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Abstract 

Various direct and indirect methods have been investigated to show that hydride-rhodium species are generated in the gas phase when 
vapours of [Rh2C12(C0)4] react with dihydrogen for the organometallic chemical vapour deposition of rhodium on silica supports. Mass 
spectrometric, infrared, and thermogravimetric analyses were carried out to identify the activated species which are produced in the gas 
phase. Addition of [AuPPh3I] which is an isolobal analogue of HC1 to [Rh2C12(C0)4] was examined to simulate the presence of an 
hydride intermediate and to show the role of dihydrogen. The isolation of [Rh2( p.-C1)( p~-I)(CO)3(PPh3)], whose X-ray crystal structure 
was determined, also supports a primary oxidative addition of H 2 to [Rh2C12(CO)4]. 
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1. Introduction 

It has recently been shown that highly dispersed 
supported rhodium catalysts can be conveniently pre- 
pared in one step at low temperature by contact of 
vapours of a precursor with the support in a fluidized 
bed, producing decomposition to provide nano-scale 
aggregates of rhodium [1]. The introduction of a partial 
pressure of dihydrogen into the inert carrier gas led to a 
large improvement in the purity of the deposit. In 
particular, in the case of the precursor [Rh2C12(CO)4] 
the use of dihydrogen allowed us to suppress almost 
completely the incorporation of chlorine in the deposit. 
Indeed, in the absence of H 2 the atomic ratio Rh/C1 is 
ca. 1/1 whereas with H 2 the aggregates contain Rh/C1 
ca. 98.5/1.5 w /w .  As the dynamic sublimation was 
carried out at 50 °C and the decomposition in the 
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fluidized bed at 100 °C under a constant pressure of 100 
Torr (1 Torr = 13.36 Pa), it was of interest to investi- 
gate the role of dihydrogen in the mechanism of the 
organometallic chemical vapour deposition (OMCVD). 
The reactions which occur in the gas phase have been 
analyzed. Since the intermediate species have too short 
a life-time to be directly observed, indirect methods 
have been used to simulate the role of H 2 and these 
imply a mechanism involving hydride species. 

2. Results and discussion 

The process used to prepare supported rhodium cata- 
lysts combines the low pressures required for the subli- 
mation of the rhodium precursor with a fluidized bed in 
order for the deposit to be homogeneously distributed 
on the surface of the support. By control of the time of 
deposition, very dispersed aggregates can be obtained. 
Thus for 0.5% Rh/SiO 2 (w/w), particle sizes of 1.2 
nm have been determined, corresponding to a 91% 
dispersion. As the rhodium complex is present in the 
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Table 1 
Fragmentation of [Rh2CI2(CO) 4] obtained by mass spectrometry 
with electronic impact at 70 eV 

Mass (m / z) Intensity (%) Fragment 

103 100 [Rh] ÷ 
138 7 [RhCI] + 
206 9 [Rh 2 ] + 
241 29 [Rh2CI] + 
276 39 [Rh2CI2] ÷ 
304 39 [Rh 2 C12 (CO)] ÷ 
332 37 [Rh2C12(CO) 2 ]+ 
360 45 [Rh2C12(CO) 3 ] + 
388 63 [RhzCI2(CO) 4 ] + 

gas phase with a low partial pressure (around 0.06 Torr 
at 53 °C for a dynamic total pressure of 100 Torr), the 
mechanisms of the loss of ligands to afford active 
intermediates in the gas phase may be related to the 
fragmentation pattern in mass spectrometry. 

2.1. Mass spectrometry of  [Rh2Cl2(CO)4] 

Mass spectra were obtained by electronic impact at 
70 eV. The various fragments with their masses and 
relative intensities are presented in Table 1. The species 
[Rh2C12(CO)4] ÷ loses the four CO ligands step by step 
to afford [Rh2C12] ÷. No phosgene was detected. Then 
the presence of the [Rh2CI] ÷ and [RhC1] ÷, as well as 
[Rh2C12] ÷ is indicative of greater stability of the 
rhodium-chlorine bond compared with the rhodium- 
carbonyl bond. Moreover, the mass spectra with [Rh 2 ]÷ 
and [Rh] ÷ indicate that metallic rhodium can be ob- 
tained. 

