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Introduction

Almost all transition metals can form M-CO bond

Ni(CO), is the first d-block carbonyl, synthesized by L. Mond, 1888

It is almost colorless liquid with bp 34°C, decomposes on heating to CO and Ni

Mond & Berthelot independently prepared Fe(CO)., from CO and finely divided Fe

The carbonyls of other metals can be prepared from metal salts and CO under reducing conditions.

Metal carbonyls are mostly volatile and toxic.

Metal carbonyls can be homoleptic (one type of ligand) as well as heteroleptic (more than one different ligands)

Metal carbonyls are useful synthetic precursors for other organometallic compounds and are used in organic syntheses

and as industrial catalysts.



Neutral, low-nuclearity (<Mj) metal carbonyls of the d-block metals (dec. = decomposes).

Group
number

First row
metals

Second row
metals

Third row
metals

Dark blue solid;
paramagnetic;
dec. 343K

6

Cr(CO)
White solid;
sublimes
n vacuo;

dec. 403 K

Mo(CO),
White solid;
sublimes

in vacuo

W(CO),
White solid;
sublimes
in vacuo

\' l[l}:( ((.]J 10
Yellow sohd;
mp 427K

Te,(CO)yy
White solid;

slowly dec. in
air; mp 433K

White solid;
mp 450K

Fe(CO)s
Yellow liquid;
mp 253 K;

bp 376 K

Fe,(CO)y
Golden crystals;
mp 373 K (dec.)

IL’J,[((}J“:
Dark green solid;
dec. 413K

Ru(CO)s
Colourless liquid;
mp 251 K; dec.
in air

at 298 K to
Ru;(CO)2 + CO
Ru;(CO) s
Orange solid:

mp 427 K; sublimes
n vacuo
0s(CO)5

Yellow liquid;
mp 275K

(]5_1 [((]J 17
Yellow solid;
mp 497K

9

('llg(('(.r]g
Air-sensitive,
orange-red
sohd;

mp 324K
(-114[‘(-(.}\]|3
Air-sensifive,
black solid
Cog(CO)y6
Black solid;
slowly dec. in air
Rhy(CO),,
Red solid;
=403 K dec. to
Rhs(CO)y6

Black solid; dec.
=573 K

Iry(CO)ysy
Slightly air-
sensitive yellow
solid; mp 443K
Irg(CO)y6

Red solid

10

Ni(CO)y
Colourless,
volatile hiquid;
highly toxic
vapour; bp 316 K




18e" rule and metal carbonyls

A stable complex is obtained when the sum of the metal d-electrons, electrons donated from the ligands and of the overall
charge of the complex equals 18.

Formula & structure of metal carbonyls can be explained using 18e- rule (99%).

Binuclear carbonyls are formed by elements with odd number of valence electrons (odd-numbered groups) and therefore
dimerize by forming M-M bonds

Generally, number of CO ligands decreases across a period. V(CO), is an exception (17e’), sterically too crowded to
dimerize and it is readily reduced to 18-e- V(CO), .

Coordination number around the metal normally remains six or lesser

Simple metal carbonyls follow VSEPR theory, CO ligands are at maximum distance.

Counting the electrons helps to predict stability of metal carbonyls, cannot distinguish between bridging and terminal CO



Electron count:

Cr(0) (group 6) contributes 6 electrons

] n°-C¢H; contributes 6 electrons

Cr 3 CO contribute 3 x 2 = 6 electrons
ocC / \ \

Fe(0) = 8 electrons €O Total = 18 electrons
3 terminal CO = 3 x 2 electrons co
2 1-CO =2 x 1 electron per Fe Rh(0) (group 9) contributes
Fe—Fe bond = 1 electron per Fe 9 electrons

_1 ocC Cl CcO .
H="/ ﬂ]E’CUl'C'“ per Fe N N\ wClcontributes 3 electrons (1 to
1-charge = '/; electron per Fe Rh\ Rh one Rh and 2 to the other Rh)

_ / e )

Total = 18 electrons per Fe ocC cl co 2 CO contribute 2 x 2 = 4 electrons

Total per Rh = 16 electrons

Self-study exercises

1. Confirm that each Tc centre in Tcy(CO)yy obeys the 18-
electron rule.

2. Confirm that in each isomer of Co,(CO)g shown in diagram
23.28, each Co centre obeys the 18-electron rule.

3. Does the 18-electron rule allow you to assign the structure

shown in Figure 23.10c to Fe,(CO)y in preference to a structure
of the type (CO)4Fe(p-CO)Fe(CO)4?



Structure of some mononuclear and dinuclear metal carbonyls
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Structure of some polynuclear metal carbonyls
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Other than V(CO),, each 3d-metal carbonyls obeys the 18e rule.

The 17e count in V(CO), suggests the possibility of dimerization to V,(CO),, with V-V bond (sterically unfavourable)
Mn(CO); will be a radical, undergoes dimerization: Mn,(CO),,, the lowest nuclearity neutral binary carbonyl of Mn

A similar situation arises for cobalt: Co(CO), is a 17¢e species and the lowest nuclearity binary carbonyl is Co,(CO)s.
Group 7 dimers Mn,(CO),,, Tc,(CO),, and Re,(CO),, are isostructural, have staggered arrangements with unbridged CO

In Fe,(CO),, three CO ligands bridge between the Fe centres; each Fe atom obeys the 18e rule if an Fe-Fe bond is present

and this is consistent with the observed diamagnetism of the complex.

When solid Co,(CO), is dissolved in hexane one IR suggests the presence terminal CO only

The IR spectrum of solid Co,(CQO)4 shows both terminal and bridging CO ligands
Solid state 13C NMR spectroscopic data show that terminal-bridge CO exchange occurs even in solid Co,(CO),.
oc ¢ o oc €0 Co
\/\/ \: |
OCrmmCo—CominiCOo  ——= OC_CO_CP_CO
{d\/\
oc ¢ o oC oc CO

C,, symmetry D54 symmetry
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Group 8 metal (M = Fe, Ru, Os) forms a trinuclear binary carbonyl M;(CO),, with a triangular M-M framework.
The arrangement of CO ligands in Fe4(CO),, differs from that in Ru3(CO),, and Os4(CO),,.

