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ABSTRACT

Metal fluoride complexes that are extremely sensitive to air and water have been
characterized by liquid injection field desorption/ionization (LIFDI) mass spectrometry.
Dilute solutions of fluoride complexes of nickel, rhodium, titanium, zirconium, hafnium
and ruthenium in toluene and tetrahydrofuran were examined by LIFDI methods on a
time-of-flight mass spectrometer. All the spectra of nickel, titanium zirconium and
hafnium complexes exhibited the molecular ion as base peak. The ruthenium and
rhodium complexes showed [M-HF]" as base peaks but the molecular ions were easily
detected.

Two new nickel fluoride complexes are formed by C-F activation reactions with
2,3,5,6-tetrafluoro-4-dimethylaminopyridine and 2,3,5,6-tetrafluoro-4-methoxypyridine
yielding NiF{2-CsNF;(4-NMe;)}(PEt3),  and NiF{2-CsNF3(4-OMe)}(PEts),,
respectively. The crystal structure of NiF{2-CsNF3(4-NMe;)}(PEts); shows typical
square planar coordination at nickel with an Ni-F distance of 1.8521(9) A. (Cp):MF.
(Cp* = pentamethylcyclopentadienyl and M = Ti, Zr, Hf) complexes were synthesized
from the reaction corresponding metal dichloride with NaF. (DMEA),MF, (DMEA =
N,N-dimethylethylene-1,2-diamine and M= Zn, Co, Ni) were synthesized from the
reaction of MF, with DMEA. Ru(PMej3)sF, was prepared from the reaction of Ru
(PMe3)4(FHF), with TMAF. The compounds were characterized by multinuclear NMR
spectroscopy and LIFDI mass spectrometry.

The nickel monofluoride complexes do not provide useful mass spectra by EI or
ESI methods. Only the difluoride complexes of titanium, zirconium, hafnium,
ruthenium, zinc, cobalt and nickel species showed evidence of the fluoride ligands in
the ESI spectra. Collision induced dissociation (CID) was used to investigate the
fragmentation pattern of the ions formed in the ESI mass spectrum. It was observed that
the ligand attached to the metal has an effect on the fragmentation pattern of complex
and the presence of phosphine strengthens the metal fluoride bond.

A modified quadrupole mass spectrometer was used to carry out gas phase ion
molecule (I-M) reaction of metal ions with liquid and gaseous neutral molecule.
Transition metal fluoride complexes did not show evidence of 1-M reactions while Re
and Mn tricarbonyl complexes have shown 100% conversion to the product.

The decay pathway of multiply charged anions (MCAs) of Ti and Zr was also
investigated and it was found that these ions decay through ionic fragmentation rather

than electron detachment.



Hydrogen bonding of pentamethyl cyclopentadienyl difluoride complexes of Ti
and Zr with indole and 1,1,1,3,3,3 hexafluoroisopropanol was studied using °F NMR
spectroscopy. AS” and AH’ were calculated from the equilibrium constant values (K)

using Van’t Hoff’s equation.
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Chapter one Introduction

INTRODUCTION

The research area of transition metal fluoride complexes has greatly developed during
the last few decades. The characterization of transition metal fluoride complexes with
mass spectrometry is of current interest because in the gas phase intrinsic properties and
reactivity of ions can be studied without the influence of other factors like solvent or

counter ions.

This chapter will be focussed on the synthesis, characterization and applications of
transition metal fluoride complexes (1.1-1.3), different ionization techniques in mass
spectrometry and use of these techniques for the characterization of transition metal
halides, mass analysers and their applications (1.4), multiply charged anions and their
fragmentation pathways (1.5), transition metal fluoride complexes as hydrogen and

halogen bond acceptors (1.6).

1.1 Transition metal fluoride complex

Fluorine has become of great importance after the realization that fluorine
containing compounds have many applications in everyday life like crop protection,
non-stick cookware, refrigeration, textiles and toothpaste etc. About 30% of
agrochemical compounds and 10% of pharmaceutical compounds are composed of
fluorine containing compounds.*®

The first reaction involving the formation of a C—F bond was reported in 1830s.
During the last few decades considerable attention was paid not only towards the
coordination and activation of C—F bonds at the metal centre but also towards their
selectivity.>* Several reviews have been devoted to the formation of C—F bonds.>®

The fluorinated alkene can coordinate to metal through the double bond (C=C)

and fluorinated arenes can bind by #°-, *- and 52 coordination.

Mo M F M
R F | F M F F
; . =N > @
F F / F
F
F F F F
n° 7' 0’ c

Scheme 1. 1 Coordination of the fluorinated arenes to the metal centre®

The C—F bond activation involves the following fundamental processes.*
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(i) Oxidative addition

M] + RF ——» R'-[M]-F

(it) M-C bond formation and HF elimination

H-M] + Rf— F —— R'-M] + F—-H

(iii) M-C bond formation and SiF bond elimination

R;$i—[M] + R'—F ———— RF-[M] + RySi—TF

(iv)Hydrofluorination and M-F bond formation

H—M] + R—fF ——> F—[M] + Rf—§H

(v) Nucleophilic attack

M-+ RI—F —» R{'—[M] + F

(vi) Defluorination

RE RF T ¥
N/ RG a
2[M] + R'—C-C—R » OF M]  + C=cC
/7 N\ 4 NG F

Activation of C—F bonds by metal complexes is selective, employing mild conditions
(eq 1.1) and gives isolable products. Stone and co-workers activated a C—F bond using

the d° metal complex.”®

7NN in vacuo N\
% CoFs  24h % F

Zirconocene difluoride and alkylmonofluoride complexes have been synthesized from

zirconocene dimethyl complexes using NH4;BF,; and NEt;.3HF as fluorinating agents
(eq 1.2).°
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+ NH,BF, /" NEt 3HF
—_~—— —_—

Cp',Z1F, Cp'>Zr
N

Me Me
Cp'y= Me,Si(17-CoHy),

Zirconocene difluoride complexes were prepared from zirconocene 2-vinylpyridine
complexes by acidolysis reaction using HBF, etherate as a fluorinating but the
reproducibility was low. NEt3.3HF proved to be a better reagent and can also give the
monofluoride complexes like Cp ,Zr(F)(CH,CH»-2-Py) if used in careful stoichiometric
amounts (reaction 1.4). 2-vinylpyridine complexes were prepared from bis
(trimethylsilyl)acetylene complexes which in turn were prepared from the dichloride

complex (reaction 1.3).°

Si'\/le3
+ Me;SiC,SiMe; N\
+ Mg, +L /\ SiMe3  +2-vipy
Cp'2ZrCl, > Cp'oZr .
“MgCl ™~ - Me3SiC,SiMes
-L
Cp', = MesSi(7°-CsHa),
L = THF
NEt3.3HF or
HBF,4.ether
‘ - Cp'ZZer
- CH3CH2—py
— NEt, 3HF| - CHsCHzpy  oooeioonit 14

F-.
o~
NEt;.3HF F

Perutz et al. studied the effect of metal centre on the C—F and C—H activation. It
was observed that perfluorinated arenes undergo C—F bond activation at the metal
centre (Scheme 1. 2). Depending upon the metal centre, competition occurs between

C—H and C—F activation upon addition of partially fluorinated arenes and pyridine.'®*?
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F F
F F
F F
CH,('Bu,P),PtH(CH,(CHs)3)| Room temp Room temp | N(COD),
PEt;
Y Y
E F
F F v F
F F F F
‘Bu,P /T__F Et;p— Ni— PEt,
\\PtBuz F

Scheme 1. 2 Reactivity of Ni® and Pt° Precursor towards CgFg'%*2

The addition of fluorinated pyridines to the Ni° occurs through C—F activation at the
position ortho to the nitrogen. The addition of fluorinated pyridine and arenes occur
through #? coordination before oxidative addition. Palladium behaves in a similar way
but it is activated at the para position to nitrogen. Fluoropyridines behave differently
with Pt(PR3),. Instead of C—F activation there is rearrangement between fluorine and

11,12

the alkyl group (Scheme 1. 3).
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F F PEt3
Ni(COD -
(COD), - ¢ ) Ni—TF
PEt, N
PEt,
F
F PR;
. . PR, F
N R=Cy, 'Pr - |
- N Pd—F
\_/
F = M62 |
N° F N _Me F o F pg,
[ owd]
N M
M62 ©
F F 1|)R3
- N Pt—R
\_/ |
[Pt(PR3),] . Fop
R=Cy, 'Pr AN
R F

R

Scheme 1. 3 Activation of C-F during the addition of fluorinated pyridine to the Ni® and
C-H bond activation at Pt(PR3) with pentafluoropyridine™?

More attention was paid towards the metal-mediated formation of C—F bonds. Vigalok
et al. investigated electrophilic oxidative fluorination reactions upon treatment of the
late transition metals with fluorinating reagents.®**® (R,P(CH.),PR2)M(Ar), (Where R=
alkyl, aryl, n= 2, 3, M= Pd, Pt) were reacted with XeF, and metal difluoride complexes
were obtained (Fig 1. 1)."* Electrophile fluorinating reagents such as XeF,, F, or

halogen fluoride can be used for the metal mediated C-F transformation reaction.™
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Fig 1. 1 Crystal structure of di(i-propylphosphino)propane palladium difluoride®®

In order to see the intermediates involved in the above reaction, the platinum
diaryl precursor was modified by making one of the aryl groups a part of a five-

membered chelate ring (Scheme 1. 4).

Ad ©\/>DAd2
2 PAd
©/\p Toluene, A O\/\/ 2 Aryl-MgBr p

> Pt<

f

. N7

Et;N , Py (1 equiv) THF /=S O
CIig R=p-For \ A

Y,
Pt(COD)Cl, 2. 4, 6-CHs /\R

+

Ad = Adamantyl

Scheme 1. 4 Synthesis of Pt diaryl precursor

The Pt diaryl precursor was reacted with XeF, (used as electrophilic fluorinating agent)
to give the platinum difluoride product which is well characterized by NMR and X-ray
crystallography. One of the fluorides from the platinum difluoride was removed by
MesSi-OTf led to C-C coupling followed by ligand rotation and cyclometalation and the
other fluorine ligand eliminated as HF. The same product was obtained by reacting the
Pt (1) precursor with N-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate followed by
addition of pyridine or PPhs (Scheme 1. 5). It is concluded that these complexes go
through the formation of Pt(IV) species followed by reductive elimination. This can be

used for designing catalytic process using electrophilic fluorinating agents.**
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F
Crye =Y
- O_
p_ XeF, -30° -RT Bt
NI ) CH,Cl, e
Z /N |

X
1, TMS-OTf-TMS-F
— \ o 2, C-C coupling
CH2CI2 \ N—F 3, C-H activation, -HF
{ 4, PPhg, py
©BF, F

o &
t 1-, C-C coupling
v SNTYY, 2 C-H activation, -HF
> PAd,
~ 3, PPhs, py ®

Pt

|
BF4 A Ph3P |
A = OTf, BF, /

Scheme 1. 5 Electrophilic Fluorination of cyclometalated Pt (1) Aryl Complexes™

Further more research has concentrated upon the C-F bond forming reductive
elimination in the last decade. The palladium catalysed reaction of electrophilic
fluorinating reagents causing C-F bond formation by reductive elimination involves the
formation of Pd" alkyl/aryl intermediates. The Pd' alkyl fluoride species was observed
directly in the system using a cyclometalated bipyridine-Pd" complex as a precursor.
The reaction of the precursor with the electrophilic fluorinating agent N-fluoro-2,4,6-
trimethylpyridinium triflate resulted in formation of the Pd" complex (b). The triflate
ligand is very labile and can be easily displaced by water or pyridine. The difluoride
complex is obtained by reaction of the monofluoride complex with

tetramethylammonium fluoride.*®
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N/ | CHoCh
| 94%
=
V
A
N NGsHs 1w [
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Nt o3 ,, \
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=

Scheme 1. 6 Synthesis of Pd" monofluoride and difluoride complexes®

Many transition metal fluoride complexes which are of critical importance in the

field of agrochemicals and pharmaceuticals have been synthesized using different

fluorinating reagents. The scheme 1.7(a) lists important nucleophilic fluorinating

reagents.’
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F F °
/é<F S:F [ j
" |

F—S—F
Bu I
F
Diethylaminosulfur trifluoride 4-tert-butyl-2,6-dimethylphenylsulfur Morpholinosulfur
DAST trifluoride trifluoride

R F

cl

N&/ N 1A, TSNS anF
F

) & S

N,N-Diethyl-2-chloro-1,1,2- Hydrogen fluoride Triethylamine
trifluoroethylamine pyridine trihydrofluoride
|
+ —
R— | —R F KF NaF CsF AgF
Tetraalkylammonium fluoride Potassium Sodium Cesium Silver
TMAF fluoride fluoride fluoride fluoride
18,21

Scheme 1. 7 (a) List of nucleophilic fluorinating reagents

Currently electrophlic fluorinating reagents have received great importance. Following

is the list of electrophilic fluorinating reagents.*®8%
Xe N
F-F 7 OF 0% °F (PhSO,)NF
X
. : g
0=CI-O-F F~c—0—F N N
| TG I TfO
o) F L 70 ;
\ R\
W - O\\ % N //O
N—F N-F N7
J. ON g 2
g Yo 2 3o

o, 00 0
FsC” \I}l/ “CFs
F

Scheme 1. 8 (b) List of electrophilic or oxidizing fluorinating reagents'®
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1.2 Anhydrous HF, bifluoride anion and bifluoride complexes

Anhydrous HF has proved to be a versatile solvent. It can be used to do many inorganic
reactions. Sometimes it as used as a source of ligand for the synthesis of organofluorine
complexes.??® 1t is has also been used as a solvent and catalyst with Friedel-Craft
activity. Silver forms complexes with arenes in anhydrous HF.>? XeF, in anhydrous
HF has been used for the oxidative fluorination of metal carbonyls. Os(CO)sF has been
prepared as a major product from the reaction of Os3(CO)1, with XeF; in anhydrous HF.

This method is expensive and difficult to control. 2%

hydrous HF
085(CO)1p + XeF, WIS BT 05(COYF * + Osy(CO)F5* + Osy(CO)F,*

Major minor minor

Elemental fluorine in anhydrous HF has also been used as a source of
fluorination for the synthesis of [MF(x—F)(CO)3] where M= Os, Ru. This method is
convenient and gives clean product.”® Iridium fluorocomplexes have been synthesized
by the same method. Ir4(CO);, was reacted with elemental fluorine in anhydrous HF
which resulted in the formation of Ir(CO)sF;. Addition of phosphines to Ir(CO)sF; in
THF replaced the carbonyl ligands and gave IrF3(CO)L; or IrF(CO)L,.%

CO L E
Ir(CO) F2 OCu, ! & e OCu,, !
M4 12 > s > 1<
anhydrous HF OC/||: \F F/||_ \F

L = PPh;, PMe3, PEts, PMe,Ph,
PMePh,, PEtPh,, PCy;
The bifluoride complexes came to be known a decade ago. In the free bifluoride ion, the
hydrogen bonding is explained by a three-centre four electron interactions and is an

3031 A series of ruthenium

example of the strongest type of hydrogen bonding.
bifluoride complexes including trans-[Ru(depe).H(FHF)], trans-[Ru(dppe).H(FHF)],
trans-[Ru(dppp).H(FHF)] and cis-[Ru(PMes)4(FHF).] (where  depe =
Et,PCH,CH,PEt,, dppe = Ph,PCH,CH,PPh,, dppp = Ph,PCH,CH,CH,PPh,) were
prepared by Perutz et al. from the corresponding dihydride complexes, using EtsN.3HF
as a source of HF. These complexes were well characterized by NMR spectroscopy. *°F
NMR spectra showed resonances at ca. 6 —300 for the proximal fluorine and ca. 6 —165
distal fluorine. The spectra are obtained at low temperature because the resonances are

broad at room temperature probably due to exchange with free HF in the solution. The

10
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resonance for the acidic protons is at ca. 6 13. The value of the coupling constant (J) for
the distal fluorine lies in the range 300-400 Hz.*

The NMR spectra of trans-[Ru(dppe),H(FHF)] are explained in more detail
here. The acidic proton shows a broad resonance at 6 12.5-13.3 (room temperature)

which splits into a doublet at low temperature (Fig 1. 2).%

a

“H‘ W\H\NM IMM
b

Fig 1. 2 '"H NMR spectra (500.13 MHz) of the acidic region of [trans-
Ru(dppe).H(FHF)] in deuterated THF (a) at room temperature (b) at 193 K.

The °F NMR spectrum shows a resonance for the proximal fluorine at —353
(Fig 1. 3) while another resonance at —166.5 to —168 splits into a doublet of doublets at
low temperature (Fig 1. 4). The crystal structures for some of these compounds have

also been obtained, providing further insight into these bifluoride complexes.

11
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-346  -348 -350 -352 -354 -356 -358 -360

0
Fig 1. 3 1°F NMR spectra (470.4 MHz) for trans-[Ru(dppe),H(FHF)] in deuterated THF

at room temperature.

T T T T T T T T T T T T T I T T [T T T T T T T T T T T T T T T T T T T T T T T T T T T

-164 -166 -168 -170 -172 -174
d

Fig 1. 4 *°F NMR spectra (470.4 MHz) for trans-[Ru(dppe).H(FHF)] in deuterated THF

showing the terminal fluorine at 193 K.

The fluoride bridged ruthenium dimers were synthesized by reacting the corresponding

dihydride complexes of monophosphines with EtsN.3HF.

cis-RUHo(PR)s] + NE3HF — 00 o [Ruy(uF)3(PRy)6IIF(HF)y] ------ 1.5

R = Et, Pr and Bu

The crystals were obtained by reacting the bridged complex from the reaction of the
compound with salts such as like NH,OTf. The crystal structure showed that Ru—F
distances in the range 2.132 — 2.170 A which are longer that the terminally bonded
fluoride and Ru-F-Ru angles in the range 91.72-93.02.

12
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Fig 1. 5 Crystal structure of [Ru(p-F)s(PEts)s]. Ellipsoids are drawn at the 30% level.®

Platinum bifluoride complexes were prepared from the reaction of platinum dihydride
with EtsN.3HF as well by C-F activation. trans-[Pt(PR3),H(FHF)] (R = Cy, iPr) was
synthesized from the reaction of trans-[Pt(PR3).H, with EtsN.3HF (equation 2.7). trans-
Pt(PR3),H(FHF)] (R = Cy, iPr) was also obtained from the reaction of the dihydride
complex with hexafluorobenzene in the presence of [MesN]F by C—F activation. It was

proved by control experiments that [MesN]F is not directly involved in the reaction.®

C¢Fg, NMe,F
trans-Pt(PCy3),H, @ "™ trans-Pt(PCy3),H(CeFs) + trans-Pt(PCys),H(FHF) ----- 1.6

THEF/50 °C

The nickel bifluoride complexes have been prepared from the nickel fluoride
complexes. The NiF complexes have been prepared by C-F activation which in turn can

coordinate with HF via hydrogen bonding.*
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(COD)2 + C5F5N+ 2PEt3—> ﬁ Et3N 3HF

Et3P NI_Et3 Et3P NI_Et3P
F FHF

Introduction

F
YN F FYN F
Ni(COD),+ CsF3N, + 2PEt; ——— N\ | EtsN.3HF |

N
EtsP—Ni—EtsP EtP—Ni—Et;P
F FHF

Scheme 1. 9 Formation of nickel bifluorides by C—F activation.®

1.3 Applications of transition metal fluoride complexes:

Organometallic fluoride complexes have many applications in synthesis and catalysis.

1. The synthesis of optically active, chiral catalysts is highly desirable. The efficiency
of enantioselectivity is more difficult to achieve than the efficiency of the cycle.
Titanium fluoride complexes can be used as catalysts for the addition of nucleophiles

to aldehydes. Binaphtholtitanium difluoride has been used to catalyse the addition of
allylsilane to aldehyde.*

O,
0 OO 0SiMe;
)I\ - 10%  — /\/\
R HT \/\SiMe3 > R X
CH2C|28nd CH3CN R= Ph 80%

ee
R=tBu 94 %
ee

Similarly chiral dialkoxy cyclopentadienyltitanium fluorides possess catalytic properties
for the conversion of benzaldehyde to 2-phenylethanol. At -78 °C using 2.0 mole of the
catalyst, 77% of product is obtained with 90% ee.
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OH

0 S
2.0mol% 93%ee 77%)
)k 0.5 mol% 78%ee 60%
Ph H -
(iPrO)3TiCHj Ph CH,
CH,Cl,

Scheme 1. 10 Synthesis of 2-phenylethanol from benzaldehyde using chiral titanium

catalyst

2. Transition metal fluoride complexes also form hydrogen and halogen bonds which
have lots of applications in supramolecular chemistry and crystal engineering.

3. Metallocene difluoride complexes of Ti and Zr can be used as catalysts for olefin
polymerization, reduction of perfluorocarbons and transamination of group 4
fluorides.”’

4. Alkylgold(111) fluoride complexes play an important role in Au(l)/Au(lll) catalytic
cycles resulting in the C(sp*)—F reductive elimination. The relatively long lifetime of
alkylgold(I1l) fluoride intermediates compared to their iodide analogues makes the
C—C coupling possible.®®

F
|
PrAuR 22 o |Pr—pu—F > Products  ------ 17
- Xe | - IPr-Au-F
1-3 R

(IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene

The following table shows the products obtained with different R.
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Number R Product mixture
1 —CHgj None
/Z /k + Y
2 F
17% 66%
/\/k N \/Z
F
3
11% 56%

5. Synthesis of unactivated aryl halides: Vigalok used palladium (Il) complexes to
activate the unactivated aryl fluoride bond of fluoroguinoline by simply stirring with
sodium methoxide in THF at room temperature.*

6. Fluorine containing compounds are mostly synthetic and have found many
applications in the agrochemical and pharmaceutical industry. Transition metal
fluorinating reagents are used in the catalysis of nucleophilic fluorination by
transition metals.*"*

7. 8F (an isotope of fluorine having half-life of 110 minutes) is used in Positron
Emission Tomography (PET) imaging. Ritter et al. synthesized palladium based
electrophilic fluorinating reagents which can be used to for the synthesis of ‘®F
labelled aryl fluoride through late stage of fluorination. This late stage fluorination
can be used for the synthesis of PET tracers not available in the past for clinical
use.”?

8. Aryl fluorides can be selectively synthesized from thermolysis of palladium
difluoride complexes in the presence of electrophilic fluorinating reagents (eq.

1.8).%04

F
t-Bu
| N
~N F F*
AN
SN | F 80°C, NOLCoHs
| F
tBu” Ny X Major trace
F F'= (PhSO,),NF, ||
+ =z
'7‘ BF,
F 4
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9. Iron and palladium catalysts have been used for the trifluoromethylation of
potassium  vinyltrifluoroborates** and vinyl sulfonates*® and conversion of aryl

triflates to aryl fluorides.*

1.4 Mass spectrometry
Mass spectrometry *° is an analytical technique used to generate ions in the gas phase,
separate them according their m/z using either electric or magnetic fields or a
combination of both. These ions are detected and counted by a detector. A mass
spectrometer consists of the following parts.

I.  Inlet source syringe pump

Il.  lonization source

1. Mass analyser

IV.  Detector

1.4.1 Electron impact (EI)

El is a hard ionization technique and involves high energy electrons to generate ions and
is very popular in organic chemistry. It works best on small, volatile, neutral, thermally
robust molecules and is extremely suitable for simple organic compounds, often simple
ligands but has restricted use in organometallic and coordination chemistry. This
ionization method is mostly used to observe the fragmentation pattern as the molecular
ion is not observed or if it is present its intensity is low. However there are some
organometallic complexes which do show intense molecular ions using EI. For example
cyclopentadienyl complexes of iron which are volatile and thermally stable, give the

molecular ion as base peak.*’

100 @ «+ 186
Fe
80 [
60 |
of‘ﬂ e
Nl 7
404 Fe
121

[Fe]”
204 40 56

| T T T T T T T : II : T T T I T T T 1
40 60 80 100 120 140 160 180 200
miz

Fig 1. 6 El mass spectrum of ferrocene showing the molecular ion peak as base peak*

17


http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=4&SID=1F3nFCCKMgkhLFHbal7&page=1&doc=5
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=4&SID=1F3nFCCKMgkhLFHbal7&page=1&doc=7
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=4&SID=1F3nFCCKMgkhLFHbal7&page=1&doc=10
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=4&SID=1F3nFCCKMgkhLFHbal7&page=1&doc=10

Chapter one Introduction

1.4.2 Electrospray ionization (ESI)

ESI was developed in 1960’s by Dole and co-workers. During standard electrospray
ionization, the solution of interest is passed through a stainless steel capillary (75 - 150
micrometers) having a high voltage of 3 or 5 kV at the tip. The charged droplets are
produced after passing through the charged capillary and this process is called
nebulization. These charged droplets undergo columbic explosion and the solvents are
removed with the dry gas and nebulization gas (nitrogen). This gas, usually nitrogen,

helps to direct the spray emerging from the capillary tip towards the mass spectrometer.

lons evaporating
From the surface of
the droplets

v

/@
~®

| e

Capillary, 3-4 kV
/ Droplets evaporating

A

Droplets’containing
ions

Fig 1. 7 Droplet production in the electrospray interface®®

The charged ions released from the droplets are moved from the sampling cone
or orifice through an intermediate vacuum region and from there through a small
aperture into the analyser of the mass spectrometer, which is held under high vacuum.
The lens and skimmer voltages can be optimized for different samples individually (Fig
1. 8).45'47'48

Nebulizer Gas Inlet Skimmer
- ,
Nebulizer Needle Capillary
Octopoles
», I |
ot —
"C: :->~» .
|
Vacuum Partition
Drying Gas

Fig 1. 8 Essential features of the electrospray interface instrument having ion trap

analyser*®
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1.4.3 Cone voltage:

The extent of ion excitation can be controlled in the ESI by changing the potential
between the electrospray capillary and skimmer. This is called the cone voltage or
skimmer potential. Increasing the cone voltage can cause some insource CID (CID is
discussed in detailed in chapter 4).49°!

In electrospray ionization, the process of desolvation occurs at different points
depending upon the type of instrument used. In instruments with a quadrupole mass
analyser, the effective voltage for declustering is controlled by the cone voltage and in
an ion trap mass spectrometer an important role is played by the skimmer voltage.>

Certain  dihalide complexes like cis-[PtCl,(PPhs),], [PtCl(dppe)], cis
[Cp"IrCl,(PPh3)] and [(p-cymene)RuCl,], were analysed by ESI-MS in positive ion
mode. At low cone voltages (5-20 V) the dominant resonance is found for ions formed
by the loss of halide ligand and coordination of solvent molecule [M-halide + solvent]®.
At higher cone voltages (>50 V) spectra were dominated by ions formed by loss of
halide ligand only [M-halide]®. Upon addition of pyridine to the mobile phase,
replacement of solvent molecule by pyridine giving [M-halide +pyridine]® was

observed.>®

[ M=Cl+MeCN 17
(a) i
£
-
‘; II T |- L T T J'Jk
s 2 400 600 800 1000 = 1200 ms=
=
- [ M-Cl+MeCN 1*
= {b) nill
=
=
-
L m=-ci 3
\\.
/Em-m-'-m-la]“
. . M e S

Fig 1. 9 Positive ion ESMS spectra of complex [PtCl,(dppe)] recorded in MeCN
solution (a) Cone voltage 10 V (b) 50 V>

Potential antitumour drugs and analogous platinum (1) and platinum (1V)
complexes with the eddp ligand have been studied by negative-mode ESI-MS.
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Complexes with different oxidation states of Pt show different behaviour under the
same experimental conditions. The mass spectra of (a) and (b) are different from (c) as
the oxidation state of Pt in (c) is different from the oxidation state of Pt in (a) and (b).
The spectra of (a) and (b) seem to be dominated by a resonance for (M+X)™ adduct ions
while quasimolecular ion (M—H)~ appears to be dominant signal in the spectrum of

(C).54

A ~A T
PSR T
R AN Lo
él 0 ]|3r 0 HO
a b C

Fig 1. 10 Complexes of Pt(11) and Pt(1V) with eddp ligand and its dibutyl ester>*

1.4.4 Liquid injection field desorption ionization (LIFDI)

LIFDI is a soft ionization technique (its principle and working are discussed in detail in
chapter 3) and is very suitable for air/water sensitive, nonpolar, non-volatile, neutral
compounds. It has been successfully applied to characterize highly reactive nickel and
rhodium complexes. Fig 1. 11 shows the LIFDI mass spectrum of [acetylacetonato-
k*0,0°][1,8-bis(diphenylphosphino)-9,10-ethano-9,10-dihydroanthracene-kP,P’]
rhodium(l). The molecular ion is observed at m/z 776. The observed isotopic pattern is
in good agreement with the calculated. Some impurities can also be observed in the
spectrum (Fig 1. 11).%

LIFDI has also been used to characterize ionic liquids and fluoride complexes of nickel

and platinum.>¢%®
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606.7 M +*
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Fig 1. 11 LIFDI mass spectrum of [acetylacetonato- k°0,0°][1,8-
bis(diphenylphosphino) -9,10-ethano-9,10-dihydroanthracene-k*P,P’Jrhodium (1) from

THF reveals the presence of the molecular ion at m/z 776.5 and some side-products.>

1.45 Mass analyser

The ions are separated according to the charge-to-mass ratio in the mass analyser.
Different types of analysers are available including magnetic sector, time of fight
(TOF), quadrupole ion—trap, fourier transform ion cyclotron resonance mass
spectrometer. Two analysers can be combined together in one spectrometer called
hybrid mass spectrometer.  Time—of—fight (TOF) and quadrupole ion—trap (QIT) will
be discussed in detail in chapters 3 and 4, respectively.

Different mass analysers can be combined with ionization sources depending
upon the compatibility and requirements. The combination of electrospray with
quadrupole ion—trap analyser has revolutionized the field of mass spectrometry. The
quardrupole ion—trap has been called the "complete chemical laboratory” by O’Hair et
al. and can be wused to study the structure and chemical reactivity of
complexes/molecules in gas phase. ESI/QIT mass spectrometers can be used to study
transition metal-mediated reactions like activation of C-H, C-C bonds and C-C
coupling reactions. The conversion of alcohol to aldehyde is an example of a functional
group transformation that has been studied by mass spectrometry. Methanol is
converted to formaldehyde using molybdenum (V1) trioxide catalyst. The mechanism of

the catalytic cycle was understood using QIT mass spectrometer. Fig 1. 12 shows two
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cycles, both of which use a Mo catalyst but the only difference is a change in the

sequence. [M0,0s(OCHs)]- is collisionally activated and H,CO is formed.