During the OMCVD process, in the absence of any 
reactive gas, the deposits contain large amounts of 
chlorine. Indeed, under the experimental conditions (130 
°C in the fluidized bed) the Rh/C1 atomic ratio is near 
to 1/1. X-ray photoelectron spectroscopy analyses of 
deposits on planar silica substrates formed under the 
same conditions of temperature and pressure (but in the 
absence of the fluidized bed) reveal that rhodium is 
present in the 0 (E(3d5/2) = 307.4 eV; E(3d3/2) = 
312.0 eV) and III oxidation states (E(3ds/2) = 308.8 
eV; E(3d3/2) = 313.6 eV). Chlorine was detected at 
E(2p3/2) = 197.9 eV and E(2pl /z)= 199.1 eV. These 
values are consistent with terminal rhodium-chlorine 
bonds rather than bridging rhodium-chlorine bonds [2]. 
Thus, chlorine could be present as RhCI 3 entities as 
well as metallic rhodium. Pyrolysis products of 
[Rh2C12(CO) 4 ] by Kumar and Puddephat [3] have shown 
the presence of RhCI 3. 

In order to determine the reactivity of [Rh2CI2(CO) 4] 
in the presence of dihydrogen, thermogravimetric analy- 
ses have been carried out. 

2.2. Thermogravimetric analyses of [Rh2CI2(CO) 4 ] 

Under a pure helium atmosphere thermogravimetric 
analysis shows a single mass loss of 92%, beginning at 
75 °C and ending at 150 °C, corresponding mainly to 
sublimation and vaporization. The mass of the residue is 
only 8% and shows that almost all of the complex was 
transferred to the gaseous phase with little decomposi- 
tion. Moreover, in differential thermal analysis a sharp 
endothermic peak is detected at 129 °C, consistent with 
the melting point of the product which compares with 
the 125 °C value [4]. Under a helium atmosphere con- 
taining 20% dihydrogen, the mass loss between 75 and 
140 °C is only 60% with a significant residue resulting 
from decomposition of the complex induced by H 2. On 
differential thermal analysis, two peaks are observed in 
addition to the liquidus at 129 °C: one broad endother- 
mic peak which begins at 100 °C, and a sharp peak at 
136 °C. The broad peak corresponds to a chemical 
reaction between [Rh2C12(CO)4] and H 2 whereas the 
sharp peak could be due to the reaction of H2 with the 
solid residue since no simultaneous mass loss is ob- 
served. 

In order to gain more insight into the reaction be- 
tween the precursor and the reactive gas, infrared mea- 
surements were carried out. 

2.3. Infrared analyses of [RheCI2(CO) 4] in the gas 
phase 

A gas cell was charged with a small amount of 
[Rh2C12(CO) 4] and heated slowly from 25 to 200 °C. 
The initial pressure was either ca. 100 or ca. 760 Torr. 
In the presence of helium the Vco bands of vapours of 
[Rh2C12(CO) 4] appear at 2108 cm -1 (w, sh), 2093 
cm -1 (vs), 2042 cm -1 (vs) with two 13CO satellites at 
2084 cm -1 (w) and 2010 cm -1 (w). Beyond 125 °C the 
CO bands owing to free carbon monoxide are detected 
by the two large envelopes centred at 2176 cm -t  and 
2123 cm -1. As expected, the intensity of the free CO 
bands increases with simultaneous decrease of the Vco 
bands of the complex when the temperature is raised. 
No trace of phosgene was observed at 1830 cm -t.  

When the same experiment was performed under a 
helium-dihydrogen atmosphere (80:20 vol) the temper- 
ature where CO loss by the complex begins is lower (75 
°C). In addition to free CO, HCI is detected in the gas 
phase at 2890 cm-1. Moreover, the rate of the decom- 
position is significantly, increased with respect to a pure 
helium atmosphere. 

