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Stereoselective OsO4-Catalyzed Oxidative Cyclization of 1,5-Dienes
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The mechanism of the oxidation of 1,5-dienes with osmium tetroxide was investigated by density
functional theory calculations (B3LYP/6-3114+G*). The observed products, 2,5-bis(hydroxymethyl)-
tetrahydrofurans, are formed stereoselectively in a concerted reaction. Enantioselectivity could be
induced by an enantioselective dihydroxylation followed by condensation of the 5,6-dihydroxyole-
fine with osmium tetroxide, while the diastercoselectivity is achieved by reaction of the 1,5-diene with
osmium tetroxide and intermediate reoxidation of the osmium(VI) ester.

Introduction

Tetrahydrofuran derivatives are an important building
block of biologically active molecules from both natural
origin as well as from non-natural substances. Therefore,
the motif of 2,5-disubstituted tetrahydrofurans can be found
in a remarkable number of natural products of different
classes, e.g., annonaceous acetogenins such as membrarollin
or cis-sylvaticin, squalene-derived metabolites such as
glabrescol, and polyether antibiotics such as monensin A
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(Chart 1).'7° These molecules potentially possess important
biological activities, e.g., cytotoxic antitumor activity.” 2

A convenient approach for the synthesis of those 2,5-disub-
stituted tetrahydrofuran units was developed throughout the
last four decades. Oxidative cyclizations of dienes with metal—
oxo compounds like permanganate, osmium tetroxide, ruthe-
nium tetroxide, and perruthenate have been reported as early as
1965, when Klein and Rojahn used potassium permanganate to
oxidize dienes.”> A more systematic investigation of these
reactions has been carried out during the last ten years, but
there still is a lack of understanding of the mechanisms and the
stereochemical course of these transformations.'*
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CHART 1. Examples for Tetrahydrofuran-Containing Natural
Products

CgH1g

CO,H monensin A

There is general agreement on the first reaction step, the forma-
tion of the manganese(V) ester, via a (3+2) cycloaddition.'®"”
Labeling experiments with'®*O-labeled water'> and previous
results of our group, investigating the mechanism of the per-
manganate-promoted oxidative cyclization by DFT studies,”
support the suggestion of an addition of a water molecule
prior to the cyclization. A careful evaluation of the accessible
potential energy hypersurfaces (PES) for the possible spin multi-
plicities singlet, triplet, and quintet even showed a two-state
reactivity®' for the manganese, leading to a high-spin product. A
two-state reactivity for permanganate had already been reported
earlier.'”*

Piccialli et al.”> and Donohoe et al.”* could perform ana-
logous transformations using osmium tetroxide. Sharpless
et al. observed the tetrahydrofuran derivatives as “abnormal
oxidation” products when using ruthenium tetroxide.?
The latter reaction could be applied to a wide range of
1,5-dienes®® and scaled up under further-optimized condi-
tions by Stark et al.>”?® Even an enantioselective version was
established by Donohoe, who first introduced a defined
stereochemistry by an asymmetric dihydroxylation followed
by workup and isolation of the diol, which is then subjected
to another equivalent of OsO4.>
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For the oxidative cyclization with OsO, a similar reaction
pathway as in the case of permanganate could be suggested
(Scheme 1). The (2+2) reaction pathway was ruled out, also
for osmium tetroxide, based on thorough mechanistic in-
vestigations by density functional theory calculations.>* ™
The first reaction step again would be a (3+2) cycloaddition,
leading to an osmium(VI) ester. Afterwards, the reaction
could theoretically proceed to an osmium(IV) ester, followed
by reoxidation to Os(VIII) (Scheme 1, path A).

But there is a significant difference: the permanganate is
used stoichiometrically whereas the osmium reaction is
catalytic. Hence, there are more possibilities to consider for
the nature of the oxidizing metal—oxo species. Thus, the
intermediate osmium(VI) ester could be reoxidized to an
Os(VIII) species before reacting with the second double bond
(Scheme 1, path B). Following this pathway the oxidation
state of osmium would just change between Os(VIII) and
Os(VI), which has been observed before for double bond
oxidations with osmium.*’

As we previously did for permanganate, we investigated
the reaction mechanism for the different possible potential
energy hypersurfaces, wondering whether osmium shows a
similar behavior. The addition of a water molecule was also
considered, as it is known from the so-called “ligand accele-
rating effect” in the case of dihydroxylation by OsOy4 that
osmium tetroxide can add ligands to its coordination
sphere.*® Since we found a completely different behavior
for osmium compared to permanganate, we refer to prior
results in this paper to directly illustrate the differences and
discuss possible reasons.

