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Abstract 

Studies on Novel Coordination Chemistry of Main Group Elements 

The studies described are mainly concerned with phosphorus coordination chemistry, 

and coordination chemistry of main group elements with bulky electron-withdrawing 

ligand. They may be divided into three parts. 

Part 1. Identification of new phosphorus species 

This project continued the work that had been done in previous student projects, by 

carrying out a series of reactions of phosphorus(m) halides (X= CI, Br, I) with 

thiophosphorus(V) halides (X= CI, Br) and zinc dust present, to form several new 

products. Heating was generally used to increase the rate of reaction. The new 

phosphorus species can be classed into four kinds. A: Mixed valence phosphorus(III) 

-thiophosphorus(V) halides. B: New dithiophosphorus(V) halides. C: the new 

triphosphorus(III) halide PI2PIPI2, (the first report of this compound). D: Mixed 

valence phosphorus(m) - dithiophosphorus(V) halides. 3 1 P NMR studies have been 

used extensively throughout the project to identify the products. 

Part 2. Studies on main group elements compounds containing 

bulky electron-withdrawing substituents 

This project has involved reacting ArLi or Ar'Li, Ar"Li(Ar=2,4,6-(CF3)3C6H2; 

Ar'=2,6-(CF3)2C6H3; Ar"=2, 4-(CF3)2C6H3) with EC1 3, (E= As or P) or E'C1 4 (E'= 

Sn, Ge or Si) to synthesise new compounds, SiR2Cl2, GeR.2Cl2, GeArCl3, S11R2CI2, 

AsR 2 Cl, AsArCl 2 and the previously described PRC12 (R= A r , Ar' or Ar"). All these 

new compounds have been characterised by elemental analysis and l 9 F NMR; the 

molecular structures of SnAr 2CI 2, SnAr^Ch, GeAr"2Cl2. GeArCl 3 and SiAr" 2 Cl 2 

have been elucidated by X-ray diffraction. 

Part 3. Attempt to synthesise phosphaalkynes with bulky 

electron-withdrawing substituents 

Attempts have been made to synthesise the first phosphaalkynes containing a bulky 

electron-withdrawing ligand; this involves a series of reactions, the first being the 

preparation of the phosphaalkene RP=CCl2. A few methods have been tested, but due 

to limit of time and other factors, the compounds could not be synthesised 

successfully so far. 



Abbreviations: 
Ar= 2,4,6-tris(trifluoromethyl)phenyl 

A r ' = 2,6-bis(trifluoromethyl)phenyl 

A r " = 2,4-bis(trifluoromethyl)phenyl 

D B U = 1,8 diazobicyclo[5.4.0] undec-7-

Mes*=2,4,6-tris(t-butyl)phenyl 

N M R = nuclear magnetic resonance 
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Chapter 1. Introduction 



Introduction 

The researches are mainly concerned with phosphorus coordination chemistry, and 

coordination chemistry of main group elements, especially phosphorus, containing 

bulky electron-withdrawing ligands. 

Although most known phosphorus compounds exist in oxidation states P(III) or P(V), 

mixed valence phosphorus present in one molecule is not found very frequently, 

particularly in halides. The first mixed valence phosphorus(III)- thiophosphorus(V) 

halide PI 2 PSI 2 was reported in 1963 1 , 2, but so far no further work has been published, 

probably because they are diff icul t to prepare and unstable; Even for PI 2 PSI 2 

however, no 3 1 P N M R data were reported 

In 1977 when Dil lon and co-workers reacted lithium iodide with PSBr 3 or PSCI3 to try 

to prepare the mixed phosphorus thiohalides, they found pairs of doublet signals in the 
3 I P N M R spectra, corresponding to mixed phosphorus(ffl)-thiophosphorus(V) 

halides3. Since then in this group a few project students have done some work to try to 

synthesise new mixed valence phosphorus species 4 ' \ 

M y project continued the work that had been done in previous projects, by carrying 

out a series of reactions of PCI3, PBr 3 or PI3 with PSCI3 or PSBr 3 and zinc dust 

present, to get a series of products, among them some new phosphorus species, such 

as mixed valence phosphorus(III)-thiophosphorus(V) halides; new dithiophosphorus 

(V) halides; the new triphosphorus(III) halide PI 2 PIPI 2 and mixed valence phosphorus 

(Ill)-dithiophosphorus(V) halides. The detailed research results are described in 

chapter 2. 

Many double-bonded main group element compounds are unstable, in accordance 

with the "classical double-bond rule", which stipulated that elements possessing a 

principal quantum number greater than 2 should not be able to form p7t-p7t bonds with 

themselves or with other elements6. In 1981 the first stable diphosphene 

Mes*P=PMes*(Mes*= 2, 4, 6-'Bu3C6H 2) was synthesised by Yosh i fu j i 7 . Since then 

many double-bonded compounds of main group elements with very bulky substituents 



to provide kinetic stability have been reported. 8" 1 2 Very few o f these, however contain 

bulky electron-withdrawing substituents (except two diphosphenes). Because bulky 

electron-withdrawing ligands Ar and Ar ' [Ar=2,4 ,6- (CF 3 ) 3 C 6 H 2 ; Ar '=2 ,6 - (CF 3 ) 2 C h H 3 ] 

have been exploited to stablise a variety o f unusual main group compounds, including 

the surprisingly air- and moisture- stable diphosphenes ArP=PAr and A r ' P = P A r \ 

there is considerable current interest in the chemistry o f low coordination main group 

elements containing these ligands. 

This project has involved reacting A r L i or A r ' L i , A r " L i with EC1 3, (E=As, P) or 

E'C1 4 (E '= Sn, Ge, Si) to synthesise new compounds S iR 2 Cl 2 , GeR 2 Cl 2 > GeArCl 3 , 

SnR 2 Cl 2 , AsR 2 Cl , A s A r C l 2 and the previously reported PRC12 (R= Ar, A r ' or A r " ) . 

Detailed reaction conditions, characterisation o f new compounds and the molecular 

structures o f SnAr 2 Cl 2 , SnAr ' 2 Cl 2 > S i A r " 2 C l 2 > G e A r " 2 C l 2 and GeArCl 3 are presented 

in chapter 3. 

At about the same time as synthesis o f the first stable diphosphene, the first stable 

phosphaalkyne 'BuCsP was made by Becker 1 3. The inorganic and organic chemistry 

of phosphaalkynes has been extensively developed in recently years, phosphaalkynes 

becoming very useful synthetic precursors for incorporating a phosphorus atom into a 

heterocyclic ring system l 4 " 1 8 . Usually the substituent R in RCsP is an electron-

donating aryl or alkyl group; we would like to try to synthesise the first 

phosphaalkynes containing highly electron-withdrawing Ar or A r ' , which should in 

theory reduce the electron density in the C=P triple bond, affecting the bonding o f the 

phosphaalkynes and the reactions thereof. 

Attempts have been made to synthesise the first phosphaalkynes containing bulky 

electron-withdrawing ligands Ar and A r ' , involving a series o f reactions. A few 

methods have been tested, but due to l imit o f time and other factors, the compounds 

could not be synthesised successfully so far. The experiments are described in chapter 

4. 
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Chapter 2. Identification of New Phosphorus Species 



Introduction 

1. History of mixed halides and mixed valence phosphorus species 

Structural reorganization based on exchange of halide ligands attached to phosphorus 

atoms is a common phenomenon in phosphorus chemistry. The exchange reactions 

between phosphorus(III) halides or phosphoryl(V) halides to produce mixed species 

may be conveniently followed by 3 1 P N M R spectroscopy. The first work on mixed 

monophosphorus(HI) Halides'tPC^, PBr 3 , PCl 2 Br and PClBr 2 ) , mixed monophos-

phoryl(V) halides 2(POCl 3, POBr 3 POCl 2 Br and POClBr 2 ) , and mixed monothio-

phosphoryl (V) halides(PSCl3, PSBr3, PSCl 2Br and PSClBr 2) had been done by 

Groenweghe and co-workers in 1959. 

Di l lon and co-workers in 1974 reported the identification of the mixed phosphorus 

(IE) halides 3 (PC13, PBr 3, P I 3 , PCl 2Br, PC12I, PClBr 2 , PC1I2, PBr 2 I and PBrI 2 ) by 3 1 P 

N M R spectroscopy. The 3 1 P N M R spectrum is shown below. 

• 1 

1/ ^ W 
P C ) 

f i g . I 

3 l ? NMH. 5?ac-:rua of a P C l ^ - J B r ^ - ? I n ix iura 

31 

In 1977 they also published work about mixed thiophosphoryl(V) halides by P 

N M R spectroscopy. Excess solid l i thium iodide when reacted with PSC1 3 or PSBr 3 in 

1,2-dichloroethane, very slowly produced the mixed thiophosphoryl halides PSC12I, 

PSC1I2, PSI 2 Br and PSIBr 2; in particular the PSC12I, PSC1I2 and PSI 2Br signals only 

4 



appeared after two weeks o f reaction4. PSI 3 was not observed, although its suspected 

chemical shift was extrapolated from the results. 

The mixed diphosphorus (111) halides (PBr 2 PBr 2 , P I 2 PI 2 ) PC1IPC1I, PBrlPBrl , 

PCUPCII, PBr 2 PBrI, Pl 2 PBrl and P12PCI1) were also reported by them in 1981. 5 

Unfortunately, however they did not observe the expected pairs o f doublets for 

unsymmetrical species, two singlet resonances being detected. 

In 1994, Tattershall and Kendall 6 published work on diphosphorus(III) halides, in 

which spin-spin coupling was detected. N M R data o f mixed monophosphorus(MI) 

halides, most mixed diphosphorus(Ill) halides and monothiophosphoryl(V) halides 

(except P S I 3 ) and monophosphoryl(V) halides (except PO! 3) are shown in table 1. 

(Shifts from references 1-6). 

Table 1. NMR Data for PX„Y3-„, PEX n Y 2 . „ (E = O or S) and P 2 X n Y4 -„ (ppm) 

X=C1, X=Br, X = l , 

Y=Br Y = I Y=C1 

PX, 219.8 228.5 174.5 

PX 2 Y 225.0 221.5 227.9 

P X Y 2 228.0 203.8 213.7 

PX 2 PX 2 154.1, 149.8 105.5 

PX 2 PY 2 154.2, 149.8, 

143.6. 96.6 

PX 2 PXY 154.5 148.8 100.6 

149.7 125.0 147.8 

PXYPXY 150.3 130.6 139.4 

PXYPY 2 150.1 132.2 141.2 

144.3 103.8 103.8 

POX t 2.2 -101.3 

POX 2 Y -29.8 -64.4 

PSX, 30.1 -110 

PSX 2 Y -14.5 -215 -310 

PSXY 2 -61,5 -115 -260 



The reaction mechanism for simple halide exchange has not so far been described. 

Some possible suggestions for halide exchange are: 

a. Coordination reaction mechanism. 

A lone pair of electrons from a halogen in each of the two exchanging halides forms a 

weak covalent bond to the neighbouring phosphorus centre, giving a bridged complex. 

When the species separate, halide exchange has probably occurred. This is probably 

the main mechanism in halide exchange reactions of phosphorus halide species. 

b. Ionic reaction mechanism. 

(i) . PX 3 • P X 2

+ + X• + PY 3 • P X 2 Y + P Y 2 X 

This reaction mechanism does not require the presence of an added anion, but is 

unlikely, because P X 2

+ is not known as a stable species. 

( i i ) . P X 3 + Y > P X 3 Y ^ P X 2 Y + X 

This reaction mechanism is probable when anion sources are present, e. g. i f Et 4 NBr 

or L i I is added to a phosphorus halide 4 ' 7 ' 8 . 

c. Radical reaction mechanism 

PX 3 • PX 2 " + X " + PY 3 • P X 2 Y + P Y 2 X 

This reaction mechanism may exist in some conditions, such as under the influence of 

U . V . light or heating. 

Mixed valence phosphorus(III)-phosphorus(V) species are not common, especially 

for halide species; the first mixed valence phosphorus(III)-phosphorus(V) halide 

compound PI 2 PSI 2 was reported in 1963, 9 1 0 but probably because it is diff icul t to 

A PX 3 + PY • x P X 2 Y + P Y 2 X 

V 

6 



prepare and unstable, so far no further work has been reported and there are no N M R 

data for it. Mixed valence phosphorus species with mixed halides have never been 

reported. 

2. The previous work of this group 

In 1977 when Dil lon and co-workers reacted lithium iodide with PSB13 and PSCI3, 

and obtained the mixed monothiophosphoryl halides, they found pairs of doublet 

signals in the 3 I P N M R spectra corresponding to mixed valence phosphorus(III)-

phosphorus(V) thiohalides. " 

From 1991 onwards two project students, T.G. Hibbert and M . Coles 1 2 , attempted to 

extend this in their projects. Coles reacted excess solid l i thium iodide with 

phosphoryl(V) halides POCI3, POBr 3 and thiophosphoryl (V) halides PSCI3, PSBr, 

He found POCl 3 and POBr, showed less activity than P S C 1 3 or PSBr,, while POBr, 

and PSBr, were more reactive than POCI3 and PSCI3 respectively. This is easy to 

rationalise, since the Br-P bond is weaker than the Cl-P bond and more easily broken, 

so phosphorus bromides show more activity. Thiophosphoryl (V) halides are more 

reactive than their oxo analogues, due to sulphur d-orbitals; the phosphorus donates its 

electrons to these to some extent, reducing the amount of electron density left for 

bonding to the other ligands and making the compound more reactive. 

However, due to l imit of time and other reasons, he only obtained some mixed mono-

phosphorus halides, most spectra not showing any evidence of coupling. Then he 

reacted thiophosphoryl(V) halides PSCI3 or PSBr3 with phosphorus(III) halides PCI3 

or PBr 3 in the presence of M g or Zn, in the belief that loss of X 2 could lead to 

formation of PSX 2 PX 2 and the corresponding coupled spectrum could result. 

He only observed a weak reaction between PSBr 3 + PBr 3 in the presence of Zn, 

because of lack of time, while in the other reactions only starting signals could be 

seen. But even for this species, the new signals were too small to be identified. 

Reaction happened preferentially with Zn over Mg, because zinc was added in the 

form of dust, whereas the magnesium was added in the form of turnings; the zinc 

therefore has a much larger surface area for reaction. 

7 



Meanwhile Hibbert in the reaction of PSC13, PSBr3, POCI3, or POBr 3 with PI , and 

added excess lithium iodide, found some phosphorus(III)-phosphorus(V) thiohalide 

coupling. But, because his research project report is not available, the detailed results 

are not very clear. He seems to have found some coupling signals in reactions of 

PSX3+PI3 (X=Cl,Br) . 

In 1994, Gemmell 1 ' 1 continued this work via a series of reactions, such as: a. PSCI3 + 

PCb (Zn); b. PSBr 3 + PBr 3 (Zn); c. PSBr 3 + PC1 3 (Zn); d. PSC13 + PBr 3 (Zn); e. PSC13 

+ PI3 (Zn); f. PSBr 3 + P I 3 (Zn). But he found that only reaction d and f produced clear 

coupling signals corresponding to the mixed valence phosphorus thiohalides. In other 

reactions he only found the singlet signals corresponding to starting material and 

mixed monophosphorus halides. Even an old sample: PSBr 3 + PC13 (Zn), made during 

the previous project and about 12 months old, mixed with some new PSBr3, yielded 

only weak signals corresponding to the mixed valence species. Reaction e and a 

mixture of PSCI3 + PBr 3 ( L i l + Zn) also gave evidence for mixed valence products, 

but these could not to be clearly identified. 

In the reaction of PSBr 3 + P I 3 however, not only were there the expected doublets for 

P-P coupling, but some triplets could also be seen in the spectra. They are in the P(DI) 

region of the spectrum and seemed to be from P 3 units. The rationalisation of this is 

that two P(V) molecules have reacted with the same P(III) molecule. This sort of 

species would produce a triplet in the P(III) region and a doublet in the P(V) region of 

roughly twice the size. These triplets had not been seen previously, but by comparing 

the chemical shifts of the signals to other known species and matching the two sets of 

coupling constants, their sources could be fairly accurately identified. They have since 

been confirmed by our work. The 3 I P N M R data are shown below and may be 

compared with our results (described later). 

8 



Species 5 (ppm) J(Hz) 

A. Singlets 

PBr, 

PBr 2 l 

PBr l 2 

PSBr 2PSBr 2 

PSBr 3 

PSBr 2I 

PSBrh 

228.4 

223.1 

207.6 

-28.4 

-108.2 

-208.9 

-302.9 

B. Doublets 

PBr 2PSBr 2 

PBrlPSBr 2 

PI 2PSBr 2 

C. Triplets and Doublets 

PBr(PSBr 2) 2 

Pl(PSBr 2) 2 

PSBr(PBr 2) 2 

175.3,-20.6 

155.3, -12.0 

136.6, -9.7 

125.0, -22.3 

102.1, -18.4 

97.9, 38.8 

86.4 

85.4 ± 0 . 1 

86.7 ± 0 . 1 

113.4 ± 0 . 4 

103.0 ± 1.4 

73.0 ± 6.2 



I I . Mixed valence Phosphorus(lll)-Phosphorus(V) halides 

This project was to continue the work that had been done in previous projects, carry 

out a series o f reactions on phosphorus(IIl) halides with thiophosphorus(V) halides 

and achieve ful l identification o f new mixed valence species. 

l .The General Procedure 

The basic reaction involves the mixture o f a thiophosphoryl(V) halide with a 

phosphoryl(lll) halide; excess zinc dust is added to the mixture to act as a halogen 

extractor, allowing two molecules to combine together. 

A l l reactants and products are highly air- and moisture- sensitive, so all 

manipulations, including sample preparation, were carried out in an inert atmosphere 

of dry nitrogen or a glove box. Chemicals o f the best available commercial grade were 

used, in general without further purification, except solvents. 

The reactions were stirred and heated for a few days, then samples were taken for 

analysis. The solutions were retained, and monitored at intervals by 3 I P N M R 

spectroscopy. Stirring and heating were the main differences wi th previous 

experiments; these were to increase the rate o f reaction, so that any slower reactions 

would be more advanced and the intensity o f relevant peaks would be increased. 

The study o f phosphorus in solution is easily followed by 3 I P NMR spectroscopy, 

because 3 1 P is a magnetically active nucleus with spin quantum number 1=1/2. This 

isotope is 100% abundant, and has a receptivity o f 6.64 x 10 2 (i.e. 6.64% o f that o f 

' l l ) . A l l the samples (except reaction 6) described here were without added solvent, 

although CDCl.i was added for NMR to provide the deuterium lock. A l l experiments 

were done on the 200 or 400 MHz Brucker Fourier- Transform spectrometers, at 

80.06 and 161.01 MHz. respectively. An external reference o f 85% H3PO4 was used; 

shifts to higher frequency were taken as positive. The coupling constants were 

calculated by multiplying the difference between the apparent chemical shifts in 

mulliplets by the operating frequency. 

to 



The species we were hoping to see involve the coupling of P(HI)-P(V). This would 

lead to the formation of two sets of doublets with the same coupling constant, one in 

the P(III) region (d>70ppm) and one in the P(V) region (d<70ppm). 

Along with the desired P(I11)-P(V) combination, some P(III)-P(I11), and P(V)-P(V) 

compounds could be found. They would give singlets in the spectra for two equivalent 

nuclei bound together, and pairs of doublets for different nuclei. Of course, signals 

f rom the mixed monophosphorus halides were clearly seen in every spectrum. 

In total over f i f t y 3 1 P spectra were taken, although for many of them, being recorded 

within a few days or a couple of weeks of each other, there was no great change, but 

for some spectra we still could observe some changes. The chemical shifts were not 

constant from spectrum to spectrum, although the differences were quite small, no 

more than 1-2 ppm, because of solvents and temperature and other factors. They can 

nevertheless be compared with each other without diff iculty, because the coupling 

constants were identical. 

2. Reaction of P S C I 3 + Zn 

This is the simplest reaction, with no halide exchange possible. The only possible 

course was for two PSCI3 molecules to react with Zn and each lose a chlorine atom to 

form P S C I 2 P S C I 2 . In a small flask P S C I 3 and Zn dust were placed under nitrogen 

protection, then the reaction was kept at 70 °C for three days; when a sample was 

taken for NMR, a very weak signal at 50 ppm was found, possibly corresponding to 

PSC12PSC12. After ten days, the 3 I P N M R spectrum was repeated, but only the starting 

material signal could be seen and the small signal had disappeared. It could have been 

just a noise peak. This confirmed that the P-CI bond is quite strong, and it is very 

diff icul t to lose a chlorine atom for combination with another molecule. 

3. Reaction of PSCI3 + PC1 3+ Zn 

This is the simple reaction of a phosphoryl(III) halide with a thiophosphoryl(V) 

halide, with no halide exchange, the possible reaction products being PC12PSCI2, 

11 



PSCI 2PSCI 2 and PC1 2PCI 2 Under nitrogen protection Zn dust, PSC13 and PC13 were 

placed in a flask, then the reaction was kept at 70 °C for three days and a sample was 

taken for N M R , which revealed a small signal at 191ppm, possibly arising f rom an 

impurity. After ten days, the 3 I P NMR was tested again, and as well as the 191ppm 

signal, a new signal at 3 ppm appeared corresponding to POCI3, so phosphorus 

chlorides are very reluctant to react with zinc dust. 

4. Reaction of P S B r 3 + P B r 3 + Zn 

This reaction only involves different possible bromine phosphorus combinations, 

P(l l l)-P(V), P(1II)-P(II1) and P(V)-P(V), but no halide exchange and is very similar to 

reaction 3. Because the thiophosphoryl bromide was no longer commercially 

available, it had to be prepared in situ. Phosphorus tribromide was reacted with 

sulphur at 120 °C for 20 hours, and 70-80% o f the PBr 3 changed into PSBr 3 as shown 

by "P N M R . Then some zinc and PBr 3 were added and reaction was continued at 

110 "C for three days. When a sample was taken for N M R testing, only the starting 

material signals were found. After one week, the 3 I P N M R was repeated and this time 

coupling signals appeared. Due to this reaction not being sealed properly, some partial 

oxidation product signals appeared in the 0-50ppm region. These signals never 

appeared in other spectra and could safely be ignored. The N M R chemical shifts are 

shown below. 

Species 8 (ppm) J(Hz) 

A. Singlets 

PBr, 228.9 

PSBr 1 - I I 1.0 

B. Doublets 

PBr 2PSBr 2 176.5,-20.5 87.0 ± 0 . 6 

12 
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5. Reaction of PSC1 3 +PBr 3 + Zn 

This reaction, involving halide exchange, and different possible phosphorus 

combinations, P(III)-P(V), P(( l l )-P(l l l ) and P(V)-P(V), forms a complex system. 

PSCI3, PBr3 and Zn dust were placed into a small flask under nitrogen protection, then 

the reaction was kept at 80 °C for three days; a sample was taken for N M R , but only 

showed the starting material signals and mixed phosphorus halide signals. After two 
T 1 

weeks, the P N M R was tested again and this time most o f the expected signals 

appeared. After another two weeks, the signals were basically the same, although 

rather weak. 

In the P(III) region o f the 3 1 P N M R spectra, between 176-182 ppm five doublets 

appeared; these may be assigned to either PBrCl- or PBr 2-; 176-179 ppm is the PBr 2-

region, while 180-182 ppm corresponds to the PBrCl- region. In the P(V) region, 

there are two doublets between 55-60 ppm due to PSC12-, two doublets between 18-

21 ppm corresponding to PSBrCI-, and one doublet at -21.3 ppm corresponding to 

PSBr2-. So the P(111)-P(V) combination products are PBrCIPSCI 2 l PBrCIPSBrCI, 

PBr 2PSCI 2 , PBr 2PSBrCl and PBr 2PSBr 2. Because the starting materials are PSC13 and 

PBr 3, the most likely product is PBr 2 PSCl 2 , then further possible products are 

PBrClPSCl 2 and PBr 2PSBrCl, These doublets can easily be identified according to 

intensity. As for the doublets at 150 ppm and 130 ppm, these are in the 

diphosphorus(III) halide region; because the starting materials are PSCI3 and PBri, the 

likely products are PBr 2 PBr 2 , PBr 2PBrCl and PBrClPBrCI; other less likely products 

are PBr 2 PCl 2 , PBrCiPCK and PC12PC12. According to the literature, the PBr 2- group 

(in PBr 2PBr 2 or PBr 2PBrCI) has a shift o f around 144 ppm Our value o f 130 ppm is 

quite different, but in this region it seems the only possible explanation. However the 

PBrCl- (in PBrClPBr 2 and PBrClPBrCl) N M R chemical shifts o f 150.3 and 150.1 

ppm respectively are very close to our values o f 150.5 and 149.8 ppm. The coupling 

constants are also quite close; our value is 234.9 Hz, while the literature was 223.5 

Hz, so we believe our assignment is correct. The small doublet at - I 2 5 p p m could not 

be observed again later, so has not been assigned. The small signals in the 190- 200 

1 5 



ppm region could also not be assigned as yet. The N M R chemical shifts are shown 

below. 

