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Abstract: A series of naphthalene-diimide (NDI) and\
perylene-diimide (PDI) connected bis-N-heterocyclic
carbene complexes of iridium(IIT) have been prepared
and fully characterized. The analysis of their NMR
spectroscopic features, together with their molecular
structures show that these species display lone-pair-n
interactions between the chloride ligands of the Ir(III)
complex and the heterocycles of the NDI/PDI moieties.
The detection of this type of interaction in solution is
due to the formation of two atropisomers, which are
formed as a result of the restricted rotation about the
Ir—Cupene bond imposed by the (Cl)lp-n interaction.
Variable-temperature 'H NMR analysis allowed the
determination of the strength of this non-covalent
interaction, which lies between AH=6.6 and 10 kcal/
mol. The computational studies performed fully support
the experimental findings. )

Introduction

Non-covalent interactions between electron-deficient aro-
matic systems and anions were first described by Frontera
and Deya in 2002, and were coined as anion-n interactions.!!
Soon thereafter, other two almost simultaneous reports
established that these interactions are comparable in energy
to cation-n interactions and moderate-strong hydrogen
bonds,? heralding the nascence of anion-n interactions as
one important subfield of supramolecular chemistry.”!
Nowadays anion-nt interactions have added a new dimension
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to the design of selective anion receptors, colorimetric
sensors, anion-n catalysts”! and anion doping of organic
semiconductors. Together with anion-n interactions, lone
pair-n interactions between capped halogen atoms and
electron-deficient n-systems are currently being a matter of
increasing interest.”) While this type of non-covalent inter-
action is well recognized in structural biology,” its applica-
tion in catalysis has been rarely explored,” and its influence
on the physicochemical properties in supramolecular sys-
tems is still unclear. This is very likely due to the fact that
this interaction is considered to be too weak for harnessing
self-assembly reactions, but most likely, because benchmark
experimental and computational studies on the intrinsic
strength of these non-covalent interactions are very scarce.!

Naphthalene-diimides (NDIs) are ideal for studying
anion-nt and lone pair-nt interactions because their exception-
ally electron-deficient parent core make them to have a
strong tendency to interact with electron-rich lone-pair
bearing electronegative atoms. Many groups have focused
their interest towards the interaction of anions with
naphthalene-diimides (NDIs), and pioneered studies to-
wards finding key applications. For instance, Matile et al.
described a bilayer formed by rigid NDI-based oligomers
that mediates the transport of chlorides,” and Saha et al.
developed a new strateofgy for toxic fluoride ion sensing."”
We also contributed to the field, by showing how the
addition of fluoride to a Rh(I) complex bearing a CNC
pincer ligand functionalized with a NDI moiety facilitates
the sequential one- and two-electron reduction of the NDI
moiety of the ligand, thus rendering a situation in which the
ligand can increase its electrondonor strength in two
levels.'"] This effect had an important impact on the catalytic
performance of the complex, thus revealing a new applica-
tion of anion-NDI interactions to the field of homogeneous
catalysis.

During the last few years, we have been particularly
interested in merging the extraordinary photophysical and
electrochemical  properties of naphthalene-diimides
(NDIs)! with those of N-heterocyclic carbene (NHC)
ligands. We first designed a series of NDI-NHC ligands, and
demonstrated that their corresponding complexes could be
successfully employed as redox-switchable catalysts in the
cycloisomerization of alkynoic acids"™ and the hydroamina-
tion of acetylenes.' Our studies revealed that the redox-
switchable character of the NDI fragment allows the
modification of the electron-donating strength of the final
NDI-NHC ligands in a controlled and reversible manner.
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Built on these grounds, we now report a series of
dimetallic di-N-heterocyclic carbene complexes of iridium
connected by a di-propyl-NDI linker, and show how these
complexes display important lone pair-n interactions be-
tween the chloride ligands and the NDI moiety of the linker.
This type of interaction is clearly manifested both in the
solid state and in solution, and we will show how the energy
of this interaction is stronger than has been thought so far.

