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ABSTRACT: The piano-stool configuration combined with N-heterocyclic
carbene (NHC) ligation constitutes an attractive scaffold for employing iron in
catalysis. Here, we have expanded this scaffold by installing a pentamethyl
cyclopentadienyl (Cp*) ligand as a strong electron donor compared to the
traditionally used unsubstituted cyclopentadiene (Cp). Moreover, decarbox-
ylation is introduced as a method to prepare these iron(II) NHC complexes,
which avoids the isolation of air-sensitive free carbenes. In addition to the Cp/
Cp* variation, the complexes have been systematically modulated at the NHC
scaffold, the NHC wingtip groups, and the ancillary ligands in order to identify
critical factors that govern the catalytic activity of the iron center in the hydrosilylation of aldehydes. These modulations reveal the
importance of steric tailoring and optimization of electron density for high catalytic performance. The data demonstrate a critical
role of the NHC scaffold with triazolylidenes imparting consistently higher activity than imidazolylidenes and a correlation between
catalytic activity and steric rather than electronic factors. Moreover, the implementation of steric bulk is strongly dependent on the
nature of the NHC and severely limited by the Cp* iron precursor. The best performing catalytic systems reach turnover
frequencies, TOFmax’s, of up to 360 h−1 at 60 °C. Mechanistic investigations by 1H NMR and in situ IR spectroscopies indicate a
catalyst activation that involves CO release and aldehyde coordination to the [Fe(Cp)(NHC)I] fragment.

■ INTRODUCTION
Iron is the second most abundant metal in the Earth’s crust,
easy to extract, and consequently cheap. Additionally, it is
biologically relevant and known to be nontoxic to both humans
and the environment. Despite these facts, iron was for a long
time scarce in the catalytic literature compared to some of the
more expensive, rare, and toxic metals in the periodic system.
The application of iron as a molecular catalyst has been
catching up with other metals over the last 20 years, however,
and is now covering a plethora of organic reactions.1−3

Hydrosilylation, one of the fields that has received much
attention in iron catalysis during the past decades,4−8 is a
versatile methodology for the reduction of a variety of
substrates under base-free conditions and without the need
for highly reducing conditions as imparted by H2 pressure.

8−10

In particular, hyydrosilylation of alkenes is industrially
important due to the increasing demand for silanes and
siloxanes.11

In the past two decades, iron complexes have emerged as
attractive hydrosilylation catalysts for alkenes in an approach to
make industrial hydrosilylation more benign. While these
systems normally deploy NN or NNN type ligands,12−16

piano-stool iron complexes with N-heterocyclic carbene
(NHC) ligands have demonstrated efficiency in the hydro-
silylation of carbonyls rather than alkenes under fairly mild
conditions.17−21 These iron(II) complexes offer an excellent,
cheap, and nontoxic alternative to systems based on noble
metals such as rhodium, palladium, and platinum.8 The

synthesis of NHC iron complexes is traditionally accomplished
via the versatile free carbene route.22−25 The need of base and
inert conditions however poses limitations, and especially,
NHCs with small wingtip groups risk rearrangement or
decomposition under basic conditions.24−26 Here, we present
a new synthetic method to prepare NHC iron(II) piano-stool
complexes. Moreover, we have used this and traditional
methods to modularize NHC iron piano-stool complexes to
evaluate the effects of variation in the cyclopentadiene (Cp)
unit, the NHC scaffold, and the wingtip groups on catalytic
hydrosilylation activity, demonstrating the importance of
considering even slightly different catalysts depending on the
substrate.

■ RESULTS AND DISCUSSION

Synthesis of Imidazole-Derived NHC Complexes. The
known imidazolylidene iron Cp complexes 3a, 3b, and
3d22,23,27 and the new complex 3c were prepared by the
established free base route involving the deprotonation of the
corresponding imidazolium salts 1a−d with KOtBu followed
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by addition of the iron precursor [FeCp(CO)2I] (Scheme
1).22,23 Using the pentamethyl cyclopentadienyl (Cp*)
precursor [FeCp*(CO)2I] instead afforded complexes 4a and
4b in good yields. However, the analogous complex from
imidazolium salt 1c with isobutyl wingtip groups did not form,
suggesting higher steric congestion imparted by the Cp* ligand
as compared to the Cp system. Notably, two- and three-legged
piano-stool complexes with mesityl-substituted NHC ligands
were successfully prepared by the groups of Tatsumi and Song
starting from the CO-free iron precursors [Cp*FeN(SiMe3)2],
[Cp*FeCl(TMEDA)], and [FeCp*(HMDS)] (TMEDA =
Me2NCH2CH2NMe2, HMDS = N(SiMe3)2).

28−31

Iron NHC complexes are generally prepared from the air
and moisture sensitive free carbene, which requires inert
conditions.32−34 Here, we demonstrate that the decarbox-
ylation method offers an attractive alternative for the synthesis
of these iron complexes. While this strategy has previously
been applied predominantly for platinum group metals,35 its
application to first-row transition metals is much rarer, mostly
involves copper, and has never been applied to iron(II)
precursors so far.36−40 The reaction of the imidazolium
carboxylate 2a with [FeCpI(CO)2] induced the release of
CO2 and afforded the known complex 3a in similar yields as
via the deprotonation route (43% vs 58%, Scheme 1).23

Attractively, the metalation via decarboxylation proceeds in a
distinct step that is not air or moisture sensitive and avoids the
tedious isolation of the air-sensitive free carbene prior to
transfer to the iron precursor. Likewise, the new Cp*
complexes 4a and 4b were also generated via decarboxylation
of the imidazolium carboxylates 2a and 2b, respectively.35,41

The formation of the new cationic iron complexes 3c and
4a,b was supported in 1H NMR spectroscopy by the expected
relative integral ratio of the ligand signals and those of the Cp
or Cp* fragments at 5.31 and 1.83 ± 0.01 ppm, respectively,
and by the characteristic Fe−Ccarbene resonance at δC 162.5 ±
10.5 (Figures S1−S26). UV irradiation in CH2Cl2 induced CO
release and iodide coordination to form the neutral complexes
5 and 6. Ligand exchange was indicated by a characteristic
color change from yellow to green as well as a diagnostic
upfield shift of the Cp resonance in the 13C NMR spectra from
δC ∼88 to ∼80 in complexes 5 and from ∼99 to ∼90 in the
Cp* complexes 6 as a consequence of the substitution of the π-
accepting CO ligand with the stronger donating iodide
(Figures S27−S38 and S39−S44, respectively). All 1H and
13C NMR shifts are in the same range as those of the related
complexes.17,19,22

Analogous triazolylidene complexes were obtained from the
triazolium salts 1e−g. The formation of previously reported

Scheme 1. Synthesis of Iron Imidazolylidene Complexesa

aReagents and conditions: (i) KOtBu, THF, rt, 60 min, then [Cp(*)Fe(CO)2I], toluene, rt, 16 h; (ii) KOtBu, THF, rt, 60 min, then CO2, toluene,
rt, 1 h; (iii) [Cp(*)Fe(CO)2I], toluene, 80 °C, 16 h; (iv) hν, CH2Cl2, 16 h.

