                     SN1 and SN2 Reactions of Alkyl Halides

Reference: Smith, Chapter 7 (Substitution Reactions)
Pre-lab assignment: Learn the mechanisms of SN1 and SN2 reactions.
Introduction The shorthand notations SN1 and SN2 give us important information about the mechanisms of the reactions they describe. The mechanism of a reaction shows the details of all chemical bonds that are broken or formed during a reaction with the aid of curved arrows. Both SN1 and SN2 represent substitution (S) reactions in which a nucleophile (N) substitutes for a leaving group (LG) in an organic substrate. How do these nucleophilic substitution reactions differ? SN1 and SN2 reactions differ in the molecularity of the slowest step in the overall reaction. The molecularity is the number of chemical reactants in a step of a reaction. An SN1 reaction has a molecularity of one (1) for its rate-determining step, and an SN2 reaction has a molecularity of two (2) for its rate-determining step. For a multiple step reaction, each step has molecularity. Remember how a reaction occurs. When two chemical species are involved in a reaction, they must collide with sufficient energy for bonds to break and form. When two chemical reactants are involved in a given step of a reaction, that step is bimolecular (i.e., has a molecularity of two). The likelihood of three chemical species colliding at exactly the same time is very remote. However, it is quite probable that a single chemical species can dissociate (break into two pieces) in a single step. When a single chemical dissociates during a step of a multi-step reaction, that step is unimolecular. Thus, for all practical purposes, the molecularity of any step in a multi-step reaction will be one or two (i.e., unimolecular or bimolecular). The slowest step in a reaction is the one that determines how fast the overall reaction occurs. Hence, the slowest step is called the rate-determining or rate-limiting step. The 1 and 2 in SN1 and SN2 tell us how many chemical reactants take part in the rate-determining step. The 1 and 2 tell us nothing about the number of steps in an overall reaction. SN1 is read as substitution, nucleophilic, unimolecular. A nucleophile replaces a leaving group in a reaction in which only one chemical species is involved in the slowest or rate-determining step. SN2 is read as substitution, nucleophilic, bimolecular. A nucleophile replaces a leaving group in a reaction in which two chemical species, the nucleophile and substrate, take part in the slowest or rate-determining step.
Commonality of SN1 and SN2 Reactions A nucleophile is a reactant that has a non-bonded pair of valence electrons available for forming a new bond. What kinds of chemical species can be nucleophiles? Compounds that contain oxygen or nitrogen are frequently nucleophiles, because these heteroatoms contain valence electrons that are capable of forming new covalent bonds. Anions such as iodide, bromide, chloride, acetate, etc. have valence electrons available for bonding, and they can be nucleophiles. Alkanes such as methane cannot be nucleophiles, because they do not have a pair of valence electrons available. Sometimes, a suitable nucleophile must be formed in a preliminary reaction. For example, the acetylide anion in the tutorial was made from acetylene by removing a proton with the strong base sodium amide. Look for the nucleophile in the rate-determining step.
SN2 Reactions In general, SN2 reactions are simpler than SN1 reactions. Thus, SN2 reactions will be covered first. The common characteristic of all SN2 reactions is that the slowest step, often the only step, is a bimolecular substitution in which a nucleophile displaces a leaving group. The following two examples show that the number of steps can vary from one SN2 reaction to another. The key to identifying an SN2 reaction is to find the slowest step in the substitution sequence and find that step to be bimolecular.
The first example of an SN2 reaction (Figure 1) is the conversion of ethanol, a primary alcohol, into ethyl chloride (chloroethane) by hydrochloric acid. It is a two-step reaction in which the hydroxyl group is protonated in the first step and water, the leaving group, is displaced by chloride ion in the second step.
Figure 1
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How do we know the above reaction is an SN2 reaction? First, we note that it is a substitution reaction, because Cl replaces OH. It’s clearly not an elimination reaction, because no double bond is formed. Thus, we have identified a substitution reaction (S for substitution). Second, we must find the slowest step in the overall sequence of steps. In this case, there are two steps. Which one is the slower of the two steps? Acids are proton (H+) donors, and protons are transferred very fast relative to other steps in a sequence of steps. Thus, step 1 is fast, making step 2 slow relative to step 1. Thus, step 2 is the rate-determining step. We note that step 2 involves two reactants, the protonated alcohol and chloride ion. The slowest step involves two “molecules” and is bimolecular (2 for bimolecular). The chloride ion has a pair