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ABSTRACT: The oxidative cyclization of 1,5-dienes by
metal oxo species is a powerful method for stereocon-
trolled synthesis of tetrahydrofuran diols (THF-diols),
structural motifs present in many bioactive natural prod-
ucts. Oxidative cyclization of (2E,6E)-octa-2,6-diene
catalyzed by OsO4/NMO as has been studied using den-
sity functional theory (DFT) calculations (M06-2X/aug-
cc-pVDZ/Hay-Wadt VDZ (n+1) ECP), highlighting the
remarkable effect of acid on the fate of the first interme-
diate, an Os(VI) dioxoglycolate. Strong acid promotes
cyclization of the Os(VI) dioxoglycolate, or its NMO
complex, through protonation of an oxo ligand to give
more electrophilic species. By contrast, in absence of
acid reoxidation may occur to afford the Os(VI1II) triox-
oglycolate, which is shown to favor conventional “sec-
ond cycle” dihydroxylation reactivity rather than cy-
clization. The results of the calculations are consistent
with experimental results for reactions of OsO4/NMO
with 1,5-dienes with acid (oxidative cyclization) and
without acid (second cycle osmylation / dihydroxyla-
tion). Detailed evaluation of potential catalytic cycles
support oxidation of the cyclized Os(IV) THF diolate
intermediate to the corresponding Os(VI) species fol-
lowed by slow hydrolysis, and finally regeneration of
0s0s.

INTRODUCTION

2,5-Dihydroxyalkyl  substituted  tetrahydrofurans
(THF-diols) are structural units present in many bioac-
tive natural products including polyether ionophore anti-
biotics and Annonaceous acetogenins.! Of the diverse
methods available to synthesize THF-diols,? oxidative
cyclizations of 1,5-dienes 1 using transition-metal-oxo
species stand out as one of the most direct, transforming
simple starting materials into structurally complex prod-
ucts in a single stereoselective reaction (Scheme 1).34
Metal-oxo species such as MnO4~, OsO4, and RuO4 react
with dienes 1 to produce THF-diols 2, wherein four new
C—oO0 bonds, and up to four new stereogenic centers can
be created with control of relative stereochemistry.
These reactions have been adapted to access enantio-

merically enriched THF-diols by using chiral auxilia-
ries,>® chiral phase-transfer catalysis,® or through two-
step dihydroxylation—oxidative cyclization via the in-
termediacy of dihydroxyalkenes.3”
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Scheme 1. Diastereoselective oxidative cyclization of
1,5-dienes 1 using metal oxo species to afford cis-
THF-diols 2.

The metal-oxo species react with each double bond
sequentially through stereospecific suprafacial additions
of two oxygen atoms of the O—M—O moiety. Further-
more, formation of the THF ring with the 2,5-cis rela-
tionship between the hydroxyalkyl substituents occurs
with high diastereoselectivity for MnQO4~,%¢8 Os0,,3%°
and also for ruthenium-oxo oxidants under suitable con-
ditions.’® Consequently, stereocontrolled synthesis of
four possible diastereoisomeric cis THF-diol systems is
attainable, stimulating numerous applications in synthe-
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Figure 1. Baldwin’s proposed mechanism for the oxida-
tive cyclization of 1,5-dienes by permanganate.

Synthesis of cis-THF-diols 2 by oxidative cyclization
of 1,5-dienes was first reported using potassium per-
manganate,®*2 with the related stereoselective reactions
of osmium and ruthenium emerging more recently.®°
Walba and Baldwin set out mechanistic proposals for the
permanganate promoted reaction, based on either (2+2)
or (3+2) suprafacial additions of the metal-oxo species
across the olefin double bonds.828 Subsequent theoreti-
cal investigations now support a (3+2) pathway for the



first reaction step (Figure 1).!* Significantly, it is the
integrity of the proposed Mn(VI) glycolate intermediate
4 (or Mn(V) glycolate 3)814 which enforces the 2,5-cis-
relationship across the incipient THF ring during cy-
clization. This general mechanistic proposal provides a
framework for related oxidative cyclizations of Ru and
Os oxo species,®0 the mechanism of the latter being the
focus of this paper.
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Scheme 2. (a) Os-catalyzed oxidative cyclization of
1,5-dienes using OsO4/NalOs in DMF. (b) Cyclization
of Os(VI) glycolate 9 under acidic conditions, and
proposed role of acid.

