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Reactions of isolated dihydridocarboranyliridium(II1) complexes, [Ir(H)2(u-carb)(CO)(RCN)(PPh3)] (carb = 7- 
C6H5-1,7-C2BloHlo; R = CH, (Za), C6H5 (2b)), with activated olefins and acetylenes such as cH=CHC(O)OC(O), 
CH2=CHCO2R (R = CH,, C2H5), cis- and trans-CH(CO2CHg)=CH(CO2CH,), C(C6H5)=C(C02C2H5), and C(C- 
02CH3)=C(C02CH3) occur at rwm temperature to give hydridoallryl- and hydridoalkenyliridium(II1) derivatives, respectively, 
which are stable at  room temperature and have been isolated as crystalline solids and fully characterized. The IR and 
'H NMR spectra of these organometallic products are discussed. In addition, the reductive elimination of the alkane or 
alkene molecule from the obtained hydrido complexes has also been investigated by 'H NMR spectroscopy. Unsubstituted 
olefins such as 1-pentene or 1-hexene are instantaneously hydrogenated to the corresponding alkanes by reaction with the 
iridium(II1) dihydrides, and no intermediate species could be detected by 'H NMR spectroscopy. On the other hand, formation 
of thermally labile monohydrido alkenyl intermediates has been detected by monitoring with IH NMR spectroscopy the 
hydrogenation reactions of the acetylenes CH3mCH,  C H 3 W C H 3 ,  C6H5C..%H, and C,H,CECC6HS with 2a or 2b. 
These iridium(II1) monohydrido derivatives appear to be intermediate species in the homogeneous hydrogenation of alk- 1 -enes 
and alkynes catalyzed by the complexes [Ir(a-carb)(CO)(RCN)(PPh,)] (la or lb) .  

Introduction 
The stoichiometric reactions of isolated dihydridometal 

complexes with unsaturated hydrocarbons have been scarcerly 
studied despite their pertinence to understanding of the ster- 
eochemistry and mechanism of the elemental steps involved 
in a catalytic hydrogenation reaction.'-3 Thus, only a hy- 
dridoalkyl intermediate in the reaction of ( v ~ - C ~ H ~ ) ~ W H ~  with 
activated olefins4 and a detailed study of the stoichiometric 
reactions between dihydridobis(~5-cyclopentadienyl)molyb- 
denum and activated olefins and acetylenes have been re- 
ported.5 The latter reactions afforded hydridoalkyl and hy- 
dridoalkenyl complexes of general formula (v5-C,H5),MoHR 
which have been characterized and whose reductive-elimination 
reactions have also been inve~tigated.~ On the other hand, 
formation of thermally labile cis-hydridoalkyl- or alkenylmetal 
complexes has frequently been postulated as intermediate 
species in homogeneous catalytic hydrogenation of olefins and 
acetylenes.6-8 However, the elusive nature of these organo- 
metallic intermediates generally has precluded their charac- 
terization, and thus the evidence supporting an intramolecular 
reductive-elimination of alkane or alkene from these inter- 
mediates as the final step in one catalytic hydrogenation system 
is indirect. Very recently, Halpern9 was able to intercept a 
cationic hydridoalkylrhodium(II1) intermediate formed in the 
course of the homogeneous hydrogenation of methyl (Z)-cr- 
(acetamid0)cinnamate catalyzed by the cationic complex 
1,2-bis((diphenylphosphino)ethane)rhodium(I). The inter- 
mediate species was identified on the basis of its 'H, 31P, and 
I3C NMR spectra at -78 "C in a deuteriomethanol solution. 

We report here a study of the reactions of isolated cis-di- 
hydridoiridium( 111) complexes [ Ir(H),(u-carb) (C0) -  
(RCN)(PPh3)] (where a r b  = 7-C6H5-1,7-C2BloHlo; R = CH3 
(2a), C6H5 (2b)) with alkenes and alkynes. 
Results and Discussion 

Recently we have reportedlo the synthesis and chemistry of 
neutral carboranyliridium(1) complexes containing a nitrile 
ligand, [Ir(u-car)(CO)(RCN)(PPh3)] (carb = 7-C6H5-1,7- 
C2B10H10; R = CH3 (la), C6H5 (lb)). These complexes, which 
are effective catalysts in the homogeneous hydrogenation of 
alk- 1 -enes and alkynes," stereospecifically undergo oxidative 
addition of molecular hydrogen, yielding crystalline cis-di- 
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hydridoiridium(II1) adducts, 2a and 2b (eq 1).lo The isolated 
Y 

- 2a I 21, 
carb- = -7-Ce H5 - 1,7-C2B1cH1c 

a R = C H , ,  b R = C 6 H 5  

iridium( 111) dihydrides 2a and 2b react with electrophilic 
alk- 1-enes and alkynes in solution to give monohydridoalkyl- 
or alkenyliridium(II1) derivatives, respectively. Their thermal 
stabilities are remarkable and, in agreement with the behavior 
generally found,5 increase with increasing electron-withdrawing 
character of the substituents on the alkyl or alkenyl group. 
Thus, several hydridoalkyl- and hydridoalkenyliridium(II1) 
complexes could be identified in solution by 'H NMR spec- 
troscopy or could be isolated as pure crystalline products and 
fully characterized (Table I and 11). 

