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Abstract 

In situ spectroscopic studies of the iridium chemistry occurring during the catalytic hydrogenation of 
carbon monoxide employing IrCl(CO), and Ir&CO),, in an aluminum chloride-sodium chloride (63 : 37 
mole%) melt were performed. Infrared, UV-visible, Raman, and ‘H NMR data indicate that similar 
monomeric species are generated during catalysis. Infrared investigation of the introduction of IrClfCOI, 
into molten AICl,:NaCl (63:37) under CO:H, cl:3 mole ratio) and the reaction between IrCI(CO)s 
and carbon monoxide in an acidic melt suggest the initial formation of an iridium-carbonyl species 
followed by the generation of a hydridocarbonyl complex in the initial stage of the catalysis. Infrared 
data also indicate that the method of introduction for Ir,(CO)tr into the AICI, : NaCl medium under 1 
atm of CO:H, (1:3 mole ratio) has a marked effect on the spectra observed. In an acidic melt 
IrCI(CO), reacts with hydrogen to form hydrogen chloride, methane and metallic iridium. 

Introduction 

The threat of low oil and natural gas reserves in the early 1970’s initiated 
extensive investigations of hydrocarbon production via the reduction of carbon 
monoxide by hydrogen, i.e. the Fischer-Tropsch reaction. The Fischer-Tropsch 
process traditionally involves the use of heterogeneous catalysts [l-4] and yields 
straight-chain hydrocarbons along with alkenes and oxygenated compounds as 
primary products. 

Interest in homogeneous Fischer-Tropsch catalysis has been stimulated in part 
by the potential for increased product selectivity [5,61 and milder reaction condi- 
tions [7]. For example, Thomas et al. 171 have observed the reduction of carbon 
monoxide to methane utilizing Os,(CO),, and Ir,(CO),, as the homogeneous 
catalyst precursors in organic solvents at 140°C and approximately 2 atm of 
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pressure; unfortunately, slow reaction rates were observed. The authors also noted 
that “classic” mononuclear complexes, under identical reaction conditions, were 
catalytically inactive. Hydrogenation of carbon monoxide using ‘soluble mononu- 
clear complexes as catalysts has been demonstrated [8,9], but temperatures above 
200°C and pressures between 200 and 1300 atm were required, and only oxy- 
genated products were produced. 

Investigations of chemical systems in molten salt media often show that the 
solvent plays an active role in the solute chemistry. This is frequently the case for 
chloroaluminate melts (mixtures of aluminum chloride with other chloride salts) 
where the Lewis acidity may be adjusted by varying the aluminum chloride 
concentration [lo]. Chloroaluminate melts are termed acidic, neutral, or basic if 
the mole ratio of aluminum chloride to companion salt is greater than, equal to, or 
less than one, respectively. 

Demitras and Muetterties [ill first reported on the catalytic activity of Ir,(CO),, 
under CO :H, (1-2 atm) in an acidic sodium chloroaluminate melt (160-180°C). 
In a subsequent study, Muetterties and coworkers [12] performed a more detailed 
analysis of this system, including infrared analysis of frozen catalyst-melt reaction 
mixtures obtained in Nujol mulls. For reaction times in excess of one hour, bands 
were observed at 2190, 2160, 2125, 2112, and 1630 cm-’ for the resultant iridium 
carbonyl species. Without the CO : H, fill gas, Ir,(CO),, decomposed as evidenced 
by the disappearance of all bands in the carbonyl stretching region. 

Collman et al. [13] conducted a kinetic study of the same catalytic system under 
flow and recycle conditions, and also demonstrated that IrCI(CO), is active as a 
catalyst precursor. Different product distributions from those of Muetterties and 
coworkers [11,12] were obtained in this work, and it was concluded that a different 
active catalyst was produced. Although no spectra were shown, it was stated that a 
multiband pattern was observed in the 2000-2200 cm-’ region. 

The major difference between the procedures employed by the two groups was 
the method of introduction of Ir,(CO),, into the melt. Muetterties and coworkers 
premixed the iridium complex with the frozen melt before heating (pre-melt 
addition), whereas Collman et al. added the iridium complex to the melt at 175°C 
(post-melt addition). 

There are two interesting and potentially advantageous traits of this chloroalu- 
minate melt-based catalytic system, namely (1) the melt apparently serves as a 
promoter allowing carbon monoxide reduction to occur at relatively low pressures 
and temperatures, and (2) oxygenated products are not generated. Presented 
herein are the results of in situ spectroscopic studies of molten sodium chloroalu- 
minate solutions of IrCI(CO), and Ir,(CO),, under various atmospheres conducted 
with the hope of identifying the catalytically active species present in this chemical 
system. A preliminary account of this work has appeared in the Proceedings of a 
Symposium [ 141. 

