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An exploration of the structures and properties of titanium-tartrate

complexes in solution was undertaken in order to develop a detailed under-

standing of the mechanism of the asymmetric epoxidation reaction.

The equilibrium constants for exchange of alkyl hydroperoxides for

alkoxides in Ti(IV) complexes were found to be sensitive to the steric

natures of both the hydroperoxide and the titanium complex.

Molecular weight measurements showed [Ti(tartrate)(OR), l, to be
dimeric in solution. Proton and 13¢ NMR studies demonstrated that the

asymmetric epoxidation system is not composed of only one Ti-tartrate

species; small amounts of Ti-tartrate species of other than a 1:1 stoichio-

metry are present in such solutions. However, pseudo-first order kinetics

measurements provided evidence that [Ti(tartrate)(OR),], is by far the most
active catalyst in the mixture. To explore the solvent dependence of the

reaction, rates of asymmetric epoxidation were measured in CH,Cl,, pentane,
and ether. Both the polar, coordinating solvent (ether) and the nonpolar

solvent (pentane) were found to decrease the rate of reaction relative to

that in CH,Cl,. The experimental rate law was found to be different in

pentane than in the other two solvents tested.

Proton, carbon, and oxygen NMR studies of [Ti(tartrate)(OR),], in
solution, along with difference FTIR measurements of deuterium—-labeled

alkoxide complexes, were found to be consistent with structures of Ti-

tartrate derivatives previously found by x-ray crystallography. A

secondary deuterium isotope effect study was performed, indicating that

epoxidation occurs with simultaneous formation of C-O bonds in the transi-

tion state. Using a proposed catalyst structure analogous to those found

by x-ray crystallography, a detailed mechanism for asymmetric epoxidation

was suggested, with several possibile sources of asymmetric induction

defined.
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Section I

Introduction

A. Prologue

The enantioselective preparation of asymmetric compounds comprises a

rapidly expanding area of chemical science and technology.’ The discovery

by Katsuki and Sharpless of an efficient asymmetric epoxidation reaction

for allylic alcohol substrates&gt; represents one of the most significant

addition to that field of the past several years.” The reaction mixture

includes a titanium tetraalkoxide, a chiral tartrate diester, the allylic

alcohol substrate, and an alkyl hydroperoxide as the oxidant. The enantio-

selectivity pattern of the reaction is introduced below in Figure 1. To

date, no exception has been found among prochiral substrates to the

enantiofacial selection rule shown: when drawn with the hydroxymethyl

group at the lower right, L-tartrate directs epoxidation to the bottom face

of the olefin, D-tartrate to the top face.

Figure 1. Asymmetric epoxidation of prochiral allylic alcohols.

D-(=)- diethyl tortrate (unnotural)
i oe"

|
‘

1

r
,

/

J

Z Jd orAR

 0H,
(CHy)3COOH, Ti(OiPr), To—33" 4a on

CH,Cl, , -20°C 2

70-90% yield
bt 390 % ee

L-(+)-diethyl tartrate (natura!)
That the asymmetric epoxidation process has been of very great utility

in the synthesis of natural products? is due primarily to one remarkable

feature of the reaction: high enantiofacial selection is obtained for

allylic alcohol substrates of widely varying structure. Table 1 presents

sxamples from the Sharpless and Masamune laboratories of prochiral allylic

alcohols successfully accomodated by the reaction. It is not our intention

to show all the successful substrates known (of which there are many

others), but rather to give an indication of the scope of the asymmetric

epoxidation process.
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Table 1. Allylic alcohols successfully accomodated by the titanium-

tartrate asymmetric epoxidation process.

Entry,

Unsubstituted
RI=R2=Rp3=p4=R5 = H

J con5

Re R

1

c

% e.e. % Yield Reference

45 1 b -

wm

trans-Disubstituted [R1=R2=R3=p" = H]

)

1

5

3

J

1
r

J

.

 alg

R% = CHj

RY = n-C1fy)

R* = (CH,)4CH=CH,
RY = Me,Si

R% = t-Bu
RY = Ar

R% = CH,0CH,Ph

J8
\ J

RY = PhCH,
I

J

R% = PhcH0cH,Qu

RA
0,
7

PhCH,OCH,,

RA
Ph “O°

0 OSIEt,
PhCH,0

R= OCH-Ph ODO}

95

&gt;95

&gt;95

&gt;95

&gt;95

&gt;9§5

38

St‘5

&gt;».

 &gt;»

» Q¢

Ip

45

79

80

50

0-90

85

78 5

.

}

76

70

Ju“ugMy,

 "~
ay

ad
-

J

fi

(+)-DET used»!

(+)-DET used »K
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Table 1. Continued.

"™ RO

"3 con
rR? Rr!

Entry

cis-Disubstituted R1=RZ=R3-p% =

14 RY = n-Cyghyy

15 R&gt; = CH,Ph

16 R® = CH,0CH,Ph

1/7 RS = %
TANS

1,1-Disubstituted R1=R2=R4=R® = H

18 RS = ~-cyclohexyl

19 RS = n-CygHg

20 R3 = t-Bu

trans-1,1,2-Trisubstituted R1=R2-R% = H

21 R3 = r% = ph

22 R3 = Me. RY = Et

a)
3 _ 4 _RY = Me,R"= acoA

c4

0)

3 eo. X_R Me, R oN
/

% e.e.’ % Yield Reference

30

J1

32

82

83

84

2.d

2

N

14

35

55 ~~ (+)-tartrate onlyh
mn

&gt;95

‘95

B56

31

51

ad

a

I)

gf

&gt;of 37

79

wi J  ) LA

i =)
o

kg.)

ol

gh"

cis-1,1,2-Trisubstituted RI=RZ-R% = H
25 R3 = Me. R? = CH~Ph ~a

. Ne
- J
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Table 1. Continued.

rR* RS

JC on
RZ R

Entry

1,2,2-Trisubstituted RI=R%=R3 = H
4. _ 5 _

26 R* = CH,CH,CH=C(CH3),, R® = Me

27 R* = Me, R® = CH,CH,CH=C(CHs),

Tetrasubstituted R=RZ = H

28 R3 = Me, R* = Ph, R? = CH,Ph

19 Con

% e.e. % Yield Reference

5 77

79

i

Sa i

Q, oe a

$

“i.
- joi ~

z

a) Unless otherwise noted, epoxidations involving either tartrate

enantiomer are effective. b) Reference 3e. c¢) Reference 3b.

d) Reference 3a. e) Reference 3d. f) Reference 3j.

Yields depend on the electron donating or withdrawing properties of

the substituents on the phenyl ring. h) Reference 6a.

The enantiofacial selectivity of the epoxidation was not directly

measured, since the diastereomeric product was purified by chroma-

tography. The yield reported is that of the pure bisepoxy alcohol
product. Reference 6b. DET = diethyl tartrate.

Epoxidation with (+)-DET afforded approximately 50% yield of the

expected diastereomeric bisepoxy alcohol after chromatography.

Tuddenham, D.; Sharpless, K.B., unpublished results.
k) viti, S.M.; Sharpless, K.B., unpublished results.
1) Reference 6c. This reaction required the use of

Ti:tartrate:substrate in a ratio of 3.6:5:1. Use of the standard

(i.e. 1.2:1.5:1) conditions afforded significant amounts of the , -

unsaturated aldehyde. m) Reference 7. n) Reference 8.

Erickson, T.J.; Sharpless, K.B., unpublished results. The absolute
configuration of the product epoxy alcohol was not determined.

W/



Thus, in the asymmetric epoxidation is found the first truly

successful blend of substrate generality and high enantioselectivity. In

addition, structures of the other components of the reaction can also be

varied without diminishing enantiomeric excess or chemical yield. For

example, while the tartrate esters most commonly used are dimethyl tartarte

(DMT), diethyl tartrate (DET), and diisopropyl tartrate (DIPT), the ester

group can also be stearyl, benzyl, or neopentyl with no loss in enantio-

meric excess for epoxidation of a standard substrate. As discussed in

Section III.B., the structure of the alkyl hydroperoxide can also be varied

from tert-butyl hydroperoxide (TBHP, the most commonly used oxidant) to

triphenylmethyl hydroperoxide with little adverse effect.

The lure of this reaction for the mechanistic investigator is

powerful: how can high levels of asymmetric induction consistently be

achieved in a system that tolerates wide variations in the steric features

of its components? The degree of structural tolerance is of such magnitude

that we suspect that purely steric interactions are not responsible for the

stereoselectivity of the reaction.

For the student of epoxidation processes in general, the asymmetric

epoxidation provides an important mechanistic opportunity. With the added

variable of asymmetric induction (and, therefore of diastereomeric interac-

tions in the transition state), information about the course of the reac-

tion can be obtained at a level of detail that is impossible to realize in

an achiral context. Asymmetric modifications of the attack of nucleophiles

on carbonyl groups have similarly given rise to detailed transition state

models’ that are now routinely used to rationalize and predict reactivity

patterns.

Studies of the asymmetric epoxidation mechanism detailed here are

divided into four areas: catalyst structure, kinetics, "mapping" of the

transition state by changing reaction components, and modifications of the

“parent” asymmetric epoxidation system.

It is no accident that the title for this thesis closely resembles

that of Dr. Scott Woodard's in 1981, since much of the work presented here

follows directly from his studies. We will attempt to answer the following

questions:

(1) Is the asymmetric epoxidation reaction performed by one dominant

catalyst in solution, or are there many active species present?

1g



(2) What is the structure of each catalyst (if there are more than

one), and what are their relative activities?

(3) What is the detailed mechanism for oxygen transfer that accounts

for the high enantio- and diastereoselectivity of the reaction?

(4) What factors are responsible for loss of catalyst activity?

(5) How does the introduction of extra additives or the use of

reagents in non-standard ratios affect the reaction?

There are many other interesting questions that can be posed. Our

first concern is to identify the interactions that give rise to high

enantioselectivity without strict restrictions on the structure of the

substrate. Until recently, the achievement of high enantioselectivity has

been designed and rationalized largely on the basis of steric factors

alone.l9 Enzymes employ lock-and-key interactions for asymmetric induction

with unmatched success, but this does not have to be the only way to

achieve such a result. Perhaps the asymmetric epoxidation reaction, with

its remarkable scope, is the product of nonsteric elements for the control

of enantioselectivity: it is important to see if this is true.

B. Epoxidation Mechanisms

Several reviews have been published on the scope and mechanism of

epoxidation of alkenes by peroxy acids! and metal-hydroperoxide systems.l?

We shall summarize the most important mechanistic features of these reac-

tions and we urge the reader to refer to the review papers for a more

complete historical account. We will deal only with epoxidation by

electrophilic peroxidic oxidants, of which the titanium-tartrate-hydro-

peroxide system is one. There are of course many other methods for pre-

paring the epoxide group, including epoxidation of electron-poor olefins by

nucleophilic peroxidic reagents (e.g. basic hydrogen peroxide),l1!P the

Darzens reaction,}3 and condensation reactions of carbonyl compounds with

the ylides of some main group elements.l?

l. Peracids.

That the olefinic unit appears to be the nucleophile and the peroxy

acid the electrophile has been known since the discovery of the reaction in

1909 by the Russian chemist N. Prileschajew.l” Thus, either increasing the

1 4den



electron density of the olefin or decreasing that of the peracid serves to

boost the rate of the reaction.l1&gt;16 Recent theoretical treatments have

addressed this seeming paradox of how an oxygen atom equipped with lone

pairs can act as an electrophile.l’ In keeping with this trend, Henbest 8

observed that substitution of an electron-withdrawing substituent in the

allylic position of an olefin decreases the rate of its epoxidation; i.e.,

3-methoxycyclohexene is epoxidized by peracid almost 15 times slower than

cyclohexene itself. He also made the extremely important observation that

3-hydroxycyclohexene is epoxidized at half the rate of cyclohexene, that

is, about seven times faster than its methyl ether. Epoxidation rates are

relatively insensitive to steric hindrance, !? and ring strain.29 For

example, the increased nucleophilicity of tetraalkyl-substituted olefins

boosts their reactivity relative to less substituted olefins despite the

increased steric hindrance about the double bond.lla,122a The epoxidation

reaction is bimolecular - first order in substrate and peracid. It pro-

ceeds in a wide variety of solvents, with a small and roughly inverse

dependence of rate on solvent polarity. The many determinations of activa-

tion parameters that have been made agree that the reaction proceeds with a

large negative entropy of activation, implying the existence of a highly-

ordered transition state 11,10

As first observed by Henbest, 8 an allylic hydroxyl group can also be

responsible for directing the stereochemical course of an epoxidation by

peracid reagents (and also for increasing its rate as noted above for 3-

hydroxycyclohexene relative to the corresponding methyl ether). The

authors proposed that an association of the hydroxyl functionality with the

peracid reagent is responsible for the syn-selectivities and rates

observed, an idea that has received much support and utilization in the

literature.?!
In 1950, Bartlett? proposed the "butterfly" mechanism involving

interaction of the peroxy oxygen distal to the carbonyl group of a peracid

with the olefin accompanied by a concerted rearrangement of bonds to afford

epoxide and carboxylic acid. It has remained the basis for most mechanis-

tic proposals of epoxidation through the present day. The ordered, bi-

molecular transition state is consistent with the observed characteristics

of the reaction.

y -
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Another early mechanistic proposal, involving a 1,3-dipolar addition

reaction of olefin with peracid as suggested by Kwart23, has not been

rigorously disproved, but the experimental evidencella;c,24 and theoretical

calculations?/asb suggest that it is not operative.
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An important modification of the butterfly mechanism is the suggestion

that attack of the olefin on the peroxy acid takes place along the 0-0 axis

in an Sy2-type fashion.2/2»¢,d,28 With this assumption, Sharpless has

proposed that the hydroxyl group of an allylic alcohol can only participate

in a hydrogen bond with the distal peroxy oxygen of a peracid, as shown in

Figure 2.121 Prior to this suggestion, the allylic alcohol was generally

assumed to interact with the peracid through a hydrogen bond to the

proximal peracid oxygen.

Figure 2. Proposed transition state geometry for epoxidation of

allylic alcohols by peracid.
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2. Epoxidation by Transition Metal-—-Hydroperoxide Systems.

As with peroxy acids, the dependence of oxidation rate on olefin and

hydroperoxide structures is in accord with the attack of nucleophilic

olefin on electrophilic peroxide: greater alkyl substitution on the
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olefinl2b»29,25 and greater electron withdrawing power in the hydro-

peroxide? both increase the rate. Radical initiators or inhibitors have

no effect on the epoxidation reaction,l12.29

The hydroperoxide and the metal participate in a fast, reversible

association that activates the hydroperoxide to nucleophilic attack by the

olefin.2?&gt;31,12h The rate-determining epoxidation step is bimolecular for

unfunctionalized olefins, and the reaction is inhibited by polar, coor-

dinating solvents and alcohols.31»12h Thus, epoxidation with a0 metal

catalysts is first order in each of the reactive components -- olefin,

nydroperoxide, and catalyst.22»31,12b,h The activation parameters of

metal-catalyzed epoxidations have been reported;-} Ant = 12-15 kcal/mole

and ast = -14 - -20 eu, comparable to the values reported for peroxy acid

epoxidations (vide supra).

Consistent with this data, the early mechanistic proposals were of the

form shown in Figure 3, with metal M = V or Mo. The metal-hydroperoxide

coordination was assumed to be a dative one through the oxygen proximal to

the alkyl group.

Figure 3. First proposed transition state structure for olefin

epoxidation bv metal alkylperoxide reagents.

rn

i

LoM— "2

7]

L

R
"a

In 1970, Mimoun and coworkers found that covalent peroxo complexes of

molybdenum stoichiometrically epoxidize olefins under mild conditions.&gt;?2

This finding raised the possibility that metal peroxo complexes formed from

hydroperoxides were the active oxidants. However, Chong and Sharpless

later provided evidence through 18, labelling experiments that the hydro-

peroxide remains intact during the reaction.&gt;&gt; In addition, the peroxo

group of covalent oxo-peroxo complexes of Mo34 and cr32 has been shown to

andergo no exchange with the oxo oxvgen,34 and labeling of the oxo group

has demonstrated that it is a peroxo- and not the oxo-oxygen that is

transferred to the olefin undergoing epoxidation.342
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The epoxidation of allylic alcohols on a° transition metal templates

proceeds more rapidly and under milder conditions than the epoxidation of

olefins lacking a nearby hydroxyl group&gt;0:29,37, This effect is much more

pronounced in metal-catalyzed reactions than in peracid oxidations due to

the propensity of high valent transition metals to rapidly form covalent

metal-oxygen bonds. The epoxidation step therefore proceeds in a

unimolecular fashion, with both allylic alcohol and hydroperoxide bound to

the metal center. It has been estimated that the conversion of a reaction

step from intermolecular to intramolecular (i.e. a reduction in kinetic

order by one) results in a favorable change in Tas? of about 5 kcal/mole,

corresponding to a rate acceleration of about 1000-fold at 25 oc,38

Since the epoxidation of cyclic allylic alcohols on metal catalysts

invariably gives a syn epoxy alcohol product,30,12f it is likely that the

extremely rapid epoxidation of cyclic allylic alcohols occurs on a single

metal center. Most proposals in the literature concerning the mechanism of

epoxidation of acyclic cases are also based on this concept. Since it is

also likely that the detailed mechanism of oxygen transfer to these

substrates is the same as for isolated olefins, the geometric constraints

of the allylic alcohol epoxidation make it seem unlikely that the hydro-

peroxide is bound to the metal by the proximal oxygen, as indicated in

Figure 3. Rather, Sharpless has proposed the arrangement in Figure 4,

whereby the hydroperoxide is bound covalently to the metal through the

oxygen atom distal to the alkyl group. The proximal oxygen atom is then

thought to interact with the metal in the transition state, further

activating the hydroperoxide toward nucleophilic attack.39

Figure 4. General transition state structure for metal alkylperoxide

epoxidation of allylic alcohols.
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In support of this general scheme for epoxidation of an allylic

alkoxide by an alkylperoxide bound to the same metal center is a recent

observation by Wolczanski.3? Under anhydrous conditions, the following
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epoxidation reaction occurs in high yield:
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presumably through formation of the alkylperoxy complex

(RO) ,Zr(00Me)(0CMe,CH=CH,) followed by intramolecular oxygen transfer.

The notion of oxygen transfer through a bidentate alkylperoxide moiety

is supported by an x-ray crystal structure of a vanadium(V)-TBHP complex 1

by Mimoun and coworkers.402 It clearly shows bonding of the oxygen

proximal to the tert-butyl group with the metal. Note that this oxygen

center displays a nearly tetrahedral geometry.

0 0
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TBHP has also been shown to bind in a monodentate fashion, in the

crystal structure of the Hf(IV)-TBHP complex 2.40b This complex undergoes

oxygen transfer too, producing Cp” ,HE(OE)(OtBu) in a first order reaction,

indicating that oxygen transfer is intramolecular.*0P It seems necessary

for both oxygens of the alkylperoxide to be associated with the metal in

the transition state of such a reaction.
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The general scheme of olefin attack on a bound alkyl peroxide has been
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used by several authors to rationalize their observed diastereoselec-

tivities: Oshima for aluminum alkoxide catalyzed epoxidations,?! Mihelich

for vanadium catalyzed epoxidations of homoallylic alcohols (to extremely

high diastereomeric ratios),*? Narula&gt;°@ and Mihelich 39 for epoxidation

of allylic alcohols on vanadium, Modena for oxidations with vanadium cata-

lysts and hydrogen peroxide,” Rebek for intramolecular epoxidation of

alkene-substituted peroxy acids and peroxy ethers,*% and Teranishi for

vanadium-catalyzed epoxidations of cyclic allylic alcohols of varying ring

sizes.302
Teranishi and coworkers proposed optimum dihedral angles of 150, 150,

and 90 degrees for peracid, molybdenum-catalyzed, and vanadium-catalyzed

epoxidations, respectively. Sharpless and Verhoeven reviewed many examples

of diastereoselective epoxidation of hydroxyl-substituted alkenes in

1979.12f They extended the application of the model of Figure 4 to

considerations of the detailed geometry of the transition state. As a

result of the geometrical requirements of a backside Sy2 displacement on

the 0-0 bond, they predicted an optimum O0-C-C=C dihedral angle for the

allylic alcohol of about 50 degrees in vanadium-catalyzed epoxidations, and

about 120 degrees for peracid reactions.3/P

3. Peroxymetallation.

In conjunction with their excellent work on metal-peroxo oxidations of

organic substrates, Mimoun and colleagues have proposed a different

mechanism for epoxidation by peroxidic reagents.*&gt; The ability of olefins

to act as ligands for transition metals of group VIII (e.g. Rh and Pt)

suggests that such an interaction is the first step in oxidation reactions

of olefins on these metals. Insertion of coordinated olefin into a metal-

peroxo oxygen bond would then give a five-membered peroxymetallocycle

intermediate, shown below in Figure 5. Such an intermediate has actually

been isolated from reactions of pr40 and Rh47 peroxo complexes with cyano-

substituted olefins. With metal-hydroperoxide complexes, the authors pos-

tulate a pseudo-cyclic five-membered metallocycle. The metallocycle can

then decompose to give an epoxide or a carbonyl compound.

Since the intermediates have been isolated and characterized, peroxy-

metallation is well supported in the group VIII cases. However, we believe
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Figure 5. The peroxymetallation mechanism.
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that the mechanism is not operative with a9 early transition metals (group

IV, group V, and group VI) for the following reasons. (1) The formation

of the peroxymetallocycle should be easiest for olefins well suited to 1,3-

dipolar additions (as is observed with Pt peroxides). Such electron de—-

ficient olefins have not been observed to react in these metal-catalyzed

epoxidations with alkyl hydroperoxides. Other strained olefins (e.g. nor-

bornene) that do undergo epoxidation react much more slowly than would be

expected if the reaction proceeded through a 1,3-dipolar-like transition

state.3*2 (2) With allylic alcohols, peroxymetallation demands the forma-

tion of a strained bicyclic intermediate. (3) Molybdenum porphyrin com-

plexes have been shown to catalyze the epoxidation of alkenes by t-butyl-

hydroperoxide.” In this case, the steric constraints imposed by the

macrocyclic ligand make it difficult for both olefin and hydroperoxide to

be bound to the metal at the same time. (4) A coordinative interaction of

an olefin with the metal, required by the peroxymetallation scheme, has not

been spectroscopically observed for a9 elements of groups IV or V, to our

knowledge. It must be emphasized, however, that definitive evidence for

support or rejection of the peroxymetallation mechanism for these early

transition metal catalvzed epoxidations has not vet been found.

4. Theoretical Investigations.

Because of the complexity of the reaction, relatively few calculations

on the transition states of epoxidations have been published,*? though the

conformation and rotational barriers of hydrogen peroxide’? have been well

studied. Most of the published work has been done on epoxidations of

olefins (usually ethylene) by performic acid and simple derivatives.

However, asymmetric epoxidation is presently receiving theoretical treat-

ment in the the research groups of Professors R. D. Bach (Wayne State

University) and K. W. Houk (University of Pittsburgh).
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It seems to be generally accepted that the initial orbital interaction

of olefin and peroxide involves the olefin Tm orbital (HOMO) and the

peroxide bond ol orbital (LUMO).27523,17 The geometry of this interaction

is subject to some debate.

A secondary deuterium isotope study by Hanzlik and Shearer found evi-

dence for unsymmetrical formation of C-0 bonds in the transition state of

the epoxidation of styrene with peroxy acids, the formation of the bond to

the B-carbon (=CH,) of styrene showing a greater secondary deuterium
isotope effect than formation of the bond to the a-carbon, 32 Hanzlik's

proposal has been both supported?’2 and rejected (or ignored)2/ds 17a,b by

subsequent theoretical studies, the latter studies proposing a symmetrical

interaction of the reactive peroxy oxygen with the olefin C=C unit. As

discussed in Section III.C., we have performed secondary deuterium isotope

effect experiments that provide no evidence for unsymmetrical C-0 bond

formation.

Regardless of whether or not the epoxide C-0 bonds are formed simul-

taneously, the interaction of the olefin with a planar peroxide system (i.e. a

peroxy acig?/d,17b or metal-alkylperoxo moiety) can occur in geometrically

non-equivalent arrangements. The two simplest of these are the so-called

"planar" and "spiro" orientations in which the planes defined by the olefin

mm orbital and the peroxide systems are coplanar or normal to each other,

respectively (Figure 6).

Figure 6. Definitions of "planar" and "spiro" orientations of metal

alkylperoxide and olefin in epoxidation reactions.
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Note that the plane defined by the lone pairs of the reactive peroxy oxygen

is coplanar with the olefin morbital in the spiro arrangement and normal

to the wmorbital in the planar arrangement. One might expect the energies

of these two states to be quite different. The planar avoids a seemingly
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unfavorable four-electron interaction (lone pair - 7) but also takes the

lone pairs out of position to interact with the olefin m* to facilitate C-0

bond formation. The spiro transition state accomplishes the reverse; it

brings the reactants into the orientation necessary to experience both the

destabilizing four-electron repulsion and the stabilizing lone pair - 7%

mixing.

The exact nature of lone pairs on oxygen in the transition state, an

important question in the epoxidation mechanism discussion, has itself not

been resolved. Photoelectron spectroscopy clearly shows the lone pairs on

ground-state oxygen atoms to be non-equivalent (i.e. sp2- and p-type).2”

However, chemists have for years successfully used arguments based on

equivalent (sp) lone pairs in transition states to explain many stereo-

chemical effects.” Studies of the geometries of hydrogen bonding and of

lone pair electron densities by means of electron density difference

mapping from x-ray diffraction data provide support for the spo lone pair

formalism, especially for peroxide oxygens.&gt;0»&gt;92b The only conclusion that

can be drawn is that there is as yet no theoretical basis for expecting

spiro and planar epoxidation transition states to be significantly

different in energy.2’/2,17

A coherent theoretical picture for the epoxidation reaction developed

by Professor R.D. Bach and coworkers was introduced in their study of the

epoxidation of ethylene by ethylene oxide or oxaziridine.l’2 Starting with

non-equivalent oxygen lone pairs, they proposed that the initial unavoid-

able four-electron interaction (sp2-type lone pair with olefin m) drives

the energies of the frontier orbitals together at the expense of an

unoccupied antibonding orbital. Since the important interactions in their

model involve orbitals of cylindrical or spherical symmetry, they see no

reason to expect either the planar or spiro transition states to be

favored.

Bach's subsequent treatment of metal-mediated epoxidations indicated

the same independence of transition state energy with respect to

spiro/planar orientations.l’¢ More importantly, they identified a favor-

able molecular orbital pathway involving low-lying empty metal d-orbitals

for the "migration” of a a® metal center from the distal to the proximal

oxygen atom of a bound hydro-or alkylperoxide during reaction with an

olefin. The model systems studied were the vanadium(V)-methyl hydro-
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peroxide complex (V-00CH3) and the epoxidation of ethylene by lithium

hydroperoxide (Li-O0OH).

Two groups have developed epoxidation systems that appear able to dis-

tinguish between planar and spiro alignments, both favoring the former.

Davis et al have asymetrically epoxidized prochiral olefins with chiral

oxaziridines.?’ Reasoning that different enantiomers of epoxides would be

produced from the two orientations, they obtained up to 40% enantiomeric

excess at 60°C (AAGT = 0.56 kcal/mole) of the product corresponding to the

planar transition state geometry. Rebek and coworkers have prepared

conformationally constrained peroxy acids that show unprecedentedly high

rates of epoxidation of cis alkenes relative to trans and 1l,l1-disubstituted

alkenes,&gt;S rationalized on the basis of a restriction of transition state

conformation to a planar arrangement. Neither case can be applied to

epoxidation reactions in general, however. Rebek's work shows only that

epoxidation can be made to occur through a planar arrangement if the steric

conditions demand it, and Davis's conclusions certainly require further

testing before we can consider them proof of a lower energy planar

transition state pathway.

By emphasizing the importance of the overlap of an oxygen sp3 lone

pair with the olefin T* orbital, we have proposed an intermediate orien-

tation between spiro and planarl2f that is also consistent with the experi-

mental data: with backside attack of olefin on the 0-0 bond, one oxygen

lone pair should be in the plane of the olefin 7* orbital. In peracid

epoxidations of allylic alcohols, the other lone pair of the reactive

oxygen participates in a hydrogen bond with the allylic hydroxyl group. 2f

In metal-catalyzed oxidations, the other lone pair is involved in a bond

with the a® metal center. This orbital requirement restricts the allowed

transition state orientations to two possibilities, namely, alignment of

the olefin with each of the two available oxygen lone pairs,-® confor-

mations in between spiro and planar as defined above.

C. Asymmetric Epoxidations

We present here a brief review of abiotic asymmetric epoxidations

reported in the literature. Those that contribute little to the wunder-

standing of epoxidation mechanisms (especially the early examples) will
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simply be referenced and not discussed.

The first reported asymmetric epoxidation was performed,

appropriately, by Henbest in 1965.27 He used (+)-peroxycamphoric acid and

isolated olefins (e.g. styrene) to obtain enantiomeric excesses (ee) of

less than 57%. The remaining early attempts using chiral peroxy acids never

achieved higher than 107% ee.b0 In 1977, Pirkle re-investigated this method

and found that the peroxycamphoric acids used by earlier investigators were

not pure.b! With purified oxidants, he achieved up to twice the level of

asymmetric induction of that previously reported for isolated olefins and

up to 607 e.e. for the oxidation of an imine to an oxaziridine. Presumably

the chiral functionality is too far from the site of reaction to effect

much enantioselectivity in most of these cases.

Greater success has been achieved in the base-catalyzed epoxidation of

o,R—unsaturated ketones by H,0,, mediated by chiral quinine derivatives as
phase-transfer agents.%? The best e.e. observed was 55%.62D By far the

most effective phase transfer catalyst has been the "synthetic enzyme”

poly-(S)—-alanine, giving up to 967% e.e. in the epoxidation of trans-

chalcone.®3 Quinine salts mediate asymmetric induction in epoxidations by

nolecular oxygen®* and by hypochlorite.022sP They also function as chiral

auxiliaries in epoxide formation by Darzens condensation, ring closure of

halohydrins, and addition of cyanide to a-haloketones, all to less than 10%

e.e.09a,b Catalytic amounts of cyclodextrins have been used as phase

transfer agents for the asymmetric epoxidation of trans-chalcone to 11%

e.e. in the best case.b3¢

The epoxidation of olefins by various chiral a-substituted hydroperoxy

ketals gives disappointingly low levels of asymmetric induction (&lt;5%).43

It had been hoped that the levels of asymmetric induction would be improved

with these hydroperoxy ketals, since the chiral group is closer to the

peroxy oxygen than in the case of chiral peracids. The most recent non-

metal-mediated asymmetric epoxidation is Davis' aforementioned oxidation

of olefins by chiral oxaziridines to a maximum of 40% ee.48

Insofar as the achievement of high levels of enantiomeric induction

implies the attainment of a transition state with restricted degrees of

freedom, it is not surprising that the first reported cases of metal-

catalyzed asymmetric epoxidation involved allylic alcohols and a high-
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valent metal. In 1977, Yamada et al reported the use of cumene hydro-

peroxide with a dioxomolybdenum complex of N-ethylephedrine (complex 3),66

while Sharpless' group employed TBHP and vanadium with chiral hydroxamic

acid ligand 4.57 The former gave up to 337% ee, the latter up to 50% ee.

The need to maintain the association of the chiral ligand with the metal

was emphasized by Sharpless' report that a 3-fold excess of 4 is necessary

to obtain high enantiomeric excess. An industrial group later reported the

same phenomenon in the epoxidation of an allylic alcohol with cumene hydro-

peroxide and a dioxomolybdenum L-N-methylprolinol complex 5,68
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These discoveries were followed by the report of Kagan, Mimoun, and

colleagues that the peroxomolybdenum complex 6 functions as a stoichio-

metric oxidant for isolated olefins in up to 33% e.e.b9 Otsuka reported

the epoxidation of isolated olefins by TBHP and MoO,(acac), in the presence

of optically active diols (sugar derivatives and tartrate esters) to a

maximum of 147% e.e.’V The highest level of asymmetric induction in the

epoxidation of unfunctionalized alkenes (51% e.e. in the best case) has

been achieved by Groves and Myers using a chiral iron porphyrin complex and

iodosylmesitylene.*! A French group has recently epoxidized p-chloro-

styrene with a chiral ("basket handle”) iron porphyrin and iodosylbenzene

to 50% ee.’
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Sharpless and Oshima improved the vanadium-catalyzed epoxidation of

allylic alcohols by using a different hydroxamate ligand, 7, to give 807 ee

for the epoxidation of (E)- -phenylcinnamyl alcohol,l?f the best result

prior to the titanium-tartrate catalyzed asymmetric epoxidation. Oshima

later reported the use of the same chiral hydroxamate with an aluminum

alkoxide to epoxidize allylic alcohols in 30-40% ee 41

D. Asymmetric Epoxidation Mediated by Titanium-Tartrate

Asymmetric epoxidation of allylic alcohols by titanium-tartrates was

discovered in 1980,32 after several man-years of effort in designing and

testing chiral ligands to modify va.adium- and titanium-catalyzed epoxida-

tions. It involves the use of complexes formed by mixing titanium tetra-

alkoxides with dialkyl esters of tartaric acid, and an alkyl hydroperoxide

(usually TBHP) as the oxidant in a non-polar organic solvent (usually

methylene chloride). The recommended procedures for performing the reac-

tion have been summarized elsewhere.Jd&gt;f&gt;1 It should be noted that, until

recently, titanium-tartrates, which in principle are true catalysts of

asymmetric epoxidation, have not been employed in catalytic concentrations.

