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{CH,(0-C¢H4CH,SbMe,)}, (VI), has been prepared indirectly by coupling of the di-
Grignard, 0-CsH4(CH,;MgCl); in concentrated thf solution followed by treatment with Me,SbCl,
and directly by treatment of the {CH,(o-C¢sH,CH,MgCl)}, with Me,SbCl. VI has been
characterised by 'H and C{'H} NMR spectroscopy and high resolution EIMS. Oxidation of VI
with Br, gives {CHy(0-C¢HsCH,SbMe,Br,)},. VI shows a strong tendency to function as a cis-
chelate in the complex [PtMe;I(VI)], forming an 11-membered ring and providing a stable Pt(IV)
stibine complex, to Pt(I) in the complex [PtCl,(VI)] and to tungsten, in the complex
[W(CO)4«(VD)]. This is also confirmed by single crystal X-ray structure determinations of each of
these complexes.

The planar Pt(II) monomers [PtMey(L-L)] and dimers [(PtMey),(L°-L’),] (L-L =
R,Sb(CH;);SbR,, 0-CcHy(CH,SbMe,),; L’-1.” = R,SbCH,SbR,; R = Me or Ph) are obtained in
good yield via reaction of [PtMey(SMe,),] with L-L or L’-L’ in benzene. The Pt(IV) stibines,
[PtMes(L-L)I] (L-L = R,Sb(CH,);SbR,, 0-C¢H4i(CH,SbMe,); or 2 x SbPhs;, SbMePh, or
SbMe,Ph) are obtained by treatment of [PtMesl] with L—L in chloroform. The products have been
characterised by 'H, C{'H}, Pt NMR spectroscopy, electrospray mass spectrometry and
analysis. Crystal structure determinations on 5 representative Pt(IV) complexes confirm the
distorted octahedral environment at Pt. The C;-distibines R,SbCH,SbR, afford the dinuclear
species, [(PtMe;)(1-RaSbCH,SbR,)(-1),].

[Rh(cod)(distibine)Cl], [Rh(cod)(distibine)|BF;, [Rh{Ph,Sb(CH,);SbPh,},]BF; and
[Rh(CO)(distibine),;][Rh(CO),Cl;] (distibine = R,Sb(CH,);SbR, , and 0-C¢H4(CH,SbMe,); R = Ph
or Me) have been synthesized. The TIr(I) species [Ir(cod)(distibine)]BF, and
[Ir{Ph,Sb(CH,);SbPh,},]BF, have also been prepared. The complexes have been characterised by
'H and “C{'H} NMR and IR spectroscopy, electrospray mass spectrometry and microanalysis.
The crystal structure of the anion exchanged [Rh(CO){Ph,Sb(CH,);SbPh,},]PFs3/4CH,Cl, is also
described.

[CoX,(0-CeHa(CH,PPh,),)] (X = Cl, Br or I), [Rh(o-C¢H4(CH,PPh,),),]", [M(cod)(o-
CsHy(CH,PPhy))]" (M = Rh or Ir), [NiXy(0-CsHy(CH,PPh,),)] (X = Cl or Br), [M’Cly(o-
C6H4(CH2PPh2)7_)] (M) = Pd or Pt), [Pdzc12(0-C6H4(CH2PPh2)2)2]2+, [Pd(O—C6H4(CH2PPh2)2)2]2+,
[M”(0-C¢H4(CH,PPh,),),]" (M” = Cu, Ag or Au) and [(AuCl)y(o-C¢H4(CH,PPh,),)] have been
synthesised. Examples of Co(III), Ni(III) and Pt(IV) species are also reported. Where possible the
products have been characterised by IR, UV-vis, NMR (‘H, *'P, Cu and 19pt as appropriate)
spectroscopies, mass spectrometry and microanalysis. Crystal structures of six representative
examples are also described.

The synthesis and characterisation of complexes of R,Sb(CH,)3SbR; (R = Me or Ph) with
a variety of metal carbonyls is described. These include cis-[M(CO)4{R,Sb(CH,);SbR,}] (M =Cr,
Mo or W), [{Fe(CO)s}2{u-R,Sb(CH,)3SbR, 1], [{Ni(CO)s}2{p-RySb(CH,);SbR,}],
[COz(CO)G{thSb(CHz)g,Sbth}], [COz(CO)4{Mezsb(CH2)3SbMez}3] [CO(CO)4]2 and
[Mn,(CO)s{Ph,Sb(CH,);SbPh,}]. The complexes have been characterised by analysis, mass
spectrometry, IR and multinuclear NMR spectroscopy as appropriate.
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1.1 Background

Phosphines and arsines have received much attention over the last hundred years. By varying the
oxidation state of the metal and the substituent groups of the ligands, it was found that phosphines
and arsines have an unprecedented coordination ability to hard and soft transition metal centres. "
Initially phosphines were not investigated in as much depth as arsines, as many are more air
sensitive, and there were no means of investigating these properties. Organoarsines generally had
less complex preparations, and were easier to handle, making their coordination chemistry more

desirable for the time.

In the 1960s however, intense studies on tertiary phosphines were developed, involving bonding
organophosphines with hard and soft metal centres, to probe their coordination ability. This was
made possible with advances in techniques, allowing research on more air sensitive compounds.
Another desirable feature of phosphine chemistry is that there is an NMR spectroscopy probe
involving the phosphorus-31 nucleus. Phosphorus-31 has a nuclear spin of ', and therefore NMR
spectroscopy can be used to probe the bonding characteristics of the phosphines and aid in the

understanding of the particular systems.

Research on the organoantimony compounds (stibines), was very much neglected until the early
part of the twentieth century, as it was widely believed that they were poor ligands, due to their
weaker coordination, in particular, the weaker Sb—C bond, and the lack of commercially available
examples. However a weaker donor ligand is not necessarily a poor ligand, as the compound can
be tuned to different applications, depending on different bonding characteristics. The research
into stibines was mainly confined to coordination to soft metals in low oxidation states, until post

1970, when more detailed research commenced on tertiary stibines.

Unfortunately, the only spin % nucleus in Group 15 is phosphorus-31. Arsenic, antimony and
bismuth, the heavier elements in the group, have quadrupolar nuclei, which have low symmetry
environments in ER; ligands (where E = As, Sb, Bi), and in NMR spectroscopy have no

observable resonances due to the fast quadrupolar relaxation that occurs.

The work that is discussed in this Thesis describes the preparation and complexation of one
tertiary diphosphine and a group of distibines to transition metals, and in particular draws

interesting conclusions about the coordination ability of the wide angle, tertiary diphosphine, o-
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CsH4(CH,PPhy),, the wide angle, tertiary distibine, 0-CsH,(CH,SbMe,), and the development of
an unexpected novel distibine {CHy(0-C¢HsCH,SbMey)},.

1.2 Electronic Characteristics
The areas of phosphine and stibine chemistry are of much interest to research chemists due to their

unusual bonding characteristics. The trend in c—donor power of the Group 15 tertiary ligands is

shown below:

Fig 1.2.1: Trend of o — donor power of Group 15 tertiary ligands.™

NR; > PR3 > AsR3 > SbR3 >> BIiRj;

The trend above is due to the o-donor orbitals becoming larger and more diffuse, as you descend
Group 15. The concentration of electrons is therefore lower, which in turn causes a weakening of

bonds. A similar trend is seen for the n-back bonding in PRs, AsRs, SbR; and BiR;.2

Particular interest in phosphines and stibines is due to the ability to tune their bonding properties
to accommodate specific transition metals, as a result of their o-donor/n-acceptance properties.
This can aid the understanding of why alkyl and aryl phosphines in particular can form stable
complexes with many metals, in a wide range of oxidation states. Indeed, studies by Chatt M in

1951 and Orpen and Connelly’ in 1985, have investigated the bonding characteristics of

phosphines.

The Chatt model suggests that the lone pair on a PR; ligand (where R = alkyl or aryl group) is
donated to the bonding metal, which forms the o-bond. Chatt also suggested that in low metal
oxidation states, there is n-back bonding, donating electrons into the empty phosphorus d-orbitals.
Despite the relatively weak o-bonding in certain transition metal — phosphine complexes, the M-P

bond is strengthened by the n-back bonding component.
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Fig 1.2.2: The Chatt model of PX; bonding to a metal centre.™!

Empty d,, Orbital Z |

Filled Orbital  Overlap

The Chatt model agrees with experimentally observed shortening and strengthening of the M-P
bond, but later X-ray crystallographic data indicated there was also unexpected lengthening and
weakening of the P-C bond. On the basis of this, Orpen and Connelly suggest that the n-back
bonding component involves electrons being donated from the metal d orbitals to empty o orbitals

of the P-C bond.**

In conjunction with other studies,” Orpen and Connelly found that the LUMO of the PXs (X =
H, CHs, F) molecule has been shown to contain substantial P-X o character in addition to some
phosphorus 3d character. Figure 1.2.3 shows how the combination of phosphorus 3d and P-X o

orbitals of ¢ symmetry leads to well hybridised n-acceptor orbitals.

Fig 1.2.3: Doubly degenerate PX; LUMO (Cs, local symmetry).l>*
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Orpen and Connelly predicted that in complexes where n-donation of electrons from the metal to
the phosphorus is important there would be a weakening of the P-X bond. To test their hypothesis
the results from crystallographic studies on pairs of transition metal phosphine and phosphite
complexes related by electron transfer were examined. These were chosen as the M—P distances

would not be affected by changes in ligands. Selected results of these studies can be seen in Table

1.3.1.

Table 1.3.1: Selected metal-phosphorus and phosphorus-substituent distances.”

Complex Charge Counter ion M-P* (4) P-X* (4) Ref

[Fe(COY{P(OMe); },(1n*-C4Phy)] (1) 0 2.146(1) 1.598(3) 5,6
+1 BF, 2.262(2) 1.579(6)

[{Rh(COYPPhy)},(n’ny*-fulvalene)] (2) 0 2.255(2) 1.844(5) 9
+2 PF, 2.322(4) 1.813(15)

cis, trans-[Ru(CO),(PPh3),(0-0,CsCLy)] (3) 0 2.424(2) 1.829(5) 5,6
+1 PF, 2.429(2) 1.826(5)

[Co(PEt),(n-CsHs)] (4) 0 2.218(1) 1.846(3) 10
+1 BF, 2.230(1) 1.829(3)

[Fe(n’-CsH,3){P(OMe); }3] (5) 0 2.138Q1) 1.621(1) 11
+1 BF, 2.153(2) 1.600(2)

a M-P and P-X distances are averaged over equivalent bonds, with the e.s.d.s in the least significant digit for individual

bond lengths, as determined by least-squares.

Table 1.3.1 lists the M—P and P—X bond lengths for a selection of redox pairs, taken from the
reported work of Orpen and Connelly.”® The evidence (Electron Spin Resonance spectroscopy,
Hiickel calculations and structural analysis) indicates that the oxidations of 1, 2, 4 and 5 are largely
metal based, with the HOMO of the neutral complex being of the ‘t;;” type. For 3 the oxidation is
largely ligand based. In each of the cases where the oxidation is known to be metal based, it can
be seen that there was a marked increase in the M—P distance and a decrease in the P—X distance.
The loss of electrons from the ‘t,,” type orbitals leads to a direct loss of n-back-donation. Ligand
based oxidation as in 3, has very little effect on the M—P n-bonding and therefore on the M—P
distances. The important conclusions that Orpen and Connelly made are that the changes in the
M-P lengths are consistent with the M—P bonding in these complexes containing an important 7-
component. Metal-Ligand distances for purely o-donors would be expected to decrease on metal-

based oxidation owing to the contraction of the metal orbitals. Their conclusions are in accord
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with work carried out by Aslanov er a/., who found variations in the M—P and M-—CI distances in
high oxidation state mer-[MCIy(PR3):] and rrans-[MCly(PR3);] complexes (M = Re, Os, Ir).l"?)
Their study showed that the M(II[)-P distances are shorter than M(IV)-P, and M(II[)-Cl are
longer than M(IV)-Cl. The second conclusion that Orpen and Connelly reported was that the
decrease in P—X distance that accompanies the increase in the M—P distance were in accord with

the predictions that the P=X o orbitals participate in the M=P n-bonding.>®

The heavier Group 15 elements in ligands of the type ER; (where E = As, Sb, Bi), are assumed to
have similar bonding characteristics to phosphines. However, as you descend Group 15, there is a
weaker o—donation and weaker  — acceptance bonding characteristic. The weaker c—donation can
be explained by the fact that there is a larger separation between valence s- and p- orbitals as you
go down the group. This is most obvious in the C—E—C angles along the series PPh; (103°), AsPhs
(100°), SbPhs (96°), BiPh; (94°).1 There is therefore more p-character in the E-C bond, and an
increase of s-character in the lone pair of E. This leads to poor directional properties of the lone
pair and more diffuse orbitals. The more diffuse the orbitals are, the weaker the bonds are, and so
the ligating properties are diminished. The weaker n—acceptance can be attribruted to the reduced
electronegativity of the acceptor atom, and the more diffuse orbitals. Orpen also carried out a
detailed study of some 1860 examples of M--PPh; fragments, and found a correlation between the
P—C distances and the C—P—C angles, but found that on coordination to a transition metal the

geometry of the PPh; was little changed.!”!

Similar studies have been carried out to explore the effects of coordination of stibine ligands on
the C-Sb-C ang]e.['4"5] Distibinomethane complexes which contain a [M(n'—thSbCI—Izsbth)]
unit have been investigated, and the notable conclusion was that while the “free” SbPh, group was
little changed from the uncoordinated stibine, the coordinated end of the ligand showed an
increase in the C—Sb—C angle of < 8°."" This finding is explained by the greater p- character in
the M—Sb bond and therefore less p- and more s- character in the Sb—C bonds. This increase in C—
Sb-C angle has been seen in a more extensive study of complexes incorporating M — SbPhj units,
where it was found that as the C-Sb—C angle increases the Sb~C bond shortens."! These findings
are of great importance as they potentially conflict with the prediction that an increase in M—Sb n-
bonding would lengthen the Sb-C bond. However, there are no known studies of the structures of

redox pairs involving stibines in the literature.
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Methods that are used to explore the electronic properties of Group 15 ligands are well known.
For example Tolman has carried out extensive research on the electronic parameter, based on
observations of the v(CO) (a;) stretching mode in [Ni(CO);L.] (L = tertiary phosphines) as
mentioned in Chapter 6.'? Research into the §('*C) NMR resonances of these complexes has also
been carried out."” It has been shown experimentally (in Chapter 6 of this Thesis and in the
literature)'"® that stibines and distibines place less electron density into the ©° (CO) orbitals than

the phosphine analogues and exhibit the usual trends with differing R groups.

1.3 Steric Effects

The steric effects in complexes that involve phosphines, have been widely explained by Tolman’s
Cone angle model.'” The volume of the cone, and hence the volume that the particular ligand
occupies, is defined as enclosing all the van der waals radii of all the atoms in the ligand, over all
rotational orientations starting from the M—P bond. Therefore, the angle of the cone depends on
the size of the ligand that is coordinated to the metal centre, and it can be suggested that the larger
the steric bulk of the ligand, the larger the size of the angle (0). Indeed, the larger the value of 0

the lower the coordination number that is favoured around the metal centre. Fig 1.3.1 shows the

Tolman cone angle model.

Fig 1.3.1: Tolman’s Cone Angle Model.!"”
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McAuliffe carried out a study on typical phosphine ligands and their cone angles when complexed

to a rhodium metal centre. Selected findings from this can be seen in Table 1.3.2.

Table 1.3.2: Cone angles of common phosphine and stibine ligands.?*?"

Ligand Cone Angle / ° Ligand Cone Angle/°
PMe; 118 SbMe, 119
PEt; 132 SbEt; 131

PMe;Ph 122 Sb"Pr 121
PPh; 145 SbPh; 143

P(o-tolyl); 194 Sb(o-tolyl); 185
PH; 87
PH,Ph 101
P(OMe); 107
P(OPh), 128

It can be seen from Table 1.3.1 that the cone angle for P(o-tolyl); when incorporated in a transition
metal complex, is 194° which suggests that a coordination number of two cannot be supported
round the metal centre. However, as stated by Tolman himself, the model is a relative measure, as
ligands are not uniformly cone shaped.“g] Ligands coordinate to metal centres, and intermesh due
to cavities being present. Therefore bulky ligands can sometimes accommodate higher
coordination numbers, even though it seems unlikely on the basis of cone angle. As long as the
model is used as a model only, a relative understanding of whether a ligand is viable can be
achieved. Another assumption of the Tolman model is that the distance of the M—P bond is 2.28 A
in phosphines, but of course slight variations of this length do occur depending on the complex
involved, and the oxidation state of the metal. When applying this model to the other heavier
elements in Group 15, for example stibines, it is vital to remember that d(M—P)<d(M—Sb), and that
the C—Sb—C angle changes on coordination. Therefore, these two factors will have an effect on the
cone angle and it is unclear that the “real cone angle” of a stibine is smaller, or even what value

should be taken as a norm.

While steric effects seem to dominate bulky ligands and electronic effects seem to dominate small

ligands, the debate as to how to separate electronic and steric effects and their significance
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continues. There are observed differences noted in stibine complexes compared to their lighter

analogues, four of which are:

1. Higher coordination numbers

. Less dissociation in solution

[\

. More labile ligands

(US)

4. Different cis-trans isomer distributions.

Most of the above can be explained by electronic effects rather than sterics. For example, the fact
that stibines place less electron density on the metal centre than phosphine or arsine analogues,
results in reduced o-donation and reduced m-acceptance. The differences seem to help explain the

very different organometallic chemistry promoted by stibines.*

1.4 Synthesis of Primary and Secondary Phosphines

Primary phosphines

Primary phosphines can be synthesised relatively easily, but tend to be very volatile and toxic
compounds. They have the general formula of PRH, (where R = alky! or aryl) and can be used as
synthons for poly-phosphines, but if the R group is small, for example a methyl group, the
phosphines are pyrophoric, and difficult to handle.*” Primary phosphines can also be prepared by
reduction of RPX,, RP(S)X, and RP(0)X, (X = Br, Cl, I) with LiAIH,.****) An example of this is
PhPH, which can be prepared by the LiAIH; reduction of PhPCI,"*! which can be seen in Fig.

1.4.1.

Fig 1.4.1: Preparation of primary phosphines.””” (where R = aryl or alkyl group)

LiAIH,

RPCl, ——— RPH

Secondary phosphines
Secondary phosphines generally have the formula PR;H, and can be either prepared from primary
phosphines above, or by treating a tertiary phosphine with lithium metal in thf to obtain the lithium

salts in situ, then hydrolysing this to gain the product.”®** Secondary phosphines can also be
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obtained by the hydrolysis of the corresponding phosphide or by alkylation and hydrolysis of

MPRH."?**!' The preparation of a secondary phosphine is shown in Fig 1.4.2.

Fig 1.4.2: Preparation of secondary phosphines.”**% (where R = aryl or alkyl group)

] H,0

RPHP 1 it PR, 2 . R,PH
+ +

(LiPh) (CsHs)

1.5 Tertiary phosphines

Tertiary phosphines can be easily prepared by reaction of PX3, RPX,, or R,PX (X = Cl, Br, I) with
a Grignard reagent or organolithium to yield PR’;, RPR’; or R,PR’ respectively. Other methods
for synthesising tertiary phosphines, involve reaction of alkali phosphides with alkyl halides.
Mixed aryl and alkyl tertiary phosphines can be prepared by the reaction of Ph,PCI or PhPCl, with

an organolithium or Grignard reagent.”**!

1.6 Tertiary Stibines

The syntheses of antimony containing species are known, but the procedures are often lengthy and
low yielding.®” This is due to the weak Sb-C bond. Primary and secondary stibines are very
unstable and therefore very difficult to handle. Organostibides are thermally unstable and
therefore not attractive starting materials. Tertiary stibines SbR; are usually prepared by reaction
of SbCl; and an appropriate Grignard reagent in Et,0. Reaction of SbCls and Ph;Sb in a 2:1 or 1:
2 ratio can yield PhSbCl; and Ph,SbCl respectively as shown by Levason ef al. 7B) These can
then be reacted with an organolithium or Grignard reagent to give mixed phenylalkylstibines.
Other methods include the cleavage of a Sb-Ph bond in SbPh; in a sodium/liquid ammonia
preparation to give a stibide, which can then be alkylated by reaction with an appropriate alkyl
halide. However, once formed many tertiary stibines such as trialkylstibines (e.g. SbMes) are air

sensitive oils, which make them very challenging to synthesise and handle.?"”
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1.7 Diphosphines and Distibines

Diphosphines
Diphosphines are ligands with two phosphines incorporated, usually acting as bidentates. They
can be prepared by reaction of phosphorus centres with dihalogenoalkanes. The reactions are

carried out in an inert atmosphere and the products are achieved in high yield."?"

Diphosphines of the form Ph,P(CH,),PPh, (n = 1-3) are prepared in high yield by reaction of
X(CH,).X (X = Br, Cl) with LiPPh, in thf,"” and diphosphines of the form R,P(CH,),PR, (R=Me,
Et) can be prepared as highly air sensitive pyrophoric oils, by reacting LiPR, with an appropriate
dihalogenoalkane. " ¢is- and trans-1,2-bis(diphenylphosphino)ethylene (Ph,PCH=CHPh,) can
be prepared by the reaction of cis- and trans-CICH=CHCI with two equivalents of Ph,PLi in

tht,%

Diphosphines with a phenylene backbone, for example 0-C¢Hy4(PPhy), are more difficult to
prepare. p-C¢H4(PPhy), can be prepared in high yield by reaction of LiPPh, with either p-C¢H4Br,
or p-CeH4CISOsNa. P> However 0-CH,(PPhy), can be prepared by reaction of LiPPh, and o-
C¢H,F, in thf.®* This method can be seen in Fig 1.7.1 and is the preferred route. A more time

consuming preparation is shown in Fig 1.7.2.[%%
Fig 1.7.1: Preferred synthetic route for 0—C6H4(PPh2)2.[35]

F 2LiPPh, E:[Pth

F

Fig 1.7.2: Alternative preparation of 0—C6H4(PP112)2.[24]

PPh,

Br
X Cr I
PC PPh i) Ph,PCI PPh,

11
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The methyl analogue o-CsH4(PMe,), can be prepared in low yield by the reaction of 0-CsHyX,
(X=Cl, Br) and NaPMe, in thf.”! It can also be prepared by reduction of the corresponding
phosphonate by LiAlH, to give the diphosphine o-C4Hy(PH,), and then reacted with nBuLi and
Mel to give the desired product.”™ This synthetic route can be seen in Fig 1.7.3. The
coordination chemistry of diphosphines with rigid backbones is discussed in more detail in

Chapter 5.

Fig 1.7.3: Preparation of 0-C6H4(PMe2)z.[36]

i
P(OMe
@[( )2 LIAH, ©:PH2 nBuLi PHMe
P(OMe), Me,SiCl PH, Mel oHMe
@)
nBuli | Mel
©ipl\/|e2
PMe,
Distibines

Distibines are more challenging to synthesise and the yields are generally much lower due to the
weak C-Sb bonds.” Nucleophiles such as alkyl-lithium or Grignard reagents can break existing
Sb—C bonds as in Fig 1.7.8. Distibines of the form R,Sb(CH,),SbR; (n=1, 3 or 4) (R= Me, Ph) are
readily made by the reaction of NaSbR, and a dihalogenoalkane in liquid ammonia.®”
Ph,;Sb(CH,);SbPh, is an air stable white solid and is synthesised via a sodium/liquid ammonia

route as shown in Fig 1.7.4.

12
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Fig 1.7.4: Preparation of Ph,Sb(CH,);SbPh,.F”

Na/NH, (I)
Ph,Sb Ph,Sb- Na* + NaPh
m Et,O NH,CI
Br Br

m CeHg

Ph,Sb  SbPh,

40-60%

Me,Sb(CH,);SbMe, is an air sensitive oil and is prepared similarly as Ph,Sb(CH,);SbPh,, however

the air stable white solid, Me;SbBr;, is used as a starting material rather than SbMej; as the latter is

very unstable and reactive. The synthesis of Me,Sb(CH,);SbMe, is shown in Fig. 1.7.5.

Fig 1.7.5: Preparation of Me,Sb(CH,);SbMe,."*”

4 Na/NH, (1)

Br,SbMe, —— Me,Sb- Na* + NaMe + 2NaBr

m Et,O NH,CI

Br Br

m CH,

Me,Sb SbMe,

40-60%
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Fig 1.7.6: Preparation of PhMeSb(CH,);SbMePh.”

Na/NH;, (1)
Ph,SbMe > PhMeSb- Na* + NaPh
m Et,O NH,CI
Br Br

m CsHs

PhMeSb  SbPhMe

10%

The synthesis of PhMeSb(CH,);SbPhMe as shown in Fig. 1.7.6, does not result in high yields due
to the unreliable cleavage of Ph from Ph,SbMe. The resultant air sensitive oil usually needs
distilling to gain the pure product as the unreliable Ph cleavage results in unreacted starting
material and decomposition products.®” Attempts at the preparation of R;Sb(CH,),SbR; have
been unsuccessful due to the elimination of ethane, and R4Sb; is produced.m] The synthesis of
R,SbCH,SbR; (R = Me, Ph) is carried out in a similar manner to that of R,Sb(CH,);SbR; and can
be seen in Fig 1.7.7a and Fig 1.7.7b.7 Distibinoalkanes are soft moderate o-donor ligands and in
certain cases act as weak m-acceptors. They can promote higher coordination numbers which is

due to their donor properties and small cone angles.

Fig 1.7.7a: Preparation of R,SbCH,SbR; (R = Ph).*”

2 Na / NH, () o,
Ph,Sb ~ PhSb” Na® + NaPh
H.Cl
c al NH,
CGHG
Ph,SbCH,SbPh,
40 - 60%

14
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Fig 1.7.7b: Preparation of R,SbCH,SbR; (R = Me).F”

4 Na/ NH, (1) .
Br,SbMe, = Me,Sb Na~ + NaMe -+ 2 NaBr
e NH,CI
CH,
Me,SbCH,SbMe,
40 - 60%

The ligands o0-CsHy(SbMe,),*” and 0-CH,(CH,SbMe,),!'™®  have the strongest coordinating
properties of the distibines. Reaction of 0-C¢H,Cl, with NaSbMe, in liquid ammonia yields
trace amounts of 0-CgH,(SbMe,),.5”! Attempts to prepare the phenyl analogue by this route have
been unsuccessful, and yields of 5% and 9% have been obtained by using 0-CsH,Br; and 0-CsHul,
respectively.*”  Better yields have been obtained by a very lengthy preparation of o-
C¢H4(SbMe;),. This route was developed by Levason et al and is shown in Fig 1.7.8.2 The
intermediate, SbMe; produced is hazardous, volatile and pyrophoric, but is reacted with either Br,
or Cl, to afford an air stable white solid Me3;SbX., as used in the synthesis of Me,Sb(CH,;);SbMe,
in Fig 1.7.5. This is then, when required, decomposed to Me,SbX by pyrolysis. The synthesis of
m—C6H4(SbMe2)2[18] and p-C6H4(SbMez)2[18] is shown in Fig 1.7.9 and the preparation of o-
CsH4(CH,SbMe,),!"™ can be seen in Fig 1.7.10. This ligand is discussed in more detail in Chapter
2, along with the synthesis of p-CsH4(CH,SbMe,), and m-C¢Hy(CH,SbMe,),. The synthesis of o-
C6H4(SbPh,),P" is shown in Fig 1.7.11.

15
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Fig 1.7.8: The synthesis of 0-CsH,(SbMe,),.

Br H+/ NaNo, B s0,/Hcl Br
- =
Sb,0, / HCI @[
NH, SbO,H, SbCl, MeMgl
@Br
SbMe,

MeMgl Br Na/ lig NH
SbMe, ——2—= SbMe,Br, ——1 2

sbCl, Me,SbNa

20 - 30%

X SbMe,
X

SbMe,

Fig 1.7.9: The preparation of m-CgHs(SbMe,); and p-C¢H,(SbMe,),.¥

Br SblVle,

MIBI e, sbel

o o

Mg/anthracene

thf
Br MgBr SbMe,

m-, p- m-, p- m-, p-
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Fig 1.7.10: The synthesis of 0-CsHy(CH,SbMe,),.l'*

SbCl, MeMgl|
Ph,Sb ——— PhSbCl, ————— PhSbMe,
HCI (gas)
Aw MeZSbC|
NaSbMe, MgCl
MgCl
Br
Br
Y | N SbMe,
SbMe
SbMe, = 2
SbI\/|e2 88 %

6 %

Fig 1.7.11: Preparation of 0—C6H4(CH28bth)2.[39]

4M
cl g MgCl Ph,SbCl _ SbPh,
Cl thf MgCl  Toluene SbPh,

~15%

One tritertiary stibine MeC(CH,SbPh,); has been prepared, by reaction of MeC(CH,Br); with
NaSbPh, in liquid ammonia.”! Interestingly the reaction of NaSbPh, and MeC(CH,Cl); afforded

Sb,Phy as the only antimony containing species. It is hoped that by further research based on this

Thesis new multidentate stibines can be synthesised in the future.

17
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1.8 Chelate Effect
The term chelate effect, refers to the extra stability gained in a complex incorporating chelating
ligands compared to a complex which involves analogous monodentate ligands.”" Both enthalpic

and entropic factors influence the stability of a complex. This is shown in the equations below:

AG® = AH" - TAS®
AG°®=-RTInf
G = Gibbs free energy
H = enthalpy
S = entropy
T = Temperature
R = gas constant

B = formation/ stability constant

B increases as AG® decreases. This can be achieved by either making AH® more negative, or by
making AS°® more positive.Dl] Enthalpic differences arise from electrostatic interactions between
the ligands in the system. The electrostatic repulsion between monodentate ligands increases as
the ligands are brought together just before complexation. With chelating ligands, the electrostatic
repulsion does not increase at complexation, as it is built into the ligand framework. The solvation
of the chelating ligand is lower than that of monodentate analogues and therefore this does not

influence the enthalpic differences as much.

Entropic differences between complexes involving monodentate and chelating ligands arise from
the fact that there is a higher probability of the chelating ligand coordinating, as once one end of
the ligand has bonded to the metal centre, the other is held in close proximity to the metal, and
therefore there is a high probability of coordination. With long chain chelating ligands, however,
the chelate effect is decreased due to the uncoordinated end of the ligand, not being in as close
proximity to the metal centre.*” In comparison to complexes with monodentate ligands, the
binding of one ligand, has no influence on another ligand’s coordination, so the probability of

coordination is reduced.
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1.9 Coordination Chemistry

In general ligands involving Group 15 elements, ER3, (where E = P, As, Sb, and R = alkyl or aryl
group), behave as monodentate ligands, complexing to one metal centre with one M-E bond.
However, Werner and coworkers *? have discovered some evidence for these ligands bridging
between two metal centres, therefore creating two M—E bonds. This research is discussed in more
detail in Chapter 4. Diphosphines, of the type R,P(CH,),PR, have been found to coordinate to
metal centres as either bridging ligands or chelates, whereby both phosphorus centres bond to the
same metal centre and form a chelate ring. The heavier elements of Group 15 also follow this
trend, but due to the steric effects of larger heavier atoms, and the weaker E-C bond (E = AS, Sb,
Bi) which has already been mentioned, there is more ring strain, so monodentate ligands have

traditionally been preferred.

1.9.1 Advances in the coordination chemistry of distibines to transition metals

The coordination chemistry of ligands of the type R,SbYSbR, (Y = CH,, O, S) is interesting due to
the short interdonor linkage and the large, weakly binding Sb atom. Chelation of these ligands
when reacted with transition metals, is disfavoured due to the strained four-membered chelates that
would be formed. Such ligands more commonly bond to transition metals as either monodentate
ligands or bridging ligands. This result differs greatly to that of diphosphinomethanes where

chelation is often found.™**

Complexes that incorporate R,SbCH,SbR,, (R = Ph, Me) with Group 6, Fe, Mn, Co and Ni

carbonyls have been synthesised previously,*"! and these complexes are discussed in more detail

in Chapter 6.

Complexes of the form [M(CO)s(m'-L)], [(CO)sM(u-L)M(CO)s], cis-[(CO)M(p-L):M(CO)]
(where L = Ph,SbOSbPh,, Ph,SbSSbPh,, M = W, Mo, Cr)*! have been prepared and fully
characterised. Indeed [Cr(CO)s(1'-Ph,SbSSbPh,)] and cis-[(CO)sCr(p-Ph,SbOSbPh,),Cr(CO)4]
have also been characterised by single crystal X-ray diffraction. Me,SbOSbMe,, when reacted
with 2 molar equivalents of cis-[Cr(CO)(norbornadiene)]  gives  cis-[(CO)Cr(p-
Me,SbOSbMe,),Cr(CO),], however, when the analogous reaction with Me,SbSSbMe; is carried
out two products were observed. The first was the expected cis-[(CO),Cr(u-
Me,SbSSbMe,),Cr(CO),] complex, whereas the second product was seen to be
[Cr(CO),{MeSb(SSbMe,),}1.1 The latter complex contains a tristibine, MeSb(SSbMe;), which

seems to have formed in a rearrangement that eliminates SbMes. The crystal structure of
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[Cr(CO)4{MeSb(SSbMe;),}] is shown in Fig 1.9.1. This result led to the detailed comparison of
the carbonyl region of the IR spectra, which suggested that the R,SbCH,SbR; ligands are stronger

o-donors than R,SbYSbR; (Y = O, 8).

Photolysis of [(MeCsH,)Mn(CO);] in thf followed by addition of R,;SbYSbR, gave
[[(MeCsH)Mn(CO),(n'-L)] and [{(MeCsH)Mn(CO),}»(u-L)] (Y = O, S; R = Ph, Me)."”

Fig 1.9.1: Structure of [Cr(CO);{MeSb(SSbMe,),}] with numbering scheme adopted.""

1.9.2 Ru and Os chemistry

The reaction of Ph,SbCH,SbPh, and [Ru(dmf)s][CF3SO;], and LiX (X = Cl, Br) in refluxing
ethanol affords pink or brown solids which were found to be [RuX,(n'-Ph,SbCH,SbPhy),]. The
reaction of [OsCly(dmso),] with the same ligand results in the formation of a yellow solid which
was found to be [OsCl,(1'-Ph,SbCH,SbPI,)4].*¥ The complexes [Rul,(L)s] and [OsBry(L)s] were
prepared via similar reactions to that of above, however, as it can be seen, the stoichiometries are
very different. Indeed the structure of [Ruly(L);] confirmed the first example of a chelating

[28]

distibinomethane ligand,"* and this can be seen in Fig 1.9.2.

As can be seen from Fig 1.9.2, two of the three ligands are bound to the Ru metal centre as
monodentate ligands, and one is forming a strained 4-membered chelate ring with the Sb—C—Sb

angle equal to 93.5°. This is in great contrast to the complexes incorporating n'-ligands which
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have Sb—C—Sb angles of about 118°. The Ru — Sb distance in [Rul(L);] in the chelate ring is also
longer than the Ru-Sb distance of the monodentate ligands. Both coordination modes are also
present in the 'H and C{'H} NMR spectra. It can be seen that the CH, resonances of the
chelating ligand are shifted significantly to higher frequency than the m'-Ph,SbCH,SbPh,

ligands.™¥

Fig 1.9.2: Core geometry of [Rul,(Ph,SbCH,SbPh,)s;], with phenyl groups and H atoms omitted

for clarity.**

ciit) Ci21}

[o74123]
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1.9.3 Pd and Pt Chemistry

Platinum(II) and palladium(II) halides form two different types of complexes with
Ph,SbCH,SbPh,, [MXy(L),] and [M,X4(L)].? [MXy(L),] complexes are very unstable in
solution, and decompose to [M,X,(L),] and other species over time. However, multinuclear NMR
spectroscopy was gained on freshly made samples, which showed a mixture of cis- and trans-
isomers with 11'-Ph,SbCH,SbPh, for the platinum containing complexes and single isomers for the
complexes that contained Pd."*! An example of the instability of [MX,(L),] is [PdCl,(L),] which
undergoes Sb—Ph cleavage in solution to form [{PdCl(c-Ph)(L)},] cleanly. It was found that the
process was promoted by a photochemical reaction.*” This particular decomposition process is
minimal in the palladium(II) bromides and iodides, and does not occur with the platinum systems.

Structures of dimers of the form [M,X4(L),] show that the ligands are bridging the two metal

21



Chapter 1

centres, and in the case of [Pd,l4(L),] there is a frans geometry at each of the Pd centres.
However, in the case of [PdyBra(L),], [PtuBra(L),] and [Pt,Cl4(L),], one metal centre has frans-
halides, whilst the other has cis-halides, and NMR spectroscopic studies suggest that these are the

only major species in solution."*8 F ig 1.9.3 shows the structure of [Pd;Bry(L),].

Fig 1.9.3: Structure of [Pd,Br,(Ph,SbCH,SbPh,),] with numbering scheme adopted, with phenyl

rings and H atoms omitted for clarity.!*®)

@ C(33)

The reason for the geometries around the palladium(ll) centres in [Pd,Br,(L),] is unclear, indeed
none of the many complexes incorporating Ph,PCH,PPh, ?* have shown this structure. The
structural characterisation of [Pt,Cly(Ph,AsCH,AsPh,),] recently, has shown the formation of the

) . . 50
trans-trans isomer and the cis-trans isomer.>”

Complexes of the form [MCl,(Me,SbCH,SbMe,)] (M = Pt, Pd) were prepared, however due to
insolubility in common solvents solution measurements were not obtained. FAB MS, however did
show dimer ions present. The insolubility of these complexes is a property that is shared by the
Me,PCH,;PMe, and Me,AsCH;AsMe, analogues.[5 2 The organometallic chemistry of
R,SbCH,SbR, (R = Me, Ph) with Pt(IV) is discussed in detail in Chapter 3.
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1.9.4 Cu, Ag and Au chemistry

Complexes of the form [M(R,SbCH,SbR,)]Y (M = Cu(l), Ag(D), Au(l); R =Me, Ph; Y = BF,, PF)
have been formed, but are labile in solution. It is assumed that these species are ligand bridged
oligomers in the solid state.l**! [(AuCl),(Ph,SbCH,SbPh,)] was prepared as a red-brown solid
from [AuCl(tetrahydrothiophen)] and Ph,SbCH,SbPh,."*"

Details of the coordination chemistry of 0-C¢H,(CH,SbMe,), with transition metal elements is
discussed in Chapter 2 and the organometallic chemistry of Rh(I) and Ir(I) with R,SbCH,SbR; is

discussed in detail in Chapter 4.

1.10 Characterisation Techniques

There are a wide range of analytical techniques available for the study of new ligands and their
coordination chemistry, including 'H, "C{'H} and multinuclear NMR spectroscopy, IR and UV-
Vis spectroscopy, mass spectrometry, single crystal X-ray diffraction and elemental analysis.
Short accounts of some of these characterisation techniques are described in this section.

1.10.1 IR spectroscopy >

It is widely recognised that transition metal complexes involving M—X bonds (where X = halide)
have stretching bands typically lying in the region 400 — 200 cm™ in IR spectroscopy. Therefore
in order to access the region, nujol mulls of complexes incorporating such metal halide bonds are
made and supported on caesium iodide plates, which are transparent across the range 4000 — 180
cm™ (as described in appendix 1). Transition metal complexes incorporating terminal M—CO
bonds, commonly have stretching bands in the region 2200 — 1800 cm™ in IR spectroscopy, and
subsequently all such complexes in this Thesis were monitored by solution (CH,Cl, where
appropriate) IR spectroscopy to follow the formation of the complexes. Nujol mulls as described
above were also carried out on the isolated solids. The group theory for both types of compounds
is described in more depth in the relevant chapters. In order to predict the number of IR active
bands expected for the complexes the reduction formula is applied to the reducible representation

of symmetry operations within the molecules. The reduction formula can be seen in Fig 1.10.1.
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Fig 1.10.1: Group theory reduction formula.

n; =12 g%
h

h = number of operations in the group
g, = number of symmetry operations in the class
~; = character of irreducible representations

= character of reducible representations

1.10.2 Mass spectrometry"”

The study of antimony containing species by mass spectrometry is aided by the two isotopes
differing by 2 a.m.u., "*'Sb and '*Sb with relative abundances of 57.3% and 42.7% respectively.
These isotopes produce very characteristic isotope patterns in the mass spectra and therefore prove
the number of antimony atoms present in the compounds. However, the relatively weak Sb—C
bond can often result in significant fragmentation of the compounds. This fragmentation problem
has been reduced by the introduction of methods such as positive ion electrospray, APCI and FAB.
In this Thesis E], ES", ES” and APCI mass spectrometry have been used to characterise many of
the complexes, and indeed ES™ MS has been used extensively. Fig 1.10.2 shows the characteristic

isotope patterns for antimony containing species.
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Fig 1.10.2: Simulated isotope patterns for a) 1 Sb atom, b) 2 Sb atoms, ¢) 3 Sb atoms and d) 4 Sb

atoms.
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1.10.3 °Pt NMR spectroscopy

The only NMR active isotope of platinum is '*Pt, with 33.8% abundance and I = %. The
receptivity with respect to °C is 19.9.P The widely used reference for '’Pt NMR spectroscopy is
aqueous 1 mol dm™ [PtCls]* in D,0, with & equal to zero. When undertaking a *’Pt NMR
spectroscopy experiment it is vital to make an educated assessment of where the resonance will
occur as the chemical shift range is much larger than the spectroscopic window. Examples of the
large chemical shift range can be seen from Pt(II)P, species that have 8(**Pt) ca. -5500 ppm while
other species such as [PtFs]* has a 8("”°Pt) ca. 12000 ppm.*? The rapid relaxation rates for 19pt
in fairly asymmetric environments allows for fast pulsing rates. This in turn enables fairly short

acquisition times to be employed. The oxidation state and the donor set around the Pt centre can
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change the chemical shift (8) and coupling constant (/) significantly, along with the geometry

around the Pt centre® For example the complexes trans—[PtClz(PEt3)2][55] and trans-

195

[PtCly(PEts),]% have platinum shifts of +595 Hz and +2925 Hz respectively. The Pt chemical

shift can also change by varying the substituent groups around the platinum centre. For example
complexes of the type trans-[PtCly(L),] have platinum shifts of +583 Hz (L = PMe;), +753 Hz (L
= AsMe;) and -79 Hz (L = SbMe;).>”

1.10.4 >'P{'H} NMR spectroscopy ©*

*1P is 100% abundant and has spin I = % and a relative receptivity to "H of 6.6 x 10”. This enables
the nucleus to be very useful, as studies of complexes incorporating M-P bonds,
organophosphorus chemistry and reaction chemistry can be probed in great detail. In a *'P NMR
spectroscopy experiment, chemical shifts are referenced to an external 85% aqueous solution of
HsPOy set to zero. Chemical shifts of phosphines are very much dependent on the nature of the
substituents around the P nucleus. For example, electron poor substituents result in a high
frequency shift being observed, and in the case of electron rich substituents, the observed chemical
shifts are to lower frequency. In metal complexes incorporating phosphines where a M—P bond is
observed, the M—P & bond involves the transfer of electron density from the phophine to the metal
centre in most cases, which in turn causes the deshielding of the *'P nucleus. This results in a shift
to higher frequency of the uncoordinated phosphine. The size of this shift is found to be
dependent on the metal centre involved and also the size of the chelate ring formed (when studying
multidentate phosphines). Such studies have been carried out by Garrou, and some of the findings

can be seen in Table 1.10.1.P7*%>]

Table 1.10.4: The effect of chelate size on the *'P{'"H} NMR chemical shift.””

Complex 3C'P{*H}) ppm Chelate size Ref
[Me,Pt(Ph,PCH,PPh,)] -40.4 4 58
[Me,Pt(Ph,P(CH,),PPh,)] +45.4 5 58
[Me,Pt(Ph,P(CH,);PPhy)] 132 6 58
[Me,Pt(Ph,P(CH,),PPh,)] +18.8 7 59
[Me,Pt(Ph,PMe),] +6.4 55
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1.11 Aims of the Research

This Thesis investigates the synthesis, coordination chemistry and organometallic chemistry of a
novel distibine ligand, and other known distibine ligands to selected transition metal centres. The
research aims to probe the coordination modes, spectroscopic properties and donor properties of

the ligands, compared with related phosphines. The aims are summarised below:

e To develop novel distibine ligands in sufficiently high yields to carry out detailed studies of
their coordination chemistry. Through the coordination of these novel distibines to transition
metals, the aim of this work is to probe the coordinating ability of the ligand and gain a further

understanding of the electronic properties of stibines.

® To investigate the coordination chemistry and organometallic chemistry of a range of distibine
ligands, and the subsequent reaction chemistry of the complexes formed. In doing so, the
coordination modes, spectroscopic properties and donor properties can be compared to other

Group 15 ligands.

® The traditional view of stibine ligands, is that they support low to medium oxidation state
transition metal centres. Therefore, we aim to explore the boundaries of this view, by
synthesising a series of alkyl-Pt(I'V) stibine complexes. In addition to this, an analogous
series of alkyl-Pt(Il) stibine complexes is also reported to give a comparison to the Pt(IV)

species.

® Due to the elegant work by Werner and co-workers on bridging ER3 (E = Sb, P, As) ligands[zz]
the organometallic chemistry of Rh(I) and Ir(I) stibine complexes is of great interest. This
Thesis also aims to probe the ligating properties of the stibines when incorporated in Rh and Ir

complexes involving cod and CO as co-ligands.

e Sterically demanding wide-angle diphosphine ligands have been of great interest, particularly

when incorporated in transition metal complexes, as many exhibit remarkably high catalytic
[60,61,62

activities. This research aims to extend the work of Venanzi and co-workers 1on the

coordination chemistry of 0-CsHy(CH,PPh,), and push the boundaries of the chemistry in order

to obtain a greater understanding of the coordination properties of the ligand.
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2.1 Introduction

In the last ten years there has been an increase in the research carried out into the applications of
stibine ligands. Indeed work by Werner and co-workers has demonstrated that the donor properties
of stibines are subtly different from that of their phosphine and arsine analogues in organometallics.
By promoting different product distributions and by providing unprecedented examples of bridging
SbR; ligands,™ such as Sb'Prs bridging two rhodium metal centres, Wemer has proved that there is

a wide area of antimony chemistry still to be probed. This research is discussed in more detail in

Chapter 4.

Interest is further increased by the fact that stibine compounds have an increased tendency for higher
coordination numbers and once complexed less tendency for M-SbR; dissociation.”’* Despite the
above observations there are few examples of polystibines incorporating back-bones other than
flexible polymethylene units. One of the reasons for this is the fragility of the C-Sb bond which can
lead to decomposition of the compound during formation and on reaction of the organostibine with
metal reagents.

However, recently work has been carried out to synthesise ligands such as o-CgHy(CH,SbMe,),”®
using electrophilic reactions of R,SbCl (R = Me or Ph) with nucleophilic di-Grignard compounds.
Fig 2.1.1 shows the synthesis of 0-CsH4(CH,SbMe,), via two routes. The contrast in yields using the
two routes is striking. The route that reacts NaSbMe, with 0-CJH,(CH,Br), in liquid ammonia has
an extremely low yield which is in accord with reports that antimony nucleophiles have a tendency
to break existing Sb—C bonds as well as C-X bonds.”*"® The route using electrophilic reactions of
R,SbCl (R =.Me or Ph) with nucleophilic di-Grignard compounds, seems to minimise C—Sb bond
fission and gives much higher yields than using nucleophilic antimony reagents. Due to this
optimised route, a new series of distibine ligands incorporating phenylene and xylylene linkages has
been synthesised and their coordination to selected transition metal centres has been probed. Fig

2.1.2 shows reaction schemes of the synthesis of this series of distibine ligands.”’
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Fig 2.1.1: Synthesis of 0-C¢H,(CH,SbMe;),."”
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Fig 2.1.2: Scheme for the synthesis of 0-, m- and p-CsH,(CH,SbMe,),, 0-CsH4(CH,SbPh,),, m- and
p-CeHy(SbMe,), >
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2.1.1 Recent Coordination chemistry of 0-C¢H4(CH,SbMe;), and related ligands.

