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Abstract: We systematically investigated iodine-metal and iodine-iodine bonding in van Koten’s
pincer complex and 19 modifications changing substituents and/or the transition metal with a PBEO-
D3(BJ)/aug—cc—pVTZ/PP(M,I) model chemistry. As a novel tool for the quantitative assessment
of the iodine—metal and iodine—iodine bond strength in these complexes we used the local mode
analysis, originally introduced by Konkoli and Cremer, complemented with NBO and Bader’s
QTAIM analyses. Our study reveals the major electronic effects in the catalytic activity of the M—I—I
non-classical three-center bond of the pincer complex, which is involved in the oxidative addition of
molecular iodine I, to the metal center. According to our investigations the charge transfer from the
metal to the ¢* antibonding orbital of the I-I bond changes the 3c—4e character of the M—I—I three-
center bond, which leads to weakening of the iodine I-I bond and strengthening of the metal-iodine
M-—Ibond, facilitating in this way the oxidative addition of I, to the metal. The charge transfer can
be systematically modified by substitution at different places of the pincer complex and by different
transition metals, changing the strength of both the M—I and the I, bonds. We also modeled for the
original pincer complex how solvents with different polarity influence the 3c—4e character of the
M—I—-Ibond. Our results provide new guidelines for the design of pincer complexes with specific
iodine-metal bond strengths and introduce the local vibrational mode analysis as an efficient tool to
assess the bond strength in complexes.

Keywords: density functional theory; hypervalent iodine; local vibrational mode theory; vibrational
spectroscopy; pincer complexes

1. Introduction

Pincer complexes were first discovered in 1976 by Moulton and Shaw [1]. After
almost a decade these complexes got more attention when researchers found they display
extraordinary thermal stability (high melting points). Such properties indicate pincer
complexes can be used in homogeneous catalysis, increasing their range of applications
from nanomaterials to the development of chemical sensors and chemical switches [2-7].
A pincer complex consists of a metal center and pincer type ligands which mostly act as
electron donors to the metal center. With increase in electron density, comes increase in
nucleophilicity in the case of the metal center; hence a high utility in catalysis involving
dihydrogens, silanes, hydrogen halides and alkyl halides [8-35]. Dihydrogens and silanes
show concerted cis addition while for others electrophillic attack to the nucleophillic metal
center have been proposed. Dihydrogens are affected by the basicity of the metal center.
High basicity leads to the cleavage of H—H bond as a result of metal (M)—o*(H,) back
donation, while on the other hand a more acidic metal center can retain positive charge and
play a stabilizing role of electron acceptor; both of which favor H, complexation over bond
cleavage. In the case of dihalogens, the idea is just beginning to develop. In this regard
pincer complexes have been widely studied [36-38]. The two nitrogens increase electron
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density around metal center, contributing to the stability of Pt—n’—I, interaction. The
possible reasons for this stability are the presence of c-donating amine ligands, the plane
of the aryl ring which coincides with the coordination plane, and steric constrains [39-41].
This opens new pathways for investigating the variation of atoms involved in pincer
complexes. Variation of nitrogen donor substituents is powerful for increasing/decreasing
the nucleophilicity of the metal center along with screening metal center from attack of
reagents from a certain direction [42]. Also, a variety of pincer complexes have been
synthesized and studied by changing the donors to PSiP [43], PNF [44], ONO [45] and
PCN [46] or the metal center to Zr and Hf [47], P [45], Mo and W [48], Ni [49,50] etc. The
Monsanto process for making acetic acid exemplifies a broad and far-reaching application
of pincer complexes. Several studies on the effects of steric hindrance, donors [51,52], rates
of migratory insertion of CO to methyl [53], indicate pincer complexes as great catalysts.

Halogen bonding has attracted a lot of attention over recent decades. This is docu-
mented in many review articles summarizing many experimental and theoretical investiga-
tions aimed at the discussion of its characteristic signatures, current conflicting views, and
the rich application repertoire [54-66]. Halogen bonding is a donor-acceptor interaction in
which an electrophilic region associate with a halogenated moiety (Lewis-acid) interacts
attractively with a nucleophilic region of another molecular entity (Lewis-base), which can
be the lone pair of a heteroatom [67-69], a 7t-bond or even a metal [70,71]. Metal-halogen
bonding plays an important role in the oxidative addition to metal centers [72-78]. Most
widely employed is I, which has a characteristic acceptor and donor properties due to its
relatively low lying LUMO and high lying HOMO [79]. Hence, I, is bonded as acceptor [7]
or as donor [80]. Due to the Janus—face [36] of I, it is widely employed in pincer complexes.
As we discussed in a previous study, metal-halogen interactions show a smooth transition
from weak non-covalent halogen bonding to non-classical 3-center-4-electron bonding
and finally covalent metal-halide bonding [67], a feature which we also observed for com-
pounds with hypervalent iodine bonding [81]. Intrigued by these results, the current study
was aimed at shedding new light into iodine-metal bonding in pincer complexes.