The first examples of oxidative cyclization of 1,5-
dienes by osmium tetroxide (OsO.) were disclosed in
1998 by de Champdoré et al. using sodium periodate as
a co-oxidant in DMF solution, affording racemic 2,5-cis-
THF-diols (e.g. 6, Scheme 2a).°¢ Under these reaction
conditions geranyl acetate (5) also gave rise to second
cycle intermediate Os(V1) bisglycolate esters 8 (stereo-
chemistry not determined). It was also shown that a low
yield of THF-diol 6 (21%) was obtained by subjecting
an impure sample of 8 to OsO4/NalO4 in DMF. Howev-
er, when NalO4 was replaced with N-methylmorpholine-
N-oxide (NMO) the oxidative cyclization product was
not obtained and conventional dihydroxylation reactivity
was restored. Indeed, dihydroxylation is the reported
outcome when Upjohn (OsO4/MNO), or Sharpless
asymmetric dihydroxylation conditions are applied to
dienes and polyenes.®

During their studies on directed osmylation of alkenes
Donohoe and co-workers discovered that acid treatment
of osmium(V1) glycolate complex 9 yielded a cis-THF-
diol 10 rather than the anticipated decomplexed diol
(Scheme 2b).%® It was proposed that the acid serves ei-
ther to promote rapid ligand exchange to allow cycliza-
tion, or to protonate an oxo-ligand, giving rise to a more
electrophilic osmium-oxo species 11, capable of addition
across the remaining double bond. Recognition of the

important role of acid in promoting cyclization led to
development of catalytic methods for oxidative cycliza-
tion of 1,5-dienes as well as related cyclizations of dihy-
droxyalkenes.3d7¢7d%  Notably, efficient osmium-
catalyzed oxidative cyclization of 1,5-dienes using
MesNO as co-oxidant requires acidic or Lewis-acid con-
ditions.3% Similarly, osmium-catalyzed oxidative cy-
clization of dihydroxyalkenes also requires an excess of
Bronsted acid or Lewis-acid, and is most effective when
a weaker co-oxidant (pyridine N-oxide) is used to avoid
re-oxidation of Os(VI)—Os(VIII), restricting the reac-
tion to an Os(V1)/Os(IV) cycle. 37

Oxidative cyclization of 1,5-dienes has been the sub-
ject of several computational studies,'#%617 and one of
them concerns the osmium-mediated reaction.® In 2010,
Poethig and Strassner reported a DFT (B3LYP) study of
the oxidative cyclization of 1,5-dienes by osmium te-
troxide.'® The mechanistic framework is built around
two key steps; alkene osmylation (first reaction step,
FRS, Figure 2) and cyclization to form the THF ring
(second reaction step, SRS). Osmylation (FRS) has been
studied previously in the context of olefin dihydroxyla-
tion, and leads initially to Os(V1) glycolate intermediates
through a (3+2) pathway.'® For the SRS the oxidation
states of intermediate Os-glycolate (VI or VIII) and pos-
sible ligand coordination were considered.

Their calculations support a pathway from OsOs,
Os(VIII)—O0s(VI)—O0s(VIII)—O0s(VI), including an
intermediate exergonic oxidation of initially formed
Os(VI) glycolate to Os(VII). Cyclization of the
Os(VIII) glycolate was calculated to proceed with a re-
duced activation energy barrier in comparison to the
Os(VI) intermediate.