Experimental 

Reagents. Dodecacarbonyltetrairidium, Ir,(CO),,, and chlorotricarbonylirid- 
ium(I), [IrCl(CO)J,, were purchased from Strem Chemicals Inc. and used without 
further purification. Prepurified nitrogen (99.998%, MG Scientific Gases), high- 
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purity carbon monoxide (99.8%, Air Products), hydrogen (99.9%, Air Products), 
and deuterium (99% Linde Specialty Gases) were used as received. Tetrameth- 
ylammonium bromide (TMAB) was obtained from Fluka Chemical and recrystal- 
lized from methanol three times. Anhydrous aluminum chloride (> 99%, Fluka 
Chemical) was purified by an extraction/distillation procedure similar to one 
described previously [15]. Sodium chloride (reagent grade, Mallinckrodt, Inc.) was 
vacuum-dried at 400°C for four days before use. The sodium chloroaluminate 
melts were prepared by fusing the appropriate quantities of aluminum chloride 
and sodium chloride in an evacuated sealed Pyrex ampule at 175°C. 

Instrumentation. Infrared spectra were acquired with a Digilab FTS-20E 
Fourier transform infrared spectrometer (Bio-Rad, Digilab Division) operating at 
an instrumental resolution of 4 cm- ‘. The IR cell employed for all in situ 
measurements has been described previously [16]. Gas-phase IR spectra were 
obtained in a vacuum-tight cell equipped with KBr windows. Raman spectra were 
acquired using a Jobin-Yvon Ramanor 2000M spectrometer equipped with an 
Instruments S.A. Inc. Model 980015 controller and a Pacific Model 126 photome- 
ter. The argon-ion laser line at 514.5 nm from a Spectra Physics Model 171 laser 
was used to illuminate the sample. UV-visible spectra were recorded with a 
rapid-scanning spectrometer (RSS) system [171. Raman and UV-visible cells were 
constructed from Pyrex and quartz according to previously reported designs [lS]. 
Proton nuclear magnetic resonance spectra were recorded on JEOL FX90Q 
spectrometer operating at 89.55 MHz with tetramethylammonium bromide (TMAB) 
as the internal reference set to 3.21 ppm. All NMR spectra were obtained with the 
spectrometer operating on external lock. X-Ray photoelectron spectra were ac- 
quired with the Perkin-Elmer PHI 5100 ESCA System. 

Procedure. Due to the moisture and air sensitivity of aluminum chloride, all 
manipulations involving melts were performed in a Vacuum Atmospheres glove 
box (moisture level < 2 ppm) with prepurified nitrogen as the filler gas. Reagent 
gases were added to the sample cells either prior to melting via a vacuum manifold 
(the pressure was measured at this point) or afterwards from a sealed Pyrex tube 
equipped with a break seal. Likewise, the iridium carbonyls were introduced to the 
chloroaluminate salts either prior to melting by simply mixing the two solids or 
afterwards by means of a FLICKET valve assembly (Ace Glass, Inc.). 

Results 

Spectra under nitrogen. A solution of IrCl(CO), in a 63 mole percent (m/o) 
AlCl, melt at 175°C under 1 atm of nitrogen results in a clear yellow solution 
whose infrared spectrum exhibits the bands listed in Table 1. In a 49 m/o melt a 
significantly different infrared spectrum was observed; the observed bands are also 
listed in Table 1. 

Previous investigations [12,13] have shown that Ir,(CO),, is unstable in acidic 
sodium chloroaluminate melts in the absence of a significant pressure (> 0.1 atm) 
of carbon monoxide; under these conditions the cluster decarbonylates as evi- 
denced by carbon monoxide evolution and precipitation of iridium metal [ll]. 

For comparison purposes, the relevant infrared bands of IrCl(CO), and Ir,(CO),, 
in KBr pellets and of pure IrCI(CO), studied by diffuse reflectance are also listed 
in Tables 1 and 2, respectively. 
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Table 1 

CO stretching frequencies obtained from the IR spectra of IrCkCO), 

IrCItCO), v(CO), cm- ’ ’ 

Pure solid 2143(m), 2132(s), 2100(s), 2090(s) 
(spectrum obtained by 2050(s), 2025(m) 
diffuse reflectance) 

KBr 2143(m), 2132(s), 2100(s), 2090(s), 
2059(s), 2024(m) 

AICI, : NaCl 
(63 :37)-N, 

AlCl s : NaCl 
(49 :51)-N, 

AlCl, : NaCl 
(63 :37)X0 

2178(m), 2168(w), 2143(m), 2125(s) 
2107(m), 2085(w) 

2170(w), 2153(w), 2126(w), 2087(s) 
1985(s) 

2125(s) 

AICI, : NaCl 
(63 : 37)-CO : H r 
(pre-melt addition) 

2230(w), 2187(m), 2157(s), 2125(m) 

AlCI, : NaCl 
(63 :37)X0 : D, 
(pre-melt addition) 

2187(m), 2176(shI, 2157(s), 2125(m) 

AICI, : NaCl 
(63 : 37)X0 : H r 
(post-melt addition) 
t=Oh 

2187(vw), 2178(vw), 2157(vw), 2168(vwI, 
2125(s), 2085(vw) 

AU, : NaCl 
(63 : 37)-H, 

2125,2107 (decay) 
2178,2168,2157,2143 (growth-decay) 
2075(w), 2041(w) (growth) 

0 s = strong, m = medium, w = weak, sh = shoulder. 

