
Full Paper
doi.org/10.1002/ejic.202000681

EurJIC
European Journal of Inorganic Chemistry

Lutidine-Derived Ligands

Metalated Ir–CNP Complexes Containing Imidazolin-2-ylidene
and Imidazolidin-2-ylidene Donors – Synthesis, Structure,
Luminescence, and Metal–Ligand Cooperative Reactivity
Martín Hernández-Juárez,[a,b] Práxedes Sánchez,[a] Joaquín López-Serrano,*[a] Patricia Lara,[a]

Pablo González-Herrero,*[c] Nuria Rendón,[a] Eleuterio Álvarez,[a] Margarita Paneque,[a] and
Andrés Suárez*[a]

Abstract: The iridium complex 1 based on a metalated CNP
ligand containing an imidazolin-2-ylidene fragment has been
prepared by treatment of the ligand precursor 4 with Ag2O
followed by reaction with [IrCl(COE)2]2. The chlorohydride imid-
azolidin-2-ylidene complex 6, which is isostructural to 1, was
synthetized by reaction of the previously reported dihydride
derivative 3 with CH2Cl2. Complexes 1 and 6 exhibit lumines-
cence arising from a 3MLCT/ILCT state involving the metalated
CNP ligand, which is particularly intense for 1 in the solid state
at 298 K. Furthermore, the reactivity of complexes 1 and 6 to-
wards bases was compared. Deprotonation of 1 with KOtBu
produced the selective formation of the dinuclear complex 7;
meanwhile, the reaction of 6 led to a complex mixture of prod-

Introduction

The study of metal complexes capable of metal–ligand cooper-
ation has become a pivotal aspect to the development of new
stoichiometric and catalytic processes.[1,2] Among the proton-
responsive ligand-metal systems, derivatives based on lutidine-
derived pincer ligands have received a special attention due
to their ability to promote ligand-assisted substrate activation
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ucts. The same reactions carried out in the presence of PPh3

produced the selective deprotonation of the P-bonded methyl-
ene bridges of 1 and 6, yielding the isostructural derivatives 9
and 10. DFT calculations performed on the uNHC-containing
tautomers I and II, and the sNHC-based isomers III and IV,
showed that the NHC-deprotonated derivatives II and IV are
more stable by 3.20 and 2.73 kcal mol–1, respectively, than their
P-deprotonated counterparts (I and III). However, a reverse sta-
bility order was observed for hexacoordinated tautomers I·L
and II·L, and III·L and IV·L (L = PPh3, CO, MeCN). Finally, the
catalytic activity of complex 3 in the transfer hydrogenation of
ketones has been assessed.

triggered by the reversible deprotonation of the methylene
arms of the ligand and concomitant dearomatization of the
central pyridine ring.[2] While development of these systems has
been mainly associated to PNX (P = bulky electron-rich phos-
phane, X = phosphane or hemilabile N-donor) pincers (Fig-
ure 1),[2,3] structural variations involving the substitution of the
side PR2 groups by other strong σ-donors, such as N-hetero-
cyclic carbenes (NHC), should have an effect on both the elec-

Figure 1. General structures of metal complexes with lutidine-derived PNP,
PNN, CNC and CNP ligands.
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tronic and steric properties of the complexes, and lead to
significant differences in their reactivity.

Imidazolin-2-ylidenes (uNHC, Figure 2) and imidazolidin-2-yl-
idenes (sNHC), two important classes of N-heterocyclic carb-
enes,[4] are nowadays amply employed spectator ligands in
prominent homogeneous catalytic reactions, including C–C and
C–X couplings,[5] olefin metathesis[6] and hydrogenations,[7] due
to their substantial structural diversity and excellent σ-donor
characteristics.[4] The stereoelectronic properties of imidazolin-
2-ylidenes and imidazolidin-2-ylidenes are relatively similar,[8] as
shown by the slightly lower Tolman Electronic Parameter (TEP)
values and larger buried volumes of sNHCs in comparison to
their uNHC counterparts. However, the metal–NHC bonding of
uNHCs and sNHCs is significantly different since, although both
are strong σ-donors, in electron-rich metal complexes imid-
azolidin-2-ylidenes are also able to accept significant π-backdo-
nation.[8,9] These electronic differences have a profound impact
on both the stoichiometric and catalytic reactivity of metal–
NHC complexes.[6,10]

Figure 2. General structures of imidazolin-2-ylidene (uNHC) and imidazolidin-
2-ylidene (sNHC) ligands.

Unsurprisingly, several groups have studied the coordination
properties and reactivity of metal complexes based on NHC-
containing lutidine-based CNX pincers (C = imidazolin-2-ylid-
ene, X = imidazolin-2-ylidene or hemilabile N-donor), as well as
their applications in catalytic reactions.[11–17] Deprotonation of
the methylene CH2-uNHC arms of these derivatives lead to spe-
cies that are able to participate in ligand-assisted processes.
Moreover, since 6-membered chelates are formed upon coordi-
nation of the Py–CH2–uNHC linkage, replacement of phosphane
donors by uNHCs not only affects the electronic properties of
the complexes, but also confers a greater flexibility to the ligand
in comparison to the 5-membered rings formed with PNX pin-
cers. This larger flexibility imparted by the presence of the
uNHC donors in lutidine-based CNX pincer ligands allows to
stabilize metal complexes in a variety of coordination geome-
tries, what is an important feature in a catalytic process since
reaction intermediates might need to adopt different coordina-
tion environments. For example, while PNP ligands only exhibit
meridional coordination modes, facial coordination of CNC li-
gands in Ru complexes has been observed.[17] More remarkable,
however, is the fact that the larger chelate ring of the CNC
pincer complexes might result in enhanced reactivities, as
shown by the Pidko's group in the reactions of deprotonated
Ru–CNC systems towards H2 and CO2.[13]

