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ABSTRACT: We report the synthesis of a novel bidentate N-
heterocyclic silylene (NHSi) ligand, N-(LSi:)-N-methyl-2-pyridin-
amine (1) (L = PhC(NtBu)2), and the first bischelate disilylene
iron hydride, [(Si,N)(Si,C)Fe(H)(PMe3)] (2), and monosilylene
iron hydride, [(Si,C)Fe(H)(PMe3)3] (2′), through Csp

2−H
activation of the NHSi ligand. Compounds 1 and 2 were fully
characterized by spectroscopic methods and single-crystal X-ray
diffraction analysis. Density functional theory calculations
indicated the multiple-bond character of the Fe−Si bonds and
the π back-donation from Fe(II) to the Si(II) center. Moreover,
the strong donor character of ligand 1 enables 2 to act as an
efficient catalyst for the hydroboration reaction of carbonyl
compounds at room temperature. Chemoselective hydroboration
is attained under these conditions. This might be the first example of hydroboration of ketones and aldehydes catalyzed by a
silylene hydrido iron complex. A catalytic mechanism was suggested and partially experimentally verified.

■ INTRODUCTION

In recent years, the design of novel N-heterocyclic silylenes
(NHSis) and the construction of NHSi-ligated metal complexes
have received increasing interest.1 Compared with N-hetero-
cyclic carbenes (NHCs), the divalent Si center in a singlet state
has unique σ-donating/π-accepting and steric hindrance
properties. Therefore, transition metal complexes with NHSi
ligands have been proved to be highly active precatalysts in the
Suzuki2 and Heck3 coupling reactions, reduction of amides,4

borylation5 and amination of arenes,6 the [2 + 2 + 2]
cyclotrimeriztion reaction of phenylacetylene,7 hydrosilyation
of alkenes8 or ketones,9 and Sonogashira10 and Kumada11 cross-
coupling reactions. However, there are few reports on
multidentate NHSi ligands, and NHSi-ligated hydrido metal
complexes remain virtually unknown.
Hydroboration of carbonyl compounds has found widespread

application in conversion into the corresponding alcohols.12

However, most of the studies on these reactions have focused on
transition metals (Ru,13 Cu,14 Ti,15 Mo,16 Mn,17 and Zn18),
main-group elements (Li,19 Mg,20 Ca,21 Al,22 Ga,23 Ge,24 Sn,24

and P25), and lanthanides26 as catalysts. Only a few cases have
been reported to be catalyzed by base metals.27 Tamang and
Findlater28 utilized Fe(acac)3 to achieve efficient conversion for

the hydroboration of aldehydes and ketones. More recently,
Baker and co-workers reported the remarkable catalytic activity
of an imine-coupled [Fe−N2S2]2 complex in the selective
hydroboration of various aliphatic and aromatic aldehydes.
Although hydrido iron complexes are postulated as key
intermediates in these catalytic mechanisms,29 there is no
report on efficiently catalyzed hydroboration of carbonyl
compounds by hydrido iron complexes.
A variety of hydrido metal complexes are now employed in

catalytic synthetic chemistry, coordination chemistry, and
homogeneous catalysis. Recently, our group obtained the first
example of cobalt(III) hydride supported by chlorosilylene.30

This complex displayed a more efficient catalytic ability for the
Kumada cross-coupling reaction than the hydrido Co(III)
chloride stabilized by the trimethylphosphine ligand. Inspired by
these results, in this work we synthesized N-(LSi:)-N-methyl-2-
pyridinamine (1) (L = PhC(NtBu)2) as a new example of a
bidentate silylene ligand and the hydrido iron(II) complex
[(Si,N)(Si,C)Fe(H)(PMe3)] (2) in an unexpected coordina-
tion mode. Complex 2 can act as an efficient precatalyst for
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hydroboration reactions of various ketones and aldehydes at
room temperature with low catalyst loading.

