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Group VIB: Cr, Mo, W

-Oxidation states from -2 to +6

-While +2 and +3 for Cr are quite usual, compounds for Mo and W are rarely known

-Chromocenes (Cp,Cr) are stable, but corresponding Mo and W complexes are
known only as an intermediates

-Ligands like CO, Cp — are very popular for the organometallic complexes of Cr, Mo, W



Synthesis: _
Z
Using Li, Mg, Al - organic compounds \/-——'

WClg + 6LICH; — W(CHs)s + 6LICI

WClg + 6AICHs)s — s W(CHa)g + B{CIAI(CHz),<~—NMes)}

WNMe, — red crystals, stable below room temperature

IR: v(W-C) = 482 cm-! NMR 'H: 5(CH,) = 1.62 ppm — singlet with W-satellite (J,, = 3Hz)

Cr(CO)g + LiCH3 —— Li[(CO)sCr(COCHS3)]

Anionic acyl-chromium complex can be used further for the synthesis of carbene
complexes

CrCly + 3C3HsMgCl —— Cr(n3-CaHs)s + 3MgCl,

Cr(n3-C;H;); — dark-red crystals, stable below under the melting point (78°C)



Reactivity:

1. Tendency to form multiple M-M bonds: \/
O O
@ c on
rf/fc,o A .'J/_
OC""MD_HMO - Mo x}VIO + 2CO
CJ‘

2. Reactive {Cp,W} intermediate can activate aromatic C-H bonds:

H

hv
{Cp,W} —— CpW.

-

Cp2WH2




3. Cr (Ill) cyclopentadienyls can be synthesized starting from CrCl,*3H,0.
These compounds have very diverse chemistry:

AIR,

OrCly(THF), —_— RCrCly(THF),
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4. Cr(lll) organyl are important intermediates in iodoolefination
(Takai Reaction)

CrCl,, CHI, Rel
RCHO e = Wl (E) >> (£)
Mechanism:
crcl, crcl, cri\
CHl; —— [Cr'”CHIQ] — CHI
Cr
A
B
R _CHI CrCl
RCHO —2 & Y - —_— R
ocr'™
i ol ]
B [
RCHO —— RYCH' — R
ocr!

s\



5. Cr(lll) organyl are important intermediates in the addition of R-CCl, \/‘67‘
to an aldehyde C=0 bond '

Trichloroalkanes are stereoselectively transformed to (E)-chromium vinylidene
carbenoids, which add smoothly to a variety of aldehydes to afford (Z)-2-chloroalk-
2-en-1-ols:

OH
CrCl,. THF. 1t CrCl R'CHO
R >NcCly — R/““Y . —  » RTX R
Cl Cl
(£) >> (E)
R, R = aryl, alkyl, alkenyl
OH
CCls %0 CrCly. THF. rt P e ; o
O\A l =
CHO = O

2.1 mixture of syn/anti-isomers




Group VIIB: Mn, Tc, Re

-Oxidation states from -3 to +7
- +1 and +2 for Mn are more typical than higher oxidative states

-Ligands like CO, Cp — are very popular for the organometallic complexes of Mn, Tc, Re

Synthesis:
Using Li, Na, Mg - organic compounds
co
BrRe(CO); + NaCp —» —Re, + NaBr
\"’”CO
Co

ORe(CH,3), can be obtained as reddish-purple crystals using MeLi:

1) MeLi
ReOCl3(PPhs), E}Tr ReO(CH3), IR: v(Re=0) = 1002 cm"
22




2. Metallation of hydrocarbons is also possible: \ji

~150-210°C /CO
Rez(CO)1p + 2CpH ——> 2 -Ré,
\co

CpMn(CO), as an air-stable pale-yellow crystals also can be obtained via metallation
of hydrocarbon:

DMF /CO
2MnCl,Py, + Mg + 2CpH + 6CO ——» 2 @_Mn
2

" \"co

CO

Application:

1. The analog of the above mentioned complex - n*>-(MeC:;H,)Mn(CO), has been
commercially produced by the same procedure since it is used as an antiknock
agent in gasoline



