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Introduction

Transition-metal-mediated transformations of small mole-
cules are of central importance to catalysis.[1] Among differ-
ent X�Y bond rupture/formation reactions the activation of
H�H,[2] H�C,[3] and H�Si[4,5] bonds have received most theo-

retical treatment due to their relevance to a range of impor-
tant catalytic reactions, such as hydrogenation, alkane func-
tionalization, hydrosilation, and so forth,[1] and due to the
simplicity of hydride as a 1s electron ligand.[2] While earlier
work has been focused primarily on theoretical rationaliza-
tion of metal–ligand bonding in the starting and final com-
pounds, current research shifts more towards the under-
standing of the reaction mechanisms, which to a great extent
deals with elucidating the nature of interligand interactions
in reactive intermediates and transition states.

The discovery and investigation of s-complexes and agos-
tic complexes provided convincing proof for the validity of
this concept by revealing key factors controlling the course
of oxidative addition reactions.[6,7] Among many types of
nonclassical Y�X bonds, those between hydrogen and sili-
con exhibit particularly large diversity due to the propensity
of silicon to be hypervalent and expand its coordination
sphere[4e–g,8,9] At least in some cases, compounds featuring
hypervalent silicon environments of the type h4-H3SiR3 and
h3-H2SiR3 can be rationalized as those with distorted hyper-
valent silyl ligands (H3SiR3)

2� and (H2SiR3)
�.[8]
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The h3-coordination of a silane ligand has been experi-
mentally observed in the binuclear silane-bridged complex
[{Ru ACHTUNGTRENNUNG(Cy3P)2H2}(m-h3,h3-SiH4)].[9d] Also, the h3-H2SiH3 ligand
was calculated to lie only 0.5 kcal mol�1 above the (h2-
HSiH3)H alternative in the model compound [Ru(Tp) ACHTUNGTRENNUNG(H3P)-
ACHTUNGTRENNUNG(H2SiH3)] (Tp= tris(pyrazolyl)borate).[4q] Its prototypical
complexes [Ru(Tp) ACHTUNGTRENNUNG(Ph3P) ACHTUNGTRENNUNG(H2SiR3)] are highly fluxional,
which was interpreted as being due to an equilibrium be-
tween two h2-silane forms: [Ru(L)n(Ha)(h-Hb-SiR3)] and
[Ru(L)n(h-Ha-SiR3)Hb]. Surprisingly enough, an NMR study
of [Ru(Tp) ACHTUNGTRENNUNG(Ph3P) ACHTUNGTRENNUNG(H2SiR3)] revealed the largest J ACHTUNGTRENNUNG(H,Si)
spin–spin coupling constant of 52.8 Hz for the most elec-
tron-withdrawing R groups at silicon (in this case for R3=

(OEt)3).[4q] This observation contradicts the common trend
that in silane s-complexes electron-withdrawing substituents
lead to weaker H–Si interaction and, presumably, to smaller
J ACHTUNGTRENNUNG(H,Si) coupling constants.[10] This discrepancy suggests that
a ligand motif more complex than the usual (h2-HSiR3)H or
(h2-HSiR3)SiR3 can occur in these and related systems.[8]

The main factors controlling the formation of complexes
of such unconventional ligands (h3-H2X)� versus classical
complexes [M(L)nH2X] can be understood from a MO inter-
action diagram describing the interaction of an (HXH)� ion
with a metal fragment {M(L)n} (Figure 1). There are two
ligand-to-metal donation components (of the a’ and a’’ sym-
metry, if a local Cs symmetry is assumed), and a metal-to-
ligand back-donation component of the symmetry a’. The ef-
ficiency of the latter will determine the extent of H�X bond
splitting. Therefore, the main factors controlling the forma-
tion of complexes [M(L)nACHTUNGTRENNUNG(h

3-H2X)] are apparently the same
as for the more common s-complexes [M(L)nACHTUNGTRENNUNG(h

2-HX)].
These factors are: 1) the presence of a metal from the first
transition series (such metals feature rather corelike 3d orbi-
tals, not effective in back-donation to ligand-based anti-
bonding orbitals of p symmetry), 2) the presence of p-ac-
cepting or s-electron-withdrawing ligands, 3) the presence
of a positive charge in the complex, and 4) high oxidation
state of the metal.[6b] Having these prerequisites in mind and
wishing to establish the conditions for the existence of li-
gands of the type YHX, we set up to investigate a series of
silyl–hydride complexes [Fe(Cp)(OC)(SiMenCl3�n)H(X)]
(X=H, Me, SiMenCl3�n ; n=0–3) and [[Fe(Cp)-
ACHTUNGTRENNUNG(Me3P)(SiMenCl3�n)2H(X)] (n=0–3), using computational
chemistry methods. We reckoned that the combination of a
small 3d metal, such as iron, in a relatively high oxidation
state, with a p-accepting ligand could cause the formation of
nonclassical interligand interactions in the coordination
sphere of the metal. By varying the nature of ligands L and
the substituents at silicon atom, we intended to determine
the conditions for the formation of a classical ligand set
(X)(H)ACHTUNGTRENNUNG(SiR3) versus nonclassical sets (SiR3) ACHTUNGTRENNUNG(h

2-HX) and,
possibly, (XHSiR3).

Abstract in German: In dieser Arbeit handelt es sich um den
Charakter nichtklassischer Si–H- und H–H-Wechselwirkun-
gen in einer Klasse der Silylhydridkomplexe [Fe(Cp)(OC)(Si-
MenCl3�n)H(X)] (X=SiMenCl3�n, H, Me, n=0–3) und
[Fe(Cp) ACHTUNGTRENNUNG(Me3P)(SiMenCl3�n)2H] (n=0–3). Die DFT-Berech-
nungen, durch die Bader-Analyse und die Berechnungen der
NMR-Silizium-Wasserstoff-Kopplungskonstanten erg9nzt,
decken eine :berraschende Vielf9ltigkeit der nichtklassischen
Si–H- und H–H-Interligandwechselwirkungen auf. Die Ver-
bindungen [Fe(Cp)(L)(SiMenCl3�n)2H] (L=CO, PMe3; n=
0–3) weisen eine ungewçhnliche Verzerrung von der idealen
Klavierstuhlgeometrie auf. Die Silylliganden werden stark in
Richtung zum Hydrid hin verschoben und es gibt einen deut-
lichen Trend zur Planarisierung des FeSi2H-Fragmentes. Eine
solche Verzerrung f:hrt zu kurzen Si–H-Kontakten (2.030–
2.075 B) und hohen Mayer-Bindungsordnungen. Eine neue
Besonderheit dieser verl9ngerten Si–H-Wechselwirkungen ist,
dass sie ziemlich unempfindlich in bezug auf die Substituent-
en am Siliziumatom and die Orientierung des Silylliganden
bez:glich der Fe�H-Bindung sind. Die NMR-Eigenschaften
und das Bindungsbild der verwandten Komplexe [Fe(Cp)-
(OC)(SiMenCl3�n)H(Me)] (n=0–3) lassen deren Interpreta-
tion als herkçmmliche h2-Si-H-Silan-s-Komplexe zu. Die
Reihe von “Dihydrid”-Komplexen [Fe(Cp)(OC)(Si-
MenCl3�n)H2] (n=0–3) unterscheidet sich von den beiden vo-
rhergehenden Klassen dadurch, dass der Typ der Interligand-
wechselwirkungen stark von Substituenten am Silizium ab-
h9ngt. Sie kçnnen entweder als herkçmmliche Diwasserstoff-
komplexe, z.B., [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiMe2Cl)ACHTUNGTRENNUNG(h

2-H2)], oder als
Verbindungen mit nichtklassischen H�Si-Wechselwirkungen,
z.B., [Fe(Cp)(OC)(H)2ACHTUNGTRENNUNG(SiMe3)] (16) eingestuft werden. Diese
nichtklassischen Interligandwechselwirkungen zeichnen sich
durch ein erhçhtes negatives J ACHTUNGTRENNUNG(H,Si) (z.B. �27,5 Hz) und er-
hçhtes J ACHTUNGTRENNUNG(H,H) (z.B. 67,7 Hz) aus.
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Computational Methods

All geometry optimizations were carried out by using the density-func-
tional theory with the Gaussian 03 program package[11] applying the
Perdew–Burke–Ernzerhof exchange and correlation functionals (PBE–
PBE).[12] For iron, we used the all-electron triple-z valence basis set aug-
mented by one polarization p function (contraction Scheme {842111/
6311/411}) of Ahlrichs and co-workers.[13] On other atoms, the standard
6–311G** basis was employed. In the text we will refer to this basis set
combination as “normal basis”. Full geometry optimizations without sym-
metry constraints were performed for all the molecular structures under
study. The Mayer bond orders[14] (in atomic orbital basis) and Wiberg
bond orders[15] (in natural atomic orbital basis) were also evaluated, by
using the Gaussian 03 program. In some cases, we additionally evaluated
three-center bond indices[16] by using a program written by the authors.

