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I

INTRODUCTION

Derivatives of titanium and zirconium have become increasingly important in
organic synthesis during the past decade. This is documented in several re-
view articles covering different facets. These reviews will be referred to
in the appropriate sections of the present treatise, which emphasizes the
practical and experimental aspects. With few exceptions, we also restrict
the discussion to non-catalytic uses of derivatives of these metals. Thus,
their industrially important role as components of the catalytic mixtures

used for ziegler-vatta polymerization ]), for metathesis 2)

3)

, and for nitro-
gen fixation will not be covered here.

The laboratory use of titanium and zirconium derivatives has focused on
selectivity of known transformations rather than on novel reactivity. The
applications can be divided into two big groups; one includes carbon carbon
bond forming processes, the other one functional group transformations.
After some comments on the availability, with procedures describing the
preparation and purification of starting materials, section II, these two

groups of applications will be the main subject, sections III and IV.

REAGENTS AND STARTING MATERIALS

In almost all applications simple, readily available derivatives of tetra-
valent titanium and zirconium are employed. The actual reagent is often
generated in situ and may be derived from lower-valent titanium or zirco-
nium. The original reagents are either titanocene or zirconocene derivatives
1-3 or they are halo-, alkoxy-, dialkylamino- and organometallic compounds
of type MX, (4-13) or XM(Y)3 (14-21) without m-1igands on the central atom.
Many of these compounds are commercially available, see Table 1; all of
them are easily prepared on large scale, see the procedures below. Unlike
most other transition metal reagents, the titanium and zirconium derivatives
can be employed stoichiometrically, not only because they are cheap, but
also because they are non-toxic. This is especially true of the second

group of reagents 4-21: on contact with water they hydrolyze to give oxide-
hydrates and eventually T1'02 or Zr02, highly insoluble and, if desired,
readily recovered materials. In contrast, the sz—derivatives are very
stable to hydrolysis to the inorganic oxides. After aqueous workup, szMCI2
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2: M=17Zr
M(Ha1ogen)4: 4: T1'C14 6: Zr‘(ﬂ4
5: T1'Br‘4
M(OR)4: 7 T1'(0Et)4 8: Zr‘(OPr‘op)4
8:  Ti(ocHMe,), 10: Zr(0But),
100 Zr(0CHg) o THF
M(NR,) ;¢ 12: Ti(NMe,),
13: Ti(NEt,),
CTM(OR) 5 14: C1Ti(OCHMe,) 5 16:  Clzr(0But),
15: CITH(0C4Hg )4 17: C1Zr(0CgH, ),
XT1 (R, )4 18: CITi(NMe,)
19: BrTi(NEL,),
RTi (0CHNe,)) 5: 20a: HC-Ti(0CHMe,) 5
20q: H5(36T1'(OCHI\‘|62)3
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Table 1. Approximate prices of some commercially available titanium and
zirconium derivatives [January 1983; see fine chemical catalogs and offers
by Dynamit Nobel (Germany), DuPont (USA), Titanium Intermediates Ltd. (Eng-
land); 1 $ ~ 2 Sfr. ~ 2.3 DMI

Compound  Mol. Wt. Prices in $
la 249 15/10 g; 60/50 g 300.-~/mol
2a 292 70/25 g; 200/100 g 580.--/mol
2c 258 50/5 g5 180/25 g 1,850.--/mo]1
4 190 15/14iter 1.60/mol
5 367 65/100 g 240 .--/mol
6 233 10/250 g; 30/kg 7.--/mol
7 228 30/500 ml 14 .--/mol
8 284 25/500 g; 10/kg (50 kg order) 2.80/mol
9 328 10/kg 3.30/mo1
10 458 50/kg; 20/kg (50 kg order) 9.20/mol
12 224 70/5 g; 260/25 g 2,330.--/mol

can be regenerated with hydrochloric acid. Otherwise, the hydrated titano-
cene or zirconocene can be separated from products by chromatography (see
section III, F).

Some representative procedures are given on the following pages. These can

also be used for the preparation of analogous starting materials.

Dicyclopentadienyl titanium and zirconium dichlorides la and 2a 4)

C14M (4 orb) +2 C5H5Na - CpZMC12 + NaCl
A suspension of 1 mol of sodium cyclopentadienide in 1 L of dimethoxyethane
is added under argon from a pressure equalized dropping funnel to a mechani-
cally stirred mixture of 200 ml benzene and 0.5 mol MC1, (2 L three-necked
flask, reflux condenser) at such a rate that the reaction does not become
too vigorous. After the reaction mixture has cooled to room temperature,
stirring is continued for 1 hour and the solvents are removed evaporatively
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(water aspirator vacuum). The residue is quickly transferred into a Soxhlet
thimble and extracted with ca. 500 ml CHC1,, from which the product crystal-
lizes and is filtered after cooling. Yield at least 50%. la: red crystals of
m.p. 2909C; 2a: colorless crystals of m.p. 2480C (dec.).

Chloro-bis(cyclopentadienyl)-hydrido-zirconium (2c) 5)

2 Cp,ZrCl, + NaATH,(OCH,CHp0CH3), ~ 2 Cp ZrCTH

To a ca. 0.2 u solution of the dichloride 2a in THF is added under argon a
0.5 mol equivalent of the reducing reagent (Vitride; as a benzene solution).
The hydride 2c precipitates and is always contaminated with some NaC1l, which
does not interfere with subsequent reactions.

As reducing reagents, LiATH; and LiA](O—t—C4H9) H have been recommended. The
latter reagent produces ana%yticaT]y pure 2c af%er filtration and washing
with THF.

rebbe-Reagent (3) 6.7) CH

: TN
Cp,TiCl, + 2 AT(CH,;), —~ Cp,Ti AT(CH;)
2 2 3/2 2 \¢ / 3/2

A solution of 62 g of Cp TiC]Z and 48 ml of Me Al in 250 ml of toluene is
allowed to stand 60 hourS at room temperature. The nonvolatile products are
recrystallized from toluene to produce 35 g of crude 3 (80-90% pure). Pure
samples can be obtained by recrystallization from a solution of Me3A1 in
toluene and from pentane.

Purification of tetrabutoxy-zirconium (10) 8)
The commercial material contains ca. 1 equivalent of butanol per mol of 10.
For many purposes, pure 10 is necessary as a starting material. Removal of
the alcohol is accomplished in the following way: ca. 350 g of alcohol-con-
taining material is heated in a 1L flask (Aldrich Kugelrohr, Cat. No.

Z 10,46-3) at 1000C/0i1 pump vacuum. After removal of most of the butanol,
the gelatinous residue is distilled under high vacuum (200-2500C air bath
temperature/0.00T Torr). The distillate has the consistency of melting glass
and is dissolved in twice the volume of ether to give a stock solution for
further use.

The tetrapropoxy derivative 9 is purified similarly.

Tetrakis(diethylamino)titanium (13) 9,10)

T1C14 + 4 LiNEt2 - Ti(NEt2)4 + 4 LiCl

A 2 L three necked flask equipped with a pressure equalized dropping funnel,
a thermometer, and a mechanical stirrer and immersed in an ice/NaCl cooling
mixture is charged under argon with 530 m1 1.55 N butyllithium in hexane
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(0.82 mol). Anhydrous diethyl amine (60 g, 0.82 mol) is added at such a rate
that the internal temperature is kept at -109C. The cooling bath is removed
and stirring continued at room temperature for 30 min. In the dropping fun-
nel, a solution of 32.4 g 4 (0.17 mol) in 200 m1 toluene is prepared. This
red solution is added with cooling and stirring to the white LiNEtp suspen-
sion at such a rate that the temperature of the reaction mixture is main-
tained at ca. 100C. The black-brown mixture is stirred at room temperature
for 12 hours. The precipitate is allowed to settie, and the supernatant solu-
tion is decanted by suction through a sintered funnel under argon, using
teflon tubing. The filtrate is freed of solvent under exclusion of air, and
the residue distilled in vacuo. Yield of 13 37.5 g (66%), yellow-red liquid,
b.p. 1150C/0.15 Torr, stable under an inert atmosphere.

The dimethylamino-derivative 12 is prepared similarly; a ca. 4 M, cold solu-
tion of dimethylamine in hexane is used instead of the neat diethylamine.

Chloro-triisopropoxy-titanium (14) 11,12,13)

3 Ti(OCHMe2)4 + TiCl, — 4 CITi(0CHMe

4 2)3

Neat 4 (47.5 g, 0.25 mol1) is added dropwise to a stirred solution of 213 ¢
(0.75 mol1) 8 in 250 ml hexane at 0°C. After warming to room temperature, the
solvent is removed in vacuo, and the residue is distilled. Yield 245 g (94%),
b.p. 60-619C/0.2 Torr. All operations must be carried out with exclusion of
moisture. The chloride 14 is highly viscous and may crystallize. With pure
starting materials and accurate stoichiometry, undistilled 14 can be em-
ployed equally well for reactions. The components 4 and 8 can even be com-
bined neat to give 14. For titanations it is useful to keep stock solutions
of 14, for instance in hexane (250 g 14 diluted to 500 m1). These can easily
be handled with syringes and added to organolithium or Grignard solutions
for transmetallations.

Other halo-trialkoxy-titanium and -zirconium derivatives can be prepared in
the same way. - Cf. also preparation of 19 below.

Chloro-triphenoxy~-titanium (15) 14)

C]Ti(OCHMe2)3 +3 CeHgOH —~ C1T1‘(0C6H5)3 +3 Me ,CHOH

To a solution of 14 (71.9 g, 276 mmol) in 500 ml1 toluene is added 77.9 g
(828 mmol1) phenol. The deep red solution is concentrated by distillation
through a 10 cm vigreux column which removes most of the isopropanol azeo-
tropically. The residue is distilled in a Kugelrohr (see purification of 10,
above) at 250°C/0.001 Torr to give 95.8 g (96%) 15 which crystallizes upon
cooling. A 0.26 M stock solution in THF can be kept under exclusion of air.

This method of exchanging OR-groups is generally useful, for instance also
for in situ preparation of derivatives with chiral OR-groups (see below).
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Bromo-tris(diethylamino)titanium (19) 10,15)

TiBr, + 3 Ti(NEt —~ 4 BrTi(NEt

4 2)4 2)3

A 250 m1 three-necked flask equipped with dropping funnel, thermometer, re-
flux condenser, and magnetic stirring bar (mechanical stirring in larger
scale preparations!) is charged with 100 ml absol. hexane and 24.4 g

(0.073 mo1) 13. The yellow-red solution is cooled to -30°C under argon with
stirring, and combined dropwise with a solution of 8.9 g (0.024 mol) 5 in
60 ml hexane. A dark suspension is formed which is allowed to warm to room
temperature and then heated at reflux for 2.5 hours, whereupon most of the
precipitate dissolves. The reflux condenser is quickly replaced by a Liebig
condenser, and the hexane distilled off at normal pressure. The 1iquid resi-
due is purified by short path distillation (b.p. TOT—TOZOC/2x1O'5 Torr) to
give an orange-red viscous liquid which crystallizes occasionally (m.p. ca.
500C), yield 29.6 g (89%).

Other halo-tris(dialkylamino)titanium derivatives can be prepared Tikewise.

Methyl-triisopropoxy-titanium (20a) 16)

CHgLi + CTTi(OCHMe,) — HyC-Ti(OCHMe,); + LiC]

2)3

In a 2 L three-necked flask (dropping funnel, thermometer, Ar-inlet, magnetic
stirrer) a solution of 635 ml 0.84 m CH.Li in ether is added at -500C within
ca. 1.5 hour to a stirred solution of 155 ml (0.53 mol) 14 in 400 ml of the
same solvent. After 2 hours stirring is stopped, and the cold supernatant
solution is decanted from the LiCl precipitate. This is done by forcing the
solution with argon pressure through teflon tubing into another flask. The
solvent is removed by condensing the solvent from the magnetically stirred
solution under reduced pressure into a cold trap. The residue is distilled

in vacuo through a short path distillation apparatus. Yield of 20a 122 g
(95%), bright yellow liquid of b.p. 50°C/0.01 Torr, m.p. 10°C. Samples of 20a
have been kept without decomposition under an inert atmosphere in a refrige-
rator (ca. +59C) for many months.

The solid phenyl derivative ggg_17) is prepared similarly. The crude product
containing some LiCl is purified by extraction with pentane, rather than by
distillation; 20gq can be recrystallized by cooling pentane solutions to -80°C.
It is a nearly colorless substance which can be stored under an inert atmo-
sphere.

Other triisopropoxy organotitanium compounds are prepared in situ from 14 and

the corresponding Li- or Mg-derivatives by the same type of reaction as the
two derivatives described here.
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I1] c.C-BOND-FORMING PROCESSES

A)

There are certain selectivity problems with all classical C,C bond-forming
reactions, see Scheme 1. Thus, the simple additions of nucleophilic organo-
metallic reagents to carbonyl groups is complicated by the fact that alde-
hydes, ketones and esters are not well differentiated, that other electro-
philic functional groups such as cyano, nitro, halo, trialkylstannyl may
interfere, and that proton abstraction rather than addition occurs, see A,
B, and C in Scheme 1. With a.B-unsaturated carbonyl substrates 1.2- and 1.4-
additions compete and carbonyl derivatives with asymmetric carbon atoms may
Tead to diastereomeric mixtures, see D and E, respectively. In alkylations
with halides or sulfonates B-elimination is often competing, see F.  Final-
ly, ambident nucleophiles such as metal enolates and unsymmetrically sub-
stituted allylic organometallic compounds can give rise to two constitution-
al jsomers non-selectively, see G and H, respectively.

Nucleophilic Additions to Carbonyl Groups

We have covered the general aspects of this subject in a recent angewandte

Chemie review article entitled "Organometallic Compounds of Titanium and

" 18), and

Zirconium as Selective Nucleophilic Reagents in Organic Synthesis
another survey has appeared last year 19). We can therefore just briefly

summarize the results here,

The different types of reagents which have thus far been employed for simple
nucleophilic additions are shown in the Formulae 20-27, with the R-groups
being specified in Table 2; for derivatives with chiral OR*-groups see
section III A4, for allyl-metal reagents II1I F2. The titanocene and zircono-
cene derivatives (see 1 and 2) with alkyl and aryl groups attached to the
metal are not useful for carbonyl additions. CpZMXR—Derivatives are used for
carbonylations, for olefinations and for transfer of allylic groups, see

below.

By far, most of the reagents 20-27 have been generated in situ by simply
adding the corresponding transition metal derivatives 7, 8, 12, 13, 14-19 to

the conventionally prepared organolithium or Grignard reagents. This trans-
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11.:/np2 1 2 | P
R'Ti(OR )3 R'Zr(OR )3 R T1(NR2)3
2 21 2
1 1
R, Ti(X) R'TiCl R4M
23 24 25 (M = Ti,Ir)
[R Ti( OR ]CD ® [R Ti( ]() ®
26 (M = Li or MgX) 27

metallation reaction is essentially instantaneous with titanium, even at low

temperatures; with zirconium longer reaction times and higher temperatures

8)

The R1-groups attached to the metal may be varied widely (Table 2): primary,

up to 0°C may be required ~’. The reagents 20-27 are surprisingly stable.
secondary and even tertiary alkyl, allyl, propargyl, vinyl, aryl, a- and B-
heterosubstituted alkyl and aryl. Some simple rules about stability and re-
activity are:
(a) The reactivity of the Ti-derivatives has been found to increase in the
t . ' . . . .
order (R2N)3T1R < (R O)3T1R < C13T1R << (RO)2T1R2, C1,TiR,.
(b) The stability decreases in the same order: the aminoderivatives 22 with
B-hydrogens on the R1-groups can be distilled at temperatures up to
1009C, while the trichloro-analogues are unstable even in solution at

Tow temperatures.

(c) The zirconium derivatives (R'O)BZrR are more stable with respect to all
processes which occur with reduction of the metal, such as B-hydrogen
elimination, reductive elimination and one-electron transfer to electro-

philes.
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Table 2. List of organotitanium and -zirconium reagents of types 20-27 which
have been used for C,C bond forming reactions. Allylic derivatives of this type
are collected separately (Table 5), see section F3.

No. R! RS (X, M) Ref.

20a CH, ChMe, 20,21)
20b CHy CHs 19)

20c CoHs ChMe, 19)

20d n=CHg ChMe,, 22)

20e CH(CH3), ChMe, 12)

20f (>— CHMe, 23)

20g CHs CHtte, 17,20,21)

20h Q CHie, 23)
(8]
201 @[ CHite, 22)
F

20§ CoFs Chtte, 19,24)
20k CHs-S-CH, CHte,, 22)
201 <::>— Chie, 22)
20m (MeySi)C CHMe, 22)
20n E><B' Che, 23)
200 (CeHs ) JAsCH, Chife, 25)
20p (CehHg ),SHCH, CHite, 25)
21a CH, C4Hg 8)
21b CHy CHy 26)



RZ (X, M)

No. R Ref.
21c CH, CHe 27)

21d C,Hg CHg 8)

2le £-C,fg CHg 8)

ar (O kg 8)

21g CeHe CHg 8)

21h CeHs CeHs 27)

S,

211 <:s>- CjHg 8)

222 CHy CHg 19,28)

22b CH, ~(CHy); 28)

22¢ CHg CHg 28)

23a CH, (X = OCHrte, ) 29)

230 CHy (X = c1) 21,30,31,32)
23c CHs (X = 1) 2)

23d CHg (x = c1) 32)

23¢ CHs (X = C1) 21)

24a CHy - 21,30,32,33)
24p CeHs - 21)

24c (H,C)45i-CH, - 34)

252 CHy M = Ti) 26)

25b CHy (M = 7r) 26)

26a CHy ChMe, (M = Li) 10,19)

260 CHy ChiMe, (M = MgT) 19)

27 CH, CHs (M = Li) 10)
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1)  Selectivity of Addition

The most characteristic difference between the reagents (R‘0)3MR (20, 21)
and the classical nucleophilic reagents RLi and RMgX is the selectivity of
the transition metal derivatives. Thus, CH3T1'(0CHMe2)3 (20a) adds to benz-

aldehyde within a few hours at -60°C, while acetophenone requires room

CH
3 HaC. _CHg

0 o
M-CHg
H o+ CHy ————— ©A0H+ OH + OH
E D

A B c

_,éJU Y L

bt bt bt

ABC D E B D B D

Fig. 1. Comparison of the 1:1:1 reactions of methyl-metal derivatives
with benzaldehyde and acetophenone in ether at room temperature. The
titanium reagent distinguishes perfectly between aldehyde and ketone:
(The reactions with CH3Li and CH3MgBr are further complicated by the

occurence of aldol reactions between the carbonyl compounds.)
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temperature to give the adduct within a similar period of time. Addition
of 20a to a 1:1 mixture of benzaldehyde and acetophenone in THF at room
temperature produces only the adduct to the aldehyde, see Figure 1 and

Figure 2 20)

. As is evident from Table 3, branched and unbranched alde-
hydes, cyclic and acyclic ketones, terminal and non-terminal ketones, and
saturated and a.B-unsaturated ketones can also be distinguished with ex-
cellent selectivity. The examples in Scheme 2show that other functional
groups, such as COOR, CONRZ, CN, C-NOZ, C-halogen, and C-0-C do also not

interfere with the addition to aldehyde groups.

Epoxides are also inert. The functional group selectivity of these new
nucleophilic reagents (R20)3MR] allows their use in solvents, such as ace-
tonitrile, carbon tetrachloride, chloroform, and methylene ch]oriae, which
are not compatible with Li- and MgX-derivatives. To avoid hazardous ether
solvents is attractive for industrial applications; for this purpose, the
organotitanium compounds can even be generated directly in these solvents,

using dialkylzinc or trialkylaluminium instead of RLi or RMgX 35).

The halogeno-titaniumorganic compounds (23,24), the tris(dialkylamino)-
(22) and the ate-complexes (26,27) do not appear to be suitable for simple

nucleophilic additions of alkyl and aryl groups to aldehydes or ketones;
for their applications see later sections.
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CHy
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PR,
a

232

Fig. 2. Selectivity of organolithium and organotitanium reagents 1in

reactions with 1:1 mixture of benzaldehyde and acetophenone. Reaction

energy profile and examples.

