
Radical Reduction
DOI: 10.1002/anie.200805362

Linking Borane with N-Heterocyclic Carbenes: Effective
Hydrogen-Atom Donors for Radical Reactions**
John C. Walton*

boron · C�H activation · N-heterocyclic carbenes ·
radicals · reduction

The search for simple, nontoxic, nonexplosive compounds to
mediate free-radical syntheses has led to a great deal of
interesting and original chemistry. Numerous compounds
suitable for radical generation, including silicon hydrides,
germanium hydrides, xanthates, phosphites, and cyclohexa-
diene derivatives, have been described,[1] but all have a
limited range of applicability. Much radical chemistry has
been based on organoboranes. For example, trialkyl boranes
have found application in radical alkylation reactions,[2] and
the system Et3B/O2, introduced by Nozaki et al. ,[3] has been
widely used to initiate radical reactions. B-Alkyl catecholbor-
anes (2-alkyl-1,3,2-benzodioxaboroles), developed by Re-
naud and co-workers, are particularly flexible reagents for
the alkylation of enones, the allylation of alkenes, alkynyla-
tion, methanimination, cyanation, and related reactions.[4]

A new direction has been given to this line of research by
a recent article from the research groups of Fensterbank,
Lac�te, Malacria, and Curran (hereafter referred to as
FLMC), who described a marriage of organoboron chemistry
with that of N-heterocyclic carbenes (NHCs).[5] The offspring
of this union are NHC–borane complexes, which show great
promise as a new class of hydrogen-atom donors for radical
reactions. The bond-dissociation energy (BDE) of borane
(BH3) is much too high at 445.5 kJmol�1 for this compound to
function as an H-atom donor. It is known, however, that this
property can be modulated by ligating borane with Lewis
bases. Amine–borane and phosphine–borane complexes were
studied extensively in the 1980s and 1990s by Roberts and co-
workers.[6] They found that electrophilic radicals selectively
removed a hydrogen atom from the boron atom of RNH2–
BH2R complexes to initially generate amine–boryl radicals,
which rapidly rearranged to aminyl–borane radicals. The
amine–boryl radicals were nucleophilic in character and were
selective H-atom abstractors. They were therefore suitable for
use in polarity-reversal catalysis.[6,7] The studies of Roberts
and co-workers indicated that the B�H BDE was reduced by
complexation with an amine (or phosphine), a result sup-
ported by later DFT computations,[8] which gave values in the

range 393–435 kJmol�1. Phosphine–boranes[9] and amine–
boranes[10] have both been used successfully as reducing
agents in homolytic preparative procedures. Furthermore,
stereoselective H-atom donation by chiral amine–boranes
was also observed,[6, 11] but only exploited to a limited extent in
organic synthesis.

The great structural versatility of NHCs provides divers
opportunities to tune their physicochemical properties. A
large variety of scaffolds, including imidazolium, triazolium,
and thiazolium derivatives (1, 2, and 3, respectively,
Scheme 1) can be constructed readily and have found

numerous uses in organocatalysis and organometallic catal-
ysis.[12] The heteroatom donor groups remove the degeneracy
of the carbene orbitals and thus enhance the nucleophilicity of
the carbon atom. These singlet carbenes possess low-energy
highest-occupied molecular orbitals (HOMOs) and high-
energy lowest-unoccupied molecular orbitals (LUMOs).
They are stronger electron-pair donors than amines, because
the electronegativity of the carbene carbon atom is lower than
that of a nitrogen atom. Since the amino groups are
p-donating and s-withdrawing, 2,3-dihydro-1H-imidazol-2-
ylidenes benefit from a “push–pull” effect.[12] NHCs act as
s-type ligands for many metals and have been called
“phosphine mimics”.

The key idea behind the research of FLMC was that
complexes of NHCs and borane would have weakened B�H
bonds and be better H-atom donors than amine–boranes or
phosphine–boranes. In an elegant example of theory com-
plementing experiment, FLMC first carried out DFT compu-
tations on the NHC–borane complexes 4–6 (Scheme 2). The
B�H BDEs of these complexes were predicted to be
approximately 125 kJmol�1 lower than that of BH3.

Thus, the computed B�H BDEs were only marginally
greater than the BDEs of the analogous bonds in the good
donors Bu3Sn�H and (Me3Si3)3Si�H. Next, complexes 5 and 6

Scheme 1. Archetypal 6p N-heterocyclic carbenes.
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were tested as radical reducing reagents in experiments with a
series of secondary and benzylic xanthates. With AIBN as the
initiator, reduced products were isolated in yields ranging
from 57 to 70%. In a second set of experiments, Et3B/O2 was
used as the initiator at room temperature; generally higher
yields were observed (71–84 %). The hypothesis that these
reactions were mediated by radicals was supported by the fact
that the hexenyl xanthate 7 yielded the cyclopentyl derivative
8 through a 5-exo ring closure favored by radicals (Scheme 3).

