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A	
  Vinyl	
  Silylsilylene	
  and	
  its	
  Activation	
  of	
  Strong	
  Homo-­‐	
  and	
  
Heteroatomic	
  Bonds	
  
Matthew	
  M.	
  D.	
  Roy,	
  Michael	
  J.	
  Ferguson,	
  Robert	
  McDonald,	
  Yuqiao	
  Zhou,	
  and	
  Eric	
  Rivard*,	
  a	
  

The	
  facile	
  synthesis	
  of	
  a	
  rare	
  two-­‐coordinate	
  acyclic	
  silylene	
  (R2Si:)	
  which	
  is	
  stabilized	
  using	
  a	
  bulky,	
  vinylic	
  N-­‐heterocyclic	
  
olefin	
  ligand	
  and	
  the	
  strongly	
  σ-­‐donating	
  hypersilyl	
  group	
  [Si(SiMe3)3]

−	
  is	
  reported.	
  This	
  vinyl-­‐subsituted	
  silylene	
  exhibits	
  an	
  
excellent	
   combination	
   of	
   prolonged	
   thermal	
   stability	
   along	
   with	
   high	
   reactivity	
   towards	
   small	
   molecules.	
   Depite	
   being	
  
stable	
  for	
  months	
  in	
  solution,	
  the	
  reactivity	
  of	
  this	
  new	
  silylene	
  is	
  manifest	
  in	
  its	
  ambient	
  temperature	
  activation	
  of	
  strong	
  
B-­‐H,	
   Si-­‐Cl,	
   C-­‐O,	
   P-­‐P	
   and	
   C-­‐H	
   bonds.

Introduction	
  

The	
  activation	
  and	
  functionalization	
  of	
  small	
  molecules	
  such	
  as	
  
H2,	
  CO,	
  CO2,	
  P4

1	
   and	
  even	
  N2
2	
  by	
  Earth-­‐abundant	
  main	
  group	
  

elements	
   usually	
   relies	
   on	
   the	
   isolation	
   of	
   highly	
   reactive	
  
element	
  centers.	
  In	
  order	
  to	
  be	
  synthetically	
  viable,	
  a	
  delicate	
  
balance	
  of	
  stability	
  and	
  reactivity	
  must	
  be	
  achieved.	
  Amongst	
  
p-­‐block	
   compounds,	
   those	
   of	
   Group	
   14	
   in	
   the	
   +II	
   oxidation	
  
state	
   (tetrelenes)	
  have	
  shown	
  significant	
  promise	
  with	
   regard	
  
to	
  bond	
  activation	
  and	
  catalysis.3	
   Silylenes,	
   (R2Si:)	
   still	
   remain	
  
rare	
  relative	
  to	
  the	
  other	
  Group	
  14	
  tetrelylenes,	
  owing	
  in	
  part	
  
to	
   the	
   general	
   instability	
   of	
   SiII	
   compounds.4	
   While	
  
coordinatively	
  saturated	
  examples	
  of	
  silylenes	
  (e.g.	
  Cp*2Si;	
  Cp*	
  
=	
   η5-­‐C5Me5)	
   had	
   been	
   reported	
   previously,5	
   West	
   and	
  
coworkers	
  prepared	
  the	
   first	
  example	
  of	
  an	
  unsaturated	
  two-­‐
coordinate	
  N-­‐heterocyclic	
  silylene.6	
  It	
  was	
  only	
  in	
  2012	
  that	
  the	
  
first	
  examples	
  of	
  isolable	
  two-­‐coordinate	
  acyclic	
  silylenes	
  were	
  
simultaneously	
   published	
   (I	
   and	
   II,	
   Scheme	
   1);7	
   in	
   stark	
  
contrast,	
   their	
   heavier	
   R2E:	
   congeners	
   (E	
   =	
   Ge,	
   Sn,	
   Pb;	
   R	
   =	
  
anionic	
  ligands)	
  were	
  first	
  reported	
  decades	
  prior.8	
  While	
  a	
  few	
  
examples	
   of	
   room	
   temperature	
   stable	
   acyclic	
   silylenes	
   are	
  
known,7,9	
   all	
   have	
   been	
   stabilized	
   by	
   two	
   heteroatom-­‐based	
  
ligands.	
   Herein,	
   we	
   utilize	
   a	
   bulky	
   vinylic	
   ligand	
   [MeIPr=CH]−,	
  
