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INTRODUCTION

Organometallic chemistry is one of the most vigorously
developing fields in all of chemical science. During the
last few years alone, organometallic systems have been cen-
tral in the development of new theoretical insights, new
laboratory syntheses, and even new industrial processes.

One of the most interesting subfields in this area is that

AT E FeEn

f of the organometallic hydrocarbon complexes. Organometallic

cvae

complexes are of considerable structural interest as well as

5 of importance industrially as catalysts and as reagents in

Yol

o ey

{ new synthetic routes to organic molecules. In recent years
é a large number of organometallic complexes have been isolat-
| ed in which an olefin or some other unsaturated hydrocarbon
species is bonded to an iron carbon&l residue. This type
of bonding is general and well known in chemistry, and many
of the transition metals other than iron are known to form
analogous olefin metal complexes.l However, this thesis is
mainly concerned with the tetrahapto iron tricarbonyl com-
plexes ( diene and aromatic hydrocarbon J[-ligands ).
Tricarbonyl (diene)iron complexes are compounds in which
both carbon monoxide and diene are bonded tq a central iron
atom. The nature of the diene-iron bonding can be presumed
to involve interaction oft the iron atom valence orbitals

with 7 -molecular orbitals of the diene system as a whole.
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The iron atom is in a low oxidation state and the diene pos-
sess vacant W-orbitals that can stabilize low oxidation stat-
es. The conjugated nature of the diene system is considered
to be an essential feature necessary for the formation of

2 and back-bonding from metal to

iron derivatives of this type
olefin is also considered to be important. The Dewar-Chatt-
Duncanson bonding model incorporates these theoretical fea-
tures and is generally accepted as a good first-order expla-
nation for the bonding in these complexes.3’4

The great majority of diene-iron tricarbonyl complexes
have been made by direct action between diene and one of the
three commom ironcarbonyl reagents ( Fe(CO)5, Fez(CO)g, Fe3-
(co)lz), either by simply heating the reagents together or
by means of a photochemical combination.5 There exists a
limitation to this direct method of'synthsis‘in the case of
acyclic dienes having cis-alkyl substituents. Although
these compounds may react with Fe(CO)5 to form diene-iron
tricarbonyl complexes. The T-ligand in the complex invari-

ably has the structure of a rearranged diene.6 As for ex-

amples in Eq. (1) and Eq. (2).

Fe(CO) |
4/7_7§> 5 4%7Iﬂ\§u_.CH3 o
CH3 Pe

(00)3
Fe (CO) °H;
0 _[\ 1,0 m "
Hol Fe
(00)3
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3

Conjugated diolefins that are known to form diene-iron
tricarbonylcomplexes include butadiene, isoprene, and 1,3-
cyclohexadiene. The simple derivatives of butadiene which
have been converted to the corresponding Fe(CO)3 complexes
utilizing the direct reaction with Fe(CO)5 or Fe3(00)12 are

given in Egs. (3-6).

/——\ Fe(CO)g /—'\

(o)
X CH3  pe(co) ” CHy

/X : an S

(co)

| 3

H H Fe.(CO) H H
Ny D0, 0 Ny

: Fe

(c0),

Fe(CO)5

<> = @ (6)

(c0),

The diene-iron tricarbonyl complexes are relatively
stable compounds; the stability depends on the nature of the
T-ligand., This stability is reflected in the difficulty of
removing the iron tricarbonyl moiety to regenerate the un-
complexed T-hydrocarbon. It has been found that the iron

carbonyl residue can be conveniently removed by the action

I
|
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of tertiary-amine oxides.20 Removal of the iron residue by
trimethylamine oxide in the presence of an additional re-
actant therefore allows a study of the reactions of the un-
complexed ligand. This is a very convenient technique for

examining the chemistry of highly reactive and elusive spe-
7

cies.

