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Abstract: A range of silanes was synthesized by the reaction
of HSiCl3 with iminopyrrole derivatives in the presence of

NEt3. In certain cases, intramolecular hydrosilylation converts
the imine ligand into an amino substituent. This reaction is

inhibited by factors such as electron-donating substitution
on Si and steric bulk. The monosubstituted (DippIMP)SiHMeCl
(DippIMP = 2-[N-(2,6-diisopropylphenyl)iminomethyl]pyrrolide),

is stable towards hydrosilylation, but slow hydrosilylation is
observed for (DippIMP)SiHCl2. Reaction of two equivalents of

DippIMPH with HSiCl3 results in the hydrosilylation product
(DippAMP)(DippIMP)SiCl (DippAMP = 2-[N-(2,6-diisopropylphenyl)-

aminomethylene]pyrrolide), but the trisubsitituted
(DippIMP)3SiH is stable. Monitoring the hydrosilylation reaction

of (DippIMP)SiHCl2 reveals a reactive pathway involving ligand
redistribution reactions to form the disubstituted
(DippAMP)(DippIMP)SiCl as an intermediate. The reaction is

strongly accelerated in the presence of chloride anions.

Introduction

Silicon(II) compounds supported by nitrogen ligands are at-
tracting renewed interest because of their use as strongly do-

nating, high-field ligands.[1–3] The first stable silylene was devel-
oped by using a chelating dianionic N-donor substituent that
forms a five-membered ring with silicon(II),[4] in an analogous

fashion to Arduengo’s N-heterocyclic carbene.[5] In recent
years, stable silylenes have also been isolated with a range of

monoanionic, bidentate N-donor substituents such as (bis)ami-
dinato, (bis)guanidinato,[6–12] and b-diketiminates.[13–16] Further-
more, a free silicon(II) anion has recently been afforded by
cleavage of one pyrazolyl from a tetrapyrazolyl silane,[17] which

has been coordinated to transition metals such as Pd, Pt, and
Cu,[18, 19] demonstrating the use of electron-withdrawing
heterocyclic substituents to stabilize novel low-valent silicon
chemistry.

In this context, the coordination chemistry of pyrrolyl-substi-

tuted silicon(II) ligands is underdeveloped. In one isolated ex-
ample, tris-N-pyrrolylsilane has been shown by Hìbler, Roper,

and Wright[1] to undergo Si¢H oxidative addition to Ru and Os
complexes to form the tris-N-pyrrolylsilyl ligand, which is
strongly p-accepting because of the electron-withdrawing

character of the pyrrolyl substituents. Nevertheless, a range of
pyrrolyl-substituted silanes is known. The better part of the ex-

isting compounds with an N-pyrrolylsilyl substructure is being
studied in the form of 1) phthalocyanines,[20] porphyrins,[21] and

analogues thereof ; 2) silyl-protected pyrroles[22] (mainly R3SiPyr
where R = alkyl or aryl) ; or 3) chemical vapor deposition (CVD)
precursors (PyrnSiH(4¢n) ; n = 1–3).[23] Furthermore, three research

groups have specifically studied the structure and reactivity of
pyrrolylsilane derivatives (Scheme 1): the dihydroxyphenol di-

pyrrin (I) by Sakamoto et al. ,[24] the (NNO) pyrrolehydroxyphe-
nol carbaldimine (II) by Gerlach et al. ,[25, 26] and dipyrrins (III)
and acylpyrroles (IV) by K�mpfe et al.[27–29] Interestingly, the
latter comment that the acyl moiety in IV does not undergo

hydrosilylation; the acylpyrrolide hydrosilanes involved during
the preparation of IV preferentially liberate H2 upon reaction
with the second ligand.

Scheme 1. Previously reported pyrrolyl silanes.[24–29]
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Aryliminopyrrolide ligands (related to II, albeit with a non-
coordinating aryl function) have found broad usage as biden-

tate and monoanionic ligands for transition metals and f-block
elements.[30] However, the use of these ligands in main-group

chemistry is less developed. The most widely studied main-
group aryliminopyrrolide complexes are based on alumi-

num.[31–35] In particular, these Al-complexes find usage as cata-
lysts in lactide ring-opening polymerization (ROP)[36–38] and
guanylation.[39] Anderson et al. have prepared a range of aryl-

iminopyrrolide phosphines as P,N-chelating ligands on Rh, Pd,
and Ni complexes for olefin oligomerization,[40a] and Vr�nov�
et al. synthesized aryliminopyrrolyl antimony chloride.[40b] Fur-
thermore, 2-[N-(2,6-diisopropylphenyl)iminomethyl]-5-tert-bu-

tylpyrrolide has recently been shown to afford a series of
stable GeII compounds by Yang et al.[35]

Aiming at the development of new silicon(II) ligands for

transition-metal chemistry, we set out to study the silicon
chemistry of the aryliminopyrrolide ligand 2-[N-(2,6-diisopro-

pylphenyl)iminomethyl]pyrrolide (DippIMP; Scheme 2). We

report herein the reactions of DippIMPH with hydrosilanes. In
some cases, the tethered imine functionality in the DippIMP
ligand is found to undergo intramolecular 1,2-hydrosilylation.
In related iminohydrosilanes a hydrosilylation reaction of the

tethered imine functionality was also observed.[41–43] Further-
more, 1,4-hydrosilylation has been observed in a phenanthro-
line hydrosilane by Fester et al.[44] To contribute to a better un-

derstanding and control of this generally undesired reaction,
we investigated the factors controlling the hydrosilylation pro-

cess. In particular, this reaction was found to be catalyzed by
the chloride anion and can be sterically inhibited.

Results and Discussion

Synthesis of monosubstituted aryliminopyrrolide silanes

The iminopyrrole DippIMPH was conveniently obtained in one
step from 2-formylpyrrole and 2,6-diisopropylaniline according

to the procedure of Li et al.[45] In a first experiment, analogous
to the reported procedure for tris-N-pyrrolylsilane,[1] DippIMPH

was treated with dichloromethylsilane (1 equiv) at ¢78 8C in
the presence of triethylamine (NEt3) to give monosubstituted

compound 1 a (Scheme 2). A single 29Si NMR signal at
¢64.9 ppm indicates a pentacoordinate geometry around sili-

con resulting from coordination of the imine moiety. The Si¢H
bond in 1 a is intact, as evidenced by a 1H NMR signal at
6.16 ppm with 29Si satellites (1J(Si,H) = 312 Hz), the doublet of

quartets splitting pattern of the 29Si resonance (1J(Si,H) =

312 Hz, 2J(Si,H) = 8.5 Hz), and an IR absorption at 2211 cm¢1.
Furthermore, the H–H COSY spectrum of 1 a displays a diagnos-
tic cross peak between the Si¢H (6.16 ppm) and Si¢CH3

(0.64 ppm) resonances with a coupling constant of approxi-
mately 1.7 Hz, confirming the existence of the H-Si-Me frag-

ment. The 1H NMR signals corresponding to the isopropyl

groups of 1 a appear broad at room temperature, which may
be indicative of a fluxional process. Indeed, VT NMR measure-

ments (Supporting Information, Figure S5) show that the two
isopropyl groups are inequivalent at low temperature (¢20 8C)

but rapidly exchange at high temperature (> 60 8C), with a coa-
lescence temperature of 28 8C, corresponding to a free enthal-

py of activation of DG�
301 K = 14.1 kcal mol¢1.[46] This fluxional

process is assigned to the hindered rotation around the single
Caryl¢Nimine bond, presumably through reversible dissociation of

the Nimine!Si coordination bond. This interpretation is addi-
tionally supported by a relaxed potential energy surface (PES)

scan of this rotation (Supporting Information, Figure S50) cal-
culated at the B3LYP/6-31G(d,p) level of theory, from which an

activation energy (DEelectronic) of 12.8 kcal mol¢1 can be estimat-

ed, in good agreement with the experimental DG� value of
14.1 kcal mol¢1. The PES scan shows an increase in distance be-

tween the silicon and imine nitrogen from 2.33 æ in the stable
configuration to a maximum of 3.15 æ for the highest energy

configuration (Supporting Information, Figure S51). Given the
extended conformational space associated with the “crossing”

of two flexible, bulky substituents, optimization of a single

transition state was not attempted for this process.
The pentacoordinate structure inferred from the 29Si NMR

chemical shift was confirmed by an X-ray crystal structure de-
termination (Figure 1). The structure exhibits a distorted trigo-
nal bipyramidal (TBP) geometry (t= 0.83)[47] with the imine ni-
trogen atom and the chloride substituent in apical positions.

This geometry can be rationalized by the fact that the apical
positions in a hypervalent TBP geometry are usually occupied
by the most electron-withdrawing substituents (apicophilic)
that engage in a three-center–four-electron (3c-4e) bond with
a pair of electrons delocalized over the substituents.[48]

The analogous reaction of DippIMPH with HSiCl3 and NEt3

gave a more complex mixture of products (see below) that

contained the monosubstituted compound 1 b as a major

component (Scheme 2), but from which we were unable to
isolate it. This problem was circumvented by using a different

synthesis: the iminopyrrole was first deprotonated with nBuLi,
and the obtained salt DippIMPLi was treated with HSiCl3 at

¢78 8C to yield analytically pure 1 b after recrystallization from
hexanes. The intact Si¢H bond in 1 b is evidenced by the corre-

Scheme 2. Silylation of DippIMPH to form compounds 1 a, 1 b, 2, and 3.

