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4: Radical Reactions

4b Learning Objectives

After completing this section, you should be able to:

1. Understand radical reactions involved in functional group conversions and carbon-carbon bond formation
2. Understand radical chain reactions and radical combination reactions

3. Draw mechanisms incorporating radicals to explain reaction outcomes

4. Plan syntheses using radical reactions

Key Terms

Make certain that you can define, and use in context, the key terms below.

¢ Radical initiation

e AIBN

¢ Radical propagation

¢ Bu3SnH

¢ Radical termination

e Barton-McCombie deoxygenation
e Barton decarboxylation

¢ Hofmann-Loeffler-Freytag reaction
e Pinacol reaction

e McMurry reaction

¢ Acyloin reaction

Study Notes

Radical reactions are nearly always covered in Intro Orgo. Students generally learn about radical chain reactions for the
bromination of alkanes (with Br,) and alkenes (with HBr and peroxides). They also often encounter allylic and benzylic
bromination with NBS (a very interesting mechanism involving polar steps as part of a radical chain reaction). In this chapter, we
will highlight several other useful radical chain reactions for functional group interconversions and, most importantly, for carbon-
carbon bond formation. These reactions will proceed by the standard outline you have seen before: initiation with a radical initiator
and propagation with a radical propagator. We will also meet synthetically useful radical reactions that proceed by a process called
radical combination. These will look like termination steps from a radical chain reaction but they will be the productive pathway
yielding our desired product. Radical reactions are currently a very popular research area, with many top synthetic organic labs
working to develop useful transformations that are impossible using polar reactions. The information you learn in this chapter will
help you understand these recent developments.

Don't forget that all mechanisms in this chapter involve the movement of single electrons (radicals!), so we will use single-headed
arrows in our mechanisms.

Content

Our goal in this chapter is to introduce fundamental radical reactions that you will likely encounter in organic synthesis papers.
This will build on what you have already learned in Intro Orgo about bromination reactions with bromine as the chain propagating
radical by demonstrating the power of radical reactions using tributyltin radicals. These transformations will enable
dehalogenation, decarboxylation, and deoxygenation reactions. Most importantly, they will demonstrate the utility of radical
reactions for the synthesis of carbon-carbon bonds, especially 5- and 6-membered rings. We will also see the power of radical
combination reactions for remote functionalization that can lead to the synthesis of heterocyclic ring systems.

Initiation and Propagation Steps

Before getting into the actual radical reactions, we first need to comment on two key reagents: AIBN (AzobisIsoButyroNitrile) and
Bu3SnH (tributyltin hydride). We will use AIBN as our radical initiator and BuzSnH as the precursor for our chain propagating
radical, tributyltin radical. Upon heating, AIBN cleaves to form nitrogen gas and two radicals that react with BuzSnH to yield two
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tributyltin radicals, as shown below. Tributyltin is our chain propagating radical, so these two radicals can each start a radical chain
process (the propagation steps) resulting in the production of our desired molecule. Please remember a few key points about
initiation and propagation steps: 1) We only need a small amount of the initiator to begin the chain process. Generally, 1 mol% of
AIBN (0.01 equivalents) is sufficient to generate enough tributyltin radicals for the propagation steps. Although not a true catalyst,
you can think about AIBN like the catalyst that must be present to make the chain reaction possible. 2) The chain propagating
radical, tributyltin radical, must be a reactant in your first propagation step and a product in your last propagation step. Tributyltin
radical looks a bit like a catalyst (think Pd(0) in a Stille or Suzuki reaction) but it is different in a key way. Tributyltin hydride is
consumed in the reaction and must be present in a stoichiometric amount (at least 1.0 equivalents) or the chain will be broken
before all of the starting material reacts. Don't forget, the propagation steps are the only productive steps in a chain reaction. This is
where your product is formed. 3) Termination steps break the chain and are undesired. In radical chain reactions, combining two
radicals to form a new bond is never a productive reaction. Your product will never come from a termination step. These molecules
are undesired byproducts and their formation must be very limited for the radical chain reaction to be synthetically useful.