Computational Details

All calculations were performed with GAUSSIAN-03,* using the
density functional/Hartree—Fock hybrid model Becke3LYP™ !
and the split valence triple-C (TZ) basis set 6-311+G(d)*** for
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SCHEME 1. Possible Reaction Pathways for the Osmium-Catalyzed Cyclization”
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“Panel a: Os(VIII) — Os(VI) — Os(IV). The solid line (—) marks the singlet potential energy surface (PES), the dotted line (- - -) the triplet PES, and the
semidotted line (e — o) the quintet PES. (b) Reaction path for permanganate-promoted cyclization.”

C, H, and O. For Os, a Hay—Wadt VDZ (n+1) ECP was used.*®
Though B3LYP may overestimate the energies of states with higher
multiplicities, it is in general an advisible functional and overall
works well, especially for transition metals.”'

No symmetry or internal coordinate constraints were applied
during optimizations. All reported intermediates were verified
as being true minima by the absence of negative eigenvalues in
the vibrational frequency analysis. Transition state structures
were located by using the Berny algorithm> until the Hessian
matrix had only one imaginary eigenvalue. The identities of all
transition states were checked by animating the negative eigen-

(50) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.

(51) Reiher, M.; Salomon, O.; Hess, B. A. Theor. Chem. Acc. 2001, 107,
48-55.

(52) Salomon, O.; Reiher, M.; Hess, B. A. J. Chem. Phys. 2002, 117,4729—
4737.

(53) Strassner, T.; Taige, M. A. J. Chem. Theory Comput. 2005, 1, 848—
855.

(54) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214-218.

(55) Schaftenaar, G.; Noordik, J. H. J. Comput.-Aided Mol. Design 2000,
14, 123-134.

(56) Dennington, R. I.; Keith, T.; Millam, J. M.; Eppinnett, W.; Hovell,
W. L.; Gilliland, R. GaussView, 3.09; Gaussian Inc.: Wallingford, CT, 2003.

(57) Fukui, K. Acc. Chem. Res. 1981, 14, 363-368.

vector coordinate with MOLDEN?®’ and GaussView,>® for
selected transition states by IRC calculations.®’

The results shown are given for the different potential energy
hypersurfaces (PES) as referred to in the text. Approximate free
energies (AG) and enthalpies (AH) were obtained through
thermochemical analysis of frequency calculations, using the
thermal correction to Gibbs free energy as reported by GAUSS-
TIAN-03. This takes into account zero-point effects, thermal
enthalpy corrections, and entropy. All energies reported in this
paper, unless otherwise noted, are free energies or enthalpies at
298 K, using unscaled frequencies.

Results and Discussion

The simplest mechanism possible for the oxidation of
octa-2,6-diene 1 was first examined on the singlet potential
energy surface (PES) as shown in Scheme 2. The first step of
the reaction on the singlet surface, leading to the osmium(VI)
ester 4s via the transition state 3, is exergonic (AG = —22.8
kcal/mol) and has an activation barrier of 15.9 kcal/mol
(Table 1). The following reaction (4s — 6s) proceeds through
transition state 5s (AG*® = 2.9 kcal/mol) with an activation
barrier of 25.7 kcal/mol. Ss (like transition state 3) was found

J. Org. Chem. Vol. 75, No. 6, 2010 1969
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TABLE 1. Thermodynamic Data of All Calculated Structures and Stabilization Effects AAG Due to the Addition of a Water Molecule”

without water with water
structure stabilization AAG
AH (kcal/mol)  AG (kcal/mol)  AS(cal/(K-mol))  AH (kcal/mol)  AG (kcal/mol)  AS (cal/(K-mol)) (kcal/mol)

