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Abstract: The bis(ethene) complex [Tp*Ir- 
(C2H4)J (1*) (Tp* = tris(3,Sdimethyl- 
1 -pyrazol- 1 -yl)hydroborato) undergoes 
thermal rearrangement to the hydrido- 
allyl complex [Tp*IrH(q3-C,H,Me)] (6*), 
through the intermediacy of the hydrido- 
vinyl complex [Tp*IrH(C,H,)(C,H,)] 
(2*). The overall conversion of I* into 6" 
corresponds formally to the dimerisation 
of ethene by an unprecedented pathway 
that involves sequential C- H bond acti- 
vation of a coordinated olefin molecule 
and C-C bond formation by coupling of 

the resulting vinyl and ethene moieties. 
Similar transformations have been ob- 
served for monosubstituted olefins like 
propene and I-butene, while the internal 
alkene cis-2-butene experiences allylic ac- 
tivation of an sp3 C-H bond, which pro- 
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vides an alternative route to 6". The ex- 
tension of these investigations to the 
analogous complexes of the unsubstituted 
tris(pyrdzoly1)hydroborato ligand Tp is 
also reported. Mechanistic studies on the 
formation of the C-C bond by coupling 
of the vinyl and the olefin hgdnds suggest 
the participation of a vinylidene complex 
(formed by cc-H abstraction from the vinyl 
group), which then rearranges to an allene 
species. Evidence for the involvement of 
these and other key rcaction intermediates 
is provided. 

Introduction 

The transition inetal mediated transformations of olefinic sub- 
strates are very important processes in the field of applied 
organonietallic chemistry."] One of the basic reactions an 
alkene can undergo when exposed to a transition metal centre is 
the activation of its vinylic C-H bond to give a hydrido-vinyl 
species. Early work by Stoutland and Bergman['] on the reac- 
tion of C2H, with the iridium fragment (Cp*Ir(PMe,)} (Cp* = 

C,Me, ; thermally generated from [Cp*IrH(C,H, ,)(PMe,)]) 
showed that vinylic activation does not require the intermediacy 

of a n-olefin complex (Eq. ( I ) ,  Scheme 1).  Three different path- 
ways (a, b and c) were disclosed in this study, the first two 
leading respectively to the hydrido-vinyl and the n-olefin prod- 
ucts: the third pathway allows the high-temperature conversion 
of the former into the latter, which therefore is the thermody- 
namic isomer. 

To our knowledge, the above is a general observation for 
mononuclear M-C,H, complexes,[31 the only exception being 
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[Cp*lr(PMeg)]- [Ir] + C2H4 

. 'I r' 

 rig 

IrCI(PPrig)2 + CH2=CHC(O)OMe - ;, ,>)[<OXMe (3) 

PPrl3 
Scheme 1 .  Reaction of alkenes with Ir comolexes. 
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the complex [TpcF3. M"Ir(C,H,)(CO)]. which converts irre- 
v e r ~ i b l y [ ~ ]  a t  100 "C into the hydrido vinyl [Tp"b'.MeIrH- 
(C,H,)(CO)] (Eq. ( 2 ) ,  Scheme 1: TpCF3,Me = tris(3-trifluoro- 
methyl-5-methylpyrazol-I -yl)hydroborato ligand) . In agrce- 
mcnt with previous studies by Werner and on the 
activation of CH,=CHCO,Me (Eq. (3), Schemc I ) ,  Graham[41 
proposed that the stabilisation of the hydrido-vinyl element 
was achieved by coordination of the third pyrazolyl ring of the 
tris(pyrazoly1)borato ligand.[" Later studies on other Ir com- 
plexes seemed to support this view.['] Not unexpectedly, olefins 
bearing hcteronuclear substituents are more prone to vinylic 
activation, particularly when the heteroatom can act as an aux- 
iliary 1igand.""- 71 The application of this strategy seems increas- 
ingly important in organic inasmuch as it can also 
be associated with the facile C-H activation of olefins, includ- 
ing ethenc, in binuclear systems.['] 

that the bis(ethy1ene) complex 
[Tp*Ir(C,H,),] (I") (Tp* = TpMeZ = tris(3,S-dimethylpyrazol-I - 
y1)hydroborato ligand) rearranges, both thermally and photo- 
chemically, into the isomeric hydrido-vinyl complex [Tp*IrH- 
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Scheme 2. Rcarrangernent of bis(ethylene) complex 1 * ([Ir]* = Tp*lr in a11 Schemes 
below). 

(C,H,)(C,H,)] (2") (Scheme 2), which in turns converts into the 
hydrido-crotyl ITp*IrH(q3-C,H,)] (6"). We now document 
that, contrary to prior expectations based on Graham's re- 
port,[41 this occurs without change in the hapticity of the Tp* 
ligand. In addition, we fully address the thcrmal transformation 
of 1* into 6" in a process that formally corresponds to the dinieri- 
sation of ethene through a transition metal -cthene--vinyl inter- 
mediate. The catalytic dimerisation of olefins has been proposed 
to involve: 1) an M-H complex which undergoes initial C,H, 
insertion in the so-called insertion-g-elimination process;" I ]  

2) the participation of a metallacyclopentane intermediate;" 'I 

3) photochemical vinylic activation on binuclear species" 31 or 
functionalised olefins such as acrolein.[14] In the present case, the 
crucial step of the dimerisation reaction is the coupling of the 
vinyl and the ethene ligands to generate a four-carbon chain 
coordinated to the metal centre in an allylic fashion. At variance 
with a related, ruthenium-induced coupling reported previous- 
I Y , ' ' ~ ]  this is proposed to proceed through a vinylidene species 
resulting from an a-H elimination from the lr-CH=CH, ligand. 

Results and Discussion 

Synthesis and structural characterisation of ITp*Ir(C,H,),I ( 1  *), 
(Tp"IrH(C,H,)(C,H,)] (2") and (Tp*TrH($--C,H,)] (6"): The 
bis(ethene) complex [TpIr(C,H,),] (l) ,  which contains the un- 
substituted tris(pyrazo1yl)hydroborato ligand Tp, was prepared 
several years ago independently by the groups of Oror' 'I and 
Crabtree.['71 In an analogous low-temperature reaction of 
[{Ir(p-CI)(coe),],] (coe = cyclooctene, C,H,,) with C2H, and 
KTp*, the related species [Tp*Ir(C,H,),] ( I " )  was obtained in 
approximately 70% yield, in the form of a white microcrys- 
talline solid [Eq. (4)]. Compound 1* exhibits relatively low 

(4) 

thermal stability, both in solution and as a pure solid, and has 
good solubility properties in C,H,, Et,O, THF and CH,CI,, 
but it is sparingly soluble in C,H,,. Extensive decomposition is 
observed in CHCl, a t  20°C after 2-3 hours, while dissolution 
in CH,CN and DMSO requires heating a t  60 "C and is accom- 
panied by chemical transformation (sec below). In the solid 
state, 1" can be manipulated in air for short periods, but due to 
its long-term instability it must be stored under N, at tempera- 
tures of around 0 "C. Simultaneously to our work,rLoa1 complex 
1" was independently prepared by Venanzi and co-workers.[181 
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Variable-temperature NMR studies show 1* to be a highly 
tluxional molecule. The 'H N M R  spectrum recorded at  2,O 'C 
(C,D,) shows two sharp singlets for the Me groups of the Tp* 
ligand at d = 2.1 1 and 2.39, indicating equilibration of the cnvi- 
ronments of the three pyrazolyl rings. In the 13C(1H) KMR 
spectrum (C,D,), the C,H, carbon nuclei appear at S = 26.2 
('J(C,H) = 154 Hz). This chemical shift is very close["] to that 
reported for 1 (0 = 29.5 in CD,CI,) and this, and other similar- 
ities in the spcctroscopic properties of the two compounds, may 
be taken as being indicative of identical solution structures. 
Dissolution of C,H, does not alter the 'H and I3Ci1H) NMR 
spectra of 1"; hence, no intermolecular exchange of ethylene 
seems to be taking place on the NMR timescale. 

While the above and other data obtained for I *  are in accord 
with the proposed formulation, distinction between the two pos- 
sible limiting structures, namely, 4-coordinate, 16-electron 
square-planar (q2-Tp* ligand) and five-coordinate, eighteen- 

electron trigonal-bipyramidal for- 
mulations (A and 6, respectively) 
seems unattainable in the absence 

{ B \  H B / 7 N  of further information. In con- N 

\,ry trast with the analogous complex- 
es of the cyclopentadienyl-type 
ligands, Rh' and Ir' derivatives of 

A B the tris(pyrazoly1)hydroborato 
ligands can bc found to exhibit 

either type of structure. Moreover, the two can coexist in rapid 
equilibrium or even experience more complex situations.["I 
Since this question is of fundamental importance in connection 
with the C--H activation studies to be discussed below, it has 
been pursued further with the following results. Treatment of 
the starting complex [{ Ir(,~-CI)(coe)~},] with the bidentate lig- 
and KBp* (Bp* = bis(3,5-dimethylpyrazol-l -yl)dihydroborate) 
under the conditions for Lhe formation of [Tp*Ir(C,H,),] did 
not afford any isolable complex; extensive decomposition took 
place instead at room temperature. In the solid stale, inolecules 
of I "  have a distorted trigonal-bipyramidal structure (B), as 
rcvealed by single-crystal X-ray studies to  be discussed below. 
Finally in this regard, in the l3C{'H) CPMAS spectrum of a 
solid sample of l", the 13C nuclei of the Tp* ligand give rise to 
two sets of resonances with intensity ratio 2:  1, while the ethenc 
carbons resonate as broad signals at 6 = 48 and 5 ;  the average 
of these two values is close to the singlet resonance in the 
"C{'H) N M R  solution spectrum. From all these data it is clear 
that complexes 1 and I* have the five-coordinate ground state 
structure B, both in solution and in the solid state. 

As already mentioned, a single-crystal X-ray analysis of I* 
demonstrates the tridentate coordination of the Tp* ligand. Fig- 
ure 1 shows an ORTEP view of the molecules of this compound; 
crystal data and important bond lengths and angles are collected 
i n  Tables 1 and 2, respectively. The five-coordinate, eighteen- 
electron iridium centre has a distorted trigonal-bipyramidal 
environment, which is made up of the terdentate Tp* fr, 'f g ment 
and the two q2-bound molecules of ethylene. The equatorial plane 
of this coordination polyhedron contains two of the N atoms of 
the tris(pyrazoly1)borato group (N 12 and N22) as well its the 
carbon atoms of one of the ethylene ligands (C3 and C4). The 
three Ir-N distances are equal within the experimental limits of 
detection (2.26(1) A, av.), and the three N-Ir-N bond angles of 
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TEP drawing and atom labelling scheme of compound 1" 

Table 1. Crystal dnd rclineinent data for complex I" 

formula 
molecular wcight 
crystal system 
space group 

h. A 
a. A 

c .  A 

p . 

v. A' 
Q ~ . , , ~ +  zcn1 ' 
F(000) 
7: K 
diffractomctcr 
radiation 

p(MoK2), cnl  ' 
crystal dimensions. mni 
20 range, 
scan technique 
scdn >peed, 'em I 

data collected 
unique data 
observed reflections 
decay 
standard rellectioiis 
weighting scheme 
R = XlA2F1'X1L~,I 
RW = ( X w / A Z F l  ~ ~ ~ 1 F , 1 * ) ~  
maximum shift error 
absorption correction range 

2 .  

