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*S Supporting Information

ABSTRACT: Reaction of the donor-stabilized silylene 1 with
[Cr(CO)6], [Mo(CO)6], [W(CO)6], or [Fe(CO)5] leads to
the formation of the transition-metal silylene complexes 2−5,
which contain five-coordinate silicon(II) moieties with Si−M
bonds (M = Cr, Mo, W, Fe). These compounds were
characterized by NMR spectroscopic studies in the solid state
and in solution and by crystal structure analyses. These
experimental investigations were complemented by computa-
tional studies to gain insight into the bonding situation of 2−5.
The nature of the Si−M bonds is best described as a single bond.

■ INTRODUCTION
The chemistry of stable silicon(II) compounds is currently one
of the most actively studied fields in silicon chemistry.1−4

Silicon(II) species (silylenes) show a very interesting reactivity
profile; for example, they can behave as nucleophiles and
therefore can act as ligands in transition-metal coordination
chemistry.5,6 In this context, stable N-heterocyclic silylene
ligands play a special role.1h Recently, we have reported the
synthesis of bis[N,N′-diisopropylbenzamidinato(−)]silicon(II)
(1), a novel stable donor-stabilized three-coordinate silylene,
and its nucleophilic substitution reaction with [W(CO)6] to
form the tungsten silylene complex 4, in which the silicon atom
is five-coordinate.4n In continuation of these studies, we have
now synthesized and characterized a series of further transition-
metal complexes that also contain this particular silylene ligand,
compounds 2, 3, and 5. In addition, we have performed
computational studies to gain some insight into the bonding
situation of compounds 2−5.

Herein we report (i) the synthesis and structural character-
ization of 2, 3, and 5, (ii) the synthesis of 44n using a slightly

modified method, and (iii) the computational characterization
of the electronic structure of 2−5. These investigations were
performed as part of our systematic studies on higher-
coordinate silicon(II) and silicon(IV) compounds (for recent
publications, see refs 4n,o, and 6).

■ RESULTS AND DISCUSSION
Syntheses. Compounds 2−5 were synthesized by reaction

of 1 with [Cr(CO)6], [Mo(CO)6], [W(CO)6], or [Fe(CO)5]
at 20 °C (2, 4, 5) or 60 °C (3) in toluene (2, 5) or THF (3, 4)
(Scheme 1; yields (2) 76%, (3) 89%, (4) 92%, (5) 65%).
Compounds 2−4 were isolated as colorless crystalline solids,
whereas 5 was obtained as a green-colored crystalline product.
The identities of 2−5 were established by elemental analyses,
NMR spectroscopic studies in the solid state (15N, 29Si) and in
solution (1H, 13C, 29Si), and crystal structure analyses (for the
crystal structure analysis of 4, see ref 4n).
The formation of 2−5 can be described as a nucleophilic

substitution reaction, in which the silylene 1 formally reacts as a
four-coordinate nucleophile that replaces one of the six (Cr,
Mo, W) or five (Fe) carbonyl groups to give a five-coordinate
silicon(II) species with an M−Si bond (M = Cr, Mo, W, Fe).

Crystal Structure Analyses. Compounds 2, 3, and 5 were
structurally characterized by single-crystal X-ray diffraction. The
crystal data and experimental parameters used for the crystal
structure analyses are given in the Supporting Information
(Table S1). The molecular structures of 2, 3, and 5 are depicted
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in Figures 1−3; selected bond lengths and angles are given in
the respective figure captions.
For reasons of comparison, compound 44n is included in the

discussion of the crystal structures of 2, 3, and 5. The silicon
coordination polyhedra of 2−5 are best described as strongly
distorted trigonal bipyramids, with maximum deviations from
the ideal 180° angles of 35.36° (2), 34.56° (3), 34.03° (4), and
25.36° (5). The sums of the equatorial bond angles of 2−5
amount to 359.9−360.0°, and the Berry distortions (transition
trigonal bipyramid→ square pyramid) were calculated at 36.8%
(2), 34.4% (3), 34.8% (4), and 15.8% (5).7 The transition-
metal coordination polyhedra of 2−4 are best described as
slightly distorted octahedra, with maximum deviations from the

