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ABSTRACT: The backbone-functionalized anionic carbenes
maloNHC (1R; malonate backbone) and imidNHC (2; imidate
backbone) were generated in situ from their respective
zwitterionic precursors and treated with FeCp(CO)2I to afford
the zwitterionic complexes {FeCp(CO)2(1R)} (3R; 59−84%
yield), and {FeCp(CO)2(2)} (4; 77% yield), respectively.
Methylation of the malonate complex 3Me takes place at one of
the backbone oxygen atoms to give the cationic adduct
[FeCp(CO)2(1Me

Me)](OTf) ([5Me](OTf); 96% yield), whereas methylation of 4 takes place at the imidate nitrogen atom to
produce the cationic adduct [FeCp(CO)2(2

Me)](OTf) ([6Me](OTf); 84% yield). All of the complexes were characterized by
NMR and IR in solution, while X-ray structure analyses were carried out for 3Me, 4, and [6Me](OTf). In addition, a detailed
experimental and theoretical investigation of the electron density within the archetypal zwitterionic complex 3Me was carried out.
The observation of short intramolecular contacts between Cipso or Cortho of the mesityl groups of the carbene and the proximal
carbonyl groups is rationalized in terms of a noncovalent “through space” π−π* interaction involving a two-electron
delocalization of the occupied π(CipsoCortho) molecular orbital (MO) of the aryl ring into one vacant π*(CO) MO of the
carbonyl ligand. A theoretical analysis carried out on dissymmetrical model complexes reveals that the magnitude of such an
interaction is correlated with the donor properties of aryl group substituents. A catalyst screening of the above complexes in the
hydrosilylation of benzaldehyde under visible light irradiation revealed a dramatic effect of the electronic donor properties of
these carbenes on the performances of their complexes, with the more nucleophilic carbene 1tBu

− in the zwitterionic species 3tBu
appearing as the most efficient. This complex shows good efficiency and excellent chemoselectivity in the hydrosilylation of
various aldehydes bearing reactive functional groups. It is also moderately active in the hydrosilylation of a few ketone substrates
and exhibits very good performance in the hydrosilylation of representative aldimines and ketimines.

■ INTRODUCTION

Whereas major contemporary advances in organometallic
catalysis rest on the utilization of noble metal complexes, the
perspective of developing sustainable alternatives based on first-
row transition metals is now appearing as an important
challenge of the new millennium. Iron is particularly valuable in
such a view as a cheap, abundant, and environmentally benign
element. As a consequence, intense research on the catalytic
potential of its complexes has emerged during the past
decade.1,2

Polydentate ligands have been extensively used for the
elaboration of well-def ined iron-based precatalysts, just because
the presence of several donor atoms is prone to counterbalance

the inherent weakness of Fe−element bonds.3 To this end, N-
heterocyclic carbenes (NHC)4,5 are also of particular interest as
strong electron donors, either for the construction of chelating
architectures6,7 or as simple monodentate ligands.8

Building on the pioneering work of Brunner on the catalytic
activity of [CpFe(CO)(X)] species in hydrogenation and
hydrosilylation,9 Royo reported in 2010 that various N-
heterocyclic carbene tethered cyclopentadienyl complexes
such as (Cp-NHC)Fe(CO)X (X = Cl, I) and the 16e complex
(Cp*-NHC)FeCl are active catalysts in the transfer hydro-
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genation of ketones and the hydrosilylation of aldehydes and
sulfoxides (Chart 1).10,11 Independently, in a parallel approach,

Darcel, Sortais, and co-workers explored in detail the catalytic
potential of simple (cyclopentadienyl)iron complexes incorpo-
rating the monodentate 1,3-dimesitylimidazolin-2-ylidene IMes,
namely, [CpFe(CO)2(IMes)]+I− and CpFe(CO)(IMes)I,
which had been previously reported by Guerchais.12,13 Upon
activation by visible light, these complexes were found to
efficiently catalyze the hydrosilylation of various unsaturated
molecules such as aldehydes, ketones, amides, and imines.12

More recently, Ohki, Tatsumi, and Glorius reported the new
square-planar bis(N-heterocyclic carbene) complexes
(IMes)2FeMe2, which proved to be active in the transfer
hydrogenation of 2′-acetonaphthone at very low catalyst
loading.14 Finally, the archetype of a NHC-Fe(0) complex
(IMes)Fe(CO)4 was synthesized by Royo and shown to
catalyze the hydrosilylation of benzaldehyde.15a Very recently,
using the same complex under very mild conditions, Sortais,
Darcel, and co-workers reported the selective reduction of
esters to aldehydes.15b

Considering the practical advantages and broad availability of
simple cyclopentadienyl-NHC piano-stool iron complexes of
the type [CpFe(CO)2(NHC)]+, and following a recent
investigation of the influence of the NHC’s steric parameters
on the hydrosilylation reaction,12c we were prompted to study
the effect of a modulation of the electronic donor properties of
the N-heterocyclic carbene on the efficiency of the catalyst.
Among the few existing categories of electronically switchable/
tunable N-heterocyclic carbenes,16 we were logically inclined to
select members of our previously reported series of backbone-
functionalized N-heterocyclic carbenes,17−19 in particular, those
incorporating a malonate17 or imidate18 unit as the remote
component of their heterocyclic framework (Chart 2). Indeed,
their expected advantages are the following: (1) these anionic
carbenes can readily displace halides from various transition-
metal complexes to afford zwitterionic derivatives (the first
archetype of a zwitterionic Fe complex incorporating a malonic
NHC was briefly disclosed as part of our original preliminary
communication);17a (2) their electronic properties can be finely
tuned after their complexation to various transition metals,
without affecting the steric environment they provide around
the metal center.

The present report deals with the preparation and character-
ization of five new piano-stool (cyclopentadienyl)iron com-
plexes incorporating diversely functionalized NHCs and
includes an evaluation of their scope as precatalysts in
hydrosilylation. During the course of this work, the structural
characterization of the complexes was strengthened by a
detailed charge density analysis performed on one representa-
tive zwitterionic complex, giving an instructive view of its
electronic system and offering a rationale for the recurrence of a
very characteristic attractive intramolecular interligand inter-
action between one of the aryl substituents of the carbene and
an adjacent carbonyl group.

■ RESULTS AND DISCUSSION
Synthesis and Spectroscopic Characterization of the

NHC-Iron(II) Complexes. The potassium salt of the anionic
carbene [1R

−]K+ was generated in situ by deprotonation of the
corresponding pyrimidinium betaine 1R·H with KHMDS. Its
addition to the precursor CpFe(CO)2I was found to take place
with spontaneous displacement of the iodide, to give the
desired zwitterionic complex [CpFe(CO)2(1R)] (3R) (Scheme
1).20 However, whereas the previously prepared 3tBu could be
easily purified by simple washings with Et2O after having
filtered off the KCl precipitate from a CH2Cl2 solution,

17a this
procedure could not be duplicated for the preparation of 3Me,
since the crude product of the latter was contaminated by small
amounts of the pyrimidinium precursor 1Me·H. Nevertheless,

Chart 1. Literature Examples of Well-Defined NHC-Fe
Complexes Used as Precatalysts in the Hydrosilylation of
Carbonyl Functionalities

