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The substitution of one of the ethylene ligands of the complexéls(TpH4)2 (Tp' = TpVe:, 1*; Tp' = Tp, 1) by

soft donors such as tertiary phosphines or carbon monoxide is a facile reaction that gives the corresponding
Tp'Ir(C2H4)(L) adducts. Spectroscopic studies support their formulation as five-coordinate, 18-electron species
that possess a distorted trigonal bipyramidal geometry. This proposal has been confirmed by a single-crystal
X-ray study carried out with the PMBh complex T{¢Ir(C,H4)(PMePh) Bb*). Related hydride derivatives of

Ir(1ll) can be obtained either by hydrogenation of the Ir(I) adducts (in general, this give$iFj) compounds)

or by thermal activation of one of the-@4 bonds of the coordinated,8, ligand of the TH€Ir(C,Hg)(L)
compounds. All these reactions can be understood by invoking the participation of transient, 16-elgetron (
Tp)Ir intermediates, but the thermodynamics of the [Igs) to [Ir]H(CH=CH,) conversion does not require

an overall change in the coordination mode of thé ligand.

Introduction the thermal activation of the corresponding lblefin species
Tp'Ir(CoHg)(L). In Graham'’s systerhinamely T sMelr(C,H.)-
(CO)} a change in the coordination mode of the’ Tigand
from %2 to 1® was suggested to accompany the activation of
the C—H bond of the GH4 ligand, and it was further assumed
that the extra coordination of the free pyrazolyl arm provided
the thermodynamic driving force needed for the activation
reaction to take place. We have demonstrated, however, that
TpMear(C,Ha); has a five-coordinate, 18-electron structure, both
in solution and in the solid stafeHence, in our case, the above
* Instituto de Ciencia de Materiales de Madrid, CSIC. transformation occurs without a change in the net electron count
* Universidad de Huelva. at the Ir center and in the coordination mode of th&¢ figand.
¢ Universidad de Sevilla-CSIC. o ~Inthis contribution, we extend previous studies on olefinieHC
O Kot RN willner, i Am Chem. Sodood 11 931, (s~ activation to a series of Th(Caty)(L) complexes (Tp= Tp,
Bell, T. W.; Brough S.-A.; Partridge, M. G.: Perutz, R. N.; Rooney, TPV L = PRs, CO) and investigate in addition the hydrogena-
A. D. Organometallics1993 12, 2933. (c) Bianchini, C.; Barbaro, tion of these compounds.

P.; Meli, A.; Peruzzini, M.; Vacca, A.; Vizza, Prganometallicsl993
12, 2505.

The transformation of transition metaéthylene complexes
into their hydride-vinyl isomers is, in general, thermodynami-
cally uphill for mononuclear systenis® Up to now, the only
exceptions to this rule which are known involve'lFsystems
(Tp' = hydrotris(1-pyrazolyl)borate ligadd Thus, the Ir(lll)
hydride—-vinyl derivative TFFaMelrH(CH=CH,)(COY and the
somewhat analogous TfIrH(CH=CH,)(C;H4) complex and
others closely related tofitvere found to be the products of

Results and Discussion

(2) Hydride-vinyl species however can be active in the evolution of
M—ethylene complexes. See for example: (a) Desrosiers, P. J.; Cai, . .
L.; Halpern, J.J. Am. Chem. Sod989 111, 8513. (b) Burger, P.: Synthesis and Characterization of TpIr(C 2H4)(L) Com-
Bergman R. GJ. Am. Chem. Sod993 115 10462. (c) Peez, P. J.; plexes. We showed recently that the compound'¥ar(C,Hy)2
Poveda, M. L. Carmona, Engew. Chem., Int. Ed. Engl993 34 (1*) reacts with hard donors such as MeCN and DMSO with

(3) For some recent reviews on-& bond activation see: (a) Ryabov, formation Of_ TWQZIr(CH=CH2)(C2H5)(_L). These reactions
A. D. Chem. Re. 1990 90, 403. (b) Arndsten, B. A.; Bergman, R.  require heating at 60C, with the participation of T¥IrH-

@ il.);rg/\ll?:tlig)rl{s-rl:lsé.(;i '?nettﬁzgogél;rér{"“g-H%QS;”)s- Ffr%%(?% |2.|8éé,554' (CH=CH,)(C;H4) (2*) as an active intermediafeIn marked
Mespz)s, Tp = any tris(pyrazolyl)oorate ligand. For recent, general contrgst, soft bases such as tert|ary phosphm_es and CO readily
reviews on Tpligands see: (a) Trofimenko, Ehem Re. 1993 93, substitute one of the £l4 ligands in1* and give the corre-
943. (b) Parkin, GAdv. Inorg. Chem 1995 42, 291. (c) Kitajima, sponding THeIr(C,Hg)(L) adducts, as illustrated in eq 1
N.; Tolman, W. B.Prog. Inorg. Chem 1995 43, 418. In these
references, the values of the cone angles for the Tp aMé Tigands
are somewhat different. The numbers given in the text are taken from [ PR3 [Ir]* 1)
ref 4c. o

(5) Ghosh, C. K.; Hoyano, J. K.; Kreutz, R.; Graham, W. A.JGAm. \\/ \7 20°C \\/ \pR3
Chem. Soc1989 111, 5480.

(6) Alvarado, Y.; Boutry, O.; Gutieez, E.; Monge, A.; Nicasio, M. C.; 1* 3a*- 3c*

Poveda, M. L.; Peez, P. J.; Rim, C.; Bianchini, C.; Carmona, E. .
Chem—Eur. J. 1997, 3, 860. (Ir]" = TpMe:ir
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for the monodentate phosphines PM8a*), PMePh @3b*), H H_—~
i ; ; B B
and PE$ (3c*). Interestingly, the chelating phosphine RE€H,- « N ' . N
CH,PMe,, dmpe, affords, under similar conditions, the binuclear &N | - N &Nn '%
species3d*, in which the diphosphine ligand bridges the two Nd '{A/kB' ) - N~ "r
equivalent metallic centers (eq 2). L B L
[y dmpe r @ A 8

P [Ir
N NG
N7 N ‘ 4 (PPhy).1113 As discussed below, the structure proposed for these

1 3d* complexes on spectroscopic grounds has been confirmed by an
X-ray study carried out with the PMBh complex3b*.

At variance with the parent bis(ethylene) compoutidsnd
1*, all the TpIr(CzH4)(L) derivatives reported in this paper are
rigid at room temperature on the NMR time scale. This is
evidenced by the observation of two sets of resonances (2:1
co intensity ratio) for the pyrazolyl groups of the Tigand. In

o ——— . ['l’]\* 3) fact, of the members of this TIp(C,H4)(PRs) family of
\( \/ 20°C \\/ \co 20°C H/ ~co compounds, only Tplr(€H,)(PPh) has been found to be

. COOH fluxional in solution!! The dynamic behavior of this complex

1 4 5 could be ascribed to the steric pressure exerted by the bulky
PPh ligand, which would facilitate the fast dissociation of one
of the pyrazolyl arms. It is worth noting that even the
coordinated @H,4 group of these mixed £1,—L adducts has a
static orientation, no rotation around the-I2,H, axis taking
place on the NMR time scale (an ABB' spin pattern is
observed for the ethylene protons uné#-decoupling condi-
tions). The mirror symmetry plane of these molecules is also
manifested in the observation of only one resonance for the
olefinic 13C nuclei. It is remarkable that this signal appears at
back later to this point. For the time being, it should be RﬁTEZHE'g:o;;%%X:i C(;rgrpatl:]eed Tvl\t/;:hstefl?;se ct)geotgﬁi; |£1?r|%ted
mentioned that, on a practical basis, the mixed£-CO adduct . . ) . ' ; )
4* is best obtained by action of KT on [IrCl(coe)(CO)} Tgrg?;ﬁ’e"g;?_tfg tljc()gcl\)/lrg(;ép—%bllm()ér%fpg(?—li(l)l%agp?fn (()F.)G%gCO),
(coe= cyclooctene) in the presence ot : . o R v . :

As expected, the bis(ethylene) derivative of the unsubstituted lﬁ:@e c?:;gs,n?(l)smar(;sur?g:e(;}/?ﬁeﬁte:—rgngahtﬁ;[ Ionvr?;ufggufg dtk_lre
Tp ligand, TpIr(C_gH4_)2 (1),*%is also prone to undergo a si_milar groupg(e 9., 05 Bpm i the TpIr(gE4)(PMe2Ph)gaerivative) but P
E)Zrl_r:?edprzgafjﬁ)?s;gggrocﬂﬁéhti gg si?g_?hu(as s?r%?zaﬂlfa)gggut::?ﬁgs seem to maintajn the same dependence on the donicity of the L
been obtained recently by Heinekey efl. ligand (a chemical shift of 2 ppm has been reported for Tplr-

Carbon monoxide also induces a fast substitution reaction in
THF to give first the mixed adduct ™SIr(C,H4)(CO) (4*)
(NMR evidence) and then the hydride-metallocarboxylic com-
pound5* (eq 3), which has been fully characterized by IR and

CO, HO

NMR spectroscopy and microanalysis. We presume that
complex5* is formed by the action of adventitious water on
the undetected dicarbonyl MIr(CO),, a compound previously
reported in preliminary form. During the progress of our work,
compounds* was isolated by Venanzi et &l.The analogous,
albeit slower, reaction of the Tplr(C@yerivative with BO

has been investigated by Oro and co-workerAs stated by
these authors, the very high reactivity of the'lf{€0O),
complexes toward O is remarkablé.® We will briefly come