When used at below approximately 50 moleZ concentration with respect to

substrate under the first published conditions for the reaction, the enan-

tiomeric excess is usually diminished and the reaction often does not go to

completion. This important limitation to the applicationofasymmetric

epoxidation has now largely been overcome.’

In addition to being able to asymmetrically oxidize prochiral sub-

strates to a product of predictable absolute configuration (see Figure 1)

the reaction is extremely sensitive to pre-existing chirality in selected

positions of the allylic alcohol.3¢ For example, the epoxidation of a

racemic mixture of a l-alkyl-substituted allylic alcohol with half an

equivalent of hydroperoxide per equivalent of substrate produces an epoxy

alcohol product of high diastereomeric and enantiomeric purity plus un-

reacted allylic alcohol that is greatly enriched in one enantiomer. This

process of kinetic resolution is depicted below in Figure 7. Examples of

secondary allylic alcohols that undergo efficient kinetic resolution are

presented in Table 2.
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Table 2. Allylic alcohols undergoing kinetic resolution with

relative rates greater than 15 at -20°c.

Entry Substituents?

1 _

R* = CH,CH,Ph)

Rl LAO
” rl = cyclohexyl

J

+

+(cor
rR gl

&amp;
 To

Krel
erythro/threo ratio from

faster-reacting enantiomer

33

15

49/1

. r
 '

&gt;15 98/2

&gt;
a  -”

Reference

wr

1

CH,

Rl=n-C Hg, R3=Me
Rl=cyclohexyl, R3=Me

3
1. 4_

R "ball, RE
R =n-Cy4Hg&gt; R™=Me
Rl=cyclohexyl, R%=Me
Rl=£t, R%=Ph
RL=CH,CH(CH3),, R¥=Me

J

10

Ll

12

13 Rb =R = Me
“Et. RB=14 Rl=Et, R®=n-CgHy;

138

&gt;15

&gt;15

&gt;15

104

&gt;15

&gt;15

Ce 0

lu

~ J
34shi

»

 -

90/10

97/3

90/10

81/19
40/60

)

2

1

&gt;

J

«

J

nt?
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Table 2. Continued.

™ rR2 Con
Re Rl

Entry Substituents?

 LE C-

lu OLon

Q.i

Kal

ca. ib

RB3

&gt;1E

erythro/threo ratio from
faster-reacting enantiomer Reference

nt

98/2 A

ca. 35/65 or 65/35 LY
= a

a) R” = H, unless otherwise indicated

b) Reference 3c.

c) Reference 3d.

d) Martin, V.S.; Sharpless, K.B., unpublished results. Reaction

performed with (+)-DIPT at -20°C in CH,C1,.
e) Reference 3g.
f) The structures of the two diastereomeric epoxy alcohol products

were not assigned.
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Figure 7. Epoxidation of each enantiomer of cyclohexyl propenyl

carbinol by TBHP, Ti(0iPr),, and (+)-DIPT.
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It is also instructive to note the allylic alcohol cases that are not

successfully resolved by Ti-tartrate epoxidation, some of which are pre-

sented in Table 3. They constitute two separate classes, representing

different limitations to the scope of asymmetric epoxidation. The first is

those substrates that react slowly and give poor enantiomeric excess, e.g.

some (Z)-allylic alcohols and a few severely hindered molecules of other

substitution types. In these cases, oxidation to the q,RB-unsaturated

carbonyl compound is sometimes a major side reaction.302,74 The second

class of poor substrates is those that are epoxidized at a rapid rate and

with high selectivity but yield epoxy alcohols that are unstable to the

reaction conditions. The opening of epoxy alcohols by alcohols in solution

to give diol ethers is accelerated by Lewis acids, including Ti(IV),’” as

depicted below.

R
cA

&gt;i 0 “H
oN0

I
A0=Ti] J

~~ N0

It is this process of epoxy alcohol opening that was originally

assumed to be responsible for the inability of Ti-tartrates to act effec-

tively in catalytic amounts. Diols can be expected to bind well to ti-

tanium and thus reduce the catalyst activity by competing for ligand sites

that allylic alcohol and hydroperoxide must occupy for epoxidation to take
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Table 3. Poor substrates for titanium-tartrate catalyzed

asymmetric epoxidation or kinetic resolution.

Entry Substrate Rec 1lt, Reference

Ph

ICon
1-8u

IC on

J

 oO

Slow epoxidation, 65% e.e.

Slow epoxidation, 25% e.e.

CaJC
IL on
CHg CHy

Slow epoxidation 50% e.e.

Slow epoxidation, no epoxy
alcohol isolated

x
Ca

oRIL on

Slow epoxidation using (-)-tartrate,
23% e.e. (2R diastereomer)

No reaction using (-)-tartrate

CH,0C HoPh
’C ney
 OH

Slow epoxidation
67% e.e. using (+)-tartrate
ca. 0% e.e. using (-)-tartrate

.HC

No reaction using (+)-DET

v)

ot

3 &amp;
7

Ryd

~
y I

1

2% LC '§“Ion Ye. A + “Io
A

Use of (+)-DET affords 4:1 A:B in 75% yield.
Use of (-)-DET affords 50% yield of B plus ca. 20% of the

o,B-unsaturated aldehyde C.
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Table 3. Continued.

Entry Substrate Result Reference

10

H3CO,C ~ [on
95% e.e., 58% yield. Difficult to
reproduce due to lactone diol
formation.

CH Q,
on Jou

el

Product epoxy alcohol unstable to reac-

tion conditions; either no product or

only very low yields obtained under
standard conditions.

2 J

13 ANS. “~0OH I

Kinetic Resolutions

| “on

OH

lery slow reaction, ca. 10% e.e. at

60% completion (k,.o1 = ca. 1.2)

30% e.e. at 60% completion

(kpep = ca. 1 9° \

io or
Ph

Lor
}-Bu

Slow epoxidation, a { = 4-10.

17 Very little kinetic resolution See Table 45

[SR]
a Jery little kinetic resolution See Table 45

0 OR

~ CHy R=COC(CH3)3 No reaction.
" R=COCH3 Successful kinetic resolution m

&gt; Or to unreported Keel

19
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Table 3. Continued.

a) Tuddenham, D.; Martin, V.S.; Sharpless, K.B., unpublished results.
b) Reference 3j.

c) Reference 6a.
d) Nagaoka, H.; Kishi, Y. Tetrahedron 1981, 37, 3873-3888.

A Ti:tartrate ratio of 1.0:1.0 was used; it is possible that the

diastereofacial selection observed is at least partly the product

of epoxidation by a small amount of Ti, (tartrate) (OR), or Ti (OR),
present in solution. For entry 5, see also: Minami, N.; Ko, S.S.;

Kishi, Y. J. Am. Chem. Soc. 1982, 104, 1109-1111.

e) This substrate is epoxidized slowly with the Ti(0iPr),: (+)-DET
catalyst to high enantiomeric excess. See Table 1.

f) Epoxidation using (+)-tartrate was not attempted.

g) Ito, Y.; Ma, P.; Masamune, S., unpublished results. Epoxidation
with Ti:(-)-DIPT was not attempted.

h) Viti, S.M.; Sharpless, K.B., unpublished results.
i) Reference 3b.

j) Martin, V.S.; Katsuki, T.; Woodard, S.S.; Tuddenham, D.; Sharpless,
K.B., unpublished results.

k) Reference 3c.

1) Martin, V.S.; Sharpless, K.B., unpublished results.

m) Dominguez, D.; Cava, M.P. J. Org. Chem. 1983, 48, 2820-2825.
n) Katsuki, T.; Sharpless, K.B., unpublished results.
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place.

An important observation made by Dr. Robert Hanson in the Sharpless

laboratory has proved these suppositions to be incorrect: the inclusion of

molecular sieves in the asymmetric epoxidation reaction mixture serves to

prolong the life of catalytic Ti-tartrate to an astonishing degree.’3 For

example, the epoxidation of many simple allylic alcohols (such as 2-

hexenol, cinnamyl alcohol, and 2,4-pentadienol) in the presence of 5 molZ%

Ti-tartrate (meaning 5% Ti(0iPr), and 6% tartrate with respect to sub-

strate) proceed to only partial completion (about 5-507) in the absence of

sieves, but in the presence of 3- or 4-A sieves the reactions go rapidly to

completion. Even allyl alcohol, one of the least reactive substrates we

have encountered, is completely epoxidized in 5 h at 0°c using the sieve

modification with 5% catalyst (Ti-DIPT) and cumyl hydroperoxide in place of

TBHP.’ © The Zee is generally (85-95%) using this new catalytic modifica-

tion, but workup and purification of the product is much easier and the

yields are higher.

While we have not measured the equilibrium constant for binding of

tartrate to Ti(0iPr), (equation (1), below), we suggest that the slight

reduction in Zee is due to the displacement of a small amount of tartrate

from the metal under 5 mol’ conditions. As the catalyst level is dropped

further, the Zee declines even more, as one would expect from the

liberation of more tartrate by alcohol mass action.’’

The beneficent effect of molecular sieves suggests that adventitious

water in the reaction mixture is the major source of Ti-tartrate poisoning

under catalytic conditions. That diols may not be such potent inhibitors

as first thought is suggested by Hanson's observation that the use of a

greater than twofold excess of tartrate per titanium atom under5molZ

titanium conditions results in an active asymmetric epoxidation system even

though such a mixture under pseudo-first order conditions is inactive. The

recommended amounts of titanium and tartrate for catalytic epoxidation are

now 5 mol%Z Ti and 6 mol” tartrate with respect to 100 mol% allylic alcohol.

Section II.B.3. presents data relating to the kinetic behavior of the

asymmetric epoxidation in the presence of molecular sieves.

1. Equilibria and Kinetics

The work of Dr. Scott Woodard’ ® provides much of what is known about
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the equilibria and kinetics of Ti-tartrate; his findings are summarized

here as an introduction to subsequent experiments.

When 1 equivalent of dialkyl tartrate is mixed with 1 equivalent of

titanium tetraalkoxide, 2 equivalents of alcohol are released into

solution, in accordance with Eq. (1).

ri(OR), + tartrate ——~ % Ti(tartrate)(OR), + 2ROH (1)

This has been demonstrated by the use of NMR spectroscopy and vapor-phase

gas chromatography and is supported by the kinetic measurements described

below. The released alcohol can then be removed in vacuo or by molecular

sieves to give a complex that is identical spectroscopically and in reac-

tivity to the initial product, as shown in section II.C.

The exchange of alkoxides on a9 metal alkoxide complexes is rapid,’?

so in most cases Eq. (1) proceeds quickly. However, when the steric demand

of the alkoxide or tartrate is great, the product complex may require a

significant amount of time to form. For example, a solution containing

Ti(0tBu), and (+)-DIPT requires about 20 minutes at 0°C to give a complex

that is effective in asymmetric epoxidation. If less time is allowed, the

Zee of the product epoxy alcohol can be substantially reduced.

It is important to note that titanium alkoxides are effective

catalysts for transesterification reactions of carboxylic esters®Y as shown

in Eq. (2).

 COR
| HO—-HMOR), + bn

CO,R’

erificati COR CO,Rragnsesteriticaon
) HO =H HO—H&gt; a + Fo (2)

COR’ COR

[n virtually all cases, the rates of transesterification of tartrate esters

are far slower than those of epoxidation, especially at the temperatures

usually employed (about -20°C). This stands in contrast to Ti-catalyzed

transesterifications of other a-hydroxy esters, which are quite rapid.8!

However, when Ti-tartrates are allowed to stand for long periods of time at

room temperature or warmer, transesterification is likely to occur to some

extent

The dependence of the rate of epoxidation on the concentration of each

of the components of the system has been measured by monitoring the disap-
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pearance of allylic alcohol under pseudo-first order conditions.’® In

these experiments, the concentrations of catalyst and hydroperoxide are at

least 15 times greater than that of the substrate to mandate a first order

rate dependence on allylic alcohol.

With the advent of the 5 molZ catalytic reaction in the presence of

molecular sieves, it may be possible to perform saturation kinetics experi-

ments, which would be even more informative than pseudo-first order

measurements. Preliminary results indicate that the observed rates under

such conditions are reproducible, though we do not yet have evidence that

the catalyst is saturated. As discussed above, if the catalyst level is

reduced to the range normally used for saturation rate measurements (&lt;2

mol% of Ti-tartrate per mole of substrate), the enantiomeric excess drops

sharply.

The pseudo-first order kinetics experiments have demonstrated a first

order dependence on both the catalyst [in the form Ti(tartrate)(OR),] and

the hydroperoxide, just as was reported for molybdenum and vanadium

systems. In the Ti-tartrate measurements, a large excess of nonreactive

alcohol (e.g. isopropanol) had to be added to slow the reaction rate to an

easily measured range. The rate dependence on added alcohol was found to

be inverse second order. These results are summarized by the observed rate

law given in Eq. (3). Similar kinetic measurements, including those of the

asymmetric epoxidation reaction in other solvents, are reported in Section

[I-B.

- d[allylic olcono] __ Kk [alii alcohol [TBHP] &gt;&gt; [Fi(DRTXOR))

[inhibitor alcohol]
 TT—— (3)

Consistent with this expression is the exchange pathway outlined in

Fig. 8. After the formation of the Ti-tartrate complex 8, the two remaining

alkoxide ligands are replaced in reversible exchange reactions with TBHP and

the allylic alcohol to give the "loaded" complex 9. The reaction is indepen-—

dent of which of the two possible pathways is used to reach complex 9.

Oxygen transfer can then occur in the loaded complex 9 to give the coor-

dinated epoxy alkoxide and t-butoxide in complex 10. These product alkoxides

are replaced by more allylic alcohol and TBHP to regenerate the loaded complex
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9 and complete the catalytic cycle. The inverse squared dependence on non-

reactive alcohol is due to the necessary replacement of the two alkoxide

ligands in 8 with hydroperoxide and the allylic alcohol.

Figure 8. Ligand exchange pathway in the asymmetric epoxidation

catalytic cycle.
TBHP

THOR). tartrate) — Ti(OR)TBHP) (tartrate)
rd

ROH allylic
nicohol

/
K ?

 Le

TiI(OR)(anytic alcohol) (tartrate)

ROH allylic
aicohol

Ks,
TBHP

Se Ti(TBH P)Xartytic alcohol)tartrate)

1

K

(Kom KK LR | epoxidation

Ti (OBU (epoxyalcohol) (1artrate)
10

Note that the observed rate constant k in Eq. 3 is actually the

product of the rate of epoxidation Kg and the equilibrium constants K; and

Ko (or K;' and K,'). It is assumed that the equilibrium constant for the

replacement of isopropoxide by secondary allylic alcohol is approximately

1, since their steric and electronic properties are roughly equivalent.

The equilibrium constant for the replacement of isopropanol with hydro-

peroxide on Ti-DIPT (X;) was measured by Woodard as 1.15, but has been

revised to 0.7 * 0.2 by a later experiment (see Section II.A.). To the

extent that KiKo=1, then, the observed reaction rate is approximately equal

to the rate of oxygen transfer k,.

Of course, the dependenceonnonreactivealcoholissosimpleinEq.

{3) only becauseitisderivedfromexperimentsinwhich one nonreactive

alcohol (i.e. isopropanol) is present in great excess over all others.

Under normal epoxidation conditions, the rate law is more complicated

because potential inhibitors include the epoxy alcohol, liberated alcohol

from the Ti tetraalkoxide, and even allylic alcohol and hydroperoxide

themselves [since Ti(tartrate)(allylic alcohol), and

Ti(tartrate)(hydroperoxide), are also unreactive]. Interestingly, the
aforementioned use of molecular sieves with catalytic concentrations of Ti-
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tartrate gives an epoxidation system that is extremely reactive. One

reason for the speed of reaction under these conditions is that the smaller

amount of Ti(OR), gives rise to lower concentrations of inhibitor alcohol

(ROH) at the start of the reaction.

With the rate law in hand, observed rates of epoxidation were compared

for different substrates.’S As expected, the nucleophilic nature of the

olefin was indicated by the behavior of para-substituted cinnamyl alcohols.

Electron-withdrawing groups, such as nitro, decreased the rate of epoxi-

dation while electron-donating groups increased the rate. The expected

dependence of rate on alkene substitution was also observed — the more

highly substituted the double bond, the greater the epoxidation rate.

In an important series of experiments, Woodard found that, under

pseudo-first order conditions, addition of more than 1 equivalent of tar-

trate to titanium caused a rate decrease consistent with the formation of a

species of stoichiometry Ti(tartrate), that is catalytically inactive. Use

of less than 1 equivalent of tartrate per Ti usually results in some loss

of enantioselectivity. For this reason, the recommended ratio of Ti to

tartrate for a normal asymmetric epoxidation reaction is 1:1.2. Formation

of species with &lt;1 equivalent of tartrate to Ti is thus diminished, and the

excess ligand merely decreases the rate slightly.

2. Kinetic Resolution

The kinetic resolution of racemic secondary allylic alcohols by Ti-

tartrate-TBHP was first reported in 1981.3¢,82 The parameter of interest

is the ratio of the rates of epoxidation of the two enantiomers

Keast/Kslow: termed the "relative rate” (Kpe1)- By measuring the rates of

epoxidation of both enantiomers of five secondary allylic alcohols with

different Ti-tartrates, Woodard concluded that the relative rate values

increase markedly with the size of the tartrate ester group,

DIPT &gt; DET &gt; DMT.

The activation parameters have been determined for the epoxidation of

both enantiomers of cyclohexenyl methyl carbinol and are given below.’S

Keep in mind that the values of ast and ART include contributions from the

equilibrium constants as well as the epoxidation step. Nevertheless, the

sizeable negative value of ast supports the notion of a highly ordered

transition state.
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Table 4. Activation parameters for epoxidation of cyclohexyl

methyl carbinol with Ti-DIPT.

IN (kcal/mole) Iu (e.u.)
10.6 3

12.4
faster-reacting enantiomer

slower-reacting enantiomer

The relative rates for epoxidation of cyclohexylpropenyl carbinol in

the presence of isopropanol and n-butanol have also been measured by

Woodard. While the epoxidation rates are slower by a factor of about 7 in

the presence of n-butanol, the relative rates are identical for the two

cases. This suggests that no spectator alcohol molecule is present in the

transition state. This important conclusion is supported by the fact that

protic sources can be removed from the reaction system with no loss in the

rate of vanadium-catalyzed epoxidations; in fact, the rate increases

slightly.83 In addition, alcohol-free preparations of the Ti-tartrate-

substrate-TBHP system have been observed to epoxidize allylic alcohols with

the same enantioselectivity and at similar rates to those realized with Ti-

tartrate preparations that were freshly prepared in situ and thus contain

free alcohol molecules. And, as discussed later, we observed no solvent

deuterium isotope effect when pseudo-first order kinetics were done in the

presence of iPrO-D instead of iPrO-H.

Kinetic resolution has also been observed when the chiral center

resides at other sites in the allylic alcohol. Kinetic resolution at the

trans C-3 position of an acyclic allylic alcohol is ineffective. However,

resolution at the C-2 and cis C-3 positions can be much more efficient.

Section III.B. presents another example of an unusual kinetic resolution.

3. Other Titanium-Tartrate Systems

While the catalyst for asymmetric epoxidation is apparently a species

in which titanium and tartrate are present in a 1:1 ratio, it has been

found that Ti-tartrate systems of other compositions exhibit different

catalytic activity. Three of these catalysts differ from the parent system

in that a 2:1, rather than a 1:1, ratio of titanium alkoxide to tartrate

ligand is involved. The first new system discovered utilizes tartrate

-



diamides instead of diesters to achieve the striking ratio-dependent

behavior shown below for the epoxidation of (E)-a-phenylcinnamyl alcohol.84

Ph Ti(OiPrig: L Phy

[lon Le ge H—_——ee \| TBHP, -20°C Ph or”

96% ee
Dt

Ti(OiPr),: L Ph
2:10 0

on OH ~Tgmp, —20°C op OH

82% ee

L

0

HOA AN NHCH,Ph
HOW NH CH Ph

0

Note that the use of a 2:2 ratio of titanium:tartramide results in

epoxidation in the "normal" (25) direction to high enantiomeric excess.

Simply by changing the ratio to 2:1, the enantioselectivity reverses to

give 2R epoxy alcohol in 82% ee and high yield. The most successful

tartramide ligand is shown in the figure above, the di-N-benzyl derivative,

abbreviated DNBnT.

The second 2:1 system discovered consists of two parts TiCl,(0iPr),

and one or two parts dialkyl tartrate.8® This catalyst system exploits the

ability of chlorotitanium alkoxides (which are much more Lewis acidic than

titanium tetraalkoxides) to effect the opening of epoxides to chloro-

hydrins. The observed products from the rapid opening of 2,3-epoxy

alcohols (which cannot be isolated from the reaction mixture) are 3-chloro-

1,2-diols. Treatment of the isolated chlorodiols with hydroxide provides

epoxy alcohols of opposite configuration to those produced using the parent

epoxidation system.

The use of a 2:1 ratio of Ti(OR), to tartrate diester results in

epoxidation of the "normal" olefin face (i.e., affording the 2S product) to

80% ee in the case of (E)-0-phenylcinnamyl alcohol. As presented in

Appendix 1, the addition of electron withdrawing ligands to this 2:1

Ti:tartrate system also results in a reversal of enantioselectivity in

epoxidation of allylic alcohols.

The 2:1 Ti:tartrate mixture has also been shown to be very effective

for the kinetic resolution of racemic R-hydroxy amines by oxidation with

rBHpP.8? As with allylic alcohols, the absolute configuration of fast- and

slow-reacting enantiomers is highly predictable. Since amino alcohols and
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especially the product N-oxides are better ligands than allylic alcohols

and epoxy alcohols,®® the catalyst system in the B~hydroxy amine oxidation

reaction is likely to be more complicated than the asymmetric epoxidation

system,

Finally, titanium tartrate has been found by Kagan and Pitchen to be

an excellent catalyst for the asymmetric oxidation of sulfides to sul-

foxides.8’ Three different catalyst preparations are useful: a 1:2 mix-

ture of titanium to tartrate, and mixtures of Ti(OiPr),, tartrate, and

water in ratios of 1:1:1 and 1:2:1. All mediate the asymmetric oxidation

of sulfides in the same enantioselective sense; the best Zee is achieved

with the last system. With TBHP and (+)-DET, the oxidation of methyl p-

tolyl sulfide produces the R sulfoxide in 95% yield and 937% ee. The most

remarkable aspect of this reaction is that the substrate has no obvious

handle for prior coordination to the catalyst. Kagan's work inspired us to

explore the effect of added water on the asymmetric epoxidation of allylic

alcohols, since trace moisture is a likely contaminant of these reactions.

These results are summarized in Appendix 1.

The titanium tartrate systems other than the parent asymmetric epoxi-

dation catalyst to have appeared in the literature to date are therefore:

2:1 Ti:tartramide (asymmetric epoxidation)

2:1 TiCl,(OR),:tartrate (asymmetric chlorohydroxylation)
2:1 Ti:tartrate (kinetic resolution of B-hydroxy amines)

- 1:2 Ti:tartrate, 1:1:1 Ti:tartrate:H,0, and 1:2:1 Ti:tartrate:H,0

(asymmetric oxidation of sulfides)
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Section II

Results and Discussion

A. Equilibrium Constants

It is the ability of Ti(IV) alkoxides to rapidly exchange ligands that

enables the asymmetric epoxidation (and, indeed, achiral epoxidations of

allylic alcohols on a0 metal alkoxides) to occur. By the same token, this

pervasive exchange behavior makes the asymmetric epoxidation reaction mix-

ture difficult to characterize. Because diols such as tartrate exhibit

much higher binding constants than monodentate alcohols, we consider their

equilibrium phenomena separately from that of monodentate alcohols.

Exchange of bound monodentate alkoxide (including allylic alcohol and

“spectator” alcohols such as iPrOH) for free alcohol or exchange among

different alkoxide species is rapid in most cases.3? Therefore, a statis-

tical mixture of all possible Ti species involving monodentate alkoxides is

expected to be present, subject only to thermodynamic factors (equilibrium

constants). Hydroperoxides and epoxy alcohols, potential bidentate

ligands, are also included in this category since their exchange reactions

are fast compared with those of tartrate. We have determined the equili-

brium constants for binding of tert-butyl hydroperoxide and triphenylmethyl

(trityl) hydroperoxide to several different titanium species, with the

desire to gain some insight into the manner of alkylperoxide binding to

titanium.

The experimental procedure was that of Woodard,’8 relying on the

difference in O-H stretching frequency of alcohols and hydroperoxides of

approximately 100 cm} under dilute conditions in methylene chloride. By

monitoring the absolute intensities of the two bands as known quantities of

hydroperoxide are added to a solution of titanium alkoxide, the concentra-

tion of free and bound hydroperoxide can be calculated at every point. In

principle, the equilibrium constant for the replacement of each of the four

alkoxides of a titanium tetraalkoxide (K; - K, below) or for each of the

li OR),

R‘ 00H

- =

i, ,

Ti COR),COOR’)Ege 0

R‘0O0H

ROH
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two monodentate alkoxides of a Ti(tartrate)(OR), unit can be determined by

this method.

In practice, however, the decomposition of hydroperoxides at room

temperature in the presence of titanium proved to be a limiting factor. In

the presence of isopropoxide ligands, oxidation to acetone was observed; in

the presence of t-butoxide ligands an unidentified decomposition process

was found to turn the solutions yellow. Both of these reactions took place

at a slow rate when less than one equivalent of hydroperoxide per titanium

was added, but the rates increased with greater concentration of oxidant.

Therefore, only the data for small amounts of added hydroperoxide were

used, and the contribution of binding of more than one hydroperoxide per

titanium was neglected. As detailed in the Experimental section, the data

was treated as though only one exchangeable alkoxide was available per

titanium center, except for Ti(0iPr),. The results reported in Table 5

therefore represent an upper bound to the first equilibrium constant since

any contributions from the coordination of a second or third equivalent of

hydroperoxide are included.

Table 5. Equilibrium constants for the exchange of hydroperoxide for

alkoxide: Ti(X)3(OR) + R'OOH = Ti(X)4(O0R") + ROH.

Keq = [Ti(X)3(OO0R")][ROH]/[Ti(X)45(OR)][R'OOH]

entry

4

3

Ti(X)5(OR)

Ti(0iPr),
Ii(DIPT)(0iPr),
Ti(DIPT)(OtBu),

Ti(0iPr),
Ti(DIPT)(0iPr),

R'O0OH

(Me), COOH
(Me) 3COOH
(Me) 3COOCH
(Ph) 5COOH
(Ph), COOH

Keq

Ky = Ky = 3.5

0.7 £ 0.2

0.34 = 0.1

0.2 + 0.1

ca. 0.01

+ 1

These figures must be considered in the light of recent measurements

of the thermochemistry of ligand substitution reactions of titanium tetra-

alkoxides, undertaken by Professor Carl Hoff and coworkers at the Univer-

sity of Florida.®® They have found that Ti(OiPr), is 10-12

kcal/mole(monomer) higher in energy than Ti(OEt),, presumably because the

former is largely a monomer and cannot form the stabilizing bridging al-
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koxide linkages that trimeric Ti(O0Et), does. On the other hand,

ri(DIPT)(0iPr), was found to be only ca. 4 kcal/mole higher in energy than

Ti(DIPT)(OEL),, indicating that these two Ti-DIPT complexes have the same

degree of association, differing in the steric environment of the alkoxide

ligands.

Observed binding constants can therefore be the result of changes in

molecularity or changes in the stability of a complex of constant molecu-

larity. The stability of the product complex can be affected by both

steric and electronic factors. That is, the exchange of one ligand for

another may be favoredbyvirtueofamorerelaxedstericenvironmentin

the product or a more stable metal-ligand interaction in the product,

regardless of steric factors. It thus becomes a complicated matter to

attempt to assign reasons for the binding constant values of Table 5; the

degrees of aggregation of the product complexes must first be determined.

Nevertheless, a few simple conclusions may be drawn.

First, note that Keg values for the Ti-tartrate complexes are much

smaller than for Ti(0iPr), alone. The binding of TBHP to Ti(0iPr), is

probably driven to some extent by a change in aggregation in going from

Ti(0iPr), to Ti(0iPr)4(00tBu) and Ti(OiPr),(00tBu),.8? Such a change

apparently does not occur with trityl hydroperoxide, since Keq is less than

1.0. Ignoring for the moment possible electronic influences, from the

lower Keq for trityl hydroperoxide we can infer that the metal environment

in Ti-tartrates is more sterically congested than in Ti(0iPr),.

Secondly, note that the Keq value for Ti-tartrate plus trityl hydro-

peroxide (entry 5) is much smaller than for TBHP (entry 2), as expected

given the much greater size of the triphenylmethyl group relative to the

tert-butyl moiety. The magnitude of the difference suggests that the

alkylperoxide ligand is bound in a bidentate fashion, bringing the alkyl

group close to the metal center.

The proposition of bidentate coordination of the alkylperoxide is also

supported by the observation that Keg for TBHP is less than 1.0 with both

ri(DIPT)(0iPr), and Ti(DIPT)(OtBu),. Assuming that no change in molecu-

larity takes place, this implies that coordinated alkylperoxide is more

sterically demanding than isopropoxide or t-butoxide; unlikely unless

bidentate coordination of the alkylperoxide were important.

Finally, it is interesting to note that despite the very small value
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of Keg in entry 5, asymmetric epoxidation using trityl hydroperoxide
proceeds at a rapid rate - one third of that with TBHP under pseudo-first

order conditions (Appendix 1.21 In the determination of Keq values equi-

librium was always achieved within one minute (the fastest possible obser-

vation time) after mixing the hydroperoxide with titanium alkoxide solu-

tion. These observations support the contention that ligand exchange

reactions are rapid in titanium tartrate systems.

B. Kinetics

Employing the pseudo-first order kinetics technique of Woodard, we

have attempted to answer the following questions:

(1) How far can the range of concentration of Ti-tartrate be extended

before the first order dependence of rate on titanium concentration breaks

down?

(2) Do molecular sieves affect the rates of epoxidation under pseudo-

first order conditions?

(3) What is the effect of performing asymmetric epoxidation in

solvents other than methylene chloride?

(4) What are the relative rates of epoxidation mediated by several Ti-

tartrate systems of interest?

(5) Does asymmetric epoxidation exhibit a primary solvent deuterium

isotope effect?

To avoid confusion in the comparison of different epoxidation systems,

the concentration of catalytically active titanium, [Ti] criver refers to

the concentration of Ti atoms that are not tied up in Ti(tartrate), or

Ti(tartramide), complexes, regardless of the actual aggregation state of

any titanium complex. So while we will often write "Ti(DIPT)(0iPr),", we

are not implying that the complex is a monomer.

The experiment by Woodard that allows us to make the above definition

of [Ti], tive is an important one to emphasize. While keeping the concen-

trations of Ti(0iPr), and TBHP constant, he varied the concentration of DET

from 1.0 to 2.0 equivalents with respect to Ti(0iPr),. The rate of epoxi-

dation of (E)- a~phenylcinnamyl alcohol was observed to decrease linearly

to a value very close to zero at 2.0 equivalents of DET. This suggests

that, under pseudo-first order conditions, excess tartrate binds strongly
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to Ti(DIPT)(0iPr),, giving catalytically inactive [Ti(tartrate),],.
Recall also that Hanson has observed that under catalytic conditions

(5 molZ Ti with respect to substrate) the use of greater than a two-fold

excess of tartrate to titanium still gives an active epoxidation system.

This must mean that the second equivalent of tartrate per Ti has a lower

binding constant than the first equivalent of ligand:

Ti (OR) "Ti (OR) , (tartrate) ~ i (tartrate) &gt;

AL

Ky—A
4

1. Rate order in iPrOH; Rate of 1.0:1.0 Ti:tartrate.

We first present verification of Woodard's determination of the rate

order in inhibitor alcohol, isopropanol, in CH,C1, solvent. Table 6 and

Figure 9 summarize the experiments for the epoxidation of (E)-2-decen-l-ol

by TBHP and Ti(DIPT)(0iPr),. With titanium concentrations close to 0.0145

M, [iPrOH] was varied from 0.150 M to 0.412 M, including the isopropanol

released in the binding of tartrate to Ti(0iPr),. Assuming, (as is con-

firmed by Table 7) that the rate is first order in [Ti] jctive® we multi-

plied each of the observed rates by a small factor (0.0145/[Ti]_.rjye) tO

normalize all values with respect to [Ti] ctiver Plotting In([iPrOH]) vs.

Ln(Rate, pn) produces a line of slope = -1.91, the pseudo-first order rate

dependence on [iPrOH]. This compares well with the value of -2.03 found

by Woodard for the epoxidation of (E)~2,7-octadien-1-0l. In Table 7 and

Figure 10 are found another determination of the rate order in isopropanol;

for (E)-2-hexenol and Ti(DIPT)(0iPr), it was also found to be =-1.91 (though

with a larger error margin, since only three data points were obtained).

