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A gtudy of the reactions of organolithium reagents (RLi) with common siloxane substrates has led to the fol-
lowing findings (M = Me;SiO1/, and D = Me;SiOz/,).  (A) Diorganosiloxanes such as D, are cleaved rapidly by
RLi at ambient temperatures to yield lithium siloxanolates [7.e., R(Me:Si0-),Li], which are in turn completely
consumed by additional RILi in an even faster series of alkylation reactions to yield the simple triorganosilanolate
(i.e., RMe:8iOLi). Even when exceptionally reactive siloxane substrates such as D; are employed, the organo-
lithium reagent exhibits exclusive preference for the derived siloxanolates; thus the combination of molar equiv-
alents of BuLi and D, affords BuMe,SiOLi quantitatively, none of the presumed intermediate siloxanolate
species (e.g., BuMe;SiOMeSiOMe,Si0OL1), and unreacted D (Z.e., /s mol). Other cyclic and linear siloxanes
react in a similar fashion. (B) Both neutral diorganosiloxanes and derived anionic siloxanolates are more reac-
tive than Me;SiCl toward RLi; hence, although reaction of BuLi with D; in the presence of Me,SiCl did indeed
afford the expected siloxanolate derivatives (BuD;_;8iMe;), no BuSiMe; was detected. (C) RMe;SiOLi and RLi
(R = Bu) are very unreactive with Me;SiCl in the absence of ether. When ether is added to a hydrocarbon solu-
tion of these three reactants, RLi reacts much more rapidly than the silanclate. Siloxanolates, on the other hand,
are more reactive than either of the above bases toward Me;SiCl, reacting even in the absence of ethers. (D) Com-
petition of various combinations of reactants for RLi has established the following order of relative reactivities:
Ds > Dy =2 MDM > Dy >> MDi-M >>> MM. Furthermore, the reactivity (relative to Ds) of MD,M
(x = 10-1000) increases with increasing values of x. This is because the relatively infrequent cleavages of
MD.M lead to increasingly larger amounts of RLi consumption by the resulting siloxanolate as the value of 2 in-
creases. Thus this obviously ionic reaction exhibits certain characteristics of free-radical olefin polymerizations
in that the concepts of kinetic chain length and polymer chain length become intimately related. (E) Displace-
ment of methyl from BuMe:SiOLi by BuLi is rather facile, taking place in refluxing hexane to yield Bu:MeSiOL1
and, upon longer treatment, BusSiOLi. A similar displacement on a neutral substrate, MDM, was also observed
and rationalized. (F) Although Me;SiOSiMe; was not cleaved by lengthy reflux with BuLi, the more compli-
cated trimethylsiloxy derivative 8i(0S8iMe;)s did react. In this case initial slow attack on the peripheral tri-
organosilicon produces a siloxanolate which subsequently undergoes several rapid alkylations; thus Si(0SiMe; ),

reacts with BuLi to give BuSiMe; and LiOSi(0OSiMe;);, whereupon the latter species undergoes rapid alkylation

to yield BuséiOLi and 3Me;SiOLi.  (G) Several interesting metallation reactions were also observed. The most
facile of these was the metalation of Me,;SiO8iMe,CH,SiMe; at the methylene site by n-Buli in the absence of
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any of the common donor solvents.
fashion with suitable alkoxysilane substrates.

Although organometallic agents have been widely
employed for the synthesis of carbon-silicon linkages in
organosilicon chemistry,® their reactions with siloxane
functionality have received relatively little attention.?
Kipping and Hackford showed many years ago? that
the reaction of Grignard reagents with silsesquioxanes
afforded triorganosilanols upon work-up. Similarly,
Sauer? prepared Me;SiOH from the reaction of MeMgX
with (MesSi0),. The above reaction generally re-
quired rather forcing conditions, i.e., excess Grignard
reagent and high temperatures (near 200°). Although
organolithium reagents are much more reactive than
are Grignard reagents toward siloxane substrates, the
literature contains only a few scattered examples of
their use. It was determined by Gilman and cowork-
ers?d that the most electrophilic silicon of an unsym-
metrical hexaorganodisiloxane underwent preferential
alkylation. Seyferth?¢ demonstrated that, although
unreactive in ether, MeLi did react quite readily with
Me;SiOSiMey in the presence of tetrahydrofuran. Al-
though this constituted a convenient route to Mes-
SiOLi, the reaction of ethereal Meli with dimethylsilox-
ane substrates was shown?! by Ruidisch and Schmidt
to be an even better route, since it made more efficient
use of the organolithium reagent (.e., no loss of Me,Si).

We became interested in elucidating the chemistry

(1) C. Eaborn, “Organosilicon Compounds,” Butterworth and Co. Ltd.,
London, 1960, pp 10-33.

(2) (a) Reference 1, pp 268-270; (b) F. 8. Kipping and J. Hackford, J.
Chem. Soc., 99, 138 (1911); (c¢) R. O. Sauer, J. Amer. Chem. Soc., 66, 1707
(1944); (d) H. Gilman, H. N. Benedict, and H. Hartzfeld, J. Org. Chem.,

19, 419 (1954); (e) D. Seyferth and D. L. Alleston, Inorg. Chem., 2, 418
(1963); (f) I, Ruidisch and M. Schmidt, 4Angew. Chem., 78, 575 (1963),

(H) Lithium triorganosilanolates react cleanly in a selectively stepwise
Several examples are provided.

of organolithium reagents with siloxane substrates,
motivated at least in part by the knowledge that lith-
ium bases are useful as catalysts for the highly selective
polymerization of cyclotrisiloxanes® leading to novel
nonequilibrium polymers.

