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An fsotopíc Study of the Fþdrolysis of TrÍ-phenylsilane

Subrnít,t,ed by Carl Br¡mko"

Surmnary.

The hydrolysis of triphenylsilane v¡as camied out und.er conditions

such that the reacüion could be represented by the following equation

off / (c5r*5)rsrH / c5FloNH --+(c6nr)rsioï / r42 / c¡Hrc-

This reaction r^ras investigated w'ith respect to the isotope effects produeed

in the breaking of the silieon-I'rydrogen bond in the triphenylsiÌane a¡ad the

nitrogen-trydrogen bond i¡r the píperidine when the hydrogen in these bonds

was replaced w'ith deuteriurno

The ratio of the rates of hydrolysis (k¡lk¡1) of triphenylsilane-d

and triphenylsilane, ùhat is the ratio of the rates of breaking of the

siLicon-deuteriun bond and the sil-icon-hydrogen bond rrras deterrnined by

conpetitive as wel} as kinetic methods. The results fron both methods were

in excellent agreement, girrÍng values for k¡/k¡1 equal to O,ó8 and 0"ä for

the conpetitive and kfnetie methods respeetively" The ratio of the rates

of breaking of the nitrogen-deuterir¡n bond j-n piperidine-d and the nitrogen-

lrydrogen bond in piperidÍne rras for¡nd to be 0"13 by the competitive method"

The large difference in the two isotope effects obserwed in the

breaking of the silicon-trydrogen and the nitrogen-trydrrcgen bond for this

hydrolysis, l{as taken to supnort a tv¡o step meehanism rather than a

concerted processø
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TNTBODUCTION

?tre hydroþois of trí-substituted silanes has been investigaÈed

klnetically by Fn P. Price and G, E" Du¡rn (2217)" The reaction r'¡as found

ùo proceed according to the follow'ing eqrration,

proton donor
0H-/B3silr-R3siOHy'Hz.

The attack of the hydroryl group caused the displacement of the sllane

?grdrogen triüh the pair of electrons whlch had constltuted the bsnd. this

hydrogen because of its reactivity would exbract a proton from whatever

chemlcal species that r¡ras present when the dieplacement occured" The proton

was usually obtaÍned from the substance that was presenü l¡r excesse

Kinetic evidencs obtai¡ed by Dunn suggested that the nucleophllic

attack v¡as the slower step, that is, the breaking of the silicon-lqrrdrogen

bond wae noü involved in the rate-deteminÍng process. To deterrnine if this

nas the case, the rates of hyd.rolysis of triphenylsilane and triphenylsilane-d

were coryared. The results of the independenü kinettc runs showed that

triphenylsila¡re-d reacùed nearly slx tines faster than íts protirm analog (f¿)"

In view of the fact Èhat this resul-t shorred an abnormal isotope effect

it has been the purpose of the present lnvestigation to repeat ühe work

enplo¡ing coupetitive runs@ ¡'¡rrploylng conpetitive runs eIÍ¡rinated the

possibllity of errors caused by linpurlties eontaninati¡g elther of the si'ranes

used" Tl¡e runs were carried to appro>d.maLeþ 5vÃ conpletion" The gas
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evolved r'ras oNi¿i.zed to water, whi-ch was then purífied and the deuterltm

content detetmined from its density, which was measured by the gradient

densíty tube method (1). The rate ratio was calculated fron the percent

deuterir¡a present 1n the water sample" In conjunctj.on with these,

lndependent kinetíc runs were carried out as a secondar5r check on ühe rate

rêtloo

In addition to ttrls t¡orkn the hydroþsis of triphenylsilane ïras

camÍed out i.¡o a piperidlne-deuterirm oxideÌ solutÍon to d.eterml¡¡e lf this

had any effect on the rate of fomatíon of lqrdrogen.

lfhe deuterltm orclde having a nåss spectronetri.c analysis of ggnT3 atom
percenü deuterirun ¡raE obtai¡ed through the Cmnerçia1 Products Ðlvlgion
of Atonic Þrergr of Canada, ttd.
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Isotopes in Chenical Reaetions'

The enplo¡ment of lsotopes provides a comparatively new approach to

the study of chenlcal. reactions" Isotopes ca¡r be mployed for this purpose

Ín a dual ro1e" I¡r the first place they provide a method of traciag the

route of a chosen aùom Ín gofng frora reactanüs to producüsn An outstandlng

enample of this use is seen 1n the study of the hydroJysis of esterso If

the ester 1s hydroþzed in ar¡ acidic aqueous nedfu¡n v¡hj.ch has been enriched

with the Ísotope É8, tf," d8 * fo¡¡nd to be in the aLcoholie fracùion

(l!ràL)E r¡herees the hydroþsÍs when carried out in an alkaLíne medirm

places the dS in the acid fractíon (4), Ir ùhe second place, isotopes

provide assj.stance. in the lnvestígation of the mecha^nisn by which a reaction

proceeds, It r,¡as with this latter use of isotopes that the present

investigation is concerned"

In general, organíc reactions are complex and do not proceed by any

one sÍmple process to give the products u The reactions usua$r consist of

a serÍes of steps, the sLowest step governing the overall rate of reaction,

Consider the following h¡rpotheticaL reactions Ín w?rich,

A / B=-L.
k_1

k^
C I Ð ---é-ÞE

(a)

and (¡)
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vrhere h. = tir" rate constant for the fotration of G;

k-L * the rate eonsta.nt for the reverse reaction of C to gi-ve Â and Bg

and kZ = the rate constant for the foraation of E frorn C and Ðu

If kl is large compared to k-1 and k2r that is, the formation of the l¡rter-

mediate C is nearþ ccrplete before ar5r anourßt of E is fo¡med, then the

foimatlon of E w:iLL be governed by ühe rate of reaction of C a¡rd Ð, ûr the

other hand if k2 is large compared to k_1 then as the l¡rtermedlate C is

fomed Ít wii-L reaet Íwned:iately with D to give the producÈ E" The overall

rate of reaeÈion in thís case w'iI1 be governed by k1, FÍnalty if Èhe trrro

söeps proceed aù approxirnateþ the sa¡ne raùe then the overall rate of re-

actíon wi.LL be dependent on the rates of both the l¡volved steps.

The transition-state theory of $¡ring (8) provides a theoreùical

basj.s of calculating the rate constant of ùhe ind.ividrral steps of a chenical

reaction" Thís theory posüulates that the reactants on beconr-i-ng activated

by the reaction process pass through an enersr maximr¡m before proceedfng to

fhe products " The energr na¡rinrm is termed the transition state or the

aetlvated complex but cannot be realized as an lndividual chenÍcal species,

The rate of reaction is sínply the nr¡mber of these activated complexes that

pass olrer this enerry barrier per unit ùi-me" Consider a si"nF,le bj¡nolecular

reactíon
¿l

,,1î¡\ F -rJ¡
tt/ B

hrhere [*]# Ís the activated complex ana r# is the equil5.brium eonstant for

the reactants .and the coryIex, The rate e:qpression is
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-_s}J = r" [aJ[aJ
dt

[AI¡]#, showed that the theoretfcal rate erçression was

- e.&l = o# t¿l [r] r.r

(.)

¡cher€ k, = ttr" rate eonstanü for the bÍ-nolecrrlar reacÈion;

[o] = the eoncentration of ùhe reaetant A¡

[t] * the concentratíon of the r"eactant B"

ElrrÍng, usl¡rg a rigorous argwent fnvolvfng the activated ccrylex

(b)
dt

wtrers k a Boltmannls constant; T = temperaùure of the reaction;

h s Planckte constânt; and d * tne equilibrlum constant for the reactants

and the activated cornplex in the equation on page le

By equating the equaÈions (a) an¿ (b) the rate constant for the reaction

can be expressed as

or=#

Ân adùi.ttonal factor, the transn:issíon eoefficient t{ e wtrieh is the fraction

of the activated comçlexes that actuaS-þ deconpose to give the products,

must be added," Further substituting the statistlcal erpresslon for If#, the

cornplex equllibrírm constant, gives the rate constsnt the follor,ring fonn

4.
h



6"

-AuoÆr
kr ËKlf t# .

h f.fb

JT

where f'r = partitlon frurction for the transitíon state;

f" e partition fi¡nctíon for the reactanf A;

f6 . partitlon function for the reactant B;

and A En = the dlfference i¡ the zero pofnt energies between the aeüivated

conplex and the reactantsu This enables rate constants to be caleulated on

a theoretÍcal basis proriding that the parüition fi¡r¡ction for the transitíon

state corrld be eval-uated"

The absolute rate theory of EjÊi¡g provided a starti¡g point for a

Èheoretical calculation of the relative ratío of reactÍon rates of isotopic

forss. firis theoqf of lsotope effects r¿as deveLoped by Bigeleisen (203)

using only the vibrational freo.uencLes of the atom being displaeed" A

rlgorous argument by Ef.ng (9) shor,¡s that onþ these frequencies are 1n-

volvod i¡ ühe reaction rateu

The absolute reactíon rate theory showe the dependence of the rate

constant on the zero polnt enerry d:ifference between the activated conplex

and the reactantsn The enerry of a bond is a fimction of the vibrationaL

frequency, thus

E=(n/å)trv andms

E = energy of the bond; h = PLanck0s constanù; v s vibratlonal frequency;

n e o,uanürm state of the noleeule; k = restoring force and is a constant for

tlÞ

ffi,
where v - 1 lt<

2lf{n
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a given chenical speciesi In 3 reduced mass of the atons involved in the

bond and m, *d rn2 are the nasses of the tv¡o concerned atoms" For zero

point energr conslderation, the lowest qrre,ntrm state is necesserXru for

which ¡r s O" These relations show that lf the reduced rnass 1s lncreased the

vi,bratíonal freqrrency and hence zero poinü energy is decreased' The

pasaage of the reactants to the transítion state causes a general loosening

of bonds at the poinÈ of attack resulting i¡ a decrease i¡t vibrationaL

frequency and zero point €rtergso

The inùroduction of a hearry lsoÈope into a molecuJ.e should cause the

reaction to proceed at a slorn¡er rate if the isotopiealþ substítuted bond

is involved in the rate process, Both isotopic foms would react at equal

rates if the position ís not penbinent to the rate mechanism" The slov¡er

rate of reactlon of the heavier Ísotopf.c fora can best be e:çlained Trlth

the aid of the follorrrlng diagram"

Enerry

R

R

Ðecomposition Chord"
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where n = the nonnal reactant; Rc = the isotopically substituted fotm;

T and Ts = the correspondi.::g transition states¡

E- and S . e the correspondi¡g activation energies of the two fonns¡
eg!

and P = products"

Ttre hearry isoÈopic fonn because of Íts greater ma,ss would have a lor,¡er

vibrational frèquency and hence a lower zero poÍ-nt energy in the ground

staüe " The passage to the tra¡¡sitj.on state w-ilJ. cause a decrease j-n zero

poi-nt energy for both isotopic forms, but beeause the zero po5nt energr of

ùhe heavier forcn is smaller than that for the light thl-s decrease vliI1 be

less for the heavy than for the nonoal fotm, resulting j¡ a smal-ler

difference 1n zero point energies in the activated state than i¡ the ground

state, The actination enerry wÍll be larger for the heavier form and there-

fore it should react at a slorqer rate" the above argr.ment is general when

bond breaking is concerned whlle a reversal of this argr:menü holds hrhen

bond-formaùion is involved in Èhe rate mechanism.

If in the above þpothetical reaction (page 3) ttre compoi:nd B has one

of its bonds broken l¡ the fomnation of the lntermediate C then the use of

isotopes can deterrni¡re which of the two processeg is rate controllfng, this

can be accompllshed by preparing B n'ith one of the atoms in the bond

substituted w'ith a heavier isotope' Tlie rate of reaction of this conpor.md

wi1l be less than that of the conespondf-ng no¡r¿aL form if the overall rate

is governed by the rate constant kr" However the reactiona w"iIL proeeed at

approxirnateþ equal rates Íf the rate is dependent only on the rate constant

kz'
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the nagnltude of the isotope effeet Ïril1 be detemÈned by the

rel¿tive l¡icrease in the redueed ¡nass due to the lntroductÍon of the

isotope (ZuÐ, Consideríng a carbon-carbon bond the introductåon of C4

wiIL lncrease the reduced rrass by approximately S w,hereas the Í¡troducÈion

of deuterir:m j¡¡ a earbon-hydrogen bond produ.ees 8rt j¡crease of 85Ø and

tritir.m produces an even greater lncrease of L6ú" l{aay flvestigatione have

been carrled out using various isotopes l¡ this role, ho¡rever onJ¡r those in

which the isotopes of tgnilrogen rære enrployed wiLL be díscuEsed in the follow-

lng ocamples"

The ki¡etics of the oxidaüion of ísopropyl alcohol t,o acetone as

detemined by ÍtrestheÍmer and Novick (e6) proceeded accorling to the follow-

Jng rate e:cpressJ.on,

d firurlr.o]
-ãi-

, r.fcn cH(oH)cHJ [-r*;] [r{,

The kinetics obsen¡ed, høurever, did not completely elueídete the

nechar¡i$no Ît¡e position of attack r'¡as doubtfirl in that it could oeeur at

åhe secondary hydrogen, the lydroryl tgndrogen, or elsewheren Ttris could

hotrever be a¡rswered by studyJng the rate of oxidetion of 2-deutero propanol

-2 rrrhich was txrdertaken by WestheÍ.mer and Nicolaideg (27)u Acetone was

reduced eatalybicalþ u:ith Ða to the deuùerated isopropyl alcohol

CH3CÐ(0Ð)CH, which r,€s allowed to equllibrato w-íth water to give a 559d

¡rield of CH,DC(0H)CH3. The raùe of oxldatÍon of the deuterated comporrnd

was for¡nd to be L/6 that, of the rate of the normal cornporind. thls con-

clusively proved that the removal of the seeondary hyclrogen atom. was



Lo.

i¡rvolved i¡ the rate controlling prÔc€sse

In the nitraùj.on of the benzene nucleus, kl¡etie data Led GiJlespie,

Hughes and Ingold (LO) ts the conclusion that the re¡noval of trydrogen from

the benzene ring as a proùon was noÈ l¡volved i¡ the rate-detemi¡:¡g stepu

Melander carried. out a serÍes of lsotopic experiments on the nitratíon of

benzene, toluene, bromobenzene a¡rd naphthalene, as raeJ-l as the dinitratlon

of toluene usi.ng tritirm as a tracer to show that Gillespie, Hughes and

Tngo1d were right (eO). Melander íntroduced tritir-mr into the orthoo meta,

and para posítlons of toluene, thue preparing three t¡4pes of trititm-

contafnÍng toluenes. Non¡ral toluene was nitrated i,rith the nltrating agent

consistjrrg of 1:2 ratio of nitrlc and sulphuríc aeids that rvas tritim

. actLve. T¡e anaþsÍs showed that no exchange of tritir.m had occurred duri:rg

the nl,tretion of the nomal toluene.

