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Abstract

The iridium clusters [lf(CO);PPBH], [Ir 4(CO)(pnz-n?-HCCPh){-PPh),], [Ir 4(CO)(a-13-PhPC(H)CPh)(-PPh)] and [Irs(CO),2]
were investigated as catalyst precursors for the selective hydrogenation of 1,5-cyclooctadiene (1,5-COD). The results showed that these cluster:
have a special catalytic behaviour producing high activity (average TON 2816) and high selectivity for the monohydrogenated product
cyclooctene (COE) and the isomerisation products 1,3-COD and 1,4-COD, with almost complete suppression of the total hydrogenation
reaction to cyclooctane (COA). When other iridium based catalyst precursors were used, however, e.g. Vaska’s compound [lBICO(PPh
the dinuclear [IsCl,(COE)] and a heterogeneous catalyst composed of Ir metal supported on activated carbon, formation of the fully
hydrogenated product COA was observed instead. The participation of, ttladters in the catalytic reaction rather than cluster fragments
or highly dispersed Ir metallic particles is supported by experiments of light scattering of the cluster solutions after the reaction, addition
of metallic Hg and filtration in celite followed by reuse of the solution and the celite for catalytic reactions. Reactions with cyclooctene,
cyclohexene and 1,3-COD showed that the mononuclear precursor [IrCICQ{P&dmpletely hydrogenates these substrates whereas all
Ir,4 clusters exhibit very low activities. Based on experiments with Shapley’s compou{@ Pl (CsHi12)2(CsHio)], and literature results, an
“anchor-typé interaction between 1,5-COD and thg Bpecies is proposed, in which one double bond anchors the 1,5-COD molecule for
the activation of the other double bond in gtfiolefinn?-n2-COD type activated species, which can lead to hydrogenation or isomerisation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction more complex ways than those afforded by a single metal
centre,[6—13] which enables organic transformations not
The development of transition metal cluster chemistry possible by mononuclear homogeneous catalfists-18]
was strongly stimulated by the considerable potential of Several convincing examples of cluster-catalysed reactions
such species as catalysts and as models for catalytic metallihdave been reported in the literatuf@9]. For instance,
surfaces[1-3]. The possibility of multi-site interactions [Ruz(CO)2-nLp] (n=0-3 and L =phosphine§20-26]and
between the substrate molecule and the cluster profoundly[Os3(CO)o(p-H)(n-OSE)] [27-29] have been used for
influence their subsequent reactiviig,5] and can facil- olefin hydrogenation, isomerisation and hydroformylation,
itate the activation and transformation of the substrate [H4Rw(CO)2], as a selective catalyst for alkene hydro-
in catalytic processes. Small molecules such as alkenesformylation using CJ30], [H4Rw(CO)o-n(L2)n](n=0 or
alkynes, CO, and Fcan be activated on metal clustersin far 2 and L, =chiral bidentate phosphing31-34] for asym-
metric isomerisatior{35], hydroformylation[36] as well

* Corresponding author. Tel.: +55 3134995777; fax: +55 3134995700. @S homogeneous asymmetric hydrogenation of carboxylic
E-mail addressmharaujo@ufmg.br (M.H. Araujo). acids [37]; [Pds(dppmy(H)2]?* has been investigated
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for the homogeneous hydrogenation of alkyri@8] and PPh)2] (2) [Ir2(COY(p3-n3-PhePC(H)CPh)(-PPh)] (3),
finally [H2PBRUs(COxo(na-C2Ply)], has been used for  [IrCICO(PPh),] (5) [57] and [ILClo(COE)] (6) [58].
the hydrogenation of diphenylacetylene t@ansstilbene [Ir4(CO)s] (4) (Strem Chemicals), H (99,99% White
[39,40] In contrast very few examples using iridium clusters Martins) and 1,5-cyclooctadiene (Aldrich) were used as
have been reported in the literature, most probably due toreceived. The catalyst Ir metal supported on activated carbon
the low solubility of the well known [§(CO)2] [41-43] (Aldrich-Norit, 780 n? g—1) was prepared by impregnation
We report herein the first example of the use afdolu- of 1in CH,Cl,, drying under vacuum, followed by thermal
ble clusters as catalyst precursors for the highly selective hy-decomposition under Hat 10°C min' up to 600°C for 2 h
drogenation of 1,5-cyclooctadiene (1,5-COD) to cyclooctene and characterised by TG and XRD. Solvents were distilled
(COE)[44]. from the appropriate drying agent under nitrogen prior to
The following Iry clusters were used as catalysts or yse. The separation and purification of the reaction products
catalyst precursors: J(CO)1PPIpH] (1) [45], [Ir4(CO)s- were carried out in air by preparative TLC (2mm thick