Recently, some of us reported new iridium complexes stabi-
lized by ligands having uNHC and phosphane side donors and
a lutidine central fragment (CNP, Figure 1), and assessed their
ability to adapt to different coordination geometries and
participate in the ligand-assisted activation of H2.[18,19] These
non-symmetric pincer ligands permit the tuning of two differ-
ent side donors, thus allowing a larger electronic and steric
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diversity,[20] and serve for a direct comparison of the properties
of the uNHC- and phosphane-containing halves of the pincer.
Furthermore, we have communicated the selective hydrogen-
ation of the olefinic backbone of a coordinated imidazolin-2-
ylidene fragment that occurs in an iridium complex based on a
metalated κ4-(P,N,CuNHC,Caryl) lutidine-derived ligand.[21] It is
worth noting that, with few notable exceptions, the reactivity
of the –HC=CH– backbone of coordinated imidazolin-2-ylidenes
has been scarcely explored.[22] The reaction of complex 1 with
H2 in the presence of base (KOtBu) initially yielded the dihy-
dride complex 2, involving a ligand-assisted H–H activation
(Scheme 1). Upon prolonged exposure to H2, complex 2 was
hydrogenated at the imidazolin-2-ylidene –CH=CH– moiety
leading to the imidazolidin-2-ylidene dihydride derivative 3. In
contrast to complex 2, which is only stable under H2, the dihy-
dride 3 was readily isolated as an air-stable solid. This difference
is expected to arise from the presence of a better electron-
donating imidazolidin-2-ylidene fragment in 3.

Scheme 1. Hydrogenation of complex 1 to yield 2 and 3.

To get further insight into the effect of substituting a uNHC
donor by a sNHC fragment, we deemed interesting to expand
our investigations on these metalated iridium complexes con-
taining κ4-(P,N,CNHC,Caryl) ligands. These include a detailed study
of their structural features and photophysical properties, as well
as a comparison of the acid-base reactivity of the CH2–P, CH2–
uNHC and CH2–sNHC methylene bridges of the ligands and
their participation in ligand assisted processes.

Results and Discussion

Synthesis and Structure of Metalated Ir–CNP Complexes

Treatment of the imidazolium salt 4 with Ag2O in CH2Cl2 fol-
lowed by reaction with [IrCl(COE)2]2 in a 4/Ir = 1:1 ratio resulted
in the expected coordination of the lutidine-derived CNP pincer
ligand accompanied of the activation of the ortho C–H bond of
the xylyl fragment,[23] thus allowing the isolation of complex 1
(Scheme 2). The synthesis of 1 has been previously accom-
plished by the prolonged heating of a toluene suspension of
the diolefin complex 5.[21]
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Scheme 2. Synthesis of complex 1.

As reported, complex 1 reacts with H2 (1–2 bar) in the pres-
ence of KOtBu (1 equiv.) producing the initial formation of the
imidazolin-2-ylidene dihydride derivative 2, which upon stand-
ing under a H2 atmosphere for 48 h is transformed to the dihy-
dride Ir derivative 3 that features an imidazolidin-2-ylidene li-
gand fragment (Scheme 1).[21] Reaction of 3 with CH2Cl2 yielded
the chlorohydride derivative 6 (Scheme 3), which has been fully
characterized. The 1H NMR spectrum in CD2Cl2 of 6 shows a
doublet hydride signal at δ = –22.26 (2JHP = 16.0 Hz); whereas
in the 13C{1H} NMR experiment the carbene carbon produces a
doublet resonance at 203.9 ppm (JCP = 113 Hz). As expected
from the comparison of the NMR properties of metal complexes
containing saturated and unsaturated NHCs, in the 13C{1H} NMR
spectrum, the latter signal is significantly shifted downfield with
respect to the same resonance of the complex [IrH(PNCuNHCCa-

ryl)(MeCN)]BF4 (δC = 172.3; d, JCP = 108 Hz),[24] an analogue solu-
ble version of complex 1.[21]

Scheme 3. Synthesis of complexes 3 and 6.

The structure of 6 was studied by single-crystal X-ray diffrac-
tion techniques (Figure 3). Although complex 6 in the solid
state exhibits very similar features to complex 1, the tetradent-
ate ligand adopts a slightly less planar structure than in 1,[21]

as reflected in the values of the torsion angles of the chelates
involving the pyridine moiety with the phosphane and sNHC
donors [C(17)–N(3)–Ir(1)–P(1) = –22.9(4)°; C(13)–N(3)–Ir(1)–
C(1) = –11.2(5)°]. Moreover, as expected, a significantly elon-
gated C–C distance of 1.521(9) Å in the carbene moiety with
respect to complex 1 [1.348(4) Å] is found, as well as a small
but significant widening of the N–C–N angle [N(1)–C(1)–N(2) =
109.4(6)°, 6; 106.8(2)°, 1].[8] Furthermore, the sNHC ring has a
planar configuration, albeit a significantly larger torsion angle
N(1)–C(3)–C(2)–N(2) of 4.5(6)° in comparison to 1 [0.3(3)°] is ob-
served, as expected from the disruption of the π-electron delo-
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calization between the NCN and C–C units of the imidazolidin-
2-ylidene.[25] Finally, it is worth mentioning that the carbene
NCN moiety remains coplanar to the arene fragment, as indi-
cated by the C(1)–N(1)–C(4)–C(5) dihedral angle of 0.6(8)°.

Figure 3. ORTEP drawing at 30 % ellipsoid probability of complex 6. Hydrogen
atoms, except hydrido ligands and the sNHC hydrogens, have been omitted
for clarity. Ir(1)–C(1) 1.955(6), Ir(1)–N(3) 2.163(5), Ir(1)–P(1) 2.3408(15), Ir(1)–
Cl(1) 2.5452(15), Ir(1)–C(5) 2.081(6), C(1)–Ir(1)–P(1) 170.4(2), C(1)–Ir(1)–C(5)
78.0(3), C(1)–Ir(1)–N(3) 89.5(2), P(1)–Ir(1)–N(3) 81.33(13).

As shown with complex 1, derivative 6 cleanly reacted with
H2 in the presence of KOtBu to yield the dihydride derivative 3,
likely involving a ligand-assisted H–H activation (Scheme 3).