(CH4)(PPH)LY).
PR3 The one-bond3C—1H coupling constant found for the,8,4
[ir] —_— [ir] . . .
20 °C N (4) ligand in these complexes has a relatively low value of ca. 145
\/ \/ \{ PR, Hz. On the basis of this and of the above chemical shift data,
1 - it is tempting to speculate on the possibility that the metalla-

cyclopropane resonance forhhas an important contribution
{Ir] = Tplr bf PMe,Ph to the ground-state electronic structure of these compotfnds.
¢ =PEts Comparison with the data reported for other compounds that

. I appear to behave chemically as metallacyclopropanes seems
All the compounds of composition TIp(C,H4)(L) exhibit appropriate. For example, {8:);Ti(CoHa),152 (ArO)Ti-

spectroscopic properties in agreement with a common, trigonal (~ 1 v o e 55 and (GH-)(MesPCHCR,O)Ti(CoH.)5¢ ex-
bipyramidal geometr)AG. This structure is closely related to ﬁ]iéit 4<)§((C2H63’ at TC])S,(C;Z 5();\/ eerzag e;b o nél )57'( (azvézagee)xppm,
e fo_und forl_ and 1** and results from the replacement of respectively, and are further characterizedhy, values in the
the axial GHa ligand of the latter compounds by the L group. proximity of 145-150 Hz!> The above)(*3C) values highlight
Theoretical calculations by Eisenstein and Caulton show that the difficulties that arise when the attempt is made to compare

in this way b.aCk dqngtlon to t'he orb|.ta| of the remaining the chemical shifts of a certain functionality bound to very
C,H4 group is maximized while keeping at a minimum the

overall molecular electronic enerdy. This type of structure

(12) Lundquist, E. G.; Folting, K.; Streib, W. E.; Huffman, J. C.; Eisenstein,

has also been suggested for Tplf;)(CO) and TpIr(GHa)- 0.; Caulton, K. GJ. Am. Chem. S0d990 112, 858.
(13) Ciriano, M. A.; Ferhadez, M. J.; Modrego, J.; Roduez, M. J.; Oro,
(7) Ball, R. G.; Ghosh, C. K.; Hoyano, J. K.; McMaster, A. D.; Graham, L. A. J. Organomet. Chen1993 443 249.
W. A. G. J. Chem. Soc., Chem. Commad®89 341. (14) Bender, B. R.; Norton, J. R.; Miller, M. M.; Anderson, O. P.; Rappe
(8) Venanzi, L. M. Personal communication. A. K. Organometallics1992 11, 3427.
(9) Fernadez, M. J.; Rodguez, M. J.; Oro, L. AJ. Organomet. Chem (15) (a) Cohen, S. A.; Auburn, P. R.; Bercaw, J.JEAm. Chem. Soc
1992 438 337. 1983 105 1136. (b) Hill, J. E.; Fanwick, P. E.; Rothwell, I. P.
(10) (a) Fernadez, M. J.; Rodguez, M. J.; Oro, L. A,; Lahoz, F. J. Organometallics1992 11, 1171. (c) van Doorn, J. A.; van der Heijden,
Chem. Soc., Dalton Tran&989 2073. (b) Tanke, R. S.; Crabtree, R. H.; Orpen, A. GOrganometallics1995 14, 1278. (d) For a discussion
H. Inorg. Chem 1989 28, 3444. of 1Jcc values see: Barry, J. T.; Chacon, S. T.; Chisholm, M. H.;

(11) Oldham, W. J.; Heinekey, D. MDrganometallics1997, 16, 467. Huffman, J. C.; Streib, W. EJ. Am. Chem. Sod 995 117, 1974.
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Table 1. Crystal and Refinement Data f@b* and 13b*

Gutierrez-Puebla et al.

3b* 13b*
formula C25H37NGBP|I’ C25H37NGB|I’
cryst syst monoclinic triclinic
space group C2/c P1(N° 2)
a, 26.104(3) 11.287(3)
b, A 16.767(5) 11.404(3)
c, A 16.967(2) 12.516(3)
o, deg 99.56(2)
p, deg 128.551(9) 100.73(2)
y, deg 117.90(2)
Vv, A3 5808(2) 1338.0(7)
VA 8 1
F(000) 2608 652
Deaica g CNT! 1.5 1.63
temp,°C 22 22
w(Mo Ko, cnmt 46.6 50.5
cryst dimens, mm 0.4 0.2x 0.2 0.1x 0.2x 0.3

diffractometer
radiation

scan technique
26, range, deg
data collcd

no. of reflns collcd
no. of unique data
no. of obsd reflns
Rint: %

std reflns

R12

WR22

av shift/error

Enraf-Nonius CAD4
graphite-monochromated
Mo Ka (A = 0.710 69 A)
wl20

€¢31,0,0) to (31,19,20)
5269

5111

3210 & 20))

3

*R1= J|[Fol — IFcll/X|Fol; WR2 = [Y[W(Fo* — FAF3 [W(Fo)T] M2

Figure 1. Molecular structure oBb*. Hydrogen atoms are omitted

for clarity.

that the chemical behavior of our TigC,H,)(L) complexes is
It should also be
mentioned that the somewhat related I§E,H4)(PMes) com-
pounds, which contain as well a static;HG ligand, are
characterized by similar NMR parameters (EpCsMes, 6 10.5,
e = 151 Hz8 Cp = CsHs, 0 4.119. We conclude that

that expected for Ir(H-olefin species.

Enraf-Nonius CAD4
graphite-monochromated
Mo Ka. (A = 0.710 69 A)
wl26
1-60
+15,-16,0) to (15,16,17)

5674
3273 ( = 20)
5.8

Table 2. Selected Bond Lengths and Angles Rir*

Ir—P
Ir—N12
Ir—N22
Ir—N32
Ir—C1

Cl-Ir—C2
N32—-Ir—C2
N32—-Ir—C1
N22—Ir—C2
N22—Ir—C1
N22—Ir—N32
N12—Ir—C2
N12—-Ir—C1
N12—Ir—N32
N12—Ir—N22
P—Ir—C2

properties.

Bond Distances (A)

2.207(4) I-C2 2.06(2)
2.17(1) P-C3 1.82(2)
2.16(1) P-C4 1.83(2)
2.18(2) P-C5 1.82(1)
2.10(2) C+C2 1.44(2)

Bond Angles (deg)

40.6(7) P-Ir—C1 93.3(4)
153.6(5) P-Ir—N32 92.1(3)
113.0(5) P-Ir—N22 94.7(3)
112.9(7) P-Ir—N12 171.3(3)
152.3(6) I-P—C5 117.8(4)

93.2(5) I-P—-C4 114.9(7)

98.3 I-P—C3 119.8(5)

94.6(5) C4P-C5 100.7(7)

81.6(5) C3P-C5 101.6(8)

79.7(4) C3-P-C4 98.8(7)

90.0(6)

retrodonation from the electron-rich Ir(l) center to theHg
ligand must be important in these compounds and suggest that
this explanation should suffice to account for their NMR

As indicated above, a single-crystal X-ray study oM¥r-

(CoHa)(PMePh) Bb*), has been undertaken. Figure 1 shows
an ORTEP view of the molecules of this compound; a summary
different metal environments. However, the coupling constants of the crystal data is given in Table 1, and pertinent bond
are very similar to those of our Ir compounds and may be distances and angles are summarized in Table 2. The Ir atom
considered in support of the metallacyclopropane formulation. Jies in the center of a severely distorted trigonal-bipyramidal
Caution should nonetheless be taken, and we would rather stresstbp) environment, similar to that found for the parent compound

1*, except, naturally, for the presence of a molecule of PMe

Ph in place of the axial ethylene group of the latter complex.
As in 1*, the equatorial plane contains two of the N atoms of
the Tp"e group (which, as discussed below, form an almost

(16) Stoutland, P. O.; Bergman, R. &.Am. Chem. S0d988 110, 5732.



Reactions of Tpr(CzH4)(L) Complexes

right N22—Ir—N32 angle of 93.2(5) far from the ideal value
of 120° expected for a regular tbp geometry) as well as the
carbon atoms C1 and C2 of the ethylene ligand. Within
experimental error, the +C1 and [~C2 separations are
identical to the corresponding distances it (2.08(2) A
(average) vs 2.06(2) A irl¢)®). The C1-C2 bond length, 1.44-
(2) A, is intermediate between a single (1.54 A) and a double
(1.34 A) carbor-carbon bond. It is interesting to note that this
bond has a length identical to that of the equatorigi Syroup

in 1*, which shows that the substitution of the axiaHz bond

by the stronger donor PMeh ligand has no apparent effect on
this bonding parameter. A similar situation holds for the Ir
N12 bond, i.e. that trans to the PMRh ligand, which is
identical, within the limits of the standard deviation, to the other
two (2.17(1), 2.16(1), and 2.18(1) A). As mentioned above,
the equatorial N-Ir—N angle deviates considerably from the
ideal 120 value. This important distortion within the equatorial
plane is also manifested by the very large N22-C2 and
N32—Ir—C1 angles of 152.3 and 152,8espectively. The other
two N—Ir—N bond angles also have values close t9, @lbeit
slightly smaller (79.7(4) and 81.6(3) well in the range

Inorganic Chemistry, Vol. 37, No. 18, 1998541

Tp'IrH2(PRs) (Tp' = TpMe,, PR; = PMes (6a*), PMePh 6b*),
1, dmpe 6d*); Tp' = Tp, PR = PMe&Ph (b)). As shown in
eqg 5, a related dihydrid&* (L = CO), is formed by starting
Ha
20°C

oy

Wl
L

oy
\\/ \L

)

3, 3%, 4* 6,6 7*

with the monocarbonyl comple#*. The structure proposed
for these derivatives is in agreement with their spectroscopic
data, which are collected in the Experimental Section. Com-
pound6a* was obtained recently by Heinekey et al. using a
different synthetic methot?.

