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REDISTRIBUTION REACTIONS OF METHYLSILOXANES CATALYZED BY TRAUSITION
MCTAL COMPLEXES.'

Wayne A. Gustavson, Paul S. Epstein, and M. D. Curtis,” Department
of Chemistry, The University of Michigan, Ann Arbor, M1 48109,

ABSTRACT

™) Redistribution reactions of a variety of hydrogen-substituted siloxanes
1re catalyzed by various transition metal complexes of fridium and
rhodium. The products arise from breaking and remaking of S1-C, Si-M,
and S1-0 bonds. Sfiloxanes not possessing a Si-H bond are inert under
the conditions studied. The most favored reaction pathway appears to
preferentially scramble the groups directly attached to the silicon bear-
ing the hydrogen atom. A new cyclo-iridiadisiloxane, L'Z‘(OO)(H) —
mmm (L= Ph;P‘. R= Ha‘;SiO) fs reported. This compound exfists
in three isomeric forms as a consequence of the spatfal arrangements

of the R and Me groups on the ﬁngw\-—i -




INTROOUCT 1OH

! found

In an investigation of small-ring metallacycles, Curtis and Greane
that cyclo-metalladisiloxanes, 1, were catalysts for the disproportionation
of tetrarethyldisiloxane (E"E')2 into dimethylsilane and oligomeric siloxanes

(€'0n€*)? (eq. 1).

1

(He,51),0 —_— Me,S1H, + HMe,S1(0S1Ms,) OSiMeH (1)
(E'E*) (€°0,€*)
Me Me L
L'”/‘ss’\ Ja (PhgP),(CON(H)Lr
N.or e
W we ¢ (PhyP),Pd
(M

A mechanism was proposed'®°C in which the strain in the four mesbered ring
assisted the scission of an S1-0 bond n ) to give reactive, coordinated
silylene and silanone intermediates. The crystal structure of s lent support
to the argument that the S1-0 bond fs weskened in the metallacycle.?

The proposed mechanism dealt specifically with the iridium complex, ‘IJ.
but could be extended to some of the other complexes with minor modifications.
Some consequences Of the proposed mechanism are that: (1) only those sfloxanes
possessing the 1,3-dihydrido functionality would undergo facile redistribution
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since only the Si-H bond reacts readily with the lox valent metal complexes,
and the 1,)-arrangewent is necessary to form the four-mesdercd ring; (2)
only Si0/H exchange (see below) should occur, and (3) the oligomers are
formed seqwentially, f.e., 2E°E" < E'0€" ¢ Me,SiN,; E'E* ¢ E°DE* - E'D)E" ¢
Moo Sty E°E°» E'D,E° = E'D4E° + Me,SiN,, etc,

The genera) features of the Ir-catalyzed reaction seewad to fit all these
requirements, at least at lTow connnim.“ After longer reaction times,
various secondary products were cbserved. Ia order to further characterize
the redistridution reaction and the effects of using different setals and
different silanes, the present work was undertaken. The results show that
the reaction i3 much more complex then origiaslly thought and that the originally
proposed metallacycle mechanisa, 1f 1t is operstive at all, cannot be the only
sechanism wheredy the groups on silicon are redistributed.

-, amay
w”a%a

A1) manipulations involving solutions of catalysts, reaction mixtures, etc.
were done with standard Schieak techaiques under ¢ aftrogen atmosphere. Proton
and 'C({"N) MR spectra were recorded on a Jeo) JPI-PS-100 spectrometer or on
e Varian T-60A. Gus chromstograms were obtained on an Antek 300, duel column
instrument equipped with a thermal conductivity detector. Recording and
integration of the CC spectrs were accomplished with a Mewlett Packard 3380A
integrator-plotter. The analytica) column esployed wes 14° x 1/8" S.S. packed
with 5% SE-20 on Chromosord WP 80/100. The carrier gas was He at a flow rate
of 10 mL/min. Typical 6C conditions are: Injector, 250°; Detector, 300°;
temperature progrem: 2 min. at 40°, then increase at &°/min. to 225°. The
preparative CC column consisted of 15° x 174" S.S. packed with 202 SE-30 on




chromosord A 40/60.

