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stirred for 15 min, the solution was evaporated to dryness. The residue 
was extracted with three portions of dichloromethane; the solution was 
filtered and concentrated to a small volume. The crude product obtained 
by addition of diethyl ether, was crystallized from the same solvents to 
give the analytical sample (888 mg): yield 83%; dec pt >235 "C. Anal. 
Calcd for C,8H58B2F8Fe202P4Pt2: C, 47.83; H, 3.63. Found: C, 48.08; 
H, 3.69. IR (Nujol; cm-I): 3640 br, 3520 br, 3400 br, 1600 w, br. 

[Pt2(L-L)2H3XBF4] (7). (a) From Compound 4. To a stirred solution 
of compound 4 (549 mg, 0.492 mmol) in methanol (40 mL) was added 
finely ground KBH, (30 mg, 0.55 mmol) dissolved in 30 mL of the same 
solvent; a yellow precipitate was filtered and crystallized from dichloro- 
methane (50 mL) and diethyl ether (50 mL) to give the yellow analytical 
sample by concentration (310 mg): yield 79%; mp 230 "C (dec >200 
"C). Anal. Calcd for C68H59BF4Fe2P4Pt2.0.5CH2C12: C, 50.45; H, 3.68. 
Found: C, 50.52; H, 3.91. IR (Nujol; cm-I): 2035 w tuRH). 

(b) From Compound 6. Complex 7 was obtained similarly from the 
binuclear species 6, by using a Pt/BH4 molar ratio of 2/1; yield ca. 50%. 

[(L-L)Pt(p-H)(p-CO)Pt(L-L)I[BF,] (8). Complex 7 (406 mg, 0.856 
mmol) was suspended in acetone (40 mL) and CO was bubbled into the 
suspension at room temperature for 30 min. The resulting red solution 
was evaporated to a small volume (ca. 10 mL) and eluted through a 20 
X 1 cm column of deactivated A1203 (10% H20). The analytical sample 
(215 mg; yield 52%) was obtained by addition of diethyl ether to the 
concentrated solution: orange; mp 230-232 'C (dec >I60 "C). Anal. 
Calcd for C69HS1BF4Fe20P4Pt2: C,  51.33; H, 3.53. Found: C, 51.54; 
H, 3.68. IR (Nujol; cm-I): 1770 s tuco) .  

X-ray Data Collection and Structure Determination. Crystal data and 
other experimental details are summarized in Table 11. The diffraction 
experiment was carried out on a red prismatic crystal with an Enraf- 
Nonius CAD-4 diffractometer at room temperature, using mono- 
chromated Mo K a  radiation ( A  = 0.71073 A). The calculations were 
performed on a PDP 11  /34 computer using the SDP-plus structure de- 
termination package.28 The diffracted intensities were corrected for 

(28) "SDP Plus, Version 1 .Ow; Enraf-Nonius: Delft, The Netherlands, 1980. 

Lorentz effects, polarization, and absorption (empirical co r re~ t ion ) .~~  
Scattering factors and anomalous dispersion corrections for atomic 
scattering factors of non-hydrogen atoms were taken from ref 30. No 
extinction correction was performed. 

The structure was solved by conventional Patterson and Fourier 
methods and refined by full-matrix least squares, minimizing the function 
E w ( F ,  - klFc1)2. Anisotropic thermal factors were refined for Pt, Fe, 
P, 0, F, and C atoms. A difference Fourier computed before the last 
cycles of the refinement revealed the positions of all the hydrogen atoms. 
A refinement of the bridging hydride was attempted and resulted in 
reasonable Pt-H distances and thermal parameter for the hydrogen atom. 
All the phosphinic hydrogens were introduced in the model at calculated 
positions (C-H = 0.95 A).  

