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Abstract

We report in this work the spectroscopic and reactivity properties of a non-innocent paramagnetic iron
complex (bep™):Fe! featuring formally a Fe® center stabilized by two bathocuproine (bep) ligands. The
origin of the paramagnetic 'H NMR behavior is analyzed by means of DFT calculations, and shows that
two electronic states of the complex contribute to its spectroscopic properties. The dynamics of the
coordination sphere in (bcp™).Fe! is governed by the duality between the two electronic descriptions
(bep)2Fe'l, and (bep).Fe’. The strong antiferromagnetic coupling between the reduced bep scaffolds
and the ferrous ion in (bcp™).Fe' makes substitution of the bep™™ ligand difficult; however, the reduced
(bep)2Fe? character allows substitution of bep by m-accepting ligands, such as alkynes, which can be
activated in catalytic cycloadditions with the assistance of main-group salts. (bcp™).Fe!' also shows
reductive activity towards a variety of organic electrophiles, and preliminary results using this complex
as a catalyst for the reductive coupling of heteroaryl chlorides are discussed.



1. Introduction

Phenanthroline-type ligands (phen) are ubiquitous in coordination chemistry and the associated
complexes have been broadly used and investigated for decades. Due to the easy functionalization of
this scaffold, such complexes still witness recent applications. Phenanthroline-containing transition-
metal-complexes indeed display a large variety of properties, with possible applications in
photochemistry, catalysis, or analytical chemistry.[1-3] In the particular field of iron organometallic
chemistry, the iron-phen coordination patterns are largely dominated by the Fe' and Fe" oxidation
states, and well-defined complexes featuring a formally reduced iron center (that is, with an oxidation
state lower than +II) are extremely scarce.

Due to the low-lying LUMO levels of the phen scaffold, those complexes display a non-innocent
behavior, and an electron transfer from the metal onto the n* system of the ligand occurs. More generally,
the association of formally reduced iron complexes with non-innocent ligands has been described and
used by Chirik with pyridinediimine ligands,[4-5] as well as by Gordon and Trovitch for 2,2’-bipyridine
(bpy) ligand,[6] but the examples of well-defined reduced iron complexes involving a ligation by phen-
type ligands are rare. The lack of well-defined coordination chemistry of phen ligands associated to low
oxidation states originates in the intrinsic instability of the non-innocent species which are generated
under those conditions. Singly- or doubly-reduced phenanthrolines indeed exhibit a strong reducing
activity, and therefore mostly act as reduction catalysts as a relay in electron transfer steps,[7] often
precluding their structural characterization as reduced ligands in non-innocent platforms. Upon
reduction of the phen scaffold, several positions of the latter can acquire a radical character, as showed
for example by the LUMO+1 level of the phen (Scheme 1a).

phen : 1=2=...9=H
bcp : 2,9=Me; 4,7 = Ph
ncp : 2,9=Me

THF, RT, 20 min
b)  (bcp)Fe''Cl, + bep (bcp® ) Fe!
1 2 equiv. RMgBr 2

Scheme 1 : a) DFT-computed LUMO+1 level of phen; b) synthesis of (becp™),Fe!' by reduction of 1 with
a Grignard reagent; R = Et or Me,C=CH.

We recently demonstrated that the (bep)Fe!'Cl, precursor (1), where bep is the bathocuproine ligand
(Scheme 1a) could be efficiently reduced into a neutral (bcp).Fe complex (2, Scheme 1b). This complex
proved to be non-innocent, featuring two singly-reduced bcp™ anions antiferromagnetically coupled to
a high-spin Fe' ion, leading to a (bcp™).Fe"" platform.[8] A similar complex, involving ligation by
neocuproine ligand (ncp, Scheme 1a) was characterized by Anderson, and also displayed a similar non-
innocent structure (ncp™)2Fe!! (2°).[9]

Albeit structurally close, complexes 2 and 2’ display drastically different thermal and kinetic stabilities.
Substitution of C4 and C7 positions of the phen scaffold by Ph groups in bep led to a more stable reduced
complex 2, the unsubstituted analogue 2’ described by Anderson [9] and involving neocuproine (ncp)
ligation following decomposition pathways at much lower temperatures and shorter reaction times. This
better stability of the bcp complex 2 has been attributed to the steric protection brought by the phenyl



groups at the C4/C7 positions, which display a marked C-centered radical character. This steric
hindrance thus helps to hamper the decomposition of the reduced bcp scaffold by classic radical
pathways (dimerization, as described by Nocton in the case of phen-rare-earth complexes,[10-11]
reduction, H abstraction, ...). Thus, complex 2 appears as an ideal stable non-innocent platform, which
can be generated in situ and used in several catalytic processes; we reported for example that 2 efficiently
promoted alkyne [2+2+2] cycloadditions.[8]

In this report, we investigate more closely the coordination chemistry of the (bcp™).Fe!" complex (2),
with a particular focus on the dynamic ligand exchange that can be encompassed using this platform.
An in-depth analysis of the '"H NMR spectroscopic features of 2 are also discussed. Several reactivity
patterns are discussed, such as the activation of organic electrophiles by electron transfer or the
activation of alkyne compounds, as well as the role of Lewis acid additives than can help to control the
formation of active species in catalytic processes by a modulation of the iron coordination sphere.