of valence electrons (Cl- actually has four pairs of valence electrons, but can only bond with one pair). Therefore, chloride ion is a nucleophile (it is seeking the positive center of the carbon atom bonded to oxygen). The presence of the nucleophile gives us the N for nucleophilic. Thus, the above reaction is an SN2 reaction. We must recognize that HCl is an acid, that acids donate protons very fast, and that step 1 has nothing to do with the SN2 description of the reaction. The chloride nucleophile is generated by the first step and is identified as a nucleophile in the second or slowest step, in the two-step sequence. This kind of reasoning is necessary for every reaction you encounter in organic chemistry. The key to understanding the overall reaction is to have a thorough understanding of the fundamental principles covered in the beginning chapters of your text.
The second example of an SN2 reaction (Figure 2) is the conversion of (R)-2-bromobutane into (S)-2-butanol by hydroxide ion. This is a one-step reaction that proceeds through a single transition state. The hydroxide ion displaces the bromine atom, which becomes a bromide ion, because it takes the bonding pair of electrons with it.
Figure 2
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How do you know the above equation represents an SN2 reaction? Hint: Separately identify S, N, and 2 in the reaction.
SN1 Reactions The common characteristic of all SN1 reactions is that the slowest step, which can never be the only step, is a unimolecular reaction in which the leaving group spontaneously departs from an organic substrate in an ionizing solvent, creating a pair of ions. The leaving group takes its bonding pair of electrons, making an anion and leaving a carbocation. The following two examples show that the number of steps can vary from one SN1 reaction to another. The key to identifying an SN1 reaction is to find the slowest step in the substitution sequence and find that step to be unimolecular.
The first example of an SN1 reaction (Figure 3) is the transformation of 2-bromo-2-methylpropane (tert-butyl bromide) into 2-methyl-2-propanol (tert-butyl alcohol) by water. It is a three-step reaction in which the bromide ion spontaneously departs in the rate-determining or slowest first step, creating a tertiary carbocation.  The carbocation intermediate reacts with water, making a protonated alcohol. Water abstracts a proton from the protonated alcohol, leaving the tertiary alcohol as the final product of the overall reaction.
Figure 3
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How do we know the above reaction is an SN1 reaction? First, we note that it is a substitution reaction not an elimination, because OH replaces or substitutes for Br. Thus, we have identified a substitution reaction (S for substitution). We look at each step in the sequence to find the slowest step. We know step 3 is fast, because it involves a proton transfer. Step 2 involves the reaction of a carbocation. Carbocations are intermediates in organic reactions. Carbocations are highly energetic and react rapidly. Thus, step 2 is also fast. In step 1, the organic substrate dissociates into two ions in a unimolecular reaction. Step 1 must be the slowest step, because we have determined the other two steps to be fast. Because step 1 is the rate-determining step, it determines the mechanism. Step 1 is unimolecular, because the alkyl halide is the only reactant. The unimolecular reaction gives us the 1 in SN1. The nucleophile in an SN1 reaction cannot take part in the slowest step, because the slowest step involves only one reactant—the alkyl halide. The nucleophile in this reaction is water because the oxygen atom in water has two pairs of nonbonding electrons, one pair is available for forming a new bond. Thus, water is the nucleophile (N). When water is a reactant in a reaction, the reaction is called a hydrolysis reaction. Water is also the solvent in this reaction. When the solvent is a reactant in a reaction, the reaction is called a solvolysis reaction. The above reaction is both a hydrolysis and a solvolysis reaction. Carbocations form as intermediates only in unimolecular or SN1 reactions. The key is to determine that step 1 is the rate-determining step.
The second example of an SN1 reaction (Figure 4) is the conversion of t-butyl alcohol into t-butyl bromide by hydrobromic acid. This is a three-step reaction. In a rapid first step, the alcohol is protonated. Water spontaneously departs in the slow second step, making a carbocation. In this case, we get a water molecule not get an anion because the positive charge on oxygen is neutralized by an electron of the bonding pair. In step 3, the carbocation reacts rapidly with bromide ion to produce the alkyl halide. 
Figure 4
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How do you know the above reaction is an SN1 reaction?
Factors Associated with Substitution Reactions
There are several factors that influence whether a given substitution will proceed by an SN1 or SN2 reaction. We will identify these factors here and cover them in more detail in the lecture portion of the course.

