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TADDOLS, Their Derivatives, and TADDOL Analogues:

Versatile Chiral Auxiliaries

Dieter Seebach,* Albert K. Beck, and Alexander Heckel

-~

TADDOLSs, which contain two adja-
cent diarylhydroxymethyl groups in a
trans relationship on a 1,3-dioxolane
ring, can be prepared from acetals or
ketals of tartrate esters by reaction of
the latter with aromatic Grignard re-
agents. They are extraordinarily versa-
tile chiral auxiliaries. Here, a historical
review of the subject is followed by
discussion of the preparation of TAD-
DOLs and analogous systems, includ-
ing TADDOLs with N-, P-, O-, and
S-heteroatom ligands appropriate for
metals. Crystal structure analysis re-
veals that the heteroatoms on the
diarylmethyl groups are almost always
in close proximity to each other, joined
together by H-bonds, and predisposed
to form chelate complexes in which the
metallic centers reside in propeller-like
chiral environments. Applications of
TADDOL derivatives in enantioselec-
tive synthesis extend from utilization
as stoichiometric chiral reagents or in
Lewis acid mediated reactions, to roles

\_

in catalytic hydrogenation and stereo-
regular metathesis polymerization.
Derivatives and complexes based on
the following metals have so far been
investigated: Li, B, Mg, Al, Si, Cu, Zn,
Ce, Ti, Zr, Mo, Rh, Ir, Pd, Pt. The
number of stereoselective reactions
already accomplished with TADDOLSs
is correspondingly large. It is also easy
to prepare TADDOL derivatives that
are readily polymerizable and grafta-
ble, and to transform them into immo-
bilized solid-phase catalysts. The result
is catalysts, simply or dendritically
immobilized in polystyrene or on silica
gel and characterized by unexpected
stability even after multiple use in
titanium TADDOLate mediated reac-
tions. TADDOLSs show further unusual
characteristics that make them useful
for applications in material science and
supramolecular chemistry: they are the
most effective doping agents known
for phase transformations of achiral
(nematic) into chiral (cholesteric) lig-

uid crystals. The TADDOL OH group\
that is not involved in intramolecular
H-bonding shows a strong tendency to
associate intermolecularly with
H-bond acceptors. In the process of
crystallization this leads, enantioselec-
tively, to the formation of inclusion
compounds that lend themselves to the
separation of racemic mixtures not
otherwise suited to the classical meth-
od of crystallization through diastereo-
meric salts. The high melting points of
TADDOLs even make possible the
resolution of racemates by distillation!
Host—guest compounds formed be-
tween TADDOLSs and achiral partners
can serve as platforms for enantiose-
lective photoreactions. It seems safe to
predict that many more applications
will be discovered for the TADDOLs
and their derivatives.

Keywords: asymmetric
asymmetric synthesis
separation - TADDOL

catalysis
enantiomer
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1. Introduction and Historical Background

Degradation of carboxylic acids to their next lower
homologues was employed for purposes of structure deter-
mination based on chemical correlation early in the twentieth
century. One strategy took advantage of the Barbier— Wie-
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land reaction sequence: transformation of an ester into a
tertiary alcohol (a “benzhydrol” or “diphenylcarbinol”),
which was dehydrated and then subjected to oxidative C—C
bond cleavage to produce a new carboxylic acid containing
one less carbon atom in the chain (Figure 1a).l In the 1930s,
attention was directed toward the study of reaction mecha-
nisms, and Georg Wittig took advantage of the reaction of
cyclohexanedicarboxylic acid esters (cis, rac-trans, and (+)-
trans!) with phenylmagnesium bromide as a route to ethers of
tertiary alcohols for investigation of the cleavage—today we
would describe it as fragmenting—of ethers with potassium
(Figure 1b).21 Decades later, derivatives of the same type
appeared yet again (indeed, twice!): On one hand in the
context of a novel route to their synthesis*l (Figure 1d), and
on the other with respect to the question of whether the

1433-7851/01/4001-0093 $ 17.50+.50/0 93
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presence of a four-membered ring in the 2,3-position might
lead to an isolable “optically active” (helical chiral) 1,1,4,4-
tetraphenylbutadiene (Figure 1c).5 !

Toward the end of the twentieth century, the preparation of
enantiomerically purel® compounds (EPCs''?) was recog-
nized to be one of the most important goals in the method-
ology of organic synthesis, and—in fulfillment of a prediction
offered in 1990!''—chemists now are already well on the way
toward having at their disposal (catalytic) enantioselective
variants of all the standard synthetic methods, permitting the
preparation of chiral products from achiral precursors or
intermediates.'3?1 With respect to this goal as well, the
reaction of aryl Grignard reagents with (enantiomerically
pure!) esters, mainly ones derived from natural products, has
played a key role. The first systematic application involved the
compound TADDOL,*24 derived from tartaric acid
(Scheme 1).

Relative to classical Li and Mg derivatives, organotitanium
derivatives react with similar functionalities (for example,
aldehydes/ketones/esters), but with much more selectivity
with respect to diastereotopic groups and faces present in the
substrate molecules.?=! Tt was thus obvious that enantiose-
lective titanium derivatives would be worth seeking. One of
the first chiral ligands we utilized successfully in this context
was the TADDOLate shown in Scheme 1.

TADDOLSs and analogous compounds, as well as various
derivatives in which one or both of the OH groups is
derivatized or replaced by another functional group, have
since 19821 been found to be so useful that one can now
speak in a formal sense of a “TADDOL auxiliary system”. We
wish to emphasize that the term “chiral auxiliary” should here
be understood in the broadest possible sense, that is, as a way
of describing a compound or a class or family3 of compounds

s

with the aid of which it becomes possible to “introduce
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Figure 1. The reaction of carboxylic acid esters with phenyl Grignard
reagents at various junctures in the history of organic chemistry. a) The
Barbier-Wieland method for degrading carboxylic acids.! b) Wittig’s
investigation of ether cleavage with the breaking of C—C bonds.”! ¢) The
search for a helical m system.’! d) An original synthetic pathway for
preparing a diarylmethanol derivative.*!

chirality”. Such a material should be capable of creating a
“chiral environment” not only around a specific reaction
center, but also—through supramolecular interactions—in
solution, within a liquid crystalline system, or in the solid
state.

2. Preparation of TADDOLSs and Their Analogues

If one chooses not to start from the commercially available
acetonide of a tartrate,* a 2,2-dimethyl-1,3-dioxolane deriv-

Angew. Chem. Int. Ed. 2001, 40, 92-138

(R*0)n(R'O)3., TiMe
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enantioselectivity (es)

80% with BINOLate
85% with Me,-TADDOLate

96% with tBu-TADDOLate

+
et

O O O OCHMe, R!
Ti X

CYyore

BINOLate

TADDOLate

Scheme 1. The first use of TADDOLates (derived from tartrate esters and
phenyl Grignard reagents) for enantioselective nucleophilic addition to
aldehydes. Apart from BINOL and TADDOL, numerous other chiral
alcohols and diols have also been tested, but with only modest
success.|?>2% 32l

ative, then alternative precursors to TADDOLs 1 are most
readily obtained by treatment of dimethyl or diethyl tartrate
with the appropriate aldehyde or ketone under acid catalysis
and with azeotropic removal of water. The products are then
reacted with aryl Grignard reagents. A related and often more
effective method is acid-catalyzed transacetalization, in which
dimethyl tartrate is treated with the dimethyl acetal or ketal of
some aldehyde or ketone with concurrent removal of the
resulting methanol. Rather than resorting to distillation, one
can also remove the byproduct methanol or water by treat-
ment with an equimolar amount of BF;- OEt,; for literature
references, see Scheme 2.

The most frequently utilized TADDOLSs, 1a—p, are pre-
sented in Table 1. Given the number of aldehydes, ketones,
and aromatic halides available for incorporation, it should
come as no surprise that several hundred different TADDOLSs
and TADDOL analogues have already been described.!]
(See the Supporting Information for a list which is, to the
best of our knowledge, complete and represents the state of
the literature at the beginning of 2000). All the substances
described are nonvolatile solids, with most showing a strong
tendency to crystallize. They are also characterized by high
optical rotation values (in most cases compounds prepared
from (R,R)-tartaric acid are levorotatory in aprotic sol-
vents;B* 81 see also Section 5 and Figure 9), and they behave
like nonpolar materials in terms of solubility and chromato-
graphic R; values. Even though TADDOLs with two methyl
groups in the 2-position of the dioxolane ring are acetonides,
they are extraordinarily stable, and they survive acidic workup
with no problems whatsoever. The thermal stability of these
“benzhydrol” derivatives is also high; the compounds melt
without decomposition at temperatures between approxi-
mately 180 and 220°C.

3. Derivatization and Substitution of the
OH Groups in TADDOLSs

The OH groups in TADDOLSs are subject to the usual
chemical reactions: ether formation, esterification, silylation

(with CISiR; or CL,SiR;), and treatment with CIPR,, CL,PR,
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HO COzMe TosOH / azeotropic removal R! O~ 28 n B0 or R! O3 OH
— ofH0 or MeOH with pentane, [—> ;>< — O O —- ;
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HO" ~CO,Me ¥ ria o} INco,Me R* O x
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H H Ph. R
- _CONMe J_COPh H
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Scheme 2. Preparation of TADDOLSs and analogous 1,4-diols from cyclic carboxylic acid esters (only one enantiomer is shown in each
case). Detailed standard conditions for acetalization/ketalization,®! for the reaction with phenylmagnesium bromide, and for isolation
and purification of the TADDOLSs 1 have been published.*>*”l New TADDOLs introduced for the first time in this review were prepared

similarly?$-43

| (see also the literature references in Table 1). Derivatives 2 containing various groups on the methanol units (which thereby

become stereocenters) are accessible via the diketones shown in the middle.** 4] The trioxacycloheptane derivative shown at the lower
left resulted from an “accident” encountered during the preparation of TADDOL 1 with R'=R?>=H and Aryl=C¢H;. The 14-
dioxandimethanols (TARTROLSs) are derived from tartrate esters, butan-2,3-dione, methanol or ethanol, and ArylMgX.[*#1 Of the
carbocyclic analogues 3 (n=2*1 3% and 4,2%1), the one most commonly prepared is that derived from the trans-cyclohexane
dicarboxylic acid. Bicyclic derivatives 4 (X = O, CH, [ % (CH,),* ), the dibenzobicyclo[2.2.2]octadiene derivative,'-% and the
tetracyclohexyl analogue (prepared by hydrogenation of 1al?) would so far be classed among the more exotic of the chiral complexing

agents. Tos = toluene-4-sulfonyl.

Table 1. The most frequently utilized TADDOLSs 1a—p.[!

CLP, or C1,SO, in the course of which bicyclic compounds may
be produced (Scheme 3). In particular, experience with the
hexahydroxy derivative 1m has shown that one OH group in
the two diarylmethanol units is significantly more acidic than
the other,®! consistent with the presence of an intramolecular
hydrogen bond.

Key intermediates in the substitution process are the
monochloride 5§ and dichloride 6. The former is obtained
selectivelyl’”? by treatment with CCl,/PPh; (Appel reac-
tion[), whereas the latter forms with SOCL.'*71 Both
compounds (and especially the analogous bromine and
naphthyl derivatives!) are highly reactive, and readily under-

A;'yl Anyl
R1><O 7 OH
R2” o OH
Aryl Aryl
R! R? Aryl 1 Ref.
Me Me Ph a [35, 36]
Me Ph Ph b [44, 64]
(CH,), Ph c [65]
(CH,)s Ph d [35, 36]
Me Me 1-Nph e [36]
Me Me 2-Nph t [36]
Ph Ph Ph g [66-68]
Ph H Ph h [35]
tBu H Ph i [35, 36]
Me Me 3,5-Me,C¢H; j [37]
Et Et Ph k [69]
Et Et 3,5-Me,C¢H; 1 [37, 69]
Me Me 4-HOCH, m [63]
H H 4-(Me,N)CH, n [70]
4-(HOCH,)C¢H, H Ph o [71]
4-(CH,=CH)C¢H, H Ph p [71]

[a] Literature references in each case contain information about prepara-
tion and characterization of the compounds. Commercially available
materials include 1a,1b, 1e, 1f, and 1i.1° Hexol 1m is used for preparation
of dendritic TADDOLs.®] Compound 1n is stable even to strong aqueous
acid, and can therefore be extracted out of organic solutions. The
TADDOLSs 10 and 1p are used for the preparation of copolymers with
styrene and for immobilization (See Section 9).

96

go solvolysis (even on silica gel!), for which reason purifica-
tion, especially on a large scale, should be effected by
crystallization. Reactions with nucleophiles such as alcohols,
phenols, ammonia and amines, anilines, azide, phosphites,
phosphinites, thiols, thiocyanate, and thiourea lead to prod-
ucts of the types indicated in Scheme 3. Simply to demon-
strate the versatility of structures accessible in this way we
have assembled in Figure 2 what amounts to a collage—
complete with literature references—of compounds derived
from TADDOL 1a (see also the Supporting Information).
These compounds are available for use as chiral ligands with
metallic centers, as auxiliaries, and as reagents for EPC
syntheses. We delayed venturing into substitution reactions
with TADDOLs for a long time: one would anticipate that
such transformations should inevitably take place through Sy1
mechanisms (that is, via carbocations), and we were con-

Angew. Chem. Int. Ed. 2001, 40, 92-138
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Figure 2. Schematic representation of C,-symmetrical dioxolanes and bicyclic,
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cerned that we would therefore also encounter eliminations,
fragmentations, and rearrangements. The high yields actually
achieved show that our fears were in fact unfounded. On the
other hand, if one starts not with TADDOL 1a, which
contains unsubstituted benzene rings, but rather with the
tetra(4-methoxy) analogue, problems of this nature can
indeed arisel®! (Scheme 4, top). We have also observed that
interesting reductive eliminations and fragmentations accom-
pany attempts to introduce PR, groups by substitution with
HPR, and LiPR,*! (Scheme 4, bottom).

In summary, it should be noted that TADDOLs and their
analogues are extraordinarily easy to prepare, and that it is
possible to carry out “combinatorial” optimization for a
particular application. The commercially available building
blocks alone—namely, chiral cyclic 1,2-trans-dicarboxylic acid
esters or tartrate esters, aldehydes or ketones, aryl halides, and
heteroaromatic halides in combination with C, N, P, O, and S
nucleophiles—provide the potential for innumerable possi-
bilities with respect to structural variation (Figure 3). At the
diarylmethanol center (dialkyl analogues do not work well as
ligands; see also Schemes 26 and 27), steric hindrance can be
increased through the series phenyl, 2-tolyl, 1-naphthyl, and
9-phenanthryl, continuing all the way to fluorenylides. At the
ketal/acetal center it is possible to go from two hydrogen
atoms, two methyl or ethyl groups, five- and six-membered
rings, or two phenyl groups again as far as fluorenylides, or,
dispensing with C, symmetry, to combinations like Ph/Me,
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as well as unsymmetrical derivatives, that have to date been prepared from

TADDOL 1a. The literature citations refer to papers containing typical experimental procedures. Applications are discussed in subsequent sections.
Substitution of the OH groups is also possible with the hexaphenyl derivative 1g, which has been transformed into OH/Cl, OH/NMe,, and OH/SH
derivatives, and with the 2-naphthyl derivative 1f, which so far has been converted into unsymmetrical compounds containing OH/Cl, OH/OMe, OMe/Cl,

and OMe/SH.[7
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Scheme 4. Dehydration, intramolecular Friedel-Crafts reaction, and re-
ductive elimination in TADDOLs. Top: Bis(4-methoxyphenyl)methyl
carbocations are produced upon treatment of the 2,2-dimethyltetraanisyl
derivative with HCI/Ac,0.%! These cations can deprotonate and can effect
electrophilic attack on neighboring methoxyphenyl groups. The final
product has an achiral 1,24-trianisylnaphthalene skeleton. Analogous
reactions occur also with the TADDOL that is unsubstituted in the
2-position of the dioxolane ring, as well as with the 2-methoxyphenyl
isomers. Bottom: Phosphanes and phosphides cause reduction and/or
elimination of chlorides and bromides derived from TADDOL; starting
from the chloroamine, the monoamine forms in a yield of approximately
50%, the bis(diphenylmethylene)dioxanone in about 15%, the tetra-
phenylbutadiene in up to 80 %, and the corresponding epoxide in about
85% yield.®) CI/P substitution is successful with TADDOL derivatives
only by way of the Michaelis — Arbuzov reaction.l”) Ac = acetyl.

Ph/H, 1-naphthyl/H, or tBu/H (see also Table1 and the
Supporting Information). In place of a dioxolane ring,
carbocyclic or bicyclic systems can also be used to carry the
diarylmethanol groups (Scheme 2). The heteroatoms in the
diarylmethyl groups can be varied from oxygen (for oxophilic,
polar metallic centers) through nitrogen, phosphorus, and
sulfur (for centers involving the late transition metals), and
from uncharged to anionic groups (with C, symmetry or
unsymmetrical). Observed pK, values range from approxi-
mately 35 (for NHalkyl), through 28 (for NHaryl), 17 (for OH
and NHCOR), and 10 (for SH, NHCOCEF;, or NHR,"), down
to as low as 6 (for NHSO,CF;)."l After many attempts® 2!
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Figure 3. Components for the preparation of TADDOLs and their
analogues. For concrete examples, see Schemes 2 and 3, as well as Figure 2,
Table 1, and the Supporting Information.

we finally succeeded in introducing PR, groups directly at
the diarylmethyl carbon atom (although preparation of a
tetraphenyl DIOP derivativel® has still not been accomplish-
ed).