Species S(ppm) J(Hz) 

A. Singlets 

PBr, 228.9 

PBnCI 228.4 

PBrCI 2 225.4 

PCb 220.2 

PBrCIPBrCl 150.5 

PBr 2PBr 2 129.6 

PSCI 3 32.3 

PSBrCb -11.5 

PSBr 2CI -59.5 

PSBr, -111.5 

(POCI 3 6.7 ) 

(POBrCI 2 -24.8) 

(POBr 2CI -60.1) 

(POBr, -98.6) 

B. Doublets 

PBrCIPSCIBr 181.5, 19.0 82.4 

PBrCIPSCh 180.5, 57.3 83.9 

PBnPSCh 178.2, 58.9 80.9 ± 0 . 1 

PBr 2PSBrCI 177.4, 20.6 83.2 ± 0 . 7 

PBr 2PSBr 2 176.5, -21.3 85.3 

PBrCIPIir 2 149.8, 130.6 234.9 

1 6 
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6. Reaction of PSC1 3 +PI3+ Zn 

This reaction also involves halide exchange, and different possible phosphorus 

combinations, P(II1)-P(V), P( l l l ) -P( l l l ) and P(V)-P(V), very similar to reaction 5. In 

the dry glove box PI3 was added into a small flask, then under nitrogen protection 

P S C I 3 Zn dust and solvent C H 2 C I 2 were added, and the reaction mixture was refluxed 

for 7 hours. When a sample was taken for N M R analysis, only the starting material 

signals and mixed phosphorus halide signals were found. After stirring over the 

week end the " P N M R was recorded again, but the spectra looked similar. 'The 

solution was kept for 6 weeks and the M P N M R was examined again; this time the 

expected signals appeared. 

In the P N M R spectrum many doublet signals appeared; the doublets in the P(1II) 

region appeared in three ranges. The doublet at 188 ppm corresponds to PCN- o f 

P(III)-P(V), the doublets between 155-160 ppm are from PCI1- o f P(111)-P(V), while 

the doublets between 130-138 ppm may be assigned to PI 2 - o f P(III)-P(V). In the P(V) 

region, the doublets appeared in four areas, one between 60-69 ppm for the PSCh- of 

P(11I)-P(V) species, doublets between -54 and -60 ppm corresponding to PSCI1- of 

P(111)-P(V), while the doublet at-185 ppm arises from PSI 2- o f P(III)-P(V); however, 

the doublet at -88 ppm may correspond to PSC1I o f a P(V)-P(V) combination. So the 

P(1II)-P(V) combination products were PC12PSC12, PC1IPSCI2, PCI1PSC1I, P12PSCI>, 

P I 2 P S C I I and P12PS12. Because the starting materials are PI, and PSCl t , the most 

likely P(III)-P(V) product is PKPSCk the subsequent probable products are 

PCHPSCb and PhPSCll, while further possible products are PCI,PSC|.. PCIIPSC11 

and PI 2PSI 2 . It is not diff icult to assign the P(III)-P(V) combination products from the 

relative signal intensity. As for P(V)-P(V) combinations, the probable products are 

PSC12PSC12 and PSCIIPSCk PSC12PSC12 in the U P N M R spectrum should give rise 

to a singlet, which has been assigned to the 53.2 ppm signal. Hence the doublet 

corresponding to PSC12 o f PSCUPSCIl should be more negative than 53.2 ppm. A 

small doublet at 29 ppm was found, with the coupling constant exactly the same as 

that o f the doublet at -88 ppm, so the pair o f doublets may be assigned to PSCI1PSC12 



As for the signals seen al 150 ppm and 102 ppm after 6 weeks, they probably 

correspond to PCI1PI2 Interestingly, the signal at 102 ppm was replaced by a triplet 

and a new doublet appeared at 98ppm after a further two weeks. Another two weeks 

later, the signals became weaker and the triplet and doublet disappeared. The signal at 

150 ppm was replaced by a clear singlet at 149 ppm, corresponding to PC11PC11. This 

is because PhPCII is not stable, and reacts with PIj to produce the new compound 

PI2PIPI2, so the new pair o f resonances appears at 102.3 ppm and 98.2 ppm. PbPIPIi 

is also unstable, however, and continues to decompose, so the pair o f signals is lost 

again. This is the first time that the new phosphorus halide P3I5 has been identified in 

solution. The N M R chemical shifts are shown below. 

Species 6 (ppm) J (Hz) 

A. Singlets 

PC1 2I 228.5 

PCI, 220.3 

PClb 213.9 

P l 3 175.9 

PCI1PC1I 149.4 

PSCI2PSCI2 53.2 

PSC1, 33.1 

PSC'bl -111.9 

P S C I I 2 -267.4 

U.Doublets 

P C I 2 P S C I 2 188.3,54.6 85.5 

PCIIPSCI, 159.7,66.8 80.8 ± 0 . 2 

PCIIPSCII 155.6,-56.3 84.8 + 0.8 

PCIIPI, 151.1,102.8 broad signal 

P I 2 P S C I 2 136.9, 68.3 80.9 ± 0 . 1 

PSCIIIM2 133.5,-55.1 87.8 ± 2 . 2 

Pl>PSh 129.2,-185.7 108.1 ± 5.9 
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PSCbPSCII 28.9, -88.1 59.6 

C: Triplets and doublets 

PI(PSCI2)2 

PI{PI 2)2 

PKPSCII), 

105.5,61.5 

102.3, 98.2 

87.5, -58.5 

92.2 + 0.8 

50.4 

88.2 ± 0 . 4 
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7. Reaction of PSBr 3 + PBr 3 + PI 3+ Zn 

This is a most complex reaction, but similar to reaction 5 involving halide exchange, 

and different possible phosphorus combination, P(III)-P(V), P(III)-P(III) and P(V)-

P(V). Due to the PSBr 3 not being commercially available, the first step was to prepare 

thiophosphoryl tribromide. PBr 3 was directly reacted with sulphur(no solvent) at 135 

°C for 8 hours, when 60-70% PBr 3 changed into PSBr 3. Then some zinc dust was 

added and reaction continued at 115 °C overnight. A sample was taken for NMR, but 

showed only the starting material signals. Then some P I 3 was added and the reaction 

kept at 104 °C overnight. A sample was taken for N M R again, and some expected 

signals were observed, but quite weak. More P I 3 was added and reaction continued at 

108 °C for 6 hours; this time the spectra looked stronger, but some signals were still 

weak. After two weeks the 3 I P N M R was re-examined, and this time most signals 

appeared. After another 3 weeks, the N M R was re-examined again (run for 30 

minutes). The intensity of the 3 I P NMR spectra appeared to be similar, but more 

signals appeared, such as a multiplet(triplet + triplet) at 102 ppm, a doublet at 98 ppm, 

a new signal at 145 ppm and a triplet near 125 ppm 

In the P(III) region for P(III)-P(V) mixed valence species, doublets clearly appeared 

in three place. The signals between 174-177 ppm correspond to PBr 2-, the doublets 

between 152 and 156 ppm may be assigned to PBrl-, and the pairs of doublets 

beweenl31 and 135 ppm to PI 2 - . In the P(V) region, the doublets appeared at two 

places; between - 9 and -21 ppm is due to PSBr2-, while between -98 and -113 ppm 

corresponds to PSBrI-. So P(III)-P(V) combination products are PBr 2PSBr 2, PI 2PSBr 2. 

PBrIPSBr 2, PBr 2PSBrI, PBrlPSBrI and PI 2PSBrI. Since the starting materials are 

PBr 3 , P I 3 and PSBr 3, the most likely products are PBr 2PSBr 2, PI 2PSBr 2 and 

PBrIPSBr 2, and the other possible products are PBr 2PSBrI, PBrlPSBrI and PI 2PSBrI. 

It is not di f f icul t according to intensity to assign each doublet of a P(III)-P(V) 

combination, and this was confirmed by the J values. 

There are a few signals corresponding to a P(III)-P(III) combination. Since the 

starting materials are PBr 3 and PI 3 , possible products are PBr 2PBr 2 , PBr 2 Pl 2 PBr 2 PBrI, 

PBrIPI 2 and PBiTPBrI(PI 2Pl 2 is unstable). But assignment of these signals was 
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diff icul t , partly because the signals are quite weak, and some signals probably 

overlap. For example, the signals near 145 ppm corresponding to PBr 2- of PBr?PBr2 

and PBr?PBrI are very close, and it is diff icul t to separate them; then the 125 ppm 

triplet corresponding to PBr- of PBr(PSBr2)2 perhaps overlaps with the doublet of 

PBrlPBr?; near 130 ppm the doublet of PI 2 PSBrI may overlap with PBrIPI 2 , and at 

102 ppm a triplet f rom PI(PI2)2 can overlap with the triplet of PI(PSBr 2) 2 , giving a 

multiplet appearance. An effort has been made to assign every signal. 

As shown by the triplet signal at 102.0 ppm and the doublet at 98.1 ppm, described in 

section 5, corresponding to Pl2PIPI 2 > which comes f rom PI2PC1I reacting with PI3, 

PI 2 PBrI may also react with PI3 to form PI2PIPl2. From the spectra here these signals 

were again observed, but the signals subsequently disappeared again after 4 weeks, 

confirming the previous assignment. 

The assignment of the doublet near 98 ppm differs f rom that of Gemmell, who 

suggested that it arose f rom (PBrg)?PSBr. This value looks incorrect for a PBr 2 group, 

however, and the more accurate value of the coupling constant in the present work is 

in good agreement with that obtained for P3I5 in section 5. The triplet signals at 102 

ppm from_PI(PI 2 ) 2 and PI(PSBr 2 ) 2 by coincidence overlap together, the centre line 

f rom both triplets forming one line, so that five lines are seen, instead of six, with J 

values o f 50.4 and 100.7Hz respectively, calculated f rom the apparent shifts of the 

four other lines. The small signals around 50-60 ppm, as Gemmell suggested, 

probably arise f rom partial oxidation of monothiophosphoryl halides. Comparing with 

his data, we f ind many more signals, like those f rom P(III)- P(V) combination 

products Br 2 PSBrI, PBrlPSBrI, PI 2PSBrI, the new P3 Unit PI2PIPI2, the diphosphorus 

halides PBr 2 PBr 2 , PBr 2 PBrI, PBrlPBrI and PBrIPI 2 and P(V)-P(V) combination 

products PSBr 2PSBr 2 and PSBrlPSBrl. The only problem is the doublet at -112.3 ppm 

which appears to correspond with PSBrIPSBr 2, but unfortunately another doublet 

could not be found to match. Samples were then taken every two weeks; the first 

spectrum looked exactly the same, the second spectrum looked similar, but a lot 

weaker, while the third spectrum looked much weaker and some signals had been lost, 

such as the multiplet at 102 ppm and the doublet at 98 ppm. The N M R data are shown 

below. 
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Species 8 (ppm) J(Hz) 

A. Singlets 

PBr, 228.9 

PBr 2 I 221.8 

PBrI 2 203.8 

PI, 175.4 

PBr 2 PBr 2 145.5 

PSBr 2PSBr 2 -31.2 

PSBrj -110.5 

PSBrlPSBrl -128.1 

PSBr 2l -219.7 

B. Doublets 

PBr 2PSBr 2 176.5,-20.5 85.4 

PBnPSBrl 174.6,-103.0 94.5 

PBrlPSBr, 154.8,-11.8 84.0 

PBrlPSBrl 152.6,-101.4 8 9 . 2 ± 0 . 8 

PBnPBrl 145.2,125.5 broad signal 

Pl 2PSBr 2 134.2,-9.6 85.4 + 0.1 

PhPSBrl 131.8,-99.1 96.9 ± 0.7 

C. Triplets and Doublets 

PBr(PSUr 2) 2 126.1,-22.3 1 11.8 10 .3 

PI(PSBi 2 ) , 102.0,-18.2 100.7 

PI(P1 2) 2 102.0, 98.1 50.4 

111. Summary 

1. The P-l bond is the weakest bond in each o f the systems and so is the most likely 

to be broken and form new bonds, both in exchange with other halides and in 
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coupling phosphorus to phosphorus; The P-Br bond is next, and the P-Cl bond is 

the strongest bond, very dif f icul t to react with zinc dust, even at 70 °C for three 

days. 

2. Halide exchange is a common phenomenon in phosphorus chemistry. 

Thiophosphoryl(V) halides were more stable than phosphorus(lll) compounds and 

the substitution takes place preferentially on P(III), as can be seen in all spectra. 

3. The strong P-Cl bond may be activated by the breaking o f P-Br or P-I bonds; 

PSC13 and PCI3 w i l l normally not react together, but they w i l l react i f PBr3 or PI j 

is present. 

4. Formation o f the mixed valence P(1II)-P(V) compounds is quite feasible, although 

some o f the reactions are slow. 

.17 
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3.Studies on Main Group elements compounds Containing 
Bulky Electron-Withdrawing Substituents 



1. Introduction 

The history of the multiple bonds of heavier main elements of group 14 and 15 may 

have started in 1877, when Kohler and Michaelis 1 reacted PhPH2 and PhPCl2 and 

obtained what they believed to be "phosphobenzene", PhP=PhP. Although a double 

bond between the phosphorus atoms was implied, subsequent physical studies 

revealed that "phosphobenze" in fact is a o-bonded cyclopolyphosphine (PhP)„ 

(n=5,6)2. This was further confirmed in 1964 by X-ray crystallography.3 Likewise, 

compounds that were thought to contain arsenic-arsenic4 and silicon-silicon 5 double 

bonds have since been shown to possess cyclic oligomeric structures. 

Little experimental effort was expended in this field for the next half-century. 

Possibly, synthetic chemists were discouraged by these early results and by the 

emergence of the "classical double-bond rule," which stipulated that elements 

possessing a principal quantum number greater than 2 should not be able to form pn-

pn bonds with themselves or with other elements6. 

In the late 1960's methodologies began to be developed for the generation and 

subsequent trapping of a significant variety of transient molecules with implied 

double bonding between heavier group 14 or group 15 atoms.7,8 In 1981 Yoshifuji and 

co-workers9 reported the first diphosphenes Mes*P=PMes* (Mes*=C6H2-2,4,6,-tBu3), 

representing a significant landmark in the study of multiple bonding in the heavier 

main group elements. Following this, the first disilene Mes2Si=SiMeS2 (Mes= 

mesityl) was obtained by West, Fink and Michl 1 0 ; in 1982 Satge reported the first 

hetcronuelear double bonds in germaphosphene [Me^Ge^PPh] and stannaphosphene 

[Me2Sn=PPh]"; in 1983, the first heteronuclear phosphaarsene [(Me3Si)3C-As=P-

C(SiMei)i] and homonuclear diarsene [(Me3Si)3-C-As=As-C(SiMej)3] were 

generated12. From 1985 several stable germaphosphenes and stannaphosphenes have 

been made 1 1 1 4 . In totally approximately 20 structural data sets of organodiphosphenes 

have been published, together with several metalladiphosphenes, in which the organic 

group at phosphorus is replaced by a transition metal moiety.1 5 
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I I . Synthetic Routes 

There are quite a few methods for preparing double-bond dipnictenes of heavier main 

group element, and 5 routes can be distinguished. 

1. Thermolysis 1 6 

P 2 H 4 • P 2 H 2 + H 2 

2. Photochemical Elimination l 0 > 

2Mes 2Si(SiMe 3) 2 * Mes2Si=SiMes2 + 2Si 2Me 6 

3. Dehalogenation of RJEX2 

This is a widely employed route, where RnEX2 reacts with a halide-abstracting agent 

such as elemental magnesium, potassium or an alkyllithium. 

RECI2+ Mg (K) • RE=ER (E=P, As, Sb, B i ) 1 5 

R 2GeCl 2+LiNap • R 2 Ge=GeR 2

1 7 2 0 

(Me,Si) 3C-PCl 2 + (Me 3Si) 3C-AsCl 2 + BuLi (Me3Si)3C-P=P-C(SiMe)3 

+ (Me 3Si) 3C-As=As-C(SiMe 3) 3 + (Me 3Si) 3C-P=As-C(SiMe 3) 3

1 2 

This method has so far only proved synthetically useful for the formation of 

symmetrical double bonds between main group 14 or 15 elements, due to difficulties 

in separating the pure components, and seldom can be used to synthesise 

unsymmetrical double bond compounds. 2 1 2 3 
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4. Dehydrohalogenation of RnEX-HE'Rm 

This is a widely used method to synthesise symmetrical and unsymmetrical double 

bond compounds between heavier main group elements. 

ArPCl, + ArPH 2 + DBU • ArP=PAr .66 

RPC12 + R'PH, + DBU • RP=PR'21 

ArPH 2 + Mes(Bu)GeCl2 + BuLi — • Mes(Bu)Ge=PAr: ,22 

RPH 2 + R'R"SiCl 2 + ALi R'R"Si=PR 2 3 

5. Transition metal catalysed metathesis of double bonds 2 4 ' 2 5 

RPCl 2 + W(PMe 3) 6 • RP=PR + WCl 4(PMe 3) 4 

Dillon, Gibson and Sequeira used the highly reducing nature and labile coordination 

sphere of the zerovalent tungsten complex, W(PMe 3) 6

 2 6 as an efficient chloride ion 

abstractor; they found dichlorophosphines reacted with W(PMe3)6 in benzene at room 

temperature smoothly over several hours to give the diphosphene RP=PR [R=2,4,6-

tris(lbutyl)phenyl, 2,4,6-tris(trifluoromethyl) phenyl, 2,6-bis(trifluoromethyl)phenyl] 

in virtually quantitative yield. The possible mechanism for formation of the 

symmetrical diphosphene is as follows. 

W(PMe 3 ) 6 + Ai^PClz 
-nPMe, P 

w — a 

Ar F P»PAr F 

Ar'PCl , 

WCl4(PMej)5 

f 
r 1 PMe, 

a 
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The key intermediate proposed in this mechanism is the tungsten-phosphinidene 

complex. Although a few have been structurally characterised,27 3 0 doubly bonded 

transition metal phosphorus complexes are relatively rare. 

Somewhat surprisingly, when different dichlorophosphines ArPCli and Ar*PClj 

[Ar* :2,4,6-tris('butyl)phenyl, Ar-2,4,6-tris(trifluoromelhyl)phenyI] reacted with 

W(PMe.<)h, only the unsymmelrical diphosphene ArP-PAr* was produced in good 

yield (l>5%). During formation it could be seen that the symmetrical diphosphene 

ArP-PAr formed first, which then converted to the unsymmetrical diphosphene 

Ar-PAr* with the Ar*PCb over a few hours. 

However, more surprisingly, upon removal of the reaction solvent, the solid 

symmetrical diphosphenes were precipitated with the unsymmetrical signal almost 

lost from the 1 1P spectrum, as shown below. 

i 

i 

(5) 

A. 

5€0 520 -»a0 44C 400 
t 

This indicates the presence of a species in solution that is able of catalysing the 

exchange of the diphosphene PR end-groups. The exchange does not occur in the 

absence of the tungsten species, since stirring a mixture of the two symmetrical 

'A 

f>2 



diphosphenes in benzene solution at room temperature formed none of the 

unsymmetrical diphosphene under these conditions. However, when a trace amount of 

a solution of a W(PMe3VArPCl2 mixture was added to the symmetrical diphosphenes 

ArP=PAr and Ar*P=PAr*, they changed into the unsymmetrical diphosphene 

ArP=PAr*, The possible mechanism for the reaction could be PR end-group exchange 

that involves a phosphinidene intermediate, as shown follow. 

CP 

cai. 4 

M=PS' 
M—PR' 

p = p q 

pp. BP 

In order to isolate the unsymmetrical diphosphene, it is first necessary to destroy the 

catalyst. A convenient method involves treating the solution mixture with 

ben/aldehyde, a procedure analogous to that used to kill well-defined alkylidene 

olefin metathesis catalysts . 

This is the only route so far using different dichlorophosphines to prepare 

unsymmetrical diphosphenes, It is planned to do further research by this means, using 

different kind of R„ECl2 (E = P, As, n=l , E = Sn, Ge, n=2) to try to synthesise 

symmetrical and unsymmelrical double bond compounds. 
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III. Coordination Chemistry 

Because RE=E'R' compounds (E and E' are group 15 elements) possess a double 

bond and two unshared electron pairs, both a and it coordination are possible to 

transition metals, and there is a significant number of coordination modes. For the 

diphosphene (as the representative) at least seven modes of coordination have been 

encountered to date. 1 They are shown on the next page, followed by some 

examples. 

In compounds of type A the diposphene acts an as T)1 ligand toward the metal centre. 

Theoretical calculations on the model compound [CrCn'^HaXCOs)] revealed that a 

realistic description of the ligand metal interaction involves delocalised a-donation 

from the HOMO of the ligand and rc-back donation of a filled metal orbital into the 

empty LUMO (the n* orbital) of the ligand. The extent of the back donation is quite 

large and comprises 0.30 electrons.33 

The second type of coordination B comprises an ^-interaction of the P =P system 

with the metal atom. As in olefin complexes, donation from the filled ic-orbital to an 

empty metal orbital transfers electron density from the ligand to the metal, rt-back 

donation operates between filled metal orbitals and the LUMO (TC*) orbital of the 

diphosphene. 

In the coordination modes C-E, a diphosphene bridges two independent metal 

complex fragments. In C this is achieved by two T|1 interaction, whereas in types D 

and E coordination is a combination of i\ 'and T|2 modes. 

In type F the diphosphene is incorporated into a butterfly molecule, whereas G is a 

representative of a cluster compound with a diphosphene building block. Other types 

of complexes with such a bonding situation are conceivable. 

There are two main synthetic pathways which lead to diphosphene complexation. 

Firstly, a diphosphene ligand can be added to a coordinatively unsaturated complex or 
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may replace labile ligands in suitable coordination compounds. Secondly, the 

diphosphene ligand may be constructed from easily available and stable precursors in 

the coordination sphere of an organometallic complex. This method implies that the 

stability of the free diphosphene is not a prerequisite for its existence as a ligand in 

stable complexes. 

IV. Synthesis of new main group element compounds with bulky 

electron-withdrawing substituents 

1.Bulky and electron-withdrawing Ligands 

The 2,4,6-tris(trifluoromethyl)phenyl substituent and 2,6-bis(trifluoro-methyl)-phenyl 

substituent, (Ar and Ar' respectively) are unique amongst all other sterically 

demanding ligands used so far in the stabilisation of low coordination main group 

derivatives. ~" A combination of stabilising factors contributes to the unusual 

stability of Ar derivatives. Sterically, these ligands are not significantly more bulky 

than 2,4,6-trimethylphenyl and 2,6-dimethylphenyl, certainly less bulky than 2,4,6-tri-

'butyl-phenyl and 2,6-di-lbutylphenyl. In contrast to most other sterically demanding 

ligands, however, Ar and Ar ' are strongly electron-withdrawing, and therefore should 

be able to stabilise low oxidation states and consequently low coordination number 

complexes. Equally important is the potential of the ortho CF3 groups to form weak 

interactions with the main group atom, thus blocking possible coordination sites and 

hence reducing any tendency for the formation of high nuclearity species. This is 

witnessed by the unusually high stability often encountered in main group Ar 

derivatives."- " 

2.Synthesis of 2,4,6-tris(trifluoromethy!)benzene and its lithium derivative, 

and 2,6-bis(trifluoromerhyl)phenyl lithium 

Now commercial 2,6-bis(trifluoromethyl)benzene Ar 'H is available, but it has rarely 

been used as a ligand in main group chemistry, with only two examples found by 

Roden in the Cambridge structural database55. The first is a chromacene analogue 

containing two Ar' species in a sandwich complex with chromium 5 6. The second is 
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the only substituted example, the diphosphene Ar'P=PAr*' So it is interesting to 

research variation of the 2,6-bis(trifluoromethyl)phenyl substituent and its 

coordination chemistry. 