Scheme 1. Syntheses of Compounds 2−5

Figure 1. Molecular structure of 2 in the crystal (probability level of
displacement ellipsoids 50%). Selected bond lengths (Å) and angles
(deg): Cr−Si, 2.4181(7); Cr−C27, 1.879(2); Cr−C28, 1.887(2); Cr−
C29, 1.879(2); Cr−C30, 1.880(2); Cr−C31, 1.853(2); Si−N1,
1.7982(17); Si−N2, 2.1567(19); Si−N3, 1.8014(17); Si−N4,
2.0825(17); N1−C1, 1.358(3); N2−C1, 1.307(3); N3−C14,
1.347(3); N4−C14, 1.314(2); C27−O1, 1.154(3); C28−O2,
1.146(3); C29−O3, 1.152(3); C30−O4, 1.150(3); C31−O5,
1.148(3); Si−Cr−C27, 90.59(7); Si−Cr−C28, 85.42(7); Si−Cr−
C29, 89.41(7); Si−Cr−C30, 87.32(7); Si−Cr−C31, 179.07(8); C27−
Cr−C28, 89.12(10); C27−Cr−C29, 178.54(10); C27−Cr−C30,
91.33(10); C27−Cr−C31, 88.97(10); C28−Cr−C29, 92.34(10);
C28−Cr−C30, 172.73(9); C28−Cr−C31, 93.76(10); C29−Cr−
C30, 87.21(9); C29−Cr−C31, 91.05(10); C30−Cr−C31,
93.51(10); Cr−Si−N1, 122.64(6); Cr−Si−N2, 107.13(5); Cr−Si−
N3, 122.19(6); Cr−Si−N4, 108.22(5); N1−Si−N2, 66.14(7); N1−
Si−N3, 115.11(8); N1−Si−N4, 95.11(7); N2−Si−N3, 92.88(7); N2−
Si−N4, 144.64(7); N3−Si−N4, 67.27(7); N1−C1−N2, 109.70(17);
N3−C14−N4, 108.85(16).

Figure 2. Molecular structure of 3 in the crystal (probability level of
displacement ellipsoids 50%). Selected bond lengths (Å) and angles
(deg): Mo−Si, 2.5784(6); Mo−C27, 2.039(2); Mo−C28, 2.041(2);
Mo−C29, 2.032(2); Mo−C30, 2.039(2); Mo−C31, 2.000(2); Si−N1,
1.8101(15); Si−N2, 2.1417(15); Si−N3, 1.8052(15); Si−N4,
2.0894(15); N1−C1, 1.355(2); N2−C1, 1.300(2); N3−C14,
1.349(2); N4−C14, 1.309(2); C27−O1, 1.140(3); C28−O2,
1.142(2); C29−O3, 1.145(3); C30−O4, 1.144(3); C31−O5,
1.147(2); Si−Mo−C27, 91.63(6); Si−Mo−C28, 85.57(6); Si−Mo−
C29, 90.23(6); Si−Mo−C30, 87.70(6); Si−Mo−C31, 178.70(7);
C27−Mo−C28, 89.55(8); C27−Mo−C29, 177.42(8); C27−Mo−
C30, 90.84(8); C27−Mo−C31, 87.60(9); C28−Mo−C29, 92.38(8);
C28−Mo−C30, 173.27(8); C28−Mo−C31, 93.38(8); C29−Mo−
C30, 87.45(8); C29−Mo−C31, 90.57(9); C30−Mo−C31, 93.35(8);
Mo−Si−N1, 123.28(5); Mo−Si−N2, 107.24(5); Mo−Si−N3,
122.44(5); Mo−Si−N4, 107.32(5); N1−Si−N2, 66.00(6); N1−Si−
N3, 114.26(7); N1−Si−N4, 95.13(6); N2−Si−N3, 93.58(6); N2−Si−
N4, 145.44(6); N3−Si−N4, 67.05(6); N1−C1−N2, 109.63(15); N3−
C14−N4, 108.96(14).

