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IHTROTUCTION

The theory of carbenyl additlion resctions has long been
2 subject of considerable interest. Mumerous investigations
&nd speculations have Leen undertalken to sluelidate, if pose
sivle, a peneralized mechanism for this type of reaction.
Howsver, on final enalysls, it cen be sald that the answer
nag not yet been obtained,

The zost gensrally accepted mechaniam for the cvanow
hydrin resction 1s based upon the gualitative studies of
Lapwarth;. The Lapworih mechanism s of particular interest
tecause it has been widely regardsd as exemplifying the nane
oy in wilol: meat carbenyl addition reections soourfs®, 1t
is &lso of Iinterest becaume it 1s considered ss the first
convineing evidence for the stepwlse nature in wihlch bilmole~
cular reactions may ooourt,

lspworth's studies were of such & qualitative nature
that they did not permmilt elthey the evaluation of rate cone
atants or of the order of the reection. Ey modern standards
hiis results oan not be accepted as unequivocal evidenece for
the mechanism proposed. 'The mechanism involves 8 slow inle
tienl attack of cyanide ion on the carbonyl linkspe, followe
8d by & rapid attachment of a protont

30=0 + CN~ slow >6<Qy
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It 1z noteworthy to observe that this mechanimm does
not involve catalysls in the aense that there 1z either a
protolytic reaction between & catalyat and the substrate
carbonyl molecule or the forwation of an intermediete come
plex between these two entitles, This feature of the roche
anisw is surprising when one considers other carbonyl
reactions such &8 semlcarbazone, oxlue and phenylhydrazone
f&rmation.'which are generally conceded to proceed throuwh
an addition compound anBlogous to & cyanohydrin. (umantitaw
tive studles on these latter reacticns nave dermonstrated a
proacunced generslized aatslysias’a. The phenomenon ol gen=
erailzed catalysis in carbonyl reactiocns 1s interpreted to
fuply a protolytic reection directly between the substrate
and the catalyat7.

The ecyanohydrin maction is readily subject (o baslc
catalysis., If the catalysis iIn this reaction was peneralw
izod catalyseis, tle Lapworth mechanism would be inecoupatibvle
wlith the kinetlcs. lone of the studies conducted by _&pe
worth or sny of the subsequent Ilnvestiietors of the cyanoe
Lydrin reasction provide data whilch couid be used to cieeriy
examiggfgéﬁ posalblilty of generallised catalysis.

Therefore, it wasg deered desirable to nmake & guantitae
tive study ¢f the cysnohydrin reaction in order to furtier
sluei&atéfggg.waehaﬂism, if possible, particularly with refe
erence Lo thw nature of the catalysis involved, Frevious

studles have shown that it ls & simple,reversibvle reaction

free fron the conpllicatlon of side resctions.



The kinsties of propionaldehyde, acetaldehyde and ace-
tone coyanchydrin formetion have been atudled at one tenmperse
ture under various conditions of lonie strength and bhuffer
composition., This represents the first kineties investipa-

tion of & eyanohydrin reaction in aqueous solution,
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Althouph the litersture is abvundant with references on
various aspects and épplications of the cyanohydrin reace
tiong thls briefl survey will be limited primarily to the
more pertlient studlies which besr some reletion to the eche
anige of the resction.

Ap eerly s 106G, 'iliani? had observed that substences
of & taslc reture such as sumonia hed & remerkable accelerat-
irng influence on the formetion of cyanohydrins,

In 1603, Lagwarthl

undertook the Iirst systexstic study
of cyanohydrin formatlione. e investigsted tiie resction of
céspl.orgalinone with FUN In dllute aguecus and s&lcoholice
sclutione 1@ found that in tihe s&bsence of sdded cstelrtic
a;ente tle reactlion went practically to completion in about
L=10 leours, wnile the additlon of small amounts of base
caused & coxparable arcunt of resction in & ratter of sece
ondge The addition of small esounts of mirersl acid srreste
ed the raite Lo the extent that no perceptitles resctinn
cccurred within 14 days. !sinly on the bazis of trese re-
gsulte, Lapworth examined the followling posslile recheniams

end concluded that () was the only ressonable expienation:

(£) SG=0 + HON = JC{UF)CN
+ -
{5) Se= + FO4 o o= Jelon)en
slow _fust (2)
{(C) SC=7 4+ 8% = JCOH + CH — JC{un)cy
slow fast

{1) U=+ CNT = HCICHID + BT =)0 ou)CH



in consideration of the effects of aclde &and beses on the
rate, &ll but ﬁﬁ}ﬁﬁgé re jected by Lapworth.

in 1912 Fredig and riske? commenced en investigetion of
the resction between benzaldehyde and !HCYN in ehloroform and
toluene solution, in the presence of tie opticelly sctive
catalysts quinine and quinidine. 7Their results lndicated
ti:at & partial asyunetrlie synthesls nad veen achileved, as

followss

CgHgCHNHCN

BN {levo)
e Wuinidine
{,.—reél‘ilﬁ{: i on (3)
uinine | .
“6"8doxtro)

The sare elflect was observed in the case of [ive other
arasiatlo and alipnatie aléahyéeaxg. Although these auihors
do not offer any substantisl exzplanation relstive to an
exgct interpretation of the zechanism involved, the irplica-
tione ere of importance. Host partial asynuetric syntheses
which have resulied from the formatiovn of an asymmeiric care
bon atom appesar Lo depend on the presence of ancther myt&aélw
1y active center either 1in the molecule 1tself or in snother
wolecule actively involved in the reasotion mechaniame. Thus
it is difficult to see how the Lapworth nechanlsn could be
operative in these nonpolsar solvents because it reies no ale

lowance for the participstion of the optiecally sctive hase



in influencing the confipuraticn of the asyumetric carbon
croated In the reaction. iccording to the _apworih meclie
anism, the base would serve only to inerease and ;overn the
cyanide ilon concentration. Lan@enbeekll has commented
briefly that the catalyst rust have a function in the reac-
tion veyond tiat of inereasing the hydroxyl {sctually the
cvanide) lon concentration.

In 1914 Jonesi2 conducted a quantitative investigation
of the equilibrlum constants of &cetone and acetaldehyde
cyvanohydrin formation in diilute agueous and alecholic solue
tione @ &lso perflorsed soms very approxixate experivents
on the influence of basic substances upon the rate of the
reactions end conciuded shet his resulis were in sccord with
Lapworth's postulationse

The studles of Iredig and coworkers®»i0 on tihe asyme-
metric aynthesis uslng optically active catalysts parallelsg
markedly the asynuweirde synthesis echileved by the use of the
engywe, omuising in which aimost pure cpticelly asctive antle
node is proﬁueaﬂla. This sizmilarity stlmulated considerable
stereoc exical investipations by vlochexistas in en eatienpt
tv relate the snsyrnatic and the noneenzynetie reaclions. For
the mostl part, these researcies resulted in the fomwiatlion
of porgibie inlermediates Iin the noneengyratic vsymetric
synithnesis without rendsring aény exact exposition of the reche
anisme 4&n excellent review of these studies 1ls presented by
Alversid and :8llertd,

In 1926 &lberst® dencnstrated that primery, secondary

and tertliary asvines areo capable of catalyzing the benzalde



ehvyde cranehydrin reecticn in nonpolear solventa, 'le also
showed that, with the exception of anlline, no “ehiff's
bases are {orred between bengzeldehyde &nd the haseg erplog=
gd as catelystre This would seer to Indlcete that the
“ehiff'as besze is not en intermedlate in the eyenchydrin
reaction.

in 108¢ »81llerl® conducted the first reslly gquentite-
tive investigetion of the kinetics of a cysnehydrin reac-
Lione IChe studled the reaction of benzgaldehiyde and (I in
@hlﬁr&f@rﬁ*ﬁalutign in the presence ol the alkalold cabtalyst
nydrocinehonine. 7The kinetlies of the reaction followed a
thidrd ordey law, whieh weg sorewhat surprising. %hen the
concentrations of the resctants and catalyst were varied, 1t
was found that the rete constant was independent of the
initisl concentration of benzaldshyde but weas directly pro-
portional to the sgquere of the retio of iniilal bese: (N
conecentrationg, The reader is relerred to VBllerts dissere
tetion for wore detalls, Teking into acoount the method of
expresslion of concentretions which was erploved in the rete
ecuations, ¥Bller concluded that the results could be intere

preted by the followlng wechaniam:
(BE)* « (€M) + FCHO —> (BeseCy) —> Cy t4)

Thle mechanlsm Iinvolves the sssurmptlon thet the Lease

interacts completely with FCN end the produet iz entirely

# Throughout_thlis thesis, using the :2r-vltrary division set up
by Stewartl8, this solvent will be classifics with nonpolar
solvents.




dissccliated inte {Eﬁ)+ and (0N) ionse. These lona in turn
react sivultancously witn the aldenyde To produce & lovao
molecuiar complex which then decouposes to pive the produch
cyanonhydrine MBller attesmpted to vellidate the postulated
machanism as followss

{a) & distinct tewmperature ilneresge occurs almost ine
atantanecously when chlorofom: solutions of #CH and quinine
are mlixede Thls was teien to indleate an intersctlion of
bage and [ICHe

{B}) “he conduectivity of chlorofom: "CH solution, though
amall, is lncressed noticeably by the additiuvn of lLiydrocine
chionine. This was interpreted to ladicate that lonlec proe
dncty were forned.

wlth resgpect to some of the interwediates or uoclecular
apocles wihlch =ight occur and influence the studissg sonducte
e, #Bller considered the poseibllity of the foration of &
compound or & couplex belwgen the aldehyde and the base cabw
alyete n ordey to prove tnel these suvasitances Jdo not form
& compownkl, 8o pefsured the hoeat chanyes &ocoupanying ths
wnion of the components lu chldoroefors wolution, and the
freesing polnt depresalions of correspondilag vensene solue
tlonse Frum thw resuite of all the attespled sxperlients, it
appeared as though o Influence of the catalyst on the alde
snyde was uanlilested. She concludes that a cospound or Coie
rlex of sasalyste-ualdehyde doesz not exlst and therelore does
ned oceur sz an interrmediste In the cyanchydrin synthesis.

The reaction mechanism poetulated by 8ller to ezxplalin the



kKinetice L5 piven by equatisn {4) above.

in 1988 Alvers and Lausnt® gorcucted tie first quants-
itative study of the kinetlles of & crenchydrin reacticn in a8
polar sclvent. They were lnterested fundasentaily in an
sxplenation of the enzynailec sagymmoetiric syathesls of cryanoe
Lycrins and were wmotlvated by the fact thet all the previous
investlgations slong these lines had yleldsd no cletr Cune
preienslon of the process ianvolved. 1o ovder to cobltaln
ciues tov the enzyuatic reaction, they felt It was Iirst nece
asatyry to estebilsli the nature of ithe non~enzyuatic nucim
anisme. It is probable tiel Tiese authors elected to study
tie nonesnzyuatio kiuetics ln & polar asslivent ecuuse studw
les on Lue enkpiatlc resction were ulways conducted in sueh
é wediune iIn surveying ihe sugpesilions of oiber lnvestipse
tors as Lo wbs reaction mechanlsm, lthey nere no relsrence %o
the work of . 8ller { perhaps vecsuse Liller's stucles were 1L
nonpolay soivents), and instead conzidey chlefly the poste
wdatlons ol Lapworti, which they soughit to sublect to guants
Ltative veriflicstions

Libers and Hansnn studled the reaction ol benealdehyde
and CW in 50¢ sleonolle easetate bufferse They found that
e reaction followed & second order rate law and that the
rete consgtant was independent ol the Initlal concerntretlons
of benzaldehyde and HCY at & fixed pi; Leve 8 fixed Lydroe
2yl lon concentratione TYhey aisc lovestlyated tlhie reaction
In woetate bulfers of three ciiferent pihts and found taad
the rate constant varled in dirsot proportion to the Lydroe

xyl lon soncentraticne Teking into agcount the Liydrolysis



equilibriun of oyanide ion, the aulhors eoncluded that the
rinetices was Iin exsot spyeerent wilth: the Lapworth mechanias.
o atterpt was nade ﬁe;:‘?zg%rwally inventvipgate LLe DOge
aliillity of peneraliged cataliyels or to make aliowknce fopr
the possible influence of ionic strength upon the reaciion
rato.

“he rate ol tune ensynelic resaciion wes aiso stuuiea in
vhe sane sedium except lor the presence of the enynee (onw-
trary to previous ssseriions that tis onily effect vi tiw enw
2yl was to Influence tlhe optical ectivity ol tihe cyvenchydrin,
it was founae thet the enkyvine Gcceelereated tiw reaction sige
sllficantlive 14 benaved iike &an 1deal cabalyst.

Stewart and coworkersl?ri’, coumencing in 1v37, reporte
ad an investigailon of the dlsscclation of avetons cyano=
syardn in & wide variety oi solvents includling wabter, .eihe
anci, eianwld, propancl, butenocl, Lesetoyipropanod,
lyl-diveliyistianod, aceione, carbun lelracuioride, Lsuniens,
dloxene and chlorolorm. Lhey fouvna Loet Liw dissoclation of
acelone oysaactiyarin Into acebtone and HCH le catadyeud Ly
aminges In @il aclivents. 108 calalyioed acbion lg lLileas=
upreably fast in waier and in ne lower aicoa0ls, w.lle It lis
rpaszureatle in Wubenoeld and (he nonpoler soivents suxl oXe
trevedly siow ln dlosense o8t of tuelr sludles wers cuiw
ceniinled on i@ debtercintition, ln the various solvents, of
tie equidivelw: consbant 1or cyunooydrin dlssoelsation &s
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3% was found that ithe ¥j value for the reaction in water
in the presencses ol & catelyst varied consliderably frox the
vadue In the absence of ¢staliytio bases, whioh represented
an apparent shlii't in the eguilibrius. The veariation observe
6 depenced both on the concentration and the specles of the
catalysbs The ceviation was asoribed to tne interection of

tie base with Hil,
, ot -
R + BCH = BF =~ N {e)

fo waxe allowance for thls reaction, the overall equilibrium
sxpresaion snould be written ast
RpC{OH)ICH + RgW f—ﬁ. BaCO + %‘@fﬁh oW (7)

Lo &y toen be reisted to ¥3 by the dlssociation con=
slants of & and LUH in weater and, in this sanner, falrly ocone
glatent values for tie equilibrium eanstant~ﬁ1 woere obtalned.

in all the slconols and acetone, on theé otmwr Land, cone
giztent vaiues of iy could be oblained satirely by thne use
of eguatlion (5}, leve Low dogres ol dissoclation is unaflects
Ly &nlnge Lihds meana that winlie In water there is evidence
of laleractlon eilween anine and 1CH, in the other polar sole
vaenls there lz 0 eapsrinentally detestable evlidence of such
intsractione In the nonpolar solvents the gituation is ape
perently cumplexi iLhe depres ol diascciation ls decreszsed by
The eddiitlion of auine and the resulis <o not lend themaslives
o any guanvitative correlation. The authors congluds that

tie glupie ilapworth disscciatlion mschanisy may be true ondy



in water solutlons,.