4. Structures of TADDOLSs

The great diversity of readily accessible TADDOLSs has
generated a wealth of structural information, thanks to the
great tendency of these compounds to crystallize. We are
aware of roughly 120 crystal structures of compounds of the
type shown in Figure 3, 92 of which have been incorporated
into the Cambridge Structural Database (CSD; see the
Supporting Information). Even though far fewer structural
studies have been carried out in solution: %I (see also
Sections 5 and 10), and even though there have been
relatively few theoretical computations of TADDOL struc-
tures,* % the large number of available crystal structures
permits one to draw statistically relevant conclusions””! about
the preferred conformation of TADDOLSs and their ana-
logues. Single crystals are best obtained by crystallization
from solvents with hydrogen bond accepting characteristics,
or at least in the presence of compounds of this type, since this
permits the formation of TADDOL inclusion compounds
(referred to variously as solvates, clathrates, or “host—guest”
compounds®®). In the vast majority of cases the TADDOL
units are present in conformations with near-C, symmetry,
which feature perfect staggering about the exocyclic C—C
bonds and staggering about the endocyclic C—C bonds that is
as near ideal as possible for a dioxolane ring. The TADDOLSs
also display an antiperiplanar (ap) arrangement of endo- and
exocyclic C-O bonds, and quasi-axial and quasi-equatorial
placement, respectively, of the two members constituting each
pair of aryl groups, where in the former case an “edge-on”
conformation is preferred and in the latter a “face-on”
conformation is preferred when the molecule is observed
along the C, axis (see the overlay of 35 crystal structures of
compounds of type 1 (where R'=R?’=Me or RI-R’=
(CH,)s, (CH,)s; Aryl=Ph) in Figure 4). An intramolecular
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Figure 4. Overlays!®! of TADDOL structures determined from a total of 35 crystal structure analyses, shown in projection along the C, axes of the molecules
(left) and in two directions perpendicular to that axis (middle and right). Only structures based on one of the three TADDOLSs 1a (19 examples), 1¢
(8 examples), and 1d have been included (cyclopentane and cyclohexane rings in 1¢/1d have been omitted for clarity). Thirteen additional structures with
R =Me, but other aryl groups (see formula bottom left), could have been incorporated without producing any change in the overall picture. For the
corresponding CSD Refcodes, see the Supporting Information. Positions of hydrogen atoms in the OH groups are specified in several of these crystal
structures (see picture, bottom center). The similarity between the propeller-like structures of the TADDOLSs and the bis(diphenylphosphanyl)metal
complexes is apparent through a comparison of representations at the top left and the bottom right. CSD Refcodes for the 15 phosphorus complexes shown in
the overlay at the bottom right: ALANPD, BAVSAS, BNAPRH, BUTWES, CEJJEG, CUNKUR, CUYYAW, FUXSUM, JIPCAM, JUBVUX, JUBWAE,
JUBWEI, LEGZOM, SACHIN, VIXZOR.['® The principal difference in the two situations is of course the fact that phenyl groups in the diphosphanes are

located on the complexing heteroatom, whereas in the TADDOLs they are adjacent to it.

hydrogen bond forms between the OH groups, so that one OH
proton remains available for intermolecular hydrogen bond-
ing. The dioxolane ring and the seven-membered ring that
results from hydrogen bonding are disposed in a trans-fused
bicyclo[5.3.0]decane-like arrangement, whereby the bridging
hydrogen atom falls nearly along the C, axis—that is, at the
very place where a chelate-bonded metal ion would be
situated in a seven-membered ring chelate (see below). The
similarity between this system and a bis(diphenylphosphanyl)
metal complex is quite striking.['"!]

The first set of overlays in Figure 5 shows that substitution
products bearing XH/Y rather than OH/OH groups on the
diphenylmethyl substituents of the dioxolane rings also
assume the same conformation, although in some cases the
hydrogen bonds are much weaker. The dimethyl ether of
TADDOL 1a has an identical framework as well,['”) which
shows that the hydrogen bond (where the donor is always the
more acidic XH group!) at most contributes to the stability of
the propeller-like form of the TADDOLSs, with two axial and
two equatorial groups. Apparently the preferred arrangement
is one with the heteroatoms in close proximity, hence the
observed predisposition to ring formation and chelation,
driven by the two geminal aryl groups (compare with the
influence of geminal methyl groups on rates of ring-closure
reactions, the Thorpe-Ingold effect!!®1%1). Tt is thus no
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wonder that bicyclic TADDOL derivatives in which the
heteroatoms at the diphenylmethyl groups participate in six-
or seven-membered rings (overlay in the center of Figure 5)
show precisely the same orientation of the aryl groups as
titanium TADDOLates (Figure 5, right), and that they con-
form almost exactly with the structures of the TADDOL
precursors. Structures of analogues in which other hetero-
cyclic,B carbocyclic (for example, cyclobutanel*l), or carbo-
bicyclicl® ring systems replace the dioxolane ring fall nicely
into place as well, as do systems in which all or some of the
aryl groups are replaced by cyclohexyllP” %l or methyl
groups.

Of further interest are the structures of TADDOLSs whose
two substituents are smaller (such as H) or larger (such as Ph
in 1g) than methyl groups, or which have two different
substituents at the 2-position of the dioxolane ring (as for
example in 1b, 1h, 1i). The overlay for these cases is shown on
the left in Figure 6. The corresponding titanium TADDOL-
ates often promote higher enantioselectivities when acting
as chiral Lewis acids. The overlay clearly shows that sub-
stitution at the acetal/ketal center influences the conforma-
tion about the C—aryl bond, where the ligand sphere of a
metal ion resting between the oxygen atoms may be subtly
transformed! The structure of the palladium bis(diphenyl-
phosphinite) complex!”® shown in the middle of Figure 6 is
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Figure 5. Overlay!®! of the results of crystal structure determinations for 16 substitution products (left), 7 cyclic derivatives (center), and 11 titanates (right)
of TADDOL 1a. In most cases, structures containing the heterosubstituents NR,, OR, and SR have not previously been published, and are taken from an
ETH doctoral dissertation;” the groups X/YH are NH,/NH,, NHMe/NHMe, NHPh/NHPh, NH,/NHSOCF;, NHPh/OH, NMe,/OH, N=CHNMe,/OH,
OMe/OH, OiPr/OH, OBn/OH, OCOCF;/OH, OH/OOH, SH/NHSO,CF;, SMe/OH, OMe/SH, SH/SH (in the structure of the NMe,/OH derivative phenyl
groups at the 2-position of the dioxolane ring have been omitted for the sake of clarity). The bicyclic systems shown in the center contain in addition to the
dioxolane ring a 6- or 7-membered heterocyclic ring: the groups X—Y are C(SH)—0O, O—P(NMe,)—O, O—PPh—0O, O—CMe,—S, S-S, S—C(NH,)=N, S(O)-S.
On the right is an overlay of titanium TADDOLate structures representing a wide variety of groups X on titanium (CSD Refcodes: JUCHIY, JUPWAS,
POPROB, VUDGAC, YUGJAL), wherein TADDOL units present independently in the unit cell have been incorporated separately into the overlay
(residual substituents on titanium are not shown); in the case of the spirotitanate (JUPWAS), both titanium TADDOLAate units are included. It is worth
noting the small deviations in O—Ti—O angles and Ti—O distances in the chelate ring despite the fact that some of the titanium coordination is tetrahedral and
some octahedral. Average values for tetrahedral coordination geometry are 103° and 1.78 A for JUPWAS, 99° and 1.81 A for POPROB, and 98° and 1.79 A
for VUDGAC; for octahedral coordination geometry the corresponding values are 97° and 1.78 A for YUGJAL and 99° and 1.78 A for JUCHIY. Apparently
here, too, the TADDOL dictates the outcome ! CSD Refcodes for the published compounds are available from the Supporting Information, where reference
is also made to unpublished structures. All the structures shown could also have been included in the overlay of Figure 4 without significantly altering the
overall picture! For another representation of the titanium TADDOLate complexes, see Figure 17.

Figure 6. Crystal structures of TADDOLs with substituents other than methyl at the 2-position of the dioxolane ring (left; CSD Refcodes: JUPVIZ,
JUPVOEF, POPJOT, ROLWIY, YONVIG), of a palladium complex of TADDOL-bis(diphenylphosphinite) (center, ZOCJUW), and of TADDOLs with
Aryl =naphthyl (Nph; right).””) The structures of the naphthyl derivatives correspond to the compounds with R'=R?>=CHj, Aryl=f-naphthyl (1f,
YONVAY, light blue), R'=R?= (CH,);, Aryl = a-naphthyl (YONVEC, yellow), and R' =Me, R>=Ph, Aryl = -naphthyll' (green).

also informative: the eight phenyl groups orient themselves in
a consistently staggered way about the nine-membered
chelate ring such that a chiral ligand sphere develops around
the metal, far removed from the stereogenic centers on the
dioxolane ring! Finally, the three known TADDOL structures
with naphthyl groups on the diarylmethanol substituents are
shown in the form of an overlay on the right in Figure 6. A
significant difference is apparent between the 2-naphthyl
(phenyl-like) and 1-naphthyl derivatives; in the latter the
annellated benzene ring extends forward in the quasi-
equatorial position, but back in the quasi-axial position; it is
thus not surprising that the stereochemical course of a
reaction can reverse itself when carried out successively with
the two isomeric naphthyl derivatives,?”! that 1-naphthyl
derivatives show broad NMR signals at room temperature
(slow rotation about the C—aryl bond), or that titanium
TADDOLates bearing four 1-naphthyl groups often show a
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complete absence of catalytic activityl'” (too much steric
hindrance).

Exceptions: are there any?(% 177l There of course exist
TADDOL derivatives in which the heteroatoms at the
diarylmethyl groups do not lie in close proximity, and as the
“black sheep” in their families they are of special interest.
Indeed, they can convey important lessons! We first discov-
ered such a system when we examined the crystal structure of
the diazide:[™ one Nj group extends forward in the usual way
(ap conformation O-C-C-N3), whereas the second hovers over
the dioxolane ring in a gauche or (+)-synclinal (sc) arrange-
ment of N5 and O, which is favored due to stereoelectronic
effects.'®119 Similar structures characterize the chloramine
and the dichloride (see the overlay in Figure 7al), whereas in
the fluoroalcohol both heteroatoms rest above the dioxolane
ring (Figure 7a2). In all four structures, either one heteroatom
and a benzene ring or two superimposed benzene rings in
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Figure 7. Exceptions to the rule: Crystal structures of TADDOL derivatives and analogues in
which heterosubstituents on the diarylmethyl groups are not mutually close. al) The diazide!”!
(CSD Refcode: NIBZIH), the dichloride 6! (NICBUW), and the chloroamine!’ all have one
heteroatom above the dioxolane ring whereas the second one extends forward. a2) In the structure
of the fluoroalcohol™ (HOLYAI), both heteroatoms extend to the rear. bl) The hexaphenyl
derivative 1g without inclusion!®’! (anomalous, VUSLEA) and b2) with inclusion!®! (normal,
POPJOT). c) A tetrakis(2-methoxyphenyl) derivative (POPJIN).Il d) The cyclohexane analogue
of TADDOL, which is present with!*! (YIHJOO) and without* (YIHJUU) inclusion in the
conformation shown here, with large axial substituents on the six-membered chair ring. As in the
case of hexaphenyl derivative 1g, a single structure was found for the dibenzobicyclo[2.2.2]octa-
diene-8,9-bis(diarylmethanols), in which the OH groups together build an intramolecular
hydrogen bond (TAXKOS). In most cases, however, (REQXAM, REQXEQ, REQXIU,
TAXKUY, TAXLAF) they are rotated away from each other, whereby two aryl groups come to
lie parallel and directly above each other (similar to (a2), (bl), (c), and (d), essentially at the
van der Waals distance of 3.3-3.5 A). In (e) the conformation found about the exocyclic C—C
bonds in most TADDOL derivatives is illustrated: the antiperiplanar (ap) conformation, and, for
comparison, the stereoelectronically stabilized synclinal (sc) conformation.

van der Waals contact extend forward. It is difficult to say
whether the unusual conformation is ultimately a conse-
quence of the absence of a hydrogen bond,['"l repulsion of the
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dipoles, or m interaction between the
heteroatom and an aromatic ring. An
instructive system is the hexaphenyl de-
rivative 1g, which in the absence of any
guest molecule in the crystal relegates the
OH groups “to the back”, with a hydro-
gen bond to the benzene rings at the ketal
center, whereas when it is crystallized in
the presence of piperidine an inclusion
compound forms instead, with the famil-
iar TADDOL geometry (Figures7bl
and 7b2). In the TADDOL with no
substituents at the 2-position of the
dioxolane ring and four 2-methoxyphen-
yl groups, the OH groups prefer to form a
hydrogen bond with an oxygen atom in
the ortho position rather than with each
other, thereby assuming positions above
the dioxolane ring (Figure 7c¢). Finally,
special mention should be made here of
one other, at first glance unusual, cyclo-
hexane derivative (Figure 7d), the car-
bocyclic TADDOL analogue in which
the large diphenylmethanol groups are
ap to each other in axial positions on a
six-membered chair ring (with the OH
groups above!).

As both hexaphenyl-TADDOL 1g and
the cyclohexane derivative readily form
titanium complexes—which, for exam-
ple, catalyze nucleophilic addition to
aldehydes!"'?! as well as Diels-Alder re-
actions'"® in the usual way—one must
conclude that both diolates function as
chelate ligands, and that in this case a rule
of thumb that is familiar to inorganic and
complex chemists applies: it is not possi-
ble to predict the structure of a ligand in a
metal complex from that of the ligand
alone.

In general, it should be noted again
that the TADDOL structures discussed
here also serve as valuable models for the
corresponding metal complexes, and that
the (nearly) universal property of a
roughly C,-symmetric, propeller-like ar-
rangement for the four phenyl groups
provides a solid basis for mechanistic
discussions (see Section 10).

As a result of their structures, TAD-
DOLs and related compounds are well
suited to a) formation of clathrates (no
specific interactions with the guest mol-
ecules, which serve mainly as fillers),
b) formation of inclusion compounds
(hydrogen bonds to the guest molecule),

¢) formation of hydrogen-bond donor —acceptor complexes in
solution, d) induction of cholesteric phases (the rigid, chiral
propellers initiate orientation of the molecules in a liquid-
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crystalline medium), e)chelate (bidentate) complexation
with metallic centers (the conformation with neighbor-
ing heteroatoms is preorganized; no entropic dis-
advantage exists with respect to the binding of neutral,
monoanionic, or dianionic ligands), and f) functioning as
chiral reagents.

5. TADDOL:s as Chiral Doping Agents in Liquid
Crystals

A considerable demand has developed in recent years for
cholesteric liquid crystals.''* 5] One attractive approach to
their preparation is the doping of achiral (nematic) phases
with chiral additives.''®l As in the case of catalysis, it is
important that one employ as little doping agent as possible
consistent with achieving the desired degree of helicity (step-
height of the pitch of the induced helix, reported in um). The
standard measure for this characteristic is called the helical
twisting power (HTP, expressed in pm~!, Figure 8).['""] Before
the first TADDOLSs were tested as doping agents, HTP values
of 100 pm~! were regarded as high,['"] but experiments based
on our stock of TADDOLs quickly resulted in derivatives
with HTP values of 300-400 um .3 A record of 534 um™!
was achieved with a fluorenylidene derivative containing two
tetrakis(2-naphthylmethanol) substituents[!'® 121 (Figure 8).
The theory underlying the HTP effect is complicated, and it
is still not certain whether TADDOL conformation is the
only important factor, or if a change in the orientation of the
principal axes of the ordering tensor towards the skeleton of
the molecule within the liquid crystal might also play a role
(note the substantial HTP decrease from 250 to 150 um~"' at
24°C when the 2-naphthyl-TADDOL 1f is “protected” as a
cyclic OSiMe,O derivative; Figure 8, bottom right). Commer-
cial utilization of TADDOLs as chiral doping agents appears
feasible.[122 123]

The inductive effect of TADDOLSs in liquid crystals can
also be used to learn more about TADDOL conformation(s)
in the noncrystalline phase with the aid of NMR and CD
spectroscopic methods. It is a striking observation that the
sign of the HTP (+ for a helix wound to the right,— for one to
the left) can be reversed by changing the substituents in the 2-,
4-, and 5-positions on the dioxolane ring!®! (as can the optical
rotation!®! and the stereochemical course of metal TADDOL.-
ate catalyzed reactionsP”). Numerous structure- and solvent-
dependent UV and CD spectra of TADDOLs have been
recorded. Particularly in the region of exciton transitions we
have observed not only well-structured curves of the degree of
anisotropy (UV spectra) but also major changes in the
couplets of the CD spectra (Figure 9), as in the transition
from 2,2-dimethyldioxolanes to the corresponding mono- and
unsubstituted derivatives (no changes are made in the aryl
groups of the diarylmethanol units).'””! This argues for a
change in conformation about the C—aryl bond. Detailed
conclusions should result!'®! from the investigation of a
number of deuterated TADDOLs.? TADDOLs may well
prove to be the key to understanding the relationship between
the structure of a doping agent and the magnitude and sign of
an observed HTP effect.
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Figure 8. Induction of cholesteric phases by TADDOL addition to achiral,
liquid-crystalline compounds in the nematic phase: A (K 15, Merck, UK)
and B (ZLI-1695, Merck, Darmstadt, Germany).l> '8 The measure of the
effect is the so-called helical twisting power (HTP). The step height is
determined microscopically (see disclination lines). The cyanobiphenyl
material is characterized by a nearly temperature-independent effect. The
highest HTP value so far observed (534 pm~') was achieved with A and a
TADDOL which contained a 9-fluorenylidene group in the 2-position of
the dioxolane ring and which had four 2-naphthyl groups on the diaryl-
methanol substituents.!!!*]

6. TADDOL: in the Analysis of Enantiomers!!*!

TADDOLSs are chiral hydrogen-bond donors that contain
aryl groups in the immediate vicinity of the donor OH groups.
As a consequence, hydrogen-bond acceptors that dock on
these OH groups enter the shielding or deshielding regions
(caused by ring-current effects) of nearby aromatic rings; this
raises the possibility that diastereomeric hydrogen-bonding
complexes could become distinguishable by NMR spectros-
copy. Apart from signals in the aromatic region, C,-symmetric
TADDOLSs show only two singlets in their NMR spectra

Angew. Chem. Int. Ed. 2001, 40, 92-138
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Figure 9. Exciton regions of the circular dichroism spectra (in acetonitrile)
of TADDOLs with 1- and 2-naphthyl groups and various substitution
patterns at the acetal/ketal center in the 2-position of the dioxolane
ring,['2- 141 as well as [a]p values for a few TADDOLSs in CHCl;. a) CD
Spectra of 1-naphthyl derivatives. b) CD Spectra of 2-naphthyl derivatives.
¢) Comparisons of rotational values for a selection of TADDOLs. The
significant changes observed in the transition from H/H to H/fBu or to Me/
Me (intensity and wavelength of the extremes, additional Cotton effects)
argue for changes in conformation about the C—aryl bond. Differences are
even apparent at the Nap, line. Various substituents in the 2-position of the
dioxolane ring also have an influence on stereoselectivities of metal
TADDOLate mediated reactions (Section 8) and on X-ray structures of
TADDOLS (see Figure 6, left).

