Metal Carbene Complexes

L,M—CR,

Carbene

" N
R

Electrophilic

» usually possess heteroatom
(electronegative) substituents

e Y

Alkylidene
3+ &~ - R

L M=C__
R

Nucleophilic

» usually possess alkyl or
hydrogen substituents



L . M=CR, Chemistry

2005 Nobel Prize:Chauvin, Grubbs, Schrock

Catalytic Olefin Metathesis:

RHC=CHR L,M==CHR RHC=CHR
LnI\I/I—Cl:HR L ,M==CHR
RHC—CHR RHC=CHR
RHC=CHR
Lnlﬁl Lnl\lll—CIZHR
RHC RHC—CHR
CHR



L. M=CR, vs. L ,M=SiR,

L,M=CR, L ,M=SiR,

First Prepared 1964 (Fischer) 1990 (Tilley)
1974 (Schrock)

Known thousands hundreds
Compounds
Reactivity Nucleophilic and Electrophilic
electrophilic Only
Synthetic Utility -Olefin metathesis -Proposed in numerous

-Organic synthesis catalytic processes
-Metal carbyne -Largely unexplored
precursors

* Main Group — Pronounced differences in chemistry within the
same group

Waterman, R.; Hayes, P. G.; Tilley, T. D. Acc. Chem. Res. 2007, 40, 712.




Metal Silylene Complexes

L ,M—SiR,
%

Silylene Silylidene

5+ 8- - R
L, M—SI
N\
R
Electrophilic Nucleophilic

* No known complexes with silylidene character
= x(C) = 2.55, x(SI) = 1.90 — free silylenes have singlet character



Synthetic Strategies for M=SI Compounds

= Anionic Substituent Abstraction

n LiB(CgFs), ,® B(CeFs)4
MezP™"/ N -LiOTf Me;sP™"'/ AN
SiMe,(OTf Si-Me
MesP Me,(OTh) MesP 3
OTf = 0SO,CF,~ Me

= a-Hydrogen Migration
~ - ~ -

P<_. -Me B(CsFs)s P<_. -H
%F}/—Pt?&p i 53/—%’\\&@
oo 2 §

MeB (CgFs)3
©

Mitchell, G. P.: Tilley, T. D. Angew. Chem. In. Ed. 1998, 37, 2524.

Waterman, R.; Hayes, P. G.; Tilley, T. D. Acc. Chem. Res. 2007, 40, 712.




Synthetic Strategies for L, M=SIR,
Compounds

= Double Si-H Activation (Silylene Extrusion)

PhB
PPh
Ph R . Ph,R\ 2
2 \III H,SiR, \ 2 \I .
Ir CoHo Ph,P r\—Sle
Reductive a-Hydrogen
Elimination |- Migration
PhBT\ PhBi-\
PPh
kthRP\PhZ SR PhR\ 2
Ph,P——Ir 22172 Ph,P——Ir-SiHR,
CsHe
Oxidative H
Addition

Peters, J. C.; Feldman, J. D.; Tilley, T. D. J. Am. Chem. Soc. 1999, 121, 9871.

Waterman, R.; Hayes, P. G.; Tilley, T. D. Acc. Chem. Res. 2007, 40, 712.




Cp*(iPr,P)OsCH,Ph

==

i /7 N\ CeHe
PrsP Br
-0.5 MgBr,

=16 e
= 4 steps from OsO,

Glaser, P. B.; Tilley, T. D. Eur. J. Inorg. Chem. 2001, 2747.

co g
| = CeH cl)
Os.. 66 S
i ~7N\'CH,Ph i

= Fluxional
= 13C NMR (CO): 6 193 = 31P NMR: § 22

"y 1883 cmt! =t,~1hour at RT




Reactions with Secondary Silanes

Os

Os _ N
‘PrgP/ ﬂ 'Prsp/ ,
CBHBlHZSiRR'
Oxidative Addition
@/ RR’ = Ph,, ‘Bu,, 'Pr,, Et,, Bn,
_ Os
PraP~4 % “SiHRR'
H CH,Ph

