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’ INTRODUCTION

SmI2 was discovered byMatignon and Caze in 19061a and was
reintroduced ca. 70 years later, in 1977, to the chemical com-
munity by Kagan’s group, becoming one of the most popular
reducing agents.1b Among its many advantages are that reduc-
tions could be carried out under homogeneous conditions, that it
is a mild agent, and that its reactivity can be tuned by various
additives.2 Under normal conditions, it reacts satisfactorily with
low lying LUMO compounds, such as those we have studied in
the past, that is, those possessing activated carbon�carbon
double bonds3 or carbonyl functions.4 The reactions of these
two families of compounds differed significantly from each other.
In this Article, we report on the SmI2 reduction of a third type of
double bond, that of an imine. It appears that this carbon�nitro-
gen double bond displays chemistry, which differs markedly, not
only from that of activated olefins and carbonyl compounds, but
also, to the best of our knowledge, from the chemistry reported to
date for SmI2 reactions in general.

Reactions of imines with SmI2 are well documented in the
literature.5 In general, depending on conditions, two types
of reactions are observed, reduction to amines and coupling
(eq 1).5j

We originally focused our studies on N-benzylidene aniline
(BAI). However, in light of the surprising results, and to examine

their generality, we extended the investigation to N-benzylide-
nemethylamine (BMI) and benzophenone imine (BPI).

’RESULTS AND DISCUSSION

The reactions ofBAIwere followed using a stopped-flow spec-
trometer. The kinetics was monitored by following the disap-
pearance of the absorption of SmI2 at 619 nm. Figure 1 shows the
kinetic trace obtained under pseudo first-order conditions
(excess imine) in the presence of 1 M MeOH.

As can be seen, the reaction is autocatalytic. The slopes in abs/s
units at 1 s time intervals are given in Table 1.

The rate first goes up and then toward the end of the reaction
decreases, demonstrating an autocatalytic process.6 This auto-
catalytic behavior repeated itself for all of the methanol concen-
trations examined in the range 0.1�4 M. We have also noticed
that the concentration of MeOH did not have a significant effect
on the reaction rate. For example, in one case where the MeOH
concentration was varied by a factor of 40 (from 0.1 to 4 M), the
initial rate varied by a factor of 3 only. In addition, the reproducibility
of the measurements was not very good. Because we have found
in the past that MeOH coordinates efficiently to SmI2,

3a,e an
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observation that has been confirmed many times since then,2 we
have gone over to the use of trifluoroethanol (TFE), a proton
donor that does not form complexes with SmI2.

The reactions in the presence of TFE presented the same
autocatalytic behavior. However, a variation of the concentration
of the proton donor over the range 0.2�2 M using initial rates
showed a first order in TFE (Figure 2).

Thus, the autocatalytic behavior is independent of the com-
plexation ability or of the nature of the proton donor.

Next, we determined the kinetic order in the imine. This was
done in two concentration ranges, where the imine is in large
excess and where the SmI2 is in large excess, both under pseudo
first-order conditions. At high imine concentrations, we varied
the imine concentration and measured the initial slope of the
kinetic trace (k0). The data are presented in Figure 3, showing
first-order kinetics in the imine.

In the lower imine concentration range, we reduced the
concentration of the BAI by 50�100 fold, and the concentration
of the SmI2 remained as before. In this case, the disappearance of
SmI2 reflects the disappearance of the imine. Figure 4 shows such
a kinetic trace with a very good fit to a first order. Thus, the
kinetic order in the imine in both concentration ranges is one.

Autocatalysis is usually observed when one of the reaction
products catalyzes the reaction. The most reasonable candidate
in this case is Sm3+, which is produced as a result of the electron
transfer from SmI2. Sm

3+ can complex to the imine and increase
its electrophilicity, thereby enhancing the rate of the electron
transfer step relative to the uncoordinated imine. A simple test to
verify the existence of such a catalysis would be to add externally
prepared SmI3. In this case, one would expect that if the initial
reaction mixture already contains a significant amount of the
catalyst, the autocatalytic behavior will be significantly reduced
and the reaction rate will decrease with time as the reaction
progresses, due to the depletion of the reactants in a manner
typical of first or second order kinetics. In a series of experiments
in the presence of 0.1�2 M TFE, 1.25 mM SmI2, and various
concentrations of SmI3, it was found that the addition of SmI3
indeed enhanced the reaction rates. However, the kinetic trace, as
shown in Figure 5, was a typical zero-order plot. Following the
absorption of SmI2, a constant rate (slope) was obtained from the
beginning to nearly the end of the reaction. It should be
emphasized that zero-order reactions were also obtained with

Figure 1. The kinetic trace for the reaction of BAI 25 mM, SmI2
2.5 mM, and MeOH 1 M in THF.

