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1.3 Synthesis of Carbene Complexes

Fisher carbene complexes
General method
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Vinylidene carbene complexes

Alkyne complexes
alkyne: 4e donor (without CO)
’ H —>»18 e complex
co Mo=+=( alkyne: 2e donor (with CO)
Mo . Mo 13.6 ceC )
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In all cases, these vinylidene complexes contain transition metals in relatively low oxidation state

Metal-acetylide complexes
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General procedure (synthesis of first Schrock carbene)
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1.4 Synthesis of N-heterocyclic carbene complexes
Synthesis of N-heterocyclic carbene complexes
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These carbene are stable at monomeric species when the substituents at nitrogen are large enough to
prevent dimerization (t-Bu, Ad, di-ortho-substituted aryl groups).

1.5 Reactivity of carbene complexes

Fisher carbene complexes: related to the reaction chemistry of organic ester
Reaction with nucleophil
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Reactions related to those of enolates
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Fisher carbene complexes react like enolates When treated with base.

Cyclopropanations

mechanism Both pathways are possible.
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Vinylidene complexes: similarity to Fisher carbenecomplexes

Basicity of B-carbon [2+2] reaction
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Alkylidene and alkylidyne complexes

Examples [2+2]
I
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(Schrock-type carbene complexes also undergo

the [2+2] reaction.)
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Formal [2+2] reactions with C-H o-bond
opposite of the a-eliminations that forms alkylidene complexes

less common
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reactive intermediate
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2. Silylene Complexes
2.1 Overview of Silylene Complexes

In general, multiple bonds to silicon and other second-row main group elements are less stable than

multiple bonds to carbon, oxygen and nitrogen.
ex) Si=0, M=Si: unstable

trans-PICI{PE),
SaMesH ——g55, 18h - SiMSzneiH (13.33)
= 1—f
HySiPhie R:umvfzin:l" SiPhgMa + HEPhMe via metal-silylene intermediate
Ph Ph Ph Ph Ph
| [ | {13.34)
+ H—E‘lli—-$|r«—H + H—Eli—sli—Sli—H
Mz Me Ma Me Me
MHE, . . -
. metal-silylene complex is stabilized by
by -5 13.35 STy ;
FelCOl; + HSMeyNEL) —75— (OCkFa=Sills, 13%) ¢ oordination of a Lewis base.

2.2 Bonding of Silylene Complexes

Orbital interaction: same as carbene complex

M=Si"ﬁﬂ Back donation from the metal d-orbital to silicon:
T weaker than that of carbene complex

s -~
I"'\.* 'Crr l‘"‘r

2.3 Examples of Isolated Silylene Complexes

Silylene complexes stabilized by Lewis basesbJEI
58

(BUOSICl, -+ NaFeCO), —L28, yoey Fe—gi
o SiC, 2:Fa{Co), —2NaCl {OC)yFe \&D'Elu
Bu

Base = HMPA or THF

NCMe
Co*{MeP)sRuSiPhy(CTH) + NaBPh, SMECH \H / BPh2
1]

haoTt

silicon remains Lewis acidic, and the
silylene complexes are often stabilized
by Lewis bases.

(12.36)  elimination of a salt

(13.37) abstraction of triflate



Base-free silylene complexes

CysP. H
FIFCYg)e + HSISEl)y — ;p,(
CyaP Si(SEl,
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Preparation of silylene complexes
Free silylene

soft n-donating thiolate substituenets on silicon
— stabilization of silicon center

(13.38)

Alkyl elimination
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e s SiMeSiMe il oMy Vo site {13.44)
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Si-Si bond cleavage oc™ N
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2.4 Reactivity of Silylene Complexes

“)é(swm

e BN=C=0_ R 20 o
MesP™ 4 “SiMes e AN (1346)  [2+2] addition with isocyanate
MegP MegP Sy
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[ B1% yiald
X = BiCeFsl |
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SiPh = CNSiPhg | ®OTH® /1< )
G (PMegh a0t %’ CpHPMegir el 348y C-C cleavage of the nitrile, _
Ph 2 Me insertion of the cyano group into M-Si bond
jom-fa
*@' ‘@“ generation of an aryliridium silylene
A FOHCN ! (1349  intermediate
Mop” N sPhori  ~CHCN  pesp” | siPhg
Ph HyCEN



