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Conspectus. Noncovalent interactions (NCIs) have long interested a vast community of
chemists who investigated their “canonical categories” derived from descriptive crystallography,
e.g H-bond, n—n interaction, halogen-chalcogen-tetrel bonds, cation and C-H-r interactions,
metallophilic interactions in the broad sense, etc... Recent developments in theoretical
chemistry enable the treatment of noncovalent interactions under new auspices: dispersion force-
inclusive density functionals have emerged, which are reliable for modeling small to large
molecular systems. It is possible to perform the full analysis of the contributions of London,
Debye and Keesom forces, i.e. the main components of van der Waals (vdW) forces, by the
DFT-D and ab initio methods at a reasonable computational cost. Our research has been
focusing for now 15 years on the role of NCls in the cohesion of organometallic complexes.
NCIs are not only effective in Werner’s secondary coordination sphere but also in metal’s
primary one. The stabilization of electron unsaturated transition metal complexes by
hemichelation, metal-metal donor acceptor complexes, the self-aggregation of cationic Rh(I)
chromophores have indeed outlined the significance of London Dispersion force (LDF) as an
attractive force operating throughout the whole molecule or molecular assembly. The recent
outburst of interest for C-H bond functionalization led us to address the broader question of
reaction and catalyst engineering: although one can now satisfactorily analyze bonding and
molecular cohesion in transition metal-based organometallic systems, can modern theoretical
methods guide reactivity exploration and the engineering of novel catalytic systems ? We
addressed this question by investigating the Ambiphilic Metal-Ligand Activation/Concerted
Metalation Deprotonation (AMLA/CMD) mechanism involved in the transition metal-catalysed
directed C-H bond functionalization. This endeavor was initiated having in scope the
construction of a rationale for the transposition of 4-5d metal chemistry to earth-abundant 3d
metals. In this base-assisted mechanism of C-H bond metalation, agostic interactions are
necessary but not sufficient, for C-H bond breaking actually relies on the attractive NCI-coding
of a proton-transfer step and the minimization of metal-H repulsion. This account introduces the
recent shift of our research towards the construction of a NCl-inclusive paradigm of chemical
reactivity engineering based on experimental efforts propped up by state-of-the-art theoretical

tools.
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INTRODUCTION

The recent revived interest for non-covalent interactions (NCIs) in chemical bonding' and
reactivity” in organometallic chemistry has been made possible by the concomitant development
of DFT methods that include the long neglected London dispersion force (LDF).> Although
Eyring® united in 1932 the then existing quantum theories of chemical bonding and the theory of
chemical reactivity into a consistent model of calculation of potential interaction energies that
includes the LDF introduced 2 years earlier,” very few reports on the relevance of LDF and NCIs
(e.g. the tautological van der Waals forces) to reactivity showed up before the 1940s. The
relevance of NClIs to the question of molecular cohesion and reactivity was first addressed by
Bunnett® and Spinner’ two decades later to rationalize the kinetics of nucleophilic substitutions.®
Although the relevance of NCIs in defining reactivity and chemoselectivity has been debated for
a century,’ their importance in reaction dynamics'® was only recently stressed as playing a
crucial role in defining reaction activation energy barriers within the so-called “reactant

complexes”.

If the majority of recent studies consist of “a posteriori” investigations of the role of NClIs in
metal-ligand or metal-metal bonding in organometallic compounds,'’ the question of the role of
NClIs in reactivity remains largely unaccounted. Here, we focus on the question of cohesion and
the role of NCIs in isolable transition metal complexes, which furnishes the background for our

current study of the factors determining the reactivity of organometallic compounds.
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Figure 1. Revisiting historical cases reveals the importance of NCIs in organometallic cohesion.
(a) The first occurrences (Mol, Fel and Mnl from L1) of the thermally favored suprafacial
formation of homo and hetero-bimetallic azulene m-complexes. (b) and (c¢) Syntheses of Crl,
Fe2, Rh1 and Mo3 from Mo2. (d) ADF-NCI plot®" analyses of chosen examples.

Cohesion.

Cohesion is the resultant of attractive and repulsive forces within a molecule or a molecular
assembly. The question of the origin of cohesion influenced our research on isolable cases of
electron-unsaturated transition metal complexes, which led to the emergence of hemichelation."

Our interest extended to intermolecular complexes like those shown below.