We systematically investigated iodine-metal and iodine-iodine bonding in van
Koten'’s pincer complex and 19 modifications with different substituents and/or the tran-
sition metal shown in Figure 1. Our main goal was to comprehend the major electronic
effects that lead to the weakening of iodine bond (I-I) and strength of the halogen-metal
bond (M—I) in the three-center bond (M—I—1I), as the first step in the oxidative addition
of iodine to the metal coordination center. We analyzed how substitutions at different
places in pincer complexes modify the strength of both chemical bonds, and what electronic
effects are responsible for different strength of these bonds with different transition metals.
As efficient quantitative measure of bond strength we used local vibrational force constants
derived from the local vibrational mode theory (LVM), originally introduced by Konkoli
and Cremer [82-87], complemented with NBO [88] and Bader’s QTAIM [89] analyses. We
also modeled how solvents with different polarity weaken the -1 bond and strength the
M-I bond, facilitating the oxidative addition of I, to the metal.

2. Computational Methods

Geometries and harmonic vibrational frequencies of complexes 1-20 were calculated
with the PBEO functional combined with the D3(BJ) scheme of Grimme [90] for dispersion
corrections using the aug-cc-pVTZ basis set [91-98] and the aug-cc-pVTZ-PP basis set
combined with a suitable relativistic effective core potential [99,100] to account for scalar
relativistic effects of the heavy atoms. All geometry optimizations completed without
any imaginary frequencies. (The Cartesian coordinates of optimized complexes 1-20 are
provided in the Supplementary Materials as well as a comparison of the calculated and
experimental X-ray geometries of complex 1 to validate the model chemistry used in our
study.) Solvent effects of benzene and acetone were modeled using the solute electron
density (SMD) variation of IEFPCM [101]. Local vibrational modes and associated local
mode force constants k? were calculated using the LModeA package [87,102]. Electronic



Crystals 2021, 11, 373

3of21

and energy distributions were assessed using the AIMALL software package [89,103,104].
The covalent nature of the (M—I) bonds was characterized following the Cremer-Kraka
criterion, which implies that covalent bonding is characterized by a negative energy den-
sity, i.e., H, < 0 at the bond critical point r, between the two atoms forming the bond,
whereas electrostatic interactions are indicated by positive energy density values, i.e.,
Hy, > 0[105-107]. NBO6 [88,108-110] was used to compute NBO atomic charges and the
charge transfer (CT) to the I, ligand coordinated to the metal center. The CT values were
obtained from the total population of the * orbital of the I, ligand. DFT calculations were
carried out using Gaussian16 [111]. The local mode force constants k* can be transformed
into bond strength orders (BSO) using a power relationship according to the generalized
Badger rule [112,113], BSOn = A * (k“)B ; where the constants A and B are determined
by two reference molecules with known BSO and k” values. Similarly as was done in our
previous study [70], the constants A = 0.651 and B = 0.660 were obtained for the I-I bond
in I, with a BSO value of 7 = 1.0 and a k? value of 1.924 mDyn/A and for the 3c—4e bond in
the [I- - -I- - -I]” anion with a BSO value of n = 0.5 and a k? value of 0.672 mDyn/A based
on the Rundle-Pimentel model of the non-classical I-I bond (at the PBE0-D3(B])/aug-
cc—pVTZ/PP(M,]) level of theory). The 3c—4e character of the M—I—I bond was obtained
in our study as the BSO ratio n(M—I)/n(I—I) [114], where values between 0.75 and 1.0
indicate on a dominant role of this character in a chemical bond and values above 1.0
indicate on an inverse 3c—4e character where the M—I bond is stronger than the I-1 bond,
which can lead to dissociation of the I-1 bond. Binding energies AE were defined as the
energy of the complex minus the energy of the pincer part without the I, ligand and minus
the energy of the I, ligand. Both fragments were first calculated in the frozen geometry of
the complex and corrected for basis set superposition errors employing the counterpoise
correction [115]. Then the geometries of both fragments were allowed to relax to their
minimum energy and the energy difference between frozen and relaxed geometries were
included in the calculation of the binding energies.

In Reference [87] a comprehensive discussion of the underlying theory of local vi-
brational modes is provided, therefore in the following only the essential features are
summarized. Moreover, serving as a popular analytical tool, modern vibrational spec-
troscopy [116-118] can be an excellent source for electronic structure information of a
molecule, in particular for a new quantitative measure of the intrinsic strength of a chem-
ical bond. However, one must consider that normal vibrational modes are generally
delocalized over the molecule due to the coupling of the atomic motions [119-121]. There-
fore, one cannot directly derive an intrinsic bond strength measure from the normal modes.
It is also often difficult to assign a certain normal mode in a vibrational spectrum with a
single characteristic vibration, in particular in the mid- and lower frequency range. Both
problems are addressed in the LMV theory [87].

There are two coupling mechanisms [119-122], electronic coupling associated with
the potential energy content of the vibrational mode and mass coupling associated with
the kinetic energy content. The electronic mode-mode coupling can be eliminated via the
Wilson GF-matrix formalism [119-121], i.e., solving the vibrational secular equation:

FFL = MLA 1)

Matrix F* is the force constant matrix (Hessian) in Cartesian coordinates x. A molecule
with N atoms has 3N Cartesian coordinates, therefore the dimension of F* is [3Nx3N].
The number of internal coordinates q of a molecule is N,;; = (3N — X); (X: number of
translations and rotations; 6 for nonlinear and 5 for linear molecules) [119]. Matrix A is a
diagonal matrix with the eigenvalues A;, which leads to the N,;, (harmonic) vibrational

frequencies wy, according to A, = 471202%24, (c = speed of light) and L collects the vibrational
eigenvectors 1, in its columns with

L'FL = Fe=K )
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FQ=Kisa diagonal matrix and Q is a vector that collects the N,; normal coordi-
nates [123,124], i.e., diagonalization of the force constant matrix F* and transforming
to normal coordinates Q [123-126] eliminates the off-diagonal coupling force constant
matrix elements, and in this way the electronic coupling [119]. The vibrational secular
equation expressed in internal coordinates q is given by [119]

FID = G 'DA (3)

D contains the normal mode column vectors d,, (1 =1, -+, Ny;;) in internal coordinates
and matrix G is the Wilson G [119].

