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ABSTRACT: A new iron complex based on a noninnocent anthraquinonic ligand
has been synthesized and fully characterized through multiple techniques,
including NMR, X-ray crystallography, mass spectrometry, and cyclic voltammetry.
Exposure of ketone to that complex in the presence of (EtO)2MeSiH affords the
corresponding silylated alcohol. Loadings as low as 0.25 mol % afford excellent
yields at room temperature. Quantum−chemical analysis of the catalytic
mechanism supports activation of the precatalyst to form a Fe−hydride
intermediate, followed by ketone reduction and σ-bond metathesis.

The hydrosilylation of carbonyl groups is an important
synthetic transformation and one that is often used to

evaluate specific catalysts for potential further utility if
engineered to accomplish CO2 reduction.1 Hydrosilylation
combines reduction of the carbonyl functionality with alcohol
protection in a single step, where the most common and active
catalysts are based on precious metals.2 In the past decade,
much effort has been dedicated to the development of catalysts
based on earth-abundant metals, which has opened unprece-
dented routes for molecular functionalization.3 Iron, in
particular, has been exploited because of its benign environ-
mental impact, high abundancy in nature, and low price, and
has emerged as one of the most noteworthy substitutes in the
catalyzed hydrosilylation.4−6 From a mechanistic perspective,
there are few contributions dealing with this transformation,
mostly on low-spin iron(II) hydride catalysts.3d,4a,e,f,i,5−8 Very
recently, Gade and co-workers have given insights in the
mechanism of chiral iron carboxylate precatalysts,5,9 identifying
a rate-determining σ-bond metathesis step of the complex with
the silane, subsequent coordination of a ketone to the iron
hydride complex, and finally an insertion of the ketone into the
Fe−hydride bond to regenerate the active species.
Herein, we report the synthesis and characterization of a new

anthraquinonic amide-base complex that includes two nitrogen
atoms in the tridentate ligand. Preliminary results and

computational mechanistic studies on the hydrosilylation of
acetophenone catalyzed by the new complex are also presented.
The ligand containing an N-heterocyclic chelating element

has been synthesized from common, inexpensive starting
materials in high yields, from the reaction of chloroanthraqui-
none with 2-picolylamine at 150 °C over short reaction times.
The isolated yield is 40% (see Supporting Information for
NMR, mass spectrometry, IR, and X-ray crystallographic data).
A key identifying feature in the 1H NMR spectra of the ligand is
the presence of a broad triplet NH resonance at δH 10.50 ppm,
due to hydrogen-bonding with the CO moiety, together with
the doublet associated with the methylene bridge (δH 4.84
ppm). 1H,15N HMQC experiments optimized for 1/2JNH of
83.3 ms (Figure S15) permitted the assignment of two
nitrogens at δN 77.9 (NH) and 307.0 ppm for the picolyl
and pyridine units, respectively. The former interacts
exclusively with the NH proton, while the latter shows cross
peaks with its vicinal proton and the methylenic moiety. The X-
ray crystal structure of 1 (Figure 1), grown by hexane diffusion
in a dicloromethane solution, confirms the chelating potential
of the ligand given the intramolecular hydrogen bond between
NH and CO (quinone) of 2.629 Å (Figures 1 and S26). This
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interaction produces a slightly longer carbonyl bond (C9−O1,
1.238(2) Å) than that found for the non-hydrogen-bonded case
(C10−O2 1.227(2) Å). In the crystal network, anthraquinone
moieties of 1 are oriented in a face-to-face manner with an
interplanar distance of ca. 3.4 Å, establishing π-stacking
arrangements (Figures S27−28). This interaction induces
architecturally controlled self-assembly, leading to molecular
aggregates in the solid state, as has been described previously.10

The reaction of 1 with 0.5 equiv of Fe(HMDS)2 in THF led
to quantitative formation of complex 2 (Scheme 1).