Chem. Eur. J. 2016, 22, 6087 – 6099 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6088

Full Paper

http://www.chemeurj.org


sponding IR absorption (2208 cm¢1), a doublet signal for Si¢H
in 1H NMR (6.57 ppm, 4J(H,H) = 1.8 Hz) flanked by 29Si satellites,

and a doublet 29Si NMR signal (¢92.7 ppm, 1J(Si,H) = 385 Hz).

The doublet signal in the 1H NMR spectrum arises from a 4J-
coupling between Si¢H and N=C¢H, as confirmed by H–H

COSY. The 29Si NMR chemical shift is consistent with a five-co-
ordinate geometry analogous to that of 1 a, which is to be ex-

pected because of the stronger Lewis acidity expected after
formal replacement of a methyl group in 1 a by a more elec-

tron-withdrawing chloro-substituent in 1 b.

Fluxional processes in 1 b

In contrast to what is observed for 1 a, the two isopropyl
groups in 1 b are equivalent on the 1H NMR timescale at room

temperature and down to ¢80 8C, as evidenced by a single

septet at 2.83 ppm (Figure 2). The methyl groups appear as
two doublets that coalesce at 60 8C, corresponding to a free

enthalpy of activation of DG�
333 K = 15.6 kcal mol¢1 at this tem-

perature. That process is assigned to rotation around the Caryl¢
Nimine bond, similar to 1 a, because this has an activation barrier

of DG�
301 K = 14.1 kcal mol¢1 for 1 a and would be expected to

have a similar activation barrier for 1 b on the basis of steric

hindrance. At first sight, the two equivalent isopropyl groups
(a single resonance for both C¢H) might be seen as suggesting

a Cs symmetrical geometry in which the Si¢H bond would
occupy an apical position, which however should be unfavora-
ble on electronic grounds. An alternative explanation would

be that the ground-state geometry is unsymmetrical (in analo-
gy with that of 1 a) and that the two isopropyl groups are ex-
changed by a rapid fluxional process. Having identified that
the rotation around the Caryl¢Nimine bond occurs only above

60 8C on the NMR timescale, a different process must be in
play. This process can be envisioned to be a facile Berry pseu-

dorotation-type mechanism[49] around the five-coordinate sili-

con atom. Reported activation energies for conformer inter-
conversion in both pentacoordinate silanes and silicates vary

from 8 to 15 kcal mol¢1.[50–53] In structurally similar dibromo
phenyl k2-2-[(dimethylamino)methyl]phenyl tin studied by van

Koten et al. , a low energy barrier for conformer interconversion
has also been observed (coalescence temperature ca.

¢90 8C).[54] Comparable with our observations, the energy bar-

rier is significantly higher in the bromo methyl phenyl ana-
logue (coalescence temperature >123 8C).[55]

More light on fluxional processes in 1 b was shed by DFT cal-
culations (Figure 3). The lowest-energy structure was found to

be the TBP structure I1 with the imine nitrogen atom and
a chlorine substituent in the axial positions, analogous to the

crystal structure of 1 a. We identified two low-energy pathways

that would exchange the two isopropyl groups; that is, swap
the two faces of the iminopyrrole plane and epimerize the Si

center. The first pathway proceeds through a single transition
state (TS1) in which rotation around the Npyrrole¢Si bond is cou-

pled to decoordination of the imine moiety (Si¢Nimine : 3.23 æ)
and which is associated with a free enthalpy of activation of
DG�

298 K = 4.9 kcal mol¢1. The second exchange pathway, with

an overall barrier of DG�
298 K = 9.1 kcal mol¢1, starts with a Berry

pseudorotation[56, 57] with the hydrogen atom as the pivot to

form the TBP intermediate I2, followed by a second Berry-like
step bringing the Si¢H bond in the axial position in the sym-

metrical intermediate I3, which lies 3.5 kcal mol¢1 above the
ground-state structure I1. The Si¢Nimine bond in I3 is considera-

bly elongated (2.96 æ), which is likely due to the low apicophi-
licity of hydrogen, leading us to describe this structure as tetra-
hedral with only a weak Si¢Nimine interaction.

The predicted existence of multiple low-energy pathways for
the epimerization of the Si center is consistent with the obser-

vation of a single C¢H resonance for the isopropyl groups. The
two methyl groups on a single isopropyl residue are diastereo-

topic and are not exchanged by the epimerization of the Si

center only, but by an additional rotation around the Caryl¢
Nimine bond. The activation energy for this process was estimat-

ed by a relaxed PES scan (Supporting Information, Figure S50),
which yielded an activation energy (DEelectronic) of 15.3 kcal

mol¢1, in good agreement with the measured free enthalpy of
activation DG�

333K = 15.6 kcal mol¢1 for the exchange of the

Figure 1. Molecular structure 1 a in the crystal. Ellipsoids are set at 50 %
probability, hydrogen atoms other than CH3, SiH, and N=CH are omitted and
the aryl group is displayed as wireframe for clarity. Selected bond distances
[æ] and angles [8]: Si1¢N1 1.7884(9), Si1¢N2 2.0663(9), Si1¢C18 1.8568(14),
Si1¢Cl1 2.2330(4); N1-Si1-N2 81.10(4), N1-Si1-C18 120.89(6), N1-Si1-Cl1
92.02(3), N2-Si1-Cl1 170.67(3).

Figure 2. LT-NMR (¢80 8C <T <20 8C) of 1 b in C7D8 (left) and HT-NMR (30 8C
<T <70 8C) in C6D6 (right). * denotes C7D8 residual signal.
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methyl groups. As noted for 1 a, because of the extended con-

formational space associated with the “crossing” of two flexi-

ble, bulky substituents, the optimization of a single transition
state was not attempted for this process.

The two Si-epimerization pathways in 1 b can be loosely de-
scribed as an overall 3608 rotation around the Npyrrole¢Si bond

with decoordination of the Nimine in the symmetrical intermedi-
ate I3 and transition state TS1 (Figure 3). Hence, they would

not epimerize a Si center with five different substituents, as

the chiral information would not be lost in the tetrahedral
structures TS1 and I3. This explains why two distinct isopropyl

moieties are observed in the 1H NMR spectrum of the Me-sub-
stituted analogue 1 a up to the temperature at which Caryl¢
Nimine bond rotation becomes fast on the 1H NMR timescale.

Compounds 1 a and 1 b are new members of the family of
pentacoordinate silanes with bidentate N,N-substituents. Only

two other compounds in this family bear bidentate mono-
anionic N,N-substituents that form a five-membered ring with
silicon; namely, the trimethyl- and trichloro aminotroponimine
silanes developed by Dias et al.[58] In contrast to these, silanes

1 a and 1 b bear both a hydrogen and chloride substituent,
which are known to be easily abstracted with an alkali metal

non-coordinating base to yield silylenes in other monoanionic,
N,N-bidentate chloro hydrosilanes, for example, chlorobis(ami-
dinato)hydro silane.[59]

Higher degree of substitution

With the synthesis and characterization of the monosubstitut-

ed compounds 1 a and 1 b in hand, we sought to increase the

number of iminopyrrolide substituents on silicon. The reaction
of two equivalents DippIMPH with HSiCl3 and NEt3 at ¢78 8C

gave compound 2, the crude formula of which corresponds to
the substitution of two chlorides by iminopyrrolide ligands

(Scheme 2). The compound was isolated in analytically pure
form by recrystallization from acetonitrile at ¢35 8C. The

1H NMR spectrum of 2 shows a total of eight separate doublets

and four septets for the isopropyl CH3 and CH protons, respec-

tively, indicating disubstitution, bidentate coordination of both
substituents, and a low-symmetry structure. Surprisingly, no

signal corresponding to a silicon-bound H-atom was found,
and the H-coupled 29Si NMR spectrum displays a singlet at

¢116.2 ppm, indicating pentacoordination around silicon and
the absence of a Si¢H moiety. Instead, two mutually coupled

doublets appear at d = 4.49 and 4.32 ppm, respectively, of

which the coupling constant of 2J(H,H) = 13.9 Hz is typical for
geminal coupling between diastereotopic methylene protons.

Hence, an intramolecular hydrosilylation (1,3-hydride shift) has
taken place to form amino-substituted compound 2
(Scheme 2). In line with this interpretation, the signal from the
remaining imine methine proton (d= 7.39 ppm) accounts for

only one proton. The structure of 2 was confirmed by an X-ray

crystal structure determination (Figure 4), showing again a dis-
torted TBP structure (t= 0.86)[47] in which the apical positions
are occupied by the pyrrole moieties. This contrasts with the
geometry observed for the monosubstituted compounds 1 a
and 1 b, which can be explained by the steric influence of the
dipp moieties, which minimize their repulsion with each other

and with the pyrrole groups in this geometry. The electron-
withdrawing nature of the pyrrole groups[1] likely allows them
to engage in a 3c-4e bond.[25, 26, 60] In the crystal structure, the

molecule is located on an exact crystallographic twofold rota-
tion axis. Consequently, the imine CH group and the amino-

methylene CH2 group resulting from hydrosilylation are equiva-
lent by symmetry. A disorder model in a 1:1 ratio was used to

resolve this issue.