Reactions of RLi with Dimethylsiloxy Substrates.—
The reaction of 3 equiv of Buli with hexamethyleyclo-
trisiloxane (i.e., D; where D represents Me,SiOss,)
was found to proceed rapidly and exothermally in hy-
drocarbon media to yield BuMe,SiOLi (7.e., BuD;Li)
(eq 1), paralleling the earlier work? with ethereal MeLi.

3BuLi + (MegS8iO)s ——> 3BuMe:SiOLi S

toluene

In an attempt to prepare the linear trimeric siloxanolate
species BuD;Li, only 1 equiv of BuLi was added to Ds;
much to our surprise an essentially quantitative con-
version into the simple triorganosilanolate, BuD,Li, re-
sulted, accompanied by 669, of the unreacted starting
trimer (eq 2). Completely analogous results were ob-

hexane . i
Bulid + Da S BUMezSIOLl + 2/3D3 (2)

toluene

tained in the reaction of BuLi with D, It is apparent
that the neutral cyclosiloxane substrate undergoes a ring-
opening alkylation in a rate-determining step followed by

(3) C. L. Lee, C. L. Frye, and O. K. Johannson, Polymer Preprints, 10
(2), 1361 (1969). (b) E, E, Bostick, U. 8, Patent 3,337,406 (1967).
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a very fast series of alkylations on the resulting linear
siloxanolates (eq 3a-3¢). The above rate relationships

k1
BuLi 4 Ds —> BuDsLi (38)
k
BuLi + BuDsLi —> BuDsLi -+ BuDiLi (3b)
&
BuLi + BuD;Li —» 2BuD,Li 3¢)

k1 &K ks or ks

are reminiscent of those observed by Selin® (eq 4). It
should be noted, however, that the Selin work in-

Ph
MeSiONa + (Ph,SiO), —> MeSSiO—[Si(z);L—Na
ke lSMeSSiONa )

Ph,
4Me,SiOSiONa

ky <<k,

volved base-catalyzed siloxane redistribution, whereas
in the above lithium systems 7o siloxane redistribution
per se oceurs. Thus the resulting silanolate, BuD,li,
did not react with the remaining D; under the conditions
employed (neither at room temperature nor in refluxing
hexane). The reaction products in the present work
were derivatized for subsequent isolation and analysis
by hydrolyzing with dilute acid to give the silanols or by
trimethylsilylating with ethereal MeSiCl. Ether s
necessary because the lithium triorganostlanolates will not
react with MeSiCl in hydrocarbon media. Furthermore,
even BulLi 1s very unreactive toward Me;SiCl in the absence
of donor solvents.

The presumed siloxanolate intermediates, BuD,Li,
were trapped by adding BuLi to a mixture of D; with
MesSiCl.  Essentially the same product mixtures were
obtained regardless of whether ether was present during
or added subsequently to the Buli addition. In either
case, the major produet was the simple triorganosilan-
olate derivative BuMe,SiOSiMe; (z.e., BuD;SiMe;) ac-
companied by much smaller amounts of BuD;SiMe;
(the trisiloxanolate derivative) and BuD.SiMe; (the
disiloxanolate derivative), and substantial amounts of
unreacted D;.  Little or no BuSiMe; was formed, under-
scoring the low reactivity of BulLi toward Me;SiCl
(relative to its high reactivity toward D; and the re-
sulting siloxanolates). The fact that BuD;SiMe; and
BuD,SiMe; were formed prior to the addition of the
ether shows the lithium siloxanoclates to be highly reac-
tive bases toward MesSiCl in marked contrast to Buli
or BuD;Li. The relative reactivity of these last two
species was determined. As shown below, the addition
of 6Buli (hexane solution) to a toluene solution of
D; yields a solution containing 3BuD;Li and 3Buli.
This was followed by the addition of 3Me,SiCl, which
did not react (as evidenced by glpc monitoring) even
when the solution was heated at reflux. The addition
of a modest amount of ether caused the prompt and
exclusive consumption of Me;SiCl by the Buli to form
3BuSiMe;. Subsequent addition of another 3Mes-
8iCl produced the expected BuD,SiMe;. Thus, under

(4) T. G. Selin, Abstracts, Third International Symposium on Organo«
metallic Chemistry, Munich, 1967, p 362,
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these conditions, BuLi was clearly much more reactive
than was BuD,Li (eq 5). It was of some interest to

toluene
D; + 6BuLi ~———> 3BuD,Li + 3BuLi

hexane

l 3MesSiCl
e no reaction ()

ether

BuD;SiMe; ——> BuD;Li -+ 3BuSiMe;
3 MesSiCl

compete the relatively sluggish D, with MesSiCl for
Buli in the presence of added ether. TUnder these
conditions, D4 reacted sufficiently rapidly to compete
very effectively for the organolithium reagent, the
major produect being BuD;SiMe; accompanied by rela-
tively small amounts of BuSiMe; and BuD,_SiMe;, and
unreacted D,. The fact that relatively little BuSiMe;
was formed indicates that, even in ether, Me;sSiCl is
less reactive than Dy toward BuLi. Ether evidently
accelerates the reactivity of D,, as well as that of Me;-
SiCl, toward Buli. Increasing the Me;SiCl to D,
ratio beyond the above 1:1 value did, of course, produce
larger amounts of BuD,_,SiMe; and BuSiMe; and corre-
spondingly decreased amounts of BuD;SiMes;.

Competition of various combinations of dimethyl-
siloxane reactants for Buli revealed the following
qualitative order of relative reactivities (M represents
MegsiO%): D3 > Dg = MDQI\K > D4 >> MD1M
>>> MM. In this series, D;is so much more reactive
than Dy that the addition of 1 equiv of Buli to a solu-
tion containing 1 molar equiv of these two cyclics re-
sults in completely selective consumption of the trimer.
At the other end of the series, hexamethyldisilox-
ane is so unreactive that it undergoes no reaction even
when heated for several days at reflux with Buli in
hexane solution. The reactivity (relative to D;) of the
linear siloxanes, MD,M (z = 10-1000), appears to
become greater with increasing chain length. We-will
discuss this phenomenon more fully at a later point
(vide infra).