The versatile xylyl ligand, 0-C¢H4,(CH,SbMe,), can be reacted with one molar equivalent of PdCl, or
PtCl; to produce complexes of the form [MCly(0-CsHy(CH,SbMe;);)] (M = Pt, Pd) which exhibit a
square planar geometry.”) However, when MCl, is reacted with 2 molar equivalents of ligand in the
presence of TIPF;, complexes of the type [M{o-C¢H4(CH,SbMe,),}2][PFs]; (M = Pt, Pd) can be
formed. All these complexes have been fully characterised and in the case of [Mf{o-
CsH4(CH,SbMe, ), },[PFsl2, X-ray studies have been carried out. Fig 2.1.3 shows the crystal
structure of [Pt{o-CsH,(CH,SbMe,), 1,119
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Fig 2.1.3: Crystal structure of [Pt{o-C¢H,(CH,SbMe,),},] "1

Platinum(IV) halide complexes of distibines have been described in the literature, but decompose
very quickly in solution with halogenation of the stibine™ However, a series of alkyl-Pt(IV)

distibine complexes are reported and discussed in detail in Chapter 3.

The reaction of NiX;.6H,0 and Ni(ClO,),.6H,0 (X = Br, I) with 0-C¢H,(CH,SbMe,), in "BuOH
resulted in the synthesis of a deep blue powder ([NiBr{o-CsH4(CH,SbMe,),},]C1O,) and dark green
powder ([Nil{o-C¢H4(CH,SbMe;),}5]C10,).  The UV-vis spectra showed that the complexes
formed contained a low-spin trigonal pyramidal Ni(I[) metal centre, and this was also confirmed by
the X-ray structure of [Nil{o-CsH4(CH,SbMe,),},]Cl10,. Fig 2.1.4 shows the crystal structure of
([Nil{o-CsH4(CH;SbMe,), },] "

Fig 2.1.4: Crystal structure of the cation [Nil{o-CsH,(CH,SbMe,),},]1".[%
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The reaction of [Cu(MeCN),]BF, and two equivalents of distibine in chlorocarbons, results in the
formation of pseudo-tetrahedral copper(l) complexes of the form [Cu(distibine),]BF, (distibine = o-
CéH4(CH,SbMe,);, 0-CHy(SbMe,), and R,Sb(CH,)sSbR,; R = Me, Ph).*'%  The air stable
colourless solids were analysed by ®Cu NMR spectroscopy, and sharp peaks were seen in the
spectra consistent with near cubic symmetry. This was further supported by the X-ray structure of
[Cu(o-CsH4(CH,SbMe,),),]BF,.®)  The synthetic route employed to form Ag(l) complexes
incorporating distibine ligands can be seen in Fig 2.1.5. The colourless solids have been seen to
exhibit varying degrees of light sensitivity.’' The reaction of [AuCl(tht)] with 0.5 molar
equivalents of o0-CH4(CH,SbMe,), gives a vyellow solid found to be [(AuCl),{o-
C¢H4(CH,SbMe,),}]. However, this is very unstable and decomposes even in the freezer over a

couple of hours.!

Fig 2.1.5: Scheme showing the synthesis of [Ag(distibine),]Y (distibine = 0-CsH4(CH,SbMe,),,
R,Sb(CH;):SbR,; R = Me, Ph; Y = BE,, CF;S05).[1%

CH,CI Sb Shb
AgY 2 - N
Ag\ Y
Sb S

2 R,Sb SbR,

This Chapter concentrates on the in depth investigation into the synthesis of the above mentioned o-
CsH4(CH,SbMe,); ligand, the identity of a new coupled distibine, which has been identified as a by-
product during the synthesis of 0-CsHs(CH,SbMe,), and it’s direct synthesis. This Chapter also
describes the attempted preparation of another novel distibine ligand, 0—C6H4(CHZSbiPr2)2, vig a
similar route to the synthesis of 0-CsH,(CH,SbMe,),, incorporating Pr substituents that are present

in the bridging stibine complexes discovered by Werner.!
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2.2 Results and Discussion

From research undertaken in the group previously on 0-C¢H4(CH,SbMe,), it has been found that this
compound may be obtained in very high yield (88%), without the need to distill. However,
subsequent work undertaken as part of this Thesis has shown that sometimes the yield is much lower
and its preparation is accompanied by formation of other Sb-containing compounds, including a
substantial quantity of Me,Sb,, consistent with a deficit of 0-CsHy(CH,;MgCl),. In an effort to probe
the identity of the by-products further, we have investigated the less volatile species present after
fractional distillation of o0-C¢H4(CH,SbMe;), in vacuo from the reaction mixture. At high
temperature (225°C, 0.5 mmHg), we obtained a colourless, viscous oil. The 'H NMR spectrum of
this shows singlets at 0.73 (Me), 2.88 (SbCH,), 3.10 (ArCH,CH,) and a mulitplet at 7.0-7.6 (Ar-H)
ppm. The notable difference to this fraction and the 'H NMR spectrum of the desired ligand, is the
presence of the singlet at 3.1 ppm that is assigned as an additional CH,. The aromatic protons and
SbMe protons integrated as 2:3 (rather than the 1:3 ratio expected for 0-C4H,(CH,SbMey),). The
PC{'H} NMR spectrum also showed similarities with the xylyl ligand with peaks at -2.3 SbMe,
20.9 SbCH; and peaks corresponding to 0-C¢H,. However, again the presence of a benzyl CH, at
35.0 ppm suggested a rearrangement of the ligand during the synthetic process. The EIMS of this
fraction showed no evidence for 0-C4H4(CH,SbMe,), (which has been shown previously to appear as
[P-Me], m/z = 393),[5] but rather the major fragment observed was centred at m/z = 497, consistent
with loss of Me from the coupled compound {CH,(0-CsH;CH,SbMe;)},, (VI). A minor mass peak at
m/z = 512 was also evident and corresponded to [{CH,(0-CsH;CH,SbMe,)},]" The simulated
isotope patterns are fully consistent with these assignments and high resolution mass spectrometry

confirms the formulation. Fig 2.2.1 shows the coupled compound (VI).
Fig 2.2.1: The coupled compound {CH;(0-C¢H,CH,SbMe,)}, (V).

SbMe,

SbMe,
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Noltes and co-workers have shown previously that the compounds Me,Sb(CH;),SbMe, (n = 3-6)

undergo redistribution reactions at temperatures in excess of 200°C to eliminate Me;Sb and give
either polymeric species (n = 3, 6) or 1-methylstibacycloalkane (n = 4, 5).'"Y However, no evidence
of the formation of VI was observed when a sample of 0-C¢H(CH,SbMe,), was heated on the MS
probe. Furthermore, no change was observed in the 'H NMR spectrum of a pure sample of o-
CsH4(CH2SbMe,), after heating to 250°C for 1 h under static vacuum. These results suggest that VI

does not form via thermolysis in the fractional distillation.

On this basis it is believed that the formation of VI occurs through partial coupling of the o-
C¢Hy(CH,MgCl), di-Grignard in concentrated thf solution. The sensitivity of this di-Grignard to
concentration has been noted by Lappert and co-workers, and the di-Grignard been shown to
undergo C-C coupling above a critical concentration of 0.075 M, also producing bibenzyl

: 12,13
species.!'>"]

Fig 2.2.2: Magnesium cylic system with xylyl backbone discovered by Lappert while investigating

the coupling reactions of concentrated di-Grignards.

(thf); M Mg (thf),

(thf);Mg Mg (thf),

In order to prove that the coupling reaction occurred in the di-Grignard stage, {CHy(0-CsHsCH,D)}
was prepared.[m 0-C¢H4(CH,Cl), was used as a starting material and the reaction was carried out
with the critical concentration of 0.075 M of di-Grignard in mind. However, when o0-CsHa.
(CH,MgCl), was formed the volume of thf was reduced to ~15 cm® and the reaction was left to stir

overnight. This was to see if the Grignard would couple when in a very high concentration. Indeed
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after adding D,O and an aqueous work-up, and isolation of the fawn oil, the 'H NMR spectrum
showed resonances for the bibenzyl CH,CH, of the coupled ligand back-bone at 2.95 (s) [4H] and a
broad singlet at 2.20 [4H] corresponding to CH,D. As this experiment used 0-CsHs(CH,Cl), as a
starting material there was also evidence in the NMR spectrum of the CH,D of 0-C¢H4(CH,D), at
2.1 ppm. This result proves beyond doubt that the coupling reaction took place in the Grignard stage

of the synthesis.

Fig 2.2.3: Reaction scheme of the formation of the new coupled ligand (VT) as a by-product.
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2.2.1 Direct synthesis of VI
The new distibine VI was prepared directly from {CHa(0-CsH4sCH,Cl)}, (Fig 2.2.4), itself obtained
by slight modifications of the literature procedure.™ Specifically, the conversion of the dialdehyde

{CH,(0-CsH4CHO)}, to the diol {CH,(0-CsH4CH,0OH)}, was achieved in >90% yield using LiAlHs4
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in Et,0, and the conversion of {CHy(0-C¢HsCH,OH)}, to {CHy(o-CsHsCH,CI)}, using SOCI,

required much longer (17 h) reflux to achieve complete conversion.

Fig 2.2.4: Synthesis of {CH,(0o-C;H,CH,SbMe,)}; (VI)
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(I) was prepared from 2-bromotoluene and one equivalent of N-bromosuccinimide in CCly in the
presence of benzoyl peroxide. The resultant yellow oil was obtained in good yield and was found
to be pure by 'H and "C{'H} NMR spectroscopy and EIMS. The 'H NMR spectrum showed
peaks at 7.65 — 7.10 (m) [4H] corresponding to the aromatic protons, and one singlet at 4.62 [2H]
corresponding to the CH,Br. The EIMS also confirmed that the oil was the desired compound

with a peak at 250 corresponding to the parent ion.

(IT) was prepared from a refluxing solution of MeMgl by slow addition of 0-C¢H4(CH,Br)(Br) in
Et,0. After an acid work-up the residues were recrystallised from CH,Cl,/MeOH. The resulting
orange waxy solid was obtained in poor yield, due to excess of grignard being quenched at the
work-up stage. This indicated that the coupling stage did not work properly. However the solid
obtained was enough to carry on to the next stage, and was characterised by 'H and C{'H} NMR

spectroscopy and EIMS.

(IIT) was prepared from (II) and "BuLi in Et;O at 0°C. N-formylpiperidine was then added to the
lithium salt at 0 °C and the reaction was stirred at RT for 2 h. Following an aqueous work-up,
drying over MgSO, then reducing to dryness, the residues were recrystallised from hexane. The
white solid was obtained in moderate yield, and was characterised, by 'H and “C{'H} NMR
spectroscopy and EIMS. Indeed the 'H NMR spectrum showed an indicative singlet at 10.12 ppm
corresponding to the proton of the aldehyde. The central CH,CH, was shown as a singlet at 3.25
ppm. The PC{'H} NMR spectrum also showed a peak indicative of the aldehyde at 191.60 ppm.
The EIMS also proved the desired compound was formed by a mass peak at m/z 237

corresponding to [{CH,(o-C¢H,CHO)},-H'T".

(IV) was prepared by reducing (IIT) with LiAIH, in Et,0. After quenching with H,O, dilute H,SO4
was added to precipitate a white solid, which was filtered off. The remaining Et,O was also reduced
to dryness and found to be the same as the filtered product and hence the products were combined.
The white solid was obtained in good yield (91%). The 'H NMR spectrum proved the desired
product was formed with peaks at 7.3 — 7.0 (m) [8H] (Ar-H), 4.55 (s) [4H] (CH,OH), 3.0 (s) [4H]
(CH,CH,) ppm. The C{'H} NMR spectrum also corroborated this with peaks at 128.9, 128.1,
127.3, 125.5 (Ar-C), 62.5 (CH,0OH), 33.7 (CH,CH;) ppm. The absence of the aldehyde peaks in
both NMR spectra also proved the reaction had worked. EIMS also showed the desired product

was synthesised.
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(V) was prepared by the reaction of (IV) with excess SOCI, in benzene with a few drops of
pyridine. The reaction was refluxed for 17 h and following aqueous work-up an orange solid was
obtained in good yield. Both 'H and *C{'H} NMR spectra suggested that the desired product was
formed. The CH,CH, resonances did not shift significantly from 3.0 ppm as seen in the 'H NMR
spectrum of (IV), however the CH,Cl resonance was found at 4.50 ppm, whereas the alcohol
CH,OH was at 4.55 ppm for (IV). The "C{'H} NMR CH,CI resonance was found at 43.2 ppm
and the peak at 62.5 ppm corresponding to the CH,OH had disappeared, which suggested that the

alcohol had been converted to the chloride.

(VI) was prepared from {CH,(0-CcsH,CH,MgCl)},, which was prepared from magnesium powder,
anthracene and (V), and CISbMe, in thf and toluene, via the route described by Levason et al P!
which was adapted from the di-Grignard preparation pioneered by Lappert and coworkers."*" The
waxy pale yellow solid was prepared in good yield, and was stored under an inert atmosphere and
fully characterised by NMR spectroscopy and EIMS. The 'H NMR spectrum agreed with the
assignments that were made for the coupled ligand as the by-product, however the central CHCH»
of the benzyl backbone and the CH,Sb protons seem to be coincidental and appear as a singlet at
2.86 ppm. The “"C{'H} NMR spectrum also supports the conclusion that (VI) was successfully
synthesised. Peaks at 33.29, 19.18 and -4.08 ppm correspond to CH,CH,, CH,Sb and SbMe,
respectively, which also prove that the assignment of the by-product fraction was also (VI).
Furthermore, an EIMS was obtained from the waxy solid and fragments at m/z 497 and m/z 513

were observed which corresponded to [P-Me]" and [P]” respectively.

In order to fully characterise the ligand, the Sb(V) compound ({CH,(0-CsH4CH,SbBr,Me;)},) was
prepared from (VI) and Br; in CH,Cl,. Hexane was used to precipitate a pale yellow solid in good
yield. By 'H and “C{'H} NMR spectroscopy it can be seen that (VII) was the only product
formed. The SbCH, (8'H: 4.24; 3"°C: 46.33) and SbMe (8'H: 2.50; 8"°C: 25.69) which are now
bonded directly to the formally Sb(V) centres are significantly shifted to high frequency ¢f VL.
Moreover the bibenzyl CH, groups are much less affected (8'H: 3.16; 8"°C: 34.11).
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Fig 2.2.5: "HNMR spectrum of VII ({CH,(0-CsH,CH,SbBr,Me;)},).
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The synthesis of this novel distibine ligand is of interest in the field as the coordination of long chain
diphosphine ligands of the form R,P(CH,),PR; (n = 6~16) to transition metals have been studied in
detail and shown to give ligand bridged dimers, polymers and occasionally trans chelates. Cis-
chelates are very rarely produced cleanly from such systems.'”) However, wide-angle cis-chelating
phosphines are of considerable current interest owing to the very favourable catalytic properties
displayed by their metal complexes, and this has led to major industrial usage.!"” The presence of the
two o-xylyl substituted units in the backbone of the new distibine VI has led to speculation on

whether VI has the potential to behave as a wide-angle chelate to metal centres.

2.2.2 Pt(II) and Pt(IV) complexes of VI

In order to explore the ligating properties of the novel ligand, the coordination chemistry of VI to
selected transition metals was investigated. One mol. equiv. of [PtMesl] was reacted with VI in
refluxing CHCI; solution under N,. Following workup, the product [PtMesl(VI)] was isolated as a
light yellow solid. Electrospray MS showed clusters of peaks with isotope patterns at m/z 706, 721
and 762 corresonding to [PY(VI)]", [PtMe(VI)]" and [PtMe(VI)(MeCN)]" respectively. The 'H and
BC{'H} NMR spectra also corroborated the formulation of [PtMe;[(VI)] by the presence of three fac
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Me ligands on Pt, one at very low frequency trans to I (8"°C: -7.8) with a coupling constant of 'Jp,c =

614 Hz and two frans to the Sb atoms shown by a peak at 6.2 ppm with a coupling constant of 'Jp,c =

%17 Two singlet

563 Hz. These data are in accord with other trimethyl-Pt(IV) stibine complexes.!
®C{'H} resonances for the SbMe groups in the coordinated ligand VI were also evident, consistent
with the absence of axial symmetry in the [PtMesI(VI)] complex. The *’Pt NMR spectrum of the
complex showed a single resonance at -4440 ppm, which is very similar to the platinum-195 NMR
shifts for the Pt(IV) complexes reported in Chapter 3 of this Thesis.'”! These results suggest that VI
behaves as a wide-angle cis-bidentate on Pt(IV), resulting in a very large 11-membered chelate ring.
This complex along with the Pt(IV) complexes in Chapter 3 are the first reported examples of stable
Pt(IV) stibine complexes. Literature examples of Pt(IV) stibine complexes are of the type
[PtCl,(distibine)], for example [PtCL;(MezSb(CH2)3SbMe2)].[18] However, these complexes are
extremely unstable and are formed via a chemical oxidation reaction, from the corresponding

[PtCly(distibine)] with CL.'® In solution these complexes decompose instantaneously with

chlorination of the stibine ligand.

A single crystal structure determination of [PtMesl(VI)] provided unambiguous confirmation of the
identity of the coupled distibine compound. The structure (Fig. 2.2.6) shows VI occupying mutually
cis coordination sites at a distorted octahedral Pt(IV) centre, with three facial Me ligands and the
iodine completing the coordination environment. The Pt-Sb distances are 2.6279(4) and 2.6329(4) A,
substantially longer than in the Pt(Il) distibines, e.g. [PtCl,{o-CsHs(CH,SbMe,),}] (2.4860(7), -
2.4931(8) A) and [Pt{o-CsH,(CH,SbMe,),}2]*" (2.5690(8) — 2.5802(8) A) — although of course the
higher coordination number in the Pt(IV) species and the strong trans influence of the Me groups
will both have a significant effect on d(Pt-Sb). We also note that the Sb2-Pt1-Sbl angle in
[PtMe,I(VI)] is 95.957(12)°, whereas the corresponding Sb-Pt-Sb angle within the more common 6-

membered chelate rings is < 90°.1'"!
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Fig 2.2.6: View of the structure of [PtMesI(VI)] with numbering scheme adopted. Note that there
is disorder in the C21-Pt1-I1 region, the molecule shown is the major component. Ellipsoids are

drawn at the 50% probability level and H atoms are omitted for clarity.

Table 2.2.1: Selected bond lengths (A) and angles (°) from [PtMes;(VI)I]

Pt1-Sbl 2.6329(4) Sb1-Pt1-Sb2 95.957(12)
Pt1-C22 2.103(5) Sb2-Pt1-C22 88.71(15)
Pt1-Sb2 2.6279(4) Sb1-Pt1-C22 175.09(15)
Pt1-C23 2.108(5) Sb2-Pt1-C23 174.63(15)
Ptl-I1 2.7573(5)* Sb1-Pt1-C23 88.34(15)
Pt1-C21 2.3773) Sb2-Pt1-I1 90.83(1)*
Sb1-C3 2.173(4) Sb1-Pt1-I1 87.96(1)
Sh2-C18 2.182(4) C22-Pt1-C23 87.1(2)
Sb-C(Me) 2.122(5)-2.128(5) Pt1-Sb1-C3 118.97(13)
Sb1--Sb2 3.908(1) Pt1-Sb2-C18 116.53(13)

Pt1-Sb-C(Me)

112.9(1)-121.6(1)

* The 11(C21A)-Pt1—C21(11A) form a disordered group with chemically unreliable bond lengths (see text). The data

given are for the major component.
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It is believed that the cis-chelation observed for VI may be in part, due to the presence of the o-
substituted aromatic units in the inter-donor linkage which are cis-directing, since long chain

aliphatic linkages usually produce polymeric or occasionally frans chelating systems.

The reaction of [PtCl,(MeCN),] with VI in MeCN solution afforded a pale yellow solid in good
yield, which was formulated as the Pt(Il) complex [PtCl,(VI)]. This was confirmed by IR
spectroscopy, NMR spectroscopy, microanalysis and X-ray crystallography. The IR spectrum
confirmed the presence of mutually cis Cl atoms with bands at 316 and 307 cm™ corresponding to
two Pt-Cl stretches. The platinum-195 NMR spectrum suggested that there was one platinum
containing species present with a single resonance at -4960 ppm, which also indicates an Sb,Cl,
donor set at the Pt(Il) metal centre."” A crystal structure of the product was obtained from slow
evaporation from a solution of [PtCl,(VI)] in CH,Cl, layered with Et,O. Fig. 2.2.7 shows the crystal

structure and Table 2.2.2 shows selected bond lengths and angles.

Fig 2.2.7: View of the structure of [PtCl,(VI)] with numbering scheme adopted. Note that only
the major component of the disorder is shown (see Experimental). Ellipsoids are drawn at the 45%

probability level and H atoms are omitted for clarity.

C15
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Table 2.2.2: Selected bond lengths (A) and angles (°) from [PtCl(VI)]

Pt1-Cll 2.338(2) CI1-Pt1-CI2 90.48(9)
Pt1-CL2 2.350(3) Cl1-Pt1-Sbl 173.75(7)
Pt1-Sb1 2.4998(9) CI2-Pt1-Sb1 87.13(7)
Pt1-Sb2 25163(11) CI1-Pt1-Sb2 86.63(7)
Sb1-C1 2.095(10) CI2-Pt1-Sb2 171.45(7)
Sb1-C2 2.119(10) Sb1-Pt1-Sb2 94.91(3)
Sb1-C3 2.162(10)
$b2-C20 2.104(10)
Sb2-C19 2.138(10)
Sb2-C18 2.169(11)

In the structure in Fig 2.2.7, the distibine is coordinated to Pt(IT) with two mutually cis Cl ligands
completing the distorted square planar geometry, d(Pt-Sb) = 2.4998(9) and 2.5163 A, d(Pt-Cl) =
2.338(2) and 2.350(3) A. The chelate angle Sb1-Pt1-Sb2 = 94.91(3)°. There is some disorder at the
Pt atom, and Fig 2.2.5 refers to the major (91%) component. These compare with d(Pt-Sb) =
2.4860(7) and 2.4931(8) A, d(Pt-Cl) = 2.368(3), 2.376(3) A and angle Sb-Pt-Sb = 97.58(2)° in the
related species [PtCl,{0-CsH,(CH,SbMe;),}].! The [PtCl,(VI)] molecules are distributed across a
centre of symmetry such that the planes lie face to face, giving a weakly associated dimer with
d(Pt1Ptla) = 3.176(1) A. This is within the range observed for other weakly associated Pt(II)
dimers and chains, for example [PtCl,(H,NCH,CH,NH,)] d(Pt-Pt) = 3.381(3) A.”" Figure 2.2.8

shows the centre of symmetry and the weakly associated platinum dimer.
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Fig 2.2.8: View of the weakly associated, centrosymmetric dimer formed by [PtCl,(VI)] (a: 1-x,

-y, 2_2)'
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2.2.3 Synthesis of [W(CO)4(VI)]

[W(CO)(VI)] was prepared from [W(CO).(piperidine);] and one molar equivalent of VI in
refluxing EtOH. The light fawn powder was obtained in good yield, after work-up. The
formulation of the complex was supported by the APCI mass spectrometry. The only significant
cluster of mass peaks showing an isotope pattern consisent with the desired product was centred at
m/z 809. This corresponded to [W(CO)(VI) + H]" and microanalysis also confimed that the
product was pure. The 'H NMR spectrum showed the presence of coordinated ligand, and the
nujol mull [R spectrum showed strong CO bands at 2011, 1898 and a shoulder at 1868 cm’. This
is indicative of the formation of cis-[W(CO),(VI)] and is similar to other complexes in the
literature. For example cis-| W(CO),{0-CsHy(CH,SbMe,),} ™ has CO bands at 2012, 1935, 1901
and 1863 cm™ and cis-[W(CO),{Me,Sb(CH,);SbMe,} 12" has CO bands at 2011, 1896 and 1870
cm” in the IR spectrum. When [W(CO)y(piperdine),] and one molar equivalent of VI were
refluxed in EtOH for a prolonged period of time (12 h) the only significant species was cis-

[W(CO)(VD)].
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Fig 2.2.9: Positive ion electrospray mass spectrum (MeCN) of (a) [W(CO)4(VI) + H]" and (b)

the relevant isotope simulation.
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Crystals of two distinct polymorphs of this compound were obtained from slow evaporation from
CH,CL/Et,0 solutions. The structures show that in each molecule the W(CO), fragment is

coordinated to two mutually cis Sb atoms of VI to give a cis-chelated distorted octahedral

complex.

One of the polymorphs is shown in Figure 2.2.10a with selected bond lenghts and angles shown in
Table 2.2.3a. There are molecules of [W(CO),(VI)] in the asymmetric unit, one of which has the
two aromatic rings of the ligand backbone in the same plane. The other molecule has some
disorder in the distibine ligand backbone, suggesting that the ligand is very flexible and adopts two
different conformations in the crystal lattice. The second polymorph is shown in Figure 2.2.10b
and selected bond lengths and angles are shown in Table 2.2.3b. It is a very similar species to that
shown in Figure 2.2.7a. The W-Sb bond lengths for both polymorphs are in the range of 2.7580(4)
—2.7736(4) A, which are slightly longer than in other stibine complexes with tungsten carbonyl.?

For example [W(CO)s{Ph,SbCH,SbPh,}] has a W-Sb bond length of 2.743(1) A and
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[{W(CO)4(Me,SbCH,SbMe,)},] has W-Sb lengths of 2.752(1) — 2.7574(8) A. This can be
explained by the large 11-membered cis-chelate in the complex. The Sb—W-Sb chelate angles are
in the range 90.34(1) to 93.26(1)". The W-C distances are also sensitive to the trans ligand, being
significantly longer for d(W-Ciams co) ¢f d(W-Chans s1), reflecting the modest o-donor/n-acceptor

properties of the stibine compared to CO.

Fig 2.2.10a: View of the structure of one of the two crystallographically independent molecules
of the first polymorph of [W(CO),(VD)] (P2,/n) with numbering scheme adopted. Ellipsoids are
drawn at the 50% probability level and H atoms are omitted for clarity. There is some disorder in

the ligand backbone in the second molecule — see Experimental (section 2.3).
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Table 2.2.3a: Selected bond lengths (A) and angles (°) from [W(CO),(VI)] (P2/n).

W1-Sbl 2.7736(4) Sb1-W1-Sb2 91.947(12)
W1-Sb2 2.7590(4) C21-W1-Sbl 88.46(11)
w1-C21 2.025(5) C22-W1-Sb1 174.34(13)
W1-C22 1.968(5) C23-W1-Sb1 94.31(14)
W1-C23 1.975(5) C24-W1-Sbl 92.08(12)
W1-C24 2.019(5) C-WI-C 85.2(2)-91.2(2)
Sb1-C3 2.188(4) C24-W1-C21 171.45(18)
Sb2-C18 2.175(4) W1-Sb1-C3 121.25(11)
Sb1--Sb2 3.978(1) W1-Sb2-C18 127.20(11)
Sb1-C3-C4 113.003)
Sb2-C18-C17 110.3(3)

Fig 2.2.10b: View of the structure of one the secend pelymorph of [W(CO)(VID)] (Cc) with

numbering scheme adopted. Ellipsoids are drawn at the 50% probability level and H atoms are

omitted for clarity.
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Table 2.2.3b: Selected bond lengths (A) and angles (°) from [W(CO),(VD)] (Cc).

W1-C23 1.966(5) C23-W1-C24 94.8(2)
W1-C24 1.968(5) C23-WI-C21 88.8(2)
W1-C21 2.021(5) C24-W1-C21 88.4(2)
W1-C22 2.041(6) C23-W1-C22 88.3(2)
W1-Sbl 2.7661(4) C24-W1-C22 86.3(2)
W1-Sb2 2.7580(4) C21-W1-C22 173.7(2)
C23-W1-Sbl 85.04(14)
C24-W1-Sbl 177.23(16)
C21-W1-Sbl 88.80(13)
C22-W1-Sbl 96.50(15)
C23-W1-5Sb2 174.31(13)
C24-W1-Sb2 89.66(15)
C21-W1-Sbh2 87.78(14)
C22-W1-Sb2 95.50(15)
Sb2-W1-Sbl 90.339(14)

2.2.4 Attempted preparation of 0-C6H4(CHZSbiPrz)z

The preparation of 0-C¢H4(CH,Sb'Pr,), was attempted in order to explore the ligating properties of
bidentate distibine ligands that incorporate iso-propyl substituents as substituent groups
coordinated to the antimony centres. This area of stibine chemistry is very interesting due to the
work reported by Werner and co-workers involving bridging Sb'Prs ligands in rhodium carbene
complexes.''! However, the study does not incorporate bidentate stibines of this type, indeed there
are no examples of such ligands, and therefore it would be of interest to synthesise the above o-

xylyl ligand.

Figure 2.2.11 shows the synthetic route that was employed in the attempted preparation of o-

C6H4(CHZSb’Pr2)2, the analogous route to the synthesis of 0—C6H4(CHZSbMe2)2.[S]

In order to synthesise 0-C¢H4(CH,Sb'Pr,),, PhSb'Pr, was prepared from PhSbCl, and BrMg'Pr; in
Et,0. After aqueous work up, the desired product was distilled at 75°C / 0.2 mm Hg as a pale
yellow oil in good yield. The "H NMR spectrum showed the presence of the ‘Pr groups bonded to
the Sb centre with a septet at 1.98 (sept) [2H] (CH) and two doublets at 1.23 and 1.13 ppm (J = 7.2

Hz) which corresponded to the CH and CHs of the 'Pr groups respectively. The reason for two 'Pr
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resonances is that in such situations the CH; groups in the different ‘Pr substituents are magnetically
nonequivalent even if the energy barrier to rotation about the Sb — C bond is low. This effect is well
documented and occurs for example, in PhP'Pr,.” The "C{'H} NMR spectrum also confirmed the

desired product was formed by resonances at 22.5 (CH), 21.9 and 19.9 (CH3;) ppm.
Fig 2.2.11: Proposed synthetic route for the preparation of 0-C¢H4(CH,Sb'Pry),.

SbCl, PrvigBr
Ph;Sb ————— PhSbCl, ——— PhSbiPr,

HCI (gas)
ci  Mothf mgcl Tr2SbCl SbiPr,
—_— -
Cl MgCl SbiPr,

The use of HCI gas to cleave a Ph ring from PhSbMe, and replace it with a chloride is reported in
the literature,”™ and has been used as routine in this Thesis. However, this procedure has not been
carried out on ligands that contain R groups other than Me. It was therefore important to explore
the reaction of HCI gas with PhSb'Pr, in toluene to see whether the cleavage of the Ph group and
substitution with a CI” was as clean as with PhSbMe,. Primary investigations suggested that the
cleavage of the Ph group was not as easy as first predicted, as there was little change in the 'H
NMR spectrum. Indeed there was no evidence of Ph group resonances becoming diminished even
with prolonged exposure to HCI gas. In addition to this it seemed that the presence of the HCI had
caused other 'Pr containing species to appear in the 'H NMR spectrum. It was assumed that the
reaction occurring at room temperature promoted rearrangements in the products and so the
reaction was repeated at -40°C. HCI gas was bubbled through a solution of PhSb'Pr, in toluene at -
40°C for 30 minutes. The reaction was then left for 1 h stirring still saturated with HCI, then the
reaction was purged with N, to remove residual HCl. The 'H NMR spectrum from this
experiment indicated the resonances from the Ph groups had diminished in intensity, however the
'Pr resonances were fairly complex and it was not clear what all the species were. There was
however a septet at 1.85 ppm and a broad singlet at 1.22 ppm indicating the presence of Pr,SbCl.
[24]

The literature data for 'Pr,SbCl is in good accord with these findings. There was also a small

cluster of mass peaks centred at m/z 243 in the Electron lonisation MS suggesting that
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the desired compound was produced, however there was also evidence of other antimony

containing species as well.

Due to the fact that ‘Pr,SbCl was formed, even though it was clear that there was not complete
substitution of the phenyl for a chloride, it was used in the reaction in Fig. 2.2.10 to form o-
C¢Hy(CH,Sb'Pr,),. By reacting o-C4Hy(CH,MgCl), and a solution of 'Pr,SbCl in toluene, in thf,
followed by aqueous work-up, a pale yellow oil was produced. After distilling at 140-145°C and
0.05 mm Hg a fawn air sensitive oil was obtained in low yield. Unfortunately even after distillation
it was not clear by NMR spectroscopy whether the desired product was formed. There were
indications in the 'H NMR that the ligand was present, with indicative doublets for Pr groups,
however with the absence of a clearly defined CH, resonance and a complex aromatic region, it
was not possible for positive assignment. The EIMS spectrum of the distilled product, did indicate
that the desired product was formed. A cluster of peaks centred at m/z 477 corresponding to [P-
'Pr]” was seen. Due to this result an attempt to make a methiodide and a tetrabromide of the ligand
was carried out. Unfortunately this failed, but the EIMS spectrum confirmed the presence of the

ligand in the resultant oil. Fig 2.2.12 shows the EIMS spectrum of 0-C¢H4(CH,Sb'Pry),.

Fig 2.2.12: The EIMS spectrum of (a) [0-CsH4(CH,Sb'Pry), — 'Pr]” and (b) the corresponding

isotope simulation.
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It is obvious that the unreliability of the reaction of 'Pr,SbPh with HCI gas to afford 'Pr,SbCl is one
reason why the ligand was not prepared cleanly. It seems that the phenyl cleavage does not
proceed cleanly with compounds of this nature, containing Pr groups. Therefore another route
needs to be devised to prepared the ligand. It could be suggested that this ligand could be
synthesised from an Sb(V) precursor such as 'Pr;SbCl, used in the preparation of ligands reported

by Werner, 231 however this would need further investi gation.
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2.3 Conclusion

The work in this Chapter examined the preparation of 0-C4H,(CH,SbMe,), in more detail and
found that there was significant dependence upon the concentration of the di-Grigard solution. As
a result of this observation, the novel distibine {CH,(0-CsH4CH,SbMe,),} (VI) was prepared via
two methods. The first method was the indirect synthesis of VI by coupling of the di-Grignard o-
C¢H4(CH;MgCl), in concentrated thf solution followed by treatment with Me,SbCl. The second
method was the direct synthesis of VI by treatment of {CH,(o-CsH,;CH,MgCl),} with Me,SbCl.
The latter method afforded the very oxygen sensitive distibine as a yellow oil in good yield. VI
was fully characterised, and subsequent oxidation of the ligand with Br, gave the air stable
tetrabromide {CH;(0-CsH,CH,SbMe,Br;),}. VI shows a surprising tendency for cis-chelation.
The syntheses of [PtMesl(VI)], [PtCl,(VI)] and [W(CO),(VI)] confirm the formation of an 11-

membered chelate ring, and this was further supported by crystal structure determination of all

three complexes.

The attempted preparation of the novel distibine 0-C¢H4CH,Sb'Pr;), was undertaken, from o-
C¢H4(CH,;MgCl), and 'Pr,SbCl. However the cleavage of the phenyl group of Pr,SbPh with HCI
gas in toluene was not clean, and there was significant decomposition in the reaction. Therefore
we were unable to isolate a pure sample even after distillation. The cleavage of the phenyl group
from PhSbMe, with HCI is efficient and therefore CISbMe, can be used to synthesise VI and other
ligands such as 0-C4H4(CH,SbMe,),.") However, it is clear that further research is needed in order
to synthesise 0-C4H4(CH,Sb'Pr;),. Possible precursors to this ligand could be using Sb(V) species
such as Pr;SbCls, as used by Werner and co-workers for similar studies.!?* By reacting "Pr;SbCl,
with sodium in liquid ammonia, and subsequent reaction of the NaSbPr, produced with o-

C¢H4(CH;Br); the desired product may be synthesised.
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2.4 Experimental
General experimental and instrumental techniques are described in the appendix. Solvents were
dried prior to use and all preparations were undertaken using standard Schlenk techniques under a

N, atmosphere. [PtMesI]?** and [W(CO)4(pipieridine),]*! were obtained via literature methods.

0-C¢H,(CH,Br)Br (I): 2-Bromotoluene (60 g, 0.35 mol), benzoyl peroxide (1.0 g, 0.004 mol)
and CCl, (200 cm3) were stirred to reflux under N,. A suspension of N-bromosuccinimide (62.4 g,
0.35 mol) in CCl, (200 cm’) was added dropwise and the reaction was heated at reflux until the
reaction started. The reaction was then left to stir for a further 2 h. The insoluble succinimide was
filtered off and the solution concentrated to afford a yellow oil. Yield (59.4 g, 68%). 'H NMR
(CDCl3): 8 7.65 — 7.10 (m) [4H] (Ar-H), 4.62 (s) [2H] (CH,) ppm. "“C{'H} NMR (CDCl3): &
133.38, 131.32, 130.15, 128.60 (Ar-C), 33.41 (CH,) ppm. EIMS (CH,Cly): m/z 250 [o-

C¢H4(CH,Br)Br]". All spectroscopic data were in accord with the literature,!'"

{CH,(0-CcHBr)}, (II): MeMgl was prepared from Mel (75 g, 0.5 mol) and Mg turnings (12.5 g,
0.5 mol) in dry Et,O (188 cm’). A crystal of iodine was used to initiate the reaction. The mixture
was stirred for 1 h to ensure complete reaction. The reaction was then warmed to reflux and o-
CsH4(CH,Br)(Br) (41.4 g, 0.166 mol) in Et,O (75 cm’) was added dropwise over 1.5 h. After
refluxing the mixture for a further 4 h, the reaction was cooled to RT and left to stir overnight.
After refluxing the reaction for a further 4 h, it was cooled to RT and quenched with an aqueous
10% HCI solution and then H,O (100 cm’) was added. The organic layer was separated and the
aqueous layer washed with E;O (2 x 100 cm’). The combined organics were then dried over
MgSO,, filtered and reduced to dryness. The residues were then recrystallised from CH,Cl, and
MeOH to afford a waxy solid (9.5 g, 34 %) which was then dried in vacuo. 'H NMR (CDCls): &
7.55—6.90 (m) [8H] (Ar-H), 3.00 (s) [4H] (CH,) ppm. “C{'H} NMR (CDCls): & 139.56, 131.75,
129.60, 126.79, 126.41, 123.46 (Ar-C), 35.41 (CH,) ppm. EIMS (CH,Cly): m/z 340 [{CHy(o-

C¢H4Br)},]". All spectroscopic data were in accord with the literature.!""

{CH,(0-C{H,CHO)}, (III): {CH,(0-C¢H,Br)}; (1.5 g, 4.42 mmol) was dissolved in dry EtO (20
cm®) and cooled to 0 °C with ice. nBuLi (7.6 cm’, 19.0 mmol, 2.5 M in hexane) was added gradually
and then the reaction was warmed to RT and stirred for 30 minutes. N-formylpiperidine (5 cm’) was
then added dropwise with ice cooling, and then the reaction was warmed to RT and stirred for 2 h.
The mixture was quenched with 10 % HCI, and benzene (100 cm®) was added. The organics were

separated, washed with H,O (50 cm3), and then dried over MgSO,. This was then filtered, and
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reduced to dryness. The residues were recrystallised from hexane, filtered and the white solid (0.57
g, 54%) dried in vacuo. "H NMR (CDCls): § 10.12 (s) [2H] (CHO), 7.80 — 7.10 (m) [8H] (Ar-H),
3.25 (s) [4H] (CHy) ppm. "“C{'H} NMR (CDCl3): & 191.60 (CHO), 132.79, 131.78, 130.47,
125.86 (Ar-C), 33.76 (CH,) ppm. EIMS (CH,Cly): m/z 237 [{CHy(0-CsHsCHO)},-H']". All

spectroscopic data were in accord with the literature.!'

{CH,(0-C(H,CH,0H)}, (IV): {CH,(0-C¢H4,CHO)}, (0.88 g, 3.7 mmol) was added slowly to a
solution of LiAIH,4 (0.28 g, 7.4 mmol) in dry Et,O (100 cm®). The mixture was refluxed for 3 hr,
allowed to cool, and quenched with H,O. Dilute H,SO4 (10 % in H,0) was added until a white
precipitate formed between the organic and aqueous layers. This was filtered and dried in vacuo.
The organic layer was then dried over MgSQ,, filtered and reduced to dryness, to afford an off
white solid. Both solids were found to be the alcohol product by NMR. (Yield 0.813 g, 91%). 'H
NMR (CDCl;): 8 7.3 — 7.0 (m) [8H] (Ar-H), 4.55 (s) [4H] (CH,OH), 3.0 (s) [4H] (CH,CH;) ppm.
PC{'H} NMR (CDCl;): & 128.9, 128.1, 127.3, 125.5 (Ar-C), 62.5 (CH,OH), 33.7 (CH,CH,) ppm.
EIMS (CH,Cly): m/z 224 [C16H,50]". All spectroscopic data were in accord with the literature.!'

{CH,(0-CsH,CH,CD)}, (V): To a solution of {CH,(0-C¢HsCH,OH)}, (0.685 g, 2.83 mmol) and a
few drops of pyridine in benzene (60 cm®), a solution of SOCI, (4 cm’) in benzene (5 cm’) was
added dropwise over 10 minutes at RT. After refluxing the reaction for 17 h, it was allowed to
cool to RT, was quenched with H,O (30 cm’), separated and dried over MgSO,. The organics
were then filtered and reduced to dryness. The light brown solid was then dried in vacuo. (Yield
95%). 'H NMR (CDCly): 8 7.3 — 7.1 (m) [8H] (Ar-H), 4.5 (s) [4H] (CH,CI), 3.05 (s) [4H]
(CH,CH,) ppm. “C{'H} NMR (CDCl;): & 139.4, 134.3, 129.5, 128.9, 128.1, 125.8 (Ar-C), 43.2
(CH,CI), 32.9 (CH,CH,) ppm. All spectroscopic data were in accord with the literature.!'"!

{CH,(0-C¢H,CH,SbMe,)}, (VI)

Method A: 0-C¢H(CH,;MgCl), was prepared from Mg powder (3.26 g, 134.3 mmol) in thf (150
cm’) and 0-C¢H4(CH,Cl), (5.7 g, 32.75 mmol) in thf (50 cm’) added dropwise over 1 h giving a
0.16 mol dm™ solution. Me,SbCl (PhSbMe, (15 g, 65.5 mmol) and HCI gas)™ in toluene (50 cm?)
was added dropwise over 30 min., and the reaction was left to stir overnight. The mixture was then
hydrolysed (100 cm® of 1 mol dm™ aqueous NH,CI), the organics separated, the aqueous layer
extracted with Et,0 (2 x 50 cm’). After drying (MgSO,), filtering and removing the solvent by
distillation at atmospheric pressure, and fractionation of the o0-C¢H4(CH,SbMe,), (200°C, 0.5
mmHg), VI was obtained as a clear oil by Kugelrshr distillation (225°C, 0.5 mmHg). (Yield 1.2 g,
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14%). 'H NMR (CDCly): 8 7.1-7.3 (m) [8H] (Ar-H), 2.96 (s) [8H] (SbCH,, CH,CH,), 0.80 (s)
[12H] (SbCH3) ppm. “C{'H} NMR (CDCl;): & 139.9, 138.8, 129.6, 128.5, 126.9, 125.5 (Ar-C),
34.9 (CH,CH3), 20.9 (SbCH), -2.3 (SbCH;) ppm. EIMS: m/z 497 [parent — Me]", 513 [parent +
H]". High resolution MS: calculated for [parent-Me] m/z = 497.00367; found: m/z = 496.9697.

Method B: {CH,(0-C¢H4sCH;MgCl)}, was prepared from magnesium powder (0.42 g, 17.3 mmol)
and anthracene (0.31 g, 1.73 mmol), which was activated with 1,2-dibromoethane (0.1 cm3) in thf
(5 cm’®). After stirring for 5 min, thf (25 cm’®) was added, then {CH,(0-C¢H4CH,CI)}, (1.6 g, 5.73
mmol) in thf (170 ¢m®) was added dropwise over 2 h. The mixture was stirred at RT overnight,
then a solution of Me,SbCl (prepared from PhSbMe, (2.62 g, 11.46 mmol) and HCI gas)™ in
toluene (50 cm’) was added dropwise over 2 h, and the resulting mixture stirred at RT overnight.
The reaction was hydrolysed with a solution of NH,4CI (50 ¢m®, 1 mol dm™ in H,0). The organics
were separated and the aqueous layer washed with Et,O (2 x 50 cm’). The combined organics
were then dried over MgSOy, filtered and then reduced to dryness. The residues were dissolved in
Et,0 (20 mL), the anthracene filtered off, and the pale yellow solution reduced to dryness in
vacuo. Yellow oil. (Yield 2.0 g, 68%). '"H NMR (CDCl5): 8 7.2—7.0 (m) [8H] (Ar-H), 2.86 (s)
[8H] (CH,Sb, CH,CH,), 0.80 (s) [12H] (SbCHs) ppm. “C{'H} NMR (CDCls): & 139.9, 138.7,
129.6, 128.8, 127.0, 125.5 (Ar-C), 34.9 (CH,CH,), 20.9 (CH,Sb), -2.3 (SbCH3) ppm. EIMS: m/z

497 [parent — Me]", 513 [parent + H]".

{CH,(0-CsH4CH,SbMe,Br,)}, (VII): VI (0.05 g, 0.098 mmol) was dissolved in dry CHyCl, (5
em’) and a solution of Br, (0.5 cm’) in CH,Cl, (10 em®) was added drop-wise until a yellow colour
was observed. The reaction was then stirred for 2 h, reduced in volume to ca. 2 cm’ and then hexane
(5 cm’) was added to precipitate a solid. The light yellow solid was isolated by filtration and dried in
vacuo. (Yield 61%). Required for CyH,sBr,Sb,: C, 28.9; H, 3.4. Found: C, 30.1; H, 3.4% (note that
the NMR spectra of this compound and of VI itself show traces of anthracene from the original
direct synthesis of VI which remain despite repeated washing, hence the poorer than normal fit for
the analytical data). 'H NMR (CDCls): § 7.2-7.4 (m) [8H] (Ar-H), 4.24 (s) [4H] (CH,Sb), 3.16 (s)
[4H] (CH,CH,), 2.47 (s) [12H] (CH;) ppm. “C{'H} NMR (CDCl;): & 130.3, 129.5, 129.2, 127.9,
125.7 (Ar-C), 46.3 (CH,Sb), 34.1 (CH,CH,), 25.7 (CH3) ppm.

PhSb'Pry: 'PrMgBr was prepared from ‘PrBr (44.28 g, 0.36 mol) and magnesium turnings (9.47 g,
0.39 mol) in dry Et,0 (750 ¢cm’) and then stirred for 45 minutes to ensure complete reaction.

PhSbCl, (48.6 g, 0.18 mol) in dry Et,0 (200 cm’) was added dropwise with stirring and the pale
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yellow suspension was stirred at room temperature for 3 h. The reaction mixture was hydrolysed
with a degassed solution of NH,CI (300 cm’, 1 mol dm™), and the organic layer separated. The
aqueous layer was washed with Et,O (2 x 100 cm’) and the combined organics dried over MgSO,
overnight. The excess solvent was then removed by distillation at atmospheric pressure. The desired
product was distilled as a pale yellow oil at 75 °C / 0.2 mm Hg. (Yield 28 g 54.7 %) 'H NMR
(CDCl3): 8 7.41 (m), 7.19 (m) [5H] (Ar-H), 1.98 (sept) [2H] (CH), 1.23 (d, J=7.2 Hz) [3H] (CHy),
1.13 (d, J = 7.2 Hz) [3H] (CHs) ppm. “C{'H} NMR (CDCl5): & 136.8, 135.6, 127.6, 127.3 (Ar-
Q0), 22.5 (CH), 21.9, 19.9 (CHs) ppm. Due to the air sensitive nature of the ligand, microanalysis

was not obtained.