(A) Reaction of 2a,b with Alkenes. Unsubstituted terminal 
olefins such as 1-pentene and 1-hexene instantaneously react 
with the iridium(II1) dihydrides 2a or 2b in solution at  room 
temperature yielding quantitatively the corresponding alkanes. 
The yellow color of the iridium(1) complex [Ir(a-carb)- 
(CO)(RCN)(PPh,)] ( la  or lb) appears immediately upon 
mixing the reactants, and no intermediate species could be 
observed by 'H NMR spectroscopy at ambient temperature. 
On the other hand, activated olefin such as maleic anhydride, 
methyl or ethyl acrylate, dimethyl fumarate, or maleate react 
with the complexes 2a or 2b to give the corresponding mo- 
nohydridoalkyl derivatives of iridium( 111) which have been 

(1) L. Vaska, Acc. Chem. Res., 1, 335 (1968). 
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isolated and characterized (complexes 3-6 of Table I and 11). 
Thus, when a stoichiometric amount of maleic anhydride was 
added to a CDCl, solution of the complex 2a at room tem- 
perature, a fast reaction (eq 2) occurred, giving the hydrido- 
[ Ir(H),( a-carb) (CO) ( CH3CN) (PPh,)] + 
&H=CHC(O)OC(O) - [Ir( H) [ a-CHCH2C(0)OC( O)] - 

(8-carb) (CO) ( CH,CN) (PPh,)] (2) 

alkyliridium(II1) derivative 3 which was isolated as white 
crystals. The 'H NMR spectrum of the reaction mixture, run 
immediately after mixing the reagents, showed the replacement 
of the hydride resonance of 2a (Table 11) wiyh a new hydridic 
resonance at 7 28.0 (area 1, d, JPH = 15.5 Hz) and a complex 
multiplet between T 6.9 and 7.2 (area 3) due to the alkyl 
protons of -CHCH,C(O)OC(O) u bonded to the metal. 
After the reaction mixture was allowed to stand for several 
hours at room temperature (or was rapidly warmed to 50 "C), 
these resonances were replaced by a singlet at 7 7.1 due to the 
succinic anhydride formed by reductive elimination from the 
complex 3 (eq 3).  The IR spectrum (Nujol mull) of 3 ex- 
[Ir(H) [a-CHCH,C(O)OC(O)]- 

2a 
I 

3 

, i 

+ f 

(a-carb) (CO) (CH,CN) (PPh,)] - 
[ Ir( a-carb) (CO) (CH,CN) (PPh,)] + 3 

la r 1 

CH,CH,C(O)OC(O) (3) 

hibited bands at 2321 w [v(CN)], 2256 w [v(Ir-H)], 2043 s 
[v(CO)] cm-I and very strong broad bands at 1825 and 1753 
cm-I attributed to v(>CO) of the cyclic anhydride u bonded 
to the iridium atom. Although the complete stereochemistry 
of the complex 3 has not been fully determined (1 5 geometric 
isomers can be drawn for this species), the obtained spectro- 
scopic data were in agreement with a structure in which the 
hydride ligand is trans to the coordinated nitrile.IO 

Alkyl hydrides of iridium(II1) stable toward the reduc- 
tive-elimination reaction were obtained by reacting 2a or 2b 
with CH2=CH(C02R) (R = CH,, C,H,) or with cis- and 
trans-CH(C02CH3)=CH(C02CH3). Thus, by reacting 2a 
or 2b with methyl and ethyl acrylate in CH2C12 solution at 
room temperature, the complexes [ Ir(H) [ a-CH2CH2C(0)- 
OR](a-carb)(CO)(PPh3)] (4, R = CH,, and 5, R = C2H5) 
were quantitatively obtained as white crystals. Their analytical 
and spectroscopic data were in accordance with the formation 
of six-coordinated hydridoalkyl derivatives in which the u- 
bonded alkyl group acts a bidentate ligand through coordi- 
nation of the ester carbonyl. In fact, the observed low value 
of the ester carbonyl stretching (1630 and 1627 cm-' for 4 and 
5, respectively; Table I) in comparison with that shown by the 
uncomplexed ester (see below) was attributed to the decrease 
in the bond order of >C=O upon coordination to the metal 
atom.', Moreover, the high values of thee hydride chemical 
shift (doublet at ca. 7 33; Table 11) and Ir-H stretching vi- 
bration (2270 cm-'; Table I) observed for the complexes 4 and 
5 suggested a configuration in which the hydride is trans to 
the coordinated ester carbonyl group of the alkyl ligand.', The 
complexes 4 and 5 appeared to be remarkably stable, and their 
benzene solution showed no decomposition upon heating at 
60 OC for 30 min. However, when a CO stream was bubbled 
through a benzene solution of these complexes at room tem- 
perature, a fast displacement of the coordinated ester carbonyl 
group took place to yield dicarbonyl derivatives [Ir(H)(u- 

