 
oxide groups are sufficiently nucleophilic as to form covalent bonds 
to the metal.'*I4 

Addition of 1 mol of hydrated (H30)4SiW1204015 to 4 mol of 
[(Ph3P)3Rh(CO)]+[HC(S02CF3)z]- 16," in 3:l (v/v) C2H50H- 
CH3CN produces insoluble [(Ph3P)2Rh(CO)(CH3CN)]4SiW120, 
(l), vco = 2009 cm-'. Thermogravimetric analysis reveals that, 
when the compound is heated under a nitrogen stream, loss of 
coordinated acetonitrile is essentially quantitative.18 Desolvation 
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YCOI Tmxl YCOI 
variables compd" cm-' O c b  c o m w  cm-1 

X = Si, M = W , n  = 4 1 2009 140 5 1990 
X = P, M = W, n = 3 2 2009 186 6 1993 
X = P, M = Mo, n = 3 3 2019 210 7 2003 
X = S i ,  M = M o , n =  4 4 2018 175 8 1994 

' [(Ph,P)2Rh(CO)(CH,CN)],,XMI20* bCH3CN IOSS. [(Ph,P),Rh- 
(CO)I,,XMI~OO 

reactions of 1 and analogous compounds formed from SiMo,,O,+, 
PMoI2Oa3-, and PW120403- were followed by thermal program- 
med desorption mass spectrometry." The temperatures at which 
the maximum rate of CH3CN release occur are shown in Table 
I. At higher temperatures, CO and biphenyl, presumably arising 
from decomposition of the Ph3P ligands, are also evolved. Thus, 
vacuum pyrolysis of 1 a t  150 OC quantitatively yields 
[(Ph3P)2Rh(C0)]4SiW120, (5), vco = 1990 cm-I, as a yellow, 
air-stable solid whose vibrational spectrum in the S i 4  and W-O 
stretching regions is similar to that of 1 but with slightly broader 
peaks. The reaction is reversible, and addition of CH3CN to 5 
regenerates 1. In an alternate synthesis, addition of silicotungstic 
acid to [(Ph3P)3Rh(CO)]+[HC(S02CF3)2]- in pure ethanol 
provides 5 directly. 

Compounds 1,5, and [(Ph3P)3Rh(CO)]+[HC(S02CF3)2]- are 
heterogeneous catalysts for hydroformylation of olefins. The 
oxometalate derivatives 1 and 5 are soluble only in highly polar, 
coordinating solvents such as dimethyl sulfoxide or propylene 
carbonate in which they ionize, and so activity was assessed by 
using suspensions of the catalysts in toluene. 1-Hexene produces 
heptanal, 2-methylhexanal, and 2-ethylpentanal in a ratio of ca. 
8:5:1.20 Part of the low selectivity is due to olefin isomerization, 
since heating 1-hexene and 5 in toluene at 100' produces 2- and 
3 - h e ~ e n e . ~ '  The rhodium oxometalates also heterogeneously 
catalyze oxidation of aldehydes to carboxylic acids. In one ex- 
periment, the hydroformylation products obtained from 1-hexene 
were exposed to air a t  atmospheric pressure for 30 days, then 
analyzed by GC-MS. The carboxylic acid:aldehyde ratios from 
1,5, and [(Ph3P)3Rh(CO)]+[HC(S02CF3)2]- were 156, 104, and 
1 respectively, indicating that the oxidation process is associated 
with the silicotungstate moieties in 1 and 5 and not Rh(1). In 
addition, the hexane:(carboxylic acid + aldehyde) ratios for these 
same three compounds were 0.12, 0.04, and 0.005 respectively. 
Because oxidation proceeds slowly a t  ambient temperature and 
pressure, preparative reactions are routinely carried out in a 
glass-lined autoclave at 100 OC under 650 psig of air pressure for 
4 h. Under these conditions, conversion of aldehydes to carboxylic 
acids using 1 or 5 as catalysts is essentially quantitative but only 
16% in the presence of [(Ph3P)3Rh(CO)]+[HC(S02CF3)z]-. 

