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ABSTRACT: A series of iridium complexes containing
phenanthro[4,5-abc]phenazino[11,12-d]imidazol-2-ylidene
and acetonaphtho[1,2-b]quinoxaline[11,12-d]imidazol-2-yli-
dene ligands have been obtained and fully characterized.
These complexes display highly extended polyaromatic
systems attached to the backbone of the N-heterocyclic
carbene. The presence of this extended polyaromatic system
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makes the electron-donating character of these ligands sensitive to the presence of z-stacking additives, such as pyrene and
hexafluorobenzene. The computational studies predict that the addition of pyrene affords an increase of the electron-donating
character of the polyaromatic ligand (Tolman electronic parameter (TEP) decreases), while the addition of hexafluorobenzene
has the opposite effect (TEP increases). This prediction is experimentally corroborated by IR spectroscopy, by measuring the
shift of the CO stretching bands of a series of IrCI(NHC)(CO), complexes, where NHC is the N-heterocyclic carbene ligand
with the polyaromatic system. Finally, the energy of the z-stacking interaction of one of the key Ir(I) complexes with pyrene and
hexafluorobenzene has been estimated by using the Benesi—Hildebrand treatment, based on the §-shifts observed by '"H NMR

spectroscopy.

1. INTRODUCTION

Transition metal complexes with N-heterocyclic carbene
ligands decorated with polyaromatic systems are currently
under great attention due to their potential applications in the
fields of homogeneous catalysis and molecular electronics. In
the field of molecular electronics, polyaromatic ligands are
mainly used for the preparation of materials with properties
that are consistent with extensively delocalized systems," such
as luminescence.” Polyaromatic-fused imidazolylidenes provide
rigid frameworks in which the carbene center is a component of
an electron-rich extended aromatic system, and this modulates
the donor strength of the carbene and influences its steric
impact. A series of polyannulated mono-, bis-, and tris-NHCs
have been reported to date, including examples having 4,5-
fused polyarenes such as naphthalene, phenanthrene,?
acetanaphtene,* pyracene,” pyrene,® and triphenylene.”

An interesting application of NHC ligands with extended
aromatic systems in the field of catalysis arises from the ability
of this type of ligands to facilitate the immobilization of
homogeneous catalysts onto solid surfaces, in which the
polyaromatic tags are used for facilitating noncovalent
interactions (generally 7-stacking) with the surface of the
solid (generally a graphene derivative).® The use of NHC
ligands with extended polyaromatic systems has also given rise
to families of metal complexes whose properties are influenced
by the z-stacking affinities of the substrates with the
ligands.*>**7*5¢ We recently tried to rationalize the effects of
m-stacking on the catalytic properties of a series of catalysts of
palladium with extended polyaromatic systems at the backbone
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of the NHC ligand and proved that the addition of 7-stacking
additives, such as pyrene, had an important influence on their
catalytic performances. An interesting point of our investigation
arose from the cyclic voltammetric studies of our complexes,
which demonstrated that the presence of external z-stacking
additives showed important modifications of the electronic
properties of the ligands, as a consequence of the strong z-
stacking interaction between pyrene and the extended
polyaromatic system attached to the NHCs.** The effects of
modifying the electronic properties of NHCs ligands are known
to afford important implications in the context of homogeneous
catalysis and bioorganometallic chemistry,” and some elegant
examples of fine electronic tuning of NHC ligands via remote
chemical induction have been shown to produce relevant effects
in catalysis."®

Benzo-fused nitrogen heterocycles continue to command a
great deal of attention because a large number of natural
products and pharmaceutical compounds incorporate these
heterocyclic systems.'' In a very recent work, Tapu and co-
workers described the preparation of a diaminobenzimidazo-
lium salt, which constituted an excellent scaffold for the
preparation of NHC ligands with fused polycyclic hetero-
aromatic moieties.'”” In their report, a new polycyclic N-
heterocyclic carbene featuring a fused dibenzo[a,c]phenazine
moiety was obtained (A, Chart 1), and coordinated to rhodium
and iridium.'” We thought that the same diaminobenzimida-
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zolium salt may be used for the preparation of higher extended
aromatic NHC-based ligands, which may help us undergo a
detailed study on the influence of z-stacking interactions on the
donor properties of the related NHC ligands. By following this
idea, in this work we describe the preparation of two new N-
heterocyclic carbene ligands with fused phenanthro[4,5-abc]-
phenazine (B) and acetonaphtho[1,2-b]quinoxaline (C), which
we coordinated to iridium. The luminescence properties of the
salt precursors and the study of the postmodification of the
electronic effect of the NHC ligands by addition of 7-stacking
additives are also described.