Woodard also observed that use of a 1.0:1.0 ratio of Ti:tartrate

resulted in decreased enantioselectivities and poor reproducibility in the

rates of epoxidation of slower reacting substrates. We took advantage of

the synthesis of the analytically pure compound Ti(DIPT)(OiPr)Br, 13d, by

Dr. Steven Pedersen”?P as a source of Ti(DIPT)(0iPr), of exactly equimolar

Ti:tartrate composition, to demonstrate this phenomenon in the epoxidation

of (E)-2-decen-l-ol.
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Table 6. Pseudo-first order kinetics; rate order in isopropanol (inhibitor).
Substrate = trans-2-decenol. Catalyst = Ti(DIPT)(0iPr),.

Solvent = CH,Cl, (distilled from CaH,, unless otherwise noted). Oxidant = TBHP in toluene.

(M) (M) Mm) (107% sec” (1074 sec”) (1074 M2 sec!)
Entry [Tilyetives [iPron]P [TBHP] Rate pe Sieves Rate.qpps Rate ps X[iPrOH]? Notes

0.412 0.0150 7.07 4A 7.02
0.408 ‘ 7.32 3A 7.50
0.299 12.3 none 12.1
1.301 13.4 none 13.7

0.0146
0.0141
0.0148
0.0142 Solvent dist'd, then

treated with 3A sieves

5
6
/
8
9

0.0143
0.0145
0.0143
0.0145
0.0153

0.305
0.303
0.301
0.301
0.211

 1

13.0
13.4
13.6
13.8
27.2

4A 13.2
3A 13.4
4A 13.8
3A 13.8

none 26.3

1.21
1.23
1.23
1.25 evens

1.21 ......

5 |

11 TBHP in CH Cy
Reag. grade solvent
(not distilled),
dried over 3A sieves

Ig

10 0.0145 0.202
11 0.0145 0.194
12 0.0145 0.151 Ht
13 0.0142 0.150 1

lL 28.2
31.2
50.5
48.2

4A 28.2
3A 31.2
3A 50.5

none 49.72

1.15
1.17
1.15
1.08

a. [Tilictive = 2[Ti(0iPr),] - [DIPT]

b. [iPrOH] = [iPrOH] 4geq * 2[DIPT]
c. Rate, = Rate corrected for [Tilyctive 7 0.0145;

= Rateype X (0.0145/[Tilyctive)

Omitting entry 3, a plot of In([iPrOH]) vs. In(Rate.,,.) gives a straight line.
RZ = 0.999, slope = -1.91.



A

=

Table 7. Pceudo-first order kinetics; rate order in isopropanol (inhibitor).
Substrate = trans-2-hexenol. Catalyst = Ti(DIPT)(0iPr),.

Solvent = CHCl) (distilled from CaH,). Oxidant = TBHP in toluene.

(M) (M) (M) (107% sec™l) (107% sec!) (107% M2 sec!)
Entry [Tilyctive [iPrOH]P [TBHP] Rate gh Sieves Rate opr Rate, op X[1PrOH]? Notes

53 0.0130 0.103 0.0150 72
h4 0.0129 0.200 H 22.3
55 0.0129 0.299 " 11.5
56 0.0133 0.462 tt 4.65

too fast to measure

a. [Tilyetive = 2[Ti(0iPr)4] - [DIPT]

b. [iPrOH] = [iPrOH],4geq + 2[DIPT]
c. Rate. = Rate corrected for [Til ctive 7 0.0130;

= Rate no X (0.0130/[Til tive)

For entries 54-56, a plot of In([iPrOH]) vs. In(Regpy) gives a straight Tine;

RZ = 0.994, slope = -1.91.



Figure 9. Rate order in iPrOH; (E)-2-decenol in CH, C1, (Table 6).
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Reactions 26 and 27 of Table 8 show that the rate of epoxidation using

Ti(DIPT)(OiPr), generated from 13d is significantly slower than when DIPT

is present in excess. In fact, when DIPT is added to Ti(DIPT)(0iPr),

prepared from 13d (entry 28), epoxidation returns to exactly the same rate

as is observed with catalysts prepared from Ti(0iPr), plus excess DIPT.

The poor behavior of 1.0:1.0 Ti:tartrate arises from the presence of

small amounts Ti:tartrate complexes of different composition (2:1, 2:3,

3:2, etc.). Complexes with more tartrate than Ti per molecule (such as

Ti(tartrate),) are likely to be catalytically inactive. It is the species

that contain more Ti than tartrate that are active; the result above

suggests that they are less enantioselective and slower. At a greater than

1:1 ratio of tartrate:Ti, the concentration of the these "harmful"

complexes is reduced at the expense of increased amounts of catalytically

inactive species. We have obtained nmr evidence to support these

conclusions, discussed later in Sections II.C.4 and II.C.7.

2. Rate order in [Ti], .,ive
As mentioned in the introduction, Woodard observed that the dependence

of rate on concentration of Ti(DIPT)(0iPr), was first order in the range of

concentrations from 0.012-0.035 M for (E)-2,7-octadien-1l-o0l, and first

order for Ti(DET)(0iPr), and (E)- 0 -phenylcinnamyl alcohol. A strictly

first order rate dependence supports the suggestion that the catalytically

active species is not a minor component of different aggregation state than

the major species in solution. For example, if a small amount of

monomeric titanium tartrate were the active agent (in the presence of a

larger amount of inactive dimeric material), or if monomeric and dimeric

species were active to significantly different degrees, we would expect the

rate order in Ti-tartrate to change with concentration, as the relative

concentrations of monomeric and dimeric species changes. The observation

that the rate dependence is strictly first order is therefore important,

and we decided to extend the measurements over a greater range of Ti-

tartrate concentration.

The rates of pseudo-first order epoxidation of trans-2-decenol with

varying amounts of Ti-tartrate are given below in Table 9. A plot of

In(R, x [iPrOH]?) vs. In([Ti] nt ive) (Figure 11) reveals a first order
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Table 8. Pseudo-first order kinetics; Control reactions with sieves;
Catalyst preparations from Ti(DIPT)(0iPr)Br.

Substrate = trans-2-decenol. Catalyst = Ti(DIPT)(QiPr),.

Solvent = CHoCl, (distilled from CaH,). Oxidant = TBHP in toluene.

J
A)

(M) (M) MM) (107% sec] (107% sec!) (107% M2 sec!) )
entry (Tilers? [iPrOHI® [TBHP]  Rateg,  Sieves Ratecon© Rategonx[iPrOH]® Notes

none 0.0150 0.086
none I 0.042

24
25

none

none

0.600 g sieves used
Rxn flask acid washed

26 0.0143

27 0.0146

0.297 0.0150 9.30 none 9.43 0.832 Ti(DIPT)(0iPr)Br + iPrOH
exactly 1:1 Ti:DIPT
Ti(DIPT)(0iPr)Br + iPrOH
exactly 1:1 Ti:DIPT
DIPT added,
Ti:DIPT = 1.0:1.17

0.303 9.62 aA 9.55 0.877

28 0.0145 0.300 13.20 aA 13.20 ] a]

a. [Tilycrive = 2[Ti(0iPr),] - [DIPT]

b. [iPrOH] = [iPrOH] qqeq + 2[DIPT]
c. Rate... = Rate corrected for [Ti]tive#0.0145;

= Rate pe X (0.0145/[Tilctive)



fable 9. Pseudo-first order kinetics; rate order in Ti(DIPT)(0iPr),.
Substrate = trans-2-decenol. Catalyst = Ti(DIPT)(0iPr),.

Solvent = CH,C1, (distilled from CaH,). Oxidant = TBHP in toluene.

(M) (M) (M) (10™% sec”) (1074 M2 sec”)
Entry [Tilactive [iPrOH]P [TBHP] Rate ps Sieves Rate oy, (X[1PrOH]? Notes

J
~~

14
15

0.00620
0.00810
0.0145

16 0.0251
17 0.0251
18 0.0334
19 0.0428
20 0.0436
21 0.0622

0.152 0.0150 22.2
0.301 " 7.58

varies ' varies
0.312 " 20.2

0.304 23.2
J.313 28.0
0.498 14.8
0.301 38.0
0.201 62.3

22 0.0790 0.315 0.0150 63.3
23 0.0776 0.661 HH 11.1

3A
aA

3A
4A
4A
4A
1A
3A

3A
IA

0.512
0.687
1.19
1.97
2.13
2.75
3.67
3.45
5.03

6.28
4.85

Average of entries 1-13

Rate corrected for [TBHP] by
multiplying by 2.0.

a. [Tilycrive = 2[T1(0iPr),] - [DIPT]

b. [iPrOH] = [iPrOH],4qeq * 2[DIPT]

For entries 14-21, a plot of In([Til ctive) VS. 1n(RypX[1PrOH]?) gives a straight line.
R% = 0.9985, slope = 0.99.



Fig. 11. Rate order in Ti(DIPT)(OiPr),; (E)-2-decenol in CH,C1, (Table 7).
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dependence from 0.0062 M to 0.0622 M (slope = 0.99). At 0.0790 M (entry

22), the rate falls below that expected by a first order relationship. At

this concentration, however, the overall polarity of the reaction mixture

has been significantly increased. We can expect that a more coordinatively

polar medium slows the reaction rate. This is highlighted by entry 23, in

which the concentration of isopropanol is doubled and the corrected rate

drops further from first order behavior.

It was possible to extend the observation of first order dependence on

Ti) uerive beyond 0.044 M only by lowering the TBHP concentration. In

entry 21, [TBHP] was reduced to half the value of the other experiments.

Woodard found the rate dependence on [TBHP] to be first order; therefore

the rate was correspondingly reduced so that less isopropanol could be

used, thus lowering the polarity of the reaction mixture. By the same

token, it should be possible to obtain measurements at well below 0.006 M

171} pot ive by increasing [TBHP] and lowering [iPrOH], keeping in mind the

requirement that the concentration of allylic alcohol be at least 20 fold

less than each of the other reactants.

For epoxidation in CH,Cl,, then, the experimental rate law found here
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matches that found previously. Also, the suggestion that the asymmetric

epoxidation catalyst is of a single aggregation state is strengthened by

the observation of first order rate dependence on [Ti], ctive over a 10-fold

concentration range.

3. Molecular sieves

As mentioned in the introduction, Dr. Robert Hanson has discovered

that powdered molecular sieves dramatically increase both the activity and

longevity of catalytic (5 mol” relative to substrate) quantities of Ti-

tartrate, presumably by removing adventitious water from the reaction

mixture. We tested this hypothesis by examining the effect of including

molecular sieves in pseudo-first order reactions.

In Table 6, we see that the rate of epoxidation in the presence of

molecular sieves (entries 5-8) is the same as in their absence (entry 4).

The difference between entry 4 and entry 3 is interesting. Entry 3 was run

under the previously standard pseudo-first order conditions, in which

CH,Cl, was freshly distilled from CaH,. In entry 4, that distilled solvent

was allowed to stand over activated 3A sieve beads for 1 h, and then was

transferred to the reaction flask. We see that distillation is not fool-

proof, since the rate in entry 3 is significantly less than entry 4.

(Compare the values of rate  Xx[iPrOH],.) Distillation alone also works

adequately sometimes, as seen by comparing entry 13 with entry 12.

From entry 9, it also appears that distillation itself is unnecces-

sary. In that reaction,afreshlyopenedgallonbottleofreagentgrade

CH,Cl, was treated with approximately 500 g of activated 3A molecular sieve

beads for 2 h at room temperature before use. The epoxidation rate was the

same as reactions containing distilled solvent and 3A or 4A sieve powder

(entries 10 and 11).

Reaction26(Table8), using CH,Cl, distilled and dried over sieves

but without sieves in the reaction mixture, shows the same rate as reaction

27, done in the presence of 4A sieves. For epoxidations in ether, Table 10

provides four examples of cases in which reactions in dry solvent alone and

solvent+sieves proceeded at the same rate (entry 31 vs. 29-30, 35 vs. 32-

34, 37 vs. 36, and 39 vs. 38). In Table 13 (reactions in pentane), entry

47 (no sieves) fits in perfectly with the other data points, all obtained

in the presence of sieves.
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Therefore, when care is taken to dry solvents by other means, there is

no measurable rate difference between reactions run under pseudo-first

order conditions in dry solvent alone or in a medium containing activated

molecular sieves. When the solvent is not dry, it appears that sieves are

quite effective at removing trace amounts of water. Control reactions

(Table 8, entries 24-25) show that in the absence of Ti, sieves alone

mediate the disappearance of allylic alcohol to a negligible extent.

This suggests that in cases when adventitious water is a problem, it

is the solvent that should be checked first when routine precautions have

been taken with tartrate, substrate, and hydroperoxide. The inclusion of

sieves can therefore make the handling of solvents and reagents much

easier, as demonstrated by the successful use of reagent grade CH,Cl,. As

long as one starts with reasonably dry solvent, the use of sieves should

insure an acceptably dry environment for asymmetric epoxidation.’?

We must point out some disagreement between the rate determinations in

CH,C1, in this work and Woodard's. For the purposes of comparing reactions

of differing catalyst, oxidant, and inhibitor concentrations, the absolute

rate constant from the full rate expression is used:

Ka ps = Rate, X[iPTOH),/([TBHP] [Ti],;ye):

For Woodard's epoxidations of (E)-2,7-octadien-1-o0l, K.obs = 0.32 sec”1,

For the structurally similar (E)-2-decen-1-o0l (Tables 6, 9), we find alse =

0.55 sec”. For (E)-2-hexen-l-ol (Table 7), ky. = 0.50 secl.

It is possible, though not likely, that the slower rate of epoxidation

of octadienolisreal. Since the same rate dependence on [Til ctive and

[iPrOH] were found, it appears more likely that a systematic error afflicts

one or the other set of data. We have found that unless great care is

taken in the maintainance of a Cal, still, a volatile solid coats the walls

of the still, possibly contaminating the distilled solvent. We now

recommend that CH,Cl, not be distilled from CaH,, but rather be dried over

3A molecular sieves.

4. Other Solvents

It has been observed for Mo(VI)-catalyzed epoxidations that reaction

rate follows a small and roughly inverse dependence on solvent polarity for
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aprotic solvents.o! The response of asymmetric epoxidation to solvent

polarity was determined by pseudo-first order kinetics in ether and

pentane.

Ether

Epoxidations of (E)-2-decen-1l-ol in ether are summarized in Table 10

and Figure 12; the results for (E)-2-hexen-1-0l comprise Table 11 and

Figure 13.

For (E)-2-decen-1-o0l, the rate order in isopropanol was found to be -

1.83 for isopropanol concentrations from 0.101 M to 0.301 M, fairly close

to the expected value of -2.0. The pseudo-first order rate of epoxidation

in ether, k_,., is 0.056 sec”); 9.8 times slower than in CH,C1,.

Entries 38 and 39 of Table 10 lie well off the 1n([iPrOH]) vs.

In(Rate_, ..) line. No isopropanol was added to these reactions; free

isopropanol is only generated by coordination of DIPT to Ti(OiPr),. We

cannot explain these results, except to note that these are very rapid

reactions and may not be accurately measured by our technique.

For (E)-2-hexen-1-ol, the rate order in isopropanol is -1.89 (Table 11

entries 40-42); Kops = 0.050 sec”, 10 times slower than in CH,CL,. As

with (E)-2-decen-1-0l1, epoxidations done in the presence of very little

inhibitor alcohol ([iPrOH] = 0.0315) are reproducible and are slower than

expected for an inverse second order dependence on isopropanol

concentration.

a.

b. Pentane

Asymmetric epoxidations in pentane appear in Table 12 and Figure 14.

Variation of [iPrOH] while holding other variables constant (entries 46-49)

yields a rate dependence on isopropanol of -1.50. Using this value, the

rate order in [Til ctive was found to be approximately0.49(entries50-

52).

The kinetic behavior in pentane, then, is much different from the more

polar CH,Cl, and ether, and strongly signals a change in mechanism or a

change in the structural behavior of Ti-tartrate, or both. In fact, Signer

molecular weight determinations in pentane (section II.C.1) provide
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Table 10. Pseudo-first order kinetics; rate order in isopropanol (inhibitor).
Substrate = trans-2-decenol. Catalyst = Ti(DIPT)(0iPr),.

Solvent = Ether (distilled from Na/benzophenone). Oxidant = TBHP in toluene.

J
eo)

(M) (M) M) (107% sec”) (1074 sec!) (107% M2 sec!)
“ntry [Ti etive [iProH]P [TBHP] Rate ne Sieves Rate.qpp Rate, op XLiPrOH]4

0.301 0.0150 1.44
0.301 1.43
0.299 1.48
0.199 3.00
0.202 3.02
0.201 2.87
0.202 3.05
0.102 10.2
0.101 10.9
0.0425 ' 32.4

0.0431 ' 33.3

0.0148
0.0145
0.0143
0.0144
0.0141
0.0140
0.0151
0.0149
0.0149
0.0140
0.0144

34
35
36
37
38
39

|

a. [Tilyctive © 2[Ti(0iPr),] - [DIPT]

b. [iPrOH] = [iPrOH] 4geq + 2[DIPT]
c. Rate, = Rate corrected for [Til ctive 7 0.0145;

= Rate pe X (0.0145/[Til tive)

For entries 29-37, a plot of In([iPrOH]) vs. 18 { Rupp) gives a straight line;

2 = 0.9991, slope = -1.83.

Cor entries 29-39, RZ = 0.994, slope = -1.63



Table 11. Pseudo-first order kinetics; rate order in isopropanol (inhibitor).

Substrate = trans-2-hexenol. Catalyst = Ti(DIPT)(0iPr),.

Solvent = Ether (distilled from Na/benzophenone). Oxidant = TBHP in toluene.

(M) (M) (M) (10™4 sec”) (107% sec!) (107% M2 sec”)
Entry [Til,.rive® [iPrOHI® [TBHP] Rate, Steves Rate,© Rateconx[iPrOHI?

40
41
42
43
44
45

0.0122
0.0142
0.0133
0.0140
0.0136
0.0136

0.286 0.0150
0.200 He

0.152 HY
0.0317 He

0.0312 HY

0.0318 '

1.14
2.65
4.12

31.2
30.8
29.8

none
t|

1.31
2.62
4.33

31.2
31.7
30.7

0.107
0.105
0.100
0.031
0.031
0.031

-2N
J——

3: [Ti aetive © 2[Ti(0iPr),] - [DIPT]

b. [iPrOH] = [iPrOH],4geq + 2[DIPT]

c. Rate... = Rate corrected for [Til ctiye # 0.01403

= Rate po X (0.0140/[Til ctive)

“or entries 40-42, a plot of In([iPrOH]) vs. In(R.,..) gives a straight Tine;
R2 = 0.9997, slope = -1.89.



Figure 12. Rate order in iPrOH; (E)-2-decenol in ether (Table 10).
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evidence that Ti(DIPT)(0iPr), is largely a trimer. The epoxidation of (E)-

o.—phenylcinnamyl alcohol suffers as well; the epoxy alcohol was isolated

in 90% yield but only 947 ee.

Since the rate law is not the same as for CH,C1, and ether, for the

purposes of rate comparison we select one set of conditions to compare the

solvents: [Ti]active = 0.0145 M, [iPrOH] = 0.300 M, and [TBHP] = 0.0150 M.

CH,Cl,: Rate. = 13.8 x 107% sec”! Rep = 1.0

Ether: Rate. = 1.45 x 1074 sec”! Rep = 0.10

Pentane: Rate; = 4.35 x 1074 sec”! Rep = 0.32

From a practical standpoint, we see that the asymmetric epoxidation

may be performed in any of these solvents without a great decrease in rate,

though with decreasing inhibitor alcohol concentration, the rates of reac-

tion in pentane will diverge from that in CH,C1, and ether.

Figure 14. Rate order in iPrOH and Ti(DIPT)(0iPr),;

(E)-2-decenol in pentane (Table 12).
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Table 12. Pseudo-first order kinetics; rate order in isopropanol, Ti(DIPT)(0iPr),.
Substrate = trans-2-decenol. Catalyst = Ti(DIPT)(0iPr),.

Solvent = Pentane (distilled from Na/benzophenone). Oxidant = TBHP in toluene.

(M) (M) M) (107% sect)
Entry [Tilactive [iProH]P [TBHP] Rate gp. Sieves

0.101 0.0150 23.7 4A
0.151 12.0 none
0.209 ' 8.17 4A

0.305 HY 4.35 4A

46 0.0147
47 0.0148
48 0.0149
49 0.0148

50 0.0273
51 0.0439
32 0.0148

0.308 “

0.420 "

varies '

5.60
4.65

varies

3A
3A

(107% M2 sec!)
Rate x[1ProH]L-20 Notes

0.761
0.703
0.781
0.733

0.957
1.27
0.745 Average of entries 46-49

0]
3

a. [Tilycrive = 2LT1(0iPr)4]- [DIPT]
b. [iPrOH] = [iPrOH],ggeq + 2[DIPT]

For entries 46-49, a plot of In([iPrOH]) vs. 1n(Ryps) gives a straight line;

RZ = 0.996, slope = -1.50.

“or entries 50-52, a plot of In([Til3ctive) VS. Tn(RypAL1PTOHTE 2) gives a straight line;

22 = 0.988, slope = 0.49.



The enantiomeric excess of epoxidation of (E)- a-phenylcinnamyl

alcohol by stoichiometric Ti(DIPT)(OiPr), at -20°C is also solvent

dependent. Table 13 summarizes the results:

Table 13. Asymmetric epoxidation of (E)- 0 -phenylcinnamyl alcohol.

Solvent % ee (Configuration) 7% Yield

CH,C1, &gt;98 (28)
Ether 98 (28)

Pentane 94 (25)

Cyclohexane 95 (28) 88

The level of asymmetric induction parallels the kinetic behavior: epoxida-

tions in CH,C1, and ether obey the same pseudo-first order rate law and

proceed in high ee; in pentane the kinetics differ and enantiomeric excess

is reduced. In energetic terms, the difference between CH,Cl, and pentane

is significant: a decrease in ee from 98% to 947 represents a difference

of 0.6 kcal/mole in AAGY for epoxidation, and a decrease from 99.1% to 947%

indicates a difference of fully 1.0 kcal/mole.

5. Other Titanium Tartrate Systems

Pseudo-first order rate measurements were also made in CH,C1, to

compare the epoxidation activity of Ti(OiPr), in the presence of varying

amounts of tartrate. As we have seen, a 1:1 mixture of Ti:tartrate may

contain species of several different stoichiometries. The success of the

asymmetric epoxidation reaction can be due to one of three situations: (1)

only one Ti:tartrate species is present in the 1:1 mixture, and this

species is the enantioselective catalyst, (2) more than one Ti:tartrate

species is present, but only one is catalytically active (that the active

species need not be the major component of the catalyst mixture is demon-

strated by the asymmetric hydrogenation reaction’0), or (3) more than one

Ti:tartrate species is present and more than one is active, but each

mediates epoxidation with high enantioselectivity.

Structural studies discussed in Section II.C. indicate that there is

one major Ti:tartrate species present in a 1:1 solution and that it is the

dominant asymmetric epoxidation catalyst. However, it is interesting to
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Table 14. Pseudo-first order kinetics; rate order in isopropanol (inhibitor).
Substrate = trans-2-hexenol. Catalyst = Tio(DIPT)(0iPr)g (2:1 Ti:DIPT).

Solvent = CHoC1y (distilled from CaH,). Oxidant = TBHP in toluene.

(M) (M) Mm Mm (107% sec”)
Entry  [Ti(0iPr),]® [DIPT] [iPrOH] [TBHP]  Rate,p

0.0134 0.00654 0.103 0.0150 14.1
0.0137 0.00681 0.213 Hy 5.72
0.0130 0.00650 0.300 He 3.18

Sieves

none

a. In this case, [Tiljctive © [Ti(0iPr),] used to prepare the 2:1 complex.

 Nn

A plot of In([iPrOH]) vs. 1n(Ryps) gives a straight line; RZ = 0.993, slope = -1.37.

[able 15. Pseudo-first order kinetics; rate order in isopropanol (inhibitor).
Substrate = trans-2-hexenol. Catalyst = Ti(0iPr),

Solvent = CH,C15 (distilled from Cao). Oxidant = TBHP in toluene.

(M) (M) (M) (107% sec)
Entry [Ti(0iPr),] [iPrOH] [TBHP] Rate Sieves

50 0.0134 0.106 0.0150 12.1
51 0.0130 0.200 H 7.38
52 0.0130 0.300 4.37

A plot of In([iPrOH]) vs. In(Ryps) gives a straight line; RZ = 0.98, slope = -0.96.



Table 16. Pseudo-first order kinetics.
Substrate = trans-2-hexenol. Catalyst = Ti:DNBnT Complexes.

Solvent = CHCl, (distilled from Cah). Oxidant = TBHP in toluene.

cntry

63
Ra

ol
=59

(M) () (m0! sec™)
[Tilictive. ~~ LiPrOH] [TBHP]  Rategp Sieves Notes

0.0132 0.101 0.0150 1.52
0.0130 0.300 0.338

Catalyst

T4(DNBnT) (0iPr),

Ti,(DNBnT)(0iPr)g 0.0130 0.300 1.32 'DNBnT] = 0.0065

N
 ~~

2. For entries 63 and 64, [Tilitive = 2[Ti(0iPr),] - [DNBnT]. Ti:DNBnT = 1.0:1.1.

For entry 65, [Tiljctive = [Ti(0iPr),] used to prepare the 2:1 complex.

D. [iPrOH] = [iPrOH], dded + 2[DNBnT]

A {ine drawn through the points of entries 63 and 64 has slope = -1.38.



compare the pseudo-first order rates for other possible components of the

asymmetric epoxidation reaction mixture. Tables 14, 15, and 16 list the

observed rates for epoxidation of (E)-2-~hexen-1-ol by TBHP and four catayst

preparations: 2:1 Ti:DIPT, Ti(0iPr),, 2:1 Ti:DNBnT and 2:2 Ti:DNBnT.
The data was found to fit a pseudo-first order treatment, with rate

dependence on [iPrOH] of approximately -1.37 for Ti,(DIPT)(OiPr),, and

-0.96 for Ti(0iPr),.

An inverse first order dependence in isopropanol for Ti(0iPr), makes

sense in terms of the high affinity of primary alcohols for Ti(0iPr),

(recall Hoff's determination of a 10-12 kcal/mole driving force for the

exchange of four isopropoxides for ethoxides). Because coordination of a

primary alkoxide allows the complex to form a more stable bridged dimer,

the loading of allylic alcohol, one of the two epoxidation reactants,

occurs with a very large equilibrium constant. The observed rate law

reflects the fact that isopropanol can only compete effectively with hydro-

peroxide for coordination to titanium.8? Figure 15 depicts a possible

exchange pathway for the Ti(0iPr), system.

i gure 15. Possible ligand exchange pathway in epoxidation by

TBHPand Ti(OiPr),.

J
be

2  i (OiPr,
2

AA = allylic alcohol

EA = epoxy alcohol

{Pr-O
[Ti (0iPr)4(AA)1D,

iPr-OH TBHP

| Ko

Ti, COiPr)cCAAD,(TBHP)

| ~

| &gt;A. &gt; K,

Ti, (0iPr) (EA) (AA) (OtBW
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Again, since the epoxidation rate laws for these catalysts are not the

same, a standard set of conditions must be chosen at which to compare

rates: [Ti], ..iye = 0.0130, [iPrOH] = 0.300, and [TBHP] = 0.0150.

Table 17. Pseudo-first order rate constants for epoxidation of

(E)-2-hexen-1-o0l in CH,Cl, under standard conditions.

Entry

55
59

62

54

65

Catalyst

Ti(DIPT)(0iPr),
Ti,(DIPT)(OiPr)
Ti(0iPr),
Ti(DNBnT) (0iPr),
Ti, (DNBnT)(0iPr),

4 -1
Rate) carved (10 sec 7)

| 1 c

3.18

4.37

0.338

1.32

Rre1l
1.00

0.276

0.380

0.029

0.115

Interestingly, the 2:2 Ti:DIPT reaction is the fastest and the 2:1

Ti:DIPT reaction slowest of the first three entries; the magnitude of the

rate differences is probably larger than indicated in the Table. For

example, we have shown that Ti(0iPr), is subject to a milder inhibition

effect from spectator alcohol molecules. The difference in oxygen transfer

rate (the rate of intramolecular epoxidation of bound allylic alkoxide by

bound alkylperoxide) beteween the Ti:DIPT and Ti(0iPr), reactions is there-

fore much greater than that indicated by the observed rates of epoxidation

after making the statistical correction for sites available.

Table 17 also supplies a lower limit for the rate difference between

2:2 Ti:tartrate and 2:1 Ti:tartrate. The 2:1 Ti(0iPr),:DIPT mixture

actually contains a significant amount (10-20%) of Ti(DIPT)(OiPr),, plus an

equal amount of Ti(0iPr), (section II.C.4-5). Both contaminants are more

active epoxidation catalysts than Ti,(DIPT)(O0iPr), itself, so epoxidation

mediated by 2:1 Ti:tartrate must be sluggish indeed.

Consider, too, that Ti(0iPr), has four labile ligand sites per metal

center, Ti,(DIPT)(OiPr)¢ three (assuming that tartrate is bound strongly),

and Ti(DIPT)(0iPr), only two. From a purely statistical viewpoint,

Ii(0iPr), provides more opportunities for the reactants to get together

than Ti(DIPT)(0LiPr),, and yet Ti(0iPr), is a less active epoxidation

catalyst. It makes sense, then, to speak of reactivity per available
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ligand site, and to note that the 2:2 system is by far the most potent

oxygen transfer system.

The fact that 2:2 Ti:tartrate is the most active among the species

listed in Table 17 is extremely fortunate (and probably necessary) for the

successful operationoftheasymmetricepoxidationreaction.Itshould

first be appreciated that an increase in rate upon addition of a chelating

ligand in a reaction such as this is rare. It is usually assumed that a

ligand that restricts the course of a reaction to an enantio- or diastereo-

selective path does so at the expense of reaction rate. We discuss some

reasons for this rate increase in a section III1.E., and consider here what

this result implies for the distribution and activity of possible complexes

in solution.

If the 2:2 system contains species of other stoichiometry, they must

be comprised of Ti:tartrate ratios both more and less than 2:2 (the result

of a disproportionation process). That is, there would likely be 2:1

Ti:tartrate or free Ti(OR), ("2:0") present as well as species such as 2:3

or 1:2 Ti:tartrate. If, for example, free Ti(0iPr), were a much more

active catalyst than Ti:tartrate, then even a small amount of it would

seriously reduce the enantioselectivity of the reaction, since Ti(0iPr),

cannot produce enantiomerically enriched epoxide. The relatively high

activity of the 2:2 system guards against the deleterious effects of any

2:1 or free Ti that might be present.

Of course, the recommended Ti:tartrate ratio for routine asymmetric

epoxidation is 1:1.2, to further insure that only 2:2 Ti:tartrate is

available for epoxidation. If the 2:2 catalyst was not more active than

the 2:1 system or free Ti(OR),, much more tartrate relative to titanium

would be required to obtain high ee, and the rate would suffer. This is

exactly the situation observed with vanadium and the hydroxamic acid ligand

4.

In considering the nature of the actual asymmetric epoxidation

catalyst, we know from Table 17 that the dominant catalyst cannot be of a

2:1 stoichiometry, and is probably not composed of any complex that has

fewer equivalents of tartrate than titanium. If it were, the rate for the

2:1 case would be greater than the 2:2 reaction, and the enantiomeric

excess would be high (when in fact it is only 80% for (E)-a-phenylcinnamyl
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alcohol).

That the 2:1 system is the slowest of the three is significant in that

it indicates that the 2:1 mixture does not disproportionate (to give 2:2

Ti:tartrate and free titanium tetraalkoxide) to a great extent. If dispro-

portionation were complete, the rate of the 2:1 system would be an average

of the 2:2 and Ti(0iPr), results. Therefore, there must be one or more

discrete 2:1 complexes that are sluggish epoxidation catalysts (a deduction

supported by nmr studies of the 2:1 system).

Since the rate for the 2:2 system is about three times that of free

Ti(0iPr),, it is interesting to note that the value of 807 ee for epoxida-

tion of a-phenylcinnamyl alcohol by 2:1 Ti:tartrate is close to that

obtained by multiplying the relative rates of the 2:2 and 2:0 tartrate

systems by their enantioselectivities:

% ee = [(3x100 + 1x0)] / 4 = 75% ee.

Assuming that the relative rates of 2:2 and 2:0 systems are approximately

the same under standard reaction conditions as under pseudo—-first order

conditions, then, we can say that the 2:1 Ti:tartrate species displays one

of two properties: either it is completely inactive as an epoxidation

catalyst (and so the 2:1 behavior arises solely from the 2:2 and 2:0

disproportionation products), or the 2:1 Ti:tartrate species itself

mediates the epoxidation of (E)-a-phenylcinnamyl alcohol to approximately

80% ee at a slow but significant rate. The second scenario is much more

reasonable, as it is difficult to conceive of structural features in a 2:1

complex that would render it completely inactive.