In Fe;(CO),, (solid state), Fe, triangular framework with one Fe-Fe edge (shortest) bridged by two CO ligands while for

the rest four terminal CO per metal (Ru, Os).

The solution 3C NMR spectrum of Fe,(CO),, exhibits one resonance showing that the molecule is fluxional, can be

described in terms of exchange of terminal and bridging CO ligands

Group 9 carbonyls Co,(CO),, and Rh,(CO),, are isostructural; three u-CO ligands are arranged around the edges of one

face of the M, tetrahedron. In Ir,(CO),,, all ligands are terminal.

Each group 9 metal forms a hexa-nuclear carbonyl, M,(CO),,, in which the metal atoms form an octahedral cluster.

In Cog(CO),4, Rh(CO)4 and the red isomer of Irg(CO),,, €ach M atom has two terminal CO and there are four p,-CO.
A black isomer of Irg(CO),4 has been isolated and in the solid state has 12 terminal CO and four p-CO.

Other octahedral carbonyl clusters include [Rus(CO),g]* and [Os¢(CO)]%, but in contrast Oss(CO),4 has a bicapped

tetrahedral structure



Synthesis of Metal Carbonyls

Metal carbonyls can be made in a variety of ways.

For Ni and Fe, the homoleptic or binary metal carbonyls can be made by the direct interaction with the metal

In other cases, a reduction of a metal precursor in the presence of CO (or using CO as the reductant) is used

Carbon monoxide also reacts with various metal complexes, most typically filling a vacant coordination site or
performing a ligand substitution reactions

Occasionally, CO ligands are derived from the reaction of a coordinated ligand through a de-insertion reaction



» Direct carbonylation: Directly heating CO with finely divided metals

1 bar, 25°C . co

Ni+ 4 CO - Ni(CO), I
colourless liquid, dec. »35 °C OC“)N‘ ~co

bp. (estimate) 42 °C oc

(T'O

100°C OC",'Fe«-CO
Fe+5C0  —————  Fe(CO)s oC” |
CO pressure straw-coloured liquid, bp. 103 °C CO

» Reductive carbonylation: Reduction of metal salts

CO (200 bar) HsPO,
VCl; + 4 Na >~ Na[V(CO)4l™ - V(CO),
diglyme, 150 °C - H,
-3 NacCl 18 VE 17 VE
CO (300 bar)
CI‘CI3 + Al i Cf(CO)é +AlCl3
AEC3I.3, C6H6
18 VE
. _ diglyme
MoCls + 5Na+ 6CO 52 bar. 10 25%e Mo(CO)s + 5 NaCl
Et,0, 67 °C
WClg + 3Zn+ 6CO —— "~ " W(CO)g +32ZnCl,

50 atm



» Thermal or photochemical reaction of other binary carbonyls

2 Fe(CO)s > Fes(COY + CO

3 Fe(CO)s = Fey(CO)ps + 3 CO

» Displacement Reactions: Certain metal carbonyls have been prepared by the reaction of metal compounds directly with
CO owing to the fact that CO is a reducing agent.
2IrCl; + 11CO — Ir,(CO)4 + 3COCl,
Re, 0, + 17CO — Re,(CO),, + 7CO,

» From reduction of metal oxides and carbonates

0s0,4 + CO MeOH . 0Os3(CO)yz + 4CO;
125 °C/75 atm
215 atm " "
. » Res(CO)g + 7CO
Res05 v 17 CO 290 °C 2 10 2

240 bar

r o
2CoCOj; + 2H; +8CO 001500 C02CO)g + 2COp + 2H0




Mn(OAS 4 AlEty M (CO)
2 80-100 °C yellow crystals
200 bar CO mp. 155 °C !

CO pressure
H;

Ac,0, 160-180 °C orange crystals, mp. 51 °C
hel CO pressure Rh,(CO)
Rt high temperature 4=z
hy Fe(CO)s Fe,(COJ, orange crystals

Fe(CO); = Fe(CO),

Fe;(C0O);,  dark-green crystals

Co,(CO)g -A—Or— Co,(CO);»  blackcrystals



MO description of CO

» The C=0 molecule shows the presence of a C-centered lone pair (HOMO), a c-bond generated from the p, orbitals of C and
O, and two orthogonal n-bonds, which together give C-O triple bond

» The HOMO is weakly C-O antibonding in character

» There are also two C-O antibonding =n* orbitals, which could accept electron density from sufficiently high lying orbitals
such as the occupied 3d (or 4d,5d) levels of transition metals

» The combination of &, &, &* orbitals is responsible for the reactivity of CO
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MO diagram of CO
Why CO binds a metal via less electronegative C-atom instead of more electronegative O-atom? What makes it a good 7 acceptor?
The HOMO of CO is weakly antibonding (compared with the O atomic orbitals) and is an MO which is carbon based.
Secondly, the «* antibonding orbital which is the LUMO is also of comparatively lower energy which makes it possible to interact with
metal t,, orbitals for = bonding.

There exists a strong back bonding of metal electrons to the r©* antibonding orbitals of CO

Py p;,“, P: ﬂ

Px: ‘Py; Pz

O_L_La

C

M‘-CEO’ - M=C=0 =—=*M=C—O-



Bonding modes of CO
» CO can interact with a transition metal in three ways: as o-donor, as w-donor and as nt- acceptor.

» Two are important: weak o-bond (L — M) and strong n-back bonding (M — L).

n-donation Is weak
and are often

M(c)~—:C=0 neglected
c-donor interaction
M(n) ~—C=0 M(r) — C=0 (7%}
(shading indicates the orbital phases) n-donor interaction n-acceptor interaction

» Metal-CO complex is stable only with filled metal d orbitals, suitable for back donation to CO antibonding orbital.