(for example, due to CHj; groups and CH protons at the 4- and
5-positions on the dioxolane ring in 1a). Broad windows are
thus open for viewing the 'H and 3C signals of substrate
molecules (F and 3'P spectra are of course completely free of
interference!). In contrast to spectra resulting from the use of
lanthanide shift reagents, signals in this case are not subject to
line-broadening effects. Examples of this particular applica-
tion are provided in Scheme 5. By recording a large number of
spectra of similar compounds with known absolute config-
urations (amines, esters of amino acids, cyanohydrins) it is
possible on the basis of analogies to assign absolute config-
urations.['?’]

At a somewhat higher level of sophistication, the absolute
configuration of a compound can be established with virtually
absolute certainty by X-ray structural analysis of a corre-
sponding inclusion compound with an (R,R)- or (S.5)-
TADDOL (see Section 7.1.).

7. Inclusion Compounds Based on TADDOLSs

As previously noted, TADDOLSs crystallize especially well
in the presence of hydrogen-bond acceptors, with which they
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Scheme 5. TADDOLSs as chiral shift reagents in NMR spectroscopy for
determining the enantiomer purity of alcohols, fluorine compounds,
amines, cyanohydrins, esters of amino acids,”” ) and phosphine oxides.!'>*]
Magnetic nuclei whose NMR signals are split in an enantiomer-specific way
are printed in red. The lower part of the scheme shows a "H NMR spectrum
(each enantiomer leads to 2 dd signals for the protons marked in red in the
formula), a 'H-decoupled YF NMR spectrum, and an “inverse gated”
3C NMR spectrum of a 2:1 mixture of TADDOL 1a and the racemate of
the illustrated fluorinated bromohydrin. Cp = cyclopentadienyl.

also form inclusion compounds. If a TADDOL is crystallized
in the absence of such an additive, the “free valence” still
associated with one of the OH protons is, in principle,
available for additional intra- or intermolecular interactions
within the crystal. However, many enantiomerically pure
TADDOLSs crystallized without additives do not engage in
intermolecular H --- O interactions in the solid state. In special
cases additional intramolecular hydrogen bonds develop
(CSD Refcodes: POPJIN, VUSLEA; see Figure 7). In one
case, dimer formation becomes possible through crystallo-
graphic symmetry (KOGJAR); the special situation in which
a hydrogen-bonded TADDOL dimer constitutes the asym-
metric unit also arises only once (SEWVUL). This is in
sharp contrast to the solid-state structures of meso- or rac-
TADDOLs (SEWWEW, SEWWAS, NIYTIY, NIYTUK), all
of which crystallize in centrosymmetric space groups (with, in
each case, a single molecule per asymmetric unit) and form
dimers through crystallographic symmetry.['>”]

For purposes of purification through recrystallization, and
also for preparation of crystals suitable for single-crystal
analysis, it is advantageous to introduce specific hydrogen-
bond acceptors. Toda, a specialist in the field of solid-state
organic chemistry who has also investigated other chiral
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compounds as potential host structures for specific inclu-
sions,!® recognized™! at an early stage the value of
TADDOL: in this context (roughly 75 Toda papers in which
TADDOLSs play a role have appeared over the course of
time). TADDOL hydrogen-bond donors crystallize readily—
and preferentially with hydrogen-bond acceptors—and they
can be exploited for the resolution of racemates as well as for
promoting enantioselective solid-state reactions.

71. Use of TADDOL: in the Separation of Enantiomeric
Hydrogen-Bond Acceptors

The separation of enantiomers, that is, resolution of race-
mates still represents the most frequently followed approach
to commercial preparation of enantiomerically pure com-
pounds. The classic technique for separating racemic acids
(bases) involves crystallizing the diastereomeric salts that
form with chiral bases (acids), where the ultimate source of
chirality is always some natural product. More recently,
chromatographic procedures have assumed a role in the
synthesis of chiral pharmaceuticals, even on the multiton scale
(“simulated moving bed” (SMB) chromatography), with
amino acids or carbohydrates serving as the chiral compo-
nents in stationary phases.'*?l Another promising route takes
advantage of differential crystallization of TADDOL inclu-
sion compounds, especially in situations where the incorpo-
rated partners cannot be classified as bases in the usual sense.
Not only enantiomers, but also diastereomers and even
compounds differing in constitution, lend themselves to
separation by way of TADDOL inclusion compounds.® 133

The procedure for separating enantiomers in this way is, in
principle, quite simple.[’ 34 1331 For example, one can begin by
generating a solution consisting of two equivalents of a
racemic compound and one equivalent of a TADDOL
dissolved in an “inert” solvent such as toluene or hexane.
Crystallization is then allowed to proceed. The resulting
crystalline product is heated under vacuum, and the incorpo-
rated enantiomer is removed by evaporation. Yields often
approach the theoretical limit of 50%, with enantiomer
purities greater than 99 %. X-ray structures of two inclusion
compounds—(S)-3,4,4,5-tetramethylcyclohexenone in TAD-
DOL 1al'*l and (S)-1,3-dimethyl-5-phenyl-4,5-dihydro-
pyrazoline in a TADDOL derivative containing ortho-
tolyl groups—prepared in this way are presented in Fig-
ure 10.0134

Instead of allowing the inclusion compound to crystallize
from homogeneous solution, one can also—often with
greater success—add a stirred suspension of the TADDOL
host in hexane or water to a racemic mixture of the
material to be resolved. The mixture is later filtered, after
which the enantiomerically pure guest is removed under
vacuum.

The method of racemate resolution through formation of
inclusion compounds is an extraordinarily versatile one, as
will be apparent from the limited set of examples collected in
Scheme 6. All the compounds shown have been obtained in
this way with enantiomer purities (ep)[*" exceeding 98 %. The
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Figure 10. Two inclusion compounds involving TADDOLSs prepared with
racemate resolution of the guest molecules, and determination of the
absolute configurations (by X-ray structure analysis) of the guest molecules
(a cyclohexenone (CSD Refcode: RAZSUG), left, and a pyrazoline
derivative (ZADMAS), right). The rac-cyclohexenone,'* as a “neutral”
compound, would not have been subject to “classical” resolution through
diastereomeric salts; the rac-pyrazoline!*¥ had previously been separated
by chromatography on a triacetylcellulose column.!'*]

cited literature describes many additional examples. Thus,
separations have been accomplished with enantiomer mix-
tures of nitrogen- (amines, nitrosamines, N-heterocycles),
oxygen- (alcohols, phenols, ethers, ketones, esters, lactones,
anhydrides), and sulfur-containing compounds (sulfoxides),
as well as such multifunctional materials as esters of hydroxy
or amino acids, cyanohydrins, alkoxylactones, and oxaziri-
dines.

Inclusion compounds with TADDOLs have also made
possible the distillatory separation of racemates.['> 131 Two
examples are shown in Schemes 7a and b. The nonincluded
enantiomer is first distilled off at low temperature, followed
by the included isomer at higher temperature under vacuum.
The TADDOL itself—perhaps after recrystallization—can
then be employed in a new process cycle.

Finally, so-called dynamic racemate resolution (previously
known also as “asymmetric transformation of the second
kind”[%7) has been accomplished with rac-2-allyl-, -2-benzyl-,
and -2-methoxyethylcyclohexanones. In this application the
two isomers are subjected to equilibration under basic
conditions, but only one of them is captured within a
TADDOL inclusion compound. Thus, a single 2-substituted
cyclohexanone can ultimately be isolated with an enantiomer
purity greater than 90 % (Scheme 7¢).[1%]

This technique using TADDOLSs for separation of enan-
tiomers of “neutral” compounds (also feasible in the variant
referred to as the “Dutch family” proceduref?) is a welcome
enhancement to what is still a very attractive approach to
preparing enantiomerically pure compounds. Crystallization,
both small- and large-scale (today often touted in conjunction
with the fashionable label “molecular recognition”'%) is
perhaps the most esthetically pleasing purification method
known to chemistry. Nevertheless, the new distillatory version
of racemate resolution, also accomplished with the aid of
TADDOLSs,'®] might find broad application as well.

Angew. Chem. Int. Ed. 2001, 40, 92-138



TADDOLSs

REVIEWS

OH
2 3
! g* R %/R Al + -~ OH O OH R2R3
* N N ¥,N )*\ >< j/\ | ?
N L e o CeHs™ ™ o) R'” <O7 “COpR*
Ph
[140] [141] [142] [143] [144-146) [144] [145-147]
(o} [0} o} .
*
io-{ 34 pon
o ; o MeQ d
Ph” "CgH4CN
[148] [149] [131,150] [151] [131] [152]
% 0 OH o]
% * * —— *
o] . _
@o \©:[</o >Q‘ Meo/g,\to 0 N-Ph
* R * * *
o]
[145,146] [153] [154,155]) [156] [153] [153]
N o] H
NH, OH OH ?/’ 3 I @\
~ Ph
l:’h\)"\COZMe ),.\/002Et Ph)*\CN )N\/CO * | N 5B ﬁN‘N
EtO,C”* 2Et o) \\o“
[1571 1571 [144] [1581 [158] [1601 1611

Scheme 6. Compounds whose racemates have been successfully resolved by crystallization in the form of inclusion compounds with TADDOLSs. Enantiomer
purities > 98 % were achieved for all compounds shown (often after only a single crystallization). The TADDOLSs utilized were 1a (the parent molecule), 1¢
and 1d (based on 2,2-tetra- and -pentamethylenedioxolane), 1b (the acetophenone derivative), 1h (a TADDOL with five phenyl groups), and a derivative of
1a bearing four ortho-tolyl groups. The inclusion compounds displayed host:guest ratios of 1:1, 2:1, or (less frequently) 1:2; separation was often
accomplished by distillation of the low molecular weight inclusion compound (see also Scheme 7a). During the isolation of products (for example, by
kugelrohr distillation) from reaction mixtures into which TADDOL derivatives have been introduced as reagents, mediators, or catalysts it is important that
this volatility be borne in mind, because in the process the system might become enriched or depleted with respect to one enantiomer, thereby altering the
apparent enantioselectivity of the corresponding reaction (see also Scheme 7). Intentional enrichment in terms of the enantiomer formed in excess is also

possible in the workup of such a reaction.['3 13
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+
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Scheme 7. a), b) Two distillatory resolutions!'®?! of racemates with the aid
of TADDOL 1a,[!% 146,164 and ¢) quantitative enantioselective inclusion of
(R)-2-methoxyethylcyclohexanone in TADDOL 1¢ from a heterogeneous
reaction mixture consisting of MeOH, H,O, NaOH, rac-ketone, and
TADDOL; here the enantiomeric ketones rapidly equilibrate with each
other.'®! Caution: Either type of racemate resolution can, if it happens to
occur during workup and isolation of products, alter the apparent results of
an enantioselective reaction (in either a positive or a negative sense!); see
also the legend to Scheme 6. This is an appropriate place to remind the
reader that chromatographic purification of nonracemic mixtures of
enantiomers (and of mixtures of any fype of nonracemic compounds,
including TADDOL-containing crude products from enantioselective
reactions) can lead to enrichment or depletion of enantiomers in specific
fractions ![166]
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7.2. Enantioselective Photoreactions in TADDOL
Inclusion Compounds

Once it had been recognized that TADDOLSs, upon
crystallization, form chiral structures with inclusion cavities
capable of distinguishing between enantiomers (which might
be regarded as “hotels offering chiral accommodations”), it
was a natural step for a solid-state chemist like Toda to
attempt to trap achiral molecules in the chiral cavities and
thereby carry out (enantioselective) chemical reactions.['”0 17!]
Although regioselectivel™ and diastereoselectivel!7> 174
transformations have also been observed in TADDOL
host—guest compounds, we limit our discussion here to
enantioselective transformations, especially photochemical
reactions.

The studies in question were directed toward investigation
of inter- and intramolecular [2+2] photocycloadditions,[']
Norrish type II reactions,'””l and electrocyclic photoreactions
of the Ninomiya typel'7® 771 (Schemes 8 and 9).

Since the pioneering efforts at the Weizmann Institute,['!]
in which it was demonstrated that enantiomorphic crystals of
achiral unsaturated compounds produce chiral, nonracemic
cyclobutane derivatives upon irradiation, [2+2] photocy-
cloaddition” has assumed a central role in solid-state and
crystal chemistry. It is therefore no accident that this reaction
has also been intensively investigated in the context of
TADDOL inclusion compounds (see the three examples in
Scheme 8). All the cyclizations proceed from achiral starting
materials that have been incorporated into TADDOL host
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Scheme 8. Enantiomerically pure four-membered ring compounds pre-
pared from TADDOL inclusion compounds by photochemical inter- and
intramolecular [24-2] cycloadditions and a Norrish type II reaction. a) For
the anti-head-head dimerization of the coumarins,!'’*l see also Figure 11.
b) This cyclobutane with annellated rings can be prepared with the aid of
TADDOL 1c¢ by photolysis of a crystalline inclusion compound or by
trituration of the oily amide mixture with 1¢in a mortar.'””-8! ¢) A bridged
and annellated tricyclic system containing a four-membered ring is
obtained from a 2:1 inclusion compound.!'®?l d) An enantioselective
Norrish type II reaction in a TADDOL-host lattice.'s> 1% Photoreactions
were carried out with a high-pressure mercury lamp (Pyrex filter). Bn=
benzyl, Bz =benzoyl.

lattices, and they produce essentially enantiomerically pure
products. The most spectacular example is certainly the
coumarin dimerization, in which a single-crystal to single-
crystal reaction has been accomplished. In the inclusion
complex consisting of TADDOL 1a and coumarin there exists
a pair of coumarin molecules oriented in an anti-head-head
orientation to each other, held in place by two TADDOLSs
through appropriate hydrogen bonds (Figure 11, red struc-
ture). Under irradiation the crystal remains intact, but it is
nevertheless transformed ultimately into a single crystal of the
cyclobutane-TADDOL inclusion compound (light blue struc-
ture in the overlay of Figure 11). The classic®! photochemical
valence isomerization converting pyridone into azabicy-
clo[2.2.0]hexene leads to an enantiomerically pure product
when carried out in an inclusion compound with TADDOL
1a (see Scheme 9a). The other four reactions presented in this
particular scheme are also examples of photoisomerizations
taking place within the chiral host lattice. The products
obtained are five- (d, ¢) and six-membered (b, c) heterocyclic
ring systems, enantiomerically pure or at least generated
through processes that occur with high enantioselectivity.
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Scheme 9. Enantioselective photochemical cyclizations in TADDOL
inclusion compounds. In addition to an electrocyclic valence isomerization
to a cyclobutene derivative (a),['®] there occurs in this case a photoreaction
in which a six-electron m system formally undergoes an electrocyclic
reaction followed by a 1,3-sigmatropic hydrogen shift (Ninomiya cycliza-
tion). 761771 Anilides of carboxylic acids are introduced in (b) and
(c),l'%-188] a5 is an enamine of 2-methylcyclohexan-1,3-dione (a vinylogous
anilide) in (d),"®! and a 2-arylthiocyclohexenone (a derivative of 3,5,5-
trimethylcyclohexan-1,2-dione) in (e).l"l In the photoreaction illustrated
in (c), a levorotatory product is obtained by irradiation of a 1:1 inclusion
compound with TADDOL 1¢, whereas a dextrorotatory product forms
from a 1:2 inclusion compound. All reactions were carried out with a high-
pressure mercury lamp (Pyrex filter).
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Especially noteworthy is formation in the case of the furan
derivative of enantiomeric products, depending upon whether
a 1:1 or a 2:1 complex is irradiated (Scheme 9¢). TADDOLs
with four phenyl groups appear especially well-suited to solid-
phase photoreactions. (For additional examples see the review
article by the Toda group.['7%)

Other solid-state reactions with TADDOLs have so far
proven less successful, at least with respect to enantioselec-
tivity. Investigations have been conducted on borane reduc-
tions of unsymmetrical ketones,/®! Baeyer—Villiger oxida-
tions, "2 ether formations,[*3] Wittig olefinations,!'* Michael
additions of thiols to enones,[” and cyclopropanations of a.f3-
unsaturated carbonyl compounds with sulfoxonium ylides.['""]
In every case, the reagents and TADDOL were mixed,
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Figure 11. Overlay of structures of starting material and product for the
photodimerization of coumarin in an inclusion compound with TADDOL
1a. This is an unusual case of a single-crystal to single-crystal reaction.!'”*]
The structure of a 1:1 host—guest crystal of coumarin with 1a is shown in
red. The crystal was irradiated to the point of complete photodimerization.
It remained intact, and X-ray analysis showed the resulting structure to be
that of a 1:2 anti-head-head dimer inclusion complex with 1a (shown in
light blue).

triturated, and left to stand for a period of time prior to
workup. New attempts will undoubtedly be made with the
TADDOL substitution products and derivatives described in
Section 3, and at least some of the cited reactions will surely
evolve to the point of generating product with the crucial level
of at least 90 % enantiomer purity.

