
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
4/

20
25

 1
:4

4:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrochemical
Department of Chemistry, University College

0AJ, UK. E-mail: j.wilden@ucl.ac.uk

† Electronic supplementary information (
and details of the electrochemica
10.1039/d0sc01694b

Cite this: Chem. Sci., 2020, 11, 5333

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th March 2020
Accepted 7th May 2020

DOI: 10.1039/d0sc01694b

rsc.li/chemical-science

This journal is © The Royal Society o
radical reactions of alkyl iodides:
a highly efficient, clean, green alternative to tin
reagents†

Diyuan Li, Tsz-Kan Ma, Reuben J. Scott and Jonathan D. Wilden *

An electrochemical ‘redox-relay’ system has been developed which allows the generation of C-centered

radicals. Intermolecular ‘tin-like’ radical reactions can subsequently be conducted under the most benign

of conditions. The yields and efficiency of the processes are competitive and even superior in most

cases to comparable conditions with tributyltin hydride. The use of air and electricity as the promotor

(instead of a tin or other reagent) combined with the aqueous reaction media make this a clean and

‘green’ alternative to these classic C–C bond forming processes.
Introduction

The use of radical reactions for the construction of complex
organic molecules are now almost ubiquitous in synthetic
chemistry.1 Historically however, organic chemistry has relied
on tributytin hydride (and similar reagents) to mediate such
processes.2 Organotin reagents have proved remarkably effi-
cient for the generation and mediation of carbon-centered
radicals. Their drawbacks however are signicant; the
reagents are extremely toxic, expensive and the side-products
are oen difficult to remove from the reaction medium post
reaction. As such, recent years have seen intense interest in
alternatives to these extremely useful reagents.3 Almost without
exception however, none have matched the efficiency, generality
and functional group tolerance of tin-based reagents. The result
of this is that many chemists, particularly those in industry have
shunned tin reagents, however, in doing so they necessarily
preclude the advantages that this class of radical reactions can
offer in terms of the construction of complex organic architec-
tures. Two methods that are becoming more popular for the
generation of radical species are electrochemistry and photo-
redox catalysis.4,5 Photoredox catalysis has already, in a short
amount of time, proved to be a powerful tool for the activation
of organic molecules.6 Similarly, synthetic organic electro-
chemistry is becoming an increasingly popular alternative way
to activate organic molecules via direct addition or removal of
electrons to generate reactive radical species.7 Unfortunately,
the direct electrochemical reduction of alkyl halides requires
highly reducing potentials and as such has not found general
London, 20 Gordon Street, London WC1H

ESI) available: Experimental procedures
l apparatus employed. See DOI:

f Chemistry 2020
application because of the incompatibility of these extreme
potentials with various functional groups.8,9 Herein, we outline
an operationally simple, mild and molecular oxygen mediated
indirect electrochemical approach to the formation of carbon
centered radicals from alkyl iodides using the ‘standard’ feed-
stocks used in tributyltin hydride mediated reactions, namely
an alkyl halide and an alkene acceptor (i.e. the classic Giese
reaction).10 We also demonstrate its synthetic utility in inter-
molecular C–C bond formation with a range of alkene and
alkyne acceptors.

We here demonstrate that ‘tin-like’ radical reactions can be
achieved using only mildly reductive electrochemical condi-
tions combined with aerial oxygen in semi-aqueous conditions.
The mildly reducing conditions (�1.0 V vs. Ag QRE) are selective
for the activation of molecular oxygen and the desired radical
reaction only and does not interfere with other functional
groups in the molecule. Similarly, although aqueous conditions
are employed, the applied potential is not sufficient to effect the
reduction of water (ca.�1.5 V vs. Ag QRE under our conditions).
Furthermore, no tin, silicon, phosphorous or any other medi-
ator apart from air is required, and the construction of the
electrochemical cell employs only environmentally benign and
cheap materials. In particular, inexpensive graphite electrodes
Fig. 1 Comparison of classic intermolecular Giese reactions with the
electrochemical method.
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Table 1 Optimisation experiments
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are employed. Fig. 1 compares the previous conditions with the
work described here.11–14
Entry Solvent Atmos. Time, h pH 1a, % 2a, %