Figure 3. Molecular structure of 5 in the crystal (probability level of
displacement ellipsoids 50%). Selected bond lengths (Å) and angles
(deg): Fe−Si, 2.3175(6); Fe−C27, 1.7829(18); Fe−C28, 1.7655(19);
Fe−C29, 1.7604(18); Fe−C30, 1.7605(19); Si−N1, 1.8201(13); Si−
N2, 1.9569(13); Si−N3, 1.8247(14); Si−N4, 1.9864(13); N1−C1,
1.345(2); N2−C1, 1.3182(19); N3−C14, 1.347(2); N4−C14,
1.3149(19); C27−O1, 1.154(2); C28−O2, 1.155(2); C29−O3,
1.153(2); C30−O4, 1.159(2); Si−Fe−C27, 122.61(6); Si−Fe−C28,
79.51(6); Si−Fe−C29, 125.97(6); Si−Fe−C30, 79.11(6); C27−Fe−
C28, 99.24(9); C27−Fe−C29, 111.40(8); C27−Fe−C30, 97.46(9);
C28−Fe−C29, 94.06(9); C28−Fe−C30, 157.73(8); C29−Fe−C30,
93.46(9); Fe−Si−N1, 126.71(5); Fe−Si−N2, 102.29(4); Fe−Si−N3,
124.20(5); Fe−Si−N4, 103.05(4); N1−Si−N2, 69.01(5); N1−Si−N3,
109.09(6); N1−Si−N4, 94.68(6); N2−Si−N3, 97.74(6); N2−Si−N4,
154.64(6); N3−Si−N4, 68.51(5); N1−C1−N2, 107.10(12); N3−
C14−N4, 107.69(13).
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ideal 90° and 180° angles ranging from 4.43° to 4.81° and from
6.73° to 7.27°, respectively. The iron coordination center of 5 is
surrounded by its five ligand atoms in a distorted trigonal-
bipyramidal fashion, with the silicon atom in an equatorial site.
The axial C−Fe−C angle amounts to 157.73(8)°, and the sum
of the equatorial bond angles is 360.0° (Berry distortion
32.8%).7 It is interesting to note that the axial carbonyl ligands
at the iron coordination center are bent toward the silicon
atom, with Si−Fe−C angles of 79.51(6)° and 79.11(6)°. Such
an “umbrella effect” is not observed for the carbonyl ligands cis
to the silicon atom in compounds 2−4.
As can be seen from Table 1, the axial Si−N bond distances

of 2−5 (1.9569(13)−2.1567(19) Å) are longer than the
equatorial ones (1.7982(17)−1.8247(14) Å). Interestingly, the
maximum differences between the axial and equatorial Si−N
distances of 2−4 (0.323−0.3585 Å) are quite similar, whereas
this difference is much smaller for the iron complex 5 (0.1663
Å). Additionally, the equatorial Si−N bond lengths of 2−5 are
quite similar (1.7982(17)−1.8247(14) Å), while the axial Si−N
bond distances of 2−4 (2.081(3)−2.1567(19) Å) are
considerably longer than those of the iron complex 5
(1.9569(13) Å and 1.9864(13) Å; Table 1). This may be
interpreted by an overall weaker bonding of the amidinato
ligands to the silicon coordination center of the group 6
complexes 2−4 compared to the iron complex 5. However, this
effect is not reflected by the N−C bond lengths within the
NC(Ph)N moieties of 2−5, which are very similar for all the
complexes studied (C−N(eq), 1.345(2)−1.358(3) Å; C−
N(ax), 1.300(2)−1.3182(19) Å), indicating a similar degree
of electron delocalization within the NC(Ph)N moieties of 2−
5.
The M−Si bond distances of the molybdenum (3) and

tungsten (4) silylene complexes are very similar (2.5784(6) Å
and 2.5803(9) Å) and much longer than those found for the
chromium (2) and iron (5) complexes (2.4181(7) Å and
2.3175(6) Å; Table 2). The M−Si bond distances of 2−5 are
slightly longer than those reported for comparable complexes
with three- or four-coordinate silylene ligands and M−Si single
bonds, which is in line with the increase in the silicon
coordination number from three or four to five.8,9 As expected,
the M−Si bond distances of 2−5 are markedly longer than
those reported for transition-metal silylene complexes with
SiM double bonds (except ref 8i).8,9

In the six-coordinate transition-metal complexes 2−4, the
M−C bond distances (M = W, Cr, Mo) trans to the silicon

atom are about 0.03−0.04 Å shorter than those in the cis
position, indicating a rather small trans effect. In the five-
coordinate iron complex 5, the axial and equatorial Fe−C bond
lengths are very similar (1.7604(18)−1.7829(18) Å), with the
longest bond length observed for the equatorial Fe−C27 bond.
The C−O bond lengths of 2−5 are very similar and range from
1.140(3) Å to 1.159(2) Å.