Overall, these DFT studies are in accord with the gen-
eral mechanistic proposal for the oxidative cyclization of
1,5-dienes by OsOa4. However, we believe that important
experimental observations are not accounted for. Most
significantly, the role of acid (Bronsted or Lewis) was
not considered; the SRS is known to be viable through
an Os(VI) intermediate (see Scheme 2b) under acidic
conditions.3 Furthermore, when acid is not present, oxi-
dation of 1,5-dienes (and polyenes) catalyzed by OsO4
using NMO as the terminal oxidant do not result in oxi-
dative cyclization, and normal dihydroxylation is ob-
served.’® Yet, under these “Upjohn conditions” reoxida-
tion to form an Os(VIII) trioxoglycolate intermediate is
inferred by the observation second cycle intermediates.*®
Therefore, the conclusion that the reaction proceeds
through direct cyclization of an Os(VIII) intermediate
seemed doubtful to us, or at least, incomplete. In the
current work, we describe a DFT study of the Os-
catalyzed oxidative cyclization of 1,5-dienes, leading to
a detailed description of the mechanism, which is con-
sistent with experimental observations and highlights the
important role of acid in the reaction. We also evaluate
subsequent steps leading to release of THF-diol product
and propagation of a catalytic cycle.



RESULTS AND DISCUSSION

Oxidative cyclization of (2E,6E)-octa-2,6-diene (12)
to give (1S*,1'R*)-1,1-((2R*,55*)-tetrahydrofuran-2,5-
diyl)diethanol (THF-diol 13) was investigated using the
MO06-2X/aug-cc-pVVDZ/Hay-Wadt VDZ (n+1) ECP level
of theory with acetone as a representative medium
(SMD solvation model).?%2 The reaction pathway is
considered as two principal steps: (3+2) cycloaddition of
Os04 with one of the diene double bonds (FRS, Figure
2), and addition of resulting Os glycolate species across
the remaining alkene (SRS). Alkene osmylation has been
the subject of previous DFT studies,*® so our main focus
here is the SRS, and possible secondary reactions that
may occur prior to cyclization under conditions com-
mensurate with experimental protocols.
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Figure 2. Summary of pathways considered for oxida-
tive cyclization of 1,5-diene 12 by OsOa.

The reaction manifolds considered for the initially
formed intermediate, Os(V1) dioxoglycolate, include:

« cyclization of Os(VI) glycolate with or without acid

« cyclization of liganded (H>O or NMO) Os(V1) gly-
colates with or without acid

« oxidation (Os(V1)—Os(VIII)) followed by cycliza-
tion of resulting Os(V1I1) glycolate with or without acid,
or participation in the “second cycle” (dihydroxylation)

These pathways are discussed below.

Oxidative cyclization of Os(VI) dioxoglycolate intermediates
with and without acid.

First, oxidative cyclization of 1,5-diene 12 by OsOs
was considered with and without acid (Figure 3). Low
spin pathways are favored according to the calculations,
which is in accord with the electronic configurations of
Os(VI) oxoglycolates.??23 Osmylation of diene 12 leads
to tetrahedral Os(V1) dioxoglycolate 15 by way of (3+2)
cycloaddition TS 14 with a free energy barrier of 17.6
kcal/mol as an exergonic reaction (AGosm = —42.0
kcal/mol).?* The SRS proceeds from tetrahedral Os(V1)
dioxoglycolate 15 to Os(IV) THF diolate 17 by addition
of O—Os=0 across the remaining alkene through TS 16
with a barrier of 25.2 kcal/mol as an exergonic step
(AGgyc = —24.4 kcal/mol).
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Figure 3. Free energy profile for the oxidative cycliza-
tion of 1,5-diene 12 by OsOa, showing the effect of acid
on cyclization and regioselectivity of protonation:
15154+ and 15—-15°w+. Selected structures for TS’s
and reaction intermediates are shown. Os(VI) dioxogly-
colate 15 calculated in a reactive conformation for the
SRS. For conformational analysis, see SI.

The influence of Bronsted acid was investigated, ex-
ploring the proposal that protonation of the first inter-
mediate Os(VI) dioxoglycolate (15—154+ / 15’4+) of-
fers a viable pathway for cyclization. HzO* is introduced
into the calculations as a representative strong acid,
commensurate with experimental conditions optimized
for oxidative cyclization by Donohoe and co-workers
(e.g. 5 equiv CSA or TFA). It is found that protonation
of an oxo ligand by HsO* to give 154+ is approximately
thermoneutral (AGu+ = -1.2 kcal/mol, Figure 3), but the
effect on the barrier to cyclization is substantial. The
protonated Os(VI) pathway displays a relative stabiliza-
tion of TS 164+ in comparison to 16, proceeding with a
lower barrier of 2.1 kcal/mol as an exergonic reaction
(AGgyc = —45.6 kcal/mol). Glycolate protonated tautomer
15’4+ is more stable relative to 154+, but exhibits an
increased barrier for cyclization of 15.5 kcal/mol.