It was supposed that on nitratioa toluene-4-! would lose alL of its

tritírm, toluene-3-t t¡ould lose none, wh5Je toluene-2-! would lose the

anormt correspondlng to the relative velocity of nitration of the two orbho

posÍtions having tritir¡n and tryrdrogenn T}re dj¡rltration of toluene proceeds

to give 2r4, dinitrotoluene, The products were combusted to r*ater whieh on

arralysls showed thaü the toluene-lr.-! had 2.21t LîiLiun, toluene-3-! shoüred

99,ús wtrile two trials of toluene-2-t showed 51.9 and t+9"1ß" This l¡-

dícated that triti¡m and. lrydrogen were d:isplaced from the ortho position of

toluene at equal rates ar¡d therefore the breaking of the carbon-tqdrogen

bond r¡as noü i¡nvolved Ín the rate detensÉnlng stepu

Tt¡:is work was repeated by l¿uer and Nola.nd (1S) using deuterated

benzene for the nitration, The results of ühis investigaüion eonfi::ned

Melanderrs findlngs.
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As a flnal example, Hughes, hgold and co-workers (6) tra¿ proposed

that the blmolecular e]:ímination reaction (82) proceeds by a rate*detennin-

ing atüack of the base on a B -sltuated hyd.rogen vrhiJ.e the eleeùronegative

group X separaöes sinuLtaneousþ w:ith íts bonding electrons"

I Hc%-%-x.+'s¡/ / cnrs cnz/f

Klnetic evidenee obtained on this type of reaction was easiþ øçlaJned by

the proposed mechanisn.

An lsotopíc stud¡r of thÍs reaction was undertaken by V, J" Shlner

(a3) usíng 4 e¡rd 6 -deuterium substituted isopropyl bronride, According to

this nechanÍm the B -substituted form should react at a slower rate whereas

the cú-substituted form shouLd react at essentialþ the same rate as the

normal form"

fhe f3-substituted fonn was prepåred by exchanging acetone r'riùh

several deuùerir:ra oxide sernF,les¡ follo¡¡ed by reduction of the acetone{ to

isopropyl alcoholn The alcohol waE then converted to the bro¡nÍde" The

4-fom !ùas prepared by reductlon of acetone with liÈhirm a}ntnr¡n

deuÈerideo The overall reaction ruas followed by titrating the Br- lon as it
lras fotsed and the ell¡nination reacùion uas determi¡¡ed from the flnal
enaþsis o The results shor^red that 1n the p -substiüuted ease the protinrn

coupound eli-ninaüed 6.7 ti.mes faster than Èhe deutero-comporrnd while the

4-fo¡nn reacted at essentialþ the same raten ThÍs ¡,ras in complete accorrl

w:ith the proposed mechanism of lfughesu rrngold ar¡d co-r¡orkers"

ï:
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HÏ.drolJsis of Stlar¡es.

Ttre hydroþsis of t'rialþ}silanes was first studied kinetically by

Price (ZZ)" l?ris investigation was carrÍed out to detennine the effect of

aIþI substituents on the alkaline cleavage of the silicoar-h¡nitrogen bond.

The cleavage Ì{as accomplished rrith potassiurn hyd.roxide fa aqueous alcohol

and cor¡Ld proceed by the following stolchionetríc eqr¡atLons

otr / %slH 
y' BroH --+'Brsioï # ona- ¡ n" (a)

or B3SiH / On'----p%SlO- / rût

where B and 88 are alJgl groupse

Accorråfng to equation (a) one of the products worr.ld. be hydrogen gas v¡hereae

by equetlon (U) the hydrocarbon of the corresponding alcohol used j¡ the

tg¡droþzÍng solution would be producedu

The actual product obtaíned ln the gaseous state v¡as dete¡ni¡ed by

carrl¡ing out a series of trydrol¡rses errploying various reagents and analyzing

the evolved gas, rn arL cases the gas was shcft,,n to be at least !g/ trydrogen

indtcating the reactS.on proceeds accor¡ding to eqrration (a),

îhe hydroþsls of dieùtryJ-netþ¡J.silane was chosen for a study of the

klnetics' To ínsure a smooth evoluüion of gas iù r^¡as for¡nd necessary to
shake the reaction vessel. The resrrlts of these þdroþses Í¡rdicated thaü

the reaction was first order l.rlth respect to the síla.ne and the kgrdrolryI ion"
The reaction Y¡'as shown to be dependent on the water eoneentration if water

Ìqtas present fn the reaction solution, ff the reaction ruas carrÍed out

tmder anþdrous condi-tions the reactÍon süÍll proceeded; however ln this

(b)
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ca,se the proton Ì'¡as obtai¡red from the elcohol used a.s solvent medlum" This

krs.s explained by the fol-lowing forn of the rate constar¡t

k = a /b(tt2o)

r,shere k = the rate constant; a = the constent for the reactants present fn

antgrdrous reaeÈions; and b = the constanÈ for the r¡¡a,ter d_ependence of the re-

action.

The þdroþsie fol-Lowed pseudo-first order kÍnetics to approximately

80Ø conpleùion v¡hen all the rea.ctants but sllane were present {n €xGêssa

The va.rie.ti-on of the substituent groups sho¡¡ed that as the síze and corrplexity

increased, the rate consüanü decreased.u ThÍs behavior was in accordance with

the results obtained in nueleophillc displacement reactfons 1n ca.rbon

chemÍstr5r"

A kinetic S.investigation of the mechani sm of tríarylsilane hydrolysis

was carrÍed out by G. E, Dunn (f), It r,¡as for¡nd tha,t using pricets method,

the hyd:oþsis with aqueous alkaline aleohol proeeeded too rapièLy for a

kfnetic study but the reaction did proceed at a convenient rate when the

weaker base piperÍdine r,rias employeA (f6), TLre rea.cùion ura.s for¡nd to be

pseudo-fírst order 1n silane to approxfureteþ 8@ conrpletion r.¡hen v¡ater was

present jn a tl¡enty-fold excess and piperidine r"¡as enployed as the solvent,

The effect of varying the water concentration in the rea,ction ned.fi¡m

showed that the lrydrolysis l¡,as half order i¡ we.ter up to concentrations of
2 molar. The order in water then began to Í:rerease with higher concentrations

of water" The half order i-n water eoneentration was e4plained by the follow-
íng relations. Friee had prevÍously shoun tha.t the reactíon ruas first order
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in both silane and the tgnCrorçy1 ion, Therefore the disappearance of sll-ane

can be ocpressed as

¡ [su-l - r. [sril[o¡rj
dt

where SH represents sílane.

The hydroþzlng solution equilfbrated accordÍng to the following equation

Kr
PH / H}O:PH2f I' OH-

u¡here PH represents piperidfne,

and then K = [rrrf [*1

sl¡ceþt {. fo*Jtne eouilibrírsn ea.n be rewritten a.s

and therefore

[or] = rå [rn]å Þro]å

SubstitutÍng tltls value of the hydro:ç¡l ion jn the rete e:<pression

-gIEf * kKÈ [sr][rn1å[rro]å
df

This accounted for the observed half order in water but not the inereasing
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order in water concentrations hÍgher than 2 molar, To aceount for this

effect the foJ-lowing argumenÈ rras put forward, T?re production of þdrogen

gas as one of the products indlcated tbat +¡hen the slLane hydrogen u¡ith its
pair of electrons 1s displaced it picks up a proton from one of the re-

actants " At Low water concentra.tions the proton evidentþ ca¡r¿e from the

piperidine which was far in excess of the water concentration, thus

0H- / sl{ / PI{'+soH / Hz I P-

the rate exlgression then became

-q,,[snl = kIé tt*]ttro] È ¡r*\ttz
dt

A proton should be more easlþ obtained fron the water and as the ¡¡ater

coReentratíon increases thls apparentJry happened, thus increasing the order

in water,

oH- / sH / H20 _+soH / rr2 / 0H-

The rate e>çression then becane

dt

The three-halves order ln water t¡as not realized beceuse at h:igher roater

concentrations èhe reaction solution did not remaln homogeneous, separaÈfng

i¡to tr,¡o distinct layers"

Ïn order to confirna this ínterpretatlon an attmpt was nrade to find
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the order of all the reactants ín a single medirm. Methyl cellosolve l,ras

chosen as the solvent for th:is experiment, The resr¡-lts of this portion of

the ruork showed that the reaction was half order in píperidine, but zero

order i¡r water at lorq røater concentrations" The zero order i¡ water at low

concentrations ¡ras taken to sho¡¡ that methyl cellosolve replaced r,¡ater fn

the prelÍrininary equilibrir¡n with piperidine

CH3ocl{zcH2oll / PH 

-CH30gt{2cl{20- 

/ PHzl

If thís were tnre then the attacking species would be the 2-+oethoryetho:gr

ion Ínstead of the hydro>qrl íon, ThÍs was verified by carrXning out a larger

seale hydroþsÍs using .Ú' waber sol-utlono A, 7& ¡nie1d of trlpherlyS--

( 2.aetho>gretho:ry) -silane rsas obtai¡red,

AlL the evidence thus far obùained indicated that the reaction s¡as

exüremely selective w'ith respect to the nucleophille reagents present 1n the

reacting soluti-on" For enaryle, urhen the tryiirolysis was carried out r,rittï

weÈ pÍperíd:ine, the attacki-ng speeÍes r,¡as the trydro>qy1 ion even though the

nucleophiJ-ic reagents, piperldire, and roater were also present" Tt¡e

selection apparently tends tor*ard the most nucleophíIic reagent present.

This lttas further substantiated when the reactÍon was carried ouù in naettryl

cellosolve, here the aütacking specÍes was for¡nd to be the Z=¡aethoryethory

lon which 1s a stronger nucleophllic reagent than the trydro4¡l Íon, On the

other hand there appeared to be 1ítt1e or no selectivity for the proton

donor ín the fonnati.on of }gndrogen. ?he proton apparently is obtained from

the reagent present in srcesso
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This evidence suggested that the attack of the nucleoph5J-ic reagent

was the slow step. That is, the ùisplacement of the trydrogen was not j-n-

volved. in the rate controlling processo For a veriflcation of this,

ürlphenylsiLane-d !ùas prepared and its rate of hydrolysis checked agafnst

that of the nomal silane. The ratio of the Índependent rates of tgrdroJysis

shov¡ed that the tniphenylsiLane-d reacted almost six ti¡res faster than its
protir:n analog (fe).

ThÍs shoued that contrary to the above suggestion, the breaking of

the sflicon-h¡rdrogen bond is parü of the rate controlling processo E[owever,

the sign of the isotope effect fs opposite to that opeeted on the basis of

the prev:ious discussj.on, This ¡'¡as interpreted in the folLorrlng nâr¡nerâ It
is eoneej.vable that some reacti.ons vstrich i¡rvolve breakíng bonds to atons of

different nasses wiIL not show argr considerable isotope effeeü because of a

fortuitous slmilarity of zero-point energies of the transj.tion and restlng

states of the reactants'

I¡lhíIe the lack of a detailed larowledge of the confj-guraüion of the

transition state for the hydrolysis of triphenylsilane does not permit a

cøpIete'interpretatlon of the obsenred results, it seems likeþ ühat the

abnomal effect should be attributed in large part to the facÈ that the re-

action effectÍvely involves the displacement of a llydride ion. Because of

the rather lors electron affinity of lrydrogen atoms þ? t""t" p"r u,ofe (t3!
such a displacement v¡ould not be e4pected to occur at ozdi¡ary t ernFreratures

unless ùhe krydrogen is contlnuousþ bound to some other atom or atoms

throughout the course of the reaction" this means that if the oId bond has



19.

been largely destroyed i:a the transítion state, the nem¡ bond (frydrogen-

hydrogen) must have already attained consíderable strength" The transition

state for the hydrolysis v¡ould then be represented as is shol,m ín the ovêr-

all equaÈion

t \i l-
oH- / n3silr+lHo--1í--H--H--Nc5Hro 

| 

*t, / gsion / c5Hrd-.

L B -J

SÍnce the bydrogen-tgrdrogen bond has a rather large stretching force

constant B,r, x 105 dynes per crno (14)] the restoring force for vibra.tional

displacernent of the kqrdrogen atom may wel*l be larger in the transítion state

than in the siLa¡re. Reversal of the argr.ment outlÍned above for the nomal

isotope effect would then accor¡nÈ for the abnonnal effect obsernred in this

reaction"

Several reactions in ¡¡hich þdrogen gas r,rras formed by the displaee-

ment of the supposed hydride ion were investigated by K" E. Ï.Iilzba.ch and

L" Kaplan (25) " In these t¡ydrolyses tritirm r*as enployed in place of

deuterir¡n to enhance an¡r isotope effect. Prieers alkaline alcoholic

trydroþsis of tripropylsilane was repeated and Íù wp,s fowrd that the relative

ratio of hydroþsis (ratio of k/k¡¡) ruas O"?. The results of the hydroþsis

of lith-itm altmlnun hydrlde and Lith:irm borohydride were i¡consistent faLL-

ing in the range of 1o2 to 0"8 (29, 3O),

lhe hydrolysis of triphenylsilane uas carried ouü using a piperidÍne-

r¡¡ater solution in v¡hich the water Ï¡as one molaru The runs were camied to

l+M corWletion enploying competitive tgndr"oþsís, Durj¡rg the reaction
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portions of the evolved gas ltrere isoLated b¡' s66lìng the reaction apparatus

to -80oC. Tritir¡n analyses hrere carrÍed out on these gas vohmes using an

ion chanber and a vibrating reed electrometer, The ratio of kr/kn was for:nd

to be O"79, This value was in good agreement v¡ith the theoretícal value of

0,8 ïrhich was calculated by Blgeleisenrs method considering onþ the stretch-

i.ng frequencies of the silicon-hydrogen and the hydrogen-lqrdrogen bonds

(21309)" The theoreti-cal ratio of ko/k, was calculated to be 0"9 v¡hen

deuterium is used 5n place of tritir¡n in this lgrdroþsis"

these results were clearly incompatible with those of Gil¡an, Ðurut

and Harnmond who found that triphenylsilane-d, reacted nearly slx times faster

than triphenylsi-1ane (fe), hence it was part of the present investigation to

clear up the discrepancy.
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Accord.ing to the kinetic evj.d-ence obtaj¡ed by Dunn (pase 1J), ttre

hydroþsio of trS.phenylsilane 1n moist píperidine proceeds according to the

equation belown provided the uater concentraüíon is not mueh grea.ter thalr 2

molar

oH' / R3SÍH / C¡Hrdffi +R3sj:OH / r'2 
'r 

C5H1ON-

From this equation i.t cen be seen that ts¡o bonds e.re broken l¡ the fo¡mation

of hydrogen gaso These are the sillcon-@rogen bond 1n triphenylsílane and

the nitrogen-tgrdrogen bond in the piperldÍne, It was the purpose of the

present research to j.¡nvestÍgate the isotope effect produeed by substituting

deuterÍr¡n for the hydrogen Ín each of these bondsn

Tt¡e reLatíve r"a.tes of silÍcon-l¡ndrogen a::d sil-icon-deuterir¡n bond

breakfng were lneasured by allowing trÍphenylsÍlane and trlphenylsilane-d to

eompete for protons in plperidine contaÍnj¡g about 2 molefi-. of nrater, then

d.etennining the fraction of deuterÍrm j¡r the gas produced. in an incomplete

hydroþsis. lhe relative rates of nítrogen-h¡rdrogen and nitrogen-deuteriun

bond breakÍng rrrere measured fui a sirnìlar r'lay by analyzing the hydrogen

produced when tripherqylsllane ís hydrolyzed i¡ an excess of piperidine and

piperÍdine-d"

The ratío of the rates of breaking of the silicon-hydrogen and sillcon-

deuterirm bonds was also det'ernrined by a comparison of the rate consta¡lts

obtafned fron independent pseudo-first orrler ki¡letic þdrolysis of triphenyl-

silane and triphenylsilane-d. This served as a check on the rate ratio

obtained from the comesponùing couapetitive hgrrdrolysÍs 
"
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.AlL these eryeri.mental procedures rnriJl be described under three rcain

headÍngs, which are;

(1). Materials

(2) " Kinetic Rrrns

(3) " Cor$'etÍtive Runs'

¡¿aterlals.