3. Metal-Heteroatom Multiple Bonds
3.1 Scope of the Section

3.2 Overview
3.3 Bonding of Oxo and Imido Complexes
Formal charge
J,,-—i:u'ﬂ i dative bond dianionic
= cf) carbene: neutral
_,-‘1 6e donor
Two covalenl + one dative bond Dianlonic in the lonic model

Qualitative molecular orbital diagram

L X X
L-f | "\.L L/" I "\.L ~ " Sy - \"‘"w
L L 041,.. Cs Cav cav
smmanas % T A de  —-. - 5 5
.l’ e'a — b'| - dxﬂ_r& —_— _‘_‘-'_ """"" -'—..__1
/ : e
. “'n“ 5 . —— 4 = dz!
.............. — d .-
Meta! ., — 8=l Oy = _d "": “““““ ="
d-orbitals ,"J & §
KEGNNRT S
tz;a '\ ,-"?' .
A T Trm=esdenndy
— by dxy ——Tormeees T’ !

Figure 13.9.
Cualitative molecular orbital diagrams of oxo, nitrido, and linear imido complexes of various geomatries,

Adapted with permission fram Figure 4 of Mayer, J. M., Thom, D. L., Tullp, T. H. J. Am. Ghem. Soc. 1985,
107 7454,

C4y symmetry: n-bonding of the O or N with the M leads to splitting the degenerated e4 and tyg.
octahedral: dy,, dy, orbitals are n-antibonding.

complexes possessing more than two d-electrons must contain these electrons in a d-orbital
that overlaps with the filled n-orbitals on the oxo, nitride, or linear imido complexes.

C

Bond angle between M, N and C M=\

Analysis implies that linear imido compounds would have a larger degree of n-donation than
bent imido compounds. (most of the complexes are linear)

3.4 Synthesis of Metal-Imido and Metal-Oxo Complexes
Metal-imido complex

From metal-oxo complexes

0 /,NB-J‘
= 13.50
0s0, + HN'Bu —3 Z ‘;’05&0 (13.50)
NR
Ox A
= /
=NR ——————r 0s
0s0, + 2PNP=NR —5o—ror- o225 (13.51)
NR
NBu' NBu' NBut
0 Vi O, Ve Q P
S . A R
0s0, + Bu'NHSMe; ——» SO + 08 0 (13.52)
0”7 N 07 Nygy BN gyt



a-elimination

Cp*TaMesCl + LINHBU! —— [Cp*TaMes(NHBuU!)] ——= Cp*Ta{NBu)Me; + CH; (13.54)

t
ButHN P

WGl + excess BulNH; —— oW
BuHNT N

+[Cp*IrClaly + 2LINHBu' — Cp*Ir=NBu' + HgNBu'

elimination of ligand

H t
(Bug'SIHN)gZrPh  —2 Emc'tsw'“”*Zr’//msuau3 |
3 3 o
THE Bugisine ™\,
D
~Me THE ~Nad
~ —a  CPZrl_
NHBu! o
metathesis
?
ArN oy
A 1) 3 ArNCO/Mtoluene reflux By e
Re03(0SiMes) Re
2) 3 pyHCICH,Cl, AT | ~g
cl
Gl Ci
Tl »C PhCH=NR___ 11, .i!a Gl
-_ =
‘ ‘k“""CHB  —BulCH=CHFh " 1SR
cl Cl
alkylation of nitrogen
T
cl>|!;_ Me,O®BF 2 J)'L
RY \;*'n 25°C R/ \“R
‘R %cH;smes '
MgCl
\ o |49
&l ol
N‘-“-—N-..., -Gl N#N-...__ =Gl NI‘
~0s=~ + PhMgOCI ?a = '__05,_‘01

f ““‘N@

transfer of imide group
CpV + MegSiy —— CppV=NSiMeg

CpyV + PhN; —— CpiV=NPh

Metal-oxo complex

CpNBCl + 0y — CpNbCI(O)-

CH, o
T R
Ti AlMe, + ., —— [CpeTIO CH
OH 2,
—_— . = =Y "
Coa"zr . KiSiiegy  (CPE=01 2 o, v Y,x

oxidative addition... etc

+ 6Bu'NHCI {13.55)

