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SOLUTIONS OF SELECTED PROBLEMS

wr  _AGAB+c
1-2.kAB+C=Te RT . Hence

kT
AGA¢B+C =RT (lnT - lnkAB+C> 5
AGE,pe = AGZg.c + AG® = AGZ5,c — RTInK.
1-3. If kobs = kK, k = kobs/K = 106/1020 = 1026 M1 s-1. This is far above

diffusion limit.

ius: Ink=InA -  Olnk _ Ea
1-4. Arrhenius: In k=1n A - Ea/RT; Py

. k  AH*  As* Olnk _ 1 | AH*
Eyring: lnk—lnT+lnz—E +? ; ?—T+ oy

Therefore

olnk  Ep 1 +AH¢
OT ~ RT?2 T ' RT?
Finally
Ea=AH”+ RT

_Ep (Ep+585) 1 _585(K) mol~1)
1-5.k; = Ae rt; k, = Ae RT;—e RT ~ 10.

2

1-7. The sphere volume is gnr3. The density p = M/V = %. Hence, r =

3M KT
s ’— D =——. Therefore D ~ M-1/3,
4Tp 6mnr

1-8. One in both decaborane and alcohol. Two overall.

2-1. Ao = eaa0; A = gBao; At = eaqoe® + gpao(1 — e*t) = aoAce*t + gpao with
Ag = ga — eg. Therefore
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In{(Ao—Ax)/(A—Ax)} = In% = Inekt = kt
2-2.k=0.3 min 1.

2-3.Att=t, [A] = (a0 — x) and [B] = bo + x. Correspondingly

3 d(ag —x)

' =ki(ag—x) —k_1(by +x) = kjag — k_1by — x(k; + k_) = a—xB

with a = kiao — k-1bo and = k1 + k-1. Therefore

—lX d(a—Bx)

5% B0 = dt; In(a — Bx) =c+ Bt

Att=0x=0,a=cand hence

a—fx =ae Pt and x = %(1 —e bt

Substitution gives

_ aOkl bok_4 (1 —(k1+k_1)t)
kit ko,
Att—> o
Xeq = (K1ao — k-1bo) / (k1 + k-1).
Finally

X = Xeq(1 — e~(athk-0t),

2-5. If Mechanism 1. holds, the amount of B formed should depend on
the concentration of X: (see eq 2.2.3) and the equilibrium constant K =
k1/k-1 could be calculated. This should correspond to the ratio of k1 and
k-1 found in the kinetic experiment. If Mechanism 2. holds, the amount
of B formed is always constant and equal A:.

2-6. Apply the condition k1 = k2 = k to eq 2.4.4. Then
d(zxekt) = kaodt

Integration and application of the boundary condition z=0 at ¢t =0
results in
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Z = aoktet and Y =Xx-2Z=ao(1l - ekt - ktekt)
Differentiation gives the expression for the steady-state time.
2-7. The differential equation for the consumption of A:

—d(ao-x)/dt = ki(ao—x) +kz(ao—x)>
If y = (ao - x), after rearrangement

dy

- =t
y(ky + yk3)
and

1 _m N n
ylky +yky) y kit Yk,

Coefficients m and n are found as for the second-order reaction: m =
1/k1 and -n = kz/ki1. Thus, the function easy to integrate is

1dy k, dy

—— = Xx——— =t
kiy ki ky+yk,
And
1d 1 d(ky+yk
_ldy 1 dlktyk)
kiy ke ky + vk,
followed

1
_k_1 (Iny + In(ky + yky)) =t +c¢

Using the boundary conditions y = ao at t = 0 one gets
aokle_klt

aolk1+(ap—x)k,]
k1+a0k29_k1t

= kqt; ap —
(ap—x)(k1t+agks) L 0

2-10. At any time % = % and x = b + ¢. Combining these two equations
2

one obtains
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X kl

Substitution of the expression for x into x = ao(1 - e~K1*¥2)t) affords

kq
b = 1 —_ _(k1+k2)t
el Gt )

2-11. It should be confirmed that the relations

d(ay, — x) dz kik,a,
_ = kyage kit = —— = 1720 (p-kat _ -ty
dt 1o dt ~ k, —k,
hold at the steady state. It follows
kik,a
kiaoe 1t = _kll _Zk‘; (e7k2t — e~kat)
and ekt — L(e—kzt — el
kl - kz

Rearrangement affords

ke k1t — ket = ekt — |, e Fat

Finally
kle_klt = kze_kzt
an(1—e(@o—bo)kt
2-12. = O(ao—_)
1-20,(ap—bo)kt
bo
— (ap—bo)kt
— “%ec —
1) ao > bo X = a0 tag bkt — Do
bo
2) ao < bo X = do.