■ RESULTS AND DISCUSSION
Synthesis of the Bidentate N-Heterocyclic Silylene

Ligand. Given the interest in approaches for the synthesis of
base stabilized NHSis,5a,6,7,9b we intended to synthesize the
pyridine-based bidentate ligand via a salt metathesis reaction of
N-methyl-2-pyridinamine as the backbone (Scheme 1). After

lithiation of the precursor with 1 equiv of n-BuLi in diethyl ether,
a toluene solution of 1 equiv of the chlorosilylene LSi:Cl was
added dropwise to the reaction mixture at −78 °C to afford the
desired bidentate NHSi compound 1 in 88% yield. In the 1H
NMR spectrum of 1, two singlets for the tBu and Me groups
appear at 1.05 and 3.26 ppm, respectively, with an integral ratio
of 18:3. One signal of Si(II) exists at 12.0 ppm in the 29Si NMR
spectrum of 1. This chemical shift is comparable to the value of
14.6 ppm for chlorosilylene reported by Roesky and co-
workers.31

The molecular structure of compound 1 is shown in Figure 1.
In the solid state, the silicon atom is three-coordinate (3 × N)

and features a trigonal-pyramidal geometry. The angle of 112.0°
between the Si1−C15−N3−N4 plane and the Si1−N2 bond
illustrates the predominant character of the silicon center with a
lone pair. Si1−N3 (1.885(2) Å) and Si1−N4 (1.875(2) Å) are
longer than Si1−N2 (1.782(2) Å). It is obvious that the lone
pair of electrons on the Si atom occupies the vertex of the
trigonal pyramid, emphasizing the predominant silylene
character. The sum of the four inner angles of the Si1−N3−
C15−N4 ring is 356.7°, deviating from 360°. This shows that
the four atoms are not completely coplanar. The phenyl ring is
almost parallel to the pyridine ring and perpendicular to the
four-membered cycle.

Reaction of Fe(PMe3)4 with Bidentate N-Heterocyclic
Silylene Ligand 1. Compound 1 is a potential chelating ligand
because of the good coordination abilities of the nitrogen atom
on the pyridine ring and the silylene Si atom. Surprisingly, the
reaction of bidentate preligand 1 with Fe(PMe3)4 in diethyl
ether resulted in the formation of air-sensitive bis(NHSi)
hydrido Fe(II) complex 2 with an unexpected coordination
mode (Scheme 2). On the one hand, one molecule of 1 is
(Si,N)-chelate-coordinated to the Fe center; on the other hand,
the other molecule of 1 is (Si,C)-chelate-coordinated to the Fe
atom via Csp

2−Hbond activation of the pyridine ring. Complex 2
was isolated as dark-red crystals from n-pentane at 0 °C in 85%
yield. To the best of our knowledge, 2 is the first example of a
silylene hydrido iron(II) complex produced through activation
of the Csp

2−H bond of the pyridine ring in the NHSi ligand.
In the infrared spectrum of complex 2, the typical stretching

band for the Fe−H bond was found at 1900 cm−1. The 1HNMR
spectrum of 2 in C6D6 provides evidence for the hydrido ligand
at −10.68 ppm as a doublet due to coupling of the hydrido H
with the coordinated P atom (2JP,H = 9 Hz). The signal of the
PMe3 ligand appears at 15.7 ppm as a singlet in the 31P NMR
spectrum of 2. In the 29Si NMR spectrum of 2, the signals of two
kinds of Si(II) atoms were detected at 48.7 and 59.6 ppm as two
doublets with 2JSi,P coupling constants of 29.8 and 23.8 Hz,
respectively, showing the inequivalence of the two silylene
moieties.
Single-crystal X-ray diffraction data for complex 2 confirmed a

distorted hexacoordinate octahedral geometry around the
Fe(II) center (Figure 2). The axial H126−Fe1−P4 moiety
(175(1)°) is almost perpendicular to the equatorial plane
formed by Fe1, Si2, N6, Si3, and C15. The sum of the
coordination bond angles in the equatorial plane is 351.87°,
which deviates significantly from 360°. This result illustrates that
the five atoms are not within one plane. The Fe1−H126 bond
length of 1.48(3) Å is within the normal scope of Fe−H bond
lengths.32 A summary of the Fe−Si bond distances for silylene→
Fe complexes is presented in Table 1. The Fe−Si bond distances
in complex 2 are shorter than those in the silylene→Fe(CO)4
and silylene→Fe(dmpe)2 complexes. Moreover, they are
comparable to the silylene→Fe bond distances with formal

Scheme 1. Synthesis of the Bidentate NHSi Ligand 1

Figure 1.Molecular structure of ligand 1. The ORTEP representation
of 1 is shown at the 50% probability level (H atoms have been omitted
for clarity). Selected bond lengths (Å) and angles (deg): Si1−N2
1.782(2), Si1−N3 1.885(2), Si1−N4 1.875(2), N2−C1 1.384(3);
N3−Si1−N2 102.11(8), N4−Si1−N2 102.81(8), N4−Si1−N3
69.10(7), C1−N2−Si1 122.00(2).

