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ABSTRACT. We demonstrate in this work that two drastically distinct mechanisms can be involved in aryl-
(hetero)aryl Fe-mediated cross-couplings between Grignard reagents and organic halides, depending on the
nature of the latter. (Hetero)aryl electrophiles which easily undergo one-electron reduction can be involved in
a Fe" / Fe"' coupling sequence featuring an in situ generated organoiron(ll) species, akin to their aliphatic
analogues. On the other hand, less easily reduced substrates can be activated by transient Fe® species formed
by reduction of the precatalyst. In this case, the coupling mechanism relies on 2-electron elementary steps
involving the Fe® / Fe" redox couple, and proceeds by an oxidative addition / reductive elimination sequence.
Hammett analysis shows that both those elementary steps are faster for electrophiles substituted by electron-
withdrawing groups. The two mechanisms discussed herein can be involved concomitantly for electrophiles
displaying an average oxidative power. Attesting to the feasibility of the aforementioned bielectronic
mechanism, high-spin organoiron(ll) intermediates formed by 2-electron oxidative addition onto (hetero)aryl
halides in catalytically relevant conditions were also characterized for the first time. Those results are

sustained by paramagnetic *H NMR, kinetics monitoring, as well as by DFT calculations.
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INTRODUCTION. Fe-catalyzed cross-coupling reactions have been intensely developed in the last decades,
thanks to the pioneer work of Kochi,"*® Cahiez,™® Fiirstner,’** Nakamura'™® and Bedford.’™" Use of this cheap
and abundant metal led to a significant breakthrough in transition-metal catalysis; however, despite those
significant ecologic and economic advantages,” reaching a fine understanding of the mechanistic facets of the
corresponding transformations is still a challenging issue, especially due to the short lifetimes of the active

species® and to the large panel of oxidation states formed under catalytically-relevant coupling conditions.

From a mechanistic standpoint, numerous coupling systems involving aliphatic Cy3—X electrophiles (X =
halide or pseudo-halide) proved to follow a radical pathway, with in-situ-generated organoiron(ll)
intermediates as active species. The key step of the coupling is in that case the activation of the electrophile by

the latter in a single-electron transfer step (SET) leading to the generation of an organoiron(ll) intermediate



and an organic radical. The coupling proceeds in a second time by a radical rebound of those two
intermediates. This general mechanistic pattern is summarized in Scheme 1a (cycle (i)). A classical
competitive pathway often limiting the selectivity of the cross-coupling is the homocoupling of the
nucleophile, which can usually take place by reductive elimination in a multiple transmetallated

organoiron(l1) or organoiron(l11) intermediate (see Scheme 1a, cycle (ii)).*

Scheme 1: a) general scheme of the cross-coupling (i) and homocoupling (ii) catalytic cycles relying on a one-
electron process; b) evolution of [PhsFe"]™ towards lower oxidation states; ¢) examples of mesityl-alkyl cross-
couplings proceeding by SET activation of radical clocks; depe = 1,2-(bis)-diethylphosphinoethane; SciOPP =

1,2-C6H4((3,5-C5H3tBU2)2P)2.
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MesMgBr (Mes = mesityl = 2,4,6-C¢H,Me3) has been widely used as a mechanistic probe of the implication

of Fe" oxidation state in catalytic processes. Transmetallation of an excess of MesMgBr with Fe'" or Fe'" salts

indeed quantitatively leads to the ate species [MessFe"]™ without further reduction of the iron.” Kinetic



stability of this homoleptic complex is enhanced due to the presence of the methyl substituents in ortho
position to the metal, preventing any 2-electron reductive elimination to the Fe° stage unlike other sterically
less hindered related species such as [PhsFe"]” (Scheme 1b).° Therefore, formation of a cross-coupling

product using =

precatalysts and involving MesMgBr as a nucleophile likely proceeds via the formation
of a reactive key mesityl-Fe" intermediate, with no further reduction of the metal. A broad variety of iron-
catalyzed cross-couplings involving alkyl halides as electrophiles and MesMgBr as nucleophile has been
reported in literature, those transformations involving a radical-based mechanism as depicted in Scheme 1a.
Amongst relevant examples of such radical-processing couplings, Firstner demonstrated that MesMgBr could
efficiency react with several primary alkyl halides in the presence of bidentate (P,P)- or (N,N)-ligated Fe"
catalysts.” Implication of one-electron activation of the alkyl halide was probed by the use of suitable radical
clocks (Scheme 1c). A similar work probing radical activation of primary alkyl halides was reported by

Nakamura with SciOPP-ligated iron(ll) precursors (Scheme 1c);* in the latter case, Neidig reported that the

bis-mesityl complex (SciOPP)Fe"'Mes, was responsible of the catalytic activity.®

On the other hand, the state of the art regarding the mechanistic facets of iron-catalyzed couplings involving
Cspz aryl or heteroaryl electrophiles remains extremely scarce, although a broad variety of aryl-(hetero)aryl
coupling systems promoted by iron catalysts has been described in the last decades.’ (Hetero)aromatic halides
difficultly undergo activation by single-electron transfer as depicted in Scheme 1a. This is due to the intrinsic
instability of the aryl Csy-centered radicals, which translates into bond dissociation energies of the Cy,,—X
bonds much higher than those of their aliphatic analogues. For example, bond dissociation energy of the C—I
(resp. C—Br) bond at 298 K increases from 55.6 kcal.mol™ in tBu—I to 67 kcal.mol™ in Ph—I (resp. from 72.6
kcal.mol™ in tBu—Br to 84 kcal.mol™ in Ph—Br)." In line with this energetically demanding one-electron
activation of (hetero)aryl electrophiles, several two-electron aryl-(hetero)aryl coupling mechanisms have been
suggested in the past. For example, Nakamura has reported a cross-coupling between aryl chlorides and aryl
Grignard reagents mediated by a NHC-stabilized Fe" catalyst in the presence of fluoride anions, suggesting
the activation of the Ar—Cl bond by a Fe'" oxidative addition, leading to a Fe'" intermediate.* We also

demonstrated recently that the bis-aryl neutral complex (n*-CsHsMe),Fe®, obtained by reduction of FeCl, with



PhMgBr in THF:toluene mixtures (Scheme 1b), was able to promote aryl-heteroaryl cross-couplings,
associated with a Fe" resting state and thus suggesting the occurrence of a possible Fe°/ Fe" catalytic cycle.®

In this work, we demonstrate that a new coupling mechanistic pattern, relying on two-electron elementary
steps involving the Fe®/ Fe" couple, can be at play in aryl-heteroaryl cross-couplings of aryl Grignards with
heteroaryl chlorides. This mechanism involves an activation of the heteroaryl chloride by an in situ generated
Fe? precursor in a SyAr-type oxidative addition. In particular, several heteroleptic organoiron(ll) complexes
formed by oxidative addition of the Fe’ precursor onto an (hetero)aryl halide were spectroscopically
evidenced. Proficiency of this unprecedented bielectronic mechanism in aryl-heteroaryl cross-coupling is
discussed depending on the reduction potential of the heteroaryl chloride. Those data have been probed by

paramagnetic *H NMR and kinetics analysis, and are supported by DFT calculations.

