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A QM/MM Study of the Asymmetric Dihydroxylation of Terminal Aliphatic
n-Alkenes with OsO(DHQD),PYDZ: Enantioselectivity as a Function of

Chain Length**

Gali Drudis-Solé,”! Gregori Ujaque,™ Feliu Maseras,*>" and Agusti Lledés'

Abstract: The dihydroxylation of ter-
minal aliphatic n-alkenes catalyzed
by OsO,(DHQD),PYDZ ((DHQD),-
PYDZ =bis(dihydroquinidine)pyrida-

zine) has been computationally studied
by the hybrid QM/MM IMOMM-
(Becke3LYP:MM3) method. The cases
of propene, 1-butene, 1-pentene, 1-

tion of approximately 1700 confor-
mations to be computed. The IMOMM
calculations of the transition states
formed between these conformations
and the catalyst generate enantiomeric
excesses that closely resemble the ex-
perimental data of related systems, spe-
cifically in the preference for the R

isomer and in its dependence on the
chain length of the substrate. The se-
lectivity increases sharply with the
elongation of the short-chain alkenes
until a ceiling value is reached, with
further elongations having little effect
on the enantiomeric excess (ee). These
results are rationalized through the

hexene, 1-heptene, 1-octene, 1-nonene,
and 1-decene have been considered. A
systematic treatment for the large
number of possible conformations of
the longer chain alkenes has been de-
fined and applied, leading to the selec-

Introduction

The dihydroxylation of olefins with osmium tetraoxide is a
powerful method with which to enantioselectively introduce
chiral centers into organic substrates.! Its importance is re-
markable owing to its common use in organic and natural
product synthesis,™ being also a prominent method with
which to introduce two vicinal functional groups into hydro-
carbons with no functional groups.™! In addition, with the
use of appropriate ligands in the catalyst, the enantioselec-
tivity of the reaction can be modulated. Several research
groups have recently made improvements to the catalytic di-
hydroxylation method.”
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partitioning of the total energy of se-
lected conformers, a process that leads
to the identification of the most rele-
vant regions of the catalyst and the
characterization of the interactions crit-
ical for selectivity.

conforma-

The reaction mechanism for the dihydroxylation of olefins
has been a matter of controversy for a long time."” Two
different mechanisms, concerted [3+2] and stepwise [2+42],
have been proposed as possible mechanisms for the reac-
tion. After the thorough work of several experimental”*!
and theoretical research groups'” a scientific consensus
emerged in which the [3+2] mechanism was considered to
operate in the dihydroxylation of olefins by osmium tetraox-
ide." A competitive diradical mechanism has also been dis-
cussed for the dihydroxylation of protoanemonin by osmium
tetraoxide.'” Furthermore, in very special cases and by
using other metal oxides, the activation barrier for the [242]
mechanism is lower in energy than that for the [342] mech-
anism. !>

Despite its indisputable relevance, the preference for the
[3+2] mechanism does not in itself provide an explanation
for the stereoselectivity observed in the dihydroxylation re-
action. The origin of the enantioselectivity in the dihydrox-
ylation of olefins was previously studied by our group!™>!®l
by using QM/MM methods, and by other research
groups.'"l We performed a quantitative theoretical charac-
terization of the origin of the enantioselectivity in the dihy-
droxylation of aromatic olefins”! and identified the main in-
teractions responsible for the enantioselectivity. These inter-
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actions were found to be mainly m-stacking interactions be-
tween the aromatic ring of the olefin and some aromatic re-
gions of the catalyst. Moreover, the most important regions
of the catalyst involved in determining the stereochemistry
were also identified.

In this work, the study was broadened to include an
investigation of the origin of the enantioselectivity in the
dihydroxylation of terminal aliphatic n-alkenes (Scheme 1).

OH
AL AR

n-alkyl n-alkyl

Scheme 1. Asymmetric dihydroxylation of terminal aliphatic n-alkenes.

The dihydroxylation of propene, 1-butene, 1-hexene,
and 1-decene catalyzed by OsO,(DHQD),PHAL
((DHQD),PHAL =bis(dihydroquinidine)phthalazine)  has
been studied experimentally and found to be enantioselec-
tive in all cases, leading predominantly to the R product.>?"
Furthermore, the experimental enantioselectivity was found
to depend on the chain length of the alkene; the enantiose-
lectivity increases sharply on going from propene to 1-pen-
tene, and after that, the enantioselectivity remains approxi-
mately constant for 1-hexene and 1-decene. In comparison
with the dihydroxylation of the aromatic olefins studied pre-
viously, the reaction of aliphatic olefins presents two main
points of interest. First, the m-stacking interactions that were
found to be critical for styrene cannot be responsible for the
observed enantioselectivity in this case because these olefins
have no aromatic rings. Secondly, the dependence of enan-
tioselectivity on the alkene chain length has no obvious ex-
planation. In this work, the reaction of the whole series of
aliphatic terminal n-alkenes, from propene to 1-decene, with

Abstract in Catalan: La dihidroxilacié asimétrica d’olefines
terminals catalitzada per OsO,(DHQD),PYDZ, ha estat es-
tudiada computacionalment utilitzant el métode hibrid QM/
MM IMOMM (B3LYP:MM3). Degut al gran niimero de con-
formacions presents a les olefines estudiades, propé, 1-bute,
1-pente, 1-hexeé, 1-hepte, 1-octé, 1-noné i 1-decé, hem propo-
sat una metodologia sistemdtica que ens ha permeés seleccio-
nar aproximadament 1700 conformacions. Els cdlculs
IMOMM d'aquests 1700 conformers ens han permeés predir
computacionalment els excessos enantiomérics esperats.
Aquests concorden amb els valors experimentals, a més de re-
produir la seva dependencia amb la longitud de la cadena.
Aixi, s’obtenen increments pronunciats de I’enantioselectivitat
si s’allarguen cadenes curtes, tot i que a partir d’'una certa
llargaria, la seva elongacié té pocs efectes sobre enantiose-
lectivitat. Aquest fet s’explica a través de la particié de I'ener-
gia efectuada sobre els conformers seleccionats, que ha
permeés a més a més, identificar les regions del catalitzador
que més contribueixen a 'enantioselectivitat de la reaccié.
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0s0,(DHQD),PYDZ (PYDZ=pyridazine) was studied
with the aim of understanding these two aspects. The com-
putational study was carried out using the same catalyst as
was used in the case of styrene to make the comparison be-
tween the two types of substrates easier. The two catalysts
are in fact very similar, the only difference being in the
spacer, giving practically the same enantioselectivities for
the same olefins, as shown in comparative experimental
studies.”"

