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Abstract: Water or low molecular weight alcohols are, due to their availability, low price and low toxicity ideal
reagents for organic synthesis. Recently, it was reported that, despite the very strong BDE of the O–H bond, they
can be used as hydrogen atom donors in place of expensive and/or toxic group 14 metal hydrides when boron
and titanium(iii) Lewis acids are present. This finding represents a considerable innovation and uncovers a new
perspective on the paradigm of hydrogen atom transfers to radicals. We discuss here the influence of complex
formation and other association processes on the efficacy of the hydrogen transfer step. A delicate balance
between activation by complex formation and deactivation by further hydrogen bonding is operative.
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Introduction

The O–H bond in water and alcohols is
one of the strongest single bonds in organic
molecules (BDE = 110–118 kcal mol–1).[1]
Such high bond energies normally pre-
clude hydrogen atom transfer to organic
free radicals, and the hydroxyl group of al-
cohols is generally considered to be inert in
radical mediated transformations. In con-
trast to this commonly accepted behaviour,
several groups recently reported reductive
radical transformations in which the trans-
ferred hydrogen atom originated from the
hydroxyl group of water or alcohols.

Using trivalent titanocene complexes
to generate β-titanoxy alkyl radicals from
epoxides,[2] Cuerva, Oltra and cowork-
ers observed the formation of the reduced
compound when the reaction was per-
formed in wet tetrahydrofuran (Scheme
1).[3] Since hydrogen atom transfer from
water was deemed unfeasible, hydrolysis

of an organotitanocene intermediate was
first proposed. Nevertheless, extensive
deuteration and competition experiments
discarded this hypothesis, and water was
eventually recognised as the source of hy-
drogen atoms in this reaction.[4] This dra-
matic weakening of the water O–H bond
was reasonably attributed to the forma-
tion of a Lewis acid-base complex with
the transition metal (Scheme 1, complex

A),[5] for which DFT calculations showed
a diminution of the O–H bond dissociation
energy (BDE) by nearly 60 kcal mol–1.[4,6]

In parallel, Wood and coworkers
observed a similar behaviour of water
in trimethylborane mediated Barton–
McCombie deoxygenations (Scheme 2).[7]
Supported by DFT calculations, they pos-
tulated that the formation of a boronate
complex B between the trialkylborane and
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Scheme 1. Radical reduction of epoxide using Cp2TiCl–H2O.
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with methanol when employing similar
concentrations as used in kinetic studies of
the hydrogen atom transfer to a secondary
alkyl radical.[15a] This result advocates for
a much more important activation of the
O–H bond of methanol by a trialkylborane
than previously envisaged.Using the actual
concentration of complex, the rate constant
for the hydrogen atom transfer is found to
be about 106 M–1s–1, a value similar to the
one reported for tri-n-butyltin hydride.

Hydrogen Bonding Environment

At first sight, these results suggest that
in pure methanol solution at room temper-
ature, an excellent hydrogen atom donat-
ing ability should be observed since Et

3
B

is expected to be quantitatively complexed
by methanol. This is however not the case;
Et

3
B mediated iodine atom transfer reac-

tions are known to take place efficiently in
water and alcohols without formation of
reduced products.[17] This counterintuitive
result is best explained by hydrogen bond-
ing. The effect of hydrogen bonding on
hydrogen atom transfer reactions has been
thoroughly studied in the case of phenols,
leading to a quantitative description of ki-
netic solvent effects.[18] In the presence of
hydrogen bond acceptors, only the phenols
free of hydrogen bonding can transfer their
hydrogen atoms.[19]As all hydroxylic com-
poundsmethanol is prone to formhydrogen
bonds, being principally in the form of po-
ly/oligomeric clusters in solution.[20] Upon
complexation with a Lewis acid, a water
or alcohol molecule should not lose its hy-
drogen bond donating ability. Therefore,
the environment of such complexes has a
dramatic effect on their aptitude to trans-
fer hydrogen atoms. Zipse’s calculations
on the trimethylborane–water complex B
already suggested the detrimental effect of
the coordination of a second water mol-
ecule.[21] Similarly, hydrogen bond forma-
tion with THF has recently been proposed
to dramatically decrease the reactivity of
the titanocene–water complex A.[6] Thus,

water would drastically decrease the O–H
BDE. This process could then be extended
to various reductive transformations, using
different combinations of primary trialkyl-
boranes and alcohols as hydrogen–deute-
rium sources.[8]

During the same years, our group dis-
closed a method for the radical protonoly-
sis ofB-alkylcatecholboranes usingmetha-
nol as the hydrogen atom source (Scheme
3).[9] The activation of the O–H bond in
methanol by complexation with the Lewis-
acidic B-methoxycatecholborane was also
proposed, however no direct evidence for
the formation of such species could be ob-
tained (Scheme 3, complex C).