I i 
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Table XI. H NMR Dataa* 
hydride resonances 

compd isomer 7 multC JPH, Hz other proton resonancesd 7 
2ae 17.1 dd 20.1 (JHH = 3.2) 

28.2 dd 16.0 (JHH = 3.2) 
2be 17.0 dd 19.7 (JHH = 2.7) 

27.6 dd 15.5 (JHH = 2.7) 
3 28.0 d 15.5 6.9-7.1 (3 H, m, >CHCH,), 7.9 (3 H, s, CH,CN) 
4 33.2 d 16.5 7.6-8.9 (4 H, m, CH,CH,), 6.4 (3 H, s, OCH,) 
5 33.1 d 16.5 5.8-8.9 (9 H, m, CH,CH, and OC,H,) 
6 I 18.3 dd 16.5 (JHH = 2.7) 6.7 (3 H,s,OCH,),6.9 (3 H,s,OCH,) 

I1 32.7 d 14.6 
Ill 33.1 

7 27.6 
8a I 28.3 

I1 28.6 

8b I 27.6 

I1 27.7 

9 I 27.3 
I1 28.1 

14.6 
11.4 
17.0 

10.5 

16.5 

10.1 

7.8 
12.4 

3.7 (1 H, d,JpH = 2.7, =CH) 
4.4 (1 H, d , JpH=2.3 ,  =CH), 6.5 (3 H,s,OCH,), 

4.5 (1 H, d,JpH = 2.3, =CH), 6.5 (3 H, S, OCH,), 

4.4 (1 H, d,JpH = 2.3, =CH), 6.5 (3 H, S, OCH,), 

4.3 (1 H, d,JpH = 2.3, =CH), 6.4 (3 H, S, OCH,), 

3.8 (1 H,d,Jp,=2.3,=CH) 
4.0 (1 H, d,JpH = 2.3, =CH) 

6.5 (3 H, s, OCH,), 8.0 (3 H, s, CH,CN) 

6.8 (3 H, s, OCH,), 7.8 (3 H, s, CH,CN) 

6.6 (3 H, s, OCH,) 

6.8 (3 H, s, OCH,) 

a Measured in CDC1, at ca. 27 "C and 60 MHz. 7 values t0.05; Jvalues i O . 1  Hz. Chemical shifts relative to  Me,Si (7 10). Key: s, 
Parentheses indicate intensity, multiplicity, coupling constants, and singlet; d ,  doublet; dd, doublet of doublets; m, complex multiplet. 

assignment. e Data from ref 10. 

CH2CH2C02R)(u-carb)(C0)2(PPh3)] (4a, R = CH3, 5a, R 
= C2H,). These dicarbonyl species slowly underwent reductive 
elimination of propionic ester giving, under CO atomosphere, 
the iridium(1) complex [Ir(u-carb)(CO),(PPh3)], which has 
been previously described'O (eq 4). 

4 1  (4 1 - [ I ,  a-carb CO,lPPh,] + CH,CH,COOR 

4 R I C H ,  
5 R=C,W, 

The IR spectrum of 4 in 1,2-dichloroethane showed bands 
at 2260 [v(Ir-H)], 2010 [v(CO)], and 1640 cm-' [v(>C= 
O)] of the ester carbonyl group coordinated to Ir] which, upon 
reaction with carbon monoxide at room temperature, were 
rapidly replaced by new bands at 2150 [v(Ir-H)], 2075 and 
2020 [v(CO)], and 1725 cm-' [v(>C=O) of the uncoordinated 
corboxylate group]. This ligand displacement reaction was 
also followed by 'H NMR spectroscopy. Thus, when carbon 
monoxide was bubbled through a CDC13 solution of 4 at room 
temperature, the hydride resonance at T 33.2 rapidly disap- 
peared, replaced by a new resonance at T 18.9 (d, J p H  = 16.5 
Hz) attributed to 4a and typical of an hydride ligand trans 
to a CO group.l0 The latter resonance in turn disappeared 
in the wurse of ca. 4 h at 30 OC owing to reductive-elimination 
reaction of methyl propionate (CH3CH2C02CH3) which was 
identified by its 'H NMR spectrum. 

Complexes 2a and 2b reacted with dimethyl maleate or 
fumarate in few minutes at room temperature to give the 
hydridoalkyl complex Ir(H) [u-CH(C02CH3)CH2C(0)- 
OCH3](u-carb)(CO)(PPh,)] (6)  as a mixture of three geo- 
metric isomers. Thus, when an excess of cis- or trans-CH- 
(C02CH3)=CH(C02CH3) was added to a CDC13 solution 
of wmplex 2a, the 'H(hydride) NMR spectrum of the reaction 
mixture showed the rapid appearance of a doublet of doublets 

