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The theory of carbonyl addition react Ions has long been 
a nubjeet' of eotmltierabXe Interest* ttamrous Investigations 
and speculations have boon undertaken to elucidate* If poo**
sible* a generalised sseehanlsm for this typo of reaction* 
However* on final analysis* it cam be said that the answer 
1ms not yet boon obtained#

Tho most generally accepted meehanls* for tho eymno- 
hydrln reaction Is based upon tho qualitative studies of 
h&pwortĥ * Tho L&pworth wmohmlm is of particular interest 
because It has boon widely regarded as oxompllf jing the man- 
nor in which most oarimnyl addition reactions oeotsr̂ *®* It 
is also of Interest because It is considered as tho first 
convincing evidence for the stepwise nature in which bimole­
cular react lorn may occur'* •

Lapworth’s studies were of such a qualitative nature 
that they did not permit either the evaluation of rate eon* 
stents or of the order of the reaction* By modem standards 
his results can not bo accepted as unequivocal evidence for 
the mechanism proposed* The mmchaniam involves a slow ini* 
tlal attack of cyanide ion on the carbonyl linkage* follow­
ed by a rapid attachment of a p m tom

>c=o +  cn~ slow )c<cK
A - (1)

>c<CH+ H ^  >c"ctr
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It is noteworthy to observe that this mechanists does 
not involve catalysis in the sense that there Is either a 
protolytlo reaction between a catalyst and the substrate
carbonyl molecule or the foxvoatlon of an Intermediate com- 
pleat between these two entities* This feature of the mech­
anism is surprising when one considers other carbonyl 
reactions such as semiearbuone* eaiî e and phenylhydruone 
formation# which are generally conceded to proceed through 
an addition compound analogous to a cyanohydrin* Quantita­
tive studies on these latter reaction® have demonstrated a

apronounced generalised catalysis** The phenoiaenon of gen­
eralised catalysis in carbonyl reactions is interpreted to 
imply a protelytie reaction directly between th*e substrate 
and the catalyst7*

The cyanohydrln reaction Is readily subject to basic 
catalysis* If the catalysis In this reaction was general­
ised catalysis# the Lapworth mechanism would be incompatible 
with the kinetics* tfone of the studies conducted by lap- 
worth or any of the subsequent investigators of the oyano- 
hydrln reaction provide data which could be used to -clearlyc lêrlyexa»ilzMiA the possibility of generalised catalysis*

Therefore* it was deemed desirable to make a quantita­
tive study of the cyanohydrln reaction in order to further

■for+heKelucidaten the tfieehanism# if possible# particularly with ref­
erence to the nature of the catalysis involved* Previous 
studies have shown that it is a simple#reversible, reaction 
free from the complication of side reactions*
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The kina ties of propionaXdehyde, aoataldehyde and ace­
tone cyanohydrin formation have baan studied at one tempera* 
ture under various conditions of Ionia strength and buffer 
composition* This represents the first klnetlea tnireetifa* 
tion of a cyanohydrin reaction in aqueous solution*
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Although the literature Is abundant with references on 
various aspoets ami applications of the eyanohydrln reac­
tion, this brief survey will be limited primarily to the 
more pertinent studies which bear some relation to the mech­
anise of the reaction#

As early as 1866, rilianl® had observed that substances 
of a basic nature ̂ such as mmonl* had a remarkable accelerat­
ing influence on the formation of cyanohydrIns#

iIn 1903, Lapwortk* undertook the first systeumtlo study 
of cyanohydrin formation* Ke investigated the reaction of 
e&mphorqulnone with FOB In dilute aqueous and alcoholic 
solution* he found that In the absence of added catalytic 
e£ents the reaction went practically to completion In about 
8-10 hours, while the addition of small amounts of base 
caused a comparable amount of reaction In a matter of sec­
onds* The addition of small amounts of mineral acid arrest­
ed the rate to the extent that no perceptible reaction 
occurred within 14 days* halnly on the basis of these re­
sults, Lapworth examined the following possible mechanisms 
and concluded that IB) was the only reasonable explanations 
U) )G =0 + HCH ^  )C( OH)CH

{i>) >c*o + k+ ■+ c:f==̂  )c(oi!)cii
slow + fast {2)

(C) >C-0 4 S!+ ---- )CwH + C 8  _>C(0B)CN
slow _ fast

(r>) tc-o + cir ̂  >c{ch)o -f h +s *>C(ok)c»
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on consideration of the offsots of maids and bases on the
uoere.rata* all but (D) «e# rejected by Lapwortte*

In 19IE Bredig and Pi ske® oonmenced an Investigation of 
the reaction between bensaldshyde and - BCN in chloroform and 
toluene solution* in the prsssno# ©f the optically active 
catalysts quinine and quinidine* Their results Indicated 
that a partial asyisaaatrlc synthesis had been achieved* as 
follows«

C&fiBOUCnClew)

KOI

The iiii effect was observed in the ease of five other 
aromatlo and aliphatic aldehydes^* Although these authors 
do not offer any substantial explanation relative to an 
exact interpretation of the mechanism Involved, the Implies* 
tlons are of importance* Post partial asyaaetrio syntheses 
which have resulted from the formation of an asytaaetrlo oar* 
bon atom appear to depend on the presence of another optical* 
ly active center either In the molecule itself or In another 
molecule actively Involved In the reaction mechanism* Thus 
it is difficult to see how the lapworth mechanism could be 
operative In these nonpolar solvents because it rales no al* 
lowance for the participation of the optically active base
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In Influencing the configuration of the asymmetric carbon 
created In the reaction* According to the Lapworfch mech­
anists, the base would serve only to increase and govern the 
cyanide Ion concentration* Langenbeek^ baa eot&aented 
briefly that the catalyst must have a function In the reac- 
tion beyond that of increasing the hydroxyl factually the 
cyanide) Ion concentration*

In 1914 Jones^ conducted a quantitative investigation 
of the equilibria constants of acetone and seetaldehyde 
eyanohydrln formation In dilute aqueous and alcoholic solu* 
tion* ne also performed scene very approximate experiments 
on the influence of basic substances upon the rate of the 
reactions and concluded that hie results were in accord with 
lapworth1 a postulations*

The studies of Bre&ig and coworkere^• on the asym­
metric synthesis using optically active catalysts parallel̂ , 
markedly the asymmetric synthesis achieved by the use of the 
ensyme# emulain* In which almost pure optically active anti* 
pode Is produced12* This similarity stlxsulated considerable 
stereochemical Investigations by biochemists in an attempt 
to relate the emymatle and the nen-ensymatle reactions* For 
the most part# these researches resulted in the formulation 
of possible interne diet ee in the non-enxyma t io a symmetric 
synthesis without rendering any exact exposition of the mech­
anise* An excellent review of these studies is presented by 
Albers3*2 and Miller3*̂ *

Xn 192B Albers3*2 demonstrated that primary, secondary 
and tertiary amines are capable of catalysing the bensaid-
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ehyde cyanohydrln reaction in nonpolar solvents# Ha also 
shoved thati with the exception of aniline* no fchiff* s 
bases are ferae d between feensaldehyde and the bases employ* 
ad as catalysts# This would seem to indicate that th#
•f ©biff5 s base is not an Intermediate in the eyanohydrln 
reaction#

In 1980 P&ller1* conducted the first really quantita­
tive Investigation of the kinetics of a cyanohydrin reac­
tion# She studied the reaction of bensal&ehyde and HCE in 

#chloroform solution in the presence of the alkaloid catalyst 
hydroeinehonlne* The kinetics of the reaction followed a 
third order law* which was somewhat surprising# When the 
concentrations of the reactants and catalyst were variedf it 
was found that the rate constant was independent of the 
initial concentration of henaaldehyde but was directly pro­
portional to the square of tit# ratio of initial baset HCM 
cone®ntratlone# The reader is referred to i-Bller* e disser­
tation for more details* Taking into account the method of 
expression of eoncentratlone which was employed in the rate 
equations* I'Siler concluded that the results could be inter­
preted by the following mechanisms

(b e )4" +  (cn) -+ RCBO --> (B.».cy) — ^  cjr (4)

This r.echanl03» involves the assumption that the base
interacts completely with PCff and the product is entirely
# Throughout this thesis, using the^TrMirary division set up by Stewart^®# this solvent will be classified with nonpolar solvents#
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dissociated Into (BH) * and (CfO~ Iona* Thao# Ions in turn 
react siimilfcaneoualy with tha aldehyde to produce a loos© 
^©Xecuiar complex which then decomposes to give tb© product
cyanohydrln* Miller attempted to validate tho postulated 
imehmnlam as followss

Cm) A distinct temperature increase occurs almost in* 
stantSLneoualy whan chloroform solutions of HGI and quinine 
arc mixed* fhia was taken to indicate an interaction of 
has# and f:Cif*

<b) T'h© conductivity of chlorofom KGS' solution* though 
S2?iall# is Increased noticeably by the addition of hydro© in* 
ehonlns* This was interpreted to Indicate that ionic pro* 
ducts were fostned*

Kith respect to sense of the intermediates or molecular 
species which might occur and influence the studies conduct* 
ed* &5ller considered the possibility of the formation of a 
compotmd or a complex between Ui© aldehyde and the base cat* 
aXyat# In order to prove tt*at these substances do not form 
a compound* m m  measured the heat changes accompanying the 
union of the components In chloroform. solution, and tim  
freealng point depressions of corresponding bensene solu­
tions* F w  the results of all the attempted experiments* It 
appeared as though no influence of the catalyst on the aid* 
ehyde was jaaalfcsted* She concludes that a compound or ©ota* 
plex of ©atalyst-aldehyde does not exist and therefore does 
not occur as as intermediate in the cyanohydrin synthesis*
The reaction me©hanlsm postulated by M&ller to explain the



kinetics Is givan by equation (4) above*
In X93B Albers and fcawaaaAS aondneted the first quant­

itative study of tb# kinetics of a cyanohydrln reaction in a 
polar solvent# They mmwe interested runtimentally In an 
explanation of the ensy&atle aaybarctrio synthesis of eyano- 
hydrins and were motivated by the fact that all the previous 
investigation* along td'iese lines had yielded no clear eosa- 
prehension of the process Involved* In order to obtain 
clues to the enayi.«abi© reaction* they felt it was first- nec­
essary to establish the nature of the aai>©asp*atie lueeh- 
anism* XI is probable that these author* elected to study 
the non*®asya* tio kinetics in a polar solvent beeauae stud­
ies on the mm;y&atlc react ion always conducted in such
a ^diu&* In surveying the suggestion© of other Invcstiga- 
tors as to toe reaction mechanism* they »*&!# tm reference to 
the work of ydller (perhaps because Edller1 a studies wore in 
nonpolar solvents) * and instead consider Ohio fly the post­
ulations of bapworth* which they sought to subject to quant­
itative verification*

Albers and Kauaim studied the reaction of beimldehyde 
and !’Ch in 50$ alcoholic ace tat® buffers* They found that 
the reaction followed a second order rat# law ana that the 
rata constant m s  Independent of the initial concentrations 
of bensaldehyde and RCK at a fixed pH* l*e* a fixed hydro­
xyl ion concent ration* They also Investigated tt** reaction 
In acetate buffers of thro© different pH*a and found that 
the rate constant varied in direct proportion to the hydro­
xyl ion concentration* faking into account the liydrolyals
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e<jullihrlum of cyanide ion* ti.im authors concluded that the 
kinetics was In exact agreement with thm Lapworth mechanism*
Ho attempt «&« mad© to specifically investigate U*» pos­
sibility of generaUsed catalysis or to make allowance lor 
tho possible Influence of ionic strength upon the reaction 
ra te s  •