The atomic coordinates of the structure model are listed in Table IV. 
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An acylrhodium tetracarbonyl, RC(O)Rh(CO),, was observed and unambiguously identified by in situ infrared spectroscopy as 
an intermediate in the rhodium-catalyzed hydroformylation reaction at 25 "C. Its characteristic metal carbonyl v(C-0) stretching 
frequencies occur at 21 11  (27), 2065 (41), 2039 (65), and 2020 (100) cm-' (with relative intensities in parentheses); the u(C-0) 
of the acyl group could be observed at 1698 f 3 cm'l with R = -(C2H4)C(CH3)3, obtained from 3,3-dimethyl-l-butene as the 
starting olefin. The formation of this RC(O)Rh(CO), species was observed both with Rh,(CO),, and with CoRh(CO), as catalyst 
precursors. The identified RC(O)Rh(CO), is only stable at room temperature under at least 20 bar of carbon monoxide pressure. 

Introduction 
Alkyl- and acylcobalt tetracarbonyls were first prepared by 

Hieber and co-workers,2 who also reported the easy uptake of 
carbon monoxide by alkylcobalt derivatives to form the corre- 
sponding acylcobalt compounds, as  shown by eq 1. (The opposite 

RCo(CO), + CO - RC(O)Co(CO), (1 )  

reaction, i.e. the  loss of the CO group of the acyl fragment, was 
observed only with fluoroorganic derivatives.) Subsequently, this 
step, playing a n  important role in the suggested mechanistic 

schemes of the catalytic cycles, was called "CO insertion", even 
if in some cases, e.g. for C H , M ~ I ( C O ) ~ ,  it has been shown3 that  
the mechanism of the reaction is rather a methyl migration. In 
the  case of other classes of metal carbonyls, however, as  e.g. 
C ~ S - M X ( C H , ) ( C O ) ~ ( P M ~ , ) ~  ( M  = Fe, Ru; X = I, CH3, etc.), 
it was demonstrated that  the formation of a n  acetyl group from 
a methyl ligand proceeds effectively by cis insertion rather than 
by cis migration of the CH3 group., 

The occurrence of these types of compounds in cobalt-catalyzed 
olefin hydroformyla t i~n~ was first suggested by Sternberg and 
Wender and by Heck and Breslow.6 

( 1 )  For part 23, see: Battiston, G. A.; Sbrignadello, G.; Bor, G. Inorg. 
Chem. 1980, 19, 1973. 

(2) Hieber, W.; Vohler, 0.; Braun, G. Z .  Naturforsch. 1958, 13B, 192. 
Hieber, W.; Beck, W.; Lindner, E. Z .  Naturforsch. 1961, IbB, 229. 

(3) Noack, K . ;  Calderazzo, F. J .  Organomet. Chem. 1967, 10, 101. 
(4) PaAkowski, M,.; Bigorgne, M. J .  Organomet. Chem. 1983, 252, 333. 
( 5 )  Wender, I., Pino, P., Eds. Organic Syntheses via Metal Carbonyls; 

Wiley: New York. 1977; Vol. 11. 
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Infrared Studies  on Metal  Carbonyls 

These suggestions led one of us in 1963 to the first thorough 
infrared spectroscopic study of several R C O ( C O ) ~  and R C ( 0 ) -  
C O ( C O ) ~  compounds and to the first unequivocal identification 
of these species in samples of the hydroformylation reaction.' 
Later in situ infrared spectroscopic studies under pressure by 
W h y m a d  confirmed those early spectroscopic observations. 

Although various rhodium carbonyls play an important role 
as  catalyst precursors in the olefin hydrocarbonylation reaction 
and the significance of their application is increasing and although 
RRh(C0)4 and RC(O)Rh(CO), are frequently suggested to occur 
in the catalytic  cycle^,^ no report seems to exist on the infrared 
spectra of acylrhodium tetracarbonyls. Also, in the first infrared 
spectroscopic study on the mechanism of rhodium carbonyl ca- 
talysis, carried out by sampling rather than by in situ methods,1° 
only [ R h ( C 0 ) 2 ( ~ - 0 2 C R ) ] 2  could be found, besides Rh4(C0)12,  
in the samples collected during the course of the reaction. This 
observation has been interpreted as an indirect indication of the 
presence of acylrhodium carbonyls that yield, via oxidation, the 
binuclear carboxylato-bridged species. The first in situ infrared 
spectroscopic study on rhodium carbonyl catalysis, with various 
precursors, has been reported by King et al." These authors 
ascribed the new carbonyl bands observed by them to an alkyl- 
rhodium tetracarbonyl, rather than to an acylrhodium species. 