Interestingly, when the reaction between ligand 1 and
Fe(HMDS)2 is performed using a 1:1 molar ratio (ligand:Fe
precursor), complex 3 is initially obtained (Scheme 1), which
progressively disappears forming again complex 2. NMR
monitoring of the 1:1 stoichiometry reaction (Figure S18)
indicated that after 12 h under these conditions quantitative
conversion to complex 2 is achieved.
Thus, there is a thermodynamic equilibrium between

complexes 2 and 3, with the former being the thermodynami-
cally more stable species. For ligand/iron stoichiometries
greater than 2:1, e.g., 3:1 or 4:1, the 1H NMR spectra showed
the coexistence of complex 2 and free ligand in agreement with

a stable complex not prone to dissociation and/or aggregation
on the NMR time scale. Despite their paramagnetism, the 1H
NMR spectra of complexes 2 and 3 reported in this work are
informative and have been partially assigned.
Complex 2 proved to be stable in THF solution over several

weeks without any sign of decomposition. The THF-d8
1H

NMR spectrum of 2 at 23 °C exhibits a number of resonances
consistent with a paramagnetic C2v-symmetric iron complex
having resonances shifted over a 200 ppm range.11 Variable
temperature 1H NMR spectra and a list of diagnostic signals are
provided in the Supporting Information. In general, the in-
plane hydrogens on the chelate exhibit relatively large
deviations from their diamagnetic reference values. In THF-
d8, the pyridine protons are observed as rather broad downfield
peaks at δH 154.4 (W1/2 = 3019 Hz) and 136.8 ppm (W1/2 =
2375 Hz). The three closer to the iron anthraquinone protons
resonate at δH 85.4, 57.4, and 35.9 ppm, while the most remote
appeared as sharper singlets located at δH 37.7 (W1/2 = 43 Hz),
27.1 (W1/2 = 84 Hz), and −28.2 ppm (W1/2 = 98 Hz).
Transient complex 3 shows a number of resonances consistent
with a Cs paramagnetic complex with higher and lower
frequency signals located at δH 189.2 and −34.1 ppm,
respectively. Accordingly, the 1H NMR spectrum in THF-d8
at 23 °C exhibits diagnostic resonances with large isotropic
shifts for the in-plane hydrogens (Figure S17). The Evans
method was used to calculate the solution magnetic
susceptibility values, χM, for complex 2, giving rise to a number
of unpaired electrons (n = 4) consistent with a high-spin Fe(II)
electronic configuration (see Supporting Information and
Figure S25). The FT-IR spectra (Figure S21) showed two
CO stretching bands at 1641 and 1580 cm−1, indicating the
unsymmetrical coordination of the two quinone oxygens. As far
as we are aware, this is the first example of an anthraquinonic
amide-based iron complex described to date.
Purple single crystals were obtained from layering with n-

pentane a THF solution of complex 2 at room temperature.
The same compound was obtained when using dichloro-
methane instead of THF. The two crystallized compounds (2
in THF, and 2b in dicloromethane) are essentially the same but
with different crystallization solvents included in the lattice (see
Supporting Information). The geometry about Fe can best be
described as a distorted octahedron with two tridentate ligands
bound to the metal with four nitrogens (two pyridinic and two
amidic) and two weakly interacting carbonyl oxygens (Figure
2). Bond angles of 170.50(6), 78.70(5), and 94.58(5)°, are
observed for N(1)−Fe(1)−N(3), N(1)−Fe(1)−N(2), and
O(1)−Fe(1)−O(3) respectively (Figure 2).
Inspection of the anthraquinone chelate carbonyl CO

distances reveals considerable elongation [1.268(2) and
1.2646(19) Å] relative to that of the uncomplexed carbonyls
[1.232(2) and 1.228(2) Å], consistent with NMR and IR data.
Corresponding bond distances and angles are given in Tables
S2 and S3. The positive ion mode ESI mass spectrum reveals a
parent ion corresponding to [2]+ m/z 682.1296 (Figure S23),
confirming its full integrity in the gas phase. The observed
isotope pattern matches well with that calculated for the exact
mass of [C40H26FeN4O4] (Figures S23 and 24).
The redox properties of complex 2 were investigated by

cyclic voltammetry in dichloromethane. The redox potentials
are given versus the standard Fc/Fc+ couple. The first reversible
one-electron reduction of the anthraquinone moiety in complex
2 to the corresponding radical anion was observed at ca. −0.85
V vs Fc/Fc+ couple. The irreversible reduction wave at −1.37 V

Figure 1. Molecular structure of ligand 1 determined from single-
crystal X-ray diffraction. Thermal ellipsoids are shown at the 30%
probability level.