Ârrhydrous Eüher" I?iphenylchlorosilane is readÍly þdrolyzed by

water; therefore, the ether used as refhxing mediun t¡ the preper-

ation of trS.phenylsÍJ-ane had to be thoroughJy dried" The ether was

drLed over sodlun wire, distllled, ild allowed to stand over caleitm

þdride r¡rtjJ. requiredn

Mercutyu The silane hydrolyses were carried out in a gas buret

over merculT¡o MercurXr was also enployed Ín the transfer ar¡d dilution
burets Ín whi.ch the þdrogen Ì¡as contained, This choi.ce rested on

the low solubility of hydrogen gas in mercurxr, The mercurx¡ vras

purified by two fíltratlons into diLute nitric a.cido These Ìúere

followed by several washings wÍth distiued water and finally a

vaculm dístlLlation" after each nrn the mercury Ì¡as r.efiltered,

washed and dried.

PlperÍd$re. &rp]-oyed as the weak base in silane þdroþsis, the

piperíùine q¡as purified by distíllation throrrgh a fifteen-pLate

fractLonatfng co}mno fiie fraction boüíng at 106oc, (?40 umi.) nras

collected.

Toluene. Toruene ¡uas used as the solvent for the siLanes in the

hydroþses, as ¡'¡el-L ae in the therrostat tenperature regulatoro

Purificaùfon eonsisted of four stirrings with eoncentrated. sulphuric

acid to remove imFurities in the fonn of srrlphur-containing compounds,



22"

The toluene l¡ras then qashed v¡ith sodÍr¡m carbonate, folLor,red by

several washings vrlth distÍ'l1ed rra.ter. IÈ was drled over anÌ¡ndrous

sodirm sulphate and di-stil-Led through a fifteen-plate eo}mn" The

fraction boiling at 1LO"5oC" (740 n¡n") was collected,

Bromobenzene. IJsed in the gra.dient density tube, the bronobenzene

i¡¡as distì 1l ed through the same fractionatJng colrrnn, collecting the

fraction boiling aþ ];55oc, (?40 m.)"
Kerosene. Kerosene was the second coraponent i¡ the gradient density

tube solutions" ComnercÍa1 kerosene fu 500 rn1" portions t'¡a.s stirued

r^rith concentrated sulphuric aeíd to remove olefins and sulphur

compounds. Each portion r,rras subJeeted to four such treatments. It
rnlas ühen washed trith sodium carbonate, foJ-lowed by several r^rashings

wiüh distilled ro¡ater, It was dried over anþdrous sod:iurn srrlphate and

fjr¡ally distilled, TLre fraction boÍJ-ing j¡ the range of L9O-2ZA'C.

(74o rnn.) *" colleeted and for¡nd to have a specific gravJ-ty of 0.?88

as measured by a þdroneter at room temperature. To check for freedom

from unsaturates the kerosene l¡as tested w'ith bromine r,rrater and

potassirm perrcanganate " After several hours standing there .h¡as no

notlceable decolorizatÍon of either of the reagents used,

Preparation of the Ketcqene-bromobenzene solutÍons. The kerosene

and bromobenzene were r¡ixed to give two solutions having densitÍes of

0'99 and L"02 as measured þ a hydrometer at room temperature.

Preparation of standard lfater-Deuterirm Oxide sorutíons" These

solutions rrære emFloyed as standards for deter"rnining the deuterirn

content of the unl,slorìr¡i sarples, The range of the density tube r"¡as

from 0 to lØ deuteri.rm oxi-de so that the standards lrere prepared to
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cover this range al 4 interr¡a1so Serum vials w:lth self-sealing

rubber stoppers were used as containers, The vi.als were thoroughþ

cleaned trith sulphiuic aeÍd-dÍchronate eleaning solutíoa and rinsed

with amronlum hydroxide followed by distflled water. Ttrey were then

dried. in an oven at LLOoC" and stored i¡ a desíccator"

The standards were prepared on a neíght porcent basi-s usÍng

¡rater and. deuterirm oxide to give a total weight of 5 gn, The r,rater

was pr:rified by an alkaï¡e-pennanganate distillation followed by

three other distíIlations from an all $rex glass sti.lf." The deuterirrr

oxide had a Fass-speetromeùric anaþs5.s of 99p73 atom-percent deuterír¡n

therefore, the weÍght of deuterir.m oxide used was adJusted accord:ingly,

The deuterit¡n orcide and the water were i¡troduced with a hypoderraic

needle and syringe ùirectly into the sealed sen:m vials through the

stopperso îhe weighings r'rere carrÍed out on an analybical balance"

The solutions prepared are IÍsted i¡ the following table"

TABÏ.8 T

Standard I'later-ÐeuterÍl¡m ûride So1uüions 
"

Standard
No.

Ì{eight percent
Deo

1
2
3
I+

5
6

0"000
a,gg5
3"899
5,98h
7 "979
9.975
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Prepætion of lbipheqvLsilane, The triphenylsj-lane T,ìras prepared

by the reduction of the corresponding chlorosílane usÍng lithÍum

alumj¡nun hydride as reduci¡rg agent (11). Ttre reductíon proceeded

accordilg to the follolring equation

hß5u)rsrÉ / ria:.n¿.-*'l (c5itr)rsru / ttct / ALIL3.

Triphenylehlorosilanee Luh g" (.015 nole) and llthirmr alrrninr¡rr

lrydrlde, O,57 #, ("015 note) were placed in 150 ml. of ether i.n a

rouad-botton f1ask" This suspension was ref}¡red for six hours under

a dqf at'mospherer after which the excess lithiurn alr¡¡nlnr¡n hydride was

hydrolyzed $råth r'¡ater-saturated ether. When the vioÌent reactåon had

subsided this was further treated ¡cith dilute hydroehloric acid, The

ether layer was separated and dried r^rith anþdrous sodÍr¡n sulphateu

The ether was distilled, leaving a pale yellow oAL conÈai¡red in
a 5o nl. distilling fIask. The flask was filled with glass wool to

prevent brmping, and the el[ distl.t]ed r:nder the redueed pressure of
a water pwrp (9 cm"). l?re fraction boíling Ín the range of ZOh-6oC.

was collected, which solidified on cooling to room teryerature. Re-

c4¡starlízation fron peùroleum ether (uotling range 6o-g0oc.) Snietoea

a small amount of erystalline materÍaI. Melting point deter.mlnation

(m"p" ïr4oc.) showed the *lltered crystals to be trlpherqrlsÍlanor"

No pure trlphenylsilane was obtained beeause of this co-distillation
of trÍphenylsilanoL" Ttre oily material ¡¡as then redÍstJtls¿ r¡nd.er

Lower pressure (e mrn") to reduce co-dístjl'tation and the fraction

boilfng i¡ the range of L65-]:68oC" was collected" After several re-
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crystalliza.tions fron petroleun ether this naterial yieJ.ded 2"4. gnn"e

of triphenylsilane (m.p. 4r*o0, r:¡tcorrected).

SÍnce the supply of I1th-ir:n a}¡minr-m deuterÍde2 t*u I5-urited,

several preparations of triphenylsÍl-ane were carried out to find

optÍmrmr conditions" I:n these runse however, onþ the reflux period

¡ras altered, as Ít has been previously shown that a 3:I nole ratio

of trÍphenylchlorosílane to líthírm a}un-inun trydride gave rnadmum

¡rle1d (?)" Ttre results can best be sr¡mmnarÍzed in the following tabLen

TABI,E TI

Effect of the Ref1ix Period. on the Tields of Triphenylsilane

Preparation
ItÏr¡mber

ldeÍght of Triphenyl-
ehlorosilane used

(en. )

Reflurc
PerÍod
(r¡r. )

Percent
liel-d

2

3

4

5

6a

13"2

lþ.4

4"1+

l+'4

l+.1+

hß

24

J2

6

6

6l+

66

6h

6o

60

t¡-I¡r this preparatÍon the ltthirm altwinun þdride and the ether were ref}:xed
for six hours before the tripherqrlehJ-orosilane ¡ras added.

Ttrís table indfcated that dov¡n to the 12 hour refluc period no

appreeiable decrease i¡r yield was obsenred" However the sÍx ho¡r

preparatíons d:id show a decided decrease, so that the 12 hour period,

was selected for preparation of tripherrylsílane-{.

Ztt" lithÍrur ahminr¡n deuteríde, having a reported deuterÍr¡n content of 96
atom percentr was obtained as a gift fron Dr" E" Iù" R. SteacLe of the
Natlonal Research CouncÍ].,
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Freparatfon of rriphenyrsilane-d" Tbiphenylchlorosílane, ro"4 gn"

{"a36 nole) and Lithir¡m alrminun deuteride 2 o,5 g* (.01e nole) være

placed in 200 mJ." of ether and the resuJ.tÍng suspensfon was refluxed

for L2 hor:rs. The exeess lithirnr alrmi¡rm d.euteri.de was þdroþzed.

tn¡ith tøter-saturated ether followed by dÍIute hydroehlorie acidu Ttre

ether ¡¡as distilled off and the oiþ resi¿us dist,ìlled under re¿uce¿

pressure (1 m'). The fraction bo5rÍng in the range of r62-L65oc"

was collected" Recrystallization from petrolerm ether yielded. t+"j #"
of triphenylsilane{ (n.p. hlnoc" uncorrected)" Mixed nelting poÍnt

deterurl¡ation l¡ith triphenylsilane shor*ed no depression"

The tripherqrlsilane-d ¡ras anaþzed for d.euterir.m by a complete

hydroþsÍs of a sa?qFle whi.eh proceeded accordÍng to the forlor^¡ino

equation

oH' / (c5nr)rsro 
c5HroY- 

(c6n5)rsi oH / tTD / c¡hd-

The gas obtained from the hydrolysis was oxidized to ¡oater and the

percenÈ deuterirm oxide deterrni¡ed from the density of the ro¡ater

sam¡rle. The procedure followed. in this anaþsis wjfl be descrÍbed fn
later sections,

.Analysis,

Ideight of water sample
Percent deuterÍum oxide
lfeight, of deuÈerirn oxide in scnple
Moles of deuterir¡n as HD

.o0665:- x 2 E¡

20
Volume of gas obtained from the hydrolysis
Tl¡eoretical moles of HÐ from this.volune

].:}"LQ x 739"4 x 273 
=22'liJ+x76Ox296

Atom percent deuterír¡n j¡ tripherrylsiLane_d
"oo9665]-x1ûo:-
"ooo725I

O.l+3b7 g"
L"530
0"0O6651 gn,

o"0006ó5l

18,1O vn'l 
"

a"æo725L

91.8
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KÍnetic Rung.

$pparatue and Procedure, The apparatus used in the kÍneti-c runs

Ir{as amanged as shovn: in FÍ9, 1. The reactÍons were carried out i-n

a 100 n1" gas buret over rnercutrro The br:ret was enclosed Ín a rnlater

Jacket through which water from a thezrnostat was cÍrculated. The

themostat was ¡naíntai¡ed, aL 25"OOO / ,OO6oC, by means of a toluene-

mercurïr fÍnger regulator. To one end of the buretts three-r,,ay stop-

cock, a separatory fimnel rras attached for the pw?ose of åntroduc-

l¡g the reactants into the gas buret. The other end uas left open,

l¡ order that a second buret could be attached for the transfer of

þdrogen gas after the reaction had been eorFleted,

rt has been shor'un by Price that in order to obtain a mooth

evorution of irydrogen the reactíon vessel had to be shaken, A

stirrÍng motor fitted rrrlth an off-centered weight r¿as attached to

the ring stand holding the reaction buret, for thls purposeo The

uibration produced by rrgrring the motor at mod.erate speed provided

ùhe necessary agitation" The voltage, and hence the anornrt of
agítatlon, was controlled by neans of a vari-ac" The majority of the

runs were carried out r,¡ith thís Varf-ac set aL j5 volts,
All kinetic rr¡ns vtere carried out by the satne procedure, rvhieh

was as follorr¡s. The water cirerrlating system r,¡as started. a half hour

previous to the commencement of the n:n, in order to bring the buret

to the te.mpera'r"ure of the ther:nostat, The samF1e of tríphergrlsilane

{.oo]:gz nole) r.ras weighed out and introduced into the separatory

ftmnel where it tras dissolved in IO ml " of toLuene ("0937 nole) fron
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A-

B-
c*

Separatory funnel for introductlon
of react¡.nt solutions,

Reaction buret.

l-íercury resen¡oir,

Fig" 1* tsrdrolysis ,A,pparatus"
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a plpet" Into the resulting solution were plpetted 20 mJ." of the

hydrolyzing solution, consistfurg of piperidiae (.2O3 mole) and u¡ater

(,O551nole) or deuteríum oxide ("O552 roole). These tv¡o solutions

were thoroughry uuixed and the stopeock turned so that the separatozSr

frl¡rne1 was connected to the buret. The mercury level was lowered and

the reactant solution d.rar,¡n into the buret. Ttre mercurSr level rcas

now raised to exclude ar¡y air that was left in the buretn the stopcock

closed and the sfop-vratch started" DurÍng the first feur mlnutes the

evolution of gas was et(bremeþ slow, resulting in a negligible loss

of t¡ydrogen durÍng the introduction of the reactants into the buret,

The reactÍon was foJ-lowed by recording the vo}¡ne of hydrogen

evolved during inte:nrals of five ni-nutes, The gas i¡ the buret roas

nai¡tained at atmospheric pressur€ by depressing the mercurxr

reser¡roir as the reaction proceeded, The mercutTr Level of both the

resertroÍr and buret, Sncluùing a correction for the weight of the

reactant solution i¡ the gas buret, lúå,s accurateþ naÍntaÍned by

means of a vertical cathetometeru The reaction v¡as followed to

approximately 5VÃ eompletÍon. lbe hydrolysee ürere aL[ ca*ied out

under cond.ltions ¡rielding pseudo-first order kÌnetícs, the rate

constants for the various runs were calculated from the slope of the

li¡e obtaÍned by plottÍng 1og (a-x) versus the tlme i¡ seeond.s" rn

the logaritlrn e>qpression, a = calculated vo}me of gas thet wouLd be

obtained from the complete trydroþsis, and x = volume of gas obtaj_ned

at tjme t. the vorr¡ne of gas evolved ¡¡"as first eoruected for the

presence of solvent vaporsn This correction was obtained by passing
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the total gas produced at the end of a reaction throìrgh a Dry Ïce

trap three times and measuríng the decrease Ín r¡olurne" The mea¡1

decr.ease for six runs was for¡nd ùo be 8,3%" the vo}.¡me of gas

colleeted at each tfme, t, during aLL the runs was corrected by this

factor, assumÍng that the solvent vapors and hydrogen were present

i¡ a constanù rratlo"