The dihydride complexes exhibit good thermal stability, but
they decompose slowly in CDEI For example, solutions of
compounds$a* and6b* in this solvent, when heated at-6@0
°C, convert slowly into the monohydrides "fIr(H)CI(PRs)
(PR; = PMe; (8a*), PMePh 8b*)) with concomitant produc-
tion of CHDChL. For synthetic purposes, it proves more
convenient to heat the dihydrides in a mixture of CE&CCl,

generally encountered in complexes that contain trihapto-bondeduntil complete transformation (NMR monitoring).

hydrotris(pyrazolyl)borate ligand§2172 We believe that this
geometrical constraint imposed by the' Tigands is largely

A somewhat more complex behavior is found upon hydro-
genation (+2 atm) of the bis(ethylene) compléx, a mixture

responsible for the high tendency of these ligands to enforce of two compounds being now formed (eq 6). One of them is

six-coordination to the metal centér.
The structural data just discussed confirm the identity of the

solution and solid-state structures of this compound and, by
extension, of the other related compounds reported in this paper.

Further confirmation comes from®®C{H} CPMAS studies
carried out with3b* which show the @H, resonance at —8,
i.e. very close to the solution value ef7.2 ppm.

Before we conclude this section, some brief comments
regarding the facility with which compoundsand1* undergo

H;
°C

[ir]* + [irl*

[ir]* ©)
\\\/ \H\H \Vr \H

X ¥

1*

20

9* 10*

the dihydride species MSIrH,(CoHy) (9%), related to those
previously discussed and reported independently by Venanzi
and co-workerd? The second is the hydride ethyl compound

substitution reactions in the presence of soft bases appearl0*, Whose formation is favored with respect to thagdfupon

appropriate. Although both ethylene derivatives have a five-
coordinate, trigonal bipyramidal ground-state strucfufeyr-

lowering the temperature. Thus tl8&:10* ratio varies from
1:1.5 at 20°C to 1:2.5 at 0°C and 1:4 at—60 °C. These

coordinate intermediates resulting from the disengagement ofProportions are kinetic in origin since compoub@* does not

one of the pyrazolyl rings are probably sufficiently close in

react with b at the above temperatures (vide infra) and are in

energy to become accessible at normal temperatures. Thesé@ccord with the expected influence of the entropy term in the

intermediates probably have a high affinity for the soft ligands

rates of the two competitive reactions, that involving the

whereas in the case of the harder donors (e.g. acetonitrile) anextrusion of one of the £1, ligands becoming more favorable

alternative reaction pathway, namely that involving vinylie 18
activation and formation of the hydridevinyl species2 and

2*, appears to be kinetically favored. The easy formation of
the 16-electron intermediates is a characteristic of these!' Tp

systems that makes them much more reactive, in particular in

associative processes, than the correspondinig' @privatives.

at higher temperatures. At variance with a previous observa-
tion,1% the unsubstituted Tp compléxcan also be hydrogenated
at room temperature. In this case, however, only the ethyl
complex TplrH(GHs)(CzH.) (10) appears to form.

In accord with studies by Heinekey and co-workErsye
propose that these hydrogenations proceed through an associa-

This same conclusion has been independently reached byt|Ve process in which 16-electron reactive intermediates are

Heinekey and associatés.

Hydrogenation of Tp'Ir(C 2Hg4)(L) Complexes. A charac-
teristic chemical feature of the ethylene complexes of th&'Tp
fragment is their ability to interact with Hunder very mild
conditions. All the TAr(C2H4)(PRs) compounds tested react
with H, at 20 °C, under +2 atm of this gas, to yield
quantitatively (by NMR monitoring) the new Ir(lll) dihydrides

(17) (a) Bovens, M.; Gerfin, T.; Gramlich, V.; Petter, W.; Venanzi, M. L.;
Haward, M. T.; Jackson, S. A.; Eisenstein, Iew. J. Chem1992
16, 337. (b) Ferrari, A.; Polo, E.; Ragger, H.; Sostero, S.; Venanzi,
L. M. Inorg. Chem 1996 35, 1602.

(18) (a) Curtis, M. D.; Shiu, K. B.; Butler, W. Ml. Am. Chem. So4986
108 1550. (b) Curtis, M. D.; Shiu, K. B.; Butler, W. M.; Huffman, J.
C.J. Am. Chem. S0d986 108 3335. See also: Reger, D. L.; Huff,
M. F.; Rheingold, A. L.; Haggerty, B. SI. Am. Chem. Sod 992
114 579.

trapped by Hto give species of typ€, from which GH4 may

H
H\ B/\N ‘ H
NN "' ~/
L
C

be easily extruded. For reasons that remain to be fully
understood, when & C;H,4 the insertion of GH, into the Ir—H
bond becomes kinetically competitive with the dissociation of
the GH4 ligand and ethyl products are obtained.

(19) Oldham, W. J.; Hinkle, A. S.; Heinekey, D. M. Am. Chem. Soc
1997 119 11028.
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Scheme 1

pr _PMes e _ M2 e PMes e
AN M N ° ~ ° ~
FH/ PMe, 50 °C X \H 60 °C \(( H 60°C (( PMe,

1% 9 10* 12*

Compounds9* and 10* are, in our opinion, interesting
examples of Ir(lll}-hydride—ethylene complexes that deserve
further comment. As expected for an Ir(Hgthylene linkagé?®
the coordinated olefin udergoes fast rotation on the NMR time
scale around the +C;H, bond axis. The lower back-donation
from the metal center, as compared to that of the analogous
Ir(l) derivatives, is also manifested in the values of the chemical
shift 6(C,H4) and of the coupling constantdcy (ca. 40 ppm
and 160 Hz, respectively). The weakness of thedsH, bond
may also account for the facility with which insertion reactions
take place. As shown in Scheme 1, treatmen®®find 10* Figure 2. Molecular structure oi3b*. Hydrogen atoms are omitted
with PMe;, at 60°C, produces the expected ethyl complexes for cla_rity, except for H1 on iridium which is represented by a sphere
11* and12*, respectively, as the result of the migratory insertion ©f arbitrary radius.
of ethylene into the k-H bond. In the case of th&0* to 12* Table 3. Selected Bond Lengths and Angles f8b*
conversion, this observation clearly implies that migration of
the hydride group is more favorable than that of the ethyl

Bond Distances (A)

: . Ir—P 2.242(3) I-N32 2.215(9)

fragment. Although this appears to be a general observation, |,_¢1 2.030(9) I-H1 1.6(2)
not only for these T{er'" complexe$ but also for many Ir—N12 2.105(9) c:C2 1.27(2)
organometallic compounds, we have found that the migratory ~ Ir—N22 2.201(9)
insertion of GH4 into an Ir-C bond can indeed take place under Bond Angles (deg)
mild conditions2° N22—Ir—N32 87.7(4) P-Ir—N12 174.1(3)

Scheme 1 also shows that at®Dthe hydride-ethyl complex N12—Ir—N32 86.2(4) P-Ir—C1 89.3(4)
10* reacts with H to produce the dihydride compourf. N12—Ir—N22 83.5(5) HEIr—N32 163(6)
Further hydrogenation gives the known tetrahydrid¥efipH 4.2 Cl-Ir—N32 93.2(5) HEIr—N22 10(7)
Interestingly, this transformation can be reversed; treatment of gi::ﬁ:“g 1;8;((3 Elr_:::(N:iz 19;’((86))
9* with C;H,, at the same temperature, yielt8*. However, P—Ir—N32 99:7(2) HEIr—P 71(6)
under these conditions, the latter compound undergoes formally p—ir—N22 96.7(3)

a rapid o-bond metathesis with i, that gives first the
hydride—vinyl complex Tp'erH(CH=CH,)(C,H,) (2*) and
then, in a fast sequence of events, the products previously
reported as resulting from the interaction23f with C,H,4.6

Olefinic C—H Bond Activation in Tp 'Ir(C 2H4)(L) Com-
plexes. As already mentioned, compounti&nd1* and other
related species undergo thermat B vinylic activation, under
mild conditions, to yield the corresponding hydriclkenyl
derivativess We have now extended these studies to the related
TP'Ir(CaHg)(L) complexes and have found that in theMFp
series clean conversion to the hydridenyl species T¢IrH-
(CH=CHy)(L) takes place when = PMe; or PMePh, upon
heating at 66-70°C (CsDs, NMR monitoring). This conversion
(eq 7) is about 1 order of magnitude faster for the Penplex

130°C (cyclohexane) is needed for the reaction to proceed at
a practical rate. The unsubstituted Tp ligand has also a negative
effect; no clean product can be obtained when the complexes
TpIr(CoH4)(PRs) (3b,0) are heated in gDg at 60-80 °C. An
analogous behavior was also encountered for the parent Tplr-
(C2H,), derivative® We have not attempted the photochemical
activation of3b,c.

