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The pseudooctahedral complexes [S11F4L2] (L = THF, pyridine, OPR3, OAsR3, PR3) and

[SnF4{L-L}] (L-L = 2,2'-bipyridyl, 1,10-phenanthroline, MeO(CH2)2OMe, Me2N(CH2)2NMe2,

R2P(O)CH2P(O)R2, o-C6H4(P(O)R2)2) R2P(CH2)2PR2, o-C6H4(PR2)2) have been prepared from

[SnF4{MeCN}2] and the appropriate ligands in rigorously anhydrous CH2C12 solution. This

includes the first phosphane and thioether complexes of the hard Lewis acid SnF4 and are the first

reported examples of thioether complexes with any main group metal/metalloid fluoride acceptor.

Attempts to prepare tertiary arsane complexes of SnF4 have been unsuccessful.

Similar complexes of [GeF4{PR3}2] and [GeF4{L-L}] (L-L = R2P(CH2)2PR2 and o-C6H4(PR2)2)

have also been prepared from [GeF4{MeCN}2] and the appropriate ligands in rigorously

anhydrous CH2C12 solution. This includes the first phosphane and thioether complexes of the hard

Lewis acid GeF4. In anhydrous CH2C12 solution the complexes are slowly converted into the

corresponding phosphane oxide adducts by dry O2. The apparently contradictory literature on the

reaction of GeCl4 with phosphanes is clarified. The complexes ?ra«s-[GeCl4{AsR3}2] (R = Me or

Et) are obtained from GeCl4 and AsR3 either without solvent or in CH2C12. All the complexes

have been characterised by microanalysis, Raman, IR, 'H, 31P{'H}, 19F{'H} and U9Sn NMR

spectroscopy as appropriate.

The crystal structures of ?rans-[SnF4{OPMe3}2], rrarcs-[SnF4{PCy3}2], [SnF4{l,10-

phenanthroline} ], [SnF4 {MeO(CH2)2OMe} ], [SnF4 {o-C6H4(P(O)Ph2)2} ]-CH2Cl2-H2O,

[SnF4{Et2P(CH2)2PEt2}], [SnF4{EtS(CH2)2SEt}], [SnF4{
iPrS(CH2)2S

iPr}],

[SnCl4{Et2P(CH2)2PEt2}], [SnBr4{MeC(CH2AsMe2)3}], [GeF4{Ph2P(CH2)2PPh2}], [GeF4{o-

C6H4(PMe2)2}], ?raMs-[GeCl4(AsEt3)2] and'Et3AsCl2 have been determined. Comparison of the

structural and NMR spectroscopic data shows that SnF4 and GeF4 are the strongest Lewis acids in

each series.

This -Thesis also describes the attempted synthesis of a few tridentate arsane macrocycles as well as

the synthesis and characterisation of their respective intermediaries. This included the facultative

As2O-donors O{(CH2)2AsR2}2 (R = Me, Ph). They act as bidentate chelating As2-donors (L-L) in the

distorted tetrahedral [M(L-L)2]BF4 (M = Cu or Ag). Representative crystal structures of

[Ag(O{(CH2)2AsPh2}2)2]BF4-MeOH and [Cu(O{(CH2)2AsPh2}2)2]BF4-MeOH were .also obtained as

well as the unexpected Cu(I)-Cu(I) complex, [Cu2{Me2As(CH2)2OH}3](BF4)2 of the fragmented

ligand. >
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Chapter 1 ' 2

1.1 Aims of this Study:

The primary aim of the study was to explore the Lewis acidity of tin(IV)

halides, especially SnF4, and of germanium(IV) halides, especially GeF4, with a

range of neutral hard and soft donor ligands.

Attempts at synthesising new polydentate and macrocyclic arsane ligands and

investigation of their ligating abilities with p-block Lewis acid centres from

Groups 14 and 15 are also described.

This chapter will review the general background and techniques needed for this

study, with more detailed discussion of specific systems presented in the later

chapters.

1.2 Lewis Acidity: .

A Lewis acid is an electron pair acceptor as it possesses a vacant orbital,

whereas a Lewis base is an electron pair donor as it has a non-bonded or lone pair

of electrons. Both Lewis acids and bases can be classified as either hard or soft.

The HSAB (Hard/Soft-Acid/Base) principle1 states that hard acids preferentially

bond to (or form adducts with) hard bases (ionic bonding) and soft acids with soft

bases (covalent bonding). This can be explained by the fact that hard acids have

no low energy LUMO's (Lowest Unoccupied Molecular Orbital's) and do not

readily form covalent bonds with bases. Hard bases have no high HOMO's

(Highest Occupied Molecular Orbital) and also do not readily form covalent

bonds to acids. They can however, bond to each other strongly through ionic

interactions. Soft acids and bases do have low energy LUMO's and high energy

HOMO's respectively, which readily form covalent bonds, the combination of

which maximises the covalent interaction.2 The hardness of an atom, ion or

molecule, can be quantified in the form of n.

n = (I-A)/2 ( I = first ionisation energy, A = first electron affinity)

AsR.3, PR3 and SR2 are all classed as soft bases but to varying amounts. The terms

"ionic" and "covalent" bonding are useful descriptions but are extremes within

bonds of varying polarities. J



Chapter 1 3

1.3 Group 14:

The elements of Group 14 exhibit, perhaps, the most diverse chemical

behaviour seen for the members of any single group.3'4 As such there is no such

thing as "handle turning" in the study of these elements.5 The reason for this

statement is due to a number of factors such as, the variation in stability of

oxidation states, the wide tolerance for coordination numbers, different ligand

types and coordination geometries. It is also seen in the classification of the

elements themselves, carbon is non-metallic, silicon and germanium are both

classed as metalloids, where as tin and lead are typical metals. The findings within

this Thesis have not only reinforced the above statements, but have also extended

significantly some of the findings.

The Group 14 elements of most interest in this work are tin and germanium, with

some of the physical properties of their halides listed in Table 1.

Table 1 General properties of Group(IV) halides MX4.
6

M

Sn

Sn

Sn

Sn

Ge

,Ge

Ge

Ge

X

F

Cl

Br

I

F

Cl

Br

I

Colour

White

Colourless

Colourless

Brown

Colourless

Colourless

Colourless

Red

MP/°C

.-

-33.3

31

144

-15(4atm)

-49.5

26

146

BP/°C

-705 (subl)

114

205

348

-36.5 (subl)

83.1

186

-400

Density (T°C)/g cm"J

4.78 (20°)

2.234 (20°)

3.340(35°)

4.56 (20°)

2.126(0°)

1.844(30°)

2.100(30°)

4.322 (26°)

1.3.1 Tin:

One of the main aims of this work is to explore in detail the coordination

chemistry of some of the main group halides with the initial objective to

determine whether the Lewis acidities of Sn(IV) halides are in agreement with the

generally held view (by many standard texts)7 that SnF4 is a stronger Lewis acid

than the others SnCl4>SnBr4»SnL;. Only one example of the former with a

neutral ligand, [SnF4{2,2'bipy}j, had been structurally characterised.8 Very few
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other compounds of SnF4 had been made previously.8'9'10'"'12'13'14 In these papers

a few complexes with N or O donor ligands were reported (such as

[SnF4{Me2SO}2] and [SnF^CsHsN^]) but only microanalysis results were

given.9 The literature also reports limited examples of IR spectra of SnF4

complexes with THF10 and OAsPh3,
13 with all examples lacking in supporting

data.10'11'13'14 All are either N or O donating ligands and hence are considered hard

bases. Reviews on tin(IV) halides tend to ignore the existence of these compounds

due to their small number and the lack of spectroscopic data to accompany them.15

The only known examples of NMR spectroscopic data for SnF4 derivatives are the

F NMR spectra of anionic inorganic fluoro-complexes.'2

This work will involve creating a series of Sn(IV) fluoride complexes and

comparing them with the analogous halides. This study will also test the limits of

SnF4 chemistry in terms of hard/soft Lewis acidity by attempting to react with

progressively softer donor ligands such as P, As and S based ligands.

Although isolation of tin in its pure form probably only dates from about 800 BC,

the discovery around 3500 BC that copper smelted with tin forms bronze is

considered one of the great milestones in man's technological (as well as warfare)

development. Tin is even mentioned in the old testament (Numbers 31:22).

The major source of tin is from its naturally occurring tin(IV) oxide ore,

Cassiterite, the name of the ore presumably comes from the name of tin,

Cassiteros in the story of the Trojan war in the Iliad by Homer.

Tin has the largest number (10) of stable isotopes of any element with ll8Sn and
120Sn being most abundant. Three of the isotopes (115Sn, 117Sn and 119Sn) have

spin = V2, all others being spin zero.

Tin(IV) is the most stable oxidation state, using all of its valence shell electrons in

bonding, but tin(II) is also quite common having a non-bonding electron pair and

using its p-electrons in bonding. Tin(IV) tends to be tetrahedral or octahedral but

examples of 5-, 7- and 8-coordination are known (see Table 2).



Chapter 1

Table 2 Examples of tin(IV) valences and stereochemistry.1

Coordination

No

4

5

6

7

8

Geometry.

Tetrahedral

Trigonal bipyramidal

Octahedral

Pentagonal bipyramidal

Dodecahedral

Examples

SnCl4

Sn(NCPh2)4

Me3SnCl(py),

SnCl5"

Sn(S2CNEt2)4,

SnF4(2,2'-bipy),

SnX6
2'

Ph2Sn(NO3)2(OPPh3)

Sn(NO3)4

Reference

4

4

16

16

16

8

4

16

16

Sn2S3 is an example of a mixed valence compound with both an octahedral tin(IV)

site and a trigonal pyramidal tin(II) site.17 Sn3Fg or (SnF)2SnF6 has a trans fluorine

bridged octahedral Sn(IV)F6 unit linked to polymeric pyramidal Sn(II)F chains

(see Figure 1). 18

Figure 1 X-ray crystal structure of Sn3F8.'
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Of particular interest to this study will be previous reports on SnX4 and their

properties which are discussed further in the relevant chapters.

Tin(IV) halides, SnX4, like organotin(IV) halides (SnRnX4_n where n=l-3:

R=alkyl, alkenyl or aryl) are tetrahedral in the vapour and liquid states, but as a

solid they exhibit a preference for the formation of halogen bridged lattices.19 As

with bivalent tin, fluorotin(IV) compounds have a strong - tendency for the

formation of strong Sn-F-Sn bridges in the solid. Thus, SnF4 forms a very strongly

bridged two-dimensional sheet polymer with octahedral ly coordinated tin (see

Figure 2).20'21

F c F P
I /F I /F

F-SnzF-Sn-F

WW
F-Sn-F-Sn—F
• F ' F ' 1

/ F / F

Figure 2 Structure of SnF4.

The enthalpy of formation of SnX4 (X = halides) becomes more negative with

increasing electronegativity/decreasing size (see Table 3).

Table 3 Enthalpy of formation of SnX4.

SnX4

Snl4

SnBr4

SnCl4

SnF4

AHf(kJmol"')

-214.33

-405.93

-544.7a

-1226b

a. Ref4b. Ref 22

The tin(IV) halides and organotin(IV) halides are good Lewis acids and acceptors

of halide or neutral donor molecules. Lewis acidity is said to increase with the

number of halides 1 < 2 < 3 < 4 and increase with the halide I < Br < Cl < F.

Tetrahalides can form 1:2 or 1:1 adducts with an octahedral or trigonal

bipyramidal geometry respectively. In the latter the organic groups always occupy

the equatorial sites.
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The spectroscopic studies of the tin compounds have been carried out by

predominantly IR, and NMR spectroscopy, but methods such as mass

spectrometry and X-ray crystallography are also used.

1.3.2 Germanium:

In contrast to tin, germanium's existence was predicted prior to its

discovery by C. A. Winkler in 1886.23 Originally predicted to lie between silicon

and tin in the periodic table by J. A. R. Newlands in 1864,6 and D. I. Mendeleev

very accurately predicted its properties in 1871.6 Germanium is widely distributed

in trace amounts within other ores but rarely as its own germanium mineral.

