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(HF) geometry optimizations could not locate the transition
Cherry L. Emerson Center for Scientific Computation states (TS) because of the large effect of correlation erférgy.
Emory Unversity, Atlanta, Georgia 30322 Molecular mechanics have been able to explain experimental
Unitat de Qumica Fsica, Departament de Qmica  stereoselectivity in a satisfactory wayRemarkably, the same
Universitat Autmoma de Barcelona  qualitative results have been obtained through the assumption
08193 Bellaterra, Barcelona, Spain  of each of the two possible mechanisms mentioned aboe.
Laboratoire de Structure et Dynamique In this paper, we present the theoretically determined
UM gezgggtﬁﬁevs?gggfﬁgn?tjﬁl,'rdﬁs structures and energetics for the transition states and products
34005 'Montpellier CedexpS France for the [2+ 2] and [2+ 3] cycloaddition steps without base
' and with one and two NElligands as model bases. Figure 1
; shows the calculated geometries and energies without base, and
Receied July 29, 1996 Figure 2 shows those with one and two Nlifjands. Experi-

The osmium-catalyzed asymmetric dihydroxylation of olefins mental structures for some related cyclic ether intermediates
(Scheme 1) is a highly efficient and experimentally well-studied are in very good agreement with our theoretical values. For
example of the application of transition metal complexes for example, the experimental ©8l distance (2.243 A) for
practical syntheses of biologically important compouhdss structure8 (with a cinchona alkaloid ligand instead of NMis
outstanding selectivity and broad scope is unique for an organicin excellent agreement with our calculated value of 2.238 A.
reaction. However, despite the large number of experimental In complex9 with pyridine as a coligand, the X-ray determined
studies a conclusive determination of the reaction mechanismbond lengths are 1.72 A for @ (1.781 A calc.), 1.95 A for
has not yet been achievéd On the contrary, a certain Os—O (1.957 A calc.), and 2.212.24 A for Os-N (2.234 A
controversy on the subject can be found in recent chemical calc.)1%17
literature®> At this point, two major pathways for the formation Without base, the formation of a four-membered rihgia
of the cyclic ether intermediate are supported by different [2 + 2] cycloaddition is calculated to be endothermic by 17.1
experimental data provided by different research groups. kcal/mol. The [2+ 3] cycloaddition leading to structueis

One pathway postulates an initial [2 2] cycloaddition an exothermic process-(5.8 kcal/mol). The QCISD(T)//HF
leading to an osmaoxetane intermediate, followed by a rear- results by Veldkamp and Frenkitfg(+13.6 kcal/mol for the
rangement to a five-membered ring, the osmium(V1) glycolate reaction Os@+ C; Hy — 2 and—16.7 kcal/mol for Os@+
product?® Kinetic studies have shown a nonlinear tempera- Cz> Hs — 4) are qualitatively in agreement with the present
ture—enantioselectivity relationship, strongly supporting the accurate energies at the CCSD(T) level. On the basis of the
presence of an intermediate on the reaction pathway and at leasenergies of the reaction, these authors concluded that the [2
two selectivity-determining stegsThe other suggested pathway 2] addition intermediate was at least energetically accessible
is a concerted [2+ 3] cycloaddition, leading directly to the  on the potential energy surface.

formation of the primary produé®-1° In cases where mono- The optimized transition states and 3 for the reaction
dentate chiral bases were used, a rapid, reversible formation ofpathways leading from the reactants to the intermedzarsd
an olefinr-Os(VIIl) 7—d complex prior to the [2+ 3] 4 are also shown in Figure 1. Arrows indicate the eigenvectors
cycloaddition step should appéarThis enzyme-substrate-like of the imaginary frequency, showing the approach of each
complexation has been shown to follow Michaelldenten olefinic carbon center to its respective oxygen or osmium atom.