Table 1. Slopes for the Kinetic Trace of Figure 1

t/s slope/�abs s�1 t/s slope/�abs s�1

0 0.011 5 0.020

1 0.0126 6 0.0218

2 0.0132 7 0.0223

3 0.0165 8 0.0218

4 0.0179 9 0.0207

Figure 2. A plot of the log initial slopes (k0) versus log[TFE] in the
reaction of 1 mM SmI2 and 12.5 mM BAI.

Figure 3. A plot of log k0 versus log[BAI] showing first-order kinetics.

Figure 4. Kinetic trace and a fit to a first-order analysis in the reaction of
BAI (0.25 mM), SmI2 (2.5 mM), k = 1.8 s�1.
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various concentrations of MeOH as the proton donor (see the
Supporting Information).

Zero-order kinetics is typical of a saturation phenomenon.
The classical example is an enzymatic reaction where the catalytic
site is saturated. In this case, because the rate is determined by the
output of the catalytic site, which is fully saturated, increasing the
concentration of the reactants does not increase the rate. In the
present case, the place of the enzyme may be taken by a catalytic
site on a surface. We know that SmI3 is relatively insoluble in
THF. However, at the concentrations used, the solutions seem
clear to the naked eye. We, therefore, conducted two types of
experiments to see whether, despite the fact that the reaction
mixtures were clear, they might contain solids (microcrystals).
The first experiment was dynamic light scattering (DLS), and the
second was light microscopy. The DLS measurements were
carried out on SmI3 prepared from SmI2 and I2 as well as on a
typical reaction mixture (BAI, 12.5 mM; SmI2, 1.25 mM; and
TFE, 0.1M). Themeasurements were performed ca. 10min after
the preparation of the samples (10 min is the time needed to
transfer the sample from the glovebox to the DLS instrument).
Although the solutions remained clear to the naked eye, particles

ranging from 2 to 250 nm were observed. The size of these
particles grew with time, probably due to aggregation (see the
Supporting Information).The light microscopy study also showed
the existence of particles in the solution with fluorescence typical
of the lanthanides (Figure 6 and the Supporting Information).

HRTEM analysis showed the existence of quantum dots (see
the Supporting Information), which may be responsible for the
surface catalysis. The above analyses clearly show that, although
the solutions seem to be clear, they actually contain microcrys-
tals, and thus support our hypothesis regarding the existence of
catalytic sites on solid SmI3. Because the amount of solid SmI3 is
similar to the concentration of SmI2 and the imine, it is clear that
the kinetics of the formation of the microcrystals and their size, as
well as shape and size distribution, may vary from one experiment
to the other. Therefore, it is not surprising that the reproduci-
bility of the rate constant was not very good.

We now turn to a powerful mechanistic diagnostic tool, HMPA.
This ligand is known to strongly coordinate to SmI2 and sig-
nificantly increase its reduction potential.7 However, being a
“hard” ligand, we assumed that it would coordinate more strongly
to Sm3+, which is harder than Sm2+. To examine our hypothesis,
we performed the following experiment whose results are depicted
in Figure 7. Figure 7 shows the spectra of SmI2 1.25mM, after the
addition of 2 mM and after the addition of 4 mM HMPA. The
ratio of the heights of the two peaks in the solution of SmI2 itself
is 1.05 with the longer wavelength peak higher than the other.
The addition of 2 mM HMPA changes this ratio to 0.994, with
the shorter wavelength peak having a higher absorbance. After
the addition of 2 more mM of HMPA, the shape of the spectrum
changes and the longer wavelength absorption turns into a
shoulder. The ratio of the absorbance at the original two wave-
lengths is now 0.734.

The addition of 1.25mMof Sm3+ restored completely, in both
cases, the original shape of the SmI2 spectrum with the peak
ratios of 1.053 and 1.067, respectively. This clearly indicates that
the affinity of HMPA to SmI3 is significantly larger than that to
SmI2. Therefore, the addition of HMPA will slow the catalytic
reaction, and as its concentration increases, the appearance of the
autocatalytic behavior will be delayed until enough “free” Sm3+

will have accumulated to form microcrystals. Eventually, when
the concentration of HMPA is large enough, there will be no
microcrystals present in the solution and the autocatalytic
behavior will disappear. At this point, the reaction should display
a “normal” kinetics. Figure 8 shows the kinetic traces for the
reaction of BAI at various concentrations of HMPA.8

It is clearly seen that the onset of the catalytic stage (the fast
drop in the OD, which takes place within the first half second) is

Figure 5. The kinetic trace (abs vs t) in the reaction of BAI 12.5 mM,
SmI2 1.25 mM, SmI3 1.25 mM, and TFE 0.1 M.

