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Summary

A method of predicting the position of equilibria of redistribution reactions
of Group IVb organometallic compounds is presented. Equations are proposed
in which the equilibrium constant is related to the difference in the pK; values
of the acids corresponding to the exchanging anions, and to the difference in
affinity of the organometallic cations for the respective anions. For a large
number of compounds the calculated positions of the equilibria are compared .
with experimental data available from the literature, good agreement being found .
in most cases. The proposed approach may be applied to equilibria in which or-~
ganometallic compounds of other Groups in the Periodic Table participate.

I. Introduction

Reactions in which redistribution of organic (and inorganic) groups takes
place are one of the most important methods for preparing various organometal- -
lic compounds. The general principle, which is commonly used in synthetic
practice, involves the action of a salt of one metal on an organic compound of
another, more electropositive, metal. However, such ligand exchange may also
take place between metals that are similar or between two compounds of the
same metal. Furthermore, examples exist which show that redistribution reac-
tions may, depending on the nature of the exchanging organic group, R, and
on the inorganic substituent, X or Y, groups, occur by means of R group trans- .
fer both from a more electropositive to a more electronegative and from a2 more - -

electronegative to a relatively electropositive element. Tke following prep'\ratlve el

reactions serve as illustrations [1-6]:

RSnR3 +,HgX2 - RHg +R3SnX
RHgY + SnX,; —= RSnX; + HgXY

R,Hg +BX; - RHgX +RBX,
R3BR +HgX, - R2BX + RHgX -
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R There are a great number of papers nowadays concermng ‘the dlfferent

o problems, e.g. preparative application, kinetics, stereochemistry and mechanism

" [7-15], of redistribution reactions. However, there is no sufficiently general con-

" cept which allows one to explain or predict a shift of equilibrium in each mdl- :

: v1dual case."

In this paper we propose an approach to an explanation of redlstnbutlon

: ‘equﬂlbna in mixtures of Group IVb organometallic compounds. We consider
-relations between structure and position of the equilibrium, irrespective of the

- mechanism of the redistribution process. Although mechanisms of metal—R bond

.. fission may be different for different redistribution processes (homolytic, or

- heterolytic in its variations: Sg2, Sg1, Sgi, with ion-pair participation, etc.),

- the equilibrium of the redistribution reaction does not depend on the reaction

" mechanism.

) Many quantitative data are avgilable on equilibrium constants of ligand

- exchange in systems of Group IVb organometallic compounds; these data have

been obtained by the use of various physical methods, but principally by NMR

_spectroscopy. All redistribution reactions may be divided “homo-redistribution™
and ““hetero-redistribution’ processes:

‘m—R+m—R = m—R +m—R (homo-redistribution)
m—R +m—R = m—R + m—R (hetero-redistribution)

Homo-redistribution reactions result in products identical to the initial reactants,
but the rates of such processes can be studied by NMR technigues or by using
isotope labels. For homo-redistribution reactions equilibrium constants are
always equal to unity. However, in spite of the obvious utility of thesc reactions
for an elucidation of the effects of the ligands and the nature of the central
metal atom on the rates of equilibrium attainment, homo-redistributions are
not considered here, because this paper is devoted only to structural effects on
redistribution equilibria.

A list of the different types of hetero-redistribution reactions is very long,
if one takes into account that M and M’ may be different, that the eight groups
- bonded to M and M' may all be different, and that the number of exchanging
groups and stoichiometry of the reactions may be different too. The types of
equilibria which have been experimentally studied up to the present are given
below: '

"RIR2R3MT + R*R°RSM'Z = R!'R?*R3MZ + R*R°RM'T &8
‘R‘ RZMTZ + R3R41\'I'Zz : RIRZMZZ + R3R4M’Tg (2)
RyMT; + R*M'Z; = R'MZ; + RZM'T; (3)

- 2RIRZR3MT + R*°R°M'Z, = 2R'R?*R*MZ + R*R°M'T, (4)
- 8R'RZR3MT + R*M'Z; = 3R'R?R3MZ + R*M'T, (5)

‘MT; +2R'R*M'Z; = MZ; + 2R'R*M'T. (6)