3-1. Mass balance At = [A]+[AL]; SSA:

0~d[AL]/dt = ki[A][L] - [AL] (k-1+k2)



Practical Kinetics and Mechanisms of Chemical and Enzymatic Reactions xvii

Two equations, two unknowns. Find expressions for [A] and [AL] at the
steady-state

d[P]/dt = ka[AL] + ks[A]

Working with the mass balance equations, one obtains

A = [A](l +L)

k_y + k,
And
k_y +k, kyL
Al=—"—2 Ay All=——F"—A
[A] kL4+k_s+k, * [AL] kL+k_;+k, *
Finally
kik,
R SR AN Sy
obs — -
kiL+k_y + k; L
El s

3-2. Mass balance Fe: = [Fe!l] +[Oxidized]; SSA with respect to
Oxidized TAML:

0~d[Oxidized]/dt = ki[Fel"][H202] - [Oxidized] (k-1+k2[S])
Since
d[P]/dt = k2[Oxidized][S]
one obtains

ap] k1k;[H;0,][S] Fe
dt  k_y +k[Hy0,] + k,[S] °

Plotting inverse rate versus [HOOH]! or [S]-! allows to calculate k1
and k: from the slope and intercept if k-1 ~ 0.

3-3. Mass balance E: = [E]+[ES]; Ks = [E][St]/[ES]. Therefore [ES] =
EtSt/(Ks+St) and v = k2EtSt/ (Ks+St).
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Ky = +— Ks = “=% Hence Ky, = Ks + 12
1

feq feq
3-4. Mass balance E: = [E] + [ES] + [EA]; SSA:
0~d[ES]/dt = ki[E][S] - [ES](k-1+k2)
~ d[EA]/dt = k2[ES] - ks[EA]
Three equations, three unknowns. Find expression for [EA] because
d[P]/dt = k3[EA]

Working with the mass balance equations, one obtains

ky(. k_i+k
E, = [E] + [ES] + [EA] = [EA] = (1 4= 2) + [EA] =
A
_ 3 1+ 2) _
s
+ + k_1ks +
=[EA](1Zt 1/39¢ 1K3 23)
Hence
kik,S
[EA] 1729t
Tk, Se ¥ I kaSe + kol ¥ Ik, ot
And
koks S:E
ap] kikaksSt E — k2+k tt
dt  kqk,Se + kiksSe + k_jks + koks U ka(k_q k) +s
k1(k2 +k3) t
3_5' v = - ka;EtGItFCt KFC — katk_3 and Kﬁl — k2+k_1'
kaKpy Fct +ka Ky Glt+(k2+k4)Glth k3 k1

3-6. Mass balance E: = [E]+[CI]+[CII]; SSAs:
0~d[CI]/dt = ka[E][P] -k2[CI][S]
0~ d[CII]/dt = k2[CI][S] - ks[CII][S]

Three equations, three unknowns. Find expressions for [CI] and [CII]
because
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d[P]/dt = kz2[CI][S] + k3[CII][S]
Using the mass balance equations, one obtains

kZSt) — [l (klkz[P] + kik3[P] + k2k3St>

k
a=mu@+i+

ks Kk [P] kiks[P]
Hence
ki k3 [P]E,
[CI] =
kiky[P] + kik3[P] + kyks3S,
and
kik,[P]E
- o [PIE,
kiky[P] + kiks[P] + kyk3S,
Finally
d[P] 2kyk k3 [P]E S,

dt  kyky[P] + kyks[P] + kyksS,
3-7. The expression for kobs in this case is:

k — kAHKal[H+]
obs [H+]2 + Kal [H+] + KalKaZ

The horizontal part of the curve, when kobs is pH independent, is given
by

kAHKaI[H*—]
ko o=-222ll 1_p
obs Kal [H+] AH

N
Left and right straight lines are given by: ks = kA"EgT]EH ]=k“[‘:f]al d

kobszkA;Ka;[m]:kA:[HJr], respectively. Correspondingly, logkes =
alfraz a2

logkan; logkobs = logkan — pKa1 + pH and logkobs = logkan - pH + pKaz for
the three straight lines. The values of logkoss are equal at the

intersections points. This leads to pKa1 = pH and pKaz = pH.