8. TADDOL Derivatives as Reagents, and also as
Ligands in Metal Complexes for Enantioselective
Transformations

The strong tendency (documented in Section 7) of TAD-
DOLs to cocrystallize with hydrogen-bond acceptors, which
thereby become fixed within a chiral environment, establishes
the TADDOLs as novel tools valuable in the separation of
enantiomers (“chiral sorting machines™) and the promotion of
enantioselective solid-state reactions (“chiral vices”). The
interactions responsible for these effects are of course also
present in solutions based on suitably selected solvents (see
the discussion of NMR shifts in Section 6). More important,
however, has been the discovery through structural studies
(Sections 4 and 7) that TADDOL derivatives are predisposed
structurally to complex with metallic centers, in that hetero-
atoms in the diarylmethyl units position themselves—with few
exceptions—in close proximity to each other, conformation-
ally fixed to act as chelating ligands with well-defined
geometry. This opens the way to the most valuable application
of TADDOL systems to date from the standpoint of the
synthetic organic chemist: enantioselective synthesis. After
all, resolution of a racemate can scarcely be regarded as a
chemical reaction, and solid-phase photosynthesis represents
a very special case, one not necessarily adaptable to the large-
scale commercial preparation of enantiomerically pure com-
pounds. Moreover, TADDOL derivatives might also have a
future as chiral reagents on a stoichiometric basis. In the

Angew. Chem. Int. Ed. 2001, 40, 92-138

sections that follow we first examine applications involving
the chemistry of derivatives of main-group metals (Li, Na,
Mg, Al) and stoichiometric transformations (Section 8.1),
then the most intensively investigated titanium TADDOLate
mediated reactions (Section 8.2), and finally use of TAD-
DOLs as ligands on other transition-metal centers (Sec-
tion 8.3). In the course of this account it will become clear that
TADDOL derivatives can also function as “chiral tools” for
assisting in chemical transformations (acting at least figura-
tively as chiral tweezers, tongs, hammers, chisels, files, and
screwdrivers in the accomplishment of molecular processes).
In many cases record-breaking results have been achieved,
although some of the examples could more accurately be
described as promising beginnings.

8.1. Chiral Acids, Bases, Oxidizing/Reducing Agents, and
Additives Based on TADDOLs and TADDAMINes

Selected examples of the reactions of interest here are
presented in Scheme 10. We begin by showing how the acidity
of a TADDOL can be exploited for enantioselective proto-
nation of an achiral enolate, as in the transformation of a
rac-ketone into its enantiomerically pure form (Scheme
10a).[202203] Tnitial experiments have shown that the lithium
amides E and F of TADDAMINes (prepared from TAD-
DOLs by OH/NR, substitution; see Section 3) are capable of
preferentially deprotonating one of the enantiotopic CH,
groups of 4-tert-butylcyclohexanone (Scheme 10b; see the
work of Koga,? and Cox and Simpkins*), or causing the
achiral lithium enolate of cyclohexanone to add with high
enantioselectivity to a nitroolefin (Scheme 10h; see results
reported by Koga and co-workers*2%] and reviews of the
structure and reactivity of lithium enolates2% 2081,

The remarkably stable hydroperoxide TADOOH (A in
Scheme 10) can be deprotonated with BuLi (stoichiometri-
cally) or DBUJ/LICI (catalytically) and utilized for the
epoxidation of unsaturated phenylketones. TADOOH reacts
with cyclobutanones under Baeyer— Villiger oxidation con-
ditions in such a way as to effect enantiomer differentiation,
especially at low temperature (Scheme 10c¢,dP*®-219), A
ketone derived from dihydroxyacetone and TADDOL B
has been used as a catalyst (which forms a dioxirane) for
enantioselective epoxidations with Caro’s acid (H,SOs, Ox-
one ;P Scheme 10¢).

Reduction of arylketones can be accomplished with high
enantioselectivity using C, a lithium aluminum hydride
derivative of TADDOL (Scheme 10f). Superb catalytic
variants on this reaction are now available as well, for
example, the Corey - Itsuno reduction.?'?l A useful feature of
the method illustrated here is the fact that in many cases the
enantiomer purity of the product can be raised to >99%
during workup by taking advantage of the “enantioselective
affinity” of the TADDOL for hydrogen-bond donors. Thus, a
crude-product residue is digested with hexane, causing the
underrepresented enantiomer to pass preferentially into
solution, with the principal enantiomer being retained by
the TADDOL.
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Scheme 10. Use of TADDOL 1e and the derivatives A-H as reagents (a—d, f-h), as stoichiometric additives (e, h—j), and/or as catalysts (i) in
enantioselective protonations (a)/deprotonations (b), oxidations (c—e), reductions (f), and C—C bond formations (g —j). Most of the cited references provide
additional examples. The configurations of the chiral centers which are marked with a star in the products have not been defined. 1-Nph = 1-naphthyl,
LDA = lithium diisopropylamide, DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene, PTC = phase-transfer catalysis.

In the enantioselective C—C bond-forming reactions shown
in Scheme 10 a TADDOL serves (in the formation of glutaric
acid esters) as the covalently bonded *RO fragment of a
starting diester (D, Scheme 10g); in the synthesis of a-
branched amino acids, sodium TADDOLate G appears to
function as a phase-transfer catalyst (Scheme 10i); and in
Grignard additions to aromatic, heteroaromatic, and a,S3-
unsaturated ketones a magnesium TADDOLate H (Sche-
me 10j), introduced in stoichiometric amounts, behaves as a
chiral Lewis acid and is responsible for record-breaking
selectivity, only one enantiomer of the product being detect-
able by gas chromatography.

The new nitrogen- and sulfur-containing TADDOL deriv-
atives (Figure 2 and Scheme 5 left and center) should prove
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especially well suited to a host of other stoichiometric
applications. It should not be forgotten, however, that this
involves manipulation of large amounts of the auxiliary
(molecular mass of 1a: 466 Da), and in this context attention
should be directed toward Section9, which deals with
polymeric and solid state bound TADDOLS.

8.2. Titanium TADDOLates in Enantioselective
Synthesis

Apart from resolution of racemates and solid-state reac-
tions, the principal field of application to date for TADDOLSs

has been enantioselective syntheses mediated by titanium
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TADDOLates. Two types of reaction must here be distin-
guished: a) nucleophilic additions to aldehydes, ketones, a,(-
unsaturated carbonyl compounds, esters, anhydrides, and
nitroolefins, along with reactions of nucleophiles with halo-
genating or oxidizing agents, in which the actual nucleophile
may be an Nu—TiX-TADDOLate;?" and b) Lewis acid
catalyzed transformations in which the electrophile is acti-
vated by an X,Ti-TADDOLate (for example, sulfoxidations,
epoxidations, Baeyer — Villiger oxidations, cyclopropanations,
and [2+42], [3+2], or [4+2] cycloadditions). With X,Ti-
TADDOLates, the donor strength or anion stability of the
X groups, and thus the Lewis acidity of the titanate,?'4 25 can
be varied from amide (NR,) through cyclopentadienide,
alkoxide, phenoxide, sulfonate, bromide, and chloride all the
way to fluoride.”') As in the case of classic Lewis acid
dependent reactions (such as Friedel-Crafts acylation), a
stoichiometric amount of the Lewis acid is often re-
quired®7-2l because this may bind more firmly with the
product than with the starting electrophile one wishes to
activate.

A few observations regarding the preparation of titanium
TADDOLates are in order (Scheme 11) before we discuss
these two types of reaction in detail in the sections that follow.

(R,A)-TADDOL 1

Ti(OPr), | - HOPr 112 ClTI(OPr)p | - HOPr(228]

Ti(NMeo)s |- HNMe,[229]
or Ti(OPr), | - ProH[112:230]

Ayl Ayl Ayl Aryl
H o) H (o}
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A

i’ Ayl Aryl” Ayl
(PrO)oTis1-ate ClyTie1-ate
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H
R1\<O z O R2?
R? o R!
H
Aryl
11'(1-316)2[102‘231]
BrsTi-1-ate (from 1 and BroTi(O/Pr),) 2321

(TolSO,0),Ti-1-ate
(CF3SO,0)Ti-1-ate

(from Cl;Ti-1-ate and 2 AgOTos) 233
(from Cl,Ti*1-ate and 2 AgOT)[233]

(CIO4)CITi*1-ate (from Cl,Ti1-ate and 1 AgCIO,4) 7]
(CIO4)Ti*1-ate (from Cl,Ti*1-ate and 2 AgCIO4)[%7]
CpCITi+1-ate (from 1, CpTiClz and 2 EtgN)[234]
(NC)pTi-1-ate (from Cl,Ti*1-ate and 3 MegSICN)[235]

BINOLate-Ti-1-ate  (from (iPrO),Ti+1-ate and BINOL)[2%6]

Scheme 11. Preparation and in situ generation of titanium TADDOLates
by ligand exchange. The spirotitanate of 1a is a stable material that can be
stored, is useful for the preparation of pure TADDOLates of the type
X,Ti-1a-ate by “symproportionation”, and often functions itself as a
catalyst. In particular, Cl,Ti-TADDOLates are frequently used in the
presence of iPrOH, so Brgnsted catalysis (HCI!) may play a role in the
transformations.?®® 27 The cited references include typical procedures, or
at least data for synthesis or preparation of the corresponding titanates.
Tf = trifluoromethanesulfonyl, BINOL = 2,2"-dihydroxy-1,1'-binaphthyl.
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Numerous recipes have been proposed by various authors
according to which the complexes of interest can be obtained
and introduced into reactions. In most cases, a TADDOL is
treated with Ti(OiPr), or CL,Ti(OiPr), in toluene, CH,Cl,, or
some other aprotic solvent. With the former titanium reagent,
2-propanol is then removed under vacuum, along with the
solvent. In the latter case only one equivalent of alcohol can
be removed in this way;?? that means, what remains behind is
a complex of the type CLTi-1-ate-iPrOH. Often there is
simply introduced a solution containing both TADDOL and
Cl,Ti(OiPr),, so that various titanium TADDOLates, togeth-
er with iPrOH and HCl, may all be present and in equilibrium.
The addition of molecular sieves has also been recommended,
which might bind traces of water but certainly not iPrOH. If
one employs a C;-symmetric TADDOL with two different R
groups in the 2-position of the dioxolane ring, the catalytically
active mixture may contain cis/trans-isomeric complexes as
well (for example, the XYTi-1b-ates). On the other hand,
uniform X,Ti-TADDOLAates can be obtained by 1:1 reaction
of a spirotitanate Ti- (1-ate), with TiX,. The spiro compound
is best prepared by reacting Ti(NMe,), with TADDOL in a
ratio of 1:2 and removing the resulting dimethylamine under
vacuum. The parent compound Ti- (1a-ate), is a crystalline
solid sufficiently stable in air to be suitable for storage. The
required quantity can therefore be introduced into a reaction
simply by weighing the reagent in the open air. Another trick
for preparing a pure CL,Ti-TADDOLate is treatment of the
corresponding (iPrO), derivative with SiCl,, with removal of
CL,Si(OiPr), under vacuum. The reader is referred to the
literature for experimental details, which can often prove
decisive with respect to reproducibility of the reactions
presented in the schemes below and, thus, to achieving the
reported results. Attention is also directed to review articles
dealing with chiral titanates.[?? 218, 226, 237-240]

8.2.1. Nucleophilic Additions in the Presence of Titanium
TADDOLates, and Reactions of Nucleophilic TADDO Lato-
Titanium Derivatives

Once early TADDOL experiments had revealed that
“Grignard additions” to aldehydes can be rendered enantio-
selective by exchanging XMg (or Li) in the organometallic
compound for (R*O);Ti, it was of course tempting to seek a
catalytic variant of the process. Since the usual polar metal
derivatives are much too reactive to profit at ordinary
reaction temperatures from the availability of a catalyst,
there appeared to be merit in following the trail backward
from Grignard to Frankland. Over 150 years ago the latter
stumbled across the gateway to organometallic chemistry with
the preparation of alkylzinc compounds,?*!l and these react
only poorly with aldehydes, even at room temperature.
Noyori et al. has in recent years demonstrated that chiral
amino alcohols can function as (basic!) catalysts for a highly
enantioselective addition of diethylzinc to aldehydes,?*! and
Ohno and co-workers discovered further that a mixture of
achiral Ti(OiPr), with the bistriflamide of (R,R)-1,2-cyclo-
hexanediamine (in a ratio up to 5000:1) is capable of effecting
superb (Lewis acidic!) enantioselective catalysis of this
reaction.?2%] Unfortunately, however, very few organozinc
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derivatives are commercially available,**! and the prospect of
preparing a pure organozinc compound as needed has never
been a pleasant one.[2*247]

In our research group we discovered!! that 0.05-0.20
equivalents of (iPrO),Ti-1-ate also catalyzes the highly
enantioselective addition of diethylzinc to aldehydes, but
only in the presence of excess (iPrO),Ti. We also developed a
simple procedure for in situ preparation of other organozinc
compounds, starting from lithium or XMg precursors.? 24l
The organometallic titanates RTi(OiPr);, which are accessible
by the same route, also add to aldehydes with high enantio-
selectivity in the presence of titanium TADDOLAate (and with
better stoichiometric utilization, relative to R,Zn, of the
group R that is to be introduced!).?*! This observation is
especially noteworthy because such organotitanates react
with aldehydes at temperatures as low as —60°C, albeit not
enantioselectively.””) (With respect to mechanistic studies, see
Section 10.) The titanium TADDOLate catalyzed addition of

widely applicable and most highly enantioselective variant of
this type of reaction, serving to some extent as a standard for
comparison purposes?? (see Scheme 12). Often, but not
always, the TADDOL bearing 2-naphthyl groups leads to
record values.[!'> 230251 Substituents on the phenyl groups—
through to 4-dimethylamino groups—have almost no effect
on selectivity.['"> 2521 Carbocyclic and carbobicyclic TADDOL
analogues also lead to no better results,[* > 51 and titanates
other than isopropyltitanates are less well suited to the
purpose.??l The method is applicable to all types of aldehydes
so long as they contain no other functional groups capable of
forming chelates with metals. In the case of chiral aldehydes
the (diastereoselective) course of the reaction is dictated by
the nature of the titanium TADDOLate. The structure of the
nucleophile can also be varied within wide limits, again so
long as there are no heteroatoms present capable of forming
five- or six-membered cyclic chelates.

Tests have been conducted as well with 1:1-ate complexes

carbon nucleophiles to aldehydes has proven to be the most composed of a titanium TADDOLate and RLi or
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Scheme 12. Nucleophilic additions of organometallic compounds R—M to aldehydes in the presence of substoichiometric amounts of (iPrO),Ti-
TADDOLates, or with in situ preparation (methods B and C) of salt-free solutions of R,Zn*! and RTi(OiPr); from Grignard reagents or lithium compounds
in diethyl ether, THF, hexane, or toluene. Newly formed C—C bonds are indicated by dotted lines. Addition occurs from the Si side of the aldehyde carbonyl
group when (R,R)-TADDOL is used as the auxiliary, and from the Re side with (S,S) material (relative topicity unlike (ul)). In most of the examples shown
here, TADDOL 1f (with S-naphthyl groups) is utilized. The reported high selectivities are achieved only in the presence of excess Ti(OiPr),. It is not
necessary that there be two different types of metallic species (Ti"V/Zn") present in the reaction mixture (in method C only titanates!). Functional groups in
the reactants are tolerated so long as they cannot form 5- or 6-membered cyclic chelates with metals. With chiral aldehydes the stereochemical course of the
reaction is determined by the titanium TADDOLate (“reagent control”). Note that the C—C bond forming reaction permits enantioselective preparation of
secondary alcohols RCH(OH)R' with very similar R groups (alkyl/alkyl’ or aryl/aryl’), a result that cannot be achieved by reduction of the corresponding
ketones or hydroboration of olefins. TBS = fert-butyldimethylsilyl, MOM = methoxymethyl.
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RMgX,[231: 256 but these have rarely shown enantioselectivities
exceeding 90%. The addition of allylic nucleophiles is
most successful, on a stoichiometric basis, with Duthaler’s
CpTi-TADDOLate complexes or, catalytically, through an
ene reaction with an activated aldehyde (Scheme 13).
Examples of other nucleophilic additions, including re-
ductions of ketones, are collected in Scheme 14; reactions of
TADDOLato-titanium enolates are shown in Scheme 15.
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Scheme 13. Enantioselective transfer of allyl groups to aldehydes (with the
formation of one or two new stereocenters) with allylcyclopentadienylti-
tanium TADDOLates"! or by a Lewis acid catalyzed ene reaction.?*!
Lower enantioselectivities are obtained with simple allyl derivatives of zinc
or through ate complexes.*" 7 [CpTiCl,] used to prepare the Duthaler
reagent can be regenerated (to some extent recovered) at the conclusion of
the reaction. Substituted allyl groups (R?# H) are preferentially trans-
ferred with relative topicity lk, which is true as well of nonchiral
allyltitanates!>®! (u/ in the case of the silyl derivative illustrated because
of a reversal in the CIP priority sequence). It is worth noting that the
diastereoselective addition of allyl-Cp-titanate to the unprotected 3-hy-
droxyaldehyde is “dictated” by the TADDOLate.’?! The ene reaction
generally gives higher selectivities with titanium BINOLates than with
titanium TADDOLates.?* 20l The Lewis acid employed in the example
shown is a spirotitanate with the two bidentate ligands BINOLate and
TADDOLate (a sort of “marriage” of two systems!). Trityl = triphenyl-
methyl.
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Scheme 14. Enantioselective 1,2- and 1,4-additions to carbonyl compounds
and nitrostyrenes, mediated by titanium TADDOLates. a) Cyanohydrin
reactions, which—depending on the type of aldehyde (aliphatic/aromatic)
and the technique for preparing the reagent (with/without warming; with/
without addition of molecular sieves)—result in varying yields and
stereoselectivities. Under optimal conditions, alkyl-CH(OH)CN and aryl-
CH(OH)CN are obtained in 80-90% yield with >97% es. b) Titanium
fluoride catalyzed addition of Me;Al to an aldehyde in the presence of the
cyclohexane analogue of TADDOL. c) Ketone reduction with catechol-
borane or a stibane (radical mechanism?) occurs enantioselectively with
addition of (iPrO),Ti- TADDOLate or the norbornane analogue; see also
the hydrosilylations in Figure 12. d) —f) Michael additions do not show high
enantioselectivities; in the case of addition of an alkylzinc compound to a
nitrostyrene (f), the enantiomer purity can be increased by crystallization at
the stage of the reduction product Aryl-CHRCH,NH,. g) The formation
of cyclopropanols from esters and Grignard reagents with S-hydrogen
atoms®®! in the presence of titanates can best be directed enantioselec-
tively using the TADDOLate that bears four 3,5-bis(trifluoromethyl)phen-
yl groups (for a mechanistic suggestion, see ref. [267]).

