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Fe" complexes supported by an Iminophosphorane ligand:
Synthesis and Reactivity

Thibault Tannoux,? Louis Mazaud,? Thibault Cheisson,? Nicolas Casaretto,? Audrey Auffrant®*

The synthesis of iron complexes supported by a mixed phosphine-lutidine-iminophosphorane (PPyNP) ligand was carried

out. While a bidentate k?>-N,N coordination was observed on FeCl,, pincer coordination modes were adopted at cationic iron
centers, either through dechlorination of [LFe(PPyNP)Cl;] (1) or direct coordination of PPyNP to Fe(OTf).. Reaction with
tertbutylisocyanide gave access to the diamagnetic octahedral complex [Fe(PPyNP)(CNtBu)s]Xz (X = OTf (4), Cl (4’)). Both 1
and 4 were shown to undergo deprotonation of the phosphinomethyl group, but the resulting complexes were not active

for the dehydrogenative coupling of hexan-1-ol. Alternatively, the hydrosilylation of acetophenones was catalyzed at room

temperature with 1 mol % of a catalyst generated in situ from cationic PPyNP supported iron triflate complexes and KHBEts.

Introduction

Nitrogen containing ligands are widely used in areas such as
coordination and (bio)inorganic chemistry, catalysis, and
material sciences.> 2 Their nitrogen atoms are generally either
sp3 (amine, amide), sp? (imine and N-heterocycles), or sp
(cyanide) hybridized, and they display large structural diversity.
For example, various heme3-¢ or non-heme’-10 N-based ligands
were used to develop enzyme mimics. Iminophosphoranes, also
named phosphinimines, represent a discrete class of N-ligands
where the electron rich nitrogen donor is stabilized by a vicinal
phosphonium group. They present a highly polarized P=N bond
that can be viewed as a resonance between two limit forms, the
ylene and the ylide (Figure 1).
Consequently, they behave in coordination chemistry as strong

neutral zwitterionic
o- and m-donors but show no accepting ability because of the
absence of a m-system.
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Figure 1: Resonance forms of the iminophosphorane

Iminophosphoranes have been much less investigated than
other N-based ligands in coordination chemistry and
catalysis.’13 Their reported catalytic applications mainly
concern polymerization reactions, often with rare earth
metals,416 coupling reactions in general with group 10
elements,’7-22  and (transfer)hydrogenations mainly with
rhodium(l) ruthenium(I1).23-30 Examples of
iminophosphorane catalysts involving base metal complexes
remain limited and this is especially true in the iron case, despite
a spectacular development of its coordination chemistry over
the past few years,3133 that reflects its abundance, low cost, and
low toxicity.3* 3> However, coordination of Fe by bidentate
(C,N),3% (N,N),37- 38 as well as tridentate (N,C,N) 3941 and
(N,N,N)4Z44 iminophosphorane ligands have been reported.
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Figure 2: Fe'' iminophosphorane complexes for small molecules activation

Low valent iron iminophosphorane complexes have been
employed in small molecule activation: Rittle and coworkers
recently used a rigid bis(iminophosphorane)imidophosphorane
ligand to stabilize a low valent iron(ll) prone to activate 0,*
while Fryzuk’s group?® designed an electron rich bidentate
iminophosphorane ligand to study iron mediated N, activation,
(Figure 2). Such N; activation process or N-transfer reactions
provided an indirect route to iron complexes featuring an
iminophosphorane polydentate ligand from polyphosphine
supported complexes.#’->1 Late functionalization via a
Staudinger reaction within the coordination sphere of iron has
also been reported.>2 Nevertheless, only few
iminophosphorane iron complexes have been reported as
catalysts (Figure 3). However, about 20 years ago, different
groups showed that (N,N,N) and (N,N) Fe complexes have low
catalytic ability in ethylene dimerization or polymerization.42-44
Later iron(ll) complexes supported by potentially tetradentate
mixed iminophosphorane ligands were shown to catalyze the
transfer hydrogenation reactions of acetophenone in
isopropanol at reflux.>3 More recently, a Fe'-H complex
supported by an amido-iminophosphorane was used as a
precatalyst for the hydrodefluorination of aromatics in
presence of silanes.4¢
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B) Examples of Fe iminophosphorane complexes (pre)catalysts
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Figure 3: Fe iminophosphorane complexes used for stoichiometric and catalytic
reactions

Finally, phosphasalen iron(lll) complexes were shown to realize
the catalytic oxidative coupling of 2-naphtol.>* Among these
limited examples only one associates the iminophosphorane
with soft phosphine donors. We previously synthesized a
tridentate (P,N,N) ligand (hereafter labelled PPyNP) combining
an iminophosphorane and a phosphine arranged around a
lutidine core and studied its coordination to noble metals (Pd
and Ru).55 36 We were curious to investigate its coordination to
Fe'' and report here the synthesis of neutral and cationic iron
complexes supported by this PPyNP ligand, studies of their
deprotonation and the introduction of strong field isocyanide
ligands, as well as the room temperature catalytic

hydrosilylation of acetophenones using a catalyst generated in
situ from cationic Fe" complexes and KHBEts.