Chart 2. Schematic Representation of the Anionic NHCs
under Investigation

Scheme 1. Synthesis of the Zwitterionic and Cationic
Complexes 3−6a

aConditions: (i) (1) KHMDS, THF, 0 °C, 15 min, (2) CpFe(CO)2I,
25 °C, overnight; (ii) MeOTf, CH2Cl2, 0 °C, 2 h; (iii) MeOTf,
CH2Cl2, −40 °C, 2 h. Isolated yields are indicated.
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efficient purification could be achieved by flash chromatography
under an inert atmosphere. Under these optimized conditions,
3tBu was obtained in good yield (84%), while the yield for 3Me
was found to be slightly lower (59%). The imidate-derived
zwitterionic complex [CpFe(CO)2(2)] (4) was obtained from
the corresponding mesoionic precursor 2·H, following a parallel
procedure. In that case, complex 4, which is totally insoluble in
THF, was seen to precipitate during the course of the reaction
and could thus be easily isolated in pure form by filtration and
further extraction from a CH2Cl2 solution (to remove the
inorganic KCl salt). Further independent treatment of the
zwitterionic complexes 3Me and 4 with methyl triflate led to the
corresponding cationic complexes [5Me

Me](OTf) and
[6Me](OTf), respectively. Methylation of the malonate complex
takes place at one of the exocyclic oxygen atoms, whereas
methylation of the imidate backbone takes place at the central
nitrogen atom.
All five complexes were fully characterized in solution by

spectroscopic methods and for four of them, namely 3Me,
3tBu,

17a 4, and [6Me](OTf), by an X-ray structure analysis. A
rough estimate of the respective ligand-donating abilities of the
five carbenes can be obtained from the average value of the νCO
stretching frequencies of the two IR stretching bands of the
carbonyl ligands (Table 1). Such νCO

av values are roughly

correlated with the Tolman electronic parameters (TEPs) of
the corresponding carbenes, which were previously determined
from the IR spectra of their corresponding standard carbonyl-
rhodium(I) complexes cis-(NHC)RhCl(CO)2 using Plenio’s
and Nolan’s correlations.17c,18,21 The present carbenes can thus
be ranked from the best donors to the poorest ones, in the
following order: 1tBu

− ≈ 1Me
− > 2− > 1Me

Me > 2Me. Whereas the
anionic carbenes 1R

− and 2− are the most electron-donating
carbenes, the methylation of the backbone leads in both cases
to a significant decrease of the electronic donor properties, as
previously discussed in our earlier work.17c,18 Accordingly, the
resulting alkylated derivatives now belong to new classes of
NHCs: the O-methylated carbene 1Me

Me should be regarded as
an archetype of amino-acrylamidocarbene,17c,22 whereas the
spectral characteristics of the N-methylated carbene 2Me appear
comparable with those ascribed to a six-membered diamido-
carbene.17b,23 It is also noteworthy that the respective values of
the 13C chemical shifts of their carbenic carbon center are also
roughly negatively correlated with the electronic donor
properties of the carbene (Table 1). However, this is an
indication which, taken alone, is generally not regarded as a
sufficiently reliable probe, since it may be subject to a rather
broad variability depending on other factors.24

Molecular Structures of the NHC-Iron(II) Complexes
3−6. These complexes all exhibit a three-legged piano-stool
geometry comparable with that of the classical cationic complex
[CpFe{IMes}(CO)2]

+I− previously prepared from the neutral
N-heterocyclic carbene IMes (Figure 1).13 However, given that

the orientation of the nitrogen substituents is determined by
the heterocyclic ring size, the steric bulk of the present six-
membered-ring carbenes is higher than that of classical five-
membered NHCs and ensures a better shielding of the metal’s
cavity. A comparative analysis of geometrical parameters over
this series of molecular complexes is quite instructive, since all
the N-heterocyclic carbenes encountered here exhibit roughly

Table 1. Summary of Meaningful Spectroscopic Data

entry complex NHC
δ(N2C)
(ppm)

νCO
av

(cm−1)a
TEP value
(cm−1)b

1 3tBu 1tBu
− 193.2 2016 2042

2 3Me 1Me
− 194.9 2017 2042.5

3 [5Me
Me]

(OTf)
1Me

Me 212.6 2027 2051

4 4 2− 214.1 2023 2049
5 [6Me](OTf) 2Me 230.7 2031 2058c

aνCO
av is the average value of the frequencies of the two CO stretching

bands (recorded in solution in CH2Cl2).
bThe TEP values were

calculated from the corresponding LRh(CO)2Cl using the linear
regressions developed by Plenio and Nolan.21 cSince (2Me)Rh(CO)2Cl
is unknown, the TEP value was taken from (2H)Rh(CO)2Cl.

Figure 1. Molecular structures of complexes 3Me, 4, and [6Me](OTf)
with thermal ellipsoids drawn at the 30% probability level. The triflate
anion in [6Me](OTf) has been omitted for clarity.
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the same steric bulk and differ only in the magnitude of their
respective electronic donor properties. Table 2 shows a
compilation of selected interatomic distances and bond angles
for the above complexes, from which the following conclusions
can be drawn: the observed geometries of the anionic N-
heterocyclic carbenes within the zwitterionic complexes 3Me
and 3tBu are consistent with our view17a of their framework as a
juxtaposition between two independent electronic π systems,
namely, the proximal diaminocarbene unit NCN (a delocalized
four-π-electron system), on which a distal malonate unit (a
delocalized six-π-electron system) is grafted, with only little or
no electronic communication between the two π systems.
Effectively, the values of the C−C and CO bond distances
over the anionic malonate moiety are intermediate between
standard single and double bonds, thus corresponding to a
delocalized structure featuring two mesomeric forms with
alternate double and single bonds. In addition, the bonds N1−
C4 and N2−C6 connecting this anionic backbone unit to the
proximal carbenic moiety exhibit an average value of 1.463 Å,
clearly falling into the range of prototypical single Csp

2−Nsp
2

bonds (1.45−1.47 Å).25 Similar observations can be made
about the geometry of the heterocycle of 2− in 4, where the
magnitude of bond lengths reflects an electronic delocalization
over the remote anionic imidate unit OC−N−−CO,
whereas, again, the single-bond character of the two C−N
bonds connecting it to the neutral carbenic moiety is indicative
of the absence of electronic communication between the
proximal and distal parts of the heterocycle. Interestingly, the
situation changes upon alkylation of the remote nitrogen of 2,
producing the cationic complex [6Me](OTf). Clearly, the
alkylation is accompanied by a lengthening of the two
equivalent backbone C−N bonds that are connecting the
imidate nitrogen N3 to the lateral carbonyls. Typically, C4−N3
evolves from 1.333(2) to 1.372(2) Å, whereas C6−N3 evolves
from 1.330(2) to 1.365(2) Å. Simultaneously, we see a
shortening of both Csp