CH-NO - CH;0H CH;0H
. [Moy04(OF)] CHLIO Mo,040m)
1 H,0 5 H,0
CH:NO,
[Mo,O4(OCH;Z)]™ [Mo20g(OCH;3)T
[Mo,Os(OH)] 5 [Mo,Qs(OH)] 5
\'%IID \7/CID
H,CO H,CO
Cycle 1 Cycle 2

Fig 1. 12 Mechanism for the catalytic conversion of methanol to formaldehyde. Second
step in both cycles shows the formation of [M0,0¢(OCHj3)],. Both cycles differ only in
the sequence of reaction with CH3NO, and CH30H.>®

The structures of the products of fragmentation of chemical
CH3CH,SH/CH3SCHj3 have been identified through CID.%® Gas—phase studies have also

isomers e.g

been used to determine mechanism the C-H bond activation.”®* Chen et al. observed
the reaction of platinum (1I) complexes with benzene in the gas phase using the
modified octopole tandem mass spectrometer. TFE was used as a solvent which has no

effect on the C-H activation step.®

® — ® ® o
Cl Cl C| cl
~. 7 -~ 7 . _— —_ - t~~ H
Me N ‘cl TFE |Me N C~CGH5 Me N (CeHs Me N CICG 6
I
“ Cl Cl CI@
Precursor ion (ar) (&) (@)
TFE = 2,2 2-trifluoroethanol _|® _|@
A
Me _N_ ‘_,CI Me _N_ /—C|
+ I P I P+ Celo
Me N CIC5H5 Me N C|CGH5

Cl

(b)

Cl

(

c

)

Scheme 1. 11 The precursor ion was isolated and subjected to collision with benzene in

the octopole®
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Starting material
i c
= b
AP, T SO
1 ] l L) ' l
600 650 700
m/z

Fig 1. 13 Mass spectrum showing the starting material and the daughter ions formed

from the gas phase reaction (scheme 1.10)%

The molecular requirements for activation of the C-I bond of aryl iodide by Au®
ion was established through CID and gas—phase ion—molecule reactions of gold cations
with iodobenzene. (RsP)Au” (R = Me, Ph) ions were produced from the CID of
(RsP),Au” which in turn were produced from the CID of (RsP)AuCls. [AusL"
(L"=Ph,P-(CH,),PPh,; n=3-6) ions were produced by CID of larger gold clusters. From
the experimental observations it became clear that the reactivity depends upon the
number of the gold atoms present and also upon the type of the ligand attached.
Reaction (i) works at 100% efficiency while reaction (ii) did not give any product. In

order to make sure that C—I bond activation occurred the product was subjected to CID

and the fragmentation pattern confirmed the activation of the C—I bond.*®

R;PAU* + Phl —— RsPAu(Phl)” ... (i)
R=Me, Ph —> R4PPh + Aul

(RsP)Au* + Phl —— Noreaction ~  -.-._. (i)
R= Me, Ph

[AusL"]" showed a single product [AusL"PhI]” but the reaction efficiency is reduced.
The efficiency is dependent upon the -CH,- linker and it is observed that the reaction

efficiency is at a minimum when n=3.
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[AuL" + Pl ——— = [Aul"PhIl* ... (iii)
LM = Ph,P-(CH,),PPh, ; n=3-6)

Currently there is a demand to understand how fluorine containing compounds
work as catalysts for a large number of chemical reactions. For example, CF;Cul helps
in C-C cross coupling reactions but the exact mechanism of the decarboxylation of the
trifluoroacetic acid compounds is still unknown. O’Hair et al. investigated the
competition between decarboxlation and C—F activation for trifluoracetate complexes of
the coinage metals (Cu, Ag, and Au).*

S]
-CO,

&) FsC—M—CFg

(0]
FsC

S] 4
0—M—

F3C e

—_—

0
D}—(:F3 -CO,

o]
FiC
1 2 [ _/%-M—F

M=Cu, a; Ag, b; Au, ¢

- [F;,C—M—F °_. [F—M—F]
-CF,
5 ]

Scheme 1. 12 Proposed mechanism for the collisionally activated decomposition
products of coinage metals trifluoroacetate complexes [CF;CO,MO,CCF;3] through
multistage CID®

From Fig 1. 14 it can be seen that during MS', [CF;CO,CuO,CCFs]  and

[CF3CO,AgO,CCF3]  dissociate mainly through decarboxylation, while during MS? the

fragmentation occurs through C-F activation. MS® is again followed by

decarboxylation. [CF3;CO,CuO,CCF;3] behaves in a different way and the

fragmentation mainly goes through the loss of lactone.

From the above investigation, it is possible to make a comparison between diacetate

complexes of coinage metals [CH3CO,MO,CCHg;] and their perfluorinated analogues:

e [CH3CO,ML] complexes (where L = CH3CO, and CHj) only fragment via
decarboxylation and acetate ligand loss while their perfluorinated analogues undergo
a much richer range of reactions. CID of [CF3CO,ML] results in losses of CO,, CF,,
and “CF,CO,” along with CF3CO,

o |t was also be observed that [CFsMF] where M = Cu, Ag and Au were successfully
generated in the gas phase and sequential C—F bond activation reactions also gave

64

rise to the previously experimentally unknown difluorides [FMF] ,> while the

decarboxylation of the [CH3CO,MO,CCH3] gives the dimethylmetallates.®>®®

24



Chapter one

Fig 1. 14 3D quadrupole ion trap MS? and MS® mass spectra of the collision induced dissociation of (a) [CFsCO,CuO,CCFs] , (b)

Introduction
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1.5 Multiply charged anions (MCAS)
Multiply charged anions are highly energetic species and are particularly unstable in gas
phase.’” As these ions have excess charges and in the absence of counter ion or solvent,
they experience a columbic repulsive interaction. Dessent et al. showed that they mostly
fragment by electron decay or ionic fragmentation (discuss in detail in chapter 4).9%°

The nature of the multiply charged anions has also been studied by
photodetachment spectroscopy.’®” The electron affinity of ZrFs*>~ was calculated using
photodetachment photoelectron spectroscopy and it was found that the second electron
affinity is much greater than the first. It is in agreement with the observation that ZrFe* is
very unstable towards the loss of F~ ion."

The decay pathway of transition metal dianions (IrClg>", OsClg®", ReClg”,
IrBrs and PtBrs”) was investigated through mass spectrometry. The negative ion ESI
spectrum gave major resonances for KMXg>~, MX¢? and MXs~ (where M = Ir, Os, Re and
X = CI, Br). The parent dianion (MXg>) was isolated and subjected to CID. It was
observed that with increasing collision energy the parent dianion decayed and the daughter
ion MXs ™ increased in intensity. No peak for MXg was observed. It was concluded that
transition metal dianions decay by ionic fragmentation rather than electron detachment
upon low energy collision activation in the gas phase and therefore the repulsive columbic

barrier for ionic fragmentation lies below the electron detachment (discussed in detail in

chapter 4).%
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100 -
. () Ircl,
50 +
_ Ircl*
u | | L L] L L 1
100 200 300 400

Fig 1. 15 Low energy collision induced dissociation of IrClg*™ at (a) 0% collision energy

and (b) 7% collision energy®®

As solvent molecules can stabilize the excess charges by reducing the columbic
interaction, it is important to understand how the solvent molecules are attracted and what
their effect is on the stability of the MCAs. Descent et al. have studied the structure and
stability of microsolvated clusters of Pt(CN)s*, i.e. Pt(CN),*.(H20), n = 1-4,
Pt(CN),*".(MeCN), m = 1, 2 and Pt(CN) ,*".(H,0)3 MeCN through low-energy collision

induced dissociation.”™

— Pt(CN),* .
—PtCN),*H
100 HEN), "+ 1.0

Pt(CN),*+(H,0),
= Pt(CN),”» MeCN
[74]
g Pt(CN),”+(H,0),
c
o 504 Pt(CN),”«(H,0),
=
© Pt(CN),”«(MeCN),
0}
va Pt(CN),*+(H,0),» MeCN
P(CN),’
r [TPeN),
0-
150 200 250 300

m/z
Fig 1. 16 Negative-ion ESI-MS of the potassium K,Pt(CN),>~ (MeCN solution) of recorded

with a capillary temperature of 70 °C and water enriched nitrogen auxiliary gas.”
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The negative ion ESI spectrum of K,Pt(CN).> shows solvated clusters of Pt(CN),*~ with
H.O, or (MeCN),, or having both (n = 0-4, m = 0-2) (Fig 1. 16). All these ions were
isolated and subjected to CID one by one. It was observed that Pt(CN),>~ fragments by
ionic fragmentation as the repulsive columbic barrier for ionic fragmentation RCBis lies

below the repulsive columbic barrier for electron detachment RCBeg.

ionic fragmentation

Pt(CN)4% > Pt(CN);” + CN
o
100 Pt(CN),
=
W
c
o
<
s
m
@
o
PtCN),’
NI ISR

100 150 200 250 300 350
m/z

Fig 1. 17 Low energy collision induced dissociation of Pt(CN),*>~ showing the formation of

daughter ion Pt(CN);~ "

From the CID of the solvated cluster ion i-e Pt(CN)s*.(H,0), n = 1-3, Pt(CN),*".
(MeCN),, m =1, 2 and Pt(CN) +*. (H,0),MeCN,, (n + m < 4), it was observed that
fragmentation occurs through the loss of solvent cluster in one step and no sequential loss
was observed, resulting in the formation of Pt(CN),*>~ daughter ion (major). This
observation leads to the conclusion that the solvent molecules are attached on the surface
and the hydrogen bonding interaction between the solvent molecules is stronger than the
interaction between anion and solvent. It can be further concluded that cluster solvent

molecule increase the stability of the MCAs towards fragmentation.”®
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1.6 Hydrogen bonding

Hydrogen bonding was first recognized by two young scientists W.M. Latimer and W.H.
Rodebush in 1920. They realized for the first time the reason for association of water
molecules. After their discovery many people paid attention to the concept of the shared
proton. For hydrogen bonding interactions one group should act as a weak acid (proton

donor) and the other group as weak base (proton acceptor).

hydrogen bond
5= &7 ‘
’ N x \
Electronegative atom Hydrogen atom H bond acceptor

halogens, nitrogen, phosphorus, alkene etc

Fig 1. 18 Schematic representation of hydrogen bonding

Hydrogen bonding plays an important role in the chemistry of transition metal complexes.
The role of hydrogen bonding is essential in the chemical behaviour of metal based-drugs
and their interaction with biochemical molecules or in other words their biological
activities.” Hydrogen bonding can occur between two molecules (two centre) or three

molecules (three centre).” ™

A—H----X A—H

X
2-centre 3-centre
An unconventional type of intramolecular hydrogen bonding was observed in iridium
hydride complexes having IrH as a weak base and N-H as a weak acid. The H~H distances

were about 1.7-1.9 °A and strength of hydrogen bond was about 12-25 kJ mol™.7""®
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More confirmation for this type of unconventional bonding was provided by the neutron
diffraction studies of [ReHs(PPhs)s.indole]. The rhenium hydride crystallizes together with
indole as large yellow crystals and the hydrogen bond involves 3 centres. Indole does not
undergo self-association and is a good proton donor for hydrogen bonding. The distance
Hy"Ha is 2.212 (9) °A and Hja"Hz is 1.734 (8) °A. The bond length of the short bond is

very similar to that mentioned in the above example.”

Fig 1. 19 ORTEP diagram of neutron diffraction of [ReHs(PPhs)s.indole]”

[ReHs(PPhg)s.indole] has been characterized by IR spectroscopy and it is seen that
in both the IR spectrum and neutron diffraction, the vibration for NH of indole has shifted
to lower energy. IR spectroscopy has also been used to calculate the strength of
intermolecular hydrogen bonds between a variety of weak proton acids such as indole and
2,4,6-Me3;CeH,OH and the transition-metal hydrides  like [ReHs(PPhs)s,
[ReH;(Ph,PCH,CH,PPh,;) and [WH4(PMePh,) and quantitatively correlated with the

enthalpy of interaction with the vibration for NH of indole.®
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The hydrogen bond acceptor capabilities of metal halides (M—X) are of specific
interest. Halide ions (X7) and transition metal halides (M—X) are strong acceptors of
hydrogen bonds and carbon bound halide (C—X) are weak acceptors. Comparative
investigations have been made on the behaviour of hydrogen bond acceptors having
fluoride ligand (X=F) and the heavier analogues. (M—F) complexes form much shorter
hydrogen bonds and also quite different in directionality. The general trend followed is
H~F-M stronger than H"*X-M. for all the donor-acceptor pairs. The hydrogen bond
distances (DH"X-M) have been compared using normalized distance functions Rux =
d(H"X)/ry +rx) where D= C, N, O, X=F, Cl, Br, | and M= transition metal. 8%

Most important is the directionality of the transition metal fluoride acceptor with
which the donor approach towards them. The H*F—M angle is greater (130-160°) than the

HX—M angles (90-130°) where X= ClI, Br and I. Fig 1. 20 shows the angular preferences
in terms of percentage.

30 HF-M
H CI-M
—A— HBr-M

25 —¥— H 1M

Mormalized frequency, N (%}

60 a0 100 120 140 160 180
H" X-M angle/*

Fig 1. 20 Normalized distribution of H"X-M angles expressed as percentages of total

number of observed N—H:X—M hydrogen bonds.?
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Chapter one Introduction

The electrostatic potentials of Cl, Br and | in CH3X show well resolved minima while in

CHGsF it is not resolved. There is a negative charge accumulation around the fluorine. This

also clarifies the reason for the anisotropic behaviour of fluorine containing acceptors (Fig
1. 21).

a b c d
Fig 1. 21 Electrostatic potentials of CXHs, where X= (a) F, (b) ClI, (c) Brand (d) I. The

contours are separated by 4 kcal-mol ™" intervals.®®

The hydrogen bond formation capabilities of all the above groups i-e X~, C—X and
M-X with D—H have also been investigated in terms of geometrical data from crystal
structures. The correlation between the normalized distance vs angles were expressed in
unbiased normalized plots and these results also confirm that all the acceptor groups X,
C—Xand M—X (X =F, Cl, Br, I) can form hydrogen bonds with D—H donors (D= C, N and
0O) (Fig 1. 22).

F(C) Br(C)
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03| |- 050 00| = 030 3
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Fig 1. 22 Normalised distribution of C—H---X contact lengths (R%ix) vs angles
(1-Cos(180-6)).%

From all of the above discussion it is clear that terminally bound halogens exhibit
anisotropic behaviour. Fluorine favours larger angles than its heavier analogues and the

behaviour of metal fluorides is distinctly different.®
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Chapter one Introduction

Hydrogen bonding has been used as tool in assembling supramolecular

architecture.*® For example, cyanuric acid and melamine form a complex in a ratio of 1:1
that can attain the structure of super graphite (Fig 1. 23).%

Fig 1. 23 Probable triply H-bonded 2D sheet architecture of the 1 : 1 complex between
melamine and cyanuric acid.®®
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Chapter two Synthesis and characterization of transition metal fluoride complexes

SYNTHESIS AND CHARACTERIZATION OF TRANSITION METAL
FLUORIDE COMPLEXES

2.1 Introduction

Recent developments in the field of fluorine chemistry were inspired by the dramatic
change in the physical properties, chemical reactivity and physiological activities of organic
molecules by incorporation of fluorine or fluorine containing substituents. Transition metal
complexes bearing fluoro ligand are of great importance in the field of organometallic
chemistry, playing important roles in catalysis, synthesis, C-H activation, material science,
and the generation of highly reactive “naked” fluoride. Late transition metal fluoride
complexes have received attention due to their uncommon chemical properties and bonding
features. Fluoro transition-metal complexes exhibit remarkable reactivity patterns
compared to their chloro, bromo and iodo counterparts. This is strongly supported by the
fluoro congener of Wilkinsons catalyst [(PPhs)sRhF]. *® The chemistry of transition—metal
fluoro complexes is relatively unexplored. Their lack of study is due in part to the
instability of low valent metal centers and fluoride ions by hard acid/base rules and the
tenacity with which the fluoride reagent holds onto water molecules and other protic
reagents due to strong hydrogen bonding. These factors make the preparation and
introduction of clean fluoride reagents difficult.*

Activation of carbon-fluorine bonds received a much greater amount of attention in
the last few decades because of the greater strength of the C—F bond (418 kJ mol™).
Selective activation of the carbon-fluorine bond is more than an idle curiosity and a variety
of methods of activating carbon-fluorine bonds by transition-metal centers have been
established in the last few decades.” However, the formation of new organofluorine
compounds via C-F activation, followed by functionalization within the coordination
sphere remains less developed.® However Perutz et al reported several examples of nickel
fluoride complexes where nickel attacks at the heterocycle and selectively activates the C-F
bond in preference to C-H bonds (scheme 2.1).”°
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Chapter two Synthesis and characterization of transition metal fluoride complexes

F
F
iy O ;

FN°F _
- > Et3P_N|_PEt3
() PEts
N~-F
F Y F
F
H
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1 |
(i) I -
[Ni(COD),] > Et;P—Ni—PEt,
(i) PEts N F
F 7 H
F
F
FRIEF
iy 1° F
Hj:\ITF |
- Et3P_N|_PEt3
1) PEt
() 3 N\ F
H7°F
F

Scheme 2. 1 Reactivity of Ni(COD), with pentafluoropyridine and 2,3,5,6-

tetrafluoropyridine in the presence of triethylphosphine.®

The group 10 transition metal complexes are of current interest due to their role in
catalysis, reductive elimination, oxidative addition and ligand transfer reactions. Fluoro
complexes of platinum and palladium were previously considered to be inaccessible due to
incompatibility of soft late trasition metals and the hard fluorine base.">** However,
difluoro complexes of palladium were prepared by treating dimethyl complexes of
palladium with an equivalent amount of XeF, in dry dichloromethane and the quantitative
formation of the product was observed. L represents ligands which can be di(i-
propylphosphino)propane (dippp) and di(cyclohexylphosphino)propane (dcpp) in the

following reaction.**

CHyCl, -30°-RT
e » L,PdF, ------emeeeeee (2.1)

LoPd(CH3)> +  XeF,

(L2 = dippp; depp)
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Chapter two Synthesis and characterization of transition metal fluoride complexes

Recently difluoro platinum and palladium complexes bearing phosphine ligands have been
fully characterized by A. Vigalok.'

It was considered that phosphines may be essential to stabilize the M—F bond but a
recent report by Sanford and Grushin suggested that sp? nitrogen-donors can also support a
stable Pd"(Ar)(F) species. (2-Phenylpyridine)palladium(lutidine) fluoride complexes were

prepared from a palladium (I1) iodide reaction with silver fluoride.*?

X
SUNY% AgF LN
\ AN
Pd - Pd., s 22)
5h, 25°C
sonication L

L = 2,5-lutidine
L = 4-tBu-pyridine

Currently, organometallic fluorides are being successfully applied in many areas of
synthesis and catalysis. This is exemplified by the pioneer work of Roesky who use

MesSnF and AsF; in the preparation of group 4 metallocene fluorides.™

CpoTiCl,  + 2MesSnF —— Cp,TiF;  + 2MesSnCl ------ --- 2.3

Many biologically active molecules including pharmaceuticals, agrochemicals,
positron emission tomography (PET) imaging agents etc contain aryl fluorides. A lot of
attention has been paid towards the synthesis of these aryl fluorides (Ar-F) but they still
remained challenging for the scientist.****!" Several recent reports have shown that these
aryl fluorides can be prepared by Pd catalyzed cross—coupling reactions.

Recently Sanford and Ball reported the synthesis of aryl fluorides (Ar—F) from the reaction

of (t-Bu-Py)(Pd" (p-FCsH4)(X) with XeF,, Biaryl was also obtained as a minor species.

X

oS
= N\ J/ 3 equiv XeF5

S
AN \F nitrobenzene

1h, 90 °C

S I

X =F, CF3, OMe Major Minor
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Chapter two Synthesis and characterization of transition metal fluoride complexes

The reactive intermediate was observed at lower temperature and characterized by NMR

and X-ray crystallography. *°F NMR spectroscopy showed clear resonances for F—H-F at

~117.6 ppm and for Pd—F at —204.5 ppm.**

F
F
t-Bu t-Bu
N
| N | N
Z \Pd/ 3 equiv XeF, Z \Pd/F
/N 0 B /1N
Z "N F 70°C, ASN|F
| 2.5 min | F
tBu” N tBu” N H/

Bifluoride complexes
The bifluoride complexes were first reported during the last decades of the 20™ century

although few reports have appeared on the isolation and reliable characterization of these
complexes. For example, Parkin and Murphy reported the synthesis of
Mo(PMes)4H,F(FHF) from its dihydride complex (scheme 2.2) and characterized it by X-
ray diffraction.(Fig 2. 1).'®

I|3Me3 y I|3Me3
_MG—PMe; e Me3P>MO<F'-H- F
Me,;P | H excess Me;P /l F--H--F
PHMe; H PMe,
1/3 (Mo(PMes3)s(Ny)  ----mme--- 5
H PMe; H PMe;
Me3P\\|\/!O/F KH/Et;N Me3p\\N! F
~ - ——— O\ -----
Mep~/| T Mesp~ /| FHF
H PMe3 H PMe3

Scheme 2.2 synthesis of Mo(PMes)sH,F(FHF)™®
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Chapter two Synthesis and characterization of transition metal fluoride complexes

Fig 2. 1 Molecular structure of Mo(PMes)H,F(FHF)®

Perutz et al. reported the synthesis of Ru(dmpe),H(FHF) and characterization by
NMR spectroscopy in solution and in the solid state by crystallography. They prepared the
compound by reacting the dihydride complex with either Et;N.3HF or fluoroarenes.™

H/F H/F
/
F/ P il H b P
P\ | / CeFs P\ | / THF P\ | D LR R 26
Ru -~ Ru Ru
7~ ~N P/ \H—> P/ \P
PT| TP | NEts 3HF |
H k/P H

Scheme 2.3 Synthesis of Ru(dmpe),H(FHF)"

Platinum bifluoride complexes were synthesized from the reaction of platinum dihydride
complexes with EtsN.3HF which is a mild source of HF and can be handled without any

special techniques.

trans-Pt(PR3);H, + NEts.3HF trans-Pt(PR3),H(FHF) + NEtg + Hol - --- - - 27

R =Cy, Pr

'H NMR spectra of platinum bifluoride complexes showed a doublet with platinum
satellites at —26 to —28 assigned to the hydride. The acidic proton gave a broad resonance at
11.5. In the °F NMR spectra for trans-Pt(PR3),;H(FHF) a resonance appeared at 5—283 to
—281, assigned to the proximal fluorine and another resonance at 6-179 to -182

corresponding to the distal fluorine. Both these resonance showed platinum satellites.?
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Chapter two Synthesis and characterization of transition metal fluoride complexes

2.2 Results

2.2.1 Synthesis of Mono fluoride complexes

2.2.1.1 Complexes of Nickel
Nickel fluoride complexes were made by C-F oxidative addition of hexafluorobenzene and

of fluorinated pyridines (Scheme 1).

Me,N  F MeO  F
—( PEt —( PEts
F \ 7 l\lli—F F \ 4 I\III—F
N PEt, N PEt,
F F
1 2
FF H F
—(  PEts —( PEty
F Ni—F i—
\ / V! F \ 4 l\lll F
N PEts N PEt,
F F
3 5
FF
PEts
F Ni—F
PEt,
F F
6

Scheme 2.2 Nickel fluoride complexes

Trans-NiF{2-CsNF3;(4-NMey)}(PEt;), 1 was prepared from the reaction of 4-
dimethylamino-2,3,5,6-tetrafluoropyridine®* with Ni(1,5-cyclooctadiene), and PEts. The 3P
NMR spectrum shows a doublet at 6 12.7 (Jpr = 48.2 Hz), indicative of coupling with a
single fluorine nucleus. The *F NMR spectrum shows a triplet at & —367.8 (Jpr = 47.4 Hz),
which provides evidence for the presence of the metal fluoride (Fig 2. 2). The other three

resonances at 6—-91.3, —121.2 and —164.3 confirm the presence of the CsFsN group.
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(@)

e e e e I s s

365  -366  -367  -368  -369 ppm

(b) s\l fﬂ
|

I I ! ! I ! ! ! | T !
13.5 13.0 12.5 12.0 ppn

Fig 2. 2 (a) "*F NMR spectra (407.4 MHz) of 1, metal fluoride region and (b) *P NMR
spectra (202.46 MHz) in CgD¢ at room temperature,

Complex 1 was further studied by mass spectrometry using LIFDI and ESI
techniques. LIFDI gave the [M]* as base peak at m/z 488, while ESI gave decomposition.?

The molecular structure of 1 was confirmed by X-ray diffraction (Fig 2. 3, Table
2.1), The Ni-F distance of 1.8521(9) A compares with 1.836(5) A in trans-
NiF(CeFs)(PEts),, 1.856(7) A in trans-NiF(CsNHFs)(PEts).** 1.916(3) A in trans-
NiF(CsHF4)(PEts)2,%> 1.8589(15) A in trans-NiF(CgFs)((iPrNCsHsNMe),*® and 1.856(4) A
in NiF(4-(CF3)CsF4)(iProlm),.
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F2

G20
C16

Fig 2. 3 Molecular structure of trans-NiF{2-CsNF3(4-NMe,) }(PEts),.2 Ellipsoids set at

50% probability, hydrogen atoms not shown. Note the disorder in the position of one PEt;

group.

Table 2.1 Principal bond lengths (A) and angles (deg) of 1

Ni—F(1)
Ni-P(2)
Ni-P(3B)
Ni-P(3A)
C(1)-Ni

F(1)-Ni-C(1)
F(1)-Ni-P(2)

F(1)-Ni-P(3A)
F(1)-Ni-P(3B)
C(1)-Ni-P(2)

C(1)-Ni-P(3A)
C(1)-Ni-P(3B)

1.8521(9)
2.1920(4)
2.194(2)
2.201(2)
1.8749(13)

178.11(5)
90.21(3)
88.01(9)
90.94(8)
91.62(4)
90.11(10)
87.23(9)

Trans-NiF{2-CsNF3(4-OMe)}(PEts),? was prepared from the reaction of 2,3,5,6-
tetrafluoro-4-methoxypyridine with Ni(1,5-cyclooctadiene), and PEts. The 3P NMR

spectrum shows a doublet at ¢ 13.05 (Jpr = 48.1 Hz), indicative of coupling with a single

fluorine nucleus. The *F NMR spectrum shows a triplet at §—368.78 which provides
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Chapter two Synthesis and characterization of transition metal fluoride complexes

evidence for the presence of metal fluoride, with coupling to both phosphorus nuclei (Jpr =
45.7 Hz). The other three resonances at 6—170.1, —128.3 and —88.7 confirm the presence of
the CsF3N group.

A
L N

14.5 14.0 13.5 13.0 12.5 12.0 ppm
Fig 2. 4 3'P NMR spectra (202.46 MHz) of 2 in C¢Dg at room temperature

\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
-80 -100 -120 -140 -160 ppm

Fig 2. 5 9F NMR spectra (407.4 MHz) of 2 in C¢Ds at room temperature

The LIFDI mass spectrum of complex 2 gave the molecular ion peak [M]" at 475 as
base peak (100%, (chapter 3, Fig 3.6), whereas the compound showed decomposition with
ESI.

Ni(PEt3)2(CsF4N)F (3) has been already reported in the group but it was

reinvestigated in order to see its reaction F~ with in solution.
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Chapter two Synthesis and characterization of transition metal fluoride complexes

2.2.1.1.1 Reaction Ni(PEt3),(CsF4sN)F with F~ donating reagent

The target of this work was to prepare NiF complexes bearing negative charge. Tetramethyl
ammonium fluoride (TMAF), cesium fluoride (CsF) and tetrabutyl ammonium fluoride
(TBAF) were used to provide F~ in the solution. Benzene, THF, acetonitrile and DMSO
were used as solvent. Tetramethyl ammonium fluoride (TMAF) was added to the solution
of 3 in benzene and left stirring overnight at 25°C, but no reaction was observed. The
progress of the reaction was followed by NMR spectroscopy.

The reaction of Ni(PEts)2(CsFsN)F with TMAF in THF was also followed by NMR
spectroscopy. TMAF is only sparingly soluble in THF and acetonitrile (even at 50°C) but
seems to be insoluble in benzene.

For the complex obtained from reaction of Ni(PEt3)2(CsF4sN)F with TMAF in THF,
the °F NMR spectrum shows a resonance for starting material at 5§—373.3 (Fig 2. 6a).?* On
standing a new product grew in with very similar spectroscopic characteristics, showing a
triplet for nickel fluoride at 6—370.4 coupled to two phosphorus nuclei (Jpr = 44.0 Hz)
(table 1) which provides evidence for the presence of metal fluoride and two equivalent 3P
nuclei. The *'P NMR spectrum shows two doublets for starting material at 513.8 and for

the new product at 613.2 (Jpr = 47.7 for both) (Fig 2. 6b).

(a)
‘ SRR
369 370 3711 -372 -313 -a7a4 ppm
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(b)

14.5 14|.0 131.5 13I.0 1"‘.;.5 ppm
Fig 2. 6 (a) **F NMR spectra (407.4 MHz) in metal fluoride region of [3 + TMAF] in THF
locked on C¢Ds at room temperature (b). **P NMR spectra (202.46)

The *F NMR spectrum also displays some peaks in addition to those for the reactant in
the organic fluorine region see table (2.2) at 6-172.5 (b), 6 —164.0 (d, Jer= 19.9 H2z),
0 —160.4 (b), 6-148.3 (d, J= 18.71 Hz) and 6-130.7(m). The total conversion to the product

was about 30%.

S

-164.0 ppm L

rrrprTTrTrTTT | I | N proTrTeT | I | | [rerrerTeT [rorrTeTe | I
80 -90 -100 -110 -120 -130 -140 -150 -160 ppm

Fig 2. 7 °F NMR (407.4 MHz) of [NiF(CsFaN)(PEts), + TMAF] in THF locked on CgDs at

room temperature in organic fluorine region
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The effect of time and temperature was also studied. With the passage of time there
was increase in the amount of the new product (Fig 2. 8) but after one week the reaction
stopped and later on decomposition was observed.

The reaction mixture was heated at 50°C, the same reaction was observed but the
rate of the reaction was increased. It reaches its maximum conversion by heating overnight
and then decomposition was observed (Fig 2. 9).

From all the above observation it is suggested that the product (3°) is formed by
halogen type interaction between 3 and the Me4sNF. The observation was further

strengthening by mass spectrometric evidence obtained for the reaction of 1 with TMAF.

F F
— ||3Et3
F \ y Ni—F ------ NMe,  F-
N PEt,
F
3
7 days later
2 days later
e
| I -3|70 | | | -3|72 | | | -3|?'4 I |

Fig 2. 8 °F NMR (407.4 MHz) of [3 + TMAF] in THF locked on Cg¢Dg at room

temperature in metal fluoride region showing the effect of time on the product formation
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Heated for 4 h

Heated for 8h hr

Heated for 28h

-370 -372 -374
Fig 2. 9 °F NMR (407.4 MHz) of [3 + TMAF] in THF locked on CgDg at room
temperature in metal fluoride region showing the effect of temperature on the product

formation

The same experiment was repeated by reacting 1 with TMAF. The reaction mixture was
heated at 50°C and the same results as in the above experiments were observed after 28 h

and 100 % conversion to product was observed after 2 week and the TMAF was completely

dissolved.