» Synergic effect: Interplay of donation and back-donation of electronic charge between a metal and acceptor ligand.

m tv electron pair on the carbon of
empty fuII pty

the carbonyl o donor
/ ,' n-acceptor capacity of CO is
mfulla Q J; ) responsible for its ability to
OM OFC?ED 4% bind to electron rich metal
Y| centers
abond Om O J J(j

' '.

DCII.‘LJpIEId d \
metal orbital smpty m*

A & bon d CO orbital




Continued
» In a mononuclear complex, CO has only terminal mode of bonding
> In polynuclear complex, CO can be both terminal and bridging (symmetric and semi bridging)
> In symmetric bridging CO, CO ligand are unequally shared between the metal centers
» In semi bridging CO, the CO ligand are unequally shared between metal centers
» Semi bridging CO can be considered to be the intermediate between terminal and bridging ligation.

» Nature bonding or coordinating mode can be easily detected by IR spectroscopy.

0

0 0 | 0 0 0

i 0 !: C-. Y A c//\ c//\
i ¢ "']C\ M m AN 0w

PARN M M N M M — \“_

C=0 M M M M \‘C/ \M/ \M/

terminal U,-CO p;3-CO C”)
veolem™) 2143 2100-1850 1850-1750 1730-1620 a,m-bridging CO

semibridging 4-el. donor us-n*m2-bridging CO



Q. What stabilizes CO complexes is M—C n—bonding
Ans: The lower the formal charge on the metal ion the more willing it is to donate electrons to the n—orbitals of the CO.
Thus, metal ions with higher formal charges, e.g. Fe(ll) form CO complexes with much greater difficulty than do zero-

valent metal ions. For example Cr(0) and Ni(0), or negatively charged metal ions such as V(-1)

In general to get a feeling for stability examine the charges on the metals
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Metal carbonyl bonding
MO description of CO shows the existence of C-centered lone pair (HOMO) and degenerate ©* levels (LUMO’s)
The C-lone pairs (o) interacts with vacant d-orbital in donor fashion, important bonding contribution
The ©t* orbital possesses the ideal symmetry for accepting electron density from an occupied metal d-orbital.
The powerful -acceptor behavior stabilizes the M-CO bond significantly.
The process of electron delocalization over the ligand ©* system is known as back bonding
The back bonding lengthens the C-O bond and shortens the M-C bond
Another possible bonding contribution, the donation of CO = electrons into a vacant metal d-orbital, is relatively

unimportant.

M(c)=—:C=0

c-donor interaction
M(m) =—— C==0Q M) — C=0 (nt*)

(shading indicates the orbital phases) n-donor interaction n-acceptor interaction



M-CO bonding and MO diagram

c-donation

» These interactions are responsible for strengthening of M@ C=0
M-C bond.

» Donation of o-lone pair to the metal strengthens the C-
O bond while back donation from the metal into the
CO =* orbital weakens the C-O bond.

» Overall, a M-CO interaction can be described by two

resonance forms.

n-backdonation

L,M(CO) co

22



J S M C—— 6
i ‘~ M(1) —> CO(r)



Infrared Spectroscopy of Metal Carbonyls

The most sensitive method of observing the bonding interactions in CO complexes is IR spectroscopy

CO stretching vibrations involve substantial charges in dipole moment and therefore give rise to intense band in the IR
spectrum

This gives diagnostic information about the electronic characteristics of a carbonyl complex

Gaseous CO has a stretching frequency v = 2143 cm and coordination to a metal it can reduce upto 1700 cm-!
depending upon the degree of back bonding

Nature of CO also play some role in IR stretching frequency

u,-CO

Terminal CO u-CO

2100 1900 1700 1500 cm™!




» The range in which the band appears decides bridging or terminal.

» The number of bands is only related to the symmetry of the molecule
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TAELE 13.2 Bridging Modes of CO

Type of CO
Free CO
Terminal M — CO

Symmetric® g, — OO C
M7 MM

Symmetric® g, — OO0 M7\ M
M

0

1a—CO C
e z?“‘xM

MM

Approximate Range for wiC0) in Neutral

Complexes [om ™)

2143

1850-2120

17001860

D00- 1700

< | T (few examples)

*Azymmetrically bridging pz- snd us-C0 are also known,

v(CO)/cm!
[Co(CO)e’*

[Fe(CO)J* 2204

[Mn(CO);]" 2100
Cr(CO); 1986
[V(CO)e] 1847
[Ti(CO)e]* 1750

v(CO)/ecm’!

[Rh(CO)I**

[Ru(CO)s* 2199
[Te(CO)g]"

not reported

Mo(CO), 1986

[Nb(CO)e] 1850

[ZK(CO)> 1757

[Ir(CO)e]**

[Os(CO)g]*

[Re(CO)s]’

W(CO),

[Ta(CO)e)

[Hf(CO)s]*

v(CO)/cm'™!

2254

2190

2085

1977

1850

1757



Factors which effecting v, stretching frequencies

» Charge on the metal: As the As the electron density on a metal centre increases, more n-back bonding to the CO ligand(s)
takes place. This weakens the C=0 reducing the bond order, the resonance structure M=C=0 becomes more dominant
M—C=—0 -=-—>» M—C=—0O

More back bonding

V co Higher V' COo Lower

Variation in v (cm~1) of the first row transition metal carbonyls

free CO 2143

Ni(CO), 2057
Co(CO), 1890 Co,(CO)4 2044(av, ter)
[Fe(CO),]> 1815 Fe(CO), 2030
[Mn(CO),]> 1600 &1790 Mn(CO)s+ 2098 Mn,(CO),, 2013 (av)
[Cr(CO),]+ 1462 &1657 Cr(CO), 2000

