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ABSTRACT
Part of a continuing study on the kinetiocs and
sechanism of the hydration of carbonyl coapounds is reported,
The kinetic effect of varying the composition of the agueocus
dioxan solvent aixture was investigated Yor gatalysis by water
snd seven acids, in order to provide a further test of the
suggestion of Bell, Millington, snd Pink (Pros.Roy.Soc. 4 1968,
303, 1) that the water-catelysed reaction passes through a
gyelic transition-state made up of the substrate and thres water
molesules, of which either one or two can be replaced by a wolecule
of catalyst according %o its structure. Solvent deuterium isoctope
gffents were also measured with a view to investigating the
configuration of the tranait&ou-stat;.
The kineties and equilibris of the hydration of
syn~dichloroacetons were messured epectrophotometrically at 25%¢
in solations of water mole fraction 0,086w0,320, The isotope effect
on the dissoclation constant, K, of the ketone hydrate was found to
be
KE/KH m Oy 915

Appreciable concentrations of catalyst led to inereased values of K,
which were analysed in terms of groundestate hydration of the
satalysts,

The following kinetic orders with respect to waber nole
fraction ware found for the hydration reaction:

Qﬁiﬁﬁﬂﬁﬁ Qe Sly Qﬂzﬁlﬁﬁﬂﬂ 0498, Gsﬁ,ﬁﬁﬁﬁ 092, CH, CUOE 0,98,

3 >
OnCgHg01,C00H 2,5, H,0 3465

From the linear kinetic order plots it is argued that the elopes
provide an approximate peasure of the number of water molecules taken
up in an intisate fashion in the activation egquilibrium, Coubination



of these results with estinmates of the degree of hydration of the
estalyst suggests on balunce, and in company with other evidence,
that all the transition-states have similar structures,

Solvent isotope effect studies indicuted that zi least
three water molecules are taken up in the water csitalysed resction,
that the fractionstion fapgtor products for the different irsnzitione
states ere very similar, snd that there is a primary sontribution.
For the hydration reaction kﬂ/ka was found to be

HC1  1.23, Hﬁiﬁ# 1429, 00130053 2,46, Qﬁ?ﬁlﬁﬁﬁﬁ 2o T2y
Céﬁﬁﬁﬁﬂﬁ 276, GHBGQQE 2454, Eaﬁ 30974

4 sinple model is proposed for the prediction of
transition-state configurations and energies, and gives a ressonsble
aocount of the observed ¢atalytie behaviour, isotope effects, and
atructure«reactivity relations, Carbon-oxygen bond formation occurs
synchronously with proton tronsfer from the acid in the transitionw
state, but the other proton transfers have been slresdy sarried to
sompletion or have not yet started,
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1.

INTRODUCTION

CHAPTER I
Hydration of Aldehydes and Ketones

The addition of water %o asldehydes and ketones

RIEZEGO + 320 = Rl

dZC(UE)a

is the simplest example of the impertant clesse of reversible
additions to the carbonyl group. %he subject has been thoroughly
reviewed by fell (1), and is summarised in the present chapter
with specisl reference both to more recent work and to theories

relating to the mechanism of the reaction,.

1. Experimental determination of the equilibrium constant

The most frenuently spplied method of investlgating
the fraction of the carbonyl compound which ie hydrated in acusous
solution makes use of the decrease in the intensity of the
characteristic uvltrs-violet absorption of such compounds when
diesolved in weter, This rather broad band, attributuble to wn
2 — > 7* transition of the carbonyl group, occurs at about 200 mpa
and is assumed to be absent in the spectrum of the hydrate. ihe
chief problem attaching to the method lies in the determination of
the maximun moler extinction coefficient éo of the unhydrated
species in water, which the earlier workers took as equal to the
value in some non~agueous solvent such as cyclohexsney as in the
work of bell and Hebougall (2). Recent studies by dreenzaid,
Rappoport, and Ssmuel (%) on the absorption spectra of o number
of aldehydes and ketones in solvents of different polarity huve
demonstrated that this procedure cen lead to large errors in the
equilibrium constanis and that reliable application of the
spectrophotometric methed therefore requires a different strate y.

Greenzaid and co-workers found that althouzh 60 changed
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monotonically with increase in eolvent polarity, increesing for
sliphatic aldehydes but decreasing in the case of the chloroketounes,
no guantitative correlation could be found with any established
solvent polarity parameter. On the other hand & linear correlution
could be found with the values of €o for a carbonyl compound of
similer type but which shows practically ano tendency to hydratlon,
¢s4e pivaldehyde with acetone, monochloroacetone with a-chloroeyclo-
hexonone, and this allowed estimation of the required value of €y
in water.

The earliest rellable spectrophtiometric method was
devised for acetaldehyde by Rell and Clunie (4), who chose the
value of ea wiich corresponded to a set of equilibrium constants
whose variation with temperature agreed with the independently
measured enthalpy of hydration. Oruen and dMeligue (5) merely
required that the plot of log X against 1/T should be linear,
without the disecipline imposed by the value of its slope, & method
which &8s bDell has pointed cut is subject to large errors,

The third and moast direct wsy of obtaining 60 is by
back extrapolating to zZero time the kinetic meazsurements obtuined
on adding the unhydrated carbenyl‘cemyqund to water., This has been
applied by sell, ¥Millington, and Fink (&) to the hydration of
syme=dichlorsacetone in dloxan-wuater end acetonitrile-water solutions
at 25%°C., by Zurts (7) to the hydration of oecetaldehyde in deuterium
oxide st 15°C., and by Pocker, Meany, and iist (8) to the study of
2w and 4epyridine aldehydes st ¢°C.  The sensitivity of the method
depends on the fraction of the half«life elapsing before the first
reading can be tsken, and in most cases the reaction is too fast for
this to be undertaken in pure weater,

The other widely applicable method for the messurement
of hydration equilibria ie proton magnetic resonance (p.m.rQ), which
makes use of upfield shifts on hydration of about Usd pepems for
hydrogens attached to an s-garbon atom and about 5.0 Papelis fOr an
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aldehydic proton, This has the great advantage of net requiridng
aay calibration, since under suitable conditione the relative
congentrations of hydrated and unhydrated compound sre given by the
areas under ibelr peaks, but has the disadvantage of nmalting necessary
the use of fairly high concentrations with the accompanying danger
of setivity coefficisnt changes or, as observed by Ahrens and
Strehlow (9), the formation of & hemihydrste between the carbonyl
compound znd a molecule of the hydrate. Integration 0f pemers Spectra
is alse prone to a number of sources of error, especially in the
presence of an intense solvent pesir, and i generslly less accurale
than spectrophotometry. The method hses been used by Jurecnsaeid and
co-workers (5,1C), who have been able to coufirm the revised values
of equilibrium constants obtained by theoir spectrophotovetric
tochnigue. Fefere is to be much preferred over spectrophobometry
when the degree of hydration is high or low, as for example in the
estimation by Hine and Hedding (reported in reference 1) that acetone
is Ga2 # U1l hydrated in aqueous solution,

The only other accurate methoed enmployed to date is the
use of oscillographic polarography by Valenta (reported in reference 1)
to determine the fraction of formaldehyde romcining unhydrateds &
rather lesc accurate technique based on a similer principle consists
in determining the amount of a carbonyl resgent such as senmicarbazide
which reascts instantaneously on addition to an agueous solution of the
carbonyl compound, under conditions in which this reaction is
considerably fester than the rate of dehydration of the carbenyl
hydrate. This chemical method has been applied by Bell und vans {(11)
to the study of scetaldehyde, and by Le Hénaff (12) to a number of
aliphatic aldehydes,

Greenzeid, Luz, and Semuel (10) have recently employed 1?0
nucleer magnetic resonance in the study of & number of aldehydes and
ketones whose degrees of hydration are fairly well establishede After
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equilibration of the substrate in water enriched with bl atom &

of H,l70, two pesks were observed, one sbout 60 pe.pems downfield
freﬁ“the solvent pesk in the region occupied by alcohols and the
other about 530 pepefts downfield and attributable to the carbonyl
oxygen, Integrations were of low accuracy on acocount of the low
signal/noise ratio and the fact that the first derivative of the
absorption mode is the quantity recorded, but semiwguantitative
agresment was obtained with estsblished values., Bell (1) mentions
the use of llzman spectroscopy #nd neagsurenent of the partial vapour
pressure of the carbonyl compound over ite asueocus scolution as other
senl-quantitetive technigues.

2+ Hegnitudee of equilibrlum conastunts and their interpretation
A nonedimensional eguilibrium censtant ¢an be defined for

aguedus aolutincn by the relation,

{ﬁlﬁasﬁ]

d Tnlﬁav(i)ﬂ)aj

and a selection of the more rellisble values is presonted in
Table (1). 4 much more comprehensive table is provided in Bell's
review, but a number of these values sre unrcliasble as thesy depend
on an uncertain value of éb and &re therefore omitted., The same
spplies to the recent values obtained by ihrens (13) Por z number
- of aeketo acids and thelr derivatives, since these dépané on €
values messured in sulphurdic acid or tetrashvdrofuran,

Hizh aceuracy is not claeimed for the firat two and
last two values in the table, these beinz included to show the
range of compounds studied, although for formaldehyde und monochloroe
acelone these approximate values are supported by more than one
mothnd»(l,B): The remaining three compounds =zre the only ones in
the literature for which two methods give concordant and reasonably
precise results, scetaldehyde has been by far the most studied,
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T4BLE (1)
Con Bg(23%00) Method Heferemse
6013c§6 ~ 346 x 1070 eV
HCRQ ~ 5,0 x 107 | Polorography 1
(CH,01),60 0417 PeleTe, UaVe 3
caBGBa' 0.82 UeVay PelMoele 4e9
{GHF:)}CGKQ Le3 PelieTe, UsV, 1043
8320180333 ~ 13 Pebiale 3
(CH§)260 ~ 500 PaleTs 1

O“‘!l..‘.

and the value guoted above is that recalculated by Kurtz (7) from
the results of Bell and (lunie. Kurtz himself has obtalned the
higher value of U.94 both by Bell and Clunie's method, where the
- difference iz due to & diffesvit enthalpy of reaection, and by the
back extrapolation spectrophotometric technique, but the valus of
0a82 i8 identical with the pemers result obtoined by shrens and
dtprehlow, Of the three values which are lesz than U7 guoted hyv
Bell for amcetaldehyde, that obtained by the chemical method of
Bell and tvans (11) does not agree with & similerly obtained
result of lLe Hénaff (12), another is from the peMer. work of
Lombardi and Sogo (14) who appear to have averzged resulis
obtalned in light and heavy water, and the thiré is & spectrophotow
metric result obtained by iumpf wnd Bloeh (15) with arn untested
sssunption as to the vslue of Eg. :

It is apparent even from the small number of values in
the above table that the degree of hydration decrezses from
Tormaldehyde to the other sldehydes and from these to the ketones,
snd that within one class of compounds it increames with the
slectron.withdrawing power of the substituent. This can be seen
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more elearly from the more comprehensive compilations of data for
gaturated aliphatic aldehydes and ketones given by Bell (1) and
by Greemszaid, Luz, and Samuel (10). The latter workers show
thet 1f « log Kd iz plotted against Taft's polar substituent
constants o* two very good straight lines are obtained, z lower
one for the ketones, a higher one for the aldehydes, and a point
for formaldehyde at rbout an equal separstion wzbove this, Thise
iz an example of an c-hydrogen effect on u linesr free energy
relation, of which Leffler and Grunwald (16) cite as further exsmples
the acldecatalysed hydrolysis of diethyl scetals and ketsls in a 50k
dioxane-walber mixture at 2§°¢. and the equilibrium constants for the
hydrogenstion of aldehydes and ketén@s in toluene st 6006.

In ordeyr to brinz 2ll the values onto a common stroight
line it is obviously recessary to introduce another parameter,
Be1l (1) achieves this by the use of Taft's sterie substituent
constants,

log Ké=2,7na.62d’ - 1.3 By

although he points out that the summation of these steric perameters
over twe groups bonded to the same cardbon stor is an operation not
normally carried out and difficult to justify physically, This
procedure also cuuses some dispersion of the points for esch clazs
of compound, especlally for a compound like pivaldehyde, in view of
whieh Greenzaid, luz, and Samuel (10) propose the alteraative
eguation:

106 }‘1‘3 = 2,8 - 1.?26 * - E.OA,

in which the parameter /\ is equal to the number of &ldehydicA

protous in the molecules. From a consideration of the calculation

of the energy of a non-con jugated systes by the molecular-orbital
prerturbation method Dewar and Fettit (107) concluded that the total
energy should be an additive function of a universal set of individusl
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bond energies plus the sum of interaction terms representing ail
pairs of adjacent bonds, and showed that such a system ¢an aceount
well for the variatione in experisentally determined thermochemical
dats. Greenzald and coe~workers suggest that this theory of adjacent
bond intersction csn provide a physical interpretation of the A
parazeter, although they fail to explain why it does not appeax

in the ester hydrolysis resctions on which the o* constants sre
haned,

The sparse data available for conjugeted carbonyl compounds
indicates that they are little hydrated, usw is found for the carbonyl
moiety of the ester groups Le Hénaff (12) hes reported that both
acrolein snd crotonaldehyde are less than 2. hydrated at 257C.,
while the values of around 50% found by Focker and goeworkers (&)
for the degree of hydration of 2~ and 4epyridine aldehydes cun be
expleined by the smell opportunity for conjugation ia these compounds,

3o Experimentsl determinastion of kinetic data

The firat guantitative investigations of resction rates

in this system were carried out by Bell's school with the use of a
dilatometric method {(17;18). Their subsequent development of the
thermal maximun method for reactions with holfelives of the order
of a few seconds allowed the first systematic study of the hydration
of scetaldehyde in aqueous solution at 25°C, (13) to be undertoken;
this technique depended on measurement of the maximum temperature
reached when the reaction was conducted in a calorimeter uunder
conditions of controlled heat losg. ZHurtz and Joburn {(20) have
regently studied the kinetics of acetaldehyde hydration Ly measuring
the rate of evolution of heat under adisbatic conditions. '

' 4 conventional spectrophotometric method has bLeen
usod by Bell and Jensen (21) to measure the rate of hydratiocn of
syn=dichloroasetone, made suitably slow by the use of & 5. water +
dioxsn mixture as solvent. Focker and co-workers (22e26) schieved
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rates slow enough for the use of this technique in their extensive
study of the catalytic effests of genersl aclds snd bases, metal
ions, and an enzyme on the hydrations of acetaldehyde and of 2=
and 4Y=pyridine aldenydes by conducting experiments at ¢%c. The
consideravle volume ah& heat changes sccompanying the hydration
reaction snd made use of in the sarlier investigations have bsan
spplied more recently by tigen and his collaborators in kinetic
studies on some c-ketdo acids by the pressure~ and temperaturse-jump
relaxation methods (27,13); the equilibrium conditions are perturbed
by a rapid change in pressure or temperatursc, after which the rate
of re~establishnent of chemical equilibrius is followed by fast
recording spectrophotometry.

¥roton magnetic resoanance has been used by ihrens and
S¢rehlow (9), who observed the line~broadening caused by the addition
of various concentraiions of hydrochloric acid to agueous solutions
of acetaldehyde; at high acetaldehyde concentrations » term second
order with respect to substrete was attributed to s dynamic eguilibriunm
between aldehyde, hydrate, mnd hemihydrste, - sinilar 176 linem
broadening technique has recently been applied by Greenzuid, Lus,
and Samuel (23) to the carbonyl oxygen of wcetaldehyde, mné the
results, although of a low order of accurscy, are in sgreement
wiﬁh determinations by other methods,

The isotope exchange method was pionecered in 1938 by
Cohn and Urey (106) in their studies of the rate of hydration of
18@, snd in the last
few years a number of gemi-quantitative studies by this and similer
methods have been made on the slow rates of the carbouyl oxygen

acetone Ly mass spectrometric cnalysis for

exchange in aqueous solution of compounds whose degrees of hydration
are neglisibly small. Ureenzaid and co-workers have investigated
acetone (29), which in neutral solution has & half-life of exchunge
of about 10 hours, and the slicyclic ketones from cyclobutanons to
cycloheptanone (30} by following the rate of dzinution of the
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carbonyl 170 peak by nuclesar magnetic resonance when enriched
subsirate was disesolved in water. 3Syran and Calvin (31) obtained a
gualitative order of reactivity by using infrawred absorption
intensity measurements to follow the incorporation ef 180 frog
enriched weter in organic media into & series of ketones and
arometic aldehydes, snd Dahn and subort (32) employed mass
spectrometric measurements to obtain quantitative kinetic date .
for a number of p-bensoquinones under similsar coanditions,

While the above methods all measure the approagh to
equilibrium, the techniques chiefly employ:d for formaldehyde depend
on rapid removael of the sldehyde us & means of measuring the pate of
dehydration. sell and Evans (11) carried out & thorough study of
ucid and base catalysis of this resction by chemlcal scavenging,
and Sell's review mentions the analogous application of polurographye

4s Kinetic results and relations between them

3ell and coeworkers have obtained extensive catalytie
deata for the hydration reactions of acetzldehyde (19) and formaldehyde
{11) 4n water, of acetaldshyde in 10y amqueous acetone (17), and of
syn-dichloroacetone (21) in a 5 v/v solution of water in dioxen,
all at 25°C, The results follow the Br¥asted relation, which can be
written for general acid and base catalysis respectively as:

I ) % B

2= Ga(%’s) ' '?‘ = Gy @'ﬁ>

where kﬁ and kb are the second order catalytic rate constants,

K the aocid dissociation conatant of the catalyst, and p and q are
statistical corrections equal respectively to the number of
equivalent lonizable protons in the acid and the number of cguivalent
basig sites in the conjugate base. The G's, «, and B, are constante
for a particular substrate, In the present case thess relations
correlate a large amount of data covering a wide variation in aciddic



10,

snd besic strength, snd show dispersion due to differences in
charge~tyne only when the solvent has a low dieclectrie constant.

Bell (1) has suggested that the low incidence of devietions is
attributable to the fact that the transfers occur between the acid

or base and an oxysen atom, just asé in the acid dissociation reaction
to which X refers, lositive deviations have been observed by Bell
and ¢oe~worxers for catalysis by oximes in the reactions of
ccetaldehyde and symedichloroacetone and for the ions HB?GQQ,

HaPOB-' and Kaﬁﬁﬁu’ in the dehydration of fogfaldehyd&, and also

by Yocker and Meany (22} for HaPO“" and ﬁyﬁg“ in the resction of
acetuldehyde, und by Greenzaid et al. (29) for 52P04° in the oxygen .
exchange of acetone, HNegative deviations have been found by Bell's
sroup for 2,Gesubstituted pyridines und their conjugate acidse
Yocker and Meany (22,23) found that metzl fons huve a
generally weak catalytic effect, except in the case of 2-pyridine

. 2% 24 L s
aldehyde where Uua ' Log ’ Hi? s and an?

are more effective than
the nydronius ion, and for which co~ordination with the substrate
provides a ready explanation. These workers huve also demonstrated
{(24=26) that the enzyme erythrocyte carbonic unhydrase, which catalyses
the reversible hydration of carbon dioxids, is & very efficient
eatalyst in sldehyde hydrations, ané have studied solvent éeuteriﬁm
- dsotope effects and inhibition by the substrste and by acetazolamide
in an attempt to understmnd the mechanism of its zction. Gince both
zinc ion and imidazole occur near the active site of the enzyme, it
iz of interest that they have dewonstrrted o consideruble zynergiétic
effect Letween the two substances in the catalysis of ihe hydration
of acetaldehyde (22),

Turning to a comparison of different sldehydes and Xetones,
& general correlation is upparent between the rate of water-catalysed
hydration and the fraction of the compound hydrated at eéuilibrium.
Lxamination of the values at 2500. for the first-order hydration and
dehydration rute constants k, and k; in Table (2) shows that ko
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accounts for practically all the variation in Kda

TiBLE
Compound £y sec™)) k, (sec™))  Referemse
HCHO  ~ 540 x 107 ~10 5e1 x 107 1n
CH,CHO 0.82 43 x 10> 3,6 x 107 19
(CH;),00  ~ 500 ~10"2  ~5.0 x 1070 29

shtseseve

4 similar correlation is observeble gualitatively in
the hydroxide-catalysed hydration of alicyclic ketomes (3U), in the
results of Byrn and Calvin for water-cutalysis (31), end in the
observation by Le Hénaff (12) that the hydrates formed from a
nunber of aliphatic aldehydes are dehydrated at spproximately
equel rates at a pHE of 5.0s 4 number of the results for cateslysis
by mineral acids indicuate that the above order of resetivity in
hydration can sometimes be reversed, and Ureenz:dd and co=-workers
have suggested (29,30) that this represents & bosicity eoffecte
For example the orders cyclobutanone < cyclohexsnone (3C), monoe -
and sym-dichlorcacetone < acetone (29), and pyruvic acid < ethyl
pyruvate < pyruvate anion (13) &«ll indicate a dependence of rate on
basieity in preference to denendence on the observed or expected
order of hydration ecquilibris. The sume workers have pointed out
that the Zridnsted coefficient o for acid cctalysis increases in
the series HCHG<<CH3CHO<:(GH3)QCG. Ko attempt appears to have been
made so far to present a general correlation of kinetic with
thermodynamic data or to relate any of the above observations to
the configuration of the transition-state for the hydration reaction,
and this subject will be returned to in the Uiscussion.
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Arxunontu relating to the 1osiaa1 tirst atcp in tha
sstablishment of a reaction mechaniam, the composition of the
transition~state, were presented by Bell and Higginsonm (17) in their
early paper reporting the first systematic kinetie datas The
cbservation that the resctiocu is kinetigally of the first order with
vespect to both the substrate and the acid or bese catalyst is
concordant with a transition~atate containing one molecule of each
of these speclies; general acld catalysis, for example, argues
ageinst the representation of the acid in the transitionestais solely
by the presence of a proten. The drawing of further conclusions
requires consideration af the stable intermediates throush which the
reaction is likely to pass in approaching the transition-state from
elther direction.s 5Such considerations have been criticised by Swadn
as anthropomorphic (33) on the grounds that they lie cutside the
sphere of transitionstate theory, but in ascepting the statisti¢al
thermodynamic methodes of the latter there is no reason to reject the
dynamic view of the approach of the system to the activated complex
by a series of collisions with the molecules of the solvent, and
under such circumetances there is good reason to believe that the
astivated state will be preceded end followed by the stable systems
it most cicsely resembles.

The most likely intermediates surrounding a transition~state
of the above composition are the reactants and products of the
reaction step?

RyR,00 + HA — alﬁacoa’ .
Agcording to Table 2, the pxh of protonatsd Fformaldehyde would
then have to be no less than 4,0 in order to avold & deprotonatien
rate grester than that of diffusion control when HA is & wabep

rmolocule. In addition Zigen has shown (34) that
for transfer of & proton betwsen an oxygen atom



13,

and another atom of oxygen or of nitrogen in a resction in which the
p&a's of the reactant und product acids differ by more than two or
three units, the Srénsted coefficient is very close to unity for the
"uphill? reaction and to zere for the '‘downhill®, whig¢h in the present
case 18 contrary to the intermediste values of a and § obuserved over a
wide range of oatalyst streangths DBoth these considerations require
that the transition-state should contain an active molecule of
water, presumably uandergoing nucleophilic attack on the carbonyl
group, i.e. the reaction must be termolecular and congerted.

Two basleelly different types of structure &re now
possible, as depicted belows the following discussion applies
directly to the case of acld catalysis, but can readily be adapted
for catalysis by bases,

+
ByR,G = O--HA transition ByRf o Ol
GHE -gtates ??E
&'
/x\ - | /n\
[ - #mv -»
Rlﬁa?ﬂfok Rlﬂa?ﬁﬂta Blﬁacﬁﬁ +A valazce*a fuao
eaz ’ Ol ’ ,
* *
+ H ag. + 820 + 5 age
Is, Ibe IIae R & 1
intermedistes

Below each of the pozsible transition-state structures depicted
above are the intermediates concerned in the only physically
reasonable paths for the resction. In case I the intermedistes
follow the transitionestate in goimg from the aldehyde or ketone to
the hydrate, while in cese II the sequence is reversed; the dotted
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lines are not meent to imply any particular degree of bond formation,

The four possible mechanisms are given below with the respective
calculations for acetaldehyde in the absmence of catalysts other than
water, OStructure I corresponds to the mechanism proposed by Bell

and Higginson on the basis of evidence of the above typs, while

structure II is an alternative one put forward by Uruen and lHeTigue (35),
in which general aeid catalysis results from a combination of specilic
acid and general base catalysis.

It appears that the above scieume can alsoe be eriticised,
s5 shown by Bigen (36) for the particular case lasy and denonstrated
in general below. Tie argument consists in calculsting in each cuse
the egquilibrium constant for the prototropic rewction between the
above intermediates and the reactants for catalysis by & weal acdd,
and gombining this with the'abserved rate constant to obtain the rate
at which the internmediztes must react to give the products; if this
is unreasonably fast the mechanism falls. The weaskest acld catalyst
studied in agueous solution is water, which for acetaldehyde gives
the first-order rate constants listed in Table (2). The pi, of the
conjugate acild of amcetaldehyde hydrate is talkoen as -2 following Eigen,
and the corresponding value for that of the aldebyde ss =3 after
ihrens and Strehlow (9).

The setond-order rate constant k& calculated for the
pessage of the reaction from the intermediates Ia. through the
transiticn-state I is about twe orders of nagnitude larger than
either the oxperimental recombisation rate of HBS* and UH” or the
rate of diffucsion~controlled encounter as calculated from the Debye
theory (37), while in the case Ila. the corresponding second-order
rate constant is even larger. 2lthough the theoretical magnitude of
the diffusionw-controlled rate for a termolecular encounter is lese
clear, similar remarks almost certainly apply to Ib. and Ilb,
Calgulation of the appropriate guantities for stronger catalyate
would give rise to lower values, but as pointed out by Zigen a
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K
HeCH(0H), + B0 — z«xesﬁ(oa)aﬂ" + on"

k2

mca(ea)aa* + OH™———> MeCHO + 28,0
rate = kaiﬁccﬁ(ﬁﬂ)zl = ktﬂecﬁcou)altxaoj N
= katmaca(oﬂ)aﬁ‘zros‘l = k K[{HeCH(OH),][H,0]

K « 2230728, x « 722072 Lsac™?, theretore k, » 3. 5x20%7K"L

K

H,0 + B,0 ﬁ‘a}o* + QR
X

MeCH(i’:ﬂ)a + Ei‘;f.}* + i}f:i"»——r’—> HeCHC + 52;20
rate = kdf?éaGH(GH)aj = k£§4e63(03)21[320]2

= I [MeCH(0R),,1[H, 0*I[0E"] = k 5 [MeCH(0R), IR, 61

18 -1

K= 4x10™°, x = 1.£mm"61-1 2500

s therefore kﬁaﬁ;ﬁxlcllﬂ agc
Kh +
HeCHO + H,0 — HeCHOH™ + OH™
+ - k.3
MeCHOH + OH + H,0 —————)FéeGH(OH)a + ﬂao

rate = k [KoCHO] = k[KeCHOI[H,01

= ky(HoCHOK" 1[0 ](H,0] = %K[Hecau;}mao}a
K=2x102 ke 1,7 x 1051250072,
therefore ky = 8.5 x 101724"‘“30::'.'1 and k, = 4e2 x 103‘91:4 1‘0@. o

K
HZO + EZQ Bo— 330 + UH
",
HeCHO + 330 + OH" «+ Ha@«%)btecﬂ(ﬂﬁ) + EBEO

rate = k [MeCHO] = klteCHO(H, o)’

= k“[?ioCHG]m}O Jfow”™ 3[11201- x&,[necac:mmea}?’

E=4x 10"’18,. K = 3.4 x 1070

therefore k, = 8.5 x 10%4™35ec and k3 2 44,2 x 103'1%; aee:'l
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curvature of the Brinsted plot would then be expected, corresponding
to passage from a constant limiting rate to one depending on the
activation energy for each eatalyst. It is also tempting to argue
that high rates would not be expected for a reaction step in

whiéh a carbone-oxygen bond is broken or formed, but the very high
retes recently reported by Barmett and Jencks (38) for the
hydroxide~catalysed decomposition of hemithicacetals throws doubt

on such eonsiderations,

In view of the above objections Zigen (36) has postulated
that the reaction occurs through a cyclic transitione-state which
avoids the need to pass throuzh separate ilonized intermediztes,
iuch & structure had already been put forward by Bumton and Shiner (39)
without any ressons for preferring 1&. and can be writiem for acid
catalysis ass

RyRpG=0- HA
—
H

with the inclusion of as many other water molecules as requirasd.
Bell has pointed out (6) that such a system allows an acid to
donate a proton at one position and abstract one from another
without requiring time as in the previous mechanism for the conjugate
base to diffuse sway and another to re-onter the reaction complex,
and also that it sllows the transition-states I amd II to be replaced
by a series of possible structures differing in the number and position
of extra water molecules,

A gertain smount of experimental data has recently
been obtained in support of a transition~state containing seversl
water molecules, as would be required by any ressonable model of the
c¢yclic structure. Bell, Millington, and Pink (6) fourd that the
kinetic dependence of the water-catalyzed hydration of
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symedichlorcacetone on the concentration of water in either dioxen
or wcetonitrile lay close to the third order over a considerable
range of congeantrations, and the constancy of this result led them
to the conclusion that the appropriate ratio of the activity
coefficlents of water and the transitionestate was constent

and thet the tramsition-state contained three water molecules,

- R

i
R
R 05;7/ -
Rl 27\ 5
'
‘cls--ﬁ------- 0wl

B

From the obmerved orders with respect to water of 0.7 for bensoic
scid and 2,0 for triethylamine, they concluded that these catalysts
could replace two and one water molecule, respectivaely, but fep
benzoate anion and hydrochloric acid negative orders were obtained
and were attributed to hydration of the catalyst in the ground state,.
Jahn and Aubort (32) found similar results for the water-catalysed
hydration of haloe-pebenzoquinones in sgueocus tetrahydrofuran, but
did not study any other catalysts. Huldna and cowworkers (40¢)
investigated the variation of the rate of hydration of monochloroe
zcetone with water activity in sulphuriec acid, and gconcluded from
their results that two or threec water molecules are taken up ia zoing
to the trunsition-state.

xamination of the entropy of activation for the watore
satalysed hydration of acetaldehyde suggests that the transition-state
has a highly ordered structure, Calculations based on the firsteorder
composite rate constents of Bell amd Darwent (18) at 0°C, and of
Helly Rand, end wWynne-Jones (19) at 25°C., using the corrected
equilibrium constants of Bell end Clunie (4), gives AS® = ~41.3 @eBey
which may be compared with the value AS = =16.6 e.u. calculated from
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Bell angd Cluniet's measurements for the eguilibrium hydration process.
The data for the hydroxide- and hydronium ione-cutalysed reactions are
subject to larger uncertaintiee, but undoubtedly lie much closer to
zero, a fact which has led Kuriz and Coburn (20) to conclude that
there is a large difference in the degree of hydration of the
transition-states, However, caleculation of the entropy of ionization
of water from the ionic product data of Harned =mnd Robinson (41)
gives AS = «2648 ee.us, showing that a considerable part of this
difference iz attributable to the ground states.

It i1 interesting to inguire whether any limitstions can
be placed on the ecllowed configuration of & cyclic transitionestate
as & result of considering the most likely cyclic intermsdiates
involved., Albery (42) presents an argument that would exclude
configurations in which some of the bond changes are completed,
since these would be expected to be formed from cyclic systems made
up pertly of lonized species. Albery states that if, for example,
the reaction acheme for dehydrations

it H
/Ouﬁ--f- —?/ papid /O-H---- —(I)/ _
RyRa8_ H pre-equilibrium  R,R.C : il

B
/S
'+ I
ROH 49 a 2 c/ a»g
general seid MR S
Onl---0
satalyst: —_— o n/’ \\R

is not to degenerate into the previous mechanism passing through



19

a ponmcyclic transition-state, the slow step k, must be faster than
the rate of breakeup of the lonized complex II, while it must also
necesssrily be slower than the re-conversion of II to I by protena
transfers along the hydregen'bands; these two rates are put at
lollsaefl and 101 &eua s respectively, to produee a rather tight
restriction on the value of ka and thereby to dismiss the mechanism.
Bell (6) has countered this by arguing that the rate of breake-up of II
by collisions with solvent nmolecules must be considerably less than
1ullaae.l, which is calculated for the separation of two species not
bound by any specific chemical forces. It may also be pointed out

that the premature diversion of the complexes II into lonized fragments
iz of little consequence provided that these complexes exist in
sufficlently high statlonary concentration for some to underze the
relatively slow dehydration step; wastage of the intermediate by
solvent collisions merely represents one mechanism for the reactiont

5B, 1Ro C{OH) Ii + HO .

Un n rather different line of argument, it is quite probable that
Swoin's objections to the above considerations sre valid in this
case, aince whereas the previous linear trunsition-states could pot
be spproached from ionized molecules except either through the
intermediates specified or by means of a cyclic process (in which
case the tronsitionestates should be regarded as eyelic), in the
present case aeny confizurstion can be reached by entirely reasonable
simultaneous motions of the hydrogen atoms. Configurations in whiech
no atom trafisfer is complete are referred to as belonging to a
synchroaous mechanism and others are given the label stepwwisej

any one of the infinite number of possible configurations is
desoribed as more or less synchronous or step-wise (to use the
familiar terms) without implying that at some stage in the whole
range of mechanisms from one extreme to the other the reaction path

recessarily starts to pass through one or nmore stable cyclic ionizmed
intermediates such as I,

u(uH) + HOH =—— R
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Mention should be masde briefly of two imvestigntions
relating to possible specisl mechanisms in which catalysis nmay be
provided by a neighbouring group in the substrate through a cyclie
transition-state, Iigen and coeworkers (27) observed that the
dehydration of the hydrate of pyruvie acid,

CH
Ciisé:} - COUH

On \
proceeded almost 1UC times more rapidly than that of acetaldehyde,
and suggested that intramolecular eatalysis by the carboxyl greup
could be responsible, and recent messurements by ihrens (13) have
shown that the ethyl ester underzoes the reaction about 20 times
more slowly than the acid, thus providing s better comparisons
Cn the other hand, Iocker snd MHeany (23) found that 2epyridine
aldehyde undergoes hydration more slowly than the d-isomer in spite
of the possibility of basic catalysis by the neighbourlnz nitrogen
atom in the former ¢zse, It may be that the sterec-slectronie
preference for coeplanarity of the NeH bond znd C=0 group with the
avematic ring, linearity of hydrogen-bonds, and attack on the
T =gystes of the carbonyl group may be responsible for the apparent
lack of intramolecular catalysis in this cuse,

fg shown above, Sigen's postulate of a cyclic transitione
state is strongly supported by the catalytic behaviour snd the
magunitude of the rates of these reactions as well as by evidence for
the inclusion of several water moleculess Part of the object of the
present work has been to extend the investigations of Dell, Hillington,
and Pink into the latter poilnt by studying kinetic orders with respect
to water in the presence of a number of other mcid cotalysts.
¥ractically nothing has yet been concluded concerning the configuration'



of the transitionestate, wherein lies an understanding of the
relative reactivities of different aldehydes and ketones and
the magnitudes of their Brinsted coefficients, and with thise

end in mind messurements of solvent deuteriun isotope offects

on the rates of the reaction have been undertaken,

21
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CHAVIER I
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The theory of the origin of kinetic isotope sffecis hes
been discussed in detail by Bigeleimen and Wolfsberg (43), Bell (&),
and Melander (45), and only & brief summary is presented here.
Particular attention is devoted instead to more recent studies
designed to relate the magnitude of the effect to the confizuretion
of the transition-state.

pral theory of isotope effects

Statistical mechanics relates the equilibrium constand
for a reaction tc the molecular properties of the species invelved
through the gemrél expression

~0 ,
K,W ”’“’G'%') .

| r—l"" (reactants)

where A€ is the differance in potential energy per molecule between
the products and resctants, and ¢ is the total partition funation
for sach spacies.

S22, 0 g
= I.I1.1) for a non-linear
ot ok’ *yE molecule

exp(=hY,/2kT) o
o = | by - |l
hy

where u, = =% , M is the mass of the molecule, the I's are the

principal moments of inertia, & is the symmetry number, and the Y 's
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are the fregquencies of the normal modes of vibration: The problem
of assessing the effect of isotopic substitution om the gquilibriam
through its affect on all three factors of Q° is simplified by the
use of the Hedlich«~Teller product rule, which interrelates ratios
of the sbove molecular quantities for two isotopic species

/2 3 3/2
3)3 (107 7m0 Oy
("a, ) (xxzyz:)ag il w2 H‘G‘i‘iﬁ )

where the m's are the masses of the § astoms in the molecule, and

the subsmeripis 1 aend 2 refer to the two isotopes. The second

tactor, contalning the moments of inertis, is modified for a linear
molecule in the same way as in the expression for @ra-‘ On weiting

the expression for the ratio of the two iactopic equilibrium conmtants,
the ratios of molecular nasses and moments of inertia are peplaged by
the ratios of atomic messes and molecular vibration freguenciess
morsover the atomic mass ratios cancel between the two sides of each

reaction, leaving

-
. ) ~

2 s B
2o @) 5 [—-rm =
% ot | ~

82 /react. M1 prod ki &B 1/react. sinh - 2 X’ME

The Horn-Uppenheimer principle has allowed cancellation of the
potential enerzy terms between the two reactions, Ratios in the
above expreszion involving frequencies which are unaffected by the
substitution of isotopes in one or more positions of the molesule
begome unity, so that the probles reduces to that of sssessing the
k frequencies of the resctants and 1 frequencies of the products
wiieh remain,
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The rate of a reastion in which the activated complex ut
is conalidered to be formed 4n the gntxvatiau equilibrium

A+ B e, ;:—H#*ﬁ*i *

is given by the expressiom
W\, ¢ _CaB
rate constant = m(h )K .‘ggf:gg e qut - {(2)

where k and h are Boltzmann's and Planck's constants, respectively,

? is the absolute temperature, and the Y's are the activity
coefficlents, X' differs from the constant volume equilibrivm
constant for the above process by the omission of any contributien
from the reaction co-or&inaﬁe rode to the vibrational pertition
function for MY s @ 38 the trausmission coefficient, and cqgt is the
quentun mechanical tunnel correction. Provided that the medium is the
same in both cases, the effects of the J 's for two isotopic spscies
will cancel to a very good approximation, so that the ratic of the
rate constants kl and ka for the two reactions becomes

NG, S =H[(3‘>,..m. #..) @)

k? 2 % qut 52 By nﬁ

3n #u,
x| ] “’-?h%*?;\{ | @ 3
- W
R, ﬁ?ﬂ_ﬂ: F _

)react. einh 5“2 Ths.