3-8. The corresponding scheme is:
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Ka1 Ka2

2=
T
N
PR
=
UV -—

Mass balance:
= [AHz*] + [AH] + [A];

Ka1 = [AH][H*]/[AHz2*]; Kaz = [A-][H*]/[AH]

Substitution affords
[H+]> - [A'][H+]< [H+]> _
Ac=[AH](1+——]+[aT]= 1+ +[A] =
=1 ]( ) T = )T IA)
_ [H'] [H+]2>
=[Al(1+—+——
[ ]< KaZ KalKaZ
Equilibrium concentrations are
KalKaZ
A” A
A= o R [T+ Kok
H+ 2
[AH] = L A¢

[H+]2 + Kal [H+] + KalKaZ
Since d[P]/dt = ka[A'] + kauz[AH2*]

k — kAHZ [H+]2 + kAKalKaZ
°P T [H*]2 + Koy [H*] + Koy Kap

3-10. The time corresponding to the inflection point is found from the

equation — d*x — = 0. The solution of the corresponding equation affords
dt

2y, ,—Akt
= . Assuming that A = (a + ¢), one obtains — dx _ acATke The

T k(ato) dt (C+ae—Akt)2'
In (%/0)

, 1.e. after substitution of this
k(a+c)

slope of the straight line when t =

. . dx .
expression for tinto It gives:
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. _akin (%)
dx  acA?ke 4%t acA’ke” 4k c?A%*k A%k

dat (c + ae—4kt)2 - (c + ae-ln (a/c))2 - (c+c)? ~ T4

Check that the units of a are {M s'1}, cf. with "slope". The value of x ("y"
In (%) .

atyaxis) att = raro) S

The equation for the straight line y = at + B passing through the
inflection point is

a—c A’k In(%Y)
2 4 T k(a+o) h

This allows to find fas

_2(a—c)—Aln (%)
B 4

B

Using this expression one can find time 7, at which "y" equals zero

k  2(a—c)—An (%)

0= — 2 and 1A%k = Aln(%/;) — 2(a —c¢)
Finally
a/\_,a—C¢c
- In(%/¢) =2 =
k(a+c)

3-12. Show that the following mechanism works, if both rapidly
established equilibria are strongly shifted to the left.!

phenol = phenoxide- + H*

phenoxide- + Os! & phenoxyl* + Os!!

1 Adapted from Song N, Stanbury DM, Inorg Chem, 2012, 51, 4909.
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2 phenoxyl* — biphenoquinone
3-13. Lineweaver-Burk: v:1 = V1 + Ku/(Vm[S]). When v1 =0, [S] = -Kwm.
3-14. The Michaelis-Menten equation in a linear form is
vKm + v[S] = Vm[S]
After dividing both sides by [S] and rearrangement one arrives to
v =Vm - Kuv[S] !

The slope and intercept of a linear v vs. v[S]! plot equal —Km and Vv,
respectively.

3-15.y = 0 when [So] = [S]. Then 0 = Vm — Km/t and t = Km/Vm.

4-1. E: = [E] + [ES] + [ES']; Ks = [E][S]/[ES]; K's = [E][S]/[ES']; Et =
[Es|{Ks/[S] +1 +(Ks/[S])x([S]/K's)} and hence [ES] = E¢S]K's/{KsK's +
[S1(Ks + K's); v = k[ES]. Substitution of the expression for [ES] into the
equation for v affords
KI
- K K’
Ks + K¢

+[8]

4.2. In this case v = k[ES] + K'[ESz]. [ES] = Et[S]/{Ks + [S] + [S]?/Kzs} (see
footnote to page 4-2). Et = [ES2]{(Ks/[S])x(Kzs/[S]) + Kas/[S] + 1}; [ESz]
= E{[S]?xK2s1/[Ks + [S] + [S]?xK2s1]}. Correspondingly

! [S]
k[S] + k K5

B o
Ks + [S] + [S]z

When [S] is relatively small and the term [S]?xK2s1 is negligible, v ~ KEt.
When [S] is large, v ~ k'Et. Therefore the rate will never drop at high [S],
ifk'> k.