(w3-m?-HCCPh)1-PPh);]  (2) [46],  [Ira(CO)(us- glass-backed silica plates, 20 cn20cm, prepared from
m3-PhPC(H)CPh)@-PPhy)] (3) [47] and [Ia(CO)2] (4) silica gel GF 254, Fluka) and the compounds were extracted
(Scheme L from silica with CHCl>.

Several features of the selected iridium clusters are im-
portant from the point of view of catalysis, viz. (i) Ir being 2 2. Spectroscopic studies
a third-row transition metal exhibits stronger metal-metal
bonds than the metals of the first and second transition series, |nfrared spectra were measured using a Perkin-Elmer
and therefore produces more robust clusters, (i) the presencespectrum GX FT-IRIH, 13C{1H} and3!P{1H} NMR spec-

of multidentate ligands based on P donors to hold the metal 5 \were recorded on Brucker Advance DXR 400 and DXP
frame togethef48,49] and (iii) the high solubility of these 200 spectrometers. Mass spectra were obtained on a Hewllet-
clusters in different organic solvents. Compou@md3are  packard MSD 5890/series Il instrument operating at 70 eV,
synthesised froni, via [HIr4(COxo(p-PPR)] [S0], which  Thermogravimetric analyses were performed on a Shimadzu
has proven itself a far better entry into iridium cluster chem- TG 50 H (N, 100 mL mirr2, 25°C-750°C, 10 mirt 1, 9 mg).

istry thand, due to its solubility in common organic solvents  xRp were recorded on a Rigaku-Geigerflex Cu.K

and high lability associated to the presence of the phosphido

bridging ligand, which also retains the integrity of the clus- 5 5 Catalytic experiments and analysis of the products

ter when metal-metal bonds are broken. Although it does not
react with alkynes and alkengsl], phosphines containing
unsaturated fragments, such asPG=CPh, interact further
with this cluster to yielgh4-m3-PhpPCCPh containing species
and products resulting fromH& bond activation, e.g. cluster

2 [47,52-54] further hydrometallatiofd6], such as cluster

3 or P-C bond formatiori55,56].

In a typical reaction, a 100 mL Parr autoclave was loaded
with 0.01 mmol of the catalyst and 40 mL of a benzene so-
lution of 1,5-COD (0.4 mol tY). The reaction vessel was
closed, purged with hydrogen and pressurized at 20 atm. The
H> pressure was kept constant throughout the reaction by
a continuous H feeding system. The reaction mixture was
continuously stirred with a magnetic stirrer (300 rpm) and
heated at 110C. When the reaction mixture reached the de-

2. Experimental sired temperature the first sample was removed (time zero),
samples were taken every hour. After 4 h reaction and a cool-
2.1. Materials ing period of ca. 1h, the reaction vessel was depressurised

and opened. The reaction products were identified by GC-MS
The following iridium compounds were prepared by and quantified in a Shimadzu 17A GC instrument fitted with
literature methods and their purity was assessed by thin-a Carbowax 20 M capillary column and a flame ionisation de-
layer chromatography (TLC) and/or IR spectroscopy: tector. Isomerisation reaction and the hydrogenation of other
[Ir4(CON1PPRH] (D), [Ir 4(CO)(3-n2-HCCPh){- olefins such as cyclohexene and cyclooctene were carried out
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using the same procedure described for the hydrogenation ofcyclooctadiene (1,4-COD) and 1,3-cyclooctadiene (1,3-
1,5-COD. COD) due to isomerisation, cyclooctene (COE) from the se-
lective hydrogenation and cyclooctane (COA) from the com-
plete hydrogenation.