Incisive characterization of these rhodium oxometalate catalysts 
is difficult because they are insoluble in nonionizing solvents. 
However, rhodium K-edge EXAFS data have been obtained for 
1 and 5 at 23 OC. Remarkably, the Fourier transforms of the 
EXAFS curves of both disclose only one strong peak at 2.3 A due 
to backscattering from phosphorus; cf. Figure 1 (supplementary 
material). Further, the absorption edges of these two compounds 
are virtually congruent (Figure 2, supplementary material). 
Because both the EXAFS and edge structure are sensitive to 
significant changes in the coordination environment of the ab- 
sorbing metal, it appears that rhodium does not move closer to 
the tungsten oxide cluster, with concomitant W-0-Rh bond 
formation, on ejection of acetonitrile from [(Ph,P),Rh(CO)- 
(CH3CN)],SiW,,0M. Coordination to the oxometalate oxygens 
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necessarily requires a shorter separation between Rh and the 
strongly scattering W atoms and adds a higher frequency com- 
ponent to the EXAFS due to tungsten backscattering. Calcula- 
tions and experiments with model compounds such as (n- 
Bu,N) [(MeSCSRh)WsO18(TiC5Hs)] indicate that a Rh-W contact 
of 5 4  A can be detected by EXAFS, cf. d(Rh-0) = 2.20 A in 
(~-BU~N)~[(M~~C~R~)N~~W~O~~] in which d(Rh-W) = 3.26 A.3 
We propose that, instead, coordinatively unsaturated 
(Ph,P),Rh(CO) units are located in interstitial sites, between the 
SiW12040 cages. In this regard, compounds such as 5 may be 
regarded as inverse zeolites in that they can exhibit inter- rather 
than intracluster chemistry. 

These results establish that members of the two new rhodium 
oxometalate classes [ (Ph,P),Rh( CO) (CH3CN)] .&M ,Om and 
[(Ph,P),Rh(CO)] 8-,,XM12040 are bifunctional catalysts capable 
of activating carbon monoxide and hydrogen at  the rhodium 
centers as well as oxygen2, a t  tungsten or molybdenum. This latter 
property is shared with bulk tungsten oxide s~rfaces.2~ In addition, 
the catalytic activity of rhodium is modified when (Ph3P),Rh- 
(CO)" units are associated with the SiWI2O4,, cluster in 1 and 
5 in that selectivity for olefin hydroformylation vs. hydrogenation 
is significantly decreased relative to [ (Ph,P),Rh(CO)] [ HC- 
(SO2CF3)2]. 
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Lifetimes and Spectra of the Excited States of 
cis -Dicyanobis(2,2'-bipyridine)iron(II) and -ruthenium(II) 
in Solution 
Sir :  

The excited-state manifolds of the tris(po1ypyridine) complexes 
of iron(II), ruthenium(II), and osmium(I1) are fairly well char- 
acterized.1,2 The metal centers in these complexes possess (dt)6 
electronic configurations while the polypyridine complexes possess 

(1) (a) Creutz, C.; Chou, M.; Netzel, T. L.; Okumura, M.; Sutin, N. J. Am. 
Chem. Soc. 1980,102,309. (b) Sutin, N.; Creutz, C. Pure Appl. Chem. 
1980,52, 2717. (c) Sutin, N.; Creutz, C. J.  Chem. Educ. 1983.60, 809. 
(d) Watts, R. J. J .  Chem. Educ. 1983,60, 834. (e) Kalyanasundaram, 
K. Coord. Chem. Rev. 1982, 46, 159. 

