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Metal Alkyls
» E. Frankland prepared the first c-bonded organometallic compound-Diethyl zinc in 1848 by the reaction,
3C,H:l + 3Zn — (C,H:),Zn + C,H:Znl + Znl,

» W. J. Pope reported the first transition metal alkyl PtMe,l in 1907

» Alkyl groups bonded via covalent c-interaction between the metal atom and the C -atom of the organic fragment.

» Alkyl groups with a H-atom on C-atom adjacent to the one that bonds to the metal are prone to decompose by a process
known as B-hydrogen elimination.

» Choice of alkylating agent can affect the course of the reaction

» Transition metal alkyl complexes important for catalysts e.g. olefin polymerization and hydroformylation

> Problem is their weak Kkinetic stability

A
- B |
M <——+ |CR;  (R=H,alkyl, aryl)
I'l,:fl,-'ll

sp? orbital
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» The M-C bond enthalpy decreases with increase in atomic number of main group elements but increase within a transition

metal triad
» The M-C bond enthalpy of transition metal alkyls (150-300 kJmol-) is comparable to those of main group elements.

» On thermodynamic grounds, transition metal alkyls should be much more stable with few exceptions like Pb-alkyls (due to

Ineti n
Kinetic reaso ) Table 2.11.1 M~C bond dissociation energies”

Metal alkyl D[k mal™?] Metal alkyl D [k} mol™']

Ti{CH,CMe,), 198 Cp*,TiMe, 28118
e o -
e Metal-methyl bonds are stronger
e e Ceeme e thanthose of higher alkyls

Whle, 160+6 Cp;WMe, 22123
o e o e
S
e e e

trans-(Ety P} PHCD-C5H, 206 CH;C{O)-1 200+3

7Fram: J. A. M. Simdes, |. L. Beauchamp, Chem. Rev. 1990. 90, 62man Saha Draft



Types of Metal-alkyl bonding

> Most of the metal alkyls follow 18e rule [exceptions: few d8-square planar complexes of Rh(l), Ir(l), Ni(Il), Pd(I1), Pt(11)]

» Sometime steric stabilization (bulky ligand prohibits the metal to bond with enough donor ligands, umbrella protecting the
metal) play predominant role for which higher electron count is restricted. Also sometime referred as kinetic stabilization

» The metal ligand bonding of n!-hydrocarbon ligands is a c-interaction

» Methyl ligand can adopt surprising number of coordination mode.

» Terminal and bridging alkyl and aryl complexes are formed depending on the electron demand of the metal centers

» Electron deficient metals may, in addition to the M-C o-bond, from bonding interactions with C-H bonds in a a, B, v
positions to the metal (agostic bonding)

» Benzyl ligands contain phenyl substituents that can donate some of the n-electron density to an electron-deficient metal

center



Terminal:

/ )~

M—--~7C— M—-¢C M-—C==C—R
Alkyl bonding to electron-deficient metals: \ -
Ha ~ RN \/
e o / o
é R M C/ /
M—C— —C M—C
\ \ A N, .
R Nn*-benzyl, indicated by 1°-benzyl
o-agostic B-agostic v-agostic narrow M—-C-C angle

Some examples of complexes with agostic bonding:

a-agostic bonding:

Cl H H
H “.T' .‘.‘.\‘\ C Z [ \ B(C F ) \ / \ /
\/'\ ! palt o ----s c — Plslsls Fe ® ro
¢ / p \ / ~N S
SN Me H / \
H H 2 1 H Cp C Co
Cl (.);




Bridging in highly electrophilic systems:

AN ’ H J H
\ ,~ “,, , H = H H -
C <\ AN \ -
N PN M ——C M M ——C M
M M M M \ |
H H
methyl bridges with single and trigonal-bipyramidal 5-coordinate
multiple agostic M—H~-C interactions Cinu-CH; compounds
R
C C e
¢ c//\
TN e
M M M M M

symmetrical and unsymmetrical bridging alkynyl

Bridging alkyls tend to form with electron-deficient metals, the bridge is often supported by a variety of agostic interactions



O O

donor-stabilized alkyl

MM

cyclometallated complexes

Metal alkyls can also form a variety of metallacycles. Five membered rings tend to be particularly stable.

Metallacycles supported by a donor heteroatom are frequent.
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Synthesis of metal alkyls

By blocking of available coordination sites by donor ligands

Using alkyl ligands stable to B-hydrogen elimination

B-H free alkyls:

"_CH3 """‘CHz "CHzCME3 "CHzCMEzPh

benzyl neopentyl neophyl
—CH,SiMe, —CH(SiMe;),  —C(SiMe;); /(:H2@
trimethylsilylmethyl RPX
CH,
Rl

R2
anions of sp- 5 / e
and sp?-carbons: R 3 R
R

R3 aryl vinyl alkynyl

Aryl and vinyl groups may have -
hydrogen but B-hydrogen elimination

Is energetically highly unfavorable

ylid anion

Generally, the metal-carbon bond strength increases with increasing s-character of C:

M—CRy < M—aryl, M ——vinyl < M—C=C-R
sp3-C < sp2-C < sp-C

increasing bond strength / electron-withdrawing character of C




Synthesis of homoleptic metal alkyls

» Alkylation of transition metal halide

» The alkylation of MCl, with benzylMgCl
gives tetra alkyls M(CH,Ph),

EtZO
TiCl, + 2 Mg-(CstiMe3)2 > Ti(CH,SiMe3), + 2 MgCl,
~78°Cto RT
8 VE, yeliow, diamagnetic
;Ph
Et20 Ph-~~__ /
MCl, + 4 PhCH,MgCl ' > \/M\
_78 Oc tO RT : \\
M = Zr, Hf ] “Ph
Ph |
WCl, + 3 Al,Meg —  Wie LiMe . Lijwme,]
~ Me,AlCt 19 VE 14 VE anion,
colou;less, diamagnetic capped octahedron
trigonal-prismatic, G,
- 140
Me Me Me Me
Et,0 i/ 2.148 i/
Mo,{(OAc), + 8 LiMe - [(Et;0)Li"],
~ 4 LiDAC { |
Me
Me Me |

16 VE, M-M quadruple bond



» The alkylation strength of main group metal alkylating agents decreases with increasing electronegativity of the metal :LiR >
RMgX > AlIR, > R,AICI ~ ZnR,

» Weaker alkylating agents lead to metal alkyl halides

Me,AlCI ZnMe .
2 - MeTiCl, 2— Me,TiCl,

LiMe

- TiME4

» Mixed alkyl halides are often prepared by comproportionation
TiCl, + 4 PhCH,MgCl ~ ———  Ti(CH,Ph),

3 Ti(CH,Ph), + TiBr, —  4TiBr(CH,Ph);



Synthesis of heteroleptic metal alkyls

Et,0
. . Cp,MCL, + 2LiR = CpyMR, + 2LiCi
1. Alkylation of metal halides 2 _789C to RT
M =Ti, Zr, Hf 16 VE, yellow, diamagnetic

L

trans-NiCl,L, + RMgCI  —r———>  C|—Ni—R 16 VE,

Et,0 ] L =PMe,
L
Li RsP
PLCL(PRy), + L N > e Pt
PRy + Et,0 / 16 VE
RsP colourless

» Alkylation may involve a change in oxidation state the driving force may be steric requirements or the attainment of an

18 VE configuration
MgMe,

PMe;

Rh',(0A), Rh''Mes(PMe,), 18 VE, diamagnetic

AlMe, 'f

A,
[0] Me' /" N\ Me
Me

18 VE
~ ClAlMe, Me 18

[Cp*IrCL, ],

Y



2. Oxidative Addition

» The reaction is facilitated by electron donating ligands, which help to generate metal centers with energetically high lying
occupied d-orbitals.

» Requires a covalently unsaturated, low-valent complex (16 e- or less)

» Phosphine or carbene complexes of M(l) (Co, Rh, Ir) and M(0) (Ni, Pd, Pt) metal centers are typical reaction partners

» Oxidative addition often involves changes in coordination geometry

IMCI(CO)L, + R-X - > IMR(CD(X)L, L=phosphine
Vaska's complex several stereoisomers possible
FI'Et3
Ni(PEt3); + C[‘@ RT g Cl_'}“‘@ + PEt;

» Oxidative addition reaction with Ni, Pd and Pt complexes normally lead to the formation of M(Il)-C bonds, widely used

in Pd-catalyzed cross coupling reactions



» Trialkyl phosphines can make the metal center highly basic, which aids oxidative addition

®©
I( ) ’m ]e
CpCo'(PMes), + Me~| S Lo
Me3P"/ \M
€ 18 VE
MesP
Cp

PMe, Mel C’o M
CpCo(CO) CpCo{CO)(PMe €
P 2 p ( 3) Me3'P// \ﬂ/

E o
» Early transition metals with their high energy d-levels, show strong tendency to form complexes with metal in

highest possible oxidation state

H,C==CH, | /\
hv /

— Ph—Ph [ } : Ph

Ph—===—Ph Ph
T~
........ S— T szzriv

/
Ph
Ph



» Although most oxidative addition involves sp?-C-H bonds, electron rich low valent metal centers (Ir) and other 16 e

metal species with strong donor ligands are capable of oxidative additions of saturated hydrocarbons

Ir.”” e — h’.,”“
SNH O —h, r R = Me, Cy, vep” N H
Me3P H | Me,P | CH,But, Ph 3 R
H R H
\/\/ ~
LnMH2 LnM - LnM \/\/R
18 VE 2 16VE 18 VE

MLH = FE(M92PC2H4PM92)2, CD*RE(PMe3)2, Cp*Rh(PMQB), Pt(cy2PC2H4PCV2),

e T - v ),

» Aromatic C-H bonds undergo oxidative additions more readily than aliphatic C-H bons

T

f >-20 °C | | _60°C

it Rh .