Figure 6. SmI3 microcrystals using light microscopy.

Figure 7. UV spectra of SmI2�HMPA complex in THF solution. SmI2
= 1.25 mM; [HMPA]: A = 0.0 mM, B = 2.0 mM, and C = 4.0 mM.
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delayed as the concentration of the HMPA increases. However,
after a transition period, at 8 mMHPMA, the fit to a first order is
very good (Figure 9).

The rate constants increase as the concentration of the HMPA
further increases. For HMPA concentrations of 8, 16, and
32 mM, the first-order rate constants are 1.8, 3.7, and 10.3 s�1,
respectively. Thus, at low concentrations, the HMPA slows the
reaction by preventing the formation of the solid and hence
catalytic sites. However, at higher concentrations, it enhances the
reactions, probably due to the increase in the reduction potential
of SmI2.

7

It is difficult to say, based on the present information, what
would have been the nature of the reaction if the catalytic surfaces
would have not been formed in the course of the reaction. It is
possible that the reaction could enjoy catalysis by individual SmI3
molecules acting as Lewis acids. Such catalysis is well documen-
ted in the literature as having synthetic importance.4a,9 As we can
see from Figure 8, the time to completion of the reaction becomes
longer as the concentration of the HMPA increases. This may

indicate that HMPA interferes with crystal formation, thus pre-
venting the surface catalysis. However, it may also indicate that
HMPA prevents individual SmI3 molecules from coordinating to
the substrate and enhancing the reaction. Another possibility is
that the HMPA prevents the coordination of SmI2 to the lone
pair of the imine.

We recall that the data produced with MeOH were not very
conclusive regarding the rates. This is demonstrated in the
reaction of SmI2 = 1.25 mM, imine = 12.5 mM with various
concentrations of MeOH. Table 2 shows the initial slopes for the
reactions in the absence and in the presence of SmI3.

There are several points that are worth noting. The rate is
enhanced when SmI3 is added to the reactionmixture. In all cases,
the rate goes up from 0.1 to 0.5MMeOH and then decreases upon
going to 4MofMeOH. The dependence on the concentration of
SmI3 is relatively weak and is more pronounced at the lower
concentrations of MeOH. The effect of MeOH can be easily
understood on the basis of its ability to complex SmI2.

3a,c On
the one hand, the complexation may enhance the reaction by

Figure 8. BAI 12.5 mM; SmI2 1.25 mM; TFE 25 mM; (A) HMPA 0 mM; (B) HMPA 0.5 mM; (C) HMPA 1.1 mM; (D) HMPA 2.0 mM.
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rendering the protonation of the radical anion a unimolecular
process within an ion pair. On the other hand, at high MeOH
concentrations, it coordinates more effectively to the SmI2,
preventing its docking on the surface, and at the same time it
may also interfere with the crystal formation of the SmI3. These
opposing effects are probably the cause of the observed weak rate
dependence on the MeOH concentration.

We can sum the mechanism by which the imine undergoes
catalytic reduction as follows. In the course of the reaction, the
divalent samarium is converted to a trivalent one, which forms
microcrystals. Sites on the surface of these microcrystals may
host SmI2 and increase its reactivity toward the imine, whose
reaction is first order. The first-order kinetics in the TFE may
suggest that the protonation either takes place prior to, or is, the
rate-determining step. We believe that the role of TFE is to
protonate the radical anion. After protonation of the radical
anion, the formed alkoxide binds itself to the trivalent samarium
and removes it from the active site, enabling a new SmI2 to
occupy this site (see Scheme 1).

The picture presented above seems to describe themechanism
of the reaction reasonably well. However, there are a few fine-
tuning questions that cannot be fully answered at this stage. For
example, does the SmI2 retain its identity as the reducing entity,
or, following an internal electron transfer (eq 2), does another
molecule take the role of the reducing agent?

Other interesting questions are as follows: What are the
kinetics of the microcrystals formation as well as their aggrega-
tion and homogeneity? Are the microcrystals made of pure SmI3
obtained via the equilibrium (eq 3):

2Sml2ðORÞ h Sml3 þ SmlðORÞ2 ð3Þ
or are they a mixture of Sm3+ with a variety of ligands? At this
point, the answer to these and other questions will have to await
further studies.