The presence of HC1 in the gas phase, as well as a 50 
°C decrease in decomposition temperature, is indicative 
of a direct reaction of H 2 with vapours of [Rh2C12(CO) 4 ] 
to produce a hydride species through an oxidative addi- 
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tion reaction. A reductive elimination step would pro- 
duce HC1. This particular reaction has recently been 
reviewed by Grushin [5]. All our attempts to accumulate 
IR spectra in order to detect the hydride compounds 
failed either because they have short life-times or they 
are in such a low concentration that their absorptions 
overlap the Vco bands of the complex. Thus, adding 
deuterium to the experiment (helium:deuterium ca. 
80:20) did not produce a /"Rh-D band in the 1500-1300 
cm-~ region, even under an atmosphere containing CO 
in order to stabilize any intermediate Rh-D species. 
However, DC1 was clearly identified by a broad band 
centred at 2145 cm -1. Finally, the VH2 band expected 
in the 3000 cm -~ region for an "t'/2-U2 bonded dihydro- 
gen was not detected. These observations confirm those 
from mass spectrometry and are consistent with the 
presence of hydrido-rhodium species of low stability. 

2.4. Mass spectrometry in a chemical ionization mode 

Direct chemical ionization in mass spectrometry with 
either CH 4 or NH 3 was used. The use of methane 
showed unambiguously the quasi-molecular peak 
[Rh2C12(CO)4H] + at m / z  = 389. Moreover, a peak at 
m / z  = 353 shows that this affords [Rh2CI(CO)4] + by 
loss of HC1. No other fragment was detected, particu- 
larly mononuclear species. Thus H + from CH~- has a 
high affinity for the precursor [Rh2C12(CO) 4] and also 
induces the loss of HCI. 

2.5. Attempts to prepare the complex [Rh2CI2(CO) 4- 
(AuPPh~)] + 

The isolobal analogy between H and AuPPh 3 has 
been shown to be a very powerful method for preparing 

complexes and in some cases has helped to detect the 
hydride ligands [6-8]. We observed that AuPPh3C1 
does not react with [Rh2C12(CO) 4 ] in polar or non-polar 
solvents even at 70 °C. The reaction of [RhzCl2(CO) 4] 
and the ionic species [AuPPh3][CF3SO 3] produced 
AuPPh3C1 and an unknown triflate-containing complex. 
However, a clean reaction was obtained by reacting 
AuPPh3I in THF between 20 and 40 °C with 
[Rh2C12(CO)4]. From the emerald-green solution we 
isolated the complex [Rhz(C1)(I)(CO)3(PPh3)] in high 
yield. An X-ray crystal structure determination was 
carried out from suitable yellow crystals. Fig. 1 shows a 
perspective view of the molecule which is in fact 
[Rh2(/x-C1)15(/x-I)05(CO)3(PPh3)]. Table 2 displays se- 
lected bond distances and angles. The two rhodium 
atoms are in a square-planar environment and are 
bridged by the two halogen atoms. One bridging posi- 
tion is solely occupied by a chlorine atom whereas the 
other is statistically occupied by chlorine and iodine 
with an occupancy factor of 0.5 for each. The latter 
bridging atom is trans to the triphenylphosphine ligand. 
The distance between the two rhodium atoms is 3.014(2) 

o 

A, consistent with most of the distances found in related 
dirhodium complexes [9]. The X-ray structure of the 
complex [Rh2(/z-bzta)2(CO)3(PPh3)] (where bzta is a 
benzothiazole-2-thiolato bridging l~and) [9] shows a 
metal-metal distance of 3.0351(5) A and each rhodium 
to also be in a square-planar environment. 

