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This study analyzes the samarium diiodide-promoted cycliza-
tions of 5-arylpentan-2-ones to dearomatized bicyclic products
utilizing density functional theory. The reaction involves a single
electron transfer to the carbonyl group, which occurs synchro-
nously with the rate determining cyclization event, and a
second subsequent proton-coupled electron transfer. These
redox reactions are accurately computed employing small core
pseudo potentials explicitly involving all f-electrons of sama-
rium. Comparison of the energies of the possible final products
rules out thermodynamic control of the observed regio- and
diastereoselectivities. Kinetic control via appropriate transition
states is correctly predicted, but to obtain reasonable energy

levels the influence of the co-solvent hexamethylphosphortri-
amide has to be estimated by using a correction term. The
steric effect of the bulky samarium ligands is decisive for the
observed stereoselectivity. Carbonyl groups in para-position of
the aryl group change the regioselectivity of the cyclization and
lead to spiro compounds. The computations suggest again
kinetic control of this deviating outcome. However, the
standard mechanism has to be modified and the involvement
of a complex activated by two SmI2 moieties is proposed in
which two electrons are transferred simultaneously to form the
new C� C bond. Computation of model intermediates show the
feasibility of this alternative+ mechanism.

Introduction

Samarium diiodide – also known as Kagan's reagent – has
demonstrated versatile applicability in organic synthesis. Its
high chemo-, regio- and stereoselectivity has been exploited in
numerous synthetic adventures, including natural product

synthesis.[1–10] The easy preparation of homogeneous samarium
diiodide solutions in tetrahydrofuran (THF) or other solvents
and the fine-tuning of the reagent by addition of salts (e.g.
lithium bromide), proton sources (e.g. water, methanol or tert-
butanol) and strong Lewis bases such as hexamethylphosphor-
triamide (HMPA) were pivotal for the successful use of this
unique electron transfer reagent.[11,12]

Samarium diiodide is particularly important for the diaster-
eoselective formation of new C� C bonds. The coupling of
carbonyl groups with a second carbonyl group, an alkenyl or an
alkynyl moiety was discovered shortly after Kagan's pioneering
contributions. The remarkable reactions of carbonyl groups
with arenes as coupling partners lead to synthetically valuable
dearomatized products. First singular examples were reported
by Schmalz et al. who studied arenes strongly activated by η6-
Cr(CO)3 complexation.

[13–15] Starting in 1998, our group system-
atically investigated SmI2-promoted cyclizations of simple 5-
(het)aryl-2-ones, which efficiently provide polycyclic systems
bearing newly formed six-membered rings.[16–24] Recently, You
and coworkers reported highly enantioselective versions of
such intramolecular carbonyl-arene couplings.[25] Reactions of
this type usually require an excess of SmI2 (>2 equivalents),
whereas catalytic versions operate only in exceptional cases if
an auxiliary reducing agent is present.[26–30] This disadvantage
weakens the appeal of these transformations for large-scale
(industrial) applications.

Very often typical Lewis-basic co-solvents such as HMPA are
required in relatively high concentration (usually more than
four equivalents with respect to SmI2). This results in mixtures
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of solvent-separated ion pairs of the type [Sm(HMPA)4(THF)2]I2
and [Sm(HMPA)6]I2 which are characterized by an increased
reduction potential of the Sm(II)/Sm(III) redox couple,[31–34]

which is essential for many coupling reactions involving
carbonyl groups. Unfortunately, HMPA is highly carcinogenic
and teratogenic and therefore, less harmful alternatives were
developed, which operate at least in certain cases.[35,36] A recent
study reports the use of chiral HMPA analogs resulting in highly
enantioselective cyclization reactions of indole derivatives,
however the generality of this method has still to be
demonstrated.[37]

Our broad experimental investigations of the cyclizations of
indole derivatives[38–41] were assisted by density functional
theory (DFT) calculations which demonstrated the necessity of
the incorporation of explicit solvent ligands at the metal center
of SmI2(THF)5.

[42] To account for the experimentally observed
diastereoselectivity, a chelated complex was proposed where
two carbonyl oxygen atoms of the substrate are involved to
bind to the samarium center. The influence of HMPA was not
considered in this study.