Rh. '
/’ H -~ RH s 7 / ‘D
Me3 \ lkyl L Me3P " M83 \ Me3P \

H/D exchange via reversible C-H
addition/elimination



Electrophilic attack: Cyclometallation

» It occurs via the attack of an electrophilic metal center on an sp? C-H bond, followed by deprotonation

» Metal is in high oxidation state to act as an electrophile, and oxidation state does not change during this process

» Ortho metallation is common for Pd(Il) compounds, widely explored in synthesis

D) srione, —— ‘; i@
O\_/O P

Me R = 0-tolyl
?
N
N NEt; 0.5 @ AL /SN
SN+ PdCh CHNELTCE Ns P \Cl/9d© Cyclometallated  complexes
N
© llh have widespread applications
b as sensors and in OLEDs
F;Ph3 3
cl PhsP .. | €l - Hl
PhyP—Ir— PPh, __ T - =~ PhP—Ir—PPh,
PhP oxidative C-H H PPh, reductive

H addition elimination



Insertion reaction

» Alkenes and alkynes readily insert into M-H bonds to give metal alkyls and metal vinyl respectively (key steps in

hydrogenation, hydroformylation, carbonylation, polymerization

H Co{CO),
(0C)4C0‘“‘“‘H + M ST - (OC)4C0 M + H
anti-Markovnikov product Markovnikov product
L L -
~ C,H, — -
L 40 bar i L
| -L 95 °C +1 |
—Pt—H Cl—Pt—H Cl—Pt—H — Cl—Pt—C,H

¢ | +L | | 180 °C 275

L : L L i -l L L = PEty

R = COOMe
> > |FT e
| RCCR' | Y coome
B ) Ru—H o
g \H - / \/R \ QQ H
L I / |
- B R=H .Ru
I.2 = 2PPh3, ZPRth, R R' = Ph L\\“"l/ / Ph
Ph,PCH,PPh, :



Nucleophilic attack

» Unsaturated polar bonds like CO, isocyanides, alkenes, alkynes are susceptible to nucleophilic attack to give M-C ¢ bond

1@

R
OC),Fe—C=0+LR — Li* { (0CO,Fe —
0

1®
I
Ni : OMe™

AN

» Zero valent metals can also react with LiR under nucleophilic addition of the alkyl anion

| ©
C,H, j§§%

Ni(COD), + LiMe - [LI(TMEDA),]* {Me—Ni

TMEDA, :>/’
~COD :




Reactions

» The formation and
breaking of metal-alkyl
bonds is and integral
part of most catalytic
process.

» Can show M-C bond
cleavage with

electrophiles,

» M-C insertion with
unsaturated organic
molecules

> Reductive elimination

with nucleophiles

1,1-insertions:

| | |
. C - C -~ C
electrophilic AN AN PRI
M~C cleavage: M—C M—C M—E 1,2-insertions:
% \?\I E=0,S5, Se, Te
0 . : "“'R =y ’ “~ ’ - \/
M— X metal acyl formation iminoacyl chalcogenolato complex (|2 — C\
A ]
/ C C—0
+ X—(C — 0/ \\O or 0/
\ Co E, N \
[ b X, CNR " M
cleavage by co, _ _
halogens CO, insertion
e H, / ,
+ H—C— T mr—— | ==X /N
hydrogenaolysis \ \ C
¢ M—C 780
. N YT
M
/ AN C— C/ allene insertion
MY + E—C— / AN
{ b C;h * M E/
cleavage by CPhy, | —_—
Hg?*: transmetallations M——-——C! _ (I: . C{—" \C —C 4
L\ / N

alkene 1,2-insertion alkyne 1,2-insertion



» M-C bond cleavage reaction

1. Reaction with electrophile: M-C o-bonds react readily with electrophiles

Ar'OH r'OH
Z(CHPh),  —————  (ArO)Zr(CHPR);  ——— (Ar'0),Zr(CH,Ph),

Me Me @

~
(ch)2M< + [HL*[B(C4Fe),m ————m {(CQR)ZM\

Me | =NMe,Ph, (Et,0),
M = Ti, Zr, Hf

2. Reaction with H,: Important in organometallic catalysis (synthetic method for preparation of metal hydrides)

[B(C(,Fs)q]_

L

H, pressure

Cp*,ZrMe, - Cp*,ZrH, + 2 CH,
M H
Cp ZG:/ ¢ V H, 1 atm, 23°C Cp ZC?/
27N\ g 27N

O o 0

H, pressure
2P (00),Co—H + R-H

Y

(00),Co—R



3. Insertion of NO: NO insertion takes place like CO with accommodation of NO unpaired electron. Diamagnetic metal
alkyls react with NO under double insertion to give a metallacycle.

With paramagnetic alkyls oxidation usually results, and in presence of olefins the transfer of nitrene to the C=C double bond

occurs
/Ox _Me
WMeg + 2 NO Me W I
N =N
0O
Me Ph Ph
7/
N = VA
Cp,NbMe, + NO ——» szNb\\é’ ~ CpyNb ~, )
e
v a1 vV 40 Me
NBV, g Me NbY, d



4. Insertion of CO: The insertion of CO into M-C bond to give acyl complexes.

> It involves migration of alkyl ligand to a coordinated CO ligand

» Migration represents an intramolecular nucleophilic attack by alkyl on a coordinated unsaturated electrophile
-

H_ v H Vacant site
oc T\'c"o Lo "*co O
Mo oc | C—CHy "o oc_| _C—CH,
OC/I ~co OC/Mn\ /Mn\
| ~co oc” | ~co
CcO cO co

> If the alkyl ligand is chiral, the migration step proceeds with the retention of configuration

Ri \\Rz Rl \Rz Rl \R2
NG NS R TN SR
C C C
- J” ‘\\ . - - /
M = M~ =0 M'—“*C\\O

» The reaction is reversible, on heating a CO ligand again cis to the acyl group dissociates and allows migration of methyl
back to metal



> Presence of Lewis acid accelerates the rate of alkyl migration
» Lewis acid coordinates to the O-terminus of a CO ligand, thereby increasing the polarity and also stabilize the acyl
product

» The intermediate may also be stabilize if the metal halide Lewis acid coordinates to the site vacated by the migrated

ligand
5" Cl— AlCL, .
R R \ o —Aicls
= AlCl, | 6" & fast ' Pl 3 4
M—C =0 === M—( =0~ AICl ™ M—C_ M—C
R R

» Double carbonylation of metal dialkyls may lead to C-C coupling (Fischer —Troposch reaction)

/CH3 CcO /O
Cp*EZr\ - Cp*QZr\ l
CH, 0

CH,

CH,



5. Insertion of isocyanide: Isocyanides are closely analogous to CO and generally undergo similar reactions

Me
® _Me ®@ N\
+2C=N—R - > -—N—R
Cp,Ti | — MeCN Cp,Ti
NCMe CNR
n2-iminoacyl
|
NI(CNR), + R-X ——= " NC>pNj—CNR
R'NC [
R' = But X

Cp Cp
\ co \ R
.-Fe—R "' > N‘,.Fe —<\
oc™ [ oc” [ -

RINC oc n'-iminoacyl



6. Insertion of alkene and alkynes: Insertion of alkene into metal alkyl is one of the most important catalytic industrial

process: polymerization of olefins

(S

|\1|| C,H, 50 bar : :ln
\/ R R = Ph, ~CH,~<] \/ TR

> Activated alkenes insert even into metal-acyl bonds: ethylene-CO polymerization catalyzed by Ni and Pd complexes.

Antimarkonikoff’s product is preferred for primary metal alkyls

1-,2-insertion: 1 2,1-insertion:
Ime.ar . branched,
anti-Markovnikov Markovnikov product

R' = electron-withdrawing



» The C=0 function of the acyl ligand stabilizes the insertion by chelate formation

PhZ /OK E Eh2
P ® - @
b VAN - MeCN
NCMe
Ph, E = CO,Me th



> Insertion of alkynes into M-C bonds in square planar Ni(ll) complexes proceed via ligand substitution
Me

- Ph Ph
Me Ph——=—=-—Ph Me PPh
. ~ PPh, PPhs _PPhs
0 ——Ni PPh; - 0 Ni e -0 Ni N
C d C v ( d Ph
0 ¢ Ph 0
) kinetic cis-product
) Me © Ph

Ph PPhs Me o
S 0 N_-“\ Pph3 ( 0 = C
————— O ~Nj = s i \ 0 0
B (. O/ \Ph C 0/ Ph

Ni carbene intermediate trans isomerization product

» Multiple insertion of alkynes have been observed to give complexes free of coordinated dienyl ligands, depending on

the electronic characteristics of the metal center

e o L emve| 9= |usoms 0. A
=== Me Me —==—Me 1,5-H shift Cp 212

Me
[szszE]+ - Cp22r _ CPZZT /
<4 N




» Alkyne insertion into Zr-C bonds are the key mechanistic step in Negishi-type alkyne carboalumination reactions

i 2
" | X R R? R?
€ T /\’—< ClAlMe
R -==—R" . 2~ Cp,ZrCl, + =
szzfr\cl/AlClMeg g szzr\a We = P Me,Al Me
_ . - -
R—==-R R/ /
CpyZrCly + 2 AlEt; ———> Cp,7r\  _AlEt, > TR
i o i

Reaction with nucleophiles: Attack of a nucleophile on a metal alkyl often induces reductive coupling, it’s a part of

catalytic cycle. Leads to functionalization of alkene (hydrocyanation of alkene)
H

L
HCN i L“?"—”

N ~L ——
ey e M M RY S . )
Y L= PO

L /
e Sl == i bl
CN’ “CoHs L CN




Insertion of metals with C-H bond: C-H bonds are generally unreactive in saturated hydrocarbons. In unsaturated, it is

relatively more reactive. Two processes are possible.