The calculations were carried out with the hybrid QM/
MM method, IMOMM,™ which is closely related to the
ONIOM method.™! This method was used in previous com-
putational studies of dihydroxylation reactions,'>!®! and has
also been used successfully in other computational studies
of homogeneous catalysis.?*2!

The computational study of these aliphatic systems is
much more complicated than that of aromatic olefins owing
to the large number of conformations that aliphatic n-al-
kenes can achieve. Because of this, the first three sections of
the results will deal with the problems of identification and
screening of the possible conformations. Afterwards, sec-
tions are dedicated to a comparison of the computed enan-
tioselectivities with experimental values, the partitioning of
the total energy differences, the identification of the critical
regions of the catalyst for the reaction and a qualitative
analysis of the chemical nature of the key interactions. The
last section will summarize the conclusions.

Computational Methods

IMOMMP calculations were performed with a program built from
modified versions of two standard programs: Gaussian98"”! for quantum
mechanics calculations (QM) and MM3(92)"*! for the molecular mechan-
ics calculations (MM). Becke3LYP?! was always used for the QM de-
scription and was applied to the OsO,NH;+CH,=CHCHj; fragment; the
rest of the system was described by means of the MM3(92) force field.
Preliminary tests with a smaller QM region, OsO,NH;+CH,=CH,, were
shown to give poorer agreement with experiment. van der Waals parame-
ters for the osmium atom were taken from the UFF force field,® and
torsional contributions, including dihedral angles with the metal atom in
the terminal position, were set to zero. The MM dipole moments for the
carbon—oxygen bonds being formed were set to zero in most calculations.
An additional set of calculations (vide infra) were carried out by using
the MM3 value for a carbon—oxygen(alcohol) bond to check that this ap-
proximation was reasonable. All geometrical parameters were fully opti-
mized without symmetry restrictions except for the bond distances be-
tween the QM and MM regions of the molecules. The parameters were
frozen at 1.015 (N—H) and 1.101 (C—H) A in the QM part, and at 1.448
(N—C) and 1.434 (C—C) A in the MM part.

The basis set I used for the molecular orbital calculations was 6-31G(d)
for the oxygen atom,”*! and 6-31G for the nitrogen, carbon, and hydro-
gen atoms;* the inner electrons of the osmium atom were described by
the LANL2DZ effective core potential (ECP),** whereas the outer elec-
trons were described using the double-E approach associated with the
corresponding ECP, also called LANL2DZ. This basis set has been
proven to properly describe this system.*! In addition, single-point calcu-
lations at the CCSD(T) level in the QM region of the lowest energy con-
formations of the R and S transition states of propene, 1-hexene, and 1-
decene were also performed by using the basis set II. The basis set II was
the same as that described above for the osmium atom, with the addition
of a set of f functions (exponent 0.886),°" and the 6-311g*(d) basis set
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was used for the rest. The energy differences between both methods and
basis set are minimal (see text).

Results and Discussion

Approach of the olefin to the catalyst: In the [34+2] mecha-
nism the olefin can approach the catalyst in several different
ways, and in order to investigate all the possible transition
states associated with the formation of the five-membered
osmate ester ring, one must take all of them into account.
These different paths are classified according to the criteria
depicted in Figure 1. Figure 1a shows the top view along the

N
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Figure 1. The possible reaction pathways in the IMOMM calculations. a)
Top view along the O—Os—N axis showing the three different regions (A,
B, and C) of approach of the olefin. b) Side view perpendicular to the
O—Os—N axis showing the four possible orientations (I, II, III, and IV)
of the alkene substituent.

O—-Os—N axis of the possible regions of approach of the
olefin to the catalyst. The catalyst has a trigonal bipyramidal
coordination around the metal center with three oxygen li-
gands in equatorial positions and one amine ligand and one
oxygen ligand in apical positions. The equatorial oxygen
atoms O(Os) are staggered with respect to the amine sub-
stituents C(N). The alkene forms bonds with one of the
equatorial oxygen atoms and the axial oxygen atom. Since
the three equatorial oxygen atoms are not equivalent, the
approach of the olefin to each of them defines a distinct
family of reaction paths, which are labeled A, B, and C ac-
cording to the notation proposed by Sharpless and co-work-
ers,®< and as used in our previous studies.!"”

A second question is the placement of the olefin substitu-
ent, an aliphatic chain in this study, which can be located in
four different orientations. These four orientations, labeled
as I, II, III, and IV, are shown in Figure 1b. The three re-
gions of approach and the four possible positions of the
olefin substituent per region yield a total of 12 different
ways in which the reaction can proceed. The overall selectiv-
ity of the reaction depends on the orientation of the sub-
strate. When the orientation is I or III, the final diol product
is the R enantiomer, whereas for orientations II and IV the
final product is the S enantiomer.

Once the different pathways for the approach of the
olefin to the catalyst have been identified, one faces a much
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more complicated problem in dealing with the conforma-
tions of the olefins under study. All of these reaction path-
ways are going to be studied for each member of a series of
n-aliphatic alkenes, from propene to 1-decene. The propene
molecule has only one conformation, but as the chain length
becomes longer, the number of conformations increases dra-
matically, and can be in the order of thousands for the case
of 1-decene. In addition, each of the olefin conformations
needs to be studied for each of the 12 different pathways,
and the relative stability of these conformations is also af-
fected by their interactions with the catalyst. The calculation
of such a large number of transition states is unfeasible even
if QM/MM methods are applied because this system re-
quires an ab initio level for the QM part. Hence, we need to
develop a strategy that will screen all the possible conforma-
tions and concentrate the computational effort only on the
most stable conformations since only these conformations
will be involved in the reactive pathways. The next section is
dedicated to a description of the strategy adopted to deal
with this issue.

Conformational search of the “catalyst4-olefin” systems:
For any molecule, the presence of geometrical arrangements
of similar energy separated by low energy barriers, known
as conformers, seriously complicates the analysis of the
chemical properties of any system. For example, long-chain
aliphatic 1-alkenes, such as decene, have a large number of
conformers of similar energy with low energy barriers owing
to rotation around the C—C single bonds. Therefore, a
proper conformational analysis is crucial to the computa-
tional treatment of the enantioselectivity of these systems.
The importance of conformational analysis for catalyzed di-
hydroxylation processes in other systems has already been
pointed out by other authors."*"!

