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From a recent review! of scrambling reactions it appears that, prior to the work
reporied here and in two companion papers®, there have been no quantitative studies
of the equilibrium resulting from exchange of two kinds of substituents between a pair
of different central moieties. This is probably due in great part to the mathematieal
complexity of such svstems and the lack, prior to the last decade, of adequate analyt-
ical methods for the molecular assay of complex mixtures. We became interested in
this problem because of its pertinence to the understanding of molecular structures
to be ebtained in equilibrated families of compounds exhibiting mixed-atom molecular
backbores. If the scrambling of, say, 2 halogen atom and a methoxyi group between
two different central moieties is highlv nonrandom, a similar situation may be ex-
pected in the scrambling of the halogen with bridging oxvgens so that the moiety
having the greatest affinity for the halogen will thus be forced into sese molecules
{those structures bused on a single central moicty) and into terminal positions in the
larger molecules.

The scrambling of several kinds of groups between diiierent central moleties
involves the concomitant loss of one type of bond and formation of another; .z, In
the reaction QZ, — MT, - OQZ, T, = MZT,_,, there is a loss of { O-Z and ¢ M-T
bonds accompanied by a gain of § O-T and ¢ M-Z bonds. Thus, this tvpe of scrambling
reaction cannot be classed as “thermeneutiral”® and, in general. a reasonably large
heat of reaction is expected. The work described in this paper is a preiude to the study
of families of molecales exhibiting mixed backbones and is necessarv to the proper
understanding of such svstems.

EXPERIMENTAL

Reagents

Dimethvldichlorogermane, dimethvidibromogermane and  dimethylditodo-
germane were prepared by an improved version® of the direct svnthesis® from german-
ium powder and the respective methyl halide. Bis{methvithinidimethyisilane®, and
dimethoxydimethyvigermane® were prepared as reported previously. Bisimethyithio)-
dimethivlgermane was prepared from dimethyvldichiorogermane and lead methyl-
mercaptide, in 65 °; vield, b.p. 4271 mm. Dimethoxydimethvisilane was purchased
from the Anderson Chemical Company and redistilled.
Eguilibration

Equilibrium was achieved by maintaining the chosen proportions of the starting

materials, the dimethylgermanium compound and the dimethyisilicon compound, in
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sealed 5 mm O.D. precision nuclear-magnetic-resonance {NMR) tubes at the desired
reaction temperature. The time reguired for reaching eqguilibrium at this temperature
was estimated on the basis of test runs at several difierent ratios of starting materials
evaluated after various time intervals until the proton NX)MR spectra did not exhibit
anv further change. To assure that the equilibria correspond to the reported tem-
perature, the samples were cooled by quenching and the NMR spectra were run
irnmediately thereafter. Even with this precaution, the syvstems involving exchange
of halogens with methoxyl groups react so rapidly that the reported data must
correspond to equilibria at a lower temperature than the one cited.
It was found that equilibria in the svstems (CH,),SiT, vs. (CH,).GeZ, were

eached mn periods less than the ones given below, with the times at which the data
were obtained being given in parentheses. For T = OQCH, and Z == Cl: 1 h at 23
{(z1zohat 1207} ;fot T = OCH,and Z = Br: 1 hat25° {24 hat 120%); for T = OCH
andZ = I: 1 hatz3° (26 hat x207): for T = SCH, zmd Z = Cl: 108 h at 120° (154
at 120°); forT = SCH; and Z = Br: 67 hat 120° {(zog h at 120%); for T = SCHJ and
Z=1:70hatz23%{2ghat120°); for T = SCH,; and Z = OCH,: § h at 120° (74

at 1z07).

NI R measwrcments

Proton NMR spectra were obtained on a Varian Model A-60 spectrometer as
previously deseribed!3, with measurements being carried out on the neat liquids at
35°%. Proton NMR chemical shifts of the dimethylgermanium and dimethylsilicon
moieties in the specles present at equilibrium are reported in Table 1. Peak areas were
determined by electronic integration or ~ in cases of overlapping signals — by cutting
vut and weighing Nerox copies of the spectra®.