2−Nsp
2 type bonds N1−C4 and N2−

C6 from 1.464(2) to 1.423(2) Å. A rationale for these
experimental observations is that the nitrogen pπ lone pairs on
N1 and N2, which were originally engaged in the stabilization
of the carbenic center C3 in complex 4, are becoming much less
available for that purpose in [6Me](OTf), due to their electronic
delocalization over the lateral amide moieties. A bond order
evaluation according to Pauling’s model26,27 nicely reflects
these variations (Table 2). Such a change in the electronic
structure of the carbene 2Me is also reflected by the observation
that the metal−carbene bond length Fe−C3 = 2.0032(15) Å in
[6Me](OTf) is significantly reduced with respect to its original
value of 2.0305(14) Å in 4. Such a shrinking can be reasonably
rationalized in terms of the occurrence of π back-bonding in
[6Me](OTf) from the metal center into the more accessible
vacant 2pπ of the carbene center of 2Me 28 and is consistent with
its formulation as a diamidocarbene.
Striking geometrical features readily observable in the solid-

state structures of complexes 3tBu, 3Me, 4, and [6Me]
+ are (i) the

pronounced bent structure of the carbonyl ligands and (ii) the
proximity between the carbon atoms of these carbonyls and
both the ipso and ortho carbon atoms of the mesityl groups of
the N-heterocyclic carbene, respectively, leading to the
relatively short interligand distances C1−C21 and C2−C36
(Table 2). A closer view of the structure reveals that the
molecule does not perfectly adopt the schematic idealized
mirror plane symmetry represented in Table 2. Indeed, due to
the possibility of free rotation around de Fe−C3 bond, one can
observe a dissymmetrization where one of these distances, C1···
C21, becomes significantly shorter than the other distance,
C2···C31. Closely related structural peculiaritiesi.e. the
presence of bent CO ligands in the vicinity of an aryl ring
were previously stressed in a series of Fischer-type manganese
aryloxycarbene complexes of the type Cp(CO)2MnC(Ph)-
OAr29 and were originally rationalized by some of us in terms
of a noncovalent “through space” π−π* interaction involving a
two-electron delocalization of the occupied π(CipsoCortho)

Table 2. Selected Bond Distances and Angles for Complexes 3tBu, 3Me, 4, and [6Me](OTf)a

bond or angleb 3tBu nPauling
c 3Me nPauling

c ntopo
c 4 nPauling

c [6Me](OTf) nPauling
c

Fe−C3 2.041(1) 2.0439(2) 2.031(2) 2.003(2)
C3−N1 1.351 (2) 1.3 1.3553(3) 1.3 1.2 1.353(2) 1.3 1.362(2) 1.2
C3−N2 1.353(2) 1.3 1.3623(3) 1.3 1.3 1.356(2) 1.3 1.370(2) 1.3
N1−C4 1.462 (2) 0.9 1.4550(3) 0.9 1.1 1.464(2) 0.9 1.423(2) 1.0
N2−C6 1.473(2) 0.9 1.4625(3) 0.9 1.0 1.464(2) 0.9 1.423(2) 1.0
C4−O3 1.237(2) 1.2409(4) 1.221(2) 1.198(2)
C6−O4 1.237(2) 1.2358(4) 1.219(2) 1.205(2)
C4-X 1.403(2) 1.5 1.3961(3) 1.5 1.6 1.330(2) 1.9 1.374(2) 1.7
C6-X 1.405(2) 1.5 1.4010(3) 1.5 1.5 1.333(2) 1.9 1.365(2) 1.7
C1···C21 2.884(2) 2.7197(4) 2.867(2) 2.856(2)
C2···C36 2.969(2) 3.0518(5) 3.001(2) 2.930(2)
Fe−C1−O1 169.9(1) 165.5(4) 168.7(2) 171.3(2)
Fe−C2−O2 170.1(1) 174.0(1) 171.8(2) 172.0(2)

aFor comparative purposes, the values reported for the previously reported complex 3tBu are also included.17a bInteratomic distances in Å and bond
angles in deg. cParameters taken from ref 27 (the model 2 was chosen for the calculation of ntopo).
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molecular orbital (MO) of the aryl ring into one vacant
π*(CO) MO of the carbonyl ligand. Experimental evidence
for the occurrence of such noncovalent intermolecular
interactions was previously obtained by examining the topology
of the electron density within one representative example:
namely, Cp(CO)2MnC(Ph)(O(2,4,6-Cl3Ph) in the frame-
work of Bader’s QTAIM. In the same previous work, it was also
suggested that similar noncovalent interactions are actually
present in a variety of NHC/carbonyl complexes and, very
importantly, in NHC/carbene complexes, including Grubbs

type II complexes, with possible consequences on their catalytic
activity.29b,30

Taking advantage of the availability of high-quality single
crystals of 3Me, we seized the opportunity to effectively examine
for the first time the topology of the experimental electron
density within an N-aryl-substituted NHC/iron carbonyl
complex.31

Detailed Experimental and Theoretical Investigation
of the Electron Density, within the Archetypal Zwitter-
ionic Complex 3Me. The experimental electron density (ED)

Figure 2. Experimental (a) and theoretical (b) molecular graphs for complex 3Me (black lines are bp’s, red dots are bcp’s, yellow dots are rcp’s, and
small blue dots are ccp’s; non-CP threshold arbitrarily set to 0.008 au in the theoretical molecular graph).

Table 3. AIM and NBO Analyses of the Weak Interligand Interactions in Complex 3Me at the M06-2X/6-31G** Level of Theory

AIM Analysis of the C(aryl)···C(O) Bond Critical Points

contact

Rb
a ρ(rb)

b ∇2ρ(rb)
c Gρ(rb)

d Vρ(rb)
d δ(C···C)e Eint

f

C1···C21 exptlg 2.7197(4) 0.13 1.15 0.08 -0.08 n/a 3.9
calcdh 2.811 0.11 1.16 0.07 -0.06 0.05 3.1

C2···C36i exptl 3.0518(5) bcp not observed experimentally
calcd 2.908 0.08 0.95 0.05 -0.04 0.02 2.0

NBO analysis

πCC → π*CO interaction involved in the major CMes···CCO contact πCC → π*CO interaction involved in the minor CMes···CCO contact

ΔE(2)j πCC → π*CO NLMOk πCC ΔE(2)j πCC → π*CO NLMOk πCC

4.4 C21, 43.8% 3.4 C31, 43.5%
C26, 38.8% C36, 39.1%
C1, 0.6% C2, 0.3%
O1, 0.2% O2, 0.1%

aRb is the interatomic distance (Å). bρ(rb) is the ED (e Å−3). c∇2ρ(rb) is the Laplacian of the ED (e Å−5). dGρ(rb) and Vρ(rb) are the kinetic and
potential electron energy densities, respectively, estimated using the approximation of Abramov42 (hartree Å−3). eδ(C···C) are the delocalization
indices.43 fEint is the interaction energy estimated using the Espinoza correlation scheme (kcal mol−1).40,41 gexptl = experimental value. hcalcd =
theoretical value from isolated molecule DFT calculations. iFor the weak interactions C(aryl)···C(O) either the Cipso (labeled C31) or Cortho
(labeled C36) carbon atom of the aryl group is involved. jStabilizing energy in kcal mol−1. kNatural Localized Molecular Orbital associated with the
πCC

aryl orbital involved in the weak interaction πCC
aryl → π*CO.
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distribution ρ(rb) within 3Me was established from a high-
resolution XRD data set using the multipole formalism of
Hansen and Coppens.32 For the sake of comparison, the
theoretical ED distribution was also established from DFT
calculations on the basis of the gas-phase optimized geometry
of the complex.33 Gratifyingly, the initial screening of different
DFT functionals (Table S4, Supporting Information) revealed
that M06-2X, which integrates dispersion terms, is well suited
for reproducing the experimentally observed asymmetry of the
complex noted above and characterized by slight differences
between intramolecular interligand bonds such as C1···C21 and
C2···C31 that might be a priori expected to be formally
equivalent (Table S5, Supporting Information). Deviations of
these computed C···C distances from the experimental values
do not exceed 2% (2.811 versus 2.720 Å and 3.105 versus 3.183
Å). The other geometrical parameters involving the carbene
ligand and the metallic fragment also satisfactorily reproduce
experimental values, particularly the Fe−Ccarbene bond length
(2.072 versus 2.044 Å) and the Fe−C−O bond angle (165.49
versus 165.45° and 169.77 versus 173.95°) with only a
deviation of 1.2% relative to the experimental data. Hence,
the electronic structure and the topological analysis of complex
3Me were investigated at the M06-2X/6-31G** level of theory.
It appears that the match between experimental and theoretical
values is generally good (Table S6, Supporting Information),
except for the C−O bonds, as is often the case.34 The
experimental (a) and theoretical (b) molecular graphs are
depicted in Figure 2 and confirm the satisfactory match
between the two approaches.35