{The subseript *rhs' refers to all the epecies on the right-hand

s#ide of the activation equilibrium)., Ia thiz empression the imeginary
frequensies 'ﬁL of the reaction scordinate modes only appear in the
terne representing the rotstional end translational pertition
functions, and the i frequencies of the continued product refer only
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to real isotopically sensitive modes on the rightehand side of the
above pseudo~gquilibrium of activation,

The transmission coefficient o is a purely classical fagtor
which takes account of the fact that some systems will be reflected
back to reactants in spite of having snough energy to surmount the
barrier; 1ts magnitude depends on the exact shape of the
potential energy aurface but is not considered to be particularly
sensitive to isotopic substitution. On the other haand, the tunael
gorrection cqgt for hydrogen transfer may depend considerably s the
noture of the isotope teking part. This follows gqualitatively from
the observation that the de Broglie wavelength, A= Wav, for
hydrogen atoms of normal thermal energies is of the same opder of
maznitude as the width of the energy barrier to reaction, and for a
given energy is inveraely proportional to the squsre roct of the
astomic mees. 4 full discussion is to be found in a recent review
by Caldin (93). Bell hes shown that for & sysmetricsl ons-~dimensional
parabolic barrier, if |

wt = - <2n

the magnitude of the correction is given by the expression

3
";:ﬁﬁsgz “-~g§;; where u; is imeginary. (4)

It is interesting to mote t~ v =y 0 - 7ottt em
contlaued product of Egu.(3) have identissl forms, and in zaat they
sach represent the quantun effect zssccliated with one normal

co~ordinate, In the classical or high temperature limits,
where 2 —0 or T— w0 , and ;Iégf;; — 1

the expression for the kinetic isotope effect becones

2+ (B T, -]



wheress for eguilibria,

B MR, = B
2 B2/ react, & prody
The squilibrium isotope sffest is therefore purely guantal, in
contrast to that on reaction rates which is partly slassical in
origine

It has recently been suggested that kinetie isoteps
effects may be affected by a fadlure of transitionestate theory,
a8 a result of the very short life~time of the activated state.
As pointed out by Bell (47), transfer of a proton across the
hydrogen~bond between Ali and E at a rate greater than the rate
of orientation of the solvent will lead to & greater departure
from equilibrium solvation of the transitionestate for trancfer of
protium than in the case of the more slowly moving deuterium, and
hente to an inverse contribution to the isotope effect. ﬁﬁﬂ%ﬁiﬁg
1f the rescting system exchenges energy with the gsolvent in ansll
smounts only, such non-adiabatie transfer of a proton between two
stable hydrogen-bonded ststes should only be possible where the
total energy change is emall and the process is not appreciably
activated,

The assessment of the influence oa reaction rate of
isotopic variation of the proton trasnsferred is important in the
presaent work and is therefore discussed hera, Theoretical troatments
all assume that both in the grounde and tronsiticnestate only a small
sumber of normal modes involve appreciable motion of the protos and
that they caon all be deseribed by the distortions of a faw bondas
lying closs to the resction centres. For the ground-state the small
mass of the hydrogen atom and the fairly lerge forcs conatantis
opposing its motion make this a very good approximation, and
experimental justification for it is provided by the cbservation of
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characteristic absorption peaks in the infre-red for hends involving
hydrogen. For example, for aliphatiec C-H bonds in saturated systems
these occur typicelly at:

Cell streteh = ~ 3600 au"i g Cwi bend = ~ 2000 W&,‘.& +
frequencies which are high enough to justify the approximstion of
no vibrational excitation above the sero-point level,

1.0, By > kT, therefore sinh Ju = 3 exp{in) . .

Horeover these frequencies are to & good approximation inv.r#ol#
proportional to the sguare root of the mamg of the hydrogen isolope,

ao that
( )%
B, %Y
2 1 ‘2

Thersfore for the activation equilibrium

3

AR + B — (a-----H----- B) (Qeaving sharges unspeeified),

the term relating te the reactante in the continued product of
Bqe (3) may now be written as

¥
TRt )
vhere the three frequencies belonz to the single stretching end
doubly degensrate bending modes of the polyatomic molecule AH, Im
the particular case where AR is a hydrogen halilde, the tending
frequenoies ars replaced by weak vibrations of the molecule in its
solvent eage, for which

hy <€ kT4 and therefore sinb du = Ju 4

leaving in place of the above product just the one factor relating
to the stretching vibration, This should give rise to smaller isotope
effects in transfers from halogen asids, as has recently been
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demonstrated experimentally by Kresge and Chiang (60),

The theorstical problem arises in the assessment of the
relevant traneition~state frequencies,. 4 number of models have
been proposed for their calculation, all implicitly assuming the
separability of hydrogenic vibrations by reetricting their consideration
to a small number of atoms, For a linear three~gentre mcdel the
following frequencies must be considered:

2 H 3 Vl symmetric stretch (motion of H indeberainate)

1 4
& B Y, bending (doubly degenerate)

= IR

% ) )73 anti-symmetric stretch (1) 3‘) "

For all but the most unsymmetrical transition-states v§ represents
the resction coordinate, and since its freguency is then inmsginsyy
it 4= often written 19 ,%, where V' is & resl quantity,

Ball (46) considered a model of the above type, assusing
cantral forces erising from coulombic intersctions between polat
cherges balanced by a steep repulsive poitentiel between i and B,

For any reasonable symmetry both the magnitude of and isotope effect
on 91 were found to be negligible, while in contrast bath'v3 and Vs
wore of the same order of magnitude as ground-gtate froguencies and
lay approxzimately in the ratio J2:1. From this it follows that the
effect of the tunnel correction chould outweigh that of the serowpoint
erergy residing 4in the bending vibrations, to give en isotope effect
which ehould be almoat constaant and larger then the value caloulated
for complete loss of the reactant stretohing frequeney; this

minimum isotope effect has the approximate valuem CeH 6,9, Kol 8,5,
Owl 1046,

4 somevhat different eleotrostatic treatment has beoen
presented by Bader (48), based on Platt's model for diatomic hydrides.
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The basiec centres A and B are regarded aas nuclei surrounded by rigid
spherical charge distributions which are defined by Slater atomic
orbitels, and the forees sre entirely coulombic in origins; A and B
are movre¢over held immodile, so that enly epproximate values a&‘va
and »3 may be calculated, and the neglect of vl is held to be
justified by the low welues of this frequency in hydrogen~bonded
systems, For a given reaction the transitionestate is defined by
the conditions of zero net force on the proton end a zero value for
vs. leaving the bending frequencies to account for any variation in
the isotope effect as 4 and 5 are changed, With these assusptions
Buder predicts 2 minimum 4in the isotope effect as the transitionestate
passes through a symmetrical configuration,

Turning to experimental wvaluass of the kinetic imotops
effect in proton tranafers, little asreement is found with the sbove
predictions, Bell and cowworkers (49-51) have studied the abstraction
of hydrogen and deuterium from a large number of carben aclds by water,
hydroxide and sarbexylete anions, and pyridines, and when plotted
szainet the statistically corrected gquantity

Apk = pxa of carbon scid - pk‘ of conjugate mcid of catalyst

these show a clear maximum around ApK = 0, If, eon the basis of the
Hammond postulate (52), ApEK is taken as a messure of trousition~state
symzetry, a saximum isotope affect of sbout 10 1s indiceted when the
proton is shered equally between 4 and B, falling to less than 3 fopr
& reaction with the lesst symmetricel transition-stamte, 4 similer
conclusion is reached from the work of Longridge and Long (53) em
acid oatalysed hydrogen exchange in & series of asulenes. For the
abstraction of a proton by the same base from a series of substrates
Bell and Crooks (49) found that the isotope effect veried fairly
uniformly with the Brinsted coefficient B, which can also be
interpreted &s a messure of transition-state configuration (ref, 16,
Chapter 7}, but a rather poor correlation has been found by
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Bernes and Bell (51) if & wider range of resctione is includeds
Similar remarks apply to the use of resctivity, as has beon
demonstrated by Eresge (54) for a wide spectrum of b reactions,
(although these alao iuclude a secondary isotope asnd & medium effect).
The reascn why some measures of transition-state symuetry &sre better
able than others to correlate the ebmerved primsry isoitope sffecta

is no more understood than the more general problem of the relation
betweon rates and equilibria,

Returning to the theoretical pwhlm, Hell (47) has
suggested two reasons for the fallure of the above electrostatie
three-centras models to predict the observed variation in the isotope
offest. wWithic the three-sentre spproximation emeller isotope effecis
for snsysmetricsl transition-states wounld result by recognising that
the analyticsl expressions for the degres of gquantum mechasnical
tunnelling overestinmate its megnitude when the barrier is unsymmetrigal
and the reaction co~ordinate involves motion of the heavy atoms,
Secondly, and perhaps more importantly, it may not be correct to
assusie the hydrogenic fraguencies to be essentially localised in
three atons,

A numbey of attempis have bean nade to ascount for the
observed variation in the primary isotope effect by using a valenoy
force field deseription; +this approach requires fairly erbitrary
assunptions of values for the force constants and thersfore tands to
be *a posteriori' in nature, but it has the advantege of appearing
physdcally convincing and can more sasily be exteanded to include more
atoms, For a three-centre system with bond force constants ki and 8§
and an interaction force constant ko

b ¢ kl >H < ka >B
the usual treatment gives expressions for the two otretehing
frequencies Yy an&,vs. The nature of the solutions chtained depends
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apon the value of (klkzakfa) assumed, Vestheimer (55) put this
quantity and hence the value of ws equal to zero, and thereby
obtained an sxpression for 'vl_wmich made this responaible fop

the observed maximum in the isotope effect, bending frequencies
having veen essumed to cancel between reactants and transitionestate.
Bell (47), however, pointed out that if the above term is given a
magnitude sufficiently large and negative to produce a similar
curvature of the potential energy surface in the direction of the
reastion co-ordinate as in other directions, », becoties conaiderably
less sensitive either to configuration or to isctopic substitution,
and Albery has generalised this reletionship to all relative values
of X3, and kk, (56)s More O'Ferrall (57) has given a fairly
detailed treatment bLssed on a linear five-tentre model ¢f the

isotope effects to be expected for the abatraction of protons bonded
to different atoms., The values asasumed for the force coanstants and
for the manser of thelr variation with bond order give rise to
bending freqguencies for all configurations which cancel approximately
with those in the resctants (except when the base is a halide son), and
the choice of values of the ratic kizlklkz not very much greater than
unity again makes »1 chiofly responsible for the variatiou in isotope
offoct, ‘ ‘

The theorstical situation with regard to primary isotope
effects must therefore be regsrded as fairly unresolved., The view
that their wariation is caused essentiully by changes in transitione
state bending frequencies cuon be supported by an electrostatic model,
provided certaln essumptions are made regarding the megnitude of the
tunnel effect, but it is difficult to include in this treatment the
effect of the adjacent bonda on the bending fraquencies in s none
arbitrary way: On the other hand, the explanation in terms of the
symsetric stretching mode demands extreme values of klfka. together
with a curvature in the direction of the reaction co~ordinate whioh
is much smaller than that in other directions,
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Brief mention of experimental work relating to the tunnel
correction is required, since in principle this is ecapable of giving
an independent messure of )93. Two routes have been followed, the
investigation of Arrhenius curvature end the measurement of the ratio
of the pre-exponential factors from the temperature variation of the
kinetic isotope effect; ooncordant application of both by Caldin
and coeworkers (58) to the reaction between 4-pitrobenzyl cyenide
and ethoxide ion in an ethanoleether mixture must be regarded am
justifying their analyses in terms of Bell's equations, Caldin and
Pomalia (59) have recently summarised the results for twelve reastions
in whieh barrier curvatures have been deduced, (in all of which sterie
hindrance to reaction may be recognised), and have ecalculated tho
activation energy differsace EHa53 from which the tunnelling
contribution has beer removed for the six reactions in which proton
abstraction is brought about by oxygen or nitrogen bases in agueous
medias. When plotted against ApK, these show a very similar gurve to
that obtained by Bell's group if it is assumed that their isotope
effects are due entirely to the mero-point energy difference between
proton and deuteron transfers, from which it may tentatively be
soncluded that quantum mechanical tunnelling makes only a amall
sontribution to the majority of these imotope effects. Unfortunately
this does not settle the controversy over the value ef‘3>3, ainge it
may gonoeivably be the applicubility of Bell's squations rather than
the value af“»i which is inoreased by the influence of steris
faotors,

theory of golvent isc pffacts

The adove reaults have all been obtained for proton
transfers from carbon in Raa &8s solvent, and were made possible by
the negligibly alow rates at which these substrates exchange protons
with the aquecus solvent. In such cases the effect of isotople
substitution of protons not tranaferred in the reaction may sinilarly
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be investigated by simply determining the appropriate rate constant
ratio, provided that the required isotopic labelling can be achieved.
In the present work, however, as in all transfers between oxygen or
nitrogen atoms, the lability of the transferred proton makes it
necessary to study the deuterium exchange in 920’ This antomatically
introduces secondary and madium isotope effects, the unravelling of
which is aided by additional measurements of the equilibrium or rate
in mixtures of light and heavy water; the problem of orgenisc synthesis
is now one of kinetie analysis. Purlee (61) revived intereast in this
subject by showing that the original treatments of Gross ond Butler
were considerably simplified by teking the disproportiomation sonstant

gop1°

K o e
{1,0300,01

to be closely equal to 4, for which more recent experimental

support was produced. This was followed by the important work of

Gold (62), who showed for the first time how the theory could be
epplied to the kinetics of reactions proceeding by different meshanisas,
and further extensions wers worked out by Swain and Thoranton {(63)e
Ganeral treatments applicable to both equilibria and kinetics have

beon given by Long and coeworkers (64) and by Kresge (65), and the
subjeot haas been critically reviewed by Gold (92); a summary of the
theory is presented below,

In order to formulate an expression for the ratio of
concentrations in any proton exchange equilibrium at a given atem
fraction (n) of deuterium in the solvent, it is necessury to obtais
relations between the concentrations of the various isotopic homologues
of each chemical species, This is achieved through the rule of the
geonetric mean, according to whioh the aquilibrium constsat for amy
isotopie disproportionation reaction is given by the gquotient of the
symmetery numbers yaised to the appropriste powers. BSigeleisen has
shown this to be exact for small guantum corrections (66) and
approximately true for larger ones (67); 4t can readily be seen from
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equations (1) and (3) to be true for large quantum corrections
provided thet the vibrations of chemically equivalent hydrogen atoms
¢an be treated as separable from each other, just as single hydrogenie
vibrations were taken asz separable from those of the rest of the
nolecule in the above discussion of primery isotope effects,

For the general ¢sse of s molecule éﬂi}wﬁth 1 equivalent
exchangeable hydrogen atoms, an equilibrium constant £ is defined for
the reaction

é,‘m‘%&%n&e:———‘%ﬁniﬂx%nao # (5)

This is independent of n provided that the protons of Aﬂz are
vibrationally independent of those of the solvent, It may be
sombined with the disproportionation equilibrium

T(1-37 8 * = 1‘}3' AB Dy g Fite
to give the equation

ﬂ-m . nov—ﬁbmjnij %30 K,y

fron wh&eh
(4=3)/2
E&aini_jltn 03
Las, 1[p,01'4~37/2

o g3 ‘.‘:33‘ P

How ﬁ contains no symmetry factors and by the rule of the saeuqtrau
dan contains only symmetry fagtors, so thak

(1-3)/2

8 Jni -3 (‘aao

This may be evaluated without knowing the symmetry of Aﬁl if use 4»
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made of a theorem proposed by Bishop and Laidler (68), namely that
the ratio of the symmetry fadtors for a reaction is equal to the ratilo
of atatistical factors, where these are defined as the anumber of
different seois on one side of the reaction which can be formed if
jdentical atoms on ithe other side ars separately labelled. iince
Agi and Aﬁjbibj have the same geometrical shape, the number of
different sots that can be formed without regard to isotopic
differences must cbviously be equal, but for each of these there are
103 weys of putting in the j deuteriums. The two waters make egual
contributions, so that
ooy $i~§3/2
CAigDy gd = Lafiy] iﬁiﬁ‘} P #70 Ro

From this it follows that
o 03)% o

(41,3 = [48,] |2 *ﬂfé(g%y

2

where [4L,] stands for the total comcentration of all the isotopie
homologuea,

(0,0}
The ratioc Tﬁiﬁj oen be evaluated from the disproportionation

constant predicted for water by the rule of the geometric mean,

E = 4, If HOD has mole fraction 2y, so that its deuterium and protium
each constitute an atom fraction y of the total number of lyocas, the
mole fractions of H,0 and D,0 will be (len-y) and (ney), respestively,
provided that the solvent is present in large exdess. Thus

A
R L

from which [H,0] = (m)a,' (p,0] = ?, and [EOD] & 2n(len).
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Therefore

. |
[aLy] = (48, (kﬁ) | 6)

S54n¢e 1t can now be shown that
number of H atoms in AL, e
number of U atoms '.tnAAit = 5’ *

(E/D)
400 Wmﬁ_ - B . -

substrate

# soquires a readily undorstood physical aignificanee, and is

uoually referred to as the fractionationm factor for the i prolons

of iH,, For a molecule containing more than one set of equivalent
exchangesble protons, the above treatmeat leads to a relsation sush as

Eﬁﬂs'ﬁi.éj » [ﬁﬁsﬁﬁéj * {.m}ns*m} * twﬁm;}

2
4
= Cmsnné]( — )

fron which

(len)"

I&khél = [AR“Ré

| For a reaction involving proton sxchange between chemioally
differont apeciesn, '

0ele AL, + L0 = M';.-l + x.sa’,
the effective equilibrium constant may now be written,
By 13,00,0°],  [amp .1, (0,0°]  Clemvnd,) 3 2emen 0
Ky = T . i R x  — (8)
: e (1en+ng, )" (1an) '
where the concentration of solveant is expreseed in mole fraction units,
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wnd the fractiomation factors are assigned as followst
} ‘ o ¥
#y for Mi,, £, for M ., and (for H0",

This may be related to the effective equilibrium comstant in 1ight

water,
Lan; ,1,[8,0%]
g et
41“K

through the thermodynamic equilibrium constant K, and the setivity
sosfficients referred to infinite dilutiom,

[ag” .1 [u,0%] ?‘m"g %55 o*
K‘f = "'M‘Li’?'a x . " .

[y 1, (2on)

Following Halevi, long, and Paul (69), the free energy of each
cheniocal species is teken to vary linsarly with n,

R
1"‘ ..zs.ﬁ‘ h-u—g "
g | %m

s0 thet K (M«Bﬁéix‘*}'(l-n+n£)5 ( XK/ XD)fst%L( XE, XB)
- x _ -~
B L i

(9

The ratio XE/ ¥, for each species may be referred to as its
degonerate activity voefficient of transfer between lighkt and beary
watery and would be expected to vary little with consentration (92).
The variation of the positien of eguilibrium with the deunterium atoe
fraction of the solvent can thus be seen t6 be & product of both
exchange and medium (or transfer) effects, In the special cose where



n is unity, equation () reduces to

%“fﬁ%ﬁ ﬂ(‘%} | €10)

whore ths continued product stande for the astivity coefficient term
in square brackets in equation (9) raised to the power unity.

Expressions snalogous to equation (9) may be written for
any equilibrium, the exchange term being formed from the produst of
the factors (l-m+ng) for esch met of equivalent exchangeable hydrogens
and raised to & power egual to the number in the set, and the medium
offect being accounted for by the degenerate activity coefficisnt of
tracsfer for each chemical apecies, Factora relating to the right<hand
side of the equilibrium appear in tho numerator, and the othera in the
denominator,

For kinetics the basic equation of asbsolute reaction rate
theory (eq. 2) may be rewritten

E

vﬁarn»!i;t iz an sffective non-thermodynemisc equilibrium constant,

squal like qn and K, of equation (9) to a ratio of concentrations

When isotopie substitution occura other than in a proton wndergoing
transfer and affects neither a¢ nor Somty the variation in the rate

conntant kh from its v=iue k, in light water therefore becomes for

the activation equilibrium

A+ B o . a=—M +H 4 . o
% j(l-nmj) I_[(X&/x »
L 4
Q(lnn-mﬂ) mxigx » |

an expression complstely analogous with equation (9).
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When on the other hand the proton transferred in the
rate-determining step is in labile equilibrium with the solvent, &
1ittle more conamideration is required to make olear the meaning of
@ for the transfeorred proton and to express @, and ﬁqmt,n in teres of
their values for the two isotopie species,s The measured rate
constant k can be written as the sus of two expressions, each
referring to a transition-state centaining one of the isotopen, sad
this is trensformed by the trastment of the above section into Lhe
kinetic eguivelent of equation (8) in which the tranaferred proton
is pepresented by the term

[(lgn)’mﬂhcqme) a*t ntﬁ‘qiaﬁlﬁqnt) 93 .

On divigion by the expression for ky, this becomes in the kinetie
equivalent of egquation (9)

(len) + n'gtﬁ ? . .:m;ﬂ or (M"'ﬂﬁz) -
H Tqmt, H

Such reastions may therefore be represented by the general eguation
{eqs 12), but the fractionation factor ﬁg for the transferred proton
bas & different physical significance from those for protons im
stable potentizls. Wwhereas the latier consists mersly of a pardition
funetion product, ﬁﬁ containg contributions relating to the tunanel
effect and the tranemicsion coefficient, and in its partition function
produst Y, oeours only in the terams representing translation snd
rotation, The ratio of the rate of abstraction from an SXygen or
nitrogen atom in an to the rate of deuteron abstrection in D;&'ln

now given by
;f'a gév//I—]('Xa/Efn)

where ﬂi is the groundestate fractionation factor. Since ﬂi and the
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medium effect factor are both normally fairly olosme to unity, the
quantity L/4, should bave slumilar values to those of the primsxry
isotope effects described above for proton abstrasiion from carbens

A similer division of the term (lwneaf,) into the separate
contributions to the rate from the proto and deutero transition-states
is required to derive an expressica for the product isotope effect,
1.0+ the ratio of hydrogen to deunterium appearing in the produst when
this ia sufficlently non-labile to be kinetically rather than
thermodynamisally deternined, If m is the fraction of deukerdum in
the product when the reaction is conducted in a solvent of deuberium
atam fraction n,

Heasursment of the solvent deuterium isotope effect on the
rate of & reaction gives information regardiang the transitionwstate
to the oxteont that valuee can be obtsined for the fractionation fagtors
of its protons.s HEnowledgs of the fractionstion factors of the stable
apacies involved is wequired to obtain these gquentitiss, wiile to
interpret those relating %o protons not trsnoferred in tha resctien
in terms of their cheaical environment a gemeral understanding of the
magnitude of such factors ie very useful; the aclvent isotope effect
on eguilibrie is therefore discussed first,

It iz of prime importance to determine the contribution of
the medium effect in equation (12), The existencs of such an effect
is evident from the differemces in the heats of solution end im the
solubilities of simple salte in light and beavy water, as sunuarised
by Swein and Bader (71), and from the examples given by Bell (ref, &b,
Pe199) of reactions which, although not formally involving exchangeable
protons, proceed 20 - 405 faster in light thar in heavy water.
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Salomaa and Aslto (94) found that the transfer free energles of
3ithium, sodium, potassiuwm, and oadmium chlorides between their
dilute sclutions in the twe waters varied only over a 5% rangey
from which they concluded that almost all the effect ecoculd be
attributed to the anton, Gold {72) and Goedall and Leag (70)
have polnted out that lithium fluoride and small nonwelectrolyte
molecules such as argon and propans, which are usually regarded as
strusture~forming, dissolve more readily in heavy water, whersss for
other salts and larger organic molecules the reverse is true, and
have interpreted this gqualitatively by postulating that the
disordered solvent molecules in the vieinity of the solute apecies
have more loosely vibrating hydrogen atoms thaa those 4n the bulk
of the solvent. GSwain and Bader (71) achieved moderate success in
explalning these trends semiequantitatively by attributing the
medium effect for the alkali metal halides entirely to the different
librational frequencies associated with squeous solutions of the
salts, They also observed that the presence of hydronium or hydroxide
ions caused little change in the librational frequencies of water,
which wae attributed to the hydrogen-bonding ability of these ions,
and for this reason the medium effect associated with these spacies
is often mssumed to be small. Rather less work has been done
ragerding organic moleculesj one exomple is the 65 greater solubility
of nitromethane in light than in heavy water (referred tc in ref. 70).
Gold has recently pointed out that the medium effect may
be formally represented by additional terms of type (len+nf) to take
asgount of fractionation in the solvent molecules surrounding each
mnolecule of solute(72). Use of an approximetion introduced by Goodall
snd long
, 1-n+nf =< ﬂa »
relates this trestment of the medium effect to that assumed by
Halevi, Long, and Paul (69) in their use of the equation
()
¥g \¥n
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Host of the work designed to measure the fractionation
foctors of stable species has been concermed with acid dissociation
equilibria, since these reactions are subject to well-established
aud acourate techniques of measurement, The bshaviour of suck systems
in 520-920 mixtures is governed by the fraotionation factor for the
asolvated proton (usually given the symbol ( ), the number of water
molecules (p) whose solvation of the proton ceuses their own hydrogens
to be subjest to fractionstion, at least one other fractionation factor,
and the medium effect., Since the eguilibrium constant data as &
function of n are only accurate enough to allow two of these parameters
to be obtained, the independent determination of ( and p by a nusber
of physical measurements is of crucial importance for a large psrt of
isatopic solvent mixture work.

i review of these methods for determining ( and p has been
giver by Gold and Keeaick (73)s The hypothetical eguilibrium comstant
L for the resction

320 820 ’.0 0.0

2 2
an’inao)p ¢ (2pel)H,0 = an*(xae)p + (2p+2)D,0 1

oan be obtained from the eema:, 0f A suitable electrochemiosl gell
ooubined with the free energy change for the resgtion

D (g) + H,0(1) =R, (g) + p,0(1)

provided that some allowance is made for the free energy of transfer
of an enion betwsen the two waters. Purleoe (61) considered thet the
woe of the cells with tranasference!

Pt (8,) | 801 4n H,0 | KCi(sat) in 5,0 | Hg,01,,H

Pt (D,) [ DO1 4n D0 | KCl(sat) in H,O | Hg,01,Hg
elizinated the need for the latter correction, but Heilncinger and

Weaton (74) have shown that this is wrong and that Purlee's value of
L = 1140 must therefore de regarded as an upper limit. Swain and
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Bader (71) used instead the e.m.fy's of the celle without transference:

Pt (H,) | HCL 4m H,0 | 2gCl,4g
Pt (D,) | 201 4n D,0 | 5gC1,ig

and the value for the free energy of transfer of the chloride lom
csloulated by their libration frequencies theory; this leads te the
volue L = 8,25 at 25%C, The alternative use of Salomaa end islto's
determination of the transfer free energy of the chloride lon,
obtained with the assumpition that the cations made & negligible
gontribution to their messured free energies, gives L = 90 + 03
(94)s No estimate of the value of ( is posaible, however, from
these essentially thermodynemic measurements without sssuming a
siructure for the hydronium ien,

Proton magnetic resonance studies have been employed to
obtain a direct measure of | by comparing the chemical shift
obtained on adding scid to a mixture of light and heavy water with
that obtained on adding the same concentration of acdd to lizht water.
if the atom fractions of protons in the hydronium ion and &n the water
are a and w, reaspectively, the corresponding gquantities for the
deuterons are a' and w', and the chemical shifts assovelated with these
sites are 51 and 52 relative to some fixed reference signal, the
chemigal shift A for a stoichiometric atom fraction A of added wmedd
in a solution of deuterium atom fraction n is given by |

By meking use of the rel:otioans

'
(—-——-ﬁﬁ from eqs (7), ava'+wewtal
a' + wt s

i-:-n ﬁ;(pmmu Aw e w'), a+atwi(2p+ 3.)} :
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this may be trausformsd into

R{WI)( Slo 853‘ . s
(Lenentl)

A= 2 ‘

If A" is the chemisal shift relative to pure watery the ratio of _
its valus in 1ight water to that in the solvent mixture with the same
acid concentration is given by

3
—E.# = 1..;-“;(, . (13)
n

Using this method Gold (75) has obtaihed values of [ of 069 4n
perchloric and 0.70 in hydrochleric acid, both & 0,02, while Erssge
and 8llred (76) found that in perchloric meld ( = 0467 & 0,01

The virtual independence of the above results of the asid
used suggeets that the snions are responsible for only & very sasll
part of the observed chemical shift, but eome uncertainty arising
from the neglect of this contribution is nevertheless prasents In
addition the value of ( measured by the p.m.r., method is only
identifiable with a fractionation factor if all the protons making
ap the hydronium ion are describsble by this same factor and no other
frastionation sffects aszociated with different chemical shifts are
¢aused in the surrounding solvent, f.e. it assumes no medium effect,
These assumptions, if valid, also allow combination of the raesulis
with those of the eleotroghemical measurements to permit calculation
of the number of protons whose involvement in the hydrouniun ion gauses
frectionation, since L and ( are then related by L = (”2(29+1).
The best integral value of p thus obtained is unity, which gives values
of L ranging from 8,5 to 1l.1 as | is varied from 0,70 to 0,673
this supports the model 530* over that of unspecified solvation,
although it does not rule out larger structures in which fractionation
is gonfined to the inmer three protons. Further support for both the
monosolvated proton model and the above range of values for ( &



obtained from the work of Hednsinger and Weston (74) on the
fraptionation of hydrogen isotopes between agueous svlstions of
perghlorie acid and the vapour phase, Jince theiyr resulis ware
obtained at low n they are related to ( through a factor dependent
on ps and the choice of p = 1 results in (= 0,65 at 13:5C; &
aeall uncerteinty is introduced in asssesaing the effect of the
perchlorate anions on the isctopic equilibrium between the two
phases, and assumptions identical with those made in interpreting the
PaleTs Tesulis are involved in ddentifying this result with the
fractionation faector for exchange. It is now generally sgreed .
{92) that the best wolus of ( ean be put at Ou69 & 0,02 &t 25°C,
since this not only Talls within the range of the p.E.rs values but
also sgrees with the result of Salomas and Aslto for L and with She
tenperature~corrected results of Helinzinger and Weston 1€ p is taken
to be unity in both seses,

Baving now a fairly close estimate of the contributien
of the hydronium jon to the equilibrium isotope effect at any selvent
compoaition, useful conclusions may be drawn from the measurement of
acid dissociation equilibria., The isotope sffect on the lonie product
of water over s range of deuterium atom fractions has been investigated
by Salomaa, Schaleger, and Long (64), who used a glass electrode in a
cell with tranaference, and by Gold and Lowe (77), who dispensed with
the ligquid junction Ly the uee of a silver-silver chloride elsctrode.
The results of the latter workers are systematically the higher of
the two {KH O/Eb.o = 7.28 at 25°3.), and may be preferred since most
sources of error tend to decrease an isotope effect, but in both
8808 8 very similor types of veriation with n is found. Taking
(= 0469 and p = 1, Gold and Lowe were able to caloulate a
fractionation factor ﬁéﬂ of 0,53 for the hydroxide ton and a medium
offect contribution of 0,79 to the ratioc Eplkag The latter valsue
would appesr to indicate that the sum of the fres energies of transfer
of the hydronium snd hydroxide ions is not negligible, 4in contrsst te
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the conelusions reached by Swain and Bader from their spectroscopic
messurements, and similar doubts are raised by the inability of
the pemer. method to coufirm this value for f, (92)a

The ratios of the dissociation constants in light to
those in heavy water for = fairly large number of organic acldss
particularly carboxylic acids snd phencls, have been determined,
and these san yield approximate values for their fractionation
factors 4f ( ie taken from the above work and the total medium
effect ia either neglected or asseeseds Conductimeiric (78) and
potentiometric (64,79) methods have been used, and in the most
intensively studled case, that of acetic acid, a number of independent
determinations agree within 1% with the value KE/KD 3430 (B8ee refs.
704,79 for sources), 5Bell and Xuhn (80) employed a spectrophotometrio
indicator method in which this result for acetic acid was used ae a
standard, ond H8gfeldt and Bigeleisen (81) obtained direct spectros
photametric measurements for the basic ifonisation equilibria of a
series of aromatic sminesi the latter values do not allow gstimetion
of the fractionation factors since both the acid and basic species
sarry sxchangeable hydrogen atoms, '

The values of KE/KD obtained for the oxygen acids from
ths ashove measurements (and hence probadly also the fractionation
factors) decrease in genersl with the PE, of the acid, although
Bell and EKuhn have pointed out that a good corrslotion is obismined
only for the phenols and halosloohols, Bellamy, Osborn, and Page (82)
have ahown that, although the CU=E streteching frequencies of a series
of carboxylic acids are almost identical in the vapour phase, they
are lowered on solution in organic solvents, the more sco the greater
the electron~donor power of the solvent and the atrength of the
acide Bunton and Shiner (83) attempted to use such a trend in the
hydrogen~bond atretching frequencies in agueous solution to explain
guantitatively the KB/EQ ratios; it was postulated that the fyreguency
of a hydrogen-bond between the acid and water should decrease with yK&
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and that that of a hydrogen~bond donated by water to the conjugate
base should vary in the opposite direction, and these freguensies
were obdtained by linear interpolation between the masasured values
for 330.*, H,0, and OB, By meking further assumptions concerning

the number of such hydrogen-bonds formed, predictions of KK/EB wore
made in reasonable agreement with experiment, for example 3,1 for
acetie seid., It is interestinz to mote that their conaideration

of the hydrogen~bonds formed between the solvent and the conjugate
base is equivalent to the inclusion of a mediun effect, although

their approach does net allow a complete division of the dissecliation
constant ratio into medium and exchange contributions. This treatment
of the medium effect in terms of the hydrogen-bond stretching
frequencies between the solute and the solvating water molecules

is gquite different from that given by Swain and Bader (71) based on
the change in libration frequencies resulting from the structuree
neking or breakinz effect of the solute; in reallity both effects
might be expescted to opsrate,

Sin¢e determination of the fractionation factor of an asid
from its dissocistion constant ratio KH/KB is subject to uncertainties
arising from the medium effect, use of the p.t.r. method for the scid
would provide a useful check, Such o strategy has been adopted by
Gold and Lowe (79), who combined a pem.r. study of scetic acid
(suppressing the ionieation by the addition of 0,01 M. sodium acotate)
with potentiometric measurements of the acid dissociation constant
over a range of deuterium atom fructions, The pemier. results for
acetic acid gave £ = 0,96 &+ 0,02, leading to a total medium offect
on the reaction of 0,89 when ([ = 0,69 , Values of # determined
merely from K&/KD may therefore be around 10¥ too high, although
relative values are likely to be better than this, In their PalleXs
study Gold and Lowe considered the small contributions made to the
chemical shift by protons fractionated in the solvent sphere of the
acid and by deuterium substitution in water. By essuming the two to
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be equsl they were able to deduce a value for the latter effect in
good agreement with independent messurements and hence teo obtaip &
refined velue of @ but this treatment was not carried out in the
previously describied experiments on the hydronium ion in which the
affeot may well be greater.

Regent direct mass-spectrometric determination of ihe
oquilibrium constant X for the reaction

E,0 + D0 == 2HOD

has led to a value X = 3,76 + .02 (84,85), which is appreciably
lower than the previously accepted estimate based on spestroscopic
measurenents. This significent deviation from the rule of the
geonetric mean makes less sccurate the relation '

[»,0] 2

w ol
Tﬁgﬁf (1-n)°

which was used to derive squation (6), and the consequent effed¢t

of this on solvent mixture theory has been inveatigated by Gold (86),
Eresge and Chiang (87), a2nd iAlbery aud Davies (95)e 411 three
treatments show that the fractionation factor for a single exchangeable
proton, regarded as defined operationally by any expression derdved
from squations (6) or (7), should vary over the full range of solveat
compoaition by an mmount closely equal to the fractional difference
between K and 4,00 + This prediction has been at least partly
confirmed by Gold for the fractionation fasctor of t.butyl alcohol (86),
by Kresge and Chiang (87) for 1,3,5-trimethoxybenszene, and by Albery
and Davies (104) for the product isotope effect in the acid setalysed
decomposition of ethyl diazoacetate, all of which involved direst
detarmination of H/D ratios by masse=spectrometry or p.mer. integration
and thersfore avoided any medium effect. The above authors slsoe point
out that the offects of deviations from the rule of the geometrie meen
by substences on different sides of an equilibrium should pertly cancel,
and that in particular the position of equilibria involving the
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interconveraion of 320 and 330’ should deviate little frum the
prodictions of the simple theory cutlined sbove., HNevertheless
these considerations place a limit on the interpretation of the
data from solvent mixture work irreapesctive of their experimental
accuracys

Having discussed the appliscation of isotople solvent
mixture theory to equilibris, it is now possible to counsider iis
use in kinetic studies through equation (12). It wes sn early hepe

of the GrosseButler theory to be able to distinguish between rival
mechanisms from the shape of the curve of k /i, plotted againet m
but the more recent development of the general theory has shown that
this will nearly slways be prevented by the number of adjustable
paremeters required to specify the assumed iransitionestate. On
the other hand distinction between mechanisme may be possible Af
use i» alse made of the value of kg/kﬁ, and in fact most studiss of
kinetics in lsotopleally mixed solvents ars now earried out with the
ain of obtaining detalled information as to the configuration ef the
traneition-state, its constitution and gemeral structure having beea
inferred from kn/kﬂ and other kinetic evidence.