Results and discussion

The previously described PPyNP ligand>> was synthesized as its
LiCl adduct and coordinated in THF to FeCl; (Scheme 1). After
stirring overnight at room temperature, the reaction mixture
deposited a yellow precipitate. This was collected and washed
with THF to provide [Fe(PPyNP)Cl;] (1) in 62% yield. The
complex is paramagnetic and therefore exhibits no detectable
31p{1H} NMR signal. Its IH NMR spectrum shows broad signals
that are both highly shielded and deshielded (at 230, 60, and -
62 ppm see Figure S1). The magnetic moment of 1 in solution
using the Evans methodology>” was found to be 4.8 g, which
indicates a high-spin Fe'' complex (S= 2).

FeCI2 PRhy
THR rt I <ppn
PhP Lict  N=PPn, N
CI
PPyNP.LiCI [Fe(PPyNP)CI,]
1
Toluene TIOTf (2 equiv.)
_Licl CH3CN
‘ N 2TfO"
AN [Fe(OTf),] ~
B ————
N
Toluene/CH;CN | 2%
— 3
N r.t. PhZP'\\,’:e_N\\Fxph3
- HaCN'
Ph,P N<ppp, 3 HNCHs
3
[Fe(PPyNP)(CH3CN)3](OTf),
PPyNP 2
| N
—
F| —N
PhP— <PPhg
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[Fe(PPyNP)(OTf),]
3

Scheme 1: Synthesis of Fe' complexes supported by the PPyNP ligand

The structure of 1 was elucidated by X-ray diffraction (Figure 4).
The iron center presents a distorted tetrahedral geometry (14 =
0.85),°8 where only the 2 nitrogen atoms of the ligand are
coordinated. The formation of the 5-membered metallacycle
accounts for the deformation which is reflected in the acute N2-
Fe-N1 angle (80.66°). The P=N bond length measured at 1.607
A is elongated compared to free iminophosphoranes as
generally observed upon metal coordination.* The phosphine
group is clearly oriented away from the metal. The observed
structural parameters support the anticipated preference of the



“hard” Fe' of the iminophosphorane ligand over the “softer”

phosphine.>?

Figure 4: X-ray structure of [Fe(PPyNP)Cl,] (1) (with thermal ellipsoids drawn at
the 50% probability level). The H atoms and one THF molecule are omitted for

clarity. Selected bond lengths [A] and angles [°]: Fel-N1 = 2.041(3); Fel-N2
2.101 3; Fel-Cl1: 2.3155(12); Fel-P2 = 2.510(2); P1-N1 = 1.607(3); P2-C7
1.837(4): C7-C5 = 1.504(5); N2-Fe1-P2 = 77.6(1); N1-Fe1-N2 = 80.58(11); N1-Fel-
Ci1=114.11(9); N1-Fel-Cl2 = 118.90(9); Cl1-Fe1-Cl2= 120.10(4).

Reasoning that a pincer coordination mode should be favored
in cationic complexes, chlorides were abstracted from 1
(Scheme 1, right). This reaction was carried out with thallium
triflate, which has been previously employed in Milstein’s group
with iron PNN complexes® Upon addition of 2 equivalents of
TI(OTf) to an acetonitrile solution of 1, the solution rapidly
turned purple and a white precipitate of TICI formed. The
precipitate was filtrated off, and the solvent was evaporated to
leave a pale solid. Analysis of the product by NMR spectroscopy
gave little information; the absence of 31P NMR signal pointed
to the formation of paramagnetic compounds while the 1H NMR
spectrum (Figure S2) suggested the presence of a mixture,
because we observed broad highly shielded or deshielded
resonances (at -6.4, 12.0, 15.3, 40.1, and 53.5 ppm) together
with some sharply-defined signals. The former were assumed to
correspond to a paramagnetic compound and the latter to a
diamagnetic one.

Consistently, under differing crystallization conditions, we were
able to identify two different complexes
[Fe(PPyNP)(CHsCN)3](OTf), (2) and [Fe(PPyNP)(OTf).] (3) by X-
ray crystallography depending on the crystallization conditions.
Upon slow evaporation of a benzene solution, small single
crystals were formed. Their analysis by X-ray diffraction gave a
low-quality structure that was sufficient to establish the
formation of [Fe(PPyNP)(OTf),] (3) where both triflates are
bound to the metal. A higher quality structure of the same
complex could be obtained following an alternative route (vide
infra). On the other hand, crystals obtained by diffusion of
diethyl ether into an acetonitrile solution of the residue led to
the structure shown in Figure 5. In this structure the iron adopts
a distorted octahedral geometry, where the PPyNP ligand
occupies three meridional sites and the acetonitrile molecules
take up the three remaining ones. The bond between Fe-N1
bond length of 2.060(14) A is comparable to its homologue in 1
while the Fe-N,,, bond is slightly shorter (1.972(4) A). The Fe-P
distance of 2.2338(15) A in 2 lies in the lower range of values
reported in the CCDC for phosphine conlongertaining
[Fe(CH3CN)3] complexes. Compared to the same references, the
Fe-NCCH3 bonds (1.92-1.93 A) also are in the lower range of
those already described.