For the dihydroxylation of aliphatic n-alkenes with
0sO,(DHQD),PYDZ one can regard the system as being
composed of two different parts, the catalyst and the olefin.
As far as the catalyst is concerned, two different conforma-
tions have been taken into account. Even though the cata-
lyst is a large molecule, it has several quite rigid aromatic
fragments that significantly reduce the number of possible
conformations. Moreover, a previous theoretical analysis of
this catalyst has shown that one of the studied conforma-
tions is preferred.'” In addition, experimental studies
(NMR, NOESY, etc.) carried out by Corey and Noe” on
this catalyst and by Sharpless and co-workers™ on a very
similar catalyst, OsO,2(DHQD),PHAL, have also shown
that this is quite a rigid molecule. The second conformation
considered implies the rotation of one of the quinoline
rings, which might enhance the interactions between the
ligand and the longer olefins, and has also been considered
by other authors.'>*3 Both structures present a U-shape
conformation which was shown to act as a binding site when
the olefin is styrene.!"

As far as the alkenes under study are concerned, the large
number of conformations that the olefin substituent (an ali-
phatic chain) can adopt, especially when the chain length is
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long, makes the problem more complicated. In addition, in
this case, the stability of an olefin conformation is also af-
fected by the interactions between the olefin substituent and
the catalyst, which thus has to be included in the conforma-
tional search. Several methods for performing the conforma-
tional analysis have been proposed, and the one we used fol-
lows a scheme based on the “systematic search” approach.*)
Our treatment consisted of two parts. First we developed a
method to identify all the possible conformations. After-
wards, we screened all these possible conformations so that
we only performed the relatively expensive QM/MM calcu-
lations on the most stable ones.

We were thus interested in identifying the possible confor-
mations of the transition states formed between each 1-
alkene from propene to 1-decene and the catalyst. The gen-
eration of the different conformations of an olefin with a
chain length of “n+1” carbon atoms is based on the confor-
mations of the previous olefin which has a chain length of
“n” carbon atoms. The construction of an olefin with “n+1”
carbon atoms implies the addition of a methyl substituent
onto the terminal methyl group of the olefin with “n”
carbon atoms. The terminal group of the “n” olefin has
three hydrogen groups, and the possibility of the methyl
group replacing each of them is considered. Consequently,
for each available conformer of the “n” olefin, three con-
formers of the “n+1” olefin have to be considered. For in-
stance, to build up the different conformers of 1-butene,
each of the three hydrogen atoms of the terminal methyl
group of propene have to be subsequently replaced by a
new CHj; group (Figure 2). This is the general scheme used
for the construction of the different conformations of the
terminal aliphatic n-alkenes on going from propene to 1-
decene.

AN CH;
- n-3X+
H
H
H
W I NG H
H n-3X,
b CH,
H
L N H
n-3Yo,
H
CH,

Figure 2. Schematic representation of the method used for conformer
generation.

This algorithm is suitable for the systematic identification
of a large number of conformations, and is very likely to in-
clude the most stable ones, but has the serious problem of
involving a very high number of structures. The number of
conformations increases exponentially with the length of the
chain. For propene there are the 12 possible structures (cor-
responding to the region of approach and the orientation of
the olefin with respect to the catalyst) as discussed in the
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previous section. For 1-butene, the number increases to 36,
that is, 3 times 12. As the chain lengthens, the number of
conformations grows very quickly, 108 for 1-pentene, 324
for 1-hexene, 972 for 1-heptene, 2916 for 1-octene, 8748 for
1-nonene, and 26244 for 1-decene. Therefore, there are
almost 40000 different conformers. One mode of approach
of the olefin to a second conformation of the catalyst was
also studied, thus increasing the total number of conformers
to 53000. The IMOMM(Becke3LYP:MM3) calculation of
all of these transition states is not feasible. Instead, we de-
cided to select the transition states that would be fully opti-
mized by the IMOMM method.

The screening was based on the MM energies obtained by
IMOMM (Becke3LYP:MM3) optimizations with the QM
region frozen. Because of the definition of the IMOMM
method, such a calculation can be done purely at the much
cheaper MM level, with the QM energy being added after-
wards. The saving in computational effort is substantial; the
MM optimization of a given geometry takes only about
15 seconds of computer time, and the corresponding IM-
OMM(B3LYP:MM3) calculation requires about 5 h of com-
puter time. The starting conformations of a given olefin, for
instance 1-butene, were obtained from the optimized confor-
mations of the preceding one, in this case, propene, follow-
ing the procedure explained above. Then, once the confor-
mations had been generated, they were submitted to a re-
stricted MM optimization: the atoms belonging to the QM
region were kept frozen, whereas the atoms of the MM
region were fully optimized at the molecular mechanics
level. The geometrical dispositions of the atoms in the QM
region were taken from the IMOMM-optimized transition
state of the “catalyst+propene” system since propene is de-
scribed in the QM part. The geometrical parameters of this
transition state in the QM region were kept frozen through-
out the conformational search. A schematic representation
of the procedure used to perform the conformational calcu-
lations for the complete series of olefins is presented in
Figure 3.

Following the systematic search described above, the con-
formational space for the different “olefin+catalyst” systems
on going from propene to 1-decene was evaluated at the
MM level. The next step was to decide which conformers
had to be considered in the IMOMM calculations. To
choose a reasonable criterion, the enantiomeric excess for
each of the olefins was estimated by using the energy values
obtained from the conformational search at the MM level.
The ee was calculated for several scenarios, by considering
up to 99, 198, 300, and 399 conformers for each of the ole-
fins from propene to 1-decene. These conformers were
chosen as the most stable from each region of approach (A,
B, and C, Figure 1). One third was taken from each region
to ensure that the effect of eventual large rearrangements in
the QM region was included. The results obtained by taking
up to 300 or up to 399 conformers were practically the same.
Hence, we decided to select 300 conformations for the
IMOMM calculations. Thus, the total number of conformers
considered in the IMOMM calculations was all the possible
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Figure 3. Flux diagram for the systematic conformational search of the complete series of olefins.

ones for propene to 1-pentene (16 for propene, 48 for 1-
butene, and 144 for 1-pentene) and 300 for each olefin from
1-hexene to 1-decene.

In energy terms, the selection criteria mean that in the
case of 1-heptene those conformers with a relative energy
higher than 4.4, 3.2, and 3.5 kcalmol ™' for each of the three
regions, respectively, were rejected. Remember that 100 con-
formations were selected for each of the regions. In the case
of 1l-octene, the cut-off energies were 3.1, 2.7, and
2.4 kcalmol !, respectively. For 1-nonene these energies
were 2.9, 3.0, and 2.7 kcalmol ™', respectively, and for 1-
decene the cut-off energies were 2.7, 3.0, and 2.9 kcalmol ™
for each of the regions, respectively. To put these relative
energies into perspective, let us mention 1-octene as an ex-
ample; the conformer with an energy 2.4 kcalmol™' above
the most stable conformer contributes only 0.13% to the
total population of the region C of 1-octene in our specific
study. As a result, the final number of transition states opti-
mized at the IMOMM level was approximately 1700. The
results presented in next sections are based on these calcula-
tions at the IMOMM level.

