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The pseudooctahedral complexes [SnF,L,] (I = THF, pyridine, OPR;, OAsR;, PR;) and
[SnF{L-L}] (L-L = 2,2’-bipyridyl, I,IO-phenénthroline, MeO(CH,),0Me, Me,N(CH,),NMe,,
R,P(O)CH,P(O)R;, 0-CsHy(P(O)R2)2, R;P(CH,),PR;, 0-CsHy(PR;),) have been prepared from
[SnF,{MeCN},] and the appropriate ligands in rigorously anhydrous CH,Cl, solution. Thié

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

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

Attempts to prepare tertiary arsane complexes of SnF, have been unsuccessful.

Similar complexes of [GeF4{PR;},] and [GeF,{L-L}] (L-L = R,P(CH,),PR; and 0-CsH«(PR,),)
have also been prepared from [GeF;{MeCN},] and the appropriate ligands in rigorously
. anhydrous CH,Cl; solution. This includes the first phosphane and thioether complexes of the hard
Leéwis acid GeE,. In anhydrous CH,Cl, solution the complexes are slowly converted into the
corresponding phosphane oxide adducts by dry Oz. The apparently contradictory literature on the
reaction of GeCl, with phosphanes is clarified. The complexes trans-[GeCls {AsR;}2] (R = Me or
Et) are obtained from GeCl, and AsR; either without solvent or in CH,Cl,. All the complexes
have been characterised by microanalysis, Raman, _‘IR, 'H, 3P{H}, °F{'H} and 'Sn NMR

spectroscopy as appropriate.

The crystal structures of frans-[SnF,{OPMe;},], tfans—[SnF4{PCy3}2], [SnF,4{1,10-
phenanthroline}], [SnF,{MeO(CH,),OMe}], [SnF4{o-CsH4(P(O)Phy),}1:CH,CL-H,0,
[SnF,{Et,P(CH,),PEL}], [SnF,(ES(CH),SE4],  [SnF +{’PrS(CH,),S'Pr} ],
[SnCL{Et,P(CH,),PEt;}], [SnBr,{MeC(CH,AsMe,);}], [GeFs{Ph,P(CH,),PPh,}], [GeF4{o-
CsHy(PMe,),}], trans-[GeCly(AsEt;);] and Et;AsCl; have been determined. Comparison of the
structural and NMR spectroscopic data shows that SnF, and GeF, 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
As,0-donors' O{(CH,),AsR,}» (R = Me, Ph). They act as bidentate chelating As,-donors (L-L) in the
distorted tetraﬁedral [M(L-L),]BF, (M = Cu or Ag). Representative crystal structures of
[Ag(O{(CH,),AsPh,},),]BF,-MeOH and [Cu(O {(CH,),AsPh,},),]BFsMeOH were also obtained as
well as the unexpected Cu(D)-Cu(I) complex, [Cu, {Me;As(CHz)ZOH}ﬂ(BF,;)Z of the fragmented
ligand. l '
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1.1 Aims of this Study:
The primary aim of the study was to explore the Lewis acidity of tin(IV)
halides, especially SnFy, and of germanium(IV) halides, especially GeFs4, 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) principle' 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 readify form covalent bonds, the combination of
which maximises the covalent interaction.” 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)

AsRj;, PR3 and SR; are all classed as soft bases but to varying amounts. The terms

“jonic” and “covalent” bonding are useful descriptions but are extremes within

bonds of varying polarities. 7
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1.3 Group 14:

The elements of Group 14 exhibit, perhaps, the most diverse chemical
behaviour seen for the members of any single group.®* As such there is no suéh
thing as “handle turn.ing” in the study of these elements.’ The reason for thbis
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 Grouﬁ 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 MX,.°

M X Colour MP/°C BP/°C Density (T°C)/g cm™
Sn F White - ~705 (subl) | 4.78 (20°)

Sn | Cl Colourless | -33.3 114 2.234 (20°)

Sn Br Colourless | 31 205 3.340 (35°)

Sn |1 Brown | 144 348 456 (20°)

Ge F Colourless | -15 (4 atm) -36.5 (subl) | 2.126 (0°)

Ge Cl Colourless | -49.5 83.1 1.844 (30°)

Ge |Br | Colourless |26 186 2.100 (30°)

Ge I Red 146 ~400 | 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) that SnF; is a stronger Lewis acid
than the others SnCly>SnBrg>>Snly. Only one example of the former with a

neutral ligand, [SnF4{2,2’bipy}], had been structurally characterised.® Very few
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8,9,10,11,12,13,
21314 1 these papers -

other compounds of SnF, had been made previously.
~a few complexes with N or O donor ligands were reported (such as
[SnF4{Me,SO},] and [SnF4;{CsHsN},]) -but only microanalysis results were
- given.” The literature also reports limited examples of IR spectra of SnF4
complexes with THF'® and'OAsPhl’3 with all examples lacking in supporting
data.'®'""'*" Al 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."
The only known examples of NMR spectroscopic data for SnF, derivatives are the

1 e .
’F NMR spectra of anionic inorganic fluoro-complexes.'?

This work will involve creating a series of Sn(1V) fluoride complexes and
comparing them with the analogous halides. This study will also test the limits of
SnF,4 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 '"8Sn and
'2Sn being most abundant. Three of the isotopes (''°Sn, ''’Sn and '"Sn) have

spin = 4, 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).'6
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Table 2 Examples of tin(TV) valences and stereochemistry.’ (’

Coordination | Geometry . | Examples Reference

No &

4 Tetrahedral SnCl, | 4
Sn(NCPh;)s 4

5 | Trigonal bipyramidal | Me;SnCl(py), | 16
SnCls’ 16 -

6 | Octahedral Sn(S,CNEt,)s, 16

| SnF4(2,2’-bipy), 8

SnXe” 4

7 Pentagonal bip&ramidal Ph; Sn(NOg)z(OPPh3) 16

8 Dodecahcdral Sn(NOs)4 16

Sn,S; is an example of a mixed valence compound with both an octahedral tin(IV)
site and a trigonal pyramidal tin(I) site.!” SnsFg or (SnF),SnFs has a trans fluorine
bridged octahedrai Sn(IV)F¢ unit linked to polymeric pyramidal Sn(II)F chains
(see Figure 1)."

ALY O sl
Ny, O snl¥

Figure 1 X-ray crystal structure of Sn;Fy.'8
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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 (SanX‘;.n where n=1-3:
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." As
with bivalent tin, fluorotin(IV) compounds have a strong-tendency for the
formation of strong Sn-F-Sn bridges in the solid. Thus, SnF,4 forms a very strongly

bridged two-dimensional sheet polymer with octahedrally coordinated tin (see

Figure 2).%%!
Fo F
SN
L F/E
F—/Sln-F-sr,]-/—F
EF P

Figure 2 Structure of SnF,.

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

increasing eleétronegativity/decreasing size (see Table 3).

Table 3 Enthalpy of formation of SnX,,.

SnX, | AH;(kimol™)
Snl, 2143°
SnBr -405.9°
SnCly -544.7
SnF, -1226°

a. Ref4'b. 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 I: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.% Originally predicted to lie between silicon
and tin in the periodic table by J. A. R. Newlands in 1864,6 and D. 1. Mendeleev
very accurately bredicted its properties in 1871.® 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 ’Ge. 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 Sof the
" medium quadrupolar moment of the *Ge nucléus, 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 Ge NMR
resonances are reported, although germanium tétrahalides are some of the
exceptions.”’zg Germanium-73 (like Sn) NMR spectroscopy also suffers from
‘rolling baselines’ caused by acoustic ringing, which makes the assignment of

broad peaks even harder.***’

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.?

In general germanium has a preference towards an oxidation state of IV i.e the
tetrahedral GeCly or forming complexes such as the octahedral frans-GeCla(py):
and GeCly(bipy).'* Germanium(IV)fluoride is a strong electron acceptor and
forms complexes with donor molecules; it sublimes at 236 K compared to 977 K -
for SnFs.'® 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>CI>Br in the gas phase at least.>*’

\
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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 o-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 aéo and possible uses of arsenic
within therapeutics and also as poisonous gases have been studied. Similar efforts
were also made into the syﬁthesis‘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 Qné naturally occurring isotope, which has a spin of
Y. The *'P nucleus has a relative receptivity to proton of 6.6 x 102 (R®=3.77 x
10%) which allows additional characterisation by NMR slf>e'ctroscop)_/.32 These

factors combine to make *'P a very good NMR probe.

Arsenic-75 is 100% abundant with a relative receptivity to proton of 2.5 x 107

(R® = 1.44 x 10°) but its spin is 3/2, which means that like "*Ge, relatively little

NMR spectroScopic characterisation has been done. The associated quadrupole

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

although two reviews do contain some As NMR spectroscopic data.?%

Systematic studies of the stabilisation of high oxidation state transition m_etéls by ’
phosphorus34 and arsenic donor-ligands (sﬁch as 0-C¢H4(EMey)(E’Mey) (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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1335 For Sn(IV) however, most complexes form a 6 co-ordinate

arsane’ ligands.
octahedral structure yet others have been reported such as a 5 co-ordinate trigonal
bipyramidal [(Ph3;As)SnBrs] moiety aséociated with a second Ph;As through a
long Br-As in"teraction.36 A variety of tripodal and facultative tri- and tetra-arsanes

have also been reported, which were produced similarly to that of diarsanes.'>”’

The trend of o—donor power of ‘Group 15 tertiary ligands has been well
documented as PR3 > AsR3; > SbR3 >> BiR3, ‘due to the o-donor orbitals becoming

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

bonds.”’

1.5 Sulfur:

Sulfur has a naturally occurring NMR active isotope, 338, but it is far from
ideal for studying (see Table 4). Gfoup 16 neutral donors are generally considered
poorer ligands compared to their Group 15 counterparts, this is due to their
modest c-donor abilities (little to no m-acceptor component) and to some extent
the stereoelectric effec/ts 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 c-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

MX, metal centre (see Figure 3).
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X )I( L/ X )I( L/
M‘\ / /'M‘\
N LN
X X N\
meso DL
X L/ X L:
L NP2l N
. Top view M ‘\l M \\,
L X L
\ \

Figure 3 Examples of meso and DL conformations 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
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 books®'® but

also-with respect to thioether ligands.>

1.6 N and O donor ligands:

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

in reviews.*'® Nitrogen donors such as bipy*® and phen®' are considered modest o-
donors and although m-backbonding does occur it is not exceptional, with the
Group 14 metals discussed in this Thesis.'® They primarily give chelate
complexes similar to those produced by diphosphaﬁes and diarsanes but are
significantly harder Lewis donors. The rigidity due to the n-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 o-donors.

R3EO (E = P or As) are also studied within this Thesis and are similarly classed as

i -

{"b
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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, "°C, "F, 3'P and '""Sn 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 details.

Nucleide Spin Natural Receptivity R” Frequency =
| Abundance (%) (MHz)*
H 1/2 99.99 567 x10° 100
e 1/2 R 1.00 25.1
“F 12 100 473 x 10° 94.1
3 1/2 100 3.77x 10° 1405
3S 372 0.76 0.097 7.7
BGe 9/2 7.76 0.622 3.5
PAs 3/2 100 | 144 x 107 17.2
™Sn - 172 8.58 1257 373

. * 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.* In the 1930°s C. J. Gorter demonstrated the phenomenon of
paramagnetic relaxation and recognised that in principle NMR could be
observed.*? It was not until 1946 that the existence of NMR was first réported.

This was by two separate groups at Harvard and Stanford and was the detection of
.4 -

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 '°F, '°B/'"'B and *'P, 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 abyndance, A, of the isotope (%) and the sensitivity at constant field. This

receptiVity is often compared to the receptivity of °C, R°.
RC = |y3|AI(I+1 Y(yc>Ac3/4) 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

NMR in the 1930°s.%

It has also been found that fhe 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);] which ié used to increase the speed of relaxation.*’  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 tb 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 = 2 nuclei the number of lines seen in a spectra can be givén by the

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

its spin.

n =172

0 1

1 1 1

2 | 2 1

3 1 3 3 1

4 1 4 6 4 1

Singlets (s), doublets (d), triplets (t) and quartets (q) are common couplings within
'H NMR’s, however this work also shows quintets (q°) as well as more complex

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

If spin >1/2 then the equation still holds, but the spectra become vastly more

complicated. A

| =]

W N~ O3
~J W = =l

(o) N WS I

1 1
13 31

When I=3/2 then=3 lineis 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 ale
mass effect, falling to lower frequencies as the element mass increases from ca.
1900 cm™ for Sn-H*® down to c&. 150 cm’™ for fourth row elements,*” these values
can be significantly affected by other elements in close proximity. The Sn-H
stretch changes from 1948 to 1905 cm™ in SnHsX with X changing from Cl to L.*
The Sn-O stretch in [SnX4{OEPh3},] changes from 390 to 310 ¢m™ with E
changing from P to As." 1t 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).*

1.7.3 IR Spectroscopy of MX L, Species:

Table 5 Normal stretching modes of cis and trans [MX,L,] geometries.”

Symmetry point | v(M-X) v(M-L)
. group v |
cis- MX4L, Cav 24, + B, + B, A1+ B
trans- MX4l, Dy, : _ A+ B+ E, Ajg + Ay

a. Infraréd-active species are italicised. .

This shows that for cis-SnXyL, with C,, symmetry there should be four y(Sn—X)

IR active bands whereas there is only one in trans- SnX4L, with D4, symmetry.

1.7.4 Tin NMR Spéctroscopy:

A number of reviews on tin NMR have been produced with large tables of
data for tin containing compounds.’® As mentioned above, three naturally
occurring tin isotopes have spin = % however, only ''’Sn and '’Sn are of use.
This is because "5Sn is a_ factor of twenty less abundant as well as havingva
. receptivity (R®) twenty times less than the other isotopes (seg Table 6). As well as
obtaining Sn NMR patterns, having two spin "2 nuclei also gives readily
recognisable spectra when looking at other bonded NMR active nuclei

(specifically used in this work "F and *'P). 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 multinuclear. NMR spectroscopic techniques, which might

otherwise be elusive.

Table 6 NMR spectroscopic properties of tin nuclei with spin Y.

Nucleus , 38 "7Sn %Sn
Natural abundance (C/%) 0.35 7.61 8.58
Magnetogyric ratio (y/10 rad T'ls") -8.792 -9.578 -10.021
Receptivity R® 0707 19.9 25.7

Although either '"’Sn or ''”Sn can be studied by NMR, it is the latter that is
generally used due to both its slightly increased abundance and rélative
receptivity. It has also been established that any chemical shift effect caused by
studying ''’Sn or "9Sn has an effect of less than 0.1 ppm so is irrelevant within

this work due to the experimental error.”’

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.?® Adding a non reactive paramagnetic centre such as Cr(acac); 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 c:ompounds).26'52 Group IV chemical shifts
are only affected by a few ppm by changing solvents, this is of course unless there
isa specific chemical interaction,. and when compared to their overall ranges (and
-accuracy) this is also usually irrelevant.”’ Similarly changes in temperature are --
also relatively unimportant.>> The major factor that does vary the chemical shifts
greatly 1s when any chemical change is made to the system.” 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.*

¢
Coupling constants have also been shown to vary depending on the orientation to
other more electronegative nuclei. The Sn-P bond situated frans to the more
electron donating ligand is strengthened, "whereas the cis Sn-P bond is

weakened.”

1.7.5 Mass Spectrometry of Tin Compounds:

_ The natural abundances of the 10 stable 1sotopes of tin gives a very
characteristic abundance distribution which can be easily identified. Electron
impact (EI), chemical ionisation (CI) and fast atom bombardment (FAB) mass
spectrometry can all be used to identify tin containing‘comﬁounds 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 tfying 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 increésing the

. length of each scan.

1.8 Steric Effects:

The steric effects in complexes that involve Group 15 tertiary ligands, in
particular phosphanes have been widely explained by Tolman’s Cone angle model

(see Figure 4)%8 In summary the larger the steric bulk of the ligand, the larger the
g
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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.

Figure 4 Tolman’s Cone Angle Model.*

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 SnX4l, complex with phosphane or arsane ligands means
that the octet rule has been exceeded for the main group atom. The model that
currently expléins 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 c* is
polarised towards the metal. If this o* 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.””*® This means that not only is the X-M-L (L=ligand)
linear but also that as M-L becomes stronger the population of ¢* orbital is

increased, the M-X bond is hence weaker and longer.”®
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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 dénor ligands (especially the strong Lewis acids X = Cl and Br)
some of which (mainly the weaker acid, Snly) are often extensively dissociated in
solution.***® Lewis acid strength of the ShX4 follows the usual order of Cl > Br >

I6l

With bulky ligand groups co-ordinating octahedrally with an MX, (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 spectroscbpic studies of

SnX4L, have been carried out but both X =1 or F are often ignored.*

L -, L
X, I.X X, 1T .X
IM\ M
XTI X X7 1YL
L X

Figure 6 Examples of trans and cis conformations of octahedral MX,L,.

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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mécrocyclic 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(Il) aza
macrocyclic species (see Figure 7) and showed that the copper cdmplex of the

4 .. . .. .
macrocycle was 10* times more stable than its open chain intermediate.®>®*

20 )

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
Whpn the macrocyc¢lic hole size 1s well matched with the metal ion radius.®’ With
more conventional size rings however, both the entropic effect and enthalpic
effects favour the formation of a m‘acroéyclic complex over its open chain
analogue. The enthalpy stability comes from the difference in solvation of the
uncorhplexed ligands (open chain more heavily solvated). The entropic
contribution to the macrocyclic effect is predominahtly due to the preorganisation
of the macrocyclic ligénd, 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.®?

1.11 Synthesis of Macrocycles:

There are two major methods to synthesise macrocycles; Metal Template
- Synthesis® and High Dilution Cyclisation synthesis.®* The latter of which is the
method ;;rimari]y 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 jons
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).% 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 t};ermodynamic and Kkinetic’
stability associated with the macrocyclic effect. On the other hand it has been
shown in Southampton that rﬁacrocyclic S and Se ligands produce a large range of
structures with p-block metals.’ 7 Many of the thioether or selenoether macrocyclic
structures complexed with p-block metals are not found in their acyclic
analogues.®®% Thereforev‘, arsane macrocycles suéh 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]aneS;
and R;[9]aneNs, so the availability of strongly binding (Assz) 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'

]

s
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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 RsPX".

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 ngmol']),70 which means that numerous stereoisomers®’ may be

formed upon cyclisation which cannot be interconverted or easily separated.”’72

“é SV
G 5
/ _ \) N

\
As ) \Q/
L5 0
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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Chapter 2

Complexes of SnF, with Hard Donor Ligands
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2.1 Introduction:
Tin(IV) chloride is widely used in synthesis both as a source of tin(IV) and

as a strong Lewis acid.'? A very wide range of adducts of SnCly with neutral

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

formed by SnBr, and Snls, although Lewis acidity decreases down the Group -

- SnCls > SnBry >> Snl. 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.>*>®78%1%11 [ marked contrast, little is known about adducts of
SnF,4 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 structuraily
13,14,15,16,17 ‘

characterised.'?

Ccie oA
NMe

cB

Figure 1 Molecular structure of SnF,C,oHsN,.CH;NO; projected down [0103."”

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 superacici media (for MFs, M = As or Sb), is little explored. This
also reflects the more difficult synthetic entry into the complexes. The SnXy (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},] 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 SnFg octahedra\,18 and although readily hydrolysed, is

otherwise rather unreactive towards neutral ligénds 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 [SnFs{MeCN},] made from SnF,,
I, and MeCN.""?

Although standard texts state (ﬁsually Without quoting supportiﬁg évidence) that
Lewis acidity of the four tin(IV) halides is greatest for SnF,, remarkably few
complexes of the latter are known,'>14151617.21 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."**

The Southampton group has reported previously the syntheses, structural and
spectroscopic characterisation (especially by multinuclear NMR techniques) of .
several series of SnXy (X = Cl, Br or I) adducts with soft donors including
dithioethers,7 diselenoethers,8 ditellurvoe’chers,9 diphosphanes and diarsanes}-o and
thiamacrocycles.!! This work is now extended here to the investigation of the
SnF, 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

23,24

made.
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2.2 SnF4 Complexes of N and O Donor Ligands:
Due to the polymeric structure of SnF4'® [SnF4{MeCN},] was produced
(from SnF; and I, in MeCN (see Figure 2))'9’?O as a starting synthon for all

subsequent reactions. The subsequent conversion to [SnF4{THF},] 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.

21 |
2SnF, — 2 a [SnF{MeCN}] + snl
2 2MeCN o 2 4

Figure 2 Reaction scheme for [SnF;{MeCN},].

A numl;er of complexes of hard N- or O-donor ligands, previously obtained
directly from SnF4,1§ itself made by direct fluorination of tin(II) oxide in a nickel
boat at between 200 and 500 °C* were re-prepared in this study from
[SnF4{MeCN},] for comparison purposes, viz- [SnFi{L-L}] (L-L = 2,2’-
bipyridyl, 1,10-phenanthroline, N,N,N’,N’-tetramethyl-1,2-diaminoethane and
1,2-dimethoxyethane) and [SnF4{L}] (L = pyridine, THF). | |

F .L L
~ | .- . /F
[SFMeCNyl + 2L TR o Esenl o E3enl;
F L L
| Foo
L CH,Cl, el ot
[SnF,{MeCN},] <+ > £=8n__
L £ L

Figure 3 Formation of SnF,{L}, and SnF,{L-L} complexes.

The complexes with N—dénor 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},] (L = THF or L, = MeO(CH;);OMe) 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.'® The F{'H} and %Sn NMR data are
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shown in Table 3. Although the ranges overlap there is a general shift td lower

frequency in the ''°Sn NMR shifts with donor, P — N — O. The complexes with
L-L = 2,2’-bipyridyi, 1,10-phenanthroline, Me,N(CH;),NMe, have the expected
cis geometry, whilst the [SnF4{pyridine},] is the trans isomer. In contrast to the

N-donor complexes, the ether adducts, [SnF,{MeO(CH,),OMe}] and

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

temperatures, only at low temperatures is it possible to observe *F{'H} and
"9Sn NMR resonances. These revealed that in CH,Cl; solution at 220 K the

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

~ amounts. The PF{'H} NMR spectrum of [SnF4{THF},] shows a singlet and two

triplets almost identical to that shown in Figuré 8. Figure 4 shows the ''*Sn
NMR spectrur}l of [SnF4{THF},] and shows both the quintet of the frans isomer
and the triplet of triplets of the cis isomer with coincidental chemical shifts and
the coupling of the frans isomer being very similar to that of one of the
couplings in the cis isomer. Figure 5 shows the predicted '9Sn NMR spectrum

of [SnF4{THF},] based on coupling constants from the PF{'H} NMR spectrum

~ of this compound - (using the chemical shift" observed in the 9Sn NMR

spectrum) in a 1:1 ratio of cis:trans.
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Gis IJ(Hgsn"]chis)
cfis lJ(l1981’1'19]-:trm1s)

trans 'K 'Sn-"F,;)

I

|
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Figure 4 ”Sn NMR spectrum of [SnF4{THF},] (220 K, CH,Cl,).
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Figure 5 Predicted ''°Sn NMR spectrum of [SnF,{THF},]."

* Chemical shift from '"*Sn NMR spectrum of [SnF,{THF},].
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Tudela" concluded that the [SnF4{L},] (L = pyridine or THF) were trans

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

Crystals of [SnF4{MeO(CH,),OMe}] and [SnF4{1,10-phenanthroline}] were
both grown from CH,Cly/n-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 trans-[SnCly{ THF},]*° but 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—F.,r (1.926(2), 1.927(2) A)
and Sn—Fians0 (1.921(2), 1.923(2) A) are much less than in the phosphane

complex.

Figure 6 Structure of [SnF,;{MeO(CH,),OMe}] 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 (°) for [SnF, {MeO(CHZ)ZOMe}].

Snl-F3 "1.9263(17) Snl-F4 1.9274(17)
Snl-F1 1.9210(18) Snl-F2 1.9234(18)
Sn1-O1 2.1559(19) Sn1-02 2.144(2)

01-Cl 1.463(3) 02-C3 1.454(3)

01-C2 1.456(3) 02-C4 1.463(3)

C2-C3 1.502(4) 0102 2.673(3)

F1-Snl1-F2 99.27(8) F3-Snl-F4 170.07(7)
F-Snl-F (the rest) | 92.09(8)-93.93(8) | 02-Sn1-Ol 76.88(8)

F1-Snl1-02 169.84(8) F2-Sn1-O1 167.62(8)
F-Sn1-O (the rest) | 84.27(8)-93.07(8)

['sn1-01—C1 1117.33(18) Sn1-02-C3 112.38(17)
Sn1-01-C2 111.60(15) Sn1-02-C4 121.09(17)
01-C2-C3 107.0(2) 02-C3-C2 '106.5(2)

The structure of [SnF4{1,10-phenanthroline}] (Sn—-N = 2.157(7) A) (Figure 7,
Table 2) may be compared with that of [SnCLtil,lO-phenanthroline}]27 which
shows Sn—N = 2.234(7)-2.251(8) A. One can also compare the literature data oh
[SnX,4{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 =1 (2.28(2) A).""*** The
- 2,2°-bipyridy] 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 [Ger;{l,10-phen'¢1n-throline}]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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Figure 7 Structure of [SnF,{ 1,10-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, %2 -y, z.

Table 2 Selected bond lengths (A) and angles (°) for [SnFE,{ 1,10-phenanthroline } ]-MeOH.

Snl-Fl 1.887(5) Sn1-NI1 245711}
Snl-F2 1.860(6) N1-Cl1 1.339(11)
NI--Nla 2.670(13) N1-C6 1.349(10)
F1-Snl1-F2 93.3(3) F1-Snl1-F2a 91.9(3)
F2-Sn1-F2a 99.2(4) F1-Snl-Fla 172.0(3)
F1-Sn1-N1 88.0(3) F2-Sn1-N1 168.4(3)
N1-Snl-Nla 76.5(3)

Snl-N1-ClI 126.4(5) Sn1-N1-C6 115.1(5)

Symmetry operation: a=1-x,%2-y, z.
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Table 3 Selected NMR spectroscbpic data for SnF, complexes with N or O donor ligands.”

Compound 5'sn” |8 PF{'H} [ U("F-""sn) [ J(°F-"F)
o (Hz) (Hz)
[SnF,{2,2’-bipyridyl}] -708.2(t,t) | -149.8(t) | 1964 48
| - ~179.8(t) | 1978
[SnF4{1,10-phen}] —715.1(t,H) | -149.5(t) [ 1987 50
- | —180.8(t) | 1982
[SnF4{THF},] transisomer |-775.4(q")° | -166.7(s) | 1910
cis isomer =775.4(t,t)° | —166.2(t) - | 1918 54
~178.8(t) | 2074
[SnF,{pyridine},] (trans) | —670.8(q°) | —-163.8(s) | 1983 -
[SnF4{Me,N(CH,),;NMe,}] a ~167.8(t) | 2266 50
| —184.4(t) | 2096
[SnF4{MeCN},] n.0.° —181.0(s) | n.o. -
[SnF4{MeO(CH2)2OMe}] —753.8(tt) | -167.1(t) | 2233 61
(190 K) ~183.3(1) | 2189 -

* In CH,Cl,-10% CDCls. g ""Sn Spectra were typlcally recorded at 250 K. © '"”Sn Spectra recorded
“n.0. = not observed in temperature range

at 220 K. ¢ Insufficiently soluble to record spectrum.

295-180 K.

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 3 PE{'H}

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

and 40 ppm. Also the ZJ(wF-wF)‘ 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.

Compound § PF{'H}* | “/("F-"F) (Hz)
[GeF4{2,2’-bipyridyl}] -116.2(t) 58
: -151.2(t)
[GeF4{1,10-phen}] —115.7(t) 62
—150.1(t)
[GeF4{THF},] trans isomer | —130.4(s)
o cis isomer -128.7(t) 72
-145.9(t)
[GeF4{pyridine},] (trans) —125.7(s) n.o.
[GeF4{Me;N(CH,),NMe,} ] =132.7(t) 60
—150.9(t)
[GeF4{MeCN},] trans isomer | —108.2(s)
cis isomer | —101.2(t) 55
—134.2(t)
[GeF4{MeO(CH;),0OMe}] -131.0(t) 81
. —151.1(t)
a In CH,Cl,-10% CDCls.
e ———————————————————————————————————— — -

" Table 4 Selected NMR spectroscopic data for GeF4 complexes with N or O donor ligands.?*
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2.3 SnF4 Complexes of R3P=0 and R3As=0 Donor Ligands:
The reaction of [SnF4{MeCN},] or [SnF4{THF};] with 2.0-2.1 mol.

equivalents of the monodentate ligands or 1.0-1.1 mol. equivalents of the
bidentate ligands in anhydrous CH,Cl, resulted in the formation of white six
coordinate complexes in high yields. The solids ére moisture sensitive,
tenaéiously retain organic solvents - cIeaﬂy 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 Ph;PO, Ph3;AsO and Me;PO were briefly reported in
larger compilationé of their metal complexes many years ago,”’>'® but
characterisation was limited to microanalysis and partial ‘IR spectra. Our IR
speétra (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.* Comparing the IR v(P(As)=0O) bands in the Sn
and Ge complexes shows negligible ch_angé, however, the metal-F vibration

frequency increases by ca. 50 cm™! in the case of germanium.23

Table 5 IR® and 'H NMR? spectroscopic data for.SnF, complexes with R;PO and R3;AsO donor
ligands. ,

Compound | v(P(As)O)em! | v(Sn-F)lem™ | 8('H)
[SnF,{OPMes} ] 1085(br) 576, 559 1.855(d) “Jpy=
13.5 Hz
1.860(d) *Jop=
' ' 13.5 Hz
[SnF4{OPPh;},] 1137, 1082 580, 549, 537 | 7.36-7.88(m)
[SnF4{OAsMes}] 865, 812(br) 550(br) 2.04(s),
| 2.05(s)
[SnF4{OAsPh3},] 877(br), 850(sh) | 559(br) [ 7.40-7.87(m)
[SnF4{0-CsH4(P(O)Ph,)s}] 1145, 1087(br) | 585, 569, 548 | 7.31-7.71(m)
[SnF4{Ph,P(O)CH,P(O)Ph,}] | 1145, 1092 596, 577 4.00(t) 2Jpy =
13 Hz 7.36~
' 7.75(m)°
[SnF4{0-CeHy(P(O)Mez)2}] | 1147, 1093 572(br) 1.79- 1.84 (m
: 7.49-7.85(m)

a Nujol mull. b In CDCl; at 300 MHZ. ¢ In CD,Cl,. d. In d°-dmso
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The multinuclear NMR spectroscopic data (Table 8) show the presence of both cis
and frans isomers in CH,Cl, solutions for the monodentate ligand complexes, the
approximate isdmer ratios being determined from the ""F{'H} NMR spectrum,
however, in general the frans isomer predominates. Although .resonances were
observed at ambient temperatures in the 'H, *'P{'H} and “F{'H} spectra, the
""Sn spectra showed broad and poorly resolved features and the samples were
cooled to températures down to a minimum of 183 K to obtain the clearest
resolution. The *'P{'"H} NMR spectra show singlet resonances for each isomer
with very similar chemical shifts, and no resolved coupling to F, but with weak
1911781 satellites. The 2J(''”"'7Sn->'P) 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
ymSn/ymSn (1.046) the valués are expected to differ by < 2 Hz. The PE{H}
spectra show singlet resonances for the frans isomers and two triplets for the cis
(see Figure 8, Table 8), with 8('°F) in the range -135 to -170, and with 'J('"°Sn-
F) 1700-1950 Hz, similar to the values in substituted fluorostannates(IV).>' In
these cases the 'J(''7Sn-'"F) satellites were also clearly resolved and although not
quoted in Table 8, the magnitudes were consistent with expectation, based upon

v"°Sn/y' 7S,

1'-](19]:/:“0714"l l‘7sn) )
B 1J(19F"‘ans_l 19S“n) . 2J(19Fcix']9Fcis)

-
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Figure 8 "°F{'"H} NMR spectrum of [SnF,{OAsMe;},] (273 K, CDCL).
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Obtaining good quality '"®Sn NMR spectra proved difficult due to the modest‘
r_ecéptivity of the tin (D, = 25), poor solubilities, the presence of both isomers and
also the complexity of the coupling patterns. For example, for [SnF4{OPMe;},]
the symmetrical quintet of triplets of the frans isomer was clearly evident centred
at 5 -781.8. Underlying this resonance is another weaker and more complex
pattern centred on § -769.0 attributed to the cis isomer. Based upori the various
coupli}lg constanfs obtained from the F{'H} and 3'P{’H}spectra the major lines
of the expected 27 line multiplet (ttt) were identified. The solubility of
[SnF4{OPPhs},] 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 [SnF4{OAsR3},] complexes, the
quintet due to the frans 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 Me;PO,
Ph;PO and Ph;AsO hard donor ligands, it can be noted that 8 "*F{'H} shifis to
~ high frequency (more positive) in the Ge case consistently by around 40 ppm. It

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

9 Hz (+2 Hz).

Colourless crystals of [SnF,;{OPMes},] were grown from a sample containing
both isomers by vapour phase diffusion of hexane into a CH,Cl, solution. These
proved on structure solution to be the frans 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 signiﬁcanﬂy different from the values in cis-[SnF4 {2,2’-bipy}] 1.924(3)-
1.948(3) A."7 Comparison of d(P-O) in the complex (1.532(3) A) with that in
MesPO itself (1.489(6) A)*' shows the bond is significantly lengthened upon co-
ordination, but is the same within experimental error of [GeF4{OPMe;},]
(1.528(5) A).23 Differences in the IR v(P=0) stretch are also negligible between
Sn and Ge and both Ge-O arid Ge-F bond distances are shorter due to the smaller

metal size.
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Figure 9 Structure of trans-[SnF,;{ OPMes},] 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 (°) for trans-[SnF,;{ OPMe; },]*

Snl-Fl 1.937(2) Snl1-F2 1.954(2)
Sn1-01 2.045(3) P1-O1 1.532(3)

P1-C 1.774(4)-1.782(4)

F1-Sn1-F2 89.85(10) F1-Sn1-O1 |91.13(11)
F2-Snl1-O1 89.48(10) P1-O1-Snl | 131.50(17)
01-P1-C 108.4(2)-111.7(2) | C-P1-C 107.2(2)-110.2(2)

a The tin atom is on a centre of symmetry.

Colourless crystals of [SnF4{ OPPh3},] were grown from a sample containing both
isomers by vapour phase diffusion of hexane into CH,Cl, solution as well as from
the [SnF4{PPh3},] complex left in CH,Cl, 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 PhsPO (1.46(1) A)** shows the bond
is significantly lengthened upon co-ordination, but, within experimental error of
[GeF4{OPPhs}»] (1.522(2) A).* Differences in the IR v(P=0) 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 conclusions™ that SnF; is the strongest Lewis acid of the four tin(IV)

halides towards O-donor phosphane oxide ligands.

,’;
|
F1 F2A N
s )
P1A /
Sn1  0O1A e
\D
}
F2 F1A

Figure 10 Structure of rrans-[SnF;{ OPPhs},] 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, | —z.

Table 7 Selected bond lengths (A) and angles (°) for trans-[SnF,{ OPPh;},]-2CH,Cl,.

