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CHAPTER 4. SOLVENTLESSREACTIONSOF CYCLOPENTADIENYLIRON
DICARBONYL IODIDE AND SOME SOLID PHOSPHINE LIGANDS.

41 INTRODUCTION

4.1.1 The Cyclopentadiene ligand

Cyclopentadiene (figure 4.1) is a simple organimpound found initially in the volatile
parts of coal tar [1]. At room temperature, it dinmes after many hours to give
dicyclopentadiene through a Diels-Alder reactioretds can bind to the cyclopentadiene
(Cp) group. Based on the type of bonding betweemetal and a Cp moiety,
cyclopentadienyl complexes are classified in thcagegories namely p-complexes, s-

complexes and ionic complexes.

H

Figure 4. 1. The Cyclopentadiene molecule
Since the discovery of ferrocene in 1951 [2which is regarded as the first highly stable

organometallic compound synthesized that contaitieel Cp ligand, the use of

cyclopentadiene in chemistry has become very saftddd, 5].
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The popularity of the use of the Cp ligand in ch&tngiis due to some interesting features
associated with this ligand:

- The Cp ligand can bind to the metal through onfevocarbon atomsné- 1°) [6];

- The Cp ligand can stabilize both low and high oti@lastate metals [7];

- By changing the functionality (all H atoms can bplaced) on the Cp ligands, the
resulting compounds possess different physicalduaanical properties from the
normal Cp such as stability, solubility, electrandr character etc [8].

The cyclopentadiene ligand reacts with transitionatals to form cyclopentadienyl

metal complexes.
4.1.2. Synthesis of substituted cyclopentadienylmetal complexes

The methods of synthesizing substituted cyclopeemgti metal complexes are very
diverse, but they can be classified into two mgjoups:

a) Starting from a modified Cp ring: the substituenattached to a Cp ring prior to
binding to the metal [9] (equation 2-1).

0°C RX
HCp + NaH ——pm CpNa +H, ————= RCp + NaX (2-1)
This RCp ligand can now react with a metal to giv&CpM” containing complex.
b) Modification of a cyclopentadienylmetal complex [10].
In this approach, the unsubstituted Cp ligand eedicst with the metal to form a
cyclopentadienylmetal complex. Therefore, somelloofahe hydrogens on the Cp ring

are replaced. The synthesis can proceed by metallat the Cp ring or by the internal

ligand migration from the metal to the Cp ring (ations 2 — 2 and 2 — 3).
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2 HCpMLn +2R - 2 RCpMLn +H, (2-2)

2HCPM-R +2L' gy 2RCpM-L' +H  (2-3)

4.1.3. Carbon monoxide substitution r eactions

Generally, a reaction in which a coordinated ligenteplaced by another ligand from the

coordinating sphere is called a “substitution rieatt(equation 2 - 4).
MLy+nl" === ML, L' +nL (2-4)

The ligand substitution process can occur eith@rawv associative mechanism classically
symbolized by §2 or via a dissociative mechanismylS[12]. In organometallic
chemistry, the substitution reaction plays a kelg io generating materials that can be
used as catalysts. A common substitution reactian has been studied in detail is the
metal carbonyl substitution reaction in which a Ggand is replaced by another two
electron donor ligand [13, 14, 15, 16]. It has beko found that a variety of procedures

can be used to enhance this CO substitution.

4.1.3.1 Reagent induced CO substitution reactions.

In this class of reactions a decarbonylating reagensed to promote CO substitution
from the metal centre. For example, @©, is a very useful reagent used in the

decarbonylation of M(CQ)complexes [17] (equation 2 — 5).

M(CO),+ L + MgNO —3» M(CO), 4L + MeN + CO, (2-5)
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The CO substitution in group 6 hexacarbonyls byalage of ligands (tertiary alkyl,

tertiary amines, arsines etc.) can also be indbgesbdium borohydride in ethanol [18].
4.1.3.2 Catalytic induced CO substitution reactions

The use of a catalyst to induce CO substitutiomfr@ metal centre has been widely
explored [16, 19, 20]. Webb and Mitchell [21] inSBBwere the first to report a catalytic
CO substitution of a metal carbonyl complex.

