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Abstract

ABSTRACT
The work presented in this thesis is divided into three parts. This research entails the
discovery and development of a novel type of chiral titanium alkoxide, which acts as a
Lewis acid for the reduction of prochiral ketones using catecholborane as the

stoichiometric reductant.

In order to place this methodology in context, the first part is an overview highlighting the
usefulness of such transition metal alkoxides in asymmetric organic synthesis. The

review mainly revolves around the use of titanium and lanthanide alkoxides.

The second part is a discussion of the results obtained. It was discovered that reversible
exchange reactions of a series of 3,4-di-O-benzyl-D-mannitol derivatives with titanium(IV)
isopropoxide lead to the isolation of a novel trimeric Lewis acid complex which acts as an
efficient precursor catalyst for the reduction of a range of prochiral ketones using
catecholborane as reducing agent. The behaviour of this Lewis acid as a catalyst in a
range of reactions was studied and the mechanism of the borane reduction was shown to
involve boron-titanium exchange. The trimeric titanium alkoxide Lewis acid have also
been used in a series of other asymmetric reactions and the results were a catalogue of
failures. Other ligands derived from D-mannitol have been prepared and used for
complexation with both titanium and lanthanum, but the structures of these complexes
have so far not been characterised. Testing these unknown complexes on a number of

asymmetric reactions proved to be unsuccessful.

The third part is an account of the experimental results and procedures employed

throughout this work.
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Introduction

INTRODUCTION
1.1 Recent Developments in the use of Transition Metal alkoxide mediated

Lewis acid catalysts for Organic Synthesis

The work presented in this thesis entails the discovery and development of a novel type
of chiral titanium alkoxide, which acts as a Lewis acid for the reduction of prochiral
ketones using catecholborane as the stoichiometric reductant. In order to place this
methodology in context, it is therefore appropriate to provide an overview highlighting the

usefulness of such transition metal alkoxides in organic synthesis.

Enantioselective catalysis is both an economical and an environmentally friendly process.
The idea of using a very small amount of chiral catalyst to achieve ‘multiplication of
chirality'1 is a very attractive one, and the development of an enantioselective catalyst is a

most challenging and formidable task for synthetic organic chemists.2?

Metal complexes bearing chiral ligands have shown to be excellent enantioselective
catalysts. Therefore, the development of enantioselective catalysts is greatly influenced
by the selection of the central metal and the molecular design of the chiral organic ligand.
The magnitude of asymmetric induction is very much governed by the metal-ligand bond
lengths, particularly metal-oxygen and —nitrogen in the case of metal alkoxide and amide
complexes (Table 1),“'5 as well as the steric demands of the organic ligands. In principle,
the shorter the bond length the greater the enantioselectivity, because the asymmetric
environment created by the chiral ligand is closer to the reaction centre. Therefore as
Table 1 reveals, boron and aluminium are the ideal main group elements, and titanium is

one of the best early transition metals.

12



Introduction

Metal M-0 bond length (A) M-N bond length (4)

Li 1.92-2.00 212
Mg 2.01-2.13 2.22

Zn 1.92-2.16 2.16

Sn 2.70 2.25

Al 1.92 1.95

B 1.36-1.47 1.40

Ti 1.62-1.73 2.30

Zr 215 2.30

Table 1

Both electron donating and sterically demanding ligands decrease the Lewis acidity but
increase the configurational stability of titanium complexes in the order: Cp
(cyclopentadienyl) > NR, > OR > X (halides).*®” Therefore, the Lewis acidity of titanium
complexes decreases on going from titanium halides to titanium alkoxides to titanium
amides and then to titanocenes. The Lewis acidity can be “fine-tuned” by mixing ligands
such as in dialkoxytitanium dihalide complexes. By contrast, bond strengths with titanium
decrease in the order: M-O > M-Cl > M-N > M-C.* The M-C bond strengths in Ti(IV)
compounds are comparable with those of other metal-carbon bonds. However, the Ti-O

bond is exceptionally strong.

Although a vast number of reactions have been reported using metal complexes of
increased Lewis acidity which contain both alkoxide and halide ligands, the present
introductory review has been restricted to those which possess only alkoxide partners
since these are most germane to the context of the present thesis. Emphasis has also
been placed on the use of titanium since this has been our principal metal of choice
throughout. Nevertheless, since very exciting developments in the use of lanthanide
alkoxide complexes have taken place in recent years, and potential exists for

incorporation of these in further continuation of this work, they have also been discussed.

13
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Some of the more general preparative procedures for the preparation of chiral titanium
alkoxide complexes are shown below.3%1%1"12
(1) Halide displacement using main group alkoxides via formal transmetallation
(Scheme 1).
TiCly  + n NaOR ———— (RO),TiClyp + n NaCl
Scheme 1
(2) A halide can be replaced by metathesis of a silylated ligand with accompanying
generation of silicon halide removed as a thermodynamic driving force (Scheme 2).
TiCly + CISi (OR)3 — (RO)TiCl3 + SiCl(OR),
Scheme 2
(3) Evolution of HCI occurs with protic ligands, and hence must be removed or

neutralised with a base (Scheme 3).

TiCly + 2 ROH —  » (RO)TICL + 2 HCI
TiCly4 + NnROH + NnNR3 ———— (RO),TiCly, + n NR3HCI
Scheme 3

(4) Ligand redistribution results in disproportionation (Scheme 4).
4-n TiCl, + nTi(OR)4 e 4 (RO),TiCly,
Scheme 4
(5) A chiral titanate ester can be prepared using transesterification with a free chiral
alcohol (Scheme 5). In such reactions, the equilibrium is shifted towards the chiral
titanium complex by azeotropic removal of the volatile achiral alcohol.
(RO)3TiCl + 3 R'OH — » (R'O)3TICI + 3 ROH

Scheme 5

14
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(6) Alkyl (methyl, in particular) titanium complexes can be used for deprotonation of the
chiral ligands with concomitant generation of an alkane (methane) (Scheme 6).
CH3TiCl;  + ROH — » (RO)TICI5 + CH,
Scheme 6
The introduction of this thesis has been divided into two parts, titanium alkoxides and
rare-earth metal alkoxides. For simplicity, titanium alkoxides have been classed into four
types of ligands and rare-earth metal alkoxides have been classed into three types of

catalysts. The asymmetric reactions involved are discussed in the relevant classes of

metal alkoxides.

15
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The first class of chiral titanium alkoxides utilises the C, symmetric and readily available

optically active tartrate esters as the chiral ligands.

1.2 Titanium alkoxide Lewis acids

1.21 The Sharpless-Katsuki asymmetric epoxidation of allylic alcohols

In 1980, Katsuki and Sharpless have reported that the combination of a titanium(IV)
alkoxide, an optically active tartrate ester and t-butyl hydroperoxide constituted an
excellent catalyst for asymmetric epoxidation of a wide range of allylic alcohols in good
yield and with an enantiomeric excess of usually greater than 90%." Most reactive allylic
alcohols can be epoxidised with only 5-10mol% of the titanium-tartrate complex, and the
level of asymmetric induction obtained under these catalytic conditions was within 1 or
2% of that obtained from using a stoichiometric amount of the catalyst. However, it was
difficult to achieve complete epoxidation with many of the slower reacting allylic alcohols
under catalytic conditions and, as a consequence, a stoichiometric quantity of the catalyst
was employed for most asymmetric epoxidations. This problem was later solved by the
addition of activated molecular sieves to the reaction and now all epoxidations are
completed with only 5-10mol% of the catalyst.'*"

D-(-)-diethyltartrate (unnatural)
II:O:II

ZU R ol Rz R
1 (CH3)3COOH, Ti(O'Pn)4 /Kko/
-20° OH
R3 CH,Cl, -20°C R
70-90% yield

".O." >90%ee
L-(+)-diethyltartrate (natural)

Y

Scheme 7
The essence of titanium catalysed asymmetric epoxidation is encapsulated in Scheme 7,
which involves all of the four essential components for the reaction, viz., the allylic alcohol
substrate, a titanium(IV) alkoxide, a chiral tartrate ester, and an alkyl hydroperoxide. The
asymmetric complex formed from these reagents delivers the peroxy oxygen to either the

