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In dry acetonitrile solution organosiiicon chlorides, R,SiC& _ n (0 < n Q 3) 
react with 4 - n equivalents of Lewis bases, B. The products are nonelectrolytes 
of very high stability. Enthalpy data are reported for R = Me, Ph; B = PBu~, 
pyridine N-oxide, PhNMeZ, NBu3, pyridine, 4-methylpyridine, 2-methylpyridine, 
2,4,6-trimethylpyridine, 2,2’-bipyridine and l,lO-phenanthroline; the data show 
no evidence for steric effect of 2-substitution in pyridine; bipy and phen appar- 
ently behave as unidentate bases. I&a-red spectra show that py and py-NO are 
coordinated. The evidence suggests that the bases are coordinated to Cl rather 
than Si_ 

Introduction 

Addition compounds of bases with silicon halides, SiXa, have long been 
known and are mostly of the type SiX4Bf, in which the sihcon atom is presum- 
ably G-coordinate. A 6-coordinatq cis-octahedraI structure has been confirmed 
by X-ray analysis for SiF,(2,2’-bipyridine) [1] and transoctahedral structures 
have been confvmed in the same way for SiF4py, [2] and Si&(PMe& [ 33. In- 
frared studies support trurzs-octahedral structures for SiChpy, [4] and also 
SiF&NMe&, SiF4(PMe& SiCh(PMe& and SiBr4(PMe& [5]. Adducts of the 
type S&B4 are alsO known; they are mostly white solids, which decompose 
with the loss of base at about 200°C [S]. The adducts SiBr4(PPh&, SiBr4(0PR& 
and Si&(ONMe,)., have been shown to be non-electrolytes [7]. Adducts with 
four molecules of base have also been obtained from SiH,Brl, SiHJz, 
SiHBr&SiHI~ and S& but their structures remain unknown [8]_ 

Pressure-composition isotherms for the system SiFJNMej reveal the forma- 
tion of both 1: 1 and 1: 2 adduck [S] and the 1: 1 adducts SiF$IMe3,. 
SiCLNMe, and SiFZMes have.been isolated; their i&a-red spectra are consis- 
tent with C,, symmetry; implying trigonaI-bipy&midaI, 5coordinate struc- 
tures with apical base molecules [5]; f&Coordinate structures have also been 
Emposed for the anion SiFg and the complex organosihcon fhroride ions 
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RSiJ?; and R&F; in solution in solvents of low polarity [lo]. These appear 
to be the only reported examples of adduct formation by organosilicon halides. 
However, in a previous paper [ll] we showed that organosilicon acetates, 
R,Si(OCOMe)4 -n (0 =G n =G 3), react with Lewis bases in solution in non-donor 
solvents, forming 1: 1 adducts of moderate stability_ 

Calcrimetric studies of the reaction of Sicl, with bases in hexane solution 
[12,13] gave enthalpies of formation of about -120 kJ mol-’ for crystalline 
Sia&, but as these include an unknown contribution from the entbalpies of 
crystal&&ion, they are of limited value for comparative purposes_ Enthalpy 
data have aIso been obtained from vapour pressure measurements for the disso- 
ciation of crystalline adducts of SiFe with various bases; the values range from 
about 115 kJ mol-’ for SiFe(NEt& to about 210 kJ mol-’ for SiF4py7 [14], but 
these also include an unknown contribution from the lattice energy of the solid. 

In the present paper we report thermodynamic data for the formation of 
adducts of a variety of Lewis bases with organosilicon chlorides, R,SiC& _-n 
(0 < n < 3). The data have been obtained calorimetrically in acetonitrile solu- 
tion at concentrations in the range lo+-lo-‘M, under which conditions all 
the species present remain in solution, so that enthalpies or crystallisation are 
not included. 

Fxperimental 

Organosilicon chlorides and silicon tetrachloride were obtained from Re- 
search Organic/Inorganic Chemical Corp., Sun Valley, California and purified 
by distillation or crystellisation. Liquid bases were purified by distillation and 
stored over anhydrous potassium carbonate_ Pyridine N-oxide was sublimed in 
&uo_ 2,2’-Bipyridine (bipy) and l,lO-phenanthroline (phen) were crystallised 
from ethanol; phen was dehydrated by azeotropic distillation of benzene be- 
fore making up solutions. Acetonitrile for use as solvent was dried over anhy- 
drous sodium sulphate, distilled and stored over molecular sieve. 