All bond critical points (bcp’s) corresponding to anticipated
bonds within the maloNHC 1Me

−, CO, and Cp ligands are
observed. The topological parameters at these points,
corresponding to high values of the electron density ρ(rb),
negative values of the Laplacian ∇2ρ(rb), and negative values of
the total energy density H(rb), reflect the existence of
associated shared-shell (covalent) interactions, as expected.
The bond orders within the NHC ring, now calculated by
taking into account the values of electron density and the
Laplacian following the model of Howard et al.,27 show the
same trend as those derived from Pauling’s model, although the
differences in bond orders are less pronounced (Table 2). A
total of six bcp’s are detected around the Fe center in the
experimental molecular graph. Two are associated with the Fe−
CO bonds, one with the Fe−carbene bond, and three only with
the Fe−Cp linkage, where five are expected36 and are actually

observed in the theoretical molecular graph. Topological
parameters at these bcp’s, which show relatively low values of
ρ(rb), small positive values of ∇2ρ(rb), and small negative
values of H(rb) with G(rb)/ρ(rb) ≈ 1, are typical of ligand−
metal bonds37 and compare well with those found
experimentally in relevant low-valent transition-metal com-
plexes, including a chromium NHC complex31 and other iron
organometallic complexes.38

As a matter of fact, the experimental molecular graph also
shows three extra intramolecular interligand bcp’s. The first
one, clearly exhibiting the highest ρ(rb) value of 0.13 e Å−3

(Table 3), is located approximately at mid distance between the
ipso carbon C21 of the Mes group attached to N1 and the
carbon atom C1 of the proximal CO ligand (a cross-section
view of this interaction is provided in Figure 3). The
topological parameters at this bcp are characterized by a low
value of ρ(rb) and a positive value for ∇2ρ(rb), indicative of the
occurrence of a weak closed-shell interaction between these
atoms,39 thus providing the first experimental evidence for a
Cipso(aryl)···C−[M] interaction within an N-heterocyclic
carbene complex of a first-row transition element. The
corresponding interaction energy Eint was estimated to be 3.9
kcal mol−1 using the Espinosa correlation scheme.40,41 This
value is significantly higher than that originally detected in the
previously investigated Mn(I) aryloxycarbene (2.8 kcal
mol−1).29 The interaction energies corresponding to the other
two contacts, C32···H15 and H11···H37, which also necessarily
participate in the stabilization of the complex, were estimated to
be 2.5 and 1.7 kcal mol−1, respectively.
Gratifyingly, the computed molecular graph corresponding to

the optimized gas-phase geometry reveals the occurrence of the
aforementioned matching weak interligand interaction C1−
C21, associated with a value of 3.1 kcal mol−1 for Eint (Table 3,
Figure 3), thereby indicating that such an interaction cannot be
the result of packing effects. The graph also reveals the
occurrence of a C2···C36 interaction similar in nature to the
C1···C21 interaction (Figure 2), albeit weaker in terms of
interaction energy (2.0 kcal mol−1), which is not detected
experimentally (Table 3). The bcp’s located between the ipso
carbon C21 of the Mes group the carbon atom C1 of the CO
moiety exhibits a density value ρ(rb) of 0.11 e Å

−3 (Table 3), in
agreement with the experimental data. Moreover, a smaller
value of 0.08 e Å−3 is calculated for the other intramolecular
interaction between C36 and C2. In addition, the theoretical
molecular graph also reveals additional weak H···O interactions

Figure 3. Experimental (left) and theoretical (right) isocontours of ρ(rb) in the Fe1/C1/C21 plane (red lines), including bcp’s (red dots), rcp’s
(yellow dots), and bp’s (black lines) within or close to that plane.
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between the hydrogen atoms of the mesityl group and the
oxygen atoms of the malonate moiety. Beyond the existence of
bcp’s between C1 and C21 in both the experimental and
theoretical ED distribution, additional computational evidence
for the occurrence of a weak noncovalent interaction between
these atoms was inferred from the weak, albeit significant, value
of 0.05 for the δ(C1,C21) delocalization index43 and from the
second-order perturbation (SOP) theory of the NBO method,
which revealed a stabilizing two-electron delocalization from
the π(CipsoCortho) to the π*(CO) molecular orbitals with a
ΔE(2) value of 4.4 kcal mol−1 for the associated SOP energy
(Table 3), similar in essence to that originally evidenced in the
aforementioned Mn(I) aryloxycarbene complex.29 Moreover,
the Natural Localized Molecular Orbital (NLMO) associated
with the πC21C26

Mes orbital of the aryl ring directed toward the
C1O ligand presents a weak participation of the π*C1O
orbital (% C, 0.6; and % O, 0.2), in agreement with the
existence of a weak noncovalent interaction between C1 and
C21 (Table 3). It is worth noting that the NLMO
corresponding to the πC31C36

Mes orbital of the other aryl
ring also reveals a weak participation of the π*C2O orbital (%
C, 0.3; % O, 0.1), the latter being less important than the
previous and corresponding to a πC31C36

Mes → π*C2O
stabilizing energy ΔE(2) of 3.4 kcal mol−1 (Table 3).
To gain more insight into the characteristics of these weak

interligand interactions, further calculations on the electronic
structure and topological analysis were carried out on
complexes 4 and [6Me](OTf) as well as on model dissym-
metrical complexes 7 and 8 with electronically discriminated N-
aryl substituents and/or a N-methyl substituent (see the
Supporting Information, Tables S12 and S13). Clearly, whereas
the magnitude of the interaction appeared to be unaffected by
the electronic donicity of the carbene center, it was found to be
more sensitive to the electron richness of the aryl ring, being
strengthened by the adjunction of a donor p-NMe2 substituent
and diminished by an electron-withdrawing p-NO2 group on
the aryl ring. This extends the number of reported examples of
organometallic complexes where attractive vs repulsive intra-
molecular interligand interactions are taking place between a
πCC orbital belonging to an aryl group and π*CO of an
adjacent carbonyl ligand.
Evaluation of the Complexes as Hydrosilylation