In view of the scarcity of X-ray structures reported for
hydride-vinyl complexes, we have carried a single-crystal X-ray
analysis of the PMgh derivativel3b*. This study appears
further justified by the information it may provide on the
intriguing reactivity of these alkenyl complexes of iridium, a
topic which is under intense scrutiny in our laboratofesihe
structure (Figure 2) shows the expected distorted octahedral

i A i geometry, in wh_i(_:h the N atoms of the ’“Fp ligand occupy
Y PAN ) three facial positions and the vinyl, hydride, and phosphine
X \L H ( L ligands occupy the others. Bond angles around the metal center
(Table 3) have values close to those expected for octahedral
3a*,b*, 4* L = PMes, PMe,Ph. 13a*,b*: L = CO, 14* geometry, except those involving the hydride ligand. However,
due to the difficulties in locating this atom with sufficient
as compared with the PMIgh analogué? For carbon mon- precision, these deviations should be taken with caution. As

oxide, the transformation is somewhat disfavored; heating at in the parent compoungb*, the N-Ir—N bond angles have
values close to the ideal 90nevertheless, ii13b*, they are
(20) (a) Boutry, O.; Gutigez, E.; Monge, A.; Nicasio, M. C.; ez, P. J.; slightly acute (83.5(5), 86.2(4), and 87.7{4) The Ir—H

Carmona, EJ. Am. Chem. S04992 114, 7288. (b) Gufierez-Puebla, ~ djstance of 1.6(2) A is in the range reported for these

E.; Monge, A.; Nicasio, M. C.; Rez, P. J.; Poveda, M. L.; Carmona, bonds®.10a,16,17,24

E. Chem. Eur. J.in press. ongs:
(21) (a) Paneque, M.; Poveda, M. L.; Taboada].\m. Chem. Sod994

116 4519. (b) Paneque et al., submitted. (23) (a) Alvarado, Y.; Daff, P. J.; Pez, P. J.; Poveda, M. L.;"8ahez-
(22) Surprisingly, these reactions are considerably slower when crude, Delgado, R.; Carmona, Bxrganometallicsl996 15, 2192. (b) Ales,

noncrystallized, starting materials are used. We do not know the nature F. M.; Poveda, M. L.; Sellin, M.; Carmona, B. Am. Chem. Soc.

of the inhibitor, but a series of experiments indicates that it is not O 1998 120 5816. (c) Alas, F. M.; Poveda, M. L.; Sellin, M.; Carmona,

H»0, PMs, or adventitious acid or base. E.; Gutiarez-Puebla, E.; Monge, AOrganometallicsin press.
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The Ir—P bond (2.242(3) A) is longer than that3b* (2.207- we would rather emphasize two additional factors which we
(4) A). This is the opposite trend expected for the increase in believe play an important role in helping the 'TFpsystem to
the oxidation state of the Ir center, and whereas it might be overcome the otherwise unfavorable thermodynamics of the Ir-
attributed to ar-acceptor rolé® of the PMePh ligand in the (CzH,) to IrH(CH=CH,) transformation: (@) the harder nature
Ir(I) complex 3b*, we would rather ascribe the lengthening of of the Tg ligands as compared to the ‘Cprhich makes them
this bond in13b* to its being trans with respect to the shortest bind preferentially to the also harder Ir(lll) centers, and (b) their
Ir—N bonds (IF-N12, 2.105(9) A). As can be seen in Figure well-known propensity to impose six-coordination at the metal
2, the vinyl fragment lies almost in the plane defined by Ir  center!® a situation that is highly favorable fo€dr(Ill). We
H1—-N22—N32. Itis actually slightly above that plane, almost presume that these factors are of importance to understand the
eclipsing the HEIr—N32 vector, with @ facing the hydride somewhat anomalous chemistry exhibited in this respect by the
ligand. This conformation is similar to that found in Cp*IrH-  Tp'Ir complexes:170:28 |n the present case, these arguments
(CH=CH,)(PMey),16 but rotated by 180 The Ir—C1 distance can be additionally used to explain the exceedingly high
of 2.030(9) A is however shorter than in the latter compound reactivity of the dicarbonyl compounds Ti§CO), toward water.
(2.054(4) A), although this value can be considered normal.  Since unsaturated species derived from th&€lI(C,H.)-
Finally, the length of the €C bond in the vinyl group (1.270- (L) compounds by dissociation of either theHG or the L ligand
(2) A) is somewhat shorter than that of a typical double bond are very active in reactions that involve aromatie & bond
but identical to that found in the Cp* complex mentioned above. activation?® such dissociation processes cannot take place during

It is pertinent to address agéithe CG-H bond activation the vinylic C-H activations discussed above. A simple,
reaction that converts the-HC,H, fragment into an isomeric ~ concerted oxidative addition reaction would be in accord with
IrH(CH=CH,) structure. The characterization of theMPgr- all the experimental data accumulated during the progress of
(C2Ha)(L) complexes as five-coordinate, 18-electron species this work. However, a recent theoretical analysis by Hall et
leaves no doubt that the -@4 activation occurs between al3° suggests the process could be more complex and require
electronically saturated, i.e. 18-electron, iridium centers. Hence, as a previous step the rupture of one of theNrbonds within
and at variance with Graham’s proposal for a somewhat relatedthe Tp"eIr fragment. A detailed study of these mechanistics
systent, no thermodynamic driving force associated with the aspects has not been undertaken, but nonetheless we have
electronic and coordination unsaturation of the starting Ir(l) gathered enough qualitative evidence regarding the influence

center can be invoked to explain the olefinie-B activation of the steric and electronic effects in the-8 bond activation
reaction. In the related4Bslr—PMe; system, the kC,H, and reaction that may be in accord with this proposal. It appears
IrH(CH=CH,) structures exhibit opposite thermodynamics; i.e., reasonable to assume that an increase of the steric hindrance
the Ir—CyH, complex is more stable than the hydricanyl and/or the electron density at the metal center should favor the

isomer. Tp and Cp ligands have relatively similar electron- temporary disengagement of one of the pyrazolyl rings. When
donor propertie§aPalthough some differences appear to exist one compares the ¥ and the Tp systems, the bulkier and
and the following order of donor ability was recently proposed: somewhat better donor P favors the C-H activation® and
26cdTpMe; < CgHs < CsMes.  For the Ir(lll) compounds (A)- the same can be said for the bulkier terminal olefins propene
IrH(CH=CH,)(CO) (A = TpMez (14*), CsHs'¥, almost identical and 1-butene when they are compared with ethylene. Within
»(CO) frequencies have been identified (2020 and 2022'¢cm  the Tp"e: system, the reactivity increases in the order €0
respectively). A similar situation is encountered in Ir(I) PMePh< PMes < CyHy, which clearly includes both electronic
compounds: 1990 cm for TpMeIr(C,H4)(CO) (4*) and 1979 and steric effects. Finally, the latter seem predominant when a
cm 1 for (CsHs)Ir(C2H4)(CO)12 The above data for the g comparison of the reactivities of $pMelr(C,H4)(COY (the
system show that an increase #{CO) of ca. 30 cm! C—H activation occurs at 108C) and Tp'€Ir(C,H4)(CO) (4*)
accompanies thé* to 14* transformation, and in this regard, (120-140°C) complexes is made.

it should be noted that a similaky(CO) of ca. 32 cm? is

associated with the conversion of the CFgelr(C,H,)(CO) Conclusions

(2030 cn?) into TpCRMelrH(CH=CH,)(CO) (2062 cm?). This

and the close resemblance of thé NMR data reported for
TpCreMelr(C,H4)(CO) with those of4* may be taken as
suggestive of analogous ground-state structures. Since, in Tplr-
(CHg)(CO) 2 »(CO) appears at 2000 cry the electron-
donating power of these hydrotris(pyrazolyl)borate ligands varies

i e CF;,Me 26e
in the order TH< > Tp > Tp e ) o hydride-vinyl isomers. We propose that this behavior may be
The Cp and Tp ligands differ considerably in size and  ,qqociated with the hard nature of the Tigands and with their

the{/lefore exert dissimilar steric pressure; cone angles of 236400 tendency to impose six-coordination at the metal center,
(Tp"%2), 199 (Tp), 182 (EMes), and 150 (CsHs) have been o gitation which is particularly favorable for thé t(Iil)

reported for these groups (Tff Cp®). Even though these  gygiems. The Ir(l) mixed £&,—L adducts also undergo easy

differences co.uld be .involfed to account for the above order of ligand exchange (with soft bases) and hydrogenation reactions,
thermodynamic stability, i.e. [IFH(CH=CH,) > [Ir]'(C;H,),

Several complexes of the general compositioflr{P,H.)-
(L), for Tp' = Tp or Tp"e2 and L = tertiary phosphine or CO,
have been isolated and characterized structurally as five-
coordinate, 18-electron species. Similar to other-TgH,
derivatives’® but atvariance with the related Cgcompounds,
they are thermodynamically unstable with respect to their

(28) (a) Gutierez, E.; Monge, A.; Nicasio, M. C.; Poveda, M. L.; Carmona,

(24) Fryzuk, M. D.; Gao, X.; Rettig, S. J. Am. Chem. Sod 995 117, E. J. Am. Chem. Sod994 116, 791. (b) Paneque, M.; Poveda, M.
3106. L.; Rey, L.; Taboada, S.; Carmona, E.;"RUC.J. Organomet. Chem
(25) Gilheany, D. GChem. Re. 1994 94, 1339. 1995 504, 147. (c) Boutry, O.; Poveda, M. L.; Carmona, E.
(26) (a) Sharp, P. R.; Bard, A. lhorg. Chem 1983 22, 2689. (b) Curtis, Organomet. Chenl997 528 143.
M. D.; Shiu, K. B.Inorg. Chem 1985 24, 1213. (c) Dunn, S. G.; (29) Unpublished results from this laboratory.
Mountford, P.; Shishkin, O. Mnorg. Chem1996 35, 1006. (d) Koch, (30) Jimemez-Castan, R.; Niu, S.; Hall, M. B.Organometallics1997, 16,
J. L.; Shapley, P. AOrganometallicsl997, 16, 4071. (e) Dias, H. V. 1962. See also: Bromberg, S. E.; Yang, H.; Asplund, M. C.; Lian,
R.; Lu, H.-L. Inorg. Chem 1995 34, 5380. T.; McNamara, B. K.; Kotz, K. T.; Yeston, J. S.; Wilkens, M.; Frei,

(27) These values have been taken from ref 4e. H.; Bergman, R. G.; Harris, C. BSciencel997, 278 260.
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which are best explained by the accessibility of low-energy,

albeit undetected, 16-electron intermediates, formed by mo-

Gutierrez-Puebla et al.

