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ABSTRACT: Simple two-coordinate acyclic silylenes,
SiR,, have hitherto been identified only as transient
intermediates or thermally labile species. By making use of
the strong o-donor properties and high steric loading of
the B(NDippCH), substituent (Dipp = 2,6-'Pr,C¢H,), an
isolable monomeric species, Si{B(NDippCH),}{N-
(SiMe;)Dipp}, can be synthesized which is stable in the
solid state up to 130 °C. This silylene species undergoes
facile oxidative addition reactions with dihydrogen (at sub-
ambient temperatures) and with alkyl C—H bonds,
consistent with a low singlet—triplet gap (103.9 kJ
mol™'), thus demonstrating fundamental modes of
reactivity more characteristic of transition metal systems.
S imple sub-valent silicon compounds are typically highly
reactive and have short lifetimes at temperatures close to
ambient.! Thus, West’s observation of the transient divalent
silylene, SiMes, (Mes = 2,4,6-Me;C4H,), which dimerizes to
give the disilene, Mes,Si=SiMes,, at 77 K represented a
landmark event in the renaissance of modern Main Group
chemistry.” Since that groundbreaking discovery, only silylene
systems stabilized by incorporation into a cyclic framework,>~®
or by means of an increased coordination number at silicon,
have been reported,””"® while simple isolable acyclic silylenes,
SiR,, remain a chemical “Holy Grail”.'* %6 Thus, for example,
although the heavier Group 14 compounds E{N(SiMe;),}, (E
= Ge, Sn, and Pb) have been known since the 1970s to be
thermally stable monomeric species,”” and stable acyclic
diaminocarbenes have been reported more recently,”® the
analogous silicon-containing species, Si{N(SiMe,),},, is stable
in soh;gion only at low temperatures and decomposes rapidly at
0 °C.
With regard to reactivity, singlet tetrelenes (:ER,) possess
many attractive features for small molecule activation, up until

now almost exclusively the preserve of transition metals. Thus,
a vacant coordination site, together with the availability of both
a lone pair of electrons and a formally vacant orbital, provide a
platform for the activation even of strong, relatively nonpolar
linkages, such as H—H and C—H bonds.**** Consistently,
recent work on the chemistry of isolable singlet carbenes, CR,,
has led to the development of systems capable of NHj;
activation and H, cleavage at 35 °C.>* While existing N-
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heterocyclic silylene compounds are less reactive toward such
substrates, acyclic derivatives (featuring a more obtuse angle at
silicon) have been predicted computationally to offer enhanced
reactivity.> Such systems, possessing a lower lying excited
electronic state and providing coordinative and oxidative
flexibility, might therefore be expected to show modes of
reactivity more typical of transition metals.*®

In recent work we have utilized the lithium reagent
(thf),Li{B(NDippCH),} (1; Dipp = 2,6-Pr,C¢H;)*” as a
nucleophilic source of the boryl (BR,) fragment in the synthesis
of novel E—B chemical bonds.*® The extremely strong ¢ donor
properties and high steric loading of the formally anionic
[B(NDippCH),]™ ligand, and the ability of 1 to react with
metal electrophiles,®”* appear ideally suited to the syntheses of
monomeric Group 14 systems of the types E(boryl), and
E(boryl)X (E = Si, Ge, and Sn). In the current study this
hypothesis is borne out by the syntheses of the mononuclear
tin(II) systems Sn{B(NDippCH),}, (2-Sn) and Sn{B(NDipp-
CH),H{N(SiMe;)Dipp} (3-Sn) from (thf),Li{B(NDippCH),}
(1) and SnCl, or [Sn{N(SiMe,)Dipp}(u-Cl)],, respectively
(Scheme 1 and Supporting Information (SI)). X-ray crystallog-
raphy and density functional theory (DFT) calculations on
these systems are consistent (i) with bent monomeric
structures [2-Sn: #B—Sn—B 118.8(3)° (Xeray), 115.7°
(DFT); 3-Sn: #N—Sn—B = 106.7(2)°, 107.0(1)° (X-ray),
108.1° (DFT)]; (ii) with singlet ground states (AE,_, = 39.2
and 121.7 kJ mol™, respectively); and (iii) with tin-centered
HOMOs featuring appreciable Sp-orbital character (e.g., 38.8%
Sn Sp, 18.3% Sn Ss for 3-Sn) (SI).

