Synthesis and Reactivity at the Ir-M*Tpm Platform: From «!-N
Coordination to x®—N- based Organometallic Chemistry.
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Reaction of [Ir(u-Cl)(COE),]; (COE = cis-cyclooctene) with tris(3,5-dimethylpyrazol-1-yl)methane (M¢Tpm) affords [IrCl(x*-N-
MeTpm)(COD)] (1) (COD = 1,5-cyclooctadiene). The formation of 1 implies the transfer dehydrogenation of a COE ligand to

give COD and COA (cyclooctane). A mechanistic proposal based on DFT calculations that explains this iridium promoted

process has been disclosed. Additionally, reactivity studies have allowed the preparation and characterization, including

determination of the molecular structures of a number of iridium complexes with the MTpm ligand in &%, x¥* or x>-N

coordination modes. Moreover, the first example of an Ir-cyclooctyl complex featuring hydride and carbonyl ligands, whose

solid state structure has been determined by X-ray diffraction methods, is reported.

Introduction

The neutral tris(pyrazolyl)methanes (HC(R,pz)s, R-Tpm)? and the
related anionic tripodal ligands, tris(pyrazolyl)hydroborates
(HB(R2pz)s, RTp),% possess pyrazolyl-based lone pairs, allowing
coordination of metals across the periodic table. The
metallation chemistry of these classes of ligand is largely
dominated by x?-N and x3-N ligation (A and B, Chart 1), few
examples of bonding mode C are known3 and one example exist
for the type D *. While few metal complexes with "Tp in «-N
coordination mode have been already described,” the mono-
dentate coordination mode (E, Chart 1) is so far unknown for
the RTpm ligands.

While the chemistry of iridium complexes with anionic RTp
ligands has been widely and successfully explored,?2:2¢24:3 the
chemical behaviour of Ir-RTpm species has been only scarcely
studied.® This may be due to comparatively much less focus on
the coordination chemistry of the neutral R-Tpm ligands. Penta-
coordinated rhodium and iridium [MCI(x*-HTpm)(diolefin)] and
[M(x3-HTpm)(diolefin)]CI (M = Rh, Ir) complexes have been
prepared by reaction of the corresponding chloro-bridged
metallic precursor with the stoichiometric amount of the HTpm
ligand.5f
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Chart 1. Known coordination mode of fTpm
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Herein, we report on the synthesis of x*-N ligated RTpm species,
[IrCI(x*-N-MeTpm)(COD)] (1) (COD = 1,5-cyclooctadiene) and the
subsequent reactivity studies showing sequential denticity
variation of the tris(3,5-dimethylpyrazol-1-yl)methane (M¢Tpm)
ligand from x*-N to x>-N,N’ and x*-N,N’,N°° coordination
modes. To the best of our knowledge complex 1 is the first
example of a transition metal complex with a RTpm ligand in x*-
N coordination mode. The formation of complex 1 featuring a
COD ligand starting from [Ir(u-Cl)(COE),], (COE =
cyclooctene) and MeTpm also prompted us to undertake a
theoretical and experimental study on the mechanism of this Ir-
MeTpm promoted COE dehydrogenation reaction.
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RESULTS AND DISCUSSION
Reactivity of MTpm with [Ir(p-Cl)(COE);].

To shed light on the reactivity pattern of MeTpm with [Ir(u-
CI)(COE),], we decided to monitor the reaction with 'H NMR
spectroscopy. *H NMR studies of the reaction of [Ir(u-Cl)(COE),]»
with MeTpm at 298 K showed no reaction in CD,Cl, and a very
slow reaction in C¢Ds. However, after heating the samples
prepared in Ce¢D¢ at 353 K the formation of [IrCl(xi-N-
MeTpm)(COD)] (1) (80 % based on 'H NMR integration) was
observed after one hour. Complete conversion of the starting
iridium precursor was achieved in 24 h to afford complex 1 and
the stoichiometric amount of cyclooctane (COA), which was
identified by 'H and 3C{*H} NMR spectroscopy.’ The presence
of traces of free COE and Ir-hydride containing species was also
observed during the reaction. The routine work up of the CgD¢
solution afforded 1 as greenish-yellow powder. With the aim to
disclose a direct synthetic methodology to obtain 1, the
reaction of MeTpm with [Ir(u-Cl)(COD)]; in toluene at room
temperature was investigated. This procedure allows
quantitative formation of complex 1 within 2 h (Scheme 1).

1H NMR spectrum of complex 1 at room temperature shows
broad signals, although a more defined spectrum was observed
at 193 K, which is in agreement with the dynamic behaviour
described for related Ir-"Tpm species.®f The 'H NMR spectra of
1 in CD,Cl; at 193 K shows three resonances for the pyrazolyl-
CH protons at & 6.07, 6.03 and 5.88 ppm, which evidenced the
inequivalence of the three pyrazolyl rings. The resonance
corresponding to the methine proton is observed as a singlet at



3 9.15 ppm, low-field shifted in comparison with the related
resonance for the free MeTpm ligand (8 7.98 ppm). The
remaining *H and 13C NMR resonances agree with the structure
proposed for 1 in Scheme 1 (see Experimental Section).
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Scheme 1. Reactivity of dinuclear Ir(l) precursors with tris(3,5-

dimethylpyrazol-1-yl)methane.