The reactions for which solvent isotope affects have been
most often measured are those involving proton transfer from &
hydronium ion to & carbon atom of an organic substrate. The expacted
values of Ik /k, have been summarised by Albery as follows (42}

setants . approximate kbfhﬂ
t _ Pange )

A1 530"’ v = HO+ (5 > 245

2 B0* e+ O E0 ¢ [BS 0T 1e5m245

B2 HO' 4S5 == [(H,0---H--5**] <15



in which the transitionestates are enclosed in square brackets.
The expected value for an Al reaction is equal to the ratio KHIKB
for the dissosiation of the fairly stromg acid [85¢*1%,
whils the figure for an A2 reaction is lower than this by the
dogres to which pariial positive charge on the partieipating
woter moleculs decreasss the fractionation factors of the two
hydrogen atomss The AS .2 transitionestate has the same eampat&t&an.
as the 42, and its water molecule similarly carries & pertisl positive
charge, but in this case the single proten is undergoing transfer and
therefore has a smaller fractionation factor, which mey often lead
to o rate faster in light than in heavy water; catalysis of these
latter reactionc by general acids is accompanied by even larger
voalues of kﬁfkﬂ &5 a result of the abasence of the secondary isctope
effoct assoclated with the residuzl water molecules

The equation for an ﬁsﬁe reaction, first worked out Ly
Gold (62), contains two fractionation faotors characterisiic of
the trensition-state (ﬁl for the primary and ﬁz for the secondary
protons), end these may be obtained from measurements over & Fange
of solvent somposition 4f a value is taken for ( ; T is put sgual
to unity, and the medium effect is neglected. Gold further suggested
that the fractionation fmetor ﬁz for the protons whichk form the
inoipient water molecule may be written ﬂz = (rl'“’. where ths
coefficient ' may be fairly closely identified with the Brénated
coefficient o for general acid catalysis of the reaction, and this
¢sn be used as a cheek on the analysis. 7This procedure has boen
followed by Kreege (65) for the 45,2 yeaotion of 1,3,S-trimethoxy.
bensene in dilute perchloric acid solution, and yields a¥ = 0.6
asd §y = 0,15 the Drbnsted coefficient obtained from carboxylidie
acid catalysis is concordant with both theee values, Eresge, Onwood,
and Slas (88) have confirmed and refined the value of o' for this
reastion by measuring the rate of incorporation of tritiuz into the
substrate from tritiated light and heavy waters, a method which
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eliminates the primary isotope effect, but surprisingly an identical
value was found for l,3-dimethoxybensmene in spite of the fact that
the rate is 10° times leas. Before drewing fira conclusious s to
the change in trsnsition-state configuration with resstivity dn these
latter experiments, it would be preferable to eliminate the medium
sffect, which may be achieved in this case by sarrying out the
measurensnte over a range of solvent compositlon.

For proton transfers to carbon in which the proton oncs
transferred is no longer labile it is possible to measure the prinery
effact ﬂl separately by subjecting the produst to isotople anelysiss
the result should be independent of any medium effect, Such &
strategy was adopted by Gold and Kessick (73) in the perchloric acid
catalysed A5 2 hydration of isobutene, giving 51 m 0,25 and af = 0,8%,
The latter value is congilstent with the apparent absence of seneral
acid catalysis and completely describea the experimental curve of
kﬁ/ka against n, but on the grounds that the shape of the curve is
not perticalarly seneitive to the nusber of parameters describing it
the authors declined to deduee either that proton transfer camnot
ooour through a solvent bridge or that medium effects are absants
Similar remarks apply to the recent study by Gold and Waterman (89)
on the hydronium ion catalysed hydrolysis of 2edichloro-methylanesl,3-
dioxolane, in which a preduct isotope effect was almo determined, and
the analogous reaction of cyanoketen dimethyl acetal ($0). In these
cases the secondary fractionation factors ﬁé could be defined within
& prange compatible with the measured Brinsted coefficients of Q.49
and Cs62, respectively, but neither the sbsolute nor the relative
values of the primary factors ﬁz (e 27 and 0.26, reapectively) can
be interpreted if the Brinsted coefficients derived from the rates of
eatelyels by cerboxylic scids wre identified rigidly with the extent
of proten transfer in the traneition~state for the reaction with the
hydroniwm ion, This parallels the findings of Bell and co~workera (31)
 in proton abatrastion from carbon acids by water and carboxylate
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anions, reactions which are similar to the reveras of those stndied
aboves
Since the above work by Gold's and Kresge's schools has

shown that the secondary iszotope effeat in asE; reactions varies at
1sast qualitatively in a way whioh ie understandable from the expected
configuration of the transition-atate, it is possible to obtain
further information as to the magnitude of the primsry isctope affect
in reactions for which only ky O*/kD o+ has been measured. Krasge,

Sagatys, and Chen (54) show that 4n thu d4lute acid catalysed
hydrolysis of 14 vinyl ethera kh of/kn o+ inereases with reactivity

from ls7 to 3.5, excluding a taw hizher figures for which guantum
mechanical tunnellinz was held partly responsible; 1f these reastions
are all energetically 'uphillt', the maximum correction for the
gecondary effect (on the assumption that the transition~state varies
from completely productelike to symmetrical) leads to the rathex
smaller trend of 0419 to O4dh in the primary frastionetion faster

ﬁl‘ A similar treatment on the variation in kg ﬁﬁfkn g+ from 2e5 to

6.0 cbmerved by Xoyece, Hartter, and Miles (91) 1a the concentrated
aulphurie acid catelysed isomerisation of a series of pesubstitubed
cis-stildbenes gives a trend in ﬁl of Cal3 to 0.08, The aba@rvatian
of lower walues of ﬂl in the latter case in spite of lower reastivity
is a further indication of the difficulty of odteining more thus a
gqualitative understanding of primary hydrogen isotope effectc.

In rateedetermining proton transfers from weaker acids
to carbon the reduction in the number of protons concerned in the
transition-state makes it easier to determine the contribution fwom
the medium effect or from the intervention of solvent bridges. In
the above-mentioned studies of Gold and Waterman it was found that
the rate of the acetic zoid catalyned reastions in both ceses vearded
almost linearly with solvent composition, which, when combined with
the known value of nesar unity for the fractionation fastor of the acid,
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indicates thet the transition-state is adequately desaribed by a
single fractionation fsotor, In contrast to this the work of Goodall
and Long (70) on the reastion of asetioc asid with nitromethane enlon
gave rise to a curved plot of k&/&a sgainat n, from which it was
concluded that medium effecte must bs present. Conclusions as to
the walidity of a solvent bridge mechanism frem this work, and also
from the comparisons between rate and product isotops effecis caurried
out by Kreevoyts school (56), depend on the assessment of the
degenerate activity coefficient of transfer for the transitionestate,
a guantity sbout whose megnitude ne information yet existn;
navertheless reasonsble astimates of this baced on stable sysisne
suggent that such solvent bridges are probably sbsent in the
carboxylic and related asid catelysed resctions studlied, The
finding of s significant medium effect in the work of Goodall
and Long but not in that of Gold and Waterman may be compared with
the ¢onclusicns based on the experiments of Salomsa and Aalto {Sh)
that anions are aspoointed with much larger effects than cationss
Comparatively 1ittle work has been douns on the effeet of
isotopically mixed solvents on the rates of water catalysed (or
spontaneoua) resstions, and Gold (92) has indicated the need for
more work in this field. Batts and Gold (97) have interpreted
previously obtained data on the decomposition of nitrumide and
thelir own measurements for the hydrolysis of acetic anhydride on
the basis of reasconable transitionwstates and measured values of
the Brinsted coefficients, (although the latter reaction reguires
& mors complex transitionestate than that adopted, if a rote-dstermining
step faster then diffusion sontrol is to be avoided), Huang, Robinwon,
and leng (98) have studied the spontaneous muterotatiocn of
asDetotrasethyl glucoms, and this is considered in the Dincussion
along with apalogous experiments performed in tha present woriks
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PER TAL SECEIO

CHAPTER I11

GENERAL PRELIMIN

The kinetio measurements performed in the present work
consisted largely in following the net rate of disappeayrance of
the ketone sym-dichlorcacetone in a solution containing an excess
of water and sometimes also an excess of an acid catalyst., It is
therefore of interest to esxamine the possible kiretic beheviour of
the system, as this determines the manner in which the primary data
are treated,

The resctions considered ere the parallel reversible
additions of cetalyst or water to give the adducts &1 and A,B'
respsctively, from the Xketone Aa. The stoichicmetry i= assuuned to
be 1:1 in ketone, and the intercenversione to be kinetigelly of the
Tirst order with respect to A éa, end 53.

ko k3

AI_\___\A—;A}

2 ~
ka Esp

The general solution for each eonc.ntmm a“ x

funetion of the time t may be written (59) as a W sonbinatien
of the three particular solutions

(4 = 'qu; oxpla ) t)

J-Z%,m.mc-/\ 6
ka1 r
-}\)
[A3J n ZQ' r}-(ma oxpl= )\ £5) ,
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where square brackets denote concentrations, ‘The )\r's are the
solutions of the secular determinant and ere given by

Ay =00 Ay = Hp+ady Ay =3p=aly

p= (klatkal*kzﬁtkaa), end gq = £92”‘*("1z“23*“zxk32’ : 2)3*!

end the Qr‘a are the coeffiolents to be determined from the boundary
¢onditions, In the present case these sre the initial conditions
Ca] = [4,°1, [ay) = [4,1 =0 &t time t = O,

insertion of which inte ths sbove equations allows solution fop

the r:.:;”'s in terzs of the k's, 3Substitution of these relationa 4nte

the generel eguations sllows them te be sxpressed in their finel forms

- A} .
et PR O om0 + S e

«2 (39)
(kyp= A0 Apd
o= o m -—2 2

[4,) = Ca, 3[@ e 'l, 2e . exple A0

 »0(18)
k k :‘ﬁg" \y) k, i‘h E")\!)

[ 3 = CA G] m 2 . /.a . - - 4 T

“ 2 [)\a Az~ el Aa A3 expl=Agt) + At Az Ao .“"‘ 3%
- ae{19)

These may be checked by their sysmetyy snd by their ability te
rml:ao both to the initial eonditione and to the relation
Eﬁall EAIJ "“23’“33 for all t.
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The above equations predist that, if the reaction is
monitored spectrophotometrically and esach substance essparately
obeys Beer's lew, the decrease in the optical density with tise
i6 expressed in the general cese by the sum of two exponential deoay
curvesi the final reading snd the two amplitudes and time constants
are wach dependent on all four rate constantm. Total first order
kineties will only be observed under one of the following conditiona:

(1) k12,k21-<<_k3a.k23 , or vice versa.

In this situation )2 and AB will be very different, leading
to apparent firat order behaviour, However, either the reagtion will
be preceded by a rapld chenge in optical density or the finsl sreading
will ehow & drift with time.

(14) ky, = k = Oy 1,64 both reactions sre irreversible.

In this case \, = k 23ty and x = Oy 80 that, 3f the
reaction is followed at &2 wavelsngth at which only the ketone absords,
the final optical demsity will be zero.

This requires a particular relation between the rate
constants and can therefore only be smtisfied mt a particular catalyst
concentration,

In this case AZ = ”12 and‘A3 - kaj’kBQ’ sc that equation
(18) bvecomes

{A 1= EA 3[;;;%%;;- t23+k32 !xpt~( +k, )33]

If only Ay abaotha. sud the optical densitles initially, at time ¢,
and finally are D° s Dy und D° , respectively, this may be writtes
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D-D” & (DD Jexp(k,8) (20)
and
o 32 Fa (22)
ROPTRE S Fa ’

Equation (2C) is valid for the relaxzation of en
squilibrius between two species with kinetic orders higher than
unity, provided that the displacement is sufficiently small (100),
In the esbove sxpresasions kh and kd are the first order rate
constants for hydration and dehydration, respectively, aund
ky = k, *+ k,; is the composite first order rate constant which
defines the exponentisl, In the following work each kinstiec run
is found to be deseribed by equation (2U), from which k, is obtained,
while the ratio k,/k, is obtained from equation (21),

The kinetics of the approach to equilibrium of a solution
containing a mixture of light snd heavy water are not imcluded in
the above reaction scheme, since the various isctopically different
hydrates are rapidly interconvertible, 1In this case the kinetics
have the same form as in an isotopically pure solvent, but the separate
firast order rate conetants kh and kﬂ are functions of the deuterium
atom fraction as explained in the previocus chapters

2 Th X o batrate an vent

The use of symedichloroacetone as substrate in a solvent
mizture of dioxan with light of heavy water is common to all the
kinetic experinents of the present work, and operations and teats
relating to the purity of these substances ure described hers. The
various catalysts used are dealt with smeparately later.

Dioxan was required to be completely free of the diethyl
acetal normally present in amounts of up to 1%, since the liberation
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of acetaldehyde in the acid-catalysed hydrolysis of this impurity
would interfere with spedtrophotometric messuresent of the hydration
reaction. A quantity of Analar materisl obtained from B,D,H, (0.8%
acetal content specified) was purified as recommended by Welssberger
{(101) by refluxing with agueous hydrochloric acid im a current of
nitrogen, neutralising and drying over potassium hydroxide, and
£inslly refluxing over sodium and then distilling, Dbepe 101”0.
(11t. 101%,. (102,103)). 4 sample of B,D.H. dioxen of grade "spscial
for spestroscopy" was refluxed cver sodium for four hours, and then
distilled from the mixture, b.p. 101°C, The distillation of both
paterials was carried out through a 20-plate Oldershaw fractionating
¢olumn, fitted with a device to sontrel the reflux ratio.

These substances were then compared by means of the
following tests:

(1) Proton mognetic resonance spectra were run on a Perkine
Elmer model R10 60 He/s. spectrometer® (in common with all other
PataPs Spectra recorded in this thesis), and showed no impurities.
By comparison with the 1°C satellites it was concluded that the
proportion of acetal present could not exceed & amall fraction of a
peroent by weight,

(11) Samples of both materials and of the unpurified 4dnslar
dioxan were analysed by gas-liquid chromatography, using a Perkinw
Zlmer F1l1 instrument with a fluorinated silicon oil columu, At 75°C.
and a nitrogen pressure of 10 1lb/sq.in. the unpurified dioxen
exhibited a main peak of reteantion time 73 minutes preceded by a
close group of peaks at & minutes, the intensity of which corresponded
to a relative concentration of around 0.5ie The latter peaks were
absent in the ohromemtographs obtained from the two purified samples,
&nd no further resclution of the single peak could be cbtained on
doubling the retention time by lowering the temperature to sﬁnﬁ. It
was therefore concluded that these each contained no more than 0,05%
impurity, |

* I am grateful to Drs., D. J, Barnes and B, G. Cox for instruction
and help in the use of this instrument,
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(344) The most sensitive and relevant test for acetsl was

econsidered to be any increase in speotrophotometric ubsorption in
the neighbourhood of 285 my on addition of agueous acid to the dioxan,
When an equal vaolume of 2N, hydrochloric acid was sdded to the
unpurified material the initial optical density of Q140 (mecsured
with respect to water in a 1 cm. cell) rose to 0.275, and agetaldehyde
could be clearly smelt, On the other hand the two purified solvents
showed & slight decrease from their initial values of about C,035 te
04025, from which it was concluded that any of the impurity which they
contajned should be negligible for the purpose of the present works

As & result of the above tests exclusive use was nade
of the spectroscopic grade solvent, dried and freed from peroxlides
and small quantities of acetal by refluxing over sodium and them
distilling as described above. The distillate was guarded from
atmospheric moisture by sealing with 'Parafilm', and was stored in
the dark to minimise the formation of peroxides; no sample was kept
for longer than ten days. A& few batohes were purified Ly the
alternative use of lithium sluminium hydride, which was shown to
give material of identical purity.

' A kinetic test of the dryness of the dioxan is

reported in Chapter V, section Ak,

SIM=DICHLOROACETONE »dich wDEQDAR ™ 2w

Symedichloroacetone of unspecified purity was obtained
froag B,D.H, It was found to have m.p. 42-43°C, (Iit. 45%C. {102,103) 3},
with some signs of pre~melting at 41°C, This and other melting points
ware determined on a Gallenkamp melting point apparatus (KFe370), and
are uncorracted, Frevious workers report an identical result (2,3,6,21)
in view of which their chlorine enalysis by hydrolysis and
titration (2,6,21), indicating 99.2% purity by weight, was accepted
as applying approximately in the present cese., The isomeric purity
in the present work was checked by running the pefters spactrum of a
2M. solution in dioxan, in which a single peak attributable to the
ketone was observed at 0s8 pepem. downfield from that of the solvent.
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At a sensitivity high enough for any peaks several times smuller than
the 7C satellites of the sclute to be readily distinguished ne
spurious peske could be detected, which indicated maximum impurity
1inits of ¥% for CC1H and 3% for CHy.

The most likely impurity was considered %¢ be the carbonyl
hydrate, which, since dehydration is exceedingly slow in the absenss
of water, was checked for by measuring the molar extinction
coefficients ( €) 4in carbon tetrachloride end in dioxen. The
former solvent (spectroscopie grade) was dried over successive
amounts of asnhydrous sodium sulphate for two 12 hour periodsy
separate solutions gave '

€= 41,7, 41.1 at /\B 298 RS

which may be compared with the value € = 40,7 + 0.1 obtained by
Greensaid, Rappoport, and Jamuel at the same wavelength (3), The
extinetion coefficient in dioxan, purified as desoribed sbove, was
determined eight times at intervals during the course of the
sxperimental work, The results at the wavelength of maximum
absorption (285 mu ) in chronological order were

€En 39’“’2864'2991.3801’29ﬂ6'28‘5'28.9’29'3' nean = 29,0 X 0;6’

which may be compared with 29.3 & 0.2 found by Jreensaid et als (3)
using ketone purified by distillation and 28,0 + 0.2 obtained by
Bell, MAllington, and Pink (6) with unpurified material. Xell aand
Felbougall (2) were unable to obtain reproducible values, and ne
figure is reported by Bell and Jensen (21), The fairly high standerd
&oviatieh in the presont case may be attributed partly to varyling
degrees of hydration from one portion of the solid to another, but

it is clear that no semple 1s likely to be more than 3% hydrated and
that the aversge degree of hydrstion is no greater than 1y,

In view of the above results and the fact that kinetie
measurements were to be taken over a number of half-lives, syu-dichloroe
acetone was used as supplied without further purification. No
correctlons have been made to the equilibrium data for any small Qegree
of hydrution of the s01id ketone.
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WATER .
Water was passed through a Permutit de~-ionising colusn,
and was then distilled once from potassius permanganate sclutions

DEUTERIUM OXIDE
_ Deuterium oxide was supplied in 50g, lots by B.D.H. im
sealed plastic containers, and had a stated protium gontent of VaXie
This figure was checked by measuring the relative intensitlies of the
water and methylene pesks in the psm.r. spectrum of a 0.,223H. selution
of potassium acetone sulphonate® in the heavy water. The resulls
indisated an isotopic purity of 99,2%, which has been confirmed for
different samples of the same material by other workers in theses
luboratories,

Deuterium ozide was used in the present work withoud
further purification,

3+ Bpegtrophotometry: instrumen and thersostatiing

Kinetie and eguilibrium measurements were made spectroe
photometrically, using the weak absorption band of the ketone in

the aear ultraw-viclet, The wavelength of maximum absorption in dry
dioxan was found to be 285 mp o in agreement with the work of Dell,
¥illington, and Pink (6); these latter workers report that )\m
decreases by 3 mp in going to s solution containing 17X of water

by welght, but the use of initial optical densities obtained in the
preaant work (unless otherwise stated) by back extrapolation of the
kinetic data 1n each experiment avoided the need to consider any
small veristion of Amax with solvent compoaition. The broad nature
of the absorption allowed the use of higher wavelengths when required
to minimise sbzorption by the catalyst, end eguilibrium messurements
in 8ll cases are only quoted when a solvent blank was used, Unmatched
1 cm. querts cells were employed, and a meroc correction made from
neasurements with distilled water before and after each experiment.

* I am grateful to Ur. I, Je Barnes for supplying this substance.
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These measursments also provided a check that the cells had bewn
properly cleamed, after which they were rinsed asveral times with
inalar acetone and dried over a smooth glass tube gonnected t¢ the
service vacuum line, The cells were fitted with Teflon stoppers,
which were washed only with water.

Two Unicam spectrophotometers were suployed, an SP700A
double beam recording instrument, and an SF500 Series 2 single beam
instrument used exclusively in the manusl, null balance mode,
Measurements in both cases were restricted to the optical density
range 0s0-1,0, over which renge the ketone waa found to obey Beer's
law, The cell compartments provided space for two and four cells,
respectively, and movement of different cells into the light path of
the 5P500 was achieved automatically and with minimum chance of
disturbange by means of an SP505 control unit, In both gases a
deuterium lamp served as the light source. BDBecausme of its greater
accuracy, which was particularly important in deriving equilibrium
data from the initia) and final absorptions in a kinetiec rum, the
SPSO0 instrusment in the null balance mode was used for the msjority
of the experiments recorded here.

Both instruments were thermostatted to 25,00 s 0,029,
by means of water flowing through the metal celleblock from a Grent
thermostatic bath, the temperature of which was controlled by a mercury
gontast unit, An attempt was made to draw water through the cell-bdlock
by means of a punp situated between it and the point at which the
water returned to the dath, but this was abandoned because of the
tendeney of the pump to becume blocked with air, Instead water wes
pumped by means of a rotating blade and shaft from a compartnent
submerged in the bath, a techaique which caused minimal heating of
the water,

The temperature difference between the bath and a cell
filled with liquid in the zpectrophotometer was measured by means of
& singleejunction thermccouple made from copper (B.w.g. 36, 522 ohms/
10CO ydme.) and conetanten (sewege 30, 5050 ohma/1000 yds.), fused



together in a hot flsme, and designed to met up a potential of
Ue36 mVe per 10 c®, difference. This gave rise to a deflection of
26 mm, per 1 C%. difference om & Pye Sealemp galvanometer (7903/5)
opersting at maximum sensitivity, and indicated a temperature
difference of 0.05 C°, between the bath and the cell} adjustmeat
of the bath temperature brought that of the cell to 25.00°C, The
constaney of the bath temperature was monitored with a mercury
thermometer reading to 0,01 C®,, snd the above detsrmination of
the cell temperature was repeated after nine months and found not
t¢ have changed, Since it can be shown that for a resction of
Aﬂfa 18 keal/mole a change of temperature of 0,1 C°, causes a 1%
change in the rate at 25°C,, the temperature control was considered
adequate.

Wy eparation o) lvent m 8 _

The solvent mixtures used in the present work, consisting
of dioxan containing 2«10% of water by voluse, were prepared
volumetrically; when checked by weight this is stated explicitly.
The small volumes of water or deuterium oxide required were dispensed
by means of an "igla' hypodermic syringe, which was attached by a
rigid holder to & micrometer screw gauge which operated the plmnger.
The barrel and plunger were made of glass, the needle was of
stainless steel, and 0,01 ml, of the total capscity of C.50 nls was
ejected by one revolution of the nmicrometer head,

It was found that reproducible emouants were delivered by
the syringe provided that the tip of the needle was made to tough
the surface of both the stock solution after filling and the liquid
dispensed afier ejection, The accurascy and reproducibility were
tesled by weizht in the course of making up esome of the reaction
solutions, and the results are givem in table (3) for H,0 and in

table (4) for aao.
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TABLE
Calibration of syringe (ﬂzﬁl
?alum intendsd to Maag ¢ :

T

be delivered. (al.) nusber of “standard
experiments deviations (%)
0450 6 Cs 991 Ce3
0ah5 2 04990 diffs of 0.1%
0440 6 Q. 586 a6
0s35 2 04991 both agresd
0e30 5 04992 Os2
Ce20 5 0.991 Ca5
0,10 5 Os 992 Ce3

mean of all values = 0,990

Four trials were conducted with C,01 ml. of water, & volume ten

times smaller than any used in the present work, and yielded the ratio
Ca97 4 04Ok g/ml., but it is possidble that some of this error may lie
in the welghing,

TABLE &
Calibration of avriagt (D 0)
Volume intended to Muss

be deliversed, (ul.) Sumber of stendard

' expariments deviation. (%)
0,50 6 1.097 Ce2
0u 45 2 1.098 diff, of 0.1
OulO 4 1.096 Ce2
035 2 1,096 4t of 0.1%
%30 “ 1.0 9&.3
Gpﬁa 2 1-099 &iﬂ» of Q1%
030 2 1,099 Aiffe of O35

mean of all valuss = 1,098
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The final ratic of the densities of the twd waters from
these measurements is 1,109 at roos teaperaturs, which may be
compared with the literature value of 1,107 st 20%C., (102)., 7he
reproducibility indicated by the above tests was considered to
allow most of the reaction solutions to be made up entirely by
volume, applying a corroction of 1 to the syringe readinges in
&ll casesi the composition was checked by weight only when the
rate was & particularly sensitive funetion of any of the
conceatrations, a situation which applied in the absence of added
catalysts. ,
To ensure that no unwanted traces of moisture entered
the reaction solutions, the perts of the ayringe and the containing
flask to be used were rinsed with iAnalar acetone and dried in an
oven at ~ B0O®C., Dioxen was sdded from a pipette, which had
proviously been rinsed with acetone and dried by drawing air inte
it, The flask was finally closed with a ground glass stopper and
soaled with 'Parafilm' until the solution wes required for use,
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In order to convert the measured 1sotope effect on the
composite rate constant into the desired isotope effecte on the
individual rates of hydration and dehydration, it is necospary to
know the effeat of replacing light with heavy water in the solvent
on the position of the hydration eguilibrium. The manner in whieh
these quantities are related 1s demonstrated as follows,

At any given solvent composition let k° be the composite
second order rate conatant, k: and kg be the second order rate
constants for hydration and dehydration, respectively, K be the
dissoclation equilibrium constant of the hydrate, and tho subsoripts
H end D represent reactions in the presence of light and heavy water,
respectively. Therefore, for each isotopic solvent, from sguations
(20) and (21),

e
® = k; + k; and xa = E%n
ky
80 that
e x° (] x°K
5 = TEY nd%-ﬁﬁﬁ (22)

These relations allew the kinetic isotope effects for rescticn in
the two directions to be written

E;E (l*K 3 k (I/KQH¢KEE£§! |
(23)

h§D kﬁ(z*xda) kD(lf g*1)
a

ﬁ
kdﬁ tDQ (1"“ kw. KdD
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ldentical expressions apply to the first order rate sonstants
appropriate in solutions without added catslyst, ,

In the reactions investigated Ken is never susller than
Ce7 and the squilibrium jsotope effect KAB/KGK is close to uaity, se
that any ungertainty in the latter quantity is never resduced by more
than a factor of 27 in its effect on the desired rats ratio,
(although neither is it ever magnified), It ia therefore fairly
inportant to obtain as good a measure of the equilibrium isotope
effect as posaible,

2,4

measuring a swall quantity can only be decreased by measuring it added
onto a large one, it is always preferable to observe the differencs in
two similer quantities directly. Ia the present case the difference in
the position of the hydration equilibrium in the two sclvents is
menifested in slightly different final opticsl densities when solutiona
containing equal corcentrations of the ketone are allowed to coma %o
eguilibrium, and the following series of experiments was designed to
nessure this difference directly. The relation betwesn the measured
and desired guantities is derived as follows.

Let D° and D® be the optical densities before any
hydration has tsken place and &t equilibrium, respectively.
Therefors,

D Vi
xdﬁ - -;L and Kdn - dnul£~ v »
DH‘D"O DowD,”
H o~%p

If 2 = Dywd’,
B DY e o

And 42 Dy = D = D

Divd B (KgyrKap)(Dwby) = Kipm
Pivision by de and collection of terms gives

K 1+ K (25)
D it
1 -
‘gqx; ® Ecm*”%‘
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in which the difference betwesn the equilibrium isotope sffect and
unity is related to the small difference s and guantitiss referring
only to the solution contalning light water,

The above derivation is dependent upon the assumption
D§ = Dg s 1e¢s that there is no isotopic medium effect on the
extinction coefficient, DBecause of its relatively large influence
on the ratio Kém/Kda end the fact that Kurtz (7) has reported a 1%
change in extinetion coefficient when acetone is tramsferred batween
the two waters, it seemed desirable to investigate the possibility
of such an effect in the present case. Any isotope effect on the
transition probability must arise from vibraticnal asnharmonieity in
the water molecules solvating the carbonyl group the vibrations of
which change between the ground and excited states, and thess purely
olectronic isotope effects are normally very smsll (105). The change
in the vibration frequsncies on the other hand will be msnifested in
an isotopic solvent shift of the wavelength of maximum absorption
Amax’ the fractional) chenge in Anax being approximately squal $o
onoe twentieth of the fractional change in the O«H vibration frequenoy
for every O«~H bond involved, The latter effect would be expected to
be at lesst as easy to detect as the former and may in fact give rise
to a large part of any change in the extinction coefficient at & fixed
wavelengthe Experiments were therefore conducted to investigate the
poasibility of a solvent shift of this type.

35« Experimental method

The measurement of the equilibrium isctope sffect by the
differential method outlined above requires the preparation of
solutions conteining the aame concentration of kutone as well as of
the different isotopic waters, This could be achieved quite aimply
for the present system by adding light or hsavy water, or a 50% mixture
of the two, to aliquots of a stock selution of sym~dichloroacetone in
dloxan. The solutions were made up by weight, and optical densities
were meagured on the 5P 500 instrument for the highest accuracye
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Since the approash to equilibrium 4n the solution of
lowest dsuteriun oxide wole fraction studied bhss & bhalf.life of adout
three days, it was desirable to use an edditional catalyst, which wes
achieved by adding Osd ml of inalar 72% B.DsH. perchloric acid te
20 mle each of light and heavy water te give the solutions to W
added to the dioxan, The extra protium atom fraction thus added
to the deuterium oxide was neglizibly small. in analogous sel of
solutions was made up in the absence of ketone in order to establish
the absorbance meros, The goncentration of ketone in the dioxen
stook solution was choson to give equilibrium optical densities in
the reglion of 0,5 absorbance unitas, and for this reason a second
solution of lower concentration was prepared for the two lowest water
nole fractions. These concentrations gave rise %o optieal density
differences between the light and heavy water solutions of around 0,02,

Equilibration in all cases occurred over-night in the cell
block of the spectrophotometer, and the attainment of the infinity
reading was checked by re-measuring the small optical density differonce
between the protos and deutero-solutions at least an hour after the
first measurement, Duplicate measurements were nade in the absence of
perebloric acid for the twe highest water mole fractions, and the
equilibrated set of solutions from one of these was used to teat for
the posaibility of an isotopic solvent shift on the spectrum of the
kotona,

4. Besults |

The results of the above measurements of the equilibrium
constants in the presence of light water are recorded in Table 5, and
are denoted by (ER)s These have been computed on the assumption that
€, at 285 mp  decresses slightly as the solution becomes more agueous,
The evidence for and magnitude of this effect comes from the work on
catalysis by trichloroacetic aeid recorded in chapter V section (F),
on the busis of which the following reductions in €° have been madet

X, = 0320, 042731 2, x, = 04220, 0.159: 1%, x, ® 0,0859: O,

The largest change effected in Ky by this correction is ki,
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Also colleoted in Table 5 and denoted by (KIN) are the
values provided by the kinetic messuresmenis on cstalysis dy water,
reported in chapter V section (i), and obtained by backesxtrapoiation
of the optical density readings to seroc itime. Analogous measurements
obtained in the presence of other catalysts have not been inoluded
here, since for thess either the c¢atalyst was considered to iafluence
the results or the use of the SP 700 instrument made them insufficiently
scourste; in addition backeextrapolation was more aifficult for
faster reactions, The fourth column of the table, denoted (BHP),
contains the values of Bell, Millington, and Pink (6), as calsulated
from their asmoothed relation

Kd--?:@-l*ﬁ.lﬁ .
L ]

obtained from kinetic measurements by the backeextrapolation
technique,

X, xm(m) Egu(KIN) xﬁ(m) xﬁiavs)

Ge320 0773 0y 776 0778 Ca?775
04320 0,781

0a273 0,870 0. 898 04886 0,884
0,273 C. 902

0e220 1.0 1.04 1406 1.03
04159 133 1.29 .42 .32
0.0859 2435 2417 2,49 2026

(In thie and other tables experimental results are quoted to
three significant figures without claiming a corresponding degree
of acourscy.
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It can be seen that the three sets of valuss agree well
in the more highly agueous solutiors, but that at low X, the
deviations become progressively more pronocunced, In the latter
region errors arising from the optical density readings or from
partisl hydration of the solid ketone are magnified 4n the small
difference between the initial and equilibrium optical dencities,
while $races of water impurity in the dioxan are alse more importent,
It 18 clear that undue significance cannot be attached to any
seasursnents of K‘ at low X ¢ For the purpose of dividing the
composite rate constante reported in chapter V the resulis in
columns (2) and (3) have been averaged to give the values in
column (5)s These are correlated by the expression

Ky = Qaifi + 0,26 . (26)
with a meximus deviation of 13% in K.

The variation of optical density with wavelength in the
neighbourhood of the absorption maxismum 4is shown in Table € for a
0.0436 M, solution of the ketone eguilibrated in the pressncs of eash
of the two isctopic waters,

288 0,565 545‘3
289 0¢561 04539
290 04556 0e 536
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These results astabliash that any isotopic solvent shift must be
less then 1 mp , from which it may almost certainly be inferred that
the sesond order effect on the extinection ceefficlent at Anax is
correapondingly negligible, Acoordingly 4t has heen assumed $n

the present treatment that the extinction coeffipient at 285 mp

is iavariant to isotopic substitution in the solvent,

The equilibrium isotope effects measured in the present
work are recorded in Table 7. Corrections have been mpplied foy
snell differencdes in composition, for which purpose Kﬁ was assuned
%o be inversely proportional to x4 the largest corresction required
was of 1% 4n K .

N .
0320 6.3 346
0e320 95 641
Qe273 7.0 2.9
Qo 37 3 1°Q8 5‘3
0e220 7e3 70
0,159 10,8 7o
0.0859 702 63

Nean = 3.5 * 2,0 Hean = 5,5 ¢ 1.8

The results ere fairly scattered, the atandaxd deviations
being equivalent to supurimpcutd srrors of 0,002 unita in the
readings of both the optical density resdings and the sers, if
errors in cemposition are regarded as completely abanﬁt. The two
sets of data obtained in the sbsence of perchlorie acid (the first
listed for x = 04320 and 0,273) are rather lower than the mean values,
but the corresponding XK a8 volues do not support any pérturbation of
the equilibrium by the acid. In any case these differences would
result in veriations of less than 1% in any kinetic isotope effect,
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resarks which apply even more strongly to any uncertainties in the
K&ﬁ values used,

The equilibrium isotope effects measured here are
considerably smaller than the mean value of 27 found by Bell,
FMillington, and Pink 4in their more approximate experiments. 4s
oxplained more fully in the Discussion, the present results sre more
in line with those for similar asystems, but it is 4ifficult to see
the origin of the disecrepancy.

Greenzaid, Rappoport, and Samuel (3) found by pe2ers that
at 27°C, K, in undiluted D0 has the value 0.16, Use of the present
eguilibriun isotope effect together with their value for the enthalpy
of hydration leads to a similar result at 25°C. in H,0, considersbly
smaller than would be predicted by eguation (26). Combination with
messuresent of the effective extinction coefficient in water reveals
that € has fallen to eround 26,0 at 275 mp , the band maximum ia
water, which supports the application of a downward corrsction teo S
in going from dieowan te the partly aguecus solutions used in the
present work,
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et - achnique .

The kinetics of the approach to equilibrium in the
absence of added catalysts other than water were followed
spsctrophotometrically using the SPS00 instrument in the aull
balance mode. The reaction media in this cuse were all made up
by weight, on account of the strong dependence of the rate on the
mole fraction of water, A portion of each golution was used as
the reference in each run, and measurement of its opticel density
relative to water before and after the reaciion served to check
its stability.

In a typical experiment the cpectrophotometer and
deuterium lamp were switched on at least half an hour before the
first measurement, the zero difference between the two cells.

5 mlsof the reaction medium (which had been made up from 10 ml.
of dioxan) were transferred by pipette into a round botiomed flask,
which was ther tightly closed by a ground glass stopper, and left
for st leaszt twenty minutes in the thermostat tank which served to
maintein the cell-block at 25,00°C. 3ome of the remaining solution
was poured into the previously dried reference cell, and the sample
oell was dried and left in the thermostatted cell~block for at
lecat twenty minutes to attain tempsrature equilibrium, About

20 mge of solid sym-dichloroacetone were transferred to a weighing
bottle fitted with a ground glass top and weighed,

The reaction was initiated by allowing the so0lid ketone
to drop into the solution, immediately after which a stop~watch was
started and the flask containing the reaction solution was shaken
while not removing 4t .from the bath, This method of initiation
relies on the very rapid solution of the ketons in a solubion
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containing a large proportion of dloxan, and follows the practice

of previous workers (6,21)« After thorough mixing had been achioved,
the flask was taken out of the bath, the water quickly wiped off the
outside, and the solution poured into the semple cell without
removing the latter completely from the cell-block, This entire
process could be completed in less than a minute, allowing the first
reliable optical denesity reading to be taken two minutes after the
reaction had started. Aifter taking resdings for several minutes the
final welight of the weighing bottle was messured, its top havihg_
been replaced immedietely after addition of the ketone to prevent
any resaining solid from picking up atmospheric moisture, For all
but the fastest runs the cells were sealed with 'Parafilmt', since

it had been shown by weighing that as much as 1% of the solution
eould escape arcund the sides of the Teflon stopper in s throe hour
period. At least ten readings per half-life were taken over the
firet three or four half-lives, after which resdings were taken
speswodieally to monitor the approach to the infinity value, whieh
was neapured after 10-12 half-lives; this final optical density
was stable over & further period of similar duration,

|
!
|
!
!

