
  

Reactions SN2 and SN1 
 
Reactivity: Functional groups can be interconverted using a great variety of reagents. Millions of 
organic molecules have been synthesized via a series of functional-group interconversions. Reaction 
types include addition, elimination, condensation, substitution, oxidation, and reduction. We will start 
with two types of substitution reactions. 
 
Mechanism: Process by which a compound, A, is transformed into another compound, B. Curved 
arrows: denote the “motion” of a pair of electrons. In a reaction, the curved arrows denote making or 
breaking of a covalent bond. They always start from a pair of electrons, either a lone pair or a bonded 
pair. 
 
Substitution: SN2 Reaction: Take the reaction CH3Br + I- —> CH3I + Br-. Bromomethane is called 
an electrophile, which means "electron loving", usually in the form of a lone pair of electrons to form a 
new covalent bond. Electrophiles are Lewis Acids. The electrophilic carbon has a partial positive 
charge due to the dipole of the polar covalent bond. I- is called a nucleophile, which donates a pair of 
electrons to an electrophile to form a new covalent bond. Nucleophiles are Lewis bases. The Br- is 
called a leaving group because it leaves from the electrophile. This type of substitution reaction is 
called an SN2 reaction: S = substitution; N = nucleophilic; 2 = bimolecular.  
 

 
 
The SN2 reaction is bimolecular because the rate of the reaction depends on both the concentration of 
the nucleophile and the concentration of the electrophile:  thus, the reaction is said to obey second-
order kinetics. 
 
  Rate = k[CH3Br][Na+I-], where k = the rate constant for the particular reaction 

The curved arrows in a mechanism denote electron pairs, one of which is donated by I- to form a new 
C–I covalent bond; the other is given up by carbon to break the C–Br bond, leaving both electrons that 
had comprised this covalent bond to now reside entirely on Br-. Note that carbon made a new bond and 
broke an old bond; it remains tetravalent. In the transition state, both I and Br are partially bonded to 
carbon; each has a partial negative charge. The transition state has no definable lifetime; it is transient 
— like a ball tossed in the air, it must reach a pinnacle, but it does not remain there for any definable 
length of time. In SN2 reactions, the electrophilic carbon is said to undergo Walden Inversion, where 
the substituents (3H's in the CH3Br example) invert about the carbon much like an umbrella on a 
windy day.   
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The reaction coordinate is a measured quantity that changes over the course of the reaction. For 
example, the C–I bond length. The SN2 reaction is a one-step reaction with one transition state, which 
is the highest energy state along the reaction coordinate. The SN2 reaction is said to be concerted 
because the attack by the nucleophile and the departure of the leaving group occur in concert 
(simultaneously); there are no intermediates. Although the reaction coordinate energy diagram 
illustrates the activation energy and the ΔG°, we are often interested only in the shape of the diagram: 
for the SN2 reaction, that there is one transition state, one step. For now, the quantities for Ea and ΔG° 
are not important. 
 
In addition to the concentration of the electrophile and the nucleophile, the rate of a particular SN2 
reaction (and hence its rate constant) depends on (i) the structure of the electrophile, (ii) the 
nucleophilicity of the nucleophile, (iii) the stability of the leaving group, and (iv) the polarity of the 
solvent. 
 
The nucleophile attacks the electrophile from its "backside", which means 180º from the C–leaving 
group bond. This is because the nucleophile is forming a new covalent bond by overlapping with the 
backlobe of the C–leaving group sp3 orbital. 
 
Electrophile: As the H's of the CH3–Br are substituted with alkyl groups, the size of these groups 
causes steric hindrance to attack by the nucleophile. The electrophilic carbon is the one attached to the 
leaving group and is "outlined" for the four cases below.   
 

Substituent 
 

Compound Relative Rate 

methyl H3-X 30 
1º CH3 H2-X 1 
2º (CH3)2 H-X 0.02 
3º (CH3)3 -X ~ 0 

 
1º, primary: the electrophilic carbon has 1 R group and 2 H's 
2º, secondary: the electrophilic carbon has 2 R groups and 1 H 
3º, tertiary: the electrophilic carbon has 3 R groups and 0 H's 
 

 
 
We've seen the importance of structure to the physical properties of molecules (octane ratings), now 
we see the importance of structure on the chemical properties. Tertiary electrophiles do not undergo 
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SN2 reactions. We’ll see that primary electrophiles cannot undergo SN1. Thus, only secondary 
electrophiles can go either way. 
 