Complex 1 has been unambiguously characterized by elemental
analysis, 'H and 3C NMR spectroscopy and by X-ray diffraction.
Greenish yellow coloured single crystals of 1 were obtained
from a saturated benzene solution. Complex 1 crystallizes with
two crystallographically independent but structurally similar
and chemically identical molecules in the asymmetric unit
(Figure S1, ESI). Selected structural parameters are summarized
in Table 1. Iridium atoms exhibit slightly distorted square-planar
geometries with the coordination of a chloride and a COD ligand
in its n* usual bonding mode and the Ir-x*-N ligation of the
MeTpm ligand through one of the nitrogen atom to the Ir(l)
center (Figure 1). A 2.115(2) A Ir-N bond length has been found
in this new-fangled coordination of M¢Tpm fragment, very close
to those reported for related Ir-N bond trans to olefins in Ir-( x%-
N,N’-MeTpm) (2.111(3) and 2.112(3) A)%® and Ir-(&3-N,N’,N""-
MeTpm) (2.104(5) A)éc fragments. Significantly longer distances
(5.770(2) and 4.530(2) A) are found between Ir and N(3) and
N(5) nitrogen atoms of the uncoordinated pyrazole groups.
Uncoordinated pyrazolyl groups in complex 1 are oriented away
from the metal center. Dihedral angles in the range (66.22(1)-
88.19(11)°) are found between the pyrazolyl mean planes
(Table S1, ESI). Tetrahedral geometry of the C(6) apical carbon
atom of the ligand exhibits similar C-N bond lengths and N-C-N
angles with 1.449(2)A and 111.08(8)° mean values. Although
H(6) proton is oriented towards the metal, the 2.74(3) A Ir---H
distance excludes the existence of an agostic interaction, which
is in agreement with the observed in related x*-N-fTp
coordinated transition metal complexes.®®*® In fact, the
existence of a loose agostic interaction had only been suggested
in [Rh(Me24CITp)(CO)(PMePh,);] complex where the apical
hydrogen atom is located in the potential axial metal site, with
a Rh---H distance of 2.35(3) A.°

The ability of iridium complexes to catalyze the transfer
dehydrogenation of alkanes has been well documented during
the last decades.l® The formation of 1 and COA from the

reaction of [Ir(u-Cl)(COE),], with MeTpm constitutes an example
of transfer dehydrogenation of COE to afford COD, with
simultaneous hydrogenation of the second COE molecule to
COA. In this context, it should be mentioned that a few
examples of iridium promoted dehydrogenation of COE to COD
have been reported.'!
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Figure 1. Molecular structure of one of the crystallographically independent
molecules of 1. For clarity, most of the hydrogen atoms have been omitted.

Iridium-promoted C-H bond activation of the allylic hydrogens
of the COE ligand to afford 1,3-COD¥? and subsequent
isomerization involving insertion, and B-hydrogen elimination
elementary steps sequences has been proposed to explain the
transfer dehydrogenation of COE to give 1,5-COD.3 In this
context, mechanistic and experimental studies supporting the
facile and reversible iridium-promoted exchange of hydrogens
between Ir-H and COD ligand have been reported.®* However,
based on the experimental evidence reported by Crabtree et al.,
the direct attack of the iridium centre to unactivated C-H bonds
of the COE ligand cannot be ruled out.** The lack of knowledge
on the mechanism of such transformation motivated us to study
the reaction by NMR spectroscopy and to perform theoretical
calculations at the DFT level on the model complex [IrCl(k?-N-
MeTpm)(COE)2].

Figure 2 shows the mechanistic proposal for both
dehydrogenation (red path) and hydrogenation (blue path) of
COE. The reaction starts by the dissociation of one COE
molecule, which has been corroborated by *H NMR, followed by
oxidative addition of one of the unactivated C>-H bonds of the
COE ligand to the iridium(l) center (red path) via transition state
TSBC (12.5 kcal mol?) leading to the Ir(lll) intermediate C in a
slightly exergonic step (-3.0 kcal mol?). The alternative route via
oxidative addition of one of the activated C3-H bonds of the COE
ligand requires to overcome a higher energy barrier (TSBC’, 15.5
kcal mol?) to give the Ir-allylic intermediate C". This activation
process is endergonic by 5.4 kcal mol? (Figure S9, ESI).
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Figure 2. DFT calculated Gibbs free energy profile (in kcal mol?, respect to A), for the iridium-promoted dehydrogenation (red path) and hydrogenation (blue

path) of COE from [IrCl(k’-N-M°Tpm)(COE),] (A).