Snl-Fl 1.928(3) Snl1-0O1 2.050(3)
Sn1-F2 1.934(3) O1-P1 1.523(3)
P1-Cl1 1.792(5) P1-C7 1.795(5)
P1-C13 1.797(6)

F1-Snl1-F2 90.56(12) F1-Sn1-01 89.06(13)
F2-Sn1-01 91.79(13) Sn1-01-P1 146.3(2)
O1-P1-Cl1 108.0(2) O1-P1-C7 112.5(2)
O1-P1-C13 111.4(2)

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

8) two triplets in the YF{'H} NMR spectra and singlets in the 3p('"H} NMR

spectra. At temperatures a little above ambient, the resonances in the PF{'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. [SnFi{o-CcH4(P(O)Me,),}] was however, |
insoluble in chlorinated solvents, but dissolved with some decomposition
(diphosphane dioxide displacement)-in anhydfous N,N-dimethylformamide. The
Pr{'H} and ’ 1P{'H} NMR spectra of the complex are given in Table 8, but the
poor solubility and partial decomposition prevented a '"9Sn spectrum from being

obtained.
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Table 8 *'P{'H}, ""*Sn and "’F{'"H} NMR spectroscopic data for SnF, complexes with R;PO and R;AsO donor ligands.” )
Compound P |5 s S§PF{H} | U(°F-'""Sn) | %J("F-PF) | *JC'P-""Sn) | Isomer
(Hz) (Hz) (Hz) ratio
[SnF4{OPMes},] trans | 65.9(s) -781.8@0 -149.2(s) 1725 - 50 3 -
‘ Cis 65.4(s) -769.0(t,t,t) -147.2(t) 1772 51 50 1
: . -158.0(t) 1850 -
[SnF4{OPPhs},] trans | 42.5(s) -770.0(@0 -149.8(s) 1704 - 20 1
cis 42.3(s) - “T75.1(t4,t) -146.2(t) 1730 53 22 1
-159.8(t) 1850 - . ,
[SnF4{OAsMes;},] trans | - =747 7@) -141.6(s) 1804 - - 3
Cis - -748.4(t,t) -140.9(t) 1827 49 - 1
' -148.2(t) 1818 -
[SnF4{OAsPh;},] trans | .- -757.5@5) -141.3(s) 1788 - - 2
cis - -758.6(t,t) -137.8(t) 1800 51 - 1
-151.9(t) 1860 -
[SnF4{0-CcHa(P(O)Phy),}] 45.5(s) -790.0(t,t,t) -142.9(br) 1730 53 63 -
v ' -167.2(t) 1923 -
[SnF4{Ph,P(O)YCH,P(O)Ph,}] . 44.1(s) -792.4(t.t.t) -143.0(t) 1753 50 57 -
. -168.0(t) 1930 '
[SnF4{0-CcHa(P(O)Me; )} ] 62.1(s) -143.5(t) 1740 50 57 -
>- -165.4(t) 1930

a To obtain good resolution of the complex couplings, spectra were typically recorded at 273 K. b Relative to external 85% H;PO,. ¢
Relative to external neat SnMe,. d Relative to external CFCl;. € N,N-Dimethylformamide solution.
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The crystal structures of cis-[SnF4{o-CsH4(P(O)Phy),} ] Figure 11, Table 9 and of
the parent ligand, o-C6H4(P(O)Ph2)§ Figure 12, Table 10 have also been
determined and the key bond lengths may be compared similarly. The d(Sn—F ) are
very similér to those in [SnF4+{OPMes},], 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 Me;PO complex which probably reflects the effect of the seven-
membered chelate ring. As found for the MesPO case, co-ordination of the
diphosphane dioxide to the SnF, results in a significant lengthening of the P-O
bond, from 1.484(2), 1.485(2) in the free ligand ’.co 1.512(5), 1.525(5) A in the

complex.

A few poor quality crystals were also obtained from a solution of [SnFs{o-
CsHa(PMe;),}] in CH)Cl, after several weeks. X-ray examination of these
established them as the compound [SnCIF;{o-C¢Hy(P(O)Me,),}]" containing a
chelating diphosphane dioxide. The origin of the chiorine atom is presumably
from reaction with the solvent and the oxygen in the phosphane oxide from aerial

oxidation."’

' Crystal data for [SnCIF;{0o-C¢Hs(P(O)Me;),}]:1/2CH,Cl,: MW = 483.77; orthorhombic, space
group Pben (no. 60), Z = 8, T = 120 K, a = 15.290(5), b = 17.266(6), ¢ = 13.380(3)'1\, V=
3532.3(19) A% 3772 unique data gave R; = 0.095, wR, = 0:173 (I > 20(/)) based on 186

independent parameters with S = 0.95. -
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Figure 11 Structure of the tin residue in [SnF,{o-C¢H4(P(O)Ph,),}]-CH,Cl,-H,0 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 (°) for [SnF,{0-CsH4(P(O)Ph,),}]-CH,Cl,-H,O

Snl-F1 1.930(4) Sn1-F3 1.951(4)
Snl1-F2 1.940(4) Snl-F4 1.941(4)
Snl1-0O1 2.088(5) Sn1-02 2.071(5)
P1-O1 1.512(5) P2-02 1.525(5)
P-C 1.786(7)-1.819(7)

F3-Sn1-F4 174.39(18) F4-Sn1-F1 91.50(18)
F3-Sn1-F1 93.20(18) F4-Sn1-F2 91.3¥(17)
F3-Sn1-F2 91.00(18) F1-Sn1-F2 95.65(19)
F3-Sn1-01 89.18(18) F3-Sn1-02 87.81(18)
F4-Sn1-0O1 87.67 (17) F4-Sn1-02 87.26(18)
F1-Sn1-0Ol1 91.13(18) F1-Sn1-02 175.41(19)
F2-Sn1-0Ol 173.19(18) F2-Sn1-02 88.80(19)
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O1-Sn1-02 84.40(18)

P1-O1-Snl 140.5(3) P2-02-Snl 133.8(3)

O0-P-C 106.5(3)-112.9(3) C-pP-C 106.9(3)-109.6(3)

Figure 12 Structure of [0-C¢H(P(O)Ph,),]-CH,Cl, showing the atom numbering scheme. Atomic
displacement ellipsoids are drawn at the 50% probability level and H atoms and CH,Cl, omitted

for clarity.

Table 10 Selected bond lengths (A) and angles (°) for [0-C¢Hy(P(O)Ph,),]-CH,Cl,

P1-0O1 1.484(2) P2-02 1.485(2)
PI-CI 1.809(3) P2-C18 1.838(3)
P1-C7 1.810(3) P2-C19 1.800(3)
P1-C13 1.824(3) P2-C25 1.815(3)
O1-P1-Cl1 115.74(13) 02-P2-C18 114.46(12)
O1-P1-C7 110.22(12) 02-P2-C19 116.22(13)
O1-P1-C13 112.88(13) 02-P2-C25 109.84(12)
C1-P1-C7 105.49(13) C18-P2-C19 105.81(13)
C1-P1-Cl13 105.77(13) C18-P2-C25 104.88(13)
C7-P1-Cl13 106.02(13) C19-P2-C25 104.60(13)
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Most interesting is the comparison with data on other tin(IV) phosphane oxides.™
Tudela et al.*® noted that in cis- and trans-[SnBrs{OPPhs},] the Sn—O (2.080(8), -
- 2.101(9) A) and P-O (1.515(8), 1.516(9)(av) A) distances were the same within
the usual criteria showing that the geometric isomer presént has no effect, as
might be expected for hard donor-acceptor interactions on a p-block metal.
However, when one compares the key distances aloﬁg the series [SnX4{OPR3};]
(Table 11) one .ﬁnds that Sn—O increases with X = F < Cl < Br < 1. The
substantially shorter Sn-O distance in the tin(IV) fluoride is clearly consistent
with stronger bindiﬁg of the ligand indicative of stronger Lewis acidity of the
SnF,. This is in agreement with the conclusions from the 3 'P{'H} NMR data
above. Moreover, studies of phosphane oxide complexes of hard early transition
metals such as Y(III)** or Sc(IIl)* have shown that the metal-oxygen distances
are independeﬁt of the R group (Me or Ph) as is so in our findings, although they
do vary with the‘metal co-ordination number.%-35 From Table 11 it also notable
that the P—O 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 suppofts stronger donation from O to Sn. The trends are replicated in
[SnF4{0-C¢H4(P(O)Phy),}] when compared with the structural data on [Snls{o-
CsHa(P(O)Ph2),31'° (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 d(Sn—OPR3)/A d(P-O)A Ref.
trans-[SnF4{OPMes},J* 2.045(3) - 153203) this work
trans-[SnF4{OPPh;},]* 2.055(4) 1.520(4) this work
cis-[SnCl4{OPPhs},]° 2.083(2) 1.510(2) 36
cis-[SnCls {OPPh3},]° 2.086(2) 1.505(2) 137
trans-[SnBrs {OPPh; },]° 2.102(9), 2.100(8) | 1.504(9), 1.527(9) | 38
cis-[SnBr4{OPPh3},]° 2.080(8) 1.515(8) 30
cis-[Snl4 {OPPhs},]° - 2.11(2),2.15(2) | 1.47(2),1.502) |39

[SnF4 {o-CeHu(P(O)Ph2)2}]* | 2.071(5), 2.088(5) | 1.512(5), 1.525(5) | this work
[Snls {o-CsHa(P(OYPh) ° | 2.120(5), 2.138(5) | 1.509(6), 1.513(5) | 10

al20K.b295K.c90K.d 150 K.

I
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2.4 [SnX4{L};] X'= Cl, Br or I; L = Ph;PO, Ph3;AsO or Me3i’Q - some
Spectroscopic Comparisons: '

These complexes have been studied on several occasions énd structures
have been reported for cis-[SnX4{OPPh;},]°>*"* and irans—[SnX4{OPPh3 1] (X =
Cl or Br).***® The IR spectra have been discussed in detail>'*!® 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.'’

Compound § P {'H}? JC'P- |8 M%8n Ratio
) | 119gn) ' of
HzZ® | isomers
[SnCl: {OPMe; )] +63.4 (273 K)° | 140 ~695(t) 243K) | 4
+62.5 106 | -686(1) 1
[SnBrs{OPMes)} 7] 161.0 223 K) | 140 “1439(1)
[SnL; {OPMes},] +583 (193K) | n.o. n.0.
[SnCl; {OPPh;}-] +40.8 (233K) | 198 710(H) 233K) | 1
| +40.35 162 ~698(1) 5
[SnBrs {OPPhs 1) 1389 (223K) | 214 “1480(t) (223 K)
[Snl; {OPPhs 1] 4365183 K) |no. n.o.
[SnCl,{OAsPhs}2] | 1 639(s) 243K) |1
' , -637(s) 2
[SnBrs {OAsPhs) ] | “1364(s) (233 K)
[Snls{OAsPh;},] - | ; n.o.
[SnCly {0-CsHy(P(O)Phy)2} ° | +42.4 (300 K) 0.
[SnBrs {0-CoHa(P(O)Phao)} ¥ | +41.6 (300 K) no.
[SnL {o-CsH4(P(O)Phy),} ° | +39.8 (190K) n.0.

® In CH,Cl,-10% CDCl;. ® Separate resonances for "'°Sn and '’Sn couplings not resolved in
3p{'"H} NMR spectra- couplings are from ''*Sn spectra. ¢ Ligand chemical shifts are:- Me;PO
+38, PhyPO +28, 0-C¢Hy(P(O)Phy), +31. ¢ n.0. = Not observed in temperature range 295-180 K. °

Data from Ref. 10.
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The trends in the speétroscopic data were examined to see if support for the
greater Lewis acidity of the SnFy was forthcoming which is most evident in the
'P{'H} NMR spectroscopic data (Table 8, Table 12). The chemical shift
differences between the ge'ometricv 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 "'°Sn NMR, [SnCli{L}s] — [SnFs{L},] —
[SnBrg{L},] canﬁot be used directly to determine acceptor power (it is affected
also by elecronegativity of the substituents, ligahd. interactions /and ligand
polarisabilitiesl’40) it is  however, parallel to that “in the
hexahalostaﬂnates(IV).4°’41’42 '"Sn resonances are rarely observed for iodotin
’. species mainly due to exchange reactions in solution resulting from the weak

Lewis acidity of Snla.

2.5 Oxidation of Phosphanes: )

It was mentioned above that the crystals of [SnF4{OPPhs},] were obtained
from both [SnF4 {OPPh3} 2] and [SnF4{PPh;},] samples in CH,Cl,. The group has
previously reported'® that mixtures of vphosphanés 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 Snls can be used to.
cleanly generate phosphane oxides from the corresponding phosphanes, using dry
air or dioxygen, and whilst the mechanism remains obscure, the use of 80, in
these reactions showed that the source of the oxygen is 05,* not water as in a

halogenation/hydrolysis mechanism.**

The phosphane complexes of tin(iV) fluoride made in the present study also show
varying degrees of oxygen sensitivity, especially' in solution. The [SnF4{PCys};]
1S pafticularly sensitive and even brief exposure to air of a CH,Cl, 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 ° 'P{'H} NMR in solutions exposed to air for some hours. In
these systems the phosphane oxide binds strongly to the SnF, (sée Section 2.3)

and thus in contrast to the extensively dissociated Snly systems** the formation of
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phosphane oxide is stoichiometric, since the phosphane oxide removes the SnFy

by complexation preventing further reaction. Crystals of [SnF4{OPPh;},] were
obtained over several days from a CH,Cl; solution of the products from melting

[SnF4{MeCN},] with excess PPhs.

2.6 Conclusions: ‘
A large number of SnF,; complexes with phosphane and arsane oxide

ligands (hard metal centre to hard ligand bonding) have been fully characterised,
and 19F{'H}, 3 P{IH} and ''’Sn NMR spectroscopic data obtained where possible.
A number of structures have also been determined using single crystal X-ray

diffraction techniques.

‘These compounds have confirmed the greater Lewis acidity of SnFy cémpared to

the other tin(IV) halides from the trends in the *'"P{'"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 SnF, being the strongest Lewis acid.

2.7 Experimental: A

See Appendix for general experimental methods. [SnF4{MeCN},] and
[SnF4{THF},] were made as described.'*?° Ligands not obtained from suppliers
were madé by literature methods: o0-C¢Hy(P(O)Phy)2, o0-CsHs(P(O)Mey),,
Me;AsO, PhP(O)CH,P(O)Ph, and MeP(O)(CH,).P(O)Me,.'"** 2,2
Bipyridyl, and 1,10-phenanthroliné were dried by heating in vacuo, 1,2-
dimethoxyethane was dried over sodium and freshly distilled. Pyridine and
MézN(CHz)zNMez‘ were dried by distillation. ‘from BaQ. 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}]:.[SnFs{MeCN},] (0.276 g, 1.00 mmol) was suspended .
in CH,Cl; (10 mL) and a solution of 2,2’-bipy (0.156 g, 1.00 mmol) in CH,Cl,
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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,
CD3NO,, 298 K): 6 = 8.49 (s, 1H), 8.99 (s, 1H), 9.15 (s, 1H), 9.41 (s, 1H) ppm.
" IR (Nujol): 580(s), 560, 520(sh) v(SnF) cm™, '9F{.1H}> NMR (CH,Cl,/CDCls): -
149.8 (t), -179.8 (t). 11950 NMR (CH,Cl,/CDCls): -708.2 (t,1).

[SnF4{1,10-phenanthroline}]: Prepared similarly to the above. Yield 60%. 'H
NMR (300 MHz, CDCls, 298 K): § = 8.45 (m, 4H), 9.16 (m, 2H), 9.35 (m, 2H)
ppm: IR (Nujol): 587(s), 566(s) v(SnF) cm™. "F{'H} NMR (CH,Cl,/CDCls): -
149.5 (1), -180.8 (t). '"°Sn NMR (CH,Cl/CDCls): -715.1 (t,t).

[SnF4{MeO(CH;);OMe}]: l_,2‘~Dimeth0xyethane_ (0.1 mL, 1.0 mmol) was
added to a solution of [SnF;{MeCN},] (0.276 g, 1.0 mmol) in CH,Cl, (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, CDCls, 200 K): 6 =398
(s, 3H, Me), 4.25 (s, 2H, CH,) ppm. IR (Nujol): 609(s), 584(5), 540(m) v(SnF)
em’. PF{'H} NMR (CH,CL/CDCly): -167.1 (), -183.3 (t). '""Sn NMR
(CH,CIL/CDCls): -753.8 (t,t).

[SnF4{pyridine},]: Pyridine (0.16 g, 2.0 mmol) was added to a solution of
[SnF4{MeCN},] (0.186 g, 0.67 mmol) in CH,Cl, (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, CDCls, 298 K) & = 7.7 (m, 2H), 8.2 (m,
H), 9.00 (m, 2H) 'ppm. IR (Nujol): 568(s) v(SnF) cm”. "F{'H} NMR
(CH,Cl,/CDCls): -163.8ﬁ(s). 1980 NMR (CH,Cl/CDCls): -670.8 ().

[SnFs{Me;N(CH,)2:2NMe,}]:  [SnF4{MeCN},] (0.276 g, 1.0 mmol) was
suspended‘ in CH,Cl, (10 mL), N,N,N’N’-tetramethyl-1,2-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%. CeHi6NoF4Sn.1/2CH,Cl,
(353.4) caled. C 122.1, H 4.9, N 7.9; found C 22.3, H 5.1, N 8.1. 'H NMR (300
MHz, CDCl;, 298 K): & = 2.89 (s, 12H, Me), 3.02 (s, 4H, CH;) ppm. IR
spectrum (v(SnF)em™): 570 .(s), 547 (s). F{'H} NMR (CH,Cl,/CDCls): -
167.8 (1), -184.4 (t).
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[SnF{THF},]: Was made as described.'%? '"H NMR (300 MHz, CDCL;, 298
K): & = 2.10 (br, 2H, CH,), 4.35 (br, 2H, OCH,) ppm. IR (Nujol): 600(vbr)
v(SnF), 1013(br), 845(m) v(COC) em™. F{!H} NMR (CH,Cl,/CDCls, 243 K):
-166.2 (1), -166.7 (s), -178.8 (1). '’Sn NMR (CHoCL/CDCl;, 223 K): -775.4
o), 7754 (°).

[SnF4{OPPh;},]: [SnFs{MeCN},] (0.277 g, 1.0 mmol) was suspéndcd in CH,Cl,
(20 mL) and PhsPO (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
CH,Cl, and dried "in vacuo. Yield 0.66 g, 88%. CsgHz0F40,P,Sn-3CH,Cl,
(1006.07) caled. C 46.6, H 3.6; found C 47.1, H 3.7%. '"H NMR (300 MHz,
CDCl;, 298 K): 7.36-7.88 (m). IR spectrum (v(SnF)/em™): 580, 549, 537,
(o(POYem™): 1137, 1082. PF{'H} NMR (CH,CL/CDCl;, 298 K): -146.2 (1), -
149.8 (s), -159.8 (t). *'P{'H} NMR (CH,CL/CDCls, 298 K): 42.5 (s), 42.3 (s).
"°Sn NMR (CHZCIZ/CDClg; 253 K): -770.0 (q°.1), -775.1 (t,t,0).

[Sn\F4{OAsPh3}2]: Prepared similarly from [SnF4{MeCN},] (0.156 g, 0.56 mmol)
and Ph3AsO (0.40 g, 1.24 mmol). Yield 0.30 g, 64%. Cs6H3pAs,F40,Sn-2CH,Cl,
' (1009.03) caled. C 452, H 3.4; found C 45.3, H 3.2%. 'H NMR (300 MHz,
CDCl;, 298 K): 7.40-7.87 (m). IR spectrum (U(SnF)/cm’I): 559(br), (v(AsO)/cm’
1Y: 877(br), 850(sh). 1'QF{IH} NMR (CH,ClL/CDCl;, 298 K): -137.8 (), -141.3 (s),
-151.9 (). ""Sn NMR (CH,CL/CDCls, 273 K): -757.5 (q°), -758.6 (1,1).

[SnF4{OPMe3},]: Prepared similarly from [SnF4{MeCN},] (0.28 g, 1.0 mmol)
and Me;PO (0.19 g, 2.05 mmol) and stirred for 8 h. Yield 0.30 g, 79%.
CsH1sF40,PSn (378.84) caled. C 19.0, H 4.8; found C 18.2, H 4.7%. 'H NMR
(300 MHz, CDCls, 298 K): 1.85 (d, 2oy = 13.5 Hz), 1.86 (d, “Jpy = 13.5 Hz). IR
' spectrum ‘(o(SnF)em™): 576s, 559s, (0(POYem™): 1085 (br). "F{'H} NMR
(CH,CL/CDCls, 298 K): -147.2 (1), -149.2 (s), -158.0 (t). *'P{'H} NMR
(CHCL/CDCl3, 298 K): 65.9 (s), 65.4 (s). 'Sn NMR (CHClo/CDCl;, 243 K): -
769.0 (t,t,t), -781.8 (q5,£). '
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[SnF4{OAsMej3},]: Prepéred similarly from [SnF4{MeCN},] (0.32 g, 1.15 mmoi)
and Me3AsO (0.34 g, 2.5 mrlnol). Yield 0.495 g, 92%. 'H NMR (300 MHz,
CDCl3, 298 K): 2.04 (s, 2H), 2.05 (s, 1H). IR spectrum (v(SnF)/cm™): 550(br),
(v(AsO)/cm™): 812(br), 865. F{'H} NMR (CH,Cl,/CDCls, 298 K): -140.9 (), -
141.6 (s), -148.2 (1). ''*Sn NMR (CH,Cl,/CDCls, 273 K): 747.7 (@), -748.4 (t,1).
C1oHpF4PySn (400.95) calcd. C 29.9, H 6.0; found C 29.0, H 6.0.

[SnF4{0-CsH4(P(O)Phy),}]: [SnFs{MeCN},] (0.138 g, 0.50 mmol) and o-
CsHa(P(O)Phy)2 (0.239 g, 0.50 mmol) were stirred to‘gethef for 0.5 h in' CH,Cl,

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

68%. C30H24F40,P2S1-0.5CH,Cl, (715.63) caled. C 51.2, H 3.5; found C 51.2, H
3.3%. 'H NMR (300 MHz, CDCls, 298 K): 7.31-7.71 (m). IR spectrum
((SnF)/lem™): 585, 569, 548, (w(PO)cm™): 1145, 1087(br). “F{'H} NMR
(CH,CL/CDCl;, 303 K): 11429 (br), -167.2 (1). *'P{'"H} NMR (CH,CL/CDCl;,
298 K): 45.5 (s). ''”Sn NMR (CH,CL/CDCls, 298 K): -790.0 (t,t,t).

[SnF4{Ph,P(O)CH,P(O)Ph;}]: Powdered Ph,P(O)CH,P(O)Ph, (0.22 g, 0.53
mmol) and [SnF4{MeCN};] (0.133 g, 0.48 mmol) were dissolved in CH,Cl, (10
mL) and stirred at room temperature overnight. The white precipitate was then
filtered off and dried in vacuo. Yield 0.27 g, 92%. C,sH»F40,P,Sn-0.5CH,Cl,
(653.56) caled. C 46.9, H 3.6; found C 46.5, H 3.7%. '"H NMR (300 MHz,
CD,Cly, 298 K): 4.00 (t, 2H, CH,, Jpyy = 13Hz), 7.36-7.75 (m, 20H, C¢Hs). IR
spectrum (u(SnF)em™): 596, 577, ((PO)em™): 1145 1092. “F{'H} NMR
(CH,CL,/CDCls, 308 K): -143.0 (1), -168.0 (t). *'P{'"H} NMR (CH,Cly/CDCl;, 298
K): 44.1 (s). "'°Sn NMR (CH,Cl,/CDCl3, 298 K): -792.4 (1,1,1).

[SnF4{o-CcH4(P(O)Me2),}]: [SuF4{THF},] (0.30 g, 0.88 mmol) was dissolved in
CH,Cl, (5 mL), 0-C¢Ha(P(O)Me,), (0.20 g, 0.87 mmol) dissolved in CH,Cl, (5
mL) was added and the mixture stirred at room temperature for 2 h. The white
solid was ﬁltefed off and dried in vacuo. Yield 0.257 g, 68%. 'H NMR (300 MHZ,
d-dmso, 298 K): 1.79-1.84 (m, 12H; CH3), 7.49-7.85 (m, 4H, C¢Ha). IR spectrum
(o(SnF)em™): 573(br), (v(POYem™): 1147 1093. °F{'H} NMR (CH,CL/CDCls,
298 K): -143.5 (t), -165.4 (t). *'P{'"H} NMR (CH,CL/CDCl3, 273 K): 62.1 (s).
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[SnX4{L},] (X = CIl, Br or I; L = Ph;PO, Ph3;AsO or Me;PO): These were made
by reaction of the anhydrous tin(IV) halide with the ligand in anhydrous CH,Cl,

using literature methods.>'®

2.8 X-ray Experimental:

Crystals of [SnF4{MeO(CH,),0OMe}] and [SnF4{1,10-phenanthroline}]
were grown from CH,Cl, solutions layered with hexane. Colourless crystals of
[SnF4{OPMe;},] and [SnF,{OPPhs},] were grown from samples containing both )
1somers by Vépour phase diffusion-of hexane into CH,Cl, solution. Crystals of -
[SnF4{OPPh3},] were also dbtained over several days from a CH,Cl, solution of
the products of melting [SnR;{MeCN};] with excess PPhs. Crystals of [SnF4{o-
‘C6H4'(P(O)Ph2)z}]-CHZCIZ-HZO were obtained from CH,Cl; solution layered with

hexane.

The [SnF4{l,lO-phenanthroline}]-MeOH complex 'showéd, 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 solvate 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{OAsMeg}2]
by vapour diffusion from EtOH and Et,0. 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.”

Compound [SnF4{MeO(CH,),OMe}] | [SnF4{1,10-phenanthroline}] | [SnF4{OPMes},] [SnF4{OPPhs},]
‘MeOH -2CH,Cl,

Formula C4H 1 0F4OZSn C 1 3H1 2F 4N20 Sn C6H1 8F402P28n C38H34C 14F402P 2Sl’l

M 284.81 406.94 378.83 921.08

Crystal system Monoclinic Tetragonal monoclinic Monoclinic

Space group P2y/n (no. 14) I4,/a (no. 88) P21/n (no. 14) . P2i/n (no. 14)

alA ' 6.2957(15) 9.471(3) 6.190(2) 8.8697(16)

b/A 20.987(6) 9.471(3) 11.089(4) 14.771(4)

c/A 6.693(2) 29.964(8) 9.504(3) 14.446(4)

al°® 90 90 90 90

Bre 111.941(15) 90 94.32(3) 95.236(16)

y/° 90 90 90 90

UA’ 820.2(4) 2687.8(15) 650.5(4) 1884.7(8)

Z 4 8 2 2

wmm'! 3.137 1.948 2.24 1.101

F(000) 544 1584 372 924

Total no. of obsns (Riy) 6388 (0.037) 9075 (0.097) 6333 121329 (0.138).

Unique obsns. 1867 1539 1486 (0.056) 4312

Min, max transmission 0.651, 1.000 0.569, 1.000 0.877, 0916 0.681, 1.000

No. of parameters, restraints 100,0 96, 1 71,0 -232,0

Goodness-of-fit on 7~ 1.14 1.04 1.048 0.98

Resid electron density /eA” —0.76 to +0.48 —1.12to +1.17 -1.05t0+0.94 - —0.83 to +0.74

R1, wR2 (I > 26(]))° 0.023, 0.054 0.072, 0.180 0.034, 0.073 0.058, 0.106

R1, wR2 (all data) 0.027, 0.056 0.128, 0.207 0.049, 0.079 0.135,0.131




Chapter 2

53 -

Compound [SI’IF4 {0-C6H4CP (O)th)z} ] [0-C6H4(P(O)Ph2)2]
) ‘CH,CIly'H,0 -CH,Cl;
Formula C31Ha3CLF4O3P,Sn C31Hy6C1L,O,P,

M 776.06 . 563.36
Crystal system monoclinic monoclinic -
Space group P21/c (no. 14) P2l/c (no: 14)
alA 17.579(3) 10.840(2)
blA 10.1696(15) 14.734(3)
c/A 18.178(4) 17.576(2)
al® 90 90

p/° 99.160(8) 104.467(12)
v/° 90 90

U/A° 3208.2(10) 2718.3(8)

Z 4 4

wmm' 1.12 0.38

F(000) 1552.0 1168.0
Total no. of obsns (Rinr) 35141 28169
Unique obsns. 7058 (0.055) 4775 (0.101)
Min, max transmission 0.763, 1.000 0.934, 0.963
No. of parameters, restraints | 395, 5 335,0
Goodness-of-fit on F* 1.138 1.032

Resid electron density /eA” | -1.187 to +2.380 -0.343 to +0.269
R1, wR2 (I > ZGQ))b 0.070, 0.183 0.046, 0.095
R1, wR2 (all data) 0.082,0.188 0.088, 0.112

* Common items: temperature = 120 K; wavelength (Mo-Ka) = 0.71073 A; 6(max) = 27.5°.
PR1=Z|| F| - [FJ/ZF,. WR2= [Ew(F,} - FA)YEZwF,]"2.
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Chapter 3

SnF, Complexes with Soft Group 15 Donor
Ligands
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3.1 Introduction:
As stated in Chapter 2 there have been very few compounds of SnF,

repbrted, and all of those were with hard N or O donor ligands. As such, little
introduction to this chapter can be given regarding SnF, that is not a repeat of
Chapter 2. However, examples of SnX, (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 Mdssbauer studies going back as far as 1949 are also

available which are referred to in the reviews of 1976 and 1995 %°

Within these publications are a number of structurally characterised compounds
such as [SnCly {PEt3}2]lv0 (see Figure 1) and [Snly {PPr"3},]"! being the first two
monodentate phosphane complexes and [SnCl, {Ph,P(CH,),PPh,}]."”

Figure 1 View of the structure of [SnCl,{PEt;},]."° 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
SnX;4 (see Table 1 for selected NMR data) has been from our own group, and also
includes the first structurally characterised SnXy arsane, {Snl, {0-C5H4(AsMez)2}]6

(see Figure 2). Since then trans-[SnCls {AsPhs}.] has also been characterised.”
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Figure 2 View of the structure of [Snl, {o-CsHy(AsMe,),}] with numbering scheme adopted.
Ellipsoids are drawn at 40% probability.®

Producing these compounds generally consists of direct reaction of the metal

/

halide with a mon%or b}gentate ligand in an appropriate ratio in anhydrous —»A ...»A

solvents.

These complexes ére all six coordinate, with octahedral, or distorted octahedral
geometry. Distortion oceurs mainly with bidentate ligands, caused by the
chelating ligand. The monodentate ligand complexes are almost exclusively trans,
the one exception to this being [SnCls {PMe3}2]ﬂ6 where both cis and rrans forms
were seen in MeNO;. In CH,Cl, however only the trans isomer is observed. The
bidentate ligand complexes are exclusively cis as expected however frans 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. Ph,PCH,PPh;)
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."
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Table 1 Selected NMR data on phosphane and arsane comparator complexes.® _

Compound 8 'P{'H}¢ & 'Sn° TJCP-""Sn)yHZ" | Solvent
{SnCls{PMes},] 6.8 (trans) n.o. 2720 CH,Cl,
[SnCli{PMe3}s] 3.6 (cis) -630 (t)* 2190 MeNO,
8.0 (rrans) | -646 (1) 2768 [ MeNO,
[SpBr4 {PMes},] -3.0 (trans) n.o. n.o. ' MeNO,
[Snls{PMe3},] : -3.7 (trans) n.o. n.o. MeNO,
[SnCls {o-CoHa(PPho), )} " 139 T [6075@) | 890 [ CH.ClL
[SnBr4{o-CsH4(PPhy):} T 242 -1218 () 305 T CHClL
[Snl,{o-CsHs(PPhy),}] -52.5 " |no. ’} I no. CH.Cl,
[SnCl, {Ph,P(CH,),PPh;,}] -18.8 -626 (t) 890 | CHyCYL,
[SnBrs {Ph,P(CH.),PPh,}]* | -31.0 -1212 (1) 460 CH:Cl,
[Snls{Ph,P(CH;),PPh;}]° no. , n.o. CH,Cl,
[SnCli{o-CcHy(AsMey)2}] | - | -675 | .| CHClL
[SnBrs{o-CeHaASMe o} F |- | 11354 - CHLCh
[Snl {o-CsHa(AsMey),} 172 - -2290 CH,Cl,

Temperatures run at 300 K unless stated otherwise. a T emp = 250 K, b Temp = 190 K, ¢ Temp =
270 K, d Relative to external 85% H3PQ,, ¢ Relative to neat external SnMe,, f + 6 Hz, g
Resonances only observed in the presence of excess of the group 15 ligand. n.o. = not observed.

This Chapter attempts to correct the complete void of SnF4 coordinating to soft
donors, by éttempting to do just that with the soft group 15 donor ligands, tertiary

phosphanes and tertiary arsanes.

3.2 SnF4 Complexes of Phosphzines:

The reaction of [SnF4{MeCN};] (1 mmol) (see Chapter 2) with two mol.
‘equivalents of the monodentate ligands L (L= PMe; or PCy;) yielded [SnF4{L}>]
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},;] (1 mmol) in CH,Cl (10 mL) under inert
atmosphere (N,) and dry conditions, L/L-L (2/1 mmol) was then added and the

f 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 dloxygen 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};] as a starting synthon gave no advantage with solubility or ease of
d1sp1acement Reactions with L= PPh; did not yield a pure sample of the complex
using the above route and using molten PPhs (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 PhsPF, at -54.2 ppm, 'Jpr = 660
Hz.'5 Some crystals were also isolated from this reaction which proved to be the

phésphane oxide [SnF4{OPPh;},] (discussed in Chapter 2).

The [SnF4{L},] complexes were exclusively frans isomers and were identified

from their "°F {'H} and 31P{IH} NMR spectra which are triplets (see Figure 3) and

quintets respectively (see Figure 4) [in each case with weak satellites due to ''°Sn
and ''Sn ("V'Sn: 1 = %, 7.7%, E =35.63 MHz; '”Sn: 1 = %, 8.6%, E =37.27
MHz)] (Table 4).
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2J(19F_3]P) ‘

1]([9F_l [7Sn)

‘lJ(l9F_vllgsn) ‘
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1 l
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Figure 3 '"F{'H} NMR spectrum of [SnF,{PCy;}.] (298 K, CH,CL,).

2J(31P_ 19F)

WM’“ . V‘“«W_J Ll mﬁi‘www

Figure 4 >'P{'H} NMR spectrum of [SnF,{PMe;},] (298 K, CH,Cl).
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The IR spectrum of [SnFs{PMes},] showed a broad single v(SnF) as expected
with the trans isomer (Eu band). [SnF4{PCys},] shows two bands of equal )
intensity, this could be from the ligand itéelf as the free ligand has some minor
peaks at around 545 cm’’ 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 ''°Sn NMR spectra. This is pfobably due to the modest
receptivity of the tin (D. = 25), poor solubilities and also the complexity of the

coupling patterns. Below is the tin NMR spectrum for [SnF;{PMe;},] (Figure 5)

and appears to show only a 5 line pattern. However the coupling constants
obtained from the *'P{'H} and "F{'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.

Figure 5 '"”Sn NMR spectrum of [SnF,{PMe;}] (250 K, CH,Cl,), * mark the outer lines. '

N
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-560 -580 -600 620 640 -660 -680 . 700
ppm

- Figure 6 Predicted '’Sn NMR spectrum of [SnFs {PMes}].

These compéunds 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 obsérved in both the ’F{'H} and *'P{'H} NMR spectrum o
conclusive evidence could be obtained for the presence. of the cis isomer.
Expected line patterns for the cis isomer in the F{'H} NMR spectra should have
shown two separate énvironments, one a doublet of doublet of triplets and the
other a triplet of triplets. The 3p{'"H} NMR spectra should also have shown a
doublet of doublet of triplets. '

The structure of [SnF4{PCys},] was determined crystallographiéally and shows
(F igu're 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-[SnCli{PEt;},]
(2.615(5) A)',“’ and marginally longer than in trans-[SnCl{x'-Ph,PCH,PPh;},]
(2.649(1) A),'* but shorter than found in frans-{Snls{P'Prs},] (2.69(1) A),"
although the differing steric requirements (specifically the large cone angle ca.

170° of PCys) of the three phosphanes preclude a more detailed discussion. ’
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& . Sn1/

F1A

C1A

Figure 7 Structure of trans-[SnF4{PCy;},] showing a partial atom numbering scheme. Cyclohexyl
groups are numbered cyclically starting at the P-bonded C atom. 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,—Yy, 2 — .