R- in R-L1i Li-Reagent Ti-Reagent
and R~Ti(0iPr), £%1 a/b (% al/b
HoC- 20 40 / 60 20 >98/ 2
HeCe- 0 40 / 60 0 >98/2
O>— -- -95 - r.t. >98 /2
(\/L -- -80~r.t. >98 /2
(o]
Y -80 33/ 67 -80 ~r.t. >95 /5
HgCe SCH - -50 67 / 33 200 >98/ 2
S,
Cs} -70 67 / 33 200 98/ 2
H
@(Br - 95 ~r.t. 98 / 2
H




Table 3. Selectivities in intermolecular competitions of CH,-addition with

CHSTi(OCHMe 20a) to pairs of carbonyl compounds in THF ! »20)

2)3 ¢

substrate pair % selectivity

more reactive less reactive

e} 0
@J ©/‘ CH3 599.9
(o] (o]

PN

ST N
o

o
/\/U\/\ 85
0 o}
[5 ij o
CHO CHO
OCHg
87

Of the following two typical procedures, the first one demonstrates the
stability and the small tendency of trialkoxy-organotitanium compounds

to do one-electron transfer. In the second procedure, the butyltitanium
20d is added to iodo-benzaldehyde to give the carbonyl adduct, which is

not formed with butyllithium because of attack at iodine.
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Scheme 2. Adducts of organotitanium reagents of type R—Ti(OCHMe2)3 to multi-

functional aromatic aldehydes. The newly formed bonds are indicated by heavy

lines. AT1 yields are high 12220),

OH OH HaCe Ot
CH3 CH3 N
o
NO, N
HO
CH
o) /\ (:H3 3
e \
(o] OH N
N
(o]
=
OH OH OH
|
NC Br
OH O,N OH F
BearIEras
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(o-Fluorophenyl)-triisopropoxy-titanium (20i) and its addition to 2.4-di-
nitrobenzaldehydeto give 2-fluoro-2'.4'-dinitro-benzhydrol 22)

F F F
-75°C 14
—— i e
Buli L
Br i .
2om TiOCHMe2),
OoN NOy OH F
CHO
20m + - 0 O
OoN OoN

A solution of 1.08 m1 (10 mmol) 2-fluoro-brombenzene in 20 ml THF is
treated with butyllithium in hexane (6.3 m1, 10 mmol) at -100°C. After
10 min. C1Ti(0CHMe )3 (14) (4.4 m1, 2.27 m in hexane) is added dropwise
and the solution a%]owed to reach room temperature. (20i may be isolated
similarly to 20g). After the addition of 2.4-dinitrobenzaldehyde (1.57 g,
8 mmol, in 5 ml THF) stirring is continued for 1 hour. Extractive workup
(1 1 HC1/ether) provides 2.28 g (98% yield) of the desired carbinol, m.p.
94-95 C9(ether/pentane).

1-p-Todophenyl-1-pentanol 22)

OH

CHO
/©/ + /\/\Ti(OCHMe2)3 —_—
! [

At -159C butyllithium in hexane (6.33 ml, 10 mmol) is added to 2.2 ml

(5 mmol) of 14 (2.27 m in hexane), diluted with 10 ml anhydrous ether.
After the solution has been stirred for 1 hour at that temperature, p-iodo-
benzaldehyde dissolved in 10 ml THF is added and stirring is continued for
15 hours at room temperature. Extractive workup (1 m HC1/ether) affords
1.19 g (82%) spectroscopically pure 1-p-iodophenyl-1-pentanol.
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2)  Nucleophilicity vs. Basicity

The problem of enolate instead of adduct formation from certain ketones
can not always be avoided with (RO)3Ti—derivatives. The nucleophilicity

can, however, be enhanced by two modifications, see Scheme 3 and Scheme 4.

One is to switch for instance to the dimethyl-titanium 19) derivative 23a,
Scheme 3
[o] oM
HzC oM

CH,=Ti (OCHHte (20a) 50 : 50

2)3
(CHy),Ti(0CHMe,), (23a) 90 : 10

CHyZr(0But) (21a) 90 : 10

oM
o]
CeHs oM
' *
H3CO CHa0 CH3zO

CeHsTi(0CHMe, ), (20g) 25 : 75
CeHsZr(0But), (21g) 90 : 10
HaC QM H.c OM

wChig 3
——— +

H H H
(pregnenolone) 20a 5 :95
21a 80 : 20
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Scheme 4. Adducts obtained from ketones and RZr(DBut)3 (21). The newly formed

bonds are indicated by heavv Tines. % ds gives the diastereoselectivity 37) of

addition 8212,
OH OH HO_ ,CeHs
CH3
CH3 C4Hg
95% 78% 90%
(80% ds) (85% ds) (>95% ds)
HO HO. CH3 HO, CH3 /N\
CHg N ﬁ
N//\\] \=N
Lo
84% 80% 60%
HO NO
CeHs HO | 2
cl H3C, OH
iiiln nlii! ;!><:\//,~\\~//,N()2
N HaC
i HO” “CHy
CHg
78% 72% 749

(one Diastereomer)
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with the obvious disadvantage that only half of the CH,-groups of the re-

agent are transferred. The other, more general and mori useful method is
the employment of zirconium derivatives of type 21 which are much more
nucleophilic than the titanium analogues. Their drawback is that they may
transfer hydride from the o-0CH-position, see section IV 1. For two appli-
cations of organozirconium reagents see the accompanying procedures, one
of which also demonstrates the functional-group selectivity and diastereo-
selectivity.

The ate-complexes 26 appear to be especially basic: Upon addition of aceto-

phenone to ICH3Ti(0CHMe2)4]Li, vigorous methane gas evolution ensues, and

the ketone is recovered after workup 10).

6-Methoxy~2-pheny1-1.2.3.4-tetrahydro-2-naphthol 12

>

R gt — O

CH30
(219)

At -20°C, 1.25 m1 (2.5 mmol) phenylmagnesiumbromide (2 M in THF) and
1.25 m1 (2.55 mmol) C]Zr‘(OBu)3 (16) (2.04 M in hexane) are combined to
yield after stirring for 1 holr at -10°C the reagent 21g. The resu]ting38
solution is then treated with 300 mg (1.7 mmol) 6-methoxy-2-tetralone ).
After one day at room temperature, 330 mg of the title compound (together
with ca. 10% of starting material) is isolated by pouring into neutral 20%
KF-solution and extracting with ether. Recrystallization from CH2C12/
pentane affords colorless crystals of m.p. 88-890C.



5.8-Dimethyl-2-nitro-bicyclol4.4.0ldecan-1.5-diol 8)

o] NO2
Ho NO2 HO
4+  3CHaZr(0But)y —=
HAC H3C § c
3 ¥ 4 A H Ha

(21a)

A solution of 1.5 ml (3.1 mmol) C1Zr(0Bu), {2.04 M in hexane) is diluted
with 6 ml dry ether and treated with 1.75"ml (3 mmol) methyllithium’

(1.7T M 1in ether) at -200C. After stirring 1 hour at —1005, 223 mg {1 mmoT)
of T-hydroxy-2-methyl-2-nitro-bicyclol4.4.0ldecan-5-on 39) dissolved in

2 ml CH2C1 is added. Progress of the reaction is followed by TLC. After
15 hours, %he reaction mixture is hydrolyzed with 20% neutral KF-solution
and the product extracted with ether. Removal of the solvent is followed
by purification with prep. TLC (silicagel, CH,C1/EtOAc 10:1). The product
obtained (178 mg, 74%) is a highly viscous, sTightly yellow o011, which was
found to consist of a single diastereomer (13C—NMR), the configuration of
which was not determined.

Diastereoselectivity

As might be expected, the (RO)3M—derivatives are also more diastereo-
selective than their Li- and XMg-counterparts. An example is the addition
of the methylzirconium 21a to a decalone in the preceding procedure, which
furnishes a single diastereomer of as yet unknown configuration, cf. also
some of the products from organozirconium derivatives listed in Scheme 3,

40)

ditions of organotitanium compounds, see the reactions in Scheme 5 and

above, For 1.2-, 1.3-, and 1.4-asymmetric inductions observed in ad-

Scheme 6. Diastereoselective additions of crotyl and other allylic and
also of propargylic Ti- and Zr-reagents are dicussed in section III F.
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Scheme 5. Asymmetric inductions in the additions of methyl- and

butyl-titanium derivatives to aldehydes and ketones containing asym-

19,26)

metric centers . The relative topicities are specified k.

(cram's rule), except in the Tast case.

CH CH
3 1k -1.2 3 g
/'\ —— R + /k/R
Ph CHO PH Ph X
OH OH
CHyLi or CHyMgCT 66 : 34
CH4Ti (0CEHe ) (20b) 93 : 7

n-CyHoTi(0CHMe, ), (20d) 89 : 11

H3C (o]
pregnenolone
DCTi(0CHMe,) 5 9% : 4
OH OH OH
H  jk-12 Ph Ph
Ph '/ ™ Pn + i 7,
0 HaC O HO CH3
mﬁwl 9 : 4
CH,Ti(0CHMe,) 5 (20a) >99 : 1

nedX

H
H c
N ° g“a HO_ 5
. o
OBz
© o///

CH_MgX (P& -1.2) 88 : 12
20a (wl-1.2) <2 : >98
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Scheme 6 19,20)

0 OH CHg
3
R2 R! 20a R2 gt 3 OH

CH,Ti(0CHMe,),  (20a)
R! = cHy, RS = R% = 9% : 6
RE = CHy, R = R® = 4 89 : 11
R® = CHy, R = R = H 88 : 12
RO = e-Cytg, RN = R” = H 9% : 6
4) Enantioselectivity
41-44)

There have been numerous attempts to render organolithium and
-magnesium compounds enantioselective by complexation with chiral amines,
ethers, and aminoethers, see 28. Only special combinations of RLi and R'CHQ
gave inductions which are high enough for practical purposes. The organo-
titanium derivatives of type 29 are expected to give higher enantioface-

differentiations because their chiral OR*-groups are bonded less loosly to

/o \» /
R_l{ R-—T{-—OB
o or-*
\
28 29

{see Scheme 7 for
specification of R¥*)
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the metal. Furthermore, a rational design of Tigands for titanium appears

to be easfer, Scheme 7 contains all the chiral reagents tested so far, and
in Table 4 the results of the inductions are Tisted. A more detailed discus-
sion is given in the review article 18) mentioned above. It suffices to
point out here, that the hitherto highest degrees of asymmetric inductions
of the addition of phenyl groups and of methyl groups to aldehydes have

been achieved with this new method; enantiomeric excesses above 50% are not
rare (Table 4). Two procedures describe the method of attaching the chiral

OR*-groups to titanium and of carrying out the additions.

(S)-(-)-p-Methyl-benzhydrol of 88% e.e. 12)

UL, QL T
+ CiTi(OCHMes)3 —u i
co e

(P)
LY
N
e T LT

m (see Scheme 7)

H

{{1Ye)

@ MgBr

To a solution of (S)-(-)-binaphthol (750 mg; 2.62 mmol) in 100 ml benzene is
added an equimolar amount of 14, The solvent is carefully removed by frac-
tionating through a 10 cm Vigreux column. The gradually rising boiling
temperature indicates the change from benzene/2-propanol azeotrope (b.p.
71°C) to pure benzene. The residue which may retain some benzene is dis-
solved in 30 ml THF and treated at -20°C with 1.3 ml (2.60 mmol) phenyTmag-
nesiumbromide(2 m in THF). After stirring for 1 hour at -20°c, p-tolylalde-
hyde (203 mg, 1.7 mmol) is added. The solution is allowed to reach room tem-
perature overnight and is hydrolyzed with 20% neutral KF-solution. The com-
bined ethereal extracts are washed three times with 1 w NaOH to remove the
freed chiral Tigand (which can be recovered in 70-80% yield by acidification
of the aqueous layer with conc. phosphoric acid). After distillation (b.p.
1209C/0.05 Torr) (S)-(—%-p-methy]-benzhydro] (250 mg) is obtained in 74%
yield and 88% e.e. [a]2 p = -8.84% (c = 4.8 in benzene).



Scheme 7. Different types of chiral, non-racemic Ti-derivatives which have
been tested so far in asymmetric additions to aldehydes and a ketone. For
applications see Table 4.

R-Ti(OR*) 5
/\(§)/\
a CH3 O H
CHyg
b CH,
R} RZ R3
c CHy foCHy  CH, CHy
d CgHg g CgHg  CHy CH,
e 1-naphthyl h CH3 H C(CH3)3
R-T1(COR") ,0R* R2
Rlo_ o CG
/
Al
HaC R~ O
JTOCHMe3 )o @@
= R2
/_\
n R R! R?
i CHy  CHyCHy H
J CHy CHMe, H
o k CH CMe H
\/Ti(OCHMe2)3 - 3 3
Chg 1 CHy  CHMe,  CHy
o n C6H5 CHMe2 H
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Table 4. Asymmetric additions of chiral organotitanium derivatives a - o
(specification see in Scheme 7) to aldehydes.

OH HO__~CHa
8% e.e. (S) with a 58% e.e. (S) with ¢
12% (S) b 25% (R) f
23% (S) < 33% (S) g
20% (R) f 46% (s) i
70% (s) g 40% (s) 1
32% (R) h
28% (s) i HO_ __CHg
59% (S) J
54% (s) 1 O
13% (S) n 5% e.e. (R) with e

76% e.e. (S) with

@ 67%
HO, OH

<& SR

>80% e.e, with m 0% e.e. with

[g]
N
w
L
D
D

|

/WYCH:S

OH

52% e.e. (S) with g
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(S)-(-)-1-Phenyl-ethanol of 70% e.e. )

)]
HaC. © COOCH4 o) OH
XL e —
" "':.NOH

HaC O™ ™CoO0CH, o
2o

OH

$CHO CHg

c .
HaLi ><

In a 1 L three-necked flask, equipped with a reflux condenser and a dropping
funnel, is placed 9.72 g (0.40 g atoms) of magnesium turnings in an argon
atmosphere. Ether (40 ml) is added to cover the magnesium and the reaction
started through addition of ca. 2 ml bromobenzene and heating to reflux. The
remaining bromobenzene (42 ml, 0.40 mol, total) dissolved in 80 ml of ether
is added at such a rate that a moderate reflux is maintained. After the ad-
dition has been completed (ca. 1.5 hours), the solution is refluxed for

1 hour. The brown Grignard solution is then cooled to room temperature and
diluted with 200 m1 of ether. To this mixture the tartaric ester deriva-
tive46) (dissolved in 100 m1 of ether) is added from the dropping funnel. A
vigorous reaction is observed and a yellow solid precipitates. After the ad-
dition is complete (ca. 90 min.), the reaction mixture is refluxed for

2 hours and then stirred for an additional 4 hours at room temperature. The
flask is then placed in an ice-bath and the mixture hydrolyzed by the sTow
addition of 300 ml of a saturated NH4C1 solution. The two layers are sepa-
rated and the aqueous phase is extracted four times with ether. The combined
etheral extract is washed twice with saturated aqueous NaCl-solution, dried
and concentrated. The crude product is suspended in 100 ml of pentane and
stirred for 1 hour at room temperature. The product is collected on a
Biichner funnel and washed with 100 ml of pentane. Repeating this purifica-
tion procedure yields 17,15 g (74% yield) of (2R,3R)—1.1.4.4—tetraphen%1-
~2.3-(2-propylidenedioxy)-butan-1.4~diol; m.p. 190-1929C. lalp = -59.2

(c =1, CHC13).

A solution of 2.80 a (6.00 mmol) of the diol in 160 ml of anhydrous toluene
is treated with 4.8 m1 (6.00 mmol) of 14 (1.25 M in hexane). Through azeo-
tropic distillation, 2-propanol is removed from the mixture. The residue, a
brown 0ily Tiquid, is dissolved in 50 ml of ether and cooled to -15°C. After
addition of 4 ml (5,92 mmol) of MeLi (1.48 m in ether), stirring is con-
tinued for 1 hour. The brown suspension is cooled to ca. -20°C and 0.5 ml
(4.95 mmol1) of benzaldehyde added. The reaction mixture is allowed to come
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to room temperature overnight, is hydrolyzed with 20% neutral KF-solution
and extracted with ether. The crude product is purified by flash-chromato-
graphy, employing ether/pentane 1:2 as eluant. The chiral auxiliary, which
is eluted first, is recovered in nearly quantitative yield. 0.58 g

(4.75 mmol1) of methyl-phenyl-carbinol is obtained corresponding to a yield
of 96%; lalp = -31.80 {c = 5.1 in ethanol); e.e. = 70%.

Michael Additions

In the previous section, it was shown that the reagents of type R]M(ORZ)3
(20,21) are most useful for simple, highly selective additions to aldehydes
and ketones. These same reagents show no tendency to add in a 1.4-fashion
20’47). Together with the fact

that E/Z isomeric vinylzirconium derivatives react without loss of confi-
12)

to a.B-unsaturated aldehydes and ketones

gurational purity, see formation of 30

dence 48) that no one-electron transfer is involved in their reactions. In

, this may be taken as evi-

OH
H H

CHO >=<
©/ + (Buto)yzr CqHg ——

0 o)

H R

:>::=< rlHr/“' R2
HC=C-R'+ CpoZrCIH — z{ H —2

szcr

30 (78%)

I3
\

2c

contrast, the vinyl CpZZrC1-derivat1ves can be caused to add to the 3-posi-

tion of enones exclusively in a nickel-catalyzed process 49)

. The reactive
species is probably an organonickel compound. The reaction furnishes trans-
-2.3-disubstituted ketones 31 from a~substitued cyclic enones. No Michael

addition occurs with the alkyl analogues under these conditions. Since the

vinylic reagents are made by hydrozirconation of acetylenes 50)

(section
IV D), an overall stereoselective reductive Michael addition of acetylenes
to enones can be achieved.

Titanium mediated mMichael additions of silyl enolethers will be mentioned

in section III E3.



¢)

3-((E)-3.3-Dimethyl-1-butenyl)-cyclohexanone 5T)

><\/Z’CP2C' + Ni(AcAc) .

A solution of the vinylzirconium complex (1.92 g, 5.67 mmol, from 2c and
t-butylacetylene) and 2-cyclohexenone (0.62 g, 6.48 mmol) in 30 ml THF is
stirred under argon at 0°C. After addition of 0.15 g (0.59 mmol) Ni(AcAc)2
stirring is continued in an ice-bath for 6.5 hours. Workup after quenching

with saturated NH4C1 by extraction with ether, washing of the ether solution
with NaHCO3 and brine, drying and evaporation of solvents gives after column

chromatography 0.744 g (73%) of the y.8-unsaturated ketone.

Olefination and Other Transformations of Carbonyl Derivatives with Removal

of the Carbonyl Oxygen

There is a family of transformations by which the oxygen atom of carbonyl
derivatives is replaced, Scheme 8. The methods of achieving such transforma-
tions are often elaborate, require several steps or are not applicable to
certain types of carbonyl substrates. Thus, the geminal dimethylation is
normally carried out by the three-step sequence olefination, cyclopropana-
tion, hydrogenolysis, Scheme 9 (top). Another example is the conversion of
carboxylic acid derivatives to heterosubstituted olefins, formally a wittig
reacton; since acylation of the wittig reagents occurs instead of olefina-
tion, a conversion to a methylketone and its subsequent regioselective
transformation are necessary, Scheme 8 (bottom part). Again, there are
recent titanium-based methods by which this and other processes such as
aminative alkylation can be achieved in one-pot reactions.
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Scheme 8.
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Scheme 9. Multistep conversion of a ketone to a gem. dimethyl derivative
and of an ester to an enol ether by conventional methods.

| |

R OR2 Rt OR2? Rt CHg
©0 —————— \n/ —— \n/
o (o]
® pma

| |

I
3
|
Al A Rl OR2 Rl
\n/\P¢3 \n/ —-— \l/

0 CHy 0®

\

Olefinations with the rebbe Reagent (3)

The methylene complex 3 was first prepared and characterized by Tebbe 6)

who noticed that it smoothly converts cyclohexanone to methylene-cyclohex-
ane, a reaction which can be carried out with wittig’'s less fancy phospho-
rous ylid reagent. In the meantime, simple procedures for the preparation
of 3 have been elaborated, and it is 1ikely that 3 will be commercially

available, shortly, Substituted methylene complexes of this type, with CHR

52)

instead of CH2, have become accessible just recently . The increased in-

terest is not only due to numerous reports about the use of 3 in meta-
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54) that esters and lac-

theses 53) but especially because it was found
tones are directly converted to enol ethers by this reagent. The process
is shown in Scheme 10, together with a number of examples. The reaction is
not ester-selective, i.e. aldehyde and keto groups in the same molecule
also undergo olefination. On the other hand, ether, thioether, and con-
Jjugated and non-conjugated olefinic double bonds are compatible with this
new method of olefination. A new strategy of preparing intermediates for
intramolecular piels-alder additions and for claisen rearrangements is thus

practicable, see bottom part of Scheme 10.