Complex Formation

Water or low molecular weight alco-
hols are certainly the cheapest molecules,
and their use as radical reducing agents in
place of expensive and/or toxic group 14
metal hydrides would represent a consider-
able innovation. In a broader view, this un-
precedented mode of activation might have
important consequences on the mechanism
of biological enzymatic transformations,
where transition metal-aqua complexes are
involved. The answer to whether or not this
behaviour is operative in other systems re-
quires a fundamental understanding of the
parameters governing it, and to start ad-
dressing this question, both thermodynam-
ic information on the association process
and kinetic data on the rate of the hydrogen
atom transfer are essential.

Studying the Lewis acid-base inter-
actions between titanocene and various
ligands by UV spectroscopy, Cuerva and
coworkers found the formation of the
titanium-aqua complex A to be already
quantitative at rather low concentrations
of water (ca. 0.1 M in THF).[10] In parallel,
Newcomb and Jin measured the rate k

H
at

which complex A transfers a hydrogen at-
om to a secondary alkyl radical to be about
105 M–1s–1 at 293 K, a value close to the
one measured for tris-trimethylsilylsilane,
a commonly used hydrogen atom donor in
radical reactions.[11]

On the other hand, despite the wide-
spread use of boron derivatives as Lewis
acids, little is known about their associa-
tion with alcohols.[12] Hence, to gain fur-
ther information on these putative reactive
intermediates, we started to study the for-
mation of organoboranes–methanol com-
plexes using 11BNMR spectroscopy. In the
case of B-methoxycatecholborane–metha-
nol mixtures, no tetracoordinated species
could be detected under the reaction condi-
tions, strongly discarding the implication
of complex C in the reduction process.[13]
Instead, we observed a rapid transesterifi-
cation reaction with methanol that gener-
ated trimethylborate and catechol (Scheme
4). The latter was then confirmed to be the
genuine hydrogen atom donor, leading
to the development of a mild procedure
for the formal protonolysis of organobo-
ranes.[14]

Interested by the comparative behav-
iour of trialkylboranes, we next focused

our attention on the coordination of metha-
nol by triethylborane (Et

3
B), a system for

which the rate of hydrogen atom transfer
had previously been studied by Newcomb
and Jin.[15] 11BNMR spectroscopy revealed
that Et

3
B and methanol associate, but only

to a minor extent under the reported re-
action conditions (Scheme 5).[16] For in-
stance, only 1–2% of Et

3
B was complexed
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the rate constants determined for both
complex A and D are probably underes-
timated since only the fraction of complex
not involved in further hydrogen-bonding
will react (Scheme 6). The reactivity of the
free complexes for hydrogen atom transfer
reactions is thus probably much higher that
initially thought, in accordance with the
corresponding low calculated O–H bond
dissociation energies.[6,7]

Conclusions

In solutions, further hydrogen-bond-
ing of metal-aqua complexes may have
masked the activation of water toward hy-
drogen atom transfer, which could then be
more general than the two cases reported
until now. The question of which type of
Lewis acid could induce a large diminution
of the O–H bond dissociation energy upon
complexation with an alcohol or water re-
mains opened. Seen as a proton coupled
electron transfer, the hydrogen atom trans-
fer requires an electron rich orbital avail-
able to furnish the electron. Titanium(iii) is
a well-known one-electron reducing agent
whereas hyperconjugation of the electron
rich C–B sigma bond with the O–H bond
of water may fulfil this role in the case
of trialkylborane complexes B and D.[21]
Albeit counter-intuitive, the common
characteristic would thus be electron-rich

Lewis acids. The idea of associating a good
proton donor with a good one-electron do-
nor to generate an efficient hydrogen atom
donor appears then fairly reasonable and
opened the door to the development of new
reagents.
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Scheme 6. Activation
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toward hydrogen
atom transfer by
Lewis acids (M = R3B,
Cp2TiCl) and deac-
tivation of the cor-
responding complex
by further hydrogen
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