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The quest for new asymmetric catalysts continues to depend
both on accidental discovery and on mechanistic understanding
of the uncovered processksThe development of new and
improved chiral ligands is one of the most important research
activities in this area. The derivatives of 2[@naphthol (BINOL,

1) are among the most widely used chiral ligands in asymmetric
catalysiss* A number of modifications of the BINOL scaffold
aimed at improving its catalytic performance have been docu-
mentect 1 We recently reported the synthesis and catalytic
applications of EBINOL (2), an isostere of BINOL with
modulated coordination preferences and stability toward racem-
ization under a wide range of reaction conditiéh¥ In this
communication, we report on the “pseudoenantiomeric” relation-
ship between the enantiomers dfand 2 (Figure 1) and its
potential applications to asymmetric catalysis using the glyoxy-
late—ene reactioll as a model.

Many well-known asymmetric catalysts rely on the active
species produced in equilibrating metal/ligand mixtures. Titanium
is known to exhibit particularly convoluted behavior when several
ligands are capable of entering its coordination spiHef&Some
important breakthroughs in titanium chemistry are attributed to
ligand-accelerated catalysis (LAC) which involves in situ selection
of the active catalyst from many thermodynamically accessible
complexeg?® This powerful approach provides a means to direct
a reaction toward the enantioselective pathway even though t
catalytically active species may be present only in small amoun

"To whom correspondence about the crystallographic data should be
addressed.
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Figure 1. (9-BINOL and R)-FsBINOL as pseudoenantiomers (AM1
electrostatic potential surfaces).

relative to the more abundant, but less selective, species. Another
important consequence of the agglomerate formation is nonlinear
effect which enables one to use nonenantiopure ligands in
asymmetric catalysis. When the minor ligand is converted into
the less active, but generally more stailescspecies, asymmetric
amplification may take plac#:?

M +rac-L — MLgLg + ML gL+ MLRLg
A B C

M = Ti(IV); L = BINOL

@)

Both asymmetric amplification and enantiomer-selective acti-

hevation of racemic catalysts were recently demonstrated for the
t glyoxylate-ene proces$’ 2*> A remarkable nonlinear effect in

this system was attributed to the increase in activity of the
homochiral BINOL/Ti adducté&\ anB (equation 1) compared to
the more stableneseadductC.?3 It was established that theeso
adduct, rather than a mixture of homochiral adducts, is prefer-
entially formed between racemic BINOL and Ti. We reasoned
that if one of the enantiomers of BINOL is replaced by its
fluorinated analogue, a “pseudoesd aggregate may be formed
for similar geometrical reasons that are responsible for the
formation of themesoaggregate in the BINOL case.

We started by investigating the more acidgBRNOL ligand
(FsBINOL pKa 9.29; BINOL K& 10.28) in titanium-catalyzed
asymmetric glyoxylateene process using the literature condi-
tions. With Ti(GPr), as the source of Ti(IV), high levels of
enantioselectivity were obtained. For example, the reaction
between ethyl glyoxylate and-methyl styrene in the presence
of 10 mol % ©-2/Ti(OiPr), (2:1 ratio) catalyst afforded ethyl
(9-2-hydroxy-4-phenylpent-3-enoate with 92% ee in 53% yield
(Table 1, entry 1). Thus, the same sense of asymmetric induction
is observed for both Tif)-FsBINOL and Ti/(S)-BINOL catalysts.
Initial rate studies indicate that the catalyst derived frgBIROL
(k= 0.6 x 1073, see Supporting Information) is approximately 4
times slower than the catalyst derived from BINGL= 2.7 x
1073, see Supporting Information). From these data, we expected
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Table 1. Use of BBINOL and Mixed RBINOL/BINOL Catalysts

. ! / ~
in the Glyoxylate-Ene Reaction _/”/ \'{ CI’ ]
entry R catalyst yield (%)*  ee (%) Q’““““/ :ﬁo /L
1 phenyl 6-2 (10 mol %), 53 9209 1o | o—i
Ti(OiPr) (5 mol %) O 1] i L
2 phenyl R-2Gmol%), ©-1(5mol%), 95 99§ /n/ ¥ ]
Ti(OiPr); (5 mol %) T N =T N
3 methyl R)-2 (5 mol %), §)-1 (5 mol %), 57 99 LH ) s h"!‘-o/ 0
Ti(OiPr), (5 mol %) H=—0) | s
4 ethyl R®)-2 (5 mol %), ©-1 (5 mol %), 71 99 9 S .
Ti(OiPr), (5 mol %) T/ & | "“‘:-ro
5  cyclohexyl R)-2 (5 mol %), -1 (5 mol %), 47 99 }\
Ti(QiPr), (5 mol %) 0
6  cyclopentyl R)-2(5mol %), §)-1 (5 mol %), 59 99 © H
Ti(QiPr) (5 mol %) Figure 2. Molecular structure of the pseudoracemic RJAFsBINOL/
7 phenyl R)-TZi((gig&' Eé’)ﬁ:gf;i)(s mol %), 65 88 (S-BINOL adduct4 and its schematic representation; @& BINOL; Lr

