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Abstract

Carbonyl insertion continues to be of current interest as it plays a vital
role in many industrial preparations like hydroformylation, Reppe synthesis,
Fischer-Tropsch process, etc. Carbonyl insertion has not been obscrved in M-
CFj3 bonds (M = transition metals) and the first report of apparent carbonyl
m:emon in a Fe-CF3 bond stands in open conflict with both experimental and

1 results. An i igation of the above report is presented in this

thesis.

Fe(CO)s(diars) (diars = o-phenylenebis(dimethylarsine)) reacts with ex-
cess CF3l to form the perfluoroacyl Fe(CO)3(diars)(C(O)CF3)l and the per-
fluoroalkyl Fe(CO)(diars)(CF3)" - 'mpounds in varying yields, depending on
the reaction conditions. A high . .icentration ratio of CFal to Fe(CO):,(dnm)

favours the perfl Ikyl while a dilute solution favours the perfl 1 com-
pound. Concentration vs. hme pmﬁ.les nf the mr.uon monitored by '*F NMR,
indicate that the perfl 1 and ds are formed by
two ind dent reaction h The perfl lkyl is formed by oxida-

tive addition of CF3l to Fe(CO)a(diars) by a nonchain, free radical mechanism
while the perfluoroacyl is formed by an intermolecular insertion mechanism
via an ionic intermediate. The higher analogues of CF3I form only the perflu-
oroalkyl owing to the greater stability of the Ry radical which enhances the
rate of the free radical reaction.

Two isomers of the perfluoroalkyl compound were isolated and spectro-
scopically identified by H, *3C, '°F NMR, IR and Mass spectra as cis,cis and
cis,trans isomers. Similarly, four isomers of t»  -A*oroacyl compound were
isolated and identified. The structures of « . roroacyl and one perfluo-
romethyl isomer were confirmed by single cry ' .ay data.
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Chapter 1

Introduction

1.1 Insertion Reactions

The term “insertion reaction” is often used in a very broad context without mech-
anistic significance. It simply reflects the overall structural change wherein an
unsaturated ligand Y interposes into a metal-element, M-X bond (cf. Eq.1.1).
M-X + Y - M-Y-X (L.1)
The reverse reaction is referred to as elimination or extrusion and unlike oxidative
addition, insertion reactions do not alter the coordination or the oxidation number
of the metal. Two different types of insertion reactions have been identified in the

literature, namely, intramolecular and intermolecular insertion reactions [53].

1.1.1 Intr lecular Insertion R

Intramolecular insertion, also known as “migratory insertion”, occurs when both

X and Y are coordinated to the same metal center (cf. Eq.1.2).

N — — |

MY w—— MY =X =~—— M—Y—X

(12)



2

An external ligand L in a subsequent step often occupies the site vacated by X,
where L = CO, RsP, amine, halide or a basic metal center. Depending on the
nature of Y, these insertion reactions are further classified into two groups. The
first group in which M and X add to the same atom of the unsaturated ligand
(Y=CO, isonitriles, carbenes, etc.) is classified as a 1,1 insertion reaction.

(13)
]

E—X

I
—=0 —» M—C—X

The second group in which M and X add to different atoms of the unsaturated

ligand (Y=olefins, acetylenes, etc.) is classified as a 1,2 insertion reaction.

(1.4)
oo
'L_éll« ——>  M—CH=CH—X

1,4 Insertion reactions, though less frequently observed, have been reported for
(CN),C=C(CN); [125].

Migrato.y insertion reactions are diverse. The migrating ligand, X, can be
H, halogen, alkyl, S, N, P or other metals, and the unsaturated ligand Y can
be CS, CO, CHO, SO,, SOy, dienes, acetylene, acetylene, carbenes, isonitriles,
nitrosyls, carbenes, olefins or organic isocyanides. The metal centers are shown by

the shaded portion of Table 1.1 [38, 117, 125].
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1.1.2 Intermolecular Insertion Reaction

Intermolecular insertion reactions involve a direct nucleophilic attack on the un-

saturated ligand attached to the metal by an external nucleophilic reagent.

(15)

These reactions occur typically when X = Grignard reagent, organolithium, hy- .
dride, aqueous hydroxide. amines, amino N-oxides, azide ion, etc., and Y is the
same as that described for the intramolecular insertion reactions. Several factors
favoring nucleophilic addition reactions have been identified, such as the nucle-
ophilicity of X, a net positive charge on the metal complex, and the coordinative

saturation of the metal complex [53, 61].

1.2 Carbonyl Insertion Reactions

When the inserting molecule Y = CO for the reaction in Eq. (1.3), the 1,1 insertion
is also known as carbonyl insertion reaction. A great deal of work has been focussed
on RMn(CO)s systems and CO insertion is found to be intramolecular with the
alkyl group migrating to the cis carbonyl group; it is stereospecific with respect to
the migrating alkyl group. The entering ligand, solvent and the Lewis acid added
all have a profound effect on the rate of the carbonyl insertion reaction. These
features are discussed below.

Carbonylation of 1 with 13CO gives 2 with *°CO cis to the acyl group [137].

13CQ, therefore serves as an external ligand and the inserted CO originates from



the already coordinated CO groups thereby showing that the CO insertion is in-
tramolecular (cf. Eq.1.6)

(1.6)
CHy COCHy
co 13c0
o MnT—co + 30— oc Mn co
oc o
co o
[ (2]

A more intriguing question concerning the above system is whether the alkyl
group migrates to a carbony! group or the CO group inserts into the Mn-CH3
bond to form the acyl group. One extensively quoted set of experiments is the
decarbonylation of 2 [137]. Product ratio studies by IR indicate alkyl migration in
the Mn(CO)s(CH3) system and not CO migration. However, studies by Flood et al.
[75] demonstrate that even though ins..tion takes place by alkyl migration in the
Mn(C0)s(CHj) system, CO migrationis also possible for FeCp(C(0)CH,CH)L (L
= (0, isocyanides) depending on the solvent and the incoming ligand (cf. Eq.1.7)
{74).

r?% LeC0 and MATPR T /‘j’lw r/“" !(1.7)
f"_/_“l“-—‘m w:;:’rou[ uoc/l & |,°E/ L

? [f:‘l (X}

0]

L= -
<L

'y

1
8 (Y]



Inserticn in 3 was induced by two ligands, CO and P(OCH,)aCCHs. The
position of the CO label in the reaction products could be e, 3, 7 or § as shown in
Eq. 1.7. Any of the structural possibilities shown in Table 1.2 is feasible depending
on the structure of the intermediate and the type of migration, °C NMR analysis
of the isotopic label in the products was consistent only with methy! migration

proceeding through a square pyramid with a basal acyl group.

Structure of the
Intermediate

T
9 P(OCH,}:CCH,
B+n/6] B+1/6

Alkyl Migration:
square pyramid 21 2/0/1

trigonal bipyramid
(axial acyl) 21 2/1/15

trigonal bipyramid
(radial acyl) 5/1 2/0.5/05

CO Migration:

square pyramid all/o 2/1/0
trigonal bipyramid

(axial acyl) all/o 2/1/0
trigonal bipyramid

(radial acyl) 5/1 2/0.5/0.5
stereo-random intermediate 3N 2/11

Table 1.2: Position of *CO Label in Products of the Reaction in Eq. 17 After
Flood et al.



T

In the FeCp(CO)(PPhs)Et system shown in Eq.1.8, the configuration of the
product corresponds to >95% formal alkyl migration in nitroethane as the solvent
while in hexamethyl phosphoramide (HMPA), the configuration of the prodact

corresponds to 73% formal CO migration [74].
co
FeCp(CO)(PPhy) Et—— FeCp(CO)(PPh,)(C(O)Et) (1.8)

However, the cyclohexylisocyanide induced reaction forms products corresponding
to alkyl migration in both nitroethane and HMPA solvents. Pankowski [141] has
proposed a similar CO migration instead of alkyl migration.

The requirement of a cis coordination site has been elegantly demonstrated
by Herlinger and Brown [91]. [(CHs¥COKo(DH)s] (DH = di.nethyl glyoxymate)
reacts with

P ue

\;/ c/u'
\"/l \N/ e
co/a
(8]

CO to give compound 8 which on further treatment with CO does not give the
acyl complex owing to the unfavourable disposition of the alkyl and the CO groups.
Decarbonylation of the labelled acyl compound 9 prepared by treating NaMn(CO)s
with '3CH3C(O)Cl gives the cis alkyl compound 10 exclusively [136]. Using the

principle of microscopic reversibility, the R group and the inserting CO must be



mutually cis to each other (cf. Eq.1.9).

(1.9)
13
COcH 130
co CHy
oc. Mn co = oc. Min co
o of
0 co
tel )]

Insertion is stereospecific at the migrating alkyl group [5, 29, 33, 73, 136, 151].
This is shown in Eq. 1.10 where the optically active Fe compound 11, undergoes

CO insertion with retention of configuration [29].

(1.10)
MesC. [} [}
B . eeng i
H ——C—oC H— H—c c H
D/ ¢(C0),Cp D/ \ c=o
[l [12] ]FC(CO)(FPHJ)Cp

This result suggests a concerted mechanism involving the transition state 13 [6].

R
‘(oco o , (1.11)
L 'l" n/ rl'. 1“

.



The migrating R group and the entering ligand L have a profound effect on the
rate of CO insertion in 1. The rate decreases with increasing electron withd rawing
ability of the R group, and increases with increasin nucleophilicity of the entering
ligand. However, this dependence of the rate on the nucleophilicity is not as large
as would be expected for a direct nucleophilic attack [47].

As seen in the reactions of FeCp(CO)(PPh3)EL, solvent plays a key role in

ion

CO insertion reactions [74]. Coordinating solvents accelerate carbonyl ins
suggesting solvent co-ordination to the metal complex during the course of the
reaction 37, 42, 47, 59, 128, 134, 165, 166]. A series of methyl substituted
tetrahydrofurans with constant dielectric constant but varying donor ability reveals
that the rate of CO insertion in CpMo(CH3)(CO)s increases with the donor ability
of the solvent [165). Hence, it is the donor ablil"ty of the solvent which affects
the rate of the reaction and not the bulk polarity effect. The effect of solvent
nucleophilicity appears ta be sensitive to the system investigated since the rate of
CO insertion of [Fe(CO)s(diars)(CHs)!* is independent of solvent [100]. Other
results indicate that the role of nucleophilic solvent is to catalyze the formation of
the coordinatively unsaturated acyl intermediate and not necessarily to stabilize it
[42, 134]. Lewis acids accelerate CO insertion and the most probable mechanism
involves Lewis acid coordination to the oxygen of a CO ligand followed by alkyl

migration [93].
1.2.1 Kinetics and Rate Law

Extensive kinetic studies [27, 40, 41, 62, 63, 82, 83, 84, 114, 136] have suggested

a mechanism involving the reversible formation of an unsaturated 16 electron



intermediate which reacts with the external ligand L in a subsequent step:

(1.12)
CHy
cocH
‘ A~ K e ?
oc: Mn 0 —— O 0
o =y oc/l
co 9
[l (141 [1s]

The nature of the intermediate s still unclear. Matrix isolation and other stud-
ies indicate a trigonal bipyramid intermediate with the acyl group in the equa-
torial plane [44, 98, 129]. However, 1°C NMR studies by Flood and Jensen
favour a square pyramidal intermediate with the acyl group in the basal plane
[45, 46, 71, 81, 137, 167). There is also some speculation of an 7?- acyl struc-
ture (33, 34, 43, 72, 74, 97, 155, 162]. Also the intermediate may be solvert
coordinated, since highly coordinating solvents increase the rate of the reaction
[21, 43]. '

Most of the CO insertion studies have been performed under conditions where

the second stepis irreversible i.e. k_s is insignificant (cf. Eq. 1.12). Applying the

steady state imation to the above mech. , the rate of reaction becomes
R _ kiks[L)[Mn(CO)s(CHs)
e ey 7 I
1+ ko (1.13)
= ko[Mn(CO)s(C Hy)]
where,
koby = kikalL] (1.14)

ki +ko[L]
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When ky[L] is very large, k; becomes insignificant and the equation reduces to
Rate = ky[Mn(CO)s(CHy)] (1.15)

However at low [L], the rate equation is dependent on the ligand concentration

and thus reduces to
Rate = "‘k’m [Mn(CO)s(CHs)| (1.16)

1.2.2 Carbonyl Insertion in Industry

Carbonyl insertion has gained the attention of many researchers due to its extensive
application in industrial synthesis as outlined below.
Hydroformylation

The hyd-sformylation reaction, also known as the Oxo or Roelen reaction, con-
verts olefins to aldehydes or alcohols (cf. Fig.1.1) [68, 149]. Six plants currently
use this process which involves insertion of olefins into a metal hydride bond, fol-
lowed by carbonyl insertion (step 3), hydrogenation (step 4) to form the aldehyde,

and further hydrogenation (step 5) to form the alcohol.

Step 1: HCo &co‘ — HCo(CO)s

Step 2 : ~BOH=CH, (R(CH;)CH)Co(CO)s + (RCH,CH2)Co(CO)s
Siop 3 : 0, (R(CH3)CHC(0))Co(CO)s + (RCH;CH,C(0))Co(CO)s
Step 4 : —2, R(CH3)CHCHO + RCH;CH,CHO + Catalyst

Step 5 : —Hay R(CH3)CHCH,OH + RCH,CH,CH,OH

Figure 1.1: Hydroformylation



Reppe Resctions

In the Reppe synthesis, an addend, HX, with a labile hydrogen can be added
to an olefinic or acetylenic C-C bond with simultaneous insertion of CO as shown
in Fig.12 [23, 48, 68, 90]. Insertion of CO into the C-OH bond of alcohols is
also possible. Monsanto uses this method to synthesize acetic acid from methanol
[76].

Catalyst : HCo(CO)4 X : -OH
Ni(CO)a -0-alkyl
Fe(CO)s -0-acyl
NRq, etc.
catalyat/CO
HC=CH +HX ———— HCH=CH-C(0)X
catalyst/
HaC=CHy +HX ————— HCH,-CH,-C(0)X
catalyst/CO

CHoX — " HyG-C(0)X

Figure 1.2: Reppe Reactions

In the Monsanto acetic acid synthesis shown in Fig.1.3, methanol is made
from synthesis gas (step 1). This is converted to methyl iodide (step 2) which
oxidatively adds to the rhodium catalyst (step 3). A rapid CO insertion occurs
(step 3). followed by the release of acetyl iodide which undergoes hydrolysis to

form acetic acid (step 4).



Step 1: CO + 2H, ————— CH30H

Step 2 : CH3OH + Hl —————— CHyl + H,0

Step 3 : CHal + Rh ~atalyst + CO ——————— catalyst + CH3C(O)!
Step 4 : CH3C(O)l + H,0 ——————— CH3C(0)0i! + HI

Figure 1.3: Monsanto Acetic Acid Synthesis

Fischer-Tropsch Synthesis

This is a heterogeneously catalyzed reaction where the reductive polymeriza-
tion of CO in the presence of hydrogen affords a plethora of products like,
olefins, alkanes, alcohols, aldehydes, carboxylic acids, esters and arenes [86]. The
product selectivity depends on many factors such as the CO/H; ratio, pressure,
temperature, catalyst, and the promoters. Thus far, a consensus has not been
reached regarding the mechanism of the reaction , however, carbonyl insertion has
been proposed to account for the C-C bond formation during the course of the
catalytic reaction.
Ethylene Glycol Synthesis

Although there are many possible ways to oLtain ethylene glycol, a direct syn-
thesis from synthesis gas is economically attractive. The Union Carbide mechanism

is presented in Fig. 1.4 [66].



Step 1 : (CO)4Co-H ———————— (CO)sCo-C(O)H

Step 2 : (CO)3Co-C(O)H —Has (CO)sHCo-(H,CO)

Step 3 : (CO)3HCo-(H;CO)————————— (CO);Co-CH,OH
Step 4 : (CO)3Co-CH;0H —S9 (CO)3Co-C(O)CH,0H

Step 5 : (€0)aCo-C(O)CHzOH —His HOCH,-CH,OH + catalyst

Figure 1.4: Ethylene Glycol Synthesis

The major organometallic species present under the reaction conditions is
HCo(CO)4. The reaction proceeds by intramolecular migration of the hydride ion
from the metal to a carbonyl ligand (step 1) to form the formyl ligand. Analogous
migration of alkyl groups to a CO ligand is observed but the hydride migration is
rare under normal conditions apparently because of the thermodynamic instabil.y

of most metal formyl complexes. Step 2 is the conversion of the formyl ligand to

by hyd ion. The formald complex is a highly reactive
species and further reactions are similar to those of hydroformylation. Formalde-
hyde inserts into the metal-hydrogen bond to form the hydroxymethyl ligand (step
3) which undergoes subsequent CO insertion (step 4) and hydrogenation (step 5)
in the presence of CO and H, respectively to form ethylene glycol. Glycerol is

often formed as a side product.
1.2.3 Molecular Orbital Studies of CO Insertion

Five different molecular orbital (MO) theories have been employed to explore the
reaction path of carbonyl insertion. They are briefly outlined in the following

sections.