Computational evaluation of enantioselectivity: Computa-
tional studies were carried out on the complete series of ole-
fins, from propene to 1-decene. The catalyst used was
0OsO,(DHQD),PYDZ. For
each catalyst—substrate pair all
possible conformations of the

FULL PAPER

tions were then used to esti-
mate computationally the enan-
tiomeric excesses by assuming
that the ratio of the products
follow the Maxwell-Boltzmann
distribution of the energies of
the corresponding transition
states, as is often the case in
this type of calculation.!>2*%
The analysis was carried out by
using different numbers of con-
formations to further check that
enough of them had been in-
cluded.

Our approach to the calcula-
tion of the enantiomeric excess
can be viewed as the perfor-
mance of an ensemble average
over a canonical ensemble in
which the conformations are
systematically enumerated. The same result can also be ob-
tained by molecular dynamics simulations in which a time
average is carried out. In practice molecular dynamics are
used more often for this type of computational evaluation
because it is impossible to enumerate the conformations
when the system becomes too large. However, we feel that
when the enumeration of conformations is possible, as here,
the present approach is more transparent, and it avoids the
intrinsic problems of equilibration and the choice of dynam-
ic parameters used in the molecular dynamics simulations.

The results presented in Table 1 confirm that the total
number of conformations considered in the calculations of
the enantiomeric excess for each of the olefins is sufficient
to obtain reliable computational values. With propene, 1-
butene, and 1-pentene, all the possible conformations were
considered. For 1-hexene to 1-decene, however, only up to
300 conformations were selected, as indicated in the previ-
ous section. The results in Table 1 show that for longer-
chain olefins when the number of conformations considered
increases from 1 to 200 the calculated ee decreases, but
when the number of conformations considered is more than
200 the calculated ee is shown to have already converged,
and remains practically constant.

At this point, it is worth mentioning that although certain-
ly not all the computed conformations contribute significant-

Results

IMOMM
(5h/calcd)

)

IMOMM Phase —=

Table 1. The enantiomeric excess as a function of the number of conformers used in the IMOMM-
(B3LYP:MM3) analysis. Results for olefins between propene (C3) and 1-decene (C10) are presented.

olefin were screened by follow- Number of conformations

Enantiomeric excess

ing the procedure described in a3 C4 G5 Co <7 C8 c9 C10
the previous section, and the 1 100 100 100 100 100 100 100 100
more stable conformations (up 46 69 83 100 100 100 100 100
300 f he l b 20 43 57 70 88 95 100 100 100
to or the pnger su strates.) 50 S5 67 " 9 95 % 99
were fully optimized as transi- 100 66 83 86 89 91 93
tion states by the IMOMM 200 82 86 88 89 90
method. The energies resulting 230 82 86 88 89 90
total 43 55 66 82 86 88 89 90

from these geometry optimiza-
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ly to the overall selectivity, quite a few of them do. In fact,
with propene the most stable transition state accounts for
only 50% of the product, 41 % with 1-butene, 33 % with 1-
pentene, 33% with 1-hexene, 24 % with 1-heptene, 25 %
with 1-octene, 17 % with 1-nonene, and 10 % with 1-decene.
These results demonstrate that a systematic conformational
analysis is needed in order to obtain accurate ee values. For
instance, in the case of 1-decene, the most stable conforma-
tion accounts for only 10% of the product, giving 100 % ee.
The 20 most stable conformations account for 66 % of the
total product, also giving 100% ee. In both cases, that is,
with 1 or 20 conformations, the calculated ee is 100 %, which
means that there are no S conformations amongst the 20
most stable structures. The 50 most stable conformations ac-
count for 86% of the total product. In this case, some S
enantiomers are also formed, and the calculated ee decreas-
es to 99%. The 200 most stable conformers account for
99% of the products, and the calculated value for the
ee is 90%. At this point, most of the conformations that
contribute to the ee have been considered, and the inclu-
sion of more conformations does not modify the enantio-
selectivity. Therefore, in order to calculate an accurate value
for the ee, a large number of conformations (at least 200)
are needed to account for 99% of the product. Similar
results were found for the other long-chain olefins. This
is in complete contrast with what happened in the pre-
viously studied case of styrene," for which there was no
conformational problem. These results underline the neces-
sity of a systematic conformational analysis in the current
case.

To confirm the quality of the QM description, single-point
calculations at the CCSD(T) level of theory using a larger
basis set were performed on the most stable transition states
that give the R and S products for propene, 1-hexene, and 1-
decene. The energy differences between the most stable R
and S transition states at the B3LYP level are 0.2, 1.1, and
0.5 kcalmol ™ for propene, 1-hexene, and 1-decene, respec-
tively. In the case of the CCSD(T) calculations, these energy
differences for the same alkenes are 0.2, 0.9, and
0.5 kcalmol™, respectively. The energy differences deter-
mined by the two methods are very similar, further validat-
ing the method and basis set used.

Comparison between computed and experimental observa-
tions: The experimental study of the dihydroxylation of a
series of aliphatic n-alkenes shows that the observed enan-
tioselectivity depends on the olefinic chain length
(Figure 4).%?) The catalyst used in the experiments was
OsO,(DHQD),PHAL and the olefins studied were pro-
pene, 1-butene, 1-pentene, 1-hexene, and 1-decene. The R
enantiomer was always found to be the major product in the
dihydroxylation of this series of aliphatic n-alkenes. When
varying the olefin from propene to 1-decene the observed
enantiomeric excess increases from approximately 35 to
nearly 85%. The enantioselectivity initially increases signifi-
cantly with the number of carbon atoms (from propene to
pentene), reaching a ceiling saturation value when the chain
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Figure 4. Experimental®®! and computed enantiomeric excesses as a
function of the chain length of the aliphatic n-alkenes.

length is greater than five. Consequently, the selectivity for
1-pentene, 1-hexene, and 1-decene is practically the same.