Results and Discussion

For the preparation of the dimetallic Cp*Ir(III) complexes
we used the imidazolium salts [1A](BF,), and [1B](Br),,
which we reported previously.™ The preparation of the
complexes was performed by transmetallation of the NHC
ligands from the in situ preformed silver-NHC complexes,
following the procedure shown in Scheme 1. The resulting
complexes 2A and 2B were obtained as orange solids, in 40
and 64 % yields, respectively. Both complexes were charac-
terized by NMR spectroscopy and mass spectrometry and
gave satisfactory elemental analysis. Contrary to what we
had expected, the '"H NMR spectra of 2A and 2B showed
the presence of two species in solution. This was evidenced
by the appearance of two sets of signals due to the protons
of the NDI core, and also due to the protons of the methyl
groups of the Cp* ligands, together with the appearance of
two pairs of doublets assigned to the protons at the back-
bone of the NHC ligands (see ESI for full details). The
diffusion-ordered NMR spectrum (DOSY) of 2B showed
only one diffusion coefficient, indicating that the two species
present in solution had the same (or very similar) hydro-
dynamic radii. This, together with the fact that samples of
2B gave satisfactory elemental analyses considering the
molecular formula assumed for 2B, made us conclude that
the species present in solution of these two complexes were
isomers. As will be discussed below, a VT 'H NMR experi-
ment using 2B showed that its two isomers are interconvert-
ing, thus explaining why their separation in solution is not
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Scheme 1. Synthesis of NDI-linked di-Ir(I11)Cp* complexes
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possible. The integration of the 'H NMR resonances
indicated a 2/1 molar ratio of the two isomers in 2A, and 1/1
in 2B for their solutions in deuterated tetrachloroethane.

The removal of the chloride ligands in 2B was performed
by adding four equivalents of silver triflate to a solution of
the complex in acetonitrile. A 'H NMR spectrum of the
resulting complex (3B) showed the pattern expected for a
single species, as it displayed one singlet due to the four
equivalent protons of the NDI core, one singlet of all
protons of the methyl groups of the Cp* ligands, and two
doublets due to the protons of the backbone of the NHC
ligands. This experiment indicated that the nature of the two
isomers observed for 2B (and 2A), is very likely due to the
presence of the chloride ligands. Complex 3B was further
characterized by means of *C NMR spectroscopy and mass
spectrometry.

The addition of two equivalents of silver triflate to a
solution of 2B in CH,CI, followed by bubbling of carbon
monoxide, resulted in formation of 4B, a complex bearing
one chloride ligand and one carbonyl in each iridium
fragment. This complex was characterized by means of
NMR spectrometry and mass spectrometry. The 'H NMR
spectrum of 4B indicated the presence of only one species,
as a single resonance was observed for the four equivalent
protons of the NDI moiety. The infrared spectrum of a
dichloromethane solution of 4B exhibited the C—O stretch-
ing band at 2050 cm ™.

When compound 2A reacted with two equivalents of
silver tetrafluoroborate in DMSO, yellow crystals of the
dicationic complex SA were obtained. This complex could
not be characterized by ordinary spectroscopic means due to
its insolubility in most organic solvents, but single crystal X-
ray diffraction studies allowed us to determine its molecular
structure (see below for details).

The molecular structures of complexes 2B and 5A were
confirmed by means of single crystal X-ray diffraction
studies.'® The structure of 2B consists of two Cp*IrCl,
moieties bridged by the bis-NHC-NDI ligand. The Ir—C_,pene
bond is 2.071(19) A long (Figure 1). The two Cp*IrCl,
fragments are arranged on the opposite sides of the NDI
plane in 2B. Interestingly, in each iridium fragment, one
chloride ligand is pointing toward the NDI moiety. The
closest distance from this chloride to the NDI plane is
3.32 A, thus in the range of chloride lone pair-n [Cl(Ip)--n]
interactions, which typically occur at distances from 3.22 to
3.45 A I This situation renders a structure in which each of
the Cp* ligands bound to the iridium atoms are disposed in
an anti-conformation relative to each other. The molecular
structure of 5A is very similar to that shown for 2B with the
difference that one of the chloride ligands in each Cp*Ir
moiety is replaced by a molecule of dimethyl sulfoxide
(DMSO). This makes the complex to be dicationic (two
BF, anions are also observed in the structure). The distance
of the Ir—C,ypene bond is 2.081(11) A. Again, the chloride
ligands are pointing towards the NDI moiety. The distance
between the chloride ligand and the NDI plane is 3.40 A,
also in the range of distances typically observed for Cl(Ip)--n
interactions.
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Figure 1. Molecular structures of 2B (a) and 5A (b) obtained from
single-crystal diffraction studies. Hydrogen atoms and molecules of
solvent are omitted for clarity. The BF, counter anions are also omitted
in 5A. Carbon atoms are in grey, nitrogen in blue, oxygen in red, iridium
in magenta and sulfur in orange.