To further investigate these triflate complexes we employed a
different synthetic protocol that involved the direct
coordination of [Fe(OTf),] to a PPyNP ligand that had been freed

from associated lithium chloride by extraction into toluene. The
solution rapidly turned green and then purple after stirring 1
day at room temperature. The 'H NMR spectrum resembled
that obtained after chloride abstraction from 1 and pointed
towards the presence of two complexes presumably those
identified previously by X-ray diffraction analysis. We did not
manage to determine their ratio by 'H NMR spectroscopy.
Nevertheless, we observed that the ratio between peaks varies
as a function of the time that the mixture was left under
suggests that these complexes
equilibrium. The color of the product mixture changed
accordingly, with longer drying giving a paler product.
Unfortunately, we always isolated a mixture of both compounds

that were formed in a minimal yield of 65%.
Figure 5: X-ray structure of [Fe(PPyNP)(CH3CN);](OTf), (2) with thermal ellipsoids

vacuum, which are in

(drawn at the 50% probability level). The H atoms are omitted and the pheny]| rings
are represented in the wireframe mode for clarity. Selected bond lengths [A] and
angles{ ]: [LFe(CH3CN)3](OTf)2 Fel-N1 = 2.060(4); Fe1-N2 = 1.972(4); Fel-P2 =
2.2338(15); Fel-N3: 1.932(5); Fel-N4 = 1.933(5), Fe-N5 = 1.925(5); P1-N1 =
1.589(4); N2-Fel1-P2 = 83.32 12) N2-Fel-N1 = 81.77(17); N4-Fel-P2 = 94.14(13);
N4-Fel- N1=100.85(17); N4-Fel- N1; N5-Fel-N3:177.0(2)

A higher quality X-ray structure of 3 could be obtained from
crystals grown by the diffusion of pentane vapour into a
benzene solution of the complexes. It is presented in Figure 6.
The iron is coordinated by the PPyNP ligand in a tridentate
fashion and the triflates complete the coordination sphere. To
assign the geometry of the iron in this complex we rely on the
Ts index®! (1s= 1 for an ideal trigonal bipyramid, O for an ideal
square based pyramid) whose calculated value of 0.61 implies
that the geometry, even if highly distorted, is closer to a trigonal
bipyramid. The apical positions of the trigonal bipyramid are
occupied by the N atom of the pyridine ring and an O from a
triflate (O1-Fel-N2 172.49(6)). The basal plane consists of the
phosphorus P2, the iminophosphorane N1, and 04 from the
second triflate, but these atoms are not coplanar with the
metal, the P2 atom lying (0.971 A) above the mean plane
defined by Fel, O4, and N1. The angles between these atoms
are also far from the ideal 120° value; the N1-Fel-P2 angle is
wider (135.87(4) °) while the O4-Fel-N1 and O4-Fel-P2 are



more acute (113.88(6) and 103.61(5) ° respectively). The Fe-N2
and Fe-P2 bonds are shorter in 2 compared to 3 while the Fel-
N1 ones are comparable (Table S3). This is consistent with a
stronger coordination of the PPyNP ligand in the dicationic

octahedral complex.

Figure 6: X-ray structure of [Fe(PPyNP)(OTf),] (3) Fel-N1 = 2.0499(15); Fel-N2 =
2.1972(14); Fe1-01 = 2. 0690(13), Fel-02: 2.0439(14); Fel-P2 = 2.4733(5); P1-N1

= 1.6097(15); N2-Fel-P2 = 75.90(4);

N2-Fel-N1 =
106.82(4); N1-Fe1-O1= 97.04(6) O1-Fe1-N2: 172.49(6).

76.63(5); O1-Fel-P2 =

We then investigated the introduction of strong field ligands
and focused on isocyanide®2 63 because, unlike CO, it cannot
aza-Wittig reactions with the
iminophosphorane moiety and it can also be conveniently
introduced with well- controlled stoichiometry. The addition of
tertbutylisocyanide to 1 was followed by NMR monitoring. It
showed that the same diamagnetic compound formed
irrespective of the number of equivalents used (1, 2, or 3).

enter deleterious
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Scheme 2: Access to [Fe(PPyNP)(CNtBu);]>* complexes

This diamagnetic complex exhibited two phosphorus doublet
resonances around 74 and 46 ppm and these are assigned to
the P"and PY nuclei respectively (Jp,p = 5.5 Hz). The coordination
isocyanide ligands was confirmed by H NMR
spectroscopy as well as X-ray diffraction analysis (vide infra).
The addition of tBuNC to a mixture of PPyNP and Fe(OTf), also
led to the coordination of three isocyanide whatever the
quantity of reagent introduced allowing to isolate
[Fe(PPyNP)(CNtBu)3](OTf), (4) in 85% yield. In this complex the
isocyanide groups are characterized by two singlets 1H
resonances at 1.21 and 1.00 ppm in CD,Cl, that integrate

of three

respectively for 18 and 9 H. Similarly, the quaternary isocyanide
carbons give rise to two 13C resonances at 164.1 and 159.8 ppm.
The crystal structure of 4’ is shown in Figure 7. The iron exhibits
an octahedral geometry with the meridional coordination of the
pincer PPyNP ligand and also that of the three isocyanides, one
of which is in the meridional plane. N2, P2, N1, C8, and Fel are
almost coplanar (distance Fel-median plane 0.038 A), while the
two apical isocyanides are orthogonal to the P2-N2-N1-C8
plane. On the contrary the pyridine is slightly tilted away from
this plane (deviation angle 19.34°). In terms of bond lengths, a
comparison  between the tris(isocyanide) (4’) and
tris(acetonitrile) complex (2) (Table S3) shows that the P-N, N1-
Fe, and Fe-Npyr bonds are similar while the Fe-P2 is shorter in
the isocyanide complex (2.2035(8) vs 2.2338(15) A).

