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An h3-H2SiR2 Adduct of [{PhB-
(CH2PiPr2)3}Fe

IIH]**
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The tripodal tris(phosphino)borate ligand [PhB(CH2PiPr2)3]
�

(abbreviated [PhBPiPr
3]) stabilizes iron complexes in a wide

range of oxidation states, including high-valent FeIV.[1]

[(PhBPiPr
3)FeLn] systems are, moreover, known to mediate a
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number of two-electron redox transformations, including FeII/
FeIVoxidative group transfer and oxidative addition/reductive
elimination processes.[1a,c] In the latter context, it was recently
demonstrated that four-coordinate iron alkyl species of the
type [(PhBPiPr

3)FeIIR] undergo facile hydrogenolysis to gen-
erate iron(iv) trihydrides of the type [(PhBPiPr

3)FeIV(H)3-
(PR3)] that can be likewise generated by H2 addition to
[(PhBPiPr

3)FeII(H)(PR3)] precursors.[1c] These complexes
mediate catalytic olefin hydrogenation, most likely through
uncommon FeII/FeIV oxidative addition/reductive elimination
steps.[1c] Motivated by these findings, we have examined the
reactivity of these four-coordinate [(PhBPiPr

3)FeIIR] alkyl
species with silane substrates for comparison with their
reactivity towards H2, anticipating that structurally distinctive
iron silylene species might be generated. Herein, we report
the structural and spectroscopic characterization of unusual
h3-silane adducts of iron(ii), namely [(PhBPiPr

3)FeII(H)(h3-
H2SiR2)]. As described below, the available structural,
spectroscopic, and theoretical data also suggest the possibility
that the [(PhBPiPr

3)FeII(H)(h3-H2SiR2)] systems described
herein equilibrate via silylene intermediates of the type
[(PhBPiPr

3)FeIV(H)3(SiR2)].
[2] Such silylene intermediates

would be isoelectronic with the previously reported
[(PhBPiPr

3)FeIV(H)3(PR3)] but appear to be too high in
energy relative to their ground state [(PhBPiPr

3)FeII(H)(h3-
H2SiR2)] isomers to be directly observed.

Although silicon-containing transition-metal complexes
that exhibit h2-HSiR3 interactions are ubiquitous,[3,4] those
that exhibit well-characterized interactions between two or
more metal hydrides and a coordinated silicon atom are much
less common. These interactions have never-
theless been described in certain cases, such as in
the dinuclear complex [{(PR3)2(H)2Ru}2(h

4-
SiH4)] of Sabo-Etienne and co-workers[5] and
in the mononuclear complexes [ReH4(PPh3)(h

3-
H2SiR3)],

[6] [(PCy3)2Ru(H)(h2-H2)(h
3-H2SiPh3)]

(Cy= cyclohexyl),[7] [Ru(PPh3)3H3SiMeCl2],
[8]

and [Cp*Ru(PPh3)(h
3-H2SiMeCl2)] (Cp*=

C5Me5).
[9] Metal hydride/silyl systems of these

types are often described as lying somewhere
along the continuum to oxidative addition, the
limit being full oxidative addition with earlier,
“arrested” addition stages also being com-
mon.[4a] To the best of our knowledge, the
[(PhBPiPr

3)FeII(H)(h3-H2SiR2)] complexes de-
scribed here are the first thoroughly character-
ized examples of arrested silane adducts of iron
that exhibit an h3 binding mode (i.e., Fe(h3-
H2SiR2)). The only other example of this binding
mode for a silane ligand of any transition-metal
complex appears to be the aforementioned
dinuclear ruthenium system of Sabo-Etienne.[5]

A [(PhBPiPr
3)FeII(H)(h3-H2SiR2)] species is

formed by the reaction between
[(PhBPiPr

3)FeMe] (1) and PhSiH3 (Scheme 1),
which leads to the quantitative formation of a
single diamagnetic red product (2), as evidenced
by 1H NMR spectroscopy. In contrast to the
previously reported reaction of 1 with H2,

[1c] no

methane loss is detected by 1H NMR spectroscopy. The
31P{1H} NMR spectrum of 2 reveals a broad singlet at d=

76 ppm, which is consistent with a C3v-symmetric structure.
All three phosphorus nuclei remain magnetically equivalent
in the 31P{1H} NMR spectrum at temperatures as low as
�80 8C. The 1H NMR spectrum of 2 reveals a hydride signal at
d=�13.5 ppm with a complicated splitting pattern (see
below).

