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a b s t r a c t

5-Exo-trig radical reductive cyclization reactions of bromoacetals are catalyzed by iron in the presence of
the reducing agent NaBH4. Both iron(II) and iron(III) were found to effectively mediate these reactions. As
shown by cyclic voltammetry, iron(III) can be reduced to an iron(II) precatalyst before passing through an
identical reaction mechanism in which monoelectronic activation of the substrate would occur by an
anionic hydridoiron(I) complex. Further studies have established that both the substrate (iodo- vs
bromo-derivative) and the precatalytic mixture are decisive in determining the reaction outcome.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Free radical processes are established as powerful and versatile
tools for organic synthesis.1 The notoriety of tin hydrides as reliable
radical chain carriers and good hydrogen donors is well docu-
mented.2 However, providing efficient alternatives that are less
toxic and easier to remove at the end of the reaction is highly de-
sirable for modern synthetic chemistry.3

In this context, intensive research has been conducted on the
development of tin-free mediators, mainly focused on hydrides of
main-group elements including silicon,4 germanium,5 boron6 and
phosphorus7 derivatives. Besides these examples, interesting al-
ternatives have been discovered with hydrides of gallium,8 indium8

and transition metal complexes including titanium,9 zirconium10

and chromium.11 However most of these reactions require stoi-
chiometric or substoichiometric amount of reagents, and chal-
lenges remain to develop catalytic alternatives.

A solution to this problemwas the design of new metal/hydride
systems that used a catalytic amount of metal complex. The story
began with the work of Kuivila,12 Corey13 and Stork14 who used
catalytic amounts of tinhydridewith a stoichiometric hydride source
(LiAlH4, NaBH4, NaBH3CN) for the simple reduction of halides. But to
avoid the use of tin, other metal complexes based on gallium,8 in-
dium,15 titanium,9c,16 zirconium,10 chromium,17 cobalt18 and nickel19

associated with a reducing agent such as Red-Al or sodium borohy-
dride have proven to be effective for such reductive transformations.
Frequently, it has been proposed that under reducing conditions
transition metal hydride species are formed, acting as the mediator
for reductive radical reactions. However, the in situ formation of the
hydrido transition metal species, and the subsequent reaction
mechanism have both remained largely unexplored.

Of particular interest was the reactivity of iron for mediating
reductive radical reactions since iron is abundant, cheap and has
a low toxicity. Intermolecular radical reactions mediated by iron
have been established.20 However interestingly, there are consid-
erably fewer examples of related iron-mediated reductive intra-
molecular radical reactions. The first example by Meunier reported
the radical cyclization of 5-hexenyl bromide involving a single
electron transfer process with a stoichiometric amount of an iron
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(II)dGrignard species, Cp(DIPHOS)FeMgBr.21 Later, Oshima pro-
posed catalytic conditions with the use of 5 mol % ferrous chloride
and a Grignard reagent for the radical cyclization of iodo- and
bromoalkenes to unsaturated or partially reduced tetrahydrofurans
depending on the nature of the Grignard compound.22

To achieve a more effective system for catalytic reduction and
thus avoid the formation of unsaturated products, a preliminary
communication reported the reductive radical reactions of alkyl-
halides catalyzed by iron(II) dichloride (10mol %) in the presence of
sodium borohydride in acetonitrile (Scheme 1).23 Direct reduction
occurred in good yields, and unsaturated primary and secondary
systems bearing either iodide or bromide radical precursors effi-
ciently provided the corresponding products of tandem cyclization/
reduction reactions.

To gain more insight into the mechanism of these reactions, the
iron(II) precatalyst [FeCl2(dppe)2] (3) (dppe¼1,2-
bisdiphenylphosphinoethane) was selected as a probe due to the
stabilizing effect imparted by the bis-phosphine ligands. Electro-
chemical studies on 3 in the presence of sodium borohydride
clearly identified the formation of an iron monohydride
[HFeIICl(dppe)2] (4) that upon reduction generated the anionic
hydridoiron(I) [HFeICl(dppe)2]� (5). The catalytic activity of this
species has been demonstrated by an increase of the observed re-
duction current of [HFeIICl(dppe)2] (4) with the number of iodoa-
cetal 1a equivalents (Scheme 2).

However during the preparative electrolysis of iodide 1a (in the
absence of NaBH4), the formation of the bicyclic byproduct 2b
resulting from iodine atom transfer (ca. 10% yield) was observed.
This could suggest, as also recently proposed by Curran and
Studer,24 that under the standard conditions given in Scheme 1, the
cyclization process could involve iodine atom transfer, followed by
nucleophilic substitution of the resulting primary iodide with the
borohydride to give 2a (Scheme 2, pathway B). In sharp contrast,
the corresponding bromide (1b) is presumably not sufficiently re-
active to undergo the equivalent bromine atom transfer, yet the
reductive cyclization reaction takes place in similar yields from this
substrate.25 It is even more difficult to conceive a bromine atom
transfer taking place in the cyclization of the primary bromide A to
give B as shown in Scheme 1. To follow up on the mechanistic in-
vestigations carried out on 1a, analysis was extended to the bro-
moacetal derivative 1b. These studies have provided new insights
into this interesting transformation.

2. Results

2.1. Influence of reaction parameters

To complement the previous study, the influence of the iron and
hydride sources and their respective loadings on the cyclization of
bromoacetal 1b was investigated as described in Scheme 3.

2.1.1. Influence of the iron source. A variety of iron salts and iron
complexes were screened under the general reaction conditions
shown in Scheme 3 and a selection of the results are shown in
Table 1 (see the Supplementary data for the complete table of
results for bromoacetal 1b, and results for iodoacetal 1a). The
bromoacetal 1b was found to be more sensitive to the iron source
than the corresponding iodoacetal 1a: for example, while iodoa-
cetal 1a reacted well (62e65% yield) in the presence of iron(II)
dichloride (98%), no reaction was observed with bromoacetal 1b
(Entry 1) or iron(III) trichloride (98%, Entry 4). In contrast, reaction
with high purity iron(II) and (III) chlorides proceeded in similar,
good yields (Entries 2 and 5), interestingly the results with high
purity iron(II) dichlorides were dependent on the commercial
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Scheme 1. Iron(II)-mediated tandem cyclization/reduction reactions in the presence of
NaBH4 (previous work).23
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Scheme 2. Generation and reactivity of the anionic hydridoiron(I) active species
([HFeICl(dppe)2]�) (5) for the reductive cyclization of 1a via Pathway A (major) and
Pathway B (iodine atom transfer. Note: Initiation by NaBH4 alone is also possible).
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Scheme 3. Iron(II)-mediated 5-exo-trig radical cyclization of unsaturated b-bromoa-
cetal 1b in the presence of NaBH4.

Table 1
Reactivity of 1b in the presence of [Fe] or [Cu] (10 mol %) and sodium borohydride
(150 mol %)a

Entry [M], M¼Fe, Cu Purity% Yield% (2a)

1 FeCl2 98 0
2 FeCl2b 99.99 78
3 FeCl2c 99.99 39
4 FeCl3 98 0
5 FeCl3 99.99 80
6 [FeCl2(dppe)2] (3) N.D. 78
7 CuCl2 99.995 14

a Reaction conditions: 1b (1.0 mmol, 0.5 M CH3CN), [M] M¼Fe, Cu (10 mol %),
NaBH4 (150 mol %), 50 �C, 16 h.

b Commercial supplier: SigmaeAldrich.
c Commercial supplier: Alfa Aesar.
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