Scheme 1. Synthesis of Anthraquinonic Iron Complexes 2
and 3a

aSee the Supporting Information for more details. We tentatively
assume that two THF molecules complete the coordination sphere of
iron in complex 3.
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in the cyclic voltammogram of 2 is assignable to a second
reduction of the anthraquinone-based ligand in 2. In
comparison to those of the uncoordinated ligand (1) the
observed redox couples of the anthraquinone moiety in 2 are
shifted by +0.58 and +0.65 V upon coordination to iron(II)
(Figure 3). While the voltammogram of 1 exhibits distinct

redox couples at 0.80 and 1.10 V, which are in line with amine-
and pyridine-oxidation, respectively, complex 2 shows an
irreversible oxidation process at 1.38 V that we assign to
FeII/FeIII-couple.
We were glad to find that complex 2 could be prepared in

THF from the reaction of Fe(OAc)2 (or alternatively FeCl2),
ligand 1, and LiHMDS in a ratio 1:2.2:2, respectively (see
Supporting Information). These routes were important in order
to use a much more convenient iron source in catalysis. With
the new iron complex fully characterized in solution and the
solid state, we tested its efficiency for the hydrosilylation of
acetophenone (Table 1). Stirring the reaction mixture at room
temperature for 1 h followed by workup afforded the
corresponding alcohol in 52 and 3% yields, when using silanes
EtO2MeSiH or Ph2SiH2, respectively (entries 1 and 3).
Interestingly, at longer reaction times (entries 2, 4, and 5)

the catalytic reactions proceed quantitatively, although the use
of Ph2SiH2 requires about three times longer to proceed with
excellent yields. When complex 2 is prepared in situ from
Fe(OAc)2 in the reaction vessel (entry 6), the conversion is
notably higher than when using 2 in isolated form. Under these
conditions, the presence of the amide ligand is required in
order to observe catalysis (entries 8 and 9). The hydrosilylation
of ketones catalyzed by a combination of Fe(OAc)2 with
various N-coordinating ligands has been reported previously by
Nishiyama and Furuta6 but with reaction temperatures of 65 °C
and loadings of catalysts above 5%. The substitution of the
acetate precursor by FeCl2 (entry 7) produced the same
catalytic outcome as when using complex 2 in isolated form.
The higher yields from in situ generated catalyst (entry 1 vs
entry 6) encouraged us to employ complex 2 in the presence of
LiOAc as an initiator. The yields are shown in entries 10−13
and showed no significant improvement for either EtO2MeSiH
or Ph2SiH2. Neither triethylsilane nor triphenylsilane displayed
any reactivity under isolated or in situ-generated catalytic
conditions (entries 14−17). We attribute this to the lesser
hydridic characters for these less Si−H polarized reagents.12

The estimated TOF values for complex 2 were 3.5 min−1

(entry 1, Table 1) and 5.1 min−1 (entry 6, Table 1). To place
these activities in context, it is fair to evoke the calculated TOF
values for some of the most active iron complexes in the same
transformation. In this sense, special mention is given to that
reported by Ruddy et al. (393 min−1)4g or that described by
Yang and Tilley (∼10 min−1).4d A comparison of prominent
first-row metal catalysts has been provided by Trovitch and co-
workers.13 Importantly, in our case no special neutral donor
ligand or activator is required. It is noteworthy that all reactions
were conducted at room temperature, illustrating the useful
activity of the catalysts described herein.

Figure 2. Molecular structure of complex 2 determined from single-
crystal X-ray diffraction. Thermal ellipsoids are shown at the 30%
probability level. Hydrogen atoms are omitted for clarity.

Figure 3. Cyclic voltammogram of complex 2 in CH2Cl2 with different
scan directions (1 mM, scan rate 100 mV/s, Pt//0.1 M nBu4NPF6//
Pt).