TABLE 1

rroToN NMR CHEMICAL SHIFTS REPRESENTING THE DIMETHYLSILICOX AND DIMETHYLGERMANIUM
MOIETIES OBSERVED IN EQUILIBRATED SAMPLES OF EOUIMOLAR AMOUNTS OF (CH,),SiT, vs. (CH,),-
GeZa, 1N PPM rELATIVE TO TMS AS INTERNAL STANDARD IN THE NEAT LIQUIDS

Z T {CH).GeZ, (Ch,] JGeTZ {CHy), ,GeT (CH,).:SEZ: (CH,).SITZ (CH4).SiT,
Cl OCH,* —r1.113 —0.737 —o0.362 —0.761 —0.411 —0.04%

Br QCH 2  —1.43% —0.933 ~0.428 —~1.503 —0.552 —~0.032

I GCH,e —1.962 —1.130 ~—o0.310 —~1.605 —o.320 —0.035

Cl SCH, —r1.1§7 —o.93531 —0.709° —~0.785 ~—0.0437 —0.4509
Br SCH, —~1.3438 -—~1.0024 —o0.700¢ —1.002 —o0.792] —o0.a75%

{ SCH, —~1.900 —1.279! —o.703m —1.603 —1.000% ~0.375°
OCH, SCH, —~0.433? —0.333% —o.700" —0.033% —0.288¢ —0.475%

a Only one OCHjy resonance observed at —3.418 ppm. ® Only one OCH,; resonance observed

at —~3.415 ppm. € Only onc OCH, resonance ohserved at ~—3.432 ppm. ¢ SCHj resonance seen at

~2.157 ppm. € SCTH, resonance seen at —z2.037 ppm. f SCH; resonance seen at —2.067 ppm.

9 SCH, resonance seen at —1.982 ppm. # SCH, resonance seen at —2.143 ppm. ¢ SCH, resonance

seen at —2.030 ppm. f SCH, resonance seen a.t —2.0635 ppm. A SCH, resonance seen at —1.969

ppm. ! SCH, resonance secen at —2.too ppm. = SCH; resonance seen at —2.01o ppm. = SCH;

resonance seen at —2.042 ppm. ¢ SCH, resonance seen at —r1.96o0 ppm. # OCH, resonance at

—3.472 ppm. ¢ OCHj resonance at —3.33%5 ppm, SCH, resonance at —2.022 ppm. r SCH,,

resonance at —2.030 ppm. s OCH, resonance at —3.305 ppm.7 QCH, resonance at —3.422 ppm.
SCH, resonance at —1.033 ppm. #* SCH, resonance at —1.968 ppm.
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DATA REDUCTION

When the Z substituents of the compound QZ are scrambled with the T sub-
stituents of the compound MT,, a total of (& -~ v -~ 2} molecular species are formed.
Letting the syvmbol £, stand for the compound QZT,_; and =", for MZT,_;, we sec
that there are (u — 1) compounds of the type Z’; where ¢ = 0, 1, ..., u. As previousiyv
pointed outl!®, a minimum of (» — 1} equilibrium constants are needed to represent
scrambling of Z and T substituents between molecules of the type =; and {(u — 1) for
molecules of the tvpe =7;. For the most precise treatment of experimental data, these
{r — u — 2) constants are chosen to be of the following form:

Roi= ‘S, == {1}

Y 8 ROy o8 SRS

HKyg= =7 . 0= =00 (=)

P3N 43 SR ¥ R PR N

In addition, there is one other necessary equilibrium constant to relate the system of
= molecules with that of the =’ molecules. Although this constant, Ay, may be
written in a number of different wavs!!, we have chosen the foillowing format for this
constant since this is the form which 1s most readily evaluated from existing compila-
tions of thermodinamic data:

Ky =

e

T i T s
RS, S = S
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where v = 1; unless g = », when v = u = r.