A& study was elso conducted on the relative rates of dige
soclation of acetone cyanohydrin in several solvents. The
presentation given is largely qualitative. In discussirg
hiis results, Pontanat® states, “"the mechanlsm of the dispoce
fation in both polar and nonpolar soclivents is apparently
quite complex as indicated by thw faoct that the Lhinetic date
do not £it any simple rate law." It may be recalled at this
point that, in the ocase of benealdehyde cyanchydrin formae
tion, Albers and Hemanni® and x811er'® reported kinstic aata,
in polar and nonpolar solvents respectively, which conformed
to an integral rate law,

Baker and MummingQO, in 1942, investigeted the kinetics
of the reaction of & series of pe-alikylbenszaldehydes with 1CH
in constant bolling slechol., The standerd catelyst employw
ed was & mixture of 0.,01% pyridine and 0.,01%¥ pyridiniwma bene
zoate, which effectively constituted & buflfer systeme In
thely work thoy were not primerily interssted in explieitly
eluclidating the mechanism of the cyanohydrin resction. FHathe
er they sought to obtain veloecity constants for the various
compounds in & stendard medium in order to test the Holkere
Hathan hypotheslis as to the relstive slectron releasing ablle
itles of dirfferent elkyl groups in compounds of the type
studied,

The kinetie data, in every case, wes found to sstisfy a
second order law relative to & reversible bimclecular resctiocne

In ordeyr to test the validity of the concepts previously



135

developed on the poler effects of slkyl groupe, 1t was nece
ensary to assmue & representation for the activated transle
tlon complex. The representation used was in asceord with

the lapworth forsulatlion exeept for the assurmption of resonbite
ing forma. Values were then asaigned for the relstive re-
dunctions in energy levels in the ground atate of the aldshyde
and in the actliveted state of the transition somplex caused
by the +I and +% effects. The differances between the vale
ues of the two states for the various reactions were then
compared with the rate consiants and the two sequences were
in exmct agreement. Although not discusssed by the anthors,
it rmay be pointed out that 1f their treatment 1s entirely
valid, 1t could be inferred that the Tspworth mecihanism is

in eccord with the results obtained. This, however, would
not constitute a unique verilfication becouse other repre-
sentations for the activated tranasltion complex, which were
not econsldered, right also yvield the same theoreticael se-
guence of reactivitiesn,

In sunmary, it may be observed that the work of vB11ert®
and of Albers and Hamennt® constitute the only gquantitetive
investisations of the kimnetliecs of the cyanohydrin reaction.
Thelr results, in nonpolar and polar solvents respsctlively,
have been interpreted to indicate & dilferent mechanism in
each case, depending on the conditions of the studye The
possibility of gzeneralized catalysis and its ioplications

nas not heretofore heen purposefully esxenined,



THECRY
Zyaluation of the Bate Constants
If the rete of a reaction is proportional to the prow
duet of the {irst power of the concentrations of the two re-
acting substances, the reaction ls ¢f the second order. For
the case 1n which there ls no significant reverse reaction,

tiwe rate of formation of product ls

é% = KCapCy (&)

If the two substances are present in unequul concentrae

tions, squation (8) can be integreted to

kt = 2308 log a=x 4+ C {(9)
a=b Bex

where C 1s the constant of integration, k& 1s the speciflc
rate constant, & and b are tize initial concentrations and
(a=x) and {b=-x) are the existing concentrations &t any tine
te & plot of log (&~x)/(b=x) vse t should be & straight
line, the slope of whiech 1s egual to k(a=b)/2.308. 7Thus the
determination of the slope maies it possible to evaluete L.
For the case in whilch there is & significant reverse
reaction of the Cirst order, the expression for the rate cone

stant may bte derived sz followss

k
A + B ":;_..1'" ¢
X %z+6 kﬁ Ey=X
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X, = initlel concentration of reactant A

x = concentration of A at any time ¢

Xic gz concentration of I at any tlme, where ¢ ia a constant
and is the differénce between ths concentrations of 4
and 5 at ¢t a O

The equilibrium constant ¥ = ky/kg

X,=X = concentration of produst C et any time
The rete of dlissppearance of A will be

'-% - klx(xm} - kg{xg-x) (10)

Substituting for kg and rearranging,

mirdt = dx (11)
. X(X+0) = (Xg=X)/X
If xg 18 the equilibriunm concentration of A, then
Xs - (12)

Xgt O
Substituting the value of x, from equatlon (12) and rear-

ranging,

o
-klﬁﬁ = {13)

2%+ x(e+1/¥) - xwg - X0 = Xo/¥

This may be integrated using the appropriate standard Integral

form to glve

2,303 { +1/%)
log * 8 %e + C (14)

21°+6+1/§€ X - x,

i-:lt =
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where C' 1z the constant of integraticne #£11l terms are cone
stants except X and te & plot of log X+(03x,*1/¥)/ (% = xg)
vae t shiould be & streight line, the siope of which ig2 equael
to ky(8xgre+l/r)/ £.308. Thus k; way be evelusted fronm the

B8lope.

Ceneraliged LAcld~Page Catalysis

In 1ts sarliest deys, the theory of acld-base catalysis
in homogensous solution was besed largely on the premise
that catalysis was due sntirely to hydrogen or hydroxyl lons.
Credually, however, experimentel evidence was acouwrmlsted
which indlcated that escild catelysia, for instance; could be
effested by undlssoclated molecules of aecid as well as by
hydrogren lonase. Trom 1223 cnward, as result of the work of
¥ronsted, Lowry and leawson, the theory of pensralized cataly-
8ls evolved. According to this thsory, it is poseible Tor a
reaction to be subject to the simultansous catalytie influe
ence of 8ll the acids« present and/or &ll the bmses# present
in the solutione Thus if we have a resction in which the
mechanisn involves In the rete determining step the reection
of & substrete with aclde in general,

A T HA —> products

k = fk,,(ﬁai} (15)

% Aclds and bvases as defined by the SronstedelLowry proton
theory of acids &nd basges,
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where : ls tue overall rate conatant, kg the moler catelytic
constant of the "1"th acld and (¥4)y ls the wolar concentra-
tion of thet acide It iz probable that reaction oscours sle
sultanecuasly with the varicus species of acld which eare in
the solution. Hguation {(15) 1s of the form which would be
sxpected for simltanecus slde reactlions,

To show that a reacticn 1s subleet to general ecid ca=-
talysin, the method of Fronsted and Guggenhaimal ia generale
ly enployeds Consider the acld YA, Neglecting activity
coelficlents,

£ 1 ka w0 -
A 4+ ,.';.EG = ;vag + A

Phkg 8 pH + log A {18)

In thls sethod the rate i determined in & serles of buffers
in whieh the oxonium ion concentration is constant, but the
concentration of the acid component of the buffer is varied.
:ia is sccowplished by malntelning & fixed ratio of scld

to base congentrations and a constant ionic ntrength in the
series of btuffer solutiona. The ionie strensth is maintalne
ed constant by the addltion of neutral salts, which effective~
iy suppressos salt effects.

If the rate veries Iin sroportion with the concentration
of YA, penersalized acld catalyslis is nenilested; 1f the rate
is constant In tuese clrcumstences, the resction is subjsct
to specific oxonium lon catalysise. The sane considerations
erply to basle catalysise. 7Tne literature is replete with oxe

perimental verification of reactions exhibiting generzlized



s

cataivalse. 2everal reasctions have beoen investisated whlch
ailmuvltansously exnhlibit both pgenerealized acld and base cataly-
sla and here ithe sase fundarental considerations are involve
ed. ¥y sultable csomprehcnsive investigation 1% 1a »onsgible
to evaliuate the wmolay cetelvyiie constents for different
catalysts in a partiocular raaetigngg.
Bronsted Catalvtic law

The rnechenism of reactions whieh exhibit peneralized
catalysis 1s widely asccepted as belng characterized by &
proton transfor between the substrete end the catalyst. “ince
dissoclation equilibria of wclds end beses in watoy also ine
volve proton tranasfers, we would expect & correlation Lee
twosn the dissociation constants of & series of acids, for
Instence, and thelr uolar catalytic oconstants In an acld
catalyzed reaotione Tuch & relation has heen proposed and
verified by Hronated end ie known as tie I'ronsted catalytlie

lawe, The relation, which has an sessentially espiricel basis,

ia:
A
kg = Cailg for acld catalysis
(17)
ky = &bﬁég for besic catelysis

wiere (g or G and mr(g are constants for & particular re-
action in a given sclvent and at & particular tenrerature.
Subseguent modiflications have been applied to this relation,
but these wilill not be considered nsre, This type of relation
has proved satisfactory for a musber of reactions, consldere

in; that very often the eatalysts studied represent an
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extremely wlde range of dissociation constants. “everal 1lle
Justrations are cited by ﬁsllga.

“pecific ve. Ceneralized Catalysls

The question of whether there i1z eny fundmmental dife
ferance between specific end goeneralized catalysis has not
as yet Lwen concluslively ansvwered. Cronsted and dynne-
Eanssﬁ4 have nade several Iinteresting calculatlons, assunling
the valldlity of the eatalytic law, on the possibillity of dew
tecting gemerallized catalysis. Considering, for example,
acld catalysia in O.1¥ mcetate buffer, seversl conclusicns

ere possible from the followling table,.

Proportion of catalysis due to

Lxponent HgO Hs0 CRgC-0H
% = 0.l 0.008% 8BS o7

* = 0e5 Be 6 0,017 9844
of = 1s0 9% 487 sx10™1% 0e2%

It may e seean that 4f
{(8) A2 Usl, the reaction will appear to be uncatalyzed.
{b) & = Qeby the reaction will exhibit eataiysis largely
by undlssoclated acid molecules,
(¢} « 2 1.0, the reaction will be a case of specific
oxonium catalyala,
It is apparent that intermediete values of & , whieh
can vary from O to 1, are most favorable for the oxnerimante

al detection of generallzed catalyslse Thus it ~ey be that
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the real Jifferance between generslized and specifle cately-
nils 1z only & gquantitative one and both are manlifestations
of the sexe phenosenon. “imller conelderations may ve ex-
tended to the case of baslc cataisyais.

another point of interest is the possible infiuence of
the substrate itgell on the type of catalysis exihilblted.
"he work of bell and Liawell®® offers perhaps the best ine
dication of the relative inmportance of this faector, 7They
investizated the catal tlic constants of & muwber of base
catalvats for & particular substrate and evalusted X for
the series of catalysts relstive to that substirate. They
studied each menber of & series of ciosely related hetones
in the same way, using the base catalyzed halogenation resc-
tion in each case. It was found that © varied from Q.08 to
Dedtl in the series of eight ketones investigated, and dee
cereased in valus as the reactivity of the ketone increcaszed.
Since the value of X uay be regarded &s an index of the ox=-
tent of generalilged cstalyels, this result ray be interprete
ed as implying tiat the amount of generallzed catalwais for
e particular reaction mey vary markedly with the resctivity
of the compound studied. 'mlortunately, sinilar studliesz of
other series of compounds have not been conducted and it is
doubtiul whether one nay be justified in eoncluding that 1t
iz a general prinolple that the proportion of generalized
catalysia is increassed with the increasing resctivity of the

subsitrate.s “owe such principal could be of velue as & gulde
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in the investipation of cstalitic mechanisms, Py an extra-
polastion of the reosults above, & series of substrates =i;ht
exist for some resctlon which would exhlbit a complete trane
sition from speeliflce to genersliged catalvysias, 7his would,
of course, be of value in corrsleting the two types of
catalysls.

Forrmulatlon of Cysnonydrein inetics

According to the Bronsted theory of resctlons in solue
tion, the reacting particles fors an intermediaste couwplex
which 18 in equilibrium with the resctants and which can dee

compose to give the resction products.

" "
A +p <X x —E ¢ (18)
k.l

Consldering activity esefficlents,

k ¢ b
ﬁl - 2 - * . x {19)

K.y  CaCp  Iafy

Tre rate of the reaction is considered proportional to the

concentration of the intermediate complex,

dx = k . £afp
- kg Qx s fq ke CEGE {20}
at
£y
Defining ¥y ko &8 k. »
PR
% = ko CpCp o B (21)



tCompering this with the classlcal egquation (£),

£, £y
e kg (e2)
£y
Acecordling to the lebye~iuckel theory,
-1nf; = Ags®fu +B u (28)

for the range of lonie strength of sbout 0.01 to Q.le P 1is
an empirical constant depending essentially on the nature of
the 1on 1.

Combining equaticns (22) end (23),

ln ¥ = In kgt 282,200 +(By = B, = Ep) u (24)

This equation expreasses the dependence of the rate con-
ztant on lonic strength in & fixed medium and at a particular
temperature. 7The addition of neutral salts to change the
ionic strength, and thereby the activity coefficlents, is
seen to influence the value of the rate constent, This is
nown &8s the primary salt effect. In the case of ths roacw
tion of & neutral molecule with an ion, the 2A%,7.Ju term is
zoro (sinee 7 signifies the charpe of the particle) and the
magnituds of the primary aslt effect will depend largely on
the relative values of II for the various spsciss. For the
majority o8 reactions ol thls type tioe priusry salt effect
rarely exceeds & few porcent in the dilute range (0.0l to

Ol fonie strength)e



Kow let us consider the formulatlion of the kinetle rate
law of the cyanohydrin reactlon esccording to the Lapworth
mechanism (1) and sccording to the Fronsted theory. Since
the rate dotermining step in the Lapworth mechanism involve
od & nsutral molecule and an ion, the primary =alt effect
should be small and 1t will, for the present purposes be ig-
noredes The rate egquation should then be,

&= %o Cao Cox (25)

in whieh AU designates the sarbonyl compound, and in whieh
wo wlll assure no significant reverse reaction. %e ashall
consider the case in which the resation is run in acotate

uffers and defline the followlng equilibrium sonstantna,

¥ - -
Caleon  fu' Ty
*

Cren Tuen
¢y Copa L S
Fs = <1 wﬁvﬁ . i %, ﬁ.ﬁ { 37)
Crnae Tione
Conbining (25), (28), and {(27),
X, R R
Cop = 2 Crcn OAe , HCN “ohe (26)

-

e

K Cuose Tunmre fon



?‘ ; 6;’"& X . r PRI .
dt ' y _
Ka Crose  Fucaecfon

In order to sipmplify thils eguatlion, it is be=t fo consider
the expsrimental condlitisnse I exporivents are run at a
conistant lonle strength and in & buffer where the ratio of

Cope/ Chope 18 constent, then equation (£9) becowes

& =% o Cucw (30)
;g‘?‘ D N - B —
where k' w» ko 2 . “ode . fi;gf}ﬁ f{}ﬁg

s  Cuoae Tuoae fon

The experisentally determined rate constant relative to
the concentrations of the speclies A0 and IICH will be k' and
k' may be experimentally evaluated by the use of equation
{G)e AL the same constant ionlc strength, the value of k!
should be strietly proportional to the ratlo Cogg/ C.nage
Theas predictlions should not be Influenacsd Ly any selt effects
since the condition of constant ilonic strength s imposed.

¥ow let us conslder equations (25) and {29) to exazine
posalble secondary selt effectas 1If the ionlec atrength was

varied, The activity coeffliclients of nonionie ICYW and HlAg

# The sscondary salt effect 12 a changs in the concentratlion
of & reacting specles, 1.8, cyanide lon, which would be
caused by changes in loniec strength.
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may be set equal to 1 in dilute solution, and moreover, it
may reasonably be sssumed thet the ratio f,../ fcy will be
practically constant in dilute sclution, fYhus the influence
of the sscondary sslt eflsct should Le nepligible.