Catalysts. The first optimization of the experimental
conditions of the hydrosilylation reaction was carried out
with benzaldehyde 9 as the model substrate and complex 3tBu as
the precatalyst. The relevant results are summarized in Table 4.
In a first test reaction, the optimized reaction conditions (Table
4, entries 1 and 2) which had been previously determined for
the cationic complex [CpFe(CO)2(IMes)]+I− (11) were
applied to this system and, to our delight, a full conversion
was obtained after 3 h, leading to benzyl alcohol 10 as the
single product, after a classical base-promoted hydrolysis of the
silylated ether intermediate. Given that, just like 11, complex
3tBu is a saturated 18e complex, its in situ activation upon
irradiation by visible light appears necessary and constitutes a
simple and convenient means to create coordinative insatura-
tion by loss of CO (Table 4, entry 3). An examination of the
influence of the nature of the silane revealed that
diphenylsilane, methylphenylsilane, or the activated trisubsti-
tuted silanes Me(EtO)2SiH and (EtO)3SiH lead to full
conversions after 1 or 3 h, whereas triethylsilane and
tetramethyldisiloxane (TMDS) are not suitable as hydride
sources in this catalysis. Furthermore, although it has been

previously observed in some cases that steric hindrance may
have a deleterious effect on the activity,12c the catalytic
efficiency of complex 3tBu bearing a bulky carbene appears to
be higher than that of 11, leading in particular to full conversion
within only 1 h with diphenylsilane as a reactant (Table 4, entry
5). A further advantage is its preserved efficiency at low catalyst
loading (Table 4, entry 7), possibly reflecting a higher
stability.44 The only drawback is that 3tBu is much sensitive
toward traces of acid, which tend to reduce its activity, possibly
by adventitious protonation of its backbone, as previously
observed with other transition metals.17c Here, this is simply
avoided by using freshly distilled benzaldehyde.
Following the above optimization, we were prompted to

determine the influence of the electronic properties of the
carbene on the performances of the catalyst. The comparative
evaluation of the electronically tuned NHC ligands, using
diphenylsilane as the selected hydride source, is displayed in
Table 5. The zwitterionic complexes 3Me and 3tBu, incorporat-
ing the more nucleophilic carbenes, clearly appear as the best
catalysts (Table 5, entries 2 and 3). The fact that their
respective performances are equivalent indicates that the nature
of the apical substituent on the malonate backbone has no
effect on the catalysis. This means that, in contrast with what
was previously observed in the Rh-catalyzed hydroboration of
styrene,17c the substrate does not interfere with the backbone
oxygen atoms. In addition, the three other iron complexes are
inactive under these conditions at 30 °C (Table 5, entries 4, 6,
and 8), though their activity is restored upon increasing the
reaction temperature up to 70 °C. At that temperature, a full
conversion was observed after 3 h using [5Me

Me](OTf) (entry
5), whereas the diamidocarbene−iron complex [6Me](OTf)

Table 4. Optimization for the Reduction of Benzaldehyde
with Catalyst 3tBu

a

entry silane cat. loading (mol %) time (h) conv (%)b

1 PhSiH3 1 1 89
2 PhSiH3 1 3 98
3c PhSiH3 1 3 0
4 PhSiH3 0.5 1 72
5 Ph2SiH2 1 1 97
6 Ph2SiH2 1 3 98
7 Ph2SiH2 0.5 1 97
8 MePhSiH2 1 1 85
9 MePhSiH2 1 3 98
10 Et3SiH 1 3 0
11 Me(EtO)2SiH 1 1 83
12 Me(EtO)2SiH 1 3 92
13 (EtO)3SiH 1 1 94
14 TMDSd 1 3 0

aTypical procedure: benzaldehyde (0.5 mmol), silane (0.5 mmol), and
complex 3tBu (0.5−1 mol %) were stirred at 30 °C in THF (1 mL)
under visible light irradiation; the reaction mixture was then
hydrolyzed at room temperature for 2 h with methanol (2 mL) and
2 M aqueous NaOH (2 mL). bConversion determined by GC after
methanolysis. cWithout visible light irradiation. dTMDS = tetrame-
thyldisiloxane.
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displayed a poor activity with 40% conversion after 3 h (Table
5, entry 9). These differences in activity can be correlated with
the electronic properties of the supporting NHC ligands, with
the more electron-donating anionic carbenes 1R

− giving the
more active precatalysts 3R. By the way, it should be noted that
the lack of activity of the zwitterionic complex 4 (Table 5,
entries 6 and 7), apparently inconsistent with the good
nucleophilicity of its carbene, is in fact due only to its total
insolubility in THF.
In further work, the optimized experimental conditions

defined above were used to examine the scope of the iron
precatalyst 3tBu in the hydrosilylation of a variety of aldehydes,
ketones, and imines. The results are presented in Table 6.
When the reaction was carried out with benzaldehydes bearing
electronically different para substituents (Table 6, entries 1−4),
a full conversion was obtained, suggesting that the electronic
effects on the reactivity are limited, even if more favorable
hydrosilylation conditions (PhSiH3 in neat conditions) had to
be used for some substrates (Table 6, entries 2 and 3). The
chemoselectivity is also excellent, since a nitrile group or a triple
C−C bond were tolerated as aryl para substituents of the
aldehyde under such conditions (Table 6, entries 3 and 4). An
ortho substitution is also not deleterious for the issue of the
reaction with 2-methylbenzaldehyde being reduced in good
yield (Table 6, entry 5), but the catalytic system was found to
be inefficient for reducing cinnamyl aldehyde, an archetype of
α-enal.
The optimized conditions (1 mol % of catalyst 3tBu, 1.2 equiv

of Ph2SiH2 in THF under visible light irradiation) were also
employed for the reduction of some representative ketones. As
in previous reports,12a the temperature and reaction time had to
be increased to respectively 70 °C and 16 h to observe a
noticeable catalytic activity. Under these conditions, moderate
to good yields were obtained for the tested ketones (Table 6,
entries 7, 9 and 11). Better yields were obtained when the
reactions were carried out with the more reactive phenylsilane
under neat conditions (Table 6, entries 8 and 10), as previously
noted.12c Nevertheless, complex 3tBu appeared to be not as
efficient as its parent cationic complex 11 for the ketone
substrates. One possible explanation could be that the steric
hindrance brought about the iron center by the ligand 1tBu

− is
too high and tends to limit the approach of the bulkier ketones.
Finally, for a complete comparative survey of the catalytic

potential of this system, we turned our attention to the
hydrosilylation of two prototypes of aldimines and ketimines,
whose reduction was efficiently achieved with complex 11 (5
mol % catalyst, PhSiH3 (4 equiv), neat, 30 °C, 30 h for the
aldimine and 100 °C, 24 h for the ketimine).12d In this reaction,
complex 3tBu proved to be a suitable precatalyst, affording the
corresponding amines in excellent yield in the case of the
ketimine (Table 6, entry 12) and in an average yield starting
from the aldimine (Table 6, entry 13).