at T 32.7 (JPH = 14.6 Hz) and at T 33.1 (JPH = 14.6 Hz), 

, i 

at T 18.3 (JPH = 16.5 Hz; 3 J ~ ~  = 2.7 Hz) and two doublets 

respectively, of relative intensities 35:5:1. After the mixture 
was allowed to stand at room temperature, this intensity ratio 
changed and the equilibrium value 3.6:1:1 was attained in ca. 
6 h. The high-field resonances at T 32.7 and 33.1 were as- 
signed to two isomeric species having both the hydrides trans 
to a coordinated ester carbonyl group,13 as found for the 
complexes 4 and 5. On the other hand, the low hydride 
chemical shift ( T  18.3) shown by the more abundant species 
was attributed to an hydrido complex isomer containing a 
strong trans-directing group trans to the hydride ligand. This 
is then consistent with a structure in which the hydride and 
CO ligands are muturally trans.l4 The splitting of the hydride 
resonance exhibited only by the latter isomer was attributed 
to coupling of the hydridic proton with the hydrogen on the 
a-carbon atom of the alkyl group u bonded to the metal. This 
observed coupling may be originated by a particular geometry 
of this isomer of 6 in which the dihedral angle between the 
Ir-H and C-H bonds takes on a favorable value. In fact, it 
is well-known that a 3J for coupling between protons on ad- 
jacent atoms is markedly affected by the ge~met ry . '~  The 
IR spectrum (Nujol mull) of the isolated crystalline product 
6 showed a medium band at 2088 cm-I due to v(1r-H), a very 
strong carbonyl band at 2022 cm-', and two very strong bands 
at 1690 and 1609 cm-' attributable to uncoordinated and 
coordinated ester carbonyl groups, respectively. 

All of the three isomers of 6 were stable indefinitely toward 
the reductiveelimination reaction. Treatment of their solution 
with carbon monoxide (1 atm) at room temperature afforded 
the dicarbonylhydrido derivative [Ir(H) [ u-CH(C0,CH3)- 
CH2(C02CH3)] (a-carb)(CO),(PPh,) J (6a) as unique isomer. 
Monitoring the carbonylation reaction of 6 in CDC13 by 'H 
NMR spectroscopy, we have observed the progressive disap- 
pearance of the hydride signals at T 18.3, 32.7, and 33.1 ac- 
companied by the rising of a new doublet at T 19.4 (JpH = 17.4 
Hz), indicative of the formation of a species having the hydride 
ligand trans to CO.'O Further evidence that the carbonylation 
reaction of 6 occurred with displacement of the chelate ester 
carbonyl group was provided by IR spectroscopy. Thus, the 

(14) H. D. Kaesz and R. B. Saillant, Chem. Rev., 72, 232 (1972). 
(15) F. A. Bovey, "Nuclear Magnetic Resonance Spectroscopy", Academic 

Press, New York, 1969, p 132. 
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IR spectrum of 6 in CH2C12 solution showed two strong bands 
at 1685 and 1615 cm-' assignable to the uncoordinated and 
coordinated ester carbonyl groups, respectively. These on 
treatment with carbon monoxide were gradually replaced by 
two strong bands at 1730 and 1705 cm-' attributable to the 
stretching vibrations of two unequivalent noncoordinated ester 
carbonyl groups. Solutions of 6a, unlike 4a and 5a, were stable 
at ambient temperature toward the reductive elimination of 
the saturated ester CH2(C02CH3)CH2(C02CH3), but this 
reaction was found to occur quantitatively when a benzene 
solution of 6a was heated at 60 OC for 3 h. 

(B) Reaction of 2a,b with Alkynes. The reactions of the 
dihydrido complexes 2a and 2b with various alkynes have also 
been investigated. Bulkily substituted acetylenes do not react 
with 2a and 2b. Thus, when di-ter-butylacetylene was treated 
with 2a or 2b in benzene or chloroform solution at 40 OC for 
12 h, the dihydride was quantitatively recovered. On the other 
hand, a fast reaction took place when a stoichiometric amount 
of 2a or 2b was treated with CH3C=CH, t-C4H9C=CH, 

or chloroform solution, yielding the iridium(1) complex la  or 
lb, respectively, and alkene as the hydrogenation product. By 
monitoring these reaction mixtures in CDC1, at low temper- 
atures with 'H NMR spectroscopy, it was possible to intercept 
thermally labile monohydridoalkenyliridium(II1) derivatives 
formed as reaction intermediates through insertion of the 
acetylenic bond into one Ir-H bond of the dihydrides 2a or 
2b. Thus, in the case of the reaction of 2b with C , H S m H ,  
the 'H NMR spectrum of the reaction mixture recorded at 
-10 OC showed fast replacement of the hydride resonance of 
2b (Table 11) with a doublet at 7 27.4 (JPH = 12.3 Hz). This 
resonance was assigned to a hydridic proton trans to the 
C6H5CN ligand of a hydridovinyl intermediate complex. The 
vinylic proton NMR pattern exhibited in the region between 
T 4.1 and 4.5 was poorly resolved as the intermediate species 
underwent reductive elimination of styrene. Consequently, the 
stereochemistry around the double bond of the a-bonded vinyl 
group could not be assigned. A more stable hydridovinyl 
intermediate was formed in the reaction between 2b and di- 
phenylacetylene in solution. In fact, monitoring this reaction 
mixture in CDC1, with 'H NMR spectroscopy at room tem- 
perature, we observed the appearance of two doublets at 7 27.3 
(JpH = 16 Hz) and at 7 27.9 (JpH = 12 Hz), in the intensity 
ratio 1 : 1. These resonances indicated the formation of two 
cis-hydridoalkenyliridium(II1) isomers having both the hydride 
ligands in trans position to C6H5CN. The expected signals 
for the vinylic proton could not be detected, presumably being 
hidden beneath the phenyl proton pattern between 7 2.5 and 
3.3. On standing at room temperature, both these hydri- 
doalkenyl isomers underwent reductive-elimination reaction 
yielding stereospecifically and quantitatively cis-stilbene, as 
shown by the appearance in the proton NMR spectrum of the 
reaction mixture of a singlet at 7 3.6 due to the vinylic proton 
of this olefin. 