1+2 0.0 0.0 0.0

3 3.4 15.9 —418

4s —36.6 228 —46.5 —52.7 -27.0 —86.2 —4.2
4t —149 -1.6 —44.4 —31.4 -7.0 —82.0 —5.4
5s —-153 2.9 —61.0 —-25.6 3.5 -97.7 0.6
5t 2.4 19.5 —57.6 -10.2 18.4 —96.0 -1.1
5q 19.6 36.2 —559 4.1 31.3 -91.2 —4.9
6s —42.1 —23.8 —61.7 —=50.0 —21.4 —96.2 2.4
6t -193 -2.6 —56.1 —42.4 —14.7 -929 —12.1
6q 22 18.4 —542 —38.4 —11.4 —-90.7 -29.8
45 —42.4 -28.7 —46.0 -30.0 -5.1 —83.6 —-23.6
56 —33.0 -15.6 —58.2 —-239 +49 —96.4 -20.5
65 =720 -54.6 —58.6 —96.6 —67.2 —98.7 12.6

“Key: s, singlet ; t, triplet ; q, quintet structures. The bold values show the free energies of the preferred reaction pathway.

p
=
N

(55) @ \b (6s) &

FIGURE 1. Transition state 5s (Os(VI) — Os(IV)) and complex 6s with selected bond lengths (in A).

(5t) (5q)

FIGURE 2. Transition states 5t and 5q (Os(VI) — Os(IV)) with selected bond lengths (in A).
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SCHEME 3. Cyclization Step after Water Addition”
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“Panel a: Os(VI) — Os(1V). The solid line (—) marks the singlet potential energy surface (PES), the dotted line (- -
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“Reaction path without (4s — 6s) and with (4s® — 6s°*) prior reoxidation of the Os(VI) species on the singlet PES. Energies are referenced to the

individual starting materials.

to follow a (3+2) cycloaddition (Figure 1). The almost
thermoneutral cyclization step finally leads to the product
6s (Figure 1), which is only 1 kcal/mol lower in energy
compared to 4s.

We also checked whether the osmium(VI) intermediate 4
can access different potential energy hypersurfaces, but
found the osmium(VI) ester 4t (on the triplet surface) to be
significantly higher in energy by 21.2 kcal/mol than the

J. Org. Chem. Vol. 75, No. 6, 2010 1971
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FIGURE 4. Transition state 5s”"*" (Os(VIII) — Os(VI)) and product 6s”"**** (Os(VI)) with selected bond lengths (in A).

corresponding intermediate 4s in the singlet state. Compari-
son of the geometries and Gibbs free energies with the
permanganate reaction (Scheme 2b) for the intermediates
4’ shows a significant difference.”® While in the permanga-
nate case the energy difference between singlet and triplet
state is small enough to allow a change of the hypersurface,
this is not the case for 4s and 4t.

For osmium we also found the transition states and
products with higher multiplicities to be significantly higher
in energy compared to those on the singlet PES. With AG* =
19.5 (5t) and 36.2 kcal/mol (5q) the transition state on the
triplet PES is 16.6 kcal/mol and that on the quintet PES
33.3 kcal/mol higher in energy compared to 5s. The results
for the products 6 differ by about 21 kcal/mol for each of the
hypersurfaces (6s: AG = —23.8 kcal/mol; 6t: AG = —2.6
kcal/mol; 6q: AG = 18.4 kcal/mol).

In contrast to 5s, our previous calculations for the tran-
sition states of the permanganate-promoted oxidative cycli-

1972 J. Org. Chem. Vol. 75, No. 6, 2010

zation led to structures with the distal oxygen (Figure 2, O6)
already being attached to the second double bond while the
central oxygen is closing the THF ring.?® In the OsOg4
catalyzed reaction we got similar geometries for the transi-
tion states 5t and 5q (Figure 2), although they are too high in
energy to be the product-forming transition states.

As expected, all Os—O bonds elongate with increas-
ing multiplicity because of the higher number of unpaired
electrons and the resulting higher single bond character.
Therefore, the asynchronicity of the bond formation in-
creases compared to that of the more concerted reaction in
the case of 5s, which is also true for the product-forming
transition states of the permanganate high-spin PES.*°

Addition of Water. In the case of osmium, the addition
of a water molecule did not show a comparable stabiliza-
tion in energy as it did with permanganate regarding the
ongoing reaction (Scheme 3a). Although the intermediate
4™ formed by addition of the water molecule to 4s, is
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SCHEME 6. Suggested Overall Reaction Pathway“
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“Singlet hypersurface with reoxidation of the intermediate Os(VI) ester
(Os(VIII) — Os(VI) — Os(VIII) — Os(VI)). Enantioselective cyclization
requires the reaction of OsO, with the product of an enantioselective
dihydroxylation forming intermediate 4s°*.

