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ABSTRACT: Highly reducing Sm(II) reductants and protic ligands were used
as a platform to ascertain the relationship between low-valent metal-protic ligand
affinity and degree of ligand X−H bond weakening with the goal of forming
potent proton-coupled electron transfer (PCET) reductants. Among the Sm(II)-
protic ligand reductant systems investigated, the samarium dibromide N-
methylethanolamine (SmBr2-NMEA) reagent system displayed the best
combination of metal−ligand affinity and stability against H2 evolution. The
use of SmBr2-NMEA afforded the reduction of a range of substrates that are
typically recalcitrant to single-electron reduction including alkynes, lactones, and arenes as stable as biphenyl. Moreover, the unique
role of NMEA as a chelating ligand for Sm(II) was demonstrated by the reductive cyclization of unactivated esters bearing pendant
olefins in contrast to the SmBr2-water-amine system. Finally, the SmBr2-NMEA reagent system was found to reduce substrates
analogous to key intermediates in the nitrogen fixation process. These results reveal SmBr2-NMEA to be a powerful reductant for a
wide range of challenging substrates and demonstrate the potential for the rational design of PCET reagents with exceptionally weak
X−H bonds.

■ INTRODUCTION
The coordination of a Lewis basic ligand containing X−H
bonds (where X = O, N, etc.) to a redox-active metal in a
higher oxidation state leads to a substantial heterolytic
weakening of the coordinated ligand producing a stronger
acid. However, coordination to the same metal in a lower
oxidation state has a less profound impact on the acidity of the
coordinated ligand. Conversely, coordination of ligands with
X−H bonds to low-valent metals leads to a significant decrease
in the ligand bond dissociation energy.1 This unique feature of
ligand coordination to a redox-active center is best exemplified
by the work of Kovacs and colleagues shown in Scheme 1. The
pKa of water coordinated to the iron(II) complex I is 8 orders
of magnitude less acidic than coordination to the iron(III)
analogue III. However, coordination of water to I leads to a
bond weakening of the O−H of approximately 54 kcal/mol.2

There are a number of other examples of bond weakening
that demonstrate the impact of coordination to low-valent
metals through coordination of protic ligands.3−5 An
impressive example by Peters and co-workers established that
the protonation of Cp*2Co and related low-valent metal-
locenes leads to the formation of an incredibly weak C−H or
N−H bond. These reagents enable formal hydrogen atom
transfer (HAT) that provides a unique approach for the
development of proton-coupled electron transfer (PCET)
donors and PCET mediators in a number of reductions and
bond-forming reactions.6−8 While all of the aforementioned
examples provide strategies to induce bond weakening, the use
of this approach in synthesis is only being fully realized,

predominantly through the work of Knowles and co-work-
ers.9−11

Over the past several years, we have explored the mechanism
of reactions that use the combination of samarium diiodide
(SmI2) and water. This reagent system is unusual since it
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Scheme 1. Thermochemical Square for the
Dehydrogenation of I2
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facilitates the reduction of substrates that have significantly
more negative reduction potentials than the Sm(II)-water
complex.11 The work of our group and that of Mayer and
Kolmar provide compelling evidence that the reduction of
many substrates by SmI2-water proceeds through proton-
coupled electron transfer (PCET).12−14 While the use of
Sm(II)-water in synthesis is well documented,15 it can also be
employed in other systems as exemplified by the elegant work
of Nishibayashi et al., demonstrating that the reagent system
can be used to reduce nitrogen through molybdenum-catalyzed
fixation.16

Recently, we proposed that a key feature responsible for the
unique reactivity of the Sm(II)-water complex is strong
coordination that leads to significant weakening of the O−H
bond of ligated water.17 If this supposition is correct, then the
stronger the coordination between a low-valent metal and
ligand, the greater the degree of bond weakening that should
occur. The thermochemical cycle in Scheme 2 provides a