Monohydridoalkenyliridium(II1) complexes stable enough 
to be isolated as crystalline solids were obtained by reacting 
the dihydrido complexes 2a or 2b with alkynes activated by 
conjugation with electron-attracting groups such as COIR. 
Thus, the stoichiometric reaction between 2b and C6H5C= 
CCO2C2H5 in benzene at room temperature afforded white 
crystals of [Ir(H) [ U - C ( C ~ H ~ ) = C H ( C ~ ~ C ~ H ~ )  (a-carb)- 
(CO)(C6H5CN)(PPh3)] (7). Its IR spectrum (Table I) 
showed, in addition to the v(1r-H) and metal carbonyl bands, 
two medium absorptions at 1688 and 1597 cm-' due to 
v(>C=O) of the uncoordinated ester carbonyl group and to 
v(>C=C<), respectively. The 'H NMR spectrum (CDCI,) 
of 7 (Table 11) exhibited the hydride resonance as a doublet 
at r 27.6 (.IPH = 11.4 Hz), indicating that the hydride proton 

C ~ H S ~ H ,  C H , C e C H , ,  or C~HSC=C&~ in benzene 
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is trans to the C6H5CN ligand and hence in cis position to the 
a-bonded alkenyl group. In addition, the proton spectrum 
showed a doublet at 7 3.7 with JPH = 2.7 Hz for the vinylic 
proton coupled to the ,lP nucleus of the phosphine ligand. The 
high vinylic proton shift observed is compatible with a proton 
in the geminal position to the COOR group.12,16 Complex 
7 in benzene solution underwent a reductive-elimination re- 
action upon heating to 50 OC, yielding stereospecifically cis- 
ethyl cinnamate (eq 5), detected by 'H NMR spectroscopy. 
[ Ir( H) [ U - C ( C ~ H ~ ) = C H ( C ~ ~ C ~ H ~ ) ]  - 

(a-carb)(CO)(C6H5CN) (PPh,)] - 
[Ir(a-carb)(CO) [ 6  C H 5 CN)(PPh,)] + 

C ~ S - C H ( C ~ H ~ ) ~ H C ~ ~ C ~ H ~  (5) 

This reaction was completed in the course of few minutes. 
Thus, the data establish that complex 7 is a product of cis 
addition with the arrangement around the double bond of the 
a-bonded vinyl group as shown 

1 

C6H5 COZEt 
\ /  

I r  H 

C6H5CN c = c  \ I /  

' I ' H  

1 

Dimethyl acetylenedicarboxylate reacted with 2a and 2b in 
benzene solution at room temperature to give the cis-hydri- 
doalkenyliridium( 111) adducts 8a and 8b, respectively, which 
could be isolated as white crystals stable indefinitely at ambient 
temperature. Both reaction products 8a and 8b turned out 
to be mixtures of two geometric isomers formed in the same 
ratio. In fact, the 'H NMR spectra (Table 11) of both these 
reaction products showed two sets of hydridic, vinylic, and 
methoxylic proton resonances in the relative intensity 1.5:l. 
The hydride resonances near 7 28, observed for all the adducts, 
are in agreement with structures in which the hydride and 
RCN ligands are mutually trans. The vinyl proton resonance 
appeared as doublets in the range r 4.3-4.5 owing to the 
coupling with 31P nucleus of the phosphine ligand (JPH = 2.3 
Hz). Furthermore, each isomer showed two singlets between 
7 6.4 and 6.8 due to the protons of two nonequivalent OCH, 
groups. 

When toluene solutions of either 8a and 8b (mixtures of the 
two isomers) were heated at temperatures up to 80 OC, a slow 
reductive-elimination reaction took place and the colorless 
initial solutions turned to yellow owing to formation of the 
iridium(1) complex l a  or lb .  The GLC product analyses 
showed the formation of dimethyl maleate together with small 
amount of dimethyl fumarate. The ratio fumarate/maleate 
was found to increase on increasing the reaction time as a 
consequence of cis - trans isomerization catalyzed by the 
iridium(1) complex produced in the course of the elimination 
reaction. In fact, this was proved on heating at 80 OC a toluene 
mixture containing an authentic sample of dimethyl maleate 
and catalytic amount of the iridium(1) complex la." Thus, 
the evidence confirmed that the insertion reaction of acety- 
lendicarboxylate into one Ir-H bond of the dihydrides 2a or 
2b is stereospecifically cis, yielding the adducts 8a and 8b, 
respectively. 

