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Nucleophilic Substitution Reaction (PART-11, PPT-26)
Phase Transfer Catalysis
Introduction

A difficulty that occasionally arises when carrying out nucleophilic substitution reactions is
that the reactants do not mix. For a reaction to take place the reacting molecules must collide.
In nucleophilic substitutions the substrate is polar, but is usually insoluble in water and other
polar solvents, while the nucleophile is often an anion, which is soluble in water but not in
the substrate or other organic solvents.

Consequently, when the two reactants are brought together, their concentrations\if_thé same
phase are too low for convenient reaction rates. One way to overcome this difficulty is to use
a solvent that will dissolve both species. A dipolar aprotic solvent may serye this purpose.
Another way, which is used very often, is phase transfer catalysis.

Sn2 reactions take place much more readily in polar aprotic solvents such as DMSO and
DMF. This is because both the reactants (substrate and the nuclegphile) are soluble in these
solvents. Again, the nucleophile is only very slightly solvate¢”and is consequently highly
reactive in polar aprotic solvents. But there are some disadvantages of using solvents such as
DMSO (bp: 189 °C), DMF (bp: 153 °C) in nucleophiligstibstitution reactions. These are:

1. These solvents have very high boiling points,»and as a result they are often difficult to
remove after the reaction is over.

2. Purification of these solvents is alsotime consuming.
3. They are expensive.
4. At high temperatures cerfain of these polar aprotic solvents decompose.

In some ways the ideal spfvent for an Sn2 reactions would be a nonpolar solvent such as a
hydrocarbon (benzenei~80 °C) or a relatively nonpolar chlorinated hydrocarbon. The
advantages of usingtfese solvents are:

1. They ha¥e€4ow boiling points
2. Theyare inexpensive.
3\ Jhey are relatively stable.

Therdevelopment of a procedure called phase transfer catalysis has made the use of nonpolar
solvents possible in reactions involving polar reagents. With phase transfer catalysis usually
two immiscible solutions, that are in contact are used, often an aqueous phase containing an
ionic reactant and an organic phase (benzene, CHCI3, etc.) containing the organic substrate.

Normally the reaction of two substances in separate phases like this is inhibited because of
the inability of the reagents to come together. Adding a phase transfer catalyst (PTC) solves
the problem by transferring the ionic reactant into the organic phase. In this method, the



catalyst carries the nucleophile from the aqueous into the organic phase, and again because
the reaction medium is aprotic, an Sn2 reaction occurs rapidly.

As an example, simply heating and stirring a two-phase mixture of 1-chlorooctane for several
days with aqueous NaCN gives essentially no yield of 1-cyanooctane. But if a small amount
of an appropriate quaternary ammonium salt is added, the product is quantitatively formed in
about 2 hours. The quaternary ammonium salt behaves as a phase transfer catalyst.

There are two principal types of phase transfer catalyst (PTC). Though the action of the two
types is somewhat different, the effects are the same. Both get the anion into the organic
phase and allow it to be a relatively free to react with the substrate. These are:

* Quaternary ammonium or phosphonium salts

* Crown ethers

Quaternary ammonium or phosphonium salts

The PTC (Q*X) is usually a 4° ammonium halide (RsN$X) such as tetrabutylammonium
halide, (CH3sCH2CH2>CH2)4aN*X". The PTC causes.the \transfer of the nucleophile (e.g., CN")
as an ion-pair [Q*CN] into an organic phase. This-transfer apparently takes place because the
cation (Q") of the ion pair, with its four alkyl.gréups, resembles a hydrocarbon in spite of its
+ve charge.

Quaternary Ammonium Salts as PTC

It is said to be lipophilic-it prefers a nonpolar environment to an aqueous one. In the organic
phase the nucleophile of;the<ion pair (CN") reacts with the organic substrate R-X. The cation
(Q") [ and anion, X}.then migrates back into the aqueous phase to complete the cycle. This
process continues tnf# all of the nucleophile or the organic solvent has reacted.