Scheme 2. Synthesis of Iron Triazolylidene Complexesa

aReagents and conditions: (i) KOtBu, THF, rt, 60 min, then [CpFe(CO)2I], toluene, rt, 16 h; (ii) KOtBu, THF, rt, 60 min, then CO2, toluene, rt,
1 h; (iii) [CpFe(CO)2I], toluene, 80 °C, 16 h; (iv) hν, CH2Cl2, 16 h.
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complexes 3f,g proceeded smoothly via deprotonation with
KOtBu,27 and the same methodology was applied to the
triazolium salt 1e to afford the new complex 3e in moderate
yields (Scheme 2). Notably, the iron triazolylidene complex 3f
was also accessible via the decarboxylation route from the new
triazolium carboxylate 2f and [FeCp(CO)2I] in similar yields
as via the free carbene route (39% vs 42%). When irradiated,
the cationic triazolylidene complexes 3e−g transformed into
the neutral complexes 5e−g, which was indicated by a
diagnostic color change from yellow to green as well as
spectroscopic changes similar to those described for the
imidazolylidene analogues, including an upfield shift of the Cp
carbon signals from δC 88 to 80 ppm as well as a ∼20 ppm
downfield shift of the Fe−Ccarbene resonances. All new
imidazolylidene and triazolylidene complexes were stable as
solids in the ambient atmosphere but slowly decomposed in
solution, indicated macroscopically by a gradual color change

to brown and the formation of a precipitate and microscopi-
cally by considerable broadening of the 1H NMR signals.
Remarkably, the synthesis of the Cp* analogues of 3e and 3f

has failed in our hands. Neither the free carbene nor the
decarboxylation route afforded the desired complexes. In an
effort to increase the reactivity, in situ prepared cationic
[FeCp*(CO)2(THF)]OTf was used as an iron precursor42

together with the free carbene from 1f, though only
paramagnetic products were obtained. In contrast, the
triazolium salt 1e with similar steric implications as the
imidazolium salt 1b gave, after deprotonation and reaction
with [FeCp*(CO)2I], the triazolylidene analogue of complex
4b as suggested by the correct relative integral ratio of the
ligand signals and the Cp−Me groups from a crude sample
(Figure S45). Moreover, irradiation of the crude mixture
induced the diagnostic color change to green; however, only
traces of this complex were isolated, and we failed to develop

Figure 1. ORTEP representations (50% probability level) of the new cationic complexes 3c,e and 4a,b and the neutral analogues 5c,e and 6a,b.
Hydrogen atoms and noncoordinating anions are omitted for clarity, and atom labeling is adjusted for consistency.

Table 1. Selected Bond Lengths [Å] and Angles [°] for cationic Cp complexes 3 and Cp* complexes 4a

complex ligand set 3ab imi/Cp 3bb imi/Cp 3cc imi/Cp 3e trz/Cp 3fb trz/Cp 3gb trz/Cp 4a imi/Cp* 4b imi/Cp*

Fe−Cimi/trz 1.969(6) 1.970(3) 1.965(6) 1.976(3) 1.974(3) 2.010(6) 1.979(4) 1.995(6)
Fe−CCO 1.777(5) 1.774(4) 1.769(9) 1.775(3) 1.765(4) 1.774(7) 1.762(5) 1.759(8)
Fe−CCO′ 1.777(5) 1.780(3) 1.768(9) 1.767(3) 1.773(4) 1.767(6) 1.767(5) 1.772(8)
Fe−Ccentroid 1.731 1.716 1.752 1.718 1.724 1.727 1.743 1.738
CCO−Fe−Cimi/trz 95.05(19) 94.2(1) 93.1(3) 94.07(12) 98.82(14) 99.26(3) 94.48(19) 93.6(3)
CCO′−Fe−Cimi/trz 95.05(19) 94.4(2) 93.7(3) 92.58(12) 91.17(14) 97.54(6) 94.7(2) 95.2(3)
CCO−Fe−CCO′ 93.4(3) 92.8(2) 90.5(4) 92.36(13) 92.24(17) 94.89(7) 93.1(2) 91.5(4)
Ctrz−Fe−Cpcentroid 120.82 122.2 121.00 122.13 120.46 121.4(7) 122.92 123.50
N−Ctrz−Fe−Cpcentroid 91.40 91.86 92.89 90.97 98.94 98.38 90.75 90.40

aimi = imidazolylidene; trz = triazolylidene. bValues obtained from ref 23 (3a and 3b) and ref 27 (3f and 3g). cMixed occupation of anion site with
I (82.3%) or PF6 (17.7%).

Table 2. Selected Bond Lengths [Å] and Angles [°] for Neutral Cp Complexes 5 and Cp* Complexes 6

complex ligand set 5aa imi/Cp 5ba imi/Cp 5c imi/Cp 5da imi/Cp 5e trz/Cp 5ga trz/Cp 6a imi/Cp* 6b imi/Cp*

Fe−CNHC 1.964(3) 1.972(5) 1.9652 (19) 1.980(5) 1.990(4) 1.974(3) 1.970(3) 1.988(4)

Fe−CCO 1.749(3) 1.743(6) 1.7470 (19) 1.641(9) 1.777(5) 1.747(3) 1.744(3) 1.736(5)

Fe−I 2.6548(3) 2.6597(8) 2.6428 (3) 2.6445(8) 2.6813(6) 2.6391(4) 2.6582(4) 2.6452(6)

Fe−Ccentroid 1.730 1.726 1.727 1.742 1.744 1.722 1.743 1.743

CCO−Fe−CNHC 97.00(11) 95.2(3) 95.32(8) 101.2(5) 96.99(18) 99.48(13) 97.89(13) 97.80(17)

CNHC−Fe−I 92.35(7) 96.88(15) 92.98 (5) 93.12 93.02(10) 92.16(7) 92.41(8) 95.46(11)

CCO−Fe−I 88.96(9) 85.3(2) 85.35(6) 86.5(3) 86.53(13) 89.91(10) 87.91(9) 86.75(15)

CNHC−Fe−Cpcentroid 123.43 120.54 124.52 126.22 121.69 125.15 122.86 122.95

N−CNHC−Fe−Cpcentroid 107.06 93.88 97.73 134.52 126.89 135.78 105.43 91.98
aValues obtained from ref 23 (5a and 5b), ref 22 (5d), and ref 27 (5g).
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synthetic methods to obtain this complex in sufficiently high
quantities. Nonetheless, these experiments indicate that three-
legged piano-stool Fe−Cp* complexes with triazolylidene
complexes should, in principle, be accessible. Notably, Song
and co-workers reported in 2020 a two-legged piano-stool Fe−
Cp* complex with a triazolylidene ligand.31

Structural Analyses. Solid state X-ray crystal structures of
representative examples of complexes 3−6 confirmed the
piano-stool geometry and revealed bond lengths and angles in
the expected range (Figure 1, Tables 1 and 2).22,23,27 The Fe−
Ccarbene bonds and the Fe−Cp distances are only marginally
elongated (<0.025 Å) in the Cp* complexes compared to their
Cp analogues. Also, the relative orientation of the carbene
ligand, determined by the N−Ccarbene−Fe−Cpcentroid dihedral
angle θ, does not reveal any significant twists of the carbene in
the cationic complexes 3 and 4 (θ = 91.7° ± 1.3°) except for
complex 3f and 3g (θ = 98.9° and 98.4°, respectively), which
was attributed to steric constraints between the mesityl groups
and the Cp protons.34 The differences are more noticeable for
the neutral complexes 5 and 6 (θ between 92° and 136°),
suggesting a more flexible rotation. This flexibility may be
facilitated by the smaller I−Fe−CO bond angle as compared to
the CO−Fe−CO bond angle in the cationic analogues.
The steric implications of the Cp* ligand were investigated

by inspecting the shortest distance to NHC wingtip protons in
each structure (Table S1). For the Cp complexes 3 and 5, the
closest Cp−H···HNHC contacts were all between 2.25 and 2.74
Å with 3b displaying the shortest distance and 3c, the longest.
The Cp* complexes featured slightly shorter Cp−CH3···HNHC
distances (2.12−2.35 Å). A comparison of Cp and Cp*
complexes with identical NHC ligand revealed a 0.26 ± 0.12 Å