NMR Spectroscopic Studies. Compounds 2, 3, and 5
were studied by NMR spectroscopy in the solid state (15N,
29Si) and in solution (1H, 13C, 29Si; solvent [D8]THF). The
data obtained (see the Experimental Section) confirm the
identities of the compounds studied.
For reasons of comparison, compound 44n is included in the

discussion of the NMR spectroscopic data of 2, 3, and 5. As can
be seen from Table 3, the respective isotropic 29Si chemical

shifts of 2−4 in the solid state and in solution are similar,
indicating that these five-coordinate silicon(II) compounds also
exist in solution. For compound 5, the largest difference
between the 29Si chemical shifts in the solid state and in
solution is found (11.0 ppm), indicating some change in
geometry, however without a change in the silicon coordination
number. The 29Si chemical shifts depend on the transition
metal bound to the silicon coordination center (solid state, δ =
−23.7−4.9 ppm; solution, δ = −22.3−6.9 ppm). Compared to
that of the donor-stabilized silylene 1 (three-coordinate in the
solid state), the 29Si resonance signals of 3 and 4 in the solid
state show a low-field shift, while a high-field shift was observed
for 2 and 5. In solution, compounds 2−5 show 29Si chemical
shifts downfield compared to that of the silylene 1. The
molybdenum complex 3 shows the highest downfield shift of
the 29Si resonance signals in the solid state and in solution,
which is in agreement with the results of the quantum-chemical
calculations (see the Computational Studies).

Table 1. Comparison of the Experimental Si−N Bond Lengths (Å) of 2−5

compd Si−N1 Si−N2 Si−N3 Si−N4 Δmax[Si−N(eq)/Si−N(ax)]

2 1.7982(17) 2.1567(19) 1.8014(17) 2.0825(17) 0.3585
3 1.8101(15) 2.1417(15) 1.8052(15) 2.0894(15) 0.3365
4a 1.806(3) 2.081(3) 1.808(2) 2.129(3) 0.323
5 1.8201(13) 1.9569(13) 1.8247(14) 1.9864(13) 0.1663

aData taken from ref 4n. The atomic numbering scheme for 4 is identical with that used for 2, 3, and 5.

Table 2. Comparison of the Experimental M−Si and M−C Bond Lengths (Å) of 2−5 (M = Cr, Mo, W, Fe)

compd M−Si M−C27 M−C28 M−C29 M−C30 M−C31

2 (M = Cr) 2.4181(7) 1.879(2) 1.887(2) 1.879(2) 1.880(2) 1.853(2)
3 (M = Mo) 2.5784(6) 2.039(2) 2.041(2) 2.032(2) 2.039(2) 2.000(2)
4 (M = W)a 2.5803(9) 2.038(4) 2.037(3) 2.041(4) 2.039(3) 2.008(3)
5 (M = Fe) 2.3175(6) 1.7829(18) 1.7655(19) 1.7604(18) 1.7605(19)

aData taken from ref 4n. The atomic numbering scheme for 4 is identical with that used for 2, 3, and 5.

Table 3. Comparison of the Isotropic 29Si Chemical Shifts
(ppm) of 1−5 in the Solid State (T = 22 °C) and in Solution
[T = 23 °C, Solvent C6D6 (1) or [D8]THF (2−5)]

compd
δ(29Si)

(solid state)
δ(29Si)

(solution) compd
δ(29Si)

(solid state)
δ(29Si)

(solution)

1a −15.4 −31.4 4a −12.5 −13.3b

2 −22.3 −22.3 5 −23.7 −12.7
3 4.9 6.9

aData taken from ref 4n. b183W satellites: 1J(29Si,183W) = 139.2 Hz.
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As was found for other silicon(II) and silicon(IV)
compounds with two amidinato ligands,6c,d compounds 2−5
show a dynamic behavior in solution at 23 °C. In the 1H NMR
spectra of these compounds only one doublet and one septet
are observed for the four isopropyl groups of the two amidinato
ligands. Accordingly, the 13C{1H} NMR spectra of 2−5 also
show only one CH3CHCH3 and one CH3CHCH3 resonance
signal. These findings can be explained by a rapid exchange of
the amidinato-nitrogen binding sites of 2−5.
As can be seen from Table 4, the 13C chemical shifts of the

carbonyl ligands of 2−4 strongly depend on the transition

metal (δ = 203.3−227.3 ppm), but the shift differences between
the cis- and trans-bound carbonyl ligands of a given transition
metal are rather small (Δδ = 0.2−2.0 ppm). For the iron
silylene complex 5, only one resonance signal for the four
carbonyl carbon atoms at δ = 220.4 ppm is observed in the
13C{1H} NMR spectrum.
Computational Studies. Compounds 2−4 were studied

by quantum-chemical methods. The structural features of 2−5
obtained by structure optimizations at the PBE0/def-SV(P)
level of theory (Tables 5 and 6) are in reasonable agreement
with those obtained by the crystal structure analyses (Tables 2
and 3).