The following iridium compounds were used as
catalyst precursors: clusters fICO)u1PPhH] (1),

The homogeneous reaction mixture was transferred to a[lr 4(CO)(uz-n>-HCCPh)(u-PPh)2], (2) [Ir4(CO)(u3-
50mL round bottom flask and the solvent was evaporated n3-PlpPC(H)CPh)(-PPh)] (3) [Ir4(CO)x2] (4) the
under vacuum affording a brown oil. The oil was dissolved mono and dinuclear complexes [IrCICO(RR (5) and
in CH,Cl> (2 mL) and purified by TLC (CHCly/hexane, 1:4 [IroClo(COE)] (6), and the heterogeneous catalys? Ir
as eluent). The resulting dark brown compound was anal- supported on activated carbon. The conversion and product
ysed by'H and3'P{*H} NMR and IR spectroscopy. IR€o selectivities obtained for the reactions in the presence of
benzene): 2077 s, 2068 mbr, 2035 m and 2016 n1,gntH these different iridium precursors are showTable 1
NMR (CDCls, 25°C): § 6.21-5.00 (m), 4.8-3.9 (m) and Hydrogenation using the Vaska’'s compl&xprecursor
3.0-1.3 (m). No signal was observed in HH®{*H} NMR, showed high activity converting the 1,5-COD completely to
indicating that the phosphorus ligands were lost during the its total hydrogenation product COA with 97% selectivity
hydrogenation reactions. It should be noted that the same(Fig. 1a). The high 1,5-COD conversion observed at 0 min
brown oil was isolated from all the other hydrogenation re- reaction time occurs during the heating period. Complix
action mixtures containing iridium cluster catalyst precur- also very active, converting completely the 1,5-COD to COA
sors. as the major product, in 62% yield, and to the monohydro-
genated product COE in only 32% vyield.

FromFig. 1a and b it can be seen that COE is formed in
the beginning of the reaction, but is further hydrogenated to
COA. For the reaction o, hydrogenation of COE to COA
takes place significantly after 60 min. This is probably due
to the low concentration of 1,5-COD after 60 min reaction

The hydrogenation reaction of 1,5-cyclooctadiene (1,5- time (90% conversion) favouring the hydrogenation of the
COD) results in the formation of four products: 1,4- monoolefin COE presentin the reaction mixture. In the pres-

2.4. Characterisation of the iridium species after the
catalytic reactions

3. Results and discussion

3.1. Effect of the catalyst precursor

Table 1
Conversion and selectivities obtained for the hydrogenation of 1,5-COD in the presence of different Ir précursors
Precursor Conversion (%) Selectivities (%)

COA COE 1,4-COD 1,3-COD
[Ir4(COn1PPRH] (1) (150°C) 100 4 67 6 23
[Ir4(COn1PPRH] (1) 44 2 47 33 18
[Ir4(CON1PPRH] (1) (80°C) 6 6 23 57 14
[Ir 4(COX%(p3-n2-HCCPh){.-PPhy)] (2) 40 8 43 31 18
[Ir 4(CO)(3-n3-PhPC(H)CPh)-PPh)] (3) 38 7 37 35 21
[Ir4(CO)12] (4) 40 22 57 9 12
[IrCICO(PPh)2] (5) 100 99 0 0 1
[Ir,Clo(COEY] (6) 100 62 32 1 5
Ir%AC 100 100 0 0 0