Therefore, the mechanism via C>-H bond activation represents
a feasible mechanistic option. Moreover, an iridium complex
with an Ir-k*-4,5-n-cyclooctenyl moiety analogous to the
intermediate species C has been reported by some of us.'® The
dihydride intermediate D is formed from C by f-hydrogen
elimination through the transition state TSCD. This step
corresponds to the higher energy barrier of the overall
dehydrogenation process (19.3 kcal mol?). Finally, complex E is
formed by dihydrogen reductive elimination from D, being the
overall process exergonic by -11.5 kcal mol?. The hydrogen
molecule generated in the above described process (red path)
could coordinate to the metal in B to yield intermediate F (blue
path). The oxidative addition of H, to the metal takes place via
a low energy barrier, characterized by transition state TSFG,
forming the dihydride intermediate G. Hydrogenation of COE
takes places via 1,2-migratory insertion of the olefin into the Ir-
H bond (TSGH) followed by reductive elimination of COA
through TSHI. The last step shows the higher energetic barrier
for the overall hydrogenation process (23.1 kcal/mol?). An
analogous mechanistic proposal, involving consecutive [
hydrogen elimination and olefin insertion, has been recently
reported for explaining the transformation of the cationic
complex  [Ir(n3-cyclooctenyl){x3-S,Si,S-(SiMe{o-CeHaSMez 1}
into the [Ir(COD)(H){x3-S,Si,S-(SiMe{o-CsHsSMe;},}]* species.’®

Reactivity of complex [IrCl(k!-N-MeTpm)(COD)] (1).

The unusual «*-N ligation mode of the M*Tpm in complex 1 calls
for further reactivity studies. Thus, treatment of complex 1 with
an halide scavenger, AgOTf (OTf = CF3SOs3") in CH,Cl; resulted in
the release of AgCl, affording a x2-N ligated cationic iridium(l)
complex, [Ir(x*-N,N’-M¢Tpm)(COD)]OTf (2.0Tf), which could be
isolated in quantitative yield (Scheme 2). This air stable orange-

red solid was initially identified by comparison of its 'H and
13C{*'H} NMR spectra with those of the reported 2-PFg salt.®® The
most noticeable feature in the H NMR spectrum of 2-OTf in
CD,Cl, is a significant up-field shift of the resonance
corresponding to the bridged C-H group, from 69.15 (1) to &
7.83 (2-OTf) ppm. It must be noted here that the 'H NMR
recorded at room temperature and 193 K showed no significant
difference (See ESI, Figure S4 and S5). The molecular structure
of 2-OTf has been determined by an X-ray diffraction study
(Figure 3).
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Figure 3. Molecular structure of the cation of 2-OTf. For clarity, most of the
hydrogen atoms have been omitted.

The solid state structure of complex 2:OTf shows the metal
atom in a slightly distorted square planar environment, with
N(1)-Ir-Ct(1) and N(3)-Ir-Ct(2) trans angles significantly
deviating from 180° value (174.61(8) and 167.90(8)°,
respectively) due to the bidentate coordination of both ligands.
The carbocyclic ligand is coordinated in its usual n*-coordination



mode while the MeTpm fragment is found to be x*-N
coordinated through two nitrogen atoms. No statistically
significant difference is shown between both Ir-N bond lengths.
Moreover, these values are close to that found in complex 1
(Table 1). The uncoordinated pyrazole ring is oriented in the
axial position of the apical C(6) carbon atom, pseudo-parallel to
the iridium coordination mean plane, establishing with it a
47.51(6)° dihedral angle. This disposition leads to an
intramolecular Ir-Napical distance of 3.602(2) A. This geometrical
arrangement is close to that found in complex [Rh(CO)(PPhs)(i?-
N-MeTpm)][PFe]."’

Table 1. Selected bond lengths (A) and angles (°) for molecular structure of
compounds 1 and 2-OTf.

1a2 1b? 2.0Tf
Ir-Cl 2.3449(7) 2.3429(8) -
Ir(1)-N(1) 2.115(2) 2.117(3) 2.1172(18)
Ir(1)-N(3) - - 2.1101(17)
Ir(1)-Ct(1)° 1.988(3) 1.988(3) 2.014(2)
Ir(1)-Ct(2)° 2.008(3) 2.006(3) 2.007(2)
Cl(1)-1r(1)-N(1) 89.80(7) 89.03(7) -
Cl(1)-Ir(1)-Ct(1)° 179.27(9) 177.91(9) -
Cl(1)-Ir(1)-Ct(2)° 91.22(9) 90.45(9) -
N(1)-Ir-N(3) - - 82.40(7)
N(1)-Ir(1)-Ct(1)® 90.88(11) 92.85(11) 174.61(8)
N(1)-Ir(1)-Ct(2)® 178.28(11) 177.79(11) 95.86(8)
N(3)-Ir(1)-Ct(1)° - - 96.10(8)
N(3)-Ir(1)-Ct(2)° - - 167.90(8)

(a) 1a and 1b are the two independent molecules of 1 in the unit cell; (b) Ct
are centroids of the olefinic bonds of COD ligands.
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Keeping in mind the possible N-pendant pyrazole-metal
synergistic roles in activation of small molecules such as
hydrogen, we looked at the reactivity of 2:OTf with molecular
hydrogen. Indeed, 2-OTf slowly reacts with H; to evolved into a

K3-N ligated oxidative addition product, the Ir(lll)-hydride
species [IrHy(k3-N,N’,N""-MeTpm)(COE)]OTf (3-OTf). Monitoring
the reaction by *H NMR did not reveal information about the
reaction mechanism as the likely dihydride-cyclooctadiene
intermediate was not observed.