Scheme 2. Synthesis of Bis(NHSi) Hydrido Fe(II) Complex 2
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double bonds between Fe and Si, indicating the multiple-bond
character. The Fe1−Si3 bond distance (2.159(1) Å) is shorter
than the Fe1−Si2 bond distance (2.177(1) Å), potentially
indicating stronger π-acceptor character of Si3 versus Si2. This is
reasonable because the coordination of the nitrogen atom on the
pyridine ring causes electron deficiency at Si3. This is consistent
with the comparison of the natural bond orbital (NBO) charges
of C31 and C34 (Table 2).
To our surprise, from the mother solution for the reaction of

Fe(PMe3)4 with ligand 1, a small amount of monosilylene
hydrido iron complex 2′ as a byproduct was obtained as a red

powder. In the infrared spectrum of 2′, the typical stretching
band for the Fe−H bond was found at 1920 cm−1. Compared
with that of complex 2 (1900 cm−1), this is a hypsochromic shift
due to the fact that there is only one π back-donation from Fe to
Si. The hydrido H signal in the 1H NMR spectrum of 2′ is
located at −15.66 ppm as a doublet of doublets of doublets
caused by the multiple P−H couplings (2JP,H = 9 Hz, 2JP,H = 21
Hz, 2JP,H = 51 Hz). In the

31P NMR spectrum of 2′, the signals of
three PMe3 ligands appear at 37.9 (t, 2JP,P = 36 Hz), 30.9 (dd,
2JP,P = 48 Hz, 24 Hz), and 28.5 (m) respectively, indicating that
the three PMe3 ligands in 2′ have different chemical environ-
ments, as shown in Scheme 2. In the 29Si NMR spectrum of 2′, a
signal at 57.8 ppm caused by the P−Si couplings (ddd, 2JP,Si =
89.1 Hz, 49.5 Hz, 19.8 Hz) is comparable with the values of 48.7
and 59.6 ppm for complex 2. It must be noted that an efficient
synthesis of 2′ has not been realized by adjusting the reactant
ratio and reaction temperature. It is probable that 2′ is an
intermediate in the formation of 2.
We deduce that the reaction in Scheme 2 begins with the

ligand replacement of PMe3 by NHSi 1 to afford intermediate
A1 (Scheme 3). This precoordination brings the iron close to
the C−H bond of 1 and results in the cleavage of the C−H bond
to form intermediate 2′ as an iron(II) hydride. Complex 2′ is not
stable and can be further transformed to 2 by the second ligand
replacement of two PMe3 ligands by 1 with the chelate effect.
Complex 2 is thermodynamically stabilized by one neutral
(Si,N)-chelate ligand and one anionic (Si,C)-chelate ligand.
To further clarify the electronic structure of the iron center in

2, we particularly performed detailed density functional theory
(DFT) calculations at the B3LYP/6-31G(d,p)/LANL2DZ[Fe]
level of theory.37 Reasonable agreement exists between the bond
lengths with the Fe center found in the geometry-optimized
structures and those observed by X-ray structure determina-
tions. The lengths of the two Fe−Si bonds are 2.240 and 2.187 Å,
respectively, which are slightly longer than the experimentally
determined values in 2. The pertinent calculated structural
parameters of 2 are presented in Table 2.
The calculated NBO charges on the donor atoms indicate the

heavy polarization of the bonds with the Fe center. The NBO
charges on the Si atoms are slightly less positive and point to
enhanced π back-donation from the Fe(II) center to Si(II).
Furthermore, the calculated Wiberg bond indices (WBIs) for
complex 2 differ for each donor atom with the Fe center. The
values for the Fe−Si bonds (WBI > 1) clearly indicate some
multiple-bond character.38

Figure 3 shows the energies and shapes of the frontier
molecular orbitals of complex 2. The HOMO and HOMO−1
also show the multiple-bond character of the Fe−Si bond
through π back-donation from the distorted dx2−y2 and dyz
orbitals of the Fe center to the 3p orbitals of the Si(II) atom.
It is important to note that the polarization of the frontier
molecular orbitals shows the inequivalence of the two NHSi
ligands. Moreover, the LUMO in complex 2 is centered on the
phenyl ring of one NHSi ligand.