2R'MT, + 3R?R3M'Z, = 2R'MZ, + 3R*R*M'T, (7N

» In these equations the exchanging groups are denoted by the symbols T
-~ and Z, in accordance with ref. 14. The metals M and M, as well as the non-
~~exchangeable groups R! —R® , may be all the same or different. It is clear that

- _each of the equmbna 2-7 may be conmdered as a certain sequence of equilibria
“of type 1 : »
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Besmes reactxons 1-7, the other equilibria may also exist, e.g.: o

MT.; +M'Z, = MZ, + M'T,

However, no experimental data for such equilibria are available. -

It is interesting to note that investigations of redistribution reactions of
organometallic compounds were initiated by Ladenburg, Friedel and Crafts as
early as 1860 [17-19]. Ladenburg was the first who suppased that the variety
of reaction products resulting from the interaction of phenyltrichlorosilane - -
with diethylzinc is due to a transfer of phenyl and ethyl groups from one organo-
metallic compound to the other [19].

II. Rationalization of structural effects in redistribution equilibria

1. General assumptions

Let us consider organometallic compounds as complexes of anions (and of
carbanions), T~ and Z~, with organometallic cations, R;M™*. Thus the equilib-
rium constant, K, for reaction 1 may be written as follows:

[R'RZR*MZ] [R*R°R°M'T]

Ke = 2 - r

T [R'R*R>MT][R*RSR°M'Z]
[R'R>R3MZ] [RRSR¢M'T]
_[R'B?R’M*][Z7] [RR°RM'*][T7]
[R'R’R3MT]  [R*R°R°M'Z]

[RIR*R*M*][T"] [R*R°R°M'*][Z7]
_ Kn(R'R?R*M",Z7)- K, (R*R*R°M'",T")
En(R'R*R*M*,T7)-K,,(R*R5R®M'*,Z7)

(8)

where X, (R'R*R3>M*,Z") is the equilibrium constant for the formation of
R!R>R*MZ from the cation R! RZR3M"* and the anion Z~, and characterizes
the affinity fo Z~ for R*R>R*M*; K, (R*RSRSM'*,T") is the affinity of anion
T~ for the cation R*R°R6M'*; K, (R' R?R’M*,T") is the affinity of T" for
R'R*R3M*; and K,(R*RSROM'*,Z") is the affinity of Z~ for R*R*R°M'*

The values of K., for reaction 1 could be calculated, if the formation
constants, K, , were known. However, such calculations are not possible be-
cause of the practically complete absence of data on the complexochemical -
properties of Group IVb organometallic cations (see ref. 20 for a review). Where-
as the affinities of anions, especially of carbanions, for organometallic cations-
are known only for a very limited number of systems, proton affinities are
available nowadays for almost all inorganic anions and for many carbanions [21].
The proton affinity of anion X~ is characterized quantitatively by the negative
logarithm of the acidic ionization constant, pK,, of the corresponding acid, HX.
The larger the value of pK.(HX), the higher is the affinity of an anion X7 for
the proton.

It was shown in ref. 22 that the affinities of carbanions for the proton and-
for the methylmercury cation are linearly related: - i
log K, (CH;Hg*,R™) = A-pK,(RH) + const. — (9)
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- - Also, good linear plots exist for the dependence of the proton affinity of

- many anions and their affinities for cations such as I* [23,24], Ni(H,0)s** [25],
- Cu?®* [26], (X-acac)Pd* (where X-acac is C-bonded), Co(NH)s>* [271,

. [Co(salen)DMF]* and [{Co(DO)(DOH)pn}DMF]* [28]; a linear dependence

- “also exists between the affinities of anions for RHg* and RMg* [29] cations.
‘These facts suggest that a similar linear dependence could also exist between the
" proton affinity of anions and their affinities for Group IVb organometallic
~«cations. However, such a dependence cannot be taken for granted because of
--the present lack of appropriate experimental data.

Nevertheless, we think that equations of type 9 are applicable to all or-
ganometallic cations if the nature of the donor atom (e.g. carbon, oxygen, nitro-
gen) remains the same in series of anions R~ (egn. 9).

In this paper an attempt will be made to use pK, values as a measure of the
affinity of T~ and Z~ for different organometallic cations, instead of the inac-
cessible log K, values.