Trisubstitution at silicon was achieved by reacting three
equivalents of DippIMPH with HSiCl3 in the presence of triethyl-

amine to give silane 3. The presence of a Si¢H bond is evi-
denced by an IR absorption at 2355 cm¢1 and by a doublet in

the 29Si NMR spectrum at d=¢60.5 ppm (1J(Si,H) = 417 Hz).
The position of this chemical shift indicates tetracoordination

Figure 3. Calculated mechanism of epimerization at silicon in 1 b. For clarity, one of the chlorine atoms is marked with an ?. Method used: B3LYP/6-31G(d,p).
Torsion angle pyrC2¢N¢Si¢H is given on the horizontal axis, the Si¢Nim distance is given on top, DG calculated at 298.15 K.

Chem. Eur. J. 2016, 22, 6087 – 6099 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6090

Full Paper

http://www.chemeurj.org


around silicon; hence, all substituents are bound in a mono-

dentate fashion. In the 1H NMR spectrum, the Si¢H resonance

(d= 7.63 ppm) has been identified from its 29Si satellites
(1J(Si,H) = 417 Hz) and integrates to 1/3 with respect to the N=

CH and pyrrole-H signals, confirming trisubstitution. Addition-
ally, the limited number of signals indicates that this structure

is highly symmetric. For instance, only one signal arising from
the N=CH is observed, and the combined pyrrole protons give

rise to three signals ; that is, all substituents are equivalent in

solution. This can be explained by a C3 rotation axis through
the Si¢H bond. Interestingly, broad signals were observed for

the iPr CH and for half of the iPr CH3 groups. VT NMR measure-
ments (Supporting Information, Figures S20–S22) show that

the two isopropyl groups are inequivalent at low temperature
(<¢60 8C) but rapidly exchange at high temperature (>80 8C),
indicating hindered rotation around the Caryl¢Nimine bond at

moderate temperatures. We tentatively ascribe this hindering
to steric effects between the bulky aromatic groups of the dif-
ferent substituents.

This hypothesis is substantiated by the solid-state structure

in which the steric congestion between the aryl groups is
clearly visible (Figure 5). The structure contains an approxi-

mate, noncrystallographic threefold rotation axis through the

Si¢H bond. It is of interest to compare 3 and tris-N-pyrrolyl
silane (Pyr3SiH), which is the only other structurally character-

ized pyrrolyl-substituted hydrosilane. The N-Si-N angles in 3
(100.84(5)8, 101.47(5)8, and 101.99(5)8) are considerably smaller

than those in Pyr3SiH (106.8(2)8, 107.3(2)8, and 112.8(2)8) and
the N¢Si bonds in 3 are slightly longer (1.7660(10), 1.7738(11),

and 1.7760(11) æ vs. 1.711(4), 1.735(4), and 1.740(4) æ), which

can be explained by the steric repulsion between the aryl
groups being mechanically transmitted through the rigid imi-

nopyrrolide plane. This difference in geometry appears to
impact strongly the properties of the Si¢H bond: the corre-

sponding infrared absorption shifts by approximately
120 cm¢1, from 2233 cm¢1 in Pyr3SiH to 2355 cm¢1 in 3, and

the 1H coupling constant 1J(Si,H) increases from 285 Hz in

Pyr3SiH to 417 Hz in 3. These differences can be attributed to

an increased s-character of the bonding s(Si¢H) orbital in 3,
originating from the more acute N-Si-N angles that increases

the p-character of the hybrid orbitals involved in Si¢N bond-
ing. In agreement with this interpretation, the geometry

around silicon in 3 resembles more that of the silyl ligand de-
rived from Pyr3SiH in the osmium complex [Os(Si-

Pyr3)(H)(CO)2(PPh3)2] , which displays N-Si-N angles of 99.5(3)8,

100.3(3)8, and 101.1(3)8, and N¢Si bond lengths of 1.770(7),
1.787(7), and 1.788(7) æ (Table 1).

The small N-Si-N angles suggest higher s-character, with con-
comitant higher acidity of H, in the Si¢H bond, obeying Bent’s
rule. This interpretation was confirmed in silico by DFT calcula-

tions at the B3LYP/6-31G(d,p) level of theory. The calculated
average angles of 1038 and 1098 for 3 and Pyr3SiH, respective-

ly, reproduce the experimental trend accurately. At the same

time, the Si¢H bond length decreases from 1.472 æ in Pyr3SiH
to 1.443 æ in 3. Natural bonding orbital analysis[61] of these

compounds shows an increase in p-character for the Si-cen-
tered natural hybrid orbital (NHO) involved in Si¢N bonding

from sp3.31 in Pyr3SiH to sp3.76 in 3. In line with this, the p-char-
acter in the Si hybrid orbital involved in Si¢H bonding decreas-

Figure 4. Molecular structure of 2 in the crystal. Ellipsoids are set at 50 %
probability; hydrogen atoms other than N=CH and N¢CH2 are omitted and
aryl groups shown as wireframe for clarity. The disordered atoms C5a/C5b
were refined with 50 % occupancy, respectively. Symmetry code i : 1¢x, y,
0.5¢z. Selected bond distances [æ] and angles [8]: Cl1¢Si1 2.0994(5), Si1¢N1
1.8589(7), Si1¢N2 1.7987(7); Cl1-Si1-N1 92.20(3), Cl1-Si1-N2 118.09(3), N1-Si1-
N2 85.09(3), N1-Si1-N1i 175.60(5), N2-Si1-N2i 123.81(6), N1-Si1-N2i 92.83(3).

Figure 5. Molecular structure of tetrahedral 3 in the crystal. Ellipsoids are set
at 50 % probability; hydrogen atoms other than SiH are omitted and aryl
groups are shown as wireframe for clarity. Selected distances [æ] and angles
[8]: N11¢Si1 1.7760(11), N12¢Si1 1.7660(10), N13¢Si1 1.7738(11), N21¢Si
2.868(1), N22¢Si 2.783(1), N23¢Si 2.822(1), N21¢C51 1.271(2), N22¢C52
1.272(2), N23¢C53 1.275(2) ; N11-Si1-N12 101.47(5), N11-Si1-N13 100.84(5),
N12-Si1-N13 101.99(5).

Table 1. Bond distances and angles in the crystal structures of 3, Pyr3SiH,
and a Pyr3Si¢ osmium complex.

3 Pyr3SiH[1] [(PPh3)2(CO)2Os(H)Si(Pyr)3][1]

Si¢N [æ] 1.7660(10)
1.7738(11)
1.7760(11)

1.711(4)
1.735(4)
1.740(4)

1.770(7)
1.787(7)
1.788(7)

N-Si-N [8] 100.84(5)
101.47(5)
101.99(5)

106.8(2)
107.3(2)
112.8(2)

99.5(3)
100.3(3)
101.1(3)
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es (sp2.11 in Pyr3SiH; sp1.59 in 3). Consequently, the hydrogen ac-
quires more H+ character in 3, as shown by the natural charg-

es on hydrogen (NC): ¢0.204 in Pyr3SiH and ¢0.154 in 3. This
accumulation of positive charge on the hydrogen might facili-

tate subsequent deprotonation.
The trisubstituted hydrosilane 3 is thermally stable, and no

sign of hydrosilylation was observed even after heating
a sample at 100 8C for 70.5 h. This is likely due to steric conges-

tion preventing imine coordination (N¢Si distances of ca.

2.82 æ in the solid state) and access to the Si¢H bond. To test
this hypothesis, we investigated analogous chemistry with the

iminopyrrole compound MesIMPH, in which the diisopropyl-
phenyl is replaced by the less sterically demanding mesityl

group. Exposing three equivalents of MesIMPH to HSiCl3 in the
presence of NEt3 resulted in the formation of the trisubstituted

silane 4, in which one of the imine functionalities has been hy-

drosilylated (Scheme 3). The X-ray crystal structure of 4
(Figure 6) reveals a pentacoordinated compound with a distort-

ed TBP geometry (t= 0.79),[47] in which one of the imine moiet-

ies is not coordinated to the Si center. The apical positions are

occupied by two pyrrole substituents, as was also observed for
compound 2. The structure of compound 4, however, does not

suffer from the same disorder as that of 2 and the hydrosilyla-
tion site is clearly identified by a C¢N bond length of

1.4647(15) æ, typical for a single bond,[62] and the presence of
a CH2 and two CH groups, with all the hydrogen atoms located

in the difference Fourier maps. The coordinated C=N bond
(1.3244(15) æ) is slightly longer than the non-coordinated bond
(1.2775(15) æ), indicating a somewhat weaker bond.

The 1H NMR spectrum of crystalline material of 4 reveals

nine different pyrrole-H resonances, indicating three different
substituents around silicon. Furthermore, two doublet signals,

which integrate to a total of 2 H, were observed at 4.02 and
4.10 ppm. As seen in compound 2, this double doublet signal

is characteristic for a hydrosilylated imine (CH2¢N) with diaste-

reotopic hydrogen atoms. Moreover, a singlet resonance was
observed in the proton-coupled 29Si NMR spectrum at d =

¢120.4 ppm. In 13C NMR spectrum, two resonances for imine
carbon atoms were observed at d = 156.0 and 160.4 ppm and

one resonance for CH2 at d = 48.0 ppm. From the HMQC spec-
trum, the resonances for the two imine CH groups in the
1H NMR spectrum could be deduced (d= 6.55 and 6.67 ppm).

