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Summary 

The systematic conductivity studies of various triorganohalides of the main 
Group IV elements in the presence of nucleophiles known as racemization 
agents (HMPT, DMSO, DMF and Ph,PO) do not show the existence of ionic 
l/l adducts. Those observed with R$iBr and HMPT are a particular case due 
to lability of the Si-Br bond. The bromogermane and chlorostannane show 
very different behaviour. Molecular l/l and l/2 adducts formed by interaction 
of nucleophilic reagents and Ph3SnC1 were obterved in polarographic studies. 
These observations confirm the existence of pentacoordinate or hexacoordinate 
species. 

Introduction 

The formation of ionic adducts between Me3SiBr and HMPT was recently 
reported [ll. We now have undertaken a kinetic study of the racemization of 
triorganohalo-silanes, -germanes and -stannanes [2-41 catalysed by nucleophiles 
which indicates that two molecules of nucleophile are involved in attack at the 
metal atom. The racemization is second order in the nucleophile {Table 1) and 
the strongly negative activation entropy results suggest a highly organised 
transition state. These results are interpreted in terms of extension of coordina- 
tion at silicon by the reversible formation of a pentacoordinated silicon inter- 
mediate in an initial step. This is followed by the attack of a second molecule 
of nucleophile in the rate-determining step, which involves either a symmetrical 

* No reprints available. 
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octahedral intermediate or a per&coordinated silicon&n ion. In both cases 
racemization wiII take place. 

Hydrolysis catalysed by nucleophiles exhibits great similarities to the racemi- 
ration 151, but the presence of a nucleophihc agent (such as HMPT, DMSO, 
DMF) changes the stereochemistry of this reaction and retention is observed 
instead of the inversion which normally occurs in the absence of a nuc!eophiIic 
catalyst. The mechanism shown in Scheme 1 was therefore p 110’ posed. 

SCHEME 1 
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racemization 

Chojnowski et aI,- [l] isolated the ionic l/l adducts [(Me2N)3POSiMe3]+X- 
from the interaction of HMPT with Me3Si13r, and Me3SiI, (but not with Me3SiC& 
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Conductimetric titrations of Eik@T with these halides gave curves indicating 
quantitative formation of l/l ionic adducts which are strong electrolytes. 

(Me2N)aP0 f Me&X 2 [(Me2N)3POSiMe3]‘X- 

This behaviour is consistent with the formation of tris(diiethylamino)trimethyl- 
siloxyphosphonium halides. The results led the authors to propose another 
mechanism to explain the racemisation and hydrolysis data. In spite of the low 
conductivity observed with Me,SiCl, they extended that mechanism to the 
cblorosilanes. The retention of configuration at silicon observed in hydrolysis 
catalysed by nucleophiles was explained in terms of two consecutive inversions, 
according to Scheme 2. Thus the HMPT-induced rademization of the halosilanes 
would involve nucleophilic attack of a second HMPT molecule at silicon in the 
.phosphonium cation. 

SCHEME 2 

Z 
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This proposal seems very unlikely for the following reasons: 
(1) Although the high negative entropy of activation observed could be 

accounted for by ionic structures with ordered arrangement of the surrounding 

solvent molecules, Chojnowski’s mechanism did not explain the low (or nega- 
tive) value of the enthalpy of activation observed both in racemization and 
hydrolysis (cf. Table I). 

(2) Such a mechanism cannot account for the nucleophile-induced epimeri- 
zation of chlorosilacyclobutanes, since with such a strained cycle retention of 
configuration is the only stereochemistry observed [6]. Thus two consecutive 
substitutions by HMPT could only give retention. 

(3) The mechanism does not account for the racemization observed with. 
other nucleophiles such as CH,CN or RN02, which are too weakly nucleophilic 
to bring about the nucleophilic replacement of Si---X bonds, but are very 
efficient racemization agents_ 

m. (4) The low conductivity observed with chlorosilanes couid be attributed to 
the HMPT-assisted hydrolysis of these compounds by traces of water present 
in the solvents t7] rather than to the formation of ionid adducts. 

We have therefore reexamined aspects-of the work of Chojnowski et al. in order 



28 

to see wether the mechanism they proposed was applicable to ah halides or 
valid only in specific cases because of the lability of Si-Br and Si-I bonds 
towarch nucleophiles. We have also extended the study to halostannanes 
which are known to be very easily racemisable in a process showing the kinetics 
by the same characteristics observed with the silicon compounds. We also 
studied halogermanes and c-blorophosphorus compounds for which we previously 
demonstrated the possibility of nucleophile-activated hydrolysis and racemi- 
zation. 

