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SUMMARY

Dodecacarbonyltetrarhodium [Rh4(CQ),,] reacts with phosphine and phos-
phite ligands under an atmosphere of nitrogen to give the compounds Rh(CO),,L,,
Rh4(CO)gL 3 and Rhy(CO)sL, [where L=Ph,P or P(OCH,);CEt (ETPO)**] in
which the metal atom cluster is retained. Under similar conditions hexadecacarbonyl-
hexarhodium [Rhe(CO);6] reacts with Ph;P, P(OCH,);CEt or P(OMe); to give
complexes of the type Rhg(CO),oLs. When the reaction of either Rhy(CO),, or
Rh¢(CO),¢ with the ligands Ph3P or Ph;As is carried out in the presence of carbon
monoxide, breakdown of the metal clusters occurs to give the bridged compounds
L,(CO)Rh(CG),Rh(CO)L, (where L=Ph;P or Ph3As) in high yields; reaction of
Rh,(CO),, with n-Bu;P under similar conditions gives the compound [(n-Bu;P);-
(CO)Rh],. Dodecacarbonyltetrarhodium has also been shown to react with PhC,Ph
or CF;C,CF; to give the compounds Rh,(CO);o(RC,R) (R=CF; or Ph).

Some of these ligand-substituted rhodium carbonyls have been shown to be
extremely active hydroformylation catalysts for 1-alkenes.

INTRODUCTION

Phosphorus- and arsenic-containing ligands have recently been reported to
react with the polynuclear metal carbonyls Co,(CO),,%. Fes(CO),,> Rus(CO),,*,
0s5(CO),,° and Ir,(CO),,° to give substitution products in which the basic structure
of the parent cluster carbonyl is retained. With carbon monoxide, however, the car-
bonyls Co,(CO),,’, Cos(CO), %, Ru;{CO),,°, and phosphine-substituted ruthenium
or osmium dodecacarbonyls® form simpler mononuclear or dinuclear carbonyls by
breakdown of the metal atom cluster. We report here some substitution reactions of
dodecacarbonyltetrarhodium and hexadecacarbonylhexarhodium with phosphine
and phosphite ligands and with alkynes in which the metal atom cluster is either
retained or broken down depending on the reaction conditions.

* For Part XIII see ref. 1.
** ETPO=4-+ethyl-2,6,7-trioxa-1-phosphabicyclo[2.22]octane. -
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RESULTS AND DISCUSSION

Reaction of dodecacarbonyltetrarhodium with triphenylphosphine (molar
raiio 1/4) in benzene at room temperature either in a sealed tube or in a closed system
connected to a gas burette gave, as the major products, a mixture of the di- and tri-
substituted tetrarhodium compounds and an unidentified yellow solid; it is note-
worthy that during this reaction carbon monoxide was rapidly evelved during the
initial stages of the reaction but was re-absorbed as reaction progressed. Although
the yellow solid could not be obtained in a pure state, micro-analysis and the IR
spectrum of a solution in CH,Cl, [single v(CO) band at 1970 cm™ '] suggest that it
may be [Rh(CO);PPh;],, which has recently been reported!® as a yellow solid
[v(CO) (KBr disc) 1954 vs, 1979 s(sh) cm~!].

In order to prevent the apparent reaction of the phosphine-substituted cluster
compounds with the carbon monoxide displaced during the reaction, dodecacarbonyl-
tetrarhodium was treated with triphenylphosphine under a stream of nitrogen, and
in this way the di-, tri-, and tetra-substituted tetrarhodium compounds were obtained,
depending on the conditions. Reaction in hexane using Rh (CO),, and PPhs in a
1/2 molar ratio at room temperature gave a 9197 yield of pure disubstituted compound,
Rh (CO),o(PPhs),, which has besen reported, although without experimental detail,
in a recent communication'®. The di-substituted derivative is insoluble in hexane
and further reaction is thus avoided. The tri-substituted tetrarhodium compound,
Rh,(CO),(PPh;);, was obtained in almost quantitative yield by the reaction of
Rh,(CO),o(PPhs), with triphenylphosphine in dichloromethane at room tempera-
ture. Further substitution did not occur readily at room temperature, but the reaction
of dodecacarbonyltetrarhodium with triphenylphosphine (molar ratio 1/4) in benzene
at 70-80° gave a low yield of the tetra-substituted complex.

When the reaction of Rh,{CO),, with an excess of PPh; was carried out at
room temperature in a stream of carbon monoxide breakdown of the metal atom
cluster occurred to give an almost quantitative yield of tetrakis(triphenylphosphine)-
dicarbonyl-u-dicarbonyldirhodium, (Ph;P),(CO)Rh(CO),Rh(CO)(PPh,),. which
has been independently prepared!!-!? from HRh(CO)(PPh,); and carbon monoxide.
This bridged compound is unstable in the solid state under nitrogen or in vacuo
givinganair-stable yellow solid [v(C0O) 1970s cm ™ '], from which [Rh(CO),(PPhj3),],
may be regenerated by passage of carbon monoxide through a solution in acetone or
benzene. This compound is obviously quite different from the deep red compound
(v 1980s, 1740s in CH,Cl,, 1765 w, 1739 s in solid state) reported ! ? to be formed when
[Rh(CO),(PPh3), |, decomposes in solution. When a stream of hydrogen was passed
through a benzene slurry of the yellow [ (Ph;P),(CO),Rh],, a2 deep red solution which
showed a single '"H NMR absorption characteristic of a Rh—H bond (r 19.34) was
formed, and the yellow crystals of the dimer were regenerated on passage of carbon
monoxide through the solution. These observations are in accord with the existence
in solution of equilibria between the carbonyl-bridged dimer and rhodium hydride
species, as Wilkinson has suggested previously'?, but the colour change on passage
of hydrogen through the slurry of the dimer in benzene is markedly different from that
reported by Wilkinson for hexane solutions.