Additionally, the isotropic 29Si chemical shifts of 2−5 were
calculated at the PBE0/def2-TZVPP level of theory: 2, δ =
−18.6 ppm; 3, δ = 0.6 ppm; 4, δ = −7.3 ppm; 5, δ = −7.3 ppm.
These computed gas-phase chemical shifts are in reasonable

agreement with the experimental isotropic 29Si chemical shifts
both in the solid state and in solution (Table 3). In the case of
5, the calculated chemical shift (δ = −7.3 ppm) is also in
reasonable agreement with the experimental chemical shift in
solution (δ = −12.7 ppm), whereas a difference of 16.4 ppm
compared to the chemical shift in the solid state (δ = −23.7
ppm) is observed, indicating that the solid-state structure of 5
differs somewhat from the structure in solution.
Furthermore, on the basis of quantum-chemical calculations

at the DFT level, we have investigated the nature of the
chemical bonds between the silicon atom and the metal
coordination centers. The nature of the Si−M bonds (M = Cr,
Mo, W, Fe) in terms of a single or double bond can be analyzed
at first principle by comparison of the experimental bond
lengths with the predicted bond distances derived from the
respective single bond and double bond radii listed in ref 10.
For all compounds investigated, the values of the predicted
single bond distances are in better agreement with the
experimentally obtained M−Si bond lengths compared to the
predicted double bond distances (Table 7). Beyond this first
principle analysis, we have also investigated the nature of the
Si−M bonds by Mayer bond orders (Table 7) and natural bond
orbital (NBO) analyses (Table 8). Comparison of the Mayer
bond orders reveals that the Si−Fe bond shows the lowest
value (0.65), whereas the Mayer bond orders of the other three
Si−M bonds are somewhat higher (0.71−0.78). Analysis of the
molecular orbital (MO) ratios shows that the Si−Cr and Si−
Mo bonds are almost equally shared between the silicon and
transition-metal atom, whereas the silicon contribution in the
Si−W and Si−Fe bonds is slightly higher. According to the
NBO analyses, the contribution of the silicon atom is best
described as 2/3 s and 1/3 p character (Table 8). Surprisingly,
the main contribution of the transition-metal atoms originates
from p orbitals with more than 50% participation and d orbital
participation with 24.3−29.9%, whereas the remaining
contribution comes from the s orbitals (Table 8). Selected
molecular Kohn−Sham orbitals of compounds 2−5 that
contribute to the silicon−metal and silicon−nitrogen bonds
are depicted in Figure S1 in the Supporting Information.
Furthermore, the calculation of the natural population analysis
(NPA) charges shows that the silicon center is positively
charged between 2.00 and 1.78, whereas the transition-metal
atoms are always negatively charged, as expected. Note that the
NPA charge of the chromium atom is much larger than that of
the other transition-metal atoms (Table 7).

■ CONCLUSION
The donor-stabilized silylene 1 reacts with [Cr(CO)6],
[Mo(CO)6], [W(CO)6], and [Fe(CO)5] as a nucleophile to
give compounds 2−5. With the synthesis of 2−5, a new class of
transition-metal silylene complexes has been made accessible.
These compounds represent five-coordinate silicon(II) com-
plexes with Si−M bonds (M = Cr, Mo, W, Fe), which,
according to computational studies, are best described as single
bonds. The structures of 2−5 in the solid state and in solution
are very similar. The silicon coordination polyhedra of these
compounds are strongly distorted trigonal bipyramids, with the
transition metal in an equatorial position.

■ EXPERIMENTAL SECTION
General Procedures. All syntheses were carried out under dry

argon. The organic solvents used were dried, purified, and
deoxygenated according to standard procedures and stored under

Table 4. Comparison of the 13C Chemical Shifts (ppm) of
the Carbonyl Ligands of 2−4 in Solution (T = 23 °C, Solvent
[D8]THF)

compd δ(13C) (cis) δ(13C) (trans) Δδ(13C)

2 225.3 227.3 2.0
3 213.9 213.7 0.2
4a 203.7 203.3 0.4

aData taken from ref 4n.