Reductive Elimination l-toluene

o-Hydrogen B Oxidative
@/ Migration @ Addition \@/
| S el | - 1
Os

_ wO0Ss .. p i
prpty SsicR o o Neroe | Reductive PP \ 'SIHRR!
. PrsP SiHRR A
H _ 4 Elimination " ~,,HH
Keq = 19 (Phy) H
10 (Bn,)

3 (H/p-tol )



H-Substituted Silylene Compounds

=%

Ll B (C6F5)4 * 3Et20

iPr3P//|Qli\SiH2Ph CoHaF
H tl -LiCl
S|H2Ph
Reductive Ellmlnatlon>/
| ®

R
a-Hydrogen Migration

Pry P/R” =s;”

©
ﬁ?/ B(CoFs)a

® E,0 ®

Prp— sl TEo PP RuSs
3 / 3 \\ 2 3 / . o\
H H H H

Glaser, P. B'TiIIey T. D. J. Am. Chem. Soc. 2003, 125, 13640.

PhSiH,

\& Silylene Extrusion
'Pr3P

Direct Insertion into Si-H

Ph \R



Reaction with MesSiH,

: | : Mes

. ‘.-OS\ 7 = —
PrsP [ TS
H

H
5%

= 31p NMR: § 41.0
« IH NMR: § -15.9 (Os-H)
8 12.1 (Si-H)

- toluenel HsSiMes

'PryP SiH,Mes

Beige solid (74%)

==

l‘OS'l,

T = Py Y SiH,
H \Q

95%

= 31p NMR: § 41.2
« IH NMR: § -15.7 (Os-H)

8 4.91, 6.45 (Si-H)
= 295) NMR: § -21



Mechanism of C-H Actlvatlon

+ D3SiMes >
CeHs

Path A:

Exclusive - Direct Addition

Product OS )

'Pr P“

kgz

Path B:
: C-H Addition
- AcroX)S:&

PraP 08 SiHD

Not Observed I

5 | Z
. Os
'PrP/ ;\SlDZMes
D CH,Ph

l-dl-toluene

'PrgP SiD,Mes

ﬂ
=

~0Oss~ .
IPr P\‘ l \Sl\ Mes
D D



Neutral Osmium Silylene Complexes

=

0.5 MgBn,(THF),
-
Os -0.5 MgBr,

H,SiR

0.5 MgBn,(THF),
'

I
_ Os -toluene
PrsP~ 4 % SSiH,R  -0.5 MgBr,
H Br

NN

» NO Reaction

NMR R = 2,4,6-Pr,CeH, (trip) R =

2,6-Mes,CgH; (dmp)

1H (5) 12.1 (SiH)
-16.0 (OsH)
29S;j (3) 229
gy (H2) 144

‘ 2Jsiy (H2) 6.6

11.6 (SiH)
-16.9 (OsH)
217
149
7.7

11.2 (SiH)
-16.5 (OsH)
N/A
N/A
N/A




Solid State Structure of
Cp*('Pr,P)(H)Os=SiH(trip)

Bond Lengths (A)

Os-Si 2.219(1)
Os-P 2.293(1)
Os-Cp* 2.218(5) -

2.351(5)
Os-H(1) 1.87(1)
Si-H(2) 1.48(1)

Bond/Dihedral Angles (°)

0s-Si-C 129.7(2)

P-Os-Si 90.9(1)

= Crystals grown from cold pentane Os-Si-H(2) 131.5(2)
= Sum of angles at Si = 359.8° C-Si-H(2) 98.6(2)
H(1)-Os-Si-H(2) 53.2(2)

P-0s-Si-C 19.7(2)

Hayes, P. G.; Beddie, C.; Hall, M. B.; Waterman, R.; Tilley, T. D. J. Am. Chem. Soc. 2006, 128, 428.