The reaction is sluggish and requires heating at 323 K for three
days. However, one pot reaction of a mixture of [Ir(p-
Cl)(COE),]2, MeTpm and NaOTf with dihydrogen (1 bar) at room
temperature quantitatively affords 3:OTf in less than one hour
(Scheme 2). Complex 3-OTf has been fully characterized by, 'H
and 13C{*H} NMR, IR, elemental analysis and by X-ray

crystallography (Figure 4).
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Figure 4. Molecular structure of the cation of 3-:OTf. Most hydrogen atoms
have been omitted for clarity. Selected bond lengths (&) and angles (°): Ir—
N(1) 2.0747(18), Ir-N(3) 2.1957(17), Ir-N(5) 2.1786(17), Ir—Ct2 2.067(2), Ir—
H(1) 1.629(10), Ir-H(2) 1.626(10), N(1)-Ir-N(3) 84.17(6), N(1)-Ir-N(5) 79.63(7),
N(1)-Ir-Ct2 172.19(8), N(1)-Ir-H(1) 93.0(12), N(1)-Ir-H(2) 85.5(12), N(3)-Ir-N(5)
88.26(6), N(3)-Ir-Ct2 93.84(8), N(3)-Ir-H(1) 176.4(12), N(3)-Ir-H(2) 95.1(12),
N(5)-Ir-Ct2 107.91(8), N(5)-Ir-H(1) 93.4(11), N(5)-Ir-H(2) 164.4(12), Ct2-Ir-H(1)
88.7(9), Ct2-Ir-H(2) 87.1(11), H(1)-Ir-H(2) 82.5(16), 2Ct is the centroid of the
C(17)=C(18) olefinic bond.

The most outstanding features of the 'H NMR spectra of 3-OTf
are a singlet resonance for the equivalent hydride ligands and a
multiplet assigned to the two olefinic protons of the n?-COE
ligand which appear at 6-22.82 and 4.12 ppm, respectively. A
noticeable up-field shift trend has been observed for the
methine carbon and proton resonances when shifting from x*-
N to x©-N,N” and to x3-N,N’,N°’ ligation. The tendency for
complexes 1, 2-:OTf and 3-OTf is 6 78.6, 74.9, 70.6 ppm and &
9.15, 7.83, 7.81 ppm in the 3C{*H} and 'H NMR spectra,
respectively. The IR spectra of 3-:OTf show an absorption at 2190
cm, which is assigned to the Ir-H bonds.

Insertion of the COE ligand into one of the Ir-H bonds of 3-OTf,
can be forced by heating dichloromethane solution at 323 K
under CO (2 bar) atmosphere. *H NMR monitoring of this
reaction showed that the reaction need three days to fully
convert to [IrH(o-cyclooctyl)(CO)(k3-N,N’,N"°-MeTpm)]OTf
(4-OTf) (Scheme 2). This compound was isolated as a white
crystalline solid from reddish-yellow coloured reaction solution.
The 'H NMR spectra of 4-OTf in CD,Cl, show the resonance
corresponding to the Hq of the o-cyclooctyl ligand as a multiplet
at 3 3.35 ppm, which correlates with the C-H resonance at 6 9.8
ppm in the *H-13C HSQC NMR experiment. The resonance for Ir-
H appears at 8 —18.05 ppm. The molecular structure of 4-OTf



has been determined by an X-ray crystallography study (Figure
5). It should be noted that the tridentate coordination mode of
the MeTpm ligand imposes a cis disposition of the c-cyclooctyl,
carbonyl and hydride ligands (Figure 5).

Complexes 3-OTf (Figure 4) and 4-OTf (Figure 5) exhibit
octahedral metal coordination centers, with four sites occupied
by one hydride and the MeTpm ligand acting in its usual
tridentate coordination. Remaining metal coordination sites are
fulfilled by a hydride and a COE ligand in 3-OTf, and by a
carbonyl and a cyclooctyl ligands in 4-OTf.
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Figure 5. Molecular structure of the cation of 4-OTf. Most hydrogen atoms
have been omitted for clarity. Selected bond lengths (A) and angles (°): Ir—
N(1) 2.1935(19), Ir-N(3) 2.1631(19), Ir-N(5) 2.098(2), Ir—C(17) 2.133(2), Ir—
C(25) 1.837(2), Ir—H 1.49(3), N(1)-Ir-N(3) 80.42(7), N(1)-Ir-N(5) 79.86(7), N(1)-
Ir-C(17) 166.70(8), N(1)-Ir-C(25) 100.39(9), N(1)-Ir-H 93.8(10), N(3)-Ir-N(5)
89.56(7), N(3)-Ir-C(17) 95.80(8), N(3)-Ir-C(25) 96.71(9), N(3)-Ir-H 174.2(10),
N(5)-Ir-C(17) 87.40(8), N(5)-Ir-C(25) 173.68(9), N(5)-Ir-H 90.2(10), C(17)-Ir-
C(25) 92.69(10), C(17)-Ir-H 90.0(10), C(25)-Ir-H 83.4(10).