General procedure for transformation of esters into vinyl ethers 54)

A solution of 1 mmol of ester in 2 ml of toluene/THF (3:1) and 10 wI

of pyridine is cooled to -40°C. 1.1 mmol of 3 (0.55 M in toluene) is added
dropwise and the reaction is kept at -40°C for 30 min. and then allowed to
warm to ambient temperature within 1.5 hours. The reaction is quenched by
dropwise addition of 0.3 ml of 15% aqueous NaOH to the cooled (-100C) re-
action mixture and allowed to reach room temperature. After gas evolution
has ceased, the dark green solution is diluted with ether, dried (NapS0gq)
nd filtered through Celite. Upon solvent removal in vacuo the crude vinyl
ether may be purified by filtration through a short column of alumina
(neutral, activity III), using hexane as eluent to give the pure methylen-
ation product in high yield.

Aldehyde-selective peterson olefinations can be achieved with Me351CH TiCl

2 3

(24c) 34). This reaction also demonstrates the great influence of the
X-groups in RT1X3-reagents: the corresponding triisopropoxy-derivative does
not react similarly 23) (see also next section). For further examples of

olefinations, with allylic silylated nucleophiles, see section III F4; com-

pare also olefinations with low-valent Ti-species/CHzBr2 in section III C1.



Scheme 10. Olefinations of esters and lactones with the Tebbe reagent. The

dotted 1line shown in the olefins indicates the site of the CO double bond

in the substrate 54’55).

RO 3 ¢ ‘RO
OEt H CHo
- - ' CH2 - -
CHg @j?? CHS/%/ﬂ\OEt
H
CHy CHy
o
o’ 7 . m
o
CHy H
o
]
@

Geminal Dimethylation and Amination/Alkylation of Carbonyl Derivatives

The stability of RT1’X3 derivatives increases with increasing donor ability
of the X-groups, i.e. in the order X = CH3, C1, OR, NRZ' In the same order,
the Lewis acidity and the reactivity decrease. Thus, CH3T1'C13 (24a) and
(CH3)2T1'(OCHMe2)2 (23a) are both more reactive than methyl-triisopropoxy-
-titanium. It is likely, that the higher homologues of CH3T1C13, of
(CH3)2T1C12, and of (CH3)2T1'(OR)2 are not stable enough to become syntheti-
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cally useful. However, the CHs-derivatives can be used for unique one step
carbon-carbon bond-forming reactions, the detailed mechanisms of which are
by no means clear. Thus, trichloro- -methyl-titanium causes Br/CH exchange
at a bridgehead position (—32) 30), while tertiary alcohols undergo an
overall OH/CH3 exchange with dichloro-dimethyl-titanium (—33) 31). Not
surprisingly, the same reagent effects a geminal dimethylation of ketones
(—=34). In this last mentioned reaction, the substrate structure is such

that intermediate carbocations would rearrange.

32
CHgTiclg 32
COOCHg 24a Aﬁ{iii;J\\//COOCHa

(CHa 2TIC|2

B
(23b)
excess

5 %pu

HO

CHg),TiCly 34
(23b) -

Xfo 2 CHgTi (NEto)y ><'/N</
A (22a) 35

CHgq

On the other end of the reactivity scale, the dialkylamino derivative 22

converts non-enolizable aldehydes to tertiary amines (—+35) 28)

. This new
method for the one-step alkylative amination has been described in full de-
tail. The yields are not as yet satisfactory; improvements seem possible.

The accompanying Table 5 and Scheme 11 contain lists of examples of terti-

ary alkylations and of conversions of aldehydes to tertiary amines with

simultaneous alkylation, respectively. Two typical procedures follow.



Some further examples of the preparation of compounds with quaternary

Table 5.
- R 31,32)
carbon atoms produced with methyl titanium reagents .
Starting material Product Method a) Yield [%]
or Reagent
o H3C_ CHg
v/u\v ‘ >< B 84
Q HaC_  CHs
CI\/\/U\ CI\/\>< . 82
0 HaC_  CHg
o H3C_  CHg
S S
(o]
S
HaC
3 cl HaC CHy
>< MeTiClg 95
H3C Cl H3C CH3

a) See experimental details below.
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Scheme 11. Products from aldehydes and alkyl-tris(dialkylamino)titanium deriva-

28)

tives . The newly formed C.C and C.N bonds are indicated by heavy Tines.

NEto

R1 /ﬂ\H + 2 RZ —Ti(NEtg)g — 1/CH\R

o

l #CH3
CH H
>< “NCHj
55% 73%
Eto NE,

H\/\/ ©/\/ CKCH 3

15% 44%

NEt, R= H 0--CHgy p—CHgy p—OCH4
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Procedures for direct geminal dimethylation of carbonyl compounds 31)

R '

R CHj
—0 —_—
R2

RY  CH,

Method A: At -30°C the ketone (1 mol-equiv.) is treated with dimethyltita-

nium dichloride (23b) (2 mol-equiv.) in CH2Cl2 and the reaction mixture
allowed to reach room temperature.

Method B: The ketone is combined with MepTiClp (23b) at -300C and after ca.
50 min. Titaniumtetrachloride and dimethylzinc (T mol-equiv. each) are
added in rapid succession. The mixture is then allowed to warm to room tem-
perature. This two-step procedure yields the desired products in a compa-

rable yield to the method A; in some cases it proves to be even more
successful.

Methylation of tertiary alcohols 31)

R R
R%——OH —_— R’—>—cn—u3
R R®

Titaniumtetrachloride (4) (1 mol-equiv.) is combined with the alcohol

(1 mol-equiv.) in CHpClp at ca. -300C. After 5-10 min. the reaction mixture
is treated with MeoZn (1 mol-equiv.) and the temperature maintained for

1 hour before workup. Alternatively MepTiClg can be used equally well.

Diethyl-11-(2'-furyl)ethyllamine 28)

@\ U\ _CHy
CHO 4+ H,C—TINEt,), TH

NEt,
Methyllithium (3.2 mmol, 1.78 M in ether) is added slowly to a stirred solu-
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tion of 1.116 g (3.2 mmol1) of BrTi(NEt2)3 in 30 ml of ether at -309C. After
30 min. at that temperature and 1 hour at room temperature, the yellow so-
Tution of 22a is combined at ~60°C with 124 ul (1.49 mmol) of furfural and
then stirred at room temperature for 18 hours. The reaction mixture, con-
taining a white precipitate, is quenched with H0 and the aqueous phase ex-
tracted three times with ether. After washing the combined etheral extracts
with 2 n aqueous HCT the pH is adjusted to ca. 9 by addition of NapC03. The
amine is extracted into ether, the ether solution washed with Hp0, dried
(NapS0gz) and concentrated to give 174 mg (73% yield) of diethyl1-11-(2'-fur-
yllethyl}amine as a yellow oil which is very sensitive to air.

Carbonylation and Reactions of Isonitriles

A special case of addition to C,X multiple bonds is carbonylation, i.e.
reactions with carbon monoxide and additions to isonitriles. These can also
be considered as additions to carbene carbon atoms. A process of great
practical importance involving carbon monoxide and transition metals is the

hydroformylation 5

57)
also formed by alkylation of anionic metal carbonyl complexes (cf. of

58)), lTess often by direct metalation of acid halides 58,59) (cf. also
the formation of carbene complexes 37).

). Isonitriles are also important industrial starting
materials . Carbonylation leads to acyl metal complexes 36 which are

iron

,0

/4
RM + CO — R-C~ ———— RCOX + 2M
ze M

B

RX + [mico))®

OR’
/
M(CO) + RM'/RX’  —=—=  (CO)p_, M=c 37
R
N-CR3
RZC—N=C+R'M — o R'-G ag
M



In contrast to acyl alkali and earth alkali derivatives of type 36, which
are rather unstable 60), the imino analogues 38 are stable at least in so-
Tution with M = Li or MgX 61) and are useful nucleophilic acylating rea-
gents (d]-reactivity 62)). These can be alkylated (—ketones) and hydroxyl-

alkylated (—a-hydroxyketones).

There are two interesting applications of titanium and zirconium compounds
with carbonylation and additions to isonitriles: the hydrozirconation prod-
ucts (see section IV D) of olefins (39) and of acetylenes (40) react smooth-
1y with CO to give acylzirconocene derivatives 41 and 42, respectively.

These 1in turn can be converted (—43,44 63)

) to aldehydes, carboxylic acids
or acyl halides, but they do not combine with carbon electrophiles such as

aldehydes, ketones, and alkyl halides.

ZrCpoCl
Ry CH—CHg—ZrCp,Cl e P2
38 40
0
n
RoCH—CHg~C—2ZrCp2Cl R/\/u\zrcmcn
il 42
0 o]
¢ /\)k
RoCH—CHg—C—X N "
43 .l
X=H,OH, OR,Br
o 3
TiClg n /OR
RI-N=C+R2CHOR3), — =  RI-NH-C-CH
\R2
a5
OH
e A__NHCHg
RICHO +HzC—N=C ——= R
NMiXg
46 a7
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Two new titanium-mediated versions of the Passerini reaction 64) lead to
a-alkoxyamides 45 and to amides 46 of aliphatic amines, In the first case,

it is not clear whether an intermediate with a Ti-C bond is involved or

65)

whether TiC14 merely acts as a rewis acid . In the other reaction, one of

the known adducts of T1'C14 to isonitriles, for which structure 46 has been

proposed 66), adds to aldehydes 10)

. If structure 46 is correct, it is a
case in which an organotitanium reagent is formed directly from an organic

compound and T1'X4 rather than by transmetalation (see Table 2).

Carbonylation of organozirconium derivatives 63)

] RCHO

H
cl /o'
Co,2r iical €O cpzr7% 4 O} rcoon
\n/ B~ RCOOMe
o) MeOH

A solution of 2 mmol of the organozirconium compound 39 (cf. section IV, D)
in 5 ml of benzene is stirred under 1.4 atm. of CO at room temperature. Car-
bonyl insertion to yield the acyl complex 41 is complete within some hours.
41 may be converted to aldehydes by addition of aqueous HC1 in benzene so-
tution at room temperature. Carboxylic acids are produced on treatment with
aqueous NaOH followed by 30% Hp0p and acidification, whereas slow addition
of NBS solution in methanol at room terperature results in formation of
methyl esters.

2-Hydroxy-N-methyl-heptanoic amide 10)

Ci OH Hay
S

Ci_Ti C/ CSH“CHO /\/\/kn/
j— hetcaliLinoie
3 NneH,

O

CH,~N=C + TiCl,

A solution of 1.1 m! (10 mmol) of titaniumtetrachloride in 40 ml CH2C12 is
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cooled to ca. -59C. After slow addition of 0.57 m1 (10 mmol) of methyliso-
cyanide the reaction mixture is warmed to room temperature. From the yel-
low solution a white solid precipitates. Stirring is continued for ca. 2.5
hours. Cooling to -600C is followed by the addition of 1.17 ml1 (9.5 mmol) of
hexanal. The mixture is warmed slowly to ca. -50C. The precipitate begins
to dissolve at -15°C and a clear yellow solution is obtained. Hydrolysis

is achieved by treatment first with 25 m1 2 N aqueous HC1, and after the
initially formed white solid 1is completely dissolved, an additional 20 ml
of water is added. The green-yellow colour disappears during vigorous stir-
ring for 1.5 hours. The layers are separated and the aqueous phase is ex-
tracted twice with CH C12. After washing the combined organic extracts with
saturated NaCl solutiGn and drying (MgS0O,), the product, a white powder, is
obtained on concentration in vacuo. Yie]é: 1.45 g (9.10 mmol1; 96%).

m.p. 109.5-1109C (CHpC15).

o~ and y-Alkylations of Carbonyl Derivatives

Replacement of hydrogen by trialkyl silyl groups has led to a "new genera-
tion" of carbon nucleophiles for carbon-carbon bond formations. Although

vinylsilanes and arylsilanes have also gained considerable importance, the
most useful representatives of this class of compounds are undoubtedly the

67-71) 71,72)

silyl enol ethers 48 and the allylic silanes 49 . The reactions

of these species with electrophiles require catalytic or stoichiometric

OSiMe3 2 OTiClg
+ TiCla "'—‘_"__-, + CiSiMeg
48
SiMeg TiCly
+ TiClg ——= + CiSiMeg
4_9_
N A\ e e ? . le
—C—X + TiCla e —— -/C—X-*TiCI4 =  _C
50 xTicla®

"activation". For many purposes, the most powerful activation is provided by
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a stoichiometric amount of TiC14; with sensitive substrates this activation

can be modulated 73)

by using mixtures of T1’C14 and Ti(OR)4, i.e. C12T1'(0R)2
in the case of a 1:1 ratio. Although the mechanism is still subject to dis-
74) that with silyl enol ethers 48 the actual

reagent is a titanium enolate, and that 1ikewise an allylic organotitanium

cussions, it is conceivable

derivative is formed from allylsilanes 49. Titanium derivatives of this kind
have been generated deliberately from Tithium enolates 75) and allylic

Grignard reagents 14,76,77)

» respectively, and have been shown to be extre-
mely reactive even at temperatures as lTow as —110°C, see next section (F).
Of course, the titanium tetrachloride will also activate the electrophiles
such as halogen and oxygen derivatives (—50), but many applications suggest
that no free carbenium jons are formed. Maybe a simultaneous activation of
the nucleophiles (=45, 49) and of the electrophiles (—=~50) is accomplished
by Ti(IV) species. For extensive discussions, the reader is referred to

some excellent recent review articles 67_72).

Whatever the detailed mechanism might be, the following most useful trans-
formations can be achieved under these conditions. In the presence of T1'C14
silyl enol ethers are converted to a-alkylated carbonyl derivatives with
high regioselectivity and in good yields when treated with t-alkyl halides,
t-alkyl ethers or t-alkyl esters, with benzylic halides, with a-chloro-thio-
ethers, and with acetals of aldehydes and ketones. 0-Alkylation and poor
yields because of competing elimination and other side reactions are typical
when 1ithium enolates are treated with the same "SNl-type electrophiles".
Also, aldol additions even to ketones occur with TiC14/511y1 enol ethers.
Thus, this kind of silyl enol ether chemistry is not alternative, but com-
plementary to classical enolate chemistry.

It is remarkable that silyl enol derivatives can also undergo remote re-
actions, i.e. michael additions with enones and d4—reactions 62) when silyl
dienol ethers are employed.

Same characteristic examples of T1C14-mediated transformations of silyl enol

ethers are collected in Table 6, and several procedures follow.



2-t-Butyl-cyclopentanone 78)

0SiMes 0

Under inert atmosphere a solution of 15.6 g (100 mmol) of 1-trimethylsilyl-
oxy cyclopentene and 10.0 g (108 mmol) of tert-butylchloride is treated at
-459C with 20 g (105 mmol) of titanium tetrachloride dissolved in 30 ml of
cold  (-459C) CH2Cl1p. The reaction mixture is stirred for 30 min. and then
diluted with 100 m1 of CHpClp. After aqueous workup the crude product is
purified by fractional distillation to yield 9.2 ¢ (66% yield) of 2-t-butyl-
cyclopentanone. b.p. 959C/45 Torr.

a~{1-Methoxy-cyclohexyl)-a-phenyl-aceton 79)

OCH3

OMe i
AOSiMes gy o
+  CgHgCH=C_ —
OMe CHg CHy

To a solution of 2.6 mmol T1'C14 in 5 ml CH C12 stirred under argon at -78%C
is first added a methylene chloride solution of the dimethyl acetal of cyclo-
hexanone (2.5 mmol), immediately followed by a solution of 1-phenyl-(2-tri-
methylsilyloxy)-1-propene in the same solvent. After stirring for 3 hours at
-78 C the mixture is hydrolyzed and the aqueous layer extracted with ether.
After drying, the solvents are evaporated and the residue is chromatographed
on silicagel to give a 91% yield of the B-methoxy-ketone.
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2-(Hydroxy-pheny1—methy1)-cyc1ohexanone 80)

OSiMeg (o] OH

TicH
+  CgHsCHO —2» Cets

A methylene chloride solution (10 ml1) of the silyl enol ether (0.43 g,

2.5 mmol) is added dropwise to a mixture obtained from 20 m1 CHpCl2, 0.29 g
(2.75 mmol) benzaldehyde and 0.55 g (2.75 mmol) TiClgq and stirred at -780C
under argon. After 1 hour, hydrolysis at low temperature, extraction of the
inorganic layer with ether, washing of the organic layers with water, dry-
ing {NapS0a), and evaporating the solvents furnishes a residue which is
chromatographed on silicagel with CHpClp as eluant. First, 115 g (23%) of
the £-diastereomer (m.p. 1039C), and then 346 mg (69%) of the «-diastereomer
(m.p. 740C) is eluted.

3-(2-Pheny1—2—oxoethy1)—cyc1ohexanone 81)

OSiMeg

o)
@/‘\ é TiCl4/Ti{OCHMe2)a
+
PH

To a methylene chloride solution (4 ml) of TiClg (1 mmol) and Ti(0CHMe2)4
(0.4 mmol) is added a mixture of a-trimethylsilyloxystyrene (1 mmo1) and
2-cyclohexen-1-one (1 mmol) in methylenechloride (6 ml) at ~-780C. After be-
ing. stirred for 30 min., the mixture is hydrolyzed with 12 ml agueous K2C04
(0.75 g) and extracted with ether. The extract is washed with brine, dried
(Ha2s04) and concentrated under reduced pressure. The residue is chromato-
graphed on silica gel, yielding 70% product of m.p. 75-769C.




Table 6. Examples of T1C14—mediated reactions of silyl enol ethers with “SN1-

-type" electrophiles. Equimolar amounts of T1'C14 are usually employed, see pro-

cedures.
Silyl enol Electrophile Product Yield [ref.]
ethers %

OSiMeg t_C4H9_C'1 o 90 78)

£-C4Hq-0Me [ff]><’
30-55 67)

t—Cq_Hg—OAC

Hy
HC(0CH,) &fw, 71 79)
01~ SCH &‘/\scsﬂa 71 82)

OSiMeg o

£-C4gCT &X 86 78)

o CegMs
C6H5(l3HC4H9 gj)\/\/ 82 67,83)

c1

NO2 o

A — ° 84)
82% 87%
OMe OMe 5 85)
[ Cath CHO 8 )
MOS!M@:' ‘WW" BTYK/\/
OAc Ac
CgHs Me [}

PN osime Me,ClOMe)y M CeHe 78 86)
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Aldol Additions and Related Processes

There is no synthetic reaction about which so many papers and review ar-
ticles appeared within a few years as about the diastereoselective aldol
addition. The most comprehensive, competent and up-to-date survey is that
by c.H. Heathcock and is entitled "The Aldol Addition Reaction", to be
published in the forthcoming edition of J.p. Morrison's book "Asymmetric
Synthesis, Vol. 2", A complete list of the reviews with titles is given in

references o/-97)

. The interest in acyclic stereoselection arose when macro-
cyclic and open chain ionophores, antibiotics and other highly functional-

ized, physiologically active compounds becarme the target molecules of natu-
ral product synthesis; see for instance the most recent efforts towards the

total synthesis of palitoxin ]04).

Like other processes 101,102)

in which two trigonal, two-dimensionally
chiral centers combine to give two new asymmetric carbon atoms, the aldol

addition can furnish two diastereomeric products. It is shown in Scheme 12

Scheme 12
Y
oM /CHR3
R2 —~CH=C R2—CH=C\
\R1 H
+
(a) (b)
1 R4rSco l
OH O HO  CHR3
** %
. *
R4R5 R1 l{ .3 H
R
R2 R2
/e
OH
%, RG
4
R RS
R2 ©
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that the same B-hydroxy-carbonyl compounds, which are formed by aldol addi-
tion, route (a), can also be obtained from allylic organometallic compounds
through homoallylic alcohols, route (b). This Tatter route requires more
steps to the aldol-type products, but it is at the same time more flexible,
because conversions of the olefinic double bond other than oxidative cleav-
age can produce a variety of structures, cf. the vy-hydroxy-carbonyl deriva-
tives, route (c) in Scheme 12. If R3 of the allylic metal derivative is a
heteroatom, step (c) consists of a simple hydrolysis. For these reasons, it
is not surprising that the generation and the regio- as well as diastereo-
selective carbonyl additions of allylic nucleophiles has also attracted

much recent interest, as demonstrated by several review articles 96_100).