» Electrophilic attack on C-H, involving metals in high OS and oxidative addition of C-H bond to a coordinatively
unsaturated metal center.

» They may proceed intra or intermolecularly.

» Step 1: interaction of a metal center with C-H bond or C-H hydrogen (a.- and B-hydride elimination

» In electron deficient metal systems M...H-C represents ground state and more stable. The term agostic has been used to

describe this mode of bonding

Electrophilic attack:

\ \ M
—.-G-H e M"’ —_— __Cf:_ \ +
/ S0 | = —Cc—M +H
H V4
Oxidative addition:
\(I:f I
—C-H M1, /> S~ =
/7 n I".-’ML,-, T C My+2|_
H % !
H

Alkane co ,
mplex Hydrido(alkyl) compie*

Bapan Saha Draft



Bonding
> Most of the metal alkyl complexes follow 18e rule with few exceptions to few d&-square planar complexes of Rh(l), Ir(l),
Ni(ll), Pd(I1) and Pt(1l)
» Sometime steric stabilization (bulky ligand prohibits the metal to bond with enough donor ligands, umbrella protecting the

metal) play predominant role for which higher electron count is restricted. Also sometime referred as kinetic stabilization.



Metal alkenes

» Alkene complexes of metals constitute one of the important classes of coordination compounds.

» The metals are found in low oxidation states owing to the more favorable interaction with the soft z-electron donors

» The majority of metal alkene complexes contain other ligands. However, complexes with only the metal and organic
ligands (olefins) are also known.

» Alkene complexes are often made by displacement of CO or halide ion by an alkene.

» Zeise’s salt, the first synthesized organometallic compound, W. C. Zeise, 1827

» Zeise’s method: By dehydration of ethanol. The dimer [PI(C,H,)Cl,], is obtained first and the original salt is obtained by
treating the concentrated dimer with KCI.

Bapan Saha Draft



[PtCI;(SnCl;)]% being the intermediate.

» Smoother condition: By treating K,[PtCl,] with ethylene in presence of catalytic

SnC|2
Kz[PtCIAr] + C2H4 —— K[PtCIg(C2H4)] + KCI

COo
R A oo |
Fe,(CO)y + “/ * ?Jf:""l:!e_/ g —
Synthesis: co

Cp,Zr(PMeg), + GH,

/}\\h, €0,Me

\‘,f‘ CO,Me

(0C)3Fe

t,0, py Zr
Cp,ZrCl, + Et,Mg(dioxane) —————» Ety ~— v
T T00c % 7 as %
|
CpFe(CO),l + AgBF, + C,H, — f CHy | BF,” + Agl

ol
scon 4]
Ni(py)sCl, + 2 Na - /I,_/Ni/ Ni(COD),

- 2 NaCl [i

~
/ d19, 18 VE: tetrahedral

amount of SnCl,, with



—

H - / \\
M=Fe N \ /'-~ v
Li, CH, g (TMEDA)Li Fe_MHMEDA)
~50°C / ~
MCp, TMEDA
, K, C,H,
M=Co Co g Li+[C0(C2H4)4]-
K, C,H P ~Kep
s = / Ethylene analogues of
18 VE reactive complex [M(C0),]"" anions
with labile ligands.
Valuable catalyst
Cl Cl
CH, \\ ~ 1,5-COD T
RhClynH,0 - \Rh{Cl-——Rh ____,_,// St W\~ Rn =l —— |
EtOH reflux, \\/ \/ - CyH, \/ v /
~2 HCl, ~MeCHO 16 VE, orange crystals, 48 16 VE
air-stable » S4P,
1,5-COD / |' <2 I
Ni(py)sCl, + 2 Na - — —NiZ_ Ni(COD),
=2 Nadl / I s d® 18 VE: tetrahedral

Li,COT

1,5-COD
> ——

AcOH

H,PtCl,

/ ‘\ cl
I /Pt’:a

d®, sqp, 16 VE

R

P
o

Pt(0), d1°, 16 VE
trigonal-planar,

/‘ Cii
2 4

pza




Reaction
Ligand substitution

» Addition of an alkene to 16-electron Vaska’s complex  trans-Ir(CO)CI(PPh;), + R,C=CR,
— Ir(CO)CI(n*-C,Ry) (PPh;),

- 2PR, 2PRy _
I\Ni/ ——— > NI(COD)PRy), ————> NiPR;),
s ~eoP

Ni(PEt;), —===" Ni(PEt3); + PEt;
solid solution

» Reaction with Nucleophiles: The most important consequences of metal olefin bonding is that this coordination makes

low polarity C=C substrate highly susceptible to nucleophilic attack

Nu ™™ Nu Nu

® Nu~ I ® r\
M M —— BSOS, M —— Nui- — |
M | M




» Nucleophilic attack occurs in both intermolecular or intramolecular fashion

2.35 O

\ P
Cp,Zr

-~ R Cpo2r 2

Cp,Zr 2.33
\ ®C 5{13Cr=158.8
PMe, PMey CHr \
53¢} =94.3
Zr(, d? 2r(1v), d° o
Cp Cp
\o g Ssome)
..Fe —— + CH(COOMe),~ A . Fe
PhsP' 4 2 PhsP' ¢ \/\CH(COOMe)2
0C ' 0C
OAc
____%E:__). +PdCl2
02
~ OH~
OAc
H
_ OAc + PACL,
0,




Reaction with electrophiles

CHs  cPh,*BF,” ®
Cp(CO)zRe—ﬁ m‘;" Cp(CO);Re m>> BF,
Br
' e ./ \ .
2Ni(COD), + 2 B -—---N|\ /N-l— +4COD
Br




C-H activation reaction

» Highly electrophilic metal centres may react

with alkenes

under

C-H bon cleavage

(lanthanide complexes are common)

» If the energy difference between the

olefin complex

product is small,

and C-H activation

both the type of

compounds may be in equilibrium

cp*zM _'CH3 +
Me




Structure of Zeise's salt

» [PtCl;(n?-C,H,)]- ion contains a square planar (or pseudo-square planar)
Cl

Pt(l1) center and in the solid state, the ethene ligand lies perpendicular to

the coordination ‘square plane’, thereby minimizing steric interactions.

» Pt-Cl bond trans to C,H, (234 pm) is longer than the cis Pt-CI bonds (~230

pm)
» Pt-C bonds are equidistant from Pt atom (~213pm).

» The C-C distance, 137 pm, is slightly longer than in free ethylene (134 pm),

indicating some dn-pnt* back-bonding.
» Back-bonding is also indicated by a bending of the four hydrogen atoms

away from the Pt atom

C-C =137pm
Pt-C = 213pm
Pt-Cli,ans = 234pm

Pt-Cl = 230 pm



Bonding in metal-alkene/Zeise's salt (Dewar Chatt Duncanson model)
» Alkenes (C,H,) normally bond side-on to a metal atom (Pt) with equidistant C-atoms and other groups on the alkene (C,H,)
lying perpendicular to metal (Pt) plane and two C-atoms.
» The electron density of the C=C n-bond can be donated to an suitable empty orbital (d,,.,,) on the metal (Pt) atom to form a
c-bond.

» Simultaneously, a filled metal d orbital (d,,, T,,) can donate electron density back to the empty > orbitals of the alkene to

yz!
form a n-bond (Dewar Chatt Duncanson model).

> These effects tend to reduce the C-C bond order (elongated C-C distance) and rehybridizing C-atoms to sp?, indicated by

the bending of H-atoms away from the metal (Pt).

H )
_ N pH M /
L) » IR

/oL e -
) e T /
~ \

r"? _r C:'--- - - “H Llil T

sp? ~ £ sp? T
AN |
T -

rehybridization Pt(dg5.,,) < n(C,H,) Pt(d,,) — n*(C,H,)



» Greater the electron density back-donated into the «* orbital on the alkene, the greater the reduction in the C=C bond order

-,
-
=
T
=

L,M LoM(C;Hq) CzHq

Vacant  Filled --MO |
metal of C,H,
orbital, ¢.g. L . LY
sp,d,» hybrid
D
1‘:\"1\_‘_ l Jr,'
B
0
Filled  Vacant z*-MO
metal of C,H,
dxz

Dewar<Ghatts-Duncanson model



Synthesis of diene complexes

By photolysis:
?O TO
Fe(CO) + N —— / e / )
5 \ \CO \/ \\/
N \
h =
Cp,ZrPh, j——V_—;ﬁ; { Cp,Zr ] - Cp22r<

highly reactive
14 VE intermediate

By reduction:

TiC, + dmpe + 2 N

Na/Hg [Miz ﬂ

M62 \)
By alkylation:

Magnesium butadiene (2-butene-1,4-diylmagnesium} acts as alkylating agent to give
liene complexes:

=%

|
+ e i + ——Nb
o $oRt, R

endo



Reactions of conjugated diene

» Reaction with electrophiles

| ®
T H* or RCI/ALCI
/—;—C-—‘W/ or 3_; R{MFE(CO)]

Fe(CO),

0

0 ']@’ Y

= MeCOCI/AICI / =
| — — > | —Fe(cO)
Q Fe(CO); < Fe(CO); = Q e(CO);

» 4+2 cycloaddition

(Cys P),Ni

AN NS ~ PCy,



Metal alkynes

» With two m-bonds (two fully occupied n-MOs), alkynes can behave as two/four-electron donors. When side-on to a single
metal atom, the n2-C=C triple bond is best considered as a two-electron donor, with the ©* orbitals accepting electron density
from M-atom

» With strongly electron-withdrawing groups, the substituted alkyne (ligand) becomes an excellent w-acceptor and displace
other ligands like phosphines

> Substituted alkyne forms stable polymetallic complexes acting as a four-electron donor. For example, n?-diphenylethyne-
(hexacarbonyl)dicobalt(0), in which we can view one n-bond as donating to one of the Co atoms and the second n-bond as

overlapping with the other Co atom. Alkyl or aryl group adds to the stability. fﬁtﬁ'mﬂﬁ%ﬂlilfx

activity

CO(CO)3

C0,(CO)g + PAC=CPh —= Co0,(CO)4(C,Ph,) + 2CO o K]
Co(CO);
0

RN



» In this Co-complex, the alkyne acts as a 4-electron donor, forming a metallacycle (as shown below); the C=C bond length
increased to 136 pm (almost double bond). A decrease in the alkyne C-C-Cg bond angle accompanies the change in
bonding mode (as shown below). The resulting complex is a Co,C, cluster

» The bonding in a monometallic alkyne complex is similar to alkene complex, but allowing for the participation of the two

orthogonal n-MOs.