Si- face or the Re- face of the allylic alcohol depending on the absolute configuration of

16
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the tartrate used. If D-(-)-tartrate is used, oxygen atom delivery will be from the top face
of the allylic alcohol when drawn in the orientation shown in Scheme 7, and if L-(+)-
tartrate is used, oxygen atom delivery will be from the bottom face. This rule is used to
assign the absolute configuration of the epoxy alcohols prepared by this method.
However the epoxidation of substrates with chiral R,, R3, and/or Ry substituents does not
always follow the rule and care must then be taken to assign the configuration of the

product.®

Another feature of this reaction is its high chemoselectivity. The titanium tartrate system
is compatible with many functional groups such as acetal, acetylene, amide, ether,
epoxide, ester, isolated olefin, ketone, nitro, sulfone, and urethane. However, sulfides

and phosphines are oxidised under the reaction conditions.®

Rapid exchange of titanium ligands in solution is crucial to the understanding of the

reaction and its mechanism."'®"

Thus, when mixing equimolar amounts of a titanium
alkoxide and a dialkyl tartrate, the equilibrium presented by Scheme 8 will quickly be

reached with all but the most sterically demanding alkoxides.
TiOPr)y + tatrate ——————>Tittartrate)(O'Pr); + 2'ProH

Scheme 8
This equilibrium lies far to the right because the bidentate diol of the tartrate has a much
higher binding constant for titanium than do simple alcohols. The binding of tartrate is
also enhanced by the increased acidity of its hydroxyl groups due to the inductive effect
of the esters. Rapid ligand exchange processes continue as the hydroperoxide oxidant
and the allylic alcohol substrates are added to the reaction. Pseudo-first-order kinetic
experiments were conducted and showed a first-order rate dependence on the titanium-
tartrate complex, the hydroperoxide, and the allylic alcohol and an inverse second-order
dependence on the non-olefinic alcohol ligands (i.e., isopropanol). The rate law derived

from these results is expressed in Scheme 9. The mechanistic pathway outlined in

17



Introduction

Scheme 10 is consistent with Scheme 9 and clearly illustrates that ligand exchange

processes are essential for successful catalytic epoxidation.

—k [Tittartrate)(OR), J[TBHP][allylic alcohol]

Rate 3
[ROH]

Scheme 9
The two remaining alkoxide ligands in the Ti(tartrate)(OR), complex are replaced with the
hydroperoxide (TBHP) oxidant and the allylic alcohol substrate in a reversible exchange
reaction to give the “active catalyst” Ti(tartrate)(TBHP)(allylic alcohol). In the rate
determining step of the process, the oxygen delivery from the coordinated hydroperoxide
to the allylic alcohol gives the Ti(tartrate)(¢-BuO)(epoxy alcohol) complex. The product
alkoxides are then replaced by more allylic alcohol and TBHP to regenerate the “active”

intermediate and complete the catalytic cycle.

; TBHP ]
Ti (tartrate) (OR) , =~ Ti(OR) (TBHP) (tartrate)
ROH
Ky
allylic ke allylic
ROH alcohol ROH alcohol
) . TBHP ] .
Ti (OR) (allylic alcohol) (tartrate) Ti(TBHP) (allylic alcohol) (tartrate)
ROH
K’y
k. | epoxidation
K1 Kz = K'1 K'z
Ti (O-t-Bu) (epoxy alcohol) (tartrate)
Scheme 10

The characterisation of the catalyst structure was shown to be extremely difficult due to
the rapid ligand exchange reaction, which is so crucial to the success of the reaction.
Some reliable structural information has been obtained from spectroscopic

measurements on the complex in solution."'*

These data clearly support the
conclusion that the major molecular species formed in the solution is the dimeric
composite, Tix(tartrate),(OR)4. Isolation of this complex, as a crystalline solid, has not yet
been achieved. Therefore, characterisation of the dimeric complex has been dependent

on the X-ray data provided by the closely related complex,

Ti;,_(dibenzyltartramide)g(oR),,.Z’o Interestingly, both complexes catalyse the epoxidation of

18
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a-phenylcinnamyl alcohol with the same enantiofacial selectivity. From this analogy, the
structure shown in Scheme 11 has been proposed for the Tiy(tartrate),(OR)s complex.
This structure has a C, axis of symmetry with the two titanium atoms in identical
stereochemical environments. To account for the “sameness” of all the tartrate ester
groups in the room temperature NMR spectrum, a fluxional equilibrium between the two
structurally degenerate complexes shown in Scheme 11 has been proposed. Catalysis
of the epoxidation process is thought to involve only one of the two titanium atoms, but
the possibility that both are required has not been ruled out.

R'O

OR OR \O

E N ™N
RO”““'Ti o \\\olllll,,q—i.‘\\}\\\o —_— O/l“h'Ti"‘\!\‘\OII"“'Ti “! \“OR

OR'

—/-O

o"|"of|‘0R Rof'l?oﬁ']"o
/ —OR .
o OR OR
R=Pr E
R'=Et
E=CO,R'
Scheme 11

A structure for the “loaded” catalyst, with the alkyl hydroperoxide and the allylic alcohol
present, has been proposed (Scheme 12).17 Orientation of the two compounds on the
catalyst is now an important problem. Three coordination sites, two axial and one
equatorial, become available by exchange of two isopropoxides and dissociation of the
coordinated ester carbonyl group. These processes can occur with minimal perturbation
of the remaining catalyst structure. The three coordination sites are in a semicircular (i.e.,
meridional) array around one edge of the catalyst face. In the reactive mode,
coordination of the hydroperoxide is assumed to be bidentate by analogy to the
precedent of bidentate TBHP coordination to vanadium.”?' The hydroperoxide must
occupy the equatorial and one of the two available axial coordination sites, with the allylic
alcohol in the remaining axial site. To achieve the necessary proximity for transfer of

oxygen (the distal peroxide oxygen is assumed to be transferred) to the olefin, the distal
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oxygen is placed on the equatorial site (Scheme 12) and the proximal oxygen is placed
on the axial site. The axial site on the lower face of the complex (as drawn in Scheme
12) is chosen for the peroxide because of the larger steric requirements of the t-butyl
group, or especially the trityl group when trityl hydroperoxide is used, in comparison to

the allylic alcohol.

OR ¢} OR @)

RO”III:,_Ti_.ﬂE\\\O,IIlh,,Ti..\\.\“\o ROI“II,._Ti..ﬂE\\\o"lIh..Ti.u\_\“\
TP | 0 & o[ pom [T Y,
o) o)
i /

t-Bu

Scheme 12
The allylic alcohol binds to the remaining axial coordination site, where stereochemical
and stereoelectronic effects dictate the conformation shown in Scheme 12." The
structural model of the catalyst, oxidant, and substrate shown in Scheme 12 illustrates a
detailed version of the formalised rule presented in Scheme 7. ldeally, all observed
stereochemistry of epoxy alcohol and kinetic resolution products can be rationalised
according to the compatibility of their binding with the stereochemistry and
stereoelectronic requirements imposed by this site.” A transition state model for the
asymmetric epoxidation complex has been calculated by a frontier orbital approach and is

also consistent with the formulation shown in Scheme 12.%
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1.2.2 Asymmetric Oxidation of Sulfides
Chiral sulfoxides, which have an asymmetric center at sulfur are an important class of
compounds which are finding increasing use as chiral auxiliaries in asymmetric

23,24,25,26,27,28

synthesis Enantiopure sulfoxides can be prepared by several methods

based on resolution, transformation of a chiral sulfinate into a sulfoxide and oxidation of a
sulfide. Asymmetric oxidation of achiral R'-S-R? sulfides is of course in principle the
most straightforward route to prepare chiral sulfoxides.

The success of the Sharpless asymmetric epoxidation of allylic alcohols,'?