(2) Caspar, J .  V.; Meyer, T. J .  J .  Am. Chem. SOC. 1983, 23, 5583. Kober, 
E. M.; Sullivan, B. P.; Meyer, T. J .  Inorg. Chem. 1984, 23, 2098. 
Kober, E. M.; Meyer, T. J. Inorg. Chem. 1984, 23, 3811. 

empty, low-lying ?r* orbitals. The metal-to-ligand charge-transfer 
(MLCT) transitions are therefore intense and also of relatively 
low energy: this accounts for the very strong absorption of the 
polypyridine complexes in the visible region of the spectrum. The 
photophysics and photochemistry of these complexes are, however, 
complicated by the presence of ligand field (LF) excited states. 
These states arise from population of the empty metal da* orbitals. 
Although optical transitions to yield the L F  excited states are not 
dipole-allowed and are therefore of low probability, the L F  states 
can become populated by crossing from the MLCT states. This 
occurs readily in FeL3,+ (L is 2,2'-bipyridine or 1,lO- 
phenanthroline) where the L F  state lies below the MLCT state 
and also in RuL3,+ where the L F  and MLCT states are of com- 
parable energies but not in OsL3,+ where the L F  state lies well 
above the MLCT state.',, This ordering parallels the increasing 
ligand field splitting for this triad. 

The situation is much more complicated for mixed-ligand 
complexes. Because of their lower symmetry, there are more 
excited states in such systems. In addition the relative ordering 
of the LF and MLCT transitions can be tuned by a suitable choice 
of the ligands and solvent. This communication is concerned with 
the excited states of ci~-dicyanobis(2,2'-bipyridine)iron(II). There 
is very good evidence3 that in R u ( b ~ y ) ~ ( c N ) ,  the MLCT excited 
state lies below the LF excited state, and it has recently been 
proposed4 that a similar situation may also obtain in Fe(bpy),- 
(CN),. On the basis of sensitization studies, a lifetime of 256  
ns was calculated for.the lowest energy excited state of Fe- 
(bpy)*(CN),. This lifetime is considerably longer than the 0.81-ns 
lifetime reported for the L F  excited state of F e ( b ~ y ) , ~ + . l ~  The 
relatively long Fe(bpy),(CN), lifetime implicated by the sensi- 
tization studies was rationalized4 by proposing that the LF excited 
state in Fe(bpy);+ is raised in energy upon replacement of a bpy 
by 2CN- so that the lowest excited state in Fe(bpy),(CN), is the 
MLCT state. In order to obtain further information on this 
question we undertook a study of Fe(bpy),(CN), by picosecond 
flash-photolysis  technique^.^ The longest lived excited state of 
Fe(bpy),(CN), detected in this study has a lifetime of more than 
2 orders of magnitude shorter than that estimated in the sensi- 
tization studies4 and the absorption spectrum of this excited state 
is not consistent with a MLCT assignment. 

Fe(bpy),(CN),.3H20 was synthesized according to a published 
procedure! As previously noted,"' the visible absorption spectrum 
of the complex is very solvent dependent, a result that can be 
rationalized in terms of specific solvent effects on the redox po- 
tential of the Fe(II)/Fe(III) center and, to a lesser extent, the 
change in dipole moment associated with the d?r - ?r*(bpy) 
MLCT transition. In ethanol the absorption maxima were de- 
termined to be 570 nm (e = 6.83 X lo3 M-' cm-') and 373 nm 
( E  = 6.68 X lo3 M-' cm-I), in good agreement with the values 
reported by Schik6 A single excited state can be detected by 
transient absorption spectroscopy following 532 nm (25-30 ps) 
excitation of Fe(bpy),(CN), in methanol. This excited state 
decays with greater than 98% recovery of the initial absorbance 
and is well fit by a single exponential function with a lifetime of 
0.33 ns a t  room temperature, very similar to the lifetime of the 
L F  excited state of F e ( b ~ y ) ~ ~ + ' *  but considerably shorter than 
the 0.39-ps lifetime (methanol, 293 K) of the MLCT excited state 
of R u ( ~ ~ ~ ) , ( C N ) , . ~ ~  Moreover the lifetime of the MLCT state 
of Ru(bpy)z(CN)z decreases from 0.39 to 0.22 ps when the solvent 
is changed from methanol to DMF3a while the lifetime of the 
excited state of F e ( b ~ y ) ~ ( c N ) ,  increases from 0.33 to 0.78 ns upon 
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