2,4,6-tris(trilluoromethyl)ben/.ene A r i l was first prepared in 1947 by Mo Bee and 

Leech™. The modem synthesis for A r i l was first described by Chambers et a f , 

involving the reaction of SF4 anil the commercially available trimesic acid 

[C(,M.i(COOH).i] (yield 33%). This method was then subsequently improved 

dramatically by Edelmann et a l , w t increasing the yield of the reaction to 95%. 

oo 
/ 

/ J \ / ^ C O O ; \ \ 23K 

\ l 3 0 A t m o s . Dresr ,ur 

C O O H + C F 3 

SO? + HF + xs SF-

The ready availability of the parent fluorocarbon in large quantities has resulted in the 

rapid development of its derivative chemistry. ArH could be lithiated by treatment 

with n-bulyllithium in diethylether; 5 ' , , 6° the product 2,4,6-tris-(trifluoroniethyl) 

phenyllithium, (ArLi), is the key precursor to other main group compounds which 

contain Ar substituents. 

C F 

/ 

< 
BuLi 

C F \ 3 
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Because the aryl ring of 2,6-bis(trifluoromcthyl)benzene is not symmetrical , there is 

more than one potential lithiation site upon reaction with BuLi, as shown below. 

Li 

\ / 

\ 
< / BuLi 

\ \ 
7 8 C 50% C F 

(in e t h e r ) 
\ 

C F 3 

( BuLi 

< 50% C F 3 

Li 

' " ' l NMR sinilies on the reaction mixture formed in the reaction of BuLi and Ar'H " 

hav e show n that the ratio of species I (Ar ' l . i ) to species II ( A r " L i ) is approximately 

50:50: however, once this mixture has been reacted with PCI* the ratio of products 

( I W r H k I W r ' T I i ) is approximately 2:1; 5 5 The same ratio of products (SnAr^Ck 

SnAr">( I.) is formed i f Ar 'L i is reacted with SnCL ; but i f it reacts with GeCL. 

( i e A i ^ - C I . is the main product (90%); with SiCk similar to Ge, SiAr'^Ch is the 

main product; in reaction with AsC'k however, the ratio of products ArNAsCI: 

A r ' \ . \ s ( ' l : Ai 'Ar"AsC'l is almost 1:1:1. This will be discussed in more detail in 

section V-h. 

X Syntheses of l<:R,.2CI,., (R=Ar, A r \ A r " ; E=P, As, Sn, Gc, Si) 

In recent years there has been considerable and growing interest in the bulky, highly 

electron-withdrawing 2,4,6-tris(lrifluoromclhyl)phenyl and 2,6-bis(trifluoromethvl) 

phcinl ligands for their ability to stabilise low valcnl, low coordinate main group 

compounds, examples of which include compounds of metalloid elements such as 

(ia."' Sn " | » b " \ Hi m . As "° , Sb < , S w \ B w > and Si , , s . 



In this group much work has been done with Ar or Ar'as substituents on phosphorus. 

Goodwin 6 6 has synthesised ArPCl 2, ArPF 2, ArPH 2, ArP(CN)2, ArPHCl, Ar 2PCl, 

Ar 2PH, ArP=PAr, ArBCl 2 , Ar 2 BCl, Ar 3 B and some transition metal derivatives, while 

Roden55 prepared Ar 'PCl 2 ) Ar'PF 2, Ar 'PH 2 ) Ar'PBr 2 and Ar"PCl 2 , as well as Ar' 2PCl 

and Ar' 2 PH. Sequeira24 has made several transition metal complexes, such as 

Mo(NBu) 2Ar 2 , Cr(NAd) 2Ar 2, VrAr 2Cl(thf) and CrAr 2(PMe 3) 2. Roden also used 

[PtCl 2PEt 3] 2 in a direct reaction with Ar '- substituted species to prepare platinum 

complexes [Ar'PCl 2-PtCl 2PEt 3], [Ar'PF2-PtCl2PEt3] and [Ar'PH 2-PtCl 2PEt 3]. 

Very little has been reported about other main group derivatives of groups 14 and 15 

with Ar' , Ar or A r " and halide substituents. The only known compounds are SiAr 2 Cl 2 

prepared by Buijink 6 5 , AsAr 2Cl synthesised by Straw67, and ArSbCl 2 and Ar 2SbCl 

prepared by Goodwin 6 6 of this group, but no crystal structure has been described so 

far. 

The general method described by Fjelderg et a l 6 8 has been used in this work, with a 

heavier metal chloride reacting directly with ArLi or Ar 'Li( a mixture of Ar 'L i and 

A r " L i ) at low temperature, then being allowed to warm to room temperature with 

stirring being continued for a few hours; the products are separated by filtration and 

removal of solvent. Experimental detail is in the next section. 

V. Experimental 

1. General Procedures. 

All manipulations were carried out by using modified Schlenk techniques under an 

atmosphere of dry N 2 or in a glove box. All solvents were dried and purified by 

standard methods, or a special dry solvent was treated with Na wire and 4A molecular 

sieve. Commercial SnCl4, GeCl4, SiCl 4, PC13 and AsCl 3 were used without further 

purification. 
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2. Synthesis of A r L i , A r ' L i and A r " L i 

Using Goodwin's 6 6 and Roden's55 methods, ArH was directly reacted with BuLi 

hexane solution (2.5M) at low temperature (-78 °C) in diethyl ether solvent to produce 

ArLi . When Ar 'H reacts with BuLi under the same condition, a mixture of A r ' L i and 

A r " L i is formed. 

3. Synthesis of PRC1 2, AsArCl 2 , AsR 2 Cl, SnR 2 CI 2 , GeR 2 Cl 2 . GeArCb, S iR 2 CI 2 

(R=Ar, Ar' or Ar") 

a. RPCl2 (R=Ar, Ar'andAr") 

Similar to Goodwin's and Roden's methods, an ArLi solution (prepared by the 

described methods) was reacted with PCI3 in diethyl ether solution at -78°C, giving a 

mixture of ArPCl 2 and Ar 2PCl. The precipitated LiCl was then filtered off, and pure 

ArPCK was obtained by distillation of the mixture. Identical routes were used to 

synthesise the mixture of Ar'PCl 2 and Ar"PCl 2 . 

b. AsArCh and AsAr2Cl 

4.35g AsCb (24mmol) and 45ml pentane were introduced into a flask under dry 

nitrogen protection, and the flask was cooled to almost freezing the solution by a 

card ice/acetone slush bath with high speed stirring. ArLi-diethyl ether solution 

(20mmol, about 50 ml) was slowly transferred into the AsCh solution under N 2 

pressure (about 20 minutes), then the mixture was allowed to warm to room 

temperature and stirring continued for about two hours. During this time the colour 

changed and some white solid formed. The solution was then filtered and the solvent 

and excess AsClj were removed in vacuo, leaving a yellow sticky oil . This oil was 

distilled under vacuum, and fractions collected at 80-90 °C and 110-120 °C, giving 

1.5g AsArCb (oil) and 1.8g AsAr 2Cl (solid) Elemental analysis: AsArCl 2: 

Calculated: C, 25.3%; H, 0.47%. AsAr 2Cl: C, 32.2%, H, 0.60%. Found: AsArCl 2: C, 

24.1 %, H, 1.16%. AsAr 2CI: C, 31.6%, H, 0.98% 
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c. AsAr '2CI 

4.35g AsCb (24mmoI) and 45ml pentane were placed into a flask under dry nitrogen 

protection, and the flask was cooled to nearly freeze the solution by a cardice/acetone 

slush bath with high speed stirring. Ar'Li-diethyl ether solution (20mmol, about 50 

ml) was slowly transferred into the ASCI3 solution under N2 pressure (about 20 

minutes), then the mixture was allowed to warm to room temperature and stirring 

continued for about 3 hours. During the time the colour changed and some white solid 

formed. The solution was then filtered and the solvent and excess AsC^ were 

removed in vacuo, leaving a black sticky oil. This oil was distilled under vacuum, and 

the fraction boiling at 110-120 °C collected, giving 3.4g product (solid), yield 31.7%. 

Elemental analysis: Calculated C, 35.8%; H, 1.13%. Found: C, 35.7%, H, 1.22%. 

d. GeAryChancJ GeArCls 

3.22g GeCU (l5mmol) and 50ml pentane were placed in a flask under dry nitrogen 

protection, and the flask was cooled to -78°C by a cardice/acetone slush bath with 

high speed stirring. ArLi-diethyl ether solution (30mmol, about 50 ml) was slowly 

transferred into the GeCU solution under N2 pressure (about 10 minutes), then the 

mixture was allowed to warm to room temperature and stirring continued overnight. 

During this time the colour changed and some white solid formed. The solution was 

then filtered and the solvent was removed in vacuo, leaving a yellow sticky oil. This 

oil was distilled under vacuum, and the fractions boiling around 85 °C and 120 °C 

collected, yielding 2.6g and 1.2g respectively. The 85 °C product corresponds to 

GeArCli and the 120 °C fraction to GeA^C^. Elemental analysis: GeArCb; 

Calculated C, 23.5%; H, 0.44%. Found: C, 24.1%, H, 1.16%. GeAr 2Cl 2 : Calculated C, 

30.6%; H, 0.57%. Found: C, 28.9%, H, 1.52%. After one month, fine crystals formed 

in the GeArC^, which were taken for structure analysis; at the same time, very small 

crystals were found in the GeAr^Cb, but unfortunately they were not suitable for X-

ray structure analysis. 

c. Ck'Ar'yC'h 

4.29g GeCU (20mmol) and 55ml diethyl ether were placed into a flask under dry 

nitrogen protection, and the flask was cooled to -78 °C by a cardice/acetone slush 

bath, with high speed stirring. Ar'Li-diethyl ether solution (40mmol, about 60 ml) 
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was slowly transferred into the GeCU solution under N2 pressure in 10 minutes, then 

the mixture was allowed to warm to room temperature and stirring continued for 

about 2 hours. During this time the colour changed and some solid formed. The 

solution was then filtered and the solvent was removed in vacuo, leaving a black 

sticky oil. This oil was distilled under vacuum, and the fraction boiling at 80-90 °C 

collected, giving 5.8g product, yield 51%. Elemental analysis: Calculated C, 33.7%; 

H, 1.06%, CI, 12.5%. Found: C, 32.4%, H, 1.53%, CI, 12.8%. After one week, small 

crystals formed, which were taken for structure analysis. 

/ SnAr2Ch 

2.6g SnCU (lOmmol) and 45ml pentane were placed into a flask under dry nitrogen 

protection, and the flask was cooled to -78 °C by a cardice/acetone slush bath with 

high speed stirring. ArLi-diethyl ether solution (20mmol, about 50 ml) was slowly 

transferred into the SnCL» solution under N2 pressure in 20 minutes, then the mixture 

was allowed to warm to room temperature and stirring continued for about 3 hours. 

During this time the colour changed and some white solid formed. The solution was 

then filtered, the solvent was removed under vacuum, and the volume was reduced to 

10 ml. The yellow white solid which formed, was filtered off in vacuo, washed three 

times with 8ml pentane and dried in vacuo, giving 3.8g SnArjCh, yield 51%. 

Elemental analysis: Calculated C, 28.8%; H, 0.53%. Found: C, 28.2%, H, 1.11%. A 

small amount of the product was dissolved in diethyl ether solution, and placed in the 

fridge overnight, producing nice colourless crystals for structure analysis. 

g. SnAr'iCly 

2.6 g SnCI4 (lOmmol) and 35 ml diethyl ether were introduced into a flask under dry 

nitrogen protection, and the flask was cooled to nearly -78 °C by a cardice/acetone 

slush bath with high speed stirring. Ar'Li-diethyl ether solution (20mmol, about 50 

ml) was slowly transferred into the SnC^ solution under N2 pressure in 15 minutes, 

then the mixture was allowed to warm to room temperature and stirring continued 

overnight. During this time the colour changed and some white solid formed. The 

lithium salts were filtered off under nitrogen and the solution concentrated to 10ml 

under vacuum, forming a sticky solid. 5 ml pentane was added and a clear solid 

formed, which was filtered off, washed 3 time with a small quantity of pentane and 

dried under vacuum, yield 3.48g (57%). Elemental analysis: Calculated C, 31.21%; H, 
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0. 98%. Found: C, 29.7%, I I , 1.26%. A small quantity was dissolved in diethyl ether, 

or in a mixture of diethyl ether and pentane, and placed in the fridge overnight, 

yielding nice colourless crystals in the mixed solvent and small crystals in diethyl 

ether, both of which were taken for structure analysis. 

h. SiAnCh 

1.7g SiCU (lOmmol) and 35ml pentane were introduced into a flask under dry 

nitrogen protection, and the flask was cooled to -70 °C by a cardice/acetone slush 

bath with high speed stirring. ArLi-diethyl ether solution (20mmol, about 50 ml) was 

slowly transferred into the SiCU solution under N 2 pressure (about 20 minutes), then 

the mixture was allowed to warm to room temperature and stirring continued 

overnight. During this time the colour changed and some white solid formed. The 

solution was then filtered and the solvent was removed in vacuo, leaving a yellow 

sticky oil. This oil was distilled under vacuum, and a fraction collected at 110-120 "C, 

giving l.6g SiAr^Cli, yield 23.5% Elemental analysis: SiAr 2 Cl 2 : Calculated: C, 

32.7%; H, 0.61%. Found: C, 32.0%, H, 0.93%. 

/. SiAr' "..(•/.. 

I.7g SiCU (lOmmol) and 40ml pentane were introduced into a flask at dry nitrogen 

protection, and the flask was cooled to-70 °C by a cardice/acetone slush bath with 

high speed stirring. Ar'Li-dielhyl ether solution (20mmol, about 50 ml) was slowly 

transferred into the SiC'U solution under N 2 pressure (about 20 minutes), then the 

mixture was allowed to warm to room temperature and stirring continued for about 3 

hours. During this time the colour changed and some white solid formed. The solution 

was then filtered and the solvent was removed in vacuo, leaving a black sticky oil. 

This oil was distilled under vacuum, and fractions collected at 120 °C and giving 1.8g 

product, yield 32.4%. lilemenlal analysis: S iAr" 2 Cl 2 : Calculated: C, 36.6%; H, 

1. 15%. Found: C, 36.8%, I I , 1.24%. After a few days, very small crystals were found, 

which were taken for crystal structure analysis. 
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Table 1. Key bond lengths and angles of SnAr^Ch 

Sn(l)-C(l l ) 2.131(6) C(9)-F(9) 1.314(8) 

Sn(l)-C(t) 2.195(6) C(9)-F(8) 1.321(9) 

Sn(t)-Cl(2) 2.2977(17) C(9)-F(7) 1.325(3) 

Sa(l)-Cl(l) 2.3259(13) C(l l ) -C(l2) 1.395(8) 

C(l)-C(2) 1.403(9) C(U)-C(16) 1.401(8) 

C(l)-C(6) 1.411(9) C(12)-C(13) 1.389(9) 

C(2)-C(3) 1.385(9) C(12)-C(17) 1.517(S) 

C(2)-C(7) 1.503(9) C(13)-C(14) 1.395(8) 

C(3)-C(4) 1.391(9) C(14)-C(15) 1.386(9) 

C(4)-C(5) 1.375(9) C(14)-C(18) 1.511(9) 

C(4)-C(8) 1.487(7) C(15)-C(16) 1.378(9) 

C(5)-C(6) 1.386(9) C(16)-C(19) 1.506(9) 

C(6)-C(9) 1.508(9) C(l7)-F(tt) 1.323(8) 

C(7)-F(3) 1.340(9) C(17)-F(12) 1.330(7) 

C(7)-F(2) 1.343(8) C(17)-F(10) 1.353(7) 

C(7)-F(l) 1.347(8) C(18)-F(13) 1.311(8) 

C(3)-F(4A) 1.3330 C(18)-F(14) 1.320(8) 

C(8)-F(5A) 1.3330 C(18)-F(15) 1.337(8) 

C(8)-F(5B) 1.3331 C(19)-F(17) 1.328(3) 

C(8)-F(6B) 1.3331 C(19)-F(16) 1.352(7) 

C(3)-F(4B) 1.3331 C(19)-F(18) 1.358(8) 

C(8)-F(6A) 1.3332 

C(l l ) -Sa( l ) -C(l ) 120.3(2) C(l)-C(2)-C(7) 121.5(6) 

C(ll)-Sn(l)-Cl(2) 103.80(17) C(2)-C(3)-C(4) 120.3(6) 

C(l)-Sa(l)-Cl(2) 118.94(16) C(5)-C(4)-C(3) 118.4(6) 

C(l l )-Sa(l)-Cl( l) 113.89(17) C(5)-C(4)-C(8) 120.6(6) 

C(l)-Sa(l)-a(l) 96.14(17) C(3)-C(4)-C(3) - 121.0(6) 

Cl(2)-Sa(l)-Cl(l) 102.58(7) C(4)-C(5)-C(6) 121.3(6) 

C(2)-C(l)-C(6) 115.4(6) C(5)-C(6)-C(l) 121.9(6) 

C(2)-C(l)-Sa(l) 125.0(5) C(5)-C(6)-C(9) 113.7(5) 

C(6)-C(l)-Sa(l) 119.4(4) C(l)-C(6)-C(9) 124.4(6) 

C(3)-C(2)-C(l) 122.7(6) F(3)-C(7)-F(2) 106.7(6) 

C(3)-C(2)-C(7) 115.8(6) F(3)-C(7)-F(l) 107.5(6) 



F(2)-C(7)-F(l) 106.3(6) 

F(3)-C(7)-C(2) 111.3(6) 

F(2)-C(7)-C(2) 112.9(6) 

F(t)-C(7)-C(2) 111.8(6) 

F(4A)-C(8)-F(5A) 106.9 

F(4A)-C(8)-F(5B) 134.6 

F(5A)-C(8)-F(5B) 39.7 

F(4A)-C(8)-F(6B) 73.5 

F(5A)-C(3)-F(6B) 133.6 

F(5B)-C(8)-F(6B) 106.8 

F(4A)-C(8)-F(4B) 37.9 

F(5A)-C(8)-F(4B) 70.9 

F(5B)-C(8)-F(4B) 106.9 

F(6B)-C(8)-F(4B) 106.8 

F(4A)-C(8)-F(6A) 106.8 

F(5A)-C(3)-F(6A) 106.9 

F(5B)-C(8)-F(6A) 71.4 

F(6B)-C(8)-F(6A) 37.5 

F(4B)-C(3)-F(6A) 129.2 

F(4A)-C(8)-C(4) 111.2(3) 

F(5A)-C(8)-C(4) 112.1(3) 

F(5B)-C(8)-C(4) 110.8(3) 

F(6B)-C(8)-C(4) 110.4(3) 

F(4B)-C(8)-C(4) 114.7(3) 

F(6A)-C(8)-C(4) 112.6(3) 

F(9)-C(9)-F(8) 106.3(6) 

F(9)-C(9)-F(7) 107.2(6) 

F(8)-C(9)-F(7) 105.9(6) 

F(9)-C(9)-C(6) 112.1(6) 

F(8)-C(9)-C(6) " 111.0(5) 

F(7)-C(9)-C(6) 113.9(5) 

C(12)-C(ll)-C(16) 116.1(5) 

C( 12) -C( 11) -Snflj 123.5(4) 

C( 16) -C( 11) -Sal I) 120.2(4) 

C( 13) -C( 12) -CO I) 122.5(6) 

C( 13) -C( 12) -Q17) 114.4(5) 

C( H) -c( 12) -a \7) 123.1(5) 

C( 12) -C( 13) -C(14) 119.2(6) 

C( 15) -C( 14) - a 13) 119.8(6) 

C( 15) -C( 14) -C(18) 119.6(6) 

C( 13) -C( 14) -Q13) 120.6(6) 

C( 16) -C( 15) -C(14) 119.6(6) 

C( 15) -C( 16) -C(H) 122.7(6) 

C( 15) -C( 16) -C(19) 116.3(5) 

Q 11) -Q 16) -Q19) 121.0(5) 

F( 11) -C( 17) -F(12) 108.0(5) 

F( H) -C( 17) -F(tO) 106.8(5) 

F( 12) -C( 17) -F(IO) 106.0(5) 

F( It) -C( 17) -C(12) 112.9(5) 

F( 12) -C( 17) -C(12) 111.2(5) 

F( 10) -C( 17) -C(12) 111.5(5) 

F( 13) -C( 18) -F(14) 108.3(6) 

F( 13) -C( 18) -F(15) 106.5(6) 

F( 14) -C( 18) -F(15) 106.4(6) 

F( 13) -Q 18) -C(14) 112.6(6) 

F( 14] -C( 18) -C(14) 112.6(5) 

F 15' - C is; -C(14) 110.1(5) 

F ,17 - C 19] -F(16) 107.1(5) 

F (171 -c ,19] -F(IS) 106.3(5) 

F (16 )-C (19 )-F(18) 105.5(5) 

F (17 )-c (19 )-C(16) 113.3(5) 

F (16 )-c [19 )-C(l6) 111.8(5) 

F (18 )-c (19 >-C(16) 112.3(5) 



2 Molecular Structure of SnAr' 2 Cl 2 

The molecule structures determined from the different solvents are very similar. The 

first molecular crystal structure, and data of key bond distances and angles, are given 

in figure 2 and table 2. The second is detailed in appendix 2. Data were collected and 

the structure was solved by Dr. A. Goeta of Durham University. 

This compound possesses a pseudo-tetrahedral geometry with C-Sn-C and Cl-Sn-Cl, 

angles of 116.4° and 101.3° respectively, while C-Sn-Cl angles are 101.4°, 98.5°, 

120.2° and 119.5°. Similar to complex SnAr 2Cl 2 i since Ar' is also a bulky group and 

there are interactions between F of Ar' and Sn, the ligands need to minimise steric 

interactions, thus causing deviations from regular tetrahedral geometry. The C-Sn-Cl 

angles are again not identical, possibly because of Sn-F interactions. 

The C-Sn distances are 2.178A and 2.203A, while Sn-Cl bond lengths are 2.321 A and 

2.341 A. Compared with SnAr 2Cl 2, the average C-Sn distance is very similar (2.190A 

and 2.188A respectively); the average Sn-Cl distance is also similar to that in 

SnAr' 2 Cl 2 (2.331 A and 2.312A respectively), because there are two -CF 3 groups ortho 

to Sn in both complexes. It is known that SnAr2has a pseudo-sandwich geometry with 

a Sn-C bond of 2.278A62; this bond is longer than that of SnAr 2Cl 2 and SnAr' 2Cl 2 . 

An interesting observation is that Ar 'L i is known to be a mixture of Ar 'L i and A r " L i 

(50:50), although the structure of the product of PCI3 with Ar 'L i shows that it is 

A r ' A r ' T C l . 5 5 Here the crystal structure shows the product is SnAr'2Cl2. These points 

are discussed further in section 6. 