Photophysical Properties of 1 and 6

Solid samples of complexes 1 and 6 display significant lumines-
cence at room temperature, which motivated us to carry out a
complete photophysical study.[26,27] Both complexes show a
broad band at around 390 nm as the lowest-energy feature in
the UV/Vis absorption spectra (Table 1 and Figure S8). On the
basis of its solvatochromic behavior (Figure S9),[28] relatively low
molar extinction coefficients and lack of vibrational structure,
we assign the corresponding transition as having a marked
metal-to-ligand charge-transfer (MLCT) character. Further in-
sight into its nature was gained from DFT and TDDFT calcula-
tions on complex 1 (see Supporting Information). The HOMO
in this complex is a combination of π orbitals of the aryl–NHC
fragment of the ligand with d(Ir) and p(Cl) orbitals, while the
LUMO is a π* orbital of the pyridine fragment (Figure S15). The
lowest-energy singlet excitation, predicted at 424 nm in CH2Cl2
solution, corresponds to a HOMO-LUMO transition, and can be
therefore described as an admixture of metal-to-ligand and in-
traligand charge transfer (MLCT/ILCT) with some ligand-to-li-
gand charge-transfer (LLCT) character due to the involvement
of p(Cl) orbitals.

Table 1. Electronic absorption data of 1 and 6 in CH2Cl2 solution at 298 K.

Complex λ [nm] (ε [M–1 cm–1])

1 289 (sh, 5300), 336 (sh, 2200), 393 (2500)
6 289 (sh, 9300), 391 (2700)
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The emission data of 1 and 6 are summarized in Table 2.
Complex 1 displays strong emission in the solid state at 298 K,
while complex 6 is a very weak emitter. In all cases the emis-
sions are broad and do not show vibrational structure, which
agree with a significant MLCT contribution to the emitting state.
None of the studied complexes emits appreciably in fluid solu-
tions at 298 K and therefore their emissions were examined in
2-methyltetrahydrofuran (MeTHF) frozen glasses at 77 K (Fig-
ure 4). The excitation profiles consistently reproduce the lowest-
energy charge-transfer band observed in the absorption spec-
tra. The emission lifetimes are consistent with an emitting state
of triplet parentage and high MLCT character.[29] The TDDFT
calculations on 1 show that the lowest-energy vertical triplet
excitation corresponds to a HOMO–LUMO transition and there-
fore the emitting excited state in these complexes probably has
a similar orbital nature.

Table 2. Emission data of complexes 1 and 6.

Medium λexc [nm][a] λem [nm] τ [μs][b] Φ[c]

2.1 (13 %), 6.3
1 Solid, 298 K 366, 448 506 0.281

(87 %)
300, 336, 21 (62 %), 53

MeTHF, 77 K 492 –
391 (38 %)

0.21 (10 %),
6 Solid, 298 K 364, 416 517 < 0.01[d]

0.93 (90 %)
30 (28 %), 62

MeTHF, 77 K 289, 383 486 –
(72 %)

[a] The most intense peak is italicized. [b] Emission lifetime; biexponential
decays were observed; relative amplitudes are given in parentheses. [c] Abso-
lute quantum yield. [d] Could not be measured accurately.

Figure 4. Excitation (left) and emission (right) spectra of 1 and 6 in MeTHF
frozen glasses at 77 K.

Deprotonation of Complexes 1 and 6

The acid-base properties of the methylene bridges of lutidine-
derived ligands are of relevance to the development of proc-
esses involving metal–ligand cooperation.[2] Reactions of com-
plexes 1 and 6 with H2 in the presence of KOtBu produced the
dihydride complexes 2 and 3, respectively, whose formation is
assumed to involve a ligand-assisted process. Since these
Ir–CNP complexes contain two non-equivalent methylene pin-
cer arms, they are suitable systems to compare the acid-base
reactivity of the CH2P arm with that of both CH2–uNHC and
CH2–sNHC pincer bridges. Previously, the reactivity of ruth-
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enium complexes incorporating unsymmetrical PNN and CNN
ligands towards bases has been investigated.[14,30]

As previously communicated, reaction of 1 with KOtBu in
THF yielded the poorly soluble bimetallic species 7
(Scheme 4).[21] Formation of this derivative was also observed
upon removal of the H2 atmosphere from pressurized solutions
of 2. Complex 7 possesses a dinuclear structure, in which the
two iridium centers are bonded to the opposite ligands through
the CH-uNHC bridges, and the metalated CNP ligands have a
rather planar conformation. Formation of 7 might involve the
initial deprotonation of the CH2N arm of 1, and a subsequent
dimerization of the resulting species facilitated by the planarity
of the deprotonated Ir–CNP units.[31,32] The Pidko group and
some of us, independently, have previously noted that picolyl-
NHC fragments of Ru–CNC complexes are readily deprotonated
upon reaction with base, and the resulting species are prone to
react with electrophiles.[12,13,17]

Scheme 4. Synthesis of complexes 7–9.

Subsequent treatment of 7 with CHCl3 gave rise to the highly
insoluble chloro complex 8 (Scheme 4). Crystals adequate for
an X-ray diffraction study of the dinuclear derivative 8 were
obtained from saturated THF solutions (Figure 5). The iridium
atoms of 8 have an octahedral coordination geometry, however
at variance with complex 7, the carbene and phosphane moie-
ties adopt a cisoid coordination, as shown by the CNHC-Ir–P an-
gle of 103°. This coordination mode of the CNP ligand is also
manifested in the CPy–NPy–Ir–P and CPy–NPy–Ir–CNHC dihedral
angles of 33.63° and –32.28°, respectively, that reflect the sub-
stantial flexibility of the CNP ligand.[18] Moreover, there are
short H-Cl contacts between the axial methylene CH2P hydro-
gens (2.61 Å) and the chloro ligands (sum of the van der Waals
radii = 2.9–3.0 Å).[33] In solution, the 1H NMR spectrum of 8
shows the resonances corresponding to the CH2P bridges as
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two mutually coupled doublet of doublets at δ = 4.26 (2JHH =
16.6 Hz, 2JHP = 10.2 Hz) and 3.99 (2JHP = 11.2 Hz), while the
hydrogens of the Py–CHN fragments appear as an overlapped
signal at 6.59 ppm. Nevertheless, a meaningful 13C{1H} NMR
spectrum of 8 could not be registered due to its low solubility.