RESULTS AND DISCUSSION. A representative benchmark of aryl and heteroaryl halides (Ar’—X) used as
electrophilic partners in FeCl,-mediated cross-couplings with MesMgBr and PhMgBr has been investigated.
Table 1 gathers the results obtained for 5-substituted 2-chloropyridines (Entries 1-8), 2-chloropyrimidine
(Entries 9-10), 2-chloroquinoline (Entries 11-12), C¢FsCl (Entry 13-14) and Phl (Entry 15). Cross-coupling
(ArAr’) and homocoupling (ArAr) yields are displayed (Ar = Mes, Ph). In the latter case, since some PhPh is
formed upon reduction of FeCl, at lower oxidation states by PhMgBr (see Scheme 1b), a corrected yield is
given, which corresponds to the total yield truncated of the quantity of PhPh obtained by adding PhMgBr onto

FeCl, in the absence of the electrophile.



Table 1: aryl-(hetero)aryl cross-coupling benchmark between ArMgBr (Ar = Mes, Ph) and various
(hetero)aryl halides; yields based on GC-MS analysis. [a] corresponds to the overall PhPh yield truncated of
20% which are formed upon reduction of FeCl,; [b] at 25°C in DMF, see ref. 12a; [c] this work (potentials
measured on a Pt disk electrode at 25°C in CHsCN); [d] in CH;CN, see ref. 12b; [e] see ref. 12c; [f] in
CH;CN, see ref. 12d; [g] with 5 equiv. TEMPO per mole of iron; [h] in the absence of iron.

FeCl, 0.1 equiv.
ArMgBr + Ar'-X —————— > Ar-Ar' + Ar-Ar

THF, 20°C, 5 h
Entry Ar—Xx %{jdff:rsgé) % Ar—Ar’ | % Ar—Ar (corr.)™
2-chloro-5-Z-pyridines
1 _ ) [b] Ar = Mes 0 0
2 Z=H 2.37 Ar=Ph 38 11
3 _ _ [c] Ar = Mes 0 0
4 z=F 2.25 Ar =Ph 25 18
5 _ 5 a0l Ar = Mes 0 0
6 Z=Me 240 Ar = Ph 23 12
7 _ 1 el Ar = Mes 14 (1)@ 23
8 Z2=CFs 1.60 Ar = Ph 26 (16)1 25
9 ] o 1 orld] Ar = Mes 4 (DT () traces
10 2-chloropyrimidine 1.96 Ar=ph 15 9
11 ) A 1 golel Ar = Mes 5 traces
12 2-chloroquinoline 1.92 Ar=Ph 30 15
13 If Ar = Mes 0 0
14 CofsCl 205 Ar = Ph 2 65
15 Phl -1.91M Ar = Mes 5 5

In the conditions described herein (Table 1), some electrophiles proved to react with MesMgBr and to afford
cross-coupling product, even in small yields (Entries 7, 9, 11 and 15). Due to the intrinsic ortho hindrance of
MesMgBr, leading to difficult formation of bisaryl moieties at a transition metal ion, examples of aryl-aryl
cross-coupling involving MesMgBr as a nucleophile are much less common than their aryl-alkyl counterparts.
Mesityl-aryl couplings thus usually proceed with modest yields, attesting nonetheless to the feasibility of the
catalytic process in a certain extent. For example, Huynh and Duong described a NHC-stabilized Fe" catalyst
allowing cross-coupling between MesMgBr and o-tolyl chloride with a 26 % yield.*® The mesityl-hetero(aryl)
couplings discussed herein accordingly proceed with modest to low yields when the coupling product is
observed: 2-chloro-5-trifluoromethylpyridine led for example to the formation of 14 % of the corresponding
coupling product (Entry 7). For this electrophile, 23 % of bisaryl MesMes is also detected. 2-

chloropyrimidine, 2-chloroquinoline and iodobenzene also afforded small amounts of mesityl-coupling



products, as well as traces of MesMes (Entries 9, 11, 15). Interestingly, electrophiles which do not afford
cross-coupling product with MesMgBr also do not lead to formation of bisaryl MesMes (Entries 1, 3, 5, 13).
Conversely, all the investigated substrates led to the expected coupling product when PhMgBr was used (23-
38 % vyield observed for the 5-Z substituted 2-chloropyridines, Entries 2, 4, 6, 8), as well as to variable
quantities of homocoupled bisaryl PhPh. Electron-poor CsFsCl afforded traces of coupling product, mostly

leading to homocoupling of PhMgBr (Entry 14).

It is noticeable that, among the investigated electrophiles, those able to follow a coupling process with
MesMgBr display high first reduction potentials. Table 1 shows that the less negative the Ar’—X reduction
potential, the higher the quantity of both cross-coupling and homocoupling products. For example, 2-chloro-5-
trifluoromethylpyridine is easily reduced at -1.60 V vs SCE: since [Mes;Fe']™ is the sole iron-containing
species formed in the presence of an excess of MesMgBr, this suggests that 2-chloro-5-
trifluoromethylpyridine might undergo a single-electron transfer (SET) activation by [MessFe']™, according to
the path showed in Scheme 1a (cycle (i)). Moreover, when cross-coupling was performed between those two
reagents in the presence of a radical quencher (TEMPO), only traces of coupling product were detected (Table
1, Entry 7), which also may indicate the involvement of a radical coupling sequence. Reactivity of [MessFe"']~
towards 2-chloro-5-trifluoromethylpyridine has moreover been probed by *H NMR. Addition of 4 equiv. of 2-
chloro-5-trifluoromethylpyridine onto [MessFe'"]” led to the observation of [Mes,Fe"Br]™ as a minor species
after 5 h at 20 °C, along with unreacted [MessFe"]™ in a 30:70 ratio (see Figure S2; the signals of
[Mes,Fe"Br]™ (8 = 131, 106 ppm) were attributed by comparison with a sample of [Mes,Fe,"] treated by
[nBusN*;Br7], see Figure S3); this ratio increased to a 75:25 value after 20 h (Figure 1a). Additionally to the
formation of the dicoordinated complex [Mes,Fe"Br]™, ca. 10% of 2-mesityl-5-trifluoromethylpyridine were
also detected by GC-MS (in line with the coupling yield given Table 1, Entry 7). [Mes,Fe"Br]~ can thus be
obtained at the end of a coupling sequence between [MessFe"]™ and 2-chloro-5-trifluoromethylpyridine, in
which a mesityl group originally bound to the iron is coupled to the electrophile, leading to the formation of a
formal dicoordinated intermediate Mes,[Fe"]. An anion metathesis with a bromine anion brought by

MesMgBr finally affords [Mes,Fe"Br]~ which is detected by *H NMR.
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Figure 1: *H NMR spectra (60 MHz, 20 °C, THF ds) of a solution of [Mes;Fe']™ (generated by addition of 5
equiv. MesMgBr onto Fe(acac)s) in the presence of 4 equiv. of a) 2-chloro-5-trifluoromethylpyridine; b) 2-
chloropyrimidine, after 20 h at 20 °C; * = [Mess;Fe']™ : & = [Mes,Fe"Br]™. Fe(acac); was used as an iron
source herein in order to limit the quantity of halide anions in the reaction medium which could favor the

formation of dicoordinated [Mes,Fe"X] ™ species by anion metathesis.