The computed enantiomeric excesses, together with the
experimental values, for each of the substrates considered,
are presented in Figure 4. The computed results for the ee
are in excellent agreement with the experimental values.
The calculations are able to reproduce the experimentally
observed increase in the ee of the short-chain olefins and
the presence of a ceiling value after which the increase in
enantioselectivity is much smaller. Moreover, even the ee
values derived from the IMOMM calculations are quite sim-
ilar to the experimental values, the largest difference corre-
sponding to 1-pentene (computed 66 % versus experimental
79 %). The saturation value is reached with 1-pentene in the
experimental study, but with 1-hexene in the calculations,
however, we consider this to be a minor discrepancy.

As far as the region of entry of the olefin is concerned,
the most stable transition states for each of the olefins from
propene to 1-decene that give the R enantiomer have the
olefin located in region B. In particular, the most stable con-
formations correspond to the B-III orientation. Similar re-
sults were obtained for the S enantiomer, for which the
most stable conformation is, in most cases, B-IV. The prefer-
ence for entry at region B has already been observed experi-
mentally.®™ This preference over other regions reflects the
nature of the steric interactions between the catalyst and
substrate. Regions A and C are less crowded than region B.
Therefore, the magnitude of the steric interactions should
be smaller in these regions than in region B. Nevertheless,
the saddle-point energy is lower in region B than in the
others, which indicates that the steric interactions are of an
attractive nature. This fact was also observed for the aro-
matic alkenes,™™ and does not contradict the existence of an
intermediate in the reaction path previously identified.!*

The energy terms that differentiate R and S enantiomers:
Having shown that the experimental trends are properly re-

www.chemeurj.org  Chem. Eur. J. 2005, 11, 10171029


www.chemeurj.org

A QM/MM Study of the Asymmetric Dihydroxylation of n-Alkenes

produced by calculation, we then sought to explain them. To
discern the main differences between the R and S enantio-
mers it is first necessary to separate the total energy into its
components and to identify which of them is responsible for
the difference between the paths leading to the R and §
products. We start by distinguishing the energies of the QM
and MM parts of these calculations.

The energy of the QM part is quite similar and within the
same range for the different conformations of the R and §
transition states for each of the olefins. For instance, in the
case of 1-decene the QM energies for the R structures are
between —1.2 and 1.3 kcalmol ! with respect to that of the
most stable QM/MM isomer, and for the S structures they
are between —1.1 and 0.5 kcalmol~'. No significant differen-
ces can thus be observed, either in the range or in the aver-
age of the relative QM energies of the R and S structures.
Things are different for the MM energies. In this case, the
corresponding values are 0.0 and 6.2 kcalmol™' for the R
conformers and 2.1 and 6.0 kcalmol ™" for the S conformers.
The difference between the lowest relative MM energies is
2.1 kcalmol~!. That is, the most stable S isomer will have an
MM energy at least 2.1 kcalmol™! above that of the most
stable R isomer. An energy difference of 2 kcalmol ™ is cer-
tainly significant for the enantioselectivity, and because of
this, we will focus our analysis on the MM energies. More-
over, the range of energies is significantly wider for the MM
than for the QM values, which further indicates that most of
the energy difference between the conformers lies in the
MM part.

The next logical step is to separate the MM energy into
its components. The procedure here is however complicated
by the large number and variety
of relevant conformations. The
diversity of the structures
makes the application of the
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stable conformations) of the R and S enantiomers of each of
the olefins from propene to 1-decene.

The different contributions to the MM energy of each of
the selected conformers are given in Table 2. The energy dif-
ferences between the R and S enantiomers for the compres-
sion, bending, torsional, dipole—dipole, and cross terms are
small relative to the energy differences for the van der
Waals term. The differences in the compression, bending,
dipole—dipole, and cross terms are 0.2 kcalmol™ at most.
The differences in the torsional term can be somewhat
larger, up to —0.8 kcalmol™!, but they are never more than
35% of the total energy difference. It is clear from Table 2
that the van der Waals term is the main cause of the energy
differences between the R and S enantiomers. The real
meaning of this term in the MM3 force field, as in most
force fields, cannot be directly assigned to the physical
meaning of the van der Waals interactions™!! because of the
parameter fitting involved in the force-field development. In
any case, without defining exactly the meaning of the term
here, in these calculations it clearly includes the origin of
enantioselectivity, and we will use it to analyze the main dif-
ferences between the different conformations.

It may seem surprising that electrostatic interactions do
not have more influence on the enantioselectivity. This is es-
sentially because of the nature of the MM3 force field. The
charge on all the atoms in the MM region of the molecule is
zero by definition of the atomic types. Hence all the eventu-
al charge—charge terms in the IMOMM QM/MM calculation
cancel out. Charges in the QM region (notably on the
osmium center) are arbitrarily set to zero on the assumption
that they would not be able to discriminate between enan-

Table 2. Breakdown of the MM energy into its component terms for selected conformations of the transition
states associated with each of the olefins in the series.

dispersion criterion used above Olefin _ 4 MM energy [kealmol™] _
to discard the QM contribution compression bending Vdw torsional dipole—dipole cross-terms
impossible. The ideal study C3 R 6.7 19.9 61.9 24.2 3.0 -0.8
would consist of an exhaustive s 67 199 627 24.2 30 —08
. R Diff (R-S) 0.0 0.0 -0.8 0.0 0.0 0.0
analysis of all the conformations 4 R 6.7 20.1 627 23.7 2.8 —09
that contribute to the enantiose- N 6.7 20.0 63.6 24.0 2.8 -0.8
lectivity of each of the olefins. Diff (R-5) 0.0 0.1 0.9 —03 0.0 —0.1
However, owing to the large C5 R 6.8 20.2 62.7 23.8 2.7 -0.9
b f f . b N 6.7 20.1 64.4 24.0 2.8 —-0.8
number ol conformations to be Diff (R—S) 0.1 0.1 17 02 ~0.1 ~0.1
considered, this is impractical. ¢ R 6.8 202 62.6 23.7 2.8 08
Instead, we decided to analyze N 6.8 20.1 65.1 24.0 2.8 -0.8
in detail some of the most - g'tf (R=5) 22 28-; ;i; 22; gg gg
stable conf(?rmatlons of the.R s 63 201 65.2 .5 30 08
and S enantiomers of the olefins Diff (R—S) 0.1 02 20 08 02 0.0
of the series. Although the opti- 8 R 6.9 203 63.7 23.7 2.8 -0.8
mal analysis would involve a S 6.9 20.1 66.0 24.6 3.0 -038
consideration of all the confor- Diff (R-5) 00 0.2 —23 —08 -02 0.0
. a1 hi C9 R 7.0 20.4 64.5 23.8 2.8 —0.8
mations, we still - expect  this s 6.9 202 69 246 3.0 ~08
analysis to be informative. Ditf (R—S) 01 02 24 08 02 0.0
Hence, we will focus on two se- C10 R 7.0 20.4 65.3 23.8 2.8 —0.8
lected single conformations S 7.0 202 67.8 246 3.0 -08
. Diff (R—S) 0.1 0.2 2.4 -0.8 -0.2 0.0
(which are among the most
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tiomers, thus eliminating the possibility of charge—dipole
terms in the QM/MM calculation. As a result, the MM3
electrostatic contribution is reduced to the dipole—dipole in-
teractions. This dipole—dipole term is given in Table 2, in
which it can be seen that this term is not negligible from an
absolute point of view, with values close to 3 kcalmol ™', but
that it is essentially the same for all of the R and S enan-
tiomers. The fact that the interactions labeled as electrostat-
ic by the force field are not more critical for enantioselectiv-
ity has no direct implication on the real nature of the critical
interactions. In fact, if a difference force field was applied,
electrostatic interactions would likely account for a substan-
tial part of the difference.