Table 5. Comparison of the Calculated Si−N Bond Lengths
(Å) of 2−5 Obtained at the PBE0/def-SV(P) Level of
Theorya

compd Si−N1 Si−N2 Si−N3 Si−N4 Δmax[Si−N(eq)/Si−N(ax)]

2 1.845 2.120 1.845 2.111 0.275
3 1.849 2.106 1.848 2.108 0.260
4 1.848 2.105 1.848 2.100 0.257
5 1.853 2.016 1.863 2.022 0.169

aThe atomic numbering schemes for the calculated structures of 2−5
are identical with those used for the crystal structure analyses.

Table 6. Comparison of the Calculated M−Si and M−C
Bond Lengths (Å) of 2−5 (M = Cr, Mo, W, Fe) Obtained at
the PBE0/def-SV(P) Level of Theorya

compd M−Si M−C27 M−C28 M−C29 M−C30 M−C31

2 (M = Cr) 2.403 1.864 1.858 1.864 1.859 1.845
3 (M = Mo) 2.586 2.037 2.031 2.037 2.031 2.012
4 (M = W) 2.610 2.056 2.049 2.056 2.049 2.030
5 (M = Fe) 2.274 1.758 1.757 1.758 1.755
aThe atomic numbering schemes for the calculated structures of 2−5
are identical with those used for the crystal structure analyses.
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argon. Solution 1H, 13C{1H}, and 29Si{1H} NMR spectra were
recorded at 23 °C on a Bruker DRX-300 (1H, 300.1 MHz; 13C, 75.5
MHz; 29Si, 59.6 MHz) or Bruker Avance 500 (1H, 500.1 MHz; 13C,
125.8 MHz; 29Si, 99.4 MHz) NMR spectrometer using [D8]THF as
the solvent. Chemical shifts (ppm) were determined relative to
internal [D7]THF (1H, δ = 1.73 ppm; [D8]THF), internal [D8]THF
(13C, δ = 25.3 ppm; [D8]THF), or external TMS (29Si, δ = 0 ppm;
[D8]THF). Assignment of the

1H and 13C NMR data was supported
by DEPT 135 and 1H−1H and 1H−13C correlation experiments. Solid-
state 15N and 29Si VACP/MAS NMR spectra were recorded at 22 °C
on a Bruker DSX-400 NMR spectrometer with bottom layer rotors of
ZrO2 (diameter 4 mm) containing ca. 80 mg of sample (15N, 40.6
MHz; 29Si, 79.5 MHz; external standard, glycine (15N, δ = −342.0
ppm) or TMS (29Si, δ = 0 ppm); spinning rate, 10 kHz; contact time,
3 ms (15N) or 5 ms (29Si); 90° 1H transmitter pulse length, 2.6 μs;
repetition time, 4−7 s). Elemental analyses were performed by using a
VarioMicro apparatus (Elementar Analysensysteme GmbH).
Compound 2. Toluene (20 mL) was added in a single portion at

20 °C to a mixture of 1 (500 mg, 1.15 mmol) and chromium
hexacarbonyl (254 mg, 1.15 mmol), and the reaction mixture was then
stirred at this temperature for 16 h. The resulting solution was
concentrated in vacuo to a volume of 2 mL, and the resulting
suspension was heated until a clear solution was obtained, which was
then cooled slowly to −20 °C and kept undisturbed at this
temperature for 1 d. The resulting colorless crystalline solid was
isolated by filtration, washed with n-pentane (2 × 5 mL), and dried in
vacuo (20 °C, 4 h, 0.01 mbar). Yield: 549 mg (876 μmol, 76%). 1H
NMR (300.1 MHz): δ = 1.15 (d, 3J(1H,1H) = 6.9 Hz, 24 H;
CH3CHCH3), 3.82 (sept, 3J(1H,1H) = 6.9 Hz, 4 H; CH3CHCH3),
7.46−7.55 (m, 10 H; C6H5).

13C{1H} NMR (75.5 MHz): δ = 25.5 (8
C; CH3CHCH3), 49.3 (4 C; CH3CHCH3), 129.8 (4 C; o-C6H5), 130.6
(4 C; m-C6H5), 131.6 (2 C; p-C6H5), 134.4 (2 C; i-C6H5), 169.8 (2 C;
NCN), 225.3 (4 C; cis-CO), 227.3 (1 C; trans-CO). 29Si{1H} NMR
(59.6 MHz): δ = −22.3. 15N VACP/MAS NMR: δ = −232.9, −226.9,
−177.5, −162.3. 29Si VACP/MAS NMR: δ = −22.3 (br s; fwhh = 223
Hz). Anal. Calcd for C31H38CrN4O5Si (626.75): C, 59.31; H, 6.11; N,
8.94. Found: C, 59.5; H, 6.2; N, 8.9.
Compound 3. THF (20 mL) was added in a single portion at 20

