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8.4: Electrophiles

Next, we turn to electrophiles. In the vast majority of the nucleophilic substitution reactions you will see in this and other organic
chemistry texts, the electrophilic atom is a carbon bonded to an electronegative atom, usually oxygen, nitrogen, sulfur, or a
halogen. The concept of electrophilicity is relatively simple: an electron-poor atom is an attractive target for something that is
electron-rich, i.e. a nucleophile. However, we must also consider the effect of steric hindrance on electrophilicity.

Steric hindrance at the electrophile

One of the most important factors to consider when looking at the electrophile in a nucleophilic substitution reaction is steric
hindrance. Consider two hypothetical Sx2 reactions: one in which the electrophile is a methyl carbon and another in which it is
tertiary carbon.
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Because the three substituents on the methyl electrophile are hydrogen atoms, the nucleophile has a relatively clear path for
backside attack, and the Sy2 reaction will take place readily. However, backside attack on the tertiary carbon electrophile is
blocked by the bulky methyl groups, preventing access to the site of electrophilicity.

Sn2 reactions occur at methyl, primary, and secondary carbon electrophiles. The degree of steric hindrance determines relative
rates of reaction: unhindered methyl electrophiles react fastest, and more hindered secondary carbon electrophiles react slowest,
assuming all other reactions conditions are identical. Sy2 reactions do not occur to an appreciable extent at tertiary carbon

electrophiles.
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? Exercise 8.4.1

Which would be expected to react more rapidly in an Sy 2 reaction with an azide ion (/V5~) nucleophile in acetone solvent: 1-
bromo-2,2-dimethylbutane or 1-bromo-3-methylbutane?

What about the Sy 1 pathway? Steric hindrance around the electrophilic carbon is not a significant factor in slowing down an Sy 1
reaction. This makes perfect sense from a geometric point of view: the limitations imposed by sterics are significant in an Sy2
displacement because the electrophile being attacked is an sp3-hybridized tetrahedral carbon with relatively ‘tight’ angles of
109.5°. Remember that in an Sy 1 mechanism, the leaving group leaves first, and then the nucleophile attacks an sp?-hybridized
carbocation intermediate, which has trigonal planar geometry with ‘open’ 120° angles.

artwork needed
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empty p orbital is not shielded by
bulky alkyl groups

first step generates a carbocation
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With this open geometry, the empty p orbital of the carbocation is no longer significantly shielded from the approaching
nucleophile by the bulky alkyl groups, and is an 'easy target' for a nucleophile: this step is fast, and is not the rate-determining step
for an Sy1 reaction.

Carbocation stability

What, then, are the characteristics of an electrophile that favor an Sy1 reaction pathway as opposed to an Sy 2 pathway? We know
that the rate-limiting step of an Sx1 reaction is the first step: loss of the leaving group and formation of the carbocation
intermediate. Accordingly, the rate of an Sy 1 reaction depends to a large extent on the stability of the carbocation intermediate.

The critical question now becomes:
What stabilizes a carbocation?

Think back to Chapter 7, when we were learning how to evaluate the strength of an acid. The critical question there was: “how
stable is the conjugate base that results when this acid donates its proton”? In many cases, this conjugate base was an anion — a
center of excess electron density. Anything that can draw some of this electron density away— in other words, any electron
withdrawing group — will stabilize the anion.

Conversely, a carbocation is stabilized by an electron donating group, and destabilized by an electron withdrawing group.

electron donating group: electron withdrawing group:
stabilizes a carbocation destabilizes a carbocation
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A positively charged species such as a carbocation is electron-poor, and thus anything which donates electron density to the center
of electron poverty will help to stabilize it. Alkyl groups, because of the electrons in their carbon-carbon and carbon-hydrogen
bonds, are weak electron-donating groups, and will stabilize nearby carbocations. What this means is that, in general, more
substituted carbocations are more stable: a tert-butyl carbocation, for example, is more stable than an isopropyl carbocation.
Primary carbocations are highly unstable and not often observed as reaction intermediates; methyl cations are even less stable.