As is obvious from Equation (3), solving the secular equation does not resolve the
mass coupling contained in the off-diagonal elements of the Wilson G matrix, reflecting
pairwise kinetic coupling between the internal coordinates, which often has been over-
looked. Konkoli and Cremer [82-86] solved this problem by introducing a mass-decoupled
equivalent to the Wilson equation to derive mass-decoupled local vibrational modes a;
directly from normal vibrational modes d,, and the K matrix via Equation (4):

K-1d!
A I 4
a d; K-1df @)

For each of the N,,;, local mode i, one can define a corresponding local model frequency
wf, a local force constant k7, and a local mode mass G, [82]. The local mode frequency w{
is defined by:
, _ Gk
a _ ’
(@)™ = 472c2 ©)

and the corresponding local mode force constant k by:

K = afKa (6)

1

Local vibrational modes have several unique properties. Zou, Kraka and Cremer [84,85]
verified the uniqueness of the local vibrational modes via an adiabatic connection scheme
between local and normal vibrational modes. In contrast to normal mode force constants,
local mode force constants have the advantage of not being dependent of the choice of the
coordinates used to describe the target molecule and in contrast to vibrational frequencies
they are independent of the atomic masses. They are of high sensitivity to electronic
structure differences (e.g., caused by changing a substituent) and directly reflect the intrinsic
strength of a bond or weak chemical interaction as shown by Zou and Cremer [127]. Thus,
local vibration stretching force constants have been used as a unique measure of the intrinsic
strength of a chemical bond [86,128-141] or weak chemical interaction [67-71,81,142-159]
based on vibration spectroscopy. We have successfully described bonding in A> iodine
bonding in a diverse set of 34 hypervalent iodine compounds [81], in this work we apply
LMYV and associated local mode stretching vibrational force constants to assess iodine
bonding in pincer complexes.

3. Results and Discussion

The set of complexes 1-20 (see Figure 1) was chosen to cover a range of different
substituents and central transition metals. Complex 1 is the original van Koten complex [38]
with an I atom coordinated to the central Pt atom in equatorial position relative to the aryl
ring, and the I, ligand bonded to Pt in axial position. Complexes 2—6 are modifications of
reference 1 with different substituents replacing the iodine atom bonded to Pt in equatorial
position. In complex 7 the original NMe, groups are replaced with PMe, groups and the
complexes 8-10 are characterized by modifying Me, in the NMe, groups. Complexes 11-12
have different aryl ring substituents in para position relative to the metal coordination
center, while complexes 13-17 are modification of reference 1 regarding exchange of the
central transition metal. In 15-17 aryl is replaced with pyridine. Complexes 18-20 are other
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model compounds of general interest [160-162]. Throughout the manuscript we use the
label M—TI for the bond between the metal and iodine atom of the I, ligand and the label
I-I represents the iodine—iodine bond of the I, ligand coordinated to the metal.

_NMeZ —NMe2 -NMe2 —PMe2
- qt—'
NM92 : NM62 PMe2

NM62

3;X=F
| I 4; X =Me I
| 5:X=CF; | |
6; X = CN |

—NHR _ e,
== e L
NHR P— NMe,

*3

8 R=Me 15y = on Ve 13; M = Pd Nive, 15:M=Co
aR=N 12;Y = NMe, 18 M = Ni 15 M=0h
10;R=F ; 17 M=1Ir
'I i 2+ ‘ +
! |
! [
0-i-NMe Me, ! Me2 Me2 Me2
I —co =hEPtpe pePiSEe
O=NMe, Me, M92 Me2 | Me:
18 19 20

Figure 1. Sketches of complexes 1-20 investigated in this work.

In Figure 2 electronic features are shown elucidating the interaction between I, and
the Pt framework in complexes 1 and 2. In Figure 2a depicting the electron difference
density distributions Ap(r) for complex 1 the strong blue region between Pt and I shows
that density is built up in the halogen bond region, whereas charge is depleted from the
I, mid-bond region due to the charge transfer (CT) mechanism indicated in Figure 2b.
The most relevant CT takes place from the occupied 5d? lone pair orbital of the metal to
the unoccupied o*(I-I) orbital of iodine (delocalization energy: 55.0 kcal/mol), leading to
the weakening of the iodine bond I,, thus facilitating it oxidative addition to the metal.
This is supported by the CT from the occupied 5py lone pair of the anionic iodine ligand
coordinated to the metal (delocalization energy: 18.7 kcal/mol). A third but still significant
CT involves the occupied o-bond(Pt-C) orbital (delocalization energy: 7.9 kcal/mol). The
molecular electrostatic potential (ESP) shown in Figure 2c provides the anisotropic charge
distribution of the pincer complexes 1 and 2. (ESPs for complexes 1-20 and I, can be found
in the Supplementary Materials). Similar to our previous studies on halogen bonding
involving transition-metal Lewis bases, the metal center to which I, coordinates is not
necessarily the most negatively charged part of the molecule. Our previous studies [70]
indicate that although a qualitative relationship between the electrostatic potential at the
metal center and the binding energy may exist, a correlation between ESP and the I-M
bond strength is not expected. Mention worthy is that even in the absence of a negative
electrostatic potential, as observed for the positively charged pincer 19 and 20, iodine is
still able to form an attractive interaction with the metal center.
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Unoccupied