closer contact in the Cp* complex. Close Cp−H···HNHC

contacts were also identified in solution by Nuclear Over-
hauser effects (NOEs) between the Cp* protons and the HCiPr

protons for 6b. Notably, no such NOE signals were detected in
5b with the same NHC ligand, yet a less bulky Cp instead of
Cp*. Interactions with the Cp ligand only became apparent
when NHCs with bulkier wingtip groups were coordinated.
For example, the Cp protons in complex 5f showed a NOE
with both the mesityl−CH3 and the N−CH2 unit (Figures
S51−S53). These results suggest that steric hindrance of the
Cp* ligand imposes more steric hindrance for bulky NHC
ligands to coordinate to the iron center and rationalize the
failure in preparing the Cp* analogue of complex 3f (vide
supra).
While the Cp complex 5a with small Me wingtip groups on

the NHC ligand is fluxional due to rotation about the Fe−
CNHC bond and requires low temperature (−20 °C) to reach
decoalescence of the resonances in the 1H NMR spectrum
(ΔG‡ ∼ 59 kJ mol−1),23 the analogous Cp* complex 6a is
more rigid and reveals a slow exchange limit spectrum with two
nonequivalent N−CH3 resonances at δH = 4.04 and 3.86,
respectively (Figure S39).43 In contrast, the signals from the
iBu wingtip groups of complex 5c were broad at room
temperature, though they sharpened upon cooling to −20 °C
(Figure S28, Table S2). From the coalescence temperature of
these signals (Tcoal = 298 K) and the Cimi−H resonance
frequencies, a free energy of activation (ΔG‡) of 58.0 ± 1.0 kJ
mol−1 was calculated for 5c. Complex 5e shows two rotamers
in the 1H NMR spectrum at −25 °C with a free energy of
activation (ΔG‡) of 60.5 ± 1.0 kJ mol−1 (Figure S32, Table

Table 3. Vibrational and Electrochemical Data for Cationic and Neutral Fe(II) Complexes 3−6

aMeasured in CH2Cl2.
bMeasured in CH2Cl2 using 0.1 M [Bu4N][PF6] as supporting electrolyte, sweep rate of 100 mV s−1, referenced vs SSCE

using Fc+/Fc as internal standard (E1/2 = +0.46 V, ΔE = 0.1), in parentheses ΔE = Epa − Epc.
cFrom ref 22. dFrom ref 27.
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S3). This higher energy compared to 5c is commensurate with
the larger steric demand of the wingtip groups in 5e.
Donor Properties of the Ligand Sets. To determine the

combined electron donor properties of the NHC ligand and
the Cp(*) moiety, the complexes were analyzed electrochemi-
cally and by IR spectroscopy. IR analysis revealed the
characteristic symmetric and asymmetric bands νs = 2037 ±
12 cm−1 and νas = 1990 ± 13 cm−1 for the cationic bis-carbonyl
complexes 3 and 4 and a single absorption in the 1910−1935
cm−1 range for the neutral monocarbonyl complexes 5 and 6
(Table 3). Triazole-derived NHCs induce generally a 6 ± 1
cm−1 lower energy vibration than imidazolylidenes (cf. 5b vs 5e
and 5d vs 5g) in line with the increased electron donor
properties of triazolylidenes.44 The wingtip group modification
had minor implications for both imidazole- and triazole-
derived carbenes in the cationic systems yet induced some
variation in the neutral complexes (Δνmax = 7 cm−1, cf. 5f vs 5e
and 6a vs 6b). The most substantial shift was noted upon
replacing the Cp ligand for Cp* (Δν = 22 ± 4 cm−1),
indicating a major effect of the stronger electron donating Cp*
ligand (cf. 3a,b vs 4a,b,and 5a,b vs 6a,b).
Further insights into the electronic modulation of these

complexes were gained by electrochemical analysis. While the
cationic complexes did not show any oxidation process up to
1.4 V vs SSCE, the neutral complexes 5 and 6 feature a
reversible oxidation in cyclic voltammetry (CV; Figure S54).
The half-wave potentials shift only slightly by <90 mV upon
changing the wingtip group (Table 3). The substitution of the
imidazolylidene scaffold for a triazolylidene lowered the
oxidation potential by 0.065 ± 0.05 V (cf. 5b,d vs 5e,g), and
the exchange of Cp for Cp* had again the largest effect and
shifted the redox potential by 0.27 V (cf. 5a,b vs 6a,b). These
data are in good agreement with the trends deduced from IR
spectroscopy and indicate that the Cp/Cp* modulation is 2−3
times larger than the swap of the NHC from imidazolylidene
to triazolylidene. Wingtip modification is nonlinear, and the
electron-donating character of secondary alkyl groups is
counterbalanced by steric effects, especially with Cp* ligands.
According to both analyses, complex 6b features the most
electron rich iron center with decreasing electron-density along
the series 6b > 6a > 5e > 5g > 5f > 5d > 5b > 5a > 5c. These
effects are displayed in Figure 2 for representative examples
featuring a variable wingtip group, NHC scaffold, and Cp vs
Cp* ligand, respectively.
Catalytic Hydrosilylation of Carbonyl Compounds.

The impact of the broad electronic tunability of these iron
complexes 5 and 6 was evaluated in the reduction of carbonyl
compounds via hydrosilylation.18,27 4-Nitrobenzaldeyde was
employed as a benchmark substrate and PhSiH3, as hydro-
silylation agent; yields were calculated after the Si−O bond
cleavage with Bu4NF (Table 4). Very distinct time−conversion
profiles were observed, which indicate a profound influence of
the ligand set on the catalytic activity (Figure 3). A comparison
of the catalytic performance revealed some general trends.
First, the introduction of a Cp* spectator ligand instead of Cp
is detrimental to catalytic activity and leads to considerably
slower conversion (cf. complexes 5a and 6a, turnover
frequency (TOFmax) = 30 vs 20 h−1, entries 1 and 8) though
this is less pronounced when the carbene contains iPr instead
of methyl wingtip groups (5b vs 6b, entries 2 and 9). Second,
the replacement of the carbene scaffold from imi to trz reduces
the reaction time and enhances the catalytic performance
considerably (cf. complexes 5b and 5e, TOFmax = 50 vs 160

h−1, entries 2 and 5; complexes 5d and 5g, TOFmax = 140 vs
230 h−1, entries 4 and 7) with previously reported complex 5g
as the most active complex in this series.27 Third, wingtip
modulations have a marked effect on turnover frequencies,
which increase as follows: Me < iPr, iBu < Mes for the imi
series (entries 1−4) and similarly iPr,iPr < nBu,Mes <
Mes,Mes in the trz series (entries 5−7). The complexes
show varying induction times ranging from 10 up to 90 min,
suggesting that the active catalyst is formed in situ.
Notably, there is no clear correlation between the catalytic

performance and the redox potential as a proxy for the donor
properties of the ligand set (Figure 4a). While there is a good
trend in the Cp series with more donating NHCs increasing
the activity, this trend is not confirmed by the imi/Cp* series,
which should provide much higher activity than that observed
if the electron density at iron is indeed the decisive factor for
catalytic performance.
A more stringent trend was revealed when the catalytic

