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INTRODUCTION

Much of the esarly work on organosilicon compounds was
predlicated on the expectation that the chemical behavior of
carbon and sllicon should be quite similar. Although this
expectation was verified in a gross sense, 1t has become ap-
parent that the rates of many reactions oceurring at silicon
- atome are very different from thoee of their carbon analogues,
and that ecertain resctions unknown in carbon systems occur
at sillicon atoms. It has also been found that attachment of
a 8llicon atom to a carbon skeleton willl modify, to a limited
extent, the behavior of the rest of the molecule.

The chemistry of organic free radicals has received
intensive etudy, but reports of organoslilicon free radicels
are relatively rare. The purpose of this work was to study
organosilicon free radicale in thelr role as rezsctive inter-
medlates, and to gain information as to the similarities,
and, particulerly, the differences of the reactivities of

silicon and carbon free rszdicals.



HISTORICAL
Hexaaryldisllanes as Ansloguee of Hexaarylethanes

Gomberg'e preparation and characterization of triphenyl-
methyll provided the impetus for several attempte to prepare

an analogous triarylsilyl radicsl by similar means:
2Ar38101 + 2Na —) Ar38181Ar3 + 2NaCl.

The first of these attempts was made by Schlenk and}co—
workers2 who prepared hexaphenyldisilane from triphenyl-
chlorosilane and sodium. These workers found no evidence of
free radical activity in their product, in contrast with the
highly unsaturated behavior of Gomberg's triphenylmethyl
solutions. Thig work was repeated by Gilman and Dunn3 who
confirmed the earller work. In the same paper, Gilman and
Dunn reported the succeesful synthesis of hexa-p-blphenyl-

disllene by the reaction of hexachlorodisilane and

1M. Gomberg, Ber., 33, 3150 (1900); J. Am. Chem. Soec.,
22, 757 (1900).

( ?W. Schlenk, J. Renning and G. Rackey, Ber,, 44, 1178
1911).

3H. Gilmen end G. E. Dunn, J. Am. Chem. Soc., 73, 5077
(1951). —



p-biphenyllithium in ether; this compound, too, proved to

be unreactive towards oxygen and lodine. Attempted nrep-
arations of the corresponding hexasaryldisilane by coupling
tri-grtolylchlorosilaneu or tri-l—naphthylchloros11an65 in
the presence of sodlium gave no evidence of either formation
of the substituted dislilane or of free radicel formatlon.
Present work® in these leboratories indicates that tri-o-
biphenylylchlorosilane 1s similarly unresctive toward sodium.
Magnetio suscentibility messurements of a benzene soclution
of l,l,Z-triphenyl-l,2,2-tr1-g¢tolyldisilane7 showed no evi-
dence of paramagnetic susceptibility, and hence, no evidence
of dissoclatlon into free radicals. Triphenylmethyltriphenyl-

8

sllene”, prepared by the reaction of triphenylmethylsodium or

triphenylmethyllithium with triphenylchlorosilane, showe no
chemical evidence of & tendency to dissoclate into free

radlcals.

( ?H. Gilmen end G. N. R. Smart, J. Org. Chem., 1§, 720
1950).

50. G. Brannen, Doctoral Disgertation, Iowa State Col-
lege, 1951.

6k. 0ita, Unpublished Studlee, Iowa State College, 1954.

7H. Gilmen end T. C. Wu, J. Am. Chem. Soc., 75, 3762
(1953).

84. 6. Brook, H, Gilmsn and L. S. Miller, J. im. Chem.
Soc., 75, 4759 (1953).




Thue, although in the hexaarylethane serles, increasing
the eteric requirement of the aryl groups and increasing the
possibilities for resonance stabillization of the radicals

9

increases the dissocliation of these compounds”, no combina-
tion of aryl groups likely to produce theee effects in the
sllicon series has yet proved sufficlent to cause noticeable
free radical dissoclation of hexaaryldisllanes under eny
conditions tested. It should be pointed out, however, that
a search of the litersture has brought to light no study of
euch a process at high temperatures, except for a study of
the thermal dissociation of disilane itselflo. Theee
authore! data were consistent with the hypothesls of Si-81
bond fisslon to form H381-, and their subseqguent formation
of SiH), by a radicel abstraction of hydrogen from disilane,
thue initiating a chain. The decomposition was studied at
temperatures of 314—360°, and an activation energy of 51.3
k. cal./mole was found for the decomposition process postu-
lated. Stskelandl found an activetion energy of 48.9 k.

cel./mole in a similer study.

M. a. Waters, "The Chemistry of Free Radicslse, " 2nd
Ed., Clarendon Press, Oxford, 1948, Chapter III.

10y, J. Emeleus and C. Reid, J. Chem. Soc., 1021
(1939).

llg, Stekeland, Trens, Faraday Soc., 44, 545 (1948).



In conclusion, 1t seems evident that aryl substituted
disilenes show no evldence of a tendency to dissoclate re-
versibly into free radicals under mild conditions, as do
their carbon snalogues. Such fallure to dlssoclate may be
due to lack of reorganization energy of the radlical fragments,
which may in turn be due to (a) lack of resonance energy of
the species ArySi., or (b) lack of steric strain in the sub-
stituted disilane. Both effects are demonstrably important

in determining the degree of dissoclation of hexaarylethaneé%L%
Addition of Si-H Compounds to Olefine

Following the procedures of Kharassch and co-workersl3
for the peroxide or ultraviolet light initisted addition of
various compounds to olefins, Sommer, Pletrusza and Whitmorelu
succeeded in adding trichlorosilane to l-octene.

Aco0
01381H + CHZ:CH-(CHZ)j-CHB -—2-) 01331-(0}12)7-01{3

12y, Gilmen, "Organic Chemistry, an Advanced Treatise,"
2nd Ed., John Wiley and Sons, New York, 1933, Chapter VI,

13M. 8. Kharasch, E. J. Jensen and ¥. H. Urry, Sclence,
102, 128 (1945%).

141, m. Sommer, E. W, Pletruszs and F. C. Whitmore, J.
sm. Chem, Soc., 69, 188 (1947); ©. W, Pletrusza, L. H. Sommer
and F. C. "hitmore, J. Am. Chem. Soc., 70, 484 (1948).




The reaction was carried out at 45°, with a six-fold moler
ratio of trichloroeilane to l-octene. Acetyl peroxide was
present in catalytic amount, 0.025 mole per mole of trichloro-
sllene; the yleld of l-trichlorosilyloctane was 99 per cent,
based on trichlorosilane. The same addition was successfully
carried out by these authors by ueing ultraviolet light (a
"weak" source) to initiate the reaction; the yield in this
case was 24 per cent, based on trichlorosilane. These ob-
servatione, together with the simllarity of this addition
reaction to the chloroform addition to olefins noted by
Kharasch and co-workerslB, led to & formulstion of the re-

action as & chain processlu.

heat
‘&Aczﬂz —_— AcQe —3 002 + CHB'

CH,- -+ HSi1Cl

3 j————é CHh + Cl.5%.

3

Cl,51+ + CHp=CH (CHp)g-CHy — Cl381-CHp-CH-(CHp) 5-Chy

cl SlCHZ—CH—(CH2)5-CH

3 -+ H31013-———§ 01381-(CH2)7-CH3+01381-

3
From 1947 to the present, eeveral articles have appeared

which have extended the applicstion of this reaction to other

olefins and other Si-H compounds. The resulte of these in-

vestigations are summarized in Table 1, as well as the results



Table 1

Free Radlical Addition of Substituted Silanes to Olefins

Silane Olefin Product® Temp. Catsalyst £ Yield Ref.
H51613 l-octene CH3(GH2)751913 50-63 Ac202 99 14
HSiCl3 l-octene CHB(CH2)751013 47 sl u.v. 2k 14
H81013 2-octene 03H1731613 50-62 Acz05 99 14
HS1Cl4 2-methyl-1- CH4( CHp) 5CH(CH3)- 49-58 Acy0, 70 14
heptene CH281013

HS1Cl4 2-methyl-1- CH3CH(CH4)CH281C14 25-30 . v. 5 14
propene

HS1Clq 2,3-dimethyl- CH-CH(CH3) C(CHy)- h5-53 Ac,0, 59 14
2-butene 81813

HS1C14 2,4, 4-trimethyl- CgH)9S1Cl4 49-50 Acy0, 9 14
l-pentene

HSiClB 2,4, 4-trimethyl- 08H1781013 49-~52 Aco05 9 14
2-pentene

HS1Cl l,l1-dineopentyl- C,,H,.SiCl 50-60 Ac202 1.6 14

3 ethylene 12725 3

8&yherever the structure of the product has not been established, the molecular
formula is given.