Evaluaiien of Ry

Due to the nonrandom character of the distribution of Z and T substituents
on the two different cential motetics, often one or more of the end members of the
series (5,5, 27, or 27,1 is present in undetectable amounts. It is therefore not possible
to obtaln an accurate valuc of Ky by direct substitution of analytical data into eqn. (3}.
However, it is feasible to calculate the missing data from the {(r — 1) Nqi and the
fu-T1 A3p; equilibrium constants which in turn can be evaluated and their statistical
errors determined from the experiinental data by use of a previously described com-
puter program®. The resulting weighted-average equilibrium constants may then be
emploved to calculate the theoretical composition for any given R value in ecither
svstem. These R values are obtained from the experimental data; since for the com-
pounds based on the central atom Q, R = ‘x {r — i) =,/EZ,, and for the system based

—_— ,‘~ —_—

on the central atom M, Ry =X 'u — TSR

By this means, a value of AI is obtained for each experiment. The deviation of
the average of these values is obtained by taking the square root of the sum of the
squares of the deviation of the indiv idual values from the average. The overall
composition of a mixture is characterized by two parameters: One to determine the
relative amounts of Z and T in the mixture,

E p—r = E;y-f":'
P S i (0
R IEFED I
t 3 g
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and ong¢ to determine the relative amounts of Q and M,
s‘ —

9] T
S TR 8 Es - 3E
l :

i

Since there has been no previous quantitative treatment of this type of equi—
librium, it is desirable to show the kind of composition diagrams to be found in various
typical cases. This has been done in Fig. 1 for y = u = 2 in a system obtained by
reorganizing various mixtures of =3 and =7,. This situation corresponds to exchanging

—R ——R —R —R

Fig. Concentration of the six possible molecules obtained by equilibrating QT, with MZ,, as
c:‘.lcub..:ci for various sets of equilibrium constants, plotted against the over-all composition
parameter 8 = T/ Q7 = 'M7i. For Graphs A-D the constants Alq = Ay = 0.235 {ideal ran-
domnesst with A = 1078 for A, 1073 for B, 1.0 for C {ideal randomness) and 1o™2 for D. For Graphs
E-H theconstants Ag = Ry = 1073 with Ky = 107¢for E, ID_:‘ ior F, 1.0 for G {idcal randomness)
and 1073 for H. The symbals in the araphs erFCs' nt:a==5=0QT,.b=5=,=QZ4T,c =2, =
(7. d = Z0g= MT., e = Z', = MZT and { = =y = MZ,.

Z and T in mixtures made up from various combinations of OT, and MZ,, where Q
stands for the (CH,),S1 moiety and M for {CH,).Ge for instance. In this case, R =
R/2 because of the use of only QT , and MZ,, as reagents. Graphs A through D of Fig.
corrmpnnd~ to the random scrambling (K q; = R, = 0.25) of the T and Z sub-
stituents on both difunctional moieties, with the intersvstem constant, Ay, having
two small values {ro~5, 10-3), the random value (1.0) and a large value (x0-3). As the
order of magnitude of Ay is increased above the value of 1073 shown in Graph D, the
mixed species are found to decrease to nothing so that in the limiting case (sayv K1 =
10-%), one obtains onlyv the pair of compounds 5, and =",. Alternatively, for very
small values of Ky (say, 10-%3), =7, drops linearly to zero at R = 0.5 and =, increases
linearly from zero at R = 1.3.

A wide range of values for AT is discussed since, as stated in the INTRODUCTION
of this paper, a large plus or minus value for the enthalpy corresponding to the

J- Organomstal. Chen:., 5 (1966) 320337
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EXCHANGE OF SUBSTITUENTS OF DIMETHYL-Si AND -Ge 425

equilibrium reaction of eqn. (3) is to be expected, even though the scrambling of the
two substituents on one or the other of the difunctional moieties may have zero
enthalpy.

Graphs E through H of Fig. 1 correspond to a like variation of Ky for the
situation where the mixed species is preferred in the scrambling of two substituents
on each of the difunctional moieties taken individually, ¢.c., Kq, = Ky, = 107 The
third case in which Kq, and Ky, are both large, ¢.g. 10+ or 1071 is not shown in Fig. 1
since for all values of Ry the graphs are dominated by =, and =',, somewhat similarly
to Graph D.

Calculation of theorctical compositions

In the case of scrambling of two kinds of substituents on a given central atom
or moiety, the calculation of the amounts of the various mixed species for a given
over-all composition (R value} is sufficiently difficult to warrant use of a computer
program?®®. The problem is more complex when two kinds of substituents are scrambled
between two different central atoms, as described in this manuscript. This latter
problem has now been programmed in Fortran IV for an IBM-7040 computer using an
iterative procedure similar to that previously employved?®.