2. RESULTS AND DISCUSSION

The preparation of the azolium salts with the fused
phenanthro[4,5-abc]phenazine (2) and acetonaphtho[1,2-b]-
quinoxaline (3) was performed by condensation of 1,3-dibutyl-
5,6-diaminobenzimidazolium iodide (1), in yields ranging from
70 to 80% (Scheme 1). The benzimidazolium salt 1 was
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prepared according to the previously described methodology,'>
although we modified the final reduction step from 1,3-dibutyl-
5,6-dinitrobenzimidazolium iodide, for which we found the use
of hydrazine on Pd/C to be more convenient. In order to
circumvent any halide exchange in the subsequent coordination
of the carbene ligands, iodide salts 2-H, 2-tBu, and 3 were
reacted with NH,PF to produce anion metathesis products 2-
H-PFy, 2-tBu-PF, and 3-PF, respectively (see the Supporting
Information for further details).

The UV—vis spectroscopic properties of the iodide azolium
salts were investigated and compared to those of related
previously reported salts (Table 1). They all absorb UV—vis
light at 4 < 400 nm and exhibit fluorescence emission in the
450—650 nm region in solution. Quantum efficiencies were
determined relative to quinine sulfate in 0.5 M H,SO, (®; =
0.546). For the azolium salts with the fused phenanthro[4,5-
abc]phenazine (2), the introduction of tBu groups at pyrene (2-
tBu) resulted in a A, at 560 nm which is bathochromically
shifted by 20 nm relative to 2-H. This shift is consistent with
that observed for the introduction of the tBu at the 4,9
positions of pyrene, relative to unsubstituted pyrene."> The
addition of one aromatic ring in the salt 1,3-dibutyldibenzo-
[a,c]phenazino[11,12-d]imidazolium tetrafluoroborate to yield
2-H is accompanied by a hypsochromic shift of up to 13 nm of
the absorption maxima, as a consequence of the more
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Table 1. Photophysical Properties of the Synthesized Salts in
Solution”

Entry Compound Aabs (nm) Aem (nm) PP
1 2-H 243,283, 345 540 0.25
2 2-tBu 249, 284, 351 560 0.32
3¢ 3 237,324 398
O . k)
N N\
4 ‘O ]AA;EE 256,414 496 0.02
‘ 7] )
CrOn
s Q Yo 245,275 370 0.28

Measurements were performed in CH;CN under ambient conditions.
YEmission quantum yields were measured in degassed CH;CN, with
recrystallized quinine sulfate in degassed 0.5 M H,SO, as standard (®;
= 0.546), exc1t1ng at 350 nm. “The emission 1nten51ty of 3 was found
to be negligible. “Values taken from ref 12.*Values taken from ref 14.

delocalized 7-system of 2-H (compare entries 1 and 4).
Compound 3 exhibits negligible fluorescence emission. The
azolium salts 2-H and 2-tBu provided quantum yields (@) of
0.25 and 0.32, respectively.

The coordination of the polycyclic carbenes B and C to
iridium was performed by deprotonation of the azolium salts 2
and 3 in THF at room temperature in the presence of KOtBu
and subsequent addition of [IrCI(COD)],. For the cases in
which the iodide salts 2-H, 2-tBu, and 3 were used, the reaction
was performed in the presence of an excess of Nal, in order to
favor the formation of the iodide metal complexes and to avoid
mixtures of halides in the final metal compounds. The final
products were obtained in yields ranging from S0 to 60%.