Table 2 Selected bond lengths (A) and angles (°) for trans-[SnF4{PCys},].

Snl—F1 1.959(2) Snl-F2 1.980(2)
Snl-P1 2.6538(11) PICl 1.860(4)
P1-C7 1.845(4) PI-CI13 1.851(4)
F1-Snl-F2 91.21(10) F1-Snl-F2a 88.79(10)
F1-Snl-P1 89.86(7) F2-Snl—P1 88.24(7)
CiP i) 108.09(17) C7-P1-CI13 104.81(16)
C1-P1-C13 107.96(17) Snl-P1-C1 112.95(12)
Snl-P1-C7 113.77(12) Snl-P1-C13 108.81(12)
F1-Snl-P1-CI —60.0(2) F1-Sn1-P1-C7 63.7(2)
F1-Snl-P1-C13 ~179.9(2)

Symmetry operation: a=—-x, -y, 2 — .

The reaction of 1 mmol of [SnF4s{MeCN},] with 1 mol. equivalent of the
bidentate ligands L-L (L-L= Et;,P(CH,),PEt;, Cy2P(CH,),PCy,, 0-CsHa(PPhy),,
PhoP(CH;),PPh, and o0-C¢Hs(PMe,)2) in anhydrous CH,ClL, resulted in the
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formation of white six coordinate [SnF;{L-L}] complexes in moderate to good
yields. The solids are moisture sensitive, tenaciously retain oorganic solvents -
clearly evident in the 'H NMR spectra, and are only modestly soluble in
chlorocarbons. The tendency of SnX; (X = CI, Br or I) complexes with

phosphanes/diphosphanes to air oxidise in chlorocarbon solutions to the
phosphane oxide has also been reported and so cannot be discounted for SnF,.5'6
Solubility is not significantly better in acetone or nitromethane and stronger donor
solvents were genérally avoided for spectroscopic studies since they can lead to
some displacement of the neutvrall ligands. No lprevious SnFs complex of a
phosphane ligands has been reported 50 comparisons can only be made between
them and with the other tin(IV) halides (see below). The IR and '"H NMR spectra
(Table 3) are as expected other tHan the triplets in [SnF4{0-CsH4(PMe,),}] for the

methyl groups which are seen as a result of second order spectra, the protons are

coupling to both phosphorus environments equally to give 2/ + > Jp.ti =4 Hz.

Table 3 IR? and 'H NMR" spectroscopic data for SnF, phosphane complexes.

Compound v(Sn-X)/cm™ 3('H)
[SnFs(PMes}s] 546(br) 171.68 (m)
[SnFs(PCys}2] 557(s), 535(s) | 1.29-2.34 (m)
[StFs {0-CsHa(PMen)s}] 564, 534 187 ()
7.75-7.81 (m)
[SnFs{0-CsHs(PPIn)}] 574,557,526 | 7.30-7.68 (m)
[SnFe{EGP(CH2)2PER)] 553(m), 526(s) | 1.26-1.37 (m)
N v 2.07:2.13 (m)
[SnF4{Cy:P(CH2):PCy2}] 560(s), 530(s) | 1.26-2.21 (m)
[SnFa{(Ph:P(CH),PPh;}] | 566(br) 3.09(0)
7.26-7.95 (m)

a Nujol mull. b In CDCl; at 300 MHz.

Selected multinuclear NMR spectroscopic data for SnFs; phosphane complexes,
along with the associated coupling constants, are given in Table 4. The “F{'H}
spectra show both a 9 line pattern (triplet of triplets) for the F.s.r (see Figure 8)
and a 12 line pattern (doublet of doublet of triplets) for the Fy,us.p (see Figure 9),
(Table 4), with 8(*°F) in the range -110 to -165, and with J("1°Sn-1%F) 2150-2750
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Hz. Figure 10 shows the predicted 19F{ 1H} spectra of Fyaps.p, illustrating why the
central lines have a greater intensity due to overlap. In these cases the J(""Sn-
"F) satellites were also clearly resolved and although not quoted in Table 4, the

magnitudes were consistent with expectation based upon 7y’ PSn/y'sn.

2J(19F _ 19F)

2 J19F. 3'p) '

Figure 8 '°F{'"H} NMR spectrum of the trans F-Sn-F environment in cis-[SnF4{o-CsHs(PMey),}]
(243 K, CH,Cl,).
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Figure 9 ’9F{ H} NMR spectrum of the frans F-Sn-P environment in [SnF,{o-CsHy(PMe,),}],
(243 K, CH,Cly).

— T T T T r !

-160.7 -160.8 -160.9 -161 -161.1 -161.2 *-161.3 -161.4
ppm

Figure 10 'Predicted' PF{'H} NMR spectrum of the trans F-Sn-P venvironment in [SnF,{o-
CeHa(PMes)y} ]
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Unlike the phosphane oxides (discussed in Chapter 2) the 3 1P{lH} NMR spectra
show coupling to fluorine as a doublet of doublets of triplets (see Figure 11). The
resonances appear as relatively sharp spectra all with similar chemical shifts and
the coupling patterns were readily recognised as first order patterns. Weak

"1178n satellites can also be seen on either side but due to instrument time

constraints and poor solubility the fine structure was not always resolved.

JC'P-"Fu)
¢
]

| 2C'P -"Fisr)
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2JC'P -"F ) (h } [} |
NI ,'.‘
- } L
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Figure 11 *'P{'H} NMR spectrum of [SnF,{o-CsHs(PPh,),}] (193 K, CH,CL).
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Although resonances were observed at ambient temperatures in the 'H, *'P{'H}
and "’F{ 1H}b spectra, the ''°Sn spectra showed broad and poorly resolved features
and the samples were cooled to temperatu’res of between 183 and 273 K. Good
 resolution was obtained typically at 250 K as a balance between maintaining
solubility and reducing line broadening (due to the onset of reversible ligand
dissociation) was reached. Again obtaining good quality 119Sn NMR spectra
proved difficult due to the modest receptivity of the tin (Dc = 25), poor solubilities
and also the complexity of the coupling patterns. Based upon the various couplmg
constants obtained from the F{'H} and *'P{'H} spectra the major lines of the
1 expected 27 line multiplet (t,t,t) were identified (see Figure 12).

lJ(]lgSn _31P)
l‘](] 19Sn "lgFtransP)
1J(ngsn'lgmesF) ,&,‘ 3¥
OO
T @ P
0
G & °h g | '
i ] o .
| | =

. 1 I 1 T
-620 —530 640 ’th --660 . -670 -680 -690 -700

Figure 12 ''°Sn NMR spectrum of [SnF.{0-CeHu(PPh,),}] (223 K, CH,CLy).

Compléxétion of [SnF4{MeCN},] with Me,P(CH,),PMe, gave a white solid
[SnF4{Me,P(CH,),PMe,}]. The complex proved to be essentially insoluble in
chlorocarbons or nitromethane and was decomposed by DMSO. The IR spectra
exhibited a v(Sn-X) = 533 (br)/em™. A F{'H} NMR spectrum obtained from a

very long accumulation (ns ca. 45,000) at 273 K in CD,Cl, gave two plausible
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resonances at -153.7 and -132.2 ppm but other solution NMR data was not
obtained. Although this is an exceptional case it highlights the difficulties

involved in obtaining good quality spectra of minimally soluble complexes.
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Table 4 Selected NMR data for SnF, phosphane complexes.”

Compound 5 31P{1H}B AP R 5 19F{1H} r./le-“gSn) 2.]13TP_19F) ?f(TgF-wFl J(31P_119Sn)
[SnF4{PMes},]  trans |-19.1(q") 43 -628.0(t,4°) | -132.8() 2745 |155 - 2975
[SnF4{PCy3},] trans | +22.2(q°) 11 -628.5(t,q°) | -98.9(1)" 2993 124 - 2530

[ [SnF4{o-CHy(PMey),}] | -37.8(td,d) | 17 -657.6(tt1) | -131.7(t,t) 2470 117,98,54 |42 1520

» -161.1(d,dt) 2160 - [
[SnF4{o-CcHs(PPhy)2}] | -18.9(t,d,d) | -6 -665.9(4,t,1) | -123.8(1,1) 2627 93,73,48 52 1512
_ . \ ‘ -155.5(d,d,0) [ 2207 -

[SnF4{Et,P(CH2),PEt;}] | -11.6(t,d,d) [6 -649.4(1,t,) | -123.8(1,) 2552 1109546 |40 1628
-150.2(d,d,t) [ 2183

[SnF4{Cy,P(CH,),PCy,}1 | -9.9(t,d,d)  |-12 -639.1(t50) | -113.7(t,) 2644 98,88,46 46 1528
-139.5(d,d,0) | 2205

[SnF4{Ph,P(CH,),PPhy}] | -17.8(t,d,d) | -4 688 1(t,tt) | -112.4(L1) 2650 118,87,44 |46 11630

' 147.1(d,dt) (2212

? In CH,Cl,-10% CDCl;. b7Ligand chemical shifts are: 0-CsHy(PMe,), —55; 0-Cg

H4(PPh2)2 —‘13, thP(CHz)zPth —13, EtzP(CHz)zPEtz —18, Csz(CHz)ZPCyz +2, PM63 -
62; PCy; +11.5. ° Coordination shift (Scompex - Otigend)- © ' S Spectra were typically recorded at 250 K.
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Crystals found to be [SnF4{Et,P(CH,),PEt,}] were obtained from a solution of the
complex in CH>Cl, that was layered with hexane and left to stand for 2 weeks.
The structure confirms the cis geometry deduced from the NMR spectroscopic
studies (Figure 13, Table 5). The Sn—P distance is 2.606(1) A, shorter than in the
trans-[SnF4{PCy3}] (2.654(1) A), and also shorter than the value in cis-
[SnCly {Et,P(CH2),PEty}] (2.648(2) A) described below. The Sn—Fiansr 1.986(2)
A is significantly longer than Sn—Fuansp 1.953(2) A, a pattern which is found in
most adducts of SnX, (X = Cl, Br or I) with soft donor ligands.’ A58

2 @ A cs

F2

C1

Cla

N

Figure 13 Structure of [SnF4{Et,P(CH,),PEt,}] showing the atom numbering scheme. Ellipsoids
are drawn at the 50% probability level and H atoms omitted for clarity. A 2-fold axis passes
through Sn1 and the centre of the C1-Cla bond. Symmetry operation: a=~-X,y, 1/2 - z.
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Table 5 Selected bond lengths (A) and angles (°) for [SnF,{Et,P(CH,),PEt,}].

Sn1—F1 1.9863(17) P1-C1 1.821(3)
Sni—F2 1.9532(16) TPi—C2 1.815(3)
Sn1—PI 2.605809) P1-C4 1.814(3)
Pl-Pla 3.409(2) T
F1-Snl—F2 92.60(7) P1-Sni—Fl 84.66(5)
F1-Snl-F2a 91.36(7) P1-Sn1-F2 93.14(6)
F1-Snl—Fla 174.29(10) P1-Snl—Fla 91.02(5)
F2-Sn1-F2a_ 92.29(10) P1-Snl-F2a 173.40(5)_
Pl-Snl-Pla 81.70(4) Sn1-P1—C1 102.52(9)
Sn1-P1-C2 114.54(10) Snl—P1-C4 116.34(10)

Symmetry operation: a=-x,y, 1/2 -z

An attempt at obtaining a crystal of [SnF4{o-CsH4(PPh,),}] from a solution in
CH,Cl; however only yielded crystals of the free ligand 0-C¢Ha(PPhy)..

3.3 Comparisons of the Phosphanes Covmplexed with Other Tin(IV) Halides:
For a list of literature comparator data see Table 1. For comparison several
new complexes of SnXy (X = Cl, Br or I) with phosphane ligands wefe_ prepared.
These included those of the diphosphane ligand 0-C¢H4(PMe,), with all three
tin(IV) halides which surprisingly had not been previously reported (despite both
the direct arsane equivalent and the similar o-CsH4(PPhy), both being reported)6
and the SnCl; with Et,P(CH,),PEt,. These reactions were all done by direct
reaction with the appropriate molar ratios of ligand in anhydrous
dichloromethane. The spectroscopic data obtained (Table‘8) were as expected, and
followed the same pattern as those of [SnXs{o-CsHa(PPh2)2}] and [SnX4{o-
CsHi(AsMex),}] (X=Cl, Br,I).6 Like other complexes of this type they are very
moisture sensitive and also dioxygen sensitive to varying degrees in solution,>'®
but much more soluble in chlorocarbons than their tin(IV) fluoride analogues.
The trends in the spectroscopic data were examined to see if support for the
greater Lewis acidity of the SnF, was forthcoming. However, this is unlikely to be

as conclusive because it is no longer a ‘hard’ metal centre (SnF,) complexing with

a ‘hard’ ligand (the oxide) (discussed in Chapter 2). The phosphane ligands are
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much softer and therefore less likely to want to coordinate to hard acceptors. This
is confirmed with the *'P{'H} NMR spectra of the [SnX4({o-CcHa(PMe,)1}/{o-
CeH4(PPhy),}/{Ph,P(CH;),PPh;})] series where there }s no longer a consistent
pattern of F > Cl1 > Br > I but instead the shift to high frequency along the series
as far as C1 > Br > F > ] as opposed to the analogous phosphane oxide series. For
the series of compounds /[SnX4 {PMes},] a similar comparison cannot be made

due to differing solvents (MeNO,® compared to CH,Cl).

The ''"Sn NMR chemical shifts are surprisingly similar for corresponding
complexes of SnF4 and SnCl,, but those of SnBrs and Snl; show much more
deshielded resonances (Table 8) however a consistent low frequency shift with X:
Cl > F > Br > L. This is the same as observed in the halostannates(IV),'"'®
evidence that electronegativity is not the dominant factor.”® Factors that affect
'"Sn chemical shifts include. electronegativity, Lewis acidity and bond overlap
and in these cases none appear to be dominant. The 1J(*°Sn-*"P) coupling

constants fall with halogen F > Cl > Br > [ and are much larger for trans P-Sn-P

than cis P-Sn-P (see Table 4).

The structure of cis-[SnCl4{Et,P(CH,),PEt,}] was, determined (Figure 14, Table
6) and provides a direct comparison with the isosfructural fluoride discussed
above. Again there is a marked difference between Sn-Cliansct (2.453(1) A) énd
Sn—Cliransp (2.408(vl) A) with Sn-P = 2.648(2) A. The longer bond distance of Sn-
P in the chloro species compared to that of the fluoro species indicates that SnFy is
the stronger Lewis acid and will coordinate with the soft phosphane more strongly
than SnCly because of this. Other structurally characterised phosphane complexes
of SnCly are trans-[SnCl4{PEt;}2] (Sn—P = 2.615(5) A),' trans-[SnCls{x'-
Ph,PCHyPPh, }2] (Sn—P = 2.649(1) A),'* and cis-[SnCls {Ph,P(CH;),PPh;}] (Sn—P
=2.679(2), 2.653(2) A, Sn—Cl = 2.402(2), 2.406(2), 2.468(2), 2.447(2) A)."?
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Figure 14 Structure of [SnCl, {Et,P(CH,),PEt, } ] showing the atom numbering scheme. Ellipsoids
are drawn at the 40% probability level and H atoms omitted for clarity. The tin atom is on a 2-fold

axis. Symmetry operation: a=1-x,y, /2 —z.

Table 6 Selected bond lengths (A) and angles (°) for [SnCl, {Et,P(CH,),PEt,} ]

Sn1—CI1 2.4529(14) Snl-P1 2.6481(17)
Sn1-CI2 2.4084(14) P1-C2 1.821(6)
P1-C4 1.824(6) PI-Cl 1.825(3)
P1-Pla 3.422(3).

Cl1-Snl—CI2 90.16(5) Cll-Snl-Cl2a | 93.97(5)
Cll-Snl-Clla 174.00(7) C2-Snl-Cl2a | 92.99(7)
Cl1-Snl-P1 84.19(5) C2-Snl1-P1 171.65(5)
P1-Snl-Pla 80.49(7) Snl-P1-C2 117.0Q2)
Snl-P1-C4 114.002) Snl-P1-CI 102.09(18)
PI-C1-Cla—Pla | 67.7(6)

Symmetry operation: a=1-Xx,y, /2~
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3.4 SnF4 Complexes of Arsanes:
. The reaction of [SnF4{MeCN},] with tertiary arsanes, including AsMes, o-

C6H4(AsMez)2 and MeC(CH,AsMe;); were unsuccessful in producing pure
samples of the SnF4 complexes. The general expérimental conditions for these
compounds were the same as for the phosphanes, but reactions of both
[SnF4{MeCN},] and. [SﬁF4{THF}2] in CH,Cl, or toluene were attémpted with the
arsane ligands. Reactions with 0-CsHs(AsMe,),, which is a very strongly
coo}r‘dinating ligand towards many d-block metals,?® resulted in white solids of

variable composition which appeared to be mixtures of the starting complex;,

- possibly [SnF4{o-CsHs(AsMe,),}] and SnF,. The IR spectra showed the presence

of the diarsane, a broad v(SnF) ca. 570 cm’’, and usually some MeCN or THF.
The 'H NMR spectra of these products in CD,Cl, solution showed only MeCN or

‘THF and “free” o-C¢Hs(AsMe,), (since 0-CgHy(AsMey), is a liquid, this is

supporting evidence for coordination of the diarsane to tin'in the solids). The
F{'H} NMR spectra showed no resonances at room temperature, but below ca.
210 K, two new broad resonances at & —138 and ~152 were observed, which seem
reasonable for [SnF4{o-CsHs(AsMe,);}], but no F-F coupling was resolved even
at 190 K. The data suggest that [SnF4{0-CsHs(AsMe,),}] forms in the reaction,

but that it is extensively dissociated in solution (see Figure 15) and reforms the

polymeric SnF4.2! Even if a substantial excess of diarsane is used a pure product is

not produced. In thé case of AsMe; a white solid was again obtained, the IR
spectrum showing the presence of the arsane, a broad v(SnF) ca. 551 cm™.
Complexation with MeC(CH,AsMe;); also gave a white solid with the IR
spectrum showing the presence of the arsaﬁe, a broad v(SnF) ca. 570 cm’’ bﬁt no
ofher evidence could be obtained for coordination to SnFs. Since the very unstable
[SnF4{dithioether}] crystals were obtained (see Chapter 4), substantial effort was
put into obtaining crystalline samples of these materials, speciﬁcaliy [SnF4{o-
C6H4(AsMeg)2}] including numerous different solvents, cooling as well as

layering and slow evaporation but these repeated attempts proved futile.




Chapter 3 : ' 77

N N/
F-As CH,Cl, As

i — M+ O
F o~ As
AL N

Fro F
S C RN
F e TE 21
|, F ‘/ F
F—Sn-F-sn—F
/F F /F F

Figure 15 Believed behaviour of SnF4-arsane complexes.

3.5 Comparisons of the Arsane Complexed with Other Tin(IV) Halides:

In contrast, afsane complexes of ShX4 '(X = Cl, Br or I) form 'readily,6 and’
indeed [Snls{0o-CsH4(AsMe,),}] is one of the very small number of structurally
characterised neutral ligand adducts of Snly. The [SnCly{0-CsHa(AsMe;),}] was
prepared to confirm this and the results were as in the previous literature.® The
reactions of SnX4 (X = Cl and Br) with the tripod'MeC(CHzAsMezj3 however,
had not been reported and so these were made with a 1:1 ratio of the SnX,:tripod
arsane in CH,Cl,. The "H NMR spectra show the triarsane bound as a bidentate to
a six-coordinate tin centre. The ''*Sn NMR chémical shifts of 8 -696 and -1290
(Table 8) for [SnCls{MeC(CH,AsMe»)s)}] ahd [SnBrs{MeC(CH,AsMe3)3)} ]
respectively are typical of SnX4As; donor sets.® The structures were confirmed by
an X-ray study of [SnBry{MeC(CH,AsMe,);}] (Figure 16, Table 7) which
showed a distorted octahedral tin centre with Sn—Brianse: (2.5807(5), 2.6340(5) A)
longer than Sn—Bryansas (2.5708(6), 2.5479(5) A), and with the axial Br-Sn-Br
unit bent towards the neutral ligand (Br3—Sn1—Br4 =170.6°), as found in tin(IV)
halide structures with a variety of soft donors.>*® The Sn-As (2.6932(5),
2.7095(6) A) are slightly shorter than fhose in the only other structurally
characterised tin-arsane complexes [SnI4{0-C6H4(AsMeg)2}] (2.716(2), 2.752(2)
A),8 and zrans-[SnCls {AsPhs},] (2.762(1) A)."* The wide As-Sn-As bond angle

in the present complex (86.79(2)°) reflects the six-membered chelate ring present
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and compares with 78.43(7)° in [Snl4{0-CsH4(AsMe;),}] which contains a five-

membered ring.

Figure 16 Structure of [SnBrs{MeC(CH,AsMe,);)} | showing the atom numbering scheme.
Ellipsoids are drawn at the 50% probability level and H atoms omitted for clarity.

Table 7 Selected bond lengths (A) and angles (°) for [SnBr, {MeC(CH,AsMe,)3)}].

Snl-Brl 2.5708(6) Snl-Br3 2.6340(5)
Snl-Br2 2.5479(5) Snl-Br4 2.5807(5)

Snl-Asl 2.6932(5) Snl-As2 2.7095(6)

As1-C6 1.930(4) As2—C8 1.935(3)

As1-C7 1.932(3) As2—C9 1.928(3)

As3—C10 1.966(3) As3—Cl1 1.972(3)

As1-C3 1.953(4) As2—C4 1.954(3)

As3—C5 1.987(3) Asl-—As2 3.712(1)
Br—Snl-Br (ca. 90°) | 91.979(2)-94.850(2) | Br3-Snl-Br4 | 170.563(15)
Br-Snl-As (ca. 90°) | 82.905(2)-90.337(2) | Brl-Snl-As2 | 173.739(14)
Br2-Snl-Asl 174.623(2) Asl-Snl-As2 | 86.791(16)
C-Asl-C 101.08(2)-10821(2) | C-As2—C 99.62(2)-107.75(2)
C-As3-C 93.50(2)-98.69(2)
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Table 8 Selected NMR data for Sn¥X, (X = Cl, Br or I) complexes.”

Compound 18P} | 8'™sn ‘J(3‘P-“9Sn)
[SnCls{o-CcHa(PMes),}] -28.1 -616(t) 945
[SnBr4{0-CsHa(PMe,),}] -31.9 1 -1188(1) 581
[Snls{o-CsHs(PMe3)2} ] -60.4 n.0.° 240

[SnCl4 {Et,P(CH;),PEt,}] -4.9 . ] -615(1) 1049
[SnCl4{MeC(CHyAsMe3) }] | - -696(s) -
[SnBrs{MeC(CH,AsMe,) }] | - | -1290(s) -

 In CH,Cl,-10% CDCl,. ° Ligand chemical shifts are: 0-C¢Hs(PMe,), -55; ELP(CH,),PEL, —18;
© Insufficiently soluble to record spectrum.

The explanétion of this marked difference in the ability of SnF4 to complex
arsanes as opposed to phosphanes probably arises from the fact the SnF, is a very
hard Lewis acid with contracted tin acceptor orbitals, and correspondingly has less
ability to bind the large soft arsenic centre compared to the slightly smaller,
slightly harder phosphane. For many transition metal systems th—e differences
between binding corresponding phosphanes and arsanes is small, but becomes
very significant with high oxidation state and/or harder metal centres of the 3d
series such as Fe(IV), Ni(IV) or Mn(lI) where the phosphanes result in
significantly more stable complexes.20 The results suggest that the hard Lewis
acid SnF4 _similérly discriminates away from the arsanes and means that unlike the

phosphanes, SnCly is more strongly coordinating towards the arsenic ligands.

3.6 Conclusion: , ,
This Chapter reports the first synthesis of a series of relatively stable,

a}though highly moisture sensitive, SnF4 adducts with soft ligands. This Chapter
has proven that the hard Lewis acid, SnF4 will form complexés with soft donor
ligands. In the case of the phosphanes these complexes caﬁ vary significantly in
solubility with changes of R groups and often dissociate in solution at room
temperature. In the case of the arsanes, dissociation seems to be much more ofa
problem due to the reduced affinity of SnF, for As<<P. This is contrary to
transition metals where the affinities of phosphanes and arsanes for a common

metal centre are usually comparable.
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A large amount of spectroscopic data on these compounds has been obtained and

. some comparisons have been made with the heavier tin(IV) halides.

Structural data on four novél complexes have been obtained, including both a
monodentate and bidentate chelating phosphane ligand on SnF, as well as a direct
comparison of the same bideﬁtate ligand on SnCly, clearly showing that SnF4 is
the strongest Lewis acid when compared to the other tin(IV) halides for the

phosphane compounds.

3.7 Experimental: ‘
See Appendix for general experimental methods. Ligands not obtained

from suppliers were made by literature methods: o0-CgHs(PPhy),,
PhyP(CH,),PPhy, 0-CsHa(PMes)s, 0-CsHu(AsMe, )z, MeC(CH,AsMe, )3 227242
Much of the spectroscopic data below is included above in this chapter,-

however, for ease of use it is collected under the compound.

[SnF4{o—C6H4(PMe2)2}]: [SnF;{MeCN},] (0.276 g, 1.0 mmol) was suspendevd in
CH,Cl, (20 mL) and 0-C¢Hs(PMe3), (0.198 g, 1.0 mmol) added and the mixture
stirred overnight at ambient temperaturés. The white precipitate was filtered off
and dried in vacuo. Yield 0.205 g, 52%. C,¢H;¢F4P>Sn-CH,Cl, (477.8): calcd. C
27.6, H 3.8; found C 26.9, H 3.8. '"H NMR (300 MHz, CDC13, 298 K) :6 = 1.87 (t,
2] 3oy = 4 Hz, 12H, Me), 5.40 (CH,Cl,), 7.75-7.81 (m, 4H, C¢Hs ) ppm. IR
(Nujol): 564(s), 534(s) v(SnF) cm™. PF{'H} NMR (CH,Cl,/CDCls, 243 K): -
131.7 (t,1), -161.1 (d,d,t). *'P{'H} NMR (CHCl,/CDCl,, 243 K): -37.8 (t,d,d).
1980 NMR (CH,Cl,/CDCls, 243 K): -657.6 (t,t,t).

[SnF4{o-CsH4(PPh;),}]: [SnF;{MeCN},] (0.276 g, 1.00 mmol) was suspended in
CH;Cl; (20 mL) and a solution of ~0-C6H4(PPh2)é (0.446 ¢, 1.00 mmol) in CH,Cl,
(5 mL) added and the mixture stirred for 8 h at ambient temperatures. The white
precipitate was filtered off and dried in vacuo. Yield 0.17 g, 27%.. C30Ha4F4P2Sn
(641.2) caled. C 56.2, H 3.8; found C, 56.9, H 4.1. 'H NMR (300 MHz, CDCls,
298 K): & = 7.70-8.01 (m, Ph) ppm. IR (Nujol): 574(s), 557(5), 526(s) v(SnF)
em™. PF{'"H} NMR (CH2C12/\CDC13, 193 K): -123.8 (t,1), -155.5 (d,d,t). *"P{'H}

A\
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NMR (CH,C1L/CDCl;, 243 K): -18.9 (t,d,d). '"®Sn NMR (CH,CL,/CDCls, 223 K):
-665.9 (L,t,1).

[SnF4{PMes},]: [SnF4{MeCN},] (0.277 g, 1.00 mmol) was suspended in CH,Cl,
(10 mL), trimethylphosphane (0.167 g, 2.20 mmol) was added and stirred at room
“temperature for 1 h. The‘ solution was reduced in volume by removal of CH,Cl, in
vacuo and then dry hexane (20 mL) was added. A white solid precipitated out
which was filtered off under nitrogen and dried in vacuov. Yield 0.250 g 68%.
CeHi18F4P2Sn.2CH,Cl, (516.7) caled. C 18.6, H 4.3; found Cv18.3, H 4.5. '"H NMR
(300 MHz, CDCls, 298 K): 6 = 1.68 (m, Me), 5.40 (CH,Cl,) ppm. IR (Nujol): 546
(br) v(SnF) em™. "F{'H} NMR (CH,Cl,/CDCls;, 298 K): -132.8 (t). *'P{'H}
NMR (CH,CL/CDCl3, 248 K): -19.1 (q°). '"*Sn NMR (CH,Cl,/CDCl3, 248 K): -
628.0 (q°,1).

[SnF4{PCys},]: [SnF4s{MeCN},] (0.277 g, 1.00 mmol) was suspended in CH>Cl,
(10 mL), tricyclohexylphosphane (0.588 g, 2.10 mmol) was added and stirred at
room temperature for 3 h. No precipitation had occurred so the solution was
reduced to ca. 5 mL in vacuo and then dry hexane (5 mL) was added. A white
solid precipitated out which was filtered off under nitrogen and dried in vacuo.
Yield 0.45 g, 60%. C3;HecF4P2Sn-1/2CH,Cl, (750.0) caled. C 54.9; H 8.5; found
C 54.4, H 8.8. '"H NMR (300 MHz, €DCl3, 298 K): § = 1.29-2.34 (m, Cy), 5.40
(CH.Cl) ppm.. IR (Nujol): 557(s), 535(s) u(SnF) cm”. “F{'H} NMR
(CH,Cl/CDCls, 298 K): -98.9 (t). *'P{'H} NMR (CH,Cl,/CDCls, 296 K): 22.2
(q°). ""?Sn NMR (CH,Cl,/CDCl3, 223 K): -628.5 (¢, 1).

[SnF4{Cy2P(CH2)zPCy2}]: [SnF4{MéCN}2] (0.278 g, 1.00 mmol) was suspended
in CH,Cl, (10 mL), 1,2~bis(dicyclohexyiphosphanyl)ethane (0.444 g, 1.05 mmol)
in CH,Cl, (5 mL) was added. This was stirred under nitrogen for 3 h, no
precipitation had occurred so the solution was reduced to ca. 5.mL in vacuo and
then dry hexane (5 mL) was added. No significant preciﬁitate was observed so the
solvent was removed and dried in vacuo to give a white solici. Yield 0.51 g, 83%.
C33H70F4P2Sn+1/2CH,Cl, (826.1) caled. C 48.6, H 8.8; found C 49.2, H 8.8. 'H
NMR (300 MHz, CDCl3, 298 K): 6 = 1.26.-2.21 (m, CH; + Cy), 5.40 (CH,Cly)
ppm. IR (Nujol): 560(s), 530(s) v(SnF) om™. R {'H} NMR (CH,Cl,/CDCls, 298

N
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K): -113.7 (t,t), -139.5 (d,d,t). >'P{'H} NMR (CH,Cl,/CDCls, 263 K): -9.9 (t,d,d).
"9Sn NMR (CH,Cl,/CDCls, 263 K): -639.1 (L,1,1).

[SnF4{Ph,P(CH,),PPh;}]: [SnF4{MeCN},] (0.28 g, 1.0 mmol) was suspended in
CH,Cl, (15 mL), 1,2-bis(diphenylphosphanyl)ethane (0.42 g, 1.05 mmol) in
CH,Cl; (10 mL) was added and the mixture stirred for 3 h. Most of the solvent
was removed in vacuo and the white precipitate was filtered off and dried in
vacuo. Yield 0.46 g, 78%. Q26H24F4P28n.1/2CH2C12 (635.6) caled. C 50.0, H 4.0;
found C 49.6, H 3.7. '"H NMR (300 MHz, CDC'13, 298 K): 8 =2.09 (t, 1H, CHp),
5.40 (CHyClp), 7.45-7.89 (m, 5H, Ph) ppm. IR (Nujol): 566(br) v(SnF) cm™.
F{'H} NMR (CH,Cl,/CDCls, 213 K): -112.4 (t,t), -147.1 (d,d,t). >'P{'"H} NMR
(CH,Cl/CDCl3, 273 K): -17.8 (t,d,d). '"*Sn NMR (CH,CL/CDCl3, 223 K): -668.1

(t,t,0).

[SnF4{EtP(CH,),PE}]: [SInF4{MeCN}2'] (0.278 g, 1.00 mmol) was suspended
in CHxCl, (20 mL), 1,2-’bis(di‘ethylphbsphanyl)ethane (0.28 mL, 1.20 mmol) was
added dropwise and stirred for 1.5 h. The white precipitate was filtered off and
dried in vacuo. Yield 0.32 g, 80%. CoHp4FsP,Sn (400.95) caled. C 29.9, H 6.0;
found C 29.0, H 6.0. "H NMR (300 MHz, CDCl;, 298 K): & = 1.26-1.37 (m, 6H,
Me), 2.07-2.13 (m, 8H, CHj) ppm. IR (Nujol): 553(m), 526(s) v(SnF) em™.
F{'H} NMR (CH,Cl,/CDCls, 298 K): -123.8 (,t), -150.2 (d,d,t). *'P{'H} NMR
(CH,Cl,/CDCls, 273 K): -11.6 (t,d,d). '"*Sn NMR (CH,Cl,/CDCls, 263 K): -649.4

(L),

Attempted preparation of [SnF4{AsMe3}2]: Trimethylarsane (AsMe3) (0.26 g,
2.20 mmol) was added to a solution of [SnF4{MeCN},] (0.34 g, 1.00 mmol) in
CH,CI; (10.ml) and stirred under nitrogen for 2 h. This was then filtered and dried
in vacuo to give a white solid (0.35' g, 82%). 'H NMR (300 MHz, CDCl3, 298 K):
2.00 (s), 2.17 (s). IR spectrum (v(SnF)/em™): 551 br.

Attempted preparatién of [SnF4{o-CeHs(AsMey);}]: 1,2-bis(dimethylarsanyl)
benzene 0-CgHi(AsMey), (0.286 g, 1.00 mmol) was added to a solution of
[SnF4{THF}1] (0.34 g, 1.00 mmol) in CH,Cl, (10 ml) and stirred under nitrogen

for 3 h. This was then filtered and put under vacuum to give a white solid (0.25 g,
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52%).."H NMR (300 MHz, CDCls, 298 K): 1.20 (s, 12H, CH), 7.28-7.48 (m, 4H,

CsHa). IR spectrum (o(SnF)/em™): 572 br. °F{'H} NMR (CH,Cl,/CDCL, 188 K):
-138(s), -151.7 (s).

[SnCls{o-CsHy(PMe;)2}]: A solution of SnCls (0.12 mL, 1.0 mmol) in CH,Cl, (5
mL) was added to 0-CsHa(PMez); (0.198 g, 1.0 mmol) in.  CHyCl; (20 mL)
producing an immediate white precipitate. After 30 min. the solid was filtered off
and dried in vacuo. Yield 0.427 g, 93%. CioH16Cl4P2Sn (458.7) caled. C 26.2, H
3.5; found C 25.9, H 3.2. '"H NMR (300 MHz, CDCl;, 298 K): § = 1.97 (t, 2J +*Jp.
n=4.4 Hz, 12H, Me) 7.75-7.81 (m, 4H, C¢Hs) ppm. IR (Nujol): 307(s), 296(s)
w(SnCl) em™.3'P{'H} NMR (CH,CL/CDCl;, 298 K): -28.1 (s). '“Sn NMR
(CH,C1,/CDCls, 243 K): -616 (). ' '

[SnBrs{o-C¢H4(PMe,)2}]: Prepared as above yielding as a yellow solid. Yield
0.590g 93%. C1oHyeBraP,Sn (636.5) caled. C 18.9, H 2.5; found C 18.7, H 2.4.
'H NMR (300 MHz, CDCls, 298 K): 8 = 1.95 (t, 2J +*Jp.u = 4.5 Hz, 12H, Me)
7.75-7.81 (m, 4H, CeHy) ppm. IR (Nujol): 205(sh), 202(s), 199(sh), 196(s)
v(SnBr) cm™. *'P{'H} NMR (CH,Cl,/CDCl;, 243 K): -31.9 (s). '"°Sn NMR
(CH,Cl,/CDCls, 243 K): -1188 (1).