Extended Hiickel Theory

The carbonyl insertion of Mn(CO)s(CHa) was computed along a reaction coor-
dinate involving five arbitrary steps by Hoffman [20], using the extended Hiickel
method. Full optimization of all degrees of freedom was not carried out and the
bond breaking and making are on the border line of what can be reliably treated
by this method. The computational results are therefore supported by qualitative
arguments.

As the reaction proceeds through the five steps, C, symmetry of the complex
is maintained and the change in bond angles is optimized. The reaction begins
with the migration of the methyl group to the cis carbonyl group and the orbitals
of the methyl group overlap with that of the carbonyl group. The reaction then
proceeds through a transition state (Step 3) to the intermediate complex (Step 5),
where the acyl anion is fully formed. Simultaneous formation of an empty donor
orbital, mainly d.2 in character, results in a drastic decrease in energy and hence

stabilization of the system.

ding to these i the five dii i diate is a distorted
square pyramid and lacks low energy pathways to other square pyramidal, trigonal
bipyramidal or n-acyl octahedral isomers. Since the main energy change is due
to the metal-alkyl bond, as the electronegativity of the R group increases, the
orbital energy level decreases and the R group becomes a poorer o donor. This
then raises the activation energy for the alkyl migration. Alkyl migration therefore
becomes difficult as the electronegativity of the alkyl group increases. The greater
ease of migration with iucreasing chainlength is explained as partly due to the
electronegativity effect and partly due to the decreasing bond strength of the

initial reactant. The results also show that alkyl migration is favoured energetically



compared to carbony insertion.

Complete Neglect of Di ial Overlap (CNDO) Method

Saddei et al. used CNDO formalism to study CO insertion. The reaction path was
followed by computing the changes in charge density and bond order [153]. Since
all reaction mechanisms are explained in terms of nucleophilic and electrophilic pro-
cesses the authors claim that any theoretical method should involve computation
of charge densities and bond orders.

The charge on the carbon of methyl group is negative while the carbon of the
equatorial CO group is positive. Thus, a polar attack of the CH; group on the
equatorial CO group is favoured as shown in Fig.1.5. It is therefore alkyl migration
and not CO migration which is preferred in the Mn(CO)s(CHs) reaction. The
charge at the equatorial CO is nearly independant of the alkyl group. The negative
charge at the a carbon atom of the substituent decreases in the order: C;Hy >
CHy > CFH, > CFs. Hence the polar attack should become increasingly

difficult. The calculations predict a trigonal bipyramid intermediate.

=0:27

Ch.
3 Y4008
co
oc——MnZ—co
o
co

Figure 1.5: Polar attack of CHz on CO group

Ruiz et al. [152] also used CNDO method, treating the problem in terms of

bond order arguments. The methyl migration coordinate was studied by allow-
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ing the methyl group to leave its octrahedral site and approach a cis coordinated
group, which finally results in a trigonal bipyramid intermediate. The course of the
reaction was divided into six arbitary stages and a sequence of six calculations rep-
resenting the corresponding structural changes during these six stages are worked
out using CNDO methods. Both the concerted and nonconcerted mechanisms
were considered and the energy barrier for the concerted mechanism was found to

be higher than that for the two step nonconcerted mechanism.

Ab initio Hartree Fock Method

This method was used to investigate carbonyl insertion in Pt(CH3)F(CO)PH;
and it was concluded that both methyl migration and concerted mechanisms are

energetically favoured while CO insertion is not [154].

Hartree-Fock-Slater (HFS) T ition State Method

Ziegler's HFS calculations show that the highest occupied molecular orbital (HOMO)
of the reactant Mn(CO)s(CH) is the metal d.» orbital. Orbital interactions are
considered between the o donor orbital of CHs and the orbitals of the Mn(CO)s
system. As the intermediate forms, the o-CHj orbital interacts with the 7 orbital
of the cis CO of Mn(CO)s. This brings considerable stabilization in energy and
Zeigler therefore proposed that methyl migration is energetically favourable [168].

Various ions of the il diate have been d and their rel-

ative energies calculated. An n-intermediate structure is favoured by about 80

kJmol=! compared to the p'-acyl at equilibrium.
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Partial Retention of Di ic Di ial Overlap (PRDDO) Method

Axe and Marynick used the PRDDO method [7] to obtain the geometry of the
complexes involved while their energetics were evaluated by the ab initio Hartree
Fock theory. This is the first ab initio study of the complete alkyl migration
pathway with the first optimized geometry of the transition state. Six important

were

Initially, the lone pair in the Mn-CH; orbital is donated to the vacant = anti-
bonding orbital of the interacting CO group. As the methyl group migrates the
orbital energy rises and the MO evolves into what is predominantly an acyl oxygen
7 type lone pair orbital. A Mullikan population analysis of the HOMO indicates a
gradual depopulation of the Mn-CHj orbital, which is accompanied by a build-up
of electron density on the carbon acyl and oxygen acyl atoms. A dramatic switch in
the orbital character takes place in the neighbourhood of the estimated transition
state geometry. Lewis acids accelerate the reaction since they coordinate at the
acyl oxyen and lower the energy of the transition state. A vacant site is created
in the transition state due to the leaving methyl group. The solvent can bind to
the metal at this point. Any kind of stabilisation of the transition state should
increase the rate of the reaction. Hence the rate of the reaction increases in polar
coordinating solvents.

The kinetic intermediate product resembles a square pyramid with the acyl
group in the basal position. In the absence of solvent coordination, the dihapto

structure is the lowest energy product.
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1.3 Absence of CO Insertion Into M-CF; Bonds

The absence of CO insertion into M-CF3 bonds has been indicated by kinetic stud-
ies, thermodynamic data, and molecular orbital studies. In 1962, Calderazzo and
Cotton reported that the rate of carbonylation of RMn(CO)s with CO in 2,2'-

diethoxydiethyl ether at 30°C decreases in the order:

n—Pr> Et>Ph >CH; >> CH:Ph and CF3
No kinetic data was reported for CH,Ph and CF3 as the reaction is extremely slow
[40]. Later in 1964, Calderazzo and Noack reported the following reactivity order:

(CH3)Mn(CO)s > (FC Hy)Mn(CO)s >> (CFs)Mn(CO)s

Insertion is found to be much slower for R = CFH; than CHg, while no insertion

is observed for R = CF; [41]. In 1969, King, Kapoor and Pannell demonstrated a

similar trend in the Cp(CO)sFe-R system [106]. Recently it has been shown that

the insertion of CO into a preformed M-R; bond is not a viable approach [104].
The enthalpy of carbonylation at 288 K for Eq. 1.17

RMn(CO)s + CO — Mn(CO)sCOR, R=CsHs,CH;3,CF3 (1.17)
was determined and the following trend was observed:
R = CoHy(~63£8kJmol™") < R = CHy(—5428kJmol™") < R = C Fy(~12£TkJmol™)

Also, the Gibbs free energy change, AG®, remains negative for R = CgHs and CH;
while it is positive for R = CFj [55]. The positive AG® indicates that the reaction

is not ble. Th d ic calculations on other systems also indicate a

similar conclusion [26, 138].
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MO studies support the above kinetic and thermodynamic data. Extended
Hiickel calculations attribute the lack of insertion reactivity to the strength of the
M-CF3 bond [20] while CNDO caiculations focus on the decreased negative charge
on the a-carbon atom of the CF3 group [153].

Axe and Marynick used PRDDO and ab initio Hartree-Fock calculations to
study the effects of a large set of different substituents upon the kinetic and ther-
modynamic behaviour of the group migration reaction in the Mn(CO)sR system
where R = CHa, CH;CHa, CH,CH2CHg, CH(CHg)z, H, CHCgHs, CgHs, CH2F,
CF,H and CF [8]. This study argues in terms of the Lewis acid-base character of
alkyl substitutents. More basic alkyl groups tend to interact more favourably with
the CO 27" orbitals while less basic alkyl groups interact to a lesser extent. This
leads to a reduced tendency for electron withdrawing alkyls to migrate relative
to electron releasing alkyls. This acid-base picture is supported by calculations
of the overlap populations, degrees of bonding, group charges, optimized metal-
alkyl bond lengths and localized molecular orbitals. Hence electron withdrawing

substituents retard the migration while electron donating substitutents favour it.

1.4 Overview of the Research Work

Not many years ago, the first case of apparent CO insertion into the Fe-CF3 bond

was reported [95].
Fe(CO)s(diars) + CFI —s Fe(CO)y(diars)(C(O)CF)I  (1.18)

Even though the reaction was reported to be unaffected by radical scavengers,
the presumed CO insertion into a transition metal perfluoroalkyl (M-R;) bond
stands in open conflict with both experimental and theoretical results. The prime

objective of this research work was to reinvestigate the report.
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Fe(CO)a(diars) was treated with a large excess of CF3l at -78 °C in CH,Cl,
solution. Variable yields of the perfluoroalkyl Fe(diars)(CO)2(CF3)l, the
perfluoroacyl Fe(CO)y(diars)(C(O)CFs)l, along with the di-iodo compound
Fe(CO);(diars)l; were isolated and identified. The product ratios were determined
to be a function of the reaction conditions. The perfluoroalkyl was the major
product in solutions with high concentrations of CFsl, while in dilute solutions
the perfluoroacyl was the major product. Intermediate concentrations gave both
the perfluoroalkyl and the perfluoroacyl products. Concentration vs. time profiles
monitored at low temperature by 1°F NMR provided evidence suggesting that the
apparent CO insertion observed in Eq. 1.18 occurs by intermolecular insertion and
not by the intramolecular insertion mechanism. The formation of the perfluoroalkyl
compound was found to be a free radical reaction. With higher analogues of CFl,
i.e. CoFsl, n-CsF7l, n-CF ..., n-C7Fy5l as well as CF3CHyl, only the perfluoroalkyl

complex was isolated [96].



Chapter 2

Reaction of CF3I with
Fe(CO)j(diars)

2.1 Introduction

CF3l is known to react with transition metals to afford the product of simple
oxidative addition as shown in Table 2.1. The general mechanism is however
not yet established. The oxidative addition may occur via a concerted or free
radical mechanism [133]. In keeping with theoretical results which predict that CO
insertion into M-R; bond is unlikely, carbonyl insertion has not been observed in
the above reactions. However, reacticn of excess of CFl gas with Fe(CO)(diars)
at 0 °C has been reported to form a perfluoroacyl product instead of the expected

simple oxidative addition product [95]. The research presented here attempts to

-

this apparent

2.2 Experimental

e here of dini

All the experi were p din an gen using standard
Schlenk techniques [157). Nitrogen gas was purified by passing through a series
of columns containing heated ‘De-ox’ catalyst (Alpha), activated (4A) molecular

sieves, and P40;0. CF3l gas was used as purchased from Aldrich Chemical Co.

22
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iteagent Product % Yield | Reference
(PhP(CHg)2)sFe(CO)s | (PhP(CH3),)2(CO)Fe(CFa)l - 36]
Fe(CO)s (CFa)Fe(CO)! 6 [107)
(EtC(CH;0)sP);Ru(CO)s | (EtC(CH;0)5P):Ru(CON(CFa)l | - 36]
(Cp)Co(CO)z (Cp)Co(CO)(CFa)! 8 [110]
(CP)RA(CO)a (Cp)RK(CO)(CFs)! 60 [130]
(P(CHa)aPh)2RRCI(CO) | (P(CHa)aPh);RACI(CO)(CFa)l | 73 151]
(P(CH3)2Ph)2RBI(CO) | (P(CHa)2Ph);RRBH(CO)(CF)l | 70 [51]
(Cp)Ir(COY, (CP)Ir(COY(CFa)! 40 [79]
(1%(CHa)sCs)Ir(CO)2 | (1°-(CHa)sCs)Ir(CO)(CFs)l 78 [108]
IrCI(CO)(PPhs); ItCI(CO)(PPh3)a(CFa)l 57 28]
IrCI(CO)(P(CHa)Pha)2 | IkCI(CO)(P(CHa)Pha)a(CFs)! 49 54]

Table 2.1: Reaction of CF3I with Transition Metals
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Methylene chloride was freshly distilled from P40;0 under a nitrogen atmosphere.
Toluene was distilled from sodium /benzophenone ketyl under nirogen.The sam-

ples were prepared in degassed solvents. Solution infrared spectra in CHyCl, were

recorded on a Perkin-El model-283 h NMR spectra were
recorded on GE300NB or Bruker WP80 instruments. Mass spectra were recorded

on VG7070HS mass spectrometer. Melting points were taken in a Thomas-Hoover

using sealed, nitrogen-filled capillary tubes and are uncorrected. El-
emental analyses were performed by the Canadian Microanalytical Service Ltd.,

/ B.C. All ch hy was done on a Ch Model 7924T, us-

ing Silica gel adsorbent. Element analysis and spectral data are recorded in Tables

2.6 to 2.10.

2.2.1 Preparation of Fe{CO)s(diars)

Fe(CO)s(diars) was prepared in four steps. CH3Asl; and (CHg);As| were prepared
following the method of Miller et al. [131]. Diars was prepared from (CH;)zAs!
following the method of Nyholm et al. [139] and Fe(CO)q(diars) was prepared

dif

from the above d using a of the literature dure [95]. A
high yield of the product was obtained when the reaction mixture was heated in
a Carius tube at 180 °C for seven hours. Decreasing the temperature or time of
the reaction resulted in decreased yield. The crude product was washed in hexane

two or three times until a pure lemon yellow substance was obtained.

2.2.2 Reaction of Fe(CO);(diars) with CF;I

4.5 g (0.01 moles) of Fe(CO)s(diars) was dissolved in § mL of distiled, de-
gassed CH,Cl, and treated with excess of CF3l gas (10 g or 0.05 moles) at

-78 °C. The lemon yellow solution instantly turned brown and then deep pur-
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ple. After 2-3 hours, an IR spectrum of the solution showed a dominant peak

| 4

around 1620 cm~! peak indicating the ion of the
as reported earlier. On warming the solution to room temperature the solution
turned from purple to brown. The reaction flask was kept in the freezer at 15
°C for two days. Removal of solvent and other volatiles followed by prepara-
tive thin layer chromatography (TLC) under nitrogen with toluene as the eluant
separated four products. The first band (yellow) was identified spectroscopically
as cis,trans-(diars)Fe(C(O)CF3)(CO);! (16), the second band (dark yellow) as
cis,cis-(diars)Fe(C(Q)CF3)(CO)z! (17), the third band (brown) as another cis,cis-
(diars)Fe(C(O)CF3)(CO)a! (18), and the fourth band (pink) as the di-iodo com-
pound, cis,cis-(diars)Fe(CO),l; (22). The first two major products were identical
with those reported earlier [95]. lIsomerization of the two major acyl products
occured when kept in solution in the freezer for two days and the fourth i< smer,
trans,cis (diars)Fe(C(O)CF3)(CO)3l (18), was isolated subsequently. Crystals for
X-ray structure analysis were grown by a slow diffusion of hexane into a solution
of the product in dichloromethane.
The above experiment was repeated by adding excess CFal (120 mL, 20 °C,

1 atm) at =78 °C to a solution of 1 g (0.002 moles) of Fe(CO)y(diars) dissolved in
10 mL of CHyCl;. The solution was stirred for 2 to 3 hours. The 1620 cm~* peak,
diagnostic of the perfluoroacyl formation, was not observed in the IR spectrum.
Prolonged reaction in the freezer for 24 to 48 hours did not result in the formation
of a compund showing the 1620 cm™! peak. Preparative TLC under nitrogen with
t-luene as the eluant separated two products, which were identified spectroscopi-
cally as the perfluoroalkyl compound, cis,cis-Fe(CO);(diars)(CF3)l and the di-iodo
compound, Fe(CO),(diars)la. A clean separation could not be obtained and there

was always a tailing of bands. TLC analysis of the above ctade sample after stir-
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ring overnight at room temperature showed a new TLC spot, which was isolated
and identified as cis,trans-Fe(CO),(diars)(CF3)l (22).