The two square planes around each rhodium atom, 
although slightly distorted towards the idealized geome- 
try, form a dihedral angle of 107.86 °. Such a situation is 
quite usual in the chemistry of the dinuclear bridged 
rhodium complexes [9]. The value of this angle is 
directly connected with the distance between the two 
rhodium atoms. This distance, shorter than the sum of 
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Fig. 1. Molecular representation of [Rh2( N-CI)I.5( tx-l)o.5(CO)3(PPh3)] showing the atom-numbering scheme. 
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the van der Waals radii, has been interpreted as owing 
to a weak interaction between the two metal centres 
[10,11]. The chlorine atom CI(1) is symmetrically bound, 
the two Rh-C1 distances being 2.388(4) and 2.375(4) A. 
The other bridging atom may be considered as an iodine 
atom due to its greater number of electrons than chlo- 
rine. In this case the Rh(2)X(1) distance is 2.508(3) 
whereas the Rh(1)X(1) distance is 2.651(2) .~. This 
lengthening is due to the trans influence of the triph- 
enylphosphine. All other distances are in the expected 
range. 

The infrared spectra of [Rh2(C1)(X)(CO)3(PPh3)] 

shows three Vco bands at 2078 cm -1 (s), 2018 cm -1 
(s) and 1989 cm -1 (vs) in KBr pellets, and at 2083 
cm -1 (s), 2031 cm -1 (s) and 2019 cm -1 (vs) in hexane 
solutions. There is no detectable equilibrium between 
this species and [Rh2(CI)(X)(CO) 4] and [Rh2(C1)(X)- 
(CO)2(PPh3)2].  In the 31p NMR spectrum, a single 
signal is detected at 46.03 ppm (doublet, 1JRh_ P = 177 
Hz) in CDC13. 

This complex can be considered as resulting from the 
oxidative addition (OA) of AuPPh3I to [Rh2C12(CO) 4] 
followed by unexpected rearrangement. As shown in 
Scheme 1, a rhodium(I)-rhodium(III) complex is formed 

Table 2 
Interatomic distances (A) and bond angles (deg.) of the complex [Rh2(/x-C1)k5(/x-I)o.5(CO)3(PPh3) ] 

Rh(1)-Rh(2) 3.014(2) Rh(1)-P(1) 
Rh(1)-Cl(1) 2.388(4) Rh(1)-C(1) 
Rh( 1 )- X( 1 ) 2.651 (2) Rh(2)- CI( 1 ) 
Rh(2)-C(2) 1.85(2) Rh(2)-C(3) 
Rh(2)-X(1) 2.508(3) P(1)-C(10) 
P(1)-C(20) 1.84(1) P(1)-C(30) 
O(1)-C(1) 1.13(2) O(2)-C(2) 
O(3)-C(3) 1.16(2) C(10)-C(11) 
C(10)-C(15) 1.37(2) C(11)-C(12) 
C(12)-C(13) 1.38(2) C(13)-C(14) 
C(14)-C(15) 1.38(2) C(20)-C(21) 
C(20)-C(25) 1.35(2) C(21)-C(22) 
C(22)-C(23) 1.36(2) C(23)-C(24) 
C(24)-C(25) 1.38(2) C(30)-C(31) 
C(30)-C(35) 1.38(2) C(31)-C(32) 
C(32)-C(33) 1.33(2) C(33)-C(34) 
C(34)-C(35) 1.38(2) 