Here we report that the low-temperature hydroformylation 
reaction can be carried out in a way that allows the practically 
quantitative transformation of Rh4(C0)12 to a hitherto unknown 
rhodium carbonyl species. The analysis of the in situ infrared 
spectra of these reaction mixtures resulted in the unequivocal 
identification of the new species as an acylrhcdium tetracarbonyl. 
Results 

During the low-temperature and low-pressure catalytic hy- 
droformylation of 3,3-dimethyl- 1-butene, starting with CoRh(C- 
0),l2 as the catalyst precursor in n-hexane, new infrared absorption 
bands were observed in the in situ solution spectra that could not 
be attributed to any previously known compounds.13 Specifically, 
under 2-50 bar of carbon monoxide and 2-100 bar of hydrogen, 
the in situ solution spectral4 clearly showed, in addition to the 
familiar bands of the corresponding acylcobalt tetracarbonyl, new 
infrared absorptions at 21 11, 2065,2039, and 1698 f 3 cm-'. The 
intensities of these absorptions decreased with time or remained 
constant during the course of the catalytic reaction, depending 
on the partial pressures of the two gases. 

Since the new unknown species appeared to be stabilized by 
partial pressures of carbon monoxide greater than 20 bar, the 
further identification of this species, starting from Rh4(C0)12 alone 
as catalyst precursor, was attempted. This was done in order to 
eliminate the overlap with the infrared absorption bands of RC- 
(O)Co(CO),, formed when CoRh(CO), was used as a catalyst 
precursor. P rev io~s ly , '~  it had been shown that the hydro- 
formylation of 3,3-dimethyl-l-butene at  low temperatures and low 
pressures was possible by starting from Rh4(C0)12 alone; however, 
the rate of hydroformylation was extremely slow. Additionally, 
a very weak infrared absorption at  21 11 cm-l had been observed 
in these in situ spectra, indicating the formation of the same new 
carbonyl species; the rate of hydroformylation increased with 
longer reaction times. Therefore, given a sufficiently high partial 
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(6) Sternberg, H. W.; Wender, I .  Spec. Pub1.-Chem. SOC. 1959, No. 13, 
35. Breslow, D. S.; Heck, R. F. Chem. Ind. (London) 1960,467. Heck, 
R. F.; Breslow, D. S. J .  Am. Chem. SOC. 1961, 83, 4023. 

(7) Markd, L.; Bor, G.; Almlsy, G.; Szab6, P. Brennst.-Chem. 1963, 44, 

( 8 )  Whyman, R. J .  Organomet. Chem. 1974, 66, C23; 1974, 81, 97. 
(9) E.g.: Csontos, G.; Heil, B.; Mark6, L. Ann. N .  Y. Acad. Sci. 1974, 239, 

47. Mark6, L. In Aspects of Homogeneous Catalysis; Ugo, R., Ed.; 
Reidel: Boston, MA, 1974; Vol. 2, p 3. 

(IO) Heil, B.; Markb, L.; Bor, G. Chem. Ber. 1971, 104, 3418. 
(11) King, R. B.; King, A. D., Jr.; Iqbal, M. Z. J .  Am. Chem. SOC. 1979, 

(12) Horvlth, 1. T.; Garland, M.; Bor, G.; Pino, P. Organometallics 1986, 
5 ,  1441. 

( 1  3) Garland, M.; Horvlth, I. T.; Bor, G.; Pino, P. Proc. Herbstuersammlung 
Schweiz. Chem. Ges. 1987, 108. 