In this program, the formerly used parameter, & = 75,7/ 27, is employved for
tribution of the substituents on the central moiety Q. A similar parameter G’ =
‘Z'el/E", can then be obtained for the central moiety M from

-
=
[¢2

wd Q_

~
)

G = VG= K {6)

Thus a set of concentrations is obtained for each of the two central moieties, using
eqn. {20) of ref. 10. Since R’ gives the proportion in which these central moieties are
present in the whole mixture, one can combine bath sets accordingly and the R value
can be calculated. Another iteration can then be made by properly correcting the
parameter G. Iterations are stopped when the calculated R value is sufficiently close
to the desired R value.

RESULTS AND COXCLUSIONS

Equdlibriven constants and daia

The equilibrium constants found for the seven systems studied in this in-
vestigation are presented in Table 2. The numbers given in parentheses in this table
are the values obtained in our previous studies™? or those described in the Appendix
of this paper for the scrambling of this pair of substituents on either the dimethyl-
silicon or the dimethyvlgermanium moiety taken by itself. The supporting data from
which the equilibrium constants of Table 2 were obtained are individually presented
for each of the seven svstems in Tables 3—g. In these latter tables, the values in
parcntlieses were calculated according to a scheme presented earlier under the heading
“Calculation of thzoretical compositions’ using the equilibrium constants of Table 2.
In Table 5, a value for R g was assumed to be I < 1072 by extrapolation of the data
obtained for the chlorine and bromine analogs.

Inspection of Tables 3 through g shows generally good agreement between the
experimentally measured concentrations and the values calculated from the equi-

J- Organcmetal. Chem., 5 (1066} 420—437
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librium constants. In no case did there seem to be a systematic trend with the
over-all composition (R and R’ values shown in the table) so that there appears
to be no need to use activity coefficients to make the thermodynamic concept of
equilibria fit the data to within the experimental error. It should be noted that the
experimental error in NMR measurements of the type reported in Tables 3—9 are, for
each peak measured, about 1 °; of the total hvdrogen in all peaks. Thus, the first
experimental figure in the left-hand corner of Table 3 should read as 16.g with an
absolute error of ca. = 1. Although very smail values (0.1 ¢; of the total (Si + Ge)?
mayv be detected and quantitatively estimated, such values still carry an error of
ca. I percentage point.

DISCUSSION

The agreement between the values for the equilibrium constants Kq and Rag
previously measured on the dimethvlsilicon and dimethylgermanium syvstems taken
independently and the values obtained in this study of the mixed sivstems is most
gratifving. The poorest agreement was found in the system where Z = OCH; and
T = SCHj where the disagreement was nearly twofold. In the case of A g for this
svstem, the error is probably attributable to the fact that aluminum chloride had to
be used as a catalyst (see Table 10) and it induced the formation of byproducts which
probably caused K g to be somewhat inaccurate.

The extremely large values for the equilibrium constants where the dihalo-
dimethyvigermane is mixed with the dimethyldimethoxysilane indicates that the
reverse reaction in which the dihalodimethylsilane is mixed with dimethvldimethoxy--
germane should give essentially complete transfer of the methoxyl from the germanium
to the silicon, accompanied by noticeable evolution of heat. This was observed in a
series of test experiments.

The approximate time to reach equilibrium in the exchange of a pair of sub-
stituents between dimethyvlsilicon and dimethvlgermanium was found in this study
to be intermediate between the approximate times for exchange of the same pair of
substituents on either dimethvlsilicon or dimethvigermanium when each syvstem was
studied individually. Thus, exchange of halogens with methoxyi groups on dimethyl-
germanium is rapid and is completed 1n less than a few seconds at room temperature;
whereas, in the dimethyvisilicon systems®; several hours at 120° are needed. In the
mixed dimethylsilicon/dimethylgermanium systems studied here, the rates were too
fast to be measured by changes in concentration with time but slower than in the
dimethvlgermaniom system. Similar relationships were found for the slower exchange
of halogens with the methvlthic group and the similarly slower exchange of methoxyi
with methvlthio groups.

