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C-H bond activation reactions by Tp™**Ir(in) centres. Generation of
Fischer-type carbenes and development of a catalytic system for H/D
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The unsaturated [TpM®?Ir(C¢Hs),] fragment, readily generated from [Tp™?Ir(CgHs)>(N>)], or from
[TpMezlr(C2H4)2] and CgHg, is able to induce the regioselective cleavage of two sp3 C-H bonds of anisole, with
formation of a Fischer-type carbene, 1. The process involves additionally ortho-metallation of the anisole
aromatic ring, hence three C—H bonds are sequentially broken, the last one in the course of an a-H elimination
reaction. Phenetole (ethyl phenyl ether) gives an analogous product, 3, despite the possibility of competitive
a- or B-H eliminations in the last step. For CsHsNMe,, two hydride-carbenes, 5a and 5b, are produced. In the
latter, the aniline phenyl ring is also metallated, but the former contains a C¢Hs aryl group and a
C¢HsN(Me)CH carbene ligand. The same Ir(ur) fragment, viz. [TpMe?Ir(C¢Hs),], alternatively generated from
Ce¢Hg and [TpMe?Ir(n*-CH,=C(Me)C(Me)=CH,)], accomplishes the efficient, catalytic H /D exchange between
C¢Dg (used as the deuterium source) and a variety of organic and organometallic molecules that contain

C-H bonds of different nature.

Introduction

The study of the reactivity of aliphatic C—H bonds of hydro-
carbons and other organic molecules with transition metal
compounds continues to be a topic of renewed interest.! Some
years ago we showed that Ir(in) species like [TpMe-
Ir(H)(CH=CH,)(C,H,)] or [TpM<Ir(CeHs)(No)], (Tp™e =
hydridotris(3,5-dimethylpyrazol-1-yl)borate) are able to
induce the selective activation of the two sp® C-H bonds of
five- and six-membered cyclic ethers, with formation of
Fischer-type carbenes.” The active species were in sifu gener-
ated intermediates of the kind [TpM¢*Ir(R)(R’)], where R and
R’ represent formally monoanionic hydrocarbyl fragments
(e.g. C¢Hs, CoHs, CH=CH,, etc.). More recently, the use of
the bulky Tp®™" ancillary ligand (Tp™™ = hydridotris(3-phenyl-
pyrazol-1-yl)borate) in related coordination environments
allowed extension of this synthetic methodology to a variety
of ethers and amines.® This reactivity constitutes an unusual,
seldom employed route to heteroatom-stabilized carbenes.*
Several recent studies have focused on the application of
these and related findings in C-H activation chemistry to dif-
ferent catalytic processes.” An interesting transformation is
H/D exchange between hydrocarbons (or other substrates)
and a deuterium source (D»O or a deuterated alkane or arene).
Brookhart has described catalytic H/D exchange reactions
between deuterated solvents and olefins bound to RhCp* cen-
tres.® Andersen,” Bergman’® and Tilley® have found very

1 Dedicated to Professor Domingo Gonzalez-Alvarez on the occasion
of his retirement.
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efficient H/D exchanges catalysed by cationic IrCp* species,
using C¢Dg’ or D,0® as the deuterium source. Another inter-
esting example is a CH,/CD, exchange, catalysed by a silica
supported tantalum hydride.® These reports constitute valu-
able additions to earlier studies in this field.'*!!

In this contribution we describe recent studies on the activa-
tion of sp® C—H bonds, which leads to the facile generation of
Fischer-type carbene complexes. The bis(ethene) Ir(i) com-
pound, [TpMe2Ir(C>Hy),],!% can be used as the reactive precur-
sor, in reactions with aromatic ethers and amines, CiHsOR
(R = CH;, C,Hs) and CgHsNMe, . Our previous knowledge
of this reactivity, along with the close investigation of the
mechanistic aspects of the above C-H bond activation pro-
cesses, has permitted the design of a catalytic system for
H/D exchange, employing C¢Dg as the deuterium source and
the Ir(1) complex [TpM<Ir(n*-CH,=C(Me)C(Me)=CH,)]"* as
the catalyst precursor.

Results and discussion

Heteroatom-stabilised Ir(ir)-carbenes

To exploit the lability of the coordinated molecule of dinitro-
gen in the Ir(im) complex [Tp™Ir(C¢Hs)»(N,)],> an isolated
sample of this material was reacted with anisole, CsHsOCHj;,
under nitrogen, using C¢Hg as the solvent (Scheme la). The
reaction is complex and gives a mixture of products. Following
column chromatography (silica gel; eluent hexane:ether) and
crystallization from CH,Cl,:hexane mixtures, moderate yields
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of the hydride-carbene compound 1 were obtained. In an alter-
native, cleaner and more efficient procedure, this species was
generated in comparable yields using the Ir(r) derivative
[TpMIr(C,H,),]'? as the starting material. Under the condi-
tions specified in Scheme 1b, the unsaturated [Tp™<?Ir(C¢Hs),]
fragment is readily generated.’