A significant part of the dipole—dipole interaction could
in principle be associated with the dipole moment of the C—
O bond being formed, which is not well defined a priori by
the force field. It was mentioned in the Computational
Methods section that the value for this dipole moment was
set to zero for most calculations, including those presented
above. In order to check whether this approach was critical,
an additional set of calculations were carried out with a dif-
ferent value for this dipole moment, in particular, the value
corresponding to a standard carbon—oxygen(alcohol) bond
in the MM3 force field. Pure MM calculations were carried
out on frozen QM geometries for the particular case of
region B. These calculations were of the same type as those
reported above for the screening of the conformations. The
computed ee values for the alkenes from 1-butene to 1-
decene were 55, 66, 78, 78, 79, 83, and 85 for the zero dipole
moment and 54, 66, 76, 78, 81, 85, and 88 for the non-zero
dipole moment. The particular value of this dipole moment
thus has a very minor influence on the computed enantio-
meric excess. Given the results of this preliminary test at a
pure MM level, no further studies were carried out at the
more expensive QM/MM level on this issue.

The van der Waals contribution is a summation of the in-
teractions between atom pairs. Thus, it is straightforward to
separate this term into interactions between two or more
sets of atoms. We have partitioned the system into two frag-
ments, the catalyst and the substrate, and separated the total
van der Waals interaction into three blocks, those between
the atoms in each fragment (catalyst—catalyst and substrate—
substrate) and those between the two fragments (catalyst—
substrate). This scheme was applied to the selected confor-
mations of each of the considered olefins and the results are
collected in Table 3. Not surprisingly, the interaction be-
tween the two fragments, the catalyst and the substrate, is
the key term, and can faithfully explain the variation in ee
with increasing alkene chain length; the sharp increase in
the selectivity from propene to 1-hexene and the subsequent
slow increase from 1-hexene to 1-decene. We have thus con-
centrated all subsequent analyses on this particular term,
the van der Waals interaction between the catalyst and the
substrate.

The key regions of the catalyst: In the previous section, the
overall energies of selected conformations of catalyst—sub-
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Table 3. MM3 van der Waals interaction energies between the catalyst
and the olefin fragments of selected conformations of the transition
states.

Olefin VAW energies [kcalmol ']
cat.—cat. subs.—subs. cat.—subs. total
C3 R 66.5 0.0 —4.6 61.9
S 66.6 0.0 -39 62.7
Diff (R-S) -0.1 0.0 -0.7 -0.8
C4 R 67.2 1.1 -5.7 62.7
S 67.0 1.0 —4.4 63.6
Diff (R-S) 0.2 0.1 -1.2 -0.9
C5 R 67.2 2.1 —6.6 62.7
S 67.0 2.0 —4.6 64.4
Diff (R-S) 0.2 0.1 -2.0 -1.7
C6 R 67.4 3.1 -7.9 62.6
S 67.0 2.9 —4.9 65.1
Diff (R-S) 0.4 0.2 -3.0 -2.5
C7 R 67.5 4.0 -83 63.2
S 66.7 4.1 -5.6 65.2
Diff (R-S) 0.8 -0.1 2.7 2.0
C8 R 67.5 5.0 —8.7 63.7
S 66.7 5.1 -5.7 66.0
Diff (R-S) 0.8 —0.1 -3.0 -23
Cc9 R 67.5 5.9 -89 64.5
S 66.7 6.0 -5.8 66.9
Diff (R-S) 0.8 —0.1 -3.1 —2.4
C10 R 67.5 6.9 -9.0 65.4
S 66.7 7.0 -5.8 67.8
Diff (R-S) 0.8 —0.1 -3.1 —2.4

strate pairs were analyzed, and the main differences be-
tween the enantiomers was identified as being associated
with the van der Waals interaction between the catalyst and
substrate. This term will be analyzed in detail in this section.

The interaction energy between the olefins and the cata-
lyst in the transition states for the R and S products are pre-
sented in Figure 5. The interaction energy for the R enan-
tiomer increases across the series of olefins, though the in-
crease is larger on going from propene to 1-hexene than for
the rest of the olefins in the series. For the S enantiomer, in
contrast, the interaction energy increases slowly and con-

Energy/ kcal mol™

Olefin length

Figure 5. MM3 van der Waals interactions (kcalmol™') between the cata-
lyst and olefins in the selected conformers.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 10171029


www.chemeurj.org

A QM/MM Study of the Asymmetric Dihydroxylation of n-Alkenes

stantly for all the olefins studied. Figure 5 also shows the dif-
ference between the interaction energies of the transition
states of the R and § enantiomers and allows the variation
in the enantioselectivity as a function of the chain length to
be explained. The interaction energy increases more rapidly
for the R transition states than for the § transition states
until the chain has six carbon atoms. After this point, the in-
teraction energy increases very smoothly and similarly for
both enantiomers such that the enantioselectivity remains
practically constant, hence displaying saturation behavior.
Hence, for the first part of the series, the enantioselectivity
of the reaction increases with increasing chain length be-
cause the attractive interactions between the olefin and the
catalyst increase more rapidly for the R enantiomer than for
the S enantiomer in their respective transition states.

We can go one step further in the analysis of the interac-
tion between the substrate and catalyst, and evaluate the in-
teraction energies between the series of olefins and different
parts of the catalyst separately. The catalyst has been divid-
ed into five parts (Figure 6). These parts are labeled as
Quinoline A, Quinoline B, PYDZ, Quinuclidine A, Quinu-
clidine B, and OsO,.