thermodynamic argument in favor of this point, demonstrating
that the change in the bond dissociation free energy (BDFE)
will be greater for ligands that have a strong interaction with a
low-valent metal.4 The cycle in Scheme 2 shows that the
energy difference between the X−H bond strength of the free
(ΔGo1) and low-valent metal-bound ligand (ΔGo3) is equal to
the energy difference between the Mn+1-XR BDFE (ΔGo4) and
the free energy of coordination between the chelating ligand
RX−H and Mn (ΔGo2). Since all free energy terms are positive,
the ΔBDFE (X−H bond weakening) will be greater for high
affinity ligands. In addition, the Coulombic affinity between the
deprotonated ligand and the high valent metal provides an
additional important driving force.
Reagents based on Sm(II) provide a unique platform to test

this supposition because a range of anionic ligands can be
readily exchanged to tune the redox potential of the reagent,
and the large coordination sphere enables the coordination of a
variety of protic ligands. Furthermore, Lewis basic ligands such
as glycols and amino alcohols that coordinate with varying
affinities to Sm(II) are easily accessible. Herein, we
demonstrate that the appropriate choice of chelating the
protic Lewis base and Sm(II) reductant can be identified that
combines complex stability and reactivity, enabling the
reduction of a range of substrates through PCET that cannot
be reduced by electron transfer alone.

■ RESULTS AND DISCUSSION
To initially examine the relationship between protic ligand
affinity for Sm(II) and reactivity, a series of strongly reducing

Sm(II) complexes in THF were examined including samarium
dibromide (SmBr2), samarium dichloride (SmCl2), decamethyl
samarocene (SmCp*2), and Sm(II) bis-trimethylsilyl amide
(Sm(HMDS)2).

18−20 Addition of 15 equiv of ethylene glycol
and ethanolamine with respect to [Sm(II)] was initiated for
each reductant in a sealed round bottom flask under an Ar
atmosphere, and the evolution of H2 was monitored via a
pressure sensor over 10 min. Most combinations evolved H2
too rapidly to be useful, but among those examined, SmBr2 and
ethanolamine provided the most stable combination of
reagents.
We have previously demonstrated that the steric bulk of an

alcohol impacts the affinity for Sm(II).21 To determine
whether the affinity of an ethanolamine for Sm(II) could be
further modulated, a series of ligands including ethanolamine
(EA), N-methylethanolamine (NMEA), and N,N-dimethyle-
thanolamine (DMEA) shown in Scheme 3 were examined
using UV−vis spectrophotometry.

As predicted, EA had the highest affinity for SmBr2 in THF
followed by NMEA and DMEA as measured by UV−vis
spectroscopy (see the Supporting Information). Although EA
had the highest affinity for SmBr2, it was the least stable among
the series. The combination of SmBr2-NMEA (shown in
Figure 1) was the most promising since it had a high affinity
for the metal and was stable within a reasonable timeframe for
further reactivity studies.

Next, conductance studies were performed to elucidate the
nature of the SmBr2-ethanolamine complexes formed in
solution. Addition of strongly coordinating ligands to
samarium dihalides induces full or partial halide dissociation,
which can be detected via the corresponding increase in
solution conductivity. Based on the previous UV−vis studies,
we predicted that EA would induce the greatest degree of
bromide displacement from Sm(II) followed by NMEA and
DMEA. However, the solution conductivity data shown in

Scheme 2. Thermochemical Cycle for Metal−Ligand
Association and H-Atom Loss from the Resulting Complex4

Scheme 3. Ethanolamines Used in the Study

Figure 1. UV−vis absorption spectra of 2 mM SmBr2 (blue diamond)
in the presence of 5 equiv (red solid square), 10 equiv (green open
square), 15 equiv (purple open square), and 20 equiv (blue open
square) of NMEA.
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Figure 2 is consistent with the greatest degree of bromide
displacement upon addition of NMEA to SmBr2 followed by

DMEA and EA. These results suggest that the steric bulk of the
high-affinity ligand also plays a significant role in inducing
halide displacement upon coordination to SmBr2. Based on the
UV−vis affinity data in Figure 1 and the solution conductivity
data in Figure 2, we propose that the combination of the high
affinity of NMEA for Sm(II) coupled with the steric bulk
afforded by an N-methyl group is responsible for the observed
degree of bromide displacement from Sm(II) upon coordina-
tion of NMEA.
To assess the reactivity of the SmBr2-NMEA reagent system

and test the limits of reduction, a series of arenes were
examined that form successively weaker C−H bonds upon
formal hydrogen atom transfer (HAT), as shown in Scheme 4