In the current report, we computationally investigate the
regio- and diastereoselective cyclizations of 5-arylpentan-2-ones
(1). Depending on the substituents of the aryl group either
annulated bicyclic products 2 or spiro compounds 3 were
formed (Scheme 1).[18,21] Similar 5-exo-trig cyclizations of sub-
strates 1 with strong electron-withdrawing para-substituents
leading to spiro compounds were reported by Tanaka et al.[43,44]

In these reactions two electrons (from Sm(II)) and two protons
(from the alcohol) are transferred to the substrate and the
overall process can be regarded as an alkylative Birch reaction.
Strong Lewis bases such as HMPA are so far inevitable co-
solvents in these synthetically valuable cyclizations.

Although mechanisms were proposed for the intriguing
reactions of compounds 1, many important details are still
unknown. It is evident that chelate formation is not possible
with this type of precursor compounds. We therefore performed
DFT-based computations of the involved intermediates, tran-
sition states and products in order to identify the rate

determining step and the factors that are responsible for the
observed regio- and stereoselectivity. The effect of HMPA was
taken into account by applying a suitable correction term. The
influence of various electron withdrawing and electron donat-
ing aryl substituents was also studied in detail and, as a
consequence of the computations, an alternative mechanism is
discussed for the formation of spiro compounds such as 3.

Results and Discussion

Energy Profile

The energy profiles for the cyclization reactions of 5-arlypentan-
2-ones 1 were computed using the PBE0-D3(BJ)/def2-TZVP//
def2-SVP level of DFT, considering THF in the first solvation
shell and with a continuum solvation model to mimick the bulk
solvent (for details see below). The calculated isodesmic
reaction of parent compound 1a (R=H) with propan-2-ol
leading to bicyclic compound 2a and acetone (Scheme 2)
reveals that this process is endergonic (63.2 kJ/mol). This result
is not surprising, since an estimation using increments of bond
dissociation energies gives a similar value of 60 kJ/mol,
showing, that the loss of one of the arene double bonds and of
the aromaticity (260 + 150 kJ/mol) is not balanced by the
energy gain due to the newly formed C� C bond (� 350 kJ/mol).
Hence, the contribution of the electron transfer reagent
samarium diiodide is decisive to furnish sufficient driving force.

The computational results of the reaction of parent
compound 1a in the presence of SmI2(THF)5 and methanol
leading to the annulated product 2a are illustrated in detail in
Scheme 3. In the very first step, one of the THF ligands of the
samarium(II) complex is substituted by precursor 1a which
binds via the oxygen atom of its carbonyl group to deliver
primary complex 4a in an exergonic process (� 24.4 kJ/mol). An
alternative interaction of the samarium(II) fragment with the
phenyl group should be less favorable; the comparable complex
of samarium diiodide with toluene is stabilized by only
13.8 kJ/mol (see Supporting Information S1). The Lewis acid/
base complex 4a undergoes an single electron transfer (SET)
promoted cyclization via transition state TS-1 to provide the
cyclohexadienyl radical 5a. In this step, the configuration of the
final product is determined. The distance between the two
carbon atoms of the newly forming C� C bond is 1.85 Å. This
relatively short distance and the energy levels of TS-1 and 5a
indicate that a “late transition state” is involved, which already
resembles the structure of the subsequent intermediate. It
should be noted that a conceivable samarium ketyl, which was

Scheme 1. Diastereoselective dearomatizing cyclizations of 5-arylpentan-2-
ones 1 with SmI2 yielding either annulated bicyclic products 2 or spiro
compounds 3 (all formulae in this report represent only the relative
configuration of compounds).

Scheme 2. Isodesmic reaction of parent compound 1a with propan-2-ol
providing 2a and acetone; the Gibbs free energies were computed using the
PBE0-D3(BJ)/def2-TZVP//def2-SVP level of DFT.
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proposed earlier as intermediate preceding of the cyclization
step,[21] is not an intermediate but was assigned as transition
state. The inner sphere SET and the cyclization occur rather
synchronously according to the calculations.[45] However, the
energy level of TS-1 is very high, as computed in neat THF,
which indicates that this reaction is unlikely to proceed at room
temperature[46] as experimentally observed in a solution with
HMPA as co-solvent. Furthermore, the overall reaction of 4a to
intermediate 5a via TS-1 is strongly endergonic (132.0 kJ/mol).
These facts demonstrate the necessity to consider HMPA as
Lewis-basic ligand at samarium to receive reasonable energy
levels (see discussion below).