a Reaction conditions: [catalyst] = 0.01 mmol of Ir atoms, %.60~2 mmol of 1,5-COD, 40 mL benzene, 110 and 20 atm of ki for 240 min.
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Fig. 1. 1,5-COD conversion and product yields in the catalytic hydrogenation in the presence of: [IrCIgR P} 1fa) and [I5Cl,(COE)] (6) (b) as catalyst

precursors (110C, 20 atm H).
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Fig. 2. Hydrogenation of 1,5-COD in the presence of(l0)11PP»H] (1) Fig. 3. Hydrogenation of 1,5-COD with the precursors(€0)12] (4)
(150°C, 20 atm H). (110°C, 20 atm H).

ence of these catalyst precursors COE will always be com-and different polyhedral arrangements on the conversion and
pletely converted to COA at longer reaction times. These selectivity for the 1,5-COD hydrogenation reaction.
results suggest a non-selective competitive process. The results obtained for the reactions wiltwere very
In contrast, tetranuclear iridium clusters catalyst pre- similar to those shown by, under the same conditions,
cursors produced completely different results for the with high activity (40% conversion) and 43% selectivity for
hydrogenation of 1,5-COD. For example, the reaction in the the monohydrogenated product and low formation of COA.
presence of precursdy at 150°C, also resulted in complete  Likewise, significant isomerisation activity was observed
conversion of 1,5-COD but with remarkable selectivity for with 31 and 18% selectivities for the 1,4- and 1,3-COD,
the monohydrogenated product COHY. 2). It is worth not- respectively Table 3. The hydrogenation reaction of 1,5-
ing that even after 240 min, when all the 1,5-COD has been COD was also investigated in the presence a{O)(.3-
converted, no significant hydrogenation of COE was ob- m3-PhPC(H)CPh)-PPh)] (3), which has a butterfly type
served, in spite of its high concentration. Another interesting structure $cheme 1 It is noteworthy that the results are
feature of this catalyst is its high activity for isomerisation: similar to the other tetranuclear iridium clusters with a
even under relatively high Hpressure, it produces 1,3- and slight increase in the selectivity for the isomerisation prod-
1,4-COD with 23 and 6% selectivity, respectivelable 1); ucts.
this isomerisation reaction was investigated under N Precursor [I5(CO);2] (4) also shows similar catalytic re-
atmosphere, producing 1,3- and 1,4-COD with 40 and 60% sults compared to othenlclusters, although in the beginning
selectivity, respectively, although with very low conversion of the reaction a different behaviour is observ&ig( 3).
of 1,5-COD (7%). It can also be observed fréfig. 2 that This cluster also produces COE with 57% selectivity after
from 60 min on 1,4-COD is consumed, likely to produce 240 min reaction. However, in the first 30 min the catalyst
COE via hydrogenation or isomerisation to 1,3-COD whose is not selective, producing COE and the undesirable COA
concentration apparently slightly increases during the reac-in 44 and 37% selectivities, respectively. After 30 min reac-
tion. tion the system becomes very selective to COE and no more
At lower temperatures, e.g. 11Q, 1 is still active with COA is produced. These results seem to indicate that the in-
1,5-COD conversion of 44% after 240 min reaction. The main soluble precurso4 is transformed into a selective catalytic
reaction product is the mohydrogenated COE with no signif- species in the first minutes of the reaction. This precursor
icant COA formed. On the other hand, high isomerisation has a lower activity for isomerisation when compared with
activity is observed producing selectivities for the 1,4- and other iridium clustersTable 1) producing9 and 21% se-
1,3-COD of 33 and 18%, respectiveligble ). Itis interest- lectivities for 1,4- and 1,3-COD, respectively, after 240 min
ing to observe that at this temperature the 1,4-COD isomer reaction.
is formed preferentially, compared to 1,3-COD, which is the
main isomer formed at 15@. These results might indicate  3.2. Kinetic investigation
that the 1,4- isomer is kinetically favoured and is formed as
a primary product. At higher temperatures the 1,4-isomeris  Kinetic treatment of the data obtained at 200 sug-
further isomerised to the 1,3-, which is the thermodynami- gests a first-order dependence of the reaction rate on the

cally favoured COD isomgb9-63] 1,5-COD concentrationHg. 4). The rate constants of ca.
Following the results obtained from these reactions other 1.2x 10~3 min—1 for the reactions with clustezand3 as
Ir4 clusters compounds, viz. JfCO)g(3-n2-HCCPh)- catalytic precursors are significantly lower than the constants