How let us postulate & hypothetical mechenism for the
cranciiydrin reaction which invoives ithe hydroxyl lon catalysz-

ed sddition of molecular HCH to the carbonyl compound,
AO + HCN + OH — X — products (31)

The rete sgquation for this mechanlism, agaln neglecting the
prizery salt effect (which nakes the “ronsted formulation

eguivalent to the clessicel) would be
g% = ¥ Cac Crcn Con (32)

The dissccietlon constant of water may be written

:%% - H You . H *QE { 35)

Combining equations (£7), (38) and (&3),

wo e L
. GvAa fu&c
L] -

Cop = (34)

—

s Cago  Cnoae  fom
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¥, GC.,=
W ;4 oAc
ax = %, e ComCao 28 (35)

iy Crgo “uae  fon

Conaidering the same corresponding conditions ss were applied
to the derivetion of the rate equation for the Ilapworth meche

anism, equation (35) may be simplified to

% = ¥ Cueow Cag (6]
whare e P Cone Tons
= ¥y . *

s Cugon Cropg  Togm

It is lmmediately appérent that equation {38) 1is 1dene
tical in form to equation (30). The same affects of lonile
strength and uffer composition upon the experimentally obe
served rate constante are predicted. Thus both the Lapworth
and the postulated catalytlic mechanism lesd to the same rate
law, méking them kinetically indistinguishable. Althwugh
the reveras reaction of tiw rete determining step has been
ignored in the above derivations, it may eassily be shown
that both smeochanlisms also glve rise to the sams rete equse

tion whan tie reverse reactions are considered.
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Fakerts CePe OCH was puriiied according to the recome
wondations of olthofl and Limﬁﬁﬁﬁgso The salt wasz recryse
sallizsd frow weater,; ¢ollscted on a Juahmer funnel and dried
by suchlons It was then placed in @ desiesator and dried
over Ppiy lox saveral wours atl room temperature. The galt
was subsequently dried in an oven at 120%°C for soveral hours
ané then finally fused 1n & furnece at about 13090, After
such trestment, the “7CYH is sultadle for use ag 2 primary
standéard in argentixetric desterminationsa,.

Palker's Ce.Pe. Aglng was dried in &n oven at 1209C snd
then fused in & furnsee a2t sbout 230°C, Pure ¥ell was pre-
pavad by filtering & seturated =sclution of Cenersl "hemicel
Coe CeFPe FaCl and tresting the llltrete wlth C.Pe concen=
trated BHCle 7The NeCl was collected, dried in an oven at
1809C, and then in furnece et 580%°C for cne hour.

0.1000H sclutions of Aglidg, ¥3CN and NaCl were preparecd.
The normallity of the AgNO. was ascertained by a ‘ohr titra-
tion and by & Volhard titration. Thwe results of the two
methods wepre in exsellsnt agreemnment, confirming the sulitablle
ity of the #5CH as a primery standsrd, Thereafter, solue
tione of ¥SC¥ were prepared from the s0lid reagent treated as
stated ahove, wiille solutions of &gﬁﬁa were prepsred from ree
arent which hed only been dried in an oven &t 120%C. 7The
Lgiia solutions were standardized agsinst the ¥5C¥, All

e

solutions were Lkept in Yrown bottles and stored in the dark.
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The ApN(O, wan checked from time to time and 1t was found
that lts noruellty did not change perceptlibly over & perlod
of several montnse

Ligquid YOH was oade acoording to the method deseribed
in Organie ﬂgﬁthasasg?. A solublon approximately D.8Y in
#0H was lomesdiately prepared fron the liguid ICH, and placed
in & broun botitle and sicored in the darke The absence of
substances capablc of Lforming sllver prscipltates (other than
gyanide) in the NON solution was shown by the fact thst whan
the cyenide is yuantitatively rewcved [rom the solution, thw
wddition of acidifled AgliGy results in no precipitation.

The acetete bLullera wore prepared from solutlons of
iivhe and carbonste-Ires Halll, The Xa'H solution wan rtande
ardlged sgalnst a Natlonal Fureau of “tanderds stander:d
sauple of potassium sceld phthalate, and the " ie solution
titrated apainst ths Nedl solutlions Then quantities of the
acid and base were mixed to yield the desired buffler componw
ition, The iCA¢ content of ithe buffer wes deternined by tile
tration with the standardized Halile The noruality thus obw
tained was in excellent sgreement with the value calculated
from the amounts of acid end base mixed, indicatisg little
volung changd had oceurrsd on mizxinge Jeveral sontha later
the buflfer was &galn analyzed in C(he same way and the change
in 10Ac content amounted to leas thuan 1.

Almer and Amend Uefe 10, wes used as inert slecirolyte.

The salt was dried in &n oven at 120°C and weiziued out in an
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atrnosphere of less than 1Y relative humidity, under which
condition 1t is not appreciably hyqroacopics.

Teechniecal grades of the carbonyl compounds were pur=
ified as follows:

(a) ¥atheson Co. proplonaldehyde was dried over CaClg
and tren distilled in an etmosphere of nitro;en using a frece
tlonating oolumn 50 ome long with about 10 theoretical pletes,
A constant bolling middle frection was retained whieh boliled
at 47.4°C {(uncorr.} and had & refractive index, nge, of
1.,58388.

(b) Ve Se Industrial scetone was refluxed over dry ¥inl,
for about ten hours, and then allowed to stand over the ?%ﬁ&%
for a daye The mixture was then filtered and the {litrate
shaken with anhydrous KgC0s &nd distilled through the frace-
tionating columne. £ middle, constant beiling fractiocn was
collected, bolling at 55.8°C (uncorr.) and with a refractive
index, nZ0, of 143567, |

{¢) Fastman Lodal acetaldehyde was dried over call, and

then Ifractionated in a8 snell columm in an atmosphere of ni-
trogene. 7The condenser was cooled with a glycolewater solu-
tion which was maintained at 0°C by a refrigeration unit.
The recelver consisted of a 10 ml burette which was fltted
with & ground gless joint and & jacket conneoted in series
to the condenser. A middle frection of distillate was re-
served.

Dolled distilled water was used in the preparation of

all solutlions.



Apparatus

All titrations were conducted at £59C in waterwjackete
ed burets. Water from the thermostat bath was clreulated
through the jacket by weans of & water pumpe All volumetric
apparatus was carefully calibreted using distilled water at
28°C.

The pate measurements were carried out in & glass ap=-
rparatus sizilar to thet used by Faker and Eammingae. ¥y
slight modification was employed, in that the gas bottle and
manometer woere eliminated and a gas bubbler filled with Hé&ﬁé
was inserted between the nitrogen socurce and the three-way
stopcocke The apparatus used is illustrsated in Figure l.
The nltrogen pressure was closely regulated by & pinecheclamp
on the rubber hose connecting the nitrogen tank with the gas
bubbler. Thias apparatus permits the reaction to be run and
the samples to be removed in an atwmosphere of nitrogen with
prectiocally no exposurs to alr. Thus losses of !'CH and the
volatile carbonyl compounds asg well as oxldation of the alde
ehydes are minimized. The sampling pipet delivered approxe-
imately 9 ml samples of reaction mixture. Iue to the ground
gless tip on this pipet, delivery procedure must be very
carefully standardized to insure reproducibility of 0,01 ml.

The thermosteat bath contained a stirrer, cooling ocoil,
mercury thermoregulator and a mercury relay. The tempsrature
was maintained at 24.97 « 0.02°C. The thermometer in the
bath could be read to the nearest mundreth of a degree and
was standardlzed ezainst a thermometer salibrated by the
Netlonal Sureau of Standerds.
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All watehes used in rate sxperiments were checked with
the Hational Pureau of Standards time signel and 1¢ was ase
certained thet thelr error was wholly insignificant {(of the
order of 5 gseconds & 4ay).

Procedure

Prior to the initliation of a run, 8 solution of the ocape
bonyl compound was prepared., %Yhenever initiel concentrations
ol carbonyl were desired { sometinmes for proplonaldehyde and
always for acetons), the freshly distlilled compound was ime
mediately transferyed to a weight plipet and a definite emount
wag welghed into & volumetric flask which contalned soue of
the solvent medium, elther water or buffer solution. The
flask was then filled to the mark with solvent at the proper
temperature, 25°¢, Whenever initial concentrations of care
tonyl were not required {most of the propilonaldehyde runs
and all of the scetaldenyde runs), approximate amounts of the
compound were delivered into & volumetric flask and the cone
tents were, in this case also, filled to the mark, Froplone-
aldehyde and acetone woere delivered by ~eans of the welgsht
pipet, whereas acetaldehyde was delivered directly from the
distilliation receiver {(due to its extreme volatility)e. With
the sldehydes, precaution was exercised to maintalin an ate
moephere of nitrogen as much as possible.

For the experliments which required the additlicn of neu=
tral salt to adjuest the lonic strength to a desired veliue,
tie appropriate amount of Kﬁﬁs wis welghed out and transglere
red to the volumetrice flask prior to the introduotion of

solvent,



The reaction vessel was placed in the thermostat bath
and flushed out with a contimuous stream of nitrogen. 50 mi
of the stoek ECK solution was plpetted into thwe reasction
flask and then the lesk was stoppered, Whenever 1t wes nece
egnary to determine initial HCN concentrations (for soms of
the propionsldehyde end all of the ecetone runs), several
samples of the stoek HCH solution were analyzed lmmediately
before the introduction of the 50 ml into the reaction flesk.
“hen the HCYN and carbonyl solutions had come to temperature
in the thermostat bath, 50 ml of the carbonyl solution wes
pipetted into the resaction fleske The tisze of hell delivery
wits recorded ss the atarting polint of the reaction. Then
the taphead with its pipet was Inserted. The reaction flask,
whnich was mounted in & swivel clamp, was shaken lmmediately
and vigorously to insure mixinge Semples of the reaction
mixture were then removed at selected tiue intervels. 7The
samples were forced into the reaction pipet by nesans of &
current of nitrogen. After the removal of a sample, the pres=
sure in the flask was released momentarily through the three-
way stopcock and then the liquid remaining in the atem of the
taphead receded into the bottom of the flask,

The anslysia of samples was based on the findings of
Nltee®" who demonstrated that syanohydrins are =table and do
not give any silver cyanide precipitate in acldifled Aglinge
Unreacted cyanide, on the other hand, does form a precipitate
and this permits one to follow the course of the reaction by

the changes in concentration of cyanide in the resction




mizture. Samples were delivered Into 25 1l of D.1H Agﬁ&s
{an excess) which had been previously acldified with € ml of
&N Hﬁ&s. Trne precipltate was filtered through Whatman NHo.

40 filter paper and thoroupghly washed with several portions
of water. The excess AgNDg wes determined by titration with
D418 ¥E8CHe 2 ml of a saturated ferric alum solution waa

used s the indicator. The same general procedure wes used
in the enalysis of pure HCHN solutions.

The reaction was stopped by the addition of samples to
the acidifled AgliVz, since strong acld completely inhibite
the further formetion of cyanohydrin, The reaction pipst
had & delivery time of about 7 seconds and the time of half
delivery was recordsd a&s the time correspondling to the oyane
ide concentration of & particular sample, “eanples were ree-
moved over an interval which generally represented 50-707
of the reactions 7The resoctlion was then allowed to core to
equilibrium and two or more samples were removed to detere
mine the equilibrium concentration of cyanlde., The time
allowed for the reaction to come to equilibrium varied with
the carbonyl compound and with the conditlions of the experie
ment. when the concentretion of HCK of several samples at
succesding time intervels reached a steady value, squilibrium
was assured. The time sllowed was alweys considerably great-
er than the value which was calculated by the use of equa-
tions (&) and (14) for the time necessary for the HCN cone-
centration to reach 29.9% of its equilibrium value., IThis

This calculation could be made, at least to the nesrest hour
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or 80, onee approxinate values of the rate constant wore
glither determined or ocould be estirated from nther dats.

In velidating the foregoling procedure, 1t was found necw
ensary to observe several particular precsutions. “tewart

ig

and Fontans report washing thelr silver cyanide precipitates

wlith Ol.25N Hﬁ%s. i1t was found, however, on analyeing the HCH
stock solution, that the resuite were more consistent when
the preclpitates were washed with water than with O.85N INOge
With the acid waah, the filtrate became noticeably turbid,
indicating that the aocld had dlassclved szome of the precipe
itates. Therefore water waghes were used in all subsequent
filtrationsg. #Hhen cyanide solution 1s added to acidiried
LglOgy the solution should be stirred vigorously to prevent
any local depletion of gllver in the solution. Such deple=
tion may dJdelay the ilrmedlate precipitation of the cyenlde
and thereby afford an opportunity for small losses of the
voletlle [HCH, This 1is most lmportant when dealling with the
more concentrated Clecontaining solutions, i.es tiwe stock
solution.

In removing successive samples of {H with the same
pipet, it is necesssry to clean and dry the plipet for each
sample. Otherwise, appérently the sxmall amount of solution
remaining in the pipet loses CH to the atuosphere and ef-
fectively dilutes the next sample withidrawn,

OJwing to the velatility of ICH, experiments were popre
formed to determine whsther any losses of HCN from the roace

tion vessel would occour in the sampling process during the
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course of a run. HCH solutlon of approximately the seme
csoncentraticn as would bve amyléy&é in the rate moasurenents
was placed in the reaction flaske Then 5 or 6 sanples were
rexcoved and analyzed in the menner already described. lio
drift in the values of HCH concentration was observed and
the titration values were reproducible to i@.@& mle ITi was
eoncluded that HCH losses are insignificant.

The rate of the reaction is extremsly sensitive to
changes in pHe In the early investigations with proplionalde
enhiyde, it became apparent that even small amounts of oxldae
tion would alter the pH sufflciently to affeot thse rate.
Consequently, in order to obtain concordent results, it 1s
necessary that aldshydes be freshly distilled for sach run,

“ost of the rate neasurements were conducted in buffer
solutionss It was necesssry to aacgrtain whether the addle
tion of HCE would have any influanﬁé on the pH of the bufe
fere. "he piH of a bulfer consisting of 0,0341% hAe and
0.0348% aDAc was messured &t 25°2C with a Coleman pH elec-
tromotery and found to be 4.68. This value is in sgreement
with the value obtainsvle from the interpolstion tebles of
Cohn, lHeyroth and venkin®®, The PH of & solutleon of Q.Q341H
H0AG, 00342 Natde, and C.1H HCK was found to be identicele
1y 44688, Thus the additlon of ICH caused no perceptible

changs in the pH of the buffer.



CALCTLATTONS AND DATA

The method of ca&lculation of rate constents veried sonme=-
what with the circumstances of the experiment,

All of the reaoctlions siudied ocourred in & pY range of
about 4.0 to 5.0, From the dissoclation conatant of Haﬁsc,
4.Qal0"lﬁ, 1t can be calculated that in a solution of this
Pii range over Y0.PY of the oyanide sxists as undlssocieted
HfNe Thus the analyticelly determined eyanide is taken to
represent the specles liCN.