Syn-facial vs. anti-facial coordination and cohesion in organoheterobimetallic compounds.
The central role of NCIs in structural cohesion can be readily figured nowadays by revisiting the
founding organometallic chemistry of the 1950-60s that was long based on the descriptive
crystallographic analysis of bonds. In the late 1950s, Wilkinson et al. reported the suprafacial
synthesis of bimetallic complexes of azulene by the thermolytic treatment of the latter ligand
with molybdenum and iron carbonyls.'” Later, Churchill et al."’ investigated further the
coordination chemistry of azulenes and noted that the stereochemical course of the reaction
could produce either syn-facial or anti-facial bimetallic complexes (Figure 1) leaving the

preference for either isomers unaddressed. Behrens et al.'* showed that syn-facial



heterobimetallic complexes could be synthesized by treating azulene Mo and Cr complexes with
labile sources of Cr(CO)s;, Rh(CO)," and Fe(CO); fragments (Figure 1). However the authors
expressed doubts about the existence of a covalent metal-metal bond due to the overly long inter-
metal distances measured by structural XRDA (d > Zrygw ~ 2.8 A) and to the significant

lblde The analysis of these historical cases with the

fluxionality of the complexes in solution.
intuitive NCI plot" tool’ (Figure 1d) reveals the ubiquitous nature of local intermetallic
attractive NCls, suggesting above all that they could favor the intramolecular positioning of two
metal centres close to each other. It must be stressed however that, by construction, NCI plot’
only materializes NCI regions developing between weakly bonded fragments at close contact.
Comprehensive descriptions of LDF and electron correlation energy contributions to cohesion

from remote molecular fragments should better be sought at the WFT level (vide infra).'*!®
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Scheme 1 (one column). (a) The supra and antarafacial binding of cationic transition
metal fragments to anionic tricarbonyl(n’-indenyl)chromate Cr3 that yields Rh3 and Rh2,
ligand substitution on Rh3 affording Rh4 and Rh5. (b) Rh6 when treated with nbd evolves to
Rh3 via metastable Rh7. (c) The drive to syn-faciality: anti-facial Rh7 converts irreversibly to
syn-facial Rh3 upon catalytic treatment with Rh and Ir salts.

The work of Ceccon et al. provides further illustrations of the preference for syn-facial bimetallic
architectures in indenyl-based Cr(CO); complexes (scheme 1)."” The reaction of anion Cr3 with
[RhCl(cod)], " and with [RhCl(nbd)], *° provided variably single products of opposite facial

positioning of the metals on the indenyl ligand, where in anti-facial heterobimetallic compounds



such as Rh2 the Rh(cod) unit was seemingly n’-bonded to the 5-membered ring. The slow but
irreversible conversion of anti-facial Rh7 into syn-facial Rh3 in the presence of catalytic
amounts of [Rh(nbd)][BF4]*° with an enthalpy of activation of ca. +12 kcal/mol, counter-
intuitively suggested that thermodynamic control privileges the syn-facial isomer (scheme 1).*'
A first theoretical investigation®” of this unusual “syn-facial tropism” carried out with the EHMO
method concluded evasively to the “heterodox nature of the Cr—Rh interaction, owing to the
lack of supposedly stabilizing and driving intermetallic bonding orbital interactions. In a new
approach of Ceccon’s system we focused particularly on the role of electron correlation
(assimilated to the close-to-middle distance range component of LDF) in the stabilization of the
syn-facial isomers.'® Energy differences between syn- and anti-facial isomers were calculated at
different levels of the WFT (HF vs. SCS-MP2) and DFT (DFT vs. DFT-D2). Calculations at the
electron correlation-exempt HF level were found to favor the anti-facial isomers whereas SCS-
MP?2 favored the syn-facial arrangements, inter-fragment correlation energies reaching maximum
values for the Cr—Rh interaction (-6 kcal/mol) and for the Rh-bound CO-to-Cr interactions

(Figure 2a).'®

Strikingly, ligand-ligand correlation energies across metals were found to
contribute significantly to the thermodynamic bias in favor of the syn-facial isomers. Figure 2a
shows the difference in interfragment correlation interaction energies computed for the syn
isomer of Rh4 vs. its anti isomer.'® Worthy to note, the NCI plot" analysis applied to Rh8
(Figure 2) provides an incomplete view of key NClIs; it only reveals the local attractive NClIs

build up in the Cr—Rh interspace surrounded by a bank of vdW contacts and/or repulsive Pauli

. . 2
Interaction. 3
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Figure 2. (one column) (a) Differences in intrafragment (diagonal entries) and interfragment
(off-diagonal entries) correlation energies (kcal.mol™) between syn and anti isomers of Rh4 at
the SCS-MP2 level (Reprinted with permission from ref. '® Copyright 2009 American
Chemical Society). (b) The ADF-NCI plota for Rh8 only reveals the local attractive NClIs
residing in between the two metal centres.
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Figure 3 (one column). Description of hemichelation in a tricarbonyl(n’-fluorenyl)chromium 14
valence electrons Pd(II) complex.**



Hemichelation. The term hemichelation proposed in 2013
terminology for those peculiar situations where Langmuir’s valence electron rule®

transition metals is violated.