Attempted preparation of 0-C6H4(CHZSbiPr2)2: 0-C¢Hy(CH,MgCl), was prepared from
magnesium powder (1.7 g, 70 mmol) activated with 1,2-dibromoethane (0.1 cm’) in thf (5 cnr). The
reaction was stirred for 5 minutes, then thf (15 cm®) was added followed by dropwise addition of o-
CsH4(CH,Cl), (3.1.g, 17.7 mmol) in thf (220 cm’) over 3 h. The reaction was then treated with a
toluene (50 ¢cm®) solution of CISb'Pr, (prepared as below ' from PhSbPr, (14.24 g, 35 mmol) and
HCI gas) added dropwise over 2 h. After stirring overnight the reaction mixture was hydrolysed
with aqueous NH,CI (50 cm’, 1 mol dm™), the organic layer separated, and the aqueous layer
washed with Et;O (2 x 50 mL). The combined organics were dried over MgSO, and the solvent
removed in vacuo. The pale yellow residues were distilled via Kugelréhr distillation at 140-145 °C /

0.05 mm Hg as a fawn air sensitive oil (1.68 g, 18%). EIMS: m/z 477 [parent — Pr]",

" PhSb'Pr, (14.24 g, 35 mmol) was dissolved in toluene (50 cm®) and cooled to -40°C using an
acetone/CO, slush. HCI gas was bubbled through the solution for 30 minutes. The solution was

then stirred at -40 °C for 1 h, then purged with N, for 30 minutes to remove residual HCI.

[PtMe;1(VI)]: MesPtl (0.075 g, 0.2 mmol) and VI (0.102 g, 0.2 mmol) were dissolved in dry
CHCl; (20 cm’) and refluxed under N, for 4 h. The light yellow solution was then pumped to
dryness in vacuo to give a waxy solid which was triturated with hexane to produce a light yellow
powder. (Yield: 60%). C,3Hs:IPtSb,.CHCI;: C, 28.9; H, 3.8. Found: C, 28.2; H, 3.8%. 'H NMR
(CDCl5): 6 0.65 (s) [6H] (SbCH3), 0.89 (s) [3H] (Me trans | CJpar = 71 Hz)), 1.16 (s) [6H]
(SbMe), 1.52 (s) [6H] (Me trans Sb (*Jog = 66 Hz)), 3.10 (s) [4H] (CH,CH,), 3.28 (m) [4H]
(SbCH,), 7.00-7.28 (m) [4H] (Ar-H) ppm. "C{'H} NMR (CDCl;): & -8.5 (SbCHs), -7.8 (Me trans
[ ("Jpe = 614 Hz)), -5.1 (SbCH3), 6.2 (Me trans Sb ('Jpe = 563 Hz)), 20.5 (SbCH,), 34.9
(CH,CH,), 138.9-124.7 (Ar-C) ppm. "’Pt NMR: -4440 ppm.
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[PtCL(VD)]: PtCl, (51.95 mg, 0.195 mmol) was suspended in dry acetonitrile (20 cm3) and
refluxed for 1 h until all the solid was dissolved and a yellow solution was obtained. This was
then cooled to room temperature, and VI (0.1 g, 0.195 mmol) in CH,Cl, (5 cm’) was added
slowly. The reaction was stirred for 2 hr at room temperature, until an orange solution was
obtained. The reaction mixture was then reduced to dryness. The residues were dissolved in
minimum CH,Cl, and hexane (10 cm’) was added to precipitate a solid. The orange solid was
isolated and dried in vacuo to afford an orange powder. The orange solid was isolated and dried in
vacuo. (Yield 55 %). Required for Cy3HysC1,PtSb, CH,Cly: C, 29.2; H, 3.5. Found: C, 29.0; H, 3.9%.
'H NMR (CDCls): § 7.0-7.3 (m) [8H] (Ar-H), 5.30 (s) (CH,CL,), 3.36 (s) [4H] (CH,Sb), 2.93 (s)
[4H] (CH,CH,), 1.25 (s) [12H] (CHs) ppm. '”Pt{'H} NMR (CH,CI,/CDCls): § -4960 ppm. IR
(Nujol mull): v 316 w, 307 w (v(Pt-Cl)) cm™.

[W(CO),(VD)]: [W(CO)4(piperidine),] (0.18 g, 0.39 mmol) and VI (0.20 g, 0.39 mmol) were
refluxed in EtOH (20 ecm?) for 2 h, cooled to room temperature and the reaction mixture was
filtered. The EtOH was removed in vacuo and the residues were dissolved in minimum CH,Cl,.
Hexane (10 cm’) was added to precipitate a solid, and the light brown powder was isolated and
dried in vacuo. (Yield 40%). Required for CyH,0,Sb,W: C, 35.7; H, 3.5. Found: C, 35.7; H,
3.5%. 'H NMR (CDCl;): & 7.1-7.4 (m) [8H] (Ar-H), 3.25 (s) [4H] (CH,Sb), 2.74 (s) [4H]
(CH,CHay), 1.08 (s) [12H] (CH3) ppm. IR (Nujol mull): v 2011 s, 1898 vs, 1868 sh (CO) cm’. APCI
MS (MeCN): m/z = 809; calculated for [W(CO)(VI+H)]".

2.4.1 Crystallography

Details of the crystallographic data collection and refinement parameters are given in Table 2.3.1.
Yellow single crystals of [PtMe;I(VI)], [PtC1y(VI)] and two polymorphs of [W(CO),(VI)] were
obtained by diffusion of hexane into a CH,Cl, solution, by diffusion of Et,O into a solution of the
complex in CH,Cl, or by slow evaporation from a solution of the complex in CH,ClyEt,O
respectively. Data collection used a Nonius Kappa CCD diffractometer (T = 120 K) and with
graphite-monochromated Mo-Kow X-radiation (A = 0.71073 A). Structure solution and refinement
were routine,”**! except for some disorder between the [ and C atoms within the trans-1-Pt-Me
unit in [PtMesl(VI)]. This was modelled using partial atom positions, with the sum of the
occupancies of the two I and two C components each being one. Distinct partial C atom and partial
I atoms could not be identified, hence these units were refined with identical atomic coordinates
and atom displacement parameters. Consequently the Pt-I and Pt—C distances in the trans-I-Pt-C

unit are weighted averages, and should not be used in comparative studies. The H atoms associated
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with the disordered Me groups were not included in the final structure factor calculation. The
structure of [PtCl,(VI)] shows some disorder in the position of the PtCl, fragment. This was
evident from a residual unassigned peak in the difference map which based upon the thermal
ellipsoids, coordination environment, the distances and angles relative to the Sb,PtCl, plane could
not be assigned to a light atom. The disorder model presented gave a very satisfactory refinement
for two alternative positions for the Pt atom with relative occupancies of 91% and 9%. This leads
to two Sb,PtCl, planes with different orientations, and examination of the centrosymmetric dimer
shows that the CI atoms associated with the minor Pt component and those on the symmetry

related Ptla are common. The discussion and the geometric parameters in Table 2.2.2 refer to the

major component.

Some disorder was also found in the backbone of one of the two crystallographically independent
[W(CO),(VD)] molecules in the asymmetric unit of the first polymorph (P2,/n; (a)). This was
modelled very satisfactorily using split C atom occupancies in the disordered region, revealing two
slightly different ligand conformations. Selected bond lengths and angles for these species are

presented in Tables 2.2.1, 2.2.2, 2.2.3a and 2.2.3b.
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Table 2.4.1: Crystallographic data collection and refinement parameters.”

Complex
Formula

M

Crystal system
Space Group
a4

o/ 4

/A

pre

ur A2

Z
W(Mo-Ka)/mm™!
Rine

Total no. of obsns.

Unique obsns.
No. of parameters
R1[,> 20 ({,)]
R1 [all data]

wR,y [1,> 20 (1,)]
wR, [all data]

[Me;Pt(VI)]
C,3H;,IPtSh,
879.02
Monoclinic
P2y/n (no.14)
12.2870(15)
12.7061(10)
16.623(2)
91.307(6)
2594.5(5)

4

8.64

0.034

29152

5928

245

0.029

0.036

0.062

0.064

[PtCL,(VD)]
C;H,5 C1,PtSb,
777.91
Monoclinic
P2/c (no.14)
14.243(5)
13.068(3)
12.380(4)
90.302(12)
2304.1(12)
4

8.62

0.148

25377

5290

240

0.057

0.147

0.090

0.109

[W(CO)(VD)] (a)
C24Hz30,45b;, W
807.81
Monoclinic
P2y/n (no.14)
12.9641(15)
23.323(3)
17.0599(15)
96.210(5)
5128.009)

4

6.59

0.048

58518

11741

605

0.028

0.046

0.054

0.059

[W(CO). (VD] (b)
C4H,50,8b, W
807.81
Monoclinic

Cc (no. 9)
17.705(3)
11.6869(15)
12.4991(10)
94.506(10)
2758.2(5)

4

6.56

0.0251

17199

5633

281

0.024

0.0254

0.0489

0.0495

* Common items: temperature = 120 K; wavelength (Mo-Ka) = 0.71073 A; 8(max) = 27.5°.

Ri=5||F| - |F||/2IF,

s WR, = [Ew(F,’ - FAY/E wF1"
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3.1. Introduction

Many transition metal based homogeneous catalysts incorporate phosphines as co-ligands. The
chemistry of these complexes has been investigated in great detail, due to the potential of these
compounds being well documented. Therefore a great deal is known of the reaction chemistry of

the complexes and indeed the electronic and steric influences of the ligands on the metal ion

fragments.

In contrast to phosphines, little of the analogous organometallic chemistry incorporating stibine
ligands has been investigated, with the exception of selected metal carbonyl species."? There are
however, exceptions to this statement, such as the very elegant work carried out by Werner and co-
workers, which has been described in chapter 2 of this Thesis.”) Werner’s work demonstrates that
these stibine species promote different product distributions and therefore result in very interesting
reaction chemistry. These findings show that stibine ligands have subtly distinct electronic
properties and are therefore important to explore in greater detail. Other advances in the area
prove that stibines as ligands are particularly valuable in industry. One such example is the
efficient nickel catalysed styrene polymerisation using [Ni(CH,C(Me)CH,)(SbPhy)s] """
Employing this catalyst the reaction reached a 2000 min™ turnover. Further studies revealed that
by replacing the SbPh; co-ligand with AsPh; a similar turnover and catalytic activity was
achieved. Moreover, a trend is observed in the degree of oligomerization of styrene as a function
of the co-ligand used: passing from PPh; to SbPh; through AsPh; causes an increase in the amount
of dimer and a reduction in the amount of higher oligomers. [Ni(CH,C(Me)CH,)(SbPh;);]” and
[Ni(CH,C(Me)CH,)(AsPhs);]" have also been found to be active towards the oligomerization of
dienes and other olefins. From this study it becomes clear that stibine ligands may play an
important role in the future development of highly active nickel catalysts for olefin
oligomerization.”” Figure 3.1.1 shows the reaction of styrene to produce polystyrene and Figure

3.1.2 shows the nickel cation used as the catalyst.

Fig 3.1.1: Reaction scheme of the polymerisation of styrene.!”!

catalyst

(1:2000) O O
Cl

n

n=2-6 H3C X
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Fig 3.1.2: Crystal structure of [Ni(CH,C(Me)CH,)(SbPhs);]" used in the polymerisation of

styrene.m

Selected bond lengths (A) and angles (°): Ni-C(2) 2.013(5), Ni-C(3) 2.076(5), Ni-C(1) 2.228(9), Ni-
Sb(1) 2.5175(7), Ni-Sb(2) 2.5222(7), Ni=Sb(3) 2.5650(7), C(1)-C(2) 1.355(9), C(2)-C(3) 1.403(7),
C(2)-C(4) 1.466(10), Sb{1)}-Ni—Sb(2) 100.35(3), Sb(1)}-Ni—-Sb(3) 110.24(2), Sb(2)-Ni-Sb(3) 99.76(2),
C(1)-C(2)-C(3) 116.1(6)."

The literature data on transition metal complexes that incorporate stibines suggest that they prefer
low or medium oxidation states. However this could be misleading as not much research has been
carried out on higher oxidation state transition metal complexes involving stibines. There are
however a small number of Pt(TV) stibines of the form cis-[PtCly(distibine)] that have been
obtained. These complexes tend to decompose very rapidly in solution, in particular via
chlorination of the stibine ligand and corresponding reduction of the Pt(IV) centre.’) Table 3.1.1

summarises a selection of the cis-[PtCly(distibine)] already known in the literature.
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Table 3.1.1: Selected Pt(IV) halide complexes.®

Compound v(Pt-X) /em™ 10° E,.,, /em™
[Pt(Me,Sb(CH,);SbMe,)Cl,] 326s, 300s, 278s 21.30sh, 26.50
[Pt(0-CsHL(SbPhy),)Cle] 347m, 3255, 295s 25.80br
[Pt(Me,Sb(CH,);SbMe,)Br,] 240m 19.30w, 23.60sh, 26.50
[Pt(Ph,Sb(CH,);SbPh;)Br,] 245m 24.60br
[Pt(o-CsH,4(SbPh,),)Cl,] 246m 19.60sh, 26.70br
[Pt(SbMe;),Cl,] 349m, 327s, 310s, 283s 18.80sh, 25.70
[Pt(SbMe;),Bry] 242m 19.60sh, 26.70

There are no reported Pt(IV) stibine complexes in the literature which incorporate alkyl co-ligands,
with the exception of [PtMes{CH,(0-C¢H,CH,SbMe,)},]] described in Chapter 2 of this thesis.”
There is however, some early work on some platinum(II) dialkyl complexes that employ SbPhs as
co-ligands. These complexes are of the form cis-[PtRy(SbPhs),] (R = Me, Ph, o/m/p-CsH,Me) and
are formed by reaction of [PtR,(CgHjg)] with two molar equivalents of SbPhs in refluxing benzene.
However, there have been no spectroscopic or structural data included in the report.'” Other
compounds of the form [PtR’,(Ph,ShCH,SbPh,)] (R’ = various substituted phenyl ligands) have
also been reported and their photochemical activity explored, but again these compounds were not

characterised spectroscopically or structurally.!"!

The coordination of distibine ligands of the form R,Sb(CH,);SbR,, R,SbCH,SbR; R = Me or Ph)
and 0-C¢Hy(CH,SbMe,), with [Me;Ptl] and [Me,Pt(SMe,),] starting materials is reported in this
Chapter. Together with the synthesis of these complexes, their spectroscopic and structural
properties are also described. Selected examples with monostibines are also prepared for
comparative purposes. Crystal structures of five representative examples involving Pt(IV) are

described which provide the basis for comparisons of the Pt-Sb bonding in these species.

This work also provides a useful comparison with the synthesis and reaction chemistry of a wide
range of Pt(II)-dimethyl and Pt(IV)-trimethyl complexes that incorporate phosphine and arsine

ligands, that have been studied previously.!')
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3.2. Results and Discussion

3.2.1. Pt(II) Complexes

[PtMe, {Ph,Sb(CH,);SbPh,}] was obtained as a light yellow solid in good yield through the
reaction of [PtMe,(cod)] and one molar equivalent of Ph,Sb(CH,);SbPh, stirred for 12 h in
toluene. The microanalysis results support the formulation of the desired product and indeed, the
'H NMR spectrum showed the coordination of the ligand to the Me,Pt fragment showing a single
Pt-Me resonance at 1.05 ppm (*Jps; 85 Hz). There were also peaks at 2.40-2.15 (m) and 7.10-7.60
(m) corresponding to methylene and phenyl protons respectively, proving the coordination of the
ligand. The "*C{ 'H} NMR spectrum showed a singlet at -3.63 ppm (‘Jpc = 716 Hz) corresponding
to the methyl groups directly coordinated to the platinum metal centre, along with resonances
corresponding to the coordinated, bidentate, stibine ligand. There was no evidence of residual cod
in either NMR spectra, which shows clean substitution had taken place. It is interesting to note
that the 'Jpc coupling constant is significantly larger than the analogous phosphine complex,
[PtMe, {Ph,P(CH,)sPPh,}] ("Jee = 595 Hz),'™™) which can be explained by the fact that the stibine
is lower in the trans influence series than the phosphine ligand. The '”’Pt NMR spectrum showed

one resonance at -4804 ppm, indicating that the isolated yellow solid contained only one platinum

containing species.

Attempts to make the corresponding [PtMey(L-L)] (L-L. = Me,Sb(CH;);SbMe, or o-
C¢H,(CH,SbMe,),) by a similar route to above were not successful, as there was evidence in the
NMR spectra that there had been only partial substitution of the cod. Even with prolonged
reaction times (>24 h) and heating of the reaction mixture the substitution did not go to completion
and often led to decompostion, which was indicated by the solution turning brown/black. The
alternative starting material, [PtMe,(SMe,),], was therefore employed due to the more labile SMe,
ligand. Reaction of [PtMe,(SMe,),] and one molar equivalent of Ph,Sb(CH,);SbPh, in CH,Cl,
produced [PtMe, {Ph,Sb(CH,);SbPh,}] very cleanly in high yield, and all the data agreed with that
discussed above for the complex. Me,Sb(CH,);SbMe, and 0-CsH4(CH,SbMe,),, however, did not
react cleanly in CH,Cl, with [PtMe,(SMe;,),], but gentle warming a solution of the appropriate
ligand and one molar equivalent of the platinum starting material in benzene, generated the
mononuclear [PtMe,(L-L)] (L-L = Me,Sb(CH,);:SbMe,, 0-CsHy(CH,SbMe,),) in good yield as a
pale yellow oil and a light yellow solid respectively. With C, linked distibine ligands, complexes
of the form [(PtMe,),(L’-L’),] (L’-L’ = Me,SbCH,SbMe, or Ph,SbCH,SbPh,) were obtained. The

reaction scheme for these reactions is show in Figure 3.2.1.
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Fig 3.2.1:  Reaction scheme for [PtMe,(L-L)] and [(PtMe;)y(L’-L’),] where L-L =
Rsz(CH2)3SbR2 or O-C6H4(CH28bMez)2 and L’-L’ = RszCHszRz (R = Me, Ph)

m [Me,Pt(SMe,),] SbMe,
R,Sb SbR, SbMe,

(0 (i)
Me }Vle
AN
R R R,SbCH,SbR i
N/ 2 2 2 (i) Mo /Sb
Me\P /Sb:> Pt\
t Me
Me™ sb b
R/ \R Me Me
\]
R R
R~ R R =Me, Ph
Me._ .Sb Sb Me o .
Pt - (i) = Refluxing benzene
- Pt
Me \ PN
Sb Sh Me
R R o R

The electrospray mass spectrometry (MeCN) of all the Pt(II) complexes described above showed
the major species resulting from loss of Me from the parent compound, [Parent-Me]". This
strongly supports the formulations of the structures made above for both the monomeric and
dimeric species. Surprisingly, decomposition in chlorinated solvents and benzene was observed in
all cases apart from [PtMe,{Ph,Sb(CH;);SbPh,}]. The most extensive decomposition was seen for
[(PtMe,),(Ph,SbCH,SbPh,),] where we were unable to obtain a resonance in the Pt NMR
spectrum. Selected NMR spectroscopic data for the platinum(IT) complexes are presented in
Table 3.2.1 showing that they are similar to [PtMe,{Ph,Sb(CH,);SbPh,}]. As expected they have
similar Pt-C and Pt-H couplings within the dialkyl-Pt unit. The '*’Pt NMR shifts are all ca. -4800
ppm, significantly shifted to low frequency of the Pt(IV) complexes reported below, and the 193py
NMR spectrum of [PtMe, {0-CsHy(CH,SbMe,),}] is shown in Figure 3.2.2. Little platinum-195
NMR data on stibine complexes is available, however 8('*°Pt) for [PtCl,{Ph,Sb(CH,);SbPh,}] and
[PtCl,{Me,Sb(CH;);SbMe,} ] are -4556 and -4553 respectively, some 250 ppm to high frequency

of the Pt(II) methyl analogues in this work.!""

71



Chapter 3

Table 3.2.1: Selected NMR spectroscopy data for the platinum(I) complexes.

Complex 8(C{'H}) (ppm) Upc/ Hz 8("°Pt) (ppm)
[PtMe,{Ph,Sb(CH,);SbPh, }] -3.63 PtMe 716 -4804
[PtMe, {Me,Sb(CH,);SbMe, }]* -4.98 PtMe b -4722
[PtMe, {o-CsH,(CH,SbMe,), }]* -3.85 PtMe 726 -4687
[(PtMe,),(Me,SbCH,SbMe;,),] -3.96 PtMe 711 -4802

“ Spectra recorded in d°-benzene; others in CDCl;. ° Pt-C coupling unclear.

Fig 3.2.2: ""Pt NMR Spectrum for [Me,Pt{o-CsH,(CH,;SbMe,),}] in d*-benzene.

-4687

T H
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3.2.2 Pt(IV) Complexes

Complexes of the form [PtMey(L-L)I] (L-L = R,Sb(CH,);SbR,; R = Me or Ph; o-
CsHy(CH,SbMe,), or L-L = 2 x SbPh;, SbPh,Me or SbPhMe,) were prepared by reaction of
[PtMe;I] with one molar equivalent of the appropriate bidentate ligands and two equivalents of the
monodentate ligands in refluxing CHCl;. The complexes were obtained in high yield, as air stable
yellow solids, with the exception of [PtMe;(SbPhMe;,),1] which was obtained as a pale yellow oil.
Complexes of the form [{PtMe;I},(1n-R,SbCH,SbR,)] were prepared by similar reaction, even
when a 1:1 Ptdistibine ratio was used. It can be suggested that this was due to the short
methylene linkage in the ligand, between the two Sb centres, which is not preorganised for
chelation. Research by Puddephatt and co-workers supports this argument as they reported the
formation of [(PtMe3)2(u—thPCHZPth)z(u—I)z].[15] The reaction schemes for the first series of

stable formally Pt(IV) distibine complexes are shown in Fig. 3.2.3.

Fig 3.2.3: Reaction scheme of [PtMes(L-L)I] and [(PtMe3),(1-R,SbCH,SbR,)(p-1),] where L-L =
Rsz(CHz);;SbR'_), O-C6H4(CstbMez)2 or2x prh3, SbthMe or SbPhMez (R = Me, Ph)
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The NMR spectroscopic data for the above compounds show that the desired complexes have been
formed. For example, the '"H NMR data for [MesPt(Ph;Sb(CH,);SbPhy)I] showed peaks at 1.20 (s),
Clogs = 72 Hz), Me trans 1, 1.70 (s) (Jow = 65 Hz), Me trans Sb, and 2.10-2.80 (m) CH,, 7.20-7.75
(m) Ph, with corresponding platinum satellites and coupling constants. The other complexes in the
family show similar resonances. The C {"H} NMR spectrum also supports the 'H NMR data, with
peaks at -3.17 (pe = 616 Hz) Me trans 1, 5.31 ("o = 575) Me trans Sb, 18.30 SbCH,, 24.12
CH,CH,CH, and 127.23-136.90 Ph. A summary of the '*’Pt {'H} NMR spectroscopy and BC {'H}
NMR spectroscopy data of all the Pt(IV) complexes is shown in Table 3.2.2. All the platinum shifts
for the Pt(IV) complexes are around -4400 ppm, indicating that the geometries and platinum

environments are similar.

Table 3.2.2: Selected NMR spectroscopic data for the Pt(IV) complexes.

Complex 3("C{'H}) (ppm) Jec/Hz  §(°Pt) (ppm)

[Me;Pt{Ph,Sb(CH,);SbPh,}1] -3.17 (1C) PtMe trans I 616 -4381
5.31 2C) PtMe trans Sb 575

[Me;Pt{Me,Sb(CH,);SbMe,}1] -6.20 (1C) PtMe trans 1 628 -4491
1.85 (2C) PtMe trans Sb 553

[Me;Pt{o-CsH,(CH,SbMe,), 3] -6.20 (1C) PtMe trans 1 611 -4384
3.82 (2C) PtMe trans Sb 562

[(PtMes)(p-PhySbCH,SbPh,)(u-1),] 5.53 2C) PtMe trans 1 655 -4360
8.27 (1C) PtMe trans Sb 684

[(PtMe;)(u-Me,SbCH,SbMe, ) (1-1),] 4.17 (2C) PtMe trans 1 692 -4509
12.78 (1C) PtMe trans Sb 571

[Me;Pt(SbPhy )1 -3.72 (1C) PtMe trans | 606 -4380
10.43 (2C) PtMe trans Sb 542

[Me;Pt(SbMePh,)I] -5.04 (1C) PtMe trans 1 611 -4419
7.59 (2C) PtMe trans Sb 566

Me;Pt(SbMe,Ph)I] -5.87 (1C) PtMe trans | 643 -4471
5.16 (2C) PtMe trans Sb 564

Electrospray mass spectrometry (MeCN) supported the NMR spectroscopic data for the Pt(IV)
complexes incorporating chelating distibine ligands, by showing the major peaks as corresponding

to [PtMe(L-L)]" and [PtMe(L-L)(MeCN)]". In the case of the complexes incorporating
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monodentate stibines or the bridging ligands, the only significant peaks were that of
[PtMes(MeCN),]" (n =1, 2 and 3). This suggests that under the mass spectrometry conditions the

Pt-Sb bond is cleaved easily.

From Table 3.2.2 it can be seen that the general trends in the chemical shifts for these novel Pt(IV)
complexes are similar to those observed for phosphine and arsine derivatives.'® For example the
"H NMR spectra for all the complexes show two Pt-Me resonances, one for the Me ligand frans to
Sb and the other, with larger coupling constant (see Table 3.2.2), for the Me ligand #rans to iodine.
The 'H and "C{'H} NMR spectra showed two SbMe resonances for the Me-substituted distibine
ligands, and in some cases there was clear evidence of '*’Pt coupling through the quadrupolar
antimony centres. For example in the case of [(PtMes),(-Me,SbCH;SbMe, )(pi-I),] the resonances
that correspond to protons of SbMe and SbCH, showed Pt-H couplings of 3-4 Hz in the "H NMR
spectrum. Fig 3.2.4 shows the 'H NMR spectrum of [(PtMes),(j1-Me,SbCH,SbMe,)(1-1),]-

Fig 3.2.4: 'H NMR spectrum of [(PtMes),(ji-Me,SbCH,SbMe,)(pi-1);] (CDCls).

# Me trans1
SbMe
* Me trans Sb
SbCH, 4 #
l ).
J LJ}‘ -

ppm
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From Table 3.2.2, it is evident that all the Pt(IV) complexes have one platinum containing species
in the bulk. This is shown by one single resonance in the ’Pt NMR spectrum at ca. -4400 ppm.
This is of significance as these resonances are some 400 ppm to higher frequency than the
corresponding dimethyl-Pt(I) species reported earlier in this chapter (Table 3.2.1), indicating the
different electronic environment around the platinum centre. Literature examples of related
methyl Pt(II) and Pt(IV) phosphines and arsines show very similar trends with oxidation state in
pt NMR shifts, but it must also be noted that the nature of the Group 15 donor atom of the
ligand does have a significant effect. For example in the case of [PtMesl(PMe,Ph),] and
[PtMe;I(SbMe,Ph),] the 8(**°Pt) values are 4277 ppm and —4471 ppm respectively, in addition
[PtMe;I(PMePh,),] and [PtMesl(SbMePh,),] have S(**°Pt) values of —4227 and —4582 ppm
respectively." This can be explained by the incorporation of the heavier antimony atom in the
ligand rather than phosphorus. It is also interesting to note that the dinuclear species [(PtMes), (11~
R,SbCH,;SbR;)(p-1);], has 6(195Pt) values of -4360 ppm (R = Ph) and -4509 ppm (R =Me). These
values are not significantly shifted from the mononuclear [PtMe;I(L-L)] complexes despite having
two bridging iodo ligands. This suggests that changing a heavy I ligand for another heavy atom
such as Sb does not have a significant effect electronically. Indeed Goodfellow and co-workers
have seen this ‘heavy atom effect’ in their studies of platinum-195 chemical shifts.'  For
example with a 1;Sb donor set in [Ptl;(SbMe;)]” the 8('*Pt) value is -5642 ppm, whereas with a
L,Sb, donor set in [Ptl(SbMes),] the 8(**’Pt) value is -5815 ppm. The coupling constants ("Jpec)
for the Pt(IV) complexes reported by Goodfellow are also consistent with the work reported here,

ca. 550-650 Hz, with the larger couplings occurring for Me frans 1.

The synthesis of this novel series of stable Pt(IV) distibines is interesting as it extends the
boundaries of the chemistry and the ligating properties of the ligands, however the reaction
chemistry of the complexes is also important as it gives indications as to possible application for
the future. There have been detailed studies by Puddephatt and co-workers on the reaction
chemistry of analogous alkyl-Pt complexes with phosphine ligands. They have shown that
reaction of the dimethyl-Pt(II) complexes with Mel leads to the oxidative addition of the Mel and
yields the expected Pt(IV) complex of the form [PtMe;I(diphosphine)]. Moreover these trimethyl-
Pt(IV) species can then be thermolysed and readily undergo reductive elimination of ethane.!™”
Similarly to these studies we have shown that treating [PtMe,{Me,Sb(CH,);SbMe;}] in d°-
benzene with Mel gives a quantitative conversion (by 'H NMR spectroscopy) of the dimethyl-

Pt(Il) complex to [PtMe;I{Me,Sb(CH,);SbMe,}]. Furthermore, thermogravimetric analysis of

[PtMe;I(SbPh;),] shows a mass loss at 170°C indicative of reductive elimination of ethane. These
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results are significant, as they prove that despite the fragility of the Sb-C bonds the stibine ligands
are tightly enough bound to support both Pt(IT) and Pt(IV) centres and indeed via simple reactions
can undergo oxidative addition or reductive elimination reaction chemistry to convert between the
two oxidation states. The stability of these complexes can be attributed to the strong ligand field
effects in the Pt-methyl complexes in contrast to other Pt(IV) tetrachloro distibine complexes of

the form [PtCly(distibine)], which are extremely unstable. ™

3.2.3 Structural Studies
In order to provide unambiguous assignment of the Pt(IV) stibine complexes geometries, five
crystal structures of representative examples of these complexes have been obtained. The

structures also allow comparisons with similar complexes in the literature, in particular complexes

incorporating Pt(II) centres.

The structure of [PtMe;{Ph,Sb(CH,);SbPh,}1] is shown in Figure 3.2.5 and selected bond lengths
and angles are shown in Table 3.2.3. The structure is a distorted octahedral Pt(IV) centre
coordinated to three fac Me groups, one I ligand and two Sb atoms from a chelating distibine.
[PtMe;{Me,Sb(CH;);SbMe, }I] adopts a very similar arrangement and is shown in Figure 3.2.6
and selected bond lengths and angles are shown in Table 3.2.4. However, in the structure of
[PtMe; {Me,Sb(CH,);SbMe;,}1] the platinum centre, C6, and Il occupy a mirror plane, which cuts
the distibine ligand in two. Similar geometries are seen in the crystal structures of [PtMe;{o-

CsH4(CH,SbMe;);}1] (Fig. 3.2.7, Table 3.2.5) and [PtMes(SbPhs),1] (Fig. 3.2.8, Table 3.2.6).
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Fig 3.2.5: View of the structure [Me;Pt{Ph,Sb(CH,);SbPh,}I] with numbering scheme adopted.

H atoms have been omitted for clarity and ellipsoids are shown at 50 % probability level.

Table 3.2.3: Selected bond lengths (A) and angles (°) for [MesPt{Ph,Sb(CH,);SbPh,}1].

Pt1-C30 2.066(13) C30-Pt1-C28 88.0(5)
Pt1-C29 2.098(12) C29-Pt1-Sbl 92.7(3)
Pt1-C28 2.107(12) C28-Pt1-Sbl 177.2(4)
Pt1-Sb1 2.6026(11) C30-Pt1-Sb2 92.2(4)
Pi1-Sb2 2.6344(11) C29-Pt1-Sb2 179.6(3)
Pt1-11 2.7829(11) Sb1-Pt1-Sb2 87.68(3)
C30-Pt1-I1 179.2(3)

C29-Pt1-11 92.8(4)
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Fig 3.2.6: View of the structure [Me;Pt{Me,Sb(CH,);SbMe,}I] with numbering scheme adopted.

H atoms have been omitted for clarity and ellipsoids are shown at 50 % probability level. There is

a mirror plane passing through Pt1, 1, C4 and C5, with symimetry operation: a=x, Y2 - y, Z.

Table 3.2.4: Selected bond lengths (A) and angles (°) for [Me;Pt{Me,Sb(CH,);SbMe, }1].

Pt1-C5
Pt1-Cé6
Pt1-Sbl
Pt-]1
Sbl1-C1
Sb1-C2
Sb1-C3

2.076(9)
2.141(6)
2.6169(6)
2.77779)
2.113(7)
2.125(6)
2.129(6)

C5-Pt1-Cé
C5-Pt1-Sbl
C6-Pt1-Sbl
Sb1-Pt1-Sbl
C5-Ptl-11
C6-Pt1-11
Sb1-Pt1-I1

86.93)
93.9(2)
177.09(19)
89.632)
176.5Q3)
90.52(18)
$8.532(16)
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Fig 3.2.7: View of the structure [MesPt{o-C¢Hy(CH,SbMe,),}1] with numbering scheme

adopted. H atoms have been omitted for clarity and ellipsoids are shown at 50 % probability level.

Table 3.2.5: Selected bond lengths (A) and angles (°) for [Me;Pt{0-CsH4(CH,SbMe;); }1].

Ptl C14 2.070(6) Cl14Ptl C15 86.8(3)
Ptl C15 2.108(7) C14 Ptl Sb2 94.6(2)
Ptl C13 2.109(6) C15 Ptl Sb2 177.002)
Ptl Sb2 2.6054(7) C14 Ptl Sbl 96.4(2)
Ptl Sbl 2.6204(15) C15 Ptl Sbl 87.25(19)
Ptl 11 2.7811(10) C13 Ptl Sbl 175.93(18)
Sb2 Pt Sbl 95.245(15)
C14Ptl 11 178.3(2)
CI5Ptl 1l 94.7(2)
Sb2 Pt 11 83.90(3)
Sbl Pt1 11 84.569(15)
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Fig 3.2.8: View of the structure of one of the crystallographically independent molecules of
[PtMe,(SbPhs),I] with numbering scheme adopted (the other molecule in the assymetric unit is
essentially indistinquishable). H atoms are omitted for clarity, and ellipsoids are shown at 50 %

probability level. There is diorder in the 12-Pt2-C77 unit (see text).

Table 3.2.6: Selected bond lengths (A) and angles (°) for [MesPt{SbPhs),}1].”

Pt2-C78 2.098(9) C78-P12-C76 85.3(4)
Pt2-C77 2.5679(14) C76-Pt2-C77 87.0(4)
Pt2-Sb4 2.6551(7) C76-P12-12 85.5(4)°
P12-C76 2.102(9) C78-Pt2-Sbd 171.4(3)
Pi2-12 2.6302(12)° C77-Pt2-Sb4 95.31(3)
Pt2-Sb3 2.6651(7) C78-Pi2-Sb3 91.7(3)
Sb4-Pt2-Sb3 96.48(2)

C77-Pt2-12 170.81(4)°

[2-P12-Sb4 89.46(3)°

“ Bond lengths and angles for the second molecule invloving Ptl, 11, Sb1, Sb2 and C1-C39 are similar and also have
disorder in the trans 11-Pt1-C fragment. ® Disordered group I2/C77A-Pt2-C77/12A with chemically unreliable bond

lengths and angles. This is most marked in the Pt2-C77 bond length when comparing with other Pt-C distances.
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The Sb-Pt(1V) bond distances in all of the chelated distibine complexes lie in the range 2.6025(11)
~2.6342(11) A, significantly longer than in Pt(Il) distibines,"” for example [PtCl{o-
CeH4(CH,SbMe;,),}] has Pt-Sb  bonds of 2.4860(7) and 2.4931(8) A and [Pt{o-
CH4(CH,SbMe;), },]*" has Pt-Sb bonds of length 2.5690(8)-2.5802(8) A. This lengthening of the
Pt-Sb bond could be attributed to the higher coordination number of the Pt(IV) distibine

complexes and the strong frans influence of the methyl groups around the platinum centre.

The Sb-Pt-Sb angles in the Pt(IV) stibine complexes reflect the different chelate ring sizes, with
the 0-CsH4(CH,SbMe,), ligand, which forms a 7-membered ring chelate, giving a wide bite angle
of 95.246(11)". With the ligands that form 6-membered chelates (R,Sb(CH,);SbR,) the Sb-Pt-Sb
angles are less than 90°. The same trend is seen in the non-bonded SbSb distances within the
chelates. Therefore the SbSb distance is ca. 0.17 A greater for the 0-C¢H4(CH,SbMe;,), complex
than the R,Sb(CH,);SbR, complexes. These comparisions can be seen in Table 3.2.7. Moreover,
the Pt-Sb distances (2.6457(7)-2.6656(7) A), and Sb-Pt-Sb angles (96.48(2), 96.74(2)°) in
[PtMesI(SbPhs),] are similar the bond lengths and angles found in [PtMe;I{0-CsH4(CH2SbMe,), }5]
which can be attributed to the substantial steric bulk of the SbPh; ligand in [PtMe;I(SbPh;),].

Table 3.2.7: Comparison of the non-bonded Sb~Sb distances within the distibine chelates rings

of the Pt(IV) complexes.

Complex Non-bonded ShSb distance / A
[Me; Pt(Ph,Sb(CH;);SbPhy)I] 3.627
[Me;Pt(Me,Sb(CH,);SbMe,)I] 3.689
[Me;Pt(0-C¢Hy(CH,SbMe,),)I] 3.860
[Me; Pt({ CH,(0-C¢H,CH,SbMe, } ,)I] (Chapter 2) 3.902

Another trend in the crystal structures is that the Pt-Cy. 5, distances are all ca. 2.1 A, which is
longer than the Pt-C,,,, ; distances. It can be suggested that this is due to the stibine exerting a
stronger frams influence than the iodide ligand. It has been observed that structures that
incorporate SbPh; and Ph,SbCH,SbPh; as ligands have an increase in C-Sb-C bond angle of about

8 degrees when complexed to a medium oxidation state transition metal due to the rehybridisation

which takes place at antimony upon coordination to a metal centre.”™ It is also important to note
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that when comparing the data reported here with known Pt(Il) stibines it can be seen that the Sb-

Pt-Sb angles are essentially unaffected by changes in oxidation state.

Figure 3.2.9 and Table 3.2.8 shows the structure, selected bond lengths and angles of
[(PtMe;]), {Ph,SbCH,SbPh,}]. It confirms that the short C,-linked distibine ligands bridge two
PtMe; fragments. Completing the distorted octahedral geometry around the platinum metal
centres are two bridging iodo ligands, giving an edge shared bioctahedral structure. The NMR
spectroscopic studies on the above compound and that of [(PtMe;l),{Me,SbCH,SbMe,}] are
consistent with the crystal structure. The Pt-Sb bond distances of 2.6530(5) and 2.6793(5) A are
longer (by ca. 0.05 A) than those in the mononuclear species above. This may be a consequence of
the short C;-linked distibine ligand having difficulty in spanning the two Pt centres. The rather
open Sbl-C16-Sb2 angle (116.2(2)°) is also consistent with this. Puddephatt and co-workers
synthesised [(PtMe;)(u-D{pu-Ry;PCHLPR,},]T (R = Et, Me), and these complexes were fully
characterised."™ A crystal structure of [(PtMes),(u-I){u-Me,PCH,PMe,},]I was also obtained,
and it is interesting to note that the Me,PCH,PMe, ligand is more strained spanning the two
platinum centres, due to the shorter P-C distances of 1.835(10) and 1.823(10) A than the Sb-C
distances in [(PtMesl), {Ph,SbCH,SbPh,}] of 2.136(5) and 2.318(6) A. It is also of interest to note
that the C—P—C angle of the two ligands spanning the two platinum centres is 125.8(5)° some 10°

larger than in the stibine complex above.
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Fig 3.2.9: View of the structure [(PtMesl),{Ph,SbCH,SbPh,}] with numbering scheme adopted.

H atoms have been omitted for clarity and ellipsoids are shown at 50 % probability level.

Table 3.2.8: Selected bond lengths (A) and angles (°) for [(PtMes]), {Ph,SbCH,SbPh, }].

Pt1-Cl 2.064(6) C2-Pt1-C1 87.8(3)
Pt1-C2 2.054(6) C2-Pt1-Sbl 93.18(19)
Pt1-C3 2.064(6) C1-Pt1-Sbl 178.36(19)
Pt1-Sbl 2.6491(4) C2-Ptl-I2 174.9(2)
Pt1-I1 2.7946(5) C1-Pt1-12 88.51(19)
Ptl1-12 2.7897(4) Sb1-Pt1-12 90.594(13)
Sb1-Pt1-I1 88.361(15)
12-Pt1-11 85.712(14)
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3.3 Conclusions

A novel series of stable formally Pt(IV) stibine complexes have been prepared in high yield and
are of the form [Me;Pt(L-L)I] and [(PtMe;)(L-R,SbCH,SbR,)(p-1),] (L-L = R,Sb(CH,);SbRy, o-
Cg¢H,y(CH,SbMe,),, 2 x SbPh;, PhMe,Sb or Ph,MeSb, R = Ph, Me). Also a series of alkyl-Pt(II)
stibine complexes of the form [MePt(L-L)] and [{PtMe;}2(R,SbCH,SbR;),] (L-L =
R,Sb(CH3)3SbR,, 0-CsH4(CH,SbMe,),, R = Me, Ph) have been prepared in good yield. From these
results it can be seen that stibine ligands can bond effectively to organometallic fragments in both
medium and high oxidation states. The dialkyl-Pt(Il) stibine species readily undergo oxidative
addition of Mel to form the trialkyl-Pt(IV) species, which in turn can undergo reductive elimination of
ethane to form complexes incorporating a MePtl fragment. This reaction chemistry suggests that the
systems are very versatile. It is also interesting to note that these novel, trimethyl-Pt(IV) stibine
complexes contrast greatly with the very unstable tetrachloro Pt(IV) species [PtCl(distibine)], and it

is likely that the methyls around the platinum centre help to stabilise the complexes.
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3.4 Experimental

Solvents were dried prior to use and all preparations were undertaken using standard Schlenk
techniques under a N, atmosphere. The [PtMe;I],,*" [PtMe,(cod)],? [PtMez(SMez)Q]m] and the

stibine ligands were prepared as described previously.?**!

3.4.1. Platinum(II) compounds:

[PtMe,{Ph,Sb(CH,);SbPh,}|:

Method A: [Me,Pt(cod)] (0.042 g, 0.125 mmol) and Ph,Sb(CH,);SbPh, (0.075 g, 0.125 mmol)
were dissolved in toluene (15 cm’) and stirred under N, for 12 hrs. The resulting yellow solution
was filtered, reduced in volume to ~ 1 cm’ and hexane (10 cm’) was added to precipitate a solid.
The solution was decanted off and the yellow solid dried in vacuo. (Yield: 70%). Required for
[CasH3,PtSb,y]: C, 42.5; H, 3.9. Found: C 42.6; H, 3.8%. 'H NMR: § 1.05 (s) [6H], (Pt-CH;) CJpuy
= 85 Hz), 2.40-2.15 (m) [6H] (CH,), 7.1-7.6 (m) [20H] (Ph). "C{'H} NMR: § -3.63 (Pt-CH3)
(‘Jpc = 716 Hz), 18.57 (CH,Sb), 23.99 (CH,CH,CH,), 129.21, 130.04, 131.41, 135.91 (Ph).

Method B: [Me,Pt(SMe;),] (0.060 g, 0.17 mmol) and Ph,Sb(CH,);SbPh; (0.1 g, 0.17 mmol) were
dissolved in dry CHCI; (15 em’) and stirred at RT for 1 hr. The excess solvent was removed under
reduced pressure, and the residues were triturated with hexane to afford a pale yellow solid. This

was then dried in vacuo. 'H and *C{'H} NMR spectroscopy as for Method A.

[PtMe,{Me,Sb(CH,);SbMe,}]|: [Me,Pt(SMe,),] (0.060 g, 0.17 mmol) and Me,Sb(CH,);SbMe,
(0.058 g, 0.17 mmol) were dissolved in dry C¢Hs (5 cm’) and stirred at RT for 15 minutes. The
excess solvent was removed under reduced pressure, and the residues were triturated with hexane
to afford a pale yellow oil which was dried in vacuo. (Yield: 65%). ES” MS (MeCN): 555
(['"PtMe {Me,'*'Sb(CH,);'SbMe;, }]" 556). 'H NMR (C¢Ds): & 0.70 (s) [12H] (SbCH3) (ot = 7
Hz), 1.14 (m) [6H] (CH,), 1.48 (s) [6H] (Pt-CH3) (Ve = 83 Hz). "C{'H} NMR (CsDs): 5 -6.1
(SbCH3), -4.98 (Pt-CH3), 15.26 (CH,Sb), 24.47 (CH,CH,CH,). Due to decomposition of the

complex in air over time, microanalytical data were not obtained.
[PtMe, {o-CsH,(CH,SbMe,),}]: Method as for [PtMe,{Me,Sb(CH,);SbMe,}]. (Yield: 63%).

Required for [C4H,6PtSb,].0.5C¢H ,: C, 30.2; H, 4.9. Found: C, 30.3; H, 4.1 % ES”MS (MeCN):
658 (['”°Pt{0-CsH4(CH,'*"'"Z*SbMe,), } (MeCN)] 659), 617 (["°PtMe{o-

86



Chapter 3

CeHy(CH,?"SbMey),} 17 618). "H NMR (C4Dg): 8 0.73 (s) [12H] (SbCH3) Cp = 9 Hz), 1.26 (s)
[6H] (Pt-CH;) (*Je = 82 Hz), 2.88 (br s) [4H] (CH,), 6.6-6.9 (m) [4H] (Ar-H). "C{'H} NMR
(CsDg): & -5.55 (SbCH3), -3.85 (Pt-CH;) (‘Jime = 726 Hz), 23.15 (CH,). Due to decomposition of

the complex in air over time, microanalytical data were not obtained.

[(PtMe,),(Ph,SbCH,SbPh,),]: Method as for [PtMe,{Me,Sb(CH,);SbMe,}]. (Yield = 70%).
Required for [Cs4HssPt,Sby].0.5C¢Hg: C, 42.2; H, 3.7. Found: C, 42.4; H, 3.6 %. ES” MS (MeCN):
1569 (['”’Pt;Mes(Ph,"?'SbCH,'**SbPh,),]" 1567), 1341 (['°’PtMe(Ph,'*'SbCH,'SbPh,),|" 1342).
'H NMR (C¢Dg): 8 1.43 (s) [6H] (Pt-CHs) (*Jpms = 82 Hz), 2.20 (br s) [2H] (CH,), 6.9-7.4 (m)
[20H] (Ph).

[(PtMe,)>(Me,SbCH,SbMe;),]: Method as for [PtMe, {Me,Sb(CH,);SbMe,}]. ES"MS (MeCN):
1071 (["°Pt;Me;(Me,?'SbCH,'ZSbMe,),]™ 1071), 845 (["*PtMe(Me,'*' SbCH, ' PSbMe,),|+ 846).
'H NMR (CDg): 8 0.95 (s) [12H] (SbCH;) CJpas = 6 Hz), 1.17 (s) [6H] (Pt-CHs) (“Jp = 80 Hz),
1.27 (s) [2H] (CHy). “C{'H} NMR (C4D¢): & -5.89 (SbCH3), -3.96 (Pt-CH3) (Ve = 711 Hz), -
3.46 (CH,). Due to decomposition of the complex in air over time, microanalytical data were not

obtained.