LA L I I L L L L N A LB

| T | [ l
-364 -365 -366 -367 -368 -369 ppm

Fig 2. 10 F NMR (407.4 MHz) of [1 + TMAF] in THF at room temperature in metal

fluoride lower spectrum is after 28 h and upper is after 2 weeks.
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The product was observed by LIFDI mass spectrometry. In the LIFDI mass spectrum a
peak at 488 corresponds to the starting material (1) while another peak at 562 is assigned to

the product.

488.2

562.2524
4902
504.2030

564.2440
506.2067

4922 I

T T T T T T - T IIIII T T T 1 T T T T T T ‘lll T T T miz
460 470 4380 490 500 510 520 530 540 550 560 570 580

Fig 2. 11 LIFDI mass spectra of [Ni(PEtz)2(CsFsNNMe,)F*"NMe4F in methanol

From the NMR and mass spectra observation it is concluded that the product formed is
[Ni(PEt3)2(CsFsNNMe,)F"NMes F] (1°). It was further concluded that the bond between
NiF“NMey is not very stable in LIFDI mass spectrometry, that why some of it decomposes

and is converted back to the starting material (Fig 2. 11).

Me,N F
PEt,
F Ni—F ------ NMe,  F-
\ 7
N PEt,
F 1‘

When acetonitrile was used as a solvent instead of THF for the reaction of
Ni(PEts)2(CsF4N)F and TMAF, the °F NMR spectrum showed two resonances, a triplet at
0—362.4 (reactant) and a doublet at 6—-324.5 (product) characteristic of metal fluoride (Fig
2. 12). Its doublet coupling Jpr = 52.4 Hz, shows that it is coupling to one phosphorus and
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there were some free phosphine. Most probably one of the phosphines is replaced by the
acetonitrile as acetonitrile is a good coordinating agent (table 2.2). The formation of

compound 4 was further confirmed by ESI mass spectrometry.

F F
_ CH3CN
F \ / I\|li—F
N PEt,
F
4
""" [ I I
-324 ppm -362 ppm
wnlmm,‘r bt PR e S L T
""""" B I A B
-330 ~340 ~350 ppm

Fig 2. 12 '°F spectra (407.4 MHz) of [3+ TMAF] in CDsCN at room temperature in metal

fluoride region.

T [ T T —]

—————
10 5 0 -5 -10 -15  ppm
Fig 2. 13 3P NMR spectra (407.4 MHz) of [3 + TMAF] in CDsCN at room temperature
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The reaction of 3 with CsF gave the same results as TMAF in all the solvents. For *'P
NMR and *F NMR spectrum see table 2.2.
18-Crown-6 was added to the reaction mixture in order to increase the rate of reaction of
dissolved fluoride. The F NMR spectrum showed three resonances at 5-362.53 (%),
0-359.16 (not clear) and 6—359.67 (t) (see table 2.2) which gives an indication for the
formation of two new products but still nothing could be identified.

No reaction was observed for 3 when TBAF was used as source of F.

2.2.1.2 Complexes of rhodium

Rh(PPh3)sF (8) was prepared by stirring the solution of Rh,(1,5-COD),u(OH); in ether with
Et;N.3HF. the complex was recrystallized from warm benzene and hexane mixture® The
progress of the reaction was followed by NMR spectroscopy. The *F NMR spectrum shows a
broad peak at §285.0 and the *'P NMR spectrum shows two peaks at §31.5 and &56.3 which
provides evidence for the formation of Rh(PPh3)sF by comparison with literature values. There
are some other peaks both in **F NMR and *'P NMR spectra which indicate the presence of
impurities. One of them may be the [Rh(PPhs),(PPh,F)CsHs] because 8 can convert to its
isomer at room temperature.®> LIFDI mass spectrum of the complex 8 gave molecular ion [M]

at m/z 908 (10%). ESI mass spectrum showed [M—F]" at m/z 888 as base peak.
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(@)

Tt Tt T Tt
-280 -285 -290 -295 -300 -305 -310 -315 -320 ppm

(b) H |

60 55 50 45 40 35 30  ppm

Fig 2. 14 (a) **F NMR spectrum (407.4 MHz) and (b) *'P NMR spectrum (202.46 MHz) of

8 in C¢Dg at room temperature

2.2.1.3 Complexes of platinum

Complex Pt(PPhs),FI*® (10) was prepared from the reaction of Pt(PPhs),l, (9) and AgF in
CH.CI, at 40-50°C. Complex 9 is a yellow powder prepared from the reaction of
Pt(PPh3)s?® with 1,.° The *'P NMR spectrum of 9 shows two singlets at § 12.00 (Jpip =
2496 Hz) and ¢ 11.29 (Jpr.p = 3455 Hz) with platinum satellites (Fig 2. 15) assigned to the

trans and cis isomers respectively.
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Fig 2. 15 *'P NMR spectra (407.4 M Hz) of 9in C¢Ds at room temperature

Complex 9 was further characterized by EI and ESI mass spectrometry. The EI
mass spectrum gave peaks at 846 [M—I]", 718.1 [M—I-HI]" and 262.1 [PPhs]" showing the
daughter ions (Fig 2. 16). ESI mass spectrum also gave a peak at 846 [M—I]" and another
peak at 868.8 [(M—-1)+Na]" corresponding to the sodiated ion (Fig 2. 17).

100

262.1
% ] 7181 846.0
719.1 847.0
261.1 717.1 845.0
263.1
720.1 848.1
0 - T T T T T T T |I|II_I|‘I T T T miz
200 300 400 500 600 700 800

Fig 2. 16 EI mass spectrum of complex 9 in toluene
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1007 846.7 868.8
% -
|]. ||||I IIII I |II II| III - |||'|II III.-"Z
340 350 360 370

Fig 2. 17 ESI mass spectrum of Pt(PPh3),l, (9) in toluene

The preparation of compound 9 was also tried by the reaction of Pt(PPhg), with I, in
ethanol but it gave a mixture of Pt(PPhs).l, and Pt(PPhs).IH. Recrystallization from
THF/hexane proved to be unsuccessful in separating the two compounds

The formation of 10 was confirmed by NMR and mass spectrometry. The **F NMR

spectrum exhibits a triplet at 6—310.68 (Jpir = 541.4 Hz, Jpr = 18.6 Hz) which is assigned

to the metal fluoride nuclei.

(@)

WMMWWW A

23 2 219 20 19 18 17 16 15 14 13 12 11 10 ppm
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(b)

Fig 2. 18 (a) *P NMR spectra (202.46 MHz) and (b) *°F NMR (407.4 MHz) of Pt(PPhs),IF

(10) in C¢Dg at room temperature

The 3P NMR spectrum shows a doublet at §15.84 (Jpe = 19.2 Hz, Jpp = 268.9) which is
assigned to the two phosphorus nuclei. This spectrum shows that 10 have a trans
configuration. These values are in close agreement with the literature values '°. There is
another resonance at 612.02 which is the unreacted starting material (Fig 2. 18).

The LIFDI spectrum of 10 shows the molecular ion peak [M]" at m/z = 865 and
some unreacted complex 9 (starting material) ion at 972.

Purification was attempted by recrystallizing from toluene, toluene/hexane and

THF/hexane but none of them was successful.
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Table 2.2 *F and *'P NMR data chemical shift (&), coupling constant J/Hz, starting material is abbreviated as (S) and products as (P)

Complex “F NMR F NMR (organic fluorine) P NMR
3 S 3736 (t, Jor = 48.4) | -173.64 (t, J= 21.4); -151.0(m); -131.6 (t, Jrr = 26.7); -84.9 (m) 13.8 (d, Jor = 47.7)
+TMAF | P -370.4 (t, Jpr = 48.0) -172.5 (b); -160.4 (b); -164.0 (d, Jer = 19.9); -130.7 (d, Jer = 28.9) 13.2 (d, Jpr = 47.7)
in THF | Others -148.3 (d Jer = 18.7); 45.1(s)
4in S -362.4 (t, Jor = 44.0) | -175.9 (dd, Jee =17. 5); -152.65 (m); -134.22 (1);-88.44 13.29, (d, Jpe=45.9)
CDsCN | P -324.5 (d, Jpr =J 52.4) | -174.9 (dd) Jee=17. 5; -152.6, -133.03 (1), 15.72 (s)
Others -97.77 (S), -148.99 (triplet 1:1:1, J 17.3) (FHF)
3+CsF | S 362.38 (1) J=4550 | -175.83 (dd, J=15.3) : -154.37 (m), -134.41 (1), -88.44 (dt) J= 17.05, 11.37
. 13.30 (d, Jpe= 45.9)
P -323.94 (d, J=57.4) | -175.64 (q), -152.69 (m), -134.22 (t, J=26.4); -89.52 (m)
CDsCN 15.73 (s)
Others “174.97 (dd, J= 15.3); -133.03 (t, J= 28.6), -88.12 (dt) J=11.54, 17.32
-97.68 (m) -148.89 (t, J=18.1) (FHF)
3+CsF |S -362.53 (t, J=46.2) (S) | -175.90 (dd, J= 17.3); -160.21; -159.97,-134.37 (s), -89.50 (S) 13.3(d)
+ crown
etherin | P 35967 (t, J=47.1) | -175.70 (dd, J=12.5); -160.18; -154.38, -134.30(s) 88.44 (m) (P) 28.0 (b)
CDCN - Sthers [-359.16 (notclear). | -160.11, -152.70, -147.75(s) -134.21(1) J=27.1, (P)

-147.49(s), -133.02 () (M), -147.99 (three) J=17.5,
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2.2.2 Synthesis of difluoride complexes

2.2.2.1 Complexes of titanium, zirconium and hafnium

The reaction of NaF with (Cp*),TiCl, yielded (Cp*),TiF, (11) following a literature
procedure. The formation of 11 was confirmed by NMR and mass spectrometry.*® The *°F
NMR spectrum exhibits a sharp resonance (C¢Dg) at d 74.69 which is assigned to the two
metal fluoride nuclei.®* Note that the °F resonance of these d° metal fluoride complexes
appears in a completely different region from the corresponding resonance of the
complexes with several d electrons.

(Cp*)2ZrF, (12) was synthesized from the reaction of (Cp*),ZrCl, with NaF. The
'H NMR spectrum shows a sharp resonance (CsDg) at & 1.96, assigned to the Cp*
hydrogens, while the *°F NMR spectrum exhibits a sharp resonance (C¢Dg) at & 28.72.
These values are in close agreement with the literature values: the *H NMR spectrum
(CsD12) shows a resonance at §1.96 and *°F NMR spectrum (CgD12) at §34.1.%% The LIFDI
mass spectrum showed molecular ion at m/z 398 (100%) and ESI mass spectrum gave
sodiated and potatiated molecular ion at m/z 421 and 437 respectively (see chapter 3).

(Cp*)HfF, (13) synthesized from the reaction of (Cp*),HfCl, with NaF. The
progress of the reaction was followed by NMR spectroscopy. The *H NMR spectrum
shows a sharp resonance (CsD6) at & 1.99, assigned to the Cp* hydrogens, while the *°F
NMR spectrum exhibits a sharp resonance (C¢Dg) at & —17.51. These values are in close
agreement with the literature values: the *H NMR spectrum (CsDs) shows a resonance at &
1.86 (t) and *°F NMR spectrum (CsDg) at 5—18.16. Formation of complex 13 was also
confirmed by mass spectrometry.”® The LIFDI mass spectrum gave molecular ion at m/z

488 and ESI showed sodiated molecular ion at 511 (see chapter 3).

2.2.2.2 Complexes of Ruthenium

(PMe3)sRuF; (16) was prepared by removing HF from (PMes);sRu(FHF), (15). Attempts
with trimethylamine were not successful but positive results were obtained with TMAF.
(PMe3):Ru(FHF),* was synthesized by a procedure developed by reaction of (PMes)sRuH,
with EtsN.3HF in the group previously.

The *F NMR spectrum of 16 shows a broad resonance at 6 —325.4 which is assigned to the

two metal fluorides. The 3P NMR spectrum shows two resonances, a quintet at & 2.98
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(Jpr = 30.9 Hz, Jpp = 30.9 Hz) and two multiplets at 0 21.63 because the two mutually cis

phosphorus nuclei are chemically equivalent but magnetically inequivalent (Fig 2. 19b).

(@)

T T T T T T
-300 -310 -320 -330 -340 -350 ppm

o il
W 2o ppm 3.5 3.0 ppm MM

23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 ppm

Fig 2. 19 (a) °F NMR spectrum (407.4 MHz) of the difluoride region of [trans-
Ru(PMes),F, (16) in C¢Dg at room temperature (b) *'P spectrum (202.46 MHz)

Further evidence is provided by comparison between the spectrum of (PMes)sRu(FHF,)
(15) and (PMes)sRuF (16). The *°F NMR spectrum of 15 shows a broad doublet at § -175.7
(Fig 2. 20a) which is assigned to the distal fluorine in addition to a broad resonance
at & —315.1 assigned to the proximal fluorine,® but the resonance of the distal fluorine is
missing in the *°F NMR spectrum of (PMes),RuF, which shows only a single resonance at &
—325.4. So it is concluded that HF from 15 is removed by TMAF and (PMes)sRuF; is
synthesized. The *H NMR spectrum of 15 also shows a doublet at § 13.4, assigned to the

33

acidic hydrogen (Fig 2. 20b) while this resonance disappears from the 'H NMR

spectrum of (PMe3)sRuF.
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(@) (b)

WWM

—175 —180 —185 140 135 130 125 ’

Fig 2. 20 (a) *°F NMR spectra (407.4 MHz) of the distal fluorine of 15 (b) *H spectrum
(500.1 MHz) of 15 showing the acidic hydrogen in C¢Dg at room temperature .
The NMR spectrum of (PMes)sRuF, was also fitted with gNMR3* (Fig 2. 22 a & h).
The calculated *'P spectrum showed quite good agreement with the experimental spectrum.
©)3

Tpp=-33 l l

P

p F < (3)-320
Fop= -33{ %
d) 22 \j/
© JPF— 220 ™

Jpp= -30

JPF: 220

Fig 2. 21 (a) Chemical shifts and coupling constants (Hz) for cis-(PMes); RuF, (16)
developed by simulation of NMR spectra
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(b)

JUmMIL LUUWADL

228 224 220 216 212
Fig 2. 22 Calculated *'P NMR spectra (202.46 MHz) of 16 (b) trans phosphorus (c) cis

phosphorus.

The LIFDI mass spectrum of (PMe3)sRuF, gave a molecular ion peak at m/z 444.
Ru(dppe) 2H(FHF) (18) and trans-Ru(dppp).H(FHF) (20) were prepared from the
reaction of corresponding dihydride with EtsN.3HF and characterized by multinuclear

NMR spectroscopy.*®
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2.2.2.3 Complexes of Platinum
cis-Pt(PPhs),F> 21'° is a white solid prepared from the reaction of Pt(PPhs),l, and AgF at
room temperature. The synthesis of the compound was followed by NMR spectroscopy.
The F NMR spectrum (Fig 2. 23a) shows a resonance at 6-215.75 (AA"MXX', Jp(is)F =
14.7 Hz, Jrr = 85.1 Hz). The *P NMR spectrum (Fig 2. 23b) shows a resonance at 54.45
(AA'MXX', Jpr = 3832 Hz, Jp(transyr = 179.4 Hz, Jpisyp = 22.4 Hz). These values are in
close agreement with literature.'® *

The *F NMR spectrum also shows a small resonance at §—228.04 and the *'P
NMR spectrum shows resonances at ¢ 8.1 which are assigned to the unknown impurities
present in the compound. There is another resonance in *'P NMR spectrum at §12.02 for
the starting material. For purification the compound was washed with hexane and the

fluorinated impurities were removed but impurities containing phosphorus are still present.

(@)

Wﬁ b ppm

1 | T | T \ \ \
-214 -216 -218 -220 -222 -224 -226 -228 ppm

(b)

.17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 p
Fig 2. 23 (a) *°F NMR spectra (500 MHz) of 21 in CDCls at room temperature and (b) *!P
NMR

The NMR spectrum of 21 was also fitted with gNMR** (Fig 2. 25). The calculated

31p and *°F spectra showed quite good agreement with the experimental spectrum.
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‘JPF =180
| () -216

P F
Jop =21 { \Pt > Jer = 88
™~

P
F
(9 45/

}

‘JPF =18

Fig 2. 24 Chemical shifts and coupling constants (Hz) for cis-(PPhs),PtF, developed by

simulation of NMR spectra

(@)

(b)

.

| T T T
2155 -216.75 -216.0 -216.25 216.5

Fig 2. 25 Calculated (a) **P NMR and (b) *F NMR spectra (500 MHz) of 21
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2.2.2.4 Difluoride complexes of zinc and cobalt

[Zn(DMEA),F;] (24) and Co(DMEA)F,] (25) were prepared by reacting anhydrous ZnF,
and CoF, with N,N-dimethylethylene-1,2-diamine respectively. These compounds were
handled in plasticware as they react with the glassware. The compounds were partially
dried under vacuum (2-3 h) and were left in the glove box to get fully dry. Complexes 24
and 25 were previously isolated by S. Nazir and the crystal structures of dihydrates was
determined (Fig 2. 28, and Fig 2. 30). However Nazir’s synthesis did not yield satisfactory

analytical data and there was no mass spectrometric data.

e Me Me
\l / \I /
/ | \ / | \
(24) (25)

The *H NMR spectrum of 24 shows two triplets at § 2.84 (Jun = 5.12 Hz, 4H), 2.47
(Jun = 5.77 Hz, 4H) and a singlet at ¢ 2.30 (12H) corresponding to the two CH;, and CHjs
groups respectively. The *F NMR spectrum shows a singlet at & —152 assigned to the two

metal fluorides (Fig 2. 26 a & b).
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(@)

N

T I T T

T 1 1 1
) 48 46 44 42 40 38 36 34 32 30 28 26 24 ppm

(b)

Fig 2. 26 (8) *H NMR and (b) *F NMR spectra (500 MHz) of 24 in CD;OD at room

temperature

Fig 2. 27 displays the ESI mass spectrum of complex 24. The peak at 259.1 results

from the loss of fluoride ligand from the compound [M—F]". Other peaks at 239.1

corresponds to [(M—-HF,]".
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2391

2591

m 271.0 2791 2931
; ' o fid 7 Mn 5 . foa s Aps
220 240 260 280 300

Fig 2. 27 ESI mass spectrum of 24 in CH;OH

The formation of 24 was further by elemental analysis and the observed percentages of carbon,
hydrogen and nitrogen (C, 31.58; H, 9.11; N, 18.39) are within the specified limits.

Fig 2. 28 unit cell diagram of [Zn(DMEA),F,;]H,0O (50 % probability ellipsoids)

The ESI mass spectrum of complex 25 shows a peak for the molecular ion [M]" at
m/z 273. Sodiated molecular ion peak [M+Na-H]" and molecular ion peak coordinated to
ammonium ion [M+NH4]" appears at m/z 295 and 281 respectively. Other ions at m/z 254
[M—F]" and 233 [M—2HF]" correspond to the daughter ions form by the loss of F~ and HF
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ligands. The exact mass was found to be 273.1294 which is in close agreement with the
calculated (273.1301).

[M+NH4]+ [M+Na-H]+

295.0
281.0
[MI*
273.0
[M-2HF]*
2530 243.0 [M-F]"
254.0
A i . H.A.» )"L_?. AP o _/I‘I Db : JJ IAJ\
240 250 260 270 280 290

Fig 2. 29 ESI mass spectrum of 25 in CH3;OH

The formation of 25 was further by elemental analysis and the observed percentages of carbon,
hydrogen and nitrogen (C, 35.80; H, 8.40; N, 19.48) are in close agreement with the calculated
(C, 35.17; H, 8.85; N, 20.51).

Cdab

Fig 2. 30 Complete unit cell diagram of [Co(DMEA),F;]. 2H,O (50 % probability
ellipsoids)
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2.3 Discussion

2.3.1 NMR spectroscopy of transition metal fluoride complexes
Characterization of metal fluoride complexes is greatly assisted by the °F NMR
spectroscopy. For late transition metal fluoride complexes, an upfield resonance is observed
that is in a region quite distinct from that of organic fluorine. The **F NMR spectra for
Rh(PPh3)sF exhibit a resonance at ¢—286.3 (ddt) for Rh-F and cis— Pt(PPhs),F, at 65—
216.34 for Pt-F. Note that the *°F resonance of these d® metal fluoride complexes appears in
a completely different region from the corresponding resonance of the d® complexes. For
instance, the *>F NMR spectrum of (Cp*),TiF, exhibits a sharp resonance (C¢Ds) at 574.7
which is assigned to the two metal fluoride nuclei.®* The **F NMR spectrum of (Cp*),ZrF,
shows a sharp resonance (C¢Dg) at §28.7.2%2,
The *F NMR spectrum of [NiF(2-CsNF4)(PEts),] shows a triplet at 5§-371.35 for the
metal fluoride and four mutiplets ( 6-173.4,-150.8,-131.3and -84.7) for the
fluoropyridyl ligand. [TiF(2-CsNF,)(Cp*), shows an analogous pattern for the fluoropyridyl
ligand while the metal fluoride resonance appears at §128.8.24%

The F NMR spectra of bifluoride and bis-bifluoride complexes of ruthenium i-e 15,
18 and 20 contains two resonances, the resonance for proximal fluorine appears at 6—290

to —355 while for the distal fluorine at 6—160 to —175.

2.4 Conclusion

Transition metal fluoride monofluoride complexes were synthesized and characterized
successfully by multinuclear NMR and LIFDI mass spectrometry but with ESI the fluoride
ligand was lost due to its lability. Similar behaviour was observed by Henderson with
transition metal halide complexes.® On the other hand metallocene difluoride complexes of

group 4 retained one or both of the fluorides in ESI mass spectrometry.
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Table 2.3 F and *'P NMR data chemical shift (&), coupling constant J/Hz, of transition metal fluoride complexes

Complex 5(*°F) 5(3'P)

trans-NiF{2-CsNFa(4-  —367.8 (t) Jpe= 47.41, —91.27 (t) J= 28.09, 12.7 (d) Jpe= 48.19

NMe,)}(PEts), ¥ ~121.1 (d) J= 26.76, —164.33 (d) J= 28.59

trans-NiF{2-CsNFs(4-  —368.78 (t, 1F) Jpr = 45.69, -170.11 (d,1F) Jer=28.50  13.05(d)

OMe)}(PEts), ** ~128.33 (d,1F) Jer = 27.99, -88.71 (1, 1F) Jr = 28.52 Joe- 48.06

Rh(PPhs)sF ¥ —285.0 (b) 31.5 556.3

Pt(PPhs),F1 (10) ~310.68 (Jpie = 541.4 Hz, Jpr = 18.6 H2) 15.84 (Jpr = 19.2 Hz, Jpe = 268.9 Hz)

(Cp*):TiF, (11) 74.69 (s) -

(Cp*)2ZrF; (12) 28.72 (s) -

(Cp*);HfF, (13) ~17.51 (s) -

(PMes),Ru(FHF, (15)  —315.1 (b), —175.7 (d)

(PMes)sRUF; (16) ~325.4 (b) 2.98 (quintet) (Jpr = 30.9 Hz,
Jer = 30.9 Hz)21.22 (m) 2.22 (m)

Cis-Pt(PPh),F> (21)  —215.75 (AA'MXX', Jpeisr = 14.7 Hz, Jer = 85.1 Hz) 4.45 (AA'MXX', Jpg = 3832 Hz,

Jp(trans)E = 179.4 Hz, Jp(cis)p = 22.4 Hz)
Zn(DMEA),F, (24) ~152 (s)
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LIQUID INJECTION FIELD DESORPTION/IONIZATION OF TRANSITION
METAL FLUORIDE COMPLEXES

3.1 Introduction

Transition metal fluoride complexes have several characteristics that are significantly
different from their analogues with heavier halides. The realization that they have special
properties has led to a surge of interest in the last few years. They are prone to
rearrangements involving other ligands especially phosphines,™? they are highly polar
and readily form complexes with hydrogen bond donors and halogen bond donors,?* they
are capable of C-F reductive elimination in special circumstances.>® They may be formed
with the aid of a wide variety of fluorinating agents such as XeF,, EtsN.3HF, AgF,
etc.,2%® but a method of particular interest to us has been C-F oxidative addition.”?

Characterization of metal fluoride complexes is greatly assisted by *F NMR
spectroscopy. For late transition metal fluoride complexes, an upfield resonance is
observed that is in a region quite distinct from that of organic fluorine. In contrast, mass
spectrometric characterization has proved extremely troublesome, because of loss of
fluoride or loss of HF.

Electrospray ionization (ESI), although a soft technique, cannot be used to
characterize late transition metal fluorides. Most fluoride complexes are neutral
molecules and require protonation or association with Na'/K" to observe, but in practice
as for other halide complexes, the metal fluoride bond is too labile.?

Electron impact ionization % has been used occasionally to characterize fluoride
complexes but the molecular ion was very weak and the compound showed
decomposition.* Fast atom bombardment (FAB) has also met with very limited success.

Another soft technique called field ionization (FI) was introduced by R. Gommer
and M.G. Inghram which can be used with volatile compounds. The sample is introduced
in the mass spectrometer in the gas phase using a micro oven where the ions are formed
by electron tunneling and the positive ions are pushed towards the emitter. FI was
inconvenient because of the use of very high voltage and a very delicate emitter. FI was
later extended to non-volatile samples via deposition of a sample on the emitter called
Field Desorption.?*%

Field desorption (FD) is a soft ionization technique of interest for inorganic

chemists as it is capable of analysing involatile compounds of low to medium polarity,
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but it was formerly considered as experimentally very demanding.?®?’ Nevertheless, it
has been used successfully to analyse transition metal complexes with weakly bonded
ligands.?®#®® Mass spectra produced by FD show little or no fragmentation and are
dominated by molecular radical cations M** while protonated molecules are formed less
often.”® In the FD technique, the analyte is applied as a thin film directly to the emitter, or
small crystals of solid materials are placed onto the emitter. Slow heating of the emitter
then begins, and application of the electric field causes the desorption of intact molecular

ions from the regions of high electric field gradient.?

20.0F 825

Fig 3. 1 (a) Emitter used with FD probe® and (b) close view of the emitter®!

30,32 can now be conducted much faster

The recently developed LIFDI technique
and more easily. Neutral transition metal complexes often ionize without fragmentation
and do not undergo protonation or ion attachment. Transfer of air/moisture sensitive
analyte solutions is carried out from a vial (loaded in the glove box) to the FD emitter in
the ion source through a fused silica capillary under an inert atmosphere without breaking

the vacuum. ?°
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Fig 3. 2 (a) Silica capillary®* and (b) LIFDI probe

A time-of-flight analyzer is suitable with ion sources which generate ions in a
pulse. A pulse of ions is generated by the LIFDI probe and is accelerated from the FD
source by application of a high voltage (about 1200 V) into the orthogonal TOF tube
where the potential energy is converted to kinetic energy.

K.E =zeV

Since KE = 1/2mv?, the resulting velocity depends upon the inverse square root of the

mass. Kinetic energy can also be expressed in terms of the Newtonian equation.
KE = % m(dx/dt)?

Then:
26V = % m(dx/dt)?

By rearranging this equation, m/z for a given ion can be determined

m/z = 2eVAt?/Ax?

where m is the mass, At is the time of flight and Ax is the path leng‘[h.26 B

69



Chapter three LIFDI transition metal fluoride complexes
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Fig 3. 3 Schematic representation of the LIFDI-TOF mass spectrometer

In order to obtain high resolution spectra, TOF analyzers are kept at low pressure to avoid
collisions as the resolution is based on the time of flight of the ions.

In a time-of-flight mass spectrometer, ions are accelerated by an electric field of
known strength, all of which arrive at the detector within a few microseconds and ions
having close m/z values are separated by less than a nanosecond. Microchannel plate
(MCP) detectors consisting of an array of small electron multipliers are used to ensure
that all the ions are collected.?

Recently, Perutz et al found that Liquid Injection Field Desorption lonization
(LIFDI) vyielded high quality mass spectra for some platinum complexes with
conspicuous parent ions. With LIFDI mass spectrometry, molecular ions were observed
for cis-[Pt(F){2-CsNHF,(CF3)}(PiPr3),] and trans-[Pt(F){2-CsNHF,(CF3)}(PCys),] at
m/z 715.3 [M]" 100% and 955.4 [M]* 50% respectively.**
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The purpose of the study was to investigate whether LIFDI in association with a
time-of flight mass spectrometer is generally applicable to the characterization of air-

sensitive transition metal fluoride complexes.

3.2 Results

The LIFDI measurements were performed on a Waters Micromass GCT Premier
orthogonal time-of-flight instrument set to one scan per second with resolution power of
6000 FWHM and equipped with a LIFDI probe from LINDEN GmbH. The design is
very similar to that described by Gross et al.*

Toluene was used for tuning the instrument. The polyethylene glycol probe was
kept at ambient temperature with the emitter potential at 12 kV. Activated tungsten wire
LIFDI emitters (13 mm tungsten from LINDEN) were ramped manually up to 100 mA
for the emitter heating current during the experiment. Repeated short baking at 90 mA
was used to clean up the emitter after each experiment. Solutions of the analytes (ca. 1
mg mL™*) were made up in toluene or THF (a low freezing solvent is required in order to
prevent freezing in the capillary) in the glove box and transferred to a small vial. Transfer
from the vial to the emitter is carried out by capillary. The spectra were calibrated with

polyethylene glycols.

LCD monitor

[ APPARATUS ON |

| DoNotTumoff

In Case of Emergency or Malfunction Contact

Fig 3. 4 LIFDI-TOF mass spectrometer
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The ESI mass spectra were obtained using Esquire 6000 (Bruker Daltonics,
Berman, Germany) mass spectrometer equipped with quadrupole 3D ion trap, having
scan speed of 13000 m/z /s. The ESI source is of an orthogonal sprayer design and was
operated at a spray voltage of 3-4 kV. Data were collected in standard scan mode.
Nitrogen was used as bath gas (200-300°C; 300-600 L/h) and nebulizing gas (5-10 psi).
The analyte solution was introduced into the mass spectrometer by a syringe pump
employing a 500 L syringe. The sample solution was introduced at constant flow rate of
240-480 plL/h.