P(1)-Rh(1)-Rh(2) 123.5(1) CI(1)-Rh(1)-Rh(2) 
CI(1)-Rh(1)-P(1) 93.2(1) C(1)-Rh(1)-Rh(2) 
C(1)-Rh(1)-P(1) 93.4(5) X(1)-Rh(1)-P(1) 
X(1)-Rh(1)-CI(1) 81.2(1) X(1)-Rh(1)-O(1) 
X(1)-Rh(1)-C(1) 92.2(5) C(1)-Rh(1)-CI(1) 
CI(1)-Rh(2)-Rh(1) 50.94(9) C(2)-Rh(2)-Rh(1) 
C(2)-Rh(2)-CI(1) 175.6(5) C(3)-Rh(2)-Rh(1) 
C(3)-Rh(2)-CI(1) 94.0(5) C(3)-Rh(2)-C(2) 
X( 1 )- Rh(2) - Rh( 1 ) 56.49(6) X( 1 ) - Rh(2)-CI( 1 ) 
X(1)-Rh(2)-C(2) 91.3(6) X(1)-Rh(2)-C(3) 
C( 10)- P( 1 )- Rh( 1 ) 118.2(4) C(20) - P( 1 )-Rh( 1 ) 
C(20)-P( 1 )- C(10) 104.9(6) C(30)- P( 1 )- Rh( 1 ) 
C(30)-P(1)-C(10) 102.9(6) C(30)-P(1)-C(20) 
Rh(2)-CI(1)-Rh(1) 78.5(1) Rh(1)-X(1)-Rh(2) 
O(1)-C(1)-Rh(1) 174.7(14) O(2)-C(2)-Rh(2) 
O(3)-C(3)-Rh(2) 176.1(17) C(11)-C(10)-P(1) 
C(15)-c(10)-P(1) 121.6(10) C(15)-C(10)-C(11) 
C(12)-C(11)-C(10) 119.6(13) C(13)-C(12)-C(11) 
C(14)-C(13)-C(12) 117.2(13) C(15)-C(14)-C(13) 
C(14)-C(15)-C(10) 122.2(13) C(21)-C(20)-P(1) 
C(25)-C(20)-P(1) 122.9(10) C(25)-C(20)-C(21) 
C(22)-C(21)-C(20) 116.2(15) C(23)-C(22)-C(21) 
C(24)-C(23)-C(22) 120.6(14) C(25)-C(24)-C(23) 
C(24)-C(25)-C(20) 119.7(13) C(31)-C(30)-P(1) 
C(35)-C(30)-P(1) 119.6(9) C(35)-C(30)-C(31) 
C(32)-C(31)-C(30) 119.9(13) C(33)-C(32)-C(31) 
C(34)-C(33)-C(32) 120.0(13) C(35)-C(34)-C(33) 
C(34)-C(35)-C(30) 120.8(13) 

2.248(3) 
1.81(2) 
2.375(4) 
1.80(2) 
1.82(1) 
1.83(1) 
1.12(2) 
1.39(2) 
1.38(2) 
1.44(2) 
1.40(2) 
1.41(2) 
1.34(2) 
1.38(2) 
1.40(2) 
1.37(2) 

50.56(9) 
125.5(4) 
174.3(1) 
90.2(3) 

173.3(5) 
127.2(6) 
119.7(5) 
90.3(7) 
84.5(1) 

175.9(6) 
110.6(4) 
114.9(4) 
104.0(6) 
71.43(7) 

177.9(21) 
119.0(10) 
119.3(12) 
122.9(14) 
118.8(13) 
115.2(11) 
121.8(12) 
120.9(15) 
120.7(15) 
122.1(10) 
118.3(12) 
120.8(13) 
120.2(14) 
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in a first step. Such mixed species have been already 
described. For example, Tolman et al. have shown by 
31p and 1H NMR spectroscopy that hydrogenation of 
[Rh2( /x-CI)z (P(C6H4Me)3)4]  gives [(H)z(P- 
(C6HaMe)3)zRh(/z-CI)zRh(P(C6H4Me)3) 2] [12]. Poil- 
blanc et al. isolated [(I)(COCH3)(PM%Ph)Rh(/x-S- 
But)2Rh(CO)(PMe2Ph)] from the OA of CH3I to 
[Rh2(/x-S-But)2(CO)2(PMe2Ph)2] [13]. In addition 
Muetterties et al. published the X-ray structure of 
[H4Rh2{P(NMe2)3}4] from the OA of dihydrogen on 
[Rh2(/x-H)2(P(NMe2)3} 4] [14]. 

Chlorine-iodine exchange at rhodium (III) occurs 
between the terminal and the bridging positions to 
produce compound B. Then this may lose CO and bond 
to triphenylphosphine producing species C. Reductive 
elimination of AuC1 gives rise to [Rhz(p~-C1)(/x- 
I)(CO)3(PPh3)] which has been isolated. 