Calorimetric measurements were made on a LEB 8700-2 titration calorimeter, 
using previously described techniques 1153. Briefly, a solution of the base in ace- 
tonitrile was titrated into 100 ml of a solution of the silicon compound in the 
same solvent and the heat change measured after each incremental addition of 
titrant. Control titrations were carried out to determine heats of dilution. En- 
thalpograms were then obtained by plotting the total concentration of added 
base against the cumulative heat of reaction, corrected for dilution effects. 
Overall enthalpies of reaction were calculated from the total heat change when 
further addition of base produced no further heat change~Intermediate enthal- 
pies of reaction were calculated from the slopes of the enthalpogmm in appro- 
priate regions. Enth&lpy data in the tables are the mean of at least three deter- 
minations over a range of concentrations of the &con compound; uncertain- 
ties are mean deviations:Silicon chlorides and their solutions were handled un- 
derdrynitrogen_throughout;-. . . . . :: ,. . . :. _~ -_ . . . ‘.. .- -. 

Conductimetric titrations were carried .out using a Philips model PW 9504 - 
conductivity bridge at 30.9 +.02OC with a. condu~ctivity cell speciaBy adapted -_ 
to exclude atmospheric. moist-Gre_ Infr$-redsp~ectra .were recorded on a,Umcam- 
SP lq)CI +a-red spe@rom+er.Gng rock+&_c+s_of~.l. mm p+b,~pu.rged ‘;-:,.’ 
with dry &f&g&j_-A;.;; _L,j:,; - -..~_;:~I+ _: . . .._ .~:- i’:>_ _;__, 1, -i ;c;& <_-. ~, .: :. .-; I.; :.._ -x_.-; 
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Results and discussion 

The enthalpograms constructed from calorimetric titration data show almost 
quantitative reactions of the organosilicon halides with bases, according to eq. 1, 

R,SiCL., W-n + (4 -n)B = R,,SiCI,--nB4_-n (1) 

the number of molecules required to complete the reaction being equal to the 
number of chlorine atoms (Fig. 1) 

Titration of bases into solutions of R$X!l (R = Me, Ph) showed the forma- 
tion of 1: 1 addition compounds_ In nearly all cases the reaction was effectively 
quantitative (R > lo6 1 mol-‘), but with the two bases pyridine N-oxide and 2,2’- 
bipyridine the reaction was not quite quantitative, but formation constants were 
still too large to measure (K > 104). Enthalpies of adduct formation are shown 
in Table 1. 

Comparison with corresponding organosilicon acetates [ 111 shows that the 
chlorides are much stronger Lewis acids. Reaction with the acetates could only 
be observed with the strongest bases. Thus, even with E&N, Me$i(OCOMe) gave 
a 1: 1 adduct of only moderate stability with a much smaller enthalpy of ad- 

300- 

Fig_ l_ Calorimetric titration of Lewis base with organosilicon cblorida: NBu3 with Sit& (1). 4-methyl- 
swridin~ with phsICl3 (2). %2’-bip~hUne with Me2SiCl2 (3) utd pnidineN-oxide with Ph3SiCX (4). Ace- 
to&etolutionit so=%. ‘. .-- - 
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TABLE 1 

ENTHALPIRS OF FORMATION <kd mol-1> OF 1: 1 ADDUCTS OF LEWIS BASES WITH R$iCl IN 
ACETONITRILE SOLUTION AT 30% 

Base Me$XX PhjSiCl 

PBu3 
PY-NO 
PhNh¶ez 
NBuj 
pyriaine 

4mepY 

z-mepY 

2,4.6-Me~Y 

bipY 

phen 

67.0 + 0.9 
37.3 5 1.3 
522 +- 2.4 
90.3 ? 2-4 
55.6 ? 0.7 
61.0 2 0.7 
6’1.2 f 0.2 
65.5 + 02 
43-4 + 1.1 
50.5 2 1.1 

73.8 ? 1.9 
33.0 f 2.1 . 
53.3 k 1.8 
89.2 +- 2.9 
61.2 2 2.0 
70.6 * 1.5 
63.1 % 3.5 

41.8 2 0.6 
49.3 f 0.7 

duct formation (K 146, AIT’ -35.4) than is now observed for addition of Bu3N 
to MeSiCl. In view of the general assumption that short period elements, in- 
cluding silicon, should form “hard” Lewis acid centres [IS], it is interesting to 
note that with R3SiCl the lowest enthalpy of adduct formation is given by the 
O-donor, py-NO, that enthalpies of addition of PhNMe,, pyridine and PBu, are 
comparable and only the aliphatic amine, NBu3, forms an adduct with consider- 
ably higher enthalpy of formation_ _ 

Comparison of the enthalpy data for the four heterocyclic bases reveals the 
usual increase due to the effect of methyl substitution, but it is surprising that 
steric effects do not lead to lower enthalpies with 2-methylpyridine or even 2,4,6- 
trimethylpyridine. The data for 2,2’-bipyridine and l,lO-phenanthroline 
show cleady that these are either not behaving as bide&ate bases or, if they are, 
the two bonds formed are each only half as strong as those formed by pyridien. 