(14) Garland, M. Dissertation, ETH-Zurich, 1988; No. 8585 .  
(15) Horvlth, I .  T., ETH-Zurich. Unpublished results, 1987. 
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Figure 1. In situ infrared spectrum of the hydroformylation product, 
obtained from 3,3-dimethyl-l-butene (0.4 M) with the catalyst precursor 
Rh,(CO),, (0.5 mM) at 25 'C, in 9 h reaction time (22 bar of carbon 
monoxide and 8 bar of hydrogen; solvent, n-hexane). A: absorption 
bands assigned to RC(0)Rh(CO)4 at 21 11,2065,2039,2020, and 1698 * 3 cm-I. Cell thickness: 0.5-mm spacer. 
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Figure 2. Infrared spectrum obtained from an in situ scan, after sub- 
traction of the absorptions of the solvent, Rh4(C0)12, and dissolved 
carbon monoxide. Reaction conditions: 3,3-dimethyl-l-butene (en); 
catalyst precursor, Rh,(CO),,; CO pressure, 50 bar; H2 pressure, 1 bar; 
temperature, 25 OC; reaction time, 4 8  h. The bands of RC(O)Rh(CO), 
are labeled with "A"; that of the product aldehyde is labeled with "al". 

pressure of carbon monoxide and a long enough reaction time, 
the positive identification of the new species seemed possible. 

In fact, the hydroformylation of 3,3-dimethyl-l-butene was 
successfully carried out by starting with Rh4(CO),2 in n-hexane 
at  25 0C.14916 Expecially when 50 bar of carbon monoxide and 
1 bar of hydrogen were added to the solution containing the olefin 
and Rh4(C0)12,  after 48 h of reaction a t  25 OC, only very little 
hydroformylation occurred. However, about 50% of the Rh4(C- 
0)12 had been transformed to the new species, and in addition 
to four metal carbonyl bands at  21 11,2065,2039, and 2020 cm-', 
an infrared absorption at  1698 f 3 cm-' could clearly be resolved 
from the relatively weak absorption of 4,4-dimethylpentanal a t  
1733 cm-]. The absorption a t  2020 cm-l could not be observed 
in the mixed cobalt-rhodium catalyzed system because of its 
overlap with a band of the acylcobalt tetracarbonyl (cf. Table I). 
Discussion 

Our results are based on the in situ infrared spectra. Spectral 
features owing to the solvent, to dissolved carbon monoxide, and 
to small amounts of untransformed Rh4(C0)12 could be subtracted 
by data-processing techniques, and thus the absorption of the new 

(16) The conditions and results of the catalytic hydroformylation reactions 
will be published elsewhere: Garland, M.; Bor, G.; Pino, P. Manuscript 
in preparation. 
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species could be studied. Two of the typical spectra are shown 
in Figures 1 and 2. The first of these, Figure 1, is a “complete” 
spectrum of the solution in the relevant region between 2200 and 
1600 cm-I when the hydroformylation reaction of 3,3-di- 
methyl-I-butefie has been carried out with Rh4(C0)12  as the 
catalyst precursor at  25 OC, under 22 bar of carbon monoxide 
and 8 bar of hydrogen for 9 h. Even in this uncompensated 
spectrum, where more than 98% of Rh4(C0),* has been converted 
to the species under study as shown by the absence of a bridging 
band at  1886 cm-’ characteristic of Rh4(C0)12,  there are four 
rather than three metal carbonyl C - 0  stretching bands at  the 
low-energy wing of the broad band of dissolved carbon monoxide. 

The spectrum in Figure 2 is of the solution obtained under 50 
bar of carbon monoxide and 1 bar of hydrogen. The original 
spectrum has been modified by subtraction of the solvent and 
carbon monoxide bands and then corrected for the small amounts 
of Rh4(C0)12 present. The remaining bands after these procedures 
were those belonging to the olefin (at 1823 and 1641 cm-’) and 
to the aldehyde formed (1733 cm-I), together with those of a 
rhodium carbonyl species that will be identified. 

First, it must be emphasized that the ratios of the relative 
intensities of the bands observed at  different stages of conversion 
in several experiments were always the same, indicating that there 
is only one unknown species present in  these samples. 

The presence of four terminal u(C-0) stretching bands proves 
that the compound has at  least four ligands. Moreover, the 
considerable intensity of the band at  21 11 cm-’, which belongs 
to the totally symmetric in-phase stretching mode,17 proves that 
this is a mononuclear compound of quite low symmetry. Hence, 
there are only two candidates to be assigned to this spectrum: it 
is either an alkyl- or an acylrhodium tetracarbonyl. (A hydri- 
dorhodium carbonyl can be excluded since (i) the new species was 
formed only when olefin was added and (ii) we know from the 
observations of Vidal et a1.I8 that the formation of HRh(CO), 
(u(C-0) values at  2070 (m), 2039 (vs), and 2008 (w) cm-’) 
requires much more drastic conditions.) 