69 



CO 

en en 

CO 

t o 

CD 
(TQ 

CO 
H I CD r O 

cn 

O <9 

CD CD 

r O 

cn 
cn 

ho 

co 

co 
co 

70 



Table 2. Key bond lengths and angles of SnAr'iCh 

Sn(l)-C(l I) 

Sn(l)-C(l) 

Sn(l)-Cl(l) 

Sn(l)-Cl(2) 

C(l)-C(2) 

C(l)-C(6) 

C(2)-C(3) 

C(2)-C(7) 

C(3)-C(4) 

C(3)-H(3) 

C(4)-C(5) 

C(4)-H(4) 

C(5)-C(6) 

C(5)-H(5) 

C(6)-C(3) 

C(7)-F(3) 

C(7)-F(2) 

C(7)-F(l) 

C(8)-F(6) 

C(8)-F(5) 

C(8)-F(4) 

C(U)-C(12) 

C(ll)-C(16) 

C(t2)-C(l3) 

C(12)-C(17) 

C(13)-C(14) 

C(13)-H(13) 

C(14)-C(15) 

C(14)-H(14) 

C(15)-C(16) 

C(15)-H(15) 

C(16)-C(18) 

C(17)-F(3) 

C(17)-F(9) 

C(17)-F(7) 

2.178(8) 

2.203(7) 

2.321(3) 

2.341(2) 

1.325(12) 

1.466(11) 

1.483(12) 

1.543(13) 

1.413(15) 

0.9300 

1.327(16) 

0.9300 

1.366(12) 

0.9300 

1.516(12) 

1.287(12) 

1.335(12) 

1.393(13) 

1.322(10) 

1.328(11) 

1.365(8) 

1.358(12) 

1.413(12) 

1.401(13) 

1.488(13) 

1.334(15) 

0.9300 

1.360(14) 

0.9300 

1.440(12) 

0.9300 

1.584(12) 

1.332(1 1) 

1.364(12) 

1.409(11) 



C(13)-F(12) 

C(13)-F(10) 

C(l8)-F(ll) 

1.310(10) 

1.316(12) 

1.326(10) 

C(ll)-Sn(l)-C(l) 116.4(3) 

C(ll)-Sn(l)-Cl(l) 119.5(2) 

C(l)-Sa(l)-Cl(l) 101.4(2) 

C(ll)-Sn(l)-Cl(2) 98.5(2) 

C(l)-Sn(l)-Cl(2) 120.2(2) 

Cl(l)-Sn(l)-Cl(2) 101.03(11) 

C(2)-C(l)-C(6) 117.7(7) 

C(2)-C(l)-Sn(l) 123.9(6) 

C(6)-C(l)-Sn(l) 118.4(6) 

C(l)-C(2)-C(3) 122.7(8) 

C(l)-C(2)-C(7) 126.2(3) 

C(3)-C(2)-C(7) 111.1(8) 

C(4)-C(3)-C(2) 116.1(9) 

C(4)-C(3)-H(3) 121.9 

C(2)-C(3)-H(3) 122.0 

C(5)-C(4)-C(3) 120.4(9) 

C(5)-C(4)-H(4) 119.8 

C(3)-C(4)-H(4) 119.3 

C(4)-C(5)-C(6) 124.1(9) 

C(4)-C(5)-H(5) 113.0 

C(6)-C(5)-H(5) 118.0 

C(5)-C(6)-C(l) 118.9(9) 

C(5)-C(6)-C(8) 119.6(3) 

C(1),C(6)-C(8) 121.4(7) 

F(3)-C(7)-F(2) 107.7(9) 

F(3)-C(7)-F(l) 112.9(9) 

F(2)-C(7)-F(l) 103.5(8) 

F(3)-C(7)-C(2) 115.7(3) 

F(2)-C(7)-C(2) 110.3(8) 

F(l)-C(7)-C(2) 105.6(8) 

F(6)-C(3)-F(5) 109.3(7) 

F(6)-C(3)-F(4) 105.3(6) 



F(5)-C(8)-F(4) 108.1(6) 

F(6)-C(8)-C(6) 110.3(7) 

F(5)-C(8)-C(6) 112.6(7) 

F(4)-C(8)-C(6) 110.4(6) 

C(12)-C(U)-C(16) 113.7(8) 

C(12)-C(ll)-Sn(l) 128.0(6) 

C(16)-C(ll)-Sn(l) 118.3(6) 

C(ll)-C(12)-C(13) 124.5(8) 

C(ll)-C(12)-C(l7) 120.4(8) 

C(13)-C(12)-C(17) 115.0(3) 

C(14)-C(13)-C(12) 120.8(8) 

C(14)-C(13)-H(13) 119.6 

C(12)-C(13)-H(13) 119.6 

C(13)-C(14)-C(15) 119.4(9) 

C(13)-C(14)-H(14) 120.3 

C(15)-C(14)-H(14) 120.3 

C(14)-C(15)-C(16) 119.2(8) 

C(14)-C(15)-H(15) 120.4 

C(16)-C(15)-H(15) 120.4 

C(ll)-C(16)-C(l5) 122.0(8) 

C(ll)-C(16)-C(18) 123.3(8) 

C(15)-C(16)-C(18) 114.7(8) 

F(8)-C(17)-F(9) 105.6(8) 

F(8)-C(17)-F(7) 105.5(8) 

F(9)-C(17)-F(7) 103.0(i) 

F(8)-C(17)-C(12) 115.9(9) 

F(9)-C(17)-C(12) 115.7(8) 

F(7)-C(17)-C(12) 109.9(7) 

F(12)-C(18)-F(10) 106.0(8) 

F(12)-C(18)-F(U) 106.4(7) 

F(10)-C(l8)-F(ll) 106.6(8) 

F(12)-C(18)-C(16) 112.6(7) 

F(10)-C(18)-C(16) 114.0(7) 

F(ll)-C(18)-C(l6) 110.7(8) 



3. Molecular Structure of GeAr" 2Cl2 

The molecular crystal structure, and data of key bond distances and angles, are given 

in figure 3 and table 3. Data were collected and the structure was solved by Dr. 

A.Goeta of Durham University. 

This compound possesses a pseudo-tetrahedral geometry with C-Ge-C and Cl-Ge-Cl, 

angles of 119.9° and 102.6° respectively, while C-Ge-Cl angles are 107.8°, 108.3°, 

108.7° and 108.2°. Similar to complexes SnAr 2Cl 2and SnAr' 2Cl 2 i since Ar" is also a 

bulky group, the ligands need to twist in space to minimise steric interaction. The 

angles are more similar to these in SnAr 2Cl 2 than to these in SnAr' 2 Cl 2 j because the 

radius of Ge is smaller than that of Sn, increasing the steric repulsion between the 

attached ligands, even though there is only one - C F 3 group ortho to Ge. 

The C-Ge bond lengths are 1.957A and 1.958A, and Ge-Cl bond lengths are 2.148A 

and 2.149A. As expected for the smaller germanium atom, both Ge-C and Ge-Cl 

distances are shorter than the corresponding Sn-C and Sn-Cl bond lengths, in 

SnAr' 2 Cl 2 and SnAr 2Cl 2. 

The most interesting feature of the structure is that both aromatic groups are attached 

as Ar", with the Ge ortho to one C F 3 group only, unlike SnAr' 2Cl 2 , where both 

ligands are attached to Sn between the two C F 3 groups, and PAr'Ar"Cl 5 5 , where 

ligands of both types are present. This is discussed further in section 6. 
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Table 3. Key bond lengths and angles of G e A r " 2 C l 2 

Ge(l)-C(l) 

Ge(l)-C(tl) 

Ge(l)-Cl(l) 

Ge(l)-Cl(2) 

C(l)-C(6) 

C(l)-C(2) 

C(2)-C(3) 

C(2)-C(7) 

C(3)-C(4) 

C(3)-H(3) 

C(4)-C(5) 

C(4)-C(8) 

C(5)-C(6) 

C(5)-H(5) 

C(6)-H(6) 

C(7)-F(3) 

C(7)-F(2) 

C(7)-F(l) 

Q8)-F(6) 

1.957(2) 

1.958(2) 

2.1483(8) 

2.1497(10) 

1.399(3) 

1.404(3) 

1.387(3) 

1.505(3) 

1.393(3) 

0.96(3) 

1.372(4) 

1.509(4) 

1.394(4) 

0.89(3) 

0.86(3) 

1.328(3) 

1.334(3) 

1.348(3) 

1.317(3) 

C(8)-F(4) 

C(8)-F(5) 

C(ll)-C(16) 

C(ll)-C(12) 

C(12)-C(13) 

C(12)-C(17) 

C(13)-C(14) 

C(13)-H(13) 

C(14)-C(15) 

C(14)-C(18) 

C(15)-C(16) 

C(15)-H(15) 

C(16)-H(16) 

C(17)-F(9) 

C(17)-F(8) 

C(17)-F(7) 

C(18)-F(10) 

C(18)-F(12) 

C(18)-F(ll) 

1.322(3) 

1.328(3) 

1.397(3) 

1.400(3) 

1.391(3) 

1.507(3) 

1.388(4) 

0.94(3) 

1.387(4) 

1.510(4) 

1.391(4) 

0.94(3) 

0.92(3) 

1.318(3) 

1.328(3) 

1.348(3) 

1.322(4) 

1.330(3) 

1.339(4) 

C(l)-Ge(l)-C(lt) 

C(l)-Ge(l)-Cl(l) 

C(ll)-Ge(l>Cl(l) 

C(l)-Ge(l)-Cl(2) 

C(ll)-Ge(l)-Cl(2) 

Cl(l)-Ge(l)-Cl(2) 

C(6)-C(l)-C(2) 

C(6)-C(l)-Ge(l) 

C(2)-C(l)-Ge(l) 

C(3)-C(2)-C(l) 

C(3)-C(2)-C(7) 

C(l)-C(2)-C(7) 

C(2)-C(3)-C(4) 

C(2)-C(3)-H(3) 

C(4)-C(3)-H(3) 

119.93(10) 

108.30(7) 

107.76(7) 

108.19(7) 

108.67(7) 

102.65(4) 

117.8(2) 

116.97(18) 

125.20(17) 

120.9(2) 

116.4(2) 

122.6(2) 

119.9(2) 

117.5(15) 

122.6(15) 

C(5)-C(4)-C(3) 

C(5)-C(4)-C(8) 

C(3)-C(4)-C(8) 

C(4)-C(5)-C(6) 

C(4)-C(5)-H(5) 

C(6)-C(5)-H(5) 

C(5)-C(6)-C(l) 

C(5)-C(6)-H(6) 

C(l)-C(6)-H(6) 

F(3)-C(7)-F(2) 

F(3)-C(7)-F(l) 

F(2)-C(7)-F(l) 

F(3)-C(7)-C(2) 

F(2)-C(7)-C(2) 

F(l)-C(7)-C(2) 

120.3(2) 

121.6(2) 

118.1(2) 

120.0(2) 

121(2) 

119(2) 

121.1(2) 

120.0(19) 

118.8(19) 

107.7(2) 

105.8(2) 

105.2(2) 

113.7(2) 

112.2(2) 

111.7(2) 
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F(6)-C(8)-F(4) 106.8(3) 

F(6)-C(8)-F(5) - 106.7(2) 

F(4)-C(8)-F(5) 106.3(3) 

F(6)-C(8)-C(4) 112.1(2) 

F(4)-C(8)-C(4) 112.0(2) 

F(5)-C(8)-C(4) 112.5(2) 

C(16)-C(ll)-C(12) 118.0(2) 

C(16)-C(ll)-Ge(l) 116.80(18) 

C(12)-C(ll)-Ge(l) 125.18(17) 

C(13)-C(12)-C(ll) 120.9(2) 

C(13)-C(12)-C(17) 117.0(2) 

C(ll)-C(12)-C(17) 122.0(2) 

C(14)-C(13)-C(12) 119.7(2) 

C(14)-C(13)-H(13) 122.4(18) 

C(12)-C(13)-H(13) 117.8(18) 

C(15)-C(14)-C(13) 120.5(2) 

C(15)-C(14)-C(18) 119.4(2) 

C(13)-C(14)-C(18) 120.1(2) 

C(14)-C(15)-C(16) 119.3(2) 

C(14)-C(15)-H(15) 119.3(18) 

C(16)-C(15)-H(15) 121.4(18) 

C(15)-C(16)-C(ll) 121.5(2) 

C(15)-C(16)-H(16) 119.4(17) 

C(ll)-C(16)-H(16) 119.0(17) 

F(9)-C(17)-F(8) 107.5(2) 

F(9)-C(17)-F(7) 106.5(2) 

F(8)-C(17)-F(7) 105.4(2) 

F(9)-C(17)-C(12) 113.4(2) 

F(8)-C(17)-C(12) 113.1(2) 

F(7)-C(17)-C(12) 110.4(2) 

F(10)-C(18)-F(12) 107.8(3) 

F(10)-C(18)-F(ll) 107.2(3) 

F(12)-C(18)-F(ll) 105.4(2) 

F(10)-C(18)-C(14) 111.9(2) 

F(12)-C(18)-C(14) 112.5(2) 

F(ll)-C(18)-C(14) 111.7(3) 
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4. Molecular Structure of GeArCb 

The molecular crystal structure, and data of key bond distances and angles, are given 
in figure 4 and table 4. Data were collected and the structure was solved by Dr. A. 
Batsanoc of Durham University. 

This compound possesses a pseudo-tetrahedral geometry with C-Ge-Cl angles of 

111.9°, 113.7° and 113.7°, while the Cl-Ge-Cl angles are 108.5°, 108.5° and 99.8°. 

Due to GeArCb having only one bulky ligand, the steric effects are much smaller than 

with two bulky ligands in GeAr"2Cl2 ; similar to GeAr" 2 Cl 2 , due to interaction of Ge 

and F, the ligands still need to twist in space to avoid overlapping, giving some 

distortion from regular tetrahedral geometry. 

The C-Ge bond length is 1.981 A, and the average Ge-Cl bond length is 2.124A; 

compared with those of GeAr" 2 Cl 2 (1.957 A and 2.149A), the Ge-Cl bond length is 

slightly shorter, while the Ge-C bond is slightly longer; since the Ge of GeArCl3 is 

connected to three electronegative chlorines rather than two, as in GeAr" 2 Cl 2 , the 

Ge-C bond in GeArCl3 is slightly weaker. 
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Table 4. Key bond lengths and angles of GeArCl 3 

Ge-C(l) 

Ge-Cl(2) 

Ge-Ci(l) 

Ge-Cl(l)#l 

F(l)-C(5) 

F(2)-C(5) 

F(3)-C(5) 

C(l)-C(2)#l 

C(l)-C(2) 

C(2)-C(3) 

C(2)-C(5) 

C(3)-C(4) 

C(3)-H(3) 

C(4)-C(3)#l 

1.981(2) 

2.1117(8) 

2.1277(4) 

2.1277(4) 

1.3370(18) 

1.3466(17) 

1.3464(19) 

1.4117(17) 

1.4117(17) 

1.398(2) 

1.517(2) 

1.3855(19) 

0.93(2) 

1.3855(19) 

C(4)-C(6) 

C(6)-F(5) 

C(6)-F(5)#l 

C(6)-F(6) 

C(6)-F(6)*l 

C(6)-F(4) 

C(6)-F(4)f?l 

F(4)-F(5)*l 

F(4)-F(6)#l 

F(5)-F(4)#l 

F(5)-F(5)#l 

F(6)-F(6)#l 

F(6)-F(4)#l 

1.512(3) 

1.263(4) 

1.263(4) 

1.274(4) 

1.274(4) 

1.329(3) 

1.329(3) 

1.138(6) 

1.347(6) 

1.138(6) 

1.201(10) 

0.966(11) 

1.347(6) 

C(l)-Ge-Cl(2) 

C(l)-Ge-Cl(l) 

Cl(2)-Ge-Cl(l) 

C(l)-Ge-Cl(l)#l 

Cl(2)-Ge-Cl(l)#l 

Cl(l)-Ge-Cl(l)#l 

C(2)#l-C(l)-C(2) 

C(2)#l-C(l)-Ge 

C(2)-C(l)-Ge 

C(3)-C(2)-C(l) 

C(3)-C(2)-C(5) 

C(l)-C(2)-C(5) 

C(4)-C(3)-C(2) 

C(4)-C(3)-H(3) 

C(2)-C(3)-H(3) 

C(3)#l-C(4)-C(3) 

C(3)#l-C(4)-C(6) 

C(3)-C(4)-C(6) 

F(l)-C(5)-F(3) 

111.89(6) 

113.72(4) 

108.461(17) 

113.72(4) 

108.461(17) 

99.82(3) 

116.41(18) 

121.77(9) 

121.77(9) 

121.71(14) 

114.18(13) 

124.06(13) 

119.81(15) 

121.8(13) 

118.4(13) 

120.2(2) 

119.87(10) 

119.87(10) 

108.04(12) 

F(l)-C(5)-F(2) 

F(3)-C(5)-F(2) 

F(l)-C(5)-C(2) 

F(3)-C(5)-C(2) 

F(2)-C(5)-C(2) 

F(5)-C(6)-F(5)#l 

F(5)-C(6)-F(6) 

F(5)#l-C(6)-F(6) 

F(5)-C(6)-F(6)*l 

F(5)#l-C(6)-F(6)sil 

F(6)-C(6)-F(6)*l 

F(5)-C(6)-F(4) 

F(5)#l-C(6)-F(4) 

F(6)-C(6)-F(4) 

F(6)#l-C(6)-F(4) 

F(5)-C(6)-F(4)*l 

F(5)#l-C(6)-F(4)#l 

F(6)-C(6)-F(4)fl!l 

F(6)#l-C(6)-F(4)i?l 

106.72(12) 

105.97(13) 

112.90(13) 

112.03(12) 

110.80(12) 

56.8(5) 

109.9(3) 

134.5(3) 

134.5(3) 

109.9(3) 

44.6(5) 

105.2(4) 

52.0(3) 

103.6(4) 

62.3(3) 

52.0(3) 

105.2(4) 

62.3(3) 

103.6(4) 
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F(4)-C(6)-F(4)#l 134.7(3) F(5)*l-F(4)-Ff6).= l 113.1(4) 

F(5)-C(6)-C(4) 112.6(3) C(6)-F(4)-F(6)?l 56.9(3) 

F(5)#l-C(6)-C(4) 112.6(3) F(4)*l-F(5)-F(5)sM 123.4(3) 

F(6)-C(6)-C(4) 112.5(2) F(4)#l-F(5)-C(6) 67.0(3) 

F(6)#l-C(6)-C(4) 112.5(2) F(5)*l-F(5)-C(6) 61.6(3) 

F(4)-C(6)-C(4) 112.52(16) F(6)#l-F(6)-C(6) 67.7(3) 

F(4)#l-C(6)-C(4) 112.52(16) F(6)#l-F(6)-F(4).= l 123.5(3) 

F(5)#l-F(4)-C(6) 61.0(3) C(6)-F(6)-F(4)=l 60.9(2) 

Symmetry transformations used to generate equivalent atoms: 

#1 x,-y+l/2,z 
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5. Molecular Structure of S i A r " 2 C l 2 

The molecular crystal structure, and data of key bond distances and angles, are given 
in figure 5 and table 5. Data were collected and the structure was solved by Dr. A. 
Batsanov of Durham University. 

This compound possesses a pseudo-tetrahedral geometry with C-Si-C and Cl-Si-Cl, 

angles of 117.5° and 104.2° respectively, while C-Si-Cl angles are 109.3°, 108.2°, 

108.0° and 108.9°. The structure is similar to that of GeAr" 2 Cl 2 , where the C-Ge-C 

angle is 119.9° and Cl-Ge-Cl is 102.6°. The Cl-E-Cl angle is larger in the Si 

compound than that in the Ge compound, because the radius of Si is smaller than that 

of Ge. The C-Si-Cl angles, however, in SiAr" 2 Cl 2 are similar to those of GeAr" 2 Cl 2 , 

because with only one - C F 3 group ortho to E from each Ar" group, they can approach 

more closely the ideal tetrahedral angle. 

The C-Si bond lengths are 1.884A and 1.885A, and the Si-Cl bond lengths are 2.048A 

and 2.050A. As expected for the smaller silicon atom, both Si-C and Si-Cl distances 

are shorter than the corresponding Ge-C(1.958A) and Ge-C1(2.149A) bond lengths in 

GeAr" 2 Cl 2 . In both of the structures the aromatic groups are attached as Ar", with the 

E ortho to one CF3 group -only, confirming our rationalisation. This will be discussed 

further in section 6. 
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Table 5. Key bond lengths and angles of S iAr'^Ch 

Si-C(l) 

Si-C(ll) 

Si-Cl(2) 

Si-Cl(l) 

Si-F(l) 

Si-F(ll) 

F(l)-C(7) 

F(2)-C(7) 

F(3)-C(7) 

F(4)-C(8) 

F(5)-C(8) 

F(6)-C(8) 

F(ll)-C(17) 

F(12)-C(17) 

F(13)-C(L7) 

F(14)-C(18) 

F(15)-C(18) 

F(16)-C(18) 

C(l)-C(6) 

C(l)-C(2) 

1.8838(19) 

1.8845(19) 

2.0479(13) 

2.0497(12) 

2.882(2) 

2.9013(18) 

1.338(2) 

1.351(2) 

1.335(2) 

1.326(2) 

1.325(3) 

1.327(2) 

1.340(2) 

1.328(2) 

1.339(2) 

1.334(2) 

1.334(3) 

1.340(3) 

1.406(2) 

1.413(2) 

C(2)-C(3) 

C(2)-C(7) 

C(3)-C(4) 

C(3)-H(3) 

C(4)-C(5) 

C(4)-C(8) 

C(5)-C(6) 

C(5)-H(5) 

C(6)-H(6) 

C(ll)-C(16) 

C(ll)-C(12) 

C(12)-C(13) 

C(12)-C(17) 

C(13)-C(14) 

C(13)-H(13) 

C(14)-C(15) 

C(14)-C(18) 

C(15)-C(16) 

C(15)-H(15) 

C(16)-H(16) 

1.392(2) 

1.506(2) 

1.395(2) 

0.93(2) 

1.381(3) 

1.510(2) 

1.396(3) 

0.96(2) 

0.96(2) 

1.407(2) 

1.411(2) 

1.393(2) 

1.517(3) 

1.392(3) 

0.94(2) 

1.389(3) 

1.503(3) 

1.393(3) 

0.92(2) 

0.95(2) 

C(l)-Si-C(ll) 

C(l)-Si-Cl(2) 

C(ll)-Si-Cl(2) 

C(l)-Si-Cl(l) 

C(ll)-Si-Cl(l) 

Cl(2)-Si-Cl(l) 

C(l)-Si-F(l) 

C(l l)-Si-F(l) 

Cl(2)-Si-F(l) 

Cl(l)-Si-F(l) 

C(l)-Si-F(ll) 

C(ll)-Si-F(ll) 

Cl(2)-Si-F(ll) 

117.47(8) 

109.29(6) 

108.22(7) 

108.00(7) 

108.88(6) 

104.17(5) 

70.51(6) 

69.55(7) 

176.92(4) 

78.71(5) 

77.18(7) 

69.90(6) 

71.41(5) 

Cl(l)-Si-F(ll) 

F(l)-Si-F(ll) 

C(7)-F(l)-Si 

C(17)-F(ll)-Si 

C(6)-C(l)-C(2) 

C(6)-C(l)-Si 

C(2)-C(l)-Si 

C(3)-C(2)-C(l) 

C(3)-C(2)-C(7) 

C(l)-C(2)-C(7) 

C(2)-C(3)-C(4) 

C(2)-C(3)-H(3) 

C(4)-C(3)-H(3) 

174.30(4) 

105.64(5) 

98.52(9) 

97.00(10) 

116.61(15) 

117.44(13) 

125.94(12) 

121.53(15) 

115.30(15) 

123.10(15) 

119.92(16) 

120.0(13) 

120.1(13) 
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C(5)-C(4)-C(3) 120.16(16) 

C(5)-C(4)-C(8) 121.65(16) 

C(3)-C(4)-C(8) 118.18(16) 

C(4)-C(5)-C(6) 119.63(16) 

C(4)-C(5)-H(5) 121.3(15) 

C(6)-C(5)-H(5) 119.0(15) 

C(5)-C(6)-C(l) 122.16(16) 

C(5)-C(6)-H(6) 119.6(14) 

" C(l)-C(6)-H(6) 118.2(14) 

F(3)-C(7)-F(l) 107.21(15) 

F(3)-C(7)-F(2) 105.87(15) 

F(l)-C(7)-F(2) 106.10(15) 

F(3)-C(7)-C(2) 112.28(15) 

F(l)-C(7)-C(2) 113.23(14) 

F(2)-C(7)-C(2) 111.66(15) 

F(5)-C(8)-F(4) 106.71(18) 

F(5)-C(8)-F(6) 106.51(17) 

F(4)-C(8)-F(6) 106.90(17) 

F(5)-C(8)-C(4) 112.10(16) 

F(4)-C(8)-C(4) 111.79(15) 

F(6)-C(8)-C(4) 112.45(16) 

C(16)-C(ll)-C(12) 116.77(16) 

C(16)-C(ll)-Si 116.93(13) 

C(12)-C(ll)-Si 126.30(13) 

C(13)-C(12)-C(ll) 121.60(16) 

C(13)-C(12)-C(17) 116.30(15) 

C(l l) -Q12 -C( 17) 122.04(15) 

C(14 -Q13) -Q12) 119.86(16) 

C(14) -C(13 •H(13) 119.9(14) 

C(12 -C(13) -H(13) 120.2(14) 

C(15) -C(14j -Q13) 120.18(16) 

C(15] -Q14) -Q18) 119.78(16) 

C(13] -C(14j -C(18) 120.03(16) 

Q141 -C(15] -C(16) 119.55(16) 

C(14, -C(15, -H(15) 119.7(15) 

C(16 -C(15, -H(15) 120.7(15) 

C{\5' -C(16 -Q11) 122.04(16) 

C(15 -C(16 -H(16) 119.4(13) 

C( l l -Q161 -H(16) 118.5(13) 

F(12) -C(17) -F(13) 107.55(16) 

F(12) -C(17) -F(l l ) 106.85(15) 

F(13) -C(17) -F( l l ) 106.40(16) 

F(12) -C(17) -C(12) 112.56(16) 

F(13) -C(17) -C(12) 110.90(15) 

F(l l ) -C(17) -C(12) 112.24(15) 

F(15) -C(18) -F(14) 106.99(17) 

F(15) -C(18) -F(16) 106.35(17) 

F(14) -C(18) -F(16) 106.25(17) 

F(15) -C(18) -C(14) 112.19(17) 

F(14] -C(18) -C(14) 112.69(16) 

F(16] -C(18) -Q14) 111.95(17) 
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6.Variation of trifluoromethyl group position in bis(trifiuoromethyl)phenyl 

complexes of Sn, Ge, Si, P and As 

For the first time, variation in position of trifluoromethyl groups in bis(trifluoro-

methyl)benzene complexes has been observed. Roden had shown that 2,6-bis-

(trifluoromethyl)benzene Ar'H reacts with butyl lithium to produce a 2,6- bis-

(trifluoromethyl)phenyl lithium and 2,4-bis(trifluoromethyl)phenyl lithium mixture 

(1:1 ) 5 5 The mixed bis(trifluoromethyl)phenyl lithiums react with PC13, generating 2,6-

bis(trifluoromethyl)phenyl-2,4-bis(trifluoromethyl)phenyl phosphorus chloride, 

Ar'Ar'TCl, which was confirmed by crystal structure determination and l 9 F NMR 

spectra55. Initially it was thought that the structure of the tin(IV) complex would be 

similar, since if the trifluoromethyl group of bis(trifluoromethyl)phenyl can freely 

arrange its position in space, this is a very likely choice. But the crystal structure 

shows that it is the di-2,6-bis(trifluoromethyl)phenyl tin dichloride complex, 

suggesting the possibility of a weak interaction between tin and ortho fluorines 

making the - C F 3 groups more likely to be close to the main group element. The 

crystal structure of the germanium dichloride complex, on the other hand, shows it is 

the di-2, 4-bis(trifluoromethyl) phenyl germanium dichloride. This suggests that steric 

factors are becoming more important, because the covalent radius of germanium is 

just 1.25 A, hence space around Ge is more important than weak M-F interactions. 

o 

Since the Si covalent radius of I.17A is slightly shorter than the radius of Ge, the 

structure should be the same as that of GeAr'SCb. This has been confirmed 

crystallographically. As expected, the trifluoromethyl groups are again located in 

positions 2 and 4, in agreement with our rationalisation. 