The main subject of the work described in this thesis
is the kinetic stability of diene-iron tricarbonyl complexes
in the presence of trimethylamine oxide. Consequently, the
reactivity of diene-iron tricarbonyl complexes will be re-
viewed in the second chapter of this thesis, and'the appli-
cation of theory to kinetic stability will be surveyed.
Kinetic experiments carried out by this author will then be
used to establish the rate, order, and activation energies
for decomposition of a typical compiex, i.e..tricarbonyl-
(1,4-diphenyl-1,3-butadiene)iron. Some previous data on
other complexes, obtained and described in a previous thesis
by Lin,8 will also be reanalyzed. A short description of a
valence-bond theory for complexes of this type9 will be pre-
sented and it will be applied to yield explanations of the

rate parameters.
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HISTORICAL SURVEY

A. Structures and Bonding in Tricarbonyl (butadiene)iron.

Buta-1l,3-diene is a readily accessible and technically

versatile diolefin which made a very early into TT-complex

chemistry.

carbonyl.

H H
C

7\

!
!
!
|
|
| H,C-. _.CH
|
|
!

P
Fe

(CO)4

(1)

:;'
Reproduced with permission of the copyright owner.

atoms of the diene and to three carbonyl groups.

Tricarbonyl (butadiene)iron represents not only
the first, but also the most thoroughly investigated, of the
1,3-diene-metal complexes.

In 1930 Reihlen and co-workerslo obtained butadiene-
iron tricarbonyl by a reaction of butadiene with iron penta-
These first workers, while attempting to elucidate
the structure of ironpentacarbonyl, treated Fe(CO)5 with
butadiene in a sealed tube at 150°C for several hours and ob-
tained a product which analyzed as CqHéFe(CO)3. They con-

sidered that the iron atom was bonded to the terminal carbon

The cyclic

structure (1) was proposed; however, they stated that the

alternative structure (2) could not be ruled out.

Further reproduction prohibited without permission.
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Cco co Co

(3)

In a reinvestigation in 1958, Hallam and Pausonll

pro-
posed a more delocalized type (3) of bonding between the
oiefinic ligand and the metal. They suggested that (a) the
CyHe is present in the planar cis configuration, (b) the
iron atom is roughly equidistant from the four carbon atoms

of the butadiene, and (c¢) the N-electrons of buta-1,3-diene

et e e R it < emt b hen’ e e enn o

are completely delocalized over the four carbon atoms.
12

The overall molecular model used is shown in Figure 1.
The interaction between iron tricarbonyl and diene in-

volves the delocalization of electron density over an orbit-

al system involving both iron tricarbonyl and diene. The

molecular orbi‘tals13 of butadiene and their possible inter-

actions with iron orbitals are illustrated in Figure 2.

g
tt
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Fig. 1. Butadiene tricarbonyliron, CuHéFe(CO)B.
r (Fe-CO) = 1.798+4 0.015 A
r (Pe-C) = 2.074% 0,015 A E
r (C-C) = 1.413 4+ 0.015 A
r (C-0) = 1.137 + 0.010 A
The 0C-Fe-CO bond angle was found to be 100.5 *+ 5.00.

v
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Representation of The metal orbitals which are most likely

M.O.s of butadiene to be important in the diene-metal bond

!— SRS NI
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9

In the ground state of the free butadiene, s Yo will
be occupied and2F3,qr4 unoccupied. On complexation overlap
of‘Z}Sl with iron orbitals s, P, and dZZ; andiyz with Py and
dxz corresponds to electron donation from butadiene to the
iron orbitals. This is called " forward coordination ".

In addition, the lowest unoccupied level of the butadiene
and d . orbitals of the iron and

y y
would correspond to back donation from iron to butadiene.

can overlap with the p

The extent of back coordination in‘tol{-f3 depends on the nature
of the other ligands on iron ( the carbonyl groups ).ll‘L If
the electron acceptor power of these groups is g?eater then
back coordination intolp3 is diminished. Many compounds of
the type Fe(CO)3 ( conjugated diolefin ) have an intense car-
bonyl absorption band at C,. 1980 cm™l. With Fe(CO)4(CyHy)
the low frequency absorption is resolvable into two bands at
1985 and 1975 cm'l.ll With electro-negative substituents on
the diene system the bands move to higher frequencies. It
should be noted that back-bonding takes place by a conju-
gative electron displacement and involves electrons that are
polarised fairly easily.15 Consequently, althougt in a spe-
cific metal complex there may only be a low degree of back-
bonding to a particular ligand, this back-bonding will be
increased under the influence of polarising forces. For ex-
ample, it will be increased if a positive charge is generated
in the ligand as the result of attack by an electrophile.