2.6. The nature of  the rhodium species in the gas phase 

The structures of [(CO)2Rh(/x-CI)2Rh(AuPPh3)(I)- 
(CO) 2] (A) and [(CO)2Rh(/x-C1)2Rh(H)(I)(CO) 2] (B) 
may be considered to be equivalent as H and AuPPh 3 
are isolobal. This latter complex becomes [(CO)2Rh(/z- 
CI)2Rh(C1)(H)(CO) 2 ] just by replacement of iodine with 
chlorine. Moreover, as the exchange between terminal 
and bridging atoms seems to be a relatively facile 
phenomenon, we can consider complex A to in fact be a 
form of [(CO) 2 Rh(/x-C1)(/x-H)Rh(C1)(H)(CO) 2 ]. By re- 
ductive elimination this complex can lose HC1 as ob- 
served in the gas phase by infrared and mass spectrome- 
try. This last complex results from the OA of dihydro- 
gen to [Rh2(/z-C1)2(CO) 4 ] followed by the exchange of 
a terminal H with a bridging C1. A second oxidative 
addition of H 2 and reductive elimination of HC1 would 
generate the species [Rhz(/z-H)2(CO)4]. Dihydrido- 
bridged dirhodium complexes have already been de- 

scribed. Muetterties has reported the structure of 
[Rh2(/x-H)2(P(O-Pri)3)4], which is quite similar to the 
tetracarbonyl species proposed here [15]. In fact other 
hydrido-rhodium species such as [Rh(H)(CO) 2] and 
[Rh3(H)3(CO)6] , can also be considered. 

In the OMCVD experiments where dihydrogen was 
omitted, the incorporation of chlorine into the deposit 
approached one chlorine atom per rhodium atom. Under 
our experimental conditions the hydroxyl groups at the 
silica surface do not react with the vapours of [Rh2(/x- 
C1)2(CO)4] to produce hydrochloric acid, although such 
a process has been described for hydroxylated alumina 
surfaces [16,17]. In addition, when dihydrogen is intro- 
duced into the reactor at 130 °C after the deposit has 
been formed, no significant removal of chlorine occurs. 
If [Rh2(/~-C1)2(CO)4] is adsorbed from the gas phase at 
50 °C on the support under the same conditions of gas 
flow than previously, and if dihydrogen is then intro- 
duced into the carrier gas at 130 °C, some chlorine can 
be removed. Generally Rh/C1 is then ca. 3/1.  Hence, 
since dihydrogen in the gas phase containing [Rh2(/z- 
C1)2(CO)4] allows not only a lower deposition tempera- 
ture but also the incorporation of very low amounts of 
chlorine (1.5%) in the deposit, it is reasonable to con- 
clude that hydrido-rhodium species, having a short life- 
time, are present in the gas phase. 

The intimate mechanism by which these activated 
species lead to the anchoring of rhodium on the support 
surface is under investigation. 

3. Experimental 

3.1. Mass spectrometry 

Mass spectra were obtained on a NERMAG R10-10 
spectrometer, either in the electronic impact mode at 70 
eV or in the chemical ionization mode using methane. 

AuPPh 3 AuPPh 3 

O C x c I ~ C O  + AuPPh3i O A  O C ~ c I ~  CO exchange C I - I  O C  , ~ C O  

OC C1 CO OC C I / C O  OC C I / C O  

CO 
(A) (B) 

AuPPh 3 Au 

OC I CO - c o  O C  I CO -AuC, O C  I x 

OC C I / C O  OC C1 [ CO OC el  PPh 3 

CO 
(B) (C) (D) 

Scheme 1. Proposed mechanisms for the formation of compound D by oxidative addition of AuPPh3I to [Rh2(//~-C1)2(CO)4]. Rhodium atoms 
have been omitted for clarity. 