2. Results and discussion
2.1 '"H NMR spectroscopy

The 'H NMR spectrum of complex 2, recorded in THF dg at 298 K, displays characteristic paramagnetic
signals in the -90 / +120 ppm area (Figure 1a). This makes the "H NMR monitoring of the evolution of
2 straightforward when the latter is used as a catalyst in various transformations. However, the exact
assessment of the chemical shifts observed for 2 is difficult on the sole basis of the "H NMR patterns
(for example, scalar couplings are not always observed and broad signals may sometimes lead to
inaccurate integrations). In this part, we used the temperature-dependence of those signals as well as
theoretical modelling of the NMR spectrum to perform the assignment of the 'H NMR signals.

The chemical shifts associated with those signals are temperature-dependent, as a consequence of the
intrinsic paramagnetism of complex 2. Indeed, the spinorbital population of a paramagnetic species by
electrons, which are either parallel or antiparallel to the applied NMR magnetic field, strongly varies
with the temperature. 2 thus adopts a paramagnetic behavior, its "H chemical shifts 8 following a linear
dependency with T*! in line with Curie’s law (Figure 1b).
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Figure 1: a) temperature-dependent "H NMR spectrum of 2 in THF ds (400 MHz) at i) 328 K, ii) 318 K,
ii1) 308 K, iv) 298 K, v) 272 K, vi) 248 K, vii) 233 K, viii) 223 K; data for the spectrum recorded at 298
K: 118.12 (s, 4H), 33.20 (s, 8H), 29.41 (s, 4H), 26.94 (s, 4H), -2.24 (s, 8H), -73.17 (bs, 12H); b) Curie
plot (6 = f(1/7)) for 2.

No significant deviation to linearity in the Curie plot is observed in the temperature range investigated
(223 to 328 K), attesting to the absence of any spin transition in solution in those conditions. Behavior



in solution thus seems to be similar to what some of us reported for the solid-state magnetic behavior of
2 analyzed by SQUID magnetometry.[8] Similarly, a linear Curie plot also attests to the monomeric
nature of the paramagnetic complex in solution in the investigated temperature range; deviations to
linearity are indeed observed when magnetically-coupled dimers are formed, as observed for the Cr'!
dinuclear complex [ {(CsHs)CrClz}2-u(CLCI].[12]

However, it is interesting to note that all the NMR shifts of complex 2 do not follow strictly a Curie’s
law, which requests a linear relationship between & and 1/T. In a pure Curie paramagnetic behavior, the
chemical shifts intercept zero in linear 1/T plots. In complex 2, strong deviations are observed, since all
the 'H chemical shifts exhibit a hyper-Curie behavior (see Figure S1). A hyper-Curie behavior is
characterized by an intercept of the zero axis which is negative (resp. positive) for signals which display
a positive (resp. negative) slope in the Curie plot.[13] Such a behavior usually attests to the presence of
an excited state lying low in energy close to the ground state, and contributing to the physical properties
of the complex. In order to rationalize the "H NMR spectrum of complex 2, including the hyper-Curie
paramagnetism as well as the origin of the chemical shifts observed experimentally, the electronic
structure of the complex is investigated at density-functional theory (DFT) level.

In a paramagnetic complex, the NMR shifts dexp arise from the contribution of three terms: (i) the orbital
shift o, Which takes into account the shielding of the analogue diamagnetic structure, (ii) the Fermi
contact shift drc, which is due to the delocalization of the spin density along the chemical bonds in
agreement with the symmetries of the molecular orbitals, and (iii) the dipolar pseudo-contact shift dpc,
which strongly depends on the distance between the NMR-active nucleus and the paramagnetic center:

Oexp = Oorb T Orc + Opc

In transition-metal paramagnetic complexes, the pseudo-contact term Jdpc is usually found to be
negligible with respect to the Fermi contact shift 6rc.[14] Therefore, the two determining contributions
are the orbital and Fermi contact shifts 6.1, and 6rc, which can be evaluated from theoretical calculations.
For a system with a spin S, the Fermi contact shift is calculated according to the following equation:

_2m . S(S+1)

i =2 g (iso)n(B)A S0

where v is the magnetogyric ratio of the considered nucleus, g(iso) the isotropic electron g factor, w(B)
the Bohr magneton, 4 the isotropic hyperfine coupling constant.[15]