Interestingly, in the 1H NMR spectrum, all resonances for the
pyrrole and methyl hydrogen atoms appear slightly broadened

due to fluxional processes on the NMR timescale. In a low-tem-
perature measurement at ¢25 8C, the resonances appear sharp

(Supporting Information, Figure S30), whereas at 70 8C the sig-
nals coalesce into fewer, broader signals. Most notably, the CH2

resonance broadens, hence the two hydrogen atoms are no

longer diastereotopic (Supporting Information, Figure S28).
This means that the process makes the two non-hydrosilylated

substituents equivalent and is therefore likely to consist of re-
versible detachment of the bound imine.

From 1H NMR spectroscopic analysis it was clear that
a second, minor species was present; 0.16 ppm downfield of

the major CH2 signal a second double doublet signal appeared

with an intensity of 32 % relative to the major CH2 signal at
25 8C. This minor species is in equilibrium with 4 in solution as

substantiated by EXSY NMR spectroscopic analysis at ¢10 8C,
which shows cross peaks for protons that mutually exchange.

For 4 and the minor species, it shows exchange between the
CH2 signals at d= 3.96 (4, major) and 4.23 (minor) ppm and be-

tween the imine signals mutually. Following from the pro-

posed reversible detachment of the non-hydrosilylated sub-
stituents, for the minor compound we propose an imine-de-
tached tetrahedral structure, which has not been identified
due to the low equilibrium concentration.

Compound 4 shows the propensity of (ArIMP)3SiH to under-
go the intramolecular hydrosilylation process that was previ-

ously observed in silane 2, but not in silane 3. In that respect,
the occurrence of hydrosilylation in compound 4 shows that,
indeed, rather than electronics, steric interactions inhibit this
process in the more bulky compound 3. Compound 4 is an un-
usual all-N pentacoordinate silane, precedented only by azasi-

latranes, which consist of a tetradentate, tri-anionic ligand and
a second monodentate N-ligand (NCS¢ or N3

¢) bound to sili-

con.[63]

Hydrosilylation reaction in monosubstituted silanes and
identification of hexacoordinate intermediate species 6

Intramolecular hydrosilylation processes related to those de-
scribed above have been reported recently by Lippe et al.[41]

Scheme 3. Silylation reaction of MesIMPH to give 4.

Figure 6. Molecular structure of 4 in the crystal. Ellipsoids are set at 50 %
probability; hydrogen atoms other than N=CH and N¢CH2 are omitted and
aryl groups are shown as wireframe for clarity. Selected bond distances [æ]
and angles [8]: N21¢C51 1.3244(15), N22¢C52 1.2775(15), N23¢C53
1.4647(15); N12-Si1-N21 110.59(4).
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and by Nov�k et al.[42] In view of the growing interest in N-
bound silanes as precursors for silicon(II) compounds, it is of

interest to understand the factors controlling this generally un-
desired reactivity. Hence, we set out to further investigate this

process. First, a 95 mm solution of the monosubstituted com-
pound 1 a with mesitylene as an internal standard was heated

to 70 8C in a closed J-Young NMR tube and the hydrosilylation
reaction was monitored by 1H NMR spectroscopy. Over
a period of 260 h, very slow conversion into a hydrosilylated

species (ca. 5 %) was observed; this species showed two
strongly mutually coupled doublets at d= 4.17 and 4.38 ppm
for the methylene protons, but could not be identified other-
wise. Concomitantly, the low-boiling HSiCl2Me was formed, as

evidenced by a characteristic quartet for Si¢H at d= 5.21 ppm
and doublet for Si¢CH3 at d= 0.18 ppm (3J(H,H) = 2.3 Hz).

Given the low conversion over a long time for 1 a, compound

1 b was subjected to the same conditions; the hydrosilylation
reaction in an 80 mm C6D6 solution of 1 b was monitored by
1H NMR spectroscopy. Over a period of 60 h, the concentration
of 1 b decreased to about 20 mm with concomitant appear-

ance of three new species (Scheme 4; Supporting Information,

Figure S45). The two minor products were straightforwardly as-
signed: the imino/amino compound 2 (ca. 12 mm) was identi-
fied by comparison with an isolated sample and HSiCl3 (ca.
6 mm) by a signal at 5.53 ppm in the 1H NMR spectrum with
29Si satellites (1J(Si,H) = 372 Hz). The lower concentration of the
latter can be ascribed to loss to the headspace (Tb = 32 8C). The
major product (40 mm) is assigned as the aminopyrrolide com-

pound 5 (Scheme 4), formed by intramolecular hydrosilylation
from 1 b, on the basis of NMR data. In particular, a diagnostic
1H NMR resonance at d= 4.20 ppm shows the presence of the
N¢CH2 moiety, and a singlet 29Si NMR resonance at d=

¢36.5 ppm indicates a tetracoordinate environment around sil-

icon and the absence of an Si¢H bond. In agreement with this
assignment, DFT calculations predict a chemical shift of d=

¢31.2 ppm for 5 (see the Supporting Information for details,
including method calibration in Table S2).

This reaction was monitored by 1H NMR spectroscopic analy-
sis and the evolution of the concentration for different com-

pounds is plotted in Figure 7. The concentration of 1 b de-
creased throughout the reaction whereas that of 5 increased

steadily. In contrast, the concentrations of both 2 and HSiCl3 in-
creased more rapidly than 5 at the early stages (inset in

Figure 7) but reach a plateau after approximately 20 h, sug-

gesting that these species may be intermediates in the overall
process. To account for this reaction profile, we propose the re-

action pathway shown in Scheme 4. First, a ligand redistribu-
tion process disproportionates two equivalents of compound

1 b into both HSiCl3 and the disubstituted compound 6, which
then undergoes an intramolecular hydrosilylation reaction to

form compound 2. A subsequent ligand redistribution process

then finally releases one equivalent of the product 5 and one
equivalent of 1 b from 2 and HSiCl3.

The individual steps in this proposed reaction scheme were
investigated in a series of stoichiometric experiments. First, the

feasibility of the product-releasing step was demonstrated by
addition of a substoichiometric amount of HSiCl3 to a solution

of 2 ; after 2.5 h at 70 8C, this yielded both 1 b and 5, along

with remaining 2 in a 21:36:43 % ratio (1 b/5/2), in which the
concentration of 5 increased over time to reach a ratio of
2:66:32 % after 20.5 h at 70 8C. We then sought to observe the
postulated disubstituted hydrosilane 6, which was not detect-

ed under the reaction conditions. This was achieved by react-
ing 1 b with a slight excess of DippIMPLi in a mixture of

[D8]toluene and [D8]THF at room temperature, affording a solu-
tion containing a mixture of 6 and the trisubstituted 3 after fil-
tration. These conditions were chosen so that the main by-

product in solution is the highly symmetrical 3, thus limiting
peak overlap. The 29Si NMR spectrum of 6 at ¢60 8C exhibits

a doublet at d =¢168.4 ppm (1J(Si,H) = 287 Hz), indicating
a hexacoordinate structure containing a Si¢H bond. The
1H NMR spectrum of 6 is very broad at room temperature, indi-

cating the presence of fluxional processes that may involve re-
versible detachment of an imine moiety, but a sharp spectrum

can be obtained at ¢60 8C. This result shows that the com-
pound has low symmetry, as evidenced by four individual sig-

nals for the inequivalent iPr CH groups, two signals for imine
moieties, and one for the Si¢H bond (d= 5.83 ppm), identified

Scheme 4. Proposed pathway for the hydrosilylation in 1 b.

Figure 7. Reaction composition determined through internal standard (mesi-
tylene) at 70 8C; average integral of the isolated resonances relative to IS.
Inset shows an expansion of the early stages of the reaction (t = 0–20 h).
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by flanking 29Si satellites and a correlation with the silicon reso-
nance in Si,H HSQC. Compound 6 partially converts into com-

pound 2 when the mixture is heated to 70 8C over a period of
16 h. However, if the reaction is conducted with an excess of

silane instead of DippIMPLi, the hydrosilylation process is faster
(Supporting Information, Figure S43). Compound 6 could also

be synthesized by adding HSiCl3 to two equivalents of DippIMPLi
at ¢78 8C in THF, but it could not be isolated from the mix-
tures containing 1 b and 3.

The low symmetry found in low-temperature 1H NMR spec-
tra prompted us to investigate the conformation of 6 by densi-
ty functional theory calculations including NMR shifts, J-cou-
pling values, and free-energy calculations. These calculations

were conducted on three relevant low-symmetry structures as
well as with one higher symmetry structure: 1) cis-all

(Scheme 5, left) featuring the pyrroles, imines, and H and Cl

mutually cis to each other; 2) trans-im (Scheme 5, middle-left)
having mutual cis pyrrole, and mutual trans imine groups;

3) trans-pyr (Scheme 5, middle-right) having mutual cis for

imine, and mutual trans for pyrrole ; and 4) the C2-symmetric
trans-all (Scheme 5, right). These calculations, which are sum-

marized in Table 2, show that only trans-pyr is consistent with

the experimental NMR data: only half of the number of signals

for the substituents can be expected in trans-all, the 1J(Si,H)
coupling calculated for trans-im deviates significantly from that

observed and the cis-all conformer could not be optimized as

a hexacoordinate structure. Additionally, a hexacoordinate
structure can be imagined with the H and Cl substituent trans

with respect to each other and the imine and pyrrole groups
mutually cis. This structure cannot be optimized because both

dipp groups point towards each other in such a structure and
experience too much steric repulsion. The calculated energy

differences between the three optimized hexacoordinated con-
formers are DDG213 K = 1.8 kcal mol¢1 for trans-im and

DDG213 K = 3.6 kcal mol¢1 for trans-pyr compared with the
lowest energy structure trans-all. Given that the analytical data

correspond only to the trans-pyr conformer, this energy differ-
ence is ascribed to the error in the calculations.