Figure 7. X-ray structure of [Fe(NPyNP)(CNtBu)s]Cl, (4’) with thermal ellipsoids
(drawn at the 50% probability level). The H atoms and the Cl- anions are omitted
and the phenyl rings represented in the wireframe mode for clarlty Selected bond
lengths RA] and angles [(]: Fel-N1 = 2.055(2); Fel-N2 = 1.992(2); Fel-P2
2.2035(8)); Fel-C8: 1.854(3); Fel-CO = 1.889(3); Fe1-C10 = 1.899(3);P1-N1
1.604(2); N2-Fe1-P2 = 83.60(7); N2-Fe1-N1 = 79.27(10); C8-Fe1-P2 = 95.92(9); C8-
Fel-N2=101.65(11); C9-Fe1-C10= 175.89(12).

The metal-ligand cooperation upon deprotonation of the
phosphinomethyl group and the subsequent dearomatization
of the pyridine, has been investigated within iron complexes
supported by bis(phosphinomethyl)-pyridine (PNP)®* and -
phenantroline (PNNP) ligand.®> To the best of our knowledge,
to bipyridine based
ligand® and phosphine a-iminopyridine ones.®” In particular,
the deprotonation of phosphino-lutidine-amine (PNN) Fe
complexes has not been reported yet. Given that we have

studies with PNN ligands are restricted,

already investigated the deprotonation a to the pyridine in the
PPyNP supported Ru complexes, we investigated the
deprotonation of the Fe'' complexes we prepared (Scheme 3).
As we had previously observed with Ru complexes, the addition
of one equivalent of potassium hexamethyldisilazane (KHMDS)
to a THF or toluene solution of 1, caused the reaction to darken.
The product could not be isolated and decomposed upon
removal of the solvent, whilst its paramagnetism precluded an
investigation by NMR spectroscopy. Nevertheless, when the
deprotonation was carried out in toluene in presence of
pyridine, single crystals could be obtained by diffusion of
petroleum ether into the reaction mixture.



KHMDS

—_—

Toluene/pyr Ph,

Ph2P K(j\
F’—Fe—N

e <PPh,
S N=pph, —N CI
Cl \ .
) . [Fe(PPYNP)*Cl(pyr)]
5
Xy 2TfO"
KHMDS
B — e
thP—Fe N<ppr, thP—Fe
BUNGC" entsu BUNC" CN'B
CN Bu CN Bu
[Fe(PPyNP)*(CN'Bu);](Y)
4 6

Scheme 3: Deprotonation of PPyPN supported Fe'' complexes

Figure 8. X-ray structure of [Fe(PPyNP)*Cl(pyr)] (5) (with thermal ellipsoids drawn
at the 50% probability Ievel). The H atoms are omitted for clarity. Selected bond
lengths [A] and angles [°]:Fe1-N1 = 2.153(3); Fe1-N2 = 2.137(3); Fe1-N3 = 2.176(3);
Fel-Cl1:2.3155(12); Fe1-P2 = 2.5098(12); P1-N1 = 1.590(3); P2-C7 = 1.750(4); C7-
C5 = 1389ﬁ6) N2-Fel-P2 = 77.57(9); N2-Fe1-N1 = 77.76(12); N1-Fel-Ci1 =
103.45(9); Cl1-Fel- P2=96.48(4).

Their X-ray diffraction analysis revealed the formation of
[Fe(PPyNP)*Cl(pyr)] (5) (Figure 8). The geometry of the Fe is
square pyramidal (ts= 0.25) with the PPyNP ligand present as a
pincer, alongside a pyridine, and a chloride. The coordination of
the phosphine is probably triggered by the loss of a chloride
ligand that accompanies the dearomatization of the pyridine.
The iron center lies out of the P2N2N1 plane by 0.410 A and is
located in the hemisphere containing the pyridine ligand, which
is not orthogonal to this meridional plane (angle 75.43 °). The
deprotonation at the phosphinomethyl position is shown by a
shortening of the C7-C5 bond to 1.389(6) A in 5 vs 1.505 A in 1
and a gain in planarity of the molecule. As a result, C5, C7, and
P2 are almost coplanar with the aromatic ring (deviation 1.33 °).
The alternation of short and long bonds in the pyridine ring
reflects its dearomatization following the deprotonation as
previously observed.6 68 6 The coordination of the phosphine
arm induces an elongation of both Fe-N2 and Fe-N1 bond
lengths when compared to 1. They measure respectively
2.101(3) and 2.043(3) A in the dichloride complex 1 vs 2.137(3)
and 2.153(3) A in the monochloride complex 5. The addition of
KHMDS to a solution containing a mixture of complexes 2 and 3
complexes also led a color change. Nevertheless, we could not
NMR spectroscopy was
inconclusive and we were unable to grow crystals. Monitoring

investigate further this reaction;

of the deprotonation reaction was easier when starting from 4
(Scheme 3). The addition of KHMDS induced a color change
from brown to red and the 31P{1H} NMR spectrum of the
reaction mixture showed the formation of a new complex
characterized by two doublets at 59.6 and 40.4 ppm (Jpp = 6.0
Hz). Attempts to isolate this complex failed, with the
evaporation of the volatiles leading repeatedly to a partial
reprotonation (Figure S9). However, the formed complex was
characterized by in situ NMR spectroscopy. The H NMR
spectrum showed 3 signals integrating for 1 H at 6.73, 6.39, 5.57
ppm that are consistent with resonances of the dearomatized
pyridine protons. Two other signals integrating respectively for
2 and 1 protons that were observed at 3.89 and 3.81 ppm may
be assigned to the unchanged and deprotonated benzylic
position respectively.

