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The mechanism of the permanganate oxidation of 1,5-dienes was investigated by density
functional theory calculations (B3LYP/6-311+G*). The experimentally observed (unexpected)
products, 2,5-bis(hydroxymethyl) tetrahydrofurans, are formed in a concerted reaction,
which explains the observed stereoselectivity of the reaction. Water plays an important role
in the reaction mechanism by significantly lowering the activation energies.

Keywords: Permanganate; DFT calculations; Oxidations; Alkenes; Dienes; Stereoselectivity;
Tetrahydrofurans; Reaction mechanism; Oxidative cyclizations.

The oxidation of alkenes can be accomplished with a variety of metal-oxo
compounds like OsO,, RuO, or KMnO, and has been known for quite some
timel-6. Permanganate is known to oxidize alkenes to diols or even further
by breaking the C-C bond”!!. Mechanistic aspects of the oxidations have
been studied in great detail, also in combination with kinetic isotope ef-
fectst?-30,

In 1965 the permanganate-promoted oxidation of 1,5-dienes was investi-
gated by Klein and Rojahn3!, who wanted to explain the unexpected forma-
tion of 2,5-bis(hydroxymethyl) tetrahydrofurans with defined stereo-
chemistry instead of tetroles, as was initially claimed by Wagner® and
Boeseken®2. It was reported that this reaction could also be performed by
using other metal-oxo compounds like ruthenium tetraoxide, perrhenate
and osmium tetraoxide33-41, Baldwin et al.*? confirmed the stereospecific
course of the reaction using deuterium-labeled 1,5-dienes (Scheme 1).

Due to the stereospecific formation of up to four new stereogenic centers
and the THF ring, this reaction is a valuable tool for the synthesis of this
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important structural unit of several biologically active molecules**-47. The
use of chiral auxiliaries*®4® and phase-transfer permanganate-promoted
oxycyclization®® has already been shown to provide enantiomerically en-
riched THF diols.
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ScHEME 1
Baldwin’s experiment*?

Based on their experimental evidence, Klein and Rojahn3! proposed the
concerted formation of a complex between the two double bonds of the
1,5-diene and the permanganate (Fig. 1).

Fic. 1
Concerted formation of a permanganate-diene complex proposed by Klein and Rojahn31

For a similar reaction including permanganate ions, a stepwise mecha-
nism was proposed by Sable et al.>!, which was adopted for the reaction
with 1,5-dienes by Wolfe and Ingold®?, supported by the confirmation of
the existence of the intermediate manganese(V) ester.

A comproportionation of the manganese(V) ester with another perman-
ganate molecule forming a manganese(VI) ester and manganate(VI) was
also suggested*?, since there was experimental evidence that the manga-
nese(V) species MnO,3~ was not able to oxidize carbon-carbon double
bonds®3, while electron transfer from manganese(V) to the permanganate
ion seemed more likely to happen®“.

Wolfe and Ingold®? furthermore reported evidence for a possible involve-
ment of water molecules in the mechanism by performing oxygen labeling
experiments. There is general agreement on the first reaction step, the for-
mation of the manganese(V) ester. The mechanism is consistent with the
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[3+2] reaction pathway described below (Scheme 2). The [2+2] reaction
pathway suggested by Walba®® has been shown to be unreasonably high in
energy by thorough mechanistic investigations??.
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SCHEME 2
Possible reaction paths: Mn(VIl) - Mn(V) - Mn(lll) and Mn(VIl) - Mn(V) - Mn(Vl) -
Mn(1V) (including a comproportionation with an additional permanganate ion)

Starting from this intermediate Wolfe and Ingold®? suggested the addi-
tion of a water molecule to the manganese(V) ester, leading to a manganese
species with a coordination number greater than four (Scheme 3) which al-
lows exchange of the oxygen atoms before reacting with the second double
bond forming the product complex.
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SCHEME 3

Addition of an O labeled water molecule (H,0%*) to the manganese(V) ester as suggested by
Wolfe and Ingold®?
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Out of the three oxygen atoms in the product, two and a half were found
to come from the permanganate ion and the other half from the solvent®2.
However, due to the uncertainty of possible oxygen scrambling and/or
interconversion of the possible manganese complexes, they did not suggest
a detailed structure of the intermediate.

By applying modern quantum chemical methods, we are able to propose
a plausible reaction path and to confirm or disprove the proposed mecha-
nisms suggested earlier. During the last decade, the possibility of a two-state
reactivity®® was also reported for permanganate?224, We were therefore
carefully evaluating the accessible potential energy hypersurfaces (PES) for
all possible multiplicities, but did not attempt to identify the crossing
points between the potential energy hypersurfaces.

