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S342 Opening Titles
Physical Chemistry .
Reaction Mechanisms T

Dr. Peter Taylor V/OI |

‘Open University -
WS food on table-

Cut to MS Nr.

‘Peter
Taylor

Music
Parry Music Library 9
 Dur:12®

- Carboxylic acids and their derivatives

' are one of the most important classes

of owganic compound,

' ‘The ‘oils and fats you cook with are

- -esters, -

The proteins in meat, eggs and other B

-food gources are excellent examples

-"of amides,

One of the kev reactions of these

Ceﬁpounds is their reaction with water

. -~ hyarolysis.

The menufacture of scap involves en

ester hydrolysis: the breakdown of

'proteinsiin~the stomach and intestine

rep"esents 4n example of amide

"hydrolysis. Clearly: this is an
. important type of reactlon and it's

not surprising that it's one of the

- most widely studied in chemistry.

But most oarboylic acids ar¢ remarkably

'sﬁab1e.-/%oth in héustry 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 mest
: interesting asPects of this and

o indeed any reaction, is the reaction

'mechanism,

Libag o T
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the detailed molecular changes and
the various stages involved in the
reaction pathway.

In.this. and-the next programme I'll

. ,:give you a blow by blow.secount £ .

wii+ how such a mechanism is elucidated

Cut to-Video Ros*rum
PNPA V/0 Peter Taylor

B N M

Cut to MS-PeterhTayibr-a_

.. and the reaction we!ll study is the

hydrolysis of an ester, para nitro-

.. phenyl acetate or PNPA for short.

This hydrolysis gives para nitrophenol
and acetic acid. This reaction is

.~ gatalysed by & rumber of species but
" the catalyst I'1l use is N-methylimida-
,zél?;-_This type of system has been
'well studied since the imidazole
. strueture. is part of the active site
.of a, large. number of enzymes that
.eatalyse ester and adde hydrolysis.

A mechanism is usually determined by

inference fiom all the known facts

.-about-a reaction, But it's often the

“: . kinetics that provides the greatest

.~ insight intc the reaction mechanism.

(.

So we'll want to siart by establisp;pg
. the, experimental rate equation.

Now as you knew, before we do any

.4 -~Kinetic experimente, the first thing

ORISR

Cat to Video Rostrum: . .

. we .want to do is to determine the
. stgichiometry of the reactionm, [For

V/0 Peter Taylor:

.. this reactlon using a combination of

infrared and ultraviolet spectroscopic

techniques, it's been confirmed that



"+ ¢his soichiometric equation applies
f"thfoughout;the wholp,cburseﬁgggthqu,_
| - ‘maction. e
Cut to MS Peter Taylor S it’exhtbits time independent
T -'fi stolchiometry, now of course this
-d?dbesnhbt:implydthat fhere are no
o ";"””:”*“fiﬁtérmédiates_ in the reaction - just
| that within the accuracy of the
1‘énélysis they can't be detected.
;7The next step is fqﬁdecide which factors
effeot the rate of reaction, so that
we can plan our experiments to give
£hé most useful. data. In proposing
éﬂpGESiblewrate equation, we need

to consider what sPecies can effect

Cut to Chfrrdn' seq. 1 - the rete of reaction. ,bbviously
V/0 Peter Taylor

R we should include the reactants,

3 water dnd para nitrophenyl acetate,
Since the catalyst effects the rate
the concentration of N methyl
imidazole-NMI-sbould also be included
And we*ll glve each of these speries
érpartial o*der of rear+ion alpha,

Cut to CU Peter Tayiér”' : befa, or gamma, /Now in practlse

I | : water is not only a reaotant but
it's also a aolvent, 80 1t's _ _%
cononncration is present in great
excess,:compa ed ta that of
nara nitrOphenyl acetate and does
not change significantly durlng the

reaution.



| 4
.. o= Ands this poses us with a problem,
Cut té Chyrofi seq. 2= . since we cen't effectively vary the
Vv/0 Peter Taylor ' = 3
concentration of water we can't -
.2} determine the partial order ‘alpha _
o p . ddpectly ‘ay experiment. - Nevertheless ,”
Gl st gince the water concentration is
“oarl - exfectively; constant, we can combine
' this term with the rate constant 1o |
R TR ,give;a,@bdified rate equation.