(see
Section 1.2.1) attracted much attention to the titanium-chiral alcoholate combinations as
potential mediators or catalysts in various reactions. In 1984, Kagan®*'" reported that
the ‘Sharpless catalyst’ with the addition of one mole equivalent of water can oxidise
simple thio ethers with t-butyl hydroperoxide to provide sulfoxides with quite high
enantiomeric purity. Interestingly, under these conditions, the epoxidation of allylic
alcohols is completely blocked. Modena and co-workers™ also found the same beneficial
effect of using a large excess of diethyl tartrate (4mol equiv.) with respect to Ti(O'Pr)a.
This stoichiometry also blocks epoxidation of allylic alcohols.® Although titanium

30,31,32,33,34,35,36

complexes were originally used in stoichiometric amounts. A later

procedure was devised which features catalytic titanium complexes.’*

Thus, as shown in Scheme 13, methyl p-tolyl sulfide is oxidised to methyl p-tolyl sulfoxide
of high enantiomeric purity (80-90 %ee) when the Sharpless reagent is modified by the

addition of one mole equivalent of water.>*3"*

Under the ‘Sharpless’ conditions the
sulfoxidation gave mixtures of racemic sulfoxide and sulfone. The optimised
stoichiometry of the titanium complex is a 1:2:1 combination of Ti(OiPr)J(R,R)—DET/HZO,
known as the Orsay reagent, and this is now used as a standard system for the oxidation

of prochiral sulfides to chiral sulfoxides.*'
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\ & Ti(OP)/(RR)-DET/H,0 RO
S . 3
\CH3 1:2:1 . S\CH
Cumene Hydroperoxide 3
HsC HsC
96 %ee
Scheme 13

The enantioselectivity is very much dependent on both the solvent™® and the

36,37,38

hydroperoxide employed. The best solvents reported are dichloromethane and 1,2-

dichloroethane and the best hydroperoxide is readily available cumyl hydroperoxide. The
optimum temperature for performing this reaction is in the range of -20°C to -25°C.
Diethyl tartrate was found to be the best ligand for enantioselective oxidation of thio

ethers.

A decrease of the amount of Orsay reagent results in the reduction of enantioselectivity.
However it was found that methyl p-tolyl sulfoxide of 85%ee could be obtained with only
20mol% of the titanium complex in the oxidation by cumyl hydroperoxide. This moderate
but significant catalytic sulfoxidation has been obtained in the presence of molecular

sieves.

Recently it was reported that the combination Ti(O'Pr)d(R,R)-DET/iPrOH =1:4:4 may be
used under acceptable catalytic conditions (10mol%) in the presence of 4A molecular

sieves. 3%

Enantiomeric excesses of up to 95% were observed for methyl p-tolyl
sulfoxide and various aryl methyl sulfoxides and these are presently among the best in

catalytic sulfoxidations.
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A very good correlation exists between the absolute configuration of the tartrate used and
the sulfoxide produced. Scheme 14 provides excellent predictions, by taking (L) and (S)

groups (on steric grounds), as large and small, respectively.

“\s (RR)-DET .\9
L7 ) RggH L")

“Large" "Small"

Scheme 14
The mechanisms of the asymmetric sulfoxidations involving the various combinations
Ti(OiPr)J(R,R)-DET and some additives are not yet well understood. It is necessary to
take into account the diversity of titanium complexes produced by tartrates and which
may inter-convert in solution.”® In all asymmetric sulfoxidations promoted or catalysed by
various chiral titanium complexes it is very reasonable to assume that the hydroperoxide
reacts to give a peroxytitanium species (1) (Scheme 15). This is well supported by the X-
ray crystal structure of (3) produced from the reaction of (diethylamino)-titanatrane (2)
with t-butyl hydroperoxide.41 Interestingly, the peroxo complex (3) cleanly oxidises benzyl

methyl suifide into benzyl methyl sulfoxide at 0°C in dichloromethane.

mi<] [ }i/ Tl/ 2 LBUOOH. E' '\I':I/ T O]
o—R a I\o é N CH,Cl,, -78°C 07 N "\,N
ELN L OXX> (-2 HNEt)  +BUO~4
4] (2) (3)

Scheme 15
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1.2.3 Enantioselective Trimethylsilylcyanation of aldehydes

Enantiopure cyanohydrins are valuable building blocks for chemical syntheses giving rise
to important classes of compounds such as a-hydroxy acids, a-hydroxy ketones and p-
amino alcohols. The Oguni group® have reported an efficient procedure for the
enantioselective addition of trimethylsilyl cyanide to aldehydes promoted by catalytic
amounts of a modified Sharpless catalyst, which consists of titanium(IV) isopropoxide

and an optically pure enantiomer of diisopropyltartrate (DIPT).

Highly enantioselective silylcyanation through the use of a freeze dried catalyst, prepared
by the alkoxy exchange reaction between a 1:1.1 ratio of Ti(O'Pr)s and L-(+)-DIPT
followed by complete removal of the liberated isopropanol and subsequent addition of 2
equivalents of isopropanol. The reaction of benzaldehyde with trimethylsilyl cyanide was
catalysed by 20mol% of this catalyst to provide the product with 91%ee in 84% yield
(Scheme 16). The enantioselectivity of this reaction is very much influenced by the
concentration of the reactants. The substrate concentration of 0.05mol dm® and a

catalyst concentration of 0.01mol dm™ were reported to provide the best conditions.

— —

o 0
Ti(O/Pr), + FPro --OH " freeze dried | i-PrO "O\T.(in )
| N4 . — ] i . ,

FPTO oH - 2ProH | FPrO J

o) thien add S

2/proH L n
Q _ 20 mol% chiral catalyst OSiMe3
+ MeSICN | catalys],
H CH,CI,, 0°C A CN
91%ee
84% yield

Scheme 16
The proposed mechanism for this catalytic asymmetric trimethylsilylcyanation of
aldehydes proceeds as outlined in Scheme 17. The first step is initial formation of the

chiral titanium species (4) by an alkoxy exchange reaction (Scheme 16), between
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Ti(O'Pr)s and L-(+)-DIPT. The hydrogen cyanide produced from reaction of trimethylsilyl
cyanide with isopropanol then reacts with the aldehyde coordinated to the titanium in
intermediate (4) to form the titanium species (5) and, from the stereochemical point of
view, this step is considered to be the most important. The key process to accomplish
the catalytic cycle is then the cleavage of the newly produced Ti-O bond in species (5) by
trimethylsilyl cyanide to produce the trimethylsilyl ether of the cyanohydrin and the chiral
titanium species (6). The chiral titanium species (6) can then catalyse the silylcyanation

of another aldehyde and regenerate titanium species (5) to complete the catalytic cycle.

FPIOL oy RCHO :
i ' .
i-Pro” \o o'Pr \ , lPrO\h/o O'Pr
iPro” \ O'Pr
o} HCN
4) ©
i
H o ProH
Nc74
A/ o'Pr
R Ti ‘ Me3SiCN
i-Pro \o O'Pr

WH I2><OSiMe3
0]
) i 0

O R
NC! / op -
o4 o NCs ./ O'Pr
o OPr FPro” oPr
o)

o
v (6)

RCHO

Scheme 17
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The second class of titanium alkoxide also utilises optically active C, symmetric dialky!

tartrate derivatives as the precursor for the synthesis of a new type of chiral ligand.

1.3 Titanium TADDOLates

Titanates derived from chiral diols (7) and (8)***“%47 (Scheme 18) have been
demonstrated to be useful in both stoichiometric and catalytic asymmetric reactions:
TADDOL being proposed®® as a generic abbreviation of their systematic name —
o000 '-tetraaryl-1,3-dioxolane-4,5-dimethanols. Ti-TADDOLate complexes has been
shown to catalyse a wide variety of reactions such as additions of dialkylzinc reagents to
aliphatic and aromatic aldehydes,*® [2+2]*° and [4+2]® cycloadditions, ene reactions,”"

cyanohydrin formation,> (for review articles™).

Aryl. Aryl Aryl,  Aryl

v j)LOH v j)LoH
R 0", _OH R o OH

Aryl Aryl Aryl Aryl
(7) (C-symmetrical) (8) (Cy-symmetrical)
Scheme 18
The chiral ligands (7) and (8) are readily prepared from the corresponding tartrate ester
acetals and aryl Grignard reagents. These ligands have C, or C; symmetry, depending

upon the aldehyde or ketone from which the tartrate acetal precursors are formed.