» C=C bond length in a free alkyne is 120 pm and, in complexes, this lengthens to 124-137pm depending on the mode of

bonding.
0o /IBU Ph
\ /
Q\ o \ I.CI C Ph}P.r,.-” 0“ \C
140°_\°\° L— Pi=—" /Pt ”
3 a” C )i Phsp” N 140
/ N
\ Ph

o 0 \o‘o L = 4-Me( .-H_'NH'_
o

C—C in Co,Cy-unit = 136pm

Bapan Saha Draft



Synthesis of metal alkenes

Ph
e
@Pt( l +2 H \ Ph o

] 2
£ \ Hm__pt_w/ +2 COD
Ph
Ph 02
Ph / Ph
- Et;P=0 tetrahedral Pt(0)

(Et3P)2Pt——H + H
Ph Ph
Ph €0
Aorhv ! Ph
Mo(CO)s + 3 ~ Ph—=—"—Ph — 7 n----Mo\//
Ph \/ 14,16, 0r 18 VE
Ph/\ Ph complex?

Ph

By reduction: Note that alkyne complexes may also arise from the reductive coupling of

CO ligands.

CAr
WCL,(OA), + 2 Et —=="— Et Na/Hg _j? vlv -z H
I}, + P - s T Wet T
4 ? - 4 NaCl Et - I \:(/;.—3:

Ph

Ar = @ CAr

Ph




Reactions of metal alkynes

» Alkyne complexes can rearranges to vinylidene or allene complexes

N ,
== == < C
| H o €O | 40-60 °C ! M = LRu*, Rt R = Me / ,
OC—-—AM:C:J\ M = Mo M H ———— M L=PR, R - CpRh n*-allene complex
S\ R - \% T N \ H,0, Al,0; AN CHM
Ol R \/ yd R L €
H CpRh
\L Ph Ph
" H R =Ph o H rotonation to vinyl complex
| NaCp : . CpRh p yl comp
t—~=rh—I|] — Y5 CF3SO3H N
| L CR | 0,S0CF;
L R y

PR3 R R m\R
| |

Cl—Pt—H + H ——> | Cl—Pt—H > Cl— Pt
| - PR; |

PR,
- ]

PR3 H R
17

| \R
PR,



Alkyne ligands

» Alkynes tend to be more electropositive-bind more tightly to a A O Oc B Q OQch
transition metal than alkenes, alkynes will often displace alkenes Q Q l amb
[} @O <D

> Difference is 2 or 4 electron donor. o-type (A) including a m-back

N acf:lt;r'ism filled d-orbital a;:;ffm
. ernphy d-orbi _ _
bonding (B) " prombifal . x*-0Tbital y
" N
» The orthogonal set can also bind in a pi-type fashion using orthogonal o-fype donation m-type bhack donation
metal d-orbital (C) € (behind scTeen) D 3 Q Q__
» The back-donation to the antibonding orbital (D) is a delta-bond-the OMQ-:_ i M
JOANY
. o _ 2
degree of overlap is quite small - contribution of D to the bonding of (in front of & Teem) g
_ fm‘id filled d-orbital Brapty
alkynes is minimal etrpty d-orbital ;ﬁf&’hﬁ au:*et}rlhelfz
I'x. ~ _x.l '\ . -0T01 Y.
: : , Nd
» The n ff -donation-alkyn r lly non-linear in TM i
e net effect m-donation-alkynes are usually no ea o-type doration 5 type back donafion

complexes Bapan Saha Draft



bridging alkyne

A= 7@,\“/“\ /\ A

n-bonding description cluster description

1.20A RH,N—Pt

Cl
R
free alkyne pt', d® Pt%, d10 2, d?

Vee 2190-2260 cm™ Ve 2028 cm™ Ve 1750 em™? vee 1618 cm™

» Deviation from linearity depend upon the metabelectron count and its propensity to back bonding



Synthesis:

» Primarily prepared by ligand substitution

@\/\Pti " H \ lpih /Ph CO
Ph Pt = + 2 COD

Ph
Ph Ph / |
+ ! - Et;P=0 tetrahedral Pt(0)

(EtP,Pt—] | |
Ph oy
Ph
Aorhv M
Mo(CO)s + 3  Ph—=——Ph — > 0\/
Ph 14,16, or 18 VE
P complex?

Ph



Reductive coupling of CO ligand

WCl,(OAr), + 2 Et ———

Ph

Ph

OAr
Na/Hg Bt~ . . Et
Et - j_::-—w:;-:f
~ 4 NaCl et i G130
Et
OAr
:
1 Na/H NN
/g - Nh~--~ R
- Nacl



Metal carbenes (alkylidene) complexes

Carbene (alkylidene) complexes possess a M=C double bond (two electron donors)

Carbene complexes of the type (OC):M=C(R)(OR/) with M=Cr, Mo, W was first reported by E. O. Fischer in 1964

These are derived from the coordination of a carbene :CR, to a metal center, they are known as carbene complexes

The metal in these complexes is in low oxidation state, and bonding is similar to that of metal carbonyl.

Majority of carbene complexes contain one or two highly electronegative heteroatoms like O, N, or S directly attached to
the carbene carbon

Another group of M=C compounds with highly oxidized metal center was reported by R. R. Schrock (Cp,Ta(CH3)(CH,)),
termed as alkylidene complex

These carbenes can be regarded as CR,? dianion, can be regarded as n-as well as c-donors

The term alkylidene is now adopted for all M=CR, complexes

M-C multiple bond is common for metals that from M=M-multipte bonds readily



Fischer carbene

Good w-acceptors

Schrock carbene

Good o and rw-donors

Fischer carbenes are electron deficient at the C-atom and is of Due to strong back bonding, carbene C-atom is electron rich

electrophilic nature

Metal atom possesses a low oxidation

state e.g., Fe(0), Mo(0), Cr(0)

and of nucleophilic nature.

Formed by early d-block metal in a high oxidation state e.g.,
Ti(1V), Ta(V)

At least one highly electronegative heteroatom such as O, N H or alkyl as substituent. No heteroatom is present

and S is present
Electron count is preferably 18

O/o —R'

it
ot

LsM Mé\R

“__ electrophilic

'Fischer carbene'

»~ nucleophilic

LM ~—:C \ .

WO 0

'Schrock carbene’

Electron count vary within 10-18

» M=C bond is readily formed by Ta, Cr, Mo, W & Re.

» Mononuclear M=C complexes of Fe, Co & Ni triads are less common

» M=C bond formation by Ti, Zr & Hf are exceptions only, cannot form
M=C bond



Preparation of Fischer complexes

» Carbenes can also be made by nucleophilic attack on a carbonyl C-atom followed by alkylation

e
P (e 0%1BF, OMe
OQsW—CO + LR —=  (0Q;W=C_ > (00);W==C_
R - L|BF4 R
metal acyl anion Fischer carbene complex

» Reduction of coordinated CO with reactive Zr(ll1) complexes (Zr acts both as alkylating agent and Lewis acid). This routes

give access to carbene complexes of variety of metals

A W(CO),4
Cp,ZrPh, ————> |Cp,2Zr —]| — W(CO)
~ CgHg Cp2r—g 5
» From heteroatom substituted alkyl complexes
Cp* ®
H "\
— MeOH |

L = phosphine



> From diazoalkane

Ph

/
CpMn(CO),(THF) + Ph,C=N, e Cp(OC)QMnEC\ + N,
- THF

Ph

<Cl /H
Ph-P)-RuCl, + PhHC=N e e +N,

( 3t)3 2 2 ~pPh, /Ru C\

Cl Ph

Ph;P  Ru alkylidene, square-pyramidal
» From isocyanides

L L NHPh L NHPh

| | / l Vs
Cl—Pd—C=N-—R + HNPh - c1-«--P|d:c\ - Ci*Pld*——CQ

él Cl NHR cl NHR

» Reaction of metal carbonyl anion with iminium salt to give heteroatom free carbene complexes

Ph - H* y
W(CO)s2~ + [MeaN=CPhy* —= | (OC) w—é NMej ——— (OC)sW=C
5 2 2 5 - 5 %
Ph “MezNHz

Ph

Ph



» From activated olefins

e N~

Cp,Til, CpaTi
f L= PM83

Ll

N

"

RuCl,Ls

T
_ Ry ==
L = PPh, e l _\_<
L

vinyl carbene

» From dihalocarbenes by halide substitution

Nu
(CO)CI,R C/
L U=
HNu 2 2 N
L dry HCI, L / .
MeCN I’,u,“' :l ‘"‘\‘\CE C6H6 Cl fte,, | ‘,\\\\Cl Nu - NMez, OMe
- N
oc” | R, fF, oc” | e, T~ °
- MeCN Y
L L a L,(CO)CLRu==C j
L = PPh, HO OH %
/Cl
Ru(CO)(PPhy); + CCl, —>  L(CO)CL,Ru=C_



Preparation of Schrock complexes

» Early d-block metal complexes with a-hydrogen atoms undergo o-hydrogen abstraction to yield carbene (alkylidene).