The stereochemical course of diastereoselective C,C bond formation by com-
bination of two trigonal centers can be discussed with the vewman projec-

Scheme 13

M ¥
o o]
R1j$/:o R2 . H
2 R 3 R
R H R H R H
H H R2

Aluh B [0

CIP priority sequence

D >R >H =C >R% sH
A >R2 >H 0 >R3 >H
M
r'ﬂ 2 CHR!
o0----M 0
R2 \ H_P_R2 H_
o)
H CRIOM R2
Duh) E(ul) Ellk)
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tions in Scheme 13. The relative topicities of approach of the donor and
acceptor trigonal centers are specified 40 assuming the "normal" order of

105)

priority of the groups as indicated in the center of Scheme 13. As a

general rule, the AdLapproach A is preferred 102)

: (i) if no geometrical

isomers exist of either the donor or the acceptor component, they combine as
shown in A; (ii) the rate of reaction and the degree of selectivity are

higher with z-donors, B, than with e-donors, C; (ii1) under many conditions,
the aldol process occurs with Adtpreference, independant of enolate configu-
ration; whether this is due to a switch from the chair-Tike arrangement C to
a boat-like arrangement D or to a so-called open approach E, and why this is

s0, is still subject to discussion 87,102 106)

The present authors

think 102) that the open model E is highly unfavorable in aprotic solvents
and in the absence of jons, when the temporary partial charge separation
which must develop along the reaction coordinate 1is neither stabilized by

solvation nor by chelation, nor by counterions.

OZrCICp2 \%OirCIsz \%O:X \%Oix
2-51 E-51 2-52 E-5

! \
R\cnmxa CH—Tixgm®

h)
Ay 2
Ti — R
CezT / XCP2TIWR1
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Returning to the subject matter, it is a fact that the metal enolates 51

and 52 and the enhydrazinolates 53 of titanium and zirconium are among the

reagents with /J-preference, independant of the enolate geometry. In con-

trast, both titanocene and titanate derivatives with crotyl or higher or

heterosubstituted allylic Tigands (54, 55) show a strong /“—prefer‘ence, see

F in Scheme 13.

A collection of nucleophiles of type 51 - 57 is specified in Table 7.

Table 7. List of enolates, enhydrazinolates and allylic derivatives ot titanium
and zirconium which were used for regio- and diastereoselective C,C bond forma-
tion.
Rl RZ X (M) Ref.
51a C2H5 CH3 107)
51b C6H5 CH3 108)
51c -(CH2)3- 107)
51d —(CH2)4- 107)
5le N(CHMe2)3 CH3 108)
51f N(CH2)3CH2 CH3 108)
5lg
A (see Scheme 14) CH, 109)
5hh -
511 OCH3 CH3 108)
513 t—C4H90 CH3 108)
51k t-C4H95 CH3 108)
52a C2H5 CH3 OCHMe2 75)
52b CoHe CH3 N(C2H5)2 75)
52¢ t=Cyhg CH, OCHMe,, 75)
52d C6H5 CH3 0CHMe,, 75)
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(Table 7 continued)

1 2

R R X (M) Ref.
52 Ceto(CHa) 5 CHy OCHYe, 75)
52f ~(CHy) 4 N(CoHe) 75)
529 ~(CHy) g- OCHMe,, 75)
52h -(CH,),- H(CoHe ), 75)
52i ~(CH,)g- OCHMe,, 75)
523 ~(CH, ) - N(CHe ), 75)
52k 0C2H5 CH3 OCHMe2 19)
521 =0-(CH, )= N(C,He) 19)
52m CHli-(CHy ) 5 N{C,Hg ), 19)
52n CH3I‘;‘—(CH2)4— N(C,Hz), 19)
53 CHy N(CoHs), 110)
53 CHy OCHMe, 110)
53¢ CH(CH,) OCHMe, 110)
53d CeHs OCHMe, 110)
53 Cehe N(CHHg), 110)
54a H H OCHMe, (Ti) 21)
56 H CH, ocghs 2 (TH) 14)
54¢ H CH 0CgHs (Zr) 1)
54d H CyHg 0CgHs (Ti) 77)
54e H CH(CH 0CgHe (TH) 77)
54f Lis H OCHMe, (Ti) 22,112)
54g LiS H OCHMe, (T4) 112,113)
54h H SCH, OCHMe,, (T1) 76,112,113)
541 H SCehs OCHMe,, (Ti) 76,112,113)
543 H H NEt, (T1) 19)
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(Table 7 continued)

R! R? X (M) Ref.
54k H CH NEt, (Ti) 19)
541 OCON'Pr CH, NEt, (Ti) 114)
55a H H OCHMe,, (MgC1) 19,115)
55b i Ci, 0CHie, (MgC1) 19,115)
55¢ H CHy 0CgHy (MgCl) 19,115)
55d H Si(CHz)4 OCHMe, (Li) 19,115)
55e H H NMe, (MgC1) 19,115)
55F H H hMe, (L) 19,115)
559 H H NEt, (Li) 19,115)
55h H Ci, NEt, (MgCl) 19,115)
56a H H 116)
56b CHy H 116,117)
56¢ CH CH 17)
56d CoHg H 117)
56e (CHg) 481 H 99)
57a CH, X =Cl 118)
57b X = Br 118)
57¢c X =1 118)
a)

The crotyl titanium reagents were also tested with other OR-groups. The

phenoxy derivatives gave the best diastereoselectivities in the standard re-

action, i.e. addition to benzaldehyde. Therefore, all other experiments were

conducted with the triphenoxy compounds.
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Ti- and Zr-Enolates for Aldol Additions

The trialkoxytitanium and tris(diethylamino)titanium enolates 52 and analo-
gous derivatives 53 of aldehyde dimethylhydrazones have been shown to com-

bine with aldehydes with relative topicity 40875’110). The selectivity was

found to be highest with the hydrazone derivatives (53b-53d) when

X = OCHMeZ, yielding aldol-type products 58 of two different aldehydes with

58 R': Me,CHMey,CgHsg
R2: Me,CHMey, CMe,CgHs

59 n=23,4
R=CHMey,CgHy

diastereoselectivities of up to and above 98:2; with R1 = R2 = CH3 the

Agbe-ratio 40) (R*,$*/R*,R*) is 95:5. This is in contrast to direct aldol
reactions of aldehyde enolates,which are poor reactions with respect to
87). On the other hand,
hydrazones of type 58 are not easy to hydrolyze, and oxidative methods of

both chemical yields and diastereoselectivities

cleavage have the additional disadvantage of producing hazardous dimethyl-

119)

nitrosamine . The titanium enolates 52f-52j derived from cyclic ketones

give aldols 59 (>90% ds) with best selectivities, while the open chain

. . © s 7
counterparts give poorer diastereoselectivities 5).

Most spectacular results are obtained with CppZrCl-enolates 51, which are

107)

not so selective when derived from ketones and esters and more selec~

108)

tive from thiolesters and amides , but which show a very high enantio-

selectivity when derived from certain chiral amides 91,109)

> see 51g and
51h in Table 7. The results of addition of these two Zr-enolates to pentan-
al, 2-methylpropanal and benzaldehyde are shown in Scheme 14. The proline-

derived amide enolate produces almost exclusively the (2S,3R)-B-hydroxy



amide, while the valine-derived analogue yields, again with "almost per-

fect" selectivity, the (2R,3S)-diastereomer. Hydrolytic cleavage of the

amides gives practically enantiomerically pure samples of the free acids

of opposite chirality 109)!

A1l the enolates 51 - 53 of titanjum or zirconium are best generated in

situ from the corresponding Li-enolates. It is not necessary to start from

configurationally pure enolates. Some comments on the practical execution

of the reaction of chiral Cp2C1Zr—eno1ates follow.

Scheme 14
C4Hg 1 : 97 : 1 1
CHMey; O5 : 98,3 : 0,8 0,4
CgHs 1,5 : 94,5 : 2 2
CHpOMEM
é see
A=N enolate
S1g
HO O HO o u HO O
R/\=/U\A R/H/H\A RN A R/\‘/U\A
CHg CHg CH3 CHgy
— see
A _’(\:’o enolate
H 5th
N
C4Hg 96 : 2 ! 1 1
CHMe, 96 : 2 : 1.5 05
CgHs 96 : 1 : 2 1
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Enantioselective Aldol Additions of Zirconium Enolates. General Proce-

dure 1085109)

o 0zrCicp,
/JL\V//CHS yoa //L§>
A 2 CpaZrCly, A~ TCHCHy

S1gorh
0 OH 0 OH
o HCI
Slgorh Reho A/u\‘/l\R " HO R
CHy CHg

The T1ithium enolates 51 (Li instead of ZrCp,C1), which are generated from

the respective propionamides and LDA (THF, B9C, 30 min.), are transformed

into the corresponding zirconium enolates 51g or 51h by treatment with

1.1 equiv. of Cp2ZrCl2 (0.16 M in THF). After cooling to -78°C, 0.9 to

1.1 equiv. of aldehyde is added, stirring is continued for 1 hour, and the
reaction is quenched with saturated aqueous ammonium chloride. After fil-

tration, the product is extracted into methylene chloride, dried (Na2S0s4)

and concentrated in vacuo.

Treatment of the aldol adducts with 5% HC1 (10 equiv. #:l 100°%, 2 hours)

followed by neutralization with aqueous sodium bicarbonate and stirring for
5 min. at 250C liberates the desired carboxylic acids.

2-ATken~1-y1 Titanium and Zirconium Derivatives

The synthetic importance of organometallic crotyl compounds has been thor-

98). The advances in this field

oughly discussed in a recent review article
become evident from the fact that no account on the use of allylic RMXJ:L,
(R0)3M- or (RZN)3M-derivatives of titanium or zirconium (see 54, 55) for
synthetic purposes had been published a year ago, while now well over 50

reactions of a variety of species of this type are known 14,19,40,77,114,

]20’]2]). The titanocene crotyl derivatives with Ti(III) and Ti(IV) valence
98:99) " Usually, all the allylic Ti(IV) deriva-

tives are drawn as o-bonded n]—structures, the CpZTi(III) derivatives as

state have been used longer

w-complexes with allyl as an n3—1igand. We follow this custom here (see
Scheme 12, Scheme 13, Table 7, and Formulae 54 - 57), although the struc-




tures of the species which are generated in solution or which actually re-
act with electrophiles are not known. The structures of some products, and
with it the relative topicity of their formation have, however, been proved
by comparison with compounds of known configuration. In most cases, the
configuration was tentatively proposed by analogy. The parent Ti- and Zr-

allyl reagents 18,19)

are only interesting for functional group selective
transformations. Two types of constitutional isomers can be formed with

Scheme 15

R2
L/A\\//~\‘M . C'—O

ﬁh/'\\~ \\\\\\\\\\~
HO R3
W W

E- or Z-pair of enantiomers

+ mirror images

2 diastereomeric pairs
of enantiomers

2 constitutional isomers

substituted allylic organometallics of this type, see Scheme 15. As with
other metals, 2-alken-1-y1 titanium or zirconium compounds give rise to
branched products exclusively, which result from attack of the electrophile
at the higher substitued carbon atom, route (b) in Scheme 15; with hetero-
substituted systems, R] = X, route (a) may be followed (see section F3).

In contrast to alkenyl Grignard reagents, the corresponding titanium, but
not so much the zirconium analogues (see 54b-54e) add to aldehydes 14,111)
with high diastereoselectivity. Even ketones, with the naturally smaller
size differences between the two groups bonded to the carbonyl carbon as
compaired to aldehydes, give products with surprisingly high preference of

77)

one diastereomer : the optimized selectivity of .the crotyltitanium 54b
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with benzaldehyde is 85% ds, with acetophenone88% ds. Possibly, the smaller
difference in size is counterbalanced by the Tower reactivity of the ketone
(Tater transition state?).(For aldehyde/ketone selectivity reversal see sec-
tion IV, B2, below). With chiral, non-racemic OR*-groups on titanium or zir-
conium, no great enantiomeric excesses could be detected in aldehyde adducts

of these supposedly SEl-type reactions 1]]).

After numerous RO-groups in croty]—Ti(OR)3 were examined with benzaldehyde
as a substrate ]4), the "best" derivative with R = pheny] was used for all

14,-7)

other investigations - AllyTlic Grignard reagents, prepared from the

corresponding halide and rieke magnesium 122), were combined with an equiv.
amount of the triphenoxytitanium chloride (see section II above) and then

at -100°C with carbonyl compounds. The results of a-methallylations of alde-
hydes are outlined in Scheme 16, those of additions of unsymmetrical keto-
nes in Scheme 17. Finally, Scheme 18 contains a comparison of crotyl with
other alkenyl titanium reagents in additions to aldehydes and ketones. The
following points are noteworthy: (1) a-Branched and unbranched aliphatic
aldehydes react most selectively. (ii) Benzaldehydes give >90% ds if sub-
stituted with donating groups, while the selectivity drops below 90% with
acceptors. (ii1) Ketones give useful selectivities (>80%) only when the dif-
ference in size of the groups attached to the carbonyl carbon is large
enough. (iv) In three cases, the diastereoselectivity is equally good or
even better with aéetophenone (C6H5 vs. CH3) than with benzaldehyde (C6H5
vs. H). (v) Increasing the size of the R-group on the allylic moiety, i.e.
of the steric crowding of R between RL and RS in the transition state as
indicated by the wewman projection in Scheme 18, hardly alters the dia-
stereoselectivity of addition.

Further investigations are necessary inorderto understand the reasons for
the facts described above under (1)s (i1), (iv), and (v), while the effect

mentioned under (iii) is expected from simple steric considerations.



Scheme 16. Diastereoselectivities (% ds) of additions of crotyl-triphenoxy-ti-

14)

tanium to aldehydes . The numbers given underneath each aldehyde formula are

the diastereoselectivities, i.e. the preference of relative topicity £& over

A 40) in percent.

o OH
R H + = T|(0p|'|)3 R

H

[ J—

Sl
el o ST

CHO

95
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Scheme 17. Diastereoselectivities (% ds) of additions of crotyl-triphenoxyti-
tanium to ketones 77). The relative topicity of combination of the two trigonal
centers is probably as indicated in the Newman projection of the approach pro-
Jectory. However, proof by correlation was supplied only for the acetophenone

and pivalophenone adducts. RL = Targer substituent; RS = smaller substituent.

(0} Rs o
5 . .
CH,
0 0 0
>98 88 74
0 0 0
65 55 >95
[ri
H\(O
0> RL>RS R /u\
CT R a8
CH,
0 0 0 )
CgHqa
96 87 70 60
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Scheme 18. Comparison of 2-buten-1-y1-, 2-hepten-1-y1-, and 4-methyl-2-penten-

-1-yl-triphenoxy-titanium in additions to ketones and aldehydes.

©/H<¢ W New,
Lk (RL>Rs)
ut (Rs>RL)
Rc Rs 7 d¢s wiTH R
CHz CyHg CH(CHz)y
[ H 85 93 98
[ CHz 88 87 87
[ C=C-CHz 72 77 77
MezC H 298
MEBC CH3 »38
Me3C 2 96

A drastic increase in selectivity was observed when going from Li, Mg, or
Zn to titanium ate-complexes in the addition of propargyl metal derivatives
to aldehydes. The results can be explained by assuming a chelated transi-

tion state with relative topicity £&, see 60 —61 123)
R}, R? R2
(71 I"c =C= C/ 3
(MegCHO)4 U1, :_H addition a P
RI 3 OH
60
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Preparation of (2-butenyl)magnesiumhalogenide 14)

Preparation of rieke magnesium: Under Ar-atmosphere 2.12 g (87.2 g atoms)
of magnesium turnings are covered with 20 ml THF, and 7.5 ml (87.0 mmo1)

of T.2-dibromo ethane (in 30 ml THF) are added at such a rate, that reflux
is maintained without heating. After complete addition, the reaction mix-
ture is refluxed for an additignal 30 min. and diluted with 50 m] THF.

6.4 g (164 g atoms) of freshly cut potassium is. added to the hot solution
of magnesiumbromide. Reduction commences on warming up cautiously to reflux
temperature and is indicated by heavy foaming. After stirring at reflux for
2 - 3 hours, a dark grey mixture of finely powdered magnesium results.

Preparation of the crotyl Grignard reagent: To the cold suspension 4.2 ml
(431 mmoT) of 2-butenyTchloride is slowly added (over 5 - 10 min.) with
vigorous stirring. After sedimentation overnight of the excess of magnesium
an aliquot of the supernatant yellow (2-butenyl)magnesiumhalide solution is
titrated, using N-phenyl-1-naphthylamine as indicator

(44)-4-Methy1-T-pheny1-5-hexen-3-01 14)

o OH
H 4 7 NTI0CHg)y ——— X
CH,

A solution of 18 m1 (4.77 mmol) chloro-triphenoxy-titanium (0.265 M in THF,
see section II) is cooled to -800C. Ten ml (4.50 mmol) 2-butenyl-magnesium-
chloride (0.45 M in THF) is slowly added by syringe. On addition of the
first few drops the color changes from red to dark brown-red. After warming
up to ca. -200C within 1 - 2 hours, 3-pheny1-propanal (450 ul, 3.40 mmo1 )
is added and the reaction mixture allowed to reach room temperature over-
night, Hydrolysis with saturated aqueous KF-solution and extractive workup
with ether furnishes the crude product, which is purified by flash-chroma-
tography (Tight petroleum ether /diethyl ether 5:1) to give analytically
pure 4-methyl-T-phenyl-5-hexen-3-01. Yield: 450 mg (2.36 mmol; 70%); dia-
stereomeric ratio 95:5 (determined by capillary gas-chromatography prior to
any purification).




(£ )-3-Methyl-2-phenyl-4-penten-2-0l 77)

Under argon atmosphere 16 ml (4.24 mmol) chlorotriphenoxy titanium (0.265 M
in THF, see section II) is cooled to -80°C. The red solution is treated
with 10 m1 (4.10 mmol) 2-butenyl-1-magnesiumhalogenide (0.41 M in THF). The
color changes immediately to dark brown-red. After warming up slowly to
-300C within 1 - 2 hours, acetophenone (400 ul, 3.42 mmol) is added at
-100°C, The solution is allowed to reach room temperature overnight. After
hydrolysis with saturated neutral aqueous KF-solution, the reaction mixture
is extracted three times with ether. The organic layer is washed thrice '
with 2 n NaOH and twice with saturated aqueous MaCl-solution, dried
(NapS04) and concentrated to give the crude tertiary alcohol which is puri-
fied by flash-crhomatography (1ight petroleum ether / diethylether 4:1) to
yield 469 mg (2.66 mmol, 78%) analytically pure 3-methyl-2-phenyl-4-penten-
-2-01; diastereomeric ratio 85:15.