7 .  
z 

Cl,H ,J&,Blr 
545.5 
01-thorhoinh~c 
P2,2,2,  
7.941 (4) 
13.402(6) 
19.045 (3) 
90 
YO 
YO 
4 
2027(1) 
1.79 
1072 
173 
Enraf-Nonius 
graphitc-monochromated 
Mo,, (;. = 0.71069 A)  
65.8 
0.2 x 0.1 x 0.1 
1-60 
(0 20 
1.50- 16.48 
(0.0.0) to (11.38.26) 
3305 
2521 
5 4 Y "  
3j84 
unit 
4.0 
4.4 
0.5213 
0 81-2.19 

Table 2. Selected bond lengths (A) and angles ( ) for complex 1* 

Ir-C I 
Ir  C 2  
Ir-C3 
Ir C 4  
I i  N 1 2  
N 12-Ir-N 22 
N 12-Ir-N 32 
N 22-Ir-N 32 

2.16 ( I )  Ir -N22 2.17(1) 
2.1 5 (2) I r -N32 2.15(1) 
2.08(2) c1 c2 1 37(2) 
2.04(2) C 3 - C 4  1.47 (2) 
2.17(1) 
89.9(4) N 32-Ir-C 1 I 6  1.3 (5) 
80.2 (4) N 32-lr-C 2 1604(5) 
Xl.9(4) 

89.9(4), 80.2(4) and 82.9 (4)" fall in the range usually observed 
for trihapto-bonded hydrotris(pyrazo1yl)borato ligands.[". 

The terdentatc nature of the Tp* moiety of 1" forces the two 
C,H, molecules to occupy the remaining equatorial and axial 
positions of the distorted trigonal bipyramid. The axial N 
donor, N32, and the two carbons of the axial C,H, define a 
plane which is almost perpendicular to the equatorial plane 
(dihedral angle 95.8(5)'). The C,H, ligands are arranged in 

l Y Y 7  0947-6539'Y7,03(J6-0862 ,W I7.50f .SO/(I Chon. O w .  .I 1997. 3. KO. 6 
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such a way that their axes are parallel to one another. A similar 
arrangement has been found in the somewhat related complex 
[(~~s-C,Hs)Rh(C,H,),], whose structure has been determined 
by gas-phase electron diffraction,[2o1 while in the cationic Ir' 
complex [Ir(C,H,),(PMe,Ph),]+, the two olefins are equatorial 
(structure C).[zll In the latter case, EHT calculations on the 
model compound [Ir(C,H,),(PH,),]+ reveal that conforma- 
tions such as D and E, which have one C,H, axial and the other 
equatorial, are higher in energy, owing to a combination of o 
and 71 effects. In these studies E appears more stable than D 
although the energy difference between the two is small.[211 

C D E 

The equatorial C,H, molecule appears to be somewhat more 
strongly bonded to the Ir' centre than the axial ligand (av. Ir-C 
bond distances 2.06(2) and 2.15(2) A, respectively). This is in 
accord with the above-mentioned cal- 

a mixture of 2" and of the hydrido-phenyl complex 
[Tp*IrH(C,H,)(C,H,)] . Pure 2" was recovered from the mix- 
ture by chromatography, albeit with considerable loss of 
material. The use of other solvents (EtZO, CH,CI,) did not 
improve the yield of 2". At the very late stages of this work we 
found that complex 2" forms in almost quantitative yield when 
frozen, diluted cyclohexane suspensions of 1" are irradiated 
at  - 60 "C. Characterisation of this white microcrystalline solid 
by N M R  is straightforward (see Experimental Section) and 
needs no further comment. It is worth pointing out that the 
presence of several equivalents ofC,H, does not have a negative 
effect on the rate of the 1" to  2" rearrangement. This applies not 
only to the thermal (C,D,, solution, N M R  monitoring), but 
also to the photochemical conversions. Therefore. the unsatu- 
rated species {Tp*Ir(C,H,)J is an unlikely intermediate for this 
C-H activation reaction. 

The thermal conversion of 1" into 2" (Scheme 2) clearly indi- 
cates that the latter is the thermodynamically preferred isomer. 
However, this is only the first step in the thermal rearrangement 
of 1". Heating cyclohexane solutions of this compound at  60°C 
led to the gradual and irreversible formation of 6" (Scheme 4). 

60 OC 60 OC 

CgH12 ~',r$ C6H12 H /  ?"\3 
culations, which anticipate stronger 

al ethylene in structure D. In good 
agreement with this proposition, the 
C I - C 2  bond length (1.37(2) A) ap- 
pears to be slightly shorter than that 
found for C 3 - C 4 (1.47 (2) A). In fact, 
complex l *  reacts quite readily at 

electron retrodonation to the equatori- pr]*  - . [I~I + [Irl * + [Irl * 
/ % 

-Me \' Ir/ 
Me 

I* 2* exo-anti-6" endo-syn-6* exo-syn-6" 

20 2 1 

Scheme 4. Thermal rearrangements of I *  and 2". 

room temperature with phosphines to  
give complexes of composition [Tp*Ir(C,H,)(PR,)] in which the 
ethylene ligand occupies the equatorial position.["] For the two 
molecules of C,H, of 1" the C-C double bond lengths (1.37(2) 
and 1.47(2) A) are longer than in free ethylene (I ,339 A) but 
compare well with corresponding bond lengths in [CpRh- 
(C,H,),][201 and in [Ir(C,H,),(PMe,Ph),]BF4~0.5 H,O["] (av. 
1.457 (7) and 1.421 (22) A, respectively). In the closely related 
phosphine adduct [Tp*Ir(C,H,)(PMe,Ph)], in which the olefin 
is contained in the equatorial plane,[221 the Ir-C bonds and the 
C-C bond also have similar lengths (2.08(2) av. and 1.44(2) A, 
respectively). 

When a cyclohexane solution of 1" (60 "C) was gently heated, 
a smooth transformation ensued (Scheme 2), which gave a mix- 
ture of the hydrido-vinyl complex 2" and the hydrido -crotyl 
complex 6". The same sequence of events was obscrved in the 
solid state, although higher temperatures (ca. 100 'C) were need- 
ed to  achieve reasonable reaction rates. Full characterisation of 
2" was accomplished by 'H and I3C N M R  studies of the reaction 
mixture a t  moderate conversions. Nevertheless, an alternative 
and more selective route to this complex was sought. The room- 
temperature photolysis of C,H, solutions of 1" (Scheme 3) gave 

I* 2* 

Scheme 3. Photolysis of l*. 

Careful N M R  monitoring of the course of reaction revealed the 
intermediary role played by the hydrido-vinyl complex 2*, 
which could be further demonstrated by the independent con- 
version of isolated, pure samples of 2" into the same mixture of 
hydrido-crotyls, under identical reaction conditions. In addi- 
tion, a kinetic role of complex 1" in this C-C coupling reaction 
could be discounted by PMe, trapping experiments (sec below), 
Complex 1" is highly reactive towards this phosphine at  room 
temperature, but none of the reaction products["' were detected 
upon thermolysis of pure 2" in the presence of this reagent. It is 
worth mentioning at this point that all the hydrido-allyls de- 
scribed in this paper display the N M R  hydride signal a t  very 
high field (in the range 6 = - 25 to  -30). This allows them to 
be distinguished from the hydrido-vinyl precursors, which res- 
onate a t  lower fields (6 - 15 to - 20). This situation contrasts 
with that found in the analogous Cp'-Ir systems, where the two 
kinds of compound exhibit very similar chemical shifts 
(6 = - 15 to  - 20) .[Zb, 3 ,  

NMR characterisation of the various isomers of 6" 
(Scheme 4) follows previous reports in the literature for 
analogous complexes.[24, The anti and SJW distribution of the 
Me substituent can be readily ascertained from the values ofthc 
J(H,H) coupling constants within the allylic moiety and also 
from NOEDIFF mcasuremcnts. The latter experiments. using 
the Ir-H signal as a probe, additionally allow the ("so or e i r h  
configurations to be assigned.[", "I 

The product ratio of Scheme 4 corresponds to the distribution 
of the crotyl complexes under kinetic control. Prolonged heating 
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(3 days) of this mixture a t  higher temperatures (C,H,?. ca. 
I 2 0  C) yielded exclusively the e n d - s y n  and exo-syn crotyls in 
a 2 : 1 ratio (Scheme 5 ) .  The thermodynamic preference found 
for the sjn isomer is in agreement with data for most n-ally1 
metal complexes.'281 The 2: 1 ratio in which the endo--syn and 
( ~ ~ o - s y n  6" form under kinetic control. although coincident 
with the thermodynamic one, is not due to facile exo--endo 
interconversion, since these species only start exchanging a.t an 
appreciable rate a t  temperatures around 80 "C (Scheme 5) .  Evi- 

exo-ant/-6* endo-syn-6* exo-syn-6* 

Scheme 5. Distribution of the crotyl complexes 6* formed under thermodynamic 
con~ro l .  

dence for this comes from the following observation: heating 
compound I* in the solid state at 100°C for 3-4 h yields the 
mixture of crotyls shown in Scheme 4. However, when solid 1" 
was heated additionally a t  150 "C for 3 days, an all-syn rndo- 
6': r.uo-6" ratio of ca. 9: 1 was produced, and this equilibrated i n  
C,H, , solution upon heating a t  SO "C. 

Compound 6* is stable a t  room temperature in CDCI,. Heat- 
ing these solutions at 60 "C resulted in chlorination at  the hy- 
dride site and concomitant formation of CHDCl,. The chloro 
dcrivative [Tp*IrCl(syn-q3-C,H,)] (7") was produced as an ap- 
proximately 3:2 mixture of mdo and P.YO isomers (Scheme 6). 

7' 

Schcmc 6. Rcaction of h* with CDCI, 

N M R  monitoring of this transformation revealed that all the 
isomcrs of 6" react a t  approximately the same rate in this trans- 
formation, which effects smoothly the normally difficult cinti- 
~ s , i ' n  conversion in these complcxcs. 

Tp'blr complexes derived from propene, I-butene and 2-cis-butene: 
Inspired by the results described in the previous section and with 
the additional purpose of gaining evidence relevant to  the C-C 
coupling of olefins and vinyl ligands, we sought to extend this 
chemistry to the terminal olefins propene and I-bulene. The 
reactions of [{Ir(p-Cl)(coe),J ,] with these olefins and KTp* 
(Scheme 7) yielded the olefinic C-H activation products as mix- 

\ 
R' R 

R = Me trans-4a*,4b+(100,5) cis-4a* (10) 

R = Et frans-5a* (> 90%) 

Schemc 7 .  Reaction of terminal olefins with [(Ir(~i-Cl)(coe),J,] and KTp* 

tures of the cis- and trans-alkenyl species in which the latter 
clearly predominated. An undetected bis(olefin) compound is a 
likely intermediate of these reactions. The trans and cis 
stereomers can be readily distinguished by means of the 3J(H,H) 
coupling constant between the vinylic protons (ca. 16 Hz, trans; 
10 Hz, cis). For  R = Me, two tmns stereomers 4a* and 4b" 
were formed in a ca. 20:l ratio. These might arise from the 
coordination of the propene ligand through either of its enantio- 
faces or: less likely, from restricted rotation around the Ir- 
propene bond. Since this aspect was of no relevance to the aims 
and conclusions of this work, it was not pursued any further. In 
a similar way, two cis slereomers were expected to form, but 
only one could be detected. Its ' H N M R  data seems to be relat- 
ed to that of the major trans isomer, and it was therefore given 
an a label. Since the cis isomers are the less abundant, it appears 
that the concentration of the cis-b isomer is beyond the limits of 
detection by NMR. For  the 1-butene system the trans-5a" 
stereomer predominates (> 90 Yo). 

