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The olefin hydrogenation catalysts [Ir(COD)(PPh3)2] + and [Ir(COD)(NCMe)(PCy3)] + 
have been intercalated in montmorillonite clay via an ion-exchange procedure. While the initial 
activity of the intercalated catalysts for the hydrogenation of cyclohexene is generally 50-80% 
of that of their homogeneous analogues, the intercalated catalysts remain active for longer peri- 
ods, indicating that dimer- and trimer-forming reactions, responsible for deactivation of the 
homogeneous catalysts, are partially suppressed upon intercalation. In the hydrogenation 
of 1-hexene the activity of [Ir(COD)(NCMe)(PCy3)][BPh4 ] for the competing process of 
double bond isomerisation is found to increase with the catalyst concentration. 
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1. Introduction 

Smectite clays are increasingly attracting interest as supports for metal and metal 
complex catalysts [1-5]. An important property of clays in this respect is their high 
surface area, with the consequence that ion-exchange sites on the surface of the 
clay are well dispersed. For montmorillonite the average distance between 
exchange sites, calculated on the basis of the cation exchange capacity (CEC) and 
total layer area of the clay [6], is typically in the order of 12 A. 

These considerations suggest that clays might be suitably employed as supports 
for those homogeneous metal complex catalysts which are prone to undergo deacti- 
vation as a result of oligomerisation reactions. An example of a group of homo- 
geneous catalysts which fall into this category are the iridium complexes 
[Ir(COD)(L)(Lt)][X] (COD = 1,5-cyclooctadiene, L -- PR3, L I = PR3 or N-donor 
ligand, X = anion), known catalysts for the hydrogenation of olefins [7-10]. 
Although the activity displayed by these complexes in dichloromethane solution is 
initially very high, it has been shown by Crabtree that they are subject to deactiva- 
tion as a consequence of dimer- and trimer-forming reactions [8], 
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2[Ir(COD)L2][PF 6 ]+7H 2-~ [{IrHLE}2(#-H)a][PF6]+HPF6+2C8H16, (1) 

3[Ir(COD)(L)(L')][PF]6 + 10H2 

--~ [{Irn2(L)(L ~) }3(#3-H)][PF612 + HPF6 + 3C8H16. (2) 

Immobilisation of the active catalyst on a rigid support would appear to offer a 
means of preventing the formation of such catalytically inactive species. Further- 
more, these complexes appear particularly suitable for immobilisation on a clay 
since they are reported to be stable to the presence of water (invariably present, 
even after vacuum-drying of the clay), while their hydrogenation activity is not sig- 
nificantly inhibited by the presence of water [11,12]. In this communication we 
report on the synthesis of a number of cationic Ir(I) complexes intercalated in mont- 
morillonite, and the preliminary results of a study aimed at assessing their cataly- 
tic properties in the hydrogenation of olefins relative to their homogeneous 
congeners. 

2. Experimental 

2.1. MATERIALS 

Sodium montmorillonite (MM-Na +) was obtained via purification of bento- 
nite (BDH) according to the method of van Olphen [13]. The approximate anhy- 
drous unit cell formula determined on the basis of elemental analysis and 27A1 

III II NMR MAS spectroscopy was Nao.62[m13.16Feo.36Feo.08Mgo.40](S17.86Alo.14)O20- 
(OH)a; the measured CEC of the clay was 82 meq/100 g. Olefins were of the highest 
purity available and were degassed before use. Solvents were dried and degassed 
before use according to standard methods. All manipulations were performed 
under an atmosphere of dry nitrogen using standard Schlenk and high vacuum 
line techniques. Satisfactory elemental analyses were obtained on all iridium 
complexes. 