PPh),] (2), [Ir4(CO)(n3-n3-PhPC(H)CPh)-PPh)] (3) obtained when clustefband4 were employed as catalysts,
and [Ir(CO)2] (4), were tested as catalysts for the hydro- ca. 2.0x 10-3min~1 (Table 2.

genation reaction of 1,5-COD (benzene 200 20 atm H, These results suggest that interaction of the less hindered
240 min reaction). These clusters were selected with the aimclustersl and4 with 1,5-COD to form the active catalytic

to investigate the effect of the presence of bridging ligands species is relatively easy, whereas for the phosphorus bridg-
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Table 2
First order reaction rate constants and TON (turnover number) for the hy-
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Table 3
Hydrogenation of cyclooctene, cyclohexene and 1,3-COD in the presence
of [Ir4(CO)1PPhH] (1) and [IrCICO(PPB).] (5) at 110°C and 20 atm ki

Conversion of the olefins (%)

Catalyst precursor

Cyclooctene Cyclohexene 1,3-COD
[Ir4(CO)1PPRH] (1) 12 2 13
[IrCICO(PPR)2] (5) 100 100 100

3.3. Hydrogenation of monoolefins and 1,3-COD

The hydrogenation of the monoolefins cyclooctene, cyclo-
hexene and of 1,3-COD in the presence of([00);1PPhH]
(1) and [IrCICO(PPB),] (5) was also investigatedéble 3.
Whereas precurs@completely hydrogenated all the olefins
studied, under the same reaction conditions, precursor 1 pro-
duced very low conversions of 12, 2 and 13%, for the olefins

drogenation of 1,5-COD in the presence of different catalytic precursors at Cyclooctene, cyclohexene and 1,3-COD, respectively.

110°C and 20 atm K

Catalyst precursor k (min—1) TON

[Ir4(COn1PPRH] (1) 0.0020 2816
[Ir 4(CO)g(p3-n2-HCCPh)u-PPh)2] (2) 0.0012 2560
[Ir 4(COY(pan3-PhPC(H)CPh)-PPh)] (3) 0.0013 2432
[Irs(COX2]® (4) 0.0018 2440

@ Reaction rate constant between 30 and 240 min reaction.

ing ligand containing specigsand 3 formation of the cat-
alytic species is slower, leading to a slower reaction with

the substrate 1,5-COD. Nevertheless, considering the selec

tivity of this hydrogenation reaction, it is probable that all
different Iry precursors are converted into similar catalytic
species under the reaction conditions, and the P-ligands d
not interfere significantly in the catalytic cycle. Catalytic
turnover numbers of 2816, 2560, 2432, 2440, and Xor
2, 3, 4, and, respectively, at 1@, are much larger when
compared with other olefin hydrogenation reactions using
Os, Ru, Rh, Ni and Pt clusters as catalyi§4]. For ex-
ample, catalytic hydrogenation of 1,5-COD occurred in the
presence of [BMo2Cp(CO)(PEL)2] [65], under similar
conditions, with a turnover number of ca. 580 and forma-
tion of 1,3-COD as the predominant isomerisation prod-
uct.

To determine the temperature dependence of the hydro-

%34,

These results suggest that a special interaction of the Ir
clusters with the diolefin 1,5-COD might take place, which
would lead to the observed selective hydrogenation. In this
way, after hydrogenation of 1,5-COD, the monoolefin COE
is not further hydrogenated, resulting in high selectivity for
monohydrogenation.