46 P. Serp et al. /Journal of Organometallic Chemistry 498 (1995) 41-47 

Table 3 
Thermoanalytical study conditions 

Conditions DTA TGA 

Ramps of temperature 

Min. temperature 
Max. temperature 
Nature of the gas 

5°C min- 1 from 20 to 50°C 
I°C min -1 from 50 to 150°C 
20°C 
150°C 
He and He/H 2 (80/20) 

3.2. Infrared spectroscopy 

Infrared spectra were obtained on a Perkin-Elmer  
FTIR 1710 spectrometer. The rhodium complex (10 
mg) was placed in a dioxygen-free gas cell heated 
between 20 and 200 °C, the temperature of the cell 
being controlled by a K-type thermocouple. 

3.3. Thermoanalytical studies (DTA / TGA) 

Thermoanalytical studies were conducted under a 
helium or he l ium/dihydrogen atmosphere in the dy- 
namic mode (Table 3). DTA analyses were carried out 
on a Setaram 80 thermobalance and TGA analyses with 
a B60 DAM Setaram thermobalance (program PRT 3000 
by Setaram). 

3.4. Synthesis of [Rhe(tz-CI)I.s(tX-I)o.s(CO)3(PPh3)] 

A solution of [Rh2(/z-C1)2(CO) 4] (120 mg, 0.308 
mmol) was added slowly to a stirred solution of AuPPh 3 I 
(180 mg, 0.308 mmol) in anhydrous THF (20 ml) at 40 
°C. The initially yellow solution turned emerald green 
in few minutes with the formation of a grey precipitate 
of AuC1. After separation using a canula, the solvent 
was removed under vacuum and the product was ex- 
tracted with 10 ml of hexane. Crystallisation at - 25 °C 
produced the complex as well-shaped yellow crystals 
(148 mg, 74%). 

IR (KBr, cm-1) :  Vco 2078 (s), 2018 (s) and 1989 
(vs). 31p{1H} NMR (CDCI3, 20 °C): 46.03 ppm (doub- 
let, tJRh_ r = 177 Hz). Anal. Found: C = 37.92%, H = 
2.29%, O = 7.29%. C21H15C11.510.503P4Rh. Calcd.: C 
= 37.71%, H = 2.24%, O = 7.17%. 

3.5. Crystal data 

Unit cell dimensions of  a selected crystal were ob- 
tained from least-squares refinements of  the setting 
angles of 25 well-centred reflections. Two standard 
reflections were monitored periodically and showed no 
change during data collec, tion carried out at 21 °C. 
Crystallographic data and other pertinent information 
are summarized in Table 4. Corrections were made for 
Lorentz and polarization effects. Empirical absorption 
corrections (Difabs) [18] were applied. 

Computations were performed using CRYSTALS [19] 
adapted to a PC. Atomic form factors for neutral C, O, 
P, Rh, C1, I and H were taken from Ref. [20]. Anoma- 
lous dispersion was taken into account. The structure 
was solved by direct methods and subsequent Fourier 
maps (SHELXS-86) [21]. Almost all hydrogen atoms were 
found on difference maps, others were geometrically 
located. Their positions were not refined but recalcu- 
lated after each cycle. They were given an overall 
isotropic thermal parameter. Non-hydrogen atoms were 
anisotropically refined. Least-squares refinements with 
approximations in three blocks to the normal matrix 
were carried out by minimizing the function 
Nw(I  Fo I - I Fc I) 2, where F o and F c are the observed 
and calculated structure factors. The unit weight was 
used. The model reached convergence with R = 

. ~ ( l l F o l - - I F c l l ) / . ~ l F o l  and g w = [ . ~ w ( I F o l  - 
IF c I)2/~W(Fo)2] 1/2 having values listed in Table 4. 
The criteria for a satisfactory complete analysis were 
the ratios of  rms shift to standard deviation being less 
than 0.1 and no significant features appearing in the 
final difference map. 