The molecules of 1 are chiral at iridium. Asymmetry of the
metal centre results in the inequivalency of the three pyrazolyl
rings, which gives rise to five '"H methyl signals in the chemical
shift interval from 2.41 to 0.95 ppm (two of these resonances
are accidentally degenerated at 6 2.40), along with three C-H
resonances between & 5.9 and 5.5, in the "H NMR spectrum.
Of diagnostic value regarding the molecular complexity of 1
are both the high-field 'H resonance at & —17.45, due to the
Ir—H unit, and the low-field '"H and '*C signals associated with
the Ir-carbene functionality (*H resonance at 14.32 ppm; '*C
signal at 257.5 ppm, 'Jey = 164 Hz). Other relevant NMR
data for 1 are collected in the Experimental Section and need
no further discussion.

Despite the simultaneous presence of hydride, aryl and car-
bene ligands in the metal coordination sphere, no indications
for migratory insertion chemistry can be discerned either at
room temperature or at 60-80°C. It seems that the carbene
atom of 1 exhibits low electrophilicity, most likely due to the
presence of the adjacent oxygen atom. Nevertheless, when 1
is heated in neat acetonitrile at 60 °C, a five-membered hetero-
metallacyclic species, 2, is produced (quantitatively by 'H
NMR; see Scheme 1). The characteristic hydride and carbene
resonances of 1 are replaced by those corresponding to a coor-
dinated molecule of NCMe and to an iridium-bound CH,
group (see Experimental Section). Hence, NCMe induces
migration of the hydride onto the carbene carbon to give an
iridium-alkyl, as part of a metallacyclic unit. This reactivity
is in accord with expectations, based on both experimental
and theoretical grounds.'* Due to differences in the spatial
properties of the c-orbitals of the migratory groups (hydride
or aryl), hydride migration is expected to be much faster than
aryl migration. This is because the Is orbital of the H atom,
with spherical symmetry, allows easier access to the three cen-
tre transition state suggested for this migratory insertion,'*
than the more directional sp> orbital of the aryl carbon atom.
Besides, the product of the latter rearrangement would contain
a highly-strained cyclic unit, in contrast with the unstrained
five-membered ring present in the structure of 2.
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A

As already hinted, the formation of complex 1 under the
conditions of Scheme 1 (la and 1b) proceeds, regardless of
the iridium complex precursor used, through the intermediacy
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of the unsaturated species [Tp™°*Ir(C¢Hs),]. Previous work
from our laboratory has demonstrated the capacity of this
intermediate to induce the double C-H bond cleavage of tetra-
hydrofuran, and other cyclic, aliphatic ethers, in reactions that
proceed with coordination of the ether to iridium.” A similar
mechanism could be proposed for 1. However, since arene
C-H bond activation by this Ir(i1) fragment is much faster
than THF C-H bond activation,” it appears plausible that
the first of the three C-H bonds of C¢HsOCH5 that must be
broken to form complex 1 is an aromatic C-H bond.
Obviously, not only the ortho, but also the meta and the para
C-H bonds can be cleaved, although when employing C¢Hg as
the reaction solvent, these single activations would remain
undetected. Eventually, O-coordination of the ether moiety
in an intermediate like B, which results from the activation
of one of the ortho hydrogens, could lead to a metallacyclic
intermediate of type C that would render 1 by means of an
o-H elimination. In all, three C-H bonds, one of sp> and the
other two of sp’ character, are sequentially broken. Although
some examples that involve the facile rupture of three C-H
bonds have been reported recently,>! this remains a very
unusual observation. It seems that both the chelate effect and
the stability of the five-membered metallacyclic unit of 1 are
responsible for the formation of this complex, under the
experimental conditions specified in Scheme 1.

P Ir] / [Ir]
iy s
[] ?‘ HZC
Me

B C

The above proposal regarding the last step of the C—H bond
activation reaction of ethers to generate iridium carbenes is
supported by earlier isotopic labelling studies from our group,
using dg-tetrahydrofuran and different Tp'Ir(im) fragments. >
In the present system the intermediate that immediately pre-
cedes the product, i.e. C, has no f-hydrogens. Hence, the alter-
native, and ubiquitous, B-H elimination, that would produce a
hydride-olefin compound, obviously cannot occur. To ascer-
tain whether o-H elimination is preferred over B-H elimination
in this kind of substrate, the analogous activation of
C¢HsOCH,CHj3; has been investigated.

Once more, both [TpM®Ir(C,H,),] and [TpMIr(CeHs),-
(N,)] react with the ether, using benzene as the solvent, with
essentially identical results. However, the reaction seems to
be more complex that for CsHsOMe, since a mixture of two
products, in a ca. 3:1 ratio, is obtained. The minor component
is a hydride-carbene derivative but it has not yet been fully
characterized. However, the major product is a yellow solid
with spectroscopic properties similar to those of 1, and can
therefore be formulated as the hydride-carbene 3 (Scheme 2;
see Experimental Section for relevant 'H and '>*C NMR data).
Exchange of the hydride ligand of 3 by chloride is facile and
allows the isolation of the chloro-carbene derivative 4, which
exhibits a characteristic '*C carbene resonance at & 278.6
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Fig. 1 Structural view of 3 (50% ellipsoids, C- and B-bound H atoms
omitted).