( £)-3-Hydroxy-2-methy1-3-phenylbutanoic acid /)
HQ CHj H CH3€OOH
S KMnOa
CHs NalO4 CHy

To a solution of 931 mg (5.28 mmol) of 3-methyl-2-phenyl-4-penten-2-0l in
75 ml dioxane and 225 ml Hp0, is added 350 mg NaHC03, 8.95 g (418 mmol)
NalO4 and 112 mg (0.71 mmol) KMnOs. The purple solution is stirred for

1 hour. Because the KMnO4 is consumed after ca. 1 hour as indicated by a
change of the color from purple to red, another 100 mg KMnQO4 is added.
Stirring is continued for 3 hours. The reaction mixture is worked up with
ether. The acid could be separated by extraction with saturated KpCO3 solu-
tion, careful acidification of the aqueous layer and reextraction with
ether. Yield: 616 mg (3.17 mmol, 60%).
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3) Heterosubstituted Allylic Organotitanium Reagents

A case

ohites 1255126)

in which the regioselectivity of heterosubstituted allylic nucleo-

depends strongly upon the metal, is the doubly deprotonated

allyl mercaptan, Scheme 19. The dilithio derivative is only moderately

Scheme 19

1) MgBry /

2) elektrophile

1) elektrophile

neirifo—~(),

2) Mel 2) elektrophile
3) Mel 3) Mel
//\'/E NN Exo s CMa
SCH3 SCH3
>90% o 65-95% y >98% y
OH R3 OH
R2
Rh “NcHscH, Rl R2
R2 OR
SR3 g ©
62 2:R3-H 83 a:RI=CH, e
QR =CH3 QR3=CBH5
R
SLi (Me2CHO)3TIWSR

Ti(OCHMez)3

54 f,g(see table7)

assumed structure
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54 h,i (see table?7)

assumed structure



y-selective 1

27)

, addition of an equiv. MgBr2 causes good a-selectivity

128)

and with one equiv. of triisopropoxy titanium chloride a complete (for

practical purposes) y-selectivity of reactions with aldehydes and ketones

results

112)

,» see Scheme 19 and formula 62a. The 2-methyl-substituted al-

lylmercaptan reacts in the y-position with a somewhat smaller preference

(=~ 62b). The o-products 63 are produced in almost as high selectivity as

the y-products 62a, and an equiv. of metalating reagent is saved, if in-

stead of the allylmercaptan the allyl methyl or the allyl phenyl thioethers

are lithiated and the resulting allyl Tithium reagent transmetallated with
C]Ti(OCHMe2)3. The adducts 62 and 63 from aldehydes and ketones assembled
in Table 8 demonstrate

the generality of the method. Subsequent

3

Table 8.

y-Adducts 62 and a-adducts 63 from aldehydes or ketones and reagents
obtained by adding 14 to CH2=CH—CHSLi2, CH=C(CH

112)

3)

CHSLi or CH2=CH—CHL15R (see

54f, 54g, and 54h, 541 . The y-adducts are E/Z mixtures. Ratios of isomers
were determined by IH—NMR. spectroscopy.
Prod. yield % ds
type R] R2 % aly of 63
62a CHq H 57 <5/95
CoHg H 68 <5/95
H,C=CH H 39 <5/95
C6H5CH=CH H 57 <5/95
C6H5 H 64 <5/95
p-I-CeH, H 57 <5/95
p-CN-CcH, H 50 <5/95
CHq CHq 60
—(CH2)4— 85
H,C=CH CHq 15
(CH3)2C=CH CHq 71
H3CO(H)C=CH CHq 43
~CH=CH- (CH, ) 5= 74
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(Table 8 continued)

Prod. yield % ds
type R! R2 % al/ Yy of 63
62a ij(\x CHy 74
C6H5CH=CH— CH3 77
C6H5 CH3 77
C6H5 C6H5 54
62b CgHg - CH=CH H 42 2/98
2/98
C6H5 H 63 /
p—CN-C6H4 H 28 10/90
CH3 CH3 43 20/80
-(CH,),- 51 10/90
-CH=CH-(CH2)3— 40 10/90
C6H5 CH3 55 2/98
63a Cotle H 89 98/2 3:1
C6H5CH=CH H 85 98/2 3:1
C6H5 H 90 90/10 1:1
p—NOZ—CﬁH4 H 70 98/2 2 1
C6H5 CH3 75 90/10 9 :1
C6H5 C6H5 98 90/10
63b CoHe H 88 98/2 7:1
C6H5CH=CH- H 88 98/2
(I6H6 H 82 98/2 3:1
CH3 CH3 85 98/2
-CH=CH—(CHZ)3— 75 98/2 6 :1
C6H5 C6H5 86 73/2
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127—130), for instance alco-

synthetic conversions of the o- and y-products
holysis of 62 to acetals §§_]]2’]27), become more interesting by the titan-
jum-mediated improvement of selectivity of their formation. The structures
responsible for y- and o-selectivity of the two sulfur-substituted allylic
titanium reagents are tentatively assigned as 54f, 544, 54h and 541, respec-
tively (see formulas underneath 62, 63 and 64), assuming that the metal is
o-bonded in an allylic position with respect to the site of reaction. This
same assumption is also made by other authors who studied RO- and Me3Si—sub—

stituted analogues, see the preparation of §§_]]4’12]) and 66 ]9).

Ti(NEt2)3
\//\‘/ 1) pentanal H3C.,,

O. O lk-addition
‘f 2)MCPBA o 65
N(CHMe)o HeC4™ O

87%overall yield

é_:‘_l 97% ds
aceto- "] /H
i ) phenone =
Me3$|WT|(OCHMe2)4Li —I—;———’ HO-
addition CH3 SiMeg

55d 66

1-Phenyl-4-thiophenyl-1 .5-pentadien-3-ol 13)

SCeH
”\"/\/© + (MeCHO)TI ~ X" \6CqHg — = o
= OH

o

A solution of 0.75 m1 (5.11 mmo1) of allyl phenyl sulfide in 30 ml dry
ether is combined with 0.80 m1 {5.34 mmol) TMEDA and treated at -809C with
3.3 @l (5.21 rmol) of butyllithium (1.58 u in hexane). After stirring for
ca. 2 hours at temperatures between -500C and -200C, the yellow reaction
mixture is cooled to -709C, 2.5 ml (5.23 mmol) triisopropoxy chlorotitanium
is added and the brown-red solution slowly warmed up to ca. -300C. At -900C
0.5 ml (3.97 mmol) of cinnamic aldehyde is injected by syringe and the tem-
perature raised to room termperature overnight. The crude product is chroma-
tographed (petroleum ether / ether 4:1) to furnish 980 mg (3.5Q mmol, 88%)
of analytically pure a-adduct; diastereomeric ratio >6:1 (by '“C-NMR).

283



284

1-(3-Thiomethy1-2-propenyl)-cvclopentanol 112)

o) H
+ (Me,CH0)374_<__ - SMe
SLi =

Purification of allyl mercaptan  Allyl mercaptan is placed into a one-
necked flask which is connected with a trap immersed into Tiquid nitrogen.
The flask with the mercaptan is cooled to -50°C and the system is put under
011 pump vacuur. The mercaptan s allowed to warm and condense into the
1iquid nitrogen trap. The mercaptan thus obtained should be used immediate-
ly. On storage and on contact with metal needles of syringes it polymerizes.
It is best handled by pressing it through teflon tubes - also for avoiding
annoyance by its bad odor.

Metallation of allyl mercaptan and reaction with cyclopentanone: Freshly
purified allyTmercaptan (1.90 g, 25.6 mmol) is dissolved in 160 ml anhyd-
rous ether and 7.7 m1 (51.4 mmol) of TMEDA. The solution 1S treated with

33 ml (51.2 mmol) of butyllithium (1.55 M in hexane) at 00C. After stirring
for ca. 5 hours, 12 ml (26 mmol) of triisopropoxy chlorotitanium is added to
the yellow reaction mixture at -80°C. The color changes immediately to dark
brown-red. The solution is allowed to reach ca. -30°C, cooled to -80°C and
1.8 ml (20.3 mmol) of cyclopentanone is added. After warming up to room
temperature overnight, methyl jodide (2 m1, 32.1 mmol) is added and stirring
continued for 3 - 4 hours. UWorkup consists of hydrolysis with saturated
neutral aqueous KF-solution, extraction with ether and washing the combined
organic layers with brine. Removal of the solvent affords crude product
which is subjected to purification by flash-chromatography (pentane / ether
5:2). Yield: 2.61 g (15.2 mmol, 85%). In the TH-NMR only y-adduct can be
detected.

2-Methoxy-2-oxaspirol4.41nonan 12)
H o OMe
SMe HgCl,
RS MeOH

At room temperature, 525 mg (3.05 mmol) of 1-(3-thiomethyl-2-propenyl)cyclo-
pentanol is combined with 14.9 g (10.7 mmol) HgC12 (20% in anhydrous MeOH).



After stirring for ca. 20 hours, the reaction mixture is poured on light
petroleum ether / water (1:2) and the organic layer is extracted twice with
petroleum ether. The solvent is removed and the residue purified by flash-
chromatography (petroleum ether / ether 19:1). Yield: 0.33 g (70%).

Allyl-titanocene Derijvatives

There are titanocenes bearing allylic groups with either Ti(III) (m-allyl,
n3, see 56) or Ti(IV) (c-allyl, n], see 57). Their use in organic synthesis
has been reviewed just recently 99). The Ti(III) derivatives are formed from
dichloro-titanocene (lg) and two equiv. of allylic Grignard reagents, first

equation in Scheme 20, or from la, a conjugated diene, such as isoprene, and

Scheme 20

v
CpoTiClg + 2 MMgBr —_—

v

] A .
CpoTiCl  + WSIMe:; - - SiMe3
(]

1
Li Ti
Cp/ \Cp
56e
/fL;v// + = X W
i 2N Cp2ﬁ//ﬁ\\//’\\
/TI\ \x

IU!
o
o
(3]
~
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propyl Grignard reagent, second equation in Scheme 20. In both cases, the
organomagnesium compound acts as a reducing reagent. As shown in the third
equation of Scheme 20, one can also start from monochloro-titanocene
[Ti(III)] and an allylic Tithium compound. This appears to be more economi-
cal with respect to the organic part of the reagent. Finally, allyl halides
can directly be converted to halo-allyl-titanocenes [Ti(IV)] by the "oxida-
tive trans-allylation", see the fourth equation of Scheme 20. The regiose-
lective reactions of these titanocene derivatives with aldehydes occur with
excellent diastereoselectivity with relative topicity LE 40), see the prod-
uct 67 obtained with propanal.

oH OH
E F ]
/Y\/ =
CH, SiMe,
67 68

93 % ds with 56b
64 % ds with 57a X =Cl
96 %ds with 57b_X=Br

The formation of the trimethylsilylated homoallylic alcohol 68 follows the
same steric course 19), although its relative topicity is specified ,uii due
to change in the priority order. Peterson olefination, i.e. elimination of
silanol from 68 gives either the cis-1.3-pentadiene (base treatment) or the
trans-isomer (acidic conditions). The following general procedure demon-
strates the preparation of allyiic titanocenes directly from butadiene or
isoprene, and gives instructions about the addition to an aldehyde or ketore.
The recovery of titanocene after the reaction is also described.



Homoallylic alcohols from butadienes and aldehydes through titanocene

derivatives

177)

R
/k/ 2C3H/MgBr N
. ————- h v
Cp,TiCl + AN\F szTi—éfR

1a
56b orc
R2 R'" OH
56borc + >:O . /K/QRC’
R3 4 R?

(with recovery
of Cp,liCly)

Propylmagnesiumbromide{16.6 m1, 1 u in ether) is added under argon to a
stirred solution of la (2.1 g, 8.4 mmol) and butadiene (0.86 g, 15.9 mmol)
or isoprene (0.60 g, 8.8 mmol) in ether (40 m1). After 30'min. at 20°¢C,

0.9 to 1.0 equiv. of an aldehyde or ketone is added by syringe, and¢ the so-
Tution is stirred for 1 hour at room temperature. The mixture is quenched
with 4 ™ HC1 (40 m1), stirred for 30 min. under argon, and with stirring air
is passed through the resulting two layers of ether (pale red color) and
water (green) for 15 min. During this operation the green color fades out
and 1.7 g of red crystals of la precipitate and are collected by filtra-
tion. The layers are separated, and the aqueous Tlayer is extracted with
ether. The combined ether layers are dried (MgSO,), and the solvent is eva-
porated under reduced pressure to afford a mixture of la and an 0il. Pentane
is added to the mixture and an additional 100 mg la is isolated by filtra-
tion. Chromatography of the pentane solution on silica gel affords the prod-
uct as an oil.

Carbometallations of C,C-Multiple Bonds

Carbometallation is the process in which an organometallic compound adds to
a C,C double or triple bond. It is thus analogous to the more familiar ad-
dition of RM to the polar C,0 or C,N double or triple bond, see the first
three equations of Scheme 21. With unsymmetrically substituted multiple
bonds, the addition is called “Markownikow addition" if the metal becomes
bonded to the less substituted carbon, cf. fourth equation. Of course, the

carbometallation which is applied on the largest scale is polymerization of
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Scheme 2]

p=> _@"_*9_0/
s e
A

cis with Cu Al
trans with Li Mg Zn

1

R H
R——C —C-—H -——> >% ——ee— >':=<
«Markownikow» &

R
R'M Lo
nR—CH==CH, —— R(=CH—CHyJp~M

olefins by organometallic catalysts, including the ziegler-natta process,
see fifth equation of Scheme 21. Attempts to cleanly perform mono-carbome-

tallations are thus sometimes hampered by competing polymerization.

The most useful Taboratoy applications appear to be the additions to ace-
tylenes, because they can be used for the stereospecific synthesis of alken-

y1 derivatives. A recent review article on this topic 131)

and the chapter
by J.F. Normant in the present volume give all the relevant references and

a competent discussion of the various modifications. Although carbometalla-



tions can be done with a large number of different metals, the copper deri-
vatives are the most versatile ones and have been studied most extensive-

ly 131) for additions to acetylenes. Ironically, one of the most useful
components for natural product synthesis, the methyl group, can not be

added to these substrates satisfactorily 131). Once again, titanium and
zirconium derivatives come to the rescue: regioselective and cis-diastereo-
selective titanium- and especially zirconium-catalyzed carboaluminations

are applicable to "methyl-metallations" (see reference 132) for an extensive
survey). The vinyl alanes 63 thus obtained, usually with >35%, often with

>98% E-preference, can be converted to many useful products by reaction with

R H
Clp2rC
R-C=C-H  +  (CHg)Al —32-;—12» )_—_<
= Hg AlMe

Electro— R H
——
hile > <
P HaC E
70, E= H,D,1,HgCl,BRg,COOH,COOEt,CHaOH,

CHyOMe,CH(OH)E?, CHaCHoOH,CHy CHaCOCH3.

various electrophiles, see the 1ist underneath formula 70. A procedure for
the cis-addition of CH3 and I to a terminal triple bond follows.

Detailed procedures describing safe techniques of handling alkyl aluminum

133)

derivatives may be obtained from the Schering AG (Bergkamen)
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(E)-1-Todo-2.6-dimethyl-1.5-heptadiene '31)

H3C

.
H3C

CpaZrCt
CHy—CHy —~C=CH+(HaClaal  —P22r%12

2a

HaC H  HaC( s AlCH3)y I, H3C H  HiC P
>:< c=c — >:< Ne=c
HaC H 77T\

/
CHa —CHg HaC CHp —CHy

Dich]oro—bis(ns—cyc1opentadieny1)zirconium (2.92 g, 10 mmol) (2a) is sus-
pended in 1.2-dichloroethane (25 m1) and trimethylalane (1.44 g, 1.92 ml,

20 mmo1}) (pyrophoric!) 133) added under nitrogen at room temperature. The
dichloro-bis(n -cyclopentadienyl)zirconium dissolves within 10 - 15 min. to
produce a yellow solution, to which is added 6-methy1-5-hepten-1-yne (1.08 g,
10 mmo1). After stirring for 24 hours at room temperature, iodine (3.04 g,
12 mmoT), dissolved in THF (15 ml), is added dropwise at 0°C. After the
fodine color has disappeared, the reaction mixture is guenched with water,
and ether is added. The organic Tayer is separated, dried, and distilled

to give the title compound; yield: 1.80 g, 72%; b.p. 54 - 559C/0.55 Torr.

H) Oxidative and Reductive Coupling of Carbonyl Compounds - Redox UmpoTung

with Titanium Derivatives

Mith the exception of some allylic Ti-reagents corresponding to d3-synthons
(see 54f, 549, and 54e, Scheme 19 and Table 8), the conversions of carbonyl

acceptor reactivity (a)
al: carbonyl additions

o) as: HMichael additions
/U\dz/\d4
R~ 4l a3

donor reactivity (d)
7 d2: enolates as nucleophiles

d4: dienoTates with w-reactivity

derivatives discussed in the previous sections all used normal reactivity,
see 71,
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The oxidation potential of Ti(IV) and the reducing properties of lower-

valent titanium have been used for coupling of carbonyl compounds. Couplings
134) and
136-139)

between atoms of the same reactivity such as the pinacolization

35)

furnish products with 1.2n-distances between functional groups, see 72, 73,
and 74 in Scheme 22.

the acyloin condensation ! or oxidation of enolate derivatives

Scheme 27
OH
R‘; R3 ]l RS R! rR3
red
o+ o < "low valent R R4 : <
R4 T R2 R4
OH
72 73

preparation of low-valent titanium reagents

TiCT o/ LAH 140-145)

Ticly/k,Li (467149)

Ticlymg 20

T?C13/Zn/Cu 151,152)

Ticl,/zn 1937155)

156)

TiC14/Mg/Hg
156)

CpTiCT3/LAH

A1/ATC] 4/TiC1,/hexamethylbenzene 1482156)

1 2 4 1 0 R4RS
RO R R OR Ox. OR!
+ — -
Jsio R3 RS osiz T®™  Rlo
’ N rR2 B3 O
74
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Especially useful is the coupling of ketones and aldehydes directly to ole-

68,157)

fins 73. Reviews on this topic by two of the discoverers have ap-

peared. This counling is feasible even with formation of highly hindered

154,155)

olefins . If two carbonyl compounds of sufficiently different redox

158)

potential are used » or if one component is cheap and can be used in ex-

cess ]56), cross-coupling is possible. Intramolecular couplings with forma-

tion of one 156,159) 149)

or two rings have been described. Some representa-
tive and/or especially impressive examples are Tisted in Table 9, together
with references. It is of course possible to do the two steps, i.e. pinacol
coupling to 72 and reductive deoxygenation to 73 separately. This means
that glycols from sources other than the “Ti(0)"-coupling can be converted

to olefins 140)

with “low-valent" titanium.

The preparation of these so-called Tow-valent Ti-reducing reagents is cruci-
al for the success of the reaction. The quality of these reagents 1is deci-
sive with respect to reaction times, selectivity diol/olefin and yield.

Numerous recipes have been recommended by the different authors in the field
160)

)

see Scheme 22. Probably, zero-valent titanium is the actual reagent
with which the reaction begins; depending on the reducing reagents with
which this mostly black, pyrophoric (!) material is made, other metals and/
or metal salts are present. The driving force is the high affinity of titan-

ium for oxygen, which eventually leads to TiOZ.

There are recent applications of the method in which stereoselectivity was

observed, see 75 152,161) and 76 ]62). Finally, vinylogous extensions of the
9 1 1
1 73:27
2 R TI(O) to

/2 (T|CI4IZn[Py) 89: 11
pref. of
2 Z~isomer
) "Ti(0)"
e e e
‘,///CHS ( TiC|4/Mg/Hg) H

76 (53%)



Table 9. Coupling of carbonyl compounds with "low-valent titanium" to 1.2-diols

or to olefins. Two examples of deoxygenation of glycols to olefins are also

given.
starting material product yield conditions ref.
HO. ¢ TiCl4/Zn
2 Benzaldehyde >—< 98 % THF. 153)
¢ OH 0°C
COOH
HO.
CH3
CeHs —CO — % 2TiC
6H5—CO —COOH CHsy 85% iCly 158)
+ HO
acetone
o]
OH
CpTiCl,/
+CH30H0 72% CAH 3 156)
OH
H
CpTiCly/
5 3
OH 5% LAH 156)
THPO™ OH

Q o)
)\/\»)]\ /K/\/U\
o o O 0 o TiCly / Zn-Cu
o)\/\f?)\)\ o)\/\({)* 35% THF 159)
H H 5h reflux
HQ H
HéH;

(~= (S S)-(+)~Grahamimycin A1)

o}
(; H;
o}

— TiCl3/K
5min 149)
THF reflux
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(Table 9 continued)

starting material product yield conditions  ref.
H ® TiClq/ 2Zn
2 Benzaldehyde >=< 98% dioxane, 153)
@ H reflux
(>99%E)
[0}
TiClq/Zn/
— 50% Py THF, 161)
O reflux
1— Adamantyl—methyl CHs TiClg/Zn/Py
ketone 15% 3d,THF 154)
= reflux
CH3

retinal NP\ . _~CH= TiCI3/LAH
W 85% THE Sotios 140)
2
OH
TiCly/K
55%
“NOH THFreflux 146)

OH H H
TiCly/K
—_ 6days 149)
HO H reflux THF
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163) 164)

method are known, see 77 and 78 , and sinilar conditions have been

used for a modification of the wittig reaction, see 79, employing dibromo-
165)

oy
TiCig/LAH

methane as methylene source

o o]
O O + "Ti0)
TiClgq /Mg
P =~
78(70%)
CH2 Br2
/\/\/\/\n/\/ TiCla/Zn /\/\/\/\n/\/
o CHa
79(89%)

The oxidation of enolates with coupling by T1C14 was discovered as an acci-
dent during attempted titanium tetrachloride catalyzed reactions with silyl
enol ethers of o-branched esters (ketene acetal derivatives). So far, there
are only few examples reported in the Titerature 67’166’167), see for in-
stance the formation of §Q_166) and the procedure below.

Me, 9
OMe  oTicl,  MeO.
Me OSiMe, o
80 (80%)
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Adamantylidene—adamantane»147)

296

Z!;E;;;;:g) TiClg/K

To a suspension of TiCl, (2.15 g, 14 mmol) in 75 m1 of dry THF, 1.92 g

(49 rmol) of potassium fMetal (washed with hexane to remove 0il1) is added
under an inert atmosphere at room temperature. After refluxing for 40 min.
and cooling, a solution of 525 mg (3.5 mmol) adamantanone in 5 m1 THF is
added. The reaction is complete after refluxing for 16 hours. The black
slurry is vacuum filtered (medium frit) under an inert atmosphere and the
filter cake is washed with hexane. The filtrate is concentrated in a rota-
tory evaporator to yield the crude product which is purified by column
chromatography to yield 91% adamantylidene-adamantane of m.p. 183-1850C.
Caution: The black filter cake is pyrophoric when exposed to air and has to
be quenched carefully by dropwise addition of methanol under an inert at-
mosphere.