It was found that the reaction of proyionasldehivde and
acetaldehyde goes virtuslly to completlion. This fact was
deronstrated by several experiments conducted for sach of
the aldehydes. Yhen aldshyde concentration wae initislly in
excess of HCH, it was invaeriably observed that, et equili=
brium, the addition of & sample of reaction nixture +tv acldie
fled &gﬁ@s produced no precipitate whatsoever. iorecver,
when the Aghl, was {iltered and titrated with "°C¥, the ti-
tration value corresponded exactly to all of the AgiOg used.
Thle iwmplies & vanishingly smell HCH eoncentration and, for
8ll practical purposes, the resction may be regarded &s pro=
ceseding te completions

In several experivents where the initial I'CY andéd proe-
rloneldehyde concentrations and the final ICY concentration
weres determined, it was found that the amount of CH which
disappesred corresponded, wiihin experimental error, to the
anount of propionaldshyde initially present. Thus it was

agaurmed that the HCH and proplonaldehyde hed reacted mole
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for wole. 7“he calculstion of the rate constants is besed on
the changes in concentrations of the speocies, HCHN and cerbonyl
compound, Changes in ECH soncentration are determined analy-
tieally and changes 1ln oarbtonyl concentration ere assused to
oceur on the mole for mole tasls,

As to the order of the resction, calculations were made
for & first, second and third order reaction. Only the sec-
ond order equation ylelded conslgtent results, All subsgee
quent caloulations of rate constants were in accord with a
reaction of the second order, firast order relative to HCR
and first ordery relative to {ueé carbonyl compounde.

In view of the foregolng, the rate constants for the
propionaldehyde and acetaldeshyde resctions were calculated
using equation (9). ixperiments 1,2,3, and 7 were caloulsted
on the basls of initlal HCH concentration, &, and initisl
propionaldehyde concentration, be All of the other experi-
menta with aldehyde were calculated on the basis of the equle
livrium concentration of HCH, The HCN was initially in ex=
cesg of sldehyde e&nd therefore the equilibrium concentration
of HCH represented a~be Usually no initlial concentratlions
of HCN or aldehyde were determined. Having a-x and a-b, one
may caloulate the concentration of aldehyde at any time, be=x.
Thiis leatter scheme szeemed preferable because &1l anelyses
would invelveg removal of samples from the reaction flask in
ldentically the same manner, whereas the method of determinge
tion of initisl concentrations would not., It also yielded

somewhat more a&ccurdate results beceuse of the difficulties
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encountered in the scourate analysis of the more concentrated
HCH stoeck solutione

A1) buffer compositions given in the thesis are the cone
centrations existing in the resction redium. The lonie
strength is taken to be egual to the salt consentration of
tihe buffer except where neutral salt has been added.

The rate constant was evaluated by a plot of log a=x/bex
v8e te Time was &lways exprezsed in minutes. The actual
plots were rade on large shsets of greph paper. 4An 1llus-
tration of the calculations involved using equation (2) 1s
contained in Table 1 end Figure 2,



Table 1

Proplonaldehyde
Zxperiment #l4

Ruffer composition: GC.l01l0F HlAc and 0.,0508N Nalic

U= 0406089

Volums of 0.0908N AgN0x to stop reeaction = 24.98 ml
Volume of geampling pipet z 8,78 ml
Equile concentration of YCY (a=b) = 0.0424F

cample i
ml 0410000 ZSCE 16,29
Puret corrsction -
ml ¥SCH {eorrected) 18.29
meoquive Aglilg pptde 4,869
AGE normality, @-x i, 0050

Aldshyde norme.y,bex Wik, 0566
Log ae=x/bex o243

# £4.,08x0.,0999 = 16,29%x0.1000=

w#id 0.0880 - 0,0424 = 0.0566N aldehyde

=
17.04
-o01
17,03
e 798
« 0806
«0482
o274
5433

+869 meege AgHO

3
17.71
-, 02

17.69
e 729
«0830
« 04086
o311
8417

precipitated
# o B60meBYe/Be78ul 5 0.0890N HCN

4
18,80
- 02

18,7¢
« 520
« 07086
« 0288

300
15.23

40

&

12,87
-.02
15,85
o573
« 0653
+ Q229
+455
13,80

o {or ICH)

Slope of log 8=x/bex vEe t = 0.01244 min™1 (see Figure 2)

k s 2503 % O.01244

K = 0.676 min™! (mol/1iter)~1
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Experiment 14

.600
500

»
x=-q/Xx~-%

woq;‘

FIGURE 2

41

t- minutes
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The reaction of acetone with YCUU does not go to com=
pletion and 1t wes necesasary to take into aceount the dack
resction.s Zguation {14) was therefore used to svaluate the
rate constantse It wap necessary in this césge to delermine
the initiel concentrations of the reactentas. In the cale
culation of each run, sxcept Lxperiment #3837, the value of
the egullibriuz constant determined by that particuler exe
porisent was used, With Lxperivent #3537, it was apparent thet
the value of the equilibriun concentration of HCR wes greate
ly in error and the average of three othey values of the
equilibrium constant was used.

An 1llustration of the calculations involved using
equation (14) is given in Teble 2 and Figure 3. 7The oale
culation of the HCN concentrations, x, are similar te those
given in Teble 1 for a=-x and will be omitted. Fy the graphe
ical method indicated, the rate conastant of the forward re-
actlion, ky, is evaluated. The polnt represented by initial
concentrations at gero time was not included in any of the
plots, due teo the lack of adequate mixing at that time,

in Tables & through 20 are glven the timeeconcentration
date for all kinstica experiments and the caloulated velues
of the rate constants. Data are given for the reaction of
proplonaldenyde,acetalishyde and acetone under varlous cone

ditions « The units of k are minutes L (moles/liter)~l,
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Table 2

Leetone ,

xperiment #3536

uffer composition: 0.,0441F HOAe, 0.0496H Halse
g 00406

Volume of 010000 Agiits to stop resction: 25,01 ml
Volume of sampling pip€ts 9.81 ml

Initlal ICN econcentration, Xg s 0.0768H '
squile conece of HOW after {lve days, Xg s 0.0386H
Crams of acetons in 500 mly 6.768

Initiel ecetone concentration gz 0.11864%

“quile conce of acetons w 0.0772R

Cquilibrium constent, X m 13.87 (mole/liter)=l

1/% = 00721 mel/liter

Ca QJe U408

C1%g+l/T 3 § = 041493 mol/liter

2xg+o+l/¥ m 0e1889 mol/iiter

Sample = X +3/X=Xg log x+3/x-xq t
1 0.07486 0.2241/0.0388 04768 4,37
2 0.0710 02208/0.0344 0.808 73.23
3 0. 0885 0.2146/0,0259 0871 172458
4 040610 0.2105/0.0844 0955 265,39
5 0.0654 0.2077/0.0218 04979 346470
8 0.08567 0.2080/0,0191 1,031 454437

Slops of log X+Q/x-Xg VSe t = 0.000626 min™l (see Figure 3)

% & 0.00778 mlimtes™% (mol/liter)”t



Experiment 35
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Table 3%
ixperiment #1 Soplvents weter
Infitial HON = 0e1082N
infitial propionaldehydem 0O.,0663%
Zguilibrinumg conce of HCHg 0.0412H

Sample  8=x (mol/l) bex (mol/l) log a-x/bex £ (min.)

i U« 0864 00448 Qe 218 Te28
b 040758 0.0339 (350 13,83
) U.0866 De 0287 Oe410 1973
4 QoGﬁﬁ@ 00217 0487 25488
& 00593 Ce01l74 Ce 538 5317
8 0,0564%7 0a.0128 (e831 40,70

“lope m 0.00888 min.~1
k = 0.542 mine=l (mol/liter)=1

Experinent #8 Solvent: water
Initiel HCH = 01069

Initial propilonsldehyde g 0.0632
“gullibrium conce of HCN g 0.0376

i 00866 0e0519 0.238 5450

2 0.0788 0.0611 Do 284 11.22

3 00683 040306 0e350 204 50

4 00617 C+0240 D41l £7¢63

5 0e0574 0.0197 Oe465 34458

8 040540 0e0183 04521 4% o35
Slope = 0.00800
X oz Oedl7
sxperisent #3 Solventiwatoy

Initial HCW g 0.1057
Initial proplionaldehyde = T.0833
Hguillorlum conce of HON =u 0.0364

1 Qe DURO 0. 0856 Oe 220 G400
%4 0.0802 0+0438 Q283 11.00
3 Ce 0738 De 0374 0296 17,00
4 e 0893 o 0BRY 0e3258 £Ee95
6 Qe 0GRS 00884 0e 378 50608
3] 00588 CeN224 QedR2G 37+18

t}l@m o 00840

It » o [ 3 40‘3

% Units are the same throughout Tables & to 20 as shown in
Experiment #1.
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Table 4

Propionsldehyde ‘

Puffer composition: 0.0341¥ InAg, 0.,0342N HalAe
u s 0.0342

Experiment #4

Bquillibrium concentration of HCH s 0.0308

Semple a=x bex Of &= =% t
;4 00680 0.,0874 Qo260 D22
e 0. 0588 0.,0849 Q.348 10,67
& 0.0467 0.0161 0e462 18,18
4 0.0417 0.0111 Ce 578 24.15

Slope gz 0,01616

kg le28

Experiment #56
Equilibrium concentration of HCN s 0.0398

i 00738 00340 Qe B33 35686
e 0,08659 00867 08982 B.98
3 0.086882 00180 CedB8 11.13
4 0.,0540 00,0148 D.562 14,57
B 060807 00118 CeBtd 18,80
sslam = 0. 0208956
¥ 2 1.83
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Table 4 [continued)

Experinent 8

Egqullivrium concentration of HCN g 0.0277

Sample B=X b=Xx log aex/bex &
1l 00704 0.0427 Oe217 3420
2 0,0607 0,0330 0.265 G.85
S 0.0687 0.,02€0 0.299 e B3
4 0.0516 0.,0230 De 334 11.17
& 0.,0472 0.,0185 04384 1430
6 0.0436 0.,01860 Ced38 18,57

slope z 0.01468

k= le22

ixperiment 7«

Initial concentration of HCH gz 0.0883
Initial econcentration of proplon. z 0.118%9

1 0. 0E88 0,052 D183 ZeB2
e 00783 0.0477 0e215 4,75
3 00864 0.0388 04268 725
4 0.,0880 00274 0328 11.25
5 Q0827 0.0221 D377 14,97
] 0.0484 00178 Qo434 18,97

“lope g 0016867

k = 1035

+
BVOras0 K = 1.83 « 02

t# For this experiment the designations of 8 and b are reverse
eod relative to HCH and proplonaldehyde.
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Table B

Propionaldehiyde

Buffer composition: 0,0234N 1InAe, 0.0234F Halae
s 00,0234

Experiuvent #8

Bquilivrium concentration of HCN g 00,0438

8 ] BeXx bex log 8ex/bex ¢
1 00804 0.0466 O.288 Sel8
e 0.0782 0.0354 0.380 2480
3 0.0708 0.,0268 Ced21 UeB8
4 00,0638 0. 0800 Oe 504 12,73
o 040698 0.0164 Oe585 16.,25
6 0.0542 0.,0104 0e717 21440

Slope = 0.02360

k = le4

bBxperiment #9
Equilibrium concentration of HUN = (,0448

1 00809 0.,0453 O.898 Se33
2 0.0789 0.0343 Qo368 6e17
3 0, 0703 Q. 0R57 0437 Beld
4 0.0840 0.0194 Ce5i8 12.88
6 00583 040137 0.629 17.48

averaze k =z l.23 : «0Y
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Tabls &

Proplonaldehyde _

affer composition: C,02341 NAe, C.02834N HadAe
u g 0,0800

pxperiment #10

Equilibrium concentration of HCN gz 0.0408

8 o a=-x bex log 8-X/bex ¢
1 0.0901 0.0493 o262 320
2 0.0792 0.0384 Ce314 5.75
3 040704 0,0296 0e376 Ee77
4 00569 040161 0.548 16.18

Slope a 0.02202

k 2 1l.24

Experizent #11
Equilibrium concentration of HCH = 0.,0402

1 0,0£90 040488 CeR61 Sedl
2 00773 040371 Qe31l% 6e20
S 0e 0692 O 0RB0 Oe 378 Be47
4 0.08R9 0.,0227 Qo442 11,40
B 0.9%7 0.91&3 9.501 1& .55
6 0.086868 00,0156 CeHB4 17,08

Slope g C.02193

1{ = 1 -25

averaze k s 1.24 I «01



Table 7

Proplionaldehyde

Puffer compositiont 0.,0234K FChc, 0.,0234H Nathe
u g 08000

Experiment #12

2quilidbrium concentration of INCKN g 00,0346

Sample Bex Dex log s=x/bex &
1 0.0817 0.0571 0.806 Le78
2 00,0784 0e0438 0,263 5.13
3 0.0669 00353 0eR07 765
4 0.,0825 00,0279 04350 10,17
5 0.0681 002386 04393 12.83
6 0.05%56 0.0120 0450 15.43

£lope = 0.01218

B g le27

Experiment #13
Equilibrium concentration of HCH = 0.0358

i 0.0687 0. 05626 0.224 500
e 040776 0.0418 0.£69 5028
3 0.,0625 0.,0337 0314 7e83
4 060631 0.0273 Oe364 10,58
5 008785 0.0217 De423 13.08
3lope g 0.01920
oo - 1.%

averase k = l1l.856 i- <02
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Table B8

Propionaldehyde

Puffer compoaition: 0.1010H loAe, 0.,08508Y HlAe
U =z 0. 0509

Fxperiment /14

Eguilibrium concentration of HCN ¢ 0.,04284

carple =X bex Log fm % L
l 0.0080 00868 D243 Ze78
2 0. 0806 040482 Q74 5233
3 0.,0830 0.0408 De311 Bel7
4 00708 008282 Ve300 1563
5 00858 0e 0280 Qs455 19.80

?lspe 001843

k= 0576

Experiment #156
bguilibrium concentratlion of HCH g 0.0386

1 00,0947 040561 D227 3e23
2 CeQETO 0s0484 Ce 255 578
3 0.0789 040403 0e283 L 430
4 0e 0730 040344 Oe328 11.87
5 008683 0.0807 04382 15448
5 0.,0821 0, O0R3E Qe422 206458

?lcws = 0.01140

Y. & D879

Experiment £16

mquilibrium concentration of HCH g 0.,0381

1 0,0944 0e0593 04202 2,02
2 0.0863 0,0512 0e227 5¢56
3 040775 040424 O.262 Be 57
4 0,0712 040361 04295 12.02
s 040658 040307 0.331 15442
6 0.06085 0e0254 06377 20470

Slope = 0,01052

kK = 04677

average k = 0,677 h « 008



Table ©

Propionaldehyde

Buffer composition: 0.,0R088 iitAe, 0.0108Y Ha Ac
u = 0.0102

Experiment #17

Eguilibrium concentretion of HCHN = 00,0365

Sample S Dex log e-x/bex ¢
i 00610 0.0846 Ve 883 Se €3
2 0.0834 00489 04250 Ged8
3 0.0768 00403 Qo280 e 27
4 e 0695 0. 0530 D323 1383
& 0.0880 O.02856 0358 17.12