Let us considérithe reaction of 1-chlorooctane (in n-decane) and sodium cyanide (in water).
This reaction-"(at 105 °C) is complete in less than 2 hour and gives a 95% vyield of the
substitution product (Figure 16).

aq. NaCN, heat

CH;(CH,)sCH,Cl several days

1-Chlorooctane

No reaction

R,N'CI
CH;(CH,)¢CH,Cl > CH;3(CHy)sCH,CN
. aq. NaCN, 105 °C o
in decane Nonanenitrile
Figure 16: Nucleophilic substitution reaction with and without a PTC

In the reaction (Figure 16) between 1-chlorooctane with aqueous NaCN, the uncatalyzed
reaction does not take place because the CN" ions, though a strong nucleophile, cannot cross



the interface between the two phases, except in very low concentration. The reason is that the
Na* ions are solvated by the water, and this solvation energy would not be present in the
organic phase. The CN" ions cannot cross without the Na* ions because that would destroy
the electrical neutrality of each phase.

In contrast to Na* ions, quaternary ammonium (R4N™) (or phosphonium; R4P*) ions with
sufficiently large R groups are poorly solvated in water as the cation is buried under the large
alkyl groups and prefer organic solvents. If a small amount of such a salt is added, three
equilibria are set up as shown in Figure 17.

Organic phase QJr CN" + R-Cl —4> R-CN + Q+Cl'

o

Aqueous phase Q" CN™ + Na' CI Na" CN 99" CI

Q" =R,4N" or R,P"
Figure 17: Possible equilibria with quaternary amanonium salt

The Na* ions remain in the aqueous phase; they canngttcross. The Q* ions do cross the
interface and carry an anion with them. At the beginning of the reaction the chief anion
present is CN". This gets carried into the organic phase (equilibrium 1) where it reacts with
RCI to produce R-CN and CI. The CI" then gets,earried into the aqueous phase (equilibrium
2). Equilibrium 3, taking place entirely in the-agtieous phase, allows Q*CN- to be regenerated.
All the equilibria, shown in Figure 17, are-normally reached much faster than the actual
reaction (4), so the latter is the rate-determining step.

R,N"CI
CH;(CH,)cCH,€!1 ->  CH;3(CHy)sCH,CN
. ag. NaCN, 105 °C -
in dedahe Nonanenitrile
1-Chioréoctane
Na"CN- Na'X
- +
aqueous Na+CN- N “CN aqueous
phase adding qu Q u phase
...................... e L .
rganic ph Q+X— e .
organic phase RX otx Q'CN organic phase
(CHCly) b -— (CH,Cl,)
R-CN R-X
Here, no reaction takes place Here, the PTC transports the
because the nucleophll‘e, CN-, cyanide ion (as Q'CN’) into the
can not enter the organic phase organic phase where the following
to react with RX reaction takes place rapidly.
CN + R-X —> R-CN + X~
Figure 18: Complete catalytic cycle of quaternary ammonium salt with
R-X (in n-decane) and aqueous NaCN




Purple Benzene

Phase transfer catalysts can also be used for reactions such as oxidations. Oxidations of
alkenes dissolved in benzene can be accomplished using KMnOs4 (in water) when a 4°
ammonium salt is present, and is accomplished as shown in Figure 19.

R,NX
> CH4(CH,)sCO,H +HCO,H

CH;(CH,)sCH=CH, 0
aq. KMnOy, 35 °C Heptanoic acid

in benzene
Oct-1-ene
Figure 19: Oxidation of alkene by KMnO4 using PTC

KMnOg4 can be transferred to the organic phase, (here, benzene) by 4° ammonium:salts (acts
as a PTC) for the purpose of chemical tests. The resulting “purple benzene”cawbe used as a
test reagent for unsaturated compounds. As an unsaturated compound isadded to the benzene
solution of KMnOs, the purple colour disappears and the solution becomes brown (because of
the presence of MnO»), indicating a positive rest for a double bond.eptriple bond.