The theoretical isotope patterns for mass spectra were calculated using the
“‘Fluorine chemistry mass spec simulator’”.*> Mass peaks are quoted for “*Ti, *®Ni, %zr

and °2Ru.
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Table 3.1 List of stable isotopic masses and their natural abundance®

Atomic | Element No of Isotopes of element and their natural abundance (%)

No isotopes

1 Hydrogen 3 | 'H (99.99), °H (0.015)

6 Carbon 5 | *C (98.93), *C (1.07)

9 Fluorine 1 | F (100)

17 Chlorine 2 | ¥Cl (75.78), ¥'Cl (24.22)

22 Titanium 5 | %°Ti (8.25), “'Ti (7.44), ®Ti (73.72), **Ti (5.41),
0Tj (5.18)

27 Cobalt 1 |*°Co (100)

28 Nickel 5 | °®Ni (68.08), ®Ni (26.22), °'Ni (1.40), ®Ni (3.63),
*Ni (0.93)

30 zZinc 5 | *Zn (48.63), ®zn (27.90), °"Zn (4.10), ®®zn (18.75),
°7n (0.62)

40 Zarconium 5 | *Zr (51.45), *'Zr (11.22), %zr (17.15), *Zr (17.38),
%Zr (2.80)

44 Ruthenium 7 | *Ru (5.54), ®*Ru (1.87), *Ru (12.76), *®Ru (12.60),
101Ru (17.06), %Ru (31.55), **Ru (18.62)

45 Rhodium 1 | ®Rh (100)

72 Hafnium 5 | YHf (0.16), "°Hf (5.26), *'"Hf (18.60), 1"®Hf (27.28),
191f (13.62), *°Hf (35.08)

75 Rhenium 2 | ®Re (37.4), ¥Re (62.6)

78 Platinum 5 | 1Pt (0.01), %Pt (0.78), %Pt (32.97), Pt (33.83),

1%py (25.24), 1%pt (7.16)
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3.2.1. Characterization of Transition metal monofluoride complexes by LIFDI

Our initial studies centred on mass spectrometry of nickel fluoride complexes made by C-
F oxidative addition of hexafluorobenzene and of fluorinated pyridines. All the
compounds were characterized successfully by liquid injection field desorption ionization
(LIFDI).*" Electron Impact (E1) showed complete decomposition of these complexes. For
ESI mass spectrometry, we used fluorinated pyridines with dimethylamino and methoxy
groups at the 4-position in the expectation that they would be sufficiently basic for

protonation or sodiation.

3.2.1.1.Complexes of nickel

Complex 1 (trans-NiF{2-CsNF3(4-NMey)}(PEt3),) and 2 (trans-NiF{2-CsNF3(4-
OMe)}(PEts),) were described in Chapter Two. They both were studied by the LIFDI and
ESI techniques. LIFDI of 1 gave the molecular ion [M]" as base peak at m/z = 488 (Fig 3.
5 a) while ESI gave decomposition. Further peaks correspond to the contributions from
the various Ni isotopes and **C. There is excellent agreement between the observed and
calculated isotope patterns (Fig 3. 5 b & c).
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Fig 3. 5 Mass spectra (LIFDI) of 1 in toluene (a) Full scale spectrum (b) calculated and

(c) expansion of the experimental spectrum

Complex 2 behaved in a similar way with the LIFDI spectrum showing the molecular
ion at m/z = 475 as base peak (100%, Fig 3. 6) and other peaks at 477-479 are consistent

with Ni and C isotopes. The ESI spectrum gave decomposition.

4752
100

4772

4762

4782
I‘ 4792

' r
T T T T

mz

466 468 470 472 474 476 478 480 482 484 486 488

Fig 3. 6 Mass spectra (LIFDI) of 2 in toluene
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Mass
475.0
476.0
477.0
478.0
479.0
480.0
481.0
482.0
483.0
484.0

Relative abundance
50.84

10.27

22.40

5.28

3.59

0.65

0.80

LIFDI transition metal fluoride complexes

0.15 Figs 3. 7 Theoretical isotope resolution pattern

0.02
0.00

calculated with the “Fluorine chemistry mass

simulator®

Complexes 3, 5 and 6 have been reported previously,* but gave mass spectra with

very weak molecular ions (0.5%) by EI methods. We have now re-investigated them by

mass spectrometry using LIFDI technique. LIFDI of 3, 5 and 6 gave the molecular ion
peaks [M]" as base peaks (100%) at 463, 445 and 480 respectively. With ESI, the

compounds showed decomposition. The data are summarized in table 3.2.
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Table 3.2 Calculated and observed isotopic signature in LIFDI mass spectrum for Ni(PEts)2(CsFsN)F (3)%; Ni(PEts),
(CsF3sHN)F (5), Ni(PEt3)2(CeFs)F (6)*

Complex 3 Complex 5 Complex 6
m/z Calcd Obsvd m/z Calcd Obsvd m/z Calcd Obsvd
463.0 100 445.0 100 100 480.0 100 100
464.0 19.1 20.5 446.0 19.1 19.4 481.0 20.2 20.7
465.0 43.6 39.6 447.0 43.6 425 482.0 43.8 43.1
466.0 9.9 9.28 448.0 9.9 9.6 483.0 10.3
467.0 6.8 6.2 449.0 6.8 55 484.0 6.9 7.2
468.0 1.2 1.3 450.0 1.2 0.9 485.0 1.3 1.2
469.0 1.6 1.9 451.0 1.6 1.37 486.0 1.6 1.8
470.0 0.3 0 452.0 0.3 0 487.0 0.3 0
471.0 0.0 0 453 0.0 0 488.0 0 0

77



Chapter three LIFDI transition metal fluoride complexes

3.2.1.2. Complexes of rhodium and ruthenium

The formation of Ru(PPhs)3(CO)(H)F (7) and Rh(PPhs)sF (8) was confirmed by
comparison with literature NMR data.>*® The LIFDI spectrum of 7 showed [M—-HF]* (m/z
= 916) as base peak, and the molecular ion with intensity 27% (m/z = 936) (Fig 3. 8).

916.2
100
915.2
o 918.2
914.2
9132 936.2
919.2
934.2|[ 9372
0 : . : .l". ; . ‘ ||.___|I. — MZ
890 900 910 920 930 940

Fig 3. 8 LIFDI mass spectrum of complex 7

The LIFDI spectrum of 8 also showed [M—-HF]" (m/z = 888) as base peak and the
molecular ion with 10% intensity (m/z = 908) (Fig 3. 9).

In contrast, the ESI spectrum of 8 showed [M—F]" as base peak and no molecular
ion. Since the NMR spectrum of 8 showed resonances of the isomer, Rh(PPhs),(PPh,F)Ph,?

as a minor species, we cannot exclude the isomer as the source of the molecular ion.

89



Chapter three LIFDI transition metal fluoride complexes

100 §88.2

8389.2

%o

390.2
908.2

0 T T ¥ =L T T T | L 1 1 rmllz
875 880 885 890 395 00 905 910 915

Fig 3. 9 LIFDI mass spectrum of complex 8

3.4.1.1. Complexes of platinum
Pt(PPhs).FI (10) was also studied by mass spectrometry using LIFDI and ESI techniques.
LIFDI (Fig 3. 10) gave the molecular ion peak [M]" at m/z = 865.05 as base peak. The
other peaks are at m/z = 864 and 866 which are consistent with Pt isotopes (table 3.1). A
major peak is at m/z = 972 which is assigned to molecular ion of [Pt(PPh3).l5]" (9) [M'T"
present as unreacted starting material. The peak at m/z = 846 is assigned to [Pt(PPhs),I]"
which is the daughter ion of complex M™ as [M™—I]".

Fig 3. 11 displays the ESI-MS of Pt(PPhs).IF. The peak at m/z = 845.9 arises by
the loss of fluoride ligand from the compound [M-F]*. The other peak at m/z = 777.1

corresponds to [(M—-1)+K]" respectively.

90



Chapter three LIFDI transition metal fluoride complexes
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Fig 3. 10 Liquid Injection field Desorption lonization mass spectrum of Pt(PPhs),IF
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Fig 3. 11 Mass spectrum (ESI, positive ion) of Pt(PPhs).IF

3.2.2. Characterization of Transition metal difluoride complexes by LIFDI
3.2.2.1. Difluoride complexes of Titanium, Zirconium and Hafnium

(Cp*).TiF, (11), (Cp*).ZrF, (12) and (Cp).*HfF, (13) were also studied by mass

spectrometry using LIFDI and ESI techniques. Excellent agreement between observed and
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calculated isotope patterns was observed for all the major peaks. The LIFDI spectrum of 11
gave the molecular ion peaks [M]" at 356 as base peak (100%, “*Ti). Other peaks at 354,
355, 357 and 358 are consistent with Ti isotopes (see table 3.1). ESI-MS of 11 gave ion
peaks at 337 [M-F]", 379 [M+Na]" and 395 [M+K]" with significant intensity (from
CH3CN solution) (Fig 3. 14).

100 A 356.2

D/fo -

35423552 358.2

348 350 352 354 356 358 360 362 364 366 z

Fig 3. 12 Mass spectrum (LIFDI) of 11 in toluene.

Mass relative abundance

354.0 6.32

355.0 7.26

356.0 60.58

357.0 17.82

358.0 6.65

359.0 1.15

360.0 0.11 Fig 3. 13 Theoretical isotope resolution pattern
361.0 0.01 of 11 calculated with Fluorine chemistry mass

spec simulator *
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379.1
[M+Na]

[M-FT*

337.1

340 360 380 400

Fig 3. 14 Mass spectrum (ESI, positive ion) of [(Cp*),TiF,]" 11 (from CH3CN solution)

For 12 LIFDI gave the molecular ion at 398 (100%, *°Zr) (Fig 3. 15) while the other
ions at 399, 400, 401 and 401corresponds to **Zr, %zr, %Zr and **zr respectively. For ESI-

MS of 12 ion peaks appeared at 421 [M+Na]" and 437 [M+K]" (from CH3CN solution) (Fig
3.16).

1001 398.1

D/;l] -

400.1
4021

'] T T T T T T T T T ! IIl T T T T T T T mJ'I.Z
320 340 360 380 400 420 440 460 480
Fig 3. 15 Mass spectrum (LIFDI) of 12 in toluene.
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4213
[M+Na]"

[M+K]"
4372

439.2

Fig 3. 16 Mass spectrum (ESI, positive ion) of 12 in CH3CN.

Complex 13 synthesized from the reaction of (Cp)*HfCl, with NaF was also characterized
by mass spectrometry. LIFDI gave the molecular ion (m/z = 488) as base peak and the ion
distribution was in close agreement with the isotopic pattern of hafnium. The ESI spectrum

showed the sodiated molecular ion.

100 - 488.2
a
] ( ) 486.2
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Fig 3. 17 Mass spectrum (LIFDI) of 13 in toluene (a) calculated and (b) observed.
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Fig 3. 18 Mass spectrum (ESI, positive ion) of 13 in CH3CN.

3.2.2.2. Ruthenium difluoride , bifluoride and bis bifluoride complexes
Ru(PMej)s(F), 16 was also characterized by mass spectrometry. LIFDI gave the molecular
ion at m/z 444 as base peak and Ru(PMes)4(CI)F at 460.

100- 444.1
442.1
o 441.1
460.1
446.1
440.1 459.1 i
439.1 458.1
| | 457.1
0 l'.:l'_l=_|.' ; l.l'l_l I s |I|||_ I_.lI S
420 430 440 450 460 470

Fig 3. 19 Liquid Injection field Desorption lonization mass spectrum of 16
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The LIFDI mass spectrum of (PMes);sRu(FHF), (15) shows a peak at m/z = 444.1 and
716.1 corresponding to [(PMes)sRuF,]" and [(MesP)sRu(u—F)sRu(PMej3)s]”. The peak at m/z
= 476 may be from [(PMe3),RuCIF]* and 732 may be assigned to a bridged complex having
one fluoride ligand replaced by chloride ligand [(MesP)sRu(u—F)2(u—-Cl)Ru(PMes)s]” (Fig 3.
20). The calculated spectra for the above mentioned ions agree very closely with the observed
spectra. Peaks can also be observed for [(MesP)sRu(u— F)(u—Cl);Ru(PMes); and
[(MesP)sRu(u—Cl)sRu(PMes); at m/z 748 and 764 respectively.*® The source of the chloride
appears to be the [RuCIl,(COD)] used as a starting material for the synthesis of (PMe3);sRuH;
(14) from which (PMej3)4Ru(FHF), was synthesized.

100 -

[(MesP)sRu(u—F)sRu(PMes)s]"

7160

T150(719.0
7320

7310

[Ru(PMej),F,1"

7110

% —
7480
/ 70 [Ru(PMes)FCIT 7350
_ 7670

751.0

4440 yr5p

T69.0

T ; ; L[l mz
440 460 480 500 520 540 560 580 600 620 640 660 680 70O 720 740 760 780

0+

Fig 3. 20 Liquid Injection field Desorption lonization mass spectrum of 15

From the comparison of the spectra of complexes 15 and 16 it is concluded that bifluoride
complexes are thermally not very stable.

The LIFDI spectrum of Ru(dppe).H(FHF) (18) gave ions at m/z 936, 918 and 899
corresponding to the loss of H,, HF and FHF respectively. As ions at m/z 899 and 918
appears with quite strong intensity, it further strengthens the conclusion that bifluoride

complexes are thermally not very stable.
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Fig 3. 21 Liquid Injection field Desorption lonization mass spectrum of 18 in toluene.

3.3 Discussion
Nickel monofluoride complexes 1, 2, 3, 5 and 6 synthesized by C-F oxidative addition of
hexafluorobenzene and of fluorinated pyridines were studied by mass spectrometry. All the

13" while they showed decomposition

compounds were characterized successfully by LIFD
with El and ESI. Since this work was performed, Perutz et al. reported nickel fluoride
complexes characterized by LIFDI mass spectrometry including trans-[Ni(F)(2-
CsNF4)(PCys)2] trans-[Ni(F){2-CsNF,H(CF3)}(PCys)2] and trans-[Ni(F){2-
CsNF,H(CF3)}(PCyps).] showing 100% of the molecular ion.** Complexes of rhodium
were recently reported to be characterized by LIFDI in the group. Examples are
Tp RhF(CsNF4) and Tp Rh(CNR)F (R = neopentyl) which showed the molecular ion with
high intensity.

Goldman characterized iridium complexes (PCP)Ir(CH3)F (PCP = «3-CgH3-2,6-
[CH,P(t-Bu),],) by LIFDI observing the molecular ion peak as a base peak.*

The reason that fluoride complexes are not stable in ESI (although a soft technique) is
the lability of fluoride ion. Henderson studied transition metal monohalide complexes by

ESI-MS and general ionization via loss of halide ion was observed due to the lability of
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halide ion. In some cases the loss of the halide ion was followed by coordination of the
solvent molecule such as CHsCN.?

Certain  dihalide complexes like  cis[PtCl,(PPhs),], cis[PtCl,(dppe)], cis
[CpIrCly(PPh3)] and [(p-cymene)RuCly], were analysed by ESI-MS in positive ion mode.
The ionization pathway observed at high voltage was the loss of one halide ligand from the
molecule and the spectra were dominated by [M-halide]*.? Similar behaviour was observed
with the difluoride complexes. In the ESI-MS spectra, complexes 11, 12 and 13 showed
[M-F]" ions as well as sodiated and potassiated molecular ions. Sodium and potassium ions
are present in the mass spectrometer.?® On the other hand LIFDI spectra of the above
mentioned complexes gave the molecular ion at 100% intensity. It is important to note that
LIFDI is very good for Ni complexes, but is not needed for the difluoride complexes of Ti,
Zr and Hf.

LIFDI is not very good for high molecular mass compounds because more heat is
required for molecules to evaporate from the emitter which can lead to decomposition. The
ruthenium complex, Ru(PPh3)3(CO)(H)F showed a molecular ion of 27%, while the
fluorine analogue of Wilkinson’s complex, Rh(PPhs)sF, showed a much weaker molecular
ion. Both of these molecules showed loss of HF as the base peaks.

LIFDI is not very suitable for the bifluoride complexes as they have lost HF and
converted to difluoride and bridged complexes.

3.4 Conclusions

The LIFDI method has proved very successful for the mass spectrometric characterisation
of a range of metal fluoride complexes. The nickel complexes had been very difficult to
identify mass spectrometrically by conventional ionisation methods but gave the molecular
ions as base peaks by LIFDI. We have also observed the molecular ions as base peaks for
platinum complexes.®* Nevertheless, there are other examples of higher molecular mass
than the complexes reported here that were less successful. We have also analyzed
bifluoride and bis-bisfluoride complexes of ruthenium by LIFDI but the spectra are

dominated by ions formed by loss of HF from the molecule. They also underwent other
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complicated reactions leading to dinuclear complexes. These observations further

strengthen the conclusion that bifluoride complexes are thermally not very stable.

99



Chapter four CID of transition metal complexes and MCA’s

COLLISION INDUCED DISSOCIATION OF TRANSITION METAL
COMPLEXES AND MULTILY CHARGED ANIONS

4.1 Introduction
Electrospray mass spectrometry is a soft ionization technique'? and of great interest for
inorganic and organometallic chemists.>* The development of this technique started from
the work of Dole and co-workers in 1960’s. Much current importance of this technique
derives from the work of Fenn who in 1984 coupled electrospray source with a quadrupole
mass analyzer.™® It is especially useful in producing gas phase ions from macromolecules
by spraying a solution from the tip of an electrically charged capillary. The development of
electrospray ionization for the analysis of biological macromolecules was rewarded with
the Nobel Prize in Chemistry to Fenn in 2002. °

The combination’ of electrospray (ESI) ionisation with quadrupole ion trap
(QIT),2® has brought a revolution in mass spectrometry. The quadrupole ion trap (QIT) was
invented by Wolfgang Paul, for which he was awarded nobel prize in 1989'°. A QIT
provides multi-stage mass spectrometry capabilities to manipulate ions and examine

structure and reactivity by collision induced dissociation (CID) and gas phase ion molecule

reactions.**!
Quadrupole Ion Trap
Focussing Octapole '
Electrospray ussing P Detector
o
D )  —)
— b — |
’ ’ Helium Bath Gas
\ + Neutral Reagent
Synthesm
Purification
Reactivity

Fig 4. 1 “Simplified schematic diagram of ESI-QIT mass spectrometer. lons are generated
and passed into the QIT through focusing octapoles. CID takes place in the QIT where ions
can be synthesized, purified by mass selection and subjected to reactivity using either CID

or ion—molecule reactions.”!
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Collision induced dissociation (CID) is a process during which ions are excited by
increasing their internal energy upon collision with neutral gas molecules (noble gases such
as helium or nitrogen etc), these excited ions undergo decomposition/fragmentation. CID is
also referred as collision activated decomposition (CAD).

The CID process consists of two steps, (i) collision of fast ions with neutral gas
atom (helium) when translational energy is converted to internal energy and (ii) the
fragmentation of the collisionally excited ion. The ion in its activated form redistributes its
energy among its vibrational modes (3N-6 for an ion with N atoms in a non-linear
molecule). The first step should be longer than the second (quasi equilibrium). *2

The CID method acquired much importance with the advent of soft ionization
techniques like electrospray and chemical ionization because these methods provide
information about the molecular ion. CID is very useful in providing structural information
through the fragmentation pattern of molecules. **

In a tandem mass spectrometer the mass analyser can be separated either in space
(triple quadrupole and quadrupole time—of—flight), or in time (ion trap, Fourier Transform
ion cyclotron). In the triple quadrupole, the first quadrupole (MS1) is set so that it passes
only ions of a certain m/z value. Fragmentation occurs in the collision cell which is
occupied by inert gas (typically argon) to assist in fragmentation. The third quadrupole

(MS2) scans the mass range of interest and generates the daughter ion spectrum.

-

MS1 Collision Cell MS2

Fig 4. 2 Schematic diagram of a triple quadrupole mass spectrometer

In a MS/MS in time instrument, all the steps of MS with ions trapped occurs in the same

place, with multiple separation steps taking place over time. A quadrupole ion-trap has

constant background pressure of 107> mbar, so the instrument does not need to be evacuated
and refilled between different steps. A trapping instrument can perform multiple steps of

analysis, which is sometimes referred to as MS" (n = 1 to 10).**
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High energy CID is only suitable with the sector and TOF mass spectrometer
because they analyze ions with high energies (keV). A collision cell is useless with these
conditions. Just a region having collision gas is sufficient but in this method the loss of ions
is high which makes CID less efficient. Triple quadrupole, ion trap and ion cyclotron mass
spectrometers are suitable for measuring low energy CID.

Dimethylaurate has been investigated for its synthesis and gas phase reactivity by
O’Hair et al using negative ion electrospray ionization source coupled with an ion trap mass
spectrometer.’*  Dimethylaurate was synthesized from gold(lll) tetraacetate
[(CH3CO,)4Au]” through multisteps of low energy CID. In the first two steps (i-e MS* and
MS?) [(CH3CO,)sAu]  loses acetyl peroxide (CHsCO,), and vyields the gold(l) acetate
anion [CH3CO,AuUO,CCHgs]".

The MS® spectrum of [CH3CO,AuO,CCHs]™ shows that CID proceeded through
decarboxylation yielding [CH3CO,AuCHgz]".

CHyCO,AU0,CCHy — 2 > CH,COLAUCH,™ + COp oo A1

CH3002_ + AUO2CCH3
The examination of the CID MS* spectrum of [CH3sCO,AuCHSs]™ shows the loss of CO,
and yields [CH3AuCH3]™ which is the desired product. Formation of CH3CO; is observed

as a minor product.

CH3COLAUCH;" C(_I;D > CH3AUCH;™ + CO,  =eceeecnne- 42
1

(i)

CH3CO,™ + AuCHj
Minor
It was realized that it is easy to study formation, synthesis and reactivity of
organometallic complexes in gas phase so that the solvent effects can be avoided. The ions
of interest can be synthesized from the precursor ions through ESI followed by CID. The

fragmentation pathway of diethylcuprate was also observed through a low energy CID
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experiment and it was shown that the dominant fragmentation product is hydride
[CH3CH3CuH] formed through s-hydride transfer and this was further confirmed by using
the deuterium labeled analogue (Fig 4. 3). A small amount of [HCuH]" is formed as a result
of the secondary loss of ethene and confirmed by an additional stage of CID on
[CH3CH,CuH]". CID of the perfluorinated analogues (complexes of Cu, Ag and Au) have
shown several fragmentation pathways and can occur through loss of CO,, CF,, CF,CO;
and CF,CO, ."°

(a) (b)
[CH,CH,CuH] [CD,CH,CuD]
1001 9% 100 9
3 g
£ [CH,CH,CuCH,CH,J §
M s, ~ | (CD,CH,CUCH,CD,]
~ 121 ey .
T | 1 127

0 6 70 80 m 110 120 130 140 150 50 60 70 80 0 m 110 120 130 140 150

Fig 4. 3 Collision-induced dissociation (CID) mass spectra showing the diethylcuprates: (a)
[CH3CH,*CuCH,CHs]-, m/z 121; (b) [CDsCH,*CuCH,CDs]", m/z 127.%°

The fragmentation pathway of cyclam macrocycles tetrasubstituted with amino-, thiourea,
and sugar-terminated side chains and their complexes with transition metals were
investigated through collision induced dissociation (CID) using Fourier transform ion
cyclotron mass spectrometer equipped with electrospray. It was observed that
fragmentation of both cyclam and their complexes with transition metal ions (Zn**, Co*

and Ni?*) occurs within the side chains through 1-2 elimination. *°

Structure of cyclam, R= different substituents®
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A mechanistic study was conducted on group 10 metal complexes (Ni, Pt and Pd)
for cyclometalation in the gas phase via low energy CID using a mass spectrometer of
QHQ configuration (Q: quadrupole, H: hexapole) equipped with an ESI source.’

1 2 3 3,3-D,)-bipy [6,6'-Dy)-bipy

Fig 4. 4 Group 10 metal complexes of (M = Ni, Pd, Pt), (X = CHg, F, CI, Br, I, OAc),
(deuterated 2,2'—Bipyridine Ligands = [3,3'~D-]-bipy and [6,6'-D-]-bipy)*’

Upon CID [PtX(bipy)] (X= CHgs, CI) loses HX (CH4, HCI) and “rollover” cyclometalation
was observed as a dominant process

. CID
[Pt(CH3)(bipy)] ——— [Pt(bipy-H)]+CHy ... ...._. 43

The experiments were conducted using [3,3'-D;] —bipy (see Fig 4. 4) to make it clear
whether the hydrogen for M—X is abstructed from the 3 and 3’ position. [M(CHj3)(bipy)]
(M= Ni, Pd) underwent homolytic cleavage of M-CHj; bond and C—H bond is not activated.
In contrast both processes were observed side by side from the analogous chloride
complexes i-e elimination of HCI followed by C-H activation and homolytic cleavage of
M-CI bond was observed. With increasing in the collision energy, the ratio of HCI to Cl is
decreases (Fig 4. 5). It was concluded that the branching pattern depends on metal ions as

well as the nature of the ligands.
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a) [Ni(CI){bipy)]" b) [Pd(CI)(bipy)]”
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Fig 4. 5 Relative intensities for the losses of HCI and CI in the CIDs of mass-selected (a)
[NiCl(bipy)]” and (b) [PdCl(bipy)] * at variable collision energies

Metal ion-ligand binding is one of the noncovalent bonding interactions which has
been investigated to provide bond dissociation energies by Rodgers and Armentrount.
Collision-induced dissociation (CID) has been used for the measurement of metal ligand
bond dissociation energies.#%

Very little has been done on the analysis of neutral transition metal halide complexes
using ESI-MS. Upon analysis of these complexes by ESI-MS the general ionization via
loss of halide ion was observed due to lability of this ligand, though alternative pathways
were also observed in some cases like loss of halide ligand and coordination of solvent

molecule such CH3sCN, depending upon the cone voltage employed.

4.1.1 Multiply Charged Anions (MCAS)

MCAs are of considerable importance because they represent highly energetic molecules in
the gas phase due to columbic repulsion that exists between the excess charges. Examples
of MCAs are IrCls 2, ReClg 2, IrBrg 2, PtBrg 2. MCAs are common in solids and solutions
form. In solution they are stable because in solution the excess charges are stabilized by
solvent or counter ions. They are difficult to study in the gas phase due to the strong
columbic forces which make them highly susceptible to decay either by electron
detachment or ionic fragmentation. Electrospray ionization (ESI) has made it possible to
transfer MCAs from solution directly to the gas phase in amounts sufficient for

spectroscopic studies.?"?
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The potential energy surfaces exhibited by MCAs are strongly influenced by the
repulsive coulombic barrier (RCB) which arises from the superimposition of long range
coulombic repulsive interaction between the anion and outgoing electron and short range
binding forces of this electron.?"%

The decay pathway of transition metal dianion (IrClg %, ReClg %, IrBrs 2, PtBrs %) was
investigated by Dessent et al. using electrospray ionization coupled with quadrupole ion
trap. The dianions were isolated and subjected to fragmentation via low energy CID. These
transition metal dianions decayed through ionic fragmentation rather than spontaneous
electron detachment because the repulsive coulombic barrier for ionic fragmentation
(RCBiy) is lower than the repulsive columbic barrier for electron detachment (RCB.g), as
represented graphically in Fig 4. 6.

MCAs are subject to decay by either electron detachment or ionic fragmentation.

ionic electron
X7+ MX;~ - fragme?‘Fe)ltlon MX> de‘?)chment - MXo 4 6 oo 44
ii i

MXg>™ represents a multiply charged dianion, which can decay either through electron

detachment (i) or lonic fragmentation.?®

—
—

—

=

Fig 4. 6 Schematic diagram of the potential energy surfaces for decay of an MXg>~ dianion
via ionic fragmentation and electron detachment. The RCBs (inner) for electron detachment

(RCBsg) and ionic fragmentation (RCB;) are illustrated®

In contrast to the above mentioned MCAs, Cr,0;* decays with electron loss upon
resonance excitation. Smaller molecular systems decay by electron detachment because the
repulsive coulombic barrier for electron detachment is lower than repulsive coulombic
barrier for ionic fragmentation. The negative ion electrospray ionization mass spectrum
(ESI-MS) of Cr,0;% shows CrO,/HCrO4 as a major peak. The NaCr,0-* and Cr,0;% ions

are also peaks with significant intensity. Upon isolation and subsequent resonance
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excitation Cr,O;* decays primarily into Cr,O; with CrO, can also be seen as a minor

fragment. this shows that Cr,O;* decays mainly through electron detachment into Cr,0; .

Cr,0;7 ——— Cr,0;7 + @ -orremmcoees 4.5

100 7 (¢) cro,”
40 1 cro®
o cro,”

|
40 - "‘
20

cro;
0 I| L] L] ¥ 1
50 100 150 200 250 300
m/z

Fig 4. 7 CID mass spectrum Cr,0-* (9% collision energy) showing Cr,O;*~ is fragmented

into Cr,07” (considerable amount of CrO4and CrOs- is also formed).*

The presence of CrO, indicates that Cr,O* also decays to a lesser extent through
ionic fragmentation into CrO, and CrO5;~.** It can be concluded that ionic fragmentation
will be the dominant decay mechanism for medium and large size MCAs rather than
spontaneous electron detachment.?

Low energy collision induced dissociation of cation-anion complexes like M*PtCI6*,
M*PtCl,>~, M*PtCNg*", and M+PdCN,*~, where M* = Na*, K*, Rb* decay by the same
fragmentation pattern as the multiply charged anion alone. This shows that in such types
of complexes the electronic structure of the MCA is not considerably affected by the
counter ion. %

In this chapter the electrospray ionization and fragmentation upon low energy CID of
transition metal fluoride complexes, multiply charged anions and transiton metal cation

complexes will be discussed.

4.2 Results
The CID mass spectra were obtained using an Esquire 6000 ion trap mass spectrometer

(discussed in chapter 3) fitted with an ESI source. The ESI source is of an orthogonal
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sprayer design and was operated at a spray voltage of 3-4 kV. Data were collected in
standard scan mode. Nitrogen was used as bath gas (200-300°C; 300-600 L/h) and
nebulizing gas (5-10 psi). The analyte solution was introduced into the mass spectrometer
by a syringe pump employing a 500 xL syringe. The sample solution was introduced at a
constant flow rate of 240-480 wL/h. The collision gas used for the CID was He.

The millimolar solutions of various ions were prepared in methanol, water, and
acetonitrile mentioned separately with different compounds. The precursor ions of interest
were optimized where needed. The desired ions were isolated in the ion trap and
collisionally excited by probing at different collision energies between 0-25 V. The ions
were mass selected with a window of 4-10 Da in order to see the isotopic signature of the
ions. The diamond sign on the top of the peaks indicates the parent ions which undergoes
CID. The resolution of the mass spectrometer was set at standard.

The theoretical isotope patterns for the mass spectra were calculated using

. . . 2
““Fluorine chemistry mass spec simulator’” %°

BNii, #8Ti, %0zr, OHf 54zn. °Co, *¥'Re and **Nb.

and ChemDraw. Mass peaks are quoted for

4.2.1 CID of transition metal monofluoride complexes
4.2.1.1 Complexes of Nickel
Ni(PEt3)2(CsF3sHN)F (5) was investigated by negative ion ESI in the presence of CsF as
ionizing agent. Fig 4. 8 shows that the molecular ion is not observed in the mass spectrum
and the base peak represents the ion formed by the replacement of one of the PEt; ligands
by acetonitrile. The peak at 368 was isolated in the ion trap and subjected to multistep CID
in order to see the fragmentation pattern.