2. Nitrogen activation

MeN=HNMe .-Mn-._

3. Diels-Alder reaction

(benzene is usually inert in this reaction without metal catalyst)



Group VIIB: Fe, Ru, Os

'\___,.n"""-__;
-Oxidation states from -2 to +4 for Fe and Ru and from -2 to +2 for Os

- 0 and +2 are more typical

-Ligands like CO, phosphines — are very popular for the organometallic complexes of
Fe, Ru, Os

Synthesis:
1. Metallation of hydrocarbons:
CpH
FeCl, TEtzh FeCp,

FeCp, — orange crystals, stable on air. NMR "H: 3(CzH;) = 4.01 ppm

Cp'H .
RuCl3*3H;0 =—— [RuCICp ],

[RuCl,Cp], — dark-brown crystals. NMR 'H: §(CH,) = 4.90 ppm



2. Electrophilic attack on the metal:

[CpFe(CO)]"

Ph,l*

[CpFe(CO),Ph] + Phl

Application:

C-H bond activation

a) Aromatic C-H bonds:

Rus{CO) 42

CO.1
O ..r &0 psi
150 'C

3:1 R= C¢Hg

Intermediate:

(CO)4

Ru
AH\
(CO)3Ru — HHU[CO}S
=N

\ 7




b) Vinylic C-H bonds: \\/i

Tetrahydride diruthenium complex, which can be obtained by the reaction:

. LiAIH, H,H
[RUCLCPT, — -na”'>‘nu
N7,

e

can activate C-H bonds of ethylene:

X / ‘~3‘ CH,=CH, _

M, "
/ U
N g \K\ i

c) Aliphatic C-H bonds activation:

Certain metalloenzymes can break alkane C-H bonds via homolytic C-H bond breaking
to give carbon radicals. Abstraction of an H atom from the alkane is effected by a high
reactive oxo group coordinated to a high valent iron center in the enzyme.



CH, to CH,OH: enzyme MMO - methane mono-oxygenase

OH‘H\O/H
—<o | ,o~0 o H =
‘HFQQ Iée”’/ O o
o —>
@N/ N Ho/o/z@ Lo L
!
\O }_I
FL;H/ O\FEN
Hb /H Ho ,!H ;/CHa ©
FL*H/O\FE-'“ - F\EH/O\FEW Selectivity: 30 > 20 > 10
OH (li
. H
CH, CH,

Gif-system: model has been developed which act in the same way: iron dipyridil complex

L Fe=O + R-H ——» | Fe-OH + R—— L Fe + ROH Selectivity: 20 > 30 > 10




Group VIIIB: Co, Rh, Ir

-Oxidation states from -3 to +4
- +1 and +3 are most stable

-n-acidic ligands like CO, phosphines, alkenes — are very popular for the

organometallic complexes of Co, Rh, Ir

Synthesis:

Direct activation of the C-H bond:

| —— > [RhCp*(FPMey)] |

Rh... b 55 'C
<", 'PMeg il ' PMesy
H H H h"
CHaCHACH=




2) Using Li, Na, Mg — organic compounds

toluene

CoCI(PPh3);3 + NaCp — > CpCo(PPh3), + PPhs + NaCl

CpCo(PPh;), — black crystals (should be stored at low temperature under nitrogen,
but short exposition to air at room temperature is possible)

'"H NMR: 8(Cs;H;) = 4.45 ppm

RhCICO)(PPhs)> + Mmgaf —_— > Mgh{gg}(pphﬂz + MgCIBr

Reactivity:
1. Cyclotrimerization of alkynes with CoCpL,, L = PPh,;, CO, cyclooctadien (COD):
R
CpCoL, R R
3R—C=C—R —>
R R
R




Mechanism:

Cp = CsHs, L = PPhs

In the case of CpCo(PPh;), the catalytic intermediate pa <j
o
cobaltocyclopentadiene complex can be isolated: Phop” =




The cobaltocyclopentadiene can react with a variety of compounds containing

multiple bonds to give cyclic products:

'?rp
Co
_.-|'
O
ma
Cp HC=
Co co

':l:p piDFtilaf‘_____,.-' Phﬂ'
Co e /
ii:\Pﬁ H.C=CHs /
=
OR ,/
Cp
Co

Sul



2. C-C bond formation using Rh-complexes:

RhCI{CO)(PPhs)s + s —

Cy1HaaCOCI Cl
—— o,
= ™ Rh(CO)(PPh4)a
COC;1Hza2

= "Rp(CO)PPRY), + MgCIBr

NTNCOC Mo

RRCHCONPPhs)2

In this cascade of 2 reactions RhCI(CO)(PPh,), can be recovered and reused.

Dimerization of terminal alkynes is promoted with RhCI(PPhj;).:

HRCHPPha)s

2 CR=CH

' ol

RCH=CH-C=CR




Group VIIIB: Ni, Pd, Pt
-Oxidation states from O to +4

- +2 is most stable

-Phosphines, alkenes — are very popular for the organometallic complexes of Ni, Pd, Pt

Synthesis:
1) Using Li, Mg, Al — organic compounds
Br“& HpEtj + ArhigBr ‘ﬂ'r‘“& fPEI3 + MeLli Ar“& r’PEtE
N N - — - NI
EaP” B S Et,P”  Me
_ PPhs
NiCix{PPhg)s + Li{CHa)sLi — - Mi
g
~  “PPh,

PdBry(PEts), + 2MeLi —» cis-PdMe,(PEts), + 2LiBr




2) Oxidative addition of C-Halogen bond to Ni, Pd, Pt(0) compounds:

PdL, + R-X - RAPd{X)L: + (n-2)L

R =alkyl, aryl, zlkenyl. benzyl: X = CI, Br, |, OTI

3) Oxidative addition of C-H bond to Pd, Pt(0) compounds:

Ptl_z +R-H ——— H-Pth-R

Cya
P H
/P'[ f
p” N
Cya

l Che,

Cyz _ Cyz Cys
P ot :i> -""P‘\‘ CH . _H
Pt Pt - r \P‘l
- s s

P P Me
Cys \Qh Cya | Cys
i
sive; A ﬁ\i
o \
f;’ \\
Cya " Ew ’
L .»"H =2 -
L Pt Pt
p"f - SiMe, b Ph
Cyz Cy




Reactivity:

RCO-Cl + Pd{l) = RCO-Pd-Cl

Not only acyl halides but also other compounds can undergo oxidative addition:

X 0
X
>:( I mso,—x A
X R X

X = halogen, pseudo-halogen

C-H substrates which can undergo oxidative addition to Pd(0):

I




Substrates with element-element bond which can undergo oxidative
addition to Pd(0):

R2Si-SiRg R2Sn-SnhRs R-B-BR- R2Sn-SiR4

idative addit
BM' —MR + Pd —cavo a9AlON_ evr-Pd-M'R

N-O bond in oximes can also undergo oxidative addition to Pd(0):

N_#'G"'\—H_.l’ N_r Pd_{:}ﬁ‘

/H\ + Pdi0) —— A

R H H R

Hi

Ni'/Zn® system was elaborated for the C-C coupling which includes oxidative
Addition to Ni©:

R-X R-R
Il
Wi .
7 D

ZNXa Zn

L,Ni(0) = L NiXp




gi NICI,(PEty), (4 mol9s)
e N Br ZriKIINMP

2. Reactions in the coordination sphere: organopalladium(ll) species and nucleophiles

CO
alkenes are rather unreactive towards nucleophiles because they are electron rich
alkynes

However, their reactivity is inverted when coordinate to electron deficient Pd(ll)

Pl Fléill H

In the case of non-symmetrical alkenes the attack of a nucleophile takes place at the
more substituted vinylic carbon atom



~ " OH
|Er'-—r‘:':2 o -HIII
. |_I"-...-|f—"-u-l'|_l - ! __-—ﬁ_\
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e
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~ CHiCHO + Pd{0) + HCI
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|/;; ..-'{:l ¢ OH !; r“’{:!*?f\_
—
—__~Pd - i _——Pd
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o T ) —]]
NN N\
5 T
/ /
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G° Gl o . /




Phyp” Y B PhoP” =D

D‘"'/I‘\
H . CH{CO:Me)s

Coordination of alkenes to platinum(ll) also facilitates a nucleophile attack:

MNu

I_*"7 |;-__ A o j Gl i
[PtCl4]= + ‘ 'f’ - a: jpt !