The PES calculations were validated by molecular dy-
namics (MD) simulations performed at the same level of
theory. MD simulations highlighted the asynchronous
nature of (3+2) cyclizations during the SRS, showing
development of the C—O[THF] bond lagging behind
the C—O[Os] bond (for full details, see SI).

Cyclization of liganded Os(VI) Intermediates



Other pathways are possible for cyclization including
addition of water or NMO to the intermediate 15 with or
without acid. Without acid (Figure 4), pentacoordinate
intermediates 15n20 or 15nmo are formed with modest
exergonicity (AGjig = —4.2 and -5.1 kcal/mol, respective-
ly). The overall reaction from 15n20 to THF-Os(1V)
complex 1720 remains thermodynamically favorable
(AGeyc = —18.3 kcal/mol), but requires an energy barrier
of 29.5 kcal/mol to be overcome via distorted trigonal
bipyramidal (3+2) cycloaddition TS 16w20. A higher
barrier to cyclization is found for 15ymo (AG* = 36.0
kcal/mol, TS 16nmo), proceeding with modest exergon-
icity (AGeyc = —7.0 kcal/mol).

20
AGH=202

-40

Free energy (kcal/mol)

-70

Figure 4. Cyclization of Os(VI) glycolates with H2O
(15>15H20) and NMO (15—15nmo)

Protonation of liganded Os(VI1) oxoglycolates 15n20
and 15nmo is highly exergonic, with a substantial effect
on subsequent barriers to cyclization (Figure 5). Proto-
nation of an OH group in 15420 provides a stabilization
of 19.8 kcal/mol, and 154+n20 cyclizes with a reduced
barrier of 11.7 kcal/mol (TS 16x+H20) as an exergonic
reaction (AGeye = —38.2 kcal/mol). Protonation of 15nmo
is comparatively more favorable, with preference for
oxo protonation (158nmo—15H+Nmo, AGHt = —51.4
kcal/mol). Cyclization of 154+nmo to Os(IV) THF dio-
late 17n+nmo shows a barrier of 18.5 kcal/mol via TS
16H+nmo and a reaction free energy of AGeye = —19.1
kcal/mol. The alkoxy protonated isomer 15’nw+nmo iS
less stable than 154+nmo by 28.8 kcal/mol although it
exhibits a slightly reduced barrier to cyclization of 17.9
kcal/mol (see Sl).
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Figure 5. Cyclization of liganded Os(V1) glycolates in
acid with H.0 (15515 wt+H20) and NMO (15-15
H+NMO).

Reoxidation pathways (Os(VI)—>0s(VIIl))

Although Os(VIII) trioxoglycolates have yet to be
characterized, their formation by oxidation of Os(VI)
dioxoglycolates is widely accepted in Os-catalyzed pro-
cesses.!® In this work, reoxidation of 15 is investigated
as two elementary steps (NMO complexation and oxo-
transfer, Figure 6), in the presence or absence of strong
acid.?® Formation of NMO complex 15wmo precedes
dissociation of the N—O bond to release Os(VIII) spe-
cies 15[ and N-methylmorpholine (NMM) as an en-
dergonic overall process (15—15wmo, AGox = 16.8
kcal/mol). We were unable to locate a transition state for
oxo-transfer using transition state search of quantum
calculations.?® None the less, the reoxidation by NMO
should be a relatively slow step, which is consistent with
reported Kinetic data.?’