Silope = 0601008

k - D633

Fxperiment #18
Equilibrium conscentration of HCH g 0.0310

1 0.0899 00589 Ce.184 4
2 0.,0882 0.0812 0,206 578
> 0,077 0.0462 O 283 Fe 38
4 00705 00,0386 Qo252 11.52
5 C.0641 00,0331 Oe287 15478
6 G, 08677 00,0887 Qe 338 2l.28

Slope z 0.00840

kaﬁow

4
BVertie K =z 0.888 = J005



Table 10

?roplonsaldehyde

#uffor composition: 0.,0B08N HoAe, 0,0102H HalAc
u = 00,0808

Lxperiment #19

Equilibriun concentration of HCH s 0,03562

Semple a=x b=x k3
1 007354 040372 Ve 285 Be 75
2 0. 0887 0.0585 8 P34 SeB&
3 0.0648 00863 0e358 Vel
4 0.0600 0 0R38 D402 13.18
S 00,0859 040197 Qe 453 1775
& 00586 Ce 0164 D4 508 £2.,22

Slope g 0,01028

2 = 0.3

Experiment #20

Fquilibrium concentration of HON = 00,0350
1 00747 00307 Qe2758 Be 7S
2 06,0700 0.0350 0301 Se2B
3 0.06585 00308 Ve 332 Be47
4 0.0609 00259 0eB871 12,48
8 G 0870 Q. 0220 Vel 18,50
6 0.05386 040188 04460 £1.00

clope =z 0,00096

i - Ce6

4+
BVverays k = C.855 - (001



Table 11

Propionaldehyde

Fuffer composition: 0,1885N iHlAc, 0.,0808Y Nadlo
W o 0.05086

txperiment #21

Bquilibrium concentration of HCH g 00,0432

Sampl B Dex log a=x/bex &
1 0.0018 0.0484 Q277 2.78
2 0.,0868 00436 04209 5458
3 0.0809 Q0877 Q.332 De 8
4 0.,0789 0. 02867 0350 1732
6 000671 040839 Qo448 24047

Slope g 000792

k = 0422

Experiment § 28
Zquilibrium concentration of HCH = 00,0408

1 00501 004986 0.259 Se3B
e 00,0883 00448 D280 B.32
S 0.0781 00376 0eB17 10.82
4 0.0721 00318 0388 16442
5 0.0866 040261 0407 23.43
Blope u 0. 00788
¥ = Q427

BVersge k m 0.425 + 003
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Table 12

Fropionaldehyds

affer compositiont 0,0310H Hohe, 0.0101% HalAe
u s 0.0101

Experiment #£3

Equilibriunm concentration of HCNt 0.0444

Sample fwX b=x log s=x/bex ¢
1 06,0895 0.0449 0299 J3e4b
e 0.,0834 00380 0330 Se88
3 00768 0.0544 Ue 580 1077
4 0 . Q7SS G; 028D GQ‘M 1567
5 Qe 0705 0.0261 0432 20665
& 0,0878 0.034 O+468 RéeTE

Slope s 000758

¥ = 0,308

Experiment #84
Equilibrium concentration of HCN = 0.,0410

1 0.,0624 Ce0484 Q266 3610
2 0.0833 0.0483 Cek04 Ce37
] 060780 00370 Ce324 11.60
4 0.,0726 0.0816 Ce381 164,38
8 0V 0574 D40R84 G407 e L2
2lope u 0.008%%
k 3 0,389
+

averasd k = 0,390 - ,008
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Table 13

Proplonaldehyde

"uffor compositiont 0,0818H HOAs, 0.,0101H Hadle
U= 3« 0808

Experiment #25

Equilibrium concentration of HCN g 0.0469

Sample Bwx bex A0p 8=x/b-%x ¢
i Ge 0876 0e 0407 Ce B33 4808
2 00830 0.0381 Ce362 He 07
3 00705 0.03286 0307 10,17
4 060738 00269 Ue438 15.57
& 0.0807 0.0218 0499 22438

Slope = 0.00884

k = 04405

Fxperiment #26
Equilibrium concentration of HCK = 0.0306

1 CO842 0.0448 Ce 2878 Pe87
2 De0788 0. 0583 D380 P00
S 00710 00,0314 0854 13,75
4 D,0873 0.0277 0e 385 1B.60
5 00630 0.02%4 De4d3D e 52
clone = 0.008%96
I = D408

Lxperizent #27

“guilibrium concentration of IICN g 00,0449

1 00847 00396 De3L8 5400
e 0« 080B D,0356 De354 De8B5
& Q0756 Q« Q307 Oe&W1 10,12
4 0.,0708 Qe OE5D Oed37 16,13
5 0« 0863 0.0214 Oedbl 235407
“lope z C.00788
B om Ded8

+
averags k g 0,405 = 001



Tadle 14

Fropionaldehyds
Buffer compositiont 0.0R008N HOAe, 0.0509H HaOAe
u g 0.,0809

Experiment #26
Equilibrium concentration of HCE g 0.0418

% dog sex/tex B
0.0415 Q308 Sed7
0.0388 Ce300 Cotd
0.,0831 0.353 ig.08
0,004 O.411 £1.13
00,0219 Ce462 30.,40
Experiment #29
Equilibrium concentration of HCN g 0,0392
1l 0.,0847 0.0458 Q870 2,60
2 0,0801 0.0409 0.208 6.63
S 0.0743 0.08851 0.588 18.13
4 0.0679 - Q.0887 Q574 2030
8 o.om 0.0836 0.488 30.85
Slope = 0,00875
kg 0.33‘!'

averege k g 0.358 = 008



Table 185
Proplonaldenyde
Puffer compositlions 0,0401N HMihAc, 0.0102H NatAc
U= 040102

Experiment #30
Bquilibrium concentration of HCN z 0.0403

Sample =X bex log a=x/bex &
1 Oe0E1l4 0e0411 CeRB7 £e73
2 040780 00377 0e316 728
3 Ge 0728 0.0326 O0e350 13408
4 0.0691 0,028 0o 360 18,18
8 Ce0614 00211 Ce464 34018

“lope = C.,00834

A - £ . 3086

Fxperiment #31
Equilibrium concentration of ICH g 0.,0431

i 0.0619 0, 0388 O.384 2.08
2 00777 Ca0346 G381 Te37
S 0.0728 0.0301 Ce 386 15,93
4 Ge06988 0.,0887 Cedl7 1s.88
5 Ce0830 00129 0«800 34« D8
Siope = 0.00668
¥ m 0.304

averese k = 0.306 & 001



Proploneldehyde

Buffer composlition: 0.0401¥ iidAe, 0.0102N HaCAc

u g C.000%

xperiment #38

Table 16

BEgullibrium concentration of HCOH = 00,0413

“ampl Qex

00708
040765
00729
060863
00680
000820

Slope = 0.,00868
¥ w 0.918

GOdGLE

Experiment 733

Equilibriunm ¢oneentration
) 3 040740
2 Q60711
3 0.0683
4 00,0653
5 Ce629
iupe

Dk

0 03TS
00350
0.,0316
e 070
0. 0857
0« 0£07

of HCH

0.0L76
0.0L47
0.0219
0.0189
0.0165

59

log 8-%/b=x &

Ce 358 7408
0e 63 12,18
0e 403 18,10
Qe438 24,83
GedT6 SlelZ

= 00464
CedB7 TeL'7
0.4868 13.20
Qedb4 18418
04558 24425
06581 S1e37
+

average k z Q.317 -



Table 17

Aostong

Fuffar composition: 0.0441% 7ae, 0.040864

U = o458
Fxperiment #34

Infitial HCH g 0.0778

Initial acetone g C.1086
Fquilibrium corcentration of #CN =
Q= c+Xetl/Y

Sermple = X3G/X %o
1 DeQTI77 042189/0,0855
e 0.07306 0.2160/0,0346
3 0.0609 0.21£1/0.0307
4 0.0651 04 2073/0.,02859
5 0.0680 0.2042/0,0228
8 0., 0585 02007/0,0198

2lope s 0.000600
kl = 0.$@?3@

Laperiment 35

Inltiel HOH g 0.07858
initiel acetone g Cl.llé4d

bouilibriunm conoentration of ICH ¢
1 0o 0745 0.£841/0.,038%
2 0.0710 0.2203/0.,0844
£ 0. 0658 0.2148/0,0889
4 0.0610 0e2103/0.0244
5 0.0584 0.2077/0.,0218
s O OBET7 D42050/0.,0191

Slope w 0.000624
k32 0400778

Pxperiment #3868

Initial JICH = 2.,0768
Initisl scetone g 0.1082

Fguilibriun concentretion of 1CH =
1 00780 0e2141/0.0363
2 0.0710 0e£101/0.0323
3 0.,0862 0.2063/0,0275
4 0.0625 0e2016/0.0238
8 0. 0867 0,1978/0,0800
6 0.05858 0.1948/0.0168

Slope g C.000604

0.0392

log X+3/X=xg

06787
Ce 728
0.839
0203
Ce382
1.017

0.035686

0s768
0808
0871
Ge938
Ce79
1,081

0.0387

Qe 771
Ue 813
Ce 873
Q. 828
Qe 298
1.0€5

varAo

k

4027
G643
13933
256.68
540465
433,75

4,37

T3e 2B
172,82
208,33
546670
434437

4448

87438
159,08
£76e73
ST ST
473 o 4D

ky g 0.00782 everage k; s 0.00774 = ,00012



Table 1@

Acetone
uffer compomition: 0.,01108 LohAe, 0.0124)N Haslc
u =z D458

Fxperiment #37
Initial HCH = 00,0753

Tnitial scetone s C.1101
Bguilibrium concentratinon of HCH g (.0375#

sample X X3G/ xmxg Lof x+Qfx=xg X
1 De0747 042187/0,0372 0,769 4,45
2 0.,0858 0.2135/0,0323 0,821 73435
& 00848 0.20:8/0.,0381 Qo371 165443
4 00810 0.2050/0,0244 0086 240,13
& 0,050:6 0.2026/0,0211 06502 BEG6L TS

“lTope = 0.,000604
}',1 = 0.%766

Experiment 439
Inttial HCW = 0.0730

Initial ecetone = 00,1088
Equilibrlum concentration of HCH g 0.0363

1 0.0717 0e2151/0.0364 Qo784 4.37

2 0.0874 0.£108/0,0311 0.851 F8 .36
3 0.0883 0420867/0.02860 0.698 190,15
4 0e 0855 04801.8/0.0822 De 558 RED B2
5 O O556 0e1080/0.0158 1.018 3035450

2lope g 0.000C08
lzi}_ - 000779

average k1 = 0.00772 £ 00007

# In this run the experimental value for xg was obviously
in error. The value used 1s based upon & velue of ¥
obtained by averaging three previosus results for ¥
which were in closge agreerent,



Table 19

Acataldehyde

Buffer composition: 0.,1378% FoAe, 0.0503N Helle
u g 0.0803

“xperiment #39

Equilibrium concentration of HCH = 0.0273

5&%&1& B=X bex 10 8=-X/b=x ¢
i 0.08857 00384 DeL3d Se28
2 0.08618 0.0348 De 253 Jl.12
& 0.0889 0., 0226 Qo224 24,43
4 D,0816 00248 Qe 328 110 P9 1.
] 0. 04863 03,0120 0387 B7.22

Hlops = 040024981

X = 6.310

Experiment {40
Equilibrium concentration of HCH = 00,0339

1 0,0664 0.0386 Ce310 2,32
2 0.0830 0.0281 CeBEH 11,13
S 04,0888 C.0248 0«378 £3.,86
4 00,0863 0.0214 Ce4l8 35,38
5 04,0400 0.,0151 QeB11 67435
Slope a 0.00314%2
k = O.214
+

average k = 0212 - ,002



Acetrlienyde

Puffer compositions 0.0275N 1i0Ag, 0,0101% Fatle

1= 20503

Experiment 541

Table RO

Tgquilibrium concentration of HCH = 0.0321

Sesple

DRI

f=X

00,0856
00,0809
00,0558
0.,0524
0.04786
0404482

ilﬂpe = {}.092@‘3’5
207

¥ = O

Experivent #48

Equilibrium concentration

0.06€2
00820
D 0879
0.083¢
000496

bex

0.,0338
00,0268
0,0238
0.02038
00,0156
0.0121

of HCH

00335
0.0293
00,0258
0.0212
00169

log a-x/bex ¢
0.282 Z.87
03295 14,33
0,371 30623
Oedl2 49,30
Oodt? TE:35
0,863 27,87
Ce296 2e28
Q325 12,26
9 9%.2 .3 § 74.20
Ced0H B0 L7
De487 83430
+

averege Kk = 0.200 =



INTERPHRETATICH OF HERULIS

In order to maintaln & proper perspective as to the sig-
nificance of tie results obteined, it is necessary to cone
slder the precision of ths data and the probable margin of
error in the rate constants, From en Inapection of the vale
ues of the rate constants for duplicate runs, 1t would ap=
pear as though they &re reproducidble to 1%.

It is difficult to evaluate the combined error involved
from all the particuler operations of the experimentsl pro-
cedure, such as volumetric technique, welighing, timing and
terperature control, Individuslly they should be reliiable
to one pert in a th&uaand. However, one series of experi-
mente is usefMl in indicating the probable overall error,
¥hen MCH solution was placed in the resction flask end suoe
cesslive sanples withdrawn and anslyzed, the average deviation
of the 7SCH titer was < 0.03 ml. The procedure followed ap-
proximated that used in the rnto measurenents,

The veloolty constants were evaluated graphically from
the slope of the best stralght line that could be drawn
through the polints plotted, It was found, on anelysis of
several plots, that the average deviation of the points from
the straizht line drawn generally corresponded to an averays
deviation of & 0,08 ml of ¥SCNe Tue to these deviations
from a straight line, there was usually a szlight uncertainty
in the slope of the line drawn. 7This uncertalinty correspond-
ed to & maximum flexibility of sbout 2% in the velue of the

rate constant, The method of least sguares seemed to offer



no advanta;e in the determinstion of the slopa, This wes ade
Judped becauss the method of least squeres gives equal weight
to all deviationa and this procedure would not be justifled.
4 certalin deviation in the latter part of thes run corrvesponds
to a much smsller deviation in the early part in terms of the
same error in ul of "TCHe. &n alternatlive ﬁﬁulé be to uase the
method of least squares and apply & welghting Tactor to all
the deviations. Thils, however, would be too arblitrary since
tha Lrpliclit srrors in the experimental procedure are not
known with certaintye.

It 1s concluded that the reate constants are reproducible
within 1 to 2%.