The T-dependent 'H NMR spectrum (VT-'"H NMR) of 2 is computed within the PBEO global-hybrid
exchange-correlation approximation [16] (see SI for the corresponding references and computational
details). In order to take into account the possible multiconfigurational description suggested by the
experimental hyper-Curie NMR behavior, two triplet states were computed for complex 2 (S = 1). In
line with experiments, the most stable one (ground state, 2gs) features an overall negative Mulliken spin
density borne by the two bcp scaffolds (puep.bep = -0.35) in an antiferromagnetic coupling with the metal
(pre = +2.00). However, the computed VI-'H NMR spectrum of 2gs only partly fits with the
experimental Curie plot (compare Figure 2a for the former and Figure 1b for the latter). In particular, no
signal with a strong positive slope in the Curie plot is reproduced.



a) antiferromagnetic state (2gs) b) ferromagnetic state (2gs)
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Figure 2: DFT-computed VT-'H NMR spectra of triplet (S = 1) a) antiferromagnetic ground state 2gs
and b) ferromagnetic excited state 2gs.

On the other hand, a low-lying excited state 2gs is also localized 0.6 eV above 2gs. This state is easily
accessed, the 0.6 eV gap being smaller than the d-block span in 2 (< 3 eV). Unlike 2¢s, the excited triplet
state 2gs is characterized by two ferromagnetically-coupled units (poeppep = +0.82, and pre = +1.18).
However, the simulated VT-'H NMR spectrum of 2gs correctly fits with experiments. Four shifts display
a weak temperature dependence, and the two others are strongly affected with opposite slopes (compare
Figures 2b and 1b). In other words, this suggests that the correct prediction of the "H NMR shifts
behavior of 2 requires to take into account two triplet states: the ground state 2gs, featuring the
experimentally characterized Fe / bcp™ antiferromagnetic coupling, and an excited triplet state with a Fe
/ bep™ ferromagnetic coupling 2gs, thus explaining why a hyper-Curie paramagnetism is observed on
the experimental Curie plot (see SI for the detailed Mulliken spin density analysis).

Moreover, the good agreement between the simulated 7-dependent '"H NMR spectrum of 2gs (Figure
2b) and the experimental spectrum also allows an accurate attribution of the experimental signals. The
assessment of the "H NMR signals of 2 is performed as a compromise between the integration curve of
the experimental spectrum and DFT computations of the VT-'H NMR spectrum of 2gs (Table 1).



d (ppm) Assignment
118.12 (4H) Hass
33.20 (8H) Ho
29.41 (4H)

26.94 (4H) Hy or Hsio
-2.24 (8H) Hm
-73.17 (12H) -CH;

Table 1: assignment of the '"H chemical shifts of 2 (298 K) on the basis of the experimental spectrum
and computed VT-'H NMR spectrum of 2gs.

It is interesting to note that only protons in the Hj;s and -CHj3 positions display an important thermal
dependence (Figures 1b and 2b). As discussed above, the Fermi contact shift drc is directly proportional
to the isotropic hyperfine coupling constant 4. The computed spectrum of 2gs (see Table S3) shows that
the latter constants are particularly high for Hss (4uss = -1.15 MHz) and -CH3 protons (Acuz = 1.19
MHz). The other signals display isotropic hyperfine coupling constants lower than 0.5 MHz. This thus
explains why the Hsz;s and -CHj3 slopes of the Curie plot are both important, and of opposite signs, the
other shifts displaying more modest temperature dependences.

2.2 Ligand exchange attempts starting from 2

Given that the nature of non-innocent species can lead to complexes exhibiting a reactivity in-between
their two extreme oxidation states, ligand substitution reactions involving complex 2 and classic Fe® or
Fe" ligands possibly leading to heteroleptic (bep)(L)Fe species were attempted (Scheme 2).

additives
(bcp *— ),Fe ——— > no reaction

2
additives = PMe3, dmpe, tmeda, MesMgBr

Scheme 2: attempts of ligand metathesis starting from 2.