■ CONCLUSION

The goal of the present work was to examine the catalytic scope
and possible limitations of anionic six-membered-ring N-
heterocyclic carbene ligands incorporating a malonate or an
imidate backbone, as substitutes for classical neutral N-
heterocyclic carbene ligands within a series of (cyclo-
pentadienyl)iron carbonyl complexes known to be active in
hydrosilylation. These anionic ligands, maloNHC (1R

−) and
imidNHC (2−), are prone to displace the iodide from
FeCp(CO)2I to afford the zwitterionic complexes {FeCp-
(CO)2(1R)} (3R) and {FeCp(CO)2(2)} (4), which were fully
characterized. A modulation of the donor properties of the
carbene in such complexes was readily achieved by addition of
methyl triflate, which interacts selectively either with one
oxygen of the malonate backbone or with the nitrogen of the
imidate backbone to give the cationic adducts [FeCp-
(CO)2(1Me

Me)](OTf) ([5Me](OTf)) and [FeCp(CO)2(2
Me)]-

(OTf) ([6Me](OTf)), respectively. Importantly, all carbenes
investigated here exhibit the same steric bulk and present
variable nucleophilicities, following the order 1R

− > 2− > 1Me
Me

> 2Me. A catalyst screening of the above complexes in the
hydrosilylation of benzaldehyde under visible irradiation
revealed a dramatic effect of the electronic donor properties
of the carbenes on the performances of their complexes, with
the more nucleophilic carbene 1tBu

− in the zwitterionic species
3tBu appearing as the more efficient. This complex shows good
efficiency and excellent chemoselectivity in the hydrosilylation
of various aldehydes bearing reactive functional groups. It is
also moderately active in the hydrosilylation of a few ketone
substrates and exhibits good performances in the hydro-
silylation of representative aldimine and ketenimine.
In parallel to the above work, a thorough examination of the

electron density distribution (ED) within the representative
complex 3Me was carried out on the basis of a high-resolution
X-ray analysis, complemented by a DFT analysis at the M06-
2X/6-31G** level of theory, which includes dispersion terms.
Gratifyingly, the experimental structure was reproduced in its
finest details, and a perfect match between experimental and
theoretical ED maps was obtained. In particular, the
observation of a short intramolecular contact between Cipso

(or Cortho) of one of the mesityl groups of the carbene and the
closest of the two carbonyl groups was rationalized in terms of a
noncovalent “through space” π−π* interaction involving a two-
electron delocalization of the occupied π(CipsoCortho)
molecular orbital (MO) of the aryl ring into one vacant
π*(CO) MO of the carbonyl ligand. A theoretical analysis
carried out on dissymmetrical model complexes, and presented
as Supporting Information, reveals that the magnitude of such
an attractive interaction is correlated with the donor properties
of aryl group substituents.

Table 5. Hydrosilylation of Benzaldehyde using Complexes
3R−[6Me](OTf)a

entry Fe complex T (°C) conv (%)b

1 3tBu 30 97
2 3Me 30 98
3c 3Me 30 93
4 [5Me

Me](OTf) 30 <5
5 [5Me

Me](OTf) 70 98
6 4 30 <5
7 4 70 18
8 [6Me](OTf) 30 <5
9 [6Me](OTf) 70 40

aTypical conditions: benzaldehyde (0.5 mmol), silane (0.5 mmol), and
Fe complex (1 mol %) were stirred at the indicated temperature in
THF (1 mL) under visible light irradiation for 3 h; the reaction
mixture was then hydrolyzed with methanol (2 mL) and 2 M aqueous
NaOH (2 mL). bConversion determined by GC after hydrolysis.
cCatalyst loading 0.5 mol %.
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■ EXPERIMENTAL SECTION
Materials and Methods. All manipulations were performed under

an inert atmosphere of dry nitrogen by using standard vacuum line and
Schlenk tube techniques. Glassware was dried at 120 °C in an oven for
at least 3 h. THF and diethyl ether were distilled from sodium/
benzophenone and toluene from sodium. Pentane, dichloromethane,
and chloroform were dried over CaH2 and subsequently distilled.
NMR spectra were recorded on Bruker ARX250, AV30, and AV400
spectrometers. Chemical shifts are reported in ppm (δ) in comparison
to TMS (1H and 13C) using the residual peak of deuterated solvent as
an internal standard.45 Infrared spectra were obtained on a Perkin-
Elmer Spectrum 100 FT-IR spectrometer. MS spectra were performed
by the mass spectrometry service of the “Institut de Chimie de
Toulouse”. CpFe(CO)2I,

46 pyrimidinium betaines 1Me·H and 1tBu·H,
17

and triazin-1-ium-3-ide 2·H18 were synthesized following literature
procedures.

(η5-Cyclopentadienyl)dicarbonyl(1,3-dimesityl-5-tert-butyl-
6-oxo-6H-pyrimidin-2-ylidene-4-olate)iron(II) (3tBu). A solution
of KHMDS (0.5 M in toluene, 5.4 mL, 2.69 mmol, 1.1 equiv) was
added dropwise to a solution of 1tBu·H (990 mg, 2.45 mmol) in THF
(35 mL) at room temperature. After 15 min, CpFe(CO)2I (743 mg,
2.45 mmol, 1.0 equiv) was added as a solid. The mixture turned
bronze and was stirred for 3 h. Volatiles were evaporated, and the
residue was purified by flash chromatography under an N2 atmosphere
(SiO2, CH2Cl2/MeOH 95/5). The yellow-brown band was collected
to give, after evaporation and drying, the title complex as an ocher
powder (1.2 g, 84%). X-ray-quality crystals were grown by layering a
solution of 3tBu in CH2Cl2 with Et2O. Spectroscopic and analytical
characterizations have been previously reported.17a

Table 6. Scope of the Iron-Catalyzed Hydrosilylation of Unsaturated Compounds using Complex 3tBu
a

aTypical conditions: substrate (1 mmol), silane (1−4 equiv), and precatalyst 3tBu (1 mol %) were stirred in THF or neat at the indicated
temperature upon visible light irradiation for the indicated time; the reaction mixture was then hydrolyzed with methanol (2 mL) and 2 M aqueous
NaOH (2 mL) at room temperature for 2 h. bConversion determined by 1H NMR after methanolysis; in parentheses, isolated yields after
purification by column chromatography are given in parentheses. c5 mol % of 3tBu was used.
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(η5-Cyclopentadienyl)dicarbonyl(1,3-dimesityl-5-methyl-6-
oxo-6H-pyrimidin-2-ylidene-4-olate)iron(II) (3Me). A solution of
KHMDS (0.5 M in toluene, 4.6 mL, 2.30 mmol, 1.1 equiv) was added
dropwise to a solution of 1Me·H (762 mg, 2.10 mmol) in THF (35
mL) at room temperature. After 30 min, the solution was cooled to
−40 °C and CpFe(CO)2I (638 mg, 2.10 mmol, 1.0 equiv) was added
as a solid. After 1 h, the cooling bath was removed and the solution
was stirred overnight at room temperature. Volatiles were evaporated,
and the crude residue was purified by flash chromatography under N2
(SiO2, CH2Cl2/MeOH 95/5). The dark yellow band was collected and
was evaporated. A further washing with Et2O (2 × 5 mL) gave the
pure complex as an ocher powder (670 mg, 59%). X-ray-quality
crystals were grown by layering a solution of 3Me in CH2Cl2 with Et2O.
Mp: 192−194 °C dec. 1H NMR (400 MHz, CDCl3): δ 6.96 (s, 4H,
CHMes), 4.74 (s, 5H, CHCp), 2.35 (s, 6H, CH3 para), 2.15 (s, 12H,
CH3 ortho), 1.94 (s, 3H, CH3 apical).