The intramolecular hydrosilylation reaction of 1 b to 5,
taking place over more than 60 h at 70 8C, should, in principle,

not have hampered the isolation of 1 b. Nevertheless, analysis

of the reaction mixture obtained after the reaction of one
equivalent of DippIMPH with HSiCl3 in the presence of NEt3 at
room temperature (see above) revealed the presence of both
2 and 5, suggesting that this hydrosilylation process may be

catalyzed by one of the components of the reaction mixture.
Furthermore, monitoring in solution a sample of 1 b that had

been obtained from the reaction of DippIMPLi with HSiCl3 with-

out thorough purification by crystallization (ca. 98 % purity by
1H NMR spectroscopic analysis) revealed significantly faster hy-

drosilylation; conversion of 35 % versus 3 % in 73 h at room
temperature and 80 % versus 37 % in 17 h at 70 8C. The lower

reaction rate of the pure sample suggests the influence of
a catalytically competent species in the crude product. Catalyt-

ic entities potentially present in the nonpurified compound are

trace amounts of chloride (NEt3HCl, LiCl) or base (NEt3, DippIMP).
To investigate the influence of the chloride anion, approxi-

mately 5 mol % tetrabutylammonium chloride (Bu4NCl) was
added to a C6D6 solution of isolated 1 b. This resulted in a dras-

tic increase in reaction rate: viz. 23 % conversion in 5.5 h at
room temperature compared with no measurable conversion

for a sample of purified 1 b. Conversely, addition of one equiv-

alent of NEt3 seems to inhibit the reaction so that only minute
conversion was observed after 16 h at 70 8C. These results indi-

cate that the chloride anion is an efficient catalyst for the de-
scribed hydrosilylation process in 1 b. In contrast, Bu4NCl did

not induce hydrosilylation in silanes 1 a and 3 upon heating to
70 8C for 23 h.

The mode of action of the chloride anion was not investigat-

ed in detail. It is plausible that transient chloride coordination
to silicon (for example, substituting an imine ligand in inter-
mediate 6) increases the nucleophilicity of the Si¢H bond, in
line with the observation by Yamamura et al. that catalytic

amounts of F¢ facilitate the intramolecular hydrosilylation of
an azobenzene derivative.[64] Alternatively, it seems likely that

some of the required ligand exchange steps would be suscep-
tible to nucleophilic catalysis.[53, 65, 66]

Conclusions

During our attempts to synthesize iminopyrrolyl hydrosilanes,
we found hydrosilylation to occur in several cases. The penta-

coordinated silane (DippIMP)SiHCl2 (DippIMP = 2-[N-(2,6-diisopro-

pylphenyl)iminomethyl]pyrrolide) proved to undergo intramo-
lecular hydrosilylation. This reaction is catalyzed by the chlo-

ride anion and involves hexa- (6) and pentacoordinated (2) di-
substituted silanes formed by ligand redistribution as inter-

mediates. In contrast, the pentacoordinated monosubstituted
chloromethyl silane was much more reluctant to undergo this

Scheme 5. Calculated isomers of hexacoordinate 6.

Table 2. Calculated versus observed 29Si NMR chemical shift and 1J(Si,H)
coupling for 6.

d

[ppm vs. TMS]
Deviation
[ppm]

1J(Si,H)
[Hz]

Deviation
[Hz]

observed ¢168 – 288[a] –
cis-all ¢52 116 ¢419 131
trans-im ¢169 ¢1 ¢361 72
trans-pyr ¢163 5 ¢307 19
trans-all ¢176 ¢8 ¢309 21

[a] Absolute value observed for J-coupling.
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process. Hence, the hydrosilylation reaction can be influenced
by tuning the electron density on silicon. This process can also

be influenced by steric effects, which was shown with the tet-
racoordinated trisubstituted silane (DippIMP)3SiH 3, in which hy-

drosilylation is completely inhibited. Reducing the size of the
aryl groups from 2,6-diisopropylphenyl to mesityl restored hy-

drosilylation reactivity and yielded the pentacoordinated tri-
subsituted all-N silane 4, indicating that trisubstituted silanes

are also susceptible to hydrosilylation.

The obtained knowledge of the conditions favoring and dis-
favoring the imine hydrosilylation reaction complements exist-

ing approaches in which the imine moiety is passivated by in-
corporation in a conjugated p-system; that is, aromatic hetero-

cycles[67–72] and amidinate/guanidinate compounds.[59, 73–76] This
is anticipated to aid in the controlled synthesis of N-substitut-

ed silicon compounds as precursors for silicon(II) ligands. Re-

search in this direction is ongoing in our laboratories.

Experimental Section

All reactions involving silicon-containing compounds were con-
ducted under an N2 atmosphere by using standard glovebox or
Schlenk techniques. Diethyl ether, n-hexane, toluene, and acetoni-
trile were dried with an MBRAUN MB SPS-79 system, degassed by
bubbling with N2 for 30 min, and stored over molecular sieves in
a glovebox. THF was distilled from benzophenone/Na, degassed
by bubbling with N2 for 30 min, and stored over molecular sieves
in a glovebox. All chemicals were obtained commercially and used
as received unless stated otherwise. Dichloromethylsilane was pur-
chased from Fluka; pyrrole-2-carboxaldehyde (99 %), n-butyllithium
(1.6 m in hexanes), and triethylamine (99 %) were purchased from
Acros; trichlorosilane (99 %), 2,4,6-trimethylaniline (98 %),
tetrabutylammonium chloride (�97 %, anhydrous), and 2,6-diiso-
propylaniline (92 %) were purchased from Sigma–Aldrich. Both si-
lanes were transferred into and stored in a Teflon stoppered
Schlenk flask upon arrival. Triethylamine was degassed by bubbling
with N2 for 30 min and stored over molecular sieves. All NMR
chemical shifts are reported relative to TMS with the residual sol-
vent signal as internal standard.[77] All NMR experiments involving
silicon-containing compounds were conducted in J-Young NMR
tubes under an N2 atmosphere. For compound 5, Cr(acac)3 was
used as a paramagnetic relaxation agent for 29Si NMR spectroscopy.
Elemental analysis was conducted by the Mikroanalytisches Labora-
torium Kolbe. The substituents DippIMPH,[45] DippIMPLi,[78] and
MesIMPH[79] were prepared according to reported procedures.

Computational methods

All DFT calculations were performed with Gaussian 09.[80] Geometry
optimizations were performed by using the B3LYP functional with
6–31G(d,p) as the basis set on all atoms. A frequency calculation
was performed on all converged geometries to verify that they
were minima. For transition-state calculations, one imaginary fre-
quency was obtained. NMR calculations at the B3LYP/IGLO-III level
were performed after geometry optimization at the B3LYP/6–
31G(d,p) level, for coupling constants using the “spinspin” option.
For NBO calculations, the NBO6 program up to the NLMO basis set
was used.[61]

X-ray crystal structure determinations

X-ray reflections were measured with a Bruker Kappa ApexII diffrac-
tometer with sealed tube and Triumph monochromator (l=
0.71073 æ). The intensities were integrated with the Eval15 soft-
ware.[81] Multiscan absorption correction and scaling was per-
formed with SADABS.[82] The structures were solved by Patterson
superposition methods using SHELXT.[83] Least-squares refinement
was performed with SHELXL-2013 or SHELXL-2014[84] against F 2 of
all reflections. Non-hydrogen atoms were refined freely with aniso-
tropic displacement parameters. Hydrogen atoms were located in
difference Fourier maps (compounds 1 a and 4) or introduced in
calculated positions (compounds 2 and 3). Geometry calculations
and checking for higher symmetry was performed with the
PLATON program.[85]

CCDC 1436231 (1 a), 1436232 (2), 1436233 (3), and 1436234 (4) con-
tain the supplementary crystallographic data for this paper. These
data are provided free of charge by The Cambridge Crystallograph-
ic Data Centre.

