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General introduction

Nowadays, the consumption of global energy has increased tremendously because of a growing
world population and intensified industrialization. In this context, the development of energy
saving and new energy producing processes affords the most important solution to meet the
energy needs in the long term, and catalysis is one of the pivotal technologies. However, the
dominant catalysts are based on precious metals, such as Ru, Rh, or Pd, for both academic and
industrial applications. Concerning price and sustainability of the catalysts, iron thus appears to

be a metal of choice because it is inexpensive, abundant and rather non-toxic.

In this context, we focused on iron chemistry with two approaches. On one hand, the field of
metal complexes bearing non-innocent ligands has attracted an increasing interest in the
coordination chemistry community due to their potential catalytic properties. Substrates can be
activated by both the metal center and the ligand allowing catalysis without changing the
oxidation state of the metal center. On another hand, the field of CO, transformation is also very
attractive to benefit from this abundant molecule as a C1 source to replace fossil resources.
However, its high thermodynamic stability is a challenge for its functionalization under mild
conditions. In the last decade, CO, has been transformed into HCOOH, CO, CH;0H, CH,0 and CH,.
By adding an amine to a mediated-reduction of CO,, the access to formamides and
methylamines has been achieved. These processes pave the way to multicomponent
transformations of CO, to generate more complex and valuable molecules, but the scope of CO,
functionalization is still restricted to the formation of C-N bonds. Therefore, the first iron-based
catalytic system was investigated for the transformation of CO, into a large variety of

compounds under mild conditions.

The study “Coordination chemistry and catalysis at iron: from non-innocent ligands to CO,
transformation” was performed at the “Laboratoire de Chimie de Coordination du CNRS” in
Toulouse, France, in the team “Architecture Organométallique et Catalyse” under the
supervision of Sylviane Sabo-Etienne and Sébastien Bontemps. The dissertation is composed of

five chapters.

The first chapter is a bibliographic study concerning the chemistry of iron complexes involved in
the two domains we selected: the combination of iron with non-innocent ligands leading to
highly active catalysts, and the use of iron complexes for CO, transformations, involving

stoichiometric and catalytic activation of CO,.




In chapter 2, we have selected phosphine ligands bearing picolyl fragments which could favor a
non-innocent behavior. By a careful control of the experimental conditions, a family of mono-
and dimeric iron complexes has been isolated and the non-innocent behavior of the ligand has
been observed. The combination of several techniques: X-ray diffraction, NMR (in solution and in
the solid state), EPR, Mdssbauer and infrared spectroscopy allows to characterize both

diamagnetic and paramagnetic complexes.

In chapter 3, the iron-catalyzed CO, reductive functionalization is presented. A one-pot two-step
strategy has been implemented under mild conditions. Our efforts to optimize the first iron-
catalyzed CO,reduction step to afford selectively a bis(boryl)acetal compound will be detailed.
This intermediate has then been used as a reactive and versatile source of methylene in

functionalization reactions, leading to a large scope of value-added organic compounds.
In chapter 4, general remarks, conclusions and perspectives of the present work are described.

Chapter 5 is dedicated to the experimental part of this manuscript.
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Chapter 1

1. Introduction

A literature introduction entitled “Coordination chemistry and catalysis at iron: From non-
innocent ligands to CO, transformation” is provided in this chapter. The interest of choosing iron
is presented in section 1.1; the combination of iron with non-innocent ligands, including catalytic
applications, are described in section 1.2; the utilization of iron complexes in CO, transformation,

including stoichiometric and catalytic reactions, are reported in section 1.3.

1.1 Why iron?

The worldwide demand for precious metals such as Ru, Rh, Pd and Pt, is increasing rapidly due to
their catalytic properties for academic and industrial applications." However, limited natural
reserves and environmental concerns are important parameters that need to be taken into
account when exploring metal-catalyzed processes.” New strategies need to focus on both
enhancing catalytic activities and using earth-abundant metals. Iron is the second abundant
metal on earth (4.7 wt%). It is inexpensive (Figure 1°) and rather non-toxic by comparison to

other metals. Iron thus appears as an ideal metal for molecular catalysis.*™®

$/Kg
40 0004 40247
16790 17390
8113
5362
0 0,07
Pt Pd Rh Ir Ru Fe
Metals

Figure 1. Price of precious metals versus iron, average from 2000 to 2015

In nature, the family of hydrogenases features iron active sites. These enzymes are playing a key
role in the reversible oxidation of molecular hydrogen,” and are significantly more efficient than
the electrochemical production of H, catalyzed by precious metal-based catalysts described in
the literature.® In addition, iron is also present in other natural processes. For example,

nitrogenase enzymes, responsible for biological nitrogen fixation, also feature iron active sites.”
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101111 the industry, the iron-based Haber-Bosch process is employed to produce ammonia, the

main precursor to fertilizers.

Despite the unique advantages of iron, its utilization remains relatively unexplored in the field of
catalysis by comparison to other transition metals. Two main features hampering studies on
iron-based complexes are the difficulties in controlling the oxidation state of the metal center,
and limited in-depth NMR investigation caused by the paramagnetic properties of many
complexes. Nonetheless, iron-based complexes in catalysis have been increasingly scrutinized,

and very interesting catalytic properties have recently been described."* >

1.2 Iron with non-innocent ligands

Selecting the nature of metal centers is only part of the synthetic strategy for the construction of
complexes; careful choice of ligands is also vital for potential applications of the complexes.
Normally, the utilization of ligands is thought to only stabilize the active metal centers, and to
tune their reactivity by modifying their steric and electronic features. Most of the time, the
ligands play a spectator role in catalytic systems. However, the so called “non-innocent ligands”
can participate as a cooperative function with the metal centers for homogeneous catalytic
applications.”® Iron complexes bearing non-innocent ligands have been emerging in catalytic

processes and are drawing more and more attention.”%**

A general overview of different non-innocent ligands is provided in this chapter as well as a more

detailed analysis on the role of non-innocent ligands attached to iron in the field of catalysis.

1.2.1 Non-innocent ligand and non-innocent behavior

In the 1960s, the term “non-innocent” was introduced into chemistry for complexes with
unclear oxidation state. When the location of electrons either on the central metal atom or on
the ligand is well defined, the corresponding ligand is called innocent ligand, while to the
contrary is non-innocent ligand.*" As shown in Figure 2, the coordination of a non-innocent
ligand to a transition metal center is described by the resonance forms | < Il < Il of various
weight. Such non-innocent ligands are able to oxidize or reduce by one or more electrons, and
serve as an electron reservoir. In this sense, this type of non-innocent ligand is redefined as

“redox non-innocent ligand”.

10
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YRS YRS RS
R R R R R R
>/ \< B S ) - < - >—<
X X XX X X
\ 7 \ 7/ N

M" Mn+1 Mn+2

Figure 2. Transition metal complexes containing non-innocent ligands (X = NR, O or S)

Through detailed spectroscopic and theoretical investigations, including but not limited to, X-ray
crystallography, magnetic susceptibility measurements, cyclic voltammetry, UV-vis, NMR, EPR,
Mossbauer spectroscopy and density functional theoretical (DFT) calculations, it is possible to
make an unambiguous assignment of the electronic structure of transition metal complexes

23,32-35

containing redox non-innocent ligands. Different properties and reactivity are also

expected for the distinct isomers of M"L° (1), M™'L™ (11) and M™?L (Ill) (Figure 2).

“Cooperative non-innocent ligand” is the second type of non-innocent ligands. This type of
ligands plays a prominent role together with the metal center for the reactivity of the complexes.
They participate directly in the reaction with elementary bond-making and bond-breaking steps

213 The metal center also holds its intrinsic

and undergo reversible chemical transformations.
reactivity, and takes part in the reaction as a binding site to bring substrates together. To be
more specific, cooperative non-innocent ligands can be divided into outer-sphere and inner-

sphere cooperating functions.

The outer-sphere cooperating bifunctional behavior was investigated by Noyori and co-workers
with a diamine ruthenium complex as pre-catalyst for the hydrogenation of simple ketones.>”~*
The ketone substrate binds to the Ru-amino hydride complex 1 in the second coordination
sphere via the hydridic Ru-H® and protic N-H* groups, leading to the corresponding alcohol and
the Ru-amido complex 3. The amido ligand in complexes 3 and 4 plays a role in the heterolytic
splitting of H, to regenerate the Ru-amino hydride complex 1. In this bifunctional reaction
mechanism (Scheme 1), the amino ligand acts as a cooperating ligand, participating directly in
the N-H bond activation (making/breaking) reactions to close the catalytic cycle. The ruthenium

center supplies a vacant site for the generation of the Ru-o-H, bond and ultimately restoration

of the Ru-H bond.

11
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H H2 H H:
R,C=0 |- _-N
(RgP);= Ru\ ——=  (ReP);~Ru__
"’ N,
\ \ /! /8' /N"\
\\\|:| /H ,,' /H /H8+,’l H
1 R,C=0 .2
‘_1-R2CHOH
H H |,-| H,
| N 1 N
(RP), 7RI )| _Ha  (RP)<RuT. )
‘\ N‘ \\\ N\\
H—H--H; H
4 7 3

Scheme 1.0uter-sphere cooperative mechanism for the Noyori system

The inner-sphere cooperating function was studied by Milstein and co-workers.*® The
bifunctional behavior is based on aromatization-dearomatization processes on the ligand. An
example is displayed in Scheme 2: in the key step, the dearomatized complex 5 activates the
water molecule through H-OH bond breaking by cooperation between the metal center and the
ligand, forming the aromatized hydroxo complex 6.*' Complex 6 can react with another
equivalent of water evolving H, and forming the dihydroxo complex 7. Irradiating 7 releases the
hydrogen peroxide by reductive elimination and the Ru® intermediate 8. 8 further converts to 5
by intra-migration of a proton from the methylene arm of the phosphorus side to the ruthenium
center, in order to generate a hydride ligand together with dearomatization of the pyridine ring.

The ligand and the metal cooperate in a synergistic manner.

Scheme 2. Inner-sphere cooperative mechanism for the Milstein system

12
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Nowadays, the number of non-innocent ligands has expanded and they are defined as redox (by

electrons accepting/donating) and cooperative (by bonds making/breaking) ligands.

1.2.2 Non-innocent ligands with iron in catalysis

The properties of non-innocent ligands allow them together with metal centers to be involved in
vital multi-electron catalytic transformations, and in direct activation reactions undergoing

25-27,42

reversible chemical transformations. Generally speaking, two main strategies can be

distinguished when using non-innocent ligands containing iron pre-catalysts.

The redox non-innocent ligands are able to function as electron-reservoirs in catalysis (Scheme
3).%% When an active redox non-innocent ligand temporarily stores (or releases) the
additional electrons, multiple electrons (typically two) are transferred between the metal center
and the substrates via either oxidative addition or reductive elimination. Such a catalytic process
successfully avoids the possibility of uncommon oxidation states on the metal and thus enables

more efficiency.

S _-H-._ .
hydrogen '\l’l Il' E—FE’ 'l- E
source 8- H® m--H-<¢
L—M--g _E—F ter-sph :
\ J M—L — outer-sphere
E' M—L L---H,
hydrogen || E—E | B
source > Ho* M. .
\ F

inner-sphere H
Scheme 3.Two general strategies of “non-innocent” utilization in catalysis

The cooperating non-innocent ligands supply an outer-sphere or inner-sphere catalytic mode
(Scheme 3).2%*2>3%40%5 The outer-sphere metal-ligand bifunctional cooperation behavior starts
from metal complexes containing hydride ligands and acidic hydrogen atoms, which normally is
the result of heterolytic H, cleavage. The inner-sphere bifunctional cooperation behavior
undergoes reversible structural changes in the processes of substrate activation and product
formation. Notably, cooperating bifunctional catalysis undergoes reversible structural changes of

the ligands without formal changes in the metal oxidation state.

1.2.2.1 Redox non-innocent ligands

A list of ligands has been investigated and showed redox non-innocent behavior upon

coordination, such as dioxolenes,* dithiolenes,”’ amidophenoxides,48 bipyridines,49

51-53

cyanoacetylide,® bis- and mono- iminopyridines and so on.”* Among these, the bis- and
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mono- (imino)pryidines based iron complexes have gained more attention because of their

20,29,55

successful utilization as pre-catalysts. Different types of catalytic reactions using these iron

complexes are presented here.

1.2.2.1.1 Polymerization, oligomerization and cyclization (C-C coupling)

The first successful application of homogeneous iron catalysts bearing non-innocent ligands for
ethylene polymerization was reported by Brookhart and co-workers in 1998.°
Bis(imino)pyridines played an important role in the catalytic cycle by supplying electron storage
capacity with high active iron pre-catalysts 9 (Figure 3). In the presence of modified
methylaluminoxane (MMAO), a turnover frequency greater than 10’ h™* was achieved at 60 °C
and 40 atm. ethylene. Even higher turnover frequency (2X10% h™*) was obtained at 90 °C, as well
as high selectivity (> 99 %) for oligomerization of ethylene to linear a-olefins.>’ Gibson and co-

workers reported the same processes using similar iron-based pre-catalysts in the presence of

58, 59

methylaluminoxane (MAO), and observed high activities at room temperature and low

ethylene pressure (1 atm.).

Figure 3. Redox non-innocent bis(imino)pyridine and mono-iminopyridine iron pre-catalysts

Later on, Chirik and co-workers developed a polymerization system which allowed to get rid of

%051 The bis(imino)pyridine containing

MMAO or MAO and used single-component iron catalysts.
iron catalysts 9 were modified by using alkyl groups instead of halides coordinated to the iron
centers. These complexes proved to be highly active and generated the final polymers with
higher molecular weight and lower polydispersity compared with the MMAO (or MAO) activated

catalysts.

The utilization of the iron pre-catalysts 9 (X = N,) was also applied to intramolecular cyclization
of dienes and enynes via either [27+ 27] cycloaddition or hydrogen-mediated method that

2
6283 |ntermolecular [27 +

benefited from the unique electronic structure of the iron complexes.
2 7] cycloaddition between butadiene and ethylene to form vinylcyclobutane catalyzed by 9 was

achieved in good yields.** A series of structurally characterized iron metallacycles 10 (X = N,),

14
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revealed the existence of several intermediates in hydrogenative cyclization and cycloaddition
reactions. Combination of computational and experimental data suggested a monoreduced
bis(imino)pyridine radical anion throughout the catalytic cycle, and the resulting Fe(l)-Fe(lll)

cycle was responsible for C-C bond formation.®

The mono(imino)pyridine supported iron pre-catalysts 12 were utilized in stereo- and
regioselective C-C coupling of a-olefins to dienes,’® and stereoselective polymerization of
dienes.”” The mono(imino)pyridine containing complexes, which featured the redox-active
behavior of the bis(imino)pyridines, provided one more available coordination site on iron for

dienes and thus allowed the control of compounds’ geometry.

1.2.2.1.2 C-E bonds formation (E = H, B, Si, C)

The bis(imino)pyridine iron complexes were also successfully applied to olefin hydrogenation

%859 The catalytic process operates under mild conditions, with

catalysis (Scheme 4, eq 1, E = H).
low catalyst loading (as low as 0.3 mol%) and low pressure of H, (1-4 atm.). A variety of olefins
were hydrogenated efficiently, including amino- and oxygen-substituted olefins, with high

conversion (> 99 %) and efficient catalytic turnover.

The pre-catalyst 9 (X = N,) was not only active for olefin hydrogenation, but also for
hydrosilylation (eq 1, E = SiR;).®® Both primary (PhSiH;) and secondary (Ph,SiH,) silanes were
efficient silylation reagents, generating rapidly anti-Markovnikov addition products over the
course of minutes at room temperature. The reactions with PhSiH; were much faster than the
corresponding reactions with Ph,SiH,, and the relative rates of hydrosilylation were similar to
those of hydrogenation. Hydrosilylation of aldehydes and ketones was performed by using the
alkyl iron pre-catalyst 9 (X = Alkyl),”® and 11 containing bis(oxazoline)pyridine ligands (eq 2).”*
Both types of pre-catalysts exhibited broad functional group tolerance and high activities at

room temperature with nearly 100 % conversions.

Tandem C-H activation/arylation to generate C-C bonds from unactivated arenes with aryl
bromides was catalyzed by 9 (X = Br) (eq 3).”> Experimental data and mechanistic investigation
suggested that the system operated via a Fe-based inner-sphere C-H activation that allowed

electron transfer from both the ligand and the substrates.
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cat. 9
ZR e T RO

cat. 9

Silane

H Ar_ cat. 9 A

Ph™  + Br KHMDS Ph~

R,HC—OSIiR'; (2)

"+ Ar-Ar  (3)

Scheme 4. C-E bond generation catalyzed by bis(imino)pyridine iron complexes 9 (X = N, or Br),

(H-E = H, or silanes)

The dimeric complex [Fe(PDI)],(z,-N,) (PDI = bis(imino)prydidine),” the dimeric form of complex
9 (X = N,), was a highly active catalyst for regioselective olefin hydrosilylation,*? and commercial
tertiary silanes (R3;SiH) were rather active reagents for this catalytic system. Nearly 100 %
conversion of olefins and equimolar quantity of final products were observed under mild
conditions. In addition, complete hydrosilylation of the methyl-capped polyether with one
equivalent of (Me;SiO),MeSiH (MD’M) (Scheme 5, eq 4), as well as cross-linked silicone polymers
resulting from two commercial silicone fluids, SilForce SL6100 and SilForce SL6020 (Momentive
Performance Materials, Waterford, NY) (eq 5), were observed with the dimeric iron catalyzed

system instead of the industrial platinum catalysts.

OSiMe,

el Sln e — 2 BN O o),

MS|0 \

| |OS|OS|J

—Si—O0—Si—01—Si—0 Sl— +/—

Ll "

(4)
—> Crosslinked Silicone

Cat. = [Fe(PDI),](:2-N,)  (5)

Scheme 5. Dimeric complex [Fe(PDI)],(’-N,) catalyzed hydrosilylation of an allyl polyether, and
cross-linking of SL6020 and SL6100

The mono(imino)pyridine iron pre-catalysts 12 was also successful for the catalytic generation of
carbon-boron” and carbon-silicon” bonds (Scheme 6). Apart from the modification on the
iminopyridine ligand, the hydroboration catalytic system was similar to the previously used for

C-C bond coupling reactions.®®®’

Optimized results gave up to 92 % isolated yields and good
chemo-, regio-, and stereo-selectivity. Pinacolborane was chosen as a boron source and
selectivity for the linear products was preferred over the branched, while (E)-stereoselectivity

was achieved for both. The hydrosilylation catalytic system, relying on a well-defined iron
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complex as pre-catalyst, afforded allylsilanes in high selectivity, with regio- and stereo-selectivity
control on diene hydrosilylation, and thus avoiding the addition of other reducing agents such as

activated magnesium and so on.

H
H
cat. 12 /\): +
+HE ——> =
VJ\R r.t. E R E
R
H-E = Boranes or Silanes linear branched

Scheme 6. Hydroboration and hydrosilylation of 1,4-dienes catalyzed by 12

1.2.2.2 Cooperative non-innocent ligands

Three types of cooperative non-innocent ligands are presented here.* The first two types listed
in sections 1.2.2.2.1 and 1.2.2.2.2 exhibit an outer-sphere cooperating mode (Noyori type*), and

the inner-sphere cooperating mode (Milstein type) is described in section 1.2.2.2.3.

Several special systems are not described here. For example, a multiproton-responsive iron
complex bearing a NNN ligand (NNN = 2,6-bis(5-tert-butyl-1H-pyrazol-3-yl)pyridine) for N-N
bond cleavage of hydrazines’® and an uncommon metal-ligand cooperation behavior of a PPP-Ni
complex (PPP" = P[2-P'Pr,-C¢Hal,).”” They were not considered because they are either
stoichiometric or not involving iron.”® PNP-Fe complexes (PNP = 4,5-bis(diphenylphosphino)-
acridine or 4,5-bis(diphenylphosphino)-9H-acridine-10-ide) for alkyne hydrogenation are also

ignored as there is no evidence for the non-innocent behavior yet.”

1.2.2.2.1 Tetradentate diiminodiphosphine or diaminodiphosphine (PNNP)

Morris and co-workers prepared iron-based catalytic systems for asymmetric hydrogenation of
polar double bonds (ketones and ketimines).®’ Three types of iron pre-catalysts 13-15, bearing a
family of tetradentate ligands (PNNP), proved to be highly active and enantioselective in the
presence of a base as catalyst activator (Figure 4). Alcohol was necessary in the system because
it was used as either solvent or hydrogen source for the catalytic cycle. Dihydrogen was also a
possible hydrogen source, but the efficiency was not comparable with that of using alcohol even

when raising the temperature up to 70 °C and pressure up to 25 atm..**

The (5,5,5-PNNP)iron pre-catalysts (14 and 15)*%>%*%> revealed huge improvement compared to

the (6,5,6-PNNP)iron pre-catalysts (13), with almost 200 times higher turnover frequencies.**®°

The steric and electronic structure of the substituents on both the phosphorus® and the
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diaminebackbone® of the PNNP ligands influenced the catalytic activity. When the substituents
on phosphorus were modified from Ph to Et to 'Pr to Cy, the activity of the complexes and the
enantioselectivity decreased from Ph to Et, and no activity was observed for the complexes with
'Pr or Cy groups on the phosphorus. Steric effects on the diamine backbone in the pre-catalysts
showed that more bulky substituents ((R,R)-dpen and (R,R)-dpen-OMe backbone) were more

active and selective than less bulky substituents (diaminocyclohexane- and ethylenediamine).

(o) (o) “1(BPh
R LR “1(BFy), Al Al (BPha)
:>_ _<\ R/\ C R R/ C ’R
— \ / = N,*‘
F % ”E [/ <
th Ph, P l
R, R, R'
13 14 15

TN Ph Ph MeQ pute
R:>___<:R = S /3_(\ Q Ph/ \Ph
L=CO,NCCH; R'=Ph,Et, Cy, Pr

Figure 4. Three types of iron pre-catalysts bearing tetradentate ligands (PNNP), (6,5,6) and (5,5,5)

stand for the sizes of the rings that the PNNP ligand makes with iron

Understanding of the catalyst activation process was gained through both experimental and
computational studies.***”?** As shown in Scheme 7, partial reduction of the PNNP
tetradentate ligand in complex 16 with base was the key parameter, which generated the active
catalytic species 17 with amido and eneamido moieties. The catalyst was then converted into an
intermediate with a H-Fe-N-H moiety (in complex 18), which hydrogenated the substrate in a

bifunctional step-wise outer-sphere process.

____________ ///H \\

o+ 8- \ 1 /

N/—I\N : Fe'H\\R\1/R2: 1‘\ /N/

__base j '5-| 5+ Chs : “Fe -’

e 1 ~p— Trom, ri. /\—\ NHL TSR e
1 = 1 L

16 17 Y7_< 18

Scheme 7. Proposed catalytic cycle involving pre-catalyst 16
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1.2.2.2.2 Cyclopentadienone iron derivatives

The first iron-based cooperative non-innocent ligand was utilized for the reduction of ketones to
alcohols in 2007.**% The well-defined iron catalyst 22 was efficient to hydrogenate ketones
under mild conditions with high chemoselectivity with up to 91 % isolated yield (Scheme 8). The
cyclopentadienone iron complex 19 was an efficient catalyst for the reductive amination of alkyl
aldehydes and amines,” and hydrogenation of CO, and bicarbonate under remarkably low H,
pressures (1-5 atm.) with a turnover number of 447.”” In fact, the truly active catalyst in both
reductive hydrogenation and amination systems was 22. The active catalyst 22 was generated in
situ via two different pathways: in pathway A, the intermediate complex 20 featuring a vacant
site at the iron center was formed by adding trimethylamine N-oxide (Me;NO) to complex 19,
releasing trimethylamine and CO,. 20 reacted with H, to form complex 22 retaining the H-Fe/O-
H active moieties; while in pathway B, the reaction of complex 19 with the base evolved CO, and
formed an anion intermediate 21, which reacted with H,O to give the active iron hydride alcohol
complex 22. The involvement of these species in the CO, hydrogenation process will be treated
in section 1.3.2.2.

o pathway: A

| TS|

H 27| -MesN
Fe 2 N 3% Me,NO
\Ha-\ A/}O N 3
L TMS CE < ™S

Sl ( \‘e T™MS
@‘ g | oct) - @ \
‘ OH ;= ocC 20 i:(zo ;

~ ,
‘'Fe "TMS.' — - Fe "TMS
. o ™S R R
oct |l H.-- oc . l->co
oC - ‘@ o oc o
22 N = ,7< 19 X .
"OH H  Fe _"TMS "OH Fe R
20| gev (‘\,—\-H” CO, oc 1 L
- o 21~ o 23
pathway: B

Scheme 8. Well-defined iron complex 22 used for bifunctional catalysis (metal-ligand

cooperation) and two pathways to generate 22 from 19

The scope of this type of cooperative ligands has been largely expanded in 2013.%® As shown in
Scheme 8, in the complex structure 23, the functional group R can be replaced by trimethylsilyl
(TMS), trisopropylsilyl (TIPS), tert-butyldimethylsilyl (TBDMS) and phenyl (Ph), group X can be
CH,, O, C(CO,Et), and N-tosyl (NTs), while group L stands for CO and CH;CN, respectively. All of
these iron complexes were efficient pre-catalysts for reductive amination of ketones with

amines (Scheme 9). Computational studies revealed that the corresponding cyclopentadienone

B —— e ——=———===
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iron alcohol complexes (containing the H-Fe/O-H moieties), the key features for these
bifunctional cooperating catalysts, were generated via pathway A.
R4 R; cat. 23, Me;NO Rj R;
S0 + N BLEMeNO T, N
R2 R4 H2’ 85 C Rz R4

Scheme 9. Reductive amination of ketones with amines catalyzed by bifunctional iron catalysts

1.2.2.2.3 Tridentate 2,6-(methylenephosphino)pyridines (PNP)

A series of complexes featuring tridentate ligands based on central pyridine (PNL) have
generated the inner-sphere cooperative concept for a non-innocent behavior in substrate
activation reactions.’**%° The metal-ligand cooperation involved
dearomatization/aromatization of the pyridine caused by deprotonation/protonation of the

3040100101 Tha non-innocent behavior of this type of ligands has been

benzylic arm of the ligands.
successfully utilized in the field of homogeneous catalysis with various transition metals.*®*’® The
coordination chemistry of the ligands with iron has been investigated by Milstein,*** Chirik'® and
Goldman,'® independently, but to date, only Milstein and co-workers explored the cooperative
behavior of PNP-Fe pre-catalysts 24-26 (Figure 5) for the hydrogenation of CO,, ketones, esters

105-109

and aldehydes.

Figure 5. PNP-Fe pre-catalysts 24-26 used in hydrogenation of CO,, ketones, esters and

aldehydes

The well-defined complex [FeBr(H)(CO)(PNP-Pr,)] 24 (Figure 5) was very active for the catalytic
hydrogenation of ketones to alcohols in the presence of a base under mild conditions.'®® A
turnover number of up to 1880 was observed when using 4.1 atmospheric pressure of H, at
ambient temperature. Preliminary investigation showed that catalytic hydrogenation was
facilitated only in an alcoholic solvent, ethanol giving the highest activity with a yield of 94 %. A
remarkable improvement was obtained by using [Fe(BH,)(H)(PNP-Pr,)] 25 instead of 24."”” The

base was no longer necessary and a slight increase on turnover number (1980) was observed.
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Hydrogenation of esters to alcohols catalyzed by iron-based complexes was never reported
before the use of complex [Fe(H),(CO)(PNP-"Bu,)] 26.'°® Complex 26 was an efficient pre-catalyst
for the selective hydrogenation of trifluoroacetic esters into the corresponding alcohols. The
catalytic process took place under 5-25 atmospheric pressure of H, at 40 °C, and generated the
products in good to quantitative yields. All these PNP-Fe complexes were also employed for the
hydrogenation of aldehydes and exhibited high efficiency with a turnover number of 4000 for a

109

large scope of substrates.” In addition, catalyst loading for all the hydrogenation reactions

mentioned above was low (maximum 1 mol% and minimum 0.025 mol%). CO, hydrogenation

catalyzed by complex 24 will be discussed in section 1.3.%

o)
cat. 26
G g Fe” ou + Rod
F,¢~ “OR 2

Scheme 10. Hydrogenation of trifluoroacetic esters to alcohols catalyzed by iron pre-catalyst

[Fe(H),(CO)(PNP-'Bu,)] 26

NMR spectroscopic as well as theoretical investigations on stoichiometric reactions gave
mechanistic insights on these catalytic hydrogenation processes, and proved the intermediacy of

195719 A general mechanism, shown in Scheme 11, fits

dearomatized/aromatized intermediates.
with all the PNP-Fe catalyzed hydrogenation reactions known until now. The carbonyl carbon
atom of the ketone (aldehyde or ester) directly attacked the iron hydride moiety of 26 via C=0
insertion into the Fe-H bond giving the corresponding intermediate complex 27. Addition of base
led to elimination of the final compound R,CH-OH and formed the dearomatized intermediate

28. Addition of H, to 28 regenerated the aromatized complex 26 via metal-ligand cooperation.

|:|H

Scheme 11. Proposed mechanism for hydrogenation reactions (R,C=0: ketones, aldehydes or

esters)

B —— e ——=———===
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The synthesis and dearomatization/aromatization behavior of PNN-Fe complexes (PNN =

100, 110

tridentate bipyridine-phosphine, Figure 6) have been studied recently, and such complexes

111

were used as pre-catalysts for alkene hydroboration with pinacolborane.””™ These pre-catalysts

showed pretty good catalytic efficiency under mild conditions, but there was no evidence for
dearomatized/aromatized intermediates during the process. A bifunctional redox non-innocent

mechanism seemed to be possible based on experimental and computational investigations.****

Figure 6. Tridentate phosphine-bipyridine (PNN) ligands

1.2.3 Summary

From the examples presented above, the combination of iron with non-innocent ligands has led
to remarkable, highly active, environmental benign and versatile catalysts. The new catalytic
reactions involve the activation of a large scope of substrates such as olefins, arenes, aldehydes,
ketones, esters, and CO,. The utilization of iron pre-catalysts featuring cooperative ligands led to
unusual bond activation processes with no formal change in the iron oxidation state. It thus
appears highly desirable to expand the number of iron complexes bearing a pyridine-based

cooperative non-innocent ligand, and to study their reactivity.

1.3 Iron complexes in CO: transformation

CO2 is an attractive source of caron to replace fossil resoures, because it is rather non-toxic
when compared to other C1 sources and it is abundant on earth.'*? Functionalization under mild
conditions is a challenge because of its high thermodynamic stability.">™*'® While this field is
rapidly growing, the use of inexpensive, abundant and environmentally friendly iron-containing

complexes as catalysts remains rather unexplored.'*’**#

A compact summary of CO, transformation with homogeneous iron-based catalysts is provided
here as an introduction. Selected examples afford a general overview about the development of

CO, utilization as C; source catalyzed by iron.
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1.3.1 Stoichiometric reactions between CO; and iron complexes

CO, features a carbon atom at the highest oxidation state, which explains its high
thermodynamically stability. In this sense, CO, is an “inert” molecule. In order to really use it as a

source of carbon, “how to make it reactive” is of importance.

In this context, the reaction of [Fe(CO,)(depe),] with methyl iodide or methyl triflate at room
temperature giving the corresponding carbonyl iron complex [FeX(CO)(depe),]X (X = | or OTf),"**
proved the coordination of CO, to iron was of importance as a basic pattern to make it

“reactive”.'®

The coordination chemistry of CO, toward iron centers is presented in this section together with

insertion, disproportionation and functionalization reactions.