Spectra under carbon monoxide. Infrared spectra of IrCNCO), in a 63 m/o 
melt under 1 atm of carbon monoxide at 150°C exhibit a single intense band at 
2125 cm-‘. The intensity of this band remained constant over the 24 h period 
examined, indicating the presence of a stable iridium species. The infrared 
spectrum of IrCI(CO), in a 49 m/o melt under 1 atm carbon monoxide was similar 
to that obtained under nitrogen. 

The initial infrared spectrum of Ir,(CO),, in a 63 m/o melt under 1 atm of 
carbon monoxide at 150°C exhibited bands at the frequencies listed in Table 2. 
After 3-4 h, the band at 2143 cm-’ disappeared and the intensity of the band at 
2125 cm-’ increased. There were no differences in the infrared spectra obtained if 
the solution was stirred manually or if it was quiescent. 

Solutions of IrCl(CO), and Ir,(CO),, in a 63 m/o melt under 1 atm of carbon 
monoxide at 150°C yielded similar UV-visible spectra with maxima at 278, 326, and 
430 nm. The intensity of these bands increased with time; however, the rate of 
growth was slower for Ir,(CO),,. After 10 h the ratio of the molar absorptivities of 
these bands for the solutions of the cluster and the monomer was 4: 1, indicating 
that the iridium cluster reacted to form a mononuclear complex. The rate of this 
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Table 2 

CO stretching frequencies obtained from the IR spectra of Ir,(CO),, 

Ir,(CO),, v(CO), cm-’ ’ 

KE%r 2112(w), 2090(wsh), 2056(s), 2023(m), 2006(wsh) 

AICI, : NaCl 2157(w), 2143(s), 2125(m), 2107(sh), 2083(w) 

(63 :37)-CO, t = 0 h 

AU 3 : NaCl 

(63 :37)X0, t = 4 h 

2156(w), 2125(s), 2110(sh), 2083(w) 

AlCl 3 : NaCl 

(63 : 37)-CO : Hz 

(Pre-melt addition) 

AICI 3 : NaCI-CO : D, 

(63 : 37) 
(Pre-melt addition) 

AICI, : NaCL(63 : 37) 

CO:H,,t=Oh 

(Post-melt addition) 

t=lh t=lOh t=24h 

2187(m) 2187(m) 2187(w) 

2178(s) 

2168(sh) 

2157(s) 2157(s) 2157(m) 

2143(s) 

2132(m) 

2125(m) 2125(m) 

2114(m) 

2107(m) 2107(sh) 2107(w) 

2085(w) 

1656(w) 1656(m) 

t=lh t=lOh t=24h 

2182(s) 

2176(w) 2178(m) 

2168(vw) 2168(w) 

2157(m) 2157(s) 

2143(s) 

2125(s) 2131(s) 2125(m) 

2107(s) 2107(m) 2107(m) 

2085(m) 
1639(w) 1639(m) 

2164(sh), 2157(w), 2140(s), 2134(s), 2125(s), 2105(m), 2085M 2043(vw) 

AICI, : NaCl-(63 : 37) 

CO:H,, t=4h 

(Post-melt addition) 

2187(sh), 2180(m), 2170(sh), 2154(m) 

2143(m), 2125(s), 2107(s), 2085(m), 2043(w) 

AICI, : NaCL(63 : 37) 

CO:H,,t=9h 

(Post-melt addition) 

2230(w), 2187(m), 2157(s), 2125(m) 

0 s = strong, m = medium, w = weak, VW = very weak, sh = shoulder. 

conversion was shown to follow first-order kinetics. An average rate constant of 
1.32 f 0.26 x 10e4 s-l was calculated from the data obtained using the three 
UV-visible bands. 

Raman spectra of Ir,(CO),, in a 63 m/o melt (post-melt addition) under 1 atm 
carbon monoxide at 150°C exhibited a weak band at 202 cm- ‘, which disappeared 
within one hour after introduction of the cluster to the melt. This band is within 
the region expected for a metal-metal stretch [19], and its dependence upon the 
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Fig. 1. Infrared spectra of IrCl(CO), in 63 m/o AlCI, melts under 1 atm of CO:H, (solid curve) and 
CO: D, (dashed curve); [IrCl(CO),] = 8 mM, 175°C. Mole ratio of CO,,, to IrCI(CO), > 4. 

polarization state of the exciting radiation suggests that it is a symmetric vibration. 
Under identical conditions, this band was not observed with IrCl(CO),. 

Spectra under carbon monoxide : hydrogen. A solution of IrCNCO), (pre-melt 
addition) in a 63 m/o melt under 1 atm CO:H, (1:3 mole ratio) was clear and 
yellow in color. The infrared spectrum, shown in Fig. 1, exhibited bands at the 
frequencies listed in Table 1. The intensities of these infrared bands were essen- 
tially constant over the 24 h period examined. This behavior was also observed 
upon addition of CO: H, to a solution containing IrCl(CO), initially under a 
carbon monoxide atmosphere. 

The infrared spectrum observed immediately after the addition of IrCl(CO), 
(post-melt addition) to a 63 m/o melt under 1 atm of CO : H, at 170°C exhibited 
the bands listed in Table 1. Between 2.5 and 6 h the intensity of the band at 2125 
cm-’ decreased while the intensity of the bands at 2187 and 2157 cm-’ increased. 
After 6 h the intensities of these bands remained essentially constant. Five days 
later the intensity of the 2125 cm-’ band decreased while the 2187 and 2157 cm-’ 
bands increased. 