Note that the rates of pseudo-first order epoxidations involving the

tartramide ligand (Table 17, entries 64 and 65) are in keeping with the

conventional expectation that increasing amounts of chelating ligand

decrease the rate: free Ti(0iPr), is fastest, followed by 2:1 Ti:DNBnT and

then by 2:2 Ti:DNBnT. Coupling this result with the observation that the

2:1 and 2:2 Ti:tartramide systems provide opposite senses of asymmetric

induction, it is not surprising that the enantiomeric excess of

epoxidations using tartramide catalysts are very sensitive to substrate

structure. We belive that it is the 2:1 Ti:tartramide reagent that is

unique; the 2:2 Ti:tartrate and Ti:tartramide systems are quite similar in

structure if not in activity.
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6. Solvent Deuterium Isotope Effect

After finding that the relative rate for kinetic resolution of a

secondary allylic alcohol was the same regardless of whether isopropanol or

n-butanol was used as the inhibitor, Woodard concluded that no molecules of

alcohol were involved in the epoxidation transition state.’8 Since this is

an important point, we decided to see if the rate of pseudo-first order

epoxidation was different in the presence of iPrO-D as inhibitor relative

to iPrO-H. If a proton transfer is a part of the transition state, one

would expect a normal primary isotope effect, ky/kp &gt; 1.0. If a dative

coordination of alcohol to titanium (without proton transfer) is present,

an inverse isotope effect should be observed, ky/kp &lt; 1.0.93 The magnitudes

of these rate differences would be smaller than normal, since protons would

not be the only species undergoing bond changes in the transition state.

Table 18 below shows that the epoxidation rate (R. op X[inhibitor]?) was

found to be exactly the same for both reactions. Admittedly such negative

evidence is inconclusive, but it is consistent with our proposed mechanism.
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Table 18. Pseudo-first order kinetics, in the presence of iPrOH vs. iPrOD.
Substrate = trans-2-decenol. Catalyst = Ti(DIPT)(0iPr),.

Solvent = CHCl, (distilled from CaH,). Oxidant = TBHP in toluene.

(M) (M) (M) M) (107% sec!) (1074 sec1) (107% M2 sec!)
Entry [Til,oqive® L[iPrOHI® [iPrOD1P [TBHP]  Rateg,,  Sieves Rate oC Rateco.x[inhibitor]?

~
NY

69 0.0141 0.194 on 0.0150 26.1
70 0.0144 ————— 0.201 " 24.8

3A 26.8
3A 25.0

a. [Tilictive = 2LT1(0iPr),] - [DIPT]

b. [iPrOH] = [iPrOH],4geq- Isopropanol released from Ti(0iPr), on
addition of DIPT was removed in vacuo.

Rate... = Rate corrected for [Tilactive # 0.0145;
= Rate ps X (0.0145/[Til tive)

1.01
1.01

¢p/ky = 1.01/1.01 = 1.00



C. Catalyst Structure

It must be emphasized at the outset that most of our work concerned

with establishing the structure of the asymmetric epoxidation catalyst in

solution has focused on the product of mixing of titanium tetraalkoxide and

dialkyl tartrate. For the purposes of structural characterization,

allylic alcohols behave like other simple alcohols; the olefinic unit does

not interact with titanium. For this reason, inclusion of hydroperoxides

in the mixtures under study is much more important. However, solutions of

hydroperoxides in the presence of titanium alkoxides decompose at a slow

but significant rate, sometimes rapidly at room temperature, making charac-

terization of alkylperoxide complexes difficult. Other than a few NMR and

IR experiments reported here, exploration of Ti-tartrate-alkylperoxide

compounds has awaited the recent preparation of l-adamantyl hydroperoxide

by P.T. Ho of the Sharpless group; its complexes with titanium and

zirconium alkoxides are currently being examined.

The structure of Ti-tartrate has been explored in a numberofways;

they shall be discussed in the following order:

(1) Molecular weight measurements

(2) Mass spectroscopy

(3) X-ray crystallography
(4) ly and 13¢ NMR in solution

(5) IR in solution

(6) 70 nr

(7) Difference FTIR of deuterium-labeled alkoxides

1. Molecular Weight

The first clue to the aggregation state of titanium tartrates in

solution came, not from a molecular weight measurement, but from diastereo-

selective epoxidations of secondary allylic alcohols in the presence of

(dl)-tartrates. Recall that kinetic resolution of secondary allylic alco-

hols produces epoxy alcohol products highly enriched in the erythro isomer.

If Ti-tartrate were a monomer, we would expect the epoxidation in the

presence of (dl)-tartrate to give exactly the same erythro/threoratio of

racemic epoxy alcohols. Woodard was the first to find that erythro/threo

ratios change when (dl)-tartrate is used; below we summarize the later
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axperiments that confirmed his observation.

In Table 19 are compared the results of diastereoselective

epoxidations using homochiral and racemic tartrates.

Table 19. Diastereoselective epoxidations of l-nonen-3-ol (11)

and (E)-l-cyclohexyl-2-buten-1-ol (12) with (dl)-tartrates.

Rxn. Substrate Tartrate Ti:Tartrate 7% Completion erythro:threo

Nonenol (+)-DET 1:1.20 52 98:2

(=)-DET 1:1.22 98:2

(d1)-DET 1:1.20 82:18

1:1.00 84:16, 86:14

80:20, 80:20

83:17, 82:18

79:21, 78:22

81:19

81:19, 82:18

80:20

79:21, 80:20

10 Tt

11 Tt?

3 12
 9

(+)-DIPT

(-)-DIPT

(d1)-DIPT .

1:1.30 70, 100

70, 100 82:18, 83:17

85:15

87:13, 76:24

96:4

Note that the erythro/threo ratio is high for epoxidation using homo-

chiral tartrate in the first half of the reaction (entries 1, 2, and 9),

but it declines as epoxidation is carried further, since the slower

reacting enantiomer is epoxidized in a slightly threo-selective fashion

(entry 8). In contrast, the diastereomer ratio from the (dl)-tartrate

reactions is constant no matter the extent of reaction (entries 11 vs. 10,

entries 3-7b), and it is different from the value obtained with enantio-

merically pure tartrate. These results indicate the presence of at least

some active catalyst with more than one tartrate ligand per molecule. In

fact, nmr spectra of the Ti:(dl)-tartrate system show bands from a (d1)-

tartrate complex in addition to those found for the homochiral complex (see

Appendix 2).
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The molecular weight of Ti(DIPT)(0iPr), in CH,C1, solution was first

measured by vapor phase osmometry. Two determinations were made, showing

molecular weights of 752 and 796, compared to a dimer molecular weight of

797.

Not discussed here are molecular weight measurements made by Rayleigh

light scattering (in collaboration with Professor Wilfred Nelson of the

University of Rhode Island) on solutions of Ti(DIPT)(0iPr), in cyclohexane,

showing the complex to be a dimer at 0.05 - 0.4 M.

We then turned to the isopiestic Signer method, * a technique closely

related to vapor phase osmometry. Table 20 below lists the results for

titanium tartrates and tartramides.

Table 20. Molecular weight determinations by the Signer method.

Titanium Tetraalkoxides

Entry Sample

Tetrabutyl tin

a b Cc
Solvent Conc. MW bs N MW..1c

CH,C1, 0.25 346 1.00 347
Standard = Azobenzene

Ti(0iPr),
3. Ti(OEt),

2 CH,C1, 0.22 275 0.97 284

CH,C1, 0.23 623 2.73 684

CH,Cl, 0.35 658 2.88 684

CH, C1, 0.50 844 3.70 684

4.

5. Tt

ty

0.27 840 1.76 953

1:1 Ti:Tartrate

7. Ti(DIPT)(O0iPr),
8.

J.

10. Ti(DET) (OEt)2

Ti (DET) (0iPr),
tl.

12.

13.

14, Ti(0nC;oHy5) (DCT)

oN

CH,Cl, 0.17 864 2.17 797

CH,CL, 0.20 798 2.00 797

CH,C1, 0.69 1119 2.81 1195

CH,CL, 0.44 628 1.84 684

CH,C1, 0.28 703 2.06 684

CH,CL, 0.42 620 1.68 740

CH,C1, 0.25 700 1.89 740

CH,CL, 0.10 495 1.73 5094

CH,C1, 0.18 504 1.88 5099
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Sovents other than CH,C1,

Entry Sample

16. Ti(DIPT)(0iPr),
17.

18.

19.  Ti(DIPT)(OtBu),
20. ve

21. Ti(DET)(0iPr),

Solvent
a b C

Conc. MW bs N MW..1c

pentane 0.36 1082

pentane 0.51 1107

pentane 0.32 1195

pentane 0.34 919

pentane 0.38 868

pentane 0.38 1245

2.70 1194

2.78 1194

3.00 1194

2.16 853

2.04 853

3.36 1111

pentane 0.14 892 227 d

23.

24. T1(DIPT)(O0iPr),
25.

06.

27. T1(DIPT)(0iPr),
28. He

Ti:DNBnT, 2:1 Ti:DIPT

29. 1:1 Ti(0iPr), :DNBnT
30. re

31. 2:1 Ti(0iPr), :DNBnT
32.

33. 2:1 Ti(O0iPr),:DIPT
34. '

pentane 0.09 893 7?7 d

cyclopentane 0.27 747 1.88 797

cyclopentane 0.27 964 2.42 797

cyclopentane 0.54 1021 2.57 797

ether 0.31 744 1.87 797

ether 0.24 787 1.95 797

CH,Cl, 0.29 1003 2.04 985

CH,C1, 0.25 979 1.99 985

CH,Cl1, 0.37 834 1.07 777

CH,C1, 0.23 794 1.02 777

CH,C1, 0.52 657 0.96 683

CH,C1, 0.50 636 0.93 683

4 Concentration of titanium at equilibrium.

b N = Degree of association.

c MW. a1c = Molecular weight of oligomer nearest to the observed MW.

4 See discussion in text.
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In entry 2, Ti(0iPr), was found to be a monomer, consistent with other

molecular weight determinations in the literature.’’ The molecularity of

Ti(OEt), has been subject to some debate; most measurements placing it as a

trimer or a tetramer, depending on the age of the sample, concentration,

and temperature. Our determinations by the Signer method (entries 3-5)

indicate a trimeric aggregation state, with possibly increasing amounts of

tetramer present at higher concentrations (though entry 5 should be

repeated to confirm this).

In CH,Cl,, Ti(DIPT)(0iPr), (entries 7-8), Ti(DET)(OEt), (10-11), and
Ti(DET)(0iPr), (12-13), were found to be dimeric. Note that in the time

required for the experiment (about 10 days), Ti(DET)(0iPr), undergoes
transesterification to a statistical mixture of complexes involving DET,

DIPT, and the mixed diester. Entry 9 indicates that at high concentration

(0.69 M Ti), larger oligomers or intermolecular interactions between dimers

may be present for Ti(DIPT)(0iPr),, though at a concentration of 0.44 M,

Ti(DET)(OEt), showed no tendency to form higher molecular weight species

(entry 10).

Because the Signer method measures the total amount of solute in solu-

tion, most of these experiments were performed with alcohol-free samples.

Two experiments were performed using equimolar mixtures of di-n-dodecyl

tartrate (DC; ,T) and titanium tetra-n-dodecyloxide (entries 14 and 15).
The two equivalents of dodecyl alcohol released per equivalent of tartrate

were allowed to remain in solution; dodecyl alcohol was chosen because of

its low volatility. Thus, the solute was comprised of two equivalents of

nonvolatile alcohol (MW = 186.3) plus the Ti-tartrate complex (MW = 903.3

per monomeric unit); the observed molecular weight represents an average of

these species. For example, if 1.0 mmol each of tartrate and tetraalkoxide

were used, the total amount of solute would be 3.0 mmol if the Ti-tartrate

complex were a monomer, 2,5 mmol if it were a dimer, and 2.33 mmol if it

were a trimer. The average molecular weights would then be 425 for mono-

meric Ti-tartrate, 510 for a dimer, and 547 for a trimer. This allows for

a much smaller error range in the molecular weight measurement. The

molecularity (N) was calculated from the observed molecular weight by the

following formula:

MWobs = [(2x186.3) + 903.4] / (2 + 1/N)

Entries 14 and 15 provide clear evidence that the Ti-tartrate complex is a
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dimer in the presence, as well as in the absence, of free alcohol.

Because of the differences in kinetic behavior of asymmetric epoxi-

dation in pentane and ether solvents (as compared to CH,Cl,), the molecular

weights of several complexes were determined in these solvents. The

results in pentane and cyclopentane are surprising. Entries 16, 17, 18,

and 21 show that Ti(DIPT)(0iPr), and Ti(DET)(0iPr), are largely trimeric in

pentane. The more sterically hindered Ti(DIPT)(OtBu),, on the other hand,

is a dimer in pentane (entries 19-20). Curiously, the molecular weight

determinations of Ti(DIPT)(0iPr), in cyclopentane seem to indicate a large

proportion of dimeric material at lower concentration (0.27 M, entries 24-

25), with increasing amounts of larger oligomers at higher concentration

(0.54 M, entry 26). Cyclopentane is slightly more polar than pentane

(dielectric constants of 1.97 and 1.84, respectively), but it is difficult

to imagine that so small a polarity difference can be responsible for a

change in average aggregation state.

Even more interesting are the results in pentane with

Ti(DC; ,T)(0nCy5Hs5)9 in the presence of two equivalents of dodecyl alcohol

(entries 22-23). The analysis given above for this experiment in CH,C1,

predicts that the highest MW, possible would be 638 (if N is very large).

This analysis must therefore be incorrect for pentane, since the observed

molecular weight is 893. We assumed that free alcohol and Ti-tartrate

could be treated as independent, non-interacting molecules; the total

number of moles of solute would then be simply the sum of the number of

moles of alcohol and titanium complex. Apparently, this assumption is not

true in pentane. It is not unreasonable to postulate intermolecular

associations among the polar solute molecules in the nonpolar solvent. For

some reason, these interactions seem to be more frequent in pentane than

cyclopentane, but increasing the concentrationofTi-tartratein cyclo-

pentane causes the apparent molecular weight to increase, as would be

expected. Ti(DIPT)(OtBu),, which is probably quite a bit less able to

associate than Ti(DIPT)(0iPr),, was found to be dimeric presumably because

it does not suffer from the same sort of intermolecular associations.

Finally, molecular weight measurements in ether show exactly dimeric

behavior for Ti(DIPT)(0iPr), (entries 27-28), consistent with the idea that

a more polar solvent prevents association between solute molecules.

Because of the unusual results in pentane, we verified that mixing of
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equimolar amounts of tartrate and titanium tetraalkoxide in pentane does

result in displacement of two equivalents of alcohol, as Woodard observed

in CH,Cl,. The vapor phase gc experiments, performed for Ti(0iPr), + DIPT,

and Ti(OEt), + DET, found that exactly two equivalents of alcohol are

released into solution.

Signer measurements were also performed in CH,C1, for complexes of

Ti(0iPr), and (2R,3R)-N,N'-dibenzyltartramide (DNBnT). The 1:1 complex is
a dimer (entries 29-30) and the 2:1 complex has two Ti atoms and one ligand

per complex (entries 31-32). The 2:1 Ti:DIPT complex also has two Ti

atoms and one ligand per molecule (entries 33-34).

2. Mass Spectroscopy

The assignment of titanium tartrates as dimeric species is supported

by low resolution electron impact mass spectra. Parent ions were never

observed; the highest molecular weight ion was usually parent minus coor-

dinated alkoxide. Spectra are reproduced in Figure 16 for the following

solutions in CHyCl,: Ti(OtBu), + DIPT; Ti(0tBu), + DET; Ti(0iPr), + DIPT;

Ti(DIPT)(0iPr), (alcohol-free); Ti(0iPr), + DET; and Ti(OtBu), alone.
Table 21 below lists the high molecular weight peaks and possible

assignments for each sample.

Peaks of greater than dimer m/e values were observed only for the

mixture of Ti(0iPr), and DIPT, with heating of the sample holder (about

150°C). Corresponding roughly to a trimer, these peaks were weak in in-

tensity. When free isopropanol was removed from the mixture, volatiliza-

tion of the sample by heating did not yield these high m/e peaks. The rest

of the samples required gentle probe heating (approximately 70°C). For all

samples, the pattern of high m/e bands corresponds to cleavage of alkoxide

ligands and methyl, isopropyl, and t-butyl groups. The spectrum of

Ti(0iPr), + DET is more complicated because of transesterification of the

tartrate ester.

The spectrum of Ti(0tBu), also lacks a parent m/e peak. An intense

band due to loss of a methyl group was the highest m/e signal found.

Despite being a trimer in solution, the spectrum of Ti(OEt), showed peaks

only between monomer and dimer m/e values.
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Figure 16. Electron impact mass spectroscopy.
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Figure 16, continued.
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Figure 16, continued.
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Table 21. Mass spectra assignments.

Sample Peak T..q Assignment
Ii(OtBu), + DIPT 779 10 MY - otBu

691 4M" - (-OtBu), - CH,

520 7 MY - (-OtBu), - CH,

561 4 M' - (-OtBu),

533 8 M" - (-OtBu)y - tBu - iPr

325 100

Ti(OtBu), + DET 780 17

751 20

736 29

723 80

550 75

593 75

519 50

326 100

M' - CH,
+

Mt - (CHy),
M" - OtBu

A" - (-0tBu),
M" - (-OtBu), - tBu

mt - (=OtBu)4 —- tBu

Ti(0iPr), , DIPT L190 3 trimer (m/e = 1195)

L076 2 trimer - OtBu - tBu

lower MW peaks as below

563 100

Ti(DIPT) (0iPr), 7137 44
679 46

548 36

522 48

563 100

M* - oipr

M" - (-0iPr),

M" - (-0iPr),

M" - (-0iPr),

Mt - (-0iPr),

— (CH3),

ri(0iPr), + DET 737 20

723 28

709 32

695 18

580 34

565 40

649 46

635 48

6521 32
607 22

591 22

563 84

549 100

MT — OEt

Mt - oiPr

Mt - (OEt),
M" - 0iPr - OEt

yt-
ut—

(0iPr)4

1)c Mt—CH {

Notes

dimer, MT = 852

dimer, MT = 796

high probe heat

dimer, Mt = 796

alcohol free,
low probe heat

dimer. MT = 740

vt = 340
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3. X-ray Crystallography

Bridging alkoxides are a ubiquitous feature of Ti(IV) chemistry.

Titanium(IV), when bound to just four alkoxide ligands, remains an electron

deficient Lewis acid center. Where sterically possible, titanium tetra-

alkoxides complexes are usually found in six-coordinate, octahedral con-

figurations.
Having established that Ti-tartrate is a dimer, it was perhaps

foolish, then, for our first proposal of the Ti-tartrate structure to

feature no bridging alkoxide bonds. At that time, the only tartrate

structures of early transition metals in the literature were the seduc-

tively symmetric dimeric complexes of tartaric acid with V(IV), Sb(III),

As(II1), Cu(Il), and Cr(III), found by Tapscott and coworkers.?” These

structures featured a ten—-membered M,(tartrate), ring with both carboxylate

groups of each tartrate bound. We based our Ti-tartrate structural

proposal on these symmetric models, suggesting a complex of C, symmetry and

pentacoordinate titanium atoms, as shown below in Figure 17.

Figure 17. Ten-membered ring structure of Ti-tartrate analogous to

tartaric acid complexes.
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Figure 17 is included largely for historical and nostalgic interest, since

the ten-membered ring configuration has been excluded for Ti-tartrate by

spectroscopic and crystallographic evidence presented below.

Reproduced below in Figure 18 are drawings of the x-ray crystal struc-

tures of five titanium tartrate derivatives, all obtained by Dr. Steven F.
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Pedersen in the Sharpless group.’® The most significant feature of these

structures is the ubiquitous presence of bridging tartrate alkoxide groups;

that is, titanium centers are invariably linked by bridging tartrate

alkoxide oxygen atoms, never by bridging isopropoxides or ethoxides. Since

these structures are consistent with NMR and IR spectra taken in solution,

they represent the best evidence available concerning the structure of the

asymmetric epoxidation catalyst. Two structures, designated 13a and 13b

(Figure 18), are of complexes very similar to the parent Ti-tartrate system

and form the basis for our mechanistic proposals. The otcomplexes very

similar to the parent Ti-tartrate system and form the basis for our

mechanistic proposals. The other three structures are of complexes con-

taining hydroxylamine or bromide ligands and show an impressive variety of

tartrate coordination geometries.

Structure 13a is of the dimeric complex [Ti(DET)(L)(OEL)],, where L is

the N-phenylhydroxamate ligand ON(Ph)C(Ph)0. In structure 13b, the tar-

trate diester has been replaced by the benzyl diamide of (+)-tartrate

(DNBnT). It is important to note that this 1:1 Ti:tartramide complex does

mediate epoxidationtohighenantiomericexcessforsomesubstrates,as

mentioned in the introduction. Structures 13a and 13b are quite similar,

poth having Cy symmetry with the Co rotation axis perpendicular to the

planar four-membered Ti,0, core. In 13a, none of the tartrate carbonyls is

associated with the metal, presumably because the titanium centers are six-

coordinate by virtue of the monobasic, bidentate nature of the hydroxamate

ligands. However, 13b demonstrates the spectroscopically required dative

association of one carbonyl per tartrate with the titanium center (see

Section II1.4,5).

Two other features of 13a and 13b are important to notice. The Ti-0-C

bond angles of the ethoxide and isopropoxide ligands are approximately 155-

160°, indicating m-type overlap of oxygen lone pairs with empty d-orbitals

on titanium. This is a common feature of a® metal alkoxide systems, and we

assume that allylic alkoxide ligands adopt the same Ti-0-C bond angles in

the ground state. Also note that the central Ti,O0y core is planar and that

the bridging tartrate alkoxide oxygens are sp2-like in that the carbon atom

to which each is attached also lies very close to the Ti,0, plane. In the

following discussion we designate the Ti,0, plane as the equatorial plane

of the roughly octahedral titanium coordination geometry.
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The other three structures provide examples of several additional

modes of tartrate binding, though tartrates provide the bridging oxygen

atoms in all cases. Structure 13c features a pentagonal bipyramidal

titanium coordination geometry. In this case, the dibenzylhydroxylamine

ligand is intended to model alkylperoxide and is found in the equatorial

plane of the pentagonal bipyramid, as in Mimoun's vanadium-TBHP complex

1,408 This is accompanied by a change in the style of tartrate coordina-

tion. One terminal (nonbridging) tartrate alkoxide oxygen is found in an

axial position and a bound carbonyl in an equatorial site, resulting in the

first observed tetradentate tartrate diester ligand in which both hydroxyls

and both carbonyls are used in binding. Note the presence of a third

tartrate molecule that replaces the two syn axial alkoxides of 13a and 13b.

This was our first example of a tartrate ligand in which neither alkoxide

oxygen is used in a bridging manner.

Structures 13d and 13e possess bromide ligands and are thus far

removed from the asymmetric epoxidation system. [Ti(DIPT)(OiPr)Br},, 13d

is important to mechanistic studies as a source of Ti(DIPT)(0iPr), of

exactly 1.0:1.0 Ti:DIPT stoichiometry. Reaction of 13d with isopropanol in

the presence of an equivalent of Et4N in ether provides quantitative yields

of [T1(DIPT)(0iPr),1], and insoluble Et NH Br .

Structure 13d features an extended array of four titanium atoms;

complex13eholdsthreetitaniumatomsinatartrateframework. Two

bromide ligands are found on each of the outer Ti atoms of both structures;

in 13d they are trans to each other while in 13e they are cis. In both

structures the ubiquitous Ti,O0, ring is found, with bridging oxygens that

display planar spi-like geometry, but in both structures there are also

bridging oxygen units that are not planar. Note the presence in 13d and

13e of tartrates in which both alkoxide oxygens are used in a bridging

manner. Two tartrate ligands in which no alkoxide oxygens are bridging can

also be foundoneachendofstructure13d.Theseareremarkableinthat

the Ti-O-C(tartrate) bonds to the outer Ti atoms are nearly linear, the

largest bond angle being 173°.

A Ti-tartrate structure analogous to that of 13b, with tartrate

diamides replaced by tartrate diesters, is strongly suggested by the x-ray

evidence. Since the conformation in solution does not have to be the same

as in the solid phase, three general types of 2:2 structures (each in

RQ 7



accord with the basic NMR and IR evidence discussed below) must be con-

sidered. The possibilities, depicted in Figure 19, include an alkoxide-

bridged, tartrate-capped dimer, 20, a ten-membered ring form, 21, and the

tartrate-bridged structure suggested by the crystal structures, 22. One

characteristic that sets 22 apart from the others is the presence of

bridging tartrate oxygen atoms. The spectroscopic studies reported below

will be discussed largely in terms of "bridging" vs. "terminal" (non-

bridging) oxygens.
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4. 8 and 3c MR in cDC14

a. Introduction

The ly (Figure 20) and 13¢ (Figure 21) spectra of Ti(DIPT)(0iPr),,

from which free isopropanol has been removed in vacuo, are quite simple. A

single set of resonances appears for tartrate and bound isopropoxide (Ti-

OiPr), consistent with a single type of symmetrically-bound tartrate

ligand. As demonstrated in Figure 22, the mixing of Ti(0iPr), and DIPT

releases two equivalents of isopropanol into solution per Ti atom; this

spectrum at lower concentration is identical to the first but for the

presence of the free alcohol resonances. Table 22 lists the peak assign-

ments for the Ti(DIPT)(0iPr), NMR spectra, as well as for the free ligands.

Note the downfield shifts that accompany binding to the Lewis acidic metal.

One carbonyl resonance (172.4 ppm) in the 13¢ nmr is close to that of DIPT

alone, and presumably represents a free (uncoordinated) ester group. The

other carbonyl is shifted downfield, and is therefore assigned to an ester

group datively bound to titanium through the carbonyl oxygen.

Table 22. Peak positions and assignments for Ti(DIPT)(OiPr),.

Tartrate —CO,1iPr Ti-0iPr HOiPr —CO,iPr Ti-0iPr
Methine Methine Methine Methine Methyl Methyl

5.08 5.02 4.69

B5.7 70.3,68.8 78.8
(175.7, 172.4 = C=0)

Sample

Ti (DIPT)(0iPr),
oy

3
3.98

76.1

1.21

26.4

DIPT

3a
4.32 5.01

72.1 70.1
(171.0 = C=0)

1.20
i 21.5

[sopropanol
- -~98

R33.8

1.15

25.0

b. Alkoxide-Alcohol Exchange

The ability of Ti(IV) to exchange bound alkoxide for alcohol in solu-

tion is essential to the successful operation of asymmetric epoxidation in

a catalytic and convenient stoichiometric sense. The nmr spectra are also

affected by ligand exchange, the rate of which varies from fast to slow

with respect to the timescale of nmr observation.

29



Figure 20. 4 NMR of Ti(DIPT)(0iPr), in CDCl, at 295°K.
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A striking example is presented in Figure 22, which shows an equimolar

mixture of Ti(0iPr), and DIPT at 0.35 M Ti, 0.17 M, and 0.07 M, respec-

tively. Under dilute conditions, free isopropanol (3.98 ppm) and bound

isopropoxide(4.70ppm)aresharpheptetsignalsofequalintensity.At

0.07 M, these signals begin to broaden, and at 0.17 M an intermediate

resonance appears. By 0.35 M, all traces of a distinct isopropanol methine

resonance have disappeared, to be replaced by a broad lump stretching from

4.8 to 3.9 ppm. Note, however, the narrower (but still broadened)

resonance that remains at 4.7 ppm, superimposed on the lump. Its integral

intensity is perhaps slightly less than half that of the 4.7 ppm band in

the 0.07 M spectrum; that is, it represents one of the two possible bound

isopropoxide ligands. The 4.8-3.9 band, then, is due to the exchange of

two equivalents of isopropanol with bound isopropoxide,oneisopropoxide

undergoing exchange with isopropanol at a faster rate than the other. One
isopropoxide signal remains relatively unaffected and the other merges with

the isopropanol signal.

Thus, we have discovered that the solution phase structure of

Ti(DIPT)(0iPr), features two chemically different isopropoxide ligands,

which are exchanged with each other rapidly on the nmr timescale.

The nonequivalence of isopropoxides is also demonstrated by the Figure

23, showing the downfield resonances of Ti(DIPT)(0iPr), at 0.17 M on the

bottom, and the same region with the upfield methyl bands (1.3-1.1 ppm)

irradiated, on top. The isopropyl ester methine signal collapses to a

singlet at 5.05 ppm. Note the change in the bound isopropoxide signal at

4.7 ppm: decoupling reveals a sharpened resonance superimposed on a broader

one. The free iPrOH signal at 3.98 ppm is also not sharpened very much.

Therefore, one isopropoxide is broadened by chemical exchange with free

iPrOH and the other is not.

Figure 24 shows the 14 nmr spectrum of Ti(DIPT)(0iPr), in isopropanol-

dg. Here, alkoxide exchange manifests itself in the disappearance of Ti-

OiPr signal, as a consequence of exchange with the bulk perdeuterated

solvent.

If we regard the top spectrum of Figure 22 as one of coalescence

between free isopropanol and one bound isopropoxide, a very rough approxi-

nation of the rate of exchange can be determined, treating each titanium

J1



Figure 22.

'H NMR (CDC1,) of Ti(DIPT)(0iPr), + 2 iPrOH
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Figure 23. TH NMR (CDCT5) of Ti(DIPT)(0iPr), + 2 iPrOH , 0.18 M in Ti
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center of the Ti-DIPT dimer as an independent unit, and considering only

the contribution of exchange with the more labile isopropoxide to

coalescence. Employing the analysis related by Sandstrom,’ with PiproH =

0.67 and PTi-01Pr = 0.33 as the populations of exchanging sites, at

)3



coalescence,

2nt (Sv) = 2.0961 (from Table 6.1 of reference 97, using Ap = 0.34)

dv = 4.70 ppm - 3.98 ppm = 180 Hz

T, = 1.9 x 107° = 0.33/rate poy = 0-67/rater;_oipy

So, rate;p.og = 174 sec”! rater; _gipr = 393 sec”!

The second order rate constant is therefore:

k = Ratejp.oy/[Ti-0iPr] = Rateq;_gp/[1PrOH]
k = (174sec™1)/(0.35 M) = (353 sec 1)/(0.70 M) = 500 L'mol”lsec™?,

giving a AGF of approximately 14 kcal/mole for exchange of the more labile

isopropoxide with isopropanol in solution.

13¢ NMR spectra of Ti(DIPT)(OiPr), also exhibit concentration-depen-—
dent exchange behavior. Figure 25 shows the complete 13¢ nmr spectra for

Ii(DIPT)(0iPr), at 0.35 M and 0.07 M in CDCl, Figure 26 the 95-60 ppm

region for each. Note the broadening of bands at 66 ppm (iPrOH) and 79 ppm

(Ti-0iPr) in the more concentrated sample. The lineshapes of the tartrate

resonances (70.2 and 71.8 ppm for tartrate carbinol carbons, and 87 ppm for

the isopropyl ester methines) do not change with concentration.

¢. Variable Temperature ly NMR

The 13¢ nmr spectra of Figures 25 and 26 feature two resonances each

for the carbonyl and carbinol centers of tartrate. Yet the ly nmr of

ri(DIPT)(0iPr), show only a single type of tartrate ligand. A fluxional

exchange process that renders the two halves of unsymmetrically bound

tartrate equivalent on the proton nmr timescale at room temperature is

therefore indicated. As first demonstrated by Woodard, variable tempera-

ture ly nmr of titanium tartrates reveals the nonequivalent nature of the

ester groups and carbinol centers of bound tartrate. We have determined

the thermochemical parameters for the fluxional exchange process by coales-

cence temperature measurements and by bandshape analysis.

In order to avoid transesterification of the tartrate esters during

the experiments, combinations in which transesterification is very slow

(i.e., with Ti(OtBu),) or degenerate were used. In order to avoid the

contribution of alcohol-alkoxide exchange to the line broadening of the nmr

spectra, alcohol-free samples of Ti(DIPT)(0iPr), and Ti(DET)(OEt), were

employed.
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Figure 25. 13C NMR (CDC1,) of Ti(DIPT)(0iPr), + 2 iPrOH
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In the variable temperature nmr spectra of Ti-tartrates, every set of

resonances displayed exchange behavior: the tartrate methine protons (HB?

and gb below), the titanium alkoxide resonances, and the tartrate ester

groups.

0 HO He
Reng One A Cutde 9 PH' TO

Since we required cleanly resolvable signals for bandshape analysis or

coalescence temperature measurements, the upfield signals of isopropyl or

ethyl groups were not useful. Therefore, of the Ti-OR signals only the t-

butoxides and the methine protons of the isopropoxides were employed. Of

the tartrate ester groups, only the isopropyl methine protons of DIPT were

used.

Coalescence temperatures (T.) were measured first; the results are

listed below in Table 23. In order to calculate a free energy barrier to

equilibration (AGT), the separation of peak positions at the slow-exchange

limit (that is, when the signals are fully resolved, SV _o) was also

obtained by cooling the samples to 230-235°K. Cooling to 220°K produced no

further change in the nmr spectra, except for some resolution problems

caused by increased sample viscosity. The rate constants at coalescence

(ke) were estimated with the simple equation (1). AG? was calculated from

equation (2).

kK, = TOV / V2 1,

AGF (kcal/mol) = (1.987 x 1073)(T)[23.76 + 1n(T/k)] (2)

In order to obtain rct at different temperatures for a determination

of pH and AS? nmr bandshape analysis was performed using the DNMR4

program of Bushweller, et al (Quantum Chemistry Program Exchange No. 466).

Since the program is incapable of handling more than five nuclei at a time,

it was impossible to model the heptet signals due to isopropyl methine

groups. Therefore, those spectra having isopropyl methine signals of

J 7



Table 23. Coalescence temperature measurements for the fluxional

equilibration of Ti-tartrates in CDCl,.