The system (iPrO),Ti-TADDOLate can also be used for
transesterifications that involve differentiation between enan-
tiomers,® for ring openings of lactones?®¥ and azlac-
tones,” and for the enantioselective opening of meso five-
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Scheme 15. Reactions of TADDOLato-titanium enolates with electro-
philes. a) CpTi-enolates with TADDOLate ligands generally add to
aldehydes with poorer selectivity than do the corresponding allyltitanates
(Scheme 13), although the example shown here is an exception;?™ 2! in
most cases, carbohydrate derivatives (diacetoneglucose, DAGO) are more
effective. b) Hydroxylation with dioxirane also occurs with disappointing
selectivity. ¢) The highly enantioselective cyclizations of w-pentenyl
malonic esters described by Taguchi et al.?’”) are a result of intramolecular
alkylation of TADDOLato-titanium malonic ester enolate complexes by
iodonium ions, followed by lactone formation. d) An acetoacetic ester
enolate is enantioselectively fluorinated under the influence of a Cl,Ti-
TADDOLate. Boc = tert-butoxycarbonyl.

membered cyclic anhydrides?® 2%l and meso-N-sulfonyl-
imides.”® In particular, opening of an anhydride to a half
ester displaying a high degree of enantiomer purity has been
shown to be a generally applicable process, and should
represent a real alternative to enzymatic saponification or the
esterification® of a dicarboxylic acid derivative, or other
reactions that lead to half esters.”®] For information regarding
the conduct of such reactions and a few examples, see
Scheme 16.

The applications illustrated with respect to titanium TAD-
DOLates, especially nucleophilic addition, provide evidence
of the versatility of this auxiliary for the enantioselective
preparation of synthetic starting materials, but also for
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Scheme 16. Enantioselective formation of isopropyl esters by iPrO trans-
fer from (iPrO),Ti-TADDOLates. a) The illustrated racemic “active
esters” of pyridinethiol are transformed (with kinetic resolution through
in situ recycling) into 2-arylalkanoic acid isopropyl esters. b) Phenolic
lactones can also be opened with “dynamic” racemate resolution to axial
chiral biphenyl esters. ¢) The anhydrides of meso-succinic acid derivatives
and the corresponding N-sulfonylsuccinimides are opened with diisopro-
poxytitanium TADDOLates containing 2-naphthyl groups to give half
esters or sulfonylamido esters. The observed selectivity is largely inde-
pendent of structure, and lies in the range 95-99 % es with anhydrides and
85-95% es with imides, where the amido esters can be readily enriched
further by recrystallization (hence the data in % er rather than % es!).
Separation of the products from TADDOL after hydrolysis is accomplished
by extraction of the carboxylic acid or N-acylsulfonamide into aqueous
base. The half esters are readily transformed into y-lactones, and
hydroxysulfonamides or 4-aminoalcohols are accessible by reduction of
the amidoesters (see the examples in the bottom two rows of formulae in
(c)). Transformation of meso starting materials into chiral products by
differentiation of enantiotopic groups (in the present case, with the
“normal” CIP priority sequence, it is the Re carbonyl groups that are
attacked by isopropoxide) is also referred to as “desymmetrization”
(starting material with C; symmetry is transformed into a C,-symmetrical
product); an excellent review article on this subject has recently been
published,?! which offers the opportunity to compare the titanium
TADDOLate method of preparing half esters and their derivatives with
other procedures.
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carrying out diastereoselective transformations with complex
synthetic intermediates. In most cases it has not been
established whether—and in which of the various reactions
discussed—the nucleophile is transferred directly from an
Nu—TiX - TADDOLAate species to the electrophilic center, or
if the titanium TADDOLate behaves as a chiral Lewis acid in
activating the electrophile, after which a nonchiral nucleo-
phile carries out the actual attack (see Section 8.2.2). In fact,
accomplishing such a distinction would entail complex kinetic
and spectroscopic studies.

Another interesting example is provided by enantioselec-
tive Simmons—Smith cyclopropanation in the presence of
0.25 equivalents of (iPrO),Ti-1a-ate, an achievement that
cannot be assigned unambiguously to any of the reaction

categories discussed in Sections 8.2.1 and 8.2.2(1.27
(Scheme 17).
1.2 equiv H(S)
Zn(CHzl)e Ph (8.9 oH
Ph oH 2t
N 0.25 equiv \'q\/
(PrO);Tis1a-ate H
80% (95% es)
?Hgl lPr(;) (;JHQI
Ph " 0" Zn S 0,T|-1 a-ate Ph X O/T|-1a-ate
1-CHe-znx
A B (o]

Scheme 17. An enantioselective Simmons — Smith reaction in the presence
of a diisopropoxytitanium TADDOLate.”!l The diastereoselectivity of
Simmons—Smith cyclopropanation is usually explained in terms of the
formation of a zinc alkoxide and subsequent intramolecular carbene
transfer (see A). In the presence of titanates it could be—considering two
of the many possibilities—that carbene adds to the double bond of a chiral
titanium alkoxide (B), or else a titanium analogue of Simmons-Smith
intermediate (C) might form. In case B the titanium TADDOLate would
“only” provide for the trigonal centers of the allyl alcohol to have
diastereotopic faces (for attack of an achiral electrophile), whereas in
case C the titanium center could be the donor of the electrophilic carbene.
Based on the current state of understanding it is not possible to classify this
reaction based on reactivity criteria (Sections 8.2.1 and 8.2.2). For a lucid
discussion of enantioselective Simmons —Smith reactions, including other
chiral auxiliaries and a suggested mechanism, see ref. [293, 294].

8.2.2. Enantioselective Cycloadditions?*" with
X,Ti-TADDOLate Lewis Acids

Cycloadditions play a key role in organic synthesis,
especially since they result in simultaneous formation of two
new bonds and proceed according to a set of rules—first
formulated empirically, and later explained, by Woodward
and Hoffmann['l—to generate stereoselectively as many as
four new stereo centers.?! The [4+2]-cycloaddition process
(which covers “homo” and “hetero” Diels— Alder reactions)
can justifiably be called one of the most valuable “work
horses” in the entire synthetic repertoire. The second most
important of the broadly applicable cycloaddition processes is
probably 1,3-dipolar or [3+2] cycloaddition. Less synthetic
attention has been directed toward [2+2] cycloaddition,
although the resulting four-membered rings—like cyclopro-
panes and epoxides—are easily opened as a consequence of
ring strain, and can thus serve as welcome precursors to

Angew. Chem. Int. Ed. 2001, 40, 92-138

various open-chain targets.?”®l There exists therefore consid-
erable interest in cycloaddition reactions that occur in an
enantioselective way starting from achiral reactants, and
many possibilities can of course be envisioned. The use of
TADDOLs as auxiliaries in such transformations is the
subject of the discussion that follows, which is organized on
the basis of increasing ring size. Comparisons with other
methods have appeared in comprehensive review articles by
qualified authors dealing with enantioselective Diels—
Alder?72%! and [3+2]-cycloaddition reactions. ]

Earlier attempts were made to employ titanium TADDOL-
ates as Lewis acids for cycloaddition reactions,*®! but
Narasaka deserves the credit for having recognized that
3-enoyl-1,3-oxazolidin-2-onesP"! are the ideal C, components
for reactions of this typel?'s! (Scheme 18, top). In a series of
publications and patent applications, Narasaka’s group has
reported catalytic variants demonstrating the breadth of
applicability and utility of this method in the synthesis of
natural products and pharmacological agents,?*! all the
reactions being carried out and optimized exclusively with
the unsymmetrical TADDOL 1b (with Me/Ph at the 2-posi-
tion of the dioxolane ring). This is not to say that equally
satisfactory results could not be achieved on a large scale with
the more readily accessible and more easily purified C,-
symmetric TADDOLSs. Indeed, careful optimization®” in the
case of the Diels— Alder reaction between cyclopentadiene
and crotonoyloxazolidinone has verified that, within the limits
of error, the same enantioselectivity can be accomplished with
TADDOL derivative 1f bearing 2-naphthyl groups.’*! Tt
should be noted in this context, however, that the reaction
conditions, the solvent employed, and especially the method
of preparing the catalyst can all exert a major influence on the
stereochemical course of such reactions, even to the point of
reversing the observed results (see Scheme 11, and the
introduction to Section 8.2).

Acyloxazolidinones of fumaric, acrylic, and crotonic acid
are all subject to coupling under Lewis acid catalysis with
ketenethioacetals, methylthioallenes or -acetylenes, and en-
amines to generate four-membered ring systems. The result-
ing amino and bis(methylthio)cyclobutane carboxylic acid
esters can easily be cleaved to open-chain compounds that still
contain a stereocenter. The corresponding addition to nitro-
nes also depends upon Lewis acid catalysis, and investigations
by Jgrgensen have shown that it is subject to enantioselective
control through the use of titanium TADDOLates.3* 3411 The
most extensive efforts have been dedicated to Diels— Alder
reactions of enoyloxazolidinones, again involving the addition
of crotonoic acid derivatives to cyclopentadiene, which under
appropriate conditions leads almost quantitatively to a single
stereoisomer (2R,3R with (R,R)-TADDOLSs). Narasaka and
co-workers have also carried out intramolecular variants of
the reaction of enoyloxazolidinone units with diene (Diels—
Alder reaction) and ene groups (ene reaction, hetero-Diels —
Alder addition), in which up to four new stereocenters are
formed in bi- and tricyclic products with >99 % enantiose-
lectivity (Scheme 18, middle). Cycloadditions involving other
a,B-unsaturated carbonyl compounds (quinones, ene-1,2-di-
ones, phenylsulfonylmethyl enones, maleimides, amidoacry-
lates, pyrones) and nitrostyrenes have also been accomplished
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Scheme 18. Products from cycloadditions of enoyloxazolidinones (top) and oth

er electrophiles (bottom) to electron-rich st systems (enol ethers, thioenol

ethers, ketene thioacetals, enamines, styrenes, dienes, nitrones), as well as from ene reactions carried out in the presence of X,Ti- TADDOLates. The
enantiomers shown arise by use of (R,R)-TADDOLs (Caution: Use of TADDOLs with 1-naphthyl groups can cause the stereochemical course of the

reaction to be reversed® 3. Following the lead of Narasaka, in many cases the only tests so far carried out have been with TADDOL 1b (R! =Ph, R*>=

an acetophenone ketal). Ordinarily the Lewis acid (CLTi(OiPr),+ TADDOL),

Me,
introduced at a level of 10—20 mol %, is used in situ without evaporative

removal of volatile components and with or without addition of molecular sieves, which means that /PrOH is present in the reaction medium, and perhaps
also HCI. The illustrated Diels—Alder product from PhSO,CH,CO-CH=CHMe and cyclopentadiene is formed with Br,Ti-1j-ate containing 3,5-
dimethylphenyl groups; using Br,Ti - 1a-ate the enantiomeric product is obtained, but with very poor selectivity.”? For the preparation of X,Ti- TADDOL-

ates where X # Cl, see Scheme 11. TADDOL auxiliaries are usually quite easy

to separate from products because of the great tendency of the former to

crystallize, and also due to their chromatographic behavior. A rule of thumb worth noting is that (with a \(normal\) CIP priority sequence) the nucleophile adds

from the Re side at the trigonal a-carbonyl carbon atom (see the dotted lines

in the formulae for an indication of newly formed bonds, as well as the

mechanistic observations in Section 10). Some of the compounds shown—especially those from Narasaka et al.—were introduced as chiral starting materials

into natural product syntheses (see Scheme 19).

with CL,Ti-TADDOLate catalysis, and lead in many cases to
essentially enantiomerically pure products (Scheme 18, bot-
tom). Examples of further conversion of multigram quantities
of compounds prepared in this way into more complex
systems are presented in Scheme 19, where the proper chiral
form of the TADDOL must be selected depending on the
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desired configuration of the product. In the vast majority of
reactions leading to the products shown in Schemes 18 and 19,
the Lewis acids are prepared in 5-20 mol % quantities by
mixing TiCl, and Ti(OiPr), (which form CL,Ti(OiPr),) with a
TADDOL in situ, although sometimes as much as a twofold
stoichiometric excess of the catalyst is introduced

Angew. Chem. Int. Ed. 2001, 40, 92-138
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Scheme 19. Natural products and active substances from cycloadducts, and
from the product of an ene reaction with enoyloxazolidinones and with a
cyclopentenedione () =1,3-oxazolidin-2-on-3-yl, see Scheme 18). The
products initially formed (or their enantiomers) in the presence of (R,R)-
or (8,5)-CL,Ti-TADDOLate are shown in Scheme 18. The main synthetic
effort commences after the enantioselective step, and itself consists of
numerous steps (see the comments in ref. [17]).

(200 mol %). In the case of [4+2] cycloaddition of silylenol
ethers to nitrostyrenes, equally satisfactory results (if not
greater selectivity) were observed when, in place of excess
Cl,Ti-TADDOLate, a mixture was instead added containing
(achiral!) CI,Ti(OiPr),?*! (see Section 10).

Titanium TADDOLates have also been tested in conjunc-
tion with Sharpless oxidation, sulfoxidations,’*! and Baeyer—

Angew. Chem. Int. Ed. 2001, 40, 92-138

Villiger oxidations?' 34 involving BuOOH, as well as in
ring-opening reactions of meso-epoxides to chlorohydrins.**!
In most cases to date, however, the observed enantioselectiv-
ity has not been acceptable, or the processes have been found
to be highly structure dependent.

The reactions discussed in this section employing titanium
TADDOLates as chiral auxiliaries (reagents, mediators,
substoichiometric additives, catalysts) are unquestionably of
considerable synthetic value, applicable to such fundamental
transformations as nucleophilic addition to carbonyl com-
pounds and their analogues and to cycloadditions. High
enantioselectivity can be anticipated, and the procedures can
be optimized by simple adjustment of the structure of the
TADDOL.

8.3. Use of Complexes of TADDOL Derivates with Other
Metallic Centers for Enantioselective Transformations

Once TADDOLates had been successfully implemented as
ligands for use with the strongly polar, oxophilic metal
titanium, the question naturally arose whether derivatives
might also be prepared with an affinity for the late transition
metals. The simplest route would clearly be the coupling of
PR, groups with the TADDOL oxygens to give cyclic (A, B in
Figure 12) or diphosphorus esters (C). It is therefore not
surprising that derivatives of these types appear most
frequently in the literature, employed as ligands with the
metals Rh, Pd, Ir, and Cu. Rhodium complexes have been
utilized for hydrosilylation of ketones with enantioselectiv-
ities as high as 98%. Other illustrations of the principle
include palladium complexes applied to allylation (up to 98 %
es), an iridium complex used for the enantioselective catalytic
hydrogenation of styrenes (up to 95% es), and copper
complexes of the phosphoramidites Aa and Ab that effect
conjugate Et,Zn additions to enones (Figure 12, bottom left)
and the stereoselective ring opening of epoxides and azi-
ridines by organometallic nucleophiles (Scheme 20, middle).
With respect to the many TADDOL derivatives shown
schematically in Scheme 5 in which one or both of the OH
groups have been replaced by nitrogen, phosphorus, or sulfur
substituents, few applications have so far been reported.