No ligand substitution was observed upon reaction of 2 with an excess (up to 10 equiv.) of neutral ligands
such as PMes, 1,2-bis-dimethylphosphinoethane (dmpe) or N,N,N’,N’-tetramethylethylenediamine
(tmeda). The absence of neutral ligand exchange between 2 and those classic Fe”!! ligands demonstrates
the strong non-innocent character of complex 2, the metal-ligand interaction of which being dominated
by the antiferromagnetic coupling between the reduced ligands L' with the ferrous ion Fe''. As a token
of the strength of this interaction, no ligand exchange either occurred when 2 is treated by an excess of
the Grignard reagent MesMgBr (Mes = 2,4,6-C¢H>Mes; 3 equiv. vs Fe). Displacement of anionic or
neutral ligands bound to a Fe"" center by MesMgBr usually easily yields the high-spin homoleptic ate
complex [MessFe!']™ (S = 2), which exhibits diagnostic resonances at & = 131, 115 and 22 ppm in THF
ds at 298 K.[17] This was for example reported by Bedford, who showed that (tmeda)-Fe" adducts
afforded the sole complex [MessFe!']” upon treatment by MesMgBr.[18] Therefore, the absence of



reactivity of complex 2 towards an excess of MesMgBr, noticeable for a complex which is accurately
described by the Fe' oxidation state, attests to the strong metal / ligand interaction in 2.

A second strategy which does not rely on a ligand substitution from 2 for the generation of heteroleptic
(bep)LFe complexes was also investigated. Complex (bep)Fe''Cl, (1) was reduced by two equivalents
of a Grignard reagent (EtMgBr or Me,C=CHMgBr) in the presence of several neutral ligands (Table 2).
No new species was observed when tmeda was used (Entry 1), and 2 was the solely detected complex,
likely formed by ligand comproportionation of elusive reduced (bcp)Fe intermediates. This is similar to
what is observed when 1 is reduced in the absence of any additive: 50% of homoleptic complex (bcp™
)2Fel (2) is detected along with 50% of ill-defined iron reduced nanoparticles.[8] Reduction of 1 in the
presence of PMejs led to the detection of 2 with another paramagnetic species displaying 'H NMR signals
close to those of 2 and a silent *'P NMR spectrum, suggesting that PMes was involved in a paramagnetic
complex. Although no further isolation of the latter could be performed, this suggests that heteroleptic
scaffolds are more easily obtained by reduction of 1 in the presence of an exogenous ligand rather than
by ligand metathesis using 2. Reduction of 1 in the presence of one equivalent of another phen-derived
ligand such as neocuproine (2,9-dimethyl-1,10- phenanthroline, ncp, Scheme 1a) led to the detection of
40% of the heteroleptic compound (bcp™)(ncp™)Fel! (2°), along with 50% of 2 and 10% of the bis-ncp
complex (ncp™).Fe!! (2°), Entry 3.

THF, RT
(bcp)Fe''Cly, + L ——————— (bcp)(L)Fe
1 2 equiv. RMgBr
Entry L Iron species detected by *H NMR
1 tmeda (bcp™)2Fe'" (2, 100%)

2 PMes[a] | Mixture of (bcp™)2Fe'" (2) with another

paramagnetic species

3 ncp [a] (bcp™)2Fe' (2, 50%)
(bep™)(ncp)Fe'" (272, 40%)

(ncp™)2Fe" (2°, 10%)

Table 2 : attempts for generating heteroleptic (bcp)(L)Fe complexes by reduction of 1 in the presence of
L (1 equiv.); R = Et or Me>C=CH; [a] see SI for NMR speciation.

In the latter case, the preference for the formation of the homoleptic bis-bcp complex (bep™).Fe' (2)
may be due to an easier electron transfer onto the bep scaffold. For example, unsubstituted phen is
slightly more difficult to reduce than its 4,7-Ph,-bis-substituted analogue : Erea(phen) = -2.53 V vs Fc%*,
and Ered((4,7)-Pho-phen) = -2.39 V vs Fc®*.[19] This trend would explain why the formation of a Fe'-
bound radical anion of bep in complex 2 is favored compared to the formation of the heteroleptic species

(bep™)(nep™)Fe' (27).

It is also of note that radical anion bep™ could also directly be formed, and evidenced by X-band EPR
spectroscopy (Figure 3, black line), upon treatment of bep by one equivalent of Me,C=CHMgBr, a
Grignard reagent used to prepare 2 by reduction of 1 (Scheme 1b). Equimolar mixture of bcp and
Me,C=CHMgBr leads to the detection of an isotropic signal centered at g = 2.0037 + 0.0002. The
simulation of the hyperfine pattern (Figure 3, red line) fits with a bep™ radical delocalized onto two
equivalent "N nuclei (Ax = 7.2 £ 0.1 MHz = 0.26 mT) and two equivalent 'H nuclei (Ay = 7.2 + 0.1



MHz = 0.26 mT). Another set of two equivalents 'H nuclei with smaller hyperfine coupling (An’ =
MHz = 0.07 mT) was also taken into account in order to reproduce the global shape of the signal, the
weakness of this coupling precluding however the detection of a more complex hyperfine pattern.

349 3495 350 350.5 351 3515 352
Magnetic field (mT)

Figure 3: EPR spectrum (X-band, 298 K, THF:2-MeTHF 98:2) of a 1:1 mixture of bcp and
Me,C=CHMgBr (THF solution); black lines = experimental spectrum; red lines = simulation.