Crown Ethers as Phase Transfer Catalyst

Crown ethers are large ring polyethers. The comipeunds are cyclic polymers of ethylene
glycols, (OCH2CH2)n. They are named as x-crowaq-y,"where x is the total number of atoms in
the ring and y is the number of oxygen atoms.;AnYexample is 18-crown-6, the cyclic hexamer
(oligomer) of ethylene glycol.

A key property of crown ethers is that\they are able to bind cations such Li*, Na*, K*, etc., as
shown in Figure 20. Crown ethersCare used as chelating agents and are important for their
property of forming complexesewith positive ions. Normally the cations are held tightly in the
centre of the cavity and eachefown ethers binds different metal ions depending on the size of
the cavity. In each case, thé,“cavity size’ is a good match for the ionic diameter of the cation.

o ‘?
O
'12-crown-4' ether '15-crown-5' ether '18-crown-6' ether
effectively binds Li* effectively binds Na* effectively binds K*
Figure 20: Crown ethers selectively binds metal ions

“18-Crown-6" ether binds K* (ionic diameter 2.66 A), but not Li* (ionic diameter 1.20 A).
Similarly, <12-Crown-4’ ether binds Li*, but not K*.



Crown ethers render many salts soluble in nonpolar solvents. For this reason, they are called
phase transfer catalysts. When a crown ether coordinates with a metal cation it masks the ion
with a hydrocarbon-like exterior.

Application of Crown Ethers as PTC

18-Crown-6 coordinates very effectively with potassium ions because the cavity size is
correct and because the six oxygen atoms are ideally situated to donate their electron pairs to
the central ion in a Lewis acid-base complex. The relationship between a crown ether atid‘the
ion it binds is called a host-guest relationship.

Salts such as KF, KCN, and potassium acetate (CH3CO2K) can be transferred into aprotic
solvents using catalytic amounts of 18-crown-6. Nucleophilic reactivityfs-ihCreased in the
presence of a suitable crown ether. Use of a crown ether with a nonpolagselvent can be very
favorable for an Sn2 reaction because the nucleophile (such as  F¥ CN-, or "OAc) is
unencumbered by solvent in an aprotic solvent, while at the same timeé the cation is prevented
by the crown ether from associating with the nucleophile.

Therefore, salts like KF, KCN and CH3CO:K which are\otherwise insoluble in non-polar
solvents like benzene, in the presence ‘18-crown-6’ etdec dissolve in it. Thus, the situation in
the organic phase is the presence of relatively unselvated anions to carry out nucleophilic
substitution on an organic substrate. The “free3 anion behaves as a strong nucleophile in
displacement reaction. For example, KF whiehJs, both insoluble in benzene and unreactive to
organic halides brings about an efficientinucleophilic displacement on a halide in the
presence of 18-crown-6 ether. The role 'of a crown ether, here, is of a catalyst which brings
the anion into the organic phase \dtere, the substrate R-X is present. The process is termed as
phase transfer catalysis, and the-suitable crown ethers are the phase transfer catalysts.

Figure 21 illustrates the reastion of benzyl chloride with potassium fluoride in presence of
‘18-crown-6’ ether. The.chtlate complex between the potassium ion with the crown ether is
stabilized by ion-dipgle forces between metal ion and the oxygen atoms of the polyether.

Cl — ]
Benzyl chloride I F
18-crown-6
CH,CN E
F O
@—/ + K" Cr '18-crown-6' ether
. | effectively binds K™ _|
Benzyl fluoride soluble in organic solvent

Figure 21: Nucleophilic substitutions in presence of suitable crown ether




Salt Effects in Nucleophilic Substitutions

An increase in ionic strength of the solution usually increases the rate of an Sn1 reaction. But
when the reaction is of charge type, such as, Rl + NMes — RNMez* + I, where both RX
(substrate) and Y (nucleophile) are neutral, so that X is negatively charged, the ionic strength
increases as the reaction proceeds and this increases rate of the reaction. Incidentally, the fact
that the addition of outside ions increases the rate of most Sn1 reactions makes especially
impressive the decrease in rate caused by the common ion.