activity of the complexes was correlated with the steric
influence of the NHC ligand (Figure 4b) as deduced from the
percentage buried volume (%Vbur) calculated with the
SambVca software (Figure S55).45 Accordingly, even a slight
increase of the percentage buried volume leads to a higher
catalyst performance with the mesityl-substituted NHCs (Vbur
= 30−31.2%, TOFmax = 180−230 h−1) performing better than
the analogues with alkyl wingtip groups (Vbur = 25.6−27.4%,
TOFmax = 30−160 h−1). While these steric parameters appear
to be the dominant factor for tailoring catalytic activity, the
electronic factors allow for fine-tuning the activity with trz
systems outperforming the imi analogues (cf. 5b vs 5e and 5d
vs 5g).
In order to probe the steric implications of the Cp*

spectator ligand, different substrates with varying spatial
requirements were evaluated, viz. butyraldehyde as a small
substrate and o-tolualdehyde as a bulky substrate (Table 5,
Figure S56). Except for complexes 5a and 6a with methyl-
substituted NHCs, catalytic activities increased when changing
the substrate from 4-nitrobenzaldehyde to either of these two
aldehydes (Table 5). In addition, turnover frequencies were
generally higher for the bulkier o-tolualdehyde than for
butyraldehyde. Interestingly, the exchange of Cp for Cp*
generally induced an improved catalytic activity toward both
the smaller butyraldehyde (relative to nitrobenzaldehyde) and
the sterically more demanding tolualdehyde (cf. complexes 5b

Figure 2. Normalized cyclic voltammograms of representative
complexes 5a, 5b, 5e, and 6a measured in CH2Cl2, 0.1 M [Bu4N]PF6,
potential in V vs SSCE and referenced to Fc+/Fc (E1/2 = +0.46 V, ΔE
= 0.1 V) or decamethyl ferrocene (E1/2 = +0.11 V, ΔE = 0.1 V), 100
mV s−1 sweep rate.
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and 6b, TOFmax = 70−80 vs 160−180 h−1; entries 2, 6, 8, and
12). In both the Cp and Cp* analogues, the imidazolylidene
ligand with the iPr wingtip group (5b and 6b) is favorable in
the hydrosilylation catalysis over the methyl analogue (5a and
6a; TOFmax = 10−20 vs 70−80 h−1 (5a vs 5b), 6−20 vs 160−
180 h−1 (6a vs 6b), entries 1, 2, 5−8, 11, and 12). These
results suggest that the sterically hindered catalysts with a Cp*

spectator ligand do not discriminate bulkier substrates
compared to their Cp analogues with a sterically better
available iron center. The choice of Cp vs Cp* is therefore
substrate dependent and needs to be evaluated for determining
the best performing catalyst system. As shown above for
nitrobenzaldehyde, also for the butyraldehyde and tolualde-
hyde, the TOFmax correlates reasonably well with steric ligand
parameters and much less with the ligand electronics (Figure
S57a,b) though, again, the trz ligands outperform the imi
series.
While there was no steric discrimination observed between

tolualdehyde and butyraldehyde, a steric bias can be deduced,
however, from experiments using very bulky substrates. Thus,
neither mesityl benzaldehyde nor o-tolyl methyl ketone are
converted even when using the most potent trz/Cp complex
5f. Likewise, benzylacetate is not hydrosilylated under these
conditions.

Mechanistic Studies. While previous work disclosed a
variety of mechanistically diverse catalytic cycles,27,46−50 we
aimed here to shed some light on the mode of activation of
these carbene iron catalysts in hydrosilylation. Therefore, a set
of stoichiometric experiments was conducted as well as some
tailored modifications of the catalyst precursor in order to

Table 4. Hydrosilylation of 4-Nitro Benzaldehyde by Iron(II) Complexes 5−6a

aGeneral conditions: substrate (0.5 mmol), PhSiH3 (0.6 mmol), [Fe] complex (5 μmol, 1 mol %), C6Me6 as internal standard (50 μmol), 1,2-
dichloroethane (DCE; 2.5 mL), 60 °C. bConversion determined by 1H NMR spectroscopy as an average of at least two runs. cSpectroscopic yield
after alcohol deprotection. dFrom ref 27.

Figure 3. Time−conversion profile of the hydrosilylation of 4-
nitrobenzaldehyde by iron(II) complexes 5−6 (conditions as in Table
4).

Figure 4. (a) Plot of oxidation potentials (E1/2) vs TOFmax for the catalytic hydrosilylation of 4-nitrobenzaldehyde; (b) correlation of buried
volume (%Vbur) with TOFmax. Color code: imi/Cp ligand set in blue, trz/Cp ligand set in red, and imi/Cp* ligand set in green.
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facilitate the activation process. When the electronic saturation
of the iron complexes 5 and 6 due to their 18 electron
configuration is considered, η5-to-η3 Cp ring slippage51 or the
dissociation of an ancillary ligand constitute plausible
activation pathways. The latter hypothesis is supported by
earlier work that demonstrated that cationic complexes akin to
3 and 4 require UV irradiation to become active hydro-
silylation catalysts.18

Probing Iodide Dissociation. When complex 5f was
dissolved in MeCN, the color gradually darkened and turned
red within 10 min with concomitant formation of a second
species according to 1H NMR spectroscopy (Figure S58). This
change was reversible and was attributed to iodide dissociation
and solvent coordination, a process that may also be
potentially relevant for catalyst activation. To investigate the
relevance of iodide coordination, complex 7c was prepared in
which the iodide was replaced with MeCN as a potentially
better leaving group (Scheme 3). This complex was readily

obtained from the dicarbonyl precursor 3c via AgPF6-mediated
anion exchange followed by UV irradiation in MeCN. The
coordination of MeCN was confirmed by a characteristic
singlet at δH = 2.28 in the 1H NMR spectrum (Figure S46).
Complex 7c catalyzed the hydrosilylation of 4-nitro-

benzaldehyde under standard conditions, though considerably
slower than its iodide analogue 5c. It required 70 h to reach
68% conversion compared to full conversion in 3 h with 5c

(Table S9). In an attempt to generate a putative catalytic iron
alkoxide or iron hydride intermediate, complex 7c was used as
a catalyst precursor in the presence of LiOiPr or NaBH4 as
additives.49 Neither of these additives improved the catalytic
activity and, to the contrary, resulted in lower conversions.
Also, stoichiometric 1H NMR experiments did not lead to a
defined complex and in the presence of LiOiPr only revealed
broadening of the signals (Figure S59). Likewise, the addition
of 0.6 equiv of I2 (relative to the iron complex) as a mild
oxidizing agent to access a putative iron(III) species only
lowered the catalytic performance. These data therefore point
to some relevance of iodide coordination for imparting
catalytic activity.

Monitoring Stoichiometric Experiments. The exposure
of complex 5f to 2 equiv of 4-nitrobenzaldehyde in CD2Cl2 at
60 °C for 30 min induced the formation of a minor new set of
aromatic signals at 8.10 and 7.49 ppm of about 5% of the
intensity compared to nitrobenzaldehyde (Figures S60 and
S61). The addition of 4 equiv of PhSiH3 led to the complete
consumption of 4-nitrobenzaldehyde within 10 min (Figure
S60c,d). When a stoichiometric mixture of 4-nitrobenzalde-
hyde and complex 5f in DCE-d4 was heated for 3 h, an almost
full depletion of the aldehyde signals was noted (Figure S62).52

These changes may point to the formation of a paramagnetic
species, such as an iron-alkoxy complex, though these events
are clearly outside the catalytic time regime. Nonetheless, these
data suggest that the substrate is interacting with the complex
but that the resulting species is either not stable enough to be
isolated or not detectable by 1H NMR spectroscopy. Notably,
complex 5f on its own is stable in refluxing CD2Cl2 for >2 h
and degrades slowly in DCE-d4 yet without the formation of
any new signals (Figures S63 and S64).
The complementary reaction of complex 5f with 3 equiv of

PhSiH3 at 60 °C in the absence of aldehyde substrate induced
spectral changes only after 20 min with the appearance of a
new set of signals and in particular a weak signal at −14.29
ppm (Figures S65 and S66), suggesting the formation of small
quantities of an iron hydride species (<5%).53,54 The main
species in the spectrum remained 5f, and this was visibly
supported by the bright green color of the solution. The

Table 5. Hydrosilylation of Butyr- and Tolualdehyde by Iron(II) Complexes 5 and 6a

aGeneral conditions: substrate (0.5 mmol), PhSiH3 (0.6 mmol), [Fe] complex (5 μmol, 1 mol %), C6Me6 (50 μmol) as internal standard, DCE
(2.5 mL), 60 °C. bConversion determined by 1H NMR spectroscopy as an average of at least two runs. cSpectroscopic yield determined for
silylated butanol and deprotected 2-methyl-benzylalcohol, respectively.

