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Transition metal carbenes™CRR (R, R = H, alkyl, or aryl)

are essential intermediates for many organic transformations and

are playing an increasingly important role in modern organome-
tallic chemistry:? Electrophilic alkylidene moieties can be
generated by different routésA simple one, which appears to
have higher synthetic potential than presently realized, is the
protonation of electron-rich, late transition metal alkenyl com-
plexes® Such compounds are nucleophilic g @nplying that

the carbenic resonance form"™CHC H, makes a significant
contribution to the electronic ground state.

We have shown recenfi§® that I —alkenyl complexes that
contain the ancillary hydrotris(pyrazolyl)borate ligands,’,Tp
undergo electrophilic attack at thfecarbon atom. Their proto-
nation is therefore expected to produce cationic Ir(lll) alkylidenes,
a kind of functionality that for group 9 elements is only known
in their lower oxidation states.Here we demonstrate the utility

J. Am. Chem. S0d.998,120,5816-5817

Scheme 1
H
H . H
i} H,80°C T] Me 0 ¢ F. Me
' \ —_— [rx“ — [IN=—
PMe, \ | H
PMe; PMe; H
1 3a 3b
[Ir] = Tp"e2r 4rc
AG*=16.7 kcal/mol
H
[ir] \4 H* +
—_— ['r]\//
PMe;, I
PMe,
2

The hydride-vinyl precursor, THelr((CH=CH,)(H)(PMs&) (1),
is obtained readily from the thermal-& activatiort®< of the
corresponding Ir(h-olefin adduct, THeIr(C,H4)(PMes).*¢ Pro-
tonation of1, in CDCl, with [H(OEL),][BAr 4] (Ar = 3,5-GHs-
(CRs)2)*0 occurs rapidly at room temperature to give the cationic
hydride—olefin species [THeIr(C,H4)(H)(PMe)][BAr 4] (2) in
almost guantitative yielét Compound2 can also be obtained
directly from Tp"eIr(C,H4)(PMes) by addition of the acid. Not
unexpectedly, NMR studies show that the rotation of thel,C
ligand in 2 is fast even at low temperature-§0 °C).

The above results could be consistent with protonation of the
vinyl group of1 at G,.3¢"9 However, low-temperaturtH NMR
monitoring (~100 °C, CD,Cl,) of the reaction ofl with HBAr,
reveals the instantaneous formation of the cationic hyeride

of this approach which has given us access to unique electrophilicethylidene complex [T¥r(=CHMe)(H)(PMe)]* (3). This

Ir(lll) ethylidene—hydride and —ethyl complexes, [T¥Ir-
(=CHMe)(R)(PMg)]* (TpMe. = hydrotris(3,5-dimethylpyrazolyl)-
borate; R= H, C,Hs). We describe the@-migratory insertion

clearly demonstrates that protonation takes place exclusively at
the vinyl p-carbon (Scheme 1). Compouri@l exists as a
thermodynamic 1:1 mixture of two isomers that undergo fast

reactions of these species and compare the relative migratoryinterconversion at-60 °C (likely by rotation around the #C

aptitudes of hydride and alkyl ligands to=#€< in this funda-
mental transformation. Despite the importance of this class of

bond) AG* = 10.2 kcaimol™). At —90 °C the dynamic process
is slow on the NMR time scale and distinct resonances are

rearrangements’ and their proposed participation in the Chainobserved for the two isomers. Under these conditions they exhibit

initiation and growth steps of the FischéFropsch processthese
reactions remain largely unexploréd.
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hydride signals a® —16.02 (d,2Jup = 24 Hz,3a) and —16.04
(dd, 24p = 24; 334y = 3 Hz, 3b) and GHMe ethylidene
overlapping multiplets in the proximity of 20.10 ppm @hve

=6 Hz, 3aand m,SJHp = 13,3JHMe =6, SJHH =3 HZ,Sb).l2 At
higher temperatures>(—55 °C) solutions of3 cleanly generate

2, and no intermediates are detected'ByNMR spectroscopy.

Deuteration studies provide some additional mechanistic

information. The addition of CBCO,H (a slight excess) td at

20 °C in CDs;OD producesl-d,, [Ir]—CH=CD,, i.e. selective
deuterium incorporation at ®f the vinyl group?@ whereas the
reaction ofl with 1 equiv of DBAL in a ca. 4:1 CRCI,:CDsOD
solvent mixture instantaneously providesl, (n = 2.5), with the
deuterium atoms scrambled between the hydride and ethylene
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precedents: see ref 2b.
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sites!®1* NMR monitoring of this deuteration from-80 to 20