Nu = alkoxides, amines, carboxilates.

K[

™,
0

@




Physical Methods in

Organometallic Chemistry

NMR of organometallic Compounds

- The metal
- The organic groups (alkyl/aryl)
- The other ligands

- Coupling with heteronuclei




Metal complexes:

Diamagnetic: Paramagnetic:
Metal complexes with no unpaired Metal complexes with odd electron counts

or high spin configurations with one or
more unpaired electrons are paramagnetic.
The paramagnetic metal center will
significantly affect the chemical shift ("H
chemical shifts of +200 to —200 are quite
possible). In addition, the paramagnetic
Examples of diamagnetic metal centers:  center will often broaden the peak, often to

electrons will behave similarly to
organic materials.

Requires an even electron count and a
low-spin configuration with no unpaired
electrons.

d°, d* (low spin, tetrahedral), d® (low the point where it is practically

spin), a® (square planar), d'° unobservable.

MNucleus Spin Matural Frequency Hewptwlty

Abundance (%) 'H = 100 MHz Bo=1

Ligands

'H 1/2 99.99 100 5870
e 1/2 11 2515 1.00
G 1/2 100 94 1 4900
ip 1/2 100 40.5 391
Metals

"“Rh 1/2 100 4.9 0.68
" ag 1/2 51.8 4.05 0.20
"% ag 1/2 48.2 465 0.28
¥y 1/2 33.8 21 4 20 1




The organic groups (alkyl/aryl)

Alkyl groups
e at main group metals:

— shift to high field (compared to a H or CH; substituent):
0-4 ppm in 'H, 0-15 ppm in 13C
— the metal is a o-donor!
« at transition metals:

— larger high-field shift for metals
with a partially filled d shell

Aryl groups
usually low-field shift of ortho H and ipso and ortho C
Hydrides
extreme high-field shift (up to 100 ppm) for metals with a partially filled d shell.

Example of hydride NMR signal description:

spliting ~ J constant Integration
| | h assignment
0-10.44 (d, 2J(P,H)=15.0 Hz, 1H, H,



Coupling to heteronuclei

M-CH, M NMR-inactive 1 Pd-CH,
M S=1/2 u Rh-CH,
M S=3/2 | l ___———_ Cu-CH,
M 30% S=1/2 bL Pt-CH,
¥y Coupling Tvpical Range (Hz) Rd=T Coupling Typical Range (Hz)
THPPPE-TH) 700-1370 T RR-H) 15-30
VPP 850-2500 (CO. CNR)  'J("™Rh-"c) 55-85 (CO. CNR)
38-429 (alkyl, aryl) 11-43 (alkyl, aryl)
PP 1000-4000 PRI 74-194
B =T =) 200-2000 1(""Rh-PE) 50

The 2J,, coupling constant is strongly dependent on the L-M-L angle.
The coupling will be largest when the angle is 180° (trans) and will be
at a minimum when the angle is 90°.


M  S = 3/2�


Trans coupling (90-160 Hz) / cis coupling (10-30 Hz)

:{ -
2j(H, Pg)
RiPg Ilr /:‘ H (\| B
Rapa/ | "PpRs
x ‘
2HH, Py)
H
R3Pg < 1i[/ X “J(H, Pg)
REPA/ | " PyR;
K |
il
H z-ﬂ:Hﬂ-e Hh}
RiPp |af H;, / \\
P Ir - 'z‘ \
el 1 I
X
Ll L Lk




The other ligands

« Charged ligands usually become aromatic

@.