In order to understand the SET to carbonyl groups, we had
earlier computationally investigated the complex of SmI2(THF)4
with acetone.[47] While the unreduced acetone samarium(II)
complex yielded the energy minimum, the corresponding
reduced ketyl samarium(III) complex was 84.6 kJ/mol higher in
energy, which renders the SET highly endergonic. Reduction of
the acetone ligand involves a distortion of the carbonyl group
and the geometry of this ketyl species compares surprisingly
well to the carbonyl moiety of transition state TS-1. Further-
more, both systems show samarium atoms with 5.5 occupied f-
orbitals according to natural population analysis.[48] From the
model study we can conclude that the contribution of the SET
is in the order of 85 kJ/mol, hence the additional ca. 71 kJ/mol,
which are required to reach TS-1 from 4a, originate from the
well advanced cyclization event (dearomatization of the arene
moiety and moderate ring strain).

The subsequent reaction of intermediate 5a involves the
second SET and protonation. In order to restrict the computa-
tional effort, we first replaced the Sm(III) at the oxygen of 5a by
a proton under elimination of Sm(III)OMe(THF)4 to furnish the
cyclohexadienyl radical 6a (center of Scheme 3).[49] This species
interacts further with the second equivalent of Sm(II)I2(THF)5
and methanol to provide a complex with the pentadienyl
subunit of the bicyclic system providing intermediate 7a which
also includes methanol as ligand.[50] Two diastereomeric com-
plexes are possible, but only the sterically more favorable
diastereomer 7a was considered in this Scheme. The samarium
fragment is on the side of the bridgehead hydrogen and hence
on the sterically better accessible convex face of bicyclic
intermediate 6a. The samarium center is located essentially on
top of a C� C double bond of the pentadienyl subunit as shown
in Figure 1. In addition, the proton source methanol is activated

Scheme 3. Energy profile of the samarium diiodide-promoted reaction of 5-phenylpentan-2-one (1a) to annulated bicyclic compound 2a. Gibbs free energies
ΔG (in kJ/mol) were computed using the PBE0-D3(BJ)/def2-TZVP//def2-SVP level of DFT. The black numbers refer to the reaction in neat THF; the calculated
correction term for HMPA of 88.1 kJ/mol was applied to estimate the influence of this Lewis base on the energies of the involved samarium(III) species (red
numbers); this term was applied twice (173.6 kJ/mol) to account for the second Sm(III) in the co-solvent (blue numbers). Natural population analysis
occupation numbers of f-orbitals are listed to account for the redox state of the involved samarium species. aThermal corrections calculated in gas-phase, see
Supporting Information S4.

Figure 1. Optimized calculated structure of complex 7a with
SmI2(TFH)3MeOH computed at the PBE0-D3(BJ)/def2-TZVP//def2-SVP level of
DFT; (color code, samarium: turquoise, iodide: purple, oxygen: red).
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and pre-orientated by the complexation with samarium(II).[51]

This arrangement facilitates the subsequent regioselective
proton-coupled electron transfer (PCET) via TS-2 affording the
new complex 8a.[52–54] The barrier of this step is considerably
lower (65.1 kJ/mol) compared to TS-1. The reaction from 7a to
8a is exergonic (� 28.4 kJ/mol), however the involved species
are still energetically quite unfavorable. The decomplexation
under ejection of Sm(III)(THF)4OMe gives the final product 2a,
again in an exergonic process (� 28.2 kJ/mol).[55] Overall, the
energy profile of the reaction shown in Scheme 3 (black
numbers) reveals that the complete process is endergonic in
THF. The value of 62.2 kJ/mol approximately coincidences with
the value obtained by the calculated isodesmic reaction
(Scheme 2) and hence the electron transfer due to oxidation of
the involved Sm(II) species to Sm(III) does not contribute to the
driving force of the process.[56] As a consequence, it is inevitable
to take into account the so far neglected co-solvent HMPA.