1 MeOH Air 32 7 0 70
2 H2O–MeOH (2 : 1) Air 32 7 78 9
3 MeCN Air 32 7 Trace 0
4 H2O–MeCN (1 : 3) Air 32 7 Trace Trace
5 H2O–MeCN (1 : 1) Air 32 7 68 Trace
6 H2O–MeCN (2 : 1) Air 32 7 90 Trace
7 H2O–MeCN (2 : 1) Ar degassed 32 7 0 0
8 H2O–MeCN (2 : 1) Stream of O2 32 7 Trace Trace
9 H2O–MeCN (2 : 1) Air 20 9b 47 53
10 H2O–DMF (2 : 1) Air 20 2c 74 0
11 H2O–MeCN (2 : 1) Air 20 7.4d 86 14
12 H2O–MeCN (2 : 1) Air 20 5c 82 18
13 H2O–MeCN (2 : 1) Air 20 2c 100 0

a Isolated yield. b pH adjusted with NaOH. c pH adjusted with HCl.
d PBS 7.4 buffer.
Results & discussion

We rst made the observation that a methanol–water solution
of phenyl vinyl sulfone and 2-iodopropane when exposed to
a mild reducing potential (constant potential, 1.0 V vs. Ag wire
quasi-reference electrode, graphite rod working electrode,
divided cell) undergo efficient C–C bond formation to yield the
sulfone 1 in good yield as well as some b-hydration product 2
(Scheme 1). The reactants were contained in the cathodic
chamber and no mixing of organic species were observed with
the anodic compartment. Furthermore, only the electro-
chemical oxidation of a small amount of water was observed in
the anodic chamber, meaning no toxic or hazardous materials
are required to be removed from the apparatus aer the
reaction.

Intrigued by this reaction and suspecting that exposure to air
was a critical facet, we set about exploring the optimal condi-
tions for this process as shown in Table 1. It seems likely that
the hydroxy product results from a simple base-mediated
addition reaction of water to the electron decient alkene. As
such, this undesired product was relatively easily eliminated by
lowering the pH and employing acetonitrile as the organic co-
solvent.

Table 1 shows the optimisation for the reaction outlined in
Scheme 1. A number of observations are noteworthy. Firstly,
water is essential for the success of the reaction. Secondly, it was
noted that the pH of the solution slowly rises as the reaction
proceeds, and as such, the formation of the undesired hydroxy
addition product accelerates. Lowering the pH from the outset,
therefore, minimises this undesired side-reaction. Finally, as
demonstrated in entry 7, oxygen is required for the reaction to
proceed however entry 8 demonstrates that there is no advan-
tage to performing the reaction in an oxygen atmosphere. In
fact, such an approach is actually detrimental and almost
completely attenuates the reaction with only traces of products
detected and the almost quantitative recovery of starting
material. This gave us the rst inclination that oxygen may be
required only in sub-stoichiometric quantities for the putative
radical reaction that ensues.

Having established a robust set of conditions that resulted in
high yields of the desired product 1, we were then keen to
establish the scope of the reaction with a more diverse set of
alkyl halides and acceptors. The results are outlined in Table 2.

It is noteworthy that, in terms of the amount of the alkyl
iodide employed, the efficiency of the reactions outlined in
Table 2 is generally higher than with other radical chain carriers
such as tributyltin hydride where, in order to circumvent
Scheme 1 Initial observations.

5334 | Chem. Sci., 2020, 11, 5333–5338
competing reduction by Bu3SnH, multiple equivalents of the
alkyl halide are typically employed. Tertiary iodides are also
applicable (e.g. entry 3) however the high reactivity and poor
solubility of accessible tertiary-iodides prevented a more diverse
screen at this point. Surprisingly, even some alkyl bromides
proved reasonably effective (entry 6) although admittedly, this is
far from optimised. Table 2 demonstrates that a wide range of
alkyl iodides could be coupled with various electron-decient
acceptors in generally excellent yields. We were also encour-
aged by entry 10 where an amide with a free N–H can be
employed in excellent yields. The conditions employed are more
amenable to our future ambitions to manipulate biological
molecules than classical tin-mediated radical methods and
illustrate a further advantage of the mild electrochemical
technique.