We were then interested in forming Fe-H complexes by
incorporating hydrides into the different iron complexes
prepared i.e. 1, 2/3, and 4. We used various hydride donors:
NaBHg, LiAlH4, or KHBEts, in MeOH for the first one and THF for
the others. Starting from cationic triflate complexes (2 and 3),
we also performed the addition of the hydride donor after
overnight drying in vacuo in order to eliminate the acetonitrile.
NaBH4 was not reactive enough to induce a reaction but in all
other cases the addition of the hydride source induces a strong
color change. However, no complexes could be isolated or
identified by X-ray crystallography, while their paramagnetic
NMR spectra did not allow to get any indication regarding their
structure. Reasoning that those two classes of complexes (i.e.
PPyNP supported Fe-H and (PPyNP)* supported Fe ones) may
be too sensitive to be isolated but may be competent as in situ
generated catalysts we tested two catalytic reactions.

The first, the deshydrogenative coupling of hexan-1-ol was
attempted with a catalytic amount of complexes 1, 2/3, or 4 but
no conversion was observed (Scheme S1). It was suspected that
the lack of reactivity might reflect a lower Lewis acidity of the
iron center in these complexes when compared with literature
iron catalysts that are competent for similar reactions. Such
complexes do not feature electron rich iminophosphorane
ligand and generally incorporate at least one 1t accepting CO.70
The Lewis acidity of the metal center is important during the
first steps of the catalysis, where increased Lewis acidity can be
expected to favor coordination of the alcohol and hydride
transfer to the metal. However, electron rich metal centers are
generally an asset when tackling reduction processes. We
therefore investigated whether an in situ generated PPyNP
supported
hydrosilylation of acetophenones. We chose to avoid strong

iron hydride would be able to catalyze the

coordinating solvents and ions that may complicate the addition
and therefore prepared the in situ catalyst ([Fe]ct.) from PPyNP
iron triflate complexes (2/3) that had been dried overnight in
vacuo (Scheme 4). The obtained off-white solid was dissolved in
THF leading to a green solution, the change of color being
tentatively attributed to the formation of
[Fe(PPyNP)(THF)3](OTf),, which could not be characterized.
Addition of two equivalents of KHBEt3; was made in an attempt
to demonstrate the presence of hydride complexes indirectly,
through their reactivity. We first reacted this in situ generated
iron complex with an equimolar quantity of acetophenone and



silane (either EtsSiH, PhSiH, or PhSiH3) (Scheme 4). Phenylsilane
was the most effective, and allowed a total conversion of the
ketone into its silylether upon overnight stirring at room
temperature. The reaction was monitored by H NMR
spectroscopy, by following the disappearance of the singlet
corresponding to the CH3 of the acetophenone (8x(THF-dg)= 2.5
ppm) and the appearance of a doublet corresponding to the
same group in the silylether (8u(THF-dg)= 1.38 ppm).
corresponding change observed when the same
transformation was attempted without the iron complex.

COMe
©/ + PhSiH;

was

2 1) vacuo, 20 h

— > [Feleat. THF, r.t.
+ 2) THF 20h
3 3) KEt3BH (2 equiv.)

OSiPhH,

Scheme 4: In situ generation of the active Fe complex enabling stoichiometric
hydrosilylation of acetophenone

After this encouraging observation, we explored different
catalytic conditions. In each case, the O-Si bond in the product
was cleaved quantitively in basic methanol, and the catalytic
conversion was determined by 'H NMR spectroscopy through
integrating the product alcohol against trimethoxybenzene
internal standard (Table 1). Conducting the reaction with 5 mol
% catalyst at room temperature gave a quantitative formation
of alcohol after both 24 or 2 h (Table 1, entries 1-2). Decreasing
the catalyst amount to 1 mol % required longer reaction times,
with 81% formation of alcohol after a day. (Table 1, entries 2-3).
Raising the temperature from 20° to 40°C, increased the NMR
yield from 12 to 88% after 2 h but only 23% completion was
observed at 40°C after 1 h. Heating allowed to decrease the
reaction time without significantly affecting the yield, therefore
we evaluated other acetophenones at room temperature.
Surprisingly, acetophenones with an electron donor group led
to a quantitative conversion, while the presence of an electron
poor substituent led to slightly lower yields. Generally, the
reaction is more efficient with electron poor ketones which is
rationalized in terms of an easier insertion of the C=0 into the
M-H bond. Here the coordination of the ketone or the
regeneration of the active catalyst via the formation of the O-Si,
may be the more difficult steps.’! We could not investigate this
point further because we could not determine the nature of the
precatalyst. The reaction worked well with the substituted p-
and m-acetophenones but the lack of any reaction with o-Me
derivative implies that the catalyst is highly sensitive to steric
hindrance. Note that the alcohol
pyridinecarboxaldehyde formed in 57%.