1.3.1.1 Coordination chemistry of CO; to iron complexes

CO, coordination chemistry toward transition metal complexes has been studied to understand
the different activation modes of this “inert” molecule.™**> The CO, molecule displays a linear
(O-C-O angle of 180°) and centrosymmetric structure. The carbon atom exhibits a Lewis acid
character while the two oxygen atoms are weak Lewis bases due to the difference in
electronegativity between the carbon and oxygen atoms. The CO, ground state can be further

described by two 4e’-3 centers O-C-O © bonds (Scheme 12).

&
(o)

L st ':-o'_—__—__:_:__-_c'-:__ - ________ 6 4¢"-3 centers
‘ ‘ PO zbonds

o )

Scheme 12. Schematic representation of CO,

The molecular properties of CO, lead to various coordination modes toward metal

120,122,123,12
centers, 120122123125

As shown in Figure 7, the side-on coordination mode 30 is formed when the
C-O mbond binds to a metal center; mode 31 requires electron-rich metal centers to generate
the metal-carbon bond; mode 32 (end-on bonding) concerns the donation of a lone pair of an
oxygen atom to a Lewis acidic metal center; mode 33 is found in dinuclear metal complexes, in
which the CO, molecule acts as a bridging ligand. Until today, the coordination of CO, to iron

complexes only exhibits side-on and bridging bonding modes. In fact, there is no structural
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description of the end-on coordination modes (31 and 32) neither for iron nor for other

transition metals.'?®

(o)

/o .
M\J: M—C M—o=c=o0 M __C

J \: (o]
o o

30 31 32 33
Figure 7. Coordination modes 30-33 of CO, with metal centers

1.3.1.1.1 Side-on coordination mode of CO; to iron

Three decades ago, several iron(0) complexes featuring phosphine ligands were shown to bind

19126127 The presence of donor phosphine ligands

CO; in a side-on coordination mode (Figure 8).
increased the electron density at the iron center, favoring the generation of these complexes.
Two iron-CO, compounds bearing phosphine ligands (34 and 35) were computationally studied
and their optimized geometry displays the CO, side-on coordination mode. The X-ray structure
of compound 36 indeed indicated the presence of side-on coordinated CO, to the iron center

bearing donor phosphine ligands. The O-C-O angles of 137.3° (34), 140.5° (35) and 124° (36) are

strong evidence for the side-on coordination of CO, (Calculated data for 34 and 35, X-ray data

for 36).
Phﬂe3 P|i3 F’Etz
(0] (o) (0]
MesP\ L/(l;é 1 co\FL/cé 1 Et,P_ L/Cé 1
MesP™ ‘ ~o, co” ‘ ~o, Et,P” ‘ ~o,
PMe; PH; </PEt2
34 35 36
Karsch, 1980 Tarantelli, 1987 Komiya, 1994
c //O /C 40
L,Fe—]|| L,Fel |
" o " So

Figure 8. Side-on coordination mode of CO, to iron centers

1.3.1.1.2 Bridging coordination mode of CO; to iron

In the 1990’s, Gibson et al. and Komiya et al. studied heterobimetallic complexes featuring CO,

128-130

bridges. CO, coordinated to one iron center via the carbon atom and further bonded to

another metal (Re and Sn) through one or two oxygen atoms. X-ray structure analyses showed
that CO, displayed two bridging modes, 17-7° (37) and z/7-7° (38 and 39) (Figure 9). Complex 37

was synthesized by adding Re(CO,)(L)(BFs) (L = CO or phosphine) to a metallocarboxylate

e  ——
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[(Cp)Fe(CO)(PR5)CO,] (K)*; 37 afforded complex 38 after heating at 60 °C. The combination of
SnCIR; with Fe(CO,)(depe), (R = Me or Ph, depe = Et,PCH,CH,PEt,) led to the formation of 39.

= EtzP/\
0oc & L PEt,
| || 9¢.; _co | O~ co | 72 0
Fe—C__ _Re Fe—c(__Re_ Cl—Fe—C{  SnR;
oc’ N\ Yo lco oc”\ o lco g’ | )
PR3 3 co K/PEtz
37 38 39

rata - -
Figure 9. Heterobimetallic CO,-bridge complexes 37-39 with /-7 and 17-77* modes

Systematic investigation on these bridged CO, complexes revealed the vast majority displays a

131

regular pattern of coordination of CO, as either z7-7” or 17-1° modes."”" The coordination modes

of CO, indeed depend on the substituents on the metallocarboxylates.

1.3.1.2 Insertion reactions of CO; to Fe-E bonds (E = H or C)

The insertion of CO, in M-E bonds (E = H or C) forming the corresponding metal carboxylates is
of importance for the utilization of CO, to generate more valuable chemical compounds. The

insertion of CO, into M-E (E = H or C) bonds is believed to play a key role in catalytic CO,

113,125,132-134

transformations. This reaction takes place via either direct insertion mechanisms

(mediate M---OCO moiety) or direct Sg2 attack at the E atom (mediate M---E---CO, moiety),

leading to the insertion compound M-O(0)C-E.**>*°

o)
/
E---¢7
| || 0
| |
M--O Ié
M—E + CO, ah

Scheme 13. Insertion of CO, into M-E bonds via two possible pathways

1.3.1.2.1 Insertion of CO; to Fe-H bonds

This type of insertion reaction has been investigated by Field and co-workers (Scheme 14).**! The
iron complex cis-Fe(H),(dmpe), (40) features two diphosphine (dmpe =
dimethylphosphinoethane) and two hydride ligands. The mono- and di-inserted products 41 and

42 were obtained by manipulating the CO, pressure from 1 to 5 atm.. Remarkably, the second

B —— e ——=———===
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insertion step was reversible as complex 41 could be obtained from 42 by removing the excess

of CO, under vacuum.

H\ H\
c—oO /CZO
P o~ o
., . , 5 atm CO P., P
P 2R H o atm co, P,,//Fe\\\“P 2 : B
P” | “H Cp/ | \p1 -Co, P” | P
P H 0
40 M o:c\ 42
P P = Me,PCH,CH,PMe, H

Scheme 14. Mono and double insertion of CO, into Fe-H bonds

Complex 41 was characterized by 'H NMR with a high field signal at & = -33.96 ppm for the
hydride and a low field signal at 5= 7.78 ppm for the formyl proton, by a *C{*H} NMR resonance
at 0= 168.1 ppm for the formate moiety and by a single *'P{"H} NMR resonance at 5= 79.1 ppm.
These data indicate a trans geometry for 41 as opposed to the cis geometry for complex 40,
which was characterized by 'H NMR with a high field signal at § = -13.95 ppm for the two
hydrides and by *P{*H} NMR at & = 67.2 and 76.9 ppm. For trans-Fe(OCHO),(dmpe), (42) the
formyl groups gave one resonance in 'H NMR at & = 6.46 ppm, and in *C{H} NMR at §= 170.5
ppm, respectively, whereas one signal was observed in the *'P{*H} NMR spectrum at & = 69.6
ppm. Both the C{*H} NMR and IR data (Ve = 1805 cmM™, Us5m(CO,) = 1602 cm™ and vy, (CO,)
1328 cm™ for 41; Uasym(CO,) = 1607 cm?, Dym(CO3) = 1322 cm™ for 42) are consistent with the

coordination of 77*-O formate group(s) in 41 and 42.

1.3.1.2.2 Insertion of CO; to Fe-C bonds

More recently, Field and co-workers reported the insertion of CO, into Fe-C bonds. Carboxylate
complexes are formed with the generation of new C-C bonds (Scheme 15).*** CO, insertion into
the Fe-C bonds of the cis/trans mixture of complex FeMe,(dmpe), 43 led to results similar to
those observed when starting from cis-Fe(H),(dmpe),40. The first equivalent of CO, insertion
took place at ambient temperature under 1 atmosphere of CO,, to afford complex 44 as a
mixture of cis- and trans- isomers. By rising CO, pressure to 6 atm. and temperature up to 60 °C,
a double insertion occurred and complex trans-Fe(OCOCH;),(dmpe), 45 was obtained.
Rearrangement of the acetate ligand has also been observed with the formation of the iron

complexes [Fe(7°-0,CCH;)(P2),] [OCOCH;] 46 from either 44 or 45 in polar solvents (e.g.: DMF).
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In the case of complex Fe Me,(depe), (43, depe = diethylphosphinoethane), only the mono-
inserted complex 44 (depe) was obtained, which was explained by the slightly larger steric
hindrance of the depe ligands. The rearrangement of the acetate ligand affording complex 46
(depe) was observed by using higher pressures of CO,. The detailed mechanism for the
formation of such salt 46 (both dmpe and depe ligands containing complexes) remains unclear

and would need further investigation.

o
Ié
o~ \CH3
P, | P
Fe_
AN EP/ ~P
. 1 atm CO, (|:H3 44 xs CO, N +OCOCH3
P, | .CH; o P | 0
e ”
o | ~cH 3 atm cozl I Fe. >C—CH,
7 | N>
P /c\ p | °
L N/ 9\ /CHs P
P, | N DMF
43 EP/FG\P 46
N\ | /7 \
HiC. O
c /_\ = Mezchchzpmez
I 45 P P~ and Et,PCH,CH,PEt,

Scheme 15. CO, inserted into Fe-C bonds affording complexes 43-46 (cis-and trans- isomers for

43 (PP = dmpe and depe), 44 (PP = dmpe) were omitted for clarity)

1.3.1.3 CO; disproportionation

The disproportionation of CO,, generating CO5> and CO, could be an important step for further
transformation. In 2007, a homobimetallic complex 48 was prepared from the reaction of
complex 47 and CO,. A C=0 bond was formally cleaved yielding a double £#-CO/x-O iron core
complex 48 (Scheme 16). In the same system, the coupling of two molecules of CO, also
occurred leading to another dinuclear complex [LFe(u-77°: 17°-oxalato)Fel] (49) as a minor product.
Both 48 and 49 were structurally identified by X-ray diffraction. But in the crude mixtures of 48
and 49, an additional complex [(LFe(CO)],(x-7: 1-oxalato) (50) was also present.””* A detailed
investigation on this Fe(l)-mediated CO, reductive cleavage and coupling process indicated that
the formation of 48 and 49 was subject to the control of solvents and ancillary ligands. In THF,

CH,Cy

complex 49 was favored and (PhBP~"*Y;)Fe(l) was the only intermediated species. While in

methylcyclohexane (MeCy), complex 48 was generated exclusively via several intermediate

(PhBP®;)Fe(l) species (R = Ph, 'Pr, mter; mter = 3,5-meta-terphenyl)."*
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Scheme 16. Homobimetallic complexes 48-50 reported by Peters and coworkers

Holland and coworkers further studied CO, disproportionation processes with diiron (I)

complexes 51.14>14014

When 2 equivalents of CO, were added to 51, CO, disproportionated
formally into CO and carbonate, leading to a four-coordinated dicarbonyl iron complex 52 and
the carbonate complex 53 (Scheme 17). Interestingly, complex 53 exhibited two different
bridging modes: x-17":77° (53a) and u-7°:17° (53b). The variable temperature "H NMR spectra (+70
to -70 °C) showed no decoalescence for complex 53 (a and b), indicating a rapid exchange

between the two binding modes, and the two equivalent ligands (diketiminate) revealed a rapid

rotation of the iron atom around the Fe-O bond of the carbonate.

R R
Bu
o
C “Fe- N2 Fe ——% 1re( +{pe C{ SFeL+ | §
co (0] LFe—O—FeL
‘Bu a b
R R 51 52 53
R='Pr,H

Scheme 17. Disproportionation of CO, with diiron(l) complex 51

The proposed mechanism suggested reductive cleavage of CO, to afford CO and O in a similar

143, 144

fashion as in Peters’ example (Scheme 18). The proposed oxodiiron complexes (Fe-O-Fe)

could not be detected during the reaction, but were independently synthesized."*’
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Scheme 18. Proposed mechanism for CO,disproportionation

When investigating the insertion of CO, into Fe-C bonds (section 1.3.1.2.2), Field and co-workers
observed CO, disproportionation.'” CO, reacted with adventitious water generated in the
reaction mixture, leading to carbonic acid. Complex Fe(dmpe),( 772—02CO) 54 was thus observed

from the reaction of 43 with carbonic acid, and possibly releasing CH, gas (Scheme 19).

e
H,CO,3 P.. WO
[Fe(dmpe),Me;] ——— Fe\ _C=0 + 2 CH,
p” | O

43 P 54

Scheme 19. Disproportionation observed with complex 43

Disproportionation of CO, was also observed from iron hydride complexes 40. After CO,
insertion described earlier affording complex 41, the bicarbonate salt [Fe(H)(CO)(dmpe),][HCOs]
58 crystallized in approx. 20 % vyield after a few days in the sealed NMR tube under C0O,.** The
proposed mechanism involved an intermediate 55 resulting from formal CO, insertion into the
Fe-O bond of 41 and intra-molecular rearrangement with breaking/binding of one Fe-P bond and
a final decarbonylation step to produce the carbonyl complex with a bicarbonate counterion
(Scheme 20). This mechanism was proposed in accordance with Karsch’s study on the formation
of [Fe(COs)(CO)(PMes);], [Fe(CO),(PMes)s] and [Fe(CO)(PMejs)s] compounds,™* and data on the

structurally characterized [IrCI(C,0,)(PMes)s] compound.™®
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Scheme 20. Proposed mechanism for CO, disproportionation with 41

1.3.1.4 Functionalization of CO; at iron: C-N and C-C bond formation

In 2002, the formation of a C-N bond, the carbon coming from CO,, was reported by Field and
coworkers.” As shown in Scheme 21, the structurally characterized heterocyclic complex 61

was obtained after sequential reactions of Fe(H),(dmpe), (40) with EtNCS (isothiocyanate) and

CO,.
I
O
Et_ . Et._® C
~ \N/ \0
P lcl: : P /(/)
|:""/ | \\H EtN=C=S / \ C02 / \ A /P//,, |“\\\0_C/,/,
Fe > —— X _Fe_ _N—Et
P/ | EP// \\Pj EP// \\Pi P/ | S—C
P
p” | °~ p” | e~ P H,
40 61

Scheme 21. Functionalization of CO, upon coordination to complex 40 and reaction with EtNCS

Hoberg and coworkers reported that CO, can react with an iron complex featuring a 77*-diene
ligand (Scheme 22).°*'>* At -80 °C the allylcarboxylate complex 63 was characterized. Upon
warming, an equilibrium between complexes 63 and 64 took place. Complex 64 was
characterized as a ferracyclobutenoate complex. Acid hydrolysis of 63 in methanol at -30°C
yielded mainly methyl esters. When using the bis(ethylene) complex Fe(7-ethene),(PEts),

instead of complex 62, C-C coupling between ethylene and CO, only took place in the presence
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of additional phosphine ligands (PMe;, DCPE (P,P’-ethylenebis(dicyclohexylphosphane)) or DMPE

(P,P’-ethylenebis(dimethylphosphane)). The generated ferracyclopropionate or

oxaferracyclobutanone could further react with co,.”*

r.t.

x ."/~\\\ ( >> \
. Me,P—Fe
<Me3P>37Fe\ _Co, <Me3P>7Fe c—o 3PJFe
o 3 N~ O-c
62 | 64
(o)

Scheme 22. C-C coupling reaction of CO, and [Fe(7"-butadiene)(PMes);] 62

In fact, the corresponding esters or dicarboxylic acids could be obtained after acid hydrolysis of
the Fe-CO, adducts. These reactions represent a utilization of CO, as C, source mediated by iron

in order to generate more complex organic molecules.

1.3.2 Iron-catalyzed transformation of CO:

The transformation of CO, to more complex compounds is a challenge due to its inert and non-
reactive properties. Thus the strategies to achieve this goal are either choosing the oxidized low
energy synthetic targets, or using higher energy substances for example small-membered rings,
H, and unsaturated compounds as reactants in order to drive the reactions. And in any cases,

active catalysts are strictly required."*>**°

1.3.2.1 Synthesis of cyclic carbonates and polycarbonates from CO-

Cyclic- and poly- carbonates are one of the few commercial products synthesized from CO,, and

the synthetic strategy from CO, starts from the 1960’s.”>>™° Metal catalysts have been

157 8

developed for this process.”’ In 1986, iron-based complexes also begin to draw attention.”
Kisch and coworkers firstly reported the combination of FeCl; with alkylammonium iodide
(("Bu)4NI) as catalysts for the synthesis of cyclic carbonate from 2-methyloxirane. They obtained
a yield of 31 % at room temperature in the presence of 1 atmosphere of CO,. Until 2015, iron
pre-catalysts are restricted to those bearing macrocyclic or chelating ligands, and are utilized in

the catalytic cycloaddition, and symmetric or asymmetric copolymerization reactions of CO, with

epoxides (Scheme 23).
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Scheme 23. Cycloaddition and symmetric or asymmetric copolymerization of CO, with epoxides

catalyzed by iron complexes

A general mechanism is proposed for the iron catalyzed production of both cyclic carbonates
and polycarbonates (Scheme 24). The first step concerns the coordination of the epoxide to the
metal center. An anion promotes epoxide ring-opening, followed by the insertion of CO, to give
intermediate a. This intermediate undergoes either a ring-closure reaction leading to the
formation of the cyclic carbonate (pathway 1), or further insertion of epoxide and CO, to

generate the corresponding copolymers (pathway Il).

Cyclic carbonate Polycarbonate

x ﬁmpwoz

J~, ;
R _ Q
[Fe] :

[Fel

or [Fe]-—-O-/L
o . Tco2
Y—o lcoz N
o \(/x \7:’0

+ c—oO /J
[Fel--x [Fe]---0" ¢ X

a X [Fe]
o)

Scheme 24. General catalytic mechanism for the synthesis of cyclic or polymeric carbonates
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1.3.2.1.1 Iron catalysts bearing macrocyclic ligands

A series of iron complexes bearing macrocyclic ligands were used as catalysts for the
copolymerization reactions, while nucleophiles played a role as co-catalysts. The first examples
of this series were reported in 2011 for the generation of cyclic carbonates and symmetric

polycarbonates,® and in 2013 for the generation of asymmetric polycarbonates (Scheme 23).*°

The di-iron complex 65 exhibited good activity and productivity in the copolymerization of CO,
and cyclohexene oxide under mild conditions (Figure 10). The corresponding polycarbonate was
obtained in high yield with a turnover number of 2570 and 30 % conversion of the epoxide. By
adding bis(triphenylphosphino)iminium chloride ([PPN]CIl) as co-catalyst, the selective formation
of cis-cyclohexene carbonate was performed with an improved conversion of epoxide of 98 %.
The combination of the di-iron catalyst 65 and co-catalyst [PPN]CI was also active in the
synthesis of propylene carbonate and styrene carbonate in rather high yield under only 1
atmosphere of CO,. The iron-corrole complexes 66 and 67 were used to catalyze the coupling of
CO, with epoxides in the presence of [PPN]CI, resulting in asymmetric copolymerization of not
only CO,/ propyloxide (CO,/PO) with a yield of 65 %, but also CO,/glycidylphenylether (CO,/GPE)

with a GPE conversion higher than 99 % for the first time.

tBu (o] R= C6F5’ C6H5
65 66 X=ClI, (OEt), 67

Figure 10. Iron complexes bearing macrocyclic ligands as catalysts for the copolymerization of

CO, and epoxides

1.3.2.1.2 Iron catalysts bearing tetradentate chelating ligands

The use of tetradentate ligands aimed at improving the activity of the catalytic system: lower
catalyst loading, larger range of epoxides, better selectivity of the organic carbonates (cis- or
trans- cyclic carbonates, symmetric or asymmetric copolymer carbonates), milder reaction

conditions and full understanding of the catalytic process.

Three well-defined tetraamine-iron complexes (Figure 11, 68 and 69) showed high catalytic

161

activity in the synthesis of cyclic propylene carbonates.”™" Notably, the catalytic system was

B —— e ——=———===
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active without any activator. However, the addition of co-catalyst such as tetrabutylammonium
(TBAB) could significantly improve the catalyst reactivity. More specifically, the use of a co-
catalyst allowed to increase the conversion of propylene oxide from 80 % to 100 % with 1 mol%
of iron complex and co-catalyst under 15 atmosphere of CO,. The system was further improved
with the use of 0.1 mol% of iron complexes (70 and 71) and co-catalysts under notable lower
CO, pressure (< 5 atm.), which led to nearly 100 % yield and turnover numbers of 1000.'**> The
use of catalysts 72 and 73 bearing O, N, N, O-chelating ligands allowed the copolymerization of
CO, and propyl oxide without any co-catalyst, with nearly 100 % yield of the corresponding

carbonate.®**%*

N\YI/N
N_’—Fe

R=H, CI, CH3, NO,
Y = Cl, Br, OAc

Figure 11. Iron catalysts bearing tetradentate ligands

Kleij and coworkers described several well-defined iron complexes bearing tetradentate ligands
(Figure 12). Depending on the substituent in the ortho-position of the phenolate moiety,
monomeric and dimeric structures were obtained.’®'®® Both types of iron complexes (74-76)
exhibited good activity for the cycloaddition of CO, to a range of epoxides and especially
terminal epoxide. The activity of monomeric iron complexes 74 was significantly higher than that
of dimeric iron complexes 75 and 76. However, the presence of a co-catalyst, Bus;NX (X = Cl, Br or
1), was necessary to improve the conversion of epoxides and the yield of products. The selectivity
to either cyclic versus polycarbonates was investigated later on, and the results showed that the
selectivity can be well controlled by modification of the catalysts and the co-catalysts loading. In

addition, supercritical CO, was shown to enhance product yields.*®’
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RR
r!l A/ 0~F|e\ 7
N=
‘7

74 75

R R
[FeLR(THF)] [FeLR], [Fe(TPhOA)],
R = Bu, Ph R =H, Me

Figure 12.Monomeric (74) and dimeric complexes (75 and 76)

1.3.2.1.3 Iron complexes bearing other chelating ligands

Iron complexes [FeCI(ON),] 77 (Figure 13) containing bidentate ligands and the di-iron thioether-
triphenolate complex [Fe(OSOS0),], 78 were used as catalysts in the cycloaddition process of
CO, and epoxides. While the pre-catalyst 77 exhibited the highest activity with styrene oxide
compared to the related Cr or Co complexes,'®® the air-stable catalyst 78 exhibited the highest
turnover frequency (633 h™) for the solvent-free cycloaddition of CO, to propylene oxide under

mild conditions.*®

Bu
R ‘Bu t
L %o 'O Bu.4BU
=N_|4 o/ 0
MZ S--—-Fe Fe---S
S ON— O~ /o
o | ‘Bu t, u 04
R BU\C( ‘Bu
77 t
Bu
R = 1-Naphthyl, Cyclohexyl 78
M=Cr, Co, Fe

Figure 13. Pre-catalysts 77 and 78 for the cycloaddition reactions of CO, and epoxides

1.3.2.2 Hydrogenation of CO: to generate formic acid and its derivatives

The reduction of CO, with dihydrogen is an ideal reaction in term of atom economy, and
hydrogenation reactions are catalyzed by iron complexes leading to formic acid and derivatives.
The direct hydrogenation gives rise to formic acid, while the addition of alcohol affords

carboxylic acid (Scheme 25).
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[Fe] [Fe], ROH

HCOOH CO, + H,

HCOOR

mm!Temp Pmm’ emp.

Scheme 25. Reductive hydrogenation of CO, with H, catalyzed by iron catalysts leading to formic

acid and carboxylic acids

In 1975, complex [Fe(H),(dppe),] (dppe = 1,2-bis(diphenylphosphino)ethane) was used as pre-
catalyst for the catalytic hydrogenation of CO,. In the presence of trimethylamine (Me;N) and
ethanol, ethyl formate was generated with a turnover number of 2 at 140 °C under 25 atm. of H,
and 25 atm. of CO,."”° Three years later, a series of anionic iron carbonyl hydrides were chosen
as pre-catalysts for a similar catalytic system under elevated temperatures and pressures.”’* The
best result obtained was a turnover number of 5.8 when using [N(P(CsHs)3),][HFe3(CO)44] as

catalyst.

The field of iron complexes catalyzing CO, hydrogenation to generate formic acid and its
derivatives was quiet for more than twenty years until the next example came out in 2003."7* A
new screening method, which was a high-pressure combinatorial catalyst screening with a dye-
based assay (bromothymol blue, DBU), was introduced to hydrogenate CO, into formic acid with
in situ generated iron catalysts under elevated temperatures and pressures. The combination of
FeCl; with 1,2-bis(dicyclohexylphosphino)ethane (dcpe)) created an active catalyst for the
process with good reproducibility, with a turnover number of 113 at 50 °C under 200 atm. total

pressure.

The combination of the iron precursor Fe(BF,;),6H,0 and the tetradentate ligand tris(2-
(diphenylphosphino)phenyl)phosphine (PP3), gave an active iron catalyst ([FeH(PPs)]BF, (79, X =
H), Figure 14) that could be used for the reductive hydrogenation of both carbon dioxide and

' Sodium formate was produced with a yield

bicarbonates to give formates and alkyl formates.
of 88 % and a high turnover number of 610 under 60 atm. of H,, and methyl formate with a yield
of 56 % and a turnover number of 585 (30 atm. of CO, and 60 atm. of H,). Later on, complex
[FeF(PPs)]BF, 79 (X = F) was proved to be the most active and productive iron catalyst so far for
the hydrogenation of bicarbonates and CO, to formates and formamides.”* Furthermore, such
complex, air- and temperature- stable, gave similar catalytic activities compared to the in situ
generated catalysts. More specifically, when 0.01 mol% [FeF(PPs)]BF;) was used for the
hydrogenation of sodium bicarbonate under 60 atm. H, at 100 °C, a yield of 77 % and an

excellent turnover number of 7546 could be obtained.
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[BF4]

Figure 14. Well-defined iron catalysts 79 and 26 for reductive hydrogenation of CO,

The iron dihydride complex trans-[Fe(H),(CO)(‘Bu-PNP)]) (26), bearing a PNP pincer ligand,
afforded high efficiency for the hydrogenation of CO, and sodium bicarbonate under remarkably
low pressure.'® The observed activity was comparable to that of some known precious metal
catalysts.'”> Y7178 £or the hydrogenation of sodium bicarbonate, a yield of 32 % and turnover
number of 320 were observed at 80 °C under 8.3 atm. of H,. By elevating the concentration of
sodium hydroxide, the highest activity of the catalyst was observed for the hydrogenation of CO,
gas at remarkably low pressures (initial pressures: CO,, 3.3; H,, 6.7 atm., respectively), with a
turnover number of 788 and a turnover frequency of 156 h™'. Independent stoichiometric
reaction of trans-[Fe(H),(CO)('Bu-PNP)] 26 with CO, as well as in situ NMR analysis were
performed in order to understand the mechanism of the process. Yang also reported a
theoretical study by DFT calculations using the similar catalyst (trans-[Fe(H),(CO)(Pr-PNP)]).*”
The proposed mechanism was similar to the mechanism of carbonyl reduction depicted in

Scheme 11 (section 1.2.2.2.3), in which the dearomatization/aromatization of the pyridine ring

played a key role.

As shown in Scheme 26, a general catalytic mechanism for the formation of formic acid from
iron catalyzed CO, hydrogenation processes was suggested. The first step of the process was to
generate Fe-H bonds, subsequent insertion of CO, to the Fe-H bond resulted in an unstable
carboxylic intermediate. Formic acid was released by adding hydrogen source (H, or H,0) to the

carboxylic intermediate and regenerating the initial Fe-H bond.

co,
+ H, - HCOOH

H
(FelL, —— L,Fe—H) L,Fe—OCHO

Scheme 26. General mechanism for the iron catalyzed hydrogenation of CO,
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Yang, Zhou and coworkers investigated a phosphine-free, air- and moisture-tolerant iron catalyst
system for the hydrogenation of CO, and sodium bicarbonate.”’ The so-called “Knélker’s iron
complexes” 80 afforded a turnover number of 447 in sodium bicarbonate hydrogenation
reaction under 30 atm. of H,. Notably, the related iron catalyst 19 was also capable of
hydrogenating bicarbonate under low hydrogen pressures (1-5 atm.) with corresponding
turnover numbers of 47 to 163. The PNP pincer ligand containing iron catalyst (trans-[Fe(H),(CO)
(‘Bu-PNP)], 26) exhibited similar activity for the same process under low hydrogen pressure (6.2

% A proposed mechanism based on the previous

atm., with a turnover number of 267).
work™'® was proposed as depicted in Scheme 27. The hydride complex 21 was formed after
hydroxide addition and CO, release from complex 19. Protonation generated complex 22
followed by CO, insertion to form the corresponding formate complex 81. Formic acid was
liberated to form complex 82, which regenerated the Knolker’s iron complex 22 after oxidative

addition of H,. Remarkably, a cooperative non-innocent behavior arose in the cyclic reaction.

T™S T™S
Fe "TMS \‘Fe\ TMS
oc" | >co oc' | °H
oc i

19 21| _H,0
Y y= T™S
i t3 : k\
Y . T™MS
OC\\FAe\co SiMe,'Pr F‘e T™MS
ocC SiMe,'Bu ococ O\H
82 Fe ~Tms
oc' | "H
80 HCOOH ocC
T™S ///41\ 29

Scheme 27. The “Knélker’s iron complexes” 80 and proposed mechanism for the hydrogenation

of CO, by the related complex 19
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1.3.2.3 Reductive functionalization of CO: to produce C-C or C-N bonds containing

organic compounds

As mentioned in section 1.3.1.4, stoichiometric C-C coupling of CO, and olefins were investigated
with Fe(0) complexes. After multiple workup, yields of the corresponding esters or dicarboxylic

acids were found as high as 60 %.°*%>1**

This iron catalyzed hydrocarboxylation process, which
led to C-C bond containing organic compounds, was improved in 2012 (Scheme 28)."®! A range of
sterically and electronically differentiated aryl alkenes were hydrocarboxylated efficiently using
only 1 mol% FeCl,, bis(imino)pyridine (L, 1 mol%), CO, (1 atm.) and a hydride source (EtMgBr, 1.2
eqg.). This system exhibited high activity at room temperature, and excellent yields with near-

perfect regioselectivity.

FeCly/(L) (1 mol%)  CO, COOH

EtMgBr, THF, r.t.

Ar
Ar

Scheme 28. Iron catalyzed hydrocarboxylation of aryl alkenes with CO,

A plausible mechanism was suggested thanks to a battery of independent experiments (Scheme
29). Alkylation of the iron pre-catalyst (FeCl,L) followed by coordination of styrene generated
the organoferrate complex 84, which reversibly underwent fS-hydride elimination to generate
the low-valent Fe-H complex 85. This active complex led to the organoferrate complex 86
through reversible hydrometalation of styrene, which produced the initial organoferrate

complex 83 and released the hydromagnesiated product 87 via a transmetalation reaction.
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ﬁRMgX
MgX2
Ph )\ p
88 Ph 87 “ /\H Ph X

F
RMgX [Fe] 83 \
H
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Scheme 29. Plausible mechanism for the iron catalyzed hydrocarboxylation

Kim, Shim and coworkers reported the synthesis of carbamates catalyzed by iron complexes in
1990."* Complex [(77-BPPF)Fe(CO);] (BPPF = 1’1-bis(diphenylphosphino)ferrocene) 89 was used
to catalyze the reaction of CO, and secondary amines with alcohols (Scheme 30). The
investigation revealed a reduced yield order depending on the utilization of secondary amines,

and poorer yield was observed when using propargyl alcohol instead of acetylenic alcohol.

o)
R'\ lcl T' o) NR
2
CO, + R,NH + c—OH _¢a8 _ yec” > e
HC= / \ 90 °C,24 h | I
R’ 0
Ph, /@
=CH3 orH Ph=P \Fe

~ S
R,N = CN CN Qoun Et;N (CgHq2)NMe OC//Fge\P----'Ph
ocC co
89

Increasing yield order for producing products

Scheme 30. Iron catalyzed synthesis of carbamates from CO, and secondary amines with

alcohols

Reductive functionalization of CO, to generate C-N bond containing organic compounds was
successfully achieved by using complex [FeX(PP3)]BF; 79 (X = H or F) as pre-catalyst (Scheme 31).