« Arenes become less aromatic and sometimes more Iocalized

» Olefins shift to higher field (metallacyclopropane character'

+<—>V

M
free coordinated cyclo-
ethene ethene propane
H 5.2 1-3 0.2

13C 122 40-90 -3



13C-NMR:

<J'> , Fe Fe(CO), :
{c 0}5GrfGF hz ‘. E @ ; Hac#&‘},ﬁlfc h\hAIU .l-_‘-CHE
o Wff-?ﬂiaf: /(—‘ : HaC?” \_ﬁf"" en
(CONCr=C(OED), | | | _ Hy
(CO),Cr(CS) . Cr(cody | Fe(CO), | Pd(CoHYs | [LicH,],
: : . ! 108 P P : 5.6 ; O
: i | P o ==ty
| 341} 286 |255 [p02] 100 g5 | [B5 74 je4 458 | 13 111 | -35. 1
390 1331 I 266l 212l192 | Tso I T e8] | a0 | 0 -155 |
E Eo H i Si(CH,)
. MeC=W(CO)I!  Mo(CO)g | ! o e : | & i
: 4; o(COlg P C"?ﬂz @ [Pt(CHL)51], CpW(CO)3CHg
trans-MeC=Cr(CO),] A |
: W{GHEJE 5 13¢/nom
: . Pd ' Fe(CO)y | P
;£ @ = |
(CO)gMn _c\ 3; r;l Pd compare:
L
{@E <S> CoHy 1235
C or e ,l,,q._n,"' GO igz2.z
C atom observed (CO), )




MS of organometallic Compounds

It 1s often possible to determine molecular weight of a compound by MS

For example: Manganese carbonyl => m/z 390

As Mn => 55 and C=0 =>28 = Mn,(CO),,

(odd) (even)

Another example: Iridium complex PEt% I
NMR and IR can give a lot of information but without Cl /Ir/ P< Cl
MS it is very difficult to show the presence of Cl. OC Cl
With MS, it is easy to show that 4 chlorine atoms are present PEt3

Molecular ion is usually present with Laser desorption. However, 1ons produced
that way comes from condensed phase (solid/liquid) and structure in these phase
might be very different from the one in gaz phase.

With FAB (Fast Atom Bombardment) most intense cation peak is the protonation ion
(M+1) peak. Anion (M-1) can also be formed.



IR of organometallic Compounds

Bond Stretching Frequencies: Hydrogen

Hydrogen: all bond stretch occur in the range:

4000 to 1700 cm™! (for H-F down to H-Pb)

Going down any main group in periodic table increase the mass

And decrease the bond strength => Lowering stretching Frequency

From Left to right along a row: the effect of increasing the mass is outweighed

by the increase in Bond strenght => Frequency increase

Increase (cm™)

Typical M—H Bond Stretchiné Frequencies for p-block Elements

-1
Decrease (cm ) B 2300 C 3000 N 3400* O 3700* F 3962*

vAl 1800  Si 2200 P 2350 S 2600 Cl 2836
Ga 1850  Ge 2100  As 2200 Se 2350 Br 2559
Sn 1850  Sb 1900 Te 2070 P 2230

*Note: normally reduced considerably by hydrogen bonding in condensed
phases.




Bond Stretching Frequencies: CO-ligand

Terminal Bridging Triple Bridge
M——CO 4 M M
M \M \ /

2130 — 1700 cm! GO
1900 — 1780 cm! |

1900 — 1780 cm™!
We can therefore state: CO above 1900 => terminal CO

Below 1900 : Can be due to bridging CO or terminal CO with unusual
reduction of CO strenght (d -> n* back bonding)

Isotopic subsitution:
« Aband at ~2000 cm-"may due

At about 2000/V 2 = 1414 cm™’

to M-H or M-CO e
« Changing H to D we can 2 HV ”“‘}
distinguish between these two (where ¢ = the velocity of light)
situations it
" omy +mo




Some IR bands of Co(CO)H

Co(CO)sH Co(CO)sD Assignment

2121 2120
2062 2058 v(CO)
2043 2043
1934 1396 v(CoH, D)
703 600 )
505 482 | deformations involving
403 393 r H-atom motion
331 296

1934/v 2 = 1367 cm', close to experiment: 1396 cm-’