It is far more difficult to conceive that eqn. 9 would apply in cases involv-
ing, instead of carbanions, any other type of anion X7, such as halides, O-, S-,
N-anions, ete., irrespective of the nature of the donor atom of the anion (eqn-
10):

log K, (RER'R*M*,X") = A-pK,(XH) + const. (10)

where X~ is any anion and M a metal of Group IVb. Of course, egn. 10 will not

be fulfilled in extreme cases of especially large differences in hardness (soft-

- ness) [30] between the exchangeable anions. However, if one excludes some

anions, such as halides and a few others, from consideration, egn. 10 will be

obviously better fulfilled. In this paper we shall try to use eqn. 10 for all an-

ions, never forgetting that this equation is only a very rough approximation.
From egns. 8 and 10 it follows that:

log K.q = AA(R'R*R*M",R*R°R°M"")- ApK,(ZH,TH) (11)

where AA(R!RZR3M* RRSR°M'*) = A(R'R?R3M") — A(R*R°R°M'") is the
difference in the slopes of plots of the affinity of the respective organometallic
cation for different anions (T, Z~ and others) versus the values pK, of the con-
jugate acids of these anions (differentiating factor, DF), and ApK,(ZH.TH) =
pK.(ZH) — pK,(TH) is the d1fference in acidity between ZH and TH (force
factor, FF).
, . Equation 11 involves the two factors which determine equilibrium 1: the
difference in the acid strength of ZH and TH and the sensitivity of the com-
plexing properties of the two organometallic cations to a change in the nature
of Z~ and T~. The equilibrium will be shifted to the thermodynamically ad-
‘vantageous side to a greater extent the more FF, i.e. ApK,(ZH,TH), differs
" “from zero. The differentiating factor, DF, decreases or increases the effect of
" the force factor. If AA and ApK, have the same sign, then log K., > 0, thatisthe
equilibrium is shifted to the right. If ApK, > 0 and AA < 0, then DF will change
- the direction of action of FF and the equilibrium will be shifted to the
“left. The latter case occurs in the redistribution of halides between a soft and a
- hard organometallic cation (vide infra).
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2. The force factor (FF) ' ST '

In order to estimate the FF one needs to know the acidities of ZH and TH. -
Nowadays pK, values are available for many OH-, SH-, NH- and CH-acids in
such solvents as water, benzene, ether, cyclohexylamine, DMSO, DMF etc. (see
ref. 21 for a review). However, most of the reactions which will be discussed in
this paper were carried out without any solvent. Therefore, it was necessary,
first of all, to choose from the available pK, values those values that cor-
responded best to such experimental conditions. Because organic compounds
of Group IVDb are as a rule liquids of low polarity, pK, values for ZH and TH
determined in a non-polar solvent or in the gas phase should be used, because
acidities in non-polar solvents are close to acidities in the gas phase [21].

Table 1 lists the pK, values for some acids in water, DMSO, and DMF solu-
tion. The pK, values used in this paper are given in the last column of Table 1.
The pK, values in DMSO or in DMF, if known, were taken as a measure of the
acidity because these values reflect the “proper” acidity of molecules better
than those in water. The acidity of HI was estimated by assuming that for the
hydrogen halide series the ApK, values are the same between members of
the series both in water and in DMF. The acidities of HNCS and HNCO were
estimated analogously on the basis of the difference in the pK, values for HNj;
in water and DMF. The pK, values for Me, NH, H, and MeSH were estimated
from the qualitative order of the molecular acidities in the gas phase [21]:

AlkSH > CH3N02 > CyclO’CsH(, = CHC].3 ? CH3OH > Hz > NH3 > CH4

TABLE 1
ACIDITIES OF SOME H-Hal, NH-, OH-, SH~ AND CH-ACIDS

Acid PK,
In water In DMSO [33] In DMF [34] Used in this paper

H—I —10 [31] — — 1
H—Br —9.5 [31} — 1.8 1.8
H—Cl —7.4 [31]) — 3.4 3.4
H—F 2.2 [31) —_ — >20 [36]
H—NCS -0.3 [32] —_ - ~4
H~—NCO 3.5 [32] — — 7
H—N3 4.7 [32) — 8.5 8.5
H—NC <9.3¢ <12.9 12.0 [35] <12.99
H—NMe> — — — 35t
H—0OAc 4.7 [32]) 11.4 —_ 11.4
H—OPh 10 [32] 15 — >15
H—OMe 17 (in MeOH) 27.0 —_ 27.0