2.2. PHYSICAL MEASUREMENTS 

1H and 31p NMR spectra were recorded at room temperature on a Bruker AC 
250 spectrometer using CD2C12 as solvent. Elemental analysis for Ir was performed 
using the ICP method. XPS spectra were recorded on a Kratos XSAM 800 spectro- 
meter employing the C 1 s line (284.6 eV) as a binding energy standard. X-ray dif- 
fraction measurements were performed with a Philips PW 1820 powder 
diffractometer using Cu K~t radiation. 
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2.3. PREPARATION OF IRIDIUM COMPLEXES 

[Ir(COD) (PPh 3)2][C104] (1+C104) was prepared according to a literature 
procedure [9,14]. 

[Ir(COD)(NCMe)(PCy3)][X] (2+X -, X =  C104 or BPh4): [Ir(COD)(py)z][X ] 
[15] was dissolved in CH3CN and the solution stirred for 6 h at room temperature 
with 1.05 equivalents of PCy 3. Solvent was then removed under vacuum and the 
residue recrystallised from CH2C12/Et20 to afford the product as an oily solid. 
Trituration of this material with Et20 gave pure [Ir(COD)(NCMe)(PCy 3)] [X] as a 
deep orange microcrystalline solid. 2+BPh4: 1H NMR: ~ 7.40-6.88 (m, 20H, 
C6H5), 4.59 (m, 2H, CH2), 3.93 (m, 2H, CH2), 1.94 (s, 3H, CH3), 2.29-1.21 
(m, 41H, Cy, CH2). 31PNMR: 18.1 (s, PCy3). 

2.4. INTERCALATION OF IRIDIUM COMPLEXES IN MONTMORILLONITE 

Vacuum-dried MM-Na + was suspended in CH3CN (~ 20 ml/g clay) with 
stirring overnight. The requisite amount of iridium complex was then added to the 
swollen clay in the form of a concentrated dichloromethane solution and stirring 
continued for 3--4 h. The clay product was isolated by filtration, washed thoroughly 
with dichloromethane, followed by diethyl ether and dried under vacuum 
(10 -5 mbar). The combined filtrate and washings from each experiment were ana- 
lysed for iridium. 

2.5. HYDROGENATION EXPERIMENTS 

All hydrogenation experiments were conducted using a constant pressure appa- 
ratus operating at 1 atm. Catalyst samples were pre-swollen in the reaction solvent 
for 1 h under nitrogen before use. In a typical procedure, a solution of the olefin 
(12.5 mmol) in CH2C12 (10 ml) was injected into the reaction vessel, followed by a 
suspension of the catalyst (equivalent to 0.025 mmol iridium) in CH2C12 (40 ml). 
Stirring was commenced and the volume of hydrogen consumed measured as a 
function of time. At regular intervals 100 lal portions of the solution were taken for 
GLC analysis (HP-1 cross-linked dimethylsilicone column; heptane as internal 
standard). 

3. Results  and discussion 

Experiments were conducted using the complexes [Ir(COD)(PPh3)2][C104 ] 
(1+C104) and [Ir(COD)(NCMe)(PCY3)][X ] (2+X-,X = C104 or BPh4) and so- 
dium montmorillonite (MM-Na +) as the clay support. Intercalation of the com- 
plexes was conveniently performed by ion exchange in acetonitrile (eq. (3)) 
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employing iridium loadings of 0.1-0.3 mmol/g clay, corresponding to replace- 
ment of about 12-35% of the Na + ions in the clay, 

M M - N a  + + [Ir(COD)(L)(L')][X] ~MM-[Ir(COD)(L)(L~)] + + NaX. (3) 

X-ray diffractograms of products confirmed that the complexes were intercalated 
between the clay sheets (vide infra), while XPS and elemental analysis data were 
consistent with a homogeneous dispersion of the iridium complexes throughout the 
clay support. 