For easily reduced heteroaryl halides (such as 2-chloro-5-trifluoromethylpyridine), this thus suggests that both
cross-coupling and homocoupling cycles may be initiated by a one-electron Fe" / Fe"' sequence. Grignard
homocoupling process may indeed also be enabled by a SET between an active organoiron(ll) intermediate

and an organic halide, since the oxidized Fe"

species obtained after the electron transfer is shared by both
cross-coupling and homocoupling cycles ((i) and (ii) in Scheme 1a). 2-chloropyrimidine, 2-chloroquinoline
and iodobenzene have more negative reduction potentials, lying between -1.9 and -2.0 V vs SCE (Entries 9,
11, 15). Accordingly, those substrates only afford small amounts of cross-coupling products with MesMgBr,
along with traces of bisaryl MesMes. Furthermore, almost no coupling product was detected when the cross-
coupling between MesMgBr and 2-chloropyrimidine was carried out in the presence of TEMPO (Table 1,
Entry 9). This again suggests the occurrence of one-electron coupling processes, akin to what is observed

using 2-chloro-5-trifluoromethylpyridine. The reactivity of [MessFe']™ towards 2-chloropyrimidine has also

been probed by *H NMR (Figure 1b). Treatment of the former by 4 equiv. of 2-chloropyrimidine leads to the



formation of a small quantity of [Mes,Fe"Br]™ ([Mes,Fe"Br]~:[MessFe'"]™ ratio = 38:62 ) after 20 h at 20 °C,
along with 3% of cross-coupling product detected by GC-MS. Those data reflect the relative reactivities of 2-
chloropyrimidine and 2-chloro-5-trifluoromethylpyridine towards MesMgBr, the former being much less
reactive than the latter (Table 1, Entries 9 and 7), and also support the reactivity of [Mes;Fe']™ as an on-cycle
intermediate in cross-coupling processes involving easily reduced heteroaryl electrophiles.

The less activated 2-chloro-5-Z-pyridines (Z = H, F or Me, Entries 1, 3 and 5) as well as C¢FsCl (Entry 13) are
reduced at even more negative potentials, lower than - 2.0 V vs SCE: for those substrates, no conversion is
observed, and neither cross-coupling nor homocoupling products are obtained. This result is in line with the
difficulty of carrying out a coupling process involving a single-electron transfer (SET) as the activation step
when (hetero)aryl halides are used as electrophiles. The rate of the SET step is driven by the reduction
potential of the C—Halide bond, which is itself related to the bond dissociation energy (BDE) of the latter: the
less negative the reduction potential of the electrophile, the lower the BDE of the latter, and thus the faster the
SET step.™

Taking into account those considerations, the absence of any trace of aryl-(hetero)aryl cross-coupling product
using MesMgBr and (hetero)aryl electrophiles with very negative reduction potentials (that is, lower than -2 V
vs SCE) can be seen as a token that the organoiron intermediates at the Fe" oxidation state (e.g. [MessFe'T)
are not able to promote the aryl-heteroaryl coupling cycle when the latter relies on a SET activation of the
electrophile. Therefore, it suggests that the coupling products (either cross-coupling or homocoupling) formed
upon reaction of PhMgBr with electrophiles which remain unreactive in the presence of MesMgBr (Table 1,
Entries 2, 4, 6, 14) are obtained during catalytic processes relying on iron oxidation states lower than +l1, thus
requiring in-situ generation of Fe° or Fe' species (Scheme 1b). It is moreover noteworthy that the coupling
sequence involving those low oxidation state species still operates in the presence of a radical quencher, since
PhMgBr and 2-chloro-5-trifluoromethylpyridine afford 16 % of the coupling product in the presence of
TEMPO (Table 1, Entry 8), whereas almost no coupling occurred with MesMgBr under the same conditions
(vide supra). Radical-quenching experiments are thus consistent with the occurrence of two coupling regimes,
the first one involving a Fe" active species and a Fe'" / Fe""" monoelectronic sequence, the second one relying

on lower oxidation states involved in a non-radical route (Scheme 2). When PhMgBr is used as a nucleophile,



it is likely that cross-coupling products are formed independently by those two pathways, the ate [PhsFe'']~

species being able to react prior to its reduction in an electron-transfer step with easily reduced electrophiles.

Scheme 2: two drastically different routes at work in aryl-(hetero)aryl Fe-mediated cross-couplings.

Fe'l

ArMgBr —— [ArsFe'© [Fe?]
ArX--. | AMgBr.._
% Ar'X ;

Ar-Ar' Ar-Ar'

[radical path] [ non-radical path]

Stoichiometric and single-turnover experiments were monitored by paramagnetic ‘H NMR in order to shed
light on the mechanism involved in the non-radical latter path, and to analyze the striking difference of

behavior between mesityl- and phenyl-based couplings described in Table 1.

When [Mes;Fe'"]™ (generated by addition of 4 equiv. MesMgBr onto FeCl,, see Figure S1) was treated by an
excess (10, 70, or 140 equiv.) of 2-PyCl, *H NMR monitoring showed the former as the sole species in the 20-
150 ppm area. No evolution of [Mes;Fe']™ signals was observed after 20 h at 20 °C, attesting to the absence
of reaction with the heteroaryl halide (see Figure S4), in agreement with the absence of coupling reactivity
reported for this set of reagents (Table 1, Entry 1). Moreover, since dicoordinated mesityliron(ll)
intermediates such as [Mes,Fe"Br]™ can coexist with [Mes;Fe'"]™ in THF solutions,* the reactivity of a
mixture of those two species formed by action of [nBu;N*;Br~] onto the dinuclear complex [Mes,Fe,"] has
also been investigated. No evolution of the '"H NMR signals of [Mes,Fe"Br]” and [MessFe'"]” has been

observed upon addition of a large quantity of 2-PyCl (up to 70 equiv., see Figure 2a).”