V(CO), 1860 V(CO), 1976

Ti(CO)2 1747




» Nature of other ligands

Other spectator ligands: Phosphines

PR, Veo, (€M) x(cm-1) PR, Veor (€M) x(cm-1)
A vcowrt P(t-Bu); A vcowrt P(t-Bu);
P(t-Bu), 2056.1 0.0 PPh,(C4F2) 2074.8 18.7
PCy, 2056.4 0.3 P(OEt), 2076.3 20.2
P(i-Pr), 2059.2 3.1 P(p-C¢H,-CF.); 2076.6 20.5
PEt, 2061.7 5.6 P(OMe), 2079.5 23.4
P(NMe,), 2061.9 5.8 PH, 2083.2 27.1
PMe, 2064.1 8.0 P(OPh), 2085.3 29.2
PBz, 2066.4 10.3 P(C4Fs)s 2090.9 34.8
P(o-Tol), 2066.6 10.5 PCl, 2097.0 40.9
PPh, 2068.9 12.8 PF, 2110.8 54.7
PPh,H 2073.3 17.2 P(CF,), 2115.0 58.9
PR3
Lowest CO stretching frequency | Highest CO stretching frequency
Most donating phosphine Ni.. Least donating phosphine
best s donor C/ {” CO best © acceptor

CO




Effect of a ligands trans to CO

Complex vco (em™)
[Mo(PF3)3(CO)4] 2055, 2090
cO [Mo(PClz)a(CO)a] 1991, 2040 More back bonding = More lowering
L I, MO.‘\“‘CO [Mo{P(OMe)a}a(CQO)3] 1888, 1977 of the C=0 bond order = More lower
L/ \CO [Mo(PPhs)3(CO)3] 1835, 1934 IS the vq stretching frequency
| [Mo(NCMe)3(CO)4] 1758, 1898
[Mo(Py)3(CO)4q] 1746, 1888

> With each negative charge added to the metal center, the CO stretching frequency decreases by approximately 100 cm.
» The better the o donating capability of the other ligands on the metal, more electron density given to the metal, more

back bonding (electrons in the antibonding orbital of CO) and lower the CO stretching frequency.



IR spectra and metal-carbon bonds

» The v stretching frequency of the coordinated CO is very informative
» The stronger a bond gets, the higher its stretching frequency (from resonance M=C=0)
» Lower v stretching frequency as compared to the M-C=0O structure (triple bond)

Note: v for free CO is 2041 cm-?

[Ti(CO)¢]> [V(CO)el [Cr(CO)l [Mn(CO)q]* [Fe(CO)eJ*
Veo 1748 1858 1984 2094 2204 cmt
R —— e

increasing M=C double bonding decreasing M=C double bonding



Summary
1. As the CO bridges more metal centers its stretching frequency drops — same for all pi acceptor ligands — More back

donation

2. As the metal center becomes increasingly electron rich the stretching frequency drops

The influence of coordination and Complexes veolfyy)em™
charge on CO stretching frequency

Compound Frequency (cm™!) [HﬂED}E]E_ 1757
CO, 2143 [Ta(CO)e]” 1850
[Mn(CO)4]* 2090 W(COJe 1977
[Cr(CO)4] 2000 Re(CO)g]” 2085
[V(CO)] 1860 Os(CO)gl*t 2190
[Ti(CO)e]*> 1750 In(CO)g** 2054




100 Pa
N [
100 o
» Bridging CO groups can be . =
3% o
regarded as having a double ¢ @
= \ //— = J
bond C=O group, as é é P
compared to a terminal = -
C=0, which is more like a -
- 0 0
triple bond. 2200 2100 2000 1900 1800 1700 2150 2100 2050 2000 1950 1900
» The C=0O group in a v (em™) v (em™)
bridging carbonyl is more : .
ging y Solid Fe,(CO), Os5(CO)y, in solution
like the C=0 in a ketone,
which typically has ve_g = Oc g\ c© T |/
0 ,ff I':D ._H ] ___l- M -
1750 cm-? E‘;F?T_f- FE: _,,[T[a.,__ |
- ¥ BFII-
o \Ej o S
0 M,(CO),,

Fe,;(CO)y M = Ru, Os



Terminal versus bridging carbonyls

Cp
Fe------- (6{0)
Co
| NN //\\ / /\\
OC/I“"C LanCeo oc—F e\ / OC---7--- Fe'C\ .
r oc” [0/,
oc?” | eo \ . //o L
co N v
cg & T co
2000 cm! 2018 & 1826 cm'! 1620 cm1
Back- bondmg
Veo decreases Vo
Ni(CO), 2060 T IMn(CO)¢]" 2098
[Co(CO),]" 1890 Cr(CO), 2000
[Fe(CO),1*™ 1790 3 [V(CO),]™ 1860




2057 cm1

CO 2143

2034
1981

Complex  Ni(CO), [Co(CO)~  [Fe(CO),J*

Peojem™ 60 1890 1790
[Ti(CO)s]*
Cr(CO 2100 cm- EO)T
(O o [Cr(CO)]
Cr(CO);(NH3); 1900 cm™ [Mn(CO)e]*

[Fe(CO))**



Detecting conformational isomets

» The number of bands in the CO stretching region for certain
molecules can often be used to show that two conformational
isomers are present

» The molecule [(#°-C;HsFe(CO),(n*-CcH:)] is expected to show
only two bands due to sym. and asym. str. modes. But there are

four bands and which is due to the presence of two different

conformations

Tronsmittance

1950



Reaction mechanisms of metal carbonyls

» Metal carbonyls display a number of key reaction pattern which are the basis of most catalytic cycles

» Ligand dissociation, ligand substitution, oxidative addition, reductive elimination, intra or intermolecular nucleophilic

attack
(0Q) M —L
Ligand
L substitution
. t
X X_Y S heat or light vacant
oM <~—— | (0Q,M—C=0 ~ (0C),M—[] coordination
Y oxidative I Ligand dissociation | site
addition - j
Y: X H
nucleophilic attack /' \——-—<
on CO: R
intra- inter- | Y reductive
molecular ~ molecular H> 0 elimination
Y Y i R
0
. " Y. R Xy
00),()M T (00),(OM >~ (00),M (00),M v
(=0 Y H, H "/ R

hydrogenolysis insertion



Reactions of metal carbonyls

» Substitution Reactions: Many substitution reactions occur between metal carbonyls and other potential ligands.