[SnIi{o-CsHs(PMey),}]: Prepared as above yielding as a brown powder. Yield
0.63 g, 76%. C1oH16l4P2Sn (824.5) caled. C 14.6, H 2.0; found C 14.6, H 19.'H
NMR (300 MHz, CDCI:;, 298 K): & = 1.83 (t, 27 +°Jp.ys = 4.8 Hz, 12H, Me) 7.75-
7.81 (m, 4H, CHy) ppm.>'P{'H} NMR (CH,CL/CDCls, 298 K): -60.4 (s). '"Sn
NMR not observ_ed.

[SnCL{Et;P(CH,):PEt,}]: SnCls (0.260 g, 1.00 mmol) was dissolved in CH,Cl,
(15 mL), 1,2-bis(diethylphosphanyl)ethane (0.245 mL, 1.05 mmol) was added and
stirred for 2 h. Immediate precipitation occurred, and the solid was filtered off and
dried in vacuo to give a white crystalline solid. Yield 045 g, 96%.
C10H24Cl4P,Sn-CH,Cl, (551.7) caled. C 23.9, H 4.8; found C 23.5, H 5.0. 'H
NMR (300 MHz, CDCls, 298 K): 6 = 1.21-1.39 (m, 6H, Me), 2.11-2.12 (m, 8H,
CH,), 5.4 (CH,ClL) ppm. IR (Nujol): 318(sh), 307(sh), 282(br) v(S'nCI) cm’.




Chapter3 | | X | 84

*'P ('H} NMR (CH,CL/CDCls, 263 K): -4.9 (s). °Sn NMR (CH,CL/CDCls, 223 -
K): -615.5 (t).

[SnCl {MeC(CH;AsMey)s}}: MeC(CHAsMe,); (0.384 g, 1.0 m;nol) was
dissolved in CH,Cl; (10 mL) under nitrogen. To this solution SnCly (0.261 g, 1.0
mmo\]) was added and an immediate white precipitate formed. This was filtered
off and dried in vacuo to give a white powder. Yield 0.21 g, 33%. '"H NMR (300
MHz, CDCls, 298 K): 8 = 1.03 (s, 6H, AsMe), 1.35 (s, 3H, CMe), 1.73 (s, 12H,
AsMe), 1.77 (s, 2H, CHy), 2.39 (d, 27 = 12 Hz, 2H, CH,), 2.54 (d, 2J=12Hz, 2H,
CH,) ppm. IR Nujol: 310(sh), 302(s), 280(sh) v(SnCl) ecm™”. '"’Sn NMR
(CH,CL,/CDCl3, 233 K): -696 (s). '

.[SnBr4{MeC(CH2AsMe2)3}]: MeC(CHzAsMéz)g (0384 g, 1.0 mmbl) was
dissolved in CH,Cl, (10 mL) under nitrogen. To this solution SnBr4 (0.438 g, 1.0
mmol) was added and an immediate yellow precipitate formed in a yellow
solution. This was filtered and the filtrate was left to stand to give yellow crystals.
Yield\0.18 g, 22%. C;1Hy7As3BrsSn (822.4) célcd. C16.1,H3.3;found C 153, H
3.1. '"H NMR (300 MHz, CDCl, 298 K): & = 1.04 (s, 6H, AsMe), 1.37 (s, 3H,
CMe), 1.70 (br, 12H, AsMe), 1.78 (br, 2H, CHy), 2,32 (br, 2H, CHy) 2.55 (br, 2H,
CH,) ppm. IR (Nujol): 215(sh), 207(s), 199(s) v(SnBr) cm”. 'Sn NMR
(CH,CL/CDCl3, 213 K): -1290 (s).

3.8 Crystallography:

The orystals of trans-[SnFe{PCys}s], [SnFe{E,P(CH2):PEL}],
[SnCl4 {Et,P(CH;),PEt;}] and [SnBrs{MeC(CH,AsMe,)3)}] were grown from
anhydrous CH,Cl, solutions layered or by vapour diffusion with n-hexane under

dinotrogen over several days or weeks.

Brief details of the data collection and refinement are presented in Table 9.
Significant time was spent on attempts to grow X-ray quality crystals of SnF,
phosphanes and arsanes by vapour diffusion and layering from CH,Cl,, Hexane,

EtOH and Et,O but only the two phosphanes were obtained.
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Table 9 Crystal data and structure refinement details.”

Compound [SnF4{Et;P(CH2),PEt2}] | [SnF4{PCys},] [SnCl4{Et,P(CH2),PEt;}] | [SnBrs{MeC(CH,AsMe;)3}]
Formula C ] 0H24F4P2 Sn C36H66F4stn C 1 0H24C14P;>_Sn ' C 1 1H27AS3B1‘4 Sn
M 400.92 755.52 466.72 822.42
Crystal system Monoclinic Triclinic Monoclinic Monoclinic
Space group C2/c(no. 15) P-1(no.2) C2/c (no. 15) | P2y/c (no. 14)
alA 8.8994(12) 8.251(2) 9.708(3) 11.371(2)
bIA 11.663(3) 9.868(3) 12.177(2) 12.839(2)
c/A 14.774(4) 11.832(4) 16.301(5) 15.227(2)
al® 90 77.192(15) 9 - 90
B/° 104.257(12) 85.601(10) 107.108(12) 1 91.731(10)
y/° 90 69.240(15) 90 - 90
U/A’ 1486.2(5) 878.3(4) 1841.7(9) 2221.9(6)
Z 4 1 4 - 4
Wmm'™ 1.956 0.864 2.122 12.766

| F(000) 800 398 928 1528
Total no. of obsns (Riny) 9486 (0.053) 18769 (0.088) 8628 (0.049) 22702 (0.064)
Unique obsns. 1708 4030 2100 5084
Min, max transmission 0.726, 1.000 1 0.778, 1.000 0.722, 1.000 0.767, 1.000
No. of parameters, restraints | 78, 0 196, 0 30, 0 179, 0
Goodness-of-fit on 1.07 1.05 1.05 1.03
Resid electron density /eA™ | —0.64 to +0.69 —0.69 to +0.97 —0.88 to +1.65 —0.91 to +0.84
R1, wR2 (I > 25(]))" 0.030, 0.053 0.051, 0.101 0.054,0.112 0.026, 0.050
R1, wR2 (all data) 0.042, 0.056 0.070, 0.108 0.092, 0.126 0.045, 0.053

® Common items: temperature = 120 K; wavelength (Mo-Ka) = 0.71073 A; O(max) = 27.5°.
®R1=3|| Fo| - [F/E[Fo. WR2= [Ew(F,’ - F)/ZwF,""2.




!

Chapter 3 ‘ ' , 86

3.9 References:

"E. W. Abel, S. K. Bhargava, K. G. Kite, V. Sik, Inorg. Chim. Acta, 1981, 49, 25-30.

2 a) S. I. Ruzicka, A. E. Merbach, Inorg. Chim. Acta, 1976, 20, 221-229; b) S. J. Ruzicka, C. M. P.
Favez, A. E. Merbach, Inorg. Chim. Acta, 1977, 23, 239-247. '

3S. E. Dann, A. R. J. Genge, W. Levason, G. Reid, J. Chem. Soc., Dalton Trans., 1996, 4471-
4478.

*S. E. Dann, A. R, J. Genge, W. Levason G. Reid. J. Chem. Soc., Dalton Trans., 1997, 2207-
2213.

> A.R.I. Genge, W. Levason, G. Reid. J. Chem. Soc., Dalton Trans., 1997, 4549- 4554

® A.R.J. Genge, W. Levason, G. Reid., Inorg. Chim. Acta, 1999, 288, 142-149.

" W. Levason, M. L. Matthews, R. Patel,'G. Reid, M. Webster. New. J. Chem., 2003, 27, 1784-
1788.

$ W. Levason, C. A. McAullffe Coord. Chem. Rev., 1976, 19, 173-185.

®N. C. Norman, N. L. Pickett, Coord. Chem. Rev., 1995, 145, 27-54.

' G. G. Mather, G. M. McLaughlin, A. Pidcock, J. Chem. Soc., Dalton Trans., 1973, 1823-1827.
' N. Bricklebank, S. M. Godfrey, C. A. McAuliffe, R. G. Pritchard, Chem. Commun., 1994, 695—
696. o

"2 ¥ Kunkel, K. Dehnicke, Z. Naturforsch. Teil B., 1995, 50, 848-850.

¥ M. F. Mahon, N. L. Moldovan, K. C. Molloy, A. Muresan, 1. Sllaghl Dumitrescu, L. Silaghi- -
Dumitrescu, Dalton Trans., 2004, 4017—4021..

14 D. Dakternieks, H. Zhu, E. R. T. Tiekink, Main Group Met. Chem., 1994, 17, 519-535.
15 K. M. Doxsee, E. M. Hanawalt, T. J. R. Weakley,. Inorg. Chem., 1992, 31, 4420-4421.
16 W. Levason, R. Patel, G. Reid, J. Organomet. Chem., 2003, 688, 280-282.

" 7P. A. W. Dean, D. F. Evans, J. Chem. Soc. (4), 1968, 1154-1166.

'8 K. B. Dillon, A. Marshall, J. Chem. Soc., Dalton Trans., 1984, 1245-1247.
1% J. Mason (Ed), Multinuclear NMR, Plenum, NY, 1987.

2 3) L. F. Warren, M. A. Bennett, Inorg. Chem., 1976, 15, 3126—3140; b) W. Levason, Comments
Inorg. Chem., 1990, 9, 331-361. :
2! R, Hoppe and W. Dihne, Naturwissenschaften, 1962, 49, 254-255.

2 R.D. Feltham, R. S. Nyholm, A. Kasenally, J. Organomet. Chem., 1967, 7, 285-288.
B H. C. E. McFarlane, W. McFarlane, Polyhedron, 1983, 2, 303-304.

% A. M. Aguiar, J. Beisler, J. Org. Chem., 1964, 29, 1660-1662.

B E.P.Kyba, S. T. Liu, R. L. Harris, Organometallics, 1983, 2, 1877-1879.




Chapter 4

87

Chapter 4

GeFy Complexes with Soft Group 15 Donor

Ligands
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4.1 Introduction:
Recent work within the group on hard O- or N-donor ligands such as

phosphane oxides, amines and diimines, with GeF4, shows the small, hard GeF4
unit has a significantly greater affinity for these ligands than the other GeX4 (X =
Cl, Bror I) amalogues.l’2 As an extension to this work, this Chapter will look at
the complexes formed with GeF4 and soft donor ligands such as those used in

Chapter 3, providing direct comparisons with the Sn(IV) analogues.

Before the recent work within the Group a few isolated studies on GeF4 with
hard N and O donor ligands had been carried out, resulting in the structural data
for [GeF4{bipy}]’ (including its SiF4 and SnF, analogues) and [GeF4{OEt,},]*
(see Figure 1).

Figure 1 Molecular structure of [GeF4{OEt,},] in the crystal as determined by low-temperature
X-ray crystallography.*

A series of phosphane oxide and other oxygen donor complexes with GeF4 was
then reported along with full spectroscopic data and structural data on
[GeF4{OPR3},] where R = Me, Et and Ph." Another series of complexes with
nitrogen donor ligands and GeF, including macrocyclic ligands again giving full
spectroscopic data and structural data on [GeFs{py}2], [GeF4{1,10-
phenanthroline} ], [GeFs{Me;N(CHz),NMe, } ] and [GeFs {Me4-cyclam}] was also
reported.
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~Both papers also described similar reactions with the other Ge(IV) halides and
supported the expected Lewis acidity trend of GeF, being the strongest Lewis
acid of any Ge(IV) halide and the lower acceptor power for Ge compared with
Sn. . * '

In marked contrast to the very extensive chemistry with d-block metals,
complexes of the p-block metals and metalloids with soft neutral ligands such as
~ phosphanes or arsanes are rare. Whilst a variety of phosphane complexes are
known for the heavier halides of Ga'™, In™, Bi'"" and Sn', little is known about
other Lewis acids in this block.>®"#%!*!! Complexes of the p-block ﬂuofides
with phosphanes are extremely rare, and apart from some very early work on
SiFs,’ the only examples are ﬁom our study of SnF4 adducts (Chapter 3),12 which
provided detailed spectroscopic and structural data on a range of complexes

including [SnF4{diphosphane}] (diphosphane = 0-C¢Hs(PR2);, R = Me or Ph;

R,P(CH,);PR,, R = Me, Et, Cy or Ph) and trans-[SnF4{PR3},] (R = Me or Cy).’

There are no reports of tertiary phosphane complexes of GeF4, and with GeCly
the reports are few and appear contradictory. Beattie'> and Ozin'* reported the
formation of trans-[GeCl4 {PMes},] and [GeX4{PMe3}] (X = Cl or Br)
respectively, by reaction of GeX4 and PMe; in the absence of a solvent, and used
detailed IR and Raman spectroscopic studies to identify the products. In contrast,
the reactions of PR3 (R = ‘Bu or iPr) with GeX, in benzene gave the redox
products [PR3X] [GeHX3].15 16,17 In.a recent study by Godfrey et al.,'® the reaction
of GeCl, with a wide range of tertiary phosphanes (PR3, R = Me, Et, "Pr; "Bu, Cy
etc) in diethyl ether solution was found to give exclusively [PRsCl][{Ge"Cls],
identified by microanalysis, >'P{'"H} NMR spectroscopy and by the crystal

structure of [P"BusCl][GeCls]. Similar redox reactions occur with primary and

secondary phosphanes, although the initial products often undergo further .

reaction with elimination of HX to form species -such as R,PGeX; or
RHPGeX;."” However, Godfrey et al.'® were able to prepare and structurally
characterise the first Ge(IV) arsane, trans-[GeCls{AsMes},] (see Figure 2).
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Figure 2 The crystal structure of the molecular germanium(IV) complex [GeCls {AsMe;} 2.8

The redox chemistry in the GeX4/PR; reactions (at least under some conditions)
contrasts with that of the SnX, systems where simple adduct formation occurs
with the majority of phosphanes and diphosphanes.g'14 It should be noted that
P'Bus and SnX, produce [PBusX][SnX;].*17

This Chapter reports the synthesis, structural and spectroscopic characterisation:

of a series of phosphane complexes of GeFs, further studies into the GeCly and

" GeBry4 reactions, and also studies of complexes of GeX4 with arsane ligands.

4.2 GeF4 Complexes of Monodentate Phosphanes:

Despite being able to use GeFy4 (a gas that sublimes at 236 K) directly in
the syntheses, a éolid pfecursor would be more convenient to handle. One
possibiiity is [GeF4{Et,0},],%° but this sublimes and dissociates at near ambient
temperatures and can only be handled under an étmosphere of Et,O. The adduct
[GeF4 {MeCN}2]2 !'is a more convenient preéursor. The [GeFs{MeCN},] is made
by bubbling GeF4 into excess MeCN at room temperature when it separates as a
white solid, which can be kept indefinitely in a glove box, although it vaporises

slowly in a dynamic vacuum.

GeF, _MCN _ [GeF {MeCN},]

Figure 3 Reaction scheme of [GeF,{MeCN},].

1 I
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The IR spectrum shows three v(CN) at 2333, 2295 and 2252 cm’ and broad
overlapping features assignable as v(GeF) at 688, 657 and 639 cm’’, suggesting a
mixture of cis and #rans isomers and too complicated for a 1:1 adduct only. In
CD,Cl, solution at ambient temperatures both the 'H and PF{'H} NMR spectra
are single lines, but at 180 K the F{'"H} NMR spectrum shows a singlet at —
- 108.2 and two rather broad triplets § = -101.2 and -134.2 (Jgr ~55 Hz)
attributable to frans and cis isomers respectively in approximate ratio 1:10,
showing the complex is ‘dynamic in solution down to quite low temperatures. The
analogous complex [GeF4{THF},]** was also produced for comparison and the
F{'H} NMR spectrum is more clearly defined even at 223 K (see Figure 4).
The IHNMR spectrum (243 K) of [GeF4{THF},] shows a broad multiplet at 2.0-
2.1 ppm for the CH, backbone of the bonded THF but two broad peaks (probably
triplets) at 4.20 and 4.31 ppm believed to be the OCH; resonances for the cis énd
trans isomers. The bidentate ether corﬁplei [GeF4{MeO(CH;),0OMe}] was also
produced and gave the expected spectroscopic results and therefore, is not

discussed further.!

ZJ(IQF-19F)

| B |

) T - T
ppm -130 P -140 -150

Figure 4 ’F{'"H} NMR spectrum of [GeF,{THF}.] (223 K, CH,CL,).
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" The reaction of [GeF4{MeCN},]' with two. mol. equivalents of PMe; in
anhydrous CH,Cl; gave [GeF4{PMe:s},] as a white, moisture sensitive powder,
only slightly soluble in - chlorocarbons. The IR spectrum of [GeF4{PMes}]

showed a broad absorption v(GeF) at 575 cm™ as expected with the trans isomer

(Eu).

The 'H NMR spectrum in CD,Cl, solution contained a single doublet at 3 = 1.46,
2Jpy = 12 Hz, the 19F{1H}- NMR spectrum is a 1:2:1 triplét at 273 K (see Figufe
5) (singlet at 298 K), and was unchanged on cooling, showing only the frans

isomer was present in detectable amounts.

2J(l9F_3lP) .

o

T ¥ 1 ¥

VI 1
pom -g5 -100

Figure 5 "F{'H} NMR spectrum of [GeF4{PMe;},] (273 K, CDCl).
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As expected, the >'P{'H} NMR spectrum is a quintet at & = —12.4 (3Jpr = 196 Hz)
(Figure 6). The corresponding reaction ﬁsing PPh; gave a white solid, trans-
[GeF4{PPh;},] which was easily soluble in chlorocarbons, but extensively
dissociated at room temperature in solution. The IR spectrum again showed a
broad absorption v(GeF) at 607 cm’ slightly shifted from the PMe; analogue.
| The 19F{IH} and *'P{'"H} NMR data were recorded at 210 K and show the
expected multiplets (similar to [GeFs{PMes}2]), but on warming >240 K the

resonances are lost. ‘
|
' |

2J(3IP_ 19F)

Em——

| | B

Figure 6 *'P{'H} NMR spectrum of [GeF, {PMe;},] (268 K, CH,Cl,).

Attempts to isolate rans-[GeF;{PCys},] were unsuccessful, the products

obtained were extremely moisture “sensitive and NMR spectroscopic studies

suggested a mixture of species was present. ' |
: !
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In view of the easy chlorination of phosphanes by GeCly (vide infra), the reaction
of [GeF4{MeCN},] with excess molten PPh; was also carried out, which
constitutes more forcing conditions. Examination of the products by >'P{'H} and
PF{'H} NMR spectroscopy revealed only frans-[GeFs{PPhs},], traces of
[GeF4{OPPhs},]' and excess PPhs, and there is no evidence for fluorination of

the ligand (to Ph;PF>).

4.3 Oxidation of GeF4 Phosphanes:

Crystal growing attempts on [GeF4{PR3}.] (R = Me and Ph) produced
single crystals which analysed by X-ray diffraction proved to be the
corresponding phosphane oxide analogues [GeF4{OPR3},] (R = Me and Ph). The
structure of [GeF4{OPMes},] (Figure 7, Table 1) was obtained from a solution of
[GeFs{PMes},] in CH2Clo,/CDCls. At the same time work on Ge(IV) halides with
phosphane oxides and related oxygen donor ligands produced single crystals of
X-ray quality." These were obtained from the direct reaction of [GeF4{MeCN},]
with 2 mol equiv. of OPMe; which proved to have the same parameters in the

unit cell as those obtained serendipitously from the phosphane.

Figure 7 View of the molecule of [GeF4{OPMes },] with the atom numbering scheme adopted.
Ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Symmetry
operation: a= —Xx,—-Yy, 1 —z.
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Table 1 Selected bond lengths [A] and angles [°] for [GeF,;{OPMe;},].'

Gel-F1 | 1.777(2) Gel-F2. 1.782(2)

Gel-O1 [ 19032) P1-O1 1531(2)
FI-Gel-F2 | 90.9 (1) FI-Gel-O1 | 90.8(1)
Fl-Gel-F2a | 89.8(1) F2-Gel-O1 | 89.0(1)
Gel-O1-P1 | 130.4(1) 01-PI-C | 108.2(1)-112.2(1)
Syrhmetry operation:a= —-X,-y, 1~z |

A solution of [GeF4{PPh3}2] in CH,Cl, exposed to dry air also deposited crystals
identified by an X-ray structure to be trans-[GeF,{ OPPhs},] (see Figure 8, Table
v2),1"a_nd since PPhj is air stable in solution, this demonstrates that the reaction
was promoted by the germanium complex. In view of the géneration of
[PR5X][GeX3] in the cases of X = Cl or Br, which could hydrolyse to OPRj, it
was important to establish - the source of the oxygen atoms incorporated.
Exposure of a solution of [GeF4{Ph,P(CH2),PPh,}] in CH,Cl, to dry 20, ('%0,
- not 100% enriched ~ 50:50 1802:]602) resulted in the slow formation of the
diphosphane | dioxide compléx (monitored in situ by 3p{'H} NMR
spectroscopy). After the reaction appeared complete the complex was
decomposed by treatment with acjueous NaOH, and separation of the organic
layer, drying and evaporation produced a white solid. The EI mass spectrum of
this solid showed a base peak at m/z = 433 and 357 corrésponding to
[thP(’80)(CH2)2P(180)PPh2—H]+ and [PhoP(*®0)(CH,),P("®0)PPh,~Ph]*, the IR
spectrﬁm showed v(PO) at 1153 cm™. The EI mass spectrum also showed peaks
at m/z = 431 and 429 corresponding to [PhyP('*0)(CH,),P(**0)PPh,-H]" and
[Ph,P('®0)(CH,),P(*®*O)PPh,—H]' as well as 355 and 353 which is
[PhoP(**0)(CH,),P(*®*0)PPh,—Ph]* and [Ph,P('°0)(CH,),P(‘*0)PPh,~Ph]*. The
PhyP('®0)(CH,),P(*®0)PPh; exhibits U(PO) at 1177 cm™, and the simple
diatomic oscillator (see below) model predicts the effect of 'O subsvti'tution will

lower this vibration to 1133 cm™".

By considering the P=O as a spring, the frequency of absorbance, v can be

" calculated:
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1 /k

V T 2 J7

where £ is the force constant for the bond, and x is the reduced mass of the P=0O

system:

mphip
s
np + Mg

(m; 1s the mass of atom 7).

If v 1P=16O) = 1177 then k can be worked out using ,u(3 1P=16O). Using
u(C'P="0) and k then gives the value of v(*'P="%0) = 1133.

Coupling with the v(PC) mode at ~1120cm ' probably causes the higher
frequency observed experimentally.”® Thus, like SnXs,'**® GeF; promotes
air/dioxygen oxidation of phosphanes (as seen in both cases), although the .

reaction is considerably slower with germanium.

C1A

F2A ks

01A

R

Figure 8 View of the molecule of for [GeF,{OPPh;},] with the atom numbering scheme adopted.
Ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Symmetry
operation:a=1-x,1-y, 1 -z
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Table 2 Selected bond lengths [A] and angles [°] for [GeF4{OPPh3}2]-2CH2C1£.

Ge-F1 1.774(1) Ge-F2 1.772(1)
Ge-01 | 1.925(2) - P1-0O1 1.522(2)
F1-Ge-F2. 89.53(6) F1-Gel-Ol 91.76(6)
F2-Gel-O1 1 90.82(6) Gel-O1-P1 142.5(1)
01-P1-C | 107.4(1)~113.51

- 4.4 GeF4 Complexes of Bidentate Phosphanes:

The reactions of [GeF4{MeCN},] with the diphosphanes RQP(CH2)2PR2
(R = Me, Et, Ph or Cy) and 0-CsH4(PR3), (R = Me or Ph) in anhydrous CH,Cl,
readily gave the cis-[GeF4{diphosphane}] as white powders, which can be
handled briefly in air with no detectable decomposition. Like the tin analogues A
(Chapter 3) the solids tenaciously retain chlorinated solvents (evident in the 'H

NMR spectra).

The complexés exhibit several strong, overlapping v(Ge-F) vibrations in their IR

spectra in the range 620—560 cm™ (Table 3).

Table 3 IR® spectroscopic data of the GeF, bidentate phosphanes

Compound .| W(Ge-F)/em™

[GeF4 {0-CsHa(PMe,),} ] 607(br), 580(sh), 567(br)
[GeF4{0-CsHa(PPhy),}) 619(s), 607(vs, br)
[GeF4{Et:P(CHz):PE) ] 605(sh), 577(vbr), 560(sh)
[GeFs(Me;P(CH)PMez}] | 565(vbr)

[GeF4 {Ph,P(CH,),PPh;}] 603(s), 586(br)
[GeF4{Cy,P(CH,),PCy,}] 592(s,vbr)

a Nujol mull.
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The [GeF4{Me,P(CH,),PMe,}] is only slightly soluble in CH,Cl; but the other
complexes dissolve easily in _chldrocarbons. The "H NMR spectra in CD,Cl, or
CDCl; solution at 295 K are simple, showing only coordinated diphosphane
ligands present. At ambient temperatures botﬁ the PF {'H} and 3 'P{'H} NMR
spectra are broad lines with ill-defined or unresolved couplings, indicative of
re\;ersible dissociation or chelate ring-opening on the appropriate‘ NMR time-
scales. On moderate cooling of the solutions (273-217 Kb depending on the
ligand present), the resonances sharpen and show the coupling patterns expected

for cis-octahedral complexes (Table 4).12




A
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Table 4 Selected NMR data for GeF, 'complexeé with phospane ligands.”

Compound - 53‘P{‘H}" | AC 8 PF{'H} 2JC'P-"F) 2J(PF-"F)
[GeF4{o-CsHa(PMen)y} ] —31.7(t,d,d) 23 ~97.2(40,~126.0d,d,t) | 77,135, 155(t) | 54
[GeF4{0-CsH4(PPhy),}] | -17.1(t,d,d) | -4 —81.9(1,t),~121.9(d,d,t) | 64, 110, 129(t) | 65

| [GeFa {Et;P(CH),PEL}] —92(td,d) " |9 |-919H,~113.6(ddt) - | 66,131, 136() |55
[GeF4{MeP(CH2),PMey}] | —24.6(t,d,d) | 23 -96.2(t,),~121.2(d,d,t) | 80, 135, 149(t) | 55
[GeF4{Ph,P(CH,),PPh;}] | -17.t,d,d) | 4 —73.7(t,1),~-110.3(d,d,f) | 64, 119,151(t) | 61
[GeF4{Cy:P(CH,),,PCy,}] —8.7(t,d,d) “11 | -812(t0),~103.1(d,dt) | 60, 121, 122¢t) | 57
trans-[GeF4{PMes},] —12.4(q%) 50 ~96.9(t) | 196
trans-[GeF, {PPh3}2]d 128 8 ~70.6(t) 180 /

2 In CH,CL-10% CDCI;.F Spectra were typically recorded-at 240 K to resolve couplings (see text). b Ligand chemical shifts are: 0-C¢Hy(PMe,), —55; 0-C¢Hy(PPhy), ~13;
Ph,P(CH,),PPh, —13; Et,P(CH,),PEt, —18; Me,P(CH,),PMe, —48; Cy,P(CH,),PCy, +2; PMe; —62; PPh; —6. © Coordination shift (Scomplex — diigand)- 4 At 190 K. Resonances
disappear >240 K. .
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The 31P{ 'HY sﬁectra are 12 liﬁe patterns (d,d,t) although some overlap is seen

depending oﬁ the coupling constants (see Figure 9).

2J(31P_ |9F)

2J(31P_ 19F)

2‘] (31P - 19FtransF)

ot

Figure 9 *'P{'H} NMR spectrum of [GeF, {o-C¢H,(PPh,),}] (223 K, CDCl).

The F{'H} NMR spectra show two resonances; a t,t (see Figure 10) for the two
axial fluorines and a d,d,t for the fluorines trans to phosphorus (similar in pattern
to that seen in Figure 9). The chemical shifts and coupl{ng constants are shown in
Table 4. Notably the spectra show no other species present in significant amounts

and are unchanged'after the solutions have been allowed to stand for several

“hours.
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2J(I9F ~ 19F)

[
-95 -96 -87

Figure 10 Partial '’F{'"H} NMR spectrum of the trans F-Ge-F environment in
[GCF4 {MC'_)P(CHz)zPMCz}] (228 K, CD2C12)

The *'P{'H} chemical shifts are very similar to those observed in the analogous
[SnF4{diphosphane} ] complexes,]2 and as in those cases the coordination shifts
A (A = dcomplex — Oligana) are irregular, although generally the stronger ¢-donor
ligands produce >high frequency coordination shifts and the weaker donor aryl-
diphosphanes low frequency shifis. Only the [GeF4{Cy,P(CH),PCy,}] does not
conform to this pattern, exhibiting a coordination shift of ~11, despite being a
strong o-donor. It is likely that steric factors from this bulky ligand on the small

- germanium centre are a major contributor here. These erratic coordination shifts
are seen in phosphane complexes of Sn'Y 312 and Gam,24’25l, but the cause is
presently unclear. ;fhe YF{'H} chemical shifts are to high ﬁequenéy of those
observed in the [SnF4{diphosphane}] an_alogues]_2 and the *Jgr and *Jpp couplings
are larger in the germanium systems. Similar 2 Jer values (SMO Hz) are found in
cis-[GeF4{OPR3},]' and in [GeF4{L-L}] (L-L = 2,2’—bipyfidyl, 1,10-
phenanthroline, Me;N(CH,);NMe,),> although rather larger values (70-80 Hz)
are seen in [GeF4 {RS(_CHZ)ZSR}] (see Cﬁapter 5).26
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Confirmation of the [GeF,{diphosphane}] constitution was provided by the X-
ray crystal structure of [GeFs{o-C¢Hs(PMe»),}] (Figure 11, Table 5). The
germanium environment is approximately octahedral with the angles F-Ge-F
slightly greater than 90°, F—~Ge-P slightly less than 90°, and P-Ge-P 85.61(4)°.
As observed in GeF; complexes with N- or O-donor ligands,l~2 Ge—Firansk

(1.809(2), 1.815(2) A) are longer than Ge—Fyransp (1.765(2), 1.772(2) A).

Figure 11 Structure of [GeF,{o-C¢H4(PMe,),}] with the atom numbering scheme adopted. H
atoms are omitted for clarity and displacement ellipsoids are shown at the 50% probability level.

Table 5 Selected bond lengths (A) and angles (°) for [GeF,{0-CsHy(PMe,),}]

Gel-F1 1.815(2) Gel-F3 1.772(2)
Gel-F2 1.765(2) Gel-F4 1.809(2)
Gel-P1 2.4273(12) Gel-P2 2.4271(11)
F2-Gel-F3 93.91(10) F2-Gel-F4 92.49(12)
F3-Gel-F4 93.18(12) F2-Gel-F1 92.76(12)
F3-Gel-F1 91.56(12) F2-Gel-P1 89.80(8)
F4-Gel-P1 87.65(9) F1-Gel-Pl 87.26(8)
F3-Gel- P2 90.70(9) F4~Gel-P2 86.77(9)
F1-Gel-P2 87.59(8) P1-Gel-P2 85.61(4)
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An X-ray crystal structure of [GeF4{Ph,P(CH,),PPh,}] (Figure 12, Table 6) was
also obtained with similar patterns of bond lengths and angles found although the
Ge-P bonds are slightly longer in the complex of the aryl-diphosphane, possibly

due to its weaker o-donation.

c7

A’f_ —

P1

g/ ; _ Gel ct

_A F4 7 |

F1 "

Figure 12 Structure of [GeF,{Ph,P(CH,),PPh,}] with the atom numbering scheme adopted. H
atoms are omitted for clarity and displacement ellipsoids are shown at the 50% probability level.
Only the ipso C atom labels are shown and C atoms are numbered cyclically round the ring
starting at the label shown.

Table 6 Selected bond lengths (A) and angles (°) for [GeF,{Ph,P(CH,),PPh,}]

Gel-F1 1.7987(14) Gel-F3 1.7731(14)
Gel-F2 1.7829(13) Gel-F4 1.7692(14)
Gel-P1 2.4636(7) Gel-P2 2.4822(7)
F4-Gel-F3 93.21(7) F4-Gel-F2 93.44(6)
F3-Gel-F2 93.44(7) F2-Gel-F1 93.02(7)
F4-Gel-F1 92.71(7) F2-Gel-P1 89.28(4)
F4-Gel-P2 90.18(5) F1-Gel-P1 83.94(5)
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F2—-Gel-P2 88.08(5) F1-Gel-P2 85.08(5)

'F3~Gel-PI 92.44(5) P1-Gel-P2 84.08(2)

4.5 GeF4 Complexes of Arsanes:

The reaction of [GeF4{MeCN};] with 0-CsHs(AsMe;); in CHzClz affords
a white solid believed to be [GeFs{0o-CsHs(AsMez)z}]. The 'H NMR spectrum in
CD,Cl; shows the 6(Me) resonance is shifted to high frequency from that in the
ligand, but the solution does not exhibit any ”F{IH} NMR resonances >220 K.
Below this temperature two triplets are present (only sharpening at 178K) (8 =
~77.7, —118.1, 2Jee = 66 Hz) with similar values to those in the
[GeFs{diphosphane}] complexes (Table 4) all pointing to typical “cis”-GeF,
units. Repeated attempts to obtain a microanalysis however, consistently yielded
low values of both C and H. There appeared to be no complex formation between
GeF; and the weaker o-donor PhyAs(CH;CH;)AsPh;. ‘Reaction with the
tridentate arsane MeC(CHzAs;Mez)3 gave a cream/white solid with IR Bands at
appropriate positions for Ge-F and no MeCN, however, the 'H NMR speétrum
showed only free ligand and ! ’F{'"H} NMR showed only a singlet (-132.1 ppm)
at 179 K. Microanaiysis again yielded low values of both C and H. '

The reaction of AsMej or AsEt; with [GeF4 {MeCN},] in CH,Cl, afforded white
solids of variable composition which were not identified, probably due to
incomplete displacement of the nitrile. Bubbling GeF, into a solution of AsMes
in n-hexane was more successful, producing a white, very moisture sensitive
solid. In solution in CD,Cl, the "H NMR spectrum at ‘243 K shows a singlet at 6
= 1.26 and some free AsMe; (8 = 0.87), whilst the corresponding ’F{'H} NMR

spectrum (243 K) contains two broad features at § = —127 and —149. On further

cooling of the solution these two resonances resolve into triplets of equal
.intensity, leading to a tentative assignment of the species present as cis-

[GeF4{AsMes},] (curiously no evidence for the frans isomer was seen). In the -
solid state the IR spectrum shows v(Ge-F) at 646, 635 and 600(sh) cm™, the

Raman has corresponding bands at 642 and 597 cm™ which are also consistent

‘with a cis isomer. Notably there are no Raman features in the region of ~500 cm™

' where the a; ¢ mode of the frans isomer is expected (cf the tertiary phosphane

i
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complexes above). Microanalytical data on the GeF4/AsR; éystems gave results
that reproducibly approxilﬁate to 1:1 compounds‘ and notably the spectroscopic
data (see Experimental Section) would be consistent with either a cis
disubstituted octahedron or an equatorially substituted trigonal bipyramid (Figure
13). Efforts to obtain crystals of the complex have been unsuccessful and so their

precise nature remains unclear. -

F F F
Fol »ASR, !
F:C‘Se,l or R3As-G?{

F AsRg F vF

Figure 13 Possible complexes formed.

Thus, although GeF; forms adducts with some arsane ligands, these appeaf
extensively dissociated in solution and far less stable than the phosphane
analogues — a pattern also observed in the SnF, systems.'2 However, while
isolation of pure complexes in the tin systems is complicated by the “SnF4”
formed on dissociation, precipitating -as polymeric [SnF4],, in the germanium
systems dissociation simply forms GeF; monomer, and the instability is therefore
a direct result of the low affinity of the hard germanium Lewis acid for the soft

arsenic centre.