One would expect that the sulfur-containing compounds
should be of interest, for example, with respect to nickel,
silver, or copper. The monothiolato-Cu complexes D in fact
do catalyze enantioselective 1,4-addition of Grignard reagents
to enones (Figure 12). Molybdenum complexes E and F have
been prepared from TADDOLs and a TADAMINe, where
the former show outstanding characteristics as catalysts for
ring-opening metathesis polymerization (ROMP), and the
latter induces modest selectivity in reactions of benzaldehyde
and styrene oxide with Me;SiCN.

Higher valency, or more highly charged, metallic centers
such as those of the lanthanides, when chelated with BINOLs,
are extraordinarily successful at promoting enantioselective
reactions,?*3°1 but they require ligand atoms that are more
electronegative (“more strongly charged” and less vulnerable
to water and protic solvents) than those available in TAD-
DOL. It is thus not surprising that there have to date been far

115



REVIEWS

D. Seebach et al.

Ayl Aryl Ph ' Ph
o H o A a b c d e f g EtQ o H o
>< b_R Ayl | Ph Ph Ph 2-Nph Ph Ph 7] b_pn
/ /
O INO R |NMe, NPr, Ph 2-Nph 0O OKO o £ O HO<©
Aryl Aryl [348] ! NphD pi Ph
Aa-g A e
Ph Ph Ph Aryl
H PCI;/P\Ph AV z Aryl Ph Ph . Ph
o~ P~"x Q7 o BN G 0
X Xt s 4 T e )
'~ N 1 -
O o O. \,Ph O b Cu v O “N— —Aryl o N//| 0
PH Ph “ph pH Ph Ayl H Cl
c 4 Aryl ry pH Ph
Da X =0H E Flol
Db X =NMe,
Dc X=0Me

OH OH
90% es (Ae)192]

94% es (Ae)92] 98% es (Ae)(92)

92% es (Ae)[%2]

94% es (Ad)[87] 93% es (B)[48]

from keto precursor + PhaSiHz /0.005 — 0.01 equivRh /0.01 — 0.1equiv A or B

Ph Ph

“
CH(COQMG)Q

88% es (>99% er after recryst)
from the allyl acetate + CHx(COaMe), / 2 mol % C-Pd (78]

O
H OH
e @\/\/

81%es
from cyclopentenone, EtaZn,
1.2 mol % Cu(OTf), / 2.4 mol % Aa
then PhCHO [350]

66% ds, 97% es
1 mol % Pd /2.5 mol % Af
from the allyl acetate + CH(CO.Me), (349

92% es (S) withDa, 32% es (R) with Db and D¢
from cycloheptenone and
BuMgCl 7 0.05 equiv D [94351)

CH(COMe)

MeO

95% es
from Z olefin / Ha / 4 mol % AfeIr[349]

L

98% cis, 88% tacticity, My /M, =1.05
by ROMP of the corresponding
norbornadiene with E[352]

Figure 12. Phosphorus and sulfur derivatives of TADDOLSs and a 1,4-dioxane analogue, copper and molybdenum complexes, as well as the products of
addition reactions prepared stereoselectively with the aid of these auxiliaries. Using CL;P, CL,PR, or CIPR, and TADDOLSs, what ultimately results is bicyclic
or monocyclic phosphorus derivatives A - C, which may contain additional chelating units, such as oxazolinyl or 2-arylcyclohexanolate groups (Ae—Ag).
Copper complex D and molybdenum(vi) complexes E and F are derived from TADDOL. Rhodium, palladium, iridium, and copper complexes have been
utilized for hydrosilylations, allylations, hydrogenations, Michael additions, and stereoregular polymerization (see the products in the lower part of the
Figure). Enantioselectivities as high as 98 % have been achieved with, in some cases, very small amounts of catalyst (as little as 0.005 of an equivalent of the
metal and 0.05 of an equivalent of the chiral ligands). X-ray structures of ligands and complexes of the types shown here are illustrated in Figure 13. Two
examples of copper-catalyzed nucleophilic substitution (Sy2 and Sy’) conducted by employing TADDOL-phosphorus derivatives are shown in the middle of

Scheme 20.

less applications of TADDOLSs in this area, and the few
observed have been only marginally successful (see the Cr™
and Ce™" reagents in Scheme 20, top). The large pK, difference
of roughly seven orders of magnitude between the phenolic
BINOL and the alcoholic TADDOL sets limits we hope to
overcome with compounds like the sulfanyltriflamide shown
at the bottom of Scheme 20 (pK, (AlkSH) approximately 10;
pK, (NHSO,CF;) approximately 6].

Numerous crystal structures have been determined for
ligands derived from TADDOL and the corresponding metal
complexes (Figure 5, right, and Figure 13). These will ulti-
mately help to make the stereochemical outcomes of reac-
tions catalyzed by such complexes more understandable (see
also the mechanistic models for titanium TADDOLate
mediated transformations in Section 10).
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9. Macromolecular, Polymeric, and Silica Gel
Bound TADDOLSs

The facile separation of TADDOLSs from reaction products
has already been noted several times. Two particularly
convenient workup procedures stem from the applications
sketched in Scheme 21. Nevertheless, we thought it desirable
to try to modify TADDOLSs in such a way that products
derived from their use could be isolated by a phase-separation
protocol. In principle, four possibilities exist for modifying
chiral ligands to this end, two of which permit the use of
homogeneous reaction conditions whereas the other two
entail heterogenic conditions.

a) The ligand can be incorporated into a macromolecule
with a molecular mass high enough to permit membrane

Angew. Chem. Int. Ed. 2001, 40, 92-138
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Scheme 20. Nucleophilic additions (top) and substitutions (middle) by way
of organometallic compounds of Cr™, Ce™,B%l Zn", Cu", and Mg", which
proceed enantioselectively in the presence of TADDOL derivatives.
Below: An acidic TADDOL derivative in which the OH groups have
been replaced by SH and NHSO,CF;, which should be suited to complex-
ation with lanthanides.”"! From the X-ray structure of the sulfonamide it is
apparent that the more acidic NH group functions as a hydrogen-bond
donor, with HS as acceptor. The structure of the triflamide is also present in
the overlay of Figure 5 (left).

filtration, a method* that has been shown to be particularly
valuable in the case of enzymatic transformations.?*! In order
to ensure that the catalyst does not pass through pores in the
membrane, the carrier should not be one based on a linear
macromolecule or polymer, but should rather display a
globular profile, rather like an enzyme. For this reason we
prepared TADDOL derivatives(®* 7!l with the formulae shown
in Figure 14, which, in a way, could be regarded as by-products
of our work in the field of chiral dendrimers.%l

b) The ligand can be bonded to a polymer that is soluble
under the reaction conditions but will precipitate with a
change in solvent (polyethylene glycol*). To our knowledge,
this approach has not yet been attempted with TADDOLS:.

¢) An appropriate derivative of the ligand can be subjected
to grafting by reaction with a suitable polymer. The desired
covalent attachment is usually accomplished with an insolu-
ble, cross-linked, chloromethylated polystyrene (Merrifield
resinBl), one which is subject to swelling. TADDOL
derivatives for this purpose are readily accessible synthetically
(Scheme 22), for example bearing para-hydroxymethylphenyl
groups at the 2-position of the dioxolane ring.!l Alternatively,

Angew. Chem. Int. Ed. 2001, 40, 92-138

Figure 13. Crystal structures of two TADDOL-phosphorus derivatives and
three metal complexes (Rh, Mo, Cu) with ligands derived from (R,R)-
TADDOL. (For A, F, and D, see Figure 12). In addition to literature
citations, Refcodes for the Cambridge Databank are also provided for
these structures. In the case of the rhodium complex, the cod ligand has
been omitted for the sake of clarity. The enclosed toluene molecule is not
shown in this representation of the molybdenum complex. One sees in all
cases the familiar geometrical arrangement of quasi-axial (upper right/
lower left) and quasi-equatorial phenyl groups. The tetrameric copper
complex with C, symmetry shown at the bottom is so stable that it persists
even in solution and in the gaseous state (ESI-MS experiment). The
sulfanylhydroxy derivative is bound in monodentate fashion. The com-
plexes Db (X =NMe,) and D¢ (X = OMe) with Cu'® and the correspond-
ing Ag complexes are also present in tetrameric form.I" The structures of
Aa and Ac are included in the overlay of Figure 5 (center). The crystal
structure of the PdCl, complex of the diphosphinite of TADDOL (formula
C in Figure 12) is shown in the center of Figure 6. cod =cycloocta-1,5-
diene.

TADDOL units can be synthesized directly on a polymer by
first introducing aromatic aldehyde functions into phenyl
groups of the resin, transforming these into acetals with
tartrate esters, and subsequently treating with ArylMgX[66-365]
(see the general TADDOL synthesis shown in Scheme 2). In
place of a chloromethylated polystyrene or a copolymer with
polyethylene (SMOP),B®! it is also possible to employ an
inorganic carrier material for grafting purposes, the use of
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Scheme 21. Two examples of especially facile separation and isolation of
products from enantioselective reactions and TADDOL auxiliaries by
aqueous alkaline or acidic extraction and phase separation.® 1228l The
formaldehyde acetal (no substituents in the 2-position of the dioxolane
ring) was selected to assure maximum possible acid stability for the
tetraamino-TADDOL. For examples of stereoselective ring openings in the
case of five-membered ring anhydrides mediated by TADDOL-titanate,
see Scheme 16.

which does not depend upon swelling capacity in specific
solvents. To this end, porous silica-gel preparations (“con-
trolled-pore glass”, CPG) with surface areas up to 350 m?>g~!
and pore diameters of 200 A were first loaded with (CH,);SH,
onto which TADDOLSs were then grafted.* 370

d) Finally, the ligand to be immobilized can be prepared in
such a way that it contains one or more styryl substituents,
permitting it to be subjected to cross-linking polymerization
with styrene itself ( to form a “homemade polymer”). This
approach can also be exploited for the preparation of porous
silica gel with ligands already built in, by way of the sol - gel
process.Bl At first glance, this procedure might appear to be
the most risky, because the ligands in such a polymer could
become so deeply embedded in the matrix that they would no
longer be accessible for complexation, or to provide catalytic
activity. On the other hand, it is known that polymers
containing tailor-made cavities can be prepared in a similar
fashion (“molecular imprinting”®). For example, if one
equips a carbohydrate unit with some polymerizable func-
tionality by way of a labile bond, permits cross-linking
polymerization to occur, and then removes the carbohydrate
“template”, what results is a material with a specific affinity
for the sugar derivative originally employed.

Three styryl-substituted TADDOLSs we have prepared for
polymerization purposes are shown in Scheme 22. The
dendritic derivative with eight peripheral styryl groups is a
novelty in two respects; quite apart from its TADDOL
nucleus, it was the first dendritic cross-linking agent ever
prepared for styrene, and this also represents the first occasion
on which a chiral ligand—and thus an enantioselective
catalytic agent (see below)—had been incorporated dendriti-
cally into a polymer.?7"- 376 The cross-linking suspension — co-
polymerization of styryl-TADDOLs with styrene under
standard conditionst” resulted in nicely formed spheres that
displayed good swelling capacity and a remarkable set of
properties’: 373721 (Figure 15).
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Figure 14. Three dendritic TADDOL derivatives with high molecular
mass, prepared for use in the form of titanium complexes in membrane
reactors.[63 71, 363]

Charging of the TADDOL-containing polymers with
titanates was accomplished just as in the case of simple,
soluble TADDOLs (see, for example, the information pro-
vided at the bottom of Scheme 22 for derivatives prepared by
copolymerization). Based on elemental analysis, and espe-

Angew. Chem. Int. Ed. 2001, 40, 92-138
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Scheme 22. TADDOL: for the preparation of macromolecular titanates
(see Figure 14) and polymer-bound titanates in polystyrene (PS). Top: The
building blocks. Information regarding synthesis of the compounds can be
obtained from the references cited. Hexol 1m is prepared by the standard
reaction (Scheme 2) with TBS protective groups; during transformation of
1m into ethers with benzylic bromides (for example, to compound 7),
pentabenzylated products invariably form, which is an indication of the
relatively high acidity of one OH group in the TADDOL nucleus.[’! The
benzylic bromides, alcohols (type 10), and phenols shown were used for
grafting to Merrifield resins and suitably prepared SiO,. Compound 1p is
undoubtedly the simplest derivative available for polymeric incorporation
into PS. Poor results were obtained for the PS prepared from geminal
distyryl substituted TADDOL.""! Bottom: Polymer-bound TADDOLSs PS-
8 and PS-9 obtained by suspension polymerization and subsequent charging
with titanate to give the chiral Lewis acids (iPrO),Ti-PS-8-ate and
(iPrO),Ti - PS-9-ate.
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Figure 15. Polystyrene spheres (250-400 pm &) into which TADDOLs
have been polymerized, and reaction vessels for multiple applications.
a) Beads containing dendritic cross-coupled TADDOL (PS-9), which
change from blue to yellow upon loading with titanate (interaction of the
Lewis acid with phenol and resorcinol ether groups of the dendrimer
branches?). b) Transparent beads of the monostyryl-TADDOL copolymer
(iPrO),Ti - PS-8-ate before (left) and after (right) 20-fold utilization in the
test reaction (Et,Zn + PhCHO). c¢) As a result of high swelling capacity and
low loading (0.1 mmol g™!), the entire reaction volume is occupied by PS-9
spheres (before (left) and after (right) loading with titanate). Reactions
with this polymer-bound catalyst are diffusion controlled; that is, they
proceed equally rapidly with and without stirring. d), e) Reaction vessel
(inner diameter 6.5 cm, volume approximately 250 mL) for multiple use in
the addition of organometallic nucleophiles to aldehydes. The PS-8 spheres
(charge 0.6 mmol per gram of TADDOL) are sewn into a pad made of
polypropylene and “immobilized” between two perforated glass plates so
that they do not rub against each other during stirring (this avoids
abrasion!). After loading with titanate, execution of a reaction, and
syphoning off of both reaction and wash solutions, another batch can be
subjected to the reaction (see Scheme 23).1377)

cially as established by catalytic activity, 80—-90% of the
TADDOL units in the polymer were titanated, and the
resulting Lewis acidic centers are clearly accessible to
reactants.

Before discussing applications of the immobilized titanium
TADDOLates, a few comments are in order regarding solid-
phase synthesis, a process that has recently received increased
attention due to the interest in combinatorial methodologies.
Advantages provided by immobilized catalysts and reagents
include not only the ease of separation from products already
noted (which also applies to toxic components!) and spatial
separation of reactive systems (the “wolf and lamb” principle
of Patchornikl®”®l), but also the applicability of large excesses
of reagents and reaction partners, especially through the
repeated use of catalysts or reagents. If, in order to avoid
chromatographic separation of an auxiliary, the reagent or
catalyst of interest needed to be modified prior to bonding to
a solid phase, and if it were then to be discarded after a single
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use, one might with justice inquire whether the required effort
would really be worthwhile. Indeed, from this perspective
many of the solid-phase bound reagents currently “marketed”
could legitimately be castigated as “consumer frauds”. On the
other hand, consider the case of an immobilized Lewis acid
that, for chemical reasons, must necessarily be employed at
the relatively high level of 5—20 mol%. A 20-fold reutiliza-
tion would increase the “molar efficiency” factor to 0.25-1%.
It is for this reason that we have established as an important
criterion for the utility of our immobilized TADDOL Lewis
acids that they always be reusable or regenerable (that is, that
they display durability). It is hardly necessary to add that the
only applications worth considering are ones for which, in
homogeneous solution, there are no nonlinear effects (NLE)
attributable to the involvement of more than one catalyst
molecule in the rate-determining step.™ This is a condition
fulfilled by the titanium TADDOLate catalyzed addition of
R,Zn to aldehydesP*! (Scheme 12) and the [3+2] cycloaddi-
tion of nitrones," but not by the Diels— Alder reaction of
enoyloxazolidinones.”" 133811 Finally, ease of utilization re-
quires that the particles of an immobilized catalyst not be too
small, for which reason our conditions for suspension
polymerization have been so adjusted that spheres with a
diameter of approximately 400 um are preferentially formed.
These can easily be confined, but they are also readily
removed from a reaction solution simply by filtering or
decanting, or by removing the supernatant solution with fine
needles (Figure 15).

As a test reaction we selected the addition of Et,Zn to
PhCHO in toluene, catalyzed by (iPrO),Ti-TADDOLate/
(iPrO),Ti. It was observed that TADDOLate incorporated
into polystyrene in dendritic form possessed unique proper-
ties: at the low charge level of 0.1 mmol g~! it produced, within
the limits of error, a constant enantioselectivity of 98 % under
20-fold reutilization. What prevented us from repeating the
process even more times was not fatigue on the part of the
catalyst, but rather fatigue displayed by the chemist (Fig-
ure 16a)! We also established that catalyst obtained from
dendritically modified octastyryl-TADDOL shows, after be-
ing used 20 times, no decrease whatsoever in swelling capacity
(Figure 16b/c). Finally, copolymers obtained from ordinary
styryl-TADDOL 1p led, as expected, to somewhat decreased
reaction rates relative to the corresponding monomer TAD-
DOL 1p introduced in homogeneous solution (Figure 16b).
However, we were astonished to discover that dendritic
monomer 7 was associated with a lower reaction rate than the
corresponding polymer (Figure 16c¢), although both dendritic
derivatives produced slower reactions than nondendritic
systems.