Cut ‘to MS Peter Taylor - <-:s=T}Sua11y~j; at. fhis point, when we need
S L unbo -de'bermine the partial order with
Gt erene respect -Lo more than one species,

g we 18e an. isolation technique that is
L k_ee_p a,ll 'the concentratiom but one
CERRASREEE NS SR & exbess' and so isolate the dependence
L A b:E the- rate of the. reaction on the
' cqncen‘bration of 'chat ‘bne. sﬁecies.
S But--herecrwe don't have to resort to
St thi e, ,becguse N me‘bhjrl imidazbl_e_'is
oo catalygﬁé it isn't ccns;ﬁmed so it's
RS N U LR Lo coneentraﬁion doesn't change during
. the reag,ﬁ_;ﬁ. This meens that for a
~ gingle kinetic | experiment this term
SAleoe e 4n the experimentaii rate equation
o Ase c.onstant, 80 we can simplify thehu

Cut to Chyron seq. 3 <. ~rate equat:l.o;;. / Where K - R double
v/0 Peter Taylor

.y .o :dash. incorporates K ~ R dash and
- the fixed connentration term
T ey T iior,N—m_efhyl iniidazole. Whilst this
S k - oossnein makes the- calculation of gamma a

1itele trickier it does simplify the
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uﬁatafminatianaof beta.~1Now'we‘onny‘

-havextaﬁpérfcrm—an experiment to

datefﬁiﬁethéw the concentration of

para nitrophenyl acetate varies with

V:fﬁfﬁéiéﬁﬁ;ﬁetahcan:be calculated vsing

Cut to MCU Peter Taylor

the ‘differential -or integration

'methbd;.betnow-we”come'to the

practical aspects of this experiment.
How -d> we monitor the change in

céncentration? Well one of the

- reasons why I chose tc use para
- nitrophenyl acetate rzther tpan'a
‘siniple ester such as ethyl acetate

'was becawse compounds that contein

- thé: ‘para nitrophenyl group absorb light
'"‘:1n the UV end visable region. This

Laboratory Seq.1
Brandon Cook = - =
V/0 Peter Taylor

means that we can uontlnuously monitor

tha change in concantration with time

“of such 5pecies u31ng a UV v*sable

.

3pectrophotometer.

r-Firat we shall moni- or the reaction

”over 8 wide range of wavelengths.

Since both the reactant para
nltrophenyl acetata and the praduct
paranttr0phenoi wili ‘ave charaater—

istic but difforent absorptlon sSpectra

'1n the UV vlsable reglon, “the apectrum

will change duxing the course of

e the reaction4 The peak whlch oceurs

-first araund-ZTO_nanometras is caused
by th. reactant - para nitrophenyl

acetate,
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'Juﬁﬁpanametres we can study howrthe

But ag-the.neaction proceeds this

-, - degreases . ag| another peak at 400
- nanometres increases due to the

v, product. para nitrophenol, which at

this pH exists predominenfly in its

<g;;gni§eq:f§rmg the pare nitro phenolate
"AA,;_._-‘i'cm.i For-a. quantitative study we

- et e e b

-7 need. to _chooge a single waveleng'l:h

" . where the absorbance is proportional

to the congentration of just one

species,. ‘This turns out to be around
400 narometers where the absorption
. is Jue only to the product - para
... nitrophenclate - using the Beer Lambert
.law. we can relate the absorbance 4,

. at a.given wavelength, tc the
‘»gon¢@g$ratign C of the absorbing
f‘_gpeg;es,};Ega is the molar absorption
-. woefficient and 1 is the path leugth
. . through the solution.

- 8o by measurinrg ‘the abso"bance at 400

SeR Y

- . .pongentration of the product varies
Witk time.: - . .
-.Let's now look in detail at how such
 an experiment is performed. 2.5 cubic=
-cqentiﬁetnes;of a solution containing
;;a-kppwh-ggneentration of the N-methyl
‘imidazole catalyst is transferred to
*Ew Qﬁqh'ofﬂtwpfidentical cells - one %o
i .. be used as-the sample and the other

‘to serve-as.a blank in the reference/
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Cﬁﬁ to MS‘Petef IaYlbr

 end the instrument zeroed.