A solution of Ir,(CO),, (pre-melt addition) in a 63 m/o melt under 1 atm of 
CO: H, (1: 3 mole ratio) at 175°C is clear and yellow in color. The infrared 
spectrum of a 2 mM solution, shown in Fig. 2, exhibited bands, listed in Table 2, 
whose relative intensities changed over the course of a 24 h period, indicating the 
presence of several iridium carbonyl species of different stabilities. About 1 h after 
melting, bands were observed at 2187,2157,2125,2107 and 2085 cm-‘. At 10 h the 
intensities of the 2187 and 2157 cm-’ bands increased considerably relative to the 
other bands while the intensities of the 2107 and 2085 cm-’ bands decreased; a 
very weak band was observed at 1656 cm-‘. After 24 h the intensities of the 2187 
and 2157 cm-’ bands started to decrease, the 1656 cm-’ band grew substantially, 
and new and intense features were observed at 2178 and 2143 cm-‘. 

The dynamic behavior of Ir,(CO),, is illustrated in Fig. 3, which shows the 
variation in the observed absorbance for several of the prominent spectral features 
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Fig. 2. Infrared spectra of Ir,(CO),, in 63 m/o AICI, melts (pre-melt addition) under 1 atm of CO:H, 
(solid curve) and CO : D, (dashed curve) obtained cu. 1 h (upper), 10 h (middle), and 24 h (lower) after 
melting; [Ir4(CO)12] = 2 mM, 175°C. 

as a function of time. Essentially three different responses are observed, i.e., decay 
(2125,2107 and 2085 cm-’ bands), growth (2178,2143, and 1656 cm-’ bands), and 
growth followed by decay (2187 and 2157 cm-’ bands). For an 8 mM solution of 
Ir,(CO),, the intensities of the 2125,2107 and 2085 cm-’ bands steadily increased 
until reaching a maximum value at about 18 h; the 1656 cm-’ band appeared only 
as a weak transient feature, disappearing entirely by the end of the 24 h period 
examined. 

When Ir,(CO),, is added to a 63 m/o melt at 170°C (post-melt addition) under 
1 atm of CO: H, (1: 3 mole ratio), different dynamics of the infrared spectral 
features were observed. The bands observed as a function of time are listed in 
Table 2. After about 9 h, bands at 2230,2187,2157 and 2125 cm-’ were observed. 
The last spectrum, taken after 41 hours, was very similar to the spectrum shown in 
Fig. 1. 

An interesting result from the infrared studies was the observed growth of melt 
oxide bands [20], i.e., solvated AlOCl, at 791 and 691 cm-’ as a function of time. 
Figure 4 shows the increase in absorbance for the 791 cm-’ band for the solutions 
containing IrCl(CO), and Ir,(CO),,. These results support previous reports [12,13] 
that the melt serves as an oxide “sink” during the course of the reaction, 
consuming any intermediate oxygenated products (including water) via reaction 
with AlCI,. Figure 4 also points to a slower rate of catalysis exhibited by the 
monomer relative to the cluster species; this behavior has been previously reported 
D31. 

In the UV-visible spectral region solutions of IrChCO), in 63 m/o melt under 1 
atm of CO : H, exhibited absorption maxima at 272, 322, 406, and 430 nm, which 
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Fig. 3. Plots of absorbance versus time after melting for several prominent features from the spectra for 
the CO:H, system shown in Fig. 2. 
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increased in intensity as a function of time. The short wavelength region ( < 250 
nm) was characterized by a rapidly increasing absorption. The position and relative 
intensities of the bands at 272, 322, and 430 nm were very similar to the spectrum 
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Fig. 4. Plots of absorbance at 791 cm-’ uersuS time after melting for 2 mM Ir,(CO),, (upper curve) 
and 8 mM IrCI(C0)3 (lower curve) in 63 m/o AlCl, melts under 1 atm CO:H,. 



127 

obtained under carbon monoxide. Under identical conditions, similar results were 
obtained for solutions of Ir,(CO),,. 

The Raman spectrum of Ir,(CO),, in 63 m/o melt (post-melt addition) under 1 
atm of CO : H, (1: 3 mole ratio) at 150°C showed the same weak, transient band at 
202 cm-l as was observed under a carbon monoxide atmosphere. Again, this band 
was absent from the spectrum of IrChCO), under identical conditions. 

‘H NMR spectra of IrCI(CO), (pre-melt addition) in a 63 m/o melt under 1 
atm of CO : H, (1: 3 mole ratio) at 130°C exhibited one major peak at - 10.7 ppm 
us. TMAR (internal reference, 3.21 ppm us. TMS [211) over the 36 h time period 
examined; this feature was observed immediately after melting. Two much weaker 
proton resonances at - 19.5 (0.9% the intensity of the peak at - 10.7 ppm) and 
+ 5.4 ppm (1.3% the intensity of the peak at - 10.7 ppm) appeared about 2 h after 
melting. No significant change in the intensity of these resonances was observed 
throughout the experiment. 