[321
H—OEt 19 (in EtOH) 27.4 - 27.4

32}
H—SMe — —_— —_ 1Gb
H—CHj - — — 40°¢
H—C,Hs — — — 42¢
H—H - — — ~30b
H—CH,COOR - — 24 {35} 24
HCg s — — 23 35} 23

¢ For HCN in water pK, = 9.3 [32] and in DMSO pK, = 12.9 [33]. It is assumed that HNC is a stronger
acid than HCN. = See text. € In the MSAD scale by Cram [37].
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- using, for some members of this series, the pK, values which have been measured
- in aprotic solvents [37].
. It may be asserted from the sequence given that for CH;SH pK < 16, be-
‘cause for CH;NO, pK, =16.9 [38] (or 15.9 [33]), for cyclopentadiene pK, =
15.5 [37], and for CHCI; pK, = 15.5 [35]. Hydrogen is arranged in the acidity
scale between methanol (pK, = 27, Table 1) and ammonia (pK, = 35 [37]),
therefore for H, 27 < pK, < 35. The acidity of dimethylamine is obviously
intermediate between the acidities of NH; and CH; (pK, = 40 [37] *). We
take pK, = 20 for HF, because in aprotic solvents fluoride ion is a very strong
base [36] and can abstract a proton from for example, the acetonitrile mole-
cule (pK, =~ 25 [37]).

Although the pK, values given in the last column of Table 1 are arbltrary
to a considerable extent, they are nevertheless quite useful for the qualitative
or semi-quantitative estimation of FF. AS a matter of fact, for qualitative
predictions of a redistribution equilibrium one only needs to know whether FF
has a positive or negative sign (as well as DF), and not the absolute value of
ApK,(ZH,TH). Then, in principle, one may use the data of any available acidity
scale. However, the approximated pK, values given in Table 1 and referred to
an aprotic solvent or to the gas phase allow us in a number of cases to make
semi-quantitative calculations of the effects of substituents on relative hardness
(or softness) of organometallic cations R'R‘R*M*.

3. The differentiating factor (DF)

The differentiating factor depends on the difference in the sensitivities of
the K, values of two organometallic cations taking part in the ligand exchange
to a change in the nature of the anions Z~ and T". If the two organometallic
cations are the same, DF is equal to zero and K., = 1. This is a homo-redistribu-
tion reaction; such reactions are not considered in this paper. However, DF
may be equal to zero for hetero-redistributions also. In such cases, although two
organometallic cations taking part in the ligand exchange are different (e.g. the
different central metal atoms), the sensitivities of the K, values to a change in
type of the anions Z~ and T~ is the same for both cations.

For estimating DF we use eqgn. 11 in spite of its limited validity, because
proton affinities are available for practically all anions.

In Fig. 1 plots are drawn which correspond to the case when R'R?2R*M™*
is more “soft’’ and R*R5R®M’* more “hard” as a Lewis acid than the proton,
and Z~ is a stronger base than T~. The plots are not parallel, that is, they relate
to the situation in which DF is not equal to zero. The broken line corresponds
to exchange between HZ and HT and has a slope of 45°. Figure 1 shows how
K., can be determined graphically.

Unfortunately, the hardness or softness are not known for most organo-
metallic cations. In order to estimate effects of structural changes in groups
bonded to M and M’ and the influence of the nature of M and M’ on the coeffi-
cient A in eqn. 11 one must, therefore, make a number of assumptions and com-
pare the results obtained with experimental data.

* Besides pK, = 40 a number of other values of methane acidity have been proposed: pK, = 47, 48, 50,
-57, 58 (see ref. 39 for a review).
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Fig. 1. Plot for the determination of log Kag (see text).

The main assumption is that the sensitivity of K, to a change in the anion
(Z~ and T7) structures is stronger for ““hard’’ organometallic cations, i.e.

a, > oy (Fig. 1). It may be supposed that A > 1 in egn. 11 if the organometallic
cation is a harder acid, and A < 1, if the cation is a softer acid than the proton.