The direct observation of the olefinic C-H activation prod- 
ucts in the reactions involving the terminal olefins RCH=CH, 
(R = Me. Et) suggests an important role of steric factors in this 
reaction. To confirm this hypothesis, an internal olefin, '-cis- 
butene, was used. The reaction follows a different course 
(Scheme 8) and provides a product resulting from the activation 
of an sp3 C-H bond, that is, i t  proceeds with allylic activa- 
t i ~ n . [ ~ ~ '  

exo-anb-6' 

Scheme 8. Reaction of an internal olefin with [{Tr(p-CI)(coc),;2] and KTp* 

The exo-anti complex 6" is the main product of the reaction 
(ca. 90%), although other unidentified species are also generat- 
ed. Through this pathway of C - H activation observed for the 
bulkier &-2-butene, the resulting Ir"' complex attains a formal- 
ly six-coordinate, eighteen-clcctron structure with the incorpo- 
ration of only one organic fragment derived from one molecule 
of the original alkene. Contrary to our expectations, the reac- 
tion of [{Ir(p-Cl)(coe),},] with KTp*, in the ab- 

with structure of type F* (i.e., the product ofallylic 
activation). Instead, it furnished a complex mix- 
ture of at least five different compounds (with 

carded. 
When solutions of compounds 4" and 5" were heated, the 

expected coupling of the alkenyl and alkene moieties occurred. 
As a result, complexes 8" and Y*, which contain six- and eight- 
carbon allylic chains, respectively, were formed (shown in 
Scheme 9 for the propene complexes 4"). As before, the kinetic 
distribution of isomers equilibrated slowly at  120 'C to a mix- 
ture of the all-qw endo and e.ro allyls (2:3). 

Two of these isomeric compounds 8" were further character- 
ised by single-crystal X-ray studies: cxo,Et mti-8" (for simplici- 
ty dcsignated as 8a" in the present structural discussion) and 
~ndo~allsyn-8" (Sb"). Figures 2 and  3 show the corresponding 

sence of added o l e h ,  did not afford a complex fW 

H3 
no major product), which was subsequently dis- F" 
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"rl' reported for these bonds.['6. 2 5 1  Fi- 
nally, regarding the coordination of the 
Tp* ligands, the N-Tr-N bond angles (in 

60 "C exo-Et anfi-8*(100) the range ca. 82.3(4)-92.3(8)') are Yf Me T z r  + analogous to those encountcred in l *  
+ 

and in other y3-tris(pyrazolyl)borates. 
Apart from the c.xo or entlo contigura- 

tion of the allyl ligands in 8a* and 8b*, 
respectively, there appears to be signifi- 
cant differences in the coordination of 

WI* 

H/'%\ 
Et 

Me Me 

trans-4a" (100) ns-4a*(lO) 

trans4b' ( 5 )  endo-all syn-8*(30) exo-all syn-8"UO) 

Scheme 9 .  Thermal rearrangements of 4" 

@ c17  

C27 

CC 

Figure 2. ORTEP drawing and atom labelling scheme of compound 8a*  

( 

c37  

C6 
b 

C36 
Figure 3. ORTEP drawing and atom labelling scheme of compound 8h". 

ORTEP perspective vicws; important crystal data and bond 
lengths and angles for the two compounds are summarised in 
Tables 3 and 4, respectively. 

Tlte coordination geometry of the Ir atom of each complex 
corresponds to a highly distorted octahedron, with the N atoms 
of the tripod ligand defining one of the faces, the remaining 
positions being occupied by the allyl ligand (formally two of 
them) and the hydride. There are significant differences in the 
three Ir-N separations in each complex, with one of the Ir-N 
bonds being appreciably longer than the others. Thus, the Ir- 
N22 bond length is approximately 2.25 A in both compounds, 
while the other two Ir-N distances are of the order of 2.00- 
2.13 A. Since N 22 is trans to the hydride ligand, this lengthening 
can be clearly attributed to  the high o-trans influence character- 
istic of the hydride functionality. Similar Ir-N bond length 
differences have been observed in other hydride complexes of 
iridium containing tris(pyrazoly1)borato ligands.[". The I r -  
H distances found in 8a* and 8b* (Table 4) fall within the range 

this fragment in the two complexes. The 
Me substituent at C 2  is sjw in both com- 

pounds, but the Et group is antiin 8a* and x jn  in 8 b*. The Ir-C 
bond lengths seem to be longer in 8b* than in 8a*, but these 
differences appear not to be important since the Ir-C bonds are 
equal within & 3 c .  However, the coordination of the ally1 rnoi- 
ety in 8 b* seems to  be symmetrical, since the C 2- C 3 and C 3 - 
C 4 bond lengths are identical (1.40 (4) and 1.39 (4) A, respec- 

Table 3. Crystal and rclinement data for complexes 8a* and 8br 

8a" 8 h* 

formula 
molecular weight 
crybtal aystem 
space group 
0, A 
11, A 
L'. A 
1. 

B, 

v, A' 

scan technique 
0,  
data collected 
unique data 
unique data (1)>3a(I )  
R(int), 
standard reflns 
R,, % 

average shift:crroi- 
Rw, , Yo 

CllII,,N6B1r 
553.57 
triclinic 
PI 
8.690(2) 
10.583 (4) 
13.390(4) 
74.27(4) 
80.38 ( 2 )  
87.56 (2) 
I168.6(6) 
2 
568 
I .63 
293 
57.08 
0.3 x 0.3 x 0.2 
Enraf-Nonius CAD4 
graphite-moiiochroniated 
Ma,, (?. = 0.71069 A)  
Qi20 
1 < 0 < 2 5  

4119 
3300 
3.8 
3,'68 reflns 
4.8 
5 . 5  
0.009 

(10. -12,n) to (10.12.15) 

C2,H,,N,Blr 
573.6 
monoclinic 
P?,  
7.873(2) 
20 065 (8) 
7.955 (3) 

113.54(3) 

1152.1 ( 7 )  

568 
1.65 
295 
57.9 
0.3 x 0.2 x 0.1 
Enraf-Nonius CAD4 
graphitc-monochrum'ired 
Mo,, (7. = 0.71060 A) 
a," 
I < o < 3 n  
(-9,O.O) to (9.23.')) 
3449 
2187 
5.0 
3 138 reflns 
5.8 
7.1 
0.10 

Table 4. Selected bond lengths (A) and anglcs ( ) for compounds 8 a "  and 8b*. 

8a" 8b" 8a* 8 b* 

Ir C 2  
Ir C 3  
II-C4 
Ir-H 
Ir-N 12 
Ir-N22 
Ir-N32 
C I - C 2  
c2 c3 
c3-c4 
C4-CS 
C 5 - C 6  

2.12(2) 
2.05(2) 
2.08(2) 
I . X ( l )  
2.11(1) 
2.23 (1) 
2.13(1) 

1.28 (3) 
1.54(3) 
1.54(3) 
1.47(3) 

1.59 (3) 

2.21 (2) 
2.24(2) 
2 22(2) 
1 .7 (2) 
2.00(3) 
2.25(1) 
2.05(2) 
l.49(5) 
1.40 (4) 
1.39(4) 
1.48(4) 
1.50(5) 

C 2-Ir-N 12 
C3-It-N 12 
C4-lr-N 32 
H-lr-N 22 
N 12-11-N22 
N 13-lr-N 33 
N 22-Ir-N 32 
C 1-C2-C 3 
c2-c3-c4 
c 3 - c 4 - c 5  
C4-C5-<'6 

~ 

160.1 (6) 
149.6 (6) 
160.1 (6) 
157(5) 
82.3 (4) 
83.7(4) 
x9.3 (4) 

103(2) 
I IS (2 )  
i x ( 2 j  
111(1)  

Clzem. Eur. J.  1997, 3. N o .  6 :C VC'H Vrrlu~Sprsellsch~~/t mhH,  D-69451 Wrinherm, 1997 0947-6.53~/~7/03Uh-0865 5 17.50 + 50 0 865 
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olefin, -20 "C 

KTP 
[Ir(wCl)(coe)212 -- + 

tively), but in 8 a* the C 2-C 3 bond (1.28 (3) A) is shorter than 
C 3 - C 4  (1.54(3) A). The latter has a length that corresponds 
esscntially to a single C-C bond (compare, for example, the 
values for C I G C 2 ,  C4-C5 and C5-C6 collected in Table4). 
It would therefore appear that there is a distortion toward a c i - 7 ~ ~  

coordination, with the pivotal o-bond at the Et-substituted car- 
bon. Similar distortions have been found in other allyl complex- 
es of the transition metals including iridium."5, 301 It is interest- 
ing to note that comparison of the spectral characteristics o1'8a" 
and 8b* in solution indicates no important differences. 

intramolecular process. The higher thermodynamic 
stability of 2*, compared to I", contrasts with the 
situation found in the analogous cyclopentadienyl 
complexes where the opposite order of stability is 
found.", 31 

As discussed previously, the hapticity of the Tp' 
ligand (Tp' = Tp or Tp*) does not change during the 
conversion of our [Tp'Ir(alkene),] compounds into 
the hydrido-alkenyl isomers, both the starting and 
the final products being eighteen electron species. 

Me 
3 trans4a 

(2) olefin = U 
,Prl 

$7 
10 

Complexes of the unsubstituted Tp ligand: For  the sake of com- 
pleteness, we have extended the above studies to  the analogous 
complexes of the unsubstituted Tp ligand. While Tanke and 
Crabtree[' 'I observed only decomposition of the bis(ethene) 
compound [TpIr(C,H,),J (1) upon heating at  125 "C, we found 
that gentle heating of a cyclohexanc solution of this species a t  
SO'C for 7 h produced an unidentified, insoluble solid. together 
with a solution of 1 and the known hydrido-vinyl complex 2 in 
a ca. 2: 1 ratio, as deterinined by NMR in CD,CI, (Scheme 10). 

decomposition 

8o X E H q 2  

1 

I l a  

Scheme 10 Thermal isomerisation of 1 and trapping ofintermediatc 2 with McCN 
([lr] = TpIr) 

Further heating completely decomposed the mixture to the in- 
soluble material. It is therefore evident that while the thermal 
isomerisation of 1 is possible the resulting complex 2 decompos- 
es under the reaction conditions. In the presence of acetonitrile, 
the trapped ethyl species l l a  was formed in moderate yield 
(Scheme 10). 

The use of the Tp ligand permited the detection of the bis- 
(propene) complex 3 (reaction 1, Scheme 11) as a highly fluxion- 

M. L. Poveda, E. Carmona et al. 

a1 molecule, with structure probably similar to that found for 
compounds 1 and 1". This complex rearranged readily in C,H 
solution to the hydrido-propenyls 4, of which the tr.ans-4a was 
the predominant isomer (> 80%).  Further conversion into the 
allyl coupling products occurred at  100 "C, but we did not at- 
tempt a full characterisation of the resulting complcxcs. Finally, 
cis-2-butene (reaction 2, Scheme 11) afforded directly the hydri- 
do-butenyl complex 10. Note that in this case the less bulky Tp 
ligand allows the coordination of two molecules of the olefin to 
the metal and hence the formation of a hydrido--vinyl -olefin 
complex as the product of olefinic C-H activation. No ally1 
species derived from the coupling of the organic moieties of this 
compound formed upon prolonged heating at 100 'C. 

Contradictory reports have led to some confusion regarding 
the room-temperature reaction of [{Ir(p-Cl)(coe),j ,] with MTp 
(M = Na. K)  in the ab- 
sence of added olefin. Two 
different formulations, F 
and G ,  has bccn respec- 
tively advanced for the re- 
sulting product by Crab- 
tree["] and Oro;[161 only 
the latter proposal has been authenticated by X-ray methods. In 
our hands, the reaction always gave the cyclooctenyl complex of 
structure G .  No evidence for the formation of the hydrido-ally1 
F could be obtained from this reaction, but contrary to Oro's 
results, we observed the thermal rearrangement of G to proceed 
as shown in Scheme 12, that is, with the allylic activation of a 

P I  

H3 F 8\0 G 

80-1 00 "C 

G F 
Scheme 12. Therinal rearrangement of G. 

molecule of cyclooctene. The reaction rate of this transforma- 
tion was not appreciably affected by the presence of a few equiv- 
alents of added coe. 