‘H NMR spectra of Ir,(CO),, in a 63 m/o melt (pre-melt addition) under 1 atm 
of CO : H, at 130°C exhibited a major resonance at - 10.7 ppm, which appeared 
roughly 1.5 h after melting and remained throughout the 24 h period the reaction 
was monitored. Weaker proton resonances were observed at - 19.5 and + 1.4 
ppm. The peak at + 1.4 ppm, first observed about 3 h after melting, was initially 
flanked by two other resonances at + 0.9 and + 0.3 ppm which disappeared after 4 
h. The relative intensities of the two weaker features at - 19.5 and + 1.4 ppm 
increased roughly twofold during the 24 h reaction period. Toward the end of the 
experiment a proton resonance appeared at +5.3 ppm (28% the intensity of the 
peak at - 10.7 ppm). When the ‘H NMR spectra of Ir,(CO),, were acquired with 
TMAB as an external reference, an additional peak at +3.6 ppm was observed 
about 5 h after melting. Spectral interference from the TMAB prevented the 
observation of this resonance when TMAR was used as an internal reference. 
During the course of the experiment, the intensity of the resonance at +3.6 ppm 
increased while the intensity of the major resonance at - 10.7 ppm decreased. 

A ‘H NMR spectrum of a 63 m/o AlCl, melt under hydrogen chloride 
atmosphere at 130°C exhibited a proton resonance at + 1.6 ppm. 

Spectra under carbon monoxide : deuterium. As the catalytically active species in 
Fischer-Tropsch systems are frequently hydridocarbonyl complexes, the experi- 
ments performed under CO: H, were repeated under CO: D,. Such isotopic 
substitution has long been employed in the study of transition metal hydridocar- 
bony1 species [22]. 

A solution of IrCl(COI, (pre-melt addition) under 1 atm of CO : D, (1: 3 mole 
ratio) yielded an infrared spectrum which remained unchanged for the 24 h period 
examined (see Table 1 and Fig. 1). A solution of Ir,(CO),, under similar conditions 
exhibited transient behavior similar to that observed under CO : H, (see Table 2 
and Fig. 2). Frequency shifts relative to the hydrogen systems were observed for 
some of the carbonyl bands in each of the mixtures, suggesting that the species 
produced under the employed conditions are hydrido- (or deuterido-1 carbonyls. 
Such frequency shifts are a result of resonance interaction between the C-O and 
Ir-H vibrational states. 

Reaction of IrCl(CO)3 with hydrogen. The reaction of IrCI(CO), with hydrogen 
in a 63 m/o melt at 175°C was also studied. After introduction of hydrogen to a 
solution initially under nitrogen, the infrared spectra exhibited a decay of bands at 
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2125 and 2107 cm-‘, growth followed by the decay of bands at 2178, 2168, and 
2143 cm-‘, appearance of two weak bands at 2075 and 2041 cm-‘, and a new ‘band 
at 2157 cm-’ which appeared upon introduction of the hydrogen and then totally 
decayed. The infrared spectra also revealed the growth of melt oxide bands at 691 
and 791 cm-’ as the reaction proceeded. During the course of the reaction, the 
solution changed color from a clear, bright yellow to cloudy gray. Upon termina- 
tion of the reaction, denoted by the formation of the cloudy gray solution, a bright 
silvery substance formed on the glass walls of the reaction vessel. X-Ray photoelec- 
tron spectroscopic analysis revealed this precipitate to be metallic iridium. Infrared 
analysis of the gas phase above the reaction mixture showed the presence of 
hydrogen chloride and methane. 

Discussion 

Spectra under nitrogen. The increase in the carbonyl stretching frequencies 
observed for IrCI(CO), in an AlCl,: NaCl melt under a nitrogen atmosphere 
relative to those observed for the pure solid or in KBr (see Table 1) indicates a 
reduction in the amount of electron density at the iridium metal center. This 
reduced electron density results in decreased back-bonding between the iridium 
and the r* orbitals of the carbonyl ligand, hence a stronger C-O bond and a 
higher stretching frequency. This reduction in electron density at the metal center 
could result from an increase in the oxidation state of iridium and/or the 
formation of a Lewis acid adduct with aluminum chloride. Adduct formation could 
occur at the chloride ligand, the oxygen atoms of the carbonyl ligands, or the 
iridium atom itself 1231. Adducts in which the aluminum atom of aluminum 
chloride coordinates directly to the metal center of a carbonyl complex typically 
result in increases of 65-125 cm-’ in the carbonyl stretching frequencies, while 
adducts involving coordination through the chloride ligand generally show in- 
creases of about 20 cm-’ [23,24]. A Lewis-acid adduct in which the aluminum 
chloride coordinates to the oxygen atom of a terminal carbonyl ligand has been 
discarded as a possibility in this case since such adducts exhibit decreases in the 
stretching frequencies of the complexed carbonyl ligand [23,25]. 

Thus, the infrared results suggest the formation of a solvated species, 
IrCl(CO),L, (L = AlCI,), in acidic melts under a nitrogen atmosphere. 