COMPUTATIONAL DETAILS

All calculations were performed with Gaussian03°7, using the density
functional/Hartree-Fock hybrid model Becke3LYP 5861 and the split valence
triple-Z (TZ) basis set 6-311+G(d) 62-° for C, H, O and Mn. Though B3LYP
might overestimate higher multiplicities because the energy splittings
between low-spin and high-spin are strongly dependent on the exact ex-
change admixture parameter, in general it is an advisable functional and,
in average, works well”71,

No symmetry or internal coordinate constraints were applied during
optimizations. All reported intermediates were verified as being true min-
ima by the absence of negative eigenvalues in the vibrational frequency
analysis. Transition-state structures (indicated by TS) were located using the
Berny algorithm?2 until the Hessian matrix had only one imaginary
eigenvalue. The identities of all transition states were checked by animating
the negative eigenvector coordinate with MOLDEN 7® and GaussView, for
selected transition states by IRC calculations.

The results are shown for the different potential energy hypersurfaces
(PES), as referred to in the text. Approximate Gibbs free energies (AG) and
enthalpies (AH) were obtained through thermochemical analysis by fre-
quency calculations, using the thermal correction to the Gibbs free energy
as reported by Gaussian03. This takes into account zero-point effects, ther-
mal enthalpy corrections, and entropy. All energies reported in this paper,
unless otherwise noted, are Gibbs free energies or enthalpies at 298 K, using
unscaled frequencies. They are given relative to the combined energy of the
starting materials. All transition states are maxima on the electronic poten-
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tial energy hypersurface, which may not correspond to maxima on the free
energy surface.

RESULTS AND DISCUSSION

First we examined the simplest mechanism possible for the oxidation of
octa-2,6-diene 1 by permanganate 2 on the singlet potential energy surface
(PES) as shown in Scheme 4. According to our calculations and in agree-
ment with the experimental results, the formation of the intermediate
manganese(V) ester 4 is exergonic (AG = -28.1 kcal/mol) and proceeds via
transition state 3 with an activation barrier of 25.6 kcal/mol. From our pre-
vious experience®??* we can exclude a triplet transition state for the first
reaction step, but, starting with intermediate 4, more potential energy
hypersurfaces are accessible. On the singlet potential energy surface (PES),
the reaction step from 4s to 6s via transition state 5s is endergonic by AG =
+31.2 kcal/mol with an activation barrier of 43.8 kcal/mol.

We also checked whether another possible intermediate exists, connect-
ing 4s and 6s with one oxygen atom already attached to the second double
bond, but did not find any. An intrinsic reaction coordinate (IRC) simula-
tion starting from transition state 5 was performed which led to inter-
mediates 4 and 6, supporting the mechanism without an additional inter-
mediate.
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Scheme 4
Reaction path Mn(VIl) - Mn(V) - Mn(lll) with the singlet ( — ), triplet (- - - -) and quintet
(- - - ) potential energy surfaces
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According to our calculations the triplet surface is easily accessible to in-
termediate 4. While the energy for intermediate 4t is only 2.7 kcal/mol
lower than 4s, that of the triplet product 6t is favored by 18.6 kcal/mol
compared to 6s. As can be seen from Scheme 4, the barrier for 5t is also sig-
nificantly lowered compared to 5s.

Since the necessary criteria for a crossing point are sufficiently similar
energies as well as similar geometries, we predict that the crossing point be-
tween the singlet and triplet PES is around intermediate 4. The two geome-
tries of 4s and 4t are shown in Fig. 2.
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Nevertheless, the second reaction step still would be endergonic by
+15.2 kcal/mol with an activation barrier of 39.1 kcal/mol, although the
overall reaction would be exergonic (AG™®@! = —15.5 kcal/mol).

We therefore checked the quintet surface, where the transition state 5q
and the product 6q are calculated to have the lowest barrier as well as the
largest product stabilization energy. Relative to intermediate 4t, a barrier of
+31.1 kcal/mol and an exergonic reaction by -9.0 kcal/mol were calculated.
For the overall reaction a total Gibbs free energy (AG™®) of -39.7 kcal/mol
was found. Therefore, another crossing point of the triplet and quintet PES
is most likely located between the triplet intermediate 4t and the quintet
transition state 5q.

A comparison of the geometries of the transition states 5 and the products
6 on the different potential energy surfaces shows an elongation of the cen-
tral Mn-O¢ bond with increasing multiplicity. As this result by itself
is not surprising, the magnitude of the change from 2.05 A (6s) to 2.59 A
(6Q) is unexpected.
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Fic. 3
Selected bond lengths of transition states 5s, 5t and 5q as well as of the products 6s, 6t and 6q

The literature agrees on the first reaction step, but proposed several differ-
ent pathways from there, which will be discussed separately in the follow-
ing section.