Catalytic Activity of Complex 2 for Hydroboration of
Carbonyl Compounds. Currently, iron catalysts are being
applied more and more in various organic synthetic reactions.
Hydrido iron complexes often play an important role in the
catalytic cycle. Some hydrido iron complexes have been used to
establish efficient catalytic systems for hydrogenation39 and
hydrosilylation processes.40 Encouraged by these results, we
were interested in exploring the catalytic ability of complex 2 for
the hydroboration of carbonyl compounds.

Figure 2. Molecular structure of complex 2. The ORTEP
representation of complex 2 is shown at the 50% probability level
(most of the H atoms have been omitted for clarity). Selected bond
lengths (Å) and angles (deg): Fe1−Si2 2.177(1), Fe1−Si3 2.159(1),
Fe1−P4 2.190(1), Fe1−N6 2.045(3), Fe1−C15 2.010(3), Fe1−H126
1.48(3); C15−Fe1−Si2 81.5(1), C15−Fe1−Si3 94.2(1), N6−Fe1−
Si2 93.76(8), N6−Fe1−Si3 82.38(8), H126−Fe1−P4 175(1).

Table 1. Comparison of the Fe−Si Distances in Silylene→Fe
Complexes

compound Fe−Si (Å) ref

[:Si(NtBuCH)2]Fe(CO)4 2.196 33
[:Si(OtBu){(NtBu)2CPh}]Fe(CO)4 2.237(7) 34
[:Si(NHC)(H)Si(tBu)3]Fe(CO)4 2.3717(16) 35
[:Si(X){(NtBu)2CPh}]Fe(dmpe)2 2.1634(9) (X = Cl) 9a

2.200(2) (X = Me) 9a
2.184(2) (X = H) 9a

Cp*Fe(CO)(SiMe3)SiMes2 2.154(1) 36
[SiNSi]Fe(PMe3)2 2.1579(15), 2.1664(15) 9b
complex 2 2.159(1), 2.177(1) this work

Table 2. NBO Charges, Wiberg Bond Indices (WBIs), and
Selected Calculated Bond Lengths for Complex 2a

atom NBO charge bond WBI bond length (Å)

Fe1 −0.356 Fe1−Si2 1.0978 2.240
Si2 +1.423 Fe1−Si3 1.1705 2.187
Si3 +1.394 Fe1−P4 0.9357 2.278
P4 +1.065 Fe1−N6 0.5521 2.107
N6 −0.470 Fe1−C15 0.8138 2.044
C15 −0.251 Fe1−H126 0.6109 1.537
H126 −0.105
C31 0.44082
C34 0.38221

aLevel of theory: B3LYP functional with the 6-31G(d.p) basis set for
C, H, N, P, and Si and the LANL2DZ basis set for Fe.
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The studies of the influence of the reaction conditions were
carried out with acetophenone as a model substrate using
pinacolborane in THF at room temperature (Table 3). The
control experiment without catalyst confirmed that hydro-
boration of acetophenone is a catalytic process. When the
reaction mixture was stirred at room temperature for 6 h, no
reaction was observed (Table 3, entry 1). However, when
iron(II) hydride 2 was added as a catalyst, conversion of
acetophenone was realized. To our delight, 99% conversion was
observed in the presence of 1 mol % 2 (Table 3, entry 5). When
the reaction temperature was raised to 50 °C, the substrate was
completely transformed after 2 h. However, we decided to focus
on exploring convenient catalytic conditions for operation and
chose to explore further conditions at room temperature. The
conversion decreased significantly with a decrease in the catalyst
loading (Table 3, entry 2) or with shortening of the reaction
time (Table 3, entries 3−5). It was found that THF was the best
reaction medium in comparison with the other tested solvents
(Table 3, entries 6−10).
Under the optimized experimental conditions, we examined