If chelation is the entropy-governed”

emerged to fill a gap in the
for late

coordination of a ditopic

ligand to a metal center, hemichelation is another entropy-favored hetero-bisligation where one

of the two sites binds the metal non-covalently (Figure 3).
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Scheme 2 (one column). The first cases of “hemichelates” Pd1 and Pd2 reported by
Kalinin et al. 27inspired further syntheses of Pd(II), Pd(I), Pt(Il) and Rh(I) cases. 242

The first cases of hemichelates of Pd(Il) appeared in the early 1990°s*™ but where not
coined as such by Kalinin’s group (scheme 2): complexes Pd1 and Pd2 both displayed a syn-
facial bimetallic arrangement and the hindered rotation of the Cr(CO); rotor. 25 years later we
proposed to describe Kalinin’s compounds as hemichelates of a Pd(II) center bearing a formal 14

valence electrons configuration.'™**
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Scheme 3. Hemichelates of Mn(I) (and Re(I))* synthesized by the thermolytic condensation of
diazoalkanes with tetracarbonylmetallacycles or by the electrophilic trapping of acylmetallates.

High fluxionality produced by the fast oscillation of the (n*-allyl)Pd moiety between the
two benzylic positions of the indenyl was observed in the thermally unstable complexes Pd3-5
(scheme 2).** A study of the dynamics of the fluxionality of Pd3 by Sieffert’® based on
metadynamic-DFT calculations dubbed with QTAIM analysis showed that the fastest motion is
the ring slippage of the indenyl ligand with respect to the Pd centre that is coupled with the
rotation of the Pd-borne 2-methylallyl ligand, the Cr(CO); rotation being significantly slower
with a fast rocking motion consisting of transient approaches of carbonyl ligands to the Pd
centre. This result corrects the “static view” of a purely NCls-supported intermetallic

interaction, which should be better seen as a dynamic Coulombic- and LDF-dominated
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interaction supported by weak dynamic transient covalent side interactions of the hemichelated

metal with neighboring CO ligands.

Changing the allyl ligand for a {k/N,xC} heterochelate afforded stable complexes Pd6-10
(scheme 2). Structural fluxionality in solution was established in the case of Pd8 by chemical
means applying the Curtin-Hammett principle:lb under acidic treatment planar chiral
tricarbonyl[2-methyl-(n®-indene)]chromium was released with a temperature-dependent

enantiomeric excess.

DFT investigations showed in all cases, e.g. Pd3-10 (scheme 2), that the syn-facial
arrangement of the hemichelated metal 7' bonded to the indenyl ligand, is by ca. 10 to 15

1b,28a

kcal/mol privileged over any anti-facial isomer. Furthermore, it was found that syn-facial

hemichelating situations are more stable by ca. 15 kcal/mol than the alternative syn-facial 7’
bonding of the Pd to the indenyl ligand similar to the Rh and Ir cases reported by Ceccon et al.*’
If weak covalent interactions were suspected from the short contacts between Cr-bound CO

ligands and the Pd atom in Pd6, they were deemed too weak bridging interactions.”*

Two rhodium(I) hemichelates®® Rh9 and Rh10 (scheme 2, Figure 4) were synthesized
by reacting anion Cr7 with [RhCl(nbd)], and [RhCI(CO),]». In both complexes, the Rh atom is
1" bonded to the benzylic position and distant by about 2.8 A from the Cr center. The latter is
ideally positioned in the vacant fourth coordination site of the Rh center. Theoretical analyses”
based on NCI plot,"”” IQA*' and QTAIM?? suggested no covalent bond between the two metals,

the stability of the two species stemming from attractive coulombic interactions and LDF.

The concept of hemichelation' also applies to unsaturated octahedral coordination geometry
such as that of the Mn(I) center in Mn5-7 (scheme 3). The first examples of such hemichelates
were reported in 1998.2” In those complexes, the Cr(CO); moiety non-covalently binds the 6"
vacant coordination site at Mn(I) or Re(I) centres (d[Cr-Mn(Re)] ~ 3.04 A). The Cr(CO); rotor
displays a slow rotation with a barrier of ca. +15 kcal/mol.” The folded rigid 6-membered
metallacycle and the overall cluttering around the two metals confer an outstanding thermal
stability and air tolerance to these 16 electron Mn(I) (or Re(I)) complexes.”* A DFT-DI

theoretical study34 described the nature of the interaction between the Cr(0) center and the Mn(I)