Figure 5. ORTEP drawing at 30 % ellipsoid probability of complex 8. Hydrogen
atoms, except NHC hydrogens, have been omitted for clarity. Selected bond
lengths [Å] and angles [°]: Ir(1)–C(1) 1.922(7), Ir(1)–N(3) 2.195(5), Ir(1)–P(1)
2.3034(17), Ir(1)–Cl(1) 2.4901(15), Ir(1)–C(5) 2.074(7), Ir(1)–C(42) 2.156(6), C(1)–
Ir(1)–P(1) 103.11(18), C(1)–Ir(1)–C(5) 79.5(3), C(1)–Ir(1)–N(3) 83.9(2), P(1)–Ir(1)–
N(3) 77.20(15).

In an attempt to prevent the observed process leading to 7,
reaction of 1 with KOtBu was carried out in the presence of
PPh3, yielding the P-bridge deprotonated complex 9
(Scheme 4). The 1H NMR spectrum of 9 shows a doublet of
doublet at –12.55 ppm with a large 2JHP coupling constant of
138.4 Hz and a small 2JHP of 22.0 Hz, indicative of the presence
of phosphane donors trans and cis to the hydrido ligand, re-
spectively. Moreover, two doublet signals are observed for the
methylene protons of the CH2N bridge appearing at 4.32 and
4.05 ppm (2JHH = 14.8 Hz), while the phosphane arm produces

Figure 6. ORTEP drawing at 30 % ellipsoid probability of complexes 9 (left) and 10 (right). Hydrogen atoms, except hydrido ligand and NHC hydrogens, have
been omitted for clarity.
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a singlet at 4.02 ppm, integrating to 1 H,[18] Also, the resonances
of the pyridine protons show significant upfield shifts as a con-
sequence of the ligand dearomatization, appearing between
5.43 and 6.48 ppm. The 31P{1H} NMR spectrum revealed two
mutually coupled doublet signals at δ = –15.3 and 1.1 (JPP =
23 Hz), corresponding to PPh3 and the phosphorus atom of the
lutidine-derived ligand, respectively. Finally, diagnostic resonan-
ces in the 13C{1H} NMR spectrum of 9 include a doublet at
77.4 ppm (JCP = 70 Hz), assignable to the CHP carbon, and a
doublet of doublets at 173.9 ppm (JCP = 96 Hz, JCP = 6 Hz)
produced by the C2(NHC) carbon.

Confirmation of the structure of 9 was obtained from an X-
ray diffraction study of suitable crystals of the complex (Fig-
ure 6, Table 3). A shortened CPy–CHP [C(18)–C(17) = 1.363(6) Å]
bond length is observed with respect to the CPy–CH2P [C(18)–
C(17) = 1.50 Å] distance in complex 1. This change is accompa-
nied by a modification of the C-C bond lengths in the pyridine
ring, with alternating elongated (C-C = 1.41–1.44 Å) and short-
ened (C-C = 1.34–1.38 Å) distances (average C-C bond in the
pyridine ring of complex 1 = 1.38 Å).

Table 3. Selected bond lengths [Å] and angles [°] for complexes 9 and 10.

Complex 9 Complex 10

Ir(1)–C(1) 1.967(4) 1.968(6)
Ir(1)–N(3) 2.188(3) 2.186(4)
Ir(1)–P(1) 2.3425(10) 2.3471(16)
Ir(1)–C(5) 2.111(4) 2.099(6)
Ir(1)–H(1)Ir 1.635(18) 1.5095
Ir(1)–P(2) 2.3872(10) 2.3766(15)
C(1)–Ir(1)–P(1) 160.48(11) 159.68(16)
C(1)–Ir(1)–C(5) 77.75(15) 78.2(2)
C(1)–Ir(1)–N(3) 86.27(14) 86.8(2)
P(1)–Ir(1)–N(3) 82.32(9) 82.62(13)
P(1)–Ir(1)–H(1)Ir 79.4(14) 70.4
C(1)–Ir(1)–H(1)Ir 83.1(14) 90.7
P(2)–Ir(1)–H(1)Ir 174.8(14) 173.1
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Interestingly, complete H/D scrambling of the CHP and CH2N
hydrogens occurs upon addition of CD3OD to a sample of 9,
suggesting that reversible protonation/deprotonation of both
ligand bridges takes place.

Next, the reactivity of complex 6 towards bases was also
assessed. While 6 reacted with KOtBu leading to a complex re-
action mixture, in the presence of PPh3 selective deprotonation
of the CH2P arm took place (Scheme 5). The resulting complex
10 shows in their NMR spectra very similar features to those of
9, including the presence in the 1H NMR experiment of a dou-
blet of doublets at δ = –12.29 (2JHP = 132.3, 2JHP = 22.9 Hz) due
to the hydrido ligand. The methylene protons of the CH2N
bridge appear in the same experiment as two mutually coupled
doublets appearing at 4.72 and 3.78 ppm (2JHH = 14.1 Hz), while
the CHP arm produces a singlet at 3.98 ppm.[18] Also, the up-
field shift of the pyridine proton resonances (δ = 5.53–6.49)
indicates ligand dearomatization. In the 31P{1H} NMR spectrum,
two doublet signals are observed at δ = –17.4 and –2.0 ppm
(JPP = 25 Hz), corresponding to PPh3 and the CNP ligand, re-
spectively. Like in the case of complex 9, the structure of 10 in
the solid state demonstrates the dearomatization of the nitro-
gen-containing central ring of the CNP ligand, as shown by the
shortened distance of the CPy–CHP bond [C(18)–C(17) = 1.367(8)
Å] in comparison to the CPy–CH2P [C(18)–C(17) = 1.50 Å] length
in complex 6, as well as the alternating shortened (1.33–1.36 Å)
and elongated (1.40–1.45 Å) C-C bonds in the pyridine moiety
(Figure 6, Table 3).

Scheme 5. Deprotonation of complex 6 in the presence of PPh3.

Figure 7. Structures of calculated species I–IV and I·L–IV·L.

