Nucleophilic reactions



Nucleophiles

* Nucleophiles: nucleus-liking species
— Electron-rich
— Possesses negative charge or non-bonded valence electrons

— Large abundance of nucleophiles in the environment (water itself is a
nucleophile)

* Nucleophilic substitution

— Nucleophiles may form a bond with the electron-deficient atom in an organic
molecule

— As a consequence of a new bond formation, another bond has to be broken

Nu: +R—L = R—Nu-+L:

— S\2 & S\ 1 mechanisms



Nucleophiles

Table 13.1 Examples of Important
* Important nucleophiles in the Environmenal Nucleophiles

environment

Cl10:
— High abundance of water (and OH- for high H,O
pH) S 8 NO;
— Water is usually the most significant among = 3 F
the environmental nucleophiles =3 SOZ CH,COO"
= 3
g l;f cr
)
. = - 2-
* Hydrolysis o 2 :g?a HPO,
— Avreaction in which a water molecule (or OH" 2 5 o
: . 29 PhO™, Br ,OH
ion) substitutes for another atom of group of S 2 ) -
atoms present in an organic molecule a I,CN

v HS™R,NH’
$,0:27,5S0,%" PhS ~

“ Ph = C¢Hjs (phenyl)
® R = CH3, C;H;5




Nucleophilic reactions

* Examples of environmentally relevant chemical reactions involving
nucleophiles and/or bases

Reactants Products

Nucleophilic Substitutions at Saturated Carbon Atoms

CH,Br + H,0 ———=  CH4OH + H'+ Br~
Methy! bromide Methanol
CH,Cl + HS~ ———=  CHaSH + CI~
Methyl chloride Methane thiol
(Methyl mercaptan)
. i
CH,0—P(OCH,), + H,0 ————  CHsOH + O—P(OCH,), + H*

Trimethylphosphate Methanol Dimethylphosphate



Reactants Products

B-Elimination

Cl,HC—CHCI, + HO™ Cl,C=CHCl + CI™+ H,0

1,1,2,2-Tetrachloroethane Trichloroethene

Ester Hydrolysis

o)
I o

HaC— C—OGCH,CHj, + H,0 HyC—C—0~ + HO—CH,CH, + H"

Ethyl acetate Acetate Ethanol

(Acetic acid ethylester)
i 5
(C,H s0),P— 0—<j>-1~402 + HO™ (CHOP—O + HO—Q—:_}fNO2

Parathion 0,0-Diethyl- 4-Nitrophenol
thiophosphoric
acid

Carbamate Hydrolysis

I
HaCNH—C — O + H,0 CH,NH, + CO, + H
d CH,4 CH,
CHy, CH,
Carbofuran Methylamine 2,3-Dihydro-3,3-

dimethyl-7-benzo-
furanol




Nucleophilic substitution at saturated carbon atoms

* S,2 mechanism

free energy




Nucleophilic substitution at saturated carbon atoms

* S,2 mechanism

— The standard free energy of activation A*G° (which controls the reaction rate)
depends strongly on both the capability of the nucleophile to initiate a

substitution reaction and the willingness of the organic molecule to undergo
that reaction

— Substitution, nucleophilic, bimolecular
— Follows a second-order kinetic rate law:

d[R1R2R3 C - L]
dt

= —k[Nu~][R{R,R3C — L]

k = 2" order rate constant (L/mole-s)



Nucleophilic substitution at saturated carbon atoms

* S,1 mechanism

free energy

extent of reaction
(reaction coordinate)



Nucleophilic substitution at saturated carbon atoms

* S,1 mechanism

— The reaction rate depends solely on how easily the leaving group dissociates
from the parent molecule

— The structure of the activated complex is assumed to be similar to the carbon-
cation complex

— A*GO depends on the stability of the cation
— Substitution, nucleophilic, unimolecular
— Follows a first-order kinetic rate law:
d[R{R,R;C — L]
dt

- —k[R1R2R3C - L]

k = 1%t order rate constant (s)



Sy2: Relative nucleophilicity

* Study of nucleophilic substitution of
methyl halides for various
nucleophiles:

— A methyl halide has the same relative
reactivity toward the different
nucleophiles as the other methyl halides

— Swain & Scott (1953):

Ky
log <k u) = § " NMNu,CH3Br
H,0

kyy = 2"-order rate const. for a nucleophile of interest
ku,o = 2" order rate const. for H,0

Nyu,cH,Br = @ Measure of the nucleophilicity of the
nucleophile of interest, measured by the nucleophilic
substitution reaction with CH;Br in water

s = sensitivity of the organic molecule to nucleophilic attack

second-order rate constant, k(M s™)

10—2 .