Using the reaction vessels illustrated in Figures 15d, e we
conducted a total of 18 Et,Zn additions to 5 different
aldehydes, repeatedly employing the same packet filled with
TADDOLate-charged (0.6 mmolg™') spheres. Enantioselec-
tivities always exceeded 90 %, and we observed essentially no
cross-contamination of the isolated alcohols provided the
particles were thoroughly washed before each use with toluene
containing (iPrO),Ti (Scheme 23). The $-naphthyl analogue of
(iPrO),Ti- PS-8-ate led to higher enantioselectivity, just as had
been observed under homogeneous conditions.””!
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Figure 16. Reaction rates and enantioselectivities for Et,Zn addition to
benzaldehyde with the polymer-bound titanium TADDOLates (iPrO),Ti -
PS-8-ate and (iPrO),Ti-PS-9-ate as well as (iPrO),Ti in toluene at
—20°C.1#:372] 3) Repeated utilization with essentially constant enantiose-
lectivity of the titanium TADDOLate (iPrO),Ti-PS-9-ate (20 mol%)
incorporated dendritically into polystyrene (0.1 mmolg~! loading).
b) Comparison of rates of addition with monomeric Ti-1p-ate and the
corresponding polymer (iPrO),Ti-PS-8-ate (the monomer reaction is
faster). ¢) Comparison of rates of addition with monomeric and polymeric
dendritic titanium TADDOLate (the polymer reaction is faster!). The
swelling capacity of the polymer containing “normal” titanium TADDOL-
ate had decreased after 20 applications, but that containing dendritic
TADDOLate had not.

Preliminary investigations with a TADDOL grafted onto
silica gel (CPG) are equally promising. Enantioselectivities
achieved in the test reaction (Et,Zn+PhCHO) have been as
high as 98%, the observed loading of the CPG with
TADDOL is high as well (0.3 mmolg™!), the material can be
washed with HCl—and thus reactivated—without loss of
hydrophobicity, we have found no evidence of “fatigue” (in
contrast to the simple polystyrene-bound TADDOLates
where swelling capacity diminishes), and after 20-fold reuse
the reaction rate appears to decline only by an insignificant
extent (Scheme 24). The yields and selectivities under homo-
geneous reaction conditions for the addition of diphenylni-
trone to crotonoyloxazolidinone were, within the limits of
error, also reproduced using ditosylatotitanium TADDOLate
on CPG.BF™

Angew. Chem. Int. Ed. 2001, 40, 92-138
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Scheme 23. Addition of Et,Zn to various aldehydes, with formation of the
alcohols a—e (11-mmol batches with the same pouch full of spheres at
—25°Cin toluene) in the presence of (iPrO),Ti- PS-8-ate, with the reaction
vessel shown in Figure 15.5771 Polymer loading: 0.6 mmolg~', 20 mol %
titanate, and 120 mol% (iPrO),Ti. If, in the case of successive reactions
with different aldehydes, no cleansing measures are taken other than
washing with toluene, the isolated alcohol always contains a few percent of
the previously prepared alcohol; after washing with (iPrO),Ti prior to
carrying out a subsequent reaction, contamination is reduced to less than
1%.

The immobilization of TADDOLSs in and on polystyrene
and porous silica gel increases, through repeated use, the
efficiency with which titanium TADDOLates function as
chiral Lewis acids. Moreover, our work in this area has
brought to light an interesting “dendrimer effect” on the
swelling capacity of polystyrene into which chiral ligands have
been incorporated. Corresponding experiments with other
popular complexing agents, such as BINOL and SALEN, have
similarly led to solid-phase bound catalysts with outstanding
characteristics.?$2-387]

10. Mechanistic Observations Concerning
Enantioselective Lewis Acid Catalysis with
Titanates

Mechanistic studies of reactions catalyzed by organometal-
lic species are notoriously difficult to conduct because, in an
extreme case, the true catalytic species may be present at such
low concentration that it is virtually impossible by any
available method to detect it in the presence of the chief
components. A classic example of a successful mechanistic
analysis is provided by Halpern’s work®$$2l on the enantiose-
lective hydrogenation of aminocinnamic acid derivatives
catalyzed by rhodium diphosphine complexes. On the other
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Scheme 24. Titanium TADDOLate immobilized on porous silica gel
(CPG from the firm Grace), and two applications in catalysis.’’"! CPG
has the advantage over PS that it is chemically inert, stable to both
temperature and pressure, and not subject to swelling in applicable
solvents. The particles employed have a diameter of 35-70 pm (charge:
approximately 0.3 mmolg-!, pore size: 200 A, surface area: 280-
350 m*g~'), and OH groups not used in grafting are made hydrophobic
by trimethylsilylation. Addition of Et,Zn is carried out in the usual way
with the (iPrO), derivative (20 mol% titanium TADDOLate, —20°C,
toluene), and 1,3-dipolar cycloaddition is accomplished with the ditosylated
derivative (50 mol% titanium TADDOLate, RT, toluene). After ten
additions of Et,Zn+PhCHO (by which point the enantioselectivity has
fallen from 98 % to 93 %), the material can be washed with aqueous HCl/
acetone and then with H,O/acetone, dried, and again titanated, a process
that readily restores the initial enantioselectivity. In view of the observed es
values and reaction rates, there appears to be no basis for assuming that
CPG-bound catalyst cannot be used for considerably more than 20
reactions.

hand, mechanisms for Sharpless epoxidation of allylic alco-
hols with /BuOOH in the presence of titanate and tartrate
ester® or addition of Et,Zn to aldehydes in the presence of
chiral aminoalcohols?*l still cannot be regarded as completely
elucidated. The situation is no different in the present case of
Lewis acid catalysis of nucleophilic additions and cycloaddi-
tions by chiral titanates. Particularly the first of these requires
“dilution” with a large excess of achiral titanate (/PrO),Ti,
even though the amount of chiral complex introduced is
seldom less than 0.05 molar equivalents, and often stoichio-
metric quantities are added. In the case of alkylzinc addition
to aldehydes, bimetallic mechanisms must be considered, and,
as already noted, for cycloaddition to a,-unsaturated carbon-
yl compounds a cocktail composed of a TADDOL, TiCl,-
(OiPr),_,, iPrOH, HCI, and molecular sieves is introduced as
the catalyst. The Diels— Alder reaction is characterized by a
nonlinear relationship between the enantiomer purity of the
TADDOL and that of the product (for example, in the
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reaction of enoyloxazolidinone with cyclopentadiene). Final-
ly, the reaction site—the ligand sphere of titanium in the
product-forming, enantioselective catalytic step—is far from
well-defined, apart from the fact that a TADDOLate ligand
must certainly be involved. The titanium might engage in
trigonal, tetrahedral, trigonal-bipyramidal, or octahedral
coordination, it could bear a positive or negative formal
charge (in the form of an onium or ate complex), and the site
might function in a bimetallic way, either with a second
identical metal atom (Ti-X-Ti) or with some other metal (Ti-
X-Zn). NMR spectroscopy has led to the identification of
concrete titanium TADDOLate complexes present in solu-
tion, as demonstrated especially in the work of DiMare and
Jgrgensen, but the conclusions remain controver-
sial,[37% 44 45, 69,102,310, 328, 389, 3%0] gnd this is not the place to delve
into the matter in detail. Based on numerous X-ray structural
analyses (Figures4-6, 10, 13), one thing seems certain:
TADDOL has a strong tendency to form chelates, and in
every discussion it has been assumed to be present as a
bidentate ligand. In the two sections that follow we wish to
present a) possible reasons for ligand acceleration(*®! of
titanate catalysis through the agency of TADDOLates and
other chiral complex-forming agents, and b) models and a rule
describing the stereochemical course of reaction (where we
deliberately avoid use of the word mechanism). In the process
we hope to make a useful comparison of titanium TADDOL-
ates with the titanium BINOLates and titanium CYDIS-
ates,**) which in general behave similarlyl*'= (see also the
structures in Figure 17).

As noted, nucleophilic additions to aldehydes—apart from
allylations with CpTi-TADDOLate (Scheme 13)—proceed
with maximum enantioselectivity only if excess (iPrO),Ti is
added along with titanium TADDOLatel*! (also true for use
of BINOLatel?2 3%l and CYDISate;[2#- 2452471 see the exam-
ples in Scheme 25). This means on one hand that the
corresponding chiral titanates are much more active as
catalysts than achiral titanate (factors of over 1000:1 have
been estimated), but also that the chiral systems require the
presence of the latter for optimum activity. Ligand acceler-
ationP®"! in the case of titanium TADDOLates has been
interpreted as due to steric hindrance and therefore a rapid
dynamic for the exchange of starting material/product ligands
(a high “in/out” rate). “Steric pressure” from the four aryl
groups leads to formation of coordinatively unsaturated or
even charged species (Scheme 26 a).[* 711921 When 1-naphthyl
groups are present on the TADDOL, however, activity nearly
disappears (too much hindrance), and the diol bearing methyl
instead of aryl groups (and thus providing too little steric
hindrance) gives product that is a racemic mixture (Sche-
me 26b). The function of excess (iPrO),Ti has been inter-
preted in two ways: removal of product alkoxide R*O from
the titanium TADDOLate (a sort of “clean-up effect”,
Scheme 26¢)%2 and/or displacement of a charged ligand
from the bulky, complexed, TADDOL-bearing titanium to
the simple titanate, with formation of a chiral Lewis acid
center that is cationic (Scheme 26a).0!

In the case of CYDISate it has also recently been shown[*7]
that extremely bulky substituents (SO,mesityl instead of
SO,tolyl, SOsalkyl, or SO,CF; on the N atom) cause the
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Figure 17. Formulae and crystal structures of (R,R)-titanium-TADDOL-
ates, (P)-titanium-BINOLates, and a titanate with bis(tosylamidocyclo-
hexane) ligands ((R,R)-cyclohexan-1,2-diaminedisulfonamide, CYDIS).
The remaining ligands on the titanium have been omitted from the
drawings. For another view of an overlay of the 11 titanium TADDOLate
structures, see also Figure 5 (right). In contrast to the previous representa-
tion, C(4) and C(5) of the dioxolane ring and the titanium atom have been
chosen as the fixed points in the overlay (see also Figure 4, bottom right).
The eight overlayed titanium BINOLates (see ref. [37]) are registered in
the Cambridge Databank under Refcodes BEYKUL, HELZIH, KOXGIN,
KOXGOT, RIYDIM, VOZXAY, VOZXEN, and ZEHWOY. For purposes
of clarity, substituents on the BINOL have again been omitted. When
necessary, structures were recast in mirror-image form prior to overlaying.
The bis(sulfonamido)diisopropyl titanate has been formulated with sixfold-
coordinated titanium;*7 for the crystal structure of a zinc CYDISate, see
ref. [294]. Note the similarity of the nearly or precisely C,-symmetric
structures (one is tempted to speak in terms of Lord Kelvin’s definition!!"]
of homochirality): In all three cases more steric hindrance is present “upper
right and lower left” than “upper left and lower right”. During titanate-
catalyzed nucleophilic addition to aldehydes, reaction with the three types
of catalyst occurs from the Si face of the trigonal center. The relationship
between the species extends considerably farther: Other reactions with
(R,R)-TADDOL and (P)-BINOL derivatives also occur in the same
stereochemical sense; even the HTP effect in liquid crystals (Section 5 and
Figure 8) has the same sign with both (R,R)-TADDOL and (P)-BINOL!

complete collapse of enantioselective catalysis. However, the
enormous ligand acceleration observed with titanium CYDIS-
ates is almost certainly not primarily a result of dynamic
enhancement from steric hindrance at the titanium center, but
rather of increased Lewis acidity resulting from the high
electronegativity of the RSO,N~ ligands (pK, of PhSO,NH, is

Angew. Chem. Int. Ed. 2001, 40, 92-138
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Scheme 25. Enantioselective additions to aldehydes and a nitroolefin
under the influence of a mixture of chiral and achiral titanates. In the
absence of the achiral titanate (D), 3), () the enantioselectivity is lower
than in the presence of as much as a 36-fold excess of achiral material ((2),
®, ©-09, @-@)! This applies not only to titanium TADDOLates with
phenyl and 2-napthyl groups, but also to titanium BINOLate ((3)) and the
cyclohexandiamine derivative (CYDIS, see also Figure 17; (9)). The
reaction is slow with the TADDOLate bearing 1-naphthyl groups (just as
it is with (/PrO),Ti alone!), and it is not selective (7)), whereas the
TADDOLate with 2-naphthyl groups generally gives the best es values (see
Scheme 12). With spirotitanate Ti(la-ate), the product is the (R)-1-
phenylpropanol, not the S compound (entry 10); high enantioselectivity
is observed only when a 2:1 excess is employed (99 % es). Also in the case
of a [4+2] cycloaddition (formally a Michael addition after hydrolysis; see
Schemes 10 and 18) of nitrostyrenes to silyl enol ethers the best
enantioselectivities are achieved after “dilution” of the chiral Lewis acid
with achiral material (@3). Note that there is no need for zinc compounds to
be present during the addition to aldehydes; see the pure RTiX; systems
(O-0®). The example of the titanium TADDOLate demonstrates that,
under standard conditions (Et,Zn, PA\CHO, toluene, —25°C, 0.2 equiv Ti-
1-ate, 1.2 equiv (iPrO),Ti)), there is a linear correlation between the
enantioselectivity of TADDOL and that of the product.[” 3%

approximately 10, that of CF;SO,NH, is approximately 6).
With titanium BINOLate, which generally affords less
selectivity in alkylzinc addition to aldehydes relative to
CYDISate and TADDOLAate (see also Scheme 1), the pres-
ence of excess (iPrO),Ti also leads to better results than those
achieved in the absence of achiral Lewis acid.?>4 The
ligand acceleration here may be due to the combination of a
steric effect and the increased Lewis acidity (pK, of arylOH is
approximately 10).
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Scheme 26. Interpretation of ligand acceleration in titanium TADDOL-
ates, and the role of excess (iPrO),Ti in the addition of organometallic
compounds to aldehydes (see also Schemes 12, 25). a) The bulky TAD-
DOLate ligand hinders increased coordination at titanium and leads to a
high rate of exchange; for this reason, titanium TADDOLate is a much
more active Lewis acid than the simple titanate. Perhaps the ligand-
exchange process is even dissociative, whereby the achiral titanate could
serve as a receptor for the cleaved ligand (X = OR or halogen), although
there is as yet no experimental evidence for the ion pair shown. If a second
titanium TADDOLate functioned as an anion acceptor, nonlinear effects
could result (as, for example, in the Diels—Alder addition of enoylox-
azolidinones). b) Excessive steric hindrance with the 1-naphthyl derivative
(iPrO),Ti-1e-ate, on the other hand, reduces the catalytic activity in the
dialkylzinc addition. The Me, analogue of TADDOL 1a gives a miserable
catalyst, producing racemic product; the titanium center is here much less
sterically hindered. c) Excess (iPrO),Ti leads to regeneration of the “best”
catalyst (iPrO),Ti- 1-ate, whereby product alkoxide is trapped (the “purg-
ing effect”); it has been shown that the TADDOLate (RO),Ti - 1a-ate with
(S)-1-phenylpropoxy in place of iPrO groups leads to poorer enantiose-
lectivity. With use of excess spirotitanate (see entry 10 in Scheme 25),
which causes the stereochemical course of the reaction to reverse, it may be
that the latter functions in the role of “purgative”.

More difficult to interpret than ligand acceleration is the
stereochemical course of reactions induced by the three
similar chiral ligands (P)-BINOLate, (R,R)-TADDOLate,
and (R,R)-CYDISate (Figure 17). Account must of course be
taken of all the experimental data before any interpretation is
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proposed, and the data in this case are very numerous—it is
truly astonishing how the wildest mechanistic speculations are
sometimes committed to paper on the basis of a single
example!

The situation appears to be as follows for addition to
“simple” carbonyl compounds RCHO (in the absence of
chelating effects due to another heteroatom!): in the presence
of titanates bearing one of these three ligands, a nucleophile
adds consistently from the Si-face of the trigonal carbonyl
center. If one assumes—as seems apparent from Figures 4 —
6, 10, 13, and 17—that “above” the TADDOLate chelate ring
in these complexes there is more space to the left than to the
right (for symmetry reasons, the opposite is true “below”),?!
then an aldehyde in the E configuration (as illustrated in
Scheme 27) could bind most readily to the Lewis acid center
directed away from the quasi-axial group adjacent to the
complexing heteroatom. If one further assumes that a
nucleophile can approach only from the front and not from
the rear (that is, from above the dioxolane ring in TADDOL-
ates), then it is the Si face of the trigonal center that is open to
nucleophilic attack. Whether this occurs in an intramolecular
(“wandering” of an R™ group from titanium to the carbonyl
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carbon atom) or an intermolecular way (via some bimetallic
complex) is unknown. It is also not possible at this point to say
how the titanium center is coordinated in the transition state
for nucleophilic addition, or if in fact a cationic complex is
present (see the contribution to the discussion in the upper
part of Scheme 27). The mechanistic model shown, which is
undoubtedly highly simplified, is consistent with numerous
tests of the TADDOL system involving structural variations.
Thus, both the stepwise substitution of phenyl groups by
methyl groups in the equatorial and axial positions, and also
the transition to the tetrabenzyl analogue, result in the
expected loss of selectivity®! (Scheme 27, bottom). Simple
model considerations also support the notion that coordina-
tion of an aldehyde with an E configuration—in the repre-
sentation selected here—is most favorable to the left or
outward relative to coordination to the right or inward.

