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QTAIM and ELF topological analyses of zinc-amido complexes

Christine Lepetit' - Myrtil L. Kahn'

Abstract

The structures of three dinuclear zinc-amido complexes, involved in the very first
step of the preparation of zinc oxide nanoparticles via an organometallic route, have
been investigated by density functional theory computational studies. The various
zinc—nitrogen and zinc—cyclohexyl bonds are finely characterized using quantum
theory of atoms in molecules and electron localization function (ELF) topological
analyses. The results are compared to the topological analyses of parent zinc-amido
or zinc-alkyl complexes, for which an experimental structure has been already
reported. The original two-component dative zinc-amido bond is unravelled by
ELF topological analysis. Fukui indices condensed on the ELF basins allow for the
comparison of the chemical reactivity of the three dinuclear zinc-amido complexes.
The larger sensitivity to electrophilic attack of the terminal zinc-amido bonds with
respect to the bridging intracyclic zinc-amido bonds or with respect to the terminal
zinc—cyclohexyl bonds is evidenced.

Keywords Zinc-amido bond - Topological analyses - QTAIM - ELF - Fukui indices

Introduction

The synthesis of zinc oxide nanoparticles using an organometallic approach was
developed in our team in the early 2000s [1]. This approach consists in the controlled
hydrolysis of an organometallic precursor in the presence of ligands allowing a con-
trol of the size and shape of the nanoparticles, typically long-chain aliphatic car-
boxylic acids and/or amines. Recently, we have shown the essential role of the mix-
ing time between the organometallic precursor usually used, namely dicyclohexyl
zinc (Zncy,) and a primary amine such as dodecylamine (DDA, C,,H,sNH,). In the
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course of time, a gel is formed. This influences the size and shape of the resulting
nanoparticles. An oligomerization mechanism involving an acid—base reaction has
been proposed for the formation of this gel [2].

To go further, it is important to understand each elementary step in the process
of nanoparticle formation. This requires a detailed understanding of the reactivity
of the precursors. Early NMR spectra suggest the formation of oligomeric structures
through the de-protonation of the amine to an amido ligand, which is able to bridge
two zinc centres via dative bonding, yielding dicyclohexyl-amido-zinc oligomers
of increasing size via a polycondensation reaction (Fig. 1) [2]. The structure of the
first oligomer representatives (di- and tetranuclear) has been investigated by den-
sity functional theory (DFT) computational studies (PBE-D3/DGDZVP level), and
a possible polymerization pathway was proposed on the basis of energy stabiliza-
tion calculations. Using the calculated structure of the tetranuclear oligomer model
and the Debbye’s formula, a wide-angle X-ray scattering (WAXS) radial distribu-
tion function (RDF) in good agreement with the experimental WAXS signatures was
simulated, supporting the formation of such oligomeric species before cross-linking
[2].

In this work, the chemical bonding in three dinuclear zinc-amido complexes
formed in the very first steps of the oligomerization will be finely characterized
using quantum theory of atoms in molecules (QTAIM) [3, 4] and electron locali-
zation function (ELF) [5, 6] topological analyses. The latter topological analyses
have been shown to be unique theoretical tools for chemical bonding analysis [7,
8]. The studies will focus on Zn-N and Zn-alkyl bonds, in comparison with ELF
and QTAIM topological analyses of known zinc-amido or zinc-amino complexes,
for which an experimental structure has been reported in the literature.

Among the chemical reactivity descriptors of the conceptual DFT, Fukui
functions are suitable for probing soft sites of reactants that are involved in
orbital-controlled interactions with electrophiles, nucleophiles or radicals [9]. The
Fukui function was indeed introduced by Parr and Yang, as the response of the
electron density of the molecular system to a change in the global number of
electrons [10]. In this work, frontier molecular orbital (FMO) Fukui functions fx(r)
(in which the electron density is approximated by densities of the FMOs)
condensed on QTAIM [11] or ELF [12] topological partitions have therefore
been calculated to investigate the chemical reactivity of the zinc-amido complexes
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of this work. fX (r)= [, Vgs(r)' dr is the contribution of the FMO F

(a=—: F=HOMO; a =+ : F =LUMO) to the atomic QTAIM basin or to the
core or valence ELF basin X. These Fukui indices are confined into the 0-1 range,

/NHR /NHR /NHR
cy—12Zn \Zn—cy RHN—2Zn \Zn—cy RHN—2n \Zn—NHR
/ X / £\ /
NHR NHR NHR
1 2 3

Fig. 1 Structures of the three dinuclear amidocyclohexylzinc model complexes studied in this work using
topological analyses (R =C¢H,; for the hexylamine model of DDA)
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and they sum up to one. The larger the value of the f index, the more reactive the
corresponding basin X.

The Fukui indices condensed on the ELF basins will be calculated for the three
dinuclear zinc-amido complexes studied here, in order to compare the chemical
reactivity of the terminal zinc-amino bonds with respect to the one of the bridging
zinc-amido bonds or to the terminal zinc-alkyl bonds.