o (-1 (b)

o(Pt—0C)

dz2(Pt) ©
Occupied

Figure 2. (a) Difference electron density distribution Ap(r) for complex 1. Ap(r) is plotted for an
electron density surface with a constant density value of 0.001 a.u. Blue regions indicate an increase
in the electron density, red regions a density decrease relative to the superimposed density of the I,
and the Pt complex. (b) NBO charge transfer mechanism and CT delocalization energies given in
kecal/mol. (c) Electrostatic potential mapped onto the van der Waals surface (0.001 a.u. isodensity) of
the pincer of complexes 1 and 2; ranging from —1.4 eV (red) to +1.4 eV (blue). PBE0-D3(B])/aug—cc-
pVTZ/PP(M,]) level of theory.

In the following general trends observed for 1-20 will be at the focus. Table 1 presents
the binding energy AE of the I, ligand, the bond length r of the M—I and -1 bonds, the
local mode stretching force constant k? of the I-I and M—I bonds, the corresponding
bond strength order BSO n(M-I) and BSO n(I-1), the electron density p,(M-I) and the
energy density H,(M-I) at the bond critical point 1, and p,(I-I) and Hj(I-I), respectively,
the CT between the metal and a ¢* antibonding orbital of the -1 bond and the 3c—4e bond
character of the M—I—1I bond for complexes 1-20. In Figures 3—6 correlations between
these properties are shown.
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Table 1. Binding energy, bond length, local mode force constant, BSO 1, electron density and energy density at bond critical

point, charge transfer, and 3c—4e character for the M-I and I-I bonds of the complexes 1-20 2.

Nr AE +(M-I) r(I-I) k*M-I) k%I-I) BSOnM-I) BSOn(I-I) p,(M—I) H,(M-I) p,(I-I) H,(I-I) CT 3c—de
1 190 2887 2788 0477 1.100 0.399 0.692 0317 —0064 0429 —0.119 0254 058
2 166 2900 2774 0458 1162 0.389 0.718 0.308 —0060 0439 —0.125 0228 054
3 203 2861 2800 0513 1.064 0.419 0.677 0.335 —0073 0420 —0.113 0281 0.62
4 228 2838 281 0.587 1.043 0.458 0.668 0.347 —0079 0412  —0.109 0284 0.68
5 185 2895 2778 0471 1.150 0.396 0.713 0310 —0062 0436 —0.123 0230 056
6 177 2911 2773 0446 1.168 0.382 0.720 0.301 —0057 0440 —0.125 0219 053
7 181 2919 2781 0428 1.096 0.372 0.690 0.294 —0.053 0433 —0.121 0233 054
8 177 2892 2783 0478 1122 0.400 0.701 0.311 —0.062 0432  —012 0256 057
9 166 2905 2779 0447 1.122 0.382 0.701 0.303 —0.058 0435 —0.122 0253 055
10 149 2956 2763  0.379 1.191 0.343 0.729 0.277 —0047 0448  —0.130 0227 047
11 174 2913 2774 0433 1.156 0.374 0.715 0.301 —0057 0440 —0.125 0228 052
12 204 2873 2800  0.500 1.049 0.412 0.671 0.326 —0069 0420 —0.113 0278 061
13 163 2884 2767 0391 1175 0.350 0.723 0.276 —0049 0445 —0.128 0207 048
14 145 2818 2757 0286 1.196 0.285 0.731 0.244 —0.043 0453  —0.134 0.165 0.39
15 336 2640 2942 0713 0.676 0.520 0.502 0.384 0105 0327 —0.062 0521 1.04
16 339 2741 2915 0793 0.749 0.558 0.537 0.401 0110 0343  —0.070 0475 1.04
17 363 2761 2934  0.865 0.711 0.591 0.519 0.434 —0.128 0331 —0065 0510 1.14
18 226 2881 2831 0586 0.935 0.457 0.622 0.337 —0.075 0395 —0.098 0315 0.73
19 114 3207 2690  0.150 1.649 0.186 0.903 0.165 ~0.010 0507 —0.172 0.023 021
20 193 3016 2813 0374 0.971 0.340 0.638 0.273 —0.045 0414 —0.109 0362 053

a Binding energy AE in kcal/mol, bond length  in A, local mode force constant k% in mDyn/A, electron density p, at the bond critical point
1, in e/ A3, energy density Hj, at the bond critical point r, in Hartree/A3, charge transfer CT in e. PBE0-D3(BJ)/aug—cc-pVTZ/PP(M,]I)

level of theory.