(271.4 ppm in the parent hydride). It is clear from these results
that o-H elimination is more favourable than B-H elimination.

Repeated attempts to grow crystals of 3 suitable for an X-
ray study have finally met with success (despite our efforts crys-
tals of the minor product have not yet been obtained). Fig. 1
shows an ORTEP view of the molecules of this compound,
Table 1 contains relevant bond distances and angles. Similar
to other six-coordinate Tp' complexes, the N-Ir-N angles
are close to the ideal value of 90°. This is in line with the ten-
dency of this family of ligands to enforce octahedral coordina-
tion.'® The Ir—N bond frans to the hydride is somewhat longer
than the other two (ca. 2.17 A vs. 2.15 A, see Table 1), as a
reflection of the higher trans influence of this ligand, in com-
parison with those exerted by the aryl and the carbene units.
The Ir-C,y; and Ir—Ccypene bonds have normal lengths, com-
parable to those reported in the literature for related com-
pounds.>**

The generality of the double C-H bond activation reaction
at the o carbon with respect to a donor atom has been

Table 1 Selected bond lengths [A] and angles [deg] for 3

Bond distances

Ir-C(7) 1.902(2) C(1)-C(2) 1.406(3)
Ir-C(1) 2.013(2) C(2)-C(3) 1.400(3)
Ir-N(12) 2.145(2) C(3)-C4) 1.386(4)
Ir-N(22) 2.153(2) C(4)-C(5) 1.390(4)
Ir-N(32) 2.168(2) C(5)-C(6) 1.384(3)
Ir-H(1) 1.51(3) C(7)-C(8) 1.492(3)
C(1)-C(6) 1.390(3) O-C(7) 1.348(2)
0-C(6) 1.402(3)
Bond angles
C(7)-Ir-C(1) 79.5(1) N(22)-1r-N(32) 87.9(1)
C(7)-Ir-N(12) 174.7(1) C(7)-Ir-H(1) 86.0(10)
C(7)-1Ir-N(22) 99.3(1) C(1)-Ir-H(1) 85.0(10)
C(7)-Ir-N(32) 99.5(1) N(12)-Ir-H(1) 88.8(10)
C(1)-Ir-N(12) 98.6(1) N(22)-Ir-H(1) 92.2(10)
C(1)-Ir-N(22) 177.0(1) N(32)-Ir-H(1) 174.4(10)
C(1)-Ir-N(32) 95.1(1) C(6)-C(1)-Ir 112.4(2)
N(12)-Ir-N(22) 82.3(1) O-C(7)-Ir 119.5(2)
N(12)-1r-N(32) 85.6(1) C(7)-0-C(6) 112.3(2)
C(1)-C(6)-O 115.2(2)
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demonstrated using N,N-dimethylaniline as the substrate.
Analogously to the results found for Tp PIr(n*-isoprene)™ a
mixture of two N-substituted Fischer carbenes, 5a and 5b is
generated (Scheme 3).

Column chromatography of the crude reaction mixture and
routine crystallization procedures allow isolation of pure sam-
ples of these compounds. Microanalytical and extensive 1D
and 2D NMR studies provide unequivocal evidence for their
molecular complexity. Sa exists in solution, at room tempera-
ture, as a mixture of two fast equilibrating carbene rotamers.
The '"H NMR spectrum shows broad resonances at ca.
—18.4 and 13.8 ppm, assignable to the hydride and the CH
unit of the carbene ligand, respectively. The carbene carbon
resonates at 0 222.0 and is characterized by a one-bond C-H
coupling of 146 Hz. The iridium-bound phenyl group gives rise
to five, well-defined resonances in the interval from 7.98 to 6.52
ppm, which appear broad at room temperature. The second
phenyl group of Sa, namely that being part of the carbene
ligand, originates sharp resonances in the narrower region
from 7.34 to 7.16 ppm. At variance with this, only four aro-
matic signals are found in the "H NMR spectrum of 5b. They
are accompanied by a CH carbene resonance at & 12.12 (1*C
NMR signal at 6 216.4; 'Jcy = 149 Hz) as well as by a hydride
signal at —20.14 ppm.

The formation of the hydride-carbenes 5a and Sb during the
activation of C¢HsNMe, contrasts with the observation of
only compound 1 in the analogous activation of C¢HsOMe.
The latter compound contains a metallated aromatic ring from
the ether functionality and therefore it may be considered as
the analog of 5b. The ratio of 5a:5b (see Experimental Section)
produced under the conditions of Scheme 3 does not vary
with time. Furthermore, 5a remains unaltered after prolonged
heating at 100 °C (cyclohexane solution, 12 h). This rules out
the intermediacy of 5a in the formation of the ortho-metallated
compound 5b and suggests instead that the two hydride-car-
benes form through different, competitive reaction pathways.
Additional evidence for this stems from the observation that
5b does not convert into Sa when heated in C4Hg in the pre-
sence of N,N-dimethylaniline. A plausible proposal is that N-
coordination of the amine to iridium assists the double C-H
bond activation that originates 5a, whereas activation of an
ortho-hydrogen atom of CsgHsNMe, is the first step of the reac-
tion leading to 5b. Only the latter process appears to take place
during the activation of C¢HsOMe, perhaps as a consequence
of the lower coordination ability of the ether, in comparison
with the amine.