the scope of the hydroboration with a variety of ketones (Table
4). The purification of hydroborated products by SiO2 column

chromatography led uniquely to the isolation of 2° alcohols 4 via
silica-promoted hydrolysis of alkoxyboronate pinacol esters. A
high isolated yield of 1-phenylethanol (4a) was achieved.
Acetophenones with electron-withdrawing substituents at the
para position were hydroborated effectively, affording the
corresponding alcohols in good to excellent yields (4a−d).
This iron-catalyzed hydroboration reaction of ketones tolerates
various functionalities, including nitro (4e), ether (4f, 4l), cyano
(4h), trifluoromethyl (4i), and alkenyl (4p) moieties. Moderate
yields were obtained for acetophenones with strong electron-
donatingMe groups at the ortho or para position (4g, 4m). 1-(2-
pyridyl)ethanol (4n) was isolated in a yield of 81%. As expected,
steric hindrance factors also led to a reduction in the isolated
yield (4j, 4k, 4o). An α,β-unsaturated ketone was selectively
reduced to the α,β-unsaturated alcohol (4p).
Furthermore, the catalytic reactions of derivatives of

benzaldehyde took place for a shorter time in excellent yields
because they are more active than ketones (Table 5). Benzyl
alcohol (6a) was isolated in quantitative yield. Notably, high
yields of the corresponding alcohols (6b−f, 6i) were achieved in

Scheme 3. Pathway from Ligand 1 to Complex 2

Figure 3. Selected molecular orbitals of complex 2 calculated at the
B3LYP/6-31G(d,p)/LANL2DZ[Fe] level of theory.

Table 3. Catalytic Results for the Probe Reaction between
Acetophenone and Pinacolboranea

entry loading (mol %) solvent time (h) conv. (%)b

1 0 THF 6 0
2 0.5 THF 6 90
3 1 THF 2 67
4 1 THF 4 92
5 1 THF 6 99
6 1 Et2O 6 66
7 1 DMSO 6 32
8 1 dioxane 6 48
9 1 toluene 6 51
10 1 DMF 6 17

aCatalytic conditions: PhCOCH3 (1.0 mmol) and HBpin (1.1 mmol)
in 2 mL of solvent. bDetermined by GC with n-dodecane as an
internal standard.
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the presence of halide substituents irrespective of their positions
on the phenyl ring. The benzaldehydes with CN and MeO
groups at the para position provided quantitative conversion
(6g, 6h). When phenylacetaldehyde was subjected to the
catalysis, 1-phenylethyl alcohol (6k) was isolated in 92% yield.
For other aromatic aldehydes, such as furan-2-carbaldehyde and
1-naphthaldehyde, excellent yields were obtained for this
catalytic system (6j, 6l). Interestingly, 2 exhibited excellent
selectivity for the hydroboration of the CO bond of α,β-
unsaturated aldehydes in excellent yields (6m−p).
The chemoselective hydroboration of different carbonyl

substrates was studied (Scheme 4). These results are consistent
with previous reports.19b,21,26c,d,28 It is obvious that the
chemoselectivity is determined by the two molecular moieties
linked with carbonyls. The competitive intermolecular catalytic
hydroboration of benzaldehyde and acetophenone resulted in
almost exclusive conversion of the aldehyde (Scheme 4a). The
competitive hydroboration between p-fluorobenzaldehyde and
p-methoxybenzaldehyde gave rise to p-fluorobenzyl borate as
the main product (Scheme 4b), and the similar reaction with p-
fluoroacetophenone and p-methylacetophenone delivered the

related p-fluorobenzyl borate as the main product (Scheme 4c).
Similar chemoselectivities for benzaldehyde and cinnamalde-
hyde were observed in the competitive reactions of benzalde-
hyde, cinnamaldehyde, and acetophenone (Scheme 4d). Until
the addition of 2.2 equiv of HBpin, only the equivalent
conversions of the aldehyes were achieved. This also shows that
the conjugated CC double bond of the α,β-unsaturated
aldehyde has no effect on the selectivity. These results indicate
that this catalytic system allows the chemoselective conversion
of aldehydes to the related borates even in the presence of
ketones. From Scheme 4 we know that the substrates (aldehydes
or ketones) with electron-withdrawing groups are preferentially
reduced.