Formation of bep™ (possibly as a [(bcp)MgR]™ adduct) in those conditions likely proceeds by formation
of a [(bep)Mg(R)(Br)] precursor, in which an intramolecular electron transfer occurs, leading to the
oxidation of the starting Grignard reagent, as reported by Kaim in the case of [(phen)MgR]" adducts.[20]
The hyperfine coupling constants in the simulated EPR spectrum given in Figure 3 moreover match with
the hyperfine coupling constants of the [(phen)MgPh]" radical reported by Kaim, which displays similar
coupling constants of the radical with the '*N nuclei (0.290 mT), the 'H nuclei in Csjs positions of the
phen ligand (0.290 mT), and the weakly coupled 'H nuclei at the Csjs positions (0.064 mT). Lei and
Jutand also described similar phen-type radical anions formed by direct oxidation of tBuOK in a
[(phen)KO7Bu] adduct.[7]

In the present case, formation of bep™ upon reaction of bep and Me,C=CHMgBr might also enhance the
kinetics of the reduction of 1 into 2 (Scheme 1b). Indeed, preliminary studies by *’Fe-Mdssbauer
spectroscopy suggested that reduction of 1 with two equivalents of Me;C=CHMgBr in the presence of
one equiv. bep proceeds within formation of a transient bis-hydrocarbyl (bep)Fe''(R), intermediate,
which affords complex 2 after reductive elimination of R-R.[8] However, given that radical anion bcp™
is readily formed by oxidation of Me,C=CHMgBr with bcp, it is not excluded that formation of 2 also
involves one-electron transfers between bep™ and 1 as an alternative mechanism.

The interaction between the single-reduced bep scaffolds and the Fe'ion being the key of the stability
and redox properties of complex 2, the reactivity of the latter in several elementary processes involving
either alkynes or organic electrophiles has then been investigated.

2.3 Activation of alkynes

Some of us recently demonstrated that complex 2, in situ generated by reduction of 1 by a Grignard
reagent in the presence of one equiv. bep, was an efficient catalyst for alkyne [2+2+2] cycloadditions,
displaying a broad functional group tolerance (see example in Table 3).[8] From a mechanistic
standpoint, the possible activation of an alkyne C=C bond by 2 is intimately related to the available
electronic density delocalized onto its bcp scaffolds. Indeed, no cycloaddition is observed when the
ferrous precursor 1 is used in the absence of external reductant, demonstrating the requirement of a
reduced complex for this transformation (Table 3, Entry 1). This result importantly shows that the



electronic density delocalized onto the ligands L™ in 2 can be at play in the course of metallocentered
processes, which require the presence of an iron center with a formal oxidation state lower than +II.

1 0,
(5 mol%) Ph Ph

bcp (5 mol%)
Reductant (10 mol%) Ph
PhCCH +
THF, 60 °C, 2 h Ph Ph
P

h
(1,2,4:1,3,5)

Entry Reductant Residual salts present Yield | 1,2,4:1,35
1 No reductant - 0 -
2 | Me,C=CHMgBr Mg'" salts 98 99:1
3 KCsl®! K' salts 98 99:1
4 KCgl Partial removal of K' salts by filtration | 89 99:1
5 KCgl™ Full removal of K' salts by 76 99:1
precipitation in cold toluene
6 | Me,C=CHMgBr (15-C-5)Mg" salts 91 99:1
+ 15-C-5

Table 3: effect of the presence of residual main-group salts on the phenylacetylene cycloaddition yield
mediated by in situ generated 2; [a] graphite was removed by filtration on a celite pad.

The redox duality between the (bcp).Fe and (bep™).Fe!' descriptions of complex 2 is thus a key
parameter of the reactivity of the latter, displacement of a neutral bep ligand by a m-accepting ligand
such as an alkyne leading to a (bcp)Fe’(n-alkyne), adduct being a first mandatory step of the
cycloaddition process (Scheme 3). This ancillary ligand substitution at the formal Fe’ stage is indeed the
commonly admitted first step of the cycloaddition process, preceding the formation of a Fe'! metallacycle
by two-electron oxidative coupling of a reduced metal with two equivalents of alkyne.[21]

2e, L
LFe''Cl, ————— {L,Fe® =— (L*7),Fe'"}
(1) ()
2 RCCH
2-electron R\\
cycloaddition _ LFeO/\ il [M*"] ML

catalysis N M =K, Mg

Fe/ Fe!' couple //
R

Scheme 3: dynamic ligand exchange assisted by main-group cations in alkyne [2+2+2] cycloaddition
mediated by 2 as a precatalyst; L = bcp.