The rata of u m  en&ymatic reaction waa alao stuuied In 
the same medium except for the presence of the ensyxie« Con­
trary to previous assertions that the only effect of the can- 
ayme was to influence the optical activity of the cyenoftydrln* 
it was fotmtl that the ensytse accelerated trie reaction sig­
nificantly* It heaved like an ideal catalyst*

Stewart and coworkers**''****'* oo«snemiag in 193?» report­
ed an investigation of the dissociation of acetone oyano- 
hyorin in a wide variety of solvents including water* meth­
anol* ethanol* propanol* butanol* &^at&ylpropanol*
1 *l-&imetbyletiianol* acetone* carbon tetrachloride * bensene* 
dioxane and chloroform* fhey found tiiat the dissociation of 
acetone cyanohydrin into acetone and HCH 1© cataly&od by 
amines in ail solvents* Ihe catalysed reaction Is iast&eas- 
ureably fast in water mid in tae lower alcohols* ealle it is 
Mtasureahle in butanol and tim  nonpolar solvents mid ex­
tremely slow in dlox&ne* host of tueir studies were con­
centrated on the determination* la the variants solvents* of 
tiiC equilibrium constant for cyanoiiydrin disaoolation as 
given byi

i%c(9E)cH ^  + m n  i b)
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It was found that t'm $-% value for the reaction 1b water 
in %hm preiseiiOe of a eat&iyst varied considerably trom. the 
value ia the absence of catalytic bases# which rtprtsenttd 
an apparent shift in the equilibrium# *fbe variation ©bserv- 
eel depended both on the eoneentvatloit and the speeles of tiie 
catalyst# Tim deviation was ascribed to the interaction of 
the tmrnm with BGli*

b -t m n  ^  bf"1" -v- on ~ C6)

To umk* allowance for this reaction# the overall equ ill brim 
expression should be written ass

%  +
HgOCOHjOff + —  HgCO + H^TO + CH (7)

Kg may then be related to K| by the die too let ion ©on-
slants of B and lit I in water and* In this manner# fairly con* 
sis tent values for the equilibrium constant were obtained# 

Xu all the alcohols and acetone# ©a the other hand* con?* 
si stent values of could be obtained entirely by the use 
of equation (&)* i#e# the degree of dissociation is unaffeet- 
by amine# Xhis immzm that while in water there 1 m evidence 
of Interaction between asaine and HCH# in the other polar sol­
vents there is no experimentally detectable evidence of such 
interaction# In the nonpolar solvents the situation is ap­
parently eoa*plex| the degree of dissociation is decreased by 
tbs addition of malm and the results do not lend themselves 
to any quantitative correlation# 'the authors conclude that 
the simple impworth dissociation jaechanism may 'be true only
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in water solution®#
A study was also conducted on the relative rates ©f die*

see let Ion or acetone eyanohydrin In several solvents# The 
presentation given is largely qualitative# In discussing 
his result®.# Fontanel states# *ths meehaalsm of the dissoc­
iation in tooth polar and nonpolar- solvents 1® apparently 
quite complex as Indicated toy the fact that the kinetic data 
do not fit any staple rate law#11 It may to® recalled at this 
point that* In the case of toeusaXdehyde cyanohydrln forma* 
tlon# Albers and Hamann*® and Millar^ reported kins tie data# 
in polar and nonpolar solvents respectively# which eonfort»ed 
to an integral rate law#

Baker and Kesiiiinĝ ®# In 1948# investigated the kinetics 
of the reaction of a series of p-alkylbensaldshydes with ECK 
in constant boiling alcohol# The standard' catalyst employ* 
ed was a mixture of 0 # 0 ta  pyrldizie and 0#01M  pyridiniiaa toon* 
scats# which effectively constituted a buffer system# In 
their work they were not primarily interested in explicitly 
elucidating the mechanism of the oyanohydrin reaction# Hath* 
#r they sought to obtain velocity constants for the various 
compounds in a standard medium In order to test the Baker* 
lathan hypothesis as to ttoe ŝ el&tive electron releasing abil­
ities of different alkyl group® in compound® of the type 
studied#

<jj#reTbs kinetic data# in every case# was found to satisfy a 
second order law relative to a reversible bimolecular reaction# 
In order to test the validity of tbs concepts previously
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developed on the polar effects of alkyl groups* it was nec­
essary to as sums a representation for the activated transi­
tion complex* The representation used was in accord with 
tbs Lapworth formulation except for the assumption of resonat­
ing forma* Values wars then assigned for the relative re­
ductions In energy levels in the ground state of the aldehyde 
and In the activated state of the transition complex caused 
by the tl and +M effects* The differences between the val­
ues of the two states for the various reactions were then 
compared with the rate constants and the two sequences were 
in exact agreement* Although not discussesd b y  the authors* 
it may be pointed out that If their treatment is entirely 
valid# it could be Inferred that the lapworth mechanism is 
in accord with the results obtained* This* however* would 
not constitute a unique verification because other repre­
sentations for the activated transition complex# which were 
not considered# might also yield the same theoretical se­
quence of reactivities*

IEIn summary* it may be observed that the work of Biler 
and of Albers and Hanaxur^ constitute the only quantitative 
investigations of the kinetics of the oyaaohydrln reaction* 
Their results# in nonpolar and polar solvents respectively# 
have been interpreted to indicate a different mechanism In 
each case# depending on the conditions of the study* The 
possibility of generalised catalysis am! Its implications 
has not heretofore been purposefully examined*
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■Evaluation of the Hat# Constants
If thm x*at# of a reaction is proportional to the pro-* 

duet of the first power of the concentrations of the two re** 
acting substance** the reaction is of the second order* For
the case In which there la no significant reverse reaction# 
the rat# of forsmtion of product is

If the two substances are present in unequal concentra­
tions# equation (8) can be integrated to

where C is the constant of integration# k is the specific 
rate constant# a and b are the Initial concentrations and 
(a-*) and (b-x) are the existing concentrations at any tl&e 
t# A plot of log Ca-x)/Cb-x) vs# t should be a straight 
line# the slope of which is equal to k(a-b)/2#503# Ttmm the 
determination of the slope makes It possible to evaluate k# 

For the case In which there is a significant reverse 
reaction of the first order# the expression for the rate con­
stant cany be derived as follows i

(6)

£9)

A ~h kl
C

x x+e kg x0~x
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x0 3 Initial concentration ©f reactant A 
x s concentration of A at any time t
Xf© s concentration of B at any time, where c is a constantand is the difference between the oone©ntra t ion® of Aand B at t a 0
The equilibrium constant K & k-̂ /kg
Xq-x s concentration of produet C at any time

The rat© of disappearance of 1 will be

• kxxCx+o) - kg(x0-x) CIO)

Substituting for kg and rearranging*

«ludt s dx (11)~ xixt c) " • l3Ŝ *̂ x)/k

If *. la tha equilibria eonaentretion of A, than

«a„ T, .*fl. < W3%+e)

Substituting the value of x0 from equation (12) and rear* 
ranging,

dx-Jc^t « _______________________________ CIS)
xC©+l/K) - X#2 - X30 - x$/k

This may be integrated using the appropriate standard integral 
form to give

2«S05 x + (ft 4 icm t l/ft)kxt 3 ________ log ^  4* C* (14)
2 3 ^ + 0 l / K  X  -  x #
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where C* it the constant, of integration* All terns are con* 
stents except x and t* A plot of log Xi- (c+x^l/K)/ !x - Xq ) 
vs* t should be a straight lias* th# slop© of which is equal 
to k^CEsgt-o+l/E:}/ E«0O3* ffeus nay be evaluated from the 
slope*
Generalised Acid-Base Catalysis

In its earliest days* the theory of acid-base catalysis 
In homogeneous solution was based largely on the premise 
that catalysis was due entirely to hydrogen or hydroxyl ions* 
Gradually* however* experimental evidence was accumulated 
which Indicated that acid catalysis* for instance* could be 
effected by undisaociated molecules of acid as well as fey 
hydrogen ions* From 1923 onward* as result of the work of 
Broneted* Lowry and Dawson* the theory of generalised cataly­
sis evolved* According to this theory* it is possible for a 
reaction to be subject to the simultaneous catalytic influ­
ence of all the acids# present and/or all the bases# present 
in the solution* Thus if we have a reaction in which the 
mechanism involves in the rate determining step th© reaction 
of a substrate with acids In general*

A + HA — > products

k U  kj^HAU I 16)
1

e Acids and bases as defined fey the Bron® ted-Lowry proton theory of acid® and bases*
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where k is the overall rat# constant# kj- the aolw catalytic 
©on*tant of the "IHh acid and (HA)^ is the molar ©oneentra- 
tion of that aeid# It is probable tlimb reaction occurs si­
multaneously with th® war 1 cue sped## of acid which arc in 
th# solution# Equation CIS) 1® of th# fo m  which would he 
expected for slzoaltaneous side reactions#

To show that a reaction Is subject to general acid ca­
talysis* tl>e method of Breasted and Guggenheim®* is general­
ly employed# Consider the acid HA# neglecting aetlvlty 
coefficients#

k# ■+HA + KgO H30 + A"

pka * pit +- log BA. (IS)T

In this method the rate is determined in a series of buffers 
in which the oxonlum ion concentration Is constant# but the 
concentration of the acid component of the buffer is varied* 
This is accomplished by maintaining a fixed rati© of acid 
to base ©one#ntrations and a constant ionic strength in the 
series of buffer solutions# The ionic strength 1® maintain­
ed constant by the addition ©f neutral salts# which effective* 
ly suppresses salt effects#

If th# rate varies in proportion with the concentration 
of HA# generalised acid catalysis is iKanlfestedf if th# rat# 
is constant In these circumstances* the reaction is subject
to specific oxonitm ion catalysis* The saiae considerations
apply to basic catalysis# The literature is replete with ex- 
pcriisenb&l verification of reactions exhibiting generalised
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catalysis* -Several reactions have been investigated which 
simultaneously exhibit both generalised acid and base cataly­
sis and here the same fundarsental conaiderations ar# Involv­
ed* By suit able comprehensive Investigation it is possible
to evaluate the molar catalytic constanta for different 
catalysts in a particular reaction^#
Brousted

The mechanism of reactions which exhibit generalised 
catalysis is widely accepted as being characterised by a 
proton transfer between the substrate and the catalyst* Bine© 
dissociation equilibria of acids and bases in vmtoa? also in­
volve proton transfers# w® would expect m correlation be­
tween th# dissociation constants of a aeries of acids# far 
instance# and their saolar catalytic constants in an acid 
catalysed reaction* such a relation has been proposed and 
verified by Brousted and is Known as the Bronsted catalytic 
law# The relation* which has an essentially empirical basis# 
is:

<?Ska - for acid catalysis
a Cl?)

kb - fpr basic catalysis

where Gm or 0^ and <* or (i are constants for a particular re­
action in a given solvent and at a particular temperature# 
Subsequent modification® have been applied to this relation# 
but these will not be considered here* Till a type of relation
ha® proved satisfactory for a number of reactions# consider­
ing that very often the catalyst® studied represent an
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extremely wide range of dissociation. constant®* "everal 11* 
luetretlone ar# elted by Bell®®* 
specific vs* Generalised Catalysis

The question of whether there is any fundamental dlf«* 
feranee between specific and generalised catalysis has not 
as yet teen conclusively answered* Bronsted and lynne* 
Jonee®* h a w  made several Interesting calculations* assuming 
the validity of the catalytic law* on the possibility of de» 
tecting generalised catalysis* Considering* for example* 
acid catalysis in 0*111 acetate buffer* several conclusions 
are possible from. the following table*