Table 1. Hydrosilylation of Acetophenone Catalyzed by 2a

entry Fe prec. 1 (equiv) silane t (h) conv. (%)

1b 2 (EtO)2MeSiH 1 52
2 2 (EtO)2MeSiH 24 80 (90)e

3 2 Ph2SiH2 1 3
4 2 Ph2SiH2 24 45
5 2 Ph2SiH2 62 96
6c Fe(OAc)2 2.2 (EtO)2MeSiH 1 77
7c FeCl2 2.2 (EtO)2MeSiH 1 50
8 Fe(OAc)2 (EtO)2MeSiH 24 0
9 FeCl2 (EtO)2MeSiH 24 0
10d 2 (EtO)2MeSiH 1 50
11d 2 (EtO)2MeSiH 24 85
12d 2 Ph2SiH2 24 72
13d 2 Ph2SiH2 62 96
14 2 Et3SiH 24 0
15c Fe(OAc)2 2.2 Et3SiH 24 0
16 2 Ph3SiH 24 0
17c Fe(OAc)2 2.2 Ph3SiH 24 0

aReaction conditions unless stated otherwise: acetophenone (2
mmol), hydrosilane (2.5 mmol), Fe precursor (0.25 mol %), LiHMDS
(base), THF (6 mL), room temperature. Quenched with 1 M HCl
(aqueous). Conversions determined by crude 1H NMR. See
Supporting Information. bWhen the reaction is performed in absence
of THF, the same conversion is obtained. cTwo equivalents of
LiHMDS were employed. dAddition of LiOAc (2 equiv). eIn
parentheses are shown the conversions when using 0.5 mol % of
catalyst.
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We now turn to electronic structure calculations to
investigate the reaction mechanism. The hydrosilylation of
acetophenone described in entry 6 of Table 1 has been
modeled at the density functional theory (DFT) level (see
Computational Details). Starting from the precatalyst 2, we
have removed one anthraquinonic ligand to create available
coordination sites to catalyze reactivity (Figure 4a). We have

also considered one additional explicit THF molecule solely to
complete the coordination sphere, since no major role is
expected (Table 1, entry 1, footnote b). For the silane, ethoxy is
replaced by methoxy for computational efficiency. All Fe(II)
complexes are high-spin (quintet).14 All energies correspond to
298 K Gibbs free energies in THF solution in kcal mol−1.
In line with previous studies,4e,i,7,9,12,15 we propose the

participation of an Fe(II)−hydride as an active species in the
catalytic cycle (Figure 4b), which proceeds as (i) coordination
and reduction of the ketone, (ii) silane activation, and (iii) Fe−
hydride regeneration and product release (see Lewis acid
mechanism in Figure S40).
The computed reaction mechanism is shown in Scheme 2,

where separated Fe−hydride 5 and relevant reagents are taken
as the zero of free energy. The first step of the reaction entails

activation of the catalyst (Scheme 2a). We start from a van der
Waals complex of [Fe(κ2-AcO)] and silane 4 (−7.9 kcal
mol−1), which undergoes σ-bond metathesis via TS4−5 (18.4
kcal mol−1) to generate the hydride 5.
In the subsequent hydrosilylation catalytic cycle (Scheme

2b), ketone coordination takes place via TS5−6 (10.5 kcal
mol−1), followed by insertion via TS6−7 (12.1 kcal mol−1) (see
isomer in Figure S41a), which reduces the carbonyl group
producing alkoxide 7 (−15.8 kcal mol−1). Next, silane
coordinates to iron via TS8−9 (−9.3 kcal mol−1) to form a
5-coordinate silicon atom in 9 (−8.1 kcal mol−1). Further
conformational rearrangements exchanging the methoxy and
alkoxide positions generates complex 10 that is in equilibrium
with a higher energy agostic-like complex 11 via TS10−11 (0.6
kcal mol−1) (see isomer in Figure S41b). The latter can
undergo σ-bond metathesis via TS11−5 (−4.0 kcal mol−1) to
regenerate the hydride 5 and release the protected alcohol.
In the above mechanistic scenario, the anthraquinonic ligand