There are two practical procedures to synthesise Ti-(TADDOLate)(O'Pr), (10) from
Ti(OiPr)4, (see Scheme 19). A direct method to prepare Ti-(T. ADDOLate)(O'Pr), (10) is
from a 1:1 reaction of Ti(OPr); and TADDOL (9), with azeotropic removal of two
equivalents of isopropanol (Method A in Scheme 19).“*>* The second method involves
the synthesis of the spirotitanate Ti-(TADDOLate), (11), which is used as an intermediate.
This is also prepared by azeotropic removal of isopropanol from a 1:2 mixture of Ti(OiPr)4
and the TADDOL (9) in toluene, and is a crystalline solid which is stable to air and

moisture. In solution however, Ti-(TADDOLate), (11) is moisture sensitive and should be
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handled under inert atmosphere. Mixing the spirotitanate (11) with Ti(OiPr)4 in a 1:1 ratio
provides titanate (10) quantitatively and instantaneously (Method B in Scheme 19). The

solutions of (10) thus obtained are used directly.

Ti(O'Pr),

Method A 5 v. (9)
. equiv.

1 equiv. 9) -4iF?rOH

2.ProH 1

Method B
1:1 reaction of (11)
with Ti(O'Pr)4
(10) gives 2 equiv. of (10) (11)

Scheme 19
1.3.1  Addition of Et,Zn to aldehydes in the presence of TADDOL-Titanates
Seebach®® have reported the Ti-(TADDOLate)(O'Pr), catalysed additions of dialkylzinc
reagents to aliphatic and aromatic aldehydes with enantioselectivities generally >98%ee

(Scheme 20).

o  1.2equiv. Ti(OPr) OH
1.8 equiv. Et,Zn

- Et
0.20 equiv. (10)

in toluene
-25°C, 15h 98%ee

Scheme 20
To explain the mechanism of this reaction, the results from Seebach’s earlier studies
have to be discussed (Scheme 21). Diethylzinc does not react with benzaldehyde to any
appreciable extent in toluene at temperatures around -30°C, whereas (a) at room
temperature, benzyl alcohol, 1-phenyl-1-propanol, and propiophenone are isolated™. As
expected however, (b) the nucleophilic transfer of an ethyl group to benzaldehyde from

Et,Zn occurs at ca. -25°C in the presence of 1.2 equiv. of the Lewis acid, Ti(O'Pr)s. The
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corresponding experiment with the spirotitanate (11) (c) led to a 95:5 mixture of (R)-
enriched product in a slow reaction requiring temperaures above 0°C. (d) In contrast, the
titanate (10) led to the formation of a 95:5 mixture, with the (S)-enantiomer predominant
under identical conditions. (e) Surprisingly, an improvement of the enantioselectivity from
95:5 to 99:1 for the formation of the (S)-enantiomer, is achieved with the addition of 1.2
equiv. of the achiral Ti(OiPr)., along with 0.2 equiv. of the chiral titanate (10).
OH 0 H H
Ph{ack/ ' Ph/”\/ ' Phj Ph/fl\/
70% conversion

no additive, 1.2 equiv. Ti(OiPr),

uptort. 25°C / 6h

Etzzn +PhCHO | 42 equiv. titanate (10) OH

OH 1 equiv. spirotitanate (11)

PRR -15% to 20°C/18h@ i toluene @ 31°C/12h P (s)
42% yield 85% yield
(R): (S)=95:5 0.2 equiv. titanate (10) (8):(R)=95:5
1.2 equiv. TI(O'Pr),
32°C/1h
OH
/l\/ 96% yield
PH(S) (S): (R) = 99:1
Scheme 21

The conclusions drawn from the results obtained by Seebach are very interesting and

can be summarised as follows:

1. Highly hindered chiral titanates are more active catalysts than Ti(O'Pr)a.

2. With increasing bulk of the a-substituents in the dioxolane dimethanols, the efficiency
of the chiral catalyst increases in the order alkyl<Ph<p-naphthyl.

3. The rate and the enantioselectivity of the reaction decreases when the steric
hindrance becomes too large, i.e. a-naphthyl derivatives.

4. Chiral titanates with less hindering groups such as tetramethyl, do not successfully

compete as catalysts relative to Ti(OiPr)4.
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5. Higher enantioselectivity is observed with substoichiometric amounts of the Ti-
(TADDOLate)(O'Pr), complex in the presence of excess Ti(O'Pr), than it is with

equimolar amounts of the chiral complex alone.

-steric hindrace to -aggregates or solvated, [ (EtO)4Ti 14
coordination higher coordinated Ti
-fast dynamics of -slow ligand exchange

ligand exchange
Scheme 22
The above findings are compatible with the following mechanistic considerations,
illustrated for the p-substituted complex (12) in Scheme 22. Due to steric hindrance to
coordination, there exists fast dynamics of ligand exchange at the Ti-site in the bulky
TADDOLate complex. The Ti center bearing four 'PrO groups achieves the preferred,
stable hexacoordination by aggregation (cf. the section of the crystal structure of
(EtO),;Ti56 in Scheme 22) or by attachment to some donor atoms, therefore it undergoes
ligand exchange more slowly than the TADDOL titanate. Thus, the chiral titanate is

catalytically the more active species than Ti(O'Pr),.

The fact that the combination of chiral titanate and achiral Ti(O'Pr)4 provided a more
enantioselective catalyst than using the chiral titanate alone is most intriguing and was
explained by the fact that new chiral titanate catalysts are formed as the reaction
proceeds (See Scheme 23). The orginal titanate catalyst (13) is in equilibrium with
titanates containing the product alkoxy ligands catalyst (14) and (15), and these newly

formed titanates give rise to altered selectivities. Catalysts (14) and (15) are much less
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effective at inducing enantioselectivity in the reaction when (R)- or (S)-1-phenyl propoxy
ligands are coordinated to the seven membered Ti-containing ring of the titanate (12).
Therefore, the addition of excess Ti(O‘Pr)4 can be viewed as a pool for the product
alkoxides, and as a means to reconstitute the original catalyst; as shown for the catalysts

(14) and (15) which are converted back to catalyst (13).

Ph
C: "/Oj
Catalyst13
PhCHO + Et,Zn .
PH O—T |‘<O—<)
3
f / O_& Ti(O'Pr),
(- C? R
(@] excess
A Catalyst14
EtZ
Catalyst 13 * n O\]/ C <

Catalyst 13
Catalyst 15 ﬁ\

Scheme 23
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1.3.2 Enantioselective addition of Alkyl- and Aryl- Titanium derivatives to

aldehydes
Although the Ti-(TADDOLate)(OiPr)g mediated dialkylzinc addition to aldehydes gives

impressive enantioselectivities, 3>+

there remains an inherent disadvantage: it is
chemically uneconomical, only one of the two groups from the dialkylzinc being
transferred to the aldehyde. Seebach'’s group58 have developed a method to overcome
this problem, using R—Ti(O‘Pr)g as the organometallic partner for the addition to
aldehydes, and the Ti-(TADDOLate)(OPr), (10) as the catalyst. The zinc-free,

monometallic system is also more promising for large-scale applications, and there is also

less ambiguity in terms of mechanistic interpretation.