Scheme 3. Synthesis and ORTEP Plot of Complex 7ca

a50% probability, all hydrogen atoms and non-coordinating PF6
−

anions omitted for clarity. Reagents and conditions: (i) AgPF6,
CH2Cl2, room temperature, 1 h; (ii) hν, MeCN, 1 h.
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addition of 2 equiv of 4-nitrobenzaldehyde resulted in its full
consumption within 10 min (Figure S65c,d) and the
disappearance of the hydride resonance. Upon addition of an
extra 2 equiv of aldehyde, again some 60% was consumed
within 10 min (Figure S65e), indicating full consumption of
the silane and pointing to an iron species in solution that
remains catalytically active. The presence of signals due to 5f
after these three turnovers revealed that only a small fraction of
the precatalyst was transformed to the active species. Notably,
the iron complex in the presence of only PhSiH3 was stable far
beyond the induction period typically observed in catalytic
runs (up to 25 min for complex 5f, cf. Tables 4 and 5, Figure
S67). Only extended incubation of 5f at 60 °C led to a color
change from green to yellow with a 50% decrease of the signals
of the original iron complex after 16 h (Figure S67).
Concomitantly, the 1H NMR resonance of PhSiH3 at 4.15
ppm decreased to ∼5% and new singlets appeared at 5.02 and
5.19 ppm together with downfield shifted aromatic signals,
which were attributed to reshuffled phenylsilane55,56 and
siloxane species; the latter presumably formed due to
fortuitous moisture or oxygen (Figure S68).
The combined results from these NMR studies suggest the

formation of a pre-equilibrium either between the iron
complex and the silane to form an iron hydride as the putative
active species or involving the iron complex and the aldehyde
to form an iron substrate adduct. In either case, there is a
strong preponderance toward the dissociated species, i.e., the
starting materials. Notably, such a pre-equilibrium situation
may rationalize the observed induction periods under catalytic
conditions.
In Situ Reaction Monitoring. The CO functionalities in

both the complex and the aldehyde substrate provided a
diagnostic handle to use ReactIR spectroscopy for investigating
the catalyst activation and performance in situ. A catalytic run
under standard conditions with complex 5f revealed a gradual
decrease of the CO stretch vibration of the 4-nitro-
benzaldehyde at 1711 and 1195 cm−1 and a concomitant
increase of a broad band at 1082 cm−1 attributed to the C−O−
Si unit indicative for the formation of the hydrosilylated

products (Figure 5). New phenylsilane products are suggested
by the appearance of a broad band around vSiH = 2160 cm−1.57

The plot of the normalized intensity changes over time yields
similar rates as deduced from 1H NMR monitoring of a parallel
reaction (inset of Figure 5).
Catalyst activation was monitored in a set of stoichiometric

experiments and corroborated the conclusions deduced from
NMR spectroscopic analyses. The interaction of complexes 5c
or 5f with 4-nitrobenzaldehyde in a 1:1 molar ratio resulted in
a linear decrease of the carbonyl vibration bands of the
complex and aldehyde at 1935 and 1711 cm−1, respectively,
and the full disappearance within 40 min (Figures S72 and
S73), strongly suggesting an interaction between the substrate
and the catalyst through CO dissociation from the iron
coordination sphere.58 A similar process has been established
for the Shvo catalyst where CO dissociation is more favorable
than η5/η3 ring slippage.59,60

Stoichiometric experiments with complex 5f and PhSiH3 (1
equiv) showed a substantially slower transformation of 5f than
those in the presence of aldehyde under otherwise identical
conditions (20% in 1 h; Figure S75). The addition of 1 equiv
of 4-nitrobenzaldehyde led to a full disappearance after 45 min
of the CO band of the complex and full consumption of the
substrate, together with almost a 50% decrease of the
phenylsilane. The time regime of these experiments suggests
that the iron complex has a much higher affinity for the
aldehyde and indicates that (reversible) CO dissociation and
aldehyde coordination constitute a plausible catalyst activation
pathway. Of course, the currently available data cannot rule out
a Curtin-Hammett scenario with a catalytically irrelevant pre-
equilibrium aldehyde coordination and parallel formation of an
iron hydride as the active species present in too low quantities
to be detected by ReactIR. We note however that aldehyde
coordination and conversion have a strong influence since
earlier work in our group demonstrated that the hydrosilylation
of ketones is hampered unless the catalytically active species is
formed by spiking the reaction with some aldehyde.27

In support of the mechanistic scenario involving ketone
coordination in the catalyst activation step, an additional

Figure 5. In situ FT-IR spectra recorded during hydrosilylation of 4-nitrobenzaldehyde with 5f as catalyst under standard conditions (Table 4).
Changes over time in 5 min intervals (red at 0 h and blue at 40 min); red arrows indicate the change of signal intensities. Inset: Catalytic profile of
two catalytic reactions with conversions determined by 1H NMR spectroscopy (green circles) and by IR spectroscopy from changes at 1195 and
1711 cm−1 (signals of 4-nitrobenzaldehyde, amber and red traces) and 1082 cm−1 (attributed to the Si−O band in the product, blue trace).

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00200
Organometallics 2021, 40, 1538−1550

1545

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00200/suppl_file/om1c00200_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00200?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00200?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00200?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00200?fig=fig5&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00200?rel=cite-as&ref=PDF&jav=VoR


catalytic experiment was conducted in which complex 6b was
prestirred with 4-nitrobenzaldehyde for 1 h. The addition of
PhSiH3 initiated catalytic turnover immediately without any
activation period, and conversion was complete within 60 min
according to 1H NMR monitoring (Figure S76). In
comparison, without prestirring, an induction time of some
40 min was observed with this catalyst system, indicating that
aldehyde coordination to iron is relevant. In contrast, the
preactivation of complex 6b with PhSiH3 resulted in much
slower conversion, requiring 110 min to reach completion
(Figure S76). These data lend strong support to a catalyst
activation involving CO ligand displacement by the aldehyde
substrate rather than formation of an initial iron hydride
species from the iron complex and the silane.

■ CONCLUSION

This work extends the diversity of piano-stool NHC iron
complexes and includes variation of the NHC scaffold, the
wingtip group, and ancillary ligands as well as modulation of
the Cp ligand with the stronger donating Cp* analogue.
Variability was also implemented on the synthetic level by
introducing decarboxylation, so far unprecedented for iron(II)
precursors, for preparing both imidazolylidene and triazolyli-
dene piano-stool iron complexes. The application of these iron
complexes with diverse ligand sets in the catalytic hydro-
silylation of aldehydes revealed a clear trend in activity that
depends strongly on the NHC scaffold (trz > imi) and revealed
a good correlation with steric parameters as defined by the %
Vbur. Notably, the choice of Cp vs Cp* ligand may be substrate
dependent; for example, the activity increase is opposite for
nitrobenzaldehyde and butyraldehyde. Mechanistic investiga-
tions provide strong support for a catalyst activation that
involves displacement of the CO ligand with the aldehyde
substrate. Such a process rationalizes the critical role of the
substrate in catalyst optimization and also the low activity of
these complexes toward ketones. Moreover, it validates the
need for a high modularity of the ligand sets in these piano-
stool iron(II) complexes as demonstrated in this work. The
option to vary virtually all parameters, from carbene scaffold to
wingtip sterics and electronics, ancillary ligand, Cp substitution
pattern, and counterions around the iron(II) center, will also
offer opportunities for exploring further catalytic applications
beyond hydrosilylation.