Study of the Catalytic Reaction Mechanism. To
understand the intermediates involved in this efficient hydro-
boration, the following two experiments were designed (Scheme
5). It was verified that no reaction between complex 2 and
HBpin occurred at room temperature in the first experiment. In
contrast, the brown solution of 2 changed quickly to dark red
upon addition of p-fluorobenzaldehyde, showing that reaction
had taken place. Our attempts to isolate 2c proved to be

Table 4. Scope of Hydroboration of Ketonesa,b

aCatalytic conditions: substrate (1.0 mmol) and HBpin (1.1 mmol) in 2 mL of THF at rt. bIsolated yields are shown.
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unsuccessful. It is likely that 2c is very unstable. However, the
disappearance of signals for ν(H−Fe) and ρ(PCH3) was
obviously observed in the infrared spectrum, indicating breaking
of theH−Fe bond and dissociation of PMe3. Concomitantly, the
signal of H−Fe (−10.68 ppm) disappeared in the in situ 1H
NMR spectrum. These results imply that the catalytic cycle for
iron hydride-catalyzed hydroboration of aldehydes and ketones
involves the insertion of the carbonyl group into an Fe−H bond,
giving the possible reactive intermediate 2c, which was further
detected by MS.
On the basis of the above results and the precedent of metal-

catalyzed hydroboration reactions of carbonyl com-
pounds,14,24,28 we propose a possible catalytic cycle for this
hydrido iron complex-catalyzed hydroboration reaction
(Scheme 6). At first, the dissociation of PMe3 group takes
place to form highly active iron hydride intermediate 2a as the
real catalyst with a vacant coordination site. Subsequently,
coordination of the oxygen atom of the carbonyl group to the
metal center enhances the polarity of the CO bond, making it
easier to insert the Fe−H bond and generate intermediate 2c. In
the presence of HBpin, 2c delivers the alkoxyboronate pinacol

ester via B−H bond activation with recovery of the real catalyst
2a.

■ CONCLUSION
The novel N-heterocyclic silylene 1 was synthesized by the salt
metathesis reaction of N-methyl-2-pyridinamine with a
chlorosilylene. We also successfully obtained the first bis-
(NHSi)-chelated hydrido Fe(II) complex 2 and mono(NHSi)-
chelated hydrido Fe(II) complex 2′ via chelate-assisted Csp

2−H
bond activation of 1. Similarly, the hydroboration reactions of
carbonyl compounds were proved for the first time to be
efficiently catalyzed by the iron hydride at room temperature. A
novel iron hydride-catalyzed mechanism was suggested and was
partially experimentally verified.

■ EXPERIMENTAL SECTION
General Procedures and Materials. All air -sensitive and volatile

materials were processed under a nitrogen atmosphere using standard
vacuum techniques. Diethyl ether, n-pentane, THF, and toluene were
dried and distilled under nitrogen according to known methods before
use. Fe(PMe3)4

41 and the chlorosilylene42 were prepared according to
the known literature methods. All of the other chemicals were
purchased and used as received without further purification. Infrared

Table 5. Scope of Hydroboration of Aldehydesa,b

aCatalytic conditions: substrate (1.0 mmol) and HBpin (1.1 mmol) in 2 mL of THF at rt for 2 h. bIsolated yields are shown.
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spectra (4000−400 cm−1) were obtained from Nujol mulls between

KBr disks and recorded on a Bruker ALPHA FT-IR instrument. 1H,
13C{1H}, 31P{1H}, and 29Si{1H} NMR spectra were recorded on Bruker

Avance 300 and 600 MHz spectrometers. Gas chromatography was

performed with n-dodecane as an internal standard. Elemental analyses
were carried out on an Elementar Vario ELIII instrument.