Peak Position SVp=0

Complex (ppm) Assignment (Hz)
Ti(DMT) (OtBu), 1.31 Ti-OtBu 2.5

5.11 §2 HP 91

4.97, 5.34 a 1.6

1.29 Ti-OtBu 5.6

5.13 na gb
5.00, 5.26 52, uP 3.1

Ti(DET)(OEt), 5.22 12, HP 28.5

ke AGT
T. (°K) (sec) (kcal/m)

271 5.6 14.9

314 202 15.1

265 3.6 14.8

283 12.4 15.1

310 144 15.1

279 6.9 15.2

250 63.3 12.8

interest were also recorded with decoupling of the upfield methyl bands

(decoupling power = 3L), reducing the methine resonances to singlets.

Details of the bandshape analysis procedure are given in the experimental

section. The results for each complex are presented and discussed below.

Ti(DET)(OtBu),
Resonance

Tartrate methines (HZ, HP)

Ti~O~tBu

Peak Pos. at k=0 (Hz)

1296.4, 1231.7 (J = 2.9)

324.2, 318.7

The figures below show observed and calculated spectra for a range of

temperatures in the range of 5.5-4.7 ppm (Fig. 27) and 1.7-0.7 ppm (Fig.

28). The former showsasingletat5.32ppmforCH,C1,andasinglet due

to an impurity at 5.0, as well as the tartrate methine resonances. In

Figure 28, the methyl resonances from Ti-OtBu are calculated, and compared

to the observed spectra that also show methyl resonances from DET and tert-

butanol.

Notice that the values of AGT derived from a»b and the tBu resonances

are the same within the error of measurement, indicating that one chemical

process of AH? = 15.0 + 0.1 kcal/mole and As® = 0 e.u. is responsible for

rhe nmr exchange behavior.
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Figure 27. Dynamic NMR Bandshape Analysis of Ti (DET) (OtBu), 5.5-4.7 ppm
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Figure 28.

ba

Dynamic NMR bandshape analysis of [Ti (DET) (0tBu),1,

1.5-0.6 ppm; tert-Butyl signals are calculated;

underlying OEt methyl resonances are ignored.
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Table 24.

Resonance

gab
t-Bu
4a&gt;b
t-Bu
4a,b
t-Bu
ga,b
t-Bu
gab

t-Bu
ya,b

t-Bu
ya,b
ya,sb

Dynamic NMR bandshape analysis of T1(DET)(OtBu), in CDC1,.
Temp. (°K) T2 (sec) Rate Constant (Hz) Act (kcal/mole)

271.0 0.16 3.0 + 1.0 15.2 + 0.3

271.0 0.33 5.0 + 2.0 14.8 + 0.3

283.7 J.22 12 + 3 15.2 + 0.2

283.7 0.25 14 + 2 15.1 + 0.1

291.7 0.20 35 £5 15.0 + 0.1

291.7 0.29 30 + 5 15.1 + 0.1

297.2 0.23 62 + 3 15.0 = 0.1

297.2 0.23 50 + 10 15.1 + 0.2

297.4 0.39 70 = 5 14.9 + 0.1

297.4 3.35 75 + 15 14.9 + 0.2

304.9 0.24 125 + 10 14.9 + 0.1

304.9 0.35 130 + 15 14.9 + 0.1

314.1 0.25 235 + 10 15.0 = 0.1

322.6 0.39 420 + 20 15.1 + 0.1

Ti(DIPT)(OtBu),
The t-butyl resonances are separated by only 8 Hz at 235°K, and coa-

lesce rapidly upon warming; DNMR4 modeling is therefore subject to a large

error and so these resonances were not used.

Again, the values of AGT derived from two different sets of resonances

(u2&gt;P and HC»d) are the same, characteristic of a single dynamic exchange

process: AH? = 15.0 + 0.2 kcal/mole and As = 0 e.u.

Ii(DMT)(OtBu),
Figure 29 below displays examples of observed and calculated spectra

for Ti(DMT)(OtBu), in the 5.5-4.7 ppm range; the tartrate methine protons

are shown.

e.ud

From the values in Table 26. IN = 15.4 + 0.2 kcal/mole and ASF = ()
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Table 25. Bandshape analysis of Ti(DIPT)(OtBu), in CDC1,4.
Resonance Peak Pos. at k=0 (Hz)

Tartrate methines (H2, HP) 1284.7, 1245.8 (J = 4.7)

[sopropyl ester methines (HS, nd)
(Methyls decoupled) 1272.0, 1262.2

Resonance” Temp. (°K) T2 (sec) Rate Constant (Hz) AGH (kcal/mole)

gab
RE
ga»b
gcd ~ 4

gasb
gab
pe»d - g

ga»b
gS»d - g

q¢&gt;d _ 4

255.4 0.13

255.4 0.085

267.3 0.14

267.3 0.21

271.0 0.21

274.4 0.23

274.4 0.20

283.7 0.25
283.7 0.23

297.4 0.21

*A "d" indicates decoupling of upfield methyl groups.

0.75 * 0.25

0.2 + 0.15

2.0 £ 1.0

4.0 £ 1.5

6.5 * 0.5

5.0 = 1.0

6.0 + 1.0

18 + 2

18 £1

66 + 3

15.0 + 0.2

15.7 = 0.5

15.2 + 0.3

14.9 + 0.2

14.8 + 0.1

15.0 + 0.1

15.0 = 0.1

14.9 = 0.1

14.9 = 0.1

14.9 + 0.1

Table 26. Bandshape analysis of Ti(DMT) (OtBu), in CDC1,4.
Resonance Peak Pos. at k=0 (Hz)

Tartrate methines (HZ, HP) 1310.6, 1224.4 (J = 1.8)

Ti-0- tBu 318.6, 316.1
Resonance Temp. (°K) T2 (sec) Rate Constant (Hz) AGT (kcal/mole)
t-Bu 252.7 0.19 0.5 + 0.2 15.1 + 0.2

Ha»b 271.0 0.31 2.5 + 0.5 15.3 + 0.1

t-Bu 271.0 0.31 2.2 + 0.3 15.4 + 0.1
ga» pb 274.4 0.25 3.0 + 0.5 15.4 + 0.1

t-Bu 274.4 0.25 2.3 + 0.2 15.6 + 0.1

ga»b 283.7 0.33 6.5 + 1.0 15.5 + 0.1

t-Bu 283.7 0.33 5.5 + 0.5 15.6 + 0.1

ga»P 297.2 0.20 25 £5 15.5 * 0.15

t-Bu 297.2 9.20 20 + 5 15.6 + 0.2

gash 297.4 0.27 30 + 5 15.4 + 0.1

297.4 0.27 25 + 10 15.5 + 0.3

304.9 0.27 82 + 6 15.2 + 0.1

309.5 0.34 115 + 10 15.2 + 0.1

314.1 0.36 140 t+ 10 15.3 + 0.1
322.6 0.36 210 + 10 15.5 + 0.1
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Figure 29. Dynamic NMR bandshape analysis of [Ti (DMT)(0tBu),1,
5.5-4.7 ppm; Low temperature range.
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Ti(DIPT)(01iPr),
Figure 30 shows observed and calculated spectra for Ti(DIPT)(0iPr), in

the range from 5.5 to 4.3 ppm at 267°K. On the bottom is the normal

spectrum; the top shows the result of decoupling the upfield isopropyl

methyl groups. Note the appearance of three sets of resonances for the

isopropyl ester groups and the isopropoxide ligands.
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Figure 30. y NMR of Ti(DIPT)(0iPr), (CDC15) at 267°K.
Top: iPr methyl groups decoupled; Kale = 11.5, T2 = 0.23 sec”!

3ottom: no decoupling; Kale = 11.5, T2 = 0.32 sec”!
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The peak positions and relative intensities for Figure 30 are tabulated

velow:

Table 27. Observed ly nmr bands for Ti(DIPT)(0iPr), in CDC14 at 267°K.

Resonance Peak Pos. at k=0 (Hz)

Tartrate methines (HZ, HP) 1286.0, 1279.3 (J = 7.0)

[sopropyl ester methines (HE, nd)

{(Methyls decoupled) 1275.9 (Rel. Intens. = 0.43),

1257.5 (0.50), 1234.8 (0.07)

ri-0iPr methines (H®, BY)
(Methyls decoupled) 1191.0 (0.07), 1184.7 (0.50),

1178.1 (0.43)
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The spectra of Fig. 30 are consistent with the presence of a second

Ti-tartrate structure, which undergoes exchange with the major species in

solution and thus does not appear at higher temperature. Three, and not

four, bands appear for the two types of isopropyl groups in the decoupled

spectra at low temperature because two bands overlap. The experimental

spectrum was modeled effectively by assigning to the major species

isopropyl ester methine resonances at 5.10 and 5.03 ppm, and to the minor

species resonances at 5.03 and 4.94 ppm, giving rise to a pattern in which

the central band is as intense as the sum of the outer bands. Thus, the

assignment of resonances for bandshape analysis is as follows:

Table 28. Peak position assignments for bandshape analysis of

Ti(DIPT)(0iPr), in CDCl,.
Resonance Peak Pos. at k=0 (Hz)

Tartrate methines (H2, P) 1286.0, 1279.3 (J = 7.0)

Isopropyl ester methines (HE, rd)

(Methyls decoupled) 1275.9 (Rel. Intens. = 0.43),

1257.5 (0.50), 1234.8 (0.07)

ri-0iPr methines (H®, HY)
(Methyls decoupled) 1191.0 (0.07), 1184.7 (0.50),

1178.1 (0.43)

The DNMR4 program allows independent assignment of exchange rate

constants. That is, each of the rate constants for exchange of sites

within each complex and between complexes is designated separately by the

user. In this case, three rate constants are required: exchange between

the two sites of the major complex (pails between the two sites of the

minor component (kpin) and exchange between complexes (Koxch)
Displayed below on the left side of Figure 31 are a series of observed

spectra for Ti(DIPT)(0iPr), ("decoupled” denotes irradiation of upfield
methyls). At 297.4°K, the three tartrate ester methines have coalesced to

a single resonance, as have the isopropoxide ligand methines. At 283.7°K,

the bands due to the minor species are still visible, whereas the Ti-0iPr

bands of the major component have coalesced by 274.4°C, and the isopropyl

ester resonances show significant line broadening.

On the right side of Fig. 31 is a series of calculated spectra with

all the exchange rate constants equal to each other. The resonances due to
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the minor component merge into those of the major species before coales-

cence of the major bands occurs. It is clear, therefore, that all the

exchange rate constants cannot be equal. The fact that the minor species

bands persist to higher temperatures means that the exchange rate between

sites of the major species must be larger than that for the minor species

and for exchange between structures.

In the middle of Figure 31 are displayed calculated spectra for which

Kmaj is the same as for the right hand column, but k _; and Koxeh are 1/30

the value of Kna j° Note that the minor species bands are visible at higher

values of Knaj much like the observed spectra. The results below in Table

29 were obtained from calculated spectra in which

Kna 5 = 30 x Ko in = 30 x Koxeh® While the error for the determination of

act of two-site exchange in the minor complex is larger than for the major

one due to the small peak size, it is clear that the barrier to equilibra-

tion is much higher for the minor component; unfortunately, an evaluation

of ART and As? cannot be made for the minor structure. Note, of course,

that both the isopropyl ester methine and the isopropoxide methine signals

of the major species are modeled at the same time by the same exchange rate

constants, indicating that their DNMR behavior is the product of the same

chemical process.

Table 29. Bandshape analysis of Ti(DIPT)(0iPr), in CDCl14.
Resonance” Temp. (°K) T2 (sec) Rate Constant (Hz) AGF (kcal/mole)

peadoefLo 260 0.15 2 £1 14.8 + 0.3
ue»dsef 260 0.15 ca. 0.07 ca. 16.5

geodsesto267.3 0.32 14.6 * 0.1
pe-dsef 267.3 0.32 16.4 + 0.3

pe-doenfoo 274.4 0.20 14.6 + 0.2
uesdsesf 274.4 0.20

geodseot5283.7 0.20
ga»b 267.3 0.32
gdb - 4 267.3 0.23

*
A "d" indicates decoupling of upfield methyl groups.

For the major species, AHF = 14.5 + 0.3 kcal/mole; rs¥ = ca. 0 e.u. Note

in the final two entries of Table 29 (which deal with the spectra in Figure
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Figure 31. DNMR4 modeling of y NMR spectra of Ti(DIPT)(0iPr), in CbCl,,
including major (86%) and minor (14%) components. K
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30) that the use of decoupling changes the spectral bandwidth (T2) but the

calculated rate constant is the same.

Ti(DET) (OEt),
In this case, the calculated spectra include a singlet due to residual

CH,Cl, at 1322 Hz which overlaps the tartrate methine pattern.

Table 30. Bandshape analysis of Ti(DET)(OEt), in CDCl.
Resonance Peak Pos. at k=0 (Hz)

Tartrate methines (H?, HP) 1322.2, 1297.4

Resonance Temp. (°K) T2 (sec) _Rate Constant (Hz) AGH (kcal/mole)

32»b 246.0 0.25 29 + 2 12.7 + 0.1
ga» P 252.7 0.19 32 + 3 13.0 + 0.1
pa» b 262.0 0.14 43 + 3 13.3 + 0.1

pa sb 271.0 0.17 70 + 3 13.5 + 0.1

gb 283.7 0.21 110 + 5 13.9 + 0.1
ga»b 295.1 0.22 160 + 10 14.3 + 0.1

In contrast to all the other cases, rc* varies with temperature. A

plot of temperature vs. -AG? appears below; from this is calculated AH” =

+5.1 kcal/mole. AST = =31 cal/deg.

A summary of the thermochemical parameters is presented in Table 31.

Table 31. Results of dynamic nmr bandshape analysis.

Complex Nt (kcal/mole) As? (e.u.)
I'i(DIPT)(OtBu), 15.0 = 0.2 0.0

Ii(DET)(OtBu), 15.0 £ 0.1 0.0

I'i (DMT) (OtBu), 15.4 + 0.2 0.0
Ti(DIPT)(0iPr), 14.5 £ 0.3

I'i(DET)(OEt), 5.1 + 0.5

The enthalpy of activation varies with the size of the ligands: tert-

butoxides have a higher barrier than isopropoxides (entry 1 vs. 4, and 2

vs. 5). On steric grounds alone, it is a little surprising that a DMT

complex shows a higher activation energy for fluxional equilibration than

the corresponding DET or DIPT complexes (entry 3 vs. entries 1 and 2).

Most interesting of all, of course, are the unique values for
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Figure 32. Plot of temperature vs. AG? for the fluxional equilibration of

Ti(DET)(OEt),.
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Ti(DET)(OEt),. A ASF value of -31 e.u. is well in the range of that

expected for a bimolecular reaction, whereas near zero entropies of activa-

tion would be expected for unimolecular processes. It is not understand why

Ti(DET)(0Et), should prefer a bimolecular route when the others show uni-

molecular behavior. Either bimolecular exchange is enhanced for this

complex, or intramolecular exchange is disfavored, or both. T1(DET)(OEt),

is probably much more polar than the other four complexes (all of which

have tertiary or secondary alkoxide ligands), and therefore intermolecular

interactions may be rendered more attractive. In any case, the concentra-

tion dependence of this process must be investigated to establish its

bimolecular nature. All the complexes studied here, it should be noted,

were found to be dimeric in solution by the Signer method (except

Ii(DMT)(OtBu),, which was not examined).

d. Variable Temperature 13¢ NMR
13¢ NMR spectra of titanium tartrates also illustrate the fluxional
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equilibration process. Figure 33 shows the temperature dependent spectra

of Ti(DIPT)(0iPr), in CDhC1,. Note the coalescence behavior of carbonyl

groups (176.8 and 171.7 ppm at 255°K, 174.0 ppm at 320°K), Ti-0iPr methine

carbons (79.0 and 78.1 ppm at 255°K, 78.7 ppm at 320°K), and isopropyl

ester methine carbons (70.9 and 68.4 ppm at 255°K, 69.3 ppm at 320°K). The

isopropoxide methyl resonance at 25.2 ppm shows a hint of splitting at low

temperature. Curiously, the tartrate methine (carbinol) carbons provide a

sharp singlet (86.0 ppm) regardless of temperature, presumably because of a

very small difference in peak position between the two chemically different

carbinol centers of the unsymmetrical structure. Bandshape analysis could

also be applied to the 13¢ nmr spectra, but inaccurate temperature

measurement makes the resultant error limits too large.

Note that Figure 33 provides no evidence for the minor component of

Ti(DIPT)(0iPr), in solution that was observed in the proton nmr. Variable

tem perature 13¢ nmr spectra of Ti(DIPT)(OtBu), (Figure 34) and

Ti(DMT)(OtBu), (Figure 35), on the other hand, do show a second species for

each, whereas their proton nmr spectra do not.

Consider the 13¢ nmr spectrum of Ti(DIPT)(O0tBu), at 255°K, on the

bottom of Figure 34. Four peaks for tartrate methine protons appear; a

larger pair at 86.8 and 84.5 ppm, and a smaller pair at 85.0 and 83.1 ppm.

On warming, line broadening of all four peaks occurs so that at 310°K an

apparent broad doublet is present. Analogous to Ti(DIPT)(OiPr),, we assign

the smaller set of resonances to a minor titanium tartrate species that

undergoes chemical exchange with the major component in solution. Note

also the coalescence of free and bound carbonyl resonances as temperature

is increased.

A minor tartrate species is also visible in the spectra of

Ti(DMT)(OtBu), presented in Figure 35, again in the tartrate methine carbon

resonances: major species at 87.7 and 83.8 ppm; minor species at 85.6 and

84.1 ppm. In this case, fluxional equilibration is manifested in the

resonances of Ti-OtBu (30.9 ppm, as shown in the insets of the spectra at

271°K and 282°K), and ~CO,CHg (51.8 ppm). Because of the large value for
Ni (15.4 kcal/mole, Table 31), the carbonyl peaks at 174.2 and 171.2 do

not reach coalescence at 308°K, but are merely broadened by exchange of

bound and free ester groups.
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Figure 33. Variable temperature 13¢ NMR of Ti(DIPT)(0iPr), in CDC.
Temperatures are reported to within £ 3°K.
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Figure 34. Variable temperature ‘°C NMR of Ti(DIPT)(OtBu), in CDCl.
Temperatures are reported to within + 3°K.
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Figure 35. Variable temperature 3c nmr

of Ti(DMT) (0tBu), in cbcl,
Temperatures are + 3°K.
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Using the proposed catalyst structure analogous to the crystal struc-

tures 13a and 13b (section II.C.3), Dr. Steven Pedersen originally proposed

the existence of the equilibration process depicted in Figure 36. As

required by the nmr spectra, the fluxional process takes bridging oxygens

to terminal positions and vice versa (marked with asterisks in Fig. 36),

exchanges the axial and equatorial monodentate alkoxides (diamonds), and

exchanges the bound and free ester groups (triangles). Note, of course,

that structures l4a and 14b are superimposable. For all the complexes

studied except Ti(DET)(OEt),, a possible intermediate in such an exchange

process could be the 10-membered ring structure 21.

Figure 36. Proposed fluxional equilibrium of Ti-tartrates in solution.
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5. IR Spectroscopy in CH,C1,

As first reported by Woodard, the IR spectrum of Ti(DIPT)(O0iPr), in

CH,Cl, solution shows three carbonyl stretching bands: 1738, 1683, and
1638 cml. The first is due to an uncoordinated ester unit, the second and

third to ester groups bound to titanium through the carbonyl oxygen. The

band at 1685 em”! is much smaller than the other two when the Ti:tartrate

ratio is 2:2. Figure 37 reproduces the IR spectra of Ti(DIPT)(0iPr), in

CH, C1, in the presence and absence of two equivalents of isopropanol; the

carbonyl region of other standard 2:2 Ti:tartrate complexes is the same in

CH,Cl, solution.
Thus, the presence of free and bound ester groups is indicated by the

IR, as well as the nmr, spectra, and the major IR bands at 1738 and 1638

em”! can be assigned to free and bound carbonyls of structure 14. It

appears that the 1638 cm” band is rare among complexes of Ti(IV) with a-

hydroxy esters. Woodard noted that when the Ti:tartrate ratio is either

greater or less than 1:1, the intensity of the 1638 em”! band is diminished
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relative to that of the 1683 cmt stretch. Furthermore, we have found no

complex of titanium tetraalkoxide and monobasic G-hydroxy ester in any

Ti:ligand ratio that shows a band near 1640 cml, Even Ti(DIPT)Cl,, in

spite of the increased Lewis acidity of the titanium center, shows a bound

carbonyl stretch of 1660 cnt, Examples are shown below in Figure 38.

Both the 2:1 Ti:DIPT complex (spectrum 1) and 2:2 complex of Ti(0iPr),

with the tartrate analogue 15(spectrum 4) show bands near 1635 cml,

accompanied by equally intense bands near 1680 cml, The 2:2 complex of

Ti(0iPr), with the cyclohexyl-substituted tartrate analogue 16 (spectrum 5)
lacks a significant 1635 cm” 1 band. Asymmetric epoxidation using ligands

15 and 16 are discussed in section III.E.

Complexes of Ti(OtBu), with both one and two equivalents of a-hydroxy

ester ligand17(spectra6and7)showboundC=0stretchingat1670em”!

only. Replacing one isopropoxide group of Ti(DIPT)(0iPr), with ligand 17
eliminates the 1638 cm”! band, replacing it with one at 1670 cm” 1 (spectrum

8). In this case, we surmise that the bound ester group of tartrate is

displaced from the metal by the ester group of 17, to allow 17 to form a

five-membered ring chelate.

Note also that addition of the electron withdrawing ligand penta-

fluorophenol to Ti(DIPT)(0iPr), also causes the 1638 cm~! band to be

suppressed in favor of one at 1670 cm”! (spectra9and10).Asmentioned

in the introduction, both the [Ti(DIPT)Cl,] and [Ti/tartrate/electron-

withdrawing additive] systems mediate epoxidation in the opposite enantio-

meric sense to the normal Ti:tartrate reaction (see Appendix 1). The

display of a strong 1640 cn”! C=0 stretch (relative to the band at 1680

cm”1) in CH,C1, solution, then, appears to be exclusively a property of the

2:2 Ti:tartrate complex, as is epoxidation of the pro-2S face of prochiral

allylic alcohols to high enantiomeric excess. Perhaps the 1640 cm™? band

is indicative of a structural unit necessary for effective 2S epoxidation.

From this point of view, it is comforting to consider spectrum 11 in Fig.

38, which is of Ti(DIPT)(OiPr), in isopropanol. The 1635 cm! band is

still prominent, which bodes well for the applicability of the pseudo-first

order kinetic results (in the presence of a large excess of isopropanol) to

the epoxidation under standard conditions.

Pedersen has suggested that the "effective" structural component iden-

tified by 1640 cm”! band could be the one found in 14, in which the
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Figure 38. IR in CH,CT,.
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Figure 38, continued. IR in CH,C1,.
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carbonyl oxygen and the terminal and bridging tartrate alkoxide oxygens

adopt a facial arrangement about titanium, and that other configurations of

pound carbonyl groups, such as are found in structures 13¢, 13d, and 13e,

show C=0 stretching bands in the 1680 em”! region. This would of course

explain why no monofunctional a~hydroxy ester complex shows a 1640 cm”!

absorbance. It suggests, too, that Ti(tartrate),, Ti(tartrate)Cl,, and

[i/DIPT/pentafluorophenol (Figure 38) adopt configurations of bound ester

groups that do not match the facial arrangement of structure 14.
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6. IR Spectroscopy in Other Solvents

Just as the solvent-dependent asymmetric induction (Table 15), pseudo-

first order kinetic behavior, and molecular weight measurements all seem to
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go hand-in-hand, IR spectra of titanium tartrates show a similar dependence

on solvent. In particular, the pattern of C=0 stretching bands of

ri(DIPT)(0iPr), is similar for the two solvents that give high ee, the

‘normal” kinetic rate law, and dimeric species in solution - CH,Cl, and

ether. The C=0 region in pentane and cyclopentane is different, with the

1638 cn~! band diminished with respect to the 1680 cn”! absorbance, as

shown below in Figure 39.

Figure 39. IR spectra of Ti(DLPT) (0ifr), in various solvents.
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One can prepare Ti(DIPT)(0iPr), in CH,Cl1,, obtain spectrum 1 of Fig.

39, replace the solvent with pentane, obtain spectrum 3, and then

regenerate spectrum 1 by evaporation and addition of CH,C1, again. The

complex therefore does not decompose or undergo irreversible change in

changing solvent.

We can offer no definite assignment for the two peaks in the free

carbonyl range of spectra in ether and pentane. It may be that a second

complex is represented (to go with the 1685 em”! band, perhaps), or that

two conformations of free ester group are distinguished.

From the IR and NMR spectra, we have seen that there are at least two

Ti-tartrate species present in solutions of Ti(tartrate)(OR), in CDC14 and

CH,C1,. We assign the 1740 and 1640 cm™! IR bands to the major component,

and the 1680 (and probably an accompanying 1740) cm} band to the minor

component. From the low temperature ly nmr, we see that the minor species

comprises about 10-157 of the mixture. In pentane, Signer molecular weight

measurements indicate the presence of significant amounts of trimeric

material even at low concentrations. This is accompanied by a change in

the IR and a decay in enantiomeric excess of epoxidation. An assignment of

the 1691 cm”! band in pentane to trimeric Ti-tartrate is therefore in-

dicated. It still remains to assign a structure (or at least a stoichio-

metry) to the minor component in CH,C1, and CDCl. NMR spectra taken in

different solvents proved to be very useful in this endeavor.

7. IR with Added Hydroperoxide

Addition of TBHP or trityl hydroperoxide to dilute CH,Cl, solutions of

Ti(DIPT)(0iPr), produced changes in the C=0 stretching region of the IR
spectra as shown in Figure 40. The band at 1635 cm™! diminishes and a new

C=0 band grows in at 1673 em”! slightly different from that present before

hydroperoxide addition (1676 en”1). An isosbestic point is found at 1645

cm”! for TBHP addition and 1643 cm”! for trityl hydroperoxide addition.

The peak at 1604 cm”! in the TBHP spectra is due to toluene from the TBHP

solution; the one at 1596 in the trityl hydroperoxide experiment is from

the phenyl groups of the hydroperoxide itself. The latter plot was taken

from the same experiment in which the equilibrium constant for trityl

hydroperoxide binding was determined, whereas the TBHP plot was not ob-

tained in the equilibrium constant determination, but rather in a separate
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Figure 40. Addition of hydroperoxides to T1(DIPT) (0iPr),

in CH,C1,.
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experiment. In neither case was more than one equivalent of hydroperoxide

per titanium added, and, because of the small equilibrium binding

constants, much less than one equivalent of hydroperoxide was actually

bound. Still, the IR changes in the carbonyl region are pronounced.

Complexation of hydroperoxide clearly changes the manner of carbonyl

binding, by changing either the structure of the complex or the strength of

the carbonyl-titanium interaction within the same overall structure. NMR

spectra of Ti-tartrate+hydroperoxideareuninformative,withbroadened

resonances in both 13¢ and ly spectra. We would not expect simple monoden-

tate coordination of hydroperoxide to effect such profound changes in the

IR and nmr spectra, so we take these changes as possible evidence for

bidentate interaction of bound alkylperoxide with titanium. Because we

have been unable to isolate a relatively pure alkylperoxide complex of

titanium-tartrate, we have no further information regarding the structure

of this species. From the IR it is at least clear that one tartrate

carbonyl remains bound to the metal, since the intensity of the free C=0

stretch changes very little with added hydroperoxide.

8. NMR Spectroscopy in Other Solvents

a. CD,Cl1,
In Figure 41 are ly and 13¢ nmr spectra of an equimolar mixture of

Ti(DIPT), and Ti(0iPr), in CD,Cl,, approximately 1 M in Ti for the top
spectrum and about 0.07 M for the middle. A list of assignments appears in

Table 32.

Table 32. Peak assignments for NMR spectra of Ti(DIPT)(0iPr),

in CD,Cl,.
Sample? Tartrate Methine -CO2iPr methine Ti-0iPr (intensity ratio)

+ M 5.13 (s) 5.06 (m) 4.72 (br m)

1 M decoupled 5.13 (8s) 5.06 (br s) 4,76, 4.71 (ca. 1:2.7)

0.07 M 5.15 (s) 5.08 (br m) 4,70 (m)

0.07 M decoupled 5.15 (s) 5.08 (br s) 4,77, 4.71 (ca. 1:11)

Ti(0iPr), 4.46 (heptet)
M (13c)yb 79.0, 76.6 (ca. 4:1)

a. "decoupled" indicates irradiation of upfield methyl signals

b. also C=0 at 177.8, 172.5; methyls at 25.6, 21.9 ppm

1
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Figure 41. TH and '3¢ NMR of Ti(DIPT)(0iPr), in CD,CI,.
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Note that both ly and 13¢ spectra show two isopropoxide resonances; the

more dilute the sample, the less of the minor component is present. We

attempted (unsuccessfully) to verify the presence of another concentration-

dependent species by measurements of optical rotation; see Appendix 3.

Careful variation of the amount of DIPT relative to Ti(0iPr), allows

us to assign the minor species as a 2:1 Ti:DIPT complex, Ti,(DIPT)(0iPr)g.

Consider Figure 42, which presents the normal and decoupled spectra in

CD,C1, for Ti:DIPT ratios of 2.0:1.95, 2.0:2.0, 2.0:2.1, and 2.0:2.4. The

intensity of the resonance at 4.77 ppm varies inversely with the amount of

tartrate present, indicating suppression of a 2:1 complex with added tar-

trate. We earlier proposed the presence of 2:1 Ti:tartrate as being

responsible for the loss of enantioselectivity and rate in asymmetric

epoxidation using exactly a 2:2 mixture. Figure 42 thus confirms the

supposition that excess tartrate reduces the formation of less selective

epoxidation catalysts in the reaction mixture.

Of course, it is easy to prepare the 2:1 complex itself and see

whether its nmr resonances match those of the minor component of the 2:2

spectra. Reproduced below in Figure 43 are proton and carbon nmr spectra

in CD,CI, (approximately 0.5 M in Ti) and CDCl4 (0.3 M in Ti); peak posi-
tions are tabulated in Table 33.

Note first that Ti,(DIPT)(0iPr), does indeed display a strong heptet

at 4.77 ppm in CD,Cl, and CDC14, matching the minor resonances of

Ti(DIPT)(0iPr), in these solvents.

Secondly, the 2:1 mixture of Ti(OiPr),:DIPT displays its own family of

component structures — the 2:1 complex itself, and minor amounts of the

disproportionation products Ti(0iPr), and Ti(DIPT)(OiPr),. Recall that
only one of the disproportionation products of Ti(DIPT)(0iPr), could be

observed in the nmr (no distinct resonance for complexes like

Ti,(DIPT)4(O0R), or Ti,(DIPT), could be found). In contrast, both products

of Ti,(DIPT)(O0iPr), disproportionation are observed, most clearly in the
13, nmr spectra. See Table 33 for peak assignments.
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Figure 42.
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Figure 43. 'H and '3C NMR of Ti,(DIPT)(0iPr), in CD,C1, and COC,.
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Figure 43, continued.
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Table 33. Peak assignments for NMR spectra of 2:1 Ti(OiPr),:DIPT in

CD,Cl1, and CDC1,.
Peak position Assignment and Notes
5.14 (s) Tartrate methine

5.09 (m) CO,iPr methine
5.0 (broad) ~CO,iPr methine of 2:2 complex?
4.77 (heptet) Ti-O0iPr methine of 2:1 complex

4.46 (heptet) Ti-OiPr methine of Ti(OiPr),
Relative intensity of 4.77 to 4.46 = 5.8:1

Tartrate methine

-CO,iPr methine

Nucleus? Solvent
—_— ==

H CD,C1,

ly -

H d CD,C1, 5.14

5.09 (br)
4.98 (br)
4.77

4.71

4.46

I'i-0iPr methine, 2:1 complex
Ti~O0iPr methine, 2:2 complex

Ti-0iPr methine, Ti(0iPr),

|. ad CDC14 5.10 (br s)
5.06 (m)

5.03 (br)

4.75 (heptet)
4.44 (m)

Tartrate methine

~CO,iPr methine
~CO,iPr methine, 2:2 complex?
Ti-O0iPr methine, 2:1 complex

Ti-0iPr methine, T1(0iPr),
Relative intensity of 4.75 to 4.44 = 7.8:1

C=0

Tartrate methine of 2:2 complex (Table 32)

Tartrate methine of 2:1 complex

Ti-0iPr methine of 2:2 complex (Table 32)
Ti-O0iPr methine of 2:1 complex

Ti-0iPr methine of Ti(0iPr),
-CO,iPr methine of 2:1 and 2:2

Ti-0iPr methyl of Ti(0iPr),
Ti-0iPr methyl of 2:1 and 2:2

-CO,iPr methyl

13
C CD,Cl1, ca. 176.5

B6.1 (sh)

85.4 (br)
79.0 (small)
77.7 (br)

76.6 (sh)
70.4 (br)
26.8

25.7, 25.6
21.9

13
C CDC14 176

85.7 (sh)
84.9 (br)
77.3 (br)
76.1 (sh)

59.6 (br)
26.4

25.4

21.7

C=0

Tartrate methine of 2:2 complex (Table 22)

Tartrate methine of 2:1 complex

Ii-0iPr methine of 2:1 complex

Ti-0iPr methine of Ti(0iPr), (Table 22)
CO, iPr methine of 2:1 and 2:2

Ti-0iPr methyl of Ti(0iPr), (Table 22)
Ii-0iPr methyl of 2:1 and 2:2

-CO,iPr methyl

a, "d" indicates irradiation of upfield methyl signals
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Unfortunately, the 13¢ nmr spectrum of a 2:1 mixture of Ti(OtBu), and

DMT in CDCl, (Figure 44, below) does not match the minor peaks of

Ti(DMT)(OtBu), (Figure 35). Table 34 lists the resonances for each

spectrum. The minor component of the Ti(DMT)(0tBu), solution therefore

remains unidentified.