(MeIPr	
   =	
   [(MeCNDipp)2C];	
  Dipp	
  =	
  2,6-­‐

iPr2C6H3)	
   to	
   generate	
   the	
  
first	
   two-­‐coordinate	
   acyclic	
   silylene	
   stabilized	
   by	
   a	
   carbon-­‐
based	
  donor.10	
  Despite	
  the	
  remarkable	
  thermal	
  stability	
  of	
  the	
  
title	
  complex	
  (MeIPrCH)Si{Si(SiMe3)3},	
  this	
  vinyl	
  silylsilylene	
  was	
  
able	
  to	
  undergo	
  the	
  formal	
  oxidative	
  addition	
  of	
  several	
  strong	
  
organic	
   and	
   inorganic	
   bonds,	
   including	
   the	
   regioselective	
  
activation/functionalization	
   of	
  white	
   phosphorus	
   (P4)	
   and	
   the	
  

activation	
  of	
  a	
  primary	
  C-­‐H	
  bond	
  at	
  room	
  temperature.	
  	
  

Results	
  and	
  Discussion	
  
This	
  study	
  relied	
  upon	
  the	
  steric	
  bulk	
  and	
  potential	
  4-­‐electron	
  
(2σ,	
   2π)	
   donating	
   ability	
   of	
   the	
   carbon-­‐based	
   anionic	
   vinylic	
  
ligand	
   [MeIPr=CH]−,11	
   to	
   gain	
   access	
   to	
   a	
   two-­‐coordinate	
  
silylene.	
   This	
   ligand	
   represents	
   the	
   deprotonated	
   form	
   of	
   its	
  
neutral	
   N-­‐heterocyclic	
   olefin	
   (NHO)12	
   parent	
   MeIPr=CH2,	
   and	
  
this	
   vinylic	
   ligand	
   has	
   been	
   previously	
   used	
   in	
   our	
   group	
   to	
  
isolate	
  the	
  first	
  base-­‐free	
  divinylgermylene	
  (MeIPrCH)2Ge:.

11	
  	
  
	
  

	
  

Scheme	
   1	
   The	
   first	
   isolable	
   two-­‐coordinate	
   acyclic	
   silylenes	
   (I	
   and	
   II)	
   and	
   the	
  
spectroscopically	
  observed	
  iminosilylene	
  III.	
  

The	
  first	
  step	
  towards	
  accessing	
  a	
  new	
  organosilylene	
  was	
  
to	
  install	
  the	
  [MeIPr=CH]−	
  ligand	
  at	
  silicon.	
  This	
  was	
  achieved	
  by	
  
the	
  synthesis	
  of	
   the	
  silane	
   (MeIPrCH)SiBr3	
   (1)	
   from	
  mixing	
   two	
  
equivalents	
  of	
   the	
  olefin	
  proligand	
  MeIPr=CH2	
  with	
  SiBr4.	
  After	
  
filtration	
   from	
   the	
   flocculant	
   [MeIPrCH3]Br	
   precipitate,	
   the	
  
target	
  SiIV	
  precursor	
  1	
  was	
  isolated	
  as	
  an	
  off-­‐white,	
  crystalline	
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solid	
   in	
  a	
  53	
  %	
  yield	
  (Scheme	
  2).	
  Attempts	
  to	
  the	
  prepare	
  the	
  
divinyl	
  silane	
  (MeIPrCH)2SiBr2	
  by	
  combining	
  1	
  with	
  an	
  additional	
  
two	
   equivalents	
   of	
   MeIPr=CH2	
   or	
   one	
   equivalent	
   of	
  
MeIPrCH(SiMe3)

11	
   were	
   unsuccessful.	
   We	
   then	
   focused	
   our	
  
synthetic	
  studies	
  on	
  preparing	
  a	
  silylene	
  directly	
  from	
  1.	
  	
  
	
   Following	
   recent	
   reports	
   of	
   bulky	
   silyl-­‐substituted	
  
silylenes,9a,c	
   (MeIPrCH)SiBr3	
   (1)	
   was	
   combined	
   with	
   two	
  
equivalents	
   of	
   hypersilyl	
   potassium	
   [K(THF)2][Si(SiMe3)3]	
   in	
  
toluene	
  (Scheme	
  2).	
  This	
  resulted	
   in	
  the	
   immediate	
  formation	
  
of	
   deep	
   green	
   slurry.	
   1H	
   NMR	
   spectroscopic	
   analysis	
   of	
   the	
  
filtrate	
  revealed	
  quantitative	
  conversion	
  to	
  a	
  1:1	
  mixture	
  of	
  a	
  
new	
   [MeIPr=CH]−	
   containing	
   product	
   and	
   BrSi(SiMe3)3.	
   The	
  
vinylic	
   proton	
   signal	
   in	
   the	
   new	
   product	
   exhibited	
   two-­‐bond	
  