12



as a mutually compensating combination of a Cr—Mn donor-acceptor 3-orbital 4-electron
interactions and its Mn—Cr back-bonding counterpart supported by LDF and electron

correlation. A fictitious anti-facial isomer was found to be less stable by ca. 15 kcal/mol than its

syn-facial counterpart.
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Figure 5 (two columns). (a) Pomeroy’s donor-acceptor complexes are cohesive thanks to
electron correlation and LDF'®, the intermetallic covalent component alone being too weak to
ensure cohesion. (b) Correlation energy contributions (inter- and intrafragment) to the
dissociation energy (i.e., the HF energy is omitted) along the dissociation path for Osl at the
SCS-MP2/ level. The interligand LDF (DFT-D) contribution is also given (Reprinted with
permission from ref. '®®, Copyright 2010 American Chemical Society).

Unsupported Metal Donor-to-Metal Acceptor Complexes. We have shown that the
intramolecular cohesion of a synfacial complex does not only rely on localized metal-centered
interactions. LDF-based inter-ligand interactions across the metals as well as metal-ligand
interactions at a distance contribute significantly to cohesion. Evaluating the validity of these
conclusions with compounds devoid of a bridging ligand was essential. This endeavor stressed
that a conventional metal-centered analysis of bonding limited to the primary coordination
sphere was insufficient and misleading. Only the determination of the balance existing between
all attractive and repulsive metal-ligand, intermetallic and interligand interactions in an
unsupported metal-metal donor-acceptor (D-A) complexes could reveal the origin of molecular
cohesion. The first type of unsupported metal-metal interaction to be addressed was that of

stable and solution-persistent Lewis-type metal-metal donor-acceptor (D-A) pairs.16b A large

13



choice of persistent and temperature-stable complexes were available where an Os-centred
moiety acted as a 2 electron donor in a Lewis pair (Figure 5a) formed by solvent displacement
from solvato complexes of W, Cr or Mn acting as Lewis acceptors.” The predominance of an
intermetallic “dative bond” was claimed in numerous cases based on the conclusions drawn from
the HF analysis by Nakatsuji ef al of one prototypical model.*®. Our study carried out with DFT-
D and WFT methods invalidated Nakatsuji’s conclusions though. The low wvalues of
intermetallic Wiberg bond index and the weak accumulation of charge densities around the
metals were clear symptoms of a very weak covalent metal-metal interaction. Semi-local DFT
approximations, the double-hybrid B2PLYP functional as well as the dispersion-corrected DFT
methods (TPSS-D2 and B2PLYP-D2) and the WFT-based SCS-MP2 established the
overwhelming contribution of both intermetallic and interligand LDF in the Lewis pair’s

16b

cohesion (Figure 5b). ™" NCI plots showed local attractive interaction domains between metal

centers, like in Os1 and in the -BuN=C complex Os2 (Figure 5a).>

14
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Figure 6 (one column). (a) Analysis of Dicationic bis[tetrakis(phenylisonitrile)rhodium(I)]
[Rh11],>" by IQA* and ADF-NCI plot’: the former shows the major repulsive Coulombic
component of the Rh-Rh, C-C and N-N interactions, the latter outlines the correlation-based Rh-
Rh attraction. (b) LDF contributions (TPSS-D3) of the metal atoms and ligand fragments to the
dissociation energy of [Rh11],>" (Reprinted with permission from ref. '* Copyright 2011
American Chemical Society).

When LDF beats Coulombic Repulsion. To probe the stabilizing contribution of LDF from
extended ligands we chose to address the typical case of square planar monocationic

tetrakis(alkyl or arylisonitrile)Rh(I) complexes known for their propensity to form dicationic

15



dimers and other oligomeric polycations when dissolved in polar solvents or when crystallized.”’
Since in most reported cases Rh(I)-Rh(I) dimers displayed an average metal-metal distance of ca.
3.1 A conjectures fueled the hypothesis of a special metal-metal “d"-d" interaction®® acting as
the central driving force of the aggregation. The prototypical [(PhCN);Rh]" ([Rh11]")
complex®® was investigated both experimentally and theoretically'® using DFT-D3 and WFT-
based (SCS-MP2) methods (Figure 6a). The salient result of our theoretical study was that those
dicationic dimers are stable in polar solvents mostly due to interligand LDF that overruns
Coulombic repulsion. The IQA®' analysis®'® shown in Figure 6a illustrates the entanglement of
attractive and repulsive interligand Coulombic interactions. Various DFT investigations of the
dissociation of dimers revealed that the formation of stable dimers required the use of LDF-
corrected functionals combined to a continuum screening solvation model and concluded to a
large contribution of the LDF correction to the binding energy (ca. -43 kcal/mol, Figure 6b)."
The influence of the LDF correction to native functionals was particularly visible from the
“compactization” of the dimer structures, the aromatic isonitrile ligands enhancing their mutual
attractive interactions (Figure 6b). The calculated Gibbs free energy of -7.3 kcal/mol for the
formation of [Rh11],>" compared well with the experimental value of ~ -2 kcal/mol inferred
from experiment.”” SCS-MP2 calculations revealed that d"-d® valence correlation contributes by
about -3.5 kcal/mol to binding near the equilibrium distance (core and core-valence correlation
between the metals adding -1.3 kcal/mol to binding), which represents only 10-15% of the total
interaction correlation energy. This result rules out the driving role of d®-d® interactions that