Proportion of catalysis due to 
Exponent E^O HgO CB^COOH

c* * 0*1 0*008^ m %

oc * 0*5 5*6$ O*01JC 9d*4|*
o( - 1.0 98.8JS SxlO”18 0.2^

It may be seen that if
(a) cA % 0*1* the reaction will appear to be uncat&lysed*
(b) c* * 0*5* the reaction will exhibit catalysis largely

by undlssoeiated acid molecules#
Co) <* a 1*0* the reaction will be a ease of specific 

oxonluet catalysis*
It is apparent that intermediate values of * which 

©an vary from 0 to 1* are mmmt favorable for the experiment" 
al detection of generalised catalysis* Thus it nay be that



so

thm real difference between generalised end specific cataly­
sis Is only a quantitative one and both are manlfestations 
of the same phenomenon* similar con®iterations may be ex- 
tended to the case of basic catalysis*

Jyaothar point of interest is the possible Influence of 
the substrate itself on the type of catalysis exhibited*
The work of Bell and Lidwell^ offers perhaps the test in­
dication of the relative importance of this factor* They 
investigated the catalytic constante of a muster of base 
catalysts for a particular substrate and evaluated for 
the series of catalysts relative to- that substrate* They 
studied each member of a series of closely related ketones 
In the easse way, using the base catalysed halogenatloa reac­
tion in each case* It was found that * varied from 0*89 to 
0*48 in the series of eight ketones investigatedv and de­
creased in value as the reactivity of the ketone increased* 
aine# the value of °< may be regarded as an index of the ex­
tent of generalised catalysis, this result may be Interpret­
ed mm implying that the amount of generalised catalysis for 
a particular reaction may vary markedly with the reactivity 
of the compound studied* Unfortunate 1 y, stellar studies of 
otter series of compounds have not teen conducted and it Is 
doubtful whether one may te justified in concluding that it 
is a general principle that the proportion of generalised 
catalysis is increased with the increasing reactivity of the 
substrate* Tome such principal could be of value as a guide
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In the Investigation of catalytic mceftani ame* By an extra­
polation. of the Is#stilts above* a series of substrates might 
exist for Bomm reaction which would exhibit a complete tran- 
eitlon from specific to generalised catalysis* This would* 
of course* be of value in correlating the two types of 
catalysis*
Formulation of. Cyanohydrln Kinetics

According to the Brousted theory of reactions in solu­
tion* the reacting particles form an intermediate complex 
which Is In equilibrium with the reactants and which can de­
compose to give the reaction products*

The rat# of the reaction is considered proportional to the 
concentration of the Intermediate complex*

( 1 8 )

Considering activity coefficients*

(19)
*-1 cAcB rAr8

(20)

:« fining Kj_ kg as k0.

(21)
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Comparing this with the classical equation (&>#

P f p
k 5 ko " .. Ce2)

f*A

According to the febye-iiuekel theory#

- In f^ ; Aa^i/u + B XI (23)

for the range of ionic strength of about 0*01 to 0*1* 0 is
an empirical constant depending essentially on the nature of 
the Ion 1*
Combining equations (22) and (£5)*

In k • In k0+ 2AZ$Z%Jvk +C% » - Bg) u (24)

This equation expresses the dependence of the rate con­
stant on Ionic strength In a fixed medium and at a particular 
temperature* the addition of neutral salts to change the 
ionic strength# and thereby the activity coefficients# is 
seen to Influence the value of the rate constant* This is 
known as the primary ©alt effect* In the case of the reac­
tion of m neutral molecule with an ion# the 2AZ^Z^Ju term is 
zero (since % signifies the charge of the particle) and the 
magnitude of the primary salt effect will depend largely on 
the relative values of B for the- various species* For the 
majority of reactions of this type the primary salt effect 
rarely exceeds a few percent in the dilute rang# (0*01 to 
0*1 ionic strength)*
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How X#t lift consider the fovmilatlon of th© kinetic rat# 
law of th® oyanohsrdrin reaction according, to th® L&pworfch 
Mohanlm Cl) and according to the Bronstad theory* sine© 
thft rat© d@-tftrmind.irsg; step in th© L&pworth i»©ehanlft» involir- 
©4 a neutral molecule and an ion, th© primary salt effect 
should b© small and it will, for th® present purposes be ig» 
norm4* Th® rat® equation should than be.

in which AC designates the carbonyl compound, and in which 
wo will aeons® no significant rewers® reaction# w® shall 
consider th© ease in which th® reaction is run in acetate 
buffers and define th® following equilibrium constants,

(26)

(26)
CB£W *HC1f

(27)
C'MOA® fHOAO

Cmablnlng (25), (26), and (87),

C0A« f HCN f OAo   •   .. (26)
®SOAo ^K O i# *CH



-  ~o —  ̂ cAOc HCH

k5 CHQAe *K'CAC*CN

In order to simplify this equation* it is best to consider 
the experimental conditions* If experiments are run at a 
constant Ionic strength and in & buffer where the ratio of 
W  Cj|0^e is constant* then equation (29) becomes

z k ' CA0 CHCH t 3 0 ^

where k « - kc !f . f f L  - ^  *0A°
r3 CHOAe % m ®

The experimentally determined rate constant relative to 
the concentrations of the species AO and HCN will he kf and 
k* ©ay be experimentally evaluated by the use of equation 
(9) • At the same ©onetant lonlo strength* the vain® of k* 
should be strictly proportional to the ratio Cqj~®/ -̂«oa©*
These pro diet ions should not be Influenced by any salt effects 
elnee the condition of const ant ionic strength Is imposed*

Bow let us consider equations (28) and (29) to exsEsin© 
possible secondary salt effects* If the ionic strength was
varied* The activity coefficients of nontonio HC!T and HOAc

* Tim secondary salt effect is m change In the concentration of a reacting species* l*e« cyanide ion* which would be 
caused by changes in ionic strength*
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may be set equal to 1 In dilute solution, and moreover* It 
may reasonably be assutsed that the ratio £$£%/ f<;N 
practically constant in dilute solution* *Fhus the influence 
o£ the secondary salt effect should b# negligible*

Mow lot ue postulate a hypothetical mechanism ter the 
oyanohytirln reaction which Involves the hydroxyl ion catalya- 
ed addition of molecular HC8 to the carbonyl compound*

The rate equation for this mechanism* again neglecting the 
primmry salt effect (which shakes the Bronsted formulation
equivalent to the classical) would be

AO + KCH + OH — r X — * products (31)

r ko CA0 CHCH C0H (52)

The dissociation constant of water may be written

(35)
CHgO fflgO

Combining equations (27) 9 (32) and (63)*

% (34)
K3 CHgO CHOAe f0H
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r r 00A© %A©* ^HCK AO —  •
CHOA© *OH

CSS)

Considering the s m m  oorrespendtng conditions as wor® applied 
to th© Privation of the rate equation for th© Lapworth i«©eb* 
&ni$E| aquation (5S) ©ay h© simplified to

It la lonadiataly apparent that aquation (56) Is Iden­
tical in form to aquation CS0>* The satg© affect® of Ionic 
atran&th and buffer composition upon th® experimentally ob­
served rat© constant® are pro die tad* Thu® both tha I^apworth 
and the .postulated catalytic mechanism load to th© ©am© rat© 
law9 making them kinctlcally indictinquisbabl©# Although 
th© rovers© reaction of th© rat© determining step imm bean 
ignored in th© above derivations# It may easily fee shown 
that both mechanisms -also give rise to th© same rat© equa­
tion whan the reverse reactions arc considered*

da
«

CB6)

where C0A© %A©

%  CB *0  CKOA© *0 H



Baker*© 0*r* KSO! was purified according to the reaoni- 
mendations @1 goltbof? and Llngan©^# Tbs salt was r© crys­
tallised 4*pass water* colleobed on a Buchner funnel and dried 
by suction# It was then placed in a desiccator and dried 
over % %  f©* several hour© at ro&a temperature# Th© salt 
was subsequently dried in an o w n  at 120°C for several hour© 
m i  then finally fused 1b. a furnace at about 130°C# After 
such tw&teent# th© KfGIT is suitable for us© as a primary 
standard in argentteatrie determinations#

Baker'rs C*P* Ag$3$ was dried In an o w n  at 120°C and 
th e n  fused in a f u m o s  a t  about 230°C • P ure  ImCl was pre- 
pared by filtering a saturated solution of General Chemical 
Co# C#F* ffaci and treating the filtrate with €*P# concen­
trated BC1# The HaCl was coXlecbed* dried In an o w n  at 
120°C» and then in ftm aae©  at ©60°C for on© hour#

0#100011 solutions of AglfOg* KSC?? and HaCl war© prepared# 
Tim normality of th© AglfÔ  was aseertained by a onr titra­
tion and by a Volhard titration# Th© results of th© two 
methods w@r© in ©xeallant agreement* confirming th# suitabil­
ity of th© KSCll as a primary standard# Thereafter* solu­
tions of KSCff wore prepared from the solid reagent treated as 
at#ted above* while solutions of AgTfÔ  were prepared from re- 
agent which had only been dried in an o w n  at 120°C# Th© 
AgHOg solutions were standardised against th© rf€H# All 
solution© were kept in brown bottles and stored in th© dark#
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The was cheeked frm% tlm® to timm and It mmm found
that Its nor&aliiy did not change perceptibly over a period 
of several months*

Liquid HCH was saul® according to tlie method, described
in Grganio syntheses87* A solution approximately 0*81 in 
hCH was iisiaedtstely prepared iron the liquid HCM, and placed 
in a brown bottle and stored in the dark* The absence of 
substances capable of forming silver precipitates (other than 
cyanide) in the ECM solution was shown by the fast taut when 
the cyanide Is quantitatively removed from the solution* the 
addition of acidified JcHO^ re suite in no precipitation*

The acetate buffer# were prepared from solutions of 
iiOAe and carbonate-free WaoB# tlm KeoH solution was stand* 
ardlaed again#t a national Bureau of standard# standard 
sample of potassium sold phtbalate* and the KOAe solution 
titrated against the UaOH solution* Then quantities of the 
so id and base were atMd to yield the desired buffer compos­
ition# The HOAe content of the buffer was determined by ti­
tration with the standardised HaOH* The normality this® oto- 
talned was in excellent agreement with the value ealoulated 
from th# amount® of sold and. base mixed* Indicating little 
volume change had occurred on mixing* several month® later 
the buffer was again analysed in th® same way and the change 
in hOAe content amounted to less than lj&*

£l*ae? and Amend G»F* KSO^ was used as inert electrolyte# 
The salt was dried in an oven at 120°C and weighed out in an
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atmosphere of less than relative humidity# under which 
condition It is not appreciably hygroscopic*

Technical grades of to# carbonyl compound® war# pur­
ified as follow©?

(a) Matheson Co# propionaldeftyd* was -dried over GaClg 
and then distilled in an atmosphere of nitrogen using a frac­
tionating column 9® cm# long with about 1® theoretical plates# 
A constant boiling middle fraction was retained which boiled 
at 47#4°c (uncorr#) and had a refractive Index# n?®ff of 
l#S68ft#

(b) IT# S# Industrial sector*# was re fluxed over dry KMn®^ 
for about ten hoursf and then allowed to stand over the KMaO^ 
for a day# The mixture was then filtered and th# filtrate 
shaken with anhydrous and distilled through the frac­
tionating column# A middle# constant belling fraction was 
collected# boiling at 55#B°C {uneerr#} and with a refractive 
index, n^°, of 1.8667.

(c) Eastman Kodak acetaldehyde was dried over Caflg and 
then fractionated in a small column in an atmosphere of ni­
trogen# The condenser was cooled with a glycol-water solu­
tion which was maintained at ®°C by a refrigeration unit#
The receiver consisted of a 10 ml burette which was fitted 
with a ground glass Joint and a jacket connected in series 
to the condenser# A middle fraction of distillate was re­
served#

Boiled distilled water was used in the preparation of 
all solutions*



A H  titrations war® conducted at £S°C In water-jacket­
ed Jurats# Water from the thermostat bath was circulated, 
through th® jacket by immms of a water pump* All voliuaetria 
apparatus was carefully calibrated using distilled water at 
25°C.