Eur. J. Inorg. Chem. 0000, 0–0 www.eurjic.org © 2020 Wiley-VCH GmbH6

To get further insight into the preferred deprotonation of
the various methylene bridges, DFT calculations [B3LYP-D3, 6-
31 g(d,p)/SDD] were performed to determine the relative stabil-
ity of species I–IV, with I and III corresponding to the calculated
species resulting from removing the PPh3 ligands from 9 and
10 respectively, and II and IV to the analogous species resulting
from deprotonation of the CH2–NHC bridge (Figure 7, Table 4;
see Supporting Information). In agreement with the formation
of species 7, the calculated species II is more stable than its P-
arm deprotonated counterpart I by ca. 3.2 kcal mol–1. Con-
versely, species I·L (where L = PPh3, CO, MeCN) resulting from
deprotonation of the CH2P arm are more stable than II·L, which
is consistent with the formation of 9 and 10. Thus, analogous
trends are observed for imidazolidin-2-ylidene (sNHC) contain-
ing species III·L and IV·L. A plausible explanation for the greater
stability of II and IV comes from inspection of their computed
structures, which evidences a significant planarity of the dearo-
matized pyridine ring, the NCN unit of the NHC fragments and
the metalated aryl moieties that could facilitate electronic delo-
calization. Conversely, deprotonation of the CH2P arm yields
vinyl phosphane fragments that destabilize species I. These no-
tions are reflected in P–Ir distances that are up to 0.04 Å longer
for I and III than for II and IV, respectively, and in the relatively
shorter N-Ir and NHC-Ir distances found for II and IV compared
to those of I and III, as well as in the Wiberg bond orders of
the metal linkage (Tables S9 and S11). However, in the presence
of an additional ligand L, derivatives I·L and III·L are favored,
although these exhibit the same trends in their P–Ir, N-Ir and
NHC-Ir distances. This rather puzzling result was addressed via
Energy Decomposition Analysis (EDA) of the interaction be-
tween the L-type ligands and the CNP–Ir(H) moieties in adducts
I·L–IV·L. In this type of analysis, the bonding energy (ΔEf ) is
calculated as the energy difference between the adduct and
their separate fragments at infinite distance (allowing their
geometries to relax), and the interaction energy (ΔEint usually
negative) as the energy difference between the adduct and
their fragments retaining the geometries they adopt in the
complex. The difference is the deformation energy (positive)
required for the two fragments to adopt the geometry in their
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complexes from their geometry at infinite distance (from ΔEf =
ΔEint + ΔEdef ) (see Supporting Information). Thus EDA of com-
plexes I·L–IV·L (L = PPh3, CO) reveals that interaction energies
between L (L = PPh3, CO) and metal fragments I and III are ca.
10 kcal mol–1 higher than between the same ligands and II and
IV, which compensates for the greater stability of the latter two.
While we cannot offer a clear explanation for this result at this
stage, EDA also shows that deformations energies are 2–
4 kcal mol–1 lower for fragments I and III, hinting at a higher
flexibility of the six-membered Py–Ir–NHC chelate in compari-
son to the smaller ring involving a CH2P arm. Both results com-
bine to yield bonding energies 10–13 kcal mol–1 higher for the
adducts II·L and IV·L in agreement with the experimental ob-
servations.

Table 4. Relative stabilities (ΔE in THF) of I–IV and I·L–IV·L.[a]

L E(II)–E(I) [kcal mol–1] E(IV)–E(III) [kcal mol–1]

– –3.20 –2.73
PPh3 7.15 5.46
CO 6.66 5.55
MeCN 2.04 3.16

[a] Energies are relative to the most stable conformer of I·L/II·L and III·L/IV·L
in each case (see Supporting Information).

Transfer Hydrogenation of Ketones

In comparison to the low stability of the dihydride complex 2
towards the release of H2, the imidazolidin-2-ylidene derivative
3 is stable in the solid state under ambient conditions. This
makes 3 a potentially useful catalytic precursor. In order to ini-
tially assess the catalytic potential of complex 3, its perform-
ance in the transfer hydrogenation of ketones using 2-propanol
as hydrogen source was studied (Table 5).[34] Using 1.0 mol-%
of 3, under base-free conditions, the reduction of 4-methylace-
tophenone was performed at 80 °C with 97 % conversion (entry
1). Similarly, high conversions were obtained in the case of
acetophenone derivatives bearing p-chloro, o-bromo, p-nitro
and p-trifluoromethyl substituents (entries 2–5). Finally, the
hydrogenation of cyclic ketones, such as α-tetralone and cyclo-
hexanone, also provided high yields of the corresponding alco-
hols (entries 6 and 7).

Table 5. Transfer hydrogenation of ketones catalyzed by complex 3.[a]

Entry Ketone Conv. [%]

1 4-Methylacetophenone 97
2 4-Chloroacetophenone 94
3 2-Bromoacetophenone 99
4 4-Nitroacetophenone > 99
5 4-(Trifluoromethyl)acetophenone > 99
6 α-Tetralone 89
7 Cyclohexanone > 99

[a] Reaction conditions: 1.0 mol-% complex 3, 2-propanol, 80 °C, 24 h. [S] =
0.15 M. Conversions were determined by 1H NMR spectroscopy.

Conclusions
As previously reported, the iridium complex 1 featuring a met-
alated lutidine-derived CNP ligand containing an imidazolin-2-
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ylidene fragment react with H2 in the presence of base (KOtBu)
initially yielding the dihydride complex 2 in a ligand-assisted
H-H activation. Upon prolonged exposure to H2, complex 2 is
hydrogenated at the imidazolin-2-ylidene –CH=CH– moiety
leading to the imidazolidin-2-ylidene dihydride derivative 3. In
contrast to complex 2, which easily losses H2 leading to the
formation of the bimetallic species 7, the dihydride 3 is stable
in solution and in the solid state. This difference is expected to
arise from the presence of a better electron-donating imid-
azolidin-2-ylidene fragment in 3. Furthermore, the catalytic
competence of complex 3 in the base-free transfer hydrogen-
ation of a series of ketones using 2-propanol as hydrogen
source has been demonstrated.

