STRENGTH OF NUCLEOPHILES (NUCLEOPHILICITY)

The relative rate at which a nucleophile (Nu:-) reacts to displace (substitute for) a leaving group is called ‘nucleophilicity’. Consider the following nucleophilic substitution reactions:

CH3OH   +   HI   (   CH3I   +   HOH

CH3OH   +   HCl   (   CH3Cl   +   HOH

The first reaction is much faster than the second because I- is a much better Nu:- than Cl-.  The leaving group (HOH) was the same in both cases.  The nucleophilicity (relative reactivity) of various Nu:-’s is listed in the following table ...

	Reactivity
	Nu:-
	Relative Reactivity

	very weak
	HSO4-, H2PO4-, RCOOH
	< 0.01

	weak
	ROH
	1

	
	HOH, NO3-
	100

	fair
	F-
	500

	
	Cl-, RCOO-
	20 ( 103

	
	NH3, CH3SCH3
	~ 300  ( 103

	good
	N3-, Br-
	~ 600  ( 103

	
	OH-, CH3O-
	2  ( 106

	very good
	CN-, HS-, RS-, (CH3)3P: , I-, H-
	> 100 ( 106


Note that Nu:-’s are electron donors as are Lewis bases and reducing agents.  Nu:-’s are either uncharged (with nonbonded electrons) or they are anions, but they are never cations.  Nu:-’s are basic, neutral, or sometimes weakly acidic, but not strongly acidic.  Strong acids (HCl, H2SO4) and Lewis acids (AlCl3, SnCl2) are electrophiles (E+’s), i.e., electron acceptors as are oxidizing agents.

1. Within any given row of the periodic table, nucleophilicity decreases from left to right as polarizability decreases (because electronegativity of the central atom is increasing) ...

	CH3-
	>
	NH2‑
	>
	OH-
	>
	F-

	
	>
	NH3
	>
	OH2
	>
	HF

	
	
	PH2-
	>
	SH-
	>
	Cl-

	
	
	PH3
	>
	SH2
	>
	HCl


2. For nucleophiles with the same attacking atom, the anion is more nucleophilic than the neutral compound.

Cl- > HCl
OH- > HOH
RO- > ROH
NH2- > NH3
CH3CO2- > CH3CO2 H    CN- > HCN


3. Nucleophilicity increases down any column of the periodic table; as the polarizability of atoms increases ...

	NH2‑
	
	OH-
	
	F-

	H2P-
	
	HS-
	
	Cl-

	H2As-
	
	HSe-
	
	Br-

	H2Sb-
	
	HTe-
	
	I-


Note the similarities and differences of nucleophiles and bases ...

· Nu:-’s and bases are both electron donors

· Basicity deals with equilibrium position (Keq).  At equilibrium, a stronger base holds a greater proportion of H+.  Nucleophilicity deals with kinetics.  A stronger Nu:- attacks faster than a weaker one.

· Basicity deals with interaction with H+ while nucleophilicity is broader and also deals with interaction with other atoms, especially, but not only C atom.

Polarizability of Nucleophiles:
· A polarizable nucleophile, e.g., I-, is large and soft (‘teddy bear-like’) because its valence (donor) electrons are far from the nucleus (in the 5th period).  The electron cloud is readily distorted during bond making and breaking which reduces the energy maximum in the transition state and thus speeds up reactions.  

· A non-polarizable nucleophile, e.g., F- is small and hard (“golf ball-like”).  Its outer valence electrons are close to the nucleus (in the 2nd period) and tightly held.  F- forms strong bonds but its electron cloud is not easily distorted during bond formation and breaking so its transition states are high energy (slow reaction).  

· It is generally true that good nucleophiles are also good leaving groups for the same reasons, i.e., they are polarizable and stabilize a negative charge (which leaving groups often have).

Efficiency of Leaving Groups:
· Groups which best stabilize a '-' charge are the best leaving groups, i.e., the weakest bases are most stable as anions and are the best leaving groups.   These are salts of strong acids (conjugate bases of strong acids), e.g.,
HI  +  H2O  (  I-   +   H3O+


· In the following table, the relative rate at which various groups will ‘leave’ in a substitution reaction are listed.  Note that the weakest bases (which are least reactive –most stable) are the best leaving groups.

	
	pKb = 23
	pKb = 22
	pKb = 21
	pKb = 11
	pKb = -1.7
	pKb = -2
	pKb = -21

	TosO-
	I-
	Br -
	Cl-
	F-
	HO-
	RO-
	H2N-

	60,000
	30,000
	10,000
	200
	1
	0
	0
	0


· Note:  F-, OH-, RO-, & NH2- are not displaced by nucleophiles, i.e., they are lousy leaving groups.

Elimination Often Competes with Substitution:
· Strong dehydrating acids (H2SO4, H3PO4) favor elimination (dehydration) in alcohols.  Because they are strong acids, they readily protonate the alcohol thereby converting a poor leaving group (OH-) into a good leaving group (HOH), however, the anions produced after protonation of the alcohol (HSO4- or H2PO4-) are very poor nucleophiles and can’t replace the leaving group.

CH3CH2-OH       +      H2SO4 (catalyst)      
(    CH2=CH2  
        +     H2O

(elimination)

(CH3)2CH-OH    +     H2SO4  (catalyst)
(    CH3CH=CH2   +    H2O

(elimination)

(CH3)3C-OH        +     H2SO4   (catalyst)
(    (CH3)2C=CH2   +    H2O

(elimination)

· Strong non-dehydrating acids (like HI, HBr and HCl) also readily protonate an alcohol creating a good leaving group (HOH) but with the difference that the resulting Nu:-’s (like I-, Br-, and Cl‑),  are very good Nu:-’s and readily replace the leaving group which results in substitution. 

CH3CH2-OH      +     HBr        
(    CH3CH2-Br      +    H2O

(substitution)

(CH3)2CH-OH    +      HBr   
(    (CH3)2CH-Br    +    H2O

(substitution)

(CH3)3C-OH       +
   HBr 

(    (CH3)3C-Br       +    H2O 

(substitution)

· Very strong bases can cause elimination reactions with alkyl halides because strong hydrohalic acids (HX) produced by elimination react rapidly and completely with the excess strong base in a neutralization reaction, as per Le Chatalier.  This is especially true with 2( and 3( alkyl halides which are bulky (hindered) and the Nu:- has difficulty contacting the reactive C atom.

CH3CH2-Cl       +     CH3O-Na+        (   [CH3CH2-OCH3  + NaCl] &   [CH2=CH2  + CH3O-H + NaCl] 


1(
          (v. strong base)

> 90 % sub.


<10% elim.

(CH3)2CH-Cl    +     CH3O-Na+       (    [(CH3)2CH-OCH3 + NaCl] &  [CH3CH=CH2  +  CH3OH + NaCl]


2(




~ 20 % sub.


~80% elim.

(CH3)3C-Cl        +     CH3O-Na+
(    [(CH3)3C-OCH3  + NaCl]  &  [(CH3)2C=CH2+  CH3OH + NaCl]


3(




~3 % sub.


~ 97% elim.

(CH3)3C-Cl        +     Na+CN-
(    (CH3)3C-CN  + NaCl




3(
         (v. good Nu:-) 

(almost all sub.)

 increasing nucleophilicity


increasing polarizability