Results and discussion

The oligomerization pathway involves various steps related either to (i) an acid—base
reaction between the cyclohexyl ligand and the amine (Eq. 1, Scheme 1), or (ii) a
dimerization via the formation of two bridging dative bonds between the amido
ligands and two Zn centres [2]. Equations 2—4 (Scheme 1) illustrate the formation of
the first oligomer representatives, namely the dinuclear amidocyclohexylzinc com-
plexes 1-3 (Fig. 1).

In order to help for the assignment of the results, the topological descriptors of
model complexes 1-3 will be compared to the ones of parent zinc-amido complexes
referred to as PAHVUP [13] and CADCEP [14] in the Cambridge database (CDB),
from which their experimental structure was extracted (Fig. 2). These complexes
were previously used for the calibration of the DFT calculation level suitable for the
description of Zn-amido oligomers [2]. Similarly, the ELF and QTAIM topological
analyses of the experimental structure of diethylzinc (ZnEt,) [15] and of the DFT-
calculated structure of dicyclohexylzinc (Zncy,) were performed in order to be used
as standard for comparison with the Zn—C bonds of complexes 1-3.

Geometries of 1-3 and of Zncy, were fully optimized at the PBE-D3/DGDZVP
level of calculation (Fig. 3). This DFT calculation level was shown to be suitable
for the description of such zinc-amido complexes in previous calibration studies

Zncy, + RNH, — » cyH + cy—2Zn—NHR 1
NHR
A 2
2Zncy, + 2RNH, ——> 2cyH + cy—2Zn Zn—cy
X/
NHR
NHR

2 cy—Zn—NHR + RNH, —» cyH + RHN—2Zn \/Zn—cy 3

NHR
NHR

/
2 cy—Zn—NHR + 2RNH, ——> 2 cyH + RHN—2Zn X Zn—NHR 4
NHR
Scheme 1 Structures of dinuclear zinc complexes 1-3 (Fig. 1), resulting from the intramolecular acid—

base reaction between Zncy, and the DDA, followed by a dimerization via the formation of two bridging
dative bonds [2]. R=C,H,; for the experimental DDA or R=C¢H,, for the hexylamine model



C. Lepetit, M. L. Kahn

Fig.2 Experimental parent zinc
complexes used hereafter as
references for the topological
analysis assignments

; t
Me3Si ~ _-Bu Ph

\N/ AN
By siMe; Ph” \ /

PAHVUP CADCEP

1.812

PAHVUP

Fig.3 Selected bond lengths (in A) in the calculated structures of 1-3 and PAHVUP. PBE-D3/
DGDZVP level of calculation. *Calculated in octylamine solvent (polarizable continuum model, e=3.1)

involving several representative experimental structures selected from the Cam-
bridge database [2], among which the zinc complexes are PAHVUP and CAD-

CEP (Fig. 2).

Dinuclear Zn complexes 1-3 exhibit an almost planar square-like Zn,N, ring,
especially the structure of 3, which was calculated taking into account the oct-
ylamine solvent (polarizable continuum model, ee#=3.1). Two types of Zn-N
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bonds may be distinguished in those complexes, namely the terminal (extracyclic)
Zn—Nt bonds and the intracyclic Zn—Nb bridging bonds.

The lengths of terminal Zn—-Nt bonds in 1-3 (about 1.87 A) are slightly longer
than both Zn—N bond lengths in the PAHVUP zinc-amido reference extracted from
CDB (about 1.81 A).

The four bridging intracyclic Zn—Nb bonds are longer than the extracyclic Zn—Nt
bonds, but much shorter than a standard Zn-amine bond length (2.22 A) [16]. The
substitution of amido termini by one and two cyclohexyl termini reduces the symme-
try of complex 3, yielding 2 and 1, respectively. In the latter complexes, the Zn—Nb
bonds adjacent to the cyclohexyl extremity are longer than the ones connected to
an amido extremity (Fig. 3). Terminal Zn—Ccy bond lengths, close to 2.00 A, are
slightly elongated as compared to the ones in the parent Zncy, complex calculated at
the same level (1.98 A).

The electronic structure and chemical bonding of dinuclear zinc complexes 1-3
were further studied, using ELF and QTAIM topological analyses.

ELF and QTAIM topological analyses of 3

Zn-Nt and Zn-Nb bonds of 3 are first studied according to the values of their
QTAIM descriptors calculated at the bond critical points (BCPs) (Table 1; Fig. 4).
The QTAIM descriptors of both terminal Zn—Nt bonds are very similar (Table 1).
According to the classification of Bianchi et al. [17, 18], their|V,, /Gy, ratio (1.38)
refers to the intermediate bond regime (1 < |V}, |/Gy,ep <2) included between ionic
and covalent bondings. Their significant electron density values (pp,~0.12 a.u.),
large positive Laplacian values Apy, ., and negative energy densities at the BCP Hy,,,
are in favour of a dative bond (Table 1). Both DI (0.81) and [H,ep|/pyp (0.50) values
suggest a significant covalence degree. According to the above criteria and to the
Macchi’s classification [19], the BCP descriptors of the Zn—Nt bonds are consistent

Table 1 QTAIM descriptors (in a.u.) of the bond critical points (BCP) related to Zn—N bonds in complex
3. B3PW91/DGDZVP level of calculation

#BCP BCP  py, Appep Voep chp [Hyepl/Pocp  Voepl/Goep DI Eig
(kcal mol™?)