The spin–spin coupling constants J ACHTUNGTRENNUNG(1H,29Si) for the complexes under
study were calculated within the gauge-including atomic orbitals (GIAO)
approach[17] by using the Gaussian 03 program. Taking into account the
high sensitivity of magnetic values to the basis set and to the density
functional, more extended basis sets were used for the NMR calculations.
These correspond to the completely decontracted “IGLO-III” basis set
of Kutzelnigg and co-workers.[18] To provide better flexibility in the core
region, which is important for coupling constants,[19] it was augmented by
one steep s-function at silicon and hydrogen. We refer to the resulting
basis set as “de-IGLO-III-ext”. As hybrid functionals were shown to per-
form more reliably for spin–spin coupling constants,[19] the NMR parame-

ters were calculated by using the
B3 LYP functional[20] with the “de-
IGLO-III-ext” basis set at the silyl
and hydride ligands. On other atoms,
the original basis used for optimiza-
tion was retained. Test calculations of
J ACHTUNGTRENNUNG(1H,29Si) with the more sophisticated
Becke-97 hybrid exchange correlation
functional[21] yielded values almost
identical to the B3 LYP ones.

Results and Discussion

Bis ACHTUNGTRENNUNG(silyl)–carbonyl complexes
[Fe(Cp)(OC) ACHTUNGTRENNUNG(SiR3)2H]—exper-
imental data : The compound
[Fe(Cp)(OC) ACHTUNGTRENNUNG(SiCl3)2H] (1) was
among the first ones for which
a hydride–silicon coupling con-
stant J ACHTUNGTRENNUNG(H,Si) was determined
experimentally.[22] The value of
20 Hz was measured from sili-
con satellites of the hydride
signal in the 1H NMR spec-
trum of 1; similar J ACHTUNGTRENNUNG(H,Si) were
observed for the related com-
pounds [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiPh3)-
ACHTUNGTRENNUNG(H) ACHTUNGTRENNUNG(SnPh3)] (J ACHTUNGTRENNUNG(H,Si)=
23 Hz)[23a] and [Fe(Cp)(OC)-
ACHTUNGTRENNUNG(SiHMe2)2(H)] (J ACHTUNGTRENNUNG(H,Si)=
12.9 Hz).[23b] NMR coupling
constants of such a magnitude
have been long regarded as in-
dicative of the absence of any
significant interaction between

the hydride and silyl ligands.[10] The X-ray structure of 1 was
inconclusive in this regard as the hydride ligand was not de-
termined.[24] Two other X-ray structures of related silyl com-
plexes, [Fe(Cp)(CO)(H) ACHTUNGTRENNUNG(SiF2CH3)2]

[25] and [Fe(Cp)(CO)(H)-
ACHTUNGTRENNUNG{SiPh ACHTUNGTRENNUNG(CH3)2}2],

[26] are also available. The hydride ligand was
found for the former at the Si�H distance of 2.06(7) ?. In
spite of the well-known uncertainty in finding hydrides in
heavy element environments, this value provides a very
good estimate for the silicon–hydride contact, because the
variation of the Fe�H distance in the range 1.4–1.6 ? gives
only a minor variation of the Si�H distance (range of 2.04–
2.09 ?). The Si�H contact is not really dependent on the
value of the Ct-Fe-H bond angle (where Ct is the centroid
of the Cp ring) either, since changing this angle from 117.58
to 127.58 corresponds to varying the Si�H distance in the
narrow range of 2.02–2.11 ?. Therefore, the observed Si�H
distance is mainly the result of a small Si-Fe-Si bond angle
(113.9(1)8), which suggests that similar Si�H contacts should
exist in the other two compounds too. The molecular param-
eters of all three iron complexes are consistent with a sym-
metrical or nearly symmetrical structure. Taking into ac-
count the presence of relatively short H�Si distances, this

Figure 1. Molecular orbital interaction diagram for [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiR3)2H]. The MOs of the fragment
{Fe(Cp)(CO)}+ can be considered as derived from a pseudo-octahedral structure [Fe(Cp)(CO)(L)2]

+ upon the
removal of two cis ligands L. The complex [Fe(Cp)(CO)(L)2]

+ is octahedral, taking into account the isolobal
relationship between the Cp� ligand and a set of three fac-CO ligands, so that the Cp� ligand occupies a facet
of an octahedron.
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may suggest the presence of two equivalent weak Si�H in-
teractions, for example, in the form of a distorted (R3Si�H�
SiR3)

� ligand.

DFT calculation of bis ACHTUNGTRENNUNG(silyl)–carbonyl complexes [Fe(Cp)-
ACHTUNGTRENNUNG(OC)(SiMenCl3�n)2H]—bonding model : In this work we
report DFT calculations of a series of bis ACHTUNGTRENNUNG(silyl)hydride com-
plexes [Fe(Cp)(OC)(SiMenCl3�n)2H] (1–4) bearing different

substituents at the silyl centers (n=0 (1), 1 (2), 2 (3), 3 (4),
Figure 2). The selected computed molecular parameters are
given in Table 1. For compounds with a substituent at silicon
different from the other two substituents, there are three
non-equivalent orientations of the silyl group depending on
whether this unique substituent is oriented trans to the hy-
dride (trans), towards the Cp ring (up), or opposite to the
ring (down). In total, this gives rise to 3 S 3=9 different ro-

Figure 2. Structure of the carbonyl-containing bisACHTUNGTRENNUNG(silyl)hydride complexes 1–4. Dark balls denote the iron atom, white and grey balls are nonmetal
atoms. Hydrogen atoms, except hydrides, are omitted for clarity. Methyl groups in silyl ligands are marked with “C”.

Table 1. Selected calculated molecular parameters in complexes 1–4.

Distances [?] Si�Cl distance [?] Si-Fe-H-Si Angles[a] [8]
Si�H Fe�Si Fe�H trans down up dihedral [8] H-Fe-CO Si-Fe-CO Ct-Fe-CO Ct-Fe-Si

1 2.030 2.280 1.523 2.105 2.075 2.097 149.2 105.8 84.9 126.6 118.8
2a 2.053 2.302 1.520 – 2.096 2.120 149.8 104.4 84.2 127.9 118.5
2b 2.036 2.301 1.521 2.128 2.097 – 151.8 104.1 85.2 126.8 118.4
2c 2.036 2.295 1.521 2.125 – 2.119 146.7 105.0 83.5 128.0 119.7
3a 2.065 2.325 1.515 – – 2.144 145.8 104.0 82.5 129.5 119.8
3b 2.055 2.331 1.515 – 2.121 – 153.2 102.2 84.7 128.3 118.1
3c 2.046 2.324 1.522 2.151 – – 149.5 103.3 83.9 128.0 119.3
4 2.075 2.361 1.514 – – – 149.6 103.3 83.9 129.9 119.2

[a] “Ct” denotes the centroid of the five carbon atoms of the cyclopentadienyl ring.
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tational isomers. For the sake of simplicity, we calculated
only three possible rotamers denoted by symbols a–c (their
exact configuration is clear from Figure 2), in which both
silyl groups are oriented in the same fashion (for the relative
energy of isomers a–c see Table SI1 in the Supporting Infor-
mation). Although no symmetry constraints were imposed,
all the calculated structures converged to nearly symmetric
Cs geometries that were confirmed by force-constant matrix
calculations to be true minima on the potential-energy sur-
face (PES). All attempts to optimize an asymmetric struc-
ture with different Si�H distances led to the symmetric ge-
ometry. The calculated complex 1 is an exact model of the
real compound [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiCl3)2H], for which X-ray
structure is available[24] and can be used to assess the quality
of our calculations. A very good agreement is found be-
tween the observed and calculated geometries, which under-
pins the applicability of the chosen level of theory.