At firat several atterpts were nads to obtalin repro-
tucible results in unbuffered water sclution but, despite all
efforts made to exclude impurities, this could not be ac~
comglished, The data of Table I 1llustrate the wide veria-
ticns in k which were obtalired in water., Although each run
yielded & linear second order plot, the evalusted constants
differed fro: sach others This behavior 1s falirly charace
teristlic of acid-base catalyzed reactions in water, In an
attenpt to obtain reproducible results, scetate huffers were
used for the reaction medis and these proved to be success-
fule The data of Table 4, Sxperiments 4,5,6,7, illustrate
thie conslstency of k values obtained in four runs using dife
ferent initial concentrations of HCH and sldehvde. This
consistency is also evidence for the correctness of the sece

ond opder formulation. 7Thus it is necessary to establish a
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definite acidity to obtain reproducible resulis,

“n the bvasis of the values obtalned in the buffered sole
ntions and the magnitude of those obtalned in water, it socens
probable that the chief difficuity encountered in water 1s
the presence of very small but verying smounts of proplonle
ecid wiich has & profound effeet on the reactlion rete, ALige
sumlng that 1t would be possible to ellininste completely
any oxidation of mldehyde, it is doudbtful that one could
then osbtain reproducible results. The reaction rate is so
aensitive to pH that even treces of acid-base irpurities
would exert an unfavorseble influence. Iomeover, the study
of the resction in theoreticslly pure water would offer little
sdvantages It would not represent an unoatalyzed reaction,
tut rather a reaction controlled by the pH obtalined from the
dlesociation of HCHe The resction would cocur in & nmedlum
of constantly chsnging pH and the kinetles would be expected
to follow & 3/2 order law, first order relative to aldshyde
and 1/2 order relative to /CHe This will becore clearer afe
tor a discussion of the resuits.

The influence of lonis strength on the proplonaldehyde
reaction 1s illustirated by Table 2l. In this and subse-
guent tables, A denotes the soncentration of “DAe and B de-
notes the concentration of Haties It is apparent from the
date of Table Bl that the lonic strength influerce 1is very
small eand axousts from about £ to 4% for the renge studied,
Thus an acoeptable mechanism must not predicet either an apw

reciable priuary or secondary salt effect,.



87

Table 21
Infiuvense of Ionic Strength

oAe Hache ¥4} u Xk
0e0834 00,0854 1,00 D.0234 1483
0.02834 Q0834 1.00 040800 le24
0.9‘23«% Q.C}Q% 1.% a-%ﬂfﬁ) 1n2ﬁ
0.0202 04,0108 198 0.0108 D. 628
0.0208 0.0102 1.8 240809 0.658
G,0319 0.,0101 Sedd 0.0101 CeB380
Ve 0318 00101 Se18 00806 Oe40H
Ce 0401 00108 DeB4 00102 0508
0.0401 060108 SeB4 0.0809 QeB17

The next point to be considered is the evidence rela-
tive to genseralized catalysis. The reactlons of acetone and
scetaldenyde will be sxanined {irst because the results are
clsarors In Table Z2 are surnarized the pertinent data for

these resctions.

Table 28
Effect of Duffer Composition &t Constant pi
Acetono
Loke Haohg .¥4:] B K

(5) 0:0020  O.olz4 o066  0.0408  0.00778
Acetaldehyde

ig; 0.13728 0.0503 2.73 0,0B03 O.212
£) 0.0878 C.0101 Ee73 0.08603 Q209



In 81l the exzperiments dealgned to test {or generale
ized catelysis, the ratio of 4/ 1s the sere for eperies [(A)
end {B)e 7The tulfer for series (5) wes prepared by quantle
tative cilution of the buffer used In serles (L), The conw
staney of lonic strength In {(A) and () suppresses any salt
offects. irnge the velues of k for series (&) end () are
sonatant, within the probable error, it is evident thet no
generalised catalysls is detecteble ln the reasctions of ace-
tone and acetaldeliyde.

The proploneldelyyde mesction was ntudied nore exten-

sively arnd the results are presented in Table 23,

Table 23
Bffect of Muffey Compoaitlion at Constant pX

Propionsldenyde
BoAo Hatho ALE u L

{a) 0.1010 0,0809 1,98 00509 Qe 877
{5} 00,0202 00,0102 1.98 0.0809 0e558
{A) 01805 00808 315 005808 Q.8EE
{B) 0.0312 00101 SelB 0.,08086 0.4085
(L) 04,8006 04,0509 Se 4 0.0509 D338
(B} 04,0401 001082 .54 00509 Qe317

A3 already indicated, the ionic strength effect is very
suelle Therefore the siight differances in the wvarious
ionie strengths cited in Teble £3 are of little import and
it nay safely be approxirated that the ionie strength is the

aane In all these expoeriments.



69

In comparing esch series (4) with series (B), 1t appears
a8 though the value of k veries in a mamnner which suggeats
the preossence of genersllized eatalysis. Lven when the ratic
of Hlike to HelAc is conztant, and hanes, the nil 1s eonstant,
t'e rete decresses with desrsasing buffer composition. The
sffect 1s relatively small snd smounts to 4 to 8%, depending
on the ratlio involved.

The extent of generalized catalysis in veriovs reag-
tions has been found to vary within considerable limitas., It
is tierefore conceivable that for zome reactions it ney
emount to only & few percent, The difficulty then ariseas ol
demonstrating that the effect is oclearly outside of the ex=
perimental error., For the cyanchydrin reaction this would te
partisularly important bescause the definite presence of pgene
eralized catalysis would have & profound implication on the
reaction mechanism,

On conslideration of the reproducibility of k values, it
appears agz though the effect observed is prester then the
experimental error. owever, the grestest scurce of error
in the acocuracy of the rate measurements may undoubtedly be
ascribed to oxidation of the aldehyde, and unfortunstely,
such oxldation, even in relatively small amounts, would exerst
the same effect on the rate oconstant as generslized catalysis
would,

Conalder, for instance, the bLuffer compositions assot=
fated with the k valuss, 0,877 and 0,658, The initial con=
centrations of propionaldehydes for these experiments were
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about 0,08% and C.04N respectively. If there were truly no
generalized catalysis, then k should be inversely propor=
tional to the ratic of HNAs to Nalice Tor the purpose of
this analysis, the dissociation constant of propionic acid
may be considered to be practically the save as that of scete
1o acid, If we sssume about 8% oxldation of the sldehyde,
this would effectively increase the soid consentration of (A)
by 0.0018 and of (B) by 0.0008. In the case of (1), this
would nean & 4% increase in the ratlo of HOAc to HecAe and
consequently & 4% decrease in the value of k from 1ts true
value at the supposed buflffer sompositions In the cese of
(A}, the incresse in acid would csuse only a 17 decreese in
the value of ke Thus & B¥ oxidation could ascount fopr the
values 0,877 and 0,655, wlthin experimental errore. Iy sime
1lar considerations, it would be necessary to assume about
35.5% oxldation to account for the velues O,4B5 and 0.405 and
to assume about 57 oxidation to scoount for the values 0.335
and 0¢317. It remains to consider the validity of the oxlida-
tion hypothesis as an explenstion of the variations in ke
From the above analysis 1t 1s apparent thet differing
amounts of oxldation ( 2 to 5F ) mist be assuned to explain
the deviations cbserved, 7This, however, is subject to crie
ticiam, Ths reproduciblility of rete constants for & given
mediun would require that the amount of oxidetion be fairly
constant, S3Since all the experiments listed in Table 23 in=-
volved the same procedure, one would expect the conatancy
to be manifested throughout, &7 oxidation can explain the



last set of % values$ yet 5% oxidation in thes first set
would casuase k to vary from 0,677 to 0,685 inatead of 0,658,
The best indication of ths extent of oxidation would be ex-
varimental evidence, As previously stated, the proplonald~
ohyde reaction goes to completion. One would therefore oxw
pect that, in experinants with HUN in excess, the amount of
HCN which diseppears at equilibrium should correspond to the
arount of proplonaldehyde initially present., If oxldation
of the aldehyde ccourred, this would not be no, Table 24
contains e suwmary of the data from the most reliable expere
iments performed illustrating this particular point,

Table 24
Proplonaldehyde by Welght and by Analysis
Initiel HCN  Equile HON AJNCN Initial Proplo
(1) 0.1082 0.0412 00,0870 00,0683
{2) 0.1069 00,0576 00608 0.0602
{3) 0.1087 Cs0384 0,0683 0.0693
{4) 0,09850 00308 0.0844 0.0654
{(B8) 0.08983 00277 0.06186 0.0818

The initlal proplonsldehyde consentretion was detere
mined by weighte A HCN repressnts the amount of HCH which
has reacted and, therefore, should also represent the ini-
tisl anount of aldshyde in the solution 4in the abaence of
oxidation. Oxidation, however, would diminiah the amount of
aldehyde present in the solution and would result in & zmalle
er value of HCH compared to the initial concentration of
aldehyde by weighte In Table 84 only (4) indicates such an




effect, to the extent of 1l.5%. The average result of the
five determinntions Iindicates no significant ancunt of oxidse
tion, certrinly not enough to asccount for the verietions of
k in Tadble 23.

Lccording to equation (30), the Lapworth mechanism pree
ddets that the value of & should not very at & corsztant lonie
strongth and a constant buffer retio. Similarly, according
to equation (36), the nechanism involving the specific "M ion
catal 7zed addition of undissociated HCH predicts ths same
effact. However, the latter mechunism could readily be ox-
panded to include the goneralized base catalysis of ICH addle
tion. Tulis would be compatible with the variation of k with
burfer coupositione Tims & delfinite nmanifestation of gene
eralized catalysis would snable differentiation between these
two possible rmechanisms whose kinetles would otherwise be ine
distingulshable.

In the ocase of acetone and scetaldshnde, 1t iz clesy
that generalized ocatalysis is not detectadble, In the case
of proplonaldehyde, the results are difficult to interpret
with certainty, The effects pseonm to lle jJust outeside the
range of experimental error, but there is alwayz a danger in
those clrcumstences in attenmpting to attach 2 definite sige
nificance to such resultz. Unfortunately, therefore, the
conclusions on the propioneldehyde reaction ocan not h»e very
definite. There is an indieation of generelized catalysis
boyond the probable margin of error, btut the effoot is not
uneguivocally demonatrated.



The fact that the acetone and acetaldshyde reactions do
not indlcate generslized catalyals does not preclude the pose
sibllity that the proplonaldehyde reaction wight. The vare
iations of the extent of genersliszed eatalysis in e series
of simllar substrates has slready been discussed in the
theory section. There is no definite princinle from which
any generslizations may be drawn.

It 4is of interest to compare the rate constants of the
acetalishyds and proplonaldshyde reactlions in & medium of the
swre composition: The value of the rate constant for acote
aldehyde in a buffer of 0,1378N HiAe and 0,0503Y Hathke is
Q+2182, The value for proplonaldshyde in such a buffer may
be obtalned by interpolation of the data in Table £83. For
the series (A), in which the NaOAc concentration is 0.08H,
the values of k are very closely proportional to the ratio
of HeOAe to HDAc. The value of k for propionaldehyde in a
burfer of 0.1372% HoAe and 0,0503N NeGAe would, by Intere
polation, be 0.494 within a probable agcurscy of about 2%.
The possible significance of these results will be discussed
in detelil in the next section,

In connsotion with the rate usasurements whioch were
sondusted, information has been obtained malative to the
oquilibrium constants of the three resctions studieds

¥o value for the eoquilibrium constant of ths proplone
aldehyde reaction in dllute aqusous solution has been pro-
viously reported. lowever, Jonesl® investigeted the equile
1brium of acetaldenyde cvanochydrin formation in dilute
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aguecus solution at 25°. He reported the equilibrium cone
stant for the formation of aocetaldehyde oyanohydrin to be
13984

The rosults of the present Investigation have ahown that
both the acetaldshyde and proplonaldehyde reactlions go to
completion, within the limits of deteotion of the rethod of
analysis useds 7The sensitivity of the method 1= such that
the reaction rust procesd at lsast 90.P8% to completion,
This means that the squilibrium constant for scetaldehyde
and proplonaldshyde oyanohydrin formation is about 109 op
greaters This value is &t variance with that reported by
Jones by a factor of 107 or greater. on examining the exe
periments performed by Jones, 1t may be observed that the
HGE was in excess of aldehyde in every case. If he had porw
formed one experiment with acetaldehyde in execess, it would
have beesn apparent that the reactlon goes to completion,
Jones doss not furnish any detalils of the experimentsl proe
caedure he used, but it is probable that his greatest sources
of orror were the volatility and ease of oxidation of scete
aldehyde, The consiatency of his results is remarkshble cone-
sidering their inaccurasy, but this might be attributable to
& systematic errors

Valuss of the equilibrium constant for the acetone ro-
action in dilute squeous solution at 25°C have been repeorted
by Jonesi2 and by Stewart and co-workersi7»18, Their values
for acetone eoysnohydrin formetion are, respectively, 12,56
and 1l5.368. Experiments 34, 35, 36 and 38 of the present
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investigation yleld the following values for the aqullibrium
constant: 13.90, 13.87, 14.08, and 14,08, respectively. The
everace result with & rmeen devistlon of less than 17 18 13.57.
Thus three different investigeatlions hiave produced three dife
ferent values for tihe equilibrium constant, although each of
the values le the result of smeveral epperently conslistent
deterninations. “he work of Jones is probably not too age-
curate, as already indicated by the unreliable results he
chtalined for the acetaldehyde reaction, In the case of Lhe
acetone rescotion,; even his calculation of the rean value of
the squilibrium constent 1s incorrect. DBased on the experie
mental data he reports, the meean value of ¥ for formation of
cyanohydrin is 11,85 instead of 1l2.58. “oreover, the averw
age devliation of the individual equilibrium constant values
is 217, On the other hand, the work of Stewart and co~worke
srs appears to be very reliable. The difference between our
value of 13.57 and thelr value of 15.38 is squivalant to a
difference of 3 to 4% in the determination of the eguilie
briur concentration of HCNe This discrepancy, though releae
tively saall, is difficult to explain. The fact that our
results were obtained in buffer sclutions, whereas those of
“tewsrt and cowworkers were obtalned in unbuffered solution
ghould have no bearing on thias discrepancye In both studles
the pl was sulfliclently low as to have casused no detectable
shift in the equilibriunm,



HE ST orttatat £t 1)

In the discusslon of vardcus mechenlsma for the Cy&noe
nydrin reaction which will follow, the épparent generalized
catalytlic effect In the propionaldehiyde resaction will be lp=-
nored bvecause of its uncertsinty. Therefors, the Yinetles
of the resctlon ere considered to bve in asccord with sguation

{(30)e Let us now examine the Linstios of the follawing mechw

aniama:
pe=0 4+ wt & ocon- = >clon)en (37)
slow 4 fast
vCz20 4 HY= C0H 4 C¥~ = yC{(oH)CH {38)
fast 4 _slow
200 4 BV 2)60H 4 CFT == yC{rH)CH {39)
- slow -~  fast
YC=0 + CF == ) (cN)o 4+ H¥ = rc(oH)CH (40)
. fasgt - slow
Yoz 4+ OF == pe(eM)o 4 vY = relon)eN (41)
- slow ~ fagt _
Jo=0 4+ CN 2 JC(CH)0 +Hpd == )C(oH)CN + 0K (42)
-Tast - slow _
;C=0 4 CN == (a0 4+ Hpd == C{OB)CH + 0H {43)

7C=0 + CH + HgO=> }C(OH)CN + OH (44)
(87), (38) and (41) ere rejected because they predict
that k should bve independent of pHe (88) 1s rejected because
it predicts that the rate should be independent of "CW cone
centration. (40), (42), (43) and {(44) all lead to the correct
kinetlios.
The preceding mechanlsme were various modlfications ine

volving ecyanide ion as the reactive specles. YNow let us



conaider sore possibllities involving undissceciated HCY as

suggested in egquation {(31l).

ye=0 & neH + oH = Vo(oH)eN 4 oH (45)
- fast - slow _

Jo=0 4 O = JCl0oH)0 +HCN == Y(oH)CN $oF (486)
-~ &low fast ,

Vo203 + 0H == enol eesesses —» products (47)
- fast siow

YVG=0 + CH = 6nol seseceeces —> products {48)

fast _ 8slow
\,Gzﬁ‘ t HCH 2 JCleneHCE tUH = /‘ﬂ{{}i’%}mﬁ 400" [49)
{complex)

{(45), (48) and (49) all lead to the correct Linstics.
(47} 1is rejected becmuse 1t predicts that the rate should be
independent of HCK concentration. (48) is rejectsd hecause
it is known that enolization is not & fast resction. The
fect that syanohydrin formation does not depend on snolizee
tion may bte confirmed by comparing the rate constant of &aoge
tons oyanchydrin {formation with the rate constant of the
nyéroxyl catalyzed ascetons enolization given by Dewson and
ﬁyiv&gﬁz.