10 Zn-Nb 0.0825 +0.307 —0.13228 —0.02776 0.34 1.27 0.50 41.50
12 Zn-Nb 0.0834 +0.310 —0.13475 -0.02858 0.34 1.27 0.50 42.28
15 Zn-Nb 0.0847 +0.311 —0.13725 -0.02969 0.35 1.28 0.51 43.06
24 Zn-Nb 0.0832 +0.306 —0.13328 —0.02834 0.34 1.27 0.50 41.82
13 Zn-Nt 0.1203 +0.397 -0.22354 -0.06218 0.52 1.39 0.81 70.14
25 Zn-Nt 0.1191 +0.391 -0.21964 —0.06094 0.51 1.38 0.81 68.91

See BCP location and labelling in Fig. 4
“Potential energy density Vy,
Energy density Hy,

“Delocalization index DI
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Zn-Nb

P=0.0825
Ap=+0307
V/G=127
HIP= 034
DI =0.50

e

Zn-Nt

£=0.1203
Ap=+0.397
V/G=1.39
Hip=0.52
DI=0.81

Fig.4 QTAIM molecular graph of 3 calculated at the B3PW91/DGDZVP level. Bond critical points
(BCPs) are located as small green spheres. Nitrogen atoms in blue spheres, zinc atoms in blue grey, car-
bon atoms in grey and hydrogen atoms in white colour. See main text and Table 1 for the definition of
BCP descriptors. (Color figure online)

with dative bonds of strong covalence degree. A very similar QTAIM description
was found for the Ni—C phenylene bond in pincer complexes [20].

The [V}yepl/Gpep ratio (1.27) of the four bridging Zn—-Nb bonds also refers to the
intermediate bond regime. The weak electron density values (p.,~0.08 a.u.), large
positive Laplacian values Apy,, (0.310 a.u.) and slightly negative energy densities
H,,,, are in favour of a dative bond of strong ionic character (Table 1). Smaller val-
ues of DI (0.5) and |Hy,epl/pyep (0.34) suggest a weaker covalence degree of Zn—-Nb
bonds as compared to the above Zn—Nt bonds. In agreement with this strong cova-
lence degree, the bond strength of terminal Zn—Nt bonds appears to be about twice
that of Zn—Nb bridging bonds (E;,,=70 kcal mol~! vs. 42 kcal mol™, respectively).

The ELF topological analysis of 3 is displayed in Fig. 5 and Table 2.

The terminal amido ligands are described by two disynaptic V(Zn, Nt) ELF
basins of inequivalent averaged populations (2.5 and 1.8 e, respectively). The corre-
sponding QTAIM atomic contributions of zinc to the V(Zn, Nt) basin population are
in the reverse order (7% and 15%, respectively). The V(Zn, Nt)a attractor is located
at about one-third of the Zn—Nt bond distance, closer to N than to Zn, while the
other V(Zn, Nt)b attractor is located at the top of the slightly trigonal pyramidal N
atom (Fig. 5). A large covariance of these disynaptic basins with C(Zn) is calcu-
lated (< &%(V(Zn, Nt)i, C(Zn))>= —0.16 and—0.19 for i=a and i=b, respectively).
In contrast to the above QTAIM analysis, the ELF description makes therefore a
clear distinction between two components of the Zn—Nt bond.
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CgH
Gt

4 QTAIM (Zn) 0.21

-0.18
Zn
C5H11HZC\ /g/ \:\11/
/ N [- 2]
. V@nNib
° 180 \ﬁ\ / CH,C5Hy4
[+ 1]Zn
0.16
.52
QTAIM (Zn) = 018 NH 12]
che 1 .80

QTAIM (Zn) = 0.27

Map of ELF attractors of 3 ELF analysis of 3

Fig.5 ELF topological analysis of 3. Maps of ELF attractors (small brown spheres or red stars), display-
ing in red their average populations (in e), covariance values in magenta and selected QTAIM atomic
charges in blue brackets (in e). Nitrogen atoms in blue spheres, zinc atoms in cyan, carbon atoms in
green and hydrogen atoms in white colour. Descriptors are averaged over the four equivalent Zn—-Nb
bonds and two quasi-equivalent Zn—-Nt bonds (see Table 2). B3PW91/DGDZVP level of calculation.
(Color figure online)