Once the molecular structures of 2B and 5A were
established, we wondered whether the two isomers observed
in solutions of 2A and 2B could differ by the relative
configurations of the Cp*IrCl, fragments. Depending on
which of the two chloride ligands is interacting with the NDI
moiety, we would have two different orientations of the Cp*
ligand with respect to the NDI fragment. In a monometallic
complex this should remain unnoticed, but in a dimetallic
complex like 2 the two possible orientations of the Cp*
ligands would result in two distinct structures (atropisomers)
where the Cp* ligands are either on the same side (syn-
conformation) or on the opposite sides (anti-conformation)
vs. the NDI, as shown in Figure 2.

The fact that the '"H NMR spectra of 2A and 2B show
separate resonances for each atropisomer suggests slow
kinetics on the NMR timescale for the 2(anti) —2(syn)
equilibrium. To shed some light on this dynamic process, a
variable temperature '"H NMR experiment was performed in
C,D,Cl,, with temperatures ranging from 303 to 353 K. As
can be observed from the series of spectra shown in
Figure 3a, the signals due to both isomers start to broaden

anti-isomer

syn-isomer
Figure 2. Schematic view of the two atropisomers of 2.
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Figure 3. a) Study of the dynamic behaviour of complex 2B investigated
by variable-temperature "H NMR spectroscopy. All spectra recorded in
C,D,Cl,. The determination of the kinetic constants was performed by
dynamic "H NMR simulations using SpinWorks 4.0. The simulated
NMR spectra are shown below the experimental ones. b) Schematic
kinetic profile of the dynamic equilibrium between atropisomers
2B(anti) and 2B(syn).

as the temperature increases, indicating an exchange
between the two isomers. "H NMR line-shape simulations of
the spectra of Figure 3 allowed us to estimate the exchange
rate constants at different temperatures. An Eyring plot was
used to derive the AH” and AS” values, which were 8.3+
0.2 kcal/mol and —17.440.5 cal/molK, respectively, so that
the activation Gibbs energy for the interconversion of the
two isomers at room temperature is determined to be AG”*
208k = 13.5 kcal/mol. For this dynamic exchange, the enthalpy
cost to form the transition state should mainly arise from the
cleavage of the Cl(Ip)--n interaction, thus we can consider
that this enthalpy value is an approximate estimation of the
strength of this non-covalent interaction. The large and
negative entropy cost indicates that the transition state is
more solvated than the ground state, as should be expected
for this intramolecular dissociative process
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Structures of the two atropisomers of 2 have been
optimized using DFT calculations on 2A, and the resulting
geometries are presented in Figure 4. The minor (syn)
isomer of 2A is less favorable by AH=0.6 kcal/mol. The
Gibbs energy difference between the anti and syn atro-
pisomers is AG=1.1 kcal/mol, in a reasonable agreement
with the experimental value, AG=0.4 kcal/mol. The main
(anti) isomer of 2A has a structure closely resembling that of
2B in Figure 1. The minor isomer of 2A can be viewed as a
product of rotation around the C—C and C—Ir bonds 1 and 2,
respectively, as indicated in Figure 4. The N-C—C—C dihe-
dral angle around bond 1 changes from 65.1° in the anti to
—63.9° in the syn isomer. Changes in the dihedral angles
around the next two bonds toward the NHC fragment are
negligible. A significant rotation happens about bond 2; e.g.,
the N—Ccpeney—Ir—Cl4 angle changes from —53.1° in the anti
to 137.2° in the syn isomer. As a result, the Cp*IrCl,
fragment is flipped, and the two Cp* ligands are syn in the
minor isomer (that is, the Cp* ligands are pointing towards
the same side in Figure 4).

Although no symmetry has been enforced during the
calculations, the optimized geometries of the major and
minor isomers of 2A possess C; and C, symmetries,
respectively. Thus, the iridium fragments are related by
symmetry and are structurally equivalent in each isomer. A
single set of NMR resonances and chemical shifts is
expected for the two iridium fragments of the anti-isomer, as
well as for the syn isomer of 2A. The closest distance of the
chlorides to the NDI fragment is 3.28 A in 2A, similar to the
experimental value of 3.40 A for 2B.