The rata measurements war® oarriad out In a glass ap­
paratus similar to that nssd by Bakar and Hemming^®* A 
slight modification was employed, In that the gas bottle and 
manometer were eliminated and a gas bubbler filled with 
was inserted between the nitrogen source and th® three-way 
stopcock* The apparatus used is Illustrated In Figure 1*
The nitrogen pressure was closely regulated by a pinehelanjp 
on the rubber hose connecting the nitrogen tank with the gas 
bubbler* Thie apparatus permits the reaction to be run and 
the- samples to be removed in an atmosphere of nitrogen with 
practically no exposure to air* Thus losses of ncii and the 
volatile carbonyl compounds as well as oxidation of the ald­
ehydes are minimised* The sampling plpet delivered approx­
imately 9 ml samples of reaction mixture* Due to the ground 
glass tip on this plpet, delivery procedure mist tee very 
carefully standardised to insure reproducibility of 0*01 ml*

The thermostat bath contained a stirrer* cooling coil* 
mercury thermoregulator and a mercury relay* The temperature 
was maintained at £4*9? - 0*Q8°C* The thorm&mmtor in the 
bath could be read to th® nearest hundreth of a degree and 
was standardised against a tteenaometer calibrated by the 
national Bureau of Standards*
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FIGURE 1 

REACTION VESSEL

T

— ^ Nitrogen 
Bubbler

P - Reaction pipet
A - Twoway stopcock
B - Threeway stopcock
T - Taphead
R - Reaction flask
X,Y,Z - Ground glass joints
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All watches used in rat® experiments cheoksd with
tbs National Bureau of Standards time signal and It was as­
certained that tbs is* error was wholly insignificant (of th® 
order of S seeonda a day) •

Prior to th® Initiation of a run, a solution of th® car­
bonyl eca&pou&d was prepared* thenevor Initial concentrations 
of carbonyl war® desired ( monte t tees for prepionaldehyde and 
always for acetone)* the frashly distilled compound was to* 
mediately transferred to a weight plpet and a definite amount 
was weighed Into a volumetric flask which contained sm m  of 
ths solvent medium, either water or buffer solution# Th® 
flask was than filled to ths mark with solvent at ths proper 
temperature, 25°C• Whenever initial eonosntratlons of car­
bonyl wars not required (moat of ths prop!onaId©hyde runs 
and all of ths aeetaldehyde runs), approximate amounts of ths 
compound war® delivered into a volumetric flask and ths con* 
tsnts war®, in this case mis®, filled to ths mark# Prop ion* 
aldehyde and acetone war® delivered by means of th® weight 
pipst, whereas aeetaldehyde was delivered directly from ths 
distillation receiver {due to Its extreme volatility)# With 
th© aldehydes, precaution was exercised to maintain an at* 
mosphere of nitrogen as mush as possible#

for tbs experiments which required ths addition of neu­
tral salt to adjust ths Ionic strength to a desired value, 
the appropriate amount of was weighed out and transfer­
red to ths volumetric flask prior to ths introduction of 
solvent*
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The reaction vtssel was placed in th© themostat bath 
and flushad out with a continuous stream or nitrogen* 50 ml 
of th© stock BOW solution was pipetted into th© reaction 
flask and then th© flask was stoppered# Whenever it was nec­
essary to determine initial B€I concentrations (for soma of 
th© proplonaldehyde and all of the aaatona runs), ©avara 1 
samples of the stock HOW solution war® analysed immediately 
before tha introduction of tha 50 ml into th© reaction flask* 
Whan th® BOM and carbonyl solution© had ©oturn to temperature 
in tha thermostat bath# SO ml of tha carbonyl solution was 
plpattad into tha reaction flask* Tha time of half delivery 
was raeordad as tha starting point of tha reaction* Than 
tba taphead with its pipet was inserted* Th® reaction flask, 
which was mounted In a swivel clasp, was shaken Immediately 
and vigorously to incur® mixing# Sample® of tha reaction 
mixture were then removed at selected time Intervals* Tha 
samples were forced into tha reaction plpet by means of a 
current of nitrogen# After tha. removal of a sample, the pres­
sure in ths flask was released momentarily through tha three- 
way stopcock and than the liquid remaining in th® stem of the 
taphead receded Into the bottom of th® flask*

Th© analysis of sample© was based on the findings of 
tJitee8t' who demonstrated that eyanohydrlaa are ©table and do 
not give any silver cyanide precipitate in acidified AgllOg* 
bTnreaeted cyanide, on tha other hand, doe© form a precipitate 
and this permits one to follow tha course of the reaction by 
the change© in concentration of cyanide in the reaction
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mixture* Sample® were delivered into S3 ml of 0*1H AgHO^
Can excess) whloh had teen previously acidified with 6 ml or 
6W HHO^* The precipitate was filtered through Whatman Ho*
40 filter paper and thoroughly washed with several portions 
of water* The excess AgHOjj was determined fey titration with 
0*1H KSCH* 2 ml of a saturated ferrie alum solution was 
used as the Indicator* The same general procedure was used 
in the analysis of pure HCH solutions*

The reaction was stopped by the addition of samples to 
ths acidified AgKOg, since strong acid completely inhibits 
the further formation of eyanohydrla* The reaction pipet 
had a delivery time of about ? seconds and the time of half 
delivery was recorded as the time corresponding to the cyan­
ide concentration of a particular sample* Samples were re­
moved over an interval which generally represented 00-70?? 
of th# reaction* The reaction was than allowed to eotm to 
equilibrium and two or more samples were removed to deter­
mine the equilibrium concentration of cyanide* The time 
allowed for the reaction to acme to equilibrium varied with 
the carbonyl compound and with the conditions of the experi­
ment* When the concentration of KCH of several samples at 
succeeding time intervals reached a steady value* equilibrium 
was assumed* The time allowed was always considerably great­
er than the value which was calculated by the use of equa­
tions (9) and (14) for the time necessary for the HCN con­
centration to reach 99*9^ of its equilibrium value* g&is 
This calculation could fee made* at least to th® nearest hour
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or so, one# approximate values of th© rat# constant wore 
either determined or could be estimated from other data.

In validating the foregoing procedure, It was found nec­
essary to. observe several particular precautions* Stewart 

IBand Fontana " report washing, their silver cyanide precipitatea 
with 0*£5K KM0£* It was found, however, on analysing the HCH 
stock solution, that the results were mow consistent when 
the precipitates were washed with water than with 0*ESH HHOg# 
With the acid wash, the filtrate became noticeably turbid, 
indicating that the acid had dissolved seise of the precip­
itates* Therefore water washes were used in all subsequent 
filtration®* When cyanide solution I® added to acidified 
AgHOjj* the solution should be stirred vigorously to prevent 
any local depletion of silver In the solution* such deple­
tion may delay the immediate precipitation of the cyanide 
and thereby afford an opportunity for small losses of the 
volatile ffCK* This is most important when dealing with the 
more concentrated KCH-eontaining solutions, i*e* the stock 
solution*

In removing successive samples of HCH with the m m m  
pipet, it is necessary to clean and dry the pipet for each 
sample* Otherwise, apparently the small amount of solution 
remaining In the pipet loses HCH to the atmosphere and ef­
fectively dilutes the next sample withdrawn*

owing to the volatility of HCH, experiments were per­
formed to determine whether any losses of HCH from the reac­
tion. vessel would occur in the sampling process during the
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coots© of a run* HCH solution of approximately the ssxae 
concentration as would bo employed in th® rat# measurements
was placed in tbs taction flask# Then 3 or 6 samples war® 
removed and analysed in tlw  mmmmr already described* Ho 
drift in tha values of HCH coneentration w m  observed and 
th# titration mines were reproducible to ^0*03 ml# It was 
concluded that HCH loss#® are Insignificant#

Ths rat# of th# reaction 1® extremely sensitive to 
changes in pH# In th® early investigations with proplonald— 
ehyde* it became apparent that even small amounta of oxida­
tion would alter ths pH sufficiently to affect the rate# 
Consequently* in order to obtain concordant .results* it 1® 
necessary that aldehydes be freshly distilled for each run# 

Most of ths rate Masuresaents were conducted in buffer 
solutions* It was necessary to ascertain whether th# addi­
tion of HCH would have any influence on the pH of th# buf­
fer# Th# pi of a buffer consisting of 0#0&41H Hole and 
0#034EM KaOAo was measured at 25°C with a Coleman pH elec­
tronic ter and found to be 4#62# This value Is in agreement 
with the value obtainable from th# interpolation tables of 
Cohn* Hsyroth and Menkin^# The pH of a solution of 0#0341M 
liOAc* 0#03421 MaOAc* and 0#1B HCH was found to be identical­
ly 4#62# Thus the addition of HCH caused no perceptible 
change in the pH of ths buffer#
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Th* i3@th.o4 of calculation or rat* constants varied some­
what with tha circumstances of th* experiment*

All of th# reactions studied occurred in a pH rang# of 
about 4*0 to 5*0# Prom th* dissociation constant of BCff^* 
4*0x10*^°* it can be calculated that in a solution of this 
pH rang* over 99*9$ of th# cyanide exist* as undiasacisted 
HCN. Thu® tli# analytically determined cyanide Is taken to 
represent th® species HCH*

It was found that the reaction of proplonaldehytie and 
aeetaldehyde goes virtually to completion* This fact was 
demonstrated by several experiments conducted for each of 
the aldehydes* Wtmn aldehyde concentration was initially in 
excess of HCH* it was invariably observed that, at equili­
brium, th* addition of a sample of reaction mixture to acidi­
fied AgHOg produced no precipitate whatsoever* Moreover, 
when the AgNOg was filtered and titrated with MS€!f, the ti­
tration value corresponded exactly to all of the AgHOg used* 
This implies a van!shingly small HCH concentration and, for 
all practical purpose®, th# reaction .may be regarded as pro­
ceeding to completion*

In several experliaents where the initial FCH and pro- 
pioaaldehyd* concentration* and the final HCH concentration 
were determined, it was found that the amount of HCH which 
disappeared corresponded, within experimental error, to the 
amount of proplonaldehyde initially present* Thu® it was 
assumed that th# HCH and proplonaldehyde had reacted mole

mailto:i3@th.o4
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for mol#* Tli# calculation of th# rat# constants is based on 
th# changes in concentrations of th# species* HCH and carbonyl 
compound* Chang## in HCH concentration arc determined analy­
tically and change# in carbonyl concent rat ion ar# assumed to 
occur on th# mol# for mol# basis*

As to th# order of the reaction* calculation# were mad# 
for a first* second and third order reaction* only th# sec­
ond order equation yielded consistent results* All subse­
quent calculations of rate constants were in accord with a 
reaction of th# second order, first order relative to HCH 
and first order relative to the carbonyl compound*

In view of the foregoing* the rate constants for the 
proplonaldehyde end aeetaldehyde reactions were calculated 
using equation (0)* Experiments 1,2*3, and ¥ were calculated 
on the basis of Initial HCH concentration* a* and initial 
propionaldchyd# concentration* b* All of the other experi­
ments with aldehyde were calculated on the- basis of th# equi­
librium concentration of HCH* Th# HCH was initially in ex­
cess of aldehyde and therefore the equilibrium concentration 
of HCH represented a-b* Usually no initial concentrations 
of ffCM or aldehyde were determined* Having a-x and a-b* one 
may calculate the concentration of aldehyde at any time* b-x* 
This latter scheme seemed preferable because all analyse# 
would involved removal of sample# from the reaction flask In 
identically the same manner* whereas the method of determina­
tion of initial concentration# would not* It also yielded 
somewhat more accurate results because of the difficulties
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encountered In the accurate analysis of the more concentrated 
ECU stock solution*