3.4.2. Platinum(IV) compounds:

[PtMe; {Ph,Sb(CH,);SbPh,}1]: Me;Ptl (0.065 g, 0.177 mmol) and Ph,Sb(CH,);SbPh, (0.105 g,
0.177 mmol) were dissolved in dry CHCl; (20 cm’) under argon and refluxed for 4 hr. The light
yellow solution was then pumped to dryness in vacuo to give a light yellow waxy solid which was
triturated with hexane to produce a light yellow powder. (Yield: 80 mg, 50%). Required for
[C30H35IPtSb,].0.5CHCIs: C, 35.9; H, 3.5%. Found: C, 36.4; H, 4.0%. 'H NMR: & 1.20 (s) [3H]
(Me trans 1) CJpy = 72 Hz), 1.70 (s) [6H] (Me trans Sb) (Jpy = 65 Hz), 2.10-2.80 (m) [6H]
(CHp), 7.20-7.75 (m) [20H] (Ph). “C{'H} NMR: § -3.17 (Me trans 1) ("Jpc = 616 Hz), 5.31 (Me
trans Sb) ("Jpc = 575), 18.30 (SbCH,), 24.12 (CH,CH,CH,), 127.23-136.90 (Ph).

[PtMe;{Me,Sb(CH,);SbMe,}1]: Method as above. (Yield: 45%). Required for [C;oH,;IPtSb,]: C,
16.8; H, 3.8%. Found: C, 163; H, 39% ES° MS (MeCN): 596
(["°PtMe{Me,'?'Sb(CH,);'**SbMe, }(MeCN)]" 597), 555 (["*PtMe{Me,'*'Sb(CH,);'’SbMe,}]"
556). 'H NMR: § 0.97 (s) [6H] (SbCHs), 1.07 (s) [3H] (Me trans 1) (*Jpy = 78 Hz), 1.27 (s) [6H]
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(SbCH3), 1.45 (s) [6H] (Me trans Sb) (CJpss = 65 Hz), 2.0 (m) [6H] (CH,). "C{'H} NMR: §-11.22
(SbCH3), -7.58 (SbCH3), -6.20 (Me trans 1) (‘Jpe = 628 Hz), 1.85 (Me rrans Sb) (‘Jee = 553 Hz),
14.31(SbCH,), 24.30 (CH,CH,CH,).

[PtMe;{o-CsH(CH,SbMe,),}1]: Method as above. (VYield: 60%). Required for
[C1sHyIPtSb,]. aCsHg: C, 24.9; H, 4.1. Found: C, 24.7; H, 3.7%. 'H NMR: & 0.78 (s) [6H]
(SbCHa), 0.82 (s) [3H] (Me trans 1) (Jpw = 76 Hz), 1.20 (s) [6H] (Me trans Sb) (Jew = 65 Hz),
1.31 (s) [6H] (SbCHa3), 3.12 (m) [2H] (CH,), 4.08 (d) [2H] (CH,), 6.88-7.05 (m) [4H] (Ar-H).
PC{'H} NMR: & -11.57 (SbCH;), -6.20 (Me trans 1) ("Joe = 611 Hz), -6.05 (SbCH3), 3.82 (Me
trans Sb) (‘e = 562 Hz), 21.37 (SbCH,), 126.16, 130.53, 136.45 (Ar-C).

[(PtMe;]),(Ph,SbCH,SbPh;)]: Method as above, but using a Pt : Ph,SbCH,SbPh; ratio of 2 : 1.
(Yield: 50%). Required for [C3Hyol,Pt,Sby]: C, 28.6; H, 3.1%. Found: C, 29.4; H, 3.1%. 'H NMR:
§ 1.36 (s) [12H] (Me trans 1) (Jpgs = 76 Hz), 2.25 (s) [6H] (Me trans Sb) “pa = 69 Hz), 2.92 (s)
[2H] (CH,), 7.10-7.40 (m) [20H] (Ph). *C{'H} NMR: § 5.53 (Me trans 1) ("Jpc = 655 Hz), 8.27
(Me trans Sb) (\Jpe = 694 Hz), 14.70 (SbCH,), 138.8-128.8 (Ph).

[(PtMe;]),(Me,SbCH,SbMe,)|: Method as above, but using a Pt : Me,SbCH,SbMe, ratio of 2 : 1.
(Yield: 55%). Required for [CH3:L,Pt,Sb,].1/3 hexane: C, 14.4; H, 3.4. Found: C, 14.6; H, 3.6%.
'H NMR: § 1.18 (s) [12H] (SbCH5) (Jows = 3 Hz), 1.23 (s) [12H] (Me trans 1) (Jow = 76 Hz), 2.04
(s) [6H] (Me trans Sb) CJow = 67 Hz), 2.28 (s) [2H] (CHy) CJon = 4.5 Hz). “C{'H} NMR: § -6.91
(SbCH3), -0.05 (SbCH,), 4.17 (Me trans 1) (\Jpc = 629 Hz), 12.78 (Me trans Sb) (\Jpe = 571 Hz).

[PtMe;(SbMe,Ph),I]: Method as above giving a light yellow oil. (Yield 70%). 'H NMR: § 0.93
(s) [3H] (Me trans 1) CJpgs = 71 Hz), 1.21 (s) [6H] (SbCH,), 1.43 (s) [6H] (Me trans Sb) (o =
66 Hz), 7.30-7.40 (m) [10H] (Ph). "C{'H} NMR: § -5.87 (Me trans 1) (\Jpc = 643 Hz), -2.98
(SbCH3), 5.16 (Me trans Sb) ("Jue = 564 Hz), 129.23, 129.92, 134.73 (Ph). Due to the complex

being an oil, microanalysis was not obtained.

[PtMe;(SbMePh,),1]: Method as above. (Yield 55%). Required for [C,H;5IPtSby]: C, 36.7; H,
3.7. Found: C, 36.2; H, 3.7%. '"H NMR: § 1.08 (s) [3H] (Me trans 1) (*Jpy; = 71 Hz), 1.38 (s) [3H]
(SbCH3), 1.55 (s) [6H] (Me trans Sb) (“Jpy; = 67 Hz), 7.10-7.40 (m) [20H] (Ph). "C{'H} NMR: §
-5.05 (Me trans 1) ("Jpe = 611 Hz), -1.73 (SbCH3), 7.60 (Me trans Sb) ("Joe = 566 Hz), 129.0 —
136.9 (Ph).

88



Chapter 3

[PtMe;(SbPhs),I]: Method as above. (Yield 70%). Required for [C;oH30IPtSb,]: C, 43.6; H, 3.7.
Found: C, 43.4; H, 3.4%. "H NMR: & 1.27 (s) [3H] (Me trans 1) (o = 70 Hz), 1.83 (s) [6H] (Me
trans Sb) (Jear = 68 Hz), 7.05-7.50 (m) [30H] (Ph). PC{'H} NMR: § -3.72 (Me trans 1) ('Joc =
606 Hz), 10.43 (Me trans Sb) ("Jpc = 542 Hz), 129.3 - 136.9 (Ph).

3.4.3. X-ray crystallography
Details of the crystallographic data collection and refinement parameters are given in Table 3.4.1.
Pale yellow crystals of [PtMe;{Ph,Sb(CH,);SbPh,}1], [PtMe;{Me,Sb(CH,);SbMe,}I], [PtMes{o-
C¢H4(CH,SbMe,), H], [PtMes(SbPh;),1] and [(PtMe;]),(Ph,SbCH,SbPh;} ] were obtained by liquid
diffusion of hexane into a CH,Cl, solution of the compound. Data collection used a Nonius Kappa
CCD diffractometer (T = 120 K) and with graphite-monochromated Mo-K,, X-radiation (A =
[27,28]

0.71073 A). Structure solution and refinement were largely routine, except for

[PtMes(SbPhs),I] which revealed some disorder of the frans-I-Pt-Me unit. This was modelled
using partial atom positions, with the sum of the occupancies of the two I and two C components
each being one. Distinct partial C atom and partial [ atoms could not be identified, hence these
units were refined with identical atomic coordinates and atom displacement parameters.
Consequently the Pt-I and Pt-C distances in the frans 1-Pt-C units are weighted averages, and
should not be used in comparative studies. The H atoms associated with the disordered Me groups

were not included in the final structure factor calculation.
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Table 3.4.1: Crystallographic Parameters

Complex [PtMe;{Ph,Sb(CH,);SbPh,}I]  [PtMe;{Me,Sb(CH,);SbMe,}1 ] [PtMe;{o-CsH(CH,SbMe,),}1 | [PtMe;{SbPh3},I]  [(PtMes]),{Ph,SbCH,SbPh,}]
Formula CyoHssIPtSh, CioHy/IPtSh, C,sHpol PtSb, CioH3oIPtSh, C31Hyol,Pt,Sby,
M 961.07 712.81 774.87 1073.19 1300.11
Crystal System Monoclinic Orthorhombic Monoclinic Triclinic Triclinic
Space Group P2,/c (no. 14) Prma (no. 62) P2/c (no. 14) P-1(no.2) P-71 (no. 2)
alA 12.611(3) 14.035(4) 11.7559(16) 9.6674(10) 9.7960(10)
blA 12.557(5) 10.851(3) 9.2374(12) 18.681(3) 11.7470(10)
c/A 19.535(5) 11.349(2) 19.124(2) 19.993(3) 15.3850(10)
o/ 90 90 90 81.604(7) 103.790(6)
pr 105.48(2) 90 102.258(6) 89.966(8) 93.514(5)
y/° 90 90 90 83.681(8) 90.628(4)
UA‘? 2981.4(16) 1728 4(8) 2029.4(5) 3549.7(7) 1715(3)

VA 4 4 4 4 2
pMo-Ko)/em™ 7.532 12.937 11.030 6.338 11.504

Rint 0.1915 0.0611 0.0336 0.0943 0.0299
Total Reflections 41792 10988 18921 75972 33362
Unique Reflns 6924 2081 4624 16313 7793

No. of params. 307 74 172 777 334
R1[L>20(l,)] 0.0600 0.0346 0.0252 0.0572 0.0284

R1 [all data] 0.1687 0.0558 0.0314 0.1066 0.0320

whR, [1,>20(1,)] 0.0968 0.0644 0.0573 0.0906 0.0851
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Chapter 4

4.1 Introduction
The organometallic chemistry of organoantimony ligands has been studied very little, with the
exception of SbPh; as it is commercially available. In comparison to lighter Group 15 analogues

such as phosphines,™ this area of chemistry is very much in its infancy.

As mentioned in earlier Chapters stibines are traditionally seen as weaker/poorer ligands compared
to phosphines and arsines, due to the weaker C-Sb bond. As antimony is a larger element with more
diffuse orbitals, C-Sb bond fission is easier, resulting in the chemistry being more challenging.
Indeed even though the C-Sb bond is weaker, compounds containing such groups could promote
very different reaction chemistry, and may therefore have useful applications where phosphines and
arsines are not suitable. The different electronic properties of stibines compared to phosphines and
arsines has already been seen to promote different product distributions in work pioneered by
Werner et al which led to the discovery of bridging ER; (E = P, Sb, As) ligands.”! Moreover, it was
found that in order to achieve the phosphine or arsine bridged complexes, it was necessary to start
with complexes incorporating the bridging stibine, Sb’Prs. It is therefore suggested that due to the

larger antimony centre, the stibine ligand can easily bridge between the rhodium centres.”

Fig 4.1.1: The first example of bridging stibines.”!
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Werner and co-workers have also explored the organometallic R, Ir and Ru chemistry in great
depth, and have shown that complexes incorporating Sb™Pr; as ligands exhibit different reactivity to

complexes incorporating the analogous phosphine or arsine.[*
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4.1.1 Rh, Ir, Ru and Os Chemistry

In the last ten years there have been significant advances in the understanding of stibine chemistry.
Werner and co-workers have carried out a large proportion of this work.® Just over a decade ago,
the synthesis of a series of monomeric rhodium(I) complexes of the form trans-[RhCI(LYEPRs).] (L
= isocyanides; CNR, a, f-unsaturated carbonyl compounds; CH,=CHC(=0)R, alkynes, and diynes,
E = As, Sb) was achieved. Full characterisation of these compounds and the X-ray crystal structure
of trans-[RhCI(CNMe)(Sb'Prs),] (Fig4.1.2) were also obtained.™  The unexpected reaction
chemistry of trans—[RhCl(CzH4)(SbiPr3)2] was also reported. Instead of reacting with RCCR (R = Ph,
CO,Me, Bu) to form trans-[RhCI(=C=CHR)(Sb'Pr3),] like the analogous arsine complex, the
complex catalysed the formation of the corresponding E-enynes, RCHCHCCR.P

Fig 4.1.2: View of the crystal structure of trans-[RhCI(CNMe)(Sb'Prs),].”!

Werner and co-workers also developed a series of (17°-Indenyl)rhodium(l) complexes of the general
form [(17°-CsH7)Rh(=CPh,)(L)] (L = Sb'Prs, P'Prs, PPhs, PPrPh, and P'Pr,Ph) which were prepared
from the square planar precursors trans-[RhCI(=CPh,)(L)] and CoH,K in thf!®) The reaction scheme
for these reactions is shown in Fig. 4.1.3. Again, after exploring some of the reaction chemistry of

these (n’-Indenyl)rhodium(l) complexes, Werner and colleagues found some interesting results. In
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particular when treating [(11°-CoH7)Rh(=CPh,)(L)] with CO gas, there was an unusual migratory
insertion of the carbene ligand into one of the five membered rings of the indenyl unit. The resulting
complexes were of the general formulation [{n’-CsHy(CHPh,)}Rh(CO)(L)] and were obtained in

very high yields. The reaction scheme for these reactions is also shown in Fig. 4139

Fig 4.1.3: Reaction schemes to form  [(n’-CoH;)Rh(=CPh,)(L)] and [{n’-
CoHg(CHPh,)}Rh(CO)L)].®
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As well as advances in rhodium stibine chemistry Werner and co-workers have prepared ruthenium
and osmium carbonyl complexes incorporating Sb'Pry as a co-ligand.? Treating RuCl; H,O in
ethanol with Sb'Pr; affords the monocarbonyl [RuClL(CO)(Sb'Pr3)s] species. Subsequent exposure to
CO also affords the dicarbonyl species [RuClL(CO),(SbPr;),]. In the presence of NaCOs,
RuCl;.H,O in ethanol resulted in a chloro(hydrido) species being formed of the form
[RuHCl(CO)(SbiPr3)3]. The analogous osmium complex was also prepared, via an analogous route.
Subsequent reactions of [OsHCI(CO)(Sb'Prs);] with C;H,, NaBF, and C,(CO,Me), can be seen in
Figure 4.1.4.1"
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Fig 4.1.4: Reaction scheme of the reaction chemistry of [OsHCI(CO)(Sb'Pr;)s].”
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Reaction of [RuHCI(CO)Sb'Prs);] with C,(CO,Me),, HCCPh and HCCCPh,OH afforded
[RUHCI(CO)(Cy(CO,Me),)Sb'Prs),], the alkynyl ruthenium(Il) complex [RuCI(CCPll)(CO)(SbiPr3)3],
and the allenylidene ruthenium(IT) complex [RuCl(=C=C=CPh,)(CO)(SbPr;),] respectively. These
results suggested that Ru and Os complexes incorporating monodentate stibines are very versatile

and support some very interesting reaction chemistry.”

As well as rhodium and ruthenium chemistry, Werner ef al. have recently investigated some iridium
stibine chemistry.®! In particular the coordination and reaction chemistry of SbPr; has been
explored. For example, the mixed phosphine-stibine compound [IrCI(C2H4)(PiPr3)(SbiPr3)] can be
synthesised from [Irz(C2H4)2(PiPr3)2Clz] and two equivalents of Sb'Pr; as a bright orange solid in
nearly quantitative yield.®™ [IrCI(CyH4)(P'Prs)(Sb'Prs)] can be stored under argon, but is very labile
in solution and decomposes in chlorinated solvents. However, by reacting it with N,CR; (R = Ph, p-
Tol) in benzene, carbene complexes of the form [IrCI(=CR,)(P'Pr;)(Sb'Prs)] can be formed.
[IrCI(C2H4)(PiPr3)(SbiPr3)] can also react with CO, diphenylacetylene and H; by ligand substitution
or oxidative addition. In contrast to these findings however, treatment of [IrCI(C8H14)(PiPr3)(SbiPr3)]
or trans-[IrCY(CsH,4)(Sb'Pr3),]  with CsCLN, affords the diazoalkane complexes trans-
[IrCIN,CsCly)(P'Prs)(Sb'Prs)] and #rans-[IrCI(N,CsCLy)(Sb'Prs),] without elimination of N, The
cycloocteneiridium(l) complex trans—[IrCl(C8H14)(SbiPr3)2], mentioned above, can be prepared from

[IrCI(CsHy4),]; and 4 equivalents of SbPr; in excellent yield, but interestingly it rearranges in hexane
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at room temperature to form anti.exo-[I[rHCI(n-CsH;3)(Sb'Pr3),] which when dissolved in benzene is
in equilibrium with the anti.endo- isomer. The reaction to prepare [IrHCI(n’-CsH;3)(SbPrs),] even
occurs in the solid state. Similar reactions can be achieved with 1-hexene and propene. Other

reaction chemistry of trans-[IrCI(CgH,4)(Sb'Prs),] can be seen in Fig 4.1.5.%

Fig 4.1.5: Reaction chemistry of trans-[IrCI(CsH;4)(L),] (L = Sb'Pr3) with CO or H, !
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4.1.2 Rh(I)-cod-stibine and Rh(I)-carbonyl stibine complexes

A number of Rh(I) complexes involving the ShPh; have been described previously. 1 Specific
examples include the interaction of SbPhy with [Rh,Cl,(CO),]”*?! and it has been shown that the
yellow, planar, four coordinate species trans-[Rh(CO)(SbPhs),Cl] can be synthesised as well as the
red, trigonal bipyramidal, five-coordinate [Rh(CO)(SbPh;);Cl]. These species have been structurally
characterised,""! along with the planar [Rh(CO)(SbPhs),I].'"" It has also been seen that
[Rh(CO)(SbPh3);Cl] oxidatively adds various substrates.  For example the reaction of
[Rh(CO)(SbPh;3);Cl] and Mel results in the formation of [Rh(CO)(SbPhs),L,(Me)], whose structure

" T 0,12-14
shows trans stibines and cis iodines,'1*14

Other studies have established that the reaction of SbPh; and [RhyCly(cod),] gives
[Rh(SbPhs),(cod)Cl] as an orange solid on the basis of spectroscopic and analytical data.™ It has
also been seen that reacting C-linked distibine ligands of the form R,SbCH,SbR; (R = Me or Ph)
with [Rh,C1,(CO),] gives ligand bridged dimers of the form trans-[{Rh(CO)Cl}(p-
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R,SbCH,SbR,),].l"%"

4.1.2 Applications of complexes incorporating stibines

Applications for complexes incorporating stibines as ligands, have already been discovered, with the
use of nickel-SbPh; complexes [Ni(2-methylallyl)(SbPh;);[[BARF] (BARF = [B{CsH;-3,5-
(CF3):}4]" and trans-[Ni(C4Cl,F;),(SbPh;),] in the catalysis of styrene polymerization and

norbornene insertion polymerisation respectively.!'®!”]

4.1.3 Distibines

As there is a limited amount of commercially available stibines and also very few distibine ligands
known in comparison with phosphines, development of novel synthetic procedures for making
such ligands is vital. Indeed recent research incorporating the reaction of R,SbCl and di-Grignard
reagents has led to the synthsis of m- and p-phenylene and o-, m- and p-xylylene distibines in
remarkably high yields.? Also advances that are reported in this Thesis include the synthesis of

the unprecedented wide angle distibine {CH,(0-C¢H,CH,SbMe,)}, as seen in Chapter 2.

Previous studies involving the versatile 0-C4H4(CH,SbMe;,), ligand have included exploring the
ligating properties of the ligand with a large range of transition metal carbonyls and transition
metal halides.?) The 0-CsH4(CH,SbMe,), ligand has been seen to adjust the size of the chelate
bite angle changing the Sb'Sb by as much as 0.5 A depending on the metal ion that it is
coordinated to. Indeed, the work in Chapter 3 further supports the evidence that distibine ligands
can promote some very interesting reaction chemistry. The synthesis of the first stable fully
characterised examples of Pt(IV) stibine complexes ([PtMe;l(distibine)] and [(PtMes)(u-I)2(p-
R,SbCH,;SbR;)] (R = Me or Ph)) is very interesting in the field, and the fact that they can undergo
reductive elimination of ethane upon thermolysis®® shows that these systems are versatile and

could in the future have applications in catalysis.

In this Chapter the coordination and organometallic chemistry of Rh(I) and Ir(I) complexes
incorporating distibine ligands is discussed, with the majority of the work focusing on the
Ph,Sb(CH;);SbPh,, Me,Sb(CH,);SbMe, and o-CsH,(CH,SbMe,), ligands. The synthesis and
spectroscopic properties and the crystal structure of [Rh(CO){Ph,Sb(CH,),SbPh,},]PF¢ is also
reported. Moreover some very interesting reaction chemistry involving the Rh{I) and Ir(I)

complexes incorporating Ph,Sb(CH,);SbPh, is also reported.
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4.2 Results and Discussion

4.2.1 Rhodium(I) —cod—stibine systems

[Rh(SbPh:;)z(COd)Cl][ls] was prepared previously, but for the purposes of this work, it was
necessary to synthesise it, to gain an understanding of the chemistry that could then be used to
obtain other such complexes. The addition of [Rh,Cl,(cod),] to a refluxing solution of excess
SbPh; in EtOH under argon, was followed by the filtration of the red precipitate formed. The high
yield of red solid was found to be the 1:2 Rh:SbPhj species with the analytical data in agreement
with that in the literature."™ In addition to the previously reported data, the integration of the
resonances in the 'H NMR spectrum, and electrospray mass spectrometry that showed a cluster of
peaks at ca. m/z 917 corresponding to [Rh(cod)(SbPhs),]” confirmed the formulation of the
product. Attempts were made to grow crystals of [Rh(SbPh;s),(cod)Cl] from EtOH/Et,O, to
compare the unit cell with the literature structure, however the crystals that were grown were found

to be mer-[RhCly(SbPhs);(Ph)] which has already been reported in the literature

Fig 4.2.1: Crystal structure of [RhCl,(SbPh;);(Ph)] with selected atoms labeled. I atoms are

omitted for clarity and ellipsoids are shown at the 50 % probability level.
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Table 4.2.1: Selected bond lengths and angles from the crystal structure of [RhCl,(SbPhs)s(Ph)].

Rh1 - Sbl 2.5803(4) Cll - Rh1 - CI2 173.65(3)
Rhl —Sb2 2.6770(4) C1-Rhl-Sbl 84.48(8)
Rh1 - Sb3 2.5975(5) C1 - Rhl - Sh2 171.88(9)
Rhi - Cll 2.3547(9) C1-Rhl - Sb3 84.42(8)
Rhl - CI2 2.3649(8) Sb1 - Rh1 — Sb2 97.141(15)
Rhl -Cl 2.1260(3) Sbl —Rh1 - Sb3 166.874(12)
Sb2 — Rh1 - Sb3 94.828(15)

As the analytical data proves the isolated product was that of [Rh(SbPhs),(cod)Cl], it can be
postulated that a re-arrangement occurred during crystallisation, along with cleavage of phenyl

groups from a molecule of SbPhs.

A simple modification of the procedure above, was used to synthesise
[Rh(cod){Ph,Sb(CH,);SbPh,}CI] and [Rh(cod){Me,Sb(CH,);SbMe,}Cl], by reacting 2 molar
equivalents of the appropriate ligand with [Rh,Cly(cod),] in dry EtOH at room temperature under
argon. Following concentration to dryness of the orange solutions, the residues were triturated in
hexane to afford orange solids in good yields. The microanalytical data for both compounds
suggests the desired products were formed and indeed the 'H NMR spectroscopic data also
supported this, with the presence of both cod and the distibine. However, the 18 electron, 5
coordinate complexes seem to be fluxional at room temperature, but after cooling to 223 K the 'H
NMR spectrum showed separate broad peaks for the different cod proton environments. For
example the [Rh(cod){Ph,Sb(CH,);SbPh,}Cl] 'H NMR spectrum showed broad peaks at 4.20
(cod CH), 2.43 (cod CH;) and 1.78 (cod CH,). In the case of [Rh(cod){Me,Sb(CH,);SbMe,}Cl]
there was also a multiplet corresponding to the SbMe groups at 1.35~1.20 ppm. The electrospray
mass spectrometry also supported the formulation of the complexes with mass peaks at m/z 805
and m/z 557 corresponding to the ions [Rh(cod){Ph,Sb(CH,);SbPh,}]" and
[Rh(cod){Me,Sb(CH,);SbMe,}]" respectively. The possibility that these complexes were four
coordinate 16 electron cationic species, [Rh(cod){R>Sb(CH,);SbR;} ]Cl, was reduced significantly
by conductivity measurements in CH,Cl, which suggested that the complexes were 18 electron

neutral species.
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Rh(cod){o-CsHy(CH,SbMe,),} Cl] was prepared similarly as an orange solid, and indeed the
electrospray mass spectrometry showed mass peaks at m/z ca. 619 corresponding to [Rh(cod){o-
C6H4(CH28bMez)2}]+. Unfortunately, even after recrystallisation, the complex was not isolated as
an analytically pure sample. Moreover the 'H NMR spectrum was seen to be more complicated
than first thought and so this complex was not pursued. No crystals were obtained of either of the
complexes of the form [Rh(cod)(distibine)Cl], and therefore the structure of the complexes were
not proved beyond doubt. However we expect the five-coordinate Rh(I) distibine complexes to
adopt a similar geometry to [Ir(C,H,),(SbPr3)CI.1}  The distorted trigonal bipyramid of
[Ir(CyH4)2(Sb'Pr;),Cl] shows equatorial olefins and one axial and one equatorial stibine, and the

crystal structure is shown in Figure 4 2.2 below.

Fig 4.2.2: Crystal structure of [Ir(C;H,),(Sb'Prs),C1].1"

Planar, 16 electron Rh(I) complexes of the form [Rh(cod)(L-L)]BF,; (L—-L = Ph,Sb(CH,);SbPh;,
Me,Sb(CH,);SbMe,, 0-CeHi(CH,SbMe,);) were obtained in good yield, from reaction of
[Rh,Cl,(cod),] with two molar equivalents of AgBF,, in acetone, removal of the AgCl via filtration,
and then treatment of the resultant yellow solution with a toluene solution of two molar equivalents
of the appropriate ligand. The products were obtained as yellow/orange solids in good yield. The

microanalytical data confirmed the formulations of the 16 electron rhodium(l) species, and the
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positive ion electrospray showed the Rh(I) cations to be present and were indistinguishable from
those of the neutral Rh(I) species [Rh(cod)(L~L)CI] reported above with clusters of mass peaks at
m/z ca. 805, 557 and 619 for [Rh(cod)(Ph,Sb(CH,);SbPh;)]BF,, [Rh(cod)(Me,Sb(CH,);SbMe;,)|BF,
and [Rh(cod)(o-CsH4(CH,SbMe,),)|BFs respectively.  Figure 4.2.3 shows the positive ion
electrospray for [Rh(cod)(Ph,Sb(CH,;);SbPh,)|BF,.

Fig 4.2.3: Positive ion electrospray (MeCN), and isotope simulation, for

[Rh(cod)(Ph,Sb(CH,);SbPh,)]BF, showing [Rh(cod)(Ph;Sb(CH,);SbPhy)]".
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The TR spectra showed the presence of the ionic BF, anion at 1054 cm™, which also supported the
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formulation of the products. The 'H and C{'H} NMR spectra were simpler than that of the five
coordinate Rh(I) neutral species above but were consistent with the formulation of static planar
cationic species. For example the 'H NMR spectrum for [Rh(cod)(Me,Sb(CH,);SbMe,)|BF,
showed peaks at 4.0, 2.4, 2.1-2.4 (br) and 1.7 (br) ppm corresponding to cod CH, cod CH,,
methylene groups of the ligand and SbMe groups respectively. The “C{'H} NMR spectrum for
this complex showed peaks at 79.31 (cod CH), 31.45 (cod CH,), 23.94 (CH,CH,CH,), 18.75
(SbCH,) and -6.00 (SbMe) corroborating the determination of the product. Figure 4.2.4 shows a

summary of the reaction schemes for the rhodium(l) —cod—stibine systems.

Fig 4.2.4: Reaction scheme of rhodium(I) —cod—stibine systems (R = Me, Ph).

&
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[Rh,(cod),Cl,]
[Rhy(cod),Cl,] AgBF /Acetone
Cl R, 52
S
/
R, %Rh BF,
L N
S S
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R = Me, Ph

C = CH,CH,CH,

4.2.2 Rhodium(I)-bis(distibine) systems

Attempts to obtain [Rh(L-L)]BFs (L-L = Ph,Sb(CH,);SbPh,, Me,Sb(CH,);SbMe; or o-
CsHs(CH,SbMe; ), }5) using [Rh,Cly(cod),] and two molar equivalents of AgBF,, removal of the
AgCl via filtration, and then addition of 4.1 equivalents of L-L in toluene were unsuccessful. Even
when the reaction mixture was heated to temperatures up to 90 °C for 1h the spectroscopic data

suggested that the resulting orange solid was a mixture of [Rh(cod)(L-L)]BF,; and [Rh(L-L);]BF,
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with the major product being the former. This result indicates the incomplete substitution of the cod
by the distibine, indicating that the distibine is not basic enough to force the substitution. This
directly contrasts the work carried out by Pignolet and co-workers, who have carried out similar
reactions with diphosphines obtaining [Rh(diphosphine),]BF,; in good yield even at room
temperature.”?  For example [Rh(Ph,PCH,PPh,),]BF, and [Rh(Ph,P(CH,)PPh,),]BF; were
prepared very easily via a similar route to that above. These results serve to emphasise the different

basicities of distibines vs diphosphines.

[Rh{Ph,Sb(CH,);SbPh,},]|BF, was successfully prepared by employing a slight modification to that
of the preparation of [Rh(cod)(L.-L)]BF,. The red solid was obtained in good yield from substitution
of the more labile coe ligand in [Rhy(coe),Cl,] and two equivalents of AgBF, in acetone, removal of
the AgCl via filtration, followed by addition of the resulting yellow solution to a toluene solution of
2 molar equivalents of Ph,Sb(CH,);SbPh, at room temperature. Microanalysis agreed with the
formulation of the product, and IR spectroscopy showed the presence of the ionic BF, anion with a
peak at 1064 cm”. The positive ion electrospray of the product suggested the presence of the
rhodium(I) cation with clusters of peaks at m/z ca 1291 and 1013 which correspond to
[Rh{Ph,Sb(CH,);SbPh,},]" and [Rh{Ph,Sb(CH,);SbPh,}, — SbPh,]" respectively. The 'H NMR
spectrum showed coordinated ligand with resonances at 6.8—7.5 (m) and 2.3-2.7 (br) ppm
corresponding to phenyl and methylene groups respectively. Evidence of the coordinated ligand
was also seen in the "C{'H} NMR spectrum with strong resonances for the methylene groups of
the ligand at 24.71 (CH,CH,CH,) and 21.62 (SbCH,). Some of the reaction chemistry of this

complex is described later in the Chapter.

Fig 4.2.5: Reaction scheme for the preparation of [Rh{Ph,Sb(CH,);SbPh;},]BF,.
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[Rh{Me,Sb(CH,);SbMe, },]BF, was not attempted due to significant decomposition being observed
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in the formation of [Rh(cod){Me,Sb(CH,);SbMe,}|BF,. However attempts to obtain [Rh{o-
C¢H4(CH;SbMe,),},]BF, were carried out. Using the reaction conditions for the formation of
[Rh{Ph,Sb(CH,);SbPh,},]BF, the orange solid was obtained in good yield. However when
analysed by positive ion electrospray, the major cluster of mass peaks was observed at m/z 924,
some 5 mass units higher than expected. This corresponded to [Ag{o-CeHo(CH,SbMes)},]"
formed by reaction of the slight excess (0.2 equivalents) of AgBF,; used in the reaction. A smaller
cluster of mass peaks was observed at m/z ca. 919, which suggested that the desired product
[Rh{o-CsHs(CH,SbMe; ), },]" was also present. The 'H and °C {'H} NMR spectra indicated that the
ligand was coordinated to the metal centre, however due to the mixture of products, microanalysis
was not obtained. When TIPF4 was used instead of AgBF, the spectroscopic data were inconclusive,

and therefore not pursued.

4.2.3 Rhodium(I)—carbonyl-stibine systems

[Rh(CO)(SbPh5),Cl] which has been prepared previously in the literature 09 \was obtained by
reaction of [Rh,Cly(CO),] and two molar equivalents of SbPhs in the dry CH,Cl,. After
monitoring the reaction by solution TR spectroscopy, the solvent was removed in vacuo and the
residues were triturated with hexane to give the red product. The microanalytical data was
consistent with the formulation proposed and indeed the IR and 'H NMR spectroscopic data
confirmed this and were in line with the literature.'” In addition, the 13C{IH} NMR
spectroscopic data showed the presence of the carbonyl group in the complex, with a doublet at
184.3 (Jric = 57 Hz), and positive ion electrospray MS showed the major mass peak at 837 which

corresponded to [Rh(CO)(SbPh;),] .

[Rh(CO)(SbPh,;Me),Cl] was synthesized using the above method, however attempts to synthesise
[Rh(CO)(SbPhMe,),Cl] in a pure form were not as successful. [Rh(CO)(SbPh,Me),Cl] was
prepared in good yield, and the '"H NMR spectrum suggested that the desired product was formed,
with resonances at 7.80—7.30 (m) and 1.35 (s) ppm corresponding to aromatic protons and methyl
protons, respectively. The “C{'H} NMR spectrum did confirm the coordination of the ligand to
the rhodium(l) metal centre, however there was no evidence of a CO resonance which could be
due to the CO being fluxional. It could also be due to the complex being fairly unstable, as
microanalysis could not be obtained due to decomposition. The positive ion electrospray MS
showed a cluster of mass peaks at ca. 1003 and 713 with the correct isotopic distribution,

corresponding to [Rh(CO)(SbPh,Me);]" and [Rh(CO)(SbPh,Me),]” respectively, suggesting that
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there may be two species present in the product, however both solution and solid IR spectroscopy
suggest that the desired species was formed with bands at 1956 cm™ and 1962 cm’, for solution
and solid respectively. It is clear that this system is more complex than first thought, with the
13C{IH} NMR spectrum suggesting there is no carbonyl in the product, whereas the mass
spectrum suggests there is CO in the product, but there is a mixture of di- and tri- substituted
rhodium complexes. Unfortunately we were unable to separate these two products due to the

instability of the system.

The attempted preparation of [Rh(CO)(SbPhMe,),Cl] resulted in a red/brown oil being obtained
in moderate yield. The 'l NMR spectrum confirmed the coordination of SbPhMe, to the
rhodium(l) centre, but the complex did not seem to fly by positive ion electrospray and the IR
spectrum was complex with three bands at 2019 w, 1998 w, 1969 w in the solution IR spectrum
and two at 2012 m 1964 w in the solid IR spectrum, all corresponding to CO stretches. As the
product was an oil, microanalytical data could not be obtained and the “C{'H} NMR was
inconclusive. Therefore the attempted preparation of [Rh(CO)(SbPh,Me),Cl] and
[Rh(CO)(SbPhMe,),Cl] did not produce clean products and were not pursued.

[Rh(CO){Ph,Sb(CH,);SbPh;},][Rh(CO),Cl,] was prepared from [Rh,Cl,(CO)s] and two
equivalents of Ph,Sb(CH,);SbPh, in dry, degassed CH,Cl,, as an orange solid in good yield. The
reaction was monitored by solution IR spectroscopy until no change occurred, and bands at 2068 s
and 1989 m cm™ corresponded to the Rh(CO),Cl,]" anion,*® and the band at 1968 (m) cm’
corresponded to [Rh(CO){Ph,Sb(CH,);SbPh;},]". Similar rhodium(I) phosphine complexes, for
example [Rh(CO)(Ph,P(CH,):PPh,),]" (v(CO) = 1930 cm™) have v(CO) bands to low frequency
of these distibine analogues, which is consistent with the phosphine complexes having a more
electron rich rhodium centre.’”?  Other spectroscopic data on the complex suggested that
formulation was correct, with the 'l NMR spectrum showing peaks at 7.60-7.40 (m), 2.85 (bs)
and 2.05 (s) corresponding to aromatic protons, CH,Sb and CH, respectively. The BC{'H} NMR
spectrum showed a doublet at 182.3 (“Jgye = 71 Hz) corresponding to the [Rh(CO),Cl,]" anion,
but there was no doublet for the [Rh(CO){Ph,Sb(CH,);SbPh,},]" cation, suggesting that the
carbonyl in the cation is fluxional. Studies of the complex using electrospray MS revealed that
the desired product was evident. For example in the positive ion electrospray MS there were
clusters of peaks at ca. 1289 (100%) and 1317 (5%) corresponding to [Rh{Ph,Sb(CH,);SbPh,},]"
and [Rh(CO){Ph,Sb(CH,);SbPh,},]" and in the negative ion electrospray MS there was only one
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peak at ca. 229 corresponding to the [Rh(CO),Cl,]” anion. A conductivity experiment also

confirmed the ionic nature of the species, and microanalysis suggested the purity of the sample.

In order to probe the boundaries of the chemistry in more detail
[Rh(CO){Ph,Sb(CH,);SbPh,},][Rh(CO),Cl,] was subsequently treated with 2 molar equivalents
of Ph,Sb(CH,);SbPh, in dry CH,Cl; to form [Rh(CO){Ph,Sb(CH,);SbPh,},]CI. In situ
monitoring by IR spectroscopy saw the loss of the bands at 2068 (s) and 1989 (m) corresponded to
the RN(CO),CL] anion, leaving the v(CO) at 1966 cm’ which corresponded to the
[Rh(CO){Ph,Sb(CH,)sSbPh,},]" cation. This was confirmed by the electrospray MS, in particular
the absence of the mass peak at 229 ([Rh(CO),Cl;] anion) in the negative ion electrospray MS.

Further studies on this system involved reacting [Rh(CO){Ph,Sb(CH;);SbPh,}:][Rh(CO),Cl;]
with 2 molar equivalents of ligand and two molar equivalents of NHPF, in CH,Cl, at room
temperature. This reaction was almost instantaneous, and the NH,Cl was filtered off. The
resulting orange solution was then reduced in volume and Et,0 was added to precipitate a solid.
The orange solid was obtained in good yield, and the 'H NMR spectrum was similar to that of
[Rh(CO){Ph;Sb(CH,);SbPh;},][Rh(CO),Cl,]. Indeed the positive ion electrospray showed the
same mass  peaks at ca. 1291 and 1317 as in the - cases of
[Rh(CO){Ph,Sb(CH,);SbPh;},|[Rh(CO),Cl,] and [Rh(CO){Ph,Sb(CH,);SbPh,},]Cl, but the nujol
mull IR spectrum, in addition to seeing the band at 1952 cm™ corresponding to the
[Rh(CO){Ph,Sb(CH,);SbPh,},]", showed bands at 837 and 557 cm™ confirming the presence of
ionic PFs". Literature examples of thodium(l) carbonyl complexes incorporating phosphines have
been reported, although these have been synthesised by bubbling CO through solutions of the
planar 16 electron [Rh(diphosphine),]” cations.?*%” For example
[Rh(CO){Ph,P(CH,);PPh,},]BF; and [Rh(CO){Ph,PCH,PPh,},]BF, have been synthesised by
Pignolet and co-workers and have been found to have CO stretches of 1929 and 1945 cm™ in the
IR spectra.”” Figure 4.2.6 shows the solution IR spectra (CO region) of
[Rh(CO){Ph;Sb(CH;);SbPh;},][Rh(CO),Cl,], [Rh(CO){Ph,Sb(CH;);SbPh,},]ClI and
[Rh(CO){Ph,Sb(CH,);SbPh,},]PFs and Figure 4.2.7 shows the reaction scheme for the reactions
involving [Rh,C1,(CO),] and Ph,Sb(CH,);SbPh,.
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Fig 4.2.6: Solution (CH,Cl,) IR spectra of (a) [Rh(CO){Ph,Sb(CH,)sSbPh,},][Rh(CO),Cl,], (b)
[Rh(CO){Ph,Sb(CH,);SbPh,},]Cl and (c) [Rh(CO){Ph,Sb(CH,);SbPh,},]PFs showing the CO

stretching region.

@ ) (c)

1 cm

cim cm

[Rh(CO}{Ph,Sb(CHz)38bPhy )2 ][Rh(CO)Cl,)] [RI(CO){PhySb(CHz);SbPhs},]Cl [Rh(CO){ Ph,Sb(CH2)38bPh; }]PFe

[Rh(CO){Ph,Sb(CHz)38bPhy},]* cation: v = 1966/1967 cm ™. [Rh(CO),Cl,]" anion: v = 2068, 1989 om™.

CH,Cl, solvent overtone: 2055 cm™.
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Fig 4.2.7: Reaction scheme summarising reaction of [Rh(CO),Cl], and Ph,Sb(CH;);SbPh,.
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In order to investigate the structural properties of the above complexes, crystals of
[Rh(CO){Ph,Sb(CH,);SbPh,},]PF,.%CH,Cl, were obtained by layering a solution of the complex
in CH,Cl, with hexane. The crystal structure shows two independent cations and anions in the
asymmetric unit. There are also two partially occupied sites containing CH,Cl, molecules. Both
of the rhodium(l) cations are indistinguishable. Figure 4.2.8 shows one of the
[Rh(CO){Ph,Sb(CH,);SbPh,},]" cations in a distorted trigonal bipyramidal coordination
environment with two chelating Ph,Sb(CH,);SbPh, ligands and one CO in the equatorial position.
Comparing the Rh-Sb distances and Rh-CO distances of this crystal structure with literature
examples such as [RhClL{Ph,Sb(CH,);SbPh,},]" ¥ [Rh(CO)(Ph,PCH,PPhy),]"
[Rhy(CO),{Ph,P(CH,),PPh,};]* ™ suggests that they are similar. For example the Rh—-Sb
distances in this Rh(I) species are 2.5404(6) — 2.6062(7) A and in [RhCl,{Ph,Sb(CH,);SbPh,},]"
they are 2.594(2) and 2.611(2) A. The Rh-CO distances are also comparable with this species
having  distances in  the range of  1.875(7)-1.856(7) A  compared to

and
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[Rhy(CO)a{Ph,P(CH,),PPh,}5]** (d(Rh—CO) = 1.886(4) and 1.922(5) A) while
[Rh(CO)(Ph,PCH,PPh,),]" has d(Rh—CO) = 1.894(6) A. Table 4.2.2 shows selected bond lengths

and angles from the crystal structure of the cation of

[Rh(CO){Ph,Sb(CH,)sSbPh,},]PFs.%CH,CL.

Fig 4.2.8: Crystal structure of the cation of [Rh(CO){Ph,Sb(CHS,);SbPh,},]PF;.%CH,Cl, with
numbering scheme adopted. The second cation in the structure is very similar. Ellipsoids are

shown at the 50 % probability level and H atoms are omitted for clarity.

Table 4.2.2: Selected bond lengths (A) and angles (°) of [Rh(CO){Ph,Sb(CH,);SbPh,},]"

Rh1-Sb1 2.5404(6) C55-Rh1-Sbl 88.67(19)
Rh1-Sb2 2.5967(7) C55-Rh1-8b2 128.5(2)
Rh1-Sb3 2.6062(7) C55-Rh1-Sb3 125.2(2)
Rh1-Sb4 2.5579(6) C55-Rh1-Sbd 91.36(19)
Rh1-C55 1.875(7) Sb1-Rh1-Sb2 87.70(2)
Sb-C 2.119(7) - 2.152(6) Sb1-Rh1-Sb3 91.26(2)
C55-01 1.141(8) Sb1-Rh1-Shé 177.99(2)
Sb2-Ri11-8b3 106.16(2)

Sb2-Rh1-Sh4 93.85(2)

Sb3-Rh1-Sb4 87.08(2)
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The reaction of [RhyCly(CQO),] with four molar equivalents of either Me,Sb(CH,);SbMe, or o-
C¢H4(CH,SbMe,); in dry CH,Cl, led to the formation of dark brown solids over a period of about
2 minutes. Substantial decomposition was also observed in these reactions, and resulting
analytical data of the brown solids revealed no well-defined products. Similar reactions of Rh(I)
complexes involving distibinomethanes have been reported in the literature, where decomposition
readily occurs, even in the solid state.!'” However when the reaction was repeated with
[Rh,Cl,(CO)4] and 2 molar equivalents of Me,Sb(CH,);SbMe,, in CH,Cl, at -15 °C for 30
minutes, an orange/brown solid was obtained. By electrospray MS this compound was seen to
contain the [Rh(CO){Me,Sb(CH;);SbMe,},]" cation. Indeed the positive ion electrospray MS
showed a cluster of mass peaks at m/z ca. 865, 795 and 641 corresponding to
[Rh(CO){Me,Sb(CH,);SbMe, },.MeCN]", [Rh{Me,Sb(CH,);SbMe,},]", and
[Rh{Me,Sb(CH,);SbMe,}, — SbMe,]" respectively. IR spectroscopy also confirmed the Rh(I)
cation being present. For example the solution IR spectrum showed a carbonyl band at 1966 cm™,
There were however two more CO bands at 2069 and 1988 cm™ corresponding to the
[Rh(CO),Cly] anion. This was further supported in the 13C{IH} NMR spectrum with doublets at
193.0 (“Vre = 65 Hz) and 1817 (Jre = 79 Hz) ppm corresponding to
[Rh(CO){Me,Sb(CH,);SbMe,},]* and [Rh(CO),Cl,] respectively. The 'H NMR spectrum also
showed coordinated ligand, and the microanalysis supported the formulation of
[Rh(CO){Me,Sb(CH;);SbMe,},][Rh(CO),Cl,]. The compound decomposed significantly in
solution at room temperature over a period of minutes and even in the solid state there was
significant decomposition over a few days, which suggests that the complex is very reactive and
unstable. Treatment of the complex with excess Me,Sb(CH,);SbMe, or addition of NH,PFs did
not result in the replacement of the [Rh(CO),Cl;]" anion, but resulted in decomposition of the

complex. It can therefore be postulated that the bulky [Rh(CO),Cl;]" anion stablises the Rh(I)

cation species.

The corresponding [Rh(CO){o-C¢H,(CH,SbMe,), },][Rh(CO),Cl;] was obtained as a brown solid
in moderate yield. Positive ion electrospray MS confirmed the presence of the rhodium(I) cation
with mass peaks at ca. 947, and the negative ion electrospray MS showed a mass peak at ca. 229
corresponding to the [Rh(CO),Cl,]  anion. 'H NMR spectroscopy also confirmed the formulation
of the complex with resonances corresponding to coordinated ligand. Unfortunately the complex
decomposed readily in solution, and it was not possible to obtain a clear °C {'"H} NMR spectrum

or a solution IR spectrum. The Nujol mull IR spectrum did however show further evidence for the
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formulation of [Rh(CO){0-C¢H,(CH,SbMe;),},][Rh(CO),Cl,] with bands at 2075, 2007 v br
([Rh(CO),CL,]), and a shoulder at 1974 ([Rh(CO){0-CsH4(CH,SbMe,),},]7) (CO) em'™.