Substitution reactions of metal carbonyls frequently indicate differences in bonding characteristics of ligands.

-0
| substitutions (0C),Fe — ,....*lY...,, (OC)3Fe(»©)2 alkene complexes

Fe(CO), by alkenes
(|

” @<H

0 - Fe(CO); nal B | = [CpFe(CO),],
substitutions Fe(CO); | -H, .
Fe(CO)3 by alkynes Cp half-sandwich
complexes
3
Ph | Ph | J _HCPh, o]

cyclobutadienyl butadiene cyclohexadiene cyclohexadienyl

half-sandwich complex complex complexes

substitutions by dienes



[HFe(CO)s]*

[Fe(n>-C5H5)(CO)z]

Fe(n*-C7Hg)(CO) Q

N
Ot
%ﬁ,ﬂ,ﬁ%

g
o
T

Fe(PPhg)(CO)s Fe(PPha)s(CO)q

L+
Ma[Fe(H)(CO)4] —= Fe(H)2(CO)4

l aq. MnOsz

Fes(CO)yo o [Fea(COJ1]%-

o

Fe(n*-CgHg)(CO)a
H2504

[Fe(n>-CgHg)(CO)a]* (CO)aFe

ASH

/I\




» Metal with d6 configuration such as M%(M=Cr, Mo, W) and M' (M=Mn, Re) are kinetically inert and substitution requires

more forcing conditions (THF, MeCN solvent coordination facilitates the process)

W(CO),( Hfj H
hv - H"

L = THF, PPh, ,
Mo(CO),
M(CO)6 triene, trienyl half-sandwich
+ B complexes
< P
O]
W(CO)3 MeCN R,
v M(CO)5(NCMe), —2rene _ ™
Cp half-sandwich ’ ’ M(CO);
complexes, M= Cr, Mo, W
W(CO);H hydride complexes arene

half-sandwich
complexes



[Mo(n8-C7Hg)(CO)4]

[Mo(arene)(CO)q] = aromatic

[Mo(02CR)2]

RCO2H

A

e
&,

Na[Mo(n°-CsHs)(CO)a] &

Nag[Mo3(CO)4]

Mo(CO)g

awABip uy 1y

Y

[Mo(CO)s(py)]
S
v,/ By

%
)
% {G HE]'E

e
SN
{GHE}E\\ p

Ve

[K(diglyme)s][Mo(CO)5l]

/N
\S,.-f

[Mo(CO)a(py)al

p

[Mo(CO)5(diglyme)]

Me
S

Mo(CO)alz

Me

Mo(CO)4



» Reactions with Halogens
1. Reactions of metal carbonyls with halogens lead to the formation of carbonyl halide complexes by substitution reactions or
breaking metal-metal bonds. The reaction

[Mn(CO):], + Br, — 2 Mn(CO):Br
iInvolves the rupture of the Mn—Mn bond, and one Br is added to each Mn.
2. In the reaction

Fe(CO); + I, — Fe(CO),l, + CO
one CO is replaced on the iron by two iodine atoms so that the coordination number of the iron is increased to 6. The
formulas for these carbonyl halides obey the EAN rule.
3. The reaction of CO with some metal halides results in the formation of metal carbonyl halides directly, as illustrated in the
following examples:

PtCl, + 2CO — Pt(CO),Cl,

2PdCI, + 2CO — [Pd(CO)Cl,],



» Substitution reactions of Co,(CO), are very facile (coordinatively unsaturated and dissociates readily to give 17e

Co(CO),* radical (similar to V(CO)e

fast

V(CO), + L ——= L—V(CO), L—V(CO); + CO
17 VE 19VE 17 VE

» The addition of an alkyne to Co,(CO), results in the formation of a Co,C, cluster

C0,(CO)g + PhC=CPh — Co,(CO)¢(C,Ph,) + 2CO



» Reactions with NO

1. NO has one unpaired electron residing in an antibonding z* MO. When that electron is removed, the bond order
increases from 2.5 to 3, so in coordinating to metals, NO usually behaves as though it donates three electrons. The result is
formally the same as if one electron were lost to the metal,
NO —- NO" +e

followed by coordination of NO*, which is isoelectronic with CO and CN.
2. Because NO™ is the nitrosyl ion, the products containing nitric oxide and carbon monoxide are called carbonyl nitrosyls.
The following reactions are typical of those producing this type of compound:

Co,(CO)g + 2NO — 2Co(CO),;NO + 2CO

Fe,(CO), + 4ANO — 2Fe(C0O),(NO), + 5CO

[Mn(CO);], + 2NO — 2Mn(CO),NO + 2CO

It is interesting to note that the products of these reactions obey the 18-electron rule



» Disproportionation
A number of metal carbonyls undergo disproportionation reactions in the presence of other coordinating ligands.
1. In the presence of amines, Fe(CO); reacts as follows:

2Fe(CO); +6Amine — [Fe(Amine)g]?*[Fe(CO),]* + 6CO
This reaction takes place because of the ease of formation of the carbonylate ions and the favorable coordination of the Fe?*
produced.
2. The reaction of Co,(CO)g with NH; is similar.

Co,(CO)g + 6 NH; — [Co(NHg)][Co(CO),],

Formally, in each of these cases the disproportionation produces a positive metal ion and a metal ion in a negative oxidation
state. The carbonyl ligands will be bound to the softer metal species, the anion; the nitrogen donor ligands (hard Lewis bases)

will be bound to the harder metal species, the cation.