(see the Supporting Information).22 This approach enables an
estimation of the degree of bond weakening that occurs upon
coordination of NMEA to SmBr2 since the initial HAT from
the complex could be endergonic by 5−10 kcal/mol followed
by subsequent ET-PT or PCET exergonic steps. All arenes
were reduced by SmBr2-NMEA in THF rapidly at room
temperature. trans-Stilbene and naphthalene provided clean
reductions, while the reduction of biphenyl produced several
products including cyclohexylbenzene.
Since the reduction of naphthalene proceeded cleanly, this

framework was chosen for further studies. Both 1-methox-

ynaphthalene and 1-fluoronaphthalene were reduced to the
1,4-dihydronaphthalene products by SmBr2 containing 4−15
equiv of NMEA (based on [SmBr2]), as shown in Figure 3A.

Given the moderate rate of reduction of 1-methoxynaph-
thalene by SmBr2-NMEA, it was identified as an ideal substrate
for kinetic studies to examine the mechanism of arene
reduction by SmBr2-NMEA. Stopped-flow spectrophotometry
was used to determine the rate of the reaction and the rate
order of each component by monitoring the decay of the
characteristic absorption of Sm(II) at 540 nm.23 The results of
these kinetic studies and a sample decay curve are shown in
Figure 3B.
The results of the kinetic studies reveal that the reaction is

approximately first order in each component with a rate
constant of 4.9 M−2 s−1 for the reduction of 1-methoxynaph-
thalene by SmBr2-NMEA at room temperature. Rate measure-
ments using N- and O-deuterated NMEA provided a kinetic

Figure 2. Conductivity study of SmBr2 in the presence of different
ligands EA (red circles), NMEA (blue circles), and DMEA (green
circles).

Scheme 4. Products of Initial HAT Reductions of Arenes by
SmBr2-NMEA and Associated C−H BDFEs

Figure 3. (A, B) Kinetic studies of substrate reduction by SmBr2-
NMEA.
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isotope effect of 1.2. Activation parameters demonstrate a low
barrier to bond reorganization and an organized transition
state. Taken together, these data are consistent with previous
studies of Sm(II)-proton donor systems where substrate
reduction occurs through concerted proton−electron transfer
(CPET).14

Previous collaborative work from our group demonstrated
that Sm(II) is more azaphilic than oxophilic.24 The presence of
nitrogen in NMEA is likely responsible for the strong
coordination between the ligand and metal. One question
that remains is does H-transfer originate from the N−H or O−
H bond? First, a previous study demonstrates that proton-
transfer in arene reduction occurs from DMEA, a chelating
ligand with no coordinated N−H bond.24 Second, ethylenedi-
amine, which is expected to coordinate more strongly, does not
lead to substrate reduction.24 Finally, substitution on the N or
O of coordinating alcohols and amines inhibits coordination to
Sm(II).4,21,24 As a consequence, while nitrogen coordination
enhances chelation to Sm(II), the more acidic proton from the
bound O−H of NMEA is the likely source of hydrogen in
substrate reduction.
With this analysis in hand, we examined a series of substrates

that are typically recalcitrant to ET from Sm(II). Three
alkynes, 6-dodecyne, 5-decyne, and 4-decyne, were reduced to
the cis products in 92, 88, and 58% yields, respectively, as
shown in Scheme 5 below. The balance of each reaction was an
unreduced starting material and a small amount of alkane.

The reduction of unactivated esters by SmBr2-NMEA was
also examined. Methyl 3-phenylpropanoate, γ-heptalactone, δ-
decalactone, and ε-caprolactone were each reduced quantita-
tively by a slight excess of SmBr2-NMEA to the respective
alcohol and diol products shown in Scheme 6. While the

reductions of unactivated esters by SmI2-water-amine and six-
membered lactones by SmI2-water are known, five- and seven-
membered lactones are significantly more recalcitrant to
reduction by Sm(II).25−28

Building upon previous studies of ester reductions by Sm(II)
reagents, it was hypothesized that ester reduction by SmBr2-
NMEA proceeds through a C-centered radical intermediate, as
shown in Scheme 7.29 It was therefore proposed that the
reduction of an unactivated ester with a pendant radicophile by
SmBr2-NMEA should result in substrate cyclization. To test
this supposition, we used an unactivated double bond as the

radicophile. Although an example of a cyclization of an ester
with an activated double bond was recently demonstrated,30

activated double bonds are often reduced preferentially to
carbonyls by strong reductants and HAT reagents.31−33

Gratifyingly, treatment of the family of ester-olefin substrates
shown in Scheme 8 with SmBr2-NMEA resulted in substrate 5-

exo-trig radical cyclization to form the corresponding five-
membered cyclic alcohols in very good to excellent isolated
yields. The cyclic alcohol products each contain three
stereocenters, and 1H and 13C NMR data collected for the
products are consistent with the presence of multiple
diastereomers. Although four diastereomers are possible,
NMR spectra indicated the presence of two different
diastereomers of equal distribution but we were unable to
fully resolve stereoselectivity for this cyclization.
One question that arises from this work is whether the use of

SmBr2-NMEA is mechanistically distinct from the Sm(II)-
water-Et3N system developed by Hilmersson et al.34 To test
this question, 1d was treated with SmBr2-water-Et3N, yielding
a mixture of products and unreacted starting material. This
result contrasts with the recovery of only the cyclized product
2d from the reaction of 1d with SmBr2-NMEA (see the
Supporting Information). These observations are consistent
with a difference in the mechanistic pathway between the ET-
PT proposed for Sm(II)-water-Et3N compared to SmBr2-
NMEA, which was demonstrated to proceed via PCET vide
supra.35,36

Given the successful reduction of a broad scope of
challenging substrates by SmBr2-NMEA, we considered
whether the SmBr2-NMEA reagent could be applied to
difficult substrate reductions of significant societal importance.
Notably, the use of Sm(II)-water as a terminal reductant in the
Mo-catalyzed fixation of N2 has been described by Nishibaya-
shi and co-workers.16 We therefore investigated the reduction
of analogues to intermediates in the nitrogen fixation process
using SmBr2-NMEA. Azobenzene was found to be reduced

Scheme 5. Reaction Scheme for the Reductions of Alkynes
to cis-Alkenes by SmBr2-NMEA

Scheme 6. Reaction Scheme for the Reductions of Esters
and Lactones by SmBr2-NMEA

Scheme 7. Reaction Scheme and Proposed Intermediate for
the Reduction of Hydrocinnamic Methyl Ester by SmBr2-
NMEA

Scheme 8. Reaction Scheme and Substrate Scope for the
Reductive Cyclization of Ester-Olefins by SmBr2-NMEA
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rapidly to a give a quantitative yield of 1,2-diphenylhydrazine,
as shown in Scheme 9 (top). The stability of the N−N σ-bond

against reduction by SmBr2-NMEA was hypothesized to be a
consequence of steric interference by the two N-phenyl groups
present in the substrate. Gratifyingly, reduction of phenyl-
hydrazine to a quantitative yield of aniline by SmBr2-NMEA
proceeded rapidly, as shown in Scheme 9 (bottom) with
ammonia likely constituting the remainder of the product
material.

■ CONCLUSIONS
We have utilized the thermodynamic relationship between low-
valent metal-protic ligand affinity and complex X−H BDFE to
design the powerful PCET reductant SmBr2-NMEA. Sub-
sequently, the SmBr2-NMEA reagent was shown to reduce a
range of arenes as challenging as biphenyl and afforded facile
conversion of alkynes to cis-alkenes. Moreover, SmBr2-NMEA
mediated the rapid reduction of unactivated esters including
five-, six-, and seven-membered lactones to their respective
primary alcohols and diols. The intermediacy of the C-
centered radical shown in Scheme 5 in the reduction of esters
by SmBr2-NMEA was leveraged to afford 5-exo-trig cyclization
of a family of unactivated ester-olefin substrates to cyclic
alcohols. The reduction of substrates by SmBr2-NMEA that are
typically recalcitrant to single-electron transfer demonstrates
the potential of chelation-promoted bond weakening to
achieve difficult chemical transformations.
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