Silane synthesis

Chloromethyl(DippIMP)silane (1 a): DippIMPH (1.83 g, 7.19 mmol) and
NEt3 (1.5 mL, 10.76 mmol) were dissolved in THF (25 mL) and
cooled to ¢78 8C, then HSiMeCl2 (0.9 mL, 8.78 mmol) was added
rapidly. The mixture was stirred for 1 h at ¢78 8C, during which the
clear solution became turbid. Subsequently, the mixture was stirred
for 16 h at RT. n-Hexane (75 mL) was added and the solids were fil-
tered off and extracted with n-hexane (2 Õ 10 mL). The filtrate was
combined with the n-hexane extracts and freed of solvent in vacuo
to give 1 a (2.2 g, 6.6 mmol, 92 %) as an off-white powder that was
pure enough for further use. Crystals suitable for X-ray analysis
were grown by vapor diffusion of n-hexane into a solution of 1 a in
diethyl ether. 1H NMR (400 MHz, C6D6, 25 8C): d = 8.19 (ddd,
4J(H,H) = 0.9 Hz, 4J(H,H) = 1.3 Hz, 3J(H,H) = 2.6 Hz, 1 H; pyrrole-H3),
7.46 (app. t, 4J(H,H) = 0.9 Hz, 4J(H,H) = 0.9 Hz, 1 H; N=CH), 7.07, 7.00
(AB2 pattern, JAB = 7.9 Hz, 3 H; Ar-H), 6.56 (dd, 4J(H,H) = 1.3 Hz,
3J(H,H) = 3.6 Hz, 1 H; pyrrole-H5), 6.30 (dd, 3J(H,H) = 2.6 Hz, 3J(H,H) =
3.6 Hz, 1 H; pyrrole-H4), 6.16 (br. s, 1J(Si,H) = 312 Hz, 1 H; Si-H), 2.92
(br, 1 H; iPr CH), 2.56 (br, 1 H; iPr CH), 0.99 (br, 12 H; iPr-CH3),
0.64 ppm (d, 3J(H,H) = 1.7 Hz, 2J(Si,H) = 8.5 Hz, 3 H; Si-CH3) ;
13C{1H} NMR (100 MHz, C6D6, 25 8C): d = 154.8, 140.6, 137.7, 134.2,
127.6, 124.4, 119.7, 115.2, 28.7 (br), 26.5 (br), 25.4 (br), 24.1 (br),
22.9 (br), 6.11 ppm (Si-C, 1J(Si,C) = 84.6 Hz); 29Si NMR (79 MHz, C6D6,
25 8C): d =¢64.9 ppm (dq, 1J(Si,H) = 313 Hz, 2J(Si,H) = 8 Hz); IR
(ATR): ñ= 2211 cm¢1 (Si-H), 1648 cm¢1 (C=N); elemental analysis
calcd (%) for C18H25N2SiCl: C 64.93, H 7.57, N 8.41; found: C 65.12,
H 8.33, N 7.97.

Crystallographic details : C18H25ClN2Si ; Fw = 332.94; colorless block;
0.43 Õ 0.41 Õ 0.31 mm3 ; monoclinic; P21/n (no. 14); a = 14.2957(6),
b = 9.4401(2), c = 15.2753(3) æ, b= 115.112(1)8 ; V = 1866.59(9) æ3 ;
Z = 4; Dx = 1.185 g cm¢3 ; m= 0.27 mm¢1; 31 830 reflections were
measured at a temperature of 150(2) K up to a resolution of (sin q/
l)max = 0.65 æ¢1; 4286 reflections were unique (Rint = 0.014), of
which 4026 were observed [I>2s(I)] . The Si-H hydrogen atom was
refined freely with an isotropic displacement parameter. All other
H-atoms were refined with a riding model; 208 parameters were
refined with no restraints; R1/wR2 [I> 2s(I)]: 0.0304/0.0811. R1/
wR2 [all refl.]: 0.0319/0.0821. S = 1.036; residual electron density
between ¢0.29 and 0.36 e æ3.

Dichloro(DippIMP)silane (1 b): DippIMPLi (0.841 g, 1.97 mmol, 39
mass % Et2O by 1H NMR spectroscopic analysis) was dissolved in
THF (25 mL) and cooled to ¢78 8C, then HSiCl3 (0.300 mL,
2.97 mmol) was added rapidly. The mixture was stirred for 45 min
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and allowed to warm to 0 8C, after which it was freed of solvent in
vacuo. The solid residue was extracted in toluene (10 mL) and
freed of solvent in vacuo. This operation was repeated with tolu-
ene (12 mL) to give an orange powder (97 % yield), containing
15 % of hydrosilylated products 2 and 5, which presumably formed
during the evaporation of toluene. The solid was stored in a glove-
box at ¢35 8C. Pure samples were freshly prepared by crystalliza-
tion from a saturated n-hexane solution at ¢35 8C prior to follow-
ing experiments to yield spectroscopically pure 1 b as cloudy crys-
tals. 1H NMR (400 MHz, C6D6, 25 8C): d = 8.06 (ddd, 4J(H,H) = 1.0 Hz,
3J(H,H) = 2.7 Hz, 4J(H,H) = 1.2 Hz, 1 H; pyrrole-H3), 7.30 (dd, 4J(H,H) =
1.0 Hz, 4J(H,H) = 1.8 Hz, 1 H; N=CH), 7.08, 6.99 (AB2 pattern, JAB =
7.9 Hz, 3 H; Ar-H), 6.57 (d, 4J(H,H) = 1.8 Hz, 1J(Si,H) = 385 Hz, 1 H; Si-
H), 6.44 (dd, 3J(H,H) = 3.6 Hz, 3J(H,H) = 1.2 Hz, 1 H; pyrrole-H5), 6.16
(dd, 3J(H,H) = 2.7 Hz, 3J(H,H) = 3.6 Hz, 1 H; pyrrole-H4), 2.83 (sept,
3J(H,H) = 6.8 Hz, 2 H; iPr CH), 1.09 (d, 3J(H,H) = 6.8 Hz, 6 H; iPr-CH3),
0.83 ppm (d, 3J(H,H) = 6.9 Hz, 3 H; iPr-CH3) ; 13C{1H} NMR (100 MHz,
C6D6, 25 8C): d= 154.9, 143.6, 139.2, 137.7, 132.9, 128.6, 124.6,
121.3, 116.7, 29.1, 26.3, 23.4 ppm; 29Si NMR (79 MHz, C6D6, 25 8C):
d=¢92.7 ppm (1J(Si,H) = 385 Hz); IR (ATR): ñ= 2209 (Si-H),
1650 cm¢1 (C=N); elemental analysis calcd (%) for C17H22Cl2N2Si: C
57.78, H 6.28, N 7.93; found: C 57.99, H 5.91, N 7.85.

Alternative synthesis of dichloro(DippIMP)silane (1 b) without
crystallization : DippIMPLi (528 mg, 1.24 mmol, 39 mass % Et2O by
1H NMR spectroscopic analysis) was dissolved in THF (25 mL) and
cooled to ¢78 8C, then HSiCl3 (0.300 mL, 2.97 mmol) was added
swiftly. The mixture was stirred for 45 min and allowed to slowly
warm to ¢30 8C in a beaker containing the cold acetone from the
dry-ice bath. The cooling was removed and the mixture was al-
lowed to warm to 0 8C, after which it was freed of solvent in vacuo
and the solid was extracted with C6D6. The solution contained 1 b
with only about 2 % of hydrosilylated products 2 and 5. This
sample was used without further purification to monitor hydrosily-
lation.

Chloro(DippIMP(= L))(DippAMP(= L’)) silane (2): To a solution of NEt3

(1.0 mL, 7.18 mmol) and DippIMPH (1.2744 g, 5.05 mmol) in THF
(50 mL) at ¢78 8C, HSiCl3 (0.28 mL, 2.8 mmol) was added. The mix-
ture was stirred at ¢78 8C for 45 min, to give a cloudy, white mix-
ture, which was stirred for 16 h at RT. The resulting yellow suspen-
sion was filtered and the solvent was evaporated in vacuo to give
a yellow foam. The solid residue (1.60 g) was extracted with aceto-
nitrile (10 Õ 7.5 mL), which dissolved 1.01 g. The combined extracts
(75 mL) were stored at ¢35 8C and, after three days, compound 2
(0.473 g, 0.828 mmol, 33 %) formed as orange needle-shaped crys-
tals, which were suitable for XRD crystallography. 1H NMR
(400 MHz, C6D6, 25 8C): d= 7.37 (dd, 4J(H,H) = 1.2 Hz, 5J(H,H) =

0.5 Hz, 1 H; N=C-H), 7.15–6.85 (m, 6 H; Ar-H), 6.39 (app. dd,
3J(H,H) = 4.0 Hz, 4J(H,H) = 0.9 Hz, 1 H; L-pyrrole-H5), 6.31 (br. s, 1 H;
L-pyrrole-H3), 6.25 (m, 1 H; L’-pyrrole-H5), 6.14 (t, 3J(H,H) = 2.8 Hz,
1 H; L’-pyrrole-H4), 5.94 (m, 1 H; L’-pyrrole-H3), 5.79 (ddd, 3J(H,H) =
4.0 Hz, 3J(H,H) = 2.0 Hz, 5J(H,H) = 0.5 Hz, 1 H; pyrrole-H4), 4.49 (d,
2J(H,H) = 14.0 Hz, 1 H; N-CH2), 4.32 (d, 2J(H,H) = 14.0 Hz, 1 H; N-CH2),
3.69 (sept, 3J(H,H) = 6.8 Hz, 1 H; iPr CH), 3.49 (sept, 3J(H,H) = 6.8 Hz,
1 H; iPr CH), 3.41 (sept, 3J(H,H) = 6.8 Hz, 1 H; iPr CH), 3.25 (sept,
3J(H,H) = 6.8 Hz, 1 H; iPr CH), 1.46 (d, 3J(H,H) = 6.7 Hz, 3 H; iPr-CH3),
1.40 (d, 3J(H,H) = 6.7 Hz, 3 H; iPr-CH3), 1.21 (d, 3J(H,H) = 6.8 Hz, 3 H;
iPr-CH3), 1.09 (d, 3J(H,H) = 6.8 Hz, 3 H; iPr-CH3), 1.04 (d, 3J(H,H) =
6.9 Hz, 3 H; iPr-CH3), 1.02 (d, 3J(H,H) = 6.8 Hz; 3 H, iPr-CH3), 0.91 (d,
3J(H,H) = 6.8 Hz, 3 H; iPr-CH3), 0.64 ppm (d, 3J(H,H) = 6.9 Hz; 3 H, iPr-
CH3) ; 13C{1H} NMR (100 MHz, C6D6, 25 8C): d= 158.77, 149.59, 147.63,
145.07, 144.71, 142.05, 141.94, 140.96, 132.75, 131.34, 124.96,
124.86, 123.67, 123.38, 122.11, 120.30, 118.20, 111.68, 99.08, 51.61,
29.85, 28.38, 28.28, 27.93, 27.23, 26.20, 25.92, 25.03, 23.75, 22.72,

21.43 ppm; 29Si NMR (79 MHz, C6D6, 25 8C): d=¢116.2 ppm; ele-
mental analysis calcd (%) for C34H43ClN4Si: C 71.48, H 7.59, N 9.81;
found: C 71.23, H 7.37, N 9.71.