A range of metal and metal oxides were tested hadtder of activity was found to be
Pt > Ni >> Fg(CO), > Cu > Fe > AlOs > FeQ;s for the exchange ofCO with CO in
Fe(COy at O°C.

The salts of transition metals (CoCNICl, etc.) have also been found to be effective
catalysts for the displacement of CO from Fe(£0y isonitriles [22] as shown in
eguation 2- 6.

CoCl,
Fe(CO) + NnRNC ———= 3  Fe(CO}(CNR)n  (2-6)

Cyclopentadienyl metal dimers, [CpFe(GR) [MeCpFe(CO),, [CpMo(CO}]. etc.
have also been shown to be catalysts for the sutisti of CO from RCpM(CQ)
systems. In particular, [CpFe(C{}) is an efficient catalyst for the reaction of
CpFe(CO)I with PR; or RNC to yield CpFe(CO)(RR or [CpFe(CO)PRy)]! in
refluxing benzene [23]. [CpMo(Cg)) has also been shown to be a catalyst for CO
replacement in CpMo(C@)by PR; ligands [24]. The general scheme for these reagtio
is represented in figure 4.2.
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Figure 4.2. Reaction between RCpM(GI@&nd phosphine ligands

The outcome of the reaction in solution has be@wsho be a salt produdtl or a non
salt productl( 1) depending on the nature of L (basic or acidicfhXlide = I, Br, Cl) and
the time of the reaction [25].

The following chapter is devoted to the solventlesactions between CpFe(GD)and
some phosphine ligands. As discussed in this ioton, these reactions are known to
occur in solution (benzene) at a temperature ar@ara@.

The product formed mainly involves the substitutmfnone CO ligand by a phosphine
ligand. Our aim in this chapter is to study themsaystems in the absence of the solvent
and establish the chemistry involved in the solesstreactions. Will the reaction occur
in the absence of solvent? If yes, do we haveaheegsype of products as those produced
in the solution procedure? How are the kineticthefreaction affected by the non - use

of a solvent?
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4. 2EXPERIMENTAL

4.2.1. Synthesis of the starting material

All operations involving the handling of air semsit materials were carried out under dry
nitrogen using standard Schlenk techniques. Salvewgre dried by conventional
methods and distilled under nitrogen prior to @gclopentadienyliron dicarbonyl dimer
and all the phosphines were used as supplied (Steemicals). The starting material
(n°>-CsHs)Fe(CO) was prepared from 1§f-CsHs)Fe(CO)]. and b in dichloromethane
[15, 26]. The starting material was characterizgdHIIR and NMR spectroscopy.

Results were in accordance with the literature eslu

4.2.2 Experimental procedure for solventlessreactions

The reaction between CpFe(GD9nd PR has been performed in the absence of solvent.
One of the following two procedures can be used foutour experiments, mainly

procedure 2 has been used. Typical procedures Bthgare presented below.

Procedure 1

CpFe(COjl (0.08 mM, 22 mg) and PRI§0.08 mM, 21 mg) were mixed in a 50 ml round
bottomed flask. A minimum volume of Gl (2-3 ml), enough to dissolve the material,
has been added and quickly removed to afford a poxdd material. Portions of this
material (5-10 mg) were then loaded into NMR tubed flushed with nitrogen gas and
well sealed. The NMR tubes were then placed inibbath pre-heated at 70. After a
pre-determined time, a tube was removed from théath and analysed byd NMR

spectroscopy in CDg[27].
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Procedure 2

CpFe(COjl (0.08 mM, 22 mg) and PRIt0.08 mM, 21 mg) were ground together in an
agate mortar using a pestle. After making a finenbgeneous powder, portions of this
material (5-10 mg) were placed into NMR tubes. Té& of the procedure is the same as
that used in procedure 1. When a catalyst was usedp mole of [CpFe(CQl, were
added to CpFe(C@)PPh; mixture and the three solids ground together.