derived from 3-

Table 1: Catalytic Hydrosilylation of acteophenones

[Felea, X mol % OSiPhH, OH
SEERIE S o
THF, T MeOH , /

Entry R Time mol % T(°C) NMR

(h) Catalyst Yield

(%)

1 H 24 5 r.t. 100

2 H 2 5 r.t. 100
3 H 2 1 r.t. 12
4 H 24 1 r.t. 81
5 H 2 1 40 88
6 H 1 1 40 23
7 H 2 1 r.t. 88
8 4-OMe 24 1 r.t. 100
9 4-NMe> 24 1 r.t. 100
10 3-Me 24 1 r.t. 100
11 4-CN 24 1 r.t. 88
12 4-F 24 1 r.t. 82
13 4-CF3 24 1 r.t. 74
14 2-Me 24 1 r.t. 0

2 using (OMe)3-CsHs as internal reference

No conversion was observed for methylbenzoate, benzamide
nor N,N dimethylbenzamide. Taken together the performances
of this in situ generated catalyst is competitive with other pincer
ligand based iron hydrosilylation catalysts.’2 73 Better
performances have also been reported,’* 75 but in these cases
the iron has either a lower oxidation state or does not exhibit
an octahedral geometry. Nevertheless, this is the first example
of an iron complex supported by an iminophosphorane ligand
active for the hydrosilylation of acetophenones and the
conversions observed are comparable to those described for
the hydrogenation of acetophenones with
bisphosphinomethylpyridine (PNP) iron complexes.%*

Conclusions

We have described the synthesis of iron(ll) complexes
supported by a phosphine-lutidine-iminophosphorane ligand
(PPyNP). We isolated the neutral tetrahedral [Fe(PPyNP)CI;] (1)
complex exhibiting a k2-N,N coordination mode as well as the
cationic octahedral [Fe(NPyNP)(CNtBu)s]X; (X = OTf (4), Cl (4’))
where the PPyNP ligand coordinates as a pincer. When using
less coordinating triflate anion a mixture of solvated (2) and
unsolvated (3) complexes formed which could not be
thoroughly characterized. We investigated the fate of PPyNP
supported Fe' complexes upon deprotonation and showed that
both 1 and 4 underwent deprotonation at the phosphinomethyl
position. We also attempted the synthesis of M-H complexes,
which proved elusive. While these complexes are not
precatalyst for the dehydrogenative coupling of hexan-1-ol, an
iron complex generated in situ from the triflate complexes (2
and 3) catalyzed the hydrosilylation of acetophenones at room
temperature within 1 day at 1 mol % loading. This strengthens
the idea that iminophosphoranes may be good candidates for
developing iron-based reduction catalysts but further ligand



design is necessary to improve the reactivity of the complexes.
Work in that direction will be pursued in our laboratory.

Experimental part
Synthesis

All reactions were conducted under an atmosphere of dry
nitrogen, or argon, using standard Schlenk and glovebox
techniques. Solvents were dried with a M-Braun MB-SPS 800
solvent purification system and THF was distilled over Na and
benzophenone. The deuterated solvents were stored over
activated molecular sieves. All other reagents and chemicals
were obtained commercially and used without further
purification. Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker Avance 300 spectrometer operating at
300 MHz for 1H, 75.5 MHz for 3C and 121.5 MHz for 31P. Solvent
peaks were used as internal references for 'H and 13C{lH}
chemical shifts (ppm). 31P{IH} NMR spectra are relative to an
85% H3PO,4 external reference. Unless otherwise mentioned,
NMR spectra were recorded at 300 K. Additional information
were obtained from COSY, HSQC, and HMBC experiments.
Coupling constant are expressed in hertz. The following
abbreviations are used: br, broad; s, singlet; d, doublet; q:
quadruplet; t, triplet; m, multiplet; v, virtual. The spectra were
analyzed with MestReNova software. IR spectra were recorded
on an IR-TF Thermo Scientific Nicolet iS5 spectrometer. Mass
spectrometry experiments were recorded on tims-TOF mass
spectrometer (Bruker, France). The PPyNP ligand was
synthesized according to the previously published procedure.>>
Synthesis of dichloro(6-[(diphenylphosphino)methyl]-N-
(triphenylphosphoranylidene)-2-pyridinemethanamine- kP, N?-
)iron(ll) [Fe(PPyNP)Cl>] 1: PPyNP.LiCl (365.4 mg, 0.6 mmol) and
FeCl, (126.8 mg, 0,6 mmol) were mixed in THF (8 mL) and stirred
16 h at room temperature. The slightly colored precipitate is
filtered and washed with THF (3 x 8 mL) and pentane (5 mL).
Volatiles were then removed in vacuo to yield 1 as a pale
greenish powder (254 mg, 0.37 mmol, 62 %). Single crystals
were grown by diffusion of pentane into a dichloromethane
solution of the complex. et = 4.8 puB (by the Evans’ method in
CD,Cl;). HRMS (ESI*): m/z: [1-Cl]* caled 657.1074 for
C37H32C|F€N2Pz+; Found 657.1063.