If it is accepted that re-oxidation of Os(VI) dioxogly-
colate occurs, ensuing cyclization of 15 t0 176y Via
the distorted square pyramidal (3+2) cycloaddition TS
1610x has a comparatively lower activation energy barri-



er (11.8 kcal/mol) than without reoxidation (15—17,
25.2 kcal/mol).
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Figure 6. Cyclization of Os(VIII) glycolates; with acid
(151+/15°H+—>151+/15 [oxH+—17H+/17" pxgH+), and with-
out acid (15x—>17x). Black line shows cyclization of
15n+nmo (Os(VI)).

In order to take into account the effect of strong acid
(H30%), on Os(VIII) pathways, its influence on both re-
oxidation and cyclization should be considered. Protona-
tion of NMO complex 15nmo is strongly favored (vide
supra, Figure 5). However, oxo-transfer from N to Os
requires a very substantial barrier of 61.4 kcal/mol to be
overcome and is again an endergonic step (Figure 6),
despite facilitation by release of NMM-H*. However,
should it be formed, Os(V1II) glycolate 15[ would un-
dergo exergonic re-protonation by H3O* and cyclization
with a barrier of 9.2 kcal/mol
(15[0q— 15’ [oqr+— 17 [oxqut).  Direct  cyclization of
15+nmo to the THF-diolate 174+nmo IS shown in Fig-
ure 6 for comparison, as an exergonic reaction with a
lower barrier. Therefore, on the basis of the M06-2X

calculations, we conclude that cyclization is favored
over reoxidation when strong acid is present.
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Figure 7. Energetic comparison between cyclization of
oxidized intermediate Os(VIII) 15[« and intermolecu-
lar osmylation of E-but-2-ene (E-but-2-ene is a model
for diene 12).

Under Upjohn osmium-catalyzed dihydroxylation
conditions, reoxidation of Os(VI) glycolates is inferred
by the observation of second cycle osmylation.'® There-
fore, we considered whether Os(VIII) trioxoglycolate
1510 Would enter the second cycle in preference to un-
dergoing cyclization using E-but-2-ene as a model for
diene 12 (Figure 7). Intermolecular osmylation of E-but-
2-ene is found to give Os(VI) bis glycolate 20 as an ex-
ergonic reaction (AGosm = —76.0 kcal/mol) with a barrier
of 5.3 kcal/mol, indicating that second cycle osmylation
is Kinetically favored over cyclization of 15p. This is
consistent with the experimental outcome of Os-
catalyzed reactions of dienes using NMO in the absence
of acid.%¢1®

Summary of Os(V1) and Os(VIIl) pathways

Experimentally, efficient oxidative cyclization of 1,5-
dienes is achieved under conditions developed by
Donohoe’s group, where an excess of strong acid is
used. Isolated Os(VI) glycolate intermediates were also
shown to cyclize upon exposure to acid. Our calcula-
tions are consistent with these results where Os(VI) di-
oxoglycolate 15 undergoes cyclization by way of the
protonated intermediate 154+ with a low calculated bar-
rier of 2.1 kcal/mol as an exergonic process.

When NMO is present, and under acidic conditions,
formation of the protonated Os(VI) NMO complex
154+nmo is found to be strongly favored. The protonat-
ed complex may undergo cyclization with a moderate
activation energy (15n+nmo—>17n+nmo, AGH = 185
kcal/mol). Significantly, there is a substantial barrier to
reoxidation under acidic conditions (15n+nmo—>15(0x +



NMM-H* AG* = 61.4 kcal/mol), and THF formation
will outpace oxo-transfer according to our calculations.

Under Piccialli’s conditions (OsO4/NalOs in DMF),
where strong acid has not been deliberately added, both
oxidative cyclization and second cycle products were
reported (Scheme 2a).% In this case periodic acid may
well be present, and therefore, acid-catalyzed cyclization
of Os(VI) intermediates remains feasible. However, it is
plausible for the first intermediate 15 to undergo perio-
date oxidation to Os(VIII) trioxoglycolate 150, under
these weakly acidic conditions. The resulting Os(VI1II)
trioxoglycolate 150y can enter other reaction manifolds
such as intermolecular osmylation (AG* = 5.3 kcal/mol,
AGr = —76.0 kcal/mol), or undergo acid-catalyzed cy-
clization via Os(VIII) trioxoglycolate 15’ oxqn+. Finally,
under Upjohn conditions (OsO4/NMO), where acid is
absent, second cycle osmylation is calculated to be pre-
ferred over cyclization, leading exclusively to normal
dihydroxylation products, which is indeed the experi-
mental outcome.