All buffer compositions, given in the thesis arc tha con­
centrations existing in tha reaction medium# The ionic 
strength is taken to be equal to the salt concentration of 
the buffer except where neutral salt has been added#

The rate constant was evaluated hj a plot of log a-x/b-x 
vs# t# Tlnse was always expressed In minutes# The actual 
plots were mad# on large sheets of graph paper# An illus­
tration of the calculations involved using equation (9) is 
contained in Table 1 and Figure 2#
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Proptonaldehyde
Buffer compositions Q.X0108 HOAc and 0.05091? KaOAo u s 0.0509Volume of 0*09991 AgNOg to stop reaction at 24.98 mlVolume of sampling plpet - 8.78 mlEquil. concentration of HCH (a-b) - 0*04241

Sample 1 2 3 4 5
ml 0*100011 !!SCN 16.29 17.04 17.71 18.80 19.27
.Puret correction - -•01 -.02 -.02 -.02
ml FBCH (corrected) 16.29 17.03 17.69 IB.'78 19.25
m.e<$ulv. AgMOg pptd. #•869 .795 .789 .620 .573
ECU normality, a-x ##*0990 .0906 .0830 .070© .0653
Aldehyde norm*, b-x ###*0566 *0482 .0406 .0282 .0229
bog a-x/b-x •243 .274 .311 .399 .485
t, minutes 2.78 3*33 8.17 15.23 19.00

# 24*98X0*0999 - 16*29x0.1000- *809 m.eq. AgH03 Cor ECU)
precipitated

## .869m.eq./8.78ml a 0.0990M HCH
### 0*0990 - 0.0424 a 0.05601 aldehyde
Slop© of log a-x/b-x vs. t a 0*0X244 Min*3* (see Figure 2} 
k * 2.303 m 0*0X244  "gigyir  "

k - 0*67© min*3- (mol/liter)*3*



Experiment 14
FIGURE 2
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The reaction of acetone with yen doe® not go to com*
pletIon and It was noeesa&ry to take Into account the back
reaction# Equation (14) was therefore used to evaluate the
rate eons tents* It was necessary in this case to determine
the initial concentrations of the reactant®* In the cal­
culation of each run* except Experiment #57f the value of
the equilibrium constant determined fey that particular ex­
periment was used# With Experiment #37* it was apparent that
the value of the equilibrium concentration of HOB was great­
ly in error and the average of three other values of the
equilibrium constant was used*

An Illustration of the calculations Involved using
equation (14) is given in fable 2 and Figure 3# The cal­
culation of the HOT concentrations* x* are similar to those
given in Table 1 for a-x and will be omitted* By ths graph­
ical method indicated* the rate constant of the forward re­
action* kj, * Is evaluated# Tbs point represented by initial
concentrations at sero time was not Included in any of the
plots* due to the lack of adequate mixing at that time*

In Tables 3 through 20 ere given the tlit©-cone© ntrat ion
data for all kin©tics experiments and the calculated values
of the rate constants* Data are given for the reaction of
propioxialdehy<le*aeetalde.hy<le and acetone under various con­
ditions * Th© units of k are minutes*"3, (males/liter)*1#
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*rafele 2

Acetone
Experiment #33Buffer compositions 0.O441I HOAef 0.04869 HmoAe
u at 0.0496Volume of 0 .1 0 0 0 H AgMO* to stop reactions 25.01 mlVolume of sampling, pipett 9.21 ml
Initial HCH eonoemtrationt x® a 0.Q758H
Hquil. cone. of HCH after five dmjs# x& m 0.030611
Grams of acetone In SOD mil 0.738
initial acetone concentration 3  0.1164NSquil. cone, of acetone » 0.0778ff
Equilibrium constant. K a 13.87 (mole/liter)-!
1/K m 0.0721 mol/liter
e » ~ 0 .0 4 0 0 ::
c43K»+l/l 3  Q, 3  0.1493 mol/liter
&x»*e+lA 3  0.1859 mol/liter

Sample X x+Q/x^e log x+q/x*Xg t
1 0.0748 0.2241/0.0332 0.768 4.S7
2 0.0710 0.2203/0.0344 0.806 75.83
3 0.0055 0.2148/0.0869 0.871 172.58
4 0.00X0 0.2103/0.0244 0.956 865.38
5 0.0584 0*2077/0.0818 0.979 346.70
e 0.0557 0.8050/0.0101 1.031 434.37

Slop# of log X+Q/k-*3% vs. t s 0.000688 min*1 (see Figure 3)

Sc * 0.OO778 minutes*1 (mol/llter)*1
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FIGURE 3
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XlfTBEPEETATXQH OF KB3ULTS

In order to maintain a proper perspective as to the sig­
nificance of the results obtained# It is necessary to con­
sider the pixels ion of the data and the probable Margin of
error in the rate constants# From an inspection of the val­
ues of the rat® constants for duplicate runs# it would ap­
pear as though they are reproducible to l£«

It is difficult to evaluate the combined error involved
from all the particular operations of the experimental pro­
cedure* such as volumetric technique# weighing# timing and
temperature control# Individually they should be reliable
to one part in a thousand# However# one series of experi­
ments is useful in indicating the probable overall error#
When Men solution was placed in the reaction flask and suc­
cessive samples withdrawn and analysed* the average deviation
of the KSCW titer wee • 0*08 ml# The procedure followed ap­
proximated that used in the rate measurements#

The velocity constants were evaluated graphically from
the slope of the best straight line that could be drawn
through the points plotted# It was found# on analysis of
several plots# that the average deviation of the points fro®
the straight line drawn generally corresponded to an average

4*deviation of - 0#05 ml of KSC8* Due to these deviations
from a straight line# there was usually a slight uncertainty
in tbs slope of the line drawn# This uncertainty correspond­
ed to a vmxixmm flexibility of about 8^ in the value of the
rate constant# The method of least squares seemed to offer
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no advmntag© in the determination of the slope* This was ad­
judged because the method of least squares gives* ©qua! weight
to all deviations and this procedure would not ho justified*
A contain deviation la tho latter part of the run corresponds
to a much smaller deviation in the early part in terms of the
same error in ml of KS€!I* An alternative would toe to use the
method of least squares and apply a weighting factor to all
the deviations* This* however* would be too arbitrary since
the implicit swore in the eaperisiental procedure are not
known with certainty*

It is concluded that the rate constants are reproducible
within 1 to B$0

At first several attempts were made to obtain repro­
ducible results in unbuffered water solution but* despite all
efforts made to exclude impurities* this could not be ac­
complished* The data of Table $ illustrate the wide varia­
tions In k which were obtained in water* Although each run
yielded a linear second order plot* the evaluated constants
differed fro® each other* This behavior is fairly charac­
teristic of acid-base catalysed reactions in water* In an
attempt to obtain reproducible results* acetate buffers were
used for the reaction media and these proved to toe success­
ful* The data of Table 4* Experiments 4*f$*0*7* illustrate
the consistency of k values obtained in four runs using dif­
ferent Initial concentrations of HCH and aldehyde* This
consistency is also evidence for the correctness of the sec­
ond order formulation* Thus it is necessary to establish a
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definite acidity to obtain reproducible x
Cm tii# basis of the- values obtained in the buffered *©1- 

tit Iona and the magnitude ef those obtai nad in water# it seems 
probable that tba chief difficulty encountered In water la 
tha presence of wary mail but varying amounts of propionic 
acid which baa a profound effect on tha reaction rata* Am* 
aumlng that it would be possible to eliminate completely 
any oxidation of aldehyde# It Is doubtful that one could 
than obtain reproducible results* The reaction rate Is so 
sensitise to pH that even traces of acid-base Impurities 
would exert mm unfavorable Influence* ^ereewer# the study 
of the reaction in theoretically pure water would offer little 
advantage* It would nob raprasent an uneatalysed reaction# 
but rather a reaction controlled by tha pH obtained from the 
dissociation of KCH* The reaction would occur in a stadium 
of constantly changing pH and the kinetics would be expected 
to follow a 3/2 order law# first order relative to aldehyde 
and 1/2 order relative to HGH* This will become clearer af- 
ter a discussion of the results*

The Influence of ionic strength on the proplonaldehyde 
reaction is illustrated by Table SI* Xn this and subse­
quent tables# A denotes the concentration of BOAe and B de­
notes the concentration of Hetme# It is apparent from the 
data of Table SI that the ionic strength Influence Is very 
small and amounts from about 8 to 4^ for the range studied* 
Thus an acceptable laechanimm mist not predict either an ap- 
ra cl able primary or secondary salt effect*
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Tab!© 21
Xnflttsne© of Ionia Strength

HOAo laoAc A/B E k
0*0234 0*0284 1.00 0.0284 1.28
0*0234 0*0284 1.00 0.0900 1.24
0*0234 0*0234 1.00 0*2000 1.28
0*0202 0*0102 1.90 0.0102 0.628
0*0202 0*0102 1.9® 0.0809 0 .658
0*0819 0*0101 8.18 0.0101 0.3900*0819 0.0101 5.18 0.0506 0.405
0*0401 0*0102 3.94 0.0102 0.8080*0401 0.0102 3.94 0*0809 0.517

Thm mxt point to b© sonsldsrsd is th© ©sidene© mXm<»
tivo to generalised catalysis* Tb© reactions of ©acton© and
acstaldshy&s will b© examined first because the r#suits are
clearer. In fable 22 are sussaerlsed th© pertinent data for
these reactions.

Table 22
Effect of Buffer Composition at Constant pH

AatSSSft
_AC lia_ic A^B u k

(A) 0.0441 0.0496 0.689 0.0496 0.00774(B) 0.0110 0.0184 0.889 0.0496 0.00778

(A) 0.1378
(B) 0.087S 0.05030.0101 2 .7 3 0.0503 0.2182.73 0.0503 0.209



In mil tha experiments designed to tost for general* 
ized catalysis* the ratio of A/B Is the same for aorioe (A)
and C B> * ifh© buffer for series (B) was prepared by quantl*
t&tlve dilution of the buffer used In. series CA)* The eon* 
et&ney of ionic strength In (A) and (B) suppresses any salt
effects* since the values of k for series (A) and (y) are
oonetimtt within the probable error* it is evident that no 
generalised catalysis is detectable in the reactions of ace* 
tone and meetmlde'hyde*

The proplenaldehyde reaction was studied imore exten* 
sively and the results are presented in Table 25.

table 23
Effect of Buffer Composition at Constant pH

Prop'
BOA© I§2M

(A)
<£)

0.1010
0,0202 0*08000.0102

(A)(B) 0.13930.0319
0*0306
0.0101

(A)(B) 0.2003
0.040!