4.2.3 Optical microscope studies

A homemade glass heating device was pre-calibratéd crystals of known melting

points. An optical microscope fitted with a JVC Déd) Camera was used to monitor the
reaction. Crystals or fine powders of the reactardgee placed on the glass surface. The
heating device was then adjusted to heat at aicadte to a preset temperature, while
changes in the reactants were monitored and redavdea PC monitor attached to a

camera [28].
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43 RESULTSAND DISCUSSIONS
4.3.1 Solventlessreactions between CpFe(CO).l and PPhs
4.3.1.1 Reactionsin the absence of catalyst

A preliminary study between CpFe(GOand PPk was carried out in 1: 1 mole ratio at
70°C and the reaction followed B NMR spectroscopy to assess if the reaction in the
absence of solvent would occlidi NMR spectra allowed us to calculate the conversio
of the starting material into product. Thd NMR spectrum of the starting material in
CDCl; exhibits a singlet at 5.04 ppm representing the ffiydrogens of the Cp ring while
the peak at 7.26 ppm represents the solvent ¢Dg&d to record the spectrum (figure
4.3). After mixing the reactants,'sl NMR spectrum of the mixture before heating was
recorded and this revealed that minimal reactictuned at room temperature,

(figure 4.4).

5.04

Figure 4.3'H NMR spectrum of CpFe(C@)
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7.26

5.04

Figure 4.41H NMR spectrum of CpFe(C@)+ PPh 1: 1 ratio before heating

A small new peak in the Cp region at 4.47 ppm iowl3% abundance compared to the
original starting material was observed. The NMRet were then placed into the oil
bath pre-set at 7Q. A spectrum was recorded after 30 minutes andriiBdites. As it
can be seen (figure 4.5, 4.6) a new resonancéatgsew with time while the resonance
at 5.04 decreased. The peak at 4.47 did not changensity.
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52 %

5.51
5.04

Figure 4.5 NMR spectrum of CpFe(C@)+ PPh 1: 1 ratio after 30 minutes at°

82 %

© —
©
~
o
o
S
w

Figure4. 6'H NMR spectrum of CpFe(C@)+ PPh 1: 1 ratio after 3 hours at %
Comparison of the NMR spectral data with that o tknown complexes: non-salt

product, CpFe(CO)(PRK, and salt product, [CpFe(C&@Ph]l, reveals that the peak at
5.51 corresponds to the salt product and pealdattd.the non-salt product [15, 25].
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A DSC profile of the 1: 1 CpFe(C&WPPhs mixture was recorded (figure 4.7). The data
reveal that this mixture has an endotherm at°€ &brresponding to the eutectic melting
point of the mixture (mp PRh= 78 - 8GC, mp CpFe(CQ) = 114C) and possibly a

chemical reaction.
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Figure 4. 7. DSC profile for CpFe(CO¥ PPh1: 1 mole ratio
As can be seen from the DSC profile the exothermmences at around & and

suggests that temperatures lower thafC7€ould be used to carry out the reaction. An

optical microscope investigation of the reactioxtonie was also conducted (figure 4.8).
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24°C

70°C

Figure 4.8. Microscopic pictures of CpFe(GIG) PPh

M= CpFe(CO)I L =PPh

Three samples were placed on a microscope plate; EpFe(CO)l and a continuation
of PPh and CpFe(CQ) in which the studied materials were pushed intacinwith each
other. The process clearly shows the commencenigheanelt process at 0 for the
touching materials while separated samples do mdit ifter this preliminary study, the
reaction was followed systematically by collectilg NMR spectra after regular
intervals at 78C (0 min, 30 min., 1 h, 2 h, 3 h, 4 h) and the @sgion of the starting
material into products calculated by area integratResults are shown in table 4.1. From
this table, it is clear that the salt product (ladd| throughout the thesis) is the only
product of the reaction, the small amount of ndbs@duct (labeledll throughout the
thesis) observed in the reaction relates to thadarg process and not to the melt
reaction.