Before closing this section it is worth emphasizing the facil-
ity with which Tp/Ir(i) fragments may induce the formation
of Fischer-type carbenes by means of the regioselective, double
C-H bond activation of the C-H bonds in o position with
respect to an ether or amine functionality. An alkyl intermedi-
ate of type C precedes the hydride-carbene product, which
therefore derives from an o-H elimination. Whereas in C and
the analogous intermediate of the CsHsNMe, activation reac-
tion the a-H elimination appears to be the only low-energy
reaction pathway for further rearrangement in the case of
CH;CH,OCgHs the possibility of B-H elimination, to give a
hydride-olefin compound, does exist but it is not observed. It
is our view that additional studies on these and related systems
are needed to gain a better understanding of the factors that
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govern the course of these reactions, in particular the still
unusual observation of more facile o~ than B-H elimination.

Catalytic H/D exchange reactions

During attempts to extend the above results regarding the
activation of ethers to TpM®Ir(1) precursors other than
TpMeIr(C,Hy)>, the diene derivative [Tp™MIr(n*-2,3-
dimethylbutadiene)], 6, was tested in the reaction with THF.
Following the reaction of 6 and THF (3 equiv.; C4Dg¢, 70°C)
by 'H NMR spectroscopy, a progressive decline in the inten-
sity of the a-CH, protons of THF, and a concomitant increase
of the C¢DsH signal became apparent. This observation points
to an ongoing H/D exchange reaction which has been investi-
gated under conditions of catalysis. Although a variety of sys-
tems is known that effect thermal H/D exchange between
hydrocarbon or other substrates and a deuterium source,> !
general procedures of wide applicability are scarce.

A typical catalytic procedure follows: a mixture of ferrocene
(0.23 mmol) and 6 (7.5 mol%) in C¢Dg¢ (0.5 mL) as the solvent
was heated for 5 h in a sealed NMR tube at 90 °C (bath tem-
perature). The progress of the reaction was checked by
"TH-NMR spectroscopy at regular periods of time, until the
deuterium incorporation stopped. Although the typical reac-
tion time was 20 h, all runs reached the maximum deuterium
incorporation after approximately 3.5 h. Degradation after
this time was not observed.

The extent of deuteration was obtained by integration of the
"H-NMR spectra, comparing the intensity of the signals due to
the substrate and the protons from C¢DsH in the initial spectra
(before heating) and the final spectra (after heating). As a ver-
ification of these results, at the end of the reaction 20 pL of
TMS were added and acquisition and integration of the probe
rerun. The deuterium incorporation was calculated from the
integrals obtained. In the case of 7-dos, and 8-dy; 4 the pro-
ducts were isolated by column chromatography (neutral
Al,O3; eluent n-hexane, sampling the deep-red band) and ana-
lyzed by 'H, >C{'H}, and >H-NMR spectroscopy.

Table 2 summarizes the results of the H/D exchange cataly-
sis, which suggest a kinetic control of the reaction, in agree-
ment with previous literature data.’ In general, the most
accessible C-H bonds take part in the reaction, whereas
weaker (albeit less exposed) C-H bonds are reluctant to
undergo exchange. For example, for methylcyclohexane (entry
4) or di(n-butyl) ether (entry 8) only the methyl groups experi-
ence significant exchange while the CH, hydrogens remain
unaltered. The reaction is only effective for the poorly coordi-
nating substrates like ethers (entries 6, 7, 8, 9, and 10) or

Table 2 Extent of deuteration in the subtrates tested”

Catalyst/ TON/

Substrate mmol mol% Product D
1 Ferrocene (7) 0.228 7.5 (7-do5) 127
2 1,1"-Dimethylferrocene (8) 0.199 8.5 (8-dyy4) 100
3 Cyclohexane (9) 0.463 3.7 (9-dyg5) 286
4 Methylcyclohexane (10) 0.509 33 (10-dg) 120
5 1-Hexene (11) 0.594 29 (11-dg7) 164
6 THF (12) 0693 24 (12-d,3) 94
7 Phenyl ethyl ether (13) 0.409 4.1 (13-d5) 120
8 Di(n-butyl) ether (14) 0.384 44 (14-d,5) 34
9 Di(isopropyl) ether (15) 0489 34 (15-d;4) 40
10 Dibenzo-18-crown-6 (16) 0.139 12.2 (16-d3g) 31
11 2,6-Lutidine (17) 0475 3.5 17-dy;) 59