Nucleophiles: Good nucleophiles are compounds that can form good overlap with the backlobe of an 
electrophilic carbon and donate a pair of electrons to this orbital. More polarizable lone pairs are better 
(e.g., RSH > ROH). Polarizability refers to how easily the electron density in a orbital can be reshaped 
by a local charge or dipole. “Hard” orbitals like those of electrons in the second row (e.g., O: or N:) are 
less polarizable than “soft” orbitals like those of electrons in the third row (e.g., S: or P:). Charged 
nucleophiles are better than uncharged (e.g., HO – > H2O).  Good nucleophiles include: 
 
   RSH   Thiols 
   RS-   Thiolates 
   -:C≡N   Cyanide (carbon is the nucleophilic atom) 
   [RNH2   amines] 
   ROH   Alcohols 
   RO-    alkoxides 
   [R-   carbanions] 
   [H-   hydride] 
   I-  
   Br-  
   H2O 
 
Periodic trends: Nucleophilicity increases as you go down the Periodic Table due to an increase in 
polarizability (e.g., RSH versus ROH). The relationship is complicated by solvent effects, which will 
be discussed briefly later, but the simple polarizability trend is worth noting. Nucleophilicity increases 
as you go to the left of the Periodic Table due to decreased nuclear charge (lower electronegativity; 
electrons are held more loosely): e.g., RNH2 versus ROH. Basicity increases as you go up the Periodic 
Table due to greater charge density, which leads to higher affinity for a proton (a point charge): e.g., 
RO– versus RS–. Note this trend is the opposite of the nucleophilicity trend. Basicity increases as you 
go to the left on the Periodic Table due to lower electronegativity. Note this is the same trend as the 
nucleophilicity trend. 
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Revisiting the application of pKa in organic chemistry. The lower the pKa of an acid, the more 
acidic it is. Take the pKa of a carboxylic acid as 5: 
 

 
 
From the log scale of pH, the ratio of any acid to its conjugate base can easily be determined given the 
pH of solution. For the above example, the ratio of acid to base at pH () is: 1:1 (5); 1:10 (6); 1:100 (7); 
10:1 (4); 100:1 (3), etc. 
 
With this information, we can quickly determine what species will be “stable” given the pH of the 
solution. For the above example, we’d say the carboxylic acid would be stable below a pH of about 7, 
as above that it is present in only one part out of 100 with respect to its conjugate base. The carboxylic 
acid becomes increasingly less stable as the pH increases. It could be said to be highly unstable at say 
pH 12. If we wrote a mechanism for a reaction that took place at pH 12, we would try hard to avoid 
drawing a carboxylic acid because it would not be stable under such conditions. Likewise, we would 
avoid drawing a carboxylate, or generating a carboxylate, at any pH below say 2. 
 
The pKa scale can be expanded beyond 0-14 by going into organic solvents. Strictly speaking the pH 
scale must remain in the 0-14 range because it refers to aqueous solutions. But we can still talk of 
pKa’s out of that range. Some people refer to an “effective pH” when in organic solvents. When doing 
so, one usually reports the solvent because it can have an effect on the pKa. If you find the pKa of 
R3NH+ is 10 in water, and that it is 107 times more acidic that ROH in some organic solvent, you could 
say that the pKa of ROH in that organic solvent is 17. You could then compare the acidity of ROH to 
an even weaker acid, and extrapolate further. Although accuracy may start to be lost, this has been 
done for many compounds in many solvents to yield many pKa’s. The range in reported pKa’s is from 
about –10 to +50. 
 
R–C≡C–H has a pKa of 25. At a “pH” of 23, there will be a ratio of 100:1 of R–C≡C–H : R–C≡C–. 
 
A few convenient pKa’s are given below. You do not need to memorize them, but they are convenient 
for reference. 
 

RCO2H RCO2 +  H

Ka =
[RCO2

–][H+]

[RCO2H]
= 10–5

pKa = 5

At pH 5, [H+] = 10–5,
[RCO2

–]

[RCO2H]
= 1; the carboxylic acid and its conjugate base
           are present in equal amounts

At pH 6, [H+] = 10–6,
[RCO2

–]

[RCO2H]
= 10; the ratio of carboxylic acid to
          its conjugate base is 1:10

pH = –log[H+]

pKa = –logKa



  

Molecule pKa 
HI –10 
HBr –9 
HCl –8 
H3O+ –1.7 
CH3OH2

+
 –2.2 

CH3CO2H 4.76 
NH4

+ 9.2 
H2O 15.7 
CH3OH 15.5 
HC≡CH 24 
PhH 43 
CH4 48 
 
How to relate the pKa’s of two acids to the ratio of the two acids (or their corresponding conjugates 
bases) in equilibrium. Let’s first look at the equilibria for each acid (ROH and R'CO2H): 

 
 

 
 

KaROH
[RO–][H+]

[ROH]
=

ROH RO– + H+

= 10–17

pKa = 17

=
KaR'CO2H [H+][R'CO2

–]

[R'CO2H]

R'CO2
– +R'CO2H H+

KaR'CO2H
[H+][R'CO2

–]

[R'CO2H]
=

1

= 10–5

pKa = 5



  

Now we add the species together: 
 

 
 

One can conclude from the pKa’s that there will be little (virtually no) RO– or R'CO2H present at 
equilibrium. Such species would be considered to be unstable under these conditions. 
 