7

' The”ééifsiére placed in the cell-block

" and. 1eft.there for about 15 minutes
tg equilfbriate to the de31red temp. -

LI RES cese theecell block is main-
: %&iﬁedﬁatﬁefcqnstentetemperature of

x%qzsaéfhy?water circuleting from a

thermostated bath. |
In the méantime the wavelengh is set,

o
i t \‘.,

"Tn'efart'the‘reaction‘a known amount of

a éféckﬂsolution‘of para nitropheny-
1acetate is added to the. sample cell
"shaken Well to ensure efficient mixing,
end replaced in the sample compartment,
and *herecordlng started as quiokly
as pcssible.ﬂ‘ ' . u

The 1ncrease in absorbance indlvates
the fcnmation of the product After a
while the rete of increase 1n |
absorhance ie decreased due to the
reducei concent"aticn of reactantﬂ Jam
available to form the product
Eventually the absorbance cufve fattens
off tﬁwards a constant value as the
reectlon nears completlon. -
Well now that we have the experimental
rate data, we can use the integration
method to determ*ne beta. We use tﬁe

integration method because it’s the

" host convenient gince the data could

”: be directly feed in to the integrated
;rate-equatlons to_iind the best fit.



Chyron seq. 4.
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;T-Th;sanéactiqn-is most l%%ﬁl? firgt .

or. second onderi_/So we start by

V/0 Peter Taylor ~=

N LI

;‘sgg;ngjif.thg data fits elther of
‘;;theéq';gﬁggpgned rate equations,
g q_; '415¢5ﬁ“eaqhqqfﬁﬁp;§g.qf course are equations
oy #on;sﬁpaight¢lines. But for this we

3_;neg¢_#9,kpow.how the concentration

..of the reactent para nitrophenol

Computer Graphics: Seq, A:.8getate varies with time, /whereas

V/O Peter Taylor

fils

. . our .experimental date shows how

.:this gonyersion.

5, -the absorbance of the product varies
-, ;With time.

Fortunately ther are

,;g pu@pepnqﬁigimple ways of achieving

For example, knowing

,,-;4i¢he.g§11:pa$hway's length and the

Cut to0"CU Peter Taylour:
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molecular extiction coefficient for

,Epéra,gifrqu?n61ate we use the Beer
.. Lembert lew to convert the data from

absorbance, to concentration of

- pgrthibrgppenolate ion.
- Fpom. the stoichiometry we know that
.. one molecule of paranitrophenylacetate

_gives one molecule of the product

paranitrophenylate ion, and elso that
.-the. reaction exhibits time independent

Cﬂmpuiermsranhiqs Seq. 2 lstoi»hipmetgx“_/So its‘gqgimple matter

V/O Peter Taylor

an e

to conwert this data for‘the f;se in
para_nitrcphenolate ion with time to
a curve for ‘the decrease ir the
concentration of paranitrophenol

: gﬁtaﬁgzyhgﬁreactant.



Now thet the data is in the right
form we cen see if it fits gither the
e first or - second order-integrated rate
eguatdons, remembering to ensure that
BRI ~the’ date extends. to over. 50% reaction.
: ,For”the.first ‘order- we need to plot
natursl log PNPA- concentration against
time end. for the second order the -
o _' reoiproeel of the PNPﬁ\eencentratidh~
..againetntime. Clearly the data fits
1 the. first-order plot giving a good
straight line.
i This indicates that the reaction is

LT

| o o . first order with respect to para
g?g Egtg¥y§§§1§§q‘5 : qitrongg ggﬂacetate /So beta is 1.
Having determined beta our next task
ie td determine gamma, the partial
order with resPect to N-methylimidazole.
Cut to:MCU‘Peter‘Taylor. Now you'll remember that we can't do
this directly from experiment, becauee
being a catalyst the eoncentration of
N-methylimidazole doee not change
‘ during the reaction. But there is
5?3 Egtg¥Y$g§1§§q.-61 a wax rcund this, /bsing the 1ntegrated
- rate equatiou we have just produced
‘we . can ealculate K R double . dashed
from the slope. And as shown in the
line ebove K R double dashed is a
function of the concentration of

N—methylimidazole.
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Taking logs of this gives the equation