Table 2 ELF descriptors of Zn—

Nt and Zn—Nb bonds in complex ELF descriptors

3. B3PW91/DGDZVP level of V (Zn, N)* % Zn° Cov.°

calculation
Zn—Nta 2.50 0.18 (7.2%) -0.16
Zn-Nta 2.55 0.18 (7.1%) —-0.16
Zn-Ntb 1.83 0.27 (14.8%) -0.19
Zn—Ntb 1.78 0.28 (15.7%) -0.19
Zn-Nb 2.11 0.21 (10.0%) -0.18
Zn-Nb 2.11 0.22 (10.0%) -0.18
Zn-Nb 2.11 0.21 (10.0%) -0.17
Zn-Nb 2.11 0.21 (10.0%) -0.18

Average population N of the ELF valence disynaptic basin V(Zn,N)
(ine)

®QTAIM atomic contribution of Zn to V(Zn, N)
“Covariance (52(V(Zn,N), C(Zn)))

The ELF descriptors of V(Zn, Nt)a attractors are analogous to those previously
reported for the Cu—N dative bond in copper-imidazole complexes [21], or for the
dative Ag-N bond in silver-amidinate complexes [22] exhibiting a strong ionic
character, suggesting a significant contribution of the zwitterionic mesomeric form
Zn* <—N:". However, in contrast to these reported complexes, there is no remaining
monosynaptic ELF V(N) basin, which might be related to a lone pair of the nitrogen
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atom. In the ELF topological description of the parent [NHR]™ amide anion, two
monosynaptic V(N) basins, of average population of 2.13 e, are indeed found beside
the disynaptic V(N, H) and V(N, C) basins, the corresponding attractors being in a
tetrahedral arrangement in agreement with the VSEPR (Valence Shell Electron Pair
Repulsion) theory. Although the location of V(Zn, Nt)b attractors would be consist-
ent with such V(N) basins, both their large covariance with C(Zn) (—0.19) and their
QTAIM atomic contributions of zinc (15%) suggest that the second component of
the Zn—-Nt bond is a also a dative bond but with a strong covalence degree, in agree-
ment with the above QTAIM descriptors.

In contrast to Zn—-Nt bonds, the four bridging Zn—-Nb bonds are equivalent and
each of them is described by only one disynaptic V(Zn, Nb) ELF basin with a popu-
lation of 2.11 e and a QTAIM atomic contribution of zinc of 10% (Table 2). The
V(Zn, Nb) attractor is located at about one-third of the Zn—Nb bond distance, closer
to N than to Zn (Fig. 5). All of these features along with their large covariance with
C(Zn) ((6'2(V(Zn, Nb), C(Zn))>=—0.18) are consistent with the presence of four
equivalent Zn—Nb dative bonds.

ELF and QTAIM topological analyses of PAHVUP

To the best of our knowledge, the Zn-amido bond was never investigated using ELF
nor QTAIM topological analysis. Moreover, only one experimental structure featur-
ing Zn-amido bonds only could be extracted from the CDB, namely the Zn{N[C-
(CH;);(Si(CHj3)5]}, complex referred to as PAHVUP [13]. It will be used hereafter
as the reference for Zn-amido bonds. The ELF and QTAIM descriptors of PAHVUP
are displayed in Fig. 6, Tables 3 and 4.

It is first noticeable that the QTAIM descriptors of both Zn—N bonds of PAHVUP
(Table 3), although little larger, are very close to those of Zn—Nt bonds of complex
3 (Viepl/Gpep=1.27, DI=0.81, [Hypepl/ppep =0.50, E;\, =70 keal mol ™!, see Table 1).
Similarly, the ELF description (Table 4) of both Zn—-N bonds of PAHVUP (equiva-
lent via the Cs symmetry) is described by two disynaptic V(Zn, N) basins as well as
the Zn—Nt bonds of complex 3. In contrast to 3, however, the corresponding attrac-
tors are both located at both sides and about one-third of the Zn-N distance, closer
to N than to Zn, and the shift in their population or covariance is small. The only
difference between both attractors is related to their QTAIM contribution of zinc,
which is twice for the attractor with the weaker population (Table 4).

While the QTAIM description of Zn—-Nt in 3 or Zn—-N in PAHVUP refers to an
almost fully covalent dative Zn-N bond, the ELF topological analysis refers to a
two-component dative bonding with various covalence degrees. Scheme 2 illustrates
further this original description of the Zn-amido bond given by ELF topological
analysis, involving electron delocalization in PAHVUP and three most representa-
tive mesomeric forms. As a consequence of the large cumulated scaled ELF popula-
tions of V(Zn, N), namely 3.5 e (Scheme 2), a significant contribution of mesomeric
forms exhibiting a Zn=N (imino) double bond, involving both lone pairs of the parent
[NtBu(SiMe3)]_ amide anion, is expected in PAHVUP. The same holds for complex 3.
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QTAIM (Zn) = 0.20