The N-Ir-N bond angle values are similar in both complexes and
slightly deviated from the 90° ideal value, due to bite of the
tridentate ligand, leading to the formation of three Ir-N-N-C-N-
N metallacycles with a boat conformation (see ESI).
Interestingly, 3-OTf and 4-OTf exhibit dissimilar Ir-N bond
lengths, with one of them (namely Ir-N(1) in 3-OTf and Ir-N(5) in
4-OTf ) being shorter than the others, reflecting the differing
trans influence of the ligands. For instance, in 3-OTf Ir-N(3) and
Ir-N(5) bond lengths are similar (N(3) and N(5) being trans to
strong trans-influencing hydride ligands) and longer than Ir-
N(1). The latter is closer to the values found in 1 and 2-OTf for
N trans to centroid of olefinic bonds.

The Ir-carbocyclic ligand coordination in the above-mentioned
complexes deserves further comments. The n?-coordination of
COE in 3-OTf is characterized by a 2.067(2) A distance between
the metal atom and the centroid of the olefinic bond, slightly
longer than those found in the Ir-COD moiety in complexes 1
and 2-OTf, and like others Ir-n?-COE in complexes reported by
some of us.'® The Ir-o-cyclooctyl motif in 4-OTf is much less
common. It is noteworthy of mentioning that although Ir-o-
cyclooctyl intermediates have been proposed in COE
hydrogenation processes,'®!® only few examples of such
species have been reported.?° In addition, to the best of our
knowledge none of them have been structurally characterized.

Carbon-carbon bond lengths in the 1.516(4)-1.539(2) A range
have been observed in the carbocyclic ligand in 4-OTf,
precluding the existence of any double bond (C(17)=C(18) in
3-OTf exhibits a 1.405(3) A bond distance). The Ir-C(17) bond
distance (2.133(2) A) is shorter than both Ir-C carbon distances
of n?-coordinated COE ligand in 3:OTf and slightly longer than
those reported for the related [IrH(&3-N,N,N""-Tp)(o-
cyclooctenyl)(COE)] species (2.058 and 2.051(11) A).2!

Conclusions

The reactivity of MeTpm with the dinuclear iridium(l) precursors
[Ir(n-Cl)(COE),]; and [Ir(pn-Cl)(COD)], has been investigated.
Both reactions afford the mononuclear complex [IrCl(xt-N-
MeTpm)(COD)] (1). The «*-N ligation mode of the M¢Tpm ligand
to iridium(l) in 1 has been unambiguously confirmed by X-ray
diffraction methods. The formation of 1 from the reaction of
[Ir(u-Cl)(COE),;], with MeTpm has been rationalized by an
iridium-promoted transfer dehydrogenation process.
Moreover, a mechanism for this transformation, comprising
both the dehydrogenation and hydrogenation of COE, has been
proposed based on theoretical calculations at the DFT level and
on NMR studies. The calculations have shown that the oxidative
addition of the unactivated C°-H bond of COE ligand to iridium
is favoured over the activation of the allylic C3-H bonds.
Reactivity studies has allowed the isolation and characterization
of Ir-MeTpm organometallic complexes with the MeTpm ligand in
kN, «2-N,N° or «3-N,N,N°° ligation mode. Finally, this
sequential reactivity studies have led the synthesis of a rare Ir-
MeTpm complex featuring hydride, carbonyl and o-cyclooctyl
ligands, which has been fully characterized in solution and in the
solid state by X-ray diffraction methods.

Experimental
General Information

All manipulations were performed with rigorous exclusion of air
at an argon/vacuum manifold using standard Schlenk-tube
techniques or in a dry-box (MB-UNILAB). Solvents were dried by
the usual procedures and distilled under argon prior to use or
taken under argon from a Solvent Purification System (SPS). The
starting materials [Ir(p-Cl)(COE),],,%% [Ir(u-Cl)(COD)1,23 and the
MeTpm?* ligand were prepared according to methods reported
in the literature.

NMR spectra were recorded on a Varian Gemini 2000, a Bruker
ARX 300, a Bruker Avance 300 MHz or a Bruker Avance 400 MHz
instrument. Chemical shifts (expressed in parts per million) are
referenced to residual solvent peaks (*H, '3C{*H}). Coupling
constants, J, are given in Hertz. C, H, and N analyses were
carried out in a Perkin-ElImer2400 CHNS/O analyzer. Mass
spectroscopy was measured on an Esquire 3000+ with lon trap
detector interfaced to an Agilent 1100 series HPLC system.

Reaction of MeTpm with [Ir(pu-Cl)(COE)]; in C¢Ds

A mixture of [Ir(n-Cl)(COE),]2 (0.050 g, 0.056 mmol) and MeTpm
(0.034 g, 0.112 mmol) was prepared under argon in a NMR tube



and then dissolved in C¢Dg (0.4 mL). The resulting sample was
place in a DrySyn NMR heating block for NMR tubes, heated at
353 K and periodically studied by NMR spectroscopy.