Like tin, germanium is in Group 14, it has a smaller covalent radius (1.22

compared to 1.41 A) but also has an NMR active nucleus 73Ge. Unfortunately, its

spin is 9/2 and even though its natural abundance (7.76%) is similar to the NMR

active tin nuclei, its receptivity is also low, 0.617. As a consequence of the

medium quadrupolar moment of the 73Ge nucleus, its NMR spectroscopic signals

are very broad if the charge distribution around the Ge is non-spherical. This

coupled with its low resonance frequency means that very few 3Ge NMR

resonances are reported, although germanium tetrahalides are some of the

exceptions.24'25 Germanium-73 (like Sn) NMR spectroscopy also suffers from

'rolling baselines' caused by acoustic ringing, which makes the assignment of

broad peaks even harder.26'27

Relationships between chemical shifts have been seen between Group 14

elements. Although the correlation is not exact, a knowledge of the Sn chemical

shift can give a useful guide for the Ge shift in analogous compounds.28

In general germanium has a preference towards an oxidation state of IV i.e the

tetrahedral GeCU or forming complexes such as the octahedral trans-GeCU(py)2

and GeCl4(bipy).16'29 Germanium(IV)fluoride is a strong electron acceptor and

forms complexes with donor molecules, it sublimes at 236 K compared to 977 K

for SnF4.16 Recent studies of Lewis acidity of Group 14 tetrahalides in the gas

phase has concluded that the stability of complexes decreases Sn>Ge>Si and

F>Cl>Br in the gas phase at least.30'31
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This study looks at complexes of Group 14 metals with ligands containing Group

15 and 16 donors.

1.4 Group 15:

The pnictogens as they are collectively called, show marked variation in

both the chemical and physical properties on descending the Group. Both

phosphorus and arsenic, which are the primary pnictogens being investigated, are

classed as non-metals, unlike antimony (a metalloid) or bismuth which is classed

as metallic. In the +3 oxidation state (which is common) the Group 15 elements

have a lone pair of electrons, this allows both phosphorus and arsenic ligands to

act as a-donors.

1.4.1 Phosphane and Arsane Ligands:

Studies of the co-ordination chemistry of arsenic ligands with transition

metals have been reported from over 100 years ago and possible uses of arsenic

within therapeutics and also as poisonous gases have been studied. Similar efforts

were also made into the synthesis of phosphane co-ordination chemistry but

originally more progress was made with arsanes due to their easier preparations,

often because of their better stability in air. The advantage however, for

phosphorus is that it has only one naturally occurring isotope, which has a spin of

I/2. The P nucleus has a relative receptivity to proton of 6.6 x 10" (R = 3.77 x

10) which allows additional characterisation by NMR spectroscopy. These

factors combine to make 31P a very good NMR probe.

Arsenic-75 is 100% abundant with a relative receptivity to proton of 2.5 x 10"

(Rc = 1.44 x 102) but its spin is 3/2, which means that like 73Ge, relatively little

NMR spectroscopic characterisation has been done. The associated quadrupole

would again mean broad NMR lines as well as difficulty in observing them,

although two reviews do contain some As NMR spectroscopic data.26'33

Systematic studies of the stabilisation of high oxidation^state transition metals by

phosphorus34 and arsenic donor-ligands (such as o-C6H4(EMe2)(E'Me2) (E, E' =

P, As)) have been carried out, exploring what influences the stability of the

oxidation states. Denticities of up to eight have been reported in phosphane and
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arsane ligands.15'35 For Sn(IV) however, most complexes form a 6 co-ordinate

octahedral structure yet others have been reported such as a 5 co-ordinate trigonal

bipyramidal [(Ph3As)SnBr4] moiety associated with a second Ph3As through a

long Br-As interaction.36 A variety of tripodal and facultative tri- and tetra-arsanes

have also been reported, which were produced similarly to that of diarsanes.15'37

The trend of a-donor power of Group 15 tertiary ligands has been well

documented as PR3 > AsR3 > SbR3 » BiR3, due to the a-donor orbitals becoming

larger and more diffuse as the atom size increases, which decreases the strength of

bonds.37

1.5 Sulfur:

Sulfur has a naturally occurring NMR active isotope, 33S, but it is far from

ideal for studying (see Table 4). Group 16 neutral donors are generally considered

poorer ligands compared to their Group 15 counterparts, this is due to their

modest o-donor abilities (little to no n-acceptor component) and to some extent

the stereoelectric effects arising from the non-bonding pair of electrons. Steric

effects are however much less important for thioethers than their phosphane and

arsane equivalents, due to having one less R substituent. Group 16 neutral donors

also have the ability for both lone pairs to form o-bonds to metal centres,

sometimes resulting in bridged ligands. All are considerations for thioether

bonding discussed in this study.

The non-bonding pair of electrons on sulfur do however, give additional

conformations due to invertomers formed, when bidentate thioethers bond to a

MX4 metal centre (see Figure 3).
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X / X /
X, I ..L- , - X, I ,,U

V 3 %X X \
meso DL

/ -̂

Top view M M

Figure 3 Examples of meso and DL confonTiations in MX4(L-L) where L-L is a bidentate
chalcogenoether.

Switching between DL and meso forms can sometimes be seen, depending on

conditions and can be accomplished by two routes, dissociation or pyramidal
•JO

inversion. The first is also helped by the relatively poor ligating abilities of

thioethers.

Large reviews on sulfur ligand chemistry can be found in many text books6'16 but

also with respect to thioether ligands.39

1.6 N and O donor ligands:

Nitrogen- and oxygen-donor ligands have also been reported extensively

in reviews.6'16 Nitrogen donors such as bipy40 and phen41 are considered modest o-

donors and although n-backbonding does occur it is not exceptional, with the

Group 14 metals discussed in this Thesis.16 They primarily give chelate

complexes similar to those produced by diphosphanes and diarsanes but are

significantly harder Lewis donors. The rigidity due to the Tt-systems forces is, in .£-..

effect, a preorganisation of the ligands, this reduces the loss of rotational and

vibrational degrees of freedom upon co-ordination compared to other chelates.

This is similar to the entropic contribution in macrocycles (see below).

Oxygen ether donors such as THF or DME are commonly used as solvents and

can form solvates with metal halides. Like N-donors they are good a-donors.

R3EO (E = P or As) are also studied within this Thesis and are similarly classed as
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hard Lewis donors but for the phosphorus examples at least gives an additional

NMR active nuclei to probe.

1.7 Spectroscopy and Structural Characterisation:

1.7.1 NMR Spectroscopy:

This Thesis contains *H, I 3 C, 19F, 3IP and 119Sn NMR spectra with

chemical shifts, coupling constants and coordination shifts reported. Examples of

dynamic compounds in solutions are discussed and hence so are the variable

temperature (VT) NMR spectroscopies used to study these. Table 4 lists the

nuclear properties of the relevant isotopes.

Table 4 List of possible NMR nuclei with standard

Nucleide

'H
1JC
iyF
i[?

Jis
7 iGe

/5As

l i y S n •

Spin

1/2

1/2

1/2

1/2

3/2

9/2

3/2

1/2

Natural

Abundance (°/

99.99

1.11

100

100

0.76

7.76

100

8.58

details.

'o)

Receptivity R

5.67 x l 0 J

1.00

4.73 x 10J

3.77 x 10'

0.097

0.622

1.44 x 102

25.7

Frequency S

(MHz)*

100

25.1

94.1

40.5

7.7

3.5

17.2

37.3

* Resonance frequency for the nucleus in a magnetic field such that the protons in TMS resonate at
exactly 100 MHz.

The existence of Nuclear Magnetic Moments was recognised by Pauli in the

1920's.43 In the 1930's C. J. Goiter demonstrated the phenomenon of

paramagnetic relaxation and recognised that in principle NMR could be

observed.42 It was not until 1946 that the existence of NMR was first reported.

This was by two separate /groups at Harvard and Stanford and was the detection of

protons in bulk materials.
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From that point on the increase in sensitivity and higher resolution spectrometers

gradually introduced other elements such as 19F, 10B/nB and 31P, all of which are

now common experiments.

Nuclei have nuclear angular momentum which has an associated magnetic field

comparable to the magnetic field produced by an electric current in a loop. A

nuclear spin thus behaves as a magnetic dipole, which tends to align with an

applied magnetic field.

For comparing different nuclei, the receptivity, R, is defined as the product of the

natural abundance, A, of the isotope (%) and the sensitivity at constant field. This

receptivity is often compared to the receptivity of 13C, Rc.

Rc = |y3|AI(I+l)/(yc3Ac3/4) where y is the magnetogyric ratio and I the spin.43

That way a comparison can be made between any nuclei giving its effective

"sensitivity".

Another condition to take into account is that NMR signals are accumulated from

a series of repeated scans. The problem is that if equilibrium has not been re-

established before repetition, then usable spectra are not obtained, therefore

relaxation times have to be taken into account. Also, the longer the time before

repetition, the longer the time taken for a usable data collection. It was because of

the long relaxation times of his specimens that C. J. Gorter failed to discover

NMRinthel930's.44

It has also been found that the negative magnetogyric ratios of Sn and Ge can lead

to disadvantageous NOE (Nuclear Overhauser Effect) behaviour which can be

avoided by the addition of certain unreactive paramagnetic reagents such as

[Cr(acac)3] which is used to increase the speed of relaxation.45 Slight

imperfections in the NMR machine, particularly the applied field significantly

effect the obtained spectrum and spinning the sample helps to reduce this.
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Chemical shifts (8 in ppm) are given relative to a standard substance (depending

on nuclei) and relate to the shielding difference between the observed compound

and the standard. Coordination shift is similar but refers to the change in shielding

from free ligand to the coordinated ligand.

For any spin = Vi nuclei the number of lines seen in a spectra can be given by the

equation 2nl +1 where n is the number of equivalent nuclei being coupled and I is

its spin.

n
0
1
2
3
4

1
1

1 3
1 4

1=1/2
1

2

6

1

3
1

1
4 1

Singlets (s), doublets (d), triplets (t) and quartets (q) are common couplings within
>

]H N M R ' S , however this work also shows quintets (q5) as well as more complex

examples such as doublet of doublet of triplets (d,d,t) etc.

If spin >l/2 then the equation still holds, but the spectra become vastly more

complicated.

n
0
1
2
3

1
1 3

1
2
6

1=1
1
1
3
7

1
2
6

1
3 1

When 1=3/2 the n=3 line, is 1 3 6 101212106 3 1 for example.

Dynamic processes which occur at rates of the same order as the NMR time-scale

can be studied by reducing the temperature at which the experiment is taking

place.
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1.7.2 IR Spectroscopy of Tin Compounds:

Although tin-element stretching vibration bands are dominated by the

mass effect, falling to lower frequencies as the element mass increases from ca.

1900 cm'1 for Sn-H46 down to ca. 150 cm"1 for fourth row elements,47 these values

can be significantly affected by other elements in close proximity. The Sn-H

stretch changes from 1948 to 1905 cm"1 in SnH3X with X changing from Cl to I.48

The Sn-0 stretch in [SnX4{OEPh3}2] changes from 390 to 310 cm"' with E

changing from P to As.13 It has also been shown that intermolecular interactions

can affect the band position, particularly in organotin fluorides where fluorine

bridging occurs in the solid state (v(Sn-F) changes from ca. 570 in gas phase to

360 cm" in solid state).49

1.7.3 IR Spectroscopy of MX4L2 Species:

Table 5 Normal stretching modes of cis and trans [MX4L2] geometries.1

cis- MX4L2

trans- MX4L2

Symmetry point

group

C2V

D4h

v(M-X)

Z4i +Bi+B2

Aig + Big + Eu

v(M-L)

A\+B\

A]g + y42u

a. Infrared-active species are italicised..

This shows that for c«-SnX4L2 with C2V symmetry there should be four v(Sn-X)

IR active bands whereas there is only one in trans- SnX4L2 with D4h symmetry.

1.7.4 Tin NMR Spectroscopy:

A number of reviews on tin NMR have been produced with large tables of

data for tin containing compounds.50 As mentioned above, three naturally

occurring tin isotopes have spin = V2 however, only 117Sn and n9Sn are of use.

This is because 115Sn is a. factor of twenty less abundant as well as having a

receptivity (Rc) twenty times less than the other isotopes (see Table 6). As well as

obtaining Sn NMR patterns, having two spin Vi nuclei also gives readily

recognisable spectra when looking at other bonded NMR active nuclei

(specifically used in this work 19F and 31P). As tin, phosphorus and fluorine all
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detailed information can" be obtained about the structure of the compounds being

formed by using multinuciear NMR spectroscopic techniques, which might

otherwise be elusive.

Table 6 NMR spectroscopic properties of tin nuclei with spin 'A

Nucleus

Natural abundance (C/%)

Magnetogyric ratio (y/107 rad T~V)

Receptivity R c

l l5Sn

0.35

-8.792

0.707

" 7Sn

7.61

-9.578

19.9

119Sn

8.58

-10.021

25.7

Although either l l 7Sn or "9Sn can be studied by NMR, it is the latter that is

generally used due to both its slightly increased abundance and relative

receptivity. It has also been established that any chemical shift effect caused by

studying 117Sn or " 9 Sn has an effect of less than 0.1 ppm so is irrelevant within

this work due to the experimental error.51

Tin-119 NMR has a large, negative magnetogyric ratio. Unlike most nuclei where

this ratio is positive and enhances the signal, this means the observed resonances

from decoupled spectra are heavily affected by signal diminuation from the

NOE.26 Adding a non reactive paramagnetic centre such as Cr(acac)3 removes the

NOE by introducing a second relaxation mechanism which over-rides the nuclear

dipole-dipole relaxation, greatly reducing the overall relaxation times. Tin-119

chemical shifts vary depending on a number of factors, the main ones being:

electronegativity (decreases the more electronegative) of attached groups,

geometric distortions and coordination number at tin (greatly shifts upfield on

going from 4 to 5 to 6 coordinate tin compounds).26'52 Group IV chemical shifts

are only affected by a few ppm by changing solvents, this is of course unless there

is a specific chemical interaction, and when compared to their overall ranges (and

accuracy) this is also usually irrelevant.43 Similarly changes in temperature are

also relatively unimportant.53 The major factor that does vary the chemical shifts

greatly is when any chemical change is made to the system.43 With halogen

derivatives the dominating effect of the chemical shifts appears to be factors
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associated with the bulk and/or polarisability of the halogen, with iodides at the

lowest frequency.54

Coupling constants have also been shown to vary depending on the orientation to

other more electronegative nuclei. The Sn-P bond situated trans to the more

electron donating ligand is strengthened, whereas the cis Sn-P bond is

weakened.55

1.7.5 Mass Spectrometry of Tin Compounds:

The natural abundances of the 10 stable isotopes of tin gives a very

characteristic abundance distribution which can be easily identified. Electron

impact (El), chemical ionisation (CI) and fast atom bombardment (FAB) mass

spectrometry can all be used to identify tin containing compounds and ions. In

practice however, the compounds made for this study are very moisture sensitive,

1.7.6 Single Crystal X-ray Diffraction:

This work shows a substantial number of crystal structure determinations

of a variety of often quite sensitive complexes. The most crucial aspect of

obtaining these is growing the crystals in the first place and many fruitless hours

have been spent trying to obtain structures. Even when crystals are grown they are

often highly sensitive (prone to decomposition or 'melting' (re-dissolving into oils

when no longer in a saturated environment)) and very moisture sensitive. In

comparison once the suitable crystals are obtained and successfully mounted onto

the goniometer the data collection has become almost routine and while the size,

morphology and optical characteristics in plane polarised light (all of which can

be assessed using a microscope with polarisers) are important to get 'usable' data,

compensations can generally be made while collecting such as increasing the

length of each scan.

1.8 Steric Effects:

The steric effects in complexes that involve Group 15 tertiary ligands, in

particular phdsphanes have been widely explained by Tolman's Cone angle model

(see Figure 4).56 In summary the larger the steric bulk of the ligand, the larger the
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size of the angle (0) and the larger the value of 0 the lower the coordination

number that is favoured around a given metal centre.

d(M-E)

Figure 4 Tolman's Cone Angle Model.56

A number of factors make this model more complicated. The ligands are in fact

not a uniform cone shape and allow intermeshing of substituents and the M-E

bond distance will change depending on R, E, M and any substituents on M.

Within this work however, the general bulk of the ligand tends to only affect the

ratio of cis and trans isomers seen.

1.9 Bonding:

An octahedral S n X ^ complex with phosphane or arsane ligands means

that the octet rule has been exceeded for the main group atom. The model that

currently explains this is either electron rich multi-centre bonding or donor-

acceptor bonding (which are not mutually exclusive models) in which a primary

M-X (Sn-Cl) o bond is polarised towards the more electronegative halide as it is

the lower energy atomic orbital, the corresponding antibonding orbital a* is

polarised towards the metal. If this a* orbital lies low enough in energy it can act

as an acceptor orbital on the metal through which a Lewis base (the phosphane or

arsane ligand) can bond.57'58 This means that not only is the X-M-L (L=ligand)

linear but also that as M-L becomes stronger the population of a* orbital is

increased, the M-X bond is hence weaker and longer.58
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M-

ER,

Figure 5 Schematic of the donor-acceptor bonding model.

SnX4 Lewis acids have been widely reported and form adducts with a wide

variety of neutral donor ligands (especially the strong Lewis acids X = Cl and Br)

some of which (mainly the weaker acid, SnL;) are often extensively dissociated in

solution.4'59' Lewis acid strength of the SnX4 follows the usual order of Cl > Br >

I.61

With bulky ligand groups co-ordinating octahedrally with an MX4 (Group 14

halide) group a trans co-ordination would be expected especially if X = I due to

the seemingly bulky nature of the base ligands. NMR spectroscopic studies of

2 have been carried out but both X = I or F are often ignored.62

X,

L

X ,
M;

X

Figure 6 Examples of trans and cis conformations of octahedral MX4L2

1.10 Macrocyclic Effect:

The chelate effect describes the increased stability of polydentate ligand

complexes over complexes of the same metal with analogous monodentate

ligands. It is known that the stability of the complexes increases as more donors

are incorporated i.e. as the ligand denticity is increased. The macrocyclic effect

describes the increase in stability observed for transition metal complexes when

the open chain polydentate ligands are compared to the closest analogous
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macrocyclic ligand. It is the macrocyclic effect that is the predominant reason for

intense research efforts over recent decades focusing on the synthesis of

macrocycles and their subsequent applications. It was first observed in Cu(II) aza

macrocyclic species (see Figure 7) and showed that the copper complex of the

macrocycle was 104 times more stable than its open chain intermediate.63'64

N i\

N N "N N
H, H,

Figure 7 Diagram of the open chain and macroclic ligands for which the macrocyclic effect was
discovered.

One limitation of the macrocyclic effect, however, is that it becomes less

important with very large flexible rings and is only considered to be significant

when the macrocyclic hole size is well matched with the metal ion radius.65 With

more conventional size rings however, both the entropic effect and enthalpic

effects favour the formation of a macrocyclic complex over its open chain

analogue. The enthalpy stability comes from the difference in solvation of the

uncomplexed ligands (open chain more heavily solvated). The entropic

contribution to the macrocyclic effect is predominantly due to the preorganisation

of the macrocyclic ligand, which means that upon co-ordination there is only a

small reduction in its rotational and vibrational degrees of freedom compared to

the more flexible open chain polydentate ligand.63

1.11 Synthesis of Macrocycles:

There are two major methods to synthesise macrocycles; Metal Template

Synthesis66 and High Dilution Cyclisation synthesis.65 The latter of which is the

method primarily to be used in this project. It is worth noting that the formation of

macrocycles are generally more problematic than their corresponding acyclic

derivatives. The general premise for both methods is to favour the formation of

the macrocycle over that of the more likely polymer which would be favoured

under normal reaction conditions. The former method uses a metal ion to

coordinate with the donor atoms, hence preorganising the reagents into the correct
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conformation (the two ends relatively close together) for the cyclisation step.

Unfortunately, once this cyclisation step has occurred an often difficult

demetalation step is required to obtain the macrocyclic ligand as not all metal ions

can act as templates. The latter and in our case more useful method involves

dramatically reducing the concentrations of the reagents, therefore, there is a very

low probability of two precursor molecules being close enough to form a polymer.

Hence a single precursor reacts with itself under the imposed conditions to form

the macrocycle. Unfortunately most of these reactions need to be under strictly

anhydrous reaction conditions and this is often made even more difficult by the

low concentrations and large time scales the reactions need. Another problem is

that if stereoisomers are possible, as with the arsane macrocycle targets in Figure

8 this route will usually yield mixtures which may be very difficult to separate.

1.12 Arsane Macrocycles:

A small number of macrocyclic arsane ligands have been reported (see

Chapter 6), 7 very few examples of their complexes with transition metals, and

there are no reports of macrocyclic phosphane or arsane complexes with p-block

metals despite the probable enhancement of the thermodynamic and kinetic

stability associated with the macrocyclic effect. On the other hand it has been

shown in Southampton that macrocyclic S and Se ligands produce a large range of

structures with p-block metals.57 Many of the thioether or selenoether macrocyclic

structures complexed with p-block metals are not found in their acyclic

analogues.68'69 Therefore, arsane macrocycles such as those in Figure 8, could lead

to structures not associated with acyclic phosphane or arsane complexes.

There has been widespread use of face-capping ligands such as Cp, Cp*, [9]aneS3

and R3[9]aneN3, so the availability of strongly binding (As3) ligands with very

different electronic properties to C, N or S analogues could also be of interest in

transition metal chemistry.

Macrocyclic arsane ligands and organoarsenic intermediates are less oxygen

sensitive than the corresponding phosphanes. The haloarsanes are also much less

moisture sensitive than the phosphane analogues and are therefore generally easier

to handle. However, arsenic does not have a suitable spin active nucleus (unlike
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phosphorus) making it more difficult to follow the reaction by NMR

spectroscopy. Arsane macrocycles are less strongly reducing than the

corresponding phosphanes, alkylphosphanes reduce many p-block halides

whereas this rarely occurs with the less oxidizable arsenic analogues. Many p-.

block halides halogenate R3P to R3PX+.

The problems in making arsane macrocycles include, the volatility and toxicity of

the arsenic-containing precursors as well as the high energy barrier of inversion at

arsenic (167.4 kJmol"1),70 which means that numerous stereoisomers67 may be

formed upon cyclisation which cannot be interconverted or easily separated.71'72

\
/—As

\
As

N—As

As As

As As

Figure 8 Possible macrocyclic arsane target molecules.

The methyl groups on the arsenic atoms (Figure 8) could also be replaced by

bulky alkyl or phenyl groups.

More relevant details on the arsane macrocycle literature can be seen in Chapter 6.
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Complexes of SnF4 with Hard Donor Ligands



Chapter 2 25

2.1 Introduction:

Tin(IV) chloride is widely used in synthesis both as a source of tin(IV) and

as a strong Lewis acid.1'2 A very wide range of adducts of SnCLt with neutral

ligands {L} are known, mostly six-coordinate [SnCUILs}]. Similar complexes are

formed by SnBr4 and Snl4, although Lewis acidity decreases down the Group

SnCU > SnBr4 » Snl4. The majority of these ligands have hard O or N donor

atoms, but examples with softer P, As, S, Se or Te donors have also been

characterised.3'4'5'6'7'8'9'10'11 In marked contrast, little is known about adducts of

S11F4 with neutral ligands. Some examples were reported in the period 1950-1975,

often as part of larger surveys including the heavier tin(IV) halides, but little data

were provided and only a single complex, [SnF4{2,2'-bipy}], was structurally

characterised.12'13'14'15'16'17

H2

CMe

F 3

H1O

Figure 1 Molecular structure of SnF4C]oH8N2.CH3N02 projected down [010].n

There are no reports of SnF4 complexes with softer donor ligands. This neglect in

part is similar to that of other p-block fluorides, whose Lewis acidity, except

towards F* or in superacid media (for MF5, M = As or Sb), is little explored. This

also reflects the more difficult synthetic entry into the complexes. The SnX4 (X =

Cl, Br or I) are tetrahedral molecules readily soluble in weak or non-coordinating

solvents such as chlorocarbons, hydrocarbons or arenes. The synthesis of

[SnX4{L}2] usually involves mixing the constituents in a solvent with precautions
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to avoid hydrolysis. In contrast, anhydrous SnF4 has a polymeric structure based

upon vertex sharing SnF6 octahedra,18 and although readily hydrolysed, is

otherwise rather unreactive towards neutral ligands and insoluble in weak donor

solvents. A convenient entry into the chemistry is provided by Tudela and co-

workers who have reported the preparation of [SnF4{MeCN}2] made from SnF2,

I2andMeCN.19'20 .

Although standard texts state (usually without quoting supporting evidence) that

Lewis acidity of the four tin(IV) halides is greatest for SnF4, remarkably few

complexes of the latter are known.13'14'15'16'17'21 Tin(IV) chloride and bromide are

strong Lewis acids forming adducts with a wide variety of neutral donor ligands,

whereas tin(IV) iodide is only a weak Lewis acid forming similar, although much

less stable, complexes which are often extensively dissociated in solution.1' ' 2

The Southampton group has reported previously the syntheses, structural and

spectroscopic characterisation (especially by multinuclear NMR techniques) of

several series of SnX4 (X = Cl, Br or I) adducts with soft donors including

dithioethers,7 diselenoethers,8 ditelluroethers,9 diphosphanes and diarsanes10 and

thiamacrocycles.11 This work is now extended here to the investigation of the

SnF4 adducts and reported here are some examples with phosphane and arsane

oxides.

Subsequent to this work and in connection with the work on GeF4 complexes with

soft donor ligands (Chapter 4) work on GeF4 with hard N and O donor ligands

was carried out within the group and comparisons with these systems are also

made.23'24
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2.2 S11F4 Complexes of N and O Donor Ligands:

Due to the polymeric structure of SnF/8 [SnF4{MeCN}2] was produced

(from SnF2 and h in MeCN (see Figure 2))19"20 as a starting synthon for all

subsequent reactions. The subsequent conversion to [SnF4{THF}2] by dissolving

the MeCN adduct in THF and the removal of excess solvent was also used as a

starting synthon but no apparent gains were noted.

2 I 2
2SnF2 1—^. [SnF4{MeCN}2] + Snl4

Figure 2 Reaction scheme for [SnF4{MeCN}2].

A number of complexes of hard N- or O-donor ligands, previously obtained

directly from SnF4,15 itself made by direct fluorination of tin(II) oxide in a nickel

boat at between 200 and 500 °C25 were re-prepared in this study from

[SnF4{MeCN}2] for comparison purposes, viz- [SnF4{L-L}] (L-L = 2,2'-

bipyridyl, 1,10-phenanthroline, N,N,N',N'-tetramethyl-l,2-diaminoethane and

1,2-dimethoxyethane) and [SnF4{L}2] (L = pyridine, THF).

[SnF4{MeCN}2] + . 2L CH2Clz • F ^ S n ' ' o r F^? n^F
F L L

CHXL
[SnF4{MeCN}2] ' ^ 2 *

F
Figure 3 Formation of SnF4{L}2 and SnF4{L-L} complexes.

The complexes with N-donor ligands are unaffected by exposure to air for

several hours and although moisture sensitive in solution, are much less readily

decomposed than many of the other complexes in this study. The solid

[SnF4{L}2] (L = THF or L2 = MeO(CH2)2OMe) rapidly hydrolyse in air. The IR

and 'H NMR spectroscopic data are given in the experimental section and were

as expected from the previous literature.15 The 19F{1H} and 119Sn NMR data are
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shown in Table 3. Although the ranges overlap there is a general shift to lower

frequency in the 119Sn NMR shifts with donor, P —• N —»• O. The complexes with

L-L = 2,2'-bipyridyl, 1,10-phenanthroline, Me2N(CH2)2NMe2 have the expected

cis geometry, whilst the [SnF4{pyridine}2] is the trans isomer. In contrast to the

N-donor complexes, the ether adducts, [SnF4{MeO(CH2)2OMe}] and

[SnF4{THF}2], undergo rapid neutral ligand exchange in solution at ambient

temperatures, only at low temperatures is it possible to observe 19F{'H} and
119Sn NMR resonances. These revealed that in CH2C12 solution at 220 K the

THF complex was a mixture of cis and trans isomers in approximately equal

amounts. The 19F{]H} NMR spectrum of [SnF4{THF}2] shows a singlet and two

triplets almost identical to that shown in Figure 8. Figure 4 shows the 119Sn

NMR spectrum of [SnF4{THF}2] and shows both the quintet of the trans isomer

and the triplet of triplets of the cis isomer with coincidental chemical shifts and

the coupling of the trans isomer being very similar to that of one of the

couplings in the cis isomer. Figure 5 shows the predicted 119Sn NMR spectrum

of [SnF4{THF}2] based on coupling constants from the 19F{'H} NMR spectrum

of this compound (using the chemical shift' observed in the u9Sn NMR

spectrum) in a 1:1 ratio of cis:trans.
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cis ]J(mSn-19Fcis)

CIS

trans *J(119Sn-19Fei,)

Figure 4 m S n NMR spectrum of [SnF4{THF}2] (220 K, CH2C12).

-789.5 -789.0 -788.5 -762.5 -762.Q -761.5

-810 -BOO -790 -7B0 -770 -760 -750 -740

ppm

Figure 5 Predicted 119SnNMR spectrum of [SnF4{THF}2].*

Chemical shift from "9Sn NMR spectrum of [SnF4{THF}2].
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Tudela19 concluded that the [SnF4{L}2] (L = pyridine or THF) were trans

isomers in the solid state based upon IR and Mossbauer spectroscopic data.

Crystals of [SnF4{MeO(CH2)2OMe}] and [SnF4{ 1,10-phenanthroline}] were

both grown from CI-LCWn-hexane. The structure of the former shows (Figure 6,

Table 1) the expected cis geometry with Sn-O = 2.156(2), 2.144(2) A, which are

shorter than those in fra«.s-[SnCl4{THF}2]26but significantly longer than the Sn-

O distances in phosphane oxide adducts of SnF4 which lie in the range 2.045(3)-

2.088(5) A (see Section 2.3). The latter complexes show no dissociation in

solution indicative of stronger binding of the phosphane oxide ligands compared

to the ethers. The differences in the distances Sn-Ftransp (1.926(2), 1.927(2) A)

and Sn-Flranso (1-921(2), 1.923(2) A) are much less than in the phosphane

complex.

Figure 6 Structure of [SnF4(MeO(CH2)2OMe}] showing the atom numbering scheme. Ellipsoids
are drawn at the 50% probability level and H atoms omitted for clarity.
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Table 1 Selected bond lengths (A) and angles (c

Snl-F3

Snl-Fl

Snl-Ol

Ol-Cl

O1-C2

C2-C3

Fl-Snl-F2

F-Snl-F (the rest)

Fl-Snl-O2

F-Snl-0 (the rest)

Snl-Ol-Cl

Snl-Ol-C2

O1-C2-C3

1.9263(17)

1.9210(18)

2.1559(19)

1.463(3)

1.456(3)

1.502(4)

99.27(8)

92.09(8)-93.93(8)

169.84(8)

84.27(8)-93.07(8)

117.34(18)

111.60(15)

107.0(2)

)for[SnF4{Me0(CH

Snl-F4

Snl-F2

Snl-O2

O2-€3

O2-C4

01-02

F3-Snl-F4

O2-Snl-Ol

F2-Snl-Ol

Snl-O2-C3

Snl-O2-C4

O2-C3-C2

2)2OMe}].

1.9274(17)

1.9234(18)

2.144(2)

1.454(3)

1.463(3)

2.673(3)

170.07(7)

76.88(8)

167.62(8)

112.38(17)

121.09(17)

106.5(2)

The structure of [SnF4{l,10-phenanthroline}] (Sn-N = 2.157(7) A) (Figure 7,

Table 2) may be compared with that of [SnCUiUO-phenanthroline}]27 which

shows Sn-N = 2.234(7)-2.251(8) A. One can also compare the literature data on

[SnX4{2,2'-bipyridyl}] for which Sn-N are X = F (2.181(3), 2.183(3) A), X= Cl

(2.247(4), 2.226(4) A), X = Br (2.23(1), 2.23(1) A), X = I (2.28(2) A).17'28'29 The

2,2'-bipyridyl series shows the longest Sn-N bonds in the iodide and the shortest

in the fluoride, with the chloride and bromide less clearly discriminated, providing

support for the fluoride being the strongest Lewis acid of the four halides.

Direct comparison can now be made with [GeF4{l,10-phenanthroline}]24 for

which Ge-F bond distances (1.781(2), 1.753(2)) are naturally shorter, as is the Ge-

N (2.046(3) A), due to the smaller metal acceptor.
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cs

C5A
F1A

F2A

F1

Figure 7 Structure of [SnF4{ l,10-phenanthroline}]MeOH showing the atom numbering scheme.
Ellipsoids are drawn at the 40% probability level with H atoms and solent omitted for clarity. The

tin atom is on a 2-fold axis. Symmetry operation: a = 1 - x, Vi - y, z.

Table 2 Selected

Snl-Fl

Snl-F2

Nl-Nla

Fl-Snl-F2

F2-Snl-F2a

Fl-Snl-Nl

Nl-Snl-Nla

Snl-Nl-Cl

bond lengths (A) and angles (°

1.887(5)

1.860(6)

2.670(13)

93.3(3)

99.2(4)

88.0(3)

76.5(3)

126.4(5)

) for [SnF4{ l,10-phenanthroline}]MeOH.

Snl-Nl

Nl-Cl

N1-C6

Fl-Snl-F2a

Fl-Snl-Fla

F2-Snl-Nl

Snl-Nl-C6

2.157(7)

1.339(11)

1.349(10)

91.9(3)

172.0(3)

168.4(3)

115.1(5)

Symmetry operation: a = 1 - x, Vz - y. z.
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Table 3 Selected NMR spectroscopic

Compound

[SnF4{2,2'-bipyridyl}]

[SnF4{l,10-phen}]

[SnF4{THF}2] trans isomer
cis isomer

[SnF4{pyridine}2] (trans)
[SnF4{Me2N(CH2)2NMe2}]

[SnF4{MeCN}2]
[SnF4{MeO(CH2)2OMe}]
(190 K)

data for SnF4

8 l iySnb

-708.2(t,t)

-715.1(t,t)

-775.4(qs)
-775.4(t,t)

-670.8(q5)
d

n.o.e

-753.8(t,t)

complexes with N

c

C

8 iyF{'H}

-149.8(t)
-179.8(0
-149.5(t)
-180.8(t)
-166.7(s)
-166.2(0
-178.8(t)
-163.8(s)
-167.8(t)
-184.4(t)
-181.0(s)
-167.1(t)
-183.3(t)

or O donor

(Hz)

1964
1978
1987
1982
1910
1918
2074
1983
2266
2096
n.o.
2233
2189 -

33

ligands.a

Sn)

(Hz)

48

50

54

-
50

-
61

a In CH2C12-1O% CDCl3.^™Sn Spectra were typically
at 220 K. d Insufficiently soluble to record spectrum.
295-180K.

recorded at 250 K.c ll9Sn Spectra recorded
: n.o. = not observed in temperature range

By comparing the NMR spectroscopic data for related Sn and Ge complexes of

hard N or O donor ligands (see Table 3 and Table 4) it can be noted that 5 19F{'H}

shifts to high frequency (more positive) in the Ge case consistently by between 30

and 40 ppm. Also the 2J(19F-19F) coupling constants increase in the Ge case by 11

Hz (±1 Hz) with the N donors and 19 Hz (±1 Hz) for the O donors.

Table 4 Selected NMR spectroscopic data for GeF4 complexes with N or O donor ligands.24

Compound

[GeF4{2,2'-bipyridyl}]

[GeF4{l,10-phen}]

[GeF4{THF}2] trans isomer
cis isomer

[GeF4{pyridine}2] (trans)
[GeF4 {Me2N(CH2)2NMe2} ]

[GeF4{MeCN}2] trans isomer
cis isomer

[GeF4 {MeO(CH2)2OMe} ]

5 19F{'H}a

-116.2(t)
-151.2(t)
-115.7(t)
-150.1(t)
-130.4(s)
-128.7(t)
-145.9(t)
-125.7(s)
-132.7(t)
-150.9(0
-108.2(s)
-101.2(t)
-134.2(t)
-131.0(t)
-151.1(0

2J(l9F-19F)(Hz)

58

62

72

n.o.
60

55

81

aInCH2Cl2-10%CDCl3.
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2.3 SnF4 Complexes of R3P=O and R3As=O Donor Ligands:

The reaction of [SnF4{MeCN}2] or [SnF4{THF}2] with 2.0-2.1 mol.

equivalents of the monodentate ligands or 1.0-1.1 mol. equivalents of the

bidentate ligands in anhydrous CH2C12 resulted in the formation of white six

coordinate complexes in high yields. The solids are moisture sensitive,

tenaciously retain organic solvents - clearly evident in the *H NMR spectra, and

are only modestly soluble in chlorocarbons. Solubility is not significantly better in

acetone or nitromethane and stronger donor solvents were generally avoided for

spectroscopic studies since they can lead to some displacement of the neutral

ligands. The complexes with PI13PO, PI13ASO and Me3PO were briefly reported in

larger compilations of their metal complexes many years ago,13'15'16 but

characterisation was limited to microanalysis and partial IR spectra. Our IR

spectra (Table 5) are generally in good agreement with those reported; where

differences occur they can be attributed to differing amounts of cis and trans

isomers present in the different samples resulting from differences in the isolation

procedures and/or solvents used.30 Comparing the IR v(P(As)=O) bands in the Sn

and Ge complexes shows negligible change, however, the metal-F vibration

frequency increases by ca. 50 cm"1 in the case of germanium.23

Table 5 IRa and 'H NMRb spectroscopic data for.SnF4 complexes with R3PO and R3AsO donor
ligands.

Compound

[SnF4{OPMe3}2]

[SnF4{OPPh3}2]
[SnF4{OAsMe3}2]

[SnF4{OAsPh3}2]
[SnF4{o-C6H4(P(O)Ph2)2}]
[SnF4 {Ph2P(O)CH2P(O)Ph2}]

[SnF4{o-C6H4(P(O)Me2)2}]

v(P(As)O)/cm'1

1085(br)

1137,1082
865, 812(br)

877(br), 850(sh)
1145, 1087(br)
1145,1092

1147,1093

vCSn-FVcm-1

576, 559

580, 549, 537
550(br)

559(br)
585, 569, 548
596, 577

572(br)

5('H)

1.855(d)2JPH=
13.5 Hz
1.860(d)VpH=
13.5 Hz
7.36-7.88(m)
2.04(s),
2.05(s)
7.40-7.87(m)
7.31-7.71(m)
4.00(t)2JPH =
13 Hz 7.36-
7.75(m)c

1.79- 1.84 (m)
7.49-7.85(mr

a Nujol mull, b In CDC13 at 300 MHz. c In CD2C12. d. In d°-dmso
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The multinuclear NMR spectroscopic data (Table 8) show the presence of both cis

and trans isomers in CH2CI2 solutions for the monodentate ligand complexes, the

approximate isomer ratios being determined from the 19F{'H} NMR spectrum,

however, in general the trans isomer predominates. Although resonances were

observed at ambient temperatures in the ]H, 31P{'H} and 19F{]H} spectra, the
11 Sn spectra showed broad and poorly resolved features and the samples were

cooled to temperatures down to a minimum of 183 K to obtain the clearest

resolution. The 31P{'H} NMR spectra show singlet resonances for each isomer

with very similar chemical shifts, and no resolved coupling to 19F, but with weak
119/117Sn satellites. The 2/(119/117Sn-31P) which lie in the range 20-65 Hz, appeared

as single lines rather than as separate features for the two tin isotopes - no doubt

the differences were lost in the line width since from the magnetogyric ratios

Yn9Sn/y117Sn (1.046) the values are expected to differ by < 2 Hz. The 19F{'H}

spectra show singlet resonances for the trans isomers and two triplets for the cis
\9c(see Figure 8, Table 8), with 8(iyF) in the range -135 to -170, and with V("ySn-

19F) 1700-1950 Hz, similar to the values in substituted fluorostannates(IV).21 In

these cases the 1J(I17Sn-19F) satellites were also clearly resolved and although not

quoted in Table 8, the magnitudes were consistent with expectation, based upon

Y
119Sn/y117Sn.

-i3B' -\A2 -iA'4 ~'i48-140

Figure 8 19F{'H} NMR spectrum of [SnF4{OAsMe3}2] (273 K, CDC13).

-150
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Obtaining good quality 119Sn NMR spectra proved difficult due to the modest

receptivity of the tin (Dc = 25), poor solubilities, the presence of both isomers and

also the complexity of the coupling patterns. For example, for [SnF4{OPMe3}2]

the symmetrical quintet of triplets of the trans isomer was clearly evident centred

at 5-781.8. Underlying this resonance is another weaker and more complex

pattern centred on 5 -769.0 attributed to the cis isomer. Based upon the various

coupling constants obtained from the 19F{!H} and 31P{fH} spectra the major lines

of the expected 27 line multiplet (t,t,t) were identified. The solubility of

[SnF4{OPPh3J2] is lower, but again two multiplets can be discerned, consistent

with approximately equal amounts of the two geometric isomers, although in this

case the spectral quality was poor. For the [SnF^OAsR^] complexes, the

quintet due to the trans isomer was clearly identified in each case, but the

resonance (t,t) of the less abundant cis form appeared near coincident and hence

the chemical shift assignment less clear, although the more intense lines of the

multiplets were found.

Comparing the NMR spectroscopic data of the Sn and Ge complexes of Me3PO,

Ph3PO and Ph3AsO hard donor ligands, it can be noted that 5 19F{'H} shifts to

high frequency (more positive) in the Ge case consistently by around 40 ppm. It

can also be seen that the 2J(19F-19F) coupling constants increase in the Ge case by

9 Hz (±2 Hz).

Colourless crystals of [SnF4{OPMe3}2] were grown from a sample containing

both isomers by vapour phase diffusion of hexane into a CH2CI2 solution. These

proved on structure solution to be the trans isomer. As can be seen from Figure 9

and Table 6, the molecule is centrosymmetric with Sn-F = 1.937(2), 1.954(2) A,

not significantly different from the values in czs-[SnF4{2,2'-bipy}] 1.924(3)—

1.948(3) A.17 Comparison of d(P-O) in the complex (1.532(3) A) with that in

Me3PO itself (1.489(6) A)31 shows the bond is significantly lengthened upon co-

ordination, but is the same within experimental error of [GeF4{OPMe3}2]

(1.528(5) A).23 Differences in the IR v(P=O) stretch are also negligible between

Sn and Ge and both Ge-0 and Ge-F bond distances are shorter due to the smaller

metal size.
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C3

F2A

Figure 9 Structure of fra«^-[SnF4{OPMe3}2] showing the atom numbering scheme. Ellipsoids are
drawn at the 50% probability level and H atoms omitted for clarity. Snl is positioned on a centre

of symmetry. Symmetry operation: a = 0.5-x, 0.5+y, 0.5-z.

Table 6 Selected bond lengths (A) and angles (

Snl-Fl

Snl-Ol

Pl-C

Fl-Snl-F2

F2-Snl-Ol

Ol-Pl-C

1.937(2)

2.045(3)

1.774(4)_1.782(4)

89.85(10)

89.48(10)

108.4(2)-111.7(2)

°) for trans-[SnF4{OPMej,}2T

Snl-F2

Pl-Ol

Fl-Snl-Ol

Pl-Ol-Snl

C-Pl-C

1.954(2)

1.532(3)

91.13(11)

131.50(17)

107.2(2)-l 10.2(2)

a The tin atom is on a centre of symmetry.

Colourless crystals of [SnF^OPPh^^] were grown from a sample containing both

isomers by vapour phase diffusion of hexane into CH2CI2 solution as well as from

the [SnF4{PPh3}2] complex left in CH2CI2 solution for 1 month. These proved on

structure solution to be the trans isomer. As can be seen from Figure 10, Table 7

the molecule is centrosymmetric with Sn-F = 1.929(3), 1.934(3) A, again not

significantly different from the trimethyl analogue above. Comparison of d(P-O)

in the complex (1.520(4) A) with that in free Ph3PO (1.46(1) A)32 shows the bond

is significantly lengthened upon co-ordination, but, within experimental error of

[GeF4{OPPh3}2] (1.522(2) A).23 Differences in the IR v(P=O) stretch are also

negligible between Sn and Ge.
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The bond lengths for both these crystal structures are entirely in keeping with our

previous conclusions33 that SnF4 is the strongest Lewis acid of the four tin(IV)

halides towards O-donor phosphane oxide ligands.

Figure 10 Structure of/ra/;s-[SnF4{OPPh3(2] showing the atom numbering scheme. Ellipsoids are
drawn at the 50% probability level and H atoms omitted for clarity. Snl is positioned on a centre

of symmetry. Symmetry operation: a = - x, 1 - y, 1 - z.

Table 7 Selected bond lengths (A) and angles (°) for fra/iHSnF4{OPPh3}2]-2CH2Cl2.

Snl-Fl

Snl-F2

Pl-Cl

P1-C13

Fl-Snl-F2

F2-Snl-Ol

O1-P1-C1

O1-P1-C13

1.928(3)

1.934(3)

1.792(5)

1.797(6)

90.56(12)

91.79(13)

108.0(2)

111.4(2)

Snl-Ol

Ol-Pl

P1-C7

Fl-Snl-Ol

Snl-Ol-Pl

O1-P1-C7

2.050(3)

1.523(3)

1.795(5)

89.06(13)

146.3(2)

112.5(2)

The diphosphane dioxide complexes are, as expected, cis isomers showing (Table

8) two triplets in the I9F{'H} NMR spectra and singlets in the 3IP{'H} NMR

spectra. At temperatures a little above ambient, the resonances in the I9F{*H}

NMR spectra broaden, presumably due to some dynamic process, probably
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chelate ring opening. On cooling the solutions the complexes precipitate which

prevented low temperature studies. [SnF4{o-C6H4(P(O)Me2)2}] was however,

insoluble in chlorinated solvents, but dissolved with some decomposition

(diphosphane dioxide displacement)-in anhydrous N,N-dimethylforrnamide. The
19F{'H} and 31P{'H} NMR spectra of the complex are given in Table 8, but the

poor solubility and partial decomposition prevented a 119Sn spectrum from being

obtained.
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Table 8 P{ H}, "ySn and 'T{'H} NMR spectroscopic data for SnF4 complexes with R3PO and R3AsO donor ligands.a

Compound

[SnF4{OPMe3}2]

[SnF4{OPPh3}2]

[SnF4IOAsMe3}2]

[SnF4{OAsPh3}2l

[SnF4{O-C6H4(P(O)Ph2)2}l

[SnF4{Ph2P(O)CH2P(O)Ph2}]

[SnF4{o-C6H4(P(O)Me2)2}l

trans
cis

trans
cis

trans
cis

trans
cis

-

531P{'H}b

65.9(s)
65.4(s)

42.5(s)
42.3(s) -

-
-

-

45.5(s)

44.1(s)

62.1(s)

6 119Snc

-781.8(q5,t)
-769.0(t,t,t)

-770.0(q5,t)
-775.1(t,t,t)

-747.7(q5)
-748.4(t,t)

-757.5(q5)
-758.6(t,t)

-790.0(t,t,t)

-792.4(t,t,t)

519F{1H}d

-149.2(s)
-147.2(t)
-158.0(t)
-149.8(s)
-146.2(t)
-159.8(t)
-141.6(s)
-140.9(t)
-148.2(t)
-141.3(s)
-137.8(t)
-151.9(t)
-142.9(br)
-167.2(t)
-143.0(t)
-168.0(t)
-143.5(t)
-165.4(t)

' j ( i yF-u ySn)
(Hz)
1725
1772
1850
1704
1730
1850
1804
1827
1818
1788
1800
1860
1730
1923
1753
1930
1740
1930

2J(iyF-iyF)
(Hz)
-
51
-
-
53
-
-
49
-
-
51
-
53

50

50

V(31P-uySn)
(Hz)
50
50

20
22

-
-

- •

-

63

57

57

Isomer
ratio
3
1

1
1

3
1

2 ^
1

'-

-

-

a To obtain good resolution of the complex couplings, spectra were typically recorded at 273 K. b Relative to external 85% H3PO4. c
Relative to external neat SnMe4. d Relative to external CFC13. e N,N-Dimethylformamide solution.
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The crystal structures of cis-[SnF4{o-C6H4(P(O)Ph2^}] Figure 11, Table 9 and of

the parent ligand, o-C6H4(P(O)Ph2)2 Figure 12, Table 10 have also been

determined and the key bond lengths may be compared similarly. The d(Sn-F) are

very similar to those in [SnF4{OPMe3}2], and essentially independent of the

nature of the trans ligand. The d(Sn-O) at 2.088(5) and 2,071(5) A are rather

longer than in the Me3PO complex which probably reflects the effect of the seven-

membered chelate ring. As found for the Me3PO case, co-ordination of the

diphosphane dioxide to the SnF4 results in a significant lengthening of the P -0

bond, from 1.484(2), 1.485(2) in the free ligand to 1.512(5), 1.525(5) A in the

complex.

A few poor quality crystals were also obtained from a solution of [SnF4{o-

C6H4(PMe2)2}] in CH2CI2 after several weeks. X-ray examination of these

established them as the compound [SnClF3{o-C6H4(P(O)Me2)2}]* containing a

chelating diphosphane dioxide. The origin of the chlorine atom is presumably

from reaction with the solvent and the oxygen in the phosphane oxide from aerial

oxidation.17

Crystal data for [SnClF3{o-C6H4(P(O)Me2)2}]-l/2CH2Cl2: MW = 483.77; orthorhombic, space

group Pbcn (no. 60), Z = 8, T = 120 K, a = 15.290(5), b = 17.266(6), c = 13.380(3)'A, V =

3532.3(19) A3; 3772 unique data gave R, = 0.095, wR2 = 0.173 (/ > 2o(7)) based on 186

independent parameters with S = 0.95.
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F2

Figure 11 Structure of the tin residue in [SnF4{o-C6H4(P(O)Ph2)2}]CH2ClrH2O showing the atom
numbering scheme. Atomic displacement ellipsoids are drawn at the 50% probability level, H

atoms and solvent molecules are omitted for clarity.

Table 9 Selected bond lengths (A) and angles (°)

Snl-Fl

Snl-F2

Snl-Ol

Pl-Ol

P-C

F3-Snl-F4

F3-Snl-Fl

F3-Snl-F2

F3-Snl-Ol

F4-Snl-Ol

Fl-Snl-Ol

F2-Snl-Ol

1.930(4)

1.940(4)

2.088(5)

1.512(5)

1.786(7)-1.819(7)

174.39(18)

93.20(18)

91.00(18)

89.18(18)

87.67(17)

91.13(18)

173.19(18)

for [SnF4(o-C6H4(P(O)Ph2)2}] CH2C12H2O

Snl-F3

Snl-F4

Snl-O2

P2-O2

F4-Snl-Fl

F4-Snl-F2

Fl-Snl-F2

F3-Snl-O2

F4-Snl-O2

Fl-Snl-O2

F2-Snl-O2

1.951(4)

1.941(4)

2.071(5)

1.525(5)

91.50(18)

91.57(17)

95.65(19)

87.81(18)

87.26(18)

175.41(19)

88.80(19)
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Ol-Snl-02

Pl-01-Snl

O-P-C

84.40(18)

140.5(3)

1O6.5(3)-112.9(3)

P2-O2-Snl

C-P-C

133.8(3)

106.9(3)-109.6(3)

Figure 12 Structure of [o-C6H4(P(O)Ph2)2]CH2Cl2 showing the atom numbering scheme. Atomic
displacement ellipsoids are drawn at the 50% probability level and H atoms and CH2C12 omitted

for clarity.

Table 10 Selected bond lengths (A) and angles (°) for [o-C6H4(P(O)Ph2)2]CH2Cl2

Pl-Ol

Pl-Cl

P1-C7

P1-C13

O1-P1-C1

O1-P1-C7

O1-P1-C13

C1-P1-C7

C1-P1-C13

C7-P1-C13

1.484(2)

1.809(3)

1.810(3)

1.824(3)

115.74(13)

110.22(12)

112.88(13)

105.49(13)

105.77(13)

106.02(13)

P2-O2

P2-C18

P2-C19

P2-C25

O2-P2-C18

O2-P2-C19

O2-P2-C25

C18-P2-C19

C18-P2-C25

C19-P2-C25

1.485(2)

1.838(3)

1.800(3)

1.815(3)

114.46(12)

116.22(13)

109.84(12)

105.81(13)

104.88(13)

104.60(13)
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Most interesting is the comparison with data on other tin(IV) phosphane oxides.30

Tudela et a/.30 noted that in cis- and rrara-[SnBr4{OPPh3}2] the Sn-0 (2.080(8),

2.101(9) A) and P - 0 (1.515(8), 1.516(9)(av) A) distances were the same within

the usual criteria showing that the geometric isomer present has no effect, as

might be expected for hard donor-acceptor interactions on a p-block metal.

However, when one compares the key distances along the series [SnX4{OPR3}2]

(Table 11) one finds that Sn-0 increases with X = F < Cl < Br < I. The

substantially shorter Sn-0 distance in the tin(IV) fluoride is clearly consistent

with stronger binding of the ligand indicative of stronger Lewis acidity of the

SnF4. This is in agreement with the conclusions from the 31P{1H} NMR data

above. Moreover, studies of phosphane oxide complexes of hard early transition

metals such as Y(III)34 or Sc(III)35 have shown that the metal-oxygen distances

are independent of the R group (Me or Ph) as is so in our findings, although they

do vary with the metal co-ordination number.34'35 From Table 11 it also notable

that the P - 0 distance in the fluoride complex is markedly longer than in the other

examples, (albeit some of the comparator data are not of high precision) which

also supports stronger donation from O to Sn. The trends are replicated in

[SnF4{o-C6H4(P(O)Pli2)2}] when compared with the structural data on [SnLt{o-

C6H4(P(O)Ph2)2}]10 (Table 11). In the iodo-complex the d(Sn-O) are much

longer, consistent with the relative Lewis acidity of the tin centres.

Table 11 Selected structural data on tin(IV) phosphane oxides.

Compound

frara-[SnF4{OPMe3}2]
a

?raw-[SnF4{OPPh3}2]
a

czs-[SnCl4{OPPh3}2]
b

ds-[SnCl4{OPPh3}2]c

?raTO-[SnBr4{OPPh3}2]
b

c/s-[SnBr4{OPPh3}2]
b

cw-[SnI4{OPPh3}2]
b

[SnF4{o-C6H4(P(O)Ph2)2}]a

[SnI4{o-C6H4(P(O)Ph2)2}]d

d(Sn-OPR3)/A

2.045(3)

2.055(4)

2.083(2)

2.086(2)

2.102(9), 2.100(8)

2.080(8)

2.11(2), 2.15(2)

2.071(5), 2.088(5)

2.120(5), 2.138(5)

d(P-O)/A

1.532(3)

1.520(4)

1.510(2)

1.505(2)

1.504(9), 1.527(9)

1.515(8)

1.47(2), 1.50(2)

1.512(5), 1.525(5)

1.509(6), 1.513(5)

Ref.

this work

this work

36

37

38

30

39

this work

10

a 120 K. b 295 K. c 90 K. d 150 K.
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2.4 [SnX4{L}2] X = Cl, Br or I; L - Ph3PO, Ph3AsO or Me3PO - some

Spectroscopic Comparisons:

These complexes have been studied on several occasions and structures

have been reported for cw-[SnX4{OPPh3}2]
30'37'39 and frara-[SnX4{OPPh3}2] (X =

Cl or Br).36'38 The IR spectra have been discussed in detail3'13'16 and our data are

generally in agreement with the literature and hence not discussed further.

Curiously little NMR spectroscopic data have been reported previously and

complete data are presented in Table 12.

Table 12 Selected NMR data on phosphane oxide and arsane oxide comparator complexes.1

Compound

[SnCl4{OPMe3}2]

[SnBr4{OPMe3}2]

[SnI4{OPMe3}2]

[SnCl4{OPPh3}2]

[SnBr4{OPPh3}2]

[SnI4{OPPh3}2]

[SnCl4{OAsPh3}2]

[SnBr4{OAsPh3}2]

[SnI4{OAsPh3}2]

[SnCl4{o-C6H4(P(O)Ph2)2}]e

[SnBr4{o-C6H4(P(O)Ph2)2}]e

[SnI4{o-C6H4(P(O)Ph2)2}]e

531P{'H}a

+63.4 (273 K)c

+62.5

+61.0 (223 K)

+58.3 (193 K)

+40.8 (233 K)

+40.35

+38.9 (223 K)

+36.5 (183 K)

+42.4 (300 K)

+41.6 (300 K)

+39.8 (190 K).

V(jlP-
119Sn)

Hzb

140

106

140

n.o.

198

162

214

n.o.

51I9Sn

-695(t) (243 K)

-686(t)

-1439(t)

n.o.d

-710(t)(233K)

-698(t)

-1480(t) (223 K)

n.o.

-639(s) (243 K)

-637(s)

-1364(s) (233 K)

n.o.

n.o.

n.o.

n.o.

Ratio

of

isomers

4

1

1

5

1

2

a In CH2C12-1O% CDC13.
 b Separate resonances for U9Sn and U7Sn couplings not resolved in

31P{'H} NMR spectra- couplings are from 119Sn spectra. c Ligand chemical shifts are:- Me3PO
+38, Ph3PO +28, o-C6H4(P(O)Ph2)2 +31.d n.o. = Not observed in temperature range 295-180 K. e

Data from Ref. 10.
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The trends in the spectroscopic data were examined to see if support for the

greater Lewis acidity of the SnF4 was forthcoming which is most evident in the
31P{'H} NMR spectroscopic data (Table 8, Table 12). The chemical shift

differences between the geometric isomers are small and therefore one can

compare directly the changes in chemical shift simply as a function of the halide

present. This shows a small but clear shift to high frequency along the series F >

Cl > Br > I consistent with decreased acceptor power along this series. Although

the shift to low frequency in the n9Sn NMR, [SnCl4{L}2] '->• [SnF4{L}2] -»•

[SnBr4{L}2] cannot be used directly to determine acceptor power (it is affected

also by elecronegativity of the substituents, ligand interactions and ligand

polarisabilities1'40) it is however, parallel to that in the

hexahalostannates(IV).40'41'42 119Sn resonances are rarely observed for iodotin

species mainly due to exchange reactions in solution resulting from the weak

Lewis acidity of Snl4.

2.5 Oxidation of Phosphanes:

It was mentioned above that the crystals of [SnF4{OPPh3}2] were obtained

from both [SnF4{OPPh3}2] and [SnF4{PPh3}2] samples in CH2C12. The group has

previously reported10 that mixtures of phosphanes or diphosphanes with SnX4 (X

= Cl, Br or I) in chlorocarbon solution air-oxidise readily to the corresponding^

phosphane oxides, specifically that catalytic amounts of Snl4 can be used to

cleanly generate phosphane oxides from the corresponding phosphanes, using dry
1 ft

air or dioxygen, and whilst the mechanism remains obscure, the use of O2 in

these reactions showed that the source of the oxygen is O2,
43 not water as in a

halogenation/hydrolysis mechanism.44

The phosphane complexes of tin(IV) fluoride made in the present study also show

varying degrees of oxygen sensitivity, especially in solution. The [SnF4{PCy3}2]

is particularly sensitive and even brief exposure to air of a CH2CI2 solution

produced substantial oxidation. The [SnF4{PMe3}2] and the diphosphane

complexes are less rapidly air oxidised, but modest amounts of phosphane oxides

can be detected by 31P{1H} NMR in solutions exposed to air for some hours. In

these systems the phosphane oxide binds strongly to the SnF4 (see Section 2.3)

and thus in contrast to the extensively dissociated Snl4 systems44 the formation of
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phosphane oxide is stoichiometric, since the phosphane oxide removes the S11F4

by complexation preventing further reaction. Crystals of [SnF4{OPPti3}2] were

obtained over several days from a CH2CI2 solution of the products from melting

[SnF4{MeCN}2] with excess PPh3.

2.6 Conclusions:
A large number of SnF4 complexes with phosphane and arsane oxide

ligands (hard metal centre to hard ligand bonding) have been fully characterised,

and 19F{'H}, 31P{]H} and n9Sn NMR spectroscopic data obtained where possible.

A number of structures have also been determined using single crystal X-ray

di ffracti on techni ques.

These compounds have confirmed the greater Lewis acidity of SnF4 compared to

the other tin(IV) halides from the trends in the 31P{!H} NMR spectroscopic data.

The structural data discussed in preceding sections clearly show that for a fixed

hard neutral ligand the Sn-ligand bond lengths are shortest in the fluoride

complexes consistent with SnF4 being the strongest Lewis acid.

2.7 Experimental:

See Appendix for general experimental methods. [SnF4{MeCN}2] and

[SnF4{THF}2] were made as described.19'20 Ligands not obtained from suppliers

were made by literature methods: o-C6H4(P(O)Ph2)2, o-C6H4(P(O)Me2)2,

Me3AsO, Ph2P(O)CH2P(O)Ph2 and Me2P(O)(CH2)2P(O)Me2.
10'44'45 2,2'-

Bipyridyl, and 1,10-phenanthroline were dried by heating in vacuo, 1,2-

dimethoxyethane was dried over sodium and freshly distilled. Pyridine and

Me2N(CH2)2NMe2 were dried by distillation from BaO. Much of the

spectroscopic data below is included above in this chapter, however, for ease of

use it is collected under the compound.

The nitrogen and oxygen donor complexes below are known from previous

work and so microanalysis was not collected.

[SnF4{2,2'-bipyridyl}]:.[SnF4{MeCN}2] (0.276 g, 1.00 mmol) was suspended

in CH2C12 (10 mL) and a solution of 2,2'-bipy (0.156 g, 1.00 mmol) in CH2C12
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(5 mL) added and the mixture refluxed for 2 h. The white precipitate was

filtered off and dried in vacuo. Yield 0.365 g, 97%. 'H NMR (300 MHz,

CD3NO2, 298 K): 5 = 8.49 (s, 1H), 8.99 (s, 1H), 9.15 (s, 1H), 9.41 (s, 1H) ppm.

IR (Nujol): 580(s), 560, 520(sh) u(SnF) cm"1. I9F{]H} NMR (CH2C12/CDC13): -

149.8 (t), -179.8 (t). 119Sn NMR (CH2C12/CDC13): -708.2 (t,t).

[SnF4{l,10-phenanthroline}]: Prepared similarly to the above. Yield 60%. 'H

NMR (300 MHz, CDCI3, 298 K): 5 = 8.45 (m, 4H), 9.16 (m, 2H), 9.35 (m, 2H)

ppm: IR (Nujol): 587(s), 566(s) v(SnF) cm"1. 19F{'H} NMR (CH2C12/CDC13): -

149.5 (t), -180.8 (t). 119SnNMR(CH2Cl2/CDCl3): -715.1 (t,t).

[SnF4{MeO(CH2)2OMe}]: 1,2-Dimethoxyethane (0.1 mL, 1.0 mmol) was

added to a solution of [SnF4{MeCN}2] (0.276 g, 1.0 mmol) in CH2C12 (10 mL),

and the mixture stirred at reflux for 2 h. The white precipitate was filtered off

and dried in vacuo. Yield 77%. ]H NMR (300 MHz, CDCI3, 200 K): 5 = 3.98

(s, 3H, Me), 4.25 (s, 2H, CH2) ppm. IR (Nujol): 609(s), 584(s), 540(m) u(SnF)

cm"1. '19F{4H} NMR (CH2C12/CDC13): -167.1 (t), -183.3 (t). 119Sn NMR

(CH2C12/CDC13): -753.8

[SnF4{pyridine}2]: Pyridine (0.16 g, 2.0 mmol) was added to a solution of

[SnF4{MeCN}2] (0.186 g, 0.67 mmol) in CH2C12 (10 mL). This was stirred at

reflux under nitrogen for 2 h. The white precipitate was filtered off and dried in

vacuo. Yield 80%. ]H NMR (300 MHz, CDC13, 298 K) 5 = 7.7 (m, 2H), 8.2 (m,

H), 9.00 (m, 2H) ppm. IR (Nujol): 568(s) u(SnF) cm"1. 19F{]H} NMR

(CH2C12/CDC13): -163.8 (s). 119SnNMR(CH2Cl2/CDCl3): -670.8 (q5).

[SnF4{Me2N(CH2)2NMe2}]: [SnF4{MeCN}2] (0.276 g, 1.0 mmol) was

suspended in CH2C12 (10 mL), N,N,N'N'-tetramethyl-l,2-diaminoethane (0.15

g, 1.00 mmol) was added and the mixture stirred for 12 h. The white precipitate

was filtered off and dried in vacuo. Yield 0.14 g, 54%. C6Hi6N2F4Sn.l/2CH2Cl2

(353.4) calcd. C 22.1, H 4.9, N 7.9; found C 22.3, H 5.1, N 8.1. 'H NMR (300

MHz, CDC13, 298 K): 8 = 2.89 (s, 12H, Me), 3.02 (s, 4H, CH2) ppm. IR

spectrum ^(SnFycm'1): 570 (s), 547 (s). 19F{'H} NMR (CH2C12/CDC13): -

167.8 (t), -184.4 (t).
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[SnF4{THF}2]: Was made as described.19'20 ]H NMR (300 MHz, CDC13, 298

K): 5 = 2.10 (br, 2H, CH2), 4.35 (br, 2H, OCH2) ppm. IR (Nujol): 600(vbr)

u(SnF), 1013(br), 845(m) v(COC) cm"1.19F{lH} NMR (CH2C12/CDC13, 243 K):

-166.2 (t), -166.7 (s), -178.8 (t). 119Sn NMR (CH2C12/CDC13, 223 K): -775.4

(t,t), -775.4 (q5).

[SnF4{OPPh3}2]: [SnF4{MeCN}2] (0.277 g, 1.0 mmol) was suspended in CH2C12

(20 mL) and PI13PO (0.612 g, 2.2 mmol) added and the mixture stirred at room

temperature for 2 h. The white solid was filtered off, recrystallised from hot

CH2C12 and dried in vacuo. Yield 0.66 g, 88%. C36H3oF402P2Sn-3CH2Cl2

(1006.07) calcd. C 46.6, H 3.6; found C 47.1, H 3.7%. !H NMR (300 MHz,

CDCI3, 298 K): 7.36-7.88 (m). IR spectrum (u(SnF)/cm"'): 580, 549, 537,

"1): 1137, 1082. 19F{]H} NMR (CH2C12/CDC13, 298 K): -146.2 (t), -

149.8 (s), -159.8 (t).,31P{'H} NMR (CH2C12/CDC13, 298 K): 42.5 (s), 42.3 (s).
119Sn NMR (CH2C12/CDC13, 253 K): -770.0 (q5,t), -775.1 (t,t,t).

[SnF4{OAsPh3}2]: Prepared similarly from [SnF4{MeCN}2] (0.156 g, 0.56 mmol)

and Ph3AsO (0.40 g, 1.24 mmol). Yield 0.30 g, 64%. C36H3oAs2F402Sn-2CH2Cl2

(1009.03) calcd. C 45.2, H 3.4; found C 45.3, H 3.2%. *H NMR (300 MHz,

CDCI3, 298 K): 7.40-7.87 (m). IR spectrum ^(SnFycm"1): 559(br), (u(AsO)/cm~
l): 877(br), 850(sh). 19F{]H} NMR (CH2C12/CDC13, 298 K): -137.8 (t), -141.3 (s),

-151.9 (t). 119SnNMR (CH2C12/CDC13, 273 K): -757.5 (q5), -758.6 (t,t).

[SnF4{OPMe3}2]: Prepared similarly from [SnF4{MeCN}2] (0.28 g, 1.0 mmol)

and Me3PO (0.19 g, 2.05 mmol) and stirred for 8 h. Yield 0.30 g, 79%.

C6Hi8F4O2P2Sn (378.84) calcd. C 19.0, H 4.8; found C 18.2, H 4.7%. ]H NMR

(300 MHz, CDC13, 298 K): 1.85 (d, 2JPH = 13.5 Hz), 1.86 (d, 2Jm = 13.5 Hz). IR

spectrum (^(SnFycm"1): 576s, 559s, (^(POycm"1): 1085 (br). l9F{lH} NMR

(CH2C12/CDC13, 298 K): -147.2 (t), -149.2 (s), -158.0 (t). 31P{'H} NMR

(CH2C12/CDC13, 298 K): 65.9 (s), 65.4 (s). 119SnNMR (CH2C12/CDC13, 243 K): -

769.0 (t,t,t),-781.8 (q5,t). .
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[SnF4{OAsMe3}2]: Prepared similarly from [SnF4{MeCN}2] (0.32 g, 1.15 mmol)

and Me3AsO (0.34 g, 2.5 mmol). Yield 0.495 g, 92%. *H NMR (300 MHz,

CDC13, 298 K): 2.04 (s, 2H), 2.05 (s, 1H). IR spectrum (^(SnFycm-1): 550(br),

(^(AsOycm"1): 812(br), 865. 19F{'H} NMR (CH2C12/CDC13, 298 K): -140.9 (t), -

141.6 (s), -148.2 (t). 119SnNMR (CH2CI2/CDCI3, 273 K): -747.7 (q5), -748.4 (t,t).

CioH24F4P2Sn (400.95) calcd. C 29.9, H 6.0; found C 29.0, H 6.0.

[SnF4{o-C6H4(P(O)Ph2)2}]: [SnF4{MeCN}2] (0.138 g, 0.50 mmol) and o-

C6H4(P(O)Ph2)2 (0.239 g, 0.50 mmol) were stirred together for 0.5 h in CH2C12

(20 mL). The white precipitate was filtered off and dried in vacuo. Yield 0.23 g,

68%. C3oH24F402P2Sn-0.5CH2Cl2 (715.63) calcd. C 51.2, H 3.5; found C 51.2, H

3.3%. lH NMR (300 MHz, CDCI3, 298 K): 7.31-7.71 (m). IR spectrum

(^(SnFycm"1): 585, 569, 548, (^(POycm"1): 1145, 1087(br). 19F{'H} NMR

(CH2C12/CDC13, 303 K): -142.9 (br), -167.2 (t). 31P{'H} NMR (CH2C12/CDC13,

298 K): 45.5 (s). 119SnNMR (CH2C12/CDC13, 298 K): -790.0 (t,t,t).

[SnF4{Ph2P(O)CH2P(O)Ph2}]: Powdered Ph2P(O)CH2P(O)Ph2 (0.22 g, 0.53

mmol) and [SnF4{MeCN}2] (0.133 g, 0.48 mmol) were dissolved in CH2C12 (10

mL) and stirred at room temperature overnight. The white precipitate was then

filtered off and dried in vacuo. Yield 0.27 g, 92%. C25H22F4O2P2Sn0.5CH2Cl2

(653.56) calcd. C 46.9, H 3.6; found C 46.5, H 3.7%. *H NMR (300 MHz,

CD2C12, 298 K): 4.00 (t, 2H, CH2,
 2Jm = 13Hz), 7.36-7.75 (m, 20H, C6H5). IR

spectrum (i)(SnF)/cm~'): 596, 577, (^(POycm"1): 1145 1092. 19F{'H} NMR

(CH2C12/CDC13, 308 K): -143.0 (t), -168.0 (t). 31P{'H} NMR (CH2C12/CDC13) 298

K): 44.1 (s). 119SnNMR(CH2Cl2/CDCl3, 298 K): -792.4 (t,t,t).

[SnF4{o-C6H4(P(O)Me2)2}]: [SnF4{THF}2] (0.30 g, 0.88 mmol) was dissolved in

CH2C12 (5 mL), o-C6H4(P(O)Me2)2 (0.20 g, 0.87 mmol) dissolved in CH2C12 (5

mL) was added and the mixture stirred at room temperature for 2 h. The white

solid was filtered off and dried in vacuo. Yield 0.257 g, 68%. !H NMR (300 MHz,

d6-dmso, 298 K): 1.79-1.84 (m, 12H, CH3), 7.49-7.85 (m, 4H, C6H4). IR spectrum

(^(SnFycm"1): 573(br), (^(POycm'1): 1147 1093. 19F{!H} NMR (CH2C12/CDC13,

298 K): -143.5 (t), -165.4 (t). 3l?{lK} NMR (CH2C12/CDC13, 273 K): 62.1 (s).
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[SnX4{L}2] (X = Cl, Br or I; L = Ph3PO, Ph3AsO or Me3PO): These were made

by reaction of the anhydrous tin(IV) halide with the ligand in anhydrous CH2C12

using literature methods.3"16

2.8 X-ray Experimental:

Crystals of [SnF4{MeO(CH2)2OMe}] and [SnF4{l,10-phenanthroline}]

were grown from CH2CI2 solutions layered with hexane. Colourless crystals of

[SnF4{OPMe3}2] and [SnF4{OPPh3}2] were grown from samples containing both

isomers by vapour phase diffusion of hexane into CH2CI2 solution. Crystals of

[SnF4{OPPh3}2] were also obtained over several days from a CH2CI2 solution of

the products of melting [SnF4{MeCN}2] with excess PPI13. Crystals of [SnF4{o-

C6H4(P(O)Ph2)2}]-CH2Cl2-H2O were obtained from CH2C12 solution layered with

hexane.

The [SnF4{l,10-phenanthroline}]-MeOH complex showed, after identifying the

tin residue, two peaks in the difference electron-density map associated with a

solvent molecule. The larger of the peaks positioned on a 2-fold axis (proposed as

an O atom) with the second peak and its symmetry related peak being a disordered

C atom of an adventitious MeOH solyate molecule. No attempt was made to

position H atoms on this residue.

Brief details of the data collection and refinement are presented in Table 8.

Several attempts were made to grow X-ray quality crystals of [SnF4{OAsMe3}2]

by vapour diffusion from EtOH and Et2O. The data from the crystals obtained did

not lead to a structure possibly due to twinning.
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2.9 Crystallography:

Table 13 Crystal data and structure refinement details."

52

Compound

Formula
M
Crystal system
Space group^
alk
blk
elk
a/°

J/°
y/°
u/ks

z
\xlvamx

F(000)
Total no. of obsns (i?int)
Unique obsns.
Min, max transmission
No. of parameters, restraints
Goodness-of-fit on Jr.
Resid electron density7eA"3

Rl,wR2(/>2a(7))b

Rl,wR2 (all data)

[SnF4{MeO(CH2)2OMe}]

C4HioF402Sn
284.81
Monoclinic
P2i/n (no. 14)
6.2957(15)
20.987(6)
6.693(2)
90
111.941(15)
90
820.2(4)
4
3.137
544
6388 (0.037)
1867
0.651,1.000
100,0
1.14
-0.76 to +0.48
0.023, 0.054
0.027,0.056

[SnF4 {1,10-phenanthroline} ]
•MeOH
Ci3Hi2F4N2OSn
406.94
Tetragonal
74i/a (no. 88)
9.471(3)
9.471(31
29.964(8)
90
90
90
2687.8(151
8
1.948
1584
9075 (0.097)
1539
0.569,1.000
96,1
1.04
-1.12 to+1.17
0.072,0.180
0.128,0.207

[SnF4{OPMe3}2]

C6H,8F4O2P2Sn
378.83
monoclinic
P21/n(no. 14)
6.190(2)
11.089(4)
9.504(3)
90
94.32(3)
90
650.5(4)
2
2.24
372
6333
1486 (0.056)
0.877,0916
71,0
1.048
-1.05 to+0.94
0.034, 0.073
0.049, 0.079

[SnF4{OPPh3}2]
•2CH2C12

C38H34Cl4F4O2P2Sn
921.08
Monoclinic
P2i/n(no. 14)
8.8697(16)
14.771(4)
14.446(4)
90
95.236(16)
90
1884.7(8)
2
1.101
924
21329(0.138)
4312
0.681,1.000
232, 0
0.98
-0.83 to +0.74
0.058,0.106
0.135,0.131
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Compound

Formula
M
Crystal system
Space group

a/A
blk
elk
a/°
R/°

y/°

u/k5

z
u/mm"1

F(000)
Total no. of obsns {Rm\)
Unique obsns.
Min, max transmission
No. of parameters, restraints
Goodness-of-fit on r
Resid electron density /eA"

Rl,wR2(/>2a(/))b

Rl,wR2 (all data)

[SnF4{o-C6H4(P(O)Ph2)2}]
•CH2C12-H2O
C3iH28Cl2F4O3P2Sn
776.06
monoclinic
P21/c(no. 14)
17.579(3)
10.1696(15)
18.178(4)
90

99.160(8)
90

3208.2(10)
4

1-12
1552.0
35141
7058 (0.055)
0.763,1.000
395, 5
1.138
-1.187 to+2.380
0.070,0.183

0.082,0.188

[o-C6H4(P(0)Ph2)2]
•CH2C12

C31H26C12O2P2

563.36
monoclinic
P21/c (no: 14)
10.840(2)
14.734(3)
17.576(2)
90
104.467(12)

90

2718.3(8)
4
0.38

1168.0
28169
4775 (0.101)
0.934, 0.9.63
335,0
1.032
-0.343 to +0.269
0.046, 0.095

0.088,0.112
a Common items: temperature = 120 K; wavelength (Mo-Ka) = 0.71073 A; Q(max) = 27.5°.

b R l = S|| Fo | - |FC||/E|FO|. wR2 = [Sw(F0
2 - Fc

2)2/SwF0
4]1/2.
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3.1 Introduction:
As stated in Chapter 2 there have been very few compounds of SnF4

reported, and all of those were with hard N or O donor ligands. As such, little

introduction to this chapter can be given regarding SnF4 that is not a repeat of

Chapter 2. However, examples of S11X4 (X = Cl, Br or I) with softer P, As, S, Se

or Te donors have been characterised.1'2'3'4'5'6'7 Many older references which

contain only IR, Raman or Mossbauer studies going back as far as 1949 are also

available which are referred to in the reviews of 1976 and 1995.8'9

Within these publications are a number of structurally characterised compounds

such as [SnCl4{PEt3}2]
10 (see Figure 1) and [SnI4{PPrn3}2]

n being the first two

monodentate phosphane complexes and [SnCl4{Pli2P(CH2)2PPh2}].12

(\ C12

Cll \\ •'"©* Cll

C12

$=•-• j

Figure 1 View of the structure of [SnCl4{PEt3}2].'
0 Thermal ellipsoids are scaled to enclose 50%

probability. The non labelled atoms are carbon and are shown as spheres of arbitrary radii.

The most complete compilation of P and As containing ligands complexed with

SnX4 (see Table 1 for selected NMR data) has been from our own group, and also

includes the first structurally characterised SnX4 arsane, [ S n l 4 { o - C 6 6

(see Figure 2). Since then trans-[SnCU{As?hi}2] has also been characterised.13
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Figure 2 View of the structure of [Snl4{o-C6H4(AsMe2)2}] with numbering scheme adopted.
Ellipsoids are drawn at 40% probability.6

Producing these compounds generally consists of direct reaction of the metal

halide with a mono/or bidentate ligand in an appropriate ratio in anhydrous

solvents.

— /

These complexes are all six coordinate, with octahedral, or distorted octahedral

geometry. Distortion occurs mainly with bidentate ligands, caused by the

chelating ligand. The monodentate ligand complexes are almost exclusively trans,

the one exception to this being [SnCl4{PMe3}2]6 where both cis and trans forms

were seen in MeNOj. In CH2CI2 however only the trans isomer is observed. The

bidentate ligand complexes are exclusively cis as expected however trans X-Sn-X

halide bonds in crystal structures always bend towards the ligand. '' Reactions

with potentially bidentate ligands that have a shorter backbone (i.e. Ph2PCH2PPh2)

still form six coordinate octahedral complexes but act as monodentate ligands in a

2:1 ratio (ligand:metal) and also coordinate trans to each other.14
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Table 1 Selected NMR data on phosphane and arsane comparator complexes.6

Compound

[SnCl4{PMe3}2]

[SnCl4{PMe3}2]

[SnBr4{PMe3}2]

[SnI4{PMe3}2]

[SnCl4{o-C6H4(PPh2)2}]a

[SnBr4{o-C6H4(PPh2)2}]b

[SnI4{o-C6H4(PPh2)2}]

[SnCl4{Ph2P(CH2)2PPh2}]

[SnBr4{Ph2P(CH2)2PPh2}]a

[SnI4{Ph2P(CH2)2PPh2}]b

[SnCl4{o-C6H4(AsMe2)2}]

[SnBr4{o-C6H4(AsMe2)2}]c

[SnI4{o-C6H4(AsMe2)2}]b'g

53 1P{'H}d

6.8 {trans)

3.6 (cis)

8.0 (trans)

-3.0 (trans)

-3.7 (trans)

-13.9

-24.2

-52.5

-18.8

-31.0

n.o.

-

-

-

5119Sne

n.o.

-630 (t)a

-646 (t)a

n.o.

n.o.

-607.5 (t)

-1218 (t)

n.o.

-626 (t)

-1212 (t)

n.o.

-675

-1354

-2290

' j^ 'P- '^SnyHz1

2720

2190

2768

n.o.

n.o.

890

305

n.o.

890

460

Solvent

CH2C12

MeNO2

MeNO2

MeNO2

MeNO2

CH2C12

CH2C12

CH2C12

CH2C12

CH2C12

CH2C12

CH2C12

CH2C12

CH2C12

Temperatures run at 300 K unless stated otherwise, a Temp = 250 K, b Temp = 190 K, c Temp
270 K,' d Relative to external 85% H3PO4, e Relative to neat external SnMe4, f ± 6 Hz,
Resonances only observed in the presence of excess of the group 15 ligand. n.o. = not observed.

g

This Chapter attempts to correct the complete void of SnF4 coordinating to soft

donors, by attempting to do just that with the soft group 15 donor ligands, tertiary

phosphanes and tertiary arsanes.

3.2 SnF4 Complexes of Phosphanes:

The reaction of [SnF4{MeCN}2] (1 mmol) (see Chapter 2) with two mol.

equivalents of the monodentate ligands L (L= PMe3 or PCy3) yielded [SnF4{L}2]

in moderate to good yields. The general experimental method for these

compounds as well as the bidentate ligand complexes discussed later, was to

partially dissolve [SnF4{MeCN}2] (1 mmol) in CH2C12 (10 mL) under inert

atmosphere (N2) and dry conditions, L/L-L (2/1 mmol) was then added and the

reaction stirred for 2 h. The reaction mixture was then filtered to leave the

complex as a white solid.
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No evidence for fluoride (F") attacking the glass has been seen in either the

spectroscopy or on the glass itself for any of these complexes. These complexes

are both moisture and dioxygen sensitive in solution, although the dry solids only

slowly decompose in air. The complexes are also much less soluble in

chlorocarbons in comparison with those of the heavier tin halides and care is

needed to obtain pure samples in general because neither the starting synthon nor

the complexes are easily soluble and are both white solids. Reactions using

[SnF4{THF}2] as a starting synthon gave no advantage with solubility or ease of

displacement. Reactions with L= PPI13 did not yield a pure sample of the complex

using the above route and using molten PPli3 (90—* 120 °C) as a starting material

showed no advantage as a complex mixture of products was observed by NMR

spectroscopy. In this case some fluorination of the phosphane occurred as

indicated by the triplet in the 31P{]H} NMR of Ph3PF2 at -54.2 ppm, ]J?F = 660

Hz.15 Some crystals were also isolated from this reaction which proved to be the

phosphane oxide [SnF4{OPPli3}2] (discussed in Chapter 2).

The [SnF4{L}2] complexes were exclusively trans isomers and were identified

from their 19F{]H} and 31P{!H} NMR spectra which are triplets (see Figure 3) and

quintets respectively (see Figure 4) [in each case with weak satellites due to 119Sn

and . 17Sn (U7Sn: I = Vi, 7.7%, S =35.63 MHz; uySn: I = V2, 8.6%, S =37.27

MHz)] (Table 4).
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Figure 3 19F{'H} NMR spectrum of [SnF4{PCy3}2] (298 K, CH2C12).

V(31P-19F)

• x ' ' ' • . ' —• • • x ' ' ' '.) '

Figure 4 31P{'H} NMR spectrum of [SnF4{PMe3}2] (298 K, CH2C12).
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The IR spectrum of [SnF4{PMe3}2] showed a broad single v(SnF) as expected

with the trans isomer (Eu band). [SnF4{PCy3}2] shows two bands of equal

intensity, this could be from the ligand itself as the free ligand has some minor

peaks at around 545 cm"1 but is probably a solid state effect. The IR spectra along

with the *H NMR spectra (see Table 3) are otherwise unremarkable.

It proved to be difficult to resolve the full 15 line pattern (triplet of quintets)

anticipated in the H9Sn NMR spectra. This is probably due to the modest

receptivity of the tin (Dc = 25), poor solubilities and also the complexity of the

coupling patterns. Below is the tin NMR spectrum for [SnF4{PMe3}2] (Figure 5)

and appears to show only a 5 line pattern. However the coupling constants

obtained from the 31P{'H} and 19F{'H} NMR spectra (2975 & 2745 Hz

respectively) are quite similar and do agree with those obtained from the tin NMR

spectrum. When the central peak is taken (-628 ppm) and the predicted coupling

pattern is worked out (see Figure 6) the similarity becomes much more obvious.

ppm -580 -600 •620 -640 -660 -680 -700

Figure 5 "9SnNMR spectrum of [SnF4{PMe3}2] (250 K, CH2C12), * mark the outer lines.
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Figure 6 Predicted 119Sn NMR spectrum of [SnF4{PMe3}2].

These compounds were made on more than one occasion to get clean products

and to check the reproducibility of the spectra. Although on some occasions

impurities were observed in both the 19F{'H} and 31P{'H} NMR spectrum no

conclusive evidence could be obtained for the presence of the cis isomer.

Expected line patterns for the cis isomer in the 19F{'H} NMR spectra should have

shown two separate environments, one a doublet of doublet of triplets and the

other a triplet of triplets. The ^P^H} NMR spectra should also have shown a

doublet of doublet of triplets.

The structure of [SnF4{PCy3}2] was determined crystallographically and shows

(Figure 7, Table 2) a centrosymmetric molecule with Sn-P = 2.654(1) A and Sn-F

= 1.959(2), 1.980(2) A. The Sn-P is longer than that in trans-[SnCl4{PEt3}2]

(2.615(5) A),10 and marginally longer than in frans-[SnCl4{K1-Ph2PCH2PPh2}2]

(2.649(1) A),14 but shorter than found in trans^-[SnI4{PiPr3}2] (2.69(1) A),11

although the differing steric requirements (specifically the large cone angle ca.

170° of PCy3) of the three phosphanes preclude a more detailed discussion.