A - 
chemical conditions is not inhibited by free C,H,. 
Thus it seems that the vinylic activation is a direct 

Me\>'" 

Vinylc C-H activation in olefin complexes of iridium 
with Tp and Tp* ligands: As already mentioned. the 
conversion of 1" into 2" under thermal or photo- 
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the driving force of this reaction cannot be ascribed to the coor- 
dination of a third pyrazolyl ring. Similarly, since the activated 
olefins d o  not contain donor atoms, the coordination of an 
auxiliary functionality responsible for the vinylic C-H activa- 
tions observed by Werner and c o - ~ o r k e r s ~ ~ '  cannot be invoked 
in our system. 

It could be argued that the differences in the overall electron- 
donor properties of the Tp' and Cp' ligands might be responsible 
for the higher stability of Ir(C,H,)H relative to Ir-C,H,, but 
these differences are very small.r311 While steric factors could 
additionally be invoked (the cone angle  value^^""^^'^ are Tp", 
224; Tp, 184; Cp*, 142; Cp, IIO'), we favour the explanation 
that the higher stability of Tp'Ir(C,H,)H compared to Tp'Ir- 
C,H, results from the combination of two factors, which com- 
bine to overcome the otherwise unfavourable energetics of the 
11.- C,H, to Ir(C,H,)H conversion. These are I) the harder 
nature of the Tp ligands (compared to  the softer cyclopentadi- 
enyls) , which obviously prefer to  bind the harder Ir"' centres ; 
and 2) their well-known propensity to  enforce six-coordination 
at  the metal,[331 a situation that is highly favourable for Ir'". 

Comparative studies of the vinylic C-H activation reaction 
for a variety of [Tp'Ir(alkene),] complexes show some interest- 
ing trends: 

Derivatives of the bulkier Tp* ligand are more reactive than 
those of the unsubstituted Tp analogue. 
An important influence of the alkyl substituent within the 
olefin is apparent: in the series of complexes [TpIr(alkene),], 
the less reactive C,H, derivative requires heating to  80 "C for 
the reaction to occur, the propene complex undergoes this 
transformation at room temperature, and the 
species is too unstable to be isolatcd under am- 
bient conditions. 
The olefin substituent directs the site of activa- 
tion very efficiently. As summarised above the 
truns C-H bond has the highest preference 
(Figure 4, position I ) ,  while the C-H unit gem 
to  the R group (position 3) is readily activated 
if it is the only site available, as in cis disubsti- 
tuted olefins (e.g. cyclooctene). 

" The observations outlined above 
suggest that steric effects play an im- 
portant role in the C-H activation 
reactions. They also seem responsi- 
ble for the allylic C--H activation of 
cis-2-butene observed in the Tp* sys- 
tem. It is important to  recall that the 

R 

Figurc 4 

'I: 

cis-2-butene 

.f\. 
2* 

Ilrl' 

as key reaction intermediates. Although our report of thc over- 
all transformation of I *  into 6" constitutes the first example for 
the formation of an allyl complex from an M(C,H,)2 coin- 
plex,[lol and could be regarded as a new pathway for olefin 
dimerisation, the coupling of vinyl and C,H, moieties is not 
without precedent in  the literature. For  example, Lchmkuhl and 
co-workers observed the formation of allylic species in the coor- 
dination sphere of Ru centres,["] while Knox and co-workers 
disclosed the rearrangement of a Ru,-C,H, complex to a hy- 
drido-butadiene species in the presence of CrH4.[341 To ac- 
count for these transformations, the insertion of C2H, into the 
M-CH=CH, bond to give a bifunctional four-carbon chain 
was proposed as thc first step, in close resemblance to the com- 
mon insertion-/l-elimination process for the dimerisrttion of 
ethene.["' For our system, such a mechanism could be repre- 
sented as shown in Scheme 13 (top). In this context, we note 
that: 

In accord with studies by Brookhart and c0-workers,[~~1 
mechanistic evidence accumulated during the progress ofthis 
work shows that olefin insertion into the Ir-H bond (vide 
infra) is much more facile than into the Ir-C bond of the 
Ir - C H  = CH, linkage. 
If such a mechanism were applicable for the reaction we 
describe, one would expect that generation of an unsaturated 
{Tp*IrH,) fragment H in the presence of butadiene should 
give the hydrido-crotyl complex 6* (Scheme 13; bottom). 
The above fragment is generated readily, during the thermal 
activation of the thiophene complex [Tp*IrH,(SC,H,)] , [ 3 h b 1  

but it does not give the expected ally1 under the reaction 
conditions at  which the latter complex forms. 

- no allvlic sDecies A C4H6 - I .WI" 1 
I .  

IH' \,I H 

6" 

H 

Schcnie 13. Mechanism for the diinerisation ofethrne based on ref. [I 51 (top) and evidence discount- 
ing this mechanism (bot tom).  

TpIr fragment induces vinylic activation of this olefin. Hence, a 
simple way for the sterically hindered Tp* -1r - cis-2-butene sys- 
tem to attain a formally six-coordinate, eighteen-electron struc- 
ture, while a t  the same time incorporating only one molecule of 
the bulky olefin, is the formation of the hydrido-ally1 complex 
6" (Scheme 8). 

1r"'-mediated coupling of vinyl and olefin ligands: While the allyl 
complexes 6*, 8" and 9* can be obtained in one-pot reactions 
starting from [{Ir(p-Cl)(coe),) ,I, KTp* and the appropriate 
olefin, the results discussed in the previous section reveal the 
participation of the corresponding Ir"'-vinyl -olefin derivatives 

As mentioned already, ethene insertion into the Ir- H bond of 
2" is a facile process, and the resulting Ir-vinyl-ethyl interme- 
diate I is readily trapped when solutions of 2" are heated at  
moderate temperatures (60 "C) in the presence of various Lewis 
bases (Scheme 14). Acetonitrilc was found to be the best trap- 
ping-agent for this reaction, whereas carbon monoxide did not 
react a t  all (2 atm, 60°C): only 6" was obtained in the presence 
of the latter. It should be mentioned, however, tha t  this last 
observation does not imply the intrinsic instability of Tp*Ir"' 
carbonyl species. We have found that, once formed, this type of 
species is highly reluctant to  undergo carbon monoxide extru- 
 ion.^^^^,^^^^ T H F  and other cyclic ethers are also able to trap 
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I L = NCMe, I l a" ;  py, l lb" ,  
DMSO, l l c * ;  PMe3, I l d "  

Scheme 14. Trapping of intermedlate 1 with various Lews bases. 

intermediate 1, but in this case the system evolves to form hydri- 
do-~carbene derivatives of Ir"'.[37b1 Kinetic studies for the dis- 
apearance of 2*, carried out in CD,CI,/[D,]DMSO mixtures 
at 52 'C,  are in accord with a rate-law of the type kobs = 

k ,  +k,[DMSOI in the range of concentrations studied 
(0.46-1.83 m ~ l d m - ~ ) ,  with k ,  = 4 . 2 5 ~  s - '  and k ,  = 

1.41 x mol-'dm3s-' (the first term corresponds to  the 
formation of the allylic species). 

Thc two following experimental observations are also of im- 
portance in connection with the mechanism of the C-C cou- 
pling reaction: 'I) Related insertions of the olefin ligand into the 
Ir-H bond of complexes 4" and 5" (derived respectively from 
propene and I-butene) were observed when the kinetic mixtures 
of the alkenyls were heated at 60°C in the presence of PMe, 
(Scheme 15). 2) The thermal reaction of 2" with a few equiva- 
lents of C,H, in C,D,, (Scheme 16) yielded the allyls 6" and 

Scheme 15 Transformations of 4* and 5* in thc presence of PMe, 

14* 6' 2- 

Scheme 16. Transfbrmation of 2* in the presence of C,H,. 

14*, along with C,H, (detected by NMR). By analogy with the 
reactions of 2" with Lewis bases described above, we propose 
that ethene traps the unsaturated Ir-ethyl-vinyl intermediate 
of Schemc 17. Unlike the NCMe and other Lewis base adducts 
of type 11*, the ethene adduct is unstable and eliminates C2H6, 

probable by sigma-bond methatesisf381 to yield a bis(viny1) spe- 
cies in a process similar to that proposed for the activation of 
C6Hb[37a1 by compound 2". While no evidence for [Tp*Ir(q4- 
CIHb)]136c1 can be found in this reaction, the formation of the 

allyl species 14" points to the intermediacy of a 
vinylidene species["' formed by a-H abstraction from one of the 
vinyl l i g a n d ~ . [ ~ ~ ]  The coupling of vinyl and vinylidene ligands 
proposed in the last step finds precedent in recent literature 

On the basis of the mechanistic evidence gained during the 
course of this study and presented in detail in the previous 
sections, the general mechanism shown in Scheme 18 can he 
proposed for the C - C coupling of vinyl and olefin ligands in the 
coordination sphere of the Tp*Ir"' centres. All the proposed 
intermediates are Ir"' species. The involvement of any Ir' inter- 
mediate, like [Tp*Ir($-butene)], can be safely discounted, ow- 
ing to the lack of trapped products in the presence of CO, this 
reagent being extremely reactive towards [Tp*Ir(olefin),] com- 
plexes.r221 Thus, the reaction is triggered by the formal insertion 
of the olefin into the Ir-H bond to give an unsaturated (or 
a g o s t i ~ ) [ ~ ~ " '  alkyl-vinyl intermediate I. This could then under- 
go an a-H abstraction from the cc-vinyl carbon with concomitant 
formation of the vinylidene species J. The insertion of the car- 
bene ligand into the Ir-alkyl bond would be responsible for the 

C-C bond-forming r e a ~ t i o n , ~ ~ ' " . ~ ~ ]  which 
generates vinyl intermediate K possessing H 
atoms at  the f l  carbon (a-vinyl substituent). 
Following D-H elimination,["2b. c . 4 3 1  rota- 
tion of the allene and insertion of the coor- 
dinated C=C bond into the Ir-H bond 
would finally afford the allyl products. 

'.e3p'(1 
R R  

I J 

K L 

Scheme 1 X .  General mechanism for the C-C coupling of vinyl and olefin ligands in  
the coordination sphere of thc Tp*lr"' centres. 

We have already furnished evidence in support of the partici- 
pation of intermediates I and J in this reaction. The intermedi- 
acy of a species of type L (i.e., a bis(hydrido)allene derivative) 
is supported by the formation of the q3-allyl 15" when the 
thiophene complex [Tp*IrH,(SC,H,)] (vide supra) is heated at  

60°C in the presence of allene (Scheme 19). Finally, 
an intermediate of type K could he responsible for ~. 

the formation of the iridapyrrole [Tp*Ir(C(Et)=C(H)- 
C(Ph)NH)(H)] (Scheme 20) formed when the bis- 
(ethene) compound I" is heated with PhCN in the pres- 
ence of HZO as the reaction catalyst.1'6".441 The for- 

. [Ir]* 

14* 

Sclienie 17. Mechanism fog- the formalion of 14* (Scheme 16). 
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[Ir]' A . [Iry CHz=C=CHz, [ l r ] *  from the ability of the tris(pyrazo1yl)borato units to stabilise the 
Ir"' products and to prevent the formation of Ir' intermediates. 
For  example, the ethyl-vinyl intermediate [Tp*Ir(C2H5)- 
(C,H,)] does not collapse to an 1r'-olefin compound, in con- 
trast to the somewhat similar Cp*L241 and triphosr4'] deriva- 
tives. Also, the Ir"' bis(viny1) intermediate of Scheme 17 does 
not experience the expected reductive elimination to the corre- 
sponding 1r'- butadiene complex, a process typically found in 

H/ x H'J 'H -(SC4H4) 1 H/ \H 1 
15" 

\u/ 
Scheme 19. Evidence for the intermediacy of L (Scheme 18). 