Synthesis of [IrCl(x*-MeTpm)(COD)] (1)

A mixture of [Ir(u-Cl)(COD)], (0.70 g, 1.04 mmol) and MeTpm
(0.62 g, 2.08 mmol) in toluene (15 mL) was stirred at room
temperature until it forms a clear red solution (about 2 h). The
solution was concentrated in vacuo to 2.0 mL and pentane (10
mL) was added to yield a bright yellow precipitate. Greenish
yellow single crystals suitable for X-ray analysis were obtained
from a concentrated benzene solution of 1. Yield: 0.950 g (72
%). Anal. calcd. for Cy4H34ClIrNg (634.2): C, 45.45; H, 5.40; N,
13.35. Found: C, 45.42; H, 5.57; N, 12.91. Mass spectrometry
(Maldi*): m/z 619.4 (M* - H + CHs). 'H NMR (CDCl,, 300 MHz,
193 K): 8 9.15 (s, 1H, HCns), 6.07 (s, 1H, pz-CH), 6.03 (s, 1H, pz-
CH), 5.88 (s, 1H, pz-CH), 4.33 (br, 1H, cod-CH), 4.20 (br, 1H, cod-
CH), 2.95 (b, 1H, cod-CH), 2.63 (s, 3H, pz-CHs), 2.45 (s, 3H, pz-
CHs), 2.16 (s, 3H, pz-CHs), 2.07-2.04 (br, 6H, pz-CHs + 1H, cod-
CH), 1.64 (s, 3H, pz-CHs), 0.94-1.54 (m, 8 H, cod-CH.). 3C{*H}
NMR (CD,Cl,, 75.5 MHz, 193 K): 10.5, 10.9, 11.0, 13.5,13.7,15.4
(all s, pz-CHs), 29.5, 31.1, 31.4, 32.5 (all s, cod-CH,), 57.6, 61.5,
69.3, 70.6 (all s, cod-CH), 78.6 (s, HCys3), 106.7, 107.8, 109.3 (all
s, pz-CH), 140.7, 141.0, 144.6, 148.2, 147.5, 150.0 (all s, pz-
Cquart)- IR (cm™): 1560 (vcen).

Synthesis of [Ir(k2-MTpm)(COD)]OTf (2-OTf)

A mixture of 1 (0.13 g, 0.20 mmol) and AgOTf (0.05 g, 0.20
mmol) in dichloromethane (10 mL) was stirred in the dark at
room temperature for 2 h. The reaction mixture was filtered
through tight Celite pack and the resulting solution was
concentrated in vacuo to 2.0 mL. The addition of pentane (10
mL) allowed the precipitation of orange solid which was dried
in vacuo. Single crystals suitable for X-ray analysis were
obtained from layering concentrated dichloromethane
solutions of 2.0Tf with pentane. Yield: 0.11 g (74 %). Anal. calcd.
for CasHs4F3lrNgOsS (747.85): C, 40.15; H, 4.58; N, 11.24. Found:
C, 39.81; H, 4.55; N, 11.08. Mass spectrometry (Maldi*): m/z
619.36 (M*- (CF3SO3 + H + CH3). *H NMR (CD,Cl,, 300 MHz, 294
K): 5 7.83 (s, 1H, HCyn3), 6.19 (s, 3H, pz-CH), 4.12 (br, 4H, cod-CH),
2.40 (s, 9H, pz-CHs), 2.31 (s, 9H, pz-CHs), 2.01 (b, 4H, cod-CH,),
1.52 (br, 4H, cod-CH>). 3C{*H} NMR (CD,Cl>, 75.5 MHz, 294 K):
11.9, 15.1 (both s, pz-CHs), 39.9 (s, cod-CH,) 65.8 (s, cod-CH),
74.9 (s, HCn3), 111.1 (s, pz-CH), 144.3, 154.6 (both s, pz-Cquart)-
19F{IH}NMR (CD,Cl,, 75.5 MHz, 294 K): - 78.92 (s). IR (cm™1): 1561

(vean).

Synthesis of [IrH2(1<3-MeTpm)(COE)]OTf (3-OTf)

In a thick wall teflon stoppered glass tube, a mixture of [Ir(u-
Cl)(COE),]» (0.375 g, 0.42 mmol), MeTpm (0.250 g, 0.84 mmol)
and NaOTf (0.144 g, 0.84 mmol) was suspended in
dichloromethane (15 mL) and degassed by freeze-thaw method.
The tube was pressurized with H, (1 bar) and stirred at room
temperature for 30 mins. The colour of the suspension faded to
near colourless. Solvent was completely removed under
vacuum and the residue washed with pentane (2 x 5 mL) and