Teble 1 (Continued)

Silane Olefin Product Temp. Catalyst % Yleld Ref.
H51Cl4 allyl chloride C3H681C14 L43-47 Ae 0, 20.4 14
HS1C14 allyl chloride C4HgS1C1y 41-43 u.v. 8.4 14
HSiCl 2-methyl- CegHy,81C1 41-45 Ac,0 24 14

3 2-butene 571 3 272
HS1C14 2-methyl- CgH3151Clg L2-52 u.v. 64 14
2-butene
HS1C14 l-pentene CH3(CHp);,81C14 70-100 Bz,0, Lh 15
H51Cl4 cyclohexene 05H1181013 70-100 Bz50, 30 15
HSiC13 isobutylene CHBCH(CHB)CH281C13 70-100 Bzzo2 10 15
HS1Cl vinyltri- C14S81CH,CH,81C1 70-100 Bz ,0 19 15
3 chloroeilane 3 2"z 3 22
HS1Cl allyltri- Cl1.,81CH,CH,CH,_S1C1 70-100 Bz,0 33 15
3 chlorosilane 3 27722 3 272
H51013 acetylene 013810H20H281013 70-100 Bz,0, 3 15

15¢c. 4. Burkhard and R. H. Krieble, J. Am. Chem. Soc., 69, 2687 (1947).



Table 1 (Continued)

Sllane Olefin Product Temp. Catalyst £ Yield Ref.
H81013 methyl oleate 0193370251013 —-—— u.v. 22 16
HS1Cl norpinene CyoH17,81C13 - hep0p - 17

3 (%- chhlorosilyl—
p-menthene-a4 )
HEiCl methyl o -un- Cq 5Hpoa0081C1 - Aco0p 75 18
3 decylate 12725372 3
H81013 norpinene Cq0H;5515C1g — u.v. - 19
(Bis(trichlorosilyl)-~
2,7-p-menthane)
HSiClB limonene ClOHIBSlzcls - u.v, - 20
HSiC13 limonene 010H17SICI3 ——— u. v, - 20
16R, Calse and N. Duffsnt, Bull. Soc. chim. France, 792 (1953).
17R. Celas and E. Frainnet, Bull. Soc. chim. Frsnce, 241 (1952).
18y, puffent and R. Calas, Bull. Soc. chim. France, 241 (1952).
19g. Frainnet, Bull. Soc. chim. France, 792 (1953).
205, Calse, E. Frailnnet and J. Valade, Bull. Soc. chim. France, 792 (1953).

B6



Table 1 (Continued)

Silane Olefin Product Temp. Catalyst & Yield Ref.
B81Cl4 acetylene C1381CHoCH281C14 80 Bz05 - 21,22
H81013 o ~pinene not identifled 60-96 Bz,0, - 23
HSiClB vinyltrichloro- C1484CHCH,51C14 100 Acp0, - 24

sllane
HSiClB allyltrichloro- Cl3Si(CH2)381C13 100 Acz05 - 24
silane
H81013 l-pentyne l-pentenyl-1- 80 Bz,0, 31 25
trichlorosilane
CH381H012 l-pentene l-pentylmethyldi- 70-100 Bz,05 10 15
chlorosllane
CH4E1HC1 5 2-oentene 2-pentylmethyldi- 70-100 Bz,0 21 15
3 2¥2
chlorogilane

21R., H. Krieble, U. S. Patent 2,510,642 C. A., 44, 9473 (1950) .

22pritish Thompeon-Houston Company, British Patent 663,740 C. 4., 46, 11228
(1952) .

23L. 0. Goldblatt and D. M. Oldroyd, U. £. Patent 2,533,240 C. A., 45, 2262
(1952) .

24Bp1t1sh Thompeon-Houston Company, British Patent 661,094 C. 4., 46, 5365
(1952) .

25C. A. Burkhard, J. Am. Chem. Soc., 72, 1402 (1950).

a6



Table 1 (Continued)

Silane Olefin vroduct Temp. Catalyst % Yield Ref.

CH4S1HCl2  vinyltrichloro- *product* 100 Acy0, - 23
gilane

D-Pr&iHCl, 1l-octene ' "impure product® 50 Acy0, 6 14

Et2S1iH2 l-octene monosubst., product, 50 Aco05 "fair® 14

not purified

Et2S1HC1 methyl 9- Et2S1C1(CH2)9C0CH; —-- u.v. - 16
undecylate

PhgS1H 9-undecylenic Ph4S81(CHp) 1 CORH 75 Bzo05 96 26
acid

Ph351H ethyl 9-un- Ph3Si( CHz)l()COZCzHS —~—— B2505 - 26
decylenate |

PhqyS1iH l-octene Ph381(CH2)9-CH3 75 Bz202 38 27

PhqS1iH l-dodecene Ph381(CH2)11CH3 70 Bz 0, 65 28

PhqS1H l-tetradecene Ph351(CH2)13083 70 Bz202 90 28

PhBSiH l-hexadecene Ph3Si(CH2)15CH3 70 B2202 Ls 28

PhgS1iH l-octadecene PhyS1(CFz)y,CHy 70 Bz 0, 70 28

26@, N. Gadsby, Research (London), 3, 338 (1950).
27R. Fuchs, Unpublished studles, Iowa State College, 1954.
28y, Merten, Unpublished studles, Iowa State College, 1954,

0T
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of some unpublished studles carried out by others in these
laboratories, The procedures and conditions for all these
addition reactione are essentlally similar to those given in
the above example, with the exception of the veriztion in
the method of initiatlion. No addition resulted from elther
the ultraviolet or peroxlide initiated reaction of olefins

with triethoxysilanelu, sllicon 1;:—21;z-asatchlor1del’+

, or di-n-
propylchlorosilanel5. In generel, branching close to the
clefinic linkage reduces the yield of adductlb.

Workere at Dow-Corning Corporation29 have succeeded 1ln
adding a number of S5i-H compounds to a varlety of olefins by
using pressure reactors and temperatures up to 400° in the
absence of any catalyet. Although these additions proceed
to give the same type of compounds obtained from the radical
addition reactions, they were not listed in Table 1 elong
with the more clearly demonstrated radical additions. This
latter method does, however, afford high conversione to use-
ful intermedlates, and may prove an important source for
organosilicon synthetic materilals.

Similar additlon reactione have succeeded with triphenyl-

germane and l-octene, by benzoyl peroxide catalysis as well

as by ultraviolet irrediation??, Triphenyltin hydride did

294, J. Barry, L. DePree, J. Gilkey and D. E. Hook,
J. Am, Chem., Soc., 69, 2916 (1947).
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not undergo the addition, but dleproportionated to tetraphenyl-
tin under the conditlons of the experiment27.

In summary, it seems clear that compounds contalning an
S1-H bond can take part in a free radicel chain reaction of
the type elucidated by Kharasch and co~worker813. This proc-
egs cen be best explained by the hypothesis of an lntermedisate,

reactive chain carrying silyl radical.
Chain Trensfer aes a Meassure of Radlcal Reactivity

The followlng scheme has been generally accepted as
representing the couree of & free radical polymerization of
vinyl monomers, initisted thermallyBo:

(1) 2 —i) 2R. initiation

(2) M + R. —Xp 5. propagation

(3) =zR- e, RR or X termination
The symbols have these meaninge: M, & monomer molecule; Re,
a free radlical, the growing polymer chsin; X, termination

oroducts other than the coupling product (e.g., an alkane

and an alkene, formed by disproportionstion between the two

0
3 For & genersl review of thig fleld, see P. J. Flory,

"Principles of Polymer Chemistry,! Cornell University Press,
Ithaca, N. Y., 1953; for a review of styrene polymerization,
see R. H. Boundy and R. F. Boyer, "Styrene, its Polymers,
Copolymere and Derivativee, " Reinhold, New York, 1952.
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R*'s); Xy, kp, ky, the rete constants for the initiation,
propagation, and terminstion processes recpectively. From
these expresslions, equationes can be derived which fit the
experimental rate data for vinyl polymerizatlion. Necessary
aéeumptions are30:

(a) "At all stages of the polymerization, the re-
activity of every like functionsel group is the
same, ";

(b) The R. radicals are short-lived and of such
small concentration thst a steady-state treat-
ment of the kinetics of the polymerization
process 1s Justified.

These equations and assumptions lead to a rate law of the

fornm,

a4 [M] - 2
at - k! (M] »
which agrees with experimsntally determined rates.
Dilution of s vinyl monomer in = polymerizastion process
generally causes a lowering of the molecular welight of the

polymerBl. Flory32 proposed & "chailn transfer" as an

3y, Stautinger end L. Schwelbach, Ann., 488, 8 (1931).
32p, J. Flovy, J. Am. Chem. Soc., 59, 241 (1937).
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explanation of thie effect. 1In such & procees, the growing
polymer chaln would transfer 1ts re:ctlive center to another
molecule, thus terminating its own zrowth, but starting a
new chain which would grow at the same rate until it was
either terminated or transferred. One such process he pro-
posed was & hydrogen abstraction reaction from the solvent,

or transfer agent:
Kep
(4) R+ SH——> RH + 8- ,

where SH represents the solvent. If the specles S« were
to continue to initiate polymer chaine with high efficiency,
the rate of polymerization would not be affected, but the
molecular weight of the polymer would be decreased.
MayooS derived a quantitative expression for this effect,
essentially as follows:
(a) The degree of polymerization, P, can be ex-
presged as the rate of chain growth divided
by the total rate of termination of the growth
of the polymer chain. In terme of the processes
defined on page 12 and the chain transfer proc-

ess, page 14, thie expression is:

33F. R. Mayo, J. Am. Chem. Soc., 65, 2324 (1943).