Other Trends: Electronegative elements (e.g., F) produce an inductive effect, which can stabilize 
anions. For example, the pKa of CF3CO2H is ~0, while that of CH3CO2H is 4.75 (reminder: the lower 
the pKa, the more acidic). Hybridization: The more “s-character,” the more the electrons are held 
close to the nucleus, the tighter they are held, the less available they are for a proton: the pKa of R–
C≡C–H (sp) is 25, that for PhH (sp2) is about 43, and that for (CH3)2CH2 (sp3) is about 50. Resonance: 
Charges are usually unstable. They benefit from being reduced. This can be done in a variety of ways, 
some of which are described above. Spreading a charge out via resonance structures is another way. 
Thus, the pKa of CH3CO2H is 4.75, whereas that for CH3OH is about 17. The charge on RO– is 
localized on one oxygen, but the charge on a carboxylate is delocalized onto two oxygens. This has a 
huge effect: a differential in acidity of 1012! 
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Leaving groups: SN2 (and SN1) reactions require leaving groups. Good leaving groups are those that 
are stable in solution with the pair of electrons they have secured from the C–leaving group covalent 
bond. They must also have weak C–leaving group bonds; e.g., C–C bonds are strong and difficult to 
break. Good leaving groups include: I-, Br-, H2O, and ROH; Cl– is an OK leaving group.  
 
Hydride, H–, and most carbanions, R–, are highly unstable and will not be leaving groups. See the 
reactions below: 

 
 
For the top reaction, a hydride would have to be the leaving group. Convince yourself of this by 
writing out a mechanism. For the second reaction, H3C– would have to be the leaving group. Convince 
yourself of this by writing out a mechanism. Neither of these reactions will occur. 
 
Note that for water to leave, one must first create a protonated alcohol (ROH + H+ → ROH2

+). For an 
alcohol to leave, one must first create a protonated ether. Leaving group ability correlates somewhat 
with its stability, which correlates with the pKa of its conjugate acid. For example, the pKa’s of HI, 
HBr, H3O+, and ROH2

+ are all below 0, which means that their conjugate bases (I-, Br-, H2O, and 
ROH) are all stable at pH’s above 0.  
 
Solvents: Good solvents for SN2 reactions are moderately polar (i.e., have strong dipole moments), so 
they can stabilize the polar transition state. If the solvent is too polar, it will solvate the nucleophile too 
well and tie it up, hindering it from reaction. Highly polar solvents also enhance SN1 reactions (see 
below). Such solvents are called protic solvents if they contain a (weakly) acidic hydrogen. This 
means they can dissociate (i.e., lose a proton), but more importantly, they can donate a hydrogen bond. 
An aprotic solvent does not have an acidic hydrogen. Polar aprotic solvents (e.g., THF, DMSO, DMF) 
are good for SN2 reactions. Protic solvents are good for SN1 reactions.  
 

 
 
Although most polar solvents can solvate cations (and tie them up) readily, protic solvents are far 
better than aprotic solvents at solvating anions. Thus protic solvents retard SN2 reactions by solvating 
(tieing-up) nucleophiles. This slows SN2 reactions because the nucleophilicity is a big factor in the 
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rate-determining (i.e., slowest) step. Solvent effects may affect the rate of reaction at primary and 
tertiary centers, but they will not affect the mechanism: an SN2 mechanism will not occur at a 
tertiary center. SN2 reactions will occur in protic solvents if the electrophilic center is primary, 
and may to a small extent if the center is secondary. 
 

  
 

  
 
Stereochemical Ramifications at the SN2 Reaction: If the electrophilic carbon is a stereogenic 
center, it will undergo inversion of configuration about that center during an SN2 reaction. Note: One 
can predict the R/S configuration of the product, but not the sign or magnitude of the optical activity. 
 