4.2 kcal/mol lower in energy, the overall reaction is ender-
gonic. The slightly exergonic reaction step (4s — 6s) would be
changed into an endergonic step (4s™**" — 6s"*") with an
activation barrier of 30.5 kcal/mol (Table 1: 48" Ss™2r,
6s™'"). This is a first significant difference to the permanga-
nate promoted reaction, for which the addition of a water
molecule after the cycloaddition to the first double bond was
shown to play a crucial role, since it lowered the activation
barriers as well as the absolute Gibbs free energies for the
product complexes on the PES for every multiplicity, but
to a greater extent than for the higher multiplicities
(Scheme 3b).°

For the osmium-catalyzed reaction the calculated free
energies on triplet and quintet PES are always higher com-
pared to that on the singlet surface (Scheme 3a). Whereas for
the permanganate reaction the addition of water has a
dramatic effect on the reaction profile, we can rule out a
similar addition of water to the osmium(VI) species.

Reoxidation of Os(VI) to Os(VIII). The catalytic nature
of the cyclization reaction with use of OsO4 opens up
additional possible reaction pathways. A reoxidation of
the intermediate osmium(VI) ester 4s to the osmium(VIII)
ester 4s°* with, e.g., N-methylmorpholine N-oxide (NMO)
as a co-oxidant is conceivable and was investigated by
calculating the thermochemistry of this transformation,
using the lowest energy conformations of NMO and NM.
(Scheme 4).

Starting from the reoxidized Os(VIII) intermediate 4s°*
(Scheme 2, pathway B), we also found the oxidation of the
second double bond to be energetically favored compared to
that starting from the osmium(VI) species (Scheme 5).

With 13.1 kcal/mol the cyclization step (4s°* — 6s°*) has a
lower activation barrier compared to the 25.7 kcal/mol
without reoxidation (4s — 6s). The product-forming transi-
tion state 5s°% with AG* = —15.6 kcal/mol is 18.5 kcal/mol
lower in energy than the corresponding transition state 5s
(Scheme 1, pathway A) without reoxidation. The product

JOC Article

6s°™ (Figure 3) shows a larger stabilization of 30.8 kcal/mol
compared to its corresponding Os(IV) compound (6s). A
possible reason for this additional stabilization can be found
in the coordination geometry since due to the additional
oxygen atom at 6s° the oxygen atoms are able to form an
only slightly distorted tetrahedron around the osmium. In
the case of 6s the coordination of the oxygen in the THF-ring
leads to a more distorted geometry. This also explains the
shorter Os—O(THF) bond (2.25 A) compared to that of 6s°*
(2.50 A). The cyclization step after reoxidation is exergonic
by —25.9 kcal/mol and therefore also thermodynamically
favored in comparison to the cyclization without reoxida-
tion.

We also evaluated whether a possible addition of a water
molecule to the oxidized species leads to a stabilizing effect.
The transition state 5s°*"*" (Figure 4, left) could be found
to be significantly higher in energy than 5s°%, leading to a
higher activation barrier for the cyclization step, which
energetically disfavors this reaction pathway.

In contrast 6s°®"**" shows a stabilization of 12.6 kcal/mol
due to the addition of the water molecule but we can rule out
that this addition of water has an important effect on the
formation of the tetrahydrofuran ring, since the stabilization
takes place after the ring closure.

Conclusion

We investigated the osmium tetroxide-catalyzed oxidative
cyclization of 1,5-dienes by performing density functional
theory calculations (B3LYP/6-3114+G*). We found the reac-
tion to proceed on the singlet hypersurface via the oxidation
states Os(VIIT) — Os(VI) — Os(VIII) — Os(VI) including an
intermediate reoxidation of the osmium(VI) to osmium-
(VIII) after the first (34+2) cycloaddition, leading to a
lower activation energy of the following cyclization step
(Scheme 6).

Contrary to the similar transformation by permanganate,
neither a high spin state could be found to be favored, nor the
addition of a water molecule led to a significant stabilization.
The barrier for the first reaction step was shown to be
significantly lower compared to that for permanganate,
which might be a reason for the advantage of using osmium
tetroxide in some reactions, where the transformation with
permanganate fails.'* The reaction with osmium tetroxide is
less exergonic since osmium is already reoxidized after the
first reaction step, dividing the process in two separate steps
with only —22.8 and —25.9 kcal/mol, i.e., the overall reaction
does notend up in a thermodynamic sink, which is crucial for
a catalytic reaction.
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