The crystal structures are also backed by l 9 F NMR spectra. In all the 1 9 F NMR spectra 

of complexes containing the Ar group, there are only two signals in a 2:1 ratio, but 

the spectra of complexes with bis(trifluoromethyl)phenyl substituents are very 

different, according to the trifluoromethyl positions. There will be only one type of F 

if the trifluoromethyl groups of bis-(trifluoromethyl)-phenyl are all in 2, 6 positions 

(EArSCli-a), whereas if the trifluoro-methyl groups are all in 2,4 positions (EAr'^Oi-

2), there are two kind of fluorine; if the C F 3 groups of one bis(trifluoromethyl)-phenyl 
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in the 2,6 positions (EAr'Ar"Cl2), there are three kinds of fluorine in a 2:1:1 ratio. If 

the product is a mixture of all three possible structures, (EAr'Ar"Cl 2 + EAr'2Cl 2 + 

EAr"Cl2), there are 6 kinds of fluorine; if it is a mixture of two structure, there are 

three possible combinations: a. E A r ' 2 C l 2 + E A r 2 " C l 2 , 3 kinds o f - C F 3 . b.E Ar'Ar"Cl 2 

+ A r ' 2 E C l 2 ,4 kinds o f -CF 3 . c: E A r 2 " C l 2 + EAr'Ar"Cl 2 , 5 kinds of - C F 3 . 

All the1 9F NMR spectra of the Sn, Ge, Si and As complexes with 

tris(trifluoromethyl)-phenyl substituents show two signals in a 2:1 ratio between -53 

and - 65 ppm; the spectra of SnAr 2Cl 2 and GeArCKi are shown as representatives of 

this types. The 1 9 F NMR spectra of complexes with bis(trifluoromethyl)phenyl 

substituents are all included. The Sn complex with bis(trifluoromethyl)phenyl 

substituents shows three signals, corresponding to the mixture Ar'2SnCl2 + 

Ar 2 "SnCl 2 ; Ar' 2 SnCl 2 is about 2/3 of the total. The 1 9 F NMR spectra of the Ge 

complex show two main signals, the main product (90%) being GeAr 2 "Cl 2 i and 

SiAr" 2 Cl 2 gives rise to a similar spectrum.. The l 9 F NMR spectra of the As complex 

show 6 signals, indicating a mixture of Ar' 2ECl2 + Ar'Ar"ECl 2 + A r 2 " E C l 2 , with no 

one species predominant. This is probably because the radius of As is sufficiently 

large for the bis(trifluoromethyl)phenyl group to choose freely its position in space. 
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7. The interaction between main group elements andfluorine 

An interesting feature of these compounds is the possible presence of weak metal-

fluorine interactions, which have also been observed widely throughout other main 

group derivatives.6 1'6 4 Interaction between the metal atom and the ortho fluorine has 

been proposed as a significant stabilising effect in main group chemistry. Evidence 

for these interactions is that the E-F distances lie between the sum of the Van der 

Waals radii and the covalent distance for E-F Bonds, as shown in the table below. 

Comparison of E-F bond distances in Ar or Ar ' complexes to the E-F covalent bond 

distance and to the sum of the Van der Waals radii (Reference 69-71). 

Compound Covalent 

Distance (A) 

Sum of van der 

Waals Radii (A) 

Distance in 

Compound (A) 
SnAr2 2.12 1.47+2.17=3.64 2.746 

lnAr3 2.16 3.4 2.762 

[LiArEt2OJ 1.95 1.47+1.82=3.29 2.252 

SnAr2CI2 2.12 1.47+2.18=3.65 2.96 

SnAr'2CI2 2.12 1.47+2.18=3.65 2.915 

GeAr'2CI2 2.05 1.47+2.12=3.59 2.854 

GeArCI3 2.05 1.47+2.12=3.59 2.909 

SiAr2CI2 2.02 1.47+2.08=3.55 2.892 

From the table, it is clear the distances E-F in complexes of Ar, Ar ' or A r " are shorter 

than the sum of Van der Waals radii of E and F, strongly suggesting that weak 

interactions exist in the main group element complexes containing Ar, Ar" or A r " 

ligands. 

In the compounds SnAr 2Cl 2 and SnAr'2Cl2, the average Sn-F distances are 2.960A, 

and 2.915A respectively, longer than in SnAr2 ( average Sn-F distance 2.746A), 

because SnAr 2Cl 2 and SnAr' 2Cl 2 contain two chlorine atoms, reducing the positive 

charge on Sn and making Sn-F interactions weaker. This also can be seen by 

comparing the Sn-F distances of SnAr 2Cl 2 and SnAr' 2 Cl 2 ; with three CF 3 groups Ar is 

more negative than Ar ' with two - C F 3 groups, and the Sn-F distance in SnAr 2Cl 2 a 
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little longer than in SnAr^C^. The average interatomic distance of Ge-F in 
t> 

GeAr'^Cb is 2.854A, shorter than Sn-F in SnAr 2Cl 2 and SnAr^Cb, because the 
o 

germanium radius is shorter than that of tin. The Ge-F distance in GeArC^ is 2.909A, 

a little longer than that of GeAr"2Cl2, because the Ge in GeArCb is connected to three 

chlorines, making it more negative and its Ge-F interactions slightly weaker. The Si-F 

distance in SiAr '^C^ is 2.892 A, slightly longer than that in GeAr'SCli; since the 

radius of Si is smaller than that of Ge, this appearing unusual at first glance. In this 

situation, however, the space factor is very important; the smaller Si may require 

greater distortion (this can be seen in the structure) to avoid unfavourable steric 

interactions. 

These weak interactions can sometimes be detected in solution by NMR. In SnAri 

fluorine coupling can be observed in the l l 9 Sn NMR spectra which are split into 13 

lines by coupling to the fluorine atoms of the ortho-trifluoromethyl groups.62 In BiAr3 

only one signal is seen for all fluorine atoms in the ortho-CF3 groups at room 

temperature.64 On cooling to -90 °C two signals are observed, indicating that rotation 

about the Bi-C bond is frozen out at this temperature. 

The room temperature l 9 F NMR spectrum (shown in section 4) and low temperature 

(-60 °C) l 9 F NMR of SnAr 2Cl 2 and SnAr' 2 Cl 2 look exactly the same, and no coupling 

signal could be observed. In the room temperature " 9 Sn NMR of SnAriCli and 

SnAr^Ch shown below, only one broad singlet at -146.5 and -141.1 ppm 

respectively can be seen, and no spin-spin coupling between Sn and F could be 

resolved. The linewidths were of the order of 60-65Hz, however, compared with a 

linewidth for the reference of 1-2 Hz. It is therefore possible that some coupling 

occurs, but is hidden within the overall peak envelope. Since only five of the lines 

from a 13 line multiplet would appear above the point at while the linewidth is 

measured (half-height), giving four separations, this indicates a maximum possible 

value for J of ca. 15Hz. It should be emphasised, however, that no coupling was 

detected. 
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VII. Suggestion for further research 

As described in previous sections, the main aim of this project is the synthesis of new 

double bonded main group elements compounds, which containing bulky electron-

withdrawing subsitutens Ar, Ar' or Ar" . 

So far the only double bond compounds of main group elements with such 

substituents are diphosphenes. Dillon, Gibson and Sequeira used the highly reducing 

nature and labile coordination sphere of the zerovalent tungsten complex, 

W(PMe3),st as an efficient chloride ion abstractor; they found dichlorophosphines 

reacted with W(PMe 3)6 in benzene at room temperature smoothly over several hours 

to give the diphosphene RP=PR [R=2,4,6-tris('butyl)phenyl, 2,4,6-tris(trifluoro-

methyl)phenyl, 2,6-bis(tri-fluoromethyl)phenyl] in virtually quantitative yield. 

RPC12 + W(PMe 3) 6 • RP=PR + WCl 4(PMe 3) 4 

When different dichlorophosphines ArPCb and Ar*PCl2 [Ar*=2,4,6-tris( tbutyl)-

phenyl, Ar=2,4,6-tris(trifluoromethyl)phenyl] reacted with W(PMe 3)6, only the 

unsymmetrical diphosphene ArP=PAr* was produced in good yield (95%). 

Since a series of main group element complexes with substituents Ar, Ar' and A r " 

have been prepared, the next step will react them with W(PMe 3)6 in an effort to 

prepare new double bonded compounds. Probably a series of new homonuclear and 

heternuclear main group double bonded compounds with bulky electron-withdrawing 

substituents Ar, Ar' or A r " may be synthesised, and their chemistry, particularly with 

transition metal fragments, can then be explored further. 
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Chapter 4. Attempts to Synthesise Phosphaalkynes with Bulky 
Electron-Withdrawing Substituents 



I. Introduction 

1. Phosphaalkynes and History 

Phosphaalkynes are compounds of tervalent phosphorus which contain a P=C triple 

bond. The first phosphaalkyne was synthesised and characterised in 1961 1 by T . E . 

Gier of Du Pont in Wilmington. Methynophosphide (HCP) was prepared by passing 

P H 3 through a low intensity (50-100 amperes, 25volts) rotating arc struck between 

graphite electrodes, contained in a water cooled copper reactor. HCP is a very reactive 

colourless gas, stable to storage only in its pure state and below its triple point -124°C. 

The monomer polymerises slowly at -130 °C and more rapidly at -78 °C to a black 

solid. Both the monomer and the polymer are extremely pyrophoric. 

The first stable phosphaalkyne, 'BuCP, was made by Becker in 19812. This is a 

colourless liquid which boils at 61°C without decomposing. It was made using a base 

induced disiloxane elimination reaction. Improvements to this reaction have since 

been made,3 and a variety of stable phosphaalkynes has been synthesised.(e.g. RCP, 

R= isopropyl, adamantyl, mesityl) 

2. Preparation Methods of Phosphaalkynes 

i) Original prep, of HCP. 

arc struck between 
graphite electrodes 

P H , H C = P + HC = CH + H 2 C = C H 2 

ii) Preparation from Alkylidenophosphine 

+• PfSiMe-.) 

Me »SiCt 

.0 .0 

CI P(SiMe 3 ) 2 

SiMe 3 Q 

>= 
S i M e 3

S i M e 3 ° 

>= NiiOH 
P, 
\ R 

• M e , S i O S i \ l e , 
R R SiMe 3 
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mi Preparation from chlorophosphines 4 

H , C - C H , - P C I , 
2HCI 

C H 3 C ^ = P 

H-.C=CH-CH,-PCI-, 
-2HC1 

CH 2 =CH C. = P 

iv) Synthesis of non-stabilised phosphaalkynes by Vacuum Gas-Solid HCI 

Elimination.5 

i) ' B u L i / L i C I . T H F . - 85 ° C A I H C I , 
O j C P f O K O R ' ) ! » - R C N C P ( 0 ) ( O R ' i : * - R C 1 2 C P H , 

ii) R X . T H F . - 3 0 ° C B i O , - i » ° C 

K : C 0 3 
VGSR 

R — C = P 
K^CO-. 

V G S R . . b ' 0 ° C c |

/ / 

C = P ^ H 

V G S R involves heating the materials to a high temperature, under vacuum, and 

controlling the decomposition, affording the desired product. K2CO3 is the base used as 

it is a solid and stable to high temperature and vacuum. 

v) Synthesis of a phosphaalkyne via a phosphaalkene and a palladium (0) complex.6 

Ar — P = C . 
/ C 1 una 

\ - L 
CI 

Ar-

L 3 

Pd r , 

-P C 
" C I 

Ar — P = C 
- L 

PdL 2 CI 

L = PPh ; . 

Ar = 2.4.6- 8 u , C „ H ; 

A r — C = P U r — P = C 

CI 
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In 1988 Romanenko and co-workers reported the reaction of phosphaalkenes 

RP=CC1 2 and Pd(PPh3)4 under mild conditions directly to give an air-stable 

phosphaalkyne. H. Jun and co-workers further pointed out in 19947 that the 

halophosphaalkenes R-P=CC1 2 react with M(PR '3) 4 to produce the complexes 

RP=C[M(PR' 3 ) 4 C1]C1; the complexes in polar solvents (CHCb, CH 2 C1 2 ) can further 

convert to phosphaalkynes R-C=P and complexes M(PR' 3 ) 2 X 2 . The reaction is shown 

below. 

M(PEt,) 4 + X 1 C=P-R 

I 
E t 3 P x / 

A . 
Et 3P C = Pv 

isomer-
izadon 

X R 
H a : X = a 

E " P \ / X 

\ / P E t > 

Et 3P C = P^ 

X R 
l a : X = a M = Pt 
l b : X = Br, M = Pt 
I c : X = C I M = Pd 
I d : X = Br, M = Pd 

. P E t 

< 2, 

•R-CHP - cu-X 1Pt(PEt 3) 1 

r V a : X = CI 

m a : X = CI , M = Pt 
m b : X = B r , M = Pt 

This reaction drew our attention because it involved the use of a phosphaalkene as the 

starting material. Previously, in this group, the phosphaalkenes RP=CC1 2 (R=Ar,Ar') 

had been prepared. 2 9 , 3 0 

Vi) . Synthesis of a phosphaalkyne from a phosphaalkene and B u L i 8 9 

Ar H 

\ 
C I 

t - B u L i Ar L i 
\ / 

P»C 
\ 

C I 

( A r = 2 , 4 , 6 - 9 u t

3 C 6 H 2 > 
[ A ^ P = C : ^ A r P

+ = C - ] Q ^ A r - C = ? 
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Yoshifuji and co-workers in 1988 reported that when they reacted phosphaalkene, E-

2-chloro-l-(2,4,6 tri-butylphenyl)-l-phosphaethylene (RP=CHC1), with butyllithium 

at -78 °C, they obtained the phosphaalkyne in 53% yield. In 1989, Romanenko and 

co-workers used a heterosubstituted phosphaalkene to react with butyllithium at -100 

°C to form the first dialkylaminophosphaethyne, a new kind of phosphaalkyne in 7% 

yield. This reaction is quite straightforward and very important to us. 

3.Why we are interested in phosphaalkynes containing bulky 

electron-withdrewing substituents. 

The inorganic and organic chemistry of phosphaalkynes has been extensively 

developed in recent years, phosphaalkynes becoming a very useful synthetic route for 

incorporating a phosphorus atom into a heterocyclic ring system. Typically [1,2] 

addition reactions and [2+1], [2+3] and [4+2] cyclodadditions occur readily, giving 

rise to a series of novel types of organophosphorus compounds. Some main types of 

reaction are summarised on the next page.10 

So far, however, phosphaalkyne chemistry has been carried out using electron-

donating aryl and alkyl groups connected to -CsP, which will increase the electron 

density in the -CsP triple bond. However, in the proposed phosphaalkynes, the groups 

connected to CsP are highly electron-withdrawing 2,4,6-tris(trifluoromethyl)phenyl 

(Ar) or 2,6-bis(trifluoromethyl)phenyl (Ar ') , while should in theory reduce the 

electron density in the-CsP triple bond, affecting the bonding of the phosphaalkynes 

and the reactions thereof. 

In fact the 2,4,6-tris(trifluoromethyl)phenyl (Ar) and 2,6-bis(trifluoromethyl)phenyl 

(Ar') groups have a number of advantages over other aryl and alkyl groups in 

phosphorus chemistry, as they are comparatively more oxygen- and moisture-stable 

than equivalent aryl and alkyl bonded phosphorus species. In the case of phosphorus 

multiple bonds (RP=PR, RP^CCb), the compounds are more resistant to 

polymerisation and formation of dimer and trimer products. This is a great advantage 

in preparation, and hopefully phosphaalkyne chemistry with Ar or Ar ' substitutents, 

will lead to the formation of different and novel structures. 
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4. Phosplistalkyne Complexes 

As discussed earlier in section 3, phosphaalkynes RCaP have been shown to have a 

rich organic and inorganic chemistry in which both the triple bond and the P lone-pair 

electrons can participate; a lew reviews have appeared in recent years."*18 In the field 

of organomelallic chemistry, it is now possible to synthesise a wide variety of stable 

phosphorus analogues of the belter know unsaturated hydrocarbon it-complexes, 

which have been responsible for the rapid development of organotransition metal 

chemistry and its importance in homogeneous catalysis. Here only the simple 

coordination chemistry of the phosphaalkyne is considered. 

In I9KI the first phosphophaalkyne complex [Pt(tj"-BuCsP) (PPI1.O2] was reported by 

Nixon and co-workers l v , in which the TJ 2 - 'side-on' interaction was established 

between the P =C triple bond and the transition metal by both NMR and a single 

crystal X-ray diffraction study. Subsequently, types A-E have been synthesised, using 

the RCsP moiety as both an Tp -bridging and /or P lone pair donor ligand. 1 9 ' 2 1 

B u ' B u ' 

I 
C 

B u f 

I 
C 
I I I 
P 

M 
A 

B u ' 
I -

C 
I I I 
P 

M 

B u ' 

I 
C 
I I I 
P 

M — 
N 

/ 
— M M — 

I 
C 

B 
M 
C 

\ 
M 

D 

M 
E 

[A]—[E] types of Phosphaalkynes Complexes 

Below examples of each type of coordination mode are shown. 

A type of coordination Mode IV 

P h 3 P - ^ _ ^ - P P h a 
J Pt 

Ph 3P- PPh-

Bu'CP 

Benzene, room temperature 

\ Bu 

IDS 



B type oj coordination mode' 

(' type of coordination Mode ' 

Pi1' R-> 
P" i P ' 

• D P 

ill 
•V 

— 3'j 

3 / 

r 

O - n -

M 

3 , I 

r 

3 L -

M = M o . R = £t 

r p.." 
Pt i 

? p 
P h , 

, B u ' Ptv 

P 

, 3 u ' 

' .M;CO--

/ ) <///</ /. types oj Coordination Mode 

C O 
/ / C O 

' » l o = M o — C ; 
C O / 

C O 

c 
I 

3u' 

3 u ; 

I 

P 
C P , / i \ 

C O — M o - — 

a / 

co 
Mo — C : 

C O 

i 
C 

) M o ~ M o C w C O i ' 

O s ( C O h 

( C O u O s ' - — ' O s i C O ) . 

C p . 

C O — M o 

C O ' 

3 u ; 

P 

— M o — C r 

P C O 

Fei C O „ 

Sonic complexes can continue to undergo a series of reactions; for example the r\~ 

complex | M(n/-CsHs)2 BuCT(PMe t)L when treated with BEtj , loses the PMei to 

produce a vacant site in the complex. The resulting intermediate complex reacts with 

itself to give either the dimeric (M-Ti ) or trimeric (M-Zr) compounds as the stable 

products. It also can react with a number of reagents to give a variety of compounds, 

as shown below. 
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PMe 
C p 2 M R R 

v// 
c R / R Bu C p 2 M C p 2 M 

Y r R R. 

Bu Bu BEt, 
R 

R 
Cp 2 M—HI R — C = C — R P h 3 P = C H Cp^M Cp 2 Zr r 

Bu' Y \ 
Bu 

Bu M = T i , Zr 
Ph Ph 

X 
N = C = C 

N Me 
R 

Me Ph Ph C p 2 M 

T 
r Me N Ph 
Bu C p 2 Z i \ 

Me 
C p 2 Z r r Bu 

Bu 
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II. Attempts to synthesise novel phosphaalkynes with 

bulky electron-withdrawing subsitutents 

1. Planned Synthesis of Phosphaalkyncs with bulky 

electron-withdrawing substituents 

There are three possible routes to synthesise the novel phosphaalkyne with bulky 

electron-withdrawing subsitutents; the first route, like method V, is via a phospha-

alkene complex. This is being attempted, because previously in this group the 

phosphalkenes ArP^CCh and Ar'P=CCl 2 had been prepared, and this synthesis route 

(on paper) looks simpler than using the alkylidenophosphine method which requires 

the preparation of very volatile compounds. 

Roden's work , however, confirmed that it is not easy to use this route to prepare 

phosphaalkynes; he reacted the phosphaalkenes ArP=CCl2. Ar'P=CCl2 with the 

complexes Pt(PPh3)4 and Pd(PPh3)4to yield the T | 2 complexes [MCl(CCl=PR)(PPh3)2] 

(M=Pt,Pd, R=Ar, Ar ' ) , which was confirmed by NMR and a single crystal structure 

(M^Pt). These complexes did not convert into [M(PPh3)2Cl2] and phosphaalkynes 

RC=P (M = Pt, Pd, R = Ar, Ar ' ) , probably due to the effect of solvent. Roden used 

toluene as solvent, but Jun et al suggested the reaction occurred in more polar solvents 

such as CHCI3 or CH2CI2 . I f our reaction is carried out under different conditions, 

perhaps the result wi l l be changed. Anyway this route is still the first choice. 

The second route was V i , comprising reaction of a phosphalkene with butyllithium. 

Yoshifuji used RP=PHC1, while Romanenko employed a heterosubstituted phospha-

alkene, RN-P^CC^; our phosphaalkyne is novel, however, with bulky electron-

withdrawing subsitutents. I f method 1 does not go smoothly, then we wil l try to 

synthesis the phosphaalkyne according to this route. 

The third route was proposed by Goodwin 3 0, who tried to react ArCH 2PCl2 with two 

mole of base (DBU) to remove HC1 leading to the phosphaalkyne ArCsP, but she did 

not succeed. The reaction scheme is shown below: 

i l l 



ArH • ArLi — • ArCHOLi — > A r C H 2 O H • ArCH 2 Br • 

ArCH 2 MgBr • Ar(CH 2 ) 2 Cd • A r C H 2 P C l 2 • ArCsP(?) 

Although this is another probable synthesis method, it requires 8 steps from starting 

material ArH to product ArC=P, and some of the reaction conditions are also very 

harsh. Hence this method is not being considered initially, and routes 1 and 2 will be 

tried first. 

2. Synthesis Plan of Complexes 

As discussed earlier in section 1-4, using a phosphaalkyne RC=P to synthesise 

complexes will not be difficult, since there are several ways in which various types of 

complexes can be prepared. Here we only discuss using a phosphaalkene to synthesise 

semibridged isocyaphide complexes and terminal cyaphide (C=P) complexes. 

In 1994, Jun and co-workers3 1 reported some very interesting reactions of phospha­

alkenes and the complexes Pt(PEt 3 ) 4 or Pd(PEt 3) 4 . Halophosphaalkenes R-P=CX 2 (R= 

2,4,6-tri-tert-butylphenyl, X=Br, CI) react with Pt(PEt 3) 4 to form initially the normal 

complex [PtX(CX=PR)(PEt 3 ) 2 ] . This kind of complex can react further with 

Pd(PPh 3) 4 or Pt(PPh 3) 4 in benzene or hexane at room temperature to give semibridged 

isocyaphide platinum complexes. 