Polarity of the solvent influences the rates of Sn1 and Sn2 reactions. The ionic strength ofthe
medium has similar effects. In general, the addition of an external salt affects the rates‘@f'Sn1
and Sn2 reactions in the same way as an increase in solvent polarity. However{ there are
exceptions: although the rates of Sn1 reactions are usually increased by the addition of salts
(this is called the salt effect), addition of the leaving group ion often decrgases\the rate of the
reaction (the common ion effect).

In addition to these effects, Sn1 rates are also greatly accelerated whemthere are ions present
that especially help in pulling off the leaving group. Especially important are Ag*, Hg®*. and
Hg.?*, but H* helps to pull of F (hydrogen bonding). Eved primary halides have been
reported to undergo Sn1 reactions (Sn2 — Sn1 mode) wheh assisted by metal ions (Ag* + R-
Br — AgBr| + RY). The catalytic effect of Ag" can\bé explained by assuming that the
precipitated silver halide may act as a heterogeneous:catalyst.

The addition of an inert salt at a very low egncentration to the solution of some substrates
undergoing solvolysis leads to an initial laxgetate increase. The addition of LiClO4 or LiBr in
the acetolysis of certain tosylates preduced an initial steep rate acceleration which then
decreased to the normal linear acceleration (caused by the ordinary salt effect). This is
interpreted as follows: The ClO4(0P Br’) traps the solvent separated ion pair (R*||X") to give
R*||ICIO4™ which, being unstable, Under these conditions, goes to the product. Hence, the
amount of solvent separate@Nen pair (R*]|X") that would have returned (internal return) to the
starting material (R-X)dS\reduced, and the rate of the overall reaction is increased.

Solved Problem
Problem:;'\The following reaction is carried out with weakly ionizing solvent, acetone:
h-C4HgOBs + X™ — n-CsHoX + BsO"

The order of reactivity of halide ions depends upon the salt that is used as their source: if
Li*X is used, I > Br > CI'; if (n-C4Ho)aN*X" is used, CI" > Br" > I". How do you account for
this contrast in behaviour.

Answer: In the weakly ionizing solvent, such as acetone, considerable ion pairing takes
place. This stabilizes the charge and thus deactivates the halide ions. This electrostatic
attraction between the opposite charges is strongest between the concentrated charges on
smaller ions. The small Li* forms tight ion pairs, whereas the large quaternary ion, with its
charge shielded by the bulky alkyl groups, forms only very loose ion pairs.



In the presence of the quaternary ion, as in (n-CsHg)sN*X, the halide ions, are unsolvated and
unassociated. The halide ions are thus relatively free, and show the same order of reactivity
as they do in the gas phase, CI- > Br > I. Here, a stronger base behaves as a stronger
nucleophile.

In the presence of Li*, the smaller the halide, the stronger the ion pairing. The order of
reactivity of the halides is the same as that observed in protic solvents, i.e., I" > Br > CI’, and
for much the same reason. 1" is relatively free than CI" in Li*X". This is because, the strong
electropositive Li* forms a loose ion pair with the very bulky and less electronegative iodide
ion.

Solve the Problems

Problem 1: For each of the following second order reactions suggest apossible explanation
for the solvent effects given.

(@) B + CHz-I - CH3-BU + I

Relative rates: in water, 1; in methanol, 16; in ethanol, 44
(b) (n-C3H7)3N + CH3-I — (n-C3H7)sN-CHs" I

Relative rates: in n-hexane, 1; in chloroform, 13000

(c) Br + CH3-OTs — CHz-Br + TsO"

Relative rates: in methanol, 1; in HMRF{100000

Problem 2: A mixture of n-butyb chloride and n-octyl alcohol gives 95% yields of n-butyl n-
octyl ether when brought(into contact with a concentrated aqueous solution of NaOH
containing a little quaterpary salt. Account in detail for the formation of the ether.



