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Kinetikus deutérium izotopeffektus



How to distinguish E1 from E2: kinetic isotope effects

We have told you what sorts of starting materials and
conditions favour EL or E2 reactions, but we haven't told
wou how we know this. E1 and E2 differ in the arder of their
rate equations with respect to the base, so one way of
finding out if a reaction is E1 or E2 is to plot a graph of the
variation of rate with base concentration. But this can be
difficult with E1 reactions because the base (which need
be only very weak) is usually the solvent. More detailed
evidence for the differences between reaction
mechanisms comes from studying the rates of elimination
in substrates that differ only in that one or more of the
protons have been replaced by deuterium atoms. These
differences are known as Kinetic Isotope effects.

Up to now you have probably (and rightly) been told that
isotopes of an element (that is, atoms that differ only in
the number of neutrons their nuclei contain) are
chemically identical. It may come as a surprise to find that
this is not guite true: isotopeas do differ chemically, but
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By rate = ky
H(D)

this difference is only significant for hydrogen—no other
element has one isotope twice as massive as another!
Kinetic isotope effects are the changes in rate observed
when a [1H‘,| hydrogen atom is replaced by a [EH‘J
deuterium atom in the same reaction. For any reaction,
the kinetic isotope effect is defined as

rate with substrate
" containing *H

__ rate with substrate
containing <H

Changing H for D can affect the rate of the reaction only if
that H (or D) is involved in the rate-determining step. The
theoretical maximum is about 7 for reactions at room
temperature in which a bond to H or D is being broken. For
example, the rates of these two eliminations can be
compared, and ky/kptums outto be 7.1 at 25 °C.
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rate = HD Br



L]

SENErgy

zero point energy and kinetic isotope effects
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Kisérleti eredmény: k, /k,=1.0

® H

NO, rate-determining step ‘ fast NO>
- NO; .
no C—H bond formed or broken




Kisérleti eredmény: k, /k,=4.1

9, = 4.1 OH
A HD) kn
|2, NaOH fast rate-determining step I
r
C—H bond is broken



Inverz kinetikus deutérium izotépeffektus



® K - XH® k intermediates
™ and/or products

fast proton transfer rate-determining step

r = K[XH*]
[XH*] = K[H*][X]

r = Kk[H*][X]
Kisérleti tapasztalat: a reakcio gyorsabb D,O-ban, mint H,O-ban

Magyarazat: D;O* er6sebb sav D,O-ban, mint a H;O* H,0O-ban



rate-

determining @® rotate

P X WP step @ H
1 ] _oser — h/\(\/\o A
HO

k(H,O)/k(D,0O) = 1.0/2.5



Aktivalasi entropia
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® The Hammett reaction constant p measures the sensitivity of the reaction
to electronic effects.

® A positive p value means more electrons in the transition state than in the
starting material

® A negative p value means fewer electrons in the transition state than in the
starting material

® The meaning of Hammett p values

This then is the full picture. You should not, of course, learn these numbers but you need an idea of roughly what
each group of values means. You should see now why it is unimportant whether the Hammett correlation gives a
good straightline or not. We just want to know whether p is + or —and whether it is, say, 3 or 6. It is meaningless to
debate the significance of a r value of 3.4 as distinct from one of 3.8.

-6 -5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5 +6
- - - mmmmmm o = = = = = I E
large negative p-values  moderate negative p-values small p-values moderate positive p-values large positive p-values
positive charge on ring electrons flow out of TS 1. Ar too far away electrons flow into TS negative charge on ring
or delocalized round positive charge near ring 2. No electron change negative charge near ring or delocalized round
benzene ring loss of conjugation 3. Two p-values cancel loss of conjugation benzene ring

each other out
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Sav-bazis katalizis