3. These disproportionation reactions are quite useful in the preparation of a variety of carbonylate complexes.
For example, the [Ni,(CO)g], 1on can be prepared by the reaction
3Ni(CO), + 3phen — [Ni(phen),][Ni,(CO)¢] + 6CO
4. The range of coordinating agents that will cause disproportionation is rather wide and includes compounds such as
Isocyanides, RNC:

C0,(CO), + 5SRNC — [CO(CNR):][Co(CO),] + 4CO



Q. Give a scheme for the synthesis of Mn(CO),(PPh;)[C(O)CH,] starting from Manganese acetate, Mn(OAc),.;

high
2 Mn(OAC), + 4Na+10CO -mmpewme™ Mny(CO);p + 4 NaOAc
Mn,(CO);y + 2Na ——> 2 NaMn(CO)s
NaMn(CO)s + CHsl ———» CHyMn(CO)s

CH3Mn(CO)s +CO  ————  CH,C(O)Mn(CO)s ( migratory insertion)
CH;C(O)Mn(CO)s + PPh, —hv> CH3C(O)Mn(CO),PPh,

Or at step 3 direct reaction with acyl chloride instead of Mel. Step 1 other
reducing agents e.g. AlEt; can also be used.



> Reactions of alkenes with metal carbonyl clusters may give simple substitution products such as Os,;(CO),,(n2-C,H,) or may
involve oxidative addition of one or more CH bonds. Reaction of Ru4(CO),, with RHC=CH, (R = alkyl) to give isomers of

H,Ru ;(CO)4(RCCH) in which the organic ligand acts as a 4-electron donor (one -c and two z-interactions).

(OC}'BRLI _‘—\\k—-—-/_,_____; RU(CO)3

H
(OC):Ru —__ H
RHC=CH,
(OC)4Ru —no Ru(CO), +
— -CO R
Ru
(CO)y4 |
C
~
cX H
0C);Ru“——
(OC)sRu / ——— Ru(CO)s
)
—Ru _
(CO); H
B 1+
. . . I . I
» Coordinated alkenes may be displaced by other ligands Feo oy K. Fe CHR
\\‘\ \/ - W \\ / -
oc 7/ o c
oc CHy | oc H




» The reactions between alkynes and multinuclear metal carbonyls give various product types, with alkyne coupling and
alkyne—CO coupling often being observed, the organic ligand in the shown product is a 6- electron donor (two -c and

two m-interactions).

Me
Me

7 O
==

e
Fes(CO)g + 2MeC=CMe (OC)sFe — 7Fe(CD)3
—-2C0
/
Me

Me




> Allyl and related complexes can be prepared by formation of allyl ligands go via -bonded intermediateswhich eliminate
CO or by protonation of coordinated buta-1,3-diene
Na[Mn(CO)s] + H,C=CHCH,CI
—= Mn(n*-C3H;)(CO)4 + CO + NaCl

/—\\ /fTw Me

\ + HCI
g Fe

F
—

oc” \ ~co oc”/ \_"a
co oc  co

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

0 OR
MeL.i /" Rs0T /

W(CO)g (OC)sW=C

(OC)sW =C
e.o. R= N

Me Me, Et Me



» The dimer (n5-Cp),Fe,(CO), is a valuable starting material in organometallic chemistry. Reactions with Na or halogens

cleave the Fe-Fe bond giving useful organometallic reagents, reactions of which are exemplified below

(n°-Cp)2Fes(CO)4 + 2Na —= 2Na|(n -Cp)Fe(CO),]

(n*-Cp)2Fe;(CO)4 + X, — 2(n*-Cp)Fe(CO),X
X = Cl, Br, I

Na[(n’-Cp)Fe(C0),] + RCl — (1°-Cp)Fe(CO);R + NaCl (n°-Cp)Fe(CO),Br

eg R=akyl  (23.101)
Na[Co(CO),4] ﬂ 0 o
a[Co(CO)y
\ /'C\ /
\\ /
C
o

Na[(1)’-Cp)Fe(CO),]

\ CH; = CHCH,Br ﬂ pr— —NaBr Fe Co cO
o \cFe I oc/ co
o go (n*-Cp)Fe(CO),Br

C.{,H_qR. AIBI"_:_ |
N




» The reaction of Cr(CO), or Cr(CO);(NCMe), with benzene gives the half-sandwich complex (n6-C;Hg)Cr(CO),. The
Cr(CO), unit in (n6-CzH)Cr(CO), complexes withdraws electrons from the arene ligand making it less susceptible to

electrophilic attack than the free arene, but more susceptible to attack by nucleophiles

@ (n°-C¢HsC)Cr(CO); + NaOMe

| —= (1°-C4yHsOMe)Cr(CO); + NaCl
1~\\'IZ‘.r‘H‘\H

oc™ | Tco

oc (n°®-C¢He)Cr(CO);

"BuLi

6 .
= (1 -CgHsLi)Cr(CO
with Me;NCH>CH;NMe- [: 1 6185 ) ( )3

» (m8-C¢H¢)Cr(CO), can be lithiated and then derivatized. The
reactivity of half sandwich complexes is not confined to o1 e <o

sites within the - bonded ligand, substitution of a CO ligand o™ Sco oc™ | co
oc Me;3SiCl 0c
for PPh, AN
I
wer
oc™ | “co
ocC

(n®-C¢Hg)Cr(CO)5 + PPh;,



» Cycloheptatriene (23.62) can act as a 6-electron donor, and in its reaction with Mo(CO)s, it forms (n°-C,Hg)Mo(CO),.
» The abstraction of H- from coordinated n°-C,Hg to give the planar [n’-C,H-]+ ion, which has an aromatic -system and

retains the ability of cycloheptatriene to act as a 6-electron donor.