Mass spectra were recorded on an ALl HS902 (pure components) or on the
Finnegan 4000 quadrupole spectrometer interfaced to & temperature prograameble
6C column, the whole being costrolled by the INCOS data acquisition sntu.‘
\ingn operating in the GC/MS mode. the spectra were typically “enhanced®, @
procedure vheredy the computer substrects owt peaks which are judged to be
dackground on the Dasis of their mass chromitograms. Parent ions were located
either by mass chromstography (mass vs. time) or by chemical fonization techniques.®

In cases vhere mass spectrometry slone would aot resoive the fdemticy of
8 compound, ¢.9., between the fsomers E°'00E° and €D0°E, the sudstance i
questios wes 130lated by preparative GC and amalyzed by 'N- end/or 'YC-wm
spectroscopy. Omce the fdeatity of a compound was established, its miss spectnum
wes stored in the computer librery. Feture occureaces of the conpound in aix-
tuves could then be established by comparing Its mass spectrum with the Yibrary
spectrun pesk for peek.

The following code will De wied fa the Tables to indicate the memmer ia which
verious substances were fdeatified: ) - Comparisos of OC retention times
ad computer matching of the mxss spectre to those of astheatic samples, 2 -
&S in method | plus the fsolation of the product by preparetive GC and enslysits
of 1ts 'n- snt/or V.MM spectre, 3 - smalysts based on comparing GC retention
times ond NS frogmentation patterms with sisilar substances eccording to
espirical rules developed in the cowrse of this Ms ond by oum-s‘. q -
a8 in sethods 1 or 3 plus substitution of Ph by nn-ds.

Starting silcnenes were purchased fromn Petrarch end were distilled prior
to vse. Tetremethyldisilonene was prepered by hydrolysis of n,smcl,
odbtained from Dow Corning Corp. Veske's end Wilkinson's complexes, thm)mr
ond l,lutl. respectively, were prepered by literature QM.". Denzene
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was dried over potassium/benzophenang and distilled under "2 imepdiately prior
to use.

is of Mydrido -1, 3-[trans-bis() J-¢ri 1silosy)-
1 tayidigil 1 10is(tri 19 inglirigi R
L2(CO) (M) Er(SiMe(0SiMe3)0SiMe(0SiMe3) ), 3. Vaske's complex, Lp(CO)CIIr
(0.6g. 0.8 mmole) was slurvied in 10 nl'of beszene. Then, 0.45 g (1.5 wwole)
of 1,1,1.3.5.7,7,.7-octamethyitetresiicsane (ED'0°C) wis added to give & clowdy,
yellon solution which became clear vhen Modted (o reflux. After stirriag at
reflux for | hr., the solvent was removed under vicwum 0 ¢ive am oil.
Triturstion with Denzene/pet. ether gave 2 vhite solid, m.p. 158-160°, in 78K yield
besed on Ir. The 60 Wiz 'N-WR of 2 in the SiMp region comsists of two broad
poshs at 80.8 and 0.6 ond & sharper peak at §0.2. Cach of these peaks i3
cbviously composed of overlapping wmresolved peats.
inal.: Calcd. for t“llu m,o.ss.: C.52.65; nS.42; 0,6.0);
St, 10.95; Ir, 18.72. Fownd: C, §2.04; N, $.48; P, 6.10; S1, 10.20; ir, 17.70.

The 35081 stretch occurs &8 ¢ v. strong bead betwdes 1009 - 1100 m".

Vi 2000(3)3 ueg: 1967(s) on™t.

Registribution Rpectiony. The conditions for each run sre listed s
footaotes in the Tebles. A typical procedere is described here. Tetrametnyl.

éistionene (7.9 o), 62 meole) was adéed to & bemrene solution (25 i)

containing 200 mg (0.26 mele) of (n,r),(m)cnr onder & Wy-stmosphere. The
reection flask wes equipped with o reflex condenser, !, falet, and an 0f! bubddler
(sttached at the top of the condenser and commected to the N, sowrce through

o T-joint). Dering tre reaction, 8 static By blantst wes matnlatned in the

reection vessel. The flgsk wes iamersed 1n 3 constant tesperatwre
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bath for a given time. The bulk of the solvent was taga

gistilled of f and the solvent fraction ond pot residue analyzed by GC or
GC/MS. This concestration step allowed for better determination of minor
COTPONENLS .