Synthesis of N-Methyl-2-pyridinamine.43 Under a N2 atmos-
phere, copper powder (0.1 g, 1.6 mmol), 2-bromopyridine (5.4 g, 34.2
mmol), and 30mL of methylamine solution in water (25%) were added

Scheme 4. Chemoselective Hydroboration Reactions

Scheme 5. Investigation of the Mechanism
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to a 100 mL Schlenk tube containing a magnetic stirrer. The reaction
mixture was stirred at 95 °C for 48 h. After cooling, the product was
extracted with 150 mL of ethyl acetate three times and dried over
Na2SO4. After filtration, volatile materials were evaporated in vacuo.
The crude product was purified by column chromatography over silica
gel with a mixture of petroleum ether and ethyl acetate (1:2) as an
eluent. The product was further purified by vacuum distillation in a
yield of 56%.
Synthesis of Compound 1. A 3.63 mL sample of n-BuLi (2.5 M in

hexane, 9.1 mmol) was added slowly to 40 mL of a diethyl ether
solution of N-methyl-2-pyridinamine (0.98 g, 9.1 mmol) at −78 °C,
forming a yellowish suspension, which was warmed to room
temperature and then refluxed for 3 h. The resulting solution was
cooled to −78 °C, and a solution of the chlorosilylene (2.67 g, 9.1
mmol) in 30 mL of toluene was added dropwise via funnel. The color
changed to orange with the addition. All of the volatiles were removed
in vacuum after overnight stirring. The product was extracted with 80
mL of n-pentane, and the residual precipitate was removed by filtration.
The solution was concentrated to 60mL and placed at 0 °C over 2 days,
affording colorless crystals. Yield: 2.93 g (88%). Dec. >168 °C. Anal.
Calcd for C21H30N4Si (366.22 g mol−1): C, 68.81; H, 8.25; N, 15.28.
Found: C, 69.19; H, 8.00; N, 15.47. IR (Nujol mull, KBr, cm−1): 1594
ν(CN), 1552 ν(CC). 1H NMR (300 MHz, C6D6, 298 K, ppm):
1.05 (s, 18H, C(CH3)3), 3.26 (s, 3H, CH3), 6.47−8.51 (m, 9H, Ar−H).
13C NMR (150 MHz, C6D6, 298 K, ppm): 30.9 (C(CH3)3), 52.5
(C(CH3)3), 111.2 (Carom), 113.0 (Carom), 127.3 (Carom), 127.9 (Carom),
128.0 (Carom), 129.1 (Carom), 129.7 (Carom), 133.8 (Carom), 135.1
(Carom), 148.1 (NCN). 29Si NMR (59.59 MHz, C6D6, 298 K, ppm):
−12.0 (s).
Synthesis of Complexes 2 and 2′. A solution of ligand 1 (1.0 g,

2.73 mmol) in diethyl ether (30 mL) was added slowly to a solution of
Fe(PMe3)4 (0.49 g, 1.37 mmol) in diethyl ether (30 mL) at −78 °C.
The reaction mixture was allowed to stir for 14 h at room temperature.
The solvents were removed under vacuum, and the residue was
extracted with 60mL of n-pentane. Dark-red crystals of 2were obtained
at 0 °C. Yield: 1.00 g (85%). Mp: 137−138 °C. Anal. Calcd for
C45H69FeN8PSi2 (865.09 g mol−1): C, 62.48; H, 8.04; N, 12.95. Found:
C, 62.82; H, 8.17; N, 13.16. IR (Nujol mull, KBr, cm−1): 3056 ν(H−

CC), 1900 ν(H−Fe), 937 ρ(PCH3).
1HNMR (300MHz, C6D6, 298

K, ppm):−10.68 (d, 2JP,H = 9 Hz, 1H, Fe−H), 0.97 (s, 18H, C(CH3)3),
1.02 (s, 18H, C(CH3)3), 1.78 (d, 9H,

2JP,H = 6 Hz, PCH3), 2.92 (s, 3H,
CH3), 3.56 (s, 3H, CH3), 6.16−9.54 (m, 17H, Ar−H). 31P NMR (121
MHz, C6D6, 298 K, ppm): 15.7 (s, P(CH3)3).