13C NMR (100.5 MHz, CDCl3): δ
209.0 (Fe-CO), 195.0 (N2C), 162.1 (C-O), 142.8, 138.7, 136.8 (CMes),
129.5 (CHMes), 90.1 (Capical), 86.7 (CH Cp), 21.2 (CH3 para), 19.0
(CH3 ortho), 9.1 (CH3 apical). IR (ATR): ν̃ 3099, 3039, 2920, 2858,
2025, 1989, 1980, 1622, 1481, 1430, 1384, 1346, 1292, 1224, 1166,
1055, 1020, 861, 854, 842, 835, 779, 760 cm−1. IR (CH2Cl2): νCO
2039, 1995 cm−1. MS (ESI): m/z (%) 539 (100) [M + H]+. HR-MS
(ESI): m/z calcd for C30H31N2O4

54Fe 537.1680, found 537.1639.
(η5-Cyclopentadienyl)dicarbonyl(1,3-dimesityl-4,6-dioxo-

1,3,5-triazinan-5-ide-2-ylidene)iron(II) (4). A solution of KHMDS
(0.5 M in toluene, 3.85 mL, 1.92 mmol, 1.1 equiv) was added
dropwise to a solution of 2·H (612 mg, 1.75 mmol) in THF (25 mL)
at 0 °C. After 20 min, CpFe(CO)2I (531 mg, 1.75 mmol, 1.0 equiv)
was added as a solid, the cooling bath was removed, and the solution
was stirred overnight. A yellow precipitate appeared along the reaction
course. The supernatant dark solution was filtered away, and the solid
residue was washed with Et2O (2 × 10 mL). After drying, it was taken
up with CH2Cl2 (10 mL) and filtered through Celite (10 mL more to
rinse) to give an orange-yellow powder (700 mg, 77%). X-ray-quality
crystals were grown by layering a solution of 4 in CH2Cl2 with Et2O.
Mp: 176 °C dec. 1H NMR (400 MHz, CD2Cl2): δ = 7.02 (s, 4H,
CHMes), 4.77 (s, 5H, CHCp), 2.77 (s, 6H, CH3 para), 2.16 (s, 12H,
CH3 ortho).

13C NMR (100.5 MHz, CD2Cl2): δ 214.5 (N2C), 209.0
(Fe-CO), 152.5 (C-O), 141.9, 139.9, 136.9 (CMes), 129.7 (CHMes),
87.2 (CH Cp), 21.1 (CH3 para), 19.1 (CH3 ortho). IR (ATR): ν̃ 3092,
2954, 2921, 2860, 2024, 2036, 1992, 1982, 1718, 1641, 1441, 1431,
1374, 1297, 1273, 1233, 1068, 1022, 1010, 875, 844, 780, 768 cm−1. IR
(CH2Cl2): νCO 2045, 2002 cm−1. MS (ESI): m/z (%) 526 (100) [M +
H]+. HR-MS (ESI): m/z calcd for C28H28N3O4

54Fe 524.1476, found
524.1437.
(η5-Cyclopentadienyl)dicarbonyl(1,3-dimesityl-4-oxo-4H-5-

methyl-6-methoxypyrimidin-2-ylidene)iron(II) Trifluorometha-
nesulfonate ([5Me

Me](OTf)). Methyl triflate (50 μL, 0.457 mmol, 1.0
equiv) was added dropwise to a solution of 3Me (246 mg, 0.457 mmol)
in CH2Cl2 (10 mL) at 0 °C. After addition, the cooling bath was
removed and the solution was stirred for 2 h. After filtration through
Celite (to remove some paramagnetic decomposition), the solution
was concentrated to about 0.5 mL and the product was precipitated by
addition of Et2O. The supernatant solution was removed via cannula,
and the solid was dried to give the product as a yellow powder (310
mg, 96%). Mp: 146−147 °C dec. 1H NMR (400 MHz, CD2Cl2): δ
7.14 (s, 2H, CHMes), 7.11 (s, 2H, CHMes), 4.90 (s, 5H, CHCp), 3.69 (s,
3H, OCH3), 2.42 (s, 3H, CH3 para), 2.41 (s, 3H, CH3 para), 2.16 (s, 6H,
CH3 ortho), 2.11 (s, 3H, CH3 apical), 2.08 (s, 6H, CH3 ortho).

13C NMR
(100.5 MHz, CD2Cl2): δ 213.0 (N2C), 208.0 (Fe-CO), 161.4 (C-O),
160.1 (C-O), 142.1, 141.3, 140.7, 139.8, 136.4, 136.2 (CMes), 130.9,
130.6 (CHMes), 107.1 (Capical), 87.7 (CHCp), 63.5 (OCH3), 21.3
(CH3 para), 19.2 (CH3 ortho), 18.9 (CH3 ortho), 10.0 (CH3 apical). IR
(ATR): ν̃ 3087, 2961, 2923, 2864, 2044, 2003, 1685, 1645, 1400, 1256,
1222, 1143, 1030, 994, 849, 770 cm−1. IR (CH2Cl2): νCO 2048, 2007
cm−1. MS (ESI): m/z (%) 553 (47) [M − OTf]+, 377 (100) [M −
OTf − CpFe(CO)2]

+. HR-MS (ESI): m/z calcd for C31H33N2O4
54Fe

553.1784, found 553.1805.
(η5-Cyclopentadienyl)dicarbonyl(1,3-dimesityl-5-methyl-

4,6-dioxo-1,3,5-triazinan-2-ylidene)iron(II) Trifluoromethane-

sulfonate ([6Me](OTf)). Methyl triflate (33 μL, 0.295 mmol, 1.0
equiv) was added dropwise to a solution of 4 (155 mg, 0.295 mmol) in
CH2Cl2 (10 mL) at −40 °C, and the solution was stirred at that
temperature for 2 h. After it was warmed to room temperature, the
reaction mixture was filtered through Celite to remove a dark brown
precipitate formed during the reaction. The crude solution was then
concentrated to about 1 mL, and addition of Et2O led to the
precipitation of a bright yellow precipitate. The solution was filtered
away, and the solid was dried to yield the product as a canary yellow
powder (170 mg, 84%). Single crystals suitable for an X-ray diffraction
experiment were grown by layering Et2O onto a solution of
[6Me](OTf) in CH2Cl2. Mp: 180 °C dec. 1H NMR (400 MHz,
CD2Cl2): δ 7.11 (s, 4H, CHMes), 5.07 (s, 5H, CHCp), 3.46 (s, 3H,
NCH3), 2.40 (s, 6H, CH3 para), 2.24 (s, 12H, CH3 ortho).

13C NMR
(100.5 MHz, CD2Cl2): δ 230.6 (N2C), 206.9 (Fe-CO), 144.9, 141.5,
139.3, 136.6 (CMes + CO), 130.4 (CHMes), 87.5 (CHCp), 30.5
(NCH3), 20.8 (CH3 para), 18.8 (CH3 ortho). IR (ATR): ν̃ 3093, 2047,
2011, 1765, 1712, 1606, 1428, 1414, 1377, 1281, 1264, 1250, 1226,
1152, 1036, 1022, 1002, 856, 847, 766 cm−1. IR (CH2Cl2): νCO 2051,
2011 cm−1. MS (ESI): m/z (%) 540 (100) [M − OTf]+, 364 (68)
[(Me- imidNHC-Mes)H]+. HR-MS (ESI): m/z calcd for
C29H30N3O4

54Fe 540.1580, found 540.1596.
General Procedure A for the Iron-Catalyzed Hydrosilylation

of Aldehydes. A flame-dried Schlenk flask was charged with the iron
complex 3tBu (5.8 mg, 10 μmol, 1 mol %) which was dissolved in
anhydrous THF (1 mL). The aldehyde (1 mmol) and diphenylsilane
(186 μL, 1 mmol) were added consecutively. The reaction mixture was
stirred in a 30 °C preheated oil bath under light irradiation for 1 h.
The reaction mixture was then hydrolyzed at room temperature for 2 h
with methanol (2 mL) and a 2 M aqueous solution of sodium
hydroxide (2 mL). The product was extracted with diethyl ether (3 ×
10 mL). The combined organic layers were washed with brine, dried
with sodium sulfate, and evaporated. The crude residue was purified by
silica gel chromatography using a petroleum ether/diethyl ether
mixture as the eluent.