The bonding in piano-stool complexes [M(Cp)(L)4] has
been the subject of several theoretical studies.[27] The orbital
structure of the {M(Cp)(L)} fragment is also very well
known.[28] The deviations of the Ct-M-L angles (Ct is the
centroid of the Cp ring) from the ideal 1358 in some
[M(Cp)(L)4] complexes was previously discussed in terms of
p interaction of ligands L with metal M[27a,b] and non-equiva-
lent s interactions of L with M;[27d] this allows for the opti-
mization of metal–ligand bonding. The most intriguing struc-
tural feature of complexes 1–4 is that there is another type
of distortion from the ideal square-pyramidal geometry.
Namely, the silyl groups approach the hydride ligand in such
a way that there is a tendency to flatten the {FeSi2H} frag-
ment. For example, in 1 the Si-Fe-H-Si dihedral angle is
about 147.58 as compared with the dihedral angle Si-Fe-C-Si
of 115.58. Thus, the hydride deviates only slightly from the
Si-Fe-Si plane (Figure 3). As seen from Figure 3, the two
silyl ligands are clearly shifted to the hydride ligand. As a
result, the Si-Fe-H bond angles are noticeably smaller than
the OC-Fe-Si bond angles (in 1, 60.78 versus 84.58, respec-
tively). Such a distortion is at odds with the previously dis-
cussed models,[27b] because it diminishes the overlap between
the silicon and metal orbitals.

Which factor is responsible for this distortion? Sterics
does appear to be essential, taking into account that the cal-
culated OC�Si distance in 1 of 2.752 ? is much smaller than
the sum of the van der Waals radii (3.85 ?). Although this
silyl shift brings the silyl group to a closer proximity to the
Cp ring, the shortest SiCl3�Cp contact in 1, a Cl�H contact
of 3.068 ?, is quite comparable with the sum of van der
Waals radii (3.1 ?). On the other hand, the resultant Si�H
distances (2.030–2.075 ?) are much smaller than the sum of
the van der Waals radii (3.2 ?), suggesting that an attractive
interaction can exist between the silyl and hydride ligands.

Whatever is the cause or the effect of this distortion, it
allows for an alternative description of complexes
[Fe(Cp)(OC)Fe ACHTUNGTRENNUNG(SiR3)2H] as edge-bridged pseudo-octahedral
compounds (Figure 1), rather than piano-stool complexes.
This view is based on the known isolobal relationship of the
Cp� ligand to a set of three facial L ligands.[29] The fragment

{Fe(Cp)(CO)}+ can be considered then as derived by re-
moving two cis ligands L from a pseudo-octahedral structure
[Fe(Cp)(CO)(L)2]

+ . The validity of this approach is proved
by the calculation of the Ct-Fe-CO bond angles in 1–4
(range 126.0–129.98), which are in good agreement with the
ideal value of 123.38, obtained by assuming that the Cp
ligand occupies the center of an octahedral facet. For exam-
ple, the calculated angle Ct-Fe-CO for 1 of 126.68 is close to
the experimental values for complexes [Fe(Cp)(OC)-
ACHTUNGTRENNUNG(SiR3)2H] (range 125.5–128.58)[24–26] As shown in Figure 1, at
such a bond angle, the p* orbitals of CO find excellent over-
lap with two metal-centered electron pairs amenable for p

back-donation. The presence of a distorted pseudo-octahe-
dral environment is further supported by the proximity of
the OC-Fe-Si bond angles to the ideal value of 908. For ex-
ample, in 1 the calculated bond angle OC-Fe-Si is 84.68,
very close to the experimental values of 85.1(3)8 and
84.4(3)8.

Consider now the MO interaction diagram for the com-
plexation of a disilylhydride ligand (R3Si-H-SiR3)

� to the
fragment {Fe(Cp)(CO)}+ (Figure 1). The electronic structure

Figure 3. a) A side-on view on complex [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiCl3)2H] (1) and
b) a view down the Ct�Fe vector on the same complex, showing the shift
of silyl ligands towards the hydride.
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of the ligand (R3Si-H-SiR3)
� is analogous to that of the

well-studied H3
�, except that the less electronegative silicon

atoms contribute less to the lowest totally symmetric ligand
MO y1, but are the main contributors to the antibonding or-
bital y3.

[29c] The hydrogen atom bridges the Si�Si edge of
the complex close to the FeSi2 plane, because it is in this ge-
ometry that the occupied ligand orbital finds the best match
with the fragment orbital 2a’ (local Cs symmetry is as-
sumed), which leads to the formation of a four-center two-
electron bond. Another occupied ligand orbital, y2, overlaps
well with the metal-centered orbital a’’. The HOMO of the
fragment {Fe(Cp)(CO)}+ , 1a’, is a high-lying nonbonding or-
bital not involved in the p-conjugation with the CO-ligand
and amenable, in principle, for back-donation to the (R3Si-
H-SiR3)

� ligand (Figure 1).
Is there a possibility for retaining some Si�H bonding

upon coordination of (R3Si-H-SiR3)
� to [Cp(CO)FeL2]

+?
The donations y1!2a’ and y2!a’’ cannot break the Si�H
bond completely, but the back-donation from 1a’ to the Si�
H antibonding orbital can. However, one can see that this
back-donation cannot be effective enough, firstly, because
the metal d orbital 1a’ has a semi-core character (contracted
due to the fact that iron is a first transition row element)
and because it finds a poor overlap with the silicon-based
y3. It is the little contribution of hydrogen to the central
part of y3, stemming from the difference in electronegativity
between hydrogen and silicon,[29c] which impairs the overlap
of y3 with 1a’. The p-acceptor carbonyl ligand in 1–4 affects
the H�Si interactions only indirectly, because the metal
“nonbonding” d orbitals, involved in the p-conjugation with
CO, are orthogonal to the FeSi2H plane and do not overlap
with the frontier orbitals of (R3Si-H-SiR3)

�.
Therefore, such structural partitioning of [Fe(Cp)(OC)-

ACHTUNGTRENNUNG(SiR3)2H] into the {Fe(Cp)(OC)}+ and (R3Si-H-SiR3)
� frag-

ments accounts well for the observed distortion of the com-
pounds [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiR3)2H] from the ideal piano-stool
geometry.

DFT calculation of bis ACHTUNGTRENNUNG(silyl)–carbonyl complexes [Fe(Cp)-
ACHTUNGTRENNUNG(OC)(SiMenCl3�n)2H]—further structural features : All previ-
ously described types of nonclassical Si�H interactions are
very sensitive towards the substitution at silicon atom.[8] For
example, in complexes with interligand hypervalent interac-
tions (IHI),[30] the Si�H bonding is the strongest when there
is only one electron-withdrawing group X at silicon oriented
trans to the hydride. IHI leads to elongated Si�X bonds,
shortened M�Si bonds, and elongated M�Si bonds. It fol-
lows from Table 1 that, generally speaking, the Fe�Si bond
elongates and the Si�Cl bonds contract from 1 to 4. These
are known trends, consistent with increasing silicon p char-
acter in the Fe�Si bond and hence increasing silicon s char-
acter in the Si�Cl bond, when the number of accepting
groups at silicon decreases.[31] However, there is only mar-
ginal and rather irregular variation of the Fe�H bond
length, which primarily depends on the choice of the rotam-
er a, b, or c in the case of complexes 2 and 3, rather than on
the number of chlorine atoms at silicon. The variation of

Si�H contact also primarily depends on the rotamer a–c.
The shortest Si�H bond is found for the more chlorinated
silyls 1 and 2, which suggests the absence of IHI in these
complexes.