The titanium TADDOLate mediated transformations that
have been investigated most thoroughly from a mechanistic
standpoint (including molecular model calculations) are
certainly the Diels—Alder reaction and the [3+2] cyclo-
addition of enoyloxazolidinones. The fact is that a/l nucleo-
philic additions—including the ene reaction—to the double
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Scheme 27. Models for the stereochemical course of nucleophilic addition to aldehydes in the presence of titanium TADDOLates (or BINOLates or
CYDISates). The two bold lines at the top represent the quasi axial phenyl groups of the TADDOL (or the benzene ring of the BINOL or SO,R substituents
on CYDIS). As the R—metal additions proceed with very high selectivity, irrespective of the nature of substituents on the formyl carbon atom (saturated,
unsaturated, acetylenic, aromatic), even when we go to p-dimethylamino groups on the TADDOL, or when we compare between SO,CF; and SO,C4H; on
CYDIS, there is no basis for an assumption that 7 interactions might play an important role. In a bimetallic mechanism (for which there is neither supporting
nor contradictory evidence), two identical (Ti) or two different (Ti/Zn) metallic centers might be involved. The tetrahedral complex shown, with positively
charged Ti (see Scheme 26), represents a purely speculative contribution to the discussion of a pathway leading to the observed product, comparable to the
suggestions made in Scheme 28 and Figure 18 for titanium TADDOLate/electrophile complexes. The Lewis acid/Lewis base complexes shown in the bottom
row of formulae are intended to help rationalize the observed differences in selectivity of the various 2,2-dimethyldioxolanes with different groups on the
exocyclic methanolate carbon atom (like the Me, analogue, the tetrabenzyl analogue of the TADDOL—a tetrakis-homoTADDOL!—is a miserable ligand,

as shown by the (Et,Zn + PhCHO) reaction: Si/Re = 54:46141).
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bond of these a,f-unsaturated carbonyl compounds (with
retention of the trans configuration) mediated by (R,R)-
titanium-TADDOLates occur from the Re face at the trigonal
center adjacent to the carbonyl group! (In the cases inves-
tigated, this applies also to (P)-Ti-BINOLates.)*! Discussion
regarding a stereochemical course for this reaction that leads
to the observed result is summarized in Scheme 28. Despite
the overwhelming number of known examples, no generally
accepted common reaction mechanism has yet been eluci-
dated. Certainly a decisive factor is product-forming complex-
ation of the enoyloxazolidinone with a titanium TADDOLate
(and it is to this that we limit the present discussion). Based on
an X-ray structural analysis of the complex of Cl,Ti-1a-ate
with cinnamoyloxazolidinone, an octahedron is present with
trans-disposed chlorine atoms and a coplanar arrangement for
the two TADDOLates and the two carbonyl oxygens.’"!

NMR spectroscopy of solutions of corresponding complexes
reveals in addition to this geometry another form with a
carbonyl oxygen trans to CL* 3% Moreover, there is evidence
of m interaction between neighboring enoyl and aryl
groups.*> 44l The sizes and polarities of polar groups (Cl,
0SO,Tol, ClO,) on titanium can play a decisive role;” 2%
moving to a 1-naphthyl group on the TADDOLate can result
in a reversal in the reaction’s stereochemical course.’”)
Despite identical topicity in the addition, different titanium
TADDOLate/enoyl complexes must be assumed to be the key
to determining the nature of products from various types of
reactions.*”! Finally, it has been observed that one of the
Diels— Alder  additions  (crotonyloxazolidinone+ cyclo-
pentadiene) shows a nonlinear effect,!l but a related [3+2]
cycloaddition (crotonyloxazolidinone+ diphenylnitrone) does
not.! In most cases such “details” (!) have not even been
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Scheme 28. Models for the stereochemical course of cycloadditions and ene reactions of enoyloxazolidinones RCH=CH-CO . a) Configuration of the
product formed with (R,R)-titanium-TADDOLate (see also (P)-titanium-BINOLate Lewis acidsP!). b) Preferred conformation, as observed in numerous
X-ray structures,*?! for 3-acyloxazolidinones with synperiplanar (sp)/antiperiplanar (ap) conformations of CO—N and CO—CH bonds, respectively, as well as
splsp arrangements in metal complexes* 42l and destabilized ap/sp geometry due to 1,5-repulsion (Newman or A'? strainl®l). c) Positions and Lewis
acidities at octahedrally and trigonal-bipyramidally coordinated titanium TADDOLates; chelating complex formation with the O=C—C=C group Y (7
stackingl®? 4%1) that is to be activated and the chelating ligand Z. d) Three different types of complexing for enoyloxazolidinones at Cl,Ti-1-ate with an
octahedral ligand sphere around Ti (theoretical TADDOLate angle O-Ti-O, ca. 90°) and a possible cationic complex (theoretical O-Ti-O angle, ca. 120°; see
however the experimental values in the legend to Figure 5); for the—experimentally observed—a-(Re)/-(Si) approach of the nucleophilic partner, the
complexes shown at the right appear probable. Corresponding structures have been demonstrated, modeled, or discussed as well for Cl(iPrO)Ti-
TADDOLate/enoyloxazolidinone!®! and /crotonoylsuccinimide complexes.’'l In studies that have unfortunately not yet been published,?! Sarko and
DiMare demonstrated with low-temperature NMR spectroscopic studies, by trapping experiments with isobenzofuran, that the most stable complex (on the
far left in (d), R =Bu) disappears more slowly than the isomeric complex present in smaller amount. It was pointed out in the legend to Scheme 26 that a
cationic complex (with X;Ti-1-ate~ as counterion) could be responsible for nonlinear effects. For analogous complexes with other electrophiles, see also the

arrangement illustrated in Figure 18.
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investigated. We therefore propose a pragmatic, simple
model, but one consistent with all the experimental results
(Scheme 28): the electrophilic enoyl group that is to be
activated sits in the reactive complex trans to the most polar
ligand available on titanium (for example, chloride), and the
chelating oxazolidinone carbonyl oxygen atom is trans to a
TADDOLate oxide oxygen atom—so arranged that the
nucleophile attacks from the side on which the TADDOLate
bears an equatorial aryl group, which would be possible in
either a neutral octahedral complex or in a trigonal-bipyr-
amidal one bearing a positive charge.’?7" 1% Figure 18
illustrates the arrangement based on this principle that

Wil P DNk

corresponds to the observed reaction of titanium TADDOL-
ate and activated electrophile for a series of other trans-
formations. Additional investigations, especially kinetic stud-
ies, will be required to confirm the overall applicability of our
simple proposal.

11. Additional Diarylmethanols, and a Comparison
with Other Chiral Auxiliary Systems

With additional diarylmethanols there is, to begin with, the
“inverted” tetraphenylthreitol derivative in which hydroxy

TiClS s

Bchama 16a

Figure 18. Schematic representation of the stereochemical course of (R,R)-titanium-TADDOLate mediated reactions with electrophiles other than
enoyloxazolidinones (see Scheme 28). The electrophilic substrates have been so placed in the plane of the drawing that the nucleophile attacks from the side
of the viewer (that is, from the front), an exception being the electrophilic attack during carbocyclization. Even in cases in which certain authors have
complicated our task by putting labels like (4+)-TADDOL under a structure for (—)-(R,R)-1a, we have here—to the best of our ability and conscience—
summarized the reported stereochemical courses of Diels—Alder and hetero-Diels— Alder reactions, [242] cycloadditions, ene reactions (with (P)-
BINOLate in place of (R,R)-TADDOLate), Michael additions, and enantioselective or enantiomer-differentiating ;PrO transfers to activated carboxylic acid
derivatives. In most cases the w system to be activated becomes directed “upward”, and the additional chelating group present extends to the “right” (no
chelation with nitroolefins, anhydrides, and phenolic lactones?). There is thus a resemblance to the stereochemical course of the reactions of
enoyloxazolidinones shown in Scheme 28, an observation (irrespective of mechanistic accuracy) that can be regarded as a rule (see the artistic rendering with
octahedrally coordinated titanium in the center of the figure).
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groups at the 1- and 4-positions are protected, while those in
the 2- and 3-positions are not. Five-membered metallic
alkoxides can form with vicinal diols of this type, as for
example the alkenyl boronic acid esters shown in Scheme 29.
These lead to cyclopropanols after reaction with diazome-
thane and subsequent oxidation. A threitol derivatized in the
opposite way has also been synthesized, with free OH groups
in the 1- and 4-positions, but this proved to be a poor host for
inclusion compounds. Finally, there exist esters“ and
orthoesters*!% 431 derived from the completely unprotected
tetraphenylthreitol, in which the tetrol can function as a
covalently bound chiral auxiliary™*l (see Scheme 29, bottom).

a) Ph_ ph Ph  ph Ph_Ph Me
H
HO OMe MeO OH
HO™ . ~OMe Meo™ . ~OH
pr Ph P Ph
b) Aryl Ayl Ph  pp
H H
0 Q R R 0-2
>< \B —\—BI OMe
o) t O/ \ R2 ko) T OMe
Aryi” Ayl pn Ph
Ph_ Ph
R sH H R
1j-ate-5h HHCSV B,O +” “OMe b
0., 7 X OMe 3
N7 Ph H oF o
Pn Ph
c) Ph_ Ph Ph Ph
0l o R COH
EtO, OH o Ph o
HX OH X o o™~
) FN o= Opn \_/
pH Ph R

Scheme 29. Tetraphenylthreitol derivativesi?!] that have been “protected”
at the OH groups in the 1- and 4-7 or the 2- and 3-positionsi*®l by
conversion into ethers (a), an application of the compounds (b), and of
corresponding orthoester derivatives (c).l** 4% a) 2 3-Dimethoxy-1,4-diol
is a poor host compound for the formation of inclusion compounds,
probably because both OH groups are “saturated” by intramolecular
hydrogen bonds, and thus not available for binding with guests.[**®l b) Cyclic
alkeneboronic acid esters,*!'*1%l readily accessible through hydroboration
of acetylenes, react with phenylnitrile oxides to give 1,3-dipolar cyclo-
adducts (dr up to 8:1143) and with diazomethane to give borylcyclopro-
panes (dr up to 13:1141-421)_ The latter can be used to prepare enantiomeri-
cally enriched cyclopropanols (with R =C,H,, tC,H,, C;H,;, and C,Hjy).
Better results were achieved with the dimethoxy derivative than with the
TADDOL ester! c) The orthoesters of 2-ketocarboxylic acids can be
reduced with high diastereoselectivity to 2-hydroxycarboxylic acid deriv-
atives using selectride (right).[*1%]

As previously discussed (Sections 4 and 10), the introduc-
tion of two geminal diaryl groups on a C—C or C—X single
bond (Aryl,C—C, Aryl,C—X, Aryl,X—C) in some molecule
leads mainly to the following consequences: a) the aryl groups
produce a conformational fixation that formally facilitates
cyclization and, on the other hand, hinders ring opening;
b) two identical geminal aryl groups in a chiral molecule
(quasi equatorial and quasi axial to the rings) are diaste-
reotopic, and thus lead to more pronounced distinctions

Angew. Chem. Int. Ed. 2001, 40, 92-138

between diastereomeric transition states in comparing
CHFHS with CMe*Me* and CAryl*Aryl%; ¢) Aryl,C can
function as a sterically effective protecting group for other-
wise unprotected functionalities;*'® 471 d) on the other hand,
the presence of Aryl,C or Aryl,X units can sometimes cause
neighboring metallic centers to dispense with a ligand (that is,
become coordinatively unsaturated), thereby leading to
increased rates of ligand exchange ;8] alternatively, aggregate
formation involving the participation of this metallic center
may be suppressed; e) finally, experience has shown that
geminal diaryl groups confer a greatly enhanced tendency
toward crystallization, as well as increased melting points,
relative to CH, and CMe, analogues (easier purification of
intermediates and recovery of auxiliaries!).[*'%1 Tt is therefore
no surprise that the use of diarylmethanol derivatives in
(stereoselective) organic synthesis has proven valuable, as
illustrated by the examples in Scheme 30 and Figure 19. Apart
from TADDOL, the diarylmethanol derivative most fre-
quently encountered is the aminoalcohol derived from proline
and phenyl Grignard reagent (Itsuno - Corey catalyst*!).

Aryl i Ph
,"Rz N Aryl /O\Ll Ph Ph Me, Ph
‘L Re-N-g Oé\f’Ph 02,0
~.Ré-N-g _ xS

[ OLi S
R o}

(from amino acids)
ltsuno-Corey catalysts

(from mandelic acid) (from lactic acid)
Braun enolate for enantio-  Kagan reagent for
for enantioselective borane selective synthesis of the synthesis of

reduction of ketones and B-hydroxy acids enantiopure sulfoxides
ketone oxime ethers [425,426] [427]
[212,419-424]

o’@

0 o}
R\%NJ\O O)kN

Ph Ph—T—"
Ph Ph

(from valine)
improved Evans enolates
for enantioselective

Li
SMe

{from valine)
for C-C bond-forming
enantioselective synthesis of
synthesis of -branched 1,2-diols, cx-hydroxyaldehydes, and
carboxylic acids esters from aldehydes and ketones
[402,428] [417]

Scheme 30. A catalyst and four reagents derived from diarylmethanols for
carrying out standard syntheses with enantioselectivity. For literature
references and additional examples, see also Figure 19. In all cases, the two
geminal aryl groups not only exert a steric effect on the course of the
reaction; they also have a decisive effect in the formation and stabilization
of cyclic reagents, intermediates, and complexes (see the discussion
regarding the TADDOLs).

A question with wider ramifications than that directed
simply toward alternative diarylmethanols is of course the
search for other generally applicable auxiliary systems for the
“introduction of chirality” (recall the definition specified in
the Introduction). We hope we have succeeded here in
showing TADDOL to be one such system, or at least that
experience to date provides ample reason for dreaming that
this might someday be the case. If we survey in a cursory way
all the currently available—nonbiochemical—methods for
EPC syntheses (Figure 20) and take note of which chiral
scaffolds repeatedly turn up in reagent and ligand structures,
we quickly discover that there are actually only very few
indeed: vicinal aminoalcohols (from amino acids and cincho-
na alkaloids) and diols (primarily from tartaric acid), both
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Amino Alcohols

Ayl Aryl
X—Y &4
Ph Ph OH
R\R(OH
NHz
R = side chains of the Aryl = Ph, Nph

R = H, CHg, Aryl,P(O), ArylSO,
from proling[419,430-434]
also from malic acid
(X = CHap, Y = CHOR) 4381
also from acetidine carboxylic acid
{X—Y = CHy)1438l
also from cysteine
(X=S8,Y=CHyp) 437

proteinogenic amino acids,
also Bu (from tertleucine)
and Ph (from phenylglycine},
also polymer-bound
through styryl derivatives with
R = GHp=CHCgH,4CH,0C6H,CH,
(see also Scheme 30) [424:429)

Derivatives AV Aryi

R on

H

X e, HO.
HN7<) | o> OH

_N

[440] [441] [442,443]

"Combined" Ligands (see Figure 20)

302 Fe PH Ph

[446] 447 1448]

Reactions That Can Be Made Enantioselective With These Ligands:

BH3 reduction of ketones and oxime ethers[424,429-433,436,437,441]

RaZn addition 1o aldehydes (majority of examples)435:439,440,446,448-450]

hydrosilylations 4471

substituting Michael additions to nitro olefins!445]
cyclopropanations [442,443]

Reformatsky reactions [434.444]

N
from triphenylethylene oxidel438!
F’hPhH

H
[439]

N Ph

Nvte me' R\%\H OMe

PRe/oH  HOTLPh NOp
[444] [445]
Ph Ph

Ph Ph

[449] [450]

Figure 19. Chiral aminoalcohols and derivatives containing a diarylmethanol unit, together with types of standard reactions that can be carried out
enantioselectively with these compounds (see also Scheme 30). It is worth noting that in the numerous applications reported so far for addition of Et,Zn to
aldehydes there is no case that offers broader applicability and generally higher enantioselectivity than has been demonstrated with titanium TADDOLates

and titanium CYDISates!

derived ultimately from natural products, together with
binaphthyls (occasionally biphenyls), vicinal diamines, and
metallocenes, accessible by resolution of racemates or enan-
tioselective synthesis. Much less frequently encountered—and
then usually in special applications—are derivatives of
terpenes or carbohydrates.

The path toward the goall! of developing standard
enantioselective approaches—or, even better, catalytic enan-
tioselective approaches—to all types of chiral products from
all types of achiral starting materials will undoubtedly follow
an evolutionary course, and in the end only a very few
“systems” will remain.[¢7]
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Figure 20. Leafing through reference works,*?l books,**l and review articles!**¥ on stereoselective syntheses, the preparation of enantiomerically pure
compounds, and chiral catalysts, one repeatedly encounters the same chiral skeletons.*>49 Such skeletons find use not only in complexing agents for
catalysts or catalyst precursors, but also as parts of reagents (including those bonded to a solid phase) introduced in stoichiometric quantities for resolution of
racemates in chromatography, in analytical applications, and (as components) in materials. Were we to characterize such skeletons as “broadly applicable
chiral auxiliaries”, then the category would be limited to three members: substances derived from tartaric acid (including the TADDOLs), compounds
accessible through amino acids, and binaphthyl derivatives. Here we present stylized and concrete formulae and abbreviations for selected compounds that
belong to these auxiliary systems. For details see the extensive secondary literature cited above. A price comparison is also of interest.[*® It will be intriguing
to see which systems prove to be most successful in the next few years, especially with respect to industrial applications.
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See the exhaustive treatment of the chemistry of four-membered ring
compounds in: D. Seebach, Methoden der Org. Chem. (Houben-
Weyl) Vol. 1V/4, 1971, pp. 1-444; Methods Org. Chem. (Houben-
Weyl) Vol. E 17e/f, 1997.

“Enantiomerically pure” or “enantiopure” compounds are ones in
which the amount of enantiomer “impurity” is below the limit of
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detectability of the analytical method employed (GC, HPLC, NMR
spectroscopy).

For definitions and applications of these concepts, see ref. [8—11].
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yl-1,3-dioxolan-4,5-dimethanol. These compounds are frequently
described as acetals or ketals of 1,1,4,4-tetraarylthreitol, a type of
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