A similar pattern of behaviour is revealed by the dihalides, Me,SiCl, and Ph 
PhtSiClz, except that these compounds form adducts with two molecules of 
base. The adduct PhlSiCllpy, is of particularly low solubility and readily crys- 
tallises from solution; this compound was isolated and its formula confirmed 
by analysis. Although the addition of two molecules of base is virtually quanti- 
tative, there is a slight ch&ge of slope of the enthalpogram after addition of 
the first and enthalpies ofieach step in the addition can be obtained from the 
slopes of the graph. These data are included in Table 2. 

Comparison of the data for addition of the first molecule of base with data 
for the acetates, R2Si(OCOMe)2, again shows that the chlorides are much stron- 
ger acids. As with R3SiCl entbalpies of adduct formation increase in the order 
PY-NO < PY - PBu3 < NR3_ In these systems also there is apparently no steric 
effect due to 2-substitution in pyridine. The enthalpies of adduct formation 
with bipy and phen are again siightly less than for pyridine, implying that these 
two bases behave as unidentate donors. 

The same pattern of results is repeated for RSiCl, and SiCb, with the remark- 
able feature that three and four molecules of base respectively are added. Data 
for these systems are given in Tables 3 and 4. 

Though adducts of the stoichiometjr S-B4 have long been known,’ their 
structures are uncertain and the possibility has existed that they might be sol- _ i 
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TABLE2 

EXTHALPIES OF ADDITION(kJmoT1)OFSUCCESSIVEMOLECULESOFLEWISBASETO 
R2SiC12 INACETONITRlLESOLUTIONAT30°C 

Base _ Me2SiC12 Ph2SiClt 

-AH: -AH: -4,~ -AH: -A& -AH:+2 

PBUS 64%1 602 1 12422 
PY-No 4022 3521 75t2 
PhNMq 62:2 51r 2 11422 
NBu3 Slfl 9OCl 18151 
pYridiW2 61? 3 57*1 118f5 
4-mepy 67*3 58s 2 125t3 
2-mepy 62tl 56+2 118% 2 

2.4.6-M+PY 79 +_ 2 69f2 148tl 
bipy 512 3 40% 2 91+ 3 
phen 5321 52Z 2 105t2 

73% 2 6021 
47f2 39* 2 
7151 60+ 2 

94*1 90f 1 
59f. 3 56+ 2 
75fl 632 2 
75-2 61 f 2 

61? 2 4422 
612 3 53+-l 

x33* 2 
86? 3 

131f2 
18421 
116+4 
138 2 2 
135*2 

105z3 
114% 2 

vates, better formulated as S&B2 - 2B, or salts SiX2B42+2X-. The present ob- 
servation of species SK&B, and RSiX3B3 as species of high stability in solution 
cannot be explained in terms of solvates and raises a&in the problem of possible 
structures. Even with unidentate bases coordination numbers of seven and eight 
are implied and these rise to ten and twelve if phen behaves in the usual manner 
as a bide&ate @and. 

Conductimetric titrations of Me,SiCl, Me,SiCl, and MeSiCl, with pyridine 
and of Ph,SiCl, Ph2SiClz, PhSiC13 and SiCl, with 4-methylpyridine in acetoni- 
triie solution in the concentration range lo- 3-lO-2 i%Z gave molar conductances 
Aa < 1 ohm-’ cm2 mol-’ before addition of base, rising slightly until the equi- 
valence of one molecule of base per chlorine atom, but always remaining with 
A, < l_ For solutions of SiCL, AH < 1 before adding base rose to Anr - 6 on 

addition of base. Since molar conductances of 1: 1 electrolytes in acetonitrile 
at concentrations of about lo-’ M are in the range 120 < AZ < 160 ohm-’ cm2 

‘mol-’ 1171, these results show conclusively that no significant amounts of ionic 
species are formed when these organosilicon chlorides react with bases. 

TABLE3 

Base MeSiC13 PhSiC13 

-AH: -AH; -A& -AG*2*-3 -A& -AH: -AH'; -@+2+3 

PBu3 6721 66?1 6022 193*2 
PY-No 4721 45'1 3623 12822 
PttNblq 65fl 61%2 56*2 182+3 
NBuj 93&l 9222 94+1 28052 
pyridine 69+-l 61* 3 5421 qI4,3 
4-mepy 69=1 6222 56*1 187~2' 
2-0wPY 67=2 6321 582 187+2 
biPY. .60*3 5ofl 42.f 1 15353 
phen 62*2 61+1 6ot3 182f4 