°C shows the initial formation 08-d. s, [I] "™=CHCD.,sH<¢5

(1 h, —60 °C), with specific deuteration in the methyl group of
the alkylidene ligand. At-40 °C, this species cleanly transforms
into [TpeIr(C.H.D,)(D)(PMey)]* (2-ds), with a small amount

of [TpMear(C,H,D,)(H)(PMey)]* being detected. Only at 6C

the deuterium and hydrogen atoms of the olefin and hydride
positions scrambl& with the Ir—H resonancé$ increasing
accordingly kpdD—H) = 6.8 x 107° s, AG' = 21.1
kcalmol™, this value being in good agreement with magnetization
transfer measurements carried out vdtht higher temperatures).
The above results indicate (a) that the protonation of the vinyl
group of1 is reversible® at least in the presence of methanol,
with the 1 == 3 equilibrium of Scheme 1 being faster than the
formation of the final produce, (b) that3 evolves by a 1,2
migration of the hydride onto the alkylidene carbon, to give an
ethyl intermediate “[THeIr(C,Hs)(PMe3)]*”, and not by a 1,2
hydrogen shift from the methyl (§ to G, and last (c), as
expected easily experiences reversible insertion of the olefin
into the Ir-H bond at ambient temperature.

The low-temperature addition of HBAto the knowr? ethyl
derivative Tp'elr(CH=CH,)(Et)(PMe) (4) yields the expected
cationic ethyt-ethylidene speci€s, once again in the form of a
thermodynamic mixture of two rotamers (1:1 ratio) that inter-
convert slower thaB (AG* = 12.1 kcaimol~?) on the NMR time
scale. Since the spectroscopic d&tim, particular the’J,p values
of the alkylidene EIMe protons (0 and 13 Hz fosa and 5b,
respectively), are very similar to those found &t is reasonable
to assume that tha andb rotamers of these two species have
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Figure 1. Data at—472 0} and 25°C ¢ respectively. To construct the
diagramAG is assumed to be temperature independent.

It can be argued that these data may not allow a real comparison
of the actual migration rates of the H andHg ligands. As a
matter of fact, the observation of a kinetic isotope effégtkp,
of ca. 2.5, in the rearrrangement of [T@r(=CHCD;)(H)-
(PMe;)]™ may well be taken as indicative of the reversibility of
the a-H migratory insertiof® (such an effect cannot be noted for
4). Despite our efforts we have been unable, so far, to deuterate
selectively the hydride position of compléxbut, nevertheless,
since the NMR resonance of thed€HMe proton of the rotamers
3a = 3b remains sharpanar ~ 1 Hz, maximum broadening of

the same spacial orientation. This reaction also proceeds furtherg.2 Hz) at the reaction temperature and assuming that the Et

(=55 °C) to give the 2-butene complex Tplr(CHMe=
CHMe)(H)(PMe) (6) as a mixture of isomers that subsequently
evolves (40 to 25°C) into the thermodynamically more stable
6-transstereoisomet® Moreover when THIr(CH=CD,)(C,Hs)-
(PMey) (4-dy) is reacted with DBAy, the CDy group of the
alkylidene species is found intact @trans (no D incorporation
into the vinylic positions). This clearly demonstrates tigat
evolves as the result of ethyl ligand migration onto the electro-
philic alkylidene carbon in a manner analogous to the hydride
shift during the generation ¢ from 3.

migration is irreversible,kai/ke)mig must be at most of the order

of 10® (approximately 0.2/2.5 x 1074). This value could be
higher if the barriers associated with the inversion and the rotation
of the GHs group around the +C,Hs bond of the proposed ethyl
intermediate are unusually high.The two possible mechanistic
interpretations, both implying the formation of @ragostic
intermediaté in the rate determining step, are depicted in Figure
1. To complete the energy diagram we measured the deuteration
rate of2 in pure CROD (25°C, kops~ 1.5 x 1076571, AGF ~

25.1 kcaimol™). This process is accelerated considerably by

At —47 °C, the rates of disappearance of the starting materials the presence of an acid or base catalyst.

3 and5 can be conveniently measured ¥y NMR spectroscopy

in CD,Cl,. Both reactions obeyed first-order kinetics over at least
4 half-lives, and were characterized kysvalues of 2.0x 104

and 2.5 x 10 s%, respectively AGy* ~ AGgf ~ 16.7
kcakmol™). Both on theoretical grounéfsand on the basis of
previous studie$,the migratory insertion o=CH(Me) was
expected to proceed much faster into theHr bond of 3 than
into the Ir-C,Hs bond of5.17 This is also the case for reactions
involving the migration of H and alkyl groups to olefifs!®
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In conclusion, highly reactive and strongly electrophilic alky-
lidene complexes of Ir(lll) containing H and Et coligands can be
generated by protonation of the corresponding neutral alkenyl
complexes. Our findings clearly indicate that they evolve via
migratory insertion processes with similar apparent rates and,
therefore, that the difference in the migratory aptitudes of H and
Et ligands in these complexes may be substantially less than in
other systems (up to 1®in Ta complexed. Perhaps, the very
reactive nature of the involved=C bond makes a very poor
discriminator of H vs Et. To our knowledge, this is the first
example of such a comparative study in electrophilic alkylidene
systems.
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