Figure 3a,b present the power relationship between the BSO n and k values for the
M-I and the I-1I bonds, respectively, which transforms force constant values into more
commonly applied bond strength orders. According to Table 1, the BSO n values of the
M—Ibond are in a range between 0.186 and 0.591, which corresponds to relatively weak
metal ligand bonding. The strongest M—I bond is found for complex 17 in which the
central Pt metal of the original van Koten complex is replaced with Ir, whereas the weakest
M—Ibond is found for the doubly positively charged Pt complex 19. As reflected by the H,
values in Table 1 all M—I bonds are covalent in nature. The BSO n values for the I-1 bonds
range from 0.502 and 0.903 are somewhat stronger and reach for 19 with a value 0.903
almost the strength of the I-1bond in I, (BSO n = 1). In Figure 3c the relationship between
k*(M—TI) and k“(I-1) is depicted. Although the correlation is not perfect (R? = 0.8232), it
reflects the general trend that a stronger M—I bond corresponds to a weaker I-1 bond for
a particular molecular complex, in line with the CT mechanism discussed above and in
accordance with our previous studies on transition-metal I, complexes revealing an inverse
proportional relationship between the M—I and I—1I bond strength [70]. Furthermore, there
is also a practical implication, it shows that k*(M—I) and k*(I-I) data can be used in a
straight-forward manner for the fine-tuning of the iodine bonding in pincer complexes.

In the next section a comparison of local mode stretching force constants and the
often-applied binding energies AE and bond distances r as bond strength measure is
presented. Figure 4a,b show the correlation between k” and AE of M—I and I-I bonds
and Figure 4c,d a correlation between k” and r of M—I and I-1 bonds of complexes 1-20.
There is a moderate correlation between AE and k* (R? = 0.8992 M—I bonds and R? = 0.8180
for M—I bonds, respectively) reflecting the general trend that stronger M—I bonds are
associated with larger binding energies which also holds to a lesser extend for the I-I
bonds. Complex 17 with the strongest M—I bond has the largest I, binding energy AE
of 36.3 kcal/mol, whereas 19 with the weakest M—I bond has the smallest I, binding
energy AE of 11.4 kcal/mol. The somewhat better correlation between AE and k* for the
M-I bonds results from the fact that AE as defined in this work correlates more with
the strength of the M—I bond formed, given by k*(M—I), than with the weakening of I,,
reflected by k?(I—I) which is a secondary effect observed due to the charge transfer to the
c*(I-I) antibonding orbital.
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Figure 3. (a) Power relationship between bond strength order (BSO) n and local stretching force
constant k* for the M—I bonds; (b) Power relationship between bond strength order (BSO) n and
local stretching force constant k” for the I-I bonds; (c) Correlation between M—I and I—-I local mode
force constants k” for 1-20. PBE0-D3(BJ)/aug-cc—pVTZ/PP(M,I) level of theory.
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Figure 4. (a) Correlation between binding energy AE and local stretching force constant k? of the M—I bonds; (b) Correlation
between binding energy AE and local stretching force constant k% of the I-I bonds; (c) Bond length r versus local stretching
force constant k? for the M—I bonds; (d) Bond length r versus local stretching force constant k” for the I-Ibonds of molecules
1-20. PBEO-D3(BJ)/aug—cc-pVTZ/PP(M,]) level of theory.

The correlations presented in Figure 4a,b seem to be intuitive; however, a caveat
is appropriate. The binding energy AE [163-165] is a reaction parameter that includes
all changes taking place during the dissociation process. Accordingly, it includes any
(de)stabilization effects of the fragments to be formed. It reflects the energy needed for
bond breaking, but also contains energy contributions due to geometry relaxation and
electron density reorganization of the dissociation fragments. Therefore, it is not a suitable
measure of the intrinsic strength of a chemical bond and its use may lead to misjudgments,
as documented in the literature [68,112,133,134,166,167]. In the case of the pincer complexes
investigated in this work, in particular the geometry relaxation effects are minor, and
therefore we observe this qualitatively good relationship.

Besides bond dissociation energies bond lengths are a popular parameter used to
assess the strength of a bond and/or weak chemical interaction. Figure 4d shows a
significant correlation between k% and r (R? = 0.9206) for I-I bonds. We find the longest
I—I bond of 2.934 A for complex 17 (close to the I-I distance of 2.9357 Ainthe[l-- I - 1]~
anion) and the shortest I-I bond of 2.690 A for complex 19 (close to the I-I distance of
2.6639 A of the I, molecule). However, we do not find a similarly significant correlation
between k% and r (R? = 0.6440) for M—I bonds as shown in Figure 4c. The M—I bonds
investigated in our study range from 2.640 and 3.207A, a variation of 0.567 A compared to
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a much smaller variation of 0.224 A of the I—-I bonds. According to Table 1 complex 19 has
the longest complex M—I bond (r = 3.207 A); however 15 with a central Co atom has the
shortest M—I bond (r = 2.640 A) and not 17 as one would expect in the case of a significant
correlation between k*(M—I) and #(M—I). The observed discrepancy can be related to the
different electronic environment of this bond caused by the different transition metals, e.g.,
a smaller covalent radius of the metal atom can lead to a contraction of the valence orbitals
and to shorter bonds, which does not imply that the bonds become stronger. The same
holds for relativistic effects [138,168,169].

If in addition to iodine other halogens would have been investigated, similar discrep-
ancies between bond length and local mode force constants would have been expected [68].
In summary, the lack of a significant correlation between M—I bond lengths and local mode
force constants is in line with other studies [148,149,170,171] reporting that the stronger
bond is not always the shorter one, which disqualifies the bond length as direct bond
strength measure.