To assess the structure of complex 2 in the solid state, X-
ray quality single crystals were grown by cooling a concen-
trated solution of 2 in diethyl ether to �35 8C. High-resolution
X-ray diffraction analysis provided the solid-state structure
shown in Figure 1.[10] The structure confirms that a 1,2-methyl
migration occurs from the iron center to the silicon center
during the transformation. A remarkably short Fe···Si dis-
tance of 2.1280(7) B is present that is very similar to the
Fe···Si distance of 2.154(1) B reported for the only structur-
ally characterized example of an iron silylene species,
[Cp*Fe(CO)(SiMes2)SiMe3] (Mes= 2,4,6-Me3C6H2).

[11]

Moreover, the geometry of the silicon atom of 2 is rigorously

Scheme 1. Reaction of 1 with phenylsilane.

Figure 1. Solid-state molecular structure of [(PhBPiPr
3)FeII(H)(H2SiPhMe)] (2) and

[(PhBPiPr
3)FeII(H)(H2SiMesMe)] (3) showing 50 % displacement ellipsoids. Only one of the two

independent molecules present in the asymmetric unit of 3 is shown. Hydrogen atoms other
than the hydrides of interest have been omitted for clarity.
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planar (aC2-Si-Fe + aC2-Si-C1 + aC1-Si-Fe= 3608) if
one considers its connectivity to the phenyl, methyl, and iron
substituents only. These structural data suggested a Si atom
with silylene character and led to our initial, but ultimately
incorrect, assignment of 2 as a silylene trihydride of structure
type B (Scheme 1). All three hydride positions could be
located in the difference Fourier map and refined, and careful
examination reveals that two of the hydrides (H1 and H3) are
located within bonding distance of both the iron and the
silicon centers (Fe�H1: 1.55 B; Fe�H3: 1.57 B; Si�H1:
1.46 B; Si�H3: 1.55 B). The third hydride (H2) is located
outside the typical bonding radius of the silicon atom
(2.00 B)[4b] and resides appreciably closer to the Fe center
(Fe�H2: 1.48 B). These data are inconsistent with the silylene
structure B.

As there is inevitable uncertainty in accurately locating
the positions of hydrogen atoms close to much heavier atoms
such as Si and Fe by X-ray crystallography, a related complex
was prepared for additional structural support of the assign-
ment. In an analogous reaction to that shown in Scheme 1,
complex 1 reacts with one equivalent of mesitylsilane
(H3SiMes) to generate a diamagnetic red product (3) in
quantitative yield. Complex 3 displays analogous NMR data
to that of 2, with a 31P{1H} shift at d= 79 ppm and a hydride-
type 1H NMR resonance at d=�13.4 ppm, which also
suggests a highly symmetric structure in solution. X-ray
quality crystals could be obtained in a similar way, and one of
the two independent molecules present in the asymmetric
unit is shown in Figure 1.[12] As in the case of 2, two of the
three hydrides are located within bonding distance of the
silicon atom in each molecule (Si�H5: 1.56 and 1.62 B; Si�
H6: 1.67 and 1.74 B), while the third hydride appears to be
outside the bonding radius of the Si atom (Si···H4: 2.14 and
1.97 B). The Fe···Si distances in both molecules for 3 (2.131(1)
and 2.141(1) B) are essentially identical to that in 2
(2.1280(7) B). Regardless of the inevitable uncertainty in
the specific Fe···H and Si···H distances, the significant
similarity between the structures of 2 and 3 strongly suggests
the presence of two 3-centered Fe-H-Si interactions in the
solid state and one Fe-H(hydride) interaction.

For additional structural examination of the hydride
positions, a density functional (DFT) geometry optimization
of the structure of 2 was performed using the Jaguar package
(B3LYP/LACVP**).[13,14] All of the atoms of 2 were used in
the calculation, and the structure was minimized using the
experimentally determined crystallographic coordinates as an
initial estimate. The resulting Fe�H and Si�H bond lengths
were very similar to those determined by crystallography
(Table 1). Interestingly, perturbing the crystallographic coor-
dinates to provide a more threefold symmetric structure
without Si-H interactions as a starting point led to the same
structural minimum. It is gratifying to note that the DFT
model locates two short and one much longer Si···H distance,
which is in accord with the h3-H2SiR2 adduct formulation.
Accordingly, a natural bond orbital (NBO) analysis predicts
only two Si�H bonding orbitals (Si�H1, Si�H3).[15] Likewise,
only one Fe�H bonding orbital is predicted (Fe�H2) and no
bonding orbital is located between Si and Fe. The cutoff
energy for locating a bond for donor–acceptor-type interac-

tions is less than 20 kJmol�1. Interactions below this energy
are ignored by NBO analaysis.[13,15] Therefore, the experi-
mentally observed close contact between the iron center and
the silicon–hydride bonds Si�H1 and Si�H3 is best charac-
terized as h3 in character. Likewise, any interaction between
the iron hydride H2 and the Si center would also be
characterized as an attractive interaction, although likely
one of a much weaker nature if it is present at all. Complexes
2 and 3 are therefore best described as h3 silane adducts of an
iron(ii) hydride (structure type A in Scheme 1) and not as
iron(iv) silylene trihydrides (structure type B).