Over the years, the kinetics of the reactions of SmI2 with many
substrates has been studied. To the best of our knowledge, such a
unique case of surface catalysis has never been encountered
before. This clearly indicates that the catalytic effect is substrate
dependent. The question is whether this phenomenon of auto/
surface catalysis observed with the present substrate is a singular
point in the space of SmI2 reactions or is it general within the
imine family? To answer this, we examined two other imines, N-
benzylidenemethylamine (BMI) and benzophenonimine (BPI).
In both cases, we used the effect of HMPA as our diagnostic tool.
Four kinetic traces of the reaction of BMI with SmI2 in the
presence of HMPA are shown in Figure 10.

The reactions are very fast as compared to the BAI. In the
absence of HMPA, the half-life of the reaction is less than 10 ms,
and in the presence of 32 mM of HMPA, the half-life increases

Figure 9. BAI 12.5 mM; SmI2 1.25mM; TFE 25mM;HMPA = 8.0 mM;
k = 1.8 s�1.

Table 2. Effect of SmI3 and MeOH on the Reaction Rates of
BAI (12.5 mM) and SmI2 (1.25 mM)

[SmI3], M [MeOH], M �slope, abs/s

0 0.1 0.004

0.5 0.06

4 0.04

1.25 0.1 0.13

0.5 0.34

4 0.25

2.5 0.1 0.18

0.5 0.52

4 0.33

5.0 0.1 0.23

0.5 0.55

4 0.32

Scheme 1
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to ca. 600 ms. The structure of the kinetic trace becomes more
“normal” as the concentration of HMPA increases, but does not
reach the stage of a pure first order. Nevertheless, it clearly shows
that this imine-like BAI also displays an autocatalytic behavior.

The fastest of the three imines is the BPI. In the absence of
HMPA, its reaction is nearly completed in the dead time of the
instrument. Yet, the autocatalytic behavior is clearly recognizable
(Figure 11). Again, as the concentration of HMPA increases along
the series 0.0, 0.5, 2, and 2.5 mM, the half-lives increase as well (2.3,
6.5, 37, 40 ms, respectively). At 4 mMHMPA, the kinetics convert
to a classical first-order reaction, Figure 11E, with slightly decreasing
rate constants 3.9, 3.2, and 2.6 s�1 for 4, 8, and 16 mM HMPA.

The fact that all three imines display the same autocatalytic
behavior suggests that this behavior is typical of the reactions of
imines with SmI2.

The various observationsmade in this study have enabled us to
learn about the reaction mechanism of the imines beyond the

phenomenon of the autocatalysis. We note that the order of
reactivity is BPI > BMI > BAI. We note also that the effect of
HMPA on the rate is different for the different substrates. The
reaction rate of all three substrates decreases as the HMPA
concentration increases up to 4 mM. For BAI, a further increase
in the HMPA concentration induces rate enhancement. For the
BMI, rate retardation continues, whereas for BPI there is a very
moderate depression of the rate. Let us begin with the reactivity
order. We have performed ab initio calculations at the B3LYP/6-
31+G* level using the Gaussian suite of programs10 including
THF as the solvent using the Onsager model (see the Supporting
Information). The order of the electron affinity measured as the
energy difference between the radical anion and the neutral
relative to BMI is (numbers in parentheses are in kcal/mol):

BAI ð � 11:86Þ > BPI ð � 5:72Þ > BMI ð0Þ

Figure 10. BMI 12.5 mM; SmI2 1.25 mM; TFE 25 mM; (A) HMPA 0 mM; (B) HMPA 1.1 mM; (C) HMPA 2.0 mM; (D) HMPA 32 mM.
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Thus, the substrate with the highest electron affinity (BAI) is the
slowest to react. We note, however, that the reactivity order

follows closely the accessibility to the nitrogen lone pair. The
least-hindered substrate is BPI, and undoubtedly the steric