The second assumption concerns the influence of the nature of non-ex-
changeable groups R. We suppose that the hardness will be higher for R! R2ZR*M*
than for R'R?>R3M?*, if pK,(R*H) < pK,(R3H). Generally this assumption is
confirmed by most of the available experimental data (vide infra).

The differentiating factor will be most evident when the difference in
complexing properties between organometallic cations is large. In such a case
DF may significantly increase or decrease the effect of FF. Generally, redistrib-
ution equilibria are influenced equally strongly both by FF and DF. Equation
11, as follows from thedata of Table 2, is fulfilled in most cases so it may be
used to predict redistribution equilibria in organometallic systems. However,
there are a number of exceptions. If, for instance, the redistribution of halides
occurs between a soft and a hard organometallic cation, then eqn. 11 is,as a
rule, not fulfilled. This is explained by the fact that in the series of halide
anions, F~, C17; Br™ and I", the affinities for the proton and for other hard
cations change in an inverse order from that of the affinities for soft Lewis
acids. The systems of exchanging halides are discussed in Section IV.

I1I. The simplest case of redistribution

Reaction 1 is the simplest in stoichiometry and the most studied case of
redistributions of organic or inorganic groups in Group IVb organometallic com-
pounds; therefore we consider it first.

The available data are given in Table 2. This table does not include the
results of rather numerous studies, in which the investigated systems did not
achieve equilibrium or in which the systems changed their phase state during
the reaction. The same applies te all the following tables. '

{continued on p. 157) -
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Table 2 contams some purely ‘carbon systems bes1des organometalhc com- ,.
: pounds The pK, values for prediction of positions of equilibria: were taken = -
- from Table 1. It was assumed in the determination of the sign of AA that the =
organometallic cation with group Ri{which corresponds to a stronger acid R'H
has the larger A. Thus, it was assumed that equilibrium No. 14 (Table 2)is .~ "~
shifted to the right, i.e. log K., = AA(Me,SiCl*,Me,SiBr*)- ApK,(HBr,HCl) > o, =
because ApK,(HBr,HCI) < O (Table 1) and A(Me,SiCl*} < A(Me,SiBr*);the -
latter follows from the fact that HBr is a stronger acid than HCI. The same N
approach was used in all other examples. When exchange occurred between com- .
pounds of two different metals (systems No. 257-294 in Table 2), it was assumed
that the metal which is placed higher in Group IVb, i.e., the harder metal cation.
[40], has the larger value of A. From the 294 systems listed in Table 2, with -
the help of egn. 11 and the assumptions above about the nature of the - )
change in A with change in R’, it was possible to predict correctly the redistrib--
ution equilibria in 265 cases.

In 13 systems (No. 237-240, 243, 264-266, 276, 277, 283, 285 and 294;
Table 2) it was difficult to estimate the equilibrium; for the first five systems -
because the pK, values for compounds such as formanilide, diphenylamine, and
diphenylphosphine are unknown, and for the others because it is difficult to
predict how the value of the coefficient A will be changed on transfer from
Me;Si* to Bu,SnOMe™*, Bu,SnOAc* and Bu,SnCl*, or from Me;Si* to Alk, -

GeHal*, AlkGeHal," etc. Indeed, it is difficult because both the nature of the.
metals M and M’ and the nature of the non-exchangeable groups bonded to them
are different in such reactions.

Only in 16 cases (systems No. 6, 11-13, 39, 46, 47, 50, 126, 161, 164,

184, 241, 242, 244 and 275; Table 2) did egn. 11 not correspond to the experi-
mental results. In these systems the exchangeable groups are as a rule F, H or
SMe. These deviations show that DF depends not only on the pK, values of

the acids (corresponding to the non-exchangeahle groups bonded to the metals)
but also on other factors which are the subject of discussion in Pearson’s con-
cept of “hard and soft acids and bases™ [30] (hard acids prefer hard bases and -
soft acids prefer soft bases).

