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Cut to MS Dr. Peter 
Taylor 

Carboxylic acids and their derivatives 
are one of the most important classes 
of organic compound. 
The oils and fats you cook with are 
esters. 
The Jjroteins in meat, eggs and other 
food sources are excellent examples 
of amides. 
One of the key reactions of these 
compounds is their reaction with water 
- hydrolysis. 
The meaiufaoture of soap involves an 
ester hydrolysis: the breakdown of 
proteins in the stomach and intestine 
represents example of amide 
hydrolysis. Clearly this is an 
important type of reaction and it's 
not surprising that it's one of the 
most widely studied in chemistry. 
But most oairboylic acidc aro remarkably 
stable, y^oth in iidustry and in nature 
rapid hydrolysis requires the use of 
a catalyst - the body uses enzymes 
for this purpose. From the chemist's 
molecular viewpoint, one of the mcst 
interestitig aspects of this and 
indeed any reaction, is the reaction 
mechanismy 



Cut torVideo Rostrum 
PNPA.Y/0 Peter Taylor 

Cut to MS Peter Taylor 

Cut to Video: Rostrum^ 
v/o Peter Taylor; 

the detailed molecular chaiiges. and-/ 
the various stages involved in the *̂  " 
reaction pathway, 
Jn. .this, and the next progranane IM3, 
give you a hlow hy hlowj aoco\mt. c-f 
how suph a mechanism is elucidated 
and the reaction we'll study is the 
hydrolysis of an ester, para nitro-
phen>l acetate or PNPA for short, 
^his hydrolysis gives para nitrophenol 
and a<?etic acid. This reactj.on is 
oatalysed hy a nxomher of species hut 
t;he catalyst I'll use is N-methylimida-
zole. This xype of system has been 

• well studied since the imidazole 
- structure is part of the active site 
of a;ia^ge.number of enzymes that 
.c£.t.aiyse- ester and aide hydrolysis. 
A mectoiism is usually deteiminod by 
rjlnference f.'om all the known facts 

:r about a reaction> But it's often the 
^ kinetics that provides the greatest 
• Insight in1?c the reaction mechanism. 
So vre'11 want to s.tirt by establish!^ 
. the, experimental rate equation. 
IJow as you know, before we do any 
...̂ 'inetic experinente, the first thing 
, we want to do is to determine the 
. stQi(^16metry of the reaction, /por 
, this, reaction using a combination of 
infraredL and ultraviolet spectroscopic 
techniques, it's been confirmed that 



Cut to, MS Peter Taylor 

Cnt to Chyron seq., 1 
v/o Peter Taylor 

Cut to CU Peter Taylor 

this atoichioiaetric equation applies 
throughout the whole ̂ course, ofr the 
3eaetion* 
So it'exhibits time independent 
stoiGhlometry, now of course this 
does not iipply that there are no 
• intermediates in the reaction - just 
ttiat witliin the accuracy of the 
analysis they can't be detected. 
The next step is to,decide which .factors 
effebt the rate of reaction, so that 
we can plan our experiments to give 
the most usefu?. data. In proposing 
a pobsible rate equation, we need 
to consider what species can effect 
the rate of reaction. j6bviously-
we should include the reactants, 
water and para nitrophenyl acetate. 
Since catalyst effects the rate 
the concentration of N methyl 
imidazole-NMI-'Should also be included. 
And we'll give each of these species 
^'partial order of reaction alpha, 
beta^ or gamma, /NOW in practise 
water is not only a reactant but 
it's also a solve?it, so it's . 
eoneentration is present in great • 
excess compared to that of 

" para nitrophenyl acetate and does 
• not change significantly during the 
"reaction. 