°C to a mixture of 1 (500 mg, 1.15 mmol) and molybdenum
hexacarbonyl (304 mg, 1.15 mmol), and the reaction mixture was then
stirred at 60 °C for 5 h. The resulting solution was concentrated in
vacuo to a volume of 2 mL, cooled slowly to −20 °C, and then kept
undisturbed at this temperature for 2 d. The resulting colorless
crystalline solid was isolated by filtration, washed with n-pentane (2 ×
5 mL), and dried in vacuo (20 °C, 4 h, 0.01 mbar). Yield: 687 mg
(1.02 mmol, 89%). 1H NMR (300.1 MHz): δ = 1.16 (d, 3J(1H,1H) =

6.9 Hz, 24 H; CH3CHCH3), 3.77 (sept, 3J(1H,1H) = 6.9 Hz, 4 H;
CH3CHCH3), 7.42−7.54 (m, 10 H; C6H5).

13C{1H} NMR (75.5
MHz): δ = 24.7 (8 C; CH3CHCH3), 48.2 (4 C; CH3CHCH3), 129.1
(4 C; o-C6H5), 129.6 (4 C; m-C6H5), 130.6 (2 C; p-C6H5), 133.7 (2 C;
i-C6H5), 168.7 (2 C; NCN), 213.9 (4 C; cis-CO), 213.7 (1 C; trans-
CO). 29Si{1H} NMR (59.6 MHz): δ = 6.9. 15N VACP/MAS NMR: δ
= −232.2, −228.8, −174.4, −163.0. 29Si VACP/MAS NMR: δ = 4.9.
Anal. Calcd for C31H38MoN4O5Si (670.69): C, 55.52; H, 5.71; N, 8.35.
Found: C, 55.8; H, 5.5; N, 8.4.

Compound 4. This compound was synthesized according to ref 4n
using a slightly modified method: THF (20 mL) was added at 20 °C in
a single portion to a mixture of 1 (500 mg, 1.15 mmol) and tungsten
hexacarbonyl (405 mg, 1.15 mmol), and the reaction mixture was then
stirred at this temperature for 3 h. The solvent was removed in vacuo,
and toluene (1.5 mL) was added to the residue. The solution was
cooled slowly to −20 °C and then kept undisturbed at this
temperature for 1 d. The resulting colorless crystalline solid was
isolated by filtration, washed with n-pentane (2 × 5 mL), and dried in
vacuo (20 °C, 6 h, 0.01 mbar). Yield: 804 mg (1.06 mmol, 92%). 1H
NMR (500.1 MHz): δ = 1.16 (d, 3J(1H,1H) = 6.9 Hz, 24 H;
CH3CHCH3), 3.77 (sept, 3J(1H,1H) = 6.9 Hz, 4 H; CH3CHCH3),
7.46−7.54 (m, 10 H; C6H5).

13C{1H} NMR (125.8 MHz): δ = 24.6 (8
C; CH3CHCH3), 48.1 (4 C; CH3CHCH3), 129.1 (4 C; o-C6H5), 129.7
(4 C; m-C6H5), 130.3 (2 C; p-C6H5), 133.7 (2 C; i−C6H5), 169.4 (2
C; NCN), 203.3 (1 C; 183W satellites, 1J(13C,183W) = 145.0 Hz; trans-
CO), 203.7 (4 C; 183W satellites, 1J(13C,183W) = 123.1 Hz; cis-CO).
29Si{1H} NMR (99.4 MHz): δ = −13.3 (183W satellites, 1J(29Si,183W) =
139.2 Hz). 15N VACP/MAS NMR: δ = −232.7, −229.6, −173.8,
−163.0. 29Si VACP/MAS NMR: δ = −12.5 (br). Anal. Calcd for
C31H38N4O5SiW (758.59): C, 49.08; H, 5.05; N, 7.39. Found: C, 49.3;
H, 5.0; N, 7.4.