This increased back-bonding would serve, of course, to stabi-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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10

lize the positive charge and hence lower the energy of the
transition state of the reaction. Therefore, we conclude
that back-bonding is promoted by:
(2) The metal being in a low oxidation state.
(b) Strongo -donor but weak w-acceptor ligands on
the metal.

(¢c) Electron-withdrawing substituents on the ligands.

B. Chemical Behavior of The Diene-Iron Tricarbonyl Complexes,

The chemical behavior of a diene-Fe(CO)3 complex is
quite different from that of the free diene itself. A major
problem is that the metal complex may not be stable enough to
withstand the reaction conditions necessary to effect reactions
at the w-bonded ligand. In cases where the complexes are
stable, the usual kinds of organic réaction may be carried
out, but the reactivity of the ligand is usuwally greatly modi-
fied by coordination with the metal. Some examples illustrate
this point. 1,3-Butadienetricarbonyliron can be acetylated
with acetyl chloride and aluminum chloride to form the l-ace-
tyl derivative,16 while the free ligand would be polymerized

under the reaction conditions.

/—\ /_\/H
N + CH,COCL+ AlCly — base , \g / (7)

Fe e _

1> 6 /N7
CoCOCO Ly

3
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11
Fischer et al. have found that reaction of cyclohexadiene-
iron tricarbonyl (4) with triphenylmethyl tetrafluoroboratel’
produces cyclohexadienyliron tricarbonyl tetrafluoroborate (5)
and triphenylmethane. The driving force for the hydride ab-
straction reaction stems largely from the stability of salts
of the type (5). Some other examples are given in Eq. (9-11).18
Fe (CO) ctBF,” —— S :
3t 55 b ) Fe(CO),+ 5D/BCH (8)
B F),” P
(&) (5) :
I\ Pn3c T
/ \ cxm————— '(' “ L Sy
TN/ D= ] (9)
Fe Fe
(Co>3 (00)3 ,;
H ¥ + ?
: Ph,C
H y _—3 s
S == |
I BH),~ , H (10)
Fe Fe
(CO)3 (C0)4
Cl CH ’
7 l N\ HoL —— A ;--H _— K /icHs
T CH N, 0l ——
Fe Fe 3 F%
(cO)q (co)q (cB),
N0\ FH3 AeBF), N
~ [ 4 ‘\ 7’
~’ - AgCl So BF (ll)
Fe~Cl Fe b :
(co), (CO) 4 i
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A useful feature of these metal-stabilised carbonium
ions is that they can often be generated by reactions other
than those involving the departure of conventional leaving
groups from saturated carbon, e.g. by hydride abstraction or
protonation of an unsaturated ligand. In some cases the ions
are sufficiently stable for them to be isolated and stored in
the form of salts which may subsequently be subjected to at-

tack by nucleophiles.19

: Fe(CO)3

(CO)
co/ut W7Z\ PPh
/Je / /—\—P+Ph + Fe(C0), (PPhy)

(Co)y , ' (13)

Ph.ct
Fe(CO)3 N Fe(CO) Fe(CO
(14)

The iron tricarbonyl residue can easily be removed from
the product of nucleophilic attack by mild oxidation.20 Thus
allowing the synthesis of many compounds difficult to obtain
by other routes. Frequently the diene ligands may also be

replaced by donor-acceptor molecules such as tertiary phos-

phines:21

O HgFe (CO) 5 4 2PhsP —2EL5  (PhgP),Fe(CO) 5 4 CyHigh (15)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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13