Abstraction of a second a-hydrogen atom (if any) gives a carbyne complex

. Zn{CH,'Bu)> . . LiCH-"Bu
TaCl; ~ Ta(CH,'Bu);Cl, - -
- T 7 =LiCl, —=CMe,

H

/
(‘BuCH,);Ta=—= c\ |

‘Bu

» Reaction of Cp,TiCl, with AlMe,; forms TiCH, complex, stabilized by complexation to Me,AICI (knows as Tebbe

reagent (synthetic applications)

CH, CH,

V4

AlMe, Cp,Tic_
L

Cp,Ticl,

- ClA[MQz(L)
Tebbe reagent L = THF, PMe,




» Reaction of [Cp,TaMe,]* with NaOMe lead to deprotonation of one Me-ligand giving a methylene complex

23
_ ® _
s NaOMe N
Cp?_Ta\ HOM Ta \
- e
CHy % 2.246 " CH,
deprotonation
H
LiCH, . k.
cl isomerization H
Cp*,Ta ]
A CH
THF CH2=PPh3 / 2
> Cp*,Ta ~
- PPhy cl CH, transfer

» Electron rich noble metal complexes under sterically congested conditions tend to form metallacycles by y-C-H

activation, early transition metals undergo a-H abstraction to give M=CHR species

R
/_% R
R M electron rich M electron deficient H
M -~ M CH3 . M
R v-C~H activation N\ :CH3 o-C~H activation R
- CM@zRZ R - CMesz H3C R

R



Reactions of carbene complexes

Reactions with electrophiles: Alkylidene complexes of the type LnM=CR, is similar to ketones O=CR, and ylide

(Wittig) R;P=CR, and hence undergo reactions that are similar to ketones and ylides.

Reactions with Bronsted acids: Alkylidene complexes reacts with Bronsted acids, leading to interconversion of

alkylidene to alkylidyne and vice versa
Alkylidene transfer: Alkylidene ligands undergoes intermolecular exchange reactions

Alkylidene-alkyl coupling reaction: Alkylidene ligands react with nucleophiles either intra or intermolecularly to give

new C-C bond (Fischer-Troposch reaction)

Reactions with alkynes: Reaction of alkylidenes with unsaturated organic molecules is exploited in organic synthesis

(insertion and cyclization)
Tebbe reagent: It is the protected form of the unstable Cp, Ti=CH,, undergoes reactions complementary to ylides.

Ability of alkylidenes to form metallacycles, used in olefin metathesis and in formation of alkylidene bridged

heteronuclear metal clusters.



» Fishers’ carbene (nucleophilic attack), can be described by the following resonance forms, which show the role of the

heteroatom as electron pair donor

x ®

M - C

(0C)=W C/Ome
AN
Ph

/
(00;W—C —Ph
Ph

OMe 1©

Ph

HCl, -78 °C

/
-~ MeOH Ph

» Schrock-type carbenes (electrophilic attack), with the above two resonance pair giving a bonding description

® o/

N\
R R

M =

H

c
szTa\/ SR

Me

R H
\C/ E\DIM
AlMe @ — AlNE;
A szTa/
~ AlMe, \M
e

» The M=C bonds are longer than typical MC_, bonds, but shorter than MC single bonds. This implies some degree of (d—

p)n-character (indicated by resonance).



» Fischer carbenes primarily show nucleophilic substitution at the carbene-C and carbene transfer (cyclopropanation)

© /OR ®
ch\———Nu Addition to C: Nu = fert-amine
/OR R’ ) '
ch\ + Nu —
R /NU Substitution:
M === Nu = OH, NR,, NHR,
A atkyl, aryl, SR'

» Lithium alkyls may also deprotonate methyl substituted carbenes to give nucleophilic metal carbonyl metal enolate anions

X X
o X

/ ‘ j / /
;(OC)5CF~——-—- C\ + Buli —BuH Li (OC)SC!"’“"‘C\\ i (Oc)Scrmc\Q

Me CH, CH;



» Alkylidene complexes of early transition metals (d°) can act like Wittig reagents and convert C=0 functions into

olefins. Other hetero-alkenes and alkynes also give products where M=C bond is replaced by M-heteroatom bonds

0
' R
. = ClAlMGzh ) R /U\X + 1/” [C TiO]
szTi\ /AlMe:z ~ szTExCHz : hal Hzc pz n
Cl X=H, R, OR, NR,, SR X
carbonyl olefination
- R -
pl‘;—m— R But
— \
R-C=N . —

R3Ta N t - RBTa : /c




» More important however are [2+2] cycloadditions to give metallacycles: the basis of olefin metathesis reactions. (Tebbe

reagent) (details you see from 300-303 olefin mathethsis

R———R
PN THF < 13CH2:<
C Ti AlMe - - C B Cp Ti \\\
PN Me ALCKTHP) S =R 2N, A
Cl CH,
R s metallacyciobutane
[2+2] cycloaddition

=

13c1~12



Ruthenium carbene

» Ru complexes L,Cl,Ru=CHR (L= donor ligand) form a large family of alkene metathesis complexes, widely used in organic
synthesis

» Another type of catalyst is based on benzylidene ligands with ortho ether substituents

CysP L

[ L
Rlu,‘oC‘ Rf W N@_ ¢
AR e ,U_ \ U=
Cl Ph Cl _\ cl’
PCy; PCy, PCy3 0

i
Grubbs 1st Grubbs 2nd Ru indenylidene UBr /<Hoveyda,
generation generation Grubbs 3rd generation  glechert

- CHD G- e



» The reaction with olefins follows the [2+2] cyclo addition pathway, proceeds via trigonal bipyramidal structure

» Stereochemistry of intermediates and transition states are influenced by the ligands and the reaction medium

L L
| W - |G
RU“—:\ N Ru q
a” R: a” R:
L' '
square-pyramidal, 14 VE
carbene in apical position,
16 VE
L \\Cl
[2+2] cyclo-reversion |
- - /TRU
RZ
Cl

» Olefin metathesis: Details see from books

[2+2] cycloadditio

R? L
......_“.../ l ‘\\Cl
e Ru'm‘—\
a” |\ ~ R*
=
R?
'bottom-face'
olefin coordination ‘”’
L
| Ll
‘side-face’ olefin /RU N\
coordination === | R?
Rl
potential ¢/s-Cl, isomer

. J K

L

|l
¢l Ru

R2‘®—R1

tbp intermediate

L
| L

o Rl

R? Cl



Types of Carbene

Carbene C-atom has six electrons with two different structural arrangements.

Bent arrangement with the two groups (4e-), the two remaining electrons are paired and one empty p orbital, singlet
carbene (S=0, Fischer carbene).

C-electron pair of singlet carbene is suitable for M-L o- bond formation. Empty p-orbital accepts electron density from M
and stabilizes the electron-poor C-atom

Linear arrangement with the two groups (4e-), the two remaining electrons are unpaired in two p orbitals, triplet carbene

O \‘LR O“\R

@c Dc
OP: Opz

Singlet Triplet
carbene carbene

(S=1, Schrock carbene)



Bonding in carbene complexes

The formal double bond in carbene is quite similar to that in alkenes.

In carbene complex, the metal d-orbital forms a n-bond with carbene C-atom.

The pair of electrons in the sp?-orbital may be donated to a metal to form o-bond, and an empty p,-orbital is present to
accept n-electron density

Filled d-orbitals of the metal may donate electrons to p,-orbital to give a M-C double bond.

The M-C bond order is in between 1 and 2

Each triplet carbene is housing an unpaired electron overlapping with two metal d-orbitals, each of which provides

electron.



Q-

[ \
\ y,
.
/7
\ M

/CZ — -

singlet carbene, L ligand

CcO

Pettit

Fet=—CH; <-—= Fe-CHy*|

apan Saha Draft

triplet carbene, Xz ligand

2 24 A
CHg

Ta=CHy; -« Ta*-CH;™




n Jﬁ.,

HOMO 7 centered on C

HOMO 7 centered on Fel-’r
Ao -.
DOt

s, bonding CHa triplet

s, bonding CHa singlet Ta

Fe
TaCp,(CH5)(CHa3)

FeCp(CH5)(CO)2
Two methylene complexes of opposite polarities

P T backbonding P -
O /—\ @ T bond
T
G bond O bond
R C —= M R C —
P P T bond P P
-l

Fischer carbyne (RC is a LX Iéﬂ%?ﬁ’laha ororochrock carbyne (RC is a X3 ligand)



-
Z,,

C- Antibondin
@ g

&

VANY
Q O

C Nonbondin
@ £

OQ &
VO O

C- C__;' Bonding

/“QO

Delocalized Pi Bonding in Carbene Complexes, E = highly electronegative O, N, or S

Bapan Saha Draft



Fischer-type
carbene complex

=@ 0
b6

e LCB —= (D)

Pr

Schrock-type
carbene complex

.00
AN

Ng }C@'E’@GQ

Methandiide-based
carbene complex

97Q 0
06—

e = CfO

Pr

donor-acceptor covalent donor-donor-
interaction bonding interaction
O Vel @O OB
S N R0 O [ LSO RO S
2 1
O sp O )R O ()R
Fischer-type Carbene radical Schrock-type

carbene complex

%Y
LUMO —, 8C
MSB
d-orbital Y

T

B3

p orbltal

complex
x0
LUMO 4_ 8C

orb tal
MS@ [Promi
d-orbital . ﬂ /
T

Bapan S% ft

carbene complex

B
M %{T

d-orbital *,

8(:

HOMO ‘_ﬂ_/ p Orbltal

%




Propose a set of reactions for the formation of [W(C(OCH,)Ph)(CO),] starting with hexacarbonyltungsten(0)
and other reagents of your choice.