However when these platinum complexes react with Pd(PEt 3) 4, giving the complexes 

[Pt(CsP)(PEt 3 ) 2 X] and [RPd(PEt 3 ) 2 X], the species [Pt(C=P)(PEt3)] which contains a 

terminal cyaphide (C=P-) ligand, reacts further with Pt(PEt 3) 4 rapidly to yield the 

terminal cyaphide diplatinum complex. 
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This kind of reaction is seldom reported, and the reaction mechanism looks quite 

unusual. I am interested in using this route to synthesise new semibridged isocyapliidc 

or terminal cyaphide complexes. While the first phosphaalkyne with bulky electron 

withdrawing substiluents is still not available, the phosphalkenes with such 

subslilucnts have been made in this group before; using the phosphaalkene to 

synthesise this semibridged isocyaphide or terminal cyaphide complex directly is 

more rapid and simpler. 

3. Attempts to synthesise phosphaalkenes with bulky electron 

withdrawing substituents 

The proposed synthesis routes of phosphaalkynes with bulky electron withdrawing 

substituents all need to use a phosphaalkene as the starting material, hence the 

phospliaalkene with bulky electron withdrawing subslituents is the key compound. 

a. General Procedures. 

All manipulations were carried out by using modified Schlenk techniques under an 

atmosphere of dry or in a glove-box. All solvents were distilled from Na/K alloy, 

or special dry solvent was treated by Na wire and 4A molecular sieves. 

h. Preparation o/'ArLi, Ar 'Li and Ar' 'Li 
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Using the same methods as Goodwin" and Roden , ArH was directly reacted with 

BuLi hexane solution (2.5M) at low temperature (-78 °C) in diethyl ether solvent to 

produce ArLi . I f A r ' H instead of ArH is reacted with BuLi under the same conditions, 

a mixture of Ar 'L i and A r " L i is generated. 

c. Preparation ofRPCh (R=Ar, Ar' andAr") 

Similar to the methods of Goodwin 3 0 and Roden29, an ArLi solution was reacted with 

PC13 in diethyl ether solution at -78 °C, giving a mixture of ArPCl 2 and Ar 2PCl; the 

precipitated LiCl was filtered off and pure ArPCl 2 was obtained by distillation. The 

same route was used to synthesise a mixture of Ar'PCl2 and Ar"PCl 2 . 

d. Attempt to synthesise RP(CHCl2)Cl (R=Ar, Ar') 

i . Via the lithio species (CHLiCl 2) 

CH 2 Cl 2 + BuLi — • CHLiCl 2 +RPC12 — • RP(CHC12)C1 (R=Ar, Ar ') 

According to the synthetic route of Goodwin 3 0 and Roden29, CH 2C1 2 was reacted with 

butyllithium in a mixed solvent (THF:Et20:Pentane = 4:1:1) at -130 °C (Pentane 

/liquid nitrogen slush), then this lithio regent was added to a stirred solution of ArPCl 2 

in diethyl ether at -130 °C. The mixture was allowed to warm to room temperature; a 

white precipitate was formed, then stirring was continued for 2 hours. The precipitate 

was filtered off and the solvent removed in vacuo, giving a crude yellow oil. The 

crude oil was distilled in vacuo to yield a clear yellow oil at 70 °C. The 3 1P NMR 

showed two peaks corresponding to ArPCl 2 (145 ppm) and ArP(CHCl2)Cl (64 ppm). 

When Ar'PCl 2 was used instead of ArPCl 2, the same result happened, giving a 

mixture of the starting material Ar'PCl 2 and the required Ar'P(CHCl2)Cl. Because the 

boiling points are close, separation is very difficult. This experiment has been 

repeated over 10 times, but gives a mixture of products, every time. 

i i . Via an organocadmium reagent 
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CH 2 Cl 2 + B u L i _ ^ CHLiCl 2 +CdCl 2 — • (CHCl 2) 2Cd + RPC12 RP(CHC12)C1 

CHLiCl 2 was prepared as described in d-i. CdCl 2 was added directly to the stirred 

solution of CHLiCl 2 (Et 20) at -130 °C, the reaction mixture was allowed to reach °C 

and stirred for 1 hour, followed by the addition in portions of Ar'PCl 2 in Et 2 0. The 

solution was refluxed for 1 hour, then cooled to room temperature. The precipitate 

was filtered off and the solution concentrated under vacuum, then distilled in vacuo. 

Similar to method d-i, a mixture of starting material Ar'PCl 2 and the wanted product 

Ar'P(CHCl 2)Cl was again obtained. 

e. Attempt to synthesise ArP=CCl2 

RPCl 2 + CCl 4 +Mg • RP=CC12 

Goodwin 3 0 found a 3 1P NMR signal possibly corresponding to ArP=CCl 2 in the 

reaction of ArPCl 2 and CC14 with Mg present; but unfortunately she was unsuccessful 

in her attempts to isolate the products from the reaction. Because I have prepared 

some ArPCl 2 and Ar'PCl 2, this could be a straightforward route from RPC12 to 

RP=CC12. 

Under nitrogen protection, 4.4*g Ar'PCl 2 (13.93 mmol) and 1.36 ml CC14 (13.93 

mmol) were placed in a 50ml flask, and 0.668g Mg turnings (27.86 mmol) added at 0 

°C, then the mixture was allowed to warm to room temperature and stirring continued 

overnight. When the 3 I P NMR was recorded, the main signal still corresponded to 

Ar'PCl 2 > and a small signal was found at 460 ppm, attributed to the diphosphene 

Ar'P=PAr', but no signal for Ar'P=CCl 2 was present. 

/. The preparation of Pt(PPh3U 

This product is required for the synthesis of phosphaalkynes. According to May's 

method32, K 2 PtCl 4 was reacted with PPh3 first, then NaBH 4 was added; the bright 

yellow precipitate Pt(PPh3)4 formed in the solution, was isolated by filtering and 
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washing, yield 68.6%. Elemental analysis: calculated, C, 69.50%, H, 4.83%. Found, 

C, 68.28%, H, 4.58%. 

III. Suggestions for future work 

1. Using the crude products to synthesise RP=Ch (R=Ar' or Ar) 

Although pure ArP(CHCl2)Cl and Ar'P(CHCl 2)Cl were not obtained, but certainly 

these compounds had been made, the next step is direct reaction with DBU to 

remove HC1 and produce the phosphaalkene RP=CC12. The impurities ArPCl 2 or 

Ar 'PCl 2 should not react with DBU, and thus would not affect the reaction of 

Ar'P(CHCl 2)Cl [ or ArP(CHCl2)Cl] with DBU. The boiling points of the expected 

products ArP=CCl 2 or Ar'P=CCl 2 have a larger gap with ArPCl 2 or Ar'PCl 2 

respectively than ArP(CHCl 2)Cl or Ar'P(CHCl 2)Cl. So using the crude products 

to carry out the next step may lead to the isolation of pure ArP=CCl 2 or 

Ar'P=CCl 2. 

2. Synthesis of phosphaalkynes 

a. Via phosphaalkene complex with Pt 

Even though the reaction looks straightforward, and the reaction conditions are 

mild, in fact the conditions are very important, such as the solvent, reaction 

temperature and other factors; all can affect the reaction mechanism and products. 

So the experiment needs to be done in different conditions. 

B .By reacting a phosphaalkene and butyllithium 

This method has been used to prepare phosphaalkynes, but the phosphaalkene 

used was RP=CHC1, not RP=PC12. Since this reaction is one step, however, and 

the product is easy to separate, I suggest it should be tried first. 
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Appendix 



I. Instrumentation and apparatus 

1. Experimental techniques and solvents 

All manipulations of air- and/or moisture-sensitive compounds were performed on a 

conventional vacuum/inert atmosphere (nitrogen) line, using standard Schlenk and 

cannular technique, or in an inert atmosphere (nitrogen) filled dry glove box. 

The following solvents were dried by prolonged reflux over a suitable drying agent, 

freshly distilled and deoxygenated prior to use; pentane(lithium aluminium hydride), 

diethylether (lithium aluminium hydride), tetrahydrofuran (sodium benzophenone 

kelyl). dichloromethane(calcium hydride), and stored under nitrogen. Special dry 

solvents were first dried by Na wire and then stored under nitrogen over fresh 

activated 4A molecular sieves. 

2. Instrumentation and apparatus 

a. Elemental analysis 

C, H and N were determined by micro-combustion with a CE-440 Elemental 

Analyser. Chlorine was determined by potentiometric titration against N/100 silver 

nitrate solution using Ag/AgCI electrodes in an acetone medium. 

b. Nuclear magnetic resonance spectroscopy 

All 3 , P NMR spectra were recorded on Varian VXR400 or Varian Mercury 200 MHz 

Fourier- Transform spectrometers, at 161.91 and 80.96 MHz respectively, with an 

external reference of 85% H3PO4; all l 9 F NMR spectra were recorded on a Varian 

Mercury 200 MHz instrument at 188.18 MHz, with an internal reference of CFClj ; all 
1 | g Sn NMR spectra were recorded on a Varian Unity 300 MHz spectrometer at 111.84 

MHz, with external reference of Me4Sn. 

c. X-ray crystallography 

All crystal structures and data were collected on a Smart CCD Area Detector 

Diffractometerat I20K. 
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ILX-ray crystallographic data 

1.Crystal data of SnAr 2 CI 2 

Table 1. Crystal data and structure refinement foi 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Number of reflections for cell determination 

Theta range for cell determination 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Crystal shape 

Crystal colour 

Diffractometer 

Data collection method 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 26.56° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F 2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

99srvl78. 

99srvl78 

C18 H4 C12 F18 Sn 

751.80 

150(2) K 

0.71073 A 

Monoclinic 

P2(l)/c 

4663 

3.09° to 26.56° 

a = 8.465(1) A a = 9 0 ° . 

b = 30.409(4) A (3= 96.635(2)° 

c = 8.724(1) A y = 90°. 

2230.6(5) A 3 

4 

2.239 Mg/m 3 

1.543 mm-1 

1432 

0.46 x 0.22 x 0.06 mm 3 

thin plate 

colourless 

Bruker SMART-CCD 

omega scans 

3.09 to 26.56°. 

-8<=h<=10, -38<=k<=22, -10<=I<=10 

11861 

4298 [R(int) =0.0518] 

92.3 % 

Semi-empirical from equivalents 

0.862 and 0.630-

Full-matrix least-squares on F 2 

4298 / 1 / 346 

1.043 

R l =0.0535, wR2 =0.1116 

R l =0.0849, wR2 = 0.1226 

1.626 and -0.970 e.A° 



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A 2x 103) 

for 99srvl78. U(eq) is defined as one third of the trace of the orthogonalized ii'i tensor. 

x y z U(eq) 

Sn(l) 2418(1) 3822(1) 5437(1) 21(1) 

Cl( l) 862(2) 4003(1) 7375(2) 37(1) 

Cl(2) 4903(2) 3742(1) 6775(2) 32(1) 

C(l) 1076(7) 3231(2) 4645(7) 21(1) 

C(2) 1608(7) 2797(2) 4907(8) 23(1) 

C(3) 648(8) 2435(2) 4528(7) 26(2) 

C(4) -912(8) 2491(2) 3860(7) 26(2) 

C(5) -1456(8) 2911(2) 3551(7) 25(1) 

C(6) -501(7) 3274(2) 3937(7) 22(1) 

C(7) 3240(9) 2699(2) 5704(9) 34(2) 

F(l) 4386(5) 2887(1) 4976(5) 35(1) 

F(2) 3568(5) 2267(1) 5775(6) 55(1) 

F(3) 3407(5) 2848(2) 7160(5) 42(1) 

C(8) -1967(5) 2106(1) 3475(5) 33(2) 

F(4A) -1563(5) 1769(1) 4416(5) 76(4) 

F(5A) -1892(5) 1963(1) 2041(5) 102(5) 

F(6A) -3491(5) 2195(1) 3593(5) 84(4) 

F(4B) -1224(5) 1719(1) 3532(5) 76(4) 

F(5B) -2735(5) 2145(1) 2059(5) 102(5) 

F(6B) -3072(5) 2082(1) 4444(5) 84(4) 

C(9) -1329(8) 3707(2) 3583(8) 30(2) 

F(7) -373(5) 4053(1) 3765(5) 38(1) 

F(8) -2444(6) 3775(2) 4499(7) 65(2) 

F(9) -2045(7) 3722(2) 2164(6) 67(2) 

C ( l l ) 2712(7) '. 4358(2) 3835(7) 20(1) 

C(12) 2658(7) 4802(2) 4238(7) 20(1) 

C(13) 2592(8) 5137(2) 3150(7) 23(1) 

C(14) 2602(7) 5029(2) 1597(7) 20(1) 

C(15) 2765(8) 4594(2) 1170(7) 23(1) 

C(16) 2823(7) 4269(2) 2275(7) 20(1) 

C(17) 2665(8) 4958(2) 5889(7) 24(2) 



F(10) 3456(5) 4675(1) 6900(4) 28(1) 

F ( l l ) 1218(5) 5002(1) 6303(4) 34(1) 

F(12) 3407(5) 5342(1) 6107(4) 35(1) 

C(18) 2491(9) 5384(2) 378(8) 27(1) 

F(13) 3707(6) 5382(2) -426(6) 58(1) 

F(14) 2365(6) 5782(1) 962(4) 43(1) 

F(15) 1194(6) 5324(2) -629(5) 53(1) 

C(19) 3033(8) 3806(2) 1722(7) 28(2) 

F(16) 3808(5) 3551(1) 2836(4) 34(1) 

F(17) 3836(5) 3783(1) 504(5) 40(1) 

F(18) 1622(5) 3602(1) 1311(5) 37(1) 



Table 4. Anisotropic displacement parameters (A 2.\ 10J) for 99srvl78. The anisotropic 

displacement factor exponent takes the form: -27iz[ h 2 a* 2 U" + ... + 2 h k a* b* U 1 2 ] 

U " U 2 2 U» U 2 3 U n U 1 2 

Sn(l) 24(1) 20(1) 18(1) 1(1) 1(D -1(1) 

Cl( l) 40(1) 42(1) 33(1) -5(1) 16(1) -6(1) 

Cl(2) 29(1) 30(1) 35(1) 1(1) -8(1) 1(1) 

C(l) 23(3) 19(3) 21(3) 5(2) 4(3) 0(3) 

C(2) 17(3) 23(3) 31(4) 3(3) 7(3) -2(3) 

C(3) 30(4) 20(3) 29(4) 1(3) 3(3) 6(3) 

C(4) 31(4) 22(3) 27(3) -4(3) 5(3) -5(3) 

C(5) 26(4) 22(3) 25(3) -3(3) 1(3) 1(3) 

C(6) 20(3) 20(3) 24(3) 3(3) -K3) 2(3) 

C(7) 35(4) 21(3) 44(4) 6(3) -2(3) 1(3) 

F(l) 27(2) 35(2) 42(2) 1(2) 0(2) 4(2) 

F(2) 40(3) 27(2) 92(4) 15(2) -19(3) 5(2) 

F(3) 39(3) 55(3) 31(2) 13(2) -9(2) -3(2) 

C(8) 34(4) 31(4) 33(4) 1(3) -3(3) -2(3) 

F(4A) 81(5) 35(3) 104(9) 4(5) -23(6) -26(4) 

F(5A) 150(12) 109(9) 52(4) -44(5) 36(6) -92(9) 

F(6A) 25(4) 45(4) 182(13) -11(6) 7(6) -11(3) 

F(4B) 81(5) 35(3) 104(9) 4(5) -23(6) -26(4) 

F(5B) 150(12) 109(9) 52(4) -44(5) 36(6) -92(9) 

F(6B) 25(4) 45(4) 182(13) -41(6) 7(6) -11(3) 

C(9) 26(4) 28(4) 35(4) 7(3) 1(3) -4(3) 

F(7) 28(2) 23(2) 60(3) 7(2) -7(2) -3(2) 

F(8) 48(3) 39(3) 115(5) 25(3) 40(3) 17(3) 

F(9) 85(4) 43(3) 62(3) 6(2) -38(3) 13(3) 

C ( l l ) 18(3) 21(3) 21(3) 0(2) 0(2) -1(3) 

C(12) 18(3) 23(3) 13(3) 0(2) 4(3) 2(3) 

C(13) 28(4) 22(3) 19(3) 1(3) 0(3) -3(3) 

C(14) 16(3) 23(3) 20(3) 2(3) 2(2) -1(3) 

C(I5) 27(4) 23(3) 21(3) -3(3) 4(3) 1(3) 

C(16) 20(3) 21(3) 17(3) -1(2) 3(2) -4(3) 

C(17) 29(4) 24(3) 13(3) -3(3) K3) 6(3) 



F(10) 41(2) 24(2) 16(2) -2(2) -3(2) 2(2) 

F ( l l ) 33(2) 47(2) 23(2) -6(2) 5(2) 9(2) 

F(12) 55(3) 24(2) 23(2) -7(2) -4(2) -9(2) 

C(18) 31(4) 28(3) 23(3) -1(3) 2(3) -1(3) 

F(13) 63(3) 58(3) 62(3) 34(3) 40(3) 18(3) 
F(14) 80(3) 23(2) 26(2) 3(2) 3(2) 6(2) 

F(15) 71(3) 46(3) 34(2) 16(2) -24(2) -18(2) 

C(19) 39(4) 25(3) 21(3) 1(3) 3(3) 4(3) 
F(16) 51(3) 25(2) 26(2) -3(2) 8(2) 6(2) 

F(17) 65(3) 26(2) 32(2) -4(2) 23(2) 4(2) 

F(18) 49(3) 22(2) 38(2) -10(2) 1(2) -9(2) 



Table 5. Torsion angles [°] for99srvl78. 

C(ll)-Sn(l)-C(l)-C(2) 130.5(5) 

Cl(2)-Sn(l)-C(l)-C(2) 0.8(6) 

Cl(l)-Sn(l)-C(l)-C(2) -107.2(5) 

C(ll)-Sn(l)-C(l)-C(6) -55.6(6) 

Cl(2)-Sn(l)-C(l)-C(6) 174.8(4) 

Cl(l)-Sn(l)-C(l)-C(6) 66.7(5) 

C(6)-C(l)-C(2)-C(3) -1.3(9) 

Sn(l)-C(l)-C(2)-C(3) 172.8(5) 

C(6)-C(l)-C(2)-C(7) -177.7(6) 

Sn(l)-C(l)-C(2)-C(7) -3.6(9) 

C(l)-C(2)-C(3)-C(4) 0.0(10) 

C(7)-C(2)-C(3)-C(4) 176.7(6) 

C(2)-C(3)-C(4)-C(5) 1.7(10) 

C(2)-C(3)-C(4)-C(8) -178.8(6) 

C(3)-C(4)-C(5)-C(6) -2.1(10) 

C(8)-C(4)-C(5)-C(6) 178.4(6) 

C(4)-C(5)-C(6)-C(l) 0.8(10) 

C(4)-C(5)-C(6)-C(9) -177.0(6) 

C(2)-C(l)-C(6)-C(5) 0.9(9) 

Sn(l)-C(l)-C(6)-C(5) -173.6(5) 

C(2)-C(l)-C(6)-C(9) 178.5(6) 

Sn(l)-C(l)-C(6)-C(9) 4.0(8) 

C(3)-C(2)-C(7)-F(3) -113.2(7) 

C(l)-C(2)-C(7)-F(3) 63.5(8) 

C(3)-C(2)-C(7)-F(2) 6-8(9) 

C(l)-C(2)-C(7)-F(2) -176.6(6) 

C(3)-C(2)-C(7)-F(l) 126.6(6) 

C(l)-C(2)-C(7)-F(l) -56.8(9) 

C(5)-C(4)-C(8)-F(4A) -151.9(5) 

C(3)-C(4)-C(8)-F(4A) 28.6(7) 

C(5)-C(4)-C(8)-F(5A) 88.5(6) 

C(3)-C(4)-C(8)-F(5A) -91.0(6) 

C(5)-C(4)-C(8)-F(5B) 45.8(6) 

C(3)-C(4)-C(8)-F(5B) -133.7(5) 



C(5)-C(4)-C(8)-F(6B) -72.4(6) 

C(3)-C(4)-C(8)-F(6B) 108.1(6) 

C(5)-C(4)-C(8)-F(4B) 166.9(5) 

C(3)-C(4)-C(8)-F(4B) -12.6(7) 

C(5)-C(4)-C(8)-F(6A) -32.0(6) 

C(3)-C(4)-C(8)-F(6A) 148.5(5) 

C(5)-C(6)-C(9)-F(9) -50.0(8) 

C(l)-C(6)-C(9)-F(9) 132.2(7) 

C(5)-C(6)-C(9)-F(8) 68.6(8) 

C(I)-C(6)-C(9)-F(8) -109.1(7) 

C(5)-C(6)-C(9)-F(7) -171.9(6) 

C(l)-C(6)-C(9)-F(7) 10.3(9) 

C(l)-Sn(l)-C(ll)-C(12) 141.2(5) 

Cl(2)-Sn(l)-C(ll)-C(12) -82.7(5) 

Cl(l)-Sn(l)-C(ll)-C(12) 28.0(6) 

C(1)-SD(1)-C(11)-C(16) -32.8(6) 

Cl(2)-Sn(l)-C(ll)-C(16) 103.2(5) 

Cl(l)-Sn(l)-C(ll)-C(16) -146.0(4) 

C(16)-C(ll)-C(12)-C(13) 4.9(9) 

Sn(l)-C(ll)-C(12)-C(13) -169.4(5) 

C(16)-C(ll)-C(12)-C(17) -175.2(6) 

Sn(l)-C(ll)-C(l2)-C(17) 10.5(9) 

C(ll)-C(t2)-C(l3)-C(14) -0.9(10) 

C(17)-C(12)-C(t3)-C(14) 179.1(6) 

C(12)-C(13)-C(14)-C(15) -3.6(9) 

C(12)-C(t3)-C(14)-C(18) 178.5(6) 

C(t3)-C(14)-C(15)-C(16) 3.8(9) 

C(t8)-C(14)-C(15)-C(16) -178.3(6) 

C(14)-C(15)-C(I6)-C(U) 0.4(10) 

C(14)-C(15)-C(16)-C(19) -178.9(6) 

C(12)-C(U)-C(16)-C(15) -4.7(9) 

Sn(l)-C(ll)-C(16)-C(15) 169.8(5) 

C(l2)-C(tl)-C(16)-C(t9) 174.6(6) 

Sa(l)-C(tl)-C(16)-C(19) -10.9(8) 

C(13)-C(12)-C(17)-F(U) 39.1(7) 

C(l l ) -C(l2)-C(17)-F( l l ) -90.9(7) 



C(13)-C(12)-C(17)-F(12) -32.5(8) 

C(11)-C(12)-C(17)-F(12) 147.5(6) 

C(13)-C(12)-C(17)-F(10) -150.6(6) 

C(ll)-C(12)-C(17)-F(10) 29.4(9) 

C(15)-C(14)-C(18)-F(13) -56.2(8) 

C(13)-C(14)-C(18)-F(13) 121.8(7) 

C(15)-C(14)-C(18)-F(14) -179.0(6) 

C(13)-C(14)-C(18)-F(14) -1.0(9) 

C(15)-C(14)-C(18)-F(15) 62.5(8) 

C(13)-C(14)-C(18)-F(15) -119.6(7) 

C(15)-C(16)-C(19)-F(17) 29.3(8) 

C(U)-C(16)-C(19)-F(17) -150.0(6) 

C(15)-C(16)-C(19)-F(16) 150.6(6) 

C(U)-C(16)-C(19)-F(16) -28.8(9) 

C(15)-C(16)-C(19)-F(18) -91.1(7) 

C(ll)-C(16)-C(19)-F(18) 89.5(7) 



2.Crystal data of SnAr' 2 Cl 2 

Table 1. Crystal data and structure refinement 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Number of reflections for cell determination 

Theta range for cell determination 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Crystal shape 

Crystal colour 

Diffractometer 

Data collection method 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 30.30° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F 2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Absolute structure parameter 

Largest diff. peak and hole 

r99srvl76. 

99srvl76 

C16 H6 C12 F12 Sn 

615.80 

150(2) K 

0.71073 A 

Triclinic 

P 1 

507 

13.66° to 21.77° 

a = 8.783(2) A a= 81.697(4)°. 

b = 9.095(2) A (3= 83.970(4)°. 

c = 12.162(3) A 7 = 82.135(4)°. 

948.7(4) A 3 

2 

2.156 Mg/m 3 

1.744 mm - 1 

588 

0.50 x 0.40 x 0.38 mm 3 

irregular shape 

colourless 

Bruker SMART-CCD 

omega scans 

1.70 to 30.30°. 