The Structure of the Organic Substrate: As we have seen before and will see again and again in organic chemistry, the structure of a reactant determines how it will react. The structure of the organic substrate is the most important factor in determining whether it undergoes an SN1 or SN2 reaction. Methyl halides such as methyl bromide and primary halides such as ethyl bromide undergo SN2 reactions only. Tertiary halides such as t-butyl bromide undergo SN1 reactions only. The simplest explanation for this order of reactivity is that SN1 reactions always involve carbocation intermediates. Methyl and primary carbocations are too energetic to form under normal lab conditions, so methyl and primary alkyl groups cannot take part in SN1 reactions. Tertiary carbocations readily form under normal lab conditions. Therefore, tertiary alkyl groups can take part in SN1 reactions. Secondary alkyl groups might be involved in either SN1 or SN2 reactions, depending on factors other than structure. From the foregoing discussion, we can look at the reactions in Figures 1-4, and say immediately that the reaction of Figure 1 is an SN2 reaction (primary alcohol), and that the reactions of Figures 3 and 4 are SN1 reactions (tertiary substrates). Only the reaction of Figure 2 needs further analysis, because it involves a secondary substrate. Allyl and benzyl carbocations are resonance stabilized and have about the same stability as a secondary carbocation. Secondary allylic and benzylic carbocations are about as stable as tertiary carbocations and readily undergo SN1 reactions.
The Leaving Group: We learned earlier that the stronger an acid, the weaker it’s conjugate base. Consider a strong acid such as HCl. When it ionizes 100% in water, the chloride ion forms. The chloride ion is a very weak base, which means chloride ion is very stable in water and does not readily react. The leaving group in a substitution reaction is a base, because it takes the bonding pair of electrons with it. We can judge two leaving groups by comparing their basicity. The weaker the base, the better it is as a leaving group. Consider Figures 1 and 2 above. In Figure 1 ethanol is converted into chloroethane, but hydroxide ion is not the leaving group. The hydroxyl group is protonated in the first step and water (the leaving group) leaves in the second step. In Figure 2 (R)-2-bromobutane is converted into (S)-2-butanol and bromide is the leaving group. Why is bromide a good leaving group but hydroxide isn’t? Let’s consider the relative basicity of bromide and hydroxide. The conjugate acid of bromide is HBr, a strong acid. Thus, bromide is a weak base. (Strong acids have weak conjugate bases.) The conjugate acid of hydroxide is H2O, a weak acid. Thus, hydroxide is a strong base. (Weak acids have strong conjugate bases.) We see from this analysis that bromide is a good leaving group, because it is a weak base; whereas, hydroxide is a poor leaving group because it is a strong base. How is the hydroxide ion converted into a good leaving group in Figure 1? The hydroxyl group of the alcohol is protonated, so that water can be the leaving group. The conjugate acid of water is hydronium ion, a strong acid. Thus, water is a weak base and a good leaving group. Is it possible to convert the hydroxyl group into an even better leaving group? Yes! Allow the alcohol to react with TsOH (p-toluenesulfonic acid), a sulfonic acid that is almost as strong an acid as sulfuric acid. TsOH converts the alcohol into a tosylate ester and the leaving group becomes TsO-, the conjugate base of the strong acid TsOH. Thus, TsO- is a very weak base and a very good leaving group. Consequently, you will see TsOH by used frequently by McMurry to convert a poor leaving group into a good leaving group.
Stereochemistry: Every SN2 reaction occurs by an inversion of configuration. The inversion is only obvious when the substitution occurs at a chirality center and the substrate is enriched in one enantiomer over the other. Otherwise we could not see the inversion, because inversion is detected by the optical activity of the substrate and products. See Figure 2 above. A carbon atom that has four different groups bonded to it is a chirality center. The carbon atom in Figure 2 is a chirality center, because it has an H, Br, CH3CH2, and CH3 groups bonded to it. If we were to start with a racemic mixture (50% in each enantiomer of the alkyl halide) in the reaction of Figure 2, we would end up with a racemic mixture of the R- and S-alcohols. Thus, we would not be able to show that inversion occurred. By using the pure R-alkyl halide and making the pure S-alcohol, we can observe the change in configuration, which must occur by an inversion. We observe the change by measuring the rotations and correlating them with the known rotations to confirm that inversion occurred. Inversion of configuration means the nucleophile bonds 180o away from the leaving group. If the relative priorities of the leaving group and nucleophile in the Cahn-Ingold-Prelog system are the same, then inversion of an R-substrate results in an S-product and visa versa. Because of the priority rules, it is possible to have an inversion in which an R configuration in the substrate remains R in the product; however, this is very rare. Because a given chiral center must be either R or S, an inversion normally results in an R configuration being converted into an S or an S being converted into an R. In order for carbon to form a bond to the incoming nucleophile by the SN2 mechanism, the carbon must invert its configuration.
SN1 reactions involve carbocation intermediates, which are planar. The incoming nucleophile bonds to the carbocation. Because the carbocation is flat, the nucleophile may attack either side of the planar carbocation. However, the side from which the leaving group departs is partially shielded by the leaving group. Thus, the incoming nucleophile bonds predominantly from the unshielded side. Thus, there is more inversion than retention of configuration in SN1 reactions. Retention of configuration means that the nucleophile has bonded to the same side of the substrate from which the leaving group departed. Again, stereochemistry is only relevant when the carbon bearing the leaving group is a chirality center. 
Solvents: Solvents are classified as protic or aprotic. Protic solvents contain an –OH group. Aprotic solvents do not contain an –OH group. Solvents are also classified as polar or non-polar. A polar solvent has a dielectric polarization (constant) of 20 or more. A non-polar solvent has a dielectric polarization less than 20. The dielectric constant, , is a measure of the solvent’s ability to separate and solvate ions. Water is the best substance for separating and holding ions, and water has a dielectric constant of 79. The following tables give examples polar solvents with their dielectric constants. 
Table 1. Polar, Protic Solvents (Best for SN1 Reactions)
	Name
	Structure
	Dielectric Constant

