Kinetics Mechanisms (2009-rev) Examples
Engel Ch 25.5-10, Ch 26.1-3

Recall penicillin example—basic chemistry, open ring
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We saw observed rate law: 1% order: r = -d[R]/dt = k[R]
Here R=Lactam, previous used P, confuse with Prod
How might this happen? --mechanism must sense pH
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Idea: 1% reaction is slow = rate controlling
Once intermediate forms — immediately go to product
this is steady state model:
d[Int)/dt ~ 0 = kgow[LaC][OH] — ksasInt][H20]
=2 [Int] = Ksjow/Ksast[Lac][OH]/ [H20]

- but [H20O] ~constant ~55 M - ignore (part of k)

d[Prod]/dt = Ksasi[INnt] ([H20]) ~ (Krast Ksiow/Krast)[Lac][OH]

d[Prod]/dt = (ksiow)[Lac][OH] ~ K’'siow[Lac] in buffer

buffers make pH ~ const.,, [OH] part of kK'yow = senses pH

Rate determining step is 1% one: r ~ keri[Lac]
since [[OH] constant— set by pH (~1% order in Lac)
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Test: Mechanism always is a model, show consistent
with data — change pH / see affect on rate

Examples: Mechanisms are combination of
parallel, opposed and chain steps

ex. H2 + 1, > 2H1
observe:  1/2 d[HIJ/dt = k [Hy][L,]

devise consistent mechanism:
a. (old idea) assume simple bimolecular:
Hy + 1, —X 2HI
Yo d[HI)/dt = kq [Ho][I2] —> consistent

b. Fast equilibrium idea (subsequently detected intermediate)

Mech. I. I, Lo 21

21 + H, — %8 2HI
5 d[HI)/dt = ks[I]*[H2]
Keg = [II/[l2] or Keq[I2] = [I)° substitute in rate:
consistent: I = k3Kgq[12][H2] must be slow, ks small (termolecular)

1
Mech.Il. I, === 2]
2
I+H, - H,I eliminate termolecular step

1+ H,I —X2 5 2HI
Y d[HI)/dt = Ko[Il[H2I] = ko K2q [IJ? [H2]
r= Ky K2eq Kleq [12] [H2]

Mech. Il also consistent, more flexible rate law (Keq's),
Test by detection of Hl radical intermediate
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c. Steady state example (Chain propagation)

k [H,][Br,]"
H, + Br, = 2HBr experiment: r = 1+k'[HBr]/[Br,]

At t=0 = [HBr]=0 = r~k[Br,]"*[H,] but at t=° r~k[Br,]**[H,]/[HBI]
apparent order change with time

mechanism:
Br, — %, 2Bre initiate reaction (create radicals)
Bre + H, —*2 , HBr + He propagate ] (conserve
He + Br, —*s, HBr + Bre cycle radicals)
HBr + He —*-2 , Bre + H, inhibit — reverse 2" step
Bre + Bre — %1, Br, terminate — reverse 1% step

Steady state on radicals — very reactive, never build up

a. d[H]/dt ~ 0 = ky[Br][Hs] — ks[H][Br2] — ko[HBr][H]
[H] = ky[Br][H2)/(ks[Brs] + ko[HBr]) -- source of denom.

b. d[Br]/dt ~ 0 = 2k4[Brs] — ka[Br][Hz] + ks[H][Brs] + ko[HBr][H] — k[Br]?

Subst. [H] result into d[Br]/dt eqn., 3 and 4™ terms,
2" 39 and 4" terms will cancel — sum to 0:
0 = 2k4[Bry] — k4[Brf* = [Br] = (2kq/kq [Brs])"?

substitute [Br] into [H] equation (eliminates all radicals):
[H] = ko[Ha] (2k4/k1)"/(Ks[Bra] + ko[HBI])

rate of product formation — depends on [H] and [Br]:
d[HBr)/dt = ky[Br][H,] + k3[H][Brs] — ko[HBr][H]
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Algebra — substitute in:
d[HBr)/dt = ka(2k+/k1)"? [Bra]"? [Ha] + kska(2ki/k-1)"?[H,][Bro]*4/D
- Koka(2k4/k-1)"A[H2][Br2]“[HBr]/D

where D= k;3[Bry] + ko[HBr] - the denominator in [H] egn.