[TpMe2r(C oH4)]2(dmpe) (3d*). From complex1* and dmpe,
complex3d* was obtained in ca. 45% yield in the form of small yellow

mentary unanchoring of one of the pyrazolyl arms. The same Needles (EO—CH.Cl; —20 °C). *H NMR (500 MHz, CDC}, 298

type of species may be the key intermediates in the vinyht¢iC
activation experienced by the TpIr(C,H4)(L) derivatives.

Experimental Section

Microanalyses were performed by the Analytical Service of the
Universidad de Sevilla. Infrared spectra were obtained from Perkin-

Elmer spectrometers, models 577 and 684. The NMR instruments were

Varian XL-200, Bruker AMX-500, and Bruker AMX-300 spectrom-
eters. Spectra were referenced to external Sifde= 0 ppm) using
the residual protio solvent peaks as internal standardd NMR
experiments) or the characteristic resonances of the solvent nti€lei (

; ; H, CeHs,
NMR experiments). Spectral assignments were made by means of
P )- Sp g y e. (d, 23y = 9.3 Hz, 6 H, 2 PMe).3*P{H} NMR (220 MHz, GDs, 296

routine one- and two-dimensional NMR experiments where appropriat:
All manipulations were performed under dry, oxygen-free dinitrogen
by following conventional Schlenk techniques. The complexé%rp
(CaH4)2,8 TpIr(CaHa)2,1° and [IrCl(coe)(CO)! (coe = cyclooctene)
were obtained by published procedures.

TpMe2r(C ,H4)(PMes) (3a*). The bis(ethylene) complek* (0.2 g,
0.37 mmol) was dissolved in THF (20 mL), and Pieas added (0.40
mL, 1 M solution in THF). The mixture was stirredrf@ h atambient

temperature, and the solvent was evaporated to dryness. The oily.
residue was treated with petroleum ether (10 mL), and the volatiles
were removed in vacuo. The resulting powder was then redissolved

in acetone (10 mL), and the solution was filtered. Concentration and
cooling at —20 °C afforded the product as a white-cream-colored
powder in ca. 56-70% yield. *H NMR (300 MHz, GDs, 298 K): ¢
5.78 (s, 2 H, 2 CH};), 5.10 (s, 1 H, CH,), 2.68 (m, 2 H, 2 CH),
2.43 (s, 6 H, 2 Me), 2.35 (s, 6 H, 2 Me), 2.22 (s, 3 H, Me), 2.04 (s, 3
H, Me), 1.56 (M3Jpn = 5.9 Hz, 2 H, 2 CHjer), 0.76 (d,2Jp11 = 9.6 Hz,

9 H, PMeg). H{%'P} NMR: the GH, protons appear as an ARB'
spin system withda 2.68 (pseudoquartedap, = 4 Hz) andog 1.56
(pseudoquartet)3'P{*H} NMR (88 MHz, GDg, 298 K): 6 —45.6 (S).
BC{H} (50 MHz, GDs, 298 K): ¢ 151.4 (2CMe), 151.1 (d3Jpc =

6 Hz, CMe), 144.2 (2CMe), 141.9 CMe), 107.7 (d,*Jpc = 4 Hz,
CHgyr), 105.7 (2 CHy,), 17.0, 13.5, 13.1, 11.7 (s, 2:2:1:1 ratioVi€),
12.7 (d,3Jpc = 10 Hz, PMe), —8.1 (d,%Jpc = 4 Hz, 3y = 145 Hz,
C:Hj). Anal. Calcd for GoHssNgBPIr: C, 42.5; H, 6.3; N, 13.5.
Found: C, 41.9; H, 6.7; N, 13.2.

TpMe2r(C H4)(PMezPh) (3b*). This compound was obtained as
pale yellow crystals from acetone in approximately the same yield by
following a procedure similar to that described for compsex. H
NMR (300 MHz, GDs, 298 K): 6 6.8 (m, 5 H, GHs), 5.63, 5.09 (s,
2H,1H, 2CHy), 2.78, 1.73 (m, 2 H, 2 H, 4), 2.38, 2.25, 2.17,
2.03 (s, 2:1:2:1 ratio, 6 Me), 1.09 (dJen = 9.2 Hz, 6 H, 2 PMe).
31p{1H} NMR (132 MHz, GDs, 298 K): 6 —40.7 (s). 2*C{'H} NMR
(75 MHz, GDs, 298 K): 6 152.1 (2CMe), 151.3 (d,3Jpc = 4 Hz,
CMe), 144.4 (2CMe), 142.2 CMe), 137.7 (d,"Jpc = 52 Hz, G/P),
130-127 (CH, Ph), 108.1 (diJpc = 4 Hz, CH,y,), 106.0 (2 CHyy),
16.5, 13.4, 12.8, 11.3 (2:1:2:1 ratioMg), 11.9 (d,"Jpc = 16 Hz, 2
PMe),—7.2 (d,2Jpc = 4 Hz, GH,). Anal. Calcd for GsHz7/NgBPIr:

C, 45.8; H, 5.6; N, 12.8. Found: C, 45.9; H, 5.7; N, 12.9.

TpMealr(C ,H4)(PEts) (3c*). By the same general method, complex
3c* was obtained in ca. 70% vyield, from &, as pale yellow needles.
H NMR (300 MHz, CDC}, 298 K): 6 5.83 (s, 2 H, 2 CHl,), 5.30 (s,

1 H, CHy), 2.44 (s, 6 H, 2 Me), 2.42 (s, 6 H, 2 Me), 2.22 (m, 2 H, 2
CHoier), 2.16 (s, 3 H, Me), 2.14 (s, 3 H, Me), 1.57 (m, 2 H, 2 &Hhi,
1.54 (m, 6 H, 3 PEI,CHj3), 0.67 (m, 9 H, 3 PChKCH3). SP{*H} NMR
(132 MHz, CDCH4, 298 K): 6 —31.9 (s). ®C{'H} NMR (75 MHz,
CDCl;, 298 K): 6 151.5, 150.7 (2:1 ratiocMe), 144.4, 142.0 (2:1
ratio, CMe), 107.5 (d4Jpc = 4 Hz, CHyy,), 105.5 (2 CHy), 16.9, 13.3,
12.7, 11,7 (2:1:2:1 ratio, Ke), 14.9 (d,"Jpc = 34 Hz, RCH,), 6.9 (d,
ZJPC: 4 HZ, PCHCH3), —-10.9 (d,ZJPC: 4 HZ,lJ(;H =145 HZ, QH4)
Anal. Calcd for GsHaiNeBPIr: C, 43.4; H, 6.5; N, 13.2. Found: C,
43.5; H, 6.6; N, 13.3.

(31) Shaw, B. L.; Singleton, El. Chem. Soc. A967, 1683.

K): 05.77 (s, 2 H, 2 CHy), 5.27 (s, 1 H, CHy), 2.34 (s, 6 H, 2 Me),
2.20 (s, 6 H, 2 Me), 2.09 (s, 3 H, Me), 2.07 (m, 2 H, 2 &Hi 2.06 (s,
3 H, Me), 1.00 (m, 2 H, 2 Chky), 0.66 (pseudot)prapp= 4.4 Hz, 6 H,
2 PMe), 0.10 (dJpn= 2.3 Hz, 2 H, PCH). *%P{’H} NMR (220 MHz,

CDCls, 298 K): 6 —38.7 (s). °C{*H} NMR (125 MHz, CDC}, 298
K): 0 151.2, 150.9 (2:1 ratioCMe), 143.9, 142.9 (2:1 ratidCMe),

107.5, 105.9 (1:2 ratio, Cfl), 20.9 (pseudotlpcapp= 18 Hz, PCH),

16.8, 13.3, 12.5, 11.7 (2:1:2:1 ratioMe), 10.9 (pseudot)pcapp= 18

Hz, PMe),—9.1 Mcn = 146 Hz, GH.).

Tplr(C 2H4)(PMezPh) (3b). According to the same general proce-
dure, complex3b was obtained in ca. 85% vyield as yellow crystals
from acetone.'H NMR (500 MHz, GDs, 296 K): 6 7.8-5.7 (m, 5
m, 2:1 pattern, 9 H, Ckjy), 1.7-1.62 (m, 4 H, GH,), 1.26

K): 0 —29.0 (s). *C{*H} NMR (120 MHz, GDs, 296 K): 6 143—
104 (GHs and CHyy,), 13.5 (d,%Jpc = 37 Hz, PMe), 0.5 (d?Jpc = 3
Hz, GH,4). Anal. Calcd for GoHzsNeBPIr: C, 39.9; H, 4.4; N, 14.7.
Found: C, 39.5; H, 4.3; N, 13.9.

Tplr(C 2H4)(PEts) (3c). The product was obtained as pale yellow
crystals from acetone (yield 50%}H NMR (300 MHz, CDC}, 296
K): 7.9-6.0 (m, 9 H, 2:1 pattern, Ck), 1.65 (m, 6 H, 3 PCh), 1.18
(m, 2 H, 2 CHyer), 1.00 (M, 2 H, 2 CHer), 0.83 (M, 9 H, 3 PChCHj).
31p{1H} NMR (132 MHz, CDC}, 296 K): 6 —16.4 (s). *C{*H} NMR
(132 MHz, CDC4, 296 K): 6 144-104 (2:1 pattern, CHy,), 15.3 (d,
%Jpc = 34 Hz, PCH), 7.8 (PCHCHg), —2.8 (GH4). Anal. Calcd for
Ci7H20NeBPIr: C, 37.0; H, 5.3; N, 15.2. Found: C, 37.0; H, 5.3; N,
15.2.

TpMealr(C ;H4)(CO) (4%). [IrCl(coe)(CO)} (0.3 g, 0.41 mmol) was
suspended in 30 mL of THF at@. Ethylene was bubbled through
the mixture for 10 min to give a colorless solution to which KTp*
(0.28 g, 0.82 mmol) was added. The reaction mixture became orange
and gradually evolved to a final pale reddish color mftén of stirring
at room temperature. Volatiles were pumped off under vacuum, and
the residue was extracted with 30 mL of a 1:1 mixture ofCEéind
CH.Cl,. The resulting suspension was filtered through Celite to
eliminate the potassium chloride, and the solution was partially
evaporated until cloudiness. Cooling-a20 °C afforded4* as a white
material in 70% yield. IR (Nujol):»(CO) 1990 cm*. H NMR (500
MHz, CDClk, 298 K): 6 5.85 (s, 2 H, 2 CH,), 5.50 (s, 1 H, CH,,),
2.37 (s, 12 H, 4 Me), 2.32 (pseudoquartkp= 4.5 Hz, 2 H, 2 CHje),
2.25(s, 3 H, Me), 2.24 (s, 3 H, Me), 1.76 (pseudoquartet, 2 H, gLH
The AA'BB' spin system of the £, ligand has been successfully
simulated: Jag = 92, Janr = Jgpr = _7.4, Jag = Jag = —4.3 Hz.
B3C{H} NMR (75 MHz, CDC}, 298 K): ¢ 165.3 (CO), 152.4, 150.2
(1:2 ratio,CMe), 143.6, 143.2 (1:2 rati&GMe), 109.4, 105.5 (1:2 ratio,
CHyy), 15.3, 13.3, 12.4, 12.2 (2:1:1:2 ratioM@), 0.6 (GHa).

TpMearH(CO)(COOH) (5%). Through a solution of comples*

(0.1 g, 0.2 mmol) in THF (20 mL) was bubbled carbon monoxide for
ca. 10 min. The solvent was evaporated and the residue taken up in
CH.Cl,. After centrifugation, the dicloromethane was evaporated to
give a white residue of spectroscopically pue (yield 70%). IR
(Nujol): »(Ir—H) 2170;v(CO) 2040;1(COOH) 1630 cm’. H NMR
(500 MHz, CDC#, 296 K): 6 8.85 (br, 1 H, COOH), 5.78, 5.72, 5.69
(s, 1 H, 1H,1H, CH,), 2.28, 2.24, 2.23, 2.16, 2.15, 2.12 (s, 3 H
each, 6 Me);~15.81 (s, 1 H, I+H). C{*H} NMR (125 MHz, CDC},

296 K): 0 168.3 (CO), 166.0%0cy = 7 Hz, I=COOH), 151.5, 151.0,
150.8, 144.4, 144.3, 144.TKle), 106.6, 106.5, 105.9 (G), 16.0,
15.4,14.5,12.7,12.3, 12.3 (6 Me). Anal. Calcd fartsNeBOslr:

C, 36.2; H, 4.3; N, 14.9. Found: C, 35.2; H, 4.2; N, 14.0.

TpMearH ,(PMes) (6a*). Complex3a* (0.12 g, 0.2 mmol) was
dissolved in THF (10 mL) and transferred to a Fisher-Porter bottle.
The solution was pressurized with 2 atm of. HAfter 2 h of stirring
at room temperature, excess, ias vented and replaced by an
atmosphere of N The volatiles were removed in vacuo, and*h
NMR spectrum of the residue revealed a quantitative conversion to
the dihydride. A crystalline solid was obtained in 70% yield by cooling
a concentrated ED solution at—20 °C. IR (Nujol): »(Ir—H) 2150,
2135 cntt. 'H NMR (300 MHz, GDs, 298 K): 6 5.76 (s, 2 H, 2
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CHyyn), 5.47 (s, 1 H, CH,), 2.40, 2.30, 2.27, 2.10 (s, 1:2:2:1 ratio, 6
Me), 1.40 (d,2Jpn = 9.6 Hz, 9 H, PMg), —21.21 (d,Jpy = 26.1 Hz,
2 H, Ir—H). 3P{1H} NMR (132 MHz, GDs, 298 K): 6 —53.2 (s).
BC{'H} NMR (75 MHz, GDg, 298 K): 6 150.2, 149.5 (s, d, 2:1 ratio,
3Jpc = 4 Hz, CMe), 143.7, 142.0 (s, s, 2:1 ratio, @Me), 105.6 (2
CHgyr), 104, 6 (d,"Jpc = 3 Hz, CHyy), 23.2 (d,"Jpc = 37 Hz, PMg),
17.3,17.2,12.6,12.3 (s, 1:2:2:1 ratidyl€). Anal. Calcd for GgH3sNe-
BPIr: C, 38.1; H, 5.8; N, 14.8. Found: C, 38.4; H, 6.0; N, 14.4.

TpMearH ,(PMe,Ph) (6b*). This complex was obtained by follow-
ing the method described for the previous dihydride. Colorless crystals
(70% yield) were obtained from g&. IR (Nujol): v(Ir—H) 2160, 2145
cmt. H NMR (500 MHz, GDs, 298 K): ¢ 7.5-6.8 (m, 5 H, GHs),
5.66 (s, 2 H, 2 CH,), 5.53 (s, 1 H, CH,), 2.47, 2.31, 2.14, 1.95 (s,
1:2:1:2 ratio, 6 Me), 1.88 (&Jpu = 9.0 Hz, 6 H, 2 PMe)-21.16 (d,
2Jpn = 26.8 Hz, 2 H, Ir-H). 3P{*H} NMR (220 MHz, GDs, 298 K):

0 —38.3 (s). ’C{1H} NMR (120 MHz, GDs, 298 K): ¢ 150.6, 149.7
(2:1 ratio,CMe), 143.5, 142.0 (2:1 raticzGMe), 139.3 (d,3Jpc = 45
Hz, C4P), 131127 (CH, Ph), 105.7, 104.8 (2:1 ratio, Gk, 25.7 (d,
Jpc= 41 Hz, PMe), 17.5, 16.6, 12.7, 12.2 (1:2:2:1 ratidj€}. Anal.
Calcd for GsHssNgBPIr: C, 43.9; H, 5.6; N, 13.3. Found: C, 44.1;
H, 5.8; N, 13.3.

[TpMearH ;](dmpe) (6d*). According to the already described
general method, this complex was obtained in 70% yield as white
crystals from EfO—CH.Cl,. IR (Nujol): »(Ir—H) 2165, 2130, 2110
cm L. H NMR (500 MHz, CDC}, 298 K): 0 5.75 (s, 2 H, 2 CH,),
5.57 (s, 1 H, CHy), 2.37 (s, 6 H, 2 Me), 2.19 (s, 3 H, Me), 2.10 (s, 6
H, 2 Me), 2.07 (s, 3 H, Me), 1.25 (pseuddbpapp= 3.7 Hz, 6 H, 2
PMe), 0.76 (s, 2 H, PCH), —21.87 (filled-in d,JpHapp= 24.5 Hz, 2 H,
Ir—H). 3P{2H} NMR (220 MHz, CDC}, 298 K): ¢ —40.0 (s). 1*C-
{1H} NMR (125 MHz, CDC}, 298 K): ¢ 150.2, 149.2 (2:1 raticGMe),
143.8, 142.6 (2:1 ratioCMe), 105.5, 104.1 (2:1 ratio, Gj), 25.7
(pseudotJpcapp= 16 Hz, PCH), 22.7 (pseudotlpcappy= 19 Hz, PMe),
17.2, 17.0, 12.7, 12.6 (1:2:1:2 ratio,M8). Anal. Calcd for
CaeHeaN12B2oPoIro: C, 38.2; H, 5.6; N, 14.8. Found: C, 38.6; H, 5.6;
N, 14.3.

TplrH 2(PMezPh) (6b). The above procedure gave crude white

material with a quantitative yield. Colorless crystals may be obtained
from E£O at —20 °C. IR (Nujol): v(Ir—H) 2138 cnt®. H NMR
(500 MHz, CDC}, 298 K): 6 8.0—-7.0 (m, 11 H, GHs and 3,5-CHy,),
5.84 (m, 2 H, 4-CH,), 5.70 (m, 1 H, 4-CH,), 1.69 (d,2Jp = 9.8 Hz,
6 H, 2 PMe),—20.34 (d,2Jpy = 25.2 Hz, 2 H, Ir-H). 3P {H} NMR
(220 MHz, CDC}, 298 K): 6 —31.0 (s). 3C{*H} NMR (125 MHz,
CDCls, 298 K): 6 146.1, 143.5 (d, $Jpc = 3 Hz, 1:2 ratio, 3-Clg),
138.2 (d,%Jpc = 51 Hz, G/P), 134.0, 133.1 (s, s, 2:1 ratio, 5-GH,
131-127 (GHs), 105.4, 104.9 (s, s, 1:2 ratio, 4-GJ, 21.0 (d,Jpc
= 40 Hz, PMe). Anal. Calcd for GH23NeBPIr-Y/,ELO: C, 39.2; H,
4.8; N, 14.4. Found: C, 40.0; H, 5.3; N, 13.9.

TpMearH 5(CO) (7*). This complex was obtained similarly to the
above dihydrides. The yield was quantitative by NMR. IR (Nujol):
v(CO) 2008;v(Ir—H) 2150, 2120 cm*. *H NMR (500 MHz, GDs,
298 K): 0 5.54 (s, 2 H, 2 CH|»), 5.42 (s, 1 H, CH,), 2.25, 2.24, 2.14,
2.02 (s, 2:1:2:1 ratio, 6 Me);-16.50 (s, 2 H, Ir-H). C{*H} NMR
(125 MHz, GDs, 298 K): 6 170.0 (CO), 151.0, 150.4 (1:2 ratiGMe),
143.4, 143.3 (1:2 ratio, Gf#), 105.5, 105.4 (2:1 ratio, Ckt), 17.0,
15.3, 12.0, 11.9 (1:2:1:2 ratio,ME).

TpMeArHCI(PMe 3) (8a*). A 0.02 g sample of complega* was
dissolved in a mixture of CD@I0.5 mL) and CCJ (0.2 mL), and the
resulting solution was transferred to an NMR tube. Heating at®D
°C, with continuous monitoring of the reaction By NMR spectros-
copy, afforded the title compound. The solvent was evaporated to
dryness to give the product as a white powder. IR (Nujaoi)lr—H)
2200 cntt. *H NMR (500 MHz, CDC}, 298 K): 6 5.79, 5,72, 5,65
(s, 1 H, 1H, 1 H, CHy), 2.58, 2.43, 2.41, 2.37, 2.23, 2,19 (s, 3 H
each, 6 Me), 1.55 (BJpy = 9.5 Hz, 9 H, PMeg), —23.43 (d,%Jpn =
21.8 Hz, 2 H, Ir-H). 3P{’H} NMR (220 MHz, CDC}, 298 K): ¢
—50.8 (s). 3C{*H} NMR (125 MHz, CDC}, 298 K): ¢ 152.4, 151.6,
151.1, 145.1, 143.4, 142.€Kle), 107.8, 106.7, 106.0 (G, 18.1,
17.8,17.5,13.1, 12.6, 12.4 k&), 14.9 (d 2Jpc = 46 Hz, PMg). Anal.
Calcd for GgH3:NeBCIPIr: C, 35.9; H, 5.3; N, 14.0. Found: C, 35.7;
H, 5.5; N, 11.6.
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TpMeArHCI(PMe ,Ph) (8b*). This compound was obtained in the
same fashion as the monochloride described above. The crude sample
can be crystallized from ED at—20°C. IR (Nujol): v(Ir—H) 2225
cm . H NMR (500 MHz, GDg, 298 K): 6 7.3—6.9 (m, 5 H, GHs),
5.71,5.48,5.24 (s, 1 H, 1 H, 1 H, G 2.7-1.4 (s, 3 H each, 6 Me),
1.96 (d,?Jpn = 10.1 Hz, 3 H, PMe), 1.44 (FJpy = 10.0 Hz, 3 H,
PMe), —22.93 (d,2Jpy = 21.3 Hz, 1 H, I-H). 3P{*H} NMR (220
MHz, CsDs, 298 K): 0 —39.0 (s). 3C{*H} NMR (125 MHz, GDs,
298 K): ¢ 153.1, 151.8, 151.6, 143.9, 143.3, 142.1 (s, s, d, 5,°%s,
= 3 Hz, CMe), 137.6 (d,}Jpc = 52 Hz, G,P), 130-127 (CH, Ph),
108.0, 106.3, 106.2 (C#), 18.5 (d,"Jpc = 42 Hz, PMe), 16.0 (dhJpc
=37 Hz, PMe), 16.2, 15.1, 15.1, 12.8, 12.6, 12.R4). Anal. Calcd
for CoHzaNeBCIPIr: C, 41.6; H, 5.1; N, 12.7. Found: C, 42.0; H,
5.2; N, 12.3.

TpMearH »(CoH4) (9%). A solution of complext* (0.3 g, 0.55 mmol)
in THF (30 mL) was pressurized with,H2 atm). Afte 1 h of stirring
at room temperature, the;ttmosphere was replaced by, Mnd the
solvent was evaporatedH NMR analysis of the crude material was
in accord with its being a 1:1.5 mixture of complex@s and 10*.
Column cromatography (silica gel as support; petroleum ether as eluent)
allowed the separation of the two compounds with the ethyl derivative
being the first to drain down the column. The individual compounds
were obtained as colorless crystals by crystallization from petroleum
ether. IR (Nujol): »(Ir—H) 2190, 2170 cm!. *H NMR (200 MHz,
CsDe, 298 K): 0 5.61 (s, 2 H, 2 CH}), 5.48 (s, 1 H, CHl), 3.46 (s,

4 H, GHy), 2.35 (s, 3 H, Me), 2.23 (s, 6 H, 2 Me), 2.09 (s, 3 H, Me),
1.92 (s, 6 H, 2 Me)~20.77 (s, 2 H, lrH).13C{*H} NMR (50 MHz,
CeDs, 298 K): 0 150.6, 150.2 (2:1 raticzMe), 143.2, 142.8 (2:1 ratio,
CMe), 106.1, 105.2 (2:1 ratio, Gi), 35.6 (GH4), 17.5, 13.9, 12.3,
12.2 (1:2:1:2 ratio, ®e). Anal. Calcd for G/HzgNeBIr: C, 39.2; H,
5.4; N, 16.1. Found: C, 39.5; H, 5.6; N, 16.3.

TpMe2rH(CH ,CH3)(C2H4) (10%). IR (Nujol): v(Ir—H) 2195 cm™.

IH NMR (200 MHz, GDs, 298 K): 5,74,5.62,5.39 (s, 1 H, 1 H, 1 H,
CHyyr), 3.65 (m, AA part of an AAXX' spin system, 2 H, 2 Cfiy),
2.80 (m, XX part of an AAXX' spin system, 2 H, 2 Ci), 2.49,
2.30, 2.22, 2.13, 2.08, 1.72,(3 H each, 6 Me), 2.43 (ddJas = 9.8,
8Jun = 7.0 Hz, 1 H, GaHgCHs), 0.68 (t, 3 H, CHCHs), 0.50 (dq, 1
H, CHACHgCHg), —17.52 (s, 1 H, IrH). 3C{*H} NMR (50 MHz, THF-
ds, 298 K): 6 155-140 (6 CMe), 109.0, 107.7, 107.4 (Gkl), 43.6
(C:Hy), 16.4 (IrCHCHj3), 15.4, 15.0, 14.3, 13.4, 13.1 (1:1:1:2 ratio,
CMe), —17.9 (IICH,CHjz). Anal. Calcd for GoHzNeBIr: C, 41.7; H,
5.8; N, 15.3. Found: C, 41.8; H, 6.0; N, 14.9.

TpIrH(CH 2CH3)(C2H4) (10). Under the same experimental condi-
tions described above, compléwas hydrogenated to give complex
10 as the sole product. Pale yellow crystals were obtained from
concentrated solutions in petroleum ethBt,O (2:1). IR (Nujol):
v(Ir—H) 2200 cnT. *H NMR (200 MHz, GDs, 298 K): ¢ 7.90, 7.50,
7.38, 7.32, 7.30, 6.80 (#Jun = 2.5 Hz, 1 H each, 3,5-CKl), 5.9,
5.76,5.74 (t1 H each, 4-CH), 3.0 (m, 4 H, GH,), 1.41, 1.17 (m, m,

1 H each, Gi,CHjs), 1.23 (t,3Jus = 7.0 Hz, 3 H, CHCHj3), —16.2 (s,
1 H, IrH). ¥C{*H} NMR (50 MHz, GDs, 298 K): 6 142.7, 140.8,
137.8,134.1, 105.9, 105.8, 105.2 (£ 43.6 (GH.), 19.7 (IrCHCHa),

—13.9 (IICH,CHj).