Furthermore, it is clear the heating process didhawe any influence on the amount of

the non salt product formation even after 4 hotifseating at 78C.
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Table 4.1. CpFe(CQ)+ PPh at different ratios at PG without catalyst

Time (h) Moleratio Conversion (%)

1:1 I M1

05 52 3
1 76 4
2 81 4
3 83 4
4 90 1
05 1:5 59 7
1 74 7
2 77 7
3 83 8
4 83 9
0.5 1:10 61 11
1 69 13
2 78 13
3 93 6
4 86 14

Although the solventless procedure gives the sarndugts as the procedure using a
solvent, the ratio between the two products isi8g@ntly different: in solvent (refluxing
benzene) [23], the non-salt compound is the majodyct, with the salt product being
the minor component while in the solventless procedthe salt is the major product and

the non-salt product is the minor product of thectsn.
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The effect of the starting material to ligand mméo was also explored. Ratios of 1: 5
and 1: 10 mole were studied. Results are showabile 4.1 and graph 4.1.

As can be seen, the mole ratio plays an importaetin the early stages of the reaction.
Thus, after 30 minutes, the 1: 1 ratio gives 55%veaesion, the 1: 5 ratio gives 66%
conversion and the 1: 10 ratio gives 72 % convarsibthe starting material into the
products. As the reaction progresses, the effe¢h@fmole ratio is not important. For
instance, after 1h of reaction, all three moleosaiive more or less the same conversion
(~80% see table 4.1). However, in the later stafdble reaction, the reaction mixture
with the higher mole ratio more rapidly goes to P60completion while reactions with
lower mole ratios seem to stabilize around 90 %.

Thus, it is clear from these data that diffusionredctant to reach each other is not

determining the overall state of the reaction. e imelt, reactants readily form the

100 4

Conversion (%)

Time (h)

product(s).
Graph 4.1. CpFe(C@Q)+ PPh at 70C and different mole ratios.
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The products were isolated from a silica gel columede up with hexane. Hexane was
used to elute the excess of the ligand. Benzenethes used to elute the non-salt

fraction and acetone eluted the salt product. $tthabe noted that the solvent is used in
the purification of the product not in the syntisgsiocess. The pure salt compound was
characterized by NMR (figure 4.9) and IR (figurd @). spectroscopy as well as by MS

(figure 4.12). The melting point was determinedd®C (figure 4.11).

7.60

7.26 5.51
7.38
#
T T T T T T T T 1
9 8 7 6 5 4 3
ppm

Figure 4.9'H NMR spectrum of [CpFe(CGRPh]!
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Figure 4.10. IR spectrum of [CpFe(GBPhyl
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Figure 4.11. DSC profile for [CpFe(CPPhyl
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To determine the product formed in the initial ste@f the melt phase, reactions were
carried out at 6C.

As expected, the results show that the reactisioiser at 66C than at 78C (see table 4.

2 and graph 4.2). After 30 minutes we have 7% dieomversion against 55% overall
conversion at AT, but after 4 hours, a conversion of 80% can behed when working

at 60°C. The main product formed is a sal.

Table 4.2. Solventless reactions between CpFe{@@) PPhat 60C 1: 1 mole ratio

Time (h) Conversion (%)
[ Il Overall
0.5 0 7 7
1 5 8 13
2 48 7 55
3 56 6 62
4 75 6 81

I1: Salt product

I11: Non-salt product
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100

80 70°C
60

60°C

40

Conversion (%)

20
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Time (h)

Graph 4.2. CpFe(C@)+ PPh1: 1 ratio at 60 and 7G

4.3.1.2 Effect of [CpFe(CO),], as a catalyst on the reaction between CpFe(CO),l and
PPh;

The dicyclopentadienyliron dicarbonyl dimer, [CpE&.]2, has been shown in previous
solution studies to be a good catalyst for the @@sstution reactions of CpFe(CfD)
systems [15]. Our investigations have been alsentd in that direction to find out
whether the same capability will also be manifestier solvent free conditions. The
procedure used is described in the experimentébsedfter 30 minutes at 7€, 100%

product was formed compared to 55 % of productinbthin the absence of catalyst in
the same conditions (graph 4.3).
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100
+ [CpFe(CO),],
80 no catalyst

60

40

Conversion (%)

20

0 . ; . ; . ; . ;
0 1 2 3 4

Time (h)

Graph 4.3. CpFe(CQ)+ PPh at 70C with/without catalyst

The effect of the catalyst on the reaction has l@sa observed at 80 (table 4.3 and

graph 4.4). [CpFe(C@) enhances considerably the rate of the reaction.