Most of the data in Table 2 show that the state of a bystem is thermodynam— L
ically preferable when the metal atom of the organometallic compound is
bonded to groups of different nature. Statistically, the formation of mixed com-
pounds is always more probable than the formation of sitnple ones. Also, ele-
mentary electrostatic considerations confirm that the formation of mixed
compounds is preferable in comparison with the simple ones [41]. ‘However, the
prefered formation of mixed compounds contradicts the principle of symbiosis
[42]; this principle is not fulfilled, not only in the Group IVb organometallic
compounds, but also in series of organomercury compounds (to be published)

(see also ref. 43). , ,

IV. Estimation of DF values from expenmental data on equlhbnum constants :- <
of redlstnbutlons i

1. Comparzson of silyl and germyl cations
The data obtamed by Cradock and Ebsworth [106] allow one to. make a :



e quantxtatwe companson of A values for the cations H;3Si* and H3;Ge™*. The
soa authors studled the followmg equilibria:

f; : H3MT +*HZ<= H;MZ + HT " (12)

thereM Sior Ge, T=ClorBr,Z=BrorlIand T # Z.

-~ . It should be mentioned that equilibrium 12 is shifted to the left when

: "M = Si and to the right when M = Ge (Table 3). Using the approach given above
*one may write the following expression for equilibrium 12: :

" log K.q = AA(H,M*,H")- ApK,(ZH,TH) (13)

_Since, by definition, A(H*) = 1 (Fig. 1), one may calculate the values of
A(H;M™) from eqgn. 13. The experimental K., values and the calculated values
of AA(H;M*,H") and A(HsM™) are given in Table 3. In each case there are large
- errors in the calculation of the AA values due to a low accuracy both in the

determination of the equilibrium constants [106] and in the pK, values -
(Table 1). Therefore, in Table 3 the average AA values are given from which the
average values of A(H;M*) were obtained.

The data of Table 3 allow oné€ to calculate DF for the exchange between
H;Si" and H;Ge™: AA(H;3Si*, H3Ge") = 1.7 — (—0.3) = 2.0.

Cradock and Ebsworth [106] studied also the equilibrium between silyl
and germyl halides:

H;SiT + H;GeZ = H;3S1Z + H;GeT (14)

According to egn. 11 the equilibrium constant for reaction 14 may be
written as follows:

log K. = AA(H;Si" ,H;Ge")- ApK,(ZH,TH) (15)

.. In Fig. 2 the logarithms of K., for reaction 14 are plotted vs. the ApK,
values for the respective hydrohalide acids ZH and TH. The straight line drawn
through the origin of the coordinate system (because log K.q =0, if ApK, = 0;
see egn.-11) has a slope of 2; this should be the value of AA(H;Si*,H;Ge") calcu-
lated from the data of Table 3. (The experimental points fall on this straight

. line rather well (Fig. 2).)

For the germyl cation the value of A is negative. This means that the

TABLE 3

: EXPERIMENTAL EQUILIBRIUM CONSTANTS FOR REACTION 12 [106] AND THE VALUES OF
AA AND A FOR SILYL AND GERMYL CATIONS AS CALCULATED BY MEANS OF EQN. 13

H3MT HZ log Keq [106] ApKj, (Table 1). AAHIMYHY A(H3M?Y)
H3SiCl HBr —0.05 —1.6 0.03
-~ H3SiBr HI . —1.22 —0.8 1.58
- H3SiCl HI —1.27 T —2.4 0.55
, : mean: AA =—0.70 A(H3SiY)= 1.70
. H3GeCl HBr 2.86 - R —1.80
- H3GeBr HI 0.55 —0.8 —0.69

. 'H3GeCl . HI . - 3.41 : —24 . —1.41 .
O - mean: AA =—1.30 A(H3GehH=—0.30
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+
1og Keq =AA(SiH3 . GeH3 )« APKg(ZH , TH)

a4t

slope = 20

1 i
o 1 2 ApKg 3

Fig. 2. The dependence of log Keq 0n AK,(ZH,TH) for reaction 14.

affinities of halide ions for H;Ge* change in the invesre order from that of their
affinities for the proton. This conforms to the fact that germanium is a soft
Lewis acid [30]. For H,Si* the value of A is positive and larger than 1. This
means that the silyl cation is a harder acid than the proton. Thus, the calculated
A values may serve as a measure of hardness (softness) of silyl and germyl ca-

tions.

2. Substituent effects on DF in a series of silyl cations

Most of the quantitative data in Table 2 were obtained at different temp-
eratures. Therefore, they cannot be compared and only a small portion of
Table 2 may be used for an estimation of substituent effects on a change in A
values.