12 Pyridine (18) 0.632 2.7 (18) —

“ Precatalyst: TpM®Ir(2,3-dimethylbutadiene) (6) (0.01 g 0.017
mmol); solvent: CgDg (0.5 mL); reaction time: 2.5 h; bath temperature:
90°C.
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sterically hindered N-donor ligands (entry 11). 2,6-Lutidine
is deuterated mostly in the meta- and para-positions, and to
a lesser extent in the methyl groups. Contrarily, pyridine poi-
sons the catalytic system by strongly binding to iridium so that
no deuterium incorporation takes place. It is worth mentioning
that the exclusive deuteration of dibenzo-18-crown-6 in the 3
and 3 positions of the benzene rings illustrates the potential
of this catalytic system to introduce deuterium as markers into
more sophisticated molecules. Finally, in accord with expecta-
tions, the exchange of deuterium for hydrogen is also possible,
as shown by the reaction of 7-dy 5, or 8-dy; 4, with C¢Hg (in the
presence of freshly added 6 and otherwise equal reaction con-
ditions). Virtually undeuterated 7 or 8 was isolated.

D32
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Fe .’ P e '
Dsg. - fFe’ / .Daa DS%S
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<<,
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The fate of precatalyst 6 and the catalytic cycle for the H/D
exchange, can be proposed to be as depicted in Scheme 4. Con-
version of 6 into the suggested active catalyst, E, occurs by
means of a well-established equilibrium in Tp'Ir(l) com-
pounds3’17 between k>- and KZ-TpMC2 coordination, followed
by rearrangement into the Ir(in) intermediate D.'® C-D activa-
tion of two molecules of C¢Dg'® by this Ir(ur) species would

~ N
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then yield E, hence the original diene acts as a sacrificial
deuterium acceptor being extruded as CH,DC(Me)=
C(Me)CH,D.? In accord with the results presented in the pre-
vious section, E would readily activate the substrate S-H giv-
ing F, which by exchange with C4Dg would form S-D and
regenerate E. In excellent agreement with this proposal, the
use of [TpM?Ir(CeHs)>(N»)]"? as the precatalyst yields results
identical within experimental error with those collected in
Table 2.

Catalyst degradation may occur through either of the fol-
lowing pathways. Firstly, strongly coordinating substrates
(e.g. pyridine, phosphines, efc.) react with 6 to provide stable
Ir(in) adducts'® related to D in Scheme 4, which are catalyti-
cally ineffective. Alternatively, some substrates like THF and
phenetole (ethyl phenyl ether; entries 6 and 7 in Table 2) react
with 6 to form Fischer-type carbenes (e.g. G in Scheme 4)
which are also unable to promote the H/D exchange catalysis,
even after prolonged heating at higher temperatures (90°C,
24 h).

In  conclusion, the unsaturated Ir(mm)  species,
[TpMeZIr(C6H5)2], which can be generated in situ from CgHg
and readily available Ir(1) precursors like [Tp™*Ir(C,H,),] or
[TpMeIr(n*-CH,=C(Me)C(Me)=CH,)], activates ether and
amine substrates under mild conditions, with formation of
Fischer-type carbenes. In this transformation, the regioselec-
tive cleavage of two C-H bonds in o with respect to the O-
or N-donor atom is effected. Most remarkably, the second
C-H bond scission, which is an a-H elimination, occurs even
in the presence of p-hydrogens. [TpM<Ir(CgHs),] acts addi-
tionally as a powerful, efficient catalyst for H/D exchange
between C¢Dyg (as the deuterium source) and a variety of sub-
strates. The use of this system for the catalytic functionali-
zation of non-activated hydrocarbons remains an exciting
avenue to explore.

Experimental

General details

All syntheses and operations were done under an inert atmo-
sphere, following previously described procedures.'®

Synthesis of new compounds. Compound 1. To a solution of
[TpMeIr(C,Hy)s] in Ce¢Hg (044 g, 0.82 mmol; 12 ml)
CH;0C¢H5 (0.44 ml, ca. 4 mmol) was added and the mixture
stirred at 60°C for 12 h. After removing the solvent under
reduced pressure, the product was purified by column chroma-
tography on silica gel, using a 10:1 mixture of hexane:diethyl
ether as eluent (R; = 0.68). Pure complex 1 was isolated, as
a yellow microcrystalline solid, in ca. 37% yield (0.18 g). It
can be crystallized from hexane:CH,Cl, mixtures (2:1) at
—20°C. IR (Nujol): v(Ir-H) 2192 cm~!. '"H NMR (CDCl;,
25°C): 6 14.32 (s, 1 H, Ir=CH), 7.39, 7.25, 6.97 (d, d, m,
1:1:2 H, 3Jyu~8 Hz, 4 CH,,), 5.89, 5.86, 5.55 (s, | H each,
3 CH,,), 2.41, 2.40, 2.36, 2.25, 0.95 (s, 1:2:1:1:1, 6 Me,,),
—17.45 (s, 1 H, IrH). “C{'H} NMR (CDCl;, 25°C): §
257.5 (Ir=CH, 'Jcy = 164 Hz), 168.2, 129.0 (Cgar)> 151.9,
151.5, 150.9, 144.5, 144.2, 143.7 (Cqpy), 137.7, 124.4, 122.8,
110.9 (CH,,), 107.0, 106.6, 106.5 (CH,,), 16.0, 15.7, 13.1,
13.0, 12.9, 12.0 (Me,,). Anal. Calcd. for Cy,H,3sBNgOIr: C,
44.4; H, 4.5; N, 14.1; Found: C, 44.1; H, 4.8; N, 13.6%.