Table 4 
Crystallographic data 

Crystal parameters 
Compound C 21H 15 PO 3 Rh 2 C! 1.510.5 
F,,: 619.4 
Crystal system triclinic 
Space group P1 
a (,~) 8.973(2) 
b (A) 10.502(3) 
c (,~) 12.530(2) 
a (deg) 104.92(2) 
/3 (deg) 102.56(2) 
3' (deg) 92.01(2) 
V (,~3) 1108.3(6) 
Z 2 
p (calcd) (g cm -3) 1.86 
p, (Mo Ka)  (cm -1) 23.8 
Data collection 
Diffractometer Enraf-Nonius CAD 4F 
Monochromator Graphite 
Radiation Mo K a (0.71073) 
Scan type to/20 
Scan range 0 (deg) 0.8 + 0.345tg 0 
20 range (deg) 50 
Reflection collected 4096 
Reflection merged (R m) 3899 (0.024) 
Reflection used (I > 3o'(1)) 2523 
Refinement 
R (%) 5.31 
R w (%) 6.24 
Abs. corr. Difabs 
Min./max. correction 0.98/1.0 
Weighting scheme unity 
I.s. parameters 264 
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Table 5 
Fractional atomic coordinates of the complex [Rhe( 
I)0.5(CO)3(PPh3)] 

/x-C1)1.5(/z- 

Atom x y z U (eqv) 

Rh(1) -0.1551(1) 0.1579(1) 0.24893(9) 0.0347 
Rh(2) - 0.2599(1) 0.2644(1) 0.4649(1) 0.0490 
P(1) -0.0968(4) 0.2852(3) 0.1416(3) 0.0310 
El(l) - 0.0224(4) 0.3158(4) 0.4224(3) 0.0479 
X(1) a - 0.2111(3) 0.0274(2) 0.3933(2) 0.0576 
O(1) - 0.323(2) - 0.059(1) 0.057(1) 0.0671 
0(2) -0.551(2) 0.181(2) 0.514(2) 0.1004 
0(3) - 0.325(1) 0.544(1) 0.526(1) 0.0708 
C(1) - 0.258(2) 0.027(1) 0.127(1) 0.0434 
C(2) - 0.440(2) 0.214(2) 0.497(2) 0.0685 
C(3) - 0.297(2) 0.435(2) 0.506(1) 0.0550 
C(10) - 0.147(1) 0.217(1) - 0.012(1) 0.0331 
C(11) -0.297(2) 0.165(1) -0.066(1) 0.0431 
C(12) -0.336(2) 0.114(1) -0.183(1) 0.0491 
C(13) - 0.231(2) 0.109(2) - 0.249(1) 0.0501 
C(14) - 0.076(2) 0.162(2) - 0.192(1) 0.0501 
C(15) - 0.040(2) 0.215(1) - 0.076(1) 0.0413 
C(20) -0.111(1) 0.334(1) 0.178(1) 0.0357 
C(21) -0.205(2) 0.231(2) 0.188(1) 0.0475 
C(22) - 0.364(2) 0.265(2) 0.211(1) 0.0516 
C(23) - 0.422(2) 0.391(2) 0.224(1) 0.0506 
C(24) - 0.328(2) 0.485(2) 0.212(1) 0.0495 
C(25) -0.171(1) 0.458(1) 0.189(1) 0.0397 
C(30) -0.182(1) 0.443(1) 0.161(1) 0.0314 
C(31) - 0.265(1) 0.482(1) 0.071(1) 0.0397 
C(32) - 0.327(2) 0.605(1) 0.090(1) 0.0481 
C(33) -0.310(2) 0.682(1) 0.196(1) 0.0454 
C(34) - 0.226(2) 0.645(1) 0.286(1) 0.0489 
C(35) -0.162(2) 0.526(1) 0.269(1) 0.0451 

a X(1) is 0.50 I+0.50 C1. 

The two rhodium atoms are bridged by a chlorine 
atom and by atom X, the position of which is statisti- 
cally occupied by chlorine and iodine (occupancy factor 
0.5 for each atom). The atomic coordinates are given in 
Table 5 and Table 2 contains the interatomic distances 
and bond angles. 

The view of the molecule was obtained using 
CAMERON [19]. The ellipsoids represent 30% probability. 

Tables of anisotropic temperature factors, coordinates 
of hydrogen atoms, and important least-squares planes 
have been deposited with the Cambridge Crystallo- 
graphic Data Centre. A list of observed and calculated 
structure factors is available from the authors. 
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