Crystallographic details : C34H43ClN4Si ; Fw = 571.26; red block; 0.39 Õ
0.23 Õ 0.13 mm3 ; monoclinic; C2/c (no. 15); a = 20.2550(7), b =
9.9597(3), c = 15.6320(4) æ, b= 99.764(2)8 ; V = 3107.82(15) æ3 ; Z = 4;
Dx = 1.221 g cm¢3 ; m= 0.19 mm¢1; 64 810 reflections were measured
at a temperature of 100(2) K up to a resolution of (sin q/l)max =
0.78 æ¢1; 6268 reflections were unique (Rint = 0.030), of which 5603
were observed [I>2s(I)] . Atom C5 was refined with a disorder
model corresponding to C-H and CH2 in a ratio of 1:1. The isopro-
pyl group at C15 was orientationally disordered. Hydrogen atoms
were refined with a riding model. 216 Parameters were refined
with 61 restraints (distances, angles and displacement parameters
of the disordered groups). R1/wR2 [I> 2s(I)]: 0.0410/0.1067. R1/
wR2 [all refl.]: 0.0457/0.1094. S = 1.023. Residual electron density
between ¢0.65 and 0.70 e æ3.

Tris(DippIMP)silane (3): To a solution of NEt3 (1.55 mL, 11.1 mmol)
and DippIMPH (1.944 g, 7.70 mmol) in THF (12.5 mL) at ¢78 8C,
HSiCl3 (0.25 mL, 2.5 mmol) was added. This mixture was stirred at
¢78 8C for 45 min, to give a cloudy, pale-yellow mixture, which
turned green/gray during stirring for 16 h at RT. The mixture was
filtered and the solvent was evaporated. The bulk of the product
was purified by dissolving the solid residue (1.551 g) in THF
(14 mL), filtration, and storage of the dark-green solution at ¢35 8C
in a glovebox. Clear colorless crystals formed after three days
(583 mg). To obtain a second crop, the liquid was separated, con-
centrated to about two-third the volume and stored at ¢35 8C
again. After three days, a second crop was isolated (95.5 mg). The
crystals were washed with n-hexane (1 mL) and freed of solvent in
vacuo. White/slightly green crystals were obtained (total : 678 mg,
34 %). Crystals suitable for X-ray diffraction analysis were obtained
by vapor diffusion of n-hexane (4 mL) into a solution of the crude
product (0.5 g) in THF (2 mL). 1H NMR (400 MHz, C6D6, 25 8C): d=
7.68 (s, 3 H; N=C-H), 7.60 (s, 1 H; Si-H, 1J(Si,H) = 417 Hz), 6.99 (s, 9 H;
Ar-H), 6.44 (dd, 3J(H,H) = 1.24 Hz, 3J(H,H) = 3.25 Hz, 3 H; pyrrole-H),
6.08 (m, 6 H; pyrrole-H), 2.60 (br, 3 H; iPr CH), 1.83 (br, 3 H; iPr CH),
0.98 (d, 3J(H,H) = 6.9 Hz, 18 H; iPr-CH3), 0.79 (br, 9 H; iPr-CH3),
0.59 ppm (br, 9 H; iPr-CH3) ; 1H NMR (400 MHz, C7D8, ¢60 8C): d=
7.54 (s, 1 H; 1J(Si,H) = 417 Hz; Si-H), 7.43 (s, 3 H; N=C-H), 7.14–6.93
(m, 9 H; Ar-H), 6.38 (dd, 3J(H,H) = 1.5 Hz, 3J(H,H) = 3.4 Hz, 3 H; pyr-
role-H), 6.13 (br, 3 H; pyrrole-H), 6.03 (app. t, 3J(H,H) = 3.0 Hz, 3 H;
pyrrole-H), 2.60 (sept, 3J(H,H) = 6.9 Hz, 3 H; iPr CH), 1.64 (sept,
3J(H,H) = 6.9 Hz, 3 H; iPr CH), 1.09 (d, 3J(H,H) = 6.9 Hz, 9 H; iPr-CH3),
1.05 (d, 3J(H,H) = 6.9 Hz, 9 H; iPr-CH3), 0.90 (d, 3J(H,H) = 6.9 Hz, 9 H;
iPr-CH3), 0.44 ppm (d, 3J(H,H) = 6.9 Hz, 9 H; iPr-CH3) ; 13C{1H} NMR
(100 MHz, C7D8, 25 8C): d= 152.9, 148.6, 138.6 (br), 136.5, 131.1,
124.5, 123.4, 122.4 (br), 120.9, 113.0, 110.3, 28.3, 27.7, 26.0 (br), 25.0
(br), 23.7, 22.3 ppm (br) ; 13C{1H} NMR (100 MHz, C7D8, ¢60 8C): d=
152.4 (N=C-H), 148.2 (i-Ar), 139.3 (o-Ar), 137.6 (o-Ar), 135.9 (pyr-C),
130.7 (pyr-CH), 124.3 (Ar-CH), 123.3 (Ar-CH), 121.8 (Ar-CH), 120.7
(pyr-CH), 112.7 (pyr-CH), 27.6 (iPr CH), 27.2 (iPr CH), 26.3 (iPr-CH3),
24.7 (iPr-CH3), 23.5 (iPr-CH3), 21.8 ppm (iPr-CH3) ; 29Si NMR (79 MHz,
C6D6, 25 8C); d=¢60.5 ppm (1J(Si,H) = 417 Hz); IR (ATR): ñ=
2355 cm¢1 (Si-H), 1628 cm¢1 (C=N); elemental analysis calcd (%) for
C51H64N6Si: C 77.62, H 8.17, N 10.65; found: C 77.58, H 8.15, N
10.65.

Crystallographic details : C51H64N6Si; Fw = 789.17; colorless block;
0.48 Õ 0.47 Õ 0.17 mm3 ; monoclinic; P21/n (no. 14); a = 17.5336(6),
b = 13.3186(6), c = 19.7879(6) æ, b= 91.542(2)8 ; V = 4619.3(3) æ3 ; Z =
4; Dx = 1.135 g cm¢3 ; m= 0.09 mm¢1; 56 581 reflections were mea-
sured at a temperature of 150(2) K up to a resolution of (sin q/
l)max = 0.65 æ¢1; 10 604 reflections were unique (Rint = 0.039), of
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which 8297 were observed [I>2s(I)] . One of the isopropyl groups
was refined with a disorder model. The Si-H hydrogen atom was
refined freely with an isotropic displacement parameter. All other
H-atoms were refined with a riding model. 572 Parameters were re-
fined with 203 restraints (distances and angles of the isopropyl
groups). R1/wR2 [I> 2s(I)]: 0.0397/0.0969. R1/wR2 [all refl.]: 0.0556/
0.1057. S = 1.025. Residual electron density between ¢0.34 and
0.28 e æ3.