Risgtic Ryns. In those Cases where Lhe Lisetics of the redistribution
reactions were deterwmined, the reaction flask was 2150 fitted with a 4 m
dioneter side-arm Lipped with 3 septum for GL sampling during Uhe cosrse of
the reaction. Ia additien, & wighed amowst of isterma! standard (e-haptane
or n-0ctane) wes added Lo the stoct solwtions of catalyst,

MENATS AR DICUSSION
Todles [-1v list same of the products ebserved when wirious silosanes

¢~ 3ining an 31-N bond are tredted with trgesition metal
complezes. In adgition to the compleses listed, severul others, e.g.,

(011 g (R Sy (CqHg)yWlacac). and Lo (3imeg0 iRy (1 =

a,p wiless eaplicitly stated otherwise), also weve fomnd to calilyre the re-

distridution of totrumethyi¢istiicaane, (°[°. Wowever, the products ore essentially

the sane o3 these listed in Table I.
Sticnanes which €0 ast heve ot leatt ene Y-8 bond are tnert under Une

conditions duscrided in Todles 1-17. Thes, 03, B, (X, ond (Dt remstin wnchenged

in the presence of the tramsition setel cowpleres Which conse redistribetion
of hyérido-silensnes. These permethylisilonsnes sre alse Taert 10 the presence
of o Ryerigo stiane end the tremsition awte! comilex. This VYotter gbservation
reles out the possidility thet the obrerved reactions ecowr as o resylt of
catalysis by ecidic metel “Nydrides* formed in the reaction mistere.

M
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As Table | shows. all tne redistribution products of £°E' mey b2 retionalized
as arising from eschanies of 9rowps adiiceat to the Si-H functionality
(e.g.. eas. 2.3, B = WHSI0-).

SI0/M
RMe, S ¢ R Me SiM .—,'3.—.',.-" Mo, Sit' ¢ Me,Sik, @)
~ (e°0€°)
- Si0% . . ‘
B're(m)sivg ¢+ R'Me,SiN ~——rerd RMe(M)SiR" & MpySin (3)
(ero'e")

A secend SIOM exchange o0 ('OC" with £°C° (presest in excess) gives
the sext higher oligomer occording to eq. & (B = n,ssosum,o.), Continying

R'SiMe .l + R'MeSin = R°SH . i (¢)
i ol e
(tor) (0y8°)

in Ivis mumer, the oligomers (°0gf" are formed sequentially via $10/N exchange.
™™vis is by for the sont fovwored reection petinuagy for Uhe iridiyn catalys's

of L'’ redistridetion, and is the reection pethugy I8 oCcOrd with the metalls.
cycle mechanise previcesly svoposed. '0-€




NHowever, the minor products 2ppedr (o arise from $Si0/Me exchang2 as shown

in 0q. 3. Other minor products. ¢.9¢.. the ¢yclic oligomers 03 and o.. can
be accounted for on the basis of am interaal SIO/M exchange as shown in

. § (f.0., £'D, €' = MaySi,y * Dy).

'. ..-....-..ﬁ‘

" 1 i
EA L

Reither $10/% exchenge nor the iatermal $10/M enchange of ¢q. § can bs
sccommadsted eseily by the metallacycle sechanisn. Althewgh there cowld be
\ ] tic 7 meve sechenisms operstive, & faster ene involving setallacycies which
give the mis preducts and siower enes accomnting for the variows wiasr products,
it seams sove 1ikely that the metallacycles are mot directly fnvolved in the
cstalytic cycle.

With the ir-catalyzed resctions shom fa Table I, SIO/M eschange accownts
for 008 of the provucts shom. Only SO5 of the preducts from the Rh-Cataiy2ed
resction (Table 1) com be attributed to S1O/N enchangs. The Rh-catalyzed
reaction olse des ast give the predect distridbution predictad on the basis
of sequantiael oligomer formation, £°0K° » t‘Ot!‘ » 0%, etc. M Figure 1
shous, the o) igamer ("I’I' 1s in greoter concontretion thon €°0E" at all times.




The metallacycle mechanism predicts the initial concentration of E°0E' to
be higher than that of t'ozt' since £'0€’ is the initial, “Ist turmover™ product.
Hence, same oiher mechaaise must be operative, even for S10/H exchange, with
the rhodium-based catalysts. (Note: oxygen balance requires three moles of
U'C" to produce one of E'0,E° no mitter what the mechanise.)