Moedritzer and Van Wazer [65,76] have determined the equilibrium con-
stants for H/Cl exchange between different organosilicon compounds under iden-
tical conditions (systems No. 26, 82, 83, 116, 118 and 138-147; Table 2).

Using these equilibrium constants and the approximate pK, values from Table 1,
one can calculate the DF values and their changes on transfer from one organo-
silicon compound to another. The calculated AA values are given in Fig. 3. In
this figure the direction of the arrows corresponds to a decrease of the coeffi-
cient A in eqn. 10. These data allow one to estimate changes of DF in this series
of organosilicon compounds, that is, the relative hardness of the sily! cations.

In Table 4 the mean magnitudes of AA are given for six silyl cations. As follows
from Table 4, the successive substitution of methyl by hydrogen and then of
hydrogen by chlorine results in an increase in coefficient A (egn. 10) of
the silyl cation. This is in agreement with the second assumption made in Sec-
tion 11.3 because the sequence of increasing pK, is HCl < H, < CHj, (Table 1).
Qualitatively, the same substituent effects on DF may be observed for other
silyl cations (Table 2). Table 4 shows that DF may exert the predommant in-
fluence on the log K., values. ‘

It is interesting to compare the equlhbna of the same type of redistribu- -
tions for organosilicon and organogermanium compounds:

R,SiT, + R,81Z, = 2R,SiTZ
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Fig. 3. Effect of substituents bonded to silicon on the DF values (eqn. 11) for reaction of H/Cl exchange
in organosilicon compounds. The directions of the arrows correspond to transfer from a more hard to more
soft cation. The figures near the arrows correspond to compounds from Table 2. DF(AA) values are cal-
culated from the data of refs. 65 and 76 and are given in parentheses.

TABLE 4
. THE CALCULATED A4 VALUES CHARACTERIZING THE RELATIVE HARDNESS OF SIX SILYL
'CATIONS '
~No.- - . Cation AA
1" . . ‘CH3SiClp
~2 - cHsSiHCGY } } : g.gﬁ
'8 - . (CH3pSiCl* " .
4 2SilH," } 0.008
.4 .- .CH3SiH,
N o SIE* 0.032
P ey } 0.020
"6 S (CH3)3Si" .02(
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and
,RzGeTz + R GeZz = 2R2 GeTZ

(systems No. 14 and 149, 22 and 151, 23 and 152, 24 and 153, 29 and 155 L
30 and 156, 32 and 157, 34 and 159, 37 and 162, 47 and 164; Table 2). Such =
a comparison is given in Fig. 4 from which it follows that the plot of log K I VS, o
log KSF is linear with a slope close to unity. This means that the dependence of
hardness of germyl cations on the nature of the groups bonded to germanium is -
essentially the same as seen for organosilicon cations.

V. Other redistribution reactions

As mentioned above, eqn. 1 is the simplest case of redistribution in Group
IVb organometallic compounds and all other cases of this reaction are a combi-
nation of several elementary steps described by eqn. 1. Consequently, for reac-
tions 2-7 the number of items in the equations for log K., will correspond to the
overall stoichiometry of the reaction. Thus, we may write the following equa-
tions for reactions 2-7: -

for reaction 2:

log K., = AA(R'R?ZM*,R3R*ZM'*)- ApK,(ZH,TH) +

AAR'R*TM*,R*R*TM *)- ApK,(ZH,TH) (16)
for reaction 3:
log Ko = AAR'Z,M*,R'Z,M'")- ApK (ZH,TH) +

AA(R?*T,M*",R'T,M'"):- ApK,(ZH,TH) +

AAR'TZM" ,R*TZM *)- ApK,(ZH,TH) a7

(continued on p. 167)