is only a spectator, but we did consider its possible participation
in the proposed reaction mechanism. As shown in Scheme 2b,
the transition state TS6−7 features a hydride insertion into the
carbonyl of the substrate at 12.1 kcal mol−1. In this line, the
anthraquinonic ligand also contains a carbonyl group that might
be reduced. Computed transition state TS6−L that describes
the hydride insertion into the anthraquinonic carbonyl is found
at 27.7 kcal mol−1 above 5, i.e., this step requires 15.6 kcal
mol−1 more than the hydride insertion into the substrate via
TS6−7. Although the process cannot be completely ruled out,
it is unfavorable and nonproductive toward catalysis.
The overall Gibbs free energy profile is shown in Figure 5.

Silane activation and Fe−hydride regeneration taken in

sequence comprise σ-bond metathesis. The associated free
energy of activation for this process (ΔG⧧ = 16.4 kcal mol−1

relative to 7) is higher than that of ketone reduction (ΔG⧧ =
12.1 kcal mol−1 relative to 5). In the analogous process
reported by Bleith and Gade9 for a different iron-based catalyst
reacting with acetophenone and (MeO)2MeSiH, the computed
free energy of activation for σ-bond metathesis is similar (ΔG⧧

= 12.0 kcal mol−1 compared to ΔG⧧ = 11.8 kcal mol−1 (TS11−
5 relative to 7)), but the free energy of activation computed for
ketone reduction was considerably lower (ΔG⧧ = 6.9 kcal
mol−1 compared to ΔG⧧ = 12.1 kcal mol−1 (TS6−7 relative to
5)), presumably owing to the greater Lewis acidity of their iron
complex facilitating the first step. This suggests that next-
generation design within the context of our own ligand system
might be to substitute the pyridyl ring with electron-

Figure 4. (a) Active species and (b) general reaction mechanism for
Fe(II)-catalyzed hydrosilylation of ketones.

Scheme 2. Computed Reaction Mechanismsa

a(a) Catalyst activation and (b) hydrosilylation of acetophenone.
ΔGTHF in kcal mol−1.

Figure 5. Gibbs energies along reaction coordinate for Fe-catalyzed
hydrosilylation of acetophenone.
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withdrawing functionality to similarly accelerate ketone
reduction.
The relatively small computed free energy of activation for

the catalytic cycle involving 5 is consistent with the observed
efficiency and mild conditions for the experimental process. We
note that the activation free energy for initial catalyst activation
(ΔG⧧ = 26.3 kcal mol−1 from 4 through TS4−5)16 is actually
larger than the turnover-limiting step for catalysis; thus, an
induction period prior to catalysis is expected, which has been
reported by Bleith and Gade as well.9 Transition-state theory
based on the computed results predicts a TOF of 0.42 min−1,17

which is within an order of magnitude of the experimental
estimate of 5.1 min−1 (entry 6 Table 1).
We may also use computation to predict the kinetic isotope

effect (KIE)18 for catalyst activation (from 4 through TS4−5),
ketone reduction (from 5 through TS6−7), and σ-bond
metathesis (from 7 through TS11−5). The computed H/D
KIE values are 1.88, 1.04, and 1.51, respectively. Whereas the
H/D KIE for the catalyst activation step is similar to previous
experiments using carboxylate precatalysts,9 the values for
ketone reduction and σ-bond metathesis are somewhat
smaller.19

In summary, readily accessed, well-defined anthraquinone
amide-based iron complexes can be isolated (or prepared in
situ) as efficient catalysts for the hydrosilylation of carbonyls.
The method is usable under very mild conditions and using
loadings of catalyst as low as 0.25 mol % with no need for
special neutral donors or activators. Calculations suggest a large
activation free energy for the catalyst preactivation step to form
the initial Fe−hydride, after which ketone reduction and σ-
bond metathesis processes occur readily. Further derivatization
of the ligand and their use in more challenging catalysis are in
progress.