Figure 44. 13. NMR of Ti, (DMT) (OtBu) in CDC1,; carbonyl peaks not shown.
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rable 34. 13C NMR of Ti(DMT)(OtBu), and Ti,(DMT)(OtBu), in CDCI1,.

Both samples are free of tBuOH.

Tartrate Methine Peaks Methyl Ester

87.7 (major) 52.1 (flux?)

83.8 (major) 51.6 (flux?)

85.6 (minor)

84.1 (minor)

88.1 (major)

B4.4 (major)

79.7 (sharp)

86.1, 83.8 (both minor)

b. "flux" refers to bands that coalesce on warming

Sample
Ii(DMT) (0tBu),®

Ti-0tBu

31.8 (quat)

31.0 (fluxP)
30.8 (flux?)

Ii, (DMT) (OtBu), © 32.2 (major)

31.4 (minor)

Finally, note in Figure 45 the same evidence in CD,Cl, for preferen-

tial exchange of free isopropanol with one of the two bound isopropoxides

of Ti(DIPT)(0iPr), as was observed in CDCl, (Figure 23). Again, decoupling
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of the upfield methyl signals reveals one sharpened and one broadened Ti-

0iPr methine signal.

Figure 45. 'H NMR of Ti(0iF "Ja  rT Dil iN Lu 9
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The ly nmr spectrum of Ti(DIPT)(0iPr), in C¢Dpg is presented in Figure

46; peak assignments for this and related spectra in CeDg are in Table 35.

Note the resolution of methyl peaks: doublets for free and bound isopropyl
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Table 35. Peak assignments for the ly NMR spectra in CeDg-

Sample Peak Position Assignment

Ti(DIPT)(OiPr), 5.67 (s) Tartrate methine

5.07 (m) —CO,1iPr and Ti-OiPr methines

1.65 (br d) Ti-0iPr methyl

1.10 (d, J = 7 Hz) -CO,iPr methyl, bound carbonyl

0.99 (d, J = 7 Hz) -CO,iPr methyl, free carbonyl

4.50 (heptet) Ti-0iPr methine

1.23 (d, J = 7 Hz) Ti-0iPr methyl

4.98 (heptet) —-CO,iPr methine
4.52 (4d) Tartrate methine

3.67 (4d) -OH

1.00 (d, J = 6.1) ~CO,iPr methyl

0.93 (d, J = 6.1) -CO,iPr methyl

3.91 (m) HOiPr methine

1.13 (d) HOiPr methyl

VIP

ester groups are separated from each other and from the Ti-OiPr methyl

resonances. However, the methine protons of the ester and isopropoxide

groups are lumped together in the multiplet at 5.07 ppm.

Another example of the increased nmr resolution in CeDg is provided by

Figure 47 and its associated Table 36. The spectrum of an equimolar mix-

ture of Ti(OtBu), and DIPT, clean in CDCl,, fairly teems with small peaks

clustered about the major downfield resonances. We have not identified

these minor bands, but our analysis of Ti(DIPT)(0iPr), spectra in CDCl4 and

CDh,Cl, would lead us to suspect the presence of 2:1 and 1:2 Ti:tartrate

species in small amounts. The spectrum of a mixture of Ti(OtBu), and

dineopentyl tartrate (DNePT) looks much worse but really is not, in terms

of the relative intensities of major and minor resonances.

Ti(DNePT)(OtBu), is probably quite sterically crowded, and we suggest that

rotation about the ester C(0)-CH, and CH,~-tBu bonds may be restricted. The

strange appearance of ester methylene resonances at 3.8 ppm would then be a

consequence of the presence of several neopentyl conformations, each with

slightly different chemical shifts, and each with diastereotopic methylene

protons.

More importantly, we do not know the origin of the prominent
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Figure 47. "H NMR in CoD.
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Table 36. Peak positions and assignments for Ti(DIPT)(OtBu),,
I'i(DNePT)(OtBu),, Ti,(DIPT)(DNePT)(OtBu),, and Ti(OtBu), in C.D.

Sample Peak Position Assignment

Ti(DIPT)(OtBu), 5.52 (br s) Tartrate methine
5.75 (d, J = 9.2 Hz) Minor species
5.39 (d, J = 9.2 Hz)
5.37 (d, J = 6 Hz)
3.56, 5.44
4.67 (d), 4.62 (4d)
4.39 (s)
5.06 (m)
4.97 (m)
1.73 (8s)
1.54 (s)
1.574, 1.567
1.35 (s)

trace CH,C1,
=CO,iPr methine
Minor species
tBuOH hydroxyl
Ti~OtBu
Minor species
Ti-OtBu, approximately 1/4 the
intensity of 1.54 ppm peak
tBuOH methyl
-CO, iPr methyl
~CO,iPr methyl

1.11 (s)
L.10 (d, J = 6 Hz)
1.06 (d, J = 6 Hz)

5.61 (br s)
5.00 (d, J = 9.2 Hz)
5.54 (d)
3.46 (d, J = 4 Hz)
5.39 (d, J = 5 Hz)
5.15 (d, J = 5 Hz)
4.76 (d, J = 3 Hz)
4.71 (d, J = 3 Hz)

3.9-3.7 (br m) -CO,CH,tBu methylene
4.44 (q, J = 12 Hz) Minor species

1.88 (s) tBuOH hydroxyl
L.55 (s) Ti-0tBu
1.63, 1.60, 1.57 Minor species
1.34 (s) Ti-OtBu, approximately 1/3 the

intensity of 1.55 ppm peak
1.12 (s) tBuOH methyl
0.85 (s) -C0,CH, tBu methyl
J.97, 0.92, 0.87, 0.81 Minor species

Ti(DNePT)(OtBu),

"BN |

1.27 Ti-OtBu

Ii, (DIPT)(DNePT)(OtBu), (Ma jor peaks only)
5.62 (v br s) Ti, (DNePT) (OtBu), tartrate
5.51 (br s) Ii (DIPT),{0tBu), tartrate
5.06 (m) —CO,1Pr methine
4.,0-3.7 (br m) -CO CH, tBu methylene
1.568 (s) ri, (DNEPT) (DIPT) (0tBu),, ?
1.562 (s) Ii, (DNePT) (OtBu),
1.555 (s) 1 (DIPT),{OtBu),
L.50 (s) tBuOH hydroxyl
L.10 (s) tBuOH methyl
1.08 (d) -CO,iPr methyl
L.05 (d) -CO,1iPr methyl
0.85 (s) ~C0pCHptBu methyl
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t-butoxide singlet at 1.35 ppm in the spectra of both complexes; it is not

from Ti(OtBu),.
At the bottom of Figure 47 is the spectrum of an equimolar mixture of

I'i(DNePT)(OtBu), and Ti(DIPT)(OtBu),, each containing two equivalents of t-

butanol. It is included because of the appearance of three major Ti-OtBu

singlets around 1.56 ppm. The spectra of each reactant alone show only one

major band in this region, so the appearance of a third may represent the

mixed tartrate dimer, Ti,(DNePT)(DIPT)(OtBu),. It is unlikely that DNePT

and DIPT could participate in a transesterification reaction in the

presence of only t-butoxide and t-butanol.

Cc. Toluene-dg
Proton nmr spectra of Ti(DIPT)(0iPr), in toluene-dg at several tem-

peratures are reproduced in Figure 48; a 13¢ nmr spectrum taken at room

temperature is shown in Figure 49. Peak assignments for the room tempera-

ture spectra are in Table 37.

We do not find evidence for more than one Ti-tartrate species, but we

do find remarkable resolution of methyl peaks in the low temperature proton

spectra. Consider the nmr spectrum at 245°K at the bottom of Figure 48.

The tartrate methine singlet has split to an AB quartet, in the same manner

as in CDClq and CD,C1,. More striking is the observation of eight methyl

doublets; irradiation of the methine signals at 5 ppm produces a clear

eight-line pattern. This is consistent with separation of free and bound

ester groups and axial and equatorial isopropoxides, each with methyl

groups of nonequivalent chemical shift. The assignment of the multiplet at

4.93 to Ti-OiPr methine protons is made on the basis of its greater sensi-

tivity to temperature than the multiplet at 5.02 ppm, and on the spectrum

of Ti(DIPT)(OtBu), presented below.

The variable temperature nmr spectra of Ti(DIPT)(OtBu), and

Ti(DMT)(OtBu), comprise Figure 50. Again, these show predominantly one set

of resonances; standard line broadening behavior characteristic of

fluxional equilibration is observed with temperature. Note in particular

the excellent differentiation of Ti-OtBu groups at 245°K. 13¢ NMR spectra

of these complexes are presented in Figure 51; peak assignments at room

temperature in Table 38.
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Figure 48. IH NMR of Ti(DIPT)(0iPr), in toluene-dg.
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Figure 48, continued. 'H MMR of Ti(DIPT)(0iPr), in toluene-dg.
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Figure 49. °C NMR of Ti(DIPT)(0iPr), in toluene-dg
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Fable 37. Peak assignments for the ly and 13¢ nmr spectra of

Ti(DIPT)(0iPr), in toluene-dg at 295°K.
13¢ Peak Assignment
86.3 Tartrate methine

69 (br) —CO,1iPr methine

78.3 Ti-0iPr methine

CH,C1,
Ti-0iPr methyl

~COy1iPr methyl (bound ester)
-C0,1Pr methyl (free ester)

ly peak

5.55 (s)

5.02 (m)

4.93 (m)

4.42 (s)

1.43 (br 4d) 25.2

1.13 (d, J = 7 Hz) 21.3

1.05 (4d, J = 7 Hz) 21.2

d. Cyclohexane-d,,
Because the kinetics, molecular weights, and IR spectra are different

in pentane than in CH,Cl, or CDCl, the ly and 13. nmr spectra of

Ii(DIPT)(0iPr), were taken in the nonpolar solvent cyclohexane-dy,; they
are shown in Figure 52. The ly spectrum is much like those taken in CDC1,,

except that the two different Ti-OiPr groups (axial and equatorial) appear

to be partially resolved. Small additional peaks in both proton and 13C

spectra suggest the presence of a minor species in solution. See Table 39

for peak assignments.
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Figure 50. TH NMR of Ti(DIPT)(OtBu), in toluene-dg.
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Figure 51. 13C NMR of Ti(DIPT)(OtBu), and Ti(DMT)(0tBu),

in toluene-dg.
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Table 38. Peak assignments for ly and 13¢ nmr spectra of Ti(DIPT)(OtBu),

and Ti(DMT)(OtBu), in toluene-dg at 295°K.
ly peak 13. Peak Assignment

172.6 C=0

87 (br) Tartrate methine

68.7 -CO,iPr methine
31.5 Ti-OtBu
21.6 —CO iPr methyl (bound)

21.6 ~CO,iPr methyl (free)
174.2, 171.3 C=0

Tartrate methine

Tartrate methine

-C0,CH4
Ti-OtBu

Complex

I'i(DIPT)(OtBu),

Ti(DMT) (OtBu),

Table 39. Peak assignments for ly and 13 nmr spectra of Ti(DIPT)(0iPr),

in cyclohexane-dy, at 295°K.
13¢ Peak

174.6 (br)

87.0

78.1 (shoulder)

69.3 (br)

79.0 (br)

77.7 (br)

Assignment

C=0

Tartrate methine

Minor species?

~C0,iPr methine
Ti-0iPr methine

Ti-0iPr methine

Minor species?

5.23 (br s)

5.33, 5.29

5.18 (m)

4.90 (m)

4.86 (m)

4.95 (br m)

1.51 (br s)

1.38 (m)

cyclohexane

iPr methines

Ti~O0iPr methyl

—CO,1iPr methyl

25.8

22.1

Be. CD4CN
Clear evidence for a minor Ti-tartrate species in the solution of

ri(DIPT)(0iPr), in CD43CN is provided by the spectra of Figure 53.

Multiplets for isopropoxide methine protons are visible at 4.77 and 4.69

ppm, especially when methyl resonances are irradiated. Since they are not

of equal intensity, they cannot be due to axial and equatorial
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Figure 52. 'W and Cc NMR of Ti(DIPT)(0iPr), in cyclohexane-d.,.
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Table 40. Peak assignments for 14 and 13¢ nmr spectra of Ti(DIPT)(0iPr),

in CD4CN at 295°K.

13¢ Peak Assignment

86.7 Tartrate methine

70.9 -COyiPr methine

78.1 Ti-OiPr methine, minor species

79.2 Ti-0iPr methine

Ti-0iPr, —CO,iPr methyls
Ti-0iPr methyl

—CO,1iPr methyl
*Relative intensity of peaks at 4.69 to 4.77 ppm:

ly Peak

5.14 (s)

5.05 (br m)

4.77 (m)*

4.69 (m)*

1.26 (4)

ca. 3.7:1 at 0.4 M Ti, ca. 6:1 at 0.03 M Ti
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Figure 53. lH NMR of Ti(DIPT)(0iPr), in CDCN.
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Figure 53, continued. °C NMR of Ti(DIPT)(0iPr), in CD,CN.
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isopropoxides of the same molecule. The 4.77 band is attributed to the

minor (presumably 2:1 Ti:DIPT) species, confirmed by a decrease in the

relative intensity of the 4.77 to the 4.69 ppm band with a 12-fold decrease

in concentration (the same trend as seen in CD,Cl1,). The 13. nmr spectrum

in CD4CN also shows a small additional isopropoxide methine resonance.

THF-dg
Successful kinetics, molecular weight, enantioselection, and IR

measurements obtained in ethyl ether prompted us to check the nmr behavior

in an ethereal solvent. The ly and 13¢ nmr spectra of Ti(DIPT)(0iPr), in

THF-dg are very similar to those in CD4CN. Figure 54 and Table 41

summarize these results.

Peak assignments for ly and 13¢ nmr spectra of

Ti(DIPT)(0iPr), in THF-dg at 295°K,
13¢ Peak Assignment
87.0 Tartrate methine

70.0 -CO,iPr methine

17.9 Ti-0iPr methine, minor species

79.0 Ti(0iPr),
Ti-O0iPr, ~CO,1iPr methyls
Ti-0iPr methyl

~CO,iPr methyl
kRelative intensity of peaks at 4.50 to 4.58 ppm (0.3 M Ti) = ca. 7:1

ly Peak

4.93 (s)

4.82 (br m)

4.58 (m)*

4.50 (m)*

1.05 (4)
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Figure 54. I and 13, NMR of Ti(DIPT)(0iPr), in THF dg.
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9. 179 nmr

a. Introduction

Oxygen-17 has a spin of 5/2, natural abundance of 0.037%, sensitivity

of 0.03 relative to ly, and a quadrupole moment of -0.026 (102% cm?),

about ten times that of 2y and about ten times smaller than that of

47,491 98 Its saving grace in the face of these abysmal nmr properties is

the extremely wide chemical shift range exhibited by oxygen-containing

compounds. Because the nucleus relaxes extremely rapidly, pulse Fourier

transform nmr data acquisition can be done quickly, and in many cases

natural abundance spectra are possible. Peak widths, however, are usually

broad and are very susceptible to asymmetry in the electronic environment

surrounding the oxygen center. For example, natural abundance 174 nmr

spectra of monomeric Ti(0tBu), and Ti(0iPr), are easy to obtain, but tri-

meric Ti(OEt), and Ti(OnBu), give weak signals; it was impossible to

obtain any natural abundance signal for alkoxide oxygens in Ti—-tartrate

complexes.
There has been rapid growth in the application of 174 nmr spectroscopy

to organic and inorganic structural problems, pioneered by the many studies

of Klemperer's group on polyoxo anions of early transition metals.?? Our

interest in the technique was sparked by the large chemical shift varia-

tions found for terminal and different types of bridging oxo ligands in the

cluster C0 terminal, 1143 ppm (with respect to H,0); OV,, ca. 800

ppm; OV,, 406 ppm; and OV, 62 ppm.22¢ In the complex [CPTi(Mog014)]137,

oxygens that bridge a Ti and Mo center are found over 100 ppm away from

those that bridge two Mo atoms.’ 2d Bercaw has measured the 17, nmr spectra

of oxo-bridged zirconocene and hafnocene dimers, finding a chemical shift

of 581 ppm for the oxo bridge of (CpaZrH),0, and a peak at 175 ppm for

Cp,Zr(OH), for example.l00
Studies of 174 nmr spectra of substituted benzyl alcoholsiO! have

demonstrated a direct relationship between electron density and shielding

of the 174 nucleus. Thus, increasing the electron withdrawing power of the

para-substituent on the phenyl ring of a benzyl alcohol causes the 174

resonance to shift upfield. The trend is reversed for substituted benzoate

asters,102 indicating that a combination of inductive, resonance, and

paramagnetic effects are at work in the 17, nmr experiment. We have found

that, while substitutionofelectronwithdrawinggroupsonthecarbinol
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carbon increases the shielding of the Ws nucleus, coordination of an

alcohol to an electron deficient metal center induces a large downfield

shift - the more acidic the metal, the greater the shift.

Since the chemical shift difference between bridging and terminal oxo

groups is so large, we reasoned that perhaps the 174 resonances of bridging

and terminal alkoxide oxygens of Ti(IV) compounds could be resolved.

Applied to Ti-tartrate, this represents the first method of distinguishing

between our proposed structure (containing a four—-membered ring core with

bridging tartrate oxygens) and the two other possibilities (bridging al-

koxides and the ten-membered ring structure with no bridging oxygens) in

solution. We therefore prepared 179-1abeled tartrate and, encouraged by

our success, we have explored the 174 nmr spectra of other alkoxide ligands

as well,

For reference purposes, a complete list of observed 17, nmr resonances

is given at the end of this discussion in Table 44. Peak positions are

reported relative to ethyl ether, positive values indicating resonances to

lower field, negative values to higher field. Ether was chosen because an

internal standard was desired for the spectra of Ti(OtBu), and Ti(0iPr),.

Chemical shifts are usually reported in the literature relative to water,

but obviously water is an inappropriate internal standard here. To convert

to a water reference, simply add 15.5 ppm to the values reported in Table

44, The line width at half-height, LW; /90s is given in ppm. Oxygen re-

sonances are broadened by fast relaxation as well as by all the chemical

and fluxional exchange processes that affect proton and 13¢ nmr of titanium

alkoxide systems. Peak positions are accurate to * 3 ppm, estimated by

repeated determinations of the spectra of titanium tetraalkoxides and 176-

labeled alcohols.

Discussion of 174 nmr spectra will be divided into five sections:

alcohols and Ti tetraalkoxides, tartrate complexes, O-hydroxy ester com-

plexes, benzyl alcohol complexes, and complexes of cumyl hydroperoxide.

b. Alcohols and Titanium Tetraalkoxides

The chemical shift trend of the alcohols follows that of the substi-

tuted benzyl alcohols mentioned above; electron-withdrawing substituents on

the carbinol carbon bring the 17, resonance upfield. Thus, cumyl alcohol

is found at 44.5 ppm, iPrOH at 21.7 ppm, and a-hydroxy esters at -7.1 (18)
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and -10.4 (17). The chemical shift of tartrate hydroxylic oxygens is found

the farthest upfield, -20 ppm, as befits the electron-deficient nature of

its carbinol centers. Benzyl alcohol in CDCl, is found at -6.8 ppm, close

to the literature valuelOl (-9.5 ppm in toluene), indicating a signifi-

cantly more electron-deficient oxygen center than in isopropanol. (This

has unfortunate consequences for the intepretation of the 174 nmr of

titanium benzyloxide complexes.)
The 174 nmr spectra of 170-enriched alcohols are fairly narrow

singlets, as listed in Table 44.

Natural abundance 174 nmr spectra were obtained for titanium tetra-

alkoxides in concentrated CDCl4 solution (typically 30-40% by volume); they

are shown below in Figure 55. A sharp resonance at 288 ppm is found for

Ti(0tBu),, strictlyamonomer in solution. Ti(0iPr),, having an average
aggregation state slightly greater than 1.0 in solution,l03 shows a strong

resonance at 280 ppm. In contrast, the 174 signal of Ti(OEt), at room

temperature is very weak and broad, consistent with the trimeric structure

of the complex in solution. Heating the sample to 320° greatly increases

the signal to noise ratio. The same phenomenon was observed for VoW,0;9%"

and (0C)4ReNb,W,0,4" by Klemperer; @sb he suggested that a decrease in
the rate of quadrupole relaxation with an increase in temperature was

responsible for the enhanced signal. Increasing the temperature also

speeds the rate of ethoxide scrambling between terminal and bridging posi-

tions of Ti(0Et),, which undoubtedly contributes to a sharper averaged

signal.

More importantly, the chemical shift of Ti(O0Et),, representing an

average of bridging and terminal alkoxide resonances, is at 252 ppm, 36 ppm

upfield from Ti(OtBu),. If the assignment by Russo and Nelson of a tri-

meric structure is correct, 0% Ti(OEt), contains eight terminal ethoxides

and four bridging ones. Taking the resonance of Ti(OtBu), as that of a

"pure" terminal alkoxide, a bridging alkoxide should be found at approxi-

mately 180 ppm, or about 100 ppm upfield from a terminal alkoxide

resonance.

Ti(OnBu),, having much less oxygen per mole than Ti(OEt),, gave a very
weak 170 signal (not shown in Figure 55). Consistent with the observed

effect of electron-withdrawing substituents on the carbinol carbon, a peak

at 212 ppm is found for titanium tetrahexafluoroisopropoxide,
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Figure 55. 270 NMR of metal tetraalkoxides in CCT.
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Ti[OCH(CF3)91,. Zr(0tBu), has a sharp resonance at 209 ppm, character-

istic of a metal center less Lewis acidic than Ti(IV).

Titanium Tartrates

In Figure 56 are the 17, nmr spectra of Ti(DIPT)(0iPr), containing

labeled tartrate hydroxylic oxygens. Two bands are observed for spectra in

CDC14 and CeDg with an increase in signal strength at 310°K in CeDg- Peak

positions are slightly different in the two solvents. In CDCl4, the peak

maxima are 88 ppm apart and in CeDg&gt; 116 ppm separates the resonances, both

close to the 100 ppm chemical shift difference between bridging and

terminal alkoxides estimated from the titanium tetraalkoxide spectra. It

is unlikely that terminal tartrate oxygens in different coordination sites

(such as axial and equatorial) could have such different chemical shifts.

With this assumption, we assign the band at lower field to the terminal

tartrate alkoxide oxygen and the higher field band to the bridging oxygen

in structure 14.

The spectra of Ti(DIPT)(OtBu), display an interesting temperature

dependence (Figure 57). At ambient temperature in CDCl,, one broad band at

190 ppm (LWq/0 = 100 ppm) is observed. At approximately 315°, two bands

are seen (229 and 165 ppm), but at 330°K, the peaks coalesce again.

Exactly this sort of behavior was reported for (HMPA)Cr0(05)5: the 17, nmr

spectrum is a singlet at low temperature and a doublet at higher tempera-

ture. 10°P Increased resolution at higher temperature is attributed to the

decrease in spin-lattice relaxation rate that accompanies a decrease in

solution viscosity.

We believe the two Ti(DIPT)(OtBu), peaks coalesce at higher
temperature for the same reason that ly and 13. nmr peaks coalesce -

Fluxional exchange between terminal and bridging sites. Below about 0°c,

signals for all the 70-1abeled tartrate complexes disappeared entirely.

The 174 signals of Ti-tartrates are much broader than the tetraalkoxides

because of an increased sensitivity to quadrupole relaxation, since the

oxygen atoms are in an asymmetric environment.

~

 ~~
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Figure 56. ©/0 NMR of Ti(DIPT)(0iPr),; external Et,0 = 0.0 ppm.
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Figure 57. Temperature dependent 179 NMR spectra of Ti(DIPT)(OtBu),.
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The 2:2 complex of Ti(0iPr), and di-l-menthyl tartrate (DMnT) shows a

very well resolved two-line spectrum, 285 and 140 ppm (Figure 58).

Secondary alkoxides are much poorer at bridging than primary al-

koxides, as demonstrated by the molecularities of Ti(0iPr), VS. Ti(OEt),.

In using only isopropoxide and t-butoxide as monodentate ligands, we may be

forcing the complex to adopt a tartrate-bridged configuration by making the

alkoxide-bridged one inaccessible. We therefore measured the 174 nmr

spectrum of Ti(DMnT)(OEtL),. This is a complex of a bulky tartrate (but

one that is nevertheless effective in asymmetric epoxidation) and primary

monodentate alkoxides; it should be biased toward formation of an alkoxide

bridged structure, if anything. Figure 58 shows the appearance of bands at

304 and 154 ppm in the nmr spectrum, just as for all the other Ti-tartrates

examined.

Temperature—dependent 170 nmr of 2:1 Ti(OtBu), :DIPT is the same as the

2:2 complex. One broad band at 198 ppm is seen at 295°K, while two peaks

are mildly resolved at 318°K (231 and 164 ppm). See Figure 59 for these

spectra.

Since the x-ray crystal structure of the tartramide complex

I'1i(DNBnT)(0iPr), has been determined, its 17, nmr provides something of a

test of the applicability of the method to structure determination. The
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Figure 58. 17, NMR of Dimenthyltartrate complexes.
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labeled tartramide ligand was prepared from labeled dimenthyl tartrate, and

the 174 nmr of its 1:1 complex with Ti(0iPr), is recorded in Figure 60.

Two bands are observed, but they are not found in equal intensities, as

expected. Since the proton nmr of the labeled complex was identical to

that of unlabeled material, we are confident that both bands are the

product of the proper species. We do not know why the bands are of unequal

intensity, and so we cannot confidently assign them to bridging and
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terminal oxygens. Heating the sample results in a more intense signal, but

no change in peak positions or relative size.

d. Complexes of Monobasic G-Hydroxy Esters

While they may provide some indication of the expected chemical shift

difference between bridging and terminal oxygens, Ti(0iPr), and Ti(OEt),

are not very suitable model compounds for Ti-tartrate. We therefore pre-

pared 179-1abeled o-hydroxy esters to see if we could resolve bridging and

terminal sites in titanium complexes of these ligands. Signer molecular

weight measurements were made of some representative cases; the results are

given below in Table 42.

(i) Ethyl Lactate, 18
No clear evidence for bridging and terminal oxygens was observed.

Figure 61 shows the 17, nmr spectra of the following samples:

(a) a 1:1 mixture of Ti(0iPr), and 18;

(b) a 1:2 mixture of Ti(0iPr), and 18;

(c) a 1:1 mixture of Ti(OtBu), and 18, from which free alcohol

was removed in vacuo, giving a complex of composition

Ii(OtBu)y 7(18)( 3, as determined by proton and 13¢ nmr;
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(d) 1:3 mixture of Ti(OtBu), and 18, affording, after high-vacuum

pumping, Ti(0tBu), (18) 53 which posesses two resolvable
lactate ligands and two different t-butoxides by nmr; and

(e) a 1:1 mixture of Ti(OEt), and 18, affording Ti(OEt)4(18)
after high vacuum evaporation of free alcohol.

Table 42. Molecular weight determinations by the Signer method of

titanium complexes with L-(+)-Ethyl Lactate, 18 and

(dl)-Ethyl-o-hydroxycyclohexyl Acetate, 17.
Entry Sample Solvent Conc.2 MW 1s NP MW 1c

1. 1:1 Ti(OtBu),: 17 CH,C1, 0.31 414 0.92 452

Ti(DIPT)(O0iPr)Br + 17 CH,Cl1, 0.31 774 1.48 524

CH,Cl, 0.21 1063 3.04 1049

1:1:1 Ti(0iPr),:DIPT:18 CH,Cl1, 0.23 700 1.54 913

Ti(OtBu),(18), CH,Cl, 0.29 398 0.93 428

prepared from Ti(OtBu), + Ti(18),
1:1 Ti(OtBu), : 18 CH,yCl, 0.29 343 0.90 383

Ti(0tBu)4(18) CH,yCl1, 0.30 395 1.03 383

prepared from Ti(OtBu), + Ti(18),

Ti(OEt)4(18) CH,C1, 0.29 452
a. Concentration (moles/L) of titanium at equilibrium.

Average degree of association.

tc. Molecular weight of closest oligomer to that observed value.

5

y

Samples (c¢) and (d) should be monomeric, as indicated by entries 5 and

6 of Table 42. Sample (e) was found to have an average molecularity of

1.5, and so should contain some bridging lactate oxygen centers, All the

174 signals are clean singlets, however, with the exception of sample (d),

which displays a lopsided peak that is probably composed of two overlapping

bands. Although the 13¢ and ly nmr spectra of this complex show two

different types of bound lactate (discussed in the experimental section),

the monomeric molecular weight findings for Ti(OtBu),(18), and

Ti(0tBu)4(18) make it unlikely that bridging oxygens are being observed.

Rather, we may be seeing slightly different chemical shifts for terminal

alkoxide bonds in different environments. The fact that only one signal is

present for Ti(OEt)4(18) is disappointing, but does not invalidate the
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technique. It is possible that the observed band is an average of bridging

and terminal positions, which exchange much more rapidly than those in the

more rigid tartrate complexes. Note that as electron-withdrawing lactate

ligands replace t-butoxide groups, the 174 resonance moves slightly

downfield as a consequence of the greater Lewis acidity of the metal center

[compare 214 ppm for Ti(OtBu) 3.7 (18) 0.3 and 221 ppm for

Ti(0tBu)y 5(18); 5]-
The addition of 1 equivalent per titanium of labeled ethyl lactate,

18, to a solution of Ti(DIPT)(OtBu), results in the 17, nmr spectrum of

Figure 62. One broad band at 282 ppm for bound lactate is accompanied by a

smaller one at ~7 ppm for free lactate, indicating that most, but not all,

of the O-hydroxy ester is bound. The 174 chemical shift is moved roughly

60 ppm downfield from those in Fig. 60, indicating binding to a more

electron—-deficient metal center. This supports our longstanding suspicion

that tartrate is a much more electron-withdrawing ligand than normal al-

koxides (or even o-hydroxy esters such as lactate). The spectrum of a 1:1

mixture of Ta(0iPr), with 18 is also shown in Figure 62. In this case, the
less Lewis acidic metal causes the 17, chemical shift to appear at higher

field than the titanium complexes (approximately 176 ppm downfield from

ether).

(ii). Ethyl-o0-hydroxycyclohexyl acetate, 17
The greater size of the cyclohexyl group manifests itself in a smaller

binding constant of 17 for titanium than of 18 for titanium, as shown in

the 174 nmr spectra of Figure 63. Mixing 0.5 equivalents of Ti(OtBu), with

1.0 equivalent of ligand 17 (spectrum a) leaves about 60% of the ligand

free in solution; addition of another 0.5 equivalents of Ti(OtBu), causes

more oO-hydroxy ester to bind. These complexes are monomeric as indicated

by a Signer molecular weight determination (entry 1, Table 42). The

chemical shift (207 ppm) is 7-13 ppm upfield from the lactate resonances.
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Figure 61. 17 NMR of ethyl lactate (L) complexes in CDCl.
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Figure 62. 7, NMR of equimolar mixtures of labeled ethyl lactate with

Ti(DIPT) (0tBu), (a), and Ta(0iPr), (b).
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e. Titanium Benzyloxide Complexes

The preparation of 174 labeled benzyl alcohol was conveniently accom-

plished by reduction of labeled benzaldehyde. The 174 nmr of

Ti(tartrate)(*0Bn), should give a single peak in the terminal alkoxide

region (that 1s, downfield) if our proposed tartrate-bridged dimer struc-

ture is correct. Therefore, five benzyloxide complexes were prepared and

their 174 nmr spectra recorded; they appear in Figure 64. Pertinent Signer

molecular weight determinations are listed below in Table 43.
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Figure 64 . 7 NMR of titanium benzyloxide complexes in CDCl. (L = ethyl lactate-00)
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Table 43. Molecular weight determinations by the Signer method of

titanium benzyloxide complexes in CH,Cl,.

Entry Sample Conc.? MW po NP MW_,q.C

’ Ti(0Bn), 0.27 840 1.76 953

2 Ti(OtBu)4(0Bn) 0.32 354 0.95 374

Ti(OtBu),(0Bn), 0.32 423 1.04 408

Concentration (moles/L) of titanium at equilibrium.

Average degree of association.

Molecular weight of closest oligomer to that observed value.

al

It is a bit surprising that Ti(OtBu),(0Bn), is monomeric in CH,Cl,

solution (entry 3), but its 176 nmr signal is strong, only slightly wider

than that of Ti(0tBu)4(0Bn), and at the same chemical shift as

Ti(0tBu)3(0Bn) (223 and 221 ppm, respectively). Ti(0Bn), (with 170-
enriched benzyloxy groups) displays a broadened, weaker resonance 12 ppm

downfield from Ti(OtBu),(0Bn),. An upfield shift would be expected solely

on bridging/terminal alkoxide considerations, since Ti(0Bn), is dimeric

(Table 43, entry 1) and therefore posesses at least two bridging benzyl-

oxide groups. We can speculate that Ti(0Bn),, having two more electron

withdrawing benzyloxy ligands100 than Ti(0tBu),(0Bn),, has a more electron

deficient metal center, which is responsible for a net downfield shift of

the ol? resonance.

