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Abstract—In the stoichiometric asymmetric epoxidation of E-B-methylstyrene with cationic chromium-salen oxo complexes,
enantioselectivity is elevated by the addition of many different types of phosphoryl compounds. Triarylphosphine oxides are the
most effective, and, amongst them, tris(3,5-dimethylphenyl)phosphine oxide gave the highest ee to date (93%). There is a ceiling
effect of additive, bulky additives are ineffective, there is no substituent electronic effect within the additive and there is a
saturation of its effect with increasing concentration. © 2002 Elsevier Science Ltd. All rights reserved.

The use of metal complexes of chiral salen ligands in
catalytic asymmetric synthesis has been widespread in
recent years.! Especially useful is the manganese-salen
catalyzed asymmetric epoxidation of conjugated Z-
alkenes (Fig. 1, M=Mn) studied extensively by
Jacobsen® and Katsuki.> We have reported® on the
complementary chiral chromium salen complexes which
give good selectivity for E-alkenes (Fig. 1, M=Cr) and
have the useful feature that the SalCr(V)=0O species is
stable,’ unlike the SalMn(V)=0 species which is a fleet-
ing intermediate.®” Use of the isolated Cr(V)=0 species
(stoichiometric reaction) then enables separate study of
the stereoselectivity and catalysis issues. We have
shown that the high eces obtained stoichiometrically
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Figure 1. The catalytic cycle for chromium and manganese
salen epoxidation.
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were not fully maintained in the catalytic version of the
reaction, although the latter gave a higher yield.*®>*° We
proposed an explanation* based on reaction of the
Cr(V)=O with its reduced Cr(III) form to give an
unreactive p-oxo dimer, Cr(IV)-O-Cr(IV) (Fig. 1), the
manganese version of which is considered to be the
resting state of the catalyst in the manganese series.%®

A notable aspect of our system was the change in
enantiomeric excess (ee) by as much as 30% on addition
of certain achiral oxo-type ligands (L), such as phos-
phine oxides and amine N-oxides.*®“ In the case of
chromium salen complexes, it was known>® that such
additives are coordinated by the oxygen atom in the
apical position (L in complex 1, Scheme 1), which
weakens the Cr=0 bond and increases epoxidation rate.
We are not aware of any other studies of additives in
the chromium series. In contrast, additives have a wide
range of reported effects on the chiral manganese—salen
epoxidation.*> We hoped that the stoichiometric vari-
ant of the reaction available in the chromium series
might provide an understanding of the manganese sys-
tem. Our first studies showed that there is a complex
relationship between the effect of L addition and the
salen substituents W—Z in 1. Thus, ee can be increased
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when substituents are present at X/Z but not at W/Y.*
Since then we have embarked on more comprehensive
studies and we now report on phosphorus-containing
additives. Variations in nitrogen-containing and other
additives will be the subject of future reports. The
studies show that a very large range of ligands can
influence the observed selectivities. Included in the
work reported here are a series of triarylphosphine
oxides, one of which provided an improvement to give
our highest ee to date (93%) with our test substrate,
E-B-methylstyrene (Scheme 1).

The additive triphenylphosphine oxide (TPPO) had pre-
viously been most consistent in raising yield and
ee.*>eef Therefore, we examined a range of substituted
tertiary phosphine oxides with the hope of optimizing
the selectivity and of gaining an understanding of their
mode of action. Table 1 shows results for the
epoxidation'®!! of B-methylstyrene using five of our
oxo-chromium(V) salen complexes'? in combination
with (1 equiv. of) various types of mostly triarylphos-
phine oxides,'* according to Scheme 1. The presence of
additive usually decreased the reaction time, but only
by as much as half at best, and it usually increased
epoxide yield. However, the best yields were still those
obtained with TPPO, except in the case of complex
1:W=H, X=Z=Br (with the additive at entry 11). All
complexes gave very low yields (<5%) with at least one
additive. Note that the best yields only approach 50%
because the Cr(V)=O species reacts with the Cr(III)
product;* the reaction time does not reflect the true
rate of epoxidation for the same reason.