69t3 64k3 

4lf 2 36e2 

6751 6211 

6621 8722 
695 2 57*1 
7lf2 63+1 
66fl 61+1 
58*4 4823 
5521 5552 

62?2 
32+1 
56+-2 
86+- 2 
5620 
52?2 
5621 
42f4 
54*2 

193*4 
109*3 
184+3 
259=4 
18151 
186+2 
185-F2 
152f5 
164~3 
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TABLE4 

ENTHALPIESOFADDITiON<Idmoi*)OFSUCCESSIVEMOLECULESOFLEWISBASETO 
SiC~INACETONITRILESOLUTIONAT30°C 

PBu3 7824 7721 6728 6324 285=5 

PY-NO 5221 4722 4421 3721 18023 

-MC? 68'2 66'1 60'-2 56f:2 25024 
NBu3 92f0 8922 91fl 91&l 36351 

PM&t 7Ofl 66el 6522 6422 265fl 

4mePY 7122 6852 6422 6422 26824 

BmePY 6721 63Z3 58*1 56-+ 3 24325 

2.4.6-Wep~ 8421 81'2 7221 69fl 306+2 

biPY 62'4 5822 5Ofl 4121 2llf5 
phen 6Lkl 5822 612 3 5522 236'5 

Infra-red studies of acetonitrile solutions of pyridine and mixtures of pyridine 
and Me,SiCh_, in the proportion of one molecule of pyridine per atom of 
chlorine revealed shifts of the pyridine absorption bands at 705,750,993,1040, 
1152 and 1220 cm-’ to approximately 688,755,1004,1045,1204 and 1265 
cm-’ _ Corresponding shifts of these bands have been observed [ 181 when pyridine 
is coordinated to metal atoms. In the same way, infra-red spectra of acetonitrile 
solutiolis of py-NO and mixtures of py-NO with the appropriate amount of 
organosilicon chloride showed the shift of the N-O stretching mode at 1265 
cm‘-’ 1191 to about 1201 cm-’ , which is characteristic of coordination through 
the 0 atom. These i@ra-red results ihow conclusively that the bases are behaving 
as donor molecules in the formation of coordination compounds. 

Detailed analysis of the calorimetric titration data reveals that when succes- 
sive additions of base occur the enthalpy of the last step is similar to that for 
addition of base to R3SiCl; the enthalpy of the penultimate step is simialr to 
that for addition of the first molecule of base to R2SiC12 and so on. This is par- 
ticularly clear for the data for 2,2’-bipyridine, which is coliected in Table 5. 

The effect of addition of one equivalent of base on the enthalpy of tiddition 
of the next is thus the same as the effect of replacing chloride by an alkyl group- 

Considering this last observation together with the absence of observable 
steric effect of 2-substitution in pyridine, the extremely high stabilities of all 
the adducts, implying minimal steric interference, and the improbability of coor- 
dination numbers greater than six for an atom so small as silicon, it seems likely 
that these addition compounds are formed by coordination of the base +A the 
chlorine atoms rather than the central silicon atom. In proposing the formation 
of such addition compounds it is necessary to discuss circumstances which might 
favour coordination of base to a peripheral atom rather than the central atom of 
a Lewis acid. 

For the Lewis acidity of the central atom to be transferred to the peripheral 
atoms it is necessary f$stly that these atoms should have reasonable pokuisabili- 
ty and it is essential that they have available orbitals for acceptance of electron 
pairs. These condition,s .are met by larger atoms better than smaller and not by 
atims in the first row .(Li:F); Thus, in principle such adducts could be formed 
by chloridizs or bromides&t not by fIuork@ or ethers. We have shown previ- 
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TABLE 5 

ENTHALPIES OF ADDITION <kJ mar’) OF SUCCESSIVE MOLECULES OF 2.2’~BIPYRIDINE TO 
ORGANOSILICON HALIDES IN ACETONITRILE SOLUTION AT 30% 

R,SiCLq--, n -AH8-” -&_, -u%-ll -AH:-, 

sic4 0 41 50 58 62 
PbSiCI3 1 42 48 58 
Ph2SiCl2 2 44 61 
Pb3SiCI 3 42 
MleSiC13 1 42 50 60 
MelSiClt 2 40 51 
Me3SiCl 3 43 

ously that acetates form only 1 I 1 adducts with bases, presumably with the sili- 
con atom becoming Ei-coordinate [ll]_ We should also expect that formation 
of adducts by coordination to the peripheral chlorine would only occur if access 
to the more acidic silicon atom were restricted_ Thus, although this apparently 
occurs with the organo-silicon chlorides, the organotin chlorides, in which the 
larger tin atom is readily accessible, form only normal addition compounds of 
moderate stability in which the coordination number of the tin atom is five or 
six [203_ 
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