Preparation of tris(acetonitrile)(6-[(diphenylphosphino)methyl]-
N-(Triphenylphosphoranylidene)-2-pyridinemethanamine-
xP,N,N3)iron(ll) ditriflate [LFe(CH3CN)3](OTf). (2) and (6-
[(Diphenylphosphino)methyl]-N-(Triphenylphosphoranylidene)-
2-pyridinemethanamine-«P,N,N3)ditriflateiron(ll)
[Fe(NPyNP)(OTf),] (3): PPyNP.LiCl (0.243 g, 0.428 mmol) was
placed in toluene (2 x 2 mL) to remove the LiCl salt by filtration.
A solution of Fe(OTf), (0.151 g, 0.428 mmol) in acetonitrile (2
mL) was then added dropwise to the NPPyNP toluene solution.
The mixture took a red color evolving to an orange color after
24 hours stirring. The volatiles were evaporated to yield an
orange solid (0.283 g, 0.28 mmol (pure 2)-0.31 mmol (pure 3)
65-72%). Single crystals of 2 were grown at room temperature
by diffusion of vapours of pentane into a concentrated
acetonitrile solution of the complexes (c~¥10 mg/mL). Single
crystals of 3 were grown at room temperature by diffusion of

pentane vapours into a concentrated benzene solution of the
complexes in the glovebox (c~10 mg/mL).

Synthesis of (6-[(diphenylphosphino)methyl]-N-
(triphenylphosphoranylidene)-2-pyridinemethanamine-
KkP,N,N3)tris(tertbutylisocyanide)iron(Il) ditriflate
[Fe(PPyNP)(CNtBu)s](OTf)2 (4): PPyNP.LICl (0.03 g, 0.05 mmol)
was placed in toluene (3 x 1 mL) to remove the LiCl salt by
filtration. The yellow filtrate was used directly for the next step.
A solution of Fe(OTf); (0.017 g, 0.05 mmol) in acetonitrile (3 mL)
was added to the toluene filtrate and then CN'Bu (0.15 mmol, 3
equiv., 17 puL). The reaction was stirred for 24 h at room
temperature, the volatiles were removed and the residue was
washed with diethyl ether (2 mL) leading to 4 as an orange solid
(52 mg, 0.043 mmol, 85%). 31P{*H} NMR (CD,Cl,): 6 73.8 ppm (d,
Jpp=5.5Hz, P), 46.2 ppm (d, Jp,p= 5.5 Hz, PY). 1H-NMR (CD4Cl,) :
§8.05 (m, 2 H, CHa,), 7.83-7.78 (m, 4 H, CHa,), 7.69-7.64 (m, 6 H,
CHar), 7.57-7.60 (m, 6 H, CHar), 7.54-7.48 (m, 4 H, CHa), 7.41-
7.38 (m, 3 H, CHa/), 7.24 (dd, Ju,u= 7.5 and 6.5 Hz, 2H), 7.16 (m,
2H, CHar), 4.47 (d, Jpy= 11.0 Hz, 2 H, CH,), 4.36 (d, Jpu = 10.5 Hz,
2 HCH>), 1.21 (s, CHs, 9 H), 1.00 (s, CH3, 18 H). 3C{H} NMR (75.5
MHz, CD,Cl,): 164.9 (J not observed, CV), 160.5 (J not observed,
CVv), 140.4 (s, CHar), 138,6 (s, CV), 134.6 (d, Jo,c = 3.0 Hz CHa/),
134.1 (d, Jpc = 10.0 Hz, CHa), 133.3 (d, Jpc = 46.0 Hz, CV), 132.8
(d, Jo.c= 2.5 Hz, CHar), 132.3 (d, Jo.c = 10.0 Hz, CHa), 130.4 (d,
Jpc=12.0 Hz, CHar), 130.2 (d, Jp,c = 10.5 Hz, CHa,), 129.6 (s, CHa/),
128.8 (s, CHar), 127.0 (d, Jp,c = 100.0 Hz, CV), 125.9 (s, CHa/),
123.9 (d, Jp,c = 10.0 Hz, CHa(), 120.0 (s, CHar), 61.1 (s, CH3), 60.4
(d, Jo,c=5.5 Hz Hz, CV), 44.5 (d, Jp,c = 31.0 Hz, CH), 30.9(s, CH3),
30.2 (s, CH3). HRMS (ESI*): m/z: [Fe(NPyNP)(CNtBu)3(OTf)]* calcd
1020.3115 for C53H59F3FeN503P25+; Found 10203110,
[Fe(NPyNP) (CNtBu)s]* calcd 871.3595 for Cs;HsgFeNsP,*;Found
871.3544; [LFe(NPyPN)(CNtBu)s]** calcd 435.6798 for
CsaHsoFeNsP,2*; Found 435.6796; [Fe(NPyNP)]2* calcd 311.0695
for CszH32FeN2P22*; Found 311.0694, : [Fe(NPyNP)(CNtBu)]%*
calcd 352.6063 for C42H41FEN3P22+; Found 352.6053. IR (CH3CN,
cm1): 2986,2940, 2153, 2145, 1437, 1373, 1266, 1224.
Preparation of chloro(6-[(diphenylphosphino)methylene]-N-
(triphenylphosphoranylidene)-2-1,2-
dihydropyridinatomethanamine-«P,N,N3)pyridineiron(ll)
[Fe(NPyNP)*Cl(pyr)] (5): KHMDS (14.3 mg, 0.07 mmol) was
added to a solution of 1 (49.6 mg, 0.07 mmol) in a toluene (1.5
mL) containing pyridine (3 drops). Crystals were obtained by
diffusion of petroleum ether into the crude mixture.
Preparation of (6-[(diphenylphosphino)methylene]-N-
(triphenylphosphoranylidene)-2-1,2-
dihydropyridinatomethanamine-
KP,N,N3)tris(tertbutylisocyanide)iron(Il)
[Fe(NPyNP)*(CNtBu)s;](OTf) (6): KHMDS (6 mg, 0.03 mmol) was
added to a solution of [Fe(NPyNP)(CNtBu)s3](OTf), 4 (20 mg, 0.02
mmol) in THF-dg, after stirring overnight at room temperature.
The formation of [Fe(NPyNP)*(CNtBu)s](OTf) (6): was
ascertained by NMR spectroscopy. 31P{1H} NMR (THF-dg): 6 59.6
ppm (d, Jp,p = 5.0 Hz, P"), 40.4 ppm (d, Jpp = 5.0 Hz,PY). TH-NMR
(THF-ds) : & 7.85 (m, 6 H, CHa/), 7.72 (m, 6 H, CHa/), 7.63 (m, 3 H,
CHAr), 7.48 (m, 2 H, CHAr), 7.33 (m, 6 H, CHAr ), 7.21 (d, JH,H= 6.0
Hz, 1 H, CHa), 7.16 (d, Jun= 8.0 Hz, 1 H, CHa/), 6.73 (m, 1 H,
CHpyr), 6.39 (d, Juu= 8.5 Hz, 1 H, CHpy), 5.57 (d, Jun= 8.5 Hz, 1 H,