Other organolithium reagents react in more or less
the same fashion with D; and related materials. The
product distribution was not much affected by the
presence of ether in those instances wherein ethereal
organolithium reagents were employed (z.e., MeLi and
Phli). Because of its increased steric requirements,
it had been anticipated that -Buli might not be very
reactive toward cyclosiloxanes. On the contrary, t-
Buli reacted exothermally with D; and the use of 3t~
BuLi per D; resulted in essentially quantitative con-
version into t~-BuMe,;Si0Li. Experiments in which only
1¢-Buli per D; was added revealed that the siloxanolate
alkylation reaction was not as rapid relative to ring
opening as in the earlier n-BuLi examples. Thus, even
in the absence of MesSiCl as a trapping agent, the ex-
pected product t--BuD,Li (and unreacted D;) was accom-
panied by substantial amounts of +~BuD,Li and ¢-BuD;-
Li. It is certainly to be expected that steric crowding
should decrease the relative rates of siloxanolate alkyla-
tions, and especially the one involving {-Buli and the
disiloxanolate ~-BuD,Li, since in this case juxtaposition
of bulky #-butyl groups on immediately adjacent silicon
sites is necessarily involved. This rationale accords
well with the observation that the above reaction



1310 Frym, SALINGER, FEARON, KrOSowsKI, AND DEYOUNG

yielded mostly ¢-BuD;Li and ~-BuD.Li but very little ¢~
BuD;Li. Very similar results were obtained from the
reaction of {-Buli with Dy; .e., in addition to unreacted
D,, one obtains substantial amounts of {-BuD,;Li and
t-BuD;Bi but almost no {-BuD;Li or {-BuD,li. This
reaction was further complicated by a competing D,
metallation reaction leading to the formation of an
unusually unreactive organometallic species (eq 6).

Me
Dy + +BuLi —> Mezsi——*O”—éli—CHzLi (6)
0
Lo L
Me,Si—O0—SiMe;

This species was characterized after a 24-hr reaction
period as its MesSiCl derivative; it is remarkable that
this organolithium persisted for so long in the presence
of appreciable amounts of dimethylsiloxy material.

No attempt has been made thus far in this paper to
rationalize the marked increase of reactivity of siloxanes
toward organolithium reagents upon siloxanolate for-
mation. One might have predicted the opposite ef-
fect, anticipating that the formal negative charge of the
siloxanolate would discourage attack by the nucleo-
philic organometallic species. Apparently, this is
more than offset by other factors. The heightened
reactivity of the siloxanolates is presumably related to
the tendency of dipolar materials to associate in non-
polar media; .., the charged siloxanolate species pre-
sumably are more able to associate with, or gain entry
to, the organolithium micelles, thereby facilitating
reaction. It has not yet been unequivocally deter-
mined which particular silicon site in a given siloxanolate
undergoes preferential alkylation. Our present obser-
vations are not inconsistent with a scheme involving
preferential attack on the end silicon (eq 7). Cer-

RLi + RSi—O0—8—0—8i08i —>
Me, Me; Me:
RSi—O—8I0Li + RSiOLi (1)
Mez Mez Mez

tainly, this is necessarily true in the reaction of RLi with
the disiloxanolate, although it should be recognized

that in the case of higher siloxanolates, attack at other -

silicon sites could lead to the same products. One
mode of attack singularly absent throughout this work
is that involving siloxane cleavage to yield a hexaorgan-
odisiloxane; 7.e., processes of the following type do not
appear to occur readily on siloxanolate substrates.

Me; Me; Me |
RLi + RSi—0—Si—O0—=SiOLi >
1VI,€2 M82 N[ez .
RSi—0O—SiR + LiOSiOLi
Me, Me, Me, Me,
RLi + RSi—0-—8i—0—S8i—0—Si0OLi -
Me, Me, Me, Me,
RSi—0-—8iR + LiOSi—O0—SiOLi

Reactions with Other Siloxanes.—Although atten-
tion has been directed mainly at various dimethyl-
siloxane substrates, several other types have also been
examined. Other diorganosiloxanes such as (PhMe-
8i0), and [F;CCH,CH,(Me)SiO], react with organo-
lithium reagents more or less analogously to (Me;SiO),.
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As noted previously herein, hexaalkyldisiloxanes are
not cleaved by BuLi in hydrocarbon media nor by
ethereal Meli. As anticipated, {-Buli also did not
cleave MesSiOSiMe;; however, it did unexpectedly
afford the metallated derivative Me;SiOSiMe,CH,Li
in good yield under unprecedentedly mild conditions,
i.e., at room temperature and in the absence of a donor
solvent.> To establish unequivocally that the above
derivative had not undergone rearrangement to the
isomeric disilmethylene species, the Me,SiHCl deriva-
tive was prepared (eq 8). The nmr spectrum of this
Me:S{HCL

t-Buli
MesSiOSiMe; ———> MeSiOSiCHLi ———>
pentane

Mez H
MesSiOSiCH:SiMe; (8)

product revealed the expected CH; doublet arising from
coupling with the immediately adjacent SiH moiety,
thus confirming the assignment.

Trimethylsiloxylated substrates, in addition to those
already cited, which have been reacted with organo-
lithium reagents include PhSi(OSiMe;); and Si(OSi-
Mes)s. The first of these two substrates undergoes two
types of reaction. One involves alkylation of the most
electrophilic silicon center, 7.e., the Ph-Si site (eq 9).