The catalytic reaction occurred at 100 °C in methanol. The reductive hydrogenation of CO, with

e  ——
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dimethylamine led to dimethylformamide (DMF) in a 75 % yield with a turnover number of 727
with catalyst 79 (X = H) under 30 atm. of CO, and 60 atm. of H,. When using pre-catalyst 79 (X = F)
the reaction produced DMF in 74 % yield and formic acid in 7.7 % under 30 atm. of CO, and 70

atm. of H,, which corresponded to a turnover number higher than 5100.

cat. 79, MeOH
C02 + Hz + NHRZ > HCONR2
P 100 °C

Scheme 31. Hydrogenation of CO, to formamides catalyzed by 79

Using hydrosilanes as reductant, the reaction of CO, with amine was proved not only to afford

3 The transformation reaction was conducted in the

formamides but also methylamines.
presence of amines under only 1 atm. of CO, pressure at room temperature with 5 mol% of
Fe(acac), and tris[2-(diphenylphosphino)-ethyl]phosphine (PP;) (Scheme 32) The activity of the
catalytic system also depended on the nature of the hydrosilanes. For example, utilization of
EtsSiH, 1,1,4,4-tetramethyldisiloxane (TMDS) and PMHS led to no formylation while PhSiH;

resulted in more than 95 % methylphenylformamide formation. Increasing the temperature to

100 °C led to methylamide with a 95 % yield after 22 hours.

H_ _O

R H N
CO. + PhSiH.+ "N~ Fe(acac),/PP; (5 mol%) (|: same Cat. C||'|3
1 tz s | THF, r.t., 18 h _N__ THF,100°C,22h _N__
atm R, - siloxanes R, R, -siloxanes Ph
> 95%

Scheme 32. Iron catalyzed reductive hydrosilylation of CO,

1.3.3 Summary

Along these lines, iron complexes utilized in CO, transformation provided many interesting
results, such as activation of CO, upon coordination, catalytic activation of CO, to generate
carbonates and carbamates, reductive functionalization of CO, to formic acid or derived

products, and to formamines or methylamines.

Although different types of highly active iron pre-catalysts have been reported including iron
complexes bearing macrocyclic and chelating ligands (65-80, 89) and even in situ generated iron
compounds, there is still no clear guidance on choosing the most suitable iron complex as pre-
catalyst. However, iron species such as the iron hydride complexes (24-26, 40, 47 and 79 (X = H))
or in situ generated iron-hydride moieties (18 and 22) which supply Fe-H bonds for CO, insertion

reactions, are of importance for further functionalization of this attractive C1 source.
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Until now, the more valuable organic compounds formed from iron catalyzed reductive
functionalization of CO, are very limited, with only C-N bond containing compounds been
studied. An active and efficient iron based catalytic system for reductive functionalization of CO,
is highly expected, and generation of larger scope of more valuable organic compounds from

CO, will be the following goal.
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Synthesis and characterization of a new family of iron complexes
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2 Introduction

As mentioned in section 1.2, the Milstein PNL pincer type complexes featuring a picolyl fragment
that can dearomatize/aromatize upon deprotonation/protonation at the benzylic position
exhibit very impressive catalytic properties (Scheme 2 in section 1.2.1 and Figure 5 and Scheme
11 in section 1.2.2.2.3). In contrast, the coordination chemistry of another ligand featuring
picolyl moieties, bis(2-picolyl)phenylphosphine (NPN), has been much less studied .***® The
presence of three donating atoms (two nitrogen and one phosphorus) as well as the methylene
linker in the ligand allow it to adopt many different coordination modes, and the methylene
linker has been found to be deprotonated upon coordination to lithium or tin (Figure 15)."*
However, the NPN ligand has never been shown to be engaged in a
dearomatization/aromatization process when coordinated to a transition metal (or main group

metal) center, despite the presence of two picolyl moieties by comparison to the series of PNL

ligands.

95b bridging NPN
deprotonation of the CH, linker

Figure 15. Reported different coordination modes of the NPN ligand

Due to the interesting properties of iron complexes bearing cooperative non-innocent ligands,
we have selected the NPN (bis(2-picolyl)phenylphosphine) pincer ligand 96 (Figure 16) to
prepare a new family of iron complexes. In this chapter, we describe the synthesis and

characterization of a series of complexes illustrating the cooperative non-innocent behavior of
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96. Three bonding modes of the ligand are described in section 2.2: bidentate x"*-fashion 97,
bridging u-x"*:x"-fashion 98, and tridentate «""-fashion 99. Several ruthenium-based

complexes and another bonding mode x*-NPN 100 are also reported in section 2.4.

N N
VR
(\ h\l« P ) PN P
M M ) ( \ Y/ —~M
)
N N
96 97 98 99 100
NPN MNP-NPN - NPUN-NPN - NPN.NPN 4P-NPN

Figure 16. The cooperative non-innocent ligand NPN and its four coordination modes

The related NP ((2-picolyl)diphenylphosphine) ligand 101 has been reported to afford a
bidentate PN-coordination with dearomatized pyridine ring to lithium, zinc or iron metal centers
(102, Figure 16).%™" In our case, the coordination ability of the NP ligand to ruthenium and the

two resulting bonding modes will be discussed in section 2.4.

Figure 16. Bidentate ligand NP 101

2.1 Synthesis of the iron precursor and of the ligands

2.1.1 Synthesis of the iron precursor ([Fe(N(TMS)2)z])

The highly reactive iron precursor [Fe(N(TMS),),] 103 was synthesized with a modified procedure
from literature,*'** diethyl ether (Et,0) being used as a solvent instead of THF (Scheme 33).
The iron precursor FeX, (X = Cl or Br) in suspension in Et,0 was added to two equivalents of
lithium bis(trimethylsilyl)amide in Et,0 at room temperature and stirred overnight. After workup,
a green compound was obtained in 81 % vyield. This green compound exists in two forms
depending on temperature. At —40 °C, it is characterized as a dimer with trigonal planar iron
centers and bridging amido groups by X-ray diffraction’®®. The dimeric form is maintained at -
40 °C in solution. At room temperature, it is a liquid with a two-coordinate iron center
possessing S, symmetry as indicated by NMR analyses.* For clarity, only the monomeric form of

the iron precursor will be used during the discussion. '"H NMR was characteristic of a
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paramagnetic compound 103, with a broad peak at 6 = 59.42 (wy, = 1.2 kHz) assigned to the

protons of the methyl groups.

/ s
~d )
\ _ \/ N / Sl\ /SI\ \/
Et,0 —SK S q0¢ S0 N SIS
FeX, + 2LIN(TMS), —2=  “N—Fe—N{_ =27 ONFel FeN]
L. Na: . r.t. ~a N .
_Si Si Si , Si
\ N\ 2\ st s [
103 [N
monomer dimer

Scheme 33. Synthesis of iron precursor [Fe(N(TMS),),], 103

2.1.2 Synthesis of the ligands (NPN and NP)

The tri- and bi-dentate ligands were synthesized according to the literature methods, and pure
compounds were obtained after work up with yields of 46 % and 36 %, respectively (Scheme
34).1%%1%* Both ligands were characterized by multinuclear, 'H, *'P, *C NMR as well as infrared
spectroscopy.

1. SiMe;ClI
2. PhPCl, NPN

| X nBuLi | X / o0
N/ N/ Li \
Ph,PCI NP

101
Scheme 34. Synthesis of ligands NPN 96 and NP 101 ligands

The *'P NMR spectra of the tri- and bi-dentate ligands revealed single resonances at 5= -13.9 for
NPN and 6 = -10.6 for NP. The PCH, moieties in NPN were characterized by 13C NMR with a
resonance at &= 37.7 (Yep = 18.4 Hz), and similar doublet signal for PCH, was observed at & =
39.1 (Yep = 16.5 Hz) for NP. Characteristic NMR signals of the PCH, protons in NPN belonged to
an ABX spin system (A = B = H, X = P)."*' The 'H and "H{*'P} experiments evidenced that the
two protons of the PCH, moieties in NPN were chemically inequivalent with the existence of Y

=13.3 Hz, while the PCH, protons in NP exhibited a single signal at 6= 3.63.
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1 1
5PCH2 5PCH2 JP»C §PCH2 JH»H

NPN -13.9 37.7(d) 18.4 3.42(dd)/3.35(d) 13.3
NP -10.6 39.1(d) 16.5 3.63(s) ---

Table 1. Selected NMR parameters for NPN 96 and NP 101 ligands

2.2 Synthesis and characterization of the iron complexes

2.2.1 Synthesis of the iron complexes

Owing to the high reactivity of the iron precursor [Fe(N(TMS),),] 103, the coordination of NPN 96
to iron was conducted with special attention to temperature and time settings. This allowed
isolating a series of complexes 104-106 displaying three different NPN coordination modes that
will be described in detail in the next sections. After mixing NPN with the iron precursor at -78 °C,
the pentane solution was warmed to -30 °C and stirred at this temperature for 90 min. A yellow
precipitate was then observed and the complex [Fe(N(TMS),),(x"*-NPN)] 104 could be isolated
after filtration in 28 % yield. Monocrystals suitable for X-ray diffraction analysis were grown by
mixing the precursor with NPN at -30 °C in a pentane/toluene solution. Complex 104 was not
stable (neither in solution nor in the solid state) at room temperature, leading to the formation
of the dinuclear green complex [Fe(N(TMS),)(z-&"":x"-NPN)], 105, which was isolated in good
yield of 81 % by the addition of NPN to the same precursor after prolonged stirring time (at -
30 °C for 3 h and at room temperature for 45 min). Similarly to complex 104, monocrystals of
105 for X-ray determination were grown in a pentane/toluene solution system by concentrating
the mixture at room temperature. Solutions of 105 were unstable at room temperature giving
rise to complex 106 and unexpected compounds with black particles among them. Complex
[Fe(x""N-NPN),] 106 could also be directly isolated as a brown powder in a 55 % yield from the
reaction of two equivalents of NPN with precursor 103 after 36 h at room temperature. Unlike
complexes 104 and 105, crystals of 106 suitable for X-ray diffraction were obtained by mixing
[Fe(N(TMS),),] and NPN in Et,0 at -78 °C, and leaving the solution at room temperature within 2

days.
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74
H\_ \
i) H N\
—_— N(SlMe3)2
=1 Ph\P/F
=N N(S|Me3)2
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Scheme 35. Synthesis of complexes 104-106. Conditions: (i) mixing at -78 °C and stirring at -30 °C

x NPN x=1 " (Me;Si),N~

+ 2 HN(SiMe3),

for 90 min; (ii) mixing at -78 °C, stirring at -30 °C for 3 h and at r.t. for 45 min; (iii) mixing at -78 °C,
stirring at -30 °C for 3 h, and then at r.t. for 36 h

The combination of several techniques: X-ray diffraction, NMR (in solution and in the solid state),
powder X-ray diffraction, Evans method, Mdéssbauer, elemental analysis, high resolution mass
spectrometry and infrared spectroscopy was carried out to clearly characterize this family of

complexes, being either paramagnetic or diamagnetic.

2.2.2 X-ray diffraction of 104-106

Single crystals of 104 crystallized in the monoclinic space group P 1 2,/c 1 with Z = 4. Figure 17
depicts the coordination geometry of the iron(ll) ion in a distorted tetrahedral geometry. The
NPN ligand coordinates to the metal center in a bidentate x"-fashion, and one picolyl arm
remains pendant. The two amido ligands remain on the iron center and complete the
coordination sphere of the metal center. The Fel-N1 and Fel-P1 bond distances were 2.2236(12)
A and 2.5579(4) A, and the N1-Fel-P1 angle was 75.03(3) °. The two C-C bond distances from

B —— e ——=———===
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related methylene moiety and pyridine ring were rather similar to each other (dC1-C2 = 1.500(2)
A and dC7-C8 = 1.498(2) A), and comparable to the analogous distances in [PdCIz(nZ-NPN)] (dC1-
C2 =1.490(5) A and dC7-C8 = 1.499(5) A).**” The geometrical parameters are given in Table 2.

Figure 17. Molecular structure of complex [Fe(N(TMS),),(x*"-NPN)] 104, ellipsoids are given at

the 50 % probability level and hydrogen atoms are omitted for clarity

Complex 104

Fe(1)-N(1) 2.2236(12) Fe(1)-N(2) 1.9663(11)
Fe(1)-N(3) 1.9799(11) Fe(1)-P(1) 2.5579(4)
C(1)-C(2) 1.500(2) C(7)-C(8) 1.498(2)
N(1)-Fe(1)-N(2) 122.52(5) N(1)-Fe(1)-N(3) 99.66(5)
N(1)-Fe(1)-P(1) 75.03(3) N(2)-Fe(1)-N(3) 124.28(5)
N(2)-Fe(1)-P(1) 100.73(3) N(3)-Fe(1)-P(1) 125.98(4)
C(2)-C(1)-P(1) 109.04(10) C(8)-C(7)-P(1) 116.36(10)

Table 2. Selected bond distances (A) and angles (°) for 104

Complex 105 crystallized in a monoclinic space group P 2,/c with Z = 2. The X-Ray diffraction
analysis on monocrystals of 105 revealed a dimeric structure with an inversion center. The iron
centers exhibit a distorted tetrahedral geometry and the NPN ligands span the metal centers in a
bidentate x"-mode for the first iron and N-monodentate x"-mode for the second iron. The
coordination sphere is then completed by an amido ligand on each metal. The Fe-N distance of

the dearomatized pyridine ring (dFe1-N1 = 2.0654(15) A) is shorter than the Fe-N distance of the
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aromatic pyridine ring (dFel-N2 = 2.1548(15) A). The lengthening of the later value could also
arise from the absence of a chelate effect in 105 in comparison with complex 104. The
differences in Fe1-P1 bond distance (2.5579(4) A in 104 and 2.4387(5) A in 105) and in N1-Fel-
P1 angle (75.03(3) ° in 104 and 82.49(4) ° in 105) were caused by the absence of a chelate effect
of the NPN ligand. Importantly, the methylene linker of the NP-bidentate moiety has been
deprotonated. The anionic charge is thus formally delocalized over a C5=C6 double bond and a
dearomatized pyridine ring. As expected the C5=C6 bond distance of 1.389(3) A is shorter than
the C-C single bond (dC17-C18 = 1.502(2) A) of the other picolyl moiety on the same ligand or of
the related C-C bond in complex 104 (dC1-C2 = 1.500(2) A). The X-ray structure of 105 is

presented in Figure 18, and selected bond distances and angles are displayed in Table 3.

Figure 18. Molecular structure of complex [Fe(N(TMS),)( z-&"":x"-NPN)], 105 (full structure has
been generated by applying the inversion center symmetry), ellipsoids are given at the 50 %
probability level and hydrogen atoms are omitted for clarity except for the CH and CH, linkers
between the phosphorus atom and the pyridine rings, symmetry operator for the generation

equivalent position: -x+1, -y, -z (i)
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Complex 105

Fe(1)-N(1) 2.0654(15) Fe(1)-N(2) 2.1548(15)
Fe(1)-N(3) 1.9499(15) Fe(1)-P(1) 2.4387(5)
C(5)-C(6) 1.389(3) C(6)-P(1) 1.7524(19)
C(17)-C(18) 1.502(2) C(18)-P(1)’ 1.8530(18)
N(1)-Fe(1)-N(2) 101.50(6) N(1)-Fe(1)-N(3) 132.71(6)
N(1)-Fe(1)-P(1) 82.49(4) N(2)-Fe(1)-N(3) 105.72(6)
N(2)-Fe(1)-P(1) 121.53(4) N(3)-Fe(1)-P(1) 113.30(5)
C(5)-C(6)-P(1) 119.47(14) C(17)-c(18)-P(1)’ 113.51(12)

Symmetry codes: ' —x+1, -y, -z
Table 3. Selected bond distances (A) and angles (°) for 105

The X-Ray structure of 106 confirmed the coordination of two NPN ligands to one iron centre in
a tridentate x""M-coordination mode with dearomatization of one of the pyridine unit on each
NPN ligand. Complex 106 crystallized in the monoclinic space group P 2,/c with Z = 4. The
coordination geometry of the iron center is in good approximation an octahedron with four
nitrogen atoms and two phosphorus atoms from two equivalent NPN ligands. The axial positions
are occupied by the two nitrogen atoms of the dearomatized rings with bond distances of dFel-
N2 = 2.011(2) A and dFe-N3 = 2.013(2) A, and with a bond angle of N2-Fe1l-N3 = 177.51(10) °,
respectively. The equatorial plane is occupied by the two phosphorus atoms in cis position and
the two nitrogen atoms of the pyridine rings trans to the phosphorus atoms. The mean deviation
from the plane is 0.0407 A and the sum of the angles at Fel is 360.0 °. The Fe-N bond distances
of the aromatic pyridine rings (dFel-N1 = 2.046(2) A and dFel-N4 = 2.058(2) A) are slightly
longer than the Fe-N distances of the dearomatized pyridine rings. The C=C double bonds
(dC7—C8 = 1.396(4) A and dC19-C20 = 1.399(4) A) are shorter than the related C-C single bonds
(d(C1-C2) = 1.499(4) A and dC25-C26 = 1.491 A). In complex [Fe(x*-NPN),][ClsFeOFeCl5],"* in
which two NPN ligands also coordinated to the iron center via a x’-fashion but without
dearomatization of the pyridine rings, the corresponding C-C single bonds distances (1.506(8) A
and 1.506(8) A) are very close to the ones in complex 106. Figure 19 depicts the X-ray structure

of complex 106, Table 4 summarizes important bond lengths and angles.
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Figure 19. Molecular structure of complex [Fe(x*""-NPN),] 106, ellipsoids are given at the 50 %

probability level and hydrogen atoms are omitted for clarity except for the CH and CH, linkers

between the phosphorus atom and the pyridine rings

Complex 106

Fe(1)-P(1) 2.1564(9) P(2)-Fe(1) 2.1547(9)
N(1)-Fe(1) 2.046(2) N(2)-Fe(1) 2.011(2)
N(3)-Fe(1) 2.013(2) N(4)-Fe(1) 2.058(2)
C(1)-C(2) 1.499(4) C(7)-C(8) 1.396(4)
C(19)-C(20) 1.399(4) C(25)-C(26) 1.491(4)
P(2)-Fe(1)-P(1) 96.80(3) N(1)-Fe(1)-P(1) 82.28(7)
N(2)-Fe(1)-P(1) 84.75(7) N(3)-Fe(1)-P(1) 93.34(8)
N(4)-Fe(1)-P(1) 177.73(8) N(1)-Fe(1)-P(2) 179.07(8)
N(2)-Fe(1)-P(2) 93.50(7) N(3)-Fe(1)-P(2) 85.12(8)
N(4)-Fe(1)-P(2) 81.13(7) N(2)-Fe(1)-N(1) 86.27(10)
N(3)-Fe(1)-N(1) 95.07(10) N(1)-Fe(1)-N(4) 99.79(10)
N(2)-Fe(1)-N(3) 177.51(10) N(2)-Fe(1)-N(4) 96.30(10)
N(3)-Fe(1)-N(4) 85.56(10)

Table 4. Selected bond distances (A) and angles (°) for 106
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2.2.3 NMR characterization of 104 -106

The solution "H NMR spectra of complexes 104 and 105 revealed broad paramagnetic signals
spanning from +130 to -30 and +175 to -30 ppm, respectively. No signals were observed by *C
or P NMR for both complexes in reason of the iron paramagnetic centers. Additional NMR
characterization for compounds 104 and 105 were conducted in the solid state. The solid state
MAS "H NMR spectra of 104 and 105 did not provide any useful information for characterization.
The solid state MAS *'P NMR signals were also difficult to observe, the phosphorus atoms being
in close proximity to the iron centers: for both complexes, the detected signals were very broad,
0 =39 (wy, = 13.7 KHz) and 41 (wy/, = 13.0 KHz), for 104 and 105, respectively (Figure 20). In
addition, due to the sensitivity of both compounds, decompositions were observed during the
analyses and intense MAS *'P NMR signals for free NPN 96 (5 = -12.2 (wy, = 1.0 KHz)) and
complex 106 (6 = 86.5 (wy;, = 1.8 KHz)) were observed; partially masking the signal of
compounds 104 and 105. The time dependence MAS *'P NMR experiments were controlled with
compound 105, and signal for free NPN 96 decreased while the signal for 106 increased
obviously within 5 hours (Figure 21). More interestingly, the MAS *C NMR spectra exhibited

specific NMR signatures for 104 and 105, with signals spanning from ca. +600 to —100 ppm.

Figure 20. MAS *'P NMR spectra of complex 104 (left) and 105 (right) in the solid state
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Figure 21. Time dependence of MAS *'P NMR spectra (161.8 MHz, 298 K) of 105 in the solid state

Solution state NMR analyses indicated that complex 106 is a diamagnetic compound in
agreement with a low spin iron(ll) complex. NMR data allowed to characterize the NPN ligands
around the iron center, and particularly to evidence the deprotonation of one benzylic moiety
on each NPN ligand. The *'P NMR spectrum showed one resonance at 5= 87.0 ppm (in toluene-
Ds, & = 86.0 ppm in C¢Dg) indicating two equivalent NPN ligands in solution. The *H NMR
spectrum showed three signals in the aliphatic region between 3 and 4.5 ppm. The signals at 6=
4.06 and 0 = 3.14 correspond to the inequivalent protons of the methylene linkers (PCH,
moieties) resonating as an AB pattern upon *'P decoupling (Y. = 15.5 Hz) whereas the third
signal at &= 3.50 appears as a singlet and was assigned to the PCH moieties (Figure 19). >C NMR
chemical shifts supported the formulation of the protonated/deprotonated methylene arms: the
resonance at ¢ = 44.4 for the PCH, moiety and at 6= 58.7 for the PCH (deprotonated methylene

arm) moiety, respectively. MAS *'P NMR allowed the solid state characterization of this nucleus.
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Figure 22. "H NMR spectrum of complex 106 in solution (500.3 MHz, Tol-Dg, 240 K)

2.2.4 Mossbauer data for the paramagnetic complexes 104 and 105

>’Fe Mossbauer measurements for 104 and 105 were performed at different temperatures. For
complex 104, the spectrum consisted of a doublet with an isomer shift of 5= 0.7676(18) mm's™
and a quadrupole splitting of AE, = 0.9572(35) mm's™ (W, = 0.29(12) mm s™) for a high spin
iron(Il) at 80 K. Rising the temperature to 260 K, the spectrum featured a doublet with o =
0.680(12) mm's™ and AE, = 0.910(23) mm's™ (W;,, = 0.27(11) mm s™), indicating a high spin
iron(Il) as well, comparable to the data obtained at 80 K. Due to the instability of this complex,

higher temperature Mdssbauer measurements could not be recorded.
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Figure 23. Mossbauer spectra of complex 104 at 80 K and 260 K

In the case of complex 105, the spectrum exhibited a symmetric quadrupole doublet with an
isomer shift of =0.7164(12) mm's™ and a quadrupole splitting of AE, = 2.1553(23) mm's™ (Wi,
= 0.72(20) mm s) for a high spin iron(ll) at 80 K. The room temperature (293 K) spectrum
displayed a superposition of two doublets featuring a high spin iron(ll) (&= 0.600(16) mm's™ and
AE, = 2.078(32) mm's™ (Wy,, = 0.43(49) mm s™')) and a low spin iron(ll) (6= 0.357(44) mm's™ and
AE, = 1.069(93) mm's? (W, = 0.25(23) mm s™) with relative fraction of 49 % and 51 %,
respectively. This observation clearly revealed the existence of an intermediate phase at 293 K
with almost equal amounts of high spin and low spin iron(ll) species. No higher temperature
Mossbauer experiments were conducted because complex 105 is too sensitive at higher

temperature as well as in air (Mdssbauer measurements at higher temperatures are performed

under air).
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Figure 24. Mossbauer spectra of complexes 104 at 80 K and 293 K
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2.2.5 Evans method and EPR measurements of 105

Evans measurements is a NMR method that allows to determine the magnetic susceptibility of a

compound in solution.***%’

The paramagnetic complex 105 was dissolved in CgDg solution
containing tetramethylsilane as an inert reference substance in a NMR tube. A capillary,
containing the same concentration of tetramethylsilane in C¢Ds, was placed into the prepared
NMR tube. By 'H NMR, two resonances (at & = 0.00 and -0.03, Figure25) for the methyl protons
of tetramethylsilane in the two solutions were obtained due to the different volume

susceptibilities.

Figure 25. "H NMR of complex 105 in 1 % tetramethylsilane C¢Ds solution with a capillary

containing atetramethylsilane C¢D¢ solution, 5.1 mM, 400.1 MHz, 298 K

The mass susceptibility (X;) was then calculated according to equation 1 in Scheme 36. By
multiplying the molar mass (M) of the complex one obtains the molar susceptibility (X, eq 2),
which vyielded the paramagnetic susceptibility (X,.,) after correction of diamagnetic
susceptibility (X, eq 3 and 4). The effective magnetic moment () was the then calculated
according to equation 5. Where X; stands for mass susceptibility of the solute (em*g"), Af
stands for the observed frequency shift of reference resonance (Hz), F is the frequency at which

the proton resonances are being taken (Hz), and m equals to the mass of substance per cm® of
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solution. For complex 105, the calculated effective magnetic moment was 2.17 5, which was
lower than the spin-only value of a dimeric Fe(ll) (1o = 6.9 ). This difference might be the

result of antiferromagnetic couplings between the two iron ions.

3Af
V= - 1
47Fm
XM = Xg M 2
Xpara = XM + |Xdia| 3
Xgia = 0.5 M*10°6 cm?® g 4

Protr = 2.828 [ Xpora T 5

Scheme 36. Step by step calculating the effective magnetic moment (using tetramethylsilane as

reference)

Electron paramagnetic resonance (EPR) spectroscopy is a technique for studying substances
(particularly metal complexes) with unpaired electrons. EPR measurements have been
conducted for complex 105 in the solid state and in solution (THF or toluene) at 4 K. However, it

was impossible to extract any useful information from the observed spectra.

2.2.6 Powder X-ray measurement

As shown in Figure 26, the powder X-ray experimental data of complex 105 fitted with the
simulated data from its single crystal at the beginning of the measurement but then completely
differed. This observation might result from rapid decomposition under the measurement

conditions. (Powder X-ray measurement was performed with a closed capillary under air.)
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—— Compound 105
—— Simulated from single crystal data

JW

0 20 40 60
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Figure 26. Powder X-ray diffraction spectrum of complex 105

2.3 Reactivity of complex 105

Upon coordination to the iron precursor, deprotonation of the NPN ligand was observed leading
to the dearomatization of a pyridine ring and the formation of a dinuclear compound 105. It is

198,199

noteworthy that dinuclear iron species are key species in hydrogenase processe, as very

200

active molecular catalysts for hydrogen production and uptake.” To exploit the reactivity of

complex 105 featuring an activated ligand is thus of interest.

2.3.1 Reactivity of 105 toward CO:

When subjecting complex 105 at room temperature to a pressure of CO,, a red precipitate 107
was formed immediately regardless the pressure of CO, (1 to 3 atm.) and the solvent (Et,0, THF
or CgDg). It was not necessary to control the reaction temperature rigorously (unlike the
synthesis of compound 104-106) due to the rapid generation of 107 and its stability at room
temperature. Compound 107 was found insoluble in organic solvents and no solution state NMR

analysis could be conducted.

When performing the reaction in CgDs, 3P NMR control of the filtrate showed two doublet
signals at 5= 94.5 and 78.7. "H NMR gave a diamagnetic signal but no *C-H coupling resonance
was observed when using 130, for the reaction, which indicated that the CO, adduct compound
107 was the red precipitate formed during the reaction. Solid state NMR , Mdssbauer, elemental

analysis and infrared spectroscopy analyses were thus conducted to analyze this compound.
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— H _
\ NOOBPM s |
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S N | _~N(SiMe;), 2= CO, adduct
(Me3Si)N™ | /Fef CO,, 3 atm 2
\ = /P - N \ red powder
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=
H — 107
[Fe-Fe] 105

Scheme 37. Preparation of CO, adduct 107

2.3.1.1 NMR characterization of 107 in the solid state

The MAS *'P NMR spectrum revealed a broad signal at &= 82.4 (wy, = 6.9 KHz) for compound
107, which was close to the signal corresponding to compound 106 (sandwich-like (NPN)Fe(NPN)
structure, 6 = 86.5 (wy;; = 1.8 KHz)). It might signify that the coordination environment of the
iron centers could be similar to 106 and not to 105. In addition, 107 was very stable under such
solid state NMR measurement conditions (a high temperature effect can always happen due to
high spinning conditions), no free ligand or other compounds were observed even upon
prolonged measurement times. Compound 107 was also sensitive as colour changed in 3
minutes upon air exposure. No useful information was gained from the MAS 'H and *C NMR

measurements.

Figure 27. MAS *'P NMR spectrum of compound 107 in the solid state

2.3.1.2 Mossbauer measurement of 107

>’Fe Mossbauer measurements of 107 were performed at three different temperatures. At 80 K,
the spectrum showed a superposition of two doublets featuring low spin and high spin iron(ll)

with relative fractions of 49 % and 51 % (isomer shifts and quadrupoles of 6 = 0.3410(51) and
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AE, = 0.646(10) mm's™ (W;/, = 0.25(9) mm s™), and 5= 1.121(12) and AE, = 2.465(24) mm's™ (W5,
= 0.55(21) mm s™)), respectively. At 260 K, the spectrum showed only one doublet with & =
0.286(15) mm's™ and AE, = 0.766(25) mm's™ (W, =0.29(11) mm s!) featuring low spin iron(l1).
Rising the temperature to 293 K, similar doublet was observed with 8= 0.290(22) mm's™* and AE,
= 0.741(36) mm's™* (Wi, = 0.27(23) mm s™!) which pointed to low spin iron(ll). This observation
revealed the existence of an intermediate phase of both high and low spin iron(ll) species in

almost equal amounts, and thus a structure of HS <> (HS/LS)/2 <> LS type.?* 2%

Figure 28. *’Fe Mdssbauer spectra of 107 at 80, 260 and 293 K

2.3.1.3 Infrared characterization of 107

It is interesting to compare our data with the compounds resulting from the reaction of CO, with

99,41,40,105-107,100,30,108,109

the Milstein PNL pincer type complexes. Several species are listed in Figure

29,7%°6:108109.204-206 (3 5 3 ligand was also considered due to the known disproportionation of

CO, upon coordination to metal complexes (chapter 1, section 1.3.1.3).