Answer We know that CO ligands in hexacarbonyltungsten(0) are susceptible to attack by nucleophiles,
and therefore that the reaction with phenyllithium should give a C-phenyl intermediate:

W(CO)g + PhLi > Lit "W TPh

This anion can then react with a carbon electrophile to attach an alkyl group to the O atom of the CO
ligand:

I|Z:D ﬁ\ \_ Tg OMe
oc, | .. _ 0c,
Li* ..—"W"'-n. Ph MezO* BFj B fW‘fJ‘\ Ph  + LiBF, + Me,O
oc” | “co oc” | “co
CO co

Self-test 22.6 Propose a synthesis for [Mn(COCH,)(CO),(PPh,)] starting with [Mn_(CO) ], PPh, Na,
and CH,L.

Bapan Saha Draft



Metal- Sandwich compounds

Hapticity of sandwich compounds varies from 1-8
Bapan Saha Draft



Why metal — sandwich compounds are important?

» Transition metal/metal ion embedded inside an organic matrix: Makes a metal ion soluble even in hydrocarbon solvents.
E.g. ferrocene is soluble in hexane while Fe?* as such is not. Outcome: a hydrocarbon soluble additive/catalyst

» Coordination to an electropositive metal often changes the reactivity and electronic properties of the © system bound to it
(benzene vs ferrocene)

» A sterically protected metal site where a wide range of catalytic applications are possible such as alkene polymerization

» Metal sandwich compounds are excellent substrates to make planar chiral compounds. Applications as chiral catalysts in

asymmetric catalysis

UL

Non- super-imposable mirror images" >2ha §



Metallocenes

» Bonding theory proposed to be in between a metal and r-orbitals of ligand.

» Metallocene name come from their similarities with aromatic molecules.

» Cyclopentadienyl complexes are of three types viz. metallocene (MCp,), bent metallocene with additional ligands
[(Cp,M(A)(B)(C)] and half sandwich complexes CpML,

» In metallocene, metal ions is sandwiched between two Cp rings, (Cp),M, 18e rule is not mandatory.

» All the C-C bond lengths in each of these bound ligands are identical, ligands are aromatic.

» The first metallocene to be discovered was ferrocene (FeCp,) and also known V(11), Cr(Il), Mn(I1), Co(ll) and Ni(ll)

» General method: All except (n°>-CsH:),V (VCl;is used), other 3d metal sandwiches can be prepared by treating MCI,

with alkali metal cyclopentadienides

MCl, + 2 Na’Cp~ -  MCp, + 2 NaCl
Et,O or THF

M=V, Cr, Mn, Fe, Co, Ni

Ni(acac), + 2 CpMgBr »  NiCp, + 2 MgBr(acac)
Et,0



Ferrocene

> (Cp),Fe is the best-known cyclopentadienyl complex

> It is a diamagnetic, orange solid (MP 393 K) and obeys 18-electron rule

» In the gas phase, the two cyclopentadienyl rings are eclipsed

» The structure of (n>-C¢H:),Fe in the solid state, originally believed to be staggered

> Now it is viewed to be nearly eclipsed with rotational angle of 9° between the Cp rings.

» In case of substituted Cp rings, the barrier to rotation is higher, and staggered orientation is favored in gas and solid phase.

Fe 332 pm




Preparation

> The Fe(ll1) is first reduced by the Grignard reagent to Fe(l1) which then reacts to form ferrocene

3+ CngX Fe2+ CngX

Fe — > (n°-CgHq),Fe

» Cyclopentadiene itself is acidic enough so that potassium hydroxide will deprotonate it in solution and then reaction with

FeCl, leads to the formation of (n°>-C;H:),Fe

2KOH + 2C.H, + FeCl, —="— Fe(C,H,), + 2H,0 +2KCl

> Alternatively., (n°>-CcH:),Fe can be synthesized by

MCl, 4 2CsHg + 2Et;NH —= (1°-Cp)aM + 2[Et,NH,|Cl
(M = Fe, Ni)

Bapan Saha Draft



Reactions of metallocene

» Electron deficient metallocenes will add ligands to gain a higher electron count

» Electron rich metallocenes are redox active and show reversible 1-e oxidations and reductions

» The reactivity of 18e metallocenes is dominated by modification of the Cp ligands, without affecting the metallocene
structure itself

» Electron rich metallocenes show ligand exchange behavior to achieve an 18e configuration

» Protonation occurs at the Fe(Il) center is indicated by the appearance of a signal at -2.1 ppm in the 1H NMR spectrum of (n>-C;H:)FeH"*.

Friedel Crafts’ acylation of ferrocene is even more facile than benzene: the name coined due to similarity with benzene




Reactions of ferrocene

» Substitution on the Cp ring

\

y s L
<> o,
oxidative
Heck arylation

y

CpFe

CpFe

Li N,O
R ey R éj? i = cht
| i ) ] e
he fe  Treoa | & ==
> cp > A ~ <=
. 1)Hg(OAc) 1) B(OMe) Me.SiCl
B"/ Hua DHY °
R
@J*\NR. @——Li @HgCI @zB(OH)z
T SPPh, C e 'l N = CpFe
Fe 2 Fe Fe Fe

@ PPh, @Li @ @

chiral ligands for catalysis Cp meétallation for coupling reactions

CpFe

CH,0H
e,
1reduction
—O NH,

SdWe3



NS CoR NSy CHO St Co> 7 CHaMe CCS - COMe &>~ CHOHMe

1
i i i Fe Fet PFg Fe

Yaas>) <> <> o= o= =
BCOCI 1) PhN(Me)CHO,
AlCI3 POCI, BuLi, Zn, HCI T NO*PFg NaBH,
2) H:0 TMEDA

N HeC . CeMegHs., . RCOCI |

| HzS0, | HgClz . Fe*

;_f; - ;_E; - ;_E) @ AICIy C_.I'D AICI3 o

n=0-6
ACHO
HSOqF Co CHo=CH(OAc)Me RCO4Et e
HCHO/HNMe; ™~ AlCl: - KNHz
j+ AcOH CeHe
ﬁ o 7 CHaNMe, NCo 7 CoaH m NCo> 7 COCHCOR C.5 7 COCH=CHR
Fe—H
FIE Fle.
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» A general method for exchanging one Cp ring in ferrocene by an arene is the treatment of FeCp, with a mixture of the

arene, AICl; and Al-powder to give corresponding cationic mixed ligand sandwich complex (18-electron center).

= |°
Al/AICL, —

&

» Reactions between metal carbonyls and cyclopentadiene usually yield mixed ligand complexes, e.g. Fe(CO). reacts with

FeCp;_, + C6H6

C:H, to give (n°>-CsHc),Fe,(CO),. Two isomers viz. cis and trans have been confirmed in solid state with Fe-Fe distance

of 253 pm (Fe-Fe single bond, 18 electrons)

-1somer frans-1somel

> In solution at 298 K, both the cis- and trans-forms are present and the terminal and bridging ligands exchange by an

intramolecular process



» The dimer (n°-Cp),Fe,(CO), is commercially available and is a valuable starting material in organometallic chemistry.

Reactions with Na or halogens cleave the Fe-Fe bond giving useful organometallic reagents which are exemplified below.

(1°-Cp),Fe,(CO), + 2Na — 2Na|(n°-Cp)Fe(CO),]

(n°>-Cp),Fe,(CO),4 + X, — 2(1n°-Cp)Fe(CO),X
X = Cl, Br, I

Na[(1n°-Cp)Fe(CO),] + RCl — (11°-Cp)Fe(CO),R + NaCl (M°-Cp)Fe(CO),Br
e.g. R = alkyl
Na[(n>-Cp)Fe(CO),]

Na[Co(CO),] ﬂ 0 -0
Na|ColCU)y
PN ol
CH; = CHCH;Br —_— —NaBr FE-.,‘HC#CD CO
—MaBr \ Fe [}C/ 0 \C‘D
oc” i
CO (n°-Cp)Fe(CO),Br

hu l —C0 @ 1t
E_qH_:.R, -'J-"n”'gl'{ i
- Fe
\\ .
Fe =—

24
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Structure and bonding in Ferrocene (eatly 1950s)

» The two cyclopentadienyl (Cp) rings of ferrocene may be orientated in the two extremes of either an eclipsed (Dg,) or
staggered (D¢,) conformation

» Ground state structures of ferrocene may be either D, or D4 (energy barrier of rotation about Fe-Cp axis is very small)

» The primary orbital interactions occur between d-orbitals of Fe and r-orbitals of the Cp ligand

» The D¢y point group representations simplify the symmetry matching of ligand molecular orbitals and metal atomic orbitals.

» In Do, symmetry, there is a center of symmetry and there will be centro-symmetric (g) and anti-symmetric (U) combinations

» The five p-orbitals on the planar Cp- ring (D, Symmetry) can be combined to produce five molecular orbitals.



» For (n>-Cp),M, such as ferrocene, the m-orbitals of the two

Cp ligands are combined pairwise to form the

B
symmetry-adapted linear combination of molecular orbitals E'{i]'%
: 0
(SALC?s), resulting in three different Ligand Group Orbitals ¢2 non bonding (two nodal planes) R

(LGOs) ' '*!l:ll"
?8288 K=o - -

1. Allow lying filled bonding pair of alg and alu symmetry

ARTIS|

el weakly bonding (one nodal plane)

2. A filled weakly bonding pair of elg and elu symmetry
3. An empty anti-bonding pair of e2g and e2u symmetry. u
al bonding (no nodal planes)

» Metal orbitals of suitable symmetry interact with SALC  The n-molecular orbitals of the cyclopentadienyl ring (D)

orbitals and give MOs of (n°>-Cp),Fe.
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Molecular Orbitals of the 1 system Interactions of cyclopentadienyl
of a cyclopentadienyl! ligand Molecular Orbitals with metal d orbitals

& @
b

(Top Down View)

» a4 (o) orbitals are very stable & interact very little, poor o-donor
» Only e, orbitals of ligand matches with 3d orbitals (dyz, dzx) that form two strong n-bonds

> €y, () orbitals are very high in energy & interact and interact little, poor w-acceptor




» Metal orbitals of suitable symmetry interact with SALC orbitals and give MOs of (n°-Cp),Fe.

e2g (w) orbitals are very high
in energy & interact and
interact little, poor m-acceptor.