To elucidate the bonding situation in complexes 1–4, we
calculated the Mayer bond order (MBO)[14] and the Wiberg
bond order (WBO)[15] (Table 2). The MBOs for the Si�H

contacts were found in the range 0.146–0.192, with the larg-
est value observed for the dichlorosilyl complex 2a. The cor-
responding WBOs vary in a very narrow range 0.202–0.208,
again with the largest value found for 2a. Surprisingly,
among three possible rotamers of 2, 2a is the compound
with the longest Si�H contact. Such significant values for
MBOs and WBOs are unambiguously indicative of some
bonding between the hydride and silyl ligands, which is sur-
prisingly insensitive of the nature of the silyl ligand and its
orientation relatively the Fe�H bond. It should be noted
that the MBO does not directly depend on the interatomic
overlap and, therefore, longer interatomic distances with the
same MBO indicate an energetically weaker interaction. To
rule out the possibility of a high MBO resulting from some
sort of a three-center bonding, we evaluated three-center
bond indices[16] for the Fe-Si-H triangle, but found no values
exceeding 0.04. Other known types of nonclassical interli-
gand Si�H bonding, such as those in silane s-complex-
es[6b, 8, 10, 32] and in compounds with IHI[8,30] strongly depend
on the number of accepting groups at silicon. In addition,
the IHI is very sensitive to the relative orientation of the
M�H and Si�X bonds.[8,30g]

Thus, the trends observed for 1–4 are consistent with the
presence of a distorted (R3Si-H-SiR3)

� ligand, although a
clear-cut evidence is missing. Similarly complicated interli-
gand Si�H bonding, which is neither pure silane Si�H s

complexation nor IHI, has been previously observed in
some ruthenium complexes with secondary interactions be-
tween silicon and hydrogen atoms (SISHA).[9c–h]

DFT calculations of bis ACHTUNGTRENNUNG(silyl)–phosphine complexes
[Fe(Cp) ACHTUNGTRENNUNG(Me3P)(SiMenCl3�n)2H]: To establish the effect of
ligand environment on the extent and type of the Si�H in-
teraction, we calculated a series of PMe3-containing com-
plexes 5–8 (Figure 4, Table 3). Such compounds, lacking a p-

Table 2. Mayer bond orders (MBO) and Wiberg bond orders (WBO) for
the Si�H and Si�Cl bonds.

Si�H MBO Si�H WBO Si�Cl MBO
PBEPBE/
normal basis

B3 LYP/
de-IGLO-III-ext

PBEPBE/
normal basis

trans down up

1 0.138 0.180 0.2056 0.914 0.978 0.916
2a 0.142 0.192 0.2080 – 0.975 0.910
2b 0.131 0.149 0.2038 0.905 0.972 –
2c 0.137 0.170 0.2044 0.923 – 0.920
3a 0.139 0.170 0.2034 – – 0.921
3b 0.132 0.162 0.2068 – 0.982 –
3c 0.130 0.146 0.2033 0.918 – –
4 0.132 0.146 0.2024 – – –
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acceptor ligand, possess a significantly electron-richer metal
centre. Similarly to the isostructural carbonyl complexes 1–
4, complexes 5–8 are best viewed as having edge-bridged
distorted octahedral geometry, with the P-Fe-Si bond angles
close to 908 (calculated range 90.3–92.98). Compared to 1–4,
the Si�H distance is significantly shorter in the phosphine
derivatives 5–8. Moreover, phosphine complexes are asym-
metric, with one Si�H distance being longer than the other.
This result is at odds with the common expectation that the
substitution of a p-acceptor ligand, such as carbonyl, for a
s-donor ligand, such as PMe3, should decrease the extent of

Si�H interaction.[6b] However, inspection of Figure 1 shows
that the p-accepting effect is not important in this system.
The metal-centered lone-pairs are approximately orthogonal
to the FeSi2H mean plane, and their delocalization onto the
L ligand does not affect much the extent of the Si�H inter-
action. The only fragment {Fe(Cp)(L)} orbital that depends
on L is 2a’, which is antibonding with regard to L but can
mix with the totally symmetric y1 orbital of the ligand
(R3Si-H-SiR3)

�. Since both CO and PMe3 are good s

donors, it is hard to rationalize how this substitution leads to
the strengthening of the Si�H interaction in 5–8.

Figure 4. Structure of the trimethylphosphine-containing bisACHTUNGTRENNUNG(silyl)hydride complexes 5–8. Notations are the same as in Figure 2.

Table 3. Selected calculated molecular parameters in complexes 5–8. Notations are the same as in Table 1.

Distances [?] Si�Cl distance [?] Si-Fe-H-Si Angles [8]
Si�H Fe�Si Fe�H trans down up dihedral [8] H-Fe-P Si-Fe-P Ct-Fe-P Ct-Fe-Si

5 1.972 1.943 2.269 2.275 1.524 2.131/2.133 2.106/2.099 2.109/2.112 157.3 109.8 91.1/91.3 123.6 116.5/116.9
6a 1.997 1.946 2.294 2.304 1.520 – 2.132/2.122 2.133/2.137 161.6 106.6 91.4/91.1 125.2 116.2/115.4
6b 1.961 1.944 2.294 2.295 1.524 2.156/2.154 2.128/2.128 – 161.9 107.7 91.8/92.6 123.2 116.1/116.5
6c 1.960 1.942 2.288 2.298 1.522 2.152/2.155 – 2.136/2.139 156.4 109.5 90.6/91.5 123.6 117.6/117.4
7a 1.981 1.969 2.321 2.337 1.514 – – 2.167/2.166 158.1 107.5 90.3/91.0 125.4 116.6/117.3
7b 1.984 1.947 2.328 2.333 1.517 – 2.160/2.156 – 170.0 102.5 92.9/92.5 125.5 115.0/114.7
7c 1.954 1.937 2.324 2.329 1.524 2.180/2.179 – – 163.3 106.2 92.7/91.8 123.7 116.7/116.9
8 1.996 1.955 2.365 2.379 1.516 – – – 165.9 103.5 91.7/91.9 125.6 116.3/116.3
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Compared with carbonyl analogues 1–4, there is further
flattening of the FeSi2H moiety in complexes 5–8 such that
the Si-Fe-H-Si dihedral angle increases to 157.3–165.98, with
more methyl-substituted silyl group tending to have the hy-
dride closer to the FeSi2 plane.

The Fe�Si bond length varies broadly and increases no-
ticeably with increasing methyl substitution in the silyl
ligand. There is no correlation between the Fe�Si bond
length and the corresponding Si�H distance. However, for a
given complex, the silyl ligand that forms the shortest Si�H
contact also forms the longest Fe�Si bond. This in contrast
to the situation observed in complexes with IHI, where a
shorter Si�H bond corresponds to a shorter Fe�Si bond.

The Fe�H bond length occurs in a narrow range of 1.937–
2.071 ? and varies rather erratically with the number of
chlorine atoms at silicon and with the orientation of the silyl
with respect to the hydride ligand.

The Mayer bond orders (MBO, Table 4) for the shorter of
the two non-equivalent Si�H interactions are in all cases sig-

nificantly higher than for the longer ones. The longer inter-
action exhibits MBO values closer to those discussed above
for complexes 1–4. Overall, the Si�H bonds are shorter and
their MBOs are 0.03–0.04 larger than for the Si�H bonds in
1–4.

To summarize, the bonding situation observed in com-
plexes 5–8 is very much the same as in the compounds 1–4.
The Si�H interactions are asymmetric and stronger than in
the carbonyl analogues. However, the interligand bonding in
both 1–4 and 5–8 is different to what was previously ob-
served in silane s-complexes and compounds with IHI.

DFT calculations of mono ACHTUNGTRENNUNG(silyl)–hydride–methyl complexes
[Fe(Cp)(OC)(SiMenCl3�n)H(Me)]: We turned then to the
study of mono ACHTUNGTRENNUNG(silyl) complexes of the type [Fe(Cp)(OC)(Si-
MenCl3�n)H(X)] to determine how the nature of the group
X can affect the extent of Si�H interaction in comparison
with the bis ACHTUNGTRENNUNG(silyl) series.