The reaction of dodecacarbonyltetrarhodium with triphenylarsine in the
presence of an excess of carbon moncxide similarly gave tetrakis(triphenylarsine)di-
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carbonyl-p-dicarbonyldirhodium, (Ph3;As),(CO)Rh(CO),Rh(CO)(AsPh;),. When
hydrogen was bubbled through a benzene solution of this compound a colour change
from yellow to deep red was observed as with the analogous phosphine compound,
and the yellow dimer was regenerated when carbon monoxide was bubbled through
the red solution. Reaction of Rh,(CO),, with tri-n-butylphosphine and carbon
monoxide gave a yellow oil, having a similar IR spcctrum to those of the phosphine
and arsine dimers, but it could not be purified and further displacement of carbon
monoxide during work-up in vacuo gave hexakis(tri-n-butylphosphine)dicarbonyldi-
rhodium, [ (n-Bu;P);CORh], identified by micro-analysis, and showing no bridging,
and only a single terminal, carbonyl stretching frequency.

Reaction of dodecacarbonyltetrarhodium with 4-ethyl-2,6,7-trioxa-1-phospha-
bicyclo[2.2.2]octane gave only the di-, tri-and tetra-substituted tetrarhodium carbonyl
compounds, depending upon the conditions employed. No breakdown of the metal
cluster was observed even when these reactions were carried out in the presence of
carbon monoxide, suggesting that breakdown of the metal atom cluster occurs only
when strong o-donor ligands are used in the presence of carbon monoxide.

The reaction of hexadecacarbonylhexarhodium with triphenylphosphine at
70° in benzene in a sealed tube gave a small amount of a compound thought to be
Rhg(CO), o(PPhj;)e, but a pure sample could not be obtained. When this reaction was
carried out at a lower temperature in the presence of an excess of carbon monoxide,
a 91%; yield of the carbonyl-bridged dimer, [Rh(CO),(PPh,),],, was obtained; tri-
phenylarsine similarly gave a good yield of the corresponding arsine compound
under comparable conditions. When the reaction with triphenylphosphine was carried

TABLE 1

CARBONYL STRETCHING FREQUENCIES FOR RHODIUM COMPLEXES?

Compound v(CO) terminal (cm™ ') v(CO) bridging (cm ™ 1)
Rh,(CO),,* 2089 s(sh), 2079 s, 2056 s(sh), 2043 (sh). 1875s

20355, 1919 m
Rh,(CO),,(PPh;), 2096 m, 2078 s, 2065 s(sh), 2052 s, 1854 s, 1830 s

2024 s
Rh (CO)s(PPh,); 2076 vs, 2049 vs, 2020 vs. 1992 vs 1851 s, 1827 s
Rh,(CO)y(PPh;),° 2010 m, 1995 vs, 1990 vs, 1971 s, 1793s. 1790 s

1965 (sh)
Rh,(CO),;(ETPO),* 2083 w, 2070 w, 2053 s, 2028 s 1898 w, 1866 s, 1835 s
Rh,(CO)s(ETPO),? 2085 m, 2060 s, 2040 s, 2024 s 1848 s
Rh (CO)(ETPO),¢ 2040 (sh). 2012 s, 1998 s 1825 s
[Rh(CO)(PPhj;),]>° 2018 s, 1988 vs 1798 s, 1774 vs
[Rh(CO),(AsPh,),].¢ 2024 s, 2012 w(sh), 1992 vs 1799 s, 1789 w(sh), 1775 vs
Rhg(CO),¢? 2073 vs, 2026 s 1800 vs
Rh(CO),o(PPh;)e 1984 s, 1965 s, 1938 m 1779 s
Rh4(CO),(ETPO)¢* 2062 s, 2057 s, 2027 vs 1763 vs
Rhg(CO);0[ P(OMe)s]s 2081 s, 2053 s, 2026 s 1765 s
Rh,(CO),o(PhC,Ph) 2087 s, 2068 vs, 2056 vs, 2043 vs, 1845 s, 1825 s

2016 vs
Rh,(CO),4(CF;CCF3) 2090 vs, 2085 vs, 2070's, 2047 s 1910 s

 In CH;Cl, solution. * Seeref. 18. < Nujol muil. ¢ ETPO =4-¢cthyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]-
octane. © Contains also Rh,(CO),, and/or th(CO),.ETPO. 7 In hexane solution.
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out in chloroform a high yield of chlorocarbonylbis(triphenylphosphine)rhodium
was obtained. Under these conditions hexadecacarbonylhexarhodium is inert to
chloroform, and even to bromine in chloroform solution, indicating that breakdown
of the cluster must take place by the intermediate formation of a phosphine-sub-
stituted compound Rhg(CO),¢_.(PPhs), which is then oxidised by the chloroform.

The phosphites, P(OCH,);CEt and P(OMe),, react far more readily with
Rh,(CO),, than the ligands described above to give hexasubstituted complexes in
high yields; the compound from (MeO);P could not be obtained analytically pure
and was identified by IR spectroscopy only. The IR spectra of these compounds show
only three terminal and one bridging carbonyl bands (Table 1), suggesting that the
three compounds have similar symmetrical structures in which one terminal carbonyl
group on each rhodium atom of the cluster has been replaced.

The reactions of dodecacarbonyltetrarhodium with alkynes were in general
more complicated, and isolation of pure compounds was more difficult than in those
with the phosphorus compounds. Analytically pure samples were obtained only for
the compounds Rh,(CO), oL (L =PhC,Ph or CF;C,CF;); other alkynes investigated
(EtC,Et, MeQ,CC,CO,Me and PhC,H) ali displaced carbon monoxide readily at
room temperature but the products could not be separated. It is interesting that the
reaction with diphenylacetylene gave, in addition to the monosubstituted tetra-
rhodium carbonyl, low yields of Rhg(CO),6, and a preduct believed to be either
Rhg(CO), sPhC,Ph or Rh(CO),,PhC,Ph.

Hydroformylation reactions
' Hydroformylation reactions with rhodium carbonyl catalysts have been shown
to take place more readily than with cobalt catalysts, but the straight/branched chain
aldehyde product ratios are usually disappointingly low'?. There have been several
recent claims!# that the use of soluble rhodium catalysts formed by interaction of
rhodium metal or a rhodium salt with donor ligands such as phosphines or phosphites
under hydroformylation conditions improves the straight/branched chain aldehyde
ratio, although in the majority of these reactions the nature of the catalyst is uncertain.
We have investigated the hydroformylation of a number of alkenes using
Rh,(CO),, (Table 2) or Rhg(CO),¢ (Table 3) as catalysts, and have compared the
results from these reactions with reactions in which these catalysts have been used in
the presence of phosphine or phosphite ligands under conditions where significant
amounts of the compounds Rh,(CO), L, or Rhg(CO),,L¢ would be formed initially
(Tables 2 and 3). Under the conditions employed in this work no marked improve-
ment of the straight/branched chain aldehyde ratio was observed upon carrying out
the hydroformylation reactions in the presence of donor ligands. The rates of hydro-
formylation appeared to be similar, based on yields, for Rh,(CO), ; alone and in the
presence of the ligands, but the presence of the ligand with Rh¢(CO), ¢ increased the
rate almost twofold. Similarly, the hydroformylation of propene catalysed either by
the yellow compound, believed to be Rh,{(CO)s(PPh,), (see above) or the well-defined
compound Rh4(CO)s(ETPO), gave no significant improvement of the product ratio
over that obtained using Rh,(CO),, (Table 2).
The ready loss and uptake of carbon monoxide by the carbonyl-bridged dimer
[(Ph;3P),Rh(CO), ], and its transformation by passage of hydrogen into a hydride
species suggested that it might form a useful hydroformylation catalyst under very

J. Organometel. Chem. 27 (1971) 119-131



METAL CARBONYL CHEMISTRY. XIV 123

TABLE 2

HYDROFORMYLATION OF ALKENES WITH Rh (CO), . ALONE® AND IN THE PRESENCE OF PHOSPHORUS-CONTAIN=
ING LIGANDS?

Catalyst Ligand Alkene Aldehyde Aldehyde Alkane
yield product yield
(%) ratio? (%"
Rh,(CO),, Ethylene 89
ETPO* 97
PPh;” 97
P(n-Bu); 96
Rhy(CO),, Propene 92 1.04 73
ETPO/ 89 1.07
PPh, 98 1.04
P{n-Bu); : 93 1.09
Rh,(CO)¢(PPh;),%* 93 1.10
Rh,(CO)(ETPO),* 50 1.10
Rh,(CO),, 1-Butene 92 1.59 1.6
’ ETPO 90 1.36 1.5
PPh, 97 2.1 21 -
Rh (CO),, cis-2-Butene 93 0.003 14
ETPO 89 0.006
PPh, 95 0.011
Rh,(CO),, trans-2-Butene 92 0.007 1.0
ETPO 95 0.006
PPh, 95 0.010

¢ Rh,(CO),, (0.0013 mmole), pentane (30 ml), olefin (0.20 mmole), CO/H, (120 atm, 1/1) at 70° for 3 h.
b Rh,(CO),, (0.0013 mmole), ligand {0.0053 mmole), pentane (30 ml), olefin (0.20 mmole), CO/H, (120
atm, 1/1) at 70° for 3 h. < Based on olefin taken. ¢ Straight/branched aldehyde ratio. * 1.0%, of alcohol
also formed. 7 3.3 9 of alcohol also formed. ¢ This compound has not been obtained analytically pure.
® With benzene (30 mi) solvent. '

TABLE 3

HYDROFORMYLATION OF ALKENES WITH Rh(CO);¢ ALONE® AND IN THE PRESENCE OF PHOSPHORUS-CONTAIN-
.}
ING LIGANDS

Catalyst Ligand Alkene Yield® Aldehyde product
(%) ratio?
Rhg(CO),6 Ethylene 50
ETPO 91
PPh; ) 93
P(n-Bu); 91
Rhe(CO), 6 Propene 51 1.02
ETPO 93 118
PPh, 96 1.17
P(n-Bu), 92 1.07
RE(CO),¢ 1-Butene 49 1.53
cis-2-Butene 46 0.002
trans-2-Butene 42 0.004

4 Rh.(CO), (0.0009 mmole), benzene (30 ml), olefin (0.20 mmole), CO/H, (120 atm, 1/1) at 70° for 3 h.
b Rhg(CO), 6 (0.0009 mmole), benzene (30 mli), ligand (0.0054 mmole), olefin (0.20 mmole), CO/H, {120
atm, 1/1) at 70° for 3 h. < Based on olefin taken. ¢ Straight/branched aldehyde ratio.
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mild conditions. While this work was in progress, Wilkinson'> reported his indepen-
dent work on this reaction, in which the compounds RbH(CO)(PPh3); or RhCl{CO)-
(PPh;), were used as a source of the hydride, RhH(CO)(PPh;),, which is itself
converted .to the carbonyl-bridged dimer by carbon monoxide. The compound
RAH(CO){PPh;); and an excess of olefin were treated in a static system at 25° and
1 atm with carbon monoxide and hydrogen to give essentially quantitative yields of
aldehydes (based on rhodium complex) with a high preference for the straight-chain
isomer. Our results using 1-hexene and [(Ph;P),(CO),Rh], are broadly similar
(Table 4). We have used this compound directly in a low ratio to olefin in a system

TABLE 4

HYDROFORMYLATION WITH TETRAKIS(TRIPHENYLPHOSPHINE)DICARBONYL-4-DICARBONYLDIRHODIUM®

Time Method A® Method B¢
(h)
Yield? Product Yield® Product
(VA ratio® (%) ratio®
1 21 16.4 22 10.5
2 40 158 27 99
3 57 154 40 10.2
4 71 152 50 99
5 82 15.1 58 9.7
[ 92 15.1 65 9.7
8.5 73 95

e At 20°, 1 atm. ® CO {7 ml-min~!) and H, (7 ml- min~!) passed alternately through the solution. < CO
and H, (7ml-min~* each) passed simultaneously through the solution. ¢ Based on initial 1-hexene.
€ Straight/branched chain aldehyde.

where it functions as a true catalyst, being regenerated in situ by either alternate or
simultaneous passage of carbon monoxide and hydrogen through the olefin solution.
Under these conditions, the yields of aldehyde based on olefin are high, with a high
preference for the straight-chain isomer, and exceeded 16 moles per mole of catalyst,
although no attempts have been made to find the optimum yield on this basis. With

TABLE 5

HYDROFORMYLATION WITH TETRAKIS(TRIPHENYLARSINE)DICARBONYL-U-DICARBONYLDIRHODIUM?

Time Method A* Method B¢

(h)
Yield Product Yield Product
(A ratio® (%) ratio®

2 18 24.6 38 20.2

3 26 227 53 20.1

4 34 235 60 20.3

5 46 245 70 19.5

35 51 246 72 19.7

2 At 20°, ! atm. ® CO (7 ml-min~!) and H, {7 mi- min~!) passed alternately through the solution. © CO
and H, (7 ml-min~? each) passed simultaneously through the solution. ¢ On initial 1-hexene. © Straight/
branched chain aldehyde.
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the triphenylarsine complex, [ (Ph3As),(CO),Rh],, the preference for the formation
of the straight-chain isomer is even more marked (Table 5), but-since the dimer is
more soluble than the corresponding one from triphenylphosphine it does not
function so readily as an indicator for the carbon monoxide/hydrogen cycle. No
reaction occurred with either Rh4(CO)3(PPh 1)s OF Rh4(CO)g(ETPO)4 and 1-hexene
under similar conditions.™~

EXPERIMENTAL

IR spectra were recorded on a Perkin—Elmer model 21 or model 257 spectro-
photometer, and 'H NMR spectra were recorded on a Varian HA 100 spectrometer
at 100 MHz. GLC separations were carried out using a Griffin and George D6 gas
density detector with a Silicone column. Molecular weights were determined using

a “Mechrolab” osmometer. Dodecacarbonyltetrarhodium and hexadecacarbonyl-
hexa hodium were prepared by previously reported methods?®. Except where stated
all reactions were carried out in an atmosphere of dry nitrogen.

Reaction of dodecacarbonyltetrarhodium with phosphorus ligands

(a). Triphenylphosphine

(i). Preparation of bis(triphenylphosphine)decacarbonyltetrarhodium. Triphenyl-
phosphine (0.52 g, 2.0 mmole) in hexane was added slowly (3 h) to a stirred solution of
dodecacarbonyltetrarhodium (0.75 g, 1.0 mmole) in hexane (50 ml), and the mixture
was kept overnight at room temperature. The solid product was washed (hexane) and
recrystallised from a dichloromethane/hexane mixture to give bis(triphenylphos-
phine)decacarbonyltetrarhodium (1.10 g, 91%() as a red crystalline solid. (Found:
C, 45.6; H, 2.7. C46H340,0P,Rh, caled.: C, 45.4; H, 2.5%;.)

Under the same conditions, and also at — 78°, dodecacarbonyltetrarhodium
(0.75 g) and triphenylphosphine (0.26 g, 1.0 mmole) in hexane gave only bis(triphenyl-
phosphine)decacarbonyltetrarhodium (0.52 g, 43%() and dodecacarbonyltetra-
rhodium (0.39 g, 52%;).