Further inspection of the solution-state NMR data
available for 2 confirms that a significant Si···H interaction
is also maintained in the solution phase. A T1min measurement
of 177 ms (�30 8C, [D8]toluene) was determined for the
hydride resonance of the 1H NMR spectrum. This large value
would appear to rule out the presence of a nonclassical
dihydrogen adduct species (h2-H2) but does not help to
distinguish between a classical hydride formulation versus the
h2-Si�H�Fe interaction suggested by the crystallographic and
DFT data.[16,17] Simulation of the hydride signal (Figure 2)

reveals that its complicated splitting pattern arises from first-
order coupling of each equivalent hydride to one trans
phosphorus atom (2JP-H= 27 Hz) and two cis phosphorus
atoms (2JP-H= 3 Hz). The coupling pattern is complicated by
second-order effects that result from phosphorus–phosphorus
coupling (2JP-P= 62 Hz). Accordingly, the hydride signal
appears as a singlet in the 1H{31P} NMR spectrum. The
second-order splitting pattern of the hydride signal in the

Table 1: Interatomic distances for 2 as determined by X-ray crystallog-
raphy and a DFT (B3LYP/LACVP**) geometry optimization.

Experimental [F] Calculated [F]

Fe�Si 2.1280(7) 2.166
Fe�H1 1.553(1) 1.555
Fe�H2 1.482(1) 1.484
Fe�H3 1.566(2) 1.569
Si�H1 1.464(1) 1.469
Si�H2 2.001(2) 2.073
Si�H3 1.552(2) 1.554

Figure 2. Experimental (solid) and simulated (dotted) 1H NMR spec-
trum of 2 (500 MHz, 25 8C, C6D6) in the hydride region. See text for
discussion.
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1H NMR spectrum changes as the temperature of the solution
decreases, which indicates a fluxional process of some type
(see Supporting Information). Decoalescence of the signal,
however, likely occurs at temperatures well below those
examined (�80 8C).

The 29Si{1H} NMR data obtained for 2 and 3 reveal signals
at d= 162 and 160 ppm,[18] respectively. These values are
significantly downfield of known classical transition-metal–
silyl adducts (d=�120 to 90 ppm) but are also upfield of
reported transition-metal silylenes (d=> 200 ppm).[4a,2]

Although monomeric complexes containing h2-HSiR3 inter-
actions display a wide range of chemical shifts in the 29Si{1H}
NMR spectrum (from d=�28 to 55 ppm),[3, 4a] the unusually
large downfield shifts observed for 2 and 3 are likely reflective
of the h3 nature of the silane ligand and the very close Fe�Si
contact that results, as evident from the solid-state structures.

Closer inspection of the hydride signals for both 2 and 3
reveals the presence of 29Si satellites that provide JSi-H cou-
pling values of 68 and 70 Hz, respectively. The rapid exchange
of the hydrides in solution means that the actual 29Si coupling
can be determined by the following equation: Jobs= 1/3[2J
1JSi-H(h2) + 2JSi-H(terminal)] .

[19] If it is assumed that 2JSi-H(terminal) is
zero, maximum 1JSi-H(h2) values of 102 and 105 Hz are pre-
dicted for 2 and 3, respectively. An HMQC experiment was
undertaken for each species to confirm these coupling
constants and to assign the solution structures of 2 and 3
definitively.[20] The data reveal a direct correlation between
the 29Si NMR signals of 2 and 3 and their corresponding
hydride signals in the 1H NMR spectrum (see Supporting
Information). These data further confirm that Si�H inter-
actions exist for 2 and 3 both in solution and in the solid state.