Experimental 

Following the procedure used by Chojnowski et al. [I] (who obtained a 
crystalline ionic product by adding Me,SiBr to HMPT), we examined the 
behaviour of Ph,SiCl, Ph,SiBr, Ph3GeBr, Et3GeBr and Ph3SnC1 towards nucleo- 
philees such as HMPT or PhJPO, which are known to be racemization catalysts. 
Although the chloro-germanes and -stannanes are more easily racemizable than 
the halosilanes, we did not obtain any crystallisable ionic adduct. However, 

1 x 10’ Ohm-’ m-n-’ 

Fig. 1. Conductimetric titration of 0.11 H nucleophile solution in methYkne chloride *th m&s: 
l HMPT/MegSiBr, 9 HMPTIPhgSiBr, - HMPT/OPC13. c Ph3PO/MesSiBr. 3 Ph3POlPh3Siir. a HMPTl 
PhsSnCl. 
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l/l adducts of HMPT with PhsSiir or PhjSiCl were isolated as white crystals 
which separated on addition of HMPT to a solution of halide in hexane. Their 
identities were confirmed by proton NMR spectroscopy; The adducts are stable 
at ambient temperature. The conductivities of these adducts at 0.1 M concen- 
tration in C&C& are very different; we found 2000 X 10m6 Ohm-’ cm-’ for the 
Ph&Br/HMPT adduct and only 100 X lOA Ohm-’ cm-’ for the Ph,SiCl/HMPT 
adduct. 

We also carried out conductimetric titrations of HMPT, Ph,PO, -DMSO and 
DMF solutions in methyiene chloride against triorganohalo-silanes, -gerxnanes 
and -starmanes, and also chlorophosphorus and chlorothiophosphorus compounds. 
Three types of behaviour were observed: (I) Formation of an ionic l/l adduct 
demonstrated by the breaks in conductimetric titration curves, as shown in 
Fig. 1. This was observed for Me,SiBr/HMPT, Ph,SiBr/HMPT, and OPCl,/_HMPT. 

(2) An increase in conductivity (see Fig. 1) but without reaching a value 
characteristic of the I/l adduct while greater than that due to halide hydrolysis. 
This was observed for Me3SiBr/Ph30P (A, = 600 X 10m6 Ohm-’ cm-‘); Ph3SiBr/ 

1oc 

x lo6 Ohm-’ an-’ 

Q.5 1 1.5 [RX] 
-piq 

Fig. 2. Conductimekic titration of 0.11 Ef of WMPT sdution in methylene chloride with halides: v Me$XX. 
x PhjGeBr. 0 BugSnCI. l PhjSiCL 8 EtjGeCl, A PhsGeCl. 0 Et3GeBr. - - - - conductivity limit of HZ1 
correspondiu~ to hydrolysis of halides by residual water. 



PhsPO. (hr = 130 X 1W6 Ohm-’ cm-‘) and Ph,SnCl/HMPT (X, = 130.X 10e6 Ohm-’ 
cm-‘). 

(3) In general case (including the case of Me,SiBr/DMF, h = 10 X 10s6 Ohm-’ 
cm-’ j the conductivities observed are Iess than those which can be attributed 
to hydrolysis of the halide. This is the commonly observed behaviour, and 
applies to the case of Me$GBr/DMF, X = 10 X 10e6 Ohm-’ cm-‘. 

The methylene chloride used always contained water. The water content 
rose rapidly with time even when rigorous precautions were taken to prevent 
moisture uptake during storage and solvent transfer operations. The water 
concentration in methylene chloride solutions varied between 1 mM and 12 
m&Z. All the halogen0 compounds undergo hydrolysis, catalysed by nucleophilic 
preser.5 in the solution, to DC1 [5] or DBr. We therefore measured the 
conductivities of HCl or HBr solution of concentrations equivalent to that of 
water found in the solutions. It will be seen that the low conductivities obtained 
in the titration curves are generally lower than those obtained with HCI or HBr, 
thelimits of the latter are indicated in Figs. Z-6. 