Spectra under carbon monoxide. As noted earlier, Ir,(CO),, decomposes to 
iridium metal in an acidic sodium chloroaluminate melt under an inert atmo- 
sphere; however, under a carbon monoxide atmosphere, soluble iridium complexes 
are generated. Infrared spectra of both the cluster and the monomer in acidic 
melts under carbon monoxide exhibit a strong terminal carbonyl band at 2125 
cm-‘, suggesting that the same complex is generated from both precursors. This 
contention is also supported by the UV-visible spectroscopic data. The additional 
features observed in the infrared spectra of the cluster suggest the formation of at 
least one other iridium carbonyl complex. The delay in the appearance of the three 
bands in the UV-visible spectra and in the single major feature in the infrared 
spectra exhibited by the cluster system indicates that Ir&CO),, is experiencing an 
additional reaction in the melt before generating the final product i.e., fragmenta- 
tion to a mononuclear complex. Such a reaction is supported by the observed 4 : 1 
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ratio of the molar absorptivities for Ir,(CO),, vs. IrCl(CO), obtained from the 
UV-visible measurements and the transient band at 202 cm-’ in the Raman 
spectrum of the cluster under carbon monoxide. 

Possible structures for an iridium-carbonyl complex that exhibits one carbonyl 
stretching frequency in its infrared spectrum are Ir(CO$+, trans-Ir(CO),Lt 
(L = AlCl,), Ir(CO);, Ir(CO),L, (trigonal bipyramid), and truns-Ir(CO),X,L, 
[26,27a]. The most likely structure for the iridium complex generated under carbon 
monoxide, given the spectroscopic data above, is truns-Ir(CO),Ll. It is worth 
noting that Ru’ and Irr square planar complexes form similar adducts with boron 
Lewis acids [27b]. All of the possible iridium-carbonyl complexes containing three 
or fewer carbonyl ligands are ruled out since such a species should have been 
generated in the acidic melt under nitrogen. The possibility of forming either 
Irk’ or Ir(C0); is likewise discounted since these species would require that 
the iridium atom undergo a two-electron oxidation or reduction, respectively. Also, 
the carbonyl stretching frequency for Ir(CO&, reported at 1895 cm-’ [28], would 
be expected to occur at a frequency lower than 2125 cm-’ even if a Lewis acid 
adduct was formed with the solvent. The role of aluminum chloride in the above 
reaction is evident from the data obtained from an identical reaction performed in 
a sodium chloride saturated melt. As mentioned in the Results section, no reaction 
was observed when carbon monoxide was added to a basic melt solution containing 
IrCl(CO), originally under a nitrogen atmosphere. 

Spectra under CO: H,, D,. In a previous report by Collman et al. [13], it was 
stated that a similar iridium complex is generated from the IrCl(CO), and 
Ir,(CO),, precursors in the chloroaluminate Fischer-Tropsch system. This has 
been further substantiated by in situ IR, NMR and UV-visible spectroscopy in this 
work; however, the greater number of peaks observed in the IR (pre-melt addition) 
and NMR spectra for the cluster relative to the monomer indicate that additional 
iridium complexes are generated in the cluster system. These additional iridium 
complexes are generated upon melting when Ir,(CO),, is premixed with the frozen 
melt. 

The experiments involving the introduction of IrCl(CO), to an acidic melt at 
170°C under CO : H, suggest that the carbonyl bands located at 2187, 2157, and 
2125 cm-’ may be attributed to two different complexes. One complex is responsi- 
ble for the band at 2125 cm-‘, which is generated from the reaction between 
IrCKCO), and carbon monoxide and is the same complex formed under a carbon 
monoxide atmosphere in the melt. This complex then reacts with hydrogen to 
generate a complex that exhibits carbonyl bands at 2187 and 2157 cm-‘. 

When Ii-,(C is introduced into the melt at 17O”C, it appears that a reaction 
occurs between the cluster and carbon monoxide and/or hydrogen. This interac- 
tion could be responsible for the stoichiometric amount of methane generated in 
the initial segment of the reaction as observed by Collman et al. [13]. The eventual 
formation of the iridium complexes that give rise to infrared bands at 2187, 2157, 
and 2125 cm-’ supports the claim by Collman et al. [13] that similar iridium 
complexes are generated in the Fischer-Tropsch reaction. 

The reaction mixtures under CO : H, or CO : D, which utilize Ir,(CO),, as the 
catalyst precursor (pre-melt addition) represent complex and dynamic chemical 
systems as shown by previous reports [12,13] and the data presented here. Based 
on the observed time dependent responses, at least four different iridium carbonyl 
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species (one for each type of response) appear to be produced under these 
conditions (see Fig. 3). For at least two of these species, frequency shifts are 
observed upon substituting deuterium for hydrogen in the fill gas mixtures, 
indicating that the complexes produced contain hydride (or deuteride) ligands. In a 
hydridocarbonyl complex, resonance interaction between the v(CO) and v(IrH) 
vibrational levels may occur if these states are of similar energy and symmetry [29]. 

The species initially produced from the oxidative fragmentation of Ir,(CO),, 
which decays with tim\e exhibited infrared bands at 2125, 2107, and 2085 cm-’ 
under both CO:H, and CO:D, gas mixtures (these bands were observed as 
constant spectral features for solutions of the cluster under carbon monoxide). 
This complex, termed species A, apparently does not contain a hydride (or 
deuteride) ligand. 