Treatment of tricarbonyl-mw-l-phenyl-3-methyl butadiene
iron with deuterium chloride in pentane produces the anti-
trideuterated w-allylic product. The reversible deuteration

of tricarbonyl-m-1l,3-cyclohexadieneiron with deuterotrifluoro-

acetic acid likewise is specific.22
H3 S+
o // '/>\ — HC1 C6 ::-~> CH3 CgH 773 CH3
8 SH\pe + DOl —— P CDy | C177 7 H  CD, (16) .
(cO) (CO) N g
3 . 3 (CO)BCI [T}
H
D D o
CFacOO Z. 5
S (17) .°
e i
(C0) Fe :
(CO)3 £
In earlier experiments it was found that silver ions
catalyzed the isomerization of strained cyclobutene deriva-
tives to the corresponding butadiene derivatives.23 The .
basic reaction involved the ring opening of a cyclobutene
metal olefin complex Eq. 18,
=
M — —> ¥ (18)

il
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Fe-g | * Fe-—g | — le (19)
(co) (Co)

4 Fe
(c0)
(6) (10) (8)
—_— =
1= |~ € e
Fe Fe
(CO)L" (CO) Fe ¢
. o) :
(7) (11) (9)

The iron-tetracarbonyl complexes of syn- and.anti- tri- o
cyclooctadiene ( 6 and 7 respectively ) were prepared. Each
complex 1s readily converted to isomeric iron tricarbonyl
complexes of bicyclooctatriene ( 8 and 9 ) upon heating in
hexane.24 The reactions involve thermal loss of a carbonyl
ligand to generate the olefin-iron tricarbonyl complexes (10)
and (11) and these undergo disrotatory cyclobutene ring
opening reactions leading to the butadiene—Fe(CO)3 complexes
(8) and (9). These results support the assertion that strain-
ed cyclobutene-olefin metal complexes readily isomerize to
butadiene-metal complexes via a disrotatory ring opening
process as depicted in Eg. 18.

Some transition-metal-catalysed reactions of olefins and
polyolefins involve olefin as a substituting ligand at a metal
center. Burkinshaw and Howe1125 have investigated the dis-

placement of enone from complexes with cyclohexa-1l,3-diene

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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and 1,4-diphenylbutadiene.

R2 Rl R2 Rl
Fh /i\/>\o Ph'—%z::tgk (21)
R3 Fe 3 “Fe 0
(co)q R (60),
+L
-L -L 1[+L
2 1

R

A\ "
Ph R3\\Fe@QP —— enone + Fe(CO)B(q -L)
(n2-L)

L = Cyclohexadiene, 1,4-Diphenylbutadiene.

C. Disengagement of Organic Ligands from Iron Tricarbonyl

Complexes.

The disengagement of an organic ligand (L) from an iron
carbonyl complex may be achieved by oxidizing the complex
with ceric ammonium nitrate or ferric chloride in acetone or

20

ethanol solution. The inherent disadvantage of this method

is the instability of the W-electron-rich organic ligands
under the oxidative reaction conditions. Several years agozo
it was discovered that trimethylamine oxide induced the re-
lease of the organic ligands (L) from the iron tricarbonyl
complexes in good yields and without any detectable deterio-

ration of the organic product. The nature of the reaction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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is expressed in Eq. 22.

(CO)nFeL-} RBNO — L+ RBN.+ CO, 4 iron compounds (22)
. The results and conditions determined by Shvo and Hazumzo
for these disengagements are presented in Table 1. In each

case the iron-free organic ligand of the listed complex was

obtained.
Table 1.
Compound yield %,Reaction, Solvent (Teﬁp)
(Time/h.)
Fe(CO)3 95 1 Benzene (reflux)
PhNH Fe(C0), L5 24 Acetone (25°C)
Ph. o
i
-—-Fe(CO)3 70 12 Benzene (reflux)
AN
Ph
— Fe(C0), 71 24 Benzene (25°C)
N
h
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An intermediate compound in the decomplexation of a tri-
carbonyl iron complex using trimethylamine oxide has recently
been demostrated by Eekhof, Hogeveen, and Kellogg.26 They
isolated a dimethylamine substituted compound from the re-
action of trimethylamine oxide with the tricarbonyl iron
complex of 2,5-dimethylthiophen SS-dioxide. The structure of
(12) was established from the 13¢ n.m.r.spectral data and
from the mass spectrum. A possible mechanism leading to the
formation of (12) has been suggested by other workers.27’28

No additional mechanistic work on these disengagement reactions

has been reported.

Me (23)
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