A further reaction of interest is the reaction of [Rh,Cl,(CO),] and 4 molar equivalents of
Ph,SbCH,SbPh, in CH,Cl,. Initially the reaction pathway forms the known Rh(I) dimer
[Rh,(CO),Cl, {Ph,SbCH,SbPh,},],!" with an IR band at 2000 cm™, but if the reaction is left to
proceed further, another CO containing species is produced. This is evident with the appearance
of another CO band at 1970 cm’, which may be the Rh(I) cationic species
[Rh(CO){Ph,SbCH,SbPh,},]". However, even with further stirring or the addition of NH,PFs, to
drive the reaction forward, there is not complete conversion of the dimer species to the Rh(I)
cationic species, and a substantial amount of the dimer species remains. The positive ion
electrospray MS supports this with mass peaks at ca. 1429 and ca. 1263 corresponding to
[Rh,(CO),Cl{Ph,SbCH,SbPh,},]" and [Rh(CO){Ph,SbCH,SbPh,},]" respectively. Unfortunately,
due to the incomplete conversion of the dimer to the cationic species it was impossible to obtain
an analytically pure sample. This reaction however does suggest that distibinomethane ligands

can chelate, albeit with a much lower tendency than analogous diphosphinomethanes.

4.2.4 Rhodium(I) reaction chemistry
The reaction chemistry of Rh(I) complexes incorporating Ph,Sb(CH,)sSbPh, will be focused on in
this study, due to these complexes being more stable than complexes that incorporate the methyl-

substituted distibine ligands, in the solid state and in solution.

An alternative route to form the [Rh(CO){Ph,Sb(CH,);SbPh,},]" cation was by bubbling CO
through a solution of [Rh{Ph,Sb(CH,);SbPh,},]BF, in acetone. This was confirmed by the
appearance of a single CO band at 1966 cm™, being present in the solution IR spectrum. However
when the monocarbony! species is exposed to an atmosphere of CO for a long period of time (in
excess of 1 h) the single CO band is replaced by two CO bands at 2020 and 1993 cm’. It is
thought that this shows the formation of a cis-dicarbonyl Rh(I) complex. Moreover in the absence
of a CO atmosphere, the dicarbonyl species readily reverts quantitatively back to the
mondcarbonyl species. It can be suggested that the conversion of the monocarbonyl
[Rh(CO){Ph,Sb(CH,);SbPh,},]" cation to the dicarbonyl complex, could occur via one of two
routes, the first of which being dissociation of one distibine ligand to give

[Rh(CO),{Ph,Sb(CH,)sSbPh,}]" and free ligand. The second route is via chelate ring opening,
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which would form a 16 electron 5 coordinate Rh(I) [Rh(CO),{Ph,Sb(CH;);SbPhy}{x'-
Ph,Sb(CH,);SbPh,}]" species. This route may be more appropriate as it would be easily

reversible. Comparison of similar complexes in the literature is shown in Table 4.2.3.

Table 4.2.3: IR Spectroscopy data of selected literature Rh(I) carbonyl complexes compared

with this study.

Complex IR v(CO) em™ Ref
[Rh(CO){Ph,Sb(CH,);SbPh,},]* + excess CO 2020, 1993 a
cis-[RI(CO),{PhyP(CH,),Ph,} T* 2100, 2055 29
[{(CO),{PhyP(CH,),PPh,} R}, {u-Ph,P(CH,),PPhy,}] 2020, 1965 25
[RI(CO),(SbPhs)s][AICL,] 2009 30

“ This study

From the comparison of the literature data in Table 4.2.2, and that it is observed that the
dicarbony! species converts reversibly back to [Rh(CO){Ph,Sb(CH,);SbPh,},]" it can be
postulated that the most likely product is the five coordinate [Rh(CO),{Ph,Sb(CH,);SbPh,} {x'-
Ph,Sb(CH,);SbPh;}]" species. Unfortunately structural identification of the dicarbony! species

could not be obtained.

It has also been observed that [Rh(CO){Ph,Sb(CH,);SbPh,},]PFs undergoes oxidative addition of
bromine in CH,Cl,. The resultant complex of the reaction is the known cationic species frans-
[RhBr,{Ph,Sb(CH,);SbPh,},]", which has been synthesised previously.?® From IR and NMR
spectroscopy and by mass spectrometry it was seen that the conversion was quantitative.
However when [Rh(CO){Ph,Sb(CH,);SbPh,},]PFs or [Rhi{Ph,Sb(CH,);SbPh,},|BF4 was reacted

with Mel in CH,Cl, no reaction was observed, even when the reaction was heated.

[Rh(CO){Ph;Sb(CH,);SbPh,},]PFs was dissolved in CH,Cl, and the solution was saturated with
excess HCI gas. The solution rapidly changed from deep red to pale yellow, and following in situ
solution IR spectroscopy studies, it was observed that the CO stretching vibration disappeared.
After removing the solvent, the yellow powder was dried in vacuo and spectroscopic studies

suggested that there was a mixture of products. 'H NMR spectroscopy was used to identify one of
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the rhodium containing species. A doublet at -18.95 ppm with "Jguy = 7.2 Hz was observed which
suggests the presence of a rhodium-hydride, and indeed a tentative formulation of this complex is
a rhodium(Ill) hydride, [RhHCI,{Ph,Sb(CH,);SbPh,}]. Comparison of literature data on
[RhHCI,(SbPhs),], reported by Wilkinson et a/ which has a hydride resonance at -18.3 ppm and

! Jan = 7 Hz seems to support the formulation. 31

A second rhodium containing species was discovered when crystals were grown from a solution
of the products in CHCI;. The crystal structure is that of a very unexpected Rh(IIl) complex of
formula [RhCl;{Ph,Sb(CH,);SbPh,} {PhCISb(CH,);SbCIPh}]CI.CHCl;. A view of the crystal
structure can be seen in Figure 4.2.9, and shows one rhodium metal atom surrounded by two trans
chloride ligands, and four antimony centres. Two of these are incorporated in a chelating
Ph,Sb(CH;);SbPh, and the other two antimony centres are from a
bis(phenylchlorostibino)propane ligand. There is also a Cl” anion which forms a long range
secondary interaction between the Sb atoms of the bis(phenylchlorostibino)propane ligand, and is

also present to provide a charge balance. Selected bond lengths and angles can be seen in Table

424,

Fig 4.2.9: Crystal structure of [RhCl,{Ph,Sb(CH,);SbPh,}{PhCISb(CH,);SbCIPh}]Cl.CHCl;
with atom numbering scheme. Ellipsoids are drawn at the 50% probability level and H atoms are

omitted for clarity.
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Table 4.2.4: Selected bond lengths (A) and angles ©) for
[RECl,{Ph,Sb(CH,):SbPhs} {PhCISH(CH,):SbCIPh}]CI.

Rh1-CI2 2.371(3) Cl2-Rh1-Cl 1174.86(11)
Rh1-Cll 2.410(3) Sb1-Rh1-Sb2 89.56(4)
Rh1-Sbl 2.5896(13) Sb1-Rh1-Sh4 97.75(5)
Rh1-Sb2 2.5920(14) Sb2-Rh1-Sb4 170.86(5)
Rh1-Sb4 2.6045(14) Sb1-Rh1-Sb3 176.92(5)
Rh1-Sb3 2.6261(13) Sb2-Rh1-Sb3 91.09(4)
Sb3—CI3 2.44003) Sb4-Rh1-Sb3 81.90(4)
Sb3-CI5 2.736(3) Sb3Cl5Sh4 76.13(3)
Sb4-Cl4 2.435(4)

Sb4-CI5 2.823(3)

Detailed comparisons of the crystallographic parameters fdr this crystal structure with other
structures is not reliable due to the data being weak, and the final residuals being rather high, but
it is clear that one phenyl group on both antimony of one of the ligands has been cleaved. The
crystal structure in Figure 4.2.9 is very interesting and important in the exploration of stibine
chemistry, as structural examples involving R,SbCI units are rare, while secondary SbCl
interactions are well known, in compounds such as antimony chloride anions. As can be seen
from Table 4.2.4, the Sb~Cl distances are 2.736(3) A and 2.823(3) A, relatively short in
comparison to secondary interactions in chloro-antimony anions (2.9-3.2 A). For example in the
complex [Sb,Cls{0-CsHs(AsMe,),}] the SbCl distances are 3.020(3), 3.171(2) and 3.267(3) A.P?
It can be suggested that this unusually short interaction could be due to either the Cs-unit of the
ligand back-bone, the geometric constraints of the Sb coordinated to the Rh centre, or the less
electron rich Sb centre as a result of the rhodium coordination, which in turn would lead to

stronger SbCl interactions.

Due to the harsh reaction conditions involved in this system, ie. HCI gas saturated solution, it can
be suggested that the phenyl rings could have been cleaved by the excess HCl. In an attempt to
probe this a dilute solution of HCI in CH,Cl, was added to [Rh(CO){Ph,Sb(CH,);SbPh,},]PFg and
the reaction analysed by 'H NMR spectroscopy and IR spectroscopy. The same hydride species
was observed in the "H NMR spectrum and the absence of the CO stretching frequency in the IR

spectrum was also observed. Unfortunately we were unable to obtain single crystals to prove the

116



Chapter 4

reproducibility of the second product. Moreover  the planar 16  electron
[Rh{Ph,Sb(CH,);SbPh,},]BF, was also treated with an HCI saturated acetone solution and the
Rh-hydride product (§'H = —18.95, 'Jpuy = 7.2 Hz) was identified from in situ 'H NMR studies. In
the IR spectrum there was also a weak band at 1998 cm™ which may be tentatively assigned as the

Rh-H stretch.

It has been seen that organostibines incorporating phenyl groups can undergo phenyl cleavage and
Sb-CI bond formation readily when exposed to a saturated HCI solution. Indeed in preparing the
0-CsH4(CH,SbMe,), this technique is used to convert PhSbMe, to CISbMe,. However it is
generally accepted that chlorostibines are not considered as good ligands for metal centres.
Moreover the Rh(IIl) complex reported here is the first structurally characterised example of a
metal coordinated to a chlorostibine. Unfortunately, not much is known about the reaction
mechanism in the cleavage reaction. It is unclear whether the cleavage of the Ph groups occurs
while the ligand is coordinated to the metal centre, or whether dissociation of the ligand occurs,
followed by cleavage of the Ph group along with substitution for the CI’, and then association of
the new chlorostibine. This exciting discovery is of great interest in the field however, as it may
pave the way forward for template syntheses of new polydentate and macrocylic stibines. Figure

4.2.10 summarises the reaction chemistry of [Rh{Ph;Sb(CH,);SbPh,},]BF,.

Fig 4.2.10: Summary of the reaction chemistry of Rh{Ph,Sb(CH,);SbPh,},]BF..
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4.2.5 Iridium(I)-stibine complexes
There are very few examples of Ir(I) complexes incorporating stibine ligands,™ one of which is
shown in Figure 4.2.2. None of these known complexes involve distibine ligands however and

therefore were interested to probe the chemistry of Ir(I) species with distibines.

Complexes of the form [Ir(cod){L-L}]BF, (where L-L = Ph,Sb(CH;);SbPh; and o-
CeH,4(CH,SbMe,),) were prepared by the reaction of [Ir,Cly(cod);] and two molar equivalents of
AgBF,, filtration of the AgCl produced, followed by the addition of a toluene solution of the
appropriate  distibine  ligand. [Ir(cod) {Ph,Sb(CH,);SbPh,}1BF, and  [Ir(cod){o-
Ce¢H4(CH,SbMe,),} IBF, were obtained as pink and orange solids respectively, in good yield.
Microanalysis suggested that the above formulations were correct, along with the IR spectroscopy
and mass spectrometry data. For example the positive ion electrospray mass spectra for
[Ir(cod){Ph,Sb(CH,);SbPh,}BF, showed mass  peaks centred at m/z 895
([Ir(cod){Ph,Sb(CH,);SbPh,}1") and for [Ir(cod){o-CsH,(CH,SbMe,),}]BF, showed mass peaks
centred at m/z 707. For both complexes the nujol mull IR spectrum showed a band at 1064 cm™,
corresponding to the BF, anion. NMR spectroscopic studies of the complexes also supported the
formulations with the resonances indicating the presence of coordinated distibine ligand and cod.
Unfortunately single crystals of these complexes were not obtained, but the spectroscopic data
provides strong evidence that the compounds were formed.  Attempts to synthesise
[Ir(cod){Me,Sb(CH,);SbMe,}]BF; were not as successful due to significant decomposition
occurring as a black precipitate. This is probably due to the very reactive nature of the Cs-linked
methyl  substituted  distibine ligand and was also seen when synthesising
[Rh(cod){Me,Sb(CH,);SbMe,}|BF,. Positive ion electrospray MS was obtained which showed
mass peaks centred at m/z 647 corresponding to [Ir(cod){Me,Sb(CH,);SbMe,}]". A nujol mull IR
spectrum was also obtained which showed a strong band at 1054 cm™ corresponding to the BF,
anion. This evidence supports the formulation above, and proves that the complex was formed,
however solution NMR spectroscopic studies were not obtained due to substantial decomposition
when the complex is in solution. Therefore, we are not able to suggest that the reaction was clean.

Due to the sensitive nature of the complex, microanalytical data were not obtained.
Another iridium(I) complex that has been obtained in this study is the planar 16-electron species,

[Ir{Ph,Sb(CH,);SbPh,},]BF,. In an analogous reaction to that of the preparation of
[Rh{Ph,Sb(CH;)3SbPh;},]BF,, [Iry(coe)sCl;] in acetone, and two equivalents of AgBF,, were
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stirred at room temperature. The resulting yellow solution was filtered to remove AgCI, and a
toluene solution of the ligand was added. Following work up, the solid was isolated and dried iz
vacuo to produce a pale yellow solid in good yield. Microanalysis supported the formulation of
the complex, along with 'H and ®C{'H} NMR spectroscopy. For example it was shown that the
complex incorporated coordinated ligand in the '"H NMR spectrum with resonances at 7.0-7.4
(m), 2.8 (br) and 2.3 (br) corresponding to aromatic protons, CH,CH, and CH,Sb respectively. IR
spectroscopy also showed the presence of the BF,” anion.The complexes above are of great
importance in the exploration of distibine ligands and their coordination chemistry with iridium(I)
metal centres, and it is vital that the reaction chemistry of these complexes is also investigated to
help the understanding of the area. In due course the results of such studies could be used to
develop applications for these compounds. In an attempt to study some reaction chemistry
[Ir{Ph,Sb(CH,);SbPh,},]BF, was dissolved in dry acetone, and the solution was saturated with
CO gas. In situ IR spectroscopy and positive ion electrospray MS studies were undertaken, and
CO stretches at 2020 and 1991 cm™ were observed in the IR spectrum, and mass peaks at 1407
and 1435 corresponding to [Ir(CO){Ph,Sb(CH,);SbPh,},]", and [Ir(CO)z{PhZSb(CHz)3SbPhZ}2]+
were seen in the mass spectrometry spectrum. This suggested that a dicarbonyl and a
monocarbonyl species were present. However, when the yellow solid was isolated, (the CO
atmosphere was not present) the nujol mull IR spectrum showed only one CO stretching band at
2002 cm’, suggesting that the monocarbonyl was the only major product isolated. The 'H NMR
spectrum was similar to that of [Ir(CO){PhZSb(CH2)3SbPh2}2]BF4 showing coordinated ligand,
however we were unable to obtain a clean C {'H} NMR spectrum. From these data it is evident
that the monocarbony! iridium(I) complex was formed in sifu along with a dicarbonyl species.
However after work up the major species was seen to be that of
[Ir(CO){Ph,Sb(CH,);SbPh,},]BF,. Fig 4.2.11 shows a summary of the Ir(I) chemistry in this
Chapter.
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Fig 4.2.11: Coordination chemistry of R,Sb(CH,);SbR, and 0-C¢H,(CH,SbMe,), (R = Me, Ph)
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Attempts were made to synthesise a selection of iridium(l) carbonyl species directly, using
dimethylformamide decarbonylation.”™ Serp and co-workers used dmf as a source of CO in the
coordination chemistry of rhodium, ruthenium, iridium and platintlm.[33] This method was employed
in the attempted preparation of [Ir(CO)(SbPh;),Cl] and [Ir(CO){Ph,Sb(CH,);SbPh,},]CI. Vaska’s
compound [Ir(CO)(PPh;),Cl] ¥ was also prepared to explore the synthetic procedure. [rCl;.6H,0
and dilute HCl were refluxed in dmf, and after cooling, two molar equivalents of PPh; were added
and stirred at room temperature. Upon aqueous work-up the yellow solid was isolated in good yield.
By *'P{'H} NMR spectroscopy the product was seen to be pure, with one single resonance at 24.8
ppm. Solution IR spectroscopy also confirmed the desired product with one CO band at 1964 cm™.
These data are in good accord with the literature data® The attempted preparation of
[Ir(CO)(Ph,Sb(CH,);SbPh,),|Cl was carried out using an analogous method to that of the preparation
of [I(CO)(PPh;),Cl]. Two molar equivalents of Ph,Sb(CH,);SbPh, and [Ir(CO),Cl,]” (imade in situ
from the above route) were reacted together in dmf. There was an immediate colour change from

orange to yellow and after stirring, the dmf was removed under reduced pressure, and the residues
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recrystallised from CH,Cly/hexane. The yellow solid was obtained in good yield. The 'H NMR
spectrum showed coordinated ligand, and the *C{'H} NMR spectrum showed one CO resonance at
187.4 ppm. The positive ion electrospray showed clusters of mass peaks centred at ca. m/z 1380 and
1408, corresponding to [Ir(Ph,Sb(CH,);SbPh,),]” and [Ir(CO)(Ph,Sb(CH,);SbPh,),]” respectively.
However the negative ion electrospray showed a cluster of mass peaks centred at m/z 405
corresponding to ([Ir(CO)Cly(dmf)]-CO). This suggests that some of the [Ir(CO)Cly(dmf)] formed
in the reaction of IrCl;.6H,0O with dilute HCI did not convert fully to [Ir(CO),Cl,] on heating, and
therefore did not react with the ligand. This mixture of products was also confirmed in the IR
spectra. In the solution IR spectrum, two carbonyl bands were seen at 2068 and 1946 cm’
corresponding to [Ir(CO)Cl(dmf)] and [Ir(CO)Ph,Sb(CH,);SbPh,),]" respectively.  Similar
findings were observed in the nujol mull IR spectrum with bands at 2054 and 1930 cm™. Further
attempts to produce [Ir(CO)(Ph,Sb(CH,);SbPh,),]CI cleanly, by refluxing the IrCl;.6H,0O and dilute

HCI for longer periods of time, were unsuccessful and hence this method was not pursued.

Due to the problems of purifying [Ir(CO){Ph,Sb(CH,);SbPh,},]CI a modified method to the one
above was employed in an attempt to synthesise [Ir(CO)(SbPh3;)CI]. [Ir(CO),Cl,J[AsPhs] was
prepared via the literature route above." This complex was then reacted with 2 molar equivalents
of SbPh; in CH,Cl; and stirred under nitrogen. After reducing the volume to ca. 2 cm’, hexane was
added to precipitate a solid. The yellow solid was isolated in good yield. The IR spectroscopic data
for the product showed three CO bands at 2055 and 1994 ([Ir(CO)CL]) and 1968 cm’
([Ir(CO)(SbPh3),Cl]. The positive ion electrospray showed the only major cationic species to be
[AsPh,] with a cluster of mass peaks at m/z 383. These data suggest that the desired product was not
synthesised cleanly, and further attempts to push the reaction to completion via heating were

unsuccessful.

The “facile” route to carbonylhalogenometal complexes by dmf decarbonylation developed by
Serp et al. does not seem to work for these systems, due to problems associated with purification.
It is clear that the desired complexes form, however the employment of dmf and the conversion
of [IrCl/(CO)(dmf{)]" to [Ir(CO),Cl,] in situ seemed unpredictable, and the stibine ligands do not

seem to substitute cleanly. Due to these observations the reactions were not pursued further.
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4.3 Conclusions

Neutral Ri(I) distibine complexes of the form [M(cod){L-L}Cl], along with cationic species of the
form [M(cod){L-L}]", [M{L-L},]" and [M(CO){L-L},]" (where L-L = Ph,Sb(CH,);SbPh, and M =
Rh, Ir) have been prepared in good yield. In addition [Rh(cod){L’-L’}]BFs;, [Rh(CO){L’-
L’}][Rh(CO)XCl] and  [RW(COXL),Cl], (where L’-L° = Me,Sb(CH;);SbMe, and o-
CsH,4(CH,SbMe,),, and L = SbPh;, Ph,SbMe) have been isolated and characterised. The structural
determination of [Rh(CO){Ph,Sb(CH,);SbPh, },]PFs has also been achieved via single crystal X-ray

diffraction.

The results prove that a variety of four- and five-coordinate Rh(I) and Ir(I) distibine complexes
involving cod or CO as co-ligands can be synthesised using selected metal precursors, and subtle
variations in reaction conditions. It can be seen that complexes incorporating Ph,Sb(CH,);SbPh, are
more stable, and this is probably due to the phenyl substituents on the distibine ligands. This
therefore leads to less electron rich and less reactive complexes compared to the complexes with the
more electron rich —SbMe, units on the ligands. These complexes seem to undergo Sb-C fission

more readily resulting in decomposition in some of the reaction reported.

[R(CO){Ph,Sb(CH,);SbPh,},]PFs and [Rh{Ph,Sb(CH,);SbPh,},]BF, undergo oxidative addition
with Br, to form the known Rh(II) cationic species, frans-[RhBr,{Ph,;Sb(CH,);SbPh;},]".%
Oxidative addition of HCI to [Rh(CO){Ph,Sb(CH,);SbPh,},]PFs or [Rh{Ph,Sb(CH,);SbPh,},]BF,
results in the same two major rhodium containing species being formed. The first product is
tentatively assigned as [RhHCI,{Ph,Sb(CH,);SbPh,}] due to comparisons with literature data on
[RhHCL,{SbPh3},)®" and the second unexpected product is shown to be
[RhCl, {Ph,Sb(CH>)3SbPh,} {PhCISb(CH,);SbCIPh}]Cl by single crystal X-ray diffraction. This
represents the first structurally characterised example of a coordinated chlorostibine, and this work
in the future could lead to other reactions of mixed organoantimony chlorides with transition metals

and the reaction chemistry thereof, possibly including the template syntheses of macrocyclic stibines.
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4.4 Experimental

General experimental techniques and instrumentation can be found in the appendix. Percentage
yields are based upon the metal.  The Rh(I) and Ir(I) precursors [RhyCly(CO),],P”
[M,Cly(cod), 1, [MyCly(coe)s] ¥ (M = Rh or Ir) and the ligands were prepared as described

previously. 20294

4.4.1 Rhodium(I) and Ir(I) compounds

[Rh(cod)(SbPh;),Cl]: [Rh,Cly(cod),] (0.049 g, 0.10 mmol) was added to a refluxing solution of
SbPh; (1.0 g, 2.9 mmol) in dry EtOH (10 cm’) under argon. An orange precipitate formed
immediately, was filtered off, washed with CH,Cly/hexane and dried in vacuo. (Yield 0.2 g,
100%). Required for [CyH4,CIRASb,])./2CH,Cl,: C, 53.7; H, 4.4%. Found: C, 53.7; H, 3.8%. 'q
NMR ((CD;);CO, 300 K): & 7.50-7.30 (mm) [30H] (Ph), 4.25 (br) [4H] (cod CH), 2.45 (m) [4H]
(cod CH,), 1.85 (br) [4H] (cod CH,) ppm. "C{'H} NMR ((CD5),CO, 225 K): & 136.3 (s), 135.7
(s), 134.8 (s), 129.1 (s), 128.8 (s) (Ph), 78.0 (d) (' = 15 Hz) (cod CH) (cod CH, resonances
obscured by solvent) ppm. ES™ MS (MeCN): m/z 563 [Rh(cod)(SbPh;)]", 841 [Rh(SbPhs),Cl,]",
917 [Rh(cod)(SbPh;),]". Conductivity Ay/€Q™" cm®mol™ (107 mol dm™ in CH,Cl,): 1.39.

[Rh(cod){Ph,Sb(CH,);SbPh,}Cl]: Reaction as above using [Rh,Cl,(cod),] (0.062 g, 0.126
mmol) and Ph,Sb(CH,);SbPh, (0.15 g, 0.25 mmol). The deep orange solution was reduced to
dryness and stirred in dry hexane (20 cm’) until a precipitate formed. The orange solid was
filtered off and dried in vacuo. (Yield 0.093 g, 44%). Required for [C3sHsgCIRhSb,].CH,Cl;: C,
46.7; H, 4.4%. Found: C, 47.4; H, 4.1%. 'H NMR ((CDs),CO, 300 K): & 7.60-7.20 (m) [20H]
(Ph), 4.20 (br) [4H] (cod CH), 2.43 (br) [4H] (cod CH,), 2.33 (br) [6H] (CH,), 1.78 (br) [4H] (cod
CH,) ppm. ES™ MS (MeCN): m/z 805 [Rh(cod){Ph,Sb(CH,);SbPh,}]". Conductivity Ay/Q" cm’
mol™ (10 mol dm™ in CH,CL,): 4.68.

[RIi(cod){Me;Sb(CH,);SbMe,}CI]: Reaction as above, except at room temperature using
[Rh,Cly(cod),] and Me,Sb(CH,);SbMe,. The orange precipitate was dried in vacuo. (Yield 46%).
Required for [CsH3,CIRhSb,;].2CH,Cl,: C, 26.8; H, 4.5%. Found: C, 27.2; H, 5.0%. 'H NMR
((CD3),CO): 6 4.18 (br) [4H] (cod CH), 2.43 (br) [4H] (cod CH,), 1.76 (br) [6H] (CH,), 1.76 (br)
[4H] (cod CHy), 1.35-1.20 (m) [I12H] (SbCH;) ppm. ES™ MS (MeCN): m/z 557
[Rh(cod){Me,Sb(CH,);SbMe;}]". Conductivity Ay/Q" em” mol™ (107 mol dm™ in CH,Cl,): 2.25.
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[Rh(cod){o-C¢H (CH,SbMe,),}Cl]: Prepared at room temperature as above using [Rh;Cly(cod),]
and 0-CgH4(CH,SbMe,),. Orange solid. (Yield 40%). ES™ MS (MeCN): m/z 619 [Rh(cod){o-
CsHy(CH,SbMe,),} 1. 'H NMR ((CD5),CO): § 7.0-7.4 (m) [4H] (0-CsHy), 4.18 (br) [4H] (cod
CH), 2.40 (br) [4H] (cod CH,), 2.32 (br) [6H] (CHy), 1.75 (br) [4H] (cod CHy), 1.30 1.40 (m)
[12H] (SbCH3) ppm. Microanalysis was not obtained due to decomposition.

[Rh(cod){Ph,Sb(CH,);SbPh,}|BF,: [Rh,Cly(cod),] (0.047 g, 0.095 mmol) and AgBF, (0.043 g,
0.22 mmol) were dissolved in degassed acetone (20 cm’) and heated to reflux for 30 minutes,
where upon a white precipitate was formed. The yellow solution was filtered and added dropwise
to a solution of PhaSb(CH;);SbPh, (0.225 g, 0.38 mmol) in degassed toluene (15 cm’). The
resulting orange solution was stirred at room temperature for ca. 1 h. and then reduced to dryness
in vacuo. The residues were recrystallised in CH,Cl/Et,O to give a yellow/orange solid, which
was filtered off and dried in vacuo. (Yield 0.12 g, 74%). Required for [C3sH3sBF.RhSby]: C, 47.1;
H, 4.3%. Found: C, 47.0; H, 4.1%. 'H NMR (CDCly): 8 6.9-7.6 (m) [20H] (Ph), 4.2 (br) [4H]
(cod CH), 2.3-2.5 (br) [14H] (CH,) ppm. "C{'H} NMR (CDCl;): & 128.22-133.40 (Ph), 80.98
(cod CH), 31.48 (cod CHp), 17.36, 17.15 (CH,) ppm. ES™ MS (MeCN): m/z 805
[Rh(cod){Ph,Sb(CH,);SbPh,}]". IR (Nujol mull):v 1054 s (BF;) cm’™.

[Rh(cod){Me,Sb(CH,);SbMe,}|BF,: Method as above using [Rh,Cly(cod),], AgBFs and
Me,Sb(CH,);SbMe,. The product was recrystallised from Me,CO and Et,O. (Yield 56%).
Required for [CsH;BF,RhSb,].%toluene: C, 30.2; H, 4.8. Found: C, 30.1; H, 4.5%. 'H NMR
((CD3),CO): 8 4.0 (s) [4H] (cod CH), 2.4 (s) [8H] (cod CH,), 2.1-2.4 (br) [6H] (CH,), 1.7 (br)
(12H) (SbCHj3) ppm (signals due to associated toluene solvent are also evident). 13C{IH} NMR
((CDs),CO): & 79.31 (d) ('J = 15 Hz) (cod CH), 31.45 (cod CH,), 23.94 (CH,CH,CH,), 18.75
(SbCH,), -6.00 (SbCH;) ppm. ES™ MS (MeCN): m/z 557 [Rh(cod){Mezsb(CHZ)_«,SbMeg}]*. IR
(Nujol Mull): v 1054 s (BF,) em™.

[Rh{cod){o-CcH,(CH,SbMe,),}]BF,: Method as above using [Rh,Cly(cod),], AgBF, and o-
CsH4(CH,SbMey),. (Yield 60%). Required for [CooH3:BF,RhSb,]: C, 34.0; H, 4.6. Found: C, 33.4;
H, 4.5%. 'H NMR ((CD;),CO): § 7.0-7.7 (m) [4H] (0-C¢Hy), 4.3 (br) [4H] (SbCHy), 4.1 (s) [4H]
(cod CH), 2.4 (s) [8H] (cod CH,), 1.7 (d) [12H] (SbMe,) ppm. *C{'H} NMR ((CD;),CO): &
124.74-130.70 (0-C¢Hy), 78.34 (d) ('J = 15 Hz) (cod CH), 30.57 (SbCH,), 29.80 (cod CH,), 0.89
(SbCH3) ppm. IR (Nujol mull): v 1054 s (BF,) cm”™.
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[Tr(cod){Ph,Sb(CH,);SbPh,}|BF,: [Ir,Cl;(cod),] (0.0806 g, 0.12 mmol) and AgBF, (0.0493 g,
0.253 mmol) were dissolved in degassed acetone (10 cm’) and heated gently for 30 min.,
whereupon a white precipitate was formed. After filtering, the yellow solution was added drop-
wise to a solution of Ph,Sb(CH;);SbPh; (0.15 g, 0.253 mmol) in degassed toluene (15 cm’). The
resulting pink solution was stirred for 30 min. at room temperature and reduced in volume to ca. 2
cm’ whereupon a pink/orange solid formed. This was then filtered off and dried in vacuo. (Yield
0.18 g, 76%). Required for [C3sH3sBF,IrSb,]: C, 42.8; H, 3.9. Found: C, 43.6; H, 4.1%. 'H NMR
(CDCl3): 6 7.0-7.6 (m) [20H] (Ph), 3.76 (s) [4H] (cod CH), 2.59 (br) [8H] (cod CH,), 2.00-2.15
(m) [6H] (CH,) ppm. *C{'H} NMR (CDCl;): & 128.22-133.40 (Ph), 63.77 (cod CH), 36.53 (cod
CH,), 23.37 (CH,CH,CH,), 19.59 (SbCH,) ppm. ES™ MS (MeCN): m/Zz 895
[Ir(cod) {Ph,Sb(CH,);SbPh,}]". IR (Nujol mull): v 1064 s (BFs) cm™.

Attempted preparation of [Ir(cod){Me,Sb(CH;);SbMe,}|BF: Method as above using
(Ir,Cly(cod),], AgBF, and Me,Sb(CH,);SbMe,. (Yield: 35%). ES™ MS (MeCN): m/z 647
[Ir(cod){Me,Sb(CH,);SbMe,}]". IR (Nujol mull): v 1054 s (BF;) cm™. Due to decomposition of

the complex in air over time, microanalytical data were not obtained.

[Ir(cod){o-CcH,(CH,SbMe,;),}|BF,: Method as above using [Ir,Cly(cod),], AgBF, and o-
CsH4(CH,SbMe,),. (Yield 65%). Required for [C,0H3;BF,IrSby]: 30.2; H, 4.1. Found: C, 30.2; H,
4.1%. "H NMR ((CD3),CO): § 7.2~7.7 (m) [4H] (0-C¢H,), 3.8 (br) [8H] (cod CH, SbCH,), 2.5 (br)
[8H] (cod CH,), 1.4 (s) [12H] (SbCH;) ppm. "C{'H} NMR ((CD3),CO): & 126.4-136.7 (0-C¢Ha),
59.16 (cod CH), 33.60 (cod CHy,), 24.73 (SbCH,), -4.87 (SbCH;) ppm. ES™ MS (MeCN): m/z 707
[Ir(cod){o-CsHs(CH,SbMe,),}]". IR (Nujol mull): v 1064 s (BF,) cm’™.

[Rh{Ph,Sb(CH,);SbPh,},]BF,: [Rh,Cly(coe)s] (0.064 g, 0.09 mmol) and AgBF, (0.043 g, 0.22
mmol) were dissolved in degassed acetone (10 cm’) and stirred for 45 min. at room temperature,
where upon a white precipitate formed. After filtering, the orange solution was added drop-wise
to a solution of Ph,Sb(CH,);SbPh, (0.225 g, 0.38 mmol) in degassed toluene (15 cm’). The deep
red solution was left to stir for 30 minutes, and reduced to dryness. The residues were dissolved in
minimum acetone, and E;O (10 cm’) was added to precipitate a solid. The red solid was filtered
off and dried in vacuo. (Yield 0.2 g, 81%). Required for [CssHs,BF;RhSb,].CH,Cl,: C, 45.2; H,
3.7. Found: C, 45.4; H, 3.9%. 'H NMR ((CD;),CO): & 6.8—7.5 (m) [40H] (Ph), 2.3-2.7 (br) [12H]
(CHy) ppm (CH,Cl, solvent is also evident). "C{'H} NMR ((CD3),CO): § 129.42-137.07 (Ph),
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24.71 (CH,CH,CH,), 21.62 (SbCH;)  ppm. ES” MS (MeCN):  m/7z 1291
[Rh{Ph,Sb(CH,);SbPh,},]", 1013 [Rh{Ph,Sb(CH,);SbPh,}, — SbPh,]". IR (Nujol mull): v 1064 s
(BF,)cm™,

[Ir{Ph,Sb(CH,);SbPh,},|BF,: [Ir(coe),Cl,] (0.08 g, 0.09 mmol) and AgBF, (0.043 g, 0.22
mmol) were dissolved in degassed acetone (10 cm’) and stirred at room temperature for 1 h. The
white precipitate was filtered off and the orange solution was added dropwise to a
solution of Ph,Sb(CH,);SbPh, (0.225 g, 038 mmol) in degassed toluene (10
cm3). The reaction was stirred for 30 minutes and then the reaction was pumped
to dryness. The yellow residues were dissolved in minimum acetone, and Et,0O
(10 cm3) was added to precipitate a solid. The yellow solid was isolated by
filtration and dried in vacuo. (Yield 0.19 g, 72%). Required for [CssHs;BF4IrSb,].CH.Cl: C,
42.5; H, 3.5. Found: C, 41.9; H, 3.7%. 'H NMR ((CD;),CO): 8 7.0-7.4 (m) [40H] (Ph), 2.8 (br)
[4H] (CH), 2.3 (br) [8H] (CH,). “C{'H} NMR ((CD;),CO): & 130.0-136.6 (Ph), 25.0
(CH,CH,CH,), 23.1 (SbCH,). IR (Nujol mull): v 1067 s (BF,) cm™.

[Rh(CO)(SbPh;),Cl]: [RhyCl(CO),] (0.082 g, 0.21 mmol) and SbPh; (0.30 g, 0.92 mmol) were
dissolved in dry CH,Cl, (10 cm®) and stirred for 2 h. The reaction was monitored by solution IR
spectroscopy, and the reaction mixture was reduced to dryness and the residues were stirred in dry
hexane (30 cm’) until a dark red precipitate was formed. This was filtered and the red solid was
dried in vacuo. (Yield 0.2 g, 100%). Required for [C3;H;0CIORKSDb,]: C, 50.9; H, 3.5. Found: C,
50.6; H, 3.1%. 'H NMR (CDCl;): § 7.90-7.30 (m) [30H] (Ph) ppm. “C{'H} NMR (CDCl;): §
184.3 (d) ('J = 57 Hz) (CO), 134.9, 130.7, 128.9, 127.9 (Ph) ppm. ES" MS (MeCN): m/z 837
[Rh(CO)(SbPh3),]*. IR (CH,Cly): v 1967 s (CO) cm™. IR (Nujol mull): v 1952 s (CO) cm™.
Conductivity Ay/Q" em’® mol™ (10° mol dm™ in CH,CL): 0.

[Rh(CO)(SbPh,Me),Cl]: Method as above using [Rh,Cl,(CO)4] and SbPh,Me. The red/brown
solid was dried in vacuo. (Yield 55%). 'H NMR (CDCls): § 7.80—7.30 (m) [20H] (Ph), 1.35 [6H]
(CH3) ppm. “C{'H} NMR (CDCl;): § 136.4, 135.5, 130.1, 129.3 (Ph), -1.23 (CH3) ppm. ES™MS
(MeCN): m/z 1003 [Rh(CO)(SbPh,Me)s]", 713 [Rh(CO)(SbPh,Me),]". IR (CH,Cly): v 1956 s
(CO) cm™. IR (Nujol mull): v 1962 s (CO) ecm™. Due to decomposition of the complex in air

over time, microanalytical data were not obtained.
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Attempted preparation of [Rh(CO)(SbPhMe,),Cl]: Method as above using [Rh,Cl;(CO)s] and
SbPhMe,. The red/brown oil was dried in vacuo. (Yield 45%). 'H NMR (CDCl;): 6 7.50-7.30
(m) [20H] (Ph), 1.20 [6H] (CH;) ppm. IR (CH,Cly): v 2019 w, 1998 w, 1969 w (CO) cm”. IR
(Nujol mull): v 2012 m 1964 w (CO) cm™. Due to decomposition of the complex in air over time,

microanalytical data were not obtained.

[Rh(CO){Ph,Sb(CH,);SbPh,},][Rh(CO),;CL]: Reaction as above with [Rh,Cl,(CO)] (0.049 g,
0.126 mmol) and Ph,Sb(CH,);SbPh;, (0.15 g, 0.25 mmol). The orange precipitate was dried in
vacuo. (Yield 0.13 g, 68%). Required for [Cs;Hs,Cl,03Rh,Sb,]: C, 44.2; H, 3.3. Found: C, 43.4;
H, 3.0%. 'H NMR ((CD5),CO): & 7.60-7.40 (m) [20H] (Ph), 2.85 (bs) [4H] (CH,Sb), 2.05 (s)
[2H] (CHy) ppm. C{'H} NMR (CDCl;): § 182.3 (d) (' = 71 Hz) ([Rh(CO)Cl,]), 136.1, 134.7,
131.2, 129.9 (Ph), 23.7 (CH,), 189 (CH,Sb) ppm. ES" MS (MeCN): m/z 1289
[Rh{Ph,Sb(CH,);SbPh;,},]", 1317 [Rh(CO){Ph,Sb(CH,);SbPh,},]". ES™ MS (MeCN): m/z 229
[Rh(CO),CL]. IR (CH,Cly): v 2068 s, 1989 m, 1968 m (CO) cm’. IR (Nujol mull): v 2058 s,
1977 s, 1953 bs (CO) em™.

[Rh(CO){Ph,Sb(CH,);SbPh,},]Cl: A further two mol. equivalents of Ph,Sb(CH,);SbPh, were
added to the [Rh(CO){Ph,Sb(CH,);SbPh,},][Rh(CO),Cl,] prepared above, in dry CH,Cl, (10
cm’), and the reaction was stirred under an argon atmosphere for 12 h. The progress of the
reaction was monitored by solution IR spectroscopy. An orange solid was isolated. IR (CH,Cl,): v
1966 s (CO) cm”. ES"™ MS (MeCN): m/z 1289 [Rh{Ph,Sb(CH,);SbPh,},]", 1317
[Rh(CO){Ph,Sb(CH,);SbPh,},]". %

[Rh(CO){Ph,Sb(CH,);SbPh,},|PFs: [Rh(CO){Ph,Sb(CH,);SbPh,},][Rh(CO),Cl,] (0.067 g,
0.043 mmol) and Ph,Sb(CH,);SbPh; (0.051 g, 0.0865 mmol) and NH4PFs (0.016 g, 0.0865 mmol)
were dissolved in dry CH,Cl, (20 cm®). Solution IR spectroscopy indicated that the reaction was
complete after 5 min. The fine white precipitate (NH,Cl) was removed by fiitration and the
resultant orange solution was concentrated to ca. 1 cm’. Et,0 (10 cm3) was added to precipitate
an orange solid, which was isolated by filtration and dried in vacuo. (Yield 60%). 'H NMR
(CDCl3): 6 7.40-7.05 (m) [20H] (Ph), 1.90 (bs) [2H] (CH,CH,), 1.80 (bs) [4H] (CH,;Sb) ppm.
ES" MS (MeCN): m/z 1291 [Rh{Ph,Sb(CH,);SbPh,},]", 1317 [Rh(CO){Ph,Sb(CH,);SbPh,},]".
IR (CH,Cly): v 1967 5 (CO) em™. IR (Nujol mull): v 1952 s (CO), 837 s v(PFy), 557 s 8(PFs) cm’

1o
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[Rh(CO){Me,Sh(CH,);SbMe,};|[Rh(CO),Cl,]: Method as for
[Rh(CO){Ph;Sb(CH;);SbPh,},][Rh(CO),Cl,] above, except the solutions were maintained at ~-15
°C with an ice-salt bath. Orange/brown solid. (Yield 50%). Required for [C;;H3,C,O3Rh,Sb,]: C,
19.4; H, 3.5; found: C, 20.2; H, 3.6%. 'H NMR (CDCl5): & 1.8 — 1.3 (br) [6H] (CHy), 1.22 (s)
[12H] (SbCH3). P"C{'H} NMR (CDCl;, 250 K): & 193.0 (d) (J = 65 Hz)
[Rh(CO){Me,Sb(CH,);SbMe, },]", 181.7 (d) (' = 79 Hz) ([Rh(CO),Cl,]), 23.04 (CH,), 16.89
(CH,), -0.16 (SbCH;). ES™ MS (MeCN): m/z 865 [Rh(CO){Me,Sb(CH,);SbMe, },.MeCN]", 795
[Rh{Me,Sb(CH,);SbMe,},]", 641 [Rh{Me,Sb(CH,);SbMe,}, — SbMe,]". IR (CH,Cl,): v 2069,
1988, 1966 (CO) cm’™. IR (Nujol mull): v 2047 sh, 1953 v br (CO) cm’.

[Rh(CO){o-CH,(CH,SbMe,);},|[Rh(CO),ClL,]: Method as above using [Rh,Cl,(CO),] and o-
C¢H4(CH,SbMe,y,. Orange/brown solid. (Yield 55%). 'H NMR (CDCls, 210 K): 8 7.0-7.5 (m)
[8H] (0-C¢Hy), 3.3-3.5 (m) [8H] (CH,), 1.15-1.22 (m) [24H] (SbCH3). ES"™ MS (MeCN): found
m/z = 947 [Rh(CO){0-CsH4(CH,SbMe;),},]". ES™ MS (MeCN): found m/z = 229 [Rh(CO),CL]".
IR (Nujol mull): v 2075, 2007 v br, 1974 sh (CO) cm™. Due to decomposition of the complex in

air over time, microanalytical data were not obtained.

[Ir(CO)(PPh;),Cl]: IrCl;.6H,0 (0.1 g, 0.28 mmol) and HCI (0.05 cir’, 37% in H,0) in dmf (10
cn), were heated to reflux for 50 minutes. In this time the reaction mixture turned from deep red
to orange. A further portion of HCI (0.03 c¢m’, 37% in H,0) was added and the mixture refluxed
for a further 10 minutes. The reaction was then allowed to cool and two molar equivalents of
PPh; (0.15 g, 0.57 mmol) were added. The reaction was then stirred for 1 h. at room temperature,
and monitored by solution IR spectroscopy. Once the reaction had gone to completion, degassed
H,0 (15 cm3) was added to precipitate a solid. This was filtered and dried in vacuo to afford a
yellow powder (Yield: 0.17 g 77%). IR (CH,Cl): v 1964 s em’. °'P {'H} NMR

(CH,Cl,/CDCls): & 24.8 ppm. Spectroscopic data were in accord with the literature data.*"!

Attempted preparation of [Ir(CO)(SbPh;),Cl]: [Ir(CO),Cl,][AsPh4] (0.07 g, 0.099 mol) and 2
molar equivalents of SbPh; (0.07 g, 0.199 mmol) were dissolved in dry CH,Cl; (5 cm’) and stirred
under N,. The reaction was monitored by solution IR spectroscopy. The reaction was reduced in
volume to ca. 2 cm’ and hexane (5 cm’) was added to precipitate a solid. This was filtered and
dried in vacuo. Yellow solid (Yield: 0.048 g, 56%). IR (CH,Cl,): v 2055 s, 1994 w, 1968 w cm’™.
ES™ MS (MeCN): found m/z 383 [AsPh,]". }
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Attempted preparation of [Ir(CO)(Ph,Sb(CH;);SbPh,),|Cl: [rCl;.6H,0 (0.1 g, 0.28 mmol)
and HCI (0.05 cm’, 37% in H,0) in dnf, were heated to reflux for 50 minutes. In this time the
reaction mixture turned from deep red to orange. A further portion of HCI (0.03 cm’, 37% in H,0)
was added and the mixture refluxed for a further 10 minutes. The reaction was then allowed to
cool and 2 molar equivalents of Ph,Sb(CH,);SbPh, (0.33 g, 0.56 mmol) were added in dmf (7.5
cm’). There was an immediate colour change from orange to yellow, and the reaction was
monitored by solution IR spectroscopy. After stirring overnight there was no change observed.
The reaction was heated to reflux for 2 h. then allowed to cool and stirred for 72 h. The dmf was
then removed under reduced pressure, and the residues were dissolved in minimum CH,Cl, and
hexane was added to precipitate a solid. The yellow solid was filtered and dried in vacuo.
Yellow solid (Yield: 0.19 g, 49%). '"H NMR (CDCl;): § 7.45 — 7.15 (m) [40H] (Ph), 2.60 [12H]
(CH,) ppm. “C{'H} NMR: & 187.4 (CO), 136.0 — 129.6 (Ph), 23.6 (CH,CH,), 17.1 (CH,Sb) ppm.
ES™ MS (MeCN): found m/'z 1380 [Ir(Ph,Sb(CH,);SbPh,),]", 1408
[Ir(CO)(Ph,Sb(CH,);SbPhy),]".  ES” MS (MeCN): found m/z 405 ([Ir(CO)Cl,(dmf)]-CO)IR
(CH,C1): v 2068 s, 1946 s cin™. IR (Nujol mull): v 2054 m, 1930 m cm™.

Attempted preparation of [Ir(CO){Ph,Sb(CH,);SbPh,};]BF,: [Ir{Ph,Sb(CH,);SbPh,},]BF,
(0.050 g, 0.034 mmol) was dissolved in dry acetone (10 cm’) and purged with CO gas for 30
minutes. The reaction mixture was reduced to ca. 2 cm’, Et,0 (10 cm’) was added to precipitate a
solid, and the yellow solid filtered and dried in vacuo. Yield 0.035 g, 68%. 'H NMR
((CD3),CO): & 6.9-7.5 (m) [20H] (Ph), 2.60 (s) [4H] (CH,CH,), 2.20 (br s) [2H] (SbCH,). ES ™
MS (MeCN): found m/z 1407 [Ir(CO){Ph,Sb(CH,);SbPh,},]", 1435
[Ir(CO),{Ph,Sb(CH,);SbPh,},]". IR (CH,Cly): v 2020, 1991 (CO) cm™. IR (Nujol mull): v 2002
w (CO), 1061 (BFy) em™. §

T Microanalysis was not obtained due to the cationic species in the complex, having identical
spectroscopic data to the cationic species in [Rh(CO){Ph,Sb(CH,);SbPh,},][Rh(CO),Cl,].
i Microanalysis was not obtained due to a mixture of starting material and products being

formed.
4.4.2 X-Ray Crystallography

Details of the crystallographic data collection and refinement parameters are given in Table 4.4.1.