To identify the conditions which d ined the product distribution, a series

of small scale preparations was performed. The reaction was followed by IR spec-

troscopy and the presence of the | and the

was confirmed by their peaks at about 1600 and 1000 cm~' respectively. The

results are presented in Table 2.2,

Concentration | Volume of | Products Obtained
of Fe(CO)s(diars) | CH,Cly
(mol/L) (mL)
117 x 107! 5.00 M-CFy
2.35x 10! 2.50 M-CF3
5.87 x 107! 1.00 M-CF;3 and M-C(O)CF,
117 x10°? 0.50 M-CF;3 and M-C(O)CF3
2.35x 1072 0.25 M-CF; and M-C(0)CF;
5.87 x 10~2 0.10 only M-C(0)CF3
- No solvent | M-CF3 and M-C(O)CF;

M-CFs = Fe(CO)y(diars)(CFs)l ; M-C(O)CFs = Fe(CO)s(diars)(C(O)CFs)!
Fe(CO)s(diars) = 250mg (5.87 x 10~* moles)
CFal = 20 mL at 20°C/1 atm. (8.93 x 10~* moles)

Table 2.2: Reaction of Fe(CO)s(diars) and CFsl with Change in Volume of the
Solvent
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2.3 Results and Discussion

Four geometrical isomers are possible for an octahedral compound of the type
Magbzcd. All have been isolated and characte. zed for the perfluoroacyl compound

while only two isomers were ch ized for the per d. These

are shown in Fig. 2.1.

Perfluoroacyl Isomers

Isomer 16 has a vertical plane of symmetry and hence 'H NMR shows two
As-CHj resonances (Table 2.7). Carbon-13 NMR shows six resonances attributable
to two As-CHj, three As-CgHj, and one CO. The two carbon atomsin C(O)CF; are
coupled to fluorine and hence two quartets are observed. The quartet at 256ppm
(2J = 29.5Hz) is assigned to C(O)CF; and the quartet at 113ppm (* ! = 303Hz)
to C(O)CFs. The '°F spectrum shows a singlet due to the CF3 group. The IR
spectrum shows two strong CO peaks due to mutually cis CO groups and another
CO peak due to the perfluoroacyl group. Strong C-F stretches are seen at 1230,
1180, 1125 cm™ (see Fig. 2.2).

Isomers 17 and 18 lack symmetry planes and show spectral features as ex-
plained below. The *H NMR spectrum shows four As-CHs lines. The *3C NMR
spectrum of 17, shown in Fig. 2.3, shows four As-CHy, five As-Cgtly (one of
which is degenerate), two CO resonances and two quartets due to the two carbon
atoms of the C(O)CF; group which are coupled with fluorine. One of the two
terminal CO resonances shows further unresolved couplings which may be due to
a four bond coupling with the '°F nuclei of the acyl group (*Jor = 4 Hz). The *°F
NMR spectrum shows a singlet due to the CF3 group. The IR spectrum shows two

terminal carbony| peaks and one CO peak due to C(O)CFa along with strong C-F
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Figure 2.1: Perfluoroalkyl and Perfluoroacyl Isomers
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stretches. Isomers 17 and 18 show similar spectral features. X-ray crystallography
was used to distinguish the isomers and to confirm the structure of 17. lsomer
19 has a horizontal plane of symmetry and and its *H NMR spectrum shows only
two As-CHj; lines. The IR spectrum shows one strong and one weak absorption
consistent with mutually trans CO groups, and another CO peak due to C(O)CFs.

The mass spectral fragmentation pattern of compounds 16 and 17 is given in
Table 2.9. In general, the mass spectra of fluorocarbon derivatives of transition
metals display sequential loss of carbonyls present followed by elimination of neutral
metal fluorides, HF, CF, CF, CF3, and F atoms (121]. Compounds 16 and 17
show extrusion of CF; followed by sequential loss of the three carbonyls (cf. Fig.
2.4). The peak height of M*--CF3 for 16 is 39.08% of the base height while that
of M*+-CO is only 0.88% of the base height. However, the peak at 488 which is
due to the rearrangement of a fluorine atom from the CF; ligand to the metal ion
is abundant (39.05% base height). This suggests that sequential loss of carbonyls
which must be in competition with the process leading to elimination of the CF;

fragment has also occured.

Perfluoroalkyl Isomers

Isomer 21, like 17 and 18 lacks a symmetry plane and shows the same spectral
pattern as the acyl isomers. Isomer 20 has symmetry elements similar to the
perfluoroacyl isomer 16 and shows a similar spectral pattern (cf. Tables 2.6 to 2.9).
However, the fragmentation pattern in the mass spectrum is different. Sequential
loss of carbonyls is not seen and instead two CO groups are lost simultaneously
followed by the rearrangement of a fluorine atom from the CFj ligand to the metal
ion. Hence the CF; group is eliminated giving the 488 peak which then loses a
fluorine atom giving the 469 peak (cf. Fig. 2.5). Such a rearrangement has been
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reported in a wide range of fluorocarbons [121].

Fe(CO),(diars)z

The di-iodo compound [135] 22 is formed along with the perfluoroalkyl and the
perfluoroacy! compounds. Its NMR and IR spectra show a spectral pattern similar
to those of the perfluoroacyl isomers 17 and 18 and hence cis,cis geometry was
assigned (see Tables 2.6 to 2.9).

The small scale experiments done to w'entify the conditions which favour the
acyl and the alkyl products indicated that when the quantities of the reactants
Fe(CO)y(diars) and CF;l are constant, a highly concentrated solution favours the
perfluoroacyl as the major product while a dilute solution favours the perfluoroalkyl
as the major product. Intermediate concentrations resulted in the formation of
both the acyl and alkyl products. Reaction in the solid state also afforded both

the alkyl and the acyl products.

2.4 Solid State Structure

Crystal structures were obtained for several products in order to confirm their
structures and geometries. ORTEP drawings of cis,cis-Fe(CO)y(diars)(C(O)CF3)!
17 and cis,cis-Fe(CO)(diars)(CFs)l 21 are shown in Figs. 2.6 and 2.7 respectively.
A summary of crystal data for 17 and 21 is given in Table 2.3. Selected bond
lengths and bond angles are listed in Table 2.4." Intensity data was collected
on a Nonius diffractometer at 295 K using the 6/26 scan technique with profile
analysis at a scan speed of 4°/min. Three standards were measured after every
100 reflections and no significant crystal decay was detected. Space groups were

!The final atomic positional parameters and the equivalent isotropic temperature factors
are listed in Appendix C.



IZ jo wniads ssepy i¢g oandyy

oo aof e 90F
.w“h Sw.m”: 5_#._. th ﬁ Cu J _.m ..1 _E.: T
Z49-022—4N
s [on
[vs




35

determined by systematic absences. Unit cell parameters for 17 were obtained by
least squares refinement of the setting angles for 22 reflections (40° < 20 < 44.8°)
and for 21, 30 reflections (40° < 20 < 45°). Corrections were made for absorption.

The structures were solved using direct methods (MULTAN) plus a differ-
ence Fourier map and refined by full matrix least-squares with counting statistics
weights. H-atom positions were calculated but their parameters were not re-
fined. The C-H default distance was set at 1.08 A. All heavier atoms were refined
anisotropically for 17, and for 21, only |, As, and "2 were done. The C2 and C9
carbon atoms of 21 are therefore seen as distorted ellipsoids. The refinement of
21 is not satisfactory as suggested by the difference between R and Ry, unusual
C-F distances, and the residual electron density. The structure is being resolved
using a disordered model for the CF3 groupt All calculations were performed with
the NRCVAX Crystal Structure programs [78]. Scattering factors were taken from
the International tables for X-ray crystallography [94].

The structures of both 17 and 21 describe a slightly distorted octahedron with

a cis,cis geometry thereby ing the assi made by In
both these compounds, anomalously large thermal factors were found around Fe-
€(2)-0(2) (17) and Fe-CF3 (21) and reliable bond distances/angles could not be
made for these groups. In 17, the Fe-C(O) bond is 2.05 A, which is in agreement
with the reported value of 2.00 A [104]. The average C-F bond distance is 1.375
A and agrees well with the literature value shown in Table 2.5. The Fe-C(1)0
bond length is 1.73 A as expected.

"E.Gabe, NRC Chemistry Division, Ottawa, Ontatio.
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Figure 2.7: ORTEP Drawing of the Crystal Structure of
Fe(CO)s(diars)(CFa)l (21)
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Crystal data Fe{CO);(diars)(CFs)I Fe(CO);(diavs)(C(O)CFg—‘
21 17
Em pirical formula CiaHieAszFaFelO; CiaH16As,F3FelOy
Molecular weight 577.73 621.86
Crystal dimension(mm) 0.10x0.10 x 0.30 0.20 x 0.40 x 0.40
Crystal system Orthorhombi Monoclini
Space group Pcab P2,
a(A) 13.9062(8) 9.182(4)
b(A) 16.0694(6) 8.087(4)
(A) 17.1146(8) 12.175(4)
V(A3?) 3824.50 986.55
B - 100.930(20)
Z(molecules/cell) 8 2
F (000) electrons 2255.53 579.88
Deatea(Mg/r1?) 2,007 2,003
# (mm) 5.84 5.67
A (A°) 0.70930 0.70930
26(max)(deg) 4.8 4.8
No. reflections measured 4066 1379
No. unigue reflections 2458 1378
No. unique refl. luet > no(lner) 1725(n=2.5) 1185(n=2.5)
Last least sq.cycle calcd. with 38 atoms 40 atoms
195 parameters 141 parameters
1725 refls. 1185 refls.
Ry (sig. refl.) 0.072 0.071
R, (sig. refl.) 0.049 0.081
Goodness of fit 5.115 2.031
Ry (all refl.) 0.106 0.084
Ry (all refl.) 0.049 0.091
Max. shift/o n171 0.191
Last D-map:
deepest hole, e/A% -1.670 -1.210
highest peak, e/A% 2920 1770
Transmission factors 0.408956 0.318862
to to
0.554139 0.492092
Table 2.3: Crystall hic Data for C ds 17 and 21
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Bond E Fe(CO)a(diars)(CFs)l (21) | Fe(CO)s(diars)(C(O)CFs)l (17)
bond lengths in A
Fe-l 2.654(3) 2637(5)
Fe-As(1) 2.357(3) 2.354(5)
Fe-As(2) 2.350(3) 2367(7)
Fe-C(1) 1.842(24) 1.730(4)
Fe-C(2) 1.670(3) 2.080(5)
Fe-C(3) 2210 2.050(3)
C(1)-0(1) 1.070(3) 1120(5)
€(2)-0(2) 1.180(4) 0.620(5)
€(3)-0(3) " 1210(4)
C(3/4)-F(1) | 0.940(3) 1.400(5)
C(3/4)-F(2) | 0.990(3) 1.350(4)
C(3/4)-F(3) | 1.080(3) 1400(4)
Bond angles in degrees
As(1)-Fe-As(2) | 84.78(11) 85.96(20)
As(1)-Fe-l 87.71(12) 92.94(19)
I1-Fe-C(3) 87.00(9)
C(3)FeC(1) |- 94.00(14)
C(2)-Fe-As(2) | 91.00(9) 88.60(12)
I-Fe-C(2) 178.1(9) 178.50(12)
As(1)Fe-C(1) | 173.4(7) 176.80(10)
C(3)-Fe-As(2) |- 174.8(9)
Table 2.4: Selected Bond Lengths and Bond Angles of 17 and 21




Table 2.5: M-C and C-F Bond Distances from the Literature

Compound Bond | do_rin A [Bond |dam_c,in A
+CHsRh(CO)(GoFall [ CF 1310 [Rh-CF; 2.080
(CF5)Mn(CO)s CF |1370 | Mn-CF, | 2,056
cis-(HF2C CF)aFe(CO), | CF | 1379 Fe-CF, | 2.068

= transition metal
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The trans influence of substituted acetyl groups has been » .udied and is shown

to decrease in the series [28]:
C(0)CH; > C(O)CHzF > C(O)CHF; > C(O)CFs
Accordingly, the Fe-As(1) and Fe-As(2) do not show any difference in their bond
lengths. The axial Fe-C(2) bond in 21 is shorter than the equatorial Fe-C(1) bond.
A similar observation has been recently reported for four fluoro-organometallic
compounds [104). The Fe-C(3) bond length could not be correctly assigned owing
to large thermal factors around it. The Fe-C (perfluoroalkyl) bond lengths reported
in literature are given in Table 2.5. From the *C NMR analysis, it appears that
Fe-C (perfluoroalkyl) bond is longer than the Fe-C(Q) (perfluoroacyl) bond. The
13C-19F coupling constant in 17 is 302 Hz, while that in 21 is 360 Hz. Hence, the
C-F bond is stronger in 21 thereby indicating that the Fe-C (perfluoroalkyl) bond
is weaker than the Fe-C(O) (perfluroacyl). The trans influence of the CFs group
is shown to decrease in the series [28]:
CHg > CHF; ~ CHyF > CF;

The Fe-As(1) and Fe-As(2) bond lengths are of similar magnitude to those of
17.

2.5 Conclusion

Depending on the reaction conditions, Fe(CO)s(diars) reacts with CFsl to form

the perfl | and/or the per ds. Four isomers of the former
and two iscmers of the latter were obtained and characterized using spectroscopic

and single crystal X-ray data. The

the product

were investigated and the results are presented in Chapter 4.



Elemental Analysis

IR in cm™T

Compound M.P. % Carbon % Hydrogen
Calculated | Found | Calculated | Found | 2co | wcocr; Ry
cis, trans-Fe(CO)(diars)(C(O)CF5)I (16) | 182.0 | 27.04 2713 | 259 224 | 1975 | 1620 | 1230,1180,1125 |
cis,cis-Fe(CO),(diars)(C(O)CF3)I (17) | 157.5 | 27.08 2745 | 259 255 %S“Tiao—m
cis,cis-Fe(CO)7(diars)(C(O)CF5)I (18) | - = . 3 E ig;: | 1605 | 1220,1180,1115 |
trans,cis-Fe(CO),(diars)(C(O)CFa)I(19) |- - B = fg;g [1600 | 1220,1180, 1120 |
cis,trans-Fe(CO);(diars)(CFs)! (20) 1715 | 26.29 2645 | 2.2 279 533 - 1080, 990
cis,cis-Fe(CO)a(diars)(CFa)l (21) 170 2629 2501 | 272 213 ig;: - 1050,990
cis, cis-Fe(CO)y(diars)l, (22) fgég - -
2010 | - -

a = in CH,Cly; Elemental analysis and M.P. of 18 and 19 were not obtained since these were only minor products.

Table 2.6: IR and Element Analysis

(44
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Compound As-CHg o-CoHy
cis,trans-Fe(CO)a(diars)(C(O)CFa)l (16) | 1.62, 2.07 7.70 (m)
cis cis-Fe(CO)a(diars)(C(O)CFa)l (17) | 2.23, 2.02, 1.77,1.65 | 7.68 (m)
cis,cis-Fe(CO)y(diars)(C(O)CFs)l (18) | 1.6, 1.74, 1.90, 2.06 | 7.58 (m)
trans,cis-Fe(CO);(diars)(C(O)CFa)! (19) | 1.89, 1.69 7.67 (m)
cis,cis-Fe(CO)y(diars)(CFa)l (21) 2.21,2.09, 1.76, 1.62 | 7.71 (m)
cis,trans-Fe(CO),(diars)(CFa)l (20) 214,177 7.70 (m)
cis,cis-Fe(CO)y(diars)lz (22) 2.47,2.10, 1.95, 162 | 7.78 (m)

Solvent : CDCly; Reference Compound: Me,Si

Shift values in ppm

Table 2.7: "H NMR DATA
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Compound R,
cis trans-Fe(CO)y(diars)(C(O)CFa)l (16) | -79.4
cis.cis-Fe(CO)a(diars)(C(O)CFa)l (17) | -785
cis,trans-Fe(CO)y(diars)(CFs)l (20) +129
cis,cis-Fe(CO)s(diars)(CFa)l (21) +108

Solvent: CDClg; Reference compound: CFCls

Shift values in ppm

Table 2.10: °F NMR Data
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Chapter 3

Reaction of Higher Analogues
of CF3I with Fe(CO);(diars)

3.1 Introduction

As discussed in Chapter 2, transition metal complexes are known to undergo oxida-
tive addition reactions with perfluoroalkyl iodides. Limited examples are known for
the higher analogues of CF3l, as shown in Table 3.1. Fe(CO)s(diars) reacts with
the higher analogues of CF3l, namely, C;Fsl,n-CsF7l,n-CFal,n-CrF sl as well as
CF3CHl to yield the corresponding oxidative addition product, Fe(CO);(diars)R/l,
in good yield. These results are interesting since in the Fe(CO)sL; series, oxidative
addition has not been observed for alkyl iodides other than CHyl. Steric hinderance
has been suggested to account for these results [144]. However, oxidative addi-
tion of groups larger than CHal is facile when a carbonyl ligand in the Fe(CO)sL,
series is substituted by labile ligands such as N, [24, 25] or CHyCN [43]. Also, in
contrast to CF3l, the higher analogues do not form the perfluoroacyl compound in

any significant yield.