Di(MesIMP (= L))(MesAMP (= L’)) silane (4): To a solution of NEt3

(1.52 mL, 10.9 mmol) and MesIMPH (1.624 g, 7.69 mmol) in THF
(12.5 mL) at ¢78 8C, HSiCl3 (0.25 mL, 2.5 mmol) was added. This
was stirred at ¢78 8C for 45 min, yielding a cloudy, off-white mix-
ture, which turned yellow/orange during stirring for 16 h at RT. The
mixture was filtered and the solvent was evaporated to give a volu-
minous foam. The bulk of the product was purified by extracting
the solid residue (1.467 g) in THF (11 mL) and storing the resulting
orange solution at ¢35 8C in a glovebox. After two days, no solid
material had formed. n-Hexane (11 mL) was carefully layered on
top of the clear THF solution and this was stored at RT for three
days, after which orange crystals had formed. The liquid was sepa-
rated, the crystals washed with n-hexane (1 mL), and dried in
vacuo (0.361 g, 22 %). Crystals suitable for X-ray analysis were ob-
tained by gas-phase diffusion of n-hexane into a solution of 4 in
a minimal amount of THF. 1H NMR (400 MHz, C7D8, 25 8C): d= 7.73
(br, 1 H; pyrrole-H), 6.90–6.50 (m, 9 H; Ar-H and 2 N=C-H and 1 pyr-
role-H determined by HSQC), 6.20 (br, 1 H; pyrrole-H), 6.08 (br, 1 H;
pyrrole-H), 5.93 (br, 1 H; pyrrole-H), 5.91 (br, 1 H; pyrrole-H), 5.78 (br,
1 H; pyrrole-H), 5.62 (br, 1 H; pyrrole-H), 5.60 (br, 1 H; pyrrole-H),
4.10 (d, 2J(H,H) = 14.3 Hz, 1 H; N-CH2), 4.02 (d, 2J(H,H) = 14.3 Hz, 1 H;
N-CH2), 2.38 (s, 3 H; Mes-CH3), 2.30–1.70 ppm (m, 27 H; Mes-CH3) ;
1H NMR (400 MHz, C7D8, ¢25 8C): d= 7.78 (dd, J(H,H) = 3.4 Hz,
J(H,H) = 1.7 Hz, 1 H; pyrrole-H), 6.85–6.40 (m, 9 H; Ar-H and 2 N=C-H
and 1 pyrrole-H), 6.14 (t, J(H,H) = 3.0 Hz, 1 H; pyrrole-H), 6.07 (s, 1 H;
pyrrole-H), 6.03 (s, 1 H; pyrrole-H), 5.96 (t, J(H,H) = 2.7 Hz, 1 H; pyr-
role-H), 5.86 (dd, J(H,H) = 1.8 Hz, J(H,H) = 3.8 Hz, 1 H; pyrrole-H),
5.68 (dd, J(H,H) = 1.6 Hz, J(H,H) = 2.6 Hz, 1 H; pyrrole-H), 5.59 (t,
J(H,H) = 3.1 Hz, 2 H; pyrrole-H), 4.02 (d, 2J(H,H) = 14.4 Hz, 1 H; N-
CH2), 3.89 (d, 2J(H,H) = 14.4 Hz, 1 H; N-CH2), 2.33 (s, 1 H; Mes-CH3),
2.28 (s, 2 H; Mes-CH3), 2.17 (s, 1 H; Mes-CH3), 2.10 (s, 1 H; Mes-CH3),
2.04 (s, 1 H; Mes-CH3), 1.90 (s, 1 H; Mes-CH3), 1.87 (s, 1 H; Mes-CH3),
1.71 ppm (s, 1 H; Mes-CH3) ; 13C{1H} NMR (100 MHz, C7D8, 25 8C): d=
160.4, 156.0, 150.6, 142.4, 141.89, 141.53, 141.37, 138.27, 137.21,
137.14, 135.09, 134.14 (br), 133.74, 133.29 (br), 132.76, 131.31,
130.77, 129.64, 129.49, 129.43, 129.22, 128.78, 128.30, 128.18,
128.06, 127.94, 127.82, 127.21, 121.69, 119.98, 118.02, 115.44,
113.22, 110.83, 100.43, 48.00, 21.05, 20.97, 20.91, 20.89, 20.81,
19.91, 19.25 (br), 19.03, 18.90, 18.79, 18.56 ppm; 29Si NMR (79 MHz,
C6D6, 25 8C); d=¢120.4 ppm; elemental analysis calcd (%) for
C42H46N6Si: C 76.09, H 6.99, N 12.68; found: C 75.93, H 7.05, N
12.62.

Crystallographic details : C42H46N6Si ; Fw = 662.94; yellow block; 0.59 Õ
0.36 Õ 0.12 mm3 ; monoclinic; P21/n (no. 14), ;a = 20.5288(8), b =
9.0717(3), c = 21.4439(5) æ, b= 115.714(1)8 ; V = 3598.05(19) æ3 ; Z =
4; Dx = 1.224 g cm¢3 ; m= 0.10 mm¢1; 51 677 reflections were mea-
sured at a temperature of 150(2) K up to a resolution of (sin q/
l)max = 0.65 æ¢1; 8270 reflections were unique (Rint = 0.021), of
which 7272 were observed [I>2s(I)] . The hydrogen atoms at the
C5x C-H and CH2 groups were refined freely with isotropic dis-
placement parameters. All other H-atoms were refined with
a riding model. 467 Parameters were refined with no restraints. R1/
wR2 [I>2s(I)]: 0.0357/0.0986. R1/wR2 [all refl.]: 0.0410/0.1025. S =
1.048. Residual electron density between ¢0.32 and 0.30 e æ3.

Reactivity studies

Hydrosilylation of isolated 1 b at 70 88C : An NMR sample was pre-
pared by dissolving crystalline 1 b (12.9 mg, 36.5 mmol) and mesity-
lene (2.9 mg, 24 mmol) in C6D6 (ca. 0.5 mL). This mixture was moni-
tored by 1H NMR spectroscopic analysis for 73 h at RT. Subsequent-
ly, a programmed sequence of 1H NMR measurements was con-
ducted at 70 8C for 61 h. All spectra were recorded with a relaxation
time of 10 s. The ratio of the signal area per H of the compound
and the signal area per H of the mesitylene internal standard (IS)
multiplied by the amount of IS gives the amount of compound.
The concentration was obtained by dividing this by the approxi-
mated 0.5 mL solvent. From this it follows that the absolute con-
centrations have a certain error which is unknown, whereas the rel-
ative concentrations are accurate. The accuracy of the measure-
ments by comparing different resonances of the same compound
is given in the Supporting Information, Figure S48; Figure 7 shows
the average of these sets.

Reaction of 1 b with DippIMPLi to give 6 : Compounds 1 b (8.2 mg,
23.2 mmol) and DippIMPLi (9.9 mg, 23.4 mmol, 39 mass % Et2O by
1H NMR spectroscopic analysis) were weighed and dissolved sepa-
rately, both in C7D8 (0.25 mL). A few drops of [D8]THF were needed
to dissolve the DippIMPLi. Combining the solutions at RT resulted in
a strongly cloudy solution immediately, which was stirred for 3 min
prior to filtration into a J-Young NMR tube. NMR measurements
were done at ¢60 8C and subsequently during warming at steps of
10 8C. 1H NMR spectra showed the presence of 3 in a 6/3 ratio of
ca. 3:1. Spectroscopic data for 6 : 1H NMR (400 MHz, C7D8, ¢60 8C):
d= 7.91 (s, 1 H; N=CH), 7.75 (s, 1 H; N=CH), 7.20 (s, 1 H; Ar-H), 6.75
(app. t, J(H,H) = 6.3 Hz, 2 H; Ar-H), 6.60 (s, 1 H; pyrrole-H), 6.56 (t,
3J(H,H) = 3.8 Hz, 2 H; pyrrole-H), 5.93 (dd, J(H,H) = 2.0 Hz, J(H,H) =
3.5 Hz, 1 H; pyrrole-H), 5.87 (dd, J(H,H) = 2.0 Hz, J(H,H) = 3.5 Hz, 1 H;
pyrrole-H), 5.83 (s, 1J(Si,H) = 285 Hz, 1 H; Si-H), 3.66 (sept, 3J(H,H) =
6.5 Hz, 1 H; iPr CH), 3.01 (sept, 3J(H,H) = 6.5 Hz, 1 H; iPr CH), 2.93
(sept, 3J(H,H) = 6.5 Hz, 1 H; iPr CH), 2.87 (sept, 3J(H,H) = 6.5 Hz, 1 H;
iPr CH), 1.50 (d, 3J(H,H) = 6.5 Hz, 3 H; iPr-CH3), 1.20–0.80 ppm (m,
21 H; iPr-CH3) ; 1H NMR (400 MHz, C7D8, 25 8C): d= 7.76 (br), 7.21
(br), 7.01 (br), 6.58 (br), 6.44 (br), 5.98 (br), 2.96 ppm (br, iPr CH) ;
29Si NMR (79 MHz, C7D8, ¢60 8C): d =¢168.5 ppm (1J(Si,H) =
285 Hz).

Hydrosilylation of 1 b in the presence of Bu4NCl : Two NMR sam-
ples (experiment and control) were prepared by dissolving crystals
of 1 b (Exp: 10.1 mg; Control: 11.5 mg), mesitylene (Exp: 2.8 mg;
Control: 2.4 mg) and Bu4NCl (low solubility, Exp: 3 mg; Control:
0 mg) in C6D6 (ca. 0.5 mL). The undissolved Bu4NCl was filtered off.
The concentration of Bu4NCl was determined to be 5–6 mol % vs.
1 b (determined by 1H NMR integration versus the mesitylene inter-
nal standard). A sequence of 1H NMR measurements was conduct-
ed at 25 8C over 5.5 h (for Control) and 18 days (for experiment).
All spectra were recorded with a relaxation time of 10 s. The ratio
of the signal area per H of the compound and the signal area per
H of the IS multiplied by the amount of IS gives the amount of
compound. The concentration was obtained by dividing this by
the approximated 0.5 mL solvent. From this it follows that the ab-
solute concentrations have a certain error which is unknown,
whereas the relative concentrations are accurate. The reaction pro-
file is given in the Supporting Information, Figure S49. The final
data point shows a purity of ca. 80 % 5. Spectroscopic data for 5 :
1H NMR (400 MHz, C6D6, 25 8C): d= 7.14, 7.04 (AB2, JAB = 7.8 Hz, 3 H;
Ar-H), 6.77 (ddt, 3J(H,H) = 2.8 Hz, 4J(H,H) = 1.0 Hz, 5J(H,H) = 0.6 Hz,
1 H; pyrrole-H5), 6.46 (t, 3J(H,H) = 3.0 Hz, 1 H; pyrrole-H4), 6.01 (dq,
3J(H,H) = 3.1 Hz, 4J(H,H) = 1.2 Hz, 1 H; pyrrole-H3), 4.22 (dd, 4J(H,H) =
1.4 Hz, 5J(H,H) = 0.7 Hz, 2 H; N-CH2), 3.30 (sept, 3J(H,H) = 6.8 Hz, 2 H;
iPr CH), 1.20 (d, 3J(H,H) = 6.8 Hz, 6 H; iPr-CH3), 0.99 ppm (d, 3J(H,H) =
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6.8 Hz, 6 H; iPr-CH3) ; 29Si NMR (79 MHz, C6D6, 25 8C, Cr(acac)3) ; d=
¢36.5 ppm.
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