1.86 SiMes
Me;Siy, o 016 146 A
TN -~
N Zn————N_[-1.6]
L A==
By 517 0.69 A g
1.64

QTAIM (Zn) = 0.23

Zn-N
p=0.133
Ap=+0418
V/IG=142
Hip= 0.57
DI=0.78

ELF analysis of PAHVUP

Molecular graph of PAHVUP

Fig.6 (Left) Schematic map of ELF attractors (red stars), displaying in red their average populations
(in e), covariance values in magenta and selected QTAIM atomic charges in blue brackets (in e). (Right)
QTAIM molecular graph calculated for the experimental structure of PAHVUP. Bond critical points are
located as small green spheres. Nitrogen atoms in blue spheres, zinc atom in blue grey, carbon atoms in
grey and hydrogen atoms in white colour. See main text and Table 3 for the definition of BCP descrip-
tors. B3PW91/DGDZVP level of calculation. (Color figure online)

Table 3 QTAIM descriptors (in a.u.) of the bond critical points (BCP) related to Zn-N bonds in PAH-

VUP. B3PW91/DGDZVP level of calculation

BCP  py,, Moy Vi Hp, [HoeolPocp  1Viepl/Grep  DI° iy (keal mol™)

Zn-N 0.1339 +0.418 -0.25827 -0.07692 0.57 1.42 0.78 81.03

Zn-N 0.1372 +0.426 -0.26725 —-0.08041 0.59 1.43 0.79 83.85

See BCP location and labelling in Figs. 4 and 5

“Potential energy density Vy,

Energy density Hy,

“Delocalization index DI

Table 4 ELF‘descriptors of ELF descriptors

Zn-N bonds in PAHVUP.

B3PW91/DGDZVP level of V(Zn,N)* %Zn® Cov.¢

calculation
1.86 0.20 (10.8%) —-0.16
1.64 0.23 (25.0%) —-0.17

Average population N of the ELF valence disynaptic basin V(Zn,

N) (ine)

YQTAIM atomic contribution of Zn to V(Zn, N)

¢Covariance <&2(V(Zn, N), C(Zn))>, According to the Cs symmetry
of PAHVUP, the ELF descriptors of one couple of attractors only are

disclosed
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0 ® SM NS) SM ® 2
iMe3 iMes SiMe
Zn—N 7_6?’<—> Zn : ~ —~—— Zn—N¢ 8

350 gy By gy

Scheme 2 Most representative mesomeric forms suggested from scaled ELF populations (in red) and
covariance values ((62(V(Zn,N),C(Zn))) =—0.16 and {5%(V(Zn,N), V(N, Si)) ) =—0.30)

From their QTAIM and ELF pictures, Zn—Nt bonds of 3 appear therefore to be
comparable but slightly weaker than the Zn—N bonds of PAHVUP.

The ELF and QTAIM analysis of complexes 1 and 2, featuring one or two
cyclohexyl extremities (Fig. 1), was then performed in order to study the influ-
ence of the termini on the bonding picture. The corresponding ELF and QTAIM
descriptors are displayed in Fig. 7 and Table 5.

Zinc complexes 2 and 1 result, respectively, from the substitution of one or two
Zn—-Nt bonds of 3 by Zn—Ccy bonds. The ELF and QTAIM descriptors of the lat-
ter have therefore been compared to the ones of Zn—C bonds in three references,
namely ZnEt,, Zncy, and CADCEP.

N_[-1.2]

N NN

2.10 CH,CsHy4

Ccy
Cey QTAIM (Zn) = 0.66 % 2.14
j-o 39
) -0.39 016
016 CsHy4H,C /a/ \’K /
C5H"HQC\ /a/ \*\ / \ N_[-1.3]

/ é\ /F;.ﬂ\cuzcs

[+1.0]Zn  QTAIM (Zn) =0.19

Hiy

L.012n QTAIM (Zn) = 0.18 278, -0.16
QTAIM (Zn) =0.66 2.15 % [1)113]
[-1.4] Cey Hlscs/ 1.56
QTAIM (Zn) = 0.29
Complex 1 Complex 2
/

[
[
¢ /‘
",
K %
[

Fig.7 (Top) ELF analysis of zinc complexes 1 and 2. Selected attractors are displayed as red stars and
their average population values in red (in e); covariance values in magenta and selected QTAIM atomic
charges in blue brackets (in e). Descriptors are averaged over the quasi-equivalent Zn—-Nb or Zn—Ccy
bonds. (Bottom) QTAIM molecular graphs of 1 and 2. BCPs are located as small magenta spheres.
Nitrogen atoms in blue spheres, zinc atoms in grey, carbon atoms in green and hydrogen atoms in white
colour. B3APW91/DGDZVP level of calculation. (Color figure online)
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The ELF and QTAIM descriptions of 1 and CADCEP are very similar (Figs. 7
and 8). In order to further characterize their Zn—Ccy bonds, they are compared here-
after to the topological analyses of ZnEt, and Zncy,, displayed in Fig. 9.

The Zn—Ccy bonds of 1 and 2 and the Zn—Cmethyl (Zn—-Me) bonds of CADCEP
exhibit very similar ELF and QTAIM descriptors than those of ZnEt, and Zncy,
(Figs. 7, 8 and 9). For all Zn—-C bonds in all five zinc complexes, the [Vye,|/Gpep
ratio (= 1.50) refers to the intermediate bond regime between ionic and covalent
bonds. The significant electron density values (p),,~0.11 a.u.), large positive Lapla-
cian values Apy,., and negative energy densities at the BCP H,,, are in favour of a
dative bond (Figs. 7, 8 and 9; Table 5). Both DI (0.80-0.84 range) and |Hy,l/ppep
(~0.45) values suggest a significant covalence degree. According to these crite-
ria, the QTAIM descriptors of the Zn—C bonds are consistent with dative bonds of
strong covalence degree, very similar to the QTAIM description of the first compo-
nent of Zn—-Nt bonds of 3 and of the Ni—C phenylene bond in pincer complexes [20].
This is further illustrated by the following representative mesomeric forms of equal
weight describing diethyl- and dicyclohexylzinc complexes.

The QTAIM descriptors of the four quasi-equivalent Zn—Nb bonds of 1, 2 and
CADCEP (|V}yepl/Gyep ratior 1.25, DI (0.47) and |Hy,epl/ppe, (20.33)) are slightly
smaller than those of complex 3 (Fig. 5; Tables 1 and 2), suggesting a little weaker
covalence degree of these dative bonds. This is also supported by their ELF popula-
tion values (2.10 e in 1 and 1.98 e in CADCEP vs. 2.11 e in 3). There is a very little
influence of the extracyclic cyclohexyl termini on the bridging intracyclic Zn—Nb

Zn-Nb
p=0.0752
Ap=+0.288
V/IG=124
Hip= 029

%% 0.69 A DI(Zn,N) = 0.41

1
[+1 0] Zn S
2.11 % \/\1“
QTAIM (Zn) = 0.70 -0.39 Zn-C
Me [0.6] ¢ p
p=0.1091 5
Ap=+0.188 ¢
V/IG=1.51
Hip= 044
DI=0.84

Fig.8 (Left) Schematic map of ELF attractors (red stars), displaying in red their average populations
(in e), covariance values in magenta and selected QTAIM atomic charges in blue brackets (in e). (Right)
QTAIM molecular graph calculated for the experimental structure of CADCEP. BCPs are located as
small green spheres. Nitrogen atoms in blue spheres, zinc atoms in blue grey, carbon atoms in grey and
hydrogen atoms in white colour. B3PW91/DGDZVP level of calculation. (Color figure online)
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CH; CH;3
Eth—Ca - EtZn :CH Q
2 ® 2 cyZn—C - cyZ@n c
ZnEt, Zncy;
Zn-C
p=0.112
Ap=+0.178 )
¢ V/G=154 127 A 9,_10 -04{‘16 CHj
2.13
Hzc_*_—zn_'*_cHz
-~ [+0.8] [-0.4]
H;C 0.70 A
ZnEt,
Zn-C
p=0.111
Ap=+0.173 -0.40
V/G = 1.54 . 040
Hip= 0.46 12A 9\15
Dl 0.80 -~ 13
C—+——Zn——C
’“\ . [+08] [-04]
0.7A
Zncy,

Fig.9 (Left) QTAIM molecular graph calculated for ZnEt, and Zncy,. Bond critical points are located
as small magenta spheres, zinc atom in grey, carbon atoms in green and hydrogen atoms in white col-
our. (Right) Schematic map of selected ELF attractors (red stars), displaying in red their average popula-
tions (in e), covariance values in magenta and QTAIM atomic charges in blue brackets (in e). B3PW91/
DGDZVP level of calculation. (Color figure online)

bonds. The covalence degree of the Zn—Nb bonds adjacent to the cyclohexyl extrem-
ity is slightly stronger.

Chemical reactivity investigated from Fukui indices

The chemical reactivity of the diamido-dicyclohexyl-dinuclear zinc complex 1, of
two related complexes with one or two amido extremity (2 and 3, respectively) and
of CADCEP was further investigated using Fukui functions f~ condensed on the
ELF basins (Fig. 10).