■ EXPERIMENTAL SECTION
General Comments. Toluene, THF, CH2Cl2, Et2O, and hexane

were dried by passage through solvent purification columns. 1,2-
Dichloroethane was dried over 4 Å molecular sieves and degassed
with argon. All other reagents were commercially available and used
without further purification. Metalation reactions and the purification
of complexes were carried out under an inert nitrogen atmosphere
using standard Schlenk techniques. The synthesis of complexes 3a,
3b, 3d, 3f, 3g, 5a, 5b, 5d, 5f, and 5g22,23,27 have been reported
elsewhere, and the synthesis of all ligands is provided in the
Supporting Information. NMR spectra were measured at 25 °C on
Bruker spectrometers operating at 300 or 400 MHz (1H NMR) and
75 or 101 MHz (13C{1H} NMR), respectively. Chemical shifts (δ in
ppm, coupling constants J in Hz) were referenced to residual solvent
resonances downfield to SiMe4. Assignments were made based on
homo- and heteronuclear shift correlation spectroscopy. The purity of
bulk samples of the complexes has been established by NMR
spectroscopy and by elemental analysis, which was performed at the
University of Bern Microanalytic Laboratory by using a Thermo
Scientific Flash 2000 CHNS-O elemental analyzer. High-resolution

mass spectrometry was carried out with a Thermo Scientific LTQ
Orbitrap XL instrument (ESI-TOF). IR spectra were recorded on a
Jasco 4700 FT-IR instrument in CH2Cl2 solution at 1 cm−1

resolution. Time-resolved online MCT FT-IR spectra were recorded
on a ReactIR 15 Instrument (Mettler Toledo) equipped with a
diamond probe (DiComp, optical range of 3000−650 cm−1). For
online monitoring, the diamond probe was introduced into a 10 mL
Schlenk containing the reaction mixture, and spectra were recorded at
specific times. The experiments were run under nitrogen conditions.
UV irradiation was carried out using a UVP Blak-Ray B-100AP lamp.
Cyclic voltammetry measurements were carried out using a Metrohm
Autolab Model PGSTAT101 potentiostat employing a gastight three-
electrode cell under an argon atmosphere. A platinum disk with 7.0
mm2 surface area was used as the working electrode and polished
before each measurement. The reference electrode was Ag/AgCl; the
counter electrode was Pt foil. Bu4NPF6 (0.1 M) in dry CH2Cl2 was
used as supporting electrolyte with analyte concentrations of
approximately 1 mM. The ferrocenium/ferrocene (Fc+/Fc) redox
couple was used as an internal reference (E1/2 = 0.50 V vs SSCE).61

General Procedure for the Preparation of Complexes 3 and
4. Method A. The imidazolium/triazolium salt (1 equiv) and KOtBu
(1.2 equiv) were suspended in dry THF (10 mL). After 1 h of stirring
at room temperature, the THF was removed under reduced pressure
and the free carbene was extracted in dry toluene (2 × 6 mL); the
resulting suspension was filtered into a dry toluene (3 mL) solution of
[CpFe(CO)2I] or [Cp*Fe(CO)2I] (0.9 equiv). The resulting mixture
was stirred at room temperature under the exclusion of light for 16 h.
The precipitate was collected by filtration, washed with toluene (2 × 5
mL), extracted with CH2Cl2, and dried in vacuo to yield the crude
product as a light-sensitive material, which hampered further
purification.

Method B. The azolium carboxylate 2 and iron precursor were
suspended in dry toluene (6 mL) and stirred at 80 °C for 16 h under
the exclusion of light. After cooling to room temperature, the
precipitate was collected by filtration and purified as described in
Method A.

Synthesis of 3a. According to Method B, complex 3a was afforded
as a yellow powder (65 mg, 43%) by starting from 2a (52 mg, 0.38
mmol) and [CpFe(CO)2I] (114 mg, 0.38 mmol). Analytical data
agree with those reported for this compound.23

Synthesis of 3c. According to Method A, complex 3c was afforded
as a yellow powder (308 mg, 75%) by starting from 1c (334 mg, 1.02
mmol), KOtBu (155 mg, 1.28 mmol), and [CpFe(CO)2I] (259 mg,
0.85 mmol). Single crystals suitable for X-ray diffraction were
obtained by the slow diffusion of Et2O to a CH2Cl2 solution of the
complex.

1H NMR (400 MHz, CD2Cl2): δ 7.38 (br, 2H, HIm), 5.31 (s, 5H,
Cp), 4.00 (d, J = 7.8 Hz, CH2), 2.22 (sept, J = 7.0 Hz, 2H, CH), 1.02
(d, J = 6.6 Hz, 12H, CH3).

13C{1H} NMR (101 MHz, CD2Cl2): δ
211.81 (CO), 164.47 (CIm−Fe), 125.54 (CIm−H), 87.66 (Cp), 59.20
(CH2), 29.66 (CH), 19.89 (CH3). IR (CH2Cl2, cm

−1): 2049, 2002
ν(CO). HRMS: m/z calcd. for C18H25FeIN2O2 [M − I]+, 357.1246;
found, 357.1260. Elemental Analysis calcd. (%) for C18H25FeIN2O2
(484.16): C, 44.65; H, 5.20; N, 5.79; found: C, 44.34; H, 5.15; N,
5.69.

Synthesis of 3e. According to a slightly modified Method A, the
mixture of base and ligand was directly cannulated into the toluene
solution of [CpFe(CO)2I] (161 mg, 0.53 mmol) by starting from 1e
(157 mg, 0.53 mmol) and KOtBu (77 mg, 0.64 mmol). The solvents
were removed under reduced pressure, and the crude was used
directly for the synthesis of 5e. Single yellow crystals suitable for X-ray
diffraction were obtained by slow diffusion of Et2O into a CH2Cl2
solution of the complex.

1H NMR (300 MHz, CD2Cl2): δ 5.31 (s, 5H, Cp), 5.11−5.02 (m,
1H, CH), 4.19 (s, 3H, NCH3), 3.62−3.52 (m, 1H, CH), 1.62 (d, J = 6
Hz, 6H, CH3), 1.43 (d, J = 6 Hz, 6H, CH3).

13C{1H} NMR (101
MHz, CD2Cl2): δ 212.57 (CO), 152 (Ctrz−Fe), 87.31 (Cp), 58.30
(NCH), 46.71 (Ctrz), 39.85 (NCH3), 27.58 (CCH), 23.90 (CH3),
20.54 (CH3). IR (CH2Cl2, cm

−1): 2042, 1996 ν(CO). HRMS: m/z
calcd. for C16H22FeIN2O [M − I]+, 344.1056; found, 344.1050.
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Elemental Analysis calcd. (%) for C16H22FeIN3O2 (471.01): C, 40.79;
H, 4.71; N, 8.92; found: C, 40.55; H, 4.25; N, 8.90.
Synthesis of 3f. According to Method B, complex 3f was afforded

as a yellow powder (58 mg, 39%) by starting from 2f (66 mg, 0.22
mmol) and [CpFe(CO)2]I (77 mg, 0.25 mmol). Analytical data agree
with those reported for this compound.27

Synthesis of 4a. According to Method A, the crude product was
started from 2a (45 mg, 0.32 mmol) and [Cp*Fe(CO)2I](106 mg,
0.28 mmol), extracted with CH2Cl2, and filtrated through a short pad
of silica; the volatiles were removed by reduced pressure to yield the
complex 4a as a yellow powder (52 mg, 39%). Single crystals suitable
for X-ray diffraction were obtained by slow diffusion of Et2O to a
CH2Cl2 solution of the complex.

1H NMR (400 MHz, CD2Cl2): δ 7.42 (s, 2H, HIm), 3.83 (s, 6H,
NCH3), 1.84 (s, 15H, Cp*−CH3).

13C{1H} NMR (101 MHz,
CD2Cl2): δ 214.20 (CO), 172.90 (CIm−Fe), 127.17 (CIm−H), 99.45
(CCp*Ar), 36.86 (NCH3), 10.45 (Cp*−CH3). IR (CH2Cl2, cm

−1):
2027, 1977 ν(CO). HRMS: m/z calcd. for C17H23FeIN2O2 [M − I]+,
343.1103; found, 343.1106. Elemental Analysis calcd. (%) for
C17H23FeIN2O2 (470.01): C, 43.43; H, 4.93; N, 5.96; found: C,
42.93; H, 4.68; N, 5.93.
Synthesis of 4b. According to Method A, complex 4b was afforded

as a yellow powder (140 mg, 62%) by starting from 1b (140 mg, 0.47
mmol), KOtBu (67 mg, 0.55 mmol), and [Cp*Fe(CO)2]I (160 mg,
0.43 mmol).
According to Method B, complex 4b was afforded as a yellow

powder (141 mg, 71%) by starting from 2b (75 mg, 0.38 mmol) and
[Cp*Fe(CO)2I] (142 mg, 0.38 mmol). Single crystals suitable for X-
ray diffraction were obtained by slow diffusion of Et2O to a CH2Cl2
solution of the complex.

1H NMR (CD2Cl2, 400 MHz): δ 7.44 (s, 2H, Im), 4.53 (sept, J =
7.0 Hz, 2H, CH), 1.82 (s, 15H, Cp*−CH3), 1.61, 1.46 (d, J = 6.1 Hz,
12H, CH3).

13C{1H} NMR (CD2Cl2, 101 MHz): δ 214.03 (CO),
169.14 (CIm−Fe), 122.59 (CIm−H), 99.45 (CCp*Ar), 55.15 (CH),
24.91, 24.47, 23.24 (CH3), 10.24 (Cp*−CH3). IR (CH2Cl2, cm

−1):
2024, 1977 ν(CO). HRMS: m/z calcd. for C21H31FeIN2O2 [M − I]+,
399.1729; found, 399.1731. Elemental Analysis calcd. (%) for
C21H31FeIN2O2 (526.24): C, 47.93; H, 5.94; N, 5.32; found: C,
47.55; H, 5.83; N, 4.89.
General Procedure for the Preparation of Complexes 5 and

6. Complex 3 or 4 was dissolved in CH2Cl2 and irradiated with a high
intensity UV lamp at 365 nm for 16 h. The resulting green solution
was concentrated to ∼2 mL and layered with dry hexane. After 24 h,
the solution was filtered and evaporated to dryness to yield a dark
green solid.
Synthesis of 5c. According to the general procedure from 3c (308

mg, 0.64 mmol), complex 5c (189 mg, 64%) was afforded. Single
crystals suitable for X-ray diffraction were obtained by dissolving the
crude in CH2Cl2 (2 mL) and layering with dry hexanes.

1H NMR (300 MHz, CD2Cl2, −20 °C): δ 7.20, 7.06 (br, 2H, HIm),
4.90 (dd, J = 13.7, 8.9 Hz, 1H, CH2), 4.43 (s, 5H, Cp−H), 4.34 (dd, J
= 13.6, 7.1 Hz, 1H, CH2), 4.19−4.01 (m, 2H, CH2), 2.39−2.21 (m,
1H, CH), 2.10−2.03 (m, 1H, CH), 1.06 (d, J = 6.6 Hz, 3H, CH3),
1.00 (dd, J = 11.9, 6.8 Hz, 6H, CH3), 0.74 (d, J = 6.6 Hz, 3H, CH3).
13C{1H} NMR (101 MHz, CD2Cl2): δ 224.50 (CO), 184.14
(CIm−Fe), 122.77 (CIm−H), 80.30 (CCp), 60.68, 58.39 (NCH2),
29.51, 29.25 (CH), 19.95, 19.87, 19.72, 19.56 (CH3). IR (CH2Cl2,
cm−1): 1934 ν(CO). HRMS: m/z calcd. for C17H25FeIN2O [M − I]+,
329.1304; found, 329.1311. Elemental Analysis calcd. (%) for
C17H25FeIN2O (456.15): C, 44.76; H, 5.52; N, 6.14; found: C,
44.58; H, 5.37; N, 6.25.
Synthesis of 5e. The general procedure starting from 3e afforded

complex 5e (50 mg, 21%, overall yield from 1e). Single crystals
suitable for X-ray diffraction were obtained by dissolving the crude in
CH2Cl2 (2 mL) and layering with dry hexanes.

1H NMR (400 MHz, toluene-d, 65 °C): δ 6.42−6.08, 4.52−4.27
(broad, 2H, CH), 4.20 (s, 5H, Cp), 3.11 (s, CH3), 1.53−1.35, 1.08−
0.99, 0.95−0.83 (broad, 12H, CH3). Major rotamer (60%): 1H NMR
(400 MHz, CD2Cl2, − 25 °C): δ 6.36 (sept, 6.7 Hz, 1H, NCH), 3.96
(sept, 7.3 Hz, 1H, CH), 4.39 (s, 5H, Cp), 4.01 (s, CH3), 1.65, 1.49−

1.45 (d, 6.7 Hz, 6H, NCCH3) 1.38, 1.17 (d, 7.3 Hz, 6H, CH3).
13C{1H} NMR (101 CD2Cl2, −25 °C): δ 225.07 (CO), 163.57 (Ctrz−
Fe), 151.25 (Ctrz−C), 79.94 (Cp), 57.89 (NCH), 38.19 (NCH3),
26.84 (CCH), 24.25, 23.32, 20.39, 20.03 (CH3). Minor rotamer
(40%): 1H NMR (400 MHz, CD2Cl2, −25 °C): δ 5.40 (sept, 6.7 Hz,
1H, NCH), 4.71 (sept, 7.3 Hz, 1H, CH), 4.40 (s, 5H, Cp), 4.03 (s,
CH3), 1.55, 1.35 (d, 6.7 Hz, 6H, NCCH3) 1.49−1.45, 1.27 (d, 7.3 Hz,
6H, CH3).

13C{1H} NMR (101 CD2Cl2, − 25 °C): δ 225.17 (CO),
164.52 (Ctrz−Fe), 153.60 (Ctrz−C), 80.24 (Cp), 56.17 (NCH), 38.29
(NCH3), 28.21 (CCH), 23.45, 23.30, 20.37, 19.99 (CH3). IR
(CH2Cl2, cm−1): 1928 ν(CO). HRMS: m/z calcd. for
C15H22FeN3O [M − I]+, 316.1107; found, 316.1099. Elemental
Analysis calcd. (%) C15H22FeIN3O (456.15): C, 40.66; H, 5.00; N,
9.48; found: C, 41.16; H, 5.10; N, 9.52.