Interestingly, significant discrepancies were observed in the catalytic performances of 2 applied to
phenylacetylene (PhCCH) cycloaddition, depending on the preparation of the catalyst (generation in situ
or ex situ, with or without removal of residual salts, Table 3). When 2 is formed by reduction of 1 with
2 equiv. Me,C=CHMgBr in the presence of one equiv. bcp (method A), a near-quantitative 98%
cycloaddition yield is obtained after 2 h at 60 °C (Table 3, Entry 2). Similarly, a 98% yield is obtained
when 2 is formed by reduction of 1 with KCs in the same conditions (no elimination of K' salts, Table
1, Entry 3). However, when 2 is synthesized ex situ by reduction with KCs with a partial (Entry 4) or
total (Entry 5, method B) elimination of the K' salts, a significant decrease in the cycloaddition yield is
observed, since respectively 89% and 76% of cycloadduct are obtained in those conditions. Last, when
2 is generated using method A and subjected to addition of a classic Mg" crown-ether (15-C-5), a slight
drop of the PhCCH cycloaddition yield is observed (91%, Entry 6).

In other words, the efficiency of 2 to act as a cycloaddition catalyst strongly depends on the presence of
residual main-group cation salts such as Mg" or K' salts. When free Mg" or K! cations are present in the
reaction medium (Entries 2-3), an almost quantitative cycloaddition occurs. On the other hand, when 2
is used as a purified, salt-free complex (prepared according to method B), less efficient cycloaddition
performances are observed. Similarly, quenching the Lewis-acidity of the Mg cation by formation of a
(15-C-5)Mg" adduct also leads to more modest catalytic activity. Those experiments thus show that
main-group Lewis acidic salts can be beneficial to the reaction outcome, thus pointing towards a synergy
between the iron-centered activity and the Mg" or K! cation. Such cooperativity between iron catalysts
and main-group reagents has been recently reported in a cross-coupling context, where the implication
of Zn", Mg", Li' or AI'" salts in the first or second iron coordination sphere proved to unlock key
elementary steps of the coupling process.[22]

In the present case, owing to the strong metal-ligand interaction in (bcp™).Fe', a key parameter of the
success of the cycloaddition process is to trigger efficiently the decoordination of one bep ligand to open
the coordination sphere for the upcoming alkynes. In light of those results, this may be achieved by an
electrophilic assistance of cationic K' or Mg" salts, which help to promote the decoordination of the bep
ligand by formation of a (bcp)[M™] adduct (M = K, Mg, Scheme 3). Concomitantly, the electronic
density borne by the bep scaffold in (bep™).Fe!! is relocalized onto the metal upon decoordination of
bep, affording formally reduced iron centers which can initiate the cycloaddition process.

2.4 Electron Transfer reactivity

Given that 2 formally contains 1-electron-reduced bathocuproine scaffolds (bcp™), the reactivity of this
complex in electron-transfer processes with classic organic electrophiles was investigated. Single-
Electron-Transfers (SETs) as well as concerted or stepwise two-electron processes are indeed key steps
in a large variety of organic transformations involving organoiron intermediates, such as cross-couplings
or C-H activations, and the nature of the reduction products formed consecutively to the electron transfer
strongly depends on the nature of the reagents involved (reduction of a C-X into a C-H bond, reductive
dimerization of a C-X bond into a C-C bond, ...). Therefore, the reduction properties of 2 towards a
variety of organic electrophiles has been examined (Table 4).

Entry R-X Ered(R-X) Fe species detected by *H NMR | % R-X reduction
(V vs SCE) [a] products
1 ! -1.92 Complex mixture, R-H (37)
full consumption of 2 R-R (6)
2 B -2.37 (bcp)Fe''Cl, (1, 90%) R-H (8)
N7 Cl (bcp)2Fe'" (2, 10%) R-R (50)




3 B -1.92 Complex mixture including 1, 2 R-H (5)
Naae (2:1 ratio) and R-R (90)
2,2’-bisquinoline-Fe' species
4 S - (bcp)2Fe'' (2, 100%) -
MeO” “N” >cl (R-X recovered)
5 Br -2.4 [b] (bcp™)2Fe' (2, 100%) -
(R-X recovered)
6 [c] PhBCl, - (bep)Fe''Cl (1, 100%) Presumably
formation of
a borylene adduct

Table 4: analysis of the product distribution obtained upon stoichiometric reaction between 2 and 1
equiv. of an organic electrophile (R-X; conditions : 16 h at 20 °C in THF ds); [a] see reference 23 (and
references cited); [b] reduction potential of 4-bromobiphenyl, see reference 24; [c] in C¢De.