In the three-substituted systems of the type [M(L)n-
ACHTUNGTRENNUNG(SiR3)(H)(X)] there is a possibility of formation of two al-
ternative nonclassical structures, that is, [M(L)nACHTUNGTRENNUNG(h

2-
HSiR3)(X)] and [M(L)n ACHTUNGTRENNUNG(SiR3) ACHTUNGTRENNUNG(h

2-HX)]. There are only few
theoretical works in which the competition between the h2-
silane versus h2-dihydrogen form has been addressed.[4k,q, 33]

An earlier work by LledUs and Maseras on fifteen possible
isomers of the compound [Os ACHTUNGTRENNUNG(H3P)2(OC)(Cl) ACHTUNGTRENNUNG(H2SiR3)]
showed that both the h2-silane and h2-dihydrogen structures
are plausible, with the h2-H2 complex being only slightly pre-
ferred at the MP4 level of theory.[4k] It has been concluded
that silanes bind stronger to metals than hydrogen molecules
due to the fact that silanes are both stronger s donors and
better p acceptors.[4u,7] However, stronger energetics of the
H�H bond can overshadow this effect, so that the prefer-
ence of one form versus the other will be decided on the
delicate balance of these two factors and the difference in
energy of the M�H and M�Si bonds.[4k] The same arguments
apply to the competition of h2-H�Si versus h2-H�C forms.
Calculations on the system [Nb(Cp)2(SiHnCl3�n)(H)(X)]
(X=H or Me; n=0–3) showed strong preference of the H�
Si interactions versus the H�Me or H�H interactions,[33] in
accord with our experimental and theoretical results on
[Nb(Cp)2ACHTUNGTRENNUNG(SiMe2Cl)(H)2].[30g]

The result of calculations of mixed silyl–hydride–methyl
complexes [Fe(Cp)(OC)(SiMenCl3�n)H(Me)] (9–12, n=0–3;
Figure 5) are given in Table 5 (geometrical parameters) and
Table 6 (Mayer bond orders). All the complexes exhibit
very short Si�H separations that fall within the range of
1.822–1.856 ?. Correspondingly, the Si�H Mayer bond
orders are very high (0.2 and more). On the whole, the
MBOs have a clear trend to increase with decreasing Si�H
separation, with 11b being the only exception (short dis-
tance, but rather low bond order). As in the systems dis-
cussed above, the Fe�Si bond length becomes longer with
increasing methyl substitution in the silyl ligand (9<10<
11<12), in accordance with BentVs rule.[31] In spite of the in-
crease of the Fe�Si separation, the Si�H bond tends to
shorten from 9 to 12 but in a rather irregular manner, de-

Table 4. Mayer bond orders (MBO) for the Si�H and Si�Cl bonds
(normal basis set).

Si�H MBO Si�Cl MBO
trans down up

5 0.148 0.162 0.836/0.872 0.915/0.878 0.894/0.891
6a 0.149 0.175 – 0.863/0.893 0.882/0.892
6b 0.137 0.174 0.876/0.829 0.878/0.906 –
6c 0.150 0.163 0.834/0.862 – 0.882/0.883
7a 0.139 0.142 – – 0.916/0.907
7b 0.131 0.196 – 0.866/0.895 –
7c 0.152 0.165 0.884/0.838 – –
8 0.148 0.180 – – –

Table 5. Selected calculated molecular parameters in complexes 9–12. Notations are the same as in Table 1.

Distances [?] Si�Cl distance [?] Angles [8]
Si�H Fe�Si Fe�H Fe�CH3 H�CH3 trans down up H-Fe-CO Si-Fe-CO Ct-Fe-CO Ct-Fe-Si Ct-Fe-Me

9 1.856 2.246 1.511 2.084 2.001 2.112 2.092 2.106 107.4 84.6 127.4 121.8 119.4
10a 1.834 2.280 1.511 2.078 2.019 – 2.114 2.127 106.9 83.2 128.0 122.3 119.6
10b 1.848 2.278 1.512 2.078 2.029 2.135 2.113 – 106.2 84.4 127.5 120.9 119.4
10c 1.852 2.278 1.512 2.079 2.051 2.135 – 2.127 106.0 83.2 128.6 121.2 118.8
11a 1.836 2.323 1.509 2.073 2.071 – – 2.149 106.4 81.5 129.0 122.4 119.5
11b 1.826 2.327 1.509 2.073 2.050 – 2.137 – 105.6 83.1 128.3 121.5 119.7
11c 1.844 2.323 1.514 2.073 2.084 2.160 – – 105.2 82.8 128.3 120.8 119.0
12 1.822 2.385 1.512 2.068 2.103 – – – 105.3 81.1 129.0 122.3 119.7
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pending on the rotamer of complexes 10 and 11 (see Table
SI3 in the Supporting Information for the relative stability
of the rotamers a–c). This trend indicates that electron-re-
leasing groups at silicon strengthen the Si�H interaction, a
behavior typical of silane s-complexes.

Compared to the Si�H distances, the C�H distances are
noticeably longer, despite the fact that the Fe�C bond is
much shorter than the Fe�Si bond. These C�H distances
correspond to small MBOs of 0.06–0.07, which is virtually
nonbonding. Such a situation emerges as a result of hydro-
gen atom shift in the coordination sphere of iron to the sili-
con atom, away from the carbon atom.

There is no explicit shortening of the Fe�Si bond corre-
sponding to the long Si�Cl bond in the different rotamers of
complexes 10 and 11. This is in contrast to the situation
found for compounds with IHI.[30] Further supporting the
absence of IHI is the observation that the largest MBOs for
the Si�H interactions are in compounds with a Me group
trans to the hydride (Table 6).

In total, these structural and bonding features of 9–12 are
consistent with their preferred description as silane s-com-
plexes [Fe(Cp)(OC)(h2-H�SiMenCl3�n)(Me)].[7,8,10,32] The
same conclusion has been reached for the related cationic
complex [Fe(Cp)(OC) ACHTUNGTRENNUNG(H3P)(h2-H�SiH3)]+ .[34]

Figure 5. Structure of the methyl-containing silyl-hydride complexes 9–12. Notations are the same as in Figure 2.

Table 6. Mayer bond orders (MBO) for the Si�H and Si�Cl bonds in 9–
12 (normal basis set).

MBO Si�Cl MBO
Si�H H-CH3 trans down up

9 0.218 0.067 0.902 0.933 0.889
10a 0.246 0.063 – 0.928 0.885
10b 0.218 0.060 0.891 0.931 –
10c 0.220 0.059 0.900 – 0.894
11a 0.242 0.056 – – 0.893
11b 0.193 0.057 – 0.929 –
11c 0.220 0.052 0.899 – –
12 0.246 0.048 – – –
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Can a qualitative MO diagram, similar to that in Figure 1,
account for this result? The answer is that it can. The main
difference between the putative ligand (R3Si-H-CH3)

� and
(R3Si-H-SiR3)

� is that in the former the most electronega-
tive atom C is the main contributor to the lowest orbital y1,
leading to more H and Si character in the higher lying orbi-
tals y2 and y3. As the result, the interaction of a’ with y1

leads to the formation of a strong Fe�C bond, whereas an
incomplete back-donation on y3 results in the formation of
a h2-H�SiR3 ligand.

To get further insight into the bonding situation in com-
plexes 9–12, we performed BaderVs atom-in-molecule (AIM)
study of these compounds (Table 7).[35, 36] A bond critical

point between the hydride and silyl groups was found in all
the methyl complexes under discussion, thus confirming
their formulation as compounds with nonclassical Si�H
bonding. The Laplacian 521(rc) in the Si�H bond critical
point is negative in all cases, but its values vary widely and
correlate reasonably well with the Si�H distance (the short-
er the distance, the more negative is the Laplacian). In con-
trast, the electron density 1(rc) does not exhibit a clear cor-
relation with the Si�H bond length, but approximately fol-
lows the distance j rc�H j . In particular, the bond critical
point shifts away from the hydrogen nucleus due to the in-
fluence of the silicon if the latter comes closer to the
former.

Table 7 reveals a seemingly paradoxical situation in that
the bond critical point approaches the hydrogen atom as the
Si�H distance decreases, accompanied by the decrease of
electron density 1(rc). In our opinion, the location of the Si�
H bond critical point is largely determined by an interplay
between the hydrogen and silicon atomic densities. In the
area of a considerable overlap of the Si and H atomic densi-
ties, that is, at relatively short Si�H distances, the decay of
the density from the hydrogen nucleus toward the silicon
nucleus slows down as the silicon atom approaches hydro-
gen. Consequently, the critical point shifts away from the hy-
drogen (Table 7, second and sixth columns). As a result, the
total electron density in the critical point decreases. In con-
trast, at long Si�H distances, when the overlap is small, the
density between the atoms decreases with increasing Si�H

separation. Starting from some particular interatomic sepa-
ration, the Si�H bond critical point collapses, and only Fe�
Si and Fe�H bond paths persist. In our experience[30g,37] this
“breakdown” distance for a Si�H interaction lies at about
1.9 ?. Consequently, the complexes 9–12 with short Si�H
distance exhibit well-defined Si�H critical points, whereas
all other complexes under study with longer Si�H separa-
tions (1–8) do not. This consideration shows that the pres-
ence of a bond critical point in the case of the Si�H interac-
tions depends directly on the Si�H distance, and its absence
does not mean the absence of any interaction.