Figure 2: '"H NMR spectra (60 MHz, 20 °C, THF dg) of a) a 40:60 distribution of [Mes,Fe"Br]~ and
[MessFe'"]™ (generated by addition of 10 equiv. [nBu,N*:Br] onto [Mes,Fe,"]) treated by 70 equiv. 2-PyCl at
20 °C during 4 h; and b) of a solution of [Mes;Fe"]™ (generated by addition of 4 equiv. MesMgBr onto FeCl,)
in the presence of an excess of 2-PyCl (70 equiv.), after addition of PhMgBr (2 equiv.); * = [MessFe"]™;

o = [Mes,Fe"Br] ™.

In both cases, no traces of 2-mesitylpyridine were detected by GC-MS analysis, in agreement with the results
discussed in the previous section (Table 1, Entry 1). In other words, this demonstrates that neither the
homoleptic species [MessFe']™ nor its dicoordinated analogue [Mes,Fe"Br]™ are able to initiate an aryl-
heteroaryl coupling cycle, strengthening the hypothesis that formation of oxidation states lower than Fe" is

required to enter the catalytic process (Scheme 3a).



Scheme 3: a) absence of reaction of tris- or bis-mesityliron(ll) species with 2-chloropyridine; b) in situ
reduction of [Mes;Fe']™ by PhMgBr at the Fe’ stage in the presence of Ar’-Cl (Ar’ = 2-Py or C¢Fs), followed
by oxidative addition and nucleophilic trapping by MesMgBr leading to [Mes,(Ar’)Fe']™; ¢) two-electron

oxidative addition by successive SETs involving [CpFe®(cod)][Li(tmeda)] reported by Sen.

a)  [MessFe'l© 2-PyCl
or [Mes,Fe"Br]©

2 PhMgBr
70 equiv. Ar'-Cl

no reaction

[Mes,Fe'Ar]©
- MesMgBr, - PhPh A
Ar' = 2-Py

L [Fe()] +Ar-Cl ________. or CGFS

via 2-electron oxidative addition

PhCH,X
c) [CpFe’(cod)@

CpFe'(cod) + PhCH,®
SET

rebound

_folron - cpFel(CH,Ph)(cod)

In order to generate in situ iron oxidation states lower than +I1 starting from [MessFe']™, 2 equiv. PhMgBr per
mole of Fe were added to the reaction medium. We indeed reported that Fe formed by reduction of
[MessFe'"]™ with PhMgBr is transiently stabilized by arene ligation with suitable species (toluene co-solvent,
or biphenyle formed by oxidation of PhMgBr), leading to mononuclear species such as (n*-arene),Fe’.*
Addition of 2 equiv. PhMgBr onto [MeszFe']™ in the presence of 70 equiv. 2-PyCl led to the observation of a
new set of paramagnetic *H NMR signals at & = 109, 86 and -48 ppm in a 4:6:1 ratio (Figure 2b). The two
more downfielded signals are characteristic of the m-CH and p-CHjs signals of a Fe'-ligated mesityl ligand,
with a high-spin configuration (S = 2)."® However, the most highfielded signal at -48 ppm is characteristic of a
proton in the para position of a (hetero)aryl substituent c-coordinated to a high-spin Fe" ion."” Relative

integration of those signals is compatible with the formation of the ate-complex [Mes,(2-Py)Fe"]™ (1).

Formation of the phenyl analogue [Mes,PhFe"]™ could be ruled out since a similar *"H NMR spectrum is



obtained upon treatment of [MessFe"]™ by 2-PyMgBr in the presence of 2-PyCl (see Figure S5). Those results
show that treatment of [MessFe']™ by PhMgBr in the presence of 2-PyCl leads to the formation of species
[Mes,(2-Py)Fe"]™, thus featuring a formal 2-Py™~ anion. No trace of chlorobenzene was detected under those
conditions or in the absence of iron, thus ruling out the formation of such pyridyl anions by halogen-metal
exchange between the Grignard and the starting 2-chloro-5-Z-pyridine (Z = H or CF3). In other words, those
conditions enable the activation of the C—Cl bond of 2-PyCl by a two-electron reduction process. Importantly,
this suggests that addition of PhMgBr first led to in situ two-electron reduction of [Mes;Fe'"]™ at the Fe® stage,
and that the latter Fe® species reacted with 2-PyCl to afford a transient (2-Py)—[Fe"] intermediate ultimately
trapped as an ate-iron(11) high-spin complex [Mes,(2-Py)Fe"]™ (1) by reaction with the excess of MesMgBr

(Scheme 3b, with Ar’ = 2-Py).

A similar result was obtained using C¢FsCl as electrophile: reduction of [MessFe"]™ by PhMgBr in the
presence of 70 equiv. CsFsCl led to the observation of a new downfielded paramagnetic species in "H NMR (5
= 136 and 156 ppm, Figure 3a), diagnostic of a high-spin Fe'-ligated mesityl ligand. Accordingly, *°F NMR
also showed two highly downfielded paramagnetic signals at 202 and 300 ppm (Figure 3b). Those data also
attest that C¢FsCl was turned into an anionic ligand o-bonded to a high-spin Fe" center. This therefore also
suggests a two-electron reduction of CsFsCl at the CgFs~ stage by an in-situ generated Fe° species (Scheme 3b,
Ar’ = CgFs), followed by a nucleophilic trapping by MesMgBr leading to the formation of [Mes,(CsFs)Fe"]™
(2). Formation of a two-electron reduced product of C¢FsCl under those conditions was also confirmed by
treating separately [MessFe'"]™ with 2 equiv. CsFsMgBr, which led to the formation of the same paramagnetic

species (Figure 3c).
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Figure 3: a) "H NMR (60 MHz, 20 °C, THF dg) and b) *F NMR (377 MHz, THF ds) spectra of a solution of
[MessFe'"]™ treated by 2 equiv. PhMgBr in the presence of 70 equiv. CsFsCl; ¢) *"H NMR spectrum of a

solution of [MessFe'"]™ treated by 2 equiv. CsFsMgBr; * = [MessFe'] ™.