An examination of the structure of 2A suggests that
between the two rotations - about bonds 1 and 2 - the latter

Minor isomer 2A
Figure 4. The structures of atropisomers of 2A calculated using the

MN15-L/def2-TZVP (def2-QZVP for Ir) method, in the solvent continu-
um of CH,Cl, (the hydrogen atoms are not shown).
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is less likely to take place first for steric reasons, because of
the proximity of the bulky Cp*IrCl, fragment to the NDI
fragment. It is more likely that rotation about bond 1
happens first, as shown in Figure 3, followed by rotation
about bond 2 (with some adjustments in the angles of the
bonds between bond 1 and 2). Our DFT calculations
established that rotation about bond 1 leads to a transition
state at AH*=10.1 kcal/mol (AG*=11.6 kcal/mol). The cal-
culated AG* is in a reasonable agreement with the exper-
imental isomerization barrier of 13.5 kcal/mol for 2B (Fig-
ure 3). From the transition state, continued rotation about
bond 1 leads toward an unstable intermediate which
structure is shown in Figure 5, at AH=9.1 kcal/mol (AG=
8.0 kcal/mol). One close Ir—Cl-NDI interaction that was
present in the anti isomer is lost in the intermediate of
Figure 5. When considering the structure of this intermedi-
ate, it is apparent that the Cp*IrCl, fragment that has been
rotated away from the NDI moiety is not sterically con-
strained. Also, the three-carbon atom chain connecting the
rotated iridium fragment with the central NDI moiety is
linear and not strained. Thus, the reason for the intermedi-
ate of Figure 5 to have a higher energy vs. the main isomer
of 2A should be attributed to the loss of one Cl(Ip)-n
interaction. On the basis of this consideration, the calculated
AH=9.1 kcal/mol can be viewed as a close estimate of the
enthalpy of the Cl(Ip)--n interaction in 2A.

To explore if we could detect the same type of Cl(Ip)--n
interaction using a different electron-deficient n-system, we
decided to obtain the perylene-diimide bis-NHC iridium
(ITI) complex 7B. The synthesis of complex 7B was
performed in a similar manner as that for 2B, but using the
perylene-functionalized bis-imidazolium salt [6B](I),, as
shown in Scheme 2. Complex 7B was characterized by
means of NMR spectroscopy and mass spectrometry. As
happened with 2B, the 'H NMR (C,D,Cl,) spectrum of 7B
showed a pattern of signals that indicated the existence of
two atropisomers. In this case, the relative molar ratio
between the two isomers was 2/3. The dynamic interconver-
sion of the two atropisomers was studied by variable
temperature 'H NMR spectroscopy using a temperature
range between 303 and 353 K (see ESI for full details). 'H
NMR line-shape simulations of the spectra allowed us to
calculate the kinetic constants at each temperature. The

Q/O?*’ t
/?/J N en
cl3 C/ﬁ 8 <>\(‘)
\)})‘J\Qf\/ 3 L Ir1 \D
Cl4 0\7 e
AL
Figure 5. The structure of an unstable intermediate in the isomerization
of 2A, calculated using the MN15-L/def2-TZVP (def2-QZVP for Ir)

method, in the solvent continuum of CH,Cl, (the hydrogen atoms are
not shown).
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Scheme 2. Synthesis of the perylene-diimide (PDI) bis-NHC complex
7B.

AH” and AS” values obtained from the corresponding
Eyring plot were 6.6+0.2 kcal/mol and —-21.3+0.7 cal/
molK, respectively, and thus the activation Gibbs energy for
interconversion of the two atropisomers at room temper-
ature is AG7,g=12.7 kcal/mol, very similar to that ob-
served for 2B.