The varistion in temperature during transfer of the
reaction solution to the sample cell as described sbove was checked
by means of thermocouples. 4 number of tests using dioxan showed
that the temperature could change by up to 0.1 co" elither decreasing
through the evaporation of water from the outside or inereasing
through over zealous wiping of the flask., The most satisfactory
i{ochnique was found to be merely to surround the flask with a cloth
while moving it to the spectrophotometer, which resulted in a
temperature drop of no more than (.05 c®. Once in the cell, the
liquid approached the correct temperature with a halfetime of about
one minute,

The kinetic measurements were analysed by plotiing
logln(u-D°) against t, from which the slope and iantercept sllowed
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the composite first order rate constant k, end (0%-p™), respectively,
to be obtained, These are related through the expression

10310(13-»:0«‘) @ - + 10810<D°03w) ’

it
20303
which is obtained by integration of equation (20), Figure (1) shows
the plot for the reaction catalysed by light water 4in a solution of
water mols fraction x, = 043204 and is typical of the results for
all catalystas. Ir this particular reaction the concentration of
ketone was (.,0321 M. and the optical density decreazsed from (.879 to
O304 with a half-lifs of 24 minutes. The kinetics were cbserved to
be strietly of the first order in ketone over 4-5 halfelives, and the
slope could be defined to well within 1%,

The above description of the kinetic technique applies
also with few modifications to the majority of the reactions gonducted
in the presencs of added catalyst. In the present case with nc added
catalyst all the opticel densities were recorded at 285 mp , and
reactions in the presence of light water were studied with halfelives
ranging from 24 minutes to about 27 hours, Attempts to obiain accurate
rate data for reactions catalysed by heavy water or by a 50% mixture
of the two waters were restricted to the more highly agueous half of
thisz concentration range, since very low rates were sonsidered to be
most prone to error. For a given total water mole fraction the
reactions catalysed by ﬁaa, ch, and 330»920 were conducted
cencurrently in the same cslleblock, using a portion of the last
solution as a common reference, &nd starting the runs in the order
of inecreasing rate., Apart from achieving some economy of time, it
wes hoped that this would eliminate the effect of any thermcatatiting
errors on the isotope effectas. Three experiments using a lower
concentration of heavy water were csrried out as a kinetic test
of the dryness of the dioxan, but were not designed to yield sccurate
rate data,
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(2) Besults for catalysis by light water

The results of the kinetic measurements in solutions
composed of dioxan and light water are set out in Table 8. The
egquilibrium constante have already been discussed, The mean
extinction coefficient for sym~dichloromcetone, obteilned from the
backeextrapolated optical densities, is 5% less than the meun value
in dry dioxan reported in Chapter III, but the individuzl deviations
in the present values are too large to allow any defintite trend with
X, to be discerned,

The individual first order rate constants kh and kd
have been calculsted using the values of Kd measured in these
experiments, Alternative enalysis by mesns of the average equilibrium
constants from Table 5 would change the kinetic orderz by no more
than 1%. The variation of these rate constants with x, is shown in
Figure (2), in which the present values of log, ok, end log, gk,

{closed trianglee and circles) and the values obtained over the same
range of concentrations by Bell, Millington, and Pink using their
equilibrium constants (open triangles and circles) are plotted ageinst
10310x'. It cen be seen that the two sets of values agvee well im

the more aqueous region of concentration, but that at low water mole
fractions the present results fail to show the upwards curvature

found by the pravious workers; in fact the present dehydration

values exhibit & slight downwards trend. The two sets differ by
almost & factor of two in the composite rate constant at %, = 0.G9,

a difference which is independent of the values chosen for Kﬁ. The
presence of water impurity in the dioxan in either the present or the
previous work cannot explain the differences in both the rate and
equilibrium constants at low X The composite rate constant obtained
by Bell and Jensen (21) at the single water mole fraction 0,199 lies
7/: above the common interpolated value of the present work and that

of Bell, Millington, end Pink,
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0.220
0e159
C.123
0,105
0.0859

graph that the slope for hydration is defined to within 1%.

3.80 x 107
2493 x 10~
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1,45 x 10™7
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2,09 x 16~
1.28 x 10°7

730 x 10‘5

OQ?76
04816
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0.936
1.04
1.29
1.60
1,81
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2470 x 10'#

2,09 x 107%

-l
wdp

1.5 x 10
1.22 % 10
2,09 x 107>
2,09 x 10™?
8,05 x 10~°
4,56 = 10"6

2,30 X 10-’6

ka(ocee“i)

2,10 x 10'“
1.71 = 10“4
1.39 x 19*#
1.05 x 10"“
7.40 x 1077
2,70 x 10”2
1.29 x 1072
824 x 10.6
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D5 ama )
27;#
27.1
2747
277
28.4
272
272
2729
not msasured

kinetic crders with respect to X hydration 3465,
dshydration 2.79

The kinetic orders of reaction with respect to water have
values which are necessarily closely similar to those which would be
obtained from the data of the previous workers in the more aqueous
region of concentration, but are higher than both their average and
low congentration values.
by eye (as 4in the rest of this work), but it can be seen froam the

The lines in Figure (2) have been drawn

The

kinetie order for dehydration in the regiocn of low water mole
fraction would he asbout 6% greater than the value recorded here,
The effect on the kingtic orders of expressing the water content
of the solutions in terms of molarity rather than mole frastion is

deslt with in the Diqcuasion.
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(3) BRepults:; Xkinetis isotops effects ‘
The resultn for catalysis by deuterium oxide are given

in Teble 9 in terme of their ratios with the corresponding ‘
gquantities from Table &, Small corrections have been applied

to the measured rates to zive the velues relesting to compositions
identical with those of the Hzaneatalysed rezctions, making use

of the kinetic orders found for these resctions; the largest

change made in any rate is 2Y:, and the average change 1s l¥. BFo
corrections have been made for the protium content of the heavy
water. The lsotope effects on the hydration retes have been
soloulated by equation (23), using the mean eguilibrium isotope
effect of 8,5 from the previous chapter., The required values of
K, have been taken from the kinetic experiments reported in Table 8,
but use of the average valuee from the previcus chapter would give
indistinguishable results. The correspoanding kinetic isotope effects
on the dehydration retes are obtainable acecording to equation {(24) by
sinmply multiplying the hydration isotope effects by the constant

ratio xﬁﬁ/xdn, and for this reason they are not listed hern,

TABLE
gggg;zg;a by heavy water

N mhy i ROk E e0remh

Ue520 4,05 3.90 8.1 not measured
Ce297 4415 3«99 70 26,6
0273 &,12 395 11.9 227
Ou247 4420 4e03 5.8 2649
Du 220 #.22 bo 02 1005 25‘5

k, ¢/t p (mean)= 3,97 + 0406

These results show that the reaction proseeds about
440 times faster in the presence of lizht water than it does in
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solutions ocontaining the same mole fraction if heavy water.

This ratio differs by a factor of 1,5 from that reported by Bell,
¥4llington, and Pink, but their experiments aid not aim for high
sccuracy and may have been conducted with deuterium oxide containing
a significent proportion of the lighter isotope, It was not
considered feasible to obtain sufficiently accurate values onteide
the present range, since within it the rates alrecady varied by a
fastor of li.

Teble 9 also shows the corrected resulis obtained frem
these experiments for the equilibrium isotope effect, and, slthough
soattered, these average to 8,7 in support of the results of the
previous ehépter’ The aversge extinction coeffigient for syme
dichloroacetons 18 2% less than in the presence of light water,
but the fairly large deviations and the small number of values
prevent the drawing of definite conclusions,

The results of the experiments using an egquimolar mixture
of the two waters are presented in a similar fashion in Table 10,
The rates have beea corrected to a standard total water content as
before, snd a small correction (never greater than 043%) has also
been applied to give values corresponding to solutions made up from
exactly equimolar amounts of the stock isotopiec waters. Again no
correction has been made for the protium present in the 320, snd the
subseript YHD' therefore refers to solutionas of deuterium atom
fraction 0,496,

TABLE 10
gatalreis by equineler 5,0-3,0 aixtures.
* Lw'®m Sy ""“{am/xa:’ % 2€;85‘”~ ome™h)
0e320 1.90 1,85 641 30s2
04297 1.92 1,87 wlteS 28,2
0e273 193 1,88 53 2744
0e247 1.93 1,88 440 271
Q.220 1,93 1.89 6.8 28.9

k o/ %up (mesn)s 1,88 & 0,02




The results in the last two columns of Table 10
are too scattered to allow detailed comparison with wvalues for
other lasctopic compositions,.

(4) &

The most likely source of error in the kinetle experinents
was considered to arise from the possibility that the dloxen afier
drying might still contain a gquantity of water which was not negligible
compared with the samount zdded., 4 partisal check against this io
provided by the isctope effects in tables (9) and {10}, which o net
show the decrease with X, which would oceur if part of the ralts were
gontributed by waber impurity. Neveriheless it was considered
desirable to devise a further test at low water concentrations, where
the effect of water lmpurity would be most evident, especially in view
of the divergence of the present results from those of the previous
worikers at these coagenirations,

Three experiments were conducted in which the hydration
of the ketone in & solution of deuterium oxide mole fraction 0,0859
was followed over the first two halfelives. Since the half«life
under these conditions is about three days, the reactlon was not
followed for long encuzh to obtain an aceurats rate constanty butl
readings taken over the space of & weel should be sufficlent to checsk
the reproducibility. The results are given in Figure (3), in wivch
the optical densities are expressed ss a fraction of the initinl
value in each run. Run 4 was carried ocut using diomen which hod been
kept for one week, run B made use of dioxan to which & quantity of
deuterium oxide had been added before drying, and run ¢ employed the
same dioxan after re~subjecting it teo the drying procedure, ILince
the three rates do not appear to differ by wmore thanm about 5, it
¢an be concludsd that a second drying process is unnecespary sod
that distilletion over scodium removes &11 the kinetlically active
water, It also follows that, since the samples of dioxan were kapt
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for different lengths of time, no kinetically sigunificant quantity
of water can be plcked up from the atmosphers.

4 Guggenheinm plot of the data for run A gives a first
order rate constant within a few percent of 1,8 = 1@“5 8“’1., wiiich
on combination with the appropriate velme in Table B gives un
approximate isotope sffect of lr:_ﬂll:mz 4eOy in reasonadle egresment
with the results at higher water concentrations,
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For perchloric acid, as for all other satalyste, two
sets of runs ware performed. In ome the variation of rate with
catalyst eoncentration at a given mols frastion of water was
studled 4in solutions containing light or heavy water; this
established the linearity or otherwise of the catalytic plot and
provided the most accurate values for the kinetic isotope effect,
The second series consisted of a run for each water mole fraction
in each of the two isotopic waters, end provided dats on the order
of the catalysed reaction with respect to water, am well as additienal
agasurements of the lsoltope effsot.

(1) ZPrepsration of solutions |
Stock solutions of the catalyst were prepared by adding

about 0,04 ml, of 725 BsDsHs 'inalar' perchloric agid to 20 ml, of
light and heavy water, The amcunt of protium thus introduced into

the deutero solution wes less tham 0.2, and was therefore neglected,
The two solutions were titreted against the same approximately

0202 M, sodium hydroxide solution using phenolphthalein as indicstor,
and this was standardised againet tws smeparately prepared potassium
hydrogen phthalate molutions of similor concentration by means of the
saue indicator, The solid potassium hydrogen phthalate had previously
been dried at 120°C. for two hours in an oven containing silica gel.
The concentratione of the solutions were found to bet

HC10, in H,0 t 0.0266 M., DC1O, in D,0 1 0,0339 M,

&né the reaction media were made up by adding verying wolumes of
these astock solutions together with pure light or heavy water by
means of the syringe to 1C ml. of dioxan,

(2) gatalytic plots

The results for the variation of the composlte rate
constant with perchloris acld concentration in solutions of water
mole fragticon 0,220 are set out in Tebles 11 and 12, The two second
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order composite catalytic constants, xg and kg. for perchlorie

acid are obtained from the catalytic plots depicted in Figure (4),
in which the points at mero catalyst conceantration refer to the
water-catalysed rates reported in the previous section, The rete

iz a linear function of the acid concentration within experimenteal
error, which justifies the use of unbuffered solutions, Use of the
EP7C0 recording instrument led to a rather large scatter in the
dissoclation equillbrium constant for the ketone hydrate, but within
these limitations no aystematic trend in either X, op €® is

4
discernible; this parallels the findings of Chapter IV,

TABLE 11
gg;ﬁk $ . sotalytic plot for x, = 0y 220
10°(a010, 1) 20%, (see."1) K € e (M "Yom, ")
aH ass
2051 359 0. 99 28,8
S«0) 6;,?9 1.04 2743
752 8.31 .02 27+3
10.0 11.1 1,02 28,
15.1 16,8 1.07 2740
k; s O, 983 ﬂ‘aﬂ“c‘l
Z4BLE 12
D610, & eatalytie plot for x, x 0,320
1G§£D01943(H) loﬁki(aec.'x) Ksp e:aﬁ(ﬂu”&ﬁna”1>
3620 2.67 0. 94 28,2
560 737 0,87 - 28,7
12.8 10,2 0,89 273
16,0 12,6 0s 93 27.8
19,2 14,7 0,96 2845

x5 = 0475, 4 ses,"}, therefore K/ s 2.51
Average equilibrium isotope effect = 11%.
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The final optical densities were found to be stable
over a period several times leonger than the total reaction times,
end the optiesl density of the referonce 4id not change during the
reaction, The latter readings showed that the addition of dilute
perchloric acid to the dioxan raised ites opticsl density by amounta
of up to 0,015 ebaorbance units aceording to the concentration of
the acidy this dependence on catalyst concentration but not on time
ruled out the formation of acetaldehyde from small amounts of acetal
ispurity == the cause of these obsarvations,

{3) Yariation of rate constants with x

In Table 13 are set out the results obtained in solutions
containing different mole fractions of light water, The composite
catalytic constants kﬁ have been calculated using the resulta of the
previous section for the contribution of the water-catalysed reastion,
and in no case does this amount to more than 20% of the observed
value. Division of the composite satalytic constaants into ths separate
second order rate constants for hydration and dehydration, kﬁﬁ and k¢
respectively, has Ueen achieved through the use of the average K&
values firast presented in Table 5.

TABLE
“2194 : v on of catalyti onst _
x, 10°10010, 1) kG0 ees."t) K2 (M 2s00s "*) xﬂcx" ses. ™
0u320 2he 0,860 0485 09375
Qe 273 19,7 0.878 0466 Culil2
0e220 205141541 04982 CaltBiy 0498
Ga189 10,2 139 0602 ' 0.788

0.0859 521 2,35 Gs72 1.63
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EC10,/P610, & idsetis isotope affeets |
x, 10“[3010“3(H) k;(n“lsoc.‘z) k;fk;‘ iggfggg
04320 30,8 0,609 l 1,36
00273 25,1 0e624 1,41 1:2%5
0a220 24671447 0.751 1.31 o5
Cel59 13,0 1.03 o35 1028
040859 6463 1,78 Je32 Le2h

k;H/ng (mean)= 1,29

The logarithms of the hydration and dehydration catalytic
constante are plotted against the logurithms of the water mole fractions
in Figure {5). The kinetic orders of reaction with reespect to water
can be seen to he negative and to vary with X and 4in particular the
rate of hydration appears to pass through & minimum in the region
eround x = 0,27. The curves in Figure (5) have a rather strange
appesrance, which may be partly spurious, but the near constancey of
the isotope effects listed in Table 14 shows that the results in the
heavy water solutions support their general form. The isotope effects
or the individual catalytic coefficients for hydration have been
¢alculated in the usual way, using the equilibrium isotope effect of
Be5% and the average K, values from Chapter 1V, The contribution by
deuterium oxide to the observed rates for the two lowest mole fractions
has been taken as equal to one guarter of the corresponding rates of
catalysis by lizht water, but this corpection is in sach omsée less
than 1% of the observed rate. The mean isotope effect has been
caleulated by glving equal weight to the value derived from the
¢atalytie plots and the average of the other four values, a practice
whioh has been followed for all the catalysts studied.

Ho corrections have been made at this stage either for the
protium content of the deuterium oxide or the effect on the deuterium
oxide mole fraction of its O,444% larger moler volume. Wherever the
solutions were made up by volume (1.es for all catalysts except water),
the heavy water solution has been given the ssme x, value as the
corrasponding light water sclution of the same v/v composition.
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(C) CARALYSIS BY HYDROCHLORIC ACID

(1) Preperation of selutions |

The experiments wers conducted in a very similar menuer
to those of the previous section. Stock sclutions of the acid in
light and heavy water were made up by dilution of B.D,H. Yanalar?
35% hydrochloric acid, and added together with varylag amounts of
the pure waters to dioxan to give the reaction media, Standardisation
of tbe stock solutions was carried out as before, and three prote and
one deuterc solution were used, having the conceatrations:

[HC1]) = 0,01145, G,02291, 0.02564 M., [DCL] = 0,01645 M,

(2) gatalytic plot

The results obtained for the variation of the total
composite firzst order rate constant with ascid concentration at &
conatant water mole fraction of 0,220 are collected im Table 15,

The correspending catalytic plot, reproduced in Figure (6), shows a
considerable degree of scatter, but it wae found imposzeidble %o
correlate the deviations with the sample or age of either the dioxan
or the acid solutioa used, 1In fact, to make quite certain of this,
some of these runs and some of those appearing in the oatalytie plot
for perchloric acid were carried out alternately using aliquocts of
the same sample of dioxan, thus showing that the degree of scatter
depands on the nature of the acid.

Within the limitations imposed by these deviatiouns it
is possidble to see a tendency towards low apparent csatalytic constants
at low acid concentrations, and this was confirmed by eix additional
rung not reproduced inm the table in the concentration range
10#CHGIJ @ Opli=143 Ma, all of which corresponded to ecatalytie
constants between 30 and 70% lower than that indigated by the
straight line in Figure (6). Such bshaviour could be eaused by
dissoeciation of the ion~pairs (in which form most of the hydrogen
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chloride in the solution might reasonably be expscted to exiamt)

into catslytically less active species, but this explanatiom still
leaves the absence of this effect for perchloric acid and the high
degree of ecatter in the present case unaccounted for, Acoordingly

an explanation in terms of adsorption of the catalyst ounto the glass
walls of the containing vessels was preferred, In any one experiusent
the extent of adsorption depends on the particular state of the surface

TABLE 15
atalyt ot for x, = 0s 220
10°181] ) 10%, (ees,”l) Ky €5t toms ™)

1,08 2,34 1,06 293
145 31l 1,06 291
1% 6,98 not measured
be32 983 not meosured
484 13,1 1,06 28.3
6.48 156 not measured

7226 195 1.05 2747
7:26 18.9 not measured

756 18,0 1,05 2747
8,64 20e% 1.00 28.4
10.8 2442 1.04 27.9

mean = 1,05 mean = 28,3

k§ w 202 ﬂ“"aoe.'l

and on the chemioal nature of the catalyst, while the general shape
of the plot can be reproduced if a Langmuir isotherm is assumed.
This explanation would sugzest that the true catalytic constant is
probably higher than that given by the straizht line in Figure (6),
but the latter was conslidered more appropriate for comparison with
reorlts st other water mole fractions subject to the same effect.
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Gold and lowe (77) similarly attriduted the unreliability of their

pH readings in solutions conteining less than 5 x 10”5 H¢ hydrochlorie
acid to surface effects. The fastest reamction studied had a halfelife
of 5 minutes, and all the reactions were found to give zood first
order kinetics over at lesast three halfelives.

(3) Varistion of rate comstaonts with x

In view of the above uncertainties no attempt was nade to
establish a deutero catalytic plot, but reactions in the presence of
sach of the two waters were carried out over a range of water mole
freetions in order to obtain approximate kinetic orders and isotope
effects, The results are met out in the usual way in Tables 16 and
17. K& values were not measured in these experiments os water was
used in the reference cell, and accordingly use has sgain been made
of the aversge values from Chapter IV. Tho largest corrsction for
cutalysis by water 4is 257 of the observed rate,

The kinatic order plot based on the data in Table 16 is
shown in Figure (?)s In contrast to the results for perchloris
scid, the curves here are concave towards the composition axis, with
slopes &pproaching zero at lower water concentrations, and the rates
at any given composition are greater than in the former case,
Interpolation from the present values by means of these curves gives
compoaite second order rate constents for perchloric and hydrochloric
agides which are respectively 18% and 25% lower at X, ® 0.199 than the
corresponding results of Bell and Jensen (21), but the present work
still bears out the findings of these workers that the catalytie
effects of the two acids under these conditiona are in the reverse
order of their expected acid etrengths., The resulis of Bell,
Millington, and Pink () for hydrochloric acid cetzlysis sre between
103 and 25% higher than the present measurements, but the general
shape of the kinetic order plots is not affected, The kinetic isotope
effects listed in Table 17 exhibit the degree of scatter expected from
the attempts to construct the catalytic plot, but are sufficiently
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conntant to support the gemeral form of the scurves in Figure (7).
The mean value of the isotope effect on the rate of hydrat&an ie 6%
less than that for perchleris acid catrlysis,

As in the case of perchloric acid, the presence of hadrogon
chloride in the reference blanks ralsed their coptical densitics by s
few hundredths of an abgorbance unit, The effect here was roughly
double that found in the previocus case, but was again constent for the
duration of each run., The concentrations of hydrochloriec ocid used in
the sbove experiments were less than those known to cause phase
separation (108).

TABLE 16
ol tation of cat tic cong

-1 -l -l e -l
x, o*pre11(m) kﬂ(!‘! 1gec.™) kha(ié sec.” ) Ky (" saes ")
0e320 10.4 1.39 0,783 0,607
0273 B 48 1.78 0a 945 0.835
0e220  1.08-13,0 2420 1,08 1.2
Ga159 4o%0 343 1.48 1.95
0,0859 2424 5,85 1.79 4,06

TABLE ]

BCl : kinetic isotope 9ffects

x, 0ol xEeCsee.) KAl xS
0e320 15,0 1,03 1.36 131
0.273 12.2 1.38 1.29 1.26
04220 931 1.79 l.22 1417
0.159 6433 2.85% l.20 Lelb
0,0859 3.22 4423 1.38 1.30

kiﬂ/kﬁn (mean) w 1,23
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BRELONS

The reaction media were made up as for the previous-
catalyste by mixing dloxen with small volumes of agquecus acetis soid
and water in various proportions. Five stock solutions of aqueous
acotic acid were used in all, of which two (labelled (a) and (e))
were prepaered from B,D.H, sconcentrated volumetric solutions. The
others were prepared by hydrolysis of acetic anhydride, snd their !
congentrations related to either (a) or (o) by titration againet 1 M,
sodium hydroxide solution, using phenolphthalein as indiecator. Since
the sodium hydroxide solutions were also wade up from B.D.H. standard
solutiona, these titrations served also to check the concentrations
of the standard solutioas of acetic mcid., The variocus doncentrations
were found to be:

AcOR 4in H,0s (a) 5,00 Moy (D) 4,31 May, (@) 5400 M.

AcUD in D,03 (d) 4429 Hey (0) 4429 M.

doetic anhydride ('inalar' grade obtained frow B.D,H,)
was freed from traces of acetic acid by the method of Calsett,
English, and Wilbur (as desoribed by Weiseberger (101) ps395),
heating gently over 15¢ of its weight of coarse magnesium turnings
for 20 hours, followed by refluxing for twe houre., After decantatiom,
the liquid was fractionally distilled (bepe 137°C., lite 136,4°C. (102),
139;5”0; (103))e 500 mls of the distillate were hydrolysed with |
20,00 ml, of light or heavy water for 8 hours, using a salcium chloride
drying tube to prevent the entry of atmospheric water wapour, and the
solution was finally filtered. The data of Batte and Gold (97) would
indicate that hydrolysis must have been complete in a fruction of the
time allowed, and this was confirmed by comparing the kinetic effects
of solutions (a) and (b) in constructinz the catalytic plot,

(2) gatalytic plots
Since a fairly high ratio of [4#eOH] to CHZOB is required to

esuse appreciable catalysis, resction solutions which were nmade up by
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Acetic acids formal catalytic plots
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addin; a constant total agueous volume (0.8 ml,) to aliguots of
dioxen (10.0 mle) contained mole fractions of water which decressed
as the acid concentration inecressed, This approach was nevertheless
adopted, and the catalytic constants at x, = 0,273 obtained by
backeaxtrapolation of the resulting formal catalytic plots to very
small satalyst concentrations, The resulis obtained in the presence
ef light and heavy water are set out in Tables 18 and 19 respectively.
It i8 clear from the tables that the equilibrium constants
in both series increase with the concentration of the catalyst, Since
this necessarily implies a variation in the catalytic constants for
elther hydration or debydration, or for both, the total composite
first order rate constanis have been divided into their forward and
reverse sontributions by the uvse of the experimental value faop Kﬁ
measured in each run, The resulting quantilties are plotted in
Figure (8), in which best straight lines have been drawn through the
dehydration points, For the deutero series it can be seen that the
dehydration rates fall on a good straight line, while the hydration
rates describe & curve concave to the concentration axis. The
greater scatter of the proto plot, which can be attributed to its
inclusion of reaction with half-times as low as five minutes, together
with the smaller range of concentrations covered makes ii more
difficult to pick out such behaviour, but the results are not
incompatidle with it,

(3) Origin of non-linear behaviour

In order to be able to derive meaningful catalytie
soeffiolents from the above results it is necessary to understand
the cause of the variationa in tha equilibrium constant and the
nonelinser dependence of the hydration rate on the concentration of
catalyet. That the change in the equilibrium constaent was due merely
to a variation in the activity of one of the participating epecies
rather than to the formation of o new absorbing complex was established
by ¢wo experiments.
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The first test coneisted in comparing the spectrum of
an eguilibrated solution in the presence of acetic acid with that
in its absence, Ths former was provided by the solution 0,278 M.
in acetie acid, whose kinetics are recorded in Table 19, zad the
latter by an analogous solution containing no acidy both were messured
rolative to solveat blenks and had final optical densitiss close to
05 absorbance units. The resulting opticel densities, recorded on
the SP500 instrument, are listed in Table 20 as fractioans of their
respective values at 285 mp o The largest difference between the
two columns is 2y which shows that a new absorbing species can only
be preseant in the unlikely event that ita spectrum over this yenge is
identical with that of the ketone,

24ABLE 20
ifect of scetig meld on spectrum of ket
>\(ﬂ/~ ) relative optical densities
Ce278M, 400D no acid preasnt
320 0323 Ca323
310 . o562 0. 559
300  0.820 04803
250 0.972 0. 967
285 1400 1,00
280 ' 0986 0s992
270 0,858 0.866
260 04656 0667
250 Cat91 .82

Yor the second test the effect on the optical density
of introduciag ocatalyst into a soclution which had Desen allowed to
squilibrate without it was inveatigated, Three solutions were




e

‘prepared: .
(4) 20 mle dioxan + 1,2 ml, B0 + Ca18 go symwdichlorcacetons,
(B) 20 mls dfoxan + 1.2 mle B0, '
(6) 20 ml, dioxan + 1,2 ml, 1C M, AcOH solution,

and were left for two days at 25%C. Mixing of equal volumes of (A)

and (B) gave a solution of optical deasity 0,508, which ressined
constant over several houra, bat when tie process was repeated with

(4) and (C), & solution was produced whose optical density rose over

a psriod of about 20 minutes, giving in two experiments finsl eptical
deneities of C.567 and 0.563. Ia each case first order kinetie plote
could be constructed, whioch allowed both back-extrspolation to imitial
optical densities of 0.497 mnd 0,494 and ecalculation of catzlytie
coefficlents only 6% and 10% lower than that rescorded in Table 22

for a solution of the same formel mele fraction of water and a somevhat
lower catalyst concentrations In all czases appropriate solvent bdlanks
Qara used in the reference celly Although the smallness of the optical
density change and the rapidity of the reasiion (t§z & minutes)
prevent undue significance from being attached to these neasurements,
it is olear that no absorbing complex can be rapidly formed Letween

the catalyst and eilther the ketone or its hydrates This conclusion

is supported for the ketons by the €® values recorded ian Tables 18,
19, 22 and 23, while the slow formation of sen absorbing complex is
precluded by the observation of good first order kinetics for the runs
rocorded in these tables.

I4 can therefore be concluded that the chaunges in the
equilibrium constant reflect changes in the activities of the
components, most reasonably a decrease in the water activity, 4t
least some of this descrease obviously arises from the way in which the
golutions were made up, since the molerity of water irn falrly
concentrated aqueous acetic aoid solutions can no longer be spproximated
to that in pure water. The possibility that some of the effect is alseo
due to the removal of water in the resction solutions by hydration of
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the aclid is investigated in Chapter VI by mesns of experiments
designed to produce more acaurate equilibrium constants than those
obtained here. ‘

The above conclusions allow true catslytie constanta at
infinite dilution of the catalyst to be obtained from the plote in
Figure (8), if the rate of change of the water catalysed rate with
the catalyst congentration can be estimated in this region, In
prineiple the latter can be obtailned from the limiting varistion of
the eguilibrium constant, equation (26), and the previously messured
kinetic order of the water-catalysed dehydretion rate with vsaya#t to
water. The results of Chapter VI thus indicate the need for upward
corrections of 5 and 7% to the alopes of the dehydration plots for
deutero and proto eatalysis, respectively, and such corrgctions are
nade before entering these rate constants in Tables 22 and 23,

(&)

the rate of resction in solutions made up by adding different volumes
of the stock solutiens (b) or (d) to a fixed volume of dioxan. These
reantions had halfelives ranging frow 4 to 70 minutes. Since the
eguilibrium constante are only kmown for the solations investigated,
the gomposite firat order rate constant in each case wes divided inte
its hydration and dehydration components, and from the latter of these
was subtrected a value for the contribution of water catalysis, &s
caleulated from the observed equilibrium constant, equation (26), and
the measured kinetic order for water-catalysed dehydration., The
largest correction for water catalysis was 12% of the total (for

g; = 04320), made after a correction to the water-catalysed rate im
the sbsence of catalyst of 217 of its value.

Since the ratio of the heavy to the light water equilibrium
constents has a much greater influence on the isotope effect than their
absolute magnitudes, values were chosen for these guantities which had
the same geometrie mean as the experimental values but which lay in the
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o

™ [uatggse} (oxpl.x“calh oxpls oales "
04320 04195 0e859 04870 0,806 0,796
0220 0243 1e32 1031 119 1,20
0.159 04165 1.77 1..78 1,64 1,63
0.0859 0.0842 3422 3438 315  3.09

(x: is a formal water mole fraction, referring to the anslogous
sclution made up by volume in the absence of catalyst.)

Q0,320
0e273
Cad20
0s159
Gx 0859

2923

253

142
5.7

6el3
6431

573
5640
5418

x, 0% (aees™d) 1058 (" lsee, ) 2078 see

792
7+14
5456
4012
2429

aﬁi) egég(g.lll;dbz
29¢5 |
28,0
29:2
2940
2948

x,
0a320
Ce273
0.220
Ca159
040859

9464 1.99
- 1.9%
8e1h 1.79
4464 1,72
175 1,56

kinetio orders with respect to x,t
(units in table (23) are as in Table 22).

R 8 A0 o
10765, hMp €8s

k;H/ng (mean) =

2,81 237
297 28.5
2693 2746
2,88 2847
3.04 28,3

2694 3 0,10

hydration 0,98, dehydration 0.19,
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ratio 0,915 aa found in Chapter 1V, This approach was made possidle
by the virtual identity of the concentrations of %he prote and
deutero stock solutions, The experimental and smcothed eguilibrium
constants are recorded in Table 21, where it can bLe seen that the
changes effected are rather small, The dehydration catalytic
constants thus cbtained were regarded as applying also ko infinite
dilution of the catalyst on the basis of the linesr eatalytic plet
established above, and the corresponding hydration rai¢ constants
wore then obtalned by the use of the aversage equilibrium constents
from Chapter IV,

The kinetic resultz ere set out in Tableas 22 and 23, ia
which the 0.5 difference in the concentrations of the proto and
deuterc solutlions hag been ignoreds Corrections for water catalysis
only amount to more than a few percent for the water mole frastions
0s320 and 0,273, 80 that the essential featurss of the results are
not affected hy the more tenuous aspects of the anslysis. The
application of this correction was checked for the results nmaking
up the Tfirst line of Table 23 by carrying out a run at the same
formal deuterium oxide mole fraction and double the catalyst
concentration; 4in the latter case the water-gatalysed rate only
smounted to 2~3” of thu total, and the above anslysis gave
xg s 1,98 x 10 H” 88C. 1, in good sgrsement with the value guoted,

The kinetic orders of the infinite dilution ae¢etic asld
catalytic conetents with respsct to deuterium oxide mole fraction san
be obtained from Figure (9). The results in heavy water have besn used
because these rates were considered to be Letter defined at the two
highest mole fractions, but the approxinmate conatansy of the
experimental isctope effects demonstrates that essentially similar
behaviour would be observed for the resulis in light water.
Interpolation yields the composite catalytie constant
1.10 x 10”2 M~lse0." in the presence of 1light water of mole
fraection 0,199, whish may be compared with the uncorrected value
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of 1.06 x 10™2 M‘lnee;"l obtained by Bell and Jensen (21).

is for water-catalysis, but in coatrast to eatalysis by perchlowie

and hydrochloric aeids, the present kinetic order plots ore linssy

and of positive slope. The smallness of the dependence of the
dehydration rate on the water mole fraction explains the linearity

of the catalytic plots for dehydration {(provided that water-catalysis
is relatively unimportant), while the decreasse of the hydration rate
constants with x, offers a similar explanation for the form of the
hydration catalytic plots in Figure (8). Such gonsiderations slac
serve to justify the analysis of the results presented in thiz section.

(5) Kinetic isotope effect in H,0-D,0 mixture

Two runs were carried out at a formal water mole frastion
0f Ue273 4n the presence of s mixture of the two waters, The
reaction media  were made up by adding O.4 ml. ¢ach of light
water and the stock solution of acetic acid in D,0 {e) to 10 m1, of
dioxan, The results were as follows:

1(33k1 = 103‘6% 1.37 ﬂWuﬁl nean = 1'365 8”1-1

The deuterium atom fraction n in these solutions was scalculated to
be 44,6% from the molarity of solution (e) and the relative guantities
of scetic anhydride end heavy water used in making it, or 45,0% from
the density measurements described in Chapter Vii the average value
n = 44,8% 18 used here,

The above experimental first order rate constant must
be divided into its hydration and dehydration components, and these
then corrected for the contribution due to water~gatalysis. The
equilibrium constant was taken a8 C496 by linear interpolation
between the appropriate value in the proto series and the average
of the two corresponding values in the deuterc series, all having
the same 2cid conceniration; these are both 12 larger than the
corresponding values at zerc aciéd concentration, This interpolated
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value was preferred to the average expurimental one of G498 on the
grounds that the ratio of the equilibrium constants has a much
lerger influence on the isotope effect than their absolnte values,
but the use of the latter would only change the individusl rates by
l%e The component first order rate constants may now be written as:

khnn = a9 x 19*“ sec“l. kaﬂb = 6,69 x ) 4 acu.';

For the sake of consistency the dehydration rate was
corrected for the watercatalysed contribution by the same procedure
as was used to obtaln the catalytic coefficients from the catalytie
plots, 1.9, the water~catulysed rate in the absence of catalyst was
subtracted, and the difference corrected upwards by 6% and divided by
the catalyst concentration, The required rate of water catalysis at
B = 44,8% was obtalned from a smooth curve of rate against n, using
the data appropriate to x = 04273 from Tables 8 = 10. The resulting
value, k.. = 5484 x 107 soc.'l, should be accurate emcugh for the
purpose of this ecorrection, By this process k:&n was found to be
3,84 x 107> ¥ lses,~l, from which was calculated the value
kzag = 457 x 107> K" lpec,™t through the assumption of an equilibrium
isotope effect of 5.0% for n = &, B%, The required kinetic isctope
effect therefore becomes

Ky Kgp = 1056
where the subscript HD here refers to n = 44,8%, The caleulation

of this quantity has involved a fairly large number of correctionas,
but these were mainly small and related to the correctionsz applled

to obtain Mn'
(6) Zest for C-H isotopic substitution

It is convenient at this stage to report a test by pamer.
for deuterium substitution in the alkyl portion of the ketone, since
this was carried out in the presence of acatic acld catalyst. A
solution containing Ce2894 g of sym~dichloroacetone and 0.1290 g. of
Yinalar' grade glacisl acetic acid together with 5 mls of dioxan and




100,

Oolt mls of deuterium oxide was made up by weight, Its psdare
spectrum was run after 12 hours and ageinm after 10 days, and in

both cases the ketone Gﬂa peak and the acid 035 peak had heights

in the approximate ratic 419, This result allows the relative
amounts of ketone and hydrate to be estimated from the stoichiometrie
composition of the solution, the hydrate peak being presumably hiddea
by that of dioxan Cu8 pepems upfield from the ketone; the
approximate K, valus is 1,30, which is not far from the expected
figure. It may therefore be concluded that the alkyl hydrogens of
the ketone auffer nezligidble iasotopiec exchange in & period 1000 times
longer tham the half«life for hydration, and that such exchange may
ressonably be neglected in i{nterpreting the experimental resulés ia
generals
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aration of solution
'Analar' monochloroacetic scid was obtained from B,D.H,,
and used without further purification., 4s in the previous csse the
relatively high ratic of catalyst to water concentrations required to
give ressonably fast rates made it necessary to deuterate the catalyst
before making up the solution in heavy water. This was achieved in
the present case by repeated solution of the solid in deuterium oxide
and evaporation of the solvent., 6 g. of the acid were dissolved in
10 ml, of 920 in a 100 ml, roundebottomed flesk and rotated in a
fiash evaporator under vacuum at 60-80°C, for one hour. The residue,
which erystalliaed on cooling, wae dissolved in a further batech of
solvent, and the process repeated two times in alls The 5 g of solid
eventually recovered were disszolved in 25 ml, of heavy water o
glve solution (a)s This was titrated in 2 ml, aliquots against
stendard 1 M, sodius hydroxide selution from a microburette using
phenolphthelein as indicator, the sodium hydroxide sclution having
been mnade up from B,0.He concentrated volumetric solution.

imother sample of solid was subjectsd to the zbove
procedure with the use of light water as solvent, as & check against
any unforeseen complications, This wss dissolved in water to give a
rather more concentrated solutisn than (a), titrated against the
same sodium hydroxide solutiorn, and then diluted to give as glosely
similar = concentration to that of (a) as possibles It was finally
ro~titrated and labelled (b). Solution (a) was made up by simply
dissolving the acid in water, and was standardised by titration
againet the same sodium hydroxide solution, The concentrations of

the above stock solutions were found to bes

332310003 in Daot (a) 1.82 M.