On the basis of the structural, spectroscopic, and DFT
data, 2 and 3 are assigned as iron(ii) hydride complexes
featuring two h2-Si�H interactions that give rise to h3-H2SiR2

adducts of [(PhBPiPr
3)FeIIH]. Although a third, very weak

attractive interaction with the hydride ligand cannot be fully
dismissed,[4d] such an interaction would need to be regarded as
highly distinct from that of the other two H atoms, in which a
strong interaction with both Si and Fe is evident. Whereas
three-centered, two-electron bonding interactions in 2 and 3
are apparent in their solid-state structures, all three hydrides
undergo rapid exchange in solution and appear to be chemi-
cally equivalent. It seems plausible to us that an iron(iv)
silylene trihydride, shown as structure type B in Scheme 1,
could be responsible for the rapid interconversion of the
hydride positions on the NMR time scale. As noted above,
isolobal [(PhBPiPr

3)FeIV(H)3(PR3)] species are chemically
stable within this system, and the extremely short Fe�Si
bond length, together with the planar nature around the Si
center with respect to the methyl, phenyl, and iron substitu-
ents, suggests that virtually no structural reorganization
would be required at the Si center under such a scenario.
An alternative mechanism for interconversion concerns an
intermediate in which the Si center interacts equivalently with
all three H atoms. This would give rise to a [(PhBPiPr

3)Fe(h4-
H3SiR2)] intermediate. The possibility of a weak interaction
between the Si center and the hydride ligand in the ground-
state structures of 2 and 3 would set the stage for this type of
dynamic pathway.[3g]

Likewise, a number of mechanistic pathways to account
for the overall formation of 2 and 3 can be envisioned. Two
plausible mechanisms are shown in Scheme 2. In view of the
propensity for the [PhBPiPr

3]Fe scaffold to undergo two-

electron redox processes, it is perhaps most reasonable to
propose an oxidative addition/reductive elimination mecha-
nism as shown in path a.[1] In this scenario, the first step is
coordination of silane followed by an oxidative addition to the
FeII center. Reductive 1,2-methyl migration from iron to
silicon then affords an isomer of 2 (or 3). A sigma-bond
metathesis (pathway b) also provides a convenient and
potentially low energy methyl-migration pathway. No inter-
mediates could be detected when the reaction between 1 and
PhSiH3 was monitored by 1H NMR spectroscopy at low
temperature (�50 8C, [D8]toluene).

Methane loss does not occur during the course of the
reaction between 1 and phenylsilane or mesitylsilane, whereas
such loss occurs readily when 1 is exposed to H2.

[1c] To probe
the possibility that reversible methane loss and reactivation
might be occurring prior to methyl migration, a deuterium-
labeling study was undertaken. The deuterated methyl
species, [(PhBPiPr

3)FeCD3] ([CD3]-1), is generated by addition
of [D3]MeLi to [(PhBPiPr

3)FeCl]. Reaction between [CD3]-1
and PhSiH3 results in the formation of
[(PhBPiPr

3)Fe(H)(H2SiPhCD3)] ([CD3]-2) as the sole product,
as evidenced by 1H NMR data (see Supporting Information).
Likewise, the reaction between 1 and PhSiD3 results in the
formation of [(PhBPiPr

3)Fe(D)(D2SiPhMe)] ([D],[D2-silyl]-2).
These experiments appear to rule out any incipient methane
formation prior to methyl migration.

Finally, 1 exhibits selectivity for primary silane substrates.
No reaction is observed between 1 and secondary or tertiary
silane substrates (e.g., Ph2SiH2 and Et3SiH) over extended
periods, presumably because such silanes cannot lead to the
thermodynamically stable h3-silane adduct structures. Secon-
dary silane substrates do react, however, if 1 is exposed to H2

in their presence. For example, 1 reacts with MePhSiH2 to
produce 2 quantitatively under a blanket of hydrogen
(Scheme 3). Examination of this reaction sequence at low
temperature (�20 8C, [D8]toluene) reveals methane loss and
the initial formation of the previously reported trihydride
species [(PhBPiPr

3)FeH3] prior to product formation.[1c]

[(PhBPiPr
3)FeH3] gradually decays as 2 appears. This sequence

Scheme 2. Two possible mechanisms for the formation of 2.
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suggests that 1 reacts with H2 to generate a reactive hydride
source that is then trapped by silane, analogous to the
trapping of such hydride species by the addition of a
phosphine donor.[1c]

In conclusion, it has been found that the [(PhBPiPr
3)FeMe]

complex reacts with primary aryl silanes to mediate Si�H
bond activations and 1,2-methyl migrations that generate
unusual h3-H2SiRMe silane adducts of [(PhBPiPr

3)FeIIH] (R=

Ph, Mes). These iron complexes serve as relatives to the
numerous Group 8 complexes of the general type [L3M-
(ER3)H3] (E= Si, Sn; M=Fe, Ru, Os) now known.[21] The key
distinction to be drawn is that the complexes described herein
feature a less-substituted Si atom that strongly attracts two
Fe�H bonds—resulting in the formation of a
[(PhBPiPr

3)Fe(H)(h3-H2SiR2)] complex with a very short
Fe···Si distance that is distinct from, but closely associated
with, its silylene isomer [(PhBPiPr

3)Fe(H)3(SiR2)].
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