then redissolved in dichloromethane (5 mL) and filtered
through Celite. Subsequent concentration and addition of
pentane afforded a white solid. Single crystals for X-ray analysis
were obtained from slow cooling of concentrated benzene
solutions of 3-OTf. Yield: 0.580 g (92 %). Anal. calcd. for
CasH3sF3lrNgOsS (751.88): C, 39.94; H, 5.09; N, 11.18. Found: C,
40.40; H, 5.23; N, 11.05. Mass spectrometry (Maldi*): m/z
603.28 (M*- CF3S03) *H NMR (CD,Cl,, 300 MHz, 294 K): 6 7.81
(s, 1H, HCy3), 6.17 (br s, 2H, pz-CH), 6.06 (s 1H, pz-CH), 4.12 (m,
2H, COE-CH), 2.66 (s, 6H, pz-CHs), 2.52 (s, 3H, pz-CHs), 2.45-2.36
(m, 2H, COE-CH), 2.29 (s, 6H, pz-CHs), 2.18 (s, 3H, pz-CHs), 1.96
— 1.35 (m, 4H, COE-CH;), -22.83 (s, 2H, Ir-H). 3C{*H} NMR
(CD,Cl,, 75.5 MHz, 294 K): 11.6, 11.7, 15.5, 17.3 (all s, pz-CH3),
26.9, 32.9, 33.2 (all s, COE-CH,), 62.7 (s, COE-CH), 70.6 (s, HCns3),
110.1 (s, pz-CH), 143.4, 156.9 (both s, pz-Cquart). °F{*H}INMR
(CD,Cl,, 75.5 MHz, 294 K): - 78.97 (s). IR (cm™): 2190 (s), 2227
(w) both (Vir-n), 1567 (vc=n).

Synthesis of [IrH(cyclooctyl)(CO)(«k3-MTpm)]OTf (4-OTF).

In a thick wall teflon stoppered glass tube, compound 3-OTf (0.2
g, 0.27 mmol) was dissolved in dichloromethane (10 mL) and
degassed by freeze-thaw method. The tube was pressurized
with 2 bar of CO and heated at 323 K for 3 days to give a pale
reddish yellow solution. The solvent was completely removed
under vacuum and the solid residue washed with pentane (2 x
5 mL), and extracted with dichloromethane (8 mL). Subsequent
concentration of the solution in vacuo to 2.0 mL and addition of
pentane (10 mL) afforded a colourless solid. Single crystals
suitable for X-ray analysis were obtained by layering
dichloromethane solutions of 4-:OTf with pentane. Yield: 0.180
g (85 %). Anal. calcd. for CygH3gF3lrNgO4S (779.89): C, 40.04; H,
4.91; N, 10.78. Found: C, 39.75; H, 4.93; N, 10.81. Mass
spectrometry (Maldi*): m/z 631.27 (M* - CF3SOs). 'H NMR
(CD,Cly, 300 MHz, 294 K): & 7.91 (s, 1H, HCns), 6.26 (s, 2H, pz-
CH), 6.07 (s 1H, pz-CH), 3.35 (m, 1H, cot-CH)), 2.70 (s, 3H, pz-
CHs), 2.68 (s, 3H, pz-CHs), 2.57 (s, 6H, pz-CHs), 2.55 (s, 3H, pz-
CHs), 2.21 (s, 3H, pz-CHs), 1.88 — 1.26 (m, 14H, cot-CH,), -18.05
(s, 1H, Ir-H). 13C{*H} NMR (CD,Cl,, 75.5 MHz, 294 K): 9.8 (s, cot-
CH), 11.5, 11.6, 11.9, 15.2, 15.3, 16.8 (all s, pz-CH3), 26.6, 27.1,
27.2, 28.5, 29.7 (all s, cot-CH,), 40.6, 42.6 (both s, cot-CH,
adjacent to —CH), 70.3 (s, HCns), 108.5, 109.9, 110.1 (s, pz-CH),
142.4,143.1,144.4,154.4, 155.4, 157.0 (all s, pz-Cquart), 168.1 (s,
Ir-CO). °F{*H}NMR (CD-Cl, 75.5 MHz, 294 K): - 78.94 (s). IR (cm"
1): 2196 (Vlr-H), 2020 (Vlr—CO)-

Reaction of [Ir(COD)(x2-MTpm)]OTf (2-OTF) with H;

This reaction was performed both in a Young NMR tube and at
preparative scale in a pressure tube. (a) Young NMR tube
experiment: A CD,Cl, solution (0.6 mL) of 2.0TF (0.04 g, 0.053
mmol) prepared in a Young NMR tube was pressurized with H,
(1 bar) after three cycles of freeze thawing and heated at 323 K.
The reaction was monitored by *H-NMR spectroscopy and after
three days the NMR tube was recharged with H, (1 bar) and
heated at 323 K overnight which resulted in the completion of
the reaction; (b) Preparative scale: A pressure tube was charged
with a CD,Cl; solution (10 mL) of 2-OTF (0.200 g, 0.27 mmol) and



pressurized with H; (2 bar). The reaction mixture was heated at
323K for three days. The Solvent was completely removed in
vacuo, and the residue washed with pentane (twice), and
extracted with dichloromethane (10 mL). The CH,Cl, solution
was concentrated to c.a. 1 mL and precipitated with pentane to
afford a white powder which was characterized as complex
3-OTF. In both experiments, it was observed that a black
precipitate was formed from the first day. The colour of the
solutions was intense yellow.