Metal carbonyl anions

» Reduction of metal salts with powerful reducing agent such as an alkali metal under CO pressure gives anionic
carbonyl, provided this reduction results is an 18e complex

» Pre-formed metal carbonyl complexes can also be reduced to give anionic product

» Addition of two electrons is accompanied by the loss of one CO ligand

» Metal carbonyl hydrides may be deprotonated to give anionic compounds

- By disproportionation:

pyridine
3 Mn,(C0),4 oo 2 [Mn(py)e]?* [Mn(CO)571,
By nucleophilic attack on CO:
: o H]®

0
Fe(CO)s + Na*OH™ — Na*|(00);Fe—( | ———= Na*[HFe(CO),]" _i\l%* Na,[Fe(CO),]

O - CO2 - 2



By reduction:

THF
ZrCl,(THF), + 6 KCyjoHg = [K(15-crown-5)],[Zr(CO)]
15-crown-5
- 4 KCl
Na/Ph,C=0 , _ -
Fe(CO)s - =  Na,[Fe(CO),]-1.5dioxane Na*---0=C-~Fe Na*association
1,4-dioxane in the solid
&H‘, o
. C02
co 20
1) hv oc Lo
2) [PPN]C! | 2794 -,
co oc €O
THF - Na ’e
CF(CO)G + KCg > [CI’Z(CO)N] BT [C!’(CO)E]
o NH; liqu
25°C
Cr!, Cr-Cr bond Cr !

reductive M—-M bond cleavage:

Mn,{CO),, + 2Na ——> Na[Mn(CO
H{CD 1 THE [Mn(CO}s]

o
lo
Co,(CO)s + 2Na = Na[Co(CO),] oc o ~co
THF 0C



Several carbonylate anions such as Co(CO),~, Mn(CO).~, V(CO),~, and [Fe(CO),]% obey the EAN rule.
One type of synthesis of these ions is that of reacting the metal carbonyl with a reagent that loses electrons readily, a
strong reducing agent. Active metals are strong reducing agents, so the reactions of metal carbonyls with alkali metals
should produce carbonylate ions.
The reaction of Co,(CO), with Na carried out in liquid ammonia at 75°C is one such reaction.
Co,(CO)g +2 Na — 2 Na[Co(CO),]
Mn,(CO),, + 2 Li — 2 Li[Mn(CO);]
Although Co(CO), and Mn(CO). do not obey the 18-electron rule, the anions Co(CO),~ and Mn(CO).~ do
Carbonylate anions can be prepared by the reaction of metal carbonyls with strong bases.
Fe(CO); + 3NaOH — Na[HFe(CO),] + Na,CO; + H,0O
Cr(CO)q + 3KOH — K[HCr(CO):] + K,CO, + H,O
With Fe,(CO), , the reaction is
Fe,(CO)g + 40H- — Fe,(CO)g> + CO,* + 2H,0



Reactions of metal carbonyl anions:
» Carbonyl metallate anions oxidatively add alkyl and acyl halides to generate M-alkyl bonds, due to the negative charge
of the complexes, possess Grignard like reactivity

» The iron carbonyl salt Na,Fe(CO), (Collman’s reagent) has synthetic applications

R-Fe(CO),”
Fe-C cleavage
; \ \M(N’Isemon
R-X
..x_
[Fe(CO), > Ry ”
Fe 4 CO _ RCOOH \n/
X 0 0
' OX.
_X | RX / / X,
0 R _ H*
O);—Fe(CO)4 ———=> RCHO aldehydes

iron acyl complex



» Reduction of metal carbonyl with common reducing agent such as sodium amalgam in THF stops at the stage of mono or
dianions, more forcing conditions (Na in lig NH3 or Na in hexamethylphosphoramide) generate highly reduced carbonyl

metallates with formal oxidation state of metal centers may be as low as —IV (Super reduced metal carbonyl anion)

NH, lig. |
PA
Na[Mn{CO);] + 3 Na i =  Nay[Mn(CO),] + 0.5 Na,C,0,
NH; liq.

K5[Co(CO)5] + 0.5 K,C,0,

)

K[Co(CO),] + 3K



» Carbonyl anions are extremely strong bases and metal centers is very electron rich

» Consequently these compounds show extensive back bonding and show exceptionally low vq

IR frequencies of metal carbonyl anions.

Carbonylanion  velem™]  Superreducedanion  veo[em]

[V(COYgl™ 1860 [V(CO)s]?" 1807(w), 1630(5), 1580(s)
...... Cr(c0)5]2“1750{cr(co)&]‘f‘“1462(5)
...... Mn(CO)S]M18931860[%&0)4]3“1790(W)1600(5)
...... Fe(co]a}zﬁﬂ%

Co(COYT 1890 (AsPh,*) [Co(CO)5)°™ 1740, 1610{vs)




Metal carbonyl cations

» Placing a positive charge on the metal center contracts the d-shell and reduces the tendency towards back bonding.

» This weakens the M-CO bond and facilitates the displacement of CO by more nucleophilic ligands such as halide or

water

» Cationic metal carbonyl complexes are therefore formed only of p[aired with anions of low nucleophilicity

By halide abstraction with Lewis acids:

100 °C

Mn(CO)sCl + AlCI ~  [Mn(CO)(J*AlCl,"
n(CO)sCl + AlCl 0 har co (Mn(CO)eI"ALC,
By oxidation:
Mn,(CO),, + 2 HF + 2 BF, --Q-fT-b-a-’-' 2 MN(CO)*BF,~ + H,
o

C0,(CO)g + 2 (CF5);B-CO + 2 HF ~ 2 [Co(COS]*[FB(CF5)5]™ + H,

H Fanhydr.



» A particular successful strategy are reactions in super acidic media HF/SbF5, which generate the extremely non

nucleophilic anions SbF." and Sb,F, ;-

50°C, 1 bar

Fe(CO); + XeF, + CO + 4SbF; HE/SbF... 2d
5

1 bar CO

2 ItFg + 15C0O + 12 SbF;
SbFs, 50 °C

[Fe(CO)¢**[ShyF 471, + Xe

~ 2 [I(CO)4][Sb,F]5 + 3 COF,

» Under these conditions highly electrophilic carbonyl complexes of metals in oxidation states +Il and +1ll can be isolated

» These are so called non classical metal carbonyls. Back bonding is nearly absent, very long M-C bonds

IR freguencies of homoleptic metal carbonyl cations.