In order to compare the activity and stability of the intercalated catalysts with 
their homogeneous counterparts, hydrogenation reactions were carried out under 
standard conditions (CH2C12 as solvent, 1 atm hydrogen pressure, 17~ using 
cyclohexene as substrate. Considering first complex 1 +, it is found that the homoge- 
neous system, in the form of the C10 4 salt, initially shows high activity (765 turn- 
overs h -1, see table 1), after which deactivation occurs (at about 55% olefin 
conversion). In comparison, 1 + intercalated in MM-Na + shows about 50% of the 
initial activity of the homogeneous system, but is more stable, so that quantitative 
yields of cyclohexane can be obtained. Similar results are obtained with 2 + 
(fig. 1), the intercalated cation showing ~ 85% of the initial activity of 2+C104 . 

A marked difference is also observed in the hydrogenation activity of the C10 4 
and BPh 4 salts of 2 + (fig. 1), the BPh 4 salt undergoing deactivation more rapidly, 
so that an olefin conversion of only 2% is obtained. Similar findings have been pre- 
viously reported by Schrock and Osborn [16] for hydrogenation reactions cata- 
lysed by cationic rhodium complexes, deactivation of the BPh4-containing 
catalysts occurring as a result of coordination of the anion to the metal via a 
n-bonded interaction of one of the phenyl rings. This would also appear to be the 
case for 2+BPh4 . 

The possibility that the catalysis observed in the above intercalated systems actu- 
ally originates from the presence of the leached complex (in the liquid phase), or 

Table 1 
Cyclohexene hydrogenation catalysed by homogeneous and intercalated iridium complexes a 

Complex b Support Cyclohexane Reaction 
yield (%) time 

(rain) 

Turnover rate 
(mol alkane/ 
mol I r .  h) ~ 

1+C104 - 55 c 165 765 
1 + (1.9%) M M - N a  + 37 d 150 385 
2+C10~ - 53 c 180 990 
2+BPh~ - 2 c 60 > 250 
2 + (6.5%) M M - N a  + 83 a 221 865 

" Conditions: [Ir] = 0.5 mM, [alkene] = 0.5 M, T= 290 K, P(H2) = 1 bar, solvent = CH2C12 (50 ml). 
b Figures in parentheses represent Ir  loading (wt%) on support. 
e Final yield (measured after deactivation of catalyst). 
d Yield at termination of experiment (catalyst still active). 

Measured initial rate (calculated from linear portion of hydrogenation curve). 
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Fig. 1. Reaction profiles for cyclohexene hydrogenation catalysed by (a) MM-Na+/2 +, (b) 2+C10~ - 
and (c) 2+BPh4 . 

from dispersed metal particles formed via decomposition of the immobilised com- 
plex, can be discounted on the basis of the observations that: 

(1) the filtrate from an active catalyst suspension is completely inactive - thus 
leaching of the Ir complex is not responsible for the observed activity; furthermore, 
X-ray diffraction data on used catalyst samples are consistent with the continued 
presence of Ir complexes between the clay sheets (fig. 2); 

(2) XPS data on the immobilised complexes before and after hydrogenation 
show no change in the surface iridium concentration; furthermore, after hydroge- 
nation no Ir(0) is detected, the observed binding energies for the Ir 4f7/z level 
being consistent with the presence of iridium in the 3+ oxidation state (fig. 3; note 
that the increased oxidation state of the Ir as compared with the starting Ir(I) 
complexes is consistent with their conversion to dihydride or alkyl-hydride 
complexes); 

(3) addition of Hg to the catalyst suspension does not result in any lowering of 
the catalytic activity, implying that iridium metal is not responsible for the 
observed hydrogenation activity [17]. 

On the basis of these observations we conclude that the catalytically active spe- 
cies is an immobilised iridium complex. It appears that the formation of catalyti- 
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Fig. 2. X-ray diffractograms of (A) MM-Na +, (B) MM-Na+/2 + before cyclohexene hydrogenation 
and (C) MM-Na +/2 + after eyelohexene hydrogenation. 

cally inactive hydrogen-bridged dimeric and trimeric iridium species cannot be 
completely suppressed by intercalation of the precursors, however, since the inter- 
calated systems tend towards deactivation when the olefin has been consumed, 
although this phenomenon is less marked than for their homogeneous analogues. 