Initiation Steps with AIBN and Bu;SnH

CN
/> heat _ /\ Ny H
N=N —> N=N + 2 < + 2H—SnBu; —> 2 + 2°SnBug
(@ CN L CN
tributyltin byproduct chain
hydride yprodu ;
NC (1.5' ec|1uiv) removed in propagating
AIBN workup radical
(0.01 equiv)

Dehalogenation Reactions

Tributyltin hydride is a useful reagent for the dehalogenation (reduction) of alkyl halides. This illustrates a radical chain mechanism
using tributyltin as the chain propagating radical. (As always, AIBN and tributyltin hydride combine in the initiation steps shown
above to produce tributyltin radical.) Once the tributyltin radical is formed, it reacts to form a new Sn-Br bond by cleaving the C-Br
bond to generate a carbon radical. This forms tributyltin bromide, a byproduct that must be removed after the reaction, and the new
carbon radical that is part of our chain process. The carbon radical reacts with tributyltin hydride (remember, we have a very small
amount of AIBN, just enough to start the process, and at least 1 equivalent of Bu3SnH to react completely with the alkyl bromide
starting material) to form the new C-H bond in the product and another molecule of tributyltin radical that can participate in
another cycle of the chain process.

AIBN
BuaSnH

@)

N
BusSn-
()
H—SnBuj
BusSn—Br o ‘ )

Similar to the dehalogenation reaction above, radical reactions can be used to remove an alcohol from a molecule, thus
deoxygenating (reducing) the compound. We need to use some unusual chemistry to make the deoxygenation possible, specifically
we need to form a xanthate, a functional group similar to a carbonate that contains two sulfur atoms. One of the sulfurs is part of a
thio carbonyl (C=S) which is very reactive toward radical reactions and readily reacts with tributyltin radical to form a Sn-S bond
and a carbon radical. To form the xanthate, we react the alcohol with potassium hydride to generate a negatively charged oxygen
nucleophile. This reacts with carbon disulfide (the sulfur equivalent of carbon dioxide) and then methyl iodide to generate the
xanthate intermediate. Once the xanthate is formed, it can react with tributyltin radical to participate in our radical chain reaction.
The first step generates a new S-Sn bond and a carbon radical that decomposes to yield a dithiocarbonate ester (a byproduct that

Barton-McCombie Deoxygenation
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must be removed after the reaction) and a new carbon radical. At this point, the molecule has been successfully deoxygenated and
the final step with tributyltin hydride completes the reaction by forming a C-H bond and regenerating the chain propagating tin

radical.
Sj *SnBuy
d
OH (e) S
AIBN
KH, CSZ then Mel BuzSnH
—_— + BugSn-*
regenerated
chain propagating
radical
—I SnBu3
I
/ H—SnBu;
O S Ou S
S= C _SnBug
O )\ -
Byproduct
must be removed
after reaction

Barton Decarboxylation

You likely learned about polar decarboxylation reactions in Intro Orgo. These reactions enable the removal of a carboxylic acid in a
1,3-carbonyl acid functional group. The second carbonyl positioned beta to the carboxylic acid carbonyl is critical in the
mechanism (either acidic or basic conditions). These polar reactions do not work when the other carbonyl is absent. Thus, a
decorboxylation reaction that doesn't require the presence of a second carbonyl at a specific position is highly valuable for synthetic
chemists. This example highlights the importance of the Barton decarboxylation, a radical decarboxylation that is similar to the
deoxygenation reaction shown above. It relies on a different reagent than the deoxygenation, so a xanthate ester isn't formed, but
the steps are very similar, including reaction of tributyltin radical with a thiocarbonyl. In the problem below, you can propose a
mechanism for this interesting reaction.

? Exercise 4.1

The reaction scheme below illustrates the multistep Barton decarboxylation reaction. Predict the product of the first two steps.
Then, using that product, provide a mechanism for the radical decarboxylation step.

1 SOClz AIBN, BuzSnH Q
_————

OH

Answer

The first two steps are Intro Orgo reactions. Thionyl chloride converts the carboxylic acid into an acid chloride that reacts
withe the hydroxyl amine (fancy alcohol) to generate the hydroxyl amine ester product. As we saw previously, the C=S
bond reacts readily with a tributyltin radical. The resulting carbon radical can generate a very stable pyridine byproduct
upon cleavage of the weak N-O bond. This generates an oxygen radical that can yield carbon dioxide, thus driving this step,
via C-C bond cleavage. This is the key decarboxylation step. The resulting carbon radical combines with tributyltin hydride
to yield the product and regenerate the chain propagating radical.
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Carbon-Carbon Bond Forming Reactions