An equimolar mixture of Ti(OtBu)(18)4 and Ti(*0Bn), was prepared to

model Ti(tartrate)(OBn),. A downfield shift in the benzyloxy resonance of

53 ppm from that of Ti(OtBu),(0Bn), was observed (276 ppm), consistent with

the replacement of t-butoxide with lactate, a relatively electron deficient

ligand. It is likely that this mixture contains mostly monomeric species,

and therefore defines the likely area for terminal Ti-OBn groups to appear

in a spectrum of Ti(tartrate)(0Bn),. Thus, a mixture of Ti(0iPr),,

Ii(0Bn),, and two equivalents of (+)-DIPT was prepared, giving

Ii(DIPT)(OR), + ROH, where R is either benzyl or isopropyl. The ol? nmr

spectrum of this mixture shows a single benzyloxide peak at 278 ppm.

The bands that appear at approximately 130 ppm in the spectra of

ri,(18)4(0tBu)(0Bn), and Ti(DIPT)(OR), come about by virtue of transesteri-

fication of lactate and tartrate, respectively, with benzyloxide. They are

the acyl oxygen resonances of the product benzyl esters. The band at
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Figure 65. 17, NMR of cumyl hydroperoxide (a), cumyl methyl peroxide (b),

and cumyl methyl peroxide + Ti(0iPr), (c).
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~7 ppm in the latter spectrum is from free benzyl alcohol. The reason for

the phase inversion of the benzyl alcohol peak is unknown, but it is at the

rorrect chemical shift.

f. Hydroperoxide Complexes

Covalent mononuclear a0 metal oxo-peroxo complexes have recently been

examined by 17, nmr spectroscopy.l0? Signals for tert-butyl hydro-

peroxidel0°P and cumene hydroperoxide l0°¢ have been observed, but complexes
of hydroperoxide with a‘ transition metals have heretofore been unexplored.

The nmr spectrum of 170-1abeled cumene hydroperoxide is shown in

Figure 65. Both oxygen resonances are visible, at 200 and 242 ppm, close

to the chemical shifts of 206 and 239 ppm (with respect to ether) reported

for TBHP.1 0b Their different lineshapes betoken slightly different

relaxation rates. The lower-field band (242 ppm) is tentatively assigned

as the distal hydroperoxide oxygen (R-0-0-H) because of its greater

linewidth, possibly the result of 174-1y coupling.l07 Cumyl methyl

peroxide, prepared by reaction of the hydroperoxide with diazomethane,108

shows bands at 207 and 283 ppm. Note that the lineshapes are more nearly

the same than for cumyl hydroperoxide.

The spectrum of cumyl methyl peroxide in the presence of 1.0 equiva-

lents of Ti(0iPr), is also shown in Figure 65 (peroxide concentration = 0.2

M in CDC14). The oxygen peaks are found at 207 and 286 ppm - suggesting a

very weak association with the metal, but certainly not proving the

existence of such an interaction.

Consider the 174 nmr spectrum of Hf(0iPr),"HOiPr plus 1.0 equivalent

of cumyl hydroperoxide (Figure 66), taken after approximately two hours at

room temperature following hydroperoxide addition. (The nmr solution was a

light amber color.) The peak at 51 ppm is assigned to cumyl alcohol (2-

phenyl-2-propanol, 44.5 ppm in CDCl, alone). The peak at 545 ppm is

probably from an oxo-bridged structure (Hf-O-Hf), in the same range as that

observed for (CpoZrH),0 (566 ppm relative to ether).100 These products

arise from the oxidation of isopropanol to acetone according to Figure 67;

one equivalent of acetone with respect to cumyl hydroperoxide added was

observed in the proton nmr of the reaction mixture.
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Figure 67. Oxidation of isopropoxide by 179-1abeled hydroperoxide.
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Following the reactionof Ta(OiPr)gs with cumyl hydroperoxide by 174
nmr was more informative. At the top of Figure 68 is a 4 minute scan of

the reaction mixture several minutes after hydroperoxide addition. A

large, broad signal at 226 ppm dominates the spectrum, representing bound

cumyl hydroperoxide (Ta-OOR), and perhaps some free hydroperoxide as well.

A sharp resonance is visible at 419 ppm, and free cumyl alcohol makes a

token appearance at approximately 50 ppm.

The second spectrum is from an additional 7 minutes of data accumula-

tion, added onto the FID of the first spectrum. Notice the growth of both

the free cumyl alcohol resonance and the peak at 419 ppm, at the expense of

Ta-OOR. The final spectrum, taken after an additional 15 minutes at room

temperature, is identical to the hafnium spectrum above (Figure 66),

showing just the oxo oxygen (Ta-0-Ta) and free cumyl alcohol. The 419

ppm band is then thought to be from bound cumyl alcohol, Ti-0C(Me),Ph. The

alkoxide is an initial product of isopropanol oxidation, but is displaced

from the metal because its equilibrium constant for binding must be far

lower than for formation of the pu-oxo unit, or even for binding of isopro-

panol. Again, proton nmr showed the clean production of an equivalent of

acetone.

Addition of one equivalent of cumyl hydroperoxide to a CDClj solution

of Zr(0tBu), produced the 17, nmr spectrum of Figure 69. A single band at

171 ppm is observed from Zr-OOR. Very small bands at 400 and 509 ppm may

represent Zr-OR and Zr-0-Zr groups, respectively (R = cumyl), from a minor
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“igure 68. 1/0 NMR of Ta(0iPr)g + Cumyl Hydroperoxide in CDCl.
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Figure 69, 174 NMR of Zr(0tBu), + Cumyl hydroperoxide in CDCl.
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decomposition pathway. No change in the nmr spectrum is observed after 20

minutes at room temperature and an additional three hours at -10°c.

Addition of 1.0 equivalent of cumyl hydroperoxide to a pre-cooled

Ti(0iPr), solution in CDCl, results in warming of the solution and an
immediate color change to light amber. 174 nmr of the reaction mixture

shows a large band at 278 ppm (Ti-OOR), smaller peaks at 49 ppm (cumyl

alcohol) and 546 ppm (sharp, Ti-0-Ti), and minor bands at 493 and 521 ppm

(tentatively assigned to different Ti-OR groups). The oxidation of iso-

propanol to acetone therefore seems to be faster in the presence of Hf or

Ta, by this very rough comparison of nmr spectra.

On the other hand, cumyl hydroperoxide appears to be much less stable

in the presence of Ti(0tBu), than Zr(OtBu), at room temperature. The 174

nmr of a mixture of 0.8 equivalents of cumyl hydroperoxide and 1.0 equiva-

lents of Ti(OtBu), appears on the bottom of Figure 70. Again, the large

268 ppm band is assigned to Ti-OOR and the band at 44 ppm to free ROH, but

the pattern of downfield peaks is different from the Ti(0iPr), spectrum on

the top of Figure 70. The 546 ppm band is much smaller, perhaps reflecting

steric hindrance to the formation of an oxo-bridged dimer (tBu0),Ti-0-

Ii(OtBu),. The bands at 526 and 533 ppm, on the other hand, are much

larger than their Ti(0iPr), counterparts, reflecting the increased

stability of Ti-0C(Me),Ph with respect to a U-oxo dimer. We have no

assignment for the sharp peak at 60.1 ppm, and more experiments are needed
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to elucidate the hydroperoxide decomposition pathway.

jure 70. Titanium tetraalkoxides + Cumyl hydroperoxide, CDCI.

I Ui “r), + PhC(Me),00H

|

~— earn Nn |
A

\

 |
1. LT. .Wifi

0
|

4A0 380 280
|

180
.

83

i (0tBu), +

PhC(Me), 00H

pad LAL” “A rap

/
/

VAL A Meh
800 700 600 500 400 300 © 200 100 0 —1006

Finally, we come to the rather anticlimactic spectra of Ti~tartrate

plus cumyl hydroperoxide, displayed in Figure 71. Because of the small

binding constant of cumyl hydroperoxide for Ti(DIPT)(OtBu), (probably
smaller than the value of 0.35 for TBHP), the 174 nmr spectrum of a 1:1

mixture of these components is essentially that of cumyl hydroperoxide

alone. Addition of 1.2 equivalents of (E)-2-hexen-1l-ol directly to the nmr

sample produced the middle spectrum of Figure 71 after a few minutes at

room temperature. Note the disappearance of hydroperoxide bands, the

appearance of a strong cumyl alcohol peak, and a new resonance at -11.3 ppm

assigned to the epoxide oxygen of coordinated epoxy alcohol (since epoxy

alcohol should be a much better ligand than t-butanol or cumyl alcohol).

Again, we don't know the origin of the sharp band at 59.6 ppm.
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Figure 71. 70 NMR; Ti (DIPT) (0tBu), + Cumyl hydroperoxide, COCI,.

Ti (DIPT)(OtBu), + PhC(Me), 00H
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This asymmetric epoxidation reaction in the nmr tube was quenched by

addition of 1 mL of aqueous FeS0,/tartaric acid solution with vigorous

shaking. The CDCl, layer was then removed by pipette and filtered into

another nmr tube, which gave the bottom spectrum of Figure 71. Only cumyl

alcohol (44.1 ppm) and free epoxy alcohol (~12.5 ppm) are found.10?

Thus, we see that coordination of cumyl hydroperoxide to Ti(OR),

results in only a modest downfield shift of 50-70 ppm with no resolution of

the different oxygen atoms. For tantalum, no chemical shift difference is

seen at all between bound and free cumyl hydroperoxide, merely the coales-

cence of the signal to one broad peak upon coordination. Binding to

Zr(OR), causes an upfield shift of alkylperoxide resonances, again to a

single broad band. In the absence of structurally characterized model

compounds, we can draw no conclusions concerning the mode of alkylperoxide

binding.

p— igure 72. 17, NMR of C=0-labeled DIPT and its Ti complex.
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g. 176=c Labeled Tartrate

The carbonyl oxygens of DIPT were enriched in 174 by exchange of

tartaric acid with ol7H,, followed by esterification. It was hoped that

ester coordination to titanium could be observed by 174 nmr. The spectra

of DIPT-C=*0 alone and its complex with Ti(0iPr), are shown in Figure 72;

the results are less than spectacular. The peak positions of both spectra

are the same; only the linewidths differ. For free ligand, LW;/2 = 22 ppm;

for Ti(DIPT)(0iPr),, LW, /o = 48. This does not constitute definitive proof

of the coordination of ester carbonyl oxygens to titanium in solution.
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Table 44. 170 NMR.

Peak PositionEntry Sample
Standards

LW; /9 (ppm) Notes

Ether

D,0
iPrOH
Cumyl alcohol
Benzyl alcohol “170g
p1pT-170H
Di-l-menthyl-(2R,3R)-tartrate
Di-l-menthyl-(2S,3S)-tartrate
Ethyl Lactate “1704
Ethyl Perydromandelate-1’0H

0.0

“15.5

21.7

44.5

~6.8

-20.6

-18.7

-18.1

-7.1

-10.3

142

324

220

892

325

} 2

11

4.5

19

25

24

3)

™

J

3

3 10

23

10

Hydroxyl

-C(0)-0OEt
~-C(0)-0Et
-C(0)-0OH
-C(0)-OH

10 ph-cl’o,v J

17

1811 pIpr -c(}’0)-01iPr

Metal Alkoxides

12 Ti(OtBu),
L3 Ti(0iPr),
L4 Ti(OEt),
15 Ti(OnBu),
16  Ti[OCH(CF3),1,
17 Zr (OtBu),

288

279.5

252

245

212

209

8

3

31

ca. 40

18

19

weak signal
very weak

Tartrate-1/0H Complexes
18 Ti(*DIPT)(0iPr), 252, 164

277, 161

229, 165
231, 164
285, 140

304, 154
196

279, 164 34, 64
264. 146 31. 74

CDCl,
CeDg
325°
318°k

CD,C1,
295°k
320°K
310°Kk

19

20

21

22

23

Ti (*DIPT)(OtBu),
Ti, (*DIPT)(0iPr),
Ti(*DMnT)(0iPr),
Ti(*DMnT)(OEt),
Ti(*DNBnT)(0iPr),

rartrate-170=cC Complexes
24 Ti(*DIPT)(OiPr), 12=

~

30

L2

Li
CDCl,
Pentane solvent
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Table 1. Continued.

Entry Sample

Benzyl Alcohol-170m Complexes
25 Ti(*0Bn),
26 Ti(OtBu)4(*0Bn)
27 Ti(OtBu),(*0Bn),
28  Ti(DIPT)(*OBn),
29 Ti,(#300#)3(0tBu)(*0Bn),

Ethyl Lactate-170mH, 18 Complexes
30 1:1 Ti(0iPr),:18
31 1:2 Ti(0iPr),:18
32 Ti(OtBu)4 (18), 5
33 Ti(OtBu), (18); ¢
34 Ti(OEt)4(18)
35  Ti(DIPT)(OtBu), + 18
36 Ta(0iPr)5 + 18

Peak Position

235

221, 202
223

278

276

215 39
214 37

214 23

ca. 221 48

223 31

282 90
ca. 178 76

LW, /0 (ppm) Notes

98 Molecularity = 1.76

13, shoulder Monomer
23 Monomer

25

18
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10. IR Spectroscopy of Deuterium-Labeled Alkoxides

Since our model studies for 174 nmr were not completely satisfying, we

desired another method of distinguishing bridging from terminal alkoxides

in solution. The availability of Fourier transform IR spectrometers able

to obtain difference spectra prompted us to explore the changes in C-H

bending modes accompanying substitution of deuterium for hydrogen on the

carbinol carbon of secondary alkoxides. We anticipated that the H-D (or D-

4) difference spectra for terminal alkoxides would be different from

bridging alkoxides. By "H-D" or "difference" spectrum, we mean the sub-

traction of the IR spectrum of the deuterium-labeled complex (labeled at

only one site, such as the methine proton of isopropanol) from that of the

same molecule under the same conditions but containing unlabeled (protio)

alkoxide.

Furthermore, we hoped to be able to show that the technioue could be

applied for any single alkoxide to a variety of a° metal complexes. For

example, if a titanium complex containing only terminal isopropoxide groups

were prepared and its difference spectrum measured, we thought it possible

that a vanadium or hafnium complex containing only terminal isopropoxides

would show a very similar H-D spectrum. By the same token, a purely

bridging alkoxide would have a characteristic difference spectrum that, if

observed in another structure containing the same alkoxide, would signal

the presence of exclusively bridging modes of complexation.

We have not progressed very far in this endeavor, but our initial

results are encouraging. 4-Heptanol-4-d was prepared by reduction of 4-

heptanone with LiAlD,. Deuterium substitution is indicated in the IR by C-

D stretching bands centered at 2120 cm”. Titanium tetra-4-heptoxide,

Ti[O0CH(C3H7)5)]1,, and its d-labeled analogue were prepared by the quantita-

tive reaction of the alcohols with Ti(NMe,),. The H-D difference spectrum

of the tetraalkoxides is plotted in Figure 73, along with the difference

spectrum for the alcohols. Titanium tetra-4-heptoxide is a monomer in

solution, as reported by Mehrotra.’?

The Ti-tartrate complexes of 4-heptoxide, Ti(DIPT)[OCH(C3H5),]19 and

[1(DIPT)[OCD(C4Hy) 515, were then prepared by reaction of the tetraalkoxides

with Ti(DIPT),. A good example of the difference spectrum technique is pro-

vided by Figure 74, showing the protio, deuterio, and H-D difference spectra

together. Note that the C=0 stretching pattern is the same as observed for
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Figure 73. H-D Difference IR spectra for methine substitution in

4-heptanol and titanium tetra-4-heptoxide, CH,CT,.
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other Ti-tartrates in CH,C1,, and is the same for both samples (deuterium

substitution should have no effect on carbonyl stretching).

Overlaying the H-D spectrum for the titanium tetra-4-heptoxides with

that of the Ti-DIPT bis-4-heptoxides shows them to be virtually identical

(Figure 75), despite the fact that titanium is bound by tartrate in one

case and only by 4-heptoxide ligands in the other. This provides evidence

in the solution phase that 4-heptoxide occupies a terminal position in the

Ti(DIPT)[OCH(C4Hy)5 1], structure.

Figure 75. H-D Difference IR spectra for Ti(4-heptoxide), (a), and

Ti(DIPT)(4-heptoxide), (b).
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Since Ti(0iPr), is largely a monomer, an identical experiment was per-

formed with isopropanol-2-d, obtained from KOR Isotope Laboratories. The

overlay of H-D difference spectra for Ti(0iPr), and Ti(DIPT)(0iPr), is

displayed in Figure 77, again showing a good match, though not as close as

the 4-heptoxide case (perhaps because of the small amount of oligomeric

material present in Ti(OiPr),).
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Figure 76. H-D Difference IR spectra for Ti(0iPr), (a), and

Ti(DIPT)(0iPr), (b).
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The difference spectra of titanium tetraisopropoxide and titanium

tetra-4-heptoxide are not the same, as shown in Figure 77. Since the

experiment measures differences in C-H and C-D bending modes, which are

subject to interactions with adjacent substituents, we would not expect

isopropoxide and 4-heptoxide to give the same pattern. On the other hand,

4-heptoxide and, say, 5-nonoxide ligands should produce similar H-D

difference spectra.

To complement the observation of a reproducible terminal secondary

alkoxide pattern, we have prepared the trimeric compound Zr(0iPr),, with

deuterium substitution at the isopropyl methine position. If our

hypothesis is correct, the H-D spectrum of [Zr(0iPr), 14 should be much

different than that of Ti(0iPr),. Indeed, an overlay of the two shows them

to have few features in common (Figure 78).
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Figure 77. H-D Difference IR spectra for Ti(0iPr), (a), and

Ti(4-heptoxide), (b).
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Figure 78. H-D Difference IR spectra for Ti(0iPr), (a), and
Zr(0iPr), (b).
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Many potential applications can be seen because the concept of "model

compounds” takes on a new meaning in this experiment. For example, rather

than having to synthesize a ligand model for tartrate (that looks and acts as

much like tartrate as possible, but isn't), tartrate itself serves as its own

model. The problem is changed to finding a tartrate complex of known

structure with a a0 transition metal. In many cases, this will be easier than

preparing ligand analogues, the complexes of which have to be structurally

characterized anyway.

11. Conclusion

We list here the most important evidence supporting our assignment of

14 as the structure of the asymmetric epoxidation catalyst in solution, as

well as in the solid state.

For the following four reasons, the active catalyst is believed to be

a dimer:

a. The average molecularity of [Ti(tartrate)(OR),1, in solution is 2.

b. NMR measurements in different solvents show that a single struc-

ture comprises at least 807 of the total mixture in solution. Therefore,

this major structure must be a dimer.

c. NMR spectra also identify at least one of the minor species in

solution as the 2:1 Ti:tartrate complex. This material has been shown to

be a much more sluggish epoxidation catalyst than the 2:2 complex. Species

containing more tartrate than titanium have also been shown to be poor

catalysts for epoxidation of allylic alcohols.

d. The pseudo-first order rate of epoxidation varies linearly with Ti-

tartrate concentration over a 10-fold range, suggesting that the active

catalyst does not participate in a bimolecular equilibrium reaction with a

species of different aggregation state. That 1s, the dominant dimeric

species does not give rise to a trace amount of active reagent by dissocia-

tion to two monomers or by association to higher aggregates. The only way

for a non-dimeric species to be the epoxidation catalyst is for it to be

present in trace amounts and for it to be inert to aggregation equilibria.

The existence of such a substitutionally moribund Ti-tartrate complex is

very unlikely. Ti-tartrate is, after all, a Ti(IV) tetraalkoxide, and

tartrate ligands are subject to exchange among metal atoms just like mono-
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dentate alkoxides, albeit at a slower rate. (Indeed, the temperature

dependent nmr spectra of Ti(DET)(OEt), suggest that bimolecular tartrate

exchange reactions can be quite fast.) A Ti-tartrate complex inert to

equilibration with other structures in solution would probably be slow to

exchange monodentate alkoxides as well, and thus would be a poor epoxida-

tion catalyst.

So, we have concluded that the dominant species in solution is a dimer

and the active catalyst is a dimer; there is no evidence that they are the

same molecule. There always remains the possibility that a trace amount of

a dimer of different structure is the actual asymmetric epoxidation

catalyst, in the same way that a minor component of the asymmetric hydro-

genation reaction mixture was found to be the active species..t10 But unlike

asymmetric hydrogenation, the structure of the major species is consistent

with (or at least allows the rationalization of) the results of asymmetric

epoxidation. Because we have no reason to say that the observed dimer is

not the active catalyst, we shall proceed on the assumption that it is the

active catalyst.

For the following reasons, the catalyst structure in solution is

believed to be the same as indicated by the x-ray crystal structures:

a. NMR and IR spectra, including the observation of fluxional equili-

bration and different exchange rates of the two alkoxides with free

alcohol, are consistent with such a structure.

b. 174 NMR spectra show resonances of two different tartrate alkoxide

oxygens and only one type of monodentate alkoxide, consistent with the

tartrate-bridged dimer structure and inconsistent with the ten-membered

ring structure 321 (Figure 19) which has only terminal alkoxide bonds.

c. Difference FTIR spectra of deuterium-labeled alkoxide complexes

show the presence of only terminal isopropoxides in Ti(DIPT)(0iPr),, ruling

out an isopropoxide-bridged structure analogous to 20 (Fig. 19).
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Section III.

Proposed Mechanism

A. Introduction

The proposed catalyst structure, 14, is reproduced below. By virtue

of the C, symmetry axis, each titanium center is equivalent. Astriking

feature of the structure is that the two axial monodentate alkoxides are

found on the same side of the Ti, 0, core, which would allow an allylic

alcohol and alkylperoxide bound to two different Ti atoms to reach each

other. Since this is a property not shared by the other catalysts we have

considered (such as Ti(0iPr), alone or 2:1 Ti-tartrate) and since 2:2

Ti:tartrate is uniquely effective, such a bimetallic scheme seems an

attractive possibility. At this point, however, we are not able to see how

enantioselectivity and kinetic resolution might be achieved from such a

mechanism. We have recently returned to a closer inspection of the

pinuclear epoxidation scheme, and we are renewing our attempts at proving

whether or not it is viable.

We now consider how the chirality of tartrate is expressed if the

reaction occurs on one metal center. This is most clearly appreciated

when either Ti atom is viewed from a perspective in the plane of the Ti,0,

core. Structure 15 in Figure 79 shows this perspective for L-(+)-tartrate.

Notice how the tartrate ester groups provide steric bulk in a pseudo-C,

relationship by blocking two diagonal quadrants of space around the metal

center. A D-(-)-tartrate complex has the mirror-image local C, symmetry.

Figure 79. Pseudo-C, arrangement of ester groups about titanium.
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Allyl alcohol is epoxidized under catalytic conditions in 897 ee and

907 yield at o°c, 111 representing a value of 1.58 kcal/mole for the

{79



difference in energies of the two competing diastereomeric transition

states. Placing alkyl groups at four of the five possible positions of

allyl alcohol results in little or no loss in enantioselectivity (Tables 1

and 2). This suggests that allyl alcohol is subject to a set of enantio-

selective interactions that are not substantially perturbed by substitution

on the carbon skeleton. Therefore, at least some of these controlling

interactions cannot be steric in nature. We will start, however, by taking

a lock—-and-key analysis as far as possible, since steric effects are easier

to understand.

B. "Mapping" the Transition State

We have attempted to define the steric aspects of selectivity by

selected variations in the structures of allylic alcohol, tartrate, and

hydroperoxide.

The most spectacular of these effects, of course, is the result of

substitutionatClof the allylic alcohol. Each enantiomer of secondary

allylic alcohols is reactive with only one enantiomer of tartrate catalyst.

Thus it is the Cl position that must experience the greatest steric

crowding. Since relative rates of kinetic resolution increase dramatically

with the size of the tartrate ester group, the steric interactions at Cl

probably involve the tartrate ester functionality.

Recall also that substitution of chiral fragments for hydrogen at the

C2 and (Z)-C3 positions also results in good kinetic resolution, but most

chiral substituents at (E)-C3 are not kinetically resolved by asymmetric

epoxidation. Thus, in the transition state the allyloxy moiety experiences

some crowding at the C2 and (Z)-C3 positions, but not at the (E)-C3

site.

A similar set of experiments was performed by Schweiter for asymmetric

epoxidation of a series of prochiral substrates having tert-butyl

substituents at each position of the allylic alcohol skeleton;&gt; 3 the

results appear in Table 45.

Consistent with the kinetic resolution results, the (E)-C3 position

was found to be the least sensitive to steric hindrance (substrate 23),

(Z)-C3 the most sensitive (25), and C2 moderately encumbered (24 and 25).

The poor kinetic resolution observed when a t-butyl group is placed at the

carbinol carbon was quite surprising, since a cyclohexyl group causes no
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34
Table 45. Asymmetric epoxidation of t-butyl substituted allylic alcohols. J

MaJo-

Substrate Ti(OR)4/(+)-tartrate 4 e.e. Reaction Time Product Enantiomer

“Bu.

Ti(0iP=) ,/DE" JF f°

i“~~
-

a LOH Ti(0tBu),/DET 85 15 h 5

7 A

(on-B = Ti(0tBu),/DET 60 15+ rn

t-Bu
| Ti(0iPr),/DET 25 192 h

OH  Ti(0tBu),/DET 25 192 h

26

28
25

b e.8,

Substrate Ti(OR)4/(+)-tartrate Recovered Substrate % Completion

I-Bu
Ti(0iPr),4/DET IE_Af

27

on Ti(0iPr),/DET
t-Bu Ti(0iPr),/DMT

28

4.
7 \

*The major enantiomer (predicted to be 2S by the tartrate selection
“ule of Figure 1) has been correlated with a chiral alcohol, the
absolute configuration of which was assigned by the application of
Prelog's (reference 3f) and Eliel's (Eliel, E.L.; Lynch, J.E. Tetra-
hedron Lett. 1981, 2855-2858) rules of enantioselective addition to
carbonyl groups. The three enantioselection rules agree on the 25
assignment, but a rigorous correlation has not yet been performed.
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problems.

In order to explore the steric environment of the Cl position in

greater detail, we attempted the kinetic resolution of (3S)-4-phenyl-1-

penten-3-o0l, 29, at -20°C with Ti-(+)-DIPT (see below). The (3S) con-

figuration is the faster-reacting one with (+)-tartrate, so this experiment

explores the kinetic resolution at C4 within the favored epoxidation tran-

sition state of secondary allylic alcohols.

Ph

= A
SH

7 4

Ti: (LD -DIPT

TBHP. -20°C

66% completion

2h

OH
71% de

As detailed in the experimental section, a relative rate of 2.15 was

observed for kinetic resolution of the phenethyl center, translating to a

difference in energies of diastereomeric transition states of only 0.38

kcal/mole, a very mild steric effect. The (4S)-epimer was the faster-

reacting configuration.

The ability of C4 ( to the carbinol carbon in secondary allylic

alcohols) to tolerate secondary but not tertiary substitution indicates

that there is one particular area of space that is blocked near that center

in the transition state. Primary and secondary groups can fit by placing a

hydrogen atom in this region, but tertiary substituents cannot.

Consider Pedersen's observation that trityl hydroperoxide is an effec-

tive oxidant in asymmetric epoxidation?! We assume, in accordance with

the theoretical studies mentioned in the introduction, that both oxygens of

the alkylperoxide are associated with titanium in the transition state

(and, as shown by equilibrium constants and IR spectra, possibly in the

ground state as well). Therefore, there must be a lot of room available in

some area around the metal if the trityl group is to fit. This also

suggests that steric bulk in the hydroperoxide alkyl group is an important

element for success of the reaction, for there appears to be not all that

much room available around certain positions of the allylic alkoxide. If

the alkylperoxide group were smaller, it might allow the allylic alkoxide

to occupy the open area to the detriment of enantioselectivity and kinetic
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resolution.

In undesired support of these ideas, we obtained poor kinetic resolu-

tion of phenethyl hydroperoxide in the asymmetric epoxidation reaction,

with relative rates keoot/kslow not greater than 1.44. A list of results

appears in the experimental section. Had the trityl hydroperoxide result

been known at the time, this experiment might not have been attempted.

We also tried n-butyl hydroperoxide in the asymmetric epoxidation of

(E)-a-phenylcinnamyl alcohol and (E)-2-hexen-1-ol. As expected, asymmetric

induction was reduced with the smaller hydroperoxide: 92% ee for the former

and 757 ee for the latter, in epoxidations at -20°C using 2:2.4

Ti(0iPr),:DIPT in CH,Cl,.

C. Oxygen Transfer

The two monodentate alkoxides on a titanium atom in structure14

occupy axial and equatorial ligand sites. The replacement of these non-

reactive ligands by the epoxidation reactants can place either allylic

alkoxide or alkylperoxide in the axial position. Space-filling molecular

models of the crystal structure 13a and of 14 indicate that ol of the

alkylperoxide (R-02-01-T1) should occupy the equatorial position to give

the alkyl group enough room to accomodate the steric bulk of a trityl group

on coordination of 02. We believe that the bound carbonyl of 14 is

released from the metal in the transition state in response to the greater

steric congestion and greater electron donating ability of bidentate per-

oxide.

In considering the orientation of the reactants for oxygen transfer,

we make two additional assumptions:

(1) the peroxo oxygen distal to the alkyl group oly is transferred to

the nucleophilic olefin,l2fs 33 and (2) the most favorable approach of

olefin to the coordinated peroxide is along the axis of the 0-0 bond being

broken.

With alkylperoxide in the equatorial site, the 0-0 bond can be orien-

ted in the equatorial plane (the plane of the Ti,0, ring), perpendicular to

that plane, or at an intermediate angle. For a given coordination

geometry, the possible peroxide orientations will be restricted to those

that can accomodate a near linear attack by olefin on the 0-0 bond.
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In Section I, we mentioned Hanzlik's observation that the secondary

deuterium isotope effect in epoxidation of styrene by peracid was greater

for the B-carbon than the a-carbon, indicating that Cg-0 bond formation is

faster than Cy-0 bond formation (kp/ky = 1.22 for B,B-d, and 1.01 for a-

1.23 As this is a crucial point in our detailed mechanism, we performed a

similar experiment for the epoxidation of (E)-2-decen-1-0l by

Ti(DIPT)(0iPr), + TBHP, Ti(0iPr), + TBHP, and mCPBA. We also tested the

epoxidation of (E)-2-decenyl acetate by mCPBA. The results, summarized

below in Table 46 and described in detail in the experimental section,

showed small but equal (within experimental error) rate accelerations when

deuterium was substituted for hydrogen at C2 or C3. Thus, bond formation

to C2 and C3 occurs simultaneously, and we assume that the midpoint of the

C=C bond is aligned with the 0-0 axis, to make for an extended linear

transition state.

Fable 46. Secondary deuterium isotope effects in epoxidation reactions.
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Recall that the tartrate ligands are believed to impose steric conges-

tion in a C,-like relationship on two of the four quadrants of space

surrounding the Ti center. We suggest that the reactants in the linear

epoxidation transition state are constrained on steric grounds to occupy

the open quadrants around the Ti atom. With the use of space-filling

models, we rule out a transition state configuration in which the peroxide

0-0 bond lies in the equatorial plane, since that would place the olefin

also in the plane and result in severe steric crowding. A model in which

the peroxide 0-0 bond is nearly perpendicular to the equatorial plane

appears to be the least crowded one, resulting in a "meridional" (linear)

alignment of allylic alkoxide and alkylperoxide oxygen atoms and a roughly

octahedral titanium coordination geometry as represented in structure 16.

OR’ %e™
R'O_ | / a
0” ao— i SOR

oF bo
ro”0 ?

16

For the meridional arrangement of 16, there are four allylic alkoxide

conformations that allow the olefin to attack the peroxide in an Sn2

fashion; these are depicted in Figure 80. The Cy environment of the cata-

lyst serves to disfavor structures 16c¢c and 16d by virtue of a steric

interaction involving a tartrate ester group and Cl of the allylic

alkoxide.

The two remaining conformations, 16a and 16b, present opposite

enantiofaces of the olefin to the peroxide 0-0 bond, so the source of

enantioselectivity is not identified by ruling out 16¢c and 16d. Notice,

however, that the high level of kinetic resolution at Cl is explained by

the selection of arrangements 16a or 16b, in which substituent R' is

pointed away from the catalyst into a relatively open region of space,
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Figure 80.
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while R is forced into an area occupied by a tartrate ligand. When R = H,

this steric interaction is small, but when R = alkyl, structures 16a and

16b become unfavorable. The epoxidation of these slower reacting isomers

of secondary allylic alcohols (in which R = alkyl, R' = H) proceed with

little diastereoselectivity.&gt;C»112 For the same reason, tertiary allylic

alcohols also fail to undergo effective asymmetric epoxidation (e.g., entry

4 in Table 3).

Since both models 16a and 16b account for kinetic resolution behavior

at Cl, it is not, in principle, necessary for good kinetic resolution to be

accompanied by good diastereofacial selectivity. Uncoupling of the two

effects has been observed for (Z)-4-undecen-3-o0l, 17, which undergoes

asymmetric epoxidation at a slower than usual rate to give unreacted

allylic alcohol in 82% ee at 53% completion (k,.,; = 16 at -20°C) and

product epoxy alcohol with only a 4:6 ratio of erythro to threo isomers.3¢

Thus, the faster reacting enantiomer is epoxidized to approximately 20%

diastereomeric excess in the abnormal direction (i.e., contrary to the
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usual selection rule of Figure 1.113 The kinetic resolution, while effec-

tive and consistent with all other cases in the absolute configuration of

the slow- and fast-reacting enantiomers, is worse than usual in this case

(relative rates of 50-100 are routine), so the phenomena of kinetic resolu-

tion and asymmetric epoxidation may not be entirely independent. In the

language of our transition state model, the arrangement 16 represents the

favored placement of allylic alcohol 17 and TBHP on the metal (as it does

with most substrates), but neither conformation within that arrangement

(L6a or 16b) is significantly favored over the other. Furthermore, it must

be the Z-alkyl substituent that prevents attainment of the normal alignment

of olefin to peroxide, since secondary allylic alcohols without cis-alkyl

groups combine good kinetic resolution with good diastereofacial

selectivity.