108 |

10—4 -

oo\o
106
100 H ﬁ

-

CH3_ F

C Br
leaving group L
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Sy2: Relative nucleophilicity

[
AV

= S *NNu,CH3Br

Table 13.3 Relative Nucleo-
philicities of Some Important
Environmental Nucleophiles:
n-Values Determined from the
Reaction with Methyl Bromide
or n-Hexyl Bromide in Water

(Eq. 13-3,5=1)

Nucleophile Py o, !
Cl0: <0
H,0 0
NO;3 1.0
F 2.0
S0.2" 2.5
CH;C00~ 2.7
- 3.0
HCO: HPO.>" 3.8
Bt~ 39
OH~ 42
I~ 50
CN-, HS™ 5.1
$,0,2° 6.1°
PhS~ 6.8°
S, 7.2°%

% Data from Hine (1962). 2 Data
from Haag and Mill (1988a).

log _knu
Kchyon

I
= § " Npyu,CH;31

Table 13.4 Relative Nucleo-
philicities of Some Important
Environmental Nucleophiles:
n-Values Determined From the
Reaction with Methyl Iodide in
Methanol (Eq. 13-4,5’ = 1)

Nucleophile Ay crat”
CH,0H 0
NO;~ ~1.5
F ~2.7
SO 35
HCO,*, HPO > 38
CH;CO0~ 44
cl 4.4
Pyridine 52
PhNH, 57
PhO~ 5.8
Br, N3H 5.8
CN™ 6.7
(Csz)gNH ~10
I~ 74
HS~ ~8
S,0,* 89
PhS™ 99

% Data from Pearson et al. (1968).



Sy2: Relative nucleophilicity

d[R{R,R:C — L]
dt

= —k[Nu][R{R,R:C — L]

 Competition with hydrolysis:
— Reaction rate of Nu depends on k & [Nu]

[Nu]sge, = 55.3 X 107 ™NuCHzBr

[Nu]500, = [Nu] to get the same rate as the
hydrolysis rate by H,O

* Freshwater vs. saline water

* pH sensitivity of hydrolysis reaction
(H,0 vs. OH")

Table 13.5 Calculated

Concentration of Nucleophile
Required to Compete with Water
in an Sy2 Reaction with Alkyl
Halides Assuming an s Value of 1

Nucleophile [Nulspe® (M)
NO3 ~6

F~ ~6 % 107!
S04 ~2 X 107!
Cl” ~6 X 1072
HCO3 ~9 x 1073
HPO; ~9 % 1073
Br~ ~7 %1073
OH~ ~4 % 1073
I ~6 % 1074
HS~ ~4 %1074
CN~ ~4 % 107
S,03%" ~4 X 1073
S42- ~4 % 1076

9 Eq. 13-5 using the ny,y 4, values

given in Table 13.3.

12



Sy2: Relative nucleophilicity

Q: Estimate the half-life (in days) of CH;Br present at low concentration (i.e., <
0.01mM) in a homogeneous agueous solution (pH=7.0, T=25°C) containing 100
mM Cl, 2 mM NO;, 1 mM HCO;, and 0.1 mM CN-. In pure water at pH 7.0 and
25°C, the half-life of CH;Br is about 20 days.
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Sy1 & Sy 2: Leaving groups

* Reaction rates for methyl halides
— Reaction rate in the order of: CH;Br ~ CH,l > CH;Cl > CH,F

— A plausible hypothesis: the weaker a nucleophile, the better leaving group it
should be

But nyy, ¢,y is in the order of: F < CI"< Br < I = hypothesis NOT supported
— Why?? C-X bond strength is in the order of: CH;l < CH;Br < CH;Cl < CH4F

* The likeliness of being a leaving group depends mainly on the bond
strength
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Syl & S\ 2: Effect of EDGs & resonance

Table 13.6 Hydrolysis Half-Lives and Postulated Reaction Mechanisms at 25°C of Some Monohalogenated
Hydrocarbons at Neutral pH ¢

Type of Carbon t1,(Hydrolysis) Dominant Mechanism(s)
to Which L is in Nucleophilic Substi-
Compound Attached L=F Cl Br I tution Reactions
R=CH,-L primary =30 yr® 340 d” 2040d° 50-110d¢ Sx2
HsQ
CoH-L secondary 38d 2d 3d Sy2... S\l
HaC
Ha
HsC‘LL tertiary 50d 23s Skl
CHs
CH, = CH—CH,—L allyl 69d 05d 2d Sx2... Syl

@CHz“L benzyl 15h 04h Sn2... Syl

@ Data taken from Robertson (1969) and Mabey and Mill (1978). PR=H.°R= H, C, to Cs-n-alkyl. dR=H, CH;.
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Hydrolysis of carboxylic & carbonic acid derivatives

e Carboxylic acid derivatives e Carbonic acid derivatives
o} 0
l ? I I
R'/c-\ D/H2 H"'ﬁ\l}l-"ne H‘“O’C\O"HZ Ry \N'/C\O’RB R, \ril.—'c\rl'la’ﬁa
(5) R R, R, R,
ester (thicester) amide carbonate carbamate urea