Figure 11. BPI 12.5mM;SmI2 1.25mM;TFE25mM; (A)HMPA0mM; (B)HMPA0.5mM; (C)HMPA2.0mM; (D)HMPA2.5mM; (E)HMPA4mM.
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crowding by the anilino phenyl group in BAI is much larger than
that of the methyl group in BMI. Thus, it seems clear that for an
effective reaction the samarium has to coordinate to the lone pair
of the nitrogen. Most probably the coordination is to Sm2+,
although in the surface catalysis mode it could be to a neighbor-
ing trivalent samarium ion. This model fits nicely the observed
HMPA effect. Parallel to the surface catalytic reaction, a direct
reaction between the SmI2 and the substrates may also exist. This
inner sphere electron transfer11 is very fast and definitely plays an
important role in the early stages of the reaction before enough
Sm3+ is generated to commence the surface catalysis. At certain
concentrations of HMPA, the surface catalysis is quenched, and
two reaction paths remain open, one through the direct coordi-
nation of the SmI2 to the nitrogen lone pair, and the other is an
outer sphere mechanism that benefits from the higher reduction
potential of the HMPA�SmI2 complex. In the case of BAI,
where the direct coordination is considerably hindered, the
coordination of SmI2 by the HMPA will enhance the reaction.
On the other hand, for the two other substrates, BPI and BMI,
the precoordination of the SmI2 to the substrate is more effective
than the HMPA�SmI2 complex mechanism. Therefore, rate
retardation is caused by the further reduction of the small
amounts of free or partial HMPA-coordinated SmI2.

’SUMMARY AND CONCLUSIONS

The three imines studied with SmI2 in THF all featured the
same autocatalytic behavior, suggesting autocatalysis to be a
general feature for imino substrates. After SmI2 transfers an
electron to the substrate, it becomes trivalent samarium, whose
salt is sparingly soluble in THF. Although no solids are visible to
the naked eye, the existence of microcrystals was proven by light
microscopy as well as by dynamic light scattering analysis. It turns
out that catalytic sites exist on the surface of the solid. Therefore,
as the reaction progresses, more of these catalytic sites are
formed, causing an autocatalytic reaction profile.

In addition, it was found that the reactivity order of the three
imines does not correlate with their electron affinity, as is
common in the chemistry of SmI2, but rather with the steric
accessibility to the nitrogen lone pair. Thus, in the noncatalytic
reaction, the SmI2 coordinates first to the nitrogen lone pair,
leading to a very efficient inner sphere electron transfer process.
As a natural continuation, we have initiated a study with
substrates where the binding site does not coincide with the
reaction site, such as in pyridine derivatives.

’EXPERIMENTAL SECTION

General. THF was dried and freshly distilled over Na wire and
benzophenone under argon atmosphere. TFE and MeOH were dried
according to known procedures.12 Water content was determined and
found to be lower than 20 ppm. SmI2 was diluted as needed from a 0.1M
freshly prepared THF solution.13 The concentration of the SmI2
solution was spectroscopically determined (λ = 619 nm; ε = 635).
The imines BAI, BMI, and BPI are commercially available and were
distilled before use. The product structures were confirmed by compar-
ing their 1H (600 or 300 MHz) and 13C (150 or 75 MHz) NMR spectra
and the HRMS data with literature values.5j,14,15

Kinetics.The kinetics of the reactions were followed using a stopped
flow spectrophotometer in a glovebox under nitrogen atmosphere at
room temperature. The flow system was cleaned with 1 N HCl before
conducting a series of kinetic experiments to ensure that no catalytic
solids remain in the system. The reactions were monitored at the λmax of

the SmI2 (619 nm).Whenever proton donor was used, the proton donor
was mixed with the substrate solution. Each set of experiments was
repeated two to three times. Within a set, each measurement was
routinely repeated three times. At the end of each series, the first
measurement was repeated to ensure reproducibility within a set. The
deviation usually observed less than 5%. First-order kinetics were
analyzed using Kinet Asyst (v. 2.2 Hi-Tech Ltd.).
General Procedure for Product Preparation under Condi-

tions Similar to the Kinetic Measurements. A freshly prepared
solution of SmI2 (0.1 M) in THF was added in the glovebox to a
homogeneous solution of the imine and TFE in dry THF. The total
volume of the reaction was 200 mL. The final concentrations were
[SmI2] = 2.5 mM, [imine] = 1 mM, and [TFE] = 0.1 M. After 5 min, the
solvent was evaporated under reduced pressure at 30 �C. The crude
reaction mixture was redissolved in DCM (50 mL), washed consecu-
tively with solutions of saturated NaHCO3 (10 mL), saturated Na2S2O3

(10 mL), potassium dihydrogen phosphate buffer (20 mL), followed by
brine (20 mL), and dried over anhydrous Na2SO4. The solvent was
evaporated under reduced pressure. Under these conditions, BAI gave
25% reduced product and 75% of the coupled product. The two other
imines gave only coupled products.
Preparation of SmI3 Solution in THF. To the homogeneous

solution of SmI2 in THF was added a freshly prepared I2 solution in
THF. The concentration of I2 was one-half that of the SmI2. The freshly
prepared yellowish-green solution of SmI3 in THF was used for the
kinetic experiments as well as dynamic light scattering, light microscopy,
and HRTEM analyses.
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