= FgBINOL).
*|solated yield based on olefin.

only moderate enantioselectivity (around 60%ee) for the catalyst 8ymmetric ene process. We designed additional experiments to
produced in theR)-FsBINOL/(S-BINOL/Ti(OiPr), mixture (1: further prove_that BINOL and dBINOL are linked within the

1:1 ratio). However, the reaction between ethyl glyoxylate and catalyst. An important insight was obtained whe®-2 was
a-methyl styrene proceeded with excellent enantioselectivity combined withrac-1 at the catalyst preparation stage (Table 1,
(Table 1, entry 2). Most intriguing was a significant yield €ntry 7). The conversion/time study (see Supporting Information)
improvement in the “mixed” case compared to either 2 alone. indicates that th&ac-lm is more active than theRj-2/Ti catalyst.
Analysis of the conversion/time characteristics confirmed the Therefore, the racemic product would have been dominanthad
unexpected higher activity of the catalyst produced in the @nd2 acted independently. However, this process afforded the
pseudoracemic mixture (see Supporting Material). In addition, (R)-a-hydroxyester in good enantioselectivity (78% ee) indicating
the reaction between ethyl glyoxylate and aliphatic olefins in the @pparent competition between the mixed diastereomeric catalysts.
presence of the mixed catalyst led to the desirdydroxy esters ~ Itis possible that fluorine atoms break tiiesasymmetry of the

with >99% ee (Table 1, entries-3). In our hands, neithew/Ti catalytically active ligand/Ti(IV) assembly resulting in the
nor 2/Ti alone gave any conversion with aliphatic olefins. observed enantioselective outcome of the catalytic process. The

structurally characterized higher order aggredai® significant
OH as it captures the complimentarity betweeand?2 and confirms
J\}\WOE ) the driving force to form theneseaggregate in the mixture of
pseudoenantiomers. Mikami and co-workers established that the
oxygen-bridged cluster acts as an asymmetric catalyst in the
glyoxylate ene reactioff. We have observed almost no catalytic
activity for the mixed clusted, which is not surprising. As
opposed to Mikami's example, all titanium centers in the
thermodynamically controlled aggregatere octahedral which
preventst from acting as the Lewis acfWe are currently trying
to “intercept” mixed complexes that contain more reactive
titanium centers.
In summary, highly enantioselective catalysts of increased
activity are generated in the mixture of opposite enantiomers of

/K . Q Catalyst
R H)S(OEt
(o}

R
toluene, 20 °C, 16 h o

3a-e

To clarify this synergistic behavior, we carried out structural

work. Upon mixing R)-2 and -1 with Ti(OiPr), in toluene,
we were able to isolate crystals of a new spedf€incorporating
both1 and?2, rather than an equimolar mixture &fTi and L/Ti
complexes. The molecule df(Figure 2) contains a pseudocrys-
tallographic inversion symmetry which is broken by fluorine
substitution. The stabilizing stacking interactions between the

roximal aromatic planes il were identified through the ) . ;
gorresponding intrapl?lanar distances in the region of 39.5 A. The BINOL and its electron-poor isosteresBINOL. An important
central core in this structure is composed of six titanium centers point Is that Fh_e pseudoracemic system not onI_y gives hlgher
surrounded by the BINOL- ancsBINOL halves. The source of enantioselectivity but also affords much better yield indicating

the oxo bridges, which serve as links between the initially formed high stability of the catalyst. Structural evidence for the ligand
Ti/FsBINOL dim,ers is under investigation synergy has been obtained. Investigations are currently underway

The outlined experiments strongly suggest a synergystic to define the scope and limitations of the pseudoenantiomeric

relationship between the opposite enantiomers ahd?2 in the metal c_omplexes in asymmetric catalysis. The key goal now is
P PP to identify other cases where better catalysts are produced in the

(26) Crystal structure analysis: The data were collected on a Nonius Kappa- “pseudomesd mixtures. In this regard, finding ligand-accelerated

CCD diffractometer with Mo K using¢ scans andv scans withe offsets. H i i i i

Data were integrated and scaled using the Denzo-SMN package. The structureversn‘jn.S of the corresponding catalytic reactions will be most
was solved and refined using the SHELXTL V5.1 packeeCysgHooF2402- rewarding.

Tie*6(C7Hs), M, = 3396.3, triclinic, space groupl, a = 14.3920(4) i,b =
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