CH,CL000K in aaun (b) 1.83 Moy () 2476 Ha
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After two weeks a pemer. spesctrum of (a) was run.
Two singlets were obsexrved, one due to the CH, protons, and the
other Ou5 pepems downfield attributable to the exchangeable protons,
The ratio of the peak intensities was %#:1, from which the protium
atom fraction was calculated to be 0,8%, f.e. the same figure as for
the deuteriur oxide itzelf as recorded in Chapter III, This showed
that the deuterating procedure was effective, that no exchange of
the 082 protons had oocurred, and that the precautions taiten akaintﬁ
the intrusion of atmospheric moisture during two weeks of kinsetle
exporinents were satisfactory.

(2) catalytie plots

The reaction selutions were made up in the usual way,
and oatalytic plote were constructed for both prote and dentere
solutions at a formal water mole fraction of 0,273, The resulls
are set out in Tables 24 and 25, and plotted in Figure (10), The
equilibrium constants again show an upward trend with ¢atalysd
congentration, but thiz is less marked than in the previous case
since the etronger catalytic effect of monoghloroacetic acid mede
the use of suech high concentrations neither necessary nor possibdle,
The dehydration rates for both isotopes are linear in catelyst
concentration, while curvature of the hydration plots is apparent,
Rate constants at infinite dilution can be obtained from the
deliydration plots as before, and in this case the corrections
to the deutero and proto slopes smount to 3% and 4% respectively.
The corrected ratee are entered in Tables 27 and 28,

(3) Ednetdc orders and isotope effects

Kinetic runs over a range of water concentrations were
carried out as in the case of acetic moid, using the stock solutions
(a) and (b) of nearly identical eoncentrations. The results were
similarly snalysed, and the largest correction for water eatalysis
anounted to 17% of the total dehydration rate, made as ususl for the
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) Zlot for x 200273
) 10“1:“(;«."‘) egsﬁcn"*m"‘) stosk

1035,

s0lue-
- tdon

(v)
(v)
(»)
(e)
(v)

040169 0.887 3.8% 3439 28,2
0.0339 0.916 595 Sel5 29,0
0.0508 0,933 792 7438 28,8
0,0812 0918 7498 732 2749
040677 04957 9.81 939 297
Apparent k:!i ® 1,18 x 1072 Hlg0e,"1
Ecxzcmaon}(m K wi*kw(aoc."") m"b ap (aw."'z) egssm“"m.’l)
0,0169 0,827 1.18 04973 296
0e 0337 0,832 1.87 1,56 293
040506 Ce833 2465 2420 279
00674 04863 3426 2.82 27 !?'
0e101 0,884 4,64 L9 28,8
Ca 135 0e929 5.75 5435 275
Apparent k:D = 3,76 x 10> W lsee, "t
TABLE 26
Bmoothing ¢ panilibrium GoOnsStanss
™ Kau
v lostalystd(M) 0. cales expls @alos
0u320 0,0831 0.872 0,863 04783 0,790
0e220 0. 0517 1.09 1.09 0.989 0,993
Cel59 0.,0352 1.38 139 1,28 1,27
°¢6859 Qs 01?9 2425 2e 25 24 06 ?..05
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Banivii B U83585200 of Setalyiia goustants with 3
% 10 Gees) 1% 00 k00, ) 2058 (0 0a0e, D) €Qg 0 Nem )
154

0,320 2645 13,0 8 27.8
0e273 - 12,3 13.9 2847
04220 12.8 1246 12,2 299
Cel59 70k 10,8 824 ‘ 28,0
0. 0859 2461 9.82 4435 25,4

04159 2420 333 278 296 30,0
040859 G884 3429 1.59 2474 2847

kS /xS (memm)w 2492 g Oul3

kinetic orders with respect to x i hydration 0498, datydration 0,19
{units in Table 28 are as in Tadle 27).




4 -1
10" x Xy (4w (sec™ ) FIGURE 10
10" x k (seo'l)
1h(d)d Monochloroacetic acids
A

formal catalytic plots in

10.0 light and heavy water.

CH201000H

8.0
& hydration
o dehydration; CHQOICOOH
- hydfation .
1.0 7 . dehydration% CHZCICOOD

600 -

500 -
(CH,C1C00D

4.0 7

3'0 B

0.0 T T 1 T T T —>
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

acid concentration (M)




" solution having a formal mole fraotion of light water of 0,320,
The latter was the fastest run of the series, having a half-life
of 4} minutes, while the slowsst had & halfetime of 130 minutes,
The kinetic order plots for the deutero reactions are reprodussd
in Figure (11), and the fifth column of Table 28 shows that very
sinilar plote would be obtained from the results obtained in the
presence of light water. | | '

The kinetic orders with rospect'to water and the
average kinetic isotope effects are identical within experimental
error with those found for acetic acid. Similarly the differense
of 2% between the most closely defined values of the kinetic isotopes
effect for the two catalysts, i.e. those at x, = Ce273, is possibly
pot experimentally msignificent., The rate constants in the preseat
oase are about twice those found for acetic acid, snd in partisuler
interpolation from Figure (11) and coabination with the average
1aotop. offect from Table 28 yields a coapnaito catalytic conatant
at the light water mole fraction 0.199 of 2,23 x 10™° u1g '1

wbich may be compared with the uncorrected value of 2,12 x m“'a a“‘" -1

found by Bell and Jensen (21).
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‘inalar® trichlorcacetic seid was obtained from B.i.H.,
snd a sample was purified and dried by sublimation at k@»&o’ﬂﬁ
uader 1} mm, pressure. After four hours sbout 1 gi had colleeted
on the c¢old finger as & solid glassy shell, which picked up water
from the air much more slowly than the original finely divided
erystale. Two 25 mls solutions in heavy and light water were mads
up accurately from this material, and their concentrations checked
by titrating 2 ml, portions against C,1 M, sodium hydroxide solution,
which had been standardised sgainst 0,2 ¥, hydrochloric acid made up
from B.U,H. concentrated volumetric solution, The light water solution
was then diluted to bring it to the same conceatration as that in nzo.
and was finally titrated against the same solution of sodiun hydroxide.
These ntock solutions had the following concentrationss:

GCI;CGOK in 320t 02159 May GGI;GOGH in ﬁaét 0«159 Hy

The additional 0,15 atom § of protium thus introdused into the
deutero solution was neglected.

(2) gatalytio plots

4 series of runs was performed as before st a formal
water mole fraction of 0,273. The results are presented in Tables 29
and 30, and plotted in Pigure (12). The equilibrium constants in
Table 29 provide no evidence for a trend with catalyst ooncentration,
and this is supported by the measurements of Chapter VI. For the
deutero solutions a monotonlc variatioa ig obsservable, but this ia
almost certainly spurious and is in any case saall. It was therefore
eonsidered preferable to return to the procedure of plotting the
composite rate constants against eatalyst concentration, since
division intoc the separate hydration and dehydration countribuitions
by the use of the experimental equilibdrium constants inevitably
introduces additional experimental errors.




[cm}cmzmn) 10"1:1(««."") Kau 285‘“”1 )
09 00295 6,93 0.872 28,0
0 GOBY0 1045 0932 272
0400590 1044 04900 28.6
0. 00885 137 0916 2649
0.0103 1641 04878 not measured
00118 17.6 0,896 2646
| Kyg (mean) = 0,899 (Kg, = 0.884)
kS « 0,126 ¥ lgec,t
TABLE
$C1,000D 3 ontalytis plot fer x = O0u73
[cc1,c00D] (1) w"kl(m.‘l) Ko aas(”d”' )
000294 2425 °Q781 not measured
0. 00588 3.66 0.795 2848
0,00883 5,09 04803 2643
009118 6. ’03. OQ 8"5 2900
0.,0118 6,46 0,822 3803
Kip (mean) s 0,809 (K° = 0,809)

kg = 0,0495 M nu"‘, therefore % w 2,5
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(3) Einetig orders and isotope effects

A series of runs was carried out over a range of light
water mole fractions, and the results are set out in Tadle 31,
Division of the composite catalytic constant has been effected
by the use of the average equilibrium constants of equation (26),
but the standard deviation relative to these of the experimental
values listed in the table is only 2%, The contribution of the
water~gatalysed reaction at x, = 0.190 was assessed by interpolatien
from Figure (2), and the largest correction made for water catalysis
was of 13%,

TABLE 31
60;30608 3 varjation of catalytiec constants with x
x, 10° [CC1,C00H) 10%2 1021::3 Egw <285
(1) (M1 sec."t)  (H"leec.™t) "2en,"t)
0273 2495=11,8 6.66 5489 0,899 27+%
0220 9.02 Se50 S5+66 1,04 276
0.190 759 ) ‘h 89 559 120 2940
04159 6413 4e25 5456 1. 34 295
0.0859 3.12 2.31 521 2,26 28,7

The series of runs with the heavy water solutions was
nostly carried out by a different techanique from that described in
section (A) snd used hitherto. This consisted in initiating the
reactions by injecting an agueous solution of the satalyst inte a
solution of the ketone in dioxar contained in the spectrophotometrie
6ell, by which method, apart from the general desirability of usiag
more than one technique, it was hoped that more acgurate nmeasurements
of <. in aquecus dioxan would be obtained, The injeotion was
carried out by means of a Hamilton syringe (CR 700«20C), in whieh
release of & spring drove a teflon-tipped plunger down a glass barrel
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from a pre-set position, thus rapidly expelling a fixed volume of
liquid through the atainless steel needle,

& number of preliminary tests were carried out to chesk
certain features of the operation. The reproducibility of the volume
delivered by the syringe decreased from + C,1: for its maximum volume
of Ce2 mla to ¢ U5 for GOk ml,, 20 that in the present experiments
the volume added was kept above Co,1 ml, The sccuracy was found to
fall off much more sharply, and the syringe was therefore graduated
before each experiment using a volume of the stock solution close to
that required, ZExperiments with potassium permanganate solution
established firstly that, if the end of the nsedle was held close to
the bottom of the liguid already in the cell, the force of ejection
was sufficient to cause instant mixing of the solutions, and secondly
that the optical density of = solution in a 1 cm. cell in the SPF500
instrument was only 4independent of its volume provided that this
axceeded 2,3 ml. Finally tests with thermocouples showed that, if
the syringe was first filled seversl times with the thermostatted
solution to be added, addition of 0,2 ml, to ten times its volume in
the thermostatted cell compartment changed the temperature by less
than 0,02%C,

For the purpose of these rune a stock solution of
sya-dichloroacetone in dioxan was prepared, and its optical density
at 25%C, measured relative to the pure solvent. ibout 23 nl., each
of this solution and pure dioxan were put in the sample and reference
¢ells respectively, the exact amounts detersmined by weight, and both
the two cells and the stock solution of acid in 320 left to attadn
temperature equilibrium, The calculated volumes of the latter were
then added by means of the syringe to the reference and sample cells,
and a stopewatch started at the appropriate moment, The first reading
could be taken after one minute, after which time the optical demsity
in the fastest run had dropped by 2-3%, 411 these experiments were
performed on the 5PSUC instrument, used a5 ususl in the null balance
nmode, The above technique was used by way of a test for the duplicate
run recorded on the last line of table 3C.
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The kinetic results are reported in Table 32, and have
been analysed as before by means of the equilibriun date from
Chapter IV, The largest correction appiied for the water-catalysed
reasction amounted to 13X of the obaserved first order rate constant,
The technique described above was used for the resactions in solutions
of xQ,>> 0.159, while the remaining two were carried out by the more
usual method of adding the solid ketone. The variation of the catalytic
constants with deuterium oxide mole fraction is shown in Figure 13,
from which it is apparent that the kinetic orders are very similar to
or just & litile less than those found for acetic and moncchloroacetic
scids, Interpolation ylelds m conmposite catalytic constant of
De106 Wl aoc.'1 at x = 0,199 in the presence of light water, which
may be compared with the value of 0,110 1" gee, "L found by Bell and
Jensen (21).

T4ABLE

m . 3 _Of cerhiyiig constant wikd %
z, 1o3£0013c0033(a) 10%65 (12 see. ™) 1075 (P ec,"h)
Qe320 14,4 3410 2420
0e273 2,94=1148 2,74 221
Ca 247 10.4 2447 : 2:15
0220 000 2420 - 2407
04190 757 203 213
0+159 6.11 1.68 2402
Uel23 4,63 le26 2408
040859 3el2 0a 903 187

kinetic orders with respect to x 3 hydration 0,91, dehydration 0,09

The other data obtained from these experiments are
presented in Table 33. Comparison of the equilibrium constants with
those expected on the basis of the results of Chapter IV, designated



FIGURE 13

Trichloroacetio acids kinetic orders with

respect to water mole fraction.

Cc
3tlog) oky(4)p

1.6

' dehydration

hydration
‘008'
006 hy
0'4 T T T I 1 1 e
0.9 1.0 101 1.2 1.3 104 l.5

2+logloxw




i1l.

*(cales)', suggests that the catalyst causes no significant inorease,
although experimentel errors at low x, are present as usual, The
percentage decrease of the initial extinction coefficlent at 285 mu
relative to its value in dry dioxsn, although of the same order of :
magnitude as the amount by which the optical density readings have
been backeextrapolated, is evidently real; these figures provide |
some basls for the comparizon presented in Chapter IV between the
equilibrium constants derived by those two different approaches,

The ealculation of AeYe* han neglected the volume change of

mixing of water and dioxan, From the density measurements of

Hovorka, Schaefer, and Dreisbach (109) and of Griffiths (110)

tals effect should increase the extinction ceefficient change by

Os2«0s 3/ The smallness of the seatter in the results of the fourth
column of Teble 33 suggests that partisl hydration of the eolid

ketone and/or errors in the weighings, but not in the back-extrapolation
of the optical density resdings, are responsible for the much larger
variations in the extinotion coefficients normally founds

IABLE 33

o M B b s B

s Tecte

X, Kgploxple)  Egp(oales) = Ac/e" (%) mg/mb,

04320 04740 0709 1.7 -

0a273 0.809 04809 240 2e43

Qu24? 0e850 0e 864 1.1 -

Cs220 0,938 0943 1.1 250 ’
04190 1,08 1.05 143 2541 ;
04159 1e27 1,20 2,0 2,53 i
0s223 1.4k 1,63 - - |
040859 1495 2407 - 2456 |

k /Ky (meea)m 2,46 s 0,08



(4) Isotope effects in i,0-D,0_mixtures

Three runs were carried out at a total water mole’
fraction of 0,273 by introducing solid ketone into a solution
made up by adding equal volumes of light water end ths deutero
stock solution to dioxan. In all cases the 2cid concentration
was 0,00588 M,, and the individual results were:

10“&1(500.'1) s Bo7h, 6478, 6,56, mean = 6,69
Kdm = 5.8‘40’ 0.350’ 00834‘ ztean & Q‘%}.
Egas(ﬁ-lﬁﬂa.‘l) n 2909. 28021 29.6. noan = 29,2

In the absence of catalyst kl & 1,52 x 10’kkoc.';;

therefore, kgg m 8,79 x 102 M~lasc,~}, kg/kgb = lebi3,

and kgﬂfkﬁm) = 1,40

Use has been made of the equilibrium isotope effeect of 5.5% frem
Chapter IV, whereas combination of the above average experimental

equilibrium conatant with the smoothed Kaa vualue for X, 04273
would correspond to am isotope effect of 4,95, The rathey
complicated series of corrections which were necessary in the
enalggous work with acetic acid is not needed here, on asoount
of the much lawer catalyst congentration employed,




(G) CATALYSIS BY BENZOIC ACID
(1) Ereparation of solutions

Benzoic acid (laboratory reagent grade) was obtained |
from B.D.H.y and purificd by twice reorystallising from hot waters
After drying at 50%C, in a Gallenkamp vacuum drying apparatus |
(DE~720) containing silica gel for 12 hours, the melting point
was found to be 122-122,5%C, (1it. 122.4°C. (102), 122°. (103)).
ibout 3 ge of this material wes recrystallised from two 10 ml, portions
of heavy water to produce deutero-benzoic acid of at least 99% isotopie
purity, which on final solution in the reaction mixture should contain
& negligible proportion of protiumj the deuterated substance had
Bape 120,5-121%,

%ince stock aqueocus solutions of benszolc acid could not
be made upy & different technique was galled for, Instesd stoek
solutions of aquecus dioxan were made up by weight, and 10 ml,
aliquots added to weighod amounts of eatalyst; 5 ml. of this served
in each case as the resction medium, the remainder being used as the
reference. The reactions were recorded on the SF700 recording
instrument, the only spectrophotometer possessed at the time, and
readings were taken at 3CC my+ becsuse of the high sbsorption of
the acid at lower wavelengths,

(2) Besults @
Sete of proto end deutero runs ware performed at two ‘

different water mole fractions, and the results are set out in |

Fables 34 « 37, Although rather less accurate on account of the

use of the recording instrument, the equilidbrius constants show a

qualitatively similar trend with catalyst concentration to that

observed for acetic and monochloroacetic acidss Accerdingly the

experimental equilibrium constants have been used to separate the

composite first order rate constants into those for hydration and

dehydration, and these quantities are plotted in Figures (14) and (15),
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TABLE
PHCOOH 3 m al _catalytig plot for x: » 09292
[¥aCGOR]I (M) KGE in kh!l('“‘ 1) 10“' (uc. 1) Ggm(
04 0140 e 856 k2 293 2346
‘30055? 0‘901 7068 6;92 23“?-
0 0?47 0,887 2¢64 8456 22,6
2106 Ue 913 12,2 111 24,9
0155 s 90k 1743 1546 2345
K3y = 04839  Apparent k3. = 9.17 x 10™° K lges,~t
| xﬁg,g,ggg
[PhCOODI(M) Ky 10 khn(uc.. 1, 10%,; (s00s2) <5 4 Yen,
0,0387 0,788 1.96 1.54 2442
040643 Oe822 2.78 - 2.29 2346
0114 0028 436 4405 23.7
0,161 0.879 6,07 5*33 230
Kip @ 0s768  apparent kj = 314 x 10 3 1 lgea,"t
1 ABLE |
PhCOCH ; formal estalytic plot for xy = 040875
[PuCOOR]I(M) L 10"zhgtsee."") :.o‘*xw(snfz) egmiﬁ""n.“l)
0,0504 2423 197 438 2546
0,106 2441 3696 94 54 2h,77
Ou141 2047 4,99 1243 2hoh
0s151 2,48 632 157 2440

=l

‘K;H » 2419 Apparent kw = 8,70 x 10 =3 ¥ ue
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FIGURE 15
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The averags extinction coefficient of the ketone at 300 mp
is 235.9, which may be comparsd with the value 23,5 in dry dioxan,

The results for the lover water mole fraction, where
the ratios of catalyst to water concentration are higher, show
the characteristic curvature of the hydration plots and the at
least more nearly linsar shape of those for dehydration. Straight
lines have been drawn through the latter for both water mole fractions
by analogy with the other carboxylic acids, The correction for the
rate of decrease of the watere-gatalysed rate with increasing éatalyet
consentration can be estimated from the equilibrium constants at
x: m 0,292 to be about &% for the proto and 3+ for the deuterc
series at this water mole fraction, giving the corrected catalytic
constants for limitingly small catalyst consentrations presented in
Table 38. The smallness of the water-catalysed rate at x: s 0,0875
mekes such a correction negligible in thie czse, The Kg values
guoted at the foot of each table are calculated from equation (26)
and the mean equilibrium isotope effect of 8.5i. It 1s interesting
that the water activity appears to decrease with increasing catalyst
concentration even when the stoichiometric mole fraction of the
water decreases by less than 2%,

The kinetie orders of reaction have been calcoulated
for the deutero solutions for the sake of consistency with the other
earboxylic acilds; those for the proto reactions would be 0,05 units
less in each ocase, The 6% differance between the two measurementa
of the kinetic isotope effect is not much larger than the variations
in the results for the other catalysts. The kinetic orders and the
isotope effect are intermediate between those found for trichloro-
scetie acid on the one hand and acetic and monochloroacetic aclds
on the other,

Interpolation from the above results yields a composite
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catalytic constant of 174 x 1072 H"lsec,”t at x, = 04199, compared

with the value 1.80 x 1072 N Y mec.™? found by Bell and Jemsen (21,
Comparison with the work of Bell, Millington, and Pink (6) is
complicated by the scatter in their results, but it san nevertheless

be seen that the lower kinetic orders found in thedir work (hydration
0469, dehydration =0.2) are chiefly due to the observation of composite
rate conatants at low woter mole fractions which are higher then found




in the present study., Sinee eimilar remarks apply to water
catalysis, it ls perhaps tempting to suggest that thelr dioxan

wae not perfectly dry, but this would still leave unexplained

the higher retes found by these workers for hydroshloric acid
catalysis. The previcus workers also did not observe any systesatic
variation of the squilibrium constants with beonsole acid
concentration, but this has a ainor effest on the kinetis

orders.
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It was considersd desirable to investigate a catalyat
intermediate in agidity between acetic ucid and water,and of
different structure; o-dichlorophenol wes chosen as it hes the
lowest K, (6479) of the dichlorophencle (111}, Laboratory
resgent grade material was obtained from B,D,H., recrystallised
to constant melting point from petroleum spirit (bep. 60~86°Q;).
ond the white erystals dried under vacuum at room temperature.

The fimal product had mep. 65.9-66.2°C. (11t. 68-69%. (1c2),

67°%. (103)). The reaction media were made up from weighed mmounts
of the catalyst, as in the case of benzolo =mcid, and the opiieal
densities followed at 315 qu on ascount of the stroaz abzorption
of the catalyst at lower wavelengtha,

The kinetic experiments were only partially successful,
largely because of the small catalytic effect. OUatalyst
concentrations of up te 1.5 He were raquired to give rates two
or three timea those observed in ite absence, and this resulied
in inereases in the equilibrium constents of up to 40, Diviasion
of the first order rate constants inte their hydration and dehydration
components and correcticn of these for water catalysis both introduced
errors resulting from inaccuracies in the experimental equilibrium
constants, besides plecing heavy relisnce on the assumptions behind
the aize of the water rate contridution. The high coacentrations of
catalyst reised the guestion of the composition scale %0 be used,
the volume molerity scale being arbitrarily adopted here, and
established by mesns of density measurements on the resction
solutions; howsver, as shown in the following chapter, use of the
mole fraction scale would make 1ittle difference to the resulta,
Heving obtained figures for the separate catalytic coeificlente at
a given gatalyst concentration, there was no known way of extrapolating
to limitingly small catalyst concentrations, since neither the




hydration nor dehydration kinetic orders with respact to water

ware c¢lose 1o sero, and the corrected formal catalytic plote

showed too many accwunlated deviationss Formal satalytic plots

of the uncorrected data indicated that errors of up to 5% were
often preseat in the experimental first order rate conetants, whieh
ruled out any purely empirical method of obtaining the required
infinite dilution catalytic soefficienis,

A series of runs was garried out at each of the formal
water mole fractions 0,159, 0,220, 0,273, and 0,320, and ths results
snalysed by the two methods used for the carboxylic amcids, The
firet coneisted in drawing the best atraight line through the first
order dehydration points, and correcting its slope for the variation
of the uatarnoatalyned rate with satalyst congentration, while in the
agsond method eash first order dehydration rate was separataly
corrested for the contribution of water gatalysis and the best straight
line drawn through the corrected values, tThe hydration rate sonstants
were then obtained via the infinite dilution equilibriun constants.

Both mathods gave very similar kinetic orders. The
catalytic counstants 4in Table 39 were obtalined by the sacond nelhod,
in which the individual points deviated by up to 10% from the rates
quoted, and similar deviations wers observed in plotting the
logarithme of these quantities against the logarithma of the water
male fractions. A4 kinetic order plot bamed on the uncorrecied
dehydration slopes of tholfirst mothod of analysis outlined above
gave values 0,2 units lower, reflecting tha greater importance of
the wator-aatalyéed rate At higher water mole fractions, Although
the kinetic orders can he'dafinad reasonably closely on account of
the large range of rates covered, the rather low order of acsuracy
of the individual oatalytic coefficients made it not worthwhile to
attompt to measure any kinetic isotops effects.




x, t:g(n'iatc.‘l) kgn(ﬂ”leaco"li aumber of rana
0.320 . el x 3.0”4 4,0 x 3,9““ 5‘
0e273 2.3 x 10™* 2,6 x 10™% 5
0s220 147 x 26~ 1.6 x 107 3
02159 8,5 x 107 6.5 x 107> ' 3

kinetic orders with respect to x, ¢ hydration 2.5, dehydration 1.7

That the observed optical density changes during a run
corresponded only to the process of ketcne hydration was checked
by the eriteria used for the carboxylic agids., The ilnfinity
readings were stable over at least & further 12 half~lives, and
good firet order plots were obtained. Un ifntroduscing catalyst
into an equilibrated solution of the ketone by the same technigque
as was used for acetic acid, the bulk of the optical density inoreasse
occurred slowly with a first order rate constant similar to that
expected on the basie of the above results, OLocanniang of the spectrum
of the equilibrated solution in the presence of the catalyst was
prevented by the high abesorption of the latier, but ths retic of the
optical densities at 320 and 310 mp measured relative to a solvent
blank in the presence of l.7 H. o~disghlorophencl &t :: = 0el59 was
found to be 0,572, which compares favourably with the value 0,578
from Table 20 in the sbsence of the satalyet,
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CHAPTER VI
DRATION OF THE CiTaLYSTs

The kinetic measurements of the previous chapter are
in principle interpretable in terme of the difference between the
ground and transition states for each ressction: The measurements
reported in the present chapter were designed primerily to mske
use of the variation of the equilibrium constent with satalyst
concentration to yield information concerning the hydration of
the various eatalysts, in order that the kinetie orders of reaction
night be understood in terms of the degrees of hydration of the
transition states, It has been assumed that the changes in the
equilibrium constent are due solely to changes in the water aotivity,
and that this in turn is a function of the amount of water present and
independent ¢f the chenmicel composition of the solution, Aecordingly
eny increase in xg sbove the value predicted for the stoichionmetric
composition of the solution is attributed entirely to removel of
water by hydration of the catalyst. The status of these assumptlons
and of the resulting hydration numbers is considered in the
Discussion,

S4nce the observation of catalyet hydration through the
decrease in the water activity requires that the catalyst
congentration cannot be negligible relative to that of the water,
it is necessary to consider the scale of composition to be used.

The importance of this point arises from the need to apply a
nuuyaaition-&d correlation obtained in water-dioxan mixtures to
solutions containing relatively large quantities of catalyst« It

is discussed for eath catalyst individually,
(1) sgetis meid

In order to determine to what extent the value predicted

for Ka in & solution made up by adding aqueous acetic acid to dioxan
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depends on the compesition scale used, it was necessary to know the
densities of the final eolution and of the aqueous acetie acid used,
The latter was determined to a sufficlent degree of sccuracy by
nmeking up different amcunts of glacisl acetic acid (B,D,H. laborstory
reagent grade) to 25 ml, in & graduated flask at room temperature and
detormining the weight of eash molutioms The resulting relative
densities fell on a smooth gurve, which was used to determine the
composition of the water~acetis acidedioxan solutions, This curve
showed a maximuz relative density of 1,070 very close to the i
composition Aaos.aao, which agrees with the more accurate results |
of Drueker (112) at 25°C.

In order to investigate the densities of the reaction
solutions, a solution was made up by adding 1 ml. of 10,5 M. acetic
scid in water to 10 ml, of dioxan, and 5 ml, of thia solution
discharged from a pipette was found to have & weight within 0,15
of that ealeunlated from the measured densities of the two eomponents
on the assumption of rero volume change on mixings It would therefore
eppear that this volume change on =mixing can be neglected for the
present purposes, just as in the case of dioxan-water mixtures
(109,110).

It 48 now possible to investigate the extent of divergence
of the mole fraction and volume molarity scales. The solution of
highest catalyst concentration used in the present study was obtained
by mdding a portion of 10 M. aqueous agetic acid to ten times its
volume of dioxan, and in this the water mole fraction is ocalculated
from the above results to bs 0,168 and the concentiration 2433 M.
Sinee it can bYe calculated that a solution of water of this molarity
in dioxan has a water mole fraction of 0,172, it follows that the
two scales do not diverge significantly in the concentration range
of interest, This situation occurs because the difference in the
molar volumes of dioxan and acetic scid has been reduced by a factor
roughly egqual to the mole fraction of acetic acid inm the sclution,
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The mole fraction seale has been used in the present calculatione
of hydration number, since the Ky values in squeous dioxan have
alreedy been correlated with this verisble in equation (26), but &
correlation with water molarity should give results which are only
slightly lower.

Experiments were conducted with the object of measuring
the variation of the equilibrium constant over a larger range in the
ratio [catalyst] : [water] tham was poesible in the kinetis
experiments. J3ince the most important results are for low catalyst
concentrations, a differential method was used, 4 stock solution of
symedichloroacetone in dioxan was prepared, To one portion of this
vwas added one tenth of its volume of 10.0 M. aqueous acetie scld
solution, while to another was added the mame volume of water, and
eguilibrated solutions containing different goncentrations of
catalyst were obtained from these by mixing thez in various
proportions. The agueous acetic scid was taken from an ampoule
of B.D.He concentrated volumetric solution, and its concentration
established by titration againet standard 1 M, sodium hydroxide
solution, after ten~fold dilution of & sample of the acld, Its
relative density was found to be 1,061 by interpolation from either
the sbove results or from those of Drucker (112),

The optical densities were measured on the SP500
instrument at 285 mp 4 using the stock solution with catalyst
absent as the reference, Analogous solutions in the sbaoence of
ketone showed that the maximum conceatration of catalyst used
inereased the optical density by 0401l units, and corrections have
acoordingly beenm made for this on a linear basia in the results
recorded in the tsbles. Each reaction solution wes left overnight
at 25“6., and the readings were repeated after a further half hour in
order to check that equilibrium had been reached. Heasuremenis were
taken at formal water mole fractions of 0,320 and 0.190, and the
results sre presented in Tables 40 and 41, The optical densities
of the eoullibroted solutions in the abzence of catalyst were
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04350 and O.448, respectively, and the 6385 values celoulated from
these through equation (26) differed by no more thanm 2% from the
expected values. The corresponding calculated values for the
initina) optical density before hydration have been used to conpube

Kd for each solution for the sake of conasistency in the xwm&d
correlation,

TABLE 4
HYDRATION OF ACETIC 4CID AT x0 = 0y32C

x, % Ap® %, q Az /x,
04298  0,00983 0,034 04250 4,88 0+162
Oe27%  0,0201 04055 0.216 2,87 0.211
0u249 VL0307 0,072 04193 l.82 Qe 22
04223  0,0418 Cue104 0157 - 1457 04294
Csl96  0,0534 0122 CaléC 1405 04286
0&3.57 0. 0654 Oa b 04322 Qa7C Ca27%
:c: snd x: sre stoichiometric and spparent water mole fractions,

respectively. ,

Ax, = x:a-x;, and ¥, is the mole fraction of catalyat.

AD® is the change in the equilibrium optical density brought about
by the catalyst in a 1 em. cell, and q is the mean
hydration number of the catalyste.

TABLE 41
HIDRATION OF ACKTIC 4CID AT x 3 0,390
z: x, AD? x: q sz
0ad?6  0,00582 0,038 04151 be3k 04143
Ced?3  0,00699 0. 045 04145 Le07 Ou154
Cedb9  0.00B76 O 047 Oo143 2499 0a155
06361 ©0.0118 04073 O.122 3429 Qe 2hl
04129  0,0241 0.118 0,0928 1450 0a281

0.0948 0,070 £,159 0. 0714 0.63 0e 247




The first two columns in the tables refer to the
stolchiometric mole fractions of water and catalyst, respectively,
and the fourth column to the apparent water mole fraction gulculated
from Kd. The mean hydration numbers, q, appearing in the fifth
column have been salculeted dy dividing the decrease in the water
mole fraction, Axb. by X+ this being possible becsuae of the fairly
cmell magnitude of Ax . In figure (16) are plotted the hydration
numbers against the stolchlometric ratio xb/xz, from which it can be
seen that the abasolute mole fruections are not of great importsnce
in the range of compositions studied. It ig also apparent that as
xcfx: increases the hydration numbers decrease asymptotically, &
neceasary feature of an interpretation in terms of catalyst hydration.
dnother basiec thermodynamio regquiremeant iz that the fraction of
bound water, ARQ/S: should increase with xt/x:, end the last column
in each of the tables shows that this is s0 except at the highest
acetlic acid concentrationn. Siace the sensitivity of the method
necessarily becomes very low at low catalyst concentratlons, it has
not been possibdble to obtain values in the reglon where g should tend
towards a limiting value; & miniaum value of q =< & may be put on
the nean hydration number at infinite dilution of the catalyst in
golutions of these water mole fractions. In making corrections to
obtain catalytic rate constants from the slopes of the formal
cetalytic plots for acstic and monochloroacetic acids in the
provious chapter am effective hydration number of & was aseumed
in order to take into acoount also the decrease in the stoichiometrie
water mole fraction with increasing catalyst concentration.

(2) Zpichloroscetic seid

An analogous set of experiments was performed with
trichloroacetic acid at formal water mole fractions of 04320 and
040859, The stock aolution of aqueous trichloroasetic acid was found
to be 4,30 M, by titration with atandard 1 M. sodium hydroxide




PIGURE 16
Mean hydration E—

number, q. Mean hydration numbers of acetic
AV‘ ~ and trichloroscetic acids.,
6.0 ] a
£
500
[y
0.
x
. L
4.0 . * : g' %;g; ‘Aoetioc acid
a )
o 8' 3229; Mrichloroacetic
 ’ RS acid
3.0‘ - o &
s .
o -
2.0 |
e .
o
° .
[ 3
[
© A o
10'0 T A
[ 3
L}
0.0 o T v " T — —>
0.00 0,08  0.16 0.24 0.32 0.40

SxmloH




126.

solution using phenolphthalein as indicator, and its relative
density was accordingly taken as 1,315 by interpolation from the
results of Llrucker (112), assuming by analogy with acetic acid
that the volume chenge on adding the aqueous solution of acid %o
dioxen is negligible, it was concluded that the divergesuce of the
mole fraction aznd voluse molarity scales in the composition range
of intereat could similarly be neglected.

The solutions were prepared and the measurements taken
in the sase manner as for acetic acid, making & similarly small
correction for the optical density increase brought about by the
acid. The results are presented in Tables 42 and 43, and are
plotted in Figure (16) alonz with those for acetic seid, The

TABLE &2
BYDRATION OF TRICHLOROACETIC ACID 4T x° = 04320

5 s A% =, 9 ISV

04306  0,00422 04022 04280 6.05 = 0.083%%
04303  0.00508 0,025 0,276 5,38 040903
0.298  0,00638 0,033 04263 Saltds 0s117
04290  0,00858 0.039 Qe 254 4,14 0e123
04255 0,0178 0,082 0s201 3.02 0u222
0,219 0,0277 0. 020 04193 O 94 0¢119
TABLE 43
HYDRATION OF TRICHLOROAGETIC iCID AT x) = 00859

A T A
0.0813 0,00112 0.017 0,07% 1.67 04,0230
040802 0,00135 0,022 0.0776 1.9 0,0327
0,0760 ©0,00225 0,033 0.0736 1,06 0, 0315
0,06535 0.00456 0057 040654 0,00 0,00

0u0%44 0,00688 0.069 0.,0616 <0.00 "
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hydration numbers at x: = 04320 show the same general behaviour
as found for acetic acid} the values appear to sontinue to increase
at the lower acid soncentrations studied here, although in this
region they are particularly sensitive to experimental ervor, The
findings of thess experiments are in agreement with the appsrent
absence of any varistion in the squilibrium constants found at much
lower catalyst congentrations in the kinetic studies.

The results in Table 43 for s low formal water mole
frection are considerably lower than those for the other three
seta, presumably because & sufficiently large decreosse has been
sade in the water mole fraction, They are also rather less reliable
since s relatively large change in the water mole fraction is
indicated by only & smell change in the equilibrium optical density.
Yoreover the appereat water mole frsctions are all outside the |
raglon for which equation (26) was obtained, while the appearance ,
of & negative mean hydration number at the highest acid concentration |
shows that teo mueh weight should not be placed on the guentitative
aspeoct of these results,

Separate experiments were not carried out for benzole
snd monochloroscetic acids, nor are the equilibrium constants found
in the kinetie studles ascourate enough for guantitative interpretation, {
Fevertheless it can be seen from those figures that these cutalystse
are hydrated to an extent which is gualitatively similar to that
found for the above carboxylie acids.

(3) g-Dichlorophencl

Although the only data available for the variation of
equilibrium constant in the presence of this catalyst are those
collected in the kinetic experiments, the magnitude of the
observed effect makes it possidle to use these measurements for
& semi-guantitative cslcoulation of the hydration numbers, The
usual questioa concerning the composition scale was resolved by
measurements made of the 5 ml. of each solution used. These showed
thst the volume of the sgueous dioxan solution increased by 10.2%
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on solution of one mole of the phenmcl in one litre, the relation

being found to be both lineer (at least up to 1.1 M.) with & standard

deviation in the density of C,2%, and independent of the water mole
fruction. Since the addition of one mole of dioxan to one litre
would incresse the volume by 8,54, the difference between the mole
freetion and volume molarity scales may be neglected nrovided that
the equilibriwe constants are not regarded as significant te
better than 2¥%.