The largest fg;  values are obtained for the ELF valence basins of the termini,
namely both equivalent cyclohexyl (resp. methyl) termini in complex 1 (resp CADCEP)
or both amido termini in complex 3. In complex 2, the extracyclic Zn-amido extremity
is the most sensitive to electrophilic attack. One dative component of the Zn—Nt bond is
more reactive than the other (f~(V(Zn, Nt)a)=0.38> f"(V(Zn, Nt)b)=0.21), while the
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2.1 >/< f=0.10
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Zn H
05H11H2c\ }‘/ \:.1V
/N N\

H \ﬁ\ / CH,C5H

P 2%51111

212% f=0.19 2.15
Me Cy
CADCEP* 1°
f=0.21 =010 c.
1.56 , ~Cethis W
Hi¥ T f=0.15
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Zn H

Zn H
CsH”HzC\ / \:11/
/N N\

H E\ /X{ CH,CsH

P 251111

H CH,CgHy,
Zn
2.52J{
2.14 H
Cy Hy3Ce 1.80
2° 3"

Fig. 10 Selected values of ELF populations (in red) and Fukui functions f~ condensed on ELF basins
(in bold) for the complexes 1-3 and CADCEP extracted from the CDB (B3PW91/DGDZVP level of
calculation). * Experimental geometry extracted from the CDB. ® Geometries calculated at the PBE-D3/

DGDZVP level. (Color figure online)

cyclohexyl extremity exhibits no reactivity (f (V(Zn, Ccy))=0.0), suggesting that the
former are the most reactive. In zinc complex 2, where both the extracyclic cyclohexyl
and amido extremities are present, the latter is the most reactive. Terminal zinc-amido
bonds or zinc-alkyl bonds are therefore more reactive than the bridging Zn—Nb bonds.
This is consistent with an oligomerization pathway involving the propagation reaction
via these terminal bonds and the cy-Zn-NHR intermediate (R=C,,H,5 for DDA or
R=C¢H,; for the octylamine model) (Fig. 1, Egs. 3 and 4).
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Conclusions

The intracyclic bridging Zn—-Nb bonds, the terminal zinc-amido (Zn—Nt) and
zinc—cyclohexyl (Zn—Ccy) bonds of three dinuclear zinc complexes 1-3 have been
finely characterized using ELF and QTAIM topological analyses. To the best of our
knowledge, the zinc-amido bond is studied here for the first time using topological
analyses. The ELF picture of zinc-amido bonds refers to a two-component dative
bonding with two different covalence degrees. Moreover, it may be described by
a significant contribution of mesomeric forms exhibiting a Zn=N double bond as
illustrated for the experimental Zn{N[C(CHj;);(Si(CH;);]1}, complex, referred to as
PAHVUP in the CDB and used here as a representative of zinc-amido bonds.

Fukui indices condensed on the ELF basins allow for the comparison of the
chemical reactivity of the three complexes. The larger sensitivity to electrophilic
attack of the terminal zinc-amido bonds with respect to the bridging zinc-amido
bonds or to the terminal zinc—cyclohexyl bonds is evidenced.

Computational details

Geometries were fully optimized at the PBE-D3/DGDZVP level of calculation using
Gaussian09 [23]. Vibrational analysis was performed at the same level as the geom-
etry optimization. Solvent effects of octylamine (¢=3.1 [24]) were included using
the polarizable continuum model (PCM) implemented in Gaussian09. The influence
of the length of the alkyl chain of the model amine of DDA was studied. No sig-
nificant difference was found in the results using either hexylamine (H,NC¢H,;) or
octylamine (H,NCgH,,). The former was therefore selected in order to reduce the
computational cost. However, octylamine was used as the solvent in PCM calcula-
tions, as its required dielectric constant was known.

Electron localization function (ELF) [5, 6] and topological analysis and quan-
tum theory of atoms in molecules (QTAIM) [3, 4] analyses were performed with
the TopMoD package [25]. ELF maps were plotted using the Molekel program [26].
QTAIM analysis was also performed with the AIMAII software [27].

Topological analyses

Topological methods are based on the analysis of the gradient field of a local func-
tion within the dynamic field theory and provide a partition of the molecular space
into non-overlapping basins.

The topological analysis of the electron density p(r), designed as the quantum
theory of atoms in molecules (QTAIM) by R. Bader, yields atomic basins and
QTAIM atomic charges [3, 4]. It allows defining bond paths and bond critical points
(BCPs). The nature of the chemical bond is characterized from various properties of
the electron density at the BCPs, especially the sign of the Laplacian of the electron
density and the values of the kinetic energy density (G,,), of the potential energy
density (V,,) and of the energy density Hy.,= G+ Vi, following the Bianchi’s
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[17, 18] and Macchi’s classification [19]. Negative and positive values for the Lapla-
cian of the electron density at the BCP (4py,,) are assigned to «electron-shared»
and «closed-shell» interactions, respectively [3, 4]. Bianchi et al. [17, 18] distin-
guish three bonding regimes, depending on the value of the absolute ratio of the
potential energy density to the kinetic energy density (|Vpepl/Gyp)- The intermedi-
ate bond regime (1 <[V}, l/Gpp<?2) lies between electron-shared covalent bonds
(IVpepl/Gpep greater than 2) and closed-shell ionic bonds or van der Waals interac-
tions (|Vyepl/Gyp lower than 1) and includes dative bonds and ionic bonds of weak
covalent character. The Macchi’s classification relies on the values of both local
descriptors and the delocalization index (DI) and offers a way to refine the bond
characterization further. The covalence degree may be estimated from the latter
and from |Hyl/py, [18]. The strength of the interaction may be estimated from the
correlation scheme of Espinosa et al. [28, 29] providing the corresponding positive
interaction energy (E;, =—"2 V), with E;, (kcal mol ') =-313.754x Viep (au).