4.6 GeXy Complexes of Monodentate Phosphanes and Arsgnes:

Following the successful characterisation of the phosphane adducts of
GeFy, the GeCI4/PMe3 reaction was then re-examined in an attempt to elucidate
the apparently contradictory literature,''® and found that the reports of Beattie"
and Godfrey'® are both valid, and that the species formed are extremely
dependent upon the conditions. Distillation of GeCly onto neat PMe; at 77K
followed by slow thawing gave a vigorous reaction on melting which was
moderated by judicious cooling, resulting in formation of a white powder. The
Raman spectrum of this product (Figure 14a) was in excellent agreement with
that reported by Beatti¢ with a very strong feature at 267 cm™" assigned as the aj,
vibration of rrans-[GeCle{PMes},] (lit.> 268 cm'). The values of the
corresponding vibration in the crystallographically characterised trans- -

[GeC14{AsR3}2] (see below) are also in this region. The sample was then
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dissolved in rigorously dry CH,Cl, and the mixture immediately pumped to
dryness. The Raman spectrum of this sample showed the features of the initial
spectrum and some new bands in the region below 350 cm™. The sample was
redissolved in CH,Cl,, allowed to stand for 3h and then taken to dryness. The
Raman spectrum of this sample (Figure 14b) showed loss of the 267 cm™
feature, but new medium intensity bands at 314 and 260 cm™ (and 2 others from
the catlon) which correspond to [GeCl3] ([NBU4][GeCl3] has features at 320,
255 cm™). ¥ From the comparison of the intensities of V(CH) modes (not shown)

it is clear the band in 14a is 51gn1ﬁcantly more intense than those of 14b.

500 ‘ 300 ’ 150

300
e Ramen Shit/ cm-1 he Raman Shift) em-1

Figure 14 Raman spectra of [GeCh{PMe;}z] (left 14a) and [GeCl;][PMe;Cl] (right 14b).

The reactions can also be monitored by NMR spectroscopy. The initial solid, was
dissolved in _CHZCIz at 273'K and then immediately cooled to 200 K, does not
show a 31P{'H} NMR resonance from the initial complex, but on standing a new
feature at § = +92 attributable ™ to [PMe3C1]+‘appeared. The absence of a
phosphorus resonance for the Ge(IV) complex is consistent with extensive
dissociation/fast exchange even at low temperatures. This explanation is
supported by the 'H NMR spectrum of trans-[GeCly {PMC3} 2] obtained
immediately after dissolution in CDC13 which shows a doublet at & = 2.75, 2‘JPH =
13.5 Hz (assigned to [PMe3Cl]+) and a doublet at d = 1.8, %Jon = 13 Hz for the -
Ge(IV) complex. Trace hydrolysis of the soluﬁon also produces [PMe;H][GeCl;]
§C'P) = —4.9, and from such an hydrolysed sample we ohtained crystals
identified by their unit cell as [PMe;H] [GeCl3].%

~

* The observed *'P chemical shift of “[PMe;Cl]" seems to vary with solvent, concentration and
anion, probably due to the subtle speciation involving [PMe;Cl]*, Me;PCl; and Me;PClCl forms
(see Ref. 28 and refs therein).




Chapter 4 ‘ ' 107

Hence, as described by Beattie,13 the reaction of GeCly with PMe;s in the absence
of a solvent does indeed give trans-[GeCly {PMe3}2]; but this rapidly rearranges
in solution in chlorocarbons or ethers to [PMes;Cl][GeCls], and the latter is
obtained when the reaction is performed in solution."”'® The recrystallisation of
[GeCly{PMes},] from hot GeCly was reported to give [GeCls{PMe;}] believed to
be ah axially substituted trigonal bypyramidal molecule,'* however the reported
Raman spectrum is very similar to that of [PMe;Cl][GeCls] and suggests the
latter is the correct _formulation. GeBrs and PMe; was also reacted in the absence
of solvent and a cream powder was obtained with a Raman speétrum identical to
that reported for [GeBrq{PMe3}].'* In this case also, the strongest features in the
low energy region correspond to [GeBr3]”, and on dissolution in dry CH,Cl, the

*'P{'H} NMR resonance is found at § = +68, corresponding to [PMe;Br]".

Re-examination of other tertiary phosphanes was not carried out, but it seems
likely that similar reactions would occur with initial formation of. a
tetrachlorogermanium(IV) adduct which then (especially in solution) undergoes a
redox reacﬁon to form [PR3Cl][GeCls] — in some cases the rearrangerhenf may
be so rapid that the Ge(IV) species is only a transient intermedviate. The
GeBr4/PMe; reaction appears to give [PMe;Br]{GeBr;] without any evidence that
a Ge(IV) complex is isolable. The Raman spectrum of the cream powder
produced is identical to that reportedl4 for [GeBrs{PMes}] but this also
corresponds to [GeBr3;]”. On dissolution in dry CH)Cl, the 3'p'"H} NMR
resonance is found at 6 = +V68,> probably corresponding to [PMe;Br]". In contrast,
the silicon(IV) and tin(IV) complexes are stable (although ver—)} m01:sture
sensitive) and trans-[SiCls{PMes},]>° and several SnX4-phosphane complexesg’12

have been authenticated by XFray crystal structures.

In the hope of obtaining more stable Ge(IV) complexes, the reaction of the
bidentate Me,P(CH,),PMe, with GeCls was examined under a variety of reaction
conditions (mixed in the absence of solvent, in solution in CH>Cl, or Et,0, at
room or low temperatures) and monitored reactions by in situ Jp'H} NMR
spectroscopy. The reactions are very sensitive to the conditions and resonances
due to- mono- and di-chlorinated as well as protonated phosphane groﬁps could

be identified, the relative amounts varying with conditions and reaction times,
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and with trace hydrolysis in some samples. Resonances due to
[GeCls{Me,P(CH,),PMe,}] were not unequivocally identified in the 'H or
S'P{'H} NMR spectra, although this may be due to fast dissociative ligand
exchange even at low temperature. The only species identified
crystallographically were [GeCl;]” salts with [MCQPH(CHg)szMeg]2+ or
[Me,P(O)(CH,),P(O)Me,H]" deposited over several days or weeks (Figure 15,
Figure 16, Table 7 and Table 8). It is concluded that the reactions of the
diphosphane with GeCly are similar to those with PMes;, with the

trichlorogermanate(II) as the final product.

Figure 15 Structure of one of the two cations and one of the four anions of
[Me,P(H)(CH,),P(H)Me,]|[GeCls], with the atom numbering scheme adopted. H atoms are
omitted for clarity and displacement ellipsoids are shown at the 50% probability level.

Table 7 Selected bond lengths (A) and angles (°) for [Me,P(H)(CH,),P(H)Me,][GeCl;],

Gel-Cll1 2.3000(8) Ge3-Cl7 2.318(3)
Gel-CI2 2.3087(8) Ge3-CI8 2.310(3)
Gel-CI3 2.3059(7) Ge3-CI9 2.324(3)
Ge2-Cl4 2.300(3) Ge4—CI10 2.299(4)
Ge2-CI5 2.303(4) Ged4-Cl11 2.311(4)
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Ge2-Cl6 2.283(4) Ge4-Cl12 2.285(3)

P-C(Me) 1.759(11)-1.788(13)

Cl-Gel-Cl 93.24(13)-95.08(12) Cl-Ge3-Cl 93.78(12)-95.34(13)
Cl-Ge2-Cl 95.75(13)-96.10(14) Cl-Ge4—Cl 94.71(13)-96.10(13)

The cation H atoms bonded to P were not convincingly located in later difference

electron-density maps and were introduced in calculated positions. The other

cation and anions are very similar.

Figure 16 Structure of [Me,P(O)(CH,),P(O)Me,H][GeCl3] with the atom numbering scheme
adopted. H atoms are omitted for clarity and displacement ellipsoids are shown at the 50%
probability level. H1 was identified in later electron-density maps but not refined. H1 is involved
in H-bonding O2-H1---O1” where O1” is from an adjacent molecule. Note that P2-02 is only a
little longer than P1-O1 (see Table 8).
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Table 8 Selected bond lengths (A) and angles (°) for [Me;P(O)(CH,);P(O)Me,H][GeCl3]
Gel-Cl1 2.3l000(8) Gel-CI2 2.3087(8)
Gel-C13 2.3059(7) P1-0O1 1.5147(17)
pP2-02- 1.5409(17) P-C(Me) 1.773(2)-1.784(2)
Cl1-Gel-CI2 96.76(3) Cl1-Gel-CI3 96.66(3)
C12-Gel-Cl13 95.00(3)

The ease of reduction of GeX; (X = Cl or Br) by phosphanes compared with
SnX4 or SiXs (or the relative instability of the [GeX4{PRs3},]), may be an

~ example in germanium chemistry of the lower stability of the element of Period 4

in the group oxidation state compared with analogues in Periods 3 or 5. This
effect is well known for As’, Se"' and Br'"! and is usually rationalised as the
result of increased nuclear charge from the 3d transition metals not completely

balanced by screening from the 3d electrons.!

The reaction of GeCl, with AsMes in CH,Cl, or Et;O at ambient temperatures,
produced colourless crystals of trans-[GeCls{AsMes},] which were identified by
comparison of their unit cell with the literature data (see also Figure 2)." A
similar reaction using AsEt; in CH,Cl; followed by rapid isolation of the product
gave white frans-[GeCls{AsEts},] and crystals obtained from CH,Cl, showed a

similar structure (Figure 17, Table 9).
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Figure 17 Structure of the centrosymmetric rrans-[GeCly{ AsEts },] with the atom numbering
scheme adopted. H atoms are omitted for clarity and displacement ellipsoids are shown at the

50% probability level. Symmetry operation: a = —x, -y, —z.

Table 9 Selected bond lengths (A) and angles (°) for trans-[GeCl,{ AsEt;},]

Gel-Cll 2.3296(19) Gel-CI2 2.3233(19)
Gel-Asl 2.4904(9) Asl1-C 1.930(8)-1.944(8)
Cl12-Gel-Cl1 90.67(7) Gel-As1-C 110.9(2)-116.0(2)
Cl2-Gel-Asl 87.03(5) As1-C-C 105.1(4)-106.4(4)
Cl1-Gel-Asl 88.29(5)

The centrosymmetric molecule has Ge—-As = 2.490(1) A slightly longer than that
in trans-[GeCly{ AsMes },»] (2.472(1) A). If the solution was allowed to stand for
a few days very pale yellow crystals were deposited which were identified by

their IR and Raman spectra as E[3ASC]2.3 .

The identity was confirmed by the crystal structure (Figure 18, Table 10) which
showed the expected trigonal bypyramidal geometry with similar As—CI and As—
C bond lengths to those in related compounds such as Me3AsCl, and
CygAsClg.3 334 The larger than usual ellipsoids of C2 reflects some disorder

within the structure.
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Figure 18 Structure of Et;AsCl, with the atom numbering scheme adopted. H atoms are omitted
for clarity and displacement ellipsoids are shown at the 50% probability level. Symmetry

operations:a=1-y,x-y,z;b=1-x+y,1-x,2z;c=X,Yy, —Z.

Table 10 Selected bond lengths (A) and angles (°) for Et;AsCl,

Asl-Cll1 2.382(4) As]1-Cl 1.927(6)
Cl1-C2 1.604(13)

C-Asl-C 120.0 C-Asl-Cl 90.0
Asl-C1-C2 105.4(5)

The trans-[GeCls{ AsR3},] were also made by reaction of GeCly with the ligands
in the absence of a solvent (c¢f. the GeCly/PMes reactions vide supra) and had

identical Raman spectra to samples obtained using CH>Cl, as solvent.

The Raman spectra obtained from solid trans-[GeCl4{ AsR3},] (R = Me or Et)
show very strong bands at 266 cm! (Me) or 259 cm (Et) which are assigned as
the a;, modes, but in Nujol mulls (the solids dissolve in the Nujol), the strongest
band in each far-IR spectrum is at 456 cm ' which corresponds to the t, mode of
tetrahedral GeCly,” showing that they are substantially dissociated even in this
medium. The "H NMR spectra of both complexes are little different to those of
the ligands and do not change even on cooling to 190 K, again consistent with
extensive dissociation. Upon standing, the solution of trans-[GeCls{ AsEt3},] in

CD,Cl, develops new features at 1.60 (t, 3Jun = 7.5 Hz) and 3.06 (q), which
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correspond to Et_«,AsCIz,32 conﬁrming the slow decomposition. The previous
report that no reaction occurs between GeCly and AsPh; in either CH,Cl; or Et,O
at ambient temperatures was confirmed.'® No reaction occurred with GeCls and
the diarsane PthsCHzCHQAsth, or (very surprisingly) with 0-CsHi(AsMe;),,
which suggésts that the stereochemistry at germanium also plays a role (i.e. cis
isomers are even less favoured than the frans and the normally expected greater
stability of chelate complexes is not found here). The reaction of GeBry and
AsEt; in the absence of so.ivent gave a clear \./i.scous yellow liquid with strong
bands in the Raman spectrum at 311, 267, 240 and 205 cm™ which do not
correspond with tetrahedral GeBry (328, 234 cm‘l) or to Et;AsBr;’? and when
dissolved in CD,Cl, the '"H NMR spectrum shows two broad peaks (at low
temperatures) to high frequency of Et;As indicating dissociation. On standing
peaks due to Et;AsBr, also appear.’? This suggests that the oil may be #rans-
[GeBr4{AsEt3},], égain extensively dissociated in solution (extrapblation from
the chloride suggests the Raman activev a1y Ge—Br vibration will be ~180 cm_l,

below the limit of the instrument).

These results show that weak adducts form between GeCly and AsR3 (R = alkyl)
but these are highly dissociated in solution, and slowly convert into R3AsCl,. The
slower reduction by AsRj; than by PRj reflects the relatively weaker reducing

power of the arsanes.

4.7 Conclusions: " 2 _

The Chapter has described the characterisation of the first mono- and bi-
dentéte phosphane adducts of GeF, and has shown that while GeCly forms
(unstable) complexes with some arsanes (but not others), these slowly convert
into R3AsCl,. A large amdunt of spectroscopic data on these compounds has
been obtained and comparisons have been made with the previously mentioned

tin(IV) ﬂuorides.

Structural data on two novel bidentate [GeF4{L-L}] complexes have been
obtained as well as two monodentate [GeF,;{OPR3},] obtained from the
phosphane complexes. Further structural data has been obtained proving the

formation of [GeCls{AsEt;}2] and subsequent decomposition to EtsAsCl,.
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The previously contradictory reports by Beattie'® and Godfrey”f on the formation
of trans-[GeCls{PMe;},] and [MesPCl][GeX;3] (X = Cl or Br) have been
resolved, proving that both are formed depending on conditions and that the

latter can be formed from the former in solution over a period of time.

Like its Sn equivalent GeF, is clearly shown to be the strongest Lewis acid when

compared to the other Ge(IV) halides for the phosphane compounds.

With phosphanes the reduction to Ge(Il) is usually rapid and [GeCls{PRs},]
complexeé can only be obtained in the absence of solvents. The stability of Lewis
acid-base complexes depends upon two major factors — the strength of the donor-
acceptor .bond and the energy needed to 'reorganise the tetrahedral GeX4 unit into
the four-coordinate fragment of the octahedron. The latter is constant for fixed X,
and thus the relative affinity for PR3 vs. AsRj3 (which is GeF4 > GeCly for the
phosphanes, but appears to be reversed for the arsane compounds), must mainly
reflect the difference in orbital energies and donor atom ‘softness' between P and
As. The reduction of Ge(IV) to Ge(II) is not evident in the fluoride systems, but.
is favoured for the GeCly (and GeBry) reactions. This contrasts with the
chemistry of SnX, (X = F, Cl, Br or I) all of which form phosphane adducts,
although again the affinity of SnF, for arsanes is much less than for phosphanes.
The chemistry observed with GeX, also seems to differ from the limited data

reported for the SiX4 systems.

4.8 Experimental:

See Appendix for general experimental methods. GeF4 was obtained
from Aldrich and used as received. GeCly (Aldrich) was distilled from a
mixture of CaCl,/Na,CO;, which removes traces of water and HCI. Ligands
‘not obtained from suppliers were made by literature methods: 0-CsHa(PPhy),,
Ph,P(CH;),PPh;, 0-CsHs(PMez)z, 0-CsHy(AsMey), and
Me(j(CHzAsMez)3.36’37’38’39 1,2-dimethoxyethane was dried over sodium and
freshly distilled. Much of the spectroscopic data below is included above (see

Table 3 and Table 4) in this chapter, however, for ease of use it is collected

under the compound.
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[GeF4{MeCN},}:*' GeF, was bubbled through a stirred solution of MeCN (30
mL) for 2 min. The solution was then stirred for 1 h before being left to settle.
The solvent was decanted off and the solid dried in vacuo. '"H NMR (300 MHz,
CDCl3, 298 K): & = 1.99 (s). IR (Nujol): 688(br), 657(br), 639(br) v(GeF) cm™.
Raman: 620(s), v(GeF) cm™. F{'"H} NMR (CD,Cl,, 183K): § =-101.2 (t, ZJpr ~
55 Hz), -108.2 (s), -134.2(1).

[GeF4{THF};]: [GeF4s{MeCN},] (0.62 g, 2.67 mmol) was stirred. in THF (20 ml)
for 3 h. The solvent was then removed in vacuo to leave a white solid. Yield 0.75
g, 96%. '"H NMR (300 MHz, CDCls, 243 K): 2.01-2.05 (m, 4H, CH,), 4.20-4.31
(m, 4H, OCH,). IR (Nujol): 1017(s, br), 852(s, br) v(COC), 650(vbr) v(GeF) cm’
1PR{IHY (CH,Cl, 243 K): -128.7 (t, 2Jer = 72 Hz), -130.4(s), -145.9(t).

[GeF4{MeO(CH,),OMe}]: [GeF4{MeCN},] (0.55 g, 2.38 mmol) was dissolved
in CH,Cl, (10 mL) and 1,2-dimethoxyethane (0.22 g, 2.38 mmol) added
dropwise; the mixture was stirred for 3 h at ambient temperatures. Half of the
solvent was removed in ﬁacuo and hexane (15 mL) added, stirred for a further
0.5 h. The white/cream solid produced was filtered off and dried in vacuo. Yield
0.25 g, 44%. '"H NMR (300 MHz, CDCl3, 243 K): 4.00 (s, 4H, CH,), 4.22 (s, 6H,

CH;). TR (Nujol): 671(br), 639 (br) w(GeF) em™. “F{'H} (CH,Cl,, 223K): -
1310 (t, ks = 81 Hz), -151.1 (¢, 2 = 81 Hz). |

trans-[GeF4{PMes},]: Trimethylphosphane (0.15 g, 2.0 mmol) was added
dropwise to a solution of [GeF4{MeCN},] (0.23 g, 1.0 mmol) in CH,Cl, (10

mL); the mixture was stirred for 2 h. The solvent was reduced to low volume in

vacuo and then filtered to give a white powder which was dried in vacuo. Yield
0.15 g, 48%. Required for CeH sF4GeP,+ 1/2CH,Cl, (343.5): C, 22.7; H, 5.5.
Found: C, 22.7; H, 5.6%. "H NMR (300 MHz, CDCls, 298 K): & = 1.46 (d, %/ =
12 Hz). IR (Nujol): 575(s, vbr). Raman: 508(ms) v(GeF) em™. "F{'H} NMR
(CD,Chy, 273 K): & = -96.9 (t). *'P{'"H} NMR (CD,Cl,, 253 K): & = -12.4 (¢,
2Jor = 196Hz). |
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trans-|GeF4{PPhs};]: A solution of triphenylphosphane (0.52 g, 2.0 mmol) in
CHoClz (5 mL) was added dropwise to a solution of {GeF4{MeCN},] (023g,1.0
mmol) in CH,Cl, (10 mL); the mixture was stirred for 3 h. A white precipitate
was filtered and dried in vacuo. Yield 0.60 g, 89%. Required for .
C3sH3oF4GeP; + 1/4CH,Cl; (694.4): C, 62.7; H, 4.4. Found: C, 63.0; H, 4.4%. 'H
NMR (300 MHz, CDCl;, 298 K): 6 = 7.26—7.63 (m). IR (Nujol): 607(s, vbr)
- (GeF) em™. PF{'H} NMR (CD,Ch, 223 K): § = -70.6 (t, “Jpr = 180Hz).
3P {'H} NMR (CD;Cly, 210 K): § = +2.8 (¢°).

Oxidation reactions of germanium coordinated phosphanes: A sample of
[GeF4{Ph,P(CH,),PPhy}] (0.3 g, 0.51 mmol) was dissolved in degassed
anhydrous CH,Cl, under dinitrogen in a small Schlenk tube and the solution
frozen solid at 77 K. The.system was evacuated and then filled with '*0; to 1 atm
and allowed to warm to room temperature. After 2 weeks a sample was removed
for *'P NMR study, the remaining solution waé stirred with 1M aqueous NaOH
for 30 min. The organic layer was separated, dried with molecular sieve, and then
the solution decanted off and pumped dry to give a white solid. IR (Nujol):
1153(m) v(PO) cm™". *'P{'H} NMR (CDCl;, 298 K): & = +34.0 (s) (nothing at -
13 or -17 ppm, free ligand and coordinated to GeF4 respectively). EIMS: m/z =
433 [PhﬁP('80)(CH2)2P(‘80)PPh2—H]+, 357 [PhoP('30)(CHL).P(**0)PPhy—Ph]".

[GeF4{0-CsHy(PMe,),}]: [GeF4{MeCN},] (0.23 g, 1.0 mmol) was Qissolved in
CH,Cl; (10 mL) and o-CsHa(PMe3), (0.20 g, 1.0 mmol) added dropwise; the
mixture was stirred for 4 h at ambient temperatures. Most of the solvent was
removed in vacuo and the white powder produced, filtered off and dried in
vacuo. Yield 0.32 g, 92%. Required for CioH;6F4GeP, (346.8): C, 34.6; H, 4.7.
Found: C, 34‘.9; H, 49% 'H NMR (300 MHz, CDCls, 298 K): 6 = 1.81 (t, %/
‘ +Jpy = 4.5 Hz, 12H, Me), 7.73-7.83 (m, 4H, CsHy). IR (Nujol): 607(br),
580(sh), 567(br) v(GeF) cm™. "F{'H} NMR (CD,Cl,, 273 K): § = -97.2 (t,t), -
126.0 (d,d,t). *'P{'"H} NMR (CD,Cl;, 273 K): § = -31.7 (t,d,d).

[GeF4{PhP(CH,),PPhy}]: [GeF4{MeCN},] (0.23 g, 1.0 hlmol) was suspended
in CH,Cl, (10 mL), Ph,P(CH,),PPh; (0.40 g, 1.0 mmol) in CH,Cl, (5 mL) was

added and the mixture stirred for 3 h. Most of the solvent was removed in vacuo
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(

and the white precipitate was washed with hexane (10 mL), filtered off and dried
in vacuo. Yield 0.37 g, 68%. Required for C;sH24F4GeP; (547.0): C, 57.1; H, 4.4.
Found: C, 56.2; H, 4.5%. '"H NMR (300 MHz, CDCl;, 298 K): 6 =2.71 (s, br, H,
CH,), 7.38-7.79 (m, SH, Ph). IR (Nujol): 603(s), 586(br) v(GeF) cm™'. “F{'H}
NMR (CD,Cly, 233 K): § =-73.7 (), -110.3 (d,d,t). *'P{'H} NMR (CD,Cl,, 223
K):8=-17.1 (t,d,d).

[GeF4{o-CsH4(PPh;),}]: [GeF4s{MeCN},] ‘(0.23 g, 1.0 mmol) and o-C5H4(PPh2)2
(0.45 g, 1.0 mmol) were dissolved in CH,Cl; (10 mL) and the soluﬁon was
stirred for 4 h, during which the solution bégan to turn cloudy and a white
‘precipitate formed. The precipitate was filtered off and dried in vacuo. Yield 0.25
g, 42%. Required for C3oH24F4GeP, ~>1/3CH2C12 (623.4): C, 58.5; H, 4.0. Found:
C, 58.7; H, 3.8%. 'H NMR (300 MHz, CDCl;, 298 K): & = 7.20~7.65 (m, Ph). IR
(Nujol): 619(s), 607(vs,br) v(GeF) cm™. F{'"H} NMR (CD,Cl,, 253 K): & = -
81.9 (t,t), -121.9 (d,d,t). >'P{"H} NMR (CD;Cl,, 223 K): § = -17.1 (t,d,d).

[GeF4{Me,P(CH;),PMe,}): Me,P(CH,),PMe; (0.15 g, 1.0 mmol) was added
dropwise to a solution of [GeF4{MeCN},] (0.23 g, 1.0 mmol) in CH,Cl, (10
mL); the mixture was stirred overnight at room temperature. A white precipitate
was filtered off and dried in vacuo. Yield 0.29 g, 97%. Required for
CeH 6F4GeP, 1/2CH,Cl, (341.2): C, 22.9; H, 5.0. Found: C, 22.6; H, 5.2%. 'H
NMR (300 MHz, CDCl;, 298 K): & = 1.39 (m, 12H, Me), 2.05 (m, 4H, CH,). IR
(Nujol): 565(vbr) v(GeF) em™. F{'H} NMR (CD2Cly, 217 K): 6 = -96.2 (t,1), - -
121.2 (d,d,t). *'P{'"H} NMR.(CD,Cl,, 223 K): § = -24.6 (t,d,d).

[GeF4{Et,P(CH,),PEt;}]: Et,P(CH,),PEt, (0.21 g, ‘1.0 mmol) was added
dropwise to a solution of [GeFs{MeCN},] (0.23 g, 1.0 mmol) in CH,Cl, (10
mL); the mixture was stirred for 4 h. Most of the solvent was removed in vacuo, _
the solid filtered off and dried in vacuo. Yield 0.29 g, 82%. Required for |
C10H24F4GeP, + 1/2CH,Cl, (397.3): C, 31.7; H, 6.3. Found: C, 31.2; H, 7.0%. 'H
NMR (400 MHz, CDCls, 223 K): § = 1.22-1.27 (m, 12H, Me), 1.97 (s (br), 4H, '
CHy), 2.06 (s (br), 8H, CH,). IR (Nujol): 605(sh), 577(vbr), 560(sh) v(GeF) cm™.
YE({'H} NMR (CD;Cly, 263 K): & = -91.9 (t,1), -113.6 (d,d,t). >'P{'H} NMR
(CD,yCly, 223 K): 8 =-9.2 (1,d,d).




Chapter 4 _ 118

[GeF{Cy,P(CH,),PCy,}]: 1,2-bis(dicyclohexylphosphano)ethane (0.47 g, 1.1
mmol) in CH,Cl, (5 mL) was added to a stirred solution of [GeF4{MeCN},]
(0.28 g, 1.2 mmol) in CH,Cl, (10 mL) and was stirred for 2 h. The solvent was

removed in vacuo to give a white solid which was washed with hexane (10 mL),

~ filtered off and dried in vacuo. Yield 0.43 g, 68%. Required for

CasHasF4GeP, 1/2CH,Cl, (613.5): C, 51.8; H, 8.3. Found: C, 52.0; H, 8.5%. 'H
NMR (300 MHz, CDCls, 298 K): & = 1.28-2.22 (m, CHy). IR (Nujol): 592(s, vbr)
v(GeF) em™. F{'H} NMR (CD;Cl, 253 K): & = -81.2 (1), -103.1 (d,d,1).
31p('H} NMR (CD,Cly, 223 K): 8§ =-8.7 (t,d,d).

Reaction of GeF4 with 0-CcHy(AsMe;),: 0-C¢Hy(AsMe3), (0.29 g, 1.0 mmol)
was added dropwise to a solution of [GeF4{MeCN}2] (0.23 g, 1.0 mmol) in
CH,Cl; (10 mL). The mixture was stirred for 2 h. The white precipitate was
' filtered off and dried in vacuo. Yield 0.15 g, 35%. Required for CioH6F4GeAs;
(434.7): C, 27.6; H, 3.7. Found: C, 21.7-21.2; H, 3.6-3.1% ’See text. 'H NMR
(300 MHz, CD,Cl,, 298 K): & =145 (s, 12H, Me), 7.43-7.56 (m, 4H, CsH,). IR
(Nyjol): 657(s), 629(m), 613(m), 595 (m) v(GeF) cm™. Raman: 664(w), 630(s,
br), 602(s, br), v(GeF) em ™. F{'H} NMR (CD,Cl,, 178 K): § =-77.7 (t), -118.1
(t, *Jrr = 66Hz). |

Reaction of GeF; with MeC(CH,AsMe,);: MeC(CH;AsMe,); (0.38 g, 1.0
mmol) was added dropwise to a solution of [GeF4{MeCN},] (0.23 g, 1.0 mmol)
in CH,Cl, (10 mL). An immediate precipitate formed but the mixture was stirred
for 2 h. The white precipitate was filtered off and dried in vacuo. Yield 0.26 g,
49%. Required for C\Hy7F4GeAs; (532.7): C, 24.8; H, 5.1. Found: C, 19.9; H,
4.7% See text. 'H NMR (300 MHz, CD,Cl,, 298 K): 8 = 0.95 (s, 18H, AsMe,),
1.08 (s, 3H, CMe), 1.73 (s, 6H, CHy). IR (Nujol): 650(s), 623(s), 578(s) v(GeF)
em™. PF{'H} NMR (CD,Cl,, 179K): § = -132.13 (s).

Reaction of GeF, with AsMej: GeF4 was bubbled through a stirred solution of
trimethylarsane (0.30 g, 2.5 mmol) in hexane (10 mL). A white solid precipitated
which was filtered and dried in vacuo. Required for C¢HisF4GeAs; (388.6): C,
18.5; H, 4.7. Found: C, 11.1-11.0; H, 3.2-2.8% See text. "H NMR (300 MHz,
CDCl;, 298 K): & = 1.16 (s, Me). IR (Nujol): 646(s), 635(s), 600(sh) v(GeF) cm™ .
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' Raman: 642(s), 596(s, br), v(GeF) cm™. ’F{'H} NMR (CD,Cl,, 220K): & = -
127.3 (1), -149.8 (t, %Jrp = 80Hz). The same product was isolated from reaction of
AsMes with [GeF4(MeCN),] in CH,Cl; solution.

Reaction of GeCly with PMes: In a small Schlenk tube, GeCls (~0.15 g) was
distilled in vacuo onto PMe; (0.105 g, 1.38 rﬁmol) at 77 K. The mixture was
cautiously allowed to warm and on melting immediateiy transformed into a white
solid. The Schlenk was briefly evacuated to remove any excess reagent and then
filled with dry nitrogen; the Raman ’spectrum of the solid was recorded without

removing it from the Schlenk. Raman: 267(s) v(GeCl) cm™.

The solid was then dissolved in CH,Cl, (20 mL) and the solution allowed to
stand for 3 h and then pumped dry. The solid was identified as [PMe3;Cl][GeCls].
Raman: 314(m), 260(m) (278(m) & 270(m) see text) v(GeCl) em™. *'P{'H}
NMR (CD,Cly, 298 K): 8 = +92.4 (s).

Reaction of GeBry with PMe;: Trimethlyphosphane (0.15 g, 2.0 mmol) was
added to GeBrs (0.39 g, 1.0 mmol) in the absence of a solvent and the two
. colourless liquids immediately became a white solid on contact. The Raman
spectrum of the solid was recorded without removing it from the Schlenk tube.

Raman: 235(s) v(GeBr) cm™. *'P{'H} NMR (CD,Cl,, 253 K): & = +68.2 (s).

trans-|GeCly{AsMe;s)},]: Trimethylarsane (0.341 mL, 3.19 mmol) was added to a
stirred solution of germanium(I'V) chloride (0.343 g, 1.59 mmol) in diethyl ether
(10 mL). This was stirred for 2 d before 5 mL of solvent was removed in vacuo
“and a white solid precipitated out. The solid was ﬁltered off and the filtrate was
put in a freezer for 5 d. Colourless crystals formed which were -identified by a
"unit cell determination as trans-[GeCly {Asl\/Ie3}2].18 The crystals and bulk
powder \'Jvere identical spectroscopically. IR (Nujol): 456(s) v3(GeCl) cm™.
Raman: 266(vs) aj, (GeCly) cm™.

trans-[GeCli{AsEts},]: Triethylarsane (0.388 mL, 2.76 mmol) was added to a
stirred solution of germanium(IV) chloride (0.296 g, 1.38 mmol) in diethyl ether

(5 mL). The solvent was immediately removed in vacuo to give a white solid
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.which was refridgerated. Required for Ci,H30As:Cl;Ge (538.6): C, 26.8; H, 5.6.
Found: C, 24.3, H 5.5%. 'H NMR (300 MHz, CDCl;, 298 K): & 1.15 (t, 3H
CH3), 1.42 (q, 2H, CH,). IR (Nujol): 456(s) 1)3(G-CC14) cm™'. Raman: 259(vs) ajg
(GeCl) em™. '

When dissolved in CH,Cl, or Et,O and left in a freezer for 5 days before the
solvent was removed in vacuo gave colourless crystals identified as Et;AsCly
from an X-ray structure deterrhination. H NMR (300 MHz, CDCl3, 298 K): 6 =
1.60 (t, >Juy = 7.5 Hz, 9H, CH;), 3.06 (g, 6H, CH,). Raman: 611(m), 527(vs),
413(m), 338(m), 254(vs) cm". |

Reaction of GeBr, with AsEty: Addition of GeBrs (039 g, 1.0 mmol) into
triethylarsane (0.32, 2.0 mmol) without solvent produced a clear viscous yellow
oil. 'H NMR (300 MHz, CDCl3, 223 K): § 1.26 (br, 3H CH), 2.14 (br, 2H, CHy).
Raman: 311 (m), 267 (w), 240 (s) and 205 (m) cm™.

4.9 Crystallography:

The crystals discussed in this Chapter unless otherwise stated were grown
from anhydrous CH,Cl, solutions layered or by vapour diffusion with n-hexane

under dinotrogen over several days or weeks often cooled in freezer.

The data for Et:AsCl, was collected as a monoclinic C lattice using the
automated software with B close to 90°, however inspection of .the data with
Layer4° gave an orthorhombic system as being prbbable. No satisfactory solution
emerged in any of the possible orthorhombic space groups with the initial
promising molecules failing to refine. The strategy of trying to solve the structure
in P1 was explored and the transformation matrix by good fortune produced a
cell that looked remarkably hexagonal. A solution with Z = 2 in P1 readily
followed (R1 = 0.042), but with severe correlation problems during refinement.
The triclinic’ coordinates were finally transformed to the correct hexagonal
system. The systematic absences for the transformed data gave 0001 = 2n, but it
was likely from the As positions that this was not arising from relationships

between symmetry related molecules, but rather from the difference in the z
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coordinates of these two atoms (and the other atoms). The only hexagonal space
group that would accommodate the molecular symmetry found in the triclinic
model was P—6v (no. 174). This model converged to R1 = 0.034 with 36 refined
parameters compared with 164 parameters in the triclinic model. Chemically the
two mbdels are the same, but in crystallographic terms the higher symmetry is

preferred.

Brief details of the data collection and refinement are presented in Table 11.
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Table 11 Crystal data and structure refinement details.?