The correlation between bond strength as reflected by the k* values and electron
density p; and energy density H, at the bond critical point r, for M—I and I-1 bonds is
the next topic. As reflected by the H;, data collected in Table 1 all M—I and I-I bonds are
of covalent nature according to the Cremer-Kraka criterion [105-107]. Complex 17 with
the strongest M—I bond (k% = 0.865 mDyn/A) has the most negative value of the energy
density (H, = —0.128 Hartree/A%) corresponding to the most covalent character of our
series, whereas complex 19 with the weakest M—I bond (the k* value = 0.150 mDyn/A) has
an energy density value closer to zero (Hj, = —0.010 Hartree/A®), the onset of a chemical
bond with a mixed electrostatic and covalent character. For the I-I bonds we find the
largest negative Hj, value of —0.172 Hartree/A3 for complex 19 and the smallest negative
Hy, value of —0.065 Hartree/ A3 for complex 17, again reflecting the inverse strength and
nature of the M—I and I-I bonds. Figure 5a,b show the corresponding correlation between
k* and p;, for the M—I and Figure 5c,d show the corresponding correlation between k*
and Hj, for M—I and I—-I bonds, respectively with significant correlation coefficients R? of
0.9687 and 0.9466 for the electron density correlations and R? of 0.9834 and 0.9738 for the
energy density correlations. The somewhat lower correlation between electron density and
local mode force constant is caused predominantly by one outlier, doubly charged complex
19 (see Figure 5a,b) which is another example that p; is not necessarily a good measure of
bond strength [105]. Overall, the strength of the M—I and I-1 bonds of complexes 1-20
correlates well with their covalent character as reflected by Hy,.

The last two columns of Table 1 report the CT and 3c—4e character of complexes 1-20.
As discussed above, the CT from the pincer framework into the unoccupied o*(I-1) orbital
predominantly via the occupied 5d2 lone pair orbital of the metal with contributions from
the occupied 5py lone pair of the anionic iodine ligand coordinated to the metal and a
0(M—-C) bonding orbital. We find the largest CT for complex 15 (0.521 e) and the smallest
for complex 19 (0.023 e). In Figure 6a,b the corresponding correlation between CT and
k*(M—I) as well as CT and k?(I—I) is shown. Although the correlation is moderate in both
cases (R? values of 0.8271 and 0.8640, respectively) the general trend can be seen that the
CT into the unoccupied o*(I-I) orbital weakens the I—1 bond as reflected by k?(I—I). There
is a stronger correlation between the 3c—4e character of the M—I—I bonds and the local
stretching force constants shown in Figure 6c¢ for k*(M—I) (R? = 0.9622) and in Figure 6d for
k*(I-I) (R? = 0.8737). The 3c—4e character as the ratio of the BSO 1 values of the M—I and
I-Ibonds is large when the M—I bond dominates the strength of the I-1 bond. Chemically
seen, a large 3c—4e character value is indicative of a potential dissociation of the I-1 bond
in the I, ligand followed by the oxidative addition reaction on the metal center. Therefore,
monitoring of both 3c—4e character and local mode force constants is a valuable tool for the
pincer complex designer unlocking how substituent effects may strengthen either the M—1I
or the I-I bond.
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Figure 5. (a) Correlation between the electron density p;, at the bond critical point r, and k? for the M—Ibonds; (b) Correlation
between the electron density p, and k? for the I-I bonds; (c) Correlation between the energy density H;, at the bond critical
point r;, and k? for the M—I bonds; (d) Correlation between the energy density Hj, and k* for the I-I bonds of molecules
1-20. PBE0-D3(BJ)/aug—cc-pVTZ/PP(M,]) level of theory.

Complexes 2-6 present modifications of 1 where the equatorial iodine ligand is re-
placed with groups of different electron donating and/or accepting properties. Among
them, 3 with —F is a ¢ and 7 electron donating ligand, and 4 with a —CHj; group is a ¢
donating ligand, while 5 and 6 with —CF; and —CN groups are ¢ electron donating and 7
accepting ligands [172]. According to Table 1 (see also Figure 6¢,d) 3 and 4 have a larger
3c—4e character than 5 and 6 (0.62 and 0.68 versus 0.56 and 0.53). This indicates that electron
accepting groups decrease the strength of the M—I bond and increase the strength of the
I-Ibond by decreasing charge transfer to the ¢* antibonding orbital. This is in line with
the corresponding k” values. The strength of the I-1 bond in 3 and 4 is smaller than that in
1 (k" values of 1.064, 1.043, and 1.100 mDyn/ A, respectively), while in 5 and 6 the I-I bond
is stronger compared to that in 1 ( k* values of 1.150, 1.168, 1.100 mDyn/ A, respectively),
see Table 1.
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Figure 6. (a) Correlation between charge transfer CT to the I-I bond and local stretching force constant k* for the M—I
bond; (b) Correlation between charge transfer CT to the I-I bond and local stretching force constant k? for the I-1 bond;
(c) Correlation between the 3c—4e bond character of the M—I—I bonds given by BSO n(M—I)/BSO n(I—I) and the local
stretching force constant k” of the M—I bond; (d) Correlation between the 3c—4e bond character of the M—I—Ibonds given
by BSO n(M—I)/BSO n(I—-I) and the local stretching force constant k* of the I-I bond for 1-20. PBE0-D3(B])/aug—cc—
pVTZ/PP(M,]) level of theory.