Compound 2. A solution of 1 (0.042 g, 0.07 mmol) in NCMe
(4 ml) was stirred at 80 °C for 12 h, after which time the solvent
was distilled off under reduced pressure. At this stage, 'H
NMR monitoring demonstrated quantitative formation of
the acetonitrile adduct 2, which was isolated as a pure, white
crystalline solid, by crystallization from hexane:dichloro-
methane (3:2) at —20°C (0.037 g, isolated yield 83%). IR
(Nujol): v(CN) 2285 cm~'. '"H NMR (CDCls, 25°C): 6 6.97,
6.81, 6.63, 6.46 (d, t, d, t, 1 H each, *Jyg~7 Hz, 4 CH,,),
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6.63, 6.42 (d, d, 1 H each, 2Jyy~7 Hz, Ir-CH,), 5.90, 5.80,
5.53 (s, 1 H each, 3 CH,,), 2.42, 2.39, 2.37, 2.33, 2.32, 1.44
(s, 3 H each, 6 Me,,), 2.37 (s, 3 H, NCMe). *C{'H} NMR
(CDCl3, 25°C): 6 1709, 122.7 (Cgar), 152.0, 150.4, 149.5,
143.3, 143.1 (1:1:1:1:2, Cyp), 137.0, 123.7, 116.7, 106.5 (CH,,),
114.7 (NCCH3), 108.6, 107.0, 106.7 (CH,,), 54.4 (Ir-CH,,
"Jeu = 143 Hz), 14.7, 13.8, 13.3, 12.7, 12.5, 4.2 (1:1:1:1:2:1,
Mepz + NCCH3) Anal. Calcd. for C24H31BN7OII"1/2CH2C12:
C, 43.3; H, 4.7; N, 14.4; Found: C, 43.4; H, 4.9; N, 13.8%.

Compound 3. [TpM*r(C,Hy4),] (0.30 g, 0.55 mmol) was
reacted with C¢HsOCH,CHj; (0.33 ml, 2.75 mmol) in C¢Hg
(12 ml) at 60°C for 12 h. After this time the colour of the
solution has changed from essentially yellow to dark-green.
Removal of the solvent under reduced pressure and 'H
NMR monitoring revealed the formation of two compounds,
3 and a minor product which despite our efforts remains
uncharacterized (the unidentified product is also a hydride-
carbene; its proportion in the reaction mixture varies from
one preparation to another; typically it is of the order of
20%, but in isolated instances it can be as high as 40%).
Separation of the two components was achieved by column
chromatography on silica gel, using a 40:1 — 5:1 mixture of
hexane:Et,O as eluent (Ry = 0.53 (10:1; hexane:EtO,)), to yield
0.11 g (ca. 33%) of pure compound 3. Yellow crystals of 3 may
be obtained from its concentrated solutions in hexane:CH,Cl,
(ca. 2:1 mixtures) upon cooling at —20°C. IR (Nujol): v(Ir-H)
2148 em™!. '"H NMR (CDCls, 25°C): & 7.29, 7.21, 6.98, 6.89
(d, d, t, t, 1 H each, *Jyy~8 Hz, 4 CH,,), 5.89, 5.85, 5.59
(s, 1 H each, 3 CHp,), 2.55 (s, 3 H, Ir=CCH,), 2.43, 241,
2.40, 2.28, 2.24, 1.05 (s, 3 H each, 6 Me,,), —17.74 (s, 1 H,
IrH). 3C{'H} NMR (CDCls, 25°C): § 271.4 (Ir=C), 168.0,
129.6 (Cgar), 151.5, 150.1, 144.5, 144.4, 143.4 (2:1:1:1:1, Cgpy),
137.3, 123.4, 122.2, 109.8 (CH,,), 106.8, 106.3, 106.2 (CH,,),
39.6 (Ir=CCH3), 16.5, 15.9, 13.2, 13.0, 12.9, 12.0 (Me,,). Anal.
Calcd. for Cy3H30BNgOIr: C, 45.3; H, 4.9; N, 13.8; Found: C,
45.5; H, 5.0; N, 14.0%.