O.OSOf0.0102

A/B E &
1.981.9© 0.05090.0509 0.677

0.636
3.135.15 0.0506

0.0506 0.423
0.405

3.94
3*94

oo 
. 
•

O 
0 0.335

0.317

As already indicated* the ionic strength effect is very 
email* Therefore the slight differences in the various 
ionic strengths cited In Table 83 are of little import and 
it »ay safely fee approximated that the ionic strength is the 
same in mil these experiments*
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In comparing each scries (A) with series <B)f It appears
as though tha wine of k warie# In a manner which suggests
the presence of generalized catalysis* Bam whan the ratio
of HOAe to laOAc la constant# mad hence# tha pH la constant#
the rata decreases with decreasing buffer composition* Tha
offset la relatively mall and amounts to 4 to §€# depending
on tha ratio Involved*

Tha extant of generalized catalysis in various reac­
tion® lias bean found to vary within considerable limits* It
la therefore conceivable that for some reactions it may
amount to only a few percent* The difficulty then arises of
demonstrating that the effect la clearly outside of the ex­
perimental error* For the cyauofaydrin reaction this would be
particularly Important because the definite presence of gen­
eralised catalysis would have a profound implication on the
reaction meehanim*

On consideration of the reproducibility of k mines* it
appears as though the effect observed Is greater than the
experimental error* However# the greatest source of error
In the accuracy of the rate measurements may undoubtedly be
ascribed to oxidation of the aldehyde# and unfortunately#
such oxidation# even in relatively mall amounts# would exert
ttoe same effect on the rat# constant as generalized catalysis
would*

Consider* for Instance* the buffer compositions assoc­
iated with the k values# 0*677 and 0*666* The initial con­
centrations of prop!onaldehyde for them experiment® were
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about 0*06!! and 0*041! respectively* If there «»!« truly to 
generalised catalysis# tben k should ba Inversely propor­
tional to the rati© of HDAe to faOAc* For the purpose of 
this analysis* the dissociation constant of propionic acid 
may bo constdorod to bo practically tho same as that of acet­
ic acid* If wo assume about 2$ oxidation of tbs aldehyde* 
this would effectively increase the acid concentration of (A) 
by 0*0012 and of (f) by 0.0008* In the case of (&)* this 
would mean a 4^ increase in the ratio of HOAe to Kao Ac and 
consequently a 4% decrease In the value of k from its true 
value at the supposed buffer composition* In the case of 
<A)* the increase in acid would cause only a 1^ decrease In 
the value of k* Thus a 2$ oxidation could account for the 
values 0*977 and 0*655, within experimental error* By sim­
ilar considerations# it would be necessary to assume about 
3*5$ oxidation to account for the values 0*425 and 0*403 and 
to assume about &j$ oxidation to account for the values 0*333 
and 0.517* It remains to consider the validity of the oxida­
tion hypothesis as an explanation of the variations in k* 

From the above analysis It is apparent that differing 
amounts of oxidation ( B to W0 ) m m t  be assumed to explain 
the deviations observed* This* however* is subject to cri­
ticism* The reproducibility of rate constants for a given 
medium would require that the amount of oxidation be fairly 
constant* Since all the experiments listed in Table 23 in­
volved tbs same procedure# one would expect the constancy 
to be manifested throughout* 80 oxidation can explain the
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effect# to the extent of 1*5^* The average result of the
five determinations indicates no significant amount of oxida­
tion* certainly not enough to account for the variations of
k in fable 23*

According to equation (30) * the t^apworth mechanism pre­
dicts that the value of k should not vary at a constant ionic
strength and a constant buffer ratio* Similarly* according
to equation (36)» the mechanism involving the specific OH ion
catalysed addition of undlssoclated new predicts the same
effect* However* the latter mechanism could readily be ex­
panded to include tbs generalised base catalysis of HCH addi­
tion* I M s  would be eesqpatihle with the variation of k with
buffer composition* Tima a definite manifestation of gen­
eralised catalysis would enable differentiation batmen these
two possible a»ehai»l*ffis whose kinetics would otherwise be in- 
di stlnqul sh&ble*

In tbe oas# of acetone and aeetaldehyde* It is clear
that generalised catalysis is not detectable* In the case
of preplonaldehyde* the result® are difficult to Interpret
with certainty* The effects seem to lie just outside the
range of experimental error* but there Is always a danger in
these elreumstanee* In attempting to attach a definite sig­
nificance to such results* Unfortunately* therefore* the
conclusions on the propicnaldehyde reaction can not be very
definite* There is an indication of generalised catalysis
beyond the probable margin of error* but the effect Is not
unequivocally demonstrated*
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The fact that tlm acetone and acetaldehyde react Ions da
not indicate generalised catalysis docs not preclude tlm pot*
sibilfty that the proplonaldehyde reaction Might* The var­
iation® of the extent of generalised catalysis in a aeries
of similar substrates has already been discussed in the
theory section* There Is m  definite principle from which
any generalisations may be dram*

It is of interest to compare the rate constants of the
aoetaldehyde and propioirnld®hyde reactions In a medium of the
same exposition* the value of the rate constant for aeet- 
aldehyde in a buffer of 0*157011 3DAe and 0«0505H  HahAo is
0*010* The value for propletmldahyds in such a buffer may
be obtained by Interpolation of the data in Table 25* For
tlm series (A)» in which the MaOAe concentration is 0*051?*
the values of k are very closely proportional to tlm ratio
of Uao&e to 110Ac* The value of k for propleaaXdetoyda in a
buffer of 0*1572?? fiOAe and 0*0505H HaOAo would* by inter­
polation* be 0*494 within a probable accuracy of about 2£*
The possible significance of these results will be discussed
in detail in the next section*

In connection with the rate measurements which were
conducted* information has been obtained relative to the
equiUbritm constants of the three reactions studied*

Mo value for the equilibrium constant of the preplan*
aldehyde reaction in dilute aqueous solution has been pre­
viously reported# However* Jonee*® investigated the equil­
ibrium of aeetaldeftyde cyanchydrin fornattem in dilute
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Investigation yield the following values far the equilibrium
constants 15*98# 15*87* 14*08# and 14*02# respectively* The
average result with a mean deviation of leas than 1$ is 15*97*
Thus thro® different investigations have produced three dif­
ferent values for the equilibrium constant# although each of
the values is the result of several apparently eonsistent
determinations* The work of Jones is probably .not too ac­
curate* as already indicated by the unreliable results he
obtained for the- aeetaldehyde reaction* In the ease of the
acetone reaction# even his calculation of the mean value of
the equilibrium constant is Incorrect* Based on the expert- 
mental data he reports* the mean value of x for fonBation of
eyanohydrln Is 11*55 instead of 12*86* Moreover# tlm  aver­
age deviation of the individual equilibrium constant values
is 21$* On the other hand* the work of Stewart and co-work­
ers appears to be very reliable* The difference between our
value of 13*97 and their value of 15*38 is equivalent to a
difference of 5 to 4^ in the determination of the equili­
brium concentration of HCH* This discrepancy# though rela­
tively email* Is difficult to explain* The fact that our
results were obtained in buffer solutions# whereas those of
Stewart and co-workers were obtained In unbuffered solution
should have no bearing on this discrepancy* In both studies
the pH was .sufficiently low as to have caused no detectable
shift In the equilibrium*
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In the discussion of various mechanisms for the cyano- 
'nydrln reaction which will follow, the apparent generalised 
catalytic effect in the proplonaldehyde reaction will be ig­
nored because of its uncertainty# Therefore, tbe Vin#ties 
of the reaction, m  considered to be in accord with equation 
(30}* Let us now examine the kinetics of the following 3 ®ch­
an! sms %

^C-0 + f CN~ ^^C(0BjCW (37)

yzdi
slow 4  fast4 H + ^  GOB 4 >G(0H)CM (38)

}C&Q 4
fast -v slow

*4 CUT ̂  ̂ C(0H)CH (39)

>0=0 slow — fast CK /!(Cf?)0 + ;c (oh)cn (40)

>€=0 4
_ fast — slow
ck si /'CfCWjO + H*  ̂C (OK ) CH (41)
«slow _ fast + GS ̂  >C(CH)0 -t%0 ^3;C(0H)CN + OB*" (42)

fC-O
. fast  ̂ slow 

•f Ctf =F̂  / C {CH)0 4- % 0  7C(0B)CH -V OB (43)

=0 4 C» + H g O s *  }C (0 H )C K  +  O H - (44)

(37), (39) and (41) are rejected because they predict 
that k should be Independent of pH* (38) is rejected because 
it predicts that the rat# should be independent of HCW con­
centration* (40), (42), (43) and (44) all lead to the correct 
kinetics#

The preceding mechanisms were various modifications in­
volving cyanide ion as the reactive species* How let us
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consider so* possibilities involving tmdlesooi&ted HOB as
suggested in equation {51)*

;c-o f HCH + OH )C(OH)CK + OH' (45)
_ fast _ slow)c=0 + OH ^  >C(0H)0 + HCH *^>€CoK)CM 4 OH (46)
_ alow fast

)C*0 -h OH enol ••*••••• — products (47)
* fast slow

>C-0 r OH ^  enol ***••••* —  ̂ products (48)
fast _ slow

NC=0 { HCH ^  >€G***HCK + OH ^  ; €(0K)CH *f 0H~ (49)(complex)

(40) 9 (40) and (49) all load to the correct kinetic®*
(47) Is rejected because It prod,lot a that the rat# should be
independent of BCK concentration* (48) is rejected because
it is known tuat anollaation is not a fast reaction. The
fact that eyanohy drin formation does not depend on enoliaa*
tion stay he confirmed by comparing tbs rats constant of ace- 
tons oyanohydrln formation with ths rat® constant of tbs
hydroxyl catalysed acetone enolisation given by Dawson and
Spivey5**

It Is difficult to decide which of tbs possible laeehan- 
ism# considered above are ths mors probable* All of tbs
meehanlme which lead to ths correct kinetics express ion are
capable of explaining squally wall ths effect# of acids and
bases on ths rats of cyanohydrln format ion observed by Lap*
worth* in tarns of existing theory on tbs attack of nuclso»
philic reagents on carbonyl carbon* one would prefer a
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possibility involving cyanide ion rather than HOI as the re­
active species# However, strictly on the basis of kinetics, 
on® ©an not ©xolud# the possibility that ths reaction pro- 
eeeds by th® bass catalysed addition of HCH either partly or 
entirely# As will b® discussed later, other carbonyl addi­
tion reactions which have been studied quantitatively are 
characterised by similar ambiguities# In these latter re­
actions, the results obtained can not be used to exclude 
basic catalysis#

Whether cyanide ion and/or HCH is the reactive species, 
{44} and {45} represent interesting possibilities because of 
ths recent speculation by S w a i that carbonyl addition re­
actions m y  generally proceed by termoleoular mechanisms#
If on© accepts the Interpretation that semlearbasone, oxlsae 
and phenylhydrasone formation axe generalised acid-catalysed 
reactions, them (44) provides am interesting contrast in 
terms of Swain*© termolecular explanation of acid-base cataly­
sis In aqueous solution# (44) would be an illustration of 
the case in which HgO, functioning as am acid to enhance the 
electronic ©hift of the carbonyl linkage, is so much more re­
active than other aclde that the rat# I® determined almost 
entirely by acid catalysis of the solvent molecules# An ex­
planation of this sort would provide a eoaasaon basis for the 
oyanohydrln reaction and tbs semicarbasonc, oxiine and phenyl- 
hydrasone reactions# This could fee the answer to the quest 
for a generalised Interpretation of carbonyl addition reac­
tions# However, the fact that the presence of basic catalysis
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In all of tbss® reactions has not been excluded prohibits the
\mquallfled acceptance of the aforementioned explanation* It
©ay be that basic catalysis would not Impose any serious mod*
1 float ions on the termoleeular mechanism* Whether or not
basic catalysis is operative* the ambiguities are ouch that
the reati.lt® do not Justify a preference of © tamoleeitla?
mechanism the various bixneleeular mechanisms#

(46) is of Interest becaw.se of the suggestion by Watson^
that the function of the catalyst in carbonyl reactions nay
be the activation of the carbonyl group by the- formation of
a complex between the catalyst and the substrate* Thus the
mechanisms represented by (40), (44), (45) and (46) each
have a basis In some theory of carbonyl reactivity and, sole*
Xy on the basis of ths kinetics, it is not possible to do*
aid© among them*

The calculation of the rat© constants of cyanohydrln
formation has been based on ths tacit assumption that ths
total aldehyde content of the reaction solutions exists in
a free and reactive for®* This assumption mmj require ©or*
tain modifications* particularly with reference to the In*
flue nee of hydration on the aldehydes. It w i l l  become ap­
parent that hydration has a significant bearing on cyono*
hydrin kinetics and, possibly, on the mechanism*