Complex 7 is a modification of 1, where the methyl amino groups —INMe, are replaced
with methyl phosphine groups —PMe,. Overall, differences between these two complexes
are small, although the —NMe, group is a 7t donor and the —PMe, group is a 7t acceptor
ligand [173]. According to Table 1 the strength of the I-I bond in 7 is almost the same as
in 1 (k% values of 1.096 and 1.100 mDyn/ A, respectively); however the M—I bond in 7 is
weaker than that in 1 (k? values of 0.428 and 0.477 mDyn/ A, respectively), which leads to
a slightly smaller 3c—4e character of the M—I—I bond (0.54 versus 0.58) and to a smaller
charge transfer to the I-I bond in 7 than in 1 (CT values of 0.233 and 0.254, respectively).

In complexes 8-10 the —NMe, groups are modified; the methyl groups are replaced
with atoms of different electronegativity. According to Table 1, these modifications lead to a
smaller 3c—4e character (0.57, 0.55, and 0.47, respectively) and a stronger I-1bond relative to
1. The largest change is observed for 10, where the —NMe, groups are replaced with —NHF,
incorporating a strong electronegative F atom (k* values of 1.100 and 1.191 mDyn/A, for 1
and 10, respectively). The donating character of the —NMe, group in 1 is changed by the
H and F substitutions in 10, which leads to a smaller 3c—4e character of the M—I—1Ibond,
lowers the charge transfer to the o* orbital of the -1 bond, and makes this bond stronger.



Crystals 2021, 11, 373

13 of 21

In complexes 11 and 12, the H atom in para position of the aryl ligand of 1 are
exchanged in 11 with a —CN group and in 12 with a strong —NMe, donating group. —CN
is a 7r-acceptor ligand capable of stabilizing the metal d2 lone pair weakening the charge
transfer from the d? orbital to the I, ¢* orbital. According to Table 1 and Figure 6¢,d 11 has
a smaller 3c—4e character than 12 (0.52 versus 0.61) indicating that the strong withdrawing
group —CN decreases the strength of the M—I bond and increases the strength of the I-1I
bond by decreasing the charge transfer to the c* antibonding orbital. The strength of the
I-Ibond in 11 is larger than that in 1 (k? values of 1.156 and 1.100 mDyn/ A, respectively),
whereas in 12 it is smaller than that in 1 (k* values of 1.049 and 1.100 mDyn/ A, respectively).

Complexes 13-17 represent modifications of 1 with different transition metals. In
addition, in 15-17 the benzene ring replaced with pyridine. The pyridine ring was primarily
used to keep these pincer complexes isoelectronic with the Ni, Pd, Pt pincer complexes. The
largest 3c—4e character is observed for 17 with a central Ir atom, followed by 16 with a Rh
atom and 15 with a Co atom (1.14, 1.04 and 1.04, respectively). The 3c—4e character in these
three complexes is larger than 1.0, indicating an inverse character of the 3c-4e bond, where
the M—I bond has become stronger than the I-I bond. According to Table 1, the strength
of the M—I in these three complexes is regularly increasing (k* value of 0.713, 0.793, and
0.865 mDyn/ A, respectively); however the strongest M—I bond in 17 does not correspond
to the weakest I-I bond in this series, which we find for 15 (k* value of 0.676 mDyn/ A).
The strong M—I bond in 17 can be related to a strong stabilization of the Ir—I bond by
relativistic effects, as was observed for Ir—C bonds [53,174]. According to our previous
study [70], relativistic effects in transition-metal complexes with I, are responsible for the
expansion of the metal d orbitals, which leads to a larger polarization of the electron density
in the M—I—-I bond and a larger 3c—4e character, increasing the strength of the M—I bond.
15 has the weakest I-1 bond observed in our study, which can be attributed to a large
charge transfer to the o™ orbital of this bond (CT value of 0.521 e), the largest CT value
among all the complexes investigated in this study.

Complex 18 is a model for an Ir pincer complex, which was suggested as catalytic
proton sources in the proton—catalyzed H, addition pathways [160,161]. According to
Table 1, the 3c—4e character of the Ir—I—I bond in 18 is larger than in 1 (3c—4e values
of 0.73 and 0.58, respectively), however is smaller than that in 17, the second Ir pincer
complex investigated in our study (3c—4e value of 1.14), which leads to a I-I bond with
similar strength as in 1 (k” values of 0.935 and 1.100 mDyn/ A, for18and 1, respectively).
Complexes 19 and 20 were added due to their unconventional electronic structures and the
ability to form the halogen-metal bonds even though they are positively charged [162].

Complex 20 is a six—coordinate octahedral Pt complex containing a neutral I, lig-
and [162], showing a similar charge transfer effect for the 3c—4e bond as the other complexes
investigated in this study. According to Table 1, the 3c—4e character of this three-center
bond is comparable to that in 1 (3c—4e values of 0.53 and 0.58, for 20 and 1, respectively).
This leads also to a similar strength of the I-I bond (k? values of 0.971 and 1.100 mDyn/A,
for 20 and 1, respectively). It is interesting to note that the similar Pt complex 19 containing
a neutral I, ligand, has only small 3c—4e character (3c—4e value of 0.21) leading to the
strongest I—I bond ( k? value of 1.649 mDyn/A), and the smallest charge transfer to o*
orbital of this bond (CT value of 0.023 e) in this series.