I 
x x lo6 Ohrri’ an-’ 

Fig 3. Conductimetric titration of 0.13 M of Ph3PO solution. in methylene chloride with halides: a 

Ph&kX, 0 Bu3SnCl. -C Me$3iCl, l PhlSiCl. o EtlGeBr. x PhiGeBr. 8 EtjGeCl. p PhfGeCL 
- - - - - - Conductivity limit of HCl corresponding to hydrolysis of halides by residual water. 
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Rx to~Oh12 cm+ 
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~-..+_---_----m.--_--~-_--_-- 

Fig, 4. Conductbnetri~ titration of 0.14 M of DMSO solution in neilwlene chlmide with h&ides: ‘a 
Ph3SnCl. 3 Bu3SnC1, V Me3SiCl. * Ph3SiCl. 3 EtjGeBr. Y Ph3GeBr. * Et3GeCL b PhgGeCL 
- - - - - - Conducitivity limit of HCI corresponding to hydrolysis of halides by residual v:ater. 

We have studied in some detail the case of organotin compounds since they are 
the most racemisable [4--X0) and most easily extend their coordination. 
The measurement of the half wave potential by polarography allows the study 
of such complexes. The half wave potential changes with the concentration of 
a complexing agent Esu, according to the equation. 

E 112 + M logpu]) 

where Nu = HMPT, Ph,PO, DMSO (= Nucleophile) 
The slope of the appropriate plot gives the number of figands (n) and the 
intercept on the y-axis gives the constant formation K,. The results obtained . 
are indicated in Table 2. in the case of DMF the displacement of the polaro- 
graphic wave is too small to permit a precise measnre, but we conclude t&at 
the same behaviour takes place to some extent. 
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Fig. 5. Conductimetric titration of 0.13 M of DMF solution in methylene chloride with halides: 0 Ph3SnCl. 
C Bu3SiCl. v Mr3SiCl. - Me3SiBr. l Ph3SiCl. 0 Et3GeBr. x PhgGeBr. m EtgGeCl, A PhgGeC1. 

- - - - - - Conductivity limit of HCI corresponding to hydrolysis of haIides by residual water. 
-.-.-_- Conductivity limit of HBr corresponding to hydrolysis of halides by residual water. 

TABLE 2 

RESULTS OF CONSTANT FORMATIOX AND NUMBER OF LIGANDS FROM POLAROGRAPHIC 
MEASUREMENTS 

(The last three lines correspond to determinations of compounds obtained from other physical methods, 

IR. NMR and calorimetry) 

R3SnCI CompIexing 
nucIeophile 

BujSnCl 
Bu3SnCl 

. Ph3SnCl 
PhgSnCl 

Ph3SnCl 
Ph3SnCl 

Me3SnCl 
MegSnCl 

Me3SnCl 

DMSO 
HMPT 

PhjPO 
DMSO 
HMPT 
DMSO 
HMPT 
DMSO 

Ph3PO 

Solvent 

DME 
DME 
DME 
DME 

DME 
MeCN 
Lsooct2ne 
Isooctane 
Toluene 

Number of 
ligands 

q (K’) Reference 

20 
315 
355 

4000 a 
3_a0000 = 

50 

380 8 

9 8 
100 9 

= Kf (K*)_ 
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4x3 1 1.5 

Fig. 6. Conductimetiic tits&on of 0.11 M nucleoPhLte solution in methvlene ckdoride udth h&des: 
e HMPTf1CfenthyfchIoto~henyl)Phosphonate: * WMPTf2~h~oro-2-oxo-l.2.3-diouo~~osphorinane: 
l HMPTf2-ch~oro-2-oxo-1..3.2-dio%ophosPhoIane, * HMPTfO,O-diet~ylc~~omt‘hiophosphate: 3 WMPT/ 
O-ethyf_chloro<Phenyr)thiogbosphosphonate; p HMPTltikhioro(phenvl~thioPhosPhonzte: - WV-dimethyl- 
acetamide/OPC13: e DMFfmentyhlchioro(Phenyl)PhosP~onate; l DM~lO-ethyi~hloroo”LE?jo- 
Ph9sPhoaate. 

Discussion 

The features of the results are as foIIows: 
(I) The triorganohalo-gerrnanes and -stannanes, which are eveu moi-e easily 

racemisable than triorganohaiosilanes, do not g&e ionic adducts with HMpT 
or with other nucleophties. Thus the ease of racemization (especially in the 
case of the tin compounds) does not seem connected with the exSence of 
ionic I/l adducts.. 