Me

|
PhSi(08SiMes)s + MeLi —> PhSi(OSiMes). + LiOSiMes

i MeLi ©)

Me,
PhSiOSiMe; 4 LiOSiMes

PhMeSi(OSiMe;); was shown to be ca. 5.5 times as
reactive as PhSi(OSiMes)s, presumably as a consequence
of decreased steric hindrance about the central silicon
site. A competing process involves initial alkylation
at one of the peripheral Me;Si sites, generating a tetra-
organosilane and a siloxanolate which then undergoes
two very rapid subsequent alkylations to yield the
expected silanolates (eq 10). In addition to identifying

PhSi(0SiMe;)s + MeLi ~—» PhSi(OSiMe;); -+ Me,Si

Li
l 2MelLi (very fast) (10)
PhMe,SiOLi + 2Me;SiOLi

MesSi in the ether distillate, treatment of the reaction
product with Me,SiHCL yielded the expected deriv-
ative, PhMe,SiOSiHMe, (as well as Me;SiOSiHMey).
The resulting glpe peak area ratio of 1PhMe,SiOSi-
Me H/2.8PhMe;SiOSiMe; shows the reaction involving
alkylation of a peripheral Me;SiO- group to be an im-
portant factor. The compound Si(OSiMes), appears to
undergo exclusively this latter mode of reaction, i.e.,
initial attack on a peripheral Me;8i0O- unit followed by
successive rapid alkylation of the resulting siloxanolate
(eq 11). The species RSiMe; was the only volatile species

(MesSi0)sSi 4+ RLi —>» RS8iMe; + LiOSi(OSiMes)s
lanm (11)
R;Si0Li + 3LiOSiMes
(5) Metalations of this and related substrates in tetramethylethylene-

diamine were reported: G. A, Gornowicz and R. West, J. Amer. Chem, Soc.,
90, 4478 (1968).
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observed as the reaction proceeded. It isinteresting to
note that these tris- and tetrakistrimethylsiloxy com-
pounds do not appear to undergo any detectable alkyl
exchange of the type observed with the bistrimethyl-
siloxy derivative, MDM (vide infra). Perhaps the
additional steric requirements of the bulky MesSiO-
substituent preclude the formation of the suggested
type of organolithium-siloxane intermediate.
Competition of D; vs. Alkoxysilane Substrates for
Organolithium Reagents.—The relative reactivity of
alkoxysilane substrates toward BuLi has also been
briefly examined: D;was allowed to compete for BuLi
vs. Me;8iOMe, Me,Si(OMe),, and MeSi(OMe)s; Mes-
8iOMe was wholly unreactive in hydrocarbon media
toward both BuLi and BuMeSiOLi. Very similar re-
sults were obtained using ethereal Meli (eq 12).

RLi + D3 + MeasiOMe —
2/3D; + IMe38i0Me + RDlLil

no reaction (12)
(i.e., Me,RSi0SiMe;
and LiOMe were not
formed)

However, the more functional alkoxysilanes, Me,Si-
(OMe), and MeSi(OMe)s, reacted with Buli at rates
comparable with that of Ds. Thus, while some of the
Buli was intercepted by Me,Si(OMe), to give Bu-
Me,SiOMe (B), most of it reacted with D; to give
BuMe,SiOLi, which then attacked Me:8i(OMe), to
give BuMe,Si08iMe,OMe (A); glpe peak area com-
parison showed ca. & 2:1 ratio of A to B (eq 13). An

Buli + D; 4 Me:8i(OMe); —>

Me
~8/Dy + BuMezSiOSiO2Me (A) + BuMe:SiOMe (B) (13)
A/B =21

analogous competition reaction employing MeSi(OMe),
produced similar results. Part of the Buli reacted
directly with the MeSi(OMe); to give BuMeSi(OMe),
(and a little Bu;MeSiOMe), but a substantial portion
of the BuLi was consumed by the D; to yield BuD,Li,
which then coupled with the di- and trimethoxysilanes
in the system to give BuMe,SiOSiMe(OMe), (a major
product) and BuMe,S8iOSiBuMeOMe.

The implications of the above competition reactions
were tested by treating individual alkoxysilanes with
BuMe,SiOLi (Scheme I).

It is interesting that lithium silanolates (and pre-
sumably the siloxanolates) attack alkoxysilanes such
as MeSi(OMe); and Me Si(OMe),; employing conditions
under which siloxanes as reactive as D; are unaffected.

Reactivity of D; Relative to Longer Chain Polydi-
methylsiloxanes.—Because of the increased reactivity
of lithium silcxanolates toward BulLi, it was anticipated
that hydroxy end blocked polydimethylsiloxanes
(HOD.H) would be more reactive than the analogous
trimethylsiloxy end blocked materials (MD,M). Our
initial attempts to demonstrate this were, however,
rather confusing. Thus the hydroxy end blocked poly-
mer (HODyH) was indeed much more reactive toward
BulLi than was D; in hydrocarbon solution. However,
a comparable MD,M material was also much more
reactive than D; when these two substrates were al-
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Scueme 1

. . hexane-toluene no
Me;8i0Me + BuMe,SiOLi —————————> reaction
room temperature pafter

4 days
h
Me:Si(OMe)s + BuMe,SiOLi > BuMe;SiOSiMe:OMe

toluene (after 10 min at
room temperature)
added
1BuMe:SiOLi

no additional reaction
after 1 day at 70°

hexane-
MeSi(OMe)s + BuMesSiOLi ———3> BuMe;SiOSiMe(OMe):
toluene  (formed very rapidly
at room temperature)

1BuMe:8iOLi l

(BuMe;Si0).8iMeOMe
(after 4 days at
room temperature)