Unsaturated, electron-deficient C
Reacts predominantly with H,0 & OH- (hydrolysis)

General reaction mechanism

)(:) X X
EE\ —— H“(I}Cj. —_— Ft--C’:’: + L° H—CZ. +HL
ROy L o OH

HO ™
*Here, X=0, S, or NR
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Hydrolysis of Esters

108

* Three mechanisms:

1) acid-catalyzed »

2) neutral
3) base-catalyzed

102

* Importance of each
reaction depends on the
structure of the reactant -

t1.f2 (d)

102

104 1 | ! | | I :




Hydrolysis of Esters

° ACld'Catalyzed R1-—c/’0 + HiO* _(fast) H,-cé.)H « HeO 0
— Ester carbon is protonated “o-f, (tast) O—R;
- enhanced depletion of q
electrons near the carbon OH (slow) ™ ,
- ester carbon gets more R S HRO - hs H‘jgi:o'ﬁz @)
. —nz
susceptible to H,0 attack ’
_ . . o _ess OH OH
Reaction (2) is rate limiting R0y (fast) . +O/H "
fash —C
_ : . I fast N
Reaction rate depends on: +OH, (fast) on e
o k.
. KA of the protonated ester ™, H st o
A p H1—C_O R1—‘C':‘;l> + HO—RQ (4)
, ~ (slow) N
° [H+] OH Rz OH
OH {fast) 0o
Ri—C{+  +H0 aun Fh—ci’ + Hz0* (5)
OH OH

18



Hydrolysis of Esters

* Base-catalyzed o
91_0:/ + HO"
— Only (1) or both (1) & (2) O-R,
can be rate-limiting
o
H,—?-O——Rz
OH
— Rate depends on [OH] 0
and in addition: AR

Kgy (slow)

Kgp (fast)

kg (fast.._slow)

Kga (slow)“

(fast)

—_——

(fast)

R, ~C~0—,
OH
4° )
R-& + "O-R,
OH
//0
R, —C_ +  HO-R,

(1

If only (1) is rate-limiting:

* Depends on the formation of Ri=¢=0-F.

If both (1) & (2) are rate-limiting:

CH

* Depends on the formation of R -¢—°-R & the property of the leaving group

CH

19




Hydrolysis of Esters

o
° 0 ki (slow)
Neutral e emo ME o f o, 0
N _ 8 +
— Similar to base-catalyzed o R OHe
— The property of the
. . 0~ OH s " OH
leaving group is more a—¢-0-r, L g ¢-o-p, 1"_3‘(’5%——-# R-Ci  + O-R, @
: a
important for H,0 (weaker on, W on or
nucleophile) than OH- dast || dast (tast) | (fast)
cl)‘ + /H ('aSt) R C’/o (3)
—_—— == - “ + HO-—
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Hydrolysis of Esters

* Reaction kinetics
— k,: pseudo-first-order hydrolysis rate constant (s), f(pH)

kn = ka[H'] + ky,0[H,0] + kg[OH™]

= k,[H*] + ky + kg[OH™]

— Hydrolysis half-life

In 2
t1/2 (hydroysis) = k_h

21



Hydrolysis of Esters

Q: Determine the pseudo-first order hydrolysis rate constant, k,, for the
following reaction at pH 5.0 and 8.5 at 22.5°C using the data sets given in the

next slide.

it
O
NO, K, NO, I
+H,0/0H" T + (H)O—C—CH,
NO, NO,
2,4-dinitrophenyl acetate 2,4-dinitrophenol acetate
(DNPA)

22



Hydrolysis of Esters

pH 50 T=225°C pH 8.5, T=225°C
Time (min) [DNPA (uM)] Time (min) [DNPA (uM)]

0 100.0 0 100.0
11.0 97.1 49 88.1
21.5 05.2 10.1 743
33.1 90.6 154 63.6
42.6 90.1 25.2 47.7
514 88.5 30.2 41.2
60.4 85.0 35.1 33.8
68.9 83.6 440 26.6
755 81.5 57.6 17.3

“ Note that very similar results were also found at pH 4.0 and 22.5°C.



Hydrolysis of Esters

Q: For the previous question, derive the rate constants for the neutral (k)
and base-catalyzed (kg) hydrolysis of DNPA at 22.5°C. Note that the acid-
catalyzed hydrolysis is relatively unimportant at pH>2. At what pH are the two

reactions equally important?
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Hydrolysis of Esters

In (IDNPAJ; / [DNPA]o)

~0.693

-1.386

pH 5.0:
kp=44%x10"5s71

pH 8.5:
kp="51x10"*s"1

|
0 30 60

time (min)
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Hydrolysis of Esters

@ xde\ O
) Y% <
£ % log k;, OQQM ﬁ \ N
. ~ N\ 2e) o
S [loghy Iy e ] AN LW
(a) (b)
IaB }—l og ky U
LA PH
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