In order to give further support to our study, we also
synthesized a monometallic Cp*Ir(IlI)-based complex bear-
ing an NDI-functionalized NHC ligand. This complex (9, as
shown in Figure 6), was obtained from the corresponding
NDI-functionalized imidazolium salt, [8](I), using a synthetic
protocol similar to that shown for the dimetallic complexes
shown in Scheme 1 (see ESI for full details). Complex 9 was
characterized by means of NMR spectroscopy, and the
complete assignation of the resonances was performed by

Complex 9

d
b |
I
I

|
ARV
A

I
(il il

|
iy

|
Vi

1.094
1134
1.094
1.04-
1.094

51 50 49 48 47 46 45 44 43
3 (ppm)

Figure 6. A drawing of complex 9, and the region of the 'H NMR
spectrum (CDCl;) showing the resonances of the N—CH, protons.
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combining 2-dimensional ‘H—H and 'H-"C correlations. As
expected, the '"H NMR spectrum of the complex in CDCl,
shows two doublets assigned to the hydrogens at the
backbone of the imidazolylidene ring, and one singlet due to
the 15 equivalent protons of the Cp* ligand (See ESI for
details). This indicates that only one species is present in
solution, as no isomers should be expected here. However,
the region that shows the resonances due to the protons of
the methylene groups bound to nitrogen (3.5-5.3 ppm),
shows that all three N-methylene groups show diasterotopic
protons, a situation that can be explained if a rigid cyclic
structure arising from a non-covalent Cl(Ip)-n(NDI) inter-
action is produced, as it is depicted in Figure 6. If this
interaction was not present in solution, then both protons
from the same N—CH, groups should appear as equivalent,
as the rotation about the C_.n—Ir bond should be fast on
the NMR timescale in the structure lacking of the Cl(lp)--n-
(NDI) interaction.

Conclusion

In summary, we obtained a series of NDI and PDI-
functionalized di-NHC complexes of iridium (IIT) and found
clear evidence of lp-m interaction between the chloride
ligands of the metal and the electron deficient NDI or PDI
linkers of the di-NHC ligands. This non-covalent Ip-m
interaction is manifested both in the solid state and in
solution. The VT 'H NMR analysis of two of the complexes
allowed us to estimate the enthalpy of the interaction, which
ranges from 6.6 (for the interaction with PDI) to 8.3 kcal/
mol (for the interaction with NDI). This result is in agree-
ment with the estimated value of the lp-n interaction
enthalpy of 9.1 kcal/mol from the DFT calculations. The
range of enthalpies found suggests that the energy of this
type of non-covalent interaction lies among the largest
found for other reported Ip--n interactions.”®’* An impor-
tant feature of our study is that we were able to detect this
type of interaction in solution due to the formation of two
atropisomers, which are formed as a result of the restricted
rotation imposed by the lp-m interaction. It needs to be
mentioned that a monometallic complex, or a dimetallic
complex bearing only one halide ligand per metal (and thus
only one possible orientation of the metal fragment with
respect to the NDI/PDI plane) would have made this
interaction unnoticed in solution. To the best of our knowl-
edge, our study represents the first rigorous combined
spectroscopic/computational determination of the Ip-n in-
teraction. The use of NDI/PDI-moieties coupled with
halogen containing metal complexes can be extended to a
wide variety of a Ip--n bonded complexes, and this paves the
way for studying in detail what factors are dictating the
strength of this type of interaction.

We also think that this non-covalent interaction may be
important for inducing long range electronic effects from the
NDI core to the metal. In fact, we already observed this
effect in a previously published work. We recently published
one study in which the same NDI-containing ligand used for
the preparation of 2B was coordinated to RhCI(COD) and
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RhCI(CO),."*"! The molecular structure of the NDI-[NHC-
RhCI(COD)], complex indicated the existence of a clear
Cl(Ip)--n interaction, but we did not recognize it then.
Interestingly, the electrochemical reduction of the NDI core
on the NDI-[NHC-RhCI(CO),], complex resulted in the
significant decrease of the stretching frequency of the CO
ligands, therefore indicating that the reduction of the NDI
core resulted in a significant increase of the electronrichness
of the metal. This observation, which we were unable to
explain due to the ‘apparent’ electronic disconnection
between the NDI core and the metal, becomes now clear as
the electronic connection is very likely produced through
the Ip-n interaction, therefore highlighting the great
potential that this long-range interaction may have in future
design of homogeneous catalysts.

Supporting Information

The Supporting Information file contains all the experimen-
tal and computational details dealing with the character-
ization of the new complexes, and X-ray diffraction details.
This includes all NMR spectra, and description of methods
for determining the observed kinetic constants and thermo-
dynamic parameters.

The authors have cited additional references within the
Supporting Information.['”!
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