A
1BuMe:SiOLi |

(BuMe:SiO);SiMe
(did not form even after
several days at reflux)

lowed to compete for BuLi in hydrocarbon solution.
Suspeecting silanol impurities in the MD, M, we treated
it with (Me;Si):NH in order to trimethylsiloxylate any
such silanolic site. Subsequent competition with D
for BuLi did indeed then show a reactivity reversal,
but not because of our endblocking effort; i.e., this latter
competition for BuLi was run in the presence of ether,
and we were eventually able to demonstrate a rather pro-
found solvent effect on the relative reactivities of silox-
ane substrates toward BuLi. In hydrocarbon media,
polydimethylsiloxanes of sufficient length react much
faster with Buli than does D;, regardless of the nature
of the end-blocking moiety. In reaction media con-
taining moderate amounts of donor solvents such as
Et,0, these same long-chain siloxanes react much more
slowly with BuLi than does D;. One should not con-
clude that linear siloxanes are less reactive in ether
media; quite the opposite is true, i.e., all of these silox-
anes react faster in the presence of ether, but the reac-
tivity of D; is increased to a much greater extent.
These differences are possibly related to the ability of
linear siloxanes to solvate intramolecularly the reactive
sites in the absence of donor solvents; 7.e., a siloxane
moiety, a few units removed from the site of attack, may
be able to assume a position in which its oxygen can
somehow coordinate with the Buli as it cleaves a
neighboring siloxane bond. Such eoordination would
be exceedingly unlikely in a rather rigid cyeclic structure
such as D;. This advantage is removed when ether is
added, and the greater reactivity inherent in the
strained Ds is then manifested.

One might still wonder why the hydroxy and Mes-
SiO end blocked materials were of comparable reac-
tivity. This is just another illustration of the relative
unimportance of end group funectionality at sufficiently
high degree of polymerization (DP). The reaction of
BulLi with neutral linear siloxanes, although relatively
slow, becomes increasingly competitive with the silox-
anolate reaction as the DP of the substrate is increased.
When the chain is long enough, the nature of the end
group becomes completely irrelevant to the rate of
BuLi consumption. Below this limit, it also is to be
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expected that a linear series, MD,M, should consume
Buli at rates proportional to their molecular weights.

Confirmation is provided by the following tabulation
(Table I), which shows the results of treating a series
of De=MD,M solutions (hydrocarbon) with enough
Buli to react with exactly 509, of the available D
units (the average DP for these fluids ranges from ca.
15 for the 10-¢St fluid to ca. 1300 for the 60,000-cSt
fluid). It is evident that the relative reactivity of the
MD,M not only is increasing substantially with in-
creasing molecular weight, but that it is also leveling
out, as indeed it should when the chain length becomes
so long that the ends are again irrelevant.

TarLe I
MD:M,
viscosity at 77° F, ¢St Unreacted Ds, %

10 24
100 48
1,000 60
12,500 72
60,000 75

These results are consistent with a reaction scheme
involving rupture of a siloxane bond in a relatively very
slow initial step followed by a series of very fast subse-
quent alkylations (eq 14).

1
MD,M + RLi —3> MDg/2R + LiDg/zM
l (w/» = DRLi (14)
(/s — 1)RDLi + LiM

For purposes of illustration, we have arbitrarily
ruptured the chain right in the middle.
apparent that as z (the polymer DP) increases, the
amount of RIi consumed per initial rupture should
also increase. If this picture is correct, then this ob-
viously ionic reaction exhibits kinetics reminiscent of
free-radical olefin polymerizations in which the ordinar-
ily independent concepts of polymer chain length and
kinetic chain length become closely related.

Displacement of Methyl from Silicon by Organo-
lithium Reagents.—As noted above, D; is much less
reactive toward Buli than is D;; consequently, reflux
conditions were generally employed to shorten the re-
action time. It was observed that under these condi-
tions the principal product of the BuLi-D, reaction
(i.e., BuD;Li) was accompanied by small amounts of an
additional product, which was eventually identified as
Bu,MeSiOLi (characterized vie hydrolysis as the sil-
anol or via trapping with Me;SiCl as Bu,MeSiOSiMes).
The reaction of D with n-Buli is sufficiently slow
that the main product, BuMe,SiOLi, is exposed for a
longer time to BuLi, and under these conditions (reflux
temperature ca. 70°) the following competitive reac-
tion apparently occurs (eq 15).

BuLi 4+ BuMeSiOLi —3> Meli + Bu,MeSiOLi  (15)

The suggested sequence of events was confirmed
by treating D; with 6 equiv of BuLi, which rapidly
results in a hydrocarbon solution containing 3BuMe,-
8iOLi and 3Buli. Upon heating at reflux for 1 day,
most of the silanolate was converted into Bu;MeSiOLi.

Now it is -
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The formation of MeLi was established via trapping
with PhMe,SiCl, which afforded the anticipated Ph-
MesSi. In a similar run employing 9Buli, 1-week re-
flux resulted in almost complete conversion into Bus-
SiOLi. Displacement of the methyl substituent from
silicon by organometallic species has been observed
previously only in certain cyclization reactions where
entropy considerations were presumably very favor-
able, e.g.,® eq 16. The driving force in the present

example is possibly the formation of the more stable
methyl carbanion.” Since similar results were obtained
in ether, the insolubility of MeLi in hydrocarbon media
is not a relevant factor.

In addition to the above methyl displacement from
the anionic siloxanolate species, we also observed an
interesting methyl displacement from a neutral siloxane
substrate. Methyl displacement of this type has no
precedent and can apparently be observed only under
certain favorable conditions, as noted more fully below.
Having determined that MeSiOSiMe; did not react
to any detectable extent upon refluxing for several
days with Buli in a hydrocarbon solvent, it was of
interest to examine the reactivity of Me;SiOSi(Mey)-
OSiMe; (MDM) toward Buli. Although this sub-
strate is much less susceptible than Dy to siloxane cleav-
age by BuLi in hydrocarbon media, it does slowly under-
go the following siloxane cleavage reaction (eq 17).