The interaction energies between selected conformers of
the whole series of olefins and each of the different parts of

Quinaline B Quinoline A
s | } .
T e O )
b h
b il e - U
O~ o

Quinuclidine A

Quinuclidine B

Figure 6. The different regions of the OsO,(DHQD),PYDZ catalyst. Hy-
drogen atoms are omitted for clarity.

a) Olefin length

Interaction Energy
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the catalyst are shown in Figure 7. The part of the catalyst
that has the largest interaction with the olefins is Quinoline
A ; it accounts for more than 40 % of the total interaction in
the transition state for the R enantiomer and about 60 % for
the S enantiomer. This interaction increases more rapidly
between propene and 1-hexene than between 1-heptene and
1-decene. Nevertheless, it behaves very similarly for both
enantiomers. Therefore, even though Quinoline A is deci-
sive for catalytic purposes, it is responsible for neither the
enantioselectivity nor its dependence on the chain length. In
the analysis performed on the aromatic olefins this was also
the principal energy term, but in that case, it could also ex-
plain the enantioselectivity.'”! Therefore it appears there is a
significant difference in the way in which the catalyst inter-
acts with the two types of substrates.

For the R enantiomers, the spacer PYDZ makes the
second largest contribution to the interaction energy of the
transition states. For this enantiomeric form, the interaction
between the olefins and PYDZ behaves similarly to that of
the interaction with Quinoline A; it increases markedly on
going from propene to 1-hexene, and after that, it remains
approximately constant for the rest of the series up to 1-
decene. In the case of the S enantiomers, in contrast, the
PYDZ region is not so relevant, and the energetic contribu-
tion of this part of the catalyst is at most of the same order
as the other less relevant parts of the catalyst (Figure 7).
This indicates that the PYDZ region is one of the key fac-
tors that differentiate the interactions between the olefins
and the catalyst in the transition states of the R and S enan-
tiomers. Therefore, PYDZ is important in determining the
enantioselectivity of these reactions in contrast to what was
found for aromatic olefins.'™

Quinuclidine B also requires special mention. The interac-
tion between this part of the catalyst and the olefins in the
transition states of the R products is significant. This interac-
tion increases markedly on going from propene to 1-hexene,
its increase being more gradual for the rest of the series of
the olefins. In contrast, this interaction is almost negligible
relative to those of the other parts of the catalyst in the
transition states that give the S products. This is another

b) Olefin length

&

Interaction Energy
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Figure 7. van der Waals interactions between the aliphatic n-alkenes and the different regions of the catalyst for the selected conformers: a) R enantio-

mers and b) S enantiomers.
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factor that differentiates the interactions between the olefins
and the catalyst in the transition states of the R and § enan-
tiomers. Therefore, Quinuclidine B also helps to determine
the stereochemistry of the products derived from the ali-
phatic n-olefins. Again, in the case of the dihydroxylation of
aromatic olefins this interaction was not essential.l'”!

The interactions between the olefins and the remaining
parts of the catalyst, Quinoline B, OsO,, and Quinuclidine
A, are quite small in all cases relative to those mentioned
above. All of these interactions are quite similar for all of
the olefins and are independent of the chain length. More-
over, their values are also similar for both the R and S tran-
sition states. Therefore, these regions of the catalyst do not
contribute significantly to the enantioselectivity or the catal-
ysis of the reaction.

The enantioselectivity of the dihydroxylation of aliphatic
n-alkenes is therefore determined by the interactions of the
olefin with two regions of the catalyst: PYDZ and Quinucli-
dine B. In the transition states that lead to the R products,
the interaction of the olefin with each of these two regions
depends strongly on the olefin chain length. For all of these
transition states, and especially for the interaction with the
PYDZ moiety, results prove that on going from propene to
1-hexene this dependence is much more pronounced than
on going from 1-heptene to 1-decene. The overall effect of
these two catalytic regions is a rapid increase in the differ-
ence in stability between the R and § transition states when
going from propene to 1-hexene, and a much more gradual
increase on going from 1-hexene to 1-decene. This behavior
closely reproduces that of the total van der Waals interac-
tions (Table 1), and of the total energy difference (Figure 5).
Therefore, the enantioselectivity and its dependence on
chain length can be traced in these IMOMM/(Becke3-
LYP:MM3) calculations to the van der Waals interactions of
the olefin with these two regions of the catalyst.

The energy of the interaction between the olefin and
Quinoline A in the transition states that lead to the R prod-
ucts depends on the olefin chain length. Nevertheless, this
behavior is similar to that of the S transition state. There-
fore, Quinoline A, despite having the highest interaction en-
ergies with the olefin, and thus being very important for cat-

alysis, is not critical in determining the enantioselectivity of
the reaction.

A qualitative chemical interpretation of the origin of enan-
tioselectivity: Once the relevant regions of the catalyst have
been identified, the dependence of the selectivity on the
olefin chain length can be explained by the examination of
the transition-state structures of the selected conformations.
Figure 8 shows the structures of the most stable transition
states that lead to the R products of propene, 1-hexene, and
1-decene. In all of them, the orientation of the olefin corre-
sponds to that of B-III, with the olefin in the binding cleft
of the catalyst. By looking at these structures one can see
how the elongation of the olefin chain from propene to 1-
hexene causes an increase in the interactions between the
olefin and the three most important parts of the catalyst,
Quinoline A, PYDZ, and Quinuclidine B. From propene to
1-hexene, the carbon atoms added to the aliphatic chain are
in close proximity to these three parts of the catalyst, and
can interact strongly. In contrast, once the aliphatic n-alkene
has six carbon atoms, all the carbon atoms subsequently
added to the chain are far from the catalyst, and cannot be
expected to make strong direct interactions with the cata-
lyst.

The selected conformations that lead to the S enantiomer,
depicted in Figure 9, show a somewhat different picture.
The olefin in all these structures is in the B-IV orientation.
The aliphatic chain in all of these cases is oriented away
from the catalyst’s binding cleft. In this orientation, the only
part of the catalyst that may directly interact with the ali-
phatic chain is Quinoline A. In fact, these interactions are
reflected in the energy break down shown in Figure 7. The
other parts of the catalyst are far away from the aliphatic
chain and have minor stabilizing interactions, as shown in
the energetic analysis presented in Figure 7.