(b)

(e)

(a)

15

kp (R [¥]
Kep[RJ (BH] + kg(R] © + K4 (RI CM]

ol
1

where k¢y represents the rate constant for chain
transfer with monomer,

The term {R<] can be evsluated by means of the
steady-state ascumption as (ki/kt)*[M] provided
the [87] does not build up a high concentration
and induce an abnormally high amount of radical-
redical termination, or other complicating factors.
The former condition is easlily dlagnosed experi-
mentally, eince the total rate of polymerization
wlll be reduced, and SH will function as an in-
hibitor rather than as a chain transfer agent.
Ir the expressions in (a) and (b) are combined,

the expression

k SH] kg ki £ -+~ k&
= e
kp [Mj kp

gl

results.
Subetituting C = ktr/kp' and noting that for
[sH] = o0, 1/F = 1/F,, where P, 1s the degree of

polymerization .. the undiluted monomer, we have



rolle

Simllar expressione have been similarly derived for
photolnitiasted and peroxide inltlated polymerization.

The symbol "C" wae defined by Mayo a8 the characteristic
"trensfer constant" of the solvent. The transfer constant
was evaluated by plotting the ratio [SH]/[M] agalnst the
reclprocal degree of polymerization of polystyrene, for con-
versions of ten per cent or less. Linear plote did 1ndeed
result, confirming the validity of the treatment33'uo.

Average molecular welghte of the polystyrenes formed at
varying [SH1/[M] ratios were determined by measuring their
intrinsic viscosltliee 1n benzene; these intrineic viscositles

were releted to the molecular welghte determined by end-group

34R. 4. Gregg and F. R. Mayo, J. Am. Chem. Sec., 70,
2373 (1948).

353. A. Gregg and F. R. Mayo, Dise¢. Faraday Soc., 2,
328 (1947).

36p, R. Mayo, J. Am, Chem. Soc., 70, 3689 (1948).

37R. A. Gregg, D. M. Alderman and F. R. Mayo, ibid.,
70, 3740 (1948).

38F. R. Mayo, R. 4. Gregg, and M. S. Matheson, ibid.,
73, 1691 (1951).

39R. A. Grepg and F. R. Mayo, ibid., 75, 3530 (1953).
“0p, R. Mayo, ibid., 76, 6133 (1954).
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analysls and ogmotlc pressure measurements by equations of

the form:
tndz

where [7] symbolizes the intrinsic viscosity of the polymer
in s sultable solvent; M, the average (number average) molec-
ular welght; X and a, experimentelly determined constants.

In Table 2, taken from the data of Mayo and oo-workers35,
there are listed valuee of transfer constants of some sol-
vents at 60° ana 100977,

The value of the chain transfer constant hae been shown
to be dependent on the resonance stabilization of the 5.
radical formed35‘39 and on the polar nature of the reac-
tantsul'bz. Rationalization of the first effect follows
naturally from a concideratlion of a transition state for the

chain transfer reaction in which the 8+ radical 1s partly

formed:
R ..H'. ..s .
“1p. R. Mayo and C. Welling, Chem. Revs., 46, 191
(1950). :
4o

C. Walling, J. Am. Chem. Soc., 70, 2561 (1948).




Chain Transfer Constants of Varlous Solvents
in Styrene Polymerization

18

Table 2

Solvent Transfer congtant x 109
600 1009
Benzene 0.15 1.84
t-Butylbenzene 0.6 5.5
Toluene 1.25 6.45
Ethylbenzene 6.7 16.2
i1-Propylbenzene 8.2 20.0
Diphenylmethene 23 L2
Triphenylmethane 35 80
Fluorene 750 1240
Pentaphenylethane 200,000 -
Cyclohexsane 0.24 1.6
n-Heptane k.4 9.5
Decalin 4 -
Carbon tetrachloride 900 1810
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The o0dd electron 1s considered to be distributed between the
"R¥ and "8" fragments, and any delocslization of the electron
at the slite of the "S" fregment would result in lowering the
energy of the transition state, and hence, & larger chain
transfer constant should be observed. Similarly, charge
trensfer in the transition state would have the same result3?.
From Table 2, it can be seen that the magnitude of the chain
trensfer constant grows with increasing resonance stablllza-
tion of the 8° species, for those solvents in whlich a carbon-
hydrozen bond would be expected to be the point of attack.
Carbon tetrechloride serves as an example of a molecule which
should be an electron donor wlth respect to a styryl radical,
and which does have a large cheln tranefer constant.

In summary, chalin transfer constants are a convenlent
gource of information about the reactivity of commounds to-
ward free radicals, both polar effects and stablllzation
energy of the free radlcel formed by chain transfer seem to
be important in determining the magnitude of the chaln trans-

fer constant.
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Other HReported S1ilyl Radicels

b3 reports the reaction of tri-(diethyl-

A recent article
amino)-bromosilsne with sodium at 150° to form tri-(diethyl-
amino)~-silane; 42 per cent of the bromo compound wae converted
to the silane, and 58 per cent of the unrescted bromo compound
was recovered. The authors proposed a mechanlism involving
the formation of a tri-(diethylamino)-eilyl radical, and its

gubsequent reaction with a *R-H" compound to produce the

tri-(diethylamino)-silane.
(NCyHy0)35iBr + Na —> (NCyH35)4S1 + NeBr
(NCyH1 ) 481+ + RE ——> (NCyHy()4S1H + R

The "RH" speclies 1s presumably the bromosilane itself,
since the authors report no sclvent for the reaction. They
mention the formation of "high molecular products” attendant
upon the formetion of the silene, but no details of the iso-

lation or characterization of such a product are given.

43H. Brederveld, T. J. ¥. van Thoor and H. I. Waterman,
Research (London), 7, 529 (1954).
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Kraus and Eatough&u have reported the isolation of a
stable, white crystelline compound from the reaction of tri-
phenylbromosilane and lithium in ethylamine. Thls compound
wag reported by these authore to undergo dimerization to hexa-
rhenyldisilane on hesting, and to add one equivelent of
lithium in ethylamine to give & red solution characteristic
of triphenylsilyllithium. On the basis of these observations,
and silicon and nitrogen enslysls, Kraus and Estough assigned
the compound the structure of triphenylsilyl ethylamine, or
(CgHg) 381+ NHaCHpCHy., This structure represents a "solvated
free radical.

Benkeser and co-worker345 attempted to repest these
experiments. They were able to lsolate a compound similar
to the one described by Kraue and Eatough, as a product of
the came reaction, but were unable to reneat the dimerlzetion
under heating. The compound isolated by benkeser and co-
workers proved to be triphenyl-N-ethylaminosilane, which they
belleved to be identical with the compound prepared by the
earlier workers. WJK%f these laboratories also attempted

the repetition of Kraus and Eatough's observetions, He was

Y4G. A. Kraue and H. Eatough, J. Am. Chem. Soc., 74,
5699 (1952).

“5R. a. Eenkeser, R. E. Robincon and H. Landesman, J.
Am, Chem. Soc., 74, 5699 (1952).

“5T. C. ¥Wu, Doctoral Discertation, Iowa State College,
1952,
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able to prepare the compound described by these workers and
by Benkeser and co-workere, but he found no evidence of free.
radicel sctivity of the compound so prepared., Thus, serious
doubt may be intertained as to the suthentlcity of the ob-
servations reported by Kraus and Eatough of the "solvated®

triphenylsilyl free resdical.
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EXPERIMENTAL
Preparation and Purilfication of Materials

Preparation of tripheny;silanea7. Thirty-eight and

geven-tenths grame (1.02 moles) of crushed lithium aluminum
hydrade was sadded to a dry, nitrogen filled 5 1. thres-necked
round-bottomed flask equipped with a blade stirrer, a reflux
condenser, and sn addition funnel. Three hundred ml. of di-
ethyl ether which hed been dried over calclium hydride wae
added, and the mixture etirred vigorously for 1-2 houre. To
the resulting slurry was added 600 g. (2.05 moles) of Dow-
Corning (purified grade Lot P-321) triphenylchlorosilane die-
golved in 3 1. of drled diethyl ether, at such a rate as to
promote gentle refluxing of the ether. After the addition was
completed, the mixture was stirred and refluxed for 14 hours.
At the end of this perlod, 110 ml. of ethyl acetate was added
to deetroy the excees lithium aluminum hydride., The ether
layer was removed by filtretion, and dried over anhydrous
caleium sulfate., The ether, alcohol and ethyl acetate were
removed by distillation, and the residue vacuum distilled at
1-2 mm., to yield a fraction boiling &t 171-186%; this fraction

“7H. Gilman ané G. E. Dunn, J. Am. Chem. Soc., 72, 2178
(1950).
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(410 g.) solidified on standing to yleld a white so0lid melting
at 43-47°, The crude yield (77.6 per cent of the theoretical,
based on triphenylchlorosilane) was crystallized from methanol;
the resulting materisl was vacuum dried at room temperature
for 24 houre to yield 365 g. (89 per cent) of material melting
at 43.8—45.00. An infrared absorntion spectrum of the product
showed identity with previous spectra of authentlc triphenyl-
eillane, and indlcaeted no trace of triphenylsilancl or hexa-
prhenyldislloxene impurity. Severazl similar preparations of
triphenyleilane were carried out in this fashion. The ylelds
of purified materisl varied from 69 to 86 per cent. Vigorous
gtirring wae found to improve the yield. The usual precautions
were observed in the use of lithium aluminum hydride“e.