Analogous DFT calculations carried out for the lighter Group
14 congeners E{B(NDippCH),}, (2-Ge, 2-Si) and E{B-
(NDippCH),}{N(SiMe;)Dipp} (3-Ge, 3-Si) suggest that,
while the singlet—triplet gaps for the bis(boryl) systems are
prohibitively low (17.9 and —0.27 kJ mol™" for 2-Ge and 2-Si,
respectively), those for the (amido)boryl systems (123.0 and
103.9 k] mol™') are consistent with potentially isolable
germylene/silylene species. Furthermore, when compared to
the gaps calculated for more heavily 7-stabilized bis(amido)-
germylenes and silylenes [e.g, 209.3 k] mol™" for the model
system Si(NMe,),, using the same method], the data for 3-Ge
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Scheme 1. Synthesis of Silylene 3-Si and Related Germylene/
Stannylene Compounds
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Figure 1. Molecular structures of (a) 3-Si, (b) S, and (c) 6 (ellipsoids
shown at the 40% probability level; C-bound hydrogen atoms omitted
and ‘Pr groups shown in wireframe format for clarity). Selected bond
lengths and angles: for 3-Si, Si(1)—B(1) 2.066(1) A, Si(1)—N(3)
1.731(1) A, B(1)=Si(1)—N(1) 109.7(1)°; for 5, Si(1)—B(1) 2.000(1)
A, Si(1)-N(3) 1.748(1) A, Si(1)—C(9) 1.937(1) A, Si(1)-H(1)
1.388(14) A, B(1)—Si(1)—N(3) 118.1(1)°% and for 6, Si(1)—B(1)
2.016(2) A, Si(1)-N(3) 1.751(2) A, B(1)-Si(1)—N(1) 120.1(1)°.

and 3-Si imply that mixed (amido)boryl systems might be even
better candidates for small-molecule activation chemistry under
mild conditions.

Synthetically, an (amido)boryl germanium(II) complex has
so far only been accessible by employing the sterically even
more demanding N(SiMe;)Dipp* amido group [Dipp* = 2,6-
(Ph,CH),-4-Me-C¢H,], since the precursor Ge{N(SiMe;)-

6501

(a) (b)

Figure 2. DFT-calculated (left) HOMO (E = —4.64 V) and (right)
LUMO (E = —2.60 V) of 3-Si.

Scheme 2. C—H and H—H Bond Activation by 3-Si
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Figure 3. Transition state for oxidative addition of dihydrogen to 3-Si.
Key distances: Si—H 1.697 A, Si—H' 1.587 A, H---H' 1.045 A, Si—B
2.034 A, Si—N 1.787 A.

Dipp*}Cl is readily available, while Ge{N(SiMe;)Dipp}hal
(hal = Cl, Br) can be synthesized only in low yield.”” Reaction
of Ge{N(SiMe;)Dipp*}Cl with 1 gives the desired monomeric
germylene Ge{B(NDippCH),}{N(SiMe;)Dipp*} (3-Ge) in
reasonable (55%) yield as an exceedingly thermally stable red-
purple crystalline solid, decomposing at T > 240 °C (Scheme 1
and SI). Corresponding Si"" precursors are not available as
tractable species, but, remarkably, the reaction of the SitV
trihalide Si{N(SiMe;)Dipp}Br; with 2 equiv of 1 cleanly
generates the analogous silylene Si{B(NDippCH),}{N-
(SiMe;)Dipp} (3-Si) as the only silicon-containing product
(as judged by *°Si NMR spectroscopy). The co-products from
this reaction are LiBr and 1 equiv of the bromoborane
BrB(NDippCH),, and '"H NMR monitoring of the reaction
implies that the conversion is quantitative (SI); this trans-
formation therefore implies spontaneous formation of Si" via
net reductive elimination.*™** The key, and unprecedented,
role of the boryl reagent in this process in providing both
ligation and reduction is illuminated by the contrasting
reactivity toward simple lithium-based reductants; reaction of
Si{N(SiMe;)Dipp}Br; with lithium naphthalenide, for example,
gives the Si—Si bonded dibromodisilane 4 (SI), possibly via the
highly reactive transient Si' bromide [Si{N(Dipp)SiMe;}Br],.