To assess potential solvent effects on the M—I and I-I bonds strengths, complex 1 was
investigated in the gas phase and in solution, using benzene as a model for a non-polar
solvent, and acetone as a model for a polar solvent. According to Table 2 and Figure 7, the
Pt—I1 bond is the weakest in the gas phase, followed by benzene solution, and acetone
solution (k* values of 0.477, 0.564, and 0.595 mDyn /A, respectively). This result reveals
that solvent polarity does affect the Pt—I1 bond strength, where both the polar and the non-
polar solvents strengthen the interaction compared to the gas phase. However, the solvent
effect is reversed for the I1—12 bond, as reflected by the decreasing values of the local mode
force constant (k* values of 1.100, 0.955, and 0.640 mDyn /A, for the gas phase, benzene,
and acetone solutions, respectively). Similarly, we observe decreasing local mode force
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constants for the Pt—I3, Pt—N, and Pt—C chemical bonds. Figure 7 shows also the NBO
atomic charges of the Pt and I atoms in the gas phase and in both solutions. The positive
NBO charge on the Pt atom is increasing from the gas phase, followed by the benzene,
and the acetone solutions (NBO charge values of 0.59, 0.61, and 0.68 e, respectively). The
charge on the I1 atom remains almost unchanged (NBO charges of —0.06, —0.05, and —0.05
e, respectively), and the charge on the 12 atom becomes more negative in the same series
(NBO charges of —0.19, —0.25, and —0.36 e, respectively). Increased polarity of the solution
polarizes the Pt—I1—12 3c—4e bond and increases the electron density transfer to the o*
antibonding orbital of the I1-12 bond decreasing its strength. The results of our calculations
in solutions are consistent with the gas phase calculations of all complexes presented in
this study, showing that the strength of the M—I and I-I bonds in the M—I—I system are
inverse proportional, which makes the Pt—I1 bond stronger in the more polar solvent.

Figure 7. Atomic charges of Pt and I atoms of 1 in the gas phase (blue), in benzene (green) and in
acetone (red). PBE0-D3(BJ)/aug—cc—pVTZ/PP(M,I)/SMD level of theory.

Table 2. Bond length and local mode force constant of selected atoms of the molecular system 1 in
the gas phase and in solution “.

Gas Phase Benzene Acetone
Atoms
r kK r kK r kK

11-12 2.788 1.100 2.815 0.955 2.880 0.640
Pt—I1 2.887 0.477 2.838 0.564 2.768 0.595
Pt—I3 2.707 1.161 2.723 1.037 2.750 0.856
Pt—N 2.099 1.910 2.102 1.902 2.105 1.845
Pt—C 1.933 4.186 1.934 4.160 1.935 4.113

% Distances  in A, local force constants k in mDyn/ A. PBE0-D3(BJ)/ aug-cc-pVTZ/PP(M,I)/SMD level of theory.

4. Conclusions

We systematically investigated iodine-metal and iodine-iodine bonding in van
Koten’s pincer complex and 19 modifications changing substituents and/or the tran-
sition metal at the PBE0-D3(BJ)/aug—cc—pVTZ/PP(M,]) level of theory, modeling a large
range of different electronic effects. As a novel tool for the quantitative assessment of the
iodine-metal and iodine-iodine bond strength in these complexes we used the local mode
analysis, complemented with NBO and Bader’s QTAIM analyses. Focusing for the first
time on the individual bond strengths in these complexes has led to several new insights.

e According to our results, the catalytic activity of the original pincer complex is related
to the 3c—4e character of the non-classical three-center M—I—1I bond, which is involved
in the first step of the oxidative addition of molecular iodine I, to the metal. The charge
transfer from the metal to the ¢* antibonding orbital of the I-I bond changes the
3c—4e character of the three-center M—I—I bond, which in turn leads to a weakening
of the I-1 bond and a strengthening of the M—I bond.
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e The largest change in charge transfer with regard to the original van Koten complex 1
was observed for the complexes with Co, Rh and Ir transition metals and a pyridine
instead of a benzene ligand, for which we observed an inverse 3c—4e character of the
three-center M—I—I bond, i.e., the M—I bond becomes stronger than the I-I bond.
The large 3c—4e character in these three pincer complexes is attributed to relativistic
effects which expand the d orbitals of the metal leading to a larger charge transfer to
the ¢* antibonding orbital of the I-1I ligand.

e According to solvent calculations, the charge transfer is increased in a polar solvent,
which leads to a larger polarization of the M—I—I three-center bond, increasing its
3c—4e character and decreasing the strength of the I-1 bond.

In summary, our study introduces local mode force constants as an efficient tool to
assess halogen bonding in pincer complexes, providing new guidelines for the design
of pincer complexes with specific iodine-metal bond strengths. We hope that this article
will inspire the community and will foster collaborations aiming at the use of pincer
transition-metal complexes in new key catalytic processes which will save energy and
our environment.
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2/11/4/373/s1, Comparison calculated and experimental geometry geometries of complex 1; NBO
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Binding energy AE versus sum of local M—I and I—I stretching force constants for complexes 1-20;
Charge transfer versus 3c—4e character for complexes 1-20; Cartesian Coordinates of 1-20.
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