Stereochemistry and SN2. Four cases: (1) No stereogenic centers: SN2 gives one achiral product. (2) 
The molecule has stereogenic centers, but not at the electrophilic carbon: starting with an optically 
pure material, SN2 gives an optically pure product. (3) The electrophilic center is the only stereogenic 
center: SN2: optically pure starting material gives an optically pure product. (4) There are several 
stereogenic centers, including the electrophilic center: SN2: optically pure starting material gives an 
optically pure product. 
 
General Analysis of a Reaction: Locate any electrophilic centers by recognizing leaving groups. 
Recognize any stereogenic centers (are they electrophilic centers?) and consider the types of products 
they will produce, for example, according to the above four cases. In SN2 reactions, the electrophilic 
centers will undergo Walden Inversion even if they are not stereogenic centers, you just can’t tell. If 
the electrophilic center is a stereogenic center and the leaving group priority = nucleophile priority, 
then R→S, and S→R. Stereogenic centers that are not reactive centers will not change. 
 
SN1 Reaction: Again, this is a substitution reaction, involving an electrophile and a nucleophile.  
Unlike the SN2 reaction, the SN1 reaction is unimolecular. The rate is dependent on the concentration 
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of the electrophile and independent of the concentration of the nucleophile.  Again, in contrast to the 
SN2 reaction, the mechanism for the SN1 reaction is two steps. First, the leaving group leaves, 
yielding an intermediate called a carbocation, because it places a positive charge on a carbon atom. 
The nucleophile then attacks the carbocation and in the case of water, is quickly deprotonated. The 
carbocation intermediate is sp2-hybridized. It is planar and can be attacked by the nucleophile from 
either side of the plane. If the electrophilic carbon was a stereogenic center (and the only one in the 
molecule), the product of the SN1 reaction is a racemic mixture. Note the electrophilic carbon passes 
from sp3 to sp2 and back to sp3.  The first step of the reaction is much slower than the second step. 
This is why the rate of the reaction is only dependent on the concentration of the electrophile. No 
matter how much water is present, the reaction will not speed up. The first step is called the rate-
determining-step. 
 
Electrophile: The rate of an SN1 reaction depends on the structure of the electrophile.  Carbocations 
are not very stable and thus they form slowly, some more slowly than others. Thus, the rate of an SN1 
reaction depends on the stability of the carbocation intermediate that forms. One can generalize as 
follows: Methyl and primary carbocations will not form; secondary carbocations will be slow to form, 
and tertiary carbocations will form readily. Note again, this is in sharp contrast to the SN2 reaction. 
Again, one can see the importance of structure on chemical properties. The greater stability of the more 
substituted carbocations is due to an ability of the alkyl groups to donate electron density into the 
cationic center. This is called hyperconjugation. 
 
Nucleophile: Since the nucleophile is involved only in the second step and the reaction at that point is 
with a carbocation (which is highly electrophilic), nucleophilicity is not very important (again in 
contrast with SN2). The SN1 reaction is often called solvolysis, because the nucleophile is often the 
solvent, which is typically water or an alcohol.   
 
Leaving Group: The leaving group must be stable; see discussion for SN2. 
 
Solvent: Highly polar solvents such as water or alcohols are best for SN1 reactions because they 
stabilize the fully charged carbocation intermediate. Protic solvents are good for SN1 reactions. 
Although most polar solvents can solvate cations readily, protic solvents are far better than aprotic 
solvents at solvating anions. For SN1 reactions, a solvated nucleophile doesn’t matter because 
formation of the carbocation is still the slow step. Solvent effects may affect the rate of reaction at 
primary and tertiary centers, but they will not affect the mechanism: an SN2 mechanism will not 
occur at a tertiary center, and an SN1 mechanism will not occur at a primary center. At 
secondary centers, protic solvents will enhance SN1 reactions, and aprotic solvents will enhance 
SN2 reactions. SN1 will occur in aprotic solvents on tertiary centers, and may occur to a small 
extent on secondary centers. 
 
Stereochem and SN1: Attack is always from either side of the cationic center. If this center is a 
stereocenter, stereoisomers will be produced, enantiomers or diastereomers. If this center is not a 
stereocenter, there will only be one product formed. Any non-reactive stereocenters retain their 
configuration. 
 
Summary of Nucleophiles and Leaving Groups 
 
Good Nucleophiles: –CN, RSH, RS–, RO–, HO–, I–, Br–, RCO2

– 
OK nucleophiles, good for SN1: H2O, ROH, RCO2H, Cl– 



  

Good Leaving groups: I–, Br–, H2O, ROH, (Cl– is OK) 
Poor Leaving groups: RO–, HO– 
Bad/not Leaving Groups: H–, R–, R2N–, –CN 
R = a hydrocarbon group of some sort: alkyl, aromatic, etc. 
 