[Ir1* lr]' PhCN, [HzO] 

Ph 

Scheme 20. Evidence for the intermediacy of K (Scheme 18). 

Experimental Section 

mation of this and related iridapyrroles has been demonstrated 
to be a general reaction for vinyl complexes of the type described 
in this paper. 

concerns the allylic activation of internal olefins. The cy- 
clooctenyl con1plex G call experience the transformations 
shown in Scheme 21, In the presence of acetonitrile, the alkyl- 

~ 1 1  preparations and manipulations were carried under oxygen-free nitro. 
gen or argon following conventional Schlenk techniques. Solvents were rigor- 
ously dried and degassed before use. The light petroleum used had a b.p. 
40-60"C. The complexes [{IrC1(cOC)z~z13'4x' tTplriC,H,),l.""-"' [TplrH- 
(C,H,,)(~2-C,H,,)],[16' and [Tp*IrH,(thiophene)I[-'"hl and the ligands 
KHB(pz), .[4"1 KTp. and K H B ( ~ . ~ - M ~ , - ~ Z ) , ' ~ ~ '  (KTp*) were prepared ac- 
cording to literature procedures. Microanalysis wcre by Pascher Microanalyt- 
ical Laboi-atory, Remageii (Germany) and the Microanalytical Service of the 

University of Sevilla. Infrared spectra were rccoi-dcd 
on Perkin Elmer model 683 2nd 883 spcctromcters. 
NMR spectra on Varian XL-200 and Bruker A M X -  
300 and AMX-500 spectromctci-s. The ' H  and 
I3Cl'HI resonaiicc of the solvent were used ;is thc 

One aspect ofthis work which should be addressed 

1 lridapyrrole 

J 

M 

Scheme 21. Possible mechanism for thc allylic activation of cyclooctene 

vinyl intermediate M forms by migration of the hydride ligand 
onto the coordinated olefin. This vinyl complex cannot undergo 
cc-H elimination and subsequent coupling with the coordinated 
cyclooctyl fragment, but it can experience vinyl-to-nitrile cou- 
pling yielding an iridapyrrole complex.[44' In the absence of 
nitrile, irreversible dissociation of cyclooctene yields an unsatu- 
rated hydrido- vinyl species, which gives an allene compound 
by /I-H elimination. If this hypothesis is correct, the observed 
allylic activation of cyclooctene would involve, in the first step, 
the activation of a vinyl hydrogen. A similar explanation may be 
offered for the formation of the hydrido-crotyl compound 6" 
from cis-2-butcne, although in this case direct allylic activation 
appears in principle more feasible. 

Two points that are worth emphasising before closing conccrn 
the very important roles played by the vinyl and tris(pyrazoly1) 
ligands in the reactions described in this work. With rcspect to 
the former, it should be additionally noted that vinyl intermcdi- 
ates are being increasingly implicated in a number of interesting 
 transformation^.^^^] As for the latter, the different behaviour 
exhibited by the Tp' complexes we have reported in this and in 
previous contributions,['"". 3 6 b ,  37,441 in ' comparison with other 
related systems containing Cp' or tripod I i g a n d ~ , [ ' ~ - ~ ~ ~  stems 

~I 

internal standard, hut chemic;il shifts are rcportcd with 
respect to  TMS. 3 1 P  NMR shifts arc referenced to  
external 8 5 %  H,PO,. Most of the NMR assignenients 
arc based on cxtensive ' H  'H decoupling cxperi- 
ments, NOEIIIFF measurements and homo- and het- 
eronuclear two-dimensional spectra. 

[IrI (Tp*Ir(C,H,),I (I*): Complex [[lrCI(C,H ,1)2JL] ( I  g. 
1.11 mmol) was suspended in  80mL of THF 
at -20°C. Ethylene was bubbled through the mixture 
for 10 min to give a colourless solution to which KTp* 
(0.75 g, 2.22 mmol) was added. The reaction mixture 
became reddish and gradually darkened during the fol- 
lowing 4 h of stirring at  room temperature. Volntiles 
were stripped off under vacuum, and the residue ex- 
tracted with 50mL of a 1:1 mixture of EtzO and 

CH,CI,. The resulting suspension was centrifuged to eliminate the potassium 
chloride and the solution was pal-tially evaporatcd until cloudy. Cooling 
at  -20 C afforded pale yellow crystals of I*  in 70% )ield. ' H  NMR 
(200 MH7, C,D,, 25°C): 3 = 5.51 (s. 3H,  3C-H,,,), 2.40 (8, XH. 2CLIf4). 
2.39 (s, 9H,  3Me). 2.11 (s, 9H.  3Me):  'C{'H/ NMR (50 MHz, C,D,. 

6=151.5.  143.4 ( 1 : l  ratio. C - M e ) ,  107.6 ( C  -H,,?,), 26.1 (C2HI, 
'J(C,H) =154Hz), 14.7, 12.5 (1 : l  ratio, C - M e ) ;  Ci,H3,BNc,Ir (545.52): 
calcd C 41.7, H.5.5. N 15.4; found C 41.1. H 5.8. N 15.0. 

(Tplr(CH,=CHMe),l (3): Thc bis(propene) complex 3 was preparcd follow- 
ing the same procedure, but employing propene and KTp. Howcvcr, owing 
to its thermal insttability (it converts into the hydrido -propeiiyl iwmer),  it 
was isohled as a crude solid and stored at -20 C. Yield: 80%. ' H  NMR 
(300 MHz, CDCI,, 25°C): S = 8 6 (d, d. t, 3 H  each. C Hprr). 3 5 1.8 
(broad humps, C-Fic,lcf), 0.65 (hrs,  Me); I3C{'H) NMR (75 MHL, CDCI,, 
25°C): 6 =138.5. 134.9, 105.1 (C-HpYr), 29.2, 26.1, 25.4 (CHMe. CH2 and 
CH M E )  

F 
H-?-?7 

ITp*lrH(CH=CH,)(CH,=CH,)j (2"): 
Procrdirre A :  The bis(ethy1cnc) complex 1* (0.2 g. 0.37 minol) was dissolved 
in benzene (50 inL), and the solution photolysed with a IJV lamp (Hg, 500 W) 
for 2 h. Volatiles were removed tinder vacuum and the crude solid obtained 
was investigated by NMR. A 2.5:l mixture of complex 2* and a phenyl 
derivative (scc text) was identified. Analytical samplcs o f  2" could he obtained 
upon chromatographic separation on silica gel and petrolcum ether as the 
eluent. The minor product remained in the column and was not separated for 
characterisation purposes. 
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I'rowhrre B :  complex 1" (0.2 g. 0.37 mmol) was suspended in cyclohesanc 
(30 mL) and the suspension was frozen and cooled at -40'C. The matrix was 
photolysed at that temperature for several liours (4-6) and then allowed to 
reach the room temperature. The resulting solution was taken to dryness and 
the residiic was investigated by NMR The hydrido complex 2* was the 
unique product in solution. Attemps to scale up the experiment resulted in a 
considerable dccrease in the conversion yicld. 

' H N M R  (200 MHz. C,D,. 2 5 ' C ;  see Figure 5 for 
atom labels): 6 =7.3X. 5.63. 4.94 (3H, Ir- "><"" CH=CH,. AMX spin system, '..I(A.M) =lo.  

HA 
1H,lH,IH,C-H,,,).3.90.3.10(2m,AAXX'spin 
systcm. C2H,), 2.50. 2.36. 2.21. 2.12. 2.06. 1.80 
(6Me), -16.90 (lr-H). "C( 'H) NMR ( 5 0  MHz, 

C,D,, 25.C): 6 =:126.4 (CH=CH,, 'J(C,H) = 142Hz), 118.8 (CH=CH2,  
'J(C.H) = I 5 1  H7). 108.0, 107.0, 106.7 (C-HPy,)- 43.9 I,C,H,. 
'J(C.H) = I 6 1  H r ) .  16.4, 15.2, 15.2, 14.0, 12.4. 12.4 (C Me); IR (Nujol): 
V = 2200 c n -  ' (Ir-H).  C,,H,,BN,lr (545.52): calcd C 41.7, H 5.5, N 15.4; 
found C 41.8, H .  5.7. N 15.4. 

HM 'J(A.X) =18, 3J(M.X) = 3 Hz), 5.73, 5.56. 5.40 (5, 

Figure 5 

ITplrH(CH=CHMe)(CH,=CHMc)l (4): A T H F  solution of comples 3 was 
heatcd at 60 C Gnr 6 h. The solvcnt was removed under vacuum and the 
residue investigated by NMR. revealing quantitative formation of the hydri- 
do- propcnyl complex 4. rrrrris-Propcnyl major isomer: 'H NMR (201) MH7. 
C(,DC,. 2 5 - C ;  see Figurc 6 for atom labels): 5 = 8.0-6.5 (9 m, 1 I1 each. 

C-Hp,,). 6.48 (dq, I H, HA.  ,J(A,M) =15.4, 'J(H.Me,) =1.4Hz), 5.13 (dq. 
1 H. H,, 'J(H.Ms,) = 6.1 Hz). 3.6-3.3 (m. ABC spin system, 3H,  H,, H,, 
Ho).2.10(dd,3H,Me,).1.12(d,3H,Me,.'J(Me,Ho)= 5.XHz),-16.0(~,  
1H.  I r -H) :  I3C( 'HJ NMR (50MHz, C,D,, 2 5 - C ) :  b=145-105 (YC- 
H,,,), 128.7 (Ir-CH=CHMe. 'J(C,H) = 150 Hz), 118.2 (Ir-CH=CHMe. 
'J(C.H) =132Hz), 57.0 (CH,=CHMe, 'J(C.H) =I58  Hz), 49.0 
(('H,=CHMe, 'J(C,H) =I60 Hz), 23.4, 17.2 (Me); IR (Nujol): 
? = 2180cm-' (lr-H). 

Synthesis of hydrido derivatives (Tp'lrH(CR'=CHRZ)(CHR'=CHRZ)I 
(Tp' = Tp*, R' = H, R' = Me, 4": Tp' = Tp*, R'  = H, RZ = Et. 5 * ;  
Tp' = Tp, R' = Me. R2  = Me, 10): [{lrCl(C8H14)2] ,] (0.2 g, 0.22 mniol) was 
suspended i n  30 m L  of T H F  at  -20 'C .  and propene was passed through the 
mixture for 3 - 5  min. KTp" (0.1 5 g, 0.44 mmol) was added to the resulting 
orange solution. 'The reaction mixture was allowed to reach the rooin temper- 
ature. and after 5 11 of stirring a violet solution was obtained. The solvent was 
evaporated under vacuum and the residue was extracted with 25 ml,  of ace- 
tone. After centrifugation and partial evaporation of the solvent, thc solution 
was cooled to -78 'C to give colourless crystals of 4* in 75% yield. 
The I-butene derivative 5* was obtained in the same way and crystallised 
from a petroleum ether solution. Yield: 70%. The cis-2-butenc analogue 10 
was also prepared by thc same procedure. 