Compound 4. A solution of the above hydride-carbene 3 in
CCly (0.04 g, 0.066 mmol; 2 ml) was heated at 80°C for 5
days, whereupon clean, quantitave conversion into the new
product 4 was ascertained by '"H NMR. The crude solid that
resulted from the evaporation of the CCl, under reduced pres-
sure was dissolved in 7 ml of a 4:3 Et,O:CH,Cl, mixture and
filtered. Addition of 4 ml of hexane and cooling at —20°C
gave 0.03 g (71%) of a yellow microcrystalline solid. 'H
NMR (CDCls, 25°C): § 7.37, 7.08, 7.03, 693 (d, d, t, t, 1
H each, *Jyy~8 Hz, 4 CH,), 5.90, 5.86, 5.50 (s, 1 H each,
3 CH,,), 2.92 (s, 3 H, Ir=CCH3), 2.57, 2.46, 2.45, 2.41, 2.39,
0.95 (s, 3 H each, 6 Me,,). “C{'H} NMR (CDCl;, 25°C):
0 278.6 (Ir=C), 168.6, 1259 (Cqar), 153.3, 151.5, 151.4,
143.7, 143.6, 143.5 (Cqp,), 136.8, 124.5, 123.5, 111.6 (CH,,),
108.3, 108.0, 107.9 (CH,,), 39.2 (Ir=CCH3;), 15.8, 15.5, 13.0,
12.7, 12.6, 11.9 (Me,,). Anal. Calcd. for C;3H9BNCIOIr-1/
2 CH,Cl,: C, 41.1; H, 4.4; N, 12.2; Found: C, 41.4; H, 4.5;
N, 11.9%.

Compounds 5a and 5b. 020 g (0.37 mmol) of
[TpM<2Ir(C,Hy),] were dissolved in 10 ml of CgHg. 0.23 ml
of C¢HsNMe, were then added and the resulting solution
was heated at 60°C, overnight. The yellow solution that
resulted was evaporated under reduced pressure to give a crude
solid consisting of a ca. 3:1 mixture of 5a:5b (as shown by 'H
NMR studies). Even if this proportion may change from one
preparation to another, for a specific preparation it does not
change with time, indicating that 5a and 5b form through dif-
ferent, competitive reaction pathways. Separation of the two
components was accomplished by column chromatography
on silica gel, using a 20:1 — 1:1 mixture of hexane:Et,0 as elu-
ent (R{5a) = 0.27, Ry(5b) = 0.15 (15:1; hexane:EtO,)). 0.064 g
of 5a (ca. 26%) and 0.044 g of 5b (20%) were obtained in this
way. The two isolated compounds can be crystallized from
hexane-Et,O mixtures at —20°C.
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Data for 5a. IR (Nujol): v(Ir-H) 2129 ecm~!. 'H NMR
(CDCls, 25°C): 6 13.77 (brs, 1 H, Ir=CH), 7.34, 7.29, 7.16
(brt, brt, brd, 2:1:2, *Jyy~8 Hz, 5 CH,,, N-Ph), 7.98, 6.96,
6.76, 6.64, 6.52 (brs, brs, t, brs, brs, 1 H each, 3Jun~7 Hz,
o, m, p, m, 0-CH,,, Ir-Ph), 5.78, 5.75, 5.67 (s, 1 H each, 3
CH,,), 2.89 (brs, 3 H, N-CH3), 2.50, 2.41, 2.38, 2.08, 1.61,
1.58 (s, 3 H each, 6 Me,,), —18.38 (brs, 1 H, IrH). *C{'H}
NMR (CDCls, 25°C): & 222.0 (Ir=CH, 'Jcy = 146 Hz),
152.0, 149.6, 149.3, 143.5, 143.1, 142.9 (Cypy), 150.4 (Cqar(N-
Ph)), 141.4, 140.3, 127.1, 119.7 (1:1:2:1, o, o, m, p-CH(Ir—
Ph)), 138.4 (Cyu(Ir-Ph)), 129.5, 125.7, 121.4 (2:1:2, m, p, o-
CH,(N-Ph)), 106.0, 105.6, 1049 (CH,,), 42.5 (N-CHj),
15.3, 14.8, 14.0, 12.7 (1:1:1:3, Me,,). Anal. Calcd. for
CyyH37BN-Ir: C, 50.7; H, 5.4; N, 14.3; Found: C, 50.6; H,
5.5; N, 14.1%.

Data for 5b. IR (Nujol): v(Ir-H) 2135 cm~'. '"H NMR
(CDCls, 25°C): & 12.12 (s, 1 H, Ir=CH), 7.40, 7.04, 6.96,
6.89 (d, d, t, t, 1 H each, 4 CH,,), 5.86, 5.85, 5.50 (s, 1 H each,
3 CH,,), 3.66 (s, 3 H, N-CHs), 2.40, 2.40, 2.39, 2.35, 2.27, 0.91
(s, 3 H each, 6 Me,,), —20.14 (s, 1 H, IrH). *C{'H} NMR
(CDCl;, 25°C): & 216.4 (Ir=CH, 'Jcy = 149 Hz), 154.9,
138.4 (Cqar), 151.4, 150.8, 150.4, 143.6, 143.4. 142.8 (Cqp),
137.7, 124.4, 120.1, 111.8 (CH,,), 106.4, 105.9, 105.8 (CH,,),
43.1 (N-CHa), 15.9, 15.5, 12.7, 12.6, 10.8 (1:1:2:1:1, Mey,).
Anal. Calcd. for C,3H3;BN7Ir: C, 45.4; H, 5.1; N, 16.1; Found:
C, 45.6; H, 5.2; N, 15.8%.