A xanthate precursor to a cyclopropyl carbinyl radical
afforded the ring-opened product. These results demonstrat-
ed that NHC–boranes are competent H-atom donors to
C-centered radicals. Of course, their applicability in other
types of radical reduction has yet to be tested, and the rate
constant for hydrogen-atom transfer has still to be deter-
mined. Many achiral as well as chiral NHCs are available, so
opportunities to modify the chemical environment of the B�
H bond, its strength and accessibility, will be plentiful. Chiral
NHCs ligated to metals have proved useful in controlling the
stereochemical outcome of reactions in numerous catalytic
applications. There is clear opportunity for the development
of practical stereoselective radical reduction protocols around
NHC–borane reagents.

The NHC–boryl radical 9 and related radicals generated
by H-atom transfer from the corresponding NHC–BH3

complexes are particularly intriguing. EPR spectroscopic
observations of amine–boryl radicals, such as Me3N···BH2C,
showed them to be s-type radicals pyramidal at boron and
nucleophilic in character.[7,13] They rapidly and selectively
abstracted H atoms from C atoms adjacent to electron-with-
drawing substituents.[6] It is probable, however, that amine–
boryl or phosphine–boryl radicals are not good models for
most NHC–boryl radicals. In NHC–boryl radicals, the un-
paired electron is initially created at the BH2 group adjacent
to a quasiaromatic imidazolium ring. Delocalization of the

unpaired electron into the NHC p system is the probable
consequence.

Rough sketches based on DFT computations (B3LYP
with a 6-31G(d) basis set) of the singly occupied molecular
orbitals (SOMOs) of Me3N···BH2C (10), the NHC–boryl
radical 11, and the benzyl radical 12 are displayed in
Scheme 4. The NHC–boryl radical is predicted to be quite

unlike the bent s amine–boryl radical, but quite like the
p-delocalized benzyl radical. The calculated structure of 11 is
essentially planar. Its p system is strikingly similar to that of
the benzyl radical and extends to all skeletal atoms. Similar
delocalized electronic structures are expected for imidazo-
lium, triazolium, and thiazolium NHC–boryl species. Con-
sequently, NHC–boryl radicals should be stabilized signifi-
cantly by resonance, that is, thermodynamically. The forma-
tion of such resonance-stabilized radicals is thought to be a
major factor in lowering the transition-state energy of
H-atom-transfer reactions of NHC–boranes. Like benzyl
radicals, NHC–boryl radicals are not expected to abstract
H atoms easily (except from species with even lower X�H
BDEs than NHC–boranes, for example, RSH). This charac-
teristic would not lead to long lifetimes (i.e. persistence) in the
case of sterically uncrowded NHC–boryl radicals, because
dimerization is a reaction channel that is always open to them.
Furthermore, resonance-stabilized radicals, such as the benzyl
radical, are known to attack sulfur-containing functional
groups and add to multiple bonds. By analogy, NHC–boryl
radicals probably react with the xanthate moiety to propagate
the chain reaction.

A further arresting feature associated with organoborane
complexes is that, whereas the B�H BDE of BH3 is lowered
by ligated HNCs and by ligated Lewis bases, boron appears to
“return the compliment” by lowering the O�H BDE of
ligated H2O and MeOH in complexes such as 13 and 14
(Scheme 5). Remarkably, reagents 13 and 14 were found to be
good H-atom donors to radicals derived from xanthates and
alkyl catecholboranes.[14] The crucial feature of these com-
plexes is that Lewis acid–base interactions between the
boranes and hydroxylic compounds substantially reduce their
O�H BDEs. For the case of water complexed with Me3B, the
O�H BDE was computed to be decreased by 125 kJmol�1

from the BDE of the O�H bond in uncomplexed water.
Clearly, further theoretical study needs to be devoted to the
importance of Lewis acid–base interactions in comparison

Scheme 2. N-heterocyclic carbene–borane complexes.

Scheme 3. Reduction of a secondary hexenyl xanthate with the NHC–
borane 5. AIBN = azobisisobutyronitrile, Bn= benzyl.

Scheme 4. Sketches of the frontier semioccupied orbitals of model
amine–boryl and NHC–boryl radicals and the benzyl radical.
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with the resonance stabilization of product species for both
borane–NHC and borane–OHR complexes.

The sheer size of the decrease in the B�H BDE brought
about by complexation with NHCs is remarkable and chemi-
cally very significant. One immediate result is the develop-
ment by FLMC of a new and promising suite of reagents for
mediating radical reductions. The growing popularity of
NHCs owes much to their scope for structural modulation.
Much profitable transfer of know-how from NHC chemistry
to synthetic radical chemistry can be expected. In the longer
term, this discovery suggests that sizeable reductions in the
strengths of other bonds may also result from Lewis acid–base
interactions. NHC complexes with other types of boranes
(BX3) as well as other hydrides (YHn) are known. Important
developments along these divergent pathways can be antici-
pated.
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Scheme 5. Reductions with borane-ligated water and methanol ligated
to a boronic ester. Z = alkyl or OMe.
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