Frontier molecular orbital analysis of the SRS

Table 1. Calculated FMO energies for Os(V1) and Os(VII1)
glycolates and free energies of activation for their corre-
sponding TS’s.

intermediate LUMO energy | AGH
V) gap (8V) | (kcal/mol)

15nmo -15 6.0 36.0
15n20 -1.6 6.6 29.2
15 -2.3 5.7 25.2
15n+Nmo -2.6 55 18.5
15’n+Nmo -2.6 54 19.9
1500 -3.3 4.8 11.8
157w+ -3.6 4.6 15.5
15n+H20 -3.5 4.6 11.7
15u+ -4.1 4.1 2.1

15 [oxH+ -4.9 3.6 9.2

15[xH+ -5.5 3.1 5.0

To understand the influence of additives and reoxida-
tion on the SRS, FMO’s were examined (Table 1).
FMOs calculated for the intermediate Os(VI) and
Os(VII) glycolates show HOMO’s mainly localized on
the electron-rich alkene (donor) and LUMO’s predomi-
nantly located on Os oxo functionality (acceptor, Figure
8).

Some general trends are clearly evident; ligand coor-
dination (H20 or NMO) to Os glycolates has the effect
of increasing LUMO energies (reduced electrophilicity),
whereas protonation and oxidation both lead to attenuat-
ed LUMO energies (increased electrophilicities). Proto-
nation promotes the SRS in all cases, and the smallest
HOMO-LUMO energy gaps are seen for the more elec-
trophilic Os glycolates (e.g. 154+ and 15pxnt). The

lowest barrier to cyclization is for the protonated Os(V1I)
dioxoglycolate 154+, despite a larger HOMO-LUMO
energy gap than 15pxn+. The very low barrier to cy-
clisation of the protonated Os(VI) species 154+ (AG* =
2.1 kcal/mol) may be attributed to favorable orbital
overlap arising from the tetrahedral TS geometry, while
Os(VHI) TS 16j0xH+ may suffer increased distortion and
steric interactions. This proposal is supported through
distortion/interaction analysis of the SRS TS’s (see Sup-
porting Information for details).?:2°
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Figure 8. Visualization (0.02 isovalue surface) of the
HOMO'’s and LUMO'’s for the Os(VI) glycolates 154+
and 15n+nmo.

Completing the catalytic cycle

Calculations reported here support cyclization of pro-
tonated Os(V1) dioxoglycolate 154+ under acidic condi-
tions, or 154+nmo, where NMO is also present. Comple-
tion of a catalytic cycle requires release of THF diol 13
and a process for regenerating an Os(V1II) species capa-
ble of propagating osmylation of diene 12. Direct path-
ways entail oxidation/hydrolysis of Os(IV) diolate
17nu+nmo to release THF-diol 13 and Os at a higher oxi-
dation level (see below). An intriguing alternative is also
considered where an Os (VIII) THF-diolate could
engange in osmylation of another substrate molecule 12,
in a process similar to the “second cycle” in dihydrox-
ylation (See Figure 10 and SI).

Oxidation of Os(IV) THF diolates to Os(VI) is con-
sidered first (Figure 9). Calculations show coordination
of NMO to protonated Os(IV) THF-diolate 174+ to be
favored (AG = -28.7 kcal/mol) under acidic conditions.
Thus, 174+nmo is @ common intermediate from cycliza-
tion of 154+ followed by NMO coordination, or directly
from cyclization of 15n+nmo.
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Figure 9. Computational evaluation of the oxidation of
Os(1V) THF-diolate to liganded Os(V1) THF-diolate.