Tetracyclopropyl-ethylene 154)

O

2 Zn/ TiCls
———
Pyridin

Under an inert atmosphere, neat titaniumtetrachloride (8.2 ml, 75 mmol) is
added dropwise to 200 ml anhydrous THF with stirring and cooling in an ice-
bath. Zinc powder (10 g, 150 mg-atom) is then added in small portions. After
addition of pyridine (5 ml) and dicyclopropyl ketone (7.7 g, 70 mmol), the
reaction mixture is heated under reflux for 20 hours. The suspension is
cooled to room temperature and treated with 150 ml1 10% aqueous K2C03 solu-
tion. The aqueous phase is extracted with ether or pentane, the combined
organic layers washed with Hp0, dried over MgSOz and concentrated in vacuo.
The residue is chromatographed on silica gel with pentane. Yield: 25%,

b.p. 70-72°C (0.5 mm Hg).



1-(2-Hydroxy-2-propy1)-cycloheptanol 156)

HO OH

° TiCl
Mg(Hg)

A slurry of 70-80 mesh magnesium (1.92 g, 80 mg-atom) and mercuric chloride
(0.60 g, 2.21 mmol) in 10 m1 THF is stirred under argon for 15 min. at room
temperature. The turbid supernatant Tiquid is removed and the residue is
washed with three portions of THF. After addition of 30 m1 THF to the dull
grey amalgam, the suspension is cooled to -10°C and treated dropwise with
titanium tetrachloride (4.4 ml, 40 mmol). A solution of 2.24 g (20 mmol)
cycloheptanone and 4.64 ¢ (80 mmol) acetone diluted with 10 m1 THF is then
added to the yellow-green mixture. The color changes to purple and stirring
is continued for 1.5 hours at 0°C. The reaction is quenched with 2 ml sa-
turated aqueous KpCO3 solution and stirred for another 15 min. After addi-
tion of 100 ml ether and filtration through celite, the filtrate is washed
with saturated NaCl solution, dried (MgSO4) and concentrated to afford
5.61 g of a viscous 0il. Column chromatography on silica gel (elution with
ether/petroleun ether 2:3) gives 2.57 g (75% yield) of 1-{2-hydroxy-2-prop-
y1)-cycloheptanol as colorless crystals; m.p. 51-520C.

Oxidative dimerization of the O-(trimethylsilyl)ketene-acetal §l_]67)

‘CHy

TiClg

Trioxane

Lithium diisopropyl amide (11.5 ml, 0.913 1 in THF) is cooled to -789C under
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argon atmosphere and (2S,5S)-5-methyl-2-(t~butyl)-1.3-dioxolan-4-one 37)
(1.6 g, 10 mmol) is slowly added. After stirring for 30 min., the solution
is quenched by the addition of trimethyl chlorosilane. Within ca. 1 hour the
temperature is raised to room temperature and stirring is continued for an
additional hour. The solvent is removed evaporatively. The residue, which is
fairly pure apart from the admixture of lithiumchloride, is directly used
without further purification, owing to the high sensitivity of 81 to hydro-
lysis as well as to thermolysis. —_

To a solution of 5.7 g (30 mmol) titanium tetrachloride in 50 m1 CHoClo and
2.7 g (30 mmol) trioxane (which proved to be essential for the dimerisation,
although originally meant to achieve hydroxymethylation of the ketene acetal)
is added at -780C the crude trimethylsilyl ketene acetal (ca. 10 mmol, cf.
above) dissolved in 10 ml CHpClp. The resulting deep green reaction mixture
is stirred for 3 hours at -789C and then hydrolyzed by the addition of

100 m1 Hy0. Extraction of the purple solution with ether, washing of the
combined organic layers with Hp0, drying (McSO4) and removal of the solvent
affords after distillation (1200C, 0.03 rm Hg) 1.2 g (3.8 mmol, 76%) of the
dimer in form of colorless crystals; m.p. 123-1250C (from ether / pentane
1:1), [al25y = +25.90 (1.95, CHCT3). For the tert-butyl and also for the
methyl group of compound 82 only one signal is observed in the TH-NMR, which

proves the existence of a Cp-axis.

FUNCTIONALIZATIONS AND FUNCTIONAL GROUP INTERCONVERSIONS

The largest part of the present review deals with carbon carbon bond forming
reactions which are mediated by titanium or zirconium derivatives. It was
demonstrated in the previous chapter III that many classical processes can
be made highly selective by turning from derivatives of the main-group me-

tals to those of the early transition metals titanium and zirconium.

This somewhat shorter chapter will now highlight applications of the same
elements which commence without elaboration of the carbon skeleton, but which
rather change its functionality. It will become evident, that again great
improvements in selectivity are possible with derivatives of these two me-
tals. Also, this chapter will demonstrate again the great potential of the
simple inexpensive and non-toxic titanates, zirconates and amide analogues

in synthesis.



A) Reductions and Oxidations Involving Carbonyl Derivatives

1) Meerwein-Ponndorf-verley Reductions and oppenauer Oxidations with

Zirconates

It is surprising, how few applications of these reactions are found in

modern synthetic sequences. The complex hydrides of boron 168)

169)

and of
aluminum with all their modifications, and aluminum hydrides such as
DIBAH have become the predominant reagents for carbonyl reduction. For
oxidations, the various modifications of chromium(VI) reagents ?n$3 more
7

s

recently, of the xornblum reagent 170) prevail [pfitzer-Moffat

172)., Swern 173), etc.]

Corey-Kim
If applied catalytically, the Meerwein-Ponndorf-type reductions, for which
a secondary alcohol such as isopropanol is used, or the Oppenauer oxida-
tions, which can be carried out with acetone or chloral as oxidants, ap-

apear to be rore economical, see the accompanying Table 10. Furthermore,

Table 10. Prices per equiv. of hydride or per reduction or oxidation equiv.

for some common reducing and oxidizing reagents (from a 1983 catalogue).

Reagent Mol.Wt. Price in US § (largest packing size)
LiATH, 38 4.2
NaBH, 38 2./
DIBAH 142 23.-- P
LiBHEt, 106 100.--/}-{D (SuperhydrideCD]
NeBHEL, 122 400.--/HO
LiBH(iBut), 190 100.--/H (Li-selectride ®)
NaCNBH 63 10,--/H0
LiATH(0-£-C ,Hy ) 254 170.--/H°
9)3
NaATH,(OCH,CH,OCH;), 202 10.--/Hequiv.  (vitrid ®)
(CH ) ,CHOH 60 —=.15/H equiv.
(CH3)2CO 58 --.15/0xid. equiv.
€C1 4CHO 147 4.,50/0xid. equiv.
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for many purposes, these alcohol/carbonyl hydride donors and acceptors
are extremely selective in the presence of further functional groups in
the substrate. Thus, imino, nitro, cyano, ester, halo, sulfoxide and sul-

fone groups do not normally interfere with these reactions.

When meerwein et al. first published their experiences with reductions of
carbonyl groups by secondary alcohols in the presence of metal alkoxides,

they strongly recommended 174)

the use of aluminum alkoxides as catalysts,
but they stated that zirconium and tin alkoxides are almost as good. In
the course of investigations of organozirconium derivatives as nucleo-
philes it was found 8,27,175) that hydride can be transferred from the
alkoxide group on the zirconium with a rate comparable to that of the

R-group from zirconium, see Scheme 23. This can be avoided by using

Scheme 23

W%
>:o +  Rzr0c)),

><OZT(ORK)3 OH
/ R ><R
H

j
\ ><OZr(OR')2 OH
e
. <,

RZr(0—-),

RZr(Od);

CH
NO NO:.

2

NS

/

HO o]
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23,111) 27)

tions led to a reinvestigation 175) of zirconates as catalysts in reduc-

t-butoxy or phenoxy groups on the zirconium . These observa~
tion/oxidations through hydride transfer from and to carbon. Some results
of reductions of aldehydes and ketones are given in Table 11, for oxida-

tions see Table 12, Scheme 23, and the procedures below. It appears that

the zirconate-catalyzed reactions may show high functional group selecti-
vity; in contrast to aluminum alkoxides, which are often employed in stoi-
chiometric amounts, the zirconates catalyze rapid conversions at lower
concentrations.

Table 11. Reactivities in the zirconate-catalyzed Meerwein-Ponndorf-

verley reduction as a function of the p-substituents of benzaldehyde.

CHO OH
Zr (0= )4 . 10 mol %

Isopropanol
R RT R

R time (h) benzyl alcohol (%)
NO, 8 ~100
C=N 24 > 90
Cl 24 > 90

H 24 ~ 60
OCH3 24 ~10
N(CH3)2 24 <1
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Table 12. Reactivities in the zirconate-catalyzed oppenauer oxidation

as a function of the oxidizing reagent (top part) and the substrate
(Tower part).

OH o
zro-+-),
D
oxidizing
reagent
6h, rt.
reagent % conversion
0O
/lk 12
0O
O .
0O
Clac)J\H 92
OH
Smin, o
e —————-
CH, @/Kcﬂa
1.2 eq. Chioral
5 mol-% Zr(O +)4
rt.
: i
HO™" 24 h
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4-Nitrobenzyl alcohol 175)

/[::]/CHO Zr0-1-CqHy)y H
e
ON H

>—OH =N

In a dry flask 390 mg (1 mmol) of Zr(0-i-C.H dissolved in 70 ml of an-
hydrous 2-propanol is corbined with 1 5g E % mmol) of 4-nitro-benzalde-
hyde. After stirring for 24 hours, gas chromatographic analysis showed 947%
conversion. The reaction mixture is then hydrolyzed with 50 m1 2 M aqueous
HC1. Extraction with ether yields on evaporation of the solvent 1.25 g
(8.16 mmol, 82%) of 4-nitro-benzyl alcchol.

Zirconate-catalyzed Oppenauer oxidation 175,177)
OH o
e L J@é
———
N o]
HyCO \W/|< H5CO N%
o o

Tetrahydroisoquinoline derivative 83 (1.00 g, 3.41 mmol) is dissolved in

10 m1 of cyclohexanone and a catalytic amount of Zr(0-t-C4Hg)g (ca. 0.5 ml,
1.25 mmol) is added. After stirring at 80°C for 2 hours, the reaction is
hydrolyzed with diluted HC1 and extracted with ether. Cyclohexanone is re-
moved under oil pump vacuum and the residue is purified by flash-chromato-
graphy (CH2C12/EtOAc 1:1). 450 mg (1.53 mmol, 45%) of the oxidation product
is obtained, which can be crystallized from CH2Clp/EtOAc 1:1 to furnish
slightly yellow crystals. m.p. 129 - 1300C.

2} Titanium-mediated Reductions

There are some remarcably selective reductions of carbonyl derivatives
and analogues by low-valent titanium which are worth mentioning here.
Thus, addition of carboxylic acids, acid chlorides, carboxamides, oximes,

nitro compounds and sulfoxides to a mixture obtained from T1'C14 and

303



NaBH4 causes smooth reduction to primary alcohols, amines, and thio-

178)

ethers, respectively » see the upper part of Table 13, Also, the

Ti(III) derivative from dichloro-titanocene and isopropyl Grignard re-

agent catalyzes the reduction of carboxylic acids to aldehydes by the

179)

same magnesium derivative , bottom part of Table 13. A catalytic

Table 13. Reductions of carboxylic acids, amides, oximes, nitro groups (see pro-
cedure) and of sulfoxides (reverse addition) by a reagent from 1 equiv. T1'C14
and 2 equiv. NaBH4 in dimethoxyethane ]78), entries 1 - 7. Reduction of carboxy-

Tic acids to aldehydes by (CH3)2CHMgBr and cat. amounts of Cp2T1'C12 179),
entries 8 - 10.
Entry Starting material Product Yield (%]
1 mandelic acid C6H5—(|IH—CH20H 60
OH
2 a-phenoxy-propanoic acid @—O-CH—CHZOH 95
/
CH3
3 N-benzyl-pyrrolidone CN_CHZ 93
4 o-iodo-diethylbenzamide QCHZ'N(C2H5)2 95
1
5 oxime of o-nitrobenzaldehyde <;>-CH2NH2 82
NH2
~(9- : 9
6 methyl-(2-furylimethyl)sul foxide U—CH/S\CH 1
(o} 2 3
7 methyT1-(2-pyridyl)sulfoxide <\‘:/>SCH3 89
N
8 n-CgHy 3CO0H n-CgHy 3CHO 73
9 CgHg CH,COOH @CHZ-CHO 48
10 benzoic acid benzaldehyde 55
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cycle was proposed ]79), in which CpZTiH is the actual reducing reagent,
and the aldehvde is thought to be protected as RCH(OMgX)2 from further

reduction.

General Procedures for Reductions with TiCln/NaBH, ''©); (cf. entries

1 - 7 of Table 13).

Stoichiometry: 1 RCOOH / 1.1 TiC]4 / 3.3 NaBH4; 1 RCOCT / 1.1 TiCl, /
2.2 HaBH,3 1 RCONR2 /1.5 TiCl, / 3 NaBH,; 1 RZCNOH /2.1 TiCl, /

4.2 NaBH,; 1 RSOR' / 1.1 TiCl, / 2.2 NaBH4.

For the reduction of 10 mmol substrate, a mixture from TiClg and NaBhy
in 40 m1 dimethoxyethane {glyme) is prepared and stirred in an ice~bath.
A solution of the substrate in 10 ml anhydrous glyme is added, and the
reaction is quenched with cooling after 14 hours at room temperature by
addition of 100 ml H»0. Extraction with benzene (2x60 ml}, in the case of
amine products after basification with 28% aqueous ammonia, is followed
by drying over NapSOgq, evaporation of the solvent and distillation or
recrystallization.

General procedure for Reduction of Acids to Aldehydes 179)

CP2T!C|2

RCOOH + 2 Me,CHMgBr RCHO

To stirred 1 m Me,CHMgBr in ether (63 mmol) is first added CppTiCly

(75 mg, 0.3 mmol)5 and 5 min. later a carboxylic acid (36 mmol), under
an argon atmosphere and with ice cooling. After 4 hours at room tempe-
rature, 20 ml of 4 N HC1 is added, the layers are separated, the
aqueous layer extracted (30 ml ether), and the combined organic layers
dried (MgSO4) and distilled.

3) wer-Reactions with TiCl,

With the advent of numerous new carbon carbon bond-forming reactions of
nitroalkanes 180-182) the importance of the wmef-reaction, which converts
nitroalkanes to aldehydes or ketones, has grown. As with many other
classical reactions, there are literally dozens of procedures for this
conversion. One is the treatment of nitroalkanes with titanium tri-

chloride 1°72183)

. In some cases, this method works when all the others
fail. Representative procedures are given along with a 1ist of examples

in Table 14.
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Table 14. Conversion of nitroalkanes to ketones and aldehydes by treatment of
the nitrocompounds with T1C13 at pH <1 (A) or in a buffered solution at pH
ca. 6 (8) 183)

starting material product method/% yield

Q
[o] (o]
/\’/\/U\ /\{(\/Lj\ A 85
NO, (o}
o] Q [o]
184)
l NO, I H A 60
CN CN
NO, o B 90
(o]
/Y\/U\ A 40
O, O o / \'
0.
/Y\>< B 70
o}
\n/\/COOH A 40
\j/A\V/COOMe z o
COOMe 8 90

=
Q
N
O §
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(Table 14 continued)

starting material product method/% yield
: NO
2 EI B 60
[o
Heptan-2,5-dione 193 (Method A)
(o] (o]
TiCly
—_—
pH<1

NO, o

A 0.2 M solution of 5-nitroheptan-2-one is combined with four mol-equiv. of
TiC13 (20% aqueous solution) and stirred under nitrogen at room temperature
for 24 hours. The reaction mixture is then poured into ether. After separa-
tion of the two phases, the aqueous layer is extracted several times with
ether. The combined organic extracts are washed with 5% NaHCO3 and with
brine, dried (Na2$0a) and concentrated. Distillation of the crude product
affords heptan-2.5-dione in 85% yield.

183)

2-Methyl-4-cyclohexenone (Method B)

TiCls
CC,, - (X
pH =5 o

NO,

A 0.5 M solution of 4-nitro-5-methylcyclohexene in methanol is treated with

1 mol-equiv. of NaOCH3 to form the corresponding sodium nitronate. An aqueous
solution of TiC13 and NHg0Ac 1:6 is prepared (ca. 0.4 M with respect to
TiC13). At room temperature 4 mol-equiv. of this buffered TiC13 solution is
added in one portion to the nitronate under a nitrgen atmosphere. After

45 min. the reaction is worked up (cf. procedure above) and 6-methylcyclo-
hex-3-en-1-one is isolated in 66% yield.
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B) Reactions of Carbonyl Compounds Involving Dialkylamido-titanium Derivatives

The early work on dialkylamido-derivatives of titanium has been described

in an excellent review article 185)

. The use of reagents of type RT1'(NR2)3
22 and RTi(NR2)4M 27 as nucleophiles for carbonyl additions has been men-
tioned occasionally in chapter III (see amination/alkylation of carbonyl
derivatives III C2; aldol additions and related processes III F). A proce-
dure describing the preparation of the tetrakis(dimethyl- and diethylamino)-
titanium (12, 13) is given in section II. The titanium(IV)dialkylamides,
Ti(NR2)4, react rapidly with various carbonyl derivatives. Depending upon
the particular structure of the carbonyl compound, different amino-deriva-
tives can be formed with removal of the oxygen: aminals 84 with non-enoliz-

able aldehydes such as benzaldehyde and pivalaldehyde, but also with acetal-

R NR
,NRy NRy o 2
R=CH R=-C~NRy R, NG NRy
NRy NR
2 R R
84 85 86 87

dehyde; ortho-amides 85 with non-enolizabel carboxylic acid derivatives;
enamines 86 with most enolizable aldehydes and ketoness and ketene aminals
87 with enolizable carboxylic esters and amides ]86). This formation of
enamines is one of the most efficient methods of preparing this class of
substances, and the modification using T1'C14 and secondary amines directly
is generally referred to as the Weingarten method ]87). Its stoichiometry
requires three moles of secondary amine per mole of enolizable carbony]

compound 88. It is especially effective with hindered ketones. Its disad-

o]
4
} H + 6HNRS NR3 + Tiop
2R — 2 RrR2
R? R3 + Ticlg NS .
ha + 4RZNH,CI
88 86
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vantage is obviously the necessity of using excess amine, if the amine is

valuable. A typical procedure follows.

General Procedure for the Synthesis of Enamines with TiCl, 187)

(see 88 ~86)

A two-liter four-necked flask is fitted with a mechanical overhead stirrer,
a reflux condenser, an N2 gas line, a thermometer, and a dropping funnel.
Under an atmosphere of dry nitrogen, the flask is charged in this order
with 500 ml solvent (benzene, pentane, or ether), 0.1 mole of ketone, and a
solution of excess amine (4 - 5 equiv.) in 100 ml of the same solvent. To
the resulting solution is added over a period of 20 - 60 min. 0.055 mole
TiClg, dissolved in an additional 100 ml of solvent (benzene or pentane),
while the temperature is kept between 00 and 10°C. The resulting mixture is
stirred for several hours at 20°C. The more hindered ketones (pinacolone,
2.5-dimethylcyclohexanone) require lTonger reaction times. The progress of
the reaction is followed by NMR. analysis of aliquots. After the reaction
is complete, the reaction mixture is filtered, the solvent is evaporated
from the filtrate and the residue is distilled in vacuo. A1l these workup
operations must be carried out quickly, under exclusion of moisture.