It 4s Gifficult to decide which of the possitble mechane
laneg considered above are tie nore probable.s AlL o the
mechani smus which lead to the correct kinetics expression &re
carable of explaining equslly well the effects of scids and
Lageg on the rate of cyanchydrin formation observed by lap-
worthe In terms of exipting theory on the attack of nucleo=

phalllie reagents on carbonyl carbon, one would prefer a
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posaibility invelving cyenide ion rather then HCN as the re-
aotive specliesn, lowever, strictly on the basisz of Yinetics,
one o&n not exclude the possibility that the reactlion proe
ceeds by the Lase catalyzed addltion of HCN eifthey partly or
entirely. As wilill be diszcussed later, other cerbonyl eddle
tion resctions which have been studied gquantitetively are
characterized by similer ambiguitiss, In these latter re=-
actions, the results obtalined can not bve used to exclude
basic catalysise.

%hether cyanide ion and/or HCH is the reactive species,
{44) and (45) represent interesting possibilities bescause of
the recent spesulation by swain®® thet carbonyl addition re=-
actions may gensrally proceed by termoleculer mechanisma.
If one amcoepts the interpretation that semicarbazons, oxims
and phenylhydrazons formation &re generaliszed acld-catalyzed
reactions, then (44) provides an interesting contrast in
termz of Swaint's termolecular explanatlion of scldehese cataly-
gis in agqueous solution, (44) would be an 1llustration of
thes oase in whioh ﬁgﬂ, functioning ae an acld to snhance the
elsotronic shift of the carbonyl linkage, is so much more re-
actlive than other aclde that the rate ls detormined almost
oentirely by acld catalysis of the solvent molecules., An exXe
planation of thias sort would provide a common basis for the
cryanohydrin reaction and the semicarbazone, oxire and phsnyle
hydrazons reactions. This could be the answer to the quest
far a goneralized interpretation of carbonyl addition reace

tionse However, the fact that the presence of basgic catalysis



in all of these reactions has not been sxcluded prohibits the
mnquellified acceptance of the aforementionsd explenctions It
may be that baslic catelyasls would not impose any sorious node
1ficationas on the termolsenlar mechanism. ¥hethor oy not
basic catalysis 1a operative, the amblyuities are suveh that
the results do not justify & preference of & tamwvlecnlar
machaniam over the various dbimoleocular mechanisme,

{46} 12 of interest beceuvse of the suggestion by vetson®
that the function of the cetalyet In ecarbonyl reactions may
be the eactlivation of the cerbonyl group by the Tormetion of
& complex between the catalyst and the substrate. Thua the
mechanlsma represented by (40), (44), (48) and (4¢€) esch
have & basis in sons theory of carbonyl resctivity end, szole-
iy on the baslia of the kinetics, it 1lg not poseihle to dow
cide among them.

The celculation of the rate congtants of cveveohydpin
formation has been based on the teecit mesumption thaet the
total aldehyde eontent of the reactiocn solutione exists in
a free and reactive form. This assmuption may resulire core
tain modifications, pearticularly with reference to s ine
fluence of hydration on the aldehydes, It will baeoe 2D
parent that hydration has @ significent bearing on cyanoe
hydrin kineties snd, poseibly, on the mechanisme

In the cape of formsldehyde, the evidence that the
aldehyde exints almost entirely in a hydrated form in dile

lute aguecus solution ins overwhelming >, Homfravod, from



refractive index measurements, cflculated thet spproximately
807 of scetsldehyde is present in the glyeol form in egueous
solutions Sahauﬁﬁ, from messurements of ultraviolet abeorpe
tion bands, estinates 269 of sgetaldehyde is present Iin the
¢lveol form in sgueous solution. Herbvert and Lauder®® have
investigeted the oxygen sxchange between water and acetald-
ehydee Thelr results show that a rapid interchange ol OXye
gen tares place, equilibrium being rsached in ebout twenty
hours at room temperature. 7The sxchange reaction, which
goes about halfway to equilibrium in two hours, mby be write
tent
H 4
GHSG:O 4+ HpO# = Cﬁgﬁé{é}! {50)

Cohn snd @reyaq have investlpgated the ocxyren excheange
between water and acetone and acetsldehyde. They found, in
the cage of acetone, that no exchange ocourred in 4 hours
at 25°C but that partial exehange occeurred in 24 hours at
1009, In the cese of mcetaldehyde, complets exchange took
place in 24 houre at £5° . mfortunately, it was nsceossary
to conduct the exchange studies in solutions of about 807
carbonyl-20% weter. Therefore, the results are not strictly
valid for dllute agueous sclutions. It seems probable, howe
ever, that in dllute aqueocus solution the extent of hydration
and the rate of hydration wlill be more pronounced, It is
difficult to estinmate whether acetone would be hydrated to

any extent under sush conditions.



81

Proplonaldehyde hydration has been studled mach less
sompletely, zlthough undoubtedly 1t alse forms & hydrate in
dilute agqueous solution at 25°% ., Herocld and %0158 have ine
vestizated the absorption szpectra of solutiona of various
eldehyvdes in water and in =sversl eloohole.s In wster their
results indlicete the formation of a hydrate for scetaldel:vde,
propioneld-hyde and butyreldehyde. The study of variocuas ale
cohols with different aldehydes indicated that the larger the
elde oheln of the aldehyde, the alower the reaction and the
greater the proportion of free aldehyde at equllibrium., If
this effect 1s also applicable to wster solutiones, one would
expoct the extent of hydration to be less for proplonald-
ehyde than for acetealdehyde.

The influence of hydration on ¢yanchydrin kineties will
depend on a muuber of factors. It will depend on whether or
not the hydration reactlon comes to rapid equilibrium, and
1t will depend on whether free and/or hydrated aldehyde ray
react to foym cyanchydrin, If there 1s instantaneous equilie-
trium, then the "true” rate oconstant of cyenchydrin forma=
tion will be & function of the equilibrium constant of the
nydpation reaction. If there 1s not a rapid egquilibrium,
then 1t will be & function of the rate of formation of the
pydrate and of the rechanism of hydration. 7The poaslible
modifications to cyanonhydrin kinetics whieh mmy be written
taking into aceount the hydration resctlion are many, but
they wilil not bLe considered here beocause of the lack of dew

finltes informatlion about the kinetiocs and moshanism of the



hydration ressilon itself in dilute agueous solutlon. ne
pogalibliity, hweever, will be exanined to illustrate what
might be the "true” rate conatant of cyunohydrin formatlon.
ist ue asswe thait tie Lydreation eguilibteriuvm is ine-

stantansosus and taat the reactive specles in the lformaation
of eyanonydyrin ls free sidenhyde, lLet AO# represent ree
atdehyde, 4{: iijg represent hydrated aldehyde and /" reépre-
sent AG# + A(0i)g, total aldehydes The equilibrium constant
2 for hﬁ}abian equation (50), considering the water concen=

tration oconstant, may be written
K= x/a-x {51)

where & 1is the concentraticn of total aldehyde at any time,
x ls the concentration of A{0H)p and a-x ig the concentra=-

tion of AQw,
Reerranging (51)

x = %a/T+1 (58)
f=x = 1 (B3
ny ® ’

a-x/8 1s the frection of total sldehyde, A0, whieh 1» present
at any tire as free aldehyde. Thus

QAG%&/GAO - a-x,/a - V1+§€ (54)
The rate eguation in terms of freo aldehyde 1is

r 4 AURYHCH

where k 1a the true rete constent based on the reactive
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species AD#, Substituting equation (54},

% z K I%"’ Canluon (55)

§ =X Cuo Cuox (57)
e et ()

Fquation (58) relates the cbserved rate constant X' based on
total aldehyde with the true rate constant k, in e fixed
mediune

in the previous section the rate constants for acetalde
ehyde and provionsldshyde cyanchydrin formeation in the sar®
medium were shown to be 0,212 and 0.494 respectively. ' Tere=
fore, ons would ordinarily say thet proplonsldohyde is more
reactive than acetsaldehydes. On the basis of the Iinductive
affect, the reverse order of reactivity would have heen ex-
pected. It is poasible, of course, that a hyperconjugative
effect ia coperative here which supersedes the inductive ef-
fect and which would be Iin scoord with the apparent re@cw
tivities. 7Th® real interest in this disocussion, however,
attaches te whether or not the cobserved rate constants may
truly Le aceepted as an index of tue relative resctivities
of the two compounds. If the condltion of instantansous
nydration equilivrium which was assuned in the sbove derive
ation is correct, then it is irmediately epparent from

eqgquation (58) that this is not so. If, for instance, the



equillibrium constant of wcetaldshyde hydration waes suliie
clently larger thean ituet of proplongidehiyie, acstasldehyde
would be more reactive in eyancohydrin forumation than pro-
lonelcenyda, even tiouph tie observed rate constants Jdo not
indiczte thise. viwther the nydration eguilibrium ie rapid
or not, thé observed rate conssants wlil e a function either
of the equilibriws constant oy the rate constant of hydrae
tion., “hus a valld comparison of reactivity nay not be nade
solely on the baelzs of ths cbserwved rate constanteg of cyance
nydrin formation., Thias sare conclusion may be applled to
othey carbonyl reactions in water and possibly, in alocholic
solution whare the compounds may exhlilbit =sipnificant smounts
of solvatlion.

It is consluded that the kinetics of the cyanohydrin
reactiocn In sgquecus solution may be sxplalined by several
mechanisme, aome of whieh involve sgignificant differgﬁaas.
The rate measurerwnts do not permit & distinetion betwesn
the various possibllities. The atudy of bensaldehvde cyenoe
hydrin formation in B0% aleohnlie acetate buffers by Llbers
and Hamannt® indicated that the rate was & function ~f tha pi,
Although their investigation was lsass comprehensive than the
present atudy, it seems probable that the kinetios In the
solvent medium uvsed by them Iisa very similar to that Iin water.

¥8llerid interpreted her results on benzaldeh:vde ecyanoe
hydrin kinetics in a nonpolar solvent to indicate that a tere
moleocular mechaniasm is operative, The resulte have heon pre=

sonted on peges 7 to Y. This work is of interest because of



the possibillity thet ihe kinstics in nonpolsar aslivents nlghd
ba Trae of sune of the ambigulties which appear in aqueous
gnlutlion and might, therofore, offer some clues as Ho the
course of the reaction in water. 'nfortunastely, #hen the Iine
torpretatlion of the observed hinetices i3 sxanlined, this dues
not appear to be the case,.

Tt was obgerved that the rate constant k iz 8 Tunotion
of the ratio ol initial concentratlions of base and (M. Acw
cording to the mechanism proposed in ordey to exnlaln this
effact, one would expect that, since the ratio of bveseslCH
concentration is changing contimioualy during the course of
2 particuliar run, the valuve of k would also change contine
uously durdng thaet rune 7his was not found to bHe so, ore=
over, the mschanlsm surgested does not predist the order of
reaction kineties obgerved. It prediets first order kinetics
Iinatead of the third order law obmerved, Thse resder is row
ferred to reference [(14) for further detells,

Trug the third order kineties are not explainable by
the owchanliam proposed. The assumption that the hases intere
acts with ICN completely ¢to form siple monovelent lons
seers unlikely. Comprehensive investisations of the cone-
ductences of aslte in nonpolar z2clivants have indlcated the
attendance of sany compllicating factors such as lone=naliring,
associntion, loniec dissociation and molecular complexing.
Glaugue aud Huahrwain?g investigeated the thsrmodymanmiecs of
gaseouns HiNe Thely resuits lndicate that CH 1s asesclated

in the gus ponkse I1in eggregates ranging froo & Jdizer to a
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heptamer. It therefore seeamg very probeble that Y 1s saw-
soclated to sore extent In nenpolar solventse Until more
Inforamtion is avallable on the various egqulllidrisg wilch pre-
valil in a nonpolar solutlon of 107 aad bese, 1t zsenz fuille
to attenpt any sxplanabticon of the tenzaldiehyde kinotics,.

It may be that the kinetles of the benzaldsh e prsaction
was fortultously thlrd ordsre Stewert an Fﬁﬂt&ﬁalﬁ Invege
tigeted Lhe relative rates of acetone oyanohvdrin dlsscola-
tion in & variety of nonpolar solvents, Irontanel? pintes
that the Linetlic dats do not it any sluple rete law. The
tirs~coneentration date vers not reported end 1t irc not noge
sidble to gee whethor or not the eguation usged by Eller
would be appliecsbie. YNowever thelir eguilibrium date In the
nonpolar solvenis are nct in sccord with a third order form-
vietion of the iinetier of scetone cyenohydrin formation,

It may be thet the kinetles of ecyanohydrin formetion in none
solayr solvents ls subject to even more conplleations than the
Finetics Iin squeous solubtions

Another approach to the nroablen ol sslecting & likely
candidate [ro:. among the amblpucus cyanchydrin mechanisms is
an exauingtlon of the kinebtles and mechanisn o7 other aspe
bonyl addition rsactliona. The study of semlearbazons formaw
tion® 14 probably the moat comprehensive investisation of &
carbonyl addition reactlion. The resulits are Intersreted to
indlcate generalized acld catalysis and to indicate that the

rogction involvss carbonyl compound, freo asmisarbaglide and
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e acld catalyast s the reactive specles. owever tiols ine
terpretation s subject Lo sove doubls ‘he sgreesont of kg
values for acetons in Teble VI of reference (5) was taken to
esbabliah that Lo reacblon Invelves thwe specles suggesisd.
Ify uowever, it ls aszwwv.ed bthat the resctive spocles ere
carbonyl compound and semlearbaside seilid lon subject to basic
catelysls, Lhen the k; (or k; in this case) values celculated
on this basis agree Just sz well b those colenlisled on the
taslis of peneralized sclé catalysise "hisz would be expected

Frov. the equillibrium,
- + -
Rﬁﬁé + HOAe = RNHg + NAec

fnother point of doubt about the valldlty ol Lle kg
vaiuves in Table VI derives Ifrom the results presented In
Teable V for furfural. Irn thia ocase, extrapclation of & plot
of kg vse buffer composition to gere conceniration indicates
that, AL 1t 1o gernsrslired acld cetalysls only, there is a
contritution towerd the value kg, at the given pil, »f 7.0
by =0% and/or Ho0 catelyels. For the first composition in
Teble V thisg reans tiat ecstalyslis due to sclds cother than
Mnfe eceounts for 404 of the rate constent. In the acnse of
asstone, the dota of Teble YI dooa not conaller at asll cataly-
#in by any geld othey than "hAes Wo Justlficantion for doling
thie wae rentlonad. 7% 4 difficult Yo say what the reletive
anounts of catalysia by undisacciated ecld should be for ace-
tone on the basis of the resulis for furfural. According %o

the {indings of Pell and Tideall dlecussed on paye 20 of this
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tiwsala, 1t even seoms possidble that eacetone, being & less
reactive ocompound, might show & lerger proportion of
eatalysis by scide other than HOAs than furfural. dbviouse
1y exparimental investigation 18 necessary. 7The absence of
such investigation renders uncertain the interpretation
whnich may be made on the data of Table VI,

The investigetors report that they could find no clear
evidence of basic catalyels. Thaey found that the rate cone
stant of cysclohexanons semlcarbagene formation in 1¥ Han:
solution was less than one~twentlieth of that in s buffer
solution of pH 7. They conclude that baslc catalynis, i
present, must be exceedingly small., However, it rust be
polnted out that the rete constants which were involved in
the above comparison are besed on the total amount of somie
carbazide present, whether in the (ree base or acld forw.