The relative position of the double bonds seems important
as 1,5-COD shows a much higher reactivity towards the Ir
clusterl and much better selectivity compared to the 1,3-
isomer. The hydrogenation of 1,3-COD produces preferably
the total hydrogenated product COA with 67% selectivity
and 33% of COE with no 1,4-COD isomer detected during
the reaction.

Isomerisation reaction

The isomerisation of 1,5-COD yielding 1,4-COD and 1,3-
COD was investigated in the presencéd.of he reaction was
carried out at 110C under N. Isomers 1,3-COD and 1,4-
COD were produced with 40 and 60% selectivities, respec-
tively, although with a low conversion of 7% after 240 min
reaction. Under these conditions, an isomerisation mecha-
nism based on the displacement of hydrogen viaallylic
intermediate might be operative. On the other hand, under
H> atmosphere, an alternative pathway might be proposed
for the isomerisation reaction, via addition-elimination of a

genation of 1,5-COD in the presence of the catalyst precursorhydride[59].

1 the reaction was carried out at 8D, 110°C and 150C

Although, these two mechanisms might take place in a

(Table 3. The constant rates obtained for these three temper-single Ir atom, a multisite interaction of 1,5-COD with the

atures were 3.6 1074, 2.0x 1073 and 1.1x 10~2min~1,

cluster structure might also take place and could play an im-

respectively. These data expressed by means of the Arrheportant role during the isomerisation reaction. Furthermore,

nius equation (Itk=In A — Ez/RT) yield an activation energy
of ca. 65 kJ mot? for this reaction. The reaction carried out
at 80°C exhibited low activity, only 6% conversion after
240 min, producing mainly the 1,4-COD isomer rather than

it has to be considered that in the absence of hydrogen differ-
ent active catalytic species might be present in the reaction
medium.

the hydrogenation product. This result suggests that under3 5. \Verification of the catalysis by clusters

these conditions activation of 1,5-COD is more facile than
that of Hp, which is likely the limiting step in the hydrogena-
tion reaction.

Clusters frequently fragment in solution producing
mononuclear metal complexes or aggregate to form high nu-
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clearity clusters, even producing in some cases metal parti-

= 100qm— m—D Q o} o
cles, which may l_)e_ re;ponsible for the ca_talytic actifog]. £ s \mmmim
For this reason it is important to establish the true nature 5
of the catalyst in the reaction and to determine the active 3 60 ‘_-%OA
species. Several criteria have been discussed in the literature ki 40_"’
[5,67], which can be used as evidences for cluster catalysis. g ~QOE
These criteria were used for the reactions of 1,5-COD with B o, \Lpesiukooo
the different Ig clusters. g ”’?-"’W."}"’ S —
0 40 80 120 160 200 240

3.5.1. Tests for heterogeneous catalysis

reaction time /min

Several tests were carried out to investigate whether the
catalysis occurred via heterogeneous metal particles g(_:,m_lr_lzig. 6. Conversion of 1,5-COD and product selectivities in the presence of
L - Ir%AC at 110°C and 20 atm Hl.
ated in situ from cluster decomposition. rin- 4 and 20atm

(iv) Areaction catalysed by a supported metallic Ir catalyst,
Ir%AC, was also carried out for comparison with the
homogeneous catalyses. This is another approach to rule
out the existence of heterogeneous readtrdi.

The I9/AC was very active for the hydrogenation re-
action of 1,5-COD, leading to total conversion of the
substrate at the beginning of the reaction, producing ex-
clusively the total hydrogenated product COA(. 6).
This result is completely different from that shown by
the Iy clusters catalysed reactions.