_”, " of'/a streight line of the slope gemma,
| N R RS TTE ST, ‘V&I’Ying ‘cénbentratj_gns of N-methyl
S o ‘ SR

s ihi&‘a’zbie'ﬁhd plot the logs of the
: ‘*ﬂ“resulting ‘yralues K-R double dash

VT e gt tHE Log of the N-methyl

imi&aZolé”bancentrations, this is

Cut t? Computer Animation ' what. wé get: And this gives us &
- V 0 Pe.ber T Ly .
-ayluyk_;“t ‘gtpéipht Yine of slope 1. So gamma is

SRCRE N +4' adia’ Ehe Weaction is first order
i :;aﬁ‘.f= E,Qﬁifﬁjréspeét to N-methyl imidazole.
Chyron seq. 7 ~_° Having detérmined that the reaction
BT TR T TR TR P

SRS ‘_ ;i:;Tigffi}gtyﬁfder-with respect to the
Eia‘“";ly 7 dbficéntrations of not only para
'"?'w~”;f?f“ nitroﬁhendl acetate but alsd H—methyl j
R 'imidczolé} ‘we can now ne~write our
jjf experimental rate equation.
" 'Remémber-that while K - R dash -
1 ookl well be some function of.the .
:fggﬁééﬁtraﬁon of weter tneve 13 no way
Wwe can detérmine tiis since we cannot
| | . vary the‘cencentra*ion of tae solvent.
Cut to MbU Peter Taglor ‘","Névertheléss we cen now turn to
LT -w- N GUnsider what insight th;& experime -
Ton e paatinate équation providééfinto the ;
| | . & mechanism -of the reaction.
Chyroﬁ ;;qtvthrf” T "T;fifltﬁisﬂﬁére an elementary reaction,

“* then thé order with respect to water

» " wou @ have to be at least 1 -



Cut ‘to MCU Peter Taylor

11
and the axperimental rate equation :
would be third order. Well think .

'about what this means - it meams that
_for the reaction to occur ycu'd need
“Aﬂa ter mdbcular collision - and tbat's
'”very unlikely. So this points to
‘“a oomposite reaction,:but what '{s it'sﬁ

mechanismv'

Unfortunately the kinetics of this
reaction give us 1ittle further

L ‘infbrmation on the eXact form of

Cut to Video Rostrum 3
_the hydrolysis, and since it hes a

“this ‘mechanism, other than that any
mechanism that we propose should
| generate a ohemioal rate equation in

agreement with its experimental oounter

r"’i

':part} It's here that the ohemist has
"to do a little bit of lateral thinking

and examine ev1dence from dher sources.

This is imidazole it aiso catalyses

similar structure to N-metnyl 1midazole

we might expect botn reactions to L

='hproceed bY 2 similar mechanisms.

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

'So what happens when we repaat the

“experiment with imidezole°ﬂJU

Well with 1ow ﬂoncentrations the results

’ are verv similar leading to the same

| form of experimental rate equation,
t:but when we use a high ooncentration

!of imidazole, we find that the reaction

no 1 nger exhibits time independent |
stoiohiometry. T
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Monitoring the absorbance at 245

RS

7 nanometres we ge% a peak indicating

.'

'the build up and decay of an

rnlntermediate. This has been shown

+o be N-acyl imidazole, and so we can

S I‘l’ i
E x.

anow propose a mechanism,’involving

:4:.....-.—_.,_,... s

the formaﬂon and decay of this
intermediate. Reasoning by analogy

_we can prcpose asimiler mechanism

7 i for the Numethyl imidazole catalysed

reac+1on.' That is a two step mechanism

Ceaave i

.“,.'in‘ml"mg an N-acyl, N-methyl imidazole
V)intermediate. And of course you von't
h,be qurpr"sed to learn that this
i;;mechanism is consistent with the

‘experimental rate equa+ion.