Radical chain reactions mediated by BuzSnH can also promote the formation of carbon-carbon bonds. These are among the most
important radical reactions in synthetic chemistry since they provide us with another option in our toolbox of methods to make
critical molecular connections. Key components in these reactions are a carbon-halogen bond that can react with the chain
propagating tributyltin radical to generate a carbon radical that combines with an alkene or alkyne to form the new carbon-carbon
bond. These reactions occur both inter- and intramolecularly with the latter being favored for higher yields and better
regioselectivity. Radical reactions are kinetically controlled so they provide a very useful strategy for the synthesis of 5-membered
rings. This is even true for most instances when selecting between the formation of 5- versus 6-membered rings in intramolecular
cyclization reactions. (The smaller ring forms faster and, thus, is favored.) In intermolecular reactions, it is often helpful to have an
electron poor alkene or alkyne as the radical partner to help favor regioselectivity with the (generally) more substituted radical
formed in the first step. An example reaction and mechanism are shown below for a standard intermolecular carbon-carbon bond
forming reaction. An intramolecular example is shown in the following problem.

I CN
AIBN, BugSnH
SR S

Mechanism

/\-SnBus -
+SnBug
, T ;
¥ h N CN
L AIBN, BuzSnH
+ CN

\ : \ CcN /:Q B
BugSn-l + O O/\/V\) nBug

/u\>~\

? Exercise 4.2

For the following intramolecular C-C bond forming reaction, predict the product and propose a mechanism for its formation.

AIBN, BusSnH

BrW ’)

Answer

Like in our intermolecular example above, the tributyltin radical attacks the carbon-halogen bond to yield a carbon radical.
This new radical participates in an intramolecular C-C bond forming reaction to form a 5-membered ring radical that reacts
in the final step to form the product and regenerate the chain propagating radical. Note, because of ring strain, we won't
form the 4-membered ring resulting from addition to the other side of the alkene.
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? Exercise 4.3

Predict the product of the following reaction.

Br

AIBN, BusSnH
o AU R 2

Answer

This problem highlights that radicals can easily form on sp® carbons and is a reminder that bond rotation is always
important to consider. The key intermediate forms and reacts to yield the new 6-membered ring which forms faster than the

7-membered ring alternative.
Br
=
o AIBN, BuSnH o
—_—

Key Intermediate

Non-Chain Radical Combination Reactions

Some highly useful radical reactions involve the combination of two radicals to form an important new bond. (These look like a
termination step in a radical chain mechanism.) These reactions have become increasingly relevant as new and more mild methods
for Hydrogen Atom Transfer (HAT) reactions have recently been developed. We will explore some classic examples in this class of
radical reactions which you can then apply to understand more contemporary transformations. The Hofmann-Loeffler-Freytag
reaction enables remote functionalization of a haloamine that ultimately results in the formation of a new pyrrolidine ring (saturated
5-membered ring containing N). The reaction and mechanism are shown below. The first step in the reaction is the radical portion
of the mechanism. (The chloroamine can be formed by treating the amine with t-butyl hypochlorite (tBuOCI).) Light promotes
homolytic cleavage of the weak N-CI bond to yield a Cl radical and an N radical. The next steps help explain the highly selective
nature of this reaction. Bond rotation enables a HAT via a highly favored six-membered ring transition state that also transforms the
reactive nitrogen radical into a more stable secondary carbon radical. The product of the first portion of the reaction forms via a
radical combination reaction of the initially generated Cl radical with the newly formed C radical. This 1,4-chloroamine can
undergo an intramolecular Sy2 reaction to yield the pyrrolidine product. A related example of a Hoffmann-Loeffler-Freytag
reaction to yield a lactam is shown in the next problem.

cl cl H N
I‘ll’H hv f-H _NaOH R
R/\‘/\“/@\ = @™ >
pyrrolidine
Mechanism
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? Exercise 4.4

Propose a mechanism for this Hofmann-Loeffler-Freytag reaction.

1) 12
2) hv
n/\/\n/NHz 3) NaOH, H,0 n\ogo

(0]