47



Reagent Ryl | Product Reference
Fe(CO)s CaFsl | Fe(CO)W(CFs)l [124]
CaFql | Fe(CO)4(CaFr)l [124]
CoFasl | Fe(CO)(CrFis)l [109]
trans-Fe(CO)a((CeHs)z | CaFsl | No reaction [123]
PCaHs).
cis-Fe(CO)s(diphos) | CaFsl | Fe(CO)y(diphos)(CaFy)!
[123]
7CsHsCo(CO), CaFsl [ mCsHsCo(CO)(CaFs)t (110]
CaFsl | #CsHsCo(CO)(CaFy)l [110]

diphos = P(CgHs )2 CHaCHa(CoHs ),P

Table 3.1: Oxidative Addition of Higher Analogues of CF31

48
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3.2 Experimental

The perfluoroalkyl iodides C;Fsl, n-CsFsl, n-CgFial and CF3CHal were used as
purchased from Aldrich. n-C;Fys| showed traces of iodine and hence was stirred
with mercury overnight and distilled.

The methodology followed is same as that described in Chapter 2. 424 mg
(0.99 x 10~2 moles) of Fe(CO)s(diars) was dissolved in 5 mL of dichloromethane
and 50 mL (2.2 x 10~ moles) of C;Fsl was syringed into the solution at -78
°C. The yellow solution turned brown immediately and it was stirred for 2 hours
at -78 °C. Removal of solvent and other volatiles under vacuum gave a reddish
brown produc- - “izh was isolated as a brown band on preparative thin layer chro-
matography with toluene as the elutant. This was identified spectroscopically
as cis,cis-Fe(CO);(diars)(C3Fs)l. A thin pink band which also accompanied the
above product was isolated and identified by spectroscopy as the di-iodo com-
pound 22, which was also obtained in the reactions of CFl. The reactions of
Fe(CO)s(diars) with other Ryl compounds were similar to that of C;Fsl and the
details are shown in Table 3.2. Since it was observed in the case of CF3l that a
concentrated reaction mixture favoured perfluoroacyl formation, the reactions of
the higher analogues were carried out with just sufficient solvent to dissolve the
Fe(CO)s(diars) (0.5 mL). Only very small perfluoroacyl peaks were observed in the

IR spectra and no perfluoroacyl derivatives could be isolated.
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3.3 Results and Discussion

A single isomer was isolated for all the above oxidative addition reactions. R/l (R
= n-CaFsl, n-CaFrl, n-CoFal as well as CHo CFl) formed cis, cis-Fe(CO )o(diars)R /I,
while C7Fys| formed a cis,trans isomer as shown in Fig. 3.1. All these are new

ds. Their physical ies are recorded in Table 3.3, and their 'H,

13C, 19F, IR and mass spectral data are recorded in Tables 3.4 to 3.8 respectively.

Compounds 23,24,25,and 27 are identified by spectroscopy as cis,cis isomers.

co ClO R'
[ _ co | co co
As 7Fe Ry As /Fe 1 As F'e/ co
. o R
1 Ry 1
cis,cis Fe(CO), (diars)R ;1 cis.trans Fe(CO), (diars)R 1
Ry= CoFs[23] C3F,[24]. CoF5[25] Ry = C,Fy 5 [26]
a3 well as CH,CF[27] vertical symmetry plane
no symmetry planes Fo = Fy
[}

Fq Fy are diastereotopic

Figure 3.1: of the Perl tkyl C

They have spectral patterns sim'ar to isomers 17 and 18 (cf.Tables 2.6 tc 2.10)
as discussed below. Since the cis,cis geometry lacks a symmetry plane, the iron
atom is chiral and the CF; groups are diastereotopic. Similarly in 27, H, and Hy
of the a-CH, group are diastereotopic. Compound 28 is identified as the cis,trans
isomer and shows a spectral pattern similar to 16. A vertical symmetry plane

makes the two fluorine atoms of the alpha CF; group equivalent.
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3.3.1 'H NMR Spectra

The 'H NMR spectra of cis,cis-Fe(CO);(diars)Ryl isomers 28, 24, 25 and 27
show four ivalent As-CHg In 27, the hyll

protons are seen as the AM part of a first order AMX3 multiplet (X=F). The
resonance due to H, is coupled to H, resulting in a doublet (Jy, 5, =12.5Hz) which
is further coupled to the three magnetically equivalent *°F nuclei (Cp), resulting
in a doublet of quartets (*Jir,=16Hz). Similarly, another doublet of quartets is
seen for H (cf. Fig. 3.2). Compound 26 shows only two As-CHj resonances due

to its vertical symmetry plane.

Hu

1
N JHaHb

:Idj T Tl Th»L,L_ l]

Figure 3.2: 300 MHz ‘H NMR Spectrum of Fe(CO)y(diars)(CH,CF3)l (27) in
CDCl Showing the AMX; Pattern



3.3.2 3C NMR Spectra

The **C NMR spectrum of 24 shown in Fig.3.3 is discussed as 2 typical example.
Since the compound has a cis,cis geometry with no symmetry planes, the six
carbon atoms of the diars ring are nonequivalent and six o-CgHy resonances are
seen. All four methyl groups bonded to the As atoms are nonequivalent. However,
only three As-CHy resonances are observed due to accidental degeneracy. Two CO

resonances are seen with unresolved *C-F coupling.
FoFoF

| | As—CHy
Fe—Cg—Cg—Cs—F
b
o=CgH,
cocly
By
Ml

T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 O PPM

Figure 3.3: 75 MHz °C NMR Spectrum of Fe(CO)s(diars)(CsF1)l (24) in CDCly
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The Ry group shows extensive '>C-'F couplings. The diastereotopic fluorine
nuclei, Fo and Fy show slightly different one bond couplings so that C, appears
as a double doublet (*Jcr, = 300 Hz, 'Jor, = 291 Hz). Further coupling to the

adjacent ACF; group results in four triplets as shown in Fig. 3.4 (*Jer = 52 Hz).

1Ca

1
Jerb
2
der

[T

s160 10
1aee 90
o
s s
neur se

soms 6o

T T T T T R
152 150 148 146 144 142 PP

Figure 3.4: 75 MHz Partial *C NMR Spectrum of Fe(CO)y(diars)(CaF7)l in CDCl
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Cy is coupled to the directly bonded fluorine nuclei resulting in a triplet (*Jor
= 255 Hz) and is further coupled to C,F; resulting in a triplet of quartets (*Jcr
= 35 Hz). This is further coupled to a-CF; which is also a two bond coupling
resulting in a triplet of sextets of intensities 1:5:10:10:5:1 (2Jor = 35Hz). C,
is coupled to the three magnetically equivalent fluorine atoms and is seen as a
quartet (*Jor = 291 Hz) which is further coupled to C5F resulting in a quartet

of triplets as shown in Fig. 3.5 (*Jcr = 38 Hz).

gism 3.5: 75 MHz Partial °C NMR Spectrum of Fe(CO)a(diars)(CsF:)! 24 in
DCly
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Compound 23, Fe(CO)(diars)(C2Fs)l, shows a spectral pattern similar to 24
and its partial '*C spectrum is shown in Fig. 3.6, C, is coupled to the di-
astereotopic F, and F; resulting in a double doublet (*Jcr, = 300 Hz, 'Je, =
293 Hz) which is further coupled to the adjacent CF; group resulting in a quartet
of quartets (*Jcr = 40.6 Hz). Cs is coupled to the magnetically equivalent flu-
orine atoms forming a quartet (*Jor = 286 Hz) which is further oupled to C,F;

resulting in a quartet of triplets (*Jcr = 33 Hz).

0-CgHy
e

\ ,J

CF

hz"

i, ahe L CF

T | e T T T
135 130 125 120 115 FPM

Figure 3.6: 75 MHz Partial 12C NMR Spectrum of Fe(CO);(diars)(C:Fs)l 23 in
€DCly



57

The spactral pattern of Fe(CO)a(diars)(CeF13)l (25) is similar to those of
the above compounds. C, is found in the same spectral region (148.7 PPM) as
compounds 23 and 24 and is seen as a quartet of triplets. C¢ in the terminal
CF; group is coupled to the three magnetically equivalent fluorine atoms resulting
in 2 quartet (*Jcr = 288 Hz) in the same spectral region as compounds 23 and
24. This is further coupled to the adjacent C.F; resulting in a quartet of triplets
(*Jcr = 32 Hz). The remaining four carbon atoms Cs, C, Cs and C, are split
by the directly bonded fluorine atoms into triplets and are seen at 108.8, 110.6,
1125 and 113.2 ppm (*Jcr = 268 Hz) (cf. Fig. 3.7). Further coupling to the
adjacent fluorine. 1 uclei is complex and could not be unambiguously assigned.

S CeCsCy Cp

120 s 1o 105 pon
Figure 3.7: 75 MHZ Partial *C NMR Spectrum of Fe(CO),(diars)(CsFi3)! 25 in
CDCly
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The '3C NMR spectrum of Fe(CO),(diars)CH,CF3l (27) is shown in Fig 3.8.
C, is coupled to the three magnetically equivalent fluorine atoms of Cj resulting
in a quartet (2Jcr = 26 Hz) at 6.95 ppm. C; is also a quartet at 134.6 ppm due

to coupling with the three directly bonded fluorine atoms (*Jer = 275 Hz).

CIJCI:l
0=CgHy
As—CHy
A- )
T T B RABES Ra T T
20 100 80 60 40 20 o Pem

Figure 3.8: 75 MHz *C NMR Spectrum of Fe(CO)a(diars)(CHaCF)l 27 in CDCly
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Fe(CO)z(diars)(C7F1s)l, (27), has a different symmetry from the other com-
pounds and shows a different spectral pattern. A vertical symmetry plane makes
three of the phenyl carbon atoms in diars ligand equivalent and hence only three
o-phenylene resonances are seen. Similarly only two As-CHj resonances and one
CO resonance are seen. The CO resonance is coupled to C,F; and CsF; giving an
apparent quintet assuming that *Jc is almost equal to *Jcr. Co of Ry group is
coupled to the two isochronous fluorine nuclei directly bonded to it giving a triplet
and further coupling to CsF; results in a triplet of triplets as shown in Fig. 3.9. C,
is coupled to the three directly bonded magnetically equivalent fluorine atoms and
to the adjacent CF; group resulting in a triplet of quartets in the same spectral
region as compounds 23, 24 and 25. Similar to 25, Cs, C,, Cs and C, and C;
are coupled to the two directly bonded fluorine nuclei and are seen as triplets at
107.3, 108.9, 110.5, 111.7 and 112.6 ppm (*Jor =279 Hz). Further coupling to

the adjacent fluorine nuclei is complex and could not be unambiguously assigned.

3.3.3 “F NMR Spectra

The 1°F NMR spectra of the a-CF; group of compounds 23,24,25 and 27 is
an AB spectrum due to the chirality of the iron center. The AB spectrum was

analyzed using the equations given below [1]:

J =F-F F: Frequency
=R - F
dv

VIR = F)(FR-F)=y

v4 B+Y
1(va +vp) enter of the AB spectrum = =
vg =2z —v4 w2

ol

v4 & vp were computed from Egs. 1 and 2. The detailed calculations for com-

pounds 23, 24, 25, and 27 are given in Appendix A.
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Figure 3.9: 75 MHz Partial °C NMR Spectrum of Fe(CO);(diars)(C1Fis)l 26 in
€DCly
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The °F NMR spectrum of compound 23 is shown in Fig. 3.10. The di-
astereotopic C, fluorine atoms appear as a typical fou, line AB pattern (2Jg,p, =
263 Hz). Vicinal coupling with the adjacent C5F3 group results in further splitting
of each component into a quartet. The CF; group is coupled to F, and F, result-
ing in a double doublet. (*J, r = 7.5 Hz, *Jg,r = 5 Hz) The different coupling

constants are not surprising since F, and F; are diastereotopic.

Fe—Ci— Cp—F
I P——
FooF

! 17

3, =75 Hz

Ja = 261 Hz
CaFa I
N
et 902 pom a3 oo

Figure 3.10: 282 MHz 'F NMR Spectrum of Fe(CO)(diars)(C2Fs)l 28 in CDCly
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The °F NMR spectrum of compound 24 is shown in Fig. 3.11. The four line
AB pattern of C,FaFy is further coupled to the C, fluorine atoms instead of Cg
giving four quartets (' Jr,7, = 268 Hz, *J5r = 125 Hz, YJgr =10.9 Hz). This
four bond coupling is as expected since it is generally observed that 4Jpr > 3Jrr
[147]. The CF3 group is observed in the same spectral region as that of compound

23 and CgF, and C,F3 are observed as unresolved multiplets.

cgF2

" A
-100 ~120 Peu

Figure 3.11: 282 MHz '°F NMR Spectrum of Fe(CO)y(diars)(CsF7)!l 24 in COCly
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The 1F NMR spectrum of compound 25 is shown in Fig.3.12. Thefour line AB
pattern of C, fluorine nuclei is further coupled and results in four triplets (*Jrars
= 271 Hz). The coupling constant of the triplets is 18 Hz suggesting a four bond
coupling with C,F; since 3Jr,r is only 7.5Hz in 23. The terminal CFy group
occurs at the same spectral region as compounds 23 and 24. The AB resonance
at -110 ppm is assigned to C4F, since in compound 24 C4F is seen at 115 ppm.
A similar shift has been reported for many other transition metal compounds [146].
CF3, CsF, and C,F; are assigned to the three unresolved multiplets upfield from

CsF2 at -121 ppm, -123 ppm and -127 ppm respectively.

CFCly
Fe. F
Cyfs
) Sty
CsF2
CFa
\CaFZ Cgfa
1 e L
S R + 7
g s ) s 80 ik ™

Figure 3.12: 75 MHz °F NMR Spectrum of Fe(CO)s(diars)(CsF1a)l 25 in CDCly
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The '°F NMR spectrum of compound 27 is shown in Fig. 3.13. C;F; shows
identical coupling to H. and Hy and is seen as a double doublet (*Jrx, = 3Jru,

=16 Ha).

-52:96 ppm

3
JrHb

Figu;‘e 3.13: 75 MHz 19F NMR Spectrum of Fe(CO)y(diars)(CHyCFa)l 27 in
s
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The '*F NMR spectrum of compound 2€ is shown in Fig.3.14. Due to the
vertical symmetry plane, the C, fluorine atoms are isochronous. Four bond cou-
pling with C,F; results in a triplet (“Jrr = 18 Hz). C,Fs is observed in the same
spectral region as compounds 23, 24 and 25. Similar to 25, C4F2, C,Fs, CsFa,
C.Fz and C(F, are assigned in increasing upfield shifts as -111 ppm, -121 ppm,
-122 ppm, -123 ppm and -127 ppra respectively. These are observed as unresolved

multiplets. A similar assignment has been made for Fe(CO)4(CsFys)! [109].

CFCIJ

N— 0—m

F ¥ F
[
5 Co—Cp—CaF
1
F

: 3

0
o
'
Cofs3
- C¢F2
H Cf2
C,F.
C.fa 62
o 2, o
g2 5 &

R IS N L SO O L I

Figure 3.14: 75 MHz '°F NMR Spectrum of Fe(CO),(diars)(C1Fis)l 26 in CDCly
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3.3.4 IR and Mass Spectra

In general, perfluoroalkyl transition metal carbonyls show strong CO stretches at

iably higher frequencies than alkyl transition metal carbonyls [148]. The CO
stretches for cis, cis-Fe(diars)(CO)a{ CoFs)l are 2010 and 1960 cm~ and similar

stretches are seen for the other compounds (¢ .Table 3.7). The CO stretching

fi ies of the fl bon metal carbonyls are found to be similar to those
of the corresponding metal carbonyl halides [148]. Accordingly, the CO stretching
frequencies of the di-iodo compound 22 are similar to those of the perfluoroalkyl
compounds. The C-F stretches for compounds 23, 24,25 and 26 vary from 1310
t0 960 cm™! [148] (cf. Table 3.7).