-1 ! 1 —
o 1 2 i0g KGe

Fig. 4. The dependence between logs of equilibrium constants for redxstn’buuon reactions between sunxlar .
organo-silicon and -germanium compounds{from the data of refs. 58, 59. 62, 63. 67, 85-87). The' numbezs
of the points correspond to the following pairs of systems from Table 2: 1—(24 and 153): 237 and 162
3—(29 and 155): 4—(34 and 159): 5—(23 and 152) 6—(22 a.nd 151) 7—(32 and 157) B—-(14 and 149):
9-—(30 and 156); 10—(47 and 164) s o o
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~ for reaction 4:

log Keq = AA(R!'R2R®*M*,R*RSTM'*)- ApK,(ZH,TH) + : R
AA(R'R2R>M*,R*R5ZM’*)- ApK,(ZH,TH) , : (18) . -

for reaction 5:

log K.y = AA(R'R2R3M* RT,M'*)- ApR,(ZH,TH) +
AA(R'R2R®M*,R*Z,M'*)- ApK,(ZH,TH) + | .
AAR'R*R*M*,R? ZTM”')'ApKa(ZH,TH) (19)

for reaction 6: R

log Keq = AA(Z3M*,R'R?ZM’*)- ApK,(ZH,TH) +
AA(T;M*,R'R2ZM’'*)- ApK,(ZH,TH) +
AA(TZ,M*,R'R?ZM *)- ApK,(ZH,TH) +
AA(T,ZM*,R'R>*TM'*)- ApK,(ZH,TH) (20)

for reaction 7:

log Keq = AA(R!'TZM* ,R?R3TM"*)- ApK,(ZH,TH) +
AA(R'"TZM* R?R3ZM'*)- ApK.(ZH,TH) +
20A(R'Z,M*,R*R>ZM'*)- ApK,(ZH,TH) +
2AAR'T;M*,R?R3*TM'*)- ApK.(ZH,TH) (21)

Experimental data available for reactions 2-7 are given in Tables 5-10 which.
show that most of the data are in agreement with predictions based on eqgns.
16-21 and the assumptions made in Section I1.3. However, Tables 5-10 include
also some reactions in which the experimental position of the equilibria does
not correspond to that calculated from eqns. 16-21. And again, as in Table 2,
the deviations are observed in the cases where one of the exchangeable groups
isF,H, SMe, CN orI (systems No.1,4,18,19, 28 in Table 5; No. 3 in Table 6; No.
4in Table 8; No. 3, 14,15, 17 in Table 10). These facts indicate that the affinity
of organometallic cations for the exchangeable groups, T and Z, is not always
determined only by the pK, values of the non-exchangeable groups, R, bonded
to the central metal atom. Generally, the pK; values of RH should be used only
as the first step in the prediction of the equilibrium of the redistribution reac-
tions, especially if T or Z are halides or some other extremely soft or extremely
hard anions.

TABLE 9

COMPARISON OF EXPERIMENTAL EQUILIBRIA OF REACTION 6 WITH THOSE CALCULATED
FROM EQN. 20 : :

No. M T M Rl R? 2 Reaction  Position of equilibrium
. condi-
tions From Experimental
eqn. 20

in
benzene right - right

1 Ge Br Sn n-CsHg n-GagHg OAc } boiling right ﬁght}
i » - 11171

2 Br n-C4Hg n-Ci4Hg EtCO»
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V1. Conclusions

The proposed approach to an explanatlon of the redlstnbutlon equlllbna

in the Group IVb organometallic compounds is, in our opinion, rather useful.-
The equilibrium may be predicted best, if the formation constants of cqmplexes ._' '
of organometallic cations with different anions are known, but such data are :

__________ Lmoe 4L Y LI PN PPN S, | ¥ P

HOB d.Vd..lld,U}.e d,l.- p[l—.‘b!—.‘!lb IOY e UIOU.p 1V D Orgdll()mt!bd.l.ll(_ CablUllb- .lll.C.lU.lU.LC, .
instead of the unknown formation constants, we propose to use the pK, values ,
of exchangeable anions and non-exchangeable groups for a prediction of the
equilibrium position. Most (93%) of the data of Tables 2-10 may be explamed
on the basis of this approach.

In general the redistribution equilibria are influenced not only by dif-"

ferences in the pK, values of the exchangeable groups T and Z (force factor) but
also by a differentiating factor. The effect of DF is especially strong in the ex-
change of halides and some other groups, e.g., SMe. Thus, the affinity of the
germyl cation, GeH;*, to halides changes in the inverse order from that of the
pPK, values of hydrohalic acids.

equilibria in which organometallic compounds of all other Groups of the Periodic - -

Finally, it should be noted that the approach proposed may be applied to

Table participate.
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