Compound @eﬁ LO-C6H4(PM82M L [GGF4 {P h2P(CH2)2PPh2 } ] [GeC 14 {ASEt3L2] Et;AsCl,
Formula C10H16F4G6P2 C26H24F4G€P 2 C12H30A82C14Ge C6H15ASC12
M 346.76 546.98 538.59 233.00
Crystal system . Orthorhombic Monoclinic Monoclinic Hexagonal
Space group Pna2l (33) Cec 9 P21/n (14) P-6 (174)
alA 12.307(3) 10.6765(12) 7.849(2) 8.354(2)
blA 10.1285(10) 16.466(2) 13.643(4) 8.354(2)

c/A 10.749(3) 14.2710(16) 9.537(3) 8.629(2)

al® 90 90 90 90

pre 90 105.003(8) 93.721(15) 90

v/° 90 90 90 120

u/A’ 1339.9(4) 2423.3(5) 1019.1(5) 521.5(2)

Z 4 4 ' 2 2

wmm' 2.547 1.439 5.238 3.702
F(000) 696 1112 1536 . 236

Total no: of obsns (Rint) 8863 (0.057) 12784 (0.024) 9942 (0.079) 7342 (0.050)
Unique obsns. 2871 4506 2340 861

Min, max transmission 0.742, 1.000 0.886, 1.000 0.713,1.000 0.721, 1.000
No. of parameters, restraints | 158, 1 " 298, 2 91,0 36,2 .
Goodness-of-fit on F* 1.04 1.05 1.21 1.02

Resid electron density /eA” | ~0.53 to +0.46 —0.26 to +0.29 —0.81to +1.00 —0.47 to +0.60
R1, wR2 (I > 25(]))° 0.039, 0.070 0.022, 0.054 0.067, 0.109 0.034, 0.088
R1, wR2 (all data) 0.051, 0.074 0.023, 0.054 0.114,0.126 0.044, 0.093 -
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Compound [GeF4{OPMes},] '[GeF4{OPPh;},]*2CH,Cl, [MezP(O)(CHz)zP(O)MezH] [Me,P(H)(CH,),P(H)Me;]
. | [GeCl3] [GeCls]z

Formula C6H13F4G602P2 C36H30C14F4G602P2 C6H17C13G602P2 C5H18C15G62P2
M 332.74 874.98 362.08 510.02
Crystal system Monoclinic Monoclinic Triclinic Orthorhombic
Space group P2i/n (no. 14) P2i/n (no. 14) P-1 (no. 2) Pca2; (no. 29)
alA ] 6.319(5) 8.840(2) 9.098(2) 18.0377(13)
blA 9.574(5) 14.769(3) 9.260(2) 12.5498(9)
c/A 10.408(5) 14.174(3) 11.171(2) 16.6597(7).
a/l° 90 90 66.397(10) 90
B 96.384(5) 94.824(10) 89.283(10) 90

y° 90 90 60.695(10) 90

/A 625.8(7) 1844.0(6) 731.9(2) 3771.2(4)

Z 2 2 2 8
Wmm' 2.733 1.263 2.836 4.185

F(000) 336.0 888.0 364.0 2000

Total no. of obsns (Rix) 7381 (0.026) 16281 (0.048) 111628 (0.030) 29683 (0.202)
Unique obsns. 1438 4227 3353 8233

Min, max transmission 0.918, 1.000 0.7981, 1.000 0.842, 1.000 0.676, 1.000
No. of parameters, restraints | 73,0 232,0 132, 0 289, 1
Goodness-of-fit on 1.08 1.03 1.09 | 0.96

Resid electron density /cA” | —0.31 to +0.37 -0.56 to +0.63 —0.37 to +0.37 —(0.88 to +0.81
R1, wR2 (I > 20(]))° 0.021, 0.046 0.036, 0.074 0.028, 0.056 0.072,0.111
R1, wR2 (all data) 0.025, 0.048 0.051, 0.080 0.036, 0.059 0.208, 0.144

# Common items: temperature = 120 K; wavelength (Mo-Ka) = 0.71073 A; G(max) 27.5°.
bRy =I|| Fo| - [F/ZIFS. wR, = [EW(ES — FOYSWE, ]"2
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Chapter 5

Ligands

Complexes of SnF, and GeF, with Thioether




Chapter 5 . o 126

5.1 Introduction:
Tin(IV) halide complexes of thioethers were first reported in the

1960/70°s but were rarely characterised in detail.'” However, a series of

complexes including selenoether, thioether as well as N and O donor ligands |
with tin(IV) halides were observed using NMR solution methods. In the case of
monodentate ligands both the cis and trans isomers were observed but with a
more rapid Iigand/cdmplex éxchange noted for the cis isomer.>* Further.
experimentation into determining the DL and meso forms of selected thio- and
seleno-ethers found that at low temperatures ~-95 °C the cessation of the
pyramidal atomic inversion could be seen.’ The paper states that the chelate
complex of tin(IV) chloride with 2,5-dithiahexane t(; be either very insoluble, or
unstable in all solvents suitable for NMR spectroscopic measurements.

A number of SnX4 thioethérs have been structurally characterised.”®% 101112

Godfrey ef al” produced the first solid state structure containing both cis and

trans isomers in the unit cell. The crystal structure contained both cis and trans
[SnBrs{SMe,},] in a 2:1 ratio (see Figure 1) synthesised by oxidising tin metal

powder with two mol. equivs. of Me;SBr; in this novel synthetic route.

Previously only one isomer was observed and was found to be dependent on the

sterics of the ligand, cis coming from sterically small ligands and trans from

more bulky substituents.
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Figure 1 Structure of [SnBr,{SMe, },] showing both cis and #ans isomers."

Examples of bidentate chelation have also been achieved,'*'>'®!7 including the
normally bridging ligand MeSCH,SMe'® acting as a chelate. The DL and meso
forms of this complex are only observed as two separate signals in the 98
NMR spectra at temperatures of 180 K or below. In all of these SnX4 bidentate
thioether complexes trends of the Sn-Clyapsc) bond distances are observed to be
longer than the Sn-Clanss distance, which is mirrored in other Sn(IV) halides

complexes.

Macrocyclic thioether ligands have been shown to co-ordinate with SnXs in
various binding modes, ie trans-[SnCls{x'-1,5-dithiacyclooctane}],”

[SnCl;{1’[9]aneS;} Jo[SnCls] " and [(SnCly), {k**[18]aneSq}1".

Chapter 3 describes the first examples of donor-acceptor adducts of SnF4 with
soft ligands and this was repeated in Chapter 4 with GeF,. There are no examples

of SnF with thioether ligands in the literature.

Recent Work within the group on hard O- or N-donor ligands such as phosphane -

oxides, amines and diimines, with GeF4, shows the small, hard GeF4 unit has a
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greatér affinity for these group_s than the other GeX;s (X = Cl, Br or I).
analogues.***'*>** This, as well as the complexes mentioned in the previous
Chapter, has led to attempt further studies of GeF4 and SnF, with thioether

ligands.

This was despite earlier work focusing on complexes of SnX,; (X = Cl, Br, I)
with neutral Group 16 donor ligands, in which it was noted that neither GeCly or
SiCls showed ahy interaction with Mezs or MeS(CH3),SMe in CH,Cl, solution
by VT NMR spectroscopy.'” GeCly is also reported to be reduced to Ge(Il) by
tertiary phosphanes, giving [RsPCI][GeCl5].2** (see Chapter 4)

Furthermore, there are no documented examples of thioether adducts with any

main group metal/metalloid fluoride.

Reported below are the synthesis, spéctroscopic characterisation and crystal
structures of the first examples of Sn(IV) and Ge(IV) fluoride complexes with

soft thioether coordination.

| 5.2 SnF4 Complexes Containing Thioether Ligaﬁds:

The reaction of [SnF4{MeCN},] (1 mmol) with one mol. equivalent of
the dithioethers RS(CH,),SR (R = Me, Et and 'Pr) in anhydrous CH,Cl,, under
inert atmosphere (N) and strictly anhydrous conditions yielded {SnFs{L-L}]

complexes in moderate yields.

R R
| S CH,Cl, F.. ‘l: S
[SnF,{MeCN},] + —— F,’?n\ j
S F 7]
R R

Figure 2 General reaction scheme for [SnF,{L-L}].

For R = Et and iPr\the: reaction produced a white solid precipitate which did not
contain significant amounts of dithioether, and appears to'be largely [SnFa],

polymer from its IR spectrum (in contrast to the other tin(IV) halides which are
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tetrahedral molecules, in the solid state the structure of SnFy is based upon vertex
sharing octahedra).”® However, careful concentration of the mother liquor and
cooling to ca. ~-18°C led to formation of 'colourless crystals of
 [SnF4{RS(CH,),SR}]. Using MeS(CH,),SMe and [SnFs{MeCN},] gives
[SnF4{Me(CH,),SMe}] as a white powder, which is less soluble in
chlorocarbons than the R = Et and Pr analogues. The NMR spectroscopic
evidence described’ below shows that the [SnF4{RS(CH,),SR}] are extensively
dissociated in solution at room temperature, and it suggests that some of the
“SnF4"’ formed .in th‘is dissociation, then oligomerises to [SnFa];. | IR
spectroscopic daté shows features in the range 560—-600 cm™ (see Table 1) due to
the cis-SnF_4 fragment as expected for these complexes,”” and together with

microanalyses confirm the formulations [SnFs{RS(CH;)SR}].

r

Table 1 IR® spectroscopic data for thioether ligands coordinated to SnF, and GeF,.

Compound v(Sn/Ge-F)/em™
[SnFs{MeS(CH,);SMe}] | 588(sh), 567(s, br), 556(sh)
[SnF4{EtS(CH,),SEt}] 579, 564(br)
[SnF4{'PrS(CH,),S'Pr}] 571(s, vbr)
[GeF4{MeS(CH;),SMe}] 645(sh), 629, 614, 590(sh)
[GeF4{EtS(CH,),SEt}] . 649, 635, 620, 605(sh)

a Nujol mull.

The solubility of the complexes (R = Me or Et) in anhydrous chlorocarbons is
modest, hence the VT NMR spectroscopic studies were focused upon the much
more soluble 'Pr complex. The 'H NMR spectrum of this cqmp]ex in CD,Cl; at
25°C is simple showing single resonances for CHz, CH and Me protons only
slightly shifted to high frequency from those in the ligand, and consistent with
fast exchange/dissociation. On cooling the exchange between free and
coordinated liéand slows and at —SO°C in addition to resonances of the “free”
ligand, two doublet §(Me) resonances (Jun ca. 8 Hz) of approximately equal
intensities and associated overlapping CH; and CH multiplets are seen due to DL
and meso forms of the coordinated dithioether (see Experimental Section). No

°F {IH} NMR' spectrum of this complex in CD,Cl, was observed at ambient




Chapter 5 : 130

'

temperatures, but on cooling two broad resonances appear and at —50°C these
have resolved into two triplets 2JFF = 52 Hz with associated "9Sn and ''’Sn
satellites as two overlapping triplets either side of the central resonance '(-129.1
ppm) (see Figure 3, Table 2 and Experimental Section). The ''*''$n-'°F
coupling constants are rather larger for the Sn—Fiansr than Sn—Fianss, are similar ‘
in magnitude to those observed in tin(IV) fluoride complexes with diphosphane
ligands, and larger than those in complexes of diamines, ethers or phosphane

oxides (see previous chapters).

Table 2 Selected NMR spectroscopic data for SnF, and GeF, thioether donor complexes.”

Compound & PF{H}® | U(®F-"PSn) (Hz) | J(®F-PF) (Hz)
[SnF4{MeS(CH,),SMe}] | -133.1(t) 2662 53
_159.5(t) 2221
[SnF,{EtS(CH,),SEt} ] —131.6(t) 2652 53
1542 2339
[SnF4{PrS(CH,),S'Pr}] —129.1(t) 2648 52
| | —150.4(t) 2246
[GeF4{MeS(CH,),SMe}] | —87.0(t) n/a 77
~123.0(t)
[GeF4{EtS(CH,),SEt}] —85.6(1) n/a 74
;117.9(t)

% In CH,Cl,-10% CDCl,. ” See experimental for temperatures.
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PR v o gt v —r e e T T S S
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Figure 3 Partial ’F{'"H} NMR spectrum of [SnF,{'PrS(CH,),S'Pr}] (223 K, CH,CL).

Attempts to observe a %gn NMR spectrum of this complex even at low
temperatures were unsuccessful; it may be that the complex is still undergoing
some dynamic processes on the tin NMR timescale, but it seems more likely the
failure is due to a combination of the modest sensitivity of the "98n nucleus (R°
=.25), the multiplet splitting expected (7,) and the rather poor solubility of the

complex at low temperatures.

The 'H and ""F{'H} NMR spectra of [SnF;{RS(CH),SR}] (R = Me or Et) were
analogous to those of [SnF4{PrS(CH,),S'Pr}], but the poor solubility hindered

low temperature studies, and the invertomers were not identified.

Conﬁrmatidn of the form;ﬂations follows from X-ray crystal structure
determinations for [SnF4{RS(CH:),SR}] (R = Et - and Pr). The
[SnF4{EtS(CH,),SEt}] structure (Figure 4, Table 3) shows a distorted octahedral
coordination environment at Sn, giving the DL isomer with d(Sn—S) 2.5849(6)
and 2.6026(6) A, this is slightly shorter than the Sn—P distance of 2.606(1) Ain
[SnF4{Et,P(CH,),PEt;}]. The Sn-F bond distances are also shorter in this
compound than the phosphorus analogue beirig 1.9298(13) — 1.9540(12) A
compared with 1.953(2) — 1.986(2) A and the trend of Sn~Fyanse  being
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significantly longer than Sn—Fa,ss is also maintained. The S—Sn—S chelate angle

is 84.73(2)".

6 F4

Figure 4 Structure of [SnF,{EtS(CH,),SEt}] showing the atom numbering scheme. Ellipsoids
are drawn at the 50% probability level and H atoms omitted for clarity.

Table 3 Selected bond lengths (A) and angles (°) for [SnF,{EtS(CH,),SEt}]

Snl—F1 1.9540(12) Snl-F2 1.9490(12)
Snl-F3 1.9298(13) Sn1-F4 1.9352(12)
Sn1-S1 2.5849(6) Sn1-S2 2.6028(6)
S1-Sn1-S2 84.732(19) F1-Snl-F2 173.62(5)
F3-Snl1-F4 97.48(6)

The structure of [SnF4{PrS(CH),S'Pr}] (Figure 5, Table 4) is similar, with
d(Sn-S) = 2.5844(7) A and the S—Sn—S chelate angle is 86.37(3)° which is now

closer to 90°.
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Figure 5 Structure of [SnF,{PrS(CH,),S'Pr}] showing the atom numbering scheme. Ellipsoids
are drawn at the 50% probability level and H atoms omitted for clarity.

Table 4 Selected bond lengths (A) and angles (°) for [SnF, {PrS(CH,),S'Pr}]

Sn1-F2 1.9341(13) Snl-F1 1.9464(13)
Sn1-S1 2.5844(7) S1-Snl-Sla 86.37(3)

F1-Snl-Fla | 169.63(8)

Symmetry operation: a=—X, y, 3/2 — z.

Attempts to prepare a complex of [9]aneS; with tin(IV) fluoride were
unsuccessful. A solution of [SnF4{MeCN},] in CH>Cl, treated with [9]aneS;,
initially precipitated “[SnF4],”, and on concentration of the mother liquor,
[9]aneS; crystallised out. No convincing F{'H} resonances were seen from the
mother liquor even at low temperatures. This behaviour contrasts with that of
SnCly which forms the structurally characterised [SnCls{[9]aneS;}]>SnCls.”®
[9]aneS3; wants to bond facially > but unlike SnCly its is unable to break an Sn-F
bond to achieve this and x* is not stable enough which allows [9]ansS; to

crystallise out.
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The addition of excess Me;,S to a solution of [SﬁF4 {MeCN},] in CHyCl, gave a
clear solution which did not exhibit a ]9F {'H} NMR spectrum at room
temperature, but at 0°C three broad singlets appeared, and on further cooling to
—60°C these resolved into two triplets and a singlet, each with LGN satellités
[6 = —138.5 (z, 2J("°F-"°F) = 55 Hz, 'J(""*Sn-"F) = 2703, 'J(""’Sn-"°F) = 2583
Hz; &=-174.3 (¢, 'J('PSn-"F) = 2263, 'J('""Sn-"°F) = 2162 Hz; §5=-145.8 (s,
L("1°8n-19F) = 2547, 'J(''Sn-""F) = 2437 Hz] consistent with [SnF4{SMe,},],
with an approximate cis:trans ratio of 6:1. Evaporation of this solution under
reduced pressure resu]teq in precipitation of a white, largely ligand-free, solid,
and the complex has not been isolated. This contrasts with [SnX;{SMe;},;] (X =
Cl or Br) which are readily isolated and are fully characterised both structurally
and spectroscopically.15 2930 This could be explained by SnF,4 being harder than
the Cl or Br equivalents and therefore it bonds very weakly with the soft ligand
and significant dissociation occurs in solution so that under vacuum the ligand is

pumped away.

15,29,30

A range of thioether adducts of SnCly and SnBrs are known (the only

isolated Snl; example is the purple insoluble [Snls{[9]aneS;}], although
[Snl4{MeS(CH;),SMe}] have been detected in solution at low temperatures by
"5 "NMR spectroscopy).]5 A
[SnXs{RS(CH;,),SR}] (X = F, Cl or Br; n = 2 or 3) shows a small increase in
d(Sn-S) as the halogen changes YF (2.584(1)-2.603(1) A) — Cl (2.619(2)-

2.677(2) A) — Br (2.700(7) A), the same trend seen in complexes with hard N-

Comparison of X-ray structural data on

or O-donor ligands and softer phosphane ligands described in previous chapters,
consistent with th¢ fluoride being the strongest Lewis acid towards the
dithioethers. Comparing the solution NMR spectroscopic data is less definitive
'mainly due to the tendency of the fluoride adducts to deposit SnF4 polymer. It is
clear that the [SnX4{RS(CH2):SR}] (X = Cl or Br) are also undergoing rapid
exchange in solution at ambient temperatures and on cooling the resonances
sharpen and split as exchange slows and invertomers are seen.'® However, in

these cases dissociation produces the tetrahedral molecular SnX,4 which remains ‘
in solution. The VT NMR results suggest that the binding of the dithioethers in

solution is SnF4 ~ SnCly > SnBrg >> Snly.
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5.3 GeF4 Complexes of Thioethers:
As mentioned in Chapter 4 [GeF4s{MeCN},] is a convenient synthon for

Ge(IV) chemistry and so the reaction of [GeF {MeCN};] (1 mmol) (see Chapter
4) with 1 mol. equivalent of the dithioethers RS(CH;),SR (R = Me and Et) in
anhydrous CH,Clp, under inert atmosphere (N,) and rigorously anhydrous
~ conditions yielded [GeF4{L-L}] complexes in moderate yields. The products are
extremely moisture sensitive and hence all measurements used.freshly, prepared
crystalline samples handled in a dry-box under N,. It was also noted that
pumping the reaction mixtures or isolated solids in vacuo led to complete
evaporation of the products. [GeF;{MeS(CH,),SMe}| seams particularly
unstable and on standing, (under Nj) gains a grayish/pink tinge from the

expected colourless/white crystals.

/R /R
: S CHZC|2 ) F, lF ,_/’S
[GeF {MeCN},] + j _— F ,'Clae\ :I
| s_ F g
R R

Figure 6 General reaction scheme for [GeF4{L-L}].

The IR spectra of these complexes show features in the range 600-650 cm™ (see
Table 1) assigned to the cis-GeF, fragment (slightly higher v than in cis-SnF4) as
expected for these complexes, (see Chapter 4) and together with microanalyses

confirm the formulations [GeF4{RS(CH;),SR}].

Variable temperature 'H NMR spectra of these compounds in rigorously dry
CD,Cl, showed extensive ligand dissociation at 25°C,. although cooling led
initially to broadening of the spectra and then (ca. ‘—SO°C) to individual
resonances corresponding to the ‘free’ and coordinated dithioether (even at
—90°C only one form of coordinated ligand is observed — either the cc;mpounds
are still undergoing rapid pyramidal inversion, hence individual resonances for

the meso and DL diastereoisomers are not apparent, or only one form is present

* Work in section 5.3 done in collaboration with Dr W. Zhang with the synthesis being done
exclusively by Dr. W. Zhang.
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in observable amounts). At 25°C the '’F{'H} NMR resonances are not observed
- but on cooling the solutions, ill-defined, broad resonances appear, which sharpen
and split on cooling further to give two well-defined triplets. The 19Fb{ 'H} NMR
shifts are to high frequency of those for GeF4 complexes with O- or N-donor
ligands such as phosphane oxides, ethers or amines,”’ reflecting the more
deshielded nature of the GeF; unit coordinated to the weaker o-donor thioether. -
We also note that the F-F coupling constants in the GeF, thioether complexes
are larger than those in the phosphane oxide, diamine or diimine complexes (ca.

55-65 Hz) and those of the equivalent SnF4 complexes.

The identities of the products as [GeFs {RS(CH)2SR}] (R = Me or Et) have been
. authenticated by crystal structure determinations (Figure 7, Figure 8, Table 5 and
* Table 6) each of which reveals a ’distorted octahedral environment at Ge through
coordination to four fluoride ligands and two sulfur atoms from a chelating
dithioether. Both complexes adopt the ’DL-conﬁguration with one R group above
and éne below the GeF,S; coordination plane. The Ge—S bond distances lie in
the region 2.43-2.49 A, the rather long distances indicating weak association of
the thioether donor atoms. The S—Ge~S chelate angles are 87.26(2) and 86.55(3)°
respectively. There is a disparity between the Ge—Ftr;msp and Ge—Fanss bond:
distances, with the former ca. 0.02 A longer, consistent with the order of frans
influence of F > S in these species. Comparison of the Ge—F bond lengths with
those in O- or N-donor ligand ~(:omplexes shows little difference, confirming the

Ge-F as the dominant interactions with much weaker secondary bonding of the

sulfur.
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Figure 7 Structure of [GeF,{EtS(CH,),SEt}] showing the atom numbering scheme. Ellipsoids
are drawn at the 50% probability level and H atoms omitted for clarity.

Table 5 Selected bond lengths (A) and angles (°) for [GeF4{EtS(CH,),SEt}]
Gel-F2 | 1.7507(16) | Gel-F3 | 1.7561(16)

Gel-Fl1 1.7714(15) | Gel-F4 1.7761(15)
Gel-S1 2.4611(8) Gel-S2 2.4903(8)

F2-Gel-F3 | 97.76(8) | F2-Gel-F1 | 94.23(7)
F3-Gel-F1 | 93.40(8) | F2-Gel-F4 | 92.52(7)
F3-Gel-F4 | 92.40(8) | FI-Gel—-F4 | 170.42(7)
F2-Gel-S1 | 87.88(6) | F3-Gel-S1 | 173.77(6)
F1-Gel-S1 | 83.49(6) | F&-Gel-S1 | 89.98(6)
F2-Gel-S2 | 173.37(6) | F3-Gel-S2 | 87.98(6)
F1-Gel-S2 | 88.71(5) | F4-Gel-S2 | 83.88(5)
S1-Gel-S2 | 86.55(3)
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The crystal structure of [GeF4{EtS(CH),SEt}] is isomorphous with its Sn
analogue (vide supra) and shows (Figure 7, Table S) a distorted octahedral
coordination environment at Ge, giving the DL isomer, with similar trends in
bond distances and angles, and d(Ge—S) ca. 0.15 A shorter than d(Sn—S),
consistent with the decreased radius of Ge(IV) over Sn(IV), and the S—Ge-S

chelate angle is 86.55(3)°.

Figure 8 Structure of [GeF4{MeS(CH;),SMe}] showing the atom numbering scheme. Ellipsoids
are drawn at the 50% probability level and H atoms omitted for clarity.

Table 6 Selected bond lengths (A) and angles (°) for [GeF,{MeS(CH,),SMe} ]
Gel-F3 1.7487(14) Gel-F2 1.7592(15)

Gel-F4 1.7734(14) | Gel-F1 1.7764(14)
Gel-S1 2.4334(7) Gel—S82 2.4728(7)

F3—-Gel-F2 | 95.87(7) | F3—-Gel-F4 | 92.89(7)
F2-Gel-F4 | 93.65(7) | F3-Gel-F1 | 92.07(7)
F2-Gel-F1 | 93.70(7) | F4-Gel-F1 | 170.67(6)
F3-Gel-S1 | 175.15(5) | F2-Gel-S1 | 87.93(5)
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F4-Gel-S1 | 89.87(5) [F1-Gel-S1 | 84.66(5)
F3-Gel-S2 | 89.12(5) | F2-Gel-S2 | 174.15(5)
F4-Gel-S2 | 83.01(5) | F1-Gel-S2 | 89.17(5)
S1-Gel-S2 | 87.26(2)

The structure of [GeF4{MeS(CH;),SMe}] (Figure 8, Table 6) is similar with the
S—Ge-S chelate angle is 87.26(2)°.

5.4 Conclusions:
Despite these complexes being extremely moisture sensitive and

requiring very low temperatures to observe their NMR spectra, described here
are the first authenticated examples of main group metal/metalloid fluoride
complexes containing soft thioether ligands and also the first thioether adducts of

Ge.

The results demonstrate, as in previous chapters, that molecular [SnFs{MeCN},]
and [GeF4;{MeCN},] are useful synthons to allow entry into these extremely
unusual soft/hard donor/acceptor adducts. The absence of any evidence for
adduct formation using GeCly with similar thioether ligands%’25 shows that GeF,
is a significantly better Lewis acid even towards soft donor ligands, and might
provide a starting point for development of a substantial ‘new coordination

chemistry for germanium(IV).

5.5 Experimental:

See Appendix for general experimental methods. GeFs and SnF, was
obtained from Aldrich and converted into [GeF4{MeCN},] (see Chapter 4) and '
[SnF4{MeCN},] (seeb Chapter 2). Me,S (Aldrich) was dried over molecular
sieves. The dithioethers were made as described® and stored over molecular
sieves. Much of the spectroscopic data below is included above (see Table 1 and
Table 2) in this chapter, however, for ease of use it is collected under the

compound.

[SnFs{MeS(CH,);SMe}]: MeS(CH,),SMe (0.12 g, 1.00 mmol) was added
dropwise to a solution of [SnFs{MeCN},] (0.278 g, 1.00 mrhol) in CH,Cl, (10
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mL) and stirred for 0.5 h. Some white precipitate formed; the solution was
decanted off, and was left in the freezer for one week, when it deposited a white
powder, which was collected by filtration and dried in vacuo. Yield 0.22 g, 69%.
C4H10F4S,Sn (316.94): caled. C 15.2, H 3.2; found C 14.9, H 2.4. "TH NMR (300
MHz, CDCl;, 298 K): & = 2.11 (s, 6H, Me), A2.6_9 (s, 4H, CH,); no change at
reduced temperatures. IR (Nujol): 588(sh), 567(s, br), 556(sh) v(SnF) cm™.
“F{'H} NMR (CH,CL/CD,Cl,, 193 K): § = ~133.1 (t, 'J(""*Sn-"F) = 2662,
S0 9F) = 2542 Hz), —159.5 (t, 'J(Sn-"F) = 2221, 'J("7$n-1%F) = ~2070,
2J(19F.1F) = 53 Hg). |

[SnF4{EtS(CH2)2SEt}]: [SnF4{MeCN}2] (0.278 g, 1.00 mmol) \-'vas added to a
solution of EtS(CH;),SEt (0.34 g, 2.30 mmol) in CH>Cl; (10 mL) and stirred for
1 h. A small amount of white precipitate was produced and the reaction mixture
was left in the freezer for 2 weeks where a few colourless’crystals grew on the
walls of the Schlenk tube which were removed for crystal structure analysis. The
solution was then decanted off and the solvent was concentrated in vacuo to give
a white solid which was collected by filtration and dried in vacuo. Yield 0.18 g,
52%. CeH14F4S,Sn (344.99): caled. C 20.9, H 4.1; found C 20.1, H 4.5. '"H NMR
(400 MHz, CDCls, 298 K): § = 1.21 (t, 6H, Me), 2.53 (q, 4H, .CHz), 2.68 (s, 4H,
CHy); (CD:Cly, 183 K): 6 = 1.17 (t, Me, frée L-L), 1.38 (t, Me, coordinated
L-L), 2.50 (g, CHy, free L-L), 2.64 (s, CHy, free L-L), 2.78-3.01 (m, CH; and
CH,, coordinated L-L). IR (Nujol): 579, 564(br) v(SnF) cm™’. F{'H} NMR
(CD,Cly, 203 K): 8 = —131.6 (t, 'J(*¥Sn-""F) = 2652, 'J("""Sn-"°F) = 2533 Hz),
~154.2 (t, 'J("°Sn-"°F) = 2239, 'J("V'Sn-°F) = 2143, 2J(*°F-"°F) = 53 Hz).

[SnF4{PrS(CH2),S'Pr}]: 'PrS(CH,),S'Pr (0.16 g, 0.90 mmol) was added
dropwise to a solution of [SnF4 {MeCN}z] (0.25 g, 0.90 mmol) in CHxCl, (10
mL) and stirred for 0.5 h. A small amount of white precipitate was present; the
solution was left in the freezer for 1 week. Some crystals grew on the walls of the
Schlenk tube (collected for structure determination). The solution was then
decanted off and reduced in vacuo to give a white solid. Yield 0.22 g, 64%.
CsH1gF482Sn-2CH,Cl, (542.94): caled. C 22.1, H 4.1; found C 21.6, H 4.3. q
NMR (400 MHz, CDCls, 298 K): 6 = 1.24 (d, 12H, Me), 2.69 (s, 4H, CH,), 2.93




Chapter 5 ‘ 141

(s, 2H, CH); (CDyCl,, 203 K): & = 1.25 (d, Me, free L-L), 1.36 (d, Me,
coordinated L—L), 1.49 (d, Me, coordinated L-L), 2.63 (s, CHy, free L—L),v2.83-
2.94 (m, CH,, coordinated L-L), 2.88-2.99 (m, CH, free L-L), 3.52-3.70 (m,
CH, coordinated L—L). IR (Nujol): 571(s, vbr) v(SnF) cm”'. Raman: 608, 576
em™. PF{'H} NMR (CD,Cl,, 223 ’K): & = -129.1 (t, U(*"Sn-"F) = 2648,
(VSn-"F) = 2564 Hz), ~150.4 (t, 'J('PSn-1F) = 2246, J(*'Sn-"F) = 2148,
2J("F-'°F) = 52 Hz).

[GeF4{EtS(CH,),SEt}]: The ligand.EtS(CHg)stt (0.018 g, 0.12 mmol) was
added to a solution of [GeF4{MeCN},] (0.023 g, 0.10 mmol) in CH,Cl, (15 mL)
at room temperature with stirring. After stirring for 10 min, the volatiles were
evaporated slowly from the static solution which gave colourless crystalline
solid. Yield 0.033 g, 86%. CsHi4F4GeSz-CH,Cl, (383.84): caled. C 21.9, H 4.2;
found C 22.4, H4.5. 'H NMR.(4OO MHz, CD,Cl,, 298 K): & = 1.35 (t, 6H, Me),
2.77 (q, 4H, CH,), 2.98 (s, 4H, CHz); (203 K): & = 1.16 (t, Me, uncoordinated
L—L),'1.34 (t, Me, coordinated L—L), 2.52 (q, CH;, uncoordinated L-L), 2.64 (s,
CH,, unc_bordinated L—-L), 2.94 (g, CH3, coordinated L—L), 3.29-3.41 (m, CHy,
coordinated L—L). IR (Nujol): .649, 635, 620, 605(sh) v(GeF) cm™'. Raman: 652,
633, 620, 598 v(GeF) cm™. “F{'H} NMR (CD;Cl, 223 K): & = —85.6 (t),
~117.9 (t, 2Jpr = 74 Hz). '

[GeF4{MeS(CH,)SMe}]: Was made analogously to the EtS(CHz)ZSEt complex
above, but using more CH,Cl, (25 mL) due to the lower solubility of the target
complex. 2,5-Dithiahexane (0.015 g, 0.12 mmol) was added to a solution of
[GeF4 {MeCN}é] (0.023 g, 0.10 mmol) in CH,Cl, (40 mL) at room temperature
with stirring. After stirring for 10 min, the volatiles were evaporated slowly from
the static solution to give a colourless crystalline solid. Yield 0.018 g, 66%. 'H
NMR (400 MHz, CD,Cl,, 298 K): & = 2.15 (s, 6H, Me), 2.72 (s, 4H, CH3); no
change at reduced temperatures. IR (Nujol): 645(sh), 629, 614, 590(sh) v(GeF)
cm™'. Raman: 651, 642, 615, 589 v(GeF) cm™. F{'H} NMR (CD.Cl,, 223 K):
& =~87.0 (1), =123.0 (t, 2Jpr = 77 Hz). - |
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5.6 Crystallography.
The ‘crystals of [SnF4{EtS(CH,),SEt}], - [SnF4{'PrS(CH,),S'Pr}],

[GeF4{EtS(CH2),SEt}] and [GeFs{MeS(CH;),SMe}] were grown from
anhydrous CH,Cl, solutions vapour diffusion with »-hexane under dinotrogen or

slow evaporation over several days or weeks.

Brief details of the data collection and refinement are presented in Table 7.
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Table 7 Crystal data and structure refinement details.’

Compound [SnF4{EtS(CH,),SEt}] | [SnF4{PrS(CH,),S'Pr}] [GeF4{EtS(CH,),SEt}] | [GeF4{MeS(CH,),SMe}]
Formula C6H14F4SZSI‘1 ,C8H13F4SZSH C6H14F4GCSZ C4H10F4GCSz '
M 344.98 373.03 298.88 270.83

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c (no. 14) C2/c (no. 15) P2,/c (no. 14) P2y/n (no. 14)
alA : 11.093(2) 10.540(3) 10.9011(15) . 7.1148(10)

b/A 8.4148(15) ] 7.573(2) 8.5151(19) 11.1822(15)
c/A 12.276(2) 17.642(5) 11.935(3) 10.9875(15)

al° 90° 90 90 90

p/° 100.627(7) 97.456(10) 101.202(10) 98.884(10)

y/° 90° 90 90 90

U/A’ 1126.2(3) 1396.2(6) 1086.7(3) 863.7(2)

Z 4 4 4 : 4

w/mm’ 2.649 2.144 3.212 4.030

F(000) 672.0 736.0 600.0 536.0

Total no. of obsns (Rixt) 11875 (0.024) 7267 (0.025) 13998 (0.053) 10496 (0.027)
_Unique obsns. . 2579 1598 2474 1981

Min, max transmission 0.897, 1.000 0.804, 1.000 0.750, 1.000 0.891, 1.000
No. of parameters, restraints | 120, 0 69, 0 N 118,0 100,-0
Goodness-of-fit on F~ 1.066 1.121 1.026 1.093

Resid electron density /eA” | -0.397 to +0.433 -0.397 to0 +0.377 -0.657 to +0.512 -0.458 to +0.376
R1, wR2 (I > 20(]))° 0.018, 0.036 0.019, 0.038 0.031, 0.077 0.026, 0.065
R1, wR2 (all data) 0.020, 0.038 0.022, 0.039 0.041, 0.082 0.031, 0.069

® Common items: temperature =

120 K; wavelength (Mo-Ko) = 0.71073 A; 6(max) = 27.5°. ® Rl = I|| F| — [FJ/ZIF,.

wR2 = [Iw(F: — FHYEwF, "
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Chapter 6

Synthesis of Acyclic As,O ligands and
Attempted Synthesis of Arsane Macrocycles
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6.1 Introduction:
As has been stated in Chapter 1, the macrocyclic effect describes the

increase in stability when you go from complexes of open chain polydentate
ligands to the closest analogous macrocyclic ligand complexes. This Thesis has
only covered some high dilution cyclisation reactions but equally template
synthésis could also work but is not discussed further. The formation of
macrocycles is generally more problematic than their corresponding acyclic
derivatives and arsenic macrocycles even more so, due to synthetic difficulties
encountered in arsane ligand synthesis.’

The idea behind high dilution methods is that by dramatically reducing thé
concentrations of the reagents, there is a very 15\;v probability of multiple
precursor molecules being closé enough to form a polymer, hence favouring the

cyclisation reactions.