With these results in hand, we were keen to undertake some
preliminary mechanistic investigations into this reaction. We
rst turned to cyclic voltammetry (plots available in the ESI†) of
the various reactants present in the solution. We discovered
that the only species that was redox active at the potentials
employed was molecular oxygen which was reduced between
�0.7 and�0.8 V (vs. QRE in our system). We then examined the
total amount of charge passed for the reaction of iso-
propyliodide with phenylvinylsulfone under the optimal
conditions in Table 1 (entry 13). The charge–time graph is
shown in Fig. 2 and shows a relatively smooth transfer of charge
from the start of the reaction to the point where no more
sulfone was observed.

We have calculated that for a 1.2 mmol reaction scale
(1.44 mmol of alkyl iodide), around 300 C of charge was passed
which corresponds to no more than two moles of electrons per
mole of alkyl iodide. This is extraordinarily efficient in terms of
the amount of electricity used. Given that we know that a small
quantity of oxygen is required for a successful reaction, two
This journal is © The Royal Society of Chemistry 2020
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Table 2 Exploring the reaction scope

Entry Halide Acceptor Product Yielda, %

1 100

2 82

3 60

4 95b

5 98

6 21c

7 90

8 98

9 96

10 98

11 95

12 99

a Isolated yield. b 3.0 equivalents of iodide employed. c Unoptimized.

Fig. 2 Charge transferred over the course of the reaction.

Scheme 2 Proposed electron-transfer pathway ‘pathway 1’.

Scheme 3 Proposed ‘redox-relay’ ‘pathway 2’.
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general pathways are envisaged to explain the observed reac-
tivity. The rst and simplest of these is outlined in Scheme 2.

Pathway 1 involves initial reduction of O2 to generate
superoxide which then acts as an electron carrier, transferring
the electron to s* of the C–I bond and liberating O2 which is
This journal is © The Royal Society of Chemistry 2020
therefore, formally catalytic. This leads to collapse of the
subsequent radical anion and the release of the required
carbon-centred radical. Pathway 2 (shown in Scheme 3) on the
other hand involves initial reduction of O2 to give a reactive
species capable of activating an alkyl iodide, presumably by
oxidation. Fragmentation of the unstable I(II) species then
occurs to yield the alkyl radical.

With regard to pathway 1, we concluded that this pathway
was unlikely to be in operation. Two observations led us to this
conclusion; rstly, as mentioned above, cyclic voltammetry of
isopropyl iodide (see ESI†) demonstrated that the alkyl halide is
not reduced within the redox window of the solvent so it is
unlikely that superoxide (which is relatively easily generated)
will be a sufficiently powerful reducing agent to deliver an
electron to s* of the C–I bond to effect homolysis. Secondly,
entry 3 in Table 1 shows that water is an essential component
for successful reaction, again suggesting that more reactive
oxygen species are formed as depicted in pathway 2 (Scheme 3).
We also considered the possibility that under the acidic
conditions employed, the reduction of molecular oxygen to give
hydrogen peroxide could also be occurring and therefore this
reactive oxygen species could be implicated in the process. In
order to ascertain if this was the case, we also performed the
reaction in the absence of oxygen but with hydrogen peroxide
present. No terminal product was observed in this case.
Furthermore, we also examined the addition of iron(II) sulfate to
the reaction medium in order to catalyse the formation of
hydroxyl radicals from any putative hydrogen peroxide in the
solution (the Fenton reaction)15 in the hope that this might
accelerate the rate of these reactions. No effect was observed on
the reaction and consequently we concluded that hydrogen
peroxide was unlikely to be a major player in the main reaction
process, although it is possible that traces of H2O2 generated via
initial reduction of aerial O2 are responsible for initiation of the
process.
Chem. Sci., 2020, 11, 5333–5338 | 5335
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Scheme 5 An intermediate I(III) iodane is unlikely to be a major
intermediate.
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Given the observations outlined above, we believe that
pathway 2 is more likely, with the generation of the highly
reactive hydroxyl radical as the species responsible for the
reaction turnover. Initially we assumed that the iodides were
simply being oxidised to give the I(III) iodanes which then
undergo reduction to unstable I(II) species that fragment to
yield IOH and the alkyl radical. However, given that the
reaction is also applicable to some alkyl bromides (entry 7,
Table 2), this seems unlikely, since hypervalent bromine
reagents are extremely difficult to access under mild oxidative
conditions and consequently are not commonly employed in
organic synthesis.16–18 As such, we needed to consider an
alternative reactive species that might be promoting the
reaction pathway. As the only likely reactive species capable of
activating both bromides and iodides in our solution, we
suspected that the hydroxyl radical might be fullling this
function.