Complex 108 was synthesized from the CO, insertion into a Fe-H bond of complex 26. Complex
110 was obtained by the nucleophilic addition of the anionic carbon of an activated pincer arm
to the central carbon of CO,. An oxygen atom can then interact with the Ru center in 110.
Complex 109 was reported to account for the possible CO, disproportionation. The infrared

spectroscopic data of the CO, (CO) moieties are shown in Table 5.
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R = Bu, 'Pr, Ph
26 108 109 110

Figure 29. Several compounds resulting from CO, addition to M-PNL compounds

26 108 109 110

Voo (em™) 1865 1885 R='Bu, 1838,1895 1912
R ='Pr, 1847, 1907
R = Ph, 1857, 1917
Voco (cm™) 1612 Vyeym 1628
1319 vy

Table 5. Selected infrared spectroscopic data

The experimental infrared spectrum of 107 features a strong band at v=2195 cm™ (v=2141 cm’
! when using *CO, for the reaction), which clearly indicates the presence of the carbon atom of
CO, in the formed product. In addition, this is a very high frequency value for C-O bond
stretching even compared to the stretching of free CO (v = 2143 cm™). However, this data does
not match with any of the reported frequencies in Table 5. In addition, other iron-CO, adducts
generated from CO, disproportionation reactions did not display similar bands (for example: 48:
Veo = 1730 cm™; 49: 1o = 1647 cm™; 50: v = 1644 cm™; 52: vo = 1994 cm™; 53(a): o = 1654
cm™). But another stretching band was found in compound 107 at v = 1654 cm™, featuring a
oxalato or carbonate group which probably generated after the reaction by comparing to

compounds 49, 50 and 53(a).

207-21
977210 |y the case

The insertion of CO, into metal-amido bonds (M-N(TMS),) is a known reaction.
of complex [(dtbpe)Rh(1-NCO)], 111 (dtbpe = 1,2-bis(di-tert-butylphosphino)ethane),*** a band
at v=2154 cm™ was observed for NCO stretching. As for complex [(x*-Tptm)ZnNCO] ([Tptm]H =

209

tris(2-pyridylthio)methane) 112,”" the NCO group featured stretching at vigym = 2223, Vi =
1339 for N*2CO, and Vasym = 2153, Veym = 1325 cm™ for N**CO. In complex (Al-Mg--NCO) 113,
the frequency of NCO was at v= 2202 cm™, which was also close to that observed for 107. These

information strongly suggest that our compound 107 contains one, or even more, NCO groups.
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At this stage, further investigation on the nature of compound 107 is necessary to propose a

reasonable structure.

t
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Figure 30. Complexes 111-113 bearing NCO ligands (a general scheme is shown for the synthesis

of complex 111)

In addition, by comparing to the IR spectrum of free NPN, the characteristic signals of NPN could

be found in the compound 107 (Figure 31).
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Figure 31. Infrared spectra of NPN (top) and 107 (**CO, adduct, bottom)

2.3.1.4 Proposed structure of compound 107

Along these lines, one can tentatively assign for compound 107 a polymeric or oligomeric
structure owing to its insolubility; NPN ligands, mono- or bridging- NCO groups and oxalato or
carbonate groups should be present. However, further study on 107 is needed to find out its
structure by optimizing the crystallization conditions and determining other properties. It would

also be interesting to conduct some reactivity studies.

2.3.2 Reactivity of 105 toward other substrates

The Fe-H moiety plays an important role for the reactivity of the iron complexes (see chapter 1),
and it is of interest to synthesize an iron complex containing a hydride and to use it for catalytic
applications. There are many routes to synthesize iron-hydride complexes, such as substitution
of halides, and oxidative addition of H, or H-E to the starting iron complexes.212 In this section,
different substrates such as KCg, HCI, H,, hydrazide, hydrosilanes, hydrodithiol and hydroboranes

have been tested. Potassium graphite is a very reactive reducing agent, and has been utilized for
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dehydrogenation or reduction of iron complexes _<,uccessfully.213’_217

However, the reactions with
KCg and HCI only led to decomposition products, and no reaction occurred with either

dihydrogen or triphenylsilane (PhsSiH) or phenylhydrazine (PhHNNH,)) was used.

Initial testing of the reactivity of 105 toward dithiol substrates was carried out with 1,2-
ethanedithiol (HSCH,CH,SH) in Et,0 at -30 °C: a rapid decomposition took place just after the
addition of 1,2-ethanedithiol to 105 leading to unknown iron species and free ligand. Using 1,2-
benzenedithiol (HSCgH,SH) instead of 1,2-ethanedithiol can slow down the reaction and the in
situ mixture could be controlled by NMR. By stirring the mixture of 1,2-benzenedithiol and 105
for 30 minutes at -30 °C and for 30 minutes at room temperature, a purple precipitate was
obtained after workup. *'P NMR characterization of the solid showed two resonances at 5= 75.4
and 67.3. '"H NMR revealed two hydride signals at §=-31.53 and -36.03, both peaks were broad
due to the paramagnetic impurities in the solid. (Figure 32 and 33) However, it was impossible to
isolate the precipitate because it was rather unstable: the purple solid can decompose to black

iron species in solution within several minutes.

Figure 32. 3P NMR spectrum of the purple solid generated from the reaction of 105 and 1,2-
benzenedithiol (HSC¢H,SH) (162.0 MHz, 298 K, Toluene-Dy)
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Figure 33. 'H NMR spectrum of the purple solid generated from the reaction of 105 and 1,2-
benzenedithiol (HSCgH4SH) (400.1 MHz, 298 K, THF-Dy)

By adding hydroborane reagents to a metal-amido moiety, it could be possible to generate a
hydride ligand on the metal center. A related reactivity has indeed been observed on a copper
complex bearing an alkoxy ligand. The addition of HBpin led to a metathesis-type reaction to
generate a Cu-H bond and a pinB-OR compound.”® Initial testing of the hydroboration of 105
was conducted with pinacolborane (HBpin) for this metathesis type reaction at room
temperature. The addition of two equivalents or an excess of borane yielded new paramagnetic
resonances: many peaks were observed by 'H NMR just after the combination of the reagents,
while a very high field signal at &= -90.65 was obtained together with typical ‘H NMR signals at
lower field assigned for a paramagnetic compound. The characterization by "'B{*H} NMR at & =
25.8 for the generated B-N bond containing compound (pinB-N(TMS),) indicated that the
expected reaction might have occurred. However, no crystals could be grown from the mixture
and formation of complex 106 was slowly observed. The use of various solvents (e.g.: pentane or
THF), temperature, pressure of dihydrogen led to the same result. While using catecholborane

(HBcat) for the reaction, only decomposition of 105 to 106 could be observed.
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Figure 34. "H NMR spectrum of the reaction mixture at 30 min (marked signals stand for 106)

2.3.3 Catalytic hydroboration of COz with complex 105

The hydroboration of CO, using complex 105 as catalyst was then tested. 20 mol% catalyst
loading in C¢Dg, under 0.6 atmosphere of 130,, led to the observation of compounds 114-117
(Scheme 38). The reaction mixture was kept at ambient temperature and the catalytic system
was followed by “*C{*H} NMR (Figure 35). Compounds 114 (& = 85.5) and 115 (5, = 82.9 and
Icno = 158.6) were observed after 3 hours, and compounds 116 (6 = 158.6) and 117 (6 = 52.3)
were also observed after 14 days at room temperature. In addition, the compounds 114-117
have been confirmed to release or to be a very reactive C1 source of formaldehyde (CH,0), and
compound 115 featuring two reduced CO, units was only previously observed with ruthenium

219-221

polyhydride complexes. However, the activity of this catalytic system was low with only 30 %

of HBpin converted.

:;’é’:‘:)’::':r/:‘ pinBOCH,OBpin + pinBOCHO
2 -

HBpin 114 116
C6D6, r.t.

pinBOCH,OCHO + pinBOCH,
115 117

Scheme 38. Catalytic transformation of *CO, with HBpin and compound 105
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Figure 35. *C{*H} NMR spectra of *CO, transformation over time

2.4 Synthesis and characterization of ruthenium complexes

bearing NPN and NP ligands

The compound Ru(COD)(COT) (118, COD = cyclooctadiene, COT = cyclooctatriene) was chosen as
a ruthenium precursor for investigating NPN and NP ligand coordination. The synthesis and
characterization of three new ruthenium complexes 119-121 are described in this section and

their structural features are compared with the family of iron complexes 104-106.

2.4.1 Synthesis and NMR characterization of the ruthenium complexes

Crystals of the ruthenium complex [Ru(x"-NPN)(x""-NPN)(COD)] 119 suitable for X-ray
diffraction analysis were grown from the mixture of Ru(COD)(COT) and NPN in Et,O after one
hour without stirring, and leaving the filtrate of the mixture at -37 °C for 48 hours. When
performing the reaction in a pentane/toluene solution, crystals of the homoleptic complex
[Ru(x"N-NPN),] 120 suitable for X-ray diffraction were obtained after 10 days at -37 °C. Neither

119 nor 120 were isolated in larger scale due to their instability in solution.

Complex [Ru(x’-NP)(x"*-NP)(COD)] 121 was isolated as a red powder in a 56 % yield after

stirring Ru(COD)(COT) and the NP ligand for 16 hours in Et,0 solution at room temperature. This

B —— e ——=———===
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compound was stable upon storing in the glove box at ambient temperature for months. Crystals

of 121 were grown from an Et,0 solution of Ru(COD)(COT) and NP at -37 °C.

CHQ

h/P\
\\ CcoT \
4 74
N PR P o) S 119
Phap_ 1T WP 2NP [ 2NPN |
s Ru Ru
Ph -CcoT L N\
’//’ |ul /
121 118

-COT
-COoD <j\

Scheme 39. Synthesis of complexes 119-121. Et,0 was the solvent for the synthesis at room

temperature

NMR characterization of the crystals of complex 119 turned to be impossible due to its
decomposition in solution. Several *'P{*H} NMR signals were always obtained. As shown in
Figure 36, three doublet signals at 6= 35.6, 35.0 and 32.6 decreased rapidly (within 1h), and two
singlet resonances at 0 = 53.7 and 44.6 increased meanwhile. It was notable that the latter two
signals corresponded to hydride resonances at 6 = -6.94 and -7.76, respectively, as determined
by multinuclear selective decoupling experiments. Further work is needed to properly
characterize complex 119 by NMR, by conducting low temperature experiments. The same

problem was also observed for complex 120.
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Figure 36. Evolution of complex 119 detected by *'P{*H} NMR

In the case of complex 121, the *'P{"H} NMR spectrum showed two doublet signals at § = 55.6
and 39.3 (Yp» = 20.5 Hz), corresponding to the two inequivalent phosphorus atoms in cis
position as indicated by the small %J,» value and as corroborated by the X-ray structure. A typical
'H NMR spectrum indicated that 121 was a diamagnetic compound. Interestingly, an ABX (A = B
= H, X = P) spin system was observed in the aliphatic region between 1.5 and 4.0 ppm. The
signals at 6=3.36 and = 1.58 ppm corresponded to the inequivalent protons of the methylene
linker (PCH, in &™"-NP ligand) resonating as an AB pattern upon *'P decoupling (*Ju. = 17.5 Hz),
and the corresponding *C resonance was found at & = 43.6 ppm (d, “Jcp = 15.9 Hz) by “C{*H
NMR}. While for the PCH, moiety in «'-NP ligand, a resonance at & = 4.18 ppm (ps quartet) for
the two protons and at & = 40.1 ppm for the carbon was observed by 'H and “C{*H NMR},

respectively.
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Figure 37. 'H NMR spectrum of complex 121

Figure 38. *C{*"H} NMR spectrum of complex 121
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2.4.2 X-ray diffraction of complexes 119 -121

The crystallographic analysis revealed that 119 crystallized in the triclinic space group P-1 with Z
= 2. The ruthenium center is in a distorted square pyramidal geometry, and the oxidation state
of the 18 e metal center is 0. The two NPN ligands coordinated to the ruthenium center in
monodentate x’- and bidentate x"-modes, respectively. Cyclooctadiene (COD) remained
coordinated to the metal while the starting cyclooctatriene (COT) was not any more present. The
Rul-P2 bond distance (2.3443(4) A) belonging to the monodentate x’-NPN ligand was longer
than that of Rul-P1 (2.3210(4) A) for the bidentate x"**-NPN ligand, because P2 is roughly trans
to the vacant site of the metal center and the constraint effect of the five membered ring (Rul-
P1-C14-C13-N1). The four C-C bond distances between the methylene moieties and the pyridine
rings were quite closed to each other (dC13-C14 = 1.498(2) A, dC15-C16 = 1.511(2) A, dC27-C28 =
1.501(2) A, dC33-C34 = 1.499(2) A) and similar to those in complex [Fe(N(TMS),),(s"*-NPN)] 104
(dC1-C2 = 1.500(2) A and dC1-C8 = 1.498(2) A). The X-ray structure of 119 is depicted in Figure 39

and the selected bond distances and angles are given in Table 6.

Figure 39. Molecular structure of complex [Ru(x"-NPN)(x"*-NPN)(COD)] 119, ellipsoids are given

at the 50 % probability level and hydrogen atom are omitted for clarity
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Complex 119
Ru(1)-P(1) 2.3210(4) Ru(1)-P(2) 2.3443(4)
Ru(1)-N(1) 2.1395(12) Ru(1)-C(1) 2.1926(15)
Ru(1)-C(4) 2.1445(14) Ru(1)-C(5) 2.1427(14)
Ru(1-C(8)) 2.1983(14) C(13)-C(14 1.498(2)
C(15)-C(16) 1.511(2) C(27)-C(28) 1.501(2)
C(33)-C(34) 1.499(2) N(1)-Ru(1)-P(1) 81.82(3)
N(1)-Ru(1)-P(2) 86.64(3) P(1)-Ru(1)-P(2) 104.391(13)
C(13)-C(14)-P(1) 111.57(10) C(16)-C(15)-P(1) 116.20(11)
C(28)-C(27)-P(2) 117.92(10) C(34)-C(33)-P(2) 117.25(10)

Table 6. Selected bond distances (A) and angles (°) for 119

The X-ray structure of 120 is quite similar to that of 106, the two NPN ligands coordinating to the
metal center via a tridentate x*""-fashion with dearomatization of one of the pyridine ring on
each ligand. Single crystals of 120 crystallized in the monoclinic space group P 1 2,/c with Z = 4,
and the coordination geometry of Rul is also a distorted octahedron. Notably, the oxidation
state of the 18 e ruthenium center is +2, as a result of deprotonation of the two NPN ligands
upon coordination. The axial positions are occupied by one phosphorus atom and one nitrogen
atom of the aromatic pyridine ring with the bond angle of P1-Rul-N4 = 177.55(4) °. In the
equatorial plane, the two nitrogen atoms of the dearomatized rings, as well as the phosphorus
atom and the nitrogen atom of the non-dearomatized pyridine ring, are in trans positions to
each other, respectively. The mean deviation from the plane was 0.0008 A and the sum of the
angles at Rul was 359.98 °.The Ru-P bond distances (dRul-P1 = 2.2126(5) A and dRul-P2 =
2.2108(5) A) were shorter than those of 119, probably due to the more compact geometry of
120. When the nitrogen atoms were from aromatic pyridine rings, the Ru-N bond distances
(dRu1-N3 = 2.2009(15) A and dRu1-N4 = 2.1847(15) A) were longer than those of nitrogen atoms
from dearomatizated pyridine rings (dRul-N1 = 2.1174(16) A and dRul-N2 = 2.1086(16) A).
Similarly, the C=C double bond lengths (dC11-C12 = 1.405(3) A and dC31-C32 = 1.403(3)) were
shorter than those of related C-C single bond (dC17-C18 = 1.500(2) A and dC23-C24 = 1.502(3) A).
Figure 40 depicts the X-ray structure of complex 120, Table 7 summarizes selected bond

distances and angles.
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Figure 40. Molecular structure of complex [Ru(&"""-NPN),] 120, ellipsoids are given at the 50 %

probability level and hydrogen atom are omitted for clarity except for the CH and CH, linkers

between the phosphorus atom and the pyridine rings

Complex 120

Ru(1)-P(1) 2.2126(5) Ru(1)-P(2) 2.2108(5)
Ru(1)-N(1) 2.1174(16) Ru(1)-N(2) 2.1086(16)
Ru(1)-N(3) 2.2009(15) Ru(1)-N(4) 2.1847(15)
C(11)-C(12) 1.405(3) C(17)-C(18) 1.500(3)
C(31)-C(32) 1.403(3) C(23)-C(24) 1.502(3)
N(2)-Ru(1)-N(1) 177.94(6) N(1)-Ru(1)-N(4) 85.18(6)
N(2)-Ru(1)-N(4) 95.46(6) N(1)-Ru(1)-N(3) 97.06(6)
N(2)-Ru(1)-N(3) 84.73(6) N(2)-Ru(1)-P(2) 95.74(4)
N(4)-Ru(1)-N(3) 101.36(6) N(4)-Ru(1)-P(2) 79.57(4
N(1)-Ru(1)-P(2) 82.45(4) N(2)-Ru(1)-P(1) 82.48(4)
N(3)-Ru(1)-P(2) 178.92(4) N(4)-Ru(1)-P(1) 177.55(4)
N(1)-Ru(1)-P(1) 96.83(4) N(3)-Ru(1)-P(1) 79.81(4)
P(2)-Ru(1)-P(1) 99.276(18) C(12)-C(11)-P(1) 114.79(15)
C(18)-C(17)-P(1) 107.11(13) C(23)-C(24)-P(2) 106.71(13)
C(32)-C(31)-P(2) 114.47(14)

Table 7. Selected bond distances (A) and angles (°) for 120
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Single crystals of 121 crystallized in the monoclinic space group C 1 2,/c with Z = 4. The NP

ligands are coordinated to the ruthenium center via monodentate x'- and bidentate x**-modes.

Similar to 119, COD remained coordinated to the metal center while the cyclooctatriene (COT)

was liberated. The oxidation state of the 18 e- ruthenium center is still 0. The Ru-P bond lengths

are 2.3827(12) A and 2.2527(12) A, thus quite different in agreement with the two different

coordination modes of the NP ligands (phosphorus in «**-NP and &’-NP ligands, respectively).

The C-C single bond distances of the methylene linkers and the pyridine rings are similar as none

of the ligands were deprotonated upon coordination (dC13-C14 = 1.495(7) A and dC32-C33 =

1.507(6) A). The X-ray structure of 121 is shown in Figure 41 and selected bond distances and

angles are listed in Table 8.

Figure 41. Molecular structure of complex [Ru(x"-NP)(x"*-NP)(COD)] 121, ellipsoids are given at

the 50 % probability level and hydrogen atom are omitted for clarity

Complex 121
Ru(1)-N(1) 2.158(4) Ru(1)-P(1) 2.3827(12)
Ru(1)-P(2) 2.2527(12) Ru(1)-C(20) 2.202(5)
Ru(1)-C(21) 2.168(5) Ru(1)-C(24) 2.178(5)
Ru(1)-C(25) 2.146(4) C(13)-C(14) 1.495(7)
C(32)-C(33) 1.507(6) N(1)-Ru(1)-P(2) 80.99(10)
N(1)-Ru(1)-P(1) 85.63(10) P(2)-Ru(1)-P(1) 101.54(4)

Table 8. Selected bond distances (A) and angles (°) for 121
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2.5 Conclusion

The bis(2-picolyl)phenylphosphine compound has demonstrated that it acts as a versatile NPN
ligand toward the reactive precursor [Fe{N(SiMejs),}.], affording access to several different
coordination modes. Thanks to a fine control of the experimental temperature and time
conditions, complexes 104-106 could be isolated. These paramagnetic and diamagnetic
compounds have been characterized by X-ray diffraction analyses and NMR spectroscopy both in
solution and in the solid state. The paramagnetic complex 105 was also characterized by

Mossbauer measurements, Evans method, EPR as well as powder X-ray diffraction.

Upon coordination, deprotonation of NPN was observed giving rise to the dearomatization of a
pyridine ring in complex 105 and 106. This is the first time that such a behavior is reported for
this ligand. Such a behavior is one key parameter for the strategy of “non-innocent” (outer-
sphere) utilization in catalysis. In addition its flexibility allows the formation of an original dimer,
complex 105. The exploitation of the reactivity of this type of dimeric structure featuring an
activated ligand has been tested with different substrates and we gained some interesting
results. The possibility of using such a complex as catalyst for small molecule activation, such as
catalytic transformation of CO, with pinacolborane, has also been explored. Further
investigations toward circumventing the stability issues encountered in this study are highly

expected.

With the precursor [Ru(COD)(COT)], the coordination chemistry of NPN and of the related
compound (2-picolyl)diphenylphosphine (NP) was also studied for comparison with the iron
chemistry. Several complexes 119-121 have been obtained and characterized by X-ray diffraction.
The properties of the NPN ligand containing ruthenium complexes 119 and 120 were similar
with those of the iron complexes 104-106: instability, difficulties in NMR characterization, and
even the crystallographic structures (120 and 106). In addition, the crystallographic structures of
complexes 119 and 121 are almost the same: COD is remaining as a ligand on the ruthenium(0)
center and two other phosphine ligands are coordinated to the metal centers via & and &"*
fashions, with the only difference of the functional groups on the ligands (NPN in 119 and NP in
121, respectively). It should be noted that complex 121, containing the NP ligand, is rather stable

by comparison to all the NPN type complexes.
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Iron-catalyzed reductive functionalization of CO,

3N [l o Te [¥ o1 4 o] o VU USSP 85
3.1 Functionalization and reduction Of COy ......ueiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeee e e eeeeereees 85
3.2 Reductive functionalization Of CO i e e e e e 86
3.3 Preparation of bis(boryl)acetal at iron-catalyzed system .........cccovveeeciiiiiciiee e, 88
3.3.1 Preparation of FE(H)y(AXP) s ccuuiiiiiiiieeeciiieecteee ettt etee e et e e e saae e e e are e e senaaeeean 88
3.3.2 Variation of the hydroboranes - Choice of the oxygen scavenger.........ccocceeeevvveeeccnneennn. 89
3.3.3 Optimization of the conditions for the selective generation of bis(boryl)acetal 127......91
3.3.4 Evolution of the bis(boryl)acetal compound 127............ccceeiiieiiieeciee e 93
3.3.5 Scale-up synthesis of compouNnd 127..........coccuiiiiiiiiiiiiiiieeccee e 95
I T X oY Vol [0 1Y T o YOS 96
3.4 Reductive functionalization Of COy....eeviiiiiiiiiiiiiiiiiiiieiiieeeeeeeeeeeeeeee ettt e et et e e e ee e eeereees 96
3.4.1 Ability of 127 as @ MethyleNe SOUICE ....c.uvieiiiiiie e raee e 97
3.4.2 Generation of C=N and C-N DONGS .......ceeiiiieiiiiiiiiieee ettt eeerree e e e eeesarrre e e e e e e 98
3.4.2.1 Reaction with primary amines to afford imines (C=N bond) .......c..ccccovevvvievieerinenns 98
3.4.2.2 Reaction with secondary amines to form acyclic aminals (C-N bonds)..................... 99
3.4.2.3 Reaction with diamines to form cyclic aminals (C-N bonds) .......c.cccccvvevvieeeireennnnn. 100
3.4.3 Generation of C-O and N-C-0 bONAS.........ueeieiiiiiiieeiiiie ettt e e e e 101
3.4.3.1 Reaction with diol to form acetal (C-O bonds) ........cocvveeeveveeieciieeeeeeee e, 101
3.4.3.2 Reaction with aminoalcohols to form hemiaminals (N-C-O bond)..........cccceeeuu.... 101
3.4.4 Generation and isolation of hexamethylenetetramine (cage compound) .................... 102
3.4.5 Generation of dithiolmethylene (C-Sbonds) ........cccoueiieiiiiiieciie e, 103
3.4.6 Generation Of C-ChONAS .....ccccuviiiiiiiii e e 103
3.4.6.1 Reaction with ylide to form an olefin (C=C bond).........c.cccceeeeeiiiiiccieee e, 103
3.4.6.2 Generation of C-C-N bonds via Mannich reation...........cccccoceeeeeiieeeecciee e, 104
3.4.6.3 Generation and isolation of bis-(2,4-tert-butyl-phenol)methylene (C-C bonds).....104
I A o T Vol V1Yo o TS PP 105

83



84




Chapter 3

3 Introduction

With respect to global warming, climate changes and the desire of carbon-based societies, the
utilization of carbon dioxide, which is a renewable, cost-efficient, and rather non-toxic source of
carbon when compared to other C1 sources, has been developed in various fields of chemistry

133,157,222,140223-225 |y chapter 1, the activation of

despite its intrinsic high thermodynamic stability.
CO, upon coordination to iron-based compounds, and iron-catalyzed functionalization processes
leading to carbonates, carbamates, formic acid or derived products, formamines and

methylamines have been described.

In this chapter, a general bibliography overview of functionalization, reduction and reductive
functionalization of CO, is summarized in sections 3.1 and 3.2. My work concerning the selective
reduction of CO, into a versatile C1 source catalyzed by iron-hydride complexes is presented in
section 3.3; the expanded scope of value-added compounds from CO,, including not only C-N

but also C-O, C-S and C-C bonds formation, is reported in section 3.4.

3.1 Functionalization and reduction of CO:

Nowadays, the synthesis of organic compounds featuring a C" center(s) by CO, functionalization

226

has been developed rapidly.”” In the most advanced processes of transformation of CO,, the O-

C-O unit is maintained as in carbonate or salicylic acid (C") syntheses, and / or at least one of the

C=0 bonds from CO, is retained, for example in urea derivatives.”?’>*>'*?

However, to fully use CO, as a C1 building block, the full range of carbon oxidation states needs

to be accessible. Homogeneous catalyzed CO, reduction with concomitant oxygen abstraction

230,231 2 233,234

was investigated with dihydrogen, silanes®®? and boranes as reducing agents. As a

consequence, the complete list of C1 compounds: carbon monoxide, formic acid, formaldehyde,
methanol and methane were obtained. This family of C1 compounds are of interest as energy

carrier or chemical building blocks.'?*?2%231:23>7240
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Scheme 40. Products from CO, functionalization and reduction reactions

It should be pointed out that the scope of chemicals from direct CO, functionalization and
reduction is rather narrow by comparison to the current available petrochemicals. For example,
ketones, esters and hydrocarbons, are not available from CO,. To expand the scope of produced

chemicals, reductive functionalization of CO, appears as a key strategy.

3.2 Reductive functionalization of CO

The use of dihydrogen as a reductant gave rise to methanol,****** whereas the addition of

amines, imines or olefins to the hydrogenation process afforded formamides,**

247-251 252,253

formamidines,**® methylamines and aliphatic alcohols, thus generating new C-N and
C-C bonds. These processes are conducted with Ru catalysts for the most efficient systems at
temperatures greater than 135 °C and H,/CO, pressures greater than 40 atm. The only examples
using iron catalysts to generate formamides are also performed under similar conditions (100 °C
and H,/CO, pressures greater than 90 atm., chapter 1, section 1.3)."*** While CO,
hydrogenation appears as the ideal reaction in term of atom economy, a sustainable source of
“carbon free” dihydrogen, milder reaction conditions and less expensive catalysts remain to be

found.

In the case of hydrosilanes and hydroboranes as reductants, significantly milder operating
conditions are allowed: ambient temperature and one atm of CO,. This feature might be
explained by weaker and slightly polarized Si-H and B-H bonds compared to the strong non-polar
H-H bond (bond dissociation energy: 92, 99 and 104 kcal'mol™ in SiH,, BHs and H,, respectively).
In addition, the bond energies are 110, 125, and 109 kcal'mol™ for Si-O, B-O and H-O bonds,

respectively. So it is potentially more favorable to break the Si-H or B-H bonds and to generat
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the corresponding Si-O or B-O bonds. By adding amines to CO, hydrosilylation®* 2% or

hydroboration?%?19220218263264 1y qcasses, the corresponding formamides, formamidines,
formimine and methylamines can be obtained. Remarkably, the hydrosilylation system can also
be activated by iron-based catalysts leading to formamides at room temperature and

methylamines at 100 °C, although the silane reagent is only limited to PhSiH,. ®

Key mechanistic insights were gained and up to 4 consecutive hydrofunctionalization reactions
have been described yielding formoxy 122, acetal 123 and / or formaldehyde, methoxy 124, and
ultimately methane, the latter being only obtained in the case of hydrosilanes (Scheme

41)232233,263,265,268 Tha first observation of bis(boryl)acetal 123 and formaldehyde was described

in our group with a ruthenium-catalyzed CO, hydroboration system with HBpin.**#?2%?*!

Later on,
the bis(boryl)acetal 123 was also observed in base-catalyzed hydroboration of CO, with 9-
BBN.?*%°® very recently, the first X-ray characterization of a bis(boryl)acetal compound (BR,
=(2,4,5-trimethylphenyl, 2-dimethylaminophenyl)borane) was reported.”®” The formation of
formamides, formamidines and methylamines is explain via the functionalization of the formoxy

compound 122 which corresponds to the first reduction step for CO,.

H,C—OH + EOH

|
EO—CH, 4nq /'é\ HE H,c—o0E -H E_ cn,
H-E OE /or H H
+ EOE
EO 123 124

E = SiR; or BR,

Scheme 41. General scheme for the reduction and reductive functionalization of CO,

Until now, reductive functionalization of CO, only generated C-N bonds with the use of amines
as trapping agents. In order to largely expand the scope of accessible compounds and functions,
the strategy is to target the second stage of reduced CO, and its subsequent functionalization.
As it has been shown that trapping of formaldehyde allowed to form imine functions, the
hypothesized proposal is that the bis(boryl)acetal would allow to stabilize the oxidation state 0

of the carbon atom more easily than formaldehyde but would afford similar versatile high

B —— e ——=———===
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reactivity as formaldehyde as a methylene transfer reagent not only to form C-N but also C-O, C-

C, C-S, C=N and C=C bonds in a one-pot two-steps process.

For reductive functionalization of CO,, there are indeed very few systems using iron-based

173,174,183 219-221

compounds as pre-catalysts. Thus, to transpose the ruthenium expertise to iron

complexes featuring hydride ligands is of interest.
[Fel R,BO—CH, substrates
CO, + HHBR, —— \ ——— » C-N,C-O,C-s,C-C,C, ...

OBR,
CO, reduction "CH," transfer

One-pot two-steps

Scheme 42. An iron catalyzed one-pot two-steps process for reductive functionalization of CO,

under mild conditions

3.3 Preparation of bis(boryl)acetal at iron-catalyzed system

3.3.1 Preparation of Fe(H)2(dxpe):

The dihydride iron complex [Fe(H),(dmpe),] 40 was chosen as catalyst for the hydroboration of
CO,, owning to its reactivity with CO, as described by Leslie Field et al. (see chapter 1).1**1*%%%8 |
addition, our group used this complex for direct C-H borylation of arenes under irradiation.?*®
The related dihydride iron complex [Fe(H),(depe),] (depe = bis(diethylphosphino)ethane) 126
was also tested. Because a similar complex [Fe(Me),(depe),] (43, pp = depe), has also been

142

shown that can react with CO, (see chapter 1).”"° Both complexes were synthesized following a

268270 Two equivalents of diphosphine ligands were

modified procedure from the literature.
added to the solution of FeCl, (in toluene for dmpe and in THF for depe) at room temperature
and stirred for 12 hours. After workup, green solids (for both phosphine ligands) corresponding
to the dichlorobis(diphosphine) complexes 125 were obtained in good yield (> 88 % for both
phosphine ligands). The addition of two equivalent of super hydride LiHBEt; (Lithium
triethylborohydride) at room temperature afforded the iron complexes 40 and 126, respectively.
'"H NMR spectra of complexes 40 and 126 revealed high field signals at 5= -14.51 and -14.77
ppm for the hydrides, respectively and *P NMR spectra showed two resonances for each
complex at & = 76.7 and 66.8 ppm (t, “Jop = 27 Hz), and at & = 102.4 and 88.4 ppm (br),
respectively standing for the cis-coordinated diphosphine. (Complex [Fe(H),(dmpe),] 126 was

prepared by Dr. C. Gunnar Werncke.)
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2 dxpe, sol. 2 LiHBEt; Et,0
FeCl, W Fe(Cl),(dxpe), t.2h > Fe(H),(dxpe),
125
_ dmpe 40
dxpe = depe 126

Scheme 43. Synthesis of iron complexes [Fe(H),(dmpe),] 40 and [Fe(H),(depe),] 126

3.3.2 Variation of the hydroboranes - Choice of the oxygen scavenger

Catalytic hydroboration of CO, was carried out with 5 mol% of complex 40 with three different
hydroboranes: catecholborane (HBcat), pinacolborane (HBpin) and 9-borabicyclo[3.3.1]nonane
(9-BBN). The reactions were conducted at room temperature under 1 atmosphere of CO, in a
NMR tube and except for BR,0OCH,OBR, (bis(boryl)acetal), BR,OCH; (methoxyborane) and
BR,OBR, (bis(boryl)ether), no other compound in significant amount was observed by NMR
during the hydroboration processes (Scheme 44). The yields of bis(boryl)acetal versus
methoxyborane were determined by 'H NMR integrations (9,10-dihydroanthracene was used as
internal standard, Table 9). With HBcat, CO, was fully converted to the related methoxyborane
within 3 hours. With HBpin, while the formation of the bis(boryl)acetal was observed during the
reaction, a ratio of 30 % : 18 % was observed at full conversion level (5 h). In contrast, the
reaction with 9-BBN led to 36 % : 3 % ratio after 1 hour. After 3 hour, the bis(boryl)acetal raised

to 56 % and decreased to 46 % when all the 9-BBN has been converted (5 h).