coupling	
   satellites	
   to	
   Si	
   (2JH-­‐Si	
   =	
   13.5	
   Hz),	
   and	
   its	
   remarkably	
  
downfield-­‐positioned	
   chemical	
   shift	
   (δ	
   7.40	
   in	
   C6D6)	
   indicates	
  
significant	
   transfer	
   of	
   electron	
   density	
   from	
   the	
   [MeIPr=CH]-­‐	
  
ligand	
   to	
   silicon.	
   Additionally,	
   the	
   29Si{1H}	
   NMR	
   spectrum	
  
displayed	
   a	
   signal	
   at	
   432.9	
   ppm,	
   which	
   lies	
   in	
   the	
   spectral	
  
range	
  of	
  known	
  two-­‐coordinate	
  acyclic	
  silylenes.9	
  	
  
	
  

	
  

Scheme	
  2	
  Formation	
  of	
  the	
  tribromo-­‐vinylsilane	
  1	
  and	
  its	
  subsequent	
  reduction	
  to	
  the	
  
vinyl	
  silylsilylene	
  2.	
  

	
   To	
   confirm	
   the	
   formation	
   of	
   the	
   two-­‐coordinate	
   silylene	
  
(MeIPrCH)Si{Si(SiMe3)3}	
   (2),	
   deep-­‐green	
   crystals	
   suitable	
   for	
   X-­‐
ray	
   crystallographic	
   analysis	
   were	
   grown	
   from	
   Me3SiOSiMe3.	
  
The	
  molecular	
  structure	
  of	
  2	
  (Fig.	
  1)	
  is	
  in	
  good	
  agreement	
  with	
  
the	
  abovementioned	
  NMR	
   results.	
   Specifically,	
   the	
  vinylic	
  C3-­‐
C4	
   bond	
   in	
   2	
   [1.406(3)	
   Å]	
   is	
   elongated	
   relative	
   to	
   free	
   NHO	
  
MeIPr=CH2	
   [1.3489(18)	
   Å],

13	
   providing	
   added	
   evidence	
   for	
   the	
  
transfer	
   of	
   π-­‐electron	
   density	
   to	
   silicon.	
   The	
   C4-­‐Si1-­‐Si2	
   angle	
  
was	
  found	
  to	
  be	
  101.59(7)°,	
  in	
  line	
  with	
  the	
  presence	
  of	
  a	
  high	
  
degree	
  of	
  s-­‐character	
  at	
  the	
  silicon-­‐based	
  lone	
  pair.	
  This	
  angle	
  
implies	
   that	
   2	
   should	
   have	
   a	
   good	
   balance	
   of	
   stability	
   and	
  
reactivity.	
   For	
   example,	
   the	
   colorless	
   dithiolato-­‐supported	
  
silylene	
   Si(SArMes)2	
   (I	
   in	
   Scheme	
   1)	
   has	
   an	
   R-­‐Si-­‐R	
   angle	
   of	
  
90.519(19)°	
   indicating	
   a	
   relatively	
   low-­‐energy	
   Si-­‐based	
   lone	
  
pair	
   of	
   pure	
   s-­‐character.7a	
  While	
   this	
   molecule	
   has	
   not	
   been	
  
reported	
   to	
   cleave	
   strong	
   organic	
   bonds,14	
   acyclic	
   silylenes	
  
with	
   obtuse	
   R-­‐Si-­‐R	
   angles	
   (and	
   smaller	
   HOMO-­‐LUMO	
   gaps)	
  
have	
  been	
  shown	
  to	
  activate	
  small	
  molecules	
  such	
  as	
  H2,	
  CO2,	
  
and	
  NH3.

7b,9	
  	
  
(MeIPrCH)Si{Si(SiMe3)3}	
   (2)	
   is	
   remarkably	
   stable,	
   with	
   no	
  

NMR	
  spectroscopic	
  sign	
  of	
  decomposition	
  noted	
  after	
  storage	
  
of	
   a	
   benzene	
   solution	
   at	
   room	
   temperature	
   for	
   two	
  months	
  
(under	
   N2	
   atmosphere).	
   This	
   observation	
   contrasts	
   the	
  
situation	
   in	
   Inoue	
   and	
  Rieger’s	
   imino	
   silylsilylene	
   (III,	
   Scheme	
  
1),	
   which	
   exists	
   predominately	
   in	
   a	
   7-­‐membered	
   SiIV	
   ring	
  