+ MeLi (16)

ff“ ”

Me, room
Mes8108i08iMe; + BuLi ————>

temperature
Me;SiOLi + BuMe,SiOSiMe;  (17)
(i.e., BuD;M)

Under these conditions, however, most of the MDM
substrate is consumed by the following novel alkyl
exchange process (eq 18).

Me:
Me;SiO8i0SiMe; + BuLi ~—>

Me.
BuMe;SiOSiOSiMe; + MeLi (18)
(i.e., BuD:M)

The product, BuD,M, was unequivocally identified
by spectral methods and independent synthesis; the
presence of Meli was confirmed by appropriate deriv-
atization (7.e., PhMe:SiCl — PhMe,Si). Examination
of the product mixture by vapor phase chromatography
also revealed the gradual formation of a pair of dibutyl-
ated linear trimers believed to be BuMeSiOSiMey-
OSiMe; and BuMe,SiOSiMe,OSiMe;Bu; the structure
of the latter member of this pair was confirmed by inde-
pendent synthesis. These unusual exchange reactions
are believed to be facilitated by anchimeric assistance

(8) H. Gilman and R, D. Gorsich, J. Amer. Chem. Soc., 80, 3243 (1958).
(7) R. M. Salinger and R. E. Dessy, Tetrahedron Lett., 729 (19683),
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of a strategically situated siloxane oxygen moiety as
shown schematically (I). It was anticipated that

*

Me_

/’ Moy
Me,Si JLi
N S

Bu

0\Si /O\

SiMe;
Mez
1

similar exchanges on the next higher homolog, MD,M,
would be precluded by a facile competing siloxane
cleavage reaction, since in this case the leaving group
(asterisked) in I could be the siloxy moiety, Mes-
Si0-. Although this type of siloxane cleavage did
indeed oceur, the alkyl exchange reaction was competi-
tive, as evidenced by the presence of substantial
amounts of BuD;M in the reaction product. In the
presence of increasing amounts of ether, siloxane cleav-
age of MDM predominated over alkyl exchange, as
shown by the indicated relative yields of BuD,M and
BuDM (eq 19).

BuLi + MDM —> BuD:M +

BuDM
(alkyl gxghange) (Si0Si clleavage) (19)
-5

No ether
1 ether/1BulLi 0-9 1
10 ether/1BuLi 0.4 1

This trend is consistent with the above scheme in-
volving anchimeric assistance; <.e., the organolithium
reagent would presumably be coordinated by ether in
preference to MDM, and there would then be much less
tendency for the organolithium to be held in such a way
as to favor alkyl exchange over siloxane cleavage.

The possibility that BuD,M might have arisen from
some combination of siloxane cleavage, butylation of
silanolate, and siloxane-silanolate redistribution was
also considered; i.e., the following sequence could con-
ceivably have produced BuD.M (eq 20a-20c).

Buli + MDM —> BuDM + LiOSiMe; (20a)

Buli + LiOSiMe; —> BuMe,SiOLi + MeLi (20b)

M82
BuMe,SiOLi + MDM —#> BuMe,SiOSiOSiMe, + Me,SiOLi
(i.e, BuD;M) (20¢)

This possibility was disposed of, however, by demon-
strating in a separate experiment that BuMe,SiOLi
underwent no detectable reaction with MDM after 1
week at reflux.

From a consideration of the above schematic (I),
it seemed not unreasonable to expect a similar facile
alkyl exchange to occur on the closely related substrate
MeSiCH:SiMe,O8iMe;. However, much to our sur-
prise, this compound underwent extremely facile metal-
ation at the methylene site (eq 21).

hexane
Me3810H2S1Me2081Me3 + n-Bulii ——>
Me;SiCHSiMe,0OSiMe;
Li
Medher 1)

(Me,8i),CHSiMe;O81Meq
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Capping the metalated species with Me;SiCl afforded
the expected derivative, which showed the expected
nmr proton ratio (SiCHj, 33; 8i;CH, 1).

Experimental Section

General.—Reactions were performed under dry nitrogen at-
mosphere and the organometallic reagents were transferred vig
syringe techniques. Organolithium reagents were purchased
from commercial sources and used as received; the butyllithium
was 1.6 M in hexane, the t-BuLi was 1.24 M in pentane, and the
MeLi was 1.67 M in ether. The siloxane substrates were com-
mercially available and were shown to be reasonably pure by
glpe prior to use.

The organolithium-siloxane reactions were followed by periodic
removal of aliquots via syringe, which were then subjected to
glpe analysis. Although these aliquots were sometimes examined
directly, they were usually first treated with water (to convert
==Si0Li into ==SiOH) or ethereal RsSiCl (to convert =SiOLi
into =SiOSiRs). The glpc analysis generally involved the
use of internal standards. In the absence of suitable standards,
the fractions in question were isolated by distillation or prepara-
tive glpc and characterized by appropriate elemental and spectral
analysis. Not every observation described in the above discus-
sion of our results has been detailed in the following examples,
which have been selected mainly to illustrate the methods em-
ployed.

Reactions of BuLi with D;. A. 1BuLi/1D;.—Butyllithium
(31 ml, 0.050 mol) in hexane was added to a toluene solution
(50% by weight) of Ds (11.1 g, 0.050 mol), resulting in an exo-
thermic reaction. Analysis by glpc indicated that ca. !/; of the
D; had been consumed. The reaction mixture was then heated
at reflux for a period of 2 hr, whereupon glpe analysis revealed
no additional consumption of D;. Trimethylchlorosilane (6.3
ml, 0.050 mol) was then added along with a small quantity (15
ml) of ether. Subsequent experience showed that this was not
enough ether to cause rapid reaction with Me,SiCl. After re-
fluxing for several hours, reaction of the MesSiCl was substan-
tially complete. The reaction mixture was then filtered and
distilled to yield 6.3 g (659, yield) of BuMe;SiOSiMe;: bp 80°
(45 mm); nmr r 9.95 (SiMe;), 9.97 (SiMe,), 9.3-9.7 (SiCH,),
9.10 (CCHj;), and 8.45-8.85 (CCH;). The proper intensity ratio
of 9 (Hsy):15 (Haresi) was observed.