Synthesis of 6a. The imidazolium carboxylate 2a (72 mg, 0.51
mmol) and [Cp*Fe(CO)2]I (267 mg, 0.70 mmol) were suspended in
dry toluene (5 mL) and stirred at 80 °C for 16 h under the exclusion
of light. After cooling to room temperature, the precipitate was
collected by filtration and washed with toluene (2 × 3 mL).
According to the general procedure, complex 6a was afforded as a
green powder (39.4 mg, 40%). Single crystals suitable for X-ray
diffraction were obtained by dissolving the product in CH2Cl2 (2 mL)
and layering with dry hexanes.

1H NMR (400 MHz, CD2Cl2): δ 7.08, 6.98 (d, J = 4.0 Hz, 2H,
HIm), 4.04, 3.86 (s, 6H, NCH3), 1.69 (s, 15H, Cp*−CH3).

13C{1H}
NMR (101 MHz, CD2Cl2): δ 226.66 (CO), 191.15 (CIm−Fe),
124.69, 124.47 (CIm−H), 89.51 (CCp*Ar), 43.08 (NCH3), 39.27
(NCH3), 10.65 (Cp*−CH3). IR (CH2Cl2, cm−1): 1914 ν(CO).
HRMS: m/z calcd. for C16H23FeIN2O [M − I]+, 315.1155; found,
315.1154. Elemental Analysis calcd. (%) for C16H23FeIN2O (442.12)
(Et2O) 0.2%: C, 44.16; H, 5.51; N, 6.13; found: C, 43.81; H, 6.05; N,
6.27.

Synthesis of 6b. According to the general procedure, complex 6b
was afforded as a green powder (80 mg, 60%) from 4b (140 mg, 0.27
mmol). Single crystals suitable for X-ray diffraction were obtained by
dissolving the product in CH2Cl2 (2 mL) and layering with dry
hexanes.

1H NMR: δ 7.17, 7.07 (d, J = 4.0 Hz, 2H, Im), 5.63−5.42, 5.25−
4.97 (m, 2H, CH), 1.66 (s, 15H, Cp*−CH3), 1.62, 1.48, 1.42, 1.38
(d, J = 6.4 Hz, 12H, CH3).

13C{1H} NMR (101 MHz, CD2Cl2): δ
119.90, 119.35 (CIm−H), 88.99 (CCp*Ar), 53 (CH), 24.89, 24.87,
23.35 (CH3), 10.89 (Cp*−CH3). IR (CH2Cl2, cm

−1): 1910 ν(CO).
HRMS: m/z calcd. for C20H31FeIN2O [M − I]+, 371.1780; found,
371.1775. Elemental Analysis calcd. (%) for C20H31FeIN2O (498.08):
C, 48.21; H, 6.27; N, 5.62; found: C, 48.25; H, 6.30; N, 6.07

Synthesis of 7c. The imidazolium salt 1c (334 mg, 1.02 mmol) and
KOtBu (155 mg, 1.28 mmol) were suspended in dry THF (10 mL).
After 1 h of stirring at room temperature, the mixture was added to a
suspension of [CpFe(CO)2]I (159 mg, 0.85 mmol) in dry toluene
(30 mL) and stirred at room temperature for 1 h under the exclusion
of light. The precipitate was collected by filtration, washed with ether
(2 × 10 mL), taken up in CH2Cl2, and filtrated through a short pad of
silica. All volatiles were removed under reduced pressure. The residue
was dissolved in CH2Cl2, and AgPF6 (212 mg, 0.84 mmol) was added.
After 1 h of stirring at room temperature under the exclusion of light,
the mixture was filtrated through a short pad of silica and the solvents
were removed under reduced pressure. The residue was dissolved in
MeCN (15 mL) and irradiated with a high intensity UV lamp at 365
nm for 40 h. The volatiles were removed under reduced pressure.
Single crystals suitable for X-ray diffraction were obtained by
dissolving the product in CH2Cl2 and layering with dry hexanes
(202 mg, 47%).

1H NMR (400 MHz, CD2Cl2): δ 7.29 (s, 2H, HIm), 4.71 (s, 5H,
Cp), 4.16−4.11 (m, 2H, CH2), 3.96−3.91 (m, 2H, CH2), 2.28 (s, 3H,
CH3CN), 2.18 (m, 2H, CH), 1.02, 0.96 (d, J = 6.6 Hz, 12H, CH3).
13C{1H} NMR (101 MHz, CD2Cl2): δ 220.05 (CO), 176.56 (CIm−
Fe), 134.61 (CNCH3), 124.24 (CIm−H), 82.59 (Cp), 58.43 (CH2),
29.73 (CH), 20.02 (CH3), 5.16 (CH3CN). IR (CH2Cl2, cm

−1): 1980
ν(CO). HRMS: m/z calcd. for C19H28FeN3O [M − PF6]

+, 370.1576;
found, 370.1575. Elemental Analysis calcd. (%) for C19H28F6FeN3OP
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(515.26): C, 44.29; H, 5.48; N, 8.16; found: C, 44.33; H, 5.66; N,
8.11.
Typical Procedure for Hydrosilylation Catalysis. A solution of

4-nitrobenzaldehyde (0.5 mmol), phenylsilane (74 μL; 0.6 mmol),
and hexamethylbenzene (8.1 mg; 0.05 mmol) or 1,3,5-trimethox-
ybenzene (8.4 mg; 0.05 mmol) in 1,2-dichloroethane (2.0 mL) was
stirred at 60 °C for 10 min under an N2 atmosphere. The iron
complex was added from a stock solution (0.5 mL, 0.01 M, 5 μmol),
and aliquots were taken at specific times, diluted with CDCl3, and
analyzed by 1H NMR spectroscopy.
Crystallographic Details. All measurements were made on an

Oxford Diffraction SuperNova area-detector diffractometer62 using
mirror optics, monochromated Mo Kα radiation (λ = 0.71073 Å), and
Al filtering.63 The unit cell constants and an orientation matrix for
data collection were obtained from a least-squares refinement of the
setting angles of reflections in the range of 2.0° < θ < 27.9°. A total of
728 frames were collected using ω scans with 8 + 8 s exposure time, a
rotation angle of 1.0° per frame, a crystal−detector distance of 65.0
mm, and T = 173(2) K. Data reduction was performed using the
CrysAlisPro62 program. The intensities were corrected for Lorentz
and polarization effects, and a numerical absorption correction based
on Gaussian integration over a multifaceted crystal model was applied.
Data collection and refinement parameters are presented in the
Supporting Information. The structure was solved by direct methods
using SHELXT,64 which revealed the positions of the non-hydrogen
atoms of the title compound. All non-hydrogen atoms were refined
anisotropically. All H atoms were placed in geometrically calculated
positions and refined using a riding model where each H atom was
assigned a fixed isotropic displacement parameter with a value equal
to 1.2 Uequiv of its parent atom (1.5 Uequiv for methyl groups).
Refinement of the structure was carried out on F2 using full-matrix
least-squares procedures, which minimized the function Σw(Fo2 −
Fc

2)2. The weighting scheme was based on counting statistics and
included a factor to downweigh the intense reflections. All
calculations were performed using the SHELXL-2014/765 program
in OLEX2.66 Further crystallographic details are compiled in Tables
S2−S6. Crystallographic data for the structures of all compounds
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre (CCDC) as supplementary publication
numbers 2072827 (3c), 2072824 (3e), 2072829 (4a), 2072831 (4b),
2072826 (5c), 2072828 (5e), 2072825 (6a), 2072832 (6b), and
2072830 (7c).
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