The rate at which dialkylamido-titanium derivatives transfer an amino group
to a carbonyl carbon appears to be faster than that of alkyl transfer from
titanium. Thus, the methylating amination (see section III C2) could only
be explained with the assumption that the amino group is transferred faster

than the methyl group 28)

. In Scheme 24, a surprising reversed selectivity
of additions to aldehydes and ketones is demonstrated, which becomes rea-
sonable only if the above assumption is made. Addition of the ate-complex
from tetraisopropoxy-titanium and allyl or crotyl Grignard reagent to a
1:1-mixture of an aldehyde and a ketone leads to the isolation of the adduct
to the aldehyde, with the expected (see section III Al) selectivity. This is
true both with aliphatic (left part of Scheme 24) and aromatic carbonyl de-
rivatives (right top part of Scheme 24). On the other hand, as demonstrated
in the bottom half of Scheme 24, the ate-complexes from tetrakis(dimethyl-
amino)titanium are perfectly ketone selective, giving rise, after aqueous
workup, to the ketone adduct and unreacted aldehyde. These findings 19,115)
are explicable 1if the primary product from the alkoxy-ate-complex is 89,
the result of allylic group transfer, while that with the amino-derivative
is 90, i.e. the product of amino-group transfer. The adduct 90 is now a
protected form of the aldehyde, and it acts as an allylic group transfer

reagent towards the ketone.
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Scheme 24. Aldehyde-selective additions of allylic groups from

[(Me2CH0)4Ti—CH2-CH=CH—R]ate-comp]exes and ketone-selective additions

of allylic groups from [(Me2N)4T1—CH2—CH=CHR]ate-comp]exes ]9’]]5).

lafter aqueous workuﬂ

OH
H unreacted
R AN + ketone
RrR2
> 98:2 aldehyde — selective
X" \Ti®0CHMe)s M®
o / (R2= H,CH3;: M=MgCl) \ o
H H +
* CHq 2 H3C
) \ RN 10NMe ) M® / o
(R2= H,CH3; M=Li,MgCl)
>98 :2 ketone — selective
OH
H3C
R‘ 2 unreacted
+ aldehyde
RrR2

Lafter aqueous workup1




o =
o _Ti(OR), o _-Ti(NMe,),
R H7K
1
R N R NMe,
R?
9
89 90
Scheme 25
[o] [o]
At A
R H R R
selective
protection t Ti(NRy),
of
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Ti(NR:
o 2)3 o
H>‘\ * )k
R NR2 R R
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to CHgli or CH3MgBr
ketone T NR
1
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@
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R H R” NCH,4
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)

No ate-complex needs to be generated in order to achieve ketone-selective

additions of this type ]88).

If tetrakis(dialkylamino)titanium is added at
-78°C to an aldehyde/ketone mixture prior to methyllithium, again ketone-
selective addition of the nucleophile is observed, see Scheme 25. Obviously,
T1'(NR2)4 adds selectively to the aldehyde, Teaving behind unchanged ketone,

which is trapped by the "second" nucleophile Meli.

Thus, the expected fast, selective, and irreversible (at Tow enough tempe-
rature) transfer of the amino group to the aldehyde is responsible for the

reversal of the normal aldehyde vs. ketone selectivity, which seems sur-
prising at first sight.

Ti(OR)4—Cata1yzed Transesterifications

The chemical industry offers (see Figures 3 - 5) and uses titanates as cheap
bulk chemicals for various applications. Among other transformations, ester-
ifications are catalyzed by titanates. A Titerature search, inspection of

Fig. 3

Not all Tiranares have a freezing prob-
fem. Dur Tiranium Acerylaceronate used to
be areal headache arlow remperarures.
Not anymore. Kay-Fries has developed a
cold stabifized product—youll find if unique!

Organo-Titandtes fr
We Beat the Q

Qur Alkyl Tiranares range from Cy ro Cig
as well as several in polymer form. The Che-
late Titanares offer rhe versarifiry of utitizing
Titanate chemisiry in.aqueaus systems.

hen you need catalysts, cross-linkers,
and surface modifiers, call Kay-Fries rall-free
for the Qrgana-Titanates of yaur choice
(800) 526-0339. In NJ call (201) 784-0200,

o

KAY-FRIES, INC.
7%/ ~wne: Dynamit Nobet oo

10 Link Crive. Rockleigh, New Jersey 07647
(800) 526-0339. In New Jersey calt (201) 784-0200
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“Call 800-441-9475
to get all the organic titanates
you need, fast.”

Ollie Yeaton, Sales Manager

Seven versatile
DuPont TYZOR®
organic titanates
can improve your
product properties.

To get all the DuPont organic
titanates you need, when and
where you need them, just call.
We're the largest domestic manu-
facturer of titanates, fully inte-
grated forward from our own
titanium ore mines. So you can
bet on reliable supply and deliv-
ery, whether you need tank
trucks, drums or 40-1b. pails.

When TYZOR organic titanates
are used to crosslink resins via
active hydrogens, the cured
resins display improved hard-
ness, electrical properties and
solvent resistance. Common
applications for crosslinking with
TYZOR include printing inks,
paints, coatings and gels.

TYZOR is also being used
more and more as an esterifica-
tion catalyst for carboxylic esters.

TYZOR organic titanates have
a broad range of reactivity. Water-
stable chelates are also avaifable.

. A0% increase
in TYZOR capacity.

In March, 1982, DuPont’s
already sizeable production
capacity for TYZOR will expand
by 40%. But right now, for all the
organic titanates you need, call
800-441-9475. Or write: Ollie
Yeaton, DuPont Company, Room
(G39404)1, Wilmington, DE 19898,
to find out more about how you
can use TYZOR organic titanates.

(D
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the eight volumes of Fieser's Reagents, and discussions with many colleagues
revealed that titanate-mediated esterifications, deacylations, and trans-
esterifications are well known to industrial chemists, but essentially un-
known in research laboratories, especially at universities. Accordingly,
almost all applications are described in the patent Titerature and involve
rather sinple, monofunctional substrates, see the discussion and the re-

ferences in a recent article ]89).

As demonstrated in Scheme 26, the equilibria between esters (RCOOR') and
alcohols (R''OH) can be established with titanate catalysis. If an alcohol
is used in large excess, as a solvent, a substrate ester is transesterified,
a substrate acyl-protected alcohol is deprotected (top arrow in Scheme 26).
If, however, an ester is used as a solvent, a substrate ester is also trans-
esterified, but a substrate alcohol is esterified (arrow on the bottom of
Scheme 26). These equilibrations can be exploited for selective transesteri-
fications or deprotections of polyfunctional substrates, even in the pre~
sence of groups which are very sensitive to acid or base, such as C,C and
C,Ntriple bonds, acetals, B-hydroxy- and B~acyloxy-esters, B-lactams,

£-butyl-dimethylsilyloxy groups, BOC- '20)

and other urethane protecting
groups, etc. The titanates may be considered as "neutral rewis acids" with
a preference for carbonyl oxygen (C=§) over acetal, ether or alcohol oxygen

(R-0-R).

The titanate catalyst used in most cases is tetraethoxytitanium; the small
amounts of ethanol introduced into the equilibria do not influence the re-
sults if other than ethyl esters are to be made. For preparing methyl esters
in methanol as the solvent, simple titanates can not be used, because the
very insoluble tetramethoxytitanate precipitates. This can be avoided by
using a catalyst obtained from Ti(OEt)4 and one-half equiv. of glycol ]9]).
Another possibility of preparing methyl esters is to transfer the CH30—
group from another ester, for instance methyl propionate which is employed
as the solvent (bottom part of Scheme 26). Strangely, under these conditions

no Ti(OCH3)4 precipitates ]9]).
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Four characteristic examples are described below in full experimental de-

taily a list of recent applications is found in Table 15.

Scheme 26

ROH (solvent)

ol 3
(@ (R'COOR® -R?0H)

X OCOR!

x
]
I

cat. Ti(OEt)4

COOR? COOR®

b
R'COOR®? (solvent) (6)

(R°OH, - ROH)




Table 15. Examples of esterification, transesterification, deprotection, and

polyester depolymerization to give acid and/or
solvent for transesterifications is the alcohol
acetylations of alcohols are performed in ethyl
cated by A [Ti(OEt)4] , B [Ti(O—i-C3H7)4] or C I

base-sensitive products. The
of which the ester is formed;
acetate. The catalyst is indi-

(Et0)3T1' —OCHZCHZO-Ti(OEt)3]. D

refers to the alternative method of forming methyl esters in methyl propionate

with Ti(0Et),.

(o]

-

)
Br/\[( N NsiMe,
0

N 189)
A 85% from ethyl ester 189) A 71% from ethyl ester
o
X A
/u\/u\ °
A 56% from t-butyl ester 189)
B 91% from methyl ester 189)
o 0
M/lJ\O/VSiMes .
A 74% from methyl ester 189) 3 N\)< >
(o] /k (o}
OzN/\/lko B 91% from methyl ester 189)
A 50% from methyl ester 189)
OH OH Q
/’\“/0\/ A o
(o}
A 60% from propionate &%) ini 189)
a prop A 90% from 3.5-dinitrobenzoate
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(Table 15 continued)

B
BOC-lLeu—-Leu-OMe ————= BOC -Leu-Leu--OBz! 190}

H H
/ﬁ\/'!‘ B )cj\/ll\l
CH,O TBOC —» peo \BOC 190)

H o
0 c
e
n

OMe OMe
Br/\/Y NC/Y

AN

(o] (o]
D 83% from ethyl ester 191) L 88% from ethyl ester 191)
X
(R) OMe
/\/\/\/\/\
¥ “ 07 CH,
CH, O '

191) A

C 77% from ethyl ester 94% from alcohot 191)

(o}

L2 o,
o e

A 70% from alcohol '01)
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Isopropy1-2-(t=-butyl-dimethyl-silyloxy)-butyrate 189)

—'-\SiO—CH-—CH — COOEt —I-—\SiO—CH—CH —CooC,H
W l 2 / I 2 3nr

CH, CH,

Ethyl 3-(t-butyldimethylsiloxy)-butanoate (2 g, 8.1 mmol) is dissolved in
2-propanol (30 m1), Ti(0-i-C,H,), (1.00 g, 3.5 mmol) is added and the mix-
ture is heated to reflux temperature for 6 hours. It is then cooled to ca.
450C, quenched with 1 M agueous HC1 (temporary turbidity is observed), and
extracted with pentane. The organic extract is washed with saturated
agueous NaHCO3, dried (MgSOz) and evaporated at 60°C under reduced pres-
sure to remove the solvent and the residual 2-propanol. 1.76 g (6.76 mmol,

?3%) of the transesterified product is obtained, which is pure according to
H-NMR.

Diethyl malate 189)
OOEt COOEt
i
—O——H HO——H COOEt
@ gH’ Ha ©/
COOEt COOEt

Optically pure (S)-(-)-0-benzoylmalate (2.00 g, 6.79 mmol) fis dissolved in
absolute ethanol (50 ml) and combined with Ti(OEt)4 (1.00 g, 4.40 mmol). The
mixture is heated under reflux for 6.5 hours. It is then cooled to ca. 40°C,
hydrolyzed with 1 M aqueous HC1 (temporary turbidity is observed) and ex-
tracted with ether. After removal of solvent and ethanol, the residue is
distilled to yield 0.98 g (6.53 mmol, 96%) ethyl benzoate (b.p. 559C/

0.01 Torr) and 0.81 g (4.26 mmol, 64%) of diethyl (S)-(-)-malate (b.p. 900C/
0.01 Torr). [al?5; =-9.30 (neat).

Methyl phenylacetate 190)

CH,—COOEt CHz —COOMe

Method i): A solution of 2.0 g (12.2 mmol) of ethyl pheny]acetate.and

ca. 0.5 g (ca. 2 mmol) of Ti(OEt)q in 50 ml of methyl propionate is re-
fluxed for 110 hours. After cooling to ca. 40°C, the reaction mixture 1is
treated with 30 m1 1 M aqueous HC1 and extracted with ether. The combined
organic layers are washed with saturated aqueous NaHC03, dried (MgS04) and
concentrated on the rotatory evaporator. Kugelrohr distillation affords
1.70 g (11.3 mmol, 93%) of methyl phenylacetate, b.p. 1550C/9 Torr.
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Method ii): A modified titanium catalyst (gly-Ti) is prepared by mixing one
mol-equiv. of ethylene glycol with two mol-equiv. of Ti(OEt)4. 1.0 g of

this catalyst and 2.0g (12.2 mmol) of ethyl phenylacetate are dissolved

in 50 ml of absolute methanol and heated at reflux temperature for 72 hours.
The clear solution is then concentrated at the rotatory evaporator at re-
duced pressure to ca. 5 ml. After addition of 5 ml 1 M HCI solution, the re-
action mixture is extracted four times with ether. The combined organic ex-
tract is washed with 1 w HC1, saturated NaHCO03 and twice with brine, dried
over MgS0g, filtered and evaporated. The residue is purified by Kugelrohr
distillation to yield 1.66 g (11.1 mmol, 91%) of the methyl ester.

3 B-Acetoxy-cholest-5-ene 190)

Ti(OEt)4
—————————
EtOAc
HO AcO

Cholest-5-en-3-01 (2.0 g, 5.17 mmol) and a catalytic amount of Ti(OEt)sq
(ca. 0.5 g), dissolved in 50 ml of ethyl acetate, is heated to reflux for
24 hours. After cooling to ca. 40°C and hydrolysis with diTute 1 M aqueous
HCT, the reaction mixture is worked up with ether. After recrystallization
from ethanol, 1.81 g (4.22 mmol, 82%) of 3 B-acetoxy-cholest-5-ene is ob-
tained, m.p. 110-114°C, [a]2%p = -4] (c = 2,23, CHCI3).

Additions to C,C MuTtiple Bonds and Eliminations - the Hydrozirconation

One of the earliest synthetic applications of zirconium derivatives as re-
agents was the hydrozirconation, which was reviewed 192) in 1976. In many
respects, the hydrozirconation duplicates the hydroboration 193), in others
it is complementary to it. An example is provided by the hydrometallation
of isomeric octenes, see Scheme 27 ]93). While the hydroboration is rever-
sible only at elevated temperatures, addition/elimination of the zircono-
cene hydride CpoZrCIH (2c, preparation see section II) to double bonds is
so facile, that all three octenes furnish the same 1-octyl-zirconium deri-
vative at room temperature. As is also evident from the examples given in
Scheme 27, the hydrozirconation is strictly directed by steric factors ]93):
its thermodynamically-controlled additions lead to primary organo-zircono-

cenes, tetrasubstituted and cyclic trisubstituted olefinic double bonds do



not react, and the addition to acetylenes produces that vinylzirconium
compound in which the zirconium is bonded to the carbon with the smaller

substituent,with hydrogen in the cis-position ]93).

The hydrozirconation products are subjected to further transformations with
replacement of the zirconium from the organic group. Two such transforma-
tions have been discussed in previous sections, the carbonylation (III D)

Scheme 27
NN
N Cp,ZrCIH
NIRRT NN
room temperature Z'GC2
Ci
/\/'——_\/\

Cp,ZrCiH
N e
ZrCp,

|
i

/Y\/ZI’CPQCl

N Cp,ZrCHH
/Y\ + (10:1)
/\(‘\Zrcmm
CpoZrCiH HsC, CHg
— —_— —_— s
CaH; —C==C—CH, slight excess >=<
H 2rCp,Cl

(¥10% of the regioisomer

with E-configuration)
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Scheme 28

Br—R
CI—R I-R
Bry {or
NBS
1
NCS or 2
oI,
CpyZr "
Ct  (Cp,yZrCIR)
H202 or co
or
~+ooH
RCO,H or
Cro,dl,
HO—R ¢,c®l8F0 Cp2CIZr—ﬁ—-R
NN

and the nickel-catalyzed michael additions of vinyl-zirconocenes to a.B-un-
saturated carbonyl compounds (III B). A carbozirconation step is also most
likely to be involved in the CpZZrC12—cata1yzed carboaluminations (III G).
Some reactions of hydrozirconation intermediates with formation of hetero-
substituted carbon skeletons are shown in Scheme 28, and a typical procedure

demonstrates the reversibility of hydrozirconations.
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1-Trijacontanol from 15-triacontene 194)

1) Cp,ZrClH

-CH=CH-C
14 29 H.qC,q-CH,O0H
2) t- C4H900H 59729 2

c

14H29

The hydrozirconation reagent 2c is prepared 1n situ in the following way:
A solution of 2.92 g (10 mmo1) of Cp,ZrCl in 30 m1 THF is combined
within 10_min. at 239C under 1nert a%mospgere with an equiv. amount of
Vitriole\® (70% toluene solution, see section II).

After 2 hours, 2.1 g (5 mmol) of neat 15-triacontene is added by syringe
through a serum capped side arm of the reaction flask. A suspension results
which is kept under argon at 409C for 4 days. After cooling to room tempe-
rature, the mixture is heated with 2.75 ml of 3.7 M £-C4HgO0H in 1.2-di-
chloro-ethane for 1 hour. For workup, 3 ml of H20 are added, the mixture is
filtered, and the filtrate is concentrated under reduced pressure to ca.

50 ml. Dilution with acetone (300 ml) gives 2 g of crude 1-triacontanol,
which 1is recrystallized from 1.2-dichloroethane to give 1.5 g (68%) of 97%
pure triacontanol, m.p. 89-90°cC.

Stereoselective Epoxidations with Titanium and Vanadium Catalysts

Epoxides (91) are useful reagents in general organic synthesis, and versa-

tile building blocks for natural product synthesis in particular. They are

OH (o]
2 2
R L R\\¢/u\\
* Rl R!
a2 d2
03 04 om
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62)

nality. The 1.2-bifunctionality pattern makes epoxides the counterparts of

a2-reagents » 1.e. electrophiles in the B-position of an oxygen functio-
enol derivatives 92, which are d2—reagents, cf. the synthon boxes 93 and
94. Since the alcohols resulting from nucleophilic opening of epoxides can
be oxidized to carbonyl derivatives, epoxides also correspond to aldehyde,
ketone, acid, or ester d2—synthons 95, depending on the nature of the R]-
group and of the particular transformation. But epoxides do not only pro-
vide an umpolung of carbonyl dz—reactivity, they also can supply products
with a given configuration: where enol derivatives 92 have two spz-carbon
atoms, epoxides 91 have two asymmetric centers which may have a certain
relative configuration and a certain sense of chirality. Enol derivatives
may only react diastereoselectively under special circumstances, see section
on aldol additions above, while epoxides are building blocks with centers

of chirality 126)

. Thus, if carbonyl compounds have been said to be "vir-
tually the backbone of organic synthesis"]95), the epoxides correspond to

at least "one of the main muscles".

“Stereochemical Aspects of the Synthesis of Epoxides" 196)and “Stereoselec-

tivity in Reactions of Epoxides" 197)

have been reviewed ten years ago. In
continuation of his earlier studies on transition metal catalyzed oxida-
tions, and especially on vanadium(V) and molybdenum(VI) mediated epoxida-
tions by t-butyl hydroperoxide, which were reviewed with "practical consi-

derations” in Aldrichimica Acta 1282199)

» K.B. Sharpless has now discovered
a titanate/tartrate-catalyzed enantioselective epoxidation 200). This has
received the deserved attention by synthetic organic chemists and will be
reviewed here briefly, together with some recent advances in diastereose-
lective epoxidations of homoallylic alcohols with vanadium(V)/t-butyl hydro-

peroxide.

1) Asymmetric Epoxidations of Allylic Alcohols with £-Butyl Hydroperoxide
(TBHP) / Diethyl or Diisopropyl Tartrate (DET, DIPT) / Tetrakis-isopro-
poxy-titanium

Our previous review in volume no. 2 of this series, modern synthetic
126)

HMethods 1980 > ended with a Tist of epoxides, see Scheme 29. These
are all available in both enantiomeric and, where applicable, diastereo-
meric forms from simple precursors such as lactic acid, malic acid, and

tartaric acid. Hith the new methodology 37,201) outlined in Scheme 30,



Scheme 29 from ref. 126)
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the 1ist could now be extended by a number of enantiomerically pure 1.1-

disubstituted oxiranes 167).

00)

an alternative way of preparing enantiomerically pure epoxyalcohols by a

Since the 1980 Interlaken meeting, Sharpless and Katsuki 2 discovered
spectacularly effective asymmetric epoxidation (AE) of allylic alcohols
with tartrate esters / Ti(OA]ky])4 / t-butyl hydroperoxide (TBHP). The
mechanism of the process and the practical experimental details which
facilitate execution of the process in the Taboratory will be covered
extensively in a review by sSharpless scheduled to appear during August

of 1983 in Volume 16 (Issue no. 3) of Aldrichimica Acta. Another review
on “Stereo- and Regioselective Openings of Chiral 2.3-Epoxy Alcohols. Ver-
satile Routes to Optically Pure Natural Products and Drugs. Unusual Kine-
tic Resolutions", the manuscript of a Tecture held at the Eleventh Inter-
national Carbohydrate Symposium, August 1982, in Vancouver, Canada, will

202). We thank Professor k. Barry Sharpless for

be published shortly
providing a manuscript copy of this last-mentioned article to us prior
to publication; we are also grateful for copies of the dissertations of

203) 204)

B.E. Rossiter and s.5. woodard .