Anal. Caled for CH,8i0: C, 52.9; H, 11.83; Si, 27.46.
Found: C, 53.1; H, 11.85; Si, 26.51.

B. 3BuLi/1D;.—Butyllithium (93 ml, 0.15 mol) in hexane
was added (exothermic) to a toluene solution (509, by weight)
of D; (11.1 g, 0.05 mol); immediately subsequent glpe analysis
indicated complete consumption of D;. When the reaction mix-
ture cooled to room temperature, 50 ml of water was added;
separation of the resulting organic layer followed by distillation
afforded 16.2 g (82% yield) of BuMe,SiOH, bp 85° (50 mm).
The presence of silanol functionality was confirmed by a strong
infrared absorption at 3 u. The nmr spectrum was also consistent
with the assigned structure, having absorptions at » 4.89 (SiOH),
8.6-9.4 (8iBu), and 9.95-9.97 (SiMe), with a proton ratio of
0.9 (Hor):8.9 (Hgy):6 (He) (theory 1:9:6). The compound
was not obtained analytically pure.

1BuLi/1D;/1Me;SiCl.—The addition of butyllithium (0.050
mol) to a solution of D; (0.050 mol) and Me;SiCl (0.050 mol) in
toluene (13 ml) produced an exotherm; glpe analysis of a hy-
drolyzed aliquot showed that ca. 509, of the D; had been con-
sumed, a large peak attributable to BuMe;SiOH (no BuMe,Si-
OSiMes, since BuD,;Li does not couple readily with Me;SiCl
in the absence of ether), and a moderate-sized peak attributable
to BuDsSiMes. A small amount of ether (25 ml) was then added
and the reaction mixture was refluxed for several hours, during
which time periodic glpc analysis revealed the appearance and
gradual increase of BuMe,SiOSiMe;; no further change in the
D; or BuD;SiMes peaks was noted. The glpc peak area ratios
for the pertinent species in the final reaction mixture were
ca. 8D3:7BuD;SiMe;: 1BuD:Me;: 4BuD;SiMe;. Distillation af-
forded ca. a 209, yield of BuDsSiMes: bp 147° (50 mm); nmr
T 8.65-9.91 (Si-n-Bu) and 9.93-9.95 (SiMe), with a proton ratio
of 9.3 (Hgy):267 (Hue) (theory 9:27).

Anal. Caled for CisHseSi05: C, 44.3; H, 10.31; 8, 31.82;
mol wt, 352. Found: C, 44.7; H, 10.26; Si, 31.25; mol wt,
337 (vapor phase osmometry).



1314 FRrYE, SALINGER, FEARON, Krosowski, AND DEYouna

Very similar results were obtained when ether was present
during the addition of the BuLi to the Ds—MeSiCl solution. It
was also observed that by increasing the proportion of MesSiCl,
a larger fraction of the BuD;Li was converted into BuD;SiMes,
as evidenced by glpc analysis. In all cases, the amount of
BuD,SiMe; formed was much smaller than that of BuDsSiMes.
This suggests that BuD.Li may be much less reactive than BuD;Li
toward Me;SiCl. The addition of Buli to Dy~Me;SiCl solutions
containing ether yielded similar results in that the BuD,SiMes
was the major product. However, the BuD,_,SiMe; peaks,
while definitely of minor proportions, differed somewhat from
the above Dj; reaction in that they were all of approximately the
same size; .., the BuD;SiMe to BuD.SiMe; glpc peak area
ratio was ca. 1 rather than ca. 4 as in the above example. This
may suggest that BuD,Li undergoes preferential attack on the
penultimate D site. Alternatively, this variation in produect
ratios may merely be an artifact of variations in reaction proce-
dure; 1.e., the effective instantaneous MesSiCl to BuLi ratio
presumably will determine the extent to which the various
intermediate siloxanolates are trapped or cleaved.

Reaction of Alkyllithium Compounds with D,.
BuLi.—A solution of #2-BuLi in hexane (31 ml, 0.050 mol) was
added dropwise to a solution of D, (14.8 g, 0.050 mol) in toluene
(10 ml). A mildly exothermic reaction occurred which consumed
259, of the original D, within 15 min. After 2 hr the mixture was
treated with Me;SiCl (0.060 mol) in ether (25 ml) to give BuMe;-
S8i0SiMes, bp 81° (50 mm), yield 8.85 g (87%).

B. D, + ¢-BuLli.—A solution of {~BuLi (0.050 mol) in pen-
tane was added to a solution of D, (14.8 g, 0.050 mol) in toluene.
After 24 hr at ambient temperature, the reaction mixture was
treated with a solution of MesSiCl (0.060 mol) in ether (25 ml).
After the vigorous reaction had subsided, the mixture was
found (by glpc) to contain three major produets, two of which
were identified as {-BuMe.SiOSiMe; and {-Bu(Me,SiO ).8iMe; by
glpe (using internal standards) and by their mass spectra. The
mixture was filtered and the filtrate was fractionally distilled to
obtain a portion considerably enriched in the unidentified ma-
terial, which was then isolated by preparative glpe (n®p 1.4270)
and identified as II on the basis of the following analytical data.

Me:SiCH,MeSiOSiMe,
O 0

Me:Si0SiMe;
II

(A) The mass spectrum gave a molecular weight of 368 (theory
368), a loss of a Me group at m/e 353, and a loss of Me,Si from
the m/e 353 peak at m/e 265.