4-3. The noncompetitive inhibition.

4.4. In this case
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K;
ke E[S]
B K¢+ [S]
At[I] =iosv ="y, le.
K;
1 K g B
2 K+ [S]
Without inhibition
o _ keailS]
Ks +[S]
Dividing the latter by the former affords
9= Ki + [igs]
K;
1% 1%
Noncompetitive Uncompetitive
>>0N 0
v/[S] v/[8] v/[8]

5.1. Under the steady-state conditions (see problem 3-2 when k.1 = 0)

d[P] k1k,[oxidant][S]

dt  ky[oxidant] + k,[S] *

One should find the condition when all Rc is rapidly and quantitatively
converted to Ac, i.e. the overall rate is determined by k2 only. This
occurs when ki[oxidant] >> kz[S] because in this case

d[P] _kik, [oxidant][S]
dt =~ ky[oxidant]

C; = k,[oxidant][S]C;

5-2. [t comes from eq 5.2.4 that
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St —];{I.Ict
= e
St — X

Therefore

“Fug,
X =Si(1—e ki)

See ref. 3 in Lecture 5 for details.

6-2. Since 2% = _ 277

op RT
Olnk = Alnk = In2k - Ink = In2. This corresponds to Ap, which should be
found. Substitution the numerical values into the right part of the above

equation (T =298 K, R = 82 cm3 atm K1 mol!) gives Ap ~ 1700 atm.

, a two-fold increase in the rate constant means

6-3. Isokinetic relationship means that AH* = TAS* + const. After
rearrangement AH* — TAS* = AG” = const, i.e. free energy of activation
(and therefore rate constants) is constant within the series.

6-4. The rate expression is given by
v = ki[M][ROOH] + k2[MOH][ROOH] + k3[M][ROO-] + k4] MOH][ROO"]

+
M = [M] + [MOH]; Ku1 = %;

ROOH: = [ROOH] + [ROO]; Kaz = [ROOH]

After finding equilibrium concentrations of all four participants
followed by substitution into the expression for v, one obtains

g [H'? + ko Koy [HY] + kg Koo [HY] + Ky Ko Ky

B [H+]2 + Kal[H+] + KaZ [H+] + KalKaZ

Kinetically indistinguishable are the k2 and ks pathways.

7-1. Mass balance: MeCHO: ~ [MeCHO] (aldehyde is difficult to
deprotonate).

v = k2[MeCHO][-H2CCHO].
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SSA:
0 = k1[MeCHO][OH"] - [[H2CCHO] (k-1 + k2[MeCHO]).
Therefore
[[H2CCHO] = k2[MeCHO][OH"]/ (k-1 + k2[MeCHO]).
Correspondingly

v = kik2[MeCHO]2][OH]/ (k-1 + k2[MeCHO]).
This is eq 7.2.1 with k = kikz/k-1, if k-1 >> k2[MeCHO].
7-2. A) If the last step is fast, the mass balance equation is Co: = [A] +
[B] (A and B are [Co(NH3)sCl]2* and [Co(NH3)4(NH2)CI]*, respectively).
SSA for Bis
0 = k4 [A][OHT] — (k-1 + k;)[B]
Correspondingly

B k,[OH™]
" k_q+ky + ky[OH]

(B]

Coy

Finally

o laks[OH]
obs =+ k, + ky[OH™]

because v = k2[B].