Electron Transfer

Baldwin proposed a mechanism involving a one-electron transfer from the
manganese(V) ester to another permanganate ion leading to a Mn(VI) species
on the dublet PES by comproportionation with an additional permanganate
ion (Scheme 5). To evaluate the probability of this proposal, we calculated
the Gibbs free energy of the formation of the Mn(VI) species, using differ-
ent approaches. First we calculated the Gibbs free energy for this transfor-
mation in the gas phase. The resulting Gibbs free energy (+135.3 kcal/mol)
is extremely high, but not surprising, since a dianion and a neutral species
are formed from two monoanions. Additionally we applied a PCM solvent
model and calculated a charge neutral process using HMnO,. The compro-
portionation between a monoanion (manganese(V) ester) and a neutral spe-
cies (HMnO,) results in the formation of another monoanion (protonated
manganate(VI) and a neutral species (manganese(VI) ester). This drastically
lowered the calculated Gibbs free energy for the reaction to 75.1 kcal/mol.
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Application of the PCM solvent model using water as the solvent is still un-
favorable by 15.3 kcal/mol. We can conclude that all calculations lead to an
endergonic intermediate. Therefore, we considered this transformation un-
likely to happen and did not further examine this pathway (Scheme 5).
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Comproportionation of the Mn(V) species with permanganate

Addition of Water

Starting from structure 4 we also calculated the addition of water molecules
to the manganese(V) ester. Various possibilities how the water molecule can
add to the manganese(V) ester were considered and the structure with the
lowest energy was used for the calculations. The optimizations led to struc-
tures where one proton migrated to a permanganate oxygen atom.

On the singlet surface, the addition of the water molecule (4s — 4:°/
4t - 477°) with a Gibbs free energy of 3.7 kcal/mol is a nearly thermo-
neutral process. An equilibrium prior to the following addition of the
manganese(V) ester to the second double bond seems likely. Due to this
equilibrium between 4 and 4"™:° (for singlet and triplet surface), an ex-
change of the oxygen atoms is possible, which would explain the results
of Wolfe and Ingold®2.

The addition of a second water molecule leading to complex 427:° is ther-
modynamically disfavored by a Gibbs free energy difference of
+18.6 kcal/mol compared to 4!:°. With the probable crossing from 4:° to
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the triplet surface 4;2°, the activation barrier between 4/° and 5;*° is only
14.5 kcal/mol, so this should be the preferred reaction pathway. This also
agrees with the results of Wolfe and Ingold®2, whose experiments were in-
consistent with the addition of a second water molecule.

Our calculations show an increasing stabilization of the molecules during
the reaction, if one water molecule remains in the complex. The stabiliza-
tion energy due to the water addition is given as AAG in Table I.

Due to the transfer of one water hydrogen to a permanganate oxygen,
there are two possibilities for the second transition state 5:°, either by in-
teraction of a hydroxyl-like oxygen or an oxo-oxygen with the second dou-
ble bond. On the singlet surface we found a lower activation barrier for the
unsubstituted oxygen (55:°).

The trends of the reaction energies are similar with and without water,
higher multiplicities resulting in lower energies (Scheme 6).
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SCHEME 6
Reaction path Mn(VIl) - Mn(V) - Mn(lll) with (- - - -) and without (—) an added water
molecule. AG = 0 kcal/mol refers to the energy of the starting material

A crossing between the singlet and triplet PES followed by the addition of
the water molecule is likely. The quintet surface shows the lowest energies
for transition state 5.:° and product 6;:°. Therefore, another crossing
from the triplet to the quintet PES leads to the lowest activation barrier of
12.1 kcal/mol (4}=° - 5;‘20) and an overall total energy of -42.4 kcal/mol
(4r0 , 61:0),

A possible reason for the stabilization of the transition state by water
could be the coordination geometry around the manganese. Because of the
added water molecule in transition state 5;‘20, its coordination can be de-
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scribed as trigonal bipyramidal, which is in general preferred by manga-
nese(V) compounds. The coordination environment of the product 6;'20
can be described as almost planar quadratic.
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Product-forming transition state 5;° and product 6;*°

CONCLUSIONS

We investigated the permanganate-promoted oxidative cyclization of 1,5-
dienes by performing density functional theory calculations (B3LYP/6-311+G¥).
We could explain the stereospecificity of this reaction by confirming a
mechanism with one permanganate ion adding successively to the two
double bonds. A comproportionation between an manganese(V) intermedi-
ate and an additional permanganate molecule was found to be unlikely to
happen, whereas the addition of a water molecule to this intermediate led
to significantly stabilized structures for the second reaction step. Depending
on the oxidation state of manganese, different high spin states were shown
to be favored. We propose that the reaction proceeds to the manganese(V)
ester in the triplet state, followed by the addition of a water molecule and
afterwards continuing on the quintet surface to form the product.
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