Only elg orbitals of ligand
matches with 3d orbitals (dyz,
dzx) that form two strong w-bonds

alg (o) orbitals are very stable &
interact very little, poor o-donor

Symmetry matching of SALC orbitals with the metal atomic orbitals

835% S
ﬁmﬁﬂj

E’:g

\ J
Y

Flg

L
ot W#
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8 : g no metal E ; Ez %; no metal
orbital _of orbital Iof
appropriate " appropriate
w symmetry w symmetry
. available . . available
- J
Y

e

Py

k-
B

> 8

>

elu and a2u (4p) orbitals
on Fe are at a high energy,

~ | do not contribute much to

bonding




A qualitative molecular orbital diagram for ferrocene (D, )
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SALC's
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HOMO (e2g and alg) are slightly
bonding and therefore removing e
them does not

from greatly

destabilize the complex
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Fe

|
e Fe
ap ar @ “
[ “‘t‘-'\
doy, Sy o DSd ‘:"
1
e*1g (XZ, ¥Z) d
45 — ’
a1 ' 1 '-P LY
gh v .
] "l ’

o’
3d i

v A
1.‘ "\t
'
SR 319(22]@11 'l\‘
a1gl e'lg! ezg %t N i K %
l:,. ¥ \‘ % L
l"‘“ [ 2 2 “. 'l‘
Y by L
i - 3
‘l.““‘ N 24u k
11“ YW B

VCps CrCps MnCpz FeCpz CoCps NIiCpa
MEV 15e 16e 17e 18e 19e 20e
2Cp .
€ 1g M A A n bond
(xy, yz)
€2g | o» ,
ailres ay S W O | Y VI { R
#) | | ki Y K
2g A A AA AL A AL A A A & (back-
(e, xy) 1] yly (L] vy ly bonding)
unpaired
electrons (n) 3 2 5 0 1 2
&9 N
" Vn(n+2) 387 283 502 0 173 203
> T
“C  uug)exper.  3.84 320 581 0 176  2.86
y color purple scarlet brown

orange  purple green
Electronic structure (see the MO diagram of ferrocene), theoretical magnetic moment

(n = y/n(n+2) ug), n being the number of unpaired electrons, experimental magnetic

moment in pg = Bohr magnetons, and color of neutral metallocenes MCp,.
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Other metallocenes

» (M°-CgH:),V (violet solid), (n°-CsHc),Cr (red solid), (n°-C<H:),Co (black solid) are air-sensitive & (n°-C:H:),Ni (green

solid). Except, (n°>-C¢H:),Fe all are paramagnetic.

» (m°-CgH:),Mn (brown solid) unlike others is dimorphic; the room-temperature form is polymeric while the high-temperature
form is structurally related to ferrocene.

> In typical metallocene compounds (n°-CMe:),M, all of the C-C bonds are equal and the rings are parallel. However, tilting
Is also observed in some metallocenes.

» There are also some compounds with one as well as more than two Cp rings.



Reactions of titanocene

N, N-N1.11

1.15 \

—

X

]"““'-H srrmmnrenrmer - \T H

Cp*,Ti—N=N—TiCp*, : - T
N,, high [Ti ~Ha
\ V(N iorm 2058, 20N 'gh [Tl Cl_‘,::
N2 v brigge 1711 cm™ e 135 °C
Ti(),18VE * | Ti(IV),16 VE Ti(IV),16 VE
u x|

100 °C

T N2 Ny towm /zcll:i M,

4

N, )
V(N,) 2090 1983 | TidD, 14 VE %
CO A, vacuum @
H; 1 \ C,Phy, N Ph
co Ti—/ Tom Ti ::{
Cp*,Ti H % %
2 \\CO .. Cp*zTi(\H \% \% Ph

Ti(),18 VE  v(C0) 1939, 1859
Ti{lv), 16 VE 16 VL 16 VE



Reactions of nickelocene

o s e
Q C3PhyBr
C%) /M/ | RLi NO Ni(CO),
C,H,
' <>
&> G

BF,”



» The 19-e (n°>-Cp),Co is readily oxidized to the 18-e (n>-Cp),Co*, air stable yellow salts.

> Nickelocene is a 20-e complex and forms 18-e complexes, bears eclipsed Cp ring

0
C
/N
—Ni Ni—
N
0
Ni(CO),
o< MO crcpyNi | Nele @
I|"“ 20=electron in EtOH Ni
NO f" | ::
e
MeCH=CHCHMeMgBr (°-Cp)(-CH)Ni
|l
M1
/\H“““—|;—7’"\
Me Me

Selected reactiémseofanickelocene, (1°-Cp),Ni.



Bent metallocene

Bent sandwich complexes contain two Cp ligands and
one or more X or L-type ligands.

Three metal atom orbitals project towards the open
face of the bent Cp,M fragment.

The metal atom often satisfies its electron deficiency
when the electron count is less than 18 by interaction
with lone pairs or agostic CH groups on the ligands
Bent sandwich compounds play a major role in the
organometallic chemistry of the early and middle d-

block elements such as , and examples include [Ti(n®°-

Cp).Cl], [Re(n>-Cp),Cl], [W(n>-Cp),(H),], and
[Nb(n®°-Cp),Cls].
Bent sandwiches occur with a variety of electron

counts and stereochemistry.

0

O

General form

=

&%

H
Mﬂi
H

—

AN

L

-electron
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Synthesis of bent metallocenes

The most important synthetic route is the
reaction of early transition metal halide, for
example MX, (M= Ti, Zr, Hf, V) with
NaCp or LiCp derivatives in 1:2 molar ratio
to give Cp,MX, complexes

The analogous reaction of the heavier Gr V
metal halides would expected to give M(V)
complexes Cp,MX; (M = Nb, Ta)
Lanthanide halides give compounds of the
types Cp,LnX and LnCp,, depending on the
stoichiometry.

Cp,LnX complexes are halide-bridged

dimers

Et20 ‘Cl

\
- 2 NaCl %

CH,Cl, @\
TaCl; + 3 |i~>-'SnBu3 >
~ 3 R,SnCl l
NS

MCl, + 2 NaCp®

2 KCp

Ln Ln
<A s
o, K 27
X =Cl, OTf \
3 KCp* or
\

1.5 MgCp*,

+ 2 NaCl

M=Ti,V, Zr, Hf






Reactivity of bent metallocenes

» The most important reaction in terms of synthetic utility and catalytic applications is the exchange of halide ligands by alkyls

Ligand exchange by reduction: Halide metathesis:
szTi(CO)z sz'ﬁf\ﬂﬁ‘2 P Me
Cp, Ti_
Zn, €O UM/ AlMe, Cl
Cp,Ti(PMe,), M, Pe, /
Ti”‘ d?, 18 VE \ @ CHz
| \Ti .l 2 AlMe, _ szTi< \AIM%
cl Pr'MgCl e ~CH Cl
N~ Q ¢

CP;TJ\ /T*CPz %

Ti“l, d:l’ Cl

anti-ferromagnetic

ItPFg ‘Tebbe reagent":
. MeCN Ti=CH, equivalent
H,0

- propene [szTi(NCME)2]2+(P'F6_)2

—HCO 1
{ OH,  OH, r‘

I l
Cp,Ti — 0 —TiCp,



hv "CpoW" l — CaHa

CpoW =0

AEG—E—CDEME CFS—E% P2

ﬁ _H ||_| @ H (|3F3
* ,,"' b1 7

W\{CHGDEME WJ\{GH,H
% COzMe % CFs

cis only trans only
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Table 2.8.1.2 Electron configuration and magnetic properties of metallocenes.

Partial qualitative MO diagram for d-level occupancy VE count Unpaired  y.q spin-only  Found [Bohr
MCp, electrons value magnetons]
_— e* Cp,V (e,9°@" 19" 15 3 3.87 3.84
E (xz’ yz) ......................................................................................................................................................................................................................................................
Cp,Cr (e (@"1" 16 2 2.83 3.20
e
315 (2) CpoFet  (ey)’(@'1g)” 17 1 1.73 2.34
CpMn  (ey9)°(@"1g)°(e%1))° 17 5 5.92 5.81
e e2g ...................................................................................................................................................................................................................... e e
(-2, xy) CpyCo  (ep9*(@" 1) (e*1p)" 19 1 1.73 1.76

CpaNi (ey9)%(@’19)%(e*1)? 20 2 2.83 2.86




Metal arenes

» Arenes such as benzene and toluene can act as 6-electron donors (can form n-complexes, closely related to Cp complexes
» The arene ring can be considered to occupy three coordination sites

» The C-C bonds in arene complexes are slightly elongated, indicative of back bonding contribution

> Classical example if bis(benzene) chromium.

» First prepared by E. O. Fischer in 1950s by reduction of CrCl; with AI/AICI; in benzene (Fischer-Hafner synthesis)

@
61t
®

. AlC de

3 CrCly + 2 Al + AlCl, 3 4 C-C bond length 142 pm
+ 6C6H6 . I
</ > 6n
18 VE

» Arene ring can bridge two metal to give triple=decker structure, with more than two metals give multidecker



» Alternatively, arene complexes can be made by co-condensation of metal and arene vapors, substituted bis(arene)

complexes are primarily isolated (particularly 1,3,5-R;C5H,).