TABI,E ÏII

Volume Decrease Due To Solvent Vapors

Run Nou hlet Voltme
(n.1. )

ÐrÍed Vo}me
(r¿")

Difference Percent
(mr,) Decrease

10
11
12
t6
L8
r.9

37,7
47"4
h3.7
L3.2
27"I
23,9

35"3
43ç9
40"1
11.6
2l+.7
22,1+

2,h
3"5
3.6
r.6
2"1+

r"5

6.5
7.4
9.3

]..2.2
g.g
6"3

Mean percent decrease -E;3-
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Prelimina¡:y' Ermeri.mentse The poínts representing approximateþ

the first six percenÈ of the reaction at 25oC" did noù fit the pseudo-

first order plot3, as can be seen j-n figure s 2, 3e and 4, Attenpts

were therefore nade to dete¿æine the cause of this initial lag which

could possibly be due to¡ (a) lnefficient rni:nì.ng, (b) absorption of

the evolved gas in the reactlon solution, and (c) the presence of the

solvent vapors in the gas phase"

Itrat the lag was not due to Ínefficient mirïng was proved by

the following procedures. The two reactant solutions.?r€re introduced

i¡to the reaction bureù v¡ithout any stirrÍng r+hatever and the reaction

was followed kÍneticalþ" The reactants were nexb j.ntroduced jnto the

separator¡r funnel and stirred thoroughþ before being dra¡m into the

reactlon buret" FlnaLLy the sllane solutÍon, píperidine, and the

water l¡ere Lntroduced separateþ into the buret. I¡n all these runs

the j¡itiar lag remained, and r,,¡as of approxima.tely the eme nagnitude,

Further evidence r¿as obtai¡red by earzSnÍng out the lqrdroJyses

under fixed condiÈions but alùerÍng onþ the anor¡nt of agitation of

the reaction buret' Ttris ï¡as acconplished by al-terÍng the voJ.tage

through the stirring motor by means of the vari-ac. Reaetions ¡rere

carried out ¡rith the vari-ae set at 35t l+5, and !o volts, r¡rtrich had.

no effect on the nagnítude of ùhe lag although increasing voltage

did l¡crease the rate constant" flris effect can be iLlusùrated with

the rate constants listed j¡ labIe IV, page 33¡ lutrere runs 1, 2, and

3¡ urrrt"r behavior ¡{as obserrred. by Dunn (7) althoush of lesser
magnitude.
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3 were earuied out at 35 voLts while run 4 r¿as aÈ 45 volts and runs

5 and 6 lrith the Vari-ac set at 50 volts, Because of this

dependenee of the rate on the amount of agitation subsequent n¡ns

ruere all caruied. out at the same Vari-ae setting (l! volt,s),

If ùhe iniüial lag was due to the absorption of þdrogen ín

the reaction solution then ùhe final vo}:me of gas obtained fron a

conpleted hydroþsÍs should be considerabþ less than the theoretíca1

vof.tm.e. The conpleted runs however showed in all cases fron 97 to

I0Ø of the theoretical vo}Íne. Further, if the reaction was

caruied ouù at various terperatures the lag should exhibit a

temperature dependêflcso The solubility of krydrogen would be greater

and consequentþ the lag nore pronounced at the lower temperatureo

Therefore runs lrere carrÍed. out at 0o and. lOoC. The lag represented.

6% of the reaetion at 25o1t L"l+% of the reactíon at 10oC; and L,4 at

0oC. ft is seen that ühis variation is i¡ the Ï¡rong direction to be

accounted for by þdrogen solubilíty"

The lag could be satisfactoriJy accor¡nted for as due to Èhe

presence of solvent vapors Ín the gas" Tne evolution of tgdrogen

durÍng the í¡itial portíon of Ì;he reactÍon, although proceeding

accordi-ng to fÍrst order kinetics, nÍght be too fast to per:nit

saturation with the solvent vapors. TLle concentration of solvent

vapors would thus increase steadiþ as the hydrogen evolution slowed

dovnr until equilibrÍum conditions were attained, Since a constant

pereent correctÍon for solvent vapors is applied (see p" 30) to each

reading, pseudo-fi-rst ord,er lcinetics would not be obsenred r¡ntil ühe
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equilibrÍr¡m is attaj¡ed. This interpretation is i¡ agreement with

the results of the runs carried out at 0o and l0o0" The solvent

vapor pressure would be smal-ler and hence the equilÍbrír¡n would be

attai:red sooner at the lower tønperaturesø

Si¡ce this lag ¡aas constant ar¡d unavoidable, the points

plotted during the fi-rst sÍx percent of subsequent nrns were not

included Ín calculating slopes and rate constants"

TABT,E IV

Rate Constants for the PreU¡rinary KinetÍc hlns,

Rur
No'

Reactants
(Toluene used as Solvent)

Rate Consùant
x ro4 sec-I

I
2

3

ù,4

5e

tâ.o

7

I

R,SiH j¡r Solution l-

SiI{ in Solution I
SiH irl Solution 1

SiH 1n Solutíon I

SíH in Solution 1

SiH in Solution 1

t"287 t ,045

r"273 / .O77

1.272 I "O8O

r.5tr6 t "o35

I.588 / "OtuO

1"584 / "080

0"140 I "ælu

a.2J7 / "OO7

*hrrr" 4¡ 5 and 6 rr¡ere eamied out rmder different conditions of
agitatlon" (see þ. 32)"

Solution L = 20 ml, of Piperi4ine (,2O3 nole) and røater (.O551mole)"

R^)
n3

\

v
\
È3

\

SiH in SolutÍon I at OoC.

SiH in Solution I at IOoC"
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TÁ3T,8 V

Run 1,

tiydroþsis of lÞiphenylsilane in Plperidj¡e contaÍni¡g 2.75 moles
of lrlater per lÍter at, 25o.

lüeight 6¡ samFle = Q"IOOO gmsoi buret temperrature = 25oi pressure = JJ8 mr,
Calculated vo}¡me of gas at thÍs tenperature and pressure e l¡$"J8 nl"
x = correeted vo}me of gas evolJred: a-x = hvdrogen remainl¡g,

0
3
6
9

L2
L5
18
2J.
2h
27
30
33
36
39
æ
l+5

48
5L
54
57
60
65
7o
75
80
85
90
95

100
LO5
110

0,00
0"40
0.60
0.80
1"00
1,50
2"40
3.3O
4.10
5"10
6"oo
7.æ
8"00
9"lo

10.20
TL.4O
72"60
13.80
Jh.?o
L5"60
16"70
r7.80
19.20
20"40
2r.50
22"70
23"70
u"60
25"70
26"7A
27"60

0.@
o"37
o"55
a"73
o"g2
L,37
2,20
3.O2
3.?6
4"67
5.50
6"1+L
7,33
8.31+
9"31+

lO.¿l+
7J,5t+
L2"6h
].3.42
u"29
L5"30
L6"30
r7 "59
18.69
Lg"69
20.79
2]'"?l
22.53
23"5/,+
24"h6
25"28

l+8"38
48.01
h7,83
h7 "65
l+7 'h6
47"01
46"19
h5"36
M"62
l+3.71
42,88
t+L,97
l+I.O5
40.04
39"O4
37.91+
36.8h
35"74
3h"96
3h"o9
33"æ
32"08
30.79
29.69
28"69
27 "59
26"67
25"85
24.81+
23,92
23"1O

L"681+6
L"68L3
L,6797
L.678L
L"6763
1"6722
L"66l4J+
L"6567
L"6495
1.ó406
I.6322
L.6229
r.6L33
L"6025
L.5gL5
L"579L
L"5663
r"5532
L.5l+33
L,5326
L.5Lg5
L"5062
1"4884
r"4726
t.h578
!.L'bOT
Lta6o
I"t+].25
7"3952
r,3788
rJ636
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TABI,E VT

Run 2.

Hydrolyeis of Tbipherqylsilane in Piperidine contafning 2,25 moles
of trfater per Liter at 25o,

Ifeight 63 samnle = 0"5000 gnoi bur€t temperature = 2!o; pressure = 73!"7 ,nnr"
Calculated vo}ne of gas at thís temperature and pressure = 48.8ó m.lu
x ã coffected volr¡me of hydrogen evolved; a-x = hydrogen remaining,

0
5

10
a5
20
25
3t
35
l+o
h5
5A
55
ó0
65
7O
75
80
85
90
95

100
105
110
ïr5
120

0"oo
0.60
L"20
2nLA
4"00
5"70
7 "50
9.ho

TL"4O
j-3.50
15"30
L6"30
19"40
19"60
20"90
22"IO
23 

'1:O?4.2o
25,30
26"40
27.1+O
29'.30
29.20
30,10
30.90

0.00
o.55
L.ro
2"20
3.66
5.22
6"87
g.6l

l0"l+,1+
].2"47
J¿.01
Ll+.93
1ó"85
J.7.95
19,14
20.21+
2J.L6
22.r7
23.r7
24.18
25.L0
25"92
26"75
27 "57
28"30

ll8,86
48.31
l+7 

"76
46"66
l+5,2o
l+3 

'6/,+l+I,99
l+O"25
38.tQ
36"39
3h.85
33,93
32.Or
30"gL
29"72
29,62
27 "70
26.69
25"69
2A"æ
23.76
22"94
22.I7-
2r.29
20.56

1"ó889
1,6840
r"6790
I.6690
1"655t
L"6399
r"623L
r"6048
L.581+5
L,56LO
L"5l+22
L"5306
L.505r"
L"l+901
L,473r
1-.4567
I'l+h25
l"t+254
L"l+O97
L.3925
L"3T+8
t"3606
t"3h46
r"328r
1.3L31
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TABI,E VÏI

Blin 3,

Ilydroþsis of T?ipherlylsilane in Piperidine conüai¡ring 2"75 moles
of lüater per liter at 25o "

l+Ieight of Sample: O.5OOO gn,; buret tenperaÈure = 25oi pr""süfe-- 241,8 m"
Calculated volrrne of gas at this temperature and pressure = l¡9.2O ml.
x = corrected volr.ime of hydrogen evolved; a-x = lgrdrogen remainìrrg.

o
5

10
L5
20
25
30
35
ItO

l+5
50
55
60
65
7o
75
80
85
9O
95

100
to5
110
115
]..20
125

0000
0"30
0"go
1"70
3"@
4"go
7"10
9"20

10"90
12.7o
u"50
]..6.20
17 "5018.50
20.00
2I.2A
22"50
23,70
2l+,9O
25"90
26"90
27,80
28"80
29"60
30"hO
31"10

0,00
o"27
0,82
1"56
2"75
l+"49
6"50
8"1+3

9'98
11.63
13"29
14"84
t6.o3
L6.95
]'8"32
]?,42
20"6r
2T"7I
22"8I
23"72
2l+.61+
25 "46
26"38
27 JJ
27 "85
28.h9

l+8"2O
47.93
lþ7.38
I+6"6h
l+5.h5
l+3.7L
I+I"7O
39 "77
38.22
36"57
3l+.92
33.36
32.L7
3L"25
29"88
28.78
27 "59
26"1+9
25,39
24"49
23.56
22"74
2]-"82
21"o9
20"35
19.?t

1,ó830
1"680ó
L"6756
L"ó689
r.6576
r"6406
1"620L
L,5996
t.5823
L.563L
L.5lþ3L
L"5232
l.5O7l+
1"4948
r"4746
]-'l+591
L"l+l+O7
L,h23L
1,4046
1.3888
r.3722
r"3568
r,33gr
L"3?J+O
1,3087
t"2gh7
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ÎABLE VITT

Run lr"

Ilydroþsís of Tripherqylsílane in Piperidine containing 2.75 noles
of þiater per Liter at' 25o "

lrleÍght of sample e 0,50OO gn.; buret temperature = 25o; pressure = Tv6 m.
Calcrrlated voh¡me of gas at ühis temperature and pressure = lal rÇ2 nú."

x = sorrected volume of bydrogen evolved; a-x = tgrdrogen remainÍng'

o
5

10
L5
20
25
3o
35
h,o
l*5
50
55
60
65
?0
?5
80
85
9o
95

100
LO5
uo

0uo0
o.70
r"?0
3'30
5,30
7 "l$
9.60

12010
73,9O
L5.60
t7.3CI
19.70
20,10
?J"60
23,oo
2J+"3O
25.6A
26"70
27,80
28.80
29"80
30"60
3r"50

0"o0
o"6h
L"56
3"O2
4.85
6"79
g"7g

LLOOS
L2.73
Jl+.29
L5,85
L7',13
19.41
Lg"7g
2]..O7
22,26
23.45
2h.l+6
25"46
26.38
27 3a
29.o3
28"85

47.92
1t7.28
l+6'36
lil+,9o
h3"07
l+I"JA
39,,L3
36.9h
35"L9
33.63
32"O7
30,79
29,5r
29.r3
26"85
25"66
2h.47
23.1+6
22"46
2I"51+
20.62
19"89
j-9"07

1.6805
r.67h6
L,666?.
L,6522
L"631Ê
t"61JQ
r"5925
r.5663
L.5h64
J-"5267
1.50óO
1,488lf
]-l+699
l.l4l+92
r.tagg
L"l+092
1,3886
r.3703
L"35]¡.
L"3332
r.3743
L.2987
1,2806
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?ABIE IX

Run 5"

Ilydrolysis of lbÍphenylsilane i.:: Piperidi¡e eontaining 2,75 moles
of trdater per Liter aþ 25o "

Íielght of sa,nple = 0"5000 gro"; buret temperature = 2Jo; pressure = 737,2 m*
Calculated vo}.me of gas at ttris temperature and pressure = l+8"49 ù.
N = corrected vohme of hydrogen evolved; a-x = h¡droge¡ ¡smajning.

o
5

10
L5
20
25
30
35
r+O

l+5

5o
55
60
65
7O
75
80
85
90
95

100
Lo5
Ll0
11_5

120
t25

0n00
0.50
0.90
2.00
3.60
5,70
7 "60g,7a

11,70
13,90
1ó.10
l_8"10
20"00
2r"60
22.90
2h"20
25.30
26.60
27,8o
28.9o
29"8O
30,70
3L"60
32"60
33.hO
3l+"2O

0u00
O"l+6
0.82
1.83
3.80
5,22
6"96
8"89

1o,72
L2"64
u"75
1ó.58
19"32
].g.7g
20"98
22,r7
23"L7
2l+"37
25,h6
26.1þ?
27.30
28,L2
29"94
29"86
30"6Q
31"88

h8.l*9
l+9.o3
t+7.67
l+6'66
l+5.L9
l+3"29
t4f 

"5339.60
37,77
35.85
33"71+
3L.91
30,17
29.70
27 "5L26"32
25.32
2¡".12
23"O3
22,O2
2I,L9
20"37
19"65
18,63
17 "89l.6"6r

L"6856
1"6815
1"6782
t"6690
\"655L
L"6362
1.6183
t.5977
L"5773
L"551+5
r"528L
L.5059
t.h7g6
L.l+579
l.l+395
L,lQO3
L"l+O3l+
1"3821+
t"3623
r"3h2g
l;:,26t
L"3O9O
r"2934
r"2702
I"2502
1,220h
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TABI,E X

Br¡n ó"

Ilydrolysis of lriphenylsilane in Piperidine containíng 2"75 moles
of Ìfater per liter at, 25o.