Partial reduction of 1-iodonaphthalene (1-Npl, Entry 1) is observed and 37% NpH are formed by
reaction with 2; traces of 1,1’-binaphthyl are detected. Formation of bisaryls by reductive coupling of
heteroaryl chlorides is observed, since 2,2’-bipyridine (50%, Entry 2) and 2,2’-biquinoline (90%, Entry
3) are formed. Formation of those reduction products attests to an oxidation of 2 under those conditions;
this is also in line with the "H NMR monitoring of the reaction medium, which shows total (Entry 1) or
partial (Entries 2-3) consumption of 2, along with formation of 1 as an oxidation byproduct (Entries 2-
3). On the other hand, less reactive substrates such as electron-rich 2-chloro-6-methoxypyridine and 2-
bromobenzyl (Entries 4-5) are not affected by the presence of 2, which remains unreacted. 2 also proved
to efficiently reduce boron-based electrophiles, since treatment of 2 by 1 equiv. PhBCl, in CsDs cleanly
led to the formation of 1 as attested by 'H NMR (Figure S8), again in line with the 2-electron oxidation
of 2. However, the nature of the boron-containing product formed by reduction of PhBCI is more
difficult to assess. The low signal-to-noise ratio on the "B NMR spectrum observed after addition of 0.5
and 1 equiv. PhBCl; on complex 2 strongly suggests that an important part of the starting material leads
to a distribution of intractable products, which can correspond to either NMR-silent species or to a
complex distribution of ill-defined diamagnetic compounds leading to broad signals. However, it is
noteworthy that a broad singlet at 5(''B) =22 ppm (CsDs) is detected under those conditions. A plausible
hypothesis is that this signal may correspond to a reduction byproduct of PhBCl, featuring a diborene
(RB=BR) moiety, which usually exhibits !'B NMR resonances in the 20-30 ppm area. This would be in
line with the general procedure for the synthesis of Lewis-base-stabilized organic diborenes
L+(R)B=B(R)°L, consisting of the treatment of a dihalogenoboron compound RBX, by a strong
reductant such as Li in the presence of a Lewis base.[25,26] In the present case , the released bep ligand
may act, amongst other scenarios, as a stabilizing Lewis base to a PhB=BPh species formed after
reduction of PhBCl,.

The reductive properties of 2, as outlined by the reduction of 1-iodonaphthalene, 2-heteroaryl chlorides
or PhBCl,, again demonstrate the availability of the electronic density localized onto the bep scaffolds
in (bcp™).Fe'. No clear reactivity trend can be drawn between the reduction of the organic electrophiles
used in Table 4 and their reduction potential. The most striking example is the drastic difference observed
between 2-chloropyridine and 2-bromobiphenyl (Entries 2 and 5). These substrates have very close
reduction potentials, but, whereas 2-bromobiphenyl is unreactive towards 2, 2-chloropyridine affords
50% of 2,2’-bipyridine and 8% pyridine, formed by reduction of the starting C-Cl bond. The absence of
correlation between the reactivity of the organic halides discussed in Table 4 towards 2 and their
reduction potentials suggests that this reduction proceeds within a two-electron activation pattern.

The encouraging stoichiometric C-C bond formation by reductive coupling observed with heteroaryl
chlorides (Entries 2-3) suggests that 2 can be involved in future catalytic processes for reductive



coupling of such substrates in mild conditions. This transformation would be particularly appealing
taking into account the green chemistry principles, since the non-noble metal catalysis applied to this
field is so far mostly dominated by the use of nickel-based catalysts.[27] As a proof of concept of the
ability of 2 to catalyze reductive coupling transformations, 2-chloroquinoline could be transformed with
an appreciable 90% yield into 2,2’-biquinoline using 2 as a catalyst (10 mol%) and Mg® turnings (2
equiv.) as a sacrificial reductant (Scheme 4) in mild conditions (16 h, room temperature). No conversion
of the starting material occurred in the presence of Mg® alone (that is, in the absence of 2).

m 2 (10 mol%), Mg® (2 equiv.)
NS >l THF, t, 16 h

90%
(with Mg® and without 2 : 0%)

Scheme 4: reductive coupling of 2-chloroquinoline catalyzed by 2 in the presence of Mg® as a reductant.

From a mechanistic standpoint, reductive coupling of aryl chlorides can rely on sequential oxidative
additions, as reported by Lautens for Ni’-catalyzed couplings,[27] amongst other examples.[28,29,30]
In the system reported by Lautens, a Ni’ / Ni'' / Ni' / Ni'! sequence is suggested. Inspired by this work,
a tentative mechanism for the reductive homocoupling of 2-chloroquinoline catalyzed by 2 has been
proposed (Scheme 5). A first oxidative addition of 2 onto the C-CI bond leads to an intermediate
heteroaryl-Fe!' species A.

