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Summary of the project

The proposed combined experimental and theoretical research project is focused on
the examination of the reactivity of low-valent Zn(l)- and Mg(l)-based bimetallic
compounds, with a particular interest in the potential for the functionalization of C-C
multiple bonds and the controlled reduction of carbonyl or imine functions to access

umpoled a-hydroxy- or a-amino anion equivalents.
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Scientific description

Objectives and description of the project
Main-group organometallic compounds having a metal-metal bond are well known when the
metal is a group 13 element. Particularly dibora compounds, considered for a long time as
structural curiosities, have found during the past decade widespread applications in organic
and organometallic chemistry.™ Analogous dialuminum reagents have also been known for a
long time? and have raised a considerable theoretical interest,®! but have found so far less
applications in organic synthesis.®

On the other hand, homologous main group dimetallic compounds having Zn-Zn or Mg—Mg
bonds have been discovered more recently. In 2004, Carmona reported® the first
preparation and characterization of compound 1, a molecular organometallic complex bearing
a Zn(l) functionality and a Zn-Zn bond. In 2007, Jones reported the first analogue Mg(l)
complex 2 (Scheme 1).®1 The bonding was described by theoretical chemistry, in particular the
M-M bond length, its dissociation energy (BDE) and its electronic properties (population,
orbital contributions).”! For instance, complexes 1 and 2 exhibit a strongly covalent bonding
involving the metal’s orbitals (BDE ~ 60 kcal.mol* and d(Zn-zZn) = 2.331 A'in 1).58

These two dimetallic complexes opened a totally new

and very interesting research area, devoted to the 'P P D'P P
design, preparation, characterization and theoretical >

understanding of various molecular complexes O‘Z"‘Z"‘O Mg Mg
bearing a M—M bond where M is a main group metal.["]

For example, species of the Zn familly with different
substitution patterns on each Zn atom have been
reported (Scheme 2), among them the dizinc(l) mono—

D|pp D|pp

(Dipp = 2,6~ dusopropylphenyl)

R Cp* carbene complex Scheme 1 : Seminal Zn-Zn and Mg—Mg complexes
5 30 the trizinc
[ >>Zn |@2n Cp* cation 4 (where each Zn-atom presents a formal oxidation
Zn-Cp* G%ArF state of 1,33)[". The dissymmetry caused by the ligands in
R 3 3 affects the nature of the LM—ML’ bonding as it changes

the electronic distribution between the two metal centers

PrySi . Zn-Mg(MesN ) . .
PraSi - 2n- Mg Nacnac) and in consequence the properties and the reactivity of the

';: z: Cp‘Zn. species. Rat_ionalizing by theory the effect of ligands on the
4 CuCp* nature of this bon_d_ seems mandatory to understand and

o control the reactivity of these complexes on route to

R 5 6 applications. Conversely, mixed low valent complexes

were also described, bearing a Zn(l)-Mg(l) functionality as
5% or a Zn(I)-Cu(l) one as 6. In the case of these mixed
M—-M’ bond as well as in the case of trimetallic species (i.e.
4), traditional electronic descriptors such as oxidation degrees are no more unequivocally
determined. In such species, an accurate description of the M—-M bond is yet to be
established®! and thus these dimetallic complexes remains to be investigated from a
theoretical view point.

The above-selected recent examples showcase the remarkable recent diversity, thermal
stability and strong M—M bonding of di- or trimetallic complexes with Zn(l) and/or Mg(l) metal
centers. Surprisingly however, by contrast with the dibora species, very little is known about
the reactivity of such low valent molecular main-group organometallic species, despite
their relative ease of access.

Scheme 2 : Notable recent Zn—Zn and
mixed Zn-M complexes



The proposed research project is focused on the examination of the reactivity of such low-
valent bimetallic compounds, with a particular interest for the functionalization of C-C
multiple bonds. Our aim is to develop a straightforward approach to 1,2-bimetallic alkenes
(or alkanes) through the addition of M-M
LI-M1-M2-L2 e/ species onto alkynes (resp. alkenes, Scheme 3).
N\ VLM = M /N This approach will be tackled through an
R1 R2 ) a(h), Zn(1l) R1 R2 . . . .
intertwined  synthetic and theoretical
approach in order to fully characterize the
chemical potential of these uncommon
cequental / , - F dimetallic low valent. reagents. To our
functionnalization T R 12;)?;}?;‘(‘)%”"3 knowledge, for the time being, only two
examples of addition across multiple C—C bond
Scheme 3 : Dimetallation of alkenes or alkynes and were reported, involving the reaction of
sequential functionalizations dimagnesium  compound 2  with 1,1-
diphenylethylene.? The addition was found to
be reversible and thus non-synthetically useful. However, the reaction was recently promoted
by the presence of an external carbene ligand."*! We anticipate that tuning the M—M versus
M-Ligand bonding will represent a valuable general approach to control the addition process.
A similar process was demonstrated recently for the CO reduction by dimagnesium reagentsi4
and for the stabilization of dialuminum reagents.*® The introduction of ligands to tune the
selectivity could also pave the way for the development of asymmetric variants that have not
been considered so far. Notably, chiral analogues of 3 prepared from readily accessible chiral
NHC ligands could be particularly well suited and would represent a real breakthrough in this
chemistry.
Depending on the nature of the starting organometallic complex and of the attached non-
innocent ligands, sequential functionalizations will be envisioned, leading to
polyfunctionalized alkenes or alkanes.
It should be noted that whereas the known dimetallic complexes are difficult to isolate, they
are surprisingly easy to prepare. We will thus focus on one-pot approaches, without any
isolation of the mixed dimetallic structures. In this context, the synergetic approach
between computational study of reaction mechanisms and experimental development of
synthetic procedure will allow “in sillico” characterization of the intermediate and sampling of
the possible competitive reactions.