Table 4.3. Solventless reactions between CpFefCGDy PPh at 6(°C in presence of
[CpFe(CO)), as a catalyst.

Time (h) Conversion (%)
[ Il Overall
05 46 15 61
1 66 11 77
2 64 13 77
3 73 9 82
4 77 12 89
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100

80 -
+[CpFe(CO),],

60
no catalyst

40

Conversion (%)

20
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Time (h)

Graph 4. 4. CpFe(C@)+ PPh at 60C with/without catalyst
43.2 Solventlessreactions between CpFe(CO),l and solid PR3 ligands

4.3.2.1 Reactionsin the absence of the catalyst

After this model study using PRra range of solid phosphine ligandsgfe{CHsCesHa)s,
P(mM-CHsCsHa)s3, P(-FCsH4)3, P-CICsH,)3] were explored in order to find out the effect
of variation of the ligand on the reaction. All sieeligands have the same cone angle
(145°) except PfrCHsCeHs)z (165) [29, 30]. Therefore, the steric effect of para-
substituted ligands is expected to be the samand#yer difference among them being the
electronic effect. Considering the electron dorgpability of all the ligands used, based
on the CO stretching frequency studies, the ligaradsbe ranked in decreasing order of
electron donating ability as follows: fROCHs;CsHs)z > P(MCH3CsHy)3 > PP > Pf-
FCsHa)s >Pp-CICgH4)3 [31, 32, 33]. DSC studies were conducted on thEeQpO)I +

PRs mixtures and results are condensed in table 4l4hé 1: 1 mixtures give their DSC

endotherm between 70 - %0 similar to that seen in figure 4.8 for CpFe(@M®Phs
mixture.
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Thus, choice of the reaction temperature couldradiscriminating between the reaction

rates, an effect that could influence steric aedtebnic effects.

Table 4. 4. Melting points of CpFe(CD¥ PR; mixtures (1: 1 molar ratio)

Mixture M elting points (°C)
CpFe(CO)l + PPh, 70
CpFe(CO)l + P(p-OCHsCgH.)3 91
CpFe(CO)l + P(m-CHyCsHa)3 89
CpFe(CO)l + P(p-FCeHy)3 71
CpFe(CO)l + P(-CICeHa)s 88

The reaction between CpFe(GDand PR ligands were initially conducted at 100
temperature at which all mixtures are in melt. Resare recorded in table 4.5. At this
temperature, reactions are very rapid for all l@mnSalt and non-salt products are
formed in different ratios. The salt and non- gatiducts have been isolated using the
same method as that used for PRlompounds (page 59) and characterized by a
combination of IR, NMR (tables 4.6, 4.7), meltingiqts (table 4.8) and MS analysis
(table 4.9).
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Table 4.5. Reactions of CpFe(GD3nd PR ligands at 108 without catalyst (1: 5 mole

ratio).

Ligand Time(min) Conversion (%)
I M1 Overall
PPh 5 70 24 94
15 72 28 100
15 40 57 97
P(P-OCH:CeHa)3 5 80 20 100
15 85 15 100
P(-FCsHa)3 5 36 53 89
15 0 95 95
P(P-CICeH4)3 5 0 76 76
15 0 88 88
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Table 4.6. Spectroscopic data for [CpFe (8FPh]l complexes

'H NMR(ppm) 3P NMR (ppm)

Complex Cp | CH  OC Phenyl | Product Free

3 Hs ligand

[CpFe(COYP(Phy]I 550 | - - 760; | 61.78 471
7.39

[CpFe(COYP(P-OCHsCeHa)gl | 5.44 | - 388 7.09 | 56.96 -9.47

[CpFe(COYPM-CH3CeHa)l 547| 2.40 - 752; | 61.21 -4.53
7.34

[CpFe(COYP(p-CICeHa)l 559/ - - 761; | 61.98 -7.78
7.35

Table 4.7. Spectroscopic data for CpFe(CO)jPEbmplexes.