Compound 5. Iron pentacarbonyl (225 mg, 1.15 mmol) was
added in a single portion at 20 °C to a stirred solution of 1 (500 mg,
1.15 mmol) in toluene (20 mL), and the reaction mixture was then
stirred at this temperature for 16 h. The resulting solution was
concentrated in vacuo to a volume of 2 mL, and the resulting
suspension was heated until a clear solution was obtained, which was
then cooled slowly to −20 °C and kept undisturbed at this
temperature for 1 d. The resulting green-colored crystalline solid
was isolated by filtration, washed with n-pentane (2 × 5 mL), and
dried in vacuo (20 °C, 4 h, 0.01 mbar). Yield: 450 mg (747 μmol,
65%). 1H NMR (500.1 MHz): δ = 1.15 (d, 3J(1H,1H) = 6.9 Hz, 24 H;
CH3CHCH3), 3.85 (sept, 3J(1H,1H) = 6.9 Hz, 4 H; CH3CHCH3),
7.48−7.58 (m, 10 H; C6H5).

13C{1H} NMR (125.8 MHz): δ = 23.9 (8
C; CH3CHCH3), 47.8 (4 C; CH3CHCH3), 129.2 (4 C; o-C6H5), 129.3
(4 C; m-C6H5), 131.1 (2 C; p-C6H5), 132.6 (2 C; i-C6H5), 170.2 (2 C;
NCN), 220.4 (4 C; CO). 29Si{1H} NMR (99.4 MHz): δ = −12.7. 15N
VACP/MAS NMR: δ = −229.4, −221.6, −190.4, −178.8. 29Si VACP/
MAS NMR: δ = −23.7. Anal. Calcd for C30H38FeN4O4Si (602.59): C,
59.80; H, 6.36; N, 9.30. Found: C, 59.6; H, 6.5; N, 9.3.

Crystal Structure Analyses. Suitable single crystals of 2, 3, and 5
were obtained as described in the subsections dealing with the
syntheses. The crystals were mounted in inert oil (perfluoropolyalkyl
ether, ABCR) on a glass fiber and then transferred to the cold nitrogen
gas stream of the diffractometer (Stoe IPDS, graphite-monochromated
Mo Kα radiation, λ = 0.71073 Å). The structures were solved by direct
methods (SHELXS-97) and refined by full-matrix least-squares on F2

for all unique reflections (SHELXL-97).11 For the CH hydrogen

Table 7. Bonding Analysis of the Si−M Bonds of 2−5 (M = Cr, Mo, W, Fe)a

compd
predicted single bond

distanceb
predicted double bond

distanceb
exptl bond
distance

calcd bond
distancec

Mayer bond
orderd

MO ratio, Si:M
(%)

NPA charge,
Si/M

2 (M = Cr) 2.38 2.18 2.418 2.403 0.71 50.4:49.6 2.00/−3.59
3 (M = Mo) 2.54 2.28 2.578 2.586 0.77 48.9:51.1 1.85/−2.62
4 (M = W) 2.53 2.27 2.580 2.610 0.78 55.5:44.5 1.78/−2.20
5 (M = Fe) 2.32 2.16 2.318 2.274 0.65 59.2:40.8 1.95/−2.59
aBond distances in Å. bData taken from ref 10. cComputed at the PBE0/def-SV(P) level of theory. dComputed at the PBE0/def2-TZVPP level of
theory.

Table 8. NBO Analysis of the Si−M Bonds of 2−5 (M = Cr,
Mo, W, Fe) at the PBE0/def2-TZVPP Level of Theory

contribution of the Si orbitals
to the Si−M bond (%)

contribution of the M orbitals
to the Si−M bond (%)

compd s p d f s p d f

2 (M = Cr) 71.8 28.1 0 0 17.4 52.7 29.9 0
3 (M = Mo) 67.7 32.2 0.1 0 17.3 56.8 25.8 0
4 (M = W) 65.2 34.7 0.1 0 17.3 55.1 27.6 0
5 (M = Fe) 66.6 33.2 0.2 0 13.6 62.1 24.3 0
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atoms, a riding model was employed. CCDC 952145−952147 contain
the supplementary data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Center via www.
ccdc.com.ac.uk/data_request/cif.
Computational Studies. The structures of compounds 2−5 were

fully optimized at the PBE012 hybrid DFT level of theory by using the
Turbomole 6.4 program.13 Quasirelativistic energy-adjusted pseudo-
potentials (effective core potentials, ECPs)14 for the transition-metal
atoms were employed as implemented in Turbomole,12 together with
the corresponding def-SV(P) basis set for each element.
NPA, NBO analyses,15 and calculations of the Mayer bond orders16

were performed by using the built-in modules of Gaussian 0917 (single
points at the PBE0/def2-TZVPP level of theory). Calculations of the
isotropic chemical shifts were performed by using the Gaussian 0917

program suite at the PBE0/def2-TZVPP level of theory.
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