Oxo-transfer within the protonated Os(IV) NMO
complex to release 17pqn+ and NMM is endergonic
(AG = 18.7 kcal/mol). Instead, coordination of a second
NMO to 17n+nmo, giving octahedral Os(IV) THF-
diolate 17n+2nmo (AG = —19.6 kcal/mol), precedes oxo-
transfer en route to Os(VI) species 17[oqH+Nnmo and
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by N Without acid, the corresponding oxidation of 17 to
= (17, . .
_"1*2_";.: NMO . 1710x is an energetically favorable process (AG = -12.3
W —L UM kcal/mol). In acid, protonation of 17ymo to give the
\(—’\ xv — 22 ] o NMO complex 17u+nmo renders its metal center more
W 1? OX| . . .
0\43550 . jj“ﬂ" M electron deficient. It is therefore reasonable that oxo-
Hg’ 9\9/\ H\\/JLO/L}/H \f\ A~ / transfer, arising from dissociation of the N—O bond, is
N N o O ° e; ;)\g;{c’ less favorable in 17n+nmo. A more detailed discussion
HYNMO -08- - . . . .
5 @N/O-@(Ile O\N,\ @C,H@O /\ of reoxidation of Os(IV) to Os(VIII), with and without
NS O L . .
\1?H+2m N\ et acid, is provided in Supporting Information.
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Figure 10. Computational evaluation of reaction manifolds from protonated Os(VI) THF-diolate 17[oxH+nmo, COFre-
sponding to hydrolysis then oxidation or oxidation followed by hydrolysis. The possibility of Os(\V111) diolate partici-
pating in further osmylation is also shown using E-but-2-ene as a model for 12 (blue pathway).

Further oxidation (Os(VI)—Os(VIII)) and hydrolysis
of 17[oxj+nmo to release OsO4 and THF diol 13 is indi-
cated to be rate-limiting from our calculations (Figure
10). Oxidation and hydrolysis steps were considered in
either order, showing good overall agreement thermody-
namically as approximately thermoneutral processes
from 17[oqnu+tnmo. Oxo-transfer within the protonated
Os(VI1) NMO complex 17[eqn+nmo (via TS 23) presents

a comparatively higher barrier compared to hydrolytic
release of THF diol 13 and NMO+OsO3H"*. The latter
Os(VI) species is oxidized to OsOsNMO by NMO with
release of the protonated amine NMM-H*. OsO4*NMO
has been isolated and characterized by Bailey et al. and
our calculations are consistent with weak complexation
of the N-oxide ligand (AG = -1.6 kcal/mol).®° It is inter-
esting to note that Os(VIII) trioxodiolate 170y iS @



competent osmylating agent capable of reaction with
another molecule of diene 13, considered here using E-
but-2-ene (Figure 10, blue pathway). Indeed, this “sec-
ond cycle-like” process could proceed with a modest
barrier of 11.8 kcal/mol to afford tetraester 28, as an ex-
ergonic reaction (-63.2 kcal/mol). However, access to
this “second cycle” should be supressed under strongly
acidic conditions due to the high calculated barrier (AG*
= 46.7 kcal/mol) to oxo transfer within NMO complex
1710xqH+Nmo. Furthermore, in the event that 17[oxp0x Was
formed, hydrolysis via 17’joqexqut+ should outpace os-
mylation. For consideration of hydrolysis of 28 see Sup-
porting Information.

o, 2 nmo

o’ o

NMM-H*
NMO

Figure 11. Proposed catalytic cycle for the Os-catalyzed
oxidative cyclization of 1,5-diene 12 in the presence of
Bronsted acid.

On the basis of these results, and under strongly acidic
conditions, osmium-catalyzed oxidative cyclization of
1,5-diene 12 is likely to involve OsO4 as the catalytic
species (Figure 11). Protonation of an oxo ligand of the
Os(VI) glycolate 15 is an essential feature of the SRS,
promoting cyclization and coordination of NMO. Reox-
idation of Os(IV) oxoTHF diolate 174+nmo to Os(VI)
dioxoTHF diolate is found to proceed by way of the pro-
tonated bis NMO complex 17n+2nmo. Addition of water
to Os(VI) intermediate 17’ [oxqv+Nnmo enables release of
the THF diol 13 and OsOs as its protonated NMO com-
plex, which is oxidised to OsO4sNMO and NMMH* by
another equivalent of NMO.