» Stability of the arene complexes increases with degree of substitution

|
M) + CeHg-pR, — M M = Ti, Zr, HF, Nb, Cr,
a I - R, lanthanides
@ R= H, Me, Bu', etc.
» Group 6 (M = Cr, Mo, W) metals form air-sensitive 18-electron complexes n%(C¢H¢),M. In the solid state, the two
benzene rings in n®-(CzH),Cr are eclipsed.
» The bonding results from the interaction between the n-MOs of the ligands and 3d metal orbitals (occupied ligand -

MOs-as donors and vacant MOs - as acceptors).

» Many bis(arene) complexes deviate from 18 e rule and are paramagnetic



Complex Electron count Unpaired electrons Comments

[Ti(CgHsPh),] 17 1

INi(CcMeg), 1% 20 2 red-brown




» Arene complexes can be made from Cp complexes by ligand exchange. The arene ring can bridge two metals to give

triple decker structures

20
[H(OEt,),]*[BArF, ]~ @

NiC » 1 BArf, ]~
P2 CoHe Ni [BAI,]

CeHe 1 H,0-BAr, B

Cr(g)




w NN =Y

Reactivity of bis(arene) complexes

Arene complexes undergo reactions

on the metal, by oxidation and reduction
by ligand substitution

on the arene ligand, by metalation and
nucleophilic attack

Reactions of the metals and ligand
substitution is shown by redox reaction of
Nb(nb-toluene)

Low valent arene complexes are easily
oxidized (reaction of Ti(C¢H,Pr,'), with le
oxidant Fe(Cp),* to give Ti(l) - 15 e
paramagnetic species

Reaction of Cr(ben), and Cr(CO), leads to

ligand exchange

Oxidation:

: LiR

Br
_. '/’\’/v No—Br - Nb —R
Qk 18 VE \/\
@— R = Me, Ph
17 VE L = PMe; —@
L
AT
oi O
Pr'@ _ BAr,”
. [Cp,Fel[BAr,] {pr
Ti(1,3,5-C¢H3Pr5), e~ P ’}f!
P2 2;/_\>—Pr* Ar = Ph, CgH,F, 3,5-(CF3),CgH5
Pr
Ligand exchange:

C r(C6H 6)2 + Cl’(CO)6



Attack on arene ligands:

Ligand exchange:

< L
| BuLi E-Cl . |
Cr TMEDA E = Me;Si, Ph,P o

</—-—|—-—-\> ~Licl /__,,,,]"\ E
Nucleophilic attack:
20
o . <7
Ry > Ru® + Ry hydride addition
> an =I5
major D minor

> The lithiated derivative n°-(C4HsLi),Cr can be prepared by reaction of n®-(C4H,),Cr with n-BuLi and is a precursor to other
derivatives.

» Cr(ben), can be surprisingly, is easily oxidized by |, to:the d.7-electron, air-stable yellow n®-(CHg),Cr.



Bonding in Chromocene

C¢H; (each double bond behaves as ligand) behaves as a tridentate n°-ligand.

Bis(n®-benzene)chromium, n®-(C4H,),Cr is considered to be made up of six coordinated double bonds, each donating two
electrons, bound to a d® metal atom, giving a total of 18 valence electrons.

C¢H¢ has three bonding and three antibonding orbitals n-bonding MOs

The strongest interaction is a o-interaction occurs between the most strongly bonding a, benzene MO and the d,, orbital of
the metal atom

n-bonds are possible between the two other bonding benzene MOs (e;) and the d,, and d,, orbitals.

Back bonding from the metal to the C¢H, is possible as a 6-interaction between the d,,,,and d,, orbitals and the empty
antibonding e, orbitals of CH,.

n®-Arenes are neutral ligands that donate six electrons and normally take up three coordination sites at a metal.



Click the energy levels to Molecular Orbitals of the 1 Interactions of benzene Molecular
display orbital interactions system of a benzene ligand Orbitals with metal d orbitals —
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See below for 2D diagrams (Top Down Miewa) Saha Draft
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o-interaction d,2
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Ti(CgHs)2 V(CgHs)2 Cr(CgMeg);  Fe(CgMeg)s

NEV 16e 17e 18e 20e

. A
€ 1g {K}", '.'I'rz} — — :A‘Li

a'ig (z%) — + _jilf _A

1 0C-y2, ) L o til L,
unpaired electrons (n) 0 1 0 2

Vn(n+2) 0 1.73 0 2.83
exp. nipg) 0 1.68 0 3.08
color red dark red brown pink

Electronic structure (see the MO diagram of [C r['l']E-CaHa}z] above), theoretical
(u = 4/nin+2) pp) and experimental (p in Bohr magnetons) magnetic moment
and color of the neutral metal-bis-arene sandwich complexes
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Arene half sandwiches: Piano stool compounds

» These exists in combination with X-type ligands, as (arene)metal halide, and with L-type ligands, particularly (arene)

metal carbonyl complexes

> Early transition metal halides posses sufficient Lewis acidity to form m-complexes with arene.

» Arene complexes of low valent transition metal halides are also known, often stabilized by AlX,

“1®
3TiCl, + CcMeg — 3 [ E
Ti Ti,Cly™
a” \
Cl
12 VE
<=
Cl i cl
al’ene il thy,
3TiCl, + 2Al + 4 AlCl, - 3 N\ | L C l\. Clw'""Al/
A \ f
y T~ N



» Arene complexes of noble metals may be prepared by dehydrohalogenation of dienes which act as reducing agents,

reduce Ru(lll) to Ru(ll), leading to important class of (arene)RuCl,L complexes (even used in cancer treatment).

Ci e
EtOH wCly, / —i |
+ RUC13'RH20 T - \R v " Ru — . Ru

- HCl u -
/o ~a” X ~ '/ pg,
Cl f cl

Hzol NH,PF,

[ Nd A\ 1® PR |
“.\‘\ //'*,, _ 3 N - RU®
—RL]"""'CI"‘"Ru—! [P — T RPN
~ /
Ci \ ] R3P




» The coordination of M(CO),, fragment activates the arene ligands. Common synthetic approaches are ligand substitution

and abstraction of halides from metal carbonyl halides with AICI,

L X
Qx + (MeCN);Cr(CO); — |

RT . Cr
oc"/ “co
0C
I
@ + Cl=-Mn(CO); + AlCl, —— | AlCL-
- Mn 4
oc” / “co



Reactivity of mono arene carbonyl complexes

» Arene chromium tricarbonyl complexes possess very varied reactivity
» The coordinated arene shows enhanced susceptibility towards nucleophilic attack

» Cr(CO)3 fragment also increases the C-H acidity, making more facile metalation

Effects of Cr(CO)3 coordination:

enhanced nucleophilic attack
’ -\X ¥~ “enhanced acidity
H

enhanced acidity C-/---R
\

| Y " faster nucleophilic

e substitution/solvolysis
oc™/ Sco

0C

» These properties are explored in several ways



! MeO™ N

L Or

oc™ [/ co
oC
l Buli X
e -
o™/ co
0C
| RLI

—cr l
“‘..Cr\
oc’ / COo
0C
R
1) R-X
. OMe
D1,
e
R



W,.Cr\
ocC / CoO
0C

stabilized carbocation



» Multiple metalation are also possible, as are chiral substitutions on the ring (planar chiral system) and in benzylic positions

Li SiMe,
< >R i—__ >R Mesi—C R
| >(j< | L 3 Me,SicCl SiMe;
LG + 3 i}' g \u-'cr\ g o Cr\
o™ f “co L oc’ e o { Nco
0C 0C
(I:r NMe, 1) Buli 3 "We2 1) cicoor )
o™ Sco 2) E’ oc“/ ~co 2) Nu~ oc™f ¢
0C 0C 0C



n-C,H, complexes
» The cycloheptatrienyl ring can be regarded as the 6x-tropylium cation or as 10-= trianion depending upon the nature of
coordinated metal ions
» The precursor of cycloheptatrienyl complex, [n°-C,HgM(CO),] (M = Cr, Mo, W) undergoes hydride abstraction giving
[n8-C-H,M(CO),]", susceptible to nucleophilic attack.

H
H
(CO)g + C | ) N
6 78 = Mo \ Mo\ ~ HCPh, \\‘.Mo\
oc’ b Sco oc” | Sco
65 °C <0 - 0

MeO- Br~ attack |
¥ MeO itack - €O on meta

I | |
K Mo Mo_
o 0C co oc” | ar
CcO CcO Cco

oc™



» COT is a versatile ligand, can
bind metals as the non
planar, antiaromatic neutral
tetraene or as the planar
10m COT?# anion

» Only one or two double
bonds of COT are also
known to coordinate to a
metal centre

» Large size of the C8 ring
indicates its ability to bridge

across two metal centres,

giving binuclear compounds

n-CgHg; complexes

Fe(CO),
O O (OC)3FQO Co
_ n*-CcoT “‘“‘\F o) o == 2
e
fluxional: 3 . P
fast 1,2-shifts |
Fe(CO), CpCo(CO), CpTiCl,
Ti(OBu),/
- FeCl, AlEt,
6 b ]
N G PriMgcl
: /

Fe
A

,,ififﬁff””/////// \\\\QW Th,u

M,=V, (28VE) |
Cr, (30 VE) M
Crfe (32 VE)
CrCo (33 VE)
Cofe™ (34 VE)

L pv,
CNBu'

@Q



YV V VYV V

Binuclear compounds (CpM),(u-CgHg) have been described as twinnocenes and on the basis of 18e rule M-M
multiple bonds have been postulated

Large ions such as Ln and Ac, form COT sandwich complexes, Uranocene U(COT)2 is the best known

It has structural similarity with metallocenes and the possible involvement of f-orbitals in bonding

It is stable in water and its bonding is more covalent (participation of 6d and 5f orbitals)

COT complexes of lanthanides have been extensively studied as single molecule magnet (SMM)

THF, RT 0.5 CoCl,
DVCIB + [_|2[C0T“] - L!+[DV(COT")2}- et

COT“ = 1’4-(MEBSEJ2C8H6
R R R=SiMe,
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