The iridium complexes were characterized by NMR
spectroscopy, mass spectrometry, and elemental analysis. The
"H NMR spectra of 4—7 displayed the characteristic signals of
the pyrene (4 and 5) and the acetonaphtene (6 and 7)
fragments. The *C NMR spectra showed the characteristic
signals due to the metalated carbene carbons, which for the
iodide complexes appeared at 202.7 and 202.1 ppm (for 5-H
and 5-tBu, respectively) and 200.5 (for 7). In the case of the
chloride complexes (4 and 6), the resonances were quasi-
identical to those shown by the related iodide related
complexes.

The molecular structures of 5-H and 7 were unambiguously
determined by means of X-ray diffraction. The structure of 5-H
(Figure 1) consists of a phenanthro[4,5-abc]phenazino[11,12-
dJimidazol-2-ylidene ligand bound to an iridium(I) center,
which completes its coordination sphere with a iodide and a
cyclooctadiene ligand. The crystal packing of the molecule
shows that there is a one-dimensional z-stacking interaction
between pairs of molecules, which are disposed of in an
antiparallel centrosymmetric fashion, at a distance of 3.37 A.
The NHC ligand is quasi-orthogonally oriented with respect to
the coordination plane of the molecule, as evidenced by the
average of the two torsion angles N(1)—C(1)—Ir(1)—I(1) and
N(2)—-C(1)—Ir(1)-I(1), 88.12°. The Ir—C(carbene) bond
distance is 2.007(4) A. Interestingly, the plane of the
imidazolylidene deviates from the plane formed by the
hexacyclic backbone by 14.75°.

The molecular structure of complex 7 (Figure 2) confirms
the coordination of the acetonaphtho[1,2-b]quinoxaline[11,12-
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Figure 1. Molecular structure of complex 5-H, showing the z-stacking
between the hexacyclic backbone of two molecules. Hydrogen atoms
have been omitted for clarity. Ellipsoids at 50% probability. Selected
bond distances (A) and angles (deg): Ir(1)—1(1), 2.6721(4); Ir(1)—
C(1), 2.007(4); Ir(1)—C(32), 2.113(5); Ir(1)—C(35), 2.203(4);
Ir(1)—C(36), 2.197(4); Ir(1)—C(39), 2.120(5); C(1)-Ir(1)-I(1),
88.35(13); N(1)—C(1)-N(2), 106.1(4).
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Figure 2. Molecular structure of complex 7, showing the z-stacking
between the hexacyclic backbone of two molecules. Hydrogen atoms
and solvent (MeOH) have been omitted for clarity. Ellipsoids at 50%
probability. Selected bond distances (A) and angles (deg): Ir(1)—I(1),
2.6704(4); Ir(1)—C(1), 2.016(4); Ir(1)—C(32), 2.216(4); Ir(1)—
C(35), 2.107(4); Ir(1)—C(28), 2.134(4); Ir(1)—C(31), 2.178(4);
C(1)=TIr(1)-1(1), 89.18(11); N(1)—C(1)-N(2), 106.2(3).

dlimidazol-2-ylidene ligand to the iridium(I) fragment. An
iodide and a COD ligand complete the coordination sphere
about the metal. The polyaromatic ligand contains all six cycles
in the same plane. The Ir—C(carbene) bond distance is
2.016(4) A. The NHC ligand is quasi-orthogonally oriented
with respect to the coordination plane of the metal, as indicated
by the average of the two torsion angles N(1)—C(1)—Ir(1)—
I(1) and N(2)—C(1)-Ir(1)-1(1), 89.37°. As seen for the
molecular structure of 5-H, the crystal packing of 7 shows that
there is a one-dimensional 7-stacking interaction between pairs
of molecules, which are disposed of in an antiparallel fashion, at
a distance of 3.47 A, which is slightly longer than that shown by
S-H.