DFT calculations of mono ACHTUNGTRENNUNG(silyl) dihydride complexes
ACHTUNGTRENNUNG[Fe(Cp)(OC)(SiMenCl3�n)H2): To establish a possible com-
petition of the H�Si versus H�H interactions[4k] we have cal-
culated a series of bis ACHTUNGTRENNUNG(hydride) complexes [Fe(Cp)(OC)(Si-
MenCl3�n)H2] (13–16, n=0–3) (Figure 6). Selected geometric
parameters and Mayer bond orders are summarized in
Tables 8 and 9, respectively. Compared with 1–4, the substi-
tution of one lateral silyl for a hydride has a profound effect
on the structure of these monosilyl hydride complexes. In
particular, either a h2-(H�H) or a h2-(Si�H) complex is
formed depending on the substituents at silicon and the ori-
entation of the silyl group relative to the central hydride.
One can roughly divide complexes 13–16 into three groups,
according to the extent of H�H and Si�H interactions:

Group A : Complexes 13, 14, 15a-2, and 15b can be classi-
fied as dihydrogen complexes with an H�H distance of
~1 ?, an H�H MBO of ~0.3, very large Si�H separations of
~2.25 ?, and small corresponding Si�H MBOs of ~0.07–
0.08. They should be considered as typical dihydrogen com-
plexes, containing a h2-H2 ligand, without a significant Si�H
interaction. The dihydrogen form is favored for complexes
with more electron-withdrawing substituents at silicon,
which can be attributed to the stabilization of the M�Si
bond in the presence of electronegative substituents at sili-
con.

Group B : By way of contrast, complexes 15c and 16 are
better described as nonclassical bis ACHTUNGTRENNUNG(hydride) complexes with
some Si�H interactions. In these compounds the H�H sepa-
ration varies widely from 1.49 to 1.77 ?, with the MBO de-
creasing correspondingly from 0.08 to 0.04. The Si�H MBO
is increased and varies between 0.13 and 0.15, which is close
to the values obtained for the bis ACHTUNGTRENNUNG(silyl) complexes discussed
above, and much larger than those found for the dihydrogen
complexes 13, 14, 15a-2, and 15b.

Group C : The complex 15a is a very interesting case, since
the bis ACHTUNGTRENNUNG(hydride) form denoted as 15a-1 coexists with its di-
hydrogen isomer 15a-2, which is only 0.3 kcal·mol�1 less
stable on the DGo

298 scale. Both 15a-1 and 15a-2 are estab-
lished minima on the PES, but the transition state between
them lies slightly below both of them on the DGo

298 scale.
This means that the actually observed picture consists of an
averaged structure with large-amplitude highly anharmonic

Table 7. Results of the Bader analysis for the H�Si bond in the com-
plexes 9–12.[a]

1(rc) 521(rc) H(rc) e j rc�H j / j rc�Si j
9 0.546 �0.169 �0.206 4.610 0.766
10a 0.549 �0.989 �0.235 1.231 0.808
10b 0.535 �0.480 �0.211 2.855 0.797
10c 0.533 �0.381 �0.207 3.690 0.793
11a 0.528 �1.116 �0.232 1.170 0.844
11b 0.532 �1.269 �0.243 0.989 0.857
11c 0.515 �0.817 �0.215 1.742 0.839
12 0.506 �1.473 �0.250 0.768 0.929

[a] The density in the (3,�1) bond critical point 1(rc) is in e ?�3, its Lap-
lacian 521(rc) is in e ?�5, the energy density H(rc) is in Hartree?�3, and
e denotes ellipticity. j rc�H j / j rc�Si j is the ratio of distances from the
bond critical point to the hydrogen and silicon nuclei.
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vibrations. Nevertheless, we shall discuss 15a-1 and 15a-2
separately, as we are interested mostly in the electronic
structure of the complexes.

The isomer 15a-1 is unique, since both a short Si�H dis-
tance of 2.041 ? with the corresponding MBO of 0.133 and
a shortened H�H distance of 1.36 ? with a significant MBO

of 0.129 are found. The central hydride atom involved into
nonclassical bonding both with the silicon and lateral hy-
dride center exhibits a slightly longer Fe�H bond of 1.503,
compared to the Fe�Hlateral bond of 1.494 ?. This situation is
similar to that observed in hydride(dihydrogen) complexes
with the cis effect, in which the dihydrogen atom tilts in

Figure 6. Structure of the bishydride and dihydrogen silyl complexes 13–16. Notations are the same as in Figure 2.

Table 8. Selected calculated molecular parameters in complexes 13–16. Notations are the same as in Table 1.[a]

Distances [?] Si�Cl distance [?] Angles [8]
Si�H Fe�Si Fe�Hl Fe�Hc H�H trans down up Si-Fe-CO Ct-Fe-CO Ct-Fe-Si Ct-Fe-H1

13 2.281 2.246 1.551 1.545 0.982 2.109 2.100 2.114 87.3 127.8 122.2 120.5
14a 2.271 2.270 1.547 1.543 0.990 – 2.121 2.135 85.9 128.5 122.5 121.1
14b 2.246 2.269 1.540 1.534 1.020 2.130 2.120 – 86.9 128.3 121.7 120.9
14c 2.248 2.269 1.538 1.532 1.030 2.130 – 2.133 85.7 129.0 122.3 120.0
15a–2 2.236 2.301 1.530 1.526 1.055 – – 2.155 83.8 130.9 123.2 118.7
15b 2.237 2.304 1.535 1.531 1.031 – 2.145 – 85.5 130.0 122.7 120.7
15a–1 2.041 2.304 1.503 1.494 1.362 – – 2.151 83.4 129.1 122.0 121.4
15c 1.979 2.307 1.507 1.491 1.483 2.156 – – 84.6 130.3 122.3 117.8
16 1.954 2.359 1.503 1.491 1.523 – – – 82.8 131.3 122.9 118.4

[a] Hl is the hydrogen atom remote from silyl, Hc is adjacent to the silyl.
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such a way that the M�H distance to the hydrogen atom
closest to the hydride is the longest.[38]

Complexes with such large H�H separations as in 15a-1
(1.2–1.4 ?), which is neither definitely bonding nor non-
bonding, are called elongated (or stretched) dihydrogen
complexes.[39] Bonding in these very unusual molecules is
currently subject to debate. To the best of our knowledge,
complex 15a-1 is the first example of such a double interac-
tion of a hydride ligand with another hydride and a silyl
group. It can be considered as a very stretched (Si�H�H)�

ligand frozen in the midway of transformation from the (H)-
ACHTUNGTRENNUNG(HSiR3) ligand set into the (H2) ACHTUNGTRENNUNG(SiR3) ligand set.

Among complexes 15, the isomer 15c with chlorine in the
trans position to the hydride is the most stable (Table SI4)
and has the shortest Si�H distance corresponding to the
largest Si�H MBO. Although the Si�Cl trans bond is the
longest among three possible orientations, it does not corre-
spond to the shortest Fe�Si bond in the SiMe2Cl series. We
therefore conclude that IHI is not present in this system and
bonding between the silyl and hydride ligands is better de-
scribed as electron deficient, more akin to that usually
found in silane s complexes.

The formation of H�H and Si�H interactions in this
system reflects the inherent electron deficiency of these for-
mally FeIV–carbonyl complexes.

The AIM analysis (Table 10) of complexes 13–16 reveals
a H�H bond path in the case of typical dihydrogen com-
plexes, that is, when the H�H bond length is about 1 ?.
However, the bond path vanishes at larger H�H separation.
As expected, the 1(rc) and �521(rc) values increase with de-
creasing bond length. The Laplacian 521(rc) and the energy
density H(rc)

[36] remain negative for all dihydrogen com-
plexes, indicating an intact H�H covalent bond. The Si�H
bond path has not been found for complexes 15a-1, 15c,
and 16 because these complexes have relatively long Si�H
distances (see the discussion in the previous section).

Silylhydride carbonyl complexes [Fe(Cp)(OC)(Si-
MenCl3�n)H(X)] (X=H, Me, SiMenCl3�n)—NMR proper-
ties : NMR spectroscopy and, in particular, the measure-
ments of H�Si coupling constants JACHTUNGTRENNUNG(H,Si) traditionally
played a central role in the characterization and interpreta-
tion of nonclassical H�Si interactions.[8,10,32] There is a

mounting interest in the calculation of ligand chemical shifts
and ligand–ligand coupling constants in metal complexes, al-
though accurate calculation of NMR parameters is not an
easy task.[40] This is particularly relevant to the case in which
the element under question (such as silicon) has an unusual
geometry or is involved in nonclassical bonding.[41,42] The
calculation of Si�H coupling constants in metal complexes is
very rare.[43] In this work we calculated hydride chemical
shifts and the coupling constants between the hydride and
silyl ligands for carbonyl complexes [Fe(Cp)(OC)(Si-
MenCl3�n)H(X)] (X=H, Me, SiMenCl3�n) (n=0–3;
Table 11).