The results are presentad in Table 44 for four d¢ifferent
formusl water mole fractfons. Although the mean hydrstion numbsre
exhibit a high desree of scatter, it con be ssen that they fall
mostly in the range Ds5«1.0 with @ slight tendency towards lower
values 2t lower water mole fractions, Comparison of the firast
five values in Table 44 with those in Table 40 f£alling im @& similar
rangs of catalyst concentration shows that the degree of hydration
of the phenol {s loway than that of meetic acid, but that the bound
water iz more tensciously held; these remsrks might reasonably dbe
expected %o apply alsc in the 1imit of smero satalyst concentration.
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DISCUSSIOR

CHAPT v

EIRETIC ORDERS AND TRANSITIONLSTATE CONSTITUTICNS

Tha quoatiﬂu ot thc number of uolceules af ketone
incorporated into the trunsition-state may be dealt with very
briefly, since the range of concentrations studied { << 0,05 My )
wss low enough for the varistion of its activity coefficlent
with concentration to.be neglected. The good first order plots
obeerved in the kinetic experiments are therefore isdigative of
& reaction unimoleculsr in ketone,

Turning te the role of catalysts other than water,
the considerations of the previous chapter show that the choive
of composition varisble will not materislly affect the shape of
the eatalytie plot for any of the sysiems studied. These plote
were linear for the catalysts studied in dilute solution (perchloriec,
hydroehloric, and trichloromcetie acids), whiiw the curvature found
for the mores consentrated cases (monoschloroacetic, acetic, and
benzoic acids) could be explained guantitatively, through the use
of the experimentsl equilibrium conastants, in terme of catalyst
hydration, The cryoscopic measurementa of Bell and Arnold (115)
show that trichloroacetic acid exists entirely in the mononeric
form in dry dioxan up to O¢5 M., snd, if this is attributed to the
availability of hydrogem-bond acceptor sites more basie than the
tarbonyl oxygen of the acid, it car Dbe sssused that all the carboxylis
acids nre similerly monmomeric in the aguecus dioxan solutions of
interest. It may therefore be concluded that a single molecule
of esch of these six added catalysts 1s involved in the astivation
equilibrium, most reasonably by incorporation into the transition.
state; for the two minersl acids both partners in the jom pair

muet be involved,
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The situation in the case of o=dishlorophenol is less
¢lear, since the scatter in the corrected gxperinental rate constants
prevents obaservation of the linearity or otherwise of the satalytic
rlots. Cryoacopic messurements by Tonomura and co-workers (116)
have shown that 1 M. phenol is about 205 dimerised in dry dioxan
at 25°C., 50 that given the greater basicity of water and the |
steric hindrance by the orthowsubstituents to dimerisation, the |
catalyst should be essentially monomeric in the solutions of
interest. Since the catalytic plots were certainly not strongly
currad, the rate constanis obtained may therefore be regarded as
approximeting to those for a reaction unimolecular in o-dichlorophencl,

(2) Holecularity with respsct to water: general approach

The problem of the molecularity of a reaction with.
respect t0 & substance present in apprecisble consentration ia
& notoriously intractable one, since normally in this region the
various alternative measures of composition diverge and the azotivity
coefficients on sny scale are composition~dependent. Hevertheless
& ¢considersable guantity of work has been undertaken to measure and
interpret the variation of equilibrium and rate conatants in the
middle regions of solvent composition, particularly in regard to
ths mechanistically important kinetic effect of water. The
theoretical basis is discussed first, snd is then applied to the
results obtailned in the present work,

There zre essentially three types of experiment capable
of giving information concerning the hydration of any species:
kinetic (4,e., the cbservation that eome water molecules are not in
rapid equilibrium with the bulk of the solvent), structural (i,e. the
use of properties reflectin; the environment of an atom or molecule),
and thermodynsmic (1.e. interpretation of the thermodynamic
properties of the syctem in terms of hydration), Although structural
methods might in principle be the most desirable, for the purpose of
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investigating a transition-state only the thermodynamic approach
is possible, Thie involves the assumption that the intoractions
contributing to the measured astivity coefficient pratioc can be
sither accounted for axplicitly in terms of hydration equilibria
or can be cancelled in =zome way,

If the degrees of bydration on both zides of the
reaction equilibrium do not vary with the solvent composition,
the reaction can be represented very simply by a single equilibrium
constent containing a measure of the amount of free water raised to
the appropriate power, Hore generally the effect of changing
degrees of hydration may be treated ss in the following simple cose,
which deals with the equilibrium between an unhydrated aznd monoe
hydrated reactant, R and RW, and a mono~ and dihydrated transition~state =

k, Is

ky
-W

R RW

{or predust), ™t and Eﬁﬁf. Using the ssme composition varisble
throughout (reprasented by mgquare brackets), but without spesifying
ite nalture .

Cy = [R] + [W] and Oy = [ra®l + [, 1 o

where C represents the total amount of each speai:s. Therefore,
(g 1
o Lot
K = [RSE?LH v By Eﬂw] v snd Ey = fRHj%ﬁ] ’

where V reprcéants monomeric solvent water, C represents the total
smount of all solvent water species, and C  =>Cps Cpe
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The rate (or equilibrium) conatant, k, is proportional
to GT/GR, which 1s given by

¢ Ka+ fwl
aﬁ‘r:%gm . (@

The slope of the appropriate log=log plot Lo therefore given by

~ X, v
S = TTee TN T ETENT C ETATT (28)

and its curvature by

B K, W] w1
T e - e . @

The difference between the average degree of hydration of the
transition~atate and reactant (i,e. the number of solvent water
molecules involved in the activation equilibrium) is

[ra¥] + zrww
8% o
Cy [ T* E5555 1

(30)

from which it gan be seen that § = §%,

4 kinetiec order plot with respect to logl¥W] is therefore
linesr (1) if each of the quantities Kltw] and Kjtwl/xa ar® either
much lorger thsn or much smaller than unity, or (it) if Ky = 53132,
Condition (1) corresponde to a situstion in which the reactant aad
transitionestate are each essentially in the form of one of their
hydrates, while condition (ii) obtains when the balance between the
two hydrates is the same for the two species, The physical
significance of the slope of the kinetic order plot at any composition
48 independent of its curvature, the latter reflecting the change in
the mean hydration pumber of the transition-state with solvent
composition relative te the corresponding change for the reactant.
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acgording to this treatment the inclusion of an originally
unhydrated molecule of gcatalyst into esch transition-state mskes no
difference to the kinetle order plotas, and the formally eguivalent
situation in which the catalyst exists in two differently hydrated
formn and the resstant is entirely unhydrated (the situation
resenbling that most probably existing in the present ketone hydration |
reactions) necessarily results in analogous behaviour., It ean be
shown that the above ascheome c¢an be sxtended to include any number
of hydrates without altering the physiceal significance of the
kinetic ordex slope, and that in the general case the condition
for linearity of this plot 4s that the aequilibrium constant for the
conversion of the lowest reactant hydrate inte the lowest transitionw
state hydrate must be equal to that for the interconversion of the
next lowest pair, ate,

In the likely event that the solvent water is at least
partly polymerised, the slope of the kinetic order plot coustructed
with respeoct to amome measure cw of the stoichiocmetric amount of water
in the solution is given by

4 2egl¥] ~
5 ﬂyﬂﬁ&-gz.s‘“a“ (31),
fraom which i
Bg = 5" e !a!'"l;uemlg c, (32)

In the gomeral cane, c, = (Wl « &z[‘ﬂz + Sk’[w}"’ + » » where the
' k's are asmociation
econstants,
80 that
[l « 2 w32 « g}cwz’

$“§§g£§1' = 3 {(33)
LR W [%Z] + ﬁkaﬁi] . 9):3{‘#3]
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The mean degres of polymerisation of the water, m, can be defined

by
12
R - TR s }&‘%{}3 ()
*ighliade e g X, LHI2 o k(W17 .
Zhus, when one polymeric water syecies predominates,
4 loglw] » 1
axoss""g»" (35) 4 |

and & kinetic order plot which would be linear in loglw] will still
be linear in log C e« Its slope may be integral or fractional, In 1
the more general cesa the ratio of the mean hydration change 5' to

the experimental slope 36 will be somewhat nearer than & to the next
higher whole aumber, and a linear kinetic order plot is only possible

if the contridbutions of the two factors on the right hand side of
equation (31) to the curvature cancel with each other,

(3)

There are taur inportant types of assumpition made in
explaining the variation of a rate or equilibrium constant with
solvent compoaition in terms of specifie solvation, These aret
(1) that all the solvation equilidrie have been aceounted for,

(4i) that the measure of composition used is the correct one,
(1141) that no long range electrostatic effects operate, and
{4v) that packing considerations may be neglected,

With pregard to assumption (1), the above equations
are only true if the degenerate activity coefficient of transfer
for sach of the reacting species between twc solvent mixtures of
different composition is unity, or in molecular terms if a given
spociss interacts equally with its environment in sny solvent mixture.
Since to acscount for all possidla interactions in teras of equilibria
would be impossibly complicated, the solvation nusbers obtained are
dependent on the model assumed, and it is therefore important to



consider carefully the probable relative strengths of these
interactions in choosing the best simple description of the systen,
The usual assumption made im that the relative intereotions of the
various reacting species with one of the solvent components are |
eonstant with changing solvent composition. This is a fairly good |
aspumption when, as in the present case, the proporticnal change in |
the emount of this component (dioxan) is much less than that of the
other component (water) whick is explieitly included in the solvation
equilibria, Wwhen the solvent composition is varied over its entire
range, as is oftez the case for reactions oonducted in concentrated
aqueous acid solutions, this assumption is less reliabls, as kaa
been clearly pointed out by Bunmett (117).

Turning to assumption (i1) the quemtion arises as to the
particular measure of composition to substitute in the above
eguations. The theoretical approach to an answer requires an sppesl
to the statisticel theory of the entropy of mixing (ref. 118 p.24b,
ref. 41 p.242), which considers the molecules of & liquid mixture to
be distributed cover a fixed number of identicsl sites. sccording to
vhether each molecule ocoupies a number of sitee depending on its
relative molecnlar volume or just a single site, the sotivity of each
component is proportional to its volume frastion or to its mole
fraotion in the solution. Since both alternatives rely on az assurmed
model for the liquid state, they can only be judged by thelr
experimentsl consequences, dbut this inevitably requires some
assumptions as to the acceptable form of the solvation equilibria,
The evidence relevant to elsctrolyte snd noneelectrolyte solutions
bas been discussed by Robinson and Stokes (refe 41 pe243)e

For reactions involving ions assumption (11i) would appear
to be the most temuous, according to the Bora eguation, the free
energy of treanafer /\G of & singly charged lon of radius r from &
solvent of dielectric constant &, to one of €, is glven by

2
-A\'&at%"%('é;‘é;) ]
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where I is the Avogadro number and e the fundsmental electronic
charge. The predicted dependence on the dielectric constant is
followed in an approximate fashion by the dissoclation constants

of a number of aliphatic carboxylic acids in nloocholewater ond
dioxan~water mixtures (ref. 41 p.365). 1In the sphere of kinetica
Pommila (119) has shown that the ratio of the solvolysis rate of a
substituted to the unsubstituted benzene derivative varies linearly
with 1/¢  for a range of resctione and solvent mixture typesy
while Frunke (12C) has demonstrated a linear relation between

the rate and 1/e¢  in the spocific acid catalysed decomposition of
diszoacetic ester (after removal of the acid sctivity coefficient
from the rate constant), In the range of solutions covered in the
present work € varies between about 3 and 6, so that from the
Born equation the rate of & reaction in which the charge on an fon
of radiue 2 ] is completely dissipated would wary by about eight
powers of ten, lon-pairing should considerably reduce this variation,
but it is nevertheless clear that electrostatic effects should not be
neglected in interpreting the results obtuined in the present work
for mineral acid catalysis, The Born effect may alweys be regarded
as a form of long range molvation and hence be included in the
general interpretation of reaction orders in terms of solvation
changes, but such an approach is irrelevant to the problem ef
traneltion-state constitution,

For resctions which do not involve the sresation or
dissipation of strong centres of charge the assumption that long
range olectrostatic effecte are shsent would appear much more
reasonable, In their study of the dimethylaniline-catalysed
decomposition of nitramide in & number of single component organie
solvents Caldin and Peacock (121) found no correlation between rate
and dielectric conatant, but were obliged to consider specific
polvation interasctions in order to interpret the results. Bell,
Iidwell, and Vaughan-Jackson (122) similerly explained the decreasing
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catalytic effects of trichlorcacetic acid in the series of solvente
benzene, anisole, and amyl acetate by an inereasingly strong
interaction betwesn the solvent and catalyst, Electrostatic effects
will be neglected in discussing the results of the present work for
all except the mineral acid catalysts,

Finally the poseibility (iv) that the degree of molecular
interaction is affected by the ease with which & molecule of one
component can be accommodated into the structure of the other is
likely to be most important at fairly low temperatures and in regions
of composition la which one solvent is considerably ordered, in
particular in highly agueous water-orgenic solvent mixtures, The
evidence that the introduction of small amounts of alcohols increases
the degree of water structure has been summarised by Franks snd
Ives (133) and supported by the calorimetric measurements of irnett
and go-workers (134)., Olew, Mak, and Rath (135) observed that at 0°C,
the addition of & mole ¥ of tetrahydrofuran to water produces a
downfield shift in the pem.r, signal of water, the direction being
opposite to that expected and observed for larger additions and
higher temperatures, while Clemett (136) bas shown, 8150 by pelera,
that the self-diffusion coefficlents of both water and dioxan have
minima around 25 mole ¥ of the latter, The structure-making effect
of relatively s=zall organic moleculss in highly agueous solutions
might be expected to be quite generalj however it cannot be aceoounted
for in terms of equilibria between wellwdefined associated species and
is thevefore likely to complicate the interpretation of apparent
kinetis orders in this rezion of compesitionas On the other haand,
such affects may reasonably be neglected at the lower water mole
fractions used in the present worlks

It has sometimes been suggested, for example by
Tommila (119) and iolwan and Stewart (124) that the basic strength
of hydroxide in dimethylsulphoxzide~water mixtures increases with the
congentration of the organic component because decreasing hydration of
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the ion gives rise to species of higher reactivity, This can be
shown to be thermodynamiocally inconsistent since, 1if the activity
soefficient of the hydroxide can be interpreted in terms of
hydration, the same is true of the transiticn-state (or the anionic
product for a proton abstraction reaction), and the system can bhe
represented by a acheme of the type presented in section (2), It
follows that the basic strength incresses bedause at any solvent
composition the hydration of the transition-state or product is
less than that of the hydroxide ion. In contrast to the above

snsgéstion, it is the tenacity of the latter species for water molecules

which accounts for the observed behavicur, while the equilibrium
between the various hydrates determines the curveture of the kinetie
order plot, %The previous explanation neglects the thermodynmmic
rolation betwsen the hydration of the hydroxide ion and its bvasicity.
iny socount of the data in terms of hydration is of c¢ourse subject to
all the above reservations.

(%) tivity, com ion, and solvent associatio

In accordange with the general assumption of the present
chapter that the change in sctivity coefficients with composition
can beo accounted for in terms of eguilibria between well~defined
solvation complexes, it follows thut the mole fraction of single
molecules of one component should be proportional to its activity,
(The mole fraction may be replaced by whatever variable is
considered to be the fundamental measure of composition.) In
equations (27)=(30) [W] may be put equal to K.a , where a  is the
water activity and K depends on the standard state, and the slope
of & kinetic (or equilibrium) order plot constructed uaing log 8
can then be seen to messure the total number of solvent water
molecules involved in the reaction. The result is independent of
the standard state assumed for water in the condensed phese, The
reastion may be regarded as heterogenecus, with the free water
being sunplied from the vapour phase.
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Kaking the seme substitution for [W] in equations (31)=(35),
it can further be seen that the slope of a plot of log G, (where Cy
is the appropriate composition variable) egainst log 8, is
approximately equal to the wean degree of self~association of
the solvent water, 4 plot of log k against log Q' gives the
svers;e number of these average water polymer units involved ia
the reastion, while the nuaber of water molecules involved im given
by the product of these two guantities.

A number of workers, for example Bell, Millingten, and
Pink (6) in the hydration of eymedichloroacetons and Zdwarde and
co-workers (123) in the hydrogen peroxide-catalysed oxidation of
thioxane, have restricted themaelves to kinetic order plets in
terms of mole Iraction or goncentration, Thie is partly due in the
second exsmple to the lack of activity data, but in the first it is
Justified in terms of the need to obtela a meesure of the number of
water molecules of direct mechanietic importance, 1.0, those lovolved
in the ring of the proposed cyelis transition~state, In terms of the
present treatmeat the elope of such a plot shoyld reflest this
gquantity provided that each of the water molecules taken up to form
the ring hes the same affinity for further hydration as if it were
single. This in turn means that a linear relation between log k and
log Q' should be observed even when curvature of the log C ¥. log a
plot indioates that @ is composition~dependent, provided always that
all the assumptions discussed above are valid, Consideration of the
behaviour of both types of plot should lead to the best understanding
of the hydration phenomena in any reaction,

Before discussing the present results according tc the
above principles, o number of important and reasonably successful
attempts to mccount for thermodynamic and kinetic data in several
types of solvent aystem in terms of hydrate formation may be briefly
mentioned in order to demonstrate the validity of the approach.
Agueous solutions of strong electrolytes bave been dealt with by
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Robinson and Stokes end by Glusciauf (ref. #1 pp.233), the latter

of whom obtained physically more reasonable hydration nusbers by the
use of the volume fraction meale, but very little work has yet been
done on equilibriu and kinetiecs in these solutions, The acidity
functions of agueous acid mixtures have been ireated 4in Zerms of the
specics H'(H,0), by Bascombe and Bell (125), while Bumnett (117)

has extended the treatment to the equilibria and kinetics of

orgenic reactions. The work of Lane, Cheung, and Darsey (128)

on the rates of hydrolysis and earbonyl 180 exchange of a nunber

of esters in Agqueous sulphuric acid, in which it was concluded that
two additional water molecules are taken up in going to the transitione
Btate, is essentislly an application of Bunnett's approach. Farallel
analyses have been presented by Anbar and coeworkers (126,127) fer
concentrated aqueous hydroxide solutions, in which the apecies
aa(nav); was invoked, the chief difference in their treatment
sompared with that of Bunnett being in their uze of the congentration
of free water in place of its activity in the discussion of equilibria
and kinetics. 45 pointed ocut above, plots involving activity will
normally give higher numbers, but should be interpreted differently.
The apparent propertionality between the activity and concentration of
free water in the strong acid solutions considered by Hascombs and Bell
indicates that the hydrate formation model camnot slways account for
every feature of the system.

The dota of Goates and Sullivan (129) for the activities of
the two components of the water-dioxan system ashow that both exhibit
positive deviations from Raoult's law over the whole range of
-eomposition, This bebaviour is interpretable in terme of the effect
of assoolation equilibris among like molecules as the chief cause of
deviations from ideality. On chemical grounds the water molecules
would be expected to be the more strongly associating, end this
{nteraction is anyway the more important in the low water mole fraction
region of concern in the present work,
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1f water assoglation is regarded as the only cause of
not-ideal behaviour, the degree of association at any composition
should be given exectly by the ratio xu/(lm&a) and fairly closely
by the slope @' of a plot of log x, against log a_. (It hes been
asoumed that the mole fraction scale is appropriaste, nd a, rapresents
the activity of dicxan on this seale referred to the purs solvent),
Table #6 sbows how these quantities, obtained from sdjmcent pairs of
values of Goates and Sullivan, very with X,

The fact that the results obtained from the water sotivity are
larger than thoze obtained from that of dioxan ouggests that the
ddoxsn astivity coefficient is roduced by increasing interaction
with the water. However, such an interaction need not affect the
interpretation of 8' as a quantity fairly slosely equal te the mesn
degres of assoclation of the water molecules, The value of the
degres of assoclation caloulated from the oryescopiec dakta of Zell
and Wolfemden (130) i 1.6 at %, @ 0a125, the slightly lerger
magnitude than that sppearing in the second column of Tadble 46
being perhaps attributable to the lower temperature.

Clemoatt (131) has summsrised infra-red, dielestric
relaxation, and pem,r. evidence for the inareasing degree of
association of water in dioxan over the above concentration renge.
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For ewxample the downfleld zhift of the p.m.r. water signal as its
mole fraction is increased indicates a change in the envircnment of
these protons, although a quantitative interpretation is prevented
by uncertainty as to their average chemical shift in any particular
water polyners Studles of the vapour pressure of water over its
dilute sclution in a number of organic solvents of varying structure
and basicity have been reported by Johrson ond co-workers (132), and
indicate nesn degrees of asscciation renging from sbout 1.0 to 3,0
st x = 0,10 |

The changing value of m® with water mole fraction shows
that a kinetic (or equilibrium) order plot cannot be linear with
respect to both log x, end log 8 e The slope of a plot using the
latter varisble will be about 4,5 times larger then that for the
formeyr at% the higher coneentfatinn end and about 2.0 times larger
&t the lower concentration end of the region of interest in the
presont work, On the other hand, a plot ef log C against log x,
{where ¢, represents the concentration of water) is only slightly
curved over this ramge, and at no point differs by more than &% in
e, or x from the best straight line, Flote linesar with respect to
log x, will therefore be practically linesr with log s*,\but will
have & 16% smaller slope, as found in the work of Bell, Millington,

Tha aimylest to interpret of the dats obtnined in tha
present work are those relating to the kinetics and equilibrie of
keotone hydration in the absence of added catalysts, ¥Figure (17) shows
& plot of Ioglo 4 against 10510 X, using the mean d&ssoeiation
constants X, from Table 5 pe(69)s 48 expected from the rather good
fit of these data to equation (26), the plet is slightly steeper at
low X+ but the largest deviation by any point is still only 4 4n K
This shows that in any resection at least one of the kinetic order plots
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must be very eligntly curved. The straight line in Figure (17) has
a slope of -0,80, which as required is close to the difference
between the kinetic arders for dehydration and hydretion recorded
for the vericus catalysed reactions in Chapter (V).

The above plot is considerably more linesr than that
between log a, and log X which auzgests that the treatment of
Bell, Millington, and Pink discussed in section (4) mey be approximately
valid and that one water molecule is taken up in an intimcte way in
forming the hydrate, Ixact validity would require that the outer
solvating water molecules of the hydrate could be resoved as readily
as the ssscclated water species in the solvent could be broken down,
@ ratbher unlikely relation in view of the fast that the hydrate
solecule has two equivelent hydroxylic oxygens. In addition it cannot
be certain that the mole fraction sgele iz perfectly appropriate,
espscially since the use of concentrstion would give & slope of =0,69,
80 thel the exact value should not be taken too seriously, The
direction of the curvsture is such as tc give an order neaver to
«14C at lower water coucentrations as reguired, although the
expsrimental accuracy hardly warrants conclusions of this types

The results of Bell, Millington, and Pink (&) for the samse
systen do not differ suflficiently from those of the present work to
slter the above interpretation. Comparison with the results of other
workers is complicated by the use of diffprant solvent systems and
different measures of composition, although all agree that some
water must be taken from the solvent im forming the hydrate.
Griffiths and Socrates (137) confirmed tbe earlier findinge of
Gold and coeworkers (133) that in mixtures of water and pyruvie
ecid the equilibrius constant for hydration varies linesrly with
the cube of the water concentration down to ¢ o 20 moles/litre,
S4nce the alternative use of water mole fraction would be expected
to give an even larger kinetic order and since watsyr must be fairly
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strongly associsted in these more agueous solutione, it sppears that
more water is tuken up on hydration than found in the present case.
Gruen and Heligue (5) concluded from a study of propionaldehyde in
concentrated aqueous elsctrolyte solutions that on the volume fraction
seale a totzl of three water molecules was involved in hydration,
but the importance of the composition variable employed is shown by
the fact that a plet of 195 Ka aguainst log 8, although curved has a
slops whioh never falls below five. Pocker (139) considers that the
solvent shift with water concentration of the wavelenyth of maximum
abgorption 4in the near ultra-violet indicates agueous solvation
of the unhydrated ketcne, but there is no way of sssessing the strength
of thia interaction on the thermodynamic scale to which the kinetle and
equilibrium orders belong,

The kinetic orders found in the present work for the rate
of the water~catalysed resction can be interpratoé in the samo way as
for the equilibrium constante The linearity ¢f the hydrstion plot and
its slope of 3.65 {or 3.14 with respest to concentration) are
together compatible with a transition-state in which threse or four
water molecules form & ring with the ketone. Three water molscules
could be accommodated in the following cyclopentane-like astructure

T
0------HuO
i (positiond of hydrogens
Rxga“\\ 8 not apecified)
\§~x ______ 5-8 4
B

in which the hydrogen-donds are linezr and the other five ring

stoms are go=-planar, while the sterecchemistiry of & eyclic complex
with four ring water molecules might vary from ¢ysolohexene~like to
¢yclohexsne-1ike (chair form) as the addition reaction progressed,
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Both alternatives involve ois-addition to the sarbonyl bond, «nd
the experimental evidence cannot distinguish between then. The
inclusion of three or four water molecules is in accord with the
famzlia; stability of five« and six-memdered rings.

jes in the presence of corgani 1id estalyats

Leaving aside the resulis for catalysis by hydrochloric

and perchkloric aclids, the remaining acid catalysts give linezr kinetie
order plots of positive elope, (slthough linearity for benzoic secid and
o=dichlorophencl has only been established within a lower order of
precision), Except for bemmeic acid, s seslequantitative measure of
the degree of hydration of these five catelysts has been obitsined,
while for this one aeid gualitative evidence for the phenocunenon is
aviilables The hydration numbers are independent of any conelusions
regarding the exact aumber of ﬁater molecules involved in the '
ketone«ketone hydrate equilibrium, since they rely on an empirieal
relation between K& andA:w. Their status 48 similar to that of the
Gesoriptions already put forward for the ketone hydrate and for the
transition-state of the water-estalysed reaction, &= sll rely on the
agssuaption that sctivity data ean be accounted for in terms of
solvation equilibria. -

Two necassary thermodynamic reguirements of the above
interpretation of the experimental variations of Kd with catalyst
mole frection have already been tested for, namely that the hydration
nusdbers should decresse and the fraction of dound water ingrease with
inereasing values of the relative stoichiometric mols fractions of
catalyst and water, xc/x:- The results =may be interpreted
gualitatively in terms of esquilibris of the general type

(7)

catalyst + water —— hydrated catalyet *
although competitive solvation of the wcids by dioxan could alse
be included. The ¢ryoscopic results of Bell and arnold (115) for
equimolar mixtures of water and trichlorcacetic acid in dloxun up te
pole fractions of the two solutes approaching U,05 indiccte s mean
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hydration mumber close to unity in such 2 solution, which sgreee

at leust qualitatively with the behaviour found im the present work,
in which lower scid and higher water concentrations were studied,
Their results alco show that the degree of hydration increases with
the two mole fractions, as would be expected on the basis of the
equilibria proposed above, It is therefore clear that the catalysta
are hydrated in the ground state, and that this cannot be negle¢ted
in considering the kinetic order results.

- It is possible in principle to obtain the aumbers of
water molecules, Ups in the various transition~states by adding the
mean hydration number, gy ef the catalyst in eash case to the product
of the slopes of the leg kﬁ v log x, and log X, Ve log a, plots
(s, ane %', respectively). Thie is done 4n Table 47 for %, = 0.273,
in which rough guesses have been made a8 to the limiting values of
Qs The same value has been used for all the carboxylic zcids on
the basis of the closely similar hydration numbers found for scetic
and triechlorcacetic acids, hithough the values of qr ore
guantitetively quite unreliasble, it 4is clear that relative to the
phenol the higher hydration numbers of the earboxylic acids are at
least partly able to compensate for their lower kinetic orders, and
that impossibly high degrees of hydration for these asids would be
reguired to obtain Gy values &s high as that for water,

EIDRATION OF TRANSITION-STATES |

eatalyst q, Sn &* [
trichloroacetic aoid 5 0e92 . ke 9
monsshlorcacetio acid 5 0,98 oty .9
bensoic aoid 5 Ce92 bobs 9
acetie acid 5 0e98 ok 9
ewdichlorophencl 1 2,5 bok 12
water - 3+65 bk 16
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Two types of transitionestate structure may be proposed te
account for the gualitative aspeets of the ubove resulta:
(i) Bell, Millingten, and Fink (6) suggested that the transition-state
for water~catalysis involves three water molecules in an intimate way
end that two of these can be replaced by a molscule of benszoic mecid.
Extending this to inelude the present results, all the carboxylie
acide nust replace two water molecules while the phencl replacee one,
and the catalyste keep their hydration shells intact in progressing
to the treneition-state, Linesr log k, Ve log x, plots are obtained
because the binding of the cuter water molecules to catulyst and ring
water is essentially the same or both gidee of the activation
equilibrium, The observed kinetic orders will alwaye depend on the
structure of the catalyst,

{(3) It may alternatively be proposed that all catalysts replace
only one of the ring water molecules, and that on deing so lose
practically all thaeir water of hydration as a result of the involvement
¢f their hydroxzylic groups in ring bonding. A4ccording teo this
suggestion linear plots arise because the binding of the outer water
molecules to those making up the ring is eimilar to that for solvent
water molecules and catalyst hydration shells, The observed kinetic
orders will then be the same for equally hydrated catalysts, as
observed for acetic znd trichloroacetic acids, and lower the more
otrongly hydrated is the catalysti & general tendency for & decresse
in the kinetic order with increasing uecid streangth might te expeected.
The former model has the dissdvantage that it is difficult
to sse how the catalyst can retain its hydration in the traansition.
stats 1if catalystewater bonding occurs chiefly through the acidic
proton, 4Apart from this the kinetie order and bhydration dats alone
canxot be said to distinguish between the two models, and the question
is returned to after the following section,



149 .

&) tiee of mineral zgi

The curved iinotie order plots of negative slope obtoined
for hydroshloric and perchloric acid catelysis in the present work
and for catalysis by sodium benzoate in the work of Bell, Millington,
and Pink (6) suggest that such behaviour may be sharacteristie of
stron; electrolytea in these solutions, It is not glear to whai
relative extents long range electrostatic effects and spesific ion
hydration are responsible, but for the sake of completeness tha
evidence relevant to the dogree of hydrastion of the ground states ie
discussed hera,

Grunwald and c¢o-workers (14C) obisined values for the
partial molal froe energy of water in 50 by weight water-dioxun
alixtures eéntaintng various salts at infinite dilution by means of
vaganr pressure neasuroments, To interpyret these in terms of the
Born effect it was found necessary to specify the solvation of the
saltsy and in partioular that apprecisble sclvation by dicxen was
often required. A method fer division of the deata intc saparate
ionic contributions led to the conclusion that the catlons are
solvated largely by dioxsn end the anions (if at all) by water.

That dioxsn and other organic solvents can compets (accordins to
thair basicity) with water in the solvation of ifons has also been
suggested by Pratiello and coe-workers (141) on the basis of pamera
solvent shifts,

Extrapolation of the above beheviour would show ionz te be
insignificantly hydrated at low water concentrations, Howaver, the
conductivity data of Owen and Waters (113), relating to hydrochloric
acid 1n dioxan solutions containing 30 and 18 weight ¥ of water,
suggest that the solute should be very largely ionepaired in the
solutions of present intereat, and the linear catalytic plots cbtained
at least for perchloric acid show that this process is essentislly
complete., Under these circumstances hydration might be expected te
be more important since the smaller size of the water nolecule should
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allow the best compromise betwesn stabilisation due to ionesolvent
and estion-snion interactions, Vhether the anion or cation is the
more hydrated is immaterial for kinetic order studies, while for the
purpose of interpreting the isotope effects the usunl model ia
pormitted provided that the bare proton is solvated by at least one
water molecule (a situstion admitted in Grunwald's treatment).

Several pieces of evidence suggesting that these
electrolytes are in fact strongly hydrated in weskly basic organie
solvents containing rather little water may be mentioned, Robinson
and Selkirk (108) found that the addiition of small amounts of
hydrogen chloride to such a solution in dioxan osused separation
into two phases, of which the more squeous one took up most of the
acid, and Chantooni and Kolthof{ (142) have interpreted the effect
0f added water on the potential of the glass electrode in solutions
of tetrasthylammonium bensoate in acetonitrile in terams of strong
hydration cf the bensoate ion, Thus, while electrostatic effects
sannot be ruled out, it would be pesaible to explain the negative
kiiatio orders observed in catalysis by hydrochloric and perchlorie
acids at least partly by the loss of water on insorporation of the
acids into the transition-state. Such an interpretation would be
in accord with the expectation of lower kinetic orders for stronger
acid catalysts implied by model (3),

Relation of catalytic effect to acid strengih

Table 43 shows the catalytic rate constants R:H'obtainea
ir the present work at x, = 0,273 together with the pK‘ values for
the aoids at x, = 1404 The pK‘ values are those used by Bell and
Jengen (21), and the second order rate constant for water catalysis
has been obtained by divigion of the first order comstant by the
solarity of the solution in water. As pointed out by the former
workers, ths rate constonts for the two mineral acids are in general
agreement with those expected for ths fermal species 330*, but are
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» TABLE 48
FALYTIC CONSTANTS AMD pK_'s
catalyst K, kgﬂ(m"l sec™t)
hydroshlorie acid 9445 x 1072
perehloric acid 4,66 x 20-t
trichlorcscetic acid 0463 6466 x 10™°
nonochloroacetic aeid 2,87 .39 x 10-3
bensois acid 4420 9,81 x 20°7
scetic acid T 7,14 x 30°>
wedichlorophenol 6279 226 x 10”&
water 15.7 3.75 x 1077

presunably modified to some extent by interaction with the anilon,
The rate constant for catalysis by o-dichlorophencl ig almost a
factor of tean lower than might have been expected on the basis
of its an* and this may be attributable to steric hindrance.

From their study of 24 seids at a single water mole
frection Bell and Jensen found & value of 0,27 for the Brinsted
exponent Gy defined using the pxa'a for x, = 1,0, However, the
difterent kinetic orders with respect to water foumd in the present
work indicate that *y is solvent«dependent, although the effsct may
not be large, For example, extrapolation of the linear kinetie
order plots for catalysis by water and acetic acid to X, = 1,0 changes
the difference in the logarithme of the second order rate constants by
11%, while Bell, kand, and Wynne-Jones (19) found a velue for the
acidegatalysed hydretion of acetaldehyde in water identical with
thet obtained by Bell and Higginson (17) in 92,5 acetone.
Extrapolation of the present data in the direction of very
weakly agueous systems would predict large changes in Tye but it
iz doubtful whether linear kivetic order plots can be expected over
large changes in composition,
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There are three sspects of EBrBusted behaviour relevant
%o the problem of transition-state strusture discumsed in section (7).
Firstly it can be seen that linear plots of the above type based on
pE '8 at x_ © 2.0 can only be obtained if ss required by structure (B)
the kinetic orders with respect to water depend on the acidity of the
¢atalyst; thelr slopee will change with the solvent composition,
Secondly true Brinsted plots based on pK"s measured at the appropriate
solvent composition san be linear and of constant slope according to
elther postulate (A) or (B), provided that the solvation changes
accompanying the acid ionisation proceses (in terms of which the
variation of pK  with solvent compesition may be desoribed) depend
in a suitable way on the structure or the acidity, respectively, of
the catalyst. Finally, regardlesas of the value of x , linear plots
would normally only be expected for reactions passing through
transition-states of similaxr structure, with noticeable positive
doviations for any case in which a more favoursble resetion path
exists; exceptions to this would only be expected 4if a transition-state
kaving the seme structure es all the others were for any reascn of
unuoually high energys JIunsufficient data is availadble to test the
firet two points, but with regard to the third the wall esteblished
linear Sromsted plots for carbonyl hydration resctioss would appesr
to favour the postulate (B) of a commen transition-state structure
over that (A) of bifunctional (or tautomeric) eatalysis dy the

sarboxylie acids,
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, om Chapter IV the mean isotope effects on the
disseciation equilibrium constant of the ketone hydrate in Dao
and in » 5&%'320-920 sixture were found to be, respectively,

£ ¥ .
-i-i-’-; « 04915 & 0,020 and gf s 0945 & 0,018 at 25°C,

The very small effect of the protium present in the beavy water has
besn neglected, and the errore gquoted here are as usual the standard
deviationa,

Edwarde and co-workers (143) also found that E&n/xax = 0,91
for scetaldebyde at 20°C,, but Jruen and MeTigus (5) have reported the
value Ou84 for acetaldehyde at 25 Ca, together with results for a
sumber of other aliphatic aldehydes falling to 0,75« Thia difference
4w too large to be dus to the different values of the extinction
soeffiolent, ez°. sspumed, OCruen and MeTigue also found that the
enthalpy of hydration has a larger negative valme in light water,
from whish they concluded that the direction of the isotope effect
is determined by an entropy differencej howsver, this observation
rests On & comparison of emall differences in large quantities, and
even if experimentally justified could be attributed to an isotope
offoot o <°,

Op the assuaption that a molecule of the ketens hydrate
contains two egquivalent exchangeable hydrogens which are vibrationally
distinet from those of the solvent, and also that the total medium
effect gcan be ignored, the present deuterium oxide isotope effect
would cerrespond to a fractionation factor of 1,045 for these two
hydrogens, Oruen and McTigue's results would similarly imply
fragtionation faetors of up to 1,15 fer aliphatie aldehydes in general,
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Thene values are consideradly lower than those of 1,48 and 1,61
calgulated on similar assumptions from the dissoeiation constant
data of Ballinger and long (144), while the analogous experiments
of Foeker (145) give the value 1,35 for DetetraeCemethylglucoses
Thess differences are surprising in view of the similarities in the
yE,'s (1), but it s impossible to say whether they reflast .
differences in the vibrations of the asidic protons or in the
mediun effects on the two reactions, _

The data obtained in the present work for the eguilibrium
isotope effect in a 50 mole ¥ aza.eaa aixture is in principle capable
of giving information releting to the structure of the hydrate.