speclflc acld catalysls H

Me\(é) /H Me\\

/
I 2 ﬁel /I\/ ° )\/
H -H
—_— OH OH
R/<I R ™ R R
fast slow fast

speclfic base catalysls
HOMe

©
base C t 0l>\ 0 OH
MeOH R g MeC\)\ Meﬂ\)\
fast M EN slow R fast R




speclfic acld catalysed reaction

uncatalysed rate-
reaction H determining OH
step
)I\ d.._ J-I\ —= products
very fast R OE R ; OEt
slow H,0: aPH2

speclfic acld catalysed reactlion

O H
uncatalysed rate-
reaction determining
H C) step
very fast fast
slow

Kisérleti megfigyelések: (i) a reakciosebesség forditva aranyos
a pH-val (a katalitikus hatas jelentos, ha a sav pK, értéke kisebb,
mint a szubsztraté), (ii) a reakcié gyorsabban megy D,O-ban,
mint H,O-ban (inverz deutérium izotépeffektus)




® Summary of features of specific acid catalysls

o~ WON

. Only H307 is an effective catalyst; pH alone matters

. Usually means rate-determining reaction of protonated species

. Effective only at pHs near or below the pK, of the substrate

. Proton transfer is not involved in the rate-determining step

. Only simple unimolecular and bimolecular steps—moderate + or —AS*
. Inverse solvent isotope effect k(H,O) < k(D»0)



rate-

determining
q)>\ step RSH
RS—H —"~ RS~ _A + RS®

Kisérleti megfigyelések: (i) a reakciosebesség egyenesen aranyos

a pH-val (a katalitikus hatas jelentés, ha a szubsztrat pK, értéke kisebb,
mint a bazisé), (ii) a reakcié gyorsabban megy D,O-ban,

mint H,O-ban (inverz deutérium izotopeffektus)



® Summary of features of specifilc base catalysis
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. Only HO™ is an effective catalyst; pH alone matters
. Usually means rate-determining reaction of deprotonated species
. Effective only at pHs near or above the pK, of the substrate

. Proton transfer is not involved in the rate-determining step, unless C-H

bonds are involved

Only simple unimolecular and bimolecular steps—moderate + or —AS*

. Inverse solvent isotope effect k(H,O) < k(D>0)



speclfic acld-catalysed acetal hydrolysls

® rate-
® determining
OMe H QHDM& step fast
— R/%%Me — = —— B Yo + 2 MeOH
R oMe fast R OMe H20
general acld-catalysed acetal hydrolysls
OFt ( g rate-determining step ® fast
H==0Ac — OEt —» —> 0
OEt k(HOACc) H->0

k(DOAc) 1.5



speclfic acld catalysls
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® Summary of features of general acid catalysis
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. Any acid is an effective catalyst; pH also matters

. Proton transfer is involved in the rate-determining step

. Effective at neutral pHs even if above the pK,ig of the substrate
. Catalyst often much too weak an acid to protonate reagent

. Catalyst adds proton to a site that is becoming more basic in the rate-deter-

mining step

. Some other bond-making or bond-breaking also involved unless proton is on

carbon

. Often termolecular rate-determining step: large ~AS*
. Normal kinetic isotope effect k(H) > k(D)
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catalyst
nucleophile electrophile catalyst product regenerated

Kisérleti megfigyelések: (i) jobban megy a reakcié, ha né a pH, de
leggyorsabb semleges pH-nal, (ii) a reakcié gyorsabban megy ROH-val,
mint ROD-vel ([normal] deutérium izotopeffektus), (iii) hatalmas
entrépiacsokkenés
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| 0 R 07 o 7
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H 0 . -0----- —
general base 0---=-- H™ (+) 0
catalyst nucleophile  electrophile )

transition state



® Summary of features of general base catalysls
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. Any base is an effective catalyst; pH also matters

. Proton transfer is involved in the rate-determining step

. Effective at neutral pHs even if below the pK, of the substrate
. Catalyst often much too weak a base to deprotonate reagent

. Catalyst removes proton, which is becoming more acidic in the rate-deter-

mining step

. Some other bond-making or bond-breaking also involved unless proton is on

carbon

. Often termolecular rate-determining step: large —AS*
. Normal kinetic isotope effect k(H) > k(D)
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