For compounds 1–4 the hydride signals tend to shift to
higher field upon increasing the number of methyl groups at
silicon, although the variation is rather irregular and de-
pends on the choice of a rotamer in the case of complexes 2
and 3. This trend can be simply rationalized in terms of in-
creased shielding of the proton by the increased electron
density released by methyl substituents at silicon. Impor-

Table 9. Si�H, H�H, and Si�Cl Mayer bond orders (MBO) in complexes
13–16 (normal basis set).

MBO Si�Cl MBO
Si�H H�H trans down up

13 0.068 0.344 0.904 0.915 0.884
14a 0.073 0.346 – 0.905 0.872
14b 0.077 0.309 0.891 0.900 –
14c 0.074 0.305 0.899 – 0.883
15a–1 0.133 0.129 – – 0.888
15a–2 0.077 0.295 – – 0.878
15b 0.082 0.307 – 0.906 –
15c 0.151 0.083 0.895 – –
16 0.141 0.038 – – –

Table 10. Results of the AIM analysis of the H2�H16 bond in complexes
13–16.[a]

1(rc) 521(rc) H(rc) e j rc�Hl j / j rc�Hc j
13 1.076 �8.128 �0.798 0.133 0.987
14a 1.061 �7.801 �0.779 0.143 0.986
14b 1.002 �6.547 �0.704 0.172 0.985
14c 0.985 �6.195 �0.683 0.182 0.987
15a–1 –
15a–2 0.944 �5.301 �0.629 0.222 0.987
15b 0.983 �6.139 �0.680 0.189 0.984
15c –
16 –

[a] The density in the (3,�1) bond critical point 1(rc) is in e ?�3, its Lap-
lacian 521(rc) is in e ?�5, the energy density H(rc) is in Hartree?�3, and
e denotes the ellipticity. j rc�Hl j / j rc�Hc j is the ratio of distances from
the critical point to both H nuclei. Missing data indicate that no bond
critical point has been found. Hl is the hydrogen atom remote from silyl,
Hc is adjacent to the silyl.

Table 11. Calculated hydride chemical shift, hydride–silicon coupling
constant, and thermally averaged obsJ ACHTUNGTRENNUNG(1H,29Si)[a] in complexes 1–4 and 9–
12.

dH [ppm] J ACHTUNGTRENNUNG(1H,29Si) [Hz] obsJ ACHTUNGTRENNUNG(1H,29Si) [Hz]

1 �9.84 �12.2 �12.2
2a �9.45 �29.4 +1.5
2b �12.17 +1.9
2c �11.35 +1.5
3a �10.39 �14.6 �12.3
3b �11.37 �16.5
3c �13.92 +7.6
4 �12.57 �7.8 �7.8
9 �8.17 �47.5 �47.5
10a �8.21 �81.6 �35.8
10b �9.35 �32.0
10c �9.19 �32.2
11a �8.85 �63.3 �63.0
11b �9.11 �65.0
11c �10.66 �25.5
12 �10.11 �55.3 �55.3

[a] obsJ ACHTUNGTRENNUNG(1H,29Si) stands for the calculated coupling constant averaged
ACHTUNGTRENNUNGaccording to Boltzmann distribution.
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tantly, for 1–4 the calculated J ACHTUNGTRENNUNG(H,Si) constants predominant-
ly depend on the orientation of the silyl ligand rather than
on the substitution at silicon. To get meaningful estimations
for the observable coupling constants, we calculated the
ACHTUNGTRENNUNGJ ACHTUNGTRENNUNG(H,Si) values weighted according to the Boltzmann distri-
bution (obsJ ACHTUNGTRENNUNG(H,Si) in Table 11).[44] The calculated absolute
value of jJ ACHTUNGTRENNUNG(H,Si) j for the real compound 1 (12.2 Hz) is in a
good agreement with the experimental value of 20 Hz, (the
experimental sign is not available).[22] In addition, our calcu-
lations provide the signs of the coupling constants, which
were found to be negative for 1, 3, and 4, although the abso-
lute values for all coupling constants are also rather low.
The sign of J ACHTUNGTRENNUNG(H,Si) can serve as a more meaningful criterion
for the presence of a Si�H(M) nonclassical bonding, be-
cause it shows at least the prevalence of direct one-bond H�
Si coupling (expected to be negative owing to the sign of
the 29Si magnetogyric ratio) over the two-bond coupling
(which usually gives positive contribution to the
obsJACHTUNGTRENNUNG(H,Si)).[30a] We found an exception for the compound 2
(small positive ACHTUNGTRENNUNG

obsJ ACHTUNGTRENNUNG(H,Si) in spite of significant Si�H bonding
manifested by the calculated bond orders), but its small
value of obsJ ACHTUNGTRENNUNG(H,Si) lies outside the accuracy of our calcula-
tions. Such unusual trends in the hydride–silicon coupling
constants are very different from the values and trends ob-
served for both silane s complexes and for compounds with
IHI.[8] The dependence of the computed J ACHTUNGTRENNUNG(H,Si) upon a par-
ticular rotamer shows that the observed (i.e., thermally aver-
aged) obsJ ACHTUNGTRENNUNG(H,Si) value cannot serve as a reliable indicator of
the H�Si interaction in the present case.

In all the methyl complexes 9–12, the computed magni-
tude of JACHTUNGTRENNUNG(1H,29Si) is large and is strongly negative, consistent
with their formulation as silane s complexes. The magnitude
of thermally averaged obsJ ACHTUNGTRENNUNG(1H,29Si) tends to increase with in-
creased methyl substitution at silicon, also a behavior typical
of silane s complexes. However, the variation of individual
J ACHTUNGTRENNUNG(1H,29Si) depends strongly on the particular conformation
of the silyl group. There is no correlation between the Si�H
separation or Mayer bond index and the magnitude of the
coupling constant. As the rotamers of 10 and 11 differ only
slightly in energy (Table SI3), it means that the conforma-
tion-averaged, that is, “observed”, coupling constant
ACHTUNGTRENNUNG

obsJACHTUNGTRENNUNG(1H,29Si) is extremely sensitive to minor changes in ener-
getics and, probably, also to environment effects.

When discussing the variation of hydride–silicon coupling
constant along a series of related silane s complexes, it
should be borne in mind that the electronegativity of the
substituents at silicon has a dual effect on the magnitude of
J ACHTUNGTRENNUNG(1H,29Si).[45] On one hand, electropositive groups at silicon
push the antibonding orbital s* ACHTUNGTRENNUNG(H�Si) higher in energy, de-
creasing the back-donation from metal and strengthening
the Si�H bond. On the other hand, this is accompanied by
the decrease of silicon s character in the Si�H bond.[45]

These two trends have opposite effects on the value of a hy-
dride–silicon coupling constant. Therefore, the observed ir-
regularity in the variation of J ACHTUNGTRENNUNG(1H,29Si) from 9 to 12 possibly
reflects a complex interplay of these two trends.