Crystals of [Rh(CO){Ph,Sb(CH,);SbPh,},]PFs.%CH,Cl, were obtained by diffusion of hexane
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into a CH,Cl, solution of the compound. Data collection used a Nonius Kappa CCD
diffractometer (T = 120 K) and with graphite-monochromated Mo-Ka X-radiation (A = 0.71073

. . 41,42
A). Structure solution and refinement were routine.*"**!

Table 4.4.1: Crystallographic parameters for [Rh(CO){L-L},]PF4.%CH,Cl, and [RhCl,{L-
L} {PhCISb(CH,);SbCIPh}]Cl.CHCI; (where L-L = Ph,Sb(CH,);SbPhs,).

Complex [RR(COY{L-L},)PFe%CH,Cl,  [RhCL{L-L}{PhCISb(CH,),SbCIPh}]CI.CHCl;
Formula Css.75Hs3 5Cl, sFsOPRISD, C43H43CIiROS b,
Mwt 1527.54 1433.28
Crystal System Triclinic Monoclinic
Space Group P-7 (no. 2) P2,/c

a/A 13.5141(10) 28.147(6)
bIA 20.129(3) 0.9609(16)
/A 21.133(3) 15.724(3)
o/ 74.016(5) 90

pre 80.152(7) 104.095(8)
¥/° 82.929(7) 90

UIA® 5427.5(10) 4705.2(15)
Z 4 4
u(Mo-Koty/mm'™ 2.426 3.096

R, 0.065 0.089

Total no. reflns. 94727 31249
Unique reflections 24949 9970

No. of parameters 1265 505
R1{l,>20(1,)] 0.0509 0.1057

R1 [all data] 0.0824 0.1508
whR, [1, > 20(I)] 0.0996 0.1492
WwR, [all data] 0.1109 0.1730

R =S| |F| - [F| VSR wRy = [EwW(F - FAYE wF,"% T = 120 K; A(Mo-K,) = 0.71073
A
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Synthesis, Spectroscopic and Structural Properties of Transition Metal
Complexes of the 0-Xylyl Diphosphine 0-C¢H4(CH,PPh;),
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5.1 Introduction

Sterically demanding wide-angle diphosphine ligands have been of great interest, particularly
when incorporated in transition metal complexes, as many exhibit remarkably high catalytic
activity. For example there is great interest in the rhodium-catalysed hydroformylation of
alkenes,"! and the mechanism for this reaction was first proposed by Heck and Breslow, and is

shown in Fig.5.1.1.

Fig 5.1.1: The rhodium-catalysed hydroformylation of alkenes.®!
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Hydroformylation of alkenes is one of the most extensively applied homogeneous catalytic
processes in industry. The trigonal bipyramidal hydrido-rhodium complex is the catalytic species
and usually contains two phosphorus centres. It was suggested that there was a relationship
between the selectivity of the catalytic species and the bite angle of the diphosphine and as a result
Casey et al. studied this relationship for different diphosphine ligands." They found a very good
correlation between the bite angle size and the regioselectivity, and it was suggested that the P-M-
P bite angle in the diphosphines play an important role in determining the selectivity and rates in

the catalytic reactions.

Another process that takes advantage of the wide angle and the selectivity that this leads to is, the

nickel-catalysed hydrocyanation reaction.” This industrial process involves the addition of HCN
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to alkenes, and is very useful in functionalizing organic substrates. The catalyst consists of a Ni(0)
complex stabilised by tris-o-tolylphosphite in the presence of a Lewis acid.[! It was chosen as it
combined a large cone angle and good electronic properties. However, when incorporating
diphosphines into the catalysts, no catalytic activity was exhibited. This is due to the mechanism
involving a rate-determining reductive elimination of the alkyl cyanide. This results in the
formation of a tetrahedral Ni(0) out of a square planar Ni(IT) compound. The reaction is facilitated
by electron-withdrawing ligands such as phosphites, whereas this reaction becomes more difficult
when donating ligands such as phosphines are used. Therefore, the reaction proceeds faster when
more electron-withdrawing phosphites or phosphinites are used. More recent research has also
proved that bidentate diphosphines do generate very active catalysts, which are also quite resistant
to deactivation, but basic phosphines still showed no activity in the hydrocyanation reaction.t It
can therefore be seen that research in the area is needed to see whether diphosphines incorporated

into catalysts can be manipulated into becoming better catalytic species.

Palladium catalysed copolymerisation of CO and alkenes is another catalytic process that uses
wide angle diphosphines. [ Indeed, research by Drent proved that catalysts of the form [PdX;(L-
L)] where (L-L) was the bidentate diphosphine chelating in a cis fashion, and X was a weakly
coordinating anion, exhibited excellent CO/ethene copolymerisation. Moreover, coordinating
diphosphines that were ideal for this were Ph,P(CH,),PPh,, Ph,P(CH;),PPh, and
thP(CHz)3PPh2.[8] It was also shown that the number of carbon atoms in the backbone had a

dramatic influence on the activity and selectivity, as shown in Table 5.1.1.

Table 5.1.1: The effect of the variation of the chain length of bidentate diphosphines of the form

thP(CHz)mPth[s] on the rate of catalytic reaction.

Reaction rate /g (g Pd)™" h™

m
1 1
2 1000
3 6000
4 2300
5 1800
6 5
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It can be seen that the P-M-P bite angle in these transition metal complex catalysts play an
important role in the catalytic process, indeed in determining the selectivity and rates of the
reactions.!””  Other studies involve the coordination of 0-Cs¢H4(CH,PPh,), to platinum metal
complexes, in the catalytic process of platinum-tin catalysed hydrof01'mylation.[9] Platinum
chloride — diphosphine — tin(Il) halide systems have been explored, in the asymmetric induction in
the hydroformylation of butenes, and it was revealed that by using Ph,P(CH;)sPPh,, a diphosphine

with the number of carbons in the backbone being four, the activity is strikingly raised.

Fig 5.1.2: 0—C6H4(CH2PPh2)2.

PPh
PPh

Even though it can be seen that the sterically demanding wide angles of diphosphine ligands are of
great importance in industrial processes, it is surprising however, that the coordination chemistry
of 0-C¢H4(CH,PPh,), to transition metal ions has been largely neglected. Venanzi and coworkers
have reported the preparation of some mononuclear metal complexes and halide bridged dimers
involving 0-CsH4(CH,PPh,),, including a dimeric complex of Ag(I) as the metal centre with one
chelating 0-C¢H,(CH,PPh,), ligand at each metal centre, and bridging halide ions, which was

structurally characterised,!"” and is shown in Fig 5.1.3.

Fig 5.1.3: View of [Ag,Cly(0-C¢H,(CH,PPh,),),]" 1"
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They also describe complexes with the empirical formula of [MX(0-CsHs(CH,PPhy),)], by
reacting silver nitrates and halides, with 0-C¢H4(CH,PPh,),. The * 1P{ 1H} NMR for the complex
above is a resonance at 0.8 ppm, with coupling constant of IJ(1071109Ag_31p) =359 Hz. Venanzi also
describes the synthesis and limited characterisation of [MX,(0-C¢H4(CH,PPh,),)] complexes
where M = Ni, Pd, Pt and X = Cl, Br."1") These complexes are also synthesised and discussed in
this work, but in some cases the geometries and coordination environments are found to have
differed from what was believed in the earlier work (see results and discussion). Venanzi
concluded that by adding differing R groups onto the pendant arms of the wide angle diphosphine
0-C¢H4(CH,PPh,),, the ligand could be used for a systematic study of organometallic reactions, for
example alkene insertions, therefore it can be seen that this ligand has a lot of potential in

industrial processes.

Werner and co-workers, have also reported other platinum complexes involving o-
CsH4(CH,PPh;),. Indeed one such compound incorporates a platinum dimer, with a selenium
atom bridging, and an 0-C¢H4(CH,PPh,), chelate ring on one platinum metal centre, as shown in

Fig 5.1.4.
Fig 5.1.4: Platinum dimer with selenium bridge and o-C4H,(CH,PPI1,), chelate.['!
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The above studies suggest that the ligand, o-CsH4(CH,PPh,), is a versatile ligand, however its
coordination to late transition metals has not been fully explored. This chapter details the study
that was carried out on the 0-C¢Hy(CH,PPhy), ligand, including fully characterised metal
complexes, in various geometries, such as square planar and tetrahedral geometries. All sections
of the study were chosen to probe the ligating properties of the ligand, and six crystal structures
were obtained, which show surprising variations in the phosphine bite angle, suggesting that the

ligand is quite flexible in coordination.
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5.2 Results and Discussion

5.2.1. Synthesis of 0-C;H,(CH,PPh,),

The diphosphine 0-C¢H4(CH,PPh,),, was prepared as in the experimental section, by reaction of
PPh; and lithium metal. The residual lithium was removed and then 0.8 molar equivalents of
‘BuCl, were added followed by addition of 0-C¢H4(CH,Cl),. Upon heating the mixture, a white
precipitate was formed, which was recrystallised from CH,Cl,/EtOH. Preliminary preparations of
the ligand, resulted in small amounts of phosphine oxide present in the product, which from
*'P{'H} NMR spectroscopy had a chemical shift of 8 30.8 ppm. This may be due to filtering and
reducing the volume of the solvent in air. o-C¢Hy(CH,PPh,), was more air sensitive than first
thought; therefore during further preparations the resulting yield of 96% was achieved, as all
procedures were undertaken in an inert atmosphere. *'P{'H} NMR spectra showed one peak at 6 —
12.9 ppm, in accord with previous studies.”  The 'H NMR data suggested that the desired
compound was formed, but due to the very small coupling constant between °'P and 'H, a slightly
broad singlet was observed for the CH, signal in the spectrum, at § 3.25 ppm. IR data on the
ligand also provided evidence of pure product, with bands at 1600(w), 1484(m) and 1431(s) cm’
indicating aromatic C=C stretches. Moreover, the absence of a strong P=O stretch between 1200 —

1100 cm™ suggests no oxidation of the product.

5.2.2. Co, Rh and Ir Complexes

Three cobalt systems have been prepared and fully characterised, from CoX,.xH,O (where X = Cl,
Br, I) and one molar equivalent of 0-CsHy(CH,PPh,); in iso-propanol. [CoCly(L-L)], [CoBry(L-L)]
and [Col,(L-L)] were isolated as brightly coloured blue, green and brown solids respectively, and

were found to have distorted tetrahedral geometries.

Microanalytical results suggested that the desired products were formed. However associated
CH,Cl, was found to be present, which was supported by spectroscopic and crystallographic
evidence. The magnetic moment measurements prove that the predicted high spin Co(Il) species
have been formed, consistent with others previously researched.!'¥ For example the magnetic
moment for [CoBry(0-CsH;(CH,PPh,),)] was calculated as 4.41 uB, and Sacconi and Gelsomini
obtained a magnetic moment for [CoBr,(Ph,P(CH,),PPh,)] as 4.50 pB.'" Both the diffuse
reflectance and solution UV/vis spectra for all three systems, suggest that the tetrahedral
complexes are in the correct orientation, for example the diffuse reflectance absorptions for

[CoCly(0-C4H4(CH,PPhy),)] at v 30120, 25700, 22370, 16160, 15080, 13460, 10000 cm™ are
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consistent with other such compounds. For example, [Co(Ph;P(CH;),PPh,)Br;] had a diffuse
reflectance UV/vis spectrum of v 20400, 18600, 16000, 15000, 10800, 8000, 6700 cm™ !4
Furthermore the far IR spectrum of [CoCl,(0-C¢H4(CH,PPh,);)] shows a broad band at 318 cm™
which corresponds to the v(Co-Cl). Group theory suggests that there should be two Co-Cl
stretches (theory Cg: A’ + A’’) but as it is a broad band this suggests that there could be two
overlapping bands. Crystals of [CoCl,(0-CsH,(CH,PPh,),)] were obtained and the data are shown
in Fig 5.2.1 and Table 5.2.1, confirming the distorted tetrahedral coordination geometry in the
solid state. The figure below is of the [CoCl,(0-CsH4(CH,PPh,),)] species. Selected bond angles
and bond lengths are shown in Table 5.2.1.

Fig 5.2.1: View of the crystal structure of [CoCly(0-CsHs(CH,PPh,),)], with the H atoms omitted
for clarity. Ellipsoids are shown at the 50% probability level.
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Table 5.2.1: Selected bond lengths (A) and angles (°) for [CoCly(0-CgHy(CH,PPhy),)].

Col —ClI 2.2165(15) P1-Col —P2 106.18(5)
Col —CI2 2.2045(15) Cli - Col ~CI2 109.50(6)
Col - P1 2.4034(16)
Col -P2 2.3795(16)

Therefore it is apparent that larger chelate rings as in the [CoX;(0-CsHy(CH,PPhy);)] systems give
tetrahedral metal centres!'” whereas more rigid diphosphines such as 0-C¢H4(PPhy), have been
found to give square planar cations,"® which could be due to the shortened pendant arms of the

ligand and hence the smaller chelate ring, promoting the coordination around the metal centre.

In an attempt to further probe the versatility of the o-C4H,(CH,PPh,), ligand, a reaction to
investigate whether the ligand would promote higher coordination numbers and higher oxidation
states of the metal centre was carried out. On reaction of [CoCl,(0-C¢Hs(CH,PPhy),;)] in CH,Cl,
with NOCI (prepared in sifu by heating POCl; and KNOs) — used as it is a clean one electron
oxidant at 273 K, an air sensitive dark blue — green solid was produced which was found to be a 5
coordinate Co(IlT) species of the form [CoCls(o-CsH,(CH,PPh,),)]. This is an interesting
discovery as examples of high spin d® Co(Ill) complexes are rare.'” The solution UV/vis
spectrum is characteristic of the S-coordinate geometry and the far infra red spectrum has three
bands characteristic of the Co ~ Cl stretching modes (theory C,: 2A° + A’"), suggesting three
chlorides coordinated around the metal centre. Examples of these rare compounds are of the form,
[Co{Ph,P(CH,),PPh,}X;] (X = Cl, Br; n = 4, 5). Indeed a specific example is
[Co{Ph,P(CH,),PPh,}Cls] which is a deep blue colour with infra red Co-Cl bands of v 355, 340,
300 cm™. " At room temperature [CoCls(0-CsHs(CH,PPh,),)] decomposes in solution, but does

survive as a solid in the freezer over a long period of time.

The rhodium(l) cation, [Rh(o-C¢H4(CH,PPh;),),]", was prepared via two different routes. Method
A was the reaction of RhCl3;.3H,0 with two molar equivalents of 0-C¢Hs(CH,PPh,), in EtOH. A
few drops of 40 % aqueous HBF, were added, and after stirring an orange precipitate was formed
in good yield. The product expected from the preparation was a six coordinate rhodium(III)
complex with two chelating 0-C¢H4(CH,PPh,), ligands and two chlorides. However, the infrared
spectrum of the product showed no Rh-Cl stretching modes, but there was evidence of coordinated
0-CsH4(CH,PPh,), ligand and a characteristic band for the BF, anion. The positive ion
electrospray MS spectrum (MeCN) showed peaks with the correct isotope distribution for [Rh(L-
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L),]* and [Rh(L-L)]", but there was no evidence of any Cl containing species as the relevant

isotope patterns and m/z peaks were absent.

By 'H NMR spectroscopy the ligand resonances as mentioned above, had shifted to high
frequency, indicating that the ligand was coordinated. Providing more evidence that the product
formed was not the Rh(III) complex that was first thought and that it was indeed a planar Rh(T)
complex, was the 'p {'H} NMR spectrum. A resonance of a doublet at +11.6 ppm with a
coupling constant of 'Jrye = 140 Hz, suggested one phosphorus environment, with a larger than
expected coupling constant for a Rh(III) compound."™ Together with the mass spectrometry data,

these results are indeed indicative of the Rh(I) species.

In the solid state, X-ray crystallography provided unambiguous confirmation that the four
coordinate, sterically crowded Rh(I) complex was the one formed, as Fig 5.2.2 (Table 5.2.2)
shows. Orange single crystals were obtained by layering a CHCIl; solution of the complex with
hexane. The cationic species was found to be in a distorted square planar geometry, with one BF4
anion associated and two CHCl; solvent molecules associated, which was consistent with the
NMR spectroscopic data. The Rh-P bond distances are in the range 2.31-2.34 A and show
similarities with other Rh(I) species,' for example [RhCI(PPhs);] d(Rh-Pyagp) = 2.304-2.338
A2 The distortion in the square planar geometry is obvious from the sum of the P-Rh-P
angles being 370°, which can be explained by the steric bulk of the 0-C¢H,(CH,PPhy), ligand, the
area around the metal centre that the bulky phenyl groups occupy. The P1-P2 and P3P4
distances within the chelates are 3.28 and 3.37 A, and the P1-Rh-P2 and P3-Rh-P4 angles within
the chelate rings are 90.05(3) and 92.31(3) A respectively.
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Fig 5.2.2: Crystal structure of the cation in [Rh(o-C¢Hs(CH,PPh,),),]BF,.2CHCls, with the H

atoms and phenyl rings (except ipso carbons) omitted for clarity. Ellipsoids are shown at the 50%

probability level.
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Table 5.2.2: Selected bond lengths (A) and angles (°) for [Rh(0-CsH(CH,PPh,),);|BF,.2CHCl;

Rhl-PI  23269(10)  PI-RhI-P2 90.05(3)
RhI-P2  23099(10)  P1-Rhl-P4 92.70(3)
RhI-P3  2.3427(10)  P3-Rhl-P2 93.98(3)
Rhl-P4  23352(10)  P3-Rhl-P4 92.31(3)
PI-Cl 1.833(4)
P1-C7 1.818(4)
P1-C25  1.855(4)

The above result is of interest due the unexpected formation of the Rh(I) cationic species. In
similar reactions with other phosphines, the Rh(III) cation is achieved. For example, using the
Ph,P(CH,),PPh,, the 6
[RhCly(Ph,P(CH,),PPh,),] ™" # is produced. It can be argued therefore that the different reaction

same starting material and reacting it with coordinate
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pathway may be due to the steric bulk of 0-C¢H4(CH,PPh,),. The second method for the
preparation of [Rh(0-CsH4(CH,PPh,),),]" (Method B), was the reaction of [RhCl(cod)], and two
molar equivalents of AgBF, refluxed in acetone. After cooling, the AgCl was filtered off and the
yellow solution added to a solution of excess 0-CsH4(CH,PPhy), in toluene. After stirring for 24 h,
the reaction was reduced to dryness and the residues were recrystallised from acetone/Et,O. The
orange solid was obtained in good yield. The *'P{'"H} NMR spectroscopic data suggested that the
product was indeed [Rh(o-C¢Hy(CH,PPh,),),]BF, with a doublet at 12.7 ppm (J = 138 Hz) which

is in good accord to the data above.

In order to try to probe the versatility of the 0-CsH4(CH,PPh;), ligand, to see whether it would
support higher coordination and oxidation states, a reaction of [Rh(o-CsH4(CHPPh,),),]BF, and
Cl, in CCly was carried out. However the orange solid that resulted from the reaction was found to
be the starting material. It can be concluded, therefore, that the steric bulk of two bidentate

diphosphine 0-C¢H4(CH,PPh,), ligands around a rhodium centre does not allow a six coordinate

geometry.

Attempts were made to synthesise [Rh(CO){0-CsH4(CH,PPh,),},]", via three different routes. The
first route (Method A) was to react [Rh{o-C4H,(CH,PPh,),},]BF, with CO gas, in CH,Cl,. The
reaction was monitored by IR spectroscopy and turned from orange to yellow in 5 minutes. Upon
addition of Et;O under an atmosphere of CO, yellow crystals formed, which were filtered and
dried in vacuo. The yellow crystals were analysed by *'P{'"H} NMR spectroscopy, which showed
three broad resonances at 21.5, 15.9 and 8.5 ppm. This suggested that there was a mixture of
products present. Due to the bulky Ph substituents present in the 0-C4H,(CH,PPh,); ligand, it was
also predicted that there could be some dissociation of one or both of the ligands in solution. The
ES™ MS however, showed clusters of mass peaks at ca. m/z 105land 1079 corresponding to
[Rh{0-CsH4(CH,PPh,),},]" and [Rh(CO){0-CeH4(CH,PPh,),},]" respectively. The IR spectra also
suggested a mixture of products had been formed. For example, the solution IR spectrum showed
CO bands at 2020 m and 1983 s cm™ and the Nujol mull showed bands at 2033 w, 2015 w, 1974 s

cm’. From these data it was clear that the desired complex had not been synthesised cleanly.

The second route (Method B) employed to prepare [Rh(CO){o0-C¢Hs(CH,PPh,),},]" was by
reacting [Rh,C1,(CO)4] and 4 molar equivalents of 0-C4Hy(CH,PPh;),), in CH,Cl, in the presence
of NH4PFs at 0°C. The reaction was carried out excluding light, and was stirred for 5 h. The

mixture was allowed to warm to room temperature and stirred for a further 2.5 h, filtered and
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reduced in volume. Hexane was added to precipitate a solid, which was obtained via filtration in
moderate yield. The IR spectroscopic data suggested that the complex was pure with one carbonyl
band at 2019 cm™ in the solution IR spectrum. This was further confirmed in the Nujol mull IR
spectrum with a band at 2010 em™. The presence of the PF¢ anion was also confirmed by bands at
840 and 557 cm”. The ES™ MS also confirmed the presence of the desired species with a cluster
of mass peaks at ca. m/z 1051 corresponding to [Rh(0-C¢Hy(CH,PPh,),),]". The *'P{'H} NMR
spectrum however was complex. At -70°C three broad resonances were evident, suggesting that

there was more than one species present.

The third attempt (Method C) at obtaining [Rh(CO)(0-CsH4(CH,PPh,),),]” was via a similar route
to Method B. [Rh,Cl(CO)] and 4 molar equivalents of 0-CsH4(CH,PPhy), were reacted in
CH,Cl, with stirring, at room temperature. The *'P{'H} NMR spectrum at -80°C showed a
doublet of triplets at 8.4 (Jij.preqy = 90.6 Hz, Jppy.preqy = 37.4 Hz) ppm, a doublet of triplets at -9.16
ripray = 1111, Jppay-preqy = 38.3 Hz) ppm and a singlet at -13.3 ppm. The two doublet of triplets
suggests a trigonal bipyramidal geometry around the Rh(T), with the CO in the equatorial position,

as shown in Fig 5.2.3. The singlet at -13.3 ppm suggests the presence of some free ligand or the

uncoordinated end of a 1<'—0-C6H4(CH2PP112)2 ligand.

Fig 5.2.3: Proposed structure of [Rh(CO){o-CsH4(CH,PPh,),},]Cl.

The IR spectra showed one carbonyl band at 1940 cm™ (Nujol mull) and 1927 cm™ (CH,Cl,),
which was significantly different from the two attempts above (Method A and B), however the
ES" MS showed the same cluster of mass peaks at ca. m/z 1051 corresponding to [Rh(o-
C¢Hy(CH,PPhy),),]” (parent — CO). Yellow single crystals were obtained of the product and it was
found that in the solid state the product was [Rh(CO)Cl(0-CsHy(CH,PPh,),)(x'-0-
CsH4(CH,PPh,),)].CH,Cl,.  There was some disorder in the CO group bound to the rhodium(l)
centre which was found to be dioxygen (C65 and O1 occupy the same position in the difference
map). This suggests that the product is very sensitive to oxygen, and can help to explain why

there were mixtures of products formed in the different methods used. Fig 5.2.4 shows the
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structure of [Rh(CO)Cl(0—C6H4(CH2PPh2)2)(K]—0—C6H4(CH2PPh2)2)] incorporating the disorder
model. A second attempt to obtain crystallographic data on the compound was unsuccessful, as
the data was weak and showed evidence of the free end of the x'-0-C¢H,(CH,PPh,), ligand being
oxidised. These findings suggest that this system is much more sensitive to oxidation than first
thought. The crystallographic evidence suggests that the bulky Ph substituents of the ligand make
it impossible for both ligands to coordinate in a bidentate manner to the Rh(I) centre. However the
*'P{'H} NMR spectroscopic data from Method C, suggested that the desired complex was formed.
Unfortunately the chemistry appears to be quite complicated, with variable degrees of oxygenation

occurring for each method used, and so the complex was not pursued in more detail.

Fig 5.2.4: View of the crystal structure of [Rh(CO)Cl(0-CeHy(CH,PPh,))(x -0-
C¢H4(CH,PPhy),)].CH,Cl, incorporating the disorder model of the dioxygen with a numbering
scheme adopted. H atoms and phenyl rings (with the exception of ipso-carbons) have been

omitted for clarity. Ellipsoids are shown at the 50% probability level. ’

J]‘ Formula: Cgs49HssCL 0O, 5, P,Rh, Formula weight: 1202.32, Crystal system: Monoclinic, Space Group: P2,/c, a =
22.221(5), b = 14.940(4), ¢ = 18.954(2) A, o/° =90, p/° = 113.460(15), v/° =90. Z = 4, Unique reflections: 13166, no. of
parameters: 687, R1 [I, > 20(/,)] = 0.0615, R1 [all data] = 0.1426, wR, [I, >2c(/,)] = 0.1293, wR, [all data] =0.1626.
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Rhodium(I) and iridium(I) complexes of the type [M’(0-CgHs(CH,PPh,),)(cod)]PFs (where M’ =
Rh, Ir) were prepared from [M’Cl(cod)], (where M’ = Rh, Ir) and o0-C¢Hs(CH.PPh,),, in good
yield, in the presence of one molar equivalent of NH,PF¢ in CH,Cl,. These complexes were
prepared to obtain data on Rh(I) and Ir(I) complexes, that could be compared to that of [Rh(o-
C4H,(CH,PPh,),),]BF,; and therefore further the understanding of the coordination chemistry that

occurs at these metal centres.

[Rh(o-C¢H4(CH,PPh,),)(cod)]PFs was synthesised as an orange solid and analysed by phosphorus
NMR spectroscopy, which suggested that the compound was pure. Two signals were recorded,
suggesting two phosphorus environments. The first was a doublet at 10.3 ppm with coupling
constant 'Jiyp = 146 Hz, suggesting that the 0-C¢H,(CH,PPh,), phosphorus atoms coordinated to the
Rh(I) centre were in the same environment. The coupling constant was typical of a Rh(I) bidentate
diphosphine complex, as researched previously.!'”?* The second phosphorus signal was a septet at -
143.8 ppm corresponding to the PFy anion associated with the complex. Microanalysis results also
confirmed the purity of the compound. The 'H NMR spectrum also proves beyond doubt that the
desired product was formed with resonances at 7.70-7.50 (m), 6.85 (m), 6.40 (m) 4.40 (br m) 3.90 (br
m) and 2.0-2.2 (m) which corresponded to phenyl protons, the xylyl unit, cod, (0-CsH4(CH,PPh,),,

CH,) and cod protons respectively.

[TIr(0-C¢Hy4(CH,PPhy),)(cod)|PFs was isolated as a dark red solid and the results after spectroscopic
analysis were very similar to that of the above rhodium analogue. Phosphorus NMR spectroscopy
showed a singlet at -1.8 ppm corresponding to one phosphorus environment around the metal
centre, and a septet at -143.8 ppm, confirming the presence of the PF¢ anion. Again microanalysis
confirmed the desired product, and positive ion electrospray MS showed the presence of the [Ir(o-
C¢H,(CH,PPh,),)(cod)]" at m/z = 775. 'H NMR spectra data resulted in similar resonances to that
of the analogous rhodium complex above. All the analytical data suggests that the compounds are
the desired compounds and are similar to other Ir(I) complexes that have been researched

previously,?**!
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5.2.3. Ni, Pd and Pt Complexes

[NiX,(0-C¢Hy(CH,PPh,),)] where X = Cl, Br, was prepared using the appropriate hydrated nickel
dihalide, dissolved in isopropanol, and with addition of one molar equivalent of o-
CsH4(CH,PPh,),. [NiBry(o-C¢Hs(CH,PPh,),)] was a brick red solid with a percentage yield of
87% and [NiCl,(0-CsHy(CH,PPh,),)] was a pink solid with a percentage yield of 76%. The diffuse
reflectance and solution UV/vis data from [NiBry(o-C¢H4(CH,PPh,),)] and [NiCly(o-
C¢H4(CH,PPh;),)] suggested that the complexes were square planar in geometry, which differs
from work carried out by Venanzi and coworkers!'™ who suggested they are tetrahedral in
geometry, due to the absence of viable 'H NMR spectra. However the 'H NMR spectroscopic data
from the isolated solids, suggested that both compounds had coordinated o-CsHs(CH,PPh;),
present with a doublet, at & 3.65 and aromatics of around & 7.50-7.20(m) and 6.90-6.70(m) ppm.
The experimental magnetic moments of both compounds confirmed that they were diamagnetic.
Another indication that the assignment is correct is the far infrared bands of both compounds,
which for [NiBry(o-CsHy(CH,PPh,),)] and [NiCly(o-C¢H4(CH,PPh,),)] give two Ni-X stretching
vibrations indicative of a cis-NiX, unit!"* (theory taking into consideration the xylyl backbone: C:

AT+A”).

The unexpected result above is interesting due to other related compounds adopting tetrahedral
geometries. For example, the Ni(Tl) complex [NiX(Ph,P(CH,),PPh,)], with the Ph,P(CH,),PPh,
forming a seven membered chelate ring similar to that of 0-CsH,(CH,PPh,),, adopts a tetrahedral
geometry."  However Ph,P(CH,),PPh, is a much more flexible ligand, suggesting that the
rigidity of 0-C¢H(CH,PPh,), promotes the square planar geometry. Providing further evidence
for this, the o-phenylene diphosphine, 0-C¢H4(PPh,), forms a square planar complex with
Ni(H),mJ as it has the same rigid back-bone present in 0-CsHy(CH,PPh;);. The basic xylene
backbone is the same, but 0-C¢H4(CH;PPh,), has a further carbon in the pendant arms of the
ligand, which when coordinated forms seven-membered chelates, instead of five-membered
chelates as in the 0-C4H,(PPh,), case. This can also be explained by the strong ligand field exerted

by the O-C6H4(Pphz)2 and O—C6H4(CH2Pth)2.

As with the further reaction of [CoCly(0-CsHy(CH,PPhy),)] with NOCI at 273 K, to form the 5
coordinate [CoCls(0-C¢H4(CH,PPh,),)] species, reaction of [NiCl,(0-C¢H4(CH,PPh,),)] with NOCI
in CH,Cl, resulted in an orange-brown, unstable solid, which upon analysis by solution UV/vis
spectroscopy was found to be [NiCls(0-C¢Hy(CH,PPh,),)] as the results compared well to the
result for [CoCls3(0-CsHy(CH,PPh,),)]. Examples of Ni(III)?* species are not as rare as the high
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spin d° Co(lIl) species, but are of great interest as it is another indication that 0-C¢H4(CH2PPh,),
can promote higher oxidation states than first predicted. An example of this type of complex is
[Ni{o-CsH4(PPh,),}Cl;], a dark green compound, with three infra red bands at 346, 311, 297 cm™
similar to [NiCls(0-CsH4(CH,PPh,),)] (theory Cy: 2A° + A”).  As well as the infrared spectrum,
the electronic spectrum was also recorded and bands indicating a distorted square pyramid

structure was observed, which was similar to that of previously reported Ni(lIl) species.”*

Three systems of palladium complexes incorporating o-CsH,(CH,PPh,), were prepared as in the
experimental section. A neutral palladium species [PdCl,(0-CsH4(CH,PPh,),)], in a square planar
geometry, was prepared by reacting one equivalent of 0-CsH,(CH,PPh,), with Na,PdCls; which
was dissolved in EtOH. The reaction afforded a pale solid in a yield of 58% and was found to be
pure by microanalysis. Fig 5.2.5 shows the structure of [PdCl,(0-CsHs(CH,PPh),)] which
contains bond lengths and angles similar to other palladium complexes."” The molecule has
crystallographic m symmetry, with a Pd-P bond length of 2.2572(11) and a Pd-Cl distance of 2.3536
A. The P1-Pd-P1’ angle in the chelate of 100.04(6)° is much more obtuse than those seen in the Rh(I)
species described above, which can be explained by the fact that there is a lot less steric bulk around
the metal centre when only one 0-C4H;(CH,PPh,), ligand needs to be accommodated. This is also

reflected in the P1~PI’ distance of 3.46 A which is much larger than of the above [Rh(o-

C6H4(CH2PP1'12)2)2]+ cation.
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Fig 5.2.5: Crystal Structure of [PdCl,(0-CsHy(CH,PPh,),)] with the H atoms omitted for clarity.

Ellipsoids are shown at the 50% probability level.

Table 5.2.3: Selected bond lengths (A) and angles (°) for [PdCl,(0-CsH4(CH,PPh),)].

Pd1-P1 22572(11) P1 PdIPI' 100.04(6)
Pd1-Cll  2.3536(11) PIPdICII' 174.91(4)
P1-Cl 1.813(4) P1PdICI] 84.95(4)
P1-C7 1.818(4) CIIPAICII®  90.04(5)

PI-C13  1.8354)

All bond angles quoted, for bonds containing atoms marked with (), for example P1°, have a symmetry operation of x -

y+1/2 z.

Other analytical techniques also proved that the compound is pure. The 'H NMR spectrum
suggests the aromatics of 0-C¢H4(CH,PPh,), are complexed, with resonances of & 7.9(m) and

7.5(m) [24H] ppm, and a doublet at & 3.6 [4H] indicated the CH,. *'P{'H} NMR spectroscopy
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indicated one phosphorus environment with a resonance at 8 16.35 ppm. IR data suggests the
presence of the Pd-Cl bond with bands at v 316(m) and 304(m) cm™, which is in accordance with
the data obtained by Venanzi and coworkers.''” Again the data for the Pd-Cl bond agrees with the

theory of two infra red active bands (theory Cs: A” + A™).

Another system prepared with a palladium metal centre, was [Pd,Cl,(0-CsHy(CH,PPh;),),1(PFs)s.
This was prepared by dissolving PdCl, in MeCN. One molar equivalent of 0-C¢H,(CH,PPh,); was
added followed by one molar equivalent of TIPF4 to remove the excess chloride in the system.
The resulting compound, was recovered as a yellow solid, with a percentage yield of 44%.
Microanalytical data suggested that the complex was analytically pure. The *'P{'H} NMR
spectrum showed one phosphorus environment in the dimer with a resonance at § 27.27(s), and a
septet at & 143.65 ppin, indicating the presence of the PFg counter ions. IR data also confirmed
the presence of the PFs with bands at v 843(s) cm™ and 561(s) cm™ indicating P-F stretching
modes and bending modes respectively. The presence of the Pd-Cl bond was also indicated by a
band at 315(m) cm”. Electrospray mass spectrometry shows peaks at m/z 617 and 658 which
indicated the following species respectively - [PdCl(o-CsH4(CH,PPh,),)]", and ([PdCl(o-
CsH4(CH,PPh,),)(MeCN)]", which were both formed via cleavage of the chloro bridges. It is
assumed that 0-C¢H,(CH,PPh,), is promoting the chosen pathway rather than cleaving both Pd —Cl

bonds due to its steric bulk, preferring only one ligand around each metal centre.

Crystallographic studies on the structure of [Pd,Cly(o-CsH4(CH,PPh,),).](PF¢),.2CH;Cl; confirms
a dinuclear u*-Cl, palladium dication with a chelating 0-CsH4(CH,PPh,), bound to each Pd centre
to give a distorted square planar geometry. There is a centre of inversion at the centre of the Pd,-
w>-Cl, core. The Pd-P bond distances are 2.2481(10) and 2.2657(10) A, very similar to Pd-P in the
mononuclear complex above. The P1-Pd-P2 angle in this species is 98.00(4)° and d(P1~P2) is
341 A
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from  [Pd,Cly(o-

Fig 5.2.6: structure  of  [PdyCla(o-CHy(CH,PPhy),) )%

CsH4(CH,PPh,), )2 J(PF),.2CH,Cl,, with the H atoms and phenyl rings (except ipso carbons)

Crystal

omitted for clarity. Ellipsoids are shown at the 50% probability level.
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Table 5.2.4: Selected bond lengths (A) and angles (°) for [PdCly(o-
CsHy(CH,PPh,),),](PF4),.2CH,Cl,
Pd1-P1 2.2481(10) P1Pd1 P2 98.00(4)
Pd1-P2 2.2657(10) P2 PdI Cll 90.93(4)
Pd1-Cll 2.3917(10) Pl Pdl CII” 88.11(4)
P1-Cl 1.818(4)
P1-C7 1.821(4)
P1-C25 1.821(4)

All bond angles quoted, for bonds containing atoms marked with (), for example C117°, have a symmetry operation of 2-

X, 2-y, 1-z.
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The last palladium system explored was the homoleptic bis-ligand ion with square planar
geometry and the molecular formula of [Pd{o-CsH(CH,PPh;),},](BF,),. This was prepared by
dissolving Pd(NOs), in deionised water then adding two equivalents of 0-CsHs(CH;PPh,),,
dissolved in EtOH and CH,Cl,. An excess of HBF, was added and the reaction was stirred. A
yellow precipitate was recovered with a yield of 69%. Similar studies have been investigated by
Fox et al. in 199327 The 'H NMR spectrum shows a resonance at § 8.0 — 7.20(m) [56H] ppm
indicating that the aromatic rings of 0-C¢H4(CH,PPh,), were present. The coordination of the CH;
in the ligand was also indicated by a resonance at § 3.65(d) ppm [8H]. *'P{'H} NMR
spectroscopy also indicated purity of the compound by one resonance at § 7.12 ppm suggesting
one phosphorus environment. IR data also enforced the fact that the compound was pure by the
presence of BF, indicated by bands at v 1095(w), 1067(s) cm™ (B-F stretch), and 505(s), 491(s)
cm” (8B-F). However, there was no evidence of any remaining nitrate or H,O/OH™ in the product.
These data, together with microanalyses, are consistent with the formulation of [Pd{o-
CsH4(CH,PPh;)2}2](BFy),. The PA(II) centre is likely to be rather crowded, however this formulation
is not unreasonable given the structural evidence for the distorted planar [Rh(o-CsHy(CH,PPh,),)]"

cation described above.

An analogous complex to the [PdCly(0-CsH4(CH,PPh,),)], was prepared from K,[PtCL]. A
solution of K,[PtCl,] in CH,Cly/EtOH, was prepared, and one molar equivalent of o-
C¢H4(CH,PPh,), was added. Acetone was then added to give a homogeneous solution which was
stirred for 72 h. before filtering and concentrating the filtrate in vacuo to give a white solid. Analysis
of this species suggests that similar chemistry to that of [PdCl,(0-C¢H4(CH,PPh;),)] has occurred
and the neutral compound is indeed [PtCly(0-CsH4(CH,PPh,),)], with a 98% yield. The 'H NMR
spectrum indicated the phenyl rings of 0-C¢Hs(CH,PPh,), were present by resonances at & 8.00-
7.80 (m) and 7.65-7.35(m) [28H] ppm and with a doublet at § 3.85 [4H] ppm, which indicated
both CH;’s in the coordinated o-CsH,(CH,PPh,),. The 31P{ lH} NMR spectrum shows a singlet at —
1.8 ppm with '*°Pt satellites (3/pp = 3584 Hz), consistent with the literature data.? This can be seen

in Fig 5.2.7.

As there was some confusion as to whether the product was indeed the neutral species or the
dinuclear [Pt,Cly(0-CsHy(CH,PPh,),),]Cly, as with the palladium case above, a conductivity
experiment was carried out in MeNO,; solution. The complex was seen to be a non-electrolyte,
which suggests the neutral species. The Pt NMR spectrum shows a triplet at —4503 ppm, in

accord with a P,Cl, donor set at Pt(I).">**) An example from the literature researched by Hope
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and co-workers is [Pt(Ph,PCH=CHPPh,)Cl,] for which the '*Pt NMR spectrum is a triplet at -
4467 ppm.”**

Fig 5.2.7: *'P{'H} NMR spectrum of [PtCl,(0-CsH,(CH,PPhy),)] in CH,Cl,/CDCl.

J=3584 Hz
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When [PtCl,(0-C¢Hy(CH,PPh,),)] was dissolved in CH,Cl, and treated with C1,/CCl, a yellow
precipitate formed. In a Cl, saturated solution, *'P{'H} NMR spectroscopy suggested that this
compound was [PtCly(o-C¢H4(CH,PPh,),)], as the resonance produced was a singlet at -4.76 with
platinum satellites Jp.p= 2160 Hz, which is approximately half the coupling constant for the
starting material, and indicative of a Pt(IV)™**! complex. In the absence of Cl, the complex
reverted back to the Pt(I) starting material, however, and this was also seen in the phosphorus
NMR spectrum. In the IR spectrum, the desired product was confirmed by bands at 344 (w), 299
(w), 288 (w) indicating Pt-Cl stretches. Group theory, (theory Cs: 2A° + A’’) indicates there
should be four IR active bands, and the absence of the fourth could be explained by the weak
spectrum. An example of similar compounds from the literature is [Pt(Ph,P(CH,),PPh,)Cl,] which
has IR w(Pt-Cl) bands at 347 (m), 290 (s), 274 (s).”” Similar treatment of [PdCly(o-

C¢H4(CH,PPh,),)] did not result in a colour change, and the *'PA'H) NMR spectrum was unchanged.
P
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5.2.4. Cu, Ag and Au Complexes

The distorted tetrahedral complexes [Cu(o-C¢H4(CH,PPh,),);]BFs  and [Ag(o-
C¢H4(CH,PPh;),),]BF, were prepared from [Cu(NCMe),]BF, or AgBF, respectively and two
equivalents of 0-C¢H4(CH,PPh,), in CH,Cl; excluding light. The colourless solutions afforded the
bis-diphosphine complexes as above in high yield. The stoichiometry was confirmed by
microanalysis. From analysis such as "H NMR spectroscopy, the data for both suggested that the
complexes included two 0-CgH,(CH,PPh;), ligands by the chemical shifts at § 7.80-6.60(m) [54H]
(aromatic-H) and 3.65(m) [SH] (CH,). *'P{'H} NMR spectroscopy indicated that there was
indeed one phosphorus environment with a single broad singlet resonance at  —8.74 (bs) ppm in
the case of the Cu(l) complex, similar to literature examples®” and two overlapping doublets
indicating the silver to phosphorus coupling for both silver isotopes in the Ag(l) complex. (8 —
1.52 ppm with coupling constants of 2J107Ag_ 31p = 226 Hz and 2J109Ag_31p =257 Hz).[31] In the case
of the Ag(Y) species the coupling constants are consistent with tetrahedral P4-coordination in solution
(compare for example the tetrahedral [Ag(Ph,P(CH,),PPh,),]" J('”Ag->'P) = 231 and J(¥Ag’'P) =
266 HzP"). The dihalo-bridged complexes [Ag,Cly(0-CsHy(CH,PPh,),),] (distorted tetrahedral P,Cl,
coordination) give J('Ag-*'P) = 359 and J('®Ag-*'P) = 413 Hz, small reductions in the J values
occur as the Cl is replaced by Br or LP? A pseudo-tetrahedral bis- 0-C¢H,(CH,PPh,), coordination
environment at Cu(I) is confirmed by the observation of a broad **Cu NMR resonance at +193
ppm which does not change significantly upon cooling. Phosphorus-copper coupling is not
observed in either the *'P{'"H} or ®Cu NMR spectra. Electrospray mass spectroscopy for both
species also suggested the right compound with peaks corresponding to the respective parent ions

(M*+H)",
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Fig 5.2.8: Isotope simulation for [Ag(o-CsHs(CH,PPh,),),]BF, compared to the actual mass

spectrum.
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The IR data also suggests pure complexes with the presence of the BF4 anion with bands at

1097(w) cm™ (B-F stretch), 504(w) cm™ (B-F bend).

The coordination environment of the Ag(I) complex was confirmed by X-ray crystallographic
studies. It was found to be the desired compound, with two solvated CH,Cl, molecules associated.
The structure of the cation shown (Fig 5.2.9), confirms two chelating 0-CsHs(CH,PPh,); ligands
bonding in a bidentate manner to the silver metal centre. The geometry at the Ag(I) is distorted
tetrahedral, which is consistent with the other analytical data. A summary of the main bond

lengths and angles is displayed in Table 5.2.5. One point to note is that the P---P distances across

155



Chapter 5

the chelate are 0.5 A larger than in [Rh(o-C¢Hy(CH,PPh,),),]", reflecting the structural flexibility
of the 7-membered chelate ring incorporating the somewhat rigid o-xylyl unit. The P-Ag-P angles
are also over 10-12° larger than in the bis-0-C¢H,(CH,PPhy), complex [Rh(o-
C¢H4(CH,PPh,),);]BF,. This is yet another indication of the flexibility of the ligand.

Fig  5.2.9: Crystal  structure  of  [Ag(o-C¢Hy(CH,PPh,),),]” in  [Ag(o-
CsH4(CH,PPh,),),1BF,.2CH,Cl,, with the H atoms and phenyl rings (except ipso carbons) omitted

for clarity. Ellipsoids are shown at 50% probability level.

Table 5.2.5: Selected bond lengths (A) and bond angles (°) for [Ag(o-
C5H4(CHZPPllz)z)z]BF4.2CH2C12

Agl-P1  2.4691(9) Pl-Agl- P2 102.88(3)
Agl-P2  2.5222(9) P1-Agl-P3 110.69(3)
Agl-P3  2.5385(9) P2- Agl- P4 108.32(3)
Agl-P4  2.4787(9) P3- Agl- P4 104.21(3)
PI-CI 1.821(4)
P1-C7 1.827(4)

P1-C49 1.856(4)
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Other studies in the area have discussed the coordination of Ag(I) and 0-CsH4(CH,PPhy), but in a
1:1 ratio, whereby one ligand is coordinated to one metal centre, in a dimer, with halide bridges.
The structures have the general form of [Ag,X,(0-CsHs(CH,PPh;),),] (X = Cl or I) and exhibit
distorted tetrahedral geometries around each metal centre."” However the P-Ag-P angles within
the chelate rings are closer to the ideal tetrahedral value in the halo-bridged complexes than in the
[Ag(0-CsHa(CH,PPh,),),]" cation, even though the Ag-P bonds are similar in length. The increase
in distance between the chelating phosphorus centres can be seen to be due to the steric bulk of the
0-C¢H4(CH,PPhy), ligand, as in the Ag(I) dimer complexes only one 0-C¢Ha(CH,PPh,), ligand is

chelating, and so is not as distorted.

Two gold species were attempted using [AuCl(tht)],”* with all reactions carried in the absence of
light.  [Au,Cly(0-CsHu(CH,PPh,),)] was prepared using a 2:1 ratio of [AuCl(tht)] and o-
C¢Hy(CH,PPh,), in CH,Cl, and stirred. The resulting white solid (yield 23%) was treated as light
sensitive and analysed by '"H NMR spectroscopy, *'P {'H} NMR spectroscopy and infrared. 'H
NMR spectroscopy suggested that the complex contained coordinated ligand with resonances at 6
3.90 (d) [4H] (CH,), 7.60 — 7.10 (m) [24H] (Aromatics) ppm, which showed a slight shift upfield
from the free ligand values. The 31P{lH} NMR spectrum showed a resonance at 8 30.5 (s) ppm,
suggesting one phosphorus environment.  The *'P{'H} NMR spectrum of the related
[Au,Cly(Ph,P(CH,),PPh,)] displays a similar coordination shift, giving 8C'P) =+31.5 ppm.[33] These
data together with 'H NMR spectroscopic data confirm the formulation as [(AuCl)(o-
C¢H4(CH,PPh,),)], probably involving linear Au-Cl coordination at each P atom of a bridging
diphosphine. Infrared analysis also suggests that the compound is as stated by observing the

presence of the Au — Cl bond with a band at v 319cm™.

The second gold species to be prepared was the analogous compound to that of the Ag(I) above,
[Au(o-C¢Hy(CH,PPh,),),]PFs, using a 1:2:1 ratio of [AuCl(tht)], o-CsH4(CH,PPh,), and TIPFs.
The reaction was carried out again excluding light in CH,Cl, and yielded a white solid (66%). By
*p {IH} NMR the compound was confirmed to have one coordinated o-CsH4(CH,PPh,),
phosphorus environment with a resonance at & 0.76(s) ppm. The presence of the PFg anion was
also shown by a septet at -143.8 ppm. 'H NMR spectroscopy showed coordination of two
equivalents of 0-C¢H4(CH,PPh,), with resonances at & 3.75 (bs) [8H], (CH,), 7.50 — 7.10 (m)
[48H] (Aromatics) ppm, with appropriate integral patterns. Electrospray mass spectrometry
confirmed the [Au(o-C¢H4(CH,PPh,),),]" cation as being the dominant species with a cluster of

mass peaks at m/z of 1145, corresponding to the correct isotope pattern, with a lower intensity
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cluster corresponding to a fragment ion derived from loss of one o-CgHyi(CH,PPhy),. To help
complete the story, IR data prove that the compound contains the PF¢ anion with peaks at v 8§50
(s) (WVPFs), 560 (s) (8PFs) cm”. As well as the strong evidence from the spectroscopic data
described that the compound was the bis- 0-CsH4(CH,PPh,), product, crystals were successfully

grown and the X-ray crystal structure was obtained.

Fig 5.2.10: Crystal structure of [Au(o-C¢H4(CH,PPh,),).]" in [Au(o-
C¢H4(CH,PPh,),),]PFs.2CDCl;, with the H atoms and phenyl rings (except ipso carbons) omitted

for clarity. Ellipsoids are shown at the 50% probability level.

ce9

Table 5.2.6: Selected bond lengths (A) and bond angles (°) for [Au(o-
C6H4(CH2PP112)2)2]PF6.2CDC13

Aul-P1 2.4086(7) P1-Aul-P2 103.62(2)
Aul-P2 2.4255(7) Pl-Aul-P4 116.16(2)
Aul-P3 2.4301(7) P3-Aul-P2 102.94(2)
Aul-P4 2.4006(7) P3-Aul-P4 103.65(2)
P1-CI 1.822(3)
P1-C7 1.824(3)
P1-C25 1.853(3)

Comparison of the structure above with the Ag(I) analogue reveals a small but significant

shortening of the metal-phosphorus bond distances in the 5d Au(I) complex.
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5.3 Conclusion

The sterically demanding wide-angle diphosphine o-C¢Hs(CH,PPh,),, is preorganised for cis-
chelation. Complexes have been synthesised incorporating transition metals from Group 9-11, and
six crystal structures have been obtained. From these a significant advantage to this ligand can be
recognised. The P---P distance, and hence the bite angle, varies more than half an angstrom
between complexes, therefore it is a very flexible ligand, even with the relatively rigid back bone.
The ligand favours low coordination numbers, as work on [Rh(o-C¢H4(CH,PPh,),);]BF: and
[Pd,Cl(0-C¢Hs(CH,PPh,),),](PFs), has shown. The reason for this can be predicted as due to the
very bulky phenyl rings on the phosphorus centres. Many complexes showed evidence of
dichloromethane or chloroform in the 'H NMR spectra. Four out of the six crystal structures
showed evidence of solvation of one or more solvent molecules for each metal centre. This
suggests that the bulky ligand, when coordinated to metal centres creates large cavities in the

structures that are stabilised by solvation.

Chemical oxidation reactions were carried out and [PtCly(o-CsH4(CH,PPhy),)], [NiCls(o-
CsH4(CH,PPh,),)] and [CoCls(o-CeH,(CH,PPh,),)] were prepared and characterised by
phosphorus NMR spectroscopy, Infrared spectroscopy and solution UV/vis spectroscopy. It can
therefore be seen that the ligand, when exposed to extreme conditions can support higher oxidation
states and coordination numbers. Indeed the d® Co(IIT) complex above is a rare discovery as not

many are known,"” so it can be deduced that 0-CsHy(CH,PPh,), is a very versatile ligand.
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5.4 Experimental

Solvents were dried using known literature methods®* prior to use and all preparations were

undertaken using standard Schlenk techniques under a N, atmosphere.

0-C¢H4(CH,PPh,),: Solid PPh; (15.0 g, 57.2 mmol) and excess (4 equivalents) lithium (1.59 g,
228.8 mmol) were added to thf (100 cm’). The solution turned blood red and was stirred
overnight. The residual lithium was removed and then 0.8 equivalents of ‘BuCl (5 ¢cm’, 46 mmol)
added drop wise to the reaction mixture. The solution turned violet and was stirred for 15 minutes.
A solution of 0.4 equivalents of 0-C4H4(CH,Cly), (4.0 g, 23 mmol) in thf (15 mL) was added to the
reaction mixture drop wise and refluxed for I h. The mixture turned a yellow-brown and a white
precipitate was formed. The reaction mixture was hydrolysed by a degassed, aqueous, saturated
solution of NH,Cl, the organic layer was separated and dried over degassed MgSQ,. Excess
solvent was removed to produce a cream solid, which was recrystallised in minimum CH,Cl,. A
white precipitate was produced with addition of ethanol (10 ¢cm’), which was filtered, and dried in
vacuo (yield 11.82 g, 96%). 'H NMR (CDCls): § 7.25 (m) [20H] (Ph), 6.70 (m) [2H] (0-CeHy),
6.60 (m) [2H] (0-C¢H,), 3.25(br,s) [4H] (CH,) ppm. *'P{'H} NMR (MeCN/CDCl;): § —12.94(s)
ppm. IR (Csl disk): v 3071w, 3052 w, 3018 w, 2985 w cm™ (C-H stretches), 1600 w, 1484 m cm’
', 1431 s cm™ (Aromatics C=C). “C{'H} NMR (CDCls): & 133, 130, 129, 126 (aromatics),
33.5(d) (CH;) J = 16.8 Hz. All spectroscopic data are in accord with the literature.'”

[CoCly(0-CsHy(CH,PPh,),)]: CoCl,.6H,0 (0.075 g, 0.316 mmol) was dissolved in isopropanol
(20 cm®). One molar equivalent of 0-CgHy(CH,PPh,), (0.150 g, 0.316 mmol) dissolved in CH.Cl,
(10 cm®) was added and the reaction mixture was stirred for ca. 30 mins. to give a turquoise solid.
The solvent was concentrated to ca 5 cm’ in vacuo and the solid was collected by filtration,
washed with iso-propanol and dried in vacuo (yield 67%). Required for
[C3,H5C1,CoP,].ACH,LCly: C, 61.9; H, 4.6%. Found: C, 62.4; H, 4.3%. UV/vis (diffuse
reflectance): v 6120, 7750, 13460, 15080, 16155, 25700 sh cm™; (CH,Cl, solution): v 13590 (€mo
1000 cm'mol™dm®), 15625 (900), 16920 (1060) ecm™. IR (Nujol mull): v 318 br m cm’.

Magnetic moment = 4.68 pig.

[CoCls5(0-CsH(CH,PPh,),)]: Treatment of a CH,Cl, solution of [CoCl,(0-C¢Hs(CH,PPh;),)] with
a stream of NOCI! at ca ~15°C leads to immediate formation of a deep green-blue solution which,
upon pumping to dryness in vacuo affords a green-blue solid. IR (Nujol mull): v 349, 321, 311
em’. UV/vis (CH,Cl, solution): v 6580, 16130, 16530 sh, 28570 em™. +
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[CoBr;(0-C¢Hy(CH,PPh,),)]: Method as above, but using CoBr,.6H,0. Green solid (yield 62%).
Required for [C3Hp¢Br,CoPsy: C, 55.4; H, 4.1%. Found: C, 55.4; H, 3.7%. UV/vis (diffuse
reflectance): v 6540, 7605, 13265, 15130, 15875, 31850 cm’; (CH,Cl, solution): 13280 (gm0 1580
cm ' mol 'dm®), 15040 (1560), 16050 (1460) cm™. IR (Nujol mull): v 243 br w cm’. Magnetic

moment = 4.41 L.

[Col,(0-CsH4(CH,PPh,),)]: Method as above, but using Col,. Brown-green solid (yield 55%).
Required for [C3;HysCol,Py]1%4CH,Cly: C, 44.0; H, 3.4%. Found: C, 43.7; H, 3.1%. UV/vis
(diffuse reflectance): v 6610, 7350, 12770, 14045, 14730, 20830 sh, 2500 sh cm™; (CH,Cl,
solution): 12805 (gme 920 cm™'mol’'dm’), 13965 (885), 14840 (770) cmr'. Magnetic moment =

4.84 1y,

[Rh(0-CH(CH;PPh;),);|BF,

Method A: RhCl3.3H,0 (0.042 g, 0.16 mmol) was dissolved in EtOH (20 cm’). Two molar
equivalents of 0-C¢H4(CH,PPh,), (0.15 g, 0.316 mmol) dissolved in CH,Cl, (10 cm’) was then
added, together with 40% aqueous HBF, (1 cm’). The resulting mixture was stirred at room
temperature for 30 mins. Concentrating the mixture in vacuo gave an orange precipitate, which
was filtered, washed with diethyl ether and dried in vacuo (Yield 52%). Required for
[CesHssBF,P,Rh].2CHCI;: C, 57.5; H, 4.2%. Found: C, 58.3; H, 4.6%. 'H NMR (CDCl;): 7.00 —
7.40 (m) [40H] (Ph), 6.90 (m) [4H] (0-Ce¢H,), 6.35 (m) [4H] (0-CeHy), 3.65 (br s) [8H] (CH,).
*'P{'H} NMR (CH,CI,/CDCls): 8 11.6 ppm (d, "Jiup = 140 Hz). IR spectrum (Nujol mull): v 1060
s, 506 s cm™. Electrospray MS (MeCN): m/z 1051 [Rh(o-C¢H4(CH,PPh,),),]", 557 [Rh(o-
CsHy(CH,PPh,),)]", 475 [0-C¢H4(CH,PPh,),+H]'.

Method B: [RhCl(cod)], (0.20 g, 0.40 mmol) and AgBF, (0.162 g, 0.84 mmol) were heated to
reflux in acetone (10 cm’) for 30 minutes, during which time a white precipitate was formed. The
reaction was cooled to room temperature, and then filtered. The resultant yellow solution was
added drop wise to a solution of excess 0-C4H,(CH,PPh,), (0.96 g, 0.2 mmol) in toluene (20 cm’).
The orange solution was then stirred at room temperature for 24 h. The reaction was then reduced
to dryness, and then dissolved in minimum acetone. Et,0 (10 cm’) was added to precipitate a
solid. The orange solid was filtered, washed with hexane (10 c¢m?) then dried in vacuo. (Yield:
0.66 g, 73%). *'P{'H} NMR (CH,Cl/CDCls): & 12.7 ppm (d, 'Jrwr = 138 Hz). All other

analytical data are as above.
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Attempted preparation of [Rh(CO){o-C¢HCH,PPh,);},]"

Method A: [Rh(0-C¢H4(CH,PPh;),);]BF; (0.20 g, 0.18 mmol) was dissolved in dry CH,Cl, (20
cm’) under N,. CO gas was bubbled through the solution for 30 minutes, whereby the solution
changed from orange to yellow. The reaction was monitored by IR spectroscopy. Et,O (20 cm’)
was added to crystallise yellow crystals, that were filtered and dried in vacuo. (Yield: 0.2 g, 93%).
*'P{'H} NMR (CH,C1,/CDCls): & 21.5 (br 5) 15.9 (br s), 8.5 (br s) ppm. ES™ MS (MeCN): m/z
1051 [Rh(0-C¢H4(CH,PPh,),),]", 1079 [Rh(CO)(0-CsH4(CH,PPh,),),]". IR (CH,Cly): v 2020 m,
1983 s (CO) em™. IR (Nujol mull): v 2033 w, 2015 w, 1974 s (CO) cm™. I

Method B: [Rh,Cl,(CO),] (0.060 g, 0.15 mmol), 0-C¢Hy(CH,PPh,),), (0.29 g, 0.62 mmol) and
NH,PF; (0.055 g, 0.34 mmol) were dissolved in dry CH,Cl, (15 cms) at 0°C, excluding light and
was stirred for 5 h. The reaction was allowed to warm to room temperature and stirred for a
further 2.5 h. The reaction mixture was then filtered and the resulting yellow solution was reduced
in volume to ca. 2 cm’ and hexane (10 cm®) was added to precipitate a solid. The yellow solid was
filtered and dried in vacuo. (Yield: 0.15 g, 40%). IR (Nujol mull): v 2010 m (CO), 840's, 557 s
(PFs) em”. IR (CH,Cly): v 2019 s (CO) cm’. ES" MS (MeCN): m/z 1051 [Rh(o-
CsHs(CH2PPh,)):]". »'P{'"H} NMR (- 70°C, CH,Cl,/CDCl;): § 25.0 — 20.0 (br m) 17.0 — 12.0 (br
m), 11.0 — 6.0 (br m) ppm.

Method C: Rh,Cl1,(CO)4] (0.050 g, 0.13 mmol) and 0-C¢Hy(CH,PPh;),), (0.26 g, 0.54 mmol)
were dissolved in dry CH,Cl, (15 cm3) and the reaction was stirred for 1.5 h. The reaction mixture
was then reduced in volume to ca. 2 cm’ and hexane (10 cm®) was added to precipitate a solid.
The orange solid was isolated by filtration and dried in vacuo. (Yield: 55%). *'P{'H} NMR (-
70°C; CH,Cl1,/CDCl): 6 8.4 (dt) (J/ = 90.6, 37.4 Hz), -9.16 (dt) (/ = 111, 38 Hz), -13.3 (s) ppm.
IR (Nujol mull): v 1940 s (CO) ecm™. IR (CH,CL): v 1927 s (CO) em™. ES™ MS (MeCN): m/z
1051 [Rh(o-C¢H4(CH,PPh,),),]". i

[Rh(cod)(0-C¢H4(CH,PPh,),)|PF,: [RhCl(cod)],*? (0.078 g, 0.16 mmol) was dissolved in a
degassed solution of CH,Cl, (20 cm3) NH,PF; (0.057 g, 0.35 mmol) and 0-C¢Hy(CH,PPhy), (0.15
g, 0.32 mmol) were added to the mixture and the reaction was stirred under nitrogen for 30
minutes. The reaction mixture changed from yellow to red and the white precipitate (NH4CI) was
filtered off. The solution was reduced in volume to ~ 5 cm’ in vacuo. Upon addition of diethyl
ether (10 cm”) an orange precipitate formed which was filtered and washed with diethyl ether (2 x

10 cm’). The orange solid was dried in vacuo (yield 0.145 g, 55.4%). Required for
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[CaoH4oFsPsRh]./4CH,Cly: C, 55.7; H, 4.7%. Found: C, 56.1; H, 3.9%. 'H NMR (CDCls): & 7.70-7.50
(m) [20H] (Ph), 6.85 (m) [2H] (0-C¢H,), 6.40 (m) [2H] (0-CsHy), 4.40 (br m) [4H] (cod CH), 3.90 (br
m) [4H] (0-C¢H4(CH,PPh,),, CH,), 2.0-2.2 (m) [8H] (cod CH,). *'P{'H} NMR (CH,CI,/CDCls): &
10.3 ppm (d, 'Jrnp = 146 Hz) [2P], -143.8 (septet, PF¢) [1P]. IR (Nujol mull): v 840's, 557 s em™.

[Tr(cod)(0-C¢H4(CH,PPh,),)]PF,: Method as above, using [Ir,Cl,(cod),],® giving an orange-red
solid (yield 0.164 g, 56%). Required for [C4H4FsIrP;].CH,Cly: C, 49.0; H, 4.2%. Found: C, 48.3;
H, 3.7%. "H NMR (CDCls): & 7.70-7.30 (m) [20H] (Ph), 6.85 (m) [2H] (0-C¢Hy), 6.40 (m) [2H]
(0-CeHy), 4.18 (br m) [4H] (cod CH), 3.92 (br m) [4H] (0-C¢H,(CH,PPh,),, CH,), 1.7-2.0 (m) [8H]
(cod CH,). *'P{'H} NMR (CH,CL,/CDCl;): § -1.8 ppm (s) [2P], -143.8 (septet, PF¢) [1P]. IR
(Nujol mull): v 841 s, 557 s em’. Electrospray MS (MeCN): m/z 775 [Ir(cod)(o-
C4H4(CH,PPh,),)]"

[NiCl,(0-CsH4(CH,PPh;),)]: NiCl,.6H,O (0.075 g, 0.316 mmol) was dissolved in iso-propanol
(20 cm’) and one mol. equiv. of 0-C¢H4(CH,PPh,), (0.15 g, 0.316 mmol) was added. Stirring the
reaction mixture for 1 h. afforded a deep pink solid which was filtered and dried in vacuo.
Recrystallisation from CH,Cl, gave a deep pink solid (yield 76%).  Required for
[C,HasCLNiP,].1%4CH,Cly: C, 55.0; H, 4.3%. Found: C, 55.5; H, 5.0%. 'H NMR (CDCl5): § 6.90-
7.40 (br m) [20H] (Ph), 6.70 (br m) [2H] (0-CsHy), 6.30 (br m) [2H] (0-CeH,), 3.40 (br m) [4H]
(CH,) ppm. UV/vis (diffuse reflectance): 20325, 29415, 37310 cm’'; (CH,Cl, solution): 20410
(Emor 510 em™mol™dm®). IR (Nujol mull): v 337 m, 322 m cm™.

[NiCl;(0-C¢H4(CH,PPh,),)]: Treatment of a CH,Cl, solution of [NiCl,(0-C¢Hs(CH,PPhy),)] with
a stream of NOCI at ca. ~50°C gave a deep orange-brown solution, from which an orange brown
solid was obtained upon pumping to dryness in vacuo. IR (Nujol mull): v 340, 312, 300 sh em’.

UV/vis (CH,Cl, solution): 12900 v br, 21050, 28570 cm™. ¥

[NiBr;(o-CsH4(CH,PPh,),)]: Prepared as above with NiBr,.3H,0 (0.086 g, 0.316 mmol) and o-
CsH4(CH,PPh,), (0.15 g, 0.316 mmol) to afford a brick red solid (yield 87%). Required for
[C3;H2sBryNiP,].1%4CH,Cly: C, 49.0; H, 3.8%. Found: C, 48.3; H, 4.9%. 'H NMR (CDCls): &
6.70-7.50 (br m) [24H] (Ar-CH), 3.80 (br m) [4H] (CH,) ppm. UV/vis (diffuse reflectance):
19600, 24040, 29240 cm™; (CH,Cl; solution): 19920 (eme 450 cm'mol’dm’), 25000 (1485),
30675 (3140) em™. IR (Nujol mull): v 282 w, 262 w cm’.
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[PdCl,(0-CsH(CH,PPh,),)]: Na,PdCl, (0.093 g, 0.316 mmol) was dissolved in EtOH (20 cm’).
One molar equivalent of 0-C¢H4(CH,PPh,), (0.15 g, 0.316 mmol) was added in EtOH (~5 cm’).
The reaction mixture was stirred overnight, and a pale cream precipitate formed. After filtering
and drying in vacuo a cream solid was recovered (yield 58%). Required for
[C3,H25CLP,Pd].CH,Cl,: C, 53.8; H, 4.1%. Found: C, 54.2; H, 4.2%. 'H NMR (CDCl): & 7.85-
7.98 (m), 7.44-7.60 (m} [20H] (Ph), 6.88 (m} [2H] (0-C¢Hy), 6.15 (m) [2H] (0-CsHy), 3.75 (br d, J
=10 Hz) [4H] (CH,). *'P{'H} NMR (CH,CIl,/CDCl;): § 16.4 ppm. IR (CslI disk): v 3064 w, 2971
w, 2933 w, 1586 w, 1481 m, 1433 s, 1360 m, 1188 w, 1103 s, 1073 w, 1027 w, 1000 m, 867 w,
837m, 746 s, 700's, 504 s, 452 w, 316 m, 304 m cm™'.

[Pd,Cl,(0-CH4(CH,PPh,),),](PF);: PACl, (0.056 g, 0.316 mmol) was dissolved in MeCN (20
cm’), by refluxing for 1h. One molar equivalent of 0-CsH4(CH,PPh,), (0.15 g, 0.316 mmol) was
added to the reaction mixture, followed by one equivalent of TIPF¢ (0.11 g, 0.316 mmol). The
resulting reaction mixture was stirred overnight and then filtered. The yellow filtrate was reduced
to ~5 cm’. Cold diethyl ether (~10 cm®) was added dropwise to precipitate a yellow solid, which
was filtered and dried in vacuo (yield 44%). Required for [CsH s¢CloF 1,PsPd,]: C, 50.5; H, 3.7%.
Found: C, 50.9; H, 3.8%. '"H NMR (CDCls): § 7.40-7.90 (m) [40H], (Ph), 6.80 (m) [4H] (0-CeH,),
6.20 (m) [4H] (0-CsHy), 3.90 (br d, / = 12 Hz) [8H], (CH,). *'P{'H} NMR (CH,Cl,/CDCl): 8
27.3 (s) [4P] (-P-Ph), -143.7 (septet) [2P] (PFs) ppm. IR (Csl disk): v 3082 w, 3067 w, 3031 w,
2932 w, 1587 w, 1485 w, 1437 s, 1356 m, 1185 w, 1167 w, 1106 m, 1068 w, 1002 m, 843 br s,
777 m, 746 m, 696 m, 561 s, 501 m, 457 m, 374 w, 315 m cem™t. Electrospray MS (MeCN): m/z
617 [PdCl(0-CsHa(CH,PPh,),)]", 658 [PACl(0-CsH4(CH,PPh, ), )(MeCN)]™ .

[Pd(o-CcH4(CH,PPh,),),](BF,),: 0-CcHs(CH,PPh,), (0.15 g, 0.316 mmol) was dissolved in a
mixture of EtOH (20 cm®) and CH,Cl, (10 cm®). Pd(NO5), (0.036 g, 0.158 mmol) was dissolved in
deionised H,O (~10 cm’) and added forming an orange solution. An excess of 40 % aqueous
HBF, (2 cm’) was then added, and the reaction was stirred for 1h. The solution was reduced in
volume until a yellow precipitate formed which was filtered and dried in vacuo (yield 69%).
Required for [C¢,HssB,FsPyPd]: C, 62.5; H, 4.6%. Found: C, 63.0; H, 4.9%. '"H NMR (CDCl;): &
7.30 — 7.80 (m) [40H] (Ph), 6.20-6.80 (m) [8H] (0-C¢Hy), 3.70 (br m) ppm [8H] (CH,). *'P{'H}
NMR (CH,Cl,/CDCls): § 7.1 ppm. IR (Nujol mull): v 1067s, 505s cm’™.
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[PtCly(0-CsHy(CH, PPh,),)]: K,PtCl, (0.13 g, 0.316 mmol) was dissolved in deionised H,O (10
cm’) and added to EtOH (20 cm®) whilst stirring. One equivalent of 0-C¢H4(CH,PPh,), (0.15 g,
0.316 mmol) dissolved in CH,Cl; (10 cm3) was added. The reaction mixture was stirred for 3h,
and the subsequent two layers were combined with the addition of acetone (10 cm’). After stirring
for 72 hrs, the mixture was filtered and then reduced in volume until a cream precipitate formed
which was filtered and dried in vacuo (yield 98%). Required for [Cs;H,sClP,Pt]: C, 51.9; H,
3.8%. Found: C, 51.1; H, 3.9%. 'H NMR (CDCl;): § 7.90-8.00 (m), 7.45-7.60 (m) [20H] (Ph),
6.90 (m) [2H] (0-C¢Hy), 6.20 (m) [2H] (0-CeH,), 3.95 (br d, J = 11 Hz) [4H] (CH,) ppm. *'P{'H}
NMR (CH,Cl,/CDCl3): & —1.8 ppm, 'Jpep = 3584 Hz. Pt NMR: -4503 (t, 'Jpp = 3584 Hz). IR
(Nujol Mull): v 326 w, 304 w cm’™. Conductivity Ay/Q.cm®mol™ (107 mol.dm” MeNO,): 11.0.
Electrospray MS (MeCN): m/z 745 [PtCl(0-C¢H4(CH,PPh,),)(MeCN)]".

[PtCly(0-CsHy(CH,PPh,),)]: Treatment of a CH,Cl, solution of [PtCl,(0-C¢Hy(CH,PPh,),)] with
Cl, in CCl, gave a bright yellow solution, which upon concentrating in vacuo produced a bright
yellow solid. Required for [C3,HCI,P,Pt].CH,Cl,: C, 44.2; H, 3.4%. Found: C, 44.8; H, 3.4 %.
*'P{'H} NMR (CH,Cl,/CDCls): § —4.8 ppm, "Jpep = 2160 Hz. IR (Nujol Mull): v 344, 299, 288

em’™.

[Cu(o-CcH4(CH,PPh,),),](BF,): [Cu(NCMe),](BF,) (0.044 g, 0.158 mmol) was dissolved in
CH,Cl, (20 01n3) and stirred. Two molar equivalents of 0-C¢sHy(CH,PPh,), (0.15 g, 0.136 mmol)
were added, and the reaction was stirred for 2 h. The solution was reduced in volume to ~5 cm’
and hexane (15 cm’) was added to precipitate a solid. This was filtered and the white solid was
dried in vacuo (yield 92%). Required for [C4HsBCuF,P,].2CH,Cl,: C, 62.5; H, 4.8%. Found: C,
62.5; H, 4.9%. '"H NMR (CDCl;): § 7.70-6.80 (br m) [44H] (Ar-CH), 6.30 (br m) [4H] (0-C¢Hy,)
3.65 (br m) [8H] (CH,). *'P{'H} NMR: § -8.7 (s) ppm. “Cu NMR: § +193 ppm. Electrospray
MS (MeCN): m/z 1011 [Cu(o-C¢H4(CH2PPhy),).]", 578 [Cu(o-CeHa(CH,PPhy))(MeCN)|', 537
[Cu(o-CsH4(CH,PPh,),) " IR (Csl disk): v 3059 w, 2964 w, 2927 w, 1590 w, 1482 m, 1437 s,
1359 w, 1272 w, 1186 m, 1159 w, 1096 s, 1062 br s, 1003 w, 865 m, 842 m, 766 m, 735 s, 700 s,
504's,486's, 445 w, 342 wem™.

[Ag(o-CsH4(CH,PPh,),),](BF): AgBF,(0.031 g, 0.158 mmol) was dissolved in CH,Cl, (20 cm’)
in a foil wrapped reaction vessel to exclude light, at 0°C. Two equivalents of 0-CsHs(CH,PPh;),
(0.15 g, 0.316 mmol) were dissolved in CH,Cl, (10 cm3) and added dropwise whilst stirring to the

reaction mixture, keeping the temperature at 0°C. After stirring for 2 h, the white precipitate was
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recovered by filtration, and dried in vacuo to afford a white solid (yield 82%). The solid was
stored in a foil wrapped container to exclude light. Required for [CesHssAgBF4Ps].12CH,Cly: C,
61.9; H, 4.7%. Found: C, 62.4; H, 5.1%. '"H NMR (CDCl;): § 6.95-7.30 (m) [40H] (Ph), 6.65 (br
m) [4H] (0-CeHy), 6.20 (br m) [4H] (0-CeH,), 3.65 (br s) [8H] (CH,) ppm. *'P{'H} NMR
(CH,CI,/CDCls): 8 —1.5 (2 x d, 0745 - 21 = 226 Hz, "Jigoaq - 31p = 257 Hz). Electrospray MS
(MeCN): m/z 1055 [ Ag(0-C¢Ha(CH,PPh,)).]", 1057 ['®Ag(0-C¢Hy(CH,PPh;)).]". IR (Nujol
Mull): v 1059 m, 504 m cm™.

[Au(o-CsH,(CH,PPh,),),|PFs: 0-CsH4(CH,PPhy); (0.15 g, 0.316 mmol) was dissolved in CH,Cl,
(20 cm?). AuCl(tht) (50.7 mg, 0.158 mmol) was added to the reaction vessel, followed by TIPF
(55.2 mg, 0.158 mmol). The vessel was wrapped in foil to exclude light. This was stirred for 1h,
and filtered to remove TICI. The volume was reduced to ~5 cm’ and a white precipitate formed,
which was filtered and dried in vacuo (yield 66%). The resulting fine white powder was stored in
a sample bottle excluding light. Required for [CgsHssAuFsPs].CH,Cl,: C, 56.7; H, 4.2%. Found:
C, 57.3; H, 3.9%. 'H NMR (CDCl;): § 7.10-7.35 (m) [40H] (Ph), 6.40 (m) [4H] (0-CsH,), 5.83
(m) [4H] (0-CeHy), 3.75 (br s) [8H], (CH,) ppm. *'P{'H} NMR (CH,Cl,/CDCl5): 5 0.8 (s) [4P] (P-
Ph), -143.9 (sep) [1P] (PF¢) ppm. Electrospray MS (MeCN): m/z 1145 [Au(o-C6H4(CH2PP112)2)2]+,
671 [Au(o-C¢Hy(CH,PPh),)]". IR (Nujol Mull): v 850 brs, 560 s cm’™.

[(AuCl),(0-CcH4(CH,PPh,),)]: 0-C¢Hy(CH,PPhy), (0.072 g, 0.152 mmol) was dissolved in
CH,Cl, (20 cm’). [AuCl(tht)] (0.098 g, 0.304 mmol) was added and the vessel was wrapped in
foil to exclude light. The reaction mixture was stirred for 30 minutes at room temperature, and
then reduced in volume to ~5 cm’. The resulting white precipitate was filtered and dried in vacuo
to afford a fine white powder (yield 23%), which was placed in a foil wrapped container. 'H NMR
(CDCl3): 6 7.30 — 7.60 (m) [20H] (Ph), 6.86 (m) [2H] (0-CsH,), 6.35 (m) [2H] (0-CsHa), 3.92 (br)
[4H] (CH,) ppm. *'P {'"H} NMR (CH,CI,/CDCl;): § 30.5 (s) ppm. IR (Nujol Mull): v 319 m em™.

T

5.5 X-Ray Crystallography

Details of the crystallographic data collection and refinement parameters are given in Table 5.5.1.
Small blue crystals of [CoCly(0-CsH4(CH,PPh;),)] were obtained by vapour diffusion of diethyl
ether into a CH,Cl, solution of the complex. Orange crystals of [Rh(o-
CeH4(CH,PPh,),),]BF,.2CHCI; were obtained by liquid diffusion of hexane into a solution of the
complex in CHCIs, while yellow crystals of [PdCly(o-C¢H4(CH,PPh;,),)].2CH,Cl, and [Pd,Cly(o-
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CsH4(CH,PPh;),),](PFs); and colourless crystals of [Ag(o-CsH4(CH,PPh,),),]BF4.2CH,Cl, and
[Au(0-C¢H(CH,PPh,),)2]PF6.2CH,Cl, were grown by liquid diffusion of hexane into a CH,Cl,
solution of the appropriate complex. Data collection used a Nonius Kappa CCD diffractometer (T
= 120 K) and with graphite-monochromated Mo-K, X-radiation (L = 0.71073 A). Structure
solution and refinement were routine.””**! Selected bond lengths and angles are given in Tables

5.2.1-5.2.6.

+ Microanalysis was not obtained due to decomposition of the complex over time in air.
(decomposition occurred in transit to Strathclyde)

i Microanalysis was not obtained due to mixtures of products formed.
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Table 5.5.1: Crystallographic Parameters (L. = 0-CsH,(CH,PPh,),)

Complex [CoCly(L)] [Rh(L),]BF42CHCI; [PACI(L)].2CH,Cl, [Pd,CL(1),](PF¢), [Ag),]BF2CH,CI, [Au(L),|PF:.2CH,Cl,
Formula C3;Hy,CLCoP,y CecHssBCIsFP,Rh C;4H;,ClsP,Pd 8CsaHscCLF 1, PePd;  CocHepAgBCIE Py CesHeoAuCl FePs
M 604.31 1377.42 821.72 152261 1313.50 1460.76

Crystal System monoclinic monoclinic Monoclinic triclinic triclinic monoclinic

Space Group P2/c P2/c P2/m P-1 P-/ P2y/n

alA 8.431(3) 12.5675(2) 10.0854(7) 9.6898(4) 11.8886(3) 11.32970(10)
b/A 18.217(3) 24.5759(7) 17.7620(15) 13.1151(7) 14.8588(3) 24.0180(3)

c/A 18.075(5) 20.1428(6) 10.5702(7) 13.8233(7) 14.8583(3) 22.8978(2)

a/® 90 90 90 66.043(2) 85.0570(10) 90

pre 93.54(2) 100.595(2) - 115.727(4) 86.115(3) 89.6220(10) 93.7570(10)

v/° 90 90 90 75.645(3) 86.0290(10) 90

U/A? 2770.8(13) 6115.2(3) 1705.8(2) 1554.17(13) 3074.28(12) 6217.48(11)

VA 4 4 2 1 2 4

p(Mo-Ka)/em™! 949 7.00 1132 8.96 6.58 2726

Unique Reflns 6330 13925 3756 7038 14004 14231

No. of params. 334 739 202 388 721 739
R1[I,>2c(l )] 0.0692 0.0570 0.0539 0.0512 0.0571 0.0301

R1 [all data} 0.1668 0.1041 0.0746 0.0751 0.0775 0.0425

whi, [1, > 20(l,)] 0.1174 0.1082 0.1116 0.1041 0.1393 0.0642

wR, [all data] 0.1464 0.1236 0.1202 0.1142 0.1527 0.0694
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6.1 Introduction

The coordination chemistry of distibine ligands has received limited exploration compared to the
many hundreds of papers dealing with bi- and polydentate phosphorus and arsenic ligands, and has
generally been confined to soft metals in low oxidation states, for example low valent metal

carbonyls (other relevant distibine studies are recorded in chapters 2, 3 and 4 of this publication).

There are two types of distibine ligands that are of interest, which are as follows; distibinoalkanes
of the form R,Sb(CH,),SbR; (m = 1 or 3), and distibinobenzenes of the form o-CgH4(SbR;), (R =
Me or Ph). Distibinomethanes have been found to act as mondentates or bridging ligands, but do
not seem to act as chelating ligands with metal carbonyls.! This can be explained by the
extensive ring strain in the resulting four-membered chelate ring. In contrast the distibinobenzenes

tend to act as bidentate chelating ligands in direct parallel to 0-C¢H4(CH,PPh,), in chapter 5.

Me,Sb(CH,);SbMe; and 0-C¢Hs(SbMe,), react with M(CO)s (M = Cr, Mo, W) to form complexes
of the form [M(CO),(L-L)] with the appropriate bidentate distibine forming a chelating ring.*™"
However the behaviour of ligands such as Ph,SbCH,SbPh, or Me,SbCH,SbMe, is not as straight-
forward. They react with Group 6 metal carbonyls complexes, resulting in a variety of different
products which are dependent on the conditions of the reaction. For example complexes of the
type [M(CO)s{nI-thSbCHszth}] (M = W, Mo) can be prepared by reacting [EtyN][M(CO)sBr]
with the ligand in a 1:1 ratio, or by a photolysis route.”’) However, when [Et;N][Cr(CO)sBr] is
reacted with Ph,SbCH,SbPh,, a mixture of [Cr(CO)s{n'-Ph,SbCH,SbPh,}] and [Cry(CO)jo{p-
Ph,SbCH,SbPh,}] is formed. This suggests that the coordination of one stibine group acts to

reduce the reactivity of the second, but it can also be argued that steric effects may play an

important role.

A detailed study of Group 6 carbonyls with Ph,SbCH,SbPh;, has been reported which investigated
four types of complex; [M(CO)s(n'-L-L)], [(CO)sM(u-L-L)YM(CO);], cis-[(CO)M(p-L-
L),M(CO),] and fac-[M(CO)s(n'-L-L)s] (where M = W, Mo, Cr and L-L = Ph,SbCH,SbPh,).”!
Fig 6.1.1 shows the reaction schemes summarising the synthesis of these complexes and Fig 6.1.2

shows a representative crystal structure of cis-[(CO)M(p-L-L),M(CO),].F>

172



Chapter 6

Fig 6.1.1: Reaction schemes involving Ph,SbCH,SbPh;, and Group 6 carbonyls.l’!
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Similar reactions with Me,SbCH,SbMe, have been carried out, P! however the pyrophoric nature
of the ligand made it difficult to isolate pure samples of the complexes that involved n'-
Me,SbCH,SbMe,, as they were very unstable. This was due to the strong donor properties and the

air sensitivity of the free SbMe, fragment.!”

Other research that has been carried out involving metal carbonyls and ligands such as
Ph,SbCH,SbPh, and Me,SbCH,SbMe,, involves reacting [Mn,(CO);6] in the presence of
[{(Cp)Fe(CO),},] to form complexes of the type [Mny(CO)s(L-L)] (L-L = Ph,SbCH,SbPh,,
Me,SbCH,SbMe,).1” A photolysis method was also successful in producing
[Mn,(CO)s(Ph,SbCH,SbPh,), 1.1 [Fe(CO)4{n'- Ph,SbCH,SbPh,}] is prepared in good yield from
[Fe,(CO)o] in thf, and the X-ray structure of the complex shows that the iron metal centre is in a

trigonal bipyramidal geometry, with the antimony atom occupying an axial site.

Reaction of metal carbonyls and 0-C¢H4(CH,SbMe,), and related compounds have been
researched recently by Levason et al® For example, the ligands 0-CsHy(CH.SbMe;),, 1,3-
C¢H4(CH,SbMe,), and 1,4-C4H,(CH,SbMe,), have been fully characterised and complexed with
tungsten, iron and nickel metal centres. The generic synthesis for these ligands is shown in
Chapter 2 of this Thesis. Levason and co-workers have isolated compounds including [Ni(CO),(o-
C¢H4(CH,SbMe,),)], [W(CO),4(0-C¢H4(CH,SbMe,),)] and [{Fe(CO)4}2(0—C6H4(CHZSbMe2)2)][8].
They developed high yielding, clean, convenient, syntheses for new distibine ligands with xylyl
and phenylene backbones. The reactions used to establish the Me-Sb-C linkage, are of great
interest and significance in stibine chemistry as they advance the understanding of the systems.™
The metal carbonyl complexes that the above research obtained showed that the 1,3-
C¢H4(CH,SbMe,); and 1,4-C¢H4(CH,SbMe,), ligands exhibit monodentate and bridging, bidentate
coordination modes, while o-C¢H;(CH,SbMe,), has produced both bridging, bidentate and 7-
membered chelate ring complexes. Research in Chapter 2 also shows that the wide angle distibine

{CH,(0-C¢H,CH,SbMe,)}, binds to selected transition metals in an unprecedented 11-membered

cis-chelate.

In this Chapter the coordination chemistry of Ph,Sb(CH,);SbPh, and Me,Sb(CH,);SbMe, will be
investigated with transition metal carbonyl complexes, including [Cr(CO)s], [Cr(CO)4«(C-Hs)],
[Mo(CO)4(C7Hy)], [W(CO)4(piperidine),], [Fe,(CO)s], [Cox(CO)g], [Mny(CO)10] and [Ni(CO)4] in
order to probe the electronic properties of the ligands with a view to comparing the bonding

properties of these ligands against other literature examples and other analogous phosphines.
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6.2 Results and Discussion

6.2.1. Ligand Synthesis

Ph,Sb(CH;);SbPh, was prepared as an air stable white solid in moderate yield (44%), from the
reaction of SbPhs;, 2 molar equivalents of Na, and Br(CH,);Br in liquid ammonia.
Ph,Sb(CH,);SbPh, is a versatile ligand, as it can be handled in air, and therefore is an ideal ligand
to study first. The analogous ligand Me,Sb(CH,);SbMe, was successfully synthesised by
preparing Me;SbBr, from SbCl; and three equivalents of MeMgl, then brominating the resulting
Me;Sb. The Me;SbBr,, an air stable white solid was then reacted with 4 molar equivalents of Na
in liquid ammonia, and the resulting Me,Sb" Na" was reacted with 1,3-dibromopropane to afford
the air sensitive yellow il (yield 50 %) with no need to distill. The ligand was found to have a
density of 1.90 g cm™ and by 'H NMR spectroscopy the oil was pure with resonances at 1.70 (q)
[2H] (CH,), 1.40 (t) [4H] (CH,), 0.65 (s) [12H] (CH,) ppm. The “*C{'H} NMR spectrum also
gave resonances at 24.45 (s) (central CH,), 19.60 (s) (CH,Sb), -5.00 (s) (CH;) ppm. Both ligands
were prepared in order to probe their coordination and ligating properties with the purpose of
further understanding the underlying chemistry. They are direct analogues, differing only in the R

groups attached to the antimony.

6.2.2. Complexes of W, Mo and Cr

[W(CO)4(Ph,Sb(CH,);SbPh,)] was prepared in poor yield from [W(CO),(piperidine),] and one
molar equivalent of Ph,Sb(CH,);SbPh,, in ethanol. The microanalytical data suggests that the
desired product was formed with a molecule of CH,Cl; associated. This assumption was further
supported by the observation of dichloromethane in the 'H NMR at 5.3 ppm. APCI+ mass
spectrometry suggested that the desired product was formed, due to the highest mass isotope
pattern corresponding to the parent ion, while the infra red spectrum showed four clear carbonyl
bands at v 2015(s), 1916(sh), 1902(vs), 1882(sh) cm™. This corresponds to symmetry rules,
(Theory Cq: 3A” + A’’?), indicative of a cis-chelating ligand and a distorted octahedral complex, as

shown in Figure 6.2.1.
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Fig 6.2.1: [M(CO),(Ph,Sb(CH,);SbPh,)] proposed structure with C, symmetry.

Where M =W, Cr, Mo

The analogous tungsten complex incorporating Me,Sb(CH,);SbMe, was prepared in a similar way
to the above, in ethanol, with one molar equivalent of [W(CO)4(piperidine),] and
Me,Sb(CH,);SbMe,. The resultant pale yellow solid was isolated in moderate yield (37 %). From
the analytical data it can be seen that the desired product was synthesised. For example the 'H
NMR, carried out in CD,Cl, due to its poor solubility in CDCls, suggested that the ligand was
coordinated to the metal centre by resonances indicative of Me,Sb(CH,);SbMe,, shifted to higher
frequency due to coordination. The *C{'H} NMR was carried out in dmso/d®-dmso also due to
the low solubility of the complex, and showed resonances at -1.9 (CH;), 16.6 (CH,Sb), 24.4
(CH,CH,), 203.5 CO (lJWC = 120Hz), 208.2 CO (1ch = 165Hz). APCI+ mass spectrometry,
showed mass peaks at m/z 569, 557, 543 and 528 which correspond to
[W(CO),(MeSb(CH,);SbMe,)]*, [W(CO)XMe,Sb(CH,);SbMe,)]", [W(CO)MeSb(CH,);SbMe,)]",
and [W(Me,Sb(CH,);SbMe,)]" respectively. Although in this instance there is no higher mass
peaks éorresponding to the parent ion, the result indicates that the complex is easily fragmented
with dissociation of CO. The last analytical technique employed was infra-red spectroscopy. A
solution infra-red spectrum in CH,Cl, and a nujol mull of the product were carried out and three
bands in the carbonyl region of the spectrum were recorded, in both cases. However, one of the
three bands was very broad, and so it could be suggested that the fourth band is hidden under the
broad bands, and thus would correspond to the theoretical values, the C, point group, and infra red

active symmetry operations, (Cg 3A° + A”). [W(CO)4(Ph;Sb(CH,)sSbPhy)]  and
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[W(CO,)(Me,Sb(CH,);SbMe;,)] agree with previously reported tungsten complexes such as
[W(CO)4(SbPhs),]."Y

The preparation of [Cr(CO)s(Ph,Sb(CH,);SbPh,)] proved to be solvent dependent, as initial
attempts using [Cr(CO),(C;Hg)] in ethanol or methylcyclohexane, and [Cr(CO)s] in ethanol
produced pale yellow solids in very small quantities and on analysis by infra-red spectroscopy no
carbonyl bands were observed. It can be suggested that the methods resulted in air sensitive
complexes, which decomposed during recrystallisation. After further attempts two methods were
executed in moderate yield. [Cr(CO)s] and Ph,Sb(CHS,);SbPh, in ethanol with NaBH, as a catalyst
gave a yellow/green waxy solid. The second method was a variation of the failed attempt above
using equal molar equivalents of [Cr(CO)(CHg)I""! and Ph,Sb(CH,);SbPh, in
methylcyclohexane. The high yielding pale green solid that resulted from the reaction after
stirring under nitrogen and heating, was identified by microanalysis. The "C{'H} NMR spectrum
showed the presence of carbonyl resonances with signals at 228.9 and 222.9 ppm, which was
further supported by solution infra-red bands at 2004 s, 1911 s, 1895 s (CO stretches) cm™.
(Theory: C; as above). The infra-red nujol mull showed similar bands, suggesting that the
compound was the same geometry in the solution and solid state. The presence of coordinated
ligand was proved by the 'H NMR spectrum, and APCI mass spectrometry and showed the
presence of chromium and coordinated ligand at m/z 646.4 ([Cr(Ph,Sb(CH,);SbPh,)]"). The
analogous complex [Cr(CO)s;(Me,Sb(CH,);SbMe,)] was prepared in ethanol, with equal molar
equivalents of [Cr(CO),(C;Hs)] and Me,Sb(CH,);SbMe,. After stirring overnight, and refluxing,
recrystallisation from CH,Cl, and hexane afforded the pale green solid. Analytical data are
consistent with the solid being the desired product. The nujol mull infra-red spectrum is consistent
with C, symmetry, with four IR active bands. The solution infra-red spectrum also had four bands
in the carbonyl region. The APCI+ mass spectrometry follows the trend of the tungsten
compounds above, whereby the CO’s dissociate in the column, however a parent ion peak is
observed at m/z 509 [Cr(CO),(Me,Sb(CH,);SbMe,)]". There is also a mass peak at m/z 481
corresponding to (P-CO)". The 'H NMR and 13C~{1H} NMR spectra also suggest coordinated

ligand as described for the chromium complex above.

[Mo(CO)4(Ph,Sb(CH,);SbPh;)] was prepared from [Mo(CO)4(C;Hs)] and one molar equivalent of
Ph,Sb(CH;);SbPh,, in methylcyclohexane. The work up procedure was as with the analogous
chromium complex. The resulting pale yellow solid was isolated in good yield (81 %) and the

microanalytical results confirmed the purity. The 'H NMR spectrum showed resonances
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indicative of coordinated ligand, and the "C{'H} NMR spectrum showed two carbonyl
environments indicative of such complexes at 211.0 and 215.6 ppm.”®! The Mo NMR spectrum
suggested that there was one molybdenum containing species with one peak at -1849 ppm, as seen
with other such compounds.” It was confirmed that the product was not [Mo(CO)] as the Mo
NMR resonance for this is -2325 ppm.!”) The other analytical techniques used were APCI+ mass
spectroscopy, whereby clusters of mass peaks were present for the complex, following
dissociation of COs, as was seen in above complexes. There was however no parent ion, but
peaks at m/z 746, 718 and 690 corresponding to [Mo(CO)(Ph,Sb(CH,):SbPhy)]",
[Mo(CO)(Ph,Sb(CH,);SbPh,)]" and [Mo(Ph,Sb(CH,);SbPh,)|" respectively, were seen. The infra-
red spectrum of the complex also supported the other characterisation techniques as both solution
and solid infra-reds spectra confirmed the C, point group with four bands in the carbonyl region.
The analogous molybdenum complex to the one above, [Mo(CO)4(Me,;Sb(CH,);SbMe,)] was
prepared in ethanol, with one molar equivalent of Me,Sb(CH,);SbMe,, after stirring overnight and
then refluxing, the yellow solution was reduced to dryness. The pale brown solid was
recrystallised from CH,Cl, and hexane, in very low yield. Analytical techniques such as Be{'H}
NMR spectrum showed coordinated ligand was present along with the correct number of carbonyl
environments. “>Mo NMR spectroscopy also proved that there was one molybdenum environment
with a resonance at -1843 ppm, which is similar to the analogous Ph,Sb(CH;);SbPh, complex.
The solution infra-red spectrum showed three bands in the carbonyl region of the spectrum, but
one of these was very broad, thus a fourth band could have been overlapped. Indeed the solid
infra-red spectrum showed four bands in the carbonyl region of the spectrum, indicative of the
correct C, symmetry. Table 6.2.1 shows the IR and *C{'H} NMR data for the above 6 complexes

compared with literature examples.
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Table 6.2.1: IR and “C {'"H} NMR spectroscopic data for complexes with W, Mo and Cr metal

centres.