deceivingly appear as dominant in the NCI plot’ analysis (Figure 6a).

Reactivity.

NClIs play a great role in the stability of molecular aggregates. In reactions in solution, a
transition state (TS) may be preceded by the reversible formation of vdW molecular aggregates
of the reactants, also known as reactant complexes (RCs). The latter constitute a peculiar form
of the assembly of reactants preparing to the bond breaking/forming event occurring at the

nearest low lying TS.'%4

By virtue of their flexibility, NCIs allow the optimal adjustment of
the RCs’ geometry and electronic structure in their way to TSs. Among all the components of

NClIs involved in chemical reactions, local electric fields are well known powerful players in the
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polarization and reorganization of bonds.*' Therefore, if NCIs take a major role in the

polarization of bonds in the “reactive site”’

of a RC, thus preparing it for further chemical
transformation, describing NClIs qualitatively and quantitively at a reactive site is the key to

controlling chemical reactivity.

The investigations by Bistoni and Neese* of the role of LDF in the stabilization of so-
called C-H...metal agostic interactions turned our attention to similar intermediates that are

crucial RCs in the so-called AMLA/CMD mechanism* relevant to C-H bond functionalization
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Figure 7. The agostic pre-dial and pre-dia2 intermediates*> drawn as a diagrams of the (3,+1)
ring (green dots) and (3,-1) bond critical points (red dots) and paths, display NCI plota
isosurfaces of attractive domains (red-colored) centered at bond critical points that prefigure the
base-assisted carbopalladation reaction. Attractive rings suggest NCls-supported covalent o-C-
H-Pd agostic bonds.

The buildup of attractive NCI plot isosurfaces in key agostic C-H...Pd intermediates of the
enantioselective base-assisted palladation of a C-H bond in cyclopropanes® (Figure 7) suggested
that the ensuing concerted base-assisted proton-transfer /carbometallation step might well be
somewhat “NCI-coded”. This hypothesis prompted us to start a deeper scrutiny of the interplay
of local NCIs in AMLA/CMD-based cyclometallations. Our early investigations relied on a
combination of state-of-the-art tools free of issues related to BSSE: DFT-D*® and QTAIM-

15,1

IQA’" analysis were privileged for preliminary evaluations of interactions, NCI plot'>" was used
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for swift diagnostics of existing NCls signatures in the reactive site of a given RC. The accurate
analysis of the partitioning of NCI energy contributions was eventually achieved by the

LED/DLPNO-CCSD(T) method.?

The NCl-inclusive Exploration of Reactivity in the Base-Assisted Cyclometallation
of Aromatics. We undertook a systematic investigation of the base-assisted cyclometallation
reaction geared by the AMLA/CMD mechanism that was largely studied with complexes of 4-5d
metals. Our far reaching goal was to devise a predictive methodology that could help
engineering its applications in homogenous C-H bond functionalization catalysis with

challenging 3d transition metals such as Ni and Co.”
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Figure 8. (a) The simplified AMLA/CMD mechanism. (b) (COSMO)-DFT-D energy profiles of
the cyclo-palladation/nickelation®® of N,N-dimethylbenzylamine and of the cyclo-
iridation/cobaltation®™ of 2-phenylpyridine using AcO™ (black lines) and AcNH™ (red lines) as
bases.’

The AMLA/CMD mechanism entails three steps (Figure 8). The first step is the
coordination of the “directing group” acting as a ligand giving rise to a so-called “anagostic”
intermediate, noted anag where the C-H bond to be activated is generally positioned at ca. 2.7-
3.2 A from the metal centre with a weak interaction of the latter with the carbon of the C-H

motif. The second step is the decoordination of one of the x*-metal-bound carboxy-base leading

via transition state TS-ag to the formation of an agostic intermediate ag. In the latter the C-H
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bond attractively interacts with the metal centre located within a multipolar environment where
the positioning of the C-H bond close to the vicinal cis base prefigures the following C-H bond
cleavage. The third step is the C-H bond activation that consists of the concerted metallation of
the reactive carbanionic center and a proton transfer to the nearby base in ag via transition state
TS-CH that leads to McH. This mechanism was instrumental to probe the question of NCIs’
influence over the rate determining step for Ni and Pd(II) as well as for Co and Ir(IIl) centres.” If
intermediate ag is still to date an elusive “mind view”, the hypothesis of its pivotal role has
gained strength in a recent report on the time-resolved IR spectroscopic® tracking of short-lived

species produced by protonation of a manganacycle.

The striking similitude of the NCI plots of the intermediates of the investigated Ni, Pd,
Co and Ir-based CMD mechanisms” (Figures 9 and 10, cf. Supp. Mat.) outlines features

independent from the nature of the metal and of the level of theory used that are:*

a) the rate limiting step of the cyclometallation reaction is the formation of the agostic

intermediate ag from anag via TS-ag.

b) the transition from anag to ag via TS-ag is highly influenced by the Coulombic

repulsion pre-existing in anag between the Ca-H bond and the metal centre.

c) the carbometallation process that transforms ag into McH via TS-CH requires a

barrier of activation lower than ~6 kcal/mol in most cases,

d) NCI plot analysis of ag contains attractive isosurfaces that prefigure the

transformation occurring at TS-CH.
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Figure 9 Top: Interactions at play in the key ag agostic intermediate of the AMLA/CMD Ni/Pd
cyclometallation. Bottom: ADF-NCI plots’ in two Pd(II) agostic intermediates revealing the
attractive interactions (red colored isosurfaces) of the C-H bond with the Pd-bound auxiliary
base (AcO” or AcNH) and the metal.?

20



« agostic »
component
(repulsive)

a) chelation
component

. « agostic »
H-bonding component
component (attractive)

attractive NCI Co-C,, interaction
b) agostic component

Co-NHAc-ag

attractive NCI
O,-H,, interaction
Or H-bonding component

Figure 10 Top: interactions at play in the key agostic intermediate of the AMLA/CMD
cyclocobaltation.” Bottom: NCI plott drawing in an agostic intermediate, revealing attractive
interactions of Ca, and Ha, of the C-H bond with the metal centre Co and the auxiliary base via
Op.

Our analysis of the mechanism of cyclopalladation and cyclonickelation™ pointed out the crucial
role played by electrostatic interactions. Quite readily figured was the sensitivity of the anag —
[TS-ag]” energy barriers to the Bader charge borne by the metal centre, which is higher with 3d
metals than with 4-5d ones. This slightly higher charge causes an increase of the C-H...metal
repulsion resulting in an increase of the anag — [TS-ag]” barrier of ca. 6 kcal/mol in the case of
the Ni system (as compared to Pd)* and only 2 kcal/mol in the case of the Co system (as

compared to Ir),2b regardless of the assisting base.

The formation of an agostic intermediate ag*’ is therefore not only crucial but must occur

within a proper multipolar environment around the C-H bond. This environment was assessed
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from Bader charges and from NCI plot isosurfaces related to the reactive site of ag: all NCI plots
indicated the presence of attractive domains in the C-H...base and C-H...metal interspace at the

key locations (generally at bond critical points) where major bond changes are to occur.

Substitution of the acetate base for the more basic acetamidate lowers the activation barrier
(Figure 7) of the rate determining step anag — [TS-ag]” — ag by 2-3 kcal/mol with Pd and Ni**
systems and by 50% with Ir and Co ones.” The improvement of the cyclometallation reaction
expressed by lower barriers with acetamidate as base in all cases stems from 1) a lower
propensity of the metal-bound base to maintain the residual chelation with the metal centre and
2) the decrease of the positive charge at the metal centre that reduces the repulsive component of

the “anagostic” and the agostic interactions in anag and ag respectively.

In the case of Co, the use of acetamidate as base cancels the ca. 6 kcal/mol high (DFT-D)
CoOAc-ag — [CoOAc-TS-CH]7é barrier encountered with AcO". With the latter base, CoOAc-
ag is placed in an energy well where its back conversion to CoOAc-anag is virtually as probable
as its conversion into CoOAc-MCH. Experimentally, the cyclocobaltation of 2-phenylpyridine
yields about 8-9 times less cobaltacycle when NaOAc is used as a base than when LiN(H)Ac is

2
used.?®
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Figure 11. The AMLA/CMD mechanism of the cycloiridation of 2-phenylpyridine: the
alignmet of the acetamidato ligand in ag with the C-H bond triggers its polarization and
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Quite illustrative of the specificity of the AMLA/CMD mechanism is the importance of the
positioning of the metal-bound base for the optimal polarization of the Cx,-H bond in IrNHAc¢
system at the stage of the agostic intermediate IrNHAc-ag. Figure 11 displays the structures of
IrNHAc-ag and its rotamer IrNHAc-ag-col where the Ca-Ha-O, centres are quasi co-linear.
Bader charges and IQA*™ analysis are particularly instructive of the interplay of the atomic
centres of the reaction site in conditioning the evolution of this “agostic” transient. The specific
Car-Har-O, alignment lowers the energy by ca. 2 kcal/mol and causes tremendous changes at the
Car-Har bond. As the acetamidate ligand rotates, the Ca-Ha, bond undergoes the polarization
decisive to its cleavage. The Ha, atom more than doubles its Bader charge from +0.07 to +0.18
(Figure 10) and becomes colligated to two Lewis basic sites belonging to the acetamidate, i.e. O,
and Ny. The negative charge of Ca, rises together with its attractive interaction with the Ir centre.
This situation shows that minor steric changes in the vicinity of the “reaction site” might impact

the very feasibility of the proton transfer step owing to conformational restrictions.

Adressing Chemoselectivity from the Electron Density Topology in Reactant Complexes.
Several analytical tools derived from the QTAIM?? can qualitatively and quantitatively address
the relevance of NCIs within RCs. NCI plot"’, IQA*", IGM™® and IBSI*’ provide qualitative and
quantitative levers to address local NCls at the key “reactant complex” stage (Figure 12a). These

new tools represent a promising arsenal to address the question of reactivity analysis and

prediction.
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defined fragments of the considered RC. b) ADF-NCI plots’ (side and top views), IBSI and IGM
analyses” of two 2-phenylpyridine-derived Co(IV) metallacycles differing by the nature of ligand
X (X=I"" or SCF;’") determines the fate of the complex. IBSI and Ag™ analyses of user-defined
interatomic and interfragment interactions show a higher Cp*-phpy interaction when X=1 and a
higher phpy-X interaction when X= SCFj3.

One recent example of such application relates to the fate of cobaltacycles of Co(Ill) when
oxidized into formal Co(IV) species (Figure 12b).°° This oxidation is essential’' particularly in
the pivotal step of extrusion of the organic product in the Cp*Co(Ill) mediated C-H bond
functionalization catalysis,** which requires oxidizers as co-catalysts. Depending on the nature
of the X ligand (Figure 12b), the short-lived Co(IV) 2-phenylpyridine-based transient™ can
either undergo the reductive elimination of X-phpy’' or the cyclocondensation™ of the Cp*
ligand with the phpy ligand that causes the undesired collapse of the catalyst. In this case, the
Co(IV) metallacycle can reasonably be considered as a typical reactant complex at a reactional
cross-road offering two possible evolutions. NCI plots of the latter revealed the existence of
unusual attractive isosurface outgrowths below the plane of the Cp* that suggest specific
attractive interactions between carbons of the Cp* ligand and the N and carbanionic C atom of
phpy responsible for the the phpy-Cp* cyclocondensation. Similarly, other NCI attractive
isosurfaces between the phpy and X ligands suggested that the Co(IV) metallacycle is also
intrinsically prepared for the X-phpy*® reductive elimination pathway. Interatomic IBSI and

inter

interfragment IGM-Ag™" scores” substantiated clearly the intuitive information provided by NCI
plot isosurfaces by a quantitative measure of the latent strengths of those non-covalent
interactions existing between the carbon centres of the Cp* and the phpy ligand. Both IBSI and
IGM-Ag™" values were consistent with experimental observations, i.e. that the
cyclocondensation of Cp* with phpy is more favorable when X= I, while the reductive

elimination pathway relevant to the C-H bond thiolation catalysis is favored when X= SCF;.”°

Conclusion.

Noncovalent interactions play a central role in molecular cohesion as well as in the reactivity of

organometallic systems in various ways. Our studies have shown that NCIs can stabilize
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electron unsaturated metal centres in species that were long considered elusive, such as the
persistent T-shaped 14-electron Pd hemichelates with NCIs anchors consisting of a m-bonded
Cr(CO); moiety. A shift of paradigm from the classical Chatt-Duncanson/Lewis metal-centered
approach of bonding to the account of all attractive and repulsive interactions by means of DFT-
D and WFT was nevertheless required to establish the contribution of NCIs to cohesion in
molecular aggregates.*” If the NCI plot tool is useful in a preliminary approach to reveal short
range NClIs, full scale WFT analysis of molecular cohesion should be privileged, for NClIs
operate in Werner’s™ secondary coordination sphere as well as in the primary. NCIs have a
full-fledged role in reactivity that can be traced by ab initio and DFT-D methods like shown for
the AMLA/CMD cyclometallation. The new IBSI and IGM descriptors applied to the analysis
of NClIs are promising tools to address the issue of chemoselectivity. The hypothesis that the
fate of key RCs such as the above-mentioned Co(IV) metallacycles might be predictable from
those descriptors, although enticing, requires further evaluations. Such hypothesis, if validated
and generalized to other metal-promoted reactions, could lay the basis of a new predictive

framework for the engineering of catalysts.

Available Supporting Information. Cartesian coordinates in the .xyz format, high resolution

NCI plots, energies and computational details for Rh10, Os2 and [Rh11],%".

AUTHOR INFORMATION

Corresponding Author

* Dr Jean-Pierre Djukic, E-mail: djukic@unistra.fr

Author Contributions

The manuscript was written through contributions of all authors. All authors have given

approval to the final version of the manuscript. The authors contributed equally.

The authors declare no competing financial interests.

25



Funding Sources

The Centre National de la Recherche Scientifique

The University of Strasbourg
The Alexander von Humboldt foundation
The Agence Nationale de la Recherche

The LABEX Chimie des Systemes Complexes

Notes

" The NCI plot method of real space detection and visualization of local short range NCIs, i.e.
between spatially proximal molecular fragments or atoms, is based on the electron density p and
its derivatives.  This region analysis provides intuitive three-dimensional isosurface
representations of local Pauli repulsion and steric clashes, vdW interactions, and other local
attractive NCIs. NCI plot is based on the strong dependence of the reduced density gradient s on
the signed value of the density 4,p, which allows, by the choice of an appropriate cutoff value for
s, to distinguish NClIs from covalent interactions and to sort the former into attractive and non-
bonded (van der Waals) or repulsive (Pauli) classes depending on the sign of the second
electron-density Hessian eigenvalue A,. The sign of the latter is positive for non-bonded and

repulsive interactions, and negative for attractive NCls.

? NCIs are materialized by reduced density gradient isosurfaces (cut-off value s= 0.5 a.u., p=
0.02 a.u.) colored according to the sign of the signed density, i.e. in red for attractive domains
and in blue for repulsive and non-bonding domains.

NCI plot surfaces (s= 0.3, —0.03 a.u.) < sign(4)p < 0.03 a.u.) of attractive, repulsive and non-
bonding interactions are materialized by blue, red and green isosurfaces respectively (atom color
code: light grey, C; dark blue, N; white, H; red, O; violet, Co).
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* The IQA energy partitioning method is a tool for investigating interatomic interactions by
decomposition into covalent and ionic energy contributions. Based on real-space partitioning of
the molecular space, this method, when extended to the Kohn-Sham DFT framework, gives
access to a semi-quantitative partitioning of energy contributions of exchange-correlation and of
coulombic interaction terms for two-atom interactions within a molecule. The interatomic
interaction energy E;,/8 is the sum of a covalent E.ovaien/ > and an ionic contribution Ejgnic2:
Eini'"= Eionic”® + Ecovatent'” With Eioni'®= Eny""+Eo""[p1+Ene" [p]*Ececi’’[p] and Ecovalent =
Eeox™ [{wi**}]. Exx™® is the repulsion energy between nuclei in A and B, E.y"® is the attraction
of the electrons in A by the nucleus in B, ExB is the reciprocal B electrons attraction with
nucleus A and Ee.ci”" is the classical electrostatic electronic repulsion energy contribution. The
EcovalemABz EeeXAB [{lﬂiKS}] is the exchange contribution. IQA does not account for the
contribution of LDF.

P The “reactive site” is defined primarily as the local group of atoms in a reactant complex
directly taking part to a given chemical reaction. The notion of reactive site extends to all key
intermediates and transition state when the considered reaction is confined to a molecular
assembly/molecular complex.

*IBSI is a quantitative index allowing to intra-molecularly probe the “strength” of a given
covalent bond or weaker (non-covalent) interaction also based on the so-called Independent
Gradient Model. Noncovalent interactions (NClIs) are evidenced by 0 < IBSI < 0.15, transition-
metal coordination bond by 0.15 < IBSI < 0.60, and covalent bonding by 0.15 < IBSI < 4.0
values. The IGM-5g™" descriptor can be seen as a measure of the electron sharing caused by the
electron density interference between two user-defined fragments. It assesses the mutual density
penetration by the deviation of the true electron density gradient from a non-interacting
reference, i.e. the independent gradient model bearing the same electron density as the real
system. Integrating this descriptor gives rise to the Agimer interaction score that measures the
interaction between two user-defined fragments. Like many QTAIM-based analytical methods
the Ag™" score and IBSI are free of issues related to BSSE.
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