CHpyr) 3.88 (d, Jp,u= 10.0 Hz, 2 H, CH,), 3.81 (s, 1 H, CH), 1.25 (s,
CHs, 9 H), 1.02 (s, CHs, 18 H). 13C{H} NMR (75.5 MHz, CD,Cl»):
169.9 (J not observed, CV), 158.7 (J not observed, CV), 140.4 (d,
Jpc=48.0 Hz, CV), 136,7 (s, CV), 132.6 (d, Jp,c = 9.5 Hz CHa), 132.1
(d, Jpc= 2.5 Hz, CHa,), 131.6 (s, CHar), 130.5 (d, Jpc= 9.0 Hz,
CHar), 128.3 (d, Jrc = 12.0 Hz, CHay), 127.6 (d, Jrc = 4.0 Hz, CHay),
127.3 (d, Jpc= 12.0 Hz, CHa,), 127.1 (s, CHa), 127.0 (s, CHa/),
126.8 (d, Jp,c = 9.5 Hz, CHa/), 124.2 (s, C'V), 118.3 (J not observed,
CV), 110.1 (d, J = 18.0 Hz, CH), 96.4 (s, CH), 57.8 (d, Jp,c = 2.5 Hz
Hz, CH), 57.2 (s, CV) 56.6 (s, CH3), 29.0 (s, CH3), 28.3 (s,CHs).

General protocol for the catalytic hydrosilylation of
acetophenones

A stock solution of the precatalyst was prepared from
PPyNP.LiCl: PPyNP.LiCl (0.182 g, 0.322 mmol) was washed with
toluene (2*2 mL) to remove the lithium salt. Dropwise addition
of an acetonitrile solution of Fe(OTf), (0.113 g, 0.322 mmol, 2
mL) to the toluene ligand solution led to a red colored solution
turning orange after stirring 24 h at room temperature. The
volatiles were evaporated and dried in vacuo under gentle
heating (30-40°C) overnight to yield an off-white solid (2/3). The
latter was dissolved in THF (4.25 mL) leading presumably to
[Fe(NPyNP)(THF)3](OTf), to which 2 equivalents of KHBEt; were
added to afford after 12 h stirring at room temperature a stock
solution of the precatalyst with a concentration of 7.58 102
mol.L ™t assuming a total conversion.

Catalysis was performed by mixing solutions of SiH3Ph (98 L of
a 1.02 mol.L* THF solution, 0.1 mmol, 1 equiv.) and
acetophenone (54.6 pL of a 1.83 mol.L"* THF solution, 0.1 mmol,
1 equiv.), followed by the addition of a precatalyst solution (1
to 10 mol%, 0.01 to 0.001 mmol, i.e 132 or 13 pl of stock
solution). The reaction mixture was stirred for the indicated
reaction time at the given temperature. Then, the reaction was
stopped by adding MeOH (1 mL) and an aqueous solution of
NaOH (2M, 0.2 mL). Stirring was pursued for 1 h. The resulting
mixture was then extracted with Et,O (3 x 2 mL) the organic
phase was dried over MgS04 and filtered. The internal standard,
trimethoxybenzene (16.1 mg, 0.1 mmol,1 equiv.) was added
Then resulting sample was
dissolved in CDCl; and analyzed by IH NMR spectroscopy.

before removal of volatiles.

X-ray crystallography

Data were collected at 150 K on a Bruker Kappa APEX Il
diffractometer using a Mo-k (A = 0.71069A) X-ray source and a
graphite monochromator. The crystal structures were solved
using Shelxt’® or olex’” and refined using ShelxI|-97 or ShelxI-
2014.78 ORTEP drawings were made using ORTEP 1lI7° for
Windows. Details of crystal data and structure refinements are
summarized in Tables S1-2.
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