Another species, termed B, which is also produced from Ir,(CO),, under 
CO : H, and then decays during the 24 h period, gave strong bands at 2187 and 
2157 cm-‘; under CO:D,, this complex exhibited bands at 2176 and 2157 cm-‘. 

Species produced from Ir,(CO),, under CO : H, which are gradually generated 
over the 24 h period examined give rise to bands at 2178, 2143, and 1656 cm-‘; 
under CO:D,, these species exhibit bands at 2182, 2143, and 1639 cm-‘. The 
curves presented in Fig. 3 suggest that two different carbonyl complexes are 
produced, one species C,, represented by the two higher frequency bands and the 
other, species C,, by the low frequency band (i.e., at 10 h, the intensity of the 1656 
cm-’ feature had stabilized; both 2178 and 2143 cm-’ bands increased continually 
over the 24 h period). Since no bands were observed to shift from the 1900-2200 
cm-’ region to the 1300-1600 cm-’ region upon substituting deuterium for 
hydrogen [29], no Ir-H or Ir-D bands could be assigned. Failure to observe metal 
hydride or deuteride infrared bands is a fairly common occurrence [29,30]. The 
shifts in the carbonyl stretching frequencies upon deuteration, however, offer 
indirect evidence that the species do contain hydride (or deuteride) ligands. More 
direct evidence for the existence of hydridocarbonyl species is obtained from the 
‘H NMR spectra (see below). The low-frequency IR bands at 1656 and 1639 cm-’ 
exhibited by Ir,(CO),, under CO: H, and CO: D,, respectively, suggest that a 
polynuclear iridium complex is formed since carbonyl frequencies in this region are 
characteristic of bridging carbonyl-Lewis acid adducts [311. The shift which occurs 
upon deuteration in this case is a result of resonance interaction between the 
V(IrD) and the bridging v(CO) levels. Although no bands were observed in the 
C-H stretching region (2800-3200 cm-‘), the possibility that these low frequency 
(cu. 1650 cm-‘) features are due to carbonyl stretching of a formyl group 
produced by insertion of carbon monoxide between the metal and a hydride (or 
deuteride) ligand cannot be excluded [13]. 

The major spectral changes resulting from deuterium substitution in the 
IrCl(CO), system were the decrease in relative intensity of the highest frequency 
band at 2187 cm-’ and the appearance of a shoulder on the 2157 cm-’ band at 
about 2176 cm- ’ (Fig. 1). This may likewise be interpreted as a shift of one of two 
closely placed features around 2187 to 2176 cm-‘; this is the same behavior as 
observed for the cluster system at 10 h (pre-melt addition). The presence of 
additional bands observed for the cluster system (e.g., at 2114 cm-‘), indicates the 
formation of additional carbonyl species upon melting when the cluster is pre- 
mixed with the frozen melt. 
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The infrared spectra of Ir,(CO),, solutions (pre-melt addition) under CO : H, 
and CO:D, at long reaction times have several features in common with the 
spectrum of IrCI(CO), under nitrogen. Although the spectra for the cluster system 
contain additional bands (e.g., the bridging carbonyl features), there appears to be 
a significant spectral contribution from a species similar to that which results from 
the monomer under nitrogen, most noticeably at 2143 cm-‘. This may reflect 
production of this species from other hydride (or deuteride) complexes as the fill 
gas is depleted during the course of the reaction. Based on the results of 
experiments in which CO : H, was added to solutions initially under nitrogen, it 
appears that regeneration of the alleged catalyst may be accomplished by simply 
replenishing the fill gas. In cases where carbon monoxide is the limiting reagent, 
however, it seems likely that the excess hydrogen will react with the monomeric 
iridium carbonyl complex in the manner observed for solutions of IrCI(CO), under 
hydrogen, generating methane, hydrogen chloride, and metallic iridium. 

By comparison (pre-melt addition experiments), the reaction mixture utilizing 
IrCl(CO), as the catalyst precursor resulted in a much simpler system containing 
an iridium carbonyl species which was relatively stable over the 24 h period 
examined. The greater stability of the monomer relative to the cluster system may 
be due to the relatively higher pressures of reactant gases present in the former 
system throughout the time period examined. The CO : H, or CO : D, pressure is 
expected to be greater at any given time during the reaction for the monomer 
system because (a) Ir,(CO),, rapidly consumes a stoichiometric amount of reac- 
tants (i.e., carbon monoxide and hydrogen or deuterium) as it decomposes at the 
onset of the reaction, and (b) the reaction rate for the IrCI(CO1, system is about 
20% slower than that of the cluster [13]. Thus after 24 h, the cluster system has 
depleted the fill gas pressure to levels where the catalytic iridium species become 
unstable; the monomer system, however, has consumed less of the fill gas at this 
point and is still in the “steady state” regime of reactant concentration. This 
behavior is illustrated in Fig. 4; the cluster system clearly exhibits a more rapid rate 
of reaction. 