	Water
	H2O
	79

	Formic acid
	HCOOH
	59

	Methanol
	CH3OH
	33

	Ethanol
	CH3CH2OH
	24


Table 2, Polar, Aprotic Solvents (Best for SN2 Reactions)
	Name
	Structure
	Dielectric Constant

	Dimethyl sulfoxide (DMSO)
	(CH3)2 S=O
	49

	Acetonitrile
	CH3C≡N
	38

	Dimethyl formamide
	(CH3)2NCHO
	21

	Acetone
	(CH3)2C=O
	21


Polar, protic solvents favor SN1 reactions, and polar, aprotic solvents favor SN2 reactions. In both kinds of reactions, charges are separated. In SN1 reactions, ionic species are formed during the rate-determining step. Polar, protic solvents stabilize ionic species by solvation. In SN2 reactions, the transition state consists of a nucleophile that is half-bonded and a leaving group that is half-bonded. Polar, aprotic solvents facilitate this separation of charge. A compound can be a polar compound but not be a polar solvent. The compounds listed in Tables 1 and 2 all have dielectric constants > 20, which qualifies them to be classified as polar solvents. Diethyl ether is a polar compound, because it has a dipole moment. However, diethyl ether has a dielectric constant below 20 and cannot be used effectively in SN2 reactions. Although diethyl ether is a polar compound, it is not a polar solvent. Diethyl ether is not soluble in water, it floats.
Nucleophilicity Nucleophiles are bases, but nucleophilicity is not the same as basicity. Nucleophilicity is a measure of how fast a given nucleophile reacts with a given reference substrate under a standardized set of condition (solvent, temperature, leaving group, etc.).
Because nucleophilicity measures reaction rates, it is a kinetic property. Basicity measures the position of equilibrium in an acid—base reaction. Basicity is a thermodynamic property.
Nucleophilicity is more important in SN2 reactions than in SN1 reactions, because the nucleophile is a reactant in the rate-determining step of an SN2 reaction. Only the substrate participates in the slowest step of an SN1 reaction. The following three general rules are useful when directly comparing the effectiveness of two nucleophiles. To make valid comparisons, all of the other factors should be the same; only the nucleophiles (nuc) should differ.
Nuc Rule 1. When comparing nucleophiles with the same nucleophilic atom as the attacking nucleophile, the nucleophilicity increases with increasing basicity. For the same nuc atom, the stronger the base, the better the nuc.