[Tp"lrH(CH=CHMe)(CH,=CHMe)l (4*): trims-propenyl major isomer: 
' H  NMR (500 MHr, C,D,, 25 (S = 6.54 (dq, 1 H,  HA.  3J(A,M) = 15.X. 
" J (H ,MeA)=1 .4H~) ,  5.75, 5.52. 5.44 (s. I H ,  ZH, 1 H ,  C-H,,,). 4.94 (dq, 
1 II, H,, 'J(H.Me,) = 6.1 Hz). 4.04 (d, 1 H, H,, 3J(X,Q) =11.6 Hz), 3.94 
(ddq. 1 H. H,. 3.4Q,N) = 8.1, 'J(H,Me,) = 5.7 Hz), 3.67 (d, 1 H. HN),  2.44, 
2.44. 2.24, 2.13, 2.04. 2.03 (s, 3 H  each. hMe), 2.01 (dd, 3H,  Me,). 1.09 (d, 
3H.  Me,). -17.21 (s, 1H. Ir-H); "CC('H) NMR (50 MHz, C,D,, 25°C):  
6 =155-140 (6C---Me), 125.4 (Ir-CH=CHMe. IJ(C,H) =150Hz), 115.6 
(Ir-CH=CHMt:, 'J(C,H) =I35 H r ) ,  108.4. 106.9, 106.4 (C-HPyr),  53.7 

25-10 (XMe); IR (Nujol): i. = 2 1 7 5 c n . '  (Ir--H). 
Minor trcm.s-propenyl isomer: ' H N M R  (500 MHr, C,D,, 2 5 ' C ) :  6 = 8.14 
(d. 1H.  HA, J(A,M) =15.5 Hz). 5.03 (dq, 1 H, H,, ,J(H,Me,) = 6.2 Hz), 
4.40(m. l H , H , > ) ,  3.61 (d, 1 H , H , ,  3J(X,Q)=12.5H7),3.31 (d, l H , H N ,  
'J(N,Q) = 8.5 Hz).  -24.23 (s, 1 H,  I r -H) .  

(CH,=CHMe, 'J(C,H) =160 Hz), 49.3 (CH,=CHMc, 'J(C,H) = 162 Hz), 

ci-propcnyl isomer: ' H N M R  (500 MHz. C,D,, 25 C):  5 = 6.36 (d, I H. 
H,.".I(A,M)=10Hz).4.21 (d. IH ,H, .  3J(X,Q)=11.6Hz).3.80(m. 1H.  
H,). 3.46 (d. I H, H,. 3J(N.Q) = 8.5 H L ) .  -17.14 (s. 1 H, l r - t l ) .  The H, 
resonance could not be located. C,,H,,BN,lr (573.56): calcd C 44.0. H 6.0. 
N 14.6; found C 44.0, H. 6.2, N 14.6. 

ITp*IrH(CH=CHEt)(CH,=CHEt)l (5* ) :  trms-Butenyl major isomer: 
'HNMR(SO0 MH7,C,D,,25^C;seeFigurc7ii~1-atomlabeis):R = 6.55(dt. 

I H ,  HA, 3J(A,M)=16.0,4J(H,CH,)=1.3H~).5.77,5.54, 5 . 4 4 ( ~ . 1 H ,  I H .  
I H ,  C-H,,,), 4.98 (dt, 1 H, H,, ' J ( H , C H ,  = 6.3 HL). 4.03 (d. 1 H, H,. 
'J(X,Q) = 11.4 Hz). 3.95 (in, 1 H, Ho). 3.63 (d, 1 H. H,, ,J(N,Q) = 8.1 H7), 
2.47, 2 47, 2.24, 2.13, 2.04. 2.04 (s, 3 H  each, 6Me). 2.33 (m. 2H.  CH2Me,). 
1.39 (m. 2H,  CH,Me,), 1.04 (t. 3H .  CH,Me,, 'J(H,H) =7.5 Hz), 0.94 (in. 

3H.  CH,Me,),-17.17 (s, I H ,  Ir-H); "CC('H] NMR (125MHz. C,D,, 

CH=CHEt, '.T(C,H) =146Hz),  113.4(Ir-CH=CHEt, 'J(C-H) = I 3 3  Hz). 
108.4, 106.9, 106.4 (C-Hpy,), 60.7 (CH,=CHEt. 'J(C.H) = I 5 2  Hz), 47.9 
(CH,=CHEt, 'J(C,H) = 160 Hz), 32.5 (CH,Me,), 30.5 (CH,Me,), 26.2. 
17.2, 16.0. 15.9. 14.8, 14.7, 12.4, 12.3 ( 6 C - M e  and Me,, Me,). Data for the 
minor isomers (<  10%) not reported 

ITplrH(cis-CMc=CHMe)(cis-CHMe=CHMe)] (10): 'H NMR (500 MHz, 
CDCI,, 25 -C) :  6 = 5.58 (qq. 1 H. Ir-CMe=CHMe. ,J(H.Me) = 6.0, 
4J(H,Me) =1.3 Hr),4.72.4.13(dq, 1 H, IH.CHMe=CHMe, 'J(H.H) = 8.0. 
' J (H ,Me)=5 .7Hz) , -18 .13 (~ ,  1 H . h - H ) .  

Synthesis of the hydrido-ally1 complexes 6*, 8* and 9*: The bis(cthy1ene) I *  
(0.25 g, 0.46 mmol) was suspended in cyclohexane (10 mL), and the mixture 
was heated at  60 C with stirring. Monitoring of the reaction by ' H N M R  
spectroscopy showed the initial formation of 2* and 6*, but after heating at 
this temperature for about 24 h 6* was the only detectable species. The 
resulting solution was taken to dryness and the residue was dissolved in 
petroleum ether (10 mL). Upon partial evaporation and cooling at  -20 C, 
off-white crystals of 6* were collected in 80% yicld. 
The related complexes 8" and 9* wci-e prepared in a similar fashion, but using 
the hydrido-vinyl compounds 4* and 5* as the starting materials. Com- 
pound Y* displays similar NMR data to those detailed for 8* (see below). 

Solid-state thermolysis of 1*: The bis(ethy1cne) complex 1* was cleanly con- 
verted into the hydrido-ally1 6* upon heating solid samples at 100 C (oil 
bath) for 4 h under a nitrogen atmosphere. The resulting white solid was 
investigated by ' H N M R  (500 MHz, CDCI,) and shown to contain a mixture 
of the hydrido -ally1 isomers shown in Scheme 4 (average of two runs). When 
the hcating was carried out at 150°C for 3 d the isomer ratio endo-6*:e.uo-6* 
changed to ca. 9:l 

cwo,~nti-ITp*lrH($~-CH~CHMe)l  
(6*): ' H N M R  (200 MHz, C,D,, 2 5 ° C ;  
see Figurc 8 for atom labels): 6 = 5.66, 
5.62. 5.42 (8, 1 H,  l H ,  I H, C HPyr). 
5.06 (dt, 1 H, H,, ,J(HL,HA) =10.2, 
3 J (H , ,H~)%3J(H, ,H~)  = 6.9 Hz), 4.32 Ha Mea 
(quint, 1 H ,  H:. 3J(H,MeA) = 6.5 HL), 
3 .29(d, l11,H~).2.74(d,1H.HA),2.36.  
2.29,2.17.2.14.2.12,2.07(s,3Heach.6Me). 1 .53(d.3H.Me,) . -29.02(~.  
1 H. Ir H);  I3C( 'H)  NMR (50 M H r ,  C,D,, 25'C): 6 =129.3. 117.9. 109.1. 
143.2. 142.5, 142.3 (C-Me), 108.7. 105.8, 105.7 (C-HDyr). 78.7 (C-H,. 
'J(C,H) = 160 Hr) ,  28.7 (CHMe, 'J(C.H) =150 Hz), 20.2, 16.9, 16.4. 14.7. 
12.7, 12.4. 12.1 (7Me), 16.2 (CH,, 'J(C,H) -156Hz); IR (Nujol): 
i. = 2220 cni- '  (lr-H); C,,H,,BN,Ir (573.56): calcd C 41.8. H 5.5. N 15.4: 
found C 41.8. H. 5.7, N 15.4. 

endo,s~n-~Tp*lrH(~'-CHzCHCHMe)~ (6*): 'H NMR (500 MHz, CDCI,. 
25 ' C ;  see Figure 9 for atom labels): 6 = 5.80. 5.77. 5.64 (s, I H. 1 H. 1 H. 

25 c): d =1S1.4, 150.5. 150.0, 143.4. 142.9, 142.6 ( c - M ~ ) ,  133.6 (rr- 

Hsl& H,z n 
Figure 8 ,  

C-H,,,), 4.83 (td, IH,  H,, 3J(H,..Hk)-3J(H,,H:) = 9.8. 'J(H,.,H,) \ -  - 
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6.9 Hz). 3.33 (dq, I H ,  H i ,  
'J(H,Me,) = 5.9 Hz), 3.21 (dd, 1 H. H,. 

2.10, 2.05, 1.97 (s, 3 H  each, 6Mc), 1.48 
(d, 3H,  Me,), -28.55 (s, I H. I r  H ) .  

Ha' Ha2 HA is immersed in the Me region 
(COSY); I3C('H] NMR (I25 MHz, 
CD,COCD,, 25°C): 6 ~ 1 5 1 . 0 ,  150.9, 
150.6, 143.1, 142.7, 142.5 (C-Mc), 

109.0. 106.0. 105.7 (C-HDSr), 82.1 (C-H,, 'J(C,H) = I58  Hz), 37.5 (CHMc. 
1J(C.H)=154Hz),23.6,16.1,15.Y,14.4, 13.0. 12.9.12.7(7Mc),18.7(CH2,  
IJ(C.H) =153 Hz). 

exo,syn-[Tp*IrH(q'-CH,CHCHMe)l (6*): I H  NMR (500 MHz, CDCI,, 
25 C): 6 = 5.84, 5.77, 5.60 (s, 1 H. 1 H, 1 H, C-H,,,), 4.74 (td. 1 H. H,, 
.'J(H,,HX)='J(H,,Hi) = 9.6, 3J(H,,H,) = 6.9 Hz), 3.12 (dq, 1 H ,  H i ,  
'J(H,Me,) = 5.9 Hz), 3.01 (dd, I H ,  H,, 'J(H,,H:) =1.0 Hz), 2.36. 2.33, 
2.31, 2.30, 2.28, 2.18 (s, 3 H  cach. 6Me), 1.30 (d. 3H,  Me,), -29.78 (s, I H ,  
Ir-H)? H,!, is inmersed in the Me region (COSY); I3C(IH) NMR (125 MHz, 
CD'COCD,. 25 'C): 6 =151.4, 151.4, 150.7, 143.2, 142.7, 142.5 (C-Mc), 
109.0. 106.3. 105.7 (C-HpyJ, 83.6 (C-H,, 'J(C,H) = 160 Hz), 32.8 (CHMe, 
'J(C,H) =I60  HL). 20.7, 16.7, 16.3, 15.7, 13.2, 12.6, 10.8 (Me and CH,). 

exo,Etunti-(Tp*IrH(r13-CHMeCHCHEt)I (S*): ' H  NMR (500 MHL, C,D,, 
25 C ;  see Figure 10 for atom labels): 6 = 5.74, 5.55,  5.48 (s. 1 H, 1 H. 

1 H, C-H1,,,), 4.86 (dd. 1 H. H,., 
'J(HC,HA) = 9.1, 'J(H,.H,) =7.4 Hz), 
4.27 (ddd, 1 H. H,, ,J(H,.CH,) =10.7, 
2.7 Hz). 3.43 (dq, 1 H ,  HA, 
,J(H.Me,) = 5.8 Hz), 2.36. 2.34, 2.15, 

Mes& 2.12, 2.07 (s. 3H,  3H,  6H,  3H,  3H. 
6Me), 2.21 (m. 1 H. CHHMe), 1.32 (d. Ha 
3 H ,  Me,), 1.25 (t. 3H ,  CHZMe). 1.03 
(m, 1 H,  CHHMe). -29.19 (s, 1 H. I r -  1:igure 10. 