[M—PEt; + CH,CN]

368.2

[M—(PEts), + CH3CN]™
250.0

279.2

J

250

......

300 350 400

Fig 4. 8 Negative ion ESI mass spectrum of 5 (in CH3CN) in the presence of CsF
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It was observed that during MS? phosphine was lost instead of the halide ion (which
is usually very labile).® During MS® two products are observed, one daughter ion is formed
by Ni—F bond dissociation while the other daughter ion is formed by the loss CN™ from the
coordinated acetonitrile (scheme 4.1) see Fig 4. 9. In contrast the positive ion mode the

spectrum is dominated by [M—F] ion.

H F H F -
— TEt3 -ive ESI — HEt
F \ y l\|li—F > F \ y l\||i—F
N PEt, N CH3CN
F F
368
H F - Ms2 | CID
F N -
\ / | | H F
N CH,
F 205 CID -
< F Ni—F
+ MS3 \ N/ |
CH4CN
H F B F

250

F Ni—F
\ 7 ]
N CH,

F 224

Scheme 4. 1 Multi stages of CID on Ni(PEt3)(CH3CN) (CsFsHN)F
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365.2
MS?
(@) 250.0
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( 2059
MS3
250.0
2239

T ’l T T T T

200 250 300 350 m'z

Fig 4. 9 CID of [Ni(PEts)(CsFsHN)(CHsCN)F]" m/z 368. (a) MS? and the bottom is MS®

4.2.2 CID of transition metal difluorides complexes

4.2.2.1 Difluoride complexes of titanium, zirconium and hafnium

The positive ion ESI-mass spectrum of (Cp*),TiF, (11) gave ion peaks at m/z = 337
[M-F]*, 379 [M+Na]" and 395 [M+K]" with significant intensity (from CHsCN solution)
see Fig 4. 10.

(CP*,TiF, —2L e [(Cp*),TIE]" + [(Cp*),TiFsNal” + [(Cp*),TiF,+K]" ____ 46

m/z356 m/z337 m/z379 m/z395

379.1
[M+Na]*

[M-FT*
337.1

340 360 380 400

Fig 4. 10 Mass spectrum (ESI, positive ion) of [(Cp*),TiF2]" 11 (from CH3CN solution)
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The daughter ions were isolated in the ion trap one by one and fragmentation was

investigated as a function of the collision energy.

i. Resonance excitation of the [(Cp*),TiF]" cation (m/z 337)
To investigate the decay pathway of [(Cp*),TiF]", the cation was isolated in the quadrupole
ion trap (QIT) and activated using resonance excitation. At 0% (V is converted to % energy
by assuming 25V as 100%) collision energy there is no production of daughter ions . Fig 4.
11 displays the resulting ionic fragments at 1.4 % collision energy, illustrating that
[(Cp*),TiF]" decays by losing HF resulting in the formation of Cp”(CsMe,CH,)Ti* (11°).

1

This reaction could occur by conversion of one CsMes ligand into the tetramethylfulvene
(C5ME4CH2).

[(CP*),TIF]" — 3 [Cp*(CsMe,CH)Ti-H]" + HF ----r- =-ommmmmee- 47
m/z337 m/z317

3ar1
+

T

at MM : T1Am /\fhk

320 33 340 mz

Fig 4. 11 CID mass spectrum of [(Cp*),TiF]" at 1.4% collision energy illustrating
fragmentation by elimination of HF. The diamond sign at the top of the peak represents the
ion which underwent CID
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Fig 4. 12 displays % fragmentation curves (i-e., plot of ion counts divided by total ion
counts versus collision energy) for decay of parent ion [(Cp*),TiF]" into daughter ions
Cp (CsMe,CH,)Ti* (11)).

09
*e m
0.8 - L 2 ]
0.7 - TS
[ |
06 - * [
¢
05 - &
04 - ¢
a" ¢
03 -
02 - m
0.1 - m® ¢
[ |
1 1.1 1.2 13 1.4 15 16 1.7 1.8
% CID ENERGY

lon counts/ftotal ion counts

0

Fig 4. 12 Fragmentation curves for the decay of parent ion [(Cp*),TiF]" into daughter ions
[Cp"(CsMesCH.)Ti]". The blue squares shows the parent ion decaying and the red squares

shows the daughter ion growing. The error can be +3.22%

ii. Resonance excitation of [(Cp*).TiF,+Na]* (m/z 379)

[(Cp*),;TiF,+Na]® (m/z 379) is the other significant resonance in ESI-MS spectra of
[(Cp*).TiF,]. This was also isolated and subjected to resonance excitation CID in
quadrupole ion trap. Upon resonance excitation [(Cp*),TiF,+Na]® can be seen to decay
with the production of [(Cp*)TiF,]" and [CsMesCH,]" at 1.28% collision energy (see Fig
4. 13).

[(CP*),TiFy*Na]* ————  [(Cp")TiFy*Nal* + [CsMe,CHy]  -w-nnn-nmn 48
m/z 379 m/z 243.9 m/z134
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375.0
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Fig 4. 13 CID mass spectrum of [(Cp*),TiF,Na]® at 1.52% collision energy illustrating
fragmentation of [(Cp*),TiF,+Na]" into [(Cp*) ,TiF]" and [csMe,CH,]"

Fig 4. 14 displays the % fragmentation curves for the decay ion [(Cp*),TiF,+Na]® into
daughter ions [(Cp*)TiF,]" and [CsMe;CH,]". The onset of the fragmentation for
[(Cp*),TiF,+Na]" occurs at 1.24% CID energy and conversion is completed at 2% of the
CID energy.

R4
0.9 - ’¢¢

1 * gunt
07 | o mE

lon counts/ total ion counts
o
wu
1
»

. L
0 — A A& A8 T T T T .’—’—’

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
% CID energy

Fig 4. 14 Fragmentation curves for the decay of parent ion [(Cp*),TiF,+Na]* (blue
squares) into daughter ions [(Cp*)TiF,]" (red squares) and [CsMesCH,]" (green triangles).

The error can be 3.2+

iii. Resonance excitation of [(Cp*),TiF,+K]" (m/z 395)
To investigate the reaction further the potassiated molecular ion peak at m/z 395 was
isolated in the quadrupole ion trap, and subjected to resonance excitation CID. This cation

decayed into daughter ions at m/z = 337 and 391. The fragment at 337 is the loss of
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potassium fluoride ion from the molecular ion while the other peaks at m/z 391 cannot be

identified as the ion intensity become very low when trying to isolate in MS?,

30
4+
e Wiz
ﬂJ ’ adb ; 3 MJ‘I M
340 360 380 w1y~ mz

Fig 4. 15 CID mass spectrum of [(Cp*),TiF,+K]" showing fragmentation into daughters
ions at m/z 379 and 391.

iv. Negative lon ESI-MS spectra [(Cp*),TiF;]

The negative ion electrospray ionization ESI-MS of 11 in CH3CN (solvent) showed
very low ion intensity and the molecular ion peak at 356 was missing. In the presence of
CsF as ionizing agent, the molecular ion was observed at m/z 356 as a major peak. The
other signals at 375 and 394 are proposed to be the adduct ions [M+F]™ and [M+2F]" (Fig 4.
16).%’

. CsF _ _ _ - _
(CP";TiFy ——— [(Cp*)TiFol + [(CPYoTIFo+F]  +  [(CPTiFg#2F ---ee 49
-ive ESI
m/z356 m/z375 m/z394

The intensity of the ions is low, due to which the peaks are broad and not well

resolved for the isotopic pattern.
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30

240 : 280 : 180 : 00 me
Fig 4. 16 Negative ion electrospray ionization ESI-MS of [(Cp*),TiF,]” in MeCN with CsF

added to the solution.

v. Positive ion ESI-MS of (Cp*),ZrF;

The positive ion ESI mass spectrum of (Cp*).ZrF, (12) shows sodiated and potassiated
molecular ions at m/z 421 and 437 respectively as well ion the formed by elimination of
one fluoride ion at m/z 379. The peak at m/z 397 is considered to be formed by loss of a
hydride ion and resulted in the formation of [Cp (CsMesCH,)ZrF,]* abbreviated as
[M-H]".

+ive ESI
(CP"aZrFy ——— e [(CP*)ZIF]" +[CP*(CsMesCH)ZIF,] + [(Cp*)ZrFoNa]" ------ 4.10
398 379 397 421
+ [(Cp*)ZrFoK]*
437
[M+Na]*
421.3
[M+K]*
4372
397.0
[M-F]"
379.0
}Lﬁ)\ 4084
1a, | oM . i ; i JiL-'-..Mllll.f‘-l PPNV ; e
360 400 420 440 miz

Fig 4. 17 positive ion ESI mass spectrum of (Cp*),ZrF, in CH3;CN
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The fragmentation pathways of these daughter ions were further investigated by isolating
the ions one—by—one in the trap and subjecting to the low energy CID. CID MS? spectrum
of the sodiated molecular ion shows the loss of sodium hydride and sodium fluoride ligand

resulting in the formation of daughter ions at m/z 397 [M—H]" and 379 [M—F]" respectively

421.0
397.0 A
379.0
072 4944 4257 #3711
n:’t . ‘rl'—"'\:l'lll"“/«"«"‘w-'l“k Pafe st i . i P .-u\.n"lr".""-n .
380 400 420 440 M2

Fig 4. 18 CID on [(Cp"),ZrF,Na]* having m/z 421 from (Cp ),ZrF>

The potassiated molecular ion showed a similar fragmentation pattern upon low energy
CID with helium (Fig 4. 19). The [M+K]" was also isolated in the ion trap and subjected to
CID which fragmenting by loss of KH and KF and resulting in the formation daughter ions
m/z 397 [M-H]" and 379 [M-F]" respectively (Fig 4. 20).

437.0
357.0 *

3791
4030 4181 \‘Lﬂ
M jl P '|.nJ- fu T —r
375 400 435 50 miz

Fig 4. 19 CID on potassiated molecular ion [(Cp")2ZrF.K]* from [(Cp*),ZrF,]*

The [Cp’(CsMesCH,)ZrF,]* was isolated in the ion trap and subjected to CID (MS®) which
loses the fluoride ion and daughter ions at m/z 379 appears in the spectrum. Loss of 18 is
not consistent with experiments, suggesting that m/z 379 is the daughter ion of either 437

or 421 formed by loss of either KF or NaF respectively.
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387.0

3791

3830
A 4111
| Al b , . A.I | et
320 400 miz

Fig 4. 20 CID on [Cp (CsMesCH2)ZrF,]" (m/z 397) from [(Cp*)2ZrF,]*

vi.  Positive ion electrospray ionization of (Cp*),HfF,
The electrospray ionization of (Cp*),HfF, (13) in positive mode behaves in a similar way
to 12 and results in the formation of sodiated molecular ion at m/z 501, the ion formed by
the loss of fluoride ion [M—F]" at m/z 469 and another ion formed by the loss of hydrogen
[M-H]" (see Fig 4. 21).

+ive ESI

(Cp*)oHfF; — 3 [(Cp*),HfF]* + [CP*(CsMesCHo)HF,] + [(Cp*)oHfFoNa]’ ------ 4.11
488 469 487 501
[M-H]"
487.0
[M-F]* [M+Na]"
4891 501.0

430 00 miz

450

Fig 4. 21 Positive ion ESI mass spectrum of (Cp*),HfF,in CH3CN

& mﬂwahﬂh . i
50

The CID MS? spectrum of [M—H]" highlights the loss of fluoride ion which is consistent
with the low energy CID on [M—H]" from 12.
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Fig 4. 22 Low energy CID on [M-H]" from (Cp*),HfF,

4.2.2.2 Ruthenium difluoride and bis bifluoride complexes

The positive ion ESI mass spectrum of Ru(PMes)4(F), 16 gave peaks at m/z 406 and 425
assigned to [(PMes)sRu—H]" and [(PMes)sRUF]" respectively, while the peak at 441 is
assigned to [Ru(PMe3)4ClI]".

[M-F]*
425.0
[M—HF,]"
441.0
406.0 427.0
408.0
419.0
4350 4450
VLYY . J\L,I\ i A Ul , ,
400 420 440 m'z

Fig 4. 23 ESI mass spectrum (positive ion) of 16 in THF

The positive ion ESI mass spectrum of (PMes)4sRu(FHF), (15) shows peaks at m/z =
407.0, 425.1, 441 and 716.1 corresponding to [(PMes)sRu]’, [(PMes)sRuF]" [(PMes);RuCI]”
and [(MesP)sRu(u—F)sRu(PMejs)s]*. These peaks are also observed in the ESI spectrum of 16
which shows that F-HF is also not stable with respect to electrospray ionization. The peak at
m/z = 686 may be from [(Me,PH)(MesP);Ru(1—F),Ru(PMes)s]” may be assigned to a
bridged complex having two fluorines and a CH3 group from the PMes ligand is replaced by

hydrogen.?® As discussed in chapter 3 the source of chloride ions appears to come from the
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starting material used in the synthesis of complex 15 and 16. There are still some other peaks

in the spectra which are unassigned.

[(MesP)sRu(u—F)sRu(PMes);]"
716.0

[Ru(PMe3),F1*
425.0

[Ru(PMe;),I
406.0

[Ru(PMe,),CIT
441.0

4850 4331

T T T
400 500 600 700 m'z

Fig 4. 24 ESI mass spectrum (positive ion) of 15 in THF

CID on the [M-F]" from both complexes 15 and 16 showed similar behaviour.
Fragmentation occurred by the loss of PMe3 ligand instead of fluoride ligand which would

considered to be very labile (Eq 4.12). Similar behaviour was showed by the chloride

analogue (Eq 4.13).

N
C3H9P ‘+ CgHgP
PCHo | _F D |
>Ru/ OB PCHg—Ru——F ~  eeeeeeeeeeeeeee 4.12
PCsHg™ |
C3HoP
o PC4Hq
+ +
CsHoP ] C3HgP
PCsHo_ | _Cl cID
>Ru/ e PCiHg—RU—CI~  seemeeeeeamaoas 413
PCsHg™ |
C3HgP CsHoP

CID studies on the bridged ion having m/z = 716 shows that the daughter ion at m/z 624 is

formed by the loss of one of the fluoride ligand and trimethylphosphine ligand while the
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other daughter ions are formed either by the loss of the PMej ligand or methyl groups from
PMes (scheme 4.2).

PCsHy C3HoP H H
C3HoP
/ \ / CID \/ H sHg
PCsHe——Ru F Ru—CsHP —> PCsHe—RU F RI——C3HgP
\C HoP / / CsHoP
PC4Ho \ / 3 PC3Ho \F
624
+
H C,HgP H H C,HsPH
H 2Hg 2Hg
PC3Hs
PCsHy—Ru F Ru—C,HeP Ru F Ru
CaHoP
. \ / CsHeP P%Hg/ \ / e
319 E F
595
547
H\ / " H\
PC,Hs—RU F RU—— C,HgP
PC,H \F/ CaftoP
505

Scheme 4.2 CID on [(MesP)sRu(u—F)sRu(PMes)s]” from 15 and 16

It seems that difluoride compounds having phosphine ligands will lose the first fluoride
ligand upon ionization in ESI and the second ligand to be lost will either by the phosphine

itself or methyl groups from the phosphine.

4.2.2.3 CID on zinc, cobalt and nickel difluoride complexes

The positive ion ESI mass spectrum of Zn(DMEA);F, (24) shows a peak at m/z = 259.1
results from the loss of fluoride ligand from the compound [M—F]*. Other peaks at 239.1
correspond to [(M—HF,]* (see figure 2.25). The CID MS? spectrum of [M—F]" highlights
the loss of HF.
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Fig 4. 25 CID mass spectrum of [M-F]* (m/z = 259) from Zn(DMEA),F,

The CID MS?® spectrum of m/z 239 showed the loss of the dimethyl ethylenediamine
(DMEA) ligand giving the daughter ion having m/z 153.

The positive ion ESI mass spectrum of complex Co(DMEA),F, (25) shows a peak
for the molecular ion [M]" at m/z 273.0 and sodiated ion [M+Na-H]" at m/z 295.0. The
other ions at m/z 254.0 [M—F]" and 233.0 [M-2HF]" correspond to the daughter ions
formed by the loss of F~ and HF ligands ( see fig 2.27).

The fragmentation of the molecular ion upon low energy CID, fragmentation occurs
through loss of HF molecules in two steps (Fig 4. 26). Upon isolation of the [M-HF]" in the
ion trap and subjecting to CID showed the loss of second HF molecule (Fig 4. 27).

27310

233.0

253.0

220 ' 240 ' 260 ' 280 m'z
Fig 4. 26 CID was performed at m/z 273 on Co(DMEA),F»
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234.0

N

T T T T T
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Fig 4. 27 CID was performed at 254 on [Co(DMEA),F»]"

The positive ion ESI mass spectrum of Ni(DMEA)F, shows the quasimolecular ion at m/z
273, other ions formed by loss of fluoride ion and HF; at 253 and 233 respectively (Fig 4.
28).

[M-HF,]"
2335
[M-F]*
253.4
2355 .
[M+H]

230 240 250 260 270 mis
Fig 4. 28 Positive ion ESI spectrum of [Ni(DMEA),F,]*in CH30H

The CID spectrum on the quasimolecular ion is consistent with the CID on the molecular
ion of 25, showing the loss of two HF molecules in two steps giving daughter ions at m/z
253 and 233 respectively (Fig 4. 29).

111



Chapter four CID of transition metal complexes and MCA’s
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Fig 4. 29 CID mass spectrum of m/z 273 of [Ni(DMEA),F,]"

Similarly the low energy CID on m/z 253 showed elimination of a HF molecule giving a

daughter ion at 233 (Fig 4. 30).

2334

2953

. A “

T T T T
20 230 240 250 260 miz

Fig 4. 30 CID mass spectrum of m/z 253 of Ni(DMEA)F;

4.2.3 CID of multiply charged anions (MCAS)
4.2.3.1 Potassium hexafluorozirconate (K,ZrFg) and Potassium hexafluorotitanate

(K, TiFg)
Fig 4. 31 displays the negative ion electrospray ionization spectrum (ESI-MS) of K,ZrFg
(36). ZrFs~ (m/z 184.8, 100%) appears to be the dominant peak in the mass spectrum, The
parent dianion ZrF¢>~ ( m/z 101.9, 35%) also appears at significant intensity. KZrFs~ (m/z
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242.8, 10%) is the other significant resonance. KZrF¢ and ZrFs are singly charged ions,
the isotopic peaks differ by 1 mass unit while ZrFs* is a doubly charged ion and the

isotopic peaks differ by 0.5 mass units and so on. From the separation of the isotopic peaks

the charge state of a peak can be deduced and thus the mass (Fig 4. 31).

1844
1021 1024
184.9
104.0
103.0
185.9 188.9
I 1025 185.9
105.0 /\ \ j\ 190.9
. L. e %
a7 1 102.5 105.0 =
k 1301 24238
b L . JIIJU.LA. ild A . I ’ Ii i -LJ b .
100 125 150 175 200 225 250 miz

Fig 4. 31 (a) Negative ion Electrospray ionization ESI-MS of [K,ZrFs] in H,O

Upon CID the parent dianion decayed through ionic fragmentation and lost fluoride ion
which could not be seen in the spectrum as it lies outside the mass spectrometer window

(see Fig 4. 32).

ZtF*™ —— ZiFs + F°

10149
*
1845
—* by | TG A R I S | L EREL SR B l| T Ll T T LY B R
100 123 130 173 200 miz

Fig 4. 32 CID mass spectrum of ZrFe¢?™ (m/z = 102)
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Fig 4. 33 shows the negative ion electrospray ionization spectrum (ESI-MS) of potassium
hexafluorotitanate (K,TiFs) (37). TiFs> (81, 100%) appears to be the dominant resonance
in this case and the other peak TiFs™ (m/z 142.8) appears at reasonable intensity. TiF¢* is a
a doubly charged ions and the isotopic peaks are separated by a half mass unit. TiFs™ is

singly charged so the isotopic peaks differ by 1 mass unit.

81.0
81.0

1428

802 80.7 815 82,0
80 81 82 1418 1438 1448

140.8
101.4 /‘\ N\ s A 1428
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62.0 90.0 106.0
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Fig 4. 33 Negative ion electrospray ionization ESI-MS of K,TiFg in H,O+CH3CN

The CID MS? spectrum of the parent dianion (TiFe>") shows the elimination of F~

and the daughter ion TiFs™ appears at m/z = 143.8 (Fig 4. 34).

142.8

&0.9

— ———
=] 100 125 150 mi'z

Fig 4. 34 CID mass spectrum of TiFs* (m/z = 142.8)

The decay mechanism of TiFs~ was further investigated by subjecting to low energy
CID. Upon increasing the resonance excitation energy TiFs starts to decrease in intensity

and finally vanishes. It is concluded that it decays by ionic fragmentation into TiF, and F.
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As TiFy4 is neutral and F~ lies outside the mass range of the ion trap spectral window, so no

resonance is observed.

Increasing energy
TiF5 » Vanishes ———— TiF, + F ------------ 4.15

m/z 142.8

4.2.3.2 Potassium heptafluoroniobate (K;NbF;) Potassium heptafluorotantalate

(K;TaF7) and Potassium hexafluoronickelate (K;NiFg)
Potassium heptafluoroniobate (K,NbF;) 38 represents an example of a transition metal
compound with the metal atom in a heptacoordinate environment; the arrangement of

fluorine atoms around the metal forms a capped trigonal prism.?® The crystal structure of

K,NbF- has been determined by X-ray and neutron diffraction.*

Fig 4. 35 Crystal structure of K,NbF. Interatomic distances A in the NbF;~ ion.*

Potassium heptafluoroniobate (K,NbF;) was investigated by negative ion
electrospray ionization spectrum (ESI-MS). The K;NbF; solution in CH3CN gave a
dominant resonance at m/z = 113 which is assigned to the parent dianion [NbF;]*>" and the
K2NDbF solution in methanol gave resonances at m/z = 206 and 265 which are assigned to
[NbFs] ~ [KNbF;] ~respectively. For this complex it is not possible to demonstrate 2~

charge in the same ways because Niobium is mono-isotopic.
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Fig 4. 36 Negative ion ESI-MS of K;NbF; CH3;CN/MeOH solution

Potassium heptafluorotantalate (39) and Potassium hexafluoronickelate (40) were

also tried to study by negative ion mass spectrometry but no sensible results were obtained.

4.2.4 CID on Re tricarbonyl complexes

The positive ion ESI spectrum of [Re(CO)s(bpy)(pic)]'PFs (26) shows the cationic
molecular ion [M]" at m/z 520 and another peak appears at 427 corresponding to
[Re(CO)s(bpy]”. The cationic molecular ion was isolated in the ion trap and subject to CID
with helium resulting in the formation of daughter ions at m/z 427 and 445 corresponding
to [Re(CO)s(bpy]* and [Re(CO)s(bpy)(H20)]" respectively.

519.9

426.9

444.8

b f
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450 430 500 520 miz
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420 4

Fig 4. 37 CID mass spectrum of cationic molecular ion (m/z 520)

[Re(CO)s(bpy]” (m/z 427) could not be isolated separately from
[Re(CO)s(bpy)(H20)]" (m/z  445) in the ion trap. It was observed that
[Re(CO)3(bpy)(H20)]" (m/z 445) cannot exist isolated in the ion trap. It was concluded that
[Re(CO)3(bpy]” (m/z 427) is very reactive towards water and with increasing the collisional

excitation energy the intensity of the peak at m/z 445 increases until an equilibrium is
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established between them. Upon low energy CID, a CO ligand eliminates from the peak at
m/z 445. Another peak appears at m/z 275 which cannot be assigned.
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Fig 4. 38 CID on [Re(CO)3(bpy]” (m/z 427)

The positive ESI mass spectrum of [Re(CO)a(bpy)(P(OEt)s]'PFs (27) gave a peak
at m/z 593 that is the cationic molecular ion peak [M*]. Another peak at 565 results from
loss of one of carbonyl ligand from the molecular ion [M-CO]".

The CID MS? spectrum of the cationic molecular ion (m/z = 593) shows that the

loss of the carbonyl ligand is the major, while the loss of the triethylphosphite is the minor
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Fig 4. 39 CID mas spectrum of [Re(CO)s(bpy)(P(OEt)s]" (m/z 593)

The fragmentation of [Re(bpy)(P(OEt)3)(CO),]" m/z 565 was also investigated
through low energy CID studies. It seems that the [M-CO]" can lose an ethoxy molecule
giving a daughter ion at m/z 521 which can further lose carbonyl ligands. Other significant
ions observed are the [Re(bpy)(CO)s]" and [Re(bpy)(CO).]'at m/z 426.9 and 399

respectively.
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Fig 4. 40 CID on Re(bpy)(P(OEt)3)(CO),]" m/z 565 giving daughter ions by loss of various
ligands

4.2.5 CID of Mn tricarbonyl complexes

The positive ion ESI mass spectrum of [Mn(bpy)(pic)CO)s]* shows the cationic molecular
ion at m/z. the other ions are formed by the loss of either the picoline ligand or the carbonyl
liagand (see 5.17). Upon subjecting to low energy CID of the cationic molecular ion
fragmented through the loss of picoline ligand and as well the carbony ligands Fig 4. 41.
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Fig 4. 41CID of [Mn(bpy)(pic)CO)s]" m/z 388
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The ion at [Mn(bpy)(CO)s]* ion at m/z 294.9 was isolated again in MS? and fragmented
through low energy CID. It was observed that the carbony ligand is lost sequentially. The
peak at 242.9 could not be identified.
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Fig 4. 42 CID on [Mn(bpy)(CO)3]" m/z 295 from [Mn(bpy)(CO)a]"

4.3  Discussion

The molecular ion is not observed for transition metal monofluoride complexes in either
positive or negative ion modes of ESI. In positive ion ESI the nickel monofluoride complex
5 loses the fluoride ligand but in the negative ion ESI, in the presence of CsF, the
phosphine ligand eliminates first, followed by coordination with acetonitrile. On subjecting
to low energy CID, the loss of a second phosphine ligand is observed (scheme 4.1).

The Cp MF, complexes (M = Ti, Zr, Hf) 11, 12 and 13 gave sodiated and
potassiated molecular ions as well as ions formed by the loss of a fluoride ion. Complexes
12 and 13 showed [M—H]* which cannot be seen in the spectrum of 11. Upon low energy
CID, the [M—F]" ion (for all three) fragmented through the loss of HF. The sodiated ion of
11 decayed through the loss of a Cp” ligand while the potassiated ion decayed into [M—F]".
The fragmentation of sodiated and potassiated ions of 12 and 13 occurred through loss of H
and F. The CID of [M-H]" of 12 and 13 also gave [M—F]".

The positive ion ESI mass spectrum of Ru(PMe3)4(FHF), (15) showed similar peaks
to Ru(PMejs)4F, (16). It is concluded that FHF complexes are not stable in electrospray.
Upon low energy CID, the [M-F]" and its chloride analogue fragmented via loss of
phosphine. The bridged complex [(MesP)sRu(u—F)sRu(PMes)s]” fragmented by loss of one

of the bridged fluorines which further decayed through elimination of either the phosphine
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or methyl groups from the phosphines. The same is the case with 5 where the metal-
phosphine bond become less stable than the metal fluorine bond.

The positive ion ESI mass spectrum of Zn(DMEA),F, (24) does not show the

molecular ion, while molecular ion and quasimolecular ions are observed with cobalt and
nickel analogues 25 and 26, respectively. Another ion observed in the mass spectrum of all
three compounds is [M—F]*. The molecular ion and quasimolecular ions from 25 and 26
fragmented through the loss of HF. Similar behavior was shown by [M—F]* for all three
compounds.
The negative ion ESI mass spectra of K;MFg (M= Zr, Ti) 36 and 37 show that the parent
dianion [MXg]*~ and [MXs]™ (loss of F~ from the parent dianion) appears as the major ions.
Another ion present at significant intensity is KMXg while MXg™ is missing from the
spectra. Upon low energy CID the parent dianion [MXg]*” of 36 and 37 decayed through
ionic fragmentation. The results are very similar to the work done by Dessent et al..?*** The
negative ion electrospray ionization of the parent dianion of K;NbF; 38 could not be
isolated due to low ion intensity.

The positive ion ESI of metal rhenium tricarbonyl complexes 26 and 27 gave the
cationic molecular ion as the major peak. Another dominant peak in the mass spectrum of
26 is [M—picoline]” and for 27 is [M—CO]". CID fragmentation of the cationic molecular
ion of 26 resulted in the formation of [M—picoline]” while fragmentation of 27 occurred to a
major extent by loss of carbonyl ligand and loss of triethylphosphite ligand is the minor

pathway.

4.4  Conclusions

Studies of transition metal difluoride complexes by ESI mass spectrometry and CID show
that gaseous ions decay through the loss of fluoride ion while in the presence of an acidic
hydrogen, HF is eliminated twice in sequential steps. (Cp’);MF, complexes gave [M+K]"
and [M+Na]" ion which decay through loss of KF or KH and NaF or NaH respectively. The
stability of the metal fluoride bond also depends upon the ancillary ligands. It is observed
that in the presence of phosphine, the first fluoride ligand is lost upon ionization while
further fragmentation occurs through elimination of phosphines or alkyl groups from the

phosphines.

120



Chapter four CID of transition metal complexes and MCA’s

The decay pathway of the MCAs notably TiFs®™ and ZrF¢* is concluded to be ionic
fragmentation rather that electron detachment.

Re and Mn tricarbonyl complexes give good positive ion electrospray ionization
spectra and the cationic molecular ion decay through either loss of CO or picoline and

triethylphosphite.
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Table 4.1 ESI-MS data of transition metal complexes.