(13.56)

(13.57)

(13.58)

(13.59)

(13.60)

13.61 Electron-rich nitrido: _
{ ) alkylation with electrophile

_|
P‘h-.N,—H

N"N‘-
Nf—ohm (13.62)

Electron-poor nitrido:
alkylation with nucleophile

@

(13.63a) unsaturated transition metal

azide complex,

(13.63b) N, elimination

parallel to imido complexes

(13.64) oxidation of a lower valent metal

(13.65) metathesis

(13.66) a-elimination
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3.5 Reaction of Imido and Oxo Compounds

X
£
+

L,M-XH

One of

L = Hor Ar I_HM?—R
R
\ e H .
0

X = NRorQ - (8]
-H ar lrl
:JrFtEj R
L,,M XH LoM. ,ENH or LMS{
CLMO=XR
‘R=aliylorH |
Scheme 13.20

[2+2] and [3+2] cycloaddition

[2+2]
Bui
_ N £ Ph—=—Prh o
Ph———Ph szzr// Ph CP*QTi\ —_— Cpaﬂ\‘(}*Ph (13 73)
/ [
N Ph 13.68 Fh
CPeZ'\OQ (13889 (early metal oxo complex: only one example)
Bu'
N NBu*

% CPZZrO CpZZr - /

alkyne: thermodynamically favorable
alkene: reversible

_)( >4 Ar
1
@ Gl N (atopeniccHa (13.74)

[2+2], reductive elimination

Ts
N . .
/Q/Ph (13.75) direct reaction
Ph
-+ Cis isomar
86 1 14 ratio

computational study:
barrier [2+2] > [3+3]

[3+2]
0
N
ﬁ / o” o -
(o]
osZ or

0504 T ] +
| o R R o -

0 ‘ L 9 ,

\[2+2] _(!f/ o [P 13C jstope effct:

0=0s—0 similar magnitudes for both carbons

0=0s—
7 i Vi
© Oh_{;—Ln of the olefine

Scheme 13.21
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Atom transfer of oxo and imide groups to olefins

Sharpless asymmetric dyhydroxylation
()OPT oo s

TI(OPr), E‘i
/" BU'QCH al OH

/0_‘_\_19)(9
L o — A
I/ " DIPT = dilsopropy! tartrate PRI o7 ™o . (13.78)
. oH PT = diisop trate I

{+}-DIPT 2 3
. Ti{OPr)y R ﬁg
BulOOH

Scheme 13,22

OH

Manganese-salen catalyst

= _C0°_ & | \ A, Me
A CH20|2 a AL via metal oxo complex
I1‘H“ =PhthenRZ=H *
Calalvst R’ = Hthen R%=Ph -

Jacobsen’s catalyst Katsuki's catalyst
Scheme 13.23

Mechanism of epoxydation of olefin

LUNVAPS Ph R non-radical concerted process
Pha A\ _Mn¥=0_ \é N ‘Rearr, d
*\ " u«\_o T \/\ ° - PhWoH

unv

M
+ {13.79)
w&o . Ml
Ph
o + M

Reactions with C-H bonds

[2+2] reactions with C-H o-bond
X, M=NR + R'—H — sz:NH
X = Gpoor BulSi(HIN - )
M =T, Znor W (1380} See Chapter 6
: R = Bu, Ar,or SIBuY
. B =alkyl or aryl

05 20
N P 0
1.5 mol % [Ru(porph)CO]
Phi(OACc)s, AlaOg

CH,Clp. 40 °C
(13.81)
? H D
HaN~-S. o 10% [Ru(porph*)(CO) N-8<g

c': PhI(OAG)p, AlxOy @:S_é (13.82) direct interaction of imide group with
CeHg ‘ -Ho-
P C-H o-bond

53%, 81% ee
Oyg20 2 mol% 0,20
HN™ 70 Rhy(OAC), HzN" "0

T e 13.83
H1/\/I\H2 Phﬂggc}g R )\)\Rz _ ( )