The mass spectra of metal carbonyls are characterized by sequential loss of
CO from the parent molecular ion and only processes with very low energy re-
quirements compete with this decarbonylation. The mass spectra of all the new
compounds discussed in this chapter show simultaneous loss of two carbonyls.
Similar observations have been made for [Fe(CO)(diars)CHs L]* (L = phospho-
rus donor ligands) [85] and other metal carbonyl com plexes with phosphorus donor

ligands [121].
3.3.5 Isomerization Study

Cis,cis-Fe(C0)z(diars)(C3Fr)l, 24, was dissolved in dg-toluene and the AB spec-
trum of the C,F; followed by '°F NMR at different temperatures. The AB spec-
trum remained undisturbed even at 100 °C (cf.Fig. 3.15) indicating that the
chiral iron center is configurationally stable on the NMR time scale. Pankowski
et al. report that the solution stabilities of iron chiral complexes are strongly
dependent on steric strain. Fe(CO)z(P(CH3)3)RL is stable in solution at 30 °C

when L is small such as PhP{CHs)(OR), but when L is moderately large such as



67

samesndws) snouey je wn3dg gy ayy
Sumoys auanjoy 9p  (vz) |(+4%9)(s1ep)(00)o Jo w>ds YAN der ZH 262 STE 2undy
ZH 0008L— 00S.LL— 000LL— 00S91L— 00091L—
TR i L

R N QO S0 SO N RSN P R O, (ISR OO O | 3000 ST 00 ) |

9,001




68

PhP(CHs)(CH3Ph), it is stable only at ~30 °C [142].
3.4 Conclusion

Fe(CO)s(diars) reacts with various perfluoroalkyl iodides forming single isomers
of the oxidative addition product in good yield (cis,cis-Fe(CO)(diars)Ryl for R,
= CyFs, n-CaFy, n-CoFy3 as well as CH;CF5 and the cis,trans isomer for Ry =
CrFy5). No perfluoroacyl compounds were isolated. Evidence supporting a free
radical mechanism is given in Chapter 4. The isolation of single isomers is most
probably due to thermodynamic factors. The formation of a different isomer for
Ry = n-C;Fy5 may be due to steric factors, since C7Fy5 and iodine atoms are bulky

and hence prefer to be mutually trans.
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Compound As-Me 0-CeHq
Cis.cis Fe(CO);(diars)(CaFs)l (23) | 2.205, 2.133, 1,726, 1.616 | 7.67 (m)
s, cis Fe(COy(diars)(CsF7)l (24) | 2.167, 2.106, 1.69, 1.582 | 7.70 (m)
cis,cis Fe(CO)y(diars)(CsF1a)l (25) 2.197, 2.133, 1.722, 1.609 | 7.71 (m)
cis,trans Fe(CO)(diars)(C7F1s)l (26) 2.182, 1.693 7.68 (m)
cis,cis Fe(CO)y(diars)(CH,CF3)l (27) | 2.118, 2.023, 1.628, 1.612 | 7.67 (m)
.48
.25
JHm, = 12.9 Hz
3JyF = 16.4 Hz

Table 3.4: '"H NMR Spectral Data
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Compound M* | M+-2C0 | M*-2CO-R,
cis,cis-Fe(CO)a(diars)(C;Fs)l (23) | 644 | 588 469
cis,cis-Fe(CO)a(diars)(CoF-)l (24) | 694 | 638 469
cis,cis-Fe(CO)a(diars)(CoFia)l (25) | 844 | - 469
cis,trans-Fe(CO)y(diars)(CrFys)l (26) | 894 | 838 469

Table 3.8: Mass Spectral Data



Chapter 4

Mechanism of Carbonyl
Insertion and Oxidative
Addition in the Reaction of
Fe(CO)3(diars) with CF3I

4.1 Introduction

Both the Fe-CFa and the perfl 1 Fe-C(O)CFs are
formed on treating Fe(CO)s(diars) with CFal gas as shown in Eq. 4.1. The forma-

tion of the perfluoroacyl is to
[40, 104, 106] and theoretical predictions [8, 20, 153]. As discussed in Chapter
2, Fe-C(O)CF; is the major product at high concentrations while Fe-CF3 is tue
major product at low concentrations when the amount of Fe(CO)s(diars) and CFl

is kept constant and the volume of CH;Cly(solvent) varied.

Fe(CO)s(diars)+ CFy I —s Fe(CO)(diars)(C(O)CF)I
+Fe(CO)s(diars)(CF)] +CO

(41)
The perfluoroalkyl is the product of simple oxidative addition while the perfluoroa-
cyl is the result of apparent insertion. The reaction mechanism was investigated
by following the concentration vs. time profile of the reaction sequence by °F
NMR under various reaction conditions. Mechanisms are proposed for the appar-

ent carbonyl insertion and the oxidative addition reaction.
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4.2 Experimental

4.2.1 General

All experiments were done under a nitrogen atmosphere in an NMR tube and the
reaction sequence was followed by '*F NMR using a Bruker-WP80 NMR spec-
trometer. Fifteen experiments were done to study the course of the carbonyl
insertion and oxidative addition reactions. All the experiments were repeated and

reproducible trends were seen, although the final product ratio varied slightly.
4.2.2 Concentration vs. Time Experiments

Three sets of concentration vs. time experiments (1 to 12) were done following the
procedure as outlined in this section. Fe(CO)s(diars) was weighed into an NMR
tube and degassed by three freeze-pump-thaw cycles. 0.5 mL of CD,Cl, (degassed
by bubbling nitrogen gas into the solvent) and 1 uL of CcFe (as reference) were
added, and the solution cooled to -90 ° to -100 °C. The required amount of CFal
gas was taken in a syringe at room temperature and one atmospheric pressure and
syringed into the NMR tube. The reaction mixture was stirred with a platinum
stirrer to make the solution homogeneous. Tipping the NMR tube to make the
solution homogeneous was avoided since this warmed up the solution, and irre-
producible results were obtained. The solution was then quickly transferred to the
NMR probe maintainec at -90 °C and the spectrum was recorded as a function
of time. For the first set of experiments, [Fe(CO)3(diars)]' was varied keeping
all the other parameters constant. For the second set of experiments, [CFl] was
varied. The third set held [Fe(CO)s(diars)] and [CFyl] constant and a free radical
inhibitor, (galvinoxyl,Experiments 9 to 11) or CO gas (Experiment 12) was added.
The details are presented in Tables 4.1 to 4.3.

1Square brackets indicate concencentration.
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Since the reaction profile indicated the formation of an unstable intermedi-
ate, an attempt was made to determine its identity. 20 mg of Fe(CO)s(diars)
was dissolved in 0.5 mL of CD;Cl; and treated with 3 mL of CF3l gas * -90°C
(Experiment 13). The reaction was allowed to proceed until the build-up of the in-
termediate was maximum (5500 seconds as determined in Experiment 7) and then
quenched by cooling in liquid nitrogen. 7.0 mg of HBF, (less than one equivalent)
in diethyl ether was added to the solution v~ yringe. The tube was then allowed
to warm up to -100°C and the reaction mixture stirred with a platinum stirrer to
m ke a homogeneous solution. Subsequently the reaction was monitored by 1°F

NMR at -90°C for three hours.

Reaction of Perfluoroacyl 186, 17 with AgBF, and Bu,NI

According to the principle of microscopic reversibility, creating a vacant site in
perfluoroacyl, 17, should lead to the reverse of the migratory insertion and afford

the perfl hyl d. Experi 14 tested the feasibility of such a

reaction, to confirm Fe-CFj as the intermediate giving Fe-C(O)CF3. A solution of
20 mg of Fe(CO)y(diars)(C(O)CFs)l in 0.5 mL of dg-acetone was prepared in an
NMR tube. A solution of AgBF in dg-acetone was slowly syringed into the tube at

room causing an i diate yellow precipitation of Agl. The addition

of AgBF4 was continued until no more precipitation occurred. The °F NMR
spectra were measured before and after one equivalent of BugNI in dg-acetone was

added.

Reaction of Perfluoromeinyl (21) with CO

Further i ion regarding the i of Fe-CF3 in the formation of Fe-

C(O)CF; was obtained by treating Fe(CO);(diars)(CFs)! with carbon monoxide
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(Experiment 15). 20 mg of Fe(CO),(diars)(CFs)l (21) was dissolved in 0.5 mL
of CD2Cl; and CO gas was syringed into the tube at atmospheric pressure and 25

°C. The reaction was monitored by '°F NMR at 20 °C.

4.3 Results

Concentration vs. time profiles were determined for 3 to 4 hours and 30 *°F NMR
spectra taken at time-intervals as shown in Tables 4.4 to 4.16. The integral of
each peak (shown in Tables 4.4 to 4.16) was plotted against time. The plots of
concentration vs. time are shown in Figs. 4.11 to 4.23.

A typical '°F spectrum observed in the kinetic experiments for the reaction
shown in Eq. 4.1 at -90 °C is shown in Fig. 4.1. The resonance at 13.1 ppm (at
-90 °C) is assigned to Fe(CO);(diars)(CFs)l and that at -76.1 ppm is assigned to
Fe(CO)(diars)(C(O)CFs)l. Two perfluoroacyl isomers are formed under conditions
favouring kinetic control. Two peaks are resolved at -80 °C (-76.9 and -77.1 ppm)
and only a single peak is observed at -90 °C. At room temperature the two peaks
appear at -79.5 and -78.7 ppm and their praduct ratio remains the same. A large
temperature gradient is also seen for the other peaks which is shown in Appendix
B. By comparing with the shifts of the isolated perfluoroacyl and perfluoroalkyl
products, the peak at -78.7 ppm is assigned to cis,cis-Fe(CO)a(diars)(C(O)CF3)l
17 and that at -79.5 ppm to the corresponding cis,trans isomer 16. Two closely
spaced peaks were observed with chemical shifts similar to the perfluoroacyl. These
were identified as due to CHF; as follows. Experiments at varying field strengths
(1.9T and 7T) confirmed them to be a doublet with a constant coupling constant
of 78 Hz. Broad band proton decoupling collapses the doublet into a singlet (cf.
Fig. 4.2), confirming that the doublet is due to coupling between H! and *°F

nuclei. The proton spectrum of the reaction mixture shows a quartet at 6.6 ppm
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(2Jur=79Hz) (cf. Fig. 4.3). On adding D;0 to the reaction mixture, a triplet
assigned to CF3D is seen instead of the usual doublet of CF3H (cf. Fig. 4.4).
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Figure 4.1: Typical 75 MHz 'F NMR Spectrum for the Concentration vs. Time Experi-
ments of Eq. 4.1in CD,Cl,
Temperature = -90 °C; a = Fe-CF3; b = CFyl; ¢ = Intermediate; d, e = CF3H;
f = Fe-C{O)CF3; g = C.Fs; chemical shifts are in ppm
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Figure 4.2: Partial 75 MHz '°F NMR Spectrum of CF3H Resonance in CD,Cl;
Temperature = 20 °C; a = decoupler off; b = 0.5 watts decoupler on;
¢, d = CFaH; ({Jrx = 78 Hz); e, f = 2 Isomers of Fe-C(O)CFs;
chemical shifts are in ppm
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Figure 4.3: 300 MHz 'H NMR Spectrum of Fe(CO)s(diars) and CFal Solution
Showing CFoH Quartet in CD;Cl,

Temperature = 20°C
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Figure 4.4: 75 MHz '°F NMR Spectrum of CF3D and CF3H in CD,Cl;
Temperature = -90 °C; a = CF3H (2Jry = 78 Hz); b = CF3D (*Jpr = 12 Hz);
¢ = Isomeric mixture of Fe- “(0)CF (see text); chemical shifts are in ppm
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The *F NMR spectrum of CF3D shows an upfield shift of 0.8 ypm which may be
due to an isotope effect. 2Jpr=12.4 Hz, which is in agreement with the calculated

value of 12.7Hz.

o _ 78X 0.857 __
Junw =5~ 127

Thus the doublet beside the perfluoroacyl peaks is confirmed to be that of fluoro-
form. The literature value of *Jyz is 79.7 Hz and the *°F chemical shift is 78.6
0.7 ppm [77). The peak at 38.2 ppm is assigned to an intermediate species,
which decays to Fe-C(0)CFs.

Concentration vs. time curves of the first set of experiments, where the amount
of Fe(CO)a(diars) was varied (Experiments 1 to 4 in Figs. 4.11 to 4.14, product
ratios in Table 4.1), show that perfluoroacyl formation is favoured by increasing
concentration of Fe(CO)s(diars). Thus in experiment 4, Fe-C(O)CFs3 is formed as

the major product. Fe-CFj is favoured with decreasing concentration of Fe(CO)s(diars),
and thus in experiment 1 Fe-CFy is formed as the major product. This trend is
similar to the preparative results in Chapter 2, where the molar reactant ratio of
Fe(CO)s(diars) and CF3l was kept constant and the concentration of the solution
was varied by changing the volume of the solvent.

Concentration vs. time profiles of the second set of experiments, where the
volume of CF3l was varied (Experiments 5 to 8 in Figs. 4.15 to 4.18, prod-
uct ratios in Table 4.2), show a different trend. Perfluoroacyl is favoured as the
concentration of CFy) decreases. Thus, in experiment 8, Fe-C(O)CF; is formed as
the major product while, in experiment 5, Fe-CF3 is formed as the major product.

Concentration vs. time profiles for the third set of experiments where the effect
of external reagents was examined are shown in Figs. 4.19 to 4.22. Three different
concentrations of galvinoxyl, a free radical inhibitor, were tested on the solution.

Experiment 9 used 0.01 mole per cent of galvinoxyl but had no effect on the rates
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rates of Fe-CF3 and Fe-C(O)CF; reactions. Experiment 10 tested 5 mole per cent
galvinoxyl and resulted in a marked decrease in the rate of formation of Fe-CF3
with no effect on the rate of formation of the intermediate, CF3H or Fe-C(0)CF3
(cf. Figs. 4.5 and 4.6). This experiment also indicates that CF3H is related to the
intermediate and Fe-C(O)CF3, since the intermediate and the Fe-C(Q)CFs peaks
rise only after the CF3H peaks cease to grow.

25 mole per cent galvinoxyl (Experiment 11) showed the same retarding effect
on the rate of Fe-CF; formation. However, the CF3H peaks dominate and the
Fe-C(O)CF is suppressed presumably because galvinoxyl (28) serves as a proton
donor, trapping CF3 as CF3H.

Byt But
H
o_._§§>=cQ¢
1 sut
28

The intermediate is formed late in the reaction leading to Fe-C(O)CF. Consis-
tent with the proposal that CF3 is present, introduction of HBF, to the soiution at

the peak concentration of the intermediate, diverts the reaction to the formation of

CF3H instead of the usual Fe-C(O)CFs3 (cf. Fig. 4.7) .wentration vs, time
profile is shown in Fig. 4.23. Time zero is taken as thy . .pectrum indicating
the maxi peak ion of the i diate when the Fe-C(O)CF; peak

Jjust begins to rise. Subsequent spectra taken after one hour correspond to the
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reaction after addition of HBF,. The reaction was followed for a further two hours
and the Fe-C(O)CF; signal showed no significant growth, while the CF3H peak
continued to grow and the Fe-CF3 peak remained constant. Thus HBF, effectively
traps the intermediate and prevents perfluoroacyl formation. The intermediate
therefore appears to serve as the source of CF3 ions suggesting that the structure
of the intermediate could be [Fe(CO)s(diars)I]*CFa~. Experiment 12 tested the
effect of CO on Eq. 4.1. The addition of 1 here of CO gas had no observabl

effect on the rates of formation of Fe-C(Q)CF3 or Fe-CFj.