The observed enantioselection in all prochiral cases is consistent

with structure 16a of Figure 80 being preferred. There seems to be no

steric interactions responsible for this preference, and the

enantioselection is virtually the same regardless of the substitution

pattern on the allylic alcohol: this is the point at which lock-and-key

considerations no longer avail. We believe that a stereoelectronic factor

determines which prochiral face of the olefin receives the oxygen atom by

substantially favoring the reaction from the olefin orientation in 16a over

that in 16b.

Unfortunately, identification of this putative stereoelectronic effect

must be left to speculation; we have found no way to examine it directly.

A simple geometric difference may be responsible: the required Sy2 approach

of olefin to peroxide can be reached more easily by the allylic alkoxide

conformation in structure 16a than in 16b. With crystal structures in

hand, simple geometric effects such as this may be meaningfully evaluated

by means of molecular mechanics calculations.

In Section I we cited two other possible modes of stereoelectronic

selection that have been suggested in the literature: a difference between

spiro and planar transition states (in this case, model 16a can achieve the

spiro orientation and 16b the planar, so spiro would have to be preferred

to rationalize the observed enantioselectivity); and alignment of a lone

pair with the olefin 7* orbital.l® No support for either of these sugges-

tions has been offered by the theoretical community, either in the litera-
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ture or in private communications. Indeed, Bach's calculations show force-

fully that no selectivity can be expected on a spiro/planar basis.

Another simple and attractive suggestion has been made to us

independently by Professors A. Eschenmoser and J.K. Whitese1l1.l14 Assuming

that the initial product of oxygen transfer is an epoxy alkoxide with the

epoxide oxygen bound to titanium, they note an essential difference in the

spiro and planar orientations of olefin and alkylperoxide. As shown below,

oxygen transfer from a spiro geometry (as in transition state 16a) yields

an epoxide with a lone pair already directed toward the titanium atom,

perfectly disposed for dative coordination. The direct product from the

planar orientation involves a Ti atom that lies well away from the epoxide

oxygen lone pairs, so that the incipient epoxy alkoxide moiety can only be

envisioned as bound to the metal center in a badly distorted fashion; this

should disfavor transition state 16b. To the extent that the transition

state resembles the bound epoxy alkoxide product, this difference provides

a compelling rationale for oxygen transfer through a spiro geometry in the

metal-catalyzed case. It appears, however, that the transition state is an

early one, resembling reactants more than products.}1?
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Finally, the different allylic alcohol conformations of 16a (0-C-C=C

dihedral angle of approximately 30°) and 16b (dihedral angle = 120°) may be

responsible for the enantioselection. It has been suggested to us by

several groups that the olefin in conformation 16b is deactivated toward

reaction with coordinated peroxide with respect to 16a by virtue of an

overlap of the allylic C-0 bond with the olefin T system (maximum when the

0-C-C=C dihedral angle = 900).,116 Bach has calculated that the initial

four—-electron interaction that drives the molecular orbital reorganization

188



in epoxidation is adversely affected by an allylic alkoxide dihedral angle

of 900.17 Professor Andrzej Cieplak has suggested that an overall shift of

olefin electron density into the allylic C-O bond results from this

alignment (citing reference 116b). Professor K.N. Houk has publishedab
initio calculations that support this latter view, 117

Hill and Sharpless have tested this proposition by measuring the

relative rate of epoxidation of two allylic ethers that are similar in

steric hindrance but have different 0-C-C=C dihedral angles. The dihedral

angle of olefin 18a is 178° and for olefin 18b it is 58° (by molecular

mechanics calculations). Substrate 18b, having a dihedral angle closer to

30° , is expected to be epoxidized at a slower rate by peracid. Indeed, it

reacts at a rate 13 times slower than 18a at room temperature,ll8

representing a value of approximately 1.5 kcal/mole for the difference in

energies of activation for epoxidation of the two substrates.

7 5
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Whatever the ultimate source of stereoelectronic selection, the

identification of 16a as the favored transition state model allows us to

rationalize many other features of the asymmetric epoxidation reaction.

Kinetic resolutions at positions other than Cl of the allylic alcohol

can be explained using model 16a.39&gt;k For example, 2-(1l'-phenethyl)-2-

propen-1-0l, 19, should adopt a conformation in which the hydrogen

substituent on the chiral center is directed toward the sterically

demanding Ti-tartrate catalyst as shown below. Based on the resulting

steric interactions of the phenyl (larger) or methyl (smaller) group with

the olefinic moiety, structure 19a is expected to be favored. Indeed, it

is found that the S enantiomer remains in ca. 80% ee after asymmetric

epoxidation of a racemic mixture of 19 with 0.6 equiv. of TBHP.
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Also correctly predicted by the favored transition state 16a (and not

by 16b) is the decreased selectivity observed when the olefin has a

substituent cis to the hydroxymethyl group. When the allylic alcohol is in

the conformation shown in 16a (dihedral angle = 30°), the dominant steric

interaction is that of the cis substituent with the coordinated allyloxy

oxygen. The interaction is small when the cis substituent is hydrogen.

With substitution ofa primary alkyl in the (Z)-position, the steric

interactions are evident in diminished rates but the asymmetric induction

remains high. When a large group (e.g., cyclohexyl or phenyl) is present

cis to the hydroxymethyl functionality, the rates diminish further and the

enantiomeric excess falls off dramatically. Kinetic resolution of a (Z)-C3

substituent, as in 4-phenyl-(Z)-2-penten-1-0l, is similarly rationalized:

orientation of the hydrogen atom of the (Z)-O-phenethyl group toward the

allylic oxygen places either a phenyl or methyl group over the preferred

olefin diastereoface. The remaining enantiomer after kinetic resolution is

therefore predicted to have the S configuration, which is indeed the

enantiomer isolated in 957 ee.

With our transition state model we can identify no diastereoselective

interactions involving an (E)-o-phenethyl group at C3 of an allylic

alcohol. Indeed, kinetic resolution at that position is found to be very

poor while the facial selectivity remains high. It takes the substitution

of a very large, branched structure at the (E)-C3 position to perturb the

asymmetric epoxidation to a signficant extent. In such cases (entries 8

and 19 in Table 3, for example), the (E)-C3 substituent interacts with the

tartrate ester group in the upper left quadrant of structure 16a, so re-

ducing the bulk of the tartrate ester group should help.
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As yet unexplained is the poor kinetic resolution exhibited by 3-

phenylpropen-3-0l (entry 16 in Table 3). A phenyl group is certainly no

larger in a steric sense than a cyclohexyl group, which causes no problems

in kinetic resolution (entries 4, 7, and 10 of Table 2). We therefore

suspect a stereoelectronic cause, and the suggestion of Bach that olefin

electron density as a function of 0-C-C=C dihedral angle is important

provides a possible clue. When the faster-reacting enantiomer of a

secondary allylic alcohol adopts the favored configuration 16a (for (+)-
tartrate), the 0-C-C=C dihedral angle is 30° and the dihedral angle with

the o-substituent (C4-C-C=C) is 90°. Placement of an aryl group at Ci

should have a different electronic effect than an alkyl group, though we

cannot estimate its magnitude a priori. If the electron-withdrawing

ability of an allylic substituent is the important factor, the substitution

of electron~donating substituents at the para-position of the aryl ring

would be expected to increase the effectiveness of kinetic resolution.

Such an experiment has not yet been performed.

D. Orthoester Mechanism

Another possible mechanistic pathway for the asymmetric epoxidation

involves the formation of an orthoester intermediate 29 from attack of an

allylic alcohol on the carbonyl group of a tartrate ligand as depicted

below. This pathway is kinetically indistinguishable from the allylic

alkoxide pathway we have been discussing. An orthoester is presumably an

intermediate in the Ti-catalyzed transesterification reaction which tar-

trates undergo at a rate usually much slower than that of epoxidation of an

allylic alcohol.
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For epoxidation to take place through an orthoester intermediate,

without transesterification being observed, requires that the ejection of

the tartrate OR group from the orthoester be much slower than loss of the

product epoxy alcohol from the orthoester. As an indirect test of this
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idea, we prepared the digeranyl ester of L-tartrate (DGT) and subjected it

to standard epoxidation conditions in the presence of an equivalent of

ri(0iPr),. The 2,3-double bond of the geranyl group was epoxidized exclu-

sively, but at a rate far slower than asymmetric epoxidation of geraniol

itself. No transesterification was observed during the reaction at -20°C.

Interestingly, on base hydrolysis of the tartrate, geraniol epoxide was

isolated in 95% ee in the same configuration (2S) as that formed in the

standard asymmetric epoxidation.
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Because of the slow rate and lack of appearance of free geraniol

epoxide during the DGT reaction, we do not assign a common orthoester

mechanism to epoxidation of geraniol and digeranyl tartrate. Rather, we

regard the DGT reaction as an example of a different mechanism altogether.

The geranyl ester group, when introduced into a model of the catalyst

structure appears able to reach a bound alkylperoxide without the need for

an orthoester form, though we cannot identify a reason for the high enan-

tioselectivity without further experiments. The epoxidation of allylic

tartrate ester groups may prove to be a useful adaptation of the asymmetric

epoxidation reaction in cases in which product epoxy alcohols are sensitive

to opening, or for homoallylic alcohols which give poor enantiomeric excess

in the standard procedure.

E. Asymmetric Ligands Other Than Tartrate

In reference 3j are listed the results of asymmetric epoxidations with

Ti(0iPr), and a selection of 50 chiral ligands. We have reproduced a few

of these in Table 47 for discussion.

The first two entries, DET and DNBnT respectively, show good asym-

metric induction in the 2:2.4 system and opposite selectivity in the 2:1

regime. Entry 3 shows that the benzyl group of the tartramide can be
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replaced by a butyl group with the same general results. On the other

hand, a secondary alkyl amide group is harmful (entry 4) whereas secondary

tartrate ester groups perform well (DIPT and entries 5-6). So the

tartramide-mediated epoxidation is more sensitive both to amide group and

substrate structure.3%
Entry 7 shows the substitution of methyl groups on the tartrate skele-

ton to be harmful. In a structure analogous to 13a, these methyl groups

would be in a gauche arrangement (Me-C(OTi)-C(0Ti)-Me dihedral angle of

approximately 60°). Release of the bound ester carbonyl from the metal, as

envisioned for the transition state, would tend to push the methyl groups

toward an unfavorable eclipsed conformation. Replacement of the methyl

groups by a four-carbon linkage would produce a 1l,2-cyclohexanediol

diester, which would not suffer a bad eclipsing interaction. Our predic-

tion that such a ligand should be successful in asymmetric epoxidation is

currently being tested.

Entries 8-12 show that a diol ester functionality is necessary for

good asymmetric induction, but the results at the end of Table 47 show that

both ester groups of tartrate are apparently not needed. In entries 13 and

L4, one ester group of tartrate is replaced by a phenyl group (ligand 15)

or a cyclohexyl group (16) to give epoxidation in the same sense of asym~

metric induction as tartrate itself. The better performance of the cyclo-

nexyl substituent in asymmetric epoxidation is seen also in kinetic resolu-

tion (entries 15 and 16), though 16 is not as effective in this regard as

tartrate.

No other single result more effectively highlights the unique activity

of the asymmetric epoxidation catalyst than entry 14 in Table 47, for the

IR (Figure 16) and nmr spectra (not shown) of 2:2 mixtures of 16 with

Ti(0iPr), indicate the presence of more than one major species in solution.

In the presence of probably several complexes in roughly equal amounts,

asymmetric induction remains high. Each of the Ti-ligand species could be

an enantioselective catalyst, but this is unlikely when the presence of

minor species in Ti-tartrate reaction mixtures cause enantiomeric excess to

fall. If only one of the complexes in solution is an enantioselective

catalyst, it must be a far more active catalyst as well. We suggest that

this is indeed the case, and that the selective species is a complex of
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Table 47. Ligands used in the epoxidation of (E)-o-phenylcinnamyl

alcohol by Ti(0iPr) , and TBHP at 0°C in CH,CL,.

Entry

*

-
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Ou Mice
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Table 47. Continued.

Entry

omy
—

ae

14

Ligand

HO
OMe

HO Ww OMe

J

Hou ome
HOY NF |

Wo

J

HD Me

HOY
L

Ti:Ligand % ee C2 Configuration

1 7 “3

2):1.2 30) J

1.01.2 i"

Kinetic resolution of (E)-cyclohexylpropenyl carbinol, 1:1.2 Ti:Vigand, -20°C.
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J

J
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I

_OEtHo

Kel

1.36

"= L a" 4

36

Slower-reacting enantiomer
configuration
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-

2

Bh}
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structure analogous to 14, with the free ester groups replaced by the

cyclohexyl substituent of 16.

Having developed some ideas about the source of asymmetric induction,

an understanding of the reasons for the unique kinetic activity of the

enantioselective catalyst is just as important for the design of new oxida-

tion systems. While we do not have a single explanation for the catalyst's

robust behavior, we can identify three important properties possessed by

structure 14 that are not all shared by any other potential catalyst:
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(1) Three tartrate oxygen atoms bound per Ti center. By virtue of the

electron-withdrawing ester groups, tartrate is a fairly acidic alkoxide,

which serves to activate the titanium center toward peroxidic oxygen

transfer. Perhaps epoxidation activity increases with an increasing number

of bound tartrate oxygens, keeping two monodentate alkoxides available for

exchange with hydroperoxide and allylic alcohol. Tartrates with electron-

deficient ester groups should provide even more active systems if this

concept is valid.

(2) A facile mechanism for monodentate alkoxide exchange. The reac-

tants first have to reach the metal, so rapid exchange of alkoxides is

important. Release of the bound ester carbonyl provides an easy way for an

associative exchange mechanism to operate.

(3) A restrictive ligand environment to ease the entropic burdens of

oxygen transfer. Metal-mediated epoxidation involves the assembly of five

atoms in a close, well-ordered arrangement (M, 0-0, and C=C), giving rise

to a large entropic barrier to reaction. When allylic alcohol and hydro-

peroxide find themselves bound to the same titanium atom in structure 14,

they are already in close proximity to each other. Part of the unfavorable

entropy change for reaction has therefore been distributed among steric and

torsional interactions in the entire complex. Structure 14 has a firm

tartrate skeleton (recall the unusual 1640 em™1 IR band characteristic of

this complex), and is able to absorb the additional energy cost of forcing

the reactants into close quarters. The combination of a restrictive ligand

environment with rapid ligand exchange is unique to this structure among

epoxidation catalysts.
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Section IV.

Appendices

Appendix 1. "Reversed" Enantioselective Systems Based on 2:1 Ti:Tartrate

In the introduction we mentioned the 2:1 Ti:tartramide and 2:1 (or

2:2) TiCl,(OR),:tartrate systems that produce epoxide products of opposite

configuration than those produced by the normal asymmetric epoxidation

reaction. Both the tartramide and TiCl,(0iPr), systems are characterized

by a stronger Ti-carbonyl interaction — the first by increasing the Lewis

basicity of the carbonyl group, 119 and the second by increasing the Lewis

acidity of the metal. We therefore reasoned that increasing the Lewis

acidity of the metal by other means might produce the same inverse

enantioselection. Thus, the addition of electron-withdrawing additives to

the 2:1 Ti:tartrate system results in the reversal of enantioselectivity

from 80% (2S) to 80-90% ee (2R). The results of an exhaustive study on the

effects of various additives on the asymmetric epoxidationofa-phenyl-

cinnamyl alcohol conducted by Mr. Jonathan Ellman appear below in Table 48.

The additives p-nitrophenol (pK, = 7.2-7.5), pentafluorophenol

(pK, = 5.5), and hexafluoroisopropanol (pK, = 9.3)120 were successful at

reversing the sense of asymmetric induction. The importance of the

electron-withdrawing ability of the additive is emphasized by the use of

phenol itself (pK, = 9.9), which, though it binds well to Ti(1Vv),’22sh

gives (2R)-epoxy alcohol in only 67% ee (entry 8).

The importance of binding affinity is emphasized by the hexafluoro-

isopropanol resultsinentry10.Atthe1:0.5:1stoichiometryratio,the

enantiomeric excess was not reproducible. Doubling the amount of catalyst

with respect to substrate dramatically improved the ee, while reducing Ti-

tartrate to catalytic concentrations resulted in poor asymmetric induction.

These results show that hexafluoroisopropanol is not an exceptionally good

ligand for titanium and is being displaced by other alcohols present in

equal or greater amounts. When the electron-withdrawing additive is washed

off the catalyst, the reversed enantioselectivity is lost,

Addition of pentafluorophenol and hexafluoroisopropanol served to

raise the enantioselectivity of the 2:1 Ti:tartramide epoxidations slightly

{entries 41-45).

Entries 14-22 explore the effects of adding water to the Ti-tartrate
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Table 48. Epoxidation of o-phenylcinnamyl alcohol by the given reagents

and TBHP; CH,Cl,, -20°C.

Entry Ti(0iPr),:DET:Additive® Additive 7% ee (config.)

10 : 12:©

5 «+10:0

——a, &gt;98 (28)
80 (25)

10 : 12 : 10

10: 5 : 5

10 : 5 : 10

10:5:15
1 ¢: 0.5:1

p~NO,-Phenol 79 (28)
51 (2R)
80 (2R)
68 (2R)
84 (2R)

v3

N 10: 5: 10 Phenol 6 (2R)

) 10: 5 : 10

1 : 05:1
(F,C),CHOH 77 (2R)

50 (2R)
45 (2R)
70 (2R)
84 (2R)
15 (2R)

 NN

2: 1:2

0.1 : 0.05:0.1 r 4

Ll 2 1 » bi Pentafluorophenol 90 (2R)

L2

13

1 : 0.5 :1

1 «: 0.5«+1
2,4-Dinitrophenol 2 (28)

1,4-Dinitro-o-cresol 79 (2S)

Addition of Water

10 : 12 : 5

10 : 12 : 7.5

10 : 12 : 9

10 : 12 : 10

10 : 12 : 20

10: 5:5

10 : 5:10

10 : 5 : 20

1,0
a)

97 (28)
92 (25)
77 (28)
48 (28)

9 (25)
86 (25)
14 (28)

6 (25)

rt

1

ry

-

Vv

22 10:1210 62 (25)

% Yield

90-95

90-95

40

70

78

59

67

88

75

973

66

Rxn. Time

15 min.

15 min.

15 min.

15 min.

15 min.

15 min.

15 min.

0° C

15 min.

15 min.

15 min.

slow

slow

50%, 15 min.

&gt; 24 h

25%, 48 h

75%, 3 h
&gt;24 h

DIPT used

a. With respect to 1.0 equivalent of allylic alcohol.
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Table 48. Continued.

Entry Ti(0iPr),:DET:Additive® Additive 7% ee (config.) 7% Yield Rxn. Time

Other Additives

23 10 : 12 : 10

24 10: 5:5

25 10 «+ 5 : 10

26

27

28

10 : 12 : 10

10 : 5 : 16

10 : 5 : 5

29

30

31

32

10 : 12 : 10

10 : 5 : 10

10: 5:5

2 + 2 +2

33

34

35

10 : 12:5

10 : 12 : 10

10 «+ 5 + §

36

37

10 : 12:5

10 : 12«+§

Benzamide 98 (25)
45 (28)
44 (28)

p-Toluenesulfonamide &gt;98 (25S)
58 (28)
59 (28)

Benzylamine 93 (28)
17 (285)
16 (25)
94 (25)Triethylamine

Ethylene Glycol &gt;98 (28)
92 (28)
86 (2S)

Pinacol &gt;98 (28)
2,2-Dimethylpropanediol 94 (2S)

01

15 min.

30 min.

30 min.

15 min.

30 min.

30 min

100 min.

120 min.

120 min.

30 min.

15 min.

3h

15 min.

15 min.

15 min

Reactions using DNBnT (prepared from L-tartrate)
7 ee

Entry Ti(0iPr), :DNBnT:Add.? Additive (Configuration) 7% Yield Rxn. Time

38

39

40

41

ho

43

44

45

46

LT

10 : 12:O

10: 5:0

1 : 0.5 :1

1 : 0.5 :1

2 «+ 1 + 2

P~NO,-Phenol
(F4C),CHOH

2: 1:2 Pentafluorophenol
0.1 : 0.05 : 0.1 !

0.02 : 0.01 «+ 0.02

10: 5:5
10: 5 : 10

i £
7

)
} ¢

98 (28)
82 (2R)

60 (2R)
89 (2R)
91 (2R)

90 (2R)
91 (2R)
83 (2R)

62 (2R)
15 (2R)

90

90

75

82

94

90

95

1 h

30 min

Overnight

66%, 2 h

S0%Z., 2 h

a. With respect to 1.0 equivalent of allylic alcohol.
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system, experiments inspired by the observation of Kagan and Pitchen that

the 2:2:2 Ti:tartrate:H,0 system is a highly enantioselective reagent for

the oxidation of sulfides.8’ As expected, water reduces both the rate and

enantioselectivity of asymmetric epoxidation. Interestingly, the addition

of 0.5 equivalents of water (relative to Ti) to the 2:1 system causes a

slight increase in the (2S) selectivity of that reagent (entry 19).

To test the substrate dependence and epoxide opening activity of the

electron-withdrawing additive systems, epoxidations were attempted on 2-

phenylpropenol with various reagents. Only mixtures containing DNBnT

allowed the isolation of epoxy alcohol: the 2:2 Ti:DNBnT reagent gave

epoxy alcohol in 627% ee, and the 2:1:2 Ti:DNBnT:pentafluorophenol reagent

afforded epoxy alcohol of the opposite configuration in 657% ee (absolute

configurations were not assigned).

In the epoxidation of para-nitrocinnamyl alcohol with the 2:1:2

Ti:DET:(F3C),CHOH system, epoxy alcohol was produced in only 137% ee (2R)

and 90% yield. The substrate 2-tetradecylpropenol was epoxidized in 71% ee

(2R) and 90% yield by the same reagent. Thus, the additive systems are

more sensitive to substrate structure than the standard asymmetric

epoxidation, much like the other reversed-selectivity catalysts.3Js8%

Burns and Sharpless have discovered that the use of electron-deficient

hydroperoxides results in reversal of asymmetric induction by 2:1 Ti:tar-

trate catalysts.l2l Thus, in the epoxidation of a-phenylcinnamyl alcohol

with 2:1 Ti(0iPr),:DET, 2-cyanopropyl-2-hydroperoxide (30) affords epoxy
alcohol in 807% ee (2R) and tris(p-nitrophenyl)methyl hydroperoxide (31)

gives (2R) product in 367% ee.

Burns has also measured the pseudo-first order rate of epoxidation

of the standard 2:2 system with a series of other hydroperoxides,

confirming the suggestion that greater electron deficiency boosts the

rate. }?1 Under a set of standard conditions (Ti:DIPT = 1:1.2, 0°c, CH,C1,

solvent, (E)-2-decenol substrate), the following relative rates were

observed:
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Hydroperoxide
TBHP

Relative Rate

1.00

31
Trityl (Ph,COOH)

19

0.86

0.31

0.86

NL 00H Me
ON COOH P50 Cook

CN 3 Me

a

~~+L 31 37

Note the rate increase obtained on substituting a nitro group on each

aromatic ring of trityl hydroperoxide.
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Appendix 2. NMR of Ti:(dl)-DIPT Mixtures

The proton nmr spectrum of a 1:0.5:0.5 mixture of Ti(0iPr),: (+)-DIPT:
(-)-DIPT is shown below in Figure 81. In addition to the normal Ti-tartrate

resonances at 5.16 (ester methine) and 4.76 (Ti-OiPr methine) are found

multiplets at 5.10 and 4.67; these are assigned to the (dl)-tartrate com-

plex Ti, (d-DIPT) (1-DIPT) (0iPr),. On irradiation of the upfield methyl sig-
nals, the bands at 5.16, 5.10, and 4.76 collapse to singlets, while the 4.76

band resolves into a major resonance plus two shoulders, which may repre-

sent different isopropoxides of one or more Ti-(d1l)-DIPT complexes. Major

and minor resonances are present in approximately a 65:35 ratio, so we can

say that the homochiral tartrate dimer is somewhat more stable than the

d1-DIPT complex.

The spectrum of a 1.0:0.7:0.3 mixture of T1(0iPr),: (+)-DIPT: (-)-DIPT
shows a smaller amount of the bands assigned to the (d1)-DIPT complex, as

expected.

Figure 81. y NMR of Ti(0iPr), complexes with (d1)-DIPT and

40% ee DIPT in CDCl, at 295°K; 5.5-4.3 ppm.
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Appendix 3. Optical Rotation vs. Concentration of Ti(DIPT)(OiPr),

In section II, we discussed nmr and IR evidence for the presence of a

second Ti-tartrate species in 1:1 mixtures of Ti(OR), and dialkyl tartrate.

Since the amount of this complex appeared to depend on concentration, we

neasured the optical rotation of Ti(DIPT)(0iPr), as a function of concen-

tration in three different solvents. If the optical rotation of the minor

species were significantly different from the major one, we would expect a

non-linear plot of rotation vs. total concentration. The results below

show that linear plots were found within the error limits of the

mesurement.

Two experiments in isopropanol were performed, one with

Ti(DIPT)(0iPr), prepared from Ti(DIPT)(OiPr)Br and the other prepared from

ri(0iPr), plus DIPT. The slopes and y-intercepts for these two experiments

are not the same. A systematic error in the measurement of concentration

is the most likely reason for this discrepancy, since the IR and nmr

L ww
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spectra were identical for these two preparations. Non-zero y-intercepts

(with otherwise linear plots) also indicate an error in concentration

measurement for these solutions.
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Optical rotations were measured at ambient temperature; the tempera-

tures given are accurate to * 0.3 degrees in comparison between experiments

and * 0.2 degrees within each experiment. A typical procedure for sample

preparation follows:

To a solution of 0.845 g Ti(DIPT)(OiPr)Br (0.00201 mol) in 15 mL ether

was added 0.34 mL triethylamine (0.0024 mol) followed by 0.30 mL

isopropanol (0.0039 mol). A white precipitate immediately formed and the

reaction was allowed to stand with occasional shaking for 45 minutes.

After filtration and washing of the filtrate with ether (3 x 10 ml),

removal of solvent from the combined solutions afforded a clear oil and

0.358 g of recovered Et {NH Br~ (99%). The oil was taken up in 10 mL of

CH,Cl, and evaporatedinvacuotoremoveexcessiPrOH.Thisprocesswas
repeated twice more and the product was transferred to a 2.0 mL volumetric

tube and diluted to the mark, to afford a solution of Ti(DIPT)(OiPr), that

was 1.0 M in Ti.

The 1.0 M solution was diluted by removal of 0.80 mL with a volumetric

pipette into another 2.0 mL volumetric tube, with dilution up to the mark

(taking care to rinse the pipette into the solution) to afford a 0.40 M

solution, Solutions of 0.10 M and 0.02 M concentration were similarly

prepared by dilution. A solution 0.8 M in Ti was prepared from

Ti(DIPT)(OiPr)Br as above, and used to prepare solutions of 0.2 M and

0.04 M.

Solutions for the first iPrOH experiment above were prepared from

Ti(DIPT)(OiPr)Br in the same way, omitting the CH,Cl,/vacuum cycles. For

the second experiment in iPrOH, 0.592 g Ti(0iPr), (0.00208 mol) and 0.488 g

(+)-DIPT (0.00208 mol) were mixed in a 2.0 mL volumetric tube in dry

isopropanol, to afford a solution 1.04 M in titanium. All the other

solutions were prepared by dilution.
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Appendix 4. Circular Dichroism of Titanium Tartrates.

CD measurements were made on a Jasco CD instrument at ambient

temperature. The results show different patterns for 2:2 and 2:1 Ti:ligand

systems. We cannot interpret them in detail, since very little is known

about the relationship of CD spectra to structure for a© transition metal

complexes.l22 Note the differences in 2:2 and 2:1 Ti:ligand spectra.

Spectrophotometric grade cyclopentane (CsHyp) was dried with activated

3A molecular sieves; CH,C1, was reagent grade solvent distilled under

nitrogen from Cal, and stored over sieves. The ligands used were (+)-DIPT

and DNBnT prepared from (-)-tartrate. Pentafluorophenol was dissolved in

toluene and stored over molecular sieves; nmr was used to determine the

concentration of pentafluorophenol in the stock solution.
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Circular Dichroism

Solvent Conc.(mg/mL)Spectrum Sample Path Wavelength Ae (mdeg)
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Appendix 5. Kinetics of 17 Catalyst Epoxidationms.

Kinetics of Epoxidation by OV(OR)4.

Table 49. Entries 71-73. Table 50. Entries 66-67.

One of the earliest indications that such a reaction as asymmetric

epoxidation was possible came in Dr. Tsutomu Katsuki's observation in 1979

that the rate of epoxidation of an allylic alcohol by Ti(dipic)(0iPr), was

faster than that of Ti(0iPr), itself (dipic = 2,6-dipicolinic acid). This

was a rare case in which a chelating ligand caused the activity of the

complexed metal to increase. A more rigorous kinetics experiment was

undertaken to confirm this observation. The results appear in Table 49.

Table 49. Kinetics of the epoxidation of E-2-hexenol by 1 molZ% catalysts.

Solvent = CH,Cl, (distilled from CaH,). Oxidant = TBHP in toluene.

(M) (M) M) Mt sec)
[Catalyst] [Hexenol] [TBHP] k,® ky?Entry

71

12

Ti(0iPr), 0.00060 0.0593 0.119 0.10 0.12

OV(OEt)4 0.00060 0.0593 0.119 0.51 0.42
Ti(dipic)(0iPr), 0.00086 0.086 0.154 0.04

dipic = 2,6-dipicolinic acid

kq = rate constant from disappearance of hexenol,

Ko = from appearance of 2,3-epoxy-l-hexanol.

73

a.

Note that Katsuki's initial observation was incorrect: the initial rate of

epoxidation by Ti(0iPr), is about twice as fast as by Ti(dipic)(0iPr),.

However, the gc data reported below shows that the Ti(0iPr), stopped after

about an hour, whereas Ti(dipic)(0iPr), remained an active catalyst for

many hours. Coordination of dipicolinate, then, stabilizes the catalyst,

but does not increase its rate of reaction.

While OV(OEt)4 is the most active of the three catalysts at the 1%

level, Table 50 shows OV(0iPr), to be a sluggish catalyst under pseudo-

first order conditions. These results are included because of an interes-

ting observation in entry 68: the use of ethanol in place of isopropanol

as an inhibitor actually raises the rate of epoxidation. Since OV(0iPr)4

is a monomer and OV(OEt)q is a trimer, this points out that aggregation can
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dramatically change the behavior of a catalyst, in this case by increasing

the rate (possibly because of favorable epoxidation reactions requiring two

metal centers).

Table 50. Pseudo-first order kinetics.

Substrate = trans-2-hexenol. Catalyst = OV(0iPr),.

Solvent = CH,Cl, (distilled from CaH,). Oxidant = TBHP in toluene.

(M) (M) M) (107% sec™h)

Entry [OV(0iPr),] [1iPrOH] [ TBHP] Rate. Sieves
56 0.0138 0.204 0.0150 0.45 none

57 0.0133 0.107 ' 1.2

58 0.0131 0.054 iPrOH 1.57
0.056 EtOH

J

Pseudo—first order kinetics measurements for Table 50 were performed

exactly as for the other epoxidations of (E)-2-hexen-l-ol by titanium

catalysts.

1Z Catalysis

The following stock solutions were prepared and used immediately: (a)

5.9363 g Ti(0iPr), (0.0208 mol) in 51.52 g CH,Cl, (total volume = 45.0 mL,

0.465 M), (b) 5.0749 g OV(0Et), (0.0251 mol) in 62.10 g CH,C1, (total

volume = 51.5 mL, 0.488 M), and (c) 1.674 g Ti(0iPr), (0.00589 mol) and

0.984 g 2,6-dipicolinic acid (0.00589 mol) were stirred overnight in 100.0

mL solution (toluene) in a dry 100 mL volumetric flask; the mixture

remained slightly cloudy, suggesting the presence of a slight excess of

dipicolinic acid.

Entry 71: A dry, 100 mL volumetric flask equipped with a stir bar

was charged with 0.900 mL of a 7.0:2.0 (v:v) mixture of trans-2-hexen-1-ol

and n-hexadecane (0.594 g allylic alcohol, 0.00593 mol) and ca. 50 mL

CHyCl,; 0.128 mL of the Ti(0iPr), stock solution (0.000060 mol) was then

added by gastight syringe, followed by CH,C1, to approximately 95 mL. A

small amount of this solution (0.4 mL) was removed and subjected to the

workup conditions as a tj sample. To begin the reaction, 0.0119 mol TBHP

was added by cannula (3.23 mL of a 3.68 M solution in heptane) with rapid

stirring, followed immediately by CH,C1, to the 100.0 mL mark. Aliquots of
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10-20 mL were removed through a teflon tube