(i)). Preparation of tetrakis(triphenylphosphine)octacarbonyltetrarhodium. Do-
decacarbonyltetrarhodium (0.98 g, 1.18 mmole) and benzene (50 ml) were kept at 70°
and triphenylphosphine (1.23 g, 4.7 mmole) was added slowly. After 3 h the solid was
filtered off and washed successively with benzzne (2 x 20 ml), methanol (2 x 20 ml)
and diethyl ether (2 x20 ml) to give tetrakis(triphenylphosphine)octacarbonyltetra-
rhodium (0.57 g, 26%) as a red solid. (Found : C, 57.3; H, 3.8; P, 7.2. CgoHeoOgP,Rh,
caled.: C, 57.0; H, 3.6; P, 7.4%/.) Evaporation of the solvent from the filtrate gave a
black, intractable tar (1.83 g).

This reaction was repeated using dodecacarbonyltetrathodium (0.88 g, 1.17
mmole), triphenylphosphine (1.23 g, 470 mmole) and benzene (100 ml) in a tube
sealed in vacuo, and shaken at room temperature for 15 h; no carbon monoxide was
present at the end of the reaction. The contents of the tube were filtered to give an
unidentified yellow solid (0.28 g) [v(CO) (in CH,ClI, solution) 1970 s cm™ '], which
was washed with benzene (3 x 20 ml) and recrystallised from a mixture of dichloro-
methane and light petroleum (b.p. 40-60°). (Found: C, 55.0; H, 4.0; P, 7.7. C,,H;,-
O4P,Rh, calcd.; C, 56.2; H, 3.3; P, 6.99;.) Light petroleum (b.p. 100-120°; 20 ml)
was added to the filtrate, which was then concentrated in vacuo to give a red solid
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mixture (0.17 g) of Rh4(CO),o(PPh;), and Rh,(CO),(PPhs)s, identified by IR spec-
troscopy.

When this reaction was repeated using dodecacarbonyltefrarhodlum (1.1e
1.47 mmole), triphenylphosphine (1.57 g, 6.0 mmole) and benzene (60 ml) magnetical-
ly-stirred at room temperature (15 h) in a flask connected to a gas burette, a rapid,
initial evolution of carbon monoxide (80 ml) was observed during the first few
minutes, and this was gradually re-absorbed over the next 10 min. The products were
found to be the yellow solid (0.17 g), a mixture (1.87 g) of Rh(CO),(PPh;), and
Rh,(CO)s(PPhs);, and an unidentified brown solid (0.09 g).

(iii). Preparation of tetrakzs(trzphenylphosphme)dtcarbonyl-;t-dzcarbonyldtrho-
dium. Triphenylphosphine (2.20 g, 8.0 mmole) in dry acetone (10 ml) was added
dropwise to dodecacarbonyltetrarhodium (0.75 g, 1.00 mmolej in dry acetone (70 ml)
with a slow stream of carbon monoxide passing through. After about 1 h, the yellow
solid was removed in a carbon monoxide atmosphere and dried to give tetrakis(tri-
phenylphosphme)d1carbony1-;z-d1carbonyldlrhodlum (2.49 2,91%;). (Found: C, 66.5;

H, 42. C;Hs,04PsRh, caled.: C, 66.8; H, 3.4%(.) On standing in vacuo or under
nitrogen the solid rapidly decomposed to give an unidentified yellow solid [v(CO)
1970 cm™ '] (Found: C, 63.0; H, 4.7.); the bridging-carbonyl dimer was rapidly
regenerated when carbon monoxide was passed through a solution of the unidentified
solid, in acetone or benzene.

When hydrogen was bubbled through a suspension of tetrakis(triphenylphos-
phine)dicarbonyl-u-dicarbonyldirhodium {1.37 g, 1.55 mmole) in benzene (40 ml) for
15 min, the solution turned deep red and after ca. 5 min no yellow dimer could be seen.
The IR spectrum of the red benzene solution showed bands at 2058 m (Rh—H), 2020 sh,
1996 s, 1972 sh, and 1949 sh [¥(CO)] cm ™7, and its 'H NMR spectrum showed a
single band 16.35 ppm to high field of benzene. Attempts to isolate the rhodium-
hydride complex were unsuccessful. When carbon monoxide was subsequently bubbled
through the same solution the yellow solid dimer separated out after ca. 10 min.

(b). 4-Ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane (ET PO)

(i)- Preparation of bis(4-ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2 2] octane)deca-
carbonyltetrarhedium. Propylidynetrimethanol phosphite (0.37 g, 2.32 mmole) in
hexane (15 ml) was added slowly (3 h) to dodecacarbonyltetrarhodium (0.87 g,
1.16 mmole) in hexane (60 ml) and stirred at room temperature (15 h). Evaporation of
the solvent and chromatography on florisil gave an unidentified orange solid (0.27 g)
(Found: C, 24.1; H, 1.6%) eluted with light petroleum (b.p. 30-40°) and a red solid
(0.48 g) which was rechromatographed [florisil eluted with light petroleum (b.p.
40-60°) and diethyl ether (ca. 2/1)] to give bis(ETPOQ)decacarbonyltetrarhodium
(0.11 g)(Found: C, 25.4; H,2.3.C,,H,,0,4P,Rh, calcd.: C,26.0; H, 2.2%.) contami-
nated (IR) with either dodecacarbonyltetrarhodium or ETPO undecacarbonyltetra-
rhodium.