More substituted carbocations are more stable:

mast stable least stable
CH3 CH3 ?HB H
co co c® ce
HaC CHj H CHj H H H
30 70 1° methyl

Another way to explain this trend in carbocation stability involves the phenomenon of hyperconjugation, in which the empty p
orbital of a carbocation is stabilized by overlap with a & bond on an adjacent carbon. This overlap effectively spreads the positive
charge over a larger area. The figure below shows the empty p orbital of a secondary carbocation being stabilized by
hyperconjugation with an adjacent C — H ¢ bond.
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hyperconjugation
Hyperconjugation is not possible with a methyl cation as there is no adjacent o bond available to overlap the empty p orbital. As
the degree of substitution on a carbocation increases, so does the capacity for stabilizing hyperconjugation interactions.

The presence of an electron-withdrawing group - such as a fluorine atom - will significantly destabilize a carbocation through the
inductive effect.

less stable

CHs CFs
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Carbonyl groups are electron-withdrawing by inductive effects, due to the polarity of the C'= O double bond. It is possible to
demonstrate in the laboratory (we'll see how in problem 14.x) that carbocation A below is more stable than carbocation B, even
though A is a primary carbocation and B is secondary.

0 O
2 \)k CH
\)LO/CHS 3 0/ 3
A: more stable B: less stable

The positive charge in cation B is closer to the electron withdrawing carbonyl substitution, and as we learned in section 7.3, the
inductive effect of an electron withdrawing group decreases with distance.

Stabilization of a carbocation can also occur through resonance effects. Recall from section 7.4 that the negative charge on a
phenolate ion is stabilized by resonance, because the charge can be delocalized to three of the carbons on the aromatic ring.
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A positive charge is also stabilized when it can be delocalized over more than one atom. Consider a benzylic carbocation, where
the positively-charged carbon is bonded directly to an aromatic ring. A benzylic carbocation is stabilized by the resonance electron-
donating effect of the aromatic ring. Three additional resonance structures can be drawn for the carbocation in which the positive
charge is located on one of three aromatic carbons:

@ ®
CH, CH> CH» CH»
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? Exercise 8.4.2

Fill in the missing numbers in this statement: The conjugated \(p\) system in the benzylic
carbocation above is composed of \(p\) orbitals overlapping to share \(\pi \)
electrons.

Allylic carbocations, where the positively charged carbon is adjacent to a double bond, are stabilized by resonance delocalization of
the posive charge.
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an allylic carbocation
Often, we must consider more than one factor when predicting carbocation stability. For example, the carbocation on the right in

the figure below is more stable than the carbocation on the left. Both are allylic with the charge delocalized over two carbons, but
on the more stable carbocation, one of the carbons is tertiary.

charged delocalized over two 2° carbons charged delocalized over 2° carbon and 3° carbon
@
less stable more stable

Because heteroatoms such as oxygen and nitrogen are more electronegative than carbon, you might expect that they would be
carbocation-destabilizing electron withdrawing groups. In fact, the opposite is often true: if the oxygen or nitrogen atom is in the
right position, the overall effect can be carbocation stabilization. Although these heteroatoms are indeed electron withdrawing
groups by induction, they can be electron donating groups by resonance, and, as we learned earlier (section 7.3) in the context of
acid-base chemistry, resonance effects are in general more powerful than inductive effects when the two operate in opposite
directions.

Consider the two pairs of carbocation species below:
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(no resonance

delocalization)

In the more stable carbocations, the heteroatom acts as an electron donating group by resonance: in effect, the lone pair on the
heteroatom is available to delocalize the positive charge. Note also that every atom in the major resonance contributor has a
complete octet of valence electrons.

? Exercise 8.4.3

rRank the following carbocations from most to least stable:

@
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Finally, vinylic carbocations, in which the positive charge resides on a double-bonded carbon, are highly unstable.
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a vinylic carbocation
(very unstable)

? Exercise 8.4.4

Explain why vinylic carbocations are unstable. (Hint: )
Hint

Think about hybridization and electronegativity.

? Exercise 8.4.5

The carbocation below is an intermediate species in a reaction that is part of the biosynthesis of
a hallucinogenic compound in a fungus. Draw a resonance contributor that shows how it is
stabilized by resonance with the nitrogen atom.