Calculated LUMOs for Silylene Complexes

LUMO of Cp(H;P)(H)Os=SiH, LUMO of Cp(H;P)(H),0Os=SiH,*
(-0.051 ev) (-0.232 ev)

= LUMO is primarily a Si p-orbital
= Coordination of olefin to Si involves interaction of Os=Si LUMO with the olefin HOMO
= LUMO of charged species is much closer in energy to HOMO of olefin (-0.267eV)

Hayes, P. G.; Beddie, C.; Hall, M. B.; Waterman, R.; Tilley, T. D. J. Am. Chem. Soc. 2006, 128, 428.




=

Activation of E—=H Bonds

H

Pr,p 73\ /“\OH(D)

H H(D) \
trip

2

CgHs, RT | H(D),O

X

o ] PHPh < NPH2 e
. S o 1) A\ S — >
'PrgP/l‘—-__\Si‘ 70°C, 48N  iprp [ =si—UP o op RT
= \ CGHG H \
HH tip H
CeHs |
65°C, gh| DUNH2
H
j | z
Os / t
Prop / _\sr““‘NH Bu
Hoo |

trip

'PraP™

OS\

{:

HH

MeOH jle

.mOMe

tr|p



Summary of Small Molecule Reactivity

No Reaction
| H : /CI

‘BuC=pP . R—=—FR |
No Reaction —~———— 'PrsP™ | g —trip » No Reaction

\
H H

CNXyl o CO
Y tripSiD;
or
'BuGeH; I
lpr3|:> ’S|H2tr|p |

' Os..,
({\\ No Reaction iPr3P/ \ S|H2tr|p

<5




Metal Carbyne Complexes

L M=CR

O30

Alkyne Metathesis:

L,M=CR L, M=CR L.M CR
— I

; |
RC=CR RC—CR RC CR



L.M=ZCR vs. L_M=SiR

L, M=CR L, M=SiR
First Prepared 1973 (Fischer) 2003 (Tilley)
Known >1000
Compounds
Reactivity Nucleophilic and
electrophilic
Synthetic Utility -Alkyne metathesis
-Alkyne polymerization
-Carbide precursors
Me, | Mes Me, ® (I_;?C F
Pt M°§Si/ LiB(CgFs)s Mo~ B(CoFs)a
QP/ \H \ -LiCl P/ - SI\Mes
e, Cl Me,

Mork, B.V.; Tilley, T.D. Angew. Chem. Int. Ed. 2003, 42, 357.




Osmium Silylyne Complex

321.03

©
i g HB(CgsFs)3
I i B(CsFs)3 | "
o o PSP - 20s=g :
PrsP" [ Si pentane PraP”™ | -
\ H
" ) : W
* Deep red powder (58%) 30 s s0 a0 ppm

m 29C; .
SINMR: 6229 * 1H NMR: & -14.5 (Os-H)

= whh = 86 Hz
=" t,, ~ 30 mins at RT (C4;DsBr) "2y =7

Cation-Anion Interaction? . .
[Cp*('PrsP)(H)OsESi(trip)][HB(CgFs)sl:

Spectroscopic parameters for free RB(CgFs)5 -

= 1IB NMR: & -25

= 1B NMR: 8 -20 to -25 = 19F NMR: & -131.2, -162.9, -165.5
*9F NMR: A, ;8 <3 A0 2.6
m,p -

= Coordinated Anion A, ,8 3-6
Horton, A. D. Organometallics 1996, 15, 2675. |:> Noncoordinated HB(C4Fs)s

Hayes, P. G.; Beddie, C.; Hall, M. B.; Waterman, R.; Tilley, T. D. J. Am. Chem. Soc. 2013, 135, 11780.




Reactivity of an Osmium Silylyne

I
H—=—R ‘BuC=P " ‘-P\lg/
Ph—=—Ph / )
©
© HB(CgFs)3
HB(CsFs)3
® | ® |

pr P OS\Sl/t“p iPrgllz_"‘}?S‘Sl/t”p
H H P=
\ X e T
R 'PraP ‘ia Os =g;~1rp -
* IH NMR: R = 'Bu, § 9.5 (Si-H) — * 31P NMR: 5 16, 516
R = SilPrs, § 11.5 (Si-H) F’h Ph * IH NMR: 5 -11.8

= 29Si NMR: 8 82
= 13C NMR: 6 278

= 13C NMR: § 164 (C,; 2Jcp = 13 Hz)
8 197 (Cg; *Jcp = 3 H2)

Hayes, P. G.; Beddie, C.; Hall, M. B.; Waterman, R.; Tilley, T. D. J. Am. Chem. Soc. 2013, 135, 11780.