In the case of formaldehyde, the evidence that the
aldehyde exists almost entirely In a hydrated form in di*
lute aqueous solution Is overwhelming^®# Bomfray®^, frost
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refractive Index me a mi res® nt s * calculated that approximately 
BO% of aeetsldehyde la present in the glycol form In aqueous 
solution* Setou^* fro®, measurements of ultraviolet absorp­
tion bands# estimates 26$ of aeetaldehyde Is present In the 
glycol form in aqueous solution# Herbert and Lauder®6 have 
Investigated the oxygen exchange between water and aeet&ld- 
ehyde# their results show that a rapid intereojmg# of oxy- 
gen takes place* equilibrium being reached In about twenty 
hours at room temperature* The exchange reaction# which 
goes about halfway to equilibrium In two hours# may be writ­
ten*

H H
CBsCkO -f HoO# ^  C%~CiOR (SO)

* 0H

Colm and TJrey^ have investigated the oxygen exchange 
between water and acetone and meet aldehyde* They found* in 
the case of acetone* that no exchange occurred in £4 hours 
at 25°C but that partial exchange occurred In £4 hours at 
100°C • In the case of aeetaldehyde# complete exchange took 
place In £4 tours at £S°C* Unfortunately# it was necessary 
to conduct the exchange studies in solutions of about 80% 
earbonyl-EOff water* Therefore* the results are not strictly 
valid for dilute aqueous solutions* It seems probable* how­
ever* that in dilute aqueous solution the extent of hydration 
and the rate of hydration will be mors pronounced* It la 
difficult to estimate whether acetone would be hydrated to 
any extent under such conditions#
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Propionaldehyde hydration has boon studied much leas
completely, although undoubtedly it also forms a hydrate in
dilute adeems solution at 8d°C* Harold and haw In­
vestigated the absorption spectra of solutions of variolas
aldehydes in water and in several alcohols* In water their
results indicate tbe formation of a hydrate for aeetaldehyde*
proplonalddbyde and butyraldebyde* The study of various al­
cohols with different aldehydes Indicated that the larger the
side chain of the aldehyde# the slower the reaction and the
greater the proportion of free aldehyde at equilibrium* If
this effect is also applicable to water solutionsf one would
expect tbs extent of hydration to be less for propionald­
ehyde than for aeetaldehyde#

The influence of hydration on oyanohydrln kins tics will
depend on a number of factors* It will depend on whether or
not the hydration reaction oom s  to rapid equilibrium* and
it will depend on whether free and/or hydrated aldehyde nay
react to form oyanohydrln* If there is instantaneous equili­
brium, then the ^true* rate constant of oyanohydrln forma­
tion will be a function of the equilibrium constant of tbs
hydration reaction* If there is not a rapid equilibrium,
then it will be a function of the rate of formation of the
hydrate and of the meehsalsa of hydration* The possible
modifications to ey&rsohydrin kinetics which mmj be written
taking into account tbs hydration reaction are many, but
they will not be considered here because of the leek of de­
finite information about the kinetics and roeehanlam of the
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hydration. reaction itself in dilute aqueous solution* One 
possibility# hm?C¥«tr# will be examined to illustrate what 
might be the "true* rate constant of oyanohydrln foliation* 

Let us aesisae that the hydration equilibrium Is in­
stantaneous and that the reactir* species in the formation 
of oyanohydrln Is free aldehyde* Let AO# represent free 
aldehyde# A(oa)g represent hydrated aldehyde and jm repre­
sent AO# 4*ACoH)g# total aldehyde* The equilibrium constant 
IT for h^rratlon equation (DO)# considering the water concen­
tration constant# m y  he written

where a is the concentration of total aldehyde at any time# 
x Is the concentration of A{OH)g and a-x is the concentra­
tion of AO#*
Rearranging (SI)

a-sŷ a is the fraction of total aldehyde# AO* which is present 
at any tie* as free aldehyde* Thus

K - x/a-x (51)

x $ Kie/K-fi (52)

CSS)

% 0 # / % 0  s a-x/a - l/l-VX CS4)

The rate equation in tmmm of free aldehyde la

H| s k %0#CHCM (50)

where k is the true rate constant based on the reaotlve
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specie® AOe* Substituting equation CM}*

3 k CA0CHCH (66)

(87)

whs*# k* « k CSS)

Equation (SB) relates ths observed rate constant Is* based on
total aldehyde with the true rata constant k* la a fixed
me ditea*

In the previous section the rate constants for acet&Id- 
ahyda and proploimldehyde o^nohydrln formtion in the same
ssediuia were shown to be 0*B12 and 0*494 respectively* There­
fore* one would ordinarily say that prop!onaldehyde Is more
reactive than aeetaldehyde* On the basis of the inductive
effect* the reverse order of reactivity would have been ex­
pected* It is possible* of course* that a hypereonjugatlve
effect is operative here which supersedes the inductive ef­
fect and which would be In accord with the apparent reac­
tivities* The real Interest In this discussion* however*
attaches to whether or not the observed rate constants may
truly be accepted as an index of %he relative reactivities
of the two compounds* If the condition of instantaneous
hydration equilibrium which was assumed in the above deriv­
ation Is correct* then it is leaaedlateiy apparent from
equation {68) that this Is not so* If* for instance* the



equilibria constant of aeetaltehyte hydration was euffi* 
ciently larger than that of prcpiomldehyd#* acetaldehyte 
would he iaor® reactive In oyanohydrln fomatloa than pro* 
ioimloehyte* ®vta though fas abs#TOi rate constants do sot 
indicate this# Whether the hydration equilibrium is rapid 
or not# the observed rate constants will he a Unction either 
of the equilibrium constant or the rate constant of hydra* 
ticn# Thus a valid comparison of reactivity way not be mate 
solely on the basis of the observed rate constants of ojtuo- 
hydrin formation# This saw conclusion may be applied to 
other carbonyl reactions in water and possibly# in alcoholic 
solution where the compounds may exhibit significant amounts 
of solvation*

It is cone luted that the kinetics of the oyanohydrln
reaction in aqueous solution may be explained by several

emechanisms* mim of which involve significant differences#
The rate measurements do not permit a distinct ion between 
the various possibilities* Ths study of hensaldehyde cyano- 
hydrin formation in §0^ alcoholic acetate buffers by Albers 
and Bamann^* indicated that the rat# was a function of ths pH# 
Although thslr investigation was less comprehensive than tbs 
present study* It seems probable that the kinetics In the 
solvent medium used by them is very similar to that In water#

M$ll#**W interpreted ter results on bcnsaldehyde cyeno- 
hydrin kinetics in a nonpolar solvent to indicate that a ter* 
molecular mechanism Is operative# The results have been pre­
sented on pages 7 to 9# This work is of interest because of



the possibility that the kinetics in nonpolar solvents might
be fra# of soac of the ambiguities which appear in'aqueous
solution and might# them fore# offer m m m  elite® as to the
court# of the reaction In water* Unfortunately * when the In­
terpretation of the observed kinetics Is examined# this does
not appear to b® fcb# ease*

It was observed that the rat# constant k la a function
of the ratio of initial concentrations of baa# and ? o *• Ac­
cording to the steohanlam proposed in order to explain this
effect# on® would @xp@et that# sine# the ratio of baseiHOH
concentration is changing continuously during; the course of
a particular run# the value of k would also change contin­
uously during that mm* This was not found to be so* More­
over* the mechanism suggested does not predict the order of
reaction kinetics observed* It predicts first order kinetics
Instead of the third order law observed* The reader is re­
ferred to reference CX4) for further details*

Thus the third order kinetics are not explainable by
the saechanism proposed* The assumption that the base Inter­
acts with TICK completely to f o m  simple monovalent Ions
seems unlikely* Comprehensive investigations of the con­
ductances of salt® in nonpolar solvents have indicated the
attendance of many complicating factors such as ion-pairing#
association# ionic dissociation and stolecular cciaplextng*
Gieuqu® and fsaehrwein?® investigated the thermodynamics of
gaseous BOH# Their results indicate that hcii is associated
in the gas phase in aggregates ranging from a dimer to a
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heptamer* 1% therefore seems very probable that HCl is as­
sociated to box© extent In no upolar. solvents* Until more 
inforsmtioa is available on the various equilibria which pre­
vail in a nonpolar solution or i:.CH and base* it seems rutlie 
to attempt any explanation of the • benaaXdehyde kinetics*

It may be that the kinetics of the benaal<;ehycle reaction 
was fortuitously third order* Stewart and Fontana*® inves­
tigated the relative rates of acetone oyanohydrln dissocia­
tion in a variety of nonpolar solvents* Fontana*5* states 
that the kinetic data do not fit any simple rat# law* The 
t ir. ©-concentration data vmvm nob reported and. it is not pos­
sible to see whether or not the equation used by KSller 
would be applicable* However their equilibrium data in the 
nonpolar solvents are not in accord with a third order forra- 
u 1st Ion of tli© kinetics of acetone eyenohydrin formation*
It nay be tiiat the kinetics of oyanohydrln formation in non­
polar solvents is subject to even more complications than the 
kinetics in aqueous solution*

Another approach to tlm problem of selecting a likely 
candidate from among the ambiguous oyanohydrln aec^mnlsss 1® 
an examination of the kinetics and meoiianlam of other car­
bonyl addition reactions* The study of semiearbaaona fortaa- 
tion® is probably the most comprehensive Investigation of a 
carbonyl addition reaction* The results are interpreted to 
indicate generalised acid catalysis and to Indicate that the 
reaction involves carbonyl compound, free aemiearhaslde and



%bm acid catalyst mm tlm reactive species* However this iin­
terpretation is subject to nmm doubt# The agreeisiimt of k&
valuea for see tone In Table VI of reference (5) was taken to
establish that the abaction involves the spades suggested*
Xf# however, It is assured tliat the reactive species arc
carbonyl eompour&d and s©«&©arbaald© add ion subject to basic
catalysis, then tte Cor k-> in this case) values calculated
on this basis agree just as weU as those calculated on the
heala of generalised ©eld catalysis* This would be expected
from the equilibrium,

HHHg +• HO A© Rm$ + CVUT

Another point of doubt about the validity of the
values In Table VI derives from the results presented in
Table V for furfural* In this case, extrapolation of a plot
of kg vs* buffer composition to sere concentration indicates
that, if it Io generalised acid catalysis only, there is a
contribution toward the value kg, at the given pH, of 9*0
by HgG1' and/or HgO catalysis# For ths first composition In
Table V this means that catalysis due to acids other than
woAe accounts for 400 of the rate constant* In the case of
acetone, the data of Table YX deee not consider at all cataly­
sis by any aeid other than HOAe* ??e justification for doing
this was mentioned* It is difficult to ©ay what tie relative
amounts of catalysis by tmdissoclated acid should be for ace­
tone on the basis of the results for furfural# According to
the findings of Bell and Tidwell discussed on peg;# 20 of this
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thesis# It even seems pomnIble that acetone* being & less 
reactive compound* night show m larger proportion of 
catalysis by acids other than EOAo than furfural* obvious­
ly experimental investigation is necessary* Ths absence of 
such investigation renders uncertain the 1 nte rprm tat I on 
which may be mads on ths data of Table YX*

The investigators report that they could find no clear 
evidence of basic catalysis* They found that the rats con­
stant of cyclonexanono semi car bacons formation in 11? Haoil 
solution was loss than cm-twentieth of that in a buffer 
solution of pH ?* They conclude that basic catalysis* If 
present* must be exceedingly small* However* it must be 
pointed out that the rate constants which were involved In 
the above comparison are based on the total amount of semi- 
carbamide present* whether In the free base or acid form*
If there Is any basic catalysis* the reactive species must 
be the acid form of semi carbamide in order to conform to the 
rate equation observed# Therefore* the rate constants xaxst 
be referred to setslearbaside present in the acid form if 
they are to express basic catalysis in tbe reaction* This 
may be done by dividing the observed rate constants (actual­
ly the portion of the rate constants due to the base catalys­
ed reaction) by the fraction of seatlearbaslde present in the 
acid fora* When an attempt is made to correct the observed 
rate constant® in this manner# it is apparent that nothing 
can be said about ths extent of basic catalysis on the 
basis of the experimental results presented*
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AHALTTICAT.I APPLtCATIOHS