40 (5 mol%)

HBR, + CO,
CGDG, r.t.

1 atm.

R,BOCH,0BR, + R,BOCH; + R,BOBR,

Scheme 44. Iron complex 40 catalyzed CO, hydroboration reaction; three compounds

bis(boryl)acetal, methoyborane and oxodiboron were observed by NMR
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HBR, Time (h) R,BOCH,0BR, (%) R,BOCH; (%)

1 0 41
HBcat

3 0 59

1 4 6
HBpin 3 21 10

5 30 18

1 36 3
9-BBN 3 56 15

5 46 27

Table 9. CO, hydroboration: relative ratios of the corresponding bis(boryl)acetal and

methoxyborane

Phosphines (PRs, R = 'Bu, Ph, 4-MeC¢H, and 3,5-Me,C¢H;) have already been shown to
reductively catalyze CO, with 9-BBN giving rise to a mixture of formatoborane, bis(boryl)acetal
and methoxyborane under mild conditions (5 atm. of CO, and at room temperature). The
highest yield of bis(boryl)acetal generation in this metal-free catalytic system was 41 % when all
9-BBN was consumed.”® In this context, blank experiments with only the phosphine ligand
(dmpe) as catalyst precursor were also conducted with the three hydroboranes under the
standard reaction conditions (1 atm. of CO,, at room temperature and 10 mol% of catalyst
loading). The relative ratios between the bis(boryl)acetal and the methoxyborane were
estimated by 'H NMR and shown in Table 10. It should be pointed out that all the hydroboranes
(HBcat, HBpin and 9-BBN) can potentially react with dmpe; a lot of white precipitate was
observed just after mixing HBcat and dmpe, whereas HBpin and 9-BBN gave colorless solutions
after mixing. The reaction of hydroboranes with dmpe was not considered in the conversion
fraction. With HBcat and HBpin, no CO, conversion was observed even after 24 hours. In the
case of 9-BBN, NMR monitoring showed in addition to the 9-BBN resonances, new signals at o= -
6.3 ppm by *'P{*H} NMR, and at & = -16.0 ppm by "'B{"H} NMR that could correspond to the
phosphine adduct as well as signals for bis(boryl)acetal and methoxyborane. After 1 hour only 7 %
conversion of 9-BBN was observed and after 24 hours, 36 % of 9-BBN was converted for a ratio

of bis(boryl)acetal and methoxyborane of 0.7 : 1.
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dmpe (10 mol%)
HBR, + CO, > R,BOCH,0BR, + R,BOCH;
CGDG, r.t.

Scheme 45. Blank experiments in the same conditions with only dmpe as catalyst precursor

Conv. of
HBR, Time (h) R,BOCH,0BR, R,BOCH;
HBR, (%)
1 0 0 0
HBcat
24 0 0 0
1 0 0 0
HBpin
24 0 0 0
1 7 1 0
9-BBN
24 36 0.7 1

Table 10. Dmpe as catalyst precursor with the three hydroboranes

In this context, 9-BBN was chosen for the selective synthesis of the bis(boryl)acetal.

3.3.3 Optimization of the conditions for the selective generation of

bis(boryl)acetal 127

The experimental conditions for a selective synthesis of the bis(boryl)acetal 127 were first
studied in NMR tubes. Pre-catalyst 40 and 9-BBN were placed in 0.5 mL of a solvent, degassed
and placed under a CO, pressure. The tube was then introduced in the NMR machine at the

requested temperature for regular NMR controls.

Fe(H),(dmpe), 40
B-H + CO, — >~ R,BOCH,OBR, + R,BOCH; + R,BOBR,
sol., temp. 127 128 129

Scheme 46. Optimization of the conditions for selective synthesis of compound 127

As depicted in Table 11, the relative ratio of 127 : 128 and the corresponding time were given for
the highest quantity of bis(boryl)acetal compound 127 formed. The standard reaction was
performed with 5 mol% of catalyst loading, 1 atmosphere of CO, and at 25 °C in C¢Dg (entry 1),
and a ratio of 5.6 : 1 was observed after 170 minutes of the reaction for 95 % conversion of 9-
BBN. Lowering the temperature both decreased the reaction rate and the selectivity in 127
(entry 7). In contrast, rising the temperature afforded rapid conversion of 9-BBN (> 99 % within

47, 20 and 10 minutes, at 45, 50 and 60 °C, respectively. entries 8-10) and higher ratios of 127

B —— e ——=———===
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(up to 13.4 : 1, entry 10). Changing the solvent to THF favored the formation of the
bis(boryl)acetal 127 in terms of rate and selectivity (entries 11-14). It is important to note that
no hydroboration reaction occurred in the absence of catalyst, even upon heating the mixture of

the reactants up to 50 °C for two weeks (entry 17).

Time Conv. of relative ratio
# mol % P(CO,) T°C Solvent
(min.) 9-BBN (%) 127 :128

1 5 1 25 170 95 56:1 CsDg
2° 5 1 25 225 93 19:1 CsDg
3 10 1 25 145 98 34:1 CsDg
4 10 3 25 165 89 06:1 CsDg
5 1 1 25 180 95 24:1 CsDs
6 5 3 25 135 93 1.1:1 CsDs
7 5 3 10 455 64 06:1 CsDs
8 5 1 45 47 >99 8.8:1 CsDs
9 5 1 50 20 >99 126:1 CsDs
10 5 1 60 10 >99 134:1 CsDs
11 5 1 25 30 >99 18.2:1 THF-Dg
12 1 1 25 47 >99 199:1 THF-Dg
13 1 3 25 47 >99 11.2:1 THF-Dg
14 0.1 1 25 53 >99 123:1 THF-Dg
15 1 25 150 >99 21:1 Tol-Dg
16 2 1 60 47 4 3.5:1 THF-Dsg
17— 3 — 2 weeks 0 0 THF-Ds

®:0.26 mmol of 9-BBN and related 5 mol% catalyst; b dmpe as catalyst; : the reaction of 9-BBN with dmpe

did not count into the conversion of 9BBN; 4. without any catalyst, up to 50 °C for two weeks.

Table 11. Optimization of the conditions of the CO, reduction with 9-BBN and blank experiments

Based on these experimental data, the optimized general method for the generation of
compound 127 was achieved with 1 mol% of catalyst loading, after 47 minutes at room
temperature in THF. Using 9,10-dihydroanthracene or paramethylanisole as internal standards, a
yield of 85 % in 127 by 'H NMR integration and full conversion of 9-BBN by "'B{*"H} NMR were
determined, which corresponds to a turnover number of 85, while the turnover number is

defined as the number of moles of 127 formed per mole of iron catalyst. Experimental data
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revealed that the two internal standards were inert against the reductive process since adding

them at the beginning or at the end of the reaction had no influence on the results.

The catalytic performance of the depe complex [Fe(H),(depe),] 126 was also tested (Table 12).
Using a similar procedure, initial testing with 1 mol% catalyst loading gave a very good 94 % yield
of 127 corresponding to a turnover number of 94 (entry 1). Increasing the temperature afforded
faster reactions: 15 minutes at 40 °C and 3 minutes at 60 °C for similar yields. Interestingly, the
catalyst loading could be decreased to 0.1 mol% for an 89 % yield, with the corresponding

turnover number of 890 (entry 4).

Time Conv. of yield
# mol% T°C _
(min.) 9-BBN (%) 127 %: 128 %

1 1 25 47 >99 94:6
2 1 40 15 >99 86:3
3 1 60 3 >99 87:3
4 0.1 25 47 >99 89:6

Table 12. Catalytic performance of complex [Fe(H),(depe),] 126 (in THF solvent and under 1 atm.
of COz)

3.3.4 Evolution of the bis(boryl)acetal compound 127

In the reported base catalyzed CO, hydroboration system, the bis(boryl)acetal was formed

263 By comparison, in our

transiently and then fully reduced to methoxyborane within 7 hours.
iron-catalyzed system, compound 127 was not further reduced to 128, at least in a significant
amount. After 47 min., the yield of 127 and 128 are 85 % and 8 %, respectively. After 15 hours,
more than 50 % of 127 and only 11 % of 128 were observed (Figure 42). The yield in 128 does
not increase by a large factor. The decrease in 127 might be explained by rearrangement leading

to uncharacterized products (B-attached products) exhibiting methylene signals in the *H NMR

spectra (Figure 43).
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100 -
—— bis(boryl)acetal 127
methoxyborane 128
g
°
E) 50 "
>
0 T T T 1
0 450 900
Time (min)

Figure 42. Evolution of the catalytic mixture 127 and 128.

Figure 43. 'H NMR spectrum of the iron-catalyzed CO, hydroboration system (after 15 h)

Interestingly, some crystals were obtained from the reaction mixture kept eight weeks at room

temperature. X-ray diffraction analysis of these crystals revealed the compound
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[((CgH14)(HOOC)B(OCH,)PMe,),C,H,] 130 (Figure 44), presumably generated from the reaction of
free dmpe with the bis(boryl)acetal derivative. Each phosphorus are indeed linked to a
formaldehyde moiety, linked to a formoxyborane moiety. This is reminiscent of the results
presented by Stephan et al.,*® [(R3PCH,0)(HCOO)B(CgH14)] (R = 'Bu or 1,4-MeCgH,), with
comparable B-O bond distances (in the range of 1.4932(18) to 1.5693(18) A).

Figure 44. Molecular structure [((CgH14)(HOOC)B(OCH,)PMe,),C,H,] 130 (full structure has been
generated by applying the inversion center symmetry), ellipsoids are given at the 50 %
probability level and hydrogen atoms are omitted for clarity except for the ones on carbon

atoms from CO,.

3.3.5 Scale-up synthesis of compound 127

Ten-fold scale up syntheses of compound 127 were also investigated. Unfortunately, the ratio in
compound 127 was not comparable when applying the optimized NMR tube procedure to
experiments in Fisher-Porter bottles. Changing the pressure of CO, (static or dynamic pressures)
had little impact on the results. An average yield of 35 % was always obtained for the generation
of 127, while the related average yield of 60 % for all “CH,” moieties (acetal and B-attached
products featuring methylene units) was calculated by 'H NMR integration. Despite many
attempts, it was impossible to identify the reasons for such a difference. However, at 60 °C, full
conversion of 9-BBN was observed after only 10 minutes, and a yield of 69 % in compound 127

and a yield of 87 % in all “CH,” moieties were obtained by 'H NMR integration (Figure 45).
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Figure 45. 'H NMR spectrum of the scale up catalytic reaction at 60 °C after 10 min (400.2 MHz,
298 K, THF-Ds)

3.3.6 Conclusion

In conclusion, the (dihydrido)iron complex [Fe(H),(dmpe),] 40 is an efficient catalyst for the
reduction of CO, into either bis(boryl)acetal or methoxyborane depending on the hydroborane
used as reductant. The bis(boryl)acetal compound has been synthesized in a very good yield of
85 % at room temperature under only 1 atm. of CO,. In the case of catalyst [Fe(H),(depe),] 126,
the yield reaches 96 %. Additional experiments will be needed to really evaluate the potential of

catalyst 126 whose properties are quite similar to 40.

3.4 Reductive functionalization of CO:

The standard CO, reduction was carried out with 1 mol% of catalyst (complex 40) loading, using
9-BBN as reagent in THF solution under an atmosphere of CO, at room temperature for 47
minutes. For scale up reactions, the standard reduction was performed at 60 °C for 10 minutes.
An average yield of 85 % for bis(boryl)acetal 127 was set as total carbon source input for the

functionalization reactions.
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40 (1 mol%), THF
9-BBN + CO, - R,BOCH,0BR,
NMR scale: r.t., 47 min
127 Y=85%

Scale up: 60 °C, 10 min

Scheme 47. Standard iron-catalyzed selective reduction of CO, into bis(boryl)acetal 127

3.4.1 Ability of 127 as a methylene source

Formaldehyde is one of the simplest organic compounds. It is a very reactive C1 source that can
provide the methylene moiety for the synthesis of more complex and value-added compounds.

It is also known that formaldehyde is stabilized in alcohol solutions as hemiacetals (R3;C-OCH,0-

H)?*?2 and the formation of hemiacetal from formaldehyde and methanol has been

mechanistically studied.”” Interestingly, the bis(boryl)acetal compound pinB-OCH,O-Bpin has

220

been identified to have a reactivity similar to formaldehyde.” Thus, the in situ generated

compound 127 is postulated to be a reactive methylene source for further applications.

1.
R,BOCH,OBR, + CD;0D %» CD;OCH,0D
min
127 131

Scheme 48. Initial testing of 127 as a methylene source

The ability of compound 127 to transfer the methylene moiety was first tested with the addition
of 0.4 equivalent of deuterated methanol compared to 9-BBN. NMR analyses indicated the
formation of the corresponding hemiacetal 131 (*H NMR at & = 4.54 (Ycy = 160 Hz) and “C{*H}
at 6=91.0) in 89 % (and 72 %) NMR yield based on the trapping agent (and 9-BBN) respectively,
within 5 minutes. The 10-fold scale up test was performed by adding excess of methanol after
the standard CO, reduction, and a yield of 86 % based on 9-BBN for the generation of compound
131 was observed by 'H NMR integration with an internal standard. Even if the two systems
cannot be compared directly, it is interesting to note that in the case of the previously reported
ruthenium system, compound 131 was obtained in 37 % yield based on HBpin from the CO,

hydroboration with 1 mol% of ruthenium catalysts.?*

The versatile reactivity of compound 127 was then investigated in some representative reactions
of formaldehyde. Unless otherwise stated, yields are based on the trapping agent to account for

the efficiency of the trapping reactions.

Both *C0, and **CO, were used to confirm by multinuclear NMR and HRMS that the methylene

carbon atom in the produced compounds resulted from the reduction of CO,. Beneficial from
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detailed experiments performed in NMR tubes, scale-up functionalized products were also

isolated in good yields.

3.4.2 Generation of C=N and C-N bonds

3.4.2.1 Reaction with primary amines to afford imines (C=N bond)

H
r.t. N
RoBOCH,0BR, + HN-R ——  C=N_
H R
127
'H,C—=N'Pr :
; . o}
Pr. ;183 H,C—=N :
'H,C=N'Bu =
H,C=N | 134 L
'Pr 'H,C=NPh :
132 . 135 136 :

Scheme 49. In situ generation of imines (C=N bond)

In situ generated compound 127 was reacted at room temperature with diisopropylaniline to
afford the corresponding imine compound 132 (Scheme 49), within 20 minutes, in a 83 % (and
66 %) NMR yield based on the trapping agent (and 9-BBN) respectively. The reaction was
performed with *CO, and both 'H (8= 7.73 (Yey = 150.9 Hz) and 7.30 (Yey = 132.0 Hz) ppm,

BCH,) and C{'"H} (5= 156.5 ppm, *CH,) NMR characterization indicated the generation of 132.

Other  amines like 2-propanamine, tert-butylamine, benzenamine and 2-
(methylcarbonyl)benzenamine were also tested to get the corresponding imines (133-136), but
no direct evidence for the generation of the imines either by NMR or by HRMS was obtained.
The reason for that is probably due to the high reactivity of the amino group toward acetals,

leading to uncontrolled reactions.””
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3.4.2.2 Reaction with secondary amines to form acyclic aminals (C-N bonds)

H,
R,BOCH,0BR, + 2NRR'H — ' . R\ CR
127 Br R
Ph 22 Ph ipr. 22 Pri Ph cH:2 Ph
NTNTT NTNT T NT N
I . ipr fpr Ph Ph
137 138 139

Scheme 50. In situ generation of acyclic aminals (C-N bonds)

The addition of N-methylbenzenamine to 127 at room temperature afforded the acyclic aminal
137 in 92 % vyield within 1 hour. Compound 137 was characterized by *H NMR with a doublet
signal at 5= 4.77 ppm (e = 146.3 Hz) for the two protons and by *C{*H} NMR with a resonance
at 8= 71.0 ppm for the carbon atom of the *>CH, linker. The independent synthesis of compound
137 was also conducted by reacting a formaldehyde solution with N-methylbenzenamine. After
16 hours at room temperature, 137 was obtained after workup in 72 % yield. In this context, the
bis(boryl)acetal 127 seems to be a more reactive surrogate of formaldehyde in terms of reaction

rate and yield.

When adding bis(diisopropyl)amine to the in situ generated 127, although the NMR
characterization revealed a resonance at = 4.93 ppm with "Jeyy = 155.7 Hz in "H NMR and at §=
77.0 ppm in C{*H} NMR, thus in the range of a methylene moiety, the HRMS analysis did not
afford the correct data for compound 138. In the case of the reaction between bis(phenyl)amine
and 127, compound 139 was formed in one hour with a very good yield of 91 %. In situ
characterization for the methylene linker gave one resonance in "H NMR at = 5.63 ppm (Yey =

158.0 Hz), and in C{'"H} NMR at 5= 79.3 ppm.

These observations might be due to the different influence of the substituents on the nitrogen
atom, the stronger electron-donating groups ('Pr) on bis(diisopropyl)amine probably led to other

by-products and were unproductive in the formation of the corresponding aminal.
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3.4.2.3 Reaction with diamines to form cyclic aminals (C-N bonds)

.R-.
R r.t. MeN NMe
+ 4 N _—
R,BOCH,0BR, + | 10" o o
127 H,
N/ /
N N
©: CH, E ~CH,
N N
\ \
140 141

Scheme 51. In situ generation of cyclic aminals (C-N bonds)

The cyclic aminals are notably used as organic hydride donors or strong one-electron reducing
agents, and as N-heterocyclic precursors.””*”” The addition of N,N-dimethyl-1,2-
benzenediamine to 127 at room temperature afforded the cyclic aminal 140 within 3 hours with
a 77 % vyield. 'H NMR spectrum showed the resonance for the two protons on the methylene
linker: a doublet at o= 4.24 ppm with YJen = 148.0 Hz when *CO, was used and the *C{'H} NMR

spectrum showed a resonance at 6= 81.3 ppm.

For the reaction of 127 and N,N-dimethyl-1,2-ethanediamine, compound 141 was generated at
room temperature after 2 hours in 69 % yield. In situ characterization by 'H NMR revealed a
resonance at 5= 3.21 ppm (Ycn = 144.0 Hz) for the protons of the CH,, at 5= 2.68 ppm (*Jey =
3.4 Hz) for the CH, moieties of the linker and at & = 2.29 ppm (*Jcy = 5.6 Hz) for the methyl
groups. The signal observed in C{'H} NMR at &= 81.1 ppm was assigned to the *CH, linker. In
addition a signal at 0 = 160.8 ppm was detected in the reaction mixture and pointed out to the
formation of a carboxylato group, which could be an intermediate or a by-product of the
reductive functionalization reaction. Moreover, some crystals ([(OCO)N(Me)(C,Hs)N(Me)(CgH14)]
142) were obtained when keeping the mixture at room temperature for 6 days. X-ray diffraction
showed that the CO, group was indeed existing. The diamine is bonded to BBN on one side and
to the carbon of the carboxylato group on the other side. The carboxylato function also bonded

to BBN gave rise to the formation of a seven membered ring (Figure 46).
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Figure 46. Molecular structure of crystals 142 obtained after the reaction between 127 and N,N-
dimethyl-1,2-ethanediamine, ellipsoids are given at the 50 % probability level and hydrogen

atoms are omitted for clarity

3.4.3 Generation of C-O and N-C-O bonds

3.4.3.1 Reaction with diol to form acetal (C-O bonds)

RzBOC HzoBRz + ;F 0 O
HO OH (o3
127 H, 143

Scheme 52. In situ In situ generation of other acetal (C-O bonds)

The addition of 1,3-dihydroxy-2,2-dimethylpropane to in situ generated compound 127 gave rise
to a new compound tentatively assigned as acetal 143 in a 77 % estimated yield based on NMR
data: 'H resonance for the >CH, moiety: at 5= 4.62 ppm (e = 159.5 Hz)) and *C{*H} resonance
at 6=90.8 ppm.

3.4.3.2 Reaction with aminoalcohols to form hemiaminals (N-C-O bond)

| /
NH t N,

R,BOCH,OBR, + @ . ©: CH,
OH o

127
144

Scheme 53. In situ generation of cyclic hemiaminals (O-C-N bonds)
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Similar to the synthesis of cyclic / acyclic aminals, in situ generated compound 127 was reacted
at room temperature with N,N-dimethyl-1,2-benzenediamine giving rise to the corresponding
cyclic hemiaminal 144 in 67 % yield within 1 hour. The **CH, linker gave one resonance in ‘H

NMR at §=5.13 ppm (Yey = 160.1 Hz), and in *C{*H} NMR at §=91.8 ppm.

3.4.4 Generation and isolation of hexamethylenetetramine (cage compound)

r.t.
R,BOCH,OBR, + NH;.H,0 LI H,C

127 ammonium hydroxide /N\l\c//N

Scheme 54. In situ generation of cage compound 145

Ammonia is an important building block, but its reactivity is usually difficult to control. However,
the reaction of ammonia with formaldehyde is a known reversible condensation which affords
the cage compound hexamethylenetetramine 145, a versatile organic reagent.”’**® In situ
generated compound 127 exposed to an ammonia solution led to compound 145 after 16 hours
at room temperature; a yield of 32 % based on ammonia was obtained when using one
equivalent of ammonium hydroxide, and a yield of 84 % based on 9-BBN was obtained when
adding an excess of ammonium hydroxide. This compound features six methylene moieties, all
resulting from the bis(boryl)acetal compound, thus six carbon resulting from CO,. Both 'H and
BC{*"H} NMR characterization indicated the generation of 145, the resonances at 6= 4.61 (YJc.y =

149.0 Hz) and &= 76.0 for the protons and carbon atoms of the >CH, moieties, respectively.

In a next stage, the isolation of compound 145 was achieved. On a 10-fold scale up synthesis,
compound 127 was selectively generated at 60 °C within 10 minutes, and subsequently trapped
to afford compound 145 after 36 hours in an isolated yield of 98 % based on ammonium
hydroxide. Furthermore, a 100-fold scale up synthesis led to compound 145 (106.2 mg) in two
days at room temperature with a 70 % isolated yield based on 9-BBN. Elemental analysis

confirmed the purity of the isolated 145.

102



Chapter 3

3.4.5 Generation of dithiolmethylene (C-S bonds)

R,BOCH,OBR, + < ot
2 2 SH < CH2
127

________________________

(ﬂ\o o
I
N

0w, o
O
I
N
~)

________________________

Scheme 55. In situ generation of dithiolmethylene (C-S bonds)

Preliminary experiments were performed on two dithiol substrates, 1,2-benzenedithiol and 1,2-
ethanedithiol. After 5 hours, compound 127 was totally consumed for both reactions. NMR
monitoring showed the *CH, resonances at & = 5.35 ppm (Ycy = 160.1) and 5.08 ppm (Yey =
158.0 Hz) by *H NMR, and at 5= 70.3 ppm and at 5 = 68.8 ppm by “C{'"H} NMR for the reactions
of 127 with 1,2-benzenedithiol and 1,2-ethanedithiol in THF-Dg, respectively. HRMS
measurement on the mixtures gave evidence for the existence of 146 but more detailed
characterization will be needed to ascertain the formation of the dithiolmethylene and the
formation of the postulated new C-S bonded products (146 and 147). It should be noted that
NMR data of the S-CH,-S resonances for compounds 146 (J = 4.48 ppm by '*H MMR (in CDCls))
and 147 (5= 3.86 ppm by 'H NMR, &= 34.3 ppm by C{*H} NMR (in CDCl5)) in literature®®'® are

quite different from those that we observed.

3.4.6 Generation of C-C bonds

3.4.6.1 Reaction with ylide to form an olefin (C=C bond)

r.t C\\CH
R,BOCH,0BR, + PhP—CHPh ——————» ©/ 2

127

Scheme 56. In situ generation of compound 151 (C=C bond)

In order to generate a C=C double bond, a Wittig reaction was envisioned. It is a chemical
reaction of an aldehyde or ketone with a triphenyl phosphonium yilde to give an alkene.?®*%
Thus compound 148 (styrene) was generated from the reaction of 127 and
tripheny(phenylmethylene)-phosphorane in a good vyield of 72 % after 5 hours at room

temperature. The in situ generated compound 148 was characterized with a terminal methylene

B —— e ——=———===
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moiety at §=5.75 and 5.18 ppm in "H NMR and at 5= 113.8 ppm in *C{*H} NMR as well as by

high resolution mass spectrometry.

3.4.6.2 Generation of C-C-N bonds via Mannich reation

NH : . !
r.t. ! (I:Hz E?

CH3 : CHZ :

R,BOCH,OBR, +< o ! O 440!

o . O H !

127 Ph rt ! H -2 :
CH, * ONH| — cCn-Phe

e - R

N , 150!

________________

Scheme 57. In situ generation of other hemiacetals (C-C-O bond)

A major goal was also to generate a C-C bond in those conditions. Mannich reaction is an
important reaction in organic synthesis that is able to generate a C-C bond between

formaldehyde and an activated nucleophilic carbon®*”?*

. It is an amino alkylation process
introducing an aminomethyl group generally in the a-position to a carbonyl function.?®>*®° Thus
the substrates 1-acetyl-2-aminobenzene and the combined cyclohexanone and N-
methylbenzenamine were tested with compound 127 to generate cyclic and acyclic hemiacetal
compounds. Unfortunately, neither NMR nor HRMS characterization indicated the formation of

149 and 150. In this context, further investigation on different substrates and reaction

conditions is desired.

3.4.6.3 Generation and isolation of bis-(2,4-tert-butyl-phenol)methylene (C-C bonds)

OH OH p, OH
t t ti
Bu NCH 120 °C Bu \C/C\C N Bu
R,BOCH,0BR, + 2 | — | |
= = =
127
Bu ‘Bu Bu
151

Scheme 58. In situ generation of compound 151 (C-C bonds)

In order to form C-C single bonds, phenols were considered as reagents. Formaldehyde is indeed
used at the industrial scale in phenol resins, via condensation reaction generating C-C bonds. For
a proof of concept, a protected phenol in the positions 2 and 4 with tert-butyl groups was

chosen. Compound bis-(2,4-tert-butyl-phenol)methylene 151 was first generated from the
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reaction of paraformaldehyde with the substituted phenol compound for comparison and NMR
signature in THF. In the presence of a base (KOH), compound 151 was generated in an in-situ

measured yield of 48 % at 120 °C after 16 hours.

When in situ generated compound 127 was used instead of paraformaldehyde, the reaction
occurred with the production of 151 in a 23 % yield after 16 hours at 120 °C and in a 46 % yield
after 36 hours at 120 °C. Longer reaction time (48 h) did not improve the yield. Notably, this
reaction was performed without the need for base (KOH) addition. When 13 labelled CO, was
used, the methylene moiety of 151 exhibited one resonance in 'H NMR at &= 3.88 ppm (Ycy =
126.1 Hz) and in *C{*H} NMR at 5= 32.6 ppm.

The isolation of the functionalized compound 151 was performed with a 10-fold scale up
synthesis. After 48 hours at 120 °C, an isolated yield of 37 % was obtained after workup.

Elemental analysis certified the purity of the isolated compound 151.

3.4.7 Conclusion

Selective reduction of CO, to the acetal level and subsequent functionalization in a one-pot two-
steps procedure allows to transform CO, into methylene and to considerably enlarge the scope
of accessible functions by generating not only new C-N, but also C-O, C-S and C-C bonds. In

addition, scale up reactions allow to isolate the value-added compounds.

The important variations of 'H and *>C NMR chemical shifts (from & (**C) = 32.6 ppm and & (*H) =
3.88 ppm for compound 151 to §(**C) = 156.5 ppm and & (*H) = 7.73 ppm for compound 148),
indicating different types of methylene, highlight the versatile reactivity of the bis(boryl)acetal

compound 127.

In parallel of the present work, Cantat et al. reported their investigation on CO, reductive
functionalization.”®" A metal-free system was used to generate aminals or by heating the mixture
of aromatic amines and PhSiH; in CD;CN at 80 °C under 1 atmosphere of CO, in NMR tube scale.
Using a malonate compound instead of an amine, C-C bonds were also generated. By
comparison, the advantage of their system is that it allowed to put all the reagents in one-pot
one-step for the reductive functionalization of CO,. However, the temperature is higher (80 °C),
only NMR tube scale reactions were described, and the scope of value-added compounds are

still narrow with C-N and one example of C-C bond formation.
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General conclusion

The main aim of this work was a detailed study of the use of iron in coordination chemistry and

catalysis.

In the first part of this work, a family of iron complexes bearing a cooperative non-innocent
ligand has been prepared thanks to careful experimental temperature and time controls. The
pincer type ligand bis(picolyl)phosphine (NPN) gave access to different coordination modes
starting from the reactive precursor [Fe{N(SiMes),},]. The resulting paramagnetic and
diamagnetic iron complexes could be isolated and fully characterized by X-ray diffraction
analyses and NMR spectroscopy both in solution and in the solid state. The dimeric complex
[Fe(N(TMS),)(1-x":x"-NPN)], 105 was also characterized by Mdssbauer measurements, Evans

method, EPR as well as powder X-ray diffraction.

For the first time, the non-innocent behavior of the NPN ligand was observed upon coordination.
Deprotonation of NPN gave rise to the dearomatization of a pyridine ring in complex
[Fe(N(TMS),)(1-x"": K-NPN)], 105 and [Fe(x"""-NPN),] 106. The reactivity of the original dimer
complex 105 featuring an activated ligand has been tested with different substrates and some
interesting results were gained. Preliminary tests show the possibility of using this complex as
catalyst for small molecule activation, in particular for catalytic transformation of CO, with
pinacolborane. Although the results showed low reactivity using this pre-catalyst, the
observation of borane-attached compounds indicates the potential ability of 105 to be used for
other catalytic applications. However, deeper investigation on this family of complexes is still
needed. There are two main challenges for their use as pre-catalysts: in order to perform the
catalytic reactions at ambient temperature one needs to solve the stability problems of these
complexes and to properly monitor and characterize catalytic reactions involving paramagnetic

species.

(Me;Si),N
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In the second part of this work, the first iron-catalyzed CO, reductive functionalization system,
under mild conditions, was established successfully. In this system, hydroboranes were used as
oxygen scavenger and hydrogen source for the selective reduction of CO, into a very reactive
and versatile C1 source (bis(boryl)acetal). The process is catalyzed by iron-dihydride complexes
[Fe(H),(diphosphine),] at ambient temperature. Through a one-pot two-steps procedure, CO, is
transformed into a large scope of functions by generating not only new C-N, but also C-O, C-S

and C-C bonds.