(ii). Preparation of tris(4-ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2] octane)-
nonacarbonyltetrarhodium. ETPO (0.36 g, 2.2 mmole) in a mixture of hexane and ether
(15 ml) was added dropwise to dodecacarbonyltetrarhodiuin (0.55 g, 0.74 mmole) in
‘hexane (30 ml) and ether (30 ml) and stirred overnight. Evaporation of the solvent and
chromatography on florisil gave an unidentified orange solid (Found: C, 27.1;
H, 3.0%.) and tris(ETPO)nonacarbonyltetrarhodium (0.67 g, 77°;) [Found: C, 28.4;
H, 2.8 ; mol.wt. in benzene, 1080. C,,H;30,gP3;Rh,caled.: C,28.2; H, 2.9%{ ; mol.wt.,
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1150.] as an orange solid.

(iti). Preparation of tetrakis(4-ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2] oc-
tane)octacarbonyltetrarhodium. Rh,(CO)s(ETPO), (0.84 g, 5.20 mmole) in benzene (10
ml) was slowly added to a solution of dodecacarbonyltetrarirodium (049 g, 0.65
mmole) in benzene (50 ml) through which carbon monoxide was passed (15 h).
Evaporation ofthe solvent and chromatography (florisil column, 1/1 dichloromethane/
ether) gave tetrakis(ETPO)octacarbonyltetrarhodium (0.56 g, 6624) [Found : C, 30.0;
H. 3.5; mol.wt. in benzene, 1250. C;,H,,0,,P,Rh, calcd.: C, 29.8; H, 3.55%;
mol.wt., 1248.) as an orange solid. ~ .

Tetrakis(ETPO)octacarbonyltetrarhodium (0.42 g, 69%;) was also obtained
when a solution of ETPO (0.08 g, 0.48 mmole) in ether (15 ml) was added slowly (3 h)
to tris(ETPO)nonacarbonyltetrarhodium (0.56 g, 0.48 mmole) in ether (60 ml) and the
mixture stirred at room temperature (15 h). The product was purified by chromato-
graphy (elution with a dichloromethane/ether mixture) and recrystallisation from a
mixture of dichloromethaue and hexane.

(¢). Preparation of hexakis(tri-n-butylphosphine)dicarbonyldirhodium

A solution of tri-n-buty! shosphine (0.84 g, 4.16 mmole) in benzene (10 ml) was
slowly added to a solution of dodecacarbonyltetrarhodium (0.39 g, 0.52 mmole) in
benzene (30 mi) and carbon monoxide was passed through the solution for 15 h,
during which the solution changed from red to yellow. No solid was precipitated by
the addition of light petroleum to the residue after removal of most of the benzene,
and so the solvent was again evaporated to give a yellow oil whose IR spectrum
showed bands at 1950 vs, 1748 m-s, 1728 m—s cm™~!. The oil was extracted with
hexane, filtered, and the solvent was evaporated under reduced pressure to give a
white solid which was dried to give hexakis(tri-n-butylphosphine)dicarbonyldi-
rhodium (031 g, 23%) [Found: C, 59.9; H, 10.6. C,,H,,0,PsRh, caled.: C, 60.2;
H, 11.0%(.], having a single carbonyl band at 1959 s cm~! (hexane solution).

(d). Preparation of tetrakis(triphenylarsine)dicarbonyl-u-dicarbonyldirhodium

Triphenylarsine (2.45 g, 8.0 mmole) in benzene (10 ml) was added dropwise*
(15 min) to a solution of dodecacarbonyltetrarkodium (0.75 g, 1.0 mmole) in benzene
(40 ml) through which carbon monoxide was passed. After 3 h the pale red solution
was concentrated in a rapid stream of carbon monoxide, light petroleum (b.p. 40-60°,
20 ml) was added, and the yellow solid was washed with light petroleum (b.p. 40-60°,
3 x 15 ml) and dried in a stream of carbon monoxide to give tetrakis(triphenylarsine)-
dicarbonyl-u-dicarbonyldirhodium (2.34 g, 76%). {Found: C, 58.2; H, 3.9. C,cHgo-
As,O,Rh, caled.: C, 59.1; H, 3.9%.)

When hydrogen was bubbled through a solution of tetrakis(triphenylarsine)-
dicarbonyl-p-dicarbonyldirhodium (0.58 g, 0.38 mmole) in benzene (20 ml) at room
temperature, the solution turned deep red. The IR spectrum of the solution showed
bands at 2041 w and 1970 s(br)cm™*; no band in the 12-25 ppm region to high
field of benzene could be detected in the 'H NMR spectrum, possibly because of the
low concentration. When carbon monoxide was subsequently bubbled through the
same solution the dimer [(AsPh;),(CO),Rh], was recovered.

* Rapid addition leads to deposition of rhodium metal.
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Preparation of tris(triphenylphosphine)nonacarbonyltetrarhodium

Triphenylphosphine (0.39 ¢, 1.50 mmole) in dichloromethane (10 ml) was
added siowly to a stirred solutlon of bls(trlphenylphosphme)decacarbonyltetra-
rhodium (090 g, 0.75 mmole) in dichloromethane (50 ml) and the mixture was
stirred (15 h) at room temperature. The solution was filtered, and hexane (15 ml) was
added to the filtrate, which was then cencentrated by evaporation of the solvent in
vacuo to give a red solid. This was washed with diethyl ether (3 x 15 ml) to give tris-
(triphenylphosphine)nonacarbonyltetrarhodium (0.82 g, 96%() (Found: C, 51.8;: H,
3.3; P, 6.9; mol.wt. in benzene, 1539. C43H,509P3Rh, caled.: C, 52.1; H, 3.1; P,
6.4%, ; mol.wt., 1450.) as a red solid.