Halide abstraction of the perfl | d with AgBF, followed by
treatment with iodide did not lead to the formation of the perfluoroalkyl compound
(Experiment 14). The °F NMR peaks at -79.5 and -78.7 ppm due to Fe-C(O)CFs,
disappear on adding AgBF 4, but a new signal tentatively assigned to a perfluoroacyl

compound, appears at -78.6 ppm. The IR spectrum of this new compound shows

strong C-F o co
co 0 (a2
+AgEF,
- Fe/—CD 2 95y As ——Fe COCFy
AA: - =M (AA -
i BF,” or solvent
17 [28]
co
+(Bu) 4NI co (4-3)
== As —— Fe COCFy
s
1
07

stretches at 1230, 1180 and 1120 cm™?, and an acyl stretch at 1620 cm™" con-
firming that the C(O)CF; group is still intact. Adding I~ restores the original
Fe-C(O)CF3 peaks (cf. Eq. 4.2 and 4.3). 28 may have the vacant site filled
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either by BF; [17, 30, 80, 92, 158, 159, 160, 164] or the solvent CH,Cl, [70].
The °F NMR spectra are shown in Fig. 4.7. Therefore the extrusion reaction
Fe-C(O)CF; to Fe-CFj does not take place suggestirg, by the principle of micro-
scopic reversibility, that the insertion reaction, Fe-CF3 to Fe-(CO)CF3 does not
occur and that Fe-CFj is not an intermediate leading to Fe-C(O)CFa.

The perfluoroalkyl compound 21 does not react with CO under the conditions
of Eq. 4.1 (Experiment 15). These results are in agreement with Experiment 14
and confirm that Fe-CF; does not carbonylate to Fe-C(Q)CF3 and cannot be an

intermediate.

4.4 Discussion

The concentration vs. time curves obtained by F'® NMR for Eq. 4.1 show several

characteristic features as shown in the stacked plot in Fig. 4.8.
1. The Fe-CF3 and CF3H peaks rapidly attain a constant limiting concentration.

2. The CF3H peaks are related to both Fe-CF3 and the observed intermediate.
Build up of the intermediate occurs only after [Fe-CF3] and [CF3H] attain

their limiting values.

3. The intermediate and Fe-C(O)CF3 peaks are related. Perfluoroacyl forma-

tion was always preceded by the rise and fall of an intermediate peak.
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Figure 4.7: 75 MHz '°F NMR Spectra of the Reaction of
Fe(CO),(diars)(C(O)CF3)l with AgBF, and BusNI in CD,Cl>
Temperature = 20 °C; a = 2 Isomers of Fe C(0)CF3;
b = after adding AgBFy; c = after adding Bu,NI; chemical shifts are in ppm
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The formation of both Fe-C(O)CFs and Fe-CF3 compounds raises the question
of whether Fe-CF3 is an intermediate leading to Fe-C(O)CFs. In all the concen-

tration vs. time plots, [Fe-CF;) reaches a plateau, indicating that it is either not

consumed in a subsequent step or that if

= in a fast equilibrium as shown in Eq.
4.4, Experiment 14 which tested the feasibility of the reverse of migratory insertion
and experiment 15 which attempted to induce insertion in Fe-CFs bond indicate
that Fe-CFa is not an intermediate leading to Fe-C(O)CFs. The equilibrium in Eq.

4.4 is unlikely since the perfl is by the addition

of CO (experiment 12).

Fe(CO)a(diars) + CFal = Fe(CO);(diars)(CFa)l + CO (4.4)
These results are consistent with the formation of Fe-C(O)CF3 and Fe-CF; in two
parallel reactions where the perfluoroalkyl is formed very rapidly compared to the

perfluoroacyl (cf. Eq. 4.5).

Fe(CO)(diors)(C(0)CF)l  (4:50)

Fe(CO)(diars)  + CFy <

4:5b >> 4-50

Fe(CO)z(diurs)(CFl)l (4-5b)
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Several trends became apparent on considering the molar ratio of CF3l to
Fe(CO)s3(diars) for each of the above kinetic runs. When the ratio is 25:1 or more,
the rate of Eq. 4.5b dominates and Fe-CFj is the major product. When the ratio is
5:1 or less, the rate of Eq. 4.5a dominates and Fe-C(Q)CF; is the major product.
Intermediat- :atios form both Fe-C(O)CF3 and Fe-CF3. Reliable quantitative data
could not be obtained and only qualitative estimates could be made. Thus a high
concentration of CF.| with resprzt to Fe(CO)s(diars) favours Fe-CF3 while a lower
concentration favours Fe-C(O)CF3.

The reaction mechanism leading to Fe-C(O)CF3 appears to be non-radical.
Experiments 9 to 11 show that galvinoxyl does not retard the formation of Fe-
C(O)CFs3, the intermediate or the CF3H. The galvinoxyl experiments also show
that CF;~ does not originate from free radical reac'ions, which is in agreement

with the lusions of Experi 13 where the i diate has been shown to

be the source of the CF3™ ions. Thus the picture which emerges is as shown in
Eq. 4.6.
H (4.6)

CF3H
Intermediate
r:--c(o)cr»‘3

The reaction mechanism leading to Fe-CFj is free radical in nature. This conclusion
is arrived at from the following four experimental observations. Firstly, tipping of
the NMR tube for homogenizing the solution did not yield consistent resuits while
stirring with a platinum stirrer o’d. A 1:3 molar ratio of reactants generally formed
Fe-C(O)CF; as a major product; tipping of the tube formed Fe-CF; as the major

product consistently. Tipping of the NMR tube causes warming of the solution

and it is possible that this initiates free radical reactions. Secondly, Fe-CF; is
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favoured by increased concentration of CFal (cf. Table 4.2) which is known to
participate in many free radical reactions [102, 156]. Thirdly, in all the kinetic
experiments, formation of Fe-C(O)CF5 continues even after Fe-CF3 peak rises
rapidly to a plateau. Thus one or more of the reactants leading to Fe-CF; are
depleted, but the continued formation of Fe-C(O)CF; demands the presence of
Fe(CO)s(diars) and CFsl. Hence we can only conclude that the formation of Fe-

CF3 ceases when adventitious radicals are depleted from the solution. This is

firmed by the obs: ion in i 10 and 11 where galvinoxy! inhibits
the rate of formation of Fe-CF3.

We conclude that Fe(CO)s(diars) reacts with CFsl at -90°C through two par-
allel routes: a radical reaction forming Fe-CF3 and a non-radical reaction forming

Fe-C(O)CFs. This is in agreement with the recent observation that mono and

di i ivatives of iron react with alkyl halides and poly
halides through both radical and molecular paths [18]. Also, studies on the oxida-
tive addition of alkyl halides to Ir(l) complex indicate the existence of two different
mechanistic patterns, a radical path and a non-radical path. Reactions of satu-
rated alkyl halides (except methyl), and vinyl and aryl halides, alpha halo esters
show characteristics consistent with radical chain pathway while those of methyl,
benzyl and allyl halides, and alpha halo ethers follow a non-radical path [115].
A similar mechanistic duality has been observed for Pt(0) complexes [111]. The
reaction of Fe(CQ)s(diars) with CFl is interesting since both the mechanisms are

seen to operate in the same system, with the same perfluoroalkyl halide.
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4.4.1 Mechanism of CO “Insertion” in Fe-CF3; bond

Fe(CO)s(Lz) reacts w'*h CHl ‘o give the carbonyl inserted product Fe(CO)s(diars)
(C(O)CHs)! via an icnic intermediate [18, 95] (cf. Eqs. 4.7 and 4.8).

Fe(CO(La) -+ CHaI

[Fe(COY(L)CH* I~ (4.7)
[Fe(CO)a(La)C Hal* I"-———(Fe(CO)(L2)(C(0)C H3)1) (48)

Ly = diars, 2 PMe;

However, the polarity of CFjl is reversed compared with CHal due to the three

strong electronegative fluorine atoms [13]. Assuming the reaction is charge con-

trolled the analogous reaction of CFal with Fe(CO)s(diars) would be as suggested

in Eq. 4.11.

F H
\\ \
r—;7od; o+ H /CL ¢

F

H
[29] [30]

lonic intermediates as shown in Eqs. 4.7 and 4.8 are also formed when

Fe(CO)sL, compounds are treated with halogens [35, 140] (cf. Eq. 4.9).

Fe(CO)Ls + Xp-————[Fe(CO)s L XY X~ (4.9)

CFyl is reported to behave like a pseudo-ialozen? [67, 87, 110, 116, 122] and

hence a similar ionic intermediate is not unlikely in the reaction of Fe(CO)s(diars)
with CFal.

2CF3l mimicks I in its reaction with the neutral metal carbonyl Fe(CO)s. I reacts with

Fe(CO)s forming Fe(CO)sly. Similarly, CFsl reacts with Fe(CO)s forming Fe(CO)dCF4.

However, CF3l does not show all the characteristics of a pseudohalogen. Though it forms

the acid CF3H, CF3 ion is highly reactive and cannot remain as a free ion in solution. The
dimer, CsFs, is a gas at room temperature and unreactive under ordinary conditions.
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The mechanism of oxidative addition of alkyl halides to metal carbonyls is usually

with a hilic attack of an ell ich transition metal on the
alkyl group. However, in the reaction of Mn(CO)3 with 2-bromo-substituted acyl
halides, a direct attack of the metal center on Br is reported [127]. The feasibility
of such a halogen abstraction reaction has been explored theoretically by Hartree-
Fock-Slater calculations and is found to be energetically favourable with a reaction
enthalpy of -118 kJMol~? with no activation barrier (cf. Eq. 4.10).

_ (4.10)

|
c—c —IC—H ——> O —C=C—H

Br r
Mn(C0) g™ Mn(C0)5
[33]

[34]

Therefore, the first step in the reaction of Fe(CO)s(diars) with CF3l may occur
via nucleophilic attack of Fe on the iodine atom as in Eq. 4.11. The resulting
product, presumably formed as a tight ion pair, is consistent with the results of

Experiment 13 which suggests that the intermediate is a source of CF3 ions.

(4.11)

+
co

co

Fe Co CFy

[31] [32)
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CFj is reported to have a high affinity for protons [14, 19, 88, 132]. The
intermediate is therefore rapidly quenched by available proton sources forming
CF3H. As the concentration of proton donors is depleted, the CF3H concentration
reaches a plateau and the concentration of the intermediate rises.

The intermediate affords the cis,cis 17 and the cis,trans 18 isomers of Fe-

C(O)CFs in the kineticall ined ratio of 2:1 i (cf. Fig. 4.9).

of i ilic addition accounts for the observed ratio

of the two perfluoroacy! isomers (cf. Fig. 4.10).

20 T
18 -L

1o+ ra

Isomer | of Fe~C(0)CF3

1.4 4

1.0

0.8 1
fsomer 1l of Fe—C(O)CF

06
0.4

0.24

0.0 +—
O 1000 2000 3000 4000 5000 6000 7000 8000 9000 1E4 1-1E4 1-2E4

Time In Seconds

Temp: ~80C
(CO)3(dlars) = 3: 1

Figure 4.9: The Two Isomers of Fe-C(0)CF,
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The CFj3 ion could attack any one of the three coordinated electron-poor carbonyl
groups instead of the iron centre of 32, thus forming the perfluoroacyl group.
The statistical distribution of the cis,cis and cis,trans isomers would then be in
the ratio of 2:1 respectively. Only one of the two possible cis,cis isomers can
form via this mechanism, 17 and not 18. Accordingly, in the preparative results
(Chapter 2), it was seen that 17 is formed as the major product with 18 only
as a minor product. The geometry of 17 was confirmed by crystallography thus
providing strong support for the mechanism of Fig. 4.10. There is extensive
precedence for nucleophilic attack on coordinated carbonyl groups [32, 65, 101,
103]. I~ in nitromethane or acetone solvents, attacks the coordinated carbonyl of
[Fe(CO)s(dienyl)]*, (dienyl = CeHz, CrHs) forming the acyl iodide complex (cf.
Eq. 4.12) [101].

[Fe(COYo(dienyl)}* + I~ ————[Fe(COY(dienyl)(C(O))]  (4.12)

Semi-empirical molecular orbital i Group VI octahedral, hexacarbonyl

com plexes favour nucleophilic attack of halide ion (X~) on a coordinated CO ligand

forming the acyl halide complex [60] (cf. Eq. 4.13).
Cr(CO)s + X~ ————————Cr(CO)sC(0)X~ (4.13)

Alkoxy carbonyl complexes are prepared by nucleophilic addition of alkoxide to a
co-ordinated CO ligand (cf. Eq. 4.14). Several cationic complexes of Fe, Ru, Os,
Mn, Re, Co, Ir and Rh are known to react in this manner. Other complexes which

are formed in a similar manner include the carbamoyl and carbazoyl complexes [2].
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OR (4.14)

LM—C==0

A positive charge on the metal complex, a co-ordinative unsaturation and a
reactive nucleophile appear to be key factors in these reactions [52, 61]. All these
factors appear to be satisfied in the proposed intermediate, 32, which leads to the
Fe-C(O)CF3 compound. Thus, the mechanism of carbonyl insertion in M-CF; can

be summarized as follows:

Fe(CO)y(diars) + | —CFy ——>  [Fe(CO);(diors)TFCFy™  (4:19)
N—r

[32]
[Fe(C0) 5 (diars)IT+ cFy”

[32]

—_— Fe(CO), (diars)(C(0)CF3)i (4.16)

4.4.2 Mechanism of Oxidative Addition of CF3I to Fe(CO);

(diars)

Evidence from the concentration vs. time experiments suggests that Fe-CFj is
formed by a nonchain, free radical reaction. Fe-CF3 formation ceases even though
both CFyl and Fe(CO)s(diars) are present. This observation is in accord with a
non-chain, radical mechanism. Nonchain free radical oxidative addition is reported
for the reaction of certain alkyl halides RX to Pt(PPhs)s ( R = methyl, ethyl, X=l;
R = PhCHz, X=Br) [1i2, 118, 119, 120] The reaction of Fe(CO)a(AsPhs)2 with
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CCly was found to give Fe(C0)2(AsPh3)2Cl; via a free radical mechanism [18].
Similar mechanisms have been proposed for the reaction of Fe(CO);L, (L= PPhs,
AsPh3,P(CHz)Phz, P(N(CHs))s, P(OPh)a, or L = Ph,PCH,CH,PPh; (dppe) or
Ph;PCH,PPh, (dppm) ) with I,. Baker et al. suggest that 17 electron and 19
electron species are involved which are known to function as reactive intermediates
in many reactions [4, 10, 11, 163] including catalytic cycles [9, 69, 150, 161]. CF,l
behaves like a pseudohalogen and the system studied above is similar to the system
of this study. Hence a similar mechanism is vossible. A more detailed mechanism
could not be arrived at for this particular system, however, a suggestion consistent
with the qualitative results obtained is presented in Eqs. 4.17 to 4.24.

The industrial preparation of perflucroalkyl iodides is reported to involve free
radicals [13]. Pyrolysis of an anhydrous mixture of silver triflurcacetate and excess
iodine produces CF;l via formation of acyl hypohalides (cf. Eqs. 4.25 and 4.26).
Hence, adventitious free radicals in CF;l are lit~ly to be present and would serve
to initiate the free radical reaction. Another potential source of free radicals is
adventitious oxygen which could initiate the free radical reaction to form CF; and
I". The solvent, however, cannot be the source of free radicals since the radical
reaction occurs even in the absence of the solvent (cf. Table 2.2). The proposed
mechanism explains the abrupt levelling of Fe-CF3 concentration. As the I and
CFy concentrations are depleted from the solution, the path to Fe-CF; .ds.
Formation of the di-iodo side product is consistent with a radical mechanism and

is explained by Eqs. 4.20 to 4.22.



FORMATION OF THE PERFLUOROALKYL PRODUCT

Fe(CO)Ly +CF; [Fe(COYL(CFy))
[Fe(COVLi(C)] + I [Pe(CONLa(CF)]* + 17
[Fe(CONLACR)]* +1- Fe(CO)Ly(CFs)I +CO

FORMATION OF THE DI-IODIDE PRODUCT

Fe(COY Ly + I'———————[Fe(COYLal]

[Fe(CO)-Lal| + I'————[Fe(CO)LoI]* + I

[Fe(CO:LaIT* + 1~

Fe(CO)Lalz + CO

An alternative route from Eq. 4.17 would be

[Fe(CO)sLy(CF)) + I [Fe(CO):Ly(CF3)] +CO

[Fe(COBLACRy)} + I"———————Fe(CORL(CFy)]

Ly = (diars)

(417)

(418)

(419)

(4.20)

(421)

(422)

(423)

(4.24)
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CFyCOAg + I C FsCOl + Agl (4.25)
CRCO——I + CFC0;——C0, +CF;

(4.26)
—SECQLCFLT + CFCO;—s ete.