Explicit consideration of HMPA ligands at samarium is
computationally very demanding for complex reactions such as
1a to 2a. Hence, we rely on experimental and computational
data obtained from model reactions in the presence of HMPA.
They reveal that a high stabilization of the oxidized stage is
responsible for the effect of this powerful Lewis base, certainly
caused by the pronounced oxophilicity of samarium(III). By
measuring the reduction potentials of SmI2 it was found that
four equivalents of HMPA raise the reduction potential by
69.2 kJ/mol (0.72 eV)[32,33] or even by 86.8 kJ/mol (0.90 eV).[31,34]

The latter value agrees very well with the results of our model
study with acetone and SmI2 with either four molecules of THF
or HMPA in the first solvation shell in bulk THF.[47] The calculated
ionization potential of the complex was reduced by 88.1 kJ/mol
(applying Koopman’s theorem) when the THF ligands were
replaced by HMPA. While HMPA thus very strongly influences
the thermodynamics, its kinetic effects are weaker.[31,52–54] The
reported rate accelerations translate to a correction term of
approximately 20 kJ/mol according to Arrhenius' law.[31] This
value also agrees very well with the reported value from
computations of 21 kJ/mol.[47] However, the reported kinetic
studies do not involve any reactions under dearomatization,
which causes the discussed late transition state. Therefore, TS-1
is structurally and energetically well comparable to intermedi-
ate 5a and as a consequence it is expedient to consider the
thermodynamic effect of HMPA.

If we accept the calculated value of 88.1 kJ/mol as
correction term, the energies of TS-1, 5a, 6a, and 7a were
strongly reduced (Scheme 3, red numbers). With these lower
energy levels, the formation of the cyclohexadienyl radical 5a
becomes only moderately endergonic and the barrier via TS-1
is compatible with a reaction occurring at room temperature.
Applying this correction for the subsequent steps, the overall
reaction to 2a becomes exergonic (� 25.9 kJ/mol). Furthermore,
if the correction term is used twice for species where the
second equivalent of samarium(III) is involved, i. e. starting with
TS-2, the barrier of the PCET to intermediate 8a is strongly
decreased (Scheme 3, blue numbers). Although this approach
may overestimate the effect of HMPA, in particular concerning
the energies of the transition states, it shows that the overall

process now becomes kinetically and thermodynamically fea-
sible.

The calculation of the energy profile without consideration
of HMPA showed that a samarium ketyl is not an intermediate
but a transition state (TS-1 of Scheme 3) and that the SET
occurs simultaneously with the cyclization event. Does HMPA as
ligand fundamentally change this prediction? Although we did
not compute the transition state our model study with acetone
as substrate indicates that this is not the case.[47] The calculated
samarium(III) ketyl is not an energy minimum, regardless
whether it is coordinated by four THF or by four HMPA ligands.
Furthermore, the geometries of these two species are very
similar (with slightly longer samarium oxygen bond in the
presence of HMPA). Since the calculated transition state TS-1 is
structurally very similar to that of this model system with THF
ligands we can assume with high fidelity that this is also valid
for HMPA (for a detailed comparison, see Supporting Informa-
tion S3). Hence, the samarium ketyl is not an intermediate but a
transient stage of the process – even in the presence of HMPA.

Diastereoselectivity

The samarium diiodide-promoted reaction of precursor 1a
provided only diastereomer 2a.[21] We can rule out thermody-
namic control of the observed diastereoselectivity by compar-
ing the Gibbs free energies of 2a with the conceivable isomer
2a' (Scheme 4) which is even slightly more stable than the
exclusively isolated product 2a. As mentioned above, the
diastereoselectivity of the overall reaction is determined by the
C� C bond forming step involving transition state TS-1. The
computations reveal that its diastereomorphic counterpart
TS-1' is 10.8 kJ/mol higher in energy. This energy difference is
probably even too low since the very bulky HMPA ligands at
the samarium center are neglected. After formation of the new
C� C bond the energy differences of the diastereomeric

Scheme 4. Comparison of products 2a/2a', of diastereomorphic transition
states TS-1/TS-1' and of diastereomeric intermediates 5a/5a' and 9a/9a' (all
Gibbs free energies were computed at the PBE0-D3(BJ)/def2-TZVP//def2-SVP
level of DFT).
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intermediates 5a/5a' and 9a/9a' are even slightly higher
possibly due to the shorter fully established C� C bond.

The geometries of the two transition states are presented in
Figure 2 which also depicts two Lewis structures earlier
proposed to rationalize the experimentally observed result.[18,21]

Two chair-like arrangements are possible and the preferred
transition state (corresponding to TS-1) avoids repulsive
penalties, since the benzene moiety of the forming intermedi-
ate points away from the bulky samarium complex. The
positioning of this fragment in the alternative transition state
TS-1' causes unfavorable interactions. These are apparent when
the computed space filling structures of Figure 2 are inspected.
The SmI2(THF)3 moiety of TS-1' is forced into very close
proximity to the newly forming bicyclic part of the intermedi-
ate. The calculated distances of the para-carbon atom of the
arene ring to the samarium center is 4.97 Å for TS-1' compared
to 5.75 Å in TS-1; the distances of this carbon to the oxygen
amount to 3.51 Å versus 4.13 Å, clearly showing that TS-1' is
severely more crowded than TS-1.