LM=0 + R-H —— LM-OH+ Rs — LM + ROH (13.84)
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Reaction with electrophiles

proton tion

o | o "“’J/w \""’cn
R
Ph
I i
NP ] 5
Smo? HA (Mo )+ Hpneh
S/ [ "\S 3// \“\S
5 cloc
organic electrophiles
- i
NPh 3
= (S"‘H-_ ~ @
",Iu'[{a\M + 3 MeBr — /Mox] + PhMegN®™ Br
5 s 5
g—" Br Br
0 OMe N
=
opszl + Mel —— Opbzr + [0

polar C=X bond

(TTP)Zr=N Bu'NCO,

TP = mes0-5,10,15,20-teira-p tobyporphyrinato diarion

o]
F:h 1

\r/ITY

Buf

'

o ZerffNB" BUINCO
“STHF

T TTP)Z] = NBu!
&

Ph., .fc\
. %(
R N--Ti--N R ..T|.. e

N
sz2<0>= NBu! ——= [Cp,Zr=0l,
+

(13.85)

(13.86)

(13.87)

(13.88)

(13‘90]\

(13.91)

/

(13.92)

Bu'N=C=NBu'

Migration of alkyl and hydride groups from Mto O or N

proton transfer

OH o
| I
Re, — Re_ + L
Rl L | H
b=
i i
PhyHg
N —_— N [VCI(OPh)],
o r‘m o r“Ph
cl Cl

(13.93)

(13.94)

Metallacycle was isolated or
characterized by NMR.
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aryl transfer

Ti® o] SOTE® o}
<§ i‘ﬂ:i:le ° 4’*%&, _OPh <¥ ﬁN"HI:!Ie _OPh ﬁ,N]MlII / j@
— y"py - T - —
@; | Ph pc:c:ﬁ" N | Py + c @Tﬂ (13.95)

H;ghr@ 0% H;L‘,@ H;B‘@ ,am@

4]
Il _ci AT o
@N“"He/ “N~ et (13.96)
. e 7]
A v 4
o OCH,CH;
ANl o <f,.‘, =N R|e/°‘
e T
| ~CHiCH g; @: | ™Y i M e ... (1397)

H@%‘*N@ . CqDs H;‘B"Né

Catalytic reactions of imido and metal-oxo compounds through organometallic
intermediates

olefin metathesis/ alkene and alkyne hydroamination

3.6 Nitrido ligands
Bonding of nitrido ligands

’ trianionic
: one o-bond, two wn-bond

5@ 8@ L strong n-donor ligand

# g dp p-orbitals

—J+ A TNe oD spPhybrids
Non-bonded electrons——% iy
b MM—Lthnds
T Mot o-boncs
Figure 13.13.

Qualitative orbital diagram of the interaction between a transition metal
fragment and a nitrido ligand.

Structural and spectral features
X-ray crystallography, IR, NMR

Synthesis of metal-nitrido complexes

cl
cl I Cla,_ | NCI
o, 1 @Cla, 000,
2Mo(CO); + 4NCI o LT ponely + O
o T o L e Y (13.99)
cl i
+1200 + Np+ Cly
trans{RU0)XP~ + HX + NaNy + CsX —— OCsg[Ru(=N)Xg]

(13.100)
(X =ClorBr)

MoCly(py)s + 4 (CHa)sSINg — Mo(=N)Nalapy + Nz + py + 3(CHy)sSICl (13.101)

NaReO, + PRy + NgHg-2Hol E2H. [Re(=N)CL(PR) ]

{13.102)




metathesis and atom transfer processes

N Il
2 ANR_Mo T Aam ' (13.103)

Mo..,
T ArBN - " MRAr
NRAr MRAr

R’ N
1] +R“CEN, 30 °C " \Inl}

. = . “-.“
H%ﬂj “Sor ~HC=CR RQ/ OR (13.104)

‘R= 26‘Pr203H3
R ,R” —aryl :

| AT i

Cr.. Cr..
Ars(RINT \TN(H)ArF EL,O AN \*"I-« N(R)AT=

(13.105)

=Lii 60%

Reactions of metal-nitrido complexes
The uncoordinated lone pair on nitrogen can act as a nucleophile, as a lewis base, or as abridge to
form p-nitrido complexes.

4+1] c ycloaddition

5

N N
{ Cl
- o - *“*ct;s/ (13.106)
b -~ 1 ~al N MeGN N~ l —cl
Ny N
oy s

i o
FNSO i - .T” Re (13.107)
é] cHscN Nfos N_.
|
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