H); "CC/'H] NMR (125 MHz, C,D,, 
2 5 ° C ) :  6=151.4, 151.2, 150.3 ( C  Me). 343.4, 142.5 (1 :2  ratio. C Me). 

'J(C.H) =150Hz), 31.4 (C-HA,  'J(C,H) =I55 Hz), 30.1 (CH,Me), 20.2 
(CH,Me), 19.8 (Me,), 16.7. 15.3, 15.3, 12.6, 12.4, 12.1 (6Me); IR(KBr): 
i. = 2210ciK'  (Ir-H). 

endr,,alIsyn-[Tp*IrH(q'-CHMeCHCHEt)l(8*): 'H NMR (300 MHz, CDCI,, 
25 - C ;  see Figure 11 for atom labels): 6 = 5.80, 5.76, 5.67 (s. 1 H, 1 H, 1 H, 

H:, 'JJ(H,Me,j = 6.1 Hz), 3.11 (td, I H .  H i ,  .3J(H,CH,) = 9.6. 3.5 Hz). 2.5-  
2.0 (Me), 1.43 (d, 3H,  Me,), 1.13 (t, 
3H. CH,Mr), -29.12 (5.  I H, Ir-  
H).  CH,Et protons not located. 

CH2Me ' 3C(1H)  NMR (75 MHz, C,D,, 
25 C):  6 = 85.3 (C H,. ' J (C,H) = 

154 Hz), 42.2. 34.5 ( C - H A ,  
Ha' Ha2 'J(C,H) =I47 and 151 Hr). 31 9 

M~~ 
*J(H,,H:) = 2.3 Hz), 2.40, 2.39. 2.35, Hs& n 

Figurc 9. 

Hs 

CH2Me 

108.6. 106.1, 105.4 (C HI,,,), 82.4 (C-H,., 'J(C,H) = 160 Hz), 32.7 (C-H,, 

C-Huyr). 4.52 (I, 1 H. H,, 'J(H,.Hk)-'J(H,,Hi) = 9.6 Hz), 3.16 (dq, l H ,  

Mes& 

Figurc 11. (CH,Me), 24-12 (Me). 

e.ro,all~yn-(Tp"lrH(~~-CHMeCH~HEt)~ @*): 'H  NMR (300 MHz, CDCI,. 
2 5 ' C ) :  Ci=S.79, 5.78, 5.65 (s, 1 H ,  I H ,  I H ,  C-HPsr), 4.72 (t, I H ,  H,, 
3J(Hc,Hf\)z'..I(H,,Hi) = 9.4 Hz), 2.89 (dq. 1 H, HL. 'J(H,Mc,) = 6.1 Hz). 
2.82(td, H i  3J(H,CH,) = 9.1, 3.5 Hz), 2.5-2.0(Me), 1.32 (d. 3H,  Me,), 1.15 
(t. 3H ,  CH,Me), -30.61 (s, I H ,  I r -H).  CH,Et protons not located 

exo,Prunti-[Tp*IrH(q'-CHEtCHCHPr)l (9"): Selected 'H NMR data 
(500 MHz, CDCI,, 25 ' C ;  see Figurc 12 for atom labels): 6 = 4.90 (dd, 1 H. 
H,. 3J(H,,H,) = 10 Hz. 'J(H,.,H,) =7 Hz), 4.28 (ddd, 1 H, H,, 'J(HS,CH2) 
=10,5, 2 , 6 H ~ ) ,  3.46 (dt, I H,  H A ,  3J(11,CH,) = 9 Hz) ,  -29.10 ( s ,  1 H, 
l r  H). 

endo.all.~ja-ITp*lrH(~~-CHEtCHCHPr)l (9*): Selected I H NMR data 
(500 MHz,CDC1,,25"C;seeFigurc 13foratonilabels):d = 4.63(1. 1 t~ ,H , . .  
3J(II,,H:) = 3J(H,,H:) = I 0  Hz), 3.30 (m. 2H.  HA. HI ) .  -28.60 ( 5 ,  1 H, 
11.-H). 

Figure 13. Ha' 

Reaction of [Tp*lrH,(SC,H,)I with allcne: Thc thiophenc coinplcx 
[Tp*lrH,(SC,H,)]136h1 was dissolved in cyclohexanc and heated at 00 ' C  for 
8 h under 1 atni of allcne CH,=C=CH2. The volatilcs were removed undcr 
VactiLini and the residue investigated by 'H NMR. The hydrido ; ~ l l y l  
[Tp*lrH(~'-CH2CHCH,)] (IS*) was dctected in >YO%, yield. 
(~d0-15":  ' H  NMR (300 MH7, CDCI,. 25 C): 6 = 5.76. 5.63 (s. 211, 1 H. 
C H,,,).5.09(tt,1H,H~,3J(H,,H,)=I0.1.'J(H,.H,)=h.6tI/),3.38(dd. 
2H,  2H,, 'J(H,,H,) = 2.0H7). 2.55 (dd, 2H,  ? H A ) .  2.5 -2.0 (Me).  -27.98 
(s, 1 H, l r  ~ H) .  In C,D, this last resonance appcars at - 27.55. 
~ ~ o - 1 5 ~ :  ' H N M R  (500 MHz. C,D,, 25 C):  h = 4.Y3 ( t t ,  1 H. Hc, 
3J(H,.H,)=10.1. 'J(H,.,HS)=6.5Hz). 3.31 (d. 2H. 2H,). 2.57 (d. 2H. 
2H,). -28.76 (s, 1 H, I r -H).  

Synthesis of ITp*lrCl(q'-CH,CHCHMe)l (7*): Complex 6* (0.1 g, 
0.19 mmol) was dissolved in CDCI, (2 mL), and thc solution hcited at 6 0 ' C  
for 6-8 h. Thc reaction was readily monitored by ' H  NMK. 
. \ ~n -7* :  major isomer: ' H N M R  (500 MHz. CDCI,, 25 C ) :  6 = 5.X1, 5.X0. 
5.46 (s, 1 H, 1 H, 1 H, C HI,,,), 4.97 (td. I H.  H,.. 'J(H,..H\)= 
,J(H,,Hi) ~ 1 1 . 4 ,  'J(H,,H,) =7.5 Hz), 4.X3 (dq, 1 H. H i ,  Z./(H.Mc,) = 

5.7 Hz). 4.48 (dd, 1 H, H,, 'J(H,,H;) = 2.9 Hz), 3.79 (dd. 1 H. Hk). 1.5 1.9 
(6Me), 1.58 (d, 3H,  Me,). 
Minor i,somcr: ' H N M R  (500 MIIz, CDCI,, 2 5 ' C ) :  6 = 6.09 (td. 1 t-1. H,. 
3J(Hc,HL)~3.1(Hc.Hi)  =10.5. 'J(H,,H,) =7.5 HI). 5.88, 5.75. 5.34 (s. 1 t1. 

IJ(H,Mc,) = 5.7 Hz), 3.33 (dd, 1 H, HA), 2.6-2.2 (6Mc). 1.35 (d.  3 H.  Me,). 

Preparation of Ir"' adducts ITp'lr(CH=CH,)(CH,CH,)l,l and ITp*lr- 
(CH=CHMe)(CH,CH,CH,)(PMe,)l (12*): 
11 a (Tp' = Tp, L = NCMe): A solution of complex I (0.06 g. 0.13 mniol) i n  

acelonitrile (I0 niL) was heated at 80 'C  for 18 h. Partial removal of thc 
solvent in vacuo and cooling at -20°C furnished a crudc solid from which. 
after several recrystallisation steps, complex 11 a was obtained us a white 
microcrystalline solid in 50% yield. ' H N M K  (500 MH7. ClIC13. 25 C):  
b = 8 . 0 1  (dd,1H,H,,'J(A,X)=18.0,'J(A,M)=105Hz).7.7 6 .0 (m,9H.  
C-HPyr), 5.70 (dd, 1 H, H,, 'J(M,X) = 3.6 Hz). 4.X5 (dd, 1 H. FIX) .  2.32 (s. 

,J(H,H) = 7 . 3  Hz); "C('H) NMR (125 MHz, CIX'I,, 25 C ) :  6 = I39 3.  

I H , I H , C - H , , , ) , ~ . ~ ~ ( ~ ~ , ~ I I , H , , ~ . / ( H , . H ~ ) = ~ . ~ H Z ) . ~ . ~ ~ ( ~ ~ . I H . H ~ .  

3H. NCMe), 1.60 (111, 2H,  CH,CH,). 0.95 (1. 3H.  CH,C//-l. 

139.1, 134.6. 134.4, 134.1, 105.2, 105.1 (1 :2 :1 :1 :1 :2 :1  rario,C--H,,,). 138.4 
(Ir-CH=CH,), 115.9 (Ir-CH=CH,). 111.4 (NCMe), 16.6 (II.-CH?CH,~). 
4.0 (NCMc). -10.7 (Ir-CH,CH,); C,,H,,BN,lr (514.04): calcd C 35.'). H 
4.2. N 19.5: found C 35.9, H 4.3. N 19.8. 

11 a* (Tp' = Tp*, L = NCMe): In a glass ampoule. complcx I *  (0.06 g, 
0.1 1 mmol) was hcated in acetonitrile (10 mL) at 60 ~ C for 1 X h. Thc resulting 
solution was concentrated in vacuo and cooled to - 20 C. Complex I 1  a* was 
obtained in 90% yield as a white microcrystalline sohd. 'H NMR (500 MFf/, 
CDCI,, 25 C ) :  6 = 8.24 (dd, 1 H. HA,  . , J (A ,X)  = 17.8. 'J(A.M) = 10.3 Hz), 
5.75. 5.68. 5,64 (s, 1 H,  1 H ,  1 H, C~-Hpy , ) .  5.55 (dd, I H, H,, 
'J(M.X) = 3.6 H7),4.73 ( d d , I H .  Hx),2.47(b,3H,  NCMe).2.36.2.33. 2.32. 
2.31. 2.22, 2.19 (s, 3 H  each, 6Me) .  2.12, 1.90 (m. I H, 1 H. CH,C'H,). 0.43 
(t. 3 H ,  CH'CH,, ,J(H,H) =7.6Hz);  "CC'('Hi NMR (125 MHz. CDC'I,, 
25 C):6=151.6.149.7.  142.7,142.6,142.4(2:1:1:1.1 ri1tio.C Me). 138.3 
(1r-CH=CH2). 114.3 (Ir-CH=CH,) ,  111.6 (NCMe), 107.1, IO6.3. 106.1 
(C-HPyr), 15.4(11. CH,CH,). 13.6. 13.2, 12.9, 12.5, 1 2 . 3 , ( 1 : 1 : I : l : 2 ~ a t i o .  
C-iWc).3.9(NCMe). -11.9 (Ii--~H,CH,~):C,,H,,BN,Ir(574.04)~c,ilcdC 
43.0, H 5.6. N 16.7; found C 43.2. H 5.7, N 17.0. 

Figure 12 

ID,I-lla* (Tp' = Tp*, L = NCCTI,): 'H NMR (500 MH7. CII,'CN. 25 C):  
~ S ~ 8 . 0 5 ( d d , 1 H , H , , ~ ~ ( A , X ) = I 7 . X , ' J ( A , M ) = I 0 . ? H z ) . 5 . 8 2 . . ( . 7 4 ( s , 1 H .  
2H.  C-HI,,,), 5.47(dd, 1 H, H,, 'J(M,X) = 3.6 1-17). 4.72 (dd. I H, Hx),  2.37. 
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2.36. 2.34, 2.34. 2.19. 2.18 (s. 3 H  each, 6Me), 2.92, 2.15 (m, 1 H, 1 H, 
CH,CH,). 0.41 (1. 3H. CH,CH,, 'J(H,H) =7.6Hz); 13C:1H} NMK 
(125 MHz. CD,CN, 25°C): 6 =152.7. 151.4, 151.3, 144.4, 144.1 (1:1:1:2:l 
ratio, C-Me), 137.fi ( I r ~ -  CH=CH,), 115.7 (Ir-CH=CH,). 10x3. 107.4, 
107.1 (C-Hp,,). 16.2 (Ir CH,CH,), 13.9. 13.7. 13.3. 13.2. 12.6. 12.5 (C- 
M c , ) .  -12.0 (lr--CH2CH,). 