The enantioselective addition to aldehydes is performed with 1.2 equiv. of freshly
prepared R-Ti(O'Pr)s, 0.2 equiv. of Ti-(TADDOLate)(O'Pr), (10), and 1.0 equiv. of an
aldehyde in toluene. The reactants are mixed at —78°C and are allowed to warm to room
temperature overnight (Scheme 24). Both alkyl- and aryl-triisopropoxy-titanium
compounds are used which are formed in situ from the corresponding alkyl- and aryl-
lithium or Grignard compounds and CI—Ti(O‘Pr)3. It is found that the LiCl and MgXCl
salts, generated in the transmetallation step, drastically reduce the enantioselectivity. In
toluene these salts are insoluble and can therefore be separated by centrifugation. The
best results were obtained when 1,4-dioxane was added (Method A in Scheme 24) to
complete the precipitation of magnesium salts, or when the remaining traces of Li-cations
were removed by complexation with 12-crown-4 (Method B in Scheme 24). Both
methods (A) and (B) for the removal of the salts give essentially the same

enantioselectivities in the subsequent addition reaction.
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(Method A) RMgX

(in ether) i 3 equiv. dioxane
+ MgXCi E centrifugation
i(o' oy ‘
+ CIT(OPrys __ R—Ti (O'Pr); ! removal of salts |—— R—Ti (O'Pr)3
(in toluene) .
.. +  certrifugation
(Method B) RLi + LiCl E 0.3 equiv. 12-crown-4
(in hexane)
0 . 0.2equiv. (10) OH
)J\ + R—Ti(O'Pr) /L
R' H -78°C to +20°C R R
(Si)-addition
Scheme 24

The reaction of benzaldehyde with simple alkyl-Ti(O'Pr); and CH,=CHCH,CH,-Ti(O'Pr)3
gives enantioselectivities of > 99:1. Aliphatic aldehydes give high selectivities, too > 96:4.

Nucleophiles with functionalised alkyl groups can be added with selectivities > 96:4.

In general, the characteristic features of this reaction are very similar to those of the
Ti~(TADDOLate)(O'Pr), catalysed dialkylzinc addition to aldehydes.*®***° It is therefore
entirely possible that no zinc centre is involved in the rate determining C—C bond-forming
step of the previously discussed reaction in the bimetallic mechanism proposed™ (see
Section 1.3.1 Scheme 23) both metal centers could be titanium. The preferred addition
of the nucleophile is from the Si-face of the aldehyde, as in the case of all other reactions

carried out with dialkylzinc and Ti-(TADDOLate)(O'Pr), (10).
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1.3.3 Enantioselective ring opening of meso-anhydrides

Enantioselective reactions of Cs-symmetrical molecules containing enantiotopic groups
on a so-called prochirality center™ or in compounds of meso—conﬂguration61 are among
the most useful conversions in asymmetric synthesis (Scheme 25). The underlying
principle has been called ‘asymmetric desymmetn‘sation’.‘52 Differentiating between two
enantiotopic functional groups in meso-compounds leads to the creation of two or more
chiral centres. While the ability of enzymes to differentiate between enantiotopic
functional groups is well known,® the utility of non-enzymatic methods to achieve the

same goal has been less well recognised until recently.64

Rq Rq
Rz/{.u,FG L RA»U,FGI
FG FG

AZ — (X

Scheme 25
It is already known that Ti(O'Pr)4 catalyses the trans-esterification and deacylation
processes very cleanly under mild conditions.** The group of Seebach® have reported
that the Lewis acid mediated transfer of an alkoxide ligand, from the chiral ligand sphere
of Ti-(T ADDOLate)(OiPr)z, to cyclic meso anhydrides afforded the corresponding

hemiesters, without any side products.
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/ o (1.2 equiv.) Y/ ./ |
o THF, -30°C COzH CO,Pr
o CO,Pr CO,H
16 17 ent17
(16) an er = 891 ( )
Scheme 26

Using a stoichiometric amount of Ti-(TADDOLate)(O'Pr), (10), the commercially available
endo-Diels—Alder adduct (16) of maleic anhydride and cyclopentadiene was opened
cleanly to the corresponding isopropyl hemiester (17) with an enantiomeric ratio of 99:1.
A variety of monocyclic, bicyclic, and tricyclic anhydrides were ring opened by Ti-
(TADDOLate)(OiPr)z under similar conditions in good yields and with similar

enantioselectivities.®

The dramatic effect of ligand acceleration® (See Section 1.3.1) observed in the Ti-
(T ADDOLate)(OiPr)z catalysed addition of a dialkylzinc or an alkyltitanium reagent to an
aldehyde,®>®% prompted Seebach to use a sub-stoichiometric amount of Ti-
(TADDOLate)(O'Pr), in the presence of a stoichiometric amount of Ti(O'Pr), in the ring
opening reaction of (16). As in the foregoing reaction, the addition of Ti(O'Pr), would
ideally regenenerate the “active” catalyst, but not compete with it in a nonstereoselective
ring opening reaction. It was found that the Ti-(T. ADDOLate)(O‘Pr)z mediated ring
opening reaction was 2-3 times faster than the Ti(O'Pr); mediated one. Using 15mol% of
the Ti~(T ADDOLate)(OiPr)z (12) (B-naphthyl) and 80mol% Ti(O'Pr)a, the hemiester (17)
was obtained in 80%yield and with 34%ee. Better results were obtained by replacing
Ti(OiPr)4 with AI(OiPr)3. By using 20mol% of the Ti-(T. ADDOLate)(O'Pr), (12) (B-naphthyl)
and 80mol% AI(OiPr);;, the hemiester (17) was obtained in 74%yield and with 96%ee. A

proposed catalytic cycle is shown in Scheme 27.
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0.1-0.2 eq.
7 OTi-(TADDOLa?te)(O'zr)z ;
o 1eq. M(O'PY),, COH
|
o] M= Al or Ti COPr
(16) THF, -30°C an

o ./C02|Pf 7 o /Oq

* Ti
0" “co,pr o T
COZ'PF inr

7 . AI(O'P
3 O\AI(O'Pr)z (©OPns

CO,Pr

Scheme 27

35



Introduction

1.3.4 Catalytic Asymmetric lodocarbocyclisation reaction

Since the halocyclisation reaction usually proceeds in the presence of an electrophilic
halogenating reagent without the need for any activating catalyst67, it follows that
asymmetric catalysis of these reactions should be difficult be achieve. Nevertheless,
Taguchi and coworkers® have reported that catalytic asymmetric iodocarbocyclisation
can proceed with excellent enantioselectivities (=95%ee) in the presence of a catalytic

amount of Ti(TADDOLate),.

The iodocarbocyclisation reaction of dibenzyl-4-pentenylmalonate (18) was conducted
with 1.0 equivalent of a chiral titanium (IV) alkoxide, 1.2 equivalents of I, 1.2 equivalents
of CuO in CH,Cl, in order to examine the enantioselectivity. Using a 1:1 complex of Ti-
(T ADDOLate)(O‘Pr)z (10) gave a good yield of the cyclised product (20) with 32%ee in
86%yield. Furthermore, the use of the 1:2 complex Ti-(TADDOLate), (11) led to an
increase in both enantioselectivity and chemical yield to give the product (20) of 85%ee in

96%yield (Scheme 28).

o)
CO,Bn TiOR Y CO,Bn CO28Bn
2 Cu . CO,Bn A o
= X1, ~COBn CH,Clp I
-78°C to 0°C o
(18) (19) (20)
Ti(OR*), (1€q) Yield (%) ee(%)
Ti-(TADDOLate)(O'Pr); (10) 86 32
Ti(TADDOLate), (11) 96 85
Scheme 28

A mechanism for this reaction has been proposed (Scheme 29). Ti(TADDOLate), (23)
promotes the deprotonation of malonate (21) to produce the chiral Ti (IV) enolate (24).
Intramolecular attack of (24) on a double bond activated by |, may then give the cyclised
product (22) in a highly enantioselective manner together with the regeneration of the
Ti(TADDOLate), (23) catalyst. In the presence of CuO, however Ti(TADDOLate), (23)

can be converted by HI or H,O to regenerate other Ti (IV) species such as
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(TADDOLate)TiX,; or TiXqs (X = 1 or X; = O), which results in the decrease in

enantioselectivity and the chemical yield (Scheme 29).
CO5R

= CO,R

(21)
TiX4 or

\Ti\no O ’Tl
x © Co

HI or H,0 J=-cuo +[H COzR
[HrorH;0 J+cuo +[Hi) 2R

X,X=0 I (high ee)
(22)

Scheme 29
Thus, the trapping of hydrogen iodide without generation of H,O would be crucial in order
to achieve a catalytic cycle. It was found that when dimethoxy pyridine (DMP) or Et;N
was employed as a hydrogen iodide scavenger, the reaction proceeded smoothly in the
presence of 30mol% of Ti(TADDOLate), (11) to give the cyclised product (20) with a
higher enantiomeric excess than that obtained in the reaction using a stoichiometric
amount of Ti(TADDOLate); (11) and CuO. The reaction of (18) with 30mol%
Ti(TADDOLate), (11), 2 equivalents of DMP and 4 equivalents of |, gave the product (20)
in 97%yield and with 97%ee. Performing the same reaction with Et;N gave the product

(20) in 70%yield with 98%ee.
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The use of THF as a co-solvent was also found to be beneficial to both the reactivity and
enantioselectivity. The reaction with 10mol% Ti(TADDOLate), (11) in a 4:1 ratio of

DCM:THF proceeded in 98%yield even at —78°C to give (20) of 98 %ee.