For the most part, carbocations - even 'relatively stable' carbocations such as those that are tertiary and/or benzylic - are still highly
reactive, transient intermediate species in organic reactions, which briefly form and then react again right away. However, there are
some unusual examples of carbocation species that are so stable that they can be put in a jar and stored on the shelf as a salt.
Crystal violet is the common name for the chloride salt of the carbocation whose structure is shown below. Notice the structural
possibilities for extensive resonance delocalization of the positive charge, and the presence of three electron-donating amine
groups.

crystal violet

? Exercise 8.4.6

a. Draw a resonance structure of the crystal violet cation in which the positive charge is delocalized to one of the nitrogen
atoms.

b. Notice that crystal violet is deeply colored. Explain why you could have predicted this from looking at its chemical
structure.
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l c. The conjugated system of crystal violet consists of how many overlapping p orbitals sharing how many p electrons?

X Summary of factors influencing carbocation stability

I. More substituted carbocations are more stable than less substituted carbocation (eg. tertiary carbocations are more stable
than secondary carbocations).
II. Nearby electronegative atoms can decrease carbocation stability by the inductive effect.
III. Allylic and benzylic carbocations are stabilized by resonance delocalization of the positive charge .
IV. Delocalization of the positive charge by resonance with the lone pair electrons on a heteroatom contributes to carbocation
stability.

Below are three examples illustrating how we can make predictions about relative carbocation stability:

charged delocalized over 1° and 2° carbons charged delocalized over 2° carbon and 3° carbon
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less stable more stable

charge delocalized over two 2° carbons charge delocalized over

three 2° carbons
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less stable more stable

charge stabilized by resonance with heteroatom lone pair
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less stable more stable

? Exercise 8.4.7

State which carbocation in each pair below is more stable, or if they are expected to be
approximately equal. Explain your reasoning.

oo L d

b) O@— QL NH, NH,
®

F F €) E&*

0 O T

Now, back to our discussion of the electrophile in an Sy 1 reaction:
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An Sy1 reaction requires a stabilized carbocation intermediate. The more stable the relevant carbocation intermediate, the more
favored the Sy 1 reaction pathway.

Sn1 reactions in general do not occur at methyl or primary carbon electrophiles: the carbocation intermediates involved would be
too unstable and the rate-determining (carbocation-generating) step would have a very high energy barrier. Substitution on these
electrophiles will occur through the Sy 2 pathway.

The Sy1 reaction pathway is possible, however, with secondary and tertiary carbon electrophiles, or with any other carbon
electrophile in which departure of the leaving group generates a carbocation which is stabilized by resonance.

For example: a primary alkyl bromide would not be expected to undergo nucleophilic substitution by the Sy 1pathway. An allylic
primary alkyl bromide, on the other hand, would generate a relatively stable allylic carbocation and thus the Sy1 pathway is
possible.

B S Br/‘\,//

19 no Syl allylic 1°
Sy possible

An allylic secondary alkyl bromide would undergo Sy1 substitution more rapidly than the allylic primary alkyl bromide, because
the relevant carbocation is more substituted and thus more stable.

Br” N Br/k/

allylic 1° allylic 2°
slower Syl faster Sy 1

sp?-hybridized carbons
Nucleophilic substitution generally does not occur at sp?-hybridized carbons, either by the Sx2 or Sy1 pathway.

Nu: Nu:

cl
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no reaction no reaction

Bonds on sp?-hybridized carbons are inherently shorter and stronger than bonds on sp®-hybridized carbons, meaning that it is
harder to break the bond between an sp? carbon and a potential leaving group (such as the chlorine atom in the figure above). In
addition, steric considerations play a part here: in order to attack from behind the leaving group in an Sx2-like fashion, the
nucleophile would need to approach in the plane of the carbon-carbon double bond.

Substitution by an Sy 1 pathway is equally unlikely because of the inherent instability of a vinylic (double-bonded) carbocation.

This page titled 8.4: Electrophiles is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Tim Soderberg via
source content that was edited to the style and standards of the LibreTexts platform.
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