Cut to Chyroii seg. 
V/0 Peter Taylor 

Cut to MS'Peter Tayior 

Cut to Chyroh seq. 3 
v/0 Peter Taylor 

And'this poses us with a problem, 
since weoa^i't effectively vary the 
concentrati(Hi of water we can't • 
det€a?mine the partia3̂  oi*der alpha _̂  ^ 

, .dlrectly,:.by experiment. Nevertheless, 
; Bltice the water concentration is 
effectively; constant, we can combine 
this termiwith the rate constant to 
give a modified rate equation. 
.Usually at this point, when we need 
::--to determine the partial order with 
' respect to jnore than one species, 
we Mse an-isolation technique that is 

keep all the concentratiors but one 
' in exoess and so Isolate the dependence 
I of therate of the, reaction on the 

concentration of that one: species; ./ 
' But here we don't have to resort to 
rrthift, because N methyl imidazole is 
. a- catalyst it isn't consumed so it's 

i concentration doesn't change during 
: the reâ .̂ on. This means that for a 
• single, kinetic experiment this term 
in the experimental rê te equation 

. is constant, so we can simplify the 
rate equation* /where K - R double 

. • .;• dash iiicorporates K - R dash and 
the fixed concentration tenn 
. fOP N-m^thyl imidazole. Vhilst this 

': makes the- calculation of gamma a 
litule trickier it does simplify the 
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tletermjjiation of beta. • Now we only " 
have to perform an experiment to 
detet̂ mine he^ the concentration of 
para' nitrophenyl. acetate varies with 
i/iime- beta can be calculated using 

differential or integration 
Cut to MCiJ Peter Taylor method, /rfb now we come to the 

prabticai' aspects.of this experiment. 
How dc. we monitor the change in 
cdncentration? Well one of the 
reasons v^y I chose tc use para 
nitrophenyl acetate rather th^ a 
si^le ester such as ethyl acetate 
was because compounds that contain 
tho para nitrophenyl group absorb light 
in the UV and vi sable region. This 
means that we can continuously monitor 
the change in concentration with time 
• of such species using a UV v.lsable-
spectrophotometer, 

Laboratoiy Seq.1 First we shall moni'-.or the reaction 
Brandon Cook 
v/0 Peter Taylor over a wide range of wavelengths. 

Since both the reactant para 
nitrophenyl acetate and the product 
paranltrophenol will have character
istic but different absorption spectra 
in the UV visable region, the spectim 

- 'will cĥ inge duiing the course of 
the reaction. The peak which occurs 
first around 270 nanometres is caused 
by th reactant - para nitrophenyl 
acetate, •' 



Labr seq, /cont. - But as ijie iieactlon proceeds this 
, • depreases • as;! another peak at 400 

M nanometres increases due to the 
> ; T [v.: pro4^9'^ P®̂ ;̂ nitrophenol, which at 

.̂̂  ;,:o: 0. .1 th4s pjK epciats predominently in its 
, . •? r . io)aice4. fojî v the para nitro phenolCvte 

^ ionv̂  .?pr a.quantitative ^tudy, we .. 
r-; ; need to,ohooflb a single wavelength 

, -> . where the ahsorhance is proportional 
•to the cqnpentratiori of just one 
sp^ci^, 'This tums out to he around 

. 1. AOO nanometers where the absorption 
,, . . is -due oî jf to the product - para 

I.. , , /- -ni;trophenplate - using the Beer Lambert 
; . / , -law; we Can relate the absorbance A, 

; ̂  . , ... at a,.giv^ wavelength, to the 
, ; i;. -..̂  poncer^tration C of the absorbing 
; ; .y--r,\ . ,j spocles*, rEpB. is the molar absorption 

, . coefficient and 1 is the path length 
, -ttiroû  ;the solution. 

, , - , So by measuring the abgorbance at 
, _;.,̂ ,.jaanpmetres v/e can study how-the^ 

n .. > : :j?!on^entration of the product varies 
:-. - . i- with time. 

• Let's now look in detail at how such 
':-[,-, :: an ê cperiment is performed. 2."5 cubicss 

. . ;. G^ntlmotrcs of a solution containing 
a kî own cqncentration of the N-methyl 
imidazole catalyst is transferred to 

, ; . , eaph of two identical cells - one to 
- 1 . , be used as -Uie sample and the other 

/beam., to serye -as: -a blank in the reference/ 



Cut to MS Peter Taylor 

Tiie cells ̂ i?e placed in the cell block 
and.lejEt there for about 15 minutes 
td^^equiiibriate to the desired temp. 
In "this case the cell block is main-
•feaihed at a: constant temperature of 
25°C by "water circulating from a 
therriiostated bath. 
In the me^time tlie wavelen#i is set, 
and tiie instrument zeroed. 
To Start the reaction a known amoimt of 
a stock solution of para nitropheny-
lacetate is added to the sample cell 
shaken t̂rell to ensure efficient mixing, 
and replaced in the sample compartment, 
eiid the recording started as quickly 
as'possible. 
The intorease in absorbance indicates 
the formation of the product. After a 
while the r*ate of increase in 
absorbance 'ii decreased due to the 
reduced concentration of reactant. J 

available to form the product. 
Eventually tha absorbance curve flattens 
off towards a constant value as the 
reaction nears completion. 
Weil now that we have tfce experimental: 
rate data, we can use the integration 
method to determ?.ne beta. We use the 
integratidn method because it's the 
tfioSt convenient since the data could 
be directly feed in to the integrated 
rate equations to find the best fit. 



Chyron seq. 4; v/o Peter Taylor 

fi.-. 

Cut to CU Peter Taylor 

to convert.this data for the rise in 
para nitrcphenolate ion with time to 
a curve for the decrease in the 
coucenî rat;ion of paranitrophenol 
ac,'=?tate .the reactant. 

: This ..reaction is most liKely first , 
; or,second order. /So we start hy 

seeing-if th^ data fits either of 
i ; j ,,theŝ  inî fgrat̂ ed rate equations, 

,; : - r a Tiv^ )V 'ô ^̂ ^̂ ^ course are equations 
for straight-lines. But for this we 

r need to, loiow how the concentration 
Sy , of ,the reactant para nitrophenol 

Computer Graphics Seqj i acetate.varies wî th time. /Whereas 
V/o Peter Taylor , r , , , 

our; experimental data shows how 
•the ab^grbance of the product varies 
.with time.. Fortunately theB are 
. a naiijihar of, simple ways of achieving 
.this conversion. For example, knowing 
, the. cell pathway's length and the 
molecular extiction coefficient for 
' para pltrophenolate we use the Beer 
Lambert law;to convert the data from 
absorbance^ to concentration of 

, pai-̂ , nifcrcphenolate ion. 
From the ;̂ tp4.chiometr/ we know that 
one iiM?lecule of paranitrophenylacetate 
^ves one. molecule of the product 

. par^nitrojihenylate ion, and also that 
thp. reactioii exhibits time independent 

Cjomputer Graphics^ :Seqi Z iStoichJlom̂ try, /so its a simple matter 
V/0 Peter Taylor . . . : V . • ' ; !v ; i ' 



Noŵ  iih^p the date is in the right 
.f9rm we 9911 ̂ ee if it fits either the 

: first or second order integrated rate 
• equatic^a^; t*ememberilag to ensure that 

' ' ; th^ (J t̂aĵ ^xt^nds .to over. 5096 reaction. 
- .ForMthe first order- we need to plot 

natural log H*?PA concentration against 
tjjna end. for the .second order the 

. reciprocal of the Pt^AVeonoeritratidh-
a^ainst .time. Clearly the data fits 
the.,first order plot giving a good 
straight; line. 
This indicates that the reaction is 

: fdr^t order with respect to para 
PetS^^aylor*^* ^ ..; Rltrpfeen^.^ acetate ./so beta is 1. 

•Having determined beta our next task 
id ,to;determine gamma, the partial 

. = order with respect to N-methyliraidazole, 
Cut to MCU Peter Taylor Now you'll remember that we can't do 

this directly from experiment, because 
-being a catalyst the concentration of 
N-methylimidazole does not change 
during the reaction. But there is 

Cut to Chyron seq. 6 ' a way round this, A ŝing the integrated 
V/0 Peter Taylor • . •' ' : . 

t ^ . .; rate equation we have just produced 
we can calculate K R double dashed 

- from the slope. And as shown in the 
line above K R double dashed is a 

; _i function of the concentration of 
N-mvthyllmldazole. 
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Chyron seq, 8 

Taking logs of this gives the equation 
of' il straight line of the slope gamma, 
Bo'̂ lf we repeat the experiment the 
•Varying cohcentrations of N-methyl 
imidazole and plot the logs of the 

, resultiiig Values K-R double dash . 
ifaindt-th^ log of the N-methyl 

' ' • ' ' 'liiida-zol̂ '̂ eeaicentrations, this is 

Cut to Computer Animation ' what/Sre get* And this gives us a 
3'-^V/0 P.et̂ ,-,f̂ iĉ /i .ĝ t̂ îgiî  of slope 1. So gamma is 

" ' i aiid"̂ '̂the-inaction is first order 
" T,̂  ~ 'with respect to N-methyl imidazole. 

Chyron seq, 7 " Having determined that the reaction 
^ ' is first tsrder with respect to the 

^ ^ . cKitcbntrations of not only para 
' ' nitro^ehdr acetate but ;ap;s6vN 

4ji!idezbî ,? we can now re-write our 
' V- ' : experimental rate equation. 
^ '̂ Reffiember̂ t̂hat while K - R dash ! 

coiiid weil be some :tlmction of̂  the cv? 
' • conceiitra-fton of water there la no way 

'we can determine this since we cannot 
" vary the .xJoncentration of tlie solvent. 

Cut to MCU Pt̂ ter Taylor Ndvertl^i^ss we can now tum to 
' --^coiis^ insist this, ejq̂ erimen-'; 

tal'̂ rate Equation provides into the 
' 'mechanism of the reaction. 
• if this were an elementary reaction, 
then the order with respect to water 
'whic&'aiter all is one of the reactants 
wou^d have to be at least 1 -



Cut to MCU Peter Taylor 

Cut to Video Rostrum 3 

Cut to Lab seq, 2 
Brandon Cook 
v/0 Peter Taylor 

and the experimental rate equation 
would be third order. Well think . 
about what this means - it means that 
for the reaction to occur you'd need 
a ter mdlecular collision - and that's 
very unlikely. So this points to 
'& coarpcraite reaction, t)ut\^a^ it's 
mechanism? 
Unfortunately the kinetics of this 
reaction give us little further 
information on the exact form of 
this mechanism, other than that any 
mechanism that we propose should 
generate a chemical rate equation in 
agreement with its experimental coxanter 
part. It's here that the chemist has 
to do a little bit of lateral thinking 
aiid examine evidence from cber sources. 
This is imidazole it also catalyses 
the hydrolysis, and since it has a 
similar structure to N*methyl imidazole 
we might expect both reactions to 
proceed by a similar mechanisms. 
So what happens when we repeat the 
experiment with imids'.zole? 
Well with low concentrations the results 
are very similar leading to the same 
form of experimental rate equation, 
but when we use a high concentration 
of imidazole, we find that the reaction 
no X nger exhibits time independent 
stoichiometiy. 



Cut to Video Rostrxur 4 . 

Cut to MS Peter Taylor 

Monitoring the absorhance at 245 
nanometres we get a peak indicating 
the build up and decay of an 
intermediate. This has been shown 
to be N-acyl imidazole, and so we can 
now propose a mechanism,/involving 
the forma-fion and decay of this 
intermediate. Reasoning by analogy 
we can propose asimilar mechanism 
for the N-methyl imidazole catalysed 
reaction. That is a two step mechanism 
invol-ving an N-acyl, N-methyl imidazole 
intermediate. And of course you von't 
be axirprised to leam that this 
mechanism is consistant with the 
experimental rate equation. 
Well I've given the derivation of 
this chemical rate equation in the 
broadcast notes and'there you will' 
see that to produce it I've used the 
steady state assximption, that is I 
have assumed that the rate of change 
in the concentration of the intermedi
ate with time is neg3igible and can 
be approximated to zero. 
Now let's spend a few minutes^ 
examining the assumption in' a l i t t l 4 

more detail. And to do th.ls we use 
a simplified two step system. 

•4- . 



Computer GrapHics/Anima.; A-goes.to*B goes to C, with rate 
5 V/0 Peter Taylor , 

• oonstfeLiits k̂ : and k^. Now I'm going 
^ to ^e^v the- computer to plot the 

iiariation jin the concentrations of 
•' ' A,B and C with time for various ratios 

Cut to CU Peter Taylor 

Computer Graphics/ejiima. 
6 V/0 Peter Taylor 

ol'k̂ '.and k̂ i. 
Of' course the actual shape of these 
time concentration, curves would 
depend .on l^c actual values of the 
..rate constants, but for a given ratio 
of rate Oiohstants the shapes would be 
the same irrespective of their 
absolute(magnitudes - only the time 
scale over which the reaction 
occuTiJ .will vary. Let's have a look 
what happens when is much larger 
th^ Kg. 
:;So the first reaction is intrinsically 
:much faster than the second, and A is 
-quickly converted to 3, but B only 
slowly forma C, 
Clearly the intermediate B builds up 
in-this reaction and the reaction does 
hot exhibit time independent 
stoichiometry• 
NQW let's see what happens when the rate 
donstsnts are changed to a similar 

i siE-e. 
The intemediate still builds up but 
tora lesser extent. 



' Lookiaig at these-, c^ves yeju ô ayr-
•'rjalise that this is the sort d f ^ v V 
behâ 'iotir that we observed with the 

• imidazole -catalyst. 
Nowwhat do you think we'll get when 
.K.̂  becomes much larger than K-|? 
As l^e ŝ icond reaction t̂ coâ esr; 

^ tsteadily faster than the first the 
extent to ̂ ich the intermediate 
^llds up decreases. Eventually vhen 

TĈ  Is aiuda-lai^r thari the concentra-
• tSon of the "̂ intermediate becomes 
^ -negligible. ' This is the steady state 
'-region where the rate of formation 
'̂ B'is equal to its rate of decay. 
So nov? the reaction doe^; fachibit 
indepenident stoichiometry since 

^ ĥroiiiighdut the reaction -ttie sum of the 
• cOncentr€itions of the reactantb and 
">•• products A and C is effectively equal 
- t& the initial reactaiit conceiitration. 
Th£s is:6f-course ohe behaviour we 

•••fotand'using the N-nethyl imidazole 
! ̂ catalyst.: 
ĉEstpanding the concentration axis you 
can see that the concentration does 
-vary> but the change is small indeed, 
and so the steady state approximation 

' "iirtiich assiiMes the rate of cnange in 
^ che Cohcentraton of B with time is 
zero -introduces very little error. 



But this is not strictly true at the 
very beginning of the reaction - the 
steady state takes some time to be 

>cliiBVed. • ' • ic • ' 
Video Ros-tsrum 5 . Since the N-methyl imidazole catalysed 

v/o Peter O^ylor - . . . 
hydrolysiB of para nitrophenyl acetate 
probably;pc-ours by this mechanism, 
yet Sytî  exhibits time independent 

: stoichioijietî , the concentration of 
the • in̂ ermecliate must be very low. 
11 s a reactive inteiroediate. 

Cut to MS Peter Taylor So we have 'f oimd out a great deal 
about the,;,niechanism of N-methylimidazole 
and imi<iaiple catalysed hydrolysis 
of pari'44trophenyl acetate, and in 
the next, programme we consider how 
we tackle this problem for enzyme 
. catalysed hydrolysis. 
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