Background-prior knowledge

A small number of reviews have covered macrocyclic arsanes along with the
more common phosphane equivalents,>’ the most recent of which came from W.
Levason and G. Reid.* These contained reports on a small number of
macrocyclic .ligands mainly from the work of Kyba et al > (Figure 1) and a
very useful paper in respect to this Chapter' on making a small number of arsane
macrocycles from different starting synthons.® An earlier report on rings
containing two arsane donors also exists.” These works contain no reports of
macrocyclic arsane complexeé with p-block metals or with phosphane
macrocycles for that matter, but do contain a few examples of their complexes

with transition metals (that were only used to deduce the stereochemistries of the

ligands.®
As-Li ¢ AsT Sas AsC
?\S‘Li cl A ' U

Figure 1 Synthesis of a 14-member tetradentate ring.”
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An interesting paper describes the synthesis and separation of the racemic and
meso isomers of linear tetradentate arsanes,' a number of which are the
analogues of the macrocycles prepared by Kyba’ and these analogous ligands

would be ideal in testing the macrocyclic effect of arsanes.

The problems in making arsane macrocycles include, the volatility and toxicity
of the arsenic-containing precursors, as well as the high energy barrier to
inversion at arsenic (167.4 kJmoi"),” which means that numerous stereoisomers’
may be formed upon cyclisation, which cannot be interconvérted or easily
separated.>* Perhaps highlighting the difficulties involved in synthesising As
macrocycles is the fact that there are still no known examples of the other Group
15 element donors (stibane or bismuthane) incorporated within macrocyclic

- ligands.

There are also a number of literature reports on synthesising a range of arsane
containing ligands that have been used within this Chapter. These were used to
produce the starting materials and intermediates required before the cyclisation
step could be attempted. A number of these intermediates can be seen in Figure

2.

There are also various cyclic polyarsanes with As-As bonds, references to which
are contained within Reéf. 12 along with a review of the arsenic-arsenic bond
distances. During this work a crystalline solid was obtained, but proved to be the

‘previously been reported cyclo-(AsPh)s and is not discussed further.'
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HCUKI /!
Me,AsO,Na.3H,0 —As Ref. 13, 14
SO, \|
/H .
? HCl pet
,?\s:O —_— A{s, Ref. 15, 16
o SO, cl
\
‘ H
H
/Cl (Me0),80, <|)
A\s_ _—- As:=0O
cl NaOH,, |
HCI @ o
— -~ As
so, \
KI /!
—_— —As Ref. 17, 18
Acetone \
Cl LiAIH, H
A\s —_— - A\s Ref. 19
cl Et,0 H
oLi ;
Ph,As ——» Li—As -Ref. 20
THF ‘

O

Figure 2 Production of MeAsl,, PhAsCl,, PhMeAsO,H, MePhAsl, L1AsPh2 and PhAsH, (see

experimental).

13,14,15,16,17,18,19,20
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Benzo-Me,-[9]-ane-As,O

\ .
As/\
C[ O \1 ,7-dimethyl-1,2,3,5,6,7-hexahydro-4,1,7-benzoxadiarsonine

As
/ \/ [O~CSH4(ASM9(CH2)2’)zO]
,/\O . " Me-[9]-ane-AsO,
—As j 1-methyl-1-arsa-4,7-dioxacyclononane
o MeAs[-(CH,),0(CH,),0(CH,),-]

EA's > Ph,-[12]-ane-As, _
< As@ 1,5,9-Triphenyl-1,5,9-triarsacyclododecane
As )

E [-As(Ph)(CH,);-1,

Figure 3 Guide to nomenclature of the target arsane macrocycles.

" 6.2 Synthesis of Precursor Ligands and attempted Preparation of Arsane
Macrocycles:

Within this work a number of essential precursor ligands, including
Me,Asl and 0-C¢Hs(AsMe,),, were synthesised, both of which are literature
procedures and are discussed in the appendix.21 A number of other possible
precursors for making tri- and tetra-dentate arsane macrocycles (see Figure 2)
were prepared according to previous works and the spectroscopic results agreed
with the literature,'>141316171819.20 Thoqe precursors include MeAsl,, PhAsCl,,
PhMeAsO,H, MePhAsI, LiAsPh, and PhAsH, "and also appear briefly in the
experimental. A number of other intermediates and proof of concept reactions,
towards the target macrocycles, (Figure 3) were also carried out and are

d@scussed below.

Di(benzyl)methylarsane, MeAs(CH,Ph),:

Reaction of MeAsl, in a éolution of NHa;q) and excess sodium with benzyl
chloride, followed by work up and distillation, gave the title compound in good
yield as a colourless oil (see Figure 4). This was used as a test reaction for the

possibility of introducing a MeAs unit into an open chain or macrocyclic
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compound, and to establish how clean cleavage of the As-I bonds would be. The
yield was 69% and the product was identified by 'H and "*C{'H} NMR

spectroscopy. The reaction in acetone with methyl iodide gave the corresponding

methiodide, identified by ES+ mass spectrometry.

—AS
\ \
| Na Na \©

Figure 4 Formation of Di(benzyl)methylarsane, MeAs(CH,Ph),.

. « OO
NH, a
/ 3(liq) S

CRe e

1;3-Bis(methylphenylarsano)pi‘opane, MePhAs(CH;);AsPhMe:

MePhAs(CH,);AsPhMe was previously reported from the reaction of sodium
methylphenylarsenide Na(AsMePh) and 1,3-dichloropropane by Wild et al 2 Its
epimeric meso and racemic diastereoisomers differentiated by the methyl peaks
in '"H NMR and assigned as & = 1.00 ppm (rac-) and & = 1.01 ppm (meso-).> This
compound was made in this study by reaction of PhMeAsI with Na in THF
followed by the addition of 1,3 dibromopropane (see Figure 5). Again the title‘
compound was obtained in good yield, on a reasonably large scale and was

characterised by NMR spectroscopy and as a methiodide derivative.

/ r Br As As
As —_—— As —_— \ /
\ THF \ v
Figure 5 Formation of 1,3-Bis(methylphenylarsano)propane, MePhAs(CH;);AsPhMe

o-Phenylenebis(bromomethylarsane), [o-CcH4(AsMeBr);]:

- The title compound was obtained as a dark red oil if not purified, or as a light

yellow oil if distilled, 1n good yield by literature procedures and was

characterised by '"H NMR spectroscopy.18

| . Br{ /B’r |
: :As— Br, @As\ JaN : :As-Br
——— —_— -
As—  CCl As_ . As-Br
/N
| . Br Br I

Figure 6 Synthetic route to o-Phenylenebis(bromomethylarsane), [0-C¢Hi(AsMeBr),].
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o-Phenylenebis(methylarsane), [o-CsHa(AsMeH)]:

Attempts to obtain this product in good yields by reaction of [0-CsHs(AsMeBr),]
with Li(AIH,) in benzene (see Figure 7) or diethyl ether gave the title product in
relatively small yields ca. 17%. In retrospect perhaps following either the literature
methods of Wild et al'® or Cook et al** both from the diprimary arsane but using
different starting materials would have given better yields. The route followed does

appear in Wild’s paper, however, detailed conditions were not given (see Figure 7).

Benzo-Me;-[9]-ane-As,0, As,O macrocycle, [0-CsHy(AsMe(CH;),-),0]:
Similar to the production of the 11-membered macrocyclic rings using the (CH,);

connecting units by Kybé et al*®

an attempt was made using the (CHz), as a linking
unit. o-Phenylenebis(methylarsane), [0-C¢Hi(AsMeH),] was reacted with "BuLi
and subsequent addition of either bis(2-chloroethyl)ether or bis(2-bromoethyl)ether

using similar method to Kyba et al (see Figure 7).

AN
As Br Li(AIH, ) AS H "BuLi Asfx
@[ —= ]
Cl .

As Br Benzene THF /As\/

Figure 7 Synthetic route to Benzo-Mez-[9]—ane-ASZO.S’é’“"24

In both cases the '"H NMR spectra were consistent with the formation of the
macrocycle (see Experimental Section), but the yields were very poor and did not |
permit exploration of the coordination chemistry. Substantial amounts of the
sfarting ether were also recovered in distillation even when using the bromo ether.
El mass spectrometry from distilled ligands and ES+ from the derived
methiodide reveals significant ions consistent with the presence of the expected
functional groups, but do not clearly rule out acyclic products (see Experimental

Section).

1,2-Bis(2-bromoethoxy)ethane, (Br(CH;),O(CH,);O(CH:),Br):
The title compouhd was made from ftriethylene glycol as per the literature
procedure for making the chloro species from tetraethylene glycol.25 This was

prepared from a refluxing solution of the glycol in pyridine with the addition of
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SOBr,. Its 'H NMR spectroscopic data were also confirmed from Keana et al’s

. work.?¢

Me-[9]-ane-AsO;, AsO; Macrocycle, (MeAs[-(CH;);O(CH,);O(CH3),-]):
Using a modified method of that used to produce MeAs(CH,Ph),, MeAsl, was
reacted with sodium before Bf(CHz)ZO(CHz)ZO(CHz)gBr was added at low
temperature in a dilute solution (see Figure 8). Although the yields of the desired
product were very low, the 'H and *C{'H} NMR spectra appeared to show the
correct product as well as some minor impurities and THF (see Experimental
Section). After distillation although the THF had been removed the impurities
became much more evident, possibility indicating decomposition in the ‘
distillation. Reactions of samples with Mel both before and after distillation
showed [M+Me]" in the ES+ mass spectrum. |
A further complication with this reaction ié that it might form a larger [2 + 2]
ring (see Figure 8) which would be very difficult fo tell apart from the smaller
ring. There is no sign of this product in the mass spectrometry data although the
peak at 221 could be a fragment in both. Again due to the very poor yields and

instability the synthesis was not pursued.

(o)
| NHyiq)
_As + ! Py PR \B > or
Na ‘Na Br 0] O =1¢
/\O/ \O/\
—As As—

Figure 8 Synthetic route to Me-[9]-ane-AsO, or 1,10-dimethyl-[18]-ane-As,0, macrocyle.

1,3-Bis(phenylarsano)propane, PhAs(H)(CH,);As(H)Ph:
PhAs(H)(CH,)3;As(H)Ph was produced by reacting two equivalents of PhAsLiH
from PhAsH,, with 1,3-dibromopropane using minor modifications of known

literature.” Unusually the central backbones proton’s all occurred at the same

- shift producing a broad singlet, this was confirmed by *C-"H COSY spectrum.

3
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After standing for several days the AsH proton resonances were lost, probably
- showing decomposition of thé sample on storage. This was used as a precursor

for further reactions.

1,3-Bis(phenylisopropylarsano)propane, Ph'PrAs(CH,);As'PrPh:

As a further test to the previous reactions success, PhAs(H)(CH;);As(H)Ph was
reacted with MeLi and 2-bromopropane to give the title ligand in a relatively
high yield. Reaction with Mel gave a relatively clean ES+ MS of the [M+I\/.Ie]+
and expected fragments. This showed that additional substituents could be added
to the PhAs(CH;);AsPh unit at the arsane, possibly allowing use in forming

macrocycles.

Bis(3-'chloropropyl)phenylarsané, PhAs((CH;);Cl),: _

PhAs((CH;);Cl), was produced by the reaction of PhAsLi; from PhAsH; with
two equivalents of 1-bromo-3-chloropropane at reduced temperatures in good
yield. The spectroscopic data were in good agreement with the literature.®
Initially an impurity of the starting material. 1-bromo-3-chloropropane was seen

in the proton NMR spectrum but this was removed by pumping the oil in vacuo.

Ph;3-[12]-ane-As3, As3 Macrocycle, [-As(Ph)(CH3)3-]s:

The reaction of equi-mblar amounts of PhAs(Li)(CH;);As(Li)Ph - and
PhAs((CH,)sClI), in THF (see Figure 9) was carried out in very high dilution over
a pr;)longed period of time as reported in the literature.® The resultant oil
: appearéd to show the expected resonances withir{ the 'H and C{'H} NMR
spectra, along with a number of unknown impurities. Distillation of the oil gave
little improvement in purity although a few minor impurities were removed. TLC
of the corﬁpound with silica gel plates gave some signs of separation using
CH,Cl;:hexane (1:1). A large scale column using CH,Cly:hexane (1:10) was
attempted and gradual increase in polarity to CH;Cly:hexane (1:11) gave a
significant number of fractions. TLC of these showed a number of identical
fractions which were combined however, after an initial impurity the remaining
fractions do not seem to separate as such. 'H/>C{'H} NMR spectra of these

fractions are very similar but all still have some impurities. Direct injection
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EI/MS were carried out as were \reactions with Mel and subsequent ES+ MS

none of which unequivocally confirmed the presence of the title compound.

@m@ - A0

A THF As  As
v T ‘i/ J
As
Cl Cl
L/As\j

Figure 9 Synthetic route for the Ph;-[12]-ane-As; macrocycle [-As(Ph)(CH,)s-]s.

It was intended to return to a number of these macrocyclic routes but due to the -
success of other aspects of the work in this thesis, further study and identification

was not undertaken.

An alternative route to making the methyl analogue of the above macrocycle can

be seen in Figure 10 but this was not attempted (due to lack of time).

M

m : i K\l i
e Bl Tt o

m (_\ososNa , N \

Na/ﬁ\s A/S\Na + —As — As—-b
VLOSOBNa V|

Figure 10 Synthetic route to the Mes-[12]-ane-As; macrocyclic analogue [-As(Me)(CHy)s-]s. i.
Hl,, ii.Na/THF, iii.Na/THF, iv. Na/NHjq)/1,3-Propanediol cyclic sulphate, v. High dilution.
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6.3 Facultative As;O Open Chain Ligands:
In the course of this study towards the development of synthetically viable

routes to macrocyclic arsanes, investigations into the potentially tridentate
arsane—ether ligands, O{(CHz)zAst}z (R = Me and Ph) were carried out. There is
an early report of the Ph compound, but it was only characterised as its Nil,

2
complex.”’

The As,O—donor Iigands were obtained from O(CH;CH;Br); and LiAsPh; or
NaAsMe, (see Figure 11). The a,w-dibromo precursor is necesséry to allow
complete substitution (the corresponding O(CH,CH)Cl), leads only to partial

substitution, especially by less nucleophilic reagents, e.g. PhySb™). 2

While the O{(CH,),AsPh,}, appears to be stable, O{(CH;),AsMe,}, is much less
so and undergoes significant degradation upon standing even under N; in the dry
box and during distillation and reaction with transition metal salts. 'H and BC{'H})
NMR spectroscopic data for O{(CH;),AsR;}, are fully in accord with- the
formulation, revealing the two triplets expected for the linking CH; groups, and for
R = Me, the AsMe; groups significantly shielded as expected.

The preparation of O{(CH;):AsMe,}, however, gave variable yields — in some
cases the 'H and "C{'H} NMR spectra showed the O{(CH,),AsMe,}, compound
to be the only significant product, whereas in others additional resonances were
evident. During distillation from this crude mixture a second, less volatile fraction
(74°C, 0.05 mmHg) was collected in addition to the O{(CH;),AsMe;}, compound
(58°C, 0.05 mmHg). The NMR features of both fractions show AsMe,, CH,As and
CH,O resonances, with relative integrals of 3:2:2, and while the Me and AsCH
resonances are nearly superimposed, that for CH,O is some 0.2 ppm to low
frequency of the CH,O resonance in O{(CHz)AsMe;},. GCEL MS of the by-
product shoWs peaks at m/z = 150, consistent with Me;As(CH,),OH, apparéntly

formed via C—O bond fission (see Figure 11).
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5 / \O/ \' + 2. Li—As —_— QAS O As
r Br

siie

/ .
/ \ / \ + 2. Na—As —_— —As o] As—
Br o] Br \ | |

/N
—As OH

Figure 11 Synthetic route to the facultative As,O open chain ligands.

Dimethylene linkages are well known to be unstable with respect to elimination of
ethene,?>*” however, it is a little surprising that the methyl compound appears to be |
markedly less stable than its phenyl equivalent (or the Sb analogues, see later)
ligand in this chapter which also incorporate dimethylene linkage. It is notable that
Ph,As(CH,),AsPh, is a “well known stable compound, whereas
Me,As(CH,),AsMe; has only been obtained in very low yield and has very little
associated chemistry.3 ' The compound MezAs(CHz)on has been reported asv a
fragmentation product from Me,Si(OCH,CH,AsMe;), with ftransition metal
compounds and its reaction chgmistry with Group 6 carbonyls has been described,

although no characterisation data on the arsanoethanol itself have been reported.”

A number of complexes of both ligands was investigated with transition metal ions
of Ag(I), Cu(l) and the main group metals GaXs; and BiXs, to probe the
coordination modes and to establish whether both the ether O and the As donor
atoms can coordinate simultaneously. Reaction of the O{(CH),AsPhy}, ligand
(L-L) with [Cu(MeCN)4]BF4 in MeOH using either a 1:1 or 1:2 Cu:L-L ratio
yields only the bis-ligand species [Cu(L—L)z]BF4 which was isolated as a colourless

crystalline solid. Confirmation of the 1:2 Cu:L-L ratio follows from the *Cu NMR
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spectroscopic measurements and microanalyses. 8(*°Cu) = —139 ppm for the
complex. This is also demonstrated by the X-ray crystal structure (see Figure 12).
- Copper-63 is quadrupolar with I = 3/2 (69%) and as a result of its moderately high
quadrupole moment (Q = —0.211 x 102 m? resonances are typically only
observed for high symmetry Cu environments — in the compounds studied hére the
chemical shifts are consistent with apprdximately tetrahedral Ass donor
environments (cf [Cu{o-CsHa(AsMeo)}2]" 8(P*Cu) = —63).%° The electrospray MS
data however, reveal the main .species to be [Cu(L-L)]" m~z = 593 and
[Cu(L-L)YMeCN)]" m/z = 634, but the loss of ligands from a labile metal centre is

not unexpected.

A similar _reaction of the O{(CH,)2AsMe,}, ligand with [Cu(MeCN),)BF, in

| MeOH solution did not yield [Cu(O{(CHz)2AsMe;}2)]BFs, [Cu(L-L),]BF4 |
cleanly, the solution changing from colourleés to green and back to—colourless
during work-up. Electrospray MS (MeCN) on the colourless solid isolated showed
peaks at m/z = 627, 386 and 345, consistent with [Cu(L-L),]", [Cu(L-L)MeCN)]*
and [Cu(L~L)]". The ®*Cu NMR spectrum shows a broad resonancé associated with
the pseudo-tetrahedral Cu(l) cation, [Cu(L-L),]" at —16 ppm, confirming the
presence of this species in solution. However, the NMR solution also changed to
pale green during data acquisition, consistent with some sample degradation, and a
structure determination on crystals obtained upon slow evaporation from a solution
of the product in MeOH/Et;O revealed an unexpected dinuclear Cu(I)-Cu()
complex incorporating the fragmented ligand Me,;As(CH;),OH — see below.

The geometry at the metal in the Cu(I) complexesl, [Cu(L-L),]BFy4, is confirmed
from the crystal structure of [Cu(O{(CHz)zAsth}2);]BF4-MeOH (Figure 12,
Table 1) which shows a distorted tetrahedral coordination environment at Cu(l),
with the ligands behaving as bidentate As,—donors and with the ether O atoms
not interacting with the metal. The Cu~As bond distances lie in thé range
2.4202(9)-2.4652(9) A respectively, while the As-Cu—As angles within the
.chelate rings are 106.36(3) and 107.09(3)°. The bond distances are shorter thah '
those in [Cu(AsPh3)4]Cl104 2.493(2)—2.533(1) A), but significantly longer (by ca.
0.08 A) than those in [Cu(thAsCH'=CHAs,Ph2)2]+ d(Cu—-As) =
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2.348(3)—2.358(3) A, revealing a correlation between increasing ligand steric
demands and increased bond lengths.*** The lattice MeOH in
[Cu(O{(CH2)2AsPh;},),]BF4-MeOH is involved in weak H-bonding interactions
with the [BF4]™ anion, O3---F2 =2.97 A.

Figure 12 View of the structure of [Cu(O{(CH,),AsPh,},),]” with numbering scheme
adopted. Ellipsoids are drawn at the 50% probability level. H atoms and

the phenyl rings (except the ipso C atoms) are omitted for clarity.

Table 1 Selected bond lengths (A) and angles (°) for [Cu(O {(CH,),AsPh, },),]BF;-MeOH.
Cul-Asl 2.4212(9) | Cul—-As2 2.4223(9)

Cul-As3 2.4202(9) | Cul-As4 2.4652(9)

As3—Cul-Asl | 110.64(3) | As3—Cul—-As2 | 107.65(3)
As1—-Cul—As2 | 107.09(3) | As3—Cul-As4 | 106.36(3)
Asl-Cul-As4 | 108.09(3) | As2—Cul—As4 | 117.00(3)
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Similar coordination is seen for the corresponding light sensitive Ag(I) species
[Ag(L-L),;]BF, for the (O{(CH2)2AsPhz}2), (L-L), ligand (obtained from direct
reaction of AgBF, with L~L in MeOH in a foil-wrapped flask to exclude light).
Like the Cu(I) compléx.of the (b{(CHz)zAsMez} 2) ligand above, reaction with
AgBF, did not. yield a tractable, pure sample of [Ag(O{(CH.),AsMe;}2)]"
Spéctroscopic data confirm the presencé of this product, however it is unstable,
darkening on standing even in the ’dark, possibly also due to some C-O bond
fission. The crystal structure of [Ag(O{(CHz)zAsth}2)2]BF4;MeOH (Figure 13,
Table 2) show discrete monomeric cations with distorted tetrahedral Asy
coordination at Ag(I)v.via two bidentate L-L units, and with Ag—As bond
 distances in the ranges of 2.6143(9)-2.6376(9) A. This compares very well with |
d(Ag-As) of 2.649(2), 2.650(2) A in [Ag(AsPh3)4]Cl04.>* The MeOH solvent
molecule in [Ag(O{(CHz):AsMe;},)2]BFs-MeOH is also H-bonded to the BF,
anion, 03--F1 =2.80 A. |
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Figure 13 View of the structure of [Ag(O{(CH,),AsPh,},),]" with numbering scheme
adopted. Ellipsoids are drawn at the 50% probability level. H atoms and

the phenyl rings (except the ipso C atoms) are omitted for clarity.

Table 2 Selected bond lengths (A) and angles (°) for [Ag(O{(CH,),AsPh,}»),]BF4MeOH.
Agl-Asl 2.6376(9) | Agl—-As2 2.6143(9)
Agl—As3 2.631709) | Agl-As4 2.6296(9)

As2-Agl-As4 | 95.67(3) | As2—Agl—As3 | 118.83(3)
As4—Agl-As3 | 108.09(3) | As2—Agl-Asl | 107.60(3)
As4-Agl-Asl | 111.63(3) | As3—Agl-Asl | 113.65(3)

Colourless crystals of [Cu, {Me,As(CH,),OH }3](BF4), were obtained as a result of
ligand fragmentation in the reaction of [Cu(MeCN)4]BF4 with two mol. equivs. of
O{(CH)>AsMe}, as described above. The structure of the cation shows (Figure
14, Table 3) a Cu(l)*Cu(I) dimer with the three dimethylarsanoethanol ligands

bridging the metal centres, leading to distorted pyramidal coordination at each Cu
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atom, with two As and one OH group bonded to Cul and with one As and two OH
groups bonded to Cu2. The short dimethylene ligand backbone places the Cu atoms
only 2.497(1) A apart. This is towards the short end of the range typically seen for
Cu()~Cu(I) dimers with bridging ligands*> We also note that As2, which is
2.283(1) A from Cu2, appears to shows a long range interaction (2.934(1) A) with
Cul. The Cul-Cu2—-As2 angle of 75.58(4)° also suggests that As2 is leaning

towards Cul.

Figure 14 View of the structure of [Cuz{MezAs(CHz)ZOH}ﬂ"” with numbering
scheme adopted. Ellipsoids are drawn at the 50% probability level.

H atoms are omitted for clarity.

Table 3 Selected bond lengths (A) and angles (°) for [Cu, {Me,As(CH,),OH}3](BF,),.

Cul-02 2.058(6) | Cu2-03 2.021(5)
Cul—As3 2326(1) | Cu2-0l 2.116(6)
Cul-Asl 2343(1) | Cu2-As2 2.283(1)
Cul— Cu2 2.497(1) | Cul—As2 2.934(1)
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02-Cul-As3 | 116.77(18) OZ—Cul—Asl 110.87(19)
As3—Cul-Asl 123.12(5) _ O2—Cul---Cu2 126.19(17)
As3—Cul--Cu2 91.58(5) Asl-Cul--Cu2 | 83.99(5)
02—Cul--As2 | 78.38(16) | As3—Cul--As2 | 106.81(5)
Asl—Cul--As2 | 111.67(5) O3—Cu2—0i _ 87.8(2)
03-Cu2-As2 | 155.21(18) | O1—-Cu2-As2 116.05(16)
03-Cu2--Cul |98.21(16) | O1-Cu2--Cul | 122.14(17)
As2—Cu2---Cul | 75.58(4) '

The dimethylarsanoethanol ligands clearly result from C—O bond fission in the
O{(CH,),AsMe,}, ligand during the complexation reaction. Although the
hydroxyl H atom were not located in the difference map, the O--F distances
/s'trongly suggest H-bonding between the O and F atoms, i.e. O-H--'F (O-'F ca.
2.7 A) which, together with the fact the crystals were colourless, are consistent

with Cu(]).

The analogous stibane~ethers O{(CHZ)ZSsz}z (R = Me, Ph) were also made

the structure  of

within the and crystal

[Ag(O{(CH,)2SbPh;}2)]BF4CH,Cl, is included below (Figure 15, Table 4) for
comparison purposes. Both As and Sb analogues form the pseudo-tetrahedral [M(L-

group by Dr. M. Jura

L),]BFs complexes with Ag and Cu and for the phenyl derivatives are almost

identical.

It was noted that the Sb—Ag—Sb angles within the chelates are ca. 4° smaller than
the corresponding As—Ag-As chelate angles and the Sb-Ag bond distances
slightly larger than those of As-Ag
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Figure 15 View of the structure of [Ag(O{(CH,),SbPh,},),]” with numbering scheme
adopted. Ellipsoids are drawn at the 50% probability level. H atoms and

the phenyl rings (except the ipso C atoms) are omitted for clarity.

Table 4 Selected bond lengths (A) and angles (°) for [Ag(O{(CH,),SbPh,},),]BF4-CH,Cl,.
Agl—Sbl 2.7268(5) | Agl—Sb2 2.7341(5)

Agl-Sb3 2.7020(5) | Agl—Sb4 2.7194(5)

Sb3—Agl-Sb4 | 103.55(2) | Sb3-Agl-Sbl | 107.49(2)
Sbd—Agl-Sbl | 116.26(2) | Sb3-Agl—Sb2 | 116.79(2)
Sb4-Agl-Sb2 | 109.30(2) | Sb1-Agl-Sb2 | 103.95(2)

The reason for using copper and silver was to produce easily characterised
examples of the new ligands. The problems encountered with the
O{(CH,)»,AsMe,}, ligand meant that no further study was attempted. Further
study on the O{(CH,)>AsPh,}, ligand on GaX; (X = Cl, Br and I) was however

investigated.
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Reaction of the O{(CH;),AsPh,}, ligand (L-L) with GaX3 (X = Cl, Br and I) in
diethyl eth'er in a 2:1 Ga:L-L ratio yields only the [(GaX3)2(L~L)] species which
were isolated as light yellow oily solids. Confirmation of the 2:1 Ga:L-L ratio
follows from the microanalysis data. Diethyl ether was also seen in the 'H NMR
spectra, slightly shifted from free ligand but, unfortunately no crystals were
obtained from any of the complexes. Several gallium(IIl) complexes including
[GaX3(AsMe3)] and diarsanes of type [(GaX3)(L-L)] have been structurally
characterised’® and contain pseudo-tetrahedral gallium centres which have typically
("' Ga) at ~264 (X = CI), ~ 150 (X = Br) and ~ -170 (X = I). The values for the
corresponding [GaX4]' ions are 8(71Ga) at ~250 (X = Cl), ~ 64 (X = Br) and ~ -455
(X = I). The "Ga NMR resonances of the gallium complexes of the
O{(CH2),AsPh,}; ligand are (6 =251 (X=Cl), 8 =68 (X =Br) and 6 = -443 (X
= I)) which are clearly indicative of [GaX4] ions which suggests either a
[GaX,{O{(CH2),AsPhy},}][GaX4] constitution or rearrangenﬁent in solution. The
absence of a ''Ga NMR resonance for [GaX,{O{(CH,);AsPhy}2}T" (if present)
would be due to fast quadrupolar relaxation in the low symmetry cation.*® In the

absence of X-ray quality crystals the solid state structure remains uncertain.

Reaction of the O{(CHz)zAsth}z ligand (I.-L) with BiBrs, in a 1:1 ratio yields
only the [(BiBrs)(L-L),] species which was isolated as a, yellow waxy solid.
Confirmation of the 1:2 Bi:L-L ratio follows from the microanalysis data. The 'H
NMR spectra showed only the uncoordinated ligand due to dissociation®’ and

unfortunately no crystals were obtained.

6.4 Conclusion: Tl}

A large amount of groundwork involving the synthetic steps towards
producing intermediateé of a number of macrocyclic arsane ligands have been
successfully carried out, along with some corresponding cyclisations. In producing
these macrocycles although the 'H NMR spectra were consistent with ‘the
formation of the targeted compounds a number of complications have arisen.
Decomposition while purifying through column chromatography or distillation
both hampered the purification effort. From the mass spectrometry, where the
molecular ions were not obtained, acyclic products could not be ruled out

because many of ‘the fragments would be common to both the acyclic and
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macrocyclic products. The presence of di-cationic ions (at half mass) from the

larger ring could also not be eliminated.

Generally poor yields and the success of other aspects of this thesis meant that

further study, purification and unequivocal identification was not undertaken.

e

This Chapter also contains the development of high yieldirig routes to rare
examples of As;O-donor facultative ligands, O{(CH;)»,AsMe;,}, and
O{(CH;),AsPh,}, which ha;/e flexible backbones. It has been shown that they are
air-sensitive oils and behave as As;-bound bidentates towards tetrahedral,
[M(L-L),]BF4 metais where M = Cu(l) or Ag(I) on the basis of solution 'H and
5Cu NMR spectroscopic studies; mass spectrometry and microanalyses.
Representative examples of the O{(CH;),AsPh,}, ligand with Cu(I) and Ag(I)
crystal structures confirm the distorted tetrahedral As, coordination at the metal
centres. The previously unreported O{(CHy),AsMe,}, ligand appears to be
considerably V‘less' stable with respect to C—O bond fission under some conditions

than the phenyl ligand or in comparison to its stibane analogue, O{(CH>),SbMe,}».

An unexpected Cu(I)-Cu(I) complex, [Cu,{Me,As(CH,);OH}3](BF4),, has been
crystallographically identified and reported as a by-product via C-O bond fission
within the O {(CH2);AsMe;}, ligand. -

Complexes of the O{(CH,),AsPh,} ligand have also been produced and partially
characterised with GaXs, 1:2 and BiBr3, 2:1. '

14

6.5 Experimental:

See Appendix for general experimental methods and additional ligand

synthesis.

Diiodo(methyl)arsane, MeAsl,: A slow stream of sulphur dioxide was passed
through a yellow solution of MeAsO3Na’2.6H2vO (35.4 g, 0.121 mol), potassium
iodide (25.0 g, 0.333 mol), water (40 mL) and conc. HCI (10 mL) for 2 h. This

‘solution immediately turned colourless and then yellow again followed by a
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further change to form an orange liquid which settled at the bottom of the
reaction mixture. CHCl, (10 mL) was added aid in the separation. Once
separated the orange oil/ CH,Cl, layer was put into the freezer for 2 hours,
filtered and washed with ice/yvat'er»(B x 10 mL) to give an yellow/orange solid
which was dried in a desicator (Figure é).‘““ (21.9 g, 52%). "H NMR (300 MHz,
CDCls, 298 K): 3.10 (s). '3C NMR (300 MHz, CDCl;, 298 K): 20.45.

Phenyldichloroarsane, PhAsCl,: Phenyldichloroarsane (28.6 g, 99%) was

produced by known literature methods (Figure 2).1416

Methylphenyliodoarsane, MePhAsI: Methyphenylliodoarsane was produced
by known literature methods from phenyldichloroarsane (31.5 g,.84%) (Figure
2)."'* 'TH NMR (300 MHz, CDCls, 298 K): 2.25 (5, 3H, Me), 7.37-7.77 (m, 5H,
Ph).

Phenylarsane, PhAsH,: The production of phenyl arsane was carried out using
the phenyldichloroarsane and an excess of LiAlH; in ether at -78 °C as described

in the literature (8.8 g, 48%) (Figure 2)."°

Lithium diphenylarsanide LiAsPh,: Lithium metal (0.34 g, 0.048 mol) was
added to a solution of triphenylarsane (5.0 g, 0.016 mol) in THF (100 mL). The
reaction mixture was refluxed for 1 h (turning the solution a dark red) and then
left stirring for 8 h. ‘BuClI (1.4 mL, 0.013 mol) was added dropwise to remove the
by-product phenylithium and stirred for 1 h. The solution lightened upon adciition

' to an orange/red colour and was immediately used (Figure 2).20.

Di(benzyl)methylarsane, MeAs(CH,Ph),;: MeAsl, (3.0 g, 8.7 mmol) in THF \
(30 mL) was added drop wise to ‘a dark blue solution of Na (0.84 g, 0.037 mol) in
liquid ammonia (200 mL) maintained at -78 °C (acetone/CO; slush) and left for 2
_ hat -78.°C. The solution was allowed to warm to room temperature before the
red/orange solution was then cooled again to -78 °C. A slow orange to
white/colourless colour change was observed with the addition of benzyl chloride
(2.21 g, 0.017 mol). The reaction was left to stir overnight to allow evaporation

of the ammonia. The solution was hydrolysed with degassed H,O (50 mL) and
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the organic layer separated. The aqueous layer was washed with diethyl ether (2
x 50 mL), and the combined organics were dried over magnesium sulphate.
Following filtration the volatiles were removed under reduced pressure aﬁd
distillation at 120 °C at 0.1-mm yielded a colourless oil (1.64 g, 69%). H NMR
(300 MHZ,‘CDCb, 298 K): 6 = 0.83 (s, 3H, Me), 2.71 (d 'J=12 Hz, 2H, CHH), |
2.88 (d 'J=12 Hz, 2H, CHH), 7.42-7.08 (m, 10 H, Ph). '3C NMR: & = 7.3 (Me),
33.4 (CHy), 125.3, 128.3, 128.5, 139.3 (Ph). A mass spectrometry sample was
also prepared in acetone with methyliodide. ES+ MS (MeCN): m/Zz 287
[Me;As(CH,Ph),]". -

1,3-Bis(methylphenylarsano)propane, MePhAs(CH;);AsPhMe:

Methylphenyliodoarsane (MePhAsI) (15.1 g, 0.052 mol) was slowly added to a
suspension of Na (3.0 g, 0.13 mol) in THF (200 mL). Upon heating the solution
turned cloudy and Nal begun. to precipitate out. The yellow/orange solution was
refluxed for a further 2 h. Additional Na (0.5 g, 0.022 mol) was added and
refluxed for 4 h turning the solution a deeper red. The mixture waé left to cool
overnight before 1,3-dibromopropéne (5.15 g, 0.0255 mol) was added dropwise -
as a THF (15 mL) solution, into the red/green solution. Upon greying, addition of
the 1,3-dibromopropane in THF was stopped and the solutioﬁ was refluxed. -
Additional 1,3-dibromopropane in THF was added until the green colour did not
return while reﬂuxing. The Nal was removed by hydrolysing with NaCl in water
'(200 mL) and the organic layer separated. The aqueous layer was washed with
diethyl ether (2 x 100 mL), and the combined organics were dried over
magnesium sulphate. Following filtration the volatiles were removed under
reduced pressure yielding a yellow/brown oil (6.65 g, 68%). 'H NMR (300 MHz,
CDClg,v 298 K): 6 = 1.15 (s, 3H, Me), 1.17 (s, 3H, Me), 1.76-1.49 (m, 6H,
(CH,)s), 7.48-7.30 (m, 10 H, Ph). ®C NMR: § = 8.3 (Me), 23.7 (CHp), 31.0 -
(AsCHa»), 128.0, 128.3, 131.9, 132.5 (Ph).

[Me,PhAs(CHz)3AsPhMe;][I},: MePhAs(CH,);AsPhMe (0.01g) was added to a
solution of Mel (O.l g) in acetone (5 mL). The reaction was left to stir over night
under nitrogen yielding a white soild. 'H NMR (300 MHz, d®-DMSO0, 298 K): &
= 1.78-1.90 (m, 2H, CH3), 2.24 (s, 12H, Me), 2.72-2.75 (m, 4H, AsCH;), 7.30-
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7.84 (m, 10 H, Ph). Mel of product: - ES+ MS (MeCN): m/z 391
[MePhAs(CH2)3AsPhMez]+, 533 [Me,Ph(I)As(CH,);AsPhMe;]".

o-Phenylenebis(bromomethylarsane), [o-C¢Hs(AsMeBr),}: Bromine (14.07 g,
0.088 mol) was dissolved in carbon tetrachloride (CCls) (50 mL) and added
“dropwise to (0-CsHa(AsMe3),) (6.3 g, 0.022 mol) in CCls (50 mL) cooled to 0 °C
and a yellow granular solid precipitated out along with a dark red viscous oil.
The solid was filtered and heated under vacuo until the evolution of
bromomethane had ceased leaving behind a dark red oil. The crude product was
then distilled (150 °C, 0.1 mm) to yield [o-C¢H4(AsMeBr),] as a light yelléw oil
(7.32 g, 80% yield)."® "H NMR (300 MHz, CDCls, 298 K): & = 2.14 (s, 6H, Me),
7.56-8.29 (m, 4 H, Ph). °C NMR: § = 18.5 (Me), 130.4, 131.5, 143.5 (Ph).

o;P'henylenebis(mefhylarsane), [0-CsHy(AsMeH);]: A solution of [o-

C6H4(A°sMeBr)2] (8.8 g, 0.021 mol) in diethyl ether (50 mL) was added dropwise

over 1 h to a suspension of Li(AlHy) (1.78 g, 0.80 mol) in diethyl ether (80 mL).

The réaction was refluxed for 1 h then cooled to R.T followed by the addition of
degassed H,O (50 mL) and the organic layer separated. The aqueous layer was

washed with diethyl ether (2 x 100 mL), and the combined organics were dried
-bver magnesium sulphate. Following filtration the volatiles were removed under

reduced pressure yielding a yellow oil. Distillation at 84 °C, 0.8 mm, yielded [o-

CsHy(AsMeH),] (0.93 g, 17%) and a large amount of yellow oil which did not

distil at 160 °C 0.8 mm and solidified on cooling, believed to be an arsane

polymer. '"H NMR (300 MHz, CDCls, 298 K): & = 1.27 (m, 6H, Me), 3.52-3.66

(m, 2H, AsH), 7.20-7.47 (m, 4 H, Ph).

Benzo-Me;-[9]-ane-As,0, As,O macrocycle, [0-C¢Hi(AsMe(CH,),-),0]:
"BuLi (0.8 mL, 1.8 mmol) was added dropwise to a stirred solution of o-
Phenylenebis(methylarsane), [o-CsHy(AsMeH),] (0.207 g, 0.80 mmol) in THF (100
mL) maintained at -78 °C (acetone/CO; élush). This was allowed to warm to RT
and stirred for 1 h. The solution was then cooled to.-40 °C followed by the
dropwise addition of bis(2-chloroethyl)ether -(0.114 g, 0.80 mmol) as a THF
solution (100 mL) and then stirred for l.h at -40 °C before allowing to warm to RT ~
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over night. Aqueous NaCl (100 mL) was added dropwise and sﬁrred for 0.5 h ~
before the organic layer was separated. The aqueous layef was washed with THF
(2 x 30 mL), and the combined organics v;/ere dried over magnesium sulphate.
Follbwing filtration the volatiles were removed under reduced pressure yielding a
yellow oil. Distillation ét 100 °C, 0.08 mm, yieldéd a colourless oil (0.05 g, 1>9%)
as well as the starting ether at 60 °C 0.10 mm. '"H NMR (300 MHZ, CDCls, 298
K): 6 = 1.18 (s, 6H, Me), 1.78-1.90 (m, '4H', AsCHy), 3.60-3.79 (m, 4H, OCH)),
7.28-7.49 (m, 4 H, Ph) (starting ether triplets at 3.76 and 3.62). *C NMR: & =
10.8 (Me), 25.6 (AsCH,), 67.9 (OCH,), 127.8, 128.3, 131.3 (Ph). EIMS: m/z =
182 [PhAsMe,]", 167 [PhAsMe]". Methiodide of the product: ES+ MS (MeCN):
m/z 197 [PhAsMes]", 287, calculated for [PhAs(Me)o(CH2),0(CH,),Cl] m/z =

289 with the correct isotope pattern.

1,2-Bis(2-bromoethoxy)ethane, (Br(CHz)ZO(CHz)zO(CHz)zBr): T'riethylene
glycol (8.89 mL, 0.060 mol) and pyridine (10.67 mL, 0.132 mol) were added to a
flask vcgntaining benzené (70 mL), this was heated to reflux and SOBr, (10.23
mL, 0.132 mol) was added dropwise over 1 h. The solution was then refluxed for
20 h before being left to cool to RT. Aqueous HCI (20 mL) was then added
dropwise before the organic layer was dried over magnesium sulphate. Following
ﬁltrétion the volatiles were removed reduced pressure yielding a dark solution. |
Distillation at 76 °C, 0.05 mm, yielded (Br(CH;);O(CH,),O(CH;),Br) as a
yellow oil (6.23 g, 38%). 'H NMR (300 MHz, CDCls, 298 K): & = 3.48 (t, 4H,
CH,Br), 3.69 (s, 4H, O(CH,),0), 3.83 (t, >J=6.3 Hz, 4 H, OCH,). >C NMR: 5 =

303 (CHzBr), 70.5 (O(CH2);0),71.3 (OCH,).%

Me-[9]-ane-AsO,;, AsO; Macrocycle, (MeAs(-(CH,);O(CH,);O(CH3);-)):
MeAsI; (5.0 g, 14.5 mmol) in THF (80 mL) was added drop wise over 0.2 hto a
dark blue solution of Na (1.54 g, 0.067 mol) in liquid ammonia (300 mL)
maintained at -78 °C (acetone/COz slush) and left for 2 h at -78 °C. The solution
was then allowed to warm to room temperature before the red/orange solution
was then cooled again to -40 °C. A slow orange to white/colourless colour
change was observed with the addition of (Br(CH2),O(CH2),O(CH;),Br) (4.0 g,
14.5 mmol) in THF (100 mL) over 2 h. The reaction was left to ,stirv overnight to
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allow evaporation of the ammonia. The solution was hydrolysed with degassed
H;O (70 mL) and the organic layer separated. The aqueous layer was washed

with diethyl ether (2 x 20 mL), and the combined organics were dried over

 magnesium sulphate. Following filtration the volatiles were removed under

reduced pressure and distillation at 120 °C at 0.05 mm yielded a colourless oil
(0.25 g, 8%). 'H NMR (300 MHz, CDCls, 298 K): 8 = 0.98 (s, 3H, Me), 1.65-
1.88 (m, 4H, AsCH,), 3.55-3.75 (m, 8 H, (OCH,) and (O(CH),0)). °C NMR: §

= 7.6 (Me), 27.0 (AsCH,), 69.5 and 69.9 ((OCH) and (O(CH;);0)). A mass *

spectrometry sample was also prepared in acetone with methyliodide. ES+ MS
(MeCN): m/z 221.2 [MeyAs(-(CH,),0(CH,),0(CH,),-)] .

1,3-Bis(phenylarsano)propane, PhAs(H)(CH;);As(H)Ph: "BuLi (2.4 M, 13.6
mL, 32.6 mmol) in diethyl ether (50 mL) was added dropwise to a stirred
solution of PhAsH; (5.02 g, 32.6 mmol) in diethyl ether (150 mL) maintained at -
78 °C (acetone/COs slush). Upon addition the colourless solution turned through

. yellow to a deep orange and upon-complete addition was allowed to warm to -50

°C before l,3-di‘brdmopropane (3.29 g, 16.3 mmol) in diethyl ether (50 mL) was
added dropwise and stirred overnight to warm to RT. The solution was
hydrolysed with degassed H,O (100 mL) and the organic layer separated. The
aqueous layer was washed with diethyl ether (2 x 40 ‘mL), and the combined
organic volatiles were removed at atmospheric pressure by warming to 48 °C
yielding a light yellow oil PhAs(H)CH,):As(H)Ph (4.56 g, 80%). 'H NMR (300 |
MHz, CDClL, 298 K): 8 = 2.3 (s (br), 6H, (CHa)3), 3.50-3.65 (m, 2H, AsH), 7.23-
7.56 (m, 10 H, Ph). °C NMR: & = 30.7 (AsCHy), 31.5 (CHy), 126.4, 127.5,
131.8, 139.0 (Ph). | o

1,3-Bis(phenylisopropylarsano)propane, PhiPl'AS(CHz);;ASiPrPh: MelLi (1.5
M, 5.73 mL, 86 mmol) was added dropwise »to a stirred solution of
PhAs(H)(CH,);As(H)Ph (1.5 g, 4.3 mmol) in THF (100 mL) maintained at -78

°C. This was stitred for 1 h while allowing to warm to RT giving an orange

~solution followed by the addition of 2-bromopropane (1.06 g, 8.6 mmol) as a

THF (50 mL) solution. The solution was hydrolysed with degassed H,O (50 mL)

and the organic layer separated. The aqueous layer was washed with diethyl ether
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(2 x 20 mL), and the combined organics were dried over magnesium sulphate.
Following filtration, the volatiles were removed under reduced pressure yielding -
Ph'PrAs(CH,);As'PrPh as a light yellow oil (1.21 g, 65%). 'H NMR (300 MHz,
CDCl, 298 K): & = 1.11-1.17 (m, 12H, Me), 1.56-1.97 (m, 8H, CH and (CHa)s),
7.29-7.48 (m, 10H, Ph). >C NMR: & = 19.0 and 19.4 (Me), 23.0 and 25.6
((CHz)s), 26.6 (CH), 127.9, 128.2, 131.9, 139.4 (Ph). Carbon Dept 135 used.

A mass spectrometry sample was also prepared in .acetone with methyliodide.
ES+ MS (MeCN): m/z 447 [Ph'PrAs(CH;);As(Me)PrPh]* and 419
[PhMeAs(CH,);As(Me) PrPh]". ‘ '

Bis(é—chloropropyl)phenylarsane, PhAs((CH,);Cl);: "BuLi (2.4M, 17.5 mL,
42.0 mmol) in diethyl ether (100 mL) was added dropwise to PhAsH; (3.23, 21.0
mmol) as a diethyl ether (100 mL) solution maintained ét -60 °C turning the
solution orange/yellow. The reaction was stirred for a further 0.5 h, followed by
the dropwise addition of 1-bromo-3-chloropropane (4.15 mL, 42.0 mmol) as a
~ diethyl ether (20 mL) solution maintained at -60 °C. The reaction was left to stir
overnight to warm to RT. The white solution was 'hydrolysed with degassed H,O
(100 mL) and the organic layer separated. The aqueous layer was washed with
diéthyl ether (2 X 50. mL), and the cbmbin‘ed organics were dried over
magnesium sulphate. Following filtration the volatiles were removed at 40 °C, 1
atm, followed by reduced pressure for 5 min. yielding the intermediate
' PhAs((CH2)sCl); as a yellow oil (4.92 g, 76%). "H NMR (300 MHz, CDCl;, 298
K): 8 = 1.74-1.93 (m, 8H, AsCH; and CH,), 3.50-3.56 (m, 4H, CHxCl), 7.29-7.51
(m, 5H, Ph). °C NMR: § = 22.9 (CH,), 28.9 (AsCHy), 45.2 (CH,CI), 127.3,
127.6, 131.6, 137.8 (Ph). | -

Phs-[12]-ane-Ass, As; Macrocycle [-As(Ph)(CH;)s-]s: MeLi (11.5 mL, 0.017 ,
mol) was added dropwise to a stirred solution of PhAs(H)(CH,);As(H)Ph (3.0 g,
8.6 mmol) in THF (200 mL) maintained at -78 °C. The reaction was stirred for 1
h while allowing to warm to RT. The orangev solution was then trahsferred to a
dropping funnel and diluted with THF (250 mL). PhAs((CH;);Cl), (2.65 g, 8.6
mmol) in THF (450 mL) was also transferred into an identical dropping funnel

where both solutions were added dropwise at the same rate into THF (300 mL)
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over 7 h. The solution was hydrolysed with degassed HgO (2‘50 mL) and the
organic layer separated and dried over magnesium sulphate. Following filtration
‘the Volatilesb were removed under reduced pressure yielded a yeilow oil (3.63 g,
72%). Distillation of which showed no significant separation or improvement by
" NMR.'H NMR (300 MHz, CDCls, 298 K): 6 = 1.30-1.83 (m, 18H, (CH,)3), 7.22-
7.52 (m, 15H, Ph). >C NMR: § =22.9 (CH,), 28.0 (AsCH>), 127.1, 127.3, 131.5,
139.1 (Ph).

|
/

O{(CH;,);AsPh;},: Lithium metal (0.34 g 0.048 mol) was added to a solution of
triphenylafsane (5.0 g, 0.016 mol) in THF (100 mL). This was refluxed for 1 h to
give a dark red solution and then left stirring for 8 h. ‘BuCl (1.4 mL, 0.013 mol)
was added dropwise to remove the PhLi bi-product and the mixture was stirred
for 1 h, turning to a lighter orange/red colour. To this was added a solution of
O(CHCH,Br); (0.70 mL, 5.60 mmol) in THF (10 mL) to give an off-white
“reaction mixture, which upon refluxing for 2 h turned to a green oil. Aqueous
NH4C1 (50 mL) was added and the organic fraction was separated. The aqueous
layer was washed with THF (20 mL) and the combined organic fractions were
dried over MgSO;, for 8 h. The.solvent was removed 7 vacuo to give the title
product as a yellow waxy oil which was stored in a Schlenk tube over molecular
sieves (Yield: 2.3 g, 77%). '"H NMR (300 MHz, CDCl3, 298’ K): & = 2.27 (t, =
7.5 Hz, 4H, CH,As), 3.55 (t, 4H, CH,0), 7.31-7.44 (m, 20H, Ph). PC{'H} NMR
(CDCl3): 8 =29.0 (CH2As), 68.9 (CH,0), 129.0, 129.2, 133.7, 141.0 (Ph). EIMS:
m/z = 530 [M]", 453 [M — Ph]" ‘

Methiodide of O{(CH,);AsPhy},: O{(CH,),AsPh,}, (0.2 g, 0.38 mmol) in
acetone (5 mL) and Mel (0.2 g, 1.42 mmol, excess) was added and the reaction

mixture was stirred for 72 h. The volatiles were removed in vacuo to leave a

white solid. "H NMR (300 MHz, CDCls, 298 K): & = 2.77 (s, 6H, Me), 3.70-3.77
(m, 8H, CH,) 7.61-7.90 (m, 20H, Ph). *C{'H} NMR (CDCls): 5 = 10.3 (MeAs),
27.6 (CH,As), 65.3 (CH,0), 122.2, 130.6, 132.2, 133.6 (Ph). Electrospray MS'
 (MeCN):  m/z = 687  [MePhyAs(CH;),0(CHz),AsPhoMel]; 280
[MePh,As(CH,),O(CH,),AsPh,Me]*". ' ‘
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O{(CHz)zASMez}zz ‘MezAsI (8.4 g 0.036 mol) was added dropwise to a flask
containing small pieces of sodium metal (2.00 g, 0.087 mol) in THF (200 mL).
"~ The reaction mixture was heated to 85 °C for 1 h, whereupon the reaction
solution changed from yellow to white and then to green. It was then left stirring
for 8 h. O(CH,CH,Br), (4.20 g, 0.018 mol) was added dropwise, and the
mixture was stirred for a further 8 h. Degassed H,O was added until all the solids
dissolved. The organic layer was separated and the aqueous washed with diethyl
ether (2 x 40 mL). The combined organic phases were dried over MgSOj4 for 8 h.
The solvent was removed in vacuo to give the title ligand as a yellow oil (3.38 g,
67%). 'H NMR (300 MHz, CDCls, 298 K): § = 0.94 (s, 12H, Mé), 1.68 (t,° =
7.5 Hz, 4H, CHAs), 3.74 (t, 4H, CH,0). BC{'H} NMR (CDCL): & = 9.9
(MeAs), 32.4 (CHyAs), 61.6 (CH,0). E1 MS: m/z =267 [M — Me]".

In one case the 'H NMRAspectrum of the i)roduct {solated as above showed some
additional resonances, hence puriﬁcation by distillation was attempted, giﬁng
two fractions. Fraction 1: Bp. 58°C at 0.05 mmHg turned out to be the As,O
ligand, with identical spectroscopic features to those quoted above. Fraction.2:
(identified as MeyAs(CH,),OH (see text)) Bp. 74°C at 0.05 mm Hg; 'H NMR
spectrum (CDCl3): & = 0.93 (s, 6H, Me), 1.70 (4, 3J=17.5Hz 2H, CH,As), 3.54
(t, 2H, CH,;0). GCEI MS: m/z= 150 [MCzAS(CHz)Aon]ﬂ-.V

[Cu\(o{(CHz)zASPhyz}z)leF;: O{(CH;),AsPh;}, (0.53 g, 1.0 mmol) was added
dropwise to a solution of [Cu(MeCN);]BF4 (0.315 g, 1.0 rhmol) in methanol (10
mL). The reaction mixture was stirred for 0.5 h and the light yellow solution was
then concentrated to half the volume in vacuo. Colourless crystals'were obtained
by cooling this solution in the freezer over several days. These were filtered off
and dried in vacuo to give a cream solid (0.36 g, 60%). Anal. Found: C, 51.0; H,
4.8. Calc. for CsgHssAssBCuF40,-2CH,Cly: C, 50.5; H, 4.4%. 'H NMR (300
MHz, CDCls, 298 K): 6 = 2.62 (br, 4H, CH»As), 3.84 (br, 4H, OCH,), 7.28-7.39
(m, 20H, Ph). ®®*Cu NMR (CH,CL): 8 = -139. IR (Nujol): 1050 (BE,") cm™.
| Electrospray MS (MeCN): m/z = 634 [Cu(O{(CH,),AsPh,}2)]".
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[Ag(O{(CH2)2AsPh3},):] BF4: O{(CHz)zAsth}z (0.57 g, 1.1 mmol) was added
dropwise to a solution of AgBF, (0.21 g, 1. 1 mmol) in methanol (10 mL) in a
foil-wrapped flask. The reaction mixture was stirred for 1 h, the brown solution
was then filtered and colourless crystals were obtained by leaving the filtrate in
the dark for one month. (Yield: 0.29 g, 43%). Anal. Found: C, 52.1; H, 4.4. Calc.
for C56H56AgAs4BF402-2MeOH: C, 52.8; H, 4.9%. 'H NMR (300 MHz, CDCl;,
298 K): & = 2.41 (br, 4H, CH,As), 3.48 (br, 4H, OCH,), 7.17-7.39 (m, 20H, Ph).
BC{'H} NMR (CDCL): & = 29.2 (CH,As), 66.9 (CH;0), 129.3, 129.9, 132.7,
134.9 (Ph). IR (Nujol): 1060 (BF,") cm™". Electrospray MS (MeCN): m/z = 1167
[Ag(O{(CHz2);AsPhy}2)s]".

[Cu(O{(CH;);AsMe;}:);]BFs: O{(CHy),AsMe,}, (0.07 g, 0.25 mrﬁol) was
added dropwise to a solution of [Cu(MeCN)4]BFs (0.156 g, 0.50 mmol) in
degassed methanol (10 mL), this was stxrred for 2 h before the solution was then
reduced in vacuo to give a green paste This dissolved partially in methanol (10
mL), the colourless mother hquor was then transferred and diethyl ether (10 mL)
added to produce a green fluffy solid. This was left to stand, the solvent was
decanted off and then solid was dried in vacuo. 'H NMR (300 MHz, CDCl3, 298
K): & = 1.38 (s, 12H, CH3), 2.08 (t, >J = 6.0 Hz, 4H, CH,As), 3.99 (br, 4H,
OCHy). ®Cu NMR (CH,CL): & = -16. IR (Nujol): 1065 (BFs) cm™.
Electrospray MS (MeCN): m/z 627 [Cu(O{(CH,),AsMe,}2))]", 386
[Cu(O{(CH;),AsMe; },)(MeCN)T, 345 [Cu(O{(CHz)gAsMez}z)]ﬁ

[Ag(O{(CH2):AsMe3}2):]BF: O{(CH:),AsMe;}, (0.07 g, 0.25 mmol) was
added dropwise to a solution of AgBF; (0.10 g, 0.50 mmol) in degassed
methanol (10 fnL) in a foil-wrapped schlenk. Aftef stirring for ca. 2 h the solvent
was then removed in vacuo to give a light brown oily paste. 'H NMR (300 MHz,
CDCls, 298 K): & = 1.42 (s, 12H, Me), 2.13 (t, *J = 6.0 Hz, 4H, CHzAs), 3.95 (1,
4H, OCH,). PC{'H} NMR (CDCL): & = 8.9 (Me), 31.§ (CH,As), 58.7 (CH,0).
IR (Nujol): 1057 (BFs) cm™’. Electrospray MS (MeCN): m/z = 539
[Ag(O{(CH,)2AsMey}2)(O{(CH,)2AsMey}, -  CHCHAsMey)]', 407
[Ag(O{(CH,),AsMe,}2)(H,0)]", 389 [Ag(O {(CHz)zASMez}z)]+.
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[(GaCl3)2(O{(CH>);AsPh,},)]: GaCls (0118 g, 1.0 mmol) was added as a solid to
a stirred solution of O{(CH,);AsPhy}, (0.27 g, 0.51 mmol) in diethyl ether (10
mL). The reaction mixture was stirred for 1 h before the solvent was removed in
vacuo. Hexane (10 mL) was then used to wash the yellow residue before being
filtered  to give a light yellow sticky solid. - Reqi;ired for
CasH23As,ClsGay0.C4H; 9O (956.7): C, 40.2; H, 40 Found: C, 40.8; H, 3.8%. 'H
NMR (300 MHz, CDCls, 298 K): & = 1.26 (t, >J = 7.2 Hz, 6H, CH; (Et,0)), 2.66
(t, °J = 6.5 Hz, 4H, CH,As), 3.56 (1, ’J = 6.5 Hz, 4H, OCHb>), 3.63 (q, °J = 7.2
Hz, 4H, CH; (Et,0)), 7.36~7.52 (m, 20H, Ph). "'Ga NMR (CH,Cl,): & = +251.
IR (Nujol): 365 br, 344 (GaCl) cm™'. Raman: 361, 345 v(GaCl) cm™.

[(GaBr;)2(O{(CH2):AsPhy}2)]: GaBr; (0.32 g, 1.0 mmol) was added as a solid
to a stirred solution of O{(CH,),AsPh,}, (0.27 g, 0.51 mmol) in diethyl ether (10
mL). The reaction mixture was stirred for 1 h before the solvent was removed in
vacuo. Hexane (10 mL) was then used to wash the yéllow residue before being
filtered to give a light yellow sticky solid. Required for
CasHi3As:BreGay0.2C4H 00 (1297.5): C, 33.3; H, 3.7. Found: C, 33.1; H, 3.0%.
"H NMR (300 MHz, CDCl;, 298 K): & = 1.23 (t, >J = 7.2 Hz, 12H, CH; (Et,0)),
2.58 (br, 4H, CH,As), 3.54 (br, 8H, CH; (Et,0)), 3.66 (br, 4ﬁ OCHy), 7.38-7.47
(m, 20H, Ph). ""Ga NMR (CH2C12) 6 = +68. IR (Nujol): 296, 226 (GaBr) cm™
Raman: 296, 232 v(GaBr) cm™

[(GaI3)2(O{(CHZ)ZASth}z)]: Gal; (0.46 g, 1.0 mmol) was added as a solid to a
stirred solution of O{(CH,),AsPh;}, (0.27 g, 0.51 mmol) in diethyl ether (10
mL). The reaction mixture was stirred for 1 h before the solvent was removed in
\}acuo to give a yellow oil. Hexane (10 mL) was then added but the oil did not
mix so was décanted off before again going under vacuo to give a light yellow
paste. Required for CogHagAs,GaslsO (1431.2):' C, 23.5; H, 2.0. Found: C, 23.7;
H, 2.2%. '"H NMR (300 MHz, CDCl;, 298 K): & = 2.78 (t, >J = 6.8 Hz, 4H,
CH,As), 3.83 (t, °J = 6.9 Hz, 4H, OCH,), 7.35-7.68 (m, 20H, Ph), trace Et,O
resonances also observed. "'Ga NMR (CH,Cly): & = —443. IR (Nujol): 240 (Gal)

cm™! Raman: 244 v(Gal) cm™
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[BiBr;(O{(CH2):AsPh;},);]: BiBr; (0.16 g, 0.36 mmol) was added as a solid to a
stirred solution of O{(CHz)éAsth}z (0.19 g, 0.36 mmol) in CH,Cl; (10 mL).
The reaction mixture was stirred overnight going from a light yellow through
dark yellow to a dark green solution. Filtration gave a brown precipitate aﬁd a
bright yellow filtrate. The solvent was removed in vacuo from the filtrate to give |
a yellow waxy solid. Required for Cs¢HssAs4Bi11Br;O; (1509.4): C, 44.6; H, 3.7.
Found: C, 44.4; H, 3.8%.

6.6 Crystallography:

The crystals structures within this Chapter, unless otherwise reported
were grown from anhydrous CH,Cl, solutions layered or by vapour diffusion
with n-hexane under dinotrogen or from the slow evaporation from a solution of

MeOH over several days or weeks.

Brief details of the data collection and refinement are presented in Table 5.
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Table 5 Crystal data and structure refinement details.”

Compound [Cu(O {(CHz)zASP hz}z)z] [Ag(O {(CHz)zASth}z)z] . [CU2{M62AS(CH2)20H}3] [Ag(O {(CHz)szth}z)z]
BF4MGOH BF4MeOH F4)2 BF4CH2C12

Formula C57H50AS4BCuF4O3 C§7H60AgAS4BF4O3 C12H33AS3B2C112F303 C57H58Ag4BC12F402Sb4

M _ 1243.08 1287.41 750.84 1527.61

Crystal system Monoclinic Triclinic Orthorhombic Monoclinic.

Space group P2,/c (no. 14) P-1 (no. 2) P2,2,2, (no. 19) P2,/c (no. 14)

alA 11.209(3) 11.387(2) 8.1798(10) 13.1670(10)

b/A 17.931(4) 13.633(3) 15.120(3) 16.5702(15)

c/A 26.177(5) 17.061(3) 20.506(5) 26.543(3)

o/° 90 91.285(10) 90 190

pre 96.359(10) 93.574(10) 90 101.943(6)

v/° 90 92.830(10) 90 90

| UA’ 5261.4(19) 2639.4(8) 2536(8) 5665.8(9)

Z 4 2 4 4

gmm'l 2.970 2.928 15.631 2.370 .

F(000) 2512.0 1292.0 1460.0 2968.0

Total no. of obsns (Rin) 62586 (0.142) 57994 (0.175) 16310 (0.068) 73096 (0.065)

Unique obsns. 12178 12167 5726 12971

Min, max transmission 0.681, 1.000 0.586, 1.000 0.650, 1.000 0.683, 1.000

No. of parameters, restraints | 633, 0 633,0 271, 0 640, 0

Goodness-of-fit on F~ 0.92 0.97 1.09 1.07

Resid electron density /eA” | —1.18 to +0.99 -0.94 to +0.76 1 -0.911t0+0.89 —1.29 to +1.00

R1, wR2 (I> 2cs(1))b 0.057, 0.101 0.066, 0.112 0.057, 0.090 0.044, 0.096

R1, wR2 (all data) - 0.143,0.128 0.162, 0.141 0.099, 0.104 0.067, 0.104

2 Common items: temperature = 120 K; wavelength (Mo-Ko) = 0.71073 A; 8(max) =27.5°.° R, = Z|| Fo| - [FJVZIF. wRy= [Zw(F,> - FA)YZwF," "%
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7.1 General Experimental: .

All procedures were executed in an oxygen free N, atmosphere, using standard
Schlenk, vacuum line and glove box techniques. All solvents have Been distilled
prio.r to use unless otherwise stated. Tetrahydrofuran, Et,O and hexaﬁé were
distilled from Na-benzophenone ketyl, MeCN, CH,Cl,, MeNO, and CCl; from
CaH; (or P,Os for MeCN) and EtOH. from magnesium turnings. SnF,, SnCly,
SnBr4, Snls and GeF4 were obtained from Aldrich and used as received. GeCly
from Aldrich was distilled from a mixture of CaCly/Na,COs. [SnF4{MeCN};]
and [GeF4{MeCN},] were made as described."”* Ligands (generally used as
received) were obtained from Aldrich (OPPh;, PPhs, ASPh3, PCys,
Me,P(CH;);PMe, Cy,P(CH,),PCy,), Alfa Aesar (OPMes3) and was sublime,d
onto a cold finger before use, Fluka (OAsPh;) and Strem (AsMes, AsEt;, PMe;s,
Et,P(CH,),PEt;). Other' ligands were made by literature methods: o-
C¢H4(P(O)Phy),, 0-CsHa(P(O)Mey)2, MesAsO, thP(O)CHzP(O)th, 0-
CsHa(PPhy)>, PhyP(CH,),PPhy, Me;P(O)(CH,);P(0)Mer.*>*® IR spectra were
performed on a Perkin-Elmer 983G Spectrometer using Nujol mulls on CslI disks
taken over a range of 4000 cm™ to 200 cm™, Raman spectra using a Perkin-
Elmer FT Raman 2000R with a Nd:YAG laser. 'H NMR and BC{'H} NMR
spectra were recorded in CDCl;, CDZC_IZ or CD3NO; solutions using a Bruker
AV300 spectrometer at 300 MHz and 75.47 MHz respectively, using an external
reference of Me,Si and-at 298 K. "F{'H}, *'P{'H}, ®Cu and 1960 NMR spectra
were recorded in CH,Cl; with a CDCl; or CD,Cl; lock, using a Bruker DPX400
Spectrometer and referenced to CFCl3 at 376.44 MHz, 85% H;PO, at 161.98
MHz, [Cu(MeCN),]" at 106.1 MHz and neat SnMe, at 149.10 MHz respectively

(Cr(acac); was also added as a relaxation agent for the 1%Sn NMR spectra).

* When quoting 13 C{IH} NMR spectra of phenyl ring systems or 0-CgHj4 the ipso

C is always reported first and para C last unless otherwise stated. Mass spectra

were performed using (ESMS) Positive Ton Electrospray, in MeCN on a VG

_ Biotech Platform or by electron impact on a VG-70-SE Normal geometry double

focusing spectrometer. Elemental analyses were performed by the
Microanalytical Laboratory of Strathclyde University. T"he single crystal X-ray
diffraction data were collected on a Bruker Nonius KappaCCD diffractometer
using an area detector where a CCD (chafge-coupled device) is us¢d to measure

the incident X-ray photons. The crystals themselves were held on a glass fibre




Chapter 7 | il

using perfluoro polyether oil and placed on a goniometer head so that the crystals
resided in the centre of the x-ray beam and the cryostream cooling the crystal to

120 K. Structure solution’ and refinement'® were routine unless otherwise stated.

7.2 Additional Ligand Synthesis:
Although a number of ligands used throughout this work are available
from companies such as Aldrich and Strem, some are not or are extremely

expensive and so were produced using the following literature methods.

0-CsHy(AsMe,), 1,2-Bis(dimethylarsino)benzene: Iododimethylarsi_ne_ is made
in large quantities circa 100g by bubbling sulphur dioxide through a recently
acidified (HCl(,q)) aqueous solution of sodium cacodylate and potassium iodide.
This can be stored almost indefinitely for use when needed. Reaction in THF
- with sodium and the subsequent addition of 1,2-dichlorobenzene gave upon work
up and distillation the desired product as an air-sensitive yellow oil.'" Me,Asl:
(81%). 'H NMR (CDCls): 1.98 (s, Me). BC NMR (CDCL): 15.78. o-
CeHa(AsMey)y: (66%). 'H NMR (CDCl3): 1.24 (s, 12H, Me), 7.31-7.50 (m, 4H,
CeH.). |

- - HCWKI /
Me,AsO,Na.3H,0 ——————» —As
SO \

] 2
|
/| Ct Na AS\
ek O 2=
\ -~
Cl THF ?s

Ph;As(CH,);AsPh;:  PhyAs(CH;),AsPh, was produced as via literature

method.'?

[MeC(CH,AsMe,);): Tododimethylarsine (48.24 g, 0.208 mol) was added drop
wise to a mixture of Na (10.47 g, 0.456 mol) in THF (500 mL) under nitrogen.
This wés heated to reflux and stirred for 3 h, then cooled and left o{/er night. 1,3-
dichloro-2-(chloromethyl)-2_—methylpropané (11.4 g, 0.065 mol) was added drop
wise and refluxed over 2 h. When the solution stayed a cream colour the solution

was allowed to cool and saturated aqueous sodium chloride (50 mL) was added.
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The organic layer (THF & diethyl ether washings) was dried overnight in MgSO,
before the solvent was removed. Distilation at 110 °C aﬁd 0.2 mbar gave the
correct product, yellow oil (8.3 g, 33"/10‘yield).ll 'H NMR (CDCls): 0.94 (s, 18H,
AsMey), 1.06 (s, 3H, MeC), 1.72 (s, 6H, CH,As). '

0-C¢H4(PH2)2, 1,2-Bis(phosphino)benzene:
1,2-Bis(dimethoxyphosphoryl)benzene is reduced with a 1:1 mixture of
LiAlH4:Me3SiCl in THF under reduced temperature to give a colourless oil 1314

(69 %) *'P{'H} NMR (CDCl;): -125.1.

i
P(OMe

EI( _)2 Me,SICI/LIAIH, @[PHZ
P(OMe), . THF

PH,
O

0-C¢H4(PMey);,  1,2-Bis(dimethylphosphino)benzene:  The  diprimary

~ phosphine in THF at reduced temperature is then reacted sequentially by MeLi,
Mel and then the steps are repeated before the ligand was vacuum distilled to
give a very air-sensitive colourless oil."> (79 %). lH NMR (CDCls): 1.36 (1, 12H,
Me), 7.36-7.53 (m, 4H, C¢Hy). *'P{'H} NMR (CDCls): -55. '

1. MeLiMel :
PH, © 2 MeLiMel PMe,
THF »
PH PMe,

2
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- 7.3 Some Possible Routes for Makmg Further Macrocycles Containing As
Donor Atoms:

Scheme 3
1. Na/THF, 11. Hl(), 111.Na/THF/1,3-dichloropropane, v. high dilution.

o~

o N
i As AST/
Na/Q\Na + ml <:AS AS
\ \\)\

3

Scheme 4
i. High dilution

As Br ; As Na i \As
@ — I “~ X A%

As Br As Na ‘ . /As
Scheme 5

i. Na/THF, ii. high dilution.
Has been made differently.*®

As-Br m i @EAS As
' @: o oo

,i\s-B_r RS As

Scheme 6
i. High dilution.’
Has been made differently.*®
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. [ Br—As ©\As/
—As :@ —» —As ]@
Br "AS As
\

Scheme 7
i. High dilution
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