If there is any basle catalysis, the rsactive sgpecies muat
ve the meld form of semlcarbazide in order to oconferm to the
rate eguetion obaerved. Therefore, the rate constants rmust
e referred to semiesrbazide present in the aeld form Af
they are to expreas basic catalysis in the remction. This
may be done by dividing the observed rate constants (actuale-
ly the portion of the rate constants due to the bhase catalyze
ed reaction) by the fraction of semicartazide present in the
acid forme Hhen an attempt is mede to correct the observed
rate constants in this manner, it is apparent that nothing
can be sald about the extent of basic catalyais on the

basis of the experimental results presanted.
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In eonnsction with the formilation of a weohanlsm for
genicarbazons fnrmation, it has beon ﬁﬁg@&ﬂt&d@ thet the fbhe
ssnoe of 8 hinetle zalt effect demonstrates that the rate=-
eontralling 2tep can not be one betweon lona. A similar do=-
fustion for othor reactions, on the bagis of pald eifects,
har sppesared in the literature. let us, nowsver, connldsy
tha meschanism proposed by Wammstt*a for soemicarvazone oynfe
tione I step VIII, whiesh involves two lons, 1s the rate
astermiining step, then the rate squation written meoording to
the Ironastod theory ls in sgreement with ths experimental
rate squation and, norecver, yredicits no =zalt effaetse, 'he
presence or absence of o salt effect in any reaction can not
be used as &n unualified criterion of resction mechanismm,
maech case should be examined individuallye.

Oxime and phenylhydrazone formation have been studied
in water-aleohol mixtures end the results interpreted to
indicete gensralired acid @ntaiysiaﬁ. The same analyais es
waas given the semlcarbazone rosciion mavy be applied and,
within the limitations of the experimental data, lesds to
slmilar conclusicnse, Ths conclusion seems to be that in all
of thesge reactions, as in cyanohydrin formation, no definite
deductions may be made as to ths mechanism or even the reage
tive species by a study of the kineties., ~ther carhonyl re=
ections seem to be of little value asz a guide to the nature
of cvanohydrin formation,

A more complete understanding of the cyanohydrin resc-
tion muet rexain the objlect of further resesarches.



ANBTYTICAT, APPLICATIONR

Yo {act that acetaldenyde and proplionaldeliyie react
guantitatlively with HCH and the ialomation obtelaed aboutb
the wondlitlions which govern the equilibrium and the rate of

tiese reacitlions suwpested that coritaln analytical applliche

tions ecould Le suocessfully devised.

irat ol all, by the addivion ol an excess ol aldshiyde
to & solution contalning halides and cyanide, 1t should be
possible to quantitatively roswove Lhe ¢yanide by formetion
of the eyanohydrin and then Jstermine the remaining halide
by the Volhard methode This would enable one to analyze
gqualitetively and quantitatively four halides in the presence
of eyenides Jecondly, it zhould be possibles to reverse he
mrocedure and analyze quantitatively for scetald . hiyde op
proplonaldenyde. This would Le done by the addition of &
saxple of aldelyyde solutlon o an excess of standerd cyanide
aclution end an analysis of ihe unreacted cysnide at equilie
brium.

Procedures of thile sort have long baen reported involive
ing the uss of formaldeh»de, even though the formeldshyde
cyanohydrin reaction has rnot Leen extoensively stuileds The
various modilicaticng of thosge procedures are swmarized by
Tolthoff end Stengerél. Certain preliminery experiusnts
have been performed to verifly the proposed eppllcations for
sropioneldenyde and acetaldehyde.

Using the rete constantg of propionaldehyde and acete

sldenhyde, it can be shown, with equation (9}, thet in &
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golutlon oF aboul pH €48 or jreatsy, the reacgtlion of Lthe aldw
ehiydes and ICH proceeds at least 9.9 7 to equlilibrium in less
than five ninutes, 7Thls was ealculated azsuming annesnirae-
tions of aboul the order ol those usnally employad. 4L tie
piH of Halli solutlons, the resctlon ieg aluovast instantsnasouag.
Howaver, at thls pE the eguillbrium would be shifted ana the
reactlion might not be quantitative. in crdey o utalin ine
formation about the state of egquilibriuvm, the following proe
cedure was used:

in approximately Q.24 sclution of HaCk was orepared,
70 10 ml of this solution was added 2B ml of T.12N aldehyde
sodutlion (an sxcess). The aclution wes Lthen ewcidilled with
6 ml ol €I ililg and 01l Aghly addeds With sceialdeiyde and
propilonaliehyie, & precipltate wers forved Indleosiing thet
these reaciions ere incomplete mt the pil of YWailis Tith forme
alcenhyie, on the other hand, nu presipltate was formed, line
dicating cumplets rsaction st the pil ol Hallls Then 11w proe
sedure was wmodified for proplonaldelyde und sgetaldsiyie.
after the acdditlion of the aldehiyde solutlon, 8 drops of bLrome
crescl purple indicator (Pl range 5.2-0.8) was addeds Thds
aciution was siowly titrsted with C.1N Hi0g (titrati-m cone
duoted over 10-15 mlnute Interval) unitil the indicator
chuanged color to 4 deflinite yellowe "ho amount of 014
Hom was recorded. Then to a siwliar solution, wiihout ine
Jlcator, was added the same amount of GJLH {M0=m, to the

nesrast Cul ml or ag, in the saxe tlize intervale 6 mi of
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6§ HNOg was Introduced and finally 25 ml of 0,1000H Aging
added, lio precipitate wes observed. On filtration and ti-
tration of the rfiltrate with O,1000H X8CH, the titration
value corresaponded exactly to that obtained when 25 ml of
the Agily was directly titrated with ¥SCNe Thus at the pH
of thisz indicator the reactions of scetaldehyds and proplone
saldehyde are complete, mince the sams result was ocbtained for
bothe The solutions of acetaldenyds and propionaldehyde ware
prepared using purified aldehydes.

This provided the necesssry inforzation about the state
of equilibrium under the conditions investigated. The 0,14
HNOg 1s sdded slowly to ellow sufficlent time for equllilibrium
to be attalined at the pi of the Iindicetor. A separate sample
was used to detormine the amount of 0.1 %0z required be-
cause thie indlcator color interferes with the color change
of the Volhard titration. Proplionaldshyde was then used to
test the procedure for thes determinmtion of chiloride in the
presence of cyanide as follows:

& 0.1000H NaCl solution was prepared by welphing out the
nocessary anount of purified HaCl and diluting to volume in
& voluretric flaske 10 ml of this solution was placed in an
Zhrlemneyer flask and 10 ml of approximetely 0.2 HaC was
added., Then 1.5 ml of technieal grade propionaldehyde {cale
culated to be an excess) was added. 6 drops of bromoresol
indilecator was introduced and the sclution was slowly titrated
with 0.1 WOy to the color change, The same amount of 0.1H
N0y was &dded to & sample similarly treated except for the
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alinination of the indlcatore 6 ml of 6H HH0g was added,
followed by 26 ml of 0410008 Agli0ge The precipitete which
formed was {iltered and thoroughly washed with severel pore
tions of water. Thes filtrate was titrated with VACY in the
usual way., The original YaCl solution was also analymed by
the Volhard method. All ££C1l precipitates were handled Iin
the absence of sunlight. Fach determinetion was run in trie

plicate and the averape resulits were &a follows?!

BaCd Coneentration
04.1000H by welght

C.0989H by analysls In absence of cyanide
0.1000% by eanalysiezs in presence of cyanide
It is thus obvious that the procsdure used iz suitable
for the quantitetive determinstion of ohloride in the pre-
sence of cyenlides, It 1s undoubtedly suitable for other helides
as well., From a practlical standpoint, the use of formalde
ehyde ig rauch to be preferred. The fact that forraldehyde
reacts gquantitatively &t the pH of Hal¥ simplifies the pro=
cedure becasuse 1t ls not necessary (o adjust the pH of the
solution to the aeld »ide.
Zowaver, the above results are of Intersst in providing
& method for the quantitative detesrnination of aceteldehiyde
and proploneldehyde. 7The data of Table 24 furnish an Iindlicg-
tion of the acouracy obtainable in such analyses. Although
the experirents cited in Table 24 were performed using HCH
solutions, there is no reason why HaCli solutions could not

ba used instead., The use of ¥aCH would be preferred Lecause



of the sualler JCN losses and because of the raplidity of ihe
reaction in basic solution, No specific sxperinenta were
perforeed to valldate & procedure using HeCH, but from all
the results so far obtained, & sultable procedure is readily
sugpesteds. 7Tn® would prepare & standard solutlon of Hall,
add & sampie of aldehiyde solution to an exoess of the HNall,
s&djust the pH using bromerescl purple as described above,
and then analyze for unreacted cyanide. The analvsis of
cyenide has already been desoribed, In this procedure, the
factor limiting the acouracy of the aldehyde determination
would probably dbe the margin of acocuracy of the cyanide angle
yeess I suitable preceutions were taken to minimize losses
of HCH, the anmlysis should be accurate to a few tenths of &
percent or better.



SUMHMARY

(1) The kinetics of acetaldshyde, propionaldehyde and ace=-
tone cyanohydrin formetion has been studied in dilute aqueous
solution at 258°C. The propionaldehyde reaction was inveaw
tigated in water and in ascetate buffers of various pl'as,
bulffer compositions and ionic strengths. The mcetaldehyde
and agetone reactions were investigated in acetate btuffers
at & fixed pH and lonie strength, but varying buffer com=
position.

{2) FKeproducible rate constants could not be obtained in
unbuffered solution, but were obtalned in acetate bulfers,
£11 of the reactions followed & second order rate law.

{3) The influence of lonic strength was found to Le very
srmelle 7The kinetic salt effect emounted to sbout 2 to 4%
for the range of consentrations studled.

{(4) In the acetors and scetaldehyde reactions, no generale
ized catalyslis was detectabls, In the case of propionalde
ehyde, a small sffect amocunting to a few pesrcent was observed
which eould be interpreted as evidence of gensralized catalye
sis. However, the effect is not suflficlently greater than
tle sxperimental error to Jjustify any definite conclusions,.
{5) At the pH of acetate buffers, scetaldehyde and propicne
aldehyde reasct quantitatively with HCH. In & similar pH
region, thse reamction of acetone with HCN is incomplete and
the equilibriunm constant has bheen found to be 13.97.



(8) In & solution of 0.1378¥ UNAc and G.,0803H lNanhe, the ob-
served rate constantz of acetaldahyde and proplonaldehyde ere
Ue212 and 0,494 respectively. The signiflcance of these vale
ues a8s &n indax of reactivity has been discussed taking into
conalderation the hydration reactions of these aldehyies.
{7) Various mechanisms for the cyeanchydrin reaction have
been examinsd and it is concluded that several different
mechanisms are compatible with the kinsties observed. At

least thiree of these have & basis in sore theory of oe

reactivitye.
(8) Analytieal appliecations of the cyanchydrin resction are
discussede A procedure iz suggested for the quantitative

determination of scetaldehyde and proplonaldehyde,
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ABSTRACT

James Y. Hoth, Phe De 1058
BSe Ae University of vest Virginie
Title of thesisiy The Finetles and Mschanlem of the Uyenohydrin
Reeacstion in Aqueocus ZSolution

Thesis directed by Professoy Willlam J. Svirbely
Hajort Physical Chemistry
Minorst Organiec and Tnorganic Chemiatry
Pages Iin thesis: 593 Viords in abatract: 408

The kinetios of &cetaidehyds, proplonsldshyde and ace-
tons cyenchydrin formation have besen studied in dilute
aqueous solution at £8°9C, Xeasurements were conducted in
acetate buflfers under various conditions %o ascertain the
influence of ionic strength, pH and bulfer composzitlon on
the rate constants, The progress of the reaction was {ole
lowed by withdrawal of saumples and determination of the une
reacted cyenide from tirme to time,

It was found that the reasction of cerbonyl compound
with ROK proceeded mole for rmole. Tie reaction followsd 8
seoond order law, first order relative to TCN and first ore
dey relative to the cerbonyl compound, The kinetle =zelt
effsct is very small and amounis to only & few pereent for
the range of lonic strencth studled, It was found that
acetaldehyde and proplonaldeiyde react quantltatively with
I0Ne Ths acetons reaction isg Incomplete and the sguilibrium
constant for cyanohydrin formatlion was found 0 be 13.07.
Thess results for scetone and aceitaldshyde are not in sgroeee
mant with Lhe results reported Ly other investigatsrse

In the casze of acetone and scetaldehyde, no generallized



oatelyzis war detectable. The proplonaldehyde reascilion,
however, exhidbited an effect ranging {rom 4 to 6% whiech could
be interpreted as generalized catalyesism., Although the rate
conatants were reproducible to within 1 or 2%, 1t is doubte
ful whether the effect observed is sufficlently greater than
the experimental error to permit & definite significance to
be attached to the results., Tharefore, the possibility of
generalized catalysls wes ignored in the consideration of
reactlon mechanisms.

The currently accepted lepworth mechanism for ¢yanoe
hydrin formetion wasz found to be in acecrd with the kinetiecs
cbaerved. However, this wmechanism 1ls not uniquely indicated
by the kinstlies, Several other mechanisme lead to the zame
rate equation as the Iapworth mechanism and the hinetics is
therefore ambiguous., The other possidilities which have a
tasls in some theory of carbonyl reactivity are discussed.

Thus the atudy of the kinetlies of the cyenohydrin ro-
action in squeoua solution provides no clear definition of
the reactive species or of the manner in which the resctive
species interact. The kineties of cyanohydrin formation
in other solvents and the kinetics of other carbonyl addie
tion reactions have been consldered in an sttempt to obtein
pome information which might serve &s & haslis for selecting
preferentially one of the possible eyanohydrin mechenisms,
However, these latter investigetions appear to be subject to
complications which obscure thelr own mechenisms and they
are, accordingly, of little value as & guide to cyanohydrin
formatlon,
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