Preparcstion of triethylsilaneu9. To a 1 1. round-bottomed

three-necked flask, equipped as described in the preceding
experiment, was added 24.78 (0.650 mole) of lithium aluminum
hydride, and 300 ml. of diethyl ether., The ether had been
dried over calcium hydride. After the resulting slurry had
been stirred for 1-2 hours, 198 g. (1.32 moles) of triethyl-
chlorosilane (Dow-Corning, purified grade) diseolved in 100

ml. of dried dlethyl ether was acdded at a rate sufficient to

“Bw. G. Brown, Chapter X in "Organic Reactions," VI, R.
Adams, Ed., John Wiley and Sons, Inc., New York, 1951.

“9H. 6ilmen, R. K. Inghem and 4. G. Smith, J. Org.
Chem., 18, 1743 (1953).
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promote gentle refluxing of the ether. The stirring and re-
fluxing was continued for 16 hours. The reaction mixture was
then hydrolyzed, first with wet ether, and then with 95 per
cent ethanol. The ether layer was immediastely removed and
dried over anhydrous calclum sulfate. The ether was flash
distilled from the solution, and the residue frectionated on
& glass helix-packed column, one meter in length and 1 cm.

in dlameter. The reflux ratio was more than 5:1 throughout
the distillation. Fractions boiling from 107.0-.08.5° were
combined to give 130 ml. of triethylsilane, n§5o = 1.4109.

Chlorobenzene. Chlorobenzene (Matheson Chemical Company)

was distilled through a one meter helix-packed column. Some
batches were distilled through & 1.5 meter bubble-cap solvent
column.

Di-tert-butyl peroxide. Thls material was kindly fur-

nished by the Shell Chemical Corporation. It was distilled
through a 44 plate center-rod column (b.p. 48.1-49.6° at
82-85 mm.) before use.

Styrene. Styrene (Esstman white label, "stabilized")
was washed esveral times with 5 per cent aqueous sodium hy-
droxide, asnd subsequently shsken with portions of distilled
water until the washings eshowed & neutrel reaction to litmus.
Anhydrous calcium chloride was added, and the dried material

distilled through a 30 cm. Vigreux column, &t reduced -ressure.
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The mlddle cut bolling at 38-39° at 10-11 mm. was collected
for use and stored at 5°. The styrene was used within 24

hours after the distilletion.

Chain Transefer Constants of Orgsnosilanes

The chaln tranefer constante of triphenylsilane and
triethylsilane were determined at 70 and 80° after the method
of MayoaB. Styrene and the sllicon compound were introduced
into pyrex test tubes with necks constricted to facillitate
the vacuum sealing operation. The solutions were degassed
by alternately freezing end thawing the contents of the tubes
under vacuum. The contents of the tubes were then refrogen,
and the tubes sealed under vacuum. The tubes were then intro-
duced into one of the constant temnerature baths for lengths
of time depending on the silane-styrene ratio. After the
proper reaction time, the tubes were removed, the reaction
was qguenched by coolling, the tubes were broken, and theilr
cont«ntes were washed into 200 ml. of methsnol. The precipi-
tated polystyrene was 1solated by decantatlion and/or filtra-
tion, and the polystyrene redlssolved in ebout 50 ml. of
benzene. The benzene solution ~ae slowly poured into 200
ml. of methanol, thus renrecircitating the polystyrene. The

resulting nolystyrene precipitstes were again filtered,
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redlssolved, and reprecipltated. Finally, the polystyrene
samplee were filltered into weighed sintered glase crucibles,
dried in vacuo at 40-48°% for periode of about 24 hours, and
welghed, Table 3 summarizes the data thus obtained on the
polystyrene fractions.

In addition to those polymerizations listed in Table 3,
bulk polymerizations of undiluted styrene were run &t both
70.00 and 80.05°., The 70° sample rroceeded to 11.8 per cent
polyms=rization in 48 hours, the 80° gamples, to 11.4 and
10.7 per cent in 22 hours.

Eaech nolystyrene sample was dissolved in benzene, and
the time of flow through an Ostwaeld-Fengke viscometer deter-
mined for several dllutlons of the originsal sample. These
viscoeities were measured at 29.98-.02°, and all flow times
were gresater than 150 seconds. The specific viscoslties of

the solutions, defined by the relation

q ap = Lime of solvent flow - time of solution flow
p= time of solvent flow

could then be calculated. It hae been found2’ that a plot
of (M gp/c) ve. ¢, where c 1s the concentration of the
polystyrene solutions expressed in grams of polystyrene per
ml. of solution, givees straight lines which may be extrapo-

lated to zero concentrstlon. The intercept so determined



Polymerization of Styrene Diluted by Trisubstituted Organosilanes

Table 3

fun ?gg§‘a Silene §2%23e sggizge po?e:%htene (géﬁis) Polym.
x 103 x 103 {g.gr

1 70.00 Ph3S1H h2,5 43.15 0.805 85 17.8
70.00 Ph381H 21.2 43,15 0.608 67 1i3.5

70.00 PhqS1iH 10.6 43.15 0.600 49 13.3

5 80.05 Ph3SiH 21.2 43,15 0.535 27 11.9
6 80.05 PhyS1iH 15.9 h3.15 0.598 26 13.3
7 80.05 Ph381H 10.6 43,15 0.600 25 13.3
8 80.05 Ph,S1H 5.3 43.15 0.605 23 13.4

aTemperatures were maintained to within 0.02° of the values stated.

L2



Taeble 3 {(Continued)

Moles

Run  Temp.®  Silane  Moles Weight Time %
(ocC) iiigge s;yigge p01{§?¥rene ( hours) Polym.
9 70.00 EtBSIH 34.5 43.15 - 0.479 85 10.6
10 70.00 EtBSiH 18.9 43,15 0.435% 60 9.7
11 70.00 Et351H 6.30 43.15 0.378 48 8.4
12 70.00 EtBSiH 2.15 43,15 0.359 L8 8.0
13 80.00 EtBSiH 12.58 L3,.15 0.479 2k 10.8
14 80.00 EtjsiH 6.30 L4L3.15 0.428 24 9.5
15 80.00 EtBSiH 3.15 43,15 0.465 22 10.3
16 80.00 Et351H 1.58 L3.15 0.hy7 22 9.9

82
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ig called the intrinsic viscoelty of the soluteSO, and 1is
commonly given the symbol En} . A number of workeraBO have
established empirical logerithmic relationships between the
quantity [713 and number average molecular welghts of poly-
styrene samples. The formula selected for uee in this work
(given below) is that of Mayo, Gregg and Matheson3®. This
relation hes been checked by the above named workers with
both osmotic pressure and end-group methods of evsluation of

average molecular weights of polystyrene fractions.
¥ = 1045 = 178000c73t-3?

Here M represents the number average molecular weight; P,
the degree of polymerization, and C117 » the intrinsic
viscoslty of the polystyrene in benzene at 30°.

The qu values were determined as degcribed above, and
the chalin transfer conetante were determined by measuring the
gelope of the line obtained by plotting the reciprocal of the
degree of polymerization againsv the silane to styrene moler
ratio. Table 4 summarizes these calculations, and Figure 1
showe such plots for triphenylslilane and triethylsilane, both

at 700,

5%%, 0. Kraemer, Ind. Eng. Chem., 30, 1200 (1938).



Table 4

Intrinsic Viecosgltlies and Chain Transfer Constants of Polystyrene Reactions

Run Temp. Silane [MI at 30° ¥x 105 1/Fx 103b Csil® ¢ x 104
(°c) in benzene LM]
1 70.00  PhySiH 0.270 0.266 3.91 0.986 33.4x1.2
70.00  PhySiH 0.468 0.627 1.66 0.492
70.00  PhySiH 0.700 1.092 0.95 0.246
5 80.05 Ph,B1H 0.395 0.499 2.09 0.492 36.8:1.8
6 80.05 PhgS1H 0.507 0.702 1.48 0.369
7 80.05 PhyS1H 0.615 0.936 1.11 0.246
8 80.05 PhyS1H 0.743 1.185 0.88 0.167

- &Number average molecular weights, calculated by means of the formule
¥ = 178000Cn31-37,

bReciprocsl degree of polymerization, calculsted as 104,1/HM, where 1041

is the molecular weilght of styrene.