Complex 'H NMR (ppm) PNMR

(Ppm)

Cp Ch OCHs

CpFe(CO)(PPHI 4.47 - - 68.01
CpFe(CO)P§-OCHsCeHJ)l | 4.46 - 3.82 62.62
CpFe(CO)P{+CHsCeHa)sl | 4.45 2.36 - 67.07
CpFe(CO)P§-FCeH.)al 4.48 - - 66.79
CpFe(CO)Pg-CICsHy)al 4.49 - - 68.29
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Table 4. 8. Melting points of [CpFe(CP)Rs]l complexes

Complexes M elting points (°C)
[CpFe(CO)PPhH]I 202
[CpFe(COYP(P-OCHCeHa)d]! 171
[CpFe(COYP(M-CHaCeHa)4]! 168
[CpFe(COYP(p-FCeHa)4]! 174
[CpFe(COYP(-CICeHJ)4]! 181

The mass spectra for the salt compounds were redoosd a VG70-SEQ instrument
using the Fast Atomic Bombardment ( FAB) methodgémeral, these results shown that
iodine is the first particle to get out of the nmlée for all the complexes. The next step
was the loss of the two carbon monoxide ligandsthedrest of the fragmentation was
dependent on the phosphine ligand present untivticde PR fragment was removed to
afford (GHs)Fe. As illustration, the mass spectrum of [CpFef®®h]l is shown in
figure 4.12 and its fragmentation patterns in fegdrl3.
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Figure 4.12: Mass spectrum for [CpFe (GBI
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[(CgHs5)Fe(COPPH]I
¢ 566.149

¢ ¢

I
(CsH5)Fe(CO)PPH 126.900
+ 439.275

Y Y

2CO
(CsHg)FePPh 56.020
383.255

Y
+ (C!H;,)Fe ¢ +

PPh C:H:)FeP(P Ph77.105
y 262.315 120,800 ¢ 5)+ (rsohg.149

(Ph), P-Ph * +

Figure 4.13: Fragmentation patterns for [CpFe(PBh}]I

The mass spectral data for [CpFe(gRB]l are shown in table 4.9.

Table 4.9. Mass spectral data for [CpFe(§F®)]l products.

Ligand
PPh

P(p-OCHsCeHa)s

Sl
438.8 (100.00)
529.2 (98.98)

S-1-2CO
382.8 (63.50)
473.2 (69.36)

P(M-CHsCeHa)s 481.1 (100.00) 425.1 (57.67)
P(p-FCeHa)s 493.1 (41.09) 437.2 (21.72)
P(-CICeH2)s 541.1 (17.40) 487.1 (7.96)

S = [CpFe(COPRyI

A. Munyaneza

S-1-2CO-PR
120.8 (5.00)
120.8 (15.29)
120.8 (8.39)
120.8 (14.47)
120.8 (14.50)
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Contrarily to the salt products, in the non sattdurcts, the CO molecule leaves before
the iodine atom.
The data in table 4.5 reveal that the product predus determined by the incoming
ligand. Three trends are to be noted after 5 mgateeaction:
- Overall conversion: PEOCH;CgHs)z > P(M-CH3CeHa)s > PPl >  Pp-FCsHy)s3
>P[p-ClCgHy)s.
- Conversion intdl: P-OCH:CgHs)s > PPh > PM-CH3CeHy)s > Pp-FCeHys)3 >
P(p-CICeH4)3

- Conversion intdl1: P@E-CICsH4)3 > PM-CH3CeH4)3 >P-FCesH4)s > PPh > Pfo-
OCH;CgHa)3
The overall reaction rate reveals that electronatiog ligands more rapidly generate
products than the electron withdrawing ligands. S'imuthe melt phase, the reaction is
well behaved in terms of reaction rates. HoweVegd other issues related to the data are
to be noted:
The first is that the ratio di1/I1 at 106C is higher than at lower temperature (see table
4. 5) as exemplified by the PPtata at 68C and 76C. Thus more non-salt product is
present at higher temperature. This could be dpainhto the conversion of into I11 by
decarbonylation reaction.
The second issue relates to the slow conversidh af I11 with time for the electron
donating groups on the phosphines. When the prechaste been formed, little reaction
occurs. This fact was established in an experitheating pure [CpFe(C@HPh]l at 145
°C. After 15 minutes, only 3 % of CpFe(CO)(BRhvas obtained.
The third issue relates to the phosphorus thaammelectron withdrawing groups [ P(p-
FCeHa)s, P(p-CIGH4)s]. These ligands gave (eventually) exclusively sait- products
and further for P(p-FgH.)s the salt product converts to the non-salt produtt time
(table 4.5). Reactions were also performed at |demperatures (6C, 70°C) to obtain

further information on the reaction (table 4.10 dntil).
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Table 4.10: Reactions of CpFe(G3nd PR ligands at 68C