In the series of “dihydride” complexes 13–16 the dihydro-
gen complexes 13 and 14 have small hydride–silicon cou-
pling constants J ACHTUNGTRENNUNG(1H,29Si) (Table 12), in accord with the ab-
sence of significant Si�H interaction. In contrast, the com-

pounds 15 and 16, for which at least some rotamers do have
Si�H interactions, exhibit negative obsJ ACHTUNGTRENNUNG(1H,29Si) with in-
creased magnitude. However, there is no meaningful corre-
lation between the Si�H separation and the value of JACHTUNGTRENNUNG(H,Si).
In contrast, the J ACHTUNGTRENNUNG(H,H) values exhibit a nearly linear corre-
lation with the H�H distance. It is interesting that the varia-
tion of hydride chemical shift with the substitution at silicon
is opposite to that observed for complexes 1–4. Namely, in-
creased methyl substitution at silicon tends to leave the hy-
dride signal almost invariant (for lateral hydride) or shifts it
down-field (for the central hydride). It is noteworthy that in
the series 13–16 complexes with significant H�Si interac-
tions (15a-1, 15c, and 16), down-field-shifted hydride signals
are exhibited for the central hydride relative to the lateral
one. Usually complexes with nonclassical H�Si interactions
exhibit up-field-shifted hydride signals.[8]

It is worth noting that despite of the increased absolute
value of obsJACHTUNGTRENNUNG(1H,29Si) and large MBO, complex 16 does not
exhibit a Si�H bond path in the AIM study. Since complex
16 has only electron-donating groups at silicon atom, a sig-
nificant obsJ ACHTUNGTRENNUNG(1H,29Si) of �32 Hz does indicate the presence of
some H�Si interaction.[45]

Concluding Remarks

The compound [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiCl3)2H], which for a long
time served as an example of a classical silyl–hydride com-
pound, is not classical. Rather, it exhibits peculiar interli-
gand Si�H interactions spread over the hydride and two
silyl ligands. The occurrence of these interactions is seen al-
ready from a severe distortion of [Fe(Cp)(L)(SiMenCl3�n)2H]
from the ideal square-pyramidal geometry and is further
supported by the calculation of bond indices. The highly de-
localized nature of these interactions and their little sensitiv-
ity to the substituents at silicon allows us to differentiate

Table 12. Calculated hydride chemical shift, hydride–silicon coupling
constant, and thermally averaged obsJ ACHTUNGTRENNUNG(1H,29Si) in complexes 13–16.[a]

dHl

ACHTUNGTRENNUNG[ppm]
dHc

ACHTUNGTRENNUNG[ppm]
J ACHTUNGTRENNUNG(1H,29Si)
[Hz]

obsJ ACHTUNGTRENNUNG(1H,29Si)
[Hz]

J ACHTUNGTRENNUNG(1Hc,1Hl)
[Hz]

13 �11.13 �10.52 �2.1 �2.1 211.9
14a �10.67 �10.65 �13.1 �0.7 208.9
14b �11.52 �10.46 +0.4 194.2
14c �11.35 �10.01 +0.8 189.8
15a-1 �9.14 �7.11 �27.5 �18.9 67.7
15a-2 �10.60 �9.89 �9.9 180.1
15b �10.89 �10.58 �11.2 190.1
15c �11.19 �6.86 �9.3 31.9
16 �10.52 �7.30 �31.7 �31.7 24.6

[a] Hc=central hydride, Hl= lateral hydride.
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them from the known s interactions in silane s complexes.
These new R3Si–H–SiR3 interactions are also different from
the interligand hypervalent interactions, since they are not
affected much by the conformation of the silyl ligand and
change only very little and irregularly upon the variation of
substituents at silicon. Another aspect that allows us to dis-
tinguish these unique R3Si–H–SiR3 interactions in com-
plexes [Fe(Cp)(L)(SiMenCl3�n)2H] (n=0–3) from the Si�H
s complexation and IHI is that they are not very sensitive to
the variation of supporting ligand L. In contradiction with
the theory of s complexation, the Si�H bonding strengthens
on going from L=CO to L=PMe3; however, this increase is
not large, which is at odds with the theory of IHI.

Historically, the J ACHTUNGTRENNUNG(H,Si) NMR coupling constants of 20 Hz
measured for the compound [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiCl3)2H] was
considered to be a border line between the classical and
nonclassical complexes of the type [M(L)nACHTUNGTRENNUNG(SiR3)(H)]. The
formulation of nonclassical nature of [Fe(Cp)(OC) ACHTUNGTRENNUNG(SiCl3)2H]
now brings about the question of the validity of this criteri-
on for the characterization of nonclassical complexes. This
result and our previous work on this topic suggest that such
NMR criteria are no longer applicable. The magnitude of
ACHTUNGTRENNUNGJ ACHTUNGTRENNUNG(H,Si) coupling depends primarily on the type of nonclassi-
cal interactions.

As a tentative rationale for this novel Si�H bonding, we
suggest to consider these bis ACHTUNGTRENNUNG(silyl) derivatives as highly
stretched double Si�H s complexes of the hypervalent
ligand (R3Si-H-SiR3)

�, that is, as [Fe(Cp)(L)ACHTUNGTRENNUNG(h3-{(Si-
MenCl3�n)2H})], but other interpretations can be invoked.
Whatever the most appropriate description is, the question
remains open whether the structural distortions are the
cause or the effect of interligand interactions.

Another question is pertinent: Why does this hydride
ligand in 1–4 like to be involved in a “double” interaction
with two silyl ligands, such as in the postulated ligand (R3Si-
H-SiR3)

�, instead of forming a more common [M(L)n-
ACHTUNGTRENNUNG(SiR3)(h2-H-SiR3)] structure? We do not have a clear-cut
answer to this question. It could be just a steric result, stem-
ming from the small size of the iron center. Alternatively, it
may reflect an intrinsic electronic preference of silicon to be
hypervalent. In this regard, it is interesting to note that
there is no unequivocal example of a [M(L)n(H)(h2-H-SiR3)]
or [M(L)nACHTUNGTRENNUNG(SiR3)(h2-H-SiR3)] complex without “secondary”
interaction between the h2-silane and hydride or between
the h2-silane and silyl ligand, respectively.[46]

Our attempt to correlate the occurrence of interligand in-
teractions in the family [Fe(Cp)(L)(SiMenCl3�n)2H] (L=CO,
PMe3; n=0–3) with the J ACHTUNGTRENNUNG(H,Si) NMR coupling constants
ended up in an unexpected observation that the magnitude
of JACHTUNGTRENNUNG(H,Si) primarily depends on the orientation of the silyl
group rather than on the number of electron-withdrawing
groups at silicon. This fact again demarcates these unique
Si�H interactions from those found in silane s-complexes
and nonclassical silylhydrides with IHI. In most cases,
ACHTUNGTRENNUNGJ ACHTUNGTRENNUNG(H,Si) was calculated to be negative, which suggests that
the direct one-bond component 1JACHTUNGTRENNUNG(H,Si) dominates over
two-bond coupling 2JACHTUNGTRENNUNG(H,Si). However, no correlation has

been found between the magnitude of JACHTUNGTRENNUNG(H,Si) and the bond
indices.

For the related compounds [Fe(Cp)(OC)(Si-
MenCl3�n)H(X)] (X=H, Me; n=0–3) a clearer bonding pic-
ture emerged. Complexes [Fe(Cp)(OC)(SiMenCl3�n)H(Me)]
(n=0–3) should be classified as silane Si�H s complexes
[Fe(Cp)(OC)(h2-H-SiMenCl3�n)(Me)] for all n. The “dihy-
dride” complexes [Fe(Cp)(OC)(SiMenCl3�n)H2] (n=0–3) are
genuine dihydrogen complexes for n=0 and 1, but for n=3
the Si�H interaction strongly dominates over the H�H
bonding. The monochlorine complex [Fe(Cp)(OC)-
ACHTUNGTRENNUNG(SiMe2Cl)H2] presents an intermediate situation when both
a dihydrogen form [Fe(Cp)(OC)(SiMenCl3�n) ACHTUNGTRENNUNG(h

2-H2)] and an
isomer with simultaneous stretched Si�H and H�H interac-
tions are present, depending on the orientation of the silyl
group relative to the rest of the complex. As the energy dif-
ference between different forms is small, rather weak interli-
gand bonding with a shallow, highly anharmonic PES must
be present. The observation of nonclassical interligand inter-
actions in [Fe(Cp)(OC)(SiMenCl3�n)H(X)] (X=H, Me; n=
0–3) provides an additional argument in favor of nonclassi-
cal nature of the related complexes [Fe(Cp)(L)(Si-
MenCl3�n)2H] (L=CO, PMe3; n=0–3).

As previously observed in other nonclassical systems, the
AIM analysis finds a Si�H bond path in complexes when
the Si�H distance is less than about 1.9 ?. At longer distan-
ces, the Si�H bond path collapses into the M�H and M�Si
bonds even when significant Mayer bond indices are found.

The overall conclusion is that the {Fe(Cp)(L)} (L=CO or
Me3P) platform can support a plethora of nonclassical inter-
ligand interactions. Our results suggest that activation of Si�
H and H�H bonds by transition-metal complexes may in-
volved more extended interligand interactions than have
been previously anticipated and that the nature of these in-
teractions reflects a complex balance of steric and electronic
effects.
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