The silonanes, pentanethyldisiloxane (EE') and hexamethyltrisiloxane
(€'0€° ). were subjected to redistridbution conditions with Lz(oo)cm as catalyst.
(L’ does mot have the second hydrogea aecessiry to form a four-eewbered metallacycle
o4 [°DL" has been showm 1o give the sis-membered motallacycle, 2.'¢

0
"\cl N o
» / - ~ /
L (COXCHIr » 70" = i (6)
coNctir ¢ L) S~ N
B /N
g)

These sitonanes undergo redistribution, althougt ot & rete slower then that

for £°0°. Figwre 2 shous o graph of conceatration vs. time for the redistribution
of (L° and £'C°. These Curves are typical for all the redistridbution reactions
studied to dete. There is an Initial repid drop in siloxame concentration,

then on sbvupt break folloued by ¢ sliow, revo-order resction. The rzero-order
rete constants from the data 1a Figere 2 are 6 » 10°> and 85 x 105 amotesnt/min
for CE° ond L0, respectively. Dividing by Uhe conceatration of catalyst

yives the turwever members, 1.1 2 10°7 4nd 1.6 1 10°7 sotes sitoranesmole
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h catalyst/min., for EE' and E'E’, respectively. The rate for E'E' is thus
about 15 times that for EE'. Whether or not the relatively modest rate
increase for E'E* is due to the operation of the special, metallacyclic
rachanisa is questionabls.
It was also observed that the following catalyst precursors all gave the
same turnover numbers after the inftial abrupt drop: L3Rhc1, (acac)Rh(ethylene)?_
| nd unz(m)pz. This suggests that the final catalytic species are identical.
The redistribution products of pentamethyldisiloxane (EE‘') are shown
in Table 1I. The major product is ED'E which most Yikely comes from an
exchange of trimethylsiloxy for methy! on EE' (eq. 7). The unsymmetric

2p10$1lhzl| - hasiOSilb(H)OSii?a + k:’SiH (7)

o (EE*) (ED°E)

nature of EE’ also reveals that $10/S10 exchanges must occur, e.g., eq. 8.

2",51051&.)! - (n.,snzo * (l!thi)zo (8)

(€EE*) (EE) (E'€E*)

The E'E’ disproportionates further. In fact, all of the "symmetric”
oligomers, E'D,E* in Tadble 11 most probably result from S10/S10 exchanges.




Table [II presents the redistribution products of E'DE'. One of the

major products, E'DzE‘, is again most probably formed as a result of the
$10/$10 exchange shown in the Table. The other major product is the cyclic
tetramer, 030'. If this cyclic forms from an internal exchange (cf. eq. 5),
then its precursor is E'DD'DE', the expected first turnover product result-
ing from the Si0/Me exchange shown in the Table. If this scheme is correct,
then the E'DD'DE’ must cyclize nearly as fast as it is formed since its

concentration is extremely low for a 1st turnover product.

ED'D'E reacts with LZ(CO)Cllr to give a mixture of the metallacycles
E-.Js (R = l|03510).9 The overall composition is well established by elemental

0
R 0 0
¢ | c R cC M Me
r ! re Iy—
Tl f—1 " e Nsi——0 /1 ~s5i——0

" | H 1 Me H R

R Me R

(30 (3b) (3c)

enalysis. However, the ]H-NMR in the Si-Me region consists of a set of over-
lapping pesks in three main "bunches" at & 0.8, 0.6 and 0.2. Five peaks
ond two sShoulders are distinguishable. The mixtura of isomers 3-5 should

give & tots) of eight methyl environments.
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If the redistribution reaction of ED'D'E were to proceed via the pre-
viously proposed metallacycle mechanism, then the primary reaction products

would be given by eq. 9 (R = Me3SiO). The oligomeric siloxanes should

(n+1)ED'D'E =+ ED‘(-l"-)nD"E + n RMeSiH, (9)
E

have pendant Me3Si0 groups along the paolymer backbone. The RMeSin should
disproportionate very rapidly to give products, e.g., MeSiH3(g) and ED'E via
R/H (R = Me3Si0) exchanges.9 However, the products listed in Table IV are
best rationalized by assuming that both Si0 bonds adjacent to the hydrogen-
bearing silicon are labilized, not just the central Si-0 bond as would be

the case if a metallacycle were necessary to cause labilization.

Me

0 SiOSiMe3

I
H

Me,Si0

(93]
- - -
-~ el oa -

Me
|
S
I
H

In other words, EDéE, upon its interaction with the catalyst, supplies
E, EDé , and ED' groups for exchange with Si0, Si-Me, and Si-H bonds.