kinetics® However, none of the mechanisms have been proven The activation barrier of 43.3 kcal/mol for the [2 2]
directly, though a number of indirect evidence is accumulated pathway is very high. This result makes a{22] cyclization

in favor of each of them. as an inital step of the osmium-catalyzed dihydroxylation highly
Theoretical calculations have not yet been able to solve this unfavorable. In contrast, the activation barrier for theq{3]
controversyt’14 An ab initio study based on Hartred-ock addition is only 1.9 kcal/mol, which is even much lower than

the energy of the [2- 2] intermediate2 (17.1 kcal/mol). The
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Figure 1. Optimized structures (in A and deg) of the transition states

4 (-15.8/-5.9)
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activation barrier of 50.4 kcal/mol is even higher than under
base-free conditions. The formation of the osmium(VI) gly-
colate este8 is more exothermic{23.5 kcal/mol) than without
NH3; (—15.8 kcal/mol). In conjunction with a very low TS,
which is only 1.4 kcal/mol higher than the reactants, these facts
are compatible with the observation that the reaction is
accelerated in the presence of bakes.

For the reaction path with two NHigands coordinated on
osmium the formation of the [2+ 3] intermediate9 is
energetically favored by 38.3 kcal/mol. In this case, there is
no energy barrier between the reactants and the product, and
the reaction is simply downhill. With two N#ligands, the
four-membered intermediate would require a seven-coordinated
metal atom, and a [Z 2] mechanism is not possible.

Our calculations have clearly shown th#ie reaction
mechanism of the osmium-catalyzed dihydroxylation of olefins
cannot inolve a [2 + 2] intermediate, whether it is base-free
or base-assistedEven when the Gibbs free energies are used,
the conclusion is unchanged. At the present time, we do not

and intermediates for the base-free osmylation reaction calculated athave an alternative explanation of the observed nonlinear Eyring

the B3LYP level of theory. Relative energies (in kcal/mol) and Gibbs
free energies at 298 K (after a slash) at the CCSD(T)//B3LYP level
are given in parentheses. The arrows at the transition stadesi 3

are the reaction coordinate vectors.

0O4(NHg) + CoHy ——>

OS0,4(NHg) + CoH, —>

(0.0) 7 (1.4/4.1)

0s04(NHg)g + CoHy  ——» o transition state

(0.0)

9 (-38.3/-25.6)

Figure 2. Optimized structures (in A and deg) of the transition states
and intermediates for the osmylation reaction including one and two
NHjs ligands calculated at the B3LYP level of theory. Relative energies
(in kcal/mol) and Gibbs free energies at 298 K (after a slash) at the
CCSD(T)//B3LYP level are given in parentheses. The arrows at the
transition state$ and7 are the reaction coordinate vectors.

the reaction profile are minor if Ngis used in the theoretical
calculations as a model base. Coordination of onez NH
molecule stabilizes the four-membered rémore with respect
to the reactant than without NHthe reaction Os@(NH3 ) +
CoHs — 6 is now endothermic by only 13.1 kcal/mol. The

relationship, which is attributed to a stepwise process. An
explanation might involve either interactions between the olefin
andlarge bases used in experiment or important influences of
solvent molecules. Work along this line is in progress. The
mechanism of the osmylation reaction still remains as a
challenge for both experiment and theory.

Computational Details. The geometry optimizations were
carried out with the GAUSSIAN94 progrdfhat the B3LYP
level of density functional theory (DF3%2tin conjunction with
the LANL2DZ effective core potential and basis $&tRelative
energies were obtained by single-point calculations at the CCSD-
(T)/LANL2DZ level® using the B3LYP-optimized geometries
including the zero-point energy correction at the B3LYP/
LANL2DZ level obtained with our own ECP analytical second-
derivative codé4 Additionally, we calculated Gibbs free
energies to account for thermal and entropic contributions
(Figures 1 and 2). Geometry optimizations and energy calcula-
tions for structured—8 were repeated using a better basis set
with additional polarization functions (6-31G(d) on C, N, O,
and H). Since these results are very similar, they are not
discussed here.
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