General procedure for catalytic H/D exchange reactions

In a typical deuteration experiment, a solution of 6 (0.01 g,
0.017 mmol) and the substrate (50 pl) in CgDg (0.5 ml) was pre-
pared under N, and transferred into an NMR tube, that was
subsequently sealed. The tube was heated in an oil bath at
90°C (bath temperature) and the reactions were monitored
by '"H NMR spectroscopy. At the end of the deuteration pro-
cedures, *C{'H} NMR spectra, and, where appropriate, 2H
NMR spectra were recorded. Below are given details for a
specific example (ferrocene) as well as selected 'H NMR data.

A mixture of ferrocene (0.23 mmol) and compound 6 (7.5
mol%) in C¢Dg (0.5 ml) was heated at the temperature given
above. At specified periods of time the progress of the reaction
was checked by '"H NMR spectroscopy. Deuterium incorpora-
tion reached its maximum after 3.5 h, although degration was
not observed after this time. The extent of deuteration was
measured by integration of the '"H NMR spectrum, comparing
the intensity of the Fe(CsHs), signal and that of the deutero-
benzene before and after the heating period. In this particular
case the ferrocene was purified by column chromatography on
alumina (neutral alumina, n-hexane eluent) and characterized
by 'H and "*C{'H}, 1D- and 2D-NMR spectroscopy.

8-d;1.4. '"H NMR (C¢Dg, 25°C): 6 3.89 (m, 0.2 H), 3.86 (m,
0.8 H), 1.82 (m, 1.6 H). '*C{'"H} NMR (C¢Ds, 25°C):  83.2
(m), 69.6 (s), 67.9-67.2 (m), 14.2-13.8 (m).

10-d4. '"H NMR (C¢Ds, 25°C): & 1.67-1.58 (m, 4 H), 1.23—
1.14 (m, 3 H), 0.87-0.82 (m, 3 H). *C{'H} NMR (C¢Ds,
25°C): & 35.3 (s), 32.5 (m), 26.4-25.6 (m), 22.7-22.1 (m).

13-ds. "H NMR (C¢Dg, 25°C): 6 6.84 (m, 0.6 H), 3.57 (q, 2
H), 1.10 (m, 2.4 H). 3C{'H} NMR (C¢Ds, 25°C): 6 159.2 (s),
129.3-128.5 (m), 120.1-119.5 (m), 114.3-113.7 (m), 62.7 (m),
14.5-13.8 (m).

14-d; s. 'H NMR (C¢Dg, 25°C): 6 3.28 (t, 4 H), 1.53 (m, 2
H), 1.36 (m, 2 H), 0.86 (m, 4.5 H). *C{'H} NMR (C¢Ds,
25°C): 6 69.8 (s), 33.1 (s), 19.5 (s), 14.1-13.7 (m).
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16-d3 3. 'H NMR (CDCls, 25°C): 6 6.72-6.65 (m, 4.2 H),
4.15 (m, 8 H), 3.85 (m, 8 H). *C{'H} NMR (CDCl;,
25°C): § 149.4 (s), 121.6 (m), 114.2 (s), 70.6 (s), 69.5 (s).

Crystallography

Crystal data for 3. C,3H;30BIrNgO, M, = 609.54, yellow prism
(0.40x 0.18 x0.12 mm) from hexane:CH,Cl,, monoclinic,
space group C2/c (no. 15), a = 18.963(2) A, b = 10.2605(12)
A, ¢=124.556(3) A, p=100.1602)°, V =4712.1(10) Af,
Z=28, D,=1718 Mg m>, J(Mo Ka)=0.71073 A,
w=5.69 mm~!, 7=1502) K. X-Ray diffraction data were
collected on a Bruker SMART diffractometer equipped with
a CCD detector, graphite monochromated Mo Ka radiation,
and a Kryoflex low-temperature device.'® Four sets of frames
covering a complete sphere of the reciprocal space were
recorded (4 x 606 frames, w-scans, Aw = 0.3°, time per frame
10 s). Data reduction up to 6 = 30° by program SAINT, cor-
rections for absorption with program SADABS, 32 347 reflec-
tions measured, 6676 independent, Ry, = 0.023." Structure
solution with direct methods and program SHELXS97, struc-
ture refinement on F* using program SHELXL97.%° All non-
hydrogen atoms were refined anisotropically. C- and B-bound
hydrogen atoms had isotropic temperature factors and rode
on the atoms to which they were bonded (orientation refinement
for CH; groups). The Ir-bound hydrogen atom H(1), located
on a difference Fourier map, was refined without restraints.
Final refinement with 6676 data, no restraints, and 302 para-
meters gave R1 = 0.0242, wR2 = 0.0400 (all data), and R1 =
0.0188, wR2 = 0.0386 [I > 20(])]. CCDC reference number
195911. See http://www.rsc.org/suppdata/nj/b2/b209324c/
for crystallographic data in CIF or other electronic format.
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