-12<=h<=12, -9<=k<=12, -8<=l<=17 

7955 

6451 [R(int) = 0.0134] 

88.1 % 

Semi-empirical from equivalents 

0.604 and 0.416 

Full-matrix least-squares on F \ 

6451 / 3 / 560 

1.046 

R l = 0.0226, wR2 = 0.0596 

R l =0.0251, wR2 = 0.0618 

0.49(3) 

0.705 and -0.912 e.A'3 

128 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A 2x 103) 

for 99srvl76. U(eq) is defined as one third of the trace of the orthogonalized t i ' ' tensor. 

x y z U(eq) 

Sn(l) 5225(1) 1217(1) 4805(1) 20(1) 

Cl( l) 6261(3) 530(3) 6510(2) 31(1) 

CI(2) 7007(3) 2752(3) 3859(3) 40(1) 

C(l) 2371(8) 2194(10) 5329(6) 21(2) 

C(2) 2493(10) 3615(11) 5483(8) 27(2) 

C(3) 885(10) 4257(12) 5791(9) 35(2) 

C(4) -236(11) 3253(14) 5936(10) 39(2) 

C(5) 168(9) 1825(12) 5802(8) 36(3) 

C(6) 1646(9) 1217(10) 5530(7) 23(2) 

C(7) 3615(12) 4798(10) 5408(8) 31(2) 

F(l) 3900(11) 5283(11) 4275(8) 70(3) 

F(2) 4997(7) 4162(8) 5711(6) 39(2) 

F(3) 3170(8) 5882(7) 5987(6) 48(1) 

C(8) 1985(8) -441(8) 5433(7) 22(2) 

F(4) 3423(6) -987(6) 5745(5) 32(1) 

F(5) 1907(7) -736(8) 4404(6) 42(2) 

F(6) 1028(7) -1198(7) 6136(6) 44(2) 

C ( l l ) 5417(9) -413(9) 3635(6) 17(2) 

C(12) 6246(9) -1793(10) 3704(8) 23(2) 

C(13) 6256(10) -2806(9) 2937(8) 30(2) 

C(14) 5423(11) -2454(12) 2059(9) 35(2) 

C(15) 4664(10) -1049(10) 1855(7) 31(2) 

C(16) 4630(10) -25(10) 2659(8) 27(2) 

C(17) 7151(11) -2369(10) 4678(9) 33(2) 

F(7) 8104(6) -1307(7) 4843(5) 33(1) 

F(8) 3092(8) -3636(8) 4598(7) 55(2) 

F(9) 6310(8) -2592(8) 5683(6) 42(2) 

C(18) 3710(10) 1576(10) 2332(7) 24(2) 

F(10) 3977(8) 2599(7) 2926(6) 44(1) 

F ( t l ) 2202(5) 1513(8) 2465(7) 69(2) 

F(12) 4026(9) 2115(8) 1286(5) 53(1) 

Sn(2) -335(1) -4054(1) 9472(1) 20(1) 



Cl(3) -2167(3) -5546(3) 10378(2) 36(1) 

Cl(4) -1365(3) -3384(3) 7753(2) 29(1) 

C(21) -500(9) -2482(9) 10702(7) 24(2) 

C(22) 254(8) -2880(10) 11666(6) 20(2) 

C(23) 274(10) -1901(10) 12391(7) 30(2) 

C(24) -555(1 1) -472(12) 12256(7) 30(2) 

C(25) -1351(10) -9(11) 11285(8) 30(2) 

C(26) -1350(10) -975(9) 10486(8) 24(2) 

C(27) 1075(12) -4299(13) 11988(9) 36(2) 

F(13) 1111(9) -5305(7) 11270(6) 56(2) 

F(14) 483(10) -4980(8) 12939(5) 87(3) 

F(15) 2534(7) -4277(9) 12117(9) 123(4) 

C(28) -2326(10) -510(11) 9534(3) 30(2) 

F(16) -3249(6) -1463(8) 9423(6) 37(2) 

F(17) -1427(8) -252(8) 8598(6) 42(2) 

F(18) -3241(8) 787(8) 9679(7) 53(2) 

C(31) 1982(9) -4963(9) 8943(7) 21(2) 

C(32) 2445(11) -6531(9) 8791(8) 23(2) 

C(33) 3890(11) -7040(9) 8539(8) 31(2) 

C(34) 5058(11) -6195(12) 8419(9) 36(2) 

C(35) 4711(10) -4635(10) 8480(8) 32(2) 

C(36) 3129(8) -4108(9) 8762(7) 23(2) 

C(37) 1255(11) -7562(11) 8996(10) 36(2) 

F(19) -90(7) -6946(7) 8532(5) 35(1) 

F(20) 887(10) -8134(9) 9986(7) 55(2) 

F(21) 1724(9) -8794(8) 8470(3) 82(3) 

C(38) 2897(10) -2469(11) 8803(7) 33(2) 

F(22) 3036(7) -2100(8) 9830(5) 39(1) 

F(23) 3897(7) -1663(7) 8131(5) 39(2) 

F(24) 1468(6) -1819(6) 8578(5) 30(1) 



Table 3. Bond lengths [A] and angles [°] tor 99srvl76. 

Sn(2)-C(3l) 2.153(3) 

Sn(2)-C(2l) 2.195(9) 

Sn(2)-Cl(3) 2.332(3) 

Sn(2)-Cl(4) 2.332(2) 

C(2l)-C(22) 1.385(12) 

C(2l)-C(26) 1.471(11) 

C(22)-C(23) 1.343(12) 

C(22)-C(27) 1.414(14) 

C(23)-C(24) 1.397(13) 

C(23)-H(23) 0.9300 

C(24)-C(25) 1.418(13) 

C(24)-H(24) 0.9300 

C(25)-C(26) 1.400(13) 

C(25)-H(25) 0.9300 

C(26)-C(28) r ,49l( l2) 

C(27)-F(15) 1.311(12) 

C(27)-F(14) 1.321(12) 

C(27)-F(13) 1.343(13) 

C(28)-F(l6) 1.294(12) 

C(23)-F(17) 1.327(12) 

C(28)-F(13) 1.356(11) 

C(3l)-C(36) 1.337(11) 

C(3l)-C(32) 1.461(10) 

C(32)-C(33) 1.310(13) 

C(32)-C(37) 1.477(14) 

C(33)-C(34) 1.348(14) 

C(33)-H(33). 0.9300 

C(34)-C(35) • 1.421(14) 

C(34)-H(34) 0.9300 

C(35)-C(36) 1.429(11) 

C(35)-H(35) 0.9300 

C(36)-C(38) 1.434(13) 

C(37)-F(20) 1.268(13) 

C(37)-F(21) 1.363(12) 

C(37)-F(19) 1.377(12) 

C(33)-F(23) 1.352(10) 

Q33)-F(24) 1.350(11) 

C(3S>-?(22) 1.361(10) 



C(31)-Sn(2)-Cl(4) 100.5(2) 

C(2l)-Sn(2)-Cl(4) 122.2(2) 

Cl(3)-Sn(2)-Cl(4) 99.37(10) 

C(22)-C(21)-C(26) 119.4(8) 

C(22)-C(21)-Sa(2) 120.2(6) 

C(26)-C(21)-Sa(2) 120.3(6) 

C(23)-C(22)-C(2l) 121.5(8) 

C(23)-C(22)-C(27) 113.4(7) 

C(21)-C(22)-C(27) 125.1(8) 

C(22)-C(23)-C(24) 121.9(8) 

C(22)-C(23)-H(23) 119.1 

C(24)-C(23)-H(23) 119.1 

C(23)-C(24)-C(25) 118.8(8) 

C(23)-C(24)-H(24) 120.6 

C(25)-C(24)-H(24) 120.6 

C(26)-C(25)-C(24) 121.0(8) 

C(26)-C(25)-H(25) 119.5 

C(24)-C(25)-H(25) 119.5 

C(25)-C(26)-C(2l) 117.2(8) 

C(25)-C(26)-C(28) 119.6(7) 

C(2l)-C(26)-C(28) 122.8(8) 

F(15)-C(27)-F(t4) 105.8(10) 

F(15)-C(27)-F(13) 103.6(9) 

F(14)-C(27)-F(13) 103.7(9) 

F(15)-C(27)-C(22) 114.6(9) 

F(14)-C(27)-C(22) 112.8(8) 

F(13)-C(27)-C(22) 115.3(8) 

F(16)-C(28)-F(17) 109.9(9) 

F(16)-C(28)-F(I8) 105.8(8) 

F(17)-C(28)-F(18) 107.3(8) 

F(16)-C(28)-C(26) 114.1(8) 

F(17)-C(28)-C(26) 109.4(8) 

F(18)-C(28)-C(26) 110.1(8) 

C(36)-C(3l)-C(32) 114.7(7) 

C(36)-C(3 l)-Sn(2) 121.1(6) 

C(32)-C(31)-Sn(2) 124.2(6) 

C(33)-C(32)-C(3l) 121.4(8) 



C(33) -C(32) -C(37) 120.2(8) 

C(3l) -C(32) -C(37) 118.3(8) 

C(32) -C(33) -C(34) 123.9(9) 

C(32) -C(33) -H(33) 118.1 

C(34) -C(33) -H(33) 118.1 

C(33) -C(34) -C(35) 118.8(8) 

C(33) -C(34) -H(34) 120.6 

C(35) -C(34) -H(34) 120.6 

C(34) -C(35) -C(36) 116.1(8) 

C(34) -C(35) -H(35) 121.9 

C(36) -C(35) -H(35) 122.0 

C(31J -C(36] -C(35) 124.8(8) 

C(31) -C(26) -C(38) 123.5(7) 

C(35] -C(36) -C(38) 111.6(8) 

F(20) -C(37) -F(21) 102.5(9) 

F(20) -C(37) -F(19) 107.3(8) 

F(21) -C(37) -F(19) 103.7(9) 

F(20) -C(37) -C(32) 119.5(10) 

F(21) -C(37) -C(32) 110.2(8) 

F(19) -C(37) -C(32) 112.1(8) 

F(23) -C(38) -F(24) 106.4(7) 

F(23; -C(38] -F(22) 103.1(7) 

F(24] -C(38] -F(22) 103.2(7) 

F(23' )-C(38; -C(36) 116.1(8) 

F(24' )-C(38] -C(36) 113.4(7) 

F(22 )-C(38' )-C(36) 113.3(8) 

Symmetry transformations used to generate equivalent atoms: 



Table 4. Anisotropic displacement parameters (A 2 x 10 J) for 99srvl76. The anisotropic 

displacement factor exponent takes the form: -2rc2[ h 2 a * 2 U ' + 2 h k a* b* (J 1 2 ] 

U " U 2 2 U " U 1 3 U 1 2 

Sn(l) 19(1) 21(1) 20(1) -3(0 -2(1) -4(1) 

Cl( l ) 26(1) 42(1) 24(1) -3(1) -3(1) -7(1) 

Cl(2) 44(1) 30(1) 44(1) -5(1) 22(1) -17(1) 

C( l ) 13(3) 33(4) 16(3) 5(3) -1(2) -5(3) 

C(2) 20(3) 40(5) 21(4) -1(3) -4(3) -5(3) 

C(3) 21(3) 43(5) 39(5) -12(4) -6(3) 13(3) 

C(4) 18(3) 52(6) 44(5) -2(4) 4(3) -2(3) 

C(5) 18(4) 58(7) 36(5) -6(5) -12(3) -8(4) 

C(6) 21(3) 30(4) 20(3) 3(3) -2(2) -17(2) 

C(7) 42(4) 25(4) 26(3) 1(3) -1(3) -13(3) 

F(t) 70(4) 81(6) 58(5) 32(4) -16(4) -45(4) 

F(2) 27(2) 40(3) 56(4) -14(3) -11(2) -10(2) 

F(3) 49(3) 32(3) 66(3) -21(2) 3(2) -2(2) 

C(8) 17(3) 13(3) 40(4) -6(3) -7(3) -5(2) 

F(4) 28(2) 25(3) 46(3) -7(2) -19(2) -2(2) 

F(5) 46(3) 50(4) 37(3) -20(3) 2(2) -19(3) 

F(6) 40(3) 30(3) 59(4) 1(3) 18(3) -13(2) 

C ( l l ) 20(3) 23(3) 11(3) 2(2) -6(2) -12(2) 

C(12) 15(3) 36(4) 17(3) 5(3) -3(2) -7(3) 

C(13) 33(4) 17(4) 40(5) -15(3) 20(3) -7(3) 

C(14) 34(4) 26(4) 48(6) -10(4) 5(4) -15(3) 

C(15) 37(4) 46(4) 21(3) -22(3) -2(3) -19(3) 

C(16) 25(4) 20(3) 30(4) 4(3) 2(3) 3(3) 

C(17) 31(4) 19(3) 45(5) -1(3) 4(3) -6(3) 

F(7) 26(2) 40(3) 36(3) -2(3) -12(2) -4(2) 

F(8) 57(4) 38(4) 69(5) - -13(3) -29(3) 29(3) 

F(9) 40(3) 46(4) 32(4) 22(3) -1(3) -7(3) 

C(18) 24(3) 27(3) 17(3) 4(3) -11(2) 8(2) 

F(10) 73(3) 26(2) 36(3) -1(2) -30(2) 3(2) 

F ( l l ) 22(2) 48(3) 127(4) 16(3) -3(2) 0(2) 

F(12) 94(3) 49(3) 22(2) 2(2) -12(2) 19(2) 

Sn(2) 20(1) 21(1) 19(1) -2(1) -2(1) -5(1) 



Ci(3) 35(1) 37(1) 39(1) -3(1) U D -17(1) 

Cl(4) 24(1) 43(1) 22(1) -6(1) -10(1) -2(1) 

C(21) 19(3) 19(3) 30(4) -4(3) 3(3) 4(3) 

C(22) 18(3) 32(4) 14(3) -7(3) -2(2) -10(3) 

C(23) 30(3) 28(3) 28(4) 5(3) -2(3) 1(3) 

C(24) 40(5) 35(5) 18(3) -14(3) 5(3) -9(4) 

C(25) 28(4) 30(4) 31(4) 4(3) -6(3) -8(3) 

C(26) 27(3) 12(3) 30(4) -5(2) 4(3) 2(2) 

C(27) 36(4) 44(5) 30(4) -12(4) -4(3) -5(3) 

F(13) 93(4) 36(3) 31(2) -10(2) -16(2) 33(3) 

F(14) 147(6) 44(3) 39(3) 23(2) 44(4) 30(3) 

F(15) 65(4) 58(4) 254(10) 9(5) -110(5) 3(3) 

C(28) 27(3) 35(4) 25(3) 0(3) -13(3) 11(3) 

F(16) 22(2) 49(4) 39(4) -7(3) -4(2) -1(2) 

F(17) 44(4) 46(4) 35(4) 2(3) -15(3) -6(3) 

F(18) 50(4) 37(4) 67(5) -1(3) -14(3) 16(3) 

C(31) 29(4) 12(3) 24(4) -5(3) -7(3) -1(3) 

C(32) 34(4) 7(3) 27(4) -1(3) -2(3) 1(3) 

C(33) 41(4) 20(3) 26(4) 4(3) 8(3) 1(3) 

C(34) 31(4) 32(4) 40(5) 2(3) -2(3) 10(3) 

C(35) 26(4) 29(5) 38(5) 4(4) 7(3) -4(3) 

C(36) 19(3) 29(4) 21(3) -6(3) -5(2) 5(2) 

C(37) 35(4) 21(3) 52(5) -16(3) -2(3) 3(3) 

F(19) 40(3) 28(3) 40(3) -12(2) -1(2) -10(2) 

F(20) 61(4) 49(4) 52(5) 23(3) -5(3) -24(3) 

F(2l) 63(4) 28(3) 161(8) -47(4) 3(4) -7(3) 

C(38) 34(4) 55(5) 14(3) -5(3) 3(3) -23(4) 

F(22) 48(3) 46(3) 30(3) -12(2) -16(2) -10(3) 

F(23) 38(3) 44(4) 38(3) 0(3) 3(2) -25(3) 

F(24) 32(2) 23(3) 32(3) . 4(2) 8(2) -9(2) 



Table 5. Hydrogen coordinates ( x I0 4 ) and isotropic displacement parameters (A:,x 10 J ) 

for 99srvl76. 

y z U(eq) 

H(3) 630 5261 5882 42 
H(4) -1263 3595 6127 47 

H(5) -603 1200 5899 43 

H(13) 6852 -3734 3041 36 

H(14) 5361 -3163 1591 42 

H(15) 4173 -752 1203 38 

H(23) 857 -2183 13000 36 

H(24) -585 165 12794 36 

H(25) -1882 951 11176 36 

H(33) 4122 -8043 8438 37 

H(34) 6074 -6626 8298 44 

H(35) 5469 -3994 8344 39 



Table 6. Torsion angles [°] for 99srvl76. 

C(U)-Sn(l)-C(l)-C(2) -141.5(7) 

Cl(l)-Sn(l)-C(l)-C(2) 87.2(7) 

Cl(2)-Sn(l)-C(l)-C(2) -22.9(8) 

C(l l)-Sn(l)-C(l)-C(6) 39.0(7) 

Cl(l)-Sn(l)-C(l)-C(6) -92.3(6) 

Cl(2)-Sn(l)-C(l)-C(6) 157.7(5) 

C(6)-C(l)-C(2)-C(3) -3.1(13) 

Sn(l)-C(l)-C(2)-C(3) 177.4(7) 

C(6)-C(l)-C(2)-C(7) 174.9(8) 

Sn(l)-C(l)-C(2)-C(7) -4.5(13) 

C(l)-C(2)-C(3)-C(4) 1.3(14) 

C(7)-C(2)-C(3)-C(4) -177.1(9) 

C(2)-C(3)-C(4)-C(5) 0.2(15) 

C(3)-C(4)-C(5)-C(6) 0.5(17) 

C(4)-C(5)-C(6)-C(l) -2.4(14) 

C(4)-C(5)-C(6)-C(3) 178.1(10) 

C(2)-C(l)-C(6)-C(5) 3.7(12) 

Sn(l)-C(l)-C(6)-C(5) -176.8(7) 

C(2)-C(l)-C(6)-C(8) -176.9(8) 

Sn(l)-C(l)-C(6)-C(8) 2.7(10) 

C(l)-C(2)-C(7)-F(3) -153.6(9) 

C(3)-C(2)-C(7)-F(3) 24.6(12) 

C(l)-C(2)-C(7)-F(2) -30.7(13) 

C(3)-C(2)-C(7)-F(2) 147.6(8) 

C(l)-C(2)-C(7)-F(l) 80.7(12) 

C(3)-C(2)-C(7)-F(l) -101.0(10) 

C(5)-C(6)-C(8)-F(6) -31.9(11) 

C(l)-C(6)-C(8)-F(6) 148.7(8) 

C(5)-C(6)-C(8)-F(5) 91.2(10) 

C(l)-C(6)-C(8)-F(5) -88.3(9) 

C(5)-C(6)-C(8)-F(4) -147.8(8) 

C(l)-C(6)-C(8)-F(4) 32.7(11) 

C(l)-Sn(l)-C(ll)-C(12) -130.7(7) 

Cl(l)-Sn(l)-C(ll)-C(12) -8.5(3) 

Cl(2)-Sn(l)-C(ll)-C(l2) 99.3(7) 



C(l ) -Sn( l ) -C( l l ) -C( l6) 50.8(7) 

Cl ( l ) -Sn( l ) -C( l l ) -C( l6) 173.0(5) 

Cl(2)-Sn(l)-C(ll)-C(l6) -79.2(6) 

C(16)-C(ll)-C(l2)-C(13) -4.4(12) 

Sn(l)-C(U)-C(12)-C(l3) 177.1(6) 

C(16)-C(U)-C(12)-C(17) 179.6(8) 

Sn(l)-C(ll)-C(12)-C(17) 1.1(11) 

C(U)-C(12)-C(13)-C(14) 0.2(14) 

C(17)-C(12)-C(13)-C(14) 176.4(8) 

C(12)-C(13)-C(14)-C(15) 5.8(14) 

C(13)-C(14)-C(15)-C(16) -7.1(14) 

C(12)-C(U)-C(t6)-C(15) 2.9(12) 

Sn(l)-C(ll)-C(16)-C(15) -178.5(6) 

C(12)-C(ll)-C(16)-C(18) -174.3(7) 

Sn(l)-C(ll)-C(16)-C(18) 4.4(11) 

C(14)-C(15)-C(16)-C(U) 2.7(13) 

C(14)-C(15)-C(16)-C(18) -179.9(8) 

C(ll)-C(12)-C(17)-F(8) -171.0(8) 

C(13)-C(12)-C(17)-F(8) 12.7(12) 

C(ll)-C(12)-C(17)-F(9) 64.6(11) 

C(13)-C(12)-C(17)-F(9) -111.8(9) 

C(ll)-C(12)-C(17)-F(7) -51.5(11) 

C(13)-C(12)-C(17)-F(7) 132.1(8) 

C(ll)-C(16)-C(18)-F(12) 133.1(9) 

C(15)-C(16)-C(18)-F(12) -44.3(11) 

C(11)-C(16)-C(18)-F(10) 12.2(12) 

C(l5)-C(l6)-C(18)-F(iO) -165.1(8) 

C(ll)-C(16)-C(18)-F(U) -108.0(10) 

C(15)-C(16)-C(18)-F(U) 74.7(10) 

C(31)-Sa(2)-C(21)-C(22) -51.6(8) 

Cl(3)-Sa(2)-C(21)-C(22) 80.0(7) 

Cl(4)-Sa(2)-C(21)-C(22) -173.8(5) 

C(31)-Sn(2)-C(21)-C(26) 125.5(6) 

Cl(3)-Sa(2)-C(21)-C(26) -102.9(6) 

Cl(4)-Sn(2)-C(21)-C(26) 3.3(7) 

C(26)-C(2l)-C(22)-C(23) -2.4(13) 

Sa(2)-C(2t)-C(22)-C(23) 174.7(6) 



C(26)-C(2l)-C(22)-C(27) 178.2(8) 

Sn(2)-C(21)-C(22)-C(27) -4.7(12) 

C(21)-C(22)-C(23)-C(24) 4.8(14) 

C(27)-C(22)-C(23)-C(24) -175.7(9) 

C(22)-C(23)-C(24)-C(25) -4.5(13) 

C(23)-C(24)-C(25)-C(26) 1.9(14) 

C(24)-C(25)-C(26)-C(21) 0.3(13) 

C(24)-C(25)-C(26)-C(28) 173.9(8) 

C(22)-C(21)-C(26)-C(25) -0.1(12) 

Sn(2)-C(21)-C(26)-C(25) -177.3(6) 

C(22)-C(21)-C(26)-C(28) -173.4(8) 

Sn(2)-C(21)-C(26)-C(28) 9.5(11) 

C(23)-C(22)-C(27)-F(15) -58.5(12) 

C(2l)-C(22)-C(27)-F(15) 120.9(11) 

C(23)-C(22)-C(27)-F(14) 62.6(12) 

C(21)-C(22)-C(27)-F(14) -118.0(10) 

C(23)-C(22)-C(27)-F(13) -178.6(9) 

C(21)-C(22)-C(27)-F(13) 0.8(14) 

C(25)-C(26)-C(28)-F(16) -126.0(9) 

C(21)-C(26)-C(28)-F(16) 47.1(12) 

C(25)-C(26)-C(28)-F(17) 110.4(10) 

C(21)-C(26)-C(28)-F(17) -76.4(11) 

C(25)-C(26)-C(28)-F(18) -7.2(13) 

C(21)-C(26)-C(28)-F(18) 165.9(8) 

C(21)-SQ(2)-C(31)-C(36) -39.9(8) 

Cl(3)-Sn(2)-C(31)-C(36) -158.3(6) 

Cl(4)-Sn(2)-C(31)-C(36) 93.3(7) 

C(2l)-Sn(2)-C(31)-C(32) 137.8(7) 

Cl(3)-Sn(2)-C(3l)-C(32) 19.5(8) 

Cl(4)-Sn(2)-C(31)-C(32) -88.9(7) 

C(36)-C(31>C(32)-C(33) 2.5(13) 

Sa(2)-C(31)-C(32)-C(33) -175.4(7) 

C(36)-C(31)-C(32)-C(37) 178.7(9) 

Sa(2)-C(3l)-C(32)-C(37) 0.9(12) 

C(31)-C(32)-C(33)-C(34) 1.1(15) 

C(37)-C(32)-C(33)-C(34) -t 75.0(10) 

C(32)-C(33)-C(34)-C(35) -5.1(16) 



C(33)-C(34)-C(35)-C(36) 5.1(14) 

C(32)-C(3l)-C(36)-C(35) -2.1(13) 

Sn(2)-C(31)-C(36)-C(35) 175.8(7) 

C(32)-C(31)-C(36)-C(38) 176.2(8) 

Sn(2)-C(3l)-C(36)-C(38) -5.9(12) 

C(34)-C(35)-C(36)-C(31) -1.6(14) 

C(34)-C(35)-C(36)-C(38) 180.0(9) 

C(33)-C(32)-C(37)-F(20) 93.8(12) 

C(31)-C(32)-C(37)-F(20) -82.5(12) 

C(33)-C(32)-C(37)-F(2l) -24.3(14) 

C(31)-C(32)-C(37)-F(21) 159.4(9) 

C(33)-C(32)-C(37)-F(19) -139.4(9) 

C(31)-C(32)-C(37)-F(19) 44.3(13) 

C(31)-C(36)-C(38)-F(23) -149.6(8) 

C(35)-C(36)-C(38)-F(23) 28.8(11) 

C(3l)-C(36)-C(38)-F(24) -25.9(12) 

C(35)-C(36)-C(38)-F(24) 152.6(7) 

C(3l)-C(36)-C(38)-F(22) 91.3(10) 

C(35)-C(36)-C(38)-F(22) -90.3(9) 

Symmetry transformations used to generate equivalent atoms: 



3.Crystal data of GeAr" 2Cl 2 

Table I . Crystal data and structure refinement 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Crystal shape 

Crystal colour 

Diffractometer 

Data collection method 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 30.44° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F 2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff . peak and hole 

r 99srv20l. 