Looking at the § transition states in Figure 9 one can
think of other conformations that lead to the S enantiomer
in which the aliphatic chain is positioned deeper into the
binding cleft, thus enhancing the interactions with the cata-
lyst. In fact, we computed these structures during our con-
formational analysis, and their contribution is included in

1-hexene

propene

1-decene

Figure 8. A view of the selected transition states that give the R product for propene, 1-hexene, and 1-decene. The olefin is highlighted in black.
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propene

1-hexene
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1-decene

Figure 9. A view of the selected transition states that give the S product for propene, 1-hexene, and 1-decene. The olefin is highlighted in black.

the computed enantiomeric excess values. For instance, let
us analyze the three most stable S conformations of 1-
nonene. These three conformations are depicted in
Figure 10. The difference in energy between them is less
than 0.1 kcalmol . Conformation (a) is the selected confor-
mation used in the discussion above; it has the B-IV orienta-
tion in which the olefin points away from the catalyst. Con-
formation (b), however, adopts a different olefinic arrange-
ment, with the aliphatic chain placed in the binding cleft of
the catalyst. The region of entry of the olefin is the same as
that in conformation (a), but here it has the B-II orienta-
tion. In this case, the interaction energy between the olefin
and the catalyst is larger than in conformation (a), but in
order to adopt this conformation the olefin has to pay an
energy penalty, mainly in terms of torsional and bending
energy. This is the reason why, despite the better interac-
tions between the olefin and the catalyst in conformation
(b), both conformations (a) and (b) have similar energies.
Conformation (c) has a similar total energy to that of the
two other conformations. In this case, the interaction energy
between the olefin and the catalyst is higher than in confor-
mation (a) since the aliphatic chain is also in the binding
cleft of the catalyst. Nevertheless, once again, the olefin is

a)

under more tension, like conformation (b), and has a total
energy similar to the other conformations. The region of
entry of the olefin here is different to that for the other two
cases. Conformations (a) and (b) are associated with region
B whereas conformation (c) has a C-II orientation. This ex-
ample proves that the conformational search was exhaustive,
that all the different regions of entry of the olefins were ex-
plored, and that all of the conformations were given the
chance to contribute to the overall selectivity.

The analysis of these conformations of 1-nonene gives an
idea of the difficulties inherent in a detailed analysis of the
different conformations that contribute to the enantioselec-
tivity. In this case, for instance, the relative positions of the
olefin with respect to the catalyst are completely different
for the three conformations although they have similar ener-
gies. This is why we decided to analyze in detail only one se-
lected conformation for each of the olefins as this was the
only way to obtain information about the catalytic mecha-
nism and the origin of the enantioselectivity.

At this point, we will try to go beyond these numerical
and geometrical descriptions and interpret these interactions
from a chemical point of view. Examination of the geome-
tries (Figure 8) shows that the relative orientation of the

Figure 10. A view of the three most stable transition states giving the S product for 1-nonene. The olefin is highlighted in black.
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C—H bonds of the olefins and the aromatic walls of the cata-
lyst, especially Quinoline A and PYDZ, can be described as
edge-to-face interactions between the C—H bonds of the ali-
phatic chain and the aromatic walls of the catalyst. There-
fore, the main interactions (the most energetic ones) be-
tween the aliphatic chain of the alkene and the aromatic
rings of the catalyst (PYDZ and Quinoline A) can be de-
scribed as C—H-x interactions. The other important contri-
bution to the enantioselectivity arises from the interactions
between the aliphatic chain of the olefin and Quinuclidine
B. These hydrocarbon-hydrocarbon interactions may be at-
tributed to dispersive forces, commonly labeled as hydro-
phobic interactions.*?!

Attractive interactions between C—H bonds and it systems
are well known from structural, conformational and theoret-
ical data.®*% These weak interactions are key factors in de-
termining fundamental chemical and biochemical properties,
such as the conformational preferences of organic mole-
cules, the stabilization of protein structures and molecular
recognition processes.[*! They have also been suggested to
play a role in catalyzed dihydroxylation processes.[®>1%! At-
tractive interactions of this type are generally attributed to a
combination of dispersion forces, and electrostatic and po-
larization interactions.**! Dispersion forces are generally
the most important in this kind of interaction, although elec-
trostatic and polarization interactions sometimes can
become more relevant.*”! Hence, albeit the van der Waals
term in the MM3 force field does not directly correspond to
dispersion forces, this is the term that best represents this
kind of interaction.

The C—H--m interactions have previously been described
in other reactions as affecting the stereoselectivity. This is
the case, for instance, in the hydrogenation of aromatic ke-
tones with a chiral Ru complex. Noyori and co-workers®™
noted that C—H--&t interactions between a C—H of a metal
ligand and the aromatic ring of the ketone significantly af-
fects the enantioselectivity of the reaction. Other examples
in which these interactions are also responsible for deter-
mining the stereochemistry include several cycloaddition re-
actions. For example, the endo preference in the Diels—
Alder reaction between butadiene and cyclopentene was
demonstrated to originate from C—H--m interactions be-
tween a C—H of the cyclopentene and the forming double
bonds of the butadiene.”!! Similar conclusions were drawn
from the study of cyclopropene dimerization.

Conclusions

The IMOMM(Becke3 LYP:MM3) computational study of
the dihydroxylation of long-chain aliphatic alkenes is much
more complicated than that of aromatic alkenes because of
the large number of conformations that have to be consid-
ered. A procedure has been defined here for the identifica-
tion and screening of the lowest energy paths. The applica-
tion of this scheme and the performance of approximately
1700 IMOMM calculations on the conformations of a series
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of eight aliphatic terminal n-alkenes with OsO,(DHQD),-
PYDZ yields enantiomeric excesses that closely mimic the
experimental values reported for the OsO,(DHQD),-
PHAL-catalyzed dihydroxylation of propene, 1-butene, 1-
pentene, 1-hexene, and 1-decene. The two most remarkable
experimental features, namely the selectivity leading to the
R product and the dependence of the enantiomeric excess
on the length of the aliphatic chain, are satisfactorily repro-
duced. The analysis of the results, in particular, the partition
of the total IMOMM energy into its components, allows the
key factors responsible for the selectivity to be identified.
The enantioselectivity was found to originate from the C—
H--m interactions between the aliphatic chain of the sub-
strate and the aromatic rings of PYDZ, with an important
role also being played by Quinuclidine B. Quinoline A, in
turn, is critical for catalysis because of its stabilizing C—H--x
interactions with the aliphatic chain of the alkenes, but it is
not involved in determining the enantioselectivity of the re-
action. This behavior is different to that found for aromatic
olefins, for which the m--m interactions were shown to be
critical, and the critical region of the catalyst was exclusively
Quinoline A.

The peculiar relationship between the selectivity and the
length of the olefin aliphatic chain can be explained on in-
spection of the geometries of the most stable transition
states. For short chains, an increase in length produces favor-
able interactions that are exclusive to the R enantiomer. In
contrast, for longer chains, the chain is lengthened far away
from the catalyst and the selectivity is not affected.
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