(i) Direct examination of all catalysts solutions by light
scattering under a strong light bed68] did not evi-
dence metal particles. However, it is important to bear
in mind that this approach allows the ready detection of
fairly large metal particles, and it is quite easy to miss
small metal particlef69-71]

(ii) The catalytic hydrogenation reactions with alj klus-
ters were carried out for 4 h, cooled, and the mixtures,
filtered over celite, under Ar atmosphere. The filtrates
and celite were used as catalysts for the hydrogenation
reactions under the same conditions of the initial reac-
tion (4h, 110°C and 20 atm of K) [72]. The hydro- 3.5.2. Tests for lower nuclearity complexes being the
genation reactions with the filtered solutions exhibited catalytically active species
an average conversion (40%), which was slightly lower ~ One of the most difficult aspects of cluster catalysis
than that of the initial reaction (ca. 44%), whereas the is to establish that the catalysis is not taking place on
reaction carried out with the celite as catalyst showed a mononuclear fragments. A first indication that the cluster is
7% conversion, which could well be related to some Ir  acting as the catalytic species is that the product selectivities
cluster adsorbed or retained on the celite surface. obtained using a cluster catalyst should be different from

(iii) Another approach to identify catalysis by metal parti- those obtained using mononuclear catalyst precursors. In this
cles highly dispersed in the reaction medium involves work the results obtained using low nuclearity compounds,
addition of metallic mercury to amalgamate any metal [IrCICO(PPh)2] (5) and [InCl>(COE)] (6) showed
particled73], reducing or eliminating the catalyticactiv-  completely different results compared to thg blusters,
ity of the dispersed metal. The results from the reactions with much higher activity and producing preferentially
carried out in the presence and absence df stppwed the total hydrogenation product COAgble ). On the
similar conversions and product selectiviti€sy, 5). other hand, the reactions using, Iclusters showed lower
These results are in agreement with the previous tests,conversion of ca. 40%, producing selectively the monohy-
suggesting a homogeneous catalytic process. drogenated product COE and higher activity for isomerisa-

tion.
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Variation of the hydrogenation rates with the cluster con-
centration can be used to investigate the nature of the catalytic
specieg67]. The catalytic hydrogenation of 1,5-COD using
[Ir 4(CO)g(3-n3-PhPC(H)CPh)-PPI)] (3) as a catalytic
precursor was investigated using cluster concentrations be-
tween 0.05 (3 mg of cluster) up to 0.5 mmoit (30 mg of
cluster) fig. 7). The influence of different concentrations

on the conversion and product selectivities was mainly ob-
served for the isomerisation reactions, which produce 1,3-
COD and 1,4-COD. However, in all different cluster concen-

Fig. 5. Conversion and selectivity of the products formed during the reac-
tions carried out in the presence and absence 8f bgjng 1 as the catalyst
precursor (110C, 240 min, 20 atm bj).
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Fig. 7. Conversion and product selectivities for the hydrogenation of 1,5-
COD in the presence of different concentrations ofy([0O)(uz-n°-
PhpPC(H)CPh)(1-PPh)] (3) at 110°C for 240 min.

trations COE was the main product and no significant change

in the COA concentration was observed.

4.1. Mechanistic considerations
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action conditions, and no significant amounts of isomers are
observed. On the other hand, thg dtuster precursorsl4)
seem to be selective in taking the reaction through paths (a)
and (c) mainly. Considering the very low selectivity observed
for COA, no reaction seems to take place via paths (b) and
(d). Isomerisation paths (c) and (f) are also important in the
reactions catalysed byalclusters. However, hydrogenation

of the isomers, via (e) and (g) paths, is not as favoured as path
().

These results suggest that thedlusters interact in a spe-
cial way with 1,5-COD leading to its selective hydrogenation
to produce COE. Once the monoolefin COE is formed it can-
not be further hydrogenated. The relative position of the two
double bonds seems to be important to activate the substrate,
as the I clusters are much more efficient to hydrogenate
1,5-COD than isomers 1,3- and 1,4-COD.