\WWhereas the equilibrium in the case of exchange of halogens with methoxyl
groups is such that the halogen strongiy gravitates towards the germanium, there is
continuous change when going from Cl to Br to I in the exchange of a halogen with
methvithio groups. In the latter case, the chlorine gravitates to the silicon and the
iodine to the germanium, with the bromine and methyvithio groups being almost
randomly distributed between the dimethylsilicon and the dimethylgermanium
moieties. In the exchange of methoxyl with methylthio groups, the methoxyl group
goes primarily with the dimethylsilicon and the methylthio with the dimethyl-

J- Organometal. Chem., 5 (1966) 420—437
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TABLE 10

EXPERIMENTAL AND CALCULATED EQUILIBRIUM DATA FOR SOME SYSTEMS QZ, vs. QT, axp MZ, vs.
MT, For Q = (CH,),5i axp M = (CH,).Ge AxD various T's aAND Z's

The Systems (CH3) ,SiBr, vs. (CH3),Si(OCH;),

R== Br|Si (CH).SiBr, (CH ),SiBr(OCH,) (CH,).SilOCH,),
0.319% 0.3 32.6 67.0
(0.3359)¢ ({o.1)¢ (32-7) (682
o 632 ob 623 37-0
{0.649) (0.7} (63-7) {(35-6)
[.OI5° 7-5 56.2 6.3
(r.o27 -7} {36.1) (6.2)
I.z72 27.9 70.9 I.X
{1.293 (23.3) {70.6) (r.1)
1.557 55-4 44-2 0.4
(1.567) (55-9) (43-9) (0.2}

Tke Systemd (CHL).SiCly vs. (CH,) Si{SCH,),

R==CI5: {CH,).S:Cl, (CH).SiCI{SCH ) {CH),Si{SCH,),
0.3528 20 2.8 65.2
{0.368)¢ {2.9)¢ {32-4) (61-7}
0.617 79 47-5 +4-3
{0-633) i3.0) {$5-5} (46-3}
0.935°% 174 547 279
0.595) (x9-7} (5¢4-0} (=6-3)
1.323 149 42.6 12.0
{x-324) {g2.1} {13.1) {28
1.653 63.1 23.6 3-3
{1.643) {57.0} {30.0} (2.3}

Thez Systeorh (CH ). SiBr, vs. (CH4}.SHSCH ),

R==BrSi {CH,),SiB>. {CH,),SiBr(SCH,} {CH,).Si{SCH,).
0.361% .o 35-1 .0:3.9
{o-371j¢ (0.9j¢ {33-3) (64-5)
o.7II 5-7 6.0 33-3
{9.724; (-3} {60.5) (332
1.053% 19.2 63.3 2.1
{r.072} (18.2) {65.9) {12.9}
£.357 419 539 35
(£.351) {39-7} {55-4) {1-0)
724 74-9 24.6 Q.4
(1.734} {72.9) {26.9; (0-5)

Continued on p. 435
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Tasre 10 (continued)
Tke Systemi (CH4),Si(OCH ). vs. (CH4).Si(SCH)a

435

R=SCH,{Si (CH4) . Si{SCH ) (CH L) Si(SCH)OCH ) (CH,)ZSi(OCHa):
o.407% 2.7 17.7 69.6
{o-431)¢ (11.5)¢ {r7.0) (71.2)
o.7z22 25.8 21.5 2.7
(0-731) (25-3) (21-5) (53-2
I.040% 4.3 22.2 33-5
(1.103) (g1.1) (22.6) (36-3)
1.353 59-4 z0.8 19.8
{1.396) {57-3) (20.8) 22.0)
1.636 S0.6 12.2 T2
{r-734) 76-9) (14.5) (8.3)

The Systeml (CH3),Ge(SCH,), vs. (CH4).Ge(OCH,).
R==0CH,/Ge (CH,).Ge(SCH,), (CHL).Ge{SCH ) (OCH ) (CH4)aGe(OCH,),
0.410% 71.8 16.6 1.6
(0-395)¢ (70.0)¢ (17.8) {(11.6)
0.650 5%.0 22.1 23.9
{0.699) (53.0) (22.3) (23-6)
1.001im 37.9 23.4 3S8.8
{1.010) (377 {23.7) (38.7)
1.390 19.9 21.6 558.0
{1.383) (19.9) (2r.2) (53.9)
1.053 3 16.1 76.6
{1.603) (3.1) (r5.4} {76.5)