Lim1 L2

1. Electrophile 1 El
2. Electrophile 2 \._.../
RN ———

In another field of application, the reducing ability*8! of these complexes will also be examined,

in order to define new and selective strategies MILL
involving the controlled reduction of carbonyl ONR) |1 \ioye-L2 (NR) O~

or imine functions. Only the reduction of carbon > L2
monoxide, esters[g] and nitrilestiel are ©© MEMEEMID.Zn0) RS,
reported to date, as well as the reaction of OH (NHR)
isocyanates with the dizinc compound 2,2 and rlo

the cyanosilylation of ketones catalyzed by the 1. Electrophile 7 (NHR) 3
dimagnesium compound 3.2 A particularly Z—M’ R1 y IdR—h o
interesting prospect related to the controlled R? M o O
reduction of aldehydes, ketones or imines is the anion equivalents

possibility to access umpoled a-hydroxy- or
a-amino anion equivalents (Scheme 4). The
expertise of the theoretical group on the regiocontrolled conjugate addition of dienone
catalyzed by Cu—Zn bimetallic complex will be highly beneficial for this part.?!! Indeed, it was
demonstrated that the observed selectivity relied on the distinct roles played by the two metals
(Zn and Cu) of the bimetallic species. Here again, the use of chiral NHC-complexes would
open a route to chiral disubstituted®® o-hydroxy- or o-amino anions and thus to
enantioenriched tertiary alcohols or amines.

Scheme 4 : Reduction of carbonyls or imines



Feasibility. Risk assessment and management

Dizinc and dimagnesium compounds are generally simple to prepare and to handle : although
being sensitive to water and oxygen, they show a remarkable thermal stability and solubility.
They have been demonstrated to be reactive towards CO,142% esters,!” alkylidene-
cyclopropanes,?4 azides?®! and nitriles.l*82% In our project, the acceptor substrates for the
addition reactions show complementary polarities (C—C and C-O(N) multiple bonds) and
different activation modes; this is offering a broad reactivity scope and this would help in the
project success. The synergistic approach between computational study of reaction
mechanisms and experimental development of synthetic procedure in real time that we want
to implement, will allow deciphering the details of these two action modes and is thus a key to
allow a real progress of this study. The feasibility of the addition towards C=C bonds has been
demonstrated by very recent work from the Jones laboratory,**° which also pointed out one
of the main difficulties of this project: the non-innocent ligands involved in the stabilization of
dizinc or dimagnesium compounds have been shown to react in some extent, depending on
the structure of the complex involved and particularly on the M—M bond length and strength.
These can be predicted on the bases of DFT calculations, yielding understanding of
uncontrolled reactivity and helping design more efficient systems. Although keeping in mind
the possibility of modulating the non-innocent ligands and of designing new bimetallic
complexes, we will rather focus on the reactivity tuning of reported complexes with additional
ligands in order to play with the M—M bond polarizability.

Position of the project within national and international context

By contrast to dibora compounds, which have found during the past decade widespread
applications in the area of the multiple carbon-carbon bonds functionalization,™*?" homologous
main group dimetallic compounds presenting a Zn—Zn or a Mg—Mg bond have found to date
very few synthetic applications. Some organometallic research groups over the world (C.
Jones (Melbourne), M. R. Crimmin (London), X.-J. Yang (Xi’an), ...) are engaged in this field,
and their efforts are mainly focused on the organometallic structure determination and
inorganic reactivity of dimagnesium compounds. After some time during which the field has
remained quite specialized, it is now clearly emerging into a “hot topic” (as evidenced by the
number of publications which has been multiplied by 3 within the last two years) that holds
potential for rich and promising further developments.

The development of new methodologies allowing for the double functionalization of C-C
multiple bonds by using elements such as Zn or Mg, as environmentally benign as B, but
showing a different and sometimes orthogonal reactivity remains highly desirable within the
context of eco-compatible and step-economy chemistry. The expertise of the experimental
team in the functionalization of multiple C-C bonds has been already demonstrated.?8!
Concerning the theoretical part, this project is in line with the expertise of the team in
mechanisms and selectivity in organometallic and organic chemistry. 2%

Position of the project in regard to the iSiM objectives

The goal of LovaMor is to develop cutting-edge synthetic methodologies through the
implementation of an interdisciplinary investigation covering the preparation, reactivity studies
and theoretical understanding of a family of molecular complexes that has remained almost
unexplored so far. This fundamental research is expected in the medium term to impact the
fields of synthesis and catalysis with a focus on main-group metals such as Zn, Mg or Al that
offer the potential to progress towards more sustainable chemistry. Clearly, LovaMor aims to
develop high-level molecular science to meet the objectives of iSiM.

It will involve two partners: Institut Parisien de Chimie Moléculaire (ROCS team, Partner 1)
and Laboratoire de Chimie Théorique (Inorganic, Organometallic and Organic Chemistry,
Partner 2). These two partners belong to two different laboratories, two different federations
and two different doctoral schools, what gives a consortium that allows to blur the lines
between physical and organic chemistry.



Partners complementarity :

The team “Réactivité Organométallique et Catalyse pour la Synthése” from IPCM (UMR 8232,
Sorbonne Université) comprises 8 perm. researchers working in the area of metal-mediated
synthesis. The team has a general expertise in the preparation and handling of main-group
functionalized organometallics, including Zn, Cu, Si or Ge derivatives, as well as bimetallic
reagents. F. CHEMLA (PR) and A. PEREZ-LUNA (DR CNRS) will be involved in the project.
The team “Inorganic and Organometallic Chemistry” at LCT (UMR 7616, Sorbonne Université)
has a general expertise in combining reaction pathway determinations with a large variety of
interpretative methods to analyse, understand and control reactivity in transition-metal-, main-
group-, and purely-organic chemistry. S. HALBERT (MCF) and H. GERARD (PR) will be
involved in the quantum chemical approaches.

Hence, LovaMOR brings together two partners that share a common interest in studying
original reactive intermediates to develop innovative applications, and relies on the
combination of their complementary expertise. A synergistic approach between computational
study of reaction mechanisms and experimental development of synthetic protocols will be
applied. The structure, analysis of the bonding and mechanisms of the surmised dimetallic
species will be studied through computational study and compared to experimental results.
The interplay between experiment and theory (answers/requests/questions) in real time is key
to allow a real progress of this study. The quantitative analyses offered by computational study
are thus a powerful tool to understand the factors that govern the selectivity issues. Such a
collaborative work between the partners has already been implemented on other topics.?

Research program

The research program proposed hereafter aims to implement a synergistic approach between
computational study of reaction mechanisms and experimental development of synthetic
methods. The project being experimentally-driven yet fueled through a constant interplay
between experiments and theory, the Ph.D. student involved in the project will conduct
experimental work and theoretical modelling at the same time. The project team will take care
to recruit a candidate having good experimental skills in organic and/or organometallic
chemistry, and a consistent curiosity in theoretical chemistry and its tools. A specific
training concerning some theoretical aspects will be provided, thanks to the courses of the
Label of Chimie Théorique or summer/winter school in theoretical chemistry and to the
expertise of the LCT team.

Experimentally, the reactivity of various dizinc compounds with alkynes will be first examined,
using preliminary results obtained during the first semester 2021 in the ROCS team.B% |n
particular, we expect a-heteroatom-substituted alkynes to be suitable substrates for
dimetallation. These results, associated to those from literature, will be used to determine and
validate a model (functional, modelling of the environment, ...) to represent the structures and
energetics of dizinc and dimagnesium compounds.

Having these results in hand, a first task will be dedicated to probe diverse non-innocent
ligands (cyclopentadienyl, aminyl, bis-aminyl...) as it has been shown that their size or nature
has a direct influence on the M—M length and thus presumably on the reactivity of the bimetallic
complex towards multiple C—C bonds.***4 This experimental work will be conducted jointly
with computations focused on the description of the influence of the additional ligands on the
properties and reactivity of these di- or bimetallic compounds relative. BDE and electronic
properties of the M-M bond (using Electron Localization Function (ELF), Atoms In Molecule
(AIM) or through Natural Bond Orbital (NBO)) will be examined in symmetric M-M or mixed M-
M’ complexes with different coordination sphere to build a database of reactivity indexes. Their
correlation with reaction quantities (energies or activation barrier) will be examined in order to
design potential reactional compounds, to be implemented experimentally. The reactivity of
analogous dimagnesium(l) compounds with alkynes will then be examined, as well as the
reactivity with alkenes. The feedback from these experimental tests will help improving the
computational approach, as expected from our synergistic approach developing both aspects
within the framework of the same doctoral project.



Controlled reduction of carbonyl-type functionalities will then be examined in a second part of
the PhD work. This step will allow both the evaluation of the versatility of the most efficient
bimetallic compounds onto addition to CC multiple bonds, but also to evaluate in a different
reactional context the less efficient ones. Based on the obtained experimental results, a search
of reaction mechanisms in imine/carbonyls reduction with these low-valent bimetallic
compounds will be engaged. In this part, we will explore the different reaction pathways, which
can be envisioned due to the numerous possibilities for active species and side reactivities.
The selectivities (regio-, stereo- and enantio-selectivity) thus obtained by computations will be
tested and compared to the experimental results.
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