Further evidence of a cis arrangement around the double 
bond for the complex 8b was obtained by treating a benzene 
solution of this complex (mixture of the isomers I and I1 of 
Table 11) with anhydrous HCl at room temperature. The slow 
intramolecular condensation reaction (eq 6) occurred quan- 

(16) C. S. Kraihanzel and L. G. Herman, J .  Organomet. Chem., 15, 397 
(1968). 

(17) S. Bresadola and B. Longato, to be submitted for publication. 
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titatively in the course of several hours. The reaction product 
9 was isolated as white crystals. Its IR spectrum (Nujol mull) 
exhibited (Table I), in addition to the v(1r-H) and metal 
carbonyl absorptions, two bands at  1829 and 1746 cm-’ due 
to the symmetric and antisymmetric stretching vibrations, 
respectively, of the carbonyl group of the cyclic 
u bonded to the metal. The ‘H NMR spectrum of 9 in CDC13 
showed (Table 11) the hydride resonance as two doublets at 
7 27.3 and 28.1 of relative intensity 1.25:l in agreement with 
the formation of two isomeric adducts both with the hydride 
and C6H5CN ligands mutually trans. The proton spectrum 
also revealed two doublets at  T 3.8 and 4.0 (intensity ratio of 
1.25:l) attributable to the vinylic proton, coupled with 31P 
nucleus of the phosphine ligand (JPH = 2.3 Hz), of the two 
geometric isomers. 

Upon heating of the CDC13 solution of 9 to 50 “C for several 
minutes, reductive elimination of maleic anhydride occurred 
as shown by the ‘H NMR and IR spectra of the resulting 
mixture. 
Conclusion 

The cis-dihydrido complexes 2a and 2b readily react with 
terminal olefins and acetylenes forming monohydridoalkyl- 
or monohydridoalkenyliridium(II1) derivatives through mo- 
noinsertion into one of the Ir-H bonds. Diisertion reactions 
have never been observed even in the presence of a large excess 
of the unsaturated substrate. The reluctance of the mono- 
hydrido species to react with a second molecule of alkene or 
alkyne is likely attributable to crowding effects of the ligands 
coordinated to the metal. In fact, the steric requirements of 
the bulky carboranyl and triphenylphosphine ligands should 
prevent the accommodation of a second alkyl or alkenyl group 
around the metal atom. Likewise, steric effects are also re- 
sponsible for the observed inertness of both the complexes 2a 
and 2b toward internal olefins and hindered acetylenes such 
as cyclohexene and di-tert-butylacetylene. The observed 
thermal stabilities for the monohydridoalkyl- and monohy- 
dridoalkenyliridium(II1) complexes here described are re- 
markable and increase with increasing electron-withdrawing 
properties of the substituents on the alkyl or alkenyl group, 
in agreement with a trend previously noted for metal-carbon 
o-bond stabilities.”’ The enhanced stabilities of our complexes 
compared to those generally observed for hydridoalkyl and 
-alkenyl derivatives of transition metals may be explained in 
terms of both steric and electronic effects arising from the 
bulky electron-withdrawing carboranyl group coordinated to 
the metal atom. On the basis of the results thus far obtained, 
these factors cannot be separately evaluated, but we suggest 
that steric effects play an important role in increasing the 

(18) F. H. Marquardt, J. Chem. SOC. B, 1242 (1966). 
(19) A. Rogstad, P. Klaboe, H. Baranska, E. Bjarnov, D. H. Christensen, 

F. Nicolaisen, 0. F. Nielsen, B. N. Cyvin, and S. J. Cyvin, J .  Mol. 
Srrucr., 20, 403 (1974). 

(20) P. M. Treichel and F. G. A. Stone, Adu. Organomer. Chem., 1, 178 
( 1  964). 
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kinetic stability of the hydridocarboranyl complexes toward 
reductive elimination of the alkane or alkene. These or- 
ganometallic adducts, with the exception of those formed by 
reaction of 2a or 2b with olefins activated with carboxylate 
groups, in turn undergo thermal reductive elimination yielding 
the corresponding hydrogenated hydrocarbon and the iridi- 
um(1) complex l a  or lb.  As the latter iridium(1) derivatives 
easily add molecular hydrogen to reform the dihydrides 2a and 
2b,l0 in principle the stoichiometric reactions reported here 
can be made catalytic under a hydrogen atmosphere at an 
appropriate temperature.” In fact, it was observed that the 
hydrogenation of maleic anhydride to succinic anhydride 
catalyzed by the dihydride 2a or 2b occurs under hydrogen 
at an appreciable rate above 40 OC. At lower temperatures, 
the initially formed hydridoalkyl complex 3 is stable toward 
reductive elimination of succinic anhydride. Thus, the hy- 
dridoalkyl- and hydridoalkenyliridium( 111) complexes formed 
in the reaction of 2a or 2b with olefins or acetylenes are really 
reaction intermediates of the overall catalytic hydrogenation 
cycle, which then appears to take place through a “hydride 
route”,, as depicted in Scheme I. 