Reactions of hexadecacarbonylhexarhodium with phosphorus ligands

(a). Propylidynetrimethanol phosphite

Hexadecacarbonylthexarhodium(0.53 g,0.50 mmole), ETPO(O 49 g,3.0mmole),
and benzene (80 ml) were shaken in vacuo at 70° (15 h), to give carbon monoxide
(2.7 mmole), hexadecacarbonylhexarhodium (0.11 g, 20%,), and hexakis(ETPO}-
decacarbonylhexarhodium (0.65 g, 719¢). (Found: C,28.8; H, 3.3; P, 9.4; mol.wt. in
benzene, 2010. C,sHgcO,,P¢Rhg caled.: C, 28.6; H, 3.3; P, 92%{; mol.wt., 1870.)

(b). Trimethy1 phosphite

Trimethyl phosphite (0.18 g, 1.5 mmole) in benzene (15 ml) was added (2 h)
to hexadecacarbonylhexarhodium (0.27 g, 0.25 mmole) in benzene (80 ml) and kept
at 50° (15 h) to give hexadecacarbonylhexarhodium (0.04 g, 16%4), and, after recrystal-
lisation from a mixture of dichloromethane and light petroleum (b.p. 40-60°), red-
brown crystals (0.29 g) tentatively identified as impure hexakis(trimethyl phosphite)-
decacarbonylhexarhodium (Found: C, 19.0; H, 4.8. C,;H.,0,4PcRhg caled.: C,
20.5; H, 3.3%/.) with IR bands at 2081 s, 2053 s, 2026 s and 1765scm™ 1.

(¢). Triphenylphosphine

{i). In benzene. Hexadecacarbonylhexarhodium (0.63 g, 0.59 mmole), triphenyl-
phosphine (0.94 g, 3.54 mmole), and benzene (80 ml) were shaken in vacuo at 70°
(15 h), to give carbon monoxide (2.4 mmole), unchanged hexadecacarbonylhexa-
rhodium (0.17 g, 27%4), and dark red crystals (0.09 g), which were recrystallised from
a mixture of dichloromethane and hexane (9/1) to give impure hexakis(tripheny!phos-
phine)decacarbonylhexarhodium (Found: C, 54.0; H, 3.6; P, 59. C,;sH¢00;oPcRh¢
caled.:C,57.2; H, 3.6; P, 7.5%,.), which showed metal carbonyl bands at 1984 s, 1965 s,
1938 m, and 1779 s cm ™! in its IR spectrum.

(ii). In chloroform. Hexadecacarbonylhexarhodium (023 g, 0.22 mmole), tri-
phenylphosphine (0.34 g, 1.30 mmole) and chloroform (80 ml) were shaken in vacuo
at 65° (15 h) to give carbon monoxide (1.5 mmole), hexadecacarbonylhexarhodium
(0.02 g, 129(), and chlorocarbonylbis(triphenylphosphine)rhodium (0.18 g, 20%)
(Found: C, 64.5; H, 4.6. C5,H;,CIOP,Rh caled.: C, 64.3; H, 4.4%{), identified by
comparison with an authentic sample'’. When the reaction was repeated at 90° with
the ratio carbonyl/triphenyiphosphine 1/14, the yield of the chlorocarbonyl compound
was 72%

Hexadecacarbonylhexarhodium (0.15 g, 0.14 mmole) was recovered quantita-
tively after being shaken at 90° (15 h) with chloroform (80 ml). The carbonyl (0.27 g,
0.25 mmole) was also recovered quantitatively after being shaken at 65° (15 h) with
chloroform (80 ml) and bromine (2.5 g).
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. (iii). In an excess of carbon monoxide. Hexadecacarbonylhexarhodium (0.23 g,
0.22 mmole). triphenylphosphine (0.70 g, 2.65 mmole), and benzene (20 ml) were
stirred at 45°, while a stream of carbon monoxide was passed through the solution.
After 2 h the yellow solid was dried in a stream of carbon monoxide to give tetrakis-
(triphenylphosphine)dicarbonyl-p-dicarbonylrhodium (0.83 g, 91%).

Reaction of hexadecacarbonylhexarhodium with triphenylarsine in an excess of carbon
monoxide

Hexadecacarbonylhexarhodium (0.34 g, 0.32 mmole) and triphenylarsine (1.17
g, 3.84 mmole) in benzene (20 ml), stirred for 8 h at 45° while a stream of carbon
meonoxide was passed through the solution, gave tetrakis(triphenylarsine)dicarbonyl-
u-dicarbonylirhodium (1.26 g, 85%).