Table 1. Results of stoichiometric epoxidation® of E-B-methylstyrene according to Scheme 1 with various chiral non-racemic
substituted oxo-chromium(V) salen complexes® in the presence of various substituted triarylphosphine oxides L¢ as added

ligands
Complex W H H H H H
X H Cl Br H H
Y H Cl1 Br Cl1 CF;
Reaction time? 12 h 60 min 10 min 60 min 90 min
Yield with no additive (%) 22 18 2 20 25
Highest yield with additive (%) 46 40 24 35 33
ee with no additive 58 67 71 80/81" 882/90°
Entry Additive L Increase in ee with additive
1 Ph,PO° 14 16 8 6/7" 2¢)2f
2 Ph,PO" 141 16! 6
3 (4-MeOPh),PO 11 16" 6 6/6" -5
4 (3-MeOPh);PO 16 11 7 617" -5
5 (2-MeOPh);PO 6 5 2
6 (2,4,6-triMeOPh);PO -2 -23 -3
7 (4-FPh);PO 15 5 -3
8 (3-FPh);PO 11 13 5 1
9 (pentaFPh);PO 6 8 —12 —1
10 (3,5-diFPh);PO 3 -3
11 (3,5-diMePh),PO 14 7 4 3f
12 (2,4-diMePh);PO 4 —12
13 (2,6-diMePh),PO -7 1 -2
14 (2,4,6-triMePh);PO 4 —2h
15 Oct,PO 11h "
16 ‘Bu;PO 5h 3h
17 (EtO);PO 7h oh
18 (4-MePhO);PO 7h on
19 (C,HgN);PO! 0 0

2 Procedure (CAUTION) as described in Ref. 10, all at 0°C; ee determined by CSP GC.

> A =hexafluorophosphate unless noted otherwise and Y=H in all cases.

¢ 1 equivalent added, unless noted otherwise.
4 Time to discharge of green colour to orange.
¢ Previously reported by us, Ref. 4.

f A =nitrate.

¢ Incorrectly reported as 86% (no additive) and 88% (TPPO as additive) in Ref. 4e.

b2 equiv. of additive.

I The (SS)-chromium complex was also used and gave the same ee of opposite enantiomer of epoxide.

I Tris(1-pyrrolidinyl)phosphine oxide.
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A general trend in enantioselectivity is visible in Table
1. The five complexes are arranged in order of increas-
ing ee without additive, and it can be seen very clearly
that the beneficial effect of additive becomes less as the
ee without additive increases. Thus, the values of the
entries become smaller or go negative to the right in
Table 1. This confirms previous observations with our
earlier more limited additive set. We refer to it as a
ceiling effect of additive. It can be explained if changes
in the salen-substitution pattern produce the same
effect as addition of ligand L, but with the latter giving
the weaker effect. Our working hypothesis is that both
Z-substituents* and additives L can favorably influence
the conformation of complex 1 to give better selectivity.
In complexes with suitable Z-substituents, the confor-
mation without L reaches an optimum and the effect of
L is thus minimal. However, the same effects could be
produced by variations in the equilibrium involving
complex with and without additive (vide infra).

Table 1 also shows the effects on enantioselectivity of
substitution within the aryl rings of TPPO. The most
immediately obvious, and disappointing, observation is
that substitution mostly does not lead to increased
selectivity. Thus, of the approximately 50 new data
points in Table 1, only three are higher than obtained
with TPPO. ortho-Substitution leads to lower, some-
times much lower, selectivity (compare: entries 5/6 to
3/4; 12/13/14 to 11; 16 to 1), assumed to be a steric
effect. It is also noticeable that electronic effects are
small, with electron donating groups (EDGs) only mar-
ginally better for selection than electron withdrawing
groups (EWGs) (compare entries 3/7 and 4/8: five
examples, two counter examples). Both EWGs and
EDGs are usually worse than TPPO itself, again this is
less noticeable with the EDGs (one example greater). It
is not clear at this time why EDGs and EWGs should
give similar changes in selectivity.