T e @ & len
[Fe(CO)¢]* 2215 [Pd(CO) ] 2259 [Au(CO),1* 2235

. [Ru(co)6122214 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [pt(co)4]2261 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [Hg(co)2]22280

,,,,,,, [05(c0)122209




Carbonyl Hydrides

> Generally, carbonyl hydrides are obtained by acidifying solutions containing the corresponding carbonylate anion or by
the reactions of metal carbonyls with hydrogen.
Co(CO),~+ H*(agq) — HCo(CO),
[Mn(CO)¢], + H, —» 2HMn(CO),
Na[HFe(CO),] + 2H*(aq) — H,Fe(CO), + Na*(aq)
» Monomeric hydrides of first row transition metal carbonyls are volatile liquids which are stable under an atmosphere
of CO at low temperature, In presence CO they liberate H,
» The hydrides of the heavier metals within a triad are much more stable.
» HCo(CO), was the first metal hydride to be discovered (olefin hydroformylation)
» Strong acids are required for the protonation of neutral metal carbonyl complexes

» A general route to hydrides is by reduction of metal carbonyl halides and H- addition to carbonyls

> The anions [M,(u-H)(CO),,]" (M = Cr, Mo, W) are examples of bent M-H_M bridged systems without the support of
M-M bonds or bridging CO



o M - H o
(OC)SM/ \M(CO)S (OC)SM/ | \M(CO)S

» The action of alkali on Fe(CO) gives [HFe(CO),]-; nucleophilic attack by [OH]- on a CO ligand is followed by Fe-H bond

formation and elimination of CO,. The [HFe(CO),]- ion has a variety of synthetic uses. T
l.‘-CD
0OC—Fe'"
H,O | ~co
Fe(CO)s + 3NaOH — Na[HFe(CO),] + Na,CO; + H,0 o

» Hydrido ligands can be introduced by various routes including protonation, reaction with H, and action of [BH,]- ion

H;,PO,4, in THF
Na[Mn(CO)s] ——=—— + HMn(CO)s

200bar, 470 K
MI’IE(CO)”«]—I—HE O0bar, 470

-~ 2HMn(CO);

in boiling octane

Ru;(CO),; + H, = (u-H)4Ruy (CO),;

Na[BHy]
Cr(CO);

[(OC)sCr(u-H)Cr(CO)s]

Na[BH,4] in THF
Ru;3(CO)2 = [HRu3(CO),]




» Metal hydrides play an important role in organometallic chemistry, ligand transformations involving M-H bonds

M~ CH, M—CHCHR - insertions,

A metal alkyl formation
CH,N, | R2
H,C =CH> LM -CH,CH; H =N, =/ 1 —R2 —/Z’N
/ dihydrides, or _ R*==-R" M . vinylcomplexes
H, complexes " / - R
CHR “G;l) H

z®
/N
A

// | | M—H PF
RC=CR | - . _CH
LM H - L,M-CR H \ /{\/ 3

HLY o M allyl complexes
2
— H2
cdl
® A/ -H 4 0
LH\~ M—L T\ )

L,M—-CH;+N,
Ligand substitution NN
M—M M—Cl

M-M bond metal halides
formation



» Mononuclear hydrido carbonyl anions include [HFe(CO),] and [HCr(CO).]-, both of which can be made by the action

of hydroxide on the parent metal carbonyl

CH,Cl,/EtOH
298 K, 10 min
Cr(CO)¢ + 2KOH ~ K[HCr(CO)s] + KHCO;
_ T _
C
TN
x7 X
ocC,,, | €O
';Cr‘
oC | ~co
L Co B
Ag (X=0orS)
H a D -
oc,,,, | ee MeOD oc,,, | .co
r ‘crt’
Co CO
RCD&
RCHO + cl
oc,,, | WCO
i r\‘
oc” | ~co
Cco

Selected reactions of [HCr(CO)s] .



Carbonyl Halides

» The reaction of metal carbonyl complexes with halogens leads to oxidative addition and formation of M-X bonds

» This is an easy way to functionalize carbonyl complexes

Fe(CO)s + I, ——> Fel,(CO), + CO

) CO
120°C 0C., | .“\\x,,,mln“\\\co
Mny(CO)yo + X; 2X-Mn(CO)s —— = /M‘n\ s
0C X" ¢o
| co
NR, X~ o
| AlCL,
! X X 120
| «CO | .CO [Mn(CO)¢JAICL,
oc” | oc” | -
X Co co |




» Noble metal carbonyl halides can be prepared from metal halides Methods of forming carbonyl halides include starting

from binary metal carbonyls or metal halides.

RhC, O . Rucico),), OC. i L0

EtOH, RT Rh_ Rh_ red, air stable crystals
o Yai© co  veo 2115, 2095, 2045 cm™

CO pressure
PdCl, - [PdCl(cO),  OC_ c d

SOClt -1
2 /Pd Pd\ Vco 2167 ¢cm

Vs

ca’ S’ co

. 0 -
Cl Cl
PdCl,*" © . [Pd,CL(COYLI | N di/z 7§\Pd|/
Pd ——| Veo 1966, 1906 cm™?
a” \c/ e
{ Ny
0
co, Ci
40-120 bzar ] OC\ /Cl\ /'(:l
PtCl, - cis-PtCl,(CO), — trans-[PtCl,(CO)], Pt /F’t
110°C -CO Cl/ \Cl \CO

- COCl
2 Veo 2175 cm™?



»> The 16-electron halide complexes cis-[Rh(CO),l,]- and trans-[Ir(CO)CI(PPh,),] (Vaska’s compound) undergo many

oxidative addition reactions and have important catalytic applications. [Ru(CO)CIH(PPh,),] is a catalyst precursor for

alkene hydrogenation PPhj
- . OoC -'r”_‘ |
» Vaska’s compound readily takes up O, to give the peroxo complex v | \\
PPh;

» Cg, addition to Vaska’s compound (a 16- to 18- electron conversion)

trans-1r(CO)CI(PPh; ), + Cg
— Ir(CO)CI(n*-Cg ) (PPhs),
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