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ABSTRACT: Water addition to Sm(II) has been shown to
increase reactivity for both SmI2 and SmBr2. Previous work in
our groups has demonstrated that this increase in reactivity
can be attributed to coordination induced bond weakening
enabling substrate reduction through proton-coupled electron
transfer. The present work examines the interaction of water
with samarium dichloride (SmCl2) and illustrates the
importance of the Sm−X interaction and bond distance
upon water addition critical for the reactivity of the reagent system. Born−Oppenheimer molecular dynamics simulations
identify substantial variations among the reductants created in solution upon water addition to SmI2, SmBr2, and SmCl2 with
the latter showing the least halide dissociation. This results in a lower water coordination number for SmCl2, creating a more
powerful reducing system. As previously shown with the other SmX2−water systems, coordination-induced bond-weakening of
the O−H bond of water bound to Sm(II) results in significant bond weakening. In the case of SmCl2, the bond weakening is
estimated to be in the range of 83 to 88.5 kcal/mol.

■ INTRODUCTION

Samarium diiodide (SmI2) is an important reductant in the
arsenal of synthetic chemists and has been rigorously studied
and broadly utilized over the past 4 decades.1−3 Proton donors,
such as water and alcohols, have been shown to have a
significant impact on both the selectivity and reactivity of
Sm(II)-based reductants.4,5 Proton donors are one of the most
widely used additive classes, with water being shown to have
both a significant and unique effect on these reactions.6,7 When
used in conjunction with water, SmI2 is capable of reducing a
wide range of functionalities as well as initiate a variety of
bond-forming reactions and reductive cyclizations.8−11

Other Sm(II) reductants, such as samarium dibromide
(SmBr2) and samarium dichloride (SmCl2), have been less
utilized until recently but have found applications in synthesis
for reductions, reductive couplings, and reductive cycliza-
tions.12−14 These reagents can be easily produced through the
addition of several equivalents of the lithium or ammonium
halide salts but have limited solubility in comparison to SmI2.

15

Recent work in our groups focusing on SmBr2 demonstrated
that the addition of water leads to significant weakening of the
O−H bond of water coordinated to SmBr2, similar to that
previously observed for SmI2−water.7 Unlike with the SmI2−
water system, the halide ions do not dissociate from the
SmBr2−water system to the same extent creating a unique
reductant in solution. This system is less stable than that

formed with SmI2−water and will evolve hydrogen gas if left
for substantial periods of time.7 Given previous work, we
sought to understand the interaction of water with SmCl2 in
comparison to other SmX2−water systems and the impact of
O−H bond-weakening on the reactivity of the SmCl2−water
complex.

■ CHARACTERIZATION OF THE SmCl2−WATER
SYSTEM

Like SmBr2, SmCl2 can be prepared in multiple ways.15−17 The
most straightforward approach which is utilized in most
synthetic studies uses the addition of lithium chloride (LiCl) to
an existing solution of SmI2.

15 For our reactions we utilized the
ammonium halide salt, tetrabutylammonium chloride
(TBACl) as opposed to LiCl for preparation of SmCl2 due
to its increased solubility. Both of these methods generate
SmCl2 with identical UV−vis spectra.18
Water has been shown to have a high affinity for Sm(II)

based on previous studies of SmI2 and SmBr2.
7,19,20 In both

cases, coordination of water displaces bound solvent even at
low concentrations resulting in an observable shift in the UV−
vis spectrum.7,21 A similar shift for SmCl2 would be indicative
of water coordination to the Sm(II) metal center. To
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investigate the impact of the addition of water to SmCl2, a
series of UV−vis spectra were taken and examined with
increasing concentrations of water versus a 2.5 mM solution of
SmCl2. This can be seen in Figure 1.

Computational Studies. To address the aqueous
solvation of SmCl2 and gain insight into the speciation of
the SmCl2−water complex, Born−Oppenheimer molecular
dynamics (BOMD) Density Functional Theory (DFT)
simulations were carried out on the SmCl2−(H2O)32 model
system and compared with both the SmBr2−(H2O)32

7 and
SmI2−(H2O)32 systems.22 The BOMD simulations were
carried out with Geraldyn-2.123 coupled to Gaussian 09.24

The BOMD simulations were done at 300 K using the same
NVT scheme25,26 as that applied for SmBr2−(H2O)32

7 and
SmI2−(H2O)32.

22 Details on the time step, (O,H) atomic basis
sets, the hybrid density functional, and the electronic structure
and energy/gradient calculations can be found in refs 7 and 22.
The chlorine and samarium atoms were treated with 7 and 10
active valence electrons as described previously.7,27,28 The
optimized SmCl2 structure provided the initial Sm−Cl distance
(Re(Sm−Cl) = 2.61) used. Initial velocity vectors were
determined by the thermal energy using a Boltzmann
distribution at 300 K. The 25 ps (50 000 system config-
urations) BOMD simulation on the lowest singlet potential
surface required 9088 CPU days. A reliable thermalization
period of 10 ps was utilized here. Structural, dynamic, and
energetic data were extracted from the last 15 ps of the
trajectory to perform the statistical analysis. Radial distribution
functions (RDFs) for Sm−O and Sm−Cl were obtained,
providing the corresponding coordination numbers (CN) as
functions of distance to the metal.
The EXAFS spectrum from the molecular dynamics

trajectory was obtained using the same procedure29 as that
used for the aqueous solvation of SmBr2,

7 SmI2,
22 and SmI3.

30

A total of 500 decorrelated snapshots were used to obtain the
theoretical EXAFS spectrum. The same cutoff (5.0 Å) centered
around the Sm atom was applied as in our previous studies
using the FEFF program31 (version 9.03) with an amplitude
reduction factor S0

2 = 1.
Analysis of the BOMD Simulation. Figure 2 shows a

typical microsolvation pattern for SmCl2. Figure 3 shows the
evolution of the total potential energy during the whole
simulation. Thermalization was achieved in 20 000 steps
because the slope of the linear fit of the water binding energy
for the last 15 ps is −1.7 × 10−4 au/ps.

The SmI2, SmBr2,
7 and SmCl2 BOMD simulations were

carried out using identical microsolvation conditions, and the
evolution of the Sm−X distances was compared for the SmI2−
(H2O)32 and SmBr2−(H2O) systems described previously.7,22

This data is contained in Figure 4.
These plots reveal unique differences among the halogens

with respect to the Sm(II) metal center under the same
simulation conditions. For SmI2, rapid displacement of the
iodide occurs with one of the iodide ions remaining between
the first and the second water solvation shells (ca. 3.6 Å), while
the second is displaced to an average distance of 5.5 Å: the free
space left leads to a coordination number of 8.4 for water in
the coordination sphere of Sm(II). For SmBr2 the bromide
anions do not fully dissociate from Sm(II), and both are
contained within the first and the second solvation shells of
Sm(II) at an average distance (3.3 Å). In this case, the lower
degree of bromide dissociation leads to a smaller water
coordination number CN = 7.5. In the SmCl2 system, both

Figure 1. UV−vis spectra of 2.5 mM SmCl2 in THF containing 0, 10,
and 50 equiv of water vs [SmCl2].

Figure 2. Microsolvation pattern for the SmCl2−(H2O)32 system at
300 K upon thermalization. Sm (yellow), O (red), and Cl atoms
(green).

Figure 3. Evolution of the total potential energy (au) for the SmCl2−
(H2O)32 system at 300 K.
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chloride anions remain tightly bound to Sm(II) at a
substantially shorter average distance (3.1 Å) lying within
the first solvation shell. This allows only five water molecules
to come close to the Sm(II), resulting in a smaller coordination
number CN = 6.8. Table 1 summarizes these comparisons
among the three systems.

In order to quantitatively compare the solvation environ-
ments around the SmCl2, SmBr2, and SmI2 reagents, the Sm−
O and Sm−X (X = Cl, Br, I) RDFs acquired from the last 10
ps of each BOMD trajectory are contained in Figure 5. The
first solvation shell extends from 2.7 to 3.4 Å, and integration
leads to a coordination number CN = 6.8 water molecules
around the Sm(II) cation, approximately two fewer than found
for the SmI2−water system. The second solvation sphere
extends from 3.3 to approximately 5 Å. The feature at 5.2 Å is
likely a consequence of the superposition of the second and
third solvation shells.
The average Sm−Cl distances (3.1 Å) in the water

microsolvated system are slightly longer than the Sm−Cl
equilibrium distance of the non-solvated molecule (2.6 Å). In
addition, the angle of the Cl−Sm−Cl remains relatively close
to that of the isolated molecule ca. 140° (see Figure 6). These
data are consistent with a much stronger metal−halide
interaction in this case.
A full geometry optimization of the SmCl2−(H2O)32 system

was carried out from the lowest energy structure of the BOMD
simulation, to understand the lower activity of SmCl2 as
performed in previous studies of the SmI2−(H2O)32 and
SmBr2−(H2O)32 systems.7 Figure 7 contains the optimized
microsolvated systems (at 0 K) at the same level of theory.
When examining the SmX2−(H2O)32 systems, there are several
quantities of interest that are useful to compare: (1) the Sm−X

optimized distances, (2) the associated CN number of Sm-
bonded water molecules, (3) the total water binding energies,
and (4) the natural charges of the Sm and halogen ions. Since
the evolution of metal−ligand charge transfer (MLCT)32 is a
function of the halogen, we determined the natural charges of
the Sm and of the halogen ions through Natural Population
Analyses (NPA) as shown in Table 2.
Although the optimal SmI2−(H2O)32 structure contains six

water molecules coordinated to Sm(II), for the SmBr2 only five
water molecules interact with Sm(II). However, the optimal
SmCl2−(H2O)32 cluster contains six water molecules around
the Sm(II). Though this might seem contradictory to the trend
found for I and Br, it is due to the fact that SmCl2 allows one
more water molecule than SmBr2 at 0 K because the ionic
radius of the chloride is significantly smaller that of the
bromide, thus creating a larger solid angle around Sm(II)
where water oxygens can bind to the metal. This fact is clearly

Figure 4. Comparison of the evolution of the Sm−I22 (top), Sm−Br7
(middle), and Sm−Cl (bottom) distances for the SmX2−(H2O)32
systems at 300 K. For each system the two Sm−X distances are shown
(red and black). Note the different scales and the increasing frequency
of oscillation in the sequence SmX2 (X = I, Br, Cl).

Table 1. Average Sm−X Distances and Water Coordination
Numbers for the SmX2−(H2O)32 Systems at 300 K

SmX2 system average Sm−X (Å) CN

SmI2 4.67 8.5
SmBr2 3.31 7.5
SmCl2 3.11 6.8

Figure 5. Radial distribution functions gSmX(r). Solid lines are used for
the halides Cl (black), Br (red), and I (green), with peaks successively
displaced to the right. Note that one of the I atoms completely
detached from Sm(II) (blue line). Dashed lines are used for gSmO(r)
in each case. The number of coordinated oxygens (inset) increases as
the distance from the halide to Sm becomes longer; note the clear
hierarchy with increasing atomic number of the halogen.

Figure 6. Distribution of the Cl−Sm−Cl angle for microsolvated
SmCl2 at 300 K. The average angle is nearly identical to that of the
isolated SmCl2 molecule showing the much stronger Sm(II)-Cl− ionic
interaction in this case.
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linked to the larger NPA charge on Sm(II) for the SmBr2−
(H2O)32 optimized cluster as compared to the SmCl2 and SmI2
cases. Also noteworthy is the decreasing natural charge on the
halide ions in the sequence chlorides (ca. 0.70 e), bromides
(ca. 0.68e), and iodides (ca. 0.62e), in agreement with the
previous results. It is interesting to note that the NPA revealed
a slight positive charge (+0.03e to +0.05e) on all the Sm-
coordinated water molecules in the microsolvated environ-
ment; a table in the Supporting Information shows the natural
charges on the six coordinated water molecules.

The calculated EXAFS spectrum is shown in Figure S9 in
the Supporting Information. To the best of our knowledge to
date, no experimental EXAFS data have been reported for
SmCl2 in water. As a consequence, comparisons can be made
only qualitatively with our theoretical prediction with that
obtained for SmI2 and with the experimental EXAFS spectrum
reported for Sm(III).
The data from BOMD simulations at 300 K demonstrate

important differences between SmI2−water and SmCl2−water.
These differences are a consequence of a number of factors
including the different local dynamic hydration patterns for
SmCl2 and SmI2, the larger charge of Cl vs I in the lowest
energy optimized SmX2−(H2O)32 complexes, and the larger
total binding energy of chloride for Sm(II) that inhibits
dissociation in the microsolvation environment.
With the knowledge gleaned from these computational

studies, we sought to explore the limit of reduction that could
be achieved with SmCl2−water through the reduction of a
series of arenes that are significantly more difficult to reduce. It
was found that reduction of 1-methoxynaphthalene was
achieved (see SI). However, arenes more difficult to reduce
with more negative reduction potentials, such as biphenyl,
were unable to be reduced.
Although strong coordination of water to SmCl2 results in an

increase in reactivity, it also leads to a decrease in the stability
of the system due to the competing formation of H2. As a
consequence, kinetic studies were not feasible even though the
reagent system can be used synthetically if performed
appropriately. As an example in SmCl2−water system
reactions, 2 equiv of water based on [Sm(II)] are used
whereas in the SmBr2−water system reactions over 30 equiv of
water are employed. This change in reaction design diminishes
the competing formation of H2 and optimizes product yield.
The instability of the SmCl2−H2O complex is a result of the

O−H bond weakening of water that results from coordination
to the strong reductant. The extent of O−H bond weakening
of water when coordinated to SmCl2 was estimated through
the reduction of a series of arenes that were increasingly more
difficult to reduce. We found that phenanthrene was reduced
in an 80% yield and that 1-methoxynaphthalene was the limit
with reduction of 5−10%. Density functional theory (DFT)
calculations, as described in previous publications, were used
to determine BDFEs of the intermediate radicals that would be
formed via a hydrogen atom transfer (HAT) to 1-
methoxynaphthalene.33,34 The minimum degree of bond
weakening for this radical intermediate to be formed can be
determined by subtracting the O−H BDFE from the C−H
BDFE of the arene radical formed upon HAT to 1-
methoxynaphthalene. Therefore, in this case, the bond
weakening of the O−H bond of water when bound to
SmCl2 can be estimated to be 83−88.5 kcal/mol. Using this
logic, this provides a BDFE for water bound to SmCl2 of
approximately 19.5−25.1 kcal/mol (Scheme 1.)6 This concept
of bond-weakening of various ligands when bound to low-
valent metals is one that is well-established for other
reductants.35−40 Previous work has shown that, for both
SmI2 and SmBr2, the coordination of water results in a
substantial bond weakening of 73 and 83 kcal/mol,
respectively.9,7 The present results demonstrate a more
substantial bond weakening for the SmCl2−H2O complex.
This estimate of the degree of bond weakening shows that the
combination of SmCl2 and water provides a powerful reagent

Figure 7. Optimized geometries for the microsolvated (a) SmCl2−
(H2O)32, (b) SmBr2−(H2O)32

7 (middle), and (c) SmI2−(H2O)32
systems.22

Table 2. Summary of Significant Quantities Determined for
the Optimized SmX2−(H2O)32 Systems: Optimized Sm−X
Distances (Å), Water Binding Energies (kcal/mol), Water
Coordination Number (CN), and Natural Population
Charges on Sm and X

parameter SmCl2−(H2O)32 SmBr2−(H2O)32 SmI2−(H2O)32

Sm−X distances 2.91, 3.01 3.04, 3.16 3.32, 3.38
CN 6 5 6
binding energy −19.03 −18.42 −17.74
NPA charge Sm 0.750 0.859 0.744
NPA charge X1 −0.703 −0.697 −0.628
NPA charge X2 −0.694 −0.673 −0.607
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that is able to facilitate the formation of extremely weak C−H
bonds upon formal HAT to substrates.

■ CONCLUSIONS
The data obtained in these studies demonstrates that the
addition of water to SmCl2 results in the formation of an
extremely powerful reductant. Furthermore, the identity of the
halide ligand on Sm(II) has a significant effect on the
coordination of water and the reactivity of the resulting
reducing complex. In the case of SmCl2, it was found that both
chloride ions remain very tightly bonded to the metal, more so
than with SmBr2, to Sm(II) with none of them leaving the first
solvation sphere. Similar to SmBr2, upon increasing amounts of
water, chloride ions are not liberated to the same degree that
occurs with SmI2, The trend in reactivity between the SmX2−
H2O systems corresponds well to the water coordination
sphere in each case. The water coordination sphere is strongly
dependent on the attractive ionic Sm−X interaction, which
changes significantly depending on the halide used. The
stronger the interaction between the halide and the Sm(II)
metal center, the stronger the halides are held allowing less
water molecules to coordinate, thereby reducing the effective
coordination number. Having the halides remain bound with
the coordinated water produces a more powerful reducing
system. The coordination of water to SmCl2 leads to
substantial O−H bond-weakening in the range of 83−88.5
kcal/mol. This bond weakening leads to substrate reduction
through a proton-coupled electron transfer mechanism.
Overall, the importance of proton donor coordination and
Sm(II)−halide ionic interaction illustrates that this method
can be used to form extremely weak C−H bonds, as shown in
Scheme 1, that can be used to facilitate endergonic reactions
thought to be well outside of the range of Sm(II)-based
reductants. We are currently examining the impact of
coordination of other O−H and N−H proton donors to
Sm(II), and the results from these studies will be presented in
due course.
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Cobos, J.; Saint-Martin, H.; Maron, L.; Anderson, W. R.; Li, A. M.;
Flowers, R. A., II Experimental and Theoretical Studies on the
Implications of Halide-Dependent Aqueous Solvation of Sm(II). J.
Am. Chem. Soc. 2018, 140, 16731−16739.
(8) Szostak, M.; Spain, M.; Procter, D. J. Ketyl-Type Radicals from
Cyclic and Acyclic Esters Are Stabilized by SmI2(H2O)n: The Role of
SmI2(H2O)n in Post-Electron Transfer Steps. J. Am. Chem. Soc. 2014,
136, 8459−8466.
(9) Chciuk, T. V.; Anderson, W. R.; Flowers, R. A., II Reversibility of
Ketone Reduction by SmI2 − Water and Formation of Organo-
samarium Intermediates. Organometallics 2017, 36, 4579−4583.
(10) Szostak, M.; Spain, M.; Parmar, D.; Procter, D. J. Selective
Reductive Transformations Using Samarium Diiodide-Water. Chem.
Commun. 2012, 48, 330−346.
(11) Just-Baringo, X.; Procter, D. J. Sm(II)-mediated electron
transfer to carboxylic acid derivatives: Development of complexity-
generating cascades. Acc. Chem. Res. 2015, 48, 1263−1275.
(12) Huang, H. M.; Procter, D. J. Dearomatizing Radical
Cyclizations and Cyclization Cascades Triggered by Electron-Transfer
Reduction of Amide-Type Carbonyls. J. Am. Chem. Soc. 2017, 139,
1661−1667.
(13) Lebrun, A.; Namy, J. L.; Kagan, H. B. Samarium Dibromide an
Efficient Reagent for the Pinacol Coupling Reactions. Tetrahedron
Lett. 1993, 34, 2311−2314.
(14) Szostak, M.; Spain, M.; Procter, D. J. Determination of the
Effective Redox Potentials of SmI2, SmBr2, SmCl2, and Their
Complexes with Water by Reduction of Aromatic Hydrocarbons.
Reduction of Anthracene and Stilbene by Samarium(II) Iodide-Water
Complex. J. Org. Chem. 2014, 79, 2522−2537.
(15) Fuchs, J. R.; Mitchell, M. L.; Shabangi, M.; Flowers, R. A. The
Effect of Lithium Bromide and Lithium Chloride on the Reactivity of
Sml2 in THF. Tetrahedron Lett. 1997, 38, 8157−8158.

Scheme 1. Approximation of the Minimum Degree of O−H
Bond Weakening upon Coordination of Water to SmCl2 in
THF

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b01818
Inorg. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b01818
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b01818
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01818/suppl_file/ic9b01818_si_001.pdf
mailto:alex@uaem.mx
mailto:rof2@lehigh.edu
http://orcid.org/0000-0002-8428-5714
http://orcid.org/0000-0003-4159-6165
http://orcid.org/0000-0003-2295-1336
http://dx.doi.org/10.1021/acs.inorgchem.9b01818
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