next put 1% term over D, sum the numerators:
d[HBrY/dt = {ka(2ki/kr) “[Ha][Bra] " (ks[Bra]+KtHBr]+ks[Brz] - K2fHBI])}/D

divide top and bottom by ks[Bro] - goal simplify denom.:

(2“) [Hol[Bro]1/ 2
Tz [HBr]/ [Bry]

k = 2ko(2ki/k4)"?, K = kolks

. d[HBr)/dt = -> fits experiment!

k[H,][Br,]"
gives back experimental form: r = 1+k'[HBr]/[Br,]

Comments:
1. reaction example of radical species propagating and
enhancing rate but only exists as an intermediate

2.t=0 rate ~ k [Hy] [Bro]"*
initial rate is a clue right away to complexity,
[ 1"* from termination step — signal for radical formation
(i.e. opposing step has a different order)

3. denominator is result of inhibitor step
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d. Branching chain reaction — see Fried p. 651-54
—here just aiming for the idea, not details

In above example always got a radical from radical (12>1)
or terminated chain (120 or 2->0)
Branching —step in chain that generates more radicals:

Ex 2H2 + Og —> Hgo

H, + O, _& | H,O + Oe initiate
O+ H, X2, «OH + He branch low press
‘H+ O, K, «OH + Oe 1> 2 mechan.

OH + H, %, H,O + He propagate

H+ OH — HZO

H+H — H, }(ermination
O+0 -0,

or H + wall X4, destruction

Point is that branching creates high level of unstable species
(radicals) = reaction then driven very fast — explodes
i.e., mech. has denom., when = 0 - branching out of control

Solve by steady state on all radicals: H, O and OH
Combining them with significant algebra gives OH yielding:

2o = Ka[OH][H2] = (Ko[H2][O2])(2k4[O2])/{k4-2k1[O-]}
alternate:

lo0 ~ Io P/(8—P) re-initiate, P—branch factor, 5-destroy chain
v=0—-f net distruction factor
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sensitive to container (wall collisions deactivate) and buffer
gas and pressure (enhance termination)

v=9-B =0 explosion limit — H,O produce at infinite rate
= ky(T) = 2k¢(T) * (BRT)" P
-last term use ideal gas law for conc. of O,
= T + P balance
but each rate constant depends on T

b

e bl devnn
e @ e, s

S Castting offd

govern by wall termination
depend on size and shape
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e. Practice problem—test methods:

CO +Cl, —» COCl, Phosgene (poison gas)
observe: d[Cl,COJ/dt = k[CI,]*)[CO] = 2.5 order

propose mechanism
Cl, == 2Cle source of half order - initiate

K1

Cl- +CO == CICO propagate
CI CO + Cl, E~——~‘; Cl,CO + Cle propagate

rate: d[Cl,COJ/dt = ks[Cl COJ[Cl,] - k5[Cl,CO][CI |

rate limit — if ks limit then this will be the correct form,
but has intermediate
NOTE due to propagation steps, Cls conc. will be signif.

a) Pre-equilibrium -- fast formation of intermediate
Ki = [CI]/[Cl,] and K, = [CI COJ/[CI] [CO]

combine: [Cl COJ = K, [CI] [CO] = K, (K4[Cl,])"* [CO]
plug in: d[CI,COJ/dt = ks {K(K4[Cl,])"* [COT} [Cl,]
*(assume k 5 ~0) =k [Cl,]**[CO] consistent
k =K, K" ks
note: if assume ks, rate limitin
then r ~ k,[CI+][CO] ~ k, K;"# [CI,]"* [CO]
but incomplete

* — equivalent to assuming Product very stable and will reform
reactant (makes problem easier — okay for initial rate)
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b) Alternative — Steady State on [C| CO]
d[CI COJ/dt = k,[CI][CO] — k,[Cl CO] — k3[CI CO][Cl,] = 0
[Cl COJ = k,[CI][COJ/k + k3[Cly] *(again neglect k _3)
i) assume fast equilibrium from first step Ky = [CI]?/[Cl,]

[CI COJ = ky {K[CL]}"*[CO/K_, + k3 [Cl,]]

_ ~ 1/2 [CI2]"2[CO]
rate: d[Cl,CO]/dt = k5 | K2K1 Ky +K3[Clo] [Cl,]