For the above value of K, /K., any model invelving twe or mors
squivalent hydrogen atoms would prediet a value for Kagnfﬁén between
04955 and 0,957, The expesrimentsl value is therefore only consistent
with a description in terms of et least twe different fractionation
faotors, and would consequently appear to require the inelusion of
mora than one water molecule in forming the hydrateé, Howewar it is
doubtful whether the accuracy of the experiments) results is sufficient
to justify such a conslusion,

The much larger value of the ilsotope effeot on the rate
of the water~cateslysed hydration reaction makes it more likely that
useful information ean be gained from its variation with the
deuterium aton fraciiony; n, of the solvent, Before considering the
results, three relevant theorems derived from the basie isotopic
solvent mixture theory of Jold, Kresge, and Long are proved,

I, That [ Qemeng) > (]88,
whare o<ﬁi‘<z, at lsast one ”&"1' and 4 is any finite number,

The approximate sgquality of these two factors was pointed out by
Goodall and Long (70)s The theorem follows from the binomial
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sxpansions
gy = [e(g,- 11"

- lﬂi(ﬁtw&)& %inl)a * W“’i‘lp *a s e
{36).

S4nee the third tera is always negative and the fourth asnd
sussesding terms may be neglested,

1*‘0§¢1>ﬁ:g

the difference increasing with the differesnce betwsen ﬂk and
unitys The inegquality must hold also for the produst of such fastors.

I, Thet T—I (luu*nﬂi) hee & minimum walue for a given i and

Tyl # whon a1l the £, 's are equal,
This follows from the above since the faotor (ﬂi~1) in the third
term increases rapidly with the difference between ﬂ& and the gommon

point, unity.

IIX, That the mintwum valus of |,| (lemend)) for a given || #,
deoreasss with an increase in 1.
This also results from the guadratic dependence of the third term on
Pyo

Ascording to equation (12), and assuming for the moment that
medivn effects are negligible, for the water~satalysed hydration of
sym~dichloroacetons

;32 = T;T (1enengy) '

where the ﬁt'a are the fractionation fastors for the ¢ vibratiomally
d4stinct protons of the transition-state. For a seriss of sssumed
values of ¢t there 1s a series of progressively decressing minimum
values of kha/khﬁ‘ for each of which all the ﬂg’n are sgual, and
these are calculated in Tadle &9 for each of the solvent sompositions
studied, The caleulaticns were performed remembering that the
experimental results refer to n = 99,24 and n = 49,65,
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Haking use of the above principles, it can be seen from
the tabls that the duta cannot be fitted by 8 twoeproton transition
states A foure-proton model is Just eccepteble in three of the cases
but falls just outaide the limits set by the other twej however,
sugh & model imposes the almost certainly unreasonable requirement
that all the transition-state protons must have practicaelly identical
fravtionation factors. It can therefore de concluded from these
results that at least three water moleculss must be taken up in
forming the transition-state of the water-catalysed hydration reasction,

ZABLE &9
MATER-CATALYSED EYDRATION IN MIXSD H,0-D,0 §

x, 0,320 0,297 0,273 0,247 04220
axperimental valueas

] 06256 04251 04253 0,268  0p249

*ox

% 0539 0453k 04532 0,532 0a528
!ainulltod ninimun values of knln/khn for diffearant &2

=2 0s567 0,563  C.56k 0,561 0,562

ok 06536 04532 04535 0,529 0,530

a6 0526 0,521 0,523 0,518 0,519

8 0,521 0,516 0,518 0,515 0,514

o c0 0e506 0,501 0,503 0,498 0,499

These must be involved fairly intimately since their protons suffer
apprecieble changes in thelr vibrational behaviour, and it is

suggestad that they form the ring in the proposed cyolis structure.
The 2% differance separating the minimum values of ‘nan/khn for the
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four~ and six-proton medels should be only just outside the
acounulated errors in the kinetio and equilibrium measurements
used in evaluating the two isotope effects, but the siailsrity
in the results obtained independently for the five solutimms
suggests that the above conclusions are experimentally Justified.
Since the sensitivity of the minimum value of khnnlkkﬁ o ¢ is
greatest at n = 50k, it was considersd more profitadble to sarry
out & number of experimeants at this one deuterium atom fraotion
than to distribute them over a range of ns The results of the
above isotope effect analysis support the interpretation of the
kinetic order of the hydration resetion with respect to waber
mole frasticon presented inm the previous chapters

Mention should be made of the analogous work of Huang,
Robinson, and long (98) on the water-catalysed muterotation of
awDutotra-Oumethylglusose, Although unaware of the simplifications
introduced by the above theorems, these workers were uanadle to
reproduce their experinental fsotope effect in the 50% mixture dy
any eombination of fractionation fastors for a transition-state in
whieh enly two water molecules had been taken up, the predicted
result for all frastionation factors egual falling ¥ higher than
the measuresd value, 5Since the glucoss derivative is comparable in
strugture with the hydrated ketons of the present work, it would
appear that more water molecules may be involved in this gese. It
should be added, however, that the interpretation of their results
differs from that used in the present work in requiriag knowledge of
the frsctionation fagtor of the hydroxylic proton in the reactant,
and although this does not have a large effeot on the shape of the
rate versus n ourve, the discussion in the previous section indicated
the need for further investigations into fractionation fastars in such
systans,

Applisation of the above theorems to the resulta of
Gold and Lowe (77) for the isotope effect on the ionie produst of



158.

water showe without any assumptions as to the values of the
fractionation factors that the hydronium and/or hydroxide ions
must gsive rise to additicnal frastionation effects in the solvent
molecules around them, Similarly the data of Batts and Gold (97)
for the water-scatalysed hydrolysis of acetic anhydride can be
shown %o require the incorporation of two water moleculesy and
hence to need interpretation by some scheme such as that presented
by the authors,

Finally it 18 necessary to investigate to what extent
the above conclusicns depend on the neglect of the medium effect,
As explained in the Introduction, small degrees of fractionation
at an uaspecifiad number of sites in the sclvent may be reprusented
by a linear dependense of the free snergy of traasfer on n; and this
is justified in terme of eguation (36) by the fazet that the third
term becomes negligibly small as ﬁi approaches unity, The equation
for the present case therefors bhecomess

;:- ™[] Qeneng) .

Wasn ¥ & 0,9, the predicted minimum ”nsn’*hs is lowered by 2% for
t=2and 1% for ¢t = 4, while for Y = 1,1 the changes are similsr

in magaitude but occur in the opposite direction, Since the evidence
ocurrently available suggests that medium effects of this magnitude
are restricted to reactions in which modification of centres of
segative charge oceurs (70,89,90), the above interpretation is
probably still valid.

(3)

Thc rocnlts obteined for the variation with n of the
second order rate constants for the hydration reaction cztalysed by
water, acetic asid, and trichloroacetic acid at x, = Qe 273 are shown
4n Tigure (18), Oince the data relating to the two carboxylis acids
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are probably not accurate to better than 1%, the impurity of
protium in the heavy water hes been neglected, The curve for
trichloroacetic acid differs from the other two in Veing marginally
gsoncave to the composition axis,

In order to perform the same type of asnualysis as above
it 4is neeesaary to Inow the ground state fractionation fagtors of
the vatalysts, The only available data relating to diozenewater
mixtures are those obtained by the pem.r, method by Gold and Tomlinson
{92)y which show that ( (the fractionation fastor for the protons of
the hydrogen ion) changes from 0,69 in water to 0,80 in & solution of
Xy® Oglhs This difference could be due as much to a wenkening of
the vibrations of the solvent water molscules as to any change in
the solvation and vibrations of the acidic proton, and to the extent
to which this is true the fractionation factors of all other species
solvated largely by water will be increased by s similay fastor,
For went of sny other informaetion it has bsen asssumed in the prosent
work that sll frectionation factors have the seme value &g in water,
but the less demanding assumption that the isotope effects are
unchanged in going to 100% aqueous solution iz entirely equivslent
a8 far as the validity of the conclusions are concerned, Hedium
effects have also bean neglected,

In Table 50 the minimum values of khﬂn/khﬁ have been
ealculated for the inclusion of none (t = 1), one (t » 3}, and
twe {¢t = 5) solvent water molecules into the transitionestates of the
two gardoxylic acid pesctions for which the corresponding experimental
data exist, The fractionation factor for scetic acld has besn taken
a8 0,96 from Gold and lowe (79). That for trichloroacetic acid inm
water is not known, but for monoghloroacetic aclid lLewis and Schutzf's
value of 2,74 for the isotope effect on the acid dissogiation
constant (146) leads to the value 0.90, or 0,80 if Gold and Lowe's
correction for the medium effect is applieds The figure for
trichloroacetic acid might be expected to lie betwaen this and 0.69,
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36133003 cggaﬁﬁa
ﬁe & 060 ﬂo = 0,82 ﬂ,u 0496

sxpasrinental values:

% 0. k12 0,357

%? | 0u714 Oublid

galonlated minioum values °£‘kh§n/kk§ for different t3

t=l 0,780 0e735 0709
t w3 0,674 0,671 0. 647
t=s 0,652 0.657 0,634
t =0 0,621 0639 04580

end calowlations have been performed with the srbitrary cholces
ﬂe = (b0 and ﬂ; = G482 in order to ahow the relative insensitivity
of the results t¢ its value. The subacript HD for asetic acid
refers to n = 44,8/, The isotope effect data all refer to solutions
of x = 0,273, the khb/khﬂ velues obtained from the camtalytic plots
for the two carboxylie scids being probably more reliazble than those
obtained from single runs at a varisty of water mole fractions,

From the figures in Table 50 it can be seen that for
any ressonable value of the fractionation factor for trichloroscetic
acid & three~-proton transition-state is quite adequate, Un the
other hend, for acetiec mcid catalysis the data would appesr to reguire
at leest five protons, and thus to rule ocut strusture (4A) in which two
water molecules in the trangition-state for water catalysis have been
replaced by a single molecule of acetic acid acting bifunctionslly
(or tautomerically). Considerstion of the probeble experimental
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errors, variation of the ground state fractionation fuotor for the
gatalyst, and allowance for a medium effect could change the figures
by the few percent negessary to allow a threeeproton medel, and
although this would require the fractionation factors to be fairly
similar, such a possibility cannot be excluded, It is therefore
nersly tentatively concluded on the basiz of thie evidence that
structure (4A) is rather lesa probable. When considered with the
diffioulty of reconeiling it with a linesr Br¥nsted plot and of
expladning the retention of water of solvation by the catalyst on
incorporation into the transition-state, the weight of the evidence
would appear to favour the alternative structure (B).

Although a eampletu nnalyuin of the type undertaken by

Gold's school (89,90,77,79) is obviously excluded by the large
differsnce between the number of exchangeable protons inveolved and
the two Andependent experisental results, it is nevertheless of interest
to inguire whether anything can be learnt about the gentribution to

T¢| B, of the individual transitionwstate fractionation factors .
The range allowed for the lowest value, ﬁxaw* in any recction can be
obtained fairly simply by the use of a fourth theorenm:

IVe Thet the minimum and maximum values of #, (4, and Far
respectively) allowed by the data occur when all the other
ﬁt'a are equal (at ﬁ} and ﬂﬁ. respectively), and that the
range of the lowest value, ﬁlow’ is hatuncn‘ﬂl and ﬁgg

This again follows from equation (36), which shows that in order to
reproduce the rate both at some intermediate deuterium atom fraction
and in the isotopically pure solvents it is necessary not only that
 the geometric mean of the fractionation factors should be constant
but that there should also be & balence between their values according
to their difference from unity. ﬂince the extreme values of ﬁt give
rise to particularly large (ﬂ»l) terns, the most extrene value
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possidle requires all the others to be equal in order to minimise
their contributionss 4ny increuse of ﬁmow above the minimun requires
the remaining ﬂt'u to apread out in both direotions from the common
value ﬁj‘ and eimilarly if the largest value ﬁbig is less than the
maxinum ﬁé. the others must lie above and below ﬁg, 1t therefore
follows that the lowest fractionation factor must be between ¢1 and
Fyy vhich may in turn be caloulated from the experimental data: The
truth of this theorem has been checked by trial calculations for a
fivewproton transition~state, uaing the resulis for acetic acid
gatalysis,

The allowed ranges of the lowest and highest fractionation
factors in the transition«states for ocatalysis by trichloroacetis
agid, eacotic ucld, and water are given in Taeble 51, The results for
water catalyais at x = 0,273 have been used, and for trichlorocacetis
agld ealoulations have been performed for throee possible ground state
frogtionation factors, ﬁb = 0,60, 0,324 and 1,00, A siz~proton nodel
is assumed for the water-oatalysed reaction, and a fiveeproton moded
for the other two.

wascoea (ﬁ, u 0460)  0.35 Cs62 1.62 0492
001,000 (F, = 0,82) 0,38 0,67 1467 0u97
am}mn (”c = 1,00) 0439 0,69 1.7? 1.0
@ﬂ-’m (ﬂc w 0,96) 0a60 0a75 1405 Q86

aae w‘ = 1,00) O 57 0.75 1,07 0,85
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The results in Table 51 show that at least one of the
transition.state protons has a rather low fractionation factor, and
particularly in the case of trichloroacetic scid this is in the
range normally found only for protons which ars involved in the
reaastion coordinate., However, the allowed range lies very nuch at
the upper end of that found in primary isotope effect studies with
c¢arbon acids, Further calculations showed that changes in the assumed
nuaber of protons were felt almost exclusively in the common values,
ﬁ, and ’4‘ These eonclusions are all that can be drawn without
- making further sssumptions concerning the various transition«states.

Nore detailed information can be gained regarding the
freactionation facters Af it is assumed that values much larger than
unity can be excluded. This is & reasonable assumption on the basis
of the genaral correlation between ¥ and acldity noted in the
Introduction, the non-observation of inverse primary hydrogen isotope
offeats, and the value £ = 1,04 found for the hydruxylic protons of
the ketone hydrates Inspection of the limiting values for
trichloroacetic acid in Table 51 shows that as ¢i°' increases from
~ 0s38 to ~ 0,67, ﬂbig must also inorease from ~ 0,97 to ~1.67;
restriction of ﬁbig to values =< 1,04 confines ¢1°' to the lower
ond of its allowed range, Calculation of possible sets of values
(by fixing three and then solving for the other two) in fact showed
that by making ﬂlau only 0,02 larger than the limiting value ﬁl at
l1sast one fractionation factor was forced to take on values higher
then 1,04, so that for this catalyst ﬂlow ﬁl‘ The high sensitivity
of the spread of the other four fractionatlon factors to the value of
ﬁi" in this csse can be understood from equation (36), since the
{(#~1)2 term iz particularly large for the latter proton. A similar
further restriction on the value of ﬁlow for the other two catalysts
¢anpot be made, as their ﬂbis values fall in a lower ranges The
conclusion that ”1ow for the trichloroacetic acid catalysed reaction
lies between 0,35 and U,41 is subject to some uncertainty arising from
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experimentsl error, but it can be shown to have a value below those
for the aqotie agid~ and weter-catalysed reactions provided that the
comparison of the data ls justified to better than 7%, This
requirement should certsinly be met for trichloreacetic acid and water,
although the validity of the resulte for acetis acid zay be move in
guestion as a result of the correstions which had to be applied to

the primary data.

The analysis so far presented in this chapter illustrates
bhow useful information may be obiained from kinetic studies in
3aa-baﬁ aixtures even when the possible number of exchangesble
protons in the transition~state far outweighs the number of independent
datas The number of such protons is easier to define the smaller the
differences betwesn their fractiomation factors, but on the cther
hand if this number is assumed the fractionstion factors are more
alosely specified the wider their variation. For this type of
treataent, which 1is concerned with obtaining data most sensitive teo
¢t and the ﬁt‘a rather than with testing the theory over the widest
possible range, it would appear better to concentrate experizental
measurements at the snds and centre of the rate versus n curve.
Finallyy the analysis is greatly simplified by the use of a nunber
of related theorems deseribing qualitatively some of the featurss
of isotopic solvent mixture theory.

agldmgatalysed hydration of sym-dichloroacetone are listed in

Table 52 in ordeyr of decreasing catalytic constants at %, = Q750
Sipee the drawing of fine distinctions between values is not intended,
the isotope effects given are thome obtained by averaging all the
measured values. The ground state fractionation factors, ﬂé. of the
agide in water are given in the fcurth column, that for benzole acid
having been obtained from the acid dissocistion data of Rule and

La Mer (147), combined with the medium effect found for the ionisation



eatalyst kﬁaiﬂ”laeua'l) kﬁ‘ 05 By T;]‘ﬁt
BOL 9,45 x 1071 1,23 0469 0427
HO10, 4a66 x 207F 1429 0469 0s25
001,G00K 6466 x 10™2 2446 0475 0u30
CH,01000H 1,39 x 3072 2492 0,80 027
FhCOOH 9481 x 2077 2,76 Cu92 0e33
o1, G00H 7,14 x 1077 2.9% 0,96 0033
8,0 3475 % 2077 3497 1,00 0e25

of acetie acid by Gold and lowe (79)s The value for trichloroescetic
acid has been arbitrarily taken ss the mean of these for monoshloro.
aoetin avid and the hydronium fon, and the origin of the olther values
has already been discussed. The last column gives the calonlated
fractianation factor product for the transition.states on the
aaaaﬁ%uian of a serc net medium effect in all canes and the structure
330* for the minoral scid catalysts.

It can be geen from the table that the general
¢correlation of isotope effect with acid strength can be attributed
almoat entirely to the variation of catalyst fractionation factors
in the ground states, The range of 320% in the isotope effects has
been reduced to one of only 30X in tha‘tranﬁitionuatateﬁp in aven
¢loser asimilarity can be demonstrated 4if the exira secondary protons
in the structure (3) transition-states for waterw and hydronium ione
gatalysis are allowed for, but the assumptions made in obtaining the
TTﬂ; velues hardly warrant detailed consideration of such small
differences. The similarity of these results leands further
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circumstantial support to the view that all the transitionestates
have similar structures,

4 number of the isotope effects found in the present work
may be compared with those found for the hydration of acetaldehyde
(165) and the mutavotations of tetramethylglucose (98) and glucose
(114)s Table 53 shows that there is & fairly close similarity with
the results of the present work, although rather less close than
that betwoen the data for mcetaldehyde and the two mutarotations,

The differance nmay reflect the change of either substrate or sclvent,

catalyst 0" AcOH H,0
hydration of

aym~dichloroagetons 1e23-1429 24 9% 597
hydration of

agetaldehyde 1,30 2,59 3.6
mutarotation of ,
tetramethylglucoss 134 2,46 3.58
mutarctation of _ o ':,
glueone 137 2% - 3%

ARENSESOTRNNN
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It wap established in the Iatroduction that on the basis
of the rates and general acid-base catalysis of cardbonyl hydration
reactions there is good evidence for a concerted mechanism passing
through a cyclic transition-state, although nothing could be said
congerning its configuration, It followa that sven if & three~cenire
model is adequate to explain the isotope effects in proton transfers
from sarbon atoms (about which there is some doubt) it certainly
cannot be so in the present sase, in which nucleophilic attack of
oxygen on carbon and the tranafer of several hydrogens may be
ogcurring concurrently. The remainder of this chapter is devoted
to a discussion of the factors affecting the hydrogen isotope effect
in congerted reactions,

(6)

It is proposed to discuss a simplified model of &
reaction in which the products differ from the reactante Yoth in
the transfer of a proton from a general acid eatalyst o an oxygen
atom and the formation of a carboneoxygen bond, The reaction is
regerded as concerted, (i.e. the tranaition-state containe all the
participating species), but the configuration could be descyribed
by any degree of completion of the two processes. 4 typieal example
is depicted by the potentiel emergy surface in Figure (19), which
48 similar to those used by ilbery (42) and More O'Terrall (148) im
a diseussion of solvent bridges and E2 eliminetions, respactively.
The two axes represent the degrees of completion of the two processes,
with the implicit sssumption that the main features of the reaction
nay be expressed adequately in terms of two configuraticn variobles,
The chemical species depicted at the cormers of the diagram refar to
the example of general acid-gcatalysed sarbonyl hydration in which the
gyolic nature of the transition-state has been disregarded, but the
surface could serve equally well for a variety of reactions, It
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shows a ¢ase in which a partly synchromous reaction path is favoured
over a completely atep~wise sequence, the transition-state having a
configuration in which the proton is roughly half tranaferrsd, while
sarbon-oxygen bond foramation ie rather less far advanced,

It ie now possible to discuss the vibrational behaviour
ef the transition-state, and hence the hydrogen isotope effect,
in terms of the potentisl energy surface, Bending vibrations are
gonsidered to behave 43 in an analogous non-concerted reaction, -and
are therefore ignored. The direction of the double arrow located at
the transition-state shows the direction of maximum negative
curvature, which may for convenience be termed the 'reaction path!
without implying that all complexes decompose exactly along it,

The first point to make iz that in general this direction is not
deternined by the configuration; in the present case it lies along
a tangent to a smooth curve drawn through the transitionestate and
the end~peints, but there is no physical reason for such a path,
| which would in any csse depend on the choice of varisble used to
define the configuration, The second point is that the normal modes
of vibration depend not only on the curvature of tke potential energy
surfade in all directions but also on the masses of the atoms, so
that in general the reaction coordinate makes an sngle with the
reaotion path.

Although a rigorous discussion of the izotope effect can
be seen %o require a knowledge of the forece constants and atomic
masses for every part ¢f the system undergoing modification during
the rta#t&aa, a fairly good approximate treatment can be carried out
12 use is made of the principle of the separability of hydrogenie
vibrations, It can in fact be shown by & very similar method to that
used by Biseleisen and Goldstein (67) in their demonstration of the
rule of the geometric mean for systems with large quantum corrections
thet this prineiple is particularly valid for the purpose of
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caleulating an isotope effect, provided that the tunnel corrsction
can be expressed by Bell's equation (eguation &) expanded to its
firet approximation, Using this simplification, the hydrogen isotope
effect mey be assessed from the frequency of vibration of the hydrogen
atom constrained to move parallel to the horizontel axis in Figure (19).
It can therefore be seen that unless the reaction path is ‘
perpendicular to the C.0 bond formation axis the isctope effaect
will be lower than for a non-concerted reaction,

A more thorough trestmeat would require the addition
of & third dimension to the potential energy surface to allow the
proton transfer coordinate to be resolved into one for the motion of
the proton and ancther for the relative notion of its donor and
aseeptor sites, just as in the ususl three~centre treatment of simple
proton transfer reaections. The reaction path would then melke an
ineressingly large angle with the axis for motion of the proton the
more the extent of proton tranefor in the transition-state differed
from one half snd the more the sarbonwoxygzen bond formation process
took part in the reaction path, Provided that the curveture of the
potential energy surface in the neighbourhood of the transition-state
for a concerted reaction is not enormcusly Jdifferent from that for
other types of reaction, the hydrogen isotope effect for any extent
of proten transfer should be lower than 4f the resmction were not
goncerted, the difference depending on the particular route taken
by the reaction in golng over the surface.

Mention should be made of the 'Ysolvation rule' of
Swain, Kuhn, and Schowen (149), which states that any resction in
which proton tramsfer between oxygen atoms is concerted with the
formation or rupture of other bonds proceeds by an essentizlly stepe
wise mechanimm, and passes through a transition-state in which the
proton transfer process has either been almost completed or hardly
begun, Thelr evidence rests on the low value of the solvent hydrogen
isotope effect in many such reactions, for example in the dbase catalysed
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formetion of tetrahydrofuran from 4echlorobutanol k.g/icD = 1428 for
the water~catalysed and 0,93 for the hydroxide lon-catalysed resction.
However, in terme of the ambove treatment some of these low values may
be due to strong participation of the heavy atom changes in the
reaction path sven when the proton is partly transferred, ss has
been pointed out by Cordes (150}, and this would offer a somevhat
nore convincing explanation of the genersl acid and bese eatalysis
abservad for many of these reactions, Isotepe effect studies would
appoear to be & rather less reliable indication of configuration in
soncerted reactions than in simple proton tronsfers. 4 less
defensible argument has been put forwerd by Williame and Kreevoay (96},
who suggest that ie5.2 reactlions are likely to be step~wise on the
grounds that hydrogeniec and heavy atem motilons are not usually well
coupled; this overlooks all the distinctions made here between
reaotion coordinate, reasction path, and transitione-state configuration,
The hydrogen isotope effects observed in base cutaiyeed B2
eliminations are often rather lower than those found in proton
abstractions from carbon acids, and it is possible that this is
due to siznificent participstion of cther aspects of the process in
the reaction path. These ideas may also be tentatively extended to
the latter class of reactions to explailn the fact that quastum
nochanicsl tunnelling does not appear to be large in many rsactions
pasping through symmetrical transition-states. However, detailed
asgessment of the ifinfluence of partiecipation by the activating group
on the isotope effects in less symmetrical transition-states requires
assumptions concerning s number of force conastants, 4f.e, the problem
18 essentially that discussed above for reactions which are atrongly
songerted,

7 ce_effects for concerted transfer of two hydrogen atome
The cyclic mechsnism for carbomyl hydration envisages that,

in addition to the concurrent tranefer of & proton and formation of the
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¢arbon-oxygen bond, other proton transfers may slso be taking place,
The reaction could be desoribed by a multi-dimensionsl potential
snergy diegram in which could be specified the configuration of the
transition-state and the angle made by the reaction path at this

podnt with the various displacement coordinates, The nagnitude of

the solvent isotope effect depends not only on the extent to which the
hoavy atom changes participate in the reaction but also on the relative
participation of the hydrogen atonms,

Murrell and Laidler (151) have shown that it is impossible
for ons point on a potential energy dlegrsm to represent the
transition~state for more than one reaction, It follows therefore
thaty drrespective of the number of hydrogen atoms undergeing transfer,
only one vibratienal mode may be imaginary, snd the isotops effect
will to a first approximation be normal in megnitude. iny further
conclusions must depend on the choice of s particular model for the
transition-state, making asssumptions regerding the masses and force
constants, An eleotrostatic model, ia which three centres of negative
charge were fixed on & ring and three protons were allowed to move
bBetwesen them, was investigated by Bell, Millington, and Pink {6}, dut
this only satisfied the requirement of a single imaginary vibration
fregquency when not more than one proton wes partly transferred in
the transition-state, and is therefore unsatisfactory for the present
purpose, 4 purely electrostatic force field emphasises the effact of
nesrest neighbour interactions, and &o is less uselul for discussing
concerted reactions in which a partly synchronocus route may be
followed because of the effect of interasctions between more distent
parts of the molecula.

A brief discussion is presented here bhased on a sinmple
linear syster involving the transfer of two hydrogen atome, A end B,
between thres heavy atoms P, C, and ¢, Stretching vibrations are
dealt with firet.
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Using the four simple foroe constants (k's) and three
interagtion force constants (P*s) depicted above, the chunge in
potential energy for small displacements, x, along the line of
gentres is given by

AV = & kl("‘A - xp)a + 3 ka(;l:c - xﬁla + & kS(xB - xc)z + & k.t’(x% - xn)a
* Bylxy = x Mmg = x5) + Bylx, = xp)(xg = x,) + Bylxy ..‘xc)(xqﬁh)

The ususl treatument results in a rather unwieldy gquartic expression
which i not reproduced here, tut application of the principle of
separadility of hydrogenic vibrations by assigning infinite nasses
te the heavy atoms gives the simpler equation:

2. (k, + k, » 28,) g*k&..aa::l

R
+ s ke x *xlk‘}mlexak“..gla..zklg 258,20 B ym 2, B #4358, ) = O
nm, b , , 3 3 272"y
(37}

in which ., and m, are the atomic mesaes, }\u bﬂa\)a;,aﬂd Y
rapresents a normal vibration frequency. :

It was not considered worthwhile to solve the sbove egustion
for all poasible relative vealues of the seven constants, but & few
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sample calculations were performed for the eystem corresponding to
aynchrounous half tranasfer of the two atoms., Such a configuration is
characterised by the relations:

"1""3”*3“"&“%' mdﬂasﬂsuﬁe
The resulis sre shown in Table 54 4 in which »' 15 » non<dimensional
gquantity given by

, =
e )\,ﬁ.&
A
m, belng the atomlo mass of hydrogen, '»; is the frequency of the
symzetric stretching mode, while »; refers to the ssymmetris vibration,
and both are caloulsted for the di-proto species,

(a) 140 i.C 100 411,00

{n) 140 240 1a41 1 1.4
(e} 240 240 0,00 4 2400
{e) 240 1.6 i 1,00 1 1.73
(o Qa3 1.0 1.4 QX0
() Oud 2.0 X473 1 1400

These fizures show the dependence of the vibrations)
behaviour on the relative magnitudes of the interazotion force constants,
Cosen (a) and (b) both have equally important real and imaginary
frequencies, (f) and (¢) represent situations in which the former
and letter predominate, respectively, while syatems (d) and (o) c¢an
be excluded us transition states. The freguencies of the di-deutero
species will be lower by a factor of a%‘in #ll sases. The isotope
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affeoots depend also on the ratio of kﬁ to the bond force conatants
in the ground state, but provided that excessive weakening does not
sceur in going to the transitionestate it can be seen that the
sondition for an isotope effect similay in magnitude to that for a
sinple aymmetrical proton transfer is

Po < k4 < By

It wonld be sxpected that any less symmetrical sonfiguration would
lend to lower valuees Since the ta priori' prediction of transitionw
state force constants must be very hasardous, it can merely be
coneluded that large or amall isotope effects are possible, and that
the magnitude of an imotope effect is likely to be an uncertain
mgasure of transition-state configurations The prinaeiple of the
aeparability of hydrogenic vibrations was sghown to be a good
approximation by solving the gquartic expression for case (o) in
which tie heavy atom masses were put at 16mn; two frequenciss
differing from those gquoted above by ne mere than 5% were found,
together with two lovwer real frequencies which showed practically
oo sensitivity to lazotople substitution.

Apart from the pomailble occurrunce of large ilsotope
¢ffests, the synchronoue transfer of two hydrogen atoms may also
lead to special effects resulting from the breakdown of the rule
of the geometric mean for the transition-state, In a situation in
whioh the symmetric stretching mode has a numerically much larger
frequency than the asymmetric vibration, the transition-state
resembles the hydrogen molecule and exhibits the largest posaible
deviations from the rule, Thete are offset dyidentieal daviationa
cceurring in the isotope effect on the asymmetris vibrution, but
cogplete cancellation can only occur when the two frequenciea are
nuserdcally equal and the tunnel correction is adequately aogounted
for by the first approximation to Bell's equation (equation 4).
Highly synchronous proton transfer should therefore give either large
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isctope effects or large devistions from the rule of the geometrice
nean

Since these deviations may be much larger than
those oceurring in water, the latter may be neglected and a falrly
simple sccount given of the consequences of the former., This
treatuent therefore differs from those mentioned in the Introduction,
whioh show that small deviations from the rule tend to e¢ancel hetween
the two sides of an squilibrium, The total mmount of an astivated
sonplex XL,In in which the hydrogens at the two distinet sitesn 4 and
B sre undergoing eynchronous transfer is related to the smount of the
di-proto species through the fractionation eguilibria:

XH By + %DEO = XD H, + %ﬁzo ﬁﬁﬁ
2 4 —

| KBAKE *Eﬂaﬂ Pl xaﬁnn + &KEG ﬁﬁﬂ
DR, + %nao = xnapﬁ + %ﬂaé yhﬂ

The subscripts under the fractionation factors yefer ¢o the nature
of the isotope not undergoing substitution, Thus,

£xL,1,) a-(';i;? [(1em)? + g, palten)efypntion) eyl o ] B

When the rule of the geonmetric mean is obeyed, ﬂﬁﬁ = ﬁuy, and the
expression reduces to the more familiar ones

- {xB ] ~
EILALBJ - ;;f~;§~ (l~n + nﬁﬁu){lnu + nﬂag) (39)
b )

Under particularly faveurable sonditions (for example
in acidecatalysed hydride trensfer reactions) it might be poaosible
to show that equation (38) ie followed rather them (39)s This is
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ruled out in the present case by the large number of exchangeable
protons involved, but the inepplicability of equation (39) nevertheless
¢snnot be ignored ae it can be shown that apprecliable erors can arise
in the messured values of the two fractionation factors. For

example if ﬁﬁﬂ = ﬂﬂﬁ = 0u55 and ﬁﬁy s 0u45, their substitution

into equation (38) at n » 3 and n = 1 followed by solution of

squation (39) st these two values of n leads to the result

ﬁ£35 ﬁéﬁ 2 0,78,0.31. Any description of a veaotion in terms

of a highly synchronous transfer of two protons must therefore

take ascount of this effect,

Banding vibrations ean be discussed much more briefly,
Caleulations were performed using 2 linear Secentre model with equal
bending force conatants opposing engular defornmation at all five
sentres, and gave two fraguenciea sbove and below those caleulated
for single tranafers with gimilar assumptions as to the foroe
coustant, The principle of separability of hydrogenic vibrutions
was shown to be a8 good approximation, and the rule of the geometrie
rosn was obeyed well for the sum of the two vibration freguencines,

It therefors appears that, as was sssumed in the ease of synchronous
hydrogen tranafer and heavy etom dond farmatian, any ayeu&az fsatures
in the isotope effects for such reactions can be attributed to the
gharacter of vibrations which involve the greatest dopree of motion
elong the chemical bunds,
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CHAPTER IX

The first two ochapters of the Discussion were gonterncd
largely with interpreting the kinetio orders with respect to water,
catalyst hydration numbers, linear Brénsted plot, snd variation of
the rate with the solvent deuterium atom fraction in terms of the
somposition of the transition<state, silthough the inclusien of
several water molecules in an intimate manner was shown to be supported
by a number of chservationa, the postulate that these molecules form
& ping structure still rests solely on the argument of Zigen
presented in the Introductions An important requirement thet c¢an
e mmde of this postulate is that it should permit a descriptioen of
the configuration of the transitiocnestates which is able to explain
further aspecta of the experimental data; ohiefly the Brlinated
exponent and the kinetlc isotope effects. Ae pointed out in the
last chapter, the magnitude of the isotope effect in & concerted
reasction acannot be related unambiguously to any unique counfipuration,
and s aimilar point may be made for the Brinsted exponent, which is a
neasure of the influence of changes in the estalyst on the energy of
the whole reacting system. There is therefore no alternative to the
use of some theory which can predist the configuration of &
transition~state of assumed altruciure, doth the theory and structure
belng Judged together by the success of these prediobions.

The most widely used measure of iransition-state
sonfiguration is provided by the total free energy change in the
reaction step through the Hammond postulate (52), but its spplication
to a concerted process is uncertain since more than one bond is
undergoing modification., The 'solvation rule' of 5wain, Kuhn, zmd
Sohowen (149) regards reactions in which proton transfers botween
atoms having unshared pairs of electrons are concerted with changes
ia the bonding of heavy atoms as passing through transition-ztates in



178,

which the protoa transfers have either hardly begun or are practically
complete, but Xurtz and Uoburn (20) were unadle to reconcile this with
the relative activetion perameters found in the water- and
hydronium jon«catalysed hydrations of acetaldshyde, 4As pointed out
in the previous chapter and by Cordes (150), the experimental basis
for the solvation rule may be questioned, and there seems no reason
why 4t should apply in every ease, 4 similer type of objection wmay
be made to the use of an sloctrostatic model, since thia is equivalent
to She prior assumption that the resstion proceeds by a step-wige
mechanisn,

Thornton's modification (152) of the 'reacting bond?
rule of Uwailn and Thorntem (153) is capable of dealing with reuctions
in whigh the concerted processes occur synchronously or in & step-wise
menner, although it ¢an ouly predict the changes which cccur in an
aapumed configuration when sone amell change is mede in the electronw
donor power of a substituent. A related but more easily spplicable
treatment has recently been given by More U'Ferrall (148) and nmpplied
to E2 eliminations, in which changes ir the transitionestate are
assesced from changes in the stability of the intermediates which
would have been formed in the corresponding hypotheticsl step~wise
processes, Doth these treatments depend on the principley juntified
by Thornton, that applied perturbations have a different effect on
changes in configuration oecurring along the reaction path than those
ogeurrinsg at right snples to it,

While the above approaches are very vsluable in
eorrelating observations for a wide range of reactions, they have
the disadvantage thail they are necessarily only qualitative and give
no indigstion of the nature of the transition-state in sny one resction.
In the present chapler a seniwquantitative model iz developed which
deels with situatlons such as the preseont one in which one bond change
dnvolving heavy atoms iz concerted with a number of proion transfers,.
The potential eneryy surface, and hence the position on it of the
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tronsition~state, iz calculated by means of an essumed energy function
in which the coefficients are obtained from the energiez of the
intermedimtes of the hypothetical stepewise processes, In this

respect there 4is a close resemblance to More O'Ferrall's approach,

bat by restricting attention te reactions im which all but one of the
internal bonding changes concern proton transfers uce can be made of
the considerable smount of available datm on proton trassfer equilibria
and the simple relations between them, Thiz allows a seni-gquontitative
application, with the conseguent prediction (at least in principle) of
abaclute configuration.