Such a pathway is appealing because the hydroxyl radical is
known to be sufficiently reactive to activate organic halides19,20

and the differing efficiencies between alkyl bromides and
iodides can be easily explained by the accessibility of the lone
pairs of the relevant halogen. Furthermore, it is known
(particularly in biological systems) that the superoxide radical
(or, since these reactions are generally performed under acidic
conditions, the hydroperoxyl radical – pKa 4.88)21 reacts with
hypohalous acids and hydrogen peroxide to yield hydroxyl
radicals.22 A system therefore exists where the alkyl halide is
continually activated to form alkyl radicals via the two inter-
locking cycles outlined in Scheme 4.

It is noteworthy that when pure methanol (a known hydroxyl
radical scavenger)23 is used as the reaction solvent (Table 1,
entry 1), no reaction is observed until a signicant amount of
water is added as a co-solvent (Table 1, entry 2). Even then, the
reaction rate is signicantly attenuated, and the yield falls far
short of the optimised conditions. More detailed mechanistic
studies will follow.

An obvious question if such a redox relay pathway involving
a mutually cooperative interaction between hypohalous acid
and superoxide is the fact that hypohalous acid is not present at
the beginning of the reaction to initiate the process, how is the
reaction initiated? Given that only a trace of the hydroxyl radical
is needed to be generated before the redox relay pathway out-
lined in Scheme 4 can then take over, it is possible that trace
amounts of hydrogen peroxide could be formed and then react
with superoxide in the uncatalyzed (and slow) Haber–Weiss
reaction.24 Alternatively, trace amounts of iodide present in the
alkyl halide starting materials could also be responsible since
H2O2 and iodide under acidic conditions has been suggested as
Scheme 4 Proposed reactive species in the redox relay pathway.

5336 | Chem. Sci., 2020, 11, 5333–5338
a source of hydroxyl radicals in iodine-based chemical
oscillators.25

In order to further support the mechanistic proposal out-
lined in pathway 2 and the involvement of a transient hyper-
valent iodine species, we attempted to emulate the initial
oxidation of the alkyl iodide to the iodane species with a clas-
sical oxidant in the absence of O2 followed by exposure of that
species to the reducing potential that would allow the radical
reaction to occur. Knowing that alkyl iodides can be oxidised to
I(III) iodanes by mCPBA we accordingly stirred the peracid with
isopropyl iodide in an inert atmosphere for 1 h before applying
a reducing potential and the addition of phenyl vinyl sulfone.
Aer 18 h, only 9% of the required product was obtained
(Scheme 5). The fact that the yield is so poor given that mCPBA
would be expected to completely oxidise this alkyl iodide to the
iodane suggests that the I(III) species is not amajor intermediate
in the reactive pathway. Interestingly however, others have
noted that aryl peracids are sources of the hydroxyl radical26,27

and this may explain the low level of conversion observed here.
We also wished to demonstrate that the intermediate radical

(A in Scheme 3) is reduced by an electron transfer step resulting
in an anion which is then quenched by a proton from the
aqueous reaction medium rather than a radical hydrogen atom
transfer step (most likely from acetonitrile). This was easily
achieved by performing the reaction in a D2O–MeCNmixture as
shown in Scheme 6. Performing the reaction in this way led to
deuterium incorporation adjacent to the sulfonyl group. To
check that the alkyl sulfone was not simply undergoing
exchange aer the reaction had occurred, we also subjected the
undeuterated alkyl sulfone to the reaction conditions for 72 h.
No deuterium incorporation was observed.

Now reasonably convinced by our proposed mechanism, we
wished to gain more insight into the key electron transfer steps
occurring within the pathway. Given that we have already
established that only two electrons are ‘consumed’ during the
reaction (i.e. 2.4 F mol�1) per mole of iodide, and noting that
excess O2 did not improve (and in fact attenuated) the reaction,
we suspected that only a sub-stoichiometric amount of O2 was
required to catalyse the reaction. This was easily demonstrated
by again performing the reaction in an inert atmosphere (Ar)
and observing that no reaction occurred until a small amount of
air (1 mL, ca. 0.2 mL O2) was injected into the system. This
Scheme 6 Demonstration that protonation of a sulfonyl anion occurs
from the aqueous medium.