The absolute configurations of the cyclised products (20) clearly indicates that the
reaction of (18) proceeds in the same enantiofacial selective manner; that is, in all cases
with Ti(TADDOLate), (23) prepared from (R,R)-TADDOL, the enolate and |, attack in a
trans-addition manner from the Re and Si faces of the olefin, respectively (Scheme 30).

attack of |, from

F Siface of olefin

‘/ OR

—l
*

attack of enolate from
Re face of olefin RO o7 M
o

Scheme 30
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1.3.5 Enantioselective cyclopropanation of allylic alcohols
There are very few reported methods for the enantioselective (iodomethyl)zinc mediated

cyclopropanation of allylic alcohols compared to most carbon-carbon bond-forming

reactions. Good enantioselectivities were reported by the Kobayashi group69'7°

using a
catalytic amount of a C,-symmetric chiral disulfonamide in the (iodomethyl)zinc mediated

cyclopropanation of allylic alcohols.

Rs 2 equiv. ZnEty R3
3 BQUiV.CHzlz - R OH
Ra A~ -OH NHSO,R 2
R4 0.12 equiv. O/ R4
"NHSOR 66-82%ee
R=p-02N-C5H4
Scheme 31

The major drawbacks of this reaction however is that the rate of the uncatalysed reaction
is not overwhelmingly different from that of the catalysed process. Kobayashi have
reported that a 20%yield of the cyclopropyl derivative was obtained even in the absence

of the chiral Lewis acid.

Charette’" found a new strategy for the Lewis acid catalysed cyclopropanation of allylic
alcohols in which the rate of the uncatalysed process is significantly slower than that of
the catalysed process. The basis of this new strategy relies on the fact that treatment of
an allylic alcohol (25) with 1 equivalent of Zn(CHl), should produce the (iodomethyl)zinc
alkoxide (26) and CHil (Scheme 32). These alkoxides do not undergo rapid
cyclopropanation at low temperature, based on low temperature NMR experiments.72
The addition of a Lewis acid to this intermediate however was found to trigger the
subsequent cyclopropanation reaction by increasing the electrophilicity of the methylene
group upon complexation (27). Subsequent formation of the halozinc alkoxide (28) and

regeneration of the Lewis acid then completed the catalytic cycle.
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Zn(CHal),

_A~_OH (equiv) , ~_-OZnCH,l

(25) (26)
A\/O\an +LA

/

-

"

"

NG

* Znl
(28)

Scheme 32

s Q\ZnCHzl
(27)

Preliminary results using chiral catalysts confirmed that the Lewis acid is involved in the

transition state. Enantiomerically enriched cyclopropylmethanol moieties were obtained

using 0.25 equivalents of Ti-(T. ADDOLate)(O'Pr),

Scheme 33).

Ph~_-CH
0.25 equiv. (10)
1 equiv. Zn(CH,l),

(10) in the cyclopropanation reactions

Yield 80%
90%ee

DCM, 0°C, 1.5h
Me ~CH Me M vield 90%
“r 60%ee
Me Me
Scheme 33
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1.3.6 Catalytic enantioselective synthesis of cis-1,2-disubstituted cyclopropanols

from esters (Kulinkovich reaction)
Kulinkovich have reported the reaction of ethereal ethylmagnesium bromide (3 equiv.)
with n-alkanoic acid methyl esters in the presence of titanium(IV) isopropoxide (1 equiv.)
at -78 to —40°C produces 1-alkylcyclopropanols in good yields.”> This novel reaction,
which in a formal sense involves an ethane dianion (°CH,-CH,®) equivalent, can also be

conducted with substoichiometric amounts of Ti(O'Pr), (0.05-0.1 equiv.) at 20°C (Scheme

34"
5-10mol% Ti(O'Pr),
o) Et,0, 18-20°C, 1h  R_ OH
)J\ + 2equiv. EtMgBr - K
R OMe 5% aqg. HySOy,, 5°C
76-98%
Scheme 34

Subsequently, the Corey group’> have reported preliminary studies on the development
of an enantioselective version of the cyclopropanol synthesis. Especially encouraging
was the use of the chiral catalyst (29), which afforded chiral cyclopropanol (30) as shown
in Scheme 35. In the case of (29), Ar = 3,5-bis(trifluoromethyl)phenyl, 0.3-1equiv,

cyclopropanol (30) was produced in 65-72% yield and 70-78%ee.

HQ H

/ICJ)\ MgBr .0, 20°C
+ - HC
H,C” OE 3h ’

65-72% yield
70-78%ee

(30)

Scheme 35
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The observed absolute and relative stereochemical preferences for the formation of chiral
cis-1,2-disubstituted cyclopropanols such as (30) are consistent with a

titanacyclopropane’’®

pathway as shown in Scheme 36. Thus, reaction of the chiral
titanate reagent (29) with 2 equiv of Grignard reagent leads stereoselectively to the more
stable diastereomeric titanacyclopropane (31), in which the substituent R; is furthest
away from the nearest (axial Ar*) Ar group. The next step, (31—532) involves position-
selective expansion of the titanacyclopropane ring by insertion of the ester carbonyl
group between Ti and the more substituted carbon. This bond selective insertion finds
precedent in recent work on the zirconium-catalysed carbomagnesiation of olefins’”’. The
insertion reaction (31—»32) is also diastereoselective for the geometry in which the two
larger groups Ry and R, are trans to one another. Oxidative addition of the MeO-C
linkage of (32) to Ti leads to intermediate (33) in which there is a face-specific n-donor
coordination of C=0 group to Ti(IV). Subsequent reductive elimination affords the cis-
1,2-disubstituted cyclopropanol complex (34), the absolute configuration of which agrees
with that experimentally determined for (30).

(29) + 2eq. R,CH,CH,MgX

Ar*
OAr‘.," 52
__RCOOMe HP Q 2 H
e} Ti
ey, R N ”"OMe

§ Ar—=0
Ar Ar R
H Ry (31) (32)
ﬁ 2 eq. R,CH,CH,MgX
XMgo™ %
Ro
uluR2 Ar Ar 5 H
)Z,:L W
Ti
Tl 0 4
Ar—r—0" \OMe Ar i ° O\Meo
Ar
(34) (33)

Scheme 36
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The third class of ligand which has been extensively investigated in titanium alkoxide
chemistry is the so-called BINOL system. Because of their highly stable chiral
configuration, 2,2-substituted 1,1'-binaphthyls have been extensively used to control
many asymmetric processes and have demonstrated outstanding chiral discrimination
properties.”®’*® The rigid structure and the C, symmetry play an important role in chiral

induction.