CThe symbol [SH]/(M] representes the molar retio of silane to styrene, or

"solvent® to

"monomer",

dChain transfer constant.

o€



Table 4 (Continued)

Run  Temp. Silane LM at 30° ¥ x 10-5% 1/Fx 103° [sH]® ¢ x 104¢
(°C§ in benzene M7
9  70.00 Et;SiH 1.54 3. 24 0.321 0.798  2.4bt.12
10 70.00 Et;81H 1.87 4,17 0.250 0.438
11 70.00 Et;81H 2,20 5.22 0.200 0.148
12 70.00 Et481H 2.60 6.64 0.151 0.073
13  80.05 Et381H 1.76 3. 94 0.270  0.292 1.3-2.7
14  80.05 Et3SiH 2.06 4.79 0.217 0.148
15  80.05 FEt,SiH 2.06 4.79 0.217 0.073
16  80.05 EtgSiH 2.31 5.58 0.186 0.037
2  80.05 none 2.16 5.11 0. 204 0.0
24 70.00 none 2.87 7. 54 0.138 0.0
25 70.00 none 2.87 7.54 0.138 0.0

T€
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Chain Transfer Constants of Triphenylsilane
and Triethylsilane at 70°
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Redicel Induced Reactlions of Triphenylsilane

Reaction of triphenyleilsne, oxygen and benzoyl peroxide
in benzene. Into & 500 ml. three-necked round-bottomed flask

i

equlpped with & blade stirrer, az condenser and a gas inlet
tube leading to the bottom of the flask, there was introduced
a eolution of 36.0 g. (0.138 mole) of triphenylsilene and 1.00
g. (0.0045 mole) of benzoyl peroxide dissolved in 170 ml. dry
benzene. The flesk wss heated to a temperature of 95° (bath
temperature), while oxygen was bubbled in through the inlet
tube and vigorous stirring was maintalned. The reaction was
continued for 9 hours. The benzene was removed by distilla-
tion at reduced pressure, The temperature of the resldual
solution did not exceed 30°. VWhen the volume of the residue
was reduced to about 75 ml., 12.21 g. of white crystals was
deposited. These crystals (m.p. 152—15#0) gave no depression
of the melting point of an authentic specimen of triphenyl-~
silanol in the determinestion of the m.p. of a mixture of the
two. Further evaporation of the solvent led to the recovery
of two more crope of 0.51 g. and 4.33 g. of crystals melting
at 148-149° and 136-139° respectively. An infrared apectrum‘
of the latter fraction showed bonds due to both triphenyl-
silenol and triphenyleilane., The residual solution (about

25 ml.) wae diluted with petroleum ether (b.p. 60-70°) and
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chilled to deposit further crope of crystals. Repeated
erystallization of these latter olly crystals from petroleum
ether (b.p. 60-70°) ylelded three crops of crystals weighing
6.40 g., 3.78 g., and 0.94 g. reepectively; with m.p.'s of
L2-44°, 39.45° (pecrystallized, 43-459), and uh-t6®, These
low melting crystals gave a positive silicon-hydrogen bond
test5l (formation of gas upon treatment with methanolic KOH),
and they were presumed to be triphenylsilane., The red oily
residue resisted attemptes at crystallijation. The total tri-
phenylsilanol isolated amounted to 44.8 per cent of the
initial triphenyleilane, and a total of 28.2 per cent of
triphenylsilane wae removed.

A similar experiment at lower temperatures (58-60°)
resulted in no apparent reaction; Only triphenylsilane was
recovered (88 per cent) and no evidence of oxygenated prod-
ucts presented itself,

A control run was made under the conditions of the
initisl oxidation, without the addition of benzoyl peroxide.
The same work-up r~rocedure resulted in a 77 per cent re-
covery of triphenylsilsne, and no other products were noted.

Rates of oxidatlion of triphenylsilane., The rates of

oxidation of triphenylsilane were measured by following the

SlF. 8. Kipping, J. Chem. Soc., 119, 848 (1921).
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oxygen uptake., The apparatus (designed and generously lent
by Dr. C. E. Boozer of these laboratories) consisted of gae
burets thermostatted at 25.00°, connected to a reaction cell
which could be maintained at elther 62.5° or 74.4°. The cell
was equlpped with a megnetic stirrer. An autometic levelling
device conslgting of a2 mercury pressure reservoir manostat
with contacts leading to a relay-operated oxallec acid solution
electrolysis cell provided a means for following the oxida-
tlons smoothly and with little lsg. This apparatus was
adapted from one designed by Bollandsz. The apparatus was
evacuated and flushed several timee with oxygen before each
run. Azo-blg-isobutyronitrile was used as the initiator in
each experiment.

Three rune were made, one at 62.5° &and two at ?4.40.
Table 5 summarizes the experimentel conditione for each run.
Table 6 includes the data collected for the second run, and
Figure 2 ghows & plot of the logarithm of the per cent re-
maining triphenylsilane (in which the remaining triphenyl-
gsillane 18 calculated es initisl moles triphenylellene less
moles of oxygen absorbed) egalnst time for the three runs.

In each run, an increessing devistion from first order

kinetics appears as the reactlon progresses.

52;. L. Bolland, Proc. Roy. Soc., 4186, 218 (1946).
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Table 5

Oxldatione of Triphenylsilane

Run Triphenylsilane Initlatora Cell Barometricb
no. initisl conec. cone. temp. ressure
(moleg/liter) (moles/1iter) (©C mm. Hg)
1 1.280 0.101 62.5 742,77
2 ‘ 1.280 0.101 74 .4 736.98
3 2. 560 0.101 4.4 732,54

aAzo-bis—isobutyronitrile waes used as the initiator
in each case.

bPressures were connected for difference of expansion
of mercury and the brass scale.

Two 1.00 ml, aliquots of the reaction mixture of run 1
were titrated lodometrically with 0.0500 N sodium thiosulfate;
the firet, acidified with acetic acid only, required 6 x 10~2
meq. of thilosulfate; the second, acldifled with hydrochloric
acid and heated for & short time, required 0.17 meq. of the
thiosulfate solution. The total oxygen absorbed was 0,201
meqg., thus, the total reducible materiszl in the solution
amounte to 85 per cent of the oxygen absorbed, if this re-
duclible materisl 1is present as peroxides.

Reactlon of triphenylsilaene and di-fert-butyl peroxide

in chlorobenzene., In a 1 1. round-bottomed flask fitted
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Table 6
Oxidation Rate of Triphenylsilane at 74.4° (Run 2)

Time Volume Moles Log per cent
(run) oxygen oxygen remaining
_a?gif?ed agsgg ed triphenylsllane

5.00 1.09% 0.432 1.9981
10.00 1.82 0.721 1.9959
15.00 2.48 0.983 1,994k
20,00 3.05 1.209 1.9931
$25.00 3.58 1.419 1.9919
35.00 h.4e 1.770 1.9899
50.00 5.53 2.192 1.9874
60,00 6.07 2.410 1.9862
70.00 6.70 2.655 1.9847
85.00 7.42 2.942 1.9830
100.00 8.05 3.190 1.9816
120.00 8.42 3,340 1.9806

aThe initial volume of oxygen was determined by
extrapolating the first few readinges to zero time.
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Rates of Oxidation of Triphenylsilane in
Chlorobenzene at 62.5 and 74.4°
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with a reflux condenser, a nitrogen inlet tube leading to
the bottom of the flask, and a thermometer was placed 70.0
g. of triphenylsilane (0.269 mole), 79.4 g. di-tert-butyl
peroxide (0.544 mole) and 215 ml. of chlorobenzene. The
mixture wase heated to reflux, and refluxed for 31 hours.

The temperature varied from 122 to 103° ag volatlile products
formed. The chlorobenzene and volatile products were removed
by distillation through a 1 m. helix packed column, and
vacuum distilled to yleld a liquid product (b.p. 89-95° at
0.4 mm.) end several fractione boiling from 145-173° at 0.5
mm. which solildified on cooling. One of these fractions
(b.p. l58-161° at 0.5 mm.) was crystallized from benzene,
yielding 15.8 g. of near white crystals, m.p. 89-93°. Re-
crystellization of this material from petroleum ether (b.p.
60-90°) yielded 12.9 g. of white crystals melting at 9l-
95.50. A mixture of this material with an equal amount of
authentic triphenylchlorosilane (m.p. 94-950) melted at
94-95,5%, A portion of the materlel melting at 94-95,5°

wae hydrolyzed by shaking 1t in ether solution with an equal
volume of 5 per cent aqueous eodium hydroxide solution, and,
upon acidification (with nitric aclid) gave a white precipi-
tate with silver nitrate solution. The precipltete was
soluble in dilute ammonia and could be reprecipitated by
ecidification with nitric acid. The crude yield of



Lo

triphenylchlorosilane (materizl melting at 89~93°) smounted
to 20 per cent of the theoreticel. The residue, a black
tarry maes, could not be induced to crystellize. The liquid
product was not ldentified in thls experiment.

Another similar run was made with smaller guantities,
using the same generel set-up. Twenty-five ml. of di-tert-
butyl peroxide (0.136 mole) and 30.0 g. (0.115 mole) of tri-
phenyleilane were dissolved in enough chlorobenzene to make
250 ml. of solution; the solution was refluxed for 5 hours
at temperstures ranging from 130-125°, The reaction mixture
wee aesayed for triphenylsilane and triphenylchlorosilane by
method described in the section immediately following this
one. The triphenylsilane remaining unreacted was determined
ag 23.3, 23.3 and 24.1 per cent of the initizl cherge in
triplicate determinations. Triphenylchlorosllane was assayed
es 36.5 end 36.6 per cent of the theoretical yleld, based on
triphenylsilane.