The reaction of 4 and 6 with carbon monoxide in methylene
chloride afforded the related carbonyl complexes 8 and 9,
respectively (Scheme 2). The 'H NMR spectra of these
complexes indicate the absence of the signals due to the COD
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ligand, as a first indication that the substitution has been
produced. The presence of the carbonyl ligands is confirmed by
the representative signals in the '*C NMR spectra. The signals
due to the metalated carbene carbon are observed at 191.7,
181.2, and 189.7 ppm, respectively. The infrared spectra of 8
and 9 in CH,Cl, exhibit the C—O stretching bands at 2071.2
and 1989.2 cm™" for 8-H, 2072.1 and 1989.2 cm™" for 8-tBu,
and 2071.2 and 1989.2 cm™" for 9. These frequencies allowed
us to estimate the corresponding Tolman electronic parame-
ters'® (TEPs) as 2055.6, 2056.0, and 2055.6 cm™ for 8-H, 8-
tBu, and 9, respectively, by using the well-known correlations."®

Once the new complexes were fully characterized, we
decided to approach a study aiming to determine whether
the addition of z-stacking additives may have some influence on
the electron-donating character of our polyaromatic-NHC-
based ligands. In a recent work, we demonstrated how the
presence of z-stacking additives influenced the catalytic activity
of a palladium complex bearing an N-heterocyclic carbene with
a fused pyrene.** Although we demonstrated that the additives
effectively formed n-stacking adducts with the ligand, and
proved that this interaction yielded important implications in
the electron-donating character of the ligand, we did not make
a detailed study in order to quantify the magnitude of this
effect. With the preparation of the carbonyl complexes 8 and 9,
bearing extended polyaromatic ligands, together with our
previously described iridium-dicarbonyl NHC-based complex
with a pyrene-fused fragment,™ we thought that we have an
excellent opportunity to assess the modification of the
electronic properties of the ligand by studying the variation
of the TEP values upon addition of z-stacking additives. In
order to approach this study, we first derived the TEP values of
a model LNi(CO); complex by density functional theory
(DFT) calculations, in which L is our previously described
pyrene-based NHC ligand (Figure 3). The relative energies for

Relative energies (kcal/mol):

-15.2 kcal/mol 0 kcal/mol -9.6 kcal/mol
I + unbound arene F
E: : ] F. F
) e —
5 £o | L, Lo F’Ta‘; e £Oo
i (S aCO <~ aCO ¢S
TN N CC Ty rI}>_Ni-/CO
\ Uy \ N N
CO \ CO | N o)
[ r
TEP (cm™)
2052.3 2056.1 2058.4

Figure 3. Variation of the TEP values of a pyrene-fused NHC ligand
upon addition of pyrene or hexafluorobenzene. The energies
correspond to the optimized structures with pyrene or hexafluor-
obenzene forming the 7-stacking adducts, relative to the situation in
which these molecules do not interact with the metal complex.
Calculations were carried out in Gaussian09 (revision D.1) using the
MOGL functional, tight optimizations, and the ultrafine integration grid
(a pruned (99,590) grid).

the optimized structures with the 7-stacking additives indicate
that the energies of the 7-stacking interaction are —15.2 and
—9.6 kcal/mol, for the adducts formed by addition of pyrene
and hexafluorobenzene, respectively. These energies may be
attributed to the z-stacking energies in the gas phase. More
interesting information may be derived from the comparison of
the calculated TEP values. The TEP value for the pyrene-
imidazolylidene ligand without any interaction with the 7-
stacking arenes is 2056.1 cm™". The formation of the z-stacking
complexes results in a significant variation of the TEP value, by
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—3.8 or 2.3 cm™!, depending on whether pyrene or
hexafluorobenzene are added, respectively (the TEP values
for the system with added pyrene is 2052.3 cm™; for the
system with hexafluorobenzene, 2058.4 cm™'). This actually
implies that the electron-donating character of the ligand may
be theoretically modified by a total of 6.1 cm™, by simply
choosing the right additive.

We wanted to know if this observation may be
experimentally verified by studying the variation of the C—O
stretching frequencies of the complexes bearing polyaromatic
ligands, upon the addition of pyrene or hexafluorobenzene. For
our study we decided to perform the IR spectra of the
[IrCIL(CO),] complexes shown in Table 2, where L is the

Table 2. IR C—O Stretching Frequencies of [IrCIL(CO),]
Complexes and Effects of the Addition of Pyrene and
Hexafluorobenzene”

Vav Avay
Addi-
[IrCIL(CO).] tive‘ v(CO) (em™)  (CO)  (CO)
(cm) (cm™)
- 2065.4,1981.5  2023.4 0
[ )>—"—°° Pyr 2064.4,1981.5 2023.0 -0.4
CeFs  20654,1982.5 20239 0.5
o ; 20683,19854  2026.8 0
@)H_w
N Pyr 2068.3,1984.4 20263 -0.5
nBu
CeFs  2069.3,1986.3  2027.8 1.0
O . - 2067.3,1985.4 20263 0
N co
‘O Do Pyr 2066419834 20249 -14
J
nBu
CFs  2069.3,1986.3  2027.8 LS
‘ o - 2071.2,1989.2 20302 0
eeeesis
‘ Pyr 2070.2,1987.3 20288 14
8-H CeFs  2073.1,19902 20316 1.4
- 2072.1,1989.2 20307 0
‘ AN N’"ennlto
\Nﬂ%’iw Pyr 2071.2,1987.3  2029.2 -1.5
CeFs  2073.1,19902  2031.6 0.9
8-tBu
O n o 2071.2,1989.2  2030.2 0
CI T I
)™ (¢ Pyr  20702,1987.3 20288  -l4
9 CeFs  2072.1,1989.2  2030.7 0.5

“IR data obtained in CHZCI2 solutions of the complex with saturated

solutions of the additive. “The resolution of the IR experiments is 0.5

cm™L

NHC ligand with the fused polyaromatic systems. For
comparative purposes we also performed the IR spectra
under the same conditions, of complexes bearing the related
imidazolylidene and benzimidazolylidene ligands. As can be
seen from the results shown in Table 2, the addition of pyrene
or hexafluorobenzene has a significant effect on the variation of
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the CO stretching frequencies of the complexes under study.
This variation can be considered negligible, for the case of the
imidazolylidene-based complex, for which a small variation of
—0.4 or 0.5 (for the addition of pyrene or hexafluorobenzene,
respectively) is observed. This result is in agreement with the
lower z-stacking ability of the NHC ligand of this complex, in
which the polyaromatic system is not present. The variation is
slightly increased for the experiments carried out with the
benzimidazolylidene ligand and becomes more pronounced for
the complexes bearing the pyrene moieties. Although the
variations may seem small (maximum variations of 1.5 cm™" are
observed, compared to the situation without additive), it has to
be taken into account that the results perfectly match with the
predicted DFT calculated results, for which the addition of
pyrene consistently produces a decrease of the CO stretching
frequencies, while the addition of hexafluorobenzene has the
opposite effect, by increasing the frequency. It is also important
to point out that for the cases where a pyrene fragment is
present in the ligand, a maximum and non-negligible variation
of the frequency of 2.9 cm™ can be detected, relative to the
comparison of the situations in which pyrene or hexafluor-
obenzene are added. This variation is about six times the 0.5
cm™ precision of the routine IR experiment, which is limited
by the bandwidth of the respective absorptions and the
spectrometer resolution. As a reference for comparing the
magnitude of the electronic modification of the ligand, it may
be taken into account that the electronic differences between
N,N’-dimethylimidazolylidene (IMe) and N,N’-dimethylben-
zoimidazolylidene (two NHC ligands that are considered
significantly different from their electronic points of view) are
exactly 2.9 cm™, accordmg to the comparison of their related
calculated TEP values.'” These results suggest that the ligand
postmodifies its electronic character in solution, by addition of
the suitable aromatic additive.