e Equilibrium reached in less than o.5 h at 257, data corresponds to 6 h at 25°. 2 Values
calculated from the ingredients. € Values in parentheses calculated from the NMR data. € Values
in parentheses calculated from the equilibrium constants in Table 11. € A neat liguid sample of
this composition showed sigrals having the following XMR shifts: (CH,).SiBr,, —1.063; (CHy),-
SiBr{OCH,), —o.332, —3.467; (CH,4}.Si(OCH;)., —o.022, —3.4I7 ppm. f Equilibrium reached in
less than 1ooh at 1207, data corresponds to 1543 h at 120°. 9 A neat liquid sample of this composition
showed signals having the following NMR shifts: {CH,),SiCl., —0.750; (CH,)sSiCl{SCH;), —o.621,
—2.037; (CH,4).Si{SCH,).. —0.448, —I1.947 ppm. » Equilibrium reached in less than 46 h at 120°;
data correspond to 135 h at 120°. 1 A neat liguid sample of this composition showed signals having
the following NMR shifts: (CH,).SiBr., —1.a60: (CH,).SiBr(SCH,), —o.767, —=2.047: (CH,}.-
SitSCH,4)a, —©.330. —1.950 ppm. ;/ Equilibrium reached in less than 24 h at 120% with AlCH,
as catalyst, data corresponds to 48 h at 12¢”. No reaction is observed in the absence of a catalyst
at 120° and 150°. & A neat liquid sample of this composition showed signals having the following
NMR shifts: {CHL).Si{SCHy)a: —o0.483, —2.033: {(CHy),.Si{SCH,){OCH,), -o.297, —I1.983,
—3.500; {CH,),S1{OCH,)a. —0-025, —3-500 ppm.! Equilibrium reached in less than 46 h at 120°;
data corresponds to 92 h at 120°. ™ A neat liquid sample of this composition showed signals having
the following NMR shifts: (CH }.Ge{SCH,),, —0.717, —2.032; {CH,),Ge{SCH}{OCH,), —o.596,
—2.033. —3-331; (CH,).Ge{OCH,}., —0-445, —3.467 ppm.
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TABLE 11!
EQUILIBRIUM CONSTANTS IN THE SYSTEMS QZ. vs. QT, AT 120°

g z T Ka sb
(CH,),.Sic Br OCH, 0.0004 o.cort
(CH,).St i SCH, 0.178 0.017
(CH,).Si Br SCH, 0.0393  0.0062
{CH,).Si OCH, SCH, 2.92 0.51
{CH,},Gc OCH, SCH, 2.50 0.I1I

e K = [QZ, 1OT, ;7QZT % ?s = standard crror. € At 25°.

germanium at equilibrium. These findings cannot be simplyv interpreted® in terms of
ionic character of ¢ bonds using the defining equation for Pauling-tvpe electro-
negativities. At present, we are ascribing much of the large deviation from randomness
(A5 = 1} of the intersvstemn equilibrium constant, Ay, to differences in =z bonding
occurring as a result of the reaction described by eqn. (3). Theoretical work on this
problem is undenway in our laboratory.

APPENDIX

The equilibrium constants Ag and Ay shown in Table 2 have been determined
from the data in Tables 3-q, r.c., from the QZ. vs. MT, syvstems at equilibrium. In
order to check the reliability of the constants we redetermined them for the case where
there was one kind of central moiety only, 7.¢., in the svstems OZ, «s. OT, and MZ,
vs. MT.. The experimental data gathered on these latter systems are reported in
Table 10. The data of Table 10 were emploved to calculate!® the weighted-average
equilibrium constants and standard errors listed in Table 11. The constants in Table 11
were then used to calenlate!® the theoretical values listed in parentheses in Table 10.
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SUMMARY

Equilibria in the scrambling between dimethylsilicon and dimethylgermanium
of chlorine, bromine, or iodine with either methoxyi or methvithio groups have been
studied by proton nuclear magnetic resonance. The scrambling of methoxyl with the
methyithio group is also reported. As expected, most of these equilibria deviate greatly
from the values corresponding to random sorting of the substituents. The mathemati-
cal treatment of the scrambling of two kinds of substituents between two different
central moieties (including atoms) is discussed and typical exampies are presented for
the variation with over-all coinposition of the six molecular species resulting from such
scrambling on a pair of bifunctional moieties.
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