(silepin)	
   form	
   (via	
   reversible	
   ligand	
   activation)	
   at	
   ambient	
  
temperature.9c	
   Our	
   group’s	
   attempts	
   to	
   generate	
   the	
   bis-­‐
iminosilylene	
  (IPrN)2Si:	
  consistently	
  afforded	
  irreversible	
  ligand	
  

activation	
   products.15	
   Additionally,	
   silylenes	
   generated	
   using	
  
hypersilyl	
   potassium	
   are	
   often	
   contaminated	
   with	
   the	
   highly	
  
soluble	
  BrSi(SiMe3)3	
  byproduct,

9a,c	
  however	
  in	
  our	
  case	
  pure	
  2	
  
can	
  be	
  obtained	
  in	
  moderate	
  yield	
  (67	
  %)	
  by	
  washing	
  the	
  crude	
  
residue	
  with	
  a	
  minimal	
  amount	
  of	
  cold	
  (−30	
  °C)	
  Me3SiOSiMe3.	
  	
  
	
  

	
  

Fig.	
  1.	
  Molecular	
  structure	
  of	
  (MeIPrCH)Si{Si(SiMe3)3}	
  (2)	
  with	
  thermal	
  ellipsoids	
  plotted	
  
at	
   a	
   30	
   %	
   probability	
   level.	
   All	
   hydrogen	
   atoms	
   (except	
   the	
   vinylic	
   hydrogen)	
   were	
  
omitted	
   for	
   clarity.	
   Selected	
   bond	
   lengths	
   [Å]	
   and	
   angles	
   [°]:	
   C3-­‐C4	
   1.406(3),	
   C4-­‐Si1	
  
1.798(2),	
  Si1-­‐Si2	
  2.4041;	
  Si1-­‐C4-­‐C3	
  128.74(15),	
  Si2-­‐Si1-­‐C4	
  101.59(7).	
  	
  

To	
  gain	
  further	
   insight	
   into	
  the	
   influence	
  of	
  the	
  [MeIPrCH]−	
  
ligand	
   in	
   2,	
   we	
   conducted	
   a	
   series	
   of	
   computational	
   (DFT)	
  
studies	
   at	
   the	
   M06-­‐2X/def2-­‐TZVP	
   level.16	
   The	
   computed	
  
HOMO	
  of	
  2	
  is	
  predominately	
  a	
  silicon-­‐based	
  lone	
  pair	
  whereas	
  
the	
   HOMO−1	
   consists	
   of	
   a	
   C-­‐Si	
   π	
   bond	
   between	
   the	
   vinylic	
  
ligand	
   and	
   the	
   silylene	
   center	
   (Fig.	
   2).	
   The	
   C-­‐Si	
  Wiberg	
   Bond	
  
Index	
   (WBI)	
   was	
   found	
   to	
   be	
   1.06	
   and	
   the	
   LUMO	
   shows	
  
significant	
  C-­‐Si	
  π*	
  orbital	
  character.	
  Natural	
  Resonance	
  Theory	
  
(NRT)	
   analysis	
   further	
   supports	
   this	
   bonding	
   description,	
   as	
  
three	
   of	
   the	
   most	
   relevant	
   resonance	
   structures	
   (Fig.	
   2,	
  
structures	
  B,	
  C	
  and	
  F)	
   contain	
  a	
  C-­‐Si	
  π bond	
  with	
  a	
  combined	
  
61.1	
  %	
  weighting	
  of	
  these	
  structures.	
  Together,	
  these	
  analyses	
  
demonstrate	
   the	
   stabilizing	
   π-­‐donation	
   ability	
   of	
   the	
  
[MeIPr=CH]−	
  ligand.	
  Additionally,	
  the	
  computed	
  natural	
  charges	
  
show	
   a	
   highly	
   polarized	
   SiII-­‐SiR3	
   bond	
   (Si

II:	
   +0.54;	
   SiR3:	
   −0.51)	
  
which	
   may	
   enable	
   interesting	
   reactivity	
   to	
   transpire.	
   As	
   a	
  
result,	
  we	
  explored	
  the	
  interaction	
  of	
  2	
  with	
  small	
  molecules	
  in	
  
detail.	
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Fig.	
   2.	
   Selected	
   molecular	
   orbitals	
   of	
   the	
   optimized	
   structure	
   of	
   2	
   computed	
   at	
   the	
  
M06-­‐2X/def2-­‐TZVP	
   level	
   of	
   theory	
   (top)	
   and	
   relevant	
   Natural	
   Resonance	
   Theory	
  
computed	
  resonance	
  structures	
  with	
  their	
  %	
  weighting	
  (bottom).	
  