1.4 Titanium BINOL complexes

1,1'-Bi-2,2-naphthol (BINOL), (35), often serves as the starting material for obtaining
chiral binaphthyl compounds.”®’*% The 2,2-hydroxyls of (35) can easily be converted
into other functional groups. In addition the 3,3-, 4,4- and 6,6-positions can be
selectively functionalised leading to a variety of binaphthyl derivatives. To resolve
racemic (35) into its optically pure R- and S- enantiomers, the use of (8S,9R)-(-)-N-benzyl
cinchonidinium chloride (36) is considered the simplest and most efficient laboratory

81,82

procedure (Scheme 37). Racemic (35) is produced on a large scale from the

oxidative coupling of 2-naphthol in air in the presence of a copper catalyst (Scheme

LI,
e

37).838

H
(R)-(35)
H

CuCH(OH)(TMEDA) OO
sol==so oL
OH CH2C|2, air OH

rac-(35)

OH
H
H,c=C H OO

Cl-

OH

(5)-39)

Scheme 37
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1.4.1 Enantioselective Ene reaction of glyoxylates

Nakai®® reported a new type of chiral BINOL derived titanium complex (37). This complex
is prepared in situ by mixing equimolar quantities of Ti(O‘Pr)4 and (R)-BINOL in toluene
containing one equivalent of water under reflux followed by removal of the isopropanol
liberated and complete removal of toluene under reduced pressure. The product serves
as an efficient and moisture tolerable enantioselective catalyst for the glyoxylate-ene
reaction. The 'H NMR spectrum of the resulting complex (37), coupled with molecular
weight measurements, led to the proposed p-oxo dimer structure shown for the new

catalyst (Scheme 38).

OO OH . teq. Hy0, A, Toluene OO OO
+ Ti(OPY), oo 20O e o_2_0°

N_/ N_r
azeotropic removal of !
OO OH 4 'PrOH and toluene OO O/ \0/ \O OO
(37
Scheme 38
Using complex (37) as a catalyst, the ene reaction of o-methylstyrene with methyl

glyoxylate in dichloromethane provided the ene product in a remarkably high

enantiomeric purity (98%ee) and chemical yield (93%) (Scheme 39).

0O OH
0,
. OMe 5mol% (37) - (R) OMe
H O ot Ph
Ph CHJClI,, -30°C, 3h
O (o]
98%ee
93% vyield
Scheme 39

in a more empirical approach, Mikami® have reported the self-assembley of a chiral
titanium catalyst from an achiral precursor such as Ti(O'Pr)4 and two different chiral diol
components as exemplified for the two catalysts (Scheme 40 and 41), each of which can

be prepared by three routes.

Thus, the combination of (R)-BINOL and (R)-TADDOL with Ti(OiPr)4 in a molar ratio of

1:1:1 provided a single chiral titanium complex. The Ti-(BINOLate)(TADDOLate) complex
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(39) was characterised by °C and 'H NMR spectroscopy in ds toluene. These NMR
spectroscopic studies also confirmed the absence of any other complexes, especially the
symmetrically substituted Ti-(TADDOLate), and Ti-(BINOLate),. However complex (39)
can also be obtained from Ti-(T ADDOLate)(OiPr)z (10)54 by addition of (R)-BINOL and

from Ti-(BINOLate)(O'Pr), (38)% % by addition of (R)-TADDOL (Scheme 40).

§=153.1 OO
><°j>40 o'Pr  Ho
OPr HO I l
(10)

8=159.8
Ph. Ph OO Ph. Ph OO
o] OH HO Ti(O'Pr)4 /o) Q /0
X ' C/D > AN
(0] -”;(OH HO. 78 o /’<° o
Ph"  Ph Ph" Ph
(39)

o= 1601

>< j)L Pr'o. ,/O
\
o OH PrO
Ph

(38)

Scheme 40
In similar fashion, Ti-(BINOLate)(S-Cl-BIPOLate)(OiPr)é (41) (5-CI-BIPOL = 5,5'-dichloro-
4,4' 6,6-tetramethyl-2,2"-biphenol) can be prepared from Ti(O'Pr), by treatment with (R)-
BINOL and a more acidic diol such as (R)-5-CI-BIPOL.®* Both the addition of (R)-5-Cl-
BIPOL to Ti-(BINOLate)(O'Pr), (38) and the addition of (R)-BINOL to Ti-(5-Cl-
BIPOLate)(O'Pr), (40)*® afforded the complex (41), whose formation as the sole product

of the reaction was again characterised by 'H and *C NMR spectroscopy (Scheme 41).
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Cl
O OO T|(OPr)4
—_—
] OH HO. ] ! C;Dg
Cl

$=160.1
O NCC
OH Pr’o\,o
] OH PHo l O
cl H
\8=6.51 (38)

Scheme 41
The importance of this selective multi-component self-assembly has been demonstrated
in the enantioselective catalysis of the carbonyl-ene reaction and the results clearly
indicate that a highly enantioselective catalyst is formed. The catalyst was prepared by
mixing the components in a molar ratio of 1:1:1 and used in situ with 10mol% of catalyst

employed with respect to olefin and glyoxylate (Scheme 42).

OH OH
R’{ RZ{ Ti(O'Pr)4
OH OH
0] 0] OH
/g . H)j\lfcoanU 10 mol% catalyst ph)J\/H‘/COZnBu

0°C, 4h o}

Ti-(BINOLate)(TADDOLate) (39) = 91%ee, 50%yield
Ti-(BINOLate)(5-CI-BIPOLate)(O'Pr), (41) = 97%ee, 66%yield

Scheme 42
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1.4.2 Catalytic Asymmetric Allylation of Aldehydes (CAA reactions)

The Keck group®™ have reported high levels of enantioselectivity in the catalytic
asymmetric allylation of aldehydes. There are two methods to prepare the catalyst. In
the first procedure, the catalyst (42) was prepared by heating a 1:1 mixture of (R)- or (S)-
BINOL and Ti(OiPr)4 with powdered 4A molecular sieves at reflux in dichloromethane
(Method A). A second procedure (Method B) is identical, except that a 2:1 BINOL/
titanium stoichiometry was used and a catalytic amount of acid (CF3SOsH or CF3CO;H)
was also required for optimum results. Using 10mol% of catalyst (42), the reaction of
allyl-tri-n-butyistannane with aldehydes provided the corresponding homoallyl alcohols

with enantiomeric purities of 77-96% (Scheme 43).

OO 4A Mol. sieves,
OH _ CH,ClI,, A, 1h
+ Ti(O'Pr), > Catalyst (42)

Method A [1:1 ratio BINOL : Ti(O'Pr),]
Method B [2:1 ratio BINOL : Ti(O'Pr),], cat. CF3SO3H or CF3CO,H

(o] 10mol% catalyst (42) HO, H

)l\ ¥ /\/SHBU3
R H -20°C, CH,Clp, 70h R A

Method A: 89-96%ee, 42-93%yield
Method B: 77-96%ee, 78-98%yield

Scheme 43
The same group later reported a simplified and highly efficient version for reactions using
the 2:1 BINOL/Ti catalytic systems’0 in which catalyst (42) preparation was accomplished
under strictly homogeneous conditions. In addition, the allyl addition reactions could then
be conducted at more convenient temperatures. Reactions in the presence of 10mol%
catalyst (42) at 0°C or 23°C provided homoally! alcohols in comparable enantiomeric

purity with the previous results (see Scheme 43 and 44).
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10mol% catalyst (42) HO, H

o)
+ _2N_-SnBu;
/U\ Z 0°C or 23°C, RM

R” ™H
CH,Cl,, 3h

0°C : 83-95%ee, 59-94%yield
23°C: 71-96%ee, 58-92%yield

Scheme 44
Using similar procedures to those published by Keck®®, Briickner®' have reported highly
enantioselective additions of B-substituted allylstannanes to aldehydes. Functionalised
allyl-tri-n-butyl stannanes can add their p-substituted allyl groups with or without
heteroatoms in the side chain to aldehydes with a high degree of enantiocontrol, when
the reaction is catalysed by a species generated in situ from 10mol% of Ti(OEt)s or
Ti(OiPr)4 and 20mol% of enantiopure BINOL. The enantioselectivities of most additions
could be further increased by allowing the catalyst components to react for approximately

2h, rather than only 1h, before the reagent and the aldehyde were added (Scheme 45).

0.1 eq. Ti(OR)4,
0.2eq. (R)-BINOL
(premixed in CH,Cl,

1) at r.t. for 2h) QH
/U\ * R o > /\)J\
R H then -40°C, R R'
SnBuj 8-15 day .
R=n-Pentyl R'=CH,0Si'BuPh, S aoe
CH,CH,0Si'BuPh,
CH,CH,SPh
Scheme 45
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1.4.3 Asymmetric catalysis of Diels-Alder reactions

The Mikami group92 have also described how the further addition of a chiral activator can
selectively activate one enantiomer of a chiral catalyst, with the new diastereoisomeric
complex giving higher enantioselectivity than that achieved by the single enantiomer
itself, in addition to a higher level of catalytic efficiency. This was demonstrated in the

titanium(I'V) catalysed Diels-Alder reaction of a Danishefsky diene with a glyoxylate ester.