The chlorobenzene, unrescted peroxide and volatile prod-
ucts were removed by distillation at reduced prescure. The
residue was dletilled through a 12 inch unpacked externally
hested column at pressures of 0,01-0.06 mm. An initlsl
frection (b.p. 65-111° at 0.06 mm., weight 0.74 g.) was
collected. An infrered spectrum of a portion of this

samnle dlesolved in carbon dlsulfide showed major peaks
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(per cent tranemittance less than 80 for & solution in which
the most intense peak shows a per cent transmittance of 5)
at wave lengths of 3.28, 8.00 (double pesk), 8.90, 9.16, 9.32,
9.63, 10.67, 12.07, 12.70, 13.2—13.4 (broad), 14.4 and 14.7
microns. Purified semples of o-chlorobiphenyl and p-chloro-
biphenyl were examined spectroscopically by the same method.
The ortho isomer showed major peaks at 3.25, 8.00 (double
peak), 8.90, 9.32, 9.64, 9.94, 10.68, 13.40, and 14.75
microns. The pars compound had mejor peske at 3.25, 9.18,
12.09, 13.20, and 14.45 microns. Examinaetion of the wave-
lengths of the peskes reveals that 2ll major peaks of both
o-chlorobiphenyl and p-chlorobiphenyl are present in the
spectrum of the liquid product, and that no msjor pesk pres-
ent in the llguld product falle to be present in the spectrum
of either g-chlorobiphenyl or p-chlorobiphenyl, with the
eingle exception of the 12.70 micron peak of the mixture
which 1g present in neither of the spectra of pure compounds.
The general shape of the peekes and the fine structure of the
spectre are also conslistent with the hypothesis that the
liquid product is & fairly pure mixture of o-chlorobiphenyl
and p-chlorobiphenyl. Some attempts at separatlion of the
isomers were made, but crystzllizatlion, chromatography and
sublimation with thie and product mixtures from eimilar ex-
perimente failed to reeolve the small amounts of "liquid

fractions? collected.
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A subsequent fraction (b.p. 125—-160o at 0.01 mm.) solidi-
fied on cooling, yielding 12.7 g. of white, oily crystals
melting at 75-90°. Crystallization of this materisl from
petroleum ether (b.p. 60—900) gave 7.58 g. of crystals melting
at 89~93.5o. Recrystsllization reised the melting point to
95-970, and this melting point was not depressed by mixing
the purified materisl with purified suthentic triphenylchloro-
gllane. The yleld of the triphenylchlorosilane 1lsolated as
material melting at 89-93° was 22.0 per cent.

A similsr run, using the same concentrations of rezc-
tante, but in which the volatile products were allowed to
escape through a 6 inch externally heated column attached to
the resction flask, wae carried out for 21 hours at tempera-
tures of 128-13?°. The yield of triphenylchlorosilane,
determined by titration as descrlibed in the following sec~
tlion, was 62.4 per cent.

Asgay of triphenylsilane. Triphenylsilane was deter-

mined in the resction mixture by measuring the volume of
hydrogen evolved in the reaction with basesl.

bage

R351H+ R'OH ———» RBSlOR' + HZ

The determinstion was carried out in a Zerewltinoff apparatus.

The ges buret and resction cell were thermostatted at 25.000;
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potassium hydroxide in n-butyl alecohol was used ac the resc-
tion medium, and pn-butyl alcohol was used as the retalning
fluld to equalize the vapor pressure. A correctlion wae ap-
plied for the vapor pressure of n-butyl alcohol at 25°Q
Determinetions with 3 ml. aliquote of stendard solutions of
triphenylsilane in chlorobenzene geve results of 98.7-99.7
per cent of the triphenyleilane present. Triphenylchloro-
sllane was found not to interfere.

Assay of triphenylchlorosilane, Triphenylchlorosilane

was found to solvolyze rapldly in 95 per cent ethanol to re-
lease hydrogen chloride which could be titrated with etandard
alkali to obtein values of 97.4-97.8 per cent of the theoret-
ical for ssmples of Dow Corning (nurified grade) triphenyl-
chlorosilane cryetallized once from petroleum ether (b.p.
60-90°).

Sealed tube reactione of triphenylsilane and di-tept-

butyl peroxide in helobenzenes. The formation of triphenyl-
halosllanes from the peroxide initilsted resctlion of triphenyl-

silane in halobenzenes waes studled further by mesns of the
triphenylchlorosilane assay mentioned previously. Tubes made
from pyrex 15 mm. o.d. tubing were filled to about one-third
thelr wvolume with varlous reaction mixturee, degassed by
alternate freezing end thawing under vacuum, and sesled under

vacuum. The tubes were placed in an 0ll bath maintained at
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135.00 and individual ampules withdrawn at varioug intervals.
The tubes were cooled, broken, and the contents washed into
a flask contailning ethanol. The acld released was tltrated
with standard alkali, using brom-phenol-blue as an indlicator.
Table 7 summarizes the data thus collected. Each tube con-
tained 7.00 ml. of solutlon.

A tube contalning 2 ml. each of chlorobenzene and di-
Xert-butyl peroxlde was heated at 135.00 for 25.5 hours, and
titrated in the egame manner. No acid was released (within
experimentsl error estimated at 0.002 meg.), but & discolora-

tion of the solution waes noted.
Attempted Preparations of an Organosllicon Peroxide

Reaction of triphenylchlorosilane with sodlum peroxide

in benzene. Five grams (0.061 mole) of 95 per cent sodium

peroxide was suspended in 50 ml. of dry bLenzene, by vigorous
stirring with a single-blade stirrer. Five grams (0.017
mole) of Dow-Corning purified triphenylchlorosilzne dissolved
in 85 ml. dry benzene was added fairly rapidly. No evidence
of resction was noted during the addition, but the flask did
become warm after stirring had been continued for 35 minutes.
The reaction mixture was sllowed to stand overnight, and

then excess water wae added to hydrolyse the remaining sodium
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Table 7

Sesled Tube Reactions of Triphenylsilaeane with
Di-tert-butyl Peroxide at 135.0°

Tube : Moles 3 Moles Time Meq

Ph.SiH x 10°  $Bu,0z x 103 (min.) acid
(fn1t1a1) (initisl) formed
1% 3.84 2.72 30.0 0.359
28 3.84 2.72 79.0 0.758
38 3.84 2.72 134.0 1.142
48 3.84 2.72 205.0 1.33
58 3.84 2.72 509.0 1.52
68 3.84 2.72 1140. 1.58
78 1.92 2.72 1530. 0.372
g 0.384 2.72 1530. 0.043
98 0.384 0. 544 1530. 0.115
108 0.384 0.109 1530. 0,063
11P 3.8k 2.88 1530. 0.148
12° 3.84 2.72 1530. 1.00
138 3.84 2.72 1530. 0.002
140, ¢ 3.84 2.72 1530. 0.01

&Chlorobenzene ss solvent.
bFluorobenzene ag solvent,.
c

Bromobenzene se solvent,

done gram (5.49 x 10~3 mole) of benzophenone added.
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peroxide and triphenylchlorosilane, The benzene layer was
washed twice with water and dried over sodium sulfate. Upon
eveporation of the benzene, 4.09 g. of slightly olly cream
colored cryetale was left. This material (m.p. 141-150°) was
crystallized from petroleum ether (b.p. 80-110°) to give 2.91
g. of white cryetals, m.p. 152-1530. Thie material showed
no depression of m.p. upon mixture with suthentic triphenyl-
silanol. The recovery (crude) amounted to 86 per ceht of

the theoretical amount of triphenylsilanol., No other materi-
aleg were lsolasted from the reaction.

Reaction of triphenylchlorosgilene with agueous sodium
peroxide. Ten grams of 95 per cent sodium peroxide (0.128
mole) was added to 200 ml. of cold water with rarid stirring;
evolution of gas was noted as the g0lid peroxide came into
contact with water. IJIodometric titration of samples of the
peroxlde solution showed thast 67 per cent of the codium
peroxlde added was preeent as peroxlde, the rest having pre-
sumably been converted to sodium hydroxide., To this aqueoue
solution was added, with stirring, 34.1 g. (0.116 mole) of
triphenylchlorogilane in 250 ml. of benzene. The reaction
mixture was cooled in an ice bath during the addition, and
gtirred for one hour, after which the reaction mixture was
allowed to come to room temperature, The benzene layer was

removed, dried, concentrsted, and finally, évaporated to
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yield 30.6 g. of white crystsle, m.p. 149-153°. This mzterial
showed no depresslion of m.p. upon mixture with suthentic
triphenyleilanol, m.p. 152-153.5°. 4 small quantity (0.17
g.) of material insoluble in either the benzene or water
layer wag flltered off and recrystellized from petroleum
ether (b.p. 80-110°%) to yleld crystsls melting at 233-236°.
Thies material did not depress the m.p. of an authentic speci-
men of hexaphenyldisiloxane. The total yield of triphenyl-
eilanol and hexaphenyldisiloxane amounted to 97 per cent of
the theoretical, based on triphenylchlorosilane. No other

producte were lsolated.
Infrared Absorption Spectrs

All infrasred absorption epectrs were megsured with a
Baird acsoclstes Infrared Recording Spectrophotometer (Model
B). Thie instrumént was made avallable through the generosity
of the Institute for Atomic Research. The author wishes to
express his appreclation to Dr. M. Margoshee and Mr. R. M,
Hedges, who recorded the spectrs and contributed helpful
information to the problem of the interpretztion of the

gepectra.
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DISCUSSION

The question of poesible resonsnce stebilization of a
triphenylsllyl redical can be approached through the inter-
pretation of the chain tranefer conetants of triphenylsilane
and triethylsilane evaluated in Teble 4. By argumente out-
lined in the Hiestorical section of this Theels, Mayo and co-

33-k1 have correlsted the chain trensfer constsnte of

workers
a number of hydrocarbon golvents with the relative resonance
steblilizations of the S+ species formed in the chaln transfer
pProcess.