CONCLUSIONS

The mechanism of the osmium mediated oxidative cy-
clization of 1,5-dienes to produce THF-diols has been
explored using DFT calculations, leading to an under-
standing of the key role of acid in promoting the cycliza-
tion step (SRS). Calculations show that protonation of
the Os(V1) dioxoglycolate intermediate provides a kinet-
ically favorable pathway (15—154+—>174+) compared
to reoxidation (15—15p0q—17[0x)) using NMO as the

terminal oxidant. Protonation of Os(VI) dioxoglycolate
154+ strongly favors coordination of NMO to Os and
the resulting complex 154+nmo undergoes cyclization in
preference to oxo-transfer. Significantly, our calculations
are consistent with experimental data for osmium-
mediated and catalyzed reactions which require an ex-
cess of TFA or CSA and NMO, but not proceed using
NMO alone. These experimental results cannot be rec-
onciled with the conclusion of a previous DFT investiga-
tion that cyclization occurs by an Os(VIII) trioxoglyco-
late 17[0xg. Furthermore, our calculations show that in the
absence of acid, Os(VIII) intermediate 170 favors sec-
ond cycle osmylation over cyclization. This is indeed the
observed experimental outcome when 1,5-dienes are
subjected to OsO4/NMO. In addition, the DFT results for
the SRS are also consistent with the related Os-catalyzed
oxidative cyclization of dihydroxyalkenes which pro-
ceed through an Os(VI)/Os(IV)/Os(VI) cycle, rather
than Os(VII1)/Os(V1)/Os(V111).

A catalytic cycle is proposed for oxidative cyclization
of 1,5-dienes under acidic conditions, using osmium
with NMO as the co-oxidant. Following the SRS
(15—154+—174+Nnmo), Oxidation and hydrolytic release
of the THF-diol product 13 and NMO+<0sO3H* are found
to be relatively slow steps. Another equivalent of NMO
facilitates further oxidation to NMO+*0OsO4 and NMMH™.

Overall, the present study gives significant insight into
this important synthetic method, and the intricacies of
acid-catalysis on reoxidation, hydrolysis and second
cycle processes in Os-catalyzed oxidations.

EXPERIMENTAL SECTION

Computational Details. All calculations were per-
formed using Gaussian 09,3 using the hybrid meta-
generalized gradient approximation functional MO06-
2X3233 with the augmented correlation-consistent polar-
ized valence double—( (DZ) basis set (aug-cc-pVDZ)%*
% for C, H, O, and N. Hay-Wadt VDZ (n+1) ECP was
used for Os in both the B3LYP and M06-2X functional
calculations.®” All minima intermediates were verified
by the absence of negative eigenvalues in the vibrational
frequency analysis. Transition state structures were
found using the Berny algorithm,383° and verified by
vibrational analysis. The transition states were visual-
ized by animating the negative eigenvector coordinate.
In order to determine the minimum energy path (MEP)
on the potential energy surface (PES), intrinsic reaction
coordinate (IRC) calculations, by defining the phase for
the transition vector motion along the path, were per-
formed for the identified transition states using the Hes-
sian-based Predictor-Corrector integrator to confirm the
reaction path proceeding in both directions (reactant and
product), in which the Hessian was recomputed eve-
ry 3 predictor steps with a step size along the reaction
path of 0.05 Bohr.**? Gibbs free energies (AG) and en-
thalpies (AH) were obtained through thermochemical
analysis based on vibrational frequencies. All energies



reported in this paper are Gibbs free energies or en-
thalpies at 298.15 K (otherwise mentioned) using un-
scaled frequencies. The effect of solvent was included
via the solvation model based on density
(IEFPCM—-SMD).*® The solvation model (using acetone
as a representative solvent medium otherwise men-
tioned) was incorporated only for the M06-2X function-
al calculations. All energies are in kcal/mol except En-
tropies which are given in units of cal/K«mol. All activa-
tion free energies are quoted relative to infinitely sepa-
rated reagents. Optimized structures are illustrated using
CYLview.*
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