13C NMR (75 MHz,
C6D6, 298 K, ppm): 28.9 (P(CH3)3), 29.8 (CH3), 31.4 (C(CH3)3),
31.7 (C(CH3)3), 32.0 (C(CH3)3), 32.7 (CH3), 53.0 (C(CH3)3), 54.0
(C(CH3)3), 54.6 (C(CH3)3), 104.1 (Carom), 108.5 (Carom), 110.5
(Carom), 126.9 (Carom), 128.9 (Carom), 129.2 (Carom), 129.4 (Carom),
129.6 (Carom), 130.5 (Carom), 130.6 (Carom), 133.8 (Carom), 134.6
(Carom), 137.7 (Carom), 140.7 (Carom), 152.7 (Carom), 154.8 (Carom),
162.1 (Carom), 167.0 (Carom), 169.5 (NCN), 173.4 (NCN). 29Si NMR
(59.59MHz, C6D6, 298 K, ppm): 48.7 (d, 2JP,Si = 29.8Hz), 59.6 (d,

2JP,Si
= 23.8 Hz).

Complex 2′was obtained as a red powder in very low yield. IR (Nujol
mull, KBr, cm−1): 1920 ν(H−Fe), 922 ρ(PCH3).

1H NMR (300 MHz,
C6D6, 298 K, ppm): −15.66 (ddd, 2JP,H = 9 Hz, 21 Hz, 51 Hz, 1H, Fe−
H), 1.06 (s, 9H, PCH3), 1.18 (s, 18H, C(CH3)3), 1.29 (d, 9H,

2JP,H = 3
Hz, PCH3), 1.46 (d, 9H,

2JP,H = 3 Hz, PCH3), 3.39 (s, 3H, CH3), 6.63−
8.39 (m, 8H, Ar−H). 31P NMR (121MHz, C6D6, 298 K, ppm): 37.9 (t,
2JP,P = 36 Hz, 1P, P(CH3)3), 30.9 (dd, 2JP,P = 48 Hz, 24 Hz, 1P,
P(CH3)3), 28.5 (m, 1P, P(CH3)3).

13C NMR (75 MHz, C6D6, 298 K,
ppm): 25.4 (d, 2JP,C = 15 Hz, P(CH3)3), 26.8 (dd,

2JP,C = 23 Hz, 8 Hz,
P(CH3)3), 29.2 (d, 2JP,C = 15 Hz, P(CH3)3), 31.6 (C(CH3)3), 32.1
(C(CH3)3), 32.7 (CH3), 53.3 (C(CH3)3), 54.5 (C(CH3)3), 111.3
(Carom), 129.4 (Carom), 129.5 (Carom), 132.2 (Carom), 139.6 (Carom),
150.9 (Carom), 152.2 (Carom), 152.4 (Carom), 152.5 (Carom), 172.0
(NCN). 29Si NMR (99 MHz, C6D6, 298 K, ppm): 57.8 (ddd, 2JP,Si =
89.1 Hz, 49.5 Hz, 19.8 Hz).

General Procedure for Iron-Catalyzed Hydroboration Re-
actions. Under a N2 atmosphere, 1 mol % iron hydride complex 2
(4.32 mg, 5 μmol) in THF (1 mL) was added to a 20 mL Schlenk tube
containing a magnetic stirrer. The ketone or aldehyde (1.0 mmol) and
pinacolborane (140.8 mg, 1.1 mmol) were then weighed and added.
The reaction mixture was allowed to stir at room temperature for the
indicated time. After completion of the reaction, the solvent was
evaporated, and the crude reactionmixture was purified by flash column
chromatography with SiO2 using amixture of petroleum ether and ethyl
acetate (5:1) as an eluent. The pure products were characterized by 1H
NMR analysis.

X-ray Crystal Structure Determinations. Single-crystal X-ray
diffraction data for the complexes were collected on a XtaLAB AFC12
(RINC) (1) or Stoe Stadi Vari (2) diffractometer equipped with
graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å). During
collection of the intensity data, no significant decay was observed. The
intensities were corrected for Lorentz polarization effects and empirical
absorption with the SADABS program. The structures were resolved by
direct or Patterson methods with the OLEX2 program44 and refined on
F2 with SHELXL.45 All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were included in calculated positions and were
refined using a riding model.

Theoretical Calculations. DFT calculations on complex 2 were
performed with the B3LYP functional using the LANL2DZ basis set for
Fe and the 6-31G(d,p) basis set for the other atoms using the Gaussian
03 program package. Optimized structures of model compounds were
obtained without symmetry constraints.
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