	
   We	
  began	
  a	
  reactivity	
  study	
  of	
  2	
  by	
  combining	
  this	
  silylene	
  
with	
   the	
   carbon-­‐based	
  electrophile	
  MeOTf	
   (OTf	
  =	
  CF3SO3).	
  As	
  
anticipated,	
  the	
  deep	
  green	
  color	
  of	
  2	
  dissipated	
  upon	
  addition	
  
of	
  MeOTf	
  and	
  NMR	
  analysis	
  revealed	
  the	
  formation	
  of	
  a	
  single	
  
new	
   product.	
   X-­‐ray	
   crystallography	
   identified	
   this	
   species	
   as	
  
the	
   new	
   triflato-­‐silane	
   (MeIPrCH)Si(Me)OTf{Si(SiMe3)3}	
   (3)	
  
(Scheme	
   3,	
   Fig.	
   3).	
   Compound	
   3	
   crystallizes	
   in	
   a	
   distorted	
  
tetrahedral	
  geometry,	
  with	
  a	
  covalently	
  bound	
  -­‐OTf	
  unit	
  in	
  the	
  
solid	
   state	
   [Si1-­‐O1	
   =	
   1.8258(10)	
   Å]	
   and	
   in	
   solution	
   (19F{1H}	
  
NMR:	
  δ	
  −75.8	
  ppm).	
  
	
  

	
  

Scheme	
  3	
  Oxidative	
  addition	
  of	
  the	
  substrates	
  MeOTf	
  (3),	
  HBpin	
  (4),	
  HSiCl3	
   (5)	
  and	
  P4	
  
(6)	
  to	
  the	
  reactive	
  silylene	
  2.	
  

	
  

Fig	
   3.	
   Molecular	
   structure	
   of	
   (MeIPrCH)Si(Me)OTf(hyp)	
   (4)	
   with	
   thermal	
   ellipsoids	
  
plotted	
   at	
   a	
   30	
  %	
  probability	
   level.	
  All	
   hydrogen	
  atoms	
   (except	
   the	
   vinylic	
   hydrogen)	
  
were	
   omitted	
   for	
   clarity.	
   Selected	
   bond	
   lengths	
   [Å]	
   and	
   angles	
   [°]:	
   C1-­‐C4	
   1.3964(17),	
  
C4-­‐Si1	
   1.7929(13),	
   Si1-­‐O1	
   1.8258(10);	
   C4-­‐Si1-­‐O1	
   111.37(5),	
   C4-­‐Si1-­‐C51	
   121.69(6),	
   C4-­‐
Si1-­‐Si2	
  111.04(4).	
  	
  

	
   Silylene	
   2	
   was	
   then	
   combined	
   with	
   the	
   widely	
   used	
  
hydroborylation	
   reagent	
   pinacolborane	
   (HBPin),	
   which	
   led	
   to	
  
oxidative	
   addition	
   of	
   an	
   H-­‐B	
   bond	
   at	
   silicon	
   to	
   yield	
  
(MeIPrCH)Si(H)BPin{Si(SiMe3)3}	
   (4)	
   (Scheme	
   3).	
   When	
   2	
   was	
  
reacted	
   with	
   trichlorosilane	
   (HSiCl3),	
   a	
   new	
   compound	
   was	
  
soon	
   observed	
   with	
   a	
   singlet	
   Si-­‐H	
   resonance	
   in	
   the	
   1H	
   NMR	
  
spectrum	
   (δ	
   3.61	
   ppm,	
   1JH-­‐Si	
   =	
   180.0	
   Hz).	
   The	
   lack	
   of	
  

3JHH	
  
coupling	
   to	
   the	
   neighbouring	
   vinylic	
   hydrogen	
   implied	
   that	
  
oxidative	
  addition	
  of	
   an	
   Si-­‐Cl	
   bond	
  had	
   transpired	
   in	
  place	
  of	
  
Si-­‐H	
  bond	
  activation.17	
  Crystallographic	
  analysis	
  confirmed	
  the	
  
formation	
   of	
   (MeIPrCH)SiCl(HSiCl2){Si(SiMe3)3}	
   (5)	
   (Fig.	
   4).	
   Of	
  
note,	
  the	
  addition	
  of	
  HSiCl3	
  across	
  a	
  silylene	
  (such	
  as	
  Cl2Si:)	
  is	
  a	
  
key	
  step	
  proposed	
  in	
  the	
  chemical	
  vapour	
  deposition	
  (CVD)	
  of	
  
epitaxial	
  silicon	
  from	
  trichlorosilane.18	
  The	
  sterically	
  congested	
  
nature	
  of	
  5	
  is	
  evident	
  by	
  its	
  1H	
  and	
  13C{1H}	
  NMR	
  spectra	
  which	
  
are	
   very	
  broad	
   at	
   room	
   temperature	
  but	
   are	
   resolved	
   at	
   +75	
  
°C.	
   The	
   molecular	
   structure	
   of	
   5	
   (Fig.	
   4)	
   shows	
   an	
   expected	
  
distorted	
  tetrahedral	
  geometry	
  at	
  Si1	
  [Si2-­‐Si1-­‐Si3:	
  109.81(9)°].	
  