Transition metal | Molecualr ESI solvent lon present in ESI-MS

complexes weight mode

(Cp*),TiF, 356 +ive CHsCN [(Cp*).TiF]" (m/z 337), [(Cp*)2TiF+Na]" (m/z 379), [(Cp*).TiF+K]"
(m/z 395),

(Cp*),TiF, 356 -ive CH3CN [(Cp*),TiF,] (Mm/z356.1), [(Cp*).TiF,+F] (m/z 375.3), [(Cp*).TiF,+2F]
(m/z 394.0)

(Cp*)2ZrF, 398 +ive CH3CN [(Cp*)2ZrF]" (miz 379), [(Cp*)2ZrF,—H]" (m/z 397), [(Cp*).TiF+Na]"
(m/z 421)

(Cp*)HfF; 488 +ive CH3CN [(Cp*)HfF]" (m/z 469), [(Cp*) HfF—H]" (m/z 487), [(Cp*).TiF,+Na]
(m/z 501)

Zn(DMEA),F, 278 +ive CH30OH [Zn(DMEA),F]" (m/z 259), [Zn(DMEA),-H]" (m/z 239)

Co(DMEA),F, 273 +ive CH:OH [[Co(DMEA)F]" (m/iz 273), [Co(DMEA)FI" (m/z 254),
[Co(DMEA),-H]" (m/z 233)

Ni(DMEA),F, 272 +ive CHsOH | [Ni(DMEA)F+H]" (m/iz 273), [Ni(DMEA)F]* (m/z 253 ),
[Ni(DMEA),-H]" (m/z 233)

Ru(PMes),F, 444 +ive THF [Ru(PMes3)sCI]" (m/z 441), [Ru(PMe3)sF]" (m/z 425),
[Ru(PMes)s—H]" (m/z 406)
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Ru(PMes)4(FHF), 464 +ive THF [Ru(PMes)sCI]" (m/z 441), [Ru(PMes)sF]" (m/z 425), [Ru(PMes)s—H]"
(m/z 406) [(MesP)sRu(u—F)sRu(PMes)s]” (m/z 716)
K, TiFs 240 -ive H,0/ KTiFg'( m/z 201), TiFs (m/z 143), TiFs* (m/z 81)
CH30OH
KoZrFg 281.8 -ive CH3;0OH ZrFs (m/z 185), KZrFg( m/z 242), ZrFe”( m/z 102)
K2oNbF -ive KoZrFg

123




Chapter five Gas Phase lon molecule reactions

GAS PHASE ION MOLECULE REACTIONS

51 Introduction

Gas phase chemistry is of much interest for inorganic chemists. It has been realized
over the last two decades that knowledge about fundamental properties of bare or ligated
transition metal ions can provide useful information on the mechanism of reactions
operative in solution, their efficiencies of stoichiometric or catalytic processes.'? Gas phase
ion-molecule reactions are useful for understanding the intrinsic properties and chemicals
reactions of charged particles because in the gas phase they are not affected by solvent
effects and other factors common in the solution chemistry. 3*°

Electrospray ionization in combination with ion trap mass spectrometer provides a
well adopted environment for studying gas phase reactions. lon molecule (I-M) reactions
are important as they are highly selective, efficient and fast. O’Hair et al studied gas phase
reactions of chloro(diethylenetriamine)platinum chloride abbreviated as [Pt(dien)CI]CI with
small neutral molecules using a modified LCQ mass spectrometer.®

lon molecule reactions (I-M) may be potentially useful for providing limited
structural information about the coordination sphere of transition metal complexes. The gas
phase reactivity of transition metal complexes depends upon the metal’s electronic
structure, ligand field around the metal, the complex geometry and the degree of
coordinative unsaturation.” Combariza and Vachet using the modified Bruker Esquire
quadrupole ion trap, conducted 1-M reactions of Co and Cu complexes with acetonitrile. It
was found that acetonitrile can be used as a titrant to determine the coordination number of
the complexes with donor groups other than nitrogen. The ion-molecule reactions of
pentacoordinate complexes of 1,9-bis(2-pyridyl)-2,5,8-triazanonane (DIEN-(pyr)2) and 1,9-
bis(2-imidazolyl)-2,5,8-triazanonane (DIEN-(imi)2] with transition metals showed the
addition of one acetonitrile molecule to complete the coordination sphere (Fig 5. 1 a&b)
while the coordination of a second acetonitrile molecule is less than 5% (Fig 5. 2). The rate

of the reaction can be determined by fitting the kinetic data for the following reactions.

ML*" + CH,C N (ML + CH,CN)*™
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M(DIEN-(pyr),)* M(DIEN-(pyr),(CH,CN)*
Fig 5. 1 Compound of 1,9-bis(2-pyridyl)-2,5,8-triazanonane (DIEN-(pyr),) with metal (M)
and coordination of one acetonitrile M(DIEN-(pyr),)(CHsCN)* .2

It was concluded from the kinetic and electronic data that the reactivity of the complexes
for a given ligand depends upon the electronic structure of the metal and follow the trend
mentioned below.

Ni > Mn > Fe > Co > Cu~Zn
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Fig 5. 2 Typical kinetic plots obtained from the reactions of acetonitrile with (a) Ni(DIEN-
(imi)2)** and (b) Cu(DIEN-(imi)z)**2

Gas phase I-M reactions of Ni (II) complex ions with acetonitrile also revealed that
both inductive and steric effects are responsible for complex reactivity. The goal of these
ion-molecule reactions was to provide information about the coordination sphere of Ni. A
series of nickel complexes were prepared by reacting NiCl, with pentadentate polyamine
ligands (e.g ligand | &II), varying from each other by attachment of various methyl and

methylene groups. Ni complexe ions were reacted with acetonitrile and experimental
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kinetic plots were obtained (Fig 5. 3). These graphs show that equilibrium of the reactions

is achieved at 2000 ms and one acetonitrile molecule is added to the complex.™

H
N N FHA

L, DIEN-(py),

CH3 CH3
)\/g
H H
N N FH

1L, DI-iPN-(py),

The equilibrium constant and rate constant of the reaction were determined from
fitting the Kinetic data. The equilibrium constant decreases with increasing chelate ring size.
It was further concluded that the ligand with more strongly donating groups strengthens the

metal ligand bond and reduces its reactivity towards acetonitrile.
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Fig 5. 3 Reaction of Ni complexes with CH3CN showing an experimental kinetic plot,of

ion abundance vs time. Squares represents parent ion and circles product ions.*°
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Ligand-exchange ion molecule reactions of transition metal cluster fragments have
been studied over 20 years before using a two-section ion cell and a Fourier transform ion
cyclotron resonance mass spectrometer.™

Reactions of small cations and anion with alkanes and fluoroalkanes in the gas
phase have also investigated using a selected ion flow tube (SIFT) (see Fig 5. 1) and their

reaction rates were determined.*?

Roots Pump
lon source
He flow Neutral reagent
‘ Flow tube ‘
o] o]
—— % o 0® 00 e e '90 00 ,
SOUFCBQG&&O\P{‘% °© o .o ooo Oo.ooo ° Oo g Z 0
o Q
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lon source
Quadrupole
Diffusion Mass Filter Diffugion
Pump Pump

Fig 5. 4 “A basic schematic of the Selected lon Flow Tube apparatus. The red circles
represent the ions generated in the ion source, the yellow circles represent the helium buffer
gas, the blue circles represent the neutral reactant gas, and the green circles represent the

. wl2
product species.”

Quadrupole ion traps have been available for several decades but their ability to
separate the ions of a specific charge to mass ratio and complete MS" experiments has
revolutionized the field. They have become powerful tools for studying ion molecule
reactions.™

O’Hair et al investigated the gas phase ion molecule reactions of coinage metal (Cu,
Ag and Au) dimethylmetallate with methyl iodide using a quadruple ion trap mass
spectrometer. It was observed that only dimethylcuprate is reactive towards CHsl. The
nonreactivity of dimethylargentate and dimethylaurate was further supported by DFT
calculations showing significant endothermic barriers.***®
The purpose of the studies reported here was to investigate gas phase ion molecule

reactions of transition metal complexes and MCAs with small neutral molecules (volatile
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liquid and gases) such as CH3CN, C,H, and CO. The rate of these ion molecule reactions

was also investigated.

5.2  Results
All the experiments were performed using a quadrupole ion trap mass spectrometer

(Esquire Bruker) equipped with electrospray ionization (ESI) and modified to allow the
introduction of a neutral reagent via the helium background gas inlet line. Two T-pieces
were inserted into the helium line was removed and replaced. One arm of the T-split 1
allows the introduction of the neutral reagent into the helium gas flow and the second arm
connects it with the second T-split 2. One arm of the split 2 goes to the fused silica
capillary which continues into the ion trap and the other is open to the waste (Fig 5. 5 & Fig
5. 6). 10% of this mixture goes into the trap while the remaining 90% is wasted. The waste

is connected through pipes with the roof where they are removed through exhaust system.

Helium
cylinder

syring pump
for ESI Syringe pump

\\ for reagent

'——“_—l Waste

1 2

lon trap Detector

Fig 5. 5 Schematic representation of the modified mass spectrometer for gas phase
reactions

The helium pressure is maintained at about 2.5 atm. The neutral liquid reagents used
in these experiments, D,O, CH3CN, CD3CN, CH30H, EtsN, CsHsN, CgF2H2(NH3), CsHaF»,
CeFsH, 1-hexene and pentyne were introduced into the gas stream via a syringe pump at 10
uL/h. The gaseous reagents (CO,, D,) were used directly from small cylinders provided

with regulators.
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The platinum complexes were dissolved in a 1:1 mixture of CH3OH/H,O while the
rhenium, tungsten and molybdenum complexes were dissolved in CH3;CN. The samples
were introduced via electrospray ionization (spray voltage 3.8-4.5 kV) at flow rate of 4
uL/min. The time for the mass selected ion to undergo ion molecule reaction was varied

from 100 ms to 4 s.

Syringe pump
(Reagent)

Syringe pump

Fig 5. 6 Modified ion trap mass spectrometer for gas phase ion molecule (I-M) reactions

The peaks of the metal complexes ions were optimized (by changing parameters at the
capillary, skimmer, lenses, trap drive and octopoles) if the ion intensity was low. The
diamond signs on the top of the peaks in the mass spectra represent the parent ion which

underwent either CID or reacted with a neutral molecule.

5.2.1 lon-molecule reactions of platinum complexes with small neutral molecules
[Pt(dien)CI]CI*® (23) was investigated to compare with the literature data. It was
synthesized from the reaction of Pt(DMSO),Cl,*’ with diethylenetriamine.*® The complex
23 was characterized by ESI-MS showing an ion cluster of [Pt(dien)CI]* at m/z = 334 and
another peak is at m/z = 297 corresponding to loss of HCI giving the coordinatively
unsaturated platinum ion [Pt(dien-H)]*. This is in agreement with the literature.®
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[M—(HCI+CI)]*

ar.0

.

300 1] 340 miz

Fig 5. 7 Positive ion ESI-MS spectrum of 23 in 50:50 water:methanol mixture.

lon-molecule reactions of coordinately unsaturated platinum complexes

In order to test our system we repeated already reported reactions of coordinatively
unsaturated platinum ion [*°Pt(H,NCH,CH,)NH(CH,CH,NH,)]" with simple neutral
molecules i.e. D,O, CH3CN, CH3OH and CsHsN.® In addition, we investigated gas-phase
reactions of [*°Pt(H,NCH,CH2)NH(CH.CH,NH,)]* with 1-hexene, triethylamine and
CD3CN. The peak at m/z 382.1 in Fig 5. 8 is the product with hexene.

Product with Hexene
33241

[I\élg—agHCI+Cl)]+

3370

240 JL
0. n o L
T T T T

T T
300 320 340 360 380 miz

Fig 5. 8 Isolation of m/z 298 corresponding to [***Pt(H,NCH,CH,)NH(CH,CH,NH,)]* and

reaction with hexene.
Similarly, peaks at m/z 341and 397 in Fig 5. 9 (a) and (b) are the products with CD3CN
and Et3N respectively.
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Product with CD;CN
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Fig 5. 9 Isolation of m/z 298 corresponding to [***Pt(HNCH,CH,)NH(CH,CH,NH,)] and
reaction with (a) CD3CN (b) triethylamine

5.2.2 lon-molecule reactions of transition metal cations with small neutral molecules
It should be possible to investigate gas phase reactions of trapped transition metal ions with
other neutral molecules. Although not yet successful with transition metal fluoride
complexes, these experiments succeeded with [Re(CO)s(bpy)]” derivatives.
[Re(CO)s(bpy)]” derivatives were donated by Jacob Schneider.

5.2.2.1 Reactions of Re tricarbonyl cations with small neutral molecules
[Re(CO)3(bpy)(pic)] PFs (27) was studied by positive ion ESI mass spectrum (Fig 5. 10).
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The peak at m/z 520 is the cationic molecular ion peak [M]*. Another peak at m/z = 427
arises from the loss of picoline from the molecular ion peak [M-X]". This peak is very
reactive towards water giving a sharp peak at m/z 444.9 showing the addition of one water
molecule [M-X+H,0]".
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Fig 5. 10 Positive ion ESI mass spectrum of [Re(pic)(bpy)(CO)s]" in CH3CN

[Re(pic)(bpy)(CO)s]" (m/z 520) did not react with neutral reagents while
[Re(bpy)(CO)s]* (m/z 427) reacted with EtsN, CDsCN, pyridine, 1-hexene, pentyne, SO,
NO and isobutene and showed complete conversion to the product. In some cases the
product peak was isolated which converted back to [Re(bpy)(CO)s]" (m/z 427) upon
increasing the CID energy. No reaction was observed with methanol, CgF,H>(NH>),,
CeH4F>, CgFsH, CO, and D.. Fig 5. 11 (a) & (b) shows a peak at 445 corresponding to the
reaction of [M-X]" with residual water in addition to the peaks at m/z 511 and 495

corresponding to products with 1-hexene and pentyne respectively.
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Fig 5. 11 Positive ion ESI mass spectrum showing reaction of [Re(bpy)(CO)s]" with (a) 1-

hexene and (b) pentyne in CH3CN

The positive ESI mass spectrum of [Re(CO)3(bpy)(P(OEt)s]'PFs (28) gave a peak at m/z
593 which is the cationic molecular ion peak [M*] (Fig 5. 12). Another peak at m/z = 565

results from loss of one carbonyl ligands from the molecular ion [M-CO]".
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Fig 5. 12 Positive ion ESI mass spectrum of Re(bpy)(P(OEt)3)(CO)s]” in CH3CN

[Re(bpy)(P(OEt)3)(CO)s]" (m/z 593) did not react with neutral reagents while
Re(bpy)(P(OEt)3)(CO),]" (m/z 565) reacted with EtsN, CD3CN, pyridine, 1-hexene,
pentyne, SO,, NO and isobutene and showed complete conversion but did not react with
methanol, CgF,H2(NH), CsHiF,, CeFsH, D, and CO,. The successful reactions were
characterized by the comparison of peaks with m/z corresponding to
[Re(bpy)(P(OEL)3)(CO),L]".

The positive mode electrospray ionization of [Re(CO)3(H20)3]Br 29 is dependent
upon than solvent used for making the solution. The water molecule in 29 is replaced by the
solvent molecule so the cationic molecular ion peak [M*] at m/z 324.9 is only observed
when water is used as a solvent (Fig 5. 13) but cannot be isolated in the ion trap to perform
low energy CID. Other peaks at m/z 306.9 and 288.9 are formed by loss of one water
molecule [M-H,0]" and two water molecules [M-2H,0]" respectively. The peak at m/z
288.9 was isolated and reacted with water which resulted in the addition of one and two

water molecules giving peaks at at m/z 306.9 and 324.9, respectively.
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Fig 5. 13 Positive ion ESI mass spectrum of [Re(H,0)3(CO)3]Br in H,O

The positive ion ESI spectrum of 29 in methanol shows peaks at m/z 338.9 assigned
to the replacement of one water molecule by methanol. Other peaks at m/z 352.9, 334.9,
321 and 302 correspond to [Re(CO)3(H,O)(CH30H),]*, [Re(CO)3(CH3sOH),]",
[Re(CO)3(H,0)(CH30H)]" and [Re(CO)3(CHsOH)]" respectively (Fig 5. 14).

335.0
3210
3529
3”}\2'9 1389
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300 320 340 /0 miz

Fig 5. 14 Positive ion ESI mass spectrum of [Re(H,0)3(CO)3]Br in CH3;0H

The acetonitrile solution of 29 showed similar behavior in positive ion mode
electrospray ionization. The water molecules are replaced by acetonitrile which is a good
coordinating solvent (Fig 5. 15). In the mass spectrum peaks are observed at m/z 302,
312.0, 330.0, 353.0 and 371.0 corresponding to [Re(CO),(H,0)(CH:CN)T,
[Re(CO)3(CH3CN)T, [Re(CO)3(H,0)(CH3CN)T, [Re(CO)3(CH3CN),]" and
[Re(CO)3(H20)(CH3CN),]".
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Fig 5. 15 Positive ion ESI mass spectrum of Re(H,0)3(CO);]Br in CH3CN

lons at m/z 353, 312 (from CH3CN) and 288.9 (solution in water) of 29 underwent
successful ion-molecule reactions with EtsN, CD3CN, pyridine, 1-hexene, pentyne, SO,
NO and isobutene but did not react with methanol, CsF2H2(NH,), CsH4F2, CeFsH, D, and

CO,. The ions mentioned above showed similar behaviour as 27 and 28.
5.2.2.2 lon-molecule reactions of Mn cations (30)

[Mn(CO)s(bpy)(pic)]'PFs was prepared as a yellow powder from the reaction of
Mn(CO)3(bpy)Br with picoline and AgPFgin THF.

~ PF6
_ N/| co

The formation of 30 was confirmed by mass spectrometry and multinuclear NMR
spectroscopy. The *'P NMR spectrum shows a septet at 5—130.84 (Jpr = 707.6 Hz) and the
F NMR shows a doublet at §—73.91 (Jpr = 707.5 Hz). The *H NMR spectrum is broad

probably due to the quadrupole of >*Mn or due to the presence of paramagnetic impurities.
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(a)

-60 -65 -70 -75 -80 ppm

(b)

(c)

Fig 5. 16 (a) °F NMR spectrum of [Mn(CO)s(bpy)(pic)]'PFs” in (CD3),CO at room
temperature (407.4 MHz) (b) 3P NMR spectrum (202.46 MHz) and (c) *H NMR
spectrum (500.13 MHz)

The positive ion ESI mass spectrum shows the cationic molecular ion peak [M*] at m/z
387.9. Other ions at 303.0, 294.9 (major) and 210.9 corresponding to [M-3COJ",
[M—(pic)]" and [M—(pic+3CO)]" (Fig 5. 17).
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Fig 5. 17 Positive ion ESI mass spectrum of Mn(pic)(bpy)(CO)s]" in CHsCN

[Mn(bpy)(pic)(CO)s]” (m/z 387.9) did not react with the neutral reagents while
[Mn(bpy)(CO)s]" (m/z 294.9) reacted with EtsN, CD3CN, pyridine, 1-hexene, pentyne,
SO,, NO and isobutene and showed complete conversion but did not react with
CeF2H2(NH2), CgHiF,, CeFsH, D, and CO,. It also reacted with methanol but the
conversion to product was about 50% (Fig 5. 18).
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Fig 5. 18 Positive ion ESI mass spectrum showing reaction of [Mn(bpy)(CO)s]" with (a)
pentyne and (b) methanol in CH3;CN

5.2.3 lon molecule reactions of transition metal anions with small neutral molecules

I-M reactions were also tried with transition metal anions. Good negative ion spectra were
obtained for the compounds [EtyN]J[W(CO)sBr] (31), [EtsN][W(CO)sl] (32),
[EtsN][W(CO)4l3] (33) and [Et;N][Mo(CO)sBr] (34) but [EtyN][Cr(CO)sBr] (35) could not
be characterized due to solubility problems. All these transition metal anion salts were

donated by Dr Jason Lynam.
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The negative ion spectrum of 31 shows the anionic molecular ion [M]™ at m/z 404.9
and the daughter ions at m/z 375.0 and 349.1, formed by the loss of one carbonyl ion
[M—-CQ]J and two carbonyl ions [M—2CQO]", respectively (Fig 5. 19).
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Fig 5. 19 Negative ion ESI mass spectrum of [EtyN][W(CO)sBr]
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Tungsten has four stable isotopes *2W, #3w, ®%w, and **w. The calculated
spectrum of W(CO)sBr is having peaks at 404.8 (100.0%), 402.8 (96.5%), 406.8 (47.0%),
400.8 (44.6%), 403.8 (28.9%), 401.8 (26.5%) which is in close agreement with observed
spectrum.

The anionic molecular ion [M]™ and the two daughter ions [M-CO]", [M—-2CO]”
were isolated and reaction were tried with methanol, pyridine, 1-hexene, pentyne, CO,,
SO,, NO, isobutene and D, but no product peaks were observed.

Compound 32 also behaved in a similar manner. The negative ion spectrum of 32
shows molecular ion [M]™ at m/z 450.8 and the daughter ions at m/z 421.2 [M—CO] and
395.2 [W(CO)J]".

[M—-COJ
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400 ' 420 ' 440 ' 450 miz

Fig 5. 20 Negative ion ESI mass spectrum of [EtsN][W(CO)sl] 32

The molecular ion [M] and the two daughter ions [M—-CO]~, [W(CO)4]" were
isolated and tried to react with methanol, pyridine, 1-hexene, pentyne, phenylsilanes, CO,,
S0O,, NO, isobutene and D, but no product peaks were observed.

The negative ion spectrum of 33 shows the anionic molecular ion [M]™ at m/z 674.9
and the daughter ions at m/z 648.9 and 621.3 formed by the loss of one ion carbonyl
[M—CO]" and two carbonyl ions [M—2CO]" respectively.

The molecular ion [M]™ and the two daughter ions [M—CO]™ and [M-2CO]"~ were
isolated and investigated for reaction with methanol, pyridine, 1-hexene, pentyne, CO,,
SO,, NO, isobutene and D, but no product peaks were observed.
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Fig 5. 21 Negative ion ESI mass spectrum of [EtsN][W(CO)uls], 33

The negative ion spectra of 34 shows the molecular ion [M]™ at m/z 316.7 and the daughter
ions at m/z 289 [M—CO] and 360.2 [M-2CO]". Molybdenum (Mo) has seven stable
isotopes 97.9 (100.0%), 95.9 (69.1%), 94.9 (66.0%), 91.9 (61.5%), 99.9 (39.9%), 96.9
(39.6%), 93.9 (38.3%). The calculated spectrum of Mo(CO)sBr has peaks at m/z 316.8
(100.0%), 318.8 (81.1%), 314.8 (63.8%), 315.8 (63.4%), 312.8 (56.7%), 313.8 (41.0%),
310.8 (35.3%), 317.8 (28.2%), 320.8 (23.2%), 319.8 (4.7%) which are in close agreement

with the experimental peaks.
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Fig 5. 22 Negative ion ESI mass spectrum of [EtsN][Mo(CO)sBr], 34

142



Chapter five Gas Phase lon molecule reactions

The molecular ion [M]™ and the two daughter ions, [M—CO]™ and [M-2CQO]", were
isolated and reactions were tried with methanol, pyridine, 1-hexene, pentyne, CO,, SO,

NO, isobutene and D, but no product peaks were observed.

5.2.4 Reaction of transition metal fluoride with small neutral molecule

The [M—F]" ions of the transition metal difluoride and diodide complexes (DMEA),ZnF,
(DMEA),CoF,, Cp*,TiF,, Cp*,ZrF,, Ru(PMes)4F,, (PPhs),Ptl, were isolated in the ion trap
and subjected to reactions with CO,, SO,, NO, isobutene and D,. No reaction was observed
except for a [M—F]" peak of Ru(PMes)4F; and (PPhs),Ptl; showed 30% conversion to the
product with CD3CN only

5.3 Discussion

The Bruker Esquire mass spectrometer has been successfully modified for gas-phase ion
molecule reactions and the setup was checked by repeating already known reactions of
complex 2 with small liquid molecules. Reactions were also successful with small gaseous
molecules.

The positive ion electrospray ionization of Re and Mn tricarbonyls gave the
molecular ions as well as the daughter ions formed by the loss of either a carbonyl ligand or
the other ligand X (X = picoline, POEt3) depending upon the ligand attached. The
molecular ions of 27, 28 and 30 with saturated coordination spheres did not react with
neutral molecules while the daughter ions reacted with both liquid and gaseous small
molecules (EtsN, CD3;CN, pyridine, 1-hexene, pentyne, SO,, NO and isobutene). Similar
behaviour was shown by the platinum diiodide complexes.®

The negative ion electrospray ionization of transition metal anions gave the anionic
molecular ion [M] as a base peak and further fragmentation occurs via loss of carbonyl
ligands. Neither the molecular ion nor any of the other ions (formed by the loss of CO
ligand) reacted with the neutral molecules in the gas phase.

The gas phase ion molecule reactions of small neutral molecules with the transition

metal fluoride complexes were not successful.
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5.4 Conclusions

lon molecule reactions of Re(CO)s cations are quite successful with liquid reagent
and we have observed 100% conversion of these cations to product but still did not obtain
any positive results with transition metal anions. Transition metal fluoride complexes also

have failed to show any I-M reactions.
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HYDROGEN BONDING OF (Cp*),MF, COMPLEXES

6.1 Introduction

6.1.1 Hydrogen bonding

Hydrogen bonding (HB) is an attractive interaction (10-65 kJ mol™) between a weak acid
like O-H or N-H with a weak base. HB has good chemical specificity and directionality.
The hydrogen bond is generally stronger than Van der Waals forces but weaker than
covalent bonding. These properties make it very important in supramolecular chemistry™
and crystal engineering.*” Hydrogen bonds are also of great importance in biological
structures,®? coordination and organometallic chemistry™® and materials chemistry''. There
are three categories of hydrogen bonding, weak, moderate and strong having stabilization
energies of 16 kJ mol™, 60 kJ mol™*and 120 kJ mol* respectively.'? Hydrogen bonding can
be intramolecular or intermolecular. The intramolecular interaction introduced by Sidgwick
and Callow, does not have much effect on the physical properties as no association is

involved here. >
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o- chlorophenol ethyl acetoacetate

Intermolecular hydrogen bonding exists between two or more molecules and
changes many physical properties like mass, shape, melting point, boiling point, density
and electronic structure etc. A dynamic equilibrium exists between the bonded and
monomeric molecules. The equilibrium constant can be used to determine the

thermodynamic parameters.****

O
association // \

RCOOH + RCOOH = = R C
dissociation \O H/

Hydrogen bonding has been reported in metal fluoride complexes. The crystal

structure of [Cu(na).F,(H20),].4H,0 (na = nicotinamide) has been determined by X-ray
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crystallography (Fig 6. 1) which shows that there is hydrogen bonding between the fluoride
ligand attached to copper and the water lattice (CuF---HOH).?

gﬂﬂl‘gHz E:!‘.';:'I‘le2
CUHHZ =~ CONH, T

HO —H:- O—H--F

ForH—0—H- —— :
\ / H,0—Cu
Cu

H0-Cu \

FoH 0 "H—0H F - He0—H:-F

! :
H H,NCO O CONH,
CONH, CONHZ X

Fig 6. 1 Hydrogen bonding of ligated fluorine with water lattice in
[Cu(na),F»(H,0),].4H,0°

The hydrogen bond acceptor capability of halogens is of key importance in the
discussion of hydrogen bonding interactions. The greater the negative charge around the
halogen, the greater will be the ability to form a hydrogen bond (HB), giving a trend F > Cl
> Br > I. Four main types of HB acceptor have been discussed by Kovacs and Varga,
anionic acceptor (X°), M—X (M= transition metal halide), C—X (carbon halide) and H-X
(hydrogen halide) acceptors.®"" Studies have been performed on the similarities and
differences of M—X and C—X as potential hydrogen bond acceptors. It was also found that
M-F---H (having the ability to form strong directional hydrogen bonds) is of great
importance in crystal engineering while M-X:--H (forming weak hydrogen bonds) is

important for solid state rearrangements.*®

Hydrogen bond donors

Indole has been studied for the strength of hydrogen bond formation. Hydrogen bonding of
indole with different systems like indole—water, indole—alcohol, and indole—dioxane
complexes have been studied by fluorescence excitation spectroscopy where hydrogen
bonded complexes have been observed. Indole is a good hydrogen bond donor, even

stronger than water. The nitrogen has a lone pair of electrons which is part of the aromatic
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ring. This makes the indole a poor base and it does not undergo hydrogen bonding with
itself."*
Isopropanol was investigated for its hydrogen bond donor abilities by infra-red
spectroscopy. The complexes used as a proton acceptor are di-isopropyl ether, liquid
poly(propylene oxide), and poly(n-butyl methacrylate) and the enthalpies calculated are —9
+2,-16+3,and —10 + 2 kI mol . %

1,1,1,3,3,3 Hexafluoroisopropanol is a good hydrogen bond donor and was studied
by IR spectroscopy for its hydrogen bonding capabilities by investigating the change in the
hydrogen OH bond stretch.?* Hexafluoroisopropanol is also a Lewis acid with a pKa of 9.3

in H,0.2%

6.1.2 Halogen bonding

Halogen bonding refers to the noncovalent interaction involving a halogen as an electron
acceptor (Lewis acid).??® This kind of bonding can be represented by a general scheme
“D---X-Y” where D 1is the Lewis base or electron density donor, X represents
halogen/electron density acceptor or Lewis acid and Y is the carbon, transition metal,
nitrogen etc. Halogen bonding has an important role in crystal engineering. An important
type of these interactions occur between metal halide complexes and organic halides
(M—X---X"=C), and has studied by Brammer and Perutz.?**°

Halogen bond donors

lodopentafluorobenzene is a strong halogen bond donor and is of great importance in
supramolecular chemistry.®*? lodopentafluorobenzene is electron deficient at the iodine
atom due to the high degree of fluorination of the benzene ring.*** Brammer and Perutz
investigated metal fluoride complexes for hydrogen and halogen bonding using
multinuclear NMR spectroscopy. Ni(PEts),(CsF4sN)F (3) forms adducts with indole
(hydrogen bonding) and pentafluoroiodobenzene (halogen bonding). The metal fluoride
shows a considerable °F NMR chemical shift with the adduct formation. Titration curves
were plotted at different temperature between the *°F chemical shift and the ratio of molar
concentration of nickel fluoride and the titrant (indole) see Fig 6. 2. Similar plots were also

obtained for the titration of NiF with CgFsl. The enthalpy and the entropy of the reaction
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were obtained using the Van’t Hoff plot. It was found that these complexes form halogen

bonds of equivalent strength to hydrogen bonds.**
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Fig 6. 2 (a) Fit of the titration curves at different temperatures, showing observed Jr versus

ratio of molar concentrations of indole and NiF in toluene-dg; (b) Van’t Hoff plot.**

Recently, the thermodynamics of halogen bonding of group 10 transition metal

fluoride complexes with iodopentafluorobenzene (Fig 6. 3 ) has been studied. CgFsl is a

good halogen bond donor due to the highly fluorinated aromatic which increases the

electrophilicity of the iodine. The **F NMR signal of the metal fluoride moves downfield

upon the addition of CgFsl. The equilibrium constants K were determined from the plot

fitted between the between the **F NMR chemical shift and the ratio of the concentration of

the metal fluoride and CgFsl. The enthalpy (AH) and entropy (AS) were determined from
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the Van’t Hoff plot and it was found that the enthalpies of the halogen bond increases on
moving down the column in the Periodic Table. The formation of 1:1 adducts was

confirmed by a Job plot.*

CF, F . F
— TR3
F Ni—F-----I F
\ 7 ]
N PR3
. F
CF3 F F F
S— TRa
F Pt—F-----| F
\ 7 |
N PR,
£ F
R=Cy, CyP
3 F F F
S— TRa
N\ / P|d—F ----- | F
PR
F F . F
K1
M-F + X-D [M-F-----X-D]

Fig 6. 3 Halogen bonding of transition metal fluoride complexes with
iodopentafluorobenzene.