More encouraging was the observation that an EDG at
the meta-position appears to be mostly beneficial
(entries 4/11) and leads to our best ee to date (93%) for
complex 1 (W=X=H, Z=CF;) with L=tris(3,5-
dimethylphenyl)phosphine oxide, marginally better
than with TPPO. This additive also provides the best
selectivity with other salen complexes that we have
studied, for example with 1 (W=CIl, X=Z=H, not in
Table 1) it gives an ee of 80%, again marginally better
than with TPPO. This effect appears to be a combina-
tion of electronic and steric factors and has good
precedence in the recent literature of enantioselective
catalysis.!+ !¢

Many other types of phosphoryl compound can lead to
an increase in selectivity (Table 1 and Ref. 17). How-
ever, none are as good as TPPO. Indeed introduction of
any non-aryl group in TPPO reduces the ee eleva-
tion.!”® Symmetrical trialkylphosphine oxides (entry 15;
Ref. 17c,d,e) do mostly give some reasonable ee eleva-
tion so long as they are not bulky (entry 16).
Unsymmetrical'’* and asymmetric cases'’" are similar
so long as they are not bulky'’® as are phosphinate!”™"
and phosphates (entries 17, 18, Ref. 17ij,k) but

tris(amino)phosphine oxide has no effect (entry 19).
Phosphoryl chloride destroys selection.!”

In all cases examined, addition of a second (or further)
equivalent of TPPO had no extra effect, giving the same
ec elevation as the first equivalent (Table 1, entry 2).
Indeed we found that maximum ee elevation is already
attained at substantially less than one equivalent of
additive. For example, with TPPO and complex 1:
W=X=H, Z=Cl, the maximum elevation (6) is
achieved at 0.2 equivalents. A similar result was
obtained with TPPO and complex 1: W=X=Z=Cl.
On the other hand, for the case of tris(3,5-
dimethylphenyl)phosphine oxide as additive with com-
plex 1: W=H, X=Z=Br, the maximum elevation (8)
was not achieved until approximately 0.5 equivalents of
additive were present.

It is clear that addition of tertiary phosphine oxide
increases rate and enantioselectivity. The latter, in turn,
could mean that the presence of L changes the confor-
mation of the complex. This would be in accord with
and support similar recent proposals by Wiest, Plattner
and co-workers in the manganese series.” However, it
could also be that the presence of L affects the balance
between the epoxidation rates of two different oxidants.
We have previously had to postulate a second oxidant
in the catalytic version of the reaction.*® Also, there are
other aspects of the results that present a dilemma in
analysis. With rate acceleration at less than one equiva-
lent of L, these effects are examples of ligand-acceler-
ated catalysis.'® However, they are lower than expected
from the work of Kochi and co-workers,” who found
orders of magnitude accelerations with similar L and
achiral SalCr(V)=0. On the other hand, the observed ee
elevations, especially at lower L concentrations, require
a substantially higher rate for LSalCr(V)=O over Sal-
Cr(V)=0. This is because the formation constant for
LsalCr(V)=0 is not very high. Kochi and co-workers®
estimated it at approx. 13 M™' for L=Et,PO with
achiral SalCr(V)=0. They also noted that it decreased
as the bulk of the additive increased. With one equiv. of
L, this corresponds to a ratio of LSalCr(V)=O to Sal-
Cr(V)=0 of about 3. In addition, as the product Sal-
Cr(IIT) species builds up, it should sequester L as
L,Cr(III).°> These considerations lead us to suspect that
the role of L in the chromium series is more complex
than previously envisaged® and we are engaged in fur-
ther experiments to investigate this.

In summary, we have found that, in epoxidations by
SalCr(V)=0O complexes, many phosphoryl additives give
ee elevation, subject to a ceiling with the more benefi-
cial salen substituents. The effect falls off with increas-
ingly bulky substituents but there is almost no
electronic effect of the substituents. The elevation satu-
rates at less than one equivalent of additive.
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