Answer

Todine promotes formation of the requisite haloamine via a substitution reaction. Light initiates the radical portion of the
mechanism which proceeds via the key six-membered ring transition state as shown in the prior example. After the radical
combination reaction to yield the iodo amide, hydroxide deprotonates the nitrogen making the amide nucleophilic. Attack
by the more reactive O yields the iminium ion-type intermediate that undergoes hydrolysis to ultimately yield the target

lactone.
1) 1
2) hv o ®
3) NaOH, H,0 R o] o) N

l o
c T
M) ' (e
NH, NH; OH  NH,
R/\/\g/ R)\/T@ 5 \/o NH

A related reaction promoted by lead tetraacetate (Pb(OAc),) that proceeds via a key oxygen radical provides a synthetically useful
method for the synthesis of tetrahydrofurans. As shown below, treatment of an alcohol with Pb(OAc), yields a substituted
tetrahydrofuran (THF). The mechanism does not have a radical combination step, instead relying on a Single Electron Transfer
(SET) process between a carbon radical and lead to yield a carbocation. The mechanism begins with a substitution reaction on lead
with the starting alcohol. The new O-Pb bond is weak and can homolytically cleave to yield Pb(III) and an oxygen radical. Like in
the Hofmann-Loefflear-Freytag reaction, the oxygen radical does a Hydrogen Atom Transfer (HAT) step via a 6-membered ring
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transition state to yield a carbon radical that reacts with a formally positive Pb(IT) via SET. Thus, the lead is reduced and the carbon
is oxidized to a carbocation that readily reacts with the intramolecular alcohol to yield the desired THF.

OH Pb(OAC), rR_P°
R/\/\/ —_ > \Q

Mechanism
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? Exercise 4.5

Propose a product for the following reaction.

(e]

., Pb(OA«
,r (OAC), 2

OH

Answer

Like in the mechanism above, the lead reagent will promote formation of an oxygen radical from the alcohol. This will
participate in a HAT reaction with the methyl group, followed by a SET reaction, and finally cyclization to form the new 5-

membered ring.
o [¢]
[©] [©]
Pb(OAC),
e T
OH \

ia
o o o
HO o . o o
CH HAT CH SET Dcy
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OH OH
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Other useful radical combination reactions involve dimerization of carbonyl! starting materials. The three most popular are the
pinacol reaction, the McMurry reaction, and the acyloin reaction. These involve starting with ketones (pinacol and McMurry)
or esters (acyloin) and adding a strong metal reducing agent like sodium, magnesium, or titanium to generate ketyl radicals that
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dimerize and ultimately produce diol (pinacol), alkene (McMurry), or keto alcohol (acyloin) products. Intermolecular examples of
each are shown below. Intramolecular reactions are also possible and will occasionally show up in total synthesis papers.

Pinacol Reaction

Two equivalents of acetone react with magnesium metal via Single Electron Transfer (SET) to yield two radical anions (ketyl
radical anions). These two anions react with cationic magnesium (+2) to yield the neutral diradical that undergoes a radical
combination reaction to form a new carbon-carbon bond. The resulting 5-membered ring breaks down in the acidic workup to yield
the diol product. In this case, the product is pinacol, the starting point for the pinacol rearrangement that we saw in Chapter 3.

g

o H30*

© M M
o o) N o % o o
2)}\ Mg 2)\ Mg /K h)\ M workup
—_— . —_— . . B ———
SET

OH

pinacol

McMurry Reaction

The McMurry reaction is nearly identical to the pinacol reaction except for the final step. The key difference is the use of titanium
metal, generated in situ from titanium trichloride and lithium aluminum hydride. Titanium reacts with two ketones to yield two
ketal radical anions that react with cationic titanium to yield a neutral diradical. The diradical participates in the radical
combination reaction to yield a new 5-membered ring include a new C-C bond. At this point, the McMurry reaction diverges from
the pinacol reaction. The titanocycle is not stable, instead it undergoes a deoxygenation reaction to yield an alkene product.
Overall, the McMurry reaction acts like a reverse ozonolysis reaction by combining two ketones to yield an alkene.

Ti
o (o] o] 0 Ti
0" o
TiCl, LIAIH, Tie+
2 —_— 2 — — — =

Acyloin Reaction

The acyloin reaction begins just like the pinacol reaction with SET reactions to yield two radical anions. Dimerization (radical
combination) yields the new carbon-carbon bond and an intermediate that looks like a double tetrahedral intermediate from the
carbonyl addition section of Intro Orgo. Accordingly, ethoxide is a good leaving group which promotes formation of a 1,2-
diketone. This compound is highly reactive toward reduction, so it will accept two more electrons from sodium to yield a diradical
dianion. Radical combination generates a new pi bond. This diradical is stable and is quenched in the workup to produce a diol.
Since this is an enol, it will tautomerize to yield the keto alcohol product.