(2) in hexane, iz5phenykh1orosikme gives a crystaBne addlrct with I334PT 
as does MeJSiBr, but this adduct is not ionic; the conductivity of a 0.I. M solu- 
tion of this adduct in methyIene di&oride is the same as that dug to hydzo- 
lysis of the halides by the water in the soEven% (h = 100 t 10 X 10W6 Otin-~-~ 
cm-’ ). A similar result is observed in the case of the 3.1% Ph&W/Me,SiCL adduct; 
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the’formation of the latter has been demonstrated by 31P NMR spectroscopy 
191 but the conductivity of l/l mixtures in methylene dichloride is very low 
(A = 10 + 3 X 10M6 Ohm-’ cm-‘). Thus the complexes between R&iX and 
nucleophiles do not necessarily have ionic structures. 

(3) Nucleophiles such as DMF which are effective in the racemization of 
optically active compounds, do not give l/l ionic adducts even with Me,SiBr 
(X = 10 X 10w6 Ohm-’ cm-‘) or Ph,SiBr (X = 2 X 10d6 Ohm-’ cm-‘). In both cases 
the conductivities observed were lower than those corresponding to hydrolysis. 

(4) The conductivity observed for most halide/nucleophile adducts is in 
the same range as that found for the HCl solution resulting from the nucleophile- 
activated hydrolysis of these halides by residual water (-4 mM) (The exception 
is in the case of R,SiBr compounds). 

From the above observations and.in the light of formations given in the 
introduction, we conclude that the ionization process is a specific phenomenon 
due to the lability of the Si-Br bond and the affinity of silicon for oxygen. It 
is evident that not all racemization processes involve ionic l/l addudts. 

The conductimetric behaviour of R$X is the same for K = Si, Ge, Sn or P; 
correspondingly we found the racemization process to be similar for all four 
elements. Despite the ease of their racemization, the tin compounds in methy- 
lene chloride have only a low conductivity, indicating that the process of 
racemization is more connected with the ability to increase the coordination 
number than to undergo ionization. This was confirmed by polarographic 
studies which show the existence in solution of l/1 and l/2 adducts between 
tin compounds and nucleophiles (Table 2). The tin compounds are known to 
give molecular pentavalent [ll] or hexavalent complexes [12]. In DME solu- 
tion, polarography shows the formation of the adducts: Ph,SnCl/Ph,PO, 
Ph,SnCl/Z HMPT, and Ph$nCl/2 DMSO. However, the formation of a l/l 
Ph,SnCl/HMPT complex in MeCN solution, rather than the l/2 adducts observed 
in DME, can be interpreted in terms of coordination to tin of one mole of 
acetonitrile, suggesting the trimolecular complex IIMPT/Ph,SnCl/MeCN analo- 
gous to that proposed by Zeldin 191, viz: Ph,PO/Me,SiCl/MeCN, involves increase 
in the coordination number of the element. 

The very easy racemization and the low conductivity of l/l or l/2 complexes 
are inconsistent with the ionic process. In this connection the case of the l/2 
complexes is ‘~teresting. The formation of such complexes is associated with 
a very low conductivity. If the racemization took place by the ionic process, 
we would expect an ionic structure for the l/2 complex: 

R$iX + Nu =+ [R$SiNu]+X- 

[R$WJu]‘X- + NU =+ [NuR3SiNu]+X- 

Thus we can conclude that the existence of l/2 complexes with a very low 
conductivity excludes the ionic process. 

All the observations are more consistent with the existence of an equilibrium 
relating to the extension of coordination, and possibly to some extent with 
ionisation of the l/2 complexes. 

The case of tin compounds shows that the ability to undergo racemization 
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is connected with the ability to increase the coordination number. Thus, 
since silicon, germanium, tin and phosphorus compounds show similar conducti- 
metric and kinetic behaviour, we conclude that the mechanism involving coor- 
dination number extension applies to these also (Scheme 3). 

SCHEME 3 + 
R’,, N” 

I 
- 

3iNu_ 
R,/i-R 1,, X- 

X 

Finally we note that the importance of the close analogy bet&een the 
behaviour of the phosphorus and silicon compounds. We have shown that 
halophosphorus compounds undergo nucleophile activated racemization and 
hydrolysis 1131 in the same way as halo&lanes. We have now demonstrated 
the close similarity between the conductivities of nucleophile-chlorophosphorus 
and -chlorosilicon compounds. This further confirms the similarity between 
the mechanisms for halogen-silicon and -phosphorus compounds [ 131. 