From examination of Table 2 it can be seen that such a
correlation 1g limited to processee involving the bresking
of a carbon-hydrogen bond in the solvent, and that a statis-
tical correction for the number of carbon-hydrogen bonds
avallable sharpens the comparlsons between the different
typee of carbon-hydrogen bonds examined. Benzene and ali-
phatic hydrogens poseess low reactivity towards the growing
polymer chain; benzylic hydrogens are markedly more active,
increasingly so with increaeing substitution. Tert-butyl-
benzene, which hes no benzylic hydrogene avallable, drops
to the level of reactivity of aliphetic compounds. Diphenyl-

methane and triphenylmethane show increasing sctivity in the

order stated. However, theee effects are small when they
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are compared with the relative resonsnce energles of the B
speclies formed; the differences between the resonance energies
of aliphatic and benzyl redicals, between benzyl and diphenyl-
methyl, and between diphenylmethyl and triphenylmethyl are

all at leact ten kcal./moleg. At 60°, e difference of ten
keal./mole in activation energles of two reactions with

equal frequency factors correeponds to & factor of 3 x 106

gn the rates; flve kcal./mole would result in a 2 x 103
factor, and two kcal./mole, a factor of 20, Thus the energy

of the trengition state

1s influenced by the reorganization energy of the 8. species,
but this transition state energy is not as sensitive to such
a reorganization energy as would be the energy for a transi-
tion state for & process in which a radlcal were more com-
pletely formed.

Mayo and Gregg35 have pointed out that for moet of the
solvents presented in Table 2, lncressing chain transfer
constants correlate with decressing activation energles and
incressing frequency fectors, the former effect dominating
the latter. Since the effect of stablllization of the S-

species would be expected to influence only the activation
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energy through weakening the carbon-hydrogen bond, the in-
crease 1n frequency factor with more active solvents would
also tend to decresse the sensltivity of the chain transfer
resction to the 5° reorganization energy.

At ?O°, the chain trensfer constant of triphenylsilane
is greater than thet of triethylsilane by a factor of 13.7.
At 800, the ratio 1s more uncertain, but it probably lies
between 14 and 28. These ratios point to a definitely lower
free energy of activation for the triphenylsilene chain
transfer processg than for the triethylsilane transfer. The
higher rate of the triphenylsllane transfer may be attributed
to gresater resonance stabilization of the triphenylsilyl
radical with respect to the triethyleilyl radical; uncer-
tainty as to the relative lmportance of the frequency factors
and activation energiesBS of the process preclude any pos-
sibility of ecstimating a reliable value of the resonance
stabllization of the triphenylsilyl radicel.

The chain transfer constants of both the cllanes tested
show & high degree of reasctivity relative to the hydrocarbon
solvents 1n Table 2. The chaln transfer constants of tri-
ethylsilane and triphenylellane at 60° can be estimsted from
the 70° and 80° values given in Teble 4 as 300 x 10~% and
22 x 10‘5 resnectively; these values can then be comnared

directly with those of Gregg and Mayo in Table 2.
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Triethylsilene lies between diphenylmethane and triphenyl-
methane, and triphenyleilane is a more efflclent transfer
agent than triphenylmethane, apprcaching carbon tetrachloride
in reactivity. The sllicon-hydrogen bond energy at 298%K

has been calculated from critically evaluated date as 79 kcal/
mole, while carbon-hydrogen bonds have an energy of 88 kcal/
mole on the same scale53. The lower silllcon-hydrogen bond
energy ls most probably responsible for the incressed ef-
ficiency of silicon-hydrogen compounds over hydrocarbons in
the chain transfer reactions.

It was pointed out in the Historilcal cection of this
Thesls that the S5+ species must enter into the polymerizstion
with high efficlency if the steady-state treatment can be
apvlied to the solution of the kinetice of the chain transfer
procegs. If the S+ reactive centers were to destroy them-
selves by dimerization or bimolecular disproportionetion, a
lower value of the second order rate constant for the overall
polymerization would be observed. The data of Gregg and
May035 for the solvents presented in Table 2 show no such
trend, even for those solvents which give high values for

the cheain transfer constants,

53M. L. Huegine, J. Am. Chem. Soc., 75, 4124 (1953).
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The data presented in Teble 3 allow no precise cslcula-
tion of the second order rate constants for the overall
polymerization proceeg, but, 5y assuming volume additivity
of the silanes and styrene, the rate constante can be approxi-
mated from the per cent polymerization observed. These con-

stants renge from 2 x 107

to 11 x lO'u liters mole~lhour—1
at 70%; at 80°, from 6 x 10'4 to 14 x 10‘4 liters mole'l
hour=l. No trend towerds lower values of the second order
rate constant for solutions containing higher concentrations
of sllanes is evident; in fact, at both 70° and 80°, the
rate constants of the bulk sample were the smellest of those
observed.

These values are in fair agreement with those of Gregg

35

, who obtained second order rate constants ranging
1l

end Mayo
from 0.85 x 1074 to 2.63 x 10‘“ liters mole~lhour " et 60°,
and from 21 x 10~% to 42 x 10=% at 100°, It can be stated,
than, thset the dats in Table 3 show no evidence for an
"abnormel" radicel-radicsl termination process, and that
they preclude a large effect of this type.

The benzoyl peroxide induced oxidation of triphenyl-
sllane le clearly a chain process, since s control run in

which no peroxide was added showe no autoxidation under the

same experimental conditlions as those of the peroxide
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initisted reaction, and since the benzoyl peroxlde wae pres-
ent only in a small amount (0.032 mole per mole of triphenyl-
silane). A generslly accepted formulation of the mechanism
for rsdical induced liquld phase hydrocarbon oxidations at

"low" temperatures (50-150°) may well apply here5*.

I — 2%
X- + 0 —> X0,

formation of inltiator radicals

X+ = RE —3> HX 4+ R-

initistion
X0,* += RH — HO,X + R-
Re + 05 — ROZ-
propagation
RO, + RH —> ROZH -+ R*
2302°-——-—9 termination products terminetion

Hydroperoxidee are the postulated initisl producte of
the oxidation in the scheme given sbove, and they ere 1indeed

isolable products of many hydrocarbon oxidations, such as

5ME‘. R. Bell, J. H. Raley, F. F. Rust, F. H. Seubold
and ¥. E. Vaughan, Diec. Faraday Soc., 10, 242 (1951).

\
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the radicel induced oxidatlione of 1sobutane55'56, and
tetralin57.

The oxidation of triphenylsilane with benzoyl peroxide
in benzene gave triphenylellanol as a maejor oproduct, and no
specles corresponding to & hydroperoxide or ditriphenylellyl
peroxide, the sllicon analogue of trityl peroxidel, was
isolated. It seems reasonable that such a product might
further resct under the conditions of the oxidation, in such
a manner as indicated below.

heat
(CgHg) 38100 ——> (CgHg) 3810 + -OH

(CgHg) 4810 + (CgHg)481H —> (CgHg) 45810H + (CgHg)481-

The triphenylellsasnol produced can thus be accounted for.
No products 1lluminating the fate of the OH radlcsasl were
isolated. Another proposed reaction, in which the triphenyl-
81lyl radical attacks the hydroperoxide initlially formed,

is given below.

SSW. E. Vaughen and F. F. Rust, U. 5. Patent 2,395,523
(C. A., 40, 3641 (1946)).

5%y, E. Vaughan sna F. F. Rust, U. S. Patent 2,403,771
(€. 4., ko, 5757 (1946)).

57M. Hertmann and M. Seiberth, Helv. chim. Acta, 15,
1390 (1932).
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(Cglglq81® + (CgHg)48100H —> (CgHg)3810H + (CgHg)4810-

If these reactione are correctly postulated, it is interesting
to note that the triphenylsiloxy radlcel undergoes neilther

the disproportionation resction characterlistic of slkoxy
radicals58, nor the rearrangement sssoclated with tritoxy

radicals>?.
(CH5)4C0+ ——) (CH3)o00 + CHs:
2(CgHg) 500- ——[(CgHs) 20006HS]

At surflclently high oxygen pressures, the rate of
radlcal initiated oxidation of moderately labile hydrocar-

bons 1g generally first order with respect to the hydro-

carbonGo. This observed order is in agreement with rate

exprescions derived from the oxidation chaln scheme given

54

previously” .

58y. A. Miles and D. M. Surgenor, J. Am. Chem. Soc., 68,
205 (1948).

59H. wieland, Ber., 4k, 2550 (1911).