During the first step, CO, could be reduced into either bis(boryl)acetal or methoxyborane
depending on the hydroborane used as a reductant. The nature of the solvent was also a key
factor to influence the ratio between bis(boryl)acetal and methoxyborane. With an intensive
study on the optimization of the experimental conditions, the bis(boryl)acetal compound 127
could be generated selectively using 9-borabicyclo(3.3.1)nonane (9-BBN) as the hydroborane,
THF as solvent and 1 mol% of catalyst loading. Within 47 minutes, 85 % or 96 % yields were
obtained when using catalysts [Fe(H),(dmpe),] 40 or [Fe(H),(depe),] 126, respectively. In
addition, a turnover number of 890 was achieved for bis(boryl)acetal generation with 0.1 mol%
of catalyst loading. Scale-up synthesis conditions were also disclosed to afford a methylene

compound in 87 % yield at 60 °C after only 10 minutes.

The unprecedented selective generation of bis(boryl)acetal and subsequent functionalization,
allowed to transform CO, into methylene and for the first time, to expand the scope of value-
added compounds synthesized from CO,. The formation of two C-H bonds (reduction) and two
C-E bonds (functionalization, E = N, O, S and C) resulted from complete deoxygenation of CO, via
either 4 or 6 electrons transfer. Some of the interesting value-added compounds have been
isolated in scale up reactions, indicating the potential and interest of such a system for further

investigation and even industrial use.
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co,

mild conditions|| "ER2

R,BO-CH,-OBR

/ \

CH,=NR CH,=CR,
R,N-CH,-NR, R;C-CH,-CR;

‘ [Fe]

R,N-CH,-OR RS-CH,-SR

RO-CH,-OR

Detailed study on the mechanism of this process is still needed in order not only to improve the
activity of the iron-based catalysts but also to further expand the product scope. A simpler
procedure (one-pot one-step) to perform similar reactions under mild conditions is highly
desirable, and replacement of the hydrogen source to silanes or H, is also a perspective in the

near future.

The utilization of environmentally benign, inexpensive, selective and highly reactive catalysts is
highly desired for industrial applications, and it will be interesting to monitor in the near future

the improvements resulting from the use of iron based systems.
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General Methods

Manipulations were carried out following standard Schlenk line and glove box techniques (with
0, and H,0 < 1 ppm), and Ar as the inert gas. Solvents were dried using an MBraun SPS column.
Deuterated solvents were freeze-pump-thaw degassed and stored under Ar and over 4 A
molecular sieves. THF-dg was dried over sodium. Quick Pressure Valve NMR tubes were used for

the reactions with CO.,.

Solution state NMR spectra were collected on several Bruker machines: a Bruker Avance 500
MHz, a Bruker Avance 400 MHz, a Bruker Avance 300 MHz and a Bruker 300 MHz DPX. NMR
spectra on the Bruker Avance 500 MHz, including variable temperatures, were collected by C.
Bijani and Y. Coppel. Solid-state NMR experiments were recorded on a Bruker Avance 400
spectrometer equipped with a 2.5 mm probe and operated by Y. Coppel. Samples were spun
between 22 to 32 kHz with external temperatures at 280 K or 289 K. For ‘H MAS, *C MAS and

*'p MAS Hahn echo experiments were used with recycle delays of 1, 0.1 and 0.1 s, respectively.

All chemical shifts for 'H and *C were relative to tetramethylsilane (TMS, & = 0 ppm). *'P

chemical shifts were referenced to an external 85 % H;PO, sample. Chemical shifts are given in

ppm, coupling constants in Hz. 'H and *C were referenced to internal residual protio solvent
292

resonances.” The following abbreviations are used: br, broad; s, singlet; d, doublet; dd, doublet

of doublets; t, triplet; pt, pseudo triplet; m, multiplet; ssb, spinning side bands.

Infrared spectroscopy was carried out using a Perkin Elmer 1725 Spectrometer and a Bruker
Alpha P Spectrometer for ATR measurements. Microanalyses were performed by A. Moreau on a
Perkin Elmer 2400 Series Il Analyzer fitted with a catharometer. EPR data were recorded on an
Elexys E500 Bruker spectrometer by L. Salmon, Md&ssbauer spectra were recorded on a Wissel
System (transducer Wissel Ma260, controller Wissel Mr360, digital function generator Wissel
Dfg1000) by J. F. Meunier. Isomer shifts are relative to the centroid of a spectrum of a metallic
foil of a-iron at room temperature. Mass spectroscopy was carried out at the University (ICT) by

E. Leroy, using a TSQ 7000 Thermo Electron mass spectrometer.

Unless otherwise indicated, all commercial available reagents were used as supplied and were
purchased from Aldrich or AlfaAesar. 9-Borabicyclo[3.3.1]nonane (9-BBN) was bought as a dimer

in the solid state.

117



Chapter 5

Experimental Section Chapter 2

Synthesis of the iron precursor [FeN(SiMe3)2):] 103

/
\ \ Si_ Si \
Si” si’ “gi N sil
RN /> -40°C YL 2 4
2 N—Fe—N —_ N-Fe_ Fe-N
_—Si _Si , SI\
\ \ / \ _Si Si_ |
103 [
monomer dimer

FeBr, (5.39 g, 24.98 mmol) suspended in diethyl ether (50 mL) was added to LiN(TMS), (8.35 g,
49.97 mmol) in diethyl ether (50 mL). The dark green suspension was then stirred overnight at
room temperature to afford a brown-green solution. The solvent was removed under reduced
pressure to leave a dark residue. The product was extracted with pentane (60 mL) giving rise to a
dark green solution. The pentane was removed under reduced pressure and the resulting dark
residue was purified by trap to trap distillation to yield a bright green solid below 243 K (bright
green liquid at room temperature) in 81 % (7.6 g) yield. '"H NMR (400.1 MHz, Toluene-Dg, 298 K,):
&=159.42 (br), 0.60 (s). IR (ATR, cm™): v = 2949 (m), 2897 (w), 1429 (w), 1395 (w), 1244 (s), 990
(s), 970 (s), 917 (s), 815 (s), 787 (s), 751 (s), 665 (s), 634 (s), 610 (s).

Synthesis of Bis(2-picoly)phenylphosphine 96

HH PhH
/ H

NPN 96

Dichlorophenylphosphine (2.7 mL, 3.559 g, 20.0 mmol) was added at -78 °C to a solution of 2-
[(trimethylsilyl)methyl]pyridine (7.18 mL, 6.604 g, 40.0 mmol) in THF (50 mL) and diethyl ether
(50 mL). Stirring was maintained overnight at room temperature. The solvent was then removed
under reduced pressure to leave an orange oil. The product was extracted with hexane (at 50 °C,
75 mL) and the solvent removed under reduced pressure to yield a white solid, (2.630 g, 46 %).
'H NMR (400.2 MHz, CDCls, 298 K): 5= 8.48 (m, 2H, Harom), 7.53 — 7.42 (M, 4H, Harom), 7.38 — 7.29
(M, 3H, Harom), 7.09 — 6.98 (M, 4H, Harom), 3.42 (dd, 2y = 13.4, *Jpy = 2 Hz, 2H, PCH,), 3.35 (d, 2.
w= 13.4 Hz, 2H, PCH,). **P{'"H} NMR (162.0 MHz, CDCl;, 298 K): 5=-13.9. *C{*H} NMR (100.6 MHz,
CDCl;, 298 K): 6= 158.2 (d, “Jp.c = 6 Hz), 149.2 (s), 136.8 (d, Yp.c = 19 Hz), 136.0 (s), 132.6 (d, Jp.c =
20 Hz), 128.3 (d, *Jp.c = 7 Hz), 123.6 (d, *Jp.c = 5 Hz), 120.8 (d, *Jp.c = 2 Hz), 37.7 (d, Yp.c = 18 Hz). IR

(ATR, cm™): v = 3102 (w), 3048 (w), 3005 (w), 2949 (w), 2904 (w), 1578 (s), 1565 (s), 1471 (s),

e  ——
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1432 (s), 1301 (m), 1249 (m), 1156 (m), 1088 (m), 991 (s), 838 (s), 795 (s), 780 (s), 738 (s), 692 (s),
627 (m), 592 (m), 494 (s), 481 (s), 411 (s), 402 (s).

Synthesis of 2-[(diphenylphophino)methyl]pyridine 101

X

7

N
PPh,

I I

NP 101

A THF (24 mL) solution of 2-picolyllithium (0.594 g, 6.0 mmol) was added to a THF (5 mL) solution
of Ph,PCI (1.07 mL, 1.322 g, 6.0 mmol) at -78 °C. The solution was stirred for 1 hat-78 °Cand 1 h
at -40 °C and THF was removed under reduced pressure. A yellow solid was obtained. The latter
was dissolved in EtOH and H,0, and stored overnight at -30 °C giving a cream colored precipitate.
The product was obtained after filtration and extraction with hexane at room temperature. After
removing the solvent a white solid was obtained (0.602 g, 36.2 %). 'H NMR (400.1 MHz, C¢Ds,
298 K): 6=8.40 (m, 1H, Harom), 7.53 — 7.43 (M, 4H, Harom), 7.10 — 6.98 (M, 6H, Harom), 6.91 (M, 1H,
Harom), 6.80 (dd, *Juy = 8 Hz, “Jy = 1 Hz, 1H, Harom), 6.50 (dt, *Juy = 7 Hz, Yy = 1 Hz, 1H, Haom),
3.63 (s, 2H, PCH,). *'P{"H} NMR (162.0 MHz, C¢D¢, 298 K): &= -10.6. IR (ATR, cm™): v = 3055 (w),
3011 (w), 2906 (w), 1962 (w), 1579 (m), 1566 (m), 1469 (s), 1432 (m), 1304 (w), 1253 (w), 1155
(m), 1081 (m), 1066 (m), 1049 (m), 1024 (m), 991 (m), 864 (m), 787 (s), 735 (strong), 693 (s), 627
(m), 591 (m), 504 (s), 488 (s), 472 (s), 425 (m), 405 (m).

Synthesis of complex [Fe(N(TMS):):(xNP-NPN)] 104

74
H\_ \
H N
\ _N(SiMe
Ph-p_Fe~ (SilMes),

=N \N(SiMe3)2
\_/
104

A pentane (8 mL) solution of [Fe(N(SiMes),),] (0.376 g, 1.0 mmol) was added to a pentane (6 mL)
suspension of NPN (0.292 g, 1.0 mmol) at -78 °C under argon. After 90 min of stirring at -30 °C, a
yellow precipitate of compound 104 was formed. The product was then isolated after filtration
and washing with 6 mL of cold pentane (0.190 g, 28 %). Crystals suitable for X-ray diffraction
were obtained by mixing a pentane solution of [Fe(N(SiMej3),),] and a toluene solution of NPN at

-78 °C, stirring for 90 min at -30 °C and letting crystallization occur at -37 °C. "H NMR (500.4 MHz,
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Tol-dg, 230 K): 0= 113.9 (br), 65.6 (s), 61.7 (s), 21.75 (br), 14.7 (br), 13.4 (br), 8.4 (br), 6.5 (br), 3.4
(s), 3.3 (s), 1.3 (br), 0.20 (s), -3.2 (br), -3.6 (br), -5.9 (s), -14.9 (br). Elementary pure samples could
not be obtained due to the presence of small amount of free NPN and/or complex 105 in any
prepared sample. IR (ATR, cm™): v = 2944 (m), 2892 (w), 1596 (w), 1471 (w), 1435 (m), 1237 (s),
958 (s), 883 (m), 860 (m), 818 (s), 788 (m), 737 (m), 691 (s), 610 (m), 593 (m), 486 (s).

Synthesis of complex [Fe(N(TMS):)(u-kNP:xN-NPN)]. 105
— Z
\ N Ph | \
\

. .. _Fe
(Me3SI)2N h Fe

105

A solution of [Fe(N(SiMe3),),] (0.752 g, 2.0 mmol) in pentane (14 mL) was added to a suspension
of NPN (0.584 g, 2.0 mmol) in pentane (8 mL) at -78 °C. After stirring for 3 h at -30 °C and 45 min
at room temperature, 105 was isolated as a green precipitate, and washed with pentane (12 mL)
to afford 105 as a dark green powder (0.820 g, 81 %). Alternatively, a pentane solution of
[Fe(N(SiMes),),] was added to NPN in a toluene solution at -78 °C, the solution was stirred at -
30 °C for 3 hours and then 45 minutes at room temperature. Crystals suitable for X-ray
diffraction were obtained by concentrating the mixture at room temperature. 'H NMR (500.4
MHz, Tol-dg, 301 K): 6= 169.3, 166.5, 146.0, 78.9, 61.8, 56.8, 52.7, 32.5, 22.5, 21.4,10.7,0.1, -2.4,
-23.1, -28.3. Elemental Analysis: Calcd. for C,sHesNgPSisFe,: C, 56.80; H, 6.75; N, 8.28. Found: C,
56.54; H, 6.80; N, 7.60. Solid state MAS *'P NMR (161.8 MHz, 289 K): &= 41.0 (wy, = 13.0 KHz).
Solid state Mas *C NMR (100.5 MHz, 289 K): 5= 519.8, 344.4, 312.2, 298.6, 253.1, 240.9, 146.8,
33.0, 19.8. IR (ATR, cm™): v = 2943 (m), 1614 (s), 1470 (s), 1443 (s), 1432 (s), 1368 (m), 1273 (m),
1240 (s), 988 (s), 975 (s), 901 (m), 867 (s), 815 (s), 774 (s), 749 (s), 738 (s), 725 (s), 694 (s), 665 (s),
610 (s), 496 (m), 482 (m), 413 (m).
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Synthesis of complex [Fe(i«NPN-NPN),] 106

7
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A pentane (4 mL) solution of [Fe(N(SiMes),),] (0.075 g, 0.199 mmol) was added to a pentane (2
mL) suspension of NPN (0.117 g, 0.40 mmol) at -78 °C. After stirring the solution for 3 h at -30 °C
and 36 h at room temperature, 106 was isolated as a brown precipitate after filtration and
washing with pentane (6 mL) (0.070 g, 55 %). Crystals suitable for X-ray diffraction were
obtained by mixing [Fe(N(SiMes),),] and NPN in Et,0 at -78 °C, and leaving the solution at room
temperature for two days. 'H NMR (500.3 MHz, Tol-dg, 240 K): 5 = 8.48 (br, H6, 2H), 7.09 - 6.95
(Hoheny, 10H), 6.85 (d, *Jyy4s = 6 Hz, H12, 2H), 6.69 (br, H3 and H4, 4H), 6.55 (pt, *Juy = 7.5 Hz, H10,
2H), 6.31 (br, H5, 2H), 6.26 (d, *Juy = 8.7 Hz, H9, 2H), 5.56 (pt, >/ = 6.2 Hz, H11, 2H), 4.06 (d, Yy
w = 15.5 Hz, CH,, 2H), 3.50 (s, CH, 2H), 3.14 (m, CH,, 2H); *C{*H} NMR (125.8 MHz, Tol-dg, 240 K):
5= 1753 (pt, Jep = 12 Hz, €8), 167.1 (s, C2), 154.1 (s, C6), 149.1 (s, C12), 135.4 - 125.3 (Conenyl),
133.5 (s, C4), 130.2 (s, C10), 123.6 (s, C3), 121.4 (s, C5), 112.9 (pt, *Jcp = 9 Hz, C9), 104.1 (s, C11),
58.7 (pt, Jep = 29 Hz, C7), 44.4 (pt, Jcr = 8 Hz, C1); **P{*H} NMR (202.6 MHz, Tol-dg, 240 K): & =
87.0. Solid state MAS *'P NMR (161.8 MHz, 280 K): § = 86.5 ppm (w1, = 1.8 KHz). HRMS (DCI-
CH,): Anal. Calcd. for CsH3,N,4P,Fe: 638.1452 gmol™. Found: 638.1447 gmol™. Elementary pure
samples could not be obtained due to a rapid decomposition. IR (ATR, cm™): v = 3047 (w), 3004
(w), 1591 (s), 1565 (m), 1462 (s), 1431 (s), 1358 (m), 1278 (m), 1267 (m), 1144 (m), 1103 (m), 992
(s), 888 (m), 827 (m), 796 (m), 736 (s), 723 (s), 692 (s), 603 (m), 490 (s).

Reaction of 105 with CO;

A pressure of CO, (1 to 3 atm.) was introduced to a solution (Et,O or THF, 5 mL) of 105 (81.2 mg,
0.080 mmol) at room temperature in a Fischer-Porter bottle. The mixture was stirred for 30
minutes, and a red precipitate was obtained after filtration and washing with Et,0 (6 mL). No
solution state NMR was conducted due to its insolubility in all organic solvents. Solid state MAS
*'P NMR (161.8 MHz, 280 K): 5= 82.4 ppm (w3, = 6.9 KHz). IR (ATR, cm™): v = 3073 (w), 3057 (w),
2952 (w), 2892 (w), 2196 (s, Unco) (2141, UN®co), 1654 (M, veo) (1559, L ), 1597 (s), 1537 (w),
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1466 (s), 1434 (s), 1354 (s), 1310 (s), 1275 (w), 1243 (w), 1155 (m), 1132 (m), 1105 (w), 1059 (m),
1010 (m), 960 (m), 833 (s), 741 (s), 691 (s), 621 (m), 600 (m), 511 (s), 487 (s), 455 (m).

Catalytic hydroboration of CO; with 105

Pinacolborane (HBpin) (76.9 mg, 0.60 mmol) was added to a C¢Ds (0.5 mL) solution of 105 (30.5
mg, 0.030 mmol) at room temperature in a NMR tube. *CO, (0.6 atm.) was then introduced to
the mixture. The reaction mixture was kept at ambient temperature and the catalytic system

was followed by NMR.

Crystallization of [Ru(kxP-NPN)(xNP-NPN)(COD)] 119

aRv-)e

ph—P~ry”~

/Q‘@%

——

119

An Et,0 (2 mL) solution of NPN (29.2 mg, 0.10 mmol) was added to an Et,0 (2 mL) solution of
Ru(COD)(COT) (15.7 mg, 0.050 mmol). The mixture was maintained at room temperature for one
hour. The red solution obtained after filtration was stored at -37 °C. Crystals of 119 were
obtained after 48 hours. NMR characterization of the crystals of complex 119 turned to be

impossible due to its decomposition in solution.
Crystallization of [Ru(kNPN-NPN)] 120

H

ge

A toluene (1 mL) solution of NPN (116.8 mg, 0.40 mmol) was added to a pentane (6 mL) solution

=
N

of Ru(COD)(COT) (62.8 mg, 0.20 mmol). The mixture was stirred at room temperature for 6

hours before filtration. The filtrate was then kept at -37 °C. Crystals of 120 were obtained after
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10 days. NMR characterization of the crystals of complex 120 turned to be impossible due to its

decomposition in solution.

Synthesis of [Ru(kxP-NP)(xNP-NP)(COD)] 121

4 5

1@6% Ph 2 11

2-N 7

Phof’ Y "\)Nj
—

“\\\ 10
/P\Ru'

Ph 14
13A/ 15
20 1817 16

19
121

78 79

An Et,0 (2 mL) solution of Ru(COD)(COT) (0.126 g, 0.41 mmol) was added to an Et,0 (4 mL)
solution of ligand NP (0.222 g, 0.80 mmol) at room temperature. The mixture was stirred at
room temperature for 16 h. The compound was obtained after filtration, washing with cold
pentane (2*5 mL) and drying under reduced pressure, with a yield of 56 % (0.170 g). Crystals
suitable for X-ray diffraction were grown from an Et,O solution at -37 °C. '"H NMR (500.3 MHz,
Toluene-Dg, 240 K): 5= 8.24 (br, 1H, H12), 8.16 — 6.55 (M, 20H, Hopenyl), 7.95 (d, *Juy = 5.4 Hz, 1H,
H6), 6.66 (pt, 3Jcn = 7.6 Hz, 1H, H10), 6.49 (pt, *Jeu = 8.1 Hz, 1H, H4), 6.38 (br, 2H, H3 and H11),
5.89 (d, *Jym = 7.9 Hz, 1H, H9), 5.77 (t, s = 6.3, 6.1 Hz, 1H, H5), 4.18 (pq, 2H, PCH, (kK-NP)),
3.73 (br, 1H, H17), 3.36 (q, YJp.s = 8.8, 1/ = 17.1 Hz, 1H, PCH, (xK**-NP)), 3.09 (br, 1H, H18), 3.01
(br, 1H, H20), 2.91 (br, 1H, H19), 2.84 (br, 1H, H19), 2.77 (br, 1H, H14), 2.69 (br, 1H, H15), 2.25
(br, 1H, H20), 2.22 (br, 1H, H15), 2.17 (br, 1H, H13), 1.85 (br, 2H, H16), 1.58 (q, Jp.y = 5.5, Yyp =
17.5 Hz, 1H, PCH, (x*"-NP)). *'P{*H} NMR (202.6 MHz, Toluene-Dg, 240 K): 5= 55.6 (d, *Jp.p = 20.5
Hz), 39.3 (d, *p» = 20.5 Hz). *C{'"H} NMR (125.8 MHz, Toluene-Ds, 240 K): 5= 165.0 (d, *Jcp = 15.4
Hz, C2), 157.9 (d, “Jcp = 9.3 Hz, €8), 151.3 (C6), 149.2 — 125.2 (Conenyl), 148.5 (C12), 134.1 (C10),
133.0 (C4), 124.2 (€9), 121.5 (€3), 121.4 (d, *Jcp = 107 Hz, €5), 120.1 (C11), 69.1 (dd, *Jcp = 21.9,
5.5 Hz, C13), 64.6 (C17), 62.3 (d, *Jcp = 4.7 Hz, C18), 57.0 (dd, *Jcp = 26.8, 6.5 Hz, C14), 43.6 (d, “J.
» = 15.9 Hz, PCH, (xK*"-NP)), 40.1 (PCH, («*-NP)), 37.7 (d, *Jcr = 7.1, C19), 36.6 (C15), 31.4 (C16),
28.6 (C20). Elemental Analysis: Calcd. for C4HasN,P,RuU: C, 69.19; H, 5.81; N, 3.67. Found: C,
68.70; H, 5.47, N, 3.52. IR (ATR, cm™): v = 3043 (w), 3001 (w), 2934 (w), 2894 (w), 2843 (w), 2795
(w), 2781 (m), 1582 (m), 1566 (m), 1470 (m), 1429 (m), 1317 (m), 1230 (m), 1151 (m), 1093 (m),
1082 (m), 1067 (m), 1024 (m), 993 (w), 954 (w), 813 (s), 738 (s), 695 (s), 519 (s), 502 (s), 487 (s),
458 (s), 429 (s), 407 (s).
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Experimental Section Chapter 3

Synthesis of [Fe(H):(dmpe):] 40

2 dmpe, tol. 2 LiHBEt; Et,0
rt,12h Fe(Cl)2(dmpe), rt.2h Fe(H),(dmpe),
125 40

FeCl,

A toluene (4 mL) solution of dmpe (dmpe = 1,2-bis(dimethylphosphino)ethane, 0.60 g, 4.00
mmol) was added to a toluene (16 mL) suspension of FeCl, (0.256 g, 2.03 mmol), and stirred at
room temperature for 12 h to get a green solution. After filtration and concentration under
reduced pressure, the resulting solution was stored at -37 °C. Green crystals of FeCl,(dmpe),
were collected after 2 d in 89 % vyield. FeCl,(dmpe), (0.639 g, 1.50 mmol) was dissolved in Et,0
(20 mL), and a THF solution of LiHBEt; (3.2 mL, 1.0 M) was added dropwise to the Et,0 solution.
The mixture was stirred at room temperature for 2 h and the solvents were removed under
reduced pressure, leaving an orange colour precipitate. A yellow solid of Fe(H),(dmpe), was
obtained after sublimation (40 — 60 °C, 60 mTorr) (0.46 g, 72 %). "H NMR (400.2 MHz, THF-Ds,
298 K): &= 1.57 (br, 10H, PCH,/PCHs), 1.32 (br, 4H, PCH,), 1.19 (br, 12H, PCHs), 1.07 (br, 6H,
PCHs), -14.35 (m, 2H, Fe-H). *'P{*H} NMR (162.0 MHz, THF-Dg, 298 K): 5= 76.9 (t, *Jp.p = 27 Hz),
67.2 (t, *Jop = 27 Hz).

Variation of the hydroboranes

40 (5 mol%)

HBR, + CO,
CGDG, r.t.

1 atm.

R,BOCH,OBR, + R,BOCH; + R,BOBR,

In a NMR tube, a C¢Dg (0.5 mL) solution of Fe(H),(dmpe), (2.3 mg, 0.0065 mmol) and HBR, (0.13
mmol, HBcat: 15.6 mg; HBpin: 16.7 mg; 9-BBN: 15.9 mg) was degassed and placed under 1 atm.
of CO,. The tube was then placed at 25 °C and the yields in bis(boryl)acetal and methoxyborane

were estimated by 'H NMR integration with an internal standard (9,10-dihydroanthracene).

Blank experiments with only dmpe as catalyst precursor

dmpe (10 mol%)
HBR, + CO, » R,BOCH,0OBR, + R,BOCHj;
CGDG, r.t.

In a NMR tube, a C¢Dg (0.5 ml) solution of dmpe (2.0 mg, 0.0133 mmol) and HBR, (0.13 mmol)
was degassed and placed under 1 atm of CO,. The tube was then placed at 25 °C and the relative
ratio between the bis(boryl)acetal and the methoxyborane was estimated by *H NMR. All the

hydroboranes (HBcat, HBpin and 9-BBN) formed corresponding adducts with dmpe. While a
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white precipitate was observed after mixing HBcat and dmpe, HBpin and 9-BBN gave colorless

solutions after mixing.

Optimization of the conditions for the generation of compound 127

Fe(H),(dmpe), 40
B_H + C02 | t RzBOCHzOBRz + RzBOCH3 + RzBoBRz
sol., temp. 127 128 129

In a NMR tube, Fe(H),(dmpe), and 9-BBN were placed in 0.5 mL of the solvent, degassed and
placed under a CO, pressure. The tube was then introduced in the NMR machine at the

requested temperature for regular NMR controls.

Optimized general method for the generation of 127

40 (1 mol%), THF
9-BBN + CO, — R,BOCH,O0BR,
NMR scale: r.t., 47 min
127 Y=85%

In a NMR tube, a THF-Dg (0.5 mL) solution of Fe(H),(dmpe), (0.47 mg, 0.00131 mmol, 1 mol %)
and 9-BBN (15.9 mg, 0.130 mmol,) was degassed and placed under 1 atm (static) of CO,. After 47
min, 'H NMR integration with an internal standard (methoxytoluene or 9,10-dihydroanthracene)

indicated the formation of 127 in 85 % yield.

General method for the in-situ trapping of 127

Following the general method for the generation of 127 in 85 % yield, the NMR tube was vented
in the glove box and the trapping agent was added in the NMR tube. The yield of the resulting
compound was calculated by 'H NMR integration (RD = 30 s) using 9,10-dihydroanthracene or
methyoxytoluene as internal standards. Several experiments have shown that the internal
standard can be placed in the tube prior to the addition of CO, or after the generation of the
bis(boryl)acetal compound for the same outcome. Both *CO, and *2CO, were used to confirm by
multinuclear NMR and HRMS that the methylene carbon atom in the produced compounds
resulted from the reduction of CO,. *H, *C{*H}, HSQC, HMBC and COSY NMR experiments were

used to fully characterize the compounds formed.
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Reaction of 127 with CD30D: generation and characterization of compound 131

1.
R,BOCH,OBR, + CD;0D %» CD;OCH,0D
min
127 131

After the generation of 127, the NMR tube was vented in the glove box and CD;0D (0.052 mmaol,
1.9 mg) was added to the mixture. Just after the addition, the *H NMR spectrum indicated the
complete disappearance of compound 127 and the appearance of CD;0"CH,0D 131 in 89 %
yield based on CD30D and 72 % yield based on 9-BBN. 'H NMR (400.1 MHz, THF-Dg, 298 K): 6 =
4.54 (d, 2H, Yey = 160 Hz, *CH,); *C{*H} NMR (100.6 MHz, THF-Dg, 298 K): 8= 91.0 (s, **CH,).

10-fold scale up synthesis of compound 131

In a Fisher-Porter bottle, a THF-Dg (5 mL) solution of Fe(H),(dmpe), (4.7 mg, 0.0131 mmol, 1
mol %) and 9-BBN (159.0 mg, 1.302 mmol) was placed under 1 atm. of CO,. After stirring 10 min
at 60 °C, an excess of CD;0D was added to the Fisher-Porter. The yield calculated by *H NMR
integration with an internal standard indicated the formation of CDsCH,0D in 86 % vyield based
on 9-BBN.

Reaction of 127 with 2,6-bis(diisopropyl)phenylamine: generation and
characterization of compound 132

ipr

R,BOCH,0BR, + H,N-R ————> H,C=N

i
127 Pr
132

After the generation of 127, the NMR tube was vented in the glove box and 2,6-bis(diisopropyl)-
phenylamine (9.2 mg, 0.0519 mmol) was added. The NMR analyses showed the complete
conversion of the bis-borylacetal compound and the formation of the corresponding methylene
aniline 132 within 20 min in 83 % yield based on amine and 66 % based on 9-BBN. '"H NMR
(400.1 MHz, THF-Dg, 298 K): 5= 7.73 (dd, 1H, Yey = 150.9 Hz, *Jy= 18.4 Hz, *CH,), 7.30 (dd, 1H,
YYo= 132.0 Hz, %= 18.4 Hz, *CH,); *C{"H} NMR (100.6 MHz, THF-Dg, 298 K): 5= 156.5 (s, *CH,).
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Independent synthesis and isolation of N,N’-Dimethyl-N,N’-diphenyl-methanediamine
137

2
1 3
o H;
lcl + 2PhMe)NH — "t o Ph Coy 6 4
H/ \H overnight | | 5
137

A formaldehyde solution (4.0 mL, 0.05 mmol, 37 % wt aqueous solution) was added to N-
methylaniline (10.7 g, 0.1 mmol) and the mixture was stirred overnight at room temperature.
After extraction with diethyl ether (2 x 25 mL), the combined organic phases were dried with
Na,S0,. The solvents were removed under reduced pressure and the crude compound was
purified by fractional distillation (b.p. 138 — 142 °C / 0.2 Torr) to afford the expected product 137
as a colorless oil (8.14 g, 72 %). '"H NMR (400.1 MHz, THF-Dg, 298 K): &= 7.15 (dd, */,.,y = 8.9 Hz,
*Jun = 7.3 Hz, 4H, H(2 and 4)), 6.83 (d, *Jy. = 7.9 Hz, 4H, H(1 and 5)), 6.67 (tt, 2H, *Jys = 7.3 Hz,
“Jun = 1.0 Hz, H(3)), 4.78 (s, 2H, CH,), 2.85 (s, 6H, CHs); “*C{'"H} NMR (125.8 MHz, THF-Dg, 298 K):
&=150.6 (C6), 129.8 (C2 and 4), 118.5 (C3), 114.7 (C1 and 5), 71.0 (CH,), 36.7 (CHs).