© 06 H3O*
O o) o) 3

2 excess Na Q 0O
— . —
S | — X
SETl still reactive \iSET f \
. o/ o ° %

o 2 0

o
z/kOEt > EO 7 COEt %

HO O

workup : /<
B
/automerization
OH

HO

Summary Problems

? Exercise 4.6

One of the most powerful examples of the utility of carbon-carbon bond forming radical reactions in synthesis is Curran's
synthesis of hirsutene published in 1985. The reaction below is the final step in the synthesis. Propose the structure of hirsutene

and a mechanism for its formation.
I \\
AIBN, Bu,SnH ]
. ——— > Hirsutene

Answer
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DOI - https://doi.org/10.1021/ja00291a077

This follows the pattern we observed previously. The tin radical reacts with the iodide to form a carbon radical that reacts
with the alkene to form a new 5-membered ring. The resulting tertiary radical reacts with the alkyne to form the third 5-
membered ring in hirsutene. Note that the stereochemistry in the starting material determines the stereochemistry in the
product. The alkyl chain coming out forms a new bond from above the initial 5-membered ring. The alkyl chain going back
forms a new bond from beneath the initial 5-membered ring.

/\ *SnBug

l HH\‘i:rsute:e O
L) N

+ BugSn*

o

? Exercise 4.7

Though much less common, it is possible to use tin reagents other than tributyltin hydride to promote carbon-carbon bond
forming reactions. One example is allyl tributyltin. An example of this reaction is shown below. Propose a mechanism for the
initiation and propagation steps. Hint: Like in all of our other reactions with tin, tributyltin radical is the chain propagating

radical.
Br AIBN F
—_—
/\/SnBu3

Without a Sn-H bond, radicals that react with the allyl tin reagent must add to the alkene, like we have seen in other radical
reactions in this section. So, for the initiation steps, the initiating radical adds to the alkene then the resulting carbon radical
decomposes to yield an allyl group on the initiating group plus the chain propagating tin radical. In the propagation steps,
the first step is our standard Sn + Br to yield the first carbon radical. The only option for the new carbon radical is to add to
the alkene of the tin allyl group. This generates a secondary carbon radical than decomposes just like in the initiation steps,
leaving the allyl group on the product and regenerating the chain propagating tin radical. Note: alkenes are much more
reactive that C-C or C-Sn single bonds.

Br AIBN Z
_—
/\/SnBu3
Initiation:

./\\ (. _snBu w Bl ></\
AIBN —> ON +( AN o By = o . * "SnBus

W/

Answer

Propagation:

~_Br
Rl SnBu =
\_{\ /\/ 3 SnBu3 s
*SnBug — Br—SnBu; + 1S —_— + nBus
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? Exercise 4.8

Provide a mechanism for the reaction shown below. Hints: 1) Don't forget about the ground state structure/behavior of oxygen.

2) t-BuSH reacts similarly to Bu;SnH.
Ph/rPh
X0 AIBN, tBuSH, O, ph/\(\Ph

|
S N O\OH
Q)
Answer

The mechanism begins with standard initiation steps. AIBN generates the initiating carbon radical that reacts with t-butyl
thiol to yield the chain propagating S radical. Since this behaves like the tributyltin radical, it will add to the weak C=S
making a new S-S bond and carbon radical. This new radical quickly reacts to generate a stable pyridine, gaseous carbon
dioxide, and a new secondary carbon radical. Remembering that oxygen exists as a diradical, we see that the next step is a
radical combination between the carbon radical and O». In the final step, the remaining O radical reacts with the beginning
thiol to generate the product and regenerate the chain propagating radical.

Literature Reference: Barton Tetrahedron 1985
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? Exercise 4.9

Provide a mechanism for the following transformation. Remember, SmI; is an excellent single electron donor. Hint: At some
point in the mechanism you will need to form an alpha-N radical (a radical on a carbon next to the N).

Boc
S o oTBS
1. excess Sml, o
2. H30" workup =
OBn

Samarium diiodide starts the reaction by donating an electron (Single Electron Transfer (SET)), to the carbonyl. This yields
a radical anion that undergoes a radical cyclization reaction to generate the new 5-membered ring and a tertiary radical. In

Answer
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the next step, this radical adds to the adjacent pi bond to form a transient 3-membered ring and a secondary radical.
Regeneration of the alkene enables radical cleavage of the unstable cyclopropane to yield a stabilized alpha-N radical.
Another SET mediated by samarium converts the radical into a carbanion. Both anions are quenched in the acidic workup
to yield the target molecule.

Literature Reference: Wood Chemical Science 2020
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4: Radical Reactions is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Kevin Shea.
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