(1) PRescription of the modal
The acde of application and chief assumptions of the
aodel may be illustrated by reference to the simple case of a

hypothetical concerted transfer of two protonst

T ween H 0 womm H |

A ] B "
q

The totsl resction
AL + 3 —> % ¢+ HB -

is gonsidered to procced through the intermediacy of a water
molscule, and the charge type of the reamction ia mot important,
The configuration at any point on the potential energy surface nay
be represented by the oocordinates a and b, which may e axprecsed
by the method used by Albery (42) &n terms of the ratieos of the
partial bond lengths, )
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A pointed out by Bell, Millington, and Pink (6)y a
synchronous uecuenism will be preferred only if the transfer of
one proton produces » sufficient lowering of the energy regquired
to tranafer the other. That there is such an interaction, at least
in the energy of the total reaction, can readily be seen from the
fact that transfer of H, from 330* ie much easier them from H,0,

If the eingle transfer of HA or EB requires an energy ﬁﬁ or Eﬁ,
respeotively, the energy required for the second process after
completion of the first can be written Ep - EI' and the total
energy for the whole reaction irrespective of the seguence ig

given by

EmEpvEeg
The model proposed here makes the simplest possible
apsumptione, namely (1) that the energy required for either process
agourring separately is a linear function of its degree of completion,
and (44) thet if H, is transferred to an extent &, the totszl energy
for the transfer of Hy 18 given by anaﬁl* These may be combined in
the complete energy function

Eab = AEA * bEB - ahEl " C4C)

Eigen ¢34) has shown that the assumption of non-activated transfer
botwesn oxygen atowm: is a good one for pK“ differences of more than
2 or 3 units, while the results of Orunwald and co-workers {154)
indicate that even for a zero pKa difference the reaction is still
very fast, 4 more reslistic approach might therefore be to define
new parameters a' and ' in terms of the energy changes, so that
the only assumption is that relating to the form of the interaction
termj since the true potential energy profile for a single hydrogen
trangler is almost certalnly concave to the reaction coordinate,
the transition-state configuration will be descrided by values of

& and b which are smrller than the calculated values a' and d?,
This should be borne in mind when interpreting the reasults.
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The eoeffiglents E.y By end By nay be obtained from the
yﬁ"s of AH, BE, H,0, and géf'by putting in three of the conditions
ayd = 0414 In the present exusmple

» ¥ *
h’;; z pﬁaﬁﬁ«ﬁ) - pxa(ﬁ:sc )

Ep = pK (H 0) = pﬁafﬁﬁ)

By = pE,(H,0) = pxa(xzﬁo"’) . |
where the energies are expressed in the reduced units of moles™>
after division by RYy, The use of pKa differences to msasure the
enargy of transfer of a proton from one stable hydragen«bonded
state to the other involves the assumption that the formation of
esch of these states from that in which the acidie and basic
components are solvated by water requires a similar change in free
energys Frovided that hydrogen bond energles vary in a fxirly
unifors manner with the atrength of the agid or base, the error
involved in this assumption should increase with the pxa difference,
and should therefore not affect predictions of transition-atate
sonfiguration,

Figure (20) shows the potential energy surface
caloulated according to equation (40) for the above concerted
proton transfer when pﬂa(AH) # 5,0 and pK&(Bﬂ} = 3,0 The Pfigures
on the surface indicate the onergies of the respective contours,
dince pﬁ.(ﬂ 0) = 15,7 and p (B 0") = =le7y L, = 67y By = 12474
and gi = 17,#. The caatignration of the trausitinnuntate is obtained
from the requirement that the change in energy caused by a osmall
change of configurstion should be mero at this podnt. Thue,

d

(-;-% = B, - bE =0 (42sa)
b

-—Z—%) = Ey-af =0 4Lab)
a

from which the confipuration is specified by
B
(ata beo) = (i:!;': ) Zf) = (0,73, 0,38) .



Z
Z

et




132.

The otisior of the two transfers can be seen to be the further
advanced, The energy of the transition-state, measured relative to
E o« 0, ia given by

9y
B B : 2 E
gtn,“%-’ﬁﬁ*ﬁﬂ%”%lﬁg%ﬂ“%& | (42)

= ll'u 99

while the energy of the product is 2,0, If for sny reason the
reaction were obliged to proceed through a szolvent bridge of thie
type, the falrly synchronous path desoribed here would appear te
offer s more faclle route than either of the twe Antimate stepewise
mechanians proceeding through intermediates represented by the top
lpfte and botton right-hand corners of Pigure (20),

Comparison of Figures (19) and (20) reveals sonz of the
over-simplifisations brought about by equation (40), The diffarences
are lesrgely related to the fact that in Figure (20) the intermedistes
of the two hypotheticel stapwwise processes do not lie in stable
potentiala; reduction of the vnergy at the sppropriate corners will
oonvert the surface to one more similar to that in FPlzure (19)e

If a change is made in the strength of the aeid A, a
correaponding change is brought about in @A. but EB and Ei are
unaltered. Tike Brénsted exponent a ia therefore given by

)E E | -
am (ﬁ)g | » ﬁf K (53.u),
Briy
and the corresponding quantity 8 for substitution of 8 by
E

by
-—3-%-" 8 s =fab (43a1)
B = (b ; >i’5a.‘ﬂl El - 5

The model can be seen to predict linesr Briinsted plots over z large
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rengs of acid and base strength, the value of the slope corresponding
to the degree of completion of the proton transfer which occurs from
or to the aold ¢r bsse undergoing substitution. The latter
interpretation of the Br¥nsted exponent hac often been assumed in
discussions of transitionestate configuration for reactions in which
& proton transfer 1s congerted with some other process, for example
by Cordes (135).

Finally 4%t is necessary to discuss the applicetion of the
madel when one or both of B, and EB are either negative or greater
than E,. The energy function (eguation 4C) is clearly unsatisfoctory
ontside the ranges © <Ta,b = 1, where in reality it should rise
steeply; and the simplest remedy for this iz to make it infinite at
all points outside the potential emergy disgram of Figure (20)., If
thers is no solution to equations (41) inside the allowsd range, at
least one of the coordinates must be zere or unity in the transitionw
states, For a two coordinate system inspection of the potentiszl onergy
diagren shows that the whole process is then non-activated, but this
i8 not a necessary result in other cases.

The particular problem of the mechanism adapkeé in s&nglo
proton exchanges proceeding through selvent bridges is returned to
after the discussion of garbonyl additions.

(a) AT A : [ atalvsed hs ]

In this neatian the sbove model is aypliod to & eywlic
gomplex of the structutre (B) type, as deploted below:

_
S YO " S
Page
25,07 |
A o b
a s
k- S Ay
B
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The reaction consists of the tramsfer of H,, Hy, and H,, and the
formation of the C~0O bond, the degrees of completion of these
processes at any stage being described by the four ccordinates a,b,e,
and ds When the general acid is represented by AIKA‘ AERB being a
water moleoule, the mechanism is one of 'true' genersl acid catalysis
and is esmentlially & cyclic modification of that proposed by Bell and
Higginson (17). The kinetiecslly indistingulsheble variation put
forward by Gruen and MeTigue (35), which may be desoribed as
‘apecific acid + general base'! catalysis, is obtained by zmaking
ABHB the acid catalyst and &13& a water molecule, As Jencks hae
pointed out (156), altheugh the firet alternative might intuitively
be preferred for the hydration reaction, the aopposite is true in the
reverse direction, for which the labels put in inveried comnas must
be interchanged, Caleculations were performed for both types to
investigate whether the present model cun distinguish between them,
The energy function is constructed using the same
principlesas in the simple example discussed above, The cholce of
intaraction terms is decided by the requirement that the function must
he able to reproduce the experimental free energy change for any
sombination of completed aingle processes. This leads to the
following expression: ‘

Ea,b.a,d = 8k, + bE$ + cEG + dEﬁ - abgl - h@ﬁa

- edEs ~ daB, - adeE ()

S

The last term accounts for the fact thet when 4 = 1 the ensrgy for
transfer of Kc depends on whether a = 0 or 1, and vice versa, Ko
attempt has been made to account separately for the change in bond
order of the carbonyl group, or for any other internal bonding changes
in any of the participating species, since the relevant single and
interaction energy terms are not available.
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The values of the coeffisients are related to experimental
free energy changes by putting the cocordinates equal to mero and unity
in various comdbinations, This loads to the following relationss

: +

B, = pk, of A H - pK_ of R,R,COH
4.
En = pﬂa ot Azl! - pKa of Al\HZ
+*
30 » pxa of Kzﬂ - gKa of Azﬂz
RB » manglox for the reaction

. ¥
alnaco + Hac<r_— alnaccﬁ)ona

_ : - *
Ei - nx"ef 313 pE, of Alﬁa
ot
Ea = pK‘ of &23 - pK‘ of Aaﬂa .
Ey = pk, of H,0 - fx‘ of nlnac(ﬁ)eaz
h ama?
E, = pK, of R R,C(OH,)OR = pkK_ of R,R,COH .
+*
Eg = pE, of Rlaeucﬁ)ona - pK_ of 31Ra¢(°3’°”§
In the expressions for By and E5 the pK"l refer to the ionisation
of the proton appearing outside the bracket, It will be noticed
that E, has beon put equal to the experimental free energy change
in a reaction in which a change occurs in the number of molecules,
snd that its value therefore depends on the standerd state chosen
for water, This problem can be overcome by making the reasonable

sssumption that in 100% aqueous solution the ketone is very loosely
coordinated to a molecule of watery the constant

(R, R,C(U)OR, ]

x =~
Rl‘ab

measured in such a sclution then gives the required free enargy
change for the procesm d = 0—> 1,



186.

All the coefficlents in equation (44) are in principle
nessurable, although some must be aseessed because of the lagk of
appropriate data. The origins of B, and the pKa values choson ore
described below,

&n' Azg' :ﬂaﬂ!
The pﬂh value of water 1a taken as 15,7, and thome for
othar acid catalysts sre known,

Aiﬂa*, AE,", nxkac(oa)éags

In the assumed structures (3) type complexes the proton
gﬁ 12 donated to the same oxygen atem from whioh K* is lost, The
corresponding basie pK"'a are known for a number of phenols,
aleohols, ané water, and a few examples taken from Arneti's
review (157) are reproduced in Table (55).

Substance P, (a0idic) pK_ (vasic) differencey ApK,
Fethanol 1% -2 16

Water 157 wla?7 174

Fhenol 10,0 647 1647

4cetie asid b8 byl 10,9
Sensoic aeid he2 wZel 11sh

pE, (acidte) for methanol is taken frem Bellinger and Long (144),
and for other acids from Robinson and Stokes (ref. 41 p.527)
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There is good evidence (158,159) that the carboxylic acide are
protonated at the carbonyl oxygen, so that [XpKu for protonation of
the hydroxyl group will be higher than the valusz givea in the table,
It has accordingly been assumed that Z&p&a for all oxygen acids ie the
gsane as for water,

The PE, (acidic) of sym«dichloroscetone hydrate has
been taken as 11,6 by interpolation from the Taft correlation
sstablished by Bell (1) for the hydrates of a number of aliphatisc
sldehydes; this assumes that steric effects can be neglected.
RyR,COH" s

Campbell and Edward (160) found that a number of methyl
alkyl ketones have pK 's (basic) close to »7,0y but no halo-derivatives
were studlieds. The valus for symedichlorcacetone has been taken as
«J40y a rather arbitrary sllowsnce having been made for the expected
smaller basicity.

B,R,C(0H,)0H (for tonisation of proton outside bracket):

S4nce this is probably the least well-known guantity,
sale¢nlations have been performed using a range of values. It is
expressed in the form

pE, = K of %320(03)2 “~ A% B 11,6 « AXx

wbore \x is a gauitivc quantity reflecting the greater inductive
effedt of the ~OH, compered with the ~OH group.

“133?‘3’332‘

This 1s related to the above by the eguation

TR R.C(OH)OH,] [R,R,C(OH)OH] [R R,C(OH)OH,] rﬁaacméxgz
M » h——-——-— - W . "

{axaaa{aa)enz rnlnacts)oa] Cxlnzeiﬁ)@agl txzsze(ﬁ)onl
from which
._px. ® w{lleb « 17:4) @ 1146 ¢ (1146 « Ax) »w 5,8 « Ax &



188,

EBt
This 1s also related to /\x, eince

Eﬁngcw)&iaz [8)2,0(0H), ] [ﬁkgcccﬁ)aag] g, Rge(a)&zgl

Cﬂlkaﬁﬂﬁl [313260] [Rlazc (cH) 23 Enlﬁac (QE)OE:]

Thus,
EB » legxd b (1346 - 1?*“') + (1146 -~ AI) " 160# - Azg %

taking xd &8 approximately egual to Oul.

4n upper limit cen be placed on /Ax, sinee the zwitterion,
,xlazew)éaa, must be less stable than the nesutral hydrate,
axnge(oa)z,

YW Ax < 17:4’

(3) HMathod of computation

The tronsition state was located for each combination of a
ranges of values of Ax and the pK. of either Alﬁ or &23. Calculations
were parformed in the following stages, using sn Elliet 41350 computer
and & program written in FORTRAN IV,

{4) The simultaneous partisl differential equations ,

by A

(«ﬁ)h w B A" B-El - dE" - deﬁs {45,a)
90,d

) ‘

. " - 8 = GE (&5 h)
<-g§ l'ﬂ'a EB QEI 2 )
aé-& - w BE, » 45, « adb (45e0)
<?>‘ aybyd fo 7 2 = 95 3 *

/‘\

ks

N
&

Ep = 6E; = aE, ~ ackg ’ (45.,4)

were solved, For acid catalyeis each set of energy data always led
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te pairs of solutions which were either imeginary or lay outaside
the permitted rangs, 0 <a,b,c,d =1, This established that eny
transitionwstate nust be defined by & set of coordinates at least
one of which must be either zerc or unity, i.e. the reaction is at
leant partly step-wise,

(44) Ome of the coordinates (¢) was sllowed to increase by
inerements of O,1 from sero to unity, aand, for cach of these, thet
sonbination of the other three which gave the minimun enmergy was
found by trial., 3Since theas minima initielly ineressed while the
total snergy of reaction was negative, it could be seen that a
transiticn«~state must exist somewhere iu the sllowed region, It
was hoped that this procedure might give the reguired transition-state
configuration, but this was prevented by the nature of the potential
energy 'surface', which was shown to have low energy ‘culede~sacs?
running along the edges defined by three mero or unit values of the
coordinates,

(243) Because of the inappliocability of these anslytisel end

seurch methods an approach was adopted which combined some features
of both without making any assumptions about the neture of the
potential energy surfuce, usince the sbove tests ehowed that there
must be a transition~-state (elthough it mey not be unique) amé that
this must occur at & configuration having & serc or unit value for

at least one of the coordinates, a pertly anslytical solution i4s
possible with respect to those coordinates which sre not fixed merely
by the restrictions imposed on their renge of values. For exssple, a
transitione-astate can ccour at b = O if there is & eet of the other
thyee values which makes ( O3/ 0 b)a,c,d positive and the other three
partial differsatiuv] expreselions wero, and which lies in the sllowed
ronge and at & saddle point on the potentiel energy surfuce, These
sonditions wust be tested for all combinations of indtielly fixed



190,

values, and, if only ons satisfies all the conditions, that definen
the transition-state. If more than one solution is obtained, no
decision is possible without inspestion of the whole ‘zsurface’,
since it may be necessary to paes through one of the higher energy
points in order to reach that of lowsst energy. For a four
goordinate system such as the preasent one, the problem would then
be insoludle.

The above method was used to analyse for the
transition-state, solving the partial differentisl equations which
remained when one or two of the coordinates were made zero or unity,
Some of these could be excluded without earrying outl any calculations,
since 4t can be shown that for example if a alone is put squal to
zare or unity, squations (45.b) and (45.d4) are only simultaneously
soluble for particular values of the gosfficlents, For the same
resson no more than twop soordinates ean be restricted. The test
for a maximunm, ninimum, or saddle point in each case was mude by
aanloulnting the ailgn of the anerzy change on undergzoing a small
displasenent in a direction not parallel with any of the soordinate
axgn, this being neconsary because, as can be ssen from equations (45),
the aesond derivative of the energy with respect to a single
soordinate is alwaye zerc, Of the 21 possible sets of initiasl
restrictions, no more than two were ever found to fulfil all the
couditions, and fortunately in many cases only one was found
satisfactory; as {ndicated by the results of test (ii), there was
always at least one allowed solution,

(4) BResulte

The results obtained for acid catalysis with the acid at
the positions occupled by AH or AH are given in Tables 56 end 57,
respeetively, The pKh‘a have beea varied by intervals of 4,0,
starting at 15.6 and 15,8 rather than 15,7 in order to avoid
complications arising from division by zerc. Transitimnestate
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energiee are listed in the sixth column, and in the last one are
given the values of the BrUnsted coefficlents, x, as caleulated from
the points immediately sbove und delow, Three values of Ax have
heon used, of which the second and third smeem physically more
reasonable than the first or highar guesses,

Although too much weight should not be put on the detailed
aspects of these results, a number of general features are apparent
from the two tables, It can be seen that the Sr8nsted coefficients
fdr‘ﬁ13 oatalysis are fairly closely equal to (a-b), which measures
the extent to which 51 resembles the conjugate base, while similarly
in Table 57 o = (b=e¢)s The usual physical interpretation of the
Brinsted coefficient iz therefore preserved in this amore complicated
gysten, The least satisfactory feature of the results for ﬁzﬂ
eatalysin 1s the initial rise in the transition-state enerzy for acids
only a 1ittle stronger than water, and, because of this and the
reliated prediction of higher snergies throughout the range of -9
the model suggests that ttrue' general acid catalysis (Table 56) is
the mechaniom followed by the hydration reaction., This mechanism
bears a closer resemblance to that of Bell and Higginson (17) than to
the alternative susgestion of Gruen and MeTigue (35)., The two
aechanisns necessarily involve equal snergies when the ecatalyst is
320 or 530*, since in these extreme cases the two struciures are
indietinguishadble,

If the machanism is one of A H catalysis and ANx = 10,0
is regarded as a reasonable assumption, the medel predicts a fairly
constant brinsted coefficient of 0,5-0,6 over most of the pX, range.
This should be compured with the constant value C,27 found
experimentally in the aqueous dioxan solutions, but as pointed out
earlier the assumption that the energy depends linearly on the extent
of proton transfer ia likely to lead to values of the coordinates
which are too high, For catalysis by water all three proton transfers
are only partly complete in the transition-state, while the C«0 bond is



A H varying,
K, a
15,6 0400

‘ 0,02
11,6 0400
024

7eb Q433
- N 0,75
«Qph Ou75
1546 0,01
1146 Ou32
246 Ouh0
5*5 0464
L o 0469
15.6 0,10
1146 Gud
746 0458
™ 1 0u58

0460

0.99
1.00
099
1,00
s 92
Q0476
Qe52

1,00
1.00
2% ]
0,63

1,00
1,00
1.00
3400
0481

C4LCULATIONS FOR A H _ACID CATALYSIS
AQH - Kgol Ax = b0,
b s
0,00 0.71
Qu23 1,00
0. 00 G711
Q.00 1t0°
G400 Ce37
0,00 Q.00
0,00 0,00

Ax = 7,0
0,23 1,00
0,03 0s92
0. 00 Ouh3
0.00 0,03
0,00 0,00

Ax = 10,0
0428 0,92
0,10 0.83
Qs 00 W60
0,00 0e20
0,00 0400

12,3
1242

1242
11,8
Gule

Gult

12.2
1252
10,6
847
529

1242
1.9
G

- 7«6

Se2

192,

0400

0,10
060
0?75

0,00
o0
Ouls?
0,70

0.07
0s 50
057
0460
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TABLE 97
, NS FOR A _ACID GiTALYSLS
Azn '”m‘ AIH L] 320’ Ax = B0y

. a b e 4 By o
158 0200 0,00 0,71 0e99 12.3

Qed2 0s23 1,00 1.00 1242
1348 s 00 0s22 0,78 1,00 1544 w0480
7.8 Q6 1,00 Cu25 0.41 149 a22
3.8 0?5 1,00 0400 Olt3 11,0 0.97
wlip Cu 75 3400 .00 Celt3 740 1,00

A X -~ ?.O
15,8 0,01 0,23 1.00 1.00 1242
18 0,09 0435 0u69 2.00 g =062
748 0436 1,00 0e2? 0uk6 b3 0030
38 0,69 1,00 0400 0s53 1046 Q32
Oy 0,69 1,00 0,00 0453 645 1,00
: A x= 10* 0 )

1548 0410 0.28 e 92 1400 1242
3348 0418 Cultb 060 1,00 1347 =037
Ta8 Q.27 Oubh 029 1,00 13,3 Csd0
b 0460 1,00 0400 0e68 949 0,82

w0y 0s60 100 0,00 0,68 549 1,00
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already fully nmade. 45 the acid becomes sironger the extent of
transfer of iy rapidly falls to zero, followed by ﬁc, until for
the sirongest acids only a and d have fractional values,.

Thus as the reaction rate inereases the extent of reaction in
these three coordinstes becomes less product-like in a way which
gan be understood from the acidic character of the catalysis,
Throughout most of the pK‘ range the degree of oproton transfer
from the acld catalyst is constant, leading to & linear Brinated
plot, It is interesting that just as Eigen's arguments in favour
of a cyclic transition-gstate apply most directly to weakly acid
catalystas, the present model reguires this type of structure only
in such cases.

The caleculated transitionwstate energies refer strioctly
to the cyclic system in its initially weskly hydrogen bonded state
&8 Serc, but if the free energy reguired to obtain this from randomly
dispolved ketone in pure aqueous solution is neglscted, the waterw
catalysed rate is predioted to Ye arcuad 10 ssc“l. A rough experiment
in a 50 volume % mimture of dioxan and heavy water showed that under
these conditions the halfw-life for hydration is about 2 minutes,
which might indicate & rate in 100% light water of sbout 107+ ses’zu
4.8, & hundred times slower than the predicted value.,

The question of whether the model accounts for the
abaerved isotope effects is more difficult to resolve, since as
shows in part (B) of Chapter VIII no universal relation between the
moagaitude of thism gquantity snd the configuration can be expected for
a partly synchronous mechanism. The simple potential eneryy function
uged in the present nodel is not applicable for this purpose on
account of 1ts lack of squere terms, and any modification would
reguire the asmaumption of additional coefficients, According to
the model, it is possible to exclude from amaking any contribution
to the reaction path a displacement slong any coordinate which has
a velue of zmero or unity in the transitionestate, since motion along
such & coordinste in one direction would inevitably take the



configuration outside the allowed range, salthough this probebdly
applien somevhat less strictly to e real system in which the energy
veries in o continucus manner. The isotope effect should therefore
be determined for moat of the catalysts largely by the vibrational
properties of two hydrogen atoms, ss discussed in the previous
chapter, Sinece high Ssotope effects are not observed, it followe
that there must be large deviations from the rule of the geometrie
nean and that the conclusions previcualy drawn conoerning the values
of the smallest fractionation factors and the minimum number of water
moleculen in the transition-state are invalidated.

A more constructive interpretation is permitted if the
general characteristics of the above model, but mot its detailed
numerical values, are considered, Just as the predicted IDrldnsted
coefficiont was found to be too high, it might similarly be asauned
that the degree of product-like charscter exhidbited by the three
cooydinates b, ¢, and 4 is too large. This would lead to & met of
transition-states in which b and ¢ are both snmall or geroc and &
becomes progressively smaller as the strength of the catelyst increases,
The isotope effect is then chiefly due to a primary contribution from
HA and & secondary effect from both Bc and the other proton attached
toc the mame oxygen atom. The traneition-state fractionation factor
assotiated with the latter will increase towards unity with increasing
strength of the catslyst, but the primary factor may decrease either
becaunse it is partly bonded to a weaker base or because of a decreasing
participation by the C«0 bond formation process in the reaction path,
The other protons will make small contributions, since the observetion
of mediump offects in isotopic solvent mixture work indicates that
fairly small changes in the hydrogen bouding state of a protoa san
alter its fractionation fasctor, but these effects should be relatively
independent of the catalyst, This description accounts for both the
conatant transitionestate contribution to the isotope effect and the
decreans (if real) of its lowest frastionatiom factor with increusing
aocid strength, Howesver, it nmust be stressed that, slthouzh a
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qualitative spplication of the nmodel can be nade to rationnlise
the cbserved isotope effect, it is not impossible that other
descriptione might be equally satisfactory.

{5)

It was aanﬁiﬂaraa of interest to investigats whethey
a transitionestate of the structure (i) type, 1n whieh & eatalyst
of suitable structure replaces two water molecules in thﬁ.wiugg
¢ould previde a lower energy path for the reaction, The ayslie
system shown below |

&
4¢o ........ LN
RyR,C0 Y
‘?»g-mu--ma//
4 &
-4

4an be described by thres coordinates, a, o, and d, and i&a Rergy
oxpressed by the fumetion
Ewm af + 0B} ¢ dE, « aeE; - odE; ~ da; -.aﬁtzg Y

The coefficients are as in the previous case, except that

. . , +
BY = pE of 1,0 - pk, of Y(0H),

2
and Bg = pk, of YO,0H ~ pK_of Y(0K),*

The transition-state was located as before for the senme
valuew of /\x, For sach of the five catalyst acid strengths, o
the p&a of the conjugate scid, yxz, was allowed to vary by mnit
intervals from pk, to (pKa - 20), 1In contrast with the previous
gase, 1t was found that there were ranges of phy for which & single
completely analyticsl solution and no partial analytical solution
existed within the allowed configuration rangej coutinuity in the
varistion of the coordinates was found on passing to & reglon in
which only a partial analytical solution was obtained, and this was
gonsidered to provide a good test of the methods of analysis,



197.

it was found in general that the activation energy for
this bifunctional (or tautomeric) mechanism was never significantly
higher than for the model assumed previously, and that a lowering of
energy cccurred when (pﬂa - pﬁl) was smalls The decreane was
partionlsrly marked at small (QK2 - yKl) and when pK, was itself
highy but the value of Ax made 1ittle difference. This may be

11llustrated by a few results for Ax = 10,0 presented in Table S8,

2imLE 58
BIFUNCTIONAL CaTALYSIS

PRy  PEy a ¢ d E(bd) E(mono)
116 12,6 0400 0456 0,36 23 © 11.9

746 0,00 56 e 70 4.3

3.6 0,03 0u56 1,00 647

wOslt 0,21 OS5 1400 8.5
346 a6 0419 033 0,91 5.3 76

wOele 0,36 Q.17 0.97 70

wly oy Y Cull) 1,00 7%

wfolh 0s57 0,09 1,00 745

It would thersfore appear that bifunctiomal catalysis is more

14kely when the catelyat is moderately strong both aa an acdd and

& & base, The lunt'two lines of the table show that for a sarboxylie
acid there is little to choose between the two strustures., i final
decision would require some estimate of the relative eatropies of
formation of the two weakly hydrogen bonded initial statem, which

is wade diffioult by the fact that the satalyst is hydrated in the

ground state,



198,

On the reasonable assumption that the sbove entropy
term 4a small, the model offers s quelitative explenation for
the positive deviations from the BriUnated plot found in catalysis
by species auch as the dihydrogen phoaphate anion (pelQ), and
attridutes these to bifuncticnal catalysis. It ales predicts
ditferent (and probably higher) isotope effects in these cases,
but not for catalysts such as carboxylie acids for whinh uo decrease
in the sctivation energy is obtained. Bifunctional catalysis in
the mutarotation of tetramethylgluscose has been demonstrated by
Swain and Brown (161) for benzols acld and 2-hydroxypyridine in
noneaguecus solvents,

r aspects of carbonyl hydration resctions

An important test of the model Ais whether it can account
for the differences in the kinetic behaviour of the sldehydes and
kotones which have been studied., The different coefficients were
not considered to be well enough known for a reliable quantitative
application to the problem of feirly small differences, but
qualitative conclusionn ¢un be drewn if it is casumed that only
the cvordinates a and d have frestional values, and if certein
assumptione are made as to which energy teras vary most {rom one
compound to another, Therefore,

B .‘EA"dED".dE" ¥

ta
from which follow relations analogous to those of seation (1),

The series foramaldehyde, acetsaldehyde, and asetone may
be discussed with the assumption that the differences between them
are related essentiully to the increassing value of By This is
ressonable on the basie of their similar inductive effeocts, and
receives asome support from the fact that the difference bLetween the
acldic pK ‘s of CHE(OH)a and MeCH(OH), 48 only 043 (1)s The
simplified model sccordingly predicts an incresse in the Hrénsted
coefficient o on ascending the series, and this is borne out



199.

exparimentally (1,29) by the resulte:
HCHO 1 0.23, 033530 t OoShy 03330033 3 ~0l7

The figure for scetone iz based on the rates for catalysis by the
hydronium ion and acetic acid, The value 0,27 for sym-dichloroscetone
puts this compound in the expected position in the series, but the
ehange of solvent mokes this a less aatisfactory comparisons It is
tempting to suggest that the specific ascid catalysis observed in
ester hydrolysis is due to the very high resistance of the ester
carbonyl group to hydration,

Whereas the change in rate with catalyst dependa on the
value of E,y the effect of substitution in the ketone for a meries
of similerly catalyeed reactions ie e 1little more oomplicated, an
dnorease in the slectron.-withdrawing power of the aubstituent causes
changes of 5, in £, and « 5, in E, Thus, 1¢ E, is approximately
unehanged,

SBy, = w:: 58« 5,8 {4€)
showing that a decrease in rates is more likely for large & and
snall 4, i.e. for catalysis by a strong aclid of substrates in
wnich,ﬁb is relatively large., This explains the 'basiocity effect®
dssoribed in the Introduction (p.ll) for hydroniums ion catalysis
in the hydration of substituted ketones, It can be regarded in the
usual way as giving e measure of the amount of positive charge
developed on the carbonyl carbon atom in the trassitionestate, and
the above expression shows how the Taft equation paremeters, L °*,
for 00 bond formation and proton transfer equilibria combine to give
the measured f>' for the hydration rates. When alkyl groups replace
hydrogen atoms, the change in £ is probably much lesa than that in &,
with the result that the order

HOHO > GHBGHO = GKBGOCHB
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is found to be maintained even for eatalysis by very strong acids,
The sesond order hydration rate constants for hydronium ion gatalysis
are (11,419,29)1

HOHO : 5400,  CH,CHO : 930,  CH,COCH, & 33 K1y

The model oan thersfore give a satisfactory gualitative
aggount of the dependence of the rate on both the catalyst and the
subatrate, This lends further support to the modified dessription
of the transition-state, which was preposed to scgount for the
obaerved isotope effects, The specific aolvation effects iavoked
by Ahrsns (13) would appear to be unnecessarys

4n attempt was made to apply the model qnuatuti?aly to
gatalysis of the hydration of sym~dichloroacetons by bases which
have & labile proton at the basic centre (e.yg, primsery aud secondary
snines). The seme structures as for acid satalysis were sssumed,
bat unfortunately the analysis inveriadbly located two possible
transition«states in each sase, It could merely be concluded that
loeation of the basme at 4, gave the lower set of sctivation energies,
and that, in contrast to the result for acid catalysiz, these decreased
with 4dncreasing pﬁﬁ/of ﬂgﬂ. is0s with ;ncraaaiug base strength,. In
gonnection with base catalysis 1t should be mentioned that Huang,
Hobinson, and Long (98) found an almost linear dependence on zolvent
deuterium atom fraction for the rate of the acetate ion-catalysed
mutarotation of tetramethylglucose, and that similar behaviour has
reoontly been found by Huasng (162) for catalysis by & series of
pyridine bases., These results indicate that only one proton ie
appreeiably involved in the transitionw-astate, and has a frastionation
faotor indicative of primary character., This is as would be expected
42, by analogy with the acid«catalysed mochaniom proposed hare, only
¢ and 4 have fraotional values in the transition-state, and such
sn explanation is further supported by a change in the overall isotope
effent, kb/kx' with base strength,

e«ge acetate : 0,449, opyridine : 0356
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In conclusion, the data for catalysis by acids and
bases which are somewhat stronger than water can be satisfuctorily
explained by transitione-states in whioch one proton tronsfer and the
prosess of garbon-oxygen bond formation or ruptures are partly
complete, For the water«catalysed reaction the veriation of the
imotope effect with the solvent deuteriusm atom frastion suggests
that more proton transfera may be invoived, and such & situation
is in fact expected, since on passing from acid catalysts aomgwhat
streuger than water to weakly basic catalysts a transition is vequired
betuween partial transfer of E& and of Bc. Bigen's postulate of &
eyclie sclvent.bridged structure therefore still rests for moat
reactions on the original kinetic evidenae.

Aigation of the model to otha 214 %
The main kinetie features of the formation of addition
producte (or intermedintes) between carboayl compounds and other
nucleophiles can be accounted for in the same way as for the special
¢ase of the addition of water and the related mutarotation reactious,
These have been discussed by Jencks (156) and otheors in terms of the
produst« or reactant-like character of the transition-states, and the
model developed here merely adde further precision and simpliecity to
these interpretations by specifying the individual deyrecs of
completion of the various processes, The reactions often exhibit
good linpar irinsted plots over a wide range of pxa, for exmnple
in the asid-catalysed addition of semicerbsezide to p-chlorobungaldehyde
(163), and both Gordes and co-workers (155) and Jencks (156) have drawn
attention to the general tendency for the Irlnsted c¢oefficlent « to
inerease with decressing strength of the nucleophile, i.0. *for
catalysis to be most evident where it is most needed’, ‘These
ocbservations are sccounted for by sn equation such as (43,a), wnd,
a8 expected from the present model, the values of « found for a
range of different nucleophiles and substirates correlate better with
estimates of the esse of addition than with those of nucleophilicity
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alone. The inoresse in the P ¥ velue from 0.77 to 0.9 found by
Cordes and Jencks (163) in the scid«gatalysed addition of semisarbazide
to a nusber of substituted benzaldehydes as the catalyst was changed
from monochloroacetic acid to water ie aimilarly explained by

equation (46) in terms of an incresse in 4, Isotope sffect studies

on other types of garbonyl addition resctions might be expected to
provide a further test of these ldeas,

The present model would be expected to be particularly
sultable for predicting transition-state configurations in reactions
which copsist solely of concerted proton transfers,. IZxperimental data
are rather sparse, but an important example is provided by the work of
Grunwald snd Heiboum (154}, who found evidence for the following two
awcheniame for proton sxchange in methanolic solutions of subptituted
banzole scid buffera,

I AnwE------ Onll-----. A | a w 0,26
& b
€ He
o /a_____w/
1 no b a m 0453
N\, o I
Owl--—-- ")
ke
&

Since reaction I is an example of the simple yrotdn tranafer aystem
dincussed in sectton (1), it should be pomaible to use this to explain
the cbaerved Brinsted coefficient of 0,26, From eguation (42), |

from whieh, by the use of data from Table 55 and taking the mean pk_
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of the substituted acids to be ~ &,
a = 0,62, ba 0,58, and am Ouhs

For reaction 1I Grunwald and Felboow argue that the true Briasted o
for proton transfer through the hydrogen bonded system should be
higher than the experimental walue because of the expected increased
solvation of the carbonyl zroup with incressing PE e Application of
the model according to the usual principles gives

e 1,00, b= 0,38, e¢= 0,00, and a = 1,00,

where the coordinates are as indieated, It is therefore possible
to give a ressonable account of the experimontal data, and $o
substantiate the authors' conglusion that mechonism I is synchronous
while mechanism I1 proceeds in a step-wise fashion., Hore dauta of
this type and the development of methods for measuring the isotope
affeet would bhe very welcome.

Finally, s few gualitative applications of the model
may be mentioned to show how the sonclusions of Thornton (152) and
Mors O'Ferrall (143) can be arrived at in a simple way from satimates
of the effect of substitution on the energy required to effect tLhe
individual processes, For example, the base-catalysed syolisation
of o whaloalcohols to cyolie ethers allows the possibility that proton
abstraction may be concerted with the process of carboneaxygen bond
formation and displecemeni of the chloride ion, but, whereas
heghlorobutanol glves a good linear Brénsted plot with B = 0425, the
reaction for 2-chloroethanol is subject to spparent specific hage
satalysis (149), This may be explained by the large internal strain
in the latter ring formation progess, which accordingly requires
virtually complete proton transfer in the transition~state, 1¢nding
to the mesking of any general base catalysis by that of the hydroxide
iony ZThe model makes predictions for 5,2 rtauyiona which ave very
eimilar to those made by Thorntoa (152), and supporied by solvent and
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Joaving~group isotope effect data., Bimolecular (A2) eliminations

from earbon, another classic group of concerted remctions, present
more problems than the analogous dshydration of carbonyl hydrates,
singe as pointed out by More O'Ferrall (148) a change of base normally
involves also & change of solvent; however, the incremse of the
Hemmett P parameter with decreasing leaving group ability, chown

by the dats collected by Bunnett (164) raeceives = simple
interpretation in terms of the present medel,

The idess presented in thie chapter nay be added to those
of Zdgen (34) to give & general sccount of the relation between the
rate of nn acid or buse catalysed reaction and the pKa of the catalyete
The experimental Brinsted plots are shown dliagremmaticelly in
Pigure (21). The s¢alem on the two axes are the sane, dut no
values have bsen inserted as it is not intended $o compare the
rates of different reactions. Curve (a) represents simple proton
transfers between oxygen stoms, which exhibit fractional Brlneted
goefficlents only over a very small range near Z&pﬁa = 03 the
reagtions are not concerted, and activation is reguired merely teo
bresk and form an oxygenehydrogen linkaze. Curve (o) represents
the opposite extreme found for reactions in which proton transfer
osccurs synchronously with some other process, and im which the
soctivation energy arises from the combination of an "uphill? and
Ydownhill! procesas, as described by the model developed above.

{In contrast to the idea put forward by Albery (42), the prosent
treatment shows that linesr Brinsted plots do not require simultaneous
avid and Yase satalysis), The middle curve (b), found for proten
transfers from carben scids, shows intermediate behaviour, and it

i suggested that in this cuse the activation energy asrises from a
corbination of both effects. It wonld be predioted that 52
eliminations would resemble curve (b) if the appropriste data

could be obiained in a single solvent, Hydrogzen isotope effocts

in reactions of type {a) should vary rapidly with Pk, and rise to a
fairly high maximum, while those in reactions of type {¢) vary much



FIGURE 21

The Bronsted relation in different types

of acid-base catalysed réaotions.

log ,
. rate L -
(a)

S
>

-pk, (for acid catalysis)
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nore slowly and arse never large. The behavieur of the isotope effact
in intermediate types is the most aiffigult to acesount for since
neither of the simple models w@rapﬂau for the two sxbiremes is
very satisfactory. |
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