Detection of [Mes,(Ar’)Fe'"]” species (Ar’ = 2-Py or C¢Fs) starting from a Fe® complex generated in situ in the
presence of the corresponding (hetero)aryl chlorides shows that a two-electron process involving the Fe® / Fe"
couple can be at play in the activation of the Ar’—CIl bond. The absence of detection of bisaryls Ar'—Ar’
formed by one-electron reduction of an organic halide Ar’—Cl followed by radical recombination may also
suggest that this transformation involving the Fe®/ Fe" couple is a genuine one-step concerted two-electron
process, which does not involve two successive one-electron elementary steps. Activation of an organic halide

by successive SETs indeed leads to homocoupling of the latter. Overall two-electron oxidative addition of



benzyl bromide onto an iron(0) complex involving a Fe° / Fe' / Fe" sequence was described by Sen using the
anionic complex [CpFe’(cod)][Li(tmeda)] (Scheme 3c).*** In those conditions, complex (tmeda)Fe'(CH,Ph),
is obtained, and reacts with an excess of benzyl bromide in a radical pathway to afford homocoupling product
Ph(CH,),Ph. Prevalence of a SET-based mechanism in the latter case seems to originate from the high
reduction potential of PhCH,Br (-1.68 V vs SCE™®), which leads to the easy generation of the benzyl radical
PhCH,". A similar two-step oxidative addition with successive SETs was also suggested by Cahiez for Kochi-
Kumada aryl-alkyl cross-couplings, albeit without experimental support.’® Therefore, the results detailed
earlier in this section support the occurrence of a one-step two-electron oxidative addition process which can
connect a Fe® complex with a well-defined organoiron(ll) intermediate. Kinetics data were gathered in a

second time in order to outline the mechanistic pattern of this process.

The kinetic law of the coupling involving PAMgBr and 2-PyCl (Table 1, Entry 2) has been determined using
the method of the initial rates (Figure 4). The couplings were carried out at 0 °C using either FeCl, or FeCl;
salts as iron precursors, and the formation of the coupling product 2-PyPh was monitored by GC-MS analysis

(see Figures S6-8). Similar results were obtained regardless of the nature of the precursor.
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Figure 4: influence of the starting concentration of 2-PyCl (i), FeCl, (ii) and PhMgBr (iii) on the initial cross-
coupling rate of 2-PyCl and PhMgBr at 0 °C, mediated by a) FeCl; and b) FeCl,. The slope of the In / In plot

in each case is the order of the corresponding reagent in the Kinetics rate law.

The global kinetics fit with a zeroth order in both 2-PyCl and PhMgBr, and a first order in iron (n = 2 or 3):

v = k.[2-PyCI]°.[FeCl,]*.[PhMgBr]° = k.[FeCl,]

The similar kinetics followed by the system regardless of the nature of the starting precursor reveal that
reduction of the latter towards the active Fe species is not the rate-determining step. This is in agreement with
recent reports showing that reduction of ferrous and ferric chloride salts by unhindered aryl Grignard reagents
quickly proceeds at those temperatures.®*® The zeroth order in PhMgBr also clearly shows that no

transmetallation towards either the catalytically active oxidation state or towards the Fe""

precursors is
involved in the rate-determining step. This behavior strongly differs from that described by Hu for aryl-alkyl
cross-coupling mediated by a bis(oxazolinylphenyl)amido (Bopa) iron(Il) complex. In that system, a first

order in nucleophile and a second order in iron suggested that transmetallation of an aryl group proceeding

within a bimetallic intermediate was the rate-determining step®°

It also appears that the overall coupling process is much faster when FeCls is used as a precursor. Extraction
of the ordinate at origin from curves given in Figures 4-a-ii and b-ii indeed gives a much higher rate constant

when starting from FeCl; precursor than from FeCls, :

In(Keecia/Keecr2) = 2.45,

thus meaning that the coupling rate constant is ca. 12 more times higher in the former case. This difference of

behavior between those two precursors likely originates in the lack of solubility of FeCl, in THF at 0 °C.

Unlike FeCl; which is fully soluble in those conditions, FeCl, indeed leads to a barely soluble polynuclear



[Fe,Clg(THF)s] species in THF.? Destruction of the latter structure by the action of PhMgBr prior to reduction
of the Fe'" species at the Fe® stage thus requires an additional energetic barrier. This is mirrored by the relative
Grignard rate orders in the kinetics laws: orders extracted from Figures 4-a-iii and b-iii are close to zero, but
the PhMgBr order obtained starting from FeCl, is slightly higher, attesting to the benefic role of PhMgBr in
the solubilization of polynuclear [Fe,Clg(THF)g] prior to its reduction. Conversely, the slightly negative order
obtained for PhMgBr when starting from FeCl; might attest to the easier reduction of the latter towards non-

reactive iron particles in the presence of an excess of PhMgBr.

The coupling moreover proceeds with increased rates when electron-deficient electrophiles are employed.
Kinetics analysis was performed on a series of 5-substituted 2-chloropyridines used as electrophiles along

with PhMgBrr, and a linear Hammett plot has been obtained, displaying a positive slope (p = 2.76, Figure 5).
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Figure 5: Hammett plot obtained for the cross-coupling between PhMgBr and 5-substituted 2-chloropyridines;

conditions: FeCl, 10 mol%, THF, 0°C.

Aiming at obtaining a mechanistic picture mirroring those experimental kinetics tendencies, the elementary
steps at play in the two-electron coupling mechanism between 2-chloropyridine and an aryl Grignard reagent
ArMgX were then investigated in silico by means of DFT calculations. A particular focus was put on

delineating the pathway leading to the experimentally observed species [Ar,(Ar’)Fe'"]™ (Ar’ = 2-Py and CgFs,



Figures 2 and 3), as well as the role of the latter in the coupling process itself. PhMgCI and 2-chloropyridine
were chosen as models for the coupling reagents. We made the choice to limit this theoretical work to the
reactivity of well-defined organometallic species containing a sole iron center. Therefore, due to the
complexity of such “ligand-free” coupling systems which can sometimes lead to the formation of multinuclear
intermediates under catalytically-relevant conditions,* the results discussed in the next section provide a
qualitative, simplified picture of the real system. This computational work was carried out using the

Gaussian09 code,?*

and OPBE functional was chosen, since it proved to efficiently reproduce both electronic
and thermic properties of iron complexes, regardless of their oxidation and spin states.?*® Implicit PCM
solvation model?*" was associated with explicit solvation of the magnesium adducts by THF molecules (see

sI).