■ EXPERIMENTAL SECTION
General Information. All experiments were performed under an

inert atmosphere of N2 or argon using standard Schlenk techniques or
a glovebox. Deuterated solvents were degassed and dried over
activated molecular sieves prior to use. DMSO was dried by distillation
from anhydrous CaH2 and then stored over activated 3 Å molecular
sieves. 2-Picolylamine was distilled from KOH under reduced pressure
before use. 1-Chloroanthraquinone was purchased from Aldrich and
used as received. THF and hexane were dried and degassed in a
Solvent Purification System. Fe(HMDS)2 was synthesized by a
method previously described in literature.20 Pentane used for
crystallization was dried by distillation from Na/K alloy and stored
over 4 Å molecular sieves. LiHMDS, FeCl2, and Fe(OAc)2 were
purchased from ABCR and used as received. All hydrosilanes
employed in the catalytic runs were purchased from Acros and used
without further purification. Acetophenone was distilled from
anhydrous MgSO4 under reduced pressure and collected over
activated molecular sieves, then degassed. Triethylamine was distilled
from CaH2, degassed, and stored over activated molecular sieves.
NMR spectra were measured via Bruker Avance III 300, Bruker
Avance III 500, or Bruker Avance III 600 spectrometers. IR spectra
were recorded in a FT-IR Bruker Alpha spectrometer. Mass spectra
were acquired with a LTQ-FT Ultra mass spectrometer (Thermo
Fischer Scientific). Elemental analyses (EA) were performed on a
Elementar vario EL cube in the CHN mode.
Synthesis and Analytical Data for Ligand 1. To a solution of 1-

chloroanthraquinone (2.4 g, 9.69 mmol) in DMSO (30 mL) in a
Schlenk vessel was added 2-picolylamine (2.50 mL, 24.23 mmol), and
the mixture was stirred at 150 °C during 20 min. Then, the solution
was poured into cold distilled water (400 mL), and the resulting
precipitate was filtered out and washed with distilled water. The pure
product was obtained as a red powder after purification through silica

gel column using ethyl acetate/hexanes (1:1) as eluent. Yield: 1.23 g
(40%). Suitable crystals for X-ray diffraction were grown by layering a
solution of 1 in dichloromethane with hexane at 5 °C. Elemental
analysis calcd (%) for C20H14N2O2: C, 76.42; H, 4.49; N, 8.91; found:
C, 76.44; H, 4.60; N, 8.73. 1H NMR (600.13 MHz, CDCl3, δ, ppm)
10.49 (1H, bs, NH), 8.76 (1H, ddd, J = 1.2 Hz, 1.8 Hz, 4.8 Hz, H20),
8.38 (1H, dd, J = 0.6 Hz, 7.8 Hz, H8), 8.34 (1H, dd, J = 0.6 Hz, 7.8
Hz, H5), 7.86 (1H, ddd, J = 1.2 Hz, 7.2 Hz, 7.2 Hz, H7), 7.81 (1H,
ddd, J = 1.2 Hz, 7.2 Hz, 7.2 Hz, H6), 7.78 (1H, ddd, J = 1.8 Hz, 7.8
Hz, 7.8 Hz, H18), 7.72 (1H, dd, J = 1.2 Hz, 7.2 Hz, H4), 7.59 (1H, dd,
J = 8.4 Hz, 8.4 Hz, H3), 7.46 (1H, d, J = 7.8 Hz, H17), 7.33 (1H, dd, J
= 5.4 Hz, 7.2 Hz, H19), 7.11 (1H, dd, J = 0.6 Hz, 8.4 Hz, H2), 4.84
(2H, d, J = 5.4 Hz, H15). 13C NMR (150.92 MHz, CDCl3, δ, ppm)
185.4 (CO, C9), 183.7 (CO, C10), 157.6 (C16), 151.3 (C1), 149.4
(C20), 137.2 (C18), 135.4 (C3), 134.9 (C12), 134.7 (C14), 134.0
(C7), 133.1 (C6), 133.1 (C11), 126.9 (C8), 126.8 (C5), 122.5 (C19),
121.2 (C17), 118.3 (C2), 116.3 (C4), 113.8 (C13), 48.6 (CH2, C15).
ESI-MS calcd (m/z) for C20H15N2O2

+: 315.1128; found: 315.1122 [M
+ H]+. IR (KBr) v (cm−1) 3269m, 2923m, 2853m, 1668s, 1635s,
1591s, 1505s, 1481s, 1431s, 1409s, 1298s, 1270s, 1230s, 1001m, 707s.