Spectroscopic data for 3-Si, in particular the very low-field
¥Si resonance [Jg = 439.7 (meas), 421.9 ppm (calc)], are
consistent with the formation of a two-coordinate silylene [cf.
8 = 567 and 224 ppm for Si{C(SiMe,;),CH}, and Si{N-
(SiMe;), },, respectively],>* and a monomeric structure in the
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solid state was confirmed crystallographically (Figure 1). As
such, 3-Si is revealed to be the first example of a room-
temperature-stable simple two-coordinate acyclic silylene. The
Si—B and Si—N distances [2.066(1), 1.731(1) A] fall within
precedented ranges; the B—Si—N angle [109.7(1)°] is very
similar to that calculated for Si{N(SiMe,),}, (110.2°),*° but
slightly wider than that in the isosteric stannylene system 3-Sn
[106.7(2), 107.0(1)°], consistent with established trends in p-
block chemistry.** By contrast, significant widening of the angle
at silicon is observed compared to N-heterocyclic silylenes [e.g,
90.5(10)° for Si(N'BuCH),],®> consistent with quantum
chemical predictions of a narrower singlet—triplet gap and, by
implication, enhanced reactivity for 3-8i.>> Despite the presence
of both potentially n-donor amido and m-acceptor boryl
substituents at Si(1), DFT calculations reveal minimal
delocalization of key molecular orbitals across the B—Si—N
framework. Thus, although the amido substituent is aligned
approximately parallel to the B—Si—N plane (interplane torsion
angle = 9.9°), there is little N 2p contribution to the LUMO
(70.1% Si 3p, 8.3% N 2p; Figure 2). Similarly, there is little B
2p contribution to the HOMO, which again is lar§ely localized
at Si(1) (41.7% Si 3p, 22.8% Si 3s, 8.2% B 2p).*

In the solid state, 3-Si exhibits remarkable thermal
robustness, being stable at temperatures up to 130 °C. Even
at 50 °C in benzene solution, only slow decomposition occurs
(48 h to reach completion), the exclusive product being the
cyclo-metalated species 5 (Scheme 2). This highly selective
formal intramolecular insertion of the silylene function into one
of the methine C—H bonds of the boryl ligand Dipp
substituents is reminiscent of the well-established ortho-
metalation of aryl rings by lower oxidation state transition
metal compounds—a signature reaction for these elements.
Given this latent reactivity, and the moderate singlet—triplet
gap calculated for 3-Si, the potential for the more challenging
intermolecular activation of other E—H bonds at or below
room temperature has been examined.

The reaction of 3-Si with dihydrogen in hydrocarbon
solution occurs readily (even at 0 °C) to give the dihydrosilane,
H,Si{B(NDippCH),}{N(Dipp)SiMe;} (6), in quantitative
yield (Scheme 2), which has been characterized by spectro-
scopic methods and by X-ray crystallography (Figure 1). The
formation of 6 from 3-Si represents single-site activation of
dihydrogen by a well-defined Main Group compound below
room temperature and the first experimentally observed
activation of H, by a silylene. Thermodynamically, this H,
activation reaction is calculated to be strongly exergonic (AG =
—122.2 k] mol™"), in line with the experimental observation of
irreversibility, and with previous calculations on dihydrogen
addition to hypothetical model silylenes.>> Mechanistically, a
concerted bimolecular process is suggested not only by DFT
calculations, but also by the analogous reaction with HD, which
yields H(D)Si{B(NDippCH),}{N(Dipp)SiMe;} as the sole
product. Kinetically, the computed value of AG¥ (+97.2 kJ
mol™!) is consistent with the observed activation at or below
room temperature; moreover, it is markedly lower than the
activation energies calculated for dihydrogen addition to
bis(amido)silylenes [e.g., 190.0, 277.8 kJ mol™" for Si(NH,),
and Si(NHCH),, respectively], in line with the smaller singlet—
triplet gap calculated for 3-Si.° Interestingly, the transition
state calculated for the 3-Si+H, system (Figure 3) reveals
approach of the H, molecule side-on to the silylene and with a
trajectory essentially perpendicular to the B—Si—N plane
(99.4°), consistent with the electrophilic nature of the silylene
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molecule, and with donation of electron density from HOMO
of H, into the LUMO of 3-Si. Such behavior is more
reminiscent of the behavior of transition metal systems toward
dihydrogen than the nucleophilic activation of H, by carbenes.**

B ASSOCIATED CONTENT

© Supporting Information

Computational details; synthetic and spectroscopic data for all
new compounds; CIF files for 2-Sn, 3-Si, 3-Ge, 3-Sn, 4, §, 6,
and Si{N(SiMe;)Dipp}{B(NDippCH),}I,. This material is
available free of charge via the Internet at http://pubs.acs.org.
The crystallographic data are also freely available from the
Cambridge Crystallographic Data Centre (CCDC 857171—
857177 and 857429).
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