The observed stabilities of the monohydrido intermediates 
strongly suggest that the alkane or alkene reductive-elimination 
process constitutes the rate-determining step of the catalytic 
cycle. Catalytic hydrogenation of olefins having carboxylate 
substituents on the unsaturated carbon atoms is prevented by 
the formation of thermally stable chelate hydridoalkyl com- 
plexes such as the derivatives 4-6 (Tables I and 11). On 
treatment of these chelate complexes with carbon monoxide, 
displacement of the coordinated ester carbonyl occurs with 
formation of dicarbonyl derivatives which then undergo alkane 
reductive elimination, yielding a dicarbonyliridium( I) complex. 
The complex so formed adds molecular hydrogen giving the  
dihydrido complex [Ir(H),(u-carb)(CO),(PPh3)] , lo  which is 
unreactive toward unsaturated hydrocarbons. This lack of 
reactivity is understandable when one considers that this di- 
hydridodicarbonyl complex, unlike the dihydrides 2a and 2b 
containing the “labile” nitrile ligand, shows no measurable 
ligand dissociation in solution. 

Kinetic measurements for the overall catalyzed hydrogen- 
ation reaction as well the reductive elimination step are cur- 
rently in progress. 
Experimental Section 

Reagent grade solvents were further purified by standard methods 
and were dried and degassed before use. The dihydrides [Ir(H)2- 
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(a-carb)(CO)(RCN)(PPh,)] (2a, R = CH,, and 2b, R = C6H5) were 
prepared as previously reported.I0 The reactant alkenes and alkynes 
were commercial samples used without further purification. Infrared 
spectra were obtained with a Perkin-Elmer Model 457 and calibrated 
against polystyrene film. 'H NMR spectra were recorded on a Bruker 
WP-60 FT NMR instrument at 60 MHz in CDC13 or C6D6 solutions. 
Melting points were determined by a conventional hot-stage microscope 
and are uncorrected. Molecular weights were obtained by a Mechrolab 
Model 301A osmometer. 

[Ir( H)[a-CHCH2C (0) OC(O)]( a-arb) (CO) (CHpCN) (PPh,)] (3). 
An excess of maleic anhydride (144 mg, 1.5 mmol) was added to a 
solution of complex 2a (380 mg, 0.51 mmol) in benzene (5 mL) at 
room temperature under argon atmosphere. After a few minutes, 
addition of hexane (10 mL) afforded a white solid. This crude product 
was separated and further purified by recrystallization from hex- 
ane/benzene (1:l) to give 340 mg (yield 80%) of pure 3. 

Ir( H)[u-CH2CH2C( O)OCH,]( a-carb) (CO) (PPh,) (4). Methyl 
acrylate (0.2 mL, 0.2 mmol) was added to a dichloromethane solution 
of 2b (162 mg, 0.2 mmol; in 2 mL of CH2C12) at room temperature 
under argon. After 1 h of stirring, removal of the solvent under vacuum 
and recrystallization of the residual solid from CH2CI2/CH3OH gave 
white crystals of pure 4 (142 mg, 90%): mol wt (CHCI,) found 820, 
calcd 790. 

Ir( H)[a-CH2CH2C( O)OC2H5]( a-carb) (CO) (PPh,) (5). Complex 
5 was prepared as 4 by reacting the dihydride 2a with ethyl acrylate 
in dichloromethane. The yield of white crystals of 5 was 85%. 

Ir( H)[u-CH( CO2CH,)CH2C( O)OCH,]( a-carb) (CO) ( PPh3) (6) .  
Methyl fumarate (200 mg, 1.39 mmol) was reacted with complex 2b 
(405 mg, 0.50 mmol) in CH2C12 (5 mL) solution under argon. The 
resulting mixture was stirred at room temperature for 5 min. Then, 
methanol (10 mL) was added, and the precipitate so formed was 
separated by filtration and further purified by recrystallyzation from 
CH2C12/CH30H (1:l). Pure white crystals of 6 were obtained in 
a yield of 80% (337 mg). Following the same procedure, complex 
6 was obtained by reacting the complex 2a or 2b with methyl maleate 

, , 

. 

t . 
1 i 

in place of methyl fumarate. 

(7). A solution of 403 mg (0.5 mmol) of complex 2b in 5 mL of 
benzene was treated with an excess of C6H5c=cC02C2HS (122 mg, 
0.7 mmol) at room temperature. After 10 min of stirring, the solvent 
was removed under reduced pressure to give a white solid; this was 
then crystallized from hexane/benzene (1:l) to give 417 mg (85 %) 
of white crystals of pure 7. 