Reactions of dodecacarbonyltetrarhodium with alkynes

(a). With diphenylacetylene

Dodecacarbonyitetrarhodium (1.00 g, 1.34 mmole), diphenylacetylene (0.24
g, 1.34 mmole) and light petroleum (b.p. 40-60°, 50 ml) were shaken in vacuo at 45°
(15h), to give carbon monoxide (2.46 mmole), black crystals (0.47 g) tentatively
identified as Rhg(CO),5(Ph,C,) or Rhg(CO),;,(Ph,C,) (Found: C, 28.3; H, 06.
C2oH;00;sRhg caled.: C,28.6; H, 0.9. C,gH,,0, ;Rhg caled.: C, 28.3; H,0.8%;.) and
decacarbonyl(diphenylacetylene)tetrarhodium (0.16 g, 15%) (Found: C, 33.4; H, 1.4.
C,.H,00,0Rhy caled.: C, 33.1; H, 1.297)), together with three unidentified fractions
all of which showed carbonyl stretching absorptions. A small amount (0.016 g) of
hexadecacarbonylhexarhodium was also isolated from this reaction.

(). With hexafluoro-2-butyne

Dodecacarbonyltetrarhodium (0.79 g, 1.06 mmole), light petroleum (b.p.
30-40°, 80 ml), and hexafluoro-2-butyne (0.18 g, 1.1 mmoie) were shaken in vacuo
at 657 (15 h) to give carbon monoxide (2.0 mmole). After removal of solvent in vacuo,
chromatography on florisil and elution with light petroleum (b.p. 30-40°) gave deca-
carbonyl(hexafluoro-2-butyne)tetrarhodium (0.46 g, 51%%). (Found: C, 20.0; H, 0.3;
F, 13.2. C4F¢0,oRh, caled.: C, 19.7; H, 0.0; F, 13.3%/.) Further elution with light
petroleum gave an unidentified yellow solid (0.007 g).

Hydroformylation of alkenes

(@). Using Rhy(CO),, as a catalyst

A standard solution of dodecacarbonyltetrarhodium (10.0 mg, 0.013 mmole)
in dry pentane (100 ml) was made up, and a 10 ml aliquot of this solution was pipetted
into a 200 ml stainless-steel autoclave containing pentane (20 ml}. The olefin (0.02
mmole) was condensed into the autoclave, which was then pressurised with carbon
monoxide (60 atm) and hydrogen (60 atm), and heated with rocking at 70° for 3-h.
The autoclave was then rapidly cooled and the producis were analysed by GL.C; the
results are given in Table 2. The autoclave was thoroughly cleaned with concentrated
HCl and blank runs were carried out before each experiment.

(b). Using Rh,(CO),, and phosphorus-containing ligands as catalysts

Dodecacarbonyltetrarhodium (1.0 mg, 0.0013 mmole), the ligand (0.0053
mmole), pentane (30 m!) and the olefin (0.20 mmole) were kept together in a 200 ml
stainless-steel autoclave. Carbon monoxide (60 atm) and hydrogen (60 atm) were

J. Organometal. Chem. 27 (1971) 119-131



130 B. L. BOOTH, M. J. ELSE, R. FIELDS, R. N. HASZELDINE

introduced, and the mixture was heated at 70° for 3 h; the results are given in Table 2.

(c)- Using Rhg(CO), ¢ as a catalyst

Identical conditions to those described above were used w1th the exception
that hexadecacarbonylhexarhodium (1.0 mg, 0.0009 mmole) in benzene (30 mil) was
employed as the catalyst; the results are given in Table 3. .-

(d). Using Rhe(CO), ¢ and phosphorus-containing ligands as catalysts

The conditions were as described above with the exception that hexadeca-
carbonylhexarhodium (1.0 mg, 0.0009 mmole) and the ligand (0.0054 mmole) in
benzene (30 mi) were used ; the results are given in Table 3.

(e). Using tetrakis(triphenylphosphine)dicarbonyl-u-dicarbonyldirhodium as a
catalyst

(i). 1-Hexene (2.02 g, 24.1 mmole) was added to a solution of tetrakis(triphenyl-
phosphine)dicarbonyl-u-dicarbonyldirhodium (1.80 g, 1.32 mmole) in benzene (60
ml), hydrogen was passed through [7(22) ml-min~'] until the yellow dimer had
disappeared (10 min), and a sample was withdrawn and analysed. The hydrogen flow
was stopped, and carbon monoxide was passed through the solution (10 ml-min~?,
20 min) to regenerate the dimer. The cycle was then repeated, samples being with-
drawn at half-hour intervals. The yields of n-heptaldehyde and 2-methylhexaldehyde,
based oa the initial 1-hexene, are summarised in Table 4 (Method A).

(ii). 1-Hexene (2.02 g, 24.1 mmole) was added to a solution of the catalyst (1.71
g, 1.26 mmole) in benzene (60 mi), hydrogen was bubbled through the solution until
about half of the dimer had been consumed, and then both carbon monoxide and
hydrogen were passed through (ca. 7 ml-min~* each). Samples were withdrawn at
half-hour intervals, and the results are summarised in Table 4 (Methed B).

(f). Using tetrakis(triphenylarsine)dicarbonyl-u-dicarbonyldirhodium.

Alternate passage of carbon monoxide and hydrogen as in (¢) (i) above, through
a solution of the catalyst (2.00 g, 1.30 mmole) and 1-hexene (2.02 g, 24.1 mmole) in
benzene (60 ml) gave the results in Table 5 (Method A). Passage of both gases simul-
taneously gave the resultsin Table 5 (Method B). Samples were withdrawn at half-hour
intervals; only representative values are given.
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