99srv201 

C16 H6 C12 F12 Ge 

569.70 

150(2) K 

0.71073 A 

Monoclinic 

P2(l)/n 

a =10.547(1) A a = 9 0 ° . 

b = 11.658(1) A (3= 108.20(1)°. 

c = 16.634(1) A y = 90°. 

1943.0(4) A 3 

4 

1.948 Mg/m 3 

1.964 mm"1 

1104 

0.40x0.12x0.12 mm 3 

rectangular prism 

colourless 

Bruker SMART-CCD 

omega scans 

2.04 to 30.44°. 

-12<=h<=15, -I6<=k<=13, -22<=1<=23 

14930 

5378 [R(int) = 0.0323] 

91.4% 

Integration 

0.806 and 0.633 

Full-matrix least-squares on F 1 

5378 / 0 / 304 

1.029 

R l =0.0361, wR2 -0.0790 

R l =0.0616, wR2 = 0.0877 

0.592 and-0.335 e.A 3 



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A 2 x 10J) 

for 99srv20l. U(eq) is defined as one third of the trace of the orthogonalized U 1 ' tensor. 

X y z U(eq) 

Ge(l) 6536(1) 225(1) 7100(1) 26(1) 

Cl( l) 6872(1) -475(1) 5989(1) 43(1) 

Cl(2) 8516(1) 680(1) 7874(1) 41(1) 

C(l) 5888(2) -1008(2) 7670(2) 25(1) 

C(2) 4691(2) -1613(2) 7324(1) 25(1) 

C(3) 4309(2) -2465(2) 7782(2) 27(1) 

C(4) 5120(2) -2731(2) 8597(2) 28(1) 

C(5) 6298(3) -2155(2) 8947(2) 34(1) 

C(6) 6685(3) -1297(2) 8488(2) 32(1) 

C(7) 3786(3) -1413(2) 6436(2) 33(1) 

F( l ) 4068(2) -2140(2) 5882(1) 52(1) 

F(2) 2508(2) -1613(2) 6361(1) 58(1) 

F(3) 3871(2) -369(1) 6146(1) 45(1) 

C(3) 4674(3) -3674(2) 9069(2) 36(1) 

F(4) 36H(2) -3375(2) 9281(2) 80(1) 

F(5) •5608(2) -3957(2) 9784(1) 70(1) 

F(6) 4358(3) -4619(2) 8617(1) 72(1) 

C(U) 5487(2) 1630(2) 6768(2) 24(1) 

C(12) 4990(2) 2297(2) 7302(2) 26(1) 

C(13) 4236(3) 3276(2) 7003(2) 30(1) 

C(14) 3960(3) 3594(2) 6162(2) 30(1) 

C(15) 4440(3) 2949(2) 5619(2) 33(1) 

C(16) 5198(3) 1975(2) 5925(2) 29(1) 

C(17) 5182(3) 1960(2) 8208(2) 35(1) 

F(7) 4205(2) 1240(2) 8250(1) 69(1) 

F(8) 6314(2) 1398(2) 3561(1) 52(1) 

F(9) 5152(2) 2838(2) 8701(1) 57(1) 

C(18) 3123(3) 4644(2) 5328(2) 43(1) 

F(10) 1869(2) 4375(2) 5418(2) 79(1) 

F(H) 3590(3) 5239(2) 5292(1) 74(1) 

F(12) 3113(2) 5379(2) 6439(1) 56(1) 

143 



Table 4. Anisotropic displacement parameters (A : x I0 J ) for 99srv20l. The anisotropic 

displacement factor exponent takes the form: -2rc2[ h 2 a* 2 U" + ... +• 2 h k a" b* L " 2 ] 

U " (J 2 2 U " U 2 3 U ' 3 
U ' 2 

Ge(l) 26(1) 23(1) 28(1) 3(1) 9(1) K D 
Cl( l ) 54(1) 40(1) 43(1) 0(1) 27(1) 9(1) 

Cl(2) 25(1) 41(1) 52(1) 8(1) 6(1) -4(1) 

C(t) 27(1) 22(1) 25(1) 2(1) 6(1) 1(1) 

C(2) 27(1) 23(1) 22(1) 0(1) 6(1) 3(1) 

C(3) 28(1) 25(1) 26(1) -1(1) 8(1) U D 
C(4) 32(1) 23(1) 26(1) 0(1) 8(1) K D 
C(5) 41(2) 31(1) 25(1) 5(1) 2(1) -3(1) 

C(6) 31(1) 29(1) 30(1) 1(1) 0(1) -4(1) 

C(7) 30(1) 33(1) 30(1) 6(1) 4(1) -4(1) 

F( l ) 74(1) 46(1) 27(1) -7(1) 4(1) K D 
F(2) 29(1) 87(1) 49(1) 25(1) -3(1) -8(1) 

F(3) 52(1) 35(1) 35(1) 13(1) -6(1) -6(1) 

C(8) 45(2) 32(1) 32(1) 4(1) 14(1) -3(1) 

F(4) 86(2) 67(1) 114(2) 37(1) 71(2) 14(1) 

F(5) 74(1) 72(1) 48(1) 33(1) -6(1) -25(1) 

F(6) 137(2) 37(1) 46(1) -5(1) 34(1) -37(1) 

C ( l l ) 24(1) 23(1) 26(1) 1(1) 7(D -1(1) 

C(12) 26(1) 24(1) 26(1) 0(D 7(1) -2(1) 

C(13) 33(1) 26(1) 31(1) -4(1) 9(1) 1(1) 

C(14) 30(1) 22(1) 34(1) -1(1) 4(1) -1(1) 

C(15) 40(1) 28(1) 27(1) 3(1) 6(1) - K D 
C(16) 36(1) 27(1) 27(1) 0(1) 11(D 1(1) 

C(17) 40(1) 36(1) 30(1) 2(1) 15(1) 4(1) 

F(7) 71(1) .86(2) 55(1) 18(1) 26(1) . -26(1) 

F(8) 62(1) 63(1) 30(1) - 10(1) 13(1) 27(1) 

F(9) 88(2) 50(1) 32(1) -3(1) 2 K D 20(1) 

C(18) 45(2) 34(2) 40(2) -2(1) 2(D 9(1) 

F(10) 49(1) 52(1) 101(2) -10(1) -27(1) 16(1) 

F(U) 109(2) 49(1) 68(1) 33(1) 36(1) 34(1) 

F(12) 66(1) 39(1) 52(1) -6(1) 6(1) 22(1) 



Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A 2 x 10 3 ) 

for99srv20t. 

x y z U'(eq) 

H(3) 3500(30) -2870(20) 7511(16) 22(6) 

H(5) 6830(30) -2330(30) 9460(20) 48(9) 

H(6) 7440(30) -960(20) 8697(18) 31(7) 

H(13) 3950(30) 3710(20) 7391(19) 36(8) 

H(15) 4260(30) 3190(30) 5050(20) 41(8) 

H(16) 5510(30) 1540(20) 5567(17) 27(7) 



Table 6. Torsion angles [°] for99srv201. 

C(U)-Ge(t)-C(l)-C(6) -118.2(2) 

Cl(l)-Ge(l)-C(l)-C(6) 117.67(19) 

Cl(2)-Ge(l)-C(l)-C(6) 7.1(2) 

C(U)-Ge(l)-C(l)-C(2) 61.4(2) 

Cl(l)-Ge(l)-C(l)-C(2) -62.8(2) 

Cl(2)-Ge(l)-C(l)-C(2) -173.33(19) 

C(6)-C(l)-C(2)-C(3) 0.4(4) 

Ge(l)-C(l)-C(2)-C(3) -179.20(18) 

C(6)-C(l)-C(2)-C(7) -177.0(2) 

Ge(l)-C(l)-C(2)-C(7) 3.5(3) 

C(l)-C(2)-C(3)-C(4) -0.1(4) 

C(7)-C(2)-C(3)-C(4) 177.4(2) 

C(2)-C(3)-C(4)-C(5) -0.1(4) 

C(2)-C(3)-C(4)-C(8) -179.3(2) 

C(3)-C(4)-C(5)-C(6) 0.2(4) 

C(8)-C(4)-C(5)-C(6) 179.3(3) 

C(4)-C(5)-C(6)-C(t) 0.1(4) 

C(2)-C(l)-C(6)-C(5) -0.3(4) 

Ge(l)-C(l)-C(6)-C(5) 179.3(2) 

C(3)-C(2)-C(7)-F(3) 155.3(2) 

C(l)-C(2)-C(7)-F(3) -27.3(4) 

C(3)-C(2)-C(7)-F(2) 32.8(3) 

C(l)-C(2)-C(7)-F(2) -149.8(2) 

C(3)-C(2)-C(7)-F(l) -85.1(3) 

C(l)-C(2)-C(7)-F(l) 92.4(3) 

C(5)-C(4)-C(8)-F(6) -128.3(3) 

C(3)-C(4)-C(8)-F(6) 50.9(3) 

C(5)-C(4)-C(8)-F(4) 111.7(3) 

C(3)-C(4)-C(8)-F(4) -69.1(3) 

C(5)-C(4)-C(8)-F(5) -8.0(4) 

C(3)-C(4)-C(3)-F(5) 171.2(2) 

C(l) -Ge(t ) -C(l l ) -C(l6) -127.59(19) 

Cl(l)-Ge(l)-C(ll)-C(16) -3.2(2) 

Cl(2)-Ge(l)-C(ll)-C(16) 107.33(13) 

C(l)-Ge(l)-C(ll)-C(12) 51.2(2) 



CI( t)-Ge(l)-C( 11)- C(12) 175.63(18) 

Cl(2)-Ge( l)-C( 11)- C(12) -73.8(2) 

C(16)-C(l l)-C(12) -C(13) -0.2(4) 

Ge(l)-C(ll)-C(12) -C(13) -179.07(18) 

C(16)-C(11)-C(12) -C(17) 176.5(2) 

Ge( l ) -C( l l ) -C( l2) -C(17) -2.3(3) 

C(ll)-C(12)-C(13) -C(14) 0.6(4) 

C(17)-C(12)-C(13) -C(14) -176.4(2) 

C(t2)-C(13)-C(14) -C(15) -0.6(4) 

C(12)-C(13)-C(14) -C(IS) 179.0(2) 

C(13)-C(14)-C(15) -C(16) 0.3(4) 

C(18)-C(14)-C(15) -C(16) -179.3(2) 

C(14)-C(15)-C(16) - C ( l l ) 0.0(4) 

C(12)-C(11)-C(16) -C(15) -0.1(4) 

Ge( l ) -C( l l ) -C( l6) -C(15) 178.9(2) 

C(13)-C(12)-C(17) -F(9) -28.6(3) 

C(ll)-C(12)-C(17] -F(9) 154.5(2) 

C(13)-C(12)-C(17; -F(8) -151.5(2) 

C(ll)-C(12)-C(17; -F(8) 31.6(3) 

C(13)-C(12)-C(17' -F(7) 90.7(3) 

C(ll)-C(12)-C(17' )-F(7) -86.2(3) 

C(15)-C(14)-C(18 )-F(10) 80.1(4) 

C(13)-C(14)-C(18 >-F(10) -99.4(3) 

C(15)-C(14)-C(18 )-F(l2) -158.4(3) 

C(13)-C(14)-C(18 )-F(l2) 22.1(4) 

C(15)-C(14)-C(13 ) -F( t l ) -40.0(4) 

C(13)-C(14)-C(18 )-F(H) 140.4(3) 



4.Crystal data of GeArCb 

Table 1. Crystal data and structure refinement for 99srv249. 

Identification code 99srv249 

Empirical formula C 9 H 2 CI3 F 9 Ge 

Formula weight 460.05 

Temperature 120(2) K 

Wavelength 0.71073 A 

Crystal system Orthorhombic 

Space group Pnma 

Unit cell dimensions a = 11.284(1) A a = 90° 

b = 12.541(1) A (3 = 90° 

c = 9.710(3) A Y = 90° 

Volume 1374.1(5) A 3 

Z 4 

Density (calculated) 2.224 g/cm3 

Absorption coefficient 2.906 mm-1 

F(000) 880 

Crystal size 0.40 x 0.28 x 0.28 mm 3 

9 range for data collection 2.65 to 29.10°. 

Index ranges -15 < h< 14, -16 < k< 16, -7< l< 13 

Reflections collected 11660 

Independent reflections 1921 [R(int) =0.0219] 

Reflections with I>2a(I) 1743 

Completeness to 9 = 29.10° 99.6 % 

Absorption correction None 

Max. and min. transmission 0.4926 and 0.4371 

Refinement method Full-matrix least-squares on F 2 

Data / restraints / parameters 1921/6 / 125 

Largest final shift/e.s.d. ratio 0.001 

Goodness-of-fit on F 2 1.064 

Final R indices [I>2a(I)] R, =0.0217, wR, = 0.0543 

R indices (all data) R, =0.0251, wR, = 0.0555 

Largest diff. peak and hole 0.428 and -0.552 e.A"3 



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A 2 x 104) 

for 99srv249. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

X y z U(eq) 

Ge 1317(1) 2500 7098(1) 163(1) 

Cl( l ) 112(1) 1202(1) 6924(1) 276(1) 

Cl(2) 2029(1) 2500 9109(1) 251(1) 

F( l ) 1844(1) -27(1) 5103(1) 274(2) 

F(2) 3706(1) -209(1) 5524(1) 296(2) 

F(3) 2571(1) 473(1) 7070(1) 226(2) 

C( l ) 2574(2) 2500 5674(2) 153(4) 

C(2) 3030(1) 1543(1) 5121(2) 165(3) 

C(3) 3808(1) 1542(1) 3999(2) 205(3) 

C(4) 4169(2) 2500 3425(2) 217(4) 

C(5) 2772(1) 445(1) 5703(2) 200(3) 

C(6) 5006(2) 2500 2210(3) 320(6) 

F(4) 5254(4) 3478(3) 1769(4) 710(13) 

F(5) 4583(4) 2021(4) 1177(3) 992(19) 

F(6) 6018(3) 2115(4) 2509(4) 1100(30) 
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Table 4. Anisotropic displacement parameters (A 2 x 104) for 99srv249. The anisotropic 

displacement factor exponent takes the form: -2n2[ h 2 a* 2U| i + ... + 2 h k a* b* U ! 2 ] 

Un u 2 2 
U 3 3 U 2 3 U , 3 U , 2 

Ge 139(1) 186(1) 163(1) 0 21(1) 0 

Cl( l ) 184(2) 299(2) 346(2) -25(2) 42(2) -79(1) 

Cl(2) 338(3) 248(2) 169(2) 0 -18(2) 0 

F(l) 265(5) 249(5) 308(5) -71(4) -24(4) -82(4) 

F(2) 264(5) 196(5) 427(6) -1(4) 44(4) 64(4) 

F(3) 243(5) 216(4) 217(4) 32(3) -7(4) -26(4) 

C(l) 122(9) 186(9) 152(9) 0 -15(7) 0 

C(2) 144(6) 178(6) 175(6) -12(5) -25(5) -7(5) 

C(3) 190(7) 242(7) 181(7) -41(6) -6(6) 27(6) 

C(4) 177(10) 314(11) 161(9) 0 18(8) 0 

C(5) 182(7) 175(6) 242(7) -26(6) -3(6) -2(5) 

C(6) 350(13) 400(14) 209(11) 0 97(10) 0 

F(4) 1070(30) 436(16) 630(20) 65(15) 650(20) -50(19) 

F(5) 1060(30) 1600(50) 311(15) -520(20) 339(17) -830(30) 

F(6) 597(18) 2110(80) 590(18) 700(30) 432(16) 860(30) 

Table 5. Hydrogen coordinates ( xlO 3 ) and isotropic displacement parameters (A 2 x l0 3 ) 

for 99srv249. 

X y z U(iso) 

H(3) 408(2) 89(2) 367(2) 28(5) 



5.Crystal data of S i A r " 2 C l 2 

Table 1. Crystal data and structure refinement for 99srv253. 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

9 range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Reflections with I>2o(I) 

Completeness to 6 = 29.13° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Largest final shift/e.s.d. ratio 

Goodness-of-fit on F 2 

Final R indices [I>2a(I)] 

R indices (all data) 

Largest diff. peak and hole 

99srv253 

C|6 H 6 C12 Fj2 Si 

525.20 

120(2) K 

0.71073 A 

Monoclinic 

P2,/n (No. 14) 

a = 10.429(7) A a = 9 0 ° 

b = 11.534(7) A P= 107.84(2)° 

c = 16.608(10) A y = 90° 

1902(2) A 3 

4 

1.834 g/cm3 

0.520 mm-' 

1032 

0.40 x 0.40 x 0.26 mm 3 

2.06 to 29.13°. 

-14 <>h £13,-15 <,k <15,-22 <>l <L1 

17420 

5059 [R(int) = 0X)321] 

4018 

98.6 % 

None 

0.8622 and 0.6973 

Full-matrix least-squares on F 2 

5059 /0 / 304 

0.001 

1.021 

R, =0.0356, wR 2 = 0.0861 

R, =0.0507, wR 2 = 0.0938 

0.405 and -0.342 e.A"3 
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Table 2. Atomic coordinates ( * 10s) and equivalent isotropic displacement parameters (A 2 x 10") 

for 99srv253. U(eq) is defined as one third of the trace of the orthogonalized Ujj tensor. 

X y z U(eq) 

Si 65768(5) 51964(4) 20903(3) 214(1) 

Cl( l) 68478(5) 44718(4) 10273(3) 332(1) 

Cl(2) 84785(4) 56570(4) 28110(3) 321(1) 

F( l ) 38437(12) 46368(10) 11266(7) 342(3) 

F(2) 40973(13) 28337(11) 8869(7) 380(3) 

F(3) 24974(11) 33617(13) 13642(8) 417(3) 

F(4) 43326(19) 3922(11) 36202(8) 566(4) 

F(5) 36119(17) 16518(14) 43117(12) 628(5) 

F(6) 56284(15) 10468(14) 47861(8) 562(4) 

F ( l l ) 63963(12) 63895(11) 35897(7) 363(3) 

F(12) 51594(14) 78231(11) 37067(7) 400(3) 

F(13) 42577(14) 61668(14) 32785(8) 491(4) 

F(14) 31684(14) 103746(11) 14684(8) 410(3) 

F(15) 18836(14) 93692(13) 4535(10) 574(4) 

F(16) 36177(17) 102197(12) 2999(9) 546(4) 

C( l ) 59136(17) 40370(14) 26564(10) 209(3) 

C(2) 47015(16) 34111(14) 23214(10) 200(3) 

C(3) 43092(17) 25555(15) 27885(10) 212(3) 

C(4) 51215(18) 22985(15) 36062(10) 226(3) 

C(5) 63116(19) 28942(16) 39549(11) 262(4) 

C(6) 66982(18) 37519(16) 34834(11) 248(3) 

C(7) 37848(18) 35707(16) 14309(11) 252(3) 

C(8) 46740(20) 13455(16) 40828(11) 278(4) 

C ( l l ) 55451(16) 65586(14) 17816(10) 202(3) 

C(12) 50306(17) 72449(15) 23154(10) 213(3) 

C(13) 42706(18) 82368(15) 20197(11) 237(3) 

C(14) 40010(17) 85683(15) 11783(11) 238(3) 

C(15) 44899(19) 79143(16) 6340(11) 259(4) 

C(16) 52517(18) 69245(15) 9360(11) 237(3) 

C(17) 52133(19) 69136(16) 32278(11) 268(4) 

C(18) 31670(20) 96296(17) 8539(12) 315(4) 



Table 4. Anisotropic displacement parameters ( A 2 * 104) for 99srv253. The anisotropic 

displacement factor exponent takes the form: -27t2[ h1 a* 2Uu + ••• + 2 h k a* b* U12 ] 

u „ U 3 3 U 2 3 U , 3 U l 2 

Si 220(2) 193(2) 233(2) 28(2) 74(2) 16(2) 

Cl( l ) 423(3) 302(2) 324(2) 3(2) 192(2) 71(2) 

Cl(2) 214(2) 327(2) 401(2) 72(2) 64(2) -21(2) 

F( l ) 394(6) 266(6) 276(5) 98(4) -31(5) -38(5) 

F(2) 549(8) 351(6) 201(5) -48(4) 58(5) -18(6) 

F(3) 233(5) 589(8) 358(6) 155(6) -17(5) -61(5) 

F(4) 1074(13) 298(7) 353(7) -43(5) 255(7) -279(7) 

F(5) 683(10) 532(9) 891(12) 272(8) 570(9) 113(8) 

F(6) 577(9) 579(9) 387(7) 281(6) -62(6) -195(7) 

F ( l l ) 440(7) 416(7) 221(5) 55(5) 82(5) 151(5) 

F(12) 587(8) 390(7) 241(5) -30(5) 155(5) 130(6) 

F(13) 533(8) 603(9) 377(7) 95(6) 196(6) -199(7) 

F(14) 495(7) 286(6) 391(6) -49(5) 50(5) 152(5) 

F(15) 358(7) 420(8) 722(10) -68(7) -162(7) 94(6) 

F(16) 818(11) 371(7) 508(8) 234(6) 292(7) 246(7) 

C( l ) 219(8) 183(7) 213(7) 12(6) 49(6) 11(6) 

C(2) 225(8) 187(8) 177(7) 1(6) 46(6) 23(6) 

C(3) 230(8) 194(8) 204(7) -13(6) 56(6) -10(6) 

C(4) 290(9) 180(8) 208(7) 6(6) 75(6) 4(6) 

C(5) 306(9) 238(9) 202(7) 32(6) 19(6) -22(7) 

C(6) 246(8) 228(8) 226(8) 17(6) 10(6) -31(7) 

C(7) 261(8) 257(9) 210(8) 24(6) 31(6) -21(7) 

C(8) 364(10) 252(9) 215(8) 25(7) 85(7) -36(7) 

C ( l l ) 207(7) 183(7) 215(7) 7(6) 63(6) -18(6) 

C(12) 224(8) 207(8) 206(7) 2(6) 64(6) -23(6) 

C(13) 247(8) 215(8) 252(8) -31(6) 79(6) -3(7) 

C(14) 246(8) 198(8) 243(8) 0(6) 34(6) 0(6) 

C(15) 326(9) 233(8) 203(8) 26(6) 59(6) 1(7) 

C(16) 298(9) 208(8) 210(7) 9(6) 86(6) 8(7) 

C(17) 314(9) 271(9) 234(8) 11(7) 108(7) 13(7) 

C(18) 352(10) 251(9) 295(9) -5(7) 31(7) 55(8) 



Table 5. Hydrogen coordinates ( * 103) and isotropic displacement parameters ( A : * 103) 

for 99srv253. 

x y z U(iso) 

H(3) 351(2) 216(2) 255(1) 27(5) 

H(5) 690(2) 270(2) 450(2) 36(6) 

H(6) 755(2) 413(2) 371(1) 32(6) 

H(13) 392(2) 867(2) 238(1) 27(5) 

H(15) 433(2) 815(2) 8(2) 35(6) 

H(16) 555(2) 646(2) 56(1) 24(5) 

Table 6. Torsion angles [°] for 99srv253. 

Cl(2)-Si-C(l)-C(6) 

Cl(l)-Si-C(ll)-C(16) 

6.43(15) 

-6.23(14) 