(B) The infrared spectrum showed absorptions at 835 (Me;Si)
and 1355 em ™ (-SiCH,-).

(C) The nmr spectrum showed absorptions at » 9.92-9.97
(SiMe) and 10.19 (SiCH,) with a proton ratio of 29.8 (Hsiwe):
2.2 (Hgicr,) (theory 30:2).

When a similar reaction mixture was treated with deuterium
oxide instead of MesSiCl, the recovered (Me;SiO ) was shown by
mass spectroscopy to contain appreciable amounts of the ex-
pected monodeuterio derivative.

Alkyl Exchange Reactions. A. Silanolate Substrate.—Butyl-
lithium (0.200 mol) was added to D; (7.4 g, 0.033 mol) dissolved
in an equal weight of toluene. The reaction mixture was heated
at reflux after the initial exothermic reaction subsided. After
2 hr the formation of a white precipitate (presumably MeLi) was
noted. Small samples of the reaction mixture were taken at inter-
vals and hydrolyzed by the addition of a little water; glpec

A. D4 + n-,
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analysis of these hydrolyzed aliquots showed the presence of a
peak assigned to BusMeSiOH which grew at the expense of the
BuMe:SiOH peak. After the mixture had been refluxed over-
night, glpe analysis of a hydrolyzed aliquot showed the presence
of mainly Bu:MeSiOH and minor amounts of BuMe,SiOH and
BusSiOH. The assignment of these two new peaks was confirmed
by internal standards, employing authentic Bu,MeSiOH and
BusSiOH prepared by the hydrolysis of the monochlorosilanes
obtained from the reaction of BuLi with MeSiCl; and SiCl,,
respectively. To confirm the presence of MeLi in the above re-
action product, PhMe,SiCl (0.200 mol) and ether (50 ml) were
added. The reaction mixture was then stirred for 30 min, washed
with water, and distilled to afford PhSiMe; (637, yield), which
was identified by glpce analysis using an authentic sample as
internal standard. The use of larger amounts of BuLi and longer
reflux times resulted in the gradual consumption of BusMeSiOLi
and the formation of BusSiOLi.

B. A Neutral Siloxane Substrate, MDM.—A mixtureof 11.8¢g
(0.050 mol) of MDM and 31 ml (0.050 mol) of n-BuLi in hexane
was stirred for 48 hr at ambient temperature. The mixture,
which contained some precipitated solids, was treated with a
solution of PhMe.SiCl (9.4 g, 0.055 mol) in ether (15 ml). When
the exothermic reaction was complete, the following major
components were identified in the reaction mixture by tandem
glpc-mass spectroscopic analysis: MDM, n-BuMe:SiOSiMes,
PhSiMe;, n-Bu(MesSiO);SiMe;, PhMe,SiOSiMe;, and n-Bu-
(Me:8i0 )s-n-Bu.

Metalation of Me;SiOSiMe; by {-BuLi.—A solution of ¢-BuLi
in pentane (175 ml, 0.2 mol) was added to Me;SiOSiMe; (100.6
g, 0.6 mol). The solution was stirred for 96 hr and then deriva-
tized with MesSiCl (21.7 g, 0.2 mol) in the presence of ether (100
ml), filtered, and distilled to give MesSiCH,Me;SiOSiMes:
yield 35 g (85.5%); bp 72-72.5° (15 mm); n%®p 1.4110; nmr r
9.93-9.97 (-8iMe) and 10.2 (SiCH;) with a proton ratio of 24.3
(HSiMe): 1.7 (Hsmm) (theory 24.022.0).

Anal. Caled for CoHaSi:0: C, 46.2; H, 11.1; Si, 35.9;
mol wt, 234. Found: C, 46.2; H,11.04; Si, 36.0; mol wt, 234.

A similar reaction mixture was derivatized with ethereal (100
ml) HMe,SiCl (189 g, 0.2 mol) to give HMe,SiCH,Me,SiOSiMe;:
vield 29.2 g (66%); bp 85-86° (55 mm); n¥*p 1.4215; nmr r
6.03 (SiH), 9.90-9.94 (SiMe), and 10.16 (doublet, Jcm,—sim =
3.5 cps, SiCH,) with a proton ratio of 0.9 (Hsin): 21.3 (Hginme):1.8
(Hsics,) (theory 1:21:2).

Anal. Caled for CsHiS1:0: C, 43.6; H, 10.8; mol wt, 220.
Found: C, 44.0; H, 10.8; mol wt, 220 (mass spectrum).

n-BuLi Metalation of Me;SiCH,Me,SiOSiMe;.—A solution of
n-Buli in hexane (32 ml, 0.05 mol) was added to Me;SiCH;Me;-
SiOSiMe;s (11.7 g, 0.05 mol). The solution was refluxed for 72
hr before Me;sSiCl (5.4 g, 0.05 mol) and THF (25 ml) were added
to give a mixture of products containing one major component
(63% by glpc) which was isolated by preparative glpe and identi-
fied as (Me;Si);CHMeSiOSiMes: nmr » 9.84-3.97 (SiMe) and
10.63 (SiCH) with a proton ratio of 33 (Hsime):1l (Hsior)

“(theory 33:1).

Anal. Caled for CiuHaSiO: mol wt, 306, Found: mol wt,
306 (mass spectrum).

Registry No.—BuMe,SiOSiMe,;, 23667-12-1; Bu-
Me,SiOH, 23667-13-2; Me;SiCH,MeSiOSiMe;MegSiO-
SiMe,, 23667-14-3; Me;SiCH,MeSiOSiMe;, 6231-63-6;
HMe:SiCH,Me,SiOSiMe;, 23667-16-5;  (Me;Si).CH-
MeSiOSiMe, 23754-35-0.