Monitoring of the reaction of [Ir(u-Cl)(COE);], with MTpm. A
Young NMR tube was charged with [Ir(u-Cl)(COE),]> (15 mg,
0.017 mmol), M¢Tpm (10 mg, 0.034 mmol) and CgDs (0.8 mL).
The NMR tube was closed under argon and heated at 353K. The
resulting solution was periodically monitored by *H NMR.

Structure determination of compounds 1, 2-0Tf, 3:OTf and
4-0Tf

X-ray diffraction data were collected at 100(2)K with graphite-
monochromated Mo Ka radiation (A = 0.71073 A) using narrow
w rotations (0.3°) on a Bruker APEX DUO diffractometer.
Intensities were integrated and corrected for absorption effects
with SAINT-PLUS?> and SADABS?® programs, included in APEX2
package. The structure was solved by direct methods with
SHELXS-2013%7 and refined by full-matrix least-squares
refinement on F2 with SHELXL-20142% included in WinGX.?°
CCDC 1812901-1812904 the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/structures.

contains

Crystal data compound 1. Cy4H34ClIrNg, M = 634.22; yellow
prism 0.090 x 0.179 x 0.191 mm?; triclinic P-1, a =7.5778(3), b =
10.4101(4), ¢ = 30.6151(12) A, a=90.5790(10), B=95.3880(10),
v=90.4360(10), V = 2404.21(16) A3%; Z=4; T=100(2) K; D= 1.752
g/cm3; u = 5.689 mml; 25483/12204 reflections
measured/unique (Rinx = 0.0221), number of data/restraint
/parameters 12204/0/649, final GoF = 1.065, R:(F?) = 0.0240
(11060 reflections, I> 20(/)) and wR(F?) = 0.0563 (all data).
Crystal data compound 2:OTf. Cy4H34lrNe-CF303S, M = 747.84;
orange prism 0.091 x 0.106 x 0.153 mm?3; monoclinic P2:/n, a =
8.5533(3), b = 13.9441(5), ¢ = 22.6818(9) A, 6=96.3320(10), V =
2688.71(17) A3; Z = 4; T=100(2) K; D. = 1.847 g/cm?3; u = 5.104
mm; 29413/7084 reflections measured/unique (Rint = 0.0236),
number of data/restraint /parameters 7084/1/421, final GoF =
1.050, R1(F?) = 0.0188 (6414 reflections, I> 20(l)) and wR(F?)
0.0453 (all data).

Crystal data compound 3:OTf. Cy4H3slrNg-CF3035-:CsDg, M
836.02; colourless plate 0.083 x 0.140 x 0.230 mm?; triclinic P-
1, a = 11.4694(5), b = 11.6677(5), ¢ = 13.9878(6) A,
@=92.3850(10), 6=103.8370(10), y = 111.5710(10), V =
1672.77(13) A3; 7= 2; T = 100(2) K; Dc= 1.660 g/cm3; u = 4.111
mm; 32584/8693 reflections measured/unique (Rint = 0.0290),
number of data/restraint/parameters 8693/2/462, final GoF =
1.044, Ry(F?) = 0.0192 (8200 reflections, I> 20(l)) and wWR(F?) =
0.0457 (all data). Hydride ligands positions have been calculated

with potential minimization calculus with HYDEX program and
refined with a restraint in Ir-H bond lengths.

Crystal data compound 4-OTf. C,sH3glrNgO-CF303S, M = 779.88;
white prism 0.085 x 0.103 x 0.231 mm?3; triclinic P-1, a =
8.2713(3), b = 9.7845(4), ¢ = 19.0733(7) A, a=75.6490(10),
6=85.0880(10), y = 79.8680(10), V = 1470.69(10) A3%; 7= 2; T =
100(2) K; D, = 1.761 g/cm3;, u = 4.672 mm’; 17642/7487
reflections measured/unique (Rinx = 0.0172), number of
data/restraint/parameters 7487/1/456, final GoF = 1.079, R1(F?)
= 0.0190 (7264 reflections, I> 20(l)) and wR(F?) = 0.0472 (all
data). Hydride ligand has been included in observed position
and freely refined.

Computational Details

All DFT theoretical calculations were carried out using the
Gaussian program package.3® The B3LYP method,?! including
the D3 dispersion correction scheme developed by Grimme3?2
with Becke Johnson damping, has been used for both energies
and gradient calculations. All atoms were treated with the def2-
SVP basis set3? together with the corresponding core potential
for Ir for geometry optimizations. Energies were further refined
by single point calculations using the def2-TZVP basis set. The
“ultrafine” grid was employed in all calculations. All reported
energies are Gibbs free energies referred to a 1 atm standard
state at 298.15 K removing the contribution to the translational
entropy, as indicated by Morokuma et al.3* The nature of the
stationary points was confirmed by analytical frequency
analysis, and transition states were characterized by a single
imaginary frequency corresponding to the expected motion of
the atoms.
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