Mechanism of C-H Activation

Path A: Oxidative Addition at Os

DB(CgFs)3 DB(CgFs)3 DB(CgFs)3
@ 7 @ ° g 7
| R = H—=—R =

® ~
~0s= _ wOSxe. _tri i weOS >~ /tl’lp
PraP” |\ =Si~trip prp o SI trip CeHsBr PrsP™ =sj
D D H D
R
R ='Bu, Si'Pr;

I Not Observed I

Path B: C-H Addition Across Os=Si

DB(C6F5)3 DB(C6F5)3
© ©
ﬁ H——R />_<l\
® - @l

I
iPr3P/CiSSSi\trip CeHsBr 'Prypm OS\S|/”'p
. . \ H Exclusive
R Product
= No D incorporation at Si R = 'Bu, SiPr,

= No H incorporation at Os or B

= No Os-D/Si-H or Si-H/B-D exchange observed after 6 hours at RT



Exploring Routes to Neutral Ruthenium

Silylene Complexes

[CPp*RuCll, +  4P'Pry oluene g = Dark blue

crystals (93%)

'Pr3P

0.5 Mg(CH,Ph),(THF),

toluene

iDe o ey B —_—
'PrzP RU\ CH2Ph IPr P/ \
3 -
H \"'H H
H

= Dark brown oil

= 14 NMR: § -11.9 (Ru-H)

Complex
Mixture



Stable Neutral Ruthenium Silylene Complexes

\."J

0.5 Mg(CH,Ph),(THF N NG

| .5 Mg(CH,Ph),( )2> | Vi
Vo \""-T-ﬁ\

Ru
_ / toluene - e
'PrzMeP \C| -0.5 MgCl, IPrZMeP

= Purple crystals

- toluene | RR'SiH,

=3P NMR: 6 47.4

u t1/2 -~ 24 h
. M (25 OC’ CGDG)
No Reaction —== |

80 °C, 3 days . "R”:S"R » Red crystals (47%)
'Pr,MeP*" | !
CeDs 2 \
H R'
NMR R,R’=H, trip R,R’=H, Mes* R,R’ = Cl, trip R,R’=H, dmp R,R’ = Ph, trip

H (8) Si-H 9.4 N/A (br) N/A 8.0 N/A
Ru-H -13.5 -13.3 (br) -16.0 -14.4 -12.6

29 (8) N/A N/A 222 204,2);,, = 8.6 229
31P () 55.5 53.6 56.9 48.5 55.7

Hayes, P. G.; Waterman, R.; Glaser, P.B.; Tilley, T. D. Organometallics 2009, 28, 5082.



Bond Lengths and Angles (A and °)

R,R'=H, trip R,R’=H, Mest R,R’=ClI, trip

Ru-Si 2.205(2) 2.181(1) 2.183(4)
Ru—P 2.272(1) 2.285(1) 2.286(4)
Ru-Cp*  2.226(4) - 2.223(4) - 2.223(2) -

2.264(6) 2.257(4) 2.282(2)
¥ angles
at Si 359.4 359.9 357.7

Hayes, P. G.; Waterman, R.; Glaser, P.B.; Tilley, T. D. Organometallics 2009, 28, 5082.