  

Where Do the Protons Go? 
 
When water, an alcohol, or a carboxylic acid attacks an electrophilic center, and the ensuing protonated 
alcohol, ether, or ester loses its proton to solution, where does it go? It is solvated by bulk solvent. 
Let’s look at percentages of protonated species. 
 
(1) Pure MeOH is about 10 M MeOH. If we add 0.01 moles of HCl to 1 L of MeOH, what is the % of 
MeOH2

+ in MeOH? Assume dissociation of HCl is complete (pKa of MeOH2
+ is about –2, while the 

pKa of HCl is about –10). We have (0.01 moles)/(10 moles) = 0.1%. So, 0.1% of the methanol 
molecules are protonated. 
 
(2) Assuming EtOH and MeOH have the same pKa, add 0.01 moles of HCl to 1 L of a 1:1 mixture of 
EtOH/MeOH. 
 
 % of MeOH that is MeOH2

+: 0.1% 
 % of EtOH that is EtOH2

+: 0.1% 
 % of H+ that reside on ethanol molecules: (EtOH2

+)/( EtOH2
+ + MeOH2

+): 50% 
 
So again 0.1% of the alcohol molecules are protonated, now half on ethanols, half on methanols. 
 
(3) Now start with 1% EtOH, 99% MeOH. Add 0.01 moles HCl to 1 L of this solution. 
 
 % of MeOH that is MeOH2

+: 0.1% 
 % of EtOH that is EtOH2

+: 0.1% 
 % of H+ that reside on ethanol molecules: (EtOH2

+)/( EtOH2
+ + MeOH2

+): 1% 
 % of H+ that reside on methanol molecules: (MeOH2

+)/( EtOH2
+ + MeOH2

+): 99% 
 
So again 0.1% of the alcohol molecules are protonated, now 1% on ethanols, 99% on methanols simple 
because there is 99 times more methanol than ethanol present. 
 
When protonated ethanol is introduced to a methanol solution via formation during an SN1 or SN2 
reaction, to give an initial total of 1% protonated ethanol (i.e., 99% methanol), 99% of the protonated 
ethanols will lose their protons to bulk solvent, methanol. This is what we mean when we say protons 
are lost (e.g., from ROH2

+ to give ROH) to bulk solvent. 
 
Stereochemistry and SN2/SN1. Four cases: (1) No stereogenic centers: SN2 and SN1 each give one 
achiral product.  
 

 

 
 
(2) The molecule has stereogenic centers, but not at the electrophilic carbon: starting with an optically 
pure material, SN2 and SN1 each give an optically pure product.  
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(3) The electrophilic center is the only stereogenic center: SN2: optically pure starting material gives 
an optically pure product; SN1: optically pure starting material yields a racemic mixture.  
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(4) There are several stereogenic centers, including the electrophilic center: SN2: optically pure 
starting material gives an optically pure product; SN1: the product will be a mixture of diastereomers. 
 

 
 

 
 

SN1 versus SN2 at Secondary Centers 
 
Recall that primary electrophilic centers cannot give SN1 reactions, and tertiary centers cannot give 
SN2 reactions. Which way do secondary centers go? It is a race between the rate of the two competing 
reactions, and that race depends on conditions, particularly the nucleophile and the solvent. 
 
Take an optically pure molecule that has a single electrophilic center that is secondary and is a chiral 
center (e.g., see below). Will it react via an SN1 or an SN2 mechanism? What happens to its optical 
activity? 
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(1) With no further information, it could go either way or both. The product could be optically pure 
(SN2), optically inactive (racemic; SN1) or something in between (both SN2 and SN1).   
 
(2) If you are told that the product is optically pure, or optically inactive (racemic) or something in 
between, you could deduce from that information that the mechanism was SN2, SN1, or a mixture of 
the two, respectively. 
 
(3) If the nucleophile is strong and the solvent is a polar aprotic solvent (e.g., THF, DMSO, or DMF), 
the reaction will be (predominantly) SN2, and the product will be (essentially) optically pure. A strong 
nucleophile will not wait around for a 2° carbocation to form; it will attack the electrophilic center 
quickly, especially in a good SN2 solvent. 
 
(4) If the solvent/nucleophile is H2O, ROH, or RCO2H, the reaction will be (predominantly) SN1, and 
the optical activity will be (essentially) zero. These nucleophiles are not strong enough to attack a 
secondary center quickly; they must wait for a carbocation to form. 
 
(5) Mixing apples and oranges, say RSH in H2O as solvent, will give mixtures, not only of SN1 mixed 
with SN2, but also of products where RSH and H2O will both act as nucleophiles. 
 
 
 