B) If the last step (ks3) is not fast, the mass balance is Cot = [A] + [B] + [C]
(C =[Co(NHs3)4(NHz2)]%*). SSA should be applied for both B and C:

0 = kq[A][OHT] + k_,[C][CI"] = (k-1 + k3)[B]
and
0= kz[B] - [C](k—z[Cl_] + ks3)

The rate is this case is v = k3[C]. There are three equations with three
unknowns. This allows to find the expression for the steady-state
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concentration of C. Substitution of thus found C into the equation for v
gives
K = kikok3[OH™]
°bS ™k (ey + k3)[OH=] + kyk_,[OH-1[CI=] + k_1k_,[C1=] + (k_y + kp)ks

7-3.A) BH < B- + H* (Ka); Bt = BH + B-; [B] = KaBt/([H*] + Ka). SSA with
respect to intermediate 7.1:

0 = (kq[S][B7] = (k_q + k2)[7.1]
St = [S] + [7.1], but since [7.1] is very low, St ~ [S] and [7.1] =

kg B-] = kq Ka
t - +
k_1+k; k_1tky ~ [HY]+Ka

S¢B. Correspondingly

kg, = —1kz K2 g
obs Tk 4k, [HY]+K, "

7-4. Example of a general acid catalysis with H2PO4" as a reactive
species.

7-5.Rate ~ [OH] 1.
8-3. Cred/Cox =0.01.

8-4. Let us find the conditions when the first derivative is zero.
Rearrangement of eq 8.3.1 gives

A 1 2AG+ AG? _/1+AG+AGZ
4 A 2) 42 42
After differentiation with respect to AG gives

0= 1 N AG
2022
And finally, A = -AG.

9-1. Inverse rate dependence in [Co!].

9-3. The last step in Scheme 9.4.6 should not be fast; rates of steps 2
and 3 should be comparable.
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CHs CHs CHs CHs

9-5. Radical species are potentially carcinogenic.

9-4.

11-5. Fe-N, Fe-S and Fe-O0, respectively.
14-1. Dissociative - Sn1; associative Sn2.

14-4. S-Character of the rate versus [Glucose] dependence, which is
emphasized in the inset, is indicative of the allosteric regulation of the
enzymatic activity by glucose.

14-5. Retention which is due to two inversions.






LECTURE 1.

KEY DEFINITIONS

1.1. A Reaction Mechanism. What Is It?

The most gorgeous in chemistry is almost certainly the understanding
of mechanisms of chemical reactions. After finding a novel chemical
transformation or synthesizing a new unique compound, the next
question that arises inevitably is: "How? How does this reaction occur?
Why and how are old bonds cleaved and new bonds are formed?”
Apparently, there are certain approaches to study reaction
mechanisms. Our ultimate goal is to understand and remember two
important issues. First, one should have a clear perception what is the
mechanism of a chemical reaction and, second, what methods should
be applied for its elucidation in order to claim with confidence that the
mechanism of a particular reaction is more or less reliably established.

There are two key definitions.

Definition 1. A mechanism of any chemical reaction is a series
of its elementary steps.

Definition 2. A step is referred to as elementary (concerted or
synchronous), if it does not involve any intermediate.

They define the exact essence of a concept of a chemical mechanism.
There are two levels of understanding a mechanism. They referred to
as stoichiometric and intimate mechanisms. Note that a stoichiometric
mechanism is not synonym of a stoichiometric equation. A
stoichiometric mechanism is just a sequence of its elementary steps
without detailing the nature of bonds that are cleaved and formed, the
nature of orbitals involved, stereochemical features, etc. If these issues
are known, one may speak about the intimate mechanism. Consider the
electrophilic bromination of ethene. This is an Ade (addition
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electrophilic) process. Its stoichiometric equation (not stoichiometric
mechanism!) is given by eq 1.1.1.

H,C=CH; + Br, —» HCBr—CH:Br (1.1.1)
The stoichiometric mechanism of reaction 1.1.1 consists of three steps:
H,C=CH; + Br; 2 m-complex {H,C=CH,Brz}  (1.1.2)
n-complex 2 o-complex {Br-CH,—CH,*} + Br- (1.1.3)
H.CBr-CHz* + Br- - H,CBr—CH;Br (1.1.4)

The intimate mechanism of reaction 1.1.1 specifies key molecular
orbitals involved and adds stereochemical details:

T o H T-complex
% o-complex

Br.

+Br

Br

<

O-complex

Br

The information required for establishing a reaction mechanism is the
following:



