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Mechanistic studies show the importance of iodide displacement by additives that accelerate reactions of samarium diiodide. The key feature
important for acceleration of reaction rate is the use of proton donors and other additives that have a high enough affinity for Sm(ll) to
displace iodide yet do not saturate the coordination sphere inhibiting substrate reduction.

The presence of additives is essential for the success of many
reactions initiated by samarium diiodide (Smly).> Lewis
bases, such as HMPA, have a mechanistically complex effect
on reactions. Although HMPA is the additive of choice in
many reactions of Sml,, alcohols and other additives can be
used successfully in some cases to provide high yielding and
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selective reaction processes.’ Understanding the mechanistic
details of alternative approaches to enhancing the reactivity
and selectivity of Sml,-based reactions would allow chemists
to design methods for accelerating reductions while avoiding
the use of HMPA. Herein we show that the use of ligands
that displace iodide but do not saturate the coordination
sphere of Sm(II) provides a mechanistic pathway for ac-
celerating the rate of electron transfer from Sml,.

In understanding possible approaches to developing al-
ternative means to facilitate electron transfer from Sml,, it
is useful to consider the mechanism of action of successful
additives. In the case of HMPA, coordination to Sml,
produces a stronger reductant, and simultaneous displacement
of the iodide ligands creates open coordination sites for
substrates while concomitantly producing a sterically en-
cumbered reductant.? Proton donors including water, alco-
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hols, and glycols also accelerate reactions. Addition of large
amounts of water to Sml, in THF creates a thermodynami-
cally stronger reductant, but most alcohols do not.> Work
by Hilmersson has shown that glycols are more effective
than alcohols because they can chelate Sml,.* Recent studies
by Hoz show that alcohols accelerate reductions of carbonyls
through coordination to Sml, which places the proton donor
in close proximity to the developing negative charge on the
substrate being reduced, thus facilitating rapid proton trans-
fer.

Although many alcohols accelerate the reduction of
carbonyls, water is different in that it significantly increases
the rate of reduction of alkyl halides and other substrates.
The unusual mechanistic behavior of water is in part a
consequence of its high affinity for Sml, and its ability to
increase the ease of oxidation of Sml,.>® Other high affinity
proton sources such as diethylene glycol (DG) accelerate
reactions of Sml, in smaller amounts, but unlike water, larger
amounts create a reductant with a saturated coordination
sphere that retards the rate of substrate reduction.” In
considering the unusual effect of water, could its mechanism
of action be similar to that of HMPA? While water is capable
of increasing the reducing power of Sml; (similar to HMPA),
the other key component of HMPA addition to Sml, is
displacement of iodide to produce coordination sites for
substrates. Does water displace iodide from Sml, and
accelerate reductions?

One of the difficulties in examining Sml,-additive systems
is the stability of the intermediate formed. Addition of HMPA
and some glycols provides crystals that can be readily
isolated and analyzed. These studies show that HMPA, DG,
glymes, and other additives displace iodide to the outer
sphere.” % While attempts to isolate crystals of Sml,—H,0
have been unsuccessful, crytallographic data does not always
mirror solution structures. Solution chemistry is a dynamic
process and insight into the role of additives on the structure
of Sml, in solution is critical to understanding the impact of
additives on the reactivity of the reagent. To date, only the
solution structures of Sml,—HMPA complexes have been
examined.™ The seminal work of Daasbjerg and Skrydstrup
used conductance measurements as a means to unravel the
role of HMPA on Sml, in THF.X'® Their studies are
consistent with iodide displacement from Sml, upon the
addition of HMPA.
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To begin to address the role of water and other additives
in solution, conductance experiments were initiated to assess
the impact of different additives on iodide displacement
(Figure 1). Initially, HMPA was used to benchmark the
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Figure 1. Plot of the conductivity of 2.5 mM Sml, with increasing

amounts of DG (@; red), EG (a; green), and H,O (H; black); the
inset shows HMPA (OJ; blue).

system. The conductivity of Sml, in THF was zero. Upon
addition of HMPA, the conductance of the solution increased
substantially with the addition of 2 equiv. Further addition
of HMPA increased the conductance of the solution, but to
a lesser extent (inset, Figure 1). Similarly, addition of DG
to Sml, increased the conductance of the solution substan-
tially up to 6 equiv and then decreased due to precipitation
of the complex. Addition of ethylene glycol (EG) to a
solution of Sml, showed an increase in conductance up to
20 equiv and then increased more gradually with further
addition up to 100 equiv. Addition of water had no impact
at low concentrations, and the conductance of the solution
began to increase only after the addition of more than 20
equiv of water. The solution conductance increased gradually
with addition of 100 equiv of water. The changes in solution
conductivity are consistent with iodide displacement by each
additive examined.**

To further characterize the Sml,-additive combinations,
we examined the UV —vis spectra of complexes formed with
additives shown by conductance to displace iodide from the
inner-sphere of Sml,. Figure 2 contains the UV —vis spectra
of Sml, in THF containing 15 equiv of HMPA, 8 equiv of
DG, 100 equiv of EG, and 500 equiv of water, respectively.
In the first two cases, the displacement of iodide from the
inner sphere of Sm(Il) has been confirmed by crystal-
lographic evidence.”®

The feature that each of these spectra have in common is
the appearance of an absorption at approximately 480 + 10
nm. Titrations of Sml, with each additive showed the
formation of the peak at 480 nm at concentrations shown to
displace iodide in conductance experiments. Addition of
HMPA to Sml, also shows a shoulder at 480 nm on a broader
absorption at 550 nm that begins to appear with the addition
of 4 equiv of HMPA. While we are not assigning the
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Figure 2. UV—vis spectra of (a) 1 mM Sml, in THF + 15 equiv
HMPA (blue), (b) 1 mM Sml, in THF containing 500 equiv of of
water (black), (¢c) 1 mM Sml, in THF + 8 equiv of DG (red), and
(d) 1 mM Sml, in THF + 100 equiv of EG (green).

absorption at 480 as iodide “free” Sm(Il), the appearance of
this band is concomitant with concentrations of additives
shown by conductance measurements to displace iodide from
the inner sphere of the metal. As a consequence, the UV —vis
spectra can be used as a guide to examine the impact of
other additives on Sml; (vide infra).

Rate data from previous studies on DG and related
additives shows that saturation of Sm leads to a decrease in
reactivity.” Comparison with data from previous studies on
water indicate that even high concentrations of water do not
lead to complete saturation of Sm(ll).2 If this supposition is
correct, it shows that the impact of water is in part a result
of providing open coordination sites without saturating the
metal as exemplified in Scheme 1.

Scheme 1
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The work of Procter has shown that a number of unique
and synthetically important reductions can be initiated by
Sml, containing high concentrations of water.*? Although
water provides access to exceptional reactivity at high
concentrations, Sml,—water systems oxidize readily, and
working with them can be difficult. The collection of data
above suggests that other additives can be employed in place
of water.
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Conductance data showed that addition of EG to Sml,
liberates iodide. Since it is bidentate, it should have an
affinity intermediate between water and DG. As a conse-
quence reduced amounts of EG (compared to water) should
be required to induce iodide displacement and enhance
reactivity but not have such a high affinity that it produces
a substitutionally inert complex. Although this additive has
been used in a range of Sml,-based reductions, its mechanism
of action has not been examined.*® To further probe the
system, Kkinetic experiments were performed to investigate
the role of concentration on the reduction of a model
substrate benzyl bromide.** The impact of EG and water
concentration on the rate of reduction was monitored and is
shown in Figure 3. Both additives exhibit saturation kinetics
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Figure 3. Plot of Ky versus EG (a; green) and H,O (H; black) for
the reduction of benzyl bromide (100 mM) by Sml, (2 mM).

and substantially increase the rate of reduction, but EG
increases the rate at lower concentrations than water. Unlike
water, which shows complex rate orders for the reaction,®
reductions using EG were first order in additive, Sml,, and
substrate.

The experiments described above show that addition of
water and EG to Sml, displace iodide in THF. The affinity
of each additive for Sml, in THF dictates the amount
necessary to displace bulk solvent and iodide from the inner
sphere of Sm. Kinetic studies show that water and EG
increase the rate of substrate reduction substantially and the
rate of the increase is concomitant with iodide displacement.
In contrast, additives like DG that have a very high affinity
for Sml, initially enhance the rate of substrate reduction,
but continued addition decreases the rate of reduction through
the saturation of the coordination sphere of the metal thus
inhibiting the ability of substrate to interact with Sm.® The
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collection of these data suggests that water, EG, and other
additives capable of displacing iodide from Sm while leaving
open coordination sites for substrate provide a means to
enhance the reactivity of Sml, significantly.

The fundamental question remains: is this a viable ap-
proach for determining adequate substitutes for water and,
additionally, for HMPA? First, we examined whether another
additive could be employed to promote transformations that
have only been reported with water.*? To address this issue,
the reduction of lactone 5-decanolide 1 by Sml, and EG was
examined and compared to the known reduction by Sml,-
water (Table 1). Addition of EG to Sml; provided reduction

Table 1. Reduction of 5-Decanolide with Water and EG

J:j\/\/\ rosms J/j\/\/\
0" o additive HO™ HO
1 2
entry additive, equiv time (h) isolated yield 2 (%)
1 H,0, 150 7 83
2 EG, 4 12 80

of 1 similar to water at much lower additive concentrations.
Although higher concentrations of EG accelerated the rate
of reaction, transesterification became the major product.

Since this approach can potentially be used to promote
reactions that only worked with Sml,-water, ketone-alkene
cyclizations were examined to determine if this method could
be applied to more complex bond-forming reactions that
employ HMPA.*>1¢ 2-But-3-enyl-cyclohexan-1-one 3 was
treated with Sml; in the presence (and absence) of HMPA,
EG, and H,0. The results are shown in Table 2. Addition of
4 equiv of HMPA provided excellent yield of 4 with very
good diastereoselectivity.*>*’ The use of 150 equiv of water
and 24 equiv of EG (based on [Sml,]) provided excellent
yields of cyclized product 4 with modest diastereoselectivity.
Although lower concentrations of EG provided good yields
of 4, higher amounts of reduced product 5 were obtained.
Interestingly, the same trend was observed with water
although this additive accelerated the reaction significantly
compared to EG.

Although water and EG were effective in the ketone-alkene
cyclization, diastereoselectivities were modest. To determine
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Table 2. Reaction of 3 with Sml, and Additives

o)
2.5 Sml OH g
x .5 Sml, N
additive +
3 4 5

entry additive, equiv time (h) yield 4% (cis:trans) yield 5°

1 none 24 NR

2 HMPA, 4 1 98 (1:19) <2
3 H,0, 20 1 62 (1:3) 38
4 H,0, 150 1 94 (1:3) 6
5 EG, 4 12 78 (1:3) 22
6° EG, 24 2 87 (1:3) 13
7 ED, 4 12 99 (1:3)

8 DCH, 10 3 99 (1:9)

@NMR yields. NR = no reaction. ® [Sml,] = 3 equiv.

if other additives could be used in the reaction, several
additives were screened using UV —vis as a guide for iodide
displacement. Diamines were shown to displace iodide (as
determined by the presence of an absorbance at 480 nm).
Ethylenediamine (ED) and trans-N,N’-dimethyl-1,2-cyclo-
hexyldiamine (DCH) were chosen for use in the cyclization,
and the data are contained in Table 2. Both additives provided
quantitative yields as determined by *H NMR. Although ED
provided modest stereoselectivity similar to EG and water,
DCH provided good diastereoselectivity. It is likely that the
increased steric bulk of DCH is in part responsible for the
enhanced diastereoselectivity.

Overall, these studies demonstrate that a range of additives
can be used to accelerate reactions of Smi, through displace-
ment of iodide ligands. The key feature for successful
implementation of this approach is the use of additives that
have a high enough affinity for Sm(ll) to displace iodide
yet do not saturate the coordination sphere inhibiting
substrate reduction. We are currently examining this approach
in the development of other Sm(Il)-based reactions and these
studies will be reported in due course.
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