Comparison of the structures of the chlorohydride deriva-
tives 6 and 1 shows that both complexes are isostructural, with
minor differences arising from the NHC rings. Also the photo-
physical properties of complexes 1 and 6 are very similar, both
showing luminescence from a triplet excited state of mixed
MLCT/ILCT character involving the cyclometalated ligand, with
the exception that 1 emits strongly at 298 K in the solid state,
while its imidazolidin-2-ylidene counterpart is a very weak emit-
ter. The reactivity of complexes 1 and 6 towards bases allows
us to compare the relative acidities of the methylene CH2–P,
CH2–uNHC and CH2–sNHC bridges. Deprotonation of 1 and 6
with KOtBu in the presence of PPh3 leads to the selective depro-
tonation of the P-bonded methylene bridge; meanwhile, the
reaction of 1 in the absence of PPh3 produces the formation of
the bimetallic complex 7, likely arising from the deprotonation
of the CH2–uNHC arm and subsequent dimerization of the re-
sulting halogen-free species. DFT calculations show a slightly
higher stability of the NHC-arm deprotonated tautomers II and
IV. However, a reverse stability order is observed for hexacoordi-
nated tautomers I·L and III·L (L = PPh3, CO, MeCN), what might
be partially attributed to the higher flexibility of the CH2–NHC
containing chelates that should facilitate the accommodation
of an additional L ligand.

Overall, the results collected herein demonstrate that, as pre-
viously shown with uNHCs,[11–17] imidazolidin-2-ylidenes can
also be employed as side donors in the design of lutidine-
derived complexes capable to participate in ligand-assisted
processes. This fact significantly broadens the structural and
electronic diversity of this class of proton-responsive ligands.

Experimental Section
General Procedures

All reactions and manipulations were performed under nitrogen or
argon, either in a Braun Labmaster 100 glovebox or using standard
Schlenk-type techniques. All solvents were distilled under nitrogen
with the following desiccants: sodium/benzophenone-ketyl for di-
ethyl ether (Et2O) and tetrahydrofuran (THF); sodium for pentane
and toluene; CaH2 for dichloromethane and acetonitrile (CH2Cl2,
CH3CN). Imidazolium salt 4 was prepared as described previ-
ously.[18] Synthesis and characterization of complexes 1, 3 and 7
have been previously communicated.[21] All other reagents were
purchased from commercial suppliers and used as received. NMR
spectra were obtained on Bruker DPX-300, DRX-400, AVANCEIII/
ASCEND 400R or DRX-500 spectrometers. 31P{1H} NMR shifts were
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referenced to external 85 % H3PO4, while 13C{1H} and 1H shifts were
referenced to the residual signals of deuterated solvents. All data
are reported in ppm downfield from Me4Si. All NMR measurements
were carried out at 25 °C, unless otherwise stated. NMR signal assig-
nations were confirmed by 2D NMR spectroscopy (1H-1H COSY, 1H-
1H NOESY, 1H-13C HSQC and 1H-13C HMBC) for all the complexes.
Due to the low solubility of complexes 6–10, NMR spectra were
registered using impure samples that were prepared before com-
plete purification and drying of the compounds. Elemental analyses
were run by the Analytical Service of the Instituto de Investigacio-
nes Químicas in a Leco TrueSpec CHN elemental analyzer. IR spectra
were acquired on a Bruker Tensor 27 instrument.

Deposition Numbers 1581044 (for 6), 1944657 (for 8), 1944658 (for
9), and 1944659 (for 10) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fach
informationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.

Photophysical Studies

UV/Vis absorption spectra were recorded on a Perkin-Elmer Lambda
750S spectrophotometer. Excitation and emission spectra were re-
corded on a Jobin Yvon Fluorolog 3–22 spectrofluorometer with a
450 W xenon lamp, double-grating monochromators, and a TBX-04
photomultiplier. The solid-state measurements were made in a
front-face configuration using polycrystalline samples between
quartz coverslips; the solution measurements were carried out in a
right angle configuration using degassed solutions of the samples
in 5 mm quartz NMR tubes. A liquid nitrogen Dewar with quartz
windows was employed for the low-temperature measurements.
Emission lifetimes (τ) were measured using either the Fluorolog′s
FL-1040 phosphorimeter accessory (τ > 10 μs) or an IBH FluoroHub
TCSPC controller and a NanoLED pulse diode excitation source
(τ < 10 μs); the estimated uncertainty is ±10 % or better. Emission
quantum yields (Φ) were measured using a Hamamatsu C11347
Absolute PL Quantum Yield Spectrometer; the estimated uncer-
tainty is ±5 % or better.

Computational Details

DFT calculations were carried out with the Gaussian 09 program.[35]

The hybrid functional B3LYP[36] was used, with dispersion effects
taken into account by adding the D3 version of Grimme's empirical
dispersion.[37] C, H, N, O and P atoms were represented by the 6-
31g(d,p) basis set,[38] whereas Ir was described using the Stuttgart/
Dresden Effective Core Potential and its associated basis set SDD.[39]

All geometry optimizations were performed without restrictions in
THF (bulk solvent effects modelled with the SMD continuum
model).[40] The EDA analysis has been performed using the counter-
poise correction as implemented in Gaussian09.[41] Wiberg bond
orders in the Lowdin orthogonalized basis[42] have been calculated
with the Multiwn software.[43]

Synthesis of Metalated Ir–CNP Complexes

Complex 1:[21] A solution of imidazolium salt 4 (0.083 g,
0.167 mmol) in CH2Cl2 (5 mL) was treated with Ag2O (0.020 g,
0.085 mmol), and the mixture was stirred at the dark for 20 h. The
suspension was filtered and added to a solution of [IrCl(COE)2]2

(0.074 g, 0.083 mmol) in CH2Cl2 (10 mL). The resulting solution was
stirred overnight and filtered. Solvent was removed under reduced
pressure, and the residue was washed with Et2O (3 × 5 mL) and
dried under vacuum. Yellow solid (0.104 g, 91 %).