General Procedure B for the Iron-Catalyzed Hydrosilylation
of Ketones. A flame-dried Schlenk flask was charged with the iron
complex 3tBu (5.8 mg, 10 μmol, 1 mol %) which was dissolved in
anhydrous THF (1 mL). The ketone (1 mmol) and diphenylsilane
(223 μL, 1.2 mmol) were added consecutively. The reaction mixture
was stirred in a 70 °C preheated oil bath under light irradiation for 16
h. The reaction mixture was then quenched at room temperature for 2
h with methanol (2 mL) and a 2 M aqueous solution of sodium
hydroxide (2 mL). The product was extracted with diethyl ether (3 ×
10 mL). The combined organic layers were washed with brine, dried
with sodium sulfate, and evaporated. The crude residue was purified by
silica gel chromatography using a petroleum ether/diethyl ether
mixture as the eluent.

Normal-Resolution X-ray Diffraction Study. Data for com-
plexes 3tBu, 4, and 6MeOTf were mounted on a Bruker D8 APEX II
diffractometer equipped with an Oxford Cryosystem N2 gas stream
low-temperature device. Data were collected at a temperature of T =
180(±1) K. The frames were reduced using the APEX2 suite of
programs.47 Semiempirical absorption corrections using spherical
harmonics were applied using the DIFABS procedure as implemented
in APEX2. The structures were solved within the WINGX suite48

using the SIR92 program,49 which revealed in each instance the
position of most of the non-hydrogen atoms. All remaining non-
hydrogen atoms were located by the usual combination of full-matrix
least-squares refinement and difference electron density syntheses by
using the SHELX program.50 All non-hydrogen atoms were allowed to
vibrate anisotropically. All of the hydrogen atoms were set in idealized
positions (C(sp2)−H = 0.93 Å; Uiso 1.2 times greater than the Ueq
value of the carbon atom to which the hydrogen atom is attached) and
their positions were refined as “riding” atoms.

High-Resolution X-ray Diffraction Study. A parallelipedic-
shaped light orange crystal of 3Me of dimensions 0.46 × 0.46 × 0.35
mm3 was mounted on a Bruker D8 diffractometer equipped with an
APEX II detector and an Oxford Cryosystem N2 gas stream low-
temperature device. Data were collected at a temperature of T =

Organometallics Article

dx.doi.org/10.1021/om400625q | Organometallics XXXX, XXX, XXX−XXXJ



100(±1) K. The frames were reduced and corrected from absorption
as above, using the APEX2 suite of programs. The resulting 319631
reflections (⟨redundancy⟩ = 9.5) were merged in Laue group 1 ̅ with
the use of the program SORTAV51 to give 33477 unique reflections up
to a resolution S of 1.19 Å−1 (Rint = 0.0257), providing 94% of data up
to θ < 57.8°. The multipolar refinement was conducted on a complete
data set by limiting the resolution to S = 1.10 Å−1. Other
crystallographic and data collection details are given in Tables S1
and S2 (Supporting Information).
In a first step, the crystal structure was solved using SIR9249 and

then refined in a classical manner by full-matrix least squares on F2

using the SHELX program.50 Details of this initial refinement are given
in Table S1. Subsequent multipole refinement was carried out within
the Hansen−Coppens formalism32 using the MoPro package.52 The
positions for the hydrogen atoms were allowed to vary in a restrained
model as implemented in MoPro (C(sp2)−H = 1.083 Å; C(sp3)−H =
1.093 Å), whereas their anisotropic temperature factors were estimated
by the method of Madsen53 using the SHADE2 web server54 and held
fixed during the multipolar refinement procedure. An electroneutrality
constraint was systematically applied. The multipole expansion was
truncated at the hexadecapole level (lmax = 4) for Fe and at the
octupole level (lmax = 3) for C, N, and O atoms. A H−C bond directed
dipole (lmax = 2) was introduced for the hydrogen atoms. The
positions and the thermal parameters for non-hydrogen atoms were
first refined using high-resolution data only (1.1 > S > 0.7 Å−1). Then
the valence electron density was fitted using low-resolution data only
(S < 0.7 Å−1) in successive cycles on Pv, κ, Plm± and κ′ parameters,
until convergence was reached. For Fe, the multipoles were allowed to
refine assuming a 3d6 valence configuration, the 4s electrons being set
in the core. Two sets of κ/κ′ parameters for the two types of
chemically different O atoms (Fe−CO and CO), a single set of κ/κ′
parameters for the N atoms, and seven sets of κ/κ′ parameters for the
four types of chemically different C atoms (Fe−CO, FeC, CO,
CMe, C5H5, CAr, Csp

3) were used and refined. For H atoms, three
different values of κ were used (CH3, C5H5, C6H2(CH3)3), while the κ′
parameters were fixed to 1.2. In the final cycles of refinement, all
parameters were allowed to vary (within the limits of the above
constraints and restraints), with data for which I > 3σ(I), truncated at
1.1 Å−1. Final multipolar parameters for complex 3Me are given in
Table S2.
The Hirshfeld rigid bond test55 is respected for all light atom−light

atom bonds and for the Fe−C3 bond, all Δ(msda) values being less
than 1.0 × 10−3 Å2. The remaining Fe−C bonds, however, do not
totally fulfill the Hirshfield criterion. The Δ(msda) values for Fe−
CCp ring were actually found in the ranger (1.6−3.2) × 10−3 Å2, while
for the two Fe−CO bonds, the values were 1.5 × 10−3 and 2.2 × 10−3

Å2, respectively. Attempts to improve those values by introducing
anharmonic thermal parameters for Fe remained inconclusive;
therefore, these were not considered further.
The analysis of the topology of the electron density was carried out

using either the VMoPro52 or WinXPro program package.56

Topological parameters at selected bond critical points in 3Me are
shown in Table S3 (Supporting Information), along with those
resulting from the analysis of the theoretical ED distribution. The
kinetic energy densities values G(ρ) given in that table were estimated
using the approximation of Abramov,42 while the corresponding
potential energy densities values V(ρ) were obtained from the local
virial theorem: V(ρ) = 1/4∇2ρ(r) − 2G(ρ).
Computational Details. Calculations were carried out with the

Gaussian 09 program33 at the DFT level of theory using the M06-2X
functional.57 All of the atoms (C, N, H, O, Fe) have been described
with a 6-31G(d,p) double-ζ basis set.58 Geometry optimizations were
carried out without any symmetry restrictions; the nature of the
minima was verified with analytical frequency calculations. All total
energies and Gibbs free energies have been zero-point energy (ZPE)
and temperature corrected using unscaled density functional
frequencies. The electronic structure of the different complexes was
studied using natural bond orbital analysis (NBO-5 program).59 The
electron density of the optimized structures was subjected to an atoms
in molecules analysis (QTAIM analysis).60
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