This chapter will be focused on establishing the strength of hydrogen and
halogen bonds formed by group 4 transition metal difluoride complexes and determination
of the effect of the metal on the thermodynamic parameters as we move down the series in

the Periodic Table.
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6.2  Results

The strategy for this work was to synthesize closely related d° transition metal difluoride
complexes so that the periodic trends in the thermodynamics of hydrogen bonding and
halogen bonding can be observed. For this purpose isostructural complexes of Ti, Zr and Hf
were prepared. All these compounds can be easily handled spectroscopically and show
sharp signals in the NMR spectra. Protio toluene was used as a solvent for carrying out the
titration experiments.

Indole and hexafluoroisopropanol (HFIP ) were used as hydrogen bond donors. Indole was
kept under vacuum for 1 hour and stored in the glove box. lodopentafluorobenzene was
dried using molecular sieves (3A) and also stored in the glove box.

Titration of d° transition metal difluorides against hydrogen bond donors and halogen bond
donors was investigated by °F NMR spectroscopy. The change in the chemical shift of the
fluoride ligand coordinated to the metal was recorded. The equilibrium constants were
obtained by plotting the data of the NMR titration at constant or variable temperatures. For
calculating the densities of the solutions, it was assumed that the sum of the volumes of the
component of the solutions is equal to the volumes of the solutions. Microsoft Excel®,
using a macro program developed by Professor C. A. Hunter of the University of Sheffield
was used to carry out the calculations for determining the equilibrium constants. Van’t Hoff
plots, developed from the equilibrium constants, and were used to calculate the enthalpy
(AH®) and entropy AS® of the reaction. Sometimes some restraints were put in order to get

an acceptable fit of the parameters.

Temperature calibration of the NMR probe
All the NMR spectra were collected on a Bruker AMX 500 spectrometer. The temperature

of the probe was calibrated using methanol in a capillary which was put inside toluene dsg.
The Ao separation of the signals of hydrogen atoms on the methyl and hydroxyl groups of
methanol provides the basis for the determination. The following equation was used to
connect temperature with A8.%

T(K) (methanol) = 409.0 - 36.54 A5 - 21.85 (AS)
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Temperature Calibration using MeOH sample in toluene-dsg
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The following table shows that the nominal temperature and corrected temperature of the

probe.

Table 6.1 Corrected values of temperature

T(nominal)/K T(corrected)/K
250.0 246.0
260.0 256.8
270.0 267.6
280.0 278.4
290.0 289.3
300.0 300.1

Calculation of the thermodynamic parameters (AH° and AS°) from the Van't Hoff

plots for variable temperature experiments

Measurement of the equilibrium constants connects to the Gibbs free energy ' via the

relationship

AG’ = - RTInK¢

R = gas constant = 8.314 J/mol-K
T = temperature (kelvin)
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Keq = equilibrium constant

Equilibrium constants can be used to evaluate standard enthalpy-entropy using the Van 't
Hoff equation which correlates change in temperature (T) to the change in the equilibrium

constant (K).

From the van 't Hoff equation®®

AH° AS°

N 6.1
RT R

In(K)= -

The plot of In(K) vs 1/T will result in a straight line. AH can be calculated from the slope
and AS from the intercept.

AH° = —Slope x R

And

AS® = intercept X R

6.2.1 Hydrogen bonding of (Cp*),TiF,(11) with indole

Compound 11 shows a sharp signal for both the fluorides in the NMR spectrum and is
soluble in a range of organic solvents. °F NMR spectroscopy was used to study the
formation of the hydrogen bonding between the indole and 11. An upfield shift of about
32.5 ppm was observed in the **F spectrum upon addition of excess of indole at 300 K (Fig
6. 4).
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Fig 6. 4 9F NMR spectrum of (a) 11 in toluene (b) hydrogen bonded adduct formed from

the mixture of 11 and indole

NMR spectra were recorded at six different temperatures ranging from 246.0 to 300.1 K.

Titration curves were fitted between changes in the '°F chemical shift vs the ratio of the
concentration of metal fluoride and indole at different temperature using the model shown
in equation 6.2 (Fig 6. 5). Equilibrium constants for the formation of adducts, K were
obtained from the plots. The 2" equilibrium constant is very small compared to the first
equilibrium constant (in the range of 1-2, compared to 15-150 for K;) and can be neglected.

Parameters used for fitting the curves are shown in the Table 6.2.
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or

The thermodynamic parameters AS® and AH° can be calculated by plotting In K vs T
(Van’t Hoff plot). The values of AS® and AH° are determined as —67 + 8 J K™* mol™ and

—27 + 2 kJ mol™* respectively.

g0.0
a0 ;
0.0 H
62.0 H
60.0
550 4
50.0 H
45.0 1
40.0 1

35':' T T T T 1
0 5 10 15 20 25
molar ratio

|+—250 K —=—280K 270K ——280 K =280 K —+=300 K|

Chermical shift

Fig 6. 5 Fitting curves for the titration of 11 vs indole for a range of temperature. The best
fit of the points on the curves was in a range of + 0.2 as seen from the residual graph on

microsoft Excel®, macro program.
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Fig 6. 6 Van’t Hoff plot for K; for indole/TiF, adducts in toluene.

Table 6.2 Experimental data used for fitting the curves. Concentration of stock solution of
11 were 0.044 M and the concentration of the indole stock solution was 3.524M

F NMR shift of the TiF, (11)

Vwe/UL | Vingole/UL [ 250 K | 260 K | 270 K | 280K [ 290 K | 300 K
500 0| 73.05 | 7363 | 7419 | 7470 | 74.14 | 75.68
513 5] 63.04 | 6548 | 67.19 | 6869 | 70.08 | 71.54
515 9] 6019 | 6237 | 6434 | 66.16 | 67.85 | 69.53
514 20| 5456 | 56.90 | 59.07 | 62.20 | 63.25 | 65.31
526 31| 51.46 | 5378 | 56.04 | 5822 [ 60.36 | 62.6
528 50| 47.96 | 50.34 | 5253 | 54.69 | 56.80 | 59.08
526 63| 46.40 | 4880 | 51.03 | 53.16 | 55.27 | 57.47
530 81| 4457 | 4697 | 4920 | 51.34 | 5334 | 5554
514 121| 4057 | 4310 | 4531 | 4754 | 49.68 | 52.03
514 158 | 3958 | 42.14 44.4 4657 | 485 | 50.90

K1| 149 68 54.3 305 | 163 | 152
K2| 1.85 1.61 1.59 133 | 1.01 0.9
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6.2.2 Hydrogen bonding of (Cp*),TiF,with HFIP

A similar procedure to that in 6.2.1 was adopted for this experiment. The formation of the
hydrogen bond adduct was also studied by NMR spectroscopy. The *F NMR chemical
shift moves by 80.13 ppm upfield upon addition of excess HFIP. NMR spectra were

recorded at six different temperatures ranging from 246.0 to 300.1K.

(b)
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G ] i el i Gt il i i bl it i b i ol
82 81 80 79 78 77 76 75 74 73 72 71 ppm
Fig 6. 7 9F NMR spectrum of (a) 11 in toluene (b) hydrogen bonded adduct formed from

the mixture of 11 and HFIP

The titration curves were fitted according to the model shown by equation 6.3. The adduct
is formed in a ratio of 1:2 (metal fluoride and the HFIP) (Fig 6. 8). The parameters used for
fitting the plots are given in Table 6.3.
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The equilibrium constant K for the formation of the hydrogen bond adduct was determined
by plotting '°F chemical shift vs the ratio of concentration of 11 and HFIP. It was observed
that the value of the 2" equilibrium constant is negligibly small as compared to the 1%
equilibrium constant.

Chemical shift

T T T T T

0 20 40 60 80 100

molar ratio

——250 K —— 260 K 270K 280 K =290 K —»— 300 K

Fig 6. 8 Fitting curves for the the titration of 11 vs HFIP indole for the whole range of
temperature. The best fit of the points on the curves was in a range of + 0.4 as seen from the
residual graph on microsoft Excel®, macro program.

The thermodynamic parameters AS® and AH° can be calculated by plotting In K vs T
(Van’t Hoff plot). The values of AS® and AH® being determined as —35 +3 J K™ mol™ and
~19.2 + 0.7 kJ mol ™, respectively.
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Fig 6. 9 Van’t Hoff plot for K; for HFIP/TiF, adducts in toluene.

Table 6.3 Experimental data used for fitting the curves (Fig 6.8). Concentrations: 0.02 M
of stock solutions of 11 and 4.87 M of HFIP

F NMR shift of the TiF, (11)

Vumr/UL | Viuep/L [ 250K 260 K 270K 280 K 290K | 300K
500 0| 64.25 65.98 67.05 69.89 7298 | 76.75
520 4| 4395 47.60 50.53 53.49 56.43 | 60.20
577 11| 11.74 18.53 24.16 29.81 3521 | 42.10
536 15 0.91 4.39 9.21 14.62 2021 | 27.56
526 20| -3.72 0.83 4.88 9.63 1468 | 21.62
531 28| 572 -1.76 1.65 5.69 1021 | 16.53
534 53| -7.82 -4.29 -1.44 1.94 5.80 11.20
528 81| -1059 -7.37 -5.02 -2.31 0.80 5.10
531 129 | -12.80 -9.74 -7.66 -5.29 -2.61 0.98
534 161 | -14.54 -11.62 -9.62 -7.44 -5.01 -1.85
518 202 | -15.48 -12.60 -10.69 -8.63 -6.28 -3.38

Ky 181 106 79.6 56.3 43.7 31.3
K,| 3.37 2.53 2.35 2.39 2.60 2.77
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6.2.3 Hydrogen bonding of (Cp*).ZrF, + indole

The formation of the hydrogen bonded adduct formed between (Cp*).ZrF, and indole was
also studied by NMR spectroscopy. The °F NMR chemical shift moves upfield by 14.58
ppm upon addition of excess of indole at 300 K (Fig 6. 10). NMR spectra were recorded at
six different temperatures ranging from 246.0 to 300.1K.

(b)

Fig 6. 10 *F NMR spectrum of (a) 12 alone (b) adduct with indole

The titration curves were fitted (1:1 ratio of metal fluoride and the indole) according to the
model shown by equation 6.4. The parameters used for fitting the plots is given in Table
6.4.
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Fig 6. 11 Fitting curves for the titration of 12 vs indole for the whole range of temperature.
The best fit of the points on the curves was in a range of £ 0.5 as seen from the residual

graph on microsoft Excel®, macro program.

The equilibrium constant K for the formation of the hydrogen bonded adduct was
determined by plotting the *°F chemical shift vs ratio of concentration of 12 and indole. The
thermodynamic parameters AS® and AH° can be calculated by plotting the titration curves at
different temperatures and plotting In K vs T, (Van’t Hoff plot). The values of AS® and

AH° determined as —36 + 4 J K™ mol™ and —11 + 1 kdmol ™ respectively.
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Fig 6. 12 Van’t Hoff plot for K; for indole/ZrF, adduct in toluene.

Table 6.4 Experimental data used for fitting the curves (Fig 6.11). Concentration of stock

solution of 12 was 0.028 M and the concentration of the indole stock solution was 3.582 M

F NMR shift of the ZrF, (12)

VMme/UL | Vingole/ ML [ 250 K 260 K 270K 280K | 290K | 300K
500 0| 28.23 28.67 29.03 29.70 29.70 | 30.02
482 12 | 23.97 25.12 26.10 26.97 27.70 | 28.40
476 23| 21.30 22.71 24.02 25.14 26.10 | 27.05
463 32| 19.35 20.83 22.47 23.58 25.06 | 26.05
455 40 | 18.00 19.61 21.11 2251 23.78 | 25.03
436 61| 15.71 17.52 18.98 20.44 21.90 | 23.58
407 91| 13.28 15.10 16.80 18.29 19.81 | 21.70
377 121 | 11.60 13.36 14.97 16.59 18.18 | 20.02
337 159 | 10.00 11.71 13.38 14.97 16.51 | 18.49
298 201 8.63 10.48 11.98 13.69 15.20 | 16.72

K 2.46 2.1 1.7 1.6 12 0.92
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6.2.4 Hydrogen bonding of (Cp*).ZrF, with HFIP
A similar procedure was adopted in order to study the formation of hydrogen bond adducts
between Cp*),ZrF, (12) and HFIP. NMR spectra were recorded at six different
temperatures ranging from 246.0 to 300.1.

The F NMR spectrum of the 12 alone and with the hydrogen bond adduct
[(Cp*).ZrF,--- HFIP] shows that there is a chemical shift of 39.06 ppm upon addition of
excess of HFIP at 300 K (Fig 6. 13).

(b)

o
i Wy W and o o

N A N I I A L I I B

10 5 0 -5 -10 -15 —20 -25 ppm

(@)

B 5 S B B
120 100 80 60 40 20 0 -20 -40 ppm

Fig 6. 13 FNMR spectrum of (a) 11 alone (b) adduct formed by adding excess of HFIP

The titration plot was fitted according to the model (equation 6.5) which shows that there is
ratio of 1:2 between the metal complex and HFIP.
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The equilibrium constants K; and K; for the formation of hydrogen bond adducts were

determined by plotting the '°F chemical shift vs ratio of concentration of 12. The

thermodynamic parameters AS%, AS% and AH® and AH®, have been calculated by plotting

the titration curves at different temperatures and plotting In K vs T~* (Van’t Hoff plot). The

values of AS%, AS% and AH®; and AH®, determined are —68 + 3, —49 + 3 J K> mol™ and
-28.5+0.8,—-15.7 + 0.7 kJ mol ™" respectively.
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Fig 6. 14 Fitting curves for the titration of 12 vs HFIP for the whole range of temperature.

The best fit of the points on the curves was in a range of £ 0.5 as seen from the residual

graph on microsoft Excel®, macro program.
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Experimental data used for fitting the curves. Concentration of the stock solution of 12 was

0.044 M and the concentration of indole stock solution was: 3.524M

6.5 -
(@) AH,=-28.5+0.8
6 . AS,=-68+3 ¢
R?=0.9866
55 -
InK; 54
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4 4
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3 T T T T 1
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THK?!
Fig 6. 15 Van’t Hoff plot (a) for K; for HFIP/ZrF, adducts in toluene and (b) for K for
HFIP/ZrF, adduct in toluene.
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Table 6.5 Experimental data used for fitting the curves (Fig 6.14). Concentration of the
stock solution of 12 was 0.044 M and the concentration of HFIP stock solution were:
3.524M

F NMR shift of the Zr-F,

Vme/UL | Viueplul | 250K | 260K | 270K | 280K | 290 K | 300 K
522 0| 28.27 28.62 2890 | 29.19 | 29.33 | 29.66
536 6| 6.06 9.30 1210 | 1476 | 17.11 | 1955
533 10| -0.01 3.81 7.09 1021 | 13.04 | 16.15
533 17| -431 -0.43 3.08 6.45 955 | 12.94
531 24| -7.41 -3.60 -0.01 3.46 6.73 | 10.24
527 48| -1389 | -10.53 -7.14 373 | -0.40 | 3.8
531 80| -17.48 | -1467 | -11.63 | -848 | -534 | -1.34
529 117 | -19.87 | -17.37 | -1472 | -11.86 | -898 | -5.33
522 155 -21.37 | -1915 | -16.71 | -14.10 | -11.39 | -7.83
516 196 | -22.2 -20 -17.77 | -15.24 | -12.67 | -9.40

K1| 446 179 95.1 58.3 383 | 257
K2| 6.84 4.33 2.96 2.28 1.84 | 1.47

6.2.5 Halogen bonding of (Cp*),TiF,and (Cp*),ZrF,with CsFsl and CgF4l»
The formation of a halogen bond adduct between (Cp*),TiF, with CgFsl and CgF4l, and
(Cp*),ZrF, with CgFsl and CeFal, was investigated by °F NMR spectroscopy but the

change in the chemical shift was very small.

6.2.6 Test reactions of (Cp*),HfF, (13) with Indole
Compound 13 also showed good solubility in toluene and a test experiment was performed
on it. 13 has an the *°F NMR resonance at & —17.51 and upon addition of an excess amount

of indole, it shifts by 6—-4.45 ppm.
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Fig 6. 16 * F NMR spectrum of (a) alone blue line, (b) adduct formed by adding 3

equivalents of indole green line and (c) adduct formed by adding excess of indole red line

6.2.7 Test reations of (Cp*),HfF, with HFIP
Test experiment was also performed on the formation of adduct with HFIP. Upon addition

of an excess amount of HFIP, **F NMR showed a shift of § 17.34 ppm.
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Fig 6. 17 F NMR spectrum of (a) 13 alone blue line, (b) adduct formed by adding 3
equivalents of indole green line and (c) adduct formed by adding excess of indole red line

Table 6.6 Comparison of thermodynamic parameters of the hydrogen bonding of metal

fluoride complexes with different hydrogen bond donors

Metal Hydrogen AS%; AS°, AH% AH®,
Complex bond donor | JK*mol™ | JK™* mol™ | kJ mol™ kJ mol™
(Cp*),TiF; Indole —67+8 - —27+2 -
(Cp*).ZrF, Indole -36+4 - -11+1 -
(Cp*).TiF; HFIP —35+3 - -19.2+0.7 -
(Cp*)22ZrF; HFIP —68+3 ~4943 | -28.5+0.8 | -15.7+0.7

167




Chapter six Hydrogen bonding of (Cp");MF,

6.3  Discussion

Titration curves showed a dependence on the temperature and there is a significant change
in the chemical shift caused by hydrogen—bond donors. This effect is more prominent at
high concentrations of hydrogen—bond donors and reduced at low concentration. The
equilibrium constants K; and K, have been calculated from plotting the molar ratio of the
metal fluoride and hydrogen—bond donor vs *°F chemical shifts. The value of K; is very
small in comparison with Kj, so that sometimes it can be neglected. At the lowest
temperature, K;/K; ranges from 54 to 81 for the three determinations. The Van’t Hoff plot
obtained from equilibrium constants values and showed a good fit giving the correlation
coefficient (R?) greater than 0.97.

Values of —AS° and —AH® for hydrogen bond adduct of metal fluoride with indole
decrease while moving from titanium to zirconium, while with HFIP the trend is the
opposite way. The —AH values of the hydrogen bond adduct of (Cp*),TiF, with indole is
greater than that with HFIP, but for (Cp*),ZrF, behaves in the opposite way. Hafnium
difluoride will be discussed later. There are clearly some strange features in these data that

require further investigation.

6.4  Conclusions
A series of d° transition metal difluoride complexes have been synthesized successfully and
thermodynamic parameters of hydrogen—bonded adduct were studied. It was observed that
F NMR resonance is shifted more for the adduct hexafluoroisopropanol than adducts of
indole. Trends in the increase or decrease of the thermodynamic parameters in the series
will be established after completing the experiments of (Cp*),HfF,. There is a strong
difference in the behavior of K; and K; although a second interaction is possible in
difluoride complexes. K, is very small in comparison to K; and even second interaction
cannot be observed for the hydrogen—bonded adducts of 12 with indole. The previously
published measurements were for monofluorides.?* ** These are the first difluoride. The
presence of two M—F bonds creates the opportunity for a second H-bonding interaction.
Halogen bond donors have very little effect on the d° transition metal difluoride

complexes and there is a slight change in the chemical shift.
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CONCLUSIONS AND FUTURE WORK

7.1. Conclusions

The aim of this work was to synthesize transition metal fluoride complexes and
characterize them by mass spectrometry. For this purpose a series of NiF{2-
CsNF3R)}(PEt3), complexes where R= H, F, NMe,;, CH3O were synthesized by C-F
activation and characterized by multinuclear NMR spectroscopy. All these complexes were
successfully characterized by LIFDI mass spectrometry. ElI mass spectrometry gave
complete decomposition. Introduction of these complexes into positive ESI resulted in the
loss of the fluoride ligand because the metal fluoride bond is very labile and it will
decompose first to give positively charged ions.

[(Cp")2MF,] where M = Ti, Zr, Hf were synthesized by reacting the respective
dichloride with NaF. The '°F chemical shifts of these of d° complexes appear in a
completely different region from the d® complexes. (Cp),TiF», (Cp")2ZrF, and (Cp"),HfF>
exhibits sharp resonances at 674.69, 28.72 and —17.51 respectively. These metallocene
difluoride complexes were successfully characterized by LIFDI mass spectrometry and
gave the molecular ion as base peak. The positive ion ESI mass spectra of these compounds
showed the sodiated and potassited molecular ion as well as the ion formed by loss of one
fluoride ligand while the other fluoride was retained i.e. [M-F]". The negative ion ESI
showed the molecular ion but the ion intensity was low.

Upon subjecting to low energy CID the sodiated molecular ion of [(Cp’).MF,]
fragmented by the loss of NaF and NaH and potasstiated molecular ion by loss of KF and
KH. The [M-F]" dissociated through the loss of HF resulting in the formation of
Cp (CsMesCH,)M".

M(DMEA)F, (M = Zn, Co, Ni) are hygroscopic complexes and were synthesized in
plastic ware. These complexes can be partially dried under vacuum but were completely
dried in the glove box. The positive ion ESI spectrum of Zn(DMEA)F, and Ni(DMEA)F,
gave the [M—F]" as a base peak while Co(DMEA)F, gave the molecular ion as base peak.
The CID of these complexes occurs through the loss of two HF in molecular sequential
steps.

The LIFDI mass spectra of ruthenium difluoride and bis bifluoride showed that

these compounds F---HF bond is not very stable in the LIFDI as the samples are thermally
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desorbed from the emitter. This can lead to the formation of [LMF,]" (L= PMes, dppe and
M = Ru) complexes as well as bridged complexes. The positive ion ESI of difluoride and
bis bifluoride complexes led to the formation of [LMF]* (L= PMejs, dppe and M=Ru) as
well bridged complexes. The CID of [M-F]" resulted in the loss of PMes instead of losing
the second fluoride. The chloride analogue also behaved in a same way. Similar behavior
was observed with the CID of [Ni(PEts)(CsFsHN)(CHsCN)F m/z 368 obtained from
negative ion ESI. Upon isolating this ion in the ion trap and subjecting to multistage CID,
fragmentation occurred with the loss of phosphine instead of losing fluoride. From these
examples it is concluded that the presence of phosphine strengthens the metal fluoride bond
in the mass spectrometry.

Platinium fluoride iodide complexes behaved in a similar way as the other transition
metal difluoride complexes. LIFDI mass spectrometry showed the molecular ion while
positive ion ESI is dominated by the ion formed by loss of fluoride ligand [M—F]". The
positive ion ESI spectra of a series of platinum diiodide complexes were dominated by
[M—I]". It is suggested that in competation of fluoride and iodide ion, fluoride is more
labile and will be lost first.

The CID of M(bpy)(X)CO); cations (M = Re, Mn and X= picoline, POEt3) gave
ions formed by loss of either CO or X depending upon the ancillary ligand X. In the
multistage CID carbonyl ligands were lost sequentially.

We have successfully modified the Esquire Bruker ion trap for gas phase ion
molecule reaction. The M(bpy)X(CO), and M(bpy)(CO)3 cations (M = Re, Mn and X =
picoline, POEts) reacted successfully with those liquid and gaseous reagents which either
have a double or triple bond or atom have lone pair of electron available for coordination at
the empty site. The M" ion did not reacted with any neutral reagent probably due to the
saturated coordination sphere. lon molecule reactions were also not successful with the
[M—F]" ions of transition metal difluoride.

We studied the formation of hydrogen bond adducts with a series of structurally
similar  difluoride complexes of group 4 transition metals. Indole and
hexafluoroisopropanol were used as hydrogen bond donors. The chemical shift is very
sensitive to the adduct formation and this effect is much greater in case of HFIP. (Cp),TiF»
(11) forms 1:2 adducts with both indole and HFIP but the 2™ equilibrium constant is
negligible while (Cp*),ZrF, (12) forms 1:1 adduct with indole and 1:2 adducts with HFIP.
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The '°F chemical shift was determined between -250 and 300K and the thermodynamic
parameters were calculated from this data. The values of AS° and AH% seem to be
dependent on hydrogen bond donor. Both these values decreases from (Cp ). TiF; to
(Cp*)ZZng with the MF,----indole adduct while behaves in opposite way with MF,----HFIP
adducts, where M =Ti, Zr.

7.2. Future work

It will be interesting to investigate the kinetics of the gas phase ion molecule reactions by
reacting different concentrations of the neutral reagent with the rhenium and manganese
tricarbonyls.

Secondly the gas phase ion molecule reactions are not very successful with the transition
metal difluoride complexes although we managed to do similar reactions with platinum
dichloride. We will try to investigate the reason for the failure and will try to overcome the
difficulties.

Finally (Cp).HfF, has already been synthesized and purified, will be studied for
hydrogen bonding. The thermodynamic parameters will be calculated so that comparison

can be made in the column in the periodic table.
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EXPERIMENTAL

8.1 General Methods

All the compounds were synthesized under inert conditions using glove box and schlenk
lines (1072 mbar). Analytical grade solvents were used for the synthesis and were dried by
reflex under argon using drying agents. THF, toluene and methanol were dried over
sodium. Ethanol was dried over magnesium turning (5 g) and iodine (0.5g). CH,Cl,, CHClI3

was dried over CaH,. All the solvent were distilled under argon.

8.1.1 Chemicals

The following compounds were purchased and used without any further purification;
triphenylphosphine (PPh3), bis(diethylphosphino)ethane (dppe), trimethylphosphine (PMe3)
and 1,3-bis-(diphenylphosphino)propane (dppp) (Sigma Aldrich). C¢Fs, CsFsN and CsF4HN
(Aldrich) were dried over molecular sieves and stored in ampule provided with Young’s
taps. 1, 1 N,N-dimethylethylene-1,2-diamine (DMEA) (Aldrich) bis-
pentamethylcyclopentadienyl titantium dichloride (Cp"),TiCl, : bis-
pentamethylcyclopentadienyl zirconium  dichloride  (Cp),ZrCl, and  bis-
pentamethylcyclopentadienyl hafnium dichloride (Cp*),HfCl, (Strem) zinc difluoride,
cobalt difluoride, nickel difluoride (Strem). Potassium tetrachloroplatinate (K;PtCl,)
(Aldrich). Tetramethylammonium fluoride (NMeyF) tetrabutylammonium fluoride
(NBu4F), sodium fluoride, cesium fluoride triethylaminetrishydrofluoride (NEts-3(HF) and
iodine (I,) were purchased from Aldrich.

Gases; CO,, D,, SO,, NO and isobutene (BOC) were already available in the lab.

8.1.2 Spectroscopic techniques
A Mattson research series FTIR spectrometer fitted with a KBr beam splitter was used to

record infrared spectra. The sample chamber was purged with dry, CO,-free air. Samples
of compounds were run on the spectrometer as ITR, KBr pellets and nujol mulls held

between KBr windows.
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Elemental analyses for NiF{2-CsNF3(4-NMe,)}(PEts), and NiF{2-CsNF3(4-
OMe)}(PEts), were performed by Elemental Microanalysis Ltd, Devon, UK while for
[Zn(DMEA),F;], [Co(DMEA),F;] and [Ni(DMEA),F,] were performed on elemental

analyser (CE-440) from Exeter Analytical Inc. with a Sartorius (SE2) analytical balance

8.1.3 NMR spectroscopy

NMR spectra were recorded on a Bruker AMX 500 (*H 500.13 MHz; *'P 202.46
MHz; °F at 407.4 MHz, 3C 125.78 MHz) spectrometer. Protio-solvents such as benzene (5
7.15), chloroform (3 7.30), dichloromethane (& 5.30), tetrahydrofuran (6 1.73, 6 3.85) and
toluene (6 2.10) were used as reference for recording the 1H NMR spectra while external
H,PO, (85%) was used as reference for 31P {1H} spectra. ">F NMR spectra were referenced
to external CFCls at 6 = 0.0 or internal CgFg at 6 = -162.9. All NMR deuterated solvents,
ds-benzene, d,-dichoromethane, ds-tetrahydrofuran, ds-acetonitrile and dg-toluene (Goss
Scientific), were dried over sodium or potassium and distilled on high vacuum line.
Chlorinated solvents were dried over molecular sieves. All NMR tubes (Wilmad 528-PP)
were provided with a Young's tap to allow sealing under argon atmosphere. Samples were

run from 250—-300K. NMR spectra were simulated using g-NMR.!

8.1.4 Mass spectrometry

The LIFDI measurements were performed on a Waters Micromass GCT Premier
orthogonal time-of-flight instrument set to one scan per second with resolution power of
6000 FWHM and equipped with a LIFDI probe from LINDEN GmbH.

Toluene was used for tuning the instrument. The polyethylene glycol probe was
kept at ambient temperature with the emitter potential at 12 kV. Activated tungsten wire
LIFDI emitters (13 mm tungsten from LINDEN) were ramped manually up to 100 mA for
the emitter heating current during the experiment. Repeated short baking at 90 mA was
used to clean up the emitter after each experiment. Solutions of the analytes (ca. 1 mg

mL™) were made up in toluene or THF (a low freezing solvent is required in order to
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prevent freezing in the capillary) in the glove box and transferred to a small vial. Transfer
from the vial to the emitter is carried out by capillary. The spectra were calibrated with
polyethylene glycols.

The ESI mass spectra and CID experiments were performed using Esquire 6000
(Bruker Daltonics, Berman, Germany) mass spectrometer equipped with quadrupole 3D ion
trap, having a scan speed of 13000 m/z /s. The ESI source is of an orthogonal sprayer
design and was operated at a spray voltage of 3-4 kV. Data were collected in standard scan
mode. Nitrogen was used as bath gas (200-300°C; 300-600 L/h) and nebulizing gas (5-10
psi). The analyte solution was introduced into the mass spectrometer by a syringe pump
employing a 500 L syringe. The sample solution was introduced at constant flow rate of
240-480 plL/h.

The millimolar solutions of various ions were prepared in methanol, water, and
acetonitrile and are specified separately with different compounds. The precursor ions of
interest were optimized (by changing parameters at capillary, skimmer, lenses, trap drive
and octopoles) if needed. The desired ions were isolated in the ion trap and collisionally
excited by probing at different collision energies between 0-25V. The ions were mass
selected with a window of 4-10 Da in order to see the iosotopic signature of the ions can be
observed.

The gas phase ion molecule reactions were performed on the same Esquire Bruker
mass spectrometer equipped with electrospray ionization (ESI) and modified in a way to
allow the introduction of neutral reagent via the helium background gas inlet line (details
discussed in chapter 5).

The theoretical isotope patterns for mass spectra were calculated using ‘‘Fluorine
chemistry mass spec simulator’’? and ChemDraw. Mass peaks are quoted for **Ni, *Ti,
%07y 180Hf, #zn, *°Co, *'Re and **Nb.

8.3 Synthesis of monofluoride complexes of Ni and Rh

Ru(PPhs)s(CO)(H)F® was already prepared in the group by T. Beweries and was borrowed
from him.