6OL. Batemgn, G. Gee, 4. L. Morris snd W. F. Watson,
Diec. Feradsy Soc., 10, 250 (1950).
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The oxidation of triphenylesllane does not obey the first
order law under the conditions studled (see Figure 2), but
falls off from first order as the reaction progresses; the
deviatlon 1s more emphatic with incressed tempersasture, and
with lncressed concentrztion of the silane. These observa-
tions are consistent with the hypothesis of the formation of
an inhiblitor as the reaction progresses; such a hypothesis
would lead to the conclusion that oxygenated products, such
a8 triphenylesllanol or triphenylsilylhydroperoxide, could
act as traps for the triphenyleilyl raedicsls. Such a sensl-
tivity towarde oxygenated compounds is not a common charsac-

61 hse

terletlc of hydrocarbon free radicals, although Cass
postulated such a reaction to explain the rapld decomposition
of benzoyl peroxlide in ether solvents. Producte isolated

from
CgHzC05: + RH ——3 CgHgCOoH -+ R-
R+ + (CgHgC0,), ——> CgHgCO,R - CgHgCO,-

these reactions support such a postulate. However, carbon

free radicals show no such reactivity towsrds the majority

6ly. E. Caes, J. Am. Chem, £oc., 69, 500 (1947).
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of oxygen containing compounds, and this property seems to

be a cherscteristic one of silicon radicale, as evidenced by
the oxidatlon studiesg and other observations discussed sub-
sequently. The inhibition begins to make 1tself evident at
rather low converselons of triphenyleilane, causing & strong
deviation from a etraight line first order plot at conversions
of lees than 5 per cent. _

The identification of triphenylchlorosilsne as & product
of the reaction between di-tert-butyl peroxlde and triphenyl-
sllene in chlorobenzene shows another contrast between the
behavior of triphenylsilyl radicals and hydrocarbon radicals.
Chlorobenzene is generally inert towards most free radicels,
serving &8 & solvent for redlcal resctione such as oxidetion
and the thermal decomposition of peroxidessu. Phenyl radicals
produced by the decomposition of benzoyl peroxide do, however,
attack chlorobenzene to form isomeric bipheny1362’63. The
abstraction of a chlorine stom from & benzene ring is'never—
theless an unprecedented mode of resctivity for free radicals.
It should be mentioned that Ke;tpoursl+ proposee & chlorine

abstraction in the chain transfer resction of etyrene with

62p. H. Hey, J. Chem. Soc., 1974 (1952).

€3R. L. Dannley, E. G. Gregg R. E. Phelps and C. B.
Coleman, J. Am. Chem. Soc., 76, bhs5 (1954).

64g. L, Kapur, J. Polym. Sei., 11, 399 (1953).
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chlorobenzene. Hie data, however, do not require or supvort
guch a hypothesis.

In an investigation of the chain transfer of styrene
radicals with bromobenzene, Mayoho found that no bromine was
incorporated in the polystyrene; an earlier report by
Breitenbach65 gave slimilar results for chlorobenzene, These

64 chlorine abstraction

observatlions conflict with Kapur's
hypothesis, and led Mayo to propose a mechanlsm for chain
transfer of styrene with benzene, chlorobenzene and bromo-
benzene involving the formation of a radicsl complex with the
sromatlic solvent, and the subsequent reaction of the complex
with a styrene molecule to transfer the resctive center,

The formation of triphenylchlorosilane suggests the
following resction scheme for the triphenylsilane-di-tert-
butyl pesroxide-chlorobenzene system.

130°
(CHB)BCOOC(CHB)B —_— 2(CH3)300-

(CH4) 300+ + (CgHg)381H——— (CH3)3C0H + (CgHsg) 481~

(CgHg)481° + CgHgCl—> (CgHg)481C1 —+ CgHe-

(104 ?5.1. W. Breitenbach, Naturwlesenschaften, 29, 708, 784
1941).
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(1somers)

The observed formation of a mixture of monochloroblphenyls
(ortho and para isomers) lends esupport to such a scheme, and
agrees with the observetions of Hey62 relevant to the reesc-
tion of phenyl radicsls with chlorobenzene.

The removal of the voletile products of the peroxilde
decomposition (acetone and tert-butyl alcohol) as they are
formed increases the yleld of triphenylchlorosilene. This
observation suggeste a competition of the volstile products
with chlorchenzene forlths attentions of the triphenyleilyl
radical. Such =2 competition correlates with the sensitivity
of triphenyleilyl radicsl towards oxygenated products which
wag Invoked to explain the resulte of the oxldation rate
experiments with triphenyleilane.

The sealed tube experiments presented in Table 7 further
elucidate this resction. The first order rate constant for
the decomposition of di-tert-butyl peroxlde at 135° has been
determined in several solvents at values ranging from

-1 66

3.6-5.2 x 10-5 sec If the scheme presented above or

on the previous pege properly represents the rezction, and

66J. A. Reley, F. F. Rugt and ¥W. E. Vaughan, J. Am.
Chem. Scc., 70, 1336 (1948).
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there 18 no chaln reaction induced by the hydrogen atom or
other terminsl species, the rate of formation of triphenyl-
ellane would be expected to follow the rate of decomposition
of the peroxide. ©Since each molecule of peroxide vroduces
two molecules of the peroxy redical, the highest rate of
formatlion of triphenylchlorosileane that can be expected is
simply twlce that of the peroxide decomposition. Any re-
duction in the efficiency of the chlorine abstraction process
by reaction of triphenylsilyl rsdicals with competing sub-
strates would cause the rate of formstion of the triphenyl-
chlorosilane to fall off. In the experiments listed in
Table 7, tubes 1 to 6, containing identical reagent mixtures,
were heated at 135.0o Tor varying lengthe of time. Flcti-
tioue first order rate constents were calculated for each

tube, calculated from the formula given below.

[§06H5)BSiﬁ]0
[(CeHs) 381H] - [(CeHg) 381CT]

ki = %log e

Teble 8 shows the results of these calculatlons.

The accelerating deviation from first order kinetics
again suggests a competition of the oxygen contalning
products for the triphenylsilyl radical. The introduc-

tion of benzophenone in tube 18 reduced the formstion of
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Table 8

Raetee of Formstion of Triphenylchlorosilane

Tube no. Time (sec.) k) x 103 (gec.”1)
1 1800 5.38
2 4740 L.66
3 8050 4.36
b 12300 3.48
5 30500 1.65
6 68400 0.77

triphenylchlorosilane to zero. This obeervation supports
the same contention.

The formation of sacid-releasing masterlial in the sealed
tube reactions in which bromobenzene and fluorobenzene were
used as solvents indlicates the participation of these halo-
benzenes 1in the halogen abstraction reaction. Bromobenzene
appears to be quite active in this respect, forming 25 per
cent of the theoretical quantity of acid-releasing material,
as compared with 40 per cent for the same resction carried

out in chlorobenzene, Fluorobhenzene forms acid to the
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extent of 4 per cent of the theoretical, & small but definite
effect.

Further examination of Table 7 (tubes 6-10) shows that
the yleld of triphenylchlorosilane falls off if the amount
of peroxide is either decressed far below the equivalent
amount of triphenylslilane, or increaged far above it. The
former effect precludes a chain reaction of any efficiency,
and the latter suggests again the competition of the per-
oxlde decompoeition products for the triphenylsilyl redical.

Two examples of attempts at the preparstion of a tri-
phenyleillylhydroperoxide or peroxide are included in the
Experimental section. The isolation of triphenyleilanol in
each case indicates thet triphenylchlorosilane has greater
sensitiviiy to nucleophylic attsck by the hydroxyl ion
present than to the hydroperoxyl ion under the conditions
studied.

The halogen abstraction reactions exhibited by the
triphenyleilyl rsdical are unususl in that they involve the
bresking of the aromatic carbon to halogen bond, and the
formatlion of a phenyl radlcal, a specles with a high energy
level eand little reorganization energy9. The high value of
the silicon-halogen bond energies (135, 90 and 73 kcal/mole
for the bonds involving fluorine, chlorine and bromine

respectively) given by Huggina53 suggest thet the trensition
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states for the hslogen abstraction reactions reflect a con-
glderable sllicon-halogen bond formetion. The silicon
oxygen bond energy, 101 kcal/mole on the same scale suggests
a simllsr explanation for the sensitivity of the triphenyl-
g1lyl radical towarde oxygen containing compounds.

The abeence of hexaphenyldiéilane, the product which
would arise from the dimerlzation of triphenylsilyl radicals,
from all the product mixtures involving reactions of these
redicale points to a high degree of rezctivity for this
specles, and 1t appecrs that the earlier attempts to iso-
late a triphenyleilyl rsdicsal as a steble species at ordi-
nary temperatures were doomed to failure. It should be
pointed out that the detection of hexaphenyldisilane in al-
moet any resction product mixture 1s an easy task, since
this compound 1s highly insoluble in the common organic

solvents,
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SUMMARY

Organosilicon free radicels have been studied by vari-
ous means ats an intermediste in several types of reactlons.

The chain trancfer constants of triphenylsllane and
triethylsilane in the polymerization of styrene were deter-
mined. These silanes were found to have a relatively high
aptitude for chain transfer.

A novel chlorine aebstrection by the triphenylsilyl
radical was discovered in the resction of di-tert-butyl per-
oxide, tripchenylsilane and chlorobenzene. A rate study was
carrled out on thiles reactlion, and the scope extended to in-
clude other hzlobenzenes.

Thz r:71lcsl induced oxidation of triphenylsilane to
triphenylsllanol wae demonstrated, and rate measurements of
the process carrlied out by measuring the rate of oxygen
uptake.

Organosilicon free redicals studied in thesee processes
were found to be highly reactive, and to be especlally sensi-
tive towards electronegative groups. The chain transfer
reactivity of triphenyleilane and triethylsilane, and the
reactivities of the triphenylslilyl radical in the processes
listed above were found to correlate gualitatively with the

energles of the bonds broken and formed in the processes.
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