Interestingly,	
   the	
   located	
   silane	
  hydrogen	
  atom	
  was	
   found	
   to	
  
exhibit	
   an	
   SiH-­‐π	
   interaction	
   in	
   the	
   solid	
   state	
   (H-­‐-­‐-­‐Dippcentroid	
  
distance:	
  2.33	
  Å).	
  Attempts	
  to	
  induce	
  dehydrochlorination	
  of	
  5	
  
(to	
   form	
   a	
   dichlorodisilene,	
   RR’Si=SiCl2)	
   using	
   the	
   strong	
  
Brønsted	
   bases	
   DABCO	
   (DABCO	
   =	
   1,4-­‐
diazabicyclo[2.2.2]octane)	
   or	
   the	
   N-­‐heterocyclic	
   carbene	
  
(MeCNMe)2C:	
  were	
  unsuccessful.

19	
   In	
  both	
   cases,	
  no	
   reaction	
  
was	
  observed,	
   perhaps	
  owing	
   to	
   steric	
   protection	
  of	
   the	
   Si-­‐H	
  
bond.	
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Fig.	
   4.	
   Molecular	
   structure	
   of	
   (MeIPrCH)SiCl(SiHCl2){Si(SiMe3)3}	
   (5)	
   with	
   thermal	
  
ellipsoids	
   plotted	
   at	
   a	
   30	
  %	
   probability	
   level.	
   All	
   hydrogen	
   atoms	
   (except	
   the	
   vinylic	
  
hydrogen	
  and	
  silane	
  hydrogen)	
  were	
  omitted	
  for	
  clarity.	
  Selected	
  bond	
  lengths	
  [Å]	
  and	
  
angles	
   [°]:	
   C1-­‐C4	
   1.394(7),	
   C4-­‐Si1	
   1.789(5),	
   Si1-­‐Si2	
   2.364(2),	
   Si1-­‐Cl1	
   2.170(2),	
   Si2-­‐H2	
  
1.50(7),	
   Si2-­‐Cl2	
   2.076(3),	
   2.074(3),	
   Si1-­‐Si3	
   2.358(2);	
   Si2-­‐Si1-­‐Si3	
   109.81(9),	
   Si2-­‐Si1-­‐Cl1	
  
100.27(9),	
  Si2-­‐Si1-­‐C4	
  118.15(19).	
  

	
   Encouraged	
   by	
   the	
   activation	
   of	
   polarized	
   heteroatomic	
  
bonds	
   using	
   2,	
   we	
   decided	
   to	
   investigate	
   whether	
   silylene	
   2	
  
would	
   react	
   with	
   the	
   non-­‐polar	
   bonds	
   of	
   white	
   phosphorus	
  
(P4).	
  While	
  acyclic	
  silylenes	
  have	
  not	
  yet	
  been	
  shown	
  to	
  react	
  
with	
  P4,	
  several	
  examples	
  of	
  cyclic	
  silylenes	
  reacting	
  with	
  P4	
  are	
  
known.	
  These	
  reactions	
  are	
  limited	
  to	
  the	
  oxidative	
  addition	
  of	
  
a	
  single	
  P-­‐P	
  bond	
  across	
  a	
  silicon	
  center,20	
  and	
  the	
  controlled	
  
activation/functionalization	
   of	
   P4	
   by	
   main	
   group	
   elements	
  
remains	
  a	
  difficult	
  transformation.21	
  Upon	
  mixing	
  2	
  and	
  P4	
  for	
  
20	
  minutes	
  at	
   room	
  temperature,	
  a	
  pale	
  orange	
  solution	
  was	
  
formed.	
   31P{1H}	
  NMR	
  analysis	
  suggested	
  that	
  simple	
  oxidative	
  
addition	
   of	
   a	
   P-­‐P	
   had	
   not	
   occurred,	
   as	
   three	
   distinct	
   signals	
  
were	
   observed	
   (δ	
   120.0,	
   −181.0,	
   −316.7	
   ppm).16	
   X-­‐ray	
  
crystallographic	
   analysis	
   revealed	
   that	
   1,2-­‐migration	
   of	
   the	
  
hypersilyl	
   group	
   of	
   2	
   transpired	
   in	
   addition	
   to	
   P4	
   reduction	
  
(Scheme	
  3,	
   Fig.	
   5)	
   to	
   yield	
   (MeIPrCH)Si(P4){Si(SiMe3)3}	
   (6).	
   This	
  
transformation	
   is	
   likely	
   facilitated	
   by	
   the	
   steric	
   bulk	
   of	
  2	
   and	
  
the	
   polarized	
   nature	
   of	
   the	
   SiII-­‐Si(SiMe3)3	
   bond	
   (vide	
   supra).	
  