It is well known that Vaska’s compound form stabié-
complexes with monoolefing’5-77] On the other hand,
monoolefirm2-complexes of lf clusters are unstable, some
even at low temperatui@8,79] Moreover, |y clusters can
readily produce stablg*~complexeg75]. These observa-

The data presented in this work, showed that the catalytic tions are in agreement with the results obtained for the cat-

behaviour of Ij clusters is completely different from that
of the mono and dinuclear catalysts [IrCICO(BRh (5),
[Ir »Cl,(COE)] (6) and from the heterogeneou$8/kC. The
Ir4 clusters showed lower activity with high selectivity to the

alytic hydrogenation reactions using blusters, which can-
not activate and hydrogenate monoolefins.

Of interest to our catalytic studies is the work
of Shapley et al.[80,81] who obtained the complex

monohydrogenated product, COE, and to the isomerisation.[Ir 4(CO)(CgH12)2(CgH10)] as a stable orange-brown solid,

Another relevant point for the reaction mechanism is that
the Iy clusters cannot hydrogenate efficiently monoolefins,

in high yields, from the direct reaction of J{CO);2] with
1,5-COD. The facile preparation of this closq@®» com-

such as cyclooctene and cyclohexene, whereas the mononupound illustrates the ability of drclusters in complexing and

clear Vaskas’s compound [IrCICO(PBS] (5) is very effi-
cient.

even activating the-€H bond of 1,5-COD. However this sta-
ble species presumably results from the oxidative addition

From the obtained data a simple sequence of reactions carof one COD and reductive elimination of,Hnd therefore

be given which will differ for the different iridium precursors
used Fig. 9).

The mono and dinuclear iridium compounds gnd 6)
seem to promote all the pathways showrrig. 8 that lead
to the formation of COA as a primary and a secondary prod-

ucts. All hydrogenation pathways are favoured under the re-

-
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.
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(J=()

1,4-COD 1,3-COD

y
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—
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Fig. 8. Reaction pathways during the hydrogenation of 1,5-COD with the Ir
catalysts.

would not be formed under the hydrogenation reaction condi-
tions. Clusters containing three or more COD ligands coordi-
nated via the double bonds could well be the active catalytic
species.

In an attempt to investigate the formation of a Shapley-
like intermediate during the hydrogenation, two procedures
were used: (i) characterization of the iridium species after
the reaction and (ii) use of Shapley’s compound as cata-
lyst precursor. After the reactions with precursarst the
volatiles were evaporated under vacuum and the residues,
purified by TLC. The resulting dark brown compounds were
analysed by*H NMR and IR spectroscopy that evidenced
formation of the same species in all cases. The IR spec-
tra in benzene clearly showed the presence of terminal car-
bonyl ligands (co 2077 s, 2068 mbr, 2035m and 2016 m,
cm™1), whereas the indication that 1,5-COD was coordi-
nated to a metal cluster was obtained from #eNMR
spectra (CDJ, 25°C) that showed signals dt6.21-5.00
(m), 4.8-3.9 (m) and 3.0-1.3 (m), suggesting a complexed
Csg ligand as observed by Shaplg0]. No signal was ob-
served in the®'P{*H} NMR spectra, indicating that the
phosphorus ligands were lost during the hydrogenation re-
actions.
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The catalytic reaction using Shapley’s compound
[Ir4(CO)s(CgH12)2(CgH10)] as precursor was carried out un-

der the same conditions and showed conversion of ca. 40%

and selectivity for COE of 43%, which are very similar to
those obtained for the otherslclusters. The h—diolefin
1%-n?-COD interaction would explain two important fea-
tures observed in this work: (i) only diolefines, especially
1,5-COD, which can efficiently interact with theslclus-
ters would be hydrogenated, since formation of this inter-
mediate with monoolefins (cyclohexene and cyclooctene)
would be impossible and with 1,3-COD, far more diffi-
cult, leading to poor hydrogenation activity; (ii) the iso-
merisation of 1,5-COD to 1,4- and 1,3-COD, observed in
our experiments, must go through a-l& bond activation
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