Intercalation of the cations 1 + and 2 + in montmorillonite also proves beneficial 
in the hydrogenation of 1-hexene. For both the homogeneous and intercalated 
catalysts isomerisation of the olefin to cis- and trans-2-hexene is found to be a com- 
peting reaction (table 2). Interestingly, the isomerisation activity of the homoge- 
neous catalysts is found to increase with the catalyst concentration, as illustrated 
by the results obtained with 2+BPh4 (see fig. 4 and table 2). This suggests that at 
high catalyst concentrations a second, possibly polynuclear iridium species is 
formed which contributes significantly to the isomerisation activity of the system. 
These putative iridium species do not correspond to catalyst deactivation products 
(such as the dimers and trimers discussed in section 1), since cessation of hydroge- 
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Fig. 3. XPS spectra (70-55 eV) of MM-Na+/2  + before (A) and after (B) cyclohexene 
hydrogenation. 

nation activity is always accompanied by a concomitant cessation of olefin isomer- 
isation. In contrast, increasing the quantity of intercalated clay catalyst employed 
for the hydrogenation reaction (at a given loading of the iridium complex) has no 
effect on the observed isomerisation activity. 

We note that Evans and Morrissey [18] have previously postulated the existence 
of catalytically active oligomeric iridium species in hydroxyl-directed hydrogena- 
tion reactions of olefinic alcohols catalysed by [Ir(COD)(py)(PCY3) ] [PF6]. On the 
basis of their observation that the selectivity to the directed hydrogenation product 
was greater at lower catalyst-substrate stoichiometries for a given substrate con- 
centration, they suggested that at high catalyst concentrations a second catalyti- 

Table 2 
1-hexene hydrogenation catalysed by homogeneous and intercalated 2 + a 

Complex [Ir] Yield (%)b Reaction Turnover rate 
(retool/~) time (mol hexane / 

hexane t-2-hexene c-2-hexene (rain) tool I r .  h) 

2+BPh 4 0.5 11 c 0.5 (0.6) 0.2 (0.5) 60 825 
2+BPh4 2.3 34 e 7.4 (7.6) 1.0 (1.4) 555 175 
2+BPh4 6.7 62 * 26 (27) 5.7 (6.3) 165 65 
M M - N a + / 2  + 0.5 89 a 4 (5) 0.7 (1.8) 60 835 

Conditions as for table 1, except [alkene] = 0.25 M. 
b Maximum yields of 2-hexene attained during experiment given in parentheses. 
c Final yield (measured after deactivation of catalyst). 
d Yield at termination of experiment (catalyst still active). 
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Fig. 4. Reaction profiles for homogeneous 1-hexene hydrogenation catalysed by 2+BPh~ at concen- 
trations of (A) 0.5 mM and (B) 6.7 raM. ( � 9  t-2-hexene, (+) c-2-hexene, ([]) hexane. 

cally active species may be present (possibly a polynuclear iridium species), which 
is not constrained to the same hydroxyl directivity effects as the mononuclear com- 
plex. Our observations suggest that such species also possess considerable isomeri- 
sation activity. 

4. Conclusion 

In summary, it has been demonstrated that the stability of a number of cationic 
iridium hydrogenation catalysts can be improved by intercalation in montmorillo- 
nite clay. Observations made concerning the hydrogenation of 1-hexene suggest 
that at high (homogeneous) catalyst concentrations oligomeric iridium species can 
form which possess significant isomerisation activity, an effect which can be 
avoided by intercalation of the catalyst in montmorillonite. These results exemplify 
the benefits that can arise from "heterogenising" homogeneous catalysts when 
due regard is paid to the choice of catalyst and support. 
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