A kinetic observation which remains unaccounted for is the CF3H concentration
vs. time profile, which appears to parallel that of Fe-CF3. This could mean that
the free radical reaction is the source of either CF3~ or H* ions. Experiments
10, 11 and 13 suggest that the formation of CF3 leading to CF3H is non-radical
in nature. Hence the other option, that the free radical reaction is the source
of H* ions seems more reasonable. In the reaction under study, the only source
of protons is the methyl or phenyl groups of the diars ligand. Since there is no
precedent for acidic protons in the diars ligand, the source of protons in the reaction
and the above kinetic observation remains unresolved. It may be from adventitious
moisture present in the system.

The rate of free radical oxidative addition reactions is proportional to the
stability of the R radical in alkyl iodides and it decreases according to the series:
tertiary > secondary > primary > methyl [61]. A similar trend has been observed
for the perfluorualkyl iodides. The ultraviolet spectra of perfluoroalkyl iodides
in light petroleum were shown to lie at longer wavelengths with increasing size
of the Ry group. This was interpreted as indicating a decrease in carbon-iodine
bond dissociation energy caused by an increase in the stability of the free radical

R;. Therefore the stability of the R, radical decreases according to the series

tertiary > dary > primary > [89]. Also, Brace [31] carried

out itiy i to

the above trend and interpreted the

results in terms of the dissociation energy of Ry, the stability of Ry, and the
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stability of the radical adducts in the addition reaction of Ryl to olefins. Similarly,
in the addition reactions of Ryl to ethylene or propargyl alcohol, an increase in the
resonance energy of Ry with increasing size of the R; group has been suggested
as the reason for the greater reactivity of CyF7l over CFal [145]. Thus, with
the higher analogues of CFsl (C3Fsl, n-C3F7l, n-CgFyal, and n-C7Fysl as well as
CF3CHa!) the extent of the free radical reaction should be much larger owing to
thei greater stability. A similar observation has been made in a d® Ir(l) complex.
The higher analogues of methyl iodide undergo free radical oxidative addition while
methyl iodide follows a non-radical Sy2 path [115]. This suggests that the free
radical reaction of the higher analogues of CFsl in d® Fe(0) and CHjl in d® Ir(1)
is due to the greater stability of the alkyl/perfluoroalkyl radicals. Therefore, in
the reaction of Fe(CO)s(diars) with Ryl (R; = higher analogues of CF3l), the
mechanism leading to Fe-C(Q)CF; is dorninated by the radical path and hence

only the perfluoroalkyl compounds are formed.
4.5 Conclusion

Fe(CO)s(diars) appears to react with CFsl at -90 °C via two parallel pathways:
radical and molecular. The radical path leads to the oxidative addition product of
Fe(CO)a(diars)(CFs)l while the molecular path leads to Fe(CO)z(diars)(C(O)CFa)l
through an ionic intermediate [Fe(CO)s(diars)l]* CF3, which subsequently under-

goes i insertion, also known as ilic addition. The results are

consistent with the prevalent theoretical and preparative results which suggest that
the observed perfluoroacyl compounds are not the result of intramolecular insertion.
For the higher analogues of CFsl namely C;Fsl, n-CaFl, n-CgFi3l and n-C7Fysl
as well as CF3CHyl, the free radical path dominates, resulting in simple oxidative

addition.
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Table 4.4: Concentration vs.Time Data for Experiment I

[CFal] = a = 1.28 mol/L
[Fe(COYa(diars)] = b = £.03 x 10~2 mol/L
Ratio a:b = 25:1

Temperature : -90 °C

d Data
CF3H
0.286
0.429
0.714
1.000
1.286
1286
1.429
1429
1.429

1.429
1.429
1.429
1.429
1.429
1.429

1.429
1.429
1.429

1.429
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‘Table 4.5: Concentration vs.Time Data for Experiment IT

[CFyl] = a = 0.893 mol/L
[Fe(CO)s(diars)] = b =7.65 x 102 mol/L
Ratio arb = 1211

Temperature : -90 °C

Time Raw Data [ lised Data
(s) CF3H [ Fe-C(O)CF; [ Interm. | Fe-CF; [ CF3H [ Fe-C(O)CF; [ Interm.
100. 0.300 0,000 [__0.000 0.000 [ 0.000
200. 0.000 { 0.000 &(ﬂ( 0.000
300. 0.000 [ 0.000 0.000 | 0.000
400. 0.000 [ 0.000 0.000 [ 0.000
500. 0.000 { 0.000 0.000 [ 0.000
0.000 [ 0.080 0.000 | 0.073
0.000 [ 0.100 0.000 [ 0.091
0.000 | 0.170 0.000| 0.155
0.000 [ 0.190 0.000 ( 0.173
0.200 0.027| 0.182
0.250 i 0.045 [ 0.227
0.250 0.091| 0.227
0.280 0.136 | 0.255
. 0.250 0.155 | 0.227
. 0.230 R 0.182 | 0.209
0.190 0.209 | 0.173
0.13v 0.273 | 0.118
0.100 0.273 | 0.091
[ n.070 0.273 | 0.064
| 0.050 0273 0.04
0.050 0.273 | 0.045
0.000 0.273 | 0.000
0.000 0.273 | 0.000
0.000 0.273] 0.000
0.000 0.273 | 0.000
. 0.000 0.273| 0.000
0.000 0.273 [ 0.000
0.000 0.273 | 0.000
0.000 0.273 | 0.000
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Table 4.6: Conc ntration vs Time Data for Experiment I

[CF3l] = a = 0.893 mol/L
[Fe(CO)y(diars)] = b = 14.65 x 10~ mol/L
Ratio a:b = 6:1

Temperature : -90 °C

110

Time Raw Data Normalised Data
Fe-CF, | CFoH | Fe-C(O)CF; [ Interm | Fe-CF5 | CFsH | Fe-C(O)CFs [ Interm.

0.200 0.000 | 0.000 | 1.714 | 0.286 0,000 [ 0.000
0.200 0,000 | 0100 | 1.714 | 0.286 0.000
0.200 0.000 | _0.200 | 1.714 [ 0.286 0,000
0.200 0.000 | 0.300 | 1.714 | 0.286 0.000 |
0.200 0.010 | 0350 | 1.714 | 0.286 0.014
0.200 0.030 | 0400 | 1.714 | 0.286 0.043
0.200 0.050 | 0.490 | 1.714 | 0.286 0.071
0.200 G.070 | 0540 | 1.714 | 0.286 0.100
0.200 0.000 |_0.560 | 1.714 | 0.286 0.129
0.200 0.100 | 0580 | 1.714 | 0.286 0.143
0.200 0.100 | 0680 | 1.714 | 0.286 0.143
0.200 0.100 | 0.700 | 1.714 | 0.286 0.143
0.200 0.130 | 0750 | 1.714 | 0.8 0.186
0.200 0.180 | 0.750 | 1.714 | 0.286 0.257
0.200 0200 | 0810 | 1714 0.286 0.286
0.200 0230 | 0.730 | 1.i14 | 0.286 0329
0.200 0.300 | 0680 | 1.7'4 | 0.286 0.429

0 | 0.200 0.300 | 0650 | 1.714 | 0.286 0.429
0.200 0.350 | 0.600 | 1.714 | 0.285 0500
0.200 0.400 | 0500 | 1.714 | 0.286 0571
0.200 0450 | 0456 | 1.714 | 0.286 0.643
0.200 0,500 | 0400 | 1.714 | 0.286 0.714
0.200 0550 | 0.350 | 1.714 | 0.286 0.786
0.200 0.600 | 0300 | 1.714 | 0.285 0.857
0.200 0.600 | 0.300 | 1.714 | 0.286 0.857
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Table 4.7: Concentration vs. Time Data for Experiment IV

[CFal] = a = 0.893 mol/L
[Fe(CO)s(diars)] = b = 28.17 x 102 mol/L
Ratio a:b = 3:1
Temperature : -80 °C
Time Raw Data Ref | Normalised Data
(s) [AcyIT Tnterm. Acyl 1| Acyl 1T | Tnterm.
. | 0300 9.400 | 0.032 | 0.021 | 0.043
0.900 12.700 | 0.071 | 0.047 0.039
2.200 11.400 | 0.193 | 0.114 0.053
2.450 12.700 | 0.193 | 0.126 | 0.047
0 3.800 13.700 | 0.277 | 0.169 0.044
5.400 14.400 | 0.375 | 0.229 0.042
. | 5.400 14.300 | 0.378 | 0.252 0.042
6.200 15.000 | 0.413 | 0.267 | 0.037
8.900 15.300 | 0.582 | 0.379 0.033
10.400 15.700 | 0.662 | 0.433 | 0.016
10400 15.500 | 0.671 | 0.465 | 0.013
15.900 | 0.704 | 0509 | 0.011
16.400 | 0.732 | 0524 | 0.009
16.300 | 0.798 | 0.564 | 0.007
16.600 | 0.867 | 0.566 | 0.006
16.500 | 0.945 | 0594 | 0.005
[ 17.300 | 1.064 | 0.561 | 0.005
.080 | 17.200 | 1.070 | 0558 | 0.005
.080 | 17.300 | 1.156 | 0.560 | 0.005
| 0.080 | 17.300 [ 1.179 | 0.601 | 0.005 |
17.400 | 1.264 | 0.575 | 0.005 |
/080 | 17.400 | 1.333 | 0.598 | 0.005 |
10.400 17.300 ( 1.295 | 0.601 0.005
11.200 17.900 | 1.318 | 0.626 | 0.004
10.800 18.000 | 1.356 | 0.600 | 0.004
10.800 | 0.080 | 17.800 | 1.416 | 0.607 | 0.004
10.800 17.800 | 1.438 | 0.607 | 0.004
18.100 | 1.414 | 0597 | 0.004
11.200 [ 18200 | 1.407 | 0.615 | 0.004 |
10.400 19.400 | 1.402 | 0536 | 0.004 |
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A

Isomer | of FeC(0)CF3
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Figure 4.14: Concentration vs. Time Graph for Experiment IV
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Table 4.8: Concentration vs. Time Data for Experiment V

[CFsl] = a = 1.79 mol/L
[Fe(CO)y(diars)] = b = 8.22 x 10~? mol/L
Ratio asb = 22:1

Temperature : -90 °C

Time Raw Data Normalised Data
Fe-CF5 [ CFaH | Fe-CF3 [ CFgH
0.400 | 0.050 | 1.333 | 0.167

0.400 | 0.060 | 1.333 | 0.200
0.400 [ 0.060 | 1.333 [ 0.200
0 0.060 | 1.333 [ 0.200

400
. | 0.400 | 0.100
. | 0.400 | 0.100

. | 0.400 | 0.100

. | 0.400
. | 0.400

400
0.400

0.400 i
0.400 1.333
0.400 1.333

0.400
0.400
0.400
0.400
0.

1.333
1.333

0.333
0.333
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Table 4.9: Concentration vs Time Data for Experiment VI

[CFsl] = a = 0.446 mol/L
[Fe(COYs(diars)] = b = 8.17 x 10~ mol/L
Ratio a:b = 6:1

Temperature : -90 °C

Time Raw Data Data
(s) [ Fe-CF3 [ CFaH [ Fe-C(O)CFs Fe-C(O)CFa
10. 0.030 | 0.110 0.000 0.000
100, | 0.060 | 0.130 0.000 |_0.000 | 0.150 | [ 0000]

[ 200. | 0.080 0150  0.000] 0.000
300, | 0.090 | 0.170 0.000 | 0.000
400, | 0.100 | 0.190 0.000 0.000
500, | 0.110 | 0.200 0.000 0.000
600. 0.120 | 0.200 0.000 0.000 .

0.120 | 0.200 0.000 0000

0.120  0.200 0.000 :

0.120 | 0.200 0.000

0.120 | 0.200 0.000

0.120 | 0.200 0.000

0.120 | 0.200 0.000

0.120 | 0.200 0.000

0.120 | 0.200 0.000

0.120 | 0.200 0.000

0.120 | 0.200 000
[ 0.120 [ 0.200

0.120 | 0.200

0.120 | 0.200 1

0.120 [ 0.200 | 0.060 ]
| 0120 0.200

0.120 | 0.205

0.120 | 0.200

0.120 | 0.200

0.120 | 0.200

0.120 | 0.200

0.120 | 0.200

0.120 | 0.200

0.120 | 0.200
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Table 4.10: Concentration vs. Time Data for Experiment VII

[CFsl] = a = 0.268 mol/L
[Fe(CO)s(diars)] = b = 9.91 x 10~ mol/L
Ratio a:b = 3:1

Temperature : -90 °C

Time Raw Data Normalised Data

CFaH | Fe-C(O)CF5 [ Interm. | Fe-CFs | CF3H | Fe-C(O)CFa
0.080 0.000 | _0.000 | 2.571 [ 1.143 0.000
0.080 0.000 | _0.000 | 2.857 | 1.143 0.000

0.000 | 2.857 | 1.429 0.000 .
0.000 | 2.857 | 1.429 0.000

0.000 | 3.286 | 1.429 0.000
0.000 | 3.286 | 1.429 0.000
0.000 | 3571 | 1.429 0.000
0.000 | 4.000 | 1.857 0.000
0.000 | 4.143 | 1.857 0,000
0.000 | 4.143 | 2.143 0.000 |
0.000 | 4.286 | 2.143 0.000
0.010 | 4.286 | 2.143 0.000
0.050 | 4.286 | 2.143 0.000
0.100 | 4.286 | 2.143 0,000

| 0.120 | 4.286 | 2.143 |
0.140 | 4.286 | 2.571
0.200 | 4.286 | 2.857
0.240 | 4.286 | 2.857

0.250

0.300
4.286 | 2.857
0.200 0.330 | 4.286 | 2.857
0.200 0.090 [ 0.380 | 4.286 | 2.857
6500. | 0.300 | 0.200 0.110 | 0.330 | 4.286 | 2.857

0.330 | 4.286 | 2.857
4.286 | 2.857

4.286 | 2.857
0.290 | 4.286 | 2.857

0.250 | 4.286 | 2.857
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Table 4.11: Concentration vs.Time Data for Experiment VIII

[CFal] = a = 0.179 mol/L

[Fe(COYs(diars)] = b = 9.77 x 10~ mol/L

Ratio a:b = 2:1

Temperature : -90 °C

Time Raw Data Normalised Data
Fe-C(0)CFs Fe-C(O)CF; | Interm.
0.000 0.000 | _0.000
0.000 0.000 |_0.000
0.000 0.000 | _0.000
0.000 0. 0.000 | _0.000
0.000 0.000 |_0.000
0.000 0.000 |_0.000
0.000 0.000 |_0.000
0.000 0.000 | 0.000

0.000

0.000 0.000

0.000 | 0. 0.000

0.000

0.000

0.000

0.00%

0.000

0.000

0.000

0.100

0.167

0.267

0.333

0.500

0.667

0.667

0.867

1167

2.667
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6.0
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Figure 4.18: Concentration vs. Time Graph for Experiment VIII

00 8000

t : L
—T

T T
9000 1E4 1-1E4 1-2E4

Temp: —80°C
CF31 : Fe(CO)3(dlars) = 2 ::




Table 4.12: Concentration vs. Time Data for Experiment 1X

[CFsl] = a = 0.268 mol/L
[Fe(CO)s(d ars)] = b = 9.58 x 10-% mol/L
Ratio ab = 2.8:1

Temperature : -90 °C

Time Raw Data [ lised Data
(s) [ Fe-CF5 [ CFaH | Fe-C{O)CFs [ Interm. | Fe-CFg [ CFaH | Fe-C{O)CFs; [ Interm.
10 0.000 | 0.00f 2.000 | 0.100 0.000
0.000 | 0.000 | 2.000 | 0.300 | 0.000
0.000 [ 0.000 [ 2.000 | 0.300 0.000

fasi g o o e )
0.000 [ 0.000 { 2.000 | 1.000
2.000 | 1.000

2.300 | 1.000

| 18
2000.
2500.
3000.
3500.
4000.
4500.
5000.
5500.