TpMearH(CH ,CH3)(PMes) (11%). Complex9* (0.3 g, 0.55 mmol)
was dissolved in neat PMg1 mL), and the resulting mixture was
heated at 60C for 8 h (sealed ampule). The volatiles were removed
in vacuo, and the residue was extracted with petroleum ether.
Concentration and cooling at20 °C afforded white crystals in 70%
yield. IR (Nujol): »(Ir—H) 2170 cnt®. 'H NMR (300 MHz, GDs,

298 K): 0 5.75,5.63,5.57 (s, 1 H, 1 H, 1 H, GJ), 2.58 (m, 2 H, 2
IrCH,), 2.53, 2.38, 2.27, 2.20, 2.14, 2.1Q &H each, 6 Me), 1.45 (t,
8Jun = 7.5 Hz, 3 H, IrCHCH3), 1.34 (d,2Jpy = 9.1 Hz, 9 H, PMe),
—23.19 (d2Jpy = 25.9 Hz, 1 H, IrH). 31P{1H} NMR (132 MHz, GDs,
298 K): ¢ —51.6 (s). 13C{*H} NMR (75 MHz, GDg, 298 K): ¢ 107.1,
105.8 (1:2 ratio, CH,), 21.9 (IrCHCH3), 19.5 (d,XJpc = 36 Hz, PMeg),
17.0,15.2,15.0, 12.8, 12.7, 12.5N€), —24.2 (d,?Jpc = 6 Hz, IrCH,-
CHg).

TpMear(CH ,CH3)x(PMes) (12%). According to an analogous pro-
cedure, but starting withh0* (0.1 g, 0.18 mmol), white crystals of the
bis(ethyl) complex were obtained from petroleum ether (90% vyield).
'H NMR (500 MHz, GDs, 298 K): ¢ 5.68 (s, 2 H, 2 CH,), 5.61 (s,
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1 H, CHy), 2.62 (s, 3 H, Me), 2.51 (ddJag = 12.6,3Jun = 7.5 Hz,
2 H, 2 CHaHCH), 2.35 (dquint2Jpy = 7.5 Hz, 2 H, 2 CHHgCH),
2.26 (s, 6 H, 2 Me), 2.18 (s, 6 H, 2 Me), 2.09 (s, 3 H, Me), 1.17 (d,
2Jpn = 8.7 Hz, 9 H, PMg), 0.92 (t, 6 H, 2 CHCH3). 3P{*H} NMR
(88 MHz, GDs, 298 K): 6 —49.8 (s). 23C{*H} NMR (125 MHz, GDs,
298 K): 6 150.2, 148.9 (d, s, 1:2 ratidJec = 4 Hz, CMe), 142.8,
142.1, (2:1 ratio, Me), 107.6, 107.4 (d, s, 1:2 rafityc = 3 Hz), 16.3
(d,3Jpc =1 Hz, IrCH,CH3), 15.7, 13.7, 12.9, 12.8 (2:1:2:1 ratioMe),
15.6 (d,*Jpc = 36 Hz, PMg), —19.5 (d,2Jpc = 7 Hz, IrCH,CHj).
Anal. Calcd for GoH41INeBPIr: C, 42.3; H, 6.6; N, 13.5. Found: C,
42.5; H, 6.7; N, 13.5.

TpMearH(CH =CH,)(PMes) (13a*). Complex3a* was dissolved
in 0.5 mL of GDs and the resulting solution transferred to a NMR
tube. Heating at 60C was monitored periodically until the transfor-
mation was completed. The solvent was removed in vacuo to give
complex 13a* in quantitative yield. This white material was pure
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(s,1H,1H,1H,CHy), 537 (dd, 1 H, H), 2.4-2.2 (6 s, 3 H each,
6 Me), —16.62 (s, 1 H, IrH). 2*C{*H} NMR (125 MHz, CDC}, 298
K): 0 169.1 (CO), 151.3, 151.1, 150.4, 143.8, 143.7, 14BM&),
123.7, 123.6 (IrCHCHy), 106.4, 106.3, 105.5 (Gkl), 16—12 (6 Me).
X-ray Structure Determination of 3b*. A summary of the
fundamental crystal data is given in Table 1. A yellow crystal of
prismatic shape was coated with an epoxy resin and mountedin a
diffractometer. The cell dimensions were refined by least-squares fitting
of the values of 25 reflections. The intensities were corrected for
Lorentz and polarization effects. Scattering factors for neutral atoms
and anomalous dispersion corrections for Ir and P were taken from ref
32. The structure was solved by Patterson and Fourier methods. The
compound crystallizes with, of CH;COCH; per formula unit. An
empirical absorption correctihwas applied at the end of the isotropic
refinement. Some nonresolvable disorder from the thermal motion was
found around the CECOCH; molecule of crystallization, and because

enough for most purposes. It can be recrystallized from acetone at of this, the atoms of this molecule were refined only isotropically. No

—20 °C but with appreciable losses. IR (Nujoly(Ir—H) 2170 cn1™.
IH NMR (300 MHz, GDs, 298 K): ¢ 8.51 (ddd 3Jax = 18.2,3]am =
10.6,3Jpa = 2.0 Hz, 1 H, H), 6.42 (dd,?Jux = 3.8 Hz, 1 H, Hy),
5,78, 5.65, 5.50 (s, 1 H, 1 H, 1 H, G, 5.52 (dd, 1 H, H), 2.56,
2.38, 2.30, 2.23, 2.16, 2.08,(3 H each, 6 Me), 1.33 (Jpn = 9.4
Hz, 9 H, PMe), —21.60 (d,?Jpny = 25.7 Hz, 1 H, Ir-H). SP{1H}
NMR (132 MHz, GDs, 298 K): 6 —49.7 (s). *C{*H} NMR (75 MHz,
CsDs, 298 K): 6 150.7, 150.4, 150.1, 143.9, 143.4, 14XMg), 130.3
(d, 2pc = 10 Hz, ICH=CH,), 121.1 (d,3Jpc = 3 Hz, IrCH=CH,),
107.0, 106.0, 105.9 (3 GKl), 18.9 (d,Jpc = 37 Hz, PMe), 16.9,
16.2, 15.7, 12.7, 12.6, 12.4 (6M®).

HMm
Vinyl nomenclature

HX

TpMeArH(CH =CH_)(PMezPh) (13b*). In the same way as de-
scribed above for the PM@&nalogue, complet3b* was obtained in
guantitative yield. The analytical sample, white crystals, was recrystal-
lized from acetone. IR (Nujol)w(Ir—H) 2195 cnmt. *H NMR (500
MHz, CsDs, 298 K): ¢ 8.61 (ddd,2Jax = 18.2,3Jaw = 10.6,3Jps =
3.3Hz, 1 H, H), 7.4-6.8 (M, 5 H, GHs), 6.39 (dd2Jyx = 3.6 Hz, 1
H, Hw), 5,80, 5.56, 5.41 (s, 1 H, 1 H, 1 H, G§J, 5.55 (dd, 1 H, H),
2.60, 2.34, 2.33, 2.23, 2.11, 1.63 &H each, 6 Me), 1.98, 1.52 (d,
2Jpn = 9.3 Hz, 3 H each, 2 PMe);-21.38 (d,?Jpy = 25.1 Hz, 1 H,
IrH). 3P{*H} NMR (132 MHz, GDs, 298 K): § —36.1 (s). *3C{*H}
NMR (75 MHz, GDs, 298 K): ¢ 150.8, 150.6, 150.5, 143.4, 142.1
(CMe), 138.5 (d,)Jpc = 49 Hz, G,P), 130-127 (CH, Ph), 130.3 (d,
2Jpc = 10 Hz, IICH=CH,), 121.0 (IrCH=CH,), 107.1, 106.0, 105.8
(3 CHpy), 21.8 (d,%Jpc = 42 Hz, PMe), 16.9 (d}Jpc = 36 Hz, PMe),
16.5, 15.9, 15.8, 12.8, 12.7, 12.4N)€). Anal. Calcd for GsHzNe-
BPIr: C, 45.8; H, 5.7; N, 12.8. Found: C, 45.5; H, 5.8; N, 12.2.

TpMearH(CH =CH,)(CO) (14*). Complex4* was dissolved in
CsH1z, and the mixture was heated at 120 (sealed ampule) until
complete disappearance of the starting material (NMR monitoring). The
hydride-vinyl complex was obtained in ca. 70% yield along with some
unidentified material. IR (petroleum ether)(CO) 2020 cm?*. H
NMR (500 MHz, CDC}, 298 K): 6 7.14 (dd,%Jax = 18.1,3Jam =
10.4 Hz, 1 H, H), 5.98 (dd3Jux = 2.7 Hz, 1 H, H\), 5.81, 5.78, 5.77

trend in AF vs F, or (sin #)/A was observed. Final refinement with
fixed isotropic temperature factors and coordinates for hydrogen atoms
gaveR = 0.43. Final difference calculations were carried out with
the X-ray 80 systert

X-ray Structure Determination of 13b*. A summary of the
fundamental crystal data is given in Table 1. A colorless crystal of
prismatic shape was coated with an epoxy resin and mountedkin a
diffractometer. The cell dimensions were refined by least-squares fitting
of the values of 25 reflections with af2range of 12-28°. The
intensities were corrected for Lorentz and polarization effects. Scat-
tering factors for neutral atoms and anomalous dispersion corrections
for Ir and P were taken from ref 32. The structure was solved by
Patterson and Fourier methods. An empirical absorption corréétion
was applied at the end of the isotropic refinement. To prevent bias on
AF vs F, or (sin 6)/4, weights were assigned as= 1/(a + bF,)?,
with the following coefficients: foF, < 45,a=10.2 ando = —0.22;
for Fo > 45,a = 1.05 andb = 0.01. A final mixed refinement was
undertaken. Hydrogen atoms were included with fixed isotropic
contributions at their calculated positions, except the H1 atom, which
was located in a difference Fourier map and whose coordinates were
refined. Final difference synthesis showed no significant electron
density. Most of the calculations were carried out with the X-ray 80
system3
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