Complex CO chemical shift ppm v (CO) /em™ Ref
[W(CO),(Ph,Sb(CH;);SbPhy)] 201.5 (116)°,205.1 (165)*  2012(s), 1920(sh), 1900(vs), 1869(s).
[W(CO),(Me,Sb(CH,);SbMe,)]  203.5 (120)% 208.2 (165)°  2009(s), 1886(vs, br),1869(sh).
[W(COQ)4(Ph,P(CH,;);PPhy)] 203.2,206.0 2016, 1923, 1901, 1888 (Toluene) 12
[W(CO)s(Ph,SbCH,SbPhy,)] 196.7 (126)%, 199.0 (162)*  2066(m), 1983(m), 1918(s) 5
[W(CO)4(0-CsH4(CH,SbMe;))]  201.7,(126)%,206.1 (160)*  2012(vs), 1935(sh), 1901(vs), 1873(sh) 8
[Cr(CO)4(Ph;Sb(CH,);SbPh,)] 222.8,228.9 2000(s), 1916(m), 1897(s), 1865(s).
[C1(CO)4(Me,Sb(CH;);SbMe,)]  223.7,229. 1993(s), 1903(sh), 1888(vs,br), 1862(sh).
[Cr(CO)4{Ph,P(CH,);PPh,)] 222.6,226.9 2015, 1935, 1907, 1850 (Toluene) 12
[C1(CO)s(Ph;SbCH,SbPh,)] 217.6,223.0 2056(m), 1982(m), 1922(s) 5
[Mo(CO)4(Ph;Sb(CH,);SbPhy)] 211.0,215.6 2015(s), 1928(m), 1906(vs), 1872(s).
[Mo(CO),(Me,Sb(CH,);SbMe;)]  213.0,218.4 2013(m), 1946(sh), 1894(vs,br) 1866(sh).
[Mo(CO),(Ph,P(CH,);PPhy,)] 208.6,213.2 2015, 1930, 1883 (Toluene) 12
[Mo(CO)5(Ph,SbCH,SbPh,)] 206.5,210.5 2068(m), 1991(m), 1935(s) 5

a="Jyc Hz (***W = 3C), all above IR data is from Nujo! mulls unless stated.

6.2.3. Complexes of Co, and Mn

The substitution chemistry of [Co,(CO)s] with bidentate Group 15 ligands is complicated, with a
variety of stoichiometries observed depending on the ligand being used, leading to several isomers
being identified.!""™ For many of these Group 15 ligands, the ionic [Co(CO)s(L-L)][Co(CO)l,
complexes form first and then transform to neutral dimers of the form [Cox(CO)s(L-L)] on
warming in solution. In other cases this further transformation does not take place and the

[Co(CO)5(L-L)][Co(CO),], species is obtained.!!

The reaction of [Co,(CO)s] and Ph,Sb(CH,);SbPh, in toluene, afforded a rather unstable red-
brown solid in good yield, which decomposed in solution after a few hours, and in the solid state
decomposed more slowly (1-2 days). Microanalysis suggested that the solid had a composition
corresponding to [Co(CO)s(PhySH(CH,);SbPhy)], however it was very poorly soluble in
chlorocarbon or hydrocarbon solvents which hindered the spectroscopic studies. Indeed, due to
this fact we were prevented from obtaining ®C{'H} or *?Co NMR spectroscopic data. However,
the solution infra-red spectrum suggested the desired product, with carbonyl bands at 2055 s, 1970
scm™. A nujol mull infra-red spectrum of the product also reinforced this by similar bands at

2033 m, 1976 s cm™. There was a significant absence of bridging carbonyl bands in both media,
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which have been observed in previous work on complexes of the form
[Cox(CO)s(R2SHCH,SbR,).Y  Comparison of the pattern in the carbonyl region of the IR
spectrum with extensive work carried out by Thornhill and Manning,"'® for cobalt carbonyl
diphosphine and diarsine complexes has led to a tentative structural formulation as an oligo- or
poly-meric [{Co(CO);(Ph,Sb(CH,)3;SbPh,)Co(CO)s},] with unbridged Co,(CO)s units linked by
bridging distibine into oligomers. Further stirring or heating of this compound with more

Ph,Sb(CH,);SbPh, resulted in substantial decomposition, indeed complete loss of CO bands in the

IR spectrum.

The reaction of Me,Sb(CH,);SbMe, with [Co,(CO);], was not as straight forward as first
expected. It was assumed that due to the reactivity of the Me,Sb(CH,);SbMe, ligand, the reaction
would proceed faster, but after reacting one molar equivalent of [Co0y(CO)s] with
Me,Sb(CH,;);SbMe, in toluene, the red brown solid was obtained and found to be subtly different.
Again the solid was poorly soluble in most organic solvents. The analytical techniques, did not
suggest that the analogous compound to [{Co(CO)s;(Ph,Sb(CH,);SbPh,)Co(CO)s},] had been
obtained. The infra-red spectrum did show two bands in the CO region of the spectrum, however
the *Co NMR spectrum indicated the presence of the [Co(CO),] anion with a resonance at -2999
ppm." A resonance for a cobalt environment in a cationic species was not obtained possibly due
to the peak being too broad to see. The “C{'H} NMR spectrum also supported the evidence of
the [Co(CO),] anion being present with a CO peak at 195.8 ppm. The other peak at 194.4 was
due to the carbonyls of the cationic species. There is only one CO peak for each due to the
fluxionality of the COs in cobalt complexes of this type.'” More evidence to suggest that the
product is an ionic species is the mass spectrometry of the solid. The positive ion electrospray
mass spectrometry spectrum showed peaks at 751, 777 and 803 corresponding to
[Co(Me,Sb(CH,)sSbMe,),]", [Co(CO)Me,Sb(CH,):SbMe,),]", [Co(CO),(Me,Sb(CH,);SbMe;),]"
respectively, and the negative ion electrospray MS spectrum showed one mass peak at m/z 171
corresponding to the [Co(CO),]" anion. The 'H NMR spectrum showed the presence of
coordinated ligand, which indicates that the ligand is present in the cationic species, however all

the analysis above is not sufficient to propose a certain structure for the product.

[Mn,(CO)s(Ph,Sb(CH,);SbPh,)] was prepared using two different approaches, a chemical
procedure and photolysis. In the chemical synthesis, [Mn,(CO);0] was dissolved in toluene with
one equivalent of Ph,Sb(CH,);SbPh, and 0.2 equivalents of [{(Cp)Fe(CO),},]. After refluxing for
24 hours and work up the brown solid was recovered in high yield. The photolysis of [Mn,(CO)10]
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and Ph,Sb(CH,);SbPh, in toluene over 12 hours, afforded the same compound, as proved by all
analytical techniques, but there was significant decomposition via this route. Other such
manganese carbonyl complexes have been researched previously and provide comparative
geometries and structures./”'>!'®) Microanalysis proved the purity and the infra-red spectroscopy
data suggests carbonyl bands at 2055 s, 2034 w, 1977 vbr s, 1966 sh, 1953 s sh, 1914 sh cm™ in
both mull and solution infra red. These CO bands rule out the diaxial formulation (1 strong CO
band) of the structure, but are similar to the equatorial, equatorial pattern reported for
[Mn,(CO)s(distibinomethane)], although the longer backbone of Ph,Sb(CH,);SbPh; could result in
further significant twisting of the Mn units away from the eclipsed geometry, and this is shown in
Fig. 6.2.2. The "H NMR spectrum, although having broad peaks shows coordination of the ligand
and the "C{'H} NMR spectrum indicates the desired product by resonances at around 217.9 (s,
CO), 217.2 (s, CO), 214.5 (s, CO) ppm for both techniques, although these partially overlap and
are broadened by the >Mn quadrupole which makes the number of resonances uncertain. The
BC{'H} NMR spectrum also showed two methylene environments in the propane backbone,

shifted from free ligand, indicating that both Sb atoms were coordinated to a manganese metal

centre.

Fig 6.2.2: Possible structure of [Mny(CO)g(Ph,Sb(CH,)sSbPh,)]
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6.2.4. Complexes of Fe

[Fe(CO4)(Ph,Sb(CH,);SbPh,)], a red brown oil, was prepared from a 1:1 ratio of [Fe(CO),] and
Ph,Sb(CH,);SbPh; in thf. The 'H NMR spectrum shows the presence of coordinated ligand with
resonances at 1.8-2.0 (m), 7.1-7.6 (m) ppm, and the “C{'H} NMR spectrum provides further

evidence for this along with a carbonyl resonance at 213.3 ppm, however two were expected. This
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can be explained by fluxionality of the carbonyls at the metal centre. The three carbonyl bands in
the solution IR spectrum are consistent with an axially substituted trigonal bypyramid local
geometry (theory Cs,: 2A, + E), but the solid IR spectrum is not consistent. There is however, a
very broad band in the carbonyl region of the solid IR spectrum (1913 vbr) which could suggest
that two of the stretching modes have overlapped. The data acquired can be compared to similar
iron complexes from literature. (see Table 6.2.2). Further evidence that the desired product has
been achieved is shown in the APCI+ mass spectroscopy. A mass peak at m/z 763 corresponds to
the parent ion. The second complex synthesised from Ph,Sb(CH;);SbPh; and iron as the metal
centre, was [{Fe(CO),}2(Ph,Sb(CH,);SbPh,)]. The proposed structure for this complex is shown
in Fig 6.2.3. The red brown oil, was prepared from a 1:2 ratio of Ph,Sb(CH,);SbPh; to [Fe(CO),]
in thf. The IR data collected on the oil, shows very good correlation with literature data on similar
iron complexes (see Table 6.2.2). The carbonyl resonances in the C{'"H} NMR spectra compare
well with the above iron complex and show one resonance, due to the fluxionality described above
and can be seen in the literature and Table 6.2.2 below. The APCI+ mass spectrometry showed
the major mass peak at m/z 762, corresponding to [Fe(CO)4(Ph,Sb(CH,);SbPh,)]". This was not
unexpected however, due to the weakness of the C-Sb bonds, and fragmentation could have

occurred in the mass spectrometer.

The third iron complex to be synthesised using [Fes(CO)so) was
[{Fe(CO)4}2(Me Sb(CH,);SbMe;)],  prepared from a 2:1 ratio of [Fey(CO)y] and
Me,Sb(CH,);SbMe, in thf, in a 50 % yield. The resulting dark red oil, was examined by “C{'H}
NMR spectroscopy. Resonances were seen that corresponded to the coordinated ligand, and one
carbonyl resonance. The infra-red spectra (solution in CH,Cl,, and solid as a nujol mull) showed
four IR bands in the carbonyl region, which do not corresponds with the theory, (Csv: 2A, + E )
for local symmetry. However this can be explained by the fact that there are minor impurities in
the product as indicated by the 'H NMR data as complex multiplets. Comparisons of the
compounds made and literature examples can be seen in Table 6.2.2. As the complex was an oil,
microanalysis was not carried out, but from the data it can be suggested that the complex’s
structure incorporates the Me,Sb(CH,);SbMe;, ligand bridging the two iron metal centres. The

proposed structure is shown in Fig. 6.2.3.
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Fig. 6.2.3: Proposed structure of [{Fe(CO)4}2(Ph,Sb(CH;)3SbPhy)]
[{Fe(CO)a}2(Me;,Sh(CH,):SbMe,)].
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The above structure is proposed as the data collected for these complexes correlates closely with

the literature data, which have similar structures. Such compounds are shown in Table 6.2.2

below.

Table 6.2.2: Selected IR and °C {'H} NMR data of complexes with Fe metal centres.

Complex CO & /ppm v (CO) /em™
[Fe(CO)4(Ph,Sb(CH,);SbPhy)] 213.3 2041, 1913 vbr
[{Fe(CO)4}2(PhySb(CH,);SbPh,)] 21322 2041 s, 2060 sh, 1913 vbr
[{Fe(CO),}2(Me,Sb(CH,);SbMe,)] 213.6 2042 m, 1965 m, 1932 s,br, 1914 sh
[Fe(CO),(Ph,SbCH,SbPh,)] 2043 m, 1970 w, 1940 s, 1933 m
[Fe(CO)4(1,4-CoH(SbMe,),)] 2043 s, 1966 m, 1933 5 (CH,Cl,)
[{Fe(CO),}2(Me,SbCH,SbMe,)] 213.6 20385, 1961 5,1928 s
[{Fe(CO),}.(1,2-CsH4(CH,SbMe,),)] 2133 2033, 1964, 1935
[{Fe(CO)u}a(1,3-CsHa(CH,SbMey),)] 2133 2043, 1959, 1938
[{Fe(CO)4}a(1,4-CsH,(CH,SbMey),)] 213.4 2041, 1965, 1932
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6.2.5. Complexes of Ni
As with other nickel carbonyl complexes that incorporate distibine ligands,
the reaction of [Ni(CO),] and Ph,Sb(CH,);SbPh,, and [Ni(CO),] and Me,Sb(CH,);SbMe, were

unstable and decomposed significantly in a few hours at room temperature with the deposition of

18] the products from

black solids. Despite this however, spectroscopic data were obtained so that correlation of the
electronic properties of these complexes and literature examples could be achieved. The reaction
of [Ni(CO),] and Me,Sb(CH,);SbMe, in CH,Cl, proceeded with the visible evolution of carbon
monoxide, and the colourless waxy solid that resulted after removing the CH,Cl,, was found to
contain one species. The waxy solid was proved to be [(CO);Ni{u-Me,Sb(CH,);SbMe,}Ni(CO);]
by the characteristic CO resonance at 197.1 ppm in the *C{'H} NMR spectrum and the two IR
active carbonyl stretches at 2067 s and 1991 vs in the IR spectrum (Local symmetry:Cs,: A; + E).
The presence of one Me resonance and two methylene resonances in the 'H and BC{'H} NMR
spectra confirm that the complex incorporates bidentate coordination of the distibine ligand. The
reaction was repeated with a deficit of [Ni(CO),], and the product was found to be a mixture of the
tricarbonyl and a dicarbonyl nickel species. However, none of the frequencies of the three Me and
five methylene resonances in the 'H or “C{'H} NMR spectra corresponded to [(CO);Ni{u-~
Me,Sb(CH,);SbMe, }Ni(CO)s] or free ligand. From this and other literature data which can be
seen in Table 6.2.3, we tentatively formulate the tricarbonyl as [(CO)3Ni{nl—MeZSb(CH2)3SbMez}]
and the dicarbonyl as [Ni(CO),{Me,Sb(CH,);SbMe,}], with the latter containing a chelating
distibine ligand. Attempts were made to convert the mixture to the dicarbonyl species, with
heating or prolonged stirring, but unfortunately these failed with substantial decomposition of the

products being the only outcome.

From an excess of [Ni(CO),] and Ph,Sb(CH;);SbPh, in a CH,Cl, solution an inseparable mixture
was obtained. The reaction was a lot slower than that of the Me,Sb(CH;);SbMe, ligand with
[Ni(CO),], and after a few hours stirring at room temperature, in situ infra-red spectroscopy
studies showed a mixture of tricarbonyl and dicarbonyl complexes, with unchanged [Ni(CO),] also
present. The solution darkened over time, indicating the instability of the complexes, but some
spectroscopic data was obtained. The yellow oil was analysed via "H NMR spectroscopy, Be{'H}
NMR spectroscopy and infra-red spectroscopy. The C{'H} NMR spectrum showed the presence
of four major CH, resonances, suggesting two different ligand environments around the metal
centre.  Therefore, the tentative formulations for the major products are [{Ni(CO)s},{u-
Ph,Sb(CH,);SbPh,}] and [Ni(CO),(Ph,Sb(CH,);SbPh,)]. Comparisons between these complexes

reported here and other literature compounds can be seen in Table 6.2.3.
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Table 6.2.3: Spectroscopic data for [Ni(CO);(L)] or [(CO)sNi(L)Ni(CO);]

Ligand v (CO) (em™)? BC (8 CO)(ppm)* Ref
[NI(CO)5(L)]

Ph,Sb(CH,);SbPh, 2071, 1996 196.8 b
Me,Sb(CH,);SbMe, 2067, 1989 197.1 b
m-C¢Hy(CH,SbMe,), 2068, 1993 197.0 8
p- CeH,(CH,SbMe;), 2068, 1993 197.1 8
m- C¢H,(SbMe;), 2070, 1995 196.9 8
Me,SbCH,SbMe, 2067, 1994 197.1 6
Ph,SbCH,SbPh, 2072, 2004 196.3 6
SbEt, 2067, 1996 197.9 21,22
SbPh, 2074, 2004 196.5 21
[NI(CO)y(L)]

Ph,Sb(CH,);SbPh, 2005, 1947 201.8 b
Me,Sb(CH,);SbMe, 1992, 1933 201.5 b
0-CsH,(CH,SbMe,), 2002, 1939 201.0 8
m- CeH,(SbMe,), 2000, 1941 201.0 8

a = chlorocarbon solvents (CH,Cl, and CDCl;)
b= This work

Literature examples such as work carried out by Levason and coworkers recently,'®® suggest that
such complexes form readily. This is due to the nickel carbonyl being easily substituted due to
less electron density being placed into the == CO molecular orbital, than phosphine or arsine
analogues, resulting in weaker bonds. Comparison with Tolmans extensive study ") of the vi(A;)
modes in [Ni(CO);L] (L = phosphine ligand) complexes shows the electronic properties of these

two ligands are similar to trialkylphosphines.

Fig. 6.2.4 shows a summary of the reaction schemes of all the complexes synthesised in this work.
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Fig 6.2.4: Syntheses of the metal carbonyl distibinopropane complexes
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6.3 Conclusion

The coordination chemistry of the flexibile C; linked distibine ligands Ph,Sb(CH,);SbPh; and
Me,Sb(CH,)3SbMe,, has been investigated with transition metal carbonyl species from Group 6,
Mn, Fe, Co and Ni. The ligands were prepared by sodium/liquid ammonia synthesis, in good
yield. Ph,Sb(CH,);SbPh; is an air stable white solid, and Me,Sb(CH,);SbMe, as a yellow air
sensitive oil. Reactions with both ligands afforded the following products. Displacement of an
olefin or amine from [M(CO),(C;Hg)] or [W(CO),(piperidine),] resulted in complexes of the form
[M(CO)4(L-L)] M = Cr, Mo, W) (L-L = Ph,Sb(CH,);SbPh,, Me,Sb(CH,);SbMe,). Reactions
with [Co0,(CO)s] and the appropriate ligand afforded [Co0y(CO)s(Ph,Sb(CH,);SbPh;)] and
[C0y(CO)4(Me,Sb(CH,);SbMe,)][Co(CO),);.  [Mny(CO)g(Ph,Sb(CH,);SbPh,)] was prepared from
[Mn,(CO)y] and Ph,Sb(CH,);SbPh,. A mixture of [{Ni(CO);},(Ph,Sb(CH,);SbPh,)] and
[Ni(CO),(Ph,Sb(CH,);SbPh;)] was prepared by reaction of [Ni(CO),] and Ph,Sb(CH,);SbPh,,
whereas  [{Ni(CO);},(Me,Sb(CH,);SbMe;)] was the product formed by reacting
Me,Sb(CH,);SbMe, with nickel tetracarbonyl. By reacting [Fe,(CO)y] with the appropriate ligand
in a 2:1 ratio (Fe:L), [{Fe(CO)4}2(L-L)] (L-L = Ph,Sb(CH,);:SbPh,, Me,Sb(CH,);SbMe,) was
formed, and using a 1:1 ratio (Fe:Ph,Sb(CH,);SbPh,) [Fe(CO),(Ph,Sb(CH,);SbPh,)] was obtained.
Where possible the products were characterisied by IR, NMR ('H, ®C{'H}, *Mn and *Co as
appropriate) spectroscopy, mass spectrometry and microanalysis.  Ph,Sb(CH,);SbPh, and
Me,Sb(CH,);SbMe, are versatile ligands, which due to their flexible propane back bone can act as

chelating ligands and also as a bridging ligand, between two metal centres.
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6.4 Experimental

General experimental techniques and instrumentation are described in the appendix.
[Cr(CO)(C-Hp) ™, [Mo(CO)(C-Hg)", and [W(CO)y(piperidine),]'”), were prepared following
known literature procedures. Other metal carbonyls were obtained commercially (Aldrich or

Strem) and used as received.

Ph,Sb(CH;);SbPh,: Liquid ammonia (500 cm3) was condensed using acetone/CO, slush, and then
sodium (4.0 g, 160 mmol) was added slowly to allow it to dissolve. The deep blue solution was
left to stir for 30 minutes. Ph;Sb (28.0 g, 80 mmol) was added slowly, and then reaction was left
to stir for 90 minutes. NH,Cl (4.27 g, 80 mol) was added to destroy the MeNa biproduct, and then
the reaction was stirred for 30 minutes 1,3-dibromopropane (8.08 g, 40 mmol) was added
dropwise, and the reaction was stirred overnight at room temperature to evaporate the liquid
ammonia. The reaction was hydrolysed with deionised degassed H,O (100 cm’) and the organics
were extracted with diethyl ether (100 cm’). The aqueous layer was separated and washed with
diethyl ether (2 x 100 cm®), and then the combined organics were dried over anhydrous MgSO, for
3 hrs. The combined organics were reduced to dryness, the white solid was recrystallised from
ethanol. (Yield 10.34 g, 40%). 'H NMR (CDCl;): & 1.8-2.0 (m) [6H] (CH,Sb, CH,), 7.-7.5 (m)
[20H] (SbPh) ppm. "C{'H} NMR (CDCl;) 25.1 (CH,Sb), 26.5 (CH,CH,), 128.7, 128.9, 136.0,

137.9 (aryl C) ppm. All spectroscopic data are in accord with the literature.™

Me,Sb(CH;);SbMe,: Liquid ammonia (500 cm3) was condensed using acetone/CO, slush, and
then sodium (5.63 g, 0.24 mol) was added slowly to allow it to dissolve. The inky black solution
was left to stir for 30 minutes. Me;SbBr, 2% (20 g, 0.06 mol) was added slowly, and then reaction
was left to stir for 90 minutes. NH,ClI (3.2 g, 0.06 mol) was added to destroy the MeNa biproduct,
and then the reaction was stirred for 30 minutes. 1,3-dibromopropane (6.06 g, 0.03 mol) was
added dropwise, and the reaction was stirred overnight at RT to evaporate the liquid ammonia.
The reaction was hydrolysed with deionised degassed H,O (100 ¢m’) and the organics were
extracted with diethyl ether (100 cm®). The aqueous layer was separated and washed with diethyl
ether (2 x 100 cm’), and then the combined organics were dried over MgSO, for 3 hrs. The
combined organics were reduced to dryness and the resulting yellow oil (Yield 5.2 g, 50%), dried
in vacuo. The density of the oil was found to be 1.90 g cm™. 'H NMR (CDCl;): 8 0.65 (s) [12H]
(CHs), 1.40 (t) [4H] (CHy), 1.70 (g) [2H] (CH,Sb) ppm. “C{'H} NMR (CDCl; ): & -5.0 (CH3),
19.6 (CH,Sb), 24.7 (CH,CH,) ppm. All spectroscopic data are in accord with the literature.!!
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[Cr(CO)4(Ph;Sb(CH,)3;SbPh,)]

Method 1: [Cr(CO)s] (0.48g, 0.22 mmol) and Ph,Sb(CH,);SbPh, (0.125g, 0.22 mmol) were
dissolved in ethanol (50 cm?), NaBH, (0.1g) was added and the mixture was refluxed for 2hrs
during which the solution turned yellow. The solvent was removed in vacuo, and the residue
shaken up with water (20 cm’) and CH,Cl, (20 cm®). The organic layer was separated, dried
(MgS0,), and evaporated to small volume to produce a yellow powder, which was filtered and

dried in vacuo.

Method 2: [Cr(CO)4(CsHy)] (0.13 g, 0.5 mmol) and Ph,Sb(CH,);SbPh, (0.297 g, 0.5 mmol) were
dissolved in methylcyclohexane (50 c¢m®) and stirred under N, overnight. The solution was
warmed to 50°C for 2hrs, and left to stir for 48 hrs at room temperature. The reaction was warmed
to reflux for 2 hrs, cooled and reduced in volume by 50 %. A pale green precipitate was formed,
which was put in the freezer overnight to crystallise. The resulting pale green solid was filtered
and dried in vacuo. (Yield: 0.094 mg, 84%). Anal. Found: C, 48.7; H, 3.4. Calc. for
C3HsCrO,Shy: C, 49.1; H, 3.5%. 'H NMR (CDCly): § 2.0-2.2 (m) [6H] (CH,Sb, CH,), 7.1-7.6
(m) [20H] (SbPh) ppm. "“C{'H} NMR ( CH,Cl,/CDCl;): & 20.8 (CH,Sb), 23.5 (CH,CH,), 129.5,
130.2, 133.1, 134.8 (aryl-C), 222.8, 228.9 (CO) ppm. MS (APCI): m/z 645
[Cr(Ph,Sb(CH,);SbPhy)]™. IR (CH,Cl,) v 2004 s, 1911 sh, 1895 vs,br cm™; IR (Nujol mull) v
2000's, 1916 m, 1897 s, 1865 s cm’™.

[Mo(CO)4(Ph,Sb(CH,);SbPh,)]: [Mo(CO)«(CsHy)] (0.15g, 0.5 mmol) and Ph,Sb(CH,);SbPh;
(0.3g, 0.5 mmol) were dissolved in methylcyclohexane (50 cm®) and the mixture stirred overnight.
The solution was filtered, and the filtrate evaporated under reduced pressure to produce a pale
yellow solid which was dried in vacuo. (Yield 0.33g, 81%). Anal. Found: C, 47.0; H, 3.1. Calc.
for C3/HzsMoQ,Sby: C, 46.4; H, 3.3%. 'H NMR (CDCl;): § 2.0-2.2 (m) [6H] (CH,Sb, CHp), 7.1-
7.7(m) [20H], (SbPh) ppm. "C{'H} NMR (CH,CL,/CDCl;): & 20.9 (CH,Sb), 23.6 (CH,CH,),
129.4, 130.1, 133.1,134.8 (aryl-C), 211.0, 215.6 (CO) ppm. Mo NMR (CH,Cl1,/CDCl;): & -1849
ppm. MS (APCI): m/z 746 [Mo(CO),(Ph,Sb(CH,);SbPh,)]", 718 [Mo(CO)(Ph,Sb(CH;);SbPh,)] ",
690 [Mo(Ph,Sb(CH,);SbPh,)]". IR (CH,Cl,): v2021 s, 1927 sh, 1912 vs, 1892 s em™; IR (Nujol
mull): v 2015's, 1928 m, 1906 vs, 1872 s cm™.

[W(CO),(Ph,Sb(CH,);SbPh,)]: [W(CO)(piperidine),] (0.23g, 0.5 mmol) and Ph,Sb(CH,);SbPh;

(0.3g, 0.5 mmol) were refluxed gently in ethanol (30 c¢m’), then the mixture was cooled and

filtered. The solvent was removed in vacuo, the residue extracted with CH,Cl,, the solution
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filtered, and the filtrate concentrated to ca. 10 cm®. Addition of diethyl ether (10 cm’) produced a
yellow solid, which was separated and dried in vacuo. (Yield 0.11g, 24%). Anal. Found: C, 39.1;
H, 3.0. Calc. for C3;Hs0,Sb,W.CH,Cl,. C, 39.4; H, 3.5%. 'H NMR (CDCls): § 2.2 (m) [6H]
(CH,Sb, CH,) 5.4 (s) (CH,Cl,), 7.3-7.6 (m) [20H], (SbPh) ppm. "“C{'H} NMR ( CH,Cl,/CDCl;):
§ 20.0 (CH,Sb), 23.8 (CH,CH,), 129.4, 130.3, 132.1, 134.7 (aryl-C), 201.4 ({Jyc = 116Hz)
205.1('Jwe = 165Hz) (CO) ppm. MS (APCI): m/z 891 [W(Ph,Sb(CH,):SbPhy)(CO)]" IR
(CH,Cly): v 2015 s, 1916 sh, 1902 vs, 1882 sh cm™; IR (Nujol mull): v 2012 s, 1920 sh, 1900 vs,
1869 s cm™.

[{Fe(CO)4}2(Ph,Sb(CH,);SbPhy)]: [Fe,(CO)q] (0.92g, 2.6 mmol) and Ph,Sb(CH;);SbPh; (0.75g,
1.26 mmol) were dissolved in anhydrous thf ( 50 ¢m’) and the solution was stirred at room
temperature for 2 hrs. Filtration and removal of the volatiles under reduced pressure, afforded a
viscous dark red-brown oil. (Yield: 1.14g, 97%). 'H NMR (CDCl5): & 2.0(m) [4H] (CH,Sb), 2.3
(m)k [2H] (CH,), 7.3-7.6 (m) [20H] (SbPh) ppm. "“C{'H} NMR (CH,Cl/CDCl; ): 8 22.9
(CH,Sb), 25.9 (CH,CH,), 129.4, 129.9, 131.2, 134.7 (aryl-C), 213.2 (CO) ppm. MS (APCI): m/z
762 [Fe(CO)4(Ph,Sb(CH,);SbPhy)]", 732  [Fe(CO)s(Ph,Sb(CH,);SbPhy)], 678  [Fe(CO)(
Ph,Sb(CH,);SbPh,)]", 650 [Fe(Ph,Sb(CH,):SbPhy)]". IR (CH,Cl,): v 2044 s, 1967 m, 1934 s,br
cm’. IR (Nujol mull): v 2041 s, 2060 sh, 1913 vbrem™ .

[Fe(CO)4(Ph,Sb(CH,);SbPh;)]: This was obtained also as a red-brown oil using a 1:1 [Fe;(CO)o]

Ph,Sb(CH,;);SbPh, ratio. The NMR spectra show some contamination with
[{Fe(CO),}2(Ph,Sb(CH,);SbPh,)] and Ph,Sb(CH,);SbPh,. 'H NMR (CDCl5): § 1.8-2.0 (m) [6H],
(CH,Sb, CH,), 7.1-7.6 (m) [20H] (SbPh) ppm. "“C{'H} NMR ( CH,Cl,/CDCl; ): § 23.4, 24.2
(CH,Sb), 25.6 (CH,CH,), 128.9, 129.8, 131.0, 134.7, 136.0, 137.5 (aryl-C), 213.3 (CO) ppm. MS
(APCI): m/z 763 [Fe(CO)4(Ph,Sb(CH,);SbPh;)]". IR (CH,Cl,): v 2044 s, 1967 m, 1934 s,br cm™.
IR (Nujol mull): v 2041s, 1913 vbr em™. ¥

[C02(CO)6(Ph,Sb(CH,);SbPh;)]: [Co,(CO)g] (0.17 g, 0.5 mmol) was dissolved in dry toluene (50
cm’) and filtered. Ph,Sb(CH,);SbPh; (0.297 g, 0.5 mmol) was dissolved in dry toluene (50 cm’),
and added to the toluene solution of [Co,(CO)s]. The reaction mixture was stirred for 1 hr and
then filtered. The dark brown solution was put in the freezer overnight, and the red-brown solid
was filtered and dried in vacuo. (Yield: 0.13 g, 42%).

The unstable red-brown solid was very poorly soluble in non-polar solvents. Anal. Found: C,

43.6; H, 3.4. Calc. for C33H,4C0,04Sb,. C, 45.0; H, 3.0%. 'H NMR (CDCls): & 1.5-2.0 (m) [6H],
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(CH,Sb, CH,), 7.1-7.6 (m) [20H] (SbPh) ppm. IR (CH,Cl,): v 1995 m, 1969 s,br, 1934 s,br cm™.
IR (Nujol mull): v 2004 sh, 1980 s,br, 1953 shem'™.

[Mn,(CO)s(Ph,Sb(CH;);SbPh,)]: [Mn,y(CO)ye] (0.45 g, 1.15 mmol), Ph,Sb(CH,);SbPh, (0.683
g, 1.15 mmol) and [{(Cp)Fe(CO),},] (0.08 g, 0.23 mmol) were dissolved in toluene (50 cm’) and
refluxed for 24 hrs. The dark brown solution was then cooled, reduced in volume to 50 % and
then hexane (10 cm’) was added to precipitate a solid. A waxy brown solid was collected by
filtration, dissolved in minimum CH,Cl,, filtered through cotton wool, and reduced to dryness to
afford a brown solid, which was dried in vacuo. (Yield: 0.32 g, 41%). Anal. Found: C, 44.6; H,
2.9 %. Calc. for C3sHysMnyOgSh, . C, 45.3; H, 2.8%. 'H NMR (CDCl;): § 2.0-2.2 (br, s) [6H]
(CH,Sb, CHy), 7.0-7.6 (br, m) [20H] (SbPh) ppm. “C{'H} NMR (CH,CI,/CDCl; ): & 20.6
(CH,Sb), 21.6 (CH,CH,), 129.3, 130.0, 134.6, 136.4 (aryl-C), 214.5,217.2, 217.9 (CO) ppm. IR
(CH,Cly): v 2034 w, 1977 vbr,s, 1966 sh, 1953 s,sh, 1914 sh cm™. IR (Nujol mull): v 2023 w,
1966 s,br, 1947 sh, 1919 sh em™.

[{Ni(CO);}(Ph,;Sb(CH,);SbPh;)] and [Ni(CO),(Ph,Sb(CH,);SbPh,)]

CARE: [Ni(CO),] is volatile and extremely toxic: All reactions were conducted in a good fume
cupboard and in sealed equipment fitted with bromine water scrubbers. Spectroscopic samples
were also handled in the fume cupboard. Residues were destroyed with bromine-water.

A large excess of Ni(CO), (ca. 1 cm’) was added to a stirred solution of Ph,Sb(CH,);SbPh,
(0.297 g, 0.55 mmol ) in CH,Cl, (20 cm®). Carbon monoxide was rapidly evolved, and progress of
the reaction was monitored by IR spectroscopy of aliquots of the solution at regular intervals.
When reaction had ceased, the excess tetracarbonylnickel and the solvent were removed in vacuo
to leave a yellow oil, which darkened overnight. Spectroscopic studies showed an inseparable
mixture of the two complexes. 'H NMR (CDCls): § 2.0, 2.2 (m), 7.3-7.7(m) [20H] (SbPh) ppm.
BC{1H} NMR (CH,CL,/CDCl; ):5 20.8, 22.8, 23.5, 24.0 (CHs, CH,Sb, CH,) 129.3, 129.8, 133.0,
134.9 (aryl-C), 196.8 (Ni(CO);), 201.8 (Ni(CO),) ppm. IR (CH,Cl,): v2071 s, 1996 vs, 1947 m.
IR (thin film): v 2072 s, 2005 s, 1997 s, 1957 m em’”. f

[W(CO)4(Me,Sb(CH,);SbMe,)]:  [W(CO)(piperidine),] (0.26 g 0.55 mmol) and
Me,Sb(CH,);SbMe, (0.2 cm’, 0.55 mmol) were refluxed gently in ethanol (30 cm®), then the
mixture was cooled and filtered. The solvent was removed in vacuo, the residue extracted with
CH,Cl,, the solution filtered, and the filtrate concentrated to 10 cm”. Addition of diethy! ether (10

cm’) produced a yellow solid, which was separated and dried in vacuo. (Yield 0.13 g, 37%). 'H

191



Chapter 6

NMR (CD,Cly): 8 1.3 (s) [12H] (CH3), 1.7 (m) [4H] (CH,Sb), 2.1 (m) [2H] (CH,) ppm. PC{'H}
NMR (dmso/d6-dmso): & -1.9 (CHs), 16.6 (CH,Sb), 24.4 (CH,CH,), 203.5 ('J= 120Hz), 208.2
('J = 165Hz) (CO) ppm. MS (APCI): m/z 569 [W(CO),(MeSb(CH,):SbMey)], 557
[W(CO)(Me,Sb(CH,);SbMe,)[", 543 [W(CO)(MeSb(CH,);SbMe,)]’, 528
[W(Me,Sb(CH,);SbMe,)]". IR (CH,Cly): v 2011 m, 1896 vs,br, 1870 sh cm™. IR (Nujol mull): v
2009 s, 1886 vs, br, 1869 shcm™. ¥

[Mo(CO)4(Me,Sb(CH,);SbMe;)]:  [Mo(CO)(C;Hg)] (0.17 g, 055 mmol) and
Me;Sb(CH,);8bMe; (0.5 cm’, 0.95 g, 0.55 mmol) were dissolved in degassed EtOH (25 cm’) and
the yellow solution was stirred overnight. The reaction was refluxed for 2 hrs, reduced to dryness
and the residues dissolved in minimum CH,Cl,. Hexane (10 cm3) was added to precipitate the
pale brown solid which was filtered and dried in vacuo. (Yield: 0.031 g, 11%). Anal. Found: C,
23.8; H, 3.1 %. Calc. for C;;H,50,Mo,Sb;,. C, 23.8; H, 3.3%. '"H NMR (CDCl;): § 1.05 (s) [12H]
(CHs), 1.55 [4H] (CH,Sb), 1.90 [2H] (CH,) ppm. "“C{'H} NMR (dmso/d® dmso): & -1.6 (CHs3),
17.8 (CH,Sb), 24.5 (CH,CH,), 213.0, 218.4 (CO) ppm. Mo NMR (dmso/d’-dmso): & -1843 ppm.
IR (CH,Cl,): v 2014 m, 1903 vs,br, 1880 sh cem”. IR (Nujol mull): v 2013 m, 1946 sh, 1894 vs,br,
1866 sh cm’™.

[Cr(CO),(Me,Sb(CH;);SbMe,)]: As above using [Cr(CO),(C-H;)] (0.14 g, 0.55 mmol). The pale
green solid was recrystallised from CH,Cl, and Et,O, and dried in vacuo. (Yield: 0.15 g, 54%).
'"H NMR (CDCls): 8 1.1 (s) [6H] (CHs), 1.6 (t) [4H] (CH,Sb), 1.9 (m) [2H] (CH,) ppm. "“C{'H}
NMR (CH,Cl,/CDCl;): 8 -2.1 (CH3), 17.9 (CH,Sb), 24.0 (CH,CH,), 223.7, 229.9 (CO) ppm. MS
(APCI): m/z 509 [Cr(CO)y(Me,Sb(CH,):SbMe,)]", 481 [Cr(CO)5(Me,Sh(CH,);SbMe,)]". IR
(CH,Cl,): v 1995 s, 1900 sh, 1885 s,vbr, 1875 sh cm™. IR (Nujol mull): v 1993 s, 1903 sh, 1888
vs,br, 1862 shcm™. ¥

[{Fe(CO)4}:(Me,Sb(CH,);SbMe,)]: [Fe,(CO)q] (0.8 g, 2.2 mmol) was dissolved in dry degassed
thf (50 cm3) and filtered. Me,Sb(CH,);SbMe, (0.38 g, 1.1 mmol) in a stock solution of CH,Cl,,
was added and stirred for 30 minutes. The reaction was reduced to dryness and the dark red oil
was dried in vacuo. (Yield: 0.74 g, 50%). '"H NMR (CDCls): & 0.8 — 2.3 (m) [18H]. “C{'H}
NMR (CH,CIL,/CDCls): & -5.1 (CH3), 20.8 (CH,Sb), 25.6 (CH,CH,), 213.6 (CO) ppm. IR
(CH,Cly): v 2055 s, 1968 m, 1927 vbr,s cem”. IR (Nujol mull); v 2042 m, 1965 m, 1932 s,br, 1914

-1
shem™. F
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[C0,(CO)4(Me,Sb(CH;);SbMe,)| [Co(CO)4)2: [Cox(CO)s] (0.38 g, 1.1 mmol) was dissolved in
dry degassed toluene (50 cm3) and filtered. Me,Sb(CH,);SbMe; (0.39 g, 1.1 mmol) was added to
the reaction and then stirred for 1 hr. The brown precipitate produced was filtered and dried in
vacuo. (Yield: 0.15g, 20%). 'H NMR (CH,Cl,/CDCls): & 0.6 (s) [4H], 0.8 (s) [8H], 1.2-1.7 (m)
[6H] (CH,Sb, CH,) ppm. "“C{'H} NMR (CH,CI,/CDCl3): & -2.6 (CH;), 18.8 (CH,Sb), 21.4
(CH,CH,), 194.4, 195.8 (CO) ppm. “Co NMR (CH,Cl,/CDCl3): § -2999.3 ppm (w1, = 40 Hz).
MS (ES+): m/z 751 [Co(Me,Sb(CH,);SbMe;),]*, 777 [Co(CO)Me,Sh(CH,);SbMe;)]", 803
[Co(CO)y(Me,Sb(CH,);SbMe,),]". MS (ES-): m/z 171 [Co(CO),T. IR (CH,Cly): v 1990 sh, 1972
s,br, 1885 s, brem™. IR (Nujol mull): v 1968 s,br, 1878 s,br cm’ ¥

[{Ni(CO)s},(Me,Sb(CH,);SbMe,)]: A large excess of Ni(CO)4 (ca. 1 cm3) was added to a stirred
solution of Me,Sb(CH,);SbMe;, (0.2 cm’, 0.55 mmol ) in CH,Cl, (20 cm’). Carbon monoxide was
rapidly evolved, and progress of the reaction was monitored by IR spectroscopy of aliquots of the
solution at regular intervals. When the reaction had ceased, the excess tetracarbonylnickel and the
solvent was removed in vacuo to leave a yellow oil. 'H NMR (CDCl;): & 1.0 (s) [12H] (CH3), 1.6
(m) [4H] (CH,Sb), 1.8 (m) [2H] (CH,) ppm. "“C{'H} NMR (CH,CI,/CDCl;): § -3.4 (CH3), 19.1
(CH,Sb), 24.1 (CH,CH,), 197.1 (CO) ppm. IR (CH,Cl): v 2067 s, 1991 vs cm’. IR (thin film):
v 2069 s, 1996 br,s cm™.

Reaction using a deficit of [Ni(CO),]: 'H NMR (CDCl;): § 0.68 (s), 0.96 (s), 0.98 (s), 1.4 — 1.85
(m) [6H] (CH,Sb, CH,) ppm. “C{'H} NMR (CH,Cl,/CDCls): & -4.9, -3.2, -1.4 (CH;), 18.3, 19.6,
20.9, 24.1, 24.9 (CH,Sb, CH,), 197.1, 201.5 (CO) ppm. IR (CH,Cl,): v 2066 s, 1991 vs, 1933 m
em™. IR (thin film): v 2069 s, 2006 sh, 1996 br,s, 1950 m em™.

+ Microanalysis was not obtained due to the very unstable nature of the complex.
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Experimental Techniques

Unless otherwise stated, experiments were performed under dry N, or Ar atmospheres using
standard Schlenk line techniques. The air sensitive distibine ligands were stored and handled in an
inert dry box, with an N, atmosphere. Glassware was pre-dried prior to use. Unless otherwise
stated, commercial reagents and solvents were used as received from Acros, Aldrich, Avocado and
Fisher. Commerically available metal carbonyls were used as received from Aldrich and Strem,
and precious metal salts were supplied by Johnson Matthey. Deuterated solvents were used as
received from Aldrich and Apollo Scientific. Where stated solvents were dried and distilled from
sodium/benzophenone (thf, Et,0, toluene, hexane), calcium hydride (CH,Cl,, CHCI;, acetonitrile)

or magnesium/I, (EtOH)."

Instrumentation
Infrared spectra were recorded as either Nujol mulls between Csl plates or as Csl disks over the
range 4000-200 cm’', while solution infrared spectra were recorded in CH,Cl, solution over the

range 2300—1700 cm™, using a Perkin-Elmer 983G spectrometer.

UV/vis spectra were recorded either as solids by diffuse reflectance or in CH,Cl, solution using 1

cm path length quartz cells using a Perkin Elmer Lambdal9 spectrometer.

Mass spectra were run by electron impact on a VG-70-SE Normal geometry double focusing
spectrometer, by positive ion electrospray or by negative ion electrospray (MeCN solution) using a

VG Biotech platform.

'H NMR spectra were recorded in CDCl; (unless otherwise stated) using a Bruker AV300 and
were referenced to Me,Si (8 = 0). "“C{'H}, >'P{'H}, ®Cu and '"PPt{'H} NMR spectra were
recorded in CH,Cl,/CDCl; or (CH;3),CO/(CD;),CO (unless otherwise stated), in 10 mm diameter
tubes using a Bruker DPX400 spectrometer operating at 100.6, 162.0, 106.11 or 85.62 MHz
respectively and were referenced to Me,Si, external 85% H;PO,, [Cu(NCMe),]BF, and 1 mol. dm’
? Nay[PtCle] respectively (8 = 0). For carbonyl compounds [Cr(acac);] was added to the NMR

spectroscopy samples prior to recording *C{'"H} NMR spectra.
Microanalyses were undertaken by the University of Strathclyde microanalytical service. Due to
the unstable nature of some compounds, this was not possible, as the samples were in transit and

decomposed. Novel ligands, where possible were analysed as air stable Sb(V) species.
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Electrical conductivity measurements were recorded in 10” mol dm™ MeNO, or CH,Cl;, solution

using a Pye Conductivity Bridge and platinised platinum electrodes, calibrated with standard KCl

solutions.

X-ray crystallography

Data collections for the structures reported in chapters 2, 3, 4 and 5, were carried out using an
Enraf-Nonius Kappa CCD diffractometer with graphite monochromated Mo-Ka radiation (A =
0.71073 A) with the crystals held at 120 K in a nitrogen stream. Structure solution and refinement
were routine with H-atoms normally introduced in calculated positions.”* With the exception of
[Rh(CO)CI(0-C¢H4(CH,PPh,),)(x'-0-C4Hy(CH,PPh,),)].CH,Cl, and [RhCly(SbPh;);(Ph)] which
have weak data or have been reported previously, all *.cif files for the the crystal structures
reported in this Thesis have been published. Table Al below shows the structures reported along

with the CCDC reference number.

Table Al: Crystal structures reported in this Thesis.

Complex : CCDC Number
[CoCly{0-C¢Ha(CH,PPhy),)] 204478
[Rh{o-C¢H4(CH;PPh,),},]BF,.2CHCly 240479
[PACl,(0-CsH4(CH,PPh,),)] 240480
[Pd,Cl,{0-CsHy(CH,PPhy), },](PFs),.2CH,Cl, 240481
[Ag{o-CsHs(CH,PPhy), },]BF,.2CH,Cl, 240482
[Au{o-CsHy(CH,PPhy), },]PF.2CDCly 240483
[Me;P(VI)I] 285687
[Me;Pt{Ph,Sb(CH,);SbPh, }I] 285688
[Me;Pt{Me,Sb(CH,);SbMe; }1] 285689
[Me;Pt{o-CsH,(CH,SbMe;), }I] 285690
[Me;Pt(SbPhs),I] 285691
[(Me;Pt), {1i-Ph,SbCH,SbPh, } (u-T),] 285692
[Rh(CO){Ph,Sb(CH,);SbPh,},]PF,.%CH,Cl, 604224
[RhCl, {Ph,Sb(CH,);SbPh; } {PhCISb(CH,);SbCIPh} JCL.CHCL, 604225
[PtCL(VD)] 616260
[W(CO),(YD)] (P2/n) 616261
[W(CO),(VD] (Cc) 616262
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