In order to shed some more light into the nature of the
binding between the polyaromatic-functionalized NHC com-
plexes and pyrene (or hexafluorobenzene), we decided to study
their interaction by means of 'H NMR spectroscopy. The
addition of increasing amounts of hexafluorobenzene to a
solution of 8-H results in the shifting of a signal due to two
aromatic protons of the pyrene core, which moves to lower
frequencies, indicating that the 7—z interaction between
hexafluorobenzene and 8-H is mainly produced through this
part of the molecule. When the same set of experiments is
carried out by adding pyrene (instead of hexafluorobenzene),
the signal due to the protons of the phenyl ring of the
phenanthro[4,5-abc]phenazino[11,12-d]imidazol-2-ylidene -
gand shifts, although this time the movement is toward lower
frequencies. This observation is in agreement with the
deshielding or shielding of the proton, depending on the
addition of hexafluorobenzene or pyrene, respectively. The shift
of one of the signals on the '"H NMR is an indication that the
formation of the z-stacking adducts is fast on the NMR time
scale, and therefore only a time averaged signal of the free and
associated molecules is observed. This situation is identical to
the one that can be found in host—guest chemistry, for which
the stoichiometry of the host—guest complex can be
determined by using the method of continuous variations
(MCV), also known as the method of Job.'® For the
determination of the stoichiometry of the z-stacking aggregates,
we first prepared a series of solutions of 8-H and pyrene (or
C4Fs) in varying proportions, so that a complete range of mole
ratios were sampled, while maintaining the total concentration,
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[8-H] + [#-stacking additive], constant for each solution (see
the Supporting Information for further details).’®¢ This
allowed us to determine that the maximum shift on & was
achieved when the molar fraction is 0.5, and therefore the
stoichiometry of the aggregates is 1:1. Once the stoichiometry
was determined, the associate constants were estimated by
using the Benesi—Hildebrand treatment,'” which when applied
to NMR spectroscopy, establishes that the shift of the NMR
signal is related with the associate constant by virtue of the
following equation:

1/A8 = 1/(K,A8, [H]) + 1/A5,,, 1)

where, in our case, [H] is the concentration of the 7z-stacking
additive, pyrene or hexafluorobenzene. The resulting plots are
shown in Figure 4, where it can be estimated that the
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Figure 4. Job plot for the determination of the stoichiometry of the
aggregates complex 8-H/pyrene (a) and CgF4 (b). Determination of
the association constants of 8-H with pyrene (c) and C¢Fq4 (d). (c)
Plot of 1/AS vs 1/[pyrene]. The Benesi—Hildebrand treatment gives
A6, = 0.79 ppm and K, = 2.21 M™% (d) Plot of 1/AS vs 1/[C4Fq].
The Benesi—Hildebrand treatment gives Ad,,, = 0.344 ppm and K, =
013 M.

association constants for the formation of the n-stacking
aggregates of 8-H with pyrene and hexafluorobenzene are 2.21
and 0.13 M, respectively. These values are in agreement with
our theoretical calculations, which established a higher -
stacking affinity of pyrene compared to the one shown by
hexafluorobenzene, with the Ni(CO); complex bound to a
pyrene-fused NHC (Figure 3).

H CONCLUSION

In this work we have described the preparation of a series of
iridium complexes containing phenanthro[4,5-abc]phenazino-
[11,12-d]imidazol-2-ylidene and acetonaphtho[1,2-b]-
quinoxaline[11,12-d]imidazol-2-ylidene ligands. The new com-
plexes are decorated with highly extended polyaromatic
systems. We observed that the CO IR-stretching frequencies
of the new complexes obtained are influenced by the nature of
m-stacking additives, and therefore the electronic nature of the
NHCs with the polyaromatic backbones can be fine-tuned by
the addition of the suitable additive. Addition of pyrene results
in the slight decrease of the CO stretching frequency, while the
addition of hexafluorobenzene causes exactly the opposite
effect. This observation is in agreement with the computational
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calculations on the formation of 7-stacking aggregates between
a complex formed by Ni(CO); bound to a N-heterocyclic
carbene with a fused pyrene, for which the calculated TEP
values are increased upon addition of pyrene and decreased
upon addition of hexafluorobenzene.

The 7-stacking affinities of one of the new complexes, with
pyrene and hexafluorobenzene, were unambiguously quantified
by means of '"H NMR spectroscopy. The determination of the
association constants by using the Benesi—Hildebrand data
treatment allowed us to establish that pyrene forms more stable
aggregates than hexafluorobenzene, as seen by the higher K,
shown by the first one.

Our results indicate that the electronic properties of certain
types of ligands (those having extended polyconjugated
systems), may be tuned if the proper 7-stacking additives are
chosen. We already demonstrated that this effect has important
consequences in the modification of the catalytic activity of
metal complexes containing NHC ligands fused to polyar-
omatic fragments. With this work, we clarified and quantified
the nature of this type of effect, which can be taken into
account in the design of future homogeneous catalysts.
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