The electron localization function (ELF) measures the excess of kinetic energy
because of the Pauli repulsion [5, 6]. ELF values are confined between 0 and 1. ELF
is close to 1 in regions where electrons are single or form antiparallel spin pairs,
whereas it tends to 0 in regions where the probability to find parallel spin electrons
close to one another is high [5, 6]. ELF tends to 1 in those regions where the elec-
tron localization is high (atomic shells, chemical bonds and lone electron pairs) [30],
whereas it tends to small values at the boundaries between these regions [31]. The
topological analysis of the ELF gradient field yields a partition of the molecular
space into non-overlapping electronic domains, basins of attractors, classified into
core, valence bonding and non-bonding basins. The attractors, namely local maxima
of the ELF function, can be single points (general case), circles or spheres depend-
ing on the symmetry [7]. These basins are in one-to-one correspondence to the core,
lone or shared pairs of the Lewis model. A core basin contains a nucleus X (except
a proton) and is designated as C(X). A valence bonding basin lies between two or
more core basins. Valence basins are further distinguished by their synaptic order,
which is the number of core basins with which they share a common boundary. The
monosynaptic basins denoted as V(X) correspond to lone pairs, whereas the di- and
polysynaptic ones are related to bi- or multi-centric bonds, denoted as V(X1, X2,
X3...). The average population of the basin is obtained by integration of the one-
electron density over the basin volume. A statistical population analysis allows for
considering the variance and the covariance of the basin populations, which are
related to the electron delocalization [32]. The populations do not take integral val-
ues and are about twice the topologically defined Lewis bond orders for bonding
valence basins [32, 33]. The populations and (co)variances of these valence basins
can be further interpreted in terms of weighted combinations of mesomeric struc-
tures [32, 33].

Chemical reactivity descriptors

The Fukui function was introduced by Parr and Yang as the response of the elec-
tron density of the molecular system to a change in the global number of electrons
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[10]. It can be expressed as the derivative of the electron density p(r) with respect
to the number of electrons N calculated at a constant external potential v(r).
Because of the discontinuity in this derivative, left and right derivatives have to
be considered. The local Fukui functions f"(r) = (dp/0N)*v and f~(r) = (dp/ON)"v
are therefore the response for adding or removing electrons from the system and
allow for the investigation of nucleophilic and electrophilic attack, respectively.
The finite difference approach (AN==+1) allows for estimation of local Fukui
functions f(r) from the electron density p(#) or of atomic Fukui indices f(A) from
atomic charges Q(A) [34]:

ffin= 1N =py (M)~ (1) = py(r)—py_1 (1)
JT(A) = Oy(A)=0p 11 (A)if 7 (A) = Qy_1 (A)—On(A)

Alternative schemes involving frontier molecular orbital (FMO) Fukui func-
tions (electron density approximated by densities of FMOs) condensed within an
AIM [11] or ELF [12] topological partition have been disclosed.

2
()= /x lfgs(r)| dr is therefore the contribution of the FMO

F(a = — : F =HOMO; a =+ : F = LUMO) to the atomic AIM basin or to the
core or valence ELF basin X. The latter descriptors are more attractive than the
atomic indices of the finite difference approach, because they are confined in the
0 to 1 range and they sum up to one (0<fy “<1 and Y, fy “=1). The larger the
value of the findex, the more reactive the corresponding basin X.

Memories with Professor Michel Che

Following a PhD under the direction of Professor Dani¢le Olivier in Laboratory
of Reactivity and Surfaces (LRS) and a postdoctoral stay in Caltech in the group
of Professor R. H. Grubbs, I joined the group of Professor Michel Che to work in
the field of Coordination Chemistry at the Interface (ICC).

Following the advice of one member of my PhD committee, Professor Jean-
Marie Basset, I was encouraged by Professor Michel Che to implement molec-
ular modelling in LRS within an experimental and theoretical chemistry inter-
play. Professor Michel Che initiated a collaboration with Professor Patrick
Chaquin and Doctor Claude Giessner of the Laboratory of Theoretical Chemistry
in University Paris VI. Then, he gave me a chance to be introduced to topological
analyses and chemical bonding analysis. Professor Michel Che indeed asked me
to represent him in a network about the development of VASP (Vienna Ab initio
Simulation Package). There, I met Professor Bernard Silvi and Professor Andreas
Savin of the Laboratory of Theoretical Chemistry (and topological analyses!) for
the first time. It was the very first beginning of a long story of fun with electron
localization function (ELF) topological analysis illustrated by the work reported
in this article. Thanks again to Professor Michel Che.
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