11 b* (Tp' = Tp*. L = pyridine): Complex 1 1  b" was prepared siinil;rrly by 
heating I *  at 60 C in neat pyridine for 18 h. ' H N M R  (500 MHz, C,D,, 
25 C ) .  6 = 8.63 Id. 1 H. C -  H,,. ,J(H,H) = 5.7 Hz), 8.49 (dd. 111. H,. 
'J(A.X) = 18.0. 'J(A.M) = 10.7 Hz), 7.90 (d, 1 H, C-H,,, 'J(H.H) = 

5.5 HI), 6.64 (1. 1 H. C-H,,,, '.I(H,H) =7.6 Hz), 6.37 (t. I H, C-HPyr), 6.02 
(dd. I H. H,. 'J(M,X) = 3.3 H7), 5.79 (1. 1 H. C-H,,). S.73, 5.72 
1 H. 1 H, 1 H, GH, , , ) ,  5.13 (dd. 1 H. Hx). 2.79 (dq, 1 H, CH,H,CH,, 
,J(A,B) =11.1. ,J(H,H) =7.5 Hz). 2.69. 2.27, 2.26, 2.18, 1.51, 1.50 (s, 3 H  
each. 6Me) .  2.08 (dq. 1 H, CH,H,CH,), 0.99 (t. 3H.  CH,CH,) ;  "C{'HJ 
NMR (125 MHz, C,D,, 23°C): 6 =140.1 (Ir-CH=CH,). 118.6 (Ir- 
CI-I=CHZ). -6.9 (Ir-CH,CH,). 

ID,]-llc* (Tp' = Tp*. I< = [DJDMSO): In an NMR tube, complex 1" was 
suspended in 0.5 mL of [DJDMSO. The resulting mixture was h a t e d  at 
60 C in a water bath until complete disolution of the starting materi;il NMR 
monitoring at this point showed total conversion to complex 1 Ic". 'H  NMR 
(500 MHz, [D,]DMSO. 25 'C):  d =7.87 (dd, 1 H,  HA,  'J(A,X) =17.8, 
ZJ(A,M)=10.3H~).5.91,5.86,5.80(s,1H,1H,1H,C-H,,,),5.56(tld,1tI. 
H,,SJ(M,X)=3.2Hz),4.59(dd,1H,H,),2.46,2.38,2.34.2.28,2.17,2.16 
(s. 3 H  each, 6Mel, 0.39 (t, 3H,  CH,CH,, ,J(H,H) =7.3 Hz). The CH,CH, 
protons could not he located; 13C{'H) NMR (125 MHz, [DJDMSO, 25 "C): 
d = 151.1. 150.4. 149.3, 143.6, 143.5, 142.9 (C-Me), 133.4 (Ir-CH=:CH,), 

12.6. 12.6. 12.5 ((~H,CH, and 6C-Me) ,  -10.6 (Ir-CH2CIi3). 

11 d" (Tp' = Tp*. L = PMe,): Complex I *  (0.08 mg, 0.15 mniol) was sus- 
pended in neat PMe, (1 mL) and heated for 10 h at 60 'C.  The solution was 
taken to dryness and the residue was cxtracted with petroleum ether (10 mL) .  
IJpon partial evaporation and cooling at -20 'C white crystals of I I d *  were 
collccted in 75% yield. ' H N M R  (200 MHz, C,D,, 25 "C): 6 = 8.60 (ddd, 
1H.H,.'J(A.X)=17.6,3J(A,M)=10.3,3J(H,,P)=1.2Hz).~.20(dd,1ti. 

1 H. Hx). 2.57. 2.29. 2.27, 2.22, 2.19, 2.04 (s, 3 H  each, 6Me),  2.45 (m, 2H. 
lr-CH,), 1.13 (d. YH, PMe,, 'J(H,P) = 9.4 Hz), 0.80 (t. 3H,  1r-CH2CH3 
'J(t1.H) =7.6 Hz): 13C{'HI NMR(50MHz.C,D6.25"C):A =150.6,150.2, 
1 4 9 7 ( d , s , s .  1 : l : l  rati0.C-Me, ' J (C.P)=4Hz),  143.6, 143.1. 142.5 (C- 
Me). 136.3 (d. Ir-CH=CH,, 'J(C,P) = I 3  Hz) 118.1 (d. Ir-CH=CH,, 
,J(C.P) = 4Hz) ,  107.5, 107.4, 107.3 (C-HDyr), 16.2, 16.1. 15.2, 14.6, 12.9, 
12.7 (1:1:1:1:2:l ratio, Ir-CH,CH, and 6 C - M e ) ,  15.2 (d, PMe,, 
'J(C,P) = 38 Hz). -15.1 (d, Tr-CH,CH,, ,J(C.P) = 6 Hz); 3 'P{ 'HJ NMR 

119.8 (lr-CH=CH,), 108.2, 107.8, 107.8 (C-HpYr). 15.6. 15.2. 14.7, 13.9, 

H,, ,J(M,x) = 3.6 H ~ ) ,  5.73, 5.65, 5.57 (a. I H, I H, I H, C-H,J, 5.07 (dd, 

(80 MHz, C,D,, 25 C): 6 = - 48.5. 

[Tp*lr(CH=CHMe)(CH,CH,CH,)(PMe,)l (12*): Similarly and by using 
complex 4* as starting material complex 12* was isolated as a white crys- 
talline solid in 70% yield. Major [runs-propenyl isomer: 'H NMR (500 MHz, 
C6D,,25"C).S-7.67(d. 1H.H, .3J(A,M)=25.8H~),5.73,5.65,  5 . 5 8 ( ~ ,  

2.25,2.23,2.21,2.07(s,3Heach,6Me),2.32(m,ZH,IrCH,Et),2.15(d,3H, 
Me,), 1.21 (m, SH, IrCH,Et), 1.13 (d, YH, PMe,, 2J(H,P) = 9 . 2 H r ) ;  

143.0, 142.0 (('-Me). 125.2 (d, Ir-CII=CHMe, ,J(C,P) = 4Hz). 124.2 (d, 
Ir CH=CHMe, 'J(C,P)=10Hz). 107.4, 107.3. 107.2 (d, S, s. 1 : I : l  ratio. 
CH,y,. 4J(C,P) = 4 Hz), 24.6 (Ir-CH,CH,CH,). 23.2 (Me,), 17.7 (Ir- 
CH,CH,CH,), 16-12(6C-Me). 15.4 (d, PMe,. 'J(C,P) = 37 Hz), - ~ 3 . 9  ((1. 
I r -  CH,Et, 'J(C.P) = 6 Hz); 31P(1H)  NMR (120 MHz. C,D,, 25'C): 
6 = - 50.2. Minor cis-propenyl isomer: 'H NMR (500 MHz, C,D,, 25 "C): 

'J(H,Me,) = 5 Hz); I3C('HJ NMR (125 MHz, C,D,, 25 'C): d = 126.3 (Ir- 
CH=CHMe), 320.4 (d, Ir-CH=CHMe, ,J(C,P) =10Hz),  -5.9 (d, Ir- 
C'H2Et, ,J(C,P) = 7  Hz): 3 1 P  {'H} NMR (120MHz, C,D,, 25 C): 
b = - 51.2; C,,H,,BN,PIr (647.62): calcd C 44.5, H 6.4, N 13.0; f<,und C 
44.6. H. 6.7, N 12.4. 

1 H. I H,  1 H ,  C-Hpyr). 5.02 (dq, 1 H,  H,. 3J(H.Me,) = 6.1 Hz), 2.47, 2.26, 

13C(1HJ NMR (125 MHz, C,D,, 25 C): 6 =150.4, 149.9, 149.7, 143.3, 

6 ~ 7 . 6 2  (d, l H ,  HA.  J(A,M)=10Hz),  6.15 (dq, I H .  H,, 

Synthesis of (TplrH(q3-C,H,,)) (F): Complex G[lh1 (0.04 g, 0.08 mmol) was 
dissolved in cyclohexane (10 mL) and the solution was heated at  80 C for 

24 h. The solvent was cvaporated under vacuum and the residue. a microcrys- 
tallinc white solid, was investigated by 'H NMR. Only complex F was detect- 
ed in solution, attesting to the quaiititativc conversion o f C  into F. ' H  NMR 
(300 MHz, CDCI,. 25 'C): 6 = 8.1 -6.0 (m. 9H.  2.1 ratio. C-HPYr). 4 44 (t. 
1H,H,,',.I(H,,Hs)=7.5Hz),4.00(q,2H,2Hs,3.I(H,CH,)=8.0Hz).2.7- 
1.3 (m, 10H, 5 CH,). -26.01 (s, 1 H, Ir-H); '.'C{'H) NMR (125 MHz. 
CDC1,,75 C):6 =145.8,137.9. 1351,133.7. 105.8, 104.7(2:1:1:2:2:1 ratio. 
C-H,,,), 88.2 (C-H,), 38.0. 37.6, 29.1, 26.6 (CH, and C-H,). 

Crystal structure determinations of I*, 8a* and 8b*: A light yellow crystal of 
prismatic shape of complex I* was coated with epoxy resin and mounted in 
I I  kappa diffractomeler equipped with ;in Enraf-Nonius FRSSXSH low-tem- 
perature device. The cell dimensions were refined by least-squares fitting the 
0 valucs of the 25 reflections with a 20 range of 13-27 . The intensities were 
corrected for Lorentz and polarization effects. Scattering factors for neutral 
atoms and anomalous dispersion corrections for Ir were taken from the 
International Tables for X-ray The structure was solved 
by Patterson and Fourier methods. An empirical absorption correction'511 
was applied at the end of the isotropic refinements. A final rcfincment was 
undertaken with unit weights and anisotropic thermal motion for the non-hy- 
drogen atoms. The hydrogen atoms were included with fixed isotropic contri- 
butions at their calculated positions. No  trend in AF vs. c, or sin()!;. was 
obsei-ved. Final difference showed no signilicantely electron density. Most of 
the calculiitions were carried out with the X-Ray 80 system.[5" 
For complexes 8a* and 8b*, colourless prismatic crystals were coated with 
epoxy resin and mounted in a kappa diffractometer. The cell dimensions were 
refined by least-squares fitting the H values of 25 reflections. The intensities 
were corrected for Lorentz and polarization effects. Scattering factors for 
neutral atoms and anomalous dispersion correction for Tr wcrc taken from 
the reference given above. The structures were solved by Patterson and 
Fourier methods. Empirical absorption corrections were applied at the end of 
the isotropic ref ineme~it . '~~ '  Final refinement were underraken with fixed 
isotropic factors and coordinates for all H atoms. except 111 whose coordi- 
nates wcre located in AF and refined. Final diffcrence synthesis showed no 
significantly electron density. 
Most of the calculations were carried out with the X-Ray 80 system."*] 
Crystallographic data (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-100295. Copies of the data 
can he obtained free of charge on applicatlon to The Director. CCDC, 12 
Union Road, Cambridge CB21EZ, U K  (Fax: Int. code +(1223)336-033: 
e-mail: deposit iu.diemcrys.cam .ac. uk) 
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