Complex 6: A solution of complex 3 (0.100 g, 0.15 mmol) in CH2Cl2
(7 mL) was stirred for 6 h. Solvent was evaporated, and the resulting
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solid was washed with Et2O (3 × 5 mL) and pentane (3 × 5 mL)
and dried under vacuum. Pale yellow solid (0.090 g, 86 %). Crystals
suitable for X-ray diffraction analysis were grown from a saturated
solution of complex 6 in THF. 1H NMR (400 MHz, CD2Cl2): δ = 7.85
(dd, 3JHH = 8.9 Hz, 3JHP = 6.8 Hz, 2H, 2 H arom PPh), 7.72 (m, 3H, 2
H arom PPh + H arom Py), 7.53 (d, 3JHH = 8.0 Hz, 1H, H arom Py),
7.40 (m, 6H, 6 H arom PPh), 7.23 (d, 3JHH = 8.0 Hz, 1H, H arom Py),
6.47 (s, 1H, H arom Xyl), 6.35 (s, 1H, H arom Xyl), 5.32 (d, 2JHH =
16.0 Hz, 1H, NCHH), 4.67 (d, 2JHH = 16.0 Hz, 1H, NCHH), 4.42 (dd,
2JHH = 16.0 Hz, 2JHP = 8.0 Hz, 1H, PCHH), 4.13 (m, 4H, 4 CHH NHC),
3.87 (dd, 2JHH = 16.0 Hz, 2JHP = 8.0 Hz, 1H, PCHH), 2.31 (s, 3H, CH3),
2.01 (s, 3H, CH3), –22.26 (d, 2JHP = 16.0 Hz, 1H, IrH); 31P{1H} NMR
(121 MHz, CD2Cl2): δ = 11.5; 13C{1H} NMR (101 MHz, CD2Cl2): δ =
203.9 (d, JCP = 113 Hz, C-2 NHC), 165.3 (d, JCP = 5 Hz, Cq arom),
156.4 (Cq arom), 151.1 (d, JCP = 4 Hz, Cq arom), 145.4 (Cq arom),
137.0 (CH arom), 134.7 (d, JCP = 48 Hz, Cq arom), 134.7 (d, JCP =
12 Hz, 2 CH arom), 133.5 (d, JCP = 9 Hz, 2 CH arom), 131.8 (Cq arom),
131.0 (d, JCP = 2 Hz, CH arom), 129.9 (d, JCP = 2 Hz, CH arom), 128.8
(d, JCP = 10 Hz, 2 CH arom), 128.3 (d, JCP = 9 Hz, 2 CH arom), 123.8
(CH arom), 122.7 (CH arom), 122.1 (d, JCP = 8 Hz, CH arom), 107.8
(CH arom), 57.5 (CH2N), 52.6 (d, JCP = 5 Hz, CH2 NHC), 48.8 (d, JCP =
29 Hz, CH2P), 47.0 (d, JCP = 4 Hz, CH2 NHC), 29.3 (d, JCP = 6 Hz, CH3),
20.8 (CH3), signals for two Cq could not be detected due to the low
solubility of the complex; IR (nujol): ν̃ = 2151 (νIrH) cm–1; Anal. Calcd
(%) for C30H30IrClN3P: C 52.13, H 4.37, N 6.08; found C 52.14, H 4.45,
N 6.08.

Complex 8: A suspension of complex 7 (0.052 g, 0.04 mmol) in
CHCl3 (7 mL) was stirred for 3 h at 50 °C. Solvent was evaporated,
and the resulting solid was washed with Et2O (3 × 5 mL) and pent-
ane (3 × 5 mL), and dried under vacuum. Pale yellow solid (0.040 g,
84 %). Crystals suitable for X-ray diffraction analysis were grown
from a saturated solution of complex 8 in THF. 13C{1H} NMR spec-
trum of 8 could not be registered due to the low solubility of the
complex in common deuterated solvents. 1H NMR (300 MHz,
CD2Cl2): δ = 8.09 (m, 4H, 4 H arom PPh), 7.70 (m, 8H, 8 H arom),
7.33 (m, 4H, 4 H arom), 7.24 (m, 6H, 6 H arom PPh), 7.06 (d, 3JHH =
7.4 Hz, 2H, 2 H arom Py), 6.85 (m, 4H, 2 H arom Py + 2 H arom
NHC), 6.59 (m, 6H, 4 H arom + 2 NCH-Py), 6.05 (d, 3JHH = 7. 8 Hz,
2H, 2 H arom Py), 4.26 (dd, 2JHH = 16.6 Hz, 2JHP = 10.2 Hz, 2H, 2
PCHH), 3.99 (dd, 2JHH = 16.7 Hz, 2JHP = 11.2 Hz, 2H, 2 PCHH), 3.04
(s, 6H, 2 CH3), 2.43 (s, 6H, 2 CH3); 31P{1H} NMR (121 MHz, CD2Cl2):
δ = –0.9; Anal. Calcd (%) for C60H52Cl2Ir2N6P2: C 52.43, H 3.81, N
6.11; found C 52.50, H 3.70, N 6.08.

Complex 9: A suspension of 1 (0.047 g, 0.068 mmol) and PPh3

(0.018 g, 0.068 mmol) in THF (2 mL) was treated with KOtBu
(0.008 g, 0.069 mmol). The reaction mixture was stirred for 2 h and
filtered. The solvent was removed under vacuum and the resulting
solid was washed with Et2O (3 × 3 mL) and pentane (3 × 3 mL) to
yield complex 9 as a pale brown solid (0.048 g, 77 %).

1H NMR (400 MHz, [D8]THF, 323 K): δ = 7.61 (d, JHH = 1.6 Hz, 1H, H
arom NHC), 7.57 (m, 2H, 2 H arom Ph), 7.43 (dd, JHP = 8.8 Hz, 3JHH =
7.3 Hz, 2H, 2 H arom Ph), 7.18 (m, 4H, 4 H arom Ph), 7.07 (m, 3H, 3
H arom), 7.03 (d, JHH = 1.6 Hz, 1H, H arom NHC), 6.95 (m, 8H, 8 H
arom), 6.87 (m, 1H, H arom), 6.67 (dd, JHP = 8.8 Hz, 3JHH = 8.8 Hz, 6