Without catalyst.
Ligand Time (h) Conversion (%)
I [l Overall

PPh 05 0 7 7

4 75 6 81

P(m-C H3C6H 4)3 05 0 6 6
4 0 14 14

P(P-OCHs;CeHa)3 05 0 5 5
4 0 12 12

P(p-FCsHa)3 05 0 7 7
4 0 14 14

P(p-CICeH4)3 0.5 0 6 6
4 0 15 15

At 60°C in the absence of catalyst (table 4.10), onlysPRacts to any significant extent.
After 4 hours, little product is formed in mostrefctions.

Data at 78C in the absence of catalyst reveals faster rezfar all ligands (table 4.11).
Intermediate data collected between 0.5 hour anodu4s shown also that the conversion

of starting material into product is a direct fuontof time.
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Table 4.11: Reactions of CpFe(GD3nd PR ligands at 78C without catalyst.

Ligand Time (h) Conversion (%)
I M1 Overall
PPh 0.5 52 3 55
4 90 1 91
P(m-C H3C6H 4)3 05 0 0 0
4 58 6 64
P({-OCH:CeHa)3 0.5 37 0 37
4 59 0 59
P(-FCsHa)s 0.5 40 10 50
4 64 20 84
P(p-ClCgHa4)3 05 0 7 7
4 0 21 21

Rate: PPh> Pp-FCiHa)s > P-OCHzCeH4)3 > P[(M-CH3CsH4)3 >Pp-CICsH4)s.

This order of the ligands reactivity show that teaction is favourable to the electron
donor ligands. However, pFCsHas)s is making an exception as its reactivity is even
better than that of electron donor ligands. Thigldde due to the melt issue. In fact, at
70°C only PPR and Pp-FCgHs)z mixtures are in complete melt phase (DSC data table
4.4).
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4.3.2.2. Effect of [CpFe(CO),], as a catalyst on the reactions between CpFe(CO)al
and PR3 ligands

The effect of [CpFe(CQ), as a catalyst was also explored for different kands at
60°C (table 4.12 and graph 4.5) andC(table 4.13 and graph 4.6).

Table 4.12: Reactions of CpFe(G3nd PR ligands at 68C

with catalyst.

Ligand Time (h) Conversion (%)
[ M1 Overall

PPh 0.5 46 15 61
4 77 11 88
P(Mm-CH3CgH4)3 0.5 8 4 12
4 58 6 64

P(P-OCHsCeHa)3 05 0 3 3
4 17 3 20
P(-FCeHa)3 0.5 55 7 62
4 83 7 90

P(p-CICeH4)3 0.5 0 8 8
4 13 9 22
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Graph 4.5. CpFe(C@)+ PR; at 6(0°C with catalyst

1. PPh 2. PP-OCHsCeHs)s 3. PM-CH3CsHa)s 4. PP-FCsHa)z 5. PP-CICeH4)3
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Table 4.13: Reactions of CpFe(GD3nd PR ligands at 78C with catalyst

Ligand Time (h) Conversion (%)
[ M1 Overall
PPh 0.5 100 0 100
4 100 0 100
4 86 0 86
P(-OCHsCeHa)3 0.5 55 0 55
4 78 0 78
P(-FCsHa)s 0.5 90 3 93
4 75 25 100
P(p-CICeH4)3 0.5 28 5 33
4 43 21 64
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Graph 4.6. CpFe(CQ)+ PR; at 70C with catalyst
1. PPh 2. PP-OCHsCeHy)s 3. PM-CH3CsHy4)s 4. PO-FCsHy)s 5. PP-CICsH4)3

The use of catalyst also influences the reactidh wigard to the type of product formed
(salt or non-salt) product. For instancep-PCsHa)s at 60C without catalyst gives only a
non-salt product (table 4.10), while at the sanmepterature in the presence of catalyst,
we have mainly a salt product and little of the realt formed (see table 4.12).