3.500 | 2.000
3.500 | 2.000
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‘Table 4.13: Concentration vs. Time Data for Experiment X

[CFsl] = a = 0268 mol/L
[Fe(CO)s(diars)] = b = 1.13 x 107! mol/L
Ratio atb = 2.4:1

Temperature : -90 °C

Raw Data Normalised Data

Fe-CFg | CFoH | Fe-C{O)CF; | Interm. | Fe-CF, | CFH | Fe-C(O)CFs | Interm.
0.000 | 0.100 0.000 | 0.000 | 0.000 | 1.000 0.000 |_0.000
0,000 | 0.100 0.000 |_0.000 0.000 |_0.000
0.000 | 0.100 0.000 | 0.000 0.000 | 0.000
0.000 | 0.110 0.000 [ 0.000 0.000 [ 0.000
0.150 0.000 | 0.000 0.000 | 0.000

0.000 | 0.000

0.000 | 0.000

0.000 [_0.000

0.000 | 0.000

)| 0.000 [ 0.000

0.000 | 0.000

| 0.000 | 0.000

0.000 | 0.030

0.000 | 0.050

0.000 | 0.100

0.000 | 0.120

0.000 |_0.250

0.010 | 0.400

0.030 |_0.450

0.050 [ 0.500

0.100 | 0.550

0.100 | _0.600

0.100 | 0.650

0.130 | 0.650

0.180 | 0.650

0.200 [ 0.650

0.250 | 0.650

0.300 |_0.650

0.350 | 0.550

0.500 [ 0.500
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Table 4.14: Concentration vs. Time Data for Experiment XI

[CFsl] = a = 0.268 mol/L
[Fe(COYs(diars)] = b = 9.39 x 10-2 mol/L
Ratio a:b = 2.0:1

Temperature : -90 °C

Time Raw Data Normalised Data
Fe-CFa [ CFaH | Fe-C(O)CFs | Interm. Fe-C(O)CFs

0.030 | 0.050 0.000 | 0.000 0.000

. | 0.030 { 0.090 0.000 000

0.030 0.000 000

0.000 | 0.000

0.000 | 0.000

0.000 { 0.000

0.000 | 0.000

0.000 [ 0.000

0.000 | 0.000

0.000 { 0.000

0.000 [ 0.000

1200. | 0.070 | 0.350 0.000 | 0.000

1400. | 0.070 | 0.390 0.000 [ 0.000

1600. | 0.070 | 0.400 0,000 | 0.000
1800. | 0.070 | 0.430 0.000
2000. | 0.070 | 0.500 0.000
2500. | 0.070 | 0.550 0.000
3000. | 0.070 | 0.600 0.000
3500. | 0.070 | 0.680 0.000
4000. | 0.070 | 0.730 0.000
4500. | 0.070 | 0.760 0.000
5000. | 0.070 | 0.800 0.000
5500. | 0.070 | 0.830 0.000
6000. | 0.070 | 0.880 0.000
6500. | 0.070 | 0.900 0.000
7000. [ 0.070 | 0.900 0.000
7500. | 0.070 | 0.900 0.000
8000. | 0.070 | 0.900 0.030

10000. | 0.070 | 0.900 0.100
12000. | 0.070 | 0.900 0.150
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Table 4.15: Concentration vs.Time Data for Experiment XII

[CF3l] = a = 0.268 mol/L
[Fe(CO)o(diars)] = b = 8.26 x 10~ mol/L
Ratio ath = 3.2:1

Temperature : -90 °C

Time Raw Data Normalised Data
(s) [Fe-CF5 [ CFaH | Fe-C(O)CF5 | Interm. | Fe-CFs | CF3H | Fe-C(O)CFs
10. | 0.050 | 0.000 0.000 | 0.000 | 0.714 | 0.000 0.000
0.000 | 0.000 | 0.714 | 0.000 0.000
0.000 | 0.000 | 0.857 | 0.429 0.000
0.000 | 0.000 | 1,000 | 0.857 0.000
1.143 | 1.000 0.000
0.000
0.000

1.857 | 1.286 0.000 | _0.000 |
2.571 | 1.286 0.000

2.571 | 1.429 0.000

1000. 180 | 0.100 2.571 | 1.429 0.000
1200. | 0.180 | 0.120 2.571 | 1.714 0.000
1400. | 0.180 | 0.130 2571 | 1.857 0.000
1600. | 0.180 | 0.140 2,571 | 2.000 0.000
1800. | 0.180 | 0.150 2.571 | 2.143 0.000
2000. | 0.180 | 6.150 2571 | 2.143 0.000
2500. 2571 | 2.143 0.000
2571 | 2.143 0.000
2.571 | 2.143 0429
2.511 | 2.143 0.714
2571 | 2.143 1.000 |

25711 | 2.143 1286 | 4.286 |
2,571 | 2.143 1571
2571 | 2.143 1.857
g 2,571 | 2.143 2143
7000. | 0.180 | 0.150 2571 | 2.143 2143
2571 | 2.143 2429
2.571 | 2.143 3.286 |

2.571 | 2.143 4.429
2.571 [ 2.143 5714
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Chapter 5

Conclusion and
Recommendation

Carbonyl insertion into M-CF3 bonds (M= Transition metal) has not been observed
experimentally. As discussed in Chapter 1, thisis in agreement with the theoretical
predictions. The apparent CO insertion into the Fe-CF3 bond reported in 1981,
was therefore in open conflict with both experimiental and theoretical results. An
investigation of the above report was presented in this thesis,

Fe(diars)(CO), was treated with excess CFsl gas at -78°C and as reported,
two perfluoroacyl isomers were isolated as major products. Along with this,
two other isomers were also isolated, and the X-ray structure of cis,cis-Fe(diars)
(€0)2(C(O)CF3)l was determined. Under certain conditions, no perfluoroacyl
product was obtained and instead the perfluoroalkyl Fe(diars)(CO)2(CFa)l com-
pound was obtained. The cis,cis perfluoroalkyl isomer was the major product. Its
structure was confirmed by spectroscopy and single crystal X-ray diffraction. On
prolonged stirring of the crude product the cis,trans isomer was also obtained.
The conditions leading to the perfluoroalkyl and the perflucroacyl products were
identified. The mechanisms leading to the two products were studied by following

the concentration vs. time curves at different reaction conditions using '°F NMR.

132
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The results indicate that the two products are formed by two separate reaction
mechanisms.

The apparent CO insertion into the Fe-CF3 bond is in fact an intermolecular
nucleophilic addition where the external nucleophile, CF3, attacks the coordinated

carbonyl ligand forming the perfluoroacyl compound. This result is therefore in

with the i | and tk ical results in the literature thus far,

and an intramolecular insertion in M-CF3 bond is yet to be identified.

The perfluoroalkyl compound appears to be formed by a free radical oxidative
addition reaction and further research is required to identify the exact mechanism.
The mechanism of oxidative addition of alkyl halides to low valent Group VIl metal
complexes has attracted much study and controversy. There is evidence for Sy2
type as well as free radical mechanisms. However, with the perfluoroalkyl halides,
no general mechanism has yet been established, even though some evidence for
both concerted and free radical mechanisms has been reported. Since the indus-
trial preparation of perfluoroalkyl iodides is reported to involve free radicals, it is
possible that in general all perfluoroalkyl iodide oxidative additions involve a free
radical mechanism as observed in the present system. It would therefore make an
interesting research topic to study the oxidative addition of perfluoroalkyl iodides
and other halides to various transition metal systems and establish the mechanism
of oxidative addition of perfluoroalkyl halides to transition metals.

The higher analogues of CF3l, namely, CoFsl, n-CsF4l, n-CgF,al, n-C7Fysl as
well as CF5CH,l, yield only the perfluoroalkyl compound, all of which are new
compounds. The lack of dual reaction with the higher analogues is attributed
to the greater stability of the Ry radical, which enhances the rate of the free
radical reaction thus dominating the much slower nucleophilic addition path to

the perfluoroacyl compound. No mechanistic work was carried out for these sys
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tems. It should be possible to bring about nucleophilic addition with the higher
analogues either by further decreasing the reaction temperature, thereby slowing
down the free radical reaction or by quenching the reaction with suitable radical
traps. Quantitative kinetic data could not be obtained for either the nucleophilic or
the oxidative addition reaction of Fe(diars)(CO), with CF;l owing to experimental
difficulties.

The problems encountered in this study mentioned in Chapter 2 are not new.

Puddephatt [102] has reported that CFl reacted with Au(CHs)(P(CHs)s) to yield

depending on the react.>n conditi The reaction either

a variety of products
yielded Au(CHg)z(CF;)(P(CHs)s) at room temperature after about one day or
proceeded rapidly to yield Au(CHg)(CFs)I(P(CHs)s) in less than five minutes.

Similarly, Haszeldine [88] has reported that CFal reacted with magnesium to yield

agnesium iodide or CF3H dep

either per g on the reaction con-

ditions. The concentration of CF3l, a low temperature of -20 °C to -40 °C, the
purity of magnesium used, and the basicity of the solvent were found to be crucial
factors. Reproducible results were not obtained. Hence, the reactions of CFl are

yet to be and
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Appendix A

Calculation of 19F Shifts for AB
Systems

A.1 Compound : Fe(CO),(diars)C.F3I

F; = 5300.81 Hz
F, = 5038.2 Hz
F3 = 4868.0 Hz
F4 = 4605.4 Hz

V(P = F)(F: = Fy)

4.4

&
||

3(va + vp) = Center of AB spectrum = 65.7 ppm
do =44 ppm =vy—vp
v =44+up

(va+vp) =657x2
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vp =1314-v,
=1314- (44 + vp)
2vg =1270
vg = 63.5 ppm
va =44 +vg
=67.9 ppm

A.2 Compound : Fe(CO),(diars)CsFJI

Fy = 17046.7 Hz or 60.18 ppm
Fa2 = 17314.6 Hz or 61.32 ppm
F3 = 18088.3 Hz or 64.06 ppm
Fy = 18356.2 Hz or 65.01 ppm

Jrary =267T.9Hz

dv = (A -F) (R~ F)
.64

=3

1(va + vp) = Center of AB spectrum = 62.69 ppm

dv = 3.64 ppm = vy —vp
v4 =3.64 + vg
(va+vp) =62.69x2

vB =125.38 - vy

=125.38 - (3.64 + vg)
2ug =12538- 3.64
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= 121.74

vg = 60.87 ppm
v =3.64 + vp
= 64.51 ppm

A.3 Compound : Fe(CO),(diars)}CsF ;I

Fy = 16813.4 Hz or 59.5 ppm
Fp = 17084.3 Hz or 60.4 ppm
F3 = 17711.2 Hz or 62.8 ppm
Fy = 17975.3 Hz or 63.7 ppm

J =F-F =2649Hz
J =F—F, =241Hz

Jrars = 264.5Hz

dv = /(A = F)(F, — Fy)
= /(63.7 — 59.5)(62.8 — 60.4)

=3.17

1(v4 + vp) = Center of AB spectrum = 61.6 ppm
dv =3.17 ppm = vy —vp

v =317 +vp

(va+vs) =616x2

vp =123.2- vy
=123.2- (317 + vg)
2vp =1232-317

=120.03



vg = 60.015 ppm
vy =317+ vp
= 63.18 ppm

A.4 Compound : Fe(CO),(diars)CH,CF3I

Fy =746.7 Hz

F2 =733.8 Hz

F3 = 586.4 Hz

F4=5735 Hz
J =FR-F =129H:
J =FB-F =i29H:

Jrr =129Hz
dv =/(Fy = F))(F, — F3)
= 0.53ppm
4(va + vp) = Center of AB spectrum = 2.21 ppm
dv = 0.53 ppm = vy —vp
vA =053 +vp
(va+vs) =221x2

vg =442y
= 4.42- (053 + vg)

2vp =3.89

vs =195 ppm

va =053 +vp

= 2.48 ppm



Appendix B

19F Chemical Shift
Temperature Gradient Data

Chemical Shift *
Compound | -90°C [ -80°C | 20°C

Fe-CF3 131 | 123 | 107

Intermediate | -38.2 | -38.9

Fe-COXFs | -76.1 | -76.9 | -78.5
771 | -79.3

CF3H -74.84 | -75.7 | -79.0
<759 | 768 |-77.9

CFal -55 | -55 | -56

* = relative to internal CFCl in ppm
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Appendix C
Crystallographic Data

Table C.1: Positional and Thermal Parameters and Equivalent Isotropic Tem-
perature Factors for 17

x y z Biso, A?

T | 0.7485( 4) | 0.91505( ) | 0.42869(23) | 6.62(16)
As1|0.5265( 3) | 1.0556 (5) | 0.17154(24) | 2.90(12)
As 2 | 0.7146( 4) | 1.2078 ( 5) | 0.3344 ( 3) |3.66(15)
Fe |0.7797(5) | 1.0744 ( 6) | 0.2527 ( 4) |3.05(18)
F1 [1.027(3) |0925(4) |0114(3) [93(18)
F2 |1.017(26) | 0.804 (3) |0.2624 (19) [ 7.5 (13)
F3 [0.953(3) [0704(3) |0.1100(24) |8.0(15)
01 [1.080(3) |1120(3) |0359(3) |66(17)
02 |0.8263(23) | 12165 (24) | 0.0687 (18) | 2.6  4)
03 [0.7063(25) | 0.804 ( 3) | 0.1421 (18) | 49 ( 5)
C1 |0.964(4) |1099(3) |0312(3) [41(17)
C2 [0.809(5) |1197(5) |0114(4) [50(9)
C3 |0816(3) |0877 (4) |0.1769 (24) [3.4(6)
C4 |0.940(4) 0835 (4) [0.170(3) |39(7)
Cs5 |0.430(3) [1263(3) |0.202¢(23) | 2.6(6)
C6 |0283(3) |1.268(4) |0.1466 (24) |3:2(6)
C7 |0213(4) [138(5) [0171(3) |5.1(8)
C8 |0.305(5) [1509(5) |0.249(3) |6.3(10)
C9 |0439(4) |1483(4) [0.298(3) |39(7)
C100509(3) |1.342(4) |0268(3) [35(6)
C 110473 (4) | 1.039(4) |0016(3) [45(7)
C12[0.411(5) | 0904 (6) [0.228(3) |7.1(11)
C13|0.826 (4) | 1476 (5) |0.308(3) |55(9)
C14]0716(5) |1319(5) |0.497(3) |6.6(10)
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Table C.2: Positional and Thermal Parameters and Equivalent Isotropic Tem-
perature Factors for 21

x y z Biso
T 0.11894(11) | 0.25107(10) | 0.23028( 7) | 5.25( 8)
As 1 | 0.06013(16) | 0.06181(12) | 0.32557(10) | 2.89(11)
As 2 | 0.00833(17) | 0.22658(11) | 0.41863(10) | 3.24(11)
Fe |-0.03745(23) | 0.17717(17) | 0.20488(16) | 2.74(14)
F1 | 08626 (14) | 0.1421 (12) | 0.1610 (11) | 8.8 (12)
F2 | 09722 (16) | 0.1202 (13) | 0.1421 ( 9) | 11.5(15)
F3 | 09102 (15) | 0.0553 (15) | 0.1878 ( 9) | 13.1 (16)
01 |-0.1345(12) | 0.3330 (9) | 0.2507 (12) | 7.8 (11)
02 | -0.2050 (12) | 0.1017 (12) | 0.3602 (12) | 5.8 (11)
C1 | -0.1014 (16) [ 0.2748 (14) | 0.2731 (13) | 5.0 (14)
C2 |-0.1346 (23) | 0.1313 (17) | 0.3329 (15) | 7.0 (20)
C3 | 09203 (20) | 0.1219 (14) | 0.1821 (12) | 0.6 (4)
C4 | 0.1375(15) | 0.0890 (12) | 0.4164 (10) | 2.9 (10)
C5 | 0.2159 (17) | 0.0387 (12) | 0.4413 (12) | 3.9 (12)
C6 | 0.2620 (19) [ 0.0579 (16) | 0.5092 (16) | 5.7 (16)
C7 | 02376 (20) | 0.1257 (18) | 0.5494 (14) | 5.7 (16)
C8 | 0.1683 (17) | 0.1792 (12) | 0.5257 (11) [ 3.8 (12)
C9 | 0.1152(15) | 0.1616 (11) | 0.4565 (10) | 3.1 (11)
C 10| 0.1473 (16) | 0.0211 (11) | 0.2496 (14) [ 6.9 (14)
C 11| -0.0064 (14) | -0.0359 (10) | 0.3625 (11) [ 4.5 (12)
C 12| 0.0494 (17) | 0.3379 (10) | 0.4313 (11) [ 5.9 (13)
C 13| -0.0844 (16) | 0.2134 (12) | 0.4990 (11) [ 5.8 (12)
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