Nuc Rule 2. When comparing nucleophiles with different attacking nucleophilic atoms from the same row (period) of the periodic table, the nucleophilicity increases with increasing basicity. For different nuc atoms from the same period, the stronger the base, the better the nuc.
Nuc Rule 3. When comparing nucleophiles in which the attacking nucleophilic atoms are from the same group of the periodic table, the nucleophilicity increases with increasing size of the atom. For nuc atoms from the same group, the weaker the base, the better the nuc.

Examples of these rules:
Which is a better nuc, -OH or OH2? The attacking atom is the same, O in both cases, and 
–OH is the stronger base, so it’s the better nuc. (Rule 1)
Which is the better nuc, HS- or Cl‑? The attacking atoms are different (S and Cl) but are in the same period. HCl is a stronger acid than SH2; therefore HS- is a stronger base (conjugate pair) and better nuc. (Rule 2)
Which is the better nuc, F- or Cl‑? The attacking atoms are different (F and Cl) but are in the same group. HCl is a stronger acid than HF, so Cl- is a weaker base than F-. Thus, Cl‑ is a better nuc. (Rule 3)
Discussion of the Experiment
You will subject five different alkyl halides (either chloride or bromide but not iodide) to two different reagents at room temperature and then on a hot plate if necessary. One reagent favors the SN1 mechanism and the other favors the SN2 mechanism. The SN2 reagent is sodium iodide in acetone. The SN1 reagent is silver nitrate in ethanol. You will determine the relative rates of the reactions by observing how quickly, if at all, a precipitate forms in the test tube. You will construct a table of results in which you correlate the structures of the alkyl halides with their reaction rates for each mechanism type.
Consider 2-bromopentane. Because it is a secondary bromide, it might undergo either an SN1 or an SN2 reaction. The two reagents are: sodium iodide—acetone and silver nitrate—ethanol. First, let’s compare the two solvents. Acetone is a polar, aprotic solvent (Table 2). Ethanol is a polar, protic solvent (Table 1). Thus, acetone favors the SN2 reaction and ethanol the SN1 reaction. Iodide is a good nucleophile (Rule 3). Nitrate ion (NO3-) is a poor nucleophile. Nitrate’s attacking atom is oxygen, and nitrate is a very weak base because it is the conjugate base of nitric acid, a very strong acid. (Rule 1). Thus, iodide favors an SN2 reaction and nitrate favors an SN1 reaction. Therefore, when placed in a sodium iodide—acetone solution, 2-bromopentane should undergo an SN2 reaction. When placed in a silver nitrate—ethanol solution, 2-bromopentane should undergo an SN1 reaction.
You will allow one set of five alkyl halides (either chlorides or bromides) with varying structures to react with the sodium iodide—acetone reagent. You will also allow another set of the halides to react with the silver nitrate—ethanol reagent. You will record the time for the onset of precipitation. 
SN2 Reagent: Sodium iodide is soluble in acetone, whereas sodium chloride and sodium bromide are insoluble in acetone and precipitate. Thus, you will observe the precipitation of either sodium chloride or sodium bromide. You will record how long it takes for precipitation to occur. The rate of the substitution reaction is proportional to the time it takes for precipitation to occur. Thus, you are in effect doing a kinetic or rate study.
SN1 Reagent: Silver nitrate is soluble in ethanol, but both silver chloride and silver bromide are insoluble in ethanol and precipitate. Thus, you will observe the precipitation of either silver chloride or silver bromide. You will record how long it takes for precipitation to occur. The rate of the substitution reaction is proportional to the time it takes for precipitation to occur.
Procedure
You will conduct two experiments, #1 with sodium iodide—acetone, and #2 with silver nitrate—ethanol. Each experiment will be conducted with the same set of five alkyl halides so their reaction rates can be compared in the two systems. 
1. Setup a hot plate and set the heating control to a medium heat.