Synthesis and Analytical Data for Complex 2. A solution of
Fe(HMDS)2 (56.4 mg, 0.15 mmol) in THF (10 mL) was added to a
suspension of 1 (94.2 mg, 0.30 mmol) in THF (10 mL). The resulting
solution was stirred at room temperature for 20 min; then, all the
volatiles were removed under reduced pressure. The pure product was
obtained as dark purple crystals by layering a THF solution with n-
pentane. Yield: 79 mg (77%). Crystals can be also grown from layering
with n-pentane a CH2Cl2 solution of complex 2 at room temperature.
Complex 2 can be also synthesized using FeCl2 as iron(II) precursor.
Thus, a solution of LiHMDS (56.4 mg, 0.32 mmol) in THF (5 mL)
was added to a solution of 1 (100 mg, 0.32 mmol) in THF (15 mL).
The resulting blue solution was poured upon a suspension of FeCl2
(40.5 mg, 0.16 mmol) in THF (5 mL). Then, triethylamine (177 μL,
0.64 mmol) was added and the mixture stirred during 30 min. After
removing all the volatiles under vacuum, dichloromethane was added
in order to dissolve 2 and remove LiCl by filtration. Pure crystalline
product was obtained after layering n-pentane upon a dichloromethane
solution. Elemental analysis calcd (%) for C40H26FeN4O4·(THF): C,
70.03; H, 4.54; N, 7.42; found: C, 69.06; H, 4.52 N, 7.69. 1H NMR
(300.13 MHz, THF-d8, δ, ppm) 154.4 (1H, bs), 136.8 (1H, bs), 85.4
(1H, bs), 57.4 (1H, bs), 37.7 (1H, s), 35.9 (1H, bs), 30.1 (1H, bs),
27.1 (1H, s), 7.4 (1H, s), 7.1 (1H, s), −1.6 (1H, s), −28.2 (1H, s),
−31.9 (1H, bs). ESI-MS calcd (m/z) for C40H26FeN4O4

+: 682.1303;
found: 682.1296 [M]+. IR (ATR) v (cm−1) 3066w, 2954w, 2925w,
2852w, 1641s, 1580s, 1522m, 1474m, 1410s, 1347s, 1304s, 1246s,
1227s, 994s, 704s, 487s.

Observation of Complex 3. A solution of 1 (43.2 mg, 0.137
mmol) in THF (20 mL) was added to a solution of Fe(HMDS)2·THF
(61.7 mg, 0.137 mmol) in THF (5 mL). An aliquot of the resulting
blue solution was taken and analyzed through NMR. 1H NMR (300.13
MHz, THF-d8, δ, ppm) 189.2 (1H, bs), 150.3 (1H, bs), 82.8 (1H, s),
60.1 (1H, s), 45.054 (1H, s), 28.0 (1H, s), 18.2 (18H, bs, HMDS),
11.5 (1H, s), 10.2 (1H, bs), 8.951 (1H, s), −2.3 (1H, s), −2.9 (1H, s),
−25.8 (1H, bs), −34.1 (1H, s).

General Procedures for the Catalytic Hydrosilylation of
Acetophenone. Inside the glovebox, compound 2 (0.25 or 0.5 mol
%) was dissolved in THF (6 mL) inside a vial or a Schlenk tube. The
corresponding silane (2.5 mmol) was then added to the solution,
followed by acetophenone (2 mmol) and the vial or Schlenk tube
sealed. The resulting mixture was stirred at room temperature during
the times indicated in Table 1 and then the reaction was quenched by
adding 1 M HCl (aqueous, 5 mL) while in an ice bath and stirred long
enough to ensure the complete hydrolysis of the silylether. The
mixture was then taken to ph 7 by adding 5 M NaOH (aqueous) and
the organic products extracted with ethyl acetate (3 × 15 mL). The
organic layers were dried using anhydrous Na2SO4, filtered, and
concentrated by rotatory evaporation. As an alternative method, inside
the glovebox, ligand 1 (0.55 mol %) and LiHMDS (0.50 mol %) were
dissolved together in THF (6 mL) inside a vial, proving the
deprotonation of ligand 1 by the formation of a deep blue solution.
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This solution was then poured inside another vial containing the
appropriate iron(II) precursor (0.25 mol %). To the resulting mixture,
the corresponding silane (2.5 mmol) was added, followed by
acetophenone (2 mmol) and the vial sealed. The rest of the procedure
was identical as that described above.
X-ray Structure Determination. Prismatic crystals of compounds