The first step of the DFT analysis was to decipher the nature of the organometallic resting state obtained after
reduction of the iron precursor at the bis-arene-Fe® stage (Scheme 1b). In the absence of toluene, biphenyl
PhPh formed upon reduction by PhMgBr can also act as a stabilizing ligand, as demonstrated by Hu for the
biphenyl-ligated ate-Fe' complex [(n°>-PhPh)Fe'(Ph),]-,?* analogue of the n°-toluene complex displayed in
Scheme 1b. The fate of the complex Fe’(PhPh), in catalytically-relevant conditions, that is, in the presence of
2-PyCl and of an aryl Grignard reagent, has thus been investigated. Ligand substitution at Fe® can occur since
2-PyCl also acts as a neutral n" ligand (n = 2, 4 or 6) such as PhPh. Moreover, phenyl anions Ph— brought by
the Grignard can also act as a strong anionic o-coordinating ligand to the Fe®.? The relative free energies of
the bis-arene coordinated complexes (n*°-PhPh),Fe’, (n®-PhPh)(n*-2-PyCl)Fe® and (n*°-2-PyCl),Fe’, as well
as that of the mono-transmetallated  (n°-PhPh)Fe®(PhMgCITHF)  (A-Fempnpn),  (M°-2-
PyCIl)Fe(PhMgCIsTHF) (A-Fe’pycipn), and double-transmetallated species (n°-PhPh)Fe’(PhMgPheTHF) (B-
Felenpnzen), (-2-PyCl)Fe’(PhMgPhsTHF) (B-Fe’p,ciopn), are given in Table 2. All species have been
computed at singlet (S = 0) and triplet (S = 1) states, except B-Fepnpn2pn, for which no stable bis-aryliron(0)
structure has been found at the triplet state (a migration of a phenyl anion onto the Mg" cation being
observed). Bis-arene ligated complexes (columns 1-3 in Table 2) are formally 18-electron species, the arene
ligands playing unsymmetrical roles (one adopting a n° coordination mode, the second a n* coordination).

Those results suggest that progressive substitution of the PhPh ligands in Fe’(PhPh), by 2-PyCl leads to a



slight destabilization of the coordination sphere (0.3 kcal.mol™ for the first substitution, 5.5 kcal.mol™ for the
second one, see Table 2). Moreover, for all those bis-arene ligated species, the triplet state (S = 1) was found

to be more stable that the singlet (S = 0).



Table 2. DFT-computed thermal free energies formation (Gy,) of plausible Fe® species ligated by 2-PyCl or
PhMgCI starting from *n°-PhPh),Fe’. PhMgCle(THF), has been taken as a solvated model for PhMgCI.

Theory level : OPBE, 6-31+G*, def2TZVPP and pseudo-potential (Fe); PCM (THF); Mg = Mg(THF)*".

(n**-PhPh),Fe° (n°-PhPh)(n*-2-PyCl)Fe’ (n*®-2-PyClI),Fe’
S=0 | Gy 4.0 5.5 13.8
S=1 | Gy 0.0 0.3 55
(n°-L)Fe’(PhMgCI*THF) (n"®-L)Fe’(Ph,Mg+THF)
Ph, _.-MgCl P e M pn pn MO pn Ph M9 Ph
‘R0 Fe? 'Fe? Fe? }FeO
m o O o O
N Cl
A-Feenpnpn A-Feoycipn B-Fe pren zen B-Fe’pyci2on C-Fe’pycizon
L = PhPh L = 2-PyCl L = PhPh L = 2-PyCl L = 2-PyClI
S=0]| Gy -3.2 2.5 9.4 9.9 -
S=1]| Gy -16.4 -13.4 - -5.8 0.7

As outlined in Table 2, substitution of a PhPh ligand in (PhPh),Fe® by one Ph- anion leads to complex A-
Feophph‘ph, with a strong stabilization by ca. 16.4 kcal.mol™. Second coordination by Ph— affords complex B-
Fe%pnen2pn, Stabilized by 9.4 kcal.mol™ with respect to (PhPh),Fe’. The ground states of the 2-PyCl-ligated
analogues of the latter complexes, A'FeOPyCI,Ph and B-FeOPyCI,th, have been respectively located at -13.4 and -
9.9 kcal.mol™, suggesting a possible equilibrium within this distribution of Fe® complexes. It is noteworthy
that the monoaryl complexes A'Feophphyph and A-FeOPyCI,ph display a strong preference for a high-spin ground
state (S = 1; Gs=; — Gs=o = -15.9 kcal.mol™ for the latter), whereas the bis-aryl analogues B-Feophph,zph and B-
Feopyc.yzph accommodate a low-spin configuration (S = 0; Gs=; — Gs=g = 4.1 kcal.mol™ for the latter). Similar
respective preferences for high-spin (S = 3/2) and low-spin (S = 1/2) configurations were also evidenced by

some of us in silico for analogous mono- and bis-aryl arene-coordinated organoiron(l) species, in agreement



with experimental data.? ®A-Fe’srpnpn is thus predicted to be the most stable Fe® resting state obtained in the
presence of 2-PyCl and PhMgCI, and is in equilibrium with 2-PyCl-coordinated complexes 3A'FeoPyC|,Ph and
1B—Fe°pyc|,2ph, respectively stabilized by one and two c-bonded Ph— ligands. In other words, this means that
PhPh can stabilize transiently the Fe® oxidation state prior to coordination of the 2-chloropyridine onto the
metal. It cannot be excluded that adducts with a higher Mg:Fe ratio are also involved (that is, species
involving chelation by more than one equiv. of PhMgX or PhMgPh per mole of iron); such adducts have not

been included in the present simplified analysis.

Amongst the distribution of 2-PyCl-ligated Fe® species (that is : *A-Fe%ycipn, *A-Fe%pycipn *B-Fe%ycizpn and
'B-Fe’pycizpn), the case of *B-Fe%s,cizpn is particularly interesting due to the flexibility of the n*-coordination
modes of the 2-PyCl ligand. The ground state of 3B'FeOPyCI,2Ph features a n*-(C,C3C4Cs) coordination of the 2-
PyCl ligand (Scheme 4a). The latter can undergo an hapticity shift, adopting a n*-(NC,C5C,) coordination and
leading to complex 3C—Fe°pyc|,2ph (Table 2 and Scheme 4b), located 6.5 kcal.mol™ above the former (overall
17.1 kcal.mol™ free energy formation from *A-Fe’snenpn). Importantly, this hapticity shift also preludes the
formation of a stronger Fe—C, bond, akin to what occurs upon formation of a Meisenheimer adduct. The
Fe—C, bond indeed becomes shorter in *C-Fe%yci20n (1.93 A versus 2.03 A in *B-Fe%,ci2pn), and a deviation
of the C,—Cl bond outside of the medium NC,C;C, plan is observed, anti to the Fe—C, bond (#(FeC,Cl) =

130.6° in *C-Fepyci2pn Versus 126.4° in *B-Fepyc2pn).