The steric course of the asymmetric epoxidation is described in Scheme 31.
105) 40) of
transfer of the epoxide oxygen under the influence of the tartrate ester
is specified £&, i.e. the Si-face of the spz-center bonded to CHZOH re-
acts if the tartrate has (S.S)-, the Re-face if it has (R.R)-configura-

tion. Without quoting examples - there must be more than 100 by now, in-
202)

With "normal® CIP-priority sequence > the relative topicity

cluding ca. 40 applications in natural product syntheses
202)

- the rea-
sons for rapid adoption of the method are obvious : 1) simplicity
(all ingredients are inexpensive and commercially available), 2) reliabi-
Zity (it succeeds with most allylic alcohols), 3) high enantiomeric pu-
rity (generally >90% ee, usually >95% ee (i.e. ratio of enantiomers or
enantioselectivity 97.5/2.5), 4) absolute configuration of products pre-
dictable (see Scheme 31), 5) relatively insensitive to sense of chira-
lity of centers in the substrate (see discussion in next paragraph), 6)
versatility of 2.3-epoxy alcohols as intermediates (see above, intro-
duction to section E).

Thus, all positions R], RZ, and R3 in the achiral allylic alcohol shown



Scheme 31

ASYMMETRIC EPOXIDATION WITH

RELATIVE TOPICITY yJ3

preferred with (S.S)-(-)-tartrate

preferred with (R.R)-(+)-tartrate o

(i) Topicities and configurations for priority sequence in allylic alcohol:

C-0 > C=C > R]; in product, epoxide: 0 > epoxy-C > CHZOH; in dozens of
published examples, we found only two exceptions to the priority sequence

given for the allylic alcohol: R] = R2 = C.H R3 = H and R] = c-C H

65 611
R2 - R3 -y 200).

Reactivity increases with degree of substitution of the double bond;

E-propenyl reacts for instance 70-100 times faster than vinyl 202,204)

Rate of reaction is larger with E- (R3 = H) than with Z-allylic alcohol

(R = H).

Increasing size of R3 decreases selectivity, thus with R3 = CHZR the

selectivity is still high - albeit in a slow reaction, while with

R3 = C6H5 or CH(CH3)2, the selectivity drops 202).
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in Scheme 31 may be varied, except that with R3 4+ H the reaction is ra-
ther slow. Since (R.R)-(+)- and (S.S)-(-)-tartaric acids 126)

readily available in the amounts necessary for this asymmetric synthesis,

are equally

both enantiomeric epoxides can be obtained. Tartrate ester employed in
stoichiometirc amounts can be recovered in the workup procedure (see

below).

The reactions of allylic alcohols with centers of chirality are still
subject to stereochemical control with relative topicity . Two cases
have been studied more thoroughly: allylic alcohols with a center of
chirality at the carbinol carbon and at the other allylic position (C-4).

As shown in Scheme 32, the AR-attack is controlled by ALZ—].Z-induction,
if the hydroxylated center is substituted. With (S)-configuration on the
asyrmmetric carbon atom, the Re-face of the neighbouring trigonal center
reacts faster, if the (R.R)-(+)-tartrate-modified reagent is employed.
Depending on the substrate structure, the relative rates range from

ca. 15:1 to ca. 150:1 20%)
hols of this type with >99% ee by kinetic resolution

which allows the preparation of allylic alco-
205). Routinely, the
reaction is run to a conversion of ca. 55%, and the unchanged enantiomer
is recovered. On the other hand, of two enantiomeric allylic alcohols of
the type shown in Scheme 32, one can selectively be epoxidized by
(S.S)-tartrate-derived reagent (R in Scheme 32), the other one by
(R.R)-tartrate-derived reagent (S in Scheme 32), producing enantiomeric
epoxyalcohols of the same relative configuration (Re-attack on the
S-enantiomer by R.R-reagent and Si-attack on the R-enantiomer by S.S.-re-
agent are preferred). The 44-1.2-induction observed here is also the pre-

ferred relative topicity in V(V)-catalyzed epoxyalcohol syntheses, see
next section.

In contrast to the situation in Scheme 32, a center of chirality on the
other side of the double bond, see Scheme 33, does not have enough influ-
ence to override the intrinsic A&E-preference of the reagent. The other
enantiomer of the alcohol can also be attacked from the diastereotopic
Re-face by the (R.R)-reagent or from the diastereotopic Si-face by the
(S.S)-reagent. Thus, if both enantiomeric alcohols are available, all
four possible stereoisomers with trans-configuration on the oxirane ring

can be prepared, see bottom of Scheme 33 (cf. ref. 218).



Scheme 32

1
Topicity and chirality specified with CHR(OH) > C= > H and 0 > C= > R

slow ATTACK fast

by reagent with (R.R)-tartrate

kinetic resolution (KR)

LR -attack with M—].Z—induction

R] RZ
OH
2 Cet3 H
R R >96% c-CgHy CH,
C—C6H]] C—C6H]1
unchanged

allylic alcohol

The asymmetric epoxidations of allylic alcohols described seems to be a
case in which a non-enzymatic conversion reaches levels of selectivity
which are usually considered typical of enzymic transformations. Further-
more, the substrate selectivity, i.e. the sensitivity to changes of sub-
strate structure,is very low in this process. It is hard to imagine that
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Scheme 33

OH

an enzyme can convert substrates of such different structures equally
selectively!

The mechanism of the reaction is still under investigation.

Practical considerations are of foremost importance in the titanate/tar-

trate-mediated asymmetric epoxidations with TBHP. Even with consideration
of the limiting factors discussed above, "complaints™ have become known
about the reproducibility of the process. In all cases which we are

aware of, the problems were due to non-optimal conditions. There are
numerous, partially conflicting hints as to the practical execution of

the reaction. The following procedures are typical.

Solutions of t-Butyl-hydroperoxide (TBHP) 198,203)

General Remarks: Absolutely anhydrous TBHP is explosive and should not be
prepared without experience with peroxides and without extreme precau-
tions 206,207)  Although handled on industrial scale, absolute TBHP is
not commercially available and is excluded from conventional shipment.
The 90% aqueous TBHP is less dangerous, but is also not recommended here.
The best grade to start with is 70% aqueous TBHP, which should contain

as little as possible hydrogen peroxide, di-t-butyl peroxide, and
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t-butanol. for the asymmetric epoxidations, the preparation of anhydrous
solutions of TBHP is necessary. The preferred solvent is 1.2-dichloro-
ethane. Solutions of anhydrous TBHP are safe to handle and can be stored
in a refrigerator, but must not be concentrated.

Preparation of a Dichloroethane Solution: In a 2-L separatory funnel,
500 ml (3.6 mol) 70% aqueous TBHP and 850 ml1 1.2-dichloroethane are com-
bined, and the upper aqueous layer of ca. 125 ml is removed. The 1225 ml
organic layer containing 3.5 mol TBHP is placed into a 2-L flask, SiC
boiling chips are added, and the flask is equipped with a water separa-
tor for heavier than water solvents. The flask is heated (steam or oil
bath!) and the azeotrope containing ca. 20% water distilled off. After
water -ceases collecting in the trap, the solution is allowed to cool,
the water separator is replaced by a short path distillation head, and
heat is reapplied. Ca. 225 ml solvent are removed by distillation,
leaving ca. 1L of 3.5 » TBHP. Solutions in CH2C12 and other solvents
can be prepared similarly. Store in a refrigerator.

Determination of TBHP Concentration: By iodometric titration 207): the
peroxide content is determined with an aliguot of the solution. - By
NMR  spectroscopy: a TBHP solution in CpH4Clz is measured in CDC13 (TMS
as internal standard). The t-C4Hg9 signal (ca. 1.25 &§) integration A and
the dichloroethane signal (ca. 3.70 §) inte?ration B give the molarity
of the solution as M = A {0.10 A + 0.18 BI~'.

(25,35)-Epoxy-geraniol 200}

TBHP O‘\\\

_ OH TiOCHMe2)4( 8 )‘ A T OH
(R,R)-(+)-DET

A dry 500 m1 flask is charged (-23°C cooling bath; argon atmosphere;
magnetic stirring) with 200 ml dry CHpClp, 5.94 ml (5.68 g, 20 mmol) 8
and 3.7 ml (4.5 g, 22 mmol) diethyl (+)-tartrate (10% excess). After
stirring for 5 min., 3.47 ml (3.08 g, 20 mmol) geraniol and ca. 11 ml of
ca. 3.5 M TBHP (40 mmol, 2 equiv.) as anhydrous solution in CzHaCl2,
CHpClp or CCl4 are added. The homogeneous solution is sealed and kept in
a freezer (ca. -200C) overnight (ca. 18 hours). The reaction can be moni-
tored by TLC. The flask is returned to the CClg / dry ice bath (-23°C)
and its stirred contents quenched with 50 ml 10% aqueous tartaric acid.
The aqueous layer solidifies, the bath is removed after 30 min., after
stirring at room temperature for one hour the layers are separated. The
organic layer is washed with water, dried (NapS0O4) and concentrated.

The residue contains diethyltartrate or other tartrate esters which
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may have been used, and TBHP. The peroxide content is so small in the
present case that it does not have to be removed 198), For hydrolysis of
the ester, the crude product is dissolved in 150 ml ether and combined
(stirring, ice bath) with 60 ml of 1 x NaOH. The two-phase system is
stirred for no longer than 30 min., the organic phase is dried (NapS04q),
concentrated, and the residue (ca. 4.3 g) chromatographed on silica gel
to give 2.6 g (77%) epoxide of l[alp -6.369 (1.5, CHC13), corresponding
to ca. 95% ee.

For water soluble epoxyalcohols, a modified procedure is recommended

(see below). With more reactive allylic alcohols (without substituent cis
to CH20H) catalytic amounts (0.1 equiv.) of both the titanate and the
tartrate suffice. Diisopropyl tartrate is often preferable, but is more
difficult to hydrolyze without destroying epoxide product.

Workup for water-soluble product epoxyalcohols 208)

At the end of the reaction period (see previous procedure), 4 equiv. of
CH3SCH3 are added at -20°C, and after 40 min. the cold reaction mixture
is slowly added to twice its volume of a vigorously stirred, saturated
(ca. 5%) aqueous NaF solution at room temperature. After stirring for

5 - 20 hours, NaCl is added to saturate the aqueous phase. Filtration of
the gel-like mixture through Celite ®, separation of the phases, three
extractions of the aqueous phase with CH2Cl2, drying of the combined or-
ganic layers over Na2S04 and concentrating yields the epoxyalcchol mixed
with the tartrate ester which are separated by chromatography on silica
gel or, depending on the sensitivity of the epoxide and the relative
boiling points, by fractional distillation.

Kinetic Resolution of Allylic Alcohols (Scheme 32) 205)

For instance:

[

S TBHP
(R,R)-DIPT,
8

UNO
g I

A solution of 1 equiv. 8, 1.2 - 1.5 equiv. (R.R)-(+)-DIPT, 1 equiv. d,1-
all%lic alcohol in dry CH2C12 (10 ml/mmol of alcohol) is stirred at
-207C under inert atmosphere. Anhydrous TBHP (4 - 6 m in CH2CI2, 0.6
equiv.) is added, and the homogeneous mixture is stored in a freezer
(-20°C) for 15 hours to 12 days. The reaction must be monitored and
should not be stopped before 55% conversion. The cold reaction mixture is
poured into twice its volume of acetone containing 0.3 ml Hp0/mmol of
the titanate 8. The mixture is allowed to warm to room temperature with
stirring. Filtration, concentration, tartrate hydrolysis as described
above and chromatography yields the product.

For the cyclohexenyl methyl carbinol 15 hours reaction time furnishes
(R)-alcohol of >96% ee.



(+)-(2S,3R)-2.3-Epoxy-1-tridecanol 203)

n—C10H21 TBHP n—C1OH21 OH
OH -
(RR)-DET
H O

8 H H

Under inert argon atmosphere, L-(+)-diethyl tartrate (11.3 g, 55 mmol)
and cis-Z-tridecen-1-01 (10.5 g, 50 mmol) are dissolved in 250 m1 CH2Cl2
and cooled to -78°C. After adding Ti(0-i-C3H7)4 (15 m1, 50 mmoT1) by sy-
ringe and stirring for several min., 26 ml (83 mmol) of anhydrous TBHP
(3.2 M in CH2C12) is slowly added. The reaction mixture is warmed to
-350C and stirred for 3 days. It is quenched by combining with 150 m1 of
10% tartaric acid and shaking vigorously. This is repeated followed by
washing the organic layer with H20 and brine. On concentration in vacuo
a wet white solid is obtained, which is dissolved in 200 ml ether, com-
bined with 100 m1 of 1 M aqueous LiOH and stirred for 30 min. at 0°C. The
ether solution is washed with brine, dried and concentrated to give a
white mass. This is chromatographed on a Waters prep. 500 (petroleum
ether / ether 1:1) to give 8.3 g (38.7 mmol, 77%) of fluffy white
crystals.

Epoxidations of Allylic and Homoallylic Alcohols by TBHP/Vanadium(y)

Diastereoselective epoxidations of olefins containing alcohol functions
with various distances between the two functional groups have been found

to be more or less diastereoselective, both with peracids and with tran-

sition metal (V5+, M06+ etc.) catalyzed t-butyl hydroperoxide as re-
agents, see a recent review on metal-catalyzed oxidations of olefins and
198)

acetylenes . The preferred relative topicity 4£of the 1.2-induction
in titanate-induced epoxidations of a-branched trans-allylic alcohols
was discussed in the previous section, see Scheme 32. A somewhat smaller
Atl-preference had also been found in VO(acac)Z-catalyzed TBHP epoxida-

198,209,210)

tions of the same allylic alcohol , while with a trimethyl-

silyl substituent in the 2-positon, the selectivities are much Tar-
211)
ger

systems somehow direct the vanadium-catalyzed oxidation to the other dia-

, see Table 16. cis-Substituents on the double bond of open-chain

stereotopic face of the olefinic double bond, compare Table 16 with
Table 17. Finally, with cyclic allylic alcohols, the result is a cis-
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Table 16. Enoxidations of allylic alcohols without substituents in the cis-
position of the carbinol center by TBHP/V5+ reagent.

R R3
H,,
preferred A H
Ho? gl
96
R2 Q

&,

R2 R3 H, X
H %
KV\H Ho? gt
Ho? R 98
97
Rl R? RS preferred 97/98 ref.
rel.topicity
CHy H H 4 80:20 198,209)
CHy CHy H <l 95:5 198,209)
CH, H CHy yry4 71:29 198,209)
60:40 210)
n=CgH, H Cohe b 63:37 210)
i-Cyft H H L 85:15 210)
£-C4Hg H CH, y/3 81:19 210)
CH, Me 151 H <l >99:1 211)
CHtte,, Me S H ld >99:1 211)
CH, Me ;51 CH, yIvi >99:7 211)
ChMe, Me 451 CHy b >99:1 211)

epoxidation, see Scheme 34 . Except with some cyclic substrates and with
the bulky trimethylsilyl substitution, the selectivities are not as high
as those which were encountered with the titanate/tartrate-mediated

epoxidations, dealt with in the preceding section.



Table 17. Epoxidations of acyclic allylic alcohols with substituents in the

cis-position of the carbinol center by TBHP/V5+ reagent.

H R3
H.,
% R4
1
Preferry HO R \
99

H., %
Ho? R
il
R] R3 R4 preferred 100/101 ref.
rel.topicity
CH, H CHq y/3 71:29 198,209)
CH, CH, CHy b 86:14 209)
CH, H SiMe, Py 96:4 211)
CH, CH, SiMe, YA >99:1 211)
i=C5H, H SiMey i >99:1 211)
CeHs H SiMe, 24 >99:1 211)

215)

This is not so when we turn to the homoallylic alcohols . Their epo-

xidation by the V5+/TBHP—reagent is highly selective in most cases, see

Table 18, Only bulky substitution at the carbinol center and trans-con-

fiquration of the double bond 218)

causes the diastereoselectivity to fall
below 80%; usually it is above 95%. The Rz—group (see Table 18) on the
carbon atom between the carbinol center and the proximate olefin spz-
center appears to be responsible for the stereochemical course of the

reaction.
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Scheme 34. VO(acac)Z-catalyzed syn-epoxidations of cyclic allylic alcohols by
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TBHP.

212)
ref. K
————— o,
kﬂ-1'2

ol
I

(@)

I

S \\ 213) § \

ref.
ul—1,2
OH e OH
(>99:1)
ref 214)
ul-1.2
L4

OH ref. 212) OH
——————reeei
EU" 1.2

©3:7)

More convincing than for the simple allylic alcohols, see models
192_198’209) and 103 210), is the mechanistic picture 104 proposed 215)

for this homoallylic case. A tetrahedral coordination of the vanadium is
assumed, with a pseudo-axial and a pseudo-equatorial ligand on the metal.
The better fit with Z- than with E-configuration on the double bond is
thought to arise from repulsive interaction with the 0-t-butyl group, see
arrow @ in 104. The group Tocated in cis-position on the remote olefinic



Table 18, Epoxidations of homoallylic 215) and of bis-homoallylic

216)

alcohols

by TBHP/V5+ reagent leading to products with up to four consecutive asymmetric

centers in high diastereoselectivity.

OH @
,/!\\v//~\\ L -1.2 1//!\\,/;<fi
R T R z
32 induction R2
1
R CH3 C6H5 CHMe2 CH3
2
R CH3 CH3 CH3 CHMe2
% ds 82 83 75 83
OH OH H
ﬂ’/l\?§/<§1 [ Rb/!\ﬁf/;<<$‘“H
R2 R3 52 r3
1
R H CH3 C6H13 CH3 CHMe2
2
R CH3 H H CH3 CH3
3
R CHy CoHg (CH,)COO0R CeM3 CHy
% ds >99.5 92 96 99 >99.5
1.2 Lk, -- -- Ak /3
rel.topicity
1.3 - Ak Lk 4 A
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(Table 18 continued)

HO HO H
\\‘9
R1 AN —_— F{ 3
rRZ RS R2 R3
1
R CH3 CH3 CHMe2 CSHH CH3
2
R CH3 CH3 CH3 CH3 C5HH
3
R CH3 C6H13 CH3 CH3 CH3
% ds 39 38 67 34 >99.5
1.2 y73 g3 L4 A 73
rel.topicity
1.3 Ak, Lk Lk, Lk y7y
OH
1
1 2
R a7 ScHy T
2
R CHy
£~ or u-diastereomer product cyclizes to a
tetrahydrofuran
R CHite, CHte, anisy anisyl
R? H CH H CH
3 3

>88% Re attack of oxygen on C(4)

independant of configuration at C(2)
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carbon forces a substituent in the allylic position into a quasi-equato-
rial position, arrow @ in 104. This in turn fixes the position of a
substituent on the carbinol center as being either pseudo-axial or -egua-
torial, depending upon the relative configuration along the C(1), C(2)
bond of the homoallylic system. If the substituent is larger than CHZR
and is forced into an axial position, the 1.3-repulsion indicated by
arrow @ in 104 becomes responsible for lower selectivity.

215)

Similar considerations may be used to discuss the still appreciable

diastereoselectivity observed with bis-homoallylic alcohols, with which

= g3 % R R
R> < R ¢
H 4 AN 4
50° o.. HE ’ R

vs* 50°
102 a 102 b
addition from below addition from above
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340

only the configuration at the carbinol center seems to matter for the
stereochemical course of reaction 216), see bottom of Table 12,

These results are the more important, because there are hardly any other
methods which allow remote stereocontrol of this type and quality.

217)

0-Silylated allylic and homoallylic alcohols have just recently been

shown to be also epoxidized reasonably selectively by TBHP/V5+

General procedure for V 5+ -catalyzed epoxidation of homoallylic

alcohols 203,215)
OH O
-~
)\rCH—CHRS >—00H 1 /H/CH——-—\-CH—R:
R
2 0=V(0,CsH7l, R2

To a ca. 0.1 m solution of the homoallylic alcohol in anhydrous CHpClo

is added ca. 1-2% of vanadium (IV) oxide bis(2.4-pentadionate) and 1.5
mol-equiv. of anhydrous 1 M tert.-butyl hydroperoxide (TBHP) at ice-bath
temperature. The solution is stirred for 16 hours at room temperature.
The remaining TBHP is best hydrolyzed by the addition of 1 mol-equiv. of
freshly prepared 10% NapSO3 at 00C. Stirring is continued for an addi-
tional 2 - 3 hours with gradual warming to room temperature. The layers
are separated and the organic phase is washed twice with water, once with
brine, dried (MgSO4) and concentrated. The crude products are purified
by distillation or column chromatography.
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