The corresponding alkylcobalt tetracarbonyls, however, show 
only three terminal u(C-0) stretching bands.’ This observation 
is in accordance with the selection rules of point group C3,.I9 The 
alkylcobalt tetracarbonyls, RCo(CO), are, according to this model, 
five-coordinate compounds of trigonal-bipyramidal (TBP) geom- 
etry, with the R group occupying an axial position. The sp3-carbon 
atom at this coordination site has itself a 3-fold local symmetry, 
thus not influencing the main 3-fold axis of the molecule. 

The acylcobalt tetracarbonyls contain a planar -C(O)R group 
with an sp2-hybridized carbon atom. As shown by the spectrum 
of all RC(O)Co(CO), compounds studied, this causes a breakdown 
of the C,, symmetry of the Co(CO), unit irrespective of the axial 
or radial position of the RC(0) -  group. The radial position would 
be the result of an alkyl-migration mechanism in the formation 
of the acyl compound. However, we believe, on the basis of earlier 
analyses of the spectra of numerous X M ( C 0 ) 4  derivatives ( M  
= Co, Fe) of TBP geometry,20 that the X heteroligands occupy 
prevalently the axial position. Even if the mechanism were 
primarily alkyl migration, a facile Berry rotation would transform 
the product of this step into an axial-acyl derivative. However, 
a distorted geometry cannot be excluded either. The highest 
possible symmetry of these molecules is in any case that of point 
group C,. Therefore, we think that a “CO insertion vs alkyl 
migration” discussion has no relevance in the case of the com- 
pounds under study. 

Since we do not see any reason to exclude the similarity of the 
geometry between the analogous cobalt and rhodium compounds, 
the early results obtained with alkyl- and acylcobalt tetracarbonyls 
suggest that the rhodium compound present in the catalytic so- 
lutions studied is an acylrhodium tetracarbonyl, RC(O)Rh(CO),. 

Garland and Bor 

(17) Bor, G. Spectrochim. Acta 1963, 19, 1209. 
(18) Vidal, J. L.; Walker, W. E. Inorg. Chem. 1981, 20, 249. 
(19) Bor, G. Proc. Symp. Coord. Chem., 1964 1965, 363. 
(20 )  Bor, G. Inorg. Chim. Acta 1967,1, 8 1 .  Kahn, 0.; Bigorgne, M.; Koenig, 

M .  F.: Loutellier, A.  Spectrochim. Acta 1974, 30A, 1929. 

Table I. Comparison of the u(C-0) Frequencies and Relative 
Intensities of the Carbonyl Bands of C,HSC(0)Co(C0)4 and 
RC(O)Rh(CO), (R = -(C2H4)C(CH,),)“sb 

compd V I  l3 V? P A  

CZHSC(O)Co(CO), 2105 (27) 2046 (54) 2024 (81) 2005 (100) 
RC(O)Rh(CO), 21 11 (27) 2065 (41) 2039 (65)  2020 (100) 

Wavenumbers in cm-l. Relative intensities in parentheses; inten- 
sities in absorbance relative to A = 100 of the most intense band. 

Table 11. Comparison of the Average C-0 Stretching Frequencies of 
RC(O)Co(CO), and RC(O)Rh(CO), with the Corresponding Values 
of the Terminal MI(CO)O Core of the Ma(CO),, Compounds“ 

M = Co; 

RCOM(CO), 2047.1 2058.9 
M4(C0hC 2046.8 2057.7 

M = Rh; 
compd R = -C2HS R = -(C,H,)C(CH,), 

Frequencies in cm-I. Doubly degenerate frequencies count twice. 
Reference 7. ‘Reference 20. 

The group R, since it derives from the olefin used, viz. 3,3-di- 
methyl-1-butene, may be either 

-CHp-CHp -C(CH& or C H ~ - C H - C ( C H ~ ) J  
l 

or a mixture of both. High-pressure N M R  studies are in progress 
in another laboratory to clarify this point of isomerism.21 

Independently of this uncertainty, the correspondence between 
the characteristics of the spectra of the acylcobalt and acylrhodium 
compounds is perfect, including the general pattern of the spectrum 
and wavenumber distribution, as well as the relative intensities 
of the C - 0  bands (see Table I) .  

The final proof, of course, of the acylmetal type of this com- 
pound is the observation of the “organic” C - 0  stretching band 
of the acyl group. We succeeded in obtaining spectra of samples 
with low olefin-to-aldehyde conversions, where the aldehyde band 
at  1733 cm-I is still weak enough to allow the observation of the 
acyl band, expected at  lower frequencies than the band of the 
aldehyde. In fact, the C-0 frequency of the acyl group bonded 
to the ‘Rh(CO), group appears at  1698 i 3 cm-]. This uncertainty 
in the wavenumber value is caused by the relative weakness of 
this band combined with the slight influence of the subsequent 
subtraction procedures upon this band position. The corresponding 
band of the propionylcobalt tetracarbonyl was observed’ at  1720 
cm-I. For the time being, the question is open if this low-frequency 
shift of more than 20 cm-’ is general for the RC(O)Rh(CO), 
compounds or is related to the strongly branched R group. 

The shift toward higher frequencies in the case of the rhodium 
compound relative to those of the cobalt analogue correspands 
to the general trend in the carbonyls of the 3d versus 4d metals. 
In  quantitative terms, the analogies are strikingly perfect: the 
average of the C-0 stretching frequencies of the two acylmetal 
tetracarbonyls is shown in Table I1 in comparison with the averages 
of the terminal frequencies of both tetrametal dodecacarbonyls.22 

An independent confirmation of the identity of the rhodium 
compound by direct synthesis is not possible owing to its extreme 
lability. Whereas the RC(O)Co(CO), compounds could be 
handled relatively safely at  room temperature and pressure, the 
acylrhodium tetracarbonyl compound rapidly decomposed in our 
closed circulation equipment as soon as the carbon monoxide 
partial pressure was reduced significantly below 20 bar at  25 OC. 

Some comments are  needed about the previously reported 
assignments of the C - O  stretching bands observed at  21 15, 2037, 
and 2019 cm-’ to an alkyl- (specifically, ethyl-) rather to an 
acylrhodium tetracarbonyl.“ These authors did, as a matter of 
fact, observe a fourth band in the same region a t  2068 cm-l; 
however, they attributed it to Rh4(CO),,. Moreover, a careful 
inspection of the two lower spectra shown in Figure 1 of the paper 
of King et a l , l l  shows that there is a not insignificant spectral 

(21) Horvlth, I. T. Personal communication. 
(22) Bor, G.; Sbrignaldello, G.; Noack, K. Helu. Chim. Acta 1975, 58, 815 .  
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feature in those spectra at about 1700 cm-', in the low-energy 
wing of the aldehyde band, which these authors did not comment 
on. In our view, a t  least a part of this absorption can be assigned 
to  the acyl band. 

W e  believe, that in spite of calibration differences and dif- 
ferences in the nature of the group R, the reaction conditions in 
the two studies were similar enough to allow the conclusion that 
these authors observed the same type of compound as we report 
here, viz. a propionylrhodium tetracarbonyl rather than the 
ethylrhodium compound. 

As our spectra demonstrate, no trace of the bridging band of 
R h 4 ( C 0 ) ] *  a t  1886 cm-' is present (Figures 1 and 2), whereas 
the terminal band a t  2065.5 cm-' (i) has a considerable intensity, 
corresponding to the pattern observed with the acylcobalt tetra- 
carbonyl compounds and (ii) is clearly a single band of regular 
shape, whereas the band of Rh4(C0)12  in this region consists of 
a sharp doublet, with a separation of 5.4 cm-1.22 

Also, in the paper of King et  al." it seemed strange that, under 
the conditions used, no CO insertion took place. Our results and 
analysis of the spectra also show that in the case of rhodium 
carbonyls only the acyl derivative can be observed directly in 
catalytic experiments and the concentration of the alkyl derivative 
(as well as  those of tricarbonyl species suggested frequently in 
studies on catalytic cycles) is below the limit of infrared de- 
tectability. 
Experimental Section 

The hydroformylation reactions were carried out in a specially con- 
structed high-pressure aut~clave. '~  The autoclave was connected to a 
membrane pump and a high-pressure infrared cell containing single- 
crystal silicon windows. The n-hexane solution was continuously circu- 
lated from the high-pressure autoclave to the high-pressure infrared cell 
and back to the autoclave under isobaric and isothermal conditions. 