2. Obtain 10 small test tubes, and two beakers that are just large enough to hold five of the test tubes when the beakers are half-filled with water.
3. Fill each beaker half-full of tap water.

4. Obtain the five alkyl halides to be tested and record their names in your notebook.

5. Give each of the alkyl halides a number. For example, let 1 = ethyl chloride, 2 = isopropyl bromide, etc.
6. Label five test tubes (1-5), corresponding to the names you assigned in step 5.

7. Add five drops of alkyl halide number 1 to tube 1, five drops of number 2 to tube 2, etc.

8. The five test tubes containing the alkyl halides are Set #1, place them in one of the beakers and mark the beaker #1.

9. Rapidly add 1 mL of the 18% sodium iodide--acetone solution to each test tube in Set #1 and record the start time immediately after the last addition.

10. Watch the test tubes closely. As soon as a precipitate forms in any tube, remove the tube from the water bath and record the time of precipitate formation.

11. If any of the test tubes are still in the beaker after 10 min., record the temperature of the water and place the beaker on the hot plate.

12. Allow the temperature of the water to continue to rise until the water boils.

13. As a precipitate forms in a given test tube, remove that test tube with tongs and record the time and temperature of precipitation.

14. If any tubes remain after boiling the water for 5 min, stop the experiment and record “no reaction” for those tubes (halides).

15. Prepare Set #2 (steps 4-8) in the same manner as you prepared Set #1.

16. Rapidly add 1 mL of ethanolic silver nitrate to each test tube in Set #2 and record the start time.

17. Repeat steps 11-15 for Set #2.

18. Compile your results in two tables, one for #1 and one for #2. List the alkyl halides by name in column 1 and show their structures in column 2. In column 3 of each table, indicate the nature of the halide (primary, secondary, or tertiary). In column 4 of each table, record the time for precipitation to occur. In column 5, record the temperature of precipitation, including room temperature. In column 6, rank order the halides according to their relative rate of substitution (i.e., 1 = fastest, 2 = second fastest, etc.)
19. Summarize which of your experimental results. Explain which results were as you expected them to be and also which results differed from your expectations.

20. Turn in your report at the beginning of the next lab period together with the answers to the problem set labeled, “SN1 and SN2 Questions.”
Cleanup: Before leaving the lab, dispose of all halogenated compounds in the halogenated waste jar. Clean and replace the glassware and replace the hot plates. Clean the common areas so they are ready for the next lab period.   

SN1 and SN2 Questions

Last name______________________, First name____________________
1. Is bromide or chloride a better leaving group? ____________ Explain how you decided which is better.

2. Explain why Io alkyl halides react by an SN2 mechanism.

3. Explain why IIIo alkyl halides react by an SN1 mechanism.

4. If the concentration of NaI were changed from 18% to 9% in experiment #1, what would happen to the rate of substitution by an SN2 mechanism?

5. Draw the structures of each alkyl halide in this experiment and classify each as Io, IIo, IIIo.

6. Solvents can be classified in two ways, as polar or nonpolar and as protic or aprotic.

a. What makes a solvent a polar solvent?

b. What makes a solvent a protic solvent?

7. For each of the following pairs, which species is the better nucleophile?

a. acetate ion or hydroxide ion

b. hydroxide ion or fluoride ion

c. sulfhydryl ion or hydroxide ion

8. A chemist wishes to use F- as from KF as a nucleophile in an SN2 reaction. Is water or acetonitrile a better solvent? __________________ Explain how you decided.
9. A hydrolysis of 2-bromooctane occurs by an SN1 mechanism to give 2-octanol. The specific rotation of pure (S)-(+)-2-octanol is +89o. The apparent specific rotation of the reaction mixture after hydrolysis is []apparent = +59o. What percentage of the reaction occurs by a mechanism involving inversion of configuration?
10. Circle the answer A, B, C, or D, which correctly completes the following statement. During an SN2 reaction, the configuration of the carbon atom at the reacting site undergoes:
A 
100% inversion.

B 
100% retention.

C 
more inversion than retention.

D 
more retention than inversion.
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