2 cases:
same as before k = ks ko Ky "2k, = ks Ky K417

l.e. this works
b. k3[Cly] >> k.,

r = k' [Cl,]"[CO]
does not fit observed rate law

. kKo >>Kk3[Cl;]  — test by vary [Cl]
observed law should deviate high T
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Microscopic Reversibility

Once get to elementary steps the reaction can go
forward and back on same path

can not get reversible reaction by cyclic mechanism
B

AN# Product
A\ Solid line path not enough

dash lines must be included - complete

However — reverse steps may be fast/slow

e equilibria makes rate constants interdependent

o Kf = P/A = k1 k2/k-1k_2 Kr =A/P = k3k4/k-3k_4

but K = K" > kyko/k 1k = K.ska/ksky

¢ rate limiting idea may favor — solid line path

Butif k 1=0 then K =
or k 2= 0) = k1 kz/k-1 k_2

clearly then ks, ks #0 or K°=w = impossible!

Summary: r;=r, atequilibrium {detailed balance

Exponential behavior — often analyze [conc] vs. t
by fit to exponential function
1% order: -dA/dt = kA - A = Age™

ex. Protein folding—vary conditions /protein fold on own
should be 1% order — exponential -- if simple
if fit to multiple exponential —» multi step process
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Bio. Mechanism. Tinoco — pp 334-337 Renature DNA

Duplex DNA - complementary strand A+ A' == AA'
High T — unfold and separate
Cool — refold — speed depends on alignment, 2" order

Sonicate DNA  — break into small segments, e.g. ~20 bp
uniqueness depends on the repeat pattern of DNA
— if “melt” — strand separate and mix,
recombine slow if unique, faster if repeat

Complexity: Recombination rate vary — heterogeneous

Cornplegity {mecleotide pairs)

1}, 1o i I o I 10 1&"1\ m’ﬁ.l. iy 10% m’*l- 10
[ o T T TR T 1

stud
[=]
(]

Fracrin re

1. Break to ~400 bp

2. Denature to ss

3. Cool, renature

Different curves for sequences with increasing complexity,
left to right: polyUpolyA, Mouse, MS-2, T4, e.coli, calf

r — Co — conclusion — complexity (arrows)

See that simple sequences fold faster because
they can find a mate (less complex) for segment
More repeat sequences, less complex
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N = number of bp in smallest repeat sequence
Initial concentration [Ag] ~ Co/N Cy —concentration all ss
N—poly ApolyU=1=1 smallest repeat each bp
E. coli — almost no repeat N = number of bp

So point is r = -d[A]/dt = k [A][A]
since A~C/N — more complex — big N
— more complex A small / rate slow

Complementarity [A] =[A] from how strands broken
-d[A)/dt = k[A]* = k(C/N)’

Thus more complex, slows the reaction: t,,~N/kCy
or half-life varies inversely with complexity
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Blood Clotting example — rapid equilibrium — Tinoco, p.347-8

response to wound is very complex but key is
fibrogen — fibrin which forms clot

To turn this on need Thrombin (proteolytic enzyme)

To get this need “activate” prothrombin by protolysis

Anti- Inactive
TN hrombi ,
Prothrombin Ca™? Thrombin ﬂ» Thrombin

Mechanism: /

Fibrogen 7N Fibrin (clot)

Thrombin is then an intermediate / build fast — equilibrium — decay

Tiszse injury activaies

Si'gna ling
. Pt
"'-"ﬂ"_m_ d_""l.t
{Hageman famii_< ¢ P iex
Factar X1 M1, {aetive)
Factor 1X y -
' Cale I, (netive)
(Christmas Factar) 'g;.z‘}'i"' of LMM
Cd roe ‘HI'.. I h&'
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(antibemophilic f2ctory ' . Ho oo
f
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Factor X . R
{Slu:'t:.cmr} Cat Mg (Botive) E .(
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Factor v ——— W 54 ‘LM E Ei N
(proaceelerin) ! &
B 29
g
. Antithrombin E
Frotirantin Ca™ Theombin —8 —— [nactive < :
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. . - —
Fibrinogen b : : : ’ ! ’
Fibin Time after wourding (min)

(bkood chot)
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