Weight of sample: O.5O0O gn"; buret tenperature = 25o; pressure = ?l+3o2wn'
Calculated volwre of gas at this temperature and pressì¡re ã l+7,92tù"
x : corrected vo}:me of hydrogen evolved; a-x = lgrdrogen remainilg.

Tine
Min"

Buret
ReadÍne (!n-1" )

x
(n1, )

a-ï
(n1, )

log a-x

o
5

10
J-5
20
25
30
35
ho
lþ5

50
55
6o
65
7o
75
É0
85
9o
95

100
to5
110
LL'
120
L25

0r0o
0.80
2"60
lv"9o
7.30
9.70

TL.60
13"70
L5,70
L7 

"?OL9"50
2L"ro
22.80
2h"lo
25.30
26.50
27,70
2g"go
30.00
30.gO
31"90
32"70
33"60
34"20
34"80
35 "l+o

0"oo
o"73
2,39
I+"1+9

6.69
8.89

LO"63
].2.55
14.38
1ó,2r
l.7o86
L9"33
20.88
22.æ
23.17
2l+"26
25"37
26.,1+7
27.48
28$A
29.22
29"95
30.78
3]-.33
31.88
32"tß

l+7.92
47 "19
¿+5 

"5h
l+3"h3
l+1"23
39.O3
3? "29
35,37
33"54
3r.7L
30.06
28.59
27 "Qh
25"81+
2h"75
23"66
22,55
2L.45
20"1.+4

L9"62
r8"70
l-7.97
L7 "IL
L6"59
1ó.04
l-5"49

l'"68a5
t.673È
I.658lt
r.6378
t,6J-52
1,59f¡;
!"5Tr5
t"5487
r"5255
l.5ol2
1.4?80
t"4562
r"l+32o
I.l+]..23
J-.3936
1.371+0
t.3532
r,331¡,
t.3rol}
L"2927
L"27L8
1"251+6
t"23ho
1.2199
r"2052
1.L900
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TABI,E lI

Run 7,

t{ydroþsis of TriphenylsÍJ-ane Ín Piperidíne containing 2.75 noles
of Water per Liter at 0o'

I{eight of sample = 0,5000 gm"; buret tenperature = 0o; pressure = 741,4 mn"
Calculated voh¡ne of gas at this terrperature and pressure = [8.2\ m]-"
x = eorrected volume of gas; â-x s Ìtydrogen remalnfng"

o
6

10
$
20
25
3CI

35
l+O

l+5

50
55
óo
65
70
75
81
85

o"00
o,35
0,4CI
O.¿r7
0"50
o"66
0"80
o"gh
1"10
1"3r
L"50
1"68
1,90
2.06
2"28
2'l+O
2.60
2"rur

0,00
o.32
0"37
o,lß
o"h6
o"ó0
o"73
0.8ó
1.0r
1n20
1,37
1"54
L.74
1"89
2.09
2.20
2"39
2"5L

/¡Ê"21+

47 "92
l+7 "87
47,81
l+7,?8
Lþ7 '6h
I+7.51
47 "38
l+7 "23
lç7 "Oh
46.87
l+6'7O
l+6.5o
l+6"35
46.r5
l+6.Ou
l+5"86
l+5.73

].6831+
1"6805
1.6801-
r.6795
L"6792
1,6780
r"6768
L"6756
I.671+2
1,6725
L"6709
t"6693
r"6675
L666].
1"6642
r"6632
r.66L5
r"6603
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ÎABLE XlT

Run 8

lsroþsis of TriphenYlsilane in
of ïlater Per

Fiperidine qontainíng 2"75 moles
Liter aü 10""

lfeight of sample = O.5O0O gm,; brrret temperature = 1Oo; pressure = 738.3 wn"

Calãutated volume of gas at ttris tenaperature and pressure = /¡8.J8 rnI"
i-=-ðãrrected voltme of gas evolved; &-x = trydrogen renaÍning"

log a-x

0
5

10
L5
20
25
30
35
40
l+5

5a
55
60
65
70
75
80
85
9O
95

100
ro5
110
Ll5
].20
]'25

0.oCI
o"05
0.15
o.35
o"65
1.00
L"36
1.?1
2"O5
2.1+2
2.73
3.al+
3"33
3.62
3"91
4"2O
4"18
¿1.ru
h"95
5"19
5 'l+65.7!
6"oo
6.23
6"h7
6"flt

o"00
o.o5
0"13
o,32
o.59
o.g2
J.'21+
L"57
1"88
2"22
2.50
2"79
3"45
3"32
3"58
3"85
I+"O5
h"3L
4"51+
b"75
5.@
5"8
5"50
5"?l
5 "92
6.17

48.38
48.33
lß,25
48.06
l+7 "79
h7 "lv6l+7.U
46"81
h6.5a
l+6.16
l+5.88
45.59
h5,33
h5"06
U+"80
M"53
hl+"33
l+h"O7
l+3 "8hl+3.63
1r3.38
43"r5
42"88
h2"67
h2"h6
h2"2)-

r"6846
t.68tQ
L"6831+
1.6817
L"6793
L"6763
L"6731+
r"6703
1"6675
I"6&+3
r"66L7
L"6589
r,656h
L"6538
L"65L3
L"6tß7
r.6h67
r"6M2
1"6419
t.6398
t.6373
t.6350
r,6322
1,6301
1"6280
1,625h
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Results of KinetÍc Er¡nsu The rate constants obtained i¡r the kÍnetic

experÍments are shot¡n jn Table EII. Tlrey were calcul¿ted accordilg

to the method of least squares as given by Ðaniels, l{athews, and

Wi.Llians (5), The error i.n the rate constant vlas determined as the

root mean square deviatíon frcmn the calcul-ated slope"

TABLE XTTT

Rate Constants for R¡:ns Follo'wed KÌnetical-ly

Run
No"

Reaetants
(Toluene used as Solvent)

Rate Constanù
x 104 sec-1

L

2

3

t7

9

10

11

a2

1-5

R3SÍH in Solution 1

R3SiH in Solution I

n3Sfi in Solutíon I

%SiÐ in Soluüion L

%SiH in Soluüion 2

R3SiH l¡r Solution 2

R3SjlÌ in Soluüion 2

R3S1I{ in Solution 2

bSiD l¡t Solution 2

I.287 /' ,Ol+5

I"273 /, ,O77

L.272 / "080

0"938 I "OO2

I"9O3 / .Otnt

2"092 t "06[+

2'o5h / .ctso

2"a7I t .o'ug

I.l+66 I .01+O

So1uüÍon 1Ê 20 ml" of Piperidine (.2o3 nole) and l¡fater (,o551mole).

Solution 2 æ 20 Ial" of Piperiði:re (.2O3 mole) and D20 (.O552 mole).

P,irns carried out i-n SoLutíon 2 were conpetitive tSrdrolysis"
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Rrrns l--3 represent hydrolyses of triphenylsilane in a toluene-

piperidine-lrater solution r:nder identical condi-tionsu Consequently,

they give an indi-cation of the reproducibÍlity of the method. Run 17

shows the hydrolysis of triphenylsilafle-d under the sa.me conditions

as those used in Runs 1-3. tYlly one run was made jn order to conserr¡e

the triphenylsÍ-Iane-d for the more important competítive nrns ùo

follow. The average ratio of the rates of silicon-deuterir¡m and

sillcon-tgrdrogen bond breakjlgt kg/k* calculated from these rr¡ns is

o"73 / ,Oh"

Runs 9-I3 show the rates of hydrolyses of triphenylsilane and

run 15 shows that of triphenylsilane-d i¡ a toluene-píperidi¡e-

deuterium oxide mÍ:rbure under the same conditions as those of the

previous paragraph. Si¡ce deuterium oxide exchanges with pÍperidine

c¡H]-oNH / Ðzo:c5HloND / HoD'

in these nrns trÍphenylsilane is reacting r*ith both þdrogen and

deuterir¡r comporrnds simultaneouslyo Although the rate of reaction of

triphenylsilane r.+iÈh pÍperidjne wiIl ùiffer from that w"ith

piperidÍne-d, the first onder plot wiIL not be affected because the

concentrations of boùh piperidine and piperidine-d are far in excess

to ùhat of the triphenylsilane" The first order plots of these runs

up to 5VÁ eonpletj-on show líttle or no cun¡ature as can be seen from

Fig" 4r page h,7, where the data from nrns 15 and 12 are plottedo
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Consequentþ pseudo-first order rate constants were calculated for

these nrns and reported i¡ Table XIII" The ratio of si-l-icon-deuterir¡'n

and siJicon-þdrogen bond breaking, kilkU calculated from rrrns 30,

11, 12, and 15 was O,fJ- / ,Ol+, i¡r excellent agreement with the ratio

of O"73 / ,Oln calculated-rro* runs 1, 21 3, and 1?,

The experimental data for all these runs are collected in

1þ,b1es V-)ilI on pages 35-hZ and Tables XIV-XXII on pages l+8-56,
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TABI,E &TV

Rrm 9.

lffdrolysis of rriphenylsilane in Piperidi.:re containing 2,TT noles
of Ðeuterir¡rn @ide per Liter at 25o o

Ifeight 6¡ sanple; O,5OO0 gE.; brret üeniperature = 25o; pr""sure = ?h6"hrr'."
Calculated vo}¡me of gas at thís temperature and pressure : l+?.91 m.l,
x = corrected vo}.me of HÐ evolved; ê-x = HÐ remaining"

fime
I,Iino

Buret x
Readlng (*f,) (e1")

ct orf.

(rLI")
J-og a-x

o
5

10
t5
20
25
3o
35
4o
h5
5o
55
60
65
7o
75
80
85
90
95

100
105
lto
ïr5
]'20
L25

0"00
0"70
1u5O
3"30
5'Ja
7"60

10.r0
L2"70
u.70
L6"50
18.ó0
20.80
22"AO
23.9A
25"60
27"1O
28.æ
29"1+O

30"l+O
31.3O
32,2O
33"1O
34"oo
34.80
35.hO
36"10

0u00
O"6lt
L"37
3"Q2
l+;85
6"96
9"25

1J.l+5
)3.1'2
15.1L
L7.Olþ
19"15
20,L5
2]-,W
23.1+5
2b.92
25"65
26"93
27 "85
28,67
29.50
30"32
3L"U
31,88
32.1+3
33,O7

47.9L
l+7,27
t+6"5b
li+"89
l-+3 "06
t+O"95

38"66
36.h6
3l+,h9
32,êO
3A"87
28.76
27.76
26.O2
2l+,1+6
23"O9
22"26
20.98
20"06
19 "21+
18.41
l? "59
].6"77
l.6"O3
j.5,hg
14.84

L"6904
L"67t+5
1"6678
r,6522
1.63¿,A
I"6].22
t"5873
1.5619
r,5377
L.5L5g
l.lç896
1.4588
I"l4J+34
t.t&53
1,3885
r.363t+
r"3h?6
1.3218
L"3023
L'281+2
t-"2650
L.2l+52
L.2245
1"20tr19
1,1997
1.1715
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TABLE XV

Bru: 1O

I{ydroþsis of lrlphenylsÍJane ín Piperiùine contaínfng 2"77 mol.ee
of Ðeuterium ùcide per Liter at, 25o.

füeight of Sample = O.5OOO gn"; buret teuperature = 2!o; pressure = 733.7 mlL,
Calculated vohmre of gas at this temperature and pressure 3 l+8"73 úú.
x = correeted voh:me of HÐ evolved; 3.-x a IID renainÍng.

TLne
Min.

Buret x
Reaðing (n1") (m1,)

a-x
(mr.)

Iog a-x

o
5

10
t5
20
25
30
35
ho
l+5

50
55
60
65
7o
75
80
85
9O
95

100
ro5
110
115
120

0,00
0"80
2,OO
l+'20
7.00
9,80

12"60
1ó.00
18.20
20.ho
22,5O
24.20
25.50
27,OO
28.1+O

29.go
31,00
32,OO
32.8O
33"60
3l+'40
35.30
36'3o
37 "2o
38,00

0,00
0,73
1"83
3"85
6,41
8.98

7J.54
Jh,66
t6"67
18,69
20.6r
22"L7
23.36
2L.73
26.0L
27.30
28.1þO
29"31
30,Ol+
30.78
3L"5L
32"33
33.25
34,08
3L"81

l+8.73
48.00
46"9o
44.88
h2,32
39,75
37.19
3l+"O7
32"06
30"OI+
28"08
26,56
25"37
2J+.OO

22.72
2j-.l+5
20.33
rg"tê
18.69
L7,95
r7.22
L6"l+g
15.48
u"65
t3.92

1"6878
1"6812
L"6712
J-,65J2
L.6265
L.5gg3
I"57Ol+
L"53A+
L"5059
r"4776
L.ülßl+
l.l+242
I.l+Ol,,3
r,3802
r,356h
L.33rO
1.3081
I"2882
L"2716
7-"254L
1.231+0
L.27J+8
1"1897
t,L65g
t"l-Jr,36
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TABI,E )fitrI

Run 1I,

Hydroþsis of TriphenylsiJane in Píperidine containing 2,77 moLes
of Deuteriun Oxide per L5-ter aL 25o"

hleÍght of sa.nple : 0.5000 gn.! bureù tenperature 3 25o; preusure È 738,5 mn.
Calculated volrure of gas at th:is tempez.ature and pressure = l+8.h2 rnI"
x = corrected vo}:me of HD evolved; &-x æ volr¡ne of HD renaining.