Conclusion 

The existence of ionic complexes is thus a particular case which can not be 
generalised. We conclude that for silicon, germanium, tin and phosphorus com- 
pounds racemization and nucleophilic substitution are both activated by 
nucleophiles and can be considered as a coordination extension process as 
shown in Scheme 1. 

Experimental 

Purification of solvents and reagents 
DlME and methylene chloride were distilled from AlLiH, under nitrogen. 

HMPT, DMSO and DMF were purified as described in ref. 4. Ph3P0 (Fluka A-G.) 
was used without further purification. All solutions were prepared under 
anhydrous conditions. 

Products prepa.;-ed by well known methods were triphenylchlorosilane, 
triphenylbromosilane 1141, triphenylchlorogermane, triphenylbromogermane 
[15], n-tributylbromogermane [15], triethylbromogermane [16] triethylchloro- 
germane [17], 2-chloro-2-oxo-1,3,2-dioxophosphirane; 2-chloro-2-oxo-1,3,2- 
dioxophospholane [18]. The preparation of methylchloro(phenyl)phosphonate 
and O-ethylchloro(phenyl)thiophosphonate is described elsewhere [19]. In 
other cases commercial products were used, namely trimethylbromosilane 
(Fluka purum), trimethylchlorosilane (Fluka purum) (which was purified by 
distillation immediately before use), 0,0-diethylchlorothiophosphate (Ega 
chimie), trichlorophosphine oxide (Merck) and the organotin compounds 
(Fluka A-6) ( w ic h h were purified by recrystallization in the case of solids and 
by distillation in the case of liquids. 

Adducts (l/l) of HMPT with-triphenylbromosilane and triphenylchlorosilane 
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were obtained by adding 3 X 10e3 mol(520 ~1) of. HMPT to 3 X 10e3 mol of 
@iphen$lbromosilana (i.e. l.Ol? g) or triphenylchlorosilane (i.e. 882 mg).iri 
hexane. The white precipitates were filtered off and dried in a glove box, 
NMR spectroscopy shows a shift of peak corresponding to HMPT but the ., 
adducts are too unstable to give mass spectra. 

Conductimetric titration 
A Tacussel conductimeter and a conductance cell with constant of 1.07 cm-* 

were used. The conductsnce cell was contained in a Schlenk tube; For titrations 
of solutions the halides were added by a calibrated syringe. Dilution corrections 
were made. 

For HBr at a concentration equivalent to that of water found in the solvent 
the limits of conductivity were with HMPT 315 X 10” ohm-l cm-‘; with DMSO 
50 X lo-’ ohm:’ cm:‘; and with DMF 13 X 10e6 ohm-’ cm-‘. 

/ AE,,$ (v 

)1 
1 

i- - 

0.i 

-L 

c I 1 
-2 109 [Nu] -1 

Fig ?.Plotsof~~~vs. IgtNul_AE1/2=Et,*(with Nu)- E’ 10 (witbo-at Nu). The E:;z is the first time 
potential of ~ohrograms ofPix3SnClpezfqrmedin 0.1hfTBAP/1.2-dimethoxyethanesolution.(a) Ph3SnCI: 
3.410-3M;Nuadded=Ph3PO= 2.0.3.3.4.8and6.6 X lo-* M;slope0.056-Tigandnumberm = 
0.96. (bjPhsSnC1: 4.2 X 10e3 BCNu added=HMPT =1_4.2.1.2.8.4.3 and 5.7 X10m2 M:slopeO.126- 
ligandnumberm =2.1. 
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Polaro&wphic measurements 
Conventional three-electrode equipement was used. The reference electrode 

was n-Bu,M,, , AgI/Ag system. A silver wire coated with silver iodide (obtained 
by electrolysis) placed in a tube closed by a sintered glass disk and filled with 
a saturated solutidns df n-ByNI. Platinum wire anode and dropping mercury 
cathode wereused. Polarograms were recorded using a Tacussel PRT lo-05 L 
potentiostat and a Tacussel UAP 3 with mechanical control of the drop time. 
All experiments were performed at ambient temperatures under nitrogen. The 
polarograms were obtained using =4 m&f of R3SnCl in 20 ml of Q-1 IV TBAP 
in 1,2_dimethoxyethane solution. The KEPT (or DMSO) was added from a 
calibrated syringe. 

An example of the graphic determination of the number of ligands is given 

in Fig. ‘7. The slope gave the number of ligands m = o$8. The intercept on the 

YaXisis 
0.058 

n 
pKf (KE is the formation constant fo the complex). 
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