Scheme 4: DFT computed structures of a) *B-Fe’syci2en and b) *C-Fe’syci0pn; molecular orbitals featuring
bonding interactions between Ph™ ligands and Fe° center in c) *C-Fe’pycizpn (Ghomoa1) and d) *A-Fe’pycipn

(0tHomO-11)-

Adduct 3C—Fe°pyc|,2ph thus can be seen as a pre-complex on the way to the activation of the C,—C1 bond by an
intramolecular oxidative addition in a SyAr-like mechanism. A similar bis-phenyl adduct featuring an ongoing
formation of the Fe—C, bond could not be located on the singlet surface (S = 0), nor could be a similar mono-
phenylated intermediate starting from the mono-aryl triplet complex *A-Fe’yc;pn. This can be a consequence
of the symmetry of the molecular orbitals describing the Ph—Fe® bonds in those complexes. In complex 3C-
Feopyu,zph, the bonding molecular orbital between the two aryl anions c-ligated to the Fe® and the latter has a
favorable dy, symmetry allowing a positive overlap with the n*(C,—Cl) orbital (Scheme 4c), making possible
the creation of a Fe—C, bond for symmetry reasons. On the other hand, the coordination of a single aryl group
to the Fe® in *A-Feycipn leads to a bonding Fe—Ph molecular orbital with a d,, symmetry (Scheme 4d),
making the overlap with the n*(C,—Cl) orbital unfavorable, thus hampering an efficient formation of a Fe—C,

bond. *C-Fe’syci.0pn €volves following transition state *TS, (Scheme 5) to afford the heteroleptic ate complex



’[Phy(2-Py)Fe"«MgCI(THF)] (°D-Fe'py20n) With a small 0.5 kcal.mol™ computed activation barrier. *TS,;
enables the progressive breaking of the C,—Cl bond and the creation of a covalent Fe—C, bond (d(Fe—C,) =
1.89 A 'in °TS,). °D-Fe'py 20n is obtained in an overall exothermic step (stabilization of 40.9 kcal.mol™ with

respect to the reactants, Scheme 5).

Scheme 5: DFT-computed surface for the cross-coupling between PhMgCl and 2-PyCl, starting from the Fe°
resting state *A-Feprenpn (for clarity, free energies are given with respect to the latter); (*) : ground quintet
state features a high-spin Fe' center (S = 3/2) with an unpaired electron delocalized on the 2-PhPy ligand (S =

1/2).
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In solution, complex *D-Fe''s, ,pn can afford the free anion [Ph,(2-Py)Fe']™, which corresponds to the usually
observed form of such tris-coordinated aryliron(ll) complexes.**® Although tris-coordinated [ArsFe'"]™ species
(Ar = Mes, Ph, ...) usually feature a high-spin (S = 2) iron(ll) ion, DFT optimization suggests that a greater
stability is acquired by [Ph,(2-Py)Fe"] in the triplet state (S = 1, Scheme 5). The latter can indeed involve a
ligation of the metal by the nitrogen atom of the pyridyl ring, leading to a more stable pseudo square-planar
tetra-coordinated triplet isomer (Scheme 6, stabilization by 8.9 kcal.mol™ with respect to the tris-coordinated

less stable triplet isomer). Due to the presence of electrons in all d orbitals of the high-spin (S = 2) state, such



a ligation cannot occur for the high-spin isomer °[Ph,(2-Py)Fe"]", located 1.4 kcal.mol™ higher. Those results
should of course be compared to experimental analysis of the corresponding species, but they at least suggest
that spin interconversion in ate-iron(ll) complexes might be easier for those bearing ligands with chelating
atoms in the 2-position. On the other hand, DFT modelling of the bulkier mesityl analogue [Mes,(2-Py)Fe"]~
shows a pronounced preference for a tris-coordinated geometry, with no ligation of the nitrogen atom of the 2-
pyridyl ring onto the Fe" ion. A high-spin state (S = 2) is thus preferred in that case to the triplet, tetra-
coordinated isomer, by ca. 3 kcal.mol™. This is in agreement with the "H NMR detection of species 1 (Figure

2) in the classic high-spin iron(ll) area for such compounds.
Scheme 6: variety of coordination of the 2-pyridyl ligand in [Ary(2-Py)Fe']” complexes (Ar = Ph, Mes)

depending on their spin multiplicity. Relative computed free energies are reported in kcal.mol™; Ar—Fe—Ar

angle is given between parentheses.
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The discrepancy between [Ph,(2-Py)Fe'"]™ and [Mes,(2-Py)Fe'"]™ (ground tetra-coordinated triplet state for the
former, tris-coordinated quintet state for the latter) mostly originates in the difference of steric pressure
brought by the Ph and Mes groups. Evolution of the Fe'" coordination sphere of complex [Ar,(2-Py)Fe"]~ from
a trigonal environment to a pseudo-square planar geometry offers an electronic stabilization for the low spin
multiplicities (herein S = 1). However, this evolution requires a drastic diminution of the Ar-Fe-Ar angle (see
Scheme 6). For Ar groups bearing bulky substituents in the position ortho to the iron ion, this evolution also
leads to an increase of the steric pressure. Thus, in the case of complex [Ph,(2-Py)Fe"]™, no steric factor

counterbalances the energetic gain offered by the pseudo square-planar geometry, whereas the sterically



demanding mesityl groups in [Mes,(2-Py)Fe"]™ strongly compensate this electronic gain, making more
favored the tris-coordinated isomer (and, therefore, the high-spin configuration usually observed in this case).
Similar antagonist steric and electronic effects and their implications on the ground spin states and geometries
of tetracoordinated Mes,Fe'L, species (L = phosphine, amine) were also reported by Chirik in the past (see

reference in note 16).

The last step of the coupling process, that is, the formation of 2-phenylpyridine, occurs by elimination of the
Ph—Py bond at the Fe' ion. Reductive elimination of a bis-aryl product from a tris-aryliron(ll) intermediate
can be enhanced by a quaternization of the Fe" ion involving an additional equivalent of nucleophile. We
indeed showed recently that reductive -elimination of Ph—Ph from the quaternized adduct
[Ph,Fe"MgBr(THF)]~ could proceed with a 13.0 kcal.mol™ computed barrier, which is lower by 3.0 kcal.mol™
than that of tris-coordinated analogue [PhsFe"]™.% Quaternization of *D-Fe''sy ,pn proceeds with a small 2.7
kcal.mol™ endergonicity, leading to 3E—Fe“pyy3ph (Scheme 5). Reductive elimination of 2-PhPy from
quaternized adduct *E-Fe''s, 36, can then proceed on the triplet surface with a 13.4 kcal.mol™ computed barrier
(®TS,), much similar to the 13.0 kcal.mol™ barrier required to afford PhPh from the quaternized homoleptic
analogue [Ph,Fe"MgBr(THF)]~. Cross-coupling product 2-PhPy is obtained after reductive elimination as a
n’-ligand to the Fe° (formation of *F-Fe%spn2pn) With a strong exothermicity (14.0 kcal.mol™ with respect to

SE'Fe“Py,SPh)-

Therefore, computation of the cross-coupling surface for the formation of 2-phenylpyridine (Scheme 5) shows
that the overall catalytic process can be subdivided into 3 steps, summarized in Scheme 7a. The first one,
which will be referred to as “transmetallation step” (TM), connects the bis-aryl complex 1B-Fe°pyc.,2ph with the
Fe® mono-aryl resting state *A-Fe pren pn, and requires the AGry span (AGry = 6.5 kcal.mol™). The two other
uphill steps involved in the coupling are the oxidative addition (OA) and the reductive elimination (RE),
requiring respective computed spans AGoa# = 11.1 kcal.mol™ (which corresponds to the free energy difference
between *TS; and 'B-Fe’yci2pn) and AGge* = 16.1 kcal.mol™ (free energy difference between *TS, and °D-
Fe''oy2pn). The barriers required for the oxidative addition (OA) and the reductive elimination (RE) are much

more energetically-demanding than the fast formation of the pre-complex 1B-Fe°pyc|,2ph (TM). The overall



coupling rate is thus controlled by the rates of the OA and RE elementary steps, which are both first-order in
iron, and zeroth-order in Grignard and 2-PyCl. This result is in agreement with the experimental kinetics data
discussed earlier (vide supra). A simplified catalytic cycle summarizing the computed data is displayed in
Scheme 7b.