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202000681
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202000681
www.ccdc.cam.ac.uk/structures
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H arom Ph), 6.48 (m, 3H, H arom + Hc + Hb), 5.43 (d, 3JHH = 6.1 Hz,
1H, Hd), 4.32 (d, 2JHH = 14.8 Hz, 1H, NCHH), 4.05 (d, 2JHH = 14.8 Hz,
1H, NCHH), 4.02 (s, 1H, Ha), 2.35 (s, 3H, CH3), 1.61 (s, 3H, CH3), –12.55
(dd, 2JHP = 138.4 Hz, 2JHP = 22.0 Hz, 1H, IrH); 31P{1H} NMR (162 MHz,
[D8]THF): δ = 1.1 (d, JPP = 23 Hz, CH2PPh2), –15.3 (d, JPP = 23 Hz,
PPh3); 13C{1H} NMR (101 MHz, [D8]THF, 323 K): δ = 173.9 (dd, JCP =
96 Hz, JCP = 6 Hz, C-2 NHC), 173.8 (d, JCP = 18 Hz, Cq arom), 150.6
(Cq arom), 148.9 (2 Cq arom), 145.8 (dd, JCP = 39 Hz, JCP = 3 Hz, Cq

arom), 144.0 (dd, JCP = 58 Hz, JCP = 4 Hz, Cq arom), 137.7 (d, JCP =
36 Hz, 3 Cq arom), 135.4 (d, JCP = 11 Hz, 2 CH arom), 134.5 (d, JCP =
10 Hz, 2 CH arom), 134.1 (d, JCP = 11 Hz, 6 CH arom), 131.5 (Cq

arom), 130.6 (d, JCP = 3 Hz, CH Py), 129.1 (3 CH arom), 128.3 (CH
arom), 128.0 (m, 6 CH arom), 127.9 (CH arom), 127.5 (d, JCP = 4 Hz,
2 CH arom), 127.4 (d, JCP = 5 Hz, 2 CH arom), 125.7 (CH arom), 124.3
(br, Ir-Cq arom), 118.8 (d, JCP = 3 Hz, CH arom), 115.4 (d, JCP = 16 Hz,
CH Py), 114.4 (d, JCP = 3 Hz, CH arom), 109.7 (CH arom), 102.4 (Cd),
77.4 (d, JCP = 70 Hz, Ca), 56.7 (CH2N), 29.7 (d, JCP = 5 Hz, CH3), 20.8
(CH3); IR (nujol): ν̃ = 2053 (νIrH) cm–1; Anal. Calcd (%) for
C48H42IrN3P2: C 63.00, H 4.63, N 4.59; found C 63.49, H 4.96, N 4.63.

Complex 10: A suspension of 6 (0.054 g, 0.078 mmol) and PPh3

(0.020 g, 0.078 mmol) in THF (2 mL) was treated with KOtBu
(0.009 g, 0.080 mmol). The reaction mixture was stirred for 2 h and
filtered. The solvent was removed under vacuum and the resulting
solid was washed with Et2O (3 × 3 mL) and pentane (3 × 3 mL) to
yield complex 10 as a yellow solid (0.051 g, 71 %). Suitable crystals
for X-ray diffraction analysis were grown from a saturated solution
of complex 10 in Et2O.

1H NMR (400 MHz, [D8]THF): δ = 7.57 (m, 2H, 2 H arom PPh), 7.43
(dd, JHP = 8.5 Hz, 3JHH = 7.3 Hz, 2H, 2 H arom PPh), 7.24 (m, 2H, 2
H arom PPh), 7.20 (m, 1H, H arom PPh), 7.06 (m, 8H, 8 H arom PPh),
6.98 (m, 2H, 2 H arom PPh), 6.72 (br m, 8H, 8 H arom PPh), 6.46 (m,
2H, Hb + Hd), 6.36 (s, 1H, H arom), 6.32 (s, 1H, H arom), 5.53 (dd,
3JHH = 3.9 Hz, 3JHH = 3.8 Hz, 1H, Hc), 3.99 (m, 1H, CHH NHC), 3.98
(s, 1H, Ha), 3.89 (m, 2H, 2 CHH NHC), 3.78 (d, 2JHH = 14.1 Hz, 1H,
NCHH), 3.55 (d, 2JHH = 14.1 Hz, 1H, NCHH), 2.84 (m, 1H, CHH NHC),
2.32 (s, 3H, CH3), 1.46 (s, 3H, CH3), –12.25 (dd, 2JHP = 132.8 Hz, 2JHP =
23.1 Hz, 1H, IrH); 31P{1H} NMR (121 MHz, [D8]THF): δ = –2.0 (d, JPP =
25 Hz, CH2PPh2), –17.4 (d, JPP = 25 Hz, PPh3); 13C{1H} NMR (101 MHz,
[D8]THF): δ = 173.5 (d, JCP = 18 Hz, Cq arom), 152.0 (Cq arom), 151.5
(Cq arom), 147.4 (Cq arom), 146.1 (d, JCP = 38 Hz, Cq arom), 144.1
(d, JCP = 58 Hz, Cq arom), 35.4 (d, JCP = 11 Hz, 2 CH arom), 134.4 (br
m, 10 CH arom), 131.4 (Cq arom), 130.9 (CH Py), 129.4 (2 CH arom),
128.2 (CH arom), 128.0 (br m, 6 CH arom), 127.4 (d, JCP = 7 Hz, 2
CH arom), 127.3 (d, JCP = 8 Hz, 2 CH arom), 122.8 (CH arom), 114.6
(d, JCP = 16 Hz, CH Py), 107.2 (CH arom), 101.9 (Cd), 76.7 (d, JCP =
70 Hz, Ca), 56.6 (CH2N), 51.3 (CH2 NHC), 46.6 (CH2 NHC), 29.1 (d,
JCP = 4 Hz, CH3), 21.0 (CH3), the C2(NHC) and 4 Cq carbon signals
could not be detected due to significant line broadening and the
low solubility of the complex in [D8]THF; IR (nujol): ν̃ = 2082 (νIrH)
cm–1; Anal. Calcd (%) for C48H44IrN3P2: C 62.87, H 4.84, N 4.58; found
C 62.72, H 5.06, N 4.42.

Transfer Hydrogenation of Ketones

A solution of complex 3 (1.0 mg, 1.5 μmol) and the corresponding
ketone (0.15 mmol) in 2-propanol (1.0 mL) was heated to 80 °C for
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24 h. Conversion was determined after solvent evaporation by 1H
NMR spectroscopy using mesitylene as internal standard.
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Metalated Ir–CNP Complexes Con- Ir complexes based on metalated CNP have been compared. These studies al-
taining Imidazolin-2-ylidene and Im- ligands containing either imidazolin-2- low to propose imidazolidin-2-ylidenes
idazolidin-2-ylidene Donors – Syn- ylidene or imidazolidin-2-ylidene do- as new side donors in the design of
thesis, Structure, Luminescence, and nors have been prepared, and their proton-responsive lutidine-derived li-
Metal–Ligand Cooperative Reactiv- structure, photophysical properties, gands.
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