This journal is © The Royal Society of Chemistry 2020
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Scheme 7 Intermolecular atom-transfer process.
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corresponds to approximately 0.0083 mmol of O2 or 0.57 mol%.
Once this had occurred the reaction proceeded smoothly to
completion in 20 h, demonstrating that oxygen is only required
in extremely low quantities and suggesting that it is likely to be
the mediator in the process.

With some understanding of the reaction mechanism and
some excellent results (both inter and intramolecular
examples) employing alkenes, we were keen to test our
methodology with alkynes to discover if they would be suit-
able partners for intermolecular radical reactions. Conse-
quently, we employed our optimised conditions from Table
1, replacing the alkene acceptor with ethyl propiolate
(Scheme 7).

To our surprise, we isolated not the expected reduced
addition product, but the addition product as the a-iodo
alkene as a 1.2 : 1 mixture of E and Z isomers. The electro-
chemical conditions appear to have promoted the atom
transfer radical addition (ATRA) reaction in this case. The
results are consistent with the experiments of Curran, who
achieved the same transformation employing heat and bis-
tributyl tin.28 Presumably the mechanism outlined in Scheme
8 is in operation.

We have attributed this observation to the stability of the
intermediate radical B. In our previous reactions with
alkenes the intermediate radical is directly resonance sta-
bilised by the adjacent electron withdrawing group. In the
example outlined in Scheme 8 however, the intermediate
will be a highly reactive vinyl radical not directly stabilised
by the adjacent ester. As such, presumably the rate of iodine
atom abstraction is signicantly faster than reduction to
give a similarly unstabilised vinyl anion. Support for this
hypothesis is observed when 4-methylphenyl ethynyl
Scheme 9 Competitive atom-transfer vs. reduction pathways.

Scheme 8 Proposed mechanistic pathways.

This journal is © The Royal Society of Chemistry 2020
sulfone is employed as the reacting partner (Scheme 9). The
product of this reaction is a mixture of the atom transfer
reaction and reduction. This is explained by the fact that
although still highly reactive, both the vinyl radical and
anion obtain some degree of stabilisation via n–s* interac-
tions between the radical or anion and the C–S s*

orbital.29,30 As such in this case, both pathways are
competitive in terms of rate.

Finally, with such encouraging intermolecular radical
processes in hand we also wanted to examine if our conditions
could be applied to redox-neutral intramolecular cyclisations to
aromatic systems. Accordingly, we prepared 1-(4-iodobutyl)-1H-
indole-3-carbaldehyde. Pleasingly, exposure of this molecule to
our conditions led to the cyclised, oxidised system in excellent
yield (Scheme 10).

Although it is tempting to assume that the oxidative cyc-
lisation would require an excess of molecular oxygen to
deliver the observed product, we did not perform this reac-
tion under such conditions but rather using the optimised
procedure outlined in Table 1. The rate and efficiency also
seemed to be comparable (or better) than the other examples
in Table 2 suggesting that adventitious aerial oxygen was not
responsible for this observation. In 1991 Bowman suggested
a pseudo SRN1 process to explain this phenomenon for tin
mediated cyclisations to aryl systems in the absence of any
other oxidising agent, where the radical resulting from cyc-
lisation is a powerful single electron donor capable of acti-
vating another molecule of iodide.31 This explanation was
also favoured by Moody for the Bu3SnH mediated cyclisation
of the same frameworks as those outlined in Scheme 10.32 For
our system following electrochemical initiation, this would
lead to a self-perpetuating combination of three different
cycles leading to the oxidised product as illustrated in
Scheme 11.
Scheme 10 Redox-neutral cyclisation.

Scheme 11 Likely pathway for redox-neutral cyclisation.

Chem. Sci., 2020, 11, 5333–5338 | 5337
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Conclusions

In conclusion, we have described a new electrochemical
approach to performing radical reactions, (particularly inter-
molecular radical reactions) between alkyl iodides and a variety
of alkene and alkyne acceptors. The conditions employed are
environmentally benign and the yield and efficiency of the
reaction oen exceeds the classical method employing tin
reagents. We have described the reaction mechanism in terms
of a ‘redox relay’ sequence initiated by molecular oxygen. Our
work here will provide a framework for the further development
of this chemistry to reach other examples where tin reagents
were considered the ‘gold-standard’ for radical reactions.
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