Scheme 7 : a) DFT-computed surface for the cross-coupling between PhMgCI and 2-PyCl restricted to the
sole intermediates controlling the global free energy spans; ground spin states superscripted for each

intermediate; b) simplified cross-coupling cycle.
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Alternatively, complexes *D-Fe''s, 2o and *E-Fe''sy 5o can undergo an anion metathesis with an additional
equivalent of PhMgCI leading to the release of PyMgCl and to the formation of homoleptic Phs[Fe'] or
Ph,[Fe'"] intermediates. The latter can then evolve by reductive elimination to afford the bisaryl PhPh and
[Fe], which reenters a new cycle. In a general way, this anion metathesis occurring from heteroleptic
Phy(Ar’)[Fe'"] or Phs(Ar’)[Fe'"] intermediates is expected to be easier for electron-poor Ar’ groups, which are
much less nucleophiles than Ph™ anion. This explains the noticeable quantities of PhPh reported in Table 1
using PhMgBr as a nucleophile and electron-poor electrophiles (Table 1, Entries 4, 8, 14).

In an attempt to shed light on the origin of the pyridyl ring’s substituents effects evidenced experimentally by
the Hammett analysis (Figure 5), the evolution of the two energetic spans involved on the surface (that is :
global AGty + AGoat span and AGge* span, see Scheme 7a) with the nature of the 5-pyridyl substituent was

also investigated in silico. DFT computation shows that the first span, leading overall to the oxidative addition



transition state *TS;, decreases linearly with the Hammett parameter of the 5-Z substituent, making this step
easier for substrates substituted with electron-withdrawing groups (Figure 6a, blue dots). This tendency is
confirmed by the computation of the AGy + AGoa* span for additional 5-substituted 2-chloropyridines which
were not part of the experimental kinetics analysis (Figure 6a, orange dots). Such a result is in line with the

classic reactivity trends for oxidative additions, which usually proceed faster for electron-poor derivatives.
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Figure 6 : evolution of the a) AGty + AGoat and b) AGge* DFT-computed spans with the Hammett parameter
of the 5-Z substituent for a series of 2-chloropyridines (blue dots : substrates used in the experimental

Hammett plot in Figure 5; orange dots : in silico only investigated substrates); spans in kcal.mol™.

Interestingly, a similar tendency was also observed for the computed reductive elimination span AGgg#, which
decreased linearly with the Hammett parameter of the 5-Z substituent borne by the pyridyl ring (Figure 6b),
suggesting that reductive elimination of the 2-phenylpyridines at the iron(Il) proceeds faster for electron-poor
pyridyl rings. Reductive elimination of bisaryls often proceeds with increased rates for electron-rich aryl
groups, consistently with the stronger reducing power of the latter. A classic example illustrating this tendency
was reported by Hartwig, who discussed such substituent effects in the reductive elimination of symmetric
bisaryls in diphosphine-ligated platinum (P,P)Pt"(Ar), complexes.”® In the present case, the accelerated
reductive elimination rates predicted for electron-poor substituents indicate that the formation of the C—C
bond in TS, does not occur with a classic synchronous 3-centered mechanism as it is observed for symmetric

bis-aryls. It conversely suggests that the reductive elimination transition state involves a migration of the



electron-rich ligand Ph™ onto the electron-poor pyridyl ring. This migration is made easier for pyridyl rings
with an increased electron deficiency, hence the lower computed activation barrier for iron(Il) intermediates
ligated by electron-withdrawing-substituted pyridyl rings (Figure 6b). Similar migratory mechanisms have
also been suggested by Hartwig to explain the kinetics trends of C—S bond formation by reductive elimination
from Pd" aryl thiolates, which proceeds faster for the combination of electron-rich thiolato ligands and
electron-deficient carbon-ligated ligands.?®®¢ Overall, DFT analysis of the role of the 5-Z substituents of the 2-
pyridyl ring shows that both oxidative addition and reductive elimination steps are favored for electron-poor
pyridyl derivatives, in agreement with the experimental trends evidenced in Hammett plot (Figure 5). As
outlined at the beginning of this section, it must be stated that the DFT calculations discussed herein should be
taken only from an informative standpoint, since simplified mechanistic patterns, limited to mononuclear

species, have been discussed.

CONCLUSION.

We demonstrated in this work that two strongly different mechanisms can be at work in iron-mediated cross-
couplings between aryl Grignard reagents and (hetero)aryl halides. A first mechanism involves ate-Fe"
species [ArsFe"]- formed at early stages of the process. In that case, the key step is a single-electron transfer
between [ArsFe'"]- and the (hetero)aryl halide, leading to a Fe" / Fe"' coupling sequence. This mechanism is
much similar to what has already been reported for related couplings involving alkyl halides, and occurs for
(hetero)aryl electrophiles with a high first-reduction potential. An alternative mechanism has also been
unveiled for more difficultly reduced substrates. In that case, evolution of [ArsFe']- affords transient Fe°
species, which display cross-coupling catalytic activity and are able to activate (hetero)aryl halides by 2-
electron oxidative addition. Heteroleptic species [Mes,(2-Py)Fe']” and [Mes,(CsFs)Fe']~, formed by
oxidative addition of Fe° onto 2-PyCl and C¢FsCl in the presence of MesMgBr, were characterized, sustaining
the feasibility of this unprecedented bielectronic mechanism. DFT calculations suggest that the oxidative
addition and reductive elimination elementary steps involved in this mechanism are facilitated for
electrophilic partners substituted by electron-withdrawing groups, which is supported by experimental

Hammett kinetics analysis. Those results highlight the variety of the mechanistic patterns which can be



involved in iron-catalyzed cross-couplings, since in some cases both Fe" / Fe"" and Fe®/ Fe" sequences can

afford the coupling product for a same set of reactants.
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