1, 2, and 2b suitable for X-ray experiments were obtained and resin
epoxy coated and mounted on Bruker Axs APEX (1) and Stoe IPDS
2T (2 and 2b) diffractometers, respectively. Instruments were
equipped with graphite monochromated Mo Kα radiation (λ =
0.71073 Å), operating at 50 kV and a temperature of 293 K for 1 and
100 K for 2 and 2b. The cell parameters were determined and refined
by least-squares fit of all reflections collected. An empirical absorption
correction was applied. The data reduction was performed with the
APEX221 software and corrected for absorption using SADABS.22

Crystal structures were solved by direct methods using the SIR97
program23 and refined by full-matrix least-squares on F2 including all
reflections using anisotropic displacement parameters by means of the
WINGX crystallographic package.24 In all cases, the hydrogen atoms
were included with their calculated positions determined by molecular
geometry and refined riding on the corresponding bonded atom. Final
R(F), wR(F2), and goodness of fit agreement factors, details on the
data collection, and analysis can be found in Table S1. Cambridge
Crystallographic Data Centre numbers are 1493111 (1), 1507476 (2),
and 1514974 (2b). These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
Cyclic Voltammetry. For the electrochemical measurements, a

temperature-controlled microcell HC (RHD Instruments) was used.
The measurements were carried out at 25 ± 0.1 °C in a three-
electrode configuration with a polycrystalline Pt wires acting as a
pseudoreference and working electrode. A Pt crucible acted as a
container for the samples and as the counter electrode with
[nBu4N][PF6] (0.1M) as electrolyte. The electrochemical cell was
connected to a PGSTAT204 potentiostat/galvanostat (Metrohm
Autolab). In order to achieve the same conditions for all measure-
ments, the electrodes were freshly polished, carefully rinsed with
acetone and CH2Cl2, and finally dried in vacuum. For each sample, the
pure electrolyte solution was measured as a control experiment.
Ferrocene was used as internal standard, and the reported potentials
are referenced to the standard potential of [(η5-C5H5)2Fe]/[(η

5-
C5H5)2Fe]

+ (Fc/Fc+). Furthermore, each redox wave was examined
separately at different scan rates, showing a linear dependency of the
current versus the square root of the scan rate processes under
diffusion control. Table S4 summarizes the electrochemical data
obtained from the cyclic voltammetry measurements of ligand 1 and
complex 2.
Computational Details. All calculations were performed at the

density functional theory (DFT) level25 using the M06-L local
functional26 as implemented in Gaussian 09.27 Numerical integrations
were performed with an ultrafine grid. An automatic density-fitting set
generated by the Gaussian program was used to reduce computational
cost. Geometry optimizations were performed in the gas phase using
the def2-SVP basis sets.28 The natures of all stationary points were
confirmed by analytic computation of vibrational frequencies.
Transition state structures were verified to connect with the
corresponding reactants and products by following normal modes
associated with their imaginary frequencies. All frequencies below 50
cm−1 were replaced by 50 cm−1 when computing vibrational partition
functions.29 Final free energies in solution were computed by adding
gas-phase free energy contributions (298.15 K) to single-point
calculations in THF solvent using the SMD model30 and the def2-
TZVPP basis sets.28 For all species, a factor of RT·ln(24.46) was
included to take into account the 1 atm to 1 M standard-state free
energy change. Additional single-point calculations were carried using
the B3LYP-D3 hybrid functional (see Table S5).31,32
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MEC for a Ph.D. fellowship and a Ramoń y Cajal contract
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