8.2.1 2,3,5,6-tetrafluoro-4-dimethylaminopyridine

The ligand was prepared by the method mentioned in the literature.* MS (EI) [M]* 181. °F
NMR (CDCls) 6 —90.9 (m), 6 —160.0 (m).
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8.2.2 Synthesis of NiF{2-CsNF;(4-NMe,)}(PEts),

2,3,5,6-tetrafluoro-4-dimethylaminopyridine (0.258 g, 1.33 mmol) was added to the
cloudy red-purple suspension of Ni(COD); (0.3 g, 1.1 mmol) and PEt; (295 mg, 2.5 mmol)
in hexane and stirred for 2 h. The color of the solution changed to yellow. Volatiles were
removed under vacuum and the oily residue was dissolved in hexane and filtered through
cannula. The filtrate was concentrated under vacuum to 2 mL and was crystallized at —25°
C for 2 h to give NiF{CsNF3;(NMe,) }(PEts),. Yield 0.548 g (1.12 mmol, 97%) MS (LIFDI
from toluene solution) m/z 488 [M™] 100%. Anal. Calcd for C1gH3sFsN2NiP,: C, 46.65; H,
7.42; N, 5.73. Found: C, 46.52; H, 7.40; N, 5.55. *H NMR (C¢Ds): J 1.23 (m, 18H, CHz),
1.42 (bm, 12H, CH,), 2.8 (t, Jen = 2.3 Hz, 6H, NMey). *F NMR (C¢Dg): 6 —367.74 (t, J =
47.9 Hz, 1F), -91.28 (t, J = 28.5 Hz, 1F), —121.15 (d, J = 24.5 Hz, 1F) —164.33 (d, J = 28.7
Hz, 1F) 3P NMR(C¢Dg): 6 12.79 (d, Jpr = 47.4 Hz).

8.2.3 Synthesis of 2,3,5,6-tetrafluoro-4-methoxypyridine

The ligand was prepared by the literature method.* **F NMR (CD,Cl,) § —95.7 (s,
2F), 6 ~156.9 (s, 2F), *H NMR (CD,Cl,) & 2.28 (t, Jpr = 2.95 Hz, 2H) MS (EI) m/z [M]*
194 MS (ESI from CH3CN solution) m/z [M+H]" 195.

8.2.4 Synthesis of NiF{2-CsNF;3;(4-OMe)}(PEt;),

2,3,5,6-tetrafluoro-4-methoxypyridine (240 pL, 1.33 mmol) was added to the cloudy
red purple suspension of Ni(COD), (0.3 g, 1.0 mmol) and PEt; (291 mg, 2.4 mmol) in
hexane and stirred for 2 h. The color of the solution changed to yellow. Volatiles were
removed under vacuum and the oily residue was dissolved in hexane and filtered through
cannula. The filtrate was concentrated to 2 mL and was crystallized at —25° C for 72 h to
yield NiF{2-CsNF3;(OMe)}(PEts),. Yield 0.2 g (0.52 mmol 48%) Anal. Calcd for
C1gH33F4sNNIOP,: C, 45.44; H, 7.43; N, 3.01. Found: C, 45.44; H, 7.43; N, 3.04.

IR (KBr disc, cm™) 3405(b), 2969(s), 2936(s), 2876(w), 1605(s), 1572(w), 1552(w),
1524(bw), 1485.7(s), 1460.8(s), 1453.0(s), 1432.9(s), 1418.3(s), 1393.5(s), 1377(s),
1256(w), 1100.6(s), 1031.3(s), 1003.5(w), 911(w), 810.4(s), 763.8(s), 725.0(s), 709.6(w),
679.9(w), 632.1(w), 514.1(w), 490.4(w).
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'H NMR (C¢Ds): d 1.19 (m, CHs), 1.36 (b, CH,), 3.73 (s, OMe). **F NMR (C¢Ds): &
—368.78 (t, Jor = 45.7 Hz, 1F), —170.11 (d, Jgr = 28.5 Hz, 1F) —128.33 (d, Jer = 28.0 Hz,
1F), —88.71 (t, Jer = 28.5 Hz, 1F). *'P NMR(CgDs): 6 13.05 (d, Jpr = 48.1 Hz).

MS (LIFDI from toluene solution) m/z 475 [M]" 100%.

8.2.5 Ni(PEts)2(CsFsN)F
Complex 3 was synthesized by literature method.> MS (LIFDI) m/z 463 [M *, %100].

8.2.5.1 Reaction of Ni(PEt3),(CsF4N)F (3) with Tetramethyl Ammonium Fluoride

To the solution of 3 in THF in two NMR tubes was added TMAF. TMAF is
sparingly soluble in THF. The first NMR tube was left at room temperature and was
checked for the product formation by NMR spectroscopy after each 24 h for 11 days. The
second NMR tube was heated at 50 °C and was checked for the product formation after 4h,
8h and 18 h by NMR spectroscopy. It was observed that same product (3 coordinated to
TMAF) was formed in both NMR tube (product discussed in Chapter 2).
The same reaction of 3 was repeated in CD3CN, and NiF(PEt3)(CsF4sN)(CD3CN) (4) was
obtained.

NiF(PEts)(CsF4sN)(CD3CN) (4) *'P NMR (CgDs): & 15.72 (s) and **F NMR (CgDs):
8 —324.5 (d, Jpr = J 52.4) —174.9 (dd, Jer =17. 5, 1F); —152.6(m), —133.03 (t, Jpe = 27.38,
1F), —88.44 (m).

8.2.5.2 Reaction of Ni(PEt3),(CsF4N)F with CsF

The above mentioned experiment was repeated for the reaction of 3 with CsF (used
as a fluorinating agent instead of TMAF). It was observed that CsF behaved in similar way
as TMAF. The progress of the reaction was followed by *P NMR and *F NMR
spectroscopy (table 2.2).

8.2.5.3 Reaction of Ni(PEt3),(CsF4N)F with CsF and 18-crown ether
To the solution of Ni(PEt3),(CsF4N)F in THF was added a small amount of CsF and 18-
crown ether. CsF is sparingly soluble in THF. °F NMR shows the formation of two

compounds which could not be identified.
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8.2.5.4 Reaction of Ni(PEt3),(CsF4sN)F with TBAF
No reaction of 3 was observed when TBAF was used as a fluorinating agent.

8.2.6 Ni(PEt3),(CsFsHN)F
Complex 5 was prepared by reported method.”
MS (LIFDI) m/z 445 [M", 100%]

8.2.7 Ni(PEt3)(CeFs)F
Complex 6 was prepared by reported method.”
MS (LIFDI) m/z 480 [M", 100%]

8.2.8 Synthesis of Rh(PPhs)sF °

The synthesis of Rh(PPh3)sF is a three step process.

[RhCI(1,5-COD),]° and Rh,(1,5-COD),p(OH),’ were prepared by literature method.
Rh,(1,5-COD),u(OH) » (1.15 g, 0.33 mmol) and PPhs (1.15 g, 4.25 mmol) were

suspended in ether (8 mL) and added Et;N.3HF (37 pL, 0.23 mmol) was added to the

reaction mixture. After stirring for 2 h, the orange solid was precipitated and filtered through

cannula, washed with ether and dried over vacuum.

PPh
Et,0, 20°C I
(COD)ZRh2(IJ'_OH)2 + 2/3Et3N(I_E‘)3 + 6PPh3 T Pth— R_h _F ______ 81
o I
PPh;

The complex was recrystallized by dissolving in warm benzene and then adding
hexane to the warm benzene, left overnight. Solvent was decanted by cannula and the
crystals were dried under vacuum. As per literature the purity of the complexes was checked
by NMR but the compound cannot be purified because it is change to its isomer at room

temperature.

8.3 Difluoride complexes of Ti, Zr and Hf

8.3.1 Synthesis of (Cp’),TiF,

Complex 11 was synthesized by literature method.®

'H NMR (CgDg): 6 1.92 (s) and *°F NMR (C¢Ds): & 74.69 (5)

MS (LIFDI from toluene solution) m/z 356 [M*] 100%. MS (ESI from CH3CN solution)
m/z 395, [M+K]", 379 [M+Na]", 337 [M-F]".
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8.3.2 Syntheis of (Cp ),ZrF;

The synthesis followed the method for (Cp*);TiF..® A suspension of
bis(pentamethylcyclopentadienyl) zirconium dichloride (0.295 g, 0.64 mmol) and sodium
fluoride (0.81 g, 19.2 mmol) in methanol (25 mL) was refluxed for 3 hours under argon in a
two-necked round bottomed flask. The reaction mixture was allowed to cool to the room

temperature and filtered.

MeOH
(CsMes)ZrCl, + 2NaF <0 (CsMes),ZtF, + 2NaCl  --------- 8.2

Reflexed for 3h

The solvent was pumped off under vacuum. The resultant solid compound was
recrystallized from hexane. Yield 0.15g (60%).

'H NMR (C¢Ds): 6 1.96 (s) and *°F NMR (CgDs): & 28.72 (s)

MS (LIFDI from toluene solution) m/z 398 [M*] 100%. MS (ESI from CH3CN solution)
miz 437 [M+K]*, 421 [M+Na]*, 397 [M—H]" and 379 [M—F]*

8.3.3 Synthesis of (Cp");HfF;

A two necked round bottomed flask was charged with bis(pentamethylcyclopentadienyl)
hafnium dichloride (0.37g, 0.64 mmol), sodium fluoride (0.81 g, 19.2 mmol) and 25 mL
methanol. The mixture was reflux for three hours under argon. The colour changed from red
brown to yellow orange. The reaction mixture was allowed to cool to the room temperature
and filtered.

(CsMes),HICl, + 2NaF MeOH (CsMes),HfF, + 2NaCl --------- 8.3

Reflexed for 6h

The solvent was pumped off under vacuum. The resultant solid compound was
recrystallized from hexane. Yield 0.15g (60%).

'H NMR (CgDg): 6 1.99 (s) and **F NMR (CgDg): 6 —17.51 (5)

MS (LIFDI from toluene solution) m/z 488 [M*] 100%, MS (ESI from CH3CN solution)
m/z 501 [M+Na]", 487 [M—H]" and 469 [M—F]".

8.4 Hydride, Monofluoride and difluoride complexes ruthenium
8.4.1 Synthesis of (PMe3)4sRuH,
8.4.1.1.Method (i)
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[RuCl,(COD)]y (0.352 g, 1.25 mmol), NaOH (1.00 g, 25 mmol) and PMe; (0.738 g, 9.7 mmol) were taken in
a schlenk tube and transfer degassed sec-butyl alcohol (80 mL) was added. The reaction mixture was left

stirring under argon for 3 hours and allowed to cool to the room temperature.

[RuCl,(COD), + 4PMes + 2NaOH + 2-butanol ———— Ru(PMej),H, + 2NaCl ------ 8.4

+ COD + 2-butanone

Excess NaOH was dissolved in degassed water (100 mL), the solvent was decanted and the residue was
washed with degassed methanol, dried under vacuum using schlenk line and redissolved in benzene. The

solution was filtered and the compound was dried under vacuum. Yield 28%
'"H NMR (C¢Ds): 6 —9.60 (m), 3P NMR (C¢Ds): 6 —0.25 (t, Jpr = 26.2 Hz), 6 —7.79 (m).

8.4.1.2.Method (ii)

This method consists of three steps. In the first step the [Ru(PMes)4Cl;] is synthesized
by refluxing RuCl3.xH,O (0.3 g, 1.2 mmol) and PMe; (1 mL, 9.8 mmol) in degassed
distilled water (10 mL) and ethanol (60 mL) for 4 hours producing dark green solution. It
was left overnight at room temperature and the solvent was pumped off under vacuum. The
solid was extracted with toluene and recrystallized.®

[Ru(PMe3)4Cly] (0.15 g, 0.31 mmol) and NaBH,; (0.1 g, 2.7 mmol) formed a
suspension in 10 mL of benzene. With dropwise addition of methanol to this suspension
produces effervescence and the mixture was stirred for 1 hour at room temperature. The
volatiles were removed by vacuum and the solid was extracted with hexane (10 mL) three
times. The solvent was removed under vacuum and dried solid. This white solid is a
mixture of [Ru(PMes)sH] and [RuH(BH4)(PMe3)s]. The mixture was dissolved in benzene
and PM3 (50 uL) was added. Before filtration, the solution was stirred for half an hour and
solvent was removed under vacuum giving brown oil. A pure sample of 15 was obtained by

subliming the oil was sublimed at 65°C using a cold finger.'° Yield 0.097 g, 17%.

8.4.1.3.Method (iii)

To a very dark mixture of RuCls;.nH,O (0.754 g, 3.14 mmol) in 39 mL of THF was added
solution of PMe3 (4 mL, 38.6 mmol) in 30 mL of THF which resulted in the formation of a
brown precipitate which was stirred for 1 hour. It was stirred for a further 2 hours after the
addition of [NBu4]BH, (2.44 g, 9.48 mmol) which gave a dark yellow solution with some
precipitate of [NBuy4]CIl. After filtration the THF was removed under vacuum and residue
was extracted with 50 mL of pentane 4 times (Note. extracting more than 4 times takes the
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impurities from the residue). The solvent was pumped off and solid was dried completely (6
h) under vacuum. The resultant product was pure.™ Yield 0.2 g, 14%
'H NMR (CgDs): 6 —9.60 (m), 3P NMR (C¢Ds): 6 —0.24 (m), =0.74 (m).

8.4.2 Synthesis of (PMes)4sRu(FHF),

To the solution of cis-[Ru(PMes)4H] (0.2 g, 0.41 mmol) in THF(50 mL) was added a two-
fold excess of NEt3-3HF (0.335 g, 0.93 mmol). After stirring the reaction mixture for 1 hour,
the solvent was pumped off. The residue was extracted with benzene, and the extract was
dried under vacuum. Recrystallization from THF at —30 °C gave yellow crystals of 15.*2

9F NMR (CDs): 8 (b, =315.1, 2F) (d, —175.7 , 2F), 'H NMR (C¢Ds): d 13.4

8.4.3 Synthesis of (PMes)sRUF;
(PMe3)4Ru(FHF), (50 g, 0.1 mmol) was dissolved in THF and excess of TMAF was added.

The mixture was stirred for 48 h and filtered. The solvent was pumped off under vacuum.

Ru(PMe3)4(FHF), + 2Me,NF Ru(PMe;),F, + 2[Me,N][FHF] ------------ 85

F NMR (CsDs): 6 —325.4) **P NMR (CsDe): 6 2.98 (quintet, Jpr = 30.9 Hz, Jpr = 30.9 Hz),
22.10 (m), 21.13(m). MS (LIFDI from toluene solution) m/z 444 [M"] 100%.

8.4.4 Synthesis of Ru(dppe).H:
8.4.4.1. Method (i)

Dimethyl sulfoxide (5 mL) was added to RuClz.H,O (1.0 g, 4.8 mmol) in a schlenk
tube and refluxed (5 min). The volume was reduced by half by pumping off the solvent and
20 mL of acetone was add which resulted in a yellow precipitate. The liquid was removed
by filtration, the yellow solid was washed with acetone and ether, and finally dried under
vacuum to yield [RuCly(Me,S0),]."

To the solution of [RuCl,(Me,SO),4] (0.70 g. 1.45 mmol) in CH,CI, was added a
solution of dppe (1.2 g, 3 mmol) in CH,Cl, (7 mL) and the yellow solution was stirred for 1
hour. The solvent was removed under vacuum and the solid was washed with hexane. This
solid is a mixture of cis and trans isomers of [Ru(dppe).Cl;] in a 3:1 ratio approximately.
This solid was dissolved in in CH,Cl, and a concentrated solution is prepared, which is

layered carefully by hexane. The pure cis isomer crystallizes out and could be separated
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from the trans isomer. The top solvent is decanted and the crystals are washed with small
amount of cold ethanol and dried under vacuum.

To the solution of cis-[Ru(dppe).Cl;] (0.6 g, 0.62 mmol) in a mixture of THF (10
mL) and ethanol (3 mL) was added NaOEt (0.17 g, 2.5 mmol) under argon and the mixture
stirred for 15 h. The solvent was pumped off and the solid was again dissolved in benzene
and filtered through celite. The solution was layered with hexane and cis-[Ru(dppe).H:]
precipitated as cream crystals. To purify the compound, it was dissolved CH,Cl, and
filtered through cannula. Upon addition of hexane to the solution the complex was then
precipitated and was separated by filtration. The complex was washed with hexane and

dried under vacuum. The NMR spectra was in close agreement with literature.**

8.4.4.2.Method (ii)
The compound 17 was synthesized by method similar to the first method of preparation of
trans-[Ru(PMes)4H>].

8.4.5 Synthesis of Ru(dppe).H(FHF)

A three-fold excess of NEt3-3HF (0.537 g, 3.33 mmol) was added to the solution cis-
[Ru(dppe).H-] (1.0 g, 1.11 mmol) in THF (50 mL) and left stirring for 1 hour. The solvent
was pumped off and the residue was extracted with benzene. The solvent was removed and

the compound was dried under vacuum. It was recrystallized from THF/hexane at —30 °C.*

8.4.6 Synthesis of cis-[Ru(dppp)2H-]

This complex was prepared in an identical fashion to the first method of synthesis of trans-[Ru(PMe3),H,]."

8.4.7 Synthesis of trans-Ru(dppp).H(FHF)
This complex was prepared by the same method as that used for the synthesis of
Ru(dppe) ;H(FHF).*

8.5 Complexes of Platinum

8.5.1 Synthesis of Pt(PPhs),

A solution of potassium hydroxide (0.35 g, 6.2 mmol) in ethanol (8mL) and water (2ml)
was added to the clear solution of triphenylphosphine (3.8 g, 14.5mmol) in ethanol (50 mL)

at 65°. To the alkaline solution of triphenylphosphine was added a solution of potassium
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tetrachloroplatinate (I1) (1.31 g, 3.2 mmol) in 12.5 mL of water slowly (in about 20
minutes) stirring at 65°. The yellow product is precipitated as with the addition of the
solution. It was cooled to room temperature and filtered, washed with warm ethanol (40
mL), cold water (15 mL) and cold ethanol (15 mL). It was dried under vacuum for 2
hours.™ Yield 2.5 g (66%).

3P NMR (CgDs): 6 26.58 (s).

8.5.2 Synthesis of Pt(PPhs),l, (9)

I, (0.01 g, 0.4 mmol) was added to the suspension of Pt(PPhs), (0.05 g, 0.39 mmol) in 20
mL of toluene, stirred for one hour and left standing for 1 h. The liquid was decanted and
the product was dried under vacuum. Yield 0.3g (78%).

1P NMR (CDCls): & 12.00 (Jpr.p = 2496 Hz)

MS (El) m/z 846.0 [M—I]*, 718.1 [(M—HI)]", 262.1[PPhs]".

MS (ESI from CH,ClI; solution) m/z 846.6 [M—I]*, 719.7 [M-1,]".

Note: When the reaction was carried in ethanol according to the literature Pt(PPhs),HI (12)

was formed.

8.5.3 Synthesis of Pt(PPhs),FI

Pt(PPhs).l, (0.2 g, 0.2 mmol) was dissolved in 30 mL CH,Cl;, and stirred with AgF (0.019
g, 0.3 mmol) at 45-50° for 3 h. The suspension was filtered through a sintered glass celite
column, the filtrate was concentrated under vacuum and 30 mL hexane was added. The
resulting white precipitate was collected and dried under vacuum. Yield 0.1 g, (60%).

F NMR (CsDe): 6 —310.68 (t, Jpir = 541.4 Hz, 1F). *'P NMR (CgDs): 6 15.25 (d, Jpp =
2746 Hz, Jpr = 19.2 Hz).

MS (LIFDI from toluene solution) m/z 865.05 [M]" 100%.

MS (ESI from CH3CN solution) m/z 845.9 [M—F]", 777.1 [(M-1)+K]".

8.5.4 Synthesis of cis—Pt(PPh3),F,

Pt(PPhs).l, (0.2 g, 0.2 mmol) was dissolved in 30 mL CH,CI;, and stirred with AgF (0.019
g, 0.3 mmol) at room temperature for 3 h. A sintered glass celite column was used to filter
the suspension. The volume of the filtrate was reduced under vacuum and hexane (30 mL)

was added. The resulting white precipitate was collected and dried under vacuum.®
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F NMR CDCl3: §-215.75 (AA'MXX", Jp(isr = 14.7 Hz, Jer = 85.1 Hz). *'P NMR
CDC|3: 04.45 (AA’MXX', Jptp = 3832 Hz, JP(trans)F =179.4 Hz, Jp(cis)p =224 HZ)

8.5.5 Synthesis of trans—Pt(PPhs).F;

Pt(PPhs).FI (0.2 g, 0.2 mmol) was dissolved in 30 mL CH,CI; and stirred with AgF (0.019
g, 0.3 mmol) at room temperature for 3 h. The suspension was filtered through a sintered
glass celite column, the filtrate was concentrated in vacuum and 30 mL hexane was added.
The resulting white precipitate was collected and dried in vacuum.

F NMR (CgDg) 6—436.96 (Jpip = 535.1, Jpr = 14.80 Hz).

8.5.6 Synthesis of Pt(DMSO),Cl,

K2PtCl, (1.24 g, 0.0008 mol) was dissolved in 10 mL of water at 50°C. To this solution was
added DMSO (0.37 mL, 0.004 mol) at 50°C. The solid was precipitated as yellow crystals
when the solution was allowed to cool at room temperature. The compound was filtered,

washed with water, ethanol and ether, and dried under vacuum for 4 hours.*°

8.5.7 Synthesis of [Pt(dien)CI]CI

To a stirring suspension of (0.4 g, 0.94 mmol) Pt(DMSO),Cl, in 60 mL methanol was
added a solution of diethylenetriamine (0.097 g, 0.94 mmol) in methanol (10 mL) and the
mixture was refluxed for 3 h which resulted in a clear solution. The solution was
concentrated under vacuum to ca 5 mL and unreacted Pt(DMSO),Cl, was removed by
filtration. To the filtrate was added 30 mL of chloroform and product was precipitated as a

white gelatinous solid. It was filtered, washed with chloroform, ether and air dried.*

MS (ESI from water/methanol 50:50 mixture) m/z 334.0 [M—CI]*
8.6 Difluoride complexes of Zn, Co and Ni

8.6.1 Synthesis of [Zn(DMEA),F;]
DMEA (10 mmol, 1.07 mL) was added to the suspension of white powdered zinc difluoride
(5 mmol, 0.52 g) in 50 mL of methanol stirred overnight at room temperature. The ZnF,

began to dissolve giving a colourless solution. Unreacted ZnF, was removed by filtration
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and filtrate was concentrated by evaporating the solvent under vacuum for 5-6 h. The white
precipitate was collected by decanting the top liquid and further dried in the glove box. The
decanted liquid portion was also in left in the glove box and crystals were seen after 5 days.
Note: Plastic ware used to do all steps of the experiment.

Anal. Calcd. for [Zn(DMEA),F;] CgH3,F2.N4,O4Zn: C, 34.35; H, 8.65; N, 20.03. Found: C,
31.58; H, 9.11; N, 18.39

'H NMR (CD30D): d 2.84 (t, Jor = 5.1 Hz, 4H), 2.47 (Jpr = 5.8 Hz, 4H) and 2.30 (s, 12H)
YF NMR (CD30D): § —152 (s).

MS (ESI from CH3OH solution) m/z 259.1 [M-F]", 239.1 [M-HF,]".

8.6.2 Co(DMEA),F;]

DMEA (10 mmol, 1.07 mL) was added to the pink suspension of cobalt difluoride (5 mmol,
0.48 g) in 50 mL of methanol and left stirring at room temperature overnight. The color of
the reaction mixture began to change from pink to red/purple in color which indication for
the formation of complex. Unreacted CoF, was removed by filtration and filtrate was
concentrated by evaporating the solvent at room temperature. The concentrated solution was
further concentrated under vacuum for 3 h and was left in the glove box for 7 days to get the
compound fully dry.

Note: Plastic ware used to do all steps of the experiment .

Exact mass (ESI from MeOH solution) **Cg'H,.°Co*F,*N, m/z calculated 273.1301,
found 273.1294

MS (ESI from CHsOH solution) m/z 295.0 [M+Na-H]", 273.0 [M]*, 254.0 [M—F]", 233.0
[M—2HF]".

Anal. Calcd. for [Co(DMEA),F;] CgH24CoF,N4; C, 35.17; H, 8.85; N, 20.51 found C,
35.80; H, 8.40; N, 19.48

8.6.3 Ni(DMEA),F]

DMEA (10 mmol, 1.09 mL) was added to the suspension of greenish yellow powdered NiF,
(5 mmol, 0.48 g) in 50 mL of methanol and stirred overnight at room temperature. The NiF;
began to dissolve giving a bluish green solution. Unreacted nickel fluoride was removed by

filtration and filtrate was concentrated by evaporating the solvent at room temperature. The
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concentrated solution was further concentrated under vacuum for 3 h and was left in the
glove box for 7 days to get the compound fully dry.

Note: Plastic ware used to do all steps of the experiment.

MS (ESI from CH3OH solution) m/z 273.4 [M+F]", 253.3 [M-F]", 233.4 [M-HF,]".

Anal. Calcd. for [Ni(DMEA),F,] CgH»4CoF,N,4; C, 35.20; H, 8.86; N, 20.52 found C,
26.66; H, 8.52; N, 14.42

8.7 Synthesis of Mn salt

8.7.1 [Mn(CO)sBr]

Manganese carbonyl (1.53 g, 0.33 mol.) was dissolved in carbon tetrachloride (50 mL) and
added bromine (2.46 g, 0.43 mol.). The reaction mixture was stirred at 40 °C and
manganese bromide was precipitated. The solid was washed with three portions of water
(25 mL) and dried under vacuum.**

Br2
Mny(CO);y —— 2Mn(CO)s  -----------mmemoe- 87

8.7.2 [Mn(CO)3(bpy)Br]

Mn(CO)s(bpy)Br precipitates as fine orange crystals upon refluxing Mn(CO)sBr (5.5
mmol, 1.5g) and bipyridine (5.4 mmol, 0.84g) in ether for half an hour. Precipitation was
completed by cooling the reaction mixture to -80 °C. The liquid portion was filtered off and

product was washed with cold diethyl ether (30mL) and dried under vacuum.?

8.7.3 Synthesis of [Mn(CO);(bpy)(pic)]PFs

To the solution Mn(CO)3(bpy)Br (0.042) in THF was added picoline (0.28 mL) and AgPFg
(0.031g) and refluxed for 1 hour. The solution was passed through a celite column and
solvent was pump off under vacuum. The yellow product was washed with excess of

hexane to get rid of the unreacted picoline and dried completely under vacuum.

reflux for 1 h
Mn(CO)3(bpy)Br + AgPF; + CcHN ———— = [Mn(CO);(bpy)(CsH;N)]PFg ------ 8.8
THF

+ AgBr

31 NMR (CD3COCD3); §—130.84 (sept, Jor = 707.6 Hz), *°F NMR(CDsCOCD3); 6-73.91
(d, Jpr = 707.5 Hz)
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MS (ESI from CH3CN solution) m/z 387.9 [M]", 294.9 [M—Picoline]”

8.8 Halogen bonding

8.8.1 Hydrogen bonding of (Cp*),TiF,with indole

In order to do the titration experiment, two stock solutions were prepared. The stock
solution of 11 was prepared by dissolving 106 mg of compound in 5.8 mL of protio toluene
and transferred to 10 NMR labeled tubes in approximately equal volumes. Another stock
solution of indole was prepared by dissolving 1.001 g of indole in 1.375 mL of protio
toluene. One sample in NMR tube was left without adding the titrant (indole) and to the rest
of the nine tubes were added different volumes of titrant (mentioned in table 6.2). The

volumes were corrected for weight.

8.8.2 Hydrogen bonding of (Cp*),TiF,with HFIP

The stock solution of 11 was prepared by dissolving 57 mg of compound in 6.65 mL of
protio toluene and the solution of HFIP was prepared by dissolving 0.911 g of HFIP in
0.469 mL of protio toluene.

Approximately equal amounts of the solution of the complex were transferred to 11 NMR
tubes (already labeled) and weight of the solution in each NMR tube was recorded.

The volume was corrected for weight. One sample was left without adding the titrant (used
as a reference). To the rest of NMR tube was added different amount of the titrant solution

(mentioned in table 6.2).

8.8.3 Hydrogen bonding of (Cp*).ZrF, with indole

The stock solution of Cp*),ZrF, (12) was prepared by dissolving 54 mg of compound in
6.65 mL of protio toluene and transferred to 10 NMR labeled tubes in approximately equal
volumes. Aother stock solution of indole was prepared by dissolving 0.762 g of indole in
1.007 mL of protio toluene. One sample in NMR tube was left without adding the titrant
(indole) and to the rest of nine was added different volume of titrant. The volume was
corrected for weight

8.8.4 Hydrogen bonding of (Cp*).ZrF,with HFIP
The stock solution of Cp*),ZrF, (12) was prepared by dissolving 58 mg of compound in
6.55 mL of protio toluene and transferred to 10 NMR labeled tubes in approximately equal
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Chapter eight Experimental
volumes. Another stock solution of indole was prepared by dissolving 0.35 g of indole in

0.675 mL of protio toluene. One sample in NMR tube was left without adding the titrant
(indole) and to the rest of nine was added different volume of titrant.
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LIST OF ABBREVIATIONS

Spectroscopy
NMR Nuclear Magnetic Resonance spectroscopy
) chemical shift
Hz Hertz
d doublet
dd doublet of doublet/s
dt doublet of triplet/s
quintet
J coupling constant
S singlet
t triplet
m multiplet
quart quartet
MS mass spectroscopy
El electron impact
ESI electrospray ionization
Fl field ionization
FD field desorption
LIFDI liquid injection field desertion ionization
FAB fast atom bombardment
QIT quadrupole ion trap
TOF time of flight
CID collision induced dissociation
Ms" multistage mass spectrometer or tandem mass spectrometer
[M]* molecular ion
IR infra-red
br broad
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Chemicals

Me

Et

'Pr
Bu'

R

Ar

Ph

thf
cod
dppe
dppp
PMe;
TBAF
TMAF
DMSO
Cp*
DMEA
HFIP
pic
dien

Units

min

ms

weak
strong
medium

ion molecule reactions

—CHjs

—CH,CHjs

—CH(CHj3),

—C(CHa)3

alkyl, aryl

aryl

phenyl

tetrahydrofuran
1,5-cyclooctadiene
diphenylphosphinoethane
diphenylphosphinopropane
trimethylphosphine
tetrabutylammonium fluoride
tetramethylammonium fluoride
dimethyl sulfoxide
pentamethylcyclopentadienyl

1, 1 N,N-dimethylethylene-1,2-diamine
1,1,1,3,3,3 hexafluoroisopropanol
picoline

diethylenetriamine

minute(s)
hour(s)

millisecond
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K Kelvin

eq equivalents

mol mole(s)

ppm parts per million
Hz hertz

cm? centimeter

A angstrom

© degree

atm atmosphere

mA millampere

\Y volt

AS° entropy

AHO enthalpy

AG° Gibbs free energy

Special terms

MCAs multiply charged anions
RCB repulsive columbic barrier
HB hydrogen bonding
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