While	
   the	
  mechanism	
  of	
   this	
   reaction	
   likely	
   involves	
   first	
   the	
  
oxidative	
  addition	
  of	
  a	
  P-­‐P	
  bond	
  of	
  P4	
  to	
  silylene	
  2,	
  followed	
  by	
  
a	
   1,2-­‐silyl	
   migration,	
   we	
   did	
   not	
   observe	
   any	
   experimental	
  
evidence	
  for	
  this	
  postulated	
  oxidative	
  addition	
  intermediate.22	
  
The	
  observed	
  activation/functionalization	
  of	
  P4	
  by	
  2	
  represents	
  
the	
   cleavage	
   of	
   two	
   P-­‐P	
   bonds	
   and	
   the	
   regioselective	
  
formation	
  of	
  four	
  new	
  Si-­‐P	
  bonds.	
  Remarkably,	
  a	
  search	
  of	
  the	
  
Cambridge	
  Structural	
  Database	
  (CSD)	
  revealed	
  that	
  compound	
  
6	
   represents	
   an	
   entirely	
   new	
   bonding	
   motif	
   for	
   the	
   P4

2-­‐	
  
ligand.23	
   Notably,	
   silylated	
   phosphines	
   and	
   phosphides	
   are	
  
valuable	
  precursors	
  to	
  element	
  phosphide	
  nanomaterials24	
  and	
  
organophosphines25	
   and	
   thus	
   their	
   preparation	
   from	
  
elemental	
  phosphorus	
  continues	
  to	
  be	
  of	
  great	
  importance.	
  

	
  

Fig.	
   5.	
   Molecular	
   structure	
   of	
   (MeIPrCH)Si(P4){Si(SiMe3)3}	
   (6)	
   with	
   thermal	
   ellipsoids	
  
plotted	
   at	
   a	
   30	
  %	
  probability	
   level.	
  All	
   hydrogen	
  atoms	
   (except	
   the	
   vinylic	
   hydrogen)	
  
were	
  omitted	
  for	
  clarity.	
  Selected	
  bond	
  lengths	
  [Å]	
  and	
  angles	
  [°]:	
  C3-­‐C4	
  1.380(4),	
  C4-­‐
Si1	
  1.792(3),	
  Si1-­‐P1	
  2.2407(11),	
  Si1-­‐P2	
  2.2364(10),	
  Si1-­‐P3	
  2.2639(10),	
  P2-­‐P3	
  2.2555(12),	
  
P2-­‐P4	
   2.2262(12),	
   P3-­‐P4	
   2.2057(13),	
   P4-­‐P1	
   2.2615(10),	
   P1-­‐Si2	
   2.2775(11);	
   C4-­‐Si1-­‐P1	
  
123.42(11),	
  P4-­‐P1-­‐Si1	
  75.18(4),	
  P4-­‐P1-­‐Si2	
  104.06(4),	
  P3-­‐P2-­‐P4	
  58.96(4).	
  

	
  

	
  

Scheme	
  4	
  Formation	
  of	
  the	
  silyl-­‐cyanide	
  7	
  via	
  reaction	
  of	
  2	
  with	
  tBuCN.	
  

Following	
   the	
   remarkable	
   report	
   by	
   Rieger,	
   Inoue	
   and	
  
coworkers	
  of	
  an	
  isolable	
  three-­‐coordinate	
  silanone	
  (formed	
  by	
  
oxidation	
  of	
  III	
  in	
  Scheme	
  1	
  with	
  N2O)

26	
  we	
  wondered	
  whether	
  
2	
  would	
  react	
   in	
  a	
  similar	
  manner.	
  Surprisingly,	
  exposure	
  of	
  a	
  
solution	
   of	
   2	
   to	
   an	
   N2O	
   atmosphere	
   at	
   −78	
   °C	
   or	
   room	
  
temperature	
   afforded	
   no	
   reaction.	
   Subsequently,	
   2	
   was	
  
combined	
   with	
   one	
   equivalent	
   of	
   the	
   potential	
   oxygen-­‐atom	
  
source	
  tert-­‐butyl	
  isocyanate	
  (tBuNCO)	
  which	
  yielded	
  a	
  mixture	
  
of	
   products	
   by	
   1H	
   NMR	
   spectroscopy,	
   including	
   several	
  
[MeIPrCH]−	
   containing	
   species,	
   unreacted	
   tBuNCO	
   and	
  
isobutylene.	
   Extraction	
   of	
   the	
   mixture	
   with	
   hexanes	
   and	
  
crystallization	
   afforded	
   crystals	
   of	
   the	
   silyl-­‐cyanide	
  
(MeIPrCH)SiH(CN){Si(SiMe3)3}	
   (7)	
   in	
   low	
   (31	
   %)	
   yield	
   (Fig.	
   6).	
  