Osmium Germylene Complexes

» No Reaction

.Os

jl( H;GeR §|< NN
; >

CeHs iPrg,P““/ %Ge’R
-toluene H \
H
NMR R =1Bu R = Ph R = trip
H (3) 14.0 (GeH) 14.3 (GeH) 15.0 (GeH)
-15.7 (OsH) -15.6 (OsH) -15.7 (OsH)
31p (8) 45.9 43.0 37.5

» First hydrogen-substituted germylene complexes



Ruthenium Germylene Complexes

@ @ e
I , HsGeR > I » No Reaction
/ 1

. ~Ru R
CeHg PrMeP™ | SGe”
- toluene H |
H
, NMR R =1Bu R =trip
H (8) 11.7 (GeH) 12.4 (GeH)
-12.8 (RuH) -12.8 (RuH)
31pP (9) 61.1 57.6

= Sum of angles about germanium = 359.1°

Bond Lengths (A) Bond/Torsion Angles (°)
Ru-Ge 2.282(2) Ru-Ge-C 129.33(2)
Ru-Cp* 2.209(7) — 2.255(6) H-Ru-Ge-H 50.4(2)

Ru-P 2.272(2) P—Ru-Ge—C 161.3(3)




Metal Germylyne Complexes

k=31 A"
I dmpGeCI
Mo..,, - Mo=Ge
-~ \'CO THF, 50 C OC“/
Mes

_OC co | CO
ilippou, Philippopoulos, Portius and Neumann Angew. Chem. Int.
ﬁ/
Ph, N2 Ph,
Pu,,, “\P Cp*GeX
E " - p ' th Ge Ph2

toluene P, | | wP
-2 N2 ""M "

th N2 th P/ \

X =Cl, Br

immons, Fu, f'wamiey, Rauprich, Oimstead, IVIork an ower J. Am.

= All known routes utilize E(ll) precursors



Ruthenium Germylyne Complex

= 3IP NMR: 6 60.1

HB(CgFs)s _
& « 1H NMR: & -11.2 (Ru-H)
| B(CgFs)3 | 0 4.4 (B-H)
. - @

Rux. trip _ Ru= _ = BFE NMR: 6 -131.1, -162.9, 165.6
.~ CeHsBr 'PrzMeP/ \ Ge\mp A p5 g

H « 1B NMR: & -24

CeHsBr | 'BuC=P

HB(C6F5)3 HB(CGFS)S

'PrzMeP“ Ru~Ge/trlp 'PrzMeP" Ru_Ge/tnp

HP\ \]g/

" 31P NMR: § 39.5, 602

* IH NMR: § -9.2 (Ru-H)
8 4.5 (B-H)

= 19F NMR: § -131.2, -163.0, 165.7
A pd =27

« 1B NMR: § -25

No Reaction



Osmium Stannylene/Stannylyne Complexes

dmp
Ph, N2 Ph,
P:,,, “\P dmpSnCl Ph, 57 Ph,
E toluene > P""...u.m‘P
th N2 th -2 N o | > p
Ph, Cl Ph,

I
Filippou, A. C.; Philippopoulos, A. I.; Schnakenburg, G.; Rohde, H.; Portius, P.
Organometallics 2003, 22, 3339; Angew. Chem. Int. Ed. 2003, 42, 445.

E = 31Pp NMR: § 40.9 ppm
_ = 119Sn NMR: & 786
H
+tripSnHs l = IH NMR: 8 19.4 ppm (Sn-H)

- - W OSs. —trip
CeHe PraP/ S =1Jg, 4 =775 Hz
-toluene H

= Photochemically
sensitive

= Dark red crystals (42%)

Hayes, P. G.; Gribble, C. W.; Waterman, R.; Tilley, T. D. J. Am. Chem. Soc. 2009, 131, 4606.




Osmium Stannylene Reactivity

H
A H B(CeFs)s
CsD5Br ©
f @ HB(CeFs)3
| trip 75%

i OS§SH\ ;
'prsp \ sh Purple powder Prsp”” trip

C:H:Br | '‘BuC=P
C6[)5|?/ \(C6F5)3 6"
HB(C:F
! 6( 6Fs)3
Br trlp
@® |
Os /“\\\\Ce Ds
4

| _ . pus0S—a,—trip
IPr3P/"’—; S |P 3P Pr3P/ ' Sn
HH

\ H H \ ) -.P'\lg/
trip :

B(CeFs)s 3P NMR: § 16, 543

IH NMR: § -11.7 (Os-H)

I'_

Hayes, P. G.; Gribble, C. W.; Waterman, R.; Tilley, T. D. J. Am. Chem. Soc. 2009, 131, 4606.