Ti-ne
Mi-n"

Bnret
Beading (rf")

x
(n1" )

â-X
(n1.)

log a-x

o
5

10
L5
20
25
30
35
4o
h5
50
55
60
65
70
75
80
85
90
95

100

0"00
0,90
4"20
7"20

10.60
]-2,9O
t5.30
]-7.50
L9.54
2r"30
23.LO
24.80
26,20
27.60
28,80
30"oO
31,I0
32.LO
33,OO
34.00
3l+.9o

0ræ
0"82
3.85
6.60
9"TI

Ll.82
14"01
16.O3
17.96
]L9"52
2]-,L6
22.72
24.@
25.28
26.38
27 "t$
28.49
29.¿+O

30"23
3r"u
3t"97

Ì+8"h2
l+7 "60
4L.57
l*-1"82
38"71
36"60
3l+'lçl
32.39
30"56
28'90
27.26
25.70
2l+"1+2
23"L6
?2"A1+
20.91+
rg"g3
]-9"02
18"19
L7.29
l-.6,l+5

1"6850
1"6776
r,ó491
t"62LL
t.5878
r.5635
L,5367
l.5LOh
t,4852
L.l+609
r.h355
I"l+O99
r.3879
r"36h7
I"3l+32
r,3209
L"2996
1"2792
1"2596
L.2375
1"21ó1
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TABI,E XVÏT

hm 12'

Ilydrolysis of Tríphenylsilane in PíperidÍ.ne containíng 2"77 molee
of Ðeuterir¡m O:ride per Liter at 25o.

Tùeight of sample = O"5OOO gns.i buret temperature = 25oi pressure = 739"8 wn"
Calculated volt¡me of gas at this temperature and pressure = /a8.Jl n1s.
x = eorrected volume of HÐ evolved; a-x @ HD renaining'

Ti-ne
Min"

Buret ¡(
Reading (n1.) (uf")

â-X
(m1.)

log a-x

o
5

10
É
20
25
30
35
4o
h5
5O

55
60
65
70
75
80
85
9o

ooo0
0.70
1"30
2'h,O

3"80
5.7O
7 "l+O

10.60
13"40
15.40
18.10
19.40
2]-"70
23 "30
25"rO
26.70
27"80
29,20
30,5O

0"00
o,6l+
1.19
2"20
3 "t$
5.22
6,78
9.7L

]..2.27
14.T1
]'6.58
L7,77
19"88
?1,31+
23"OO
2h.tþ6
25.116
26.75
27.9b

48.3L
l+7.67
h7.t2
h6,7J
l¿+"83
l+3.o9
l&"53
38.60
36.O1+
3l+.2O
3t"73
30.51,
29"43
26"97
25,3r
23"85
22"85
2]-"56
20,37

1"ó840
t,6782
r.6732
Ì.ó638
t"6516
L.63U+
1"6183
L,5866
L"5568
:-.53l+O
1"5015
L.48hg
l.l+538
L"l+3O9
]-I+O33
L,3775
t,3589
L.3336
1"3090
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TABI'E )ffIÏT

ß"Rur

Conpet itive Hydroþsis of Tríphenylsil-ane and Triphenyl s ile.ne=$ ftt
Piperid.Íne contai-ning 2.75 moles of l{ater per Liter at 25on

l{eight of sarnple = Q"IOOO gno each of TriphenylsiLane and Tríphenylsilane-d"
gurãt temperature ^ 25oi pressure = 7+6 mrn Calculated volume of gas at
this tenperature and pressure : 95,8h ù"3
x : corrècted vorr¡ne of gas evorved¡ a-x = HD remaÍning'

lùne
li{iJr,

Buret x
Readi.ng (rf,) (nf")

â,-x
(nt' )

log a-x

o
5

10
15
20
25
30
35
40
l+5

48

0.oo
1.40
7"80

15,20
22.20
29,20
34.00
38.4O
42.hO
46.@
h.7.60

0,0û
1.28
7,L5

l3.92
20,3ù,
26"75
3r"u
35"18
38'81+
l+2.U
h,3.60

95.8,+
gt+,56
98,69
9L"92
75,50
69.og
6l+"?O
60"66
5?.OO
53.70
52.2h

1,9816
L.9757
r.9h78
t"gt3L
t.9779
1.8391+
1"8109
r,7829
t.7559
1,7300
1"7180
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TABLE XÏX

Rt¡n 1Å.'

Competitive lfrtlrolysis of TriphenylsiJ.ane and TriPhenyl:a1*e{ irt' piperfdine contalning 2.75 moles Wäter per Liter at 25u"

I{elght 61' semFle = 0.5000 grio each of TrþhenylsiJane and TriphenylsíIane-d"
Burãt üemperatute = 25oi pressure = fl¡0"1¿ nmo

Calculated vo}me of gas at thís pressure and tørperature = 96"50 nL.
x = comected voh.¡me of gas evolved; a-x ! ml of HD re'maining"

TÍ¡ne
Mfn"

Br¡ret x
ReadÍng (tf.) (*f")

â.-]C
(et")

log a-x

0
5

10
t5
20
25
3o
35
4o
L5
h7

o.00
0"80
2.70
6.ro

r0"50
15"40
20"80
31"80
38"00
4l. "50
h2.5O

0"00
o"73
2.1+7

5 "59
9"62

14"lL
T9"L5
29.r3
34,81
38"O2
38.93

96"50
95.77
9l+"o3
go"9L
86,88
92"39
77 "3567.37
6r.69
58.¿+8
57 "57

L.g8h5
1"9811
L.9732
L.9586
L.g38g
t.gL5g
1,8885
1.8285
r"7go2
t.7670
r"7602
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TABÏ,8 )ffi

Run 15"

ifydrolysis of Triphenylsilane€ in PiperÍdÍne containlng, 2.77 moles
of Deuterirnn Gcide per Liter aL 254 "

Tdeight of sanrple = 0"5000 gn,; buret temperature = 2!o; pressure = T37ng mn.
Calculated volrrne of gas at this temperature and pressure : /¡8,J8 mls.
x @ corrected volme of IID evolved; a-x = I{D remaining.

Ti-ne
l{in,

Burreü
Reading (n1")

It
(r11. )

a-x
(m1")

log a-x

o
3
6
9

12
L5
r.8
2L
2A
27
30
35
Lo
l+5

5O
55
óo
65
7o
75
80
85
9o
95

100
].:o5
Lt0
lJ"5
120
t25
130

0,00
o,50
0"80
1"50
2"60
4"oo
5.30
6,60
8,00
9,24

10.30
]..2.20
7h"2o
16.00
L7"60
L9"10
20,5O
2L.70
23.@
Z+.2O
25 "30
26"3O
27.30
28"2A
29.20
30"10
31"00
3L"9O
32,70
33 

"l+O3l+,Io

0.00
Orl+6
o,73
T"3T
2"1+8
3,66
lþ"85
6.o5
7.33
8"h3
9"41+

r1"18
13 "01
1]t,r66
L6"L2
17,50
18"78
19.88
21,o7
22,47
23.17
2l+"O9
25,O1
25'8¿+
26,75
27,57
29"40
29"22
29"95
30"60
3L."21þ

48,38
l+? "92
47.65
47 "AL
lv5.9o
U+"72
l+3 "53
42.33
lù.o5
39.95
38.94
37 "20
35"37
33,72
32.26
30"88
29"60
28.5O
27 "3L26"2I
25.2J
2l+'29
23.37
22"54
2J.63
20,81
19"98
19,16
L8"l+3
t7.7&
L7"U

I"68/,+6
r"6805
r"678r
r"6722
1"6618
I"6505
1.6388
L"6266
t,6L33
1"ó015
I"59OI+
r"5705
L"5l+87
L'5279
1,5087
l"l+897
r.47L3
l"l+51þ8
l"l+36¿+
r"4185
1./+01ó
L.3851þ
L.3687
L'3530
L"335L
L"3L83
1"3w7
1,2823
L.2655
l"25Ot
I"231+A
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TABT,E XXÏ

Rr¡n 16"

Igdroþsis of Triphenylsilane-$ in Piperiùine containin1 2"7? moLes

of DeuterÍr¡m Oxide per Liter af 25o.

I,{eíght of satrple = 0,200O grrøi buret temperature = 2!o; pressure = 741"2 mr'
Calcrrlated volu¡ne of gas at this te.npereture and pressure = L9.29 nJ-'
x = corrected voli¡me of gas evolved; a-x = HD renraÍning.

Time
Min"

Buret
Reading (m1")

x
(n1.)

cL-¡L

(rr.)
1og a-x

0
5

10
v
20
25
3o
35
ho
45
5o
55
6a
65
70
75
80
85
92

0u00
0,20
0.30
0"50
1,O0
r"ó0
2"30
2.70
3,1+O
3.80
4"1+O
l+.90
5"5O
6.oo
6,50
6.go
7.ho
7 "908"50

0"00
0"18
0"27
o.L6
o.92
I"l+7
2"f.L
2.1+7
3"ll
3.1+8
4.43
l+"1+9

5 "OI+
5"50
5.95
6,32
6.79
7,24
7.79

19"29
19uI]-
rg,o2
18"83
L8"37
L7"82
r7"19
l-.6"82
16,18
15,91
]'5.26
14.90
LL"25
L3"79
13 

"3h,L2"97
l-'2"51
]..2.O5
11,50

1.2853
1"2812
t"2792
1"271+9
t"26li"
I"2509
1.2350
r,2258
1,2089
1,1990
1.1835
t.1703
1"1538
r.t3g6
t.1252
1.1130
I"0972
1,0809
1"0607
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TABI,E )ffiTI

Rm 17"

Ifydroþsis of rriphenylsilane:g in pipenidine contajling 2.?5 moles
of lfater per liter at, 25o,

Ifeight of s".mple = Q,J000 gn.; buret temperature = 25o; po"sure ã 7h2"J ,rm"
Calculated volu¡n_e of gas at this tenrperature and. pressúrè = 48"15 nrl.x = eorrected volume of HD; 8.-x = vol_r¡me of HD remajningo

Time
Min.

Buret x
Readiag (mf.) (m.1,)

a-x
(nf ,)

log a-x

0
5

Lo
t5
20
25
30
35
l+O

l+5

50
55
&
65
70
75
80
85
90
95

100
LO5
Lto
115
t20
L25

o,00
o"70
1"lr0
2,80
¿+'2O

5"60
7"00
9.40
9.70

LL"OO
12.20
]-3.30
U.¿þO
L5"l$CI
1ó"40
L7 "3018"30
L9"20
20"20
¿L.10
22"OO
22.80
23.50
24."2O
2I+"90
25"60

0,00
O"6lþ
l-"28
2"56
3.85
5,13
ó'4L
7.7Q
8.89

Ì0"08
lL.L8
12.18
13.19
]4"T1
]-5,o2
]-5.85
l.6.76
L7 "59
19"50
a9ô3
20"I5
20"88
2r,53
22"I7
22"8L
23 

"l+5

l+8"L5
47.5r
46,87
L5.59
b4"30
l+3"O2
l+1"?+
l+o"h5
39,26
38"O7
36"97
35"97
3l+"96
34"0h
33,r3
32.30
3r.39
30"56
29"65
28"82
28.00
27 "27
26"62
25.99
25.3h.
zlL'7O

L,6825
1.6768
t"6709
L.6589
r"6464
r.6337
L.6205
r,6069
L,59hO
1.58Oó
r"5678
t"5560
I.5l+36
r"5320
1,5204
r.5o92
r.hg67
l"l+852
L"l+72:O
L,h5g7
L.Al+72
l.l+357
r"tQ52
l.l,ll*7
1,4038
J-.3927
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Comcetitive Runs"

A more reliable method of measuring the ratio of the rates of

silicon-deuteriun and silicon-hydrogen bond breaking than the ki¡etic

one di-seussed in the prevfous sect,ion is to let triphenylsilane-d and

triphenylsi.lane compete for protons i¡ the sarne reaction urlxbure

accordfng to the equaüions

oH- / LtfD / PH--.+\sioH / 1IÐ / P-

and ofi- / :%siH /P:H+%si0rf /H2 lP-

where PH represents piperídine and R represents the phenyl groüpø

The ratio of the rates of deuteron and proton abstraction from. the

solvent can be obtained i¡ a sjmilar way from the competi-tions:

oH. / B3siH / Pn *R3stQH / HD / P-

and orr / R3síH/rH+R3sioH /H2/P'

If these reactions are stopped before completion, then the ratio of

the rrates of fomation of HD and He fu each case can be calcr:lated

fron the ratio of deuterir.m and h¡rdrogen jn the gas obtained from the

reaction. Thls secti.on records the measurenent of each of these

ratlos by means of the appropniate competition"

In this investigatlon the ratio of deuterir¡n and tgrdrogen in

the gas produced by the conrpetÍ.tion r'Ias detennined by oxidizing the

gas to water and measurÍ-ag the density of the water" In earrylng out

these erqperi:nents there r¡ere five steps; (f) fryarolysis, i¡ wtrich the
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reactants were nixed and a su-itable amount of gas collectedí (2)

dr¡ni¡S the gas, in which the solvent vapors were rernoved fron the

gas; (3) oxiaation of þdrogen, jn which the gas v¡as oxidized Lo

uater by hot eopper oxide; (4) purification of v¡ater samples, in

wh-ich the rrater r.¡as refluxed ¡,,rith alkaline per¡Ênganate and repeatedly

distilled; and (5) Aetennination of the density of the water samples,

¡¡hich was carried out by al_lowi:rg a drop of the purífied water to

find its level irn a eolr:¡¡n contaÍning a u-ixbure of organic solvents

having a Ij¡ear vertical gradient of densftj.es. Each of these stages

w'ÍIL be di-scussed ín detall belororu

llydrolysis" The apparatus employed for the competitive Lgn:lroþses

was the same as that used in the kinetic rurrs o the temperature rnras

mai¡tained at 25.O0O / .OO6oC. and the Vari-ac controllíng the amount

of agítation of the reaction buret was set aL 35 volts" Ïn these rr¡ns

however a second buret was attached to the reaction buret at Ðo

Figure 1, prior to the conmencenent of a rurlo Tltus when the desired

anoimt of gas had been collected, i-t could be separated from the re-

action mj:rbure rapiùLy and eompleteþ by raising the mercury Ín the

reaction buret urtil all the gas was excluded"

For eonpetitj-on between triphenylsilane-d and triphenylsilane,

0.!000 gm, (0.00192 nole) of each of these substances were dissolved

together in 20 m-1, ( "1874 raole) of toluene in the separatory furnel A,

Figure 1. To this was add.ed 40 nl. of a solution containiag 0.406

moles of piperidÍne and 0"11-02 moles of water" These v¡ere nrixed

thoroughly and drar.rn into the reaction buret by lowering the flercü3fø
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The mercury vras then raised so that the solution rose to the stopcock

thus exclud.ing a1I aír, and the stopcoek ¡¡as closed' I¡lhen the re-

action was about JÚft camplete the stopcock r^¡as turned to connect

the reaetion buret to the second buret (wh:ich contained. only nercury)

through D, FigUre 1, and the mercury Ievels rvere manipulated so ae

to transfer aIL the gas into the second buretn

For competÍtion betr^¡een pipenidine-d and píperid:ine a ml:rture

of these substances was required. This r^¡as obtaÍ¡ed by dissolving

j nI. (,276 mole) of deuterir¡n oxÍde (99.73 aton percent deuterirm)

jJì 1O0 mI" (1"015 rnole) of piperidj¡e and allowÍng the raj-:cbure to

stand untiJ- the reactions

c¡toM / DzO 

-.--C5H1oND 

/ HoD

2rr0D:HzO / DzO

had reached eqrr.ilbrÍum, ¡¡hich is an åUost i.nstantan€ous proc€ssø

TLre relative concentrations of piperidine a¡rd. piperidine-{ Ín this

rni:rbure r.¡ere caLculated by a nrethod to be described later" The

hydroþsis was carrj-ed out exactly as jn the prevíous case except

that O.5O0O gn, (0"00192 riole) of triphenylsilane was treated rçÍth

10 ml" of toluener.and 20 at" of the piperidine-deuterir.¡m oxide

solution described above,
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DrJrÍng the Gas Sa¡p1es" In earrylng out the hydrolyeis, the

silane l'¡as dissolved in toluene and hydrolyzed by a piperidíne-water

solutionu The vo}.rne oecupied by the product gases Íncluded the

vapors of toluene and piperídine which at roon tenperature would

contri.bute a sign:iflcant porbÍon of the final vohme" The calcrrlatíon

of the relative rate of hydrolysis Ínvolved the percenü completion of

the corpetitive r:urlso The calculation of the rate eonstants also

depended on the volune of trydrogen gas evolved. Therefore the re-

noval of the solvent vapors T'¡as necessary to eU-njnate the error in

the vo}mes of gas collected. The removal was accornplished by pass-

ing the þdrogen gas through a Dzy Ïee-aeetone trapu

The voh¡me of gas to be dried was recorded by ørploying a

cathetometer to check the mercur¡r J-evels in the buret and the

reservoir" The two burets and the trap were arranged as shown in

Fig. 5. The trap r'las constructed of þrex glass capi]I¿ry tubing in

the. form of a U-tube havi:rg an enJ-arged bu1b. Ttre stopcock of buret

(A) contaíning the gas sample i,cas tumed so that buret (B) vras open

to the atmosphere through the trap" The mercury leve1 in Buret (B)

rn¡as raised so that the mercury filJ.ed the trap and the connecting

tube of buret (l) to a point (a) beyond the stopcock, This excluded

all the air in the systen. The stopcock on buret (n) was turned to

coru:ect both burets and the gas was forced out untiL the mercury

level was beyond the bulb of the trap at point (b). This was

necessarlr since the Èennperature obtained from the Ðry Ïce-acetone

ni:rbure roras sufficient\r 1or,¡ to solidifþ the mereurXr i¡ the trap"
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A and B * Gas burets,

C - f.'apil-lary traP'

Fí9" J, l{ydrogen gas CrYing APPare"fus"
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The tr"ap was jmersed in the freezfng nrixbure and by nanipulation of

the mercury Ievels the gas l¡as fl-ushed back and forth through the

trap several times. The IeveI of the mercur¡r was not alJ.ou¡ed to

exfend ínto the trap during the flushing proc€ssa To ccmplete the

transfer the mercury 1eveI of buret (A) ¡las raised to point (c).

The freezing mixture Ïras then removed and the mercury level raÍsed

furüher untll the mercury exbended through the trap to the stopcock

of the buret (B), The stopcock was closed and the apparatus dís-

connected. The dried volune was recotded a¡¡d the gas was set aside

for the oxidation processo

Orcidation of FFdrogen" The oxidation apparatus consísted of a

three rrnit uracro furnace havi-ng all three r.¡nits set at 37OoC" The

combustion tube was of Vycor glass and rn¡as filled wi-th copper oxideo

This tube had a standard taper glass joint a6 an ouflet and an

additional capilJ-ary tube openíng at the i¡l.et end. In ca.rrying out

the lrydrolysis of the si-Iane in a 100 d " 8âs buret, the marcirnum

volume of lrydrogen obtainable r,r¡as 70 tLl. since the vo}¡ne occupied

by the reaction solution was 3O rn-l. The ruater sample obtained frout

this vo}¡me would be exbremely smalI, nraking mani.pulation difficult

and the results susceptible to large êrPoFE Therefore the samples

were diluted w'ith hydrogen gas to a voh¡¡ne of 600 m-1. The hydrogen

used for this diLution had a purity of 99,% so that no furbher

purlfication was carried out on Ít' This vo}¡ne of gas gave a water

sample of approximately 0,1¡. gn" The dilution buret, having a
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capaci-ty of 700 *l "u was attached to the combustion tube j-nlet by one

end of a three-r,nay stopcock, The other end of the stopcock v¡as used

for attachrnent of the transfer buret contai¡ring the dried gas sample"

.The additional capillary inLet carried a strea¡n of nitrogen

gas for the purpose of flushÍng the water vapor i¡rto the col-lection

Èube" The nitrogen gas r'¡as first conveyed from the cylinder through

a bubbler system to remove any water present i¡ the nitrogen. The

bubbler system consisted of two concentrated sulphuric aci-d bubblers,

a calcirm chlorÍde and an .Anhgrdrone dr¡ni:rg tube arranged in that

order, The bubblers also acted as a method of measuring the rate of

flow of nitrogen into the combustion tubeo

The water produced ln thÍs o¡ddation was coÌlected i-n a P¡rcex

glass U-tube jsmersed in a Dry lce-acetone mixture' The U-tube had.

a standard taper joint for attaclrrient to the combustion tuben The

other end ¡¡as drat¡n to a capillary through which the nitrogen gas

eseapedn The capíJlary at this end was a preventative measure against

the infusion of I'nter vapor from the atmospheren

Procedure for an oxidation Tùas as followsu The furnace !{as

plugged i¡r and allowed to heat for about half an hour before the

oridation vras started. The nÍtrogen gas ü¡as passed through the systen

at approrimateþ one bubble per seeond to clear the apparatus of any

¡qater that had infused ínto the system' The collection tube was

weighed and attached to the combustion tube' The transfer buret,

containi.ng the dried gas, was attached to the dilution buret and the

gas was transfered by nanipulation of the mercury levels in the burets.
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The dilution buret was graduated to 5 ür-1. divísions so that

the actual volume measurements v¡ere carried out i-¡r the transfer

buret which I'ras graduated to 0u2 ml, divisions. Tltis Ìtas acconplÍshed

by attaching the lrydrogen gas line to this buret, fiJ-ling to 100 m.l"

and then transferj-¡ng to the dllutj-on buret" This process Tdas re-

peated until approximately ó00 mI. of gas ÞIere in the dilution buret"

The collection tube was now i-rrnersed i¡ t]ne freezÍng n5:cLure

and the stopcock on the diLution buret turned to connect it with the

combustion tube. TLre hydrogen gas ro¡as then slow\r passed into the

combustion tube by raising the mercury level in the buret" The rate

of passage of gas into the combustion tube v¡as such that the process

required trn¡o hours to complete. tühen all Èhe hydrogen had passed

ínto the combustion tube the stopcock was tu¡ned, cutting out the

buret. The nitrogen was allowed to flow an addiüional twenty ¡dnutes

to insure that all the water vapor had been carried i¡to the collect-

ion tube. The capillary openíng of this tube was sealed and the

tube Ìras removed, stoppered, and weighed,

The reproducibility of this phase of the work ¡¡as deternined

by oxidizing the gas samples obtai¡ed from the kinetic dete:mrj¡ratÍons

and checking the e>perimental weight against the theoretical weight

of water. Five such d.eternrinations r,trere carried out and the results

are tabulated belowo
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TABI,E )ÐüÏI

Comparíson of theoretical and Actual w*eight

of l¡üater Sarples 
"

No' Vo1une Tenp"
ml o of OC"

H2'

Pressure
(ttur, 

" )
Þqp, Idt. TheoretÍcal Percenf

of Wt. of hlater Ðeviation
I{ater (gr.) (gt")

1

2

3

4

5

600

6oo

600

606

60l+

2l+"5

25

%,.

28

A+

7l+9 '7
732"2

7l+o"2

735.9

7h5,6

.tß82

"4226

"4290

.4258

"l+379

.tß75

.A236

.l+3ùl+

,A266

"l+378

0.16

o.23

o"32

0.19

o"023

/

/
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Purification of lrlater_,Ðarnples. The røater samples obtained from

ùhe oridation process vùere purified by the method deseribed by

A. So Keston, D. Rittenberg, and. R" Schoenheimer (15). The

purifÍcation apparatus consisted of a traj¡ of Pyrex glass U-tubes,

having standard taper joÍnts " The U-tubes ¡rere eleaned ro-ith a

sulphurÍc aeid-potassi.urt dichronate cleani¡rg solution, washed r,,rith

ainmoniun þdroxÍde and ri¡sed several tjmes with distilled t+ater.

They rvere dried. i¡ an oven at llOo0. After the apparatus had been

assembl-ed it was thoroughly fI¡rnedu

The U-tubes were arranged as shoünr in Fig. ó. The last tube

was fi-tted w:ith a drying tube, filled brith Anhydrone, to preveùt

jnfusion of water vâÞor. The U-tube, Nou 2 in FÍ-g" 6, was placed

in a Dry Ice-acetone mixbure, and smaIl anounts of calciun oxide and

potassÍum penxanganate were introduced j¡tto this tube to act as

purif¡ring agents. Calcir-m oxide rnras used i-n place of sodir¡n

hydroxide to prevent deuterir¡m from the r^¡ater sample exchanging w'ith

the trydro>ry'l groupo

The U-tube, Noo 1 in Flg. ó, contai¡ing the water sample was

attached to the traln. Usíng a lolu flame, the water was distill-ed

i¡rto the Nou 2 U-tube, After the distillation had been completed,

the first tube røas removed and the systøa stoppered" The Dry lce-

acetone rlii(Lure was then moved to the No" 3 U-tube and the water

distiJ-Ied into i-t, This procedure l+as conti.¡rued until the t¡ater

sarnple had been camied through Seven distili-ations. The sanple was

then transfered into a serum vial and sealed with a self-sealing
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K" Fig" 6. Apparatus for PurifÍcation of ÞIater Samples'



ó9"

nrbber stopper" The loss i:r the samples due to the distillations

ï¡as small¡ however, the exact magnitude of tftis loss to¡as not

detemined"

Deterr"ai¡ati-on of the Denslty of the þtrater Sarrples. The gradient

density tube method of C" Anfj¡rsen (1) uas employed to dete::rnj¡re the

deuteriun content of the water samples obtained from the conpetitive

FllnSo This method was selected for its sìnlFlicíty and accuracy" Ït

is based on Fickrs pri:rcÍpl-e ühat a linear gradient of densitj-es 1s

prod.uced at the jr:ncture of two miscible liquids of ru"tequal specific

gravities, The liquids employed were two kerosene-bromobenzene

solutions having densities of O"99 and I'O2' The solution having a

density of 0.99 1s slightly lighter than water whereas the solution

of density 1,02 is heavier than a r,,rater solutíon conùai¡lng lVÁ

deuteriun oxid.e. Thj-s gave the density tube a vrorkÍng range of lú

d.euteriu¡t oxide Ín the ¡¡ater sarnples. A gradient tube prepared by

this method could naíntai¡ a linear gradient of densities for a

period of six to twelve months providing reasonable care ltas

exerci-sed in its use.

The gradient tube as sho¡,¡n Ín Fig' 7 r¿as mor¡nted in a glass-

fronted thermostat mai¡rtained at 25,ooo / 'oo6oc' The tube was

filled ùo the nLidpoint (n :n the diagram) of the colunn with the

kerosene-bromobenzene solution of density L"OZ, The lighter solution

wå,s then layered. over this by gentle introduction through a funnel

kept at a level slightJy below the surface of the solution w¡til the

tube t¡as fj-I1ed" To produce the linear gradient, the two solutions



69"

Glass Stirrer"

Fig" f" Gradíent Densfty T\¡be,
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were stirred t¡ith a glass spiral sti-rrer starting at the Ii¡e of

juncture (¿ irr diagrarn) and stirring vrith strokes of increasing

length so that on the tenth stroke the enti-re length of the columt

¡ras traversed (B to C in the èiagra.ur), The tube v¡as then al-lowed two

days in which to attaÍn equil-ibrir¡n.

The drop being introduced Í¡to the densj-ty tube was withdravm

from the sealed serum vial with a Ïrypodernic needle. The needle ï¡as

inserted into the sample through the self-sealing stopper. This

procedure eli¡oi¡ated the possibiJ-ity of eontaninatíng the sample on

i-ts con-ing in contaet with the atmosphere, A capiJlary tube exbension

r^¡as attached to the needle to withdraw a suffícient volume of the

sa^nrple. The capil]¿ry extension had a $ mrn. bore ar¡d was 10 cut. i:l

length" Ore end of this tube uas ground to fit the needle openÍngn

T.he needles and exbensions Írere rn¡ashed several times w"ith distilled

water, dried in an oven, and cooled Ín a desiccator. During use they

were not cleaned but rÍnsed w'ith the solution to be i¡troduced into

the tube,

A rubber políceman uas used on the capillary exLension to draw

the solution into the needle. The needle was i¡serted into the

s:mf'le through the rubber stopper and the solution drav¡r halfi,ray up

the capillary ertensj.on by releasing the pressure on the policenan'

?he neeùLe Îtas withdrav¡n from the vÍal and emptied. It was then re-

filled and introduced ínto the density tube w'ith the tip just below

the surface of the lÍ-quid" By applying gentle pressure to the police-

nan ihe drop fonned and fell away from the needle" The drops forted
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by this procedure were consistent il size, being 3 nmo in diameter'

The standard. drops rn¡ere i¡troduced on the right hand side of

the tube and. the r¡nlmol¡n drops on the left hand side" The order of

introduction of the standards was the heaviest first to prevent

collision on their dor.ul"¡ard motion to the equilibrir¡m levels' The

drops were allowed. two hours to attain their levels rçhich I4lere re-

cord.ed by a cathetometer aceurate to 0.1 ruro The reaùi¡g of the top

and bottom of each drop uas taken three tjmes at j¡rten¡als of ten

minutesn The mean value of the center of each drop uas used i¡ the

calcu-lation on the percent deuterium oxide. Ttre standards rdere chosen

in such a nanner that one was above and one below the level- of the

unlsiov'¡n drop. The percent deuterium oxíde and the vertical

dífference i-n the leveIs of the two standanl drops as well as the

level- of the sample were ls¡own. The calculation of the percent

d.euterir:n oxide jn the sarqple was then a sÍmple interpolation.

The water drops were removed from the density tube by intro-

duction of the glass rod which had a pieee of moist filter paper

rrrapped. around the tipo The brater drop on coning in contact with the

filter paper was absorbed. After removal of all the drops the tube

t{as allowed. tv¡elve hours in v¡hieh to regain its li¡rear gradienil of

densities,

The linearity of the gradient rrras cheeked by Íntroduction of

all the standard solutions, allorring them to attaj¡r their
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equilibriun positions and recording these with the cathetometer"

Â plot shol.¡n in Fig" 8, was made from the cathetometer readÍ-ngs

versus the percent deuteriun oxide to show this linear relationship,

The gradient did not remai¡ constant¡ the levels Ï¡ere for¡nd to

alter with fluctuations of pressure as r¡eII as w'ith turbulences

wiühix the tube solution due to the vibrations of the stirrer.

This resulted in the standards being Sntrodueed with all samples'

A loss of deuterir.m due to exchange u:lth the hrydrogen in the

apparatus oceurred during the course of the oxidation and

purification processêes The rTagnitude of this loss was deteirnined

by vaporizing the No. 5 and No. 4 stand.ard solutions in the

combustion tube and collecting the water i¡¡ the collection tube"

The water was then subjected t'o the purification process and íts

density deternr-ined. The loss observed was L"5% of the deuterium

oxide present in each of the standard solutions. This result was

enployed as a correction in all the samples from competitive runso

To determine if the variation in the densities of the tube

affected the final percent deuterit¡m oxide in the samples, a

second density deter:n:inatíon rr;as carried out on some of the samples.

The devÍations obserrred bett'een the two values were snnall as can be

seen from the table of results for this parù of the work,

Table Ð(IV,
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TABLE ]Oü\¡

Percent Deuteriun Oxide i¡ the Ánalyzed Samples'

Sample from
Run No,

ÞçerimentaL f" R,2O

Trial #1 T3då]. #2
Mean Correcteda

% Dzo"

No. 5 Standard Solutíon

No" 4 Standard Solution

Deuteriurn AnalYsís of
Si.f.ane-d'

I

9

10

LL

L2

t5

16

T7

7.81+9

5.893

t"5a7

1"101

o"563

o"775

t,5rg

1,399

4.911

1"2].'6

3"789

7 '851+

5.894

r.505

0.775

1,"390

l+.925

1.218

L"530

1"118

o.57L

o,783

T",IQ

1,410

l+,992

L"235

3.847

a
lvíean Corrected
correction for
pfoCOSSêSe

% ÐZO uas the mean value
diluùion of deuterium in

of Tria1s #1 an¿
the oxidation and

f2, Íncluding the
puri-fication
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Results of Competitive Biæe_o The competítive runs carried out during

this i¡vestigation wêr€3-

(f). Competition between triphenylsilane-d and triphenylsilaneo

(a) triphenylsilane-d and triphenylsíIane in piperidlne-

water solution;

(Z)" Conpetítion between pÍperidi¡.{ and piperídine,

(") triphenylsilane in piperidine-deuteritm oxide solutíon;

(b) triphenylsilane-d in the pÍperídíne-deuterium oxide

solution"

The ratio of k¡ft1 for all competitive runs was calculated from the follow-

ing equatÍon

r --l

kD los(l / r,Æ) - los LCt ¡ Vx) - P(L l1lA!
@

r-l
kH ]-os(l / x) - los [r * xl - P(I / A)J

rçhere A = the ratio of deuterium to hydrogen in the startÍng rnaterial;

X = the rati.o of deuterium to þdrogen in the products¡

F = the portion of reacti-on corçleted (ratio of products to reacüants).

This equation Has derived from the rate constants of the two specíes that

are in contpetition. Thus

and k,,t = In a
-r1

k-t = 1n ¿rD at -xr a-x

represent the rate erçressions for the deutero and normal sÍlane' ar and a

are the initial concentrations and at-xr and â-x ârê the coneentratlons at
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time t, The ratio

lÇ fog #
H

can be shov¡n to be equivalent to the above fo:sn if the following substÍtuüions

are camied out,

4= A xt : X
ax

andP=x/x¡
ay'at

The probable error in the ratio uas obtained elçloying the method

described by Daniels, Mathews, and ÌvíIlians (5), The root mean sqnare

deviation was obtained from the sun of the partial derivatives of the above

equation w"ith respect to the varÍables X, A, and P, The error in the ratio

was fonnd to be / O,OZ ønploying the e>qgerjmental eruors of lfi, "Ol+%, and

l+% assigoed to X, A, and P respectively. The derivation of the probable

error equation and the calci¡lation are onitted due to their lengthy and

cumbersome mathematical treat¡renü"

The conpetítive n:ns of type (1a) proceeded according to the follow-

ing equations

0H- / R3siH / ps *R3sioH I w, * e-

and oH- / R3slD / pH--,-R3SioH / tÐ / P-

The evolved gas would be a mi:cbure of H2 and HD which when oxidized



77"

oroduees H20, HOD and D20o Density deteruÉnation on this water gave the

total atom pereent deuteriun present in all forms n AD aIlor'¡ance had to be

made for the presence of trÍphenylsilane in the triphenylsilane-d"

The calculation of the ratio for the conrpeti.tÍve runs of types (2")

and (2b) requÍ.red preli-rn-inary calculatións. Ir these runs the rrrater was

replaced by deuterium orlde in the hydrolyzing solution, The concentrations

of the reactants after the establish¡nent of the equilibritm, were obtained

from the following condítions

K
(1) PH / Dzo r--PD 7/ HoD

where PH represents piperidine and PD

equilibriun constant for equation (1)

is the deuterated piperidine,

can be written as

The

H =Eplfsed
Fr{llDzo-l

The deuterirua hydrogen oxide produced by this equilíbrir¡n is involved in a

further equÍlibriun

K¡

or

(2) Hzo /
Kr=

The equiJibrirmi constant for the reaction (e) is lmown to be 3,8O (L7 , 25)

but that for the plperidine-deuterium oxide is not known.

An approximation was therefore made using the constant of a similar
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eqrilibrium jnvolvj¡g the nitrogen atom

maH / DrO æ:= ND3 / HOD (")

for which the equilibrium constant was lcnown to be O"72 (I7). The equil-

ibrir.¡n constant for the reaction

D2Ho/ /Dzo:D3o/ ¡noo (b)

¡ras lmown to be 0"76 (25). Since the difference i¡ the equilibriirn constants

for the two exchange reactions (a) and (b) is only 5dt even though the ex*

change is occurui:rg on the o:q¡gen atom Ín one case and on the nitrogen i.n

the other, it seems reasonable to suppose that the difference in equilibrir:rt

constants for reactíons (1) and (a) above, in which the exchange is occurr-

ing on nitrogen j¡ both cases, would be at least no greater t'hart 5*"

Therefore the value of O'72 was used as the equilibrium eonstant for the

reaction (1).

Further, the known initial quantities of the reactants provided the

followi-ng condit j-ons

(3) PH / PD = "203 mole

r,+here .203 is the moles of piperidine used'

(4) HOD / HzO / D20 = .0552 mole

4It **y be noùed tha'r, an effor of 5% in K has a smaller effect on k¡/kt than

the experi¡nental error (1Ø) assigned to the value of T (page 76)o "
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where "0552 is the i.::itiaJ- moles of D20 used'

$) zDzo I HoD / PD e 
"1104 mo1e"

where "1104 is the gmu atouns of deuterir¡m i¡r the deuterir¡m o:ci'de"

These five relations r,¡ere incorporated into the cubic eqrrationo

pf / ,27?L pDz I 'oo87g5 PÐ - "001489 = o

¡¡hich yj-elded the following concentrations for the reactants after the

establíshnent of the equilibriun,

deuterated piperidÍne (pO) = 'O55I mole'

deuterirm oxide (n2O) = "0139 mole'

piperidine (PH) = 'Ll+79 mole"

water (tteo) = 'ol4o mole"

deuteríum l5r<irogen oxide (HOO) = "0273 mo1e"

Thus 1i., x, and P could be calculated and a value of kg/kg obtai-ned"

The use of these n'mbers leads to a ratio k¡/kg = 0"13 for the rates

of breaking of the nitrogen-deuterir:m and the nitrogen-h¡rrcrogen bonds

(page 81), In order for kp/k, to be unity or greater the experfmental

results v¡ould require a negative equilibrÍum constant for reaction (1)'

Hence even though the caleulated value of k¡/k¡¡ may not be nrsterically

exact, the enperimental results nake it clear that nÍtrogen-irydrogen bonds

are broken much more rapidly than nitrogen-deuterium bonds'

The competitíve runs of type (2a) proceeded accordi'g to the fo1--low-

ing equations
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and

oH- / R3siIÌ / Pu -+R3sioH / H2 / P'

oH' I %siH / pl ----qR3sioH / rÐ / P-

The water concentration used in these cornpetitive hydrolyses vras

such that according to the ki¡etic evidence obtained by Dunn (7) tne re-

action was half order i¡ v¡ater" Thus the proton j¡rvol-ved jn the formatj-on

of þdrogen gas would be exbracted from the piperidine" The calculation

of the relative rate ratio r¡És based on the piperidine rather than the

vrater. If this kinetlc euidence Ís ignored. and the rrate ratio k¡/k¡1 is

calculated on the basÍs of the proton being obta,lned fron the water the

isotope effect v¡as in the sa¡ne dÍrection but of reduced magnitude

(koÂu = ,?3).

The competitj-ve nrns of type (2b) proceeded according to the follo¡¡-

ing equations

oH- / %siD / pH +R3sioH / DH / P-

oH-/ %siD /PD+R3sioH/D2 lP-

Tn order to calculate the rate ratÍo for this competitive t¡49e, the

percent deuterium oxide had to be first eorrected for the deuteriurn evolved

by the triphenylsilane-d. This correctíon ruas obtaixed from the percent

completion of the reaction.

The rel-ative r.ate rati-os for the various competitive runs are

listed i¡ Table XXV"
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iru ÐellteritesiJ-ane silane-d (uote) (¡¡äre) --- i¡,rãfãt o:cide(uore) (uore) - \---- ' (¡.rore)

Percent
ÐeuÈerium
O:cideu

x3Ââ Fa RaÈíc
Run
ïdo.

Competitive
Tþçe

ks&H-

ts2
:.
.02

o63O

,621

.243

"203

"203

]a

la

2a

2a

2s.

2b

2b

13

u

L0

11

T2

$
L6

"ao].g23

"oorg23

,oo\923

.oolg23

,@L923

"001915

"001915

.001915

"00lgt5

.1874

.1874

.0937

"0937

.0937

"0937

"0937

.406

.&06

"203

"203

"LLOz

.ILO2

L"5l+2

1"430

1"T18

.571

"783

.8¡nz

.842

2.68t+

2"684

2,68h,

2,68t+

2.681+

"4560
ì

"l+107

.oog07

.00505

"00685

"00824

"00226

.4552

.ai|l52

"a552

"o552

"a552

lç.992

1.235

"365

,320

'31+2

.292

.279

"ü7.t

"&l

,aj I "92

.12,1 "02

J3 f .A2
u

.:

.1O {.O2

.10 / .o2

"4, X and P are the ratlos as defined. on page f6.



DISCUSSTON

The rate ratio knful+ for the silicon-hydrogen bond- breaking obtai-:oed

from the kj¡retic end the corrpetitive hydrol¡rses, O,72 and 0.68, respectiveþ,

are in good agreement and show that the results of Gilnan, Dunn and

Hanurond (tZ), (k'Afi approximately equal to 6) were in errors The error

could possibþ be due to the presence of impurities in either of the sÍlanes

used5. The slight discrepaney from r¡trilzbach and Kaplants value of

kOÂH = O,9 is to be exlpected in that different methods were employed i:r

obtaining the rate ratio"

These new resr¡-lt,s, however, fail to answer the question of whether the

siJ-icon-hydrogen bond breaking is part of the rate-deternÍning process' The

observed i-sotope effect is smalI, r^¡hich cou-Ld mean that the breakÍ-ng of the

silicon-hydrogen bond is not involved i¡r the rate process. It could also

mean that the bond breaking is involved but tha.t the hydrolysis proceeds

through a tightþ bonded intermediate as proposed by Gilman, Ûunn and Hammond

(fZ), trr the latter case the partial formation of the hydrogen-hydrogen bond

in the transition state could nearly cancel the normal ísotope effect. The

results therefore do not disti-ngtrish between these two cases'

5It **y be seen that not too much reliance should be placed on i.ndividual
reaction rates in silane hydrolyses from the fact that the initial rate
itr competitj-ve reactions oi triptrenylsi-Iane and triphenylsilane-d and

u"tr""r, pi-peridine and piperidine-5! were greater j¡r both cases than any
of the ràtes when carried out separately.
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If the sílicon-tgndrogen bond breakÍng is involved in the rate process

mechanism could be

or

slow
oH' / R3SiH--.+ R3SioH / H-

H- /PH+r /Hz
fasf

srow f oH-l-
oH- / %siH

Þ'1fl t rr;;*3sioH /Hz/P-

The large isotope effeet obtained j¡ the formation of hydrogen is

proof that the breaking of the nítrogen-hgrdrogen bond j¡r piperidÍne is one

of the governing factors in the second step by either mechanism. The same

would be also true for the mechani-sm proposed by Gilman, Dunn and Hammond

(tz), (page 18)"

By the mechanism of Gilman, Dunn and Hamrnond (fe) the small i.sotope

effect i¡ silicon-hydrogen bond breaki-ng would be due to the ti.ghtness of

the bondíng in the transition state. This tight bonding in the transition

state might also be expeeted to result j-n a smal1 isotope effect for

nitrogen-hydrogen bond breaking" Sínce the isotope effect for nitrogen-

hydrogen bond breaking has been shown to be large, the results of the

present investigation would seem to favor the two-step mechanism"



CONCLUSTONS

(1)" TLre relative rates of hydrolysis of triphenylsilane-d and

triphenylsilane were dete¡mi¡red by conpetj-tive hydrolysis as well as by

kineüie rate ratios"

TL¡e rate ratio køfuU as calculated from kÍnetic runs ï¡as3-

O"73 t.04 v¡hen earried out employing the piperidine-later solution

as hydrol¡rzing agent

and 0'71 / "OL when earried out in piperidj¡e-deuterÍur oxlde

solution, The rate ratio kp&H as caleulated fron competitive

hydrolysis r/úas:- 0"68 / "O2"

The resrrlts of the two methods were j¡r agreement to w:ithin the eryerimental

error and contparable t'o the results obtai¡red by lv5Jzbach and Kaplan (2S) 
"

However the isotope effect is of such a smaLl magnitude that the questíon

of ruhether or not the breaking of the silicon-hydrogen bond is i-nvolved in

the rate controlli.ng process remaj¡rs r¡nsettled"

(Z) " The relative rates of proton uptake were determined and k"/k,,

was found to be O,B t,02 taking the proton to be obtained from piperidine,

This ísotope effect proves conclusívely that the breakj-ng of the n-itrogen-

lgrdrogen bond is involved in the rate of proton abstraction,

(3), Finally, the results obtained favor a two step mechanism for

the hydrolysis of triphenylsilane,



RECOMI'ENDÂTÏONS FOR FÜTURE INi/ESTTGATTON

The results of this investigation fail-ed to prove whether or not the

breaking of the sillcon-þdrogen bond is ínvolved in the rate controlling

process, Further, it did not prove conelusiveþ that the reaction proceeds

through a two step meehanlsr,

These queries eould be answered by determ:ining the order of all the

reactants in a single aprotic medir¡m, For example, if the reactÍon could

be shown kinetÍcally to be first order in proton donor as well as in the

base, it would be certain that silÍeon-trydrogen bond breaking is part of the

raùe detemining process o

Should this be true, the hydrolysis of silanes would be the first
established case ¡rrhere isotopic bond breaking in the rate detenning step

does not produce a definite lsotope effect"
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