Influence of Substituents and Regioselectivity

Most of the cyclization reactions under discussion proceed to
form the annulated bicyclic products 2 (Scheme 1). However, an
interesting exception was found when strongly electron-with-
drawing carbonyl groups were present in para-position of the
aryl group. Then, an ipso-attack and the formation of spiro
compounds 3 was observed.[21,43,44] This 5-exo-trig cyclization is
an allowed process according to Baldwin's rules.[57] In Table 1,
we compare the energies of the annulated bicyclic standard
products 2 with that of the corresponding spiro compounds 3
for two typical examples (a: R=H and b: R=CO2Me). Remark-
ably, for both systems the bicyclic annulated products were

found to be ca. 37 kJ/mol more stable than the corresponding
spiro compounds, although in the case of precursor 1b only
the compound 3b was isolated. We attribute this energy
difference to the ring strain of spiro compounds 3 and the
additional unfavorable gauche interactions of substituents
attached to the five-membered ring.[58] These effects should be
independent of the substituents in the cyclohexadiene sub-
structure of 3. From these data, we can conclude that the
formation of spiro compounds should be a kinetically controlled
process.

The calculated transition state TS-4 of the reaction of
precursor 1b with samarium diiodide leading to 3b lies
28 kJ/mol higher than TS-3, which means that the unobserved
product 2b should be formed (Scheme 5). Comparison of the
subsequent intermediates 10b and 5b and that of the
protonated intermediates 11b and 6b, respectively, reveal
energy differences in a similar order. This demonstrates again
that the transition states of the cyclization are “late” and
resemble the subsequent intermediates. However, kinetic
control leading to the observed product cannot be deduced

Figure 2. Lewis structures of diastereomorphic transition states TS-1 and
TS-1' along with their PBE0-D3(BJ)/def2-TZVP optimized structures (the
space filling structures are based on the van der Waal radii; color code,
samarium: turquoise, iodide: purple, oxygen: red).

Table 1. Gibbs free energies (in kJ/mol) of annulated bicyclic products 2
and the corresponding spiro compounds 3 (computed at the PBE0-D3/
def2-TZVP//def2-SVP level of DFT).

Substituent
R

Annulated
Product 2

Spiro
Compound 3

Experimental
Result

H 62.2 99.1 2a
(3a not found)

CO2Me 55.7 92.2 3b
(2b not found)

Scheme 5. Comparison of transition states TS-3/TS-4 and of intermediates
5b/10b, and 6b/11b (all Gibbs energies were computed at the PBE0-D3(BJ)/
def2-TZVP//def2-SVP level of DFT).
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from these numbers. Instead, an alternative mechanistic scenario
has to be developed to explain the formation of spiro compounds.

Before discussing an alternative mechanism, the energies of
differently substituted intermediates 5 and 10 are compared
(Scheme 6). The computed energy of 5a (R=H, see Scheme 3)
is supplemented by that of the conceivable spiro intermediate
10a which lies 54.7 kJ/mol higher. The energies of 5b and 10b
(R=CO2Me) differ in 34.5 kJ/mol while the cyano-substituted
intermediates 5c and 10c show a similar difference of Gibbs
free energies. Interestingly, the trifluoromethyl-substituted
species 5d and 10d reveal a stronger preference for the
annulated intermediate 5d, which is energetically favored by
46.5 kJ/mol. At this point, it should be noted that a radical in
intermediates 10b and 10c should be stabilized by their
electron-withdrawing substituents in comparison with R=H,
whereas the role of a CF3 group is ambivalent. The calculated
energy of the para-methoxy-substituted annulated radical
intermediate 5e lies considerably higher than those of 5a–5d.
The electron-donating methoxy group apparently destabilizes
this intermediate (and the preceding transition state), which is
in accordance with the experimental observation that precursor
1e does not cyclize cleanly to 2e.[21] The spiro intermediate 10e
is even less stable by ca. 32 kJ/mol.