T p Rl e oon

Cut to MS Peter Taylor h

Shd L oL . . Jd
T.-Lb B . - ce A e A

Hell I've given the derivation of

l:this chemical rate equation in the
.nlbroadcest notes and ‘there you will'
_;see that to produce it I've used the
Fnisteady state assumption, that is I
'fﬂhave assumed that the rate of change
jindtnerponcentration of the intermedi-
| té Qiff time 1s negligible and can
be approximated to zpro.
_:quow let's spend a few minutes f?j#f;
_ituexamining the assumption in’ & Little
- more detail. And to do this we nuse

a simplified two step system,



13 o
ComputerrGrapﬁicéfﬁnimagh ﬁ”gﬁéSﬂtOTB,ngS to €, with rate
5 V/0 Peter Taylor . -  constents k. and k. Now I'm going
- fozégtﬂthegeomputef to plot the.
| .'}ﬁariafibnﬁin_fheﬁéoncentrationé of
It v-fm5f-;4 A,B:andrc'ﬁith time for various ratios
FO ot rk;!-:-:.and ko |
Cut to CU Peter Taylor = "Of course the actual shape of these
' e time conceﬁtration..curves would
._ depend ‘on the actual values of the
1:“naﬁeutanstants,.but for a given ratio
: cf.ﬁaﬁe:Qdﬁaﬁants_the shapes would be
 ¥:%thevsame-irre;pective of ‘their
e .. absolute.magnitudes - only the time
'5:kscale over'whiéh vhe reaction
| o SN -F'ocﬁunujwillsvary;_ Letts have & look
Computer Grephics/enima, - what happens when K1 is much larger
6 V/0 Peter Taylor o
= ERNEL than Koe _
. - .80 the first reaction is intrinsically
much faster than the sesond, and A is
'xquickiy;aonverted to 3, but B only
S slowly,imrms c.
Clearly the intermeciate B builds up
o b _©_~in-this reaction end the reaction does
not exhibit time independent |
gtoichiometry, |
- N6w 1et's,see whatuhappens when the rate
- gonstants -eve changed to a similar
eize, S |
“The intermediate still builds up but

tora lesser extent.
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e Looking atAthese~curves yqu may

?j’ ’w*nﬂli&@ that this is the Bort of’
"Zﬁhﬂﬁ'behaﬁidur that we observed with the

_ ;ﬁ;imidnzola catalyst.

7_;:ﬂ4-¥?Now wh&t do you think we'll get when

.
s

, KZ benomes much larger then - K1

T oo T Ay 1 the second reaction hecomes;

- ':-steadiry faster than the first the
'-fﬂfu_ifp&a» extent!to which the internediate
o outlds up- decreases. Eventually when
’ HQ:::ﬁgf“Kz 18 fruch. langr than K1 the concentra-
_ff”’@ﬁ tion of the‘intermediate becomes
: &affw&anegligible. This is the steady state
‘ z'“region where the rate of formation

‘B is equal to its rate of decay.

AR jf'>ﬁ uji' 5¢: naw ‘the- reaction dnes ¢xh1bit time _

independent stoichiometry since
RS *hroughoutAthe reaction the sun of the

T 55”‘ﬂ‘ﬁfcbnééntrétibns of ihe reactants and

. i ) ﬁj'ﬂfJW,pradugts-Afand'C is effectively equal

%o the inifial resctant condemtration.
-*This'is~a£faouree the behaviour we

e m.;rfound using the N-methyl imidazole

RSN T A :;Ifcatalyst. i

ucExpanding the concentration axis you
Coged can~See.that the concentration does
- .y#ry; but the change is small indeed,
| aﬁd 80 thefsteédy state approximation
e -+ which assunés the rate of change in
i cHe' concentraton of B with time is

zero -irtroduces very little error.



BERET 15
But this is not strictly true at the
very beginning of the reactlon - the
steady state takes some time to be
faéhieved. "i .“,3:;=~:?'f?j" m

} .

Video Rostrum 5, “ -Sincé‘fhe N—methyl imidazole catalysed
V/0 Peter Teylor =~ ="'~
b o hydrolysis of para nitrophenyl acetate
‘probahly occurs by this mechanlsm,
'yet sﬁiil »xhibits time independen+
qaggoichiogetry, the concentration of
ﬁhﬁ}igéegﬁéaiate nust be very low.
| L. Itls a.reactive intermediate.
Cut to MS Petef;Taylor So’we havé " found out a great deal
: h :abcut the mechanism of N-methylimidazole
;and imidazole catalysed hydrolysis
of para nitrophenyl acetate, and in
.the next. programme we consider how

we tackle this problem for enzyme
' catalyged hydrolysis. |
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