The catalysed reaction in solution has been prapdseoccur via a free radical

mechanism [24]. The mechanism proposed involveemgéion of a 17 electron radical

species either from CpFe(CD)(i.e. CpFe(COg)' + I') or from a metal dimer

[CpFe(CO)2 ( ZCpFe(COZ)'). It is this 17 electron species that was propdsedeate a

catalytic cycle to lead to product formation (scleefnl).
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Scheme 4.1. Mechanism of non salt product formatia a radical chain

[CpFe(CO)]. <« 2 [CpFe(COY
[CpFe(CO)] + PR — [CpFe(CO)PH + CO

[CpFe(CO)PB’]' + CpFe(CO) — CpFe(CO)(PR3)I + [CpFe(COQ]'

The last step implicates the exchange between G@ fhe starting material and PR
from the radical catalyst. This mechanism doeshaetever explain how [CpFe(C&)
can be a catalyst in a reaction that will produsalaproduct.

An alternative mechanism can however be proposedexolain the salt product

formation. This involves generation of a 19 electimtermediate (scheme 4.2).

Scheme 4.2. Mechanism of Salt product formatienaviadical chain

[CpFe(CO)], < 2 [CpFe(COY
[CpFe(CO)] + PR — [CpFe(CO)PRy]’

[CpFe(CO)PRy + CpFe(CO) — [CpFe(CO):PR3]l + [CpFe(CO)

The last step is the migration of the ligand frdma tatalyst to the starting material.
Evidence for this mechanism was provided by rep€pFe(CQ) by another reactant
for example MeCpFe(C@)(see chapter 5) with the same catalyst.

The catalyst is playing an important role in enagahe rate of the reaction for all

ligands. This has been also observed earlier wesblprocedure studies [19, 20, 23, 34,
35].
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4. 3.3 Solvent free procedur e ver sus solvent procedure.

A significant difference between the solvent frexel ahe solvent procedure is observed
(table 4.14).

- The product: using exactly the same conditionsdhly difference being the
presence or not of the solvent, the solvent proeedives mainly a non-salt
product while the solvent free method gives mamlyalt product. Examples are
shown for the R(-FCgH4); and PPhyields.

- The rate of the reaction: Solvent free proceduvesya very high percentage of
conversion into product compared to the solventgdare. In 1: 5 mole ratio at
70°C in the presence of 10% mole [CpFe(g@hs a catalyst and benzene as a
solvent, the reaction between CpFe(@@hd PPhor Pp-FCsH,)3 yielded lower

percentage conversion compared with the solveatrfrethod (table 4.14).

Table 4.14. Solvent free procedure versus solveraguiure for PPfand P(p-FGHa)3

Ligand Time Solvent procedure Solvent free
(min) procedure
P(p-FGHa)3 30 Only non salt product in 28% 90% salt product and
conversion 3% non-salt product
PPh 60 Non salt product in 42% conversion 100% saltlpct , no

non-salt product

observed
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These results show that in solution medium, thetieas follow the mechanism of non-
salt product formation (scheme 4.1) whereas inestlMree medium, the mechanism

followed is that of the formation of salt produstiieme 4.2).
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4.4 CONCLUSION

The solvent free reactions between CpFegC@nd some solid phosphines [ BPR(-
OCHsCgHa)3, PM-CH3CeH4)3, P-FCsHa)3, P-CICsH4)s] have been shown to occur at
temperatures ranging from %D to 100C. The lower the temperature, the lower the
conversion of the starting material into produdteTproduct of the reaction could be a
neutral (non-salt) or ionic (salt) product. Eleatrdonating phosphines show higher
reactivity compared to electron withdrawing ligaradsd they tend to give higher yields
of ionic than neutral products. The conversiorsat product into non salt product has
been observed at high temperature.

The complex, [CpFe(C@}, has a very significant catalytic activity on theaction by
enhancing the reaction rate. Solvent free procadiorethe studied reactions gave higher

yields when compared to the solvent procedure tesul
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