The indirect evidence for the generation of a iridium-hydride complex obtained 
from the infrared studies is substantiated by the ‘H NMR data. The proton 
resonance at - 10.7 ppm observed in the ‘H NMR spectra of the monomer and 
cluster suggests that both iridium precursors generate a similar complex in the 
acidic melt under CO : H,, possibly HIr(CO),(AlCI,),. The presence of other 
proton resonances observed for the cluster precursor likewise supports the con- 
tention that other hydrogen-containing iridium species are generated (the peak 
observed at + 1.6 ppm for a sample of pure melt under a hydrogen chloride 
atmosphere precludes assignment of any observed proton resonances to dissolved 
hydrogen chloride). These other major proton resonances observed in the ‘H 
NMR spectra for Ir,(CO),, are a result of the additional iridium complexes 
generated when Ir&CO),, is premixed with the frozen melt. The other proton 
resonances may be a result of formyl- or alkyl-Ir protons. 

It has been noted that the transient characteristics of infrared spectra for an 8 
mM solution of Ir,(CO),, under CO : H, differed from those of a 2 mM solution. 
This observation suggests that different species (or different relative concentra- 
tions of two or more species) are produced from different initial concentrations of 
Ir,(CO),,. This behavior together with the different results obtained depending on 
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the method of addition of the iridium complex into the melt is consistent with the 
observed discrepancies between the works of Collman et al. [13] and Muetterties 
and coworkers [11,12], in which the initial cluster concentrations were about 2 
(post-melt addition) and 8 mM (pre-melt addition), respectively, and supports the 
assertion [13] that different catalytic species were produced by the two groups. 

Conclusion 

The spectroscopic data reported here show that both iridium complexes gener- 
ate the same active catalyst when added to the melt and that the method of 
introduction to the melt has a profound effect on the infrared spectra obtained for 
the cluster system. As indicated in the Discussion section, the following reaction 
scheme for Ir,(CO),, in the presence of carbon monoxide and hydrogen in the 
acidic melt (pre-melt addition) is proposed. 
(a) Rapid oxidative fragmentation of Ir,(CO),, to yield a complex that has infrared 
bands at 2125, 2107, and 2085 cm-i (species A). 
(b) Production and then depletion of a complex with infrared bands at 2187 and 
2157 cm-’ (species B) from species A. 
(c) Gradual production of two complexes, one with infrared bands at 2178 and 
2143 cm-’ (species C,) and the other with a band at 1656 cm-’ (species C,) from 
species B. 

By comparison to analogous studies [32], it seems likely that species B repre- 
sents the catalytically active species in this medium. As the reaction proceeds and 
the fill gas is depleted, this species becomes unstable and is converted to different 
complexes, species C, and C,. Based upon the observed frequency shifts accompa- 
nying deuterium substitution, it appears that species B, C,, and C, are all 
hydridocarbonyl complexes. 

It is clear that the Ir,(CO),, precursor, in the premixed experiments, generates 
other iridium complexes in addition to those produced from IrCl(CO),. It also 
appears that these additional species may exhibit catalytic activity and may be 
responsible for the discrepancies in the product distribution observed by Muetter- 
ties [ll] and Collman [13]. 

The proposed reaction between IrCl(CO), and hydrogen in the acidic melt is: 

2IrCl( CO), + 6AlC1, + 19H, + 21r + 6CH, + 14HCl+ 6AlOCl 

This reaction presumably is the fate of the iridium carbonyl catalyst at the end of 
the reaction carried out in the presence of excess hydrogen. When performed 
under an excess of carbon monoxide, the iridium-carbonyl complex that gives rise 
to the infrared band at 2125 cm-’ is generated at the end of the process. This 
complex can then regenerate the catalyst when the synthesis gas is reintroduced 
into the system. 

The proposed reaction schemes for the “post-melt addition” for both IrCl(CO), 
and Ir,(CO),, in an acidic melt under different atmospheres are given below 
(L = AU,): 
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Ir metal 

T HZ 

N2 
IrCI( CO)3L, t-- IrCl(CO), c9., Ir(co&+ 

I~(co),L~++ H,Ir(CO),Lz 

N2 
co 

Ir metal - Ir&CO),, - - Ir(C0)4L2+ 
fragmentation 

CO, H, 
fragmentation 

WW.L, + H,Ir(CO),L, + H,Ir(CO),L, 

(Species A) (Species B) (Species C, and C,) 

Unambiguous identification of the active catalyst in this system would have been 
greatly aided if the far infrared region ( < 600 cm-‘) had been accessible. Unfortu- 
nately, strong solvent absorptions in this region prevented observation of the 
iridium-ligand vibrations. An attempt was made to use a shorter path length cell 
which brought the solvent absorptions on scale, but such a short path length 
prevented observations of the relatively weak metal-ligand bands. Many attempts 
at isolation of the iridium complexes from the melt were unsuccessful (e.g., 
distillation and extraction) and indicated these species to be stable only under the 
employed reaction conditions. 

Finally, it should be noted that Collman et al. have pointed out the limited 
technological importance of a catalytic process which consumes aluminum chloride 
[13]. Nonetheless, the chloroaluminate-based system described herein represents a 
unique example of the homogeneous Fischer-Tropsch reaction which may serve as 
a model for more practical catalytic systems. Such systems may include the 
regeneration of anhydrous aluminum chloride from aluminum oxychloride and 
related species [33,34]. 
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