The catalyst was prepared by mixing chiral diols such as BINOL or TADDOL and
Ti(OiPr)., at a ratio of 1:1 in toluene for 20min, then adding one equivalent of chiral

activator such as 5-CI-BIPOL or BINOL. The Diels-Alder reaction was carried out in situ

through further addition of the Danishefsky diene and glyoxylate at 0°C (Scheme 46).

. .. /CC

Ti

‘ ‘ g NoiPr ‘ E OH
OMe (38)
o] Z 70
- A - X
H” ~CO,n-Bu Toluene, 0°C, 4-8h o CO,n-Bu

84%ee
50% yield

t-BuMe,SiO

Scheme 46
Significantly high asymmetric induction was observed using Ti-(BINOLate)(O'Pr), (38)
and the (R)-BINOL activator especially when compared to the values obtained using the

Ti-(BINOLate)(O'Pr)z (38) catalyst without the addition of further chiral diol (40%, 5%ee).

The Yamamoto group93 have recently reported a new type of chiral helical titanium
reagent, prepared from Ti(O'Pr), and a chiral ligand derived from optically pure BINOL.
These reagent have been successfully utilised as efficient chiral templates for the

conformational fixation of o,B-unsaturated aldehydes, thereby allowing efficient
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enantioface differentiation of the substrates in asymmetric Diels-Alder reactions with

dienes, regardless of reaction temperature.

The chiral titanium reagent (44) was prepared by treatment of (R)-(43) with Ti(O'Pr)4 with
azeotropic removal of isopropanol. Using o,p-unsaturated aldehydes and dienes in the
presence of 10mol% titanium catalyst (44), the Diels-Alder adducts were produced with a
uniformly high level of enantioselectivity (81-98%ee). These reactions can be conducted
at temperatures between -78°C and 0°C, while still maintaining a high level of

asymmetric induction (Scheme 47).

Si(o-tolyl);

Ti(O'Pr)4, CH,Cl,
Catalyst (44)

Y

azeotropic removal

of i-PrOH
Si(o-tolyl)s
(R)-(43) Me
R
2 10mol% catalyst (44) R2 CHO
+ ly .+
CHO Rz
endo exo

R4=H, Ry=H 96%ee (85% endo)

Ri-Me, Ro=H  94%ee (99% exo)

Ri=H, R;=Me 95%ee (70% endo)
Scheme 47

Keck et al.®*

also reported the use of chiral titanium catalyst (42) developed for the CAA
reaction in the enantioselective hetero Diels-Alder reaction of Danishefsky's diene with
aldehydes (See section 1.4.2). The method which produced the best result involves
using a 2:1 BINOL/Ti(O‘Pr)4 stoichiometry in the presence of 4A MS and 0.003 equiv.

CF3CO,H in ether. Using 10mol% of catalyst (42), the reaction of a variety of aldehydes
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with 1-methoxy-3-[(timethyisilyl)oxyl]-butadiene afforded the corresponding Mukaiyama
aldol products, which were subsequently cyclised by exposure to CF;CO,H in CH,CI; to

yield dihydropyrones (50-88%) with good to excellent enantiomeric excess (75-97%)

(Scheme 48).
OMe e
9 X 10mol% catalyst (42) TMSQ O TFA
/u\ ¥ )\/U\/\ I
R H ether, -20°C, 12-72h R OMe H
OTMS o R
(predominant enantiomer
with (R)-BINOL)
40-88% yield, 55-97%ee
Scheme 48

1.4.4 Dialkylzinc addition to aldehydes
The enantioselective addition of diethylzinc to aldehydes was reported by Chan®® and
conveniently achieved by using a catalyst prepared in situ by mixing 1.4 equivalents of

Ti(O'Pr)4 with 0.2 equivalents of S- or R-BINOL. Optical yields as high as 95% were

OH .
+ Ti(O'Pr),

OH
OO (0.2:1.4)
o)

Et
+ 3Et,Zn - - H%(
A OH CHiClL, 0°C,5h AN\,

59-95%ee

observed (Scheme 49).

Scheme 49
Later, in a more detailed publication, Nakai® stated that the generation of Ti-
(BINOLate)(O'Pr), (38), from mixing a 1:1 ratio of BINOL with Ti(O‘Pr)4. is only acting as a
pre-catalyst. By using NMR experiments to identify the actual catalytic species, it was
found that complex (38) readily reacts with excess Ti(O'Pr)s to form a new species
probably identical with complex (45) which might act as the actual asymmetric catalyst.

Although the exact structure is not yet known, the reported structures of related
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complexes97 lead to the proposed dimeric structure having one BINOL ligand and six

isopropoxy ligands (Scheme 50).

CC TFk
e J\ﬁ

1.4.5 Mukaiyama aldol reaction
The Mukaiyama group®® have found that the use of [(R)-1,1-benzenediolato-(-2-)-0,0}-
oxotitanium (46) is very effective in the asymmetric aldol reaction of silyl enol ethers with

aldehydes.

The catalyst (46) was prepared by mixing a stoichiometric amount of (R)-BINOL with
(ProO),Ti=0% in benzene, followed by azeotropic removal of isopropanol. The reaction of
a variety of aldehydes with silyl enol ethers of thioesters, in the presence of 20mol% (46),

afforded the corresponding aldo! adducts in 36-85%ee (Scheme 51).

e L U
OH Ti(O'Pr) \
. Ti=0
OH benzene, azeotrope /
OO removal 'PrOH OO O
(46)

/IOJ\ JBDMi 20mol% catalyst (46) MBDMS
R "H tBuS toluene, -78°C  t.BuS R
Scheme 51
Keck et al.'® reported the use of their titanium complex (42), described earlier in the
catalytic asymmetric allylation (CAA) reaction, in the enantioselective Mukaiyama aldol
condensation. The titanium complex was prepared by two methods: (A) heating (S)-

BINOL, Ti(O‘Pr)4 and 4A MS in refluxing CH,Cl, for 1h, with 1:1 stoichiometry of
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BINOUTI, 2" and (B) stirring a solution of (S)-BINOL and Ti(O'Pr), at 2:1 stoichiometry

for 1h, again in CH,C1,.%%'!

Catalytic enantioselective Mukaiyama aldol condensation of 1-(fert-butylthio)-1-
((timethylsilyl)oxy)ethene (47) with benzaldehyde using 20mol% of the titanium complex
(42), prepared by method B, led to isolation of the aldol adduct (48) in 86% yield with
91%ee. Performing the same reaction using titanium complex, generated by method A,

resulted in isolation of the aldol adduct in 90% yield with 97%ee.

These conditions were employed with a series of alkyl, aryl, and «,B-unsaturated

aldehydes. The results are uniformly excellent in terms of both isolated yield (74-90%)

and enantiomeric excess (89->98%) (Scheme 52).

i . QTMS  20mol% catalyst 42) TMSQ
R™ H stBu ERO,-20°C,12h R St-Bu
a7 (48)
R=Ph 90%yield, 97%ee
R=furyl 88%yield, >98%ee

R=nCgHi;  74%yield, 98%ee
Scheme 52
Nakai et al.®® have also reported that the titanium-BINOL p-oxo dimer (37) (see Section
1.4.1) serves as an enantioselective catalyst for the aldol reaction of benzaldehyde with

the 1-(fert-butylthio)-1-((trimethylsilyl)oxy)ethene (47) to afford adduct (48) with 70%ee in

A, , L

70%yield (Scheme 53).

Tic Ti
Cr’ o O
(R)-(37)
0 OTMS 20mol% (R)-37 TMSO (o]
+
R” H stBu Et0,-30°C,15h R St.Bu
(47) (48)
R=Ph 70%ee, 70% yield
Scheme 53
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