Spectra. The spectra reported here were made on a Perkin-Elmer 
PE983G infrared spectrophotometer. Scanning conditions were scan 

mode of 4 and noise filter of 4, corresponding to a resolution of 3.5 cm-l. 
Higher resolution was avoided to reduce noise level. This PE983G 
spectrophotometer was equipped with a Data Station Model 3600 com- 
puter for the manipulation of spectra. Infrared reference spectra of 
n-hexane, Rh4(C0)12, 3,3-dimethyl-l-butene, and carbon monoxide dis- 
solved in n-hexane were subtracted from the high-pressure in situ spectra 
of the hydroformylation solution by means of the software package in- 
cluded with the PE983G spectrophotometer. 

Chemicals. All solutions were prepared by using standard Schlenk 
techniques under nitrogen. n-Hexane (Fluka, Purum) was distilled from 
Na/K under nitrogen. 3,3-Dimethyl-l-butene (Fluka, Puriss) was dried 
and stored over 4-A molecular sieves. Carbon monoxide was prepared 
from the catalytic dehydration of formic acid (ETH-Z), and hydrogen 
was supplied by Pan Gas, Luzern. Rh4(C0)12 showed no Rhb(C0)16 
impurities. 
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Note Added in Proof. A reviewer suggested that the reaction should 
be repeated with ethylene as olefin. This has been performed in the 
meantime (conditions: Rh4(C0)12 0.5 mM in n-hexane, 15 bar of 
ethylene, 2 bar of hydrogen, 40 bar of CO, at 25 "C). Again the for- 
mation of the corresponding acyl derivative, i.e. the propionylrhodium 
tetracarbonyl, was observed (IR bands at 2112, 2065, 2038, 2020, and 
1696 cm-I). Hydroformylation proceeds slowly under these conditions: 
the aldehyde CO band eventually appears at 1741 cm-I. 

With carbon monoxide pressure as low as 2-5 bar and only with 
ethylene but not with other olefins, an unknown species is formed (IR 
bands at 2089, 2039, and 2016 cm-') which upon increasing the CO 
pressure yields the same acylrhodium derivative as mentioned above. A 
detailed study of this species is in progress. 

Upon exposure of the sample to air, the formation of the carboxyla- 
to-bridged dimeric compound [Rh(CO)2(p-C2H5C02)]z reported in ref 
10 could be observed (v(C-0) frequencies occur at 2095,2073,2043, and 
2023 cm-I). 
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Bis(dipheny1phosphino)methane (1) reacts cleanly with azidotrimethylsilane to give initially one isomeric form of the silylated 
monophosphazene Me3SiNPPh2CH2PPh2 (2). This new phosphano phosphoranimine undergoes a thermally induced isomerization 
to form three different isomeric forms as established by IH, 31P, and 29Si NMR spectroscopy. In solutions of CH3CN the mixture 
of isomers of 2 reverts to the single isomer through a remarkable isomerization process. 2 also reacts with CpTiCI3 to give the 
first example of a metalated phosphoranimino phosphane, (~s-C5H5)TiC12NPPh2CHzPPh2 (3). 

Introduction 
Increasing interest in the synthesis of heterodifunctional ligands 

because of their potential as backbones for a variety of catal+lly 
active heterobimetallic corn pound^^-^ prompted a search for 

Bullock, R. M.; Casev. C. D. Acc. Chem. Res. 1987. 20. 167 and 

main-group skeletons containing appropriate reactive sites of 
different types that would be capable of holding varied hetero- 
metallic (i.e., early-late transition metal) centers together. Herein 
we report the first example of a methylene bridged PhosPhane- 
phosphoranimine compound, RNPPh2CH2PPh2 (2) ( R  = SiMe3), 
and also the discovery of the thermally induced isomerization of 
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