Compound	
  7	
   is	
   likely	
   formed	
   from	
  the	
   isocyanide	
   (tBuNC)	
  by-­‐
product	
  generated	
  after	
  the	
  initial	
  oxidation	
  of	
  2	
  with	
  tBuNCO	
  
(Scheme	
   4).	
   Thus	
   far,	
   we	
   have	
   been	
   unable	
   to	
   isolate	
   and	
  
identify	
   the	
   other	
   products	
   in	
   the	
   mixture,	
   including	
   the	
  
possible	
   silanone	
   by-­‐product	
   (MeIPrCH)Si(O){Si(SiMe3)3}.	
   In	
  
order	
   to	
   give	
   credence	
   to	
   the	
   proposed	
   mechanism,	
   2	
   was	
  
combined	
   with	
   one	
   equivalent	
   of	
   tBuNC,	
   which	
   led	
   to	
   the	
  
quantitative	
   formation	
   of	
   a	
   1:1	
  mixture	
   of	
  7	
   and	
   isobutylene	
  
(as	
  determined	
  by	
  1H	
  NMR	
  spectroscopy).	
  This	
  transformation	
  
represents	
   a	
   quantitative	
   room	
   temperature	
   activation	
   of	
   a	
  
primary	
  C-­‐H	
  bond	
  by	
  a	
  silylene	
  (R2Si:).	
  Related	
  transformations	
  
have	
   been	
   demonstrated	
   previously	
   with	
   an	
   acyclic	
  
germylene27	
  and	
  a	
  disilene,28	
  albeit	
  at	
  elevated	
  temperatures.	
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Fig.	
   6.	
  Molecular	
   structure	
   of	
   (MeIPrCH)SiH(CN){Si(SiMe3)3}	
   (7)	
   with	
   thermal	
   ellipsoids	
  
plotted	
  at	
  a	
  30	
  %	
  probability	
   level.	
  All	
  hydrogen	
  atoms	
  (except	
  the	
  vinylic	
  and	
  silicon-­‐
bound	
  hydrogens)	
  were	
  omitted	
   for	
   clarity.	
   Selected	
  bond	
   lengths	
   [Å]	
   and	
  angles	
   [°]:	
  
C4-­‐Si1	
  1.709(3),	
  Si1-­‐H1	
  1.46(5),	
  Si1-­‐Si2	
  2.3396(15),	
  Si1-­‐C5	
  1.918(5),	
  C5-­‐N2	
  1.110(7);	
  C4-­‐
S1-­‐Si2	
  116.64(10),	
  C4-­‐Si1-­‐C5	
  111.9(2),	
  Si1-­‐C5-­‐N2	
  175.0(6).	
  	
  

Conclusions	
  
In	
   this	
   work,	
   the	
   synthesis	
   of	
   a	
   thermally	
   stable,	
   two-­‐
coordinate	
   acyclic	
   silylene	
   (MeIPrCH)Si{Si(SiMe3)3}	
   was	
  
achieved,	
  and	
  is	
  the	
  first	
  example	
  of	
  such	
  a	
  species	
  supported	
  
by	
   a	
   carbon-­‐based	
   ligand.	
   The	
   stabilizing	
   influence	
   of	
  
[MeIPrCH]−	
  was	
  evaluated	
  experimentally	
  and	
  computationally.	
  
The	
  high	
   reactivity	
   of	
   this	
   new	
   silylene	
  was	
   demonstrated	
  by	
  
its	
   room	
   temperature	
   activations	
   of	
   strong	
   homo-­‐	
   and	
  
heteroatomic	
   bonds.	
   Future	
  work	
  will	
   target	
   the	
   synthesis	
   of	
  
more	
   nucleophilic	
   sources	
   of	
   [MeIPrCH]−	
   which	
  may	
   allow	
   for	
  
the	
   formation	
   of	
   a	
   stable	
   divinylsilylene	
   and	
   related	
   reactive	
  
species	
  for	
  main	
  group	
  element-­‐based	
  catalysis.	
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A facile route to an acyclic two-coordinate silylene that can activate strong homo- and 
heteroatomic bonds is reported.
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