Ir(H)[a-C(CO2CH3)=CH(COzCH,)1(.-carb)(CO)(CH3CN)- 
(PPh,) (84. A solution of the dihydride 2a (745 mg, 1 mmol) and 
dimethyl acetylendicarboxylate (0.5 mL, 5 mmol) in benzene (10 mL) 
was stirred for a few minutes at room temperature under argon. Then, 
upon addition of hexane (20 mL), a precipitate was formed which 
was further purified by recrystallization from hexane/benzene (1: 1 )  
to give 816 mg (92 %) of white crystals of 8a: mol wt (CHC13) found 
880, calcd 886.9. 
I~(H)[U-C(C~~CH~)=CH(CO~CH,)](U-~~~~)(CO)(C~H~CN)- 

(PPh,) (8b). As with the complex 821, this was prepared by treating 
805 mg (1 mmol) of the dihydride 2b with 5 mmol (0.5 mL) of 
C(CO2CH3)*(CO2CH3) in benzene (10 mL). Addition of hexane 
caused precipitation of 8b that was then purified by recrystallization 
from hexane/benzene to give 900 mg (95 %) of white crystals of pure 
product: mol wt (CHCI,) found 920, calcd 949. 
Ir(H)[a-C=CHC(O)OC(O)](u-carb) (Co)  (C6H5CN) (PPh3) (9). 

A slow stream of anhydrous hydrogen chloride was passed into a 
benzene solution of 8b (300 mg in 8 mL) for 10 h at room temperature. 
The white solid so formed was purified by recrystallization from 
hexane/benzene to give white crystals of pure 9 in essentially 
quantitative yield: mol wt (CHCl,) found 890, calcd 903. 

~ ( H ) [ ~ - C ( C ~ H , ) = C H ( C O Z C ~ H S ) I ( ~ - ~ ~ ~ ) ( C O ) ( C ~ H ~ C N ) ( P P ~ ~ )  

I 
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Ligand Substitution Properties of the MFe3S4 Double-Cubane Cluster Complexes 
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Reactions of the double-cubane clusters [ M ~ , F e ~ s ~ ( s E t ) , ] ~ -  (1) and [M2Fe,Sa(SEt)12]* (3, M = Mo, W) with benzenethiol 
and acetyl chloride have been investigated in order to ascertain ligand substitution propensities of thiolate ligands. These 
complexes contain individual MoFe3S4(SEt), clusters connected by (pSEt),  or (&3Et),Fe"'(pSEt), bridging groups and 
thus offer as potential reaction sites both terminal and bridging thiolate sulfur atoms. Reactions of 1 with 1-6 and larger 
equiv of reagent were monitored by UV-visible spectrophotometry, 'H NMR spectroscopy, and differential-pulse polarography. 
The limiting substituted species formed were [M02FesS8(~-SEt),(SPh)6]3- (5) and [ M ~ ~ F e ~ s ~ ( ~ - S E t ) ~ c l ~ ] ~ -  (4, salts of 
which were isolated in good yield when reactions with 5 6  equiv of reagent were conducted on a preparative scale. Preparative 
reactions of 3 and 5 6  equiv of reagent afforded isolated salts of [ M ~ ~ F e & b ~ - s E t ) ~ ( s P h ) ~ ] ~  (8) and [M2Fe+&-SEt)6C16]f 
(7). Similarly, [W2Fe6S9(SEt)8]3- (2) yielded [W2Fe6s8(~-s)(p-sEt)2(s-p-to1)6]3- (6) with p-toluenethiol. Structures of 
all products are fully documented by spectroscopic and electrochemical properties. These results lead to the conclusion 
that the two electrophilic reagents effect only terminal ligand substitution under reaction conditions (Me2S0 or acetonitrile 
solutions, ambient temperature, stoichiometric or (specified) excess of reagent) that leave intact individual cluster structures. 
A reported exception to this consistent reactivity pattern, viz., formation of [Mo2Fe6S8(SCH2CH20H),]* from the reaction 
of 1 with excess 2-hydroxyethanethiol, was not confirmed. By comparison of properties of authentic [Mo2Fe6S8- 
(SCH2CH20H)9]3-, prepared by direct synthesis, the ligand exchange product isolated in this work was shown to be 
[MO~F~~S~~~-SE~),(SCH~CH~~H)~]~-. The bridge structure of the precursor cluster is retained, as in the formation of 
4-8 by similar reactions. 

Introduction 
Three  structural  types of double-cubane cluster complexes 

containing MFe3S4  core units,  [ M o ~ F ~ , S , ( S R ) ~ ] ~ - ~  (I) ,  

[ M ~ F ~ , & ( S R ) B ] ~ - ~ ~ ~  (2), and  [M2Fe7Sa(SR)12]3-3 (3) (M = 
Mo, W) ,  shown in Figure 1, have been prepared and  char- 
acterized in these laboratories. Structures of the Mo clusters 
1-3 have been established by X-ray ~ r y s t a l l o y a p h y . ~ * ~  In 

(1) Harvard University. 
(2) Wolff, T. E.; Berg, J. M.; Hodgson, K. 0.; Frankel, R. B.; Holm, R. 

H. J. Am. Chem. SOC. 1979, 101, 4140. 
(3) Wolff, T. E.; Power, P. P.; Frankel, R. B.; Holm, R. H. J .  Am. Chem. 

SOC. 1980, 102,4694. 
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