The predicted "Ist turnover" products are then given by the following

equations:




$i0/Si0 exchanges:

EDZE - [E, DZE, ED'] -~ ED'E + ED;E + ED;E (10}

Si0/H exchanges:

EDLE
E0,'E » [E. D;E, ED'] —2 E-T-D'E + ET(D'E),
E (1)

(SiSH) (SiGHZ)

Si0/Me exchanges:

' EDE (€, D,E, ED'] _EEE_E_.; ET'D'E + ET*(D'E), ......
E (Sighs)
. (SISHZ)
+ ET'D'E (12)

{
D,'E  (Si,H,)

Of the predicted possibilities, ED'E is definitely observed; and SiSH,

515"2’ two Sisl-l2 jsomers, and an 517H3 isomer are observed. These may possibly
correspond to the underlined species in eq. 10-12. The remaining species can
all be rationalized as "2nd turnover" products resulting from E/H, ED'/H,

EDé/H, etc. exchanges on the "1st turnover” products. It is interesting to note




that the Si8H2 isomer of possible structure, ED'[T(E)]ZD'E, is a "2nd

turnover” product according to this scheme, but has the second highest

concentration of any product. This same phenomenon occurs in the Rh-

catalyzed redistribution of E'E' wherein the "2nd turnover" product, E'DZE'

has a higher concentration than fhe supposed "1st turnover" product, E'DE’

(see Fig. 1). In any event, the metal complex catalyzed redistribution

of EDéE leads to a very complex mixture, the composition of which is con-

sistent with the notion that Si0 and SiMe bonds adjacent to Si-H bonds are

labilized and undergo exchange reactions.

Finally, we note that the metal species which are formed in the presence

of Si-H bonds are sufficiently active to activate the C-H bond of benzene

to substitutioriby Si.'0 As shown in Tables I and II, various phenyl sub-

stituyted siloxanes and silanes are produced along with the rearrangement

products. That the benzene solvent is the source of these phenyl groups in

the case of iridium catalysts was demonstrated by using Csde as the solvent.

The resulting phenyl-containing products are ds-substituted and their

fragmentation patterns are entirely consistent with their being ds-phenyl

groups.5

SUMMARY

Siloxanes having at least one Si-H bond undergo redistribution reactions

in the presence of certain transition metal complexes, especially those of

Pt, Pd, Ir and Rh. The observed products are formed as a result of scrambling

all the groups attached to the silicon bearing the hydrogen atom; and, to a

much lesser extent, as a result of more common Si0/Si0 exchanges as observed
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1b,11 It appears that with thes

with acid or base catalyzed rearrangements.

transition metal catalysts, Si0/Me and Si0O/H exchanges are faster than

$i0/Si0 exchanges, so that these redistributions compliment the classical

acid or basa catalyzed redistributions. Synthetically useful rates and

selectivities have been achieved recently by supporting the iridium complexes

on high surface area oxides.]2
The nature of the metal-silyl species involved in the catalytic cycle

is unclear, although several possibi]ities have been discussed in some

detai].]b Likely intermediates are mono- and dinuclear silylene complexes

and complexed silanones. The remarkable stability of appropriately substituted

silylenes has been demonstrated recently,13

1 - . N

and silanones are coﬁmon]y
14 ' )

postulated as intérmediates.
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TART 111, Medistribution Products of Mesametwyltrisiloxene (€°DE°).

Pracucts? Ared 3° Formatioa®

Q’S“I 0.} -

o0t 0.8 €M on €°0F°

00’ @3 Cyclization of £'09°0E° (7)
0,8’ %.) C'0/E° os €0

¢'00°0e*? 1.0 £/ o0 £°0C°

CoL 6. C°O/M on €0F°

Co L 5.3 /M on E'0,f"

17 2.06 N E'OE' In benzene; .0) M L,y(COXCIIr, 60°, 46 br. (6% comversion).
») GC aree pevcants of products ealy.

¢) Prededle sode of formution.

¢) Structuwre assigned on basis of expected eschonge mode.




TARRL (V. Redistridbution Progucts of Octamethyltetrusiloxane, ED°0°C
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o) 2.0 R ED°D°C, .0 Ly(CO)CIIr 1n Danzane; 60°; 90 br.; 125 conversien.
b) Structwre of M#M.?-wt“ asigned only on basis of

¢) OC aven 3 of products enly. Minsr predects (<1 £) emftted.




(APTIONS 10 I FlaRgs
Concentrations (M x 10°) of €°€°, €'DE* aad E'02€" vs. tine,
catalyzed by 2 x 10” LaC at 41°,

Figure ).

Concantrations (moles/1) of EE° and £°C° vs. time, Catalyred
by .08IN l.’(m)(l ir at 20°.

Figere 2.
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