The fact that aoataldehyde and poropion&ldshyde react
quant1tatively with HCII and the information obtained about
the aond.itIona which govern the equilibrium and tha rate of
these reactions aaobaatad that curtain analytical applica­
tions could la# sueceaafuXly devised#

First or all, by the addition of an exeoss of aldehyde
to a solution containing halides and cyanide, It should be
possible to quantitatively remove the cyanide by Formation
of the oyanohydrln and then determine the remaining halide
by the Volhard method* This would enable one to analyse
qualitatively and quantitatively tor halides in the presence
or cyanide* Secondly, it should be possible to reverse the
procedure ana analyse quantitatively for aeetal&>hyde or
prop! on&ldohyda* M s  would be done by the addition or a
sample or aldehyde solution to an excess of standard cyanide
solution and an analysis of the unreaeted cyanide at equili­
brium*

Procedures of this sort have long been reported Involv­
ing the use of formaldehyde, even though the formaldehyde
oyanohydrln reaction has not been extensively studied* The
various Modifications of those procedures are summarised by
' olthoff and ftoi'-eer41. Certain preliminary «xp®rlrasnt»
have been performed to verify the proposed applications for
proplon&ldohyde and acetaldehyda*

Using the rate constants of proplonaldehyde and aoet- 
aldehyde. It can be shown., with equation (9), that In a



9 1

solution of about pH 6*5 or gr^ai®r* the reaction of tm  aid**
•hydea and KCN proceeds at Xaast 99*9$ to equilibrium in lean
than five minutes* This was calculated assuming eoneantra«»
tions of about the order of those usually employed* At the
pH of haCM solutions, the reaction is almost instantaneous*
However, at this pa tkm equilibrium would be shifted and the
reaction might not be quantitativa* In order to obtain in*
formation about the state of equilibrium, ths following pro**
cedure was used I

An approximately 0*2M solution of Mac 1$ was prepared*
To 10 ml of this solution was added 2B mX of 0*10$' aldehyde
solution (an excess) • The solution was then acidified with
6 ml of and 0*121 AgHOg, added* With acetaldehyde and
propionaldehyde, a precipitate m e  forred indicating that
these reactions are Incomplete at the pH of 1\®CH* with form*
aldehyde* on the other hand, no precipitate was formed* iin*
dleating complete remotion at the pH of IlmOH* Then the pro**
eedure was modified for propionaldehyde and acetaldehyde*
After the addition of the aldehyde solution* 6 drops of brosa*
ere sol purple indicator (pH range 0*2*0*83 was added* Thin
solution was slowly titrated with 0*311 HH0$ (titration eon*
due ted over 10*15 minute Interval) until the indicator
changed color to a definite yellow* The amount of o*lK
ilKOg was recorded* Then to a similar solution, without in**
die a tor* was added the smmm amount of 0*1H HtfOg, to the
nearest 0*1 ml or so, in .the same tlr.:# interval* 6 ml of
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©9 HHOjj was introduced and finally 05 ml of 0*10009 AgH0$ 
added. lie precipitate was observed* On flit rat Ion and ti­
tration of the filtrate with 0*10009 KBCSf the titration 
value correaponded exactly to that obtained when 25 ml of 
the AgMQg was directly titrated with KSCM* Thus at the pH 
of this Indicator the reactions of aeetaldehyde and propion- 
aldehyde are complete* since the same result was obtained for 
both* The solutions of aeetaldehyde and proplo&aldehyde were 
prepared using purified aldehydes#

This provided the necessary Information about the state 
of equilibrium under the conditions Investigated* The 0#l!l 
HH0$ is added slowly to allow sufficient time for equilibrium 
to be attained at the pH of the indicator. A separate sample 
was used to determine the amount of 0*11? BJfOg required be­
cause the indicator color Interferes with the color change 
of the Yolhard titration* Propionaldehyde was then used to 
test tlie procedure for ths determination of chloride In the 
presence of cyanide as follows I

A 0*10009 HaCl solution was prepared by weighing out the 
necessary amount of purified MaCl and diluting to volume In 
a volumetric flask* ID ml of this solution was placed in an 
Ehrlefsneyer flask and 10 ml of approximately 0*21? m e n  was 
added. Then 1*5 ml of technical grade propionaldehyde (cal­
culated to be an excess) was added* 5 drops of bremcreeol 
Indicator was Introduced and the solution was slowly titrated 
with 0*19 HHOg to the color chaise* The same amount of 0*1!! 
EtlOjg, was added to a sample similarly treated except for the
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elimination of the indicator* 6 m3I of 621 HiiOg was added*
followed by 2& ml of 0*10001 AgtfOg* Ths precipitate which
formed was filtered and thoroughly washed with several por­
tions of water* Ths filtrate was titrated with ksot in the
usual way* Tbs original KaCl solution was also analysed by
the Volhard method* All A@€l precipitates ware handled in
the absence of sunlight* Each da termination was run in tri­
plicate and the average results were as follow®I

0*10001! by weight
0 * 0 9 9 9 1 1  by analysis In absence of cyanide
0*10001! by analysis in presence of cyanide

It is thus obvious that the procedure used Is suitable
for the quantitative determination of chloride in ths pre­
ss no© of cyanide* It is undoubtedly suitable for other halides
a® mil* From a practical standpoint* the use of formald­
ehyde 1® much to be preferred* The fact that formaldehyde
reacts quantitatively at the pH of Ha€ff simplifies tine pro­
cedure because It is not necessary to adjust the pH of the
solution to the acid aide*

However* the above results are of interest in providing
a method for the quantitative determination of aeetaldehyde
and proplonaldehyde* The data of Table 24 furnish an indica­
tion of the accuracy obtainable In such analyses* Although
the eaperimeata cited in Table 24 were performed using BCff
solutions* there 1© no reason why HeCH solutions could not
be used instead* The us# of HaCK would be preferred because
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of the smaller H C W  losses and beeauee of the rapidity of the 
reaetlon In haalo solution* He epeelfle experiments were 
performed to validate a procedure using HaCM# but tress all
tbs results so tar obtained* a suitable preoednre is readily 
suggested* one would prepare a standard solution of1 tlmcif* 
add a sample of aldehyde solution to an excess of the HaCK* 
adjust tbs pH using broneresel purple as describes! above* 
and then analyse for unreaeted cyanide* The analysis of 
cyanide ha# already been described* In this procedure* the 
faster limiting tha aeeareey of the aldehyde determination 
would probably be the margin of accuracy of the cyanide anal* 
yses* If suitable precautions were taken to mlxdadse losses 
of HCNt tlm analysis should be a emirate to a few tenth# of a 
percent or better*
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(X) The kinetics of aeetaldehyde# propionaldehyde and ace- 
tom cyanohydrin formation has bean studied in dilute aqueous
solution at 250€* The propiomldahyde latetion was inves­
tigated in water and in acetate buffer® of various pH*a,
buffer compositions and Ionia strengths* The aeetaldehyde
and acetone reactions ware investigated in acetate buffers
at a fixed pH and Ionia strength# hut varying buffer com­
position*
(2) Reproducible rate constants could not be obtained in
unbuffered solution# hut were obtained in acetate buffers*
All of the reactions followed a second order rate law*
C3) The Influence of ionic strength was found to be very
small* The kinetic salt effect amounted to about 2 to 4̂C
for the range of concentrations studied*
(4) In the acetone and aeetaldehyde reactions* no general­
ised catalysis was detectable* In the case of propionald- 
ehyde# a small effect amounting to a few percent was observed
which could be Interpreted as evidence of generalised cataly­
sis* However# the effect Is not sufficiently greater than
the experimental error to Justify any definite conclusions#
C5) At the pH of acetate buffers# aeetaldehyde and propioa- 
aldehyde react quantitatively with BOB* In a similar pH
region* the reaction of acetone with HCH is incomplete and
the equilibrium constant has been found to be 13*9?#
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(6) In a solution of 0*1372?? BOA© and 0#050311 I*a?>Ae* the ob­
served rata constants of aeetaldehyde and propion&l^hyde are 
0*212 and 0*494 respectively* The significance of these ml- 
ues as an index of reactivity has boon discussed baling Into 
consideration tha hydration reactions of those aldehydes*
(7) Various mechanisms for the eymnohydrln reaction have 
been examined and it Is concluded that several different 
mechanisms are compatible with the kinetics observed* At 
least three of these have a basis In sons© theory of carbonyl 
reactivity*
(8) Analytical applications of the cyanohydrln reaction are 
discussed* A procedure is suggested for the quantitative 
determination of aeetaldehyde and proplenaldehyde*
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ABSTRACT

JtaftS F# Both, Fh# I># lowS« A* xftiIvorstty of fleet Virginia Title of thesis* The Kinetics end M e h e n l w  of the CyanohydrlnReaction In Aqueous Solution Thesis directed by Professor William J# Swirbely Major! Physical Chemistry Minor®#' Organic end Inorganic Chemistry Pages In thealas 99; lord® in abatracts 406

The kinetic® of aeetaldehyde, proplonaldehyde and ace­
tone eyanohydrln formation h a w  been studied in dilute 
aqueous solution at 26°C• Measurements were conducted in 
acetate buffer® under various conditions to ascertain the 
Influence of ionic strength, pH and buffer composition on 
the rate constants# The progress ©f the reaction was fol­
lowed by withdrawal of sample® and determination of the un­
reacted cyanide from time to time#

It was found that the reaction of carbonyl eempound 
with HOB proceeded mole for mole# The reaction followed a 
second order law, first order relative to HCff and first or­
der relative to the carbonyl compound# The kinetic salt 
effect is very small and amount® to only a few percent for 
the range ©f ionic strength studied# It was found that 
aeetaldehyde and pmpicnaldehyde react quantitatively with 
BOB# The acetone reaction is incomplete and the squill brim 
constant for eyanoihydrin formation was found to be 13*0?#
These resuits for acetone and aeetaldehyde are not in agree­
ment with the result® reported, by other investigators#

In the ease of acetone and aeetaldehyde, no generalised



catalysis wa* detectable* The proploneldehyde reaction*
however# exhibited an effect ram?ing from 4 to 0$ which could
ho interpreted as generalised catalysis* Although the rate
constants war# reproducible to within 1 or It Is doubt- 
ful whether the effect observed la sufficiently greater than
the experimental error to permit a definite significance to
be attached to the results* Therefore# the possibility of
generalised catalysis was ignored in the constderation ©f
reaction mechanisms#

The currently accepted Lapworth mechanism for cyan©-
hydrin formation warn found to be in accord with the kinetics
observed* However* this mechanism is not uniquely indicated
by the kinetics* Several other mechanisms lead to the earns
rate equation as tbs lapworth mechanism and the kinetics is
therefore ambiguous# The other possibilities which have a
basis in some theory of carbonyl reactivity are discussed*

Thus the study of the kinetics of the cyanohydrln re­
action in aqueous solution provides no clear definition of
the reactive species or of the manner in which the reactive
species interact* The kinetics of cyanohydrln f©mation
In other solvents and the kinetics of other carbonyl addi­
tion reactions have been considered in an attempt to obtain
some Information which might serve as a basis for selecting
preferentially one of the possible cyanohydrln mechanisms#
However# these latter investigations appear to be subject to
complications which obscure their own mechanisms and they
are# accordingly* of little value as a guide to cyanohydrln
formation#
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