The trend of energy differences between annulated and
spiro intermediates 5 and 10, respectively, roughly corresponds
to the stabilizations of C-centered radicals by the substituents,
showing ca. 35 kJ/mol for CO2Me, CN and OMe, whereas a
trifluoromethyl substituent exhibits a moderate destabilization
of 6 kJ/mol (see green numbers in the right part of
Scheme 6).[59] It is evident from this analysis that the stabiliza-
tion of the radicals by the substituents is not sufficient to allow
the formation of the spiro intermediates 10. Also, there is a

striking similarity of the values in series 5b/10b and 5c/10c
which does not reflect at all the experimental differences. The
methoxycarbonyl-substituted system provides the spiro com-
pound 3b whilst the cyano-substituted system behaves “nor-
mally” and delivers the annulated product 2c.[18,21]

What is the mechanistic alternative? We suggest that the
arene substituent of 1b undergoes a primary interaction with
the oxophilic samarium diiodide, which is not operating with a
cyano group.[60] Although the calculated complex 12b is
8.3 kJ/mol higher in energy than the corresponding complex
4b,[61] where SmI2(THF)4 binds to the oxygen of the keto group
(Scheme 7), the interaction of this substituent with samarium
diiodide may play the decisive role for this reaction. This Lewis
acid/base complexation further increases the electron-with-
drawing nature of the methoxycarbonyl group.[62]

The subsequent cyclization may therefore start with the
doubly-activated complex 13b and via transition state TS-5 two
electrons are shifted furnishing intermediate 14b. Whether the
two electrons are transferred simultaneously or stepwise cannot
be decided since the system is too large for DFT calculations at
appropriate level. The final protonations at the cyclohexadiene
moiety and at the oxygen by the present methanol complete
the reaction sequence. It is remarkable that the C-protonation
in the six-membered ring proceeds not only regioselectively
but also stereoselectively providing the diastereomer of 3b as
drawn. Interestingly, the proton is attached to the side of 14b,
which is in proximity to the samariumoxy part. We can therefore
speculate that the proton is steered due to the attachment of
the alcohol to the samarium similar to the arrangement in
complex 7a (Figure 1).

Scheme 6. Comparison of the Gibbs free energies of annulated intermedi-
ates 5a–e with those of the spiro intermediates 10a–e (computed at the
PBE0-D3(BJ)/def2-TZVP//def2-SVP level of DFT; the blue ΔΔ values are the
difference of the red Δ values relative to 5a) and literature reported radical
stabilization energies[59] of substituents (green numbers).a Enlarged differ-
ential increment, see Supporting Information S4.

Scheme 7. Alternative mechanism for the formation of spiro compound 3b
with doubly-activated complex 13b, TS-5 and intermediate 14b as crucial
species.
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Considerably simplifying, intermediate 14b can be regarded
as an anionic species with a samarium(III) as counter cation. In
order to estimate the stability of this kind of species, we
compared the Gibbs free energies of the annulated pentadienyl
anions 15a–c and the corresponding spiro intermediates 16a–c
(Scheme 8). For the parent system, anion 15a is favored over
the spiro system 16a – as mentioned, strain effects are probably
responsible for this difference. Not surprisingly, the ability of a
methoxycarbonyl group to stabilize a negative charge results
now in a preference for the spiro intermediate 16b. This effect
is less pronounced for the cyano-substituted species 16c.
Comparison of these stabilization energies support our inter-
pretation that only the strongly electron-withdrawing CO2Me
group (and the electronically similar COMe group) steer the
cyclization to spiro compounds 3, whereas all other substituents
lead to the “normal” annulated products 2. The particular role
of the complexation of samarium(II) to the oxygen of the
carbonyl groups, which is not possible for the cyano substitu-
ent, has already been mentioned.

It has been experimentally shown, that the reaction of 1b
with samarium diiodide can be performed in the absence of
proton sources under trapping of the intermediate correspond-
ing to 14b (and to simplified structure 16b) by electrophiles
such as allyl bromide.[44] This apparently longer life time of the
anionic intermediate strongly supports the suggested alterna-
tive reaction mechanism.