—Ar
[Fe'l<
cl
) :
[Fe"[pt 0.5 Mg®
iy
h—
¥ Fel—=Ar 0.5 mg!
Ar-Cl B
ox. add.

Scheme 5: tentative catalytic cycle for the reductive coupling catalyzed by 2.

A is reduced by Mg° (0.5 equiv.) into a heteroaryl-Fe' intermediate B, which promotes the second
oxidative addition onto the electrophile to afford a bis-heteroaryl-Fe' species C. Reductive elimination
of the C-C bond at the latter affords the expected coupling product, along with a Fe' complex D, which
is reduced by Mg® (0.5 equiv.) to lead back to 2, closing the catalytic process. Moreover, it is not
excluded that the Mg salts generated at each catalytic cycle play an important role in the reductive
coupling mechanism, in line with the Ni-based system developed by Lautens which requires the use of
MgCl; as an additive.

A key step of the mechanism discussed in Scheme 5 is thus the promotion of the second oxidative
addition involving the singly-reduced intermediate B (which is at a formal Fe' oxidation state assuming
that no ligand non-innocence affects this assignment). Feasibility of this step has been probed using an
aryl halide (herein Phl) and a singly-reduced (bcp)FeX platform generated by cyclic voltammetry from
(bep)Fe'Cly (1). 1 is characterized by a reversible one-electron reduction peak at E,ri = -1.68 V vs Fc”,
associated with oxidation peak at E,01 = -1.61 V vs F¢”* (Figure S9, AE, = 70 mV). A singly-reduced

species (bep)FeCl (either described as (bep)Fe!Cl or as (bep™)Fe'Cl) is thus likely formed at this



potential (Figure 4a). A second reduction peak at E,r> = -2.45 V vs Fc”* can be observed (Figure 4b,
yellow lines). This non-reversible peak can be associated with the reduction of (bcp)FeCl generated at
R; in non-active iron nanoparticles, explaining the full lack of reversibility on the reverse scan.

a) R i In the presence of Phi :
(bcp)Fe'lCl, + 16 — = (bcp)FeCl | PhI
1 1 (bcp)FeCl (bep)iFe"Ph
(bcp)FeCl +1e i» [Felye + bep i - Rs
' (bcp)[Fe"Ph +1e —= 1+Ph®
b) 2.0E-05
1.0E-05 01
0.0E+00
-1.0E-05 —
E—Z.OEOS
‘g—a.oefos R1
5 -4.0E-05
-5.0E-05 Rz R3
-6.0E-05
-7.0E-05
-8.0E-05
-3 -2.8 -2.6 2.4 -2.2 -2 -1.8 -1.6 -1.4

Applied Potential (V vs Fc*/Fc)

Figure 4: a) redox events observed upon the reduction of 1 in the absence or the presence of Phl; b)
cyclic voltammetry of 1 in the absence (yellow lines) or the presence (orange lines) of 1 equiv. Phl,
recorded in DMF, at 20°C, at a scan rate of 0.25 V.s™! in the presence of 0.1 M [n-BusN][PF¢] as a
supporting electrolyte.

When the same cyclic voltammetry is run in the presence of one equiv. Phl per mole of 1, reduction of
1 is still observed at Ry, and a new reduction peak develops at E,rs =-1.94 V vs Fc"" (Figure 4b, orange
lines). This suggests that species (bcp)FeCl, generated at R, in the diffusion layer of the electrode, reacts
with Phl. Since no catalytic current is observed at Ry, no SET occurs between those two species, since
it would regenerate complex 1 and thus lead to an increase of the current peak at R;. Formation of a new
well-defined species reduced at Rj is thus in line with an oxidative addition of (bcp)FeCl into the C-I
bond of Phl, leading to an organoiron(Ill) intermediate (Figure 4a). 1 is partly reafforded by reduction
of the latter on the reverse scan, as attested by the increase of O1 oxidation peak (Figure 4a-b). Overall,
this result supports the reductive coupling mechanism discussed in Scheme 5.

Conclusion

In this report, we demonstrate that the ligand dynamics in non-innocent complex (bcp™).Fe! (2) is
mostly driven by the strong coupling between the reduced bep ligand and the Fe! ion, precluding easy
ligand exchange at the Fe'' stage. The coupling between the ligand- and metal-localized electronic
densities is reflected by both hyper-Curie thermal-dependence of the NMR signals of 2 along with the
corresponding DFT simulations. However, strongly n-accepting substrates such as alkynes can induce a
Fe’-like behavior in 2 and lead to [2+2+2] cycloadditions, in synergistic interaction with main-group
salts ensuring an efficient modulation of the iron coordination sphere in the cycloaddition process. The
promising reactivity of 2 in reductive coupling catalysis moreover paves the way to the development of



iron-based methods for carrying out such transformations as a greener alternative to the current state-
of-the-art.
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