Reaction of 127 with N-methylaniline: generation and characterization of 137

2
1 3
H;
£, Ph. _C.
R,BOCH,0BR, + 2Ph(Me)NH — " - ril TG 4
127 5
137

After the generation of 127, the NMR tube was vented in the glove box and N-methylaniline
(11.2 mg, 0.1046 mmol) was added. The NMR analyses showed the complete conversion of the
bis(boryl)acetal and the formation of the corresponding aminal 137 within 1 h in 92 % yield. The
reactions have been carried out with CO, and '?CO, to afford 137(*C) and 137(*’C),
respectively. 137(**C): "H NMR (400.2 MHz, THF-Dg, 298 K): 5= 4.77 (d, YJey= 146.3 Hz, 2H, *CH,);
BC{'H} NMR (100.6 MHz, THF-Dg, 298 K): 6= 71.0 (**CH,); HRMS (DCI-CH,): m/z (CI*:"*CCy4H1sN,):
calculated: 226.1470, found: 226.1462. 137(**C):'H NMR (500.3 MHz, THF-Dg, 250 K): & = 7.16
(dd, 4H, */,,=8.7, *Jy.=7.1 Hz, H2 and 4), 6.85 (d, 4H, ¥/, = 8.1 Hz, H(1 and 5)), 6.68 (t, 2H, *Jy =
7.3 Hz, H3), 4.84 (s, 2H, CH.), 2.83 (s, 6H, CH5); C{*H} NMR (125.8 MHz, THF-Dg, 250 K): & =
129.9 (C2 and 4), 118.2 (C3), 114.3 (C1 and 5), 70.5 (CH,), 36.6 (CH3); HRMS (DCI-CH,): m/z (CI":
CisH1gN,): calculated: 227.1548, found: 227.1560.

127



Chapter 5

Reaction of 127 with bis(phenyl)amine: generation and characterization of 139

H,
r.t.
R,BOCH,0BR, + 2Ph,NH ——mm Ph\N/C\N’Ph
127 Ph Ph
139

After the generation of 127, the NMR tube was vented in the glove box and bis(phenyl)amine
(17.6 mg, 0.1041 mmol) was added. The NMR analyses showed the complete conversion of the
bis(boryl)acetal and the formation of the corresponding aminal 139 within 1 h in 91 % vyield. The
reactions have been carried out with *CO, and '2CO, to afford 139(**C) and 139(*’C),
respectively. 139(*3C): 'H NMR (400.2 MHz, THF-Dg, 298 K): 8=5.63 (d, Y= 157.9 Hz, 2H, *CH,);
BC{*H} NMR (100.6 MHz, THF-Dg, 298 K): 5= 79.3 (**CH,); HRMS (DCI-CH,): m/z (CI":**CC,4H,,N,):
calculated: 351.1817, found: 351.1816. HRMS (DCI-CH4): m/z (CI": CysH»,N,): calculated:
350.1783, found: 350.1793.

Reaction of 127 with N,N’-dimethyl-1,2-benzenediamine: generation and
characterization of 140

/ 6 . /
NH 1IN
R,BOCH,OBR, + @ _rt CH,
NH 2 a N
127 \ 3 \
140

After the generation of 127, the NMR tube was vented in the glove box and N,N’-dimethyl-1,2-
benzenediamine (7.1 mg, 0.0522 mmol) was added. The NMR analyses showed the complete
conversion of the bis(boryl)acetal compound and the formation of the corresponding aminal 127
within 3 h in 77 % yield. The reactions have been carried out with *CO, and **CO, to afford
140(**C) and 140(*°C), respectively. 140(**C): "H NMR (400.1 MHz, THF-Dg, 298 K): 5= 4.24 (d, "Jc.
y= 148.0 Hz, *CH,), 2.66 (d, *J13c.4= 5 Hz, NCH5): *C{*H} NMR (100.6 MHz, THF-Dg, 298 K): 5= 81.3
("*CH,); HRMS (DCI-CH,): m/z (CI*:*CCgH;,N,): calculated: 149.1034, found: 149.1024. 140(*°C):
'H NMR (400.1 MHz, THF-Dg, 298 K): 5= 6.52 (dd, *Ju.y= 5.5 Hz, *.4= 3.2Hz, 2H, H(1, 2)), 6.32 (dd,
*Juw= 5.4 Hz, “Jy= 3.2Hz, 2H, H(3, 6)), 4.24 (s, 2H, CH,), 2.66 (s, 6H, CHs); *C{"H} NMR (100.6
MHz, THF-Dg, 298 K): § = 144.6 (C4 and 5), 119.7 (C1 and 2), 106.7 (C3 and 6), 81.3 (CH,), 34.4
(CH3); HRMS (DCI-CH,): m/z (CI*: CoHy,N,): calculated: 147.0922, found: 147.0931.
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Reaction of 127 with N,N-dimethyl-1,2-ethanediamine: generation and
characterization of 141

/
NH r.t. N\
R,BOCH,OBR, + [ L [ ‘CH,
NH N
127 \ \
141

After the generation of 127, the NMR tube was vented in the glove box and N,N-dimethyl-1,2-
ethanediamine (4.6 mg, 0.0522 mmol) was added. The NMR analyses showed the complete
conversion of the bis(boryl)acetal compound and the formation of the corresponding aminal 141
within 2 h in 69 % yield. *H NMR (400.1 MHz, THF-Dg, 298 K): & = 3.21 (d, Yy =144.0 Hz, 2H,
BCH,), 2.68 (*Jey = 3.4 Hz, 4H, CH,), 2.29 (*Jey = 5.6 Hz, 6H, CHs). *C{*H} NMR (100.6 MHz, THF-
Dg, 298 K): 5=81.1 (**CH,).

Reaction of 127 with 1,3-dihydroxy-2,2-dimethylpropane: generation and
characterization of 143

R,BOCH,OBR, + ><\ rt o_ _O
2 2 2 -
HO  OH ~c”
127 H,
143

After the generation of 127, the NMR tube was vented in the glove box and 1,3-dihydroxy-2,2-
dimethylpropane (5.5 mg, 0.0528 mmol) was added. The NMR analyses showed the complete
conversion of the bis(boryl)acetal compound and the formation of the corresponding compound
143 within 10 min in 77 % yield. *H NMR (400.1 MHz, THF-Dg, 298 K): 5= 4.62 (d, Yy =159.5 Hz,
*CH,). *C{*H} NMR (100.6 MHz, THF-Dg, 298 K): 5= 90.8 (**CH,).

Reaction of 127 with 2-methylamino-phenol: generation and characterization of 144

| /
NH r.t. N\
RzBOCHzoBRz + C[ - @[ /CHZ
(o]
127 OH
144

After the generation of 127, the NMR tube was vented in the glove box and 2-(methylamino)-
phenol (6.4 mg, 0.0520 mmol) was added. The NMR analyses showed complete conversion of
127 and formation of 2,3-dihydro-3-methyl-benzoxazole 144 within 1 h in 67 % yield. The
reactions have been carried out with CO, and '?CO, to afford 144(*C) and 144(*’C),
respectively. 144(**C): '"H NMR (400.1 MHz, THF-Dg, 298 K): 8= 5.13 (d, YJc.y= 160.1 Hz, 2H, *CH,);

B —— e ——=———===
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BC{*H} NMR (100.6 MHz, THF-Dg, 298 K): 6 = 91.8 (**CH,); HRMS (DCI-CH,): m/z (CI*:*CC;HNO):
calculated: 136.0718, found: 136.0711. 144(**C): "H NMR (500.3 MHz, THF-Dg, 298 K): 8 = 6.69
(M, 1H, Harom), 6.57 (M, 2H, Harom), 6.51 (d, *Jey = 7.5 Hz, 1H, Harom), 5.13 (s, 2H, CH,), 2.70 (s, 3H,
CHs); *C{'"H} NMR (125.8 MHz, THF-Ds, 298 K): 6= 152.5 (Cquat), 142.1 (Cquat), 122.1 (Carom), 120.1
(Carom), 108.6 (Carom), 108.4 (Carom), 91.8 (CH,), 34.3 (CHs); HRMS (DCI-CH,): m/z (CI*: CgHgNO):
calculated: 135.0684, found: 135.0686.

Independent synthesis and characterization of hexamethylenetetramine 145

N
o é/H "TCH,
.t
6 | +  4NHzH,0 4 |\l2
H™ H “CH; /
ammonium hydroxide CH;y \CHZ
145

An ammonium hydroxide solution (16.4 mL, 0.28 mol, 32 % wt aqueous solution) was added
slowly to a stirred formaldehyde solution (10.0 mL, 0.12 mol, 37 % wt aqueous solution). The
solution was concentrated and a white precipitate formed. The precipitate was dried under
reduced pressure to afford compound 145 (2.78 g, 97 % based on formaldehyde). The solubility
of compound 145 is good in water and moderate in THF. *H NMR (400.2 MHz, D,0, 298 K): & =
4.67 (s, CH,); *H NMR (400.2 MHz, THF-Dg, 298 K): &= 4.60 (s, CH,); *C NMR (100.6 MHz, D,0,
298 K): 5= 71.8 (s, CH,); *C{*H} NMR (100.6 MHz, THF-Dg, 298 K): 5= 76.1 (s, CH,).

Reaction of 127 with ammonium hydroxide: isolation and characterization of 145

CH,
R,BOCH,0BR, + NH;H,0 rt | e, |
2 2 2 3112 —— ‘
127 ammonium hydroxide / N2 /
CH;~  ~CH,
145

After the generation of 127, one equivalent of ammonium hydroxide (2.0 mL, 0.035 mmol) was
added to the NMR tube. 'H NMR analysis showed the complete conversion of 127 and
compound 145 was obtained after 16 h at r.t. in 32 % yield based on ammonia. The addition of
5-fold excess of ammonium hydroxide (10.0 mL, 0.175 mmol) instead of 1 equivalent, gave rise
to a 84 % vyield based on 9-BBN. The reactions have been carried out with 3c0, and *CO, to
afford 145(*°C) and 145(*C), respectively. 145(">C): 'H NMR (400.1 MHz, THF-Dg, 298 K): 5= 4.61
(d, Yen= 149.0 Hz, 12H, *CH,); *C{*"H} NMR (100.6 MHz, THF-Dg, 298 K): & = 76.0 (s, “*CH,).
145(*°C): *H NMR (400.2 MHz, THF-Dg, 298 K): 8= 4.61 (s, CH,); "H NMR (400.2 MHz, D,0, 298 K):

e  ——
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8=4.69 (s, CH,); *C{*H} NMR (100.6 MHz, THF-Dg, 298 K): 5= 76.1 (s, CH,); elemental analysis:
Calculated. for CgH1,N,: C, 51.41; H, 8.63; N, 39.97. Found: C, 51.15; H, 8.60; N, 39.90.

Scale up syntheses:

10-fold scale up: A THF solution (5 mL) of Fe(H),(dmpe), (4.7 mg, 0.0131 mmol) and 9-BBN
(159.0 mg, 1.302 mmol) was prepared in a Fisher-Porter and placed under 1 atm of CO,. The
solution was stirred at 60 °C for 10 min. Ammonium hydroxide (20.4 mL, 0.35 mmol) was then
added at room temperature and the resulting solution was stirred at room temperature for 36 h.
The solvents were removed under reduced pressure and compound 145 was isolated by silica-
gel chromatography in 98 % yield (11.9 mg) based on ammonium hydroxide. When performing
the same reaction with an excess of ammonium hydroxide (0.2 mL, 3.5 mmol), a 85 % isolated

yield of compound 145 based on 9-BBN was obtained.

100-fold scale up: A THF solution (50 mL) of Fe(H),(dmpe), (47.0 mg, 0.131 mmol) and 9-BBN
(1.59 g, 13.02 mmol,) was prepared in a Fisher-Porter and placed under 1 atm (static) of CO,. The
Fisher-Porter was placed in a 60 °C oil bath immediately and stirred 10 min at this temperature.
After removing the oil bath, excess ammonium hydroxide was added to the Fisher-Porter and
the mixture was stirred at room temperature for 2 days. The solvents were removed under
reduced pressure, and the compound 145 was obtained by silica-gel chromatography in 70 %

yield (106.2 mg) based on 9-BBN.

Synthesis of triphenyl(phenylmethylene)-phosphorane (Phz:PCHPh)

"BulLi, THF
Ph;PCH,PhBr m Phz;P—CHPh

"BuLi (1.9 mL, 1.6 M in hexane) was added to a THF (8 mL) solution of triphenyl-(phenylmethyl)-
phosphonium bromide (1.296 g, 3.00 mmol) at -78 °C. The mixture was stirred at -78 °C for 2 h
and 20 min at room temperature. The THF was removed under reduced pressure, and Et,0 (5 mL)
was added to the precipitate. After 5 min of stirring, Et,0 was removed and the resulting solid
was extracted with toluene (3*4 mL). A yellow powder was obtained after dryness (0.803 g,
76%). 'H (400.1MHz, CsDg, 298 K): 5= 7.8 — 6.77 (20H, H,ry), 2.96 (d, *Jp.y = 19 Hz, 1H, CH). *'P{*H}
(162.0 MHz, C¢Dg, 298 K): 6=7.9.
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Reaction of 127 with triphenyl(phenylmethylene)-phosphorane: generation and
characterization of 148

I
6
r.t. 5 C\\CH
R,BOCH,0BR, + PhsP—CHPh ——— » ©/ 2
4 2
127 3 148

After the generation of 127, the NMR tube was vented in the glove box and
triphenyl(phenylmethylene)-phosphorane (18.3 mg, 0.0520 mmol) was added. After 5 h at room
temperature, the 'H NMR analysis showed the complete disappearance of 127 and the
formation of compound 148 in 72 % yield. The reactions have been carried out with **CO, and
20, to afford 148(**C) and 148(*°C), respectively. 148(*C): *C{*H} NMR (100.6 MHz, THF-Ds,
298 K): & = 113.8 (*CH,); HRMS (DCI-CH,): m/z (CI*:*CC,Hg + H"): calculated: 106.0738, found:
106.0734. 148(**C): 'H NMR (500.3 MHz, THF-Dg, 298 K): &= 7.40 (d, */..s = 8.8 Hz, 2H, H (2 and
6)), 7.27 (t, *Jyy = 7.4 Hz, 2H, H (3 and 5)), 7.20 (t, *Juy = 7.4 Hz, 1H, H (4)), 6.71 (dd, *Jy.y = 18 Hz,
*Jun = 11 Hz, 1H, CH), 5.75 (d, *Jus = 18 Hz, 1H, CH,), 5.18 (d, *Jyy = 11 Hz, 1H, CH,); HRMS (DCI-
Ha): m/z (CI":CgHg + H'): calculated: 105.0704, found: 105.0676.

Independent synthesis and characterization of 151

OH H, OH OH H,
0-CH,0 \© KOH, THF ”\©/C\©/t3"+t3“\©/c\w
120 °C, 16 h
Bu Bu Bu

151

2,4-tert-butylphenol (0.206 g, 1.00 mmol) and KOH (0.056 g, 1.00 mmol) were added to a THF
solution of paraformaldehyde (0.03 g, 1.00 mmol). The mixture was stirred at 120 °C for 16 h.
THF was removed under reduced pressure, leaving an off-white residue. The residue was
dissolved in Et,0 and neutralized with acidified water. The Et,0 solution was collected and dried
with Na,SO,. After evaporation under reduced pressure, a mixture of bis-(2,4-tert-butyl-
phenol)methylene (151)° (48 %), 2,4-di-tert-butyl-6-(hydroxymethyl)phenol (24 %), and the
reagent 2,4-tert-butylphenol (28 %) was obtained. When performing the same reaction in the
absence of KOH, only traces of compound 151 (5 %) and 2,4-di-tert-butyl-6-
(hydroxymethyl)phenol (6 %) could be observed by 'H NMR after 16 h, with unreacted 2,4-tert-
butylphenol (89 %). 151: 'H NMR (400.2 MHz, THF-Dg, 298 K): 5= 7.38 (s, 2H, OH), 7.14 (d, */4ys =
2.5 Hz, 2H, CH,y), 6.92 (d, “Jyu = 2.5 Hz, 2H, CH,y), 3.88 (s, 2H, CH,), 1.41 (s, 18H, CH,), 1.21 (s,
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18H, CHs). 2,4-di-tert-butyl-6-(hydroxymethyl)phenol: 'H NMR (400.2 MHz, THF-Ds, 298 K): & =
8.51 (s, 1H, COH), 7.18 (d, “.i = 2.4 Hz, 1H, CH,yy), 6.87 (d, “Ju = 2.5 Hz, 1H, CH,ry), 5.22 (t, *Jyn
= 5.4 Hz, 1H, CH,0H), 4.72 (d, *Jy = 5.6 Hz, 2H, CH,), 1.40 (s, 9H, CHs), 1.26 (s, 9H, CHs). 2,4-tert-
butylphenol: 'H NMR (400.2 MHz, THF-Dg, 298 K): §=7.92 (s, 1H, COH), 7.22 (d, 1H, “Juy = 2.4 Hz,
1H, CHary), 6.97 (dd, 1H, “Jyu = 2.5 Hz, *Jyy = 8.3 Hz, 1H, CH,y), 6.56 (d, 1H, *Jyy = 2.5 Hz, 1H,
CHary), 1.38 (s, 9H, CH3), 1.26 (s, 9H, CHs).

Reaction of 127 with 2,4-tert-butylphenol: isolation and characterization of 151

OH
Bu

NCH 120 °C
R,BOCH,OBR, + 2 | P —

127 b
Bu

After the generation of 127, the NMR tube was vented in the glove box and 2,4-tert-butylphenol
(21.4 mg, 0.1038 mmol) was added to the mixture and the NMR tube was kept at 120 °C in a
sand bath. "H NMR analyses showed the generation of 151 in 23 and 46 % yield after 16 and 36 h,
respectively. Longer reaction time (48 h) did not improve the yield. The reactions have been
carried out with **CO, and **CO, to afford 151(**C) and 151(**C), respectively. When adding KOH
to compare with the independent experiment, no conversion into compound 151 was observed.
151(**C): *H NMR (400.2 MHz, THF-Dg, 298 K): 5= 3.88 (d, "Jey= 126.1 Hz, 2H, °CH,); *C{'H} NMR
(100.6 MHz, THF-Dg, 298 K): & = 32.6 (*CH,); HRMS (DCI-CH,): m/z (CI*:*CCygH,,0, + H'):
calculated: 425.3375, found: 425.3370. 151(*°C): *H NMR (500.3 MHz, THF-Dg, 301 K): 5=7.39 (s,
2H, OH), 7.14 (d, Y4 = 2.3 Hz, 2H, CHary), 6.92 (d, “Jyn = 2.3 Hz, 2H, CH,y), 3.88 (s, 2H, CH,), 1.41
(s, 9H, CH;), 1.21 (s, 9H, CHs); *C{*H} NMR (125.8 MHz, THF-Dg, 301 K): 8= 151.7 (C2), 142.9 (C4),
137.3 (C6), 128.3 (C7), 125.8 (C3), 122.4 (C5), 35.9 (C12), 35.0 (C8), 32.6 (C1), 32.2 (C9, 10 and
11), 30.6 (C13, 14 and 15); elemental analysis: calculated for C,gH4,0,: C, 82.02; H, 10.44. Found:
C, 81.65; H, 10.64; HRMS (DCI-CH,): m/z (CI":C,6H,40,): calculated: 424.3341, found: 424.3340.

10-fold scale up synthesis: A THF solution (5 mL) of Fe(H),(dmpe), (4.7 mg, 0.0131 mmol,) and 9-
BBN (159.0 mg, 1.302 mmol) was prepared in a Fisher-Porter and 1 atm of CO, was introduced.
The solution was stirred at 60°C for 10 min. 2,4-tert-butylphenol (0.214 g, 1.038 mmol,) was
then added and the mixture was stirred at 120 °C for 48 h. The solvent was removed under
reduced pressure and compound 151 was isolated by silica-gel chromatography (Eluent: Hexane :

Et,0=97:3)in 37 % yield (81.2 mg) based on phenol.
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Figure 47. 'H NMR of iron precursor 103 (400.1 MHz, 298 K, Toluene-Dy)

Figure 48. Infared spectroscopy of iron precursor 103
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Figure 49. 'H NMR of bis(2-picoly)phenylphosphine 96 (400.1 MHz, 298 K, C¢Ds)

Figure 50. *C{*"H} NMR spectrum of bis(2-picoly)phenylphosphine 96 (100.6 MHz, 298 K, C¢D¢)
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Figure 51. 'H NMR spectrum of 2-[(diphenylphophino)methyl]pyridine 101 (400.1 MHz, CsDs, 298
K)

140 130 120 110 100 9 8 70 60 50 40 30 20 10 0 .10 20 -30 -4
f1 (ppm)

Figure 52. 'H NMR spectrum of complex 104 (500.4 MHz, 230 K, Toluene-ds)

141



Appendix 1
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Figure 53. 'H NMR spectrum of complex 104 (increased intensity)
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Figure 54. MAS *'P NMR spectra (161.8 MHz) of NPN 96 (280 K), compounds 106 (280 K), 105
(289 K), and 104 (289 K) (from top to bottom) in the solid state
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Figure 55. MAS °C NMR spectrum (100.5 MHz, 280 K) of 104 in the solid state

Figure 56. ATR IR spectrum of 104
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Figure 57. *H NMR spectrum of complex 105 (500.4 MHz, 301 K, Toluene-D8)

Figure 58. MAS *C NMR spectrum for 105 in the solid state (100.5 MHz, 289 K)
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Figure 59. ATR IR spectrum of 105

Figure 60. *C{*H} NMR spectrum of complex 106 (125.8 MHz, Toluene-Dg, 240 K)
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Figure 61. ATR IR spectrum of 106

Figure 62. COSY NMR spectrum of complex 121

146



Appendix 1

Figure 63. HSQC NMR spectrum of complex 121

Figure 64. HMBC NMR spectrum of complex 121
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Figure 65. 'H NMR spectrum of Fe(H),(dmpe), 40 (400.2 MHz, THF-Dg, 298 K)

Figure 66. *'P NMR spectrum of Fe(H),(dmpe), 40 (162.0MHz, THF-Dg, 298 K)

148



Appendix 1

Figure 67. "H NMR spectrum for in situ characterization of compound 131

Figure 68. *C{*H} NMR spectrum for in situ characterization of compound 131
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Figure 69. "H NMR spectrum for in situ characterization of compound 132

Figure 70. *C{*H} NMR spectrum for in situ characterization of compound 132
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Figure 71. *H NMR spectrum of compound 137

Figure 72. *C{*H} NMR spectrum of compound 137
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Figure 73. "H NMR spectrum for in situ characterization of compound 137(**C)

Figure 74. *C{*H} NMR spectrum for in situ characterization of compound 137(**C)
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Figure 75. 'H NMR spectrum for in situ characterization of compound 137(**C)

Figure 76. *C{*H} NMR spectrum for in situ characterization of compound 137(**C)
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Figure 77. COSY analysis for in-situ characterization of compound 137(**C)

Figure 78. COSY analysis for in-situ characterization of compound 137(*2C) (aromatic region)
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Figure 79. HSQC analysis for in-situ characterization of compound 137(**C)

Figure 80. HSQC analysis for in-situ characterization of compound 137(**C) (aromatic region)
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Figure 81. HMBC analysis for in-situ characterization of compound 137(**C)

Figure 82. HMBC analysis for in-situ characterization of compound 137(**C)

156



Appendix 1

Figure 83. 'H NMR spectrum for in situ characterization of compound 139(**C)

Figure 84. *C{*H} NMR spectrum for in situ characterization of compound 139(**C)
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Figure 85. 'H NMR spectrum for in situ characterization of compound 139(**C)

Figure 86. *C{*H} NMR spectrum for in situ characterization of compound 139(**C)
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Figure 87. "H NMR spectrum for in situ characterization of compound 140(*C)

Figure 88. *C{*H} NMR spectrum for in situ characterization of compound 140(**C)
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Figure 89. "H NMR spectrum for in situ characterization of compound 140(**C)

Figure 90. *C{*H} NMR spectrum for in situ characterization of compound 140(**C)
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Figure 91. 'H NMR spectrum for in situ characterization of compound 144(**C)

Figure 92. *C{*H} NMR spectrum for in situ characterization of compound 144(**C)
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Figure 93. "H NMR spectrum for in situ characterization of compound 144(**C)

Figure 94. *C{*H} NMR spectrum for in situ characterization of compound 144(**C)

162



Appendix 1

Figure 95. "H NMR spectrum of independently synthesized compound 145 (D,0)

Figure 96. 'H NMR spectrum of independently synthesized compound 145 (THF-Ds)
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Figure 97. *C{*H} NMR spectrum of independently synthesized compound 145 (D,0)

Figure 98. *C{*H} NMR spectrum of independently synthesized compound 145 (THF-Ds)
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Figure 99. 'H NMR spectrum for in situ characterization of compound 145(**C)

Figure 100. *C{*H} NMR for in situ characterization of compound 145("*C)
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Figure 101. "H NMR spectrum for isolated compound 145(**C) (THF-Ds)

Figure 102. *H NMR spectrum for isolated compound 145(**C) (D,0)

166



Appendix 1

Figure 103. *C{*H} NMR for isolated compound 145(**C) (THF-Dy)

Figure 104. *C{*H} NMR spectrum for in situ characterization of compound 148(**C)
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Figure 105. 'H NMR spectrum for in situ characterization of compound 148(**C)

Figure 106. Stack 1H NMR spectra (top: 148(12C), below: styrene)
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Figure 107. *H NMR spectrum for in situ characterization of compound 151(**C)

Figure 108. *C{*H} NMR spectrum for in situ characterization of compound 151(**C)
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Figure 109. 'H NMR spectrum of compound 151(**C)

Figure 110. *C{*H} NMR spectrum of compound 151(**C)
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Crystallographic data of [Fe(N(TMS)z).(xVP-NPN)] 104

Appendix 2

Complex 104

Empirical formula C3oHs3N4PSisFe
Formula weight 668.94

Color, habit yellow

Crystal size, mm® 0.2x0.1x0.03
Crystal system Monoclinic
Space group P12,/c1

a, A 13.3755(3)

b, A 13.1595(3)

c, A 21.5380(5)

p, deg 99.8630(10)
V(A% 3734.98(15)

z 4

Derc (gcm™) 1.19
Absorption coeff.,, mm™ 0.599

T (K) 100

F(000) 1432
Reflections collected / unique 60812 / 7632
Rint 0.0290

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

R1=0.0251, wR2 =0.0630
R1=0.0314, wR2 =0.0670
1.039

0.387/-0.272
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Crystallographic data of [Fe(N(TMS)2) (u-xNP:xN-NPN)]2 105

Complex 105

Empirical formula CusHesNgP,SisFe,
Formula weight 1015.08

Color, habit black

Crystal size, mm?
Crystal system

Space group

c, A

B, deg

v (A%

V4

Deac (g cm™)
Absorption coeff.,, mm™
T (K)

F(000)

Reflections collected / unique
Rint

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

0.17x0.1x0.03
Monoclinic

P2,/c

9.7251(6)

17.9658(10)

17.3879(11)

104.907(2)

2935.8 (3)

2

1.148

0.664

100

1072

40022 / 5993

0.0307

R1=0.0348, wR2 = 0.0808
R1=0.0405, wR2 = 0.0832
1.051

0.357 /-0.255
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Complex 106

Empirical formula CsH32N4PoFe
Formula weight 638.44

Color, habit brown

Crystal size, mm? 0.1x0.1x0.05
Crystal system Monoclinic
Space group P2,/c

a, A 9.9744(7)

b, A 19.7099(15)

c, A 15.5352(12)
p, deg 93.424(2)

v (A% 3048.7(4)

V4 4

Dearc (g cm™) 1.391
Absorption coeff.,, mm™ 0.633

T (K) 173

F(000) 1328
Reflections collected / unique 125687 / 6199
Rint 0.1467

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

R1=0.0463, wR2 =0.0942
R1=0.0841, wR2 =0.1102
1.027

1.224 /-0.502
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Crystallographic data of [Ru(«”-NPN)(x"P-NPN)(COD)] 119

Complex 119
Empirical formula CusHagN4P,RU
Formula weight 793.86
Color, habit Orange

Crystal size, mm?
Crystal system
Space group

a, A
b, A

v (A%

V4

Deac (g cm™)
Absorption coeff., mm™
T (K)

F(000)

Reflections collected / unique
Rint

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

0.14x 0.09 x 0.02
Triclinic

P-1

9.6615(3)
10.5430(3)
19.0650(6)
76.6330(10)
76.5710(10)
83.6500(10)
1834.39(10)

2

1.437

0.553

100

824

29290/ 7397
0.0158
R1=0.0202, wR2 = 0.0482
R1=0.0219, wR2 = 0.0492
1.042
0.499/-0.341
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Complex 120
Empirical formula Cs6H3,N4P,RU
Formula weight 683.67
Color, habit Orange

Crystal size, mm?
Crystal system

Space group

c, A

B, deg

v (A%

V4

Deac (g cm™)
Absorption coeff.,, mm™
T (K)

F(000)

Reflections collected / unique
Rint

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

0.15x0.14 x 0.03
Monoclinic

P12,/c1

14.1039(6)

12.4374(5)

21.2928(9)

107.437(2)

3563.5(3)

4

1.274

0.558

180

1400

86092 / 7296

0.0228

R1=0.0259, wR2 =0.0630
R1=0.0274, wR2 = 0.0637
1.130

0.415 /-0.561
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Appendix 2

Crystallographic data of [Ru(x?-NP)(x¥P-NP)(COD)] 121

Complex 121
Empirical formula CusHasN,P,RU
Formula weight 763.82
Color, habit Orange

Crystal size, mm?
Crystal system

Space group

c, A

B, deg

v (A%

V4

Deac (g cm™)
Absorption coeff.,, mm™
T (K)

F(000)

Reflections collected / unique
Rint

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

0.15x 0.08 x 0.02
Monoclinic

C12/c1

34.581(2)

15.5161(10)

19.9371(11)

120.203(2)

9245.3(9)

8

1.098

0.435

180

3168

43668 /9380

0.0528

R1=0.0627, wR2 =0.1547
R1=0.0760, wR2 = 0.1605
1.086

1.360/-0.628
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Crystallographic data of [((CsH14) (HOOC)B(OCH:)PMe:).C:H4] 130

Appendix 2

Complex 130
Empirical formula C16H25BO3sP
Formula weight 310.16
Color, habit Colourless
Crystal size, mm? 0.5x0.4x0.3
Crystal system Monoclinic
Space group P2/n

a, A 7.0273(4)

b, A 19.8843(11)
c, A 12.3846(7)
B, deg 95.273(2)

v (A% 1723.21(17)
V4 4

Dearc (g cm™) 1.196
Absorption coeff.,, mm™ 0.166

T (K) 173

F(000) 672
Reflections collected / unique 49429 / 3498
Rint 0.0293

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

R1=0.0353, wR2 =0.0898
R1=0.0403, wR2 =0.0943

1.121
0.427 /-0.194
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Appendix 2

Crystallographic data of [(OCO)N(Me)(C:H4)N(Me)(CsH14)] 142

Complex 142
Empirical formula Cy3H25BN,0,
Formula weight 252.16
Color, habit Colourless

Crystal size, mm?
Crystal system
Space group

a, A
b, A

V(&)

V4

Deac (g cm™)
Absorption coeff., mm™
T (K)

F(000)

Reflections collected / unique
Rint

Final R indices[/ 220 (/)]
R indices (all data)
Goodness-of-fit (GOF)

Largest difference peak/hole, e A3

0.2x0.04 x0.04
Triclinic

P-1

7.1569(8)
9.0951(13)
11.4551(13)
86.220(8)
74.413(7)
70.851(7)
678.28(15)

2

1.235

0.081

173

276

36766 / 2747
0.1135
R1=0.0538, wR2 =0.1429
R1=0.1036, wR2 =0.1729
1.055
0.225/-0.249
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Résumé : Ce texte est un résumé en francais de la thése de Guanghua Jin écrite

en anglais.

Trois modes de coordination du composé bis(2-picolyl)phénylphosphine au
fer: isolation d'un complexe dinucléaire de fer présentant un fragment

pyridinique déaromatisé.

Un intérét croissant dans la chimie du fer découle de la volonté de remplacer les métaux
nobles dans les réactions catalytiques. Les propriétés catalytiques des enzymes incorporant
un fer dans le site actif soit comme unités monomeres ou diméres peuvent étre une source
d’inspiration. Il y a donc un effort dans la communauté inorganique pour synthétiser de
nouveaux complexes de fer, et quelques systemes ont récemment montré des propriétés
catalytiques trés intéressant Dans la derniere décennie, Milstein et al. ont développés une
famille de ligands pince PNL déprotonables comportant un fragment picolyle qui peut se
déaromatiser / aromatiser par déprotonation / protonation en position benzylique (figure 1).
L'utilisation de systéemes de ruthénium principalement, a permis de décrire des propriétés
catalytiques trés intéressants et plus récemment, le méme type de coopération métal /
ligand a été appliguée avec succés au fer. En comparaison, le composé bis(2-
picolyl)phénylphosphine (NPN) a été beaucoup moins étudiés en chimie de coordination. Si
Stalke et al. ont démontré que ce ligand pouvait présenter un comportement Janus avec

deux carbones benzyliques déprotonés a un centre Sn, le ligand NPN n'a jamais été engagé



dans un processus de déaromatisation lorsqu'il est coordonné a un centre de métal de

transition, malgré la présence de deux fragment picolyle (Figure 1).

HH P H
% H
N %
7 N\ N
— NPN

Figure 1. PNL and NPN ligands
Dans le cadre de notre enquéte en cours sur la chimie de [Fe{N(SiMes),},] comme
précurseur pour générer et isoler des complexes de fer réactifs, nous avons sondé sa
réactivité avec NPN. Nous tenons a signaler ici, l'isolation et la caractérisation des complexes
1-3 incorporant un ou deux ligands NPN adoptant trois modes de coordination différents
(Schéma 1). Dans les complexes 2 et 3, la déprotonation du ligand NPN est observée, ce qui
permet la stabilisation d'une structure dimeére dans le cas de 2, avec deux ligands NPN reliant

les deux centres métalliques.



Schéma 1: Synthése des complexes 1-3
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Conditions: i) pentane, mélange a -78 ° C et agitation a -30 ° C pendant 90 min; ii) pentane,
mélange a -78 ° C, sous agitation a -30 ° C pendant 3 h et a température ambiante pendant
45 min; iii) pentane, mélange a -78 ° C, agitation a -30 ° C pendant 3 heures, puis a

température ambiante pendant 36h.

En raison de la forte réactivité du précurseur de fer [Fe{N(SiMes),},], la coordination a été
effectuée avec une attention particuliere aux parameétres de température et de temps.
Apres le mélange du ligand NPN avec le précurseur de fer a -78 ° C, la solution de pentane a

été réchauffée a -30 ° C et agitée a cette température pendant 90 min. Un précipité jaune a



été observé et le complexe 1 a pu étre isolé apres filtration avec 28% de rendement (schéma
1). Le complexe 1 présente des signaux paramagnétiques larges dans le spectre RMN 'H
allant de 130 a —30 ppm. Des cristaux pour l'analyse par diffraction des X-Ray ont été
obtenus en mélangeant le précurseur de fer avec le ligand NPN a —30 ° C dans une solution
de pentane / toluéne. L'analyse révele la coordination du ligand au précurseur de fer dans un
mode NP-bidenté, un bras de picolyl restant pendant (Figure 2). Les deux ligands amido
complétent la sphére de coordination du centre métallique qui adopte une géométrie de
tétraédrique déformée. Le complexe 1 n’est pas stable a la salle température, et conduit a la
formation du complexe dimere 2, qui a été isolé dans un bon rendement (81%) (schéma 1).
Le complexe 2 présente également de larges signaux paramagnétiques dans le spectre RMN
'H allant de + 175 & —30 ppm (Figure S7). L'analyse par diffraction des rayons X sur
monocristaux a révélé une structure dimere avec un centre d'inversion (Figure 2). Les
centres métalliques présentent une géométrie tétraédrique déformée et les ligands NPN
relient les deux centres métalliques dans un mode NP-bidenté pour le premier mode de fer
et N-monodenté pour le deuxieme fer. La sphére de coordination est ensuite complétée par
un ligand amido sur chaque métal. L'espaceur méthylene de la fraction NP-bidenté a été

déprotoné. La charge anionique est donc formellement délocalisée sur une double liaison

C5=C6 et un centre pyridinique déaromatisé. Comme prévu, la distance C5=C6 de 1.389(3) A
est plus courte que la liaison simple C—C (dC17—C18 = 1.502(2) A) de l'autre fragment picolyl
sur le méme ligand ou de la liaison C—C adjacente dans le composé 1 (1.500 (2) A). En outre
la distance Fe—N de l'anneau pyridinique déaromatisé (dFe—N1 = 2.0654(15) A) est plus

courte que la distance Fe—N de I'anneau pyridinique aromatique (dFe—N2 = 2,1548(15) A).



Figure 2. Structures moléculaires des complexes 1 (en haut) et 2 (en bas). Les atomes
d'hydrogene ont été omis pour plus de clarté a I'exception des fragments CH et CH, entre les

atomes de phosphore et les cycles pyridiniques.

Tableau 1: Données structurales principales pour les complexes 1, 2 et 3.

Complexe 1

Fe(1)-N(1) 2.2236(12) Fe(1)-N(2) 1.9663(11)
Fe(1)-N(3) 1.9799(11) Fe(1)-P(1) 2.5579(4)
C(1)-C(2) 1.500(2) C(7-C(8) 1.498(2)

N(1)-Fe(1)-N(2) 122.52(5) N(1)-Fe(1)-N(3) 99.66(5)




N(1)-Fe(1)-P(1) 75.03(3) N(2)-Fe(1)-N(3) 124.28(5)
N(2)-Fe(1)-P(1) 100.73(3) N(3)-Fe(1)-P(1) 125.98(4)
C(2)-C(1)-P(1) 109.04(10) C(8)-C(7)-P(1) 116.36(10)
Complexe 2

Fe(1)-N(1) 2.0654(15) Fe(1)-N(2) 2.1548(15)
Fe(1)-N(3) 1.9499(15) Fe(1)-P(1) 2.4387(5)
C(5)-C(6) 1.389(3) C(6)-P(1) 1.7524(19)
C(17)-C(18) 1.502(2) c(18)-P(1)" 1.8530(18)
N(1)-Fe(1)-N(2) 101.50(6) N(1)-Fe(1)-N(3) 132.71(6)
N(1)-Fe(1)-P(1) 82.49(4) N(2)-Fe(1)-N(3) 105.72(6)
N(2)-Fe(1)-P(1) 121.53(4) N(3)-Fe(1)-P(1) 113.30(5)
C(5)-C(6)-P(1) 119.47(14) C(17)-C(18)-P(1)"*  113.51(12)
Complexe 3

Fe(1)-P(1) 2.1564(9) P(2)-Fe(1) 2.1547(9)
N(1)-Fe(1) 2.046(2) N(2)-Fe(1) 2.011(2)
N(3)-Fe(1) 2.013(2) N(4)-Fe(1) 2.058(2)
C(1)-C(2) 1.499(4) C(7)-C(8) 1.396(4)
C(19)-C(20) 1.399(4) C(25)-C(26) 1.491(4)
P(2)-Fe(1)-P(1) 96.80(3) N(1)-Fe(1)-P(1) 82.28(7)
N(2)-Fe(1)-P(1) 84.75(7) N(3)-Fe(1)-P(1) 93.34(8)
N(4)-Fe(1)-P(1) 177.73(8) N(1)-Fe(1)-P(2) 179.07(8)
N(2)-Fe(1)-P(2) 93.50(7) N(3)-Fe(1)-P(2) 85.12(8)
N(4)-Fe(1)-P(2) 81.13(7) N(2)-Fe(1)-N(1) 86.27(10)
N(3)-Fe(1)-N(1) 95.07(10) N(1)-Fe(1)-N(4) 99.79(10)
N(2)-Fe(1)-N(3) 177.51(10) N(2)-Fe(1)-N(4) 96.30(10)
N(3)-Fe(1)-N(4) 85.56(10)

®Codes de symétrie: #1 —x+1, -y, -z
Les composés 1 et 2 ont été caractérises comme contenant un atome de fer a haut spin
(1) en *"Fe Mosshauer spectroscopie (Figure 3). A 80 K, l'analyse révéle des doublets

quadrupolaires pour 1 (6 = 0,7676 (18) mm s-1 et ¢ = 0,9572 (35) mm s-1) et 2 (6 = 0,7164



(12) mm s -1 = 2,1553 et ¢ (23) mm s-1) avec un plus grand splitting quadripolaire pour le

complexe dinucléaire.
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Figure 3. Spectre Mdéssbauer des complexes 1 (haut) and 2 (bas) at 80 K.

Une caractérisation supplémentaire pour les composeés 1 et 2 a I'état solide a été obtenue par
analyses RMN. Les signaux de I'état solide RMN *!P est difficile & observer, le phosphore
étant a proximité des centres de fer: pour les deux complexes, les signaux détectés sont tres
larges, 6 = 39 (w2 = 13,7 kHz) et 41 (wy, = 13,0 KHz), pour 1 et 2 respectivement. En outre,
en raison de la sensibilité des deux composeés, leur décompositions ont été observées lors des
analyses et des signaux RMN *'P du ligand libre NPN et d’un nouveau complexe 3 (voir ci-

dessous) ont été observés; masquant partiellement le signal de composés 1 et 2. (Figure 4).



Plus intéressant encore, les spectres RMN *3C présentent des signatures RMN spécifiques
pour 1 et 2, avec des signaux allant de 600 & —100 ppm.

En solutions les deux complexes sont instables a température ambiante donnant lieu a des
composés complexes non caractérisees et au complexe 3. Complexe 3 a pu étre directement
isolé sous forme d'une poudre brune avec un rendement de 55% par réaction de
[Fe{N(SiMej3),}.] avec deux équivalents du ligand NPN, apres 36 h a température ambiante.
Les analyses RMN indiquent la formation d'un composé diamagnétique en accord avec un
complexe & bas spin de fer (I1). Le spectre RMN 3P montre une résonance a 87,0 ppm
indiquant deux ligands NPN équivalents en solution. Le spectre RMN *H montre trois signaux
dans la région aliphatique de 3 & 4,5 ppm. Les signaux a 6 4,06 et 5 3.14 correspondent aux
protons inéquivalents des espaceurs méthyléne présentant un motif AB en RMN *P (3 =
15,5 Hz), tandis que le troisieme signal a & 3.50 apparait comme un singulet et correspond aux

fragments PCH.
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Figure 4: Spectres MAS RMN *'P du ligand NPN, complexe 3, 2 et 1 d’en haut vers le bas a

I’état solide.



La structure aux rayons X de 3 confirme la coordination des deux ligands NPN a un
centre de fer dans un mode de coordination tridentate avec une unité pyridinique
déaromatisation sur chaque ligand NPN (Figure 6). Les atomes d'azote des anneaux
déaromatisés sont en position trans lun de 1’autre et occupent les positions axiales. Les deux

atomes de phosphore sont en position cis dans le plan équatorial et trans aux atomes d'azote

des cycles pyridine. Les doubles liaisons C=C (d(C7-C8 = 1,396(4) A, d(C19-C20) =
1.399(4) A) sont plus courtes que les liaisons simples C-C (d(C1-C2) = 1.499 ( 4) A et
d(C25-C26) = 1.491 A) et les distances Fe-N de cycles pyridiniques déaromatisés (d(Fe—N2)
= 2.011(2) A, d(Fe-N3) = 2.013(2) A) sont légérement plus courtes que les distances Fe—N

des cycles pyridiniques aromatiques (d(Fe—N1) = 2,046(2) A, d(Fe—N4) = 2,058(2) A).

Figure 6. Structure moléculaire du complexe 3. Les atomes d’hydrogeéne sont omis pour plus
de clarté a I'exception des fragments CH et CH, entre les atomes de phosphore et les cycles

pyridiniques.



En résumé, nous avons démontré que le composé bis(2-picolyle)phénylphosphine agit
comme un ligand polyvalent NPN vers le précurseur de fer [Fe{N(SiMes).},], offrant un
acces aux différents modes de coordination. Nous avons pu isoler les complexes 1-3, grace a
un contréle fin des conditions expérimentales. Ces composés paramagnétiques et
diamagnétiques ont été caractérisés des analyses par diffraction des rayons X ainsi que par
spectroscopie RMN a la fois en solution et & I'état solide. Lors de la coordination, la
déprotonation du ligand NPN a été observée donnant lieu a la déaromatisation d'un anneau
pyridinique dans les composés 2 et 3. C’est la premiére fois qu'un tel comportement est
signalé pour ce ligand. En outre, sa flexibilité permet la formation d'un dimere original,
complexe 2. Nous souhaitons maintenant exploiter ce type de structure dimérique avec un
ligand activé pour I’activation des petites molécules, et les enquétes en cours visent a résoudre

les problémes de stabilité rencontrés dans cette étude.



Réduction fonctionnalisante du CO, catalysée par un complexe de fer :

formation de nouvelles liaisons C-N, C-O, et C-C.

Le dioxyde de carbone est une source de carbone tres abondante, et non toxique par
comparaison aux autres sources C1 employées par l'industrie chimique. Son utilisation a
donc suscité un intérét dans différents domaines de la chimie, malgré sa grande stabilité
thermodynamique intrinseque. Dans les procédés les plus avancés de transformation du
CO,, 'unité OCO est maintenue, comme dans les synthéses de I'acide salicylique et / ou
I'atome de carbone reste a I'état d'oxydation +4 comme dans les dérivés de |'urée. Toutefois,
pour utiliser pleinement le CO, comme source de carbone, on a besoin d’arracher un ou les
deux atomes d'oxygéne et d'avoir accés a la gamme compléete des états d'oxydation du
carbone. En conséquence, la catalyse homogéne de réduction du CO, avec abstraction
concomitante d'oxygene a été étudiée avec du dihydrogene, des silanes et des boranes
comme agents réducteurs. Quel que soit le réducteur, le champ d'application de produits
résultant de la re-réduction de CO, est encore assez limité. L'utilisation de dihydrogéne
comme réducteur a donné lieu a du méthanol, tandis que l'addition d'amines, d’imines ou
d’oléfines au processus d’hydrogénation ont conduit a la formation de formamides,
méthylamines et d'alcools aliphatiques, générant ainsi de nouvelles liaisons C-N et C-C. Bien
qgue I'hydrogénation du CO, apparaisse comme la réaction idéale en termes d'économie

d'atome, une source durable de dihydrogéne « décarbonée » et des conditions de réaction



plus douces restent a découvrir. L'utilisation de silanes et de boranes comme réducteurs a
permis d’utiliser des conditions opératoires nettement plus douces, et de développer
différents types de catalyseurs pour obtenir la liste compléte des composés C1 (CO, CH,O,
CH30H et de CH4). Des mécanismes clés ont été découverts et jusqu'a quatre réactions
hydro-fonctionnalisation consécutives ont été décrite (Figure 1) conduisant aux composés
formoxy A, a I’acétal B et / ou au formaldéhyde, au méthoxy C, et finalement au méthane, ce
dernier étant obtenu seulement dans le cas d’hydrosilanes. Nos études sur la catalyse au
ruthénium d’hydroboration du CO;, nous a permis de faire la lumiére sur la deuxiéme étape
de réduction du CO, avec la premiere preuve de expérimentale de la formation d'un
composé bis(boryle)acétal B, et de formaldéhyde. Pour augmenter la complexité
moléculaire, Cantat et al. et d'autres ont décrit la réduction du CO, au niveau formoxy A,
suivit de sa fonctionnalisation par une amine pour donner des formamides, ou aprés une

réduction supplémentaire de générer des méthylamines (Figure 1).

Cantat, Beller, Dyson
2012, 2013, 2014

Figure 1: Schéma général pour la réduction et la fonctionnalisation du CO,.
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Dans ce contexte, nous avons cherché a élargir encore la quantité des composés
carbonés accessibles a partir de la transformation du CO,. Nous avons postulé que la

synthese sélective du bis(boryl)acétal B serait possible et que ce composé serait une source



réactive et polyvalente de méthylene. En outre, nous avons cherché des systémes
catalytiques a base de métaux abondants et visé des complexes de fer définis comportant
des ligands hydrures afin de transférer notre expertise sur les complexes polyhydrures de
ruthénium. L'utilisation de catalyseurs a base de fer pour la transformation homogeéne du
CO, est rare et les études récentes se sont concentrées sur la formation d'acide formique et
de ses dérivés. Il a également été rapporté que, en présence de ligands multidentés de
phosphine, le précurseur de fer Fe(acac), a été capable de catalyser la réduction
fonctionnalisante du CO, pour donner des formamides et des méthylamines. Nous avons
choisis le complexe dihydrure de fer Fe(H),(DMPE), (1) en tant que précurseur catalytique,
car il a été démontré par Field et al. qu’il réagissait avec le CO,, et par nous qu’il catalysait la
borylation déshydrogénante d’arenes. Nous décrivons ici la réduction sélective du CO, en
bis(boryl)acétal catalysée par un complexe de fer et son utilisation ultérieure en tant
gu'agent de transfert de méthyléne réactif et polyvalent pour former non seulement de
nouvelles liaisons C-N, mais aussi, C-O, C-C, C=N, et C=C en employant une stratégie en un

pot et deux étapes.

L’hydroboration catalytique du CO, a été effectué avec 5% molaire de catalyseur en
présence de trois hydroboranes différents: catécholborane (HBCat), pinacolborane (HBpin)
et 9-borabicyclo [3.3.1] nonane (9-BBN) (schéma 1, Tableau 1). Les réactions ont d'abord été
menées dans C¢Dg a température ambiante sous 1 atm de CO, dans un tube RMN et les
rendements des deux principaux produits observés, le bis(boryl)acétal et le méthoxyborane,
ont été déterminés par intégrations RMN 'H a conversion compléte de I'hydroborane
correspondant. Avec HBCat, la conversion compléete a été observée apres les 3 heures et seul

le méthoxyborane est obtenu avec un rendement de 59%. Dans le cas de HBpin et 9-BBN,



conversion compléte est observée en 5h et le bis(boryl)acétal est favorisé (30% et 46%,

respectivement) sur le méthoxyborane (18% et 27%, respectivement).

Fe(H)2(dmpe),
(5 mol %) R,BOCH,OBR, +
BR2 + COZ >
1 atm CeDg, I, R,BOCH; + R,BOBR,

Schéma 1: Hydroboration du CO, avec HBcat, HBpin et 9-BBN

Tableau 1 : Hydroboration du CO, avec HBcat, HBpin et 9-BBN

R | Tme(n | g S| et
HBCat ' ° i
3 0 59
1 4 6
HBpin 3 21 10
5% 30 18
1 36 3
9-BBN 3 56 15
5% 46 27

Nous avons donc choisis le 9-BBN pour une synthése sélective du bis(boryl)acétal et
optimisé les conditions expérimentales. Parmi les différents paramétres testés, le solvant a eu
Iimpact le plus important, puisque l'utilisation de THF a favorisé la formation du
bis(boryl)acétal 2 en termes de vitesse et de sélectivite (Tableau 2). Aprés 47 min, une
conversion complete 9-BBN, un rendement de 8% en méthoxyborane et 85% dans le compose
2 a été déterminé par intégration RMN *H par rapport & un étalon interne. Il convient de noter
que, avant la reduction complete en méthoxyborane, I'accumulation transitoire du

bis(boryl)acétal a été recemment rapportée dans un systeme utilisant des bases fortes comme



catalyseur et également le 9-BBN comme réducteur. Dans notre systeme, 2 n'a pas éte réduit
plus avant, puisque, apres 15 h, 52% d'acétal et seulement 11% de méthoxyborane ont été
observés. Des produits non identifies comportant des fragments méthyléne et méthoxy ont été

observés dans le spectre RMN *H qui pourrait expliquer la diminution de la quantité de 2.

Tableau 2: Optimisation des conditions opératoires avec 9-BBN et réaction témoins (entrées

16 et 17)
& Fe(dmpe)(H),
B—H + CO, > R,BOCH,OBR, + R,BOCH; + R,BOBR,
solvent, temp 2

# | mol% | P(COy) | T°C (Tr:ane) gg;\‘l"(%g' ;e'stz'é’grgm Solvent
1 1 25 | 170 95 56:1 CeDs
2° 1 25 | 225 93 1.9:1 CeDs
3 10 1 25 | 145 98 34:1 CeDs
4 10 3 25 | 165 89 06:1 CsDs
5 1 1 25 | 180 95 24:1 CeDs
6 5 3 25 | 135 93 1.1:1 CeDs
7 5 3 10 | 455 64 06:1 CeDs
8 5 1 45 | 47 >99 8.8:1 CeDs
9 5 1 50 |20 >99 126:1 CeDs
10 |5 1 60 |10 >99 13.4:1 CeDs
11 |5 1 25 |30 > 99 182:1 THF-Dg
12 |1 1 25 | 47 > 99 19.9:1 THF-Dg
13 |1 3 25 | 47 > 99 112:1 THF-Dg
14 |0.1 1 25 |53 > 99 12.3:1 THF-Dg
15 |5 1 25 | 150 > 99 2.1:1 Tol-Dg
16° |2 1 60 |47 4 35:1 THF-Dy
17% | - 3 50 | 2weeks |0 0 THF-Dy

%:0.26 mmol de 9-BBN et 5 mol% catalyst; b, dmpe comme catalyseur; : réaction de
9-BBN avec dmpe n’est pas prise en compte dans la conversion de 9-BBN; 9. sans

catalyseur, jusqu’a 50 °C pendant 2 semaines.



Nous avons alors testé la capacité de 2 a transférer le fragment méthyléne. Comme
décrit dans le schéma 2, la réduction sélective du CO, en 2 a été effectuée, suivi par I'addition
de 0,4 équiv. de méthanol ou de diisopropylaniline par rapport a la quantité de 9-BBN
ajoutée. Ce mode opératoire en un pot, deux étapes conduit respectivement a I’hémiacétal 3 et
la méthyleneaniline 4 en 89% (72%) et 83% (66%) de rendement RMN, par rapport a l'agent

de piégeage correspondant (et au 9-BBN).

1 (1 mol %)
2 B— + C02 > RzBOC OBR2

THF-Dg 2 o
1atm r.t., 47 min. 85 %
ﬁrNHz CD;0D
, rt., 20 min. | r.t.,< 5min.
iPr Ar
/
Ar= —% ’ﬁ CD30CH,OD
iPr h 3
! 4 Mg39 89 %

Schéma 2: par Réduction sélective de CO, catalysée par le complexe de fer 1 en
bis(boryl)acetal 2 et sa fonctionnalisation en composés 3 et 4.

Nous avons ensuite étudié la réactivité du composé 2 comme ersatz de formaldéhyde
dans quelques réactions représentatives qui ont d'abord été menées dans des tubes RMN
(schéma 3). Sauf indication contraire, les rendements sont basés sur I'agent de piégeage
pour rendre compte de I'efficacité de la réaction de piégeage. Le composé 2 généré in-situ a
été mis a réagir a température ambiante avec le 2-méthylaminophénol ou le N,N-diméthyl-
1,2-benzenediamine pour donner les composés hémiaminal et aminal cycliques 5 (1 heure,
67% de rendement) et 6 (3 h, 77% de rendement), respectivement. Les aminals cycliques
sont notamment utilisés en tant que donneurs d'hydrures organiques ou en tant que
précurseurs de carbéne N-hétérocycliques. L'aminal acyclique 7 a été aisément obtenu avec

un rendement de 92% aprés 1 h a température ambiante par la réaction de deux équivalents



de I'amine secondaire correspondante. L'ammoniac est un synthon de construction
important, mais sa réactivité est difficile a controler. Cependant, la réaction de I'ammoniac
avec formaldéhyde est une condensation réversible connue qui conduit au composé cage
hexaméthylénetétramine 8, réactif organique polyvalent. Le composé 2 généré in-situ a été
exposé a une solution d'ammoniaque et conduit aprés 16 h, a température ambiante au
composé 8 avec un rendement de 84% par rapport au 9-BBN. Ce composé présente six
groupements méthylénes résultant de la réduction du CO,. La caractérisation de 3-8
compléte la liste des composés accessibles a partir de la fonctionnalisation réductive du CO,
avec des amines avec la génération des liaisons C-N et C-O. Avec l'objectif de former des
liaisons C-C, nous avons porté notre attention sur les réactifs de phénol. Le formaldéhyde est
en effet utilisé a I'échelle industrielle dans les résines phénoliques, par réaction de
condensation générant ainsi des liaisons C-C. Comme preuve de concept, nous avons choisis
d'utiliser un phénol protégé t-Bu en positions 2 et 4. A titre de comparaison et pour obtenir
sa signature RMN dans le THF, 9 a d’abord été généré avec un rendement in situ mesurée de
48%, a partir de la réaction de para-formaldéhyde avec le composé phénol substitué en
présence de KOH en 16 h a 120 °C. Lorsque le composé 2 généré in situ a été utilisé a la place
du para-formaldéhyde, la réaction a lieu avec la production de 9 avec un rendement de 46%
apres 36 heures a 120 °C sans ajouter de KOH. Encouragé par la génération de ces liaisons C-
C a partir de CO;, nous avons ensuite exposés le composé 2 a un ylure de phosphore et
observé le résultat attendu d'une réaction de Wittig avec la formation de styrene 10 avec un

trés bon rendement de 72%.
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Schéma 3: Réactions de 2 généré in-situ conduisant aux composés 5-10.

Nous avons utilisé le *CO, et **CO, pour confirmer par RMN et HRMS que I'atome de
carbone du méthyléne dans les composés 3-10 résultait de la réduction du CO,. Les données
RMN pour le bis(boryl)acétal 2 et pour les composés résultants 3-10 sont fournis dans le
tableau 3. Les variations importantes de déplacements chimiques en RMN C et 'H (de

8(13C) = 32,6 et 8(1H) = 3,88 pour le composé 9 a 6(13C) = 156,5 et 8(1H) = 7,73 pour le



composé %), indiquant les différents types de méthyléne obtenus, mettent en évidence la

réactivité extrémement polyvalente du composé 2.

Tableau 3 : Caractérisation RMN des groupements méthylénes dans les composés 2-10 dans

le THF-d®
8C(CH,) 8'H(CHy) e (H2)

87.0 5.54 165.2

3 91.0 4.54 160
7.73 150.9
4 156.5 7.30 132.0
5 91.8 5.31 160.1
6 81.3 4.24 148.0
7 71.0 4.77 146.3
8 76.0 4.61 149.0
9 32.6 3.88 126.1
5.75 154.4

10 113.8 5.18 159.7

Les expériences réalisées dans des tubes RMN a permis le suivi pratique. Dans une
étape suivante, nous avons cherché a isoler des produits et les composés 8 et 9 ont été
sélectionnés. Sur une synthése a I'échelle fois10, le composé 2 a été généré de maniere
sélective a 60 ° C en 10 min, puis piégé pour donner les composés 8 et 9 a 98 et 37% des
rendements isolés sur la base de I'agent de piégeage, respectivement. Une échelle de fois
100 a conduit a 8 en 2 jours a température ambiante avec un rendement isolé de 70% (106,2

mg) sur la base de 9-BBN.

En conclusion, nous avons rapporté ici l'utilisation d'un complexe dihydrure de fer
dans la réduction de CO; soit en bis(boryl)acétal ou en méthoxyborane selon I’hydroborane

utilisé comme agent réducteur. La réduction sélective du CO, au niveau acétal et la



fonctionnalisation ultérieure en un seul pot et en deux étapes, a permis de transformer le
CO, en méthylene et d'élargir considérablement le type de fonctions accessibles en générant
de nouvelles liaison C-N, mais aussi C-O et C-C. Nos résultats soulignent en outre
I'importance des complexes d'hydrures de métal dans la transformation contrélée de CO,.
Nous menons actuellement une enquéte mécanistique pour comprendre et améliorer le
systéme catalytique et poursuivre la recherche sur la réactivité spécifique des composés

bis(boryl) et / ou bis(silyl)acétal.






Chimie de Coordination et Catalyse au Fer. Ligands Non-Innocents et Transformation du CO,

L'utilisation du fer en chimie de coordination et en catalyse suscite un intérét croissant de par son
abondance et sa faible toxicité. Dans le premier chapitre, une étude bibliographique présente deux
domaines d'applications du fer : i) l'utilisation de complexes de fer comportant des ligands « non
innocent » pour différentes applications en catalyse, et ii) |'utilisation de complexes de fer pour des
transformations stoechiométriques et catalytiques du CO,.

Dans le chapitre 2, la synthése et la caractérisation de complexes de fer portant un ligand coopératif
non-innocent sont présentées. Le composé hautement réactif [Fe(N(TMS),),] a été choisi comme
précurseur pour I'étude de la coordination du ligand bis(picolyl)phosphine dans des conditions
douces. Une famille de complexes mono- et di-nucléaires de fer a été isolée et le comportement
« non-innocent » du ligand a été mis en évidence. La combinaison de plusieurs techniques:
diffraction des rayons X, RMN (en solution et a |'état solide), RPE, Mdssbauer et spectroscopie
infrarouge a permis de complétement caractériser a la fois les complexes diamagnétiques mais aussi
paramagnétiques.

Le chapitre 3 se concentre sur la transformation de CO, par un systéme catalytique efficace au fer.
Les complexes dihydrure de fer [Fe(H),(diphosphine),] catalysent la fonctionnalisation réductrice du
CO, dans des conditions douces. Dans ce systéeme, la premiere étape concerne la réduction
catalytique du CO, par des hydroboranes donnant un composé bis(boryl)acetal. Via une stratégie
« un pot, deux étapes » I'intermédiaire acétal est ensuite utilisé comme source de méthyléne et est
fonctionnalisé pour donner une série de composés organiques contenant non seulement des liaisons
C-N mais aussi des liaisons C-O, C-S et C-C avec de bons a trés bons rendements.

Coordination Chemistry and Catalysis at Iron: From Non-Innocent Ligands to CO, Transformation

There is an increasing interest in the use of iron in coordination chemistry and catalysis because it is
an earth abundant metal which exhibits a low toxicity. The first chapter is a bibliographic study
concerning two areas of applications for iron: the combination of iron with non-innocent ligands
leading to highly active catalysts, and the use of iron complexes for CO, transformations at the
stoichiometric and catalytic levels.

In chapter 2, the synthesis and characterization of iron complexes bearing a cooperative non-
innocent ligand are presented. The highly reactive compound [Fe(N(TMS),),] has been chosen as a
precursor for the study of the coordination of the bis(picolyl)phosphine ligand under mild conditions.
As a result, a family of mono- and di-meric iron complexes has been isolated and the non-innocent
behavior of the ligand has been observed. The combination of several techniques: X-ray diffraction,
NMR (in solution and in the solid state), EPR, Mdssbauer and infrared spectroscopy allows to clearly
characterize both diamagnetic and paramagnetic complexes.

Chapter 3 focuses on the transformation of CO, catalyzed by an efficient iron-based system. In this
system, iron hydride complexes [Fe(H),(diphosphine),] have been chosen to catalyze the reductive
functionalization of CO, through a one-pot two steps strategy under mild conditions. The first step
concerns the iron-catalyzed reduction of CO, by hydroboranes affording a bis(boryl)acetal compound.
This intermediate is then used as a source of methylene in functionalization reactions, leading to a
series of organic compounds containing not only C-N but also C-O, C-S, and C-C bonds in good yields.
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