Conclusions

The mechanisms of the samarium diiodide-promoted cycliza-
tions of 5-arylpentan-2-ones 1 to bicyclic compounds 2 or 3 are
correctly predicted by DFT calculations, which involve all f-
electrons of samarium. The parent system 1a provides the
annulated bicyclic product 2a via a stepwise process, first
involving an electron transfer from samarium(II) to the carbonyl
group, which occurs synchronously with the decisive cyclization
step. This rate determining step also constitutes the relative

configuration of the final product. The calculated transition
state TS-1 correctly predicts the observed diastereoselectivity,
the alternative transition state TS-1' suffers severe steric
interactions due to the bulky samarium-ligand moiety. A proton
coupled second electron transfer finally leads to the isolated
product 2a. The influence of the essential co-solvent HMPA was
estimated by using a correction term derived from a computa-
tional model study. This term reflects the high stabilization of
the oxophilic samarium(III) by the Lewis basic HMPA ligands.
The procedure allows a correction of the energy profile of the
overall reaction and makes all steps thermodynamically and
kinetically feasible. The calculations reveal that the involved
samarium ketyl species is not an intermediate as earlier
proposed but a transition state with already well advanced
cyclization event. It was proposed that this scenario is also valid
in the presence of HMPA. Overall, the DFT calculations are in
good agreement with the earlier proposed mechanistic scenario
with a “carbonyl first”[63] activation to start the multi-step
process.

On the other hand, the computational results show that this
standard pathway is not applicable to the reaction of para-
methoxycarbonyl-substituted derivative 1b. Thermodynamics
and kinetics favor the formation of the annulated product 2b
which is experimentally not observed. Therefore, an alternative
mechanism was developed, which involves a complex 13b
where both carbonyl groups are activated by two samarium
diiodide molecules. This crucial doubly-activated precursor
undergoes the cyclization by transfer of two electrons, which
may occur simultaneously or stepwise. The calculations of
simplified anionic species such as 16b made this modified
pathway very likely. This “both carbonyl first” mechanism is
related to the proposed double-activation of electron-deficient
indole derivatives[39] for which DFT calculations suggest a
geometrically possible chelate involving only one SmI2(THF)3
unit before electron transfer and cyclization.

In summary, the many mechanistic details obtained in this
study showed the power of DFT calculations – even if
lanthanoids such as samarium are involved in complex
reactions. The key was to explicitly include all f-electrons of
samarium and to derive a suitable approximation to account for
the effect of HMPA.[64] On this basis, the development of new
dearomatizing transformations[65] or of catalytic versions of
samarium diiodide-promoted reactions may be possible.

Computational Methodology
We performed unrestricted single reference density functional
theory (DFT) calculations using the TURBOMOLE 7.3 program
package.[66] The electronic energies were computed at optimized
geometric structures employing the PBE0-D3(BJ) functional[67–71]

with the def2-TZVP[72] basis set and corresponding ECP28MWB (I,
Sm) effective core potential. The COSMO[73,74] model was applied for
implicit solvation, with a dielectric constant (ɛ) of 7.4, representing
THF as the solvent. The integration of the exchange correlation
functional was carried out using the multigrid m4. To improve the
initial wave function guess, thermal smearing of electrons was
applied, with a starting temperature of 400 K and appropriate high-
spin multiplicity constraints. The resolution of identity approxima-

Scheme 8. Comparison of the Gibbs free energies of anionic annulated
intermediates 15a–c with those of anionic spiro intermediates 16a–c
(computed at the PBE0-D3(BJ)/def2-TZVP//def2-SVP level of DFT).
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tion was applied with the corresponding auxiliary basis set for
density fitting. The SCF energy convergence threshold was set to
10� 6 atomic units (au), and gradients were converged to 10� 3 au for
electronic energies.

For thermal corrections at 1 bar and 298.15 K, geometric structures
were converged with def2-SVP basis set utilizing the computational
details mentioned earlier until the gradient change was smaller
than 10� 4 au and the SCF energy convergence was smaller than
10� 8 au. Numerical calculation of the Hessian was performed with
inclusion of derivatives of the quadrature weights and a constant
damping factor of 0.7 as Pulay mixing coefficient. In contrast to the
standard entropy calculation, we additionally utilized Grimme’s
quasi-RRHO approximation for frequencies lower than 100 cm� 1.[75]

Transition states searches were performed by scanning the reaction
coordinate until the gradient threshold of <5×10� 4 au was attained
for the highest point in energy. The resulting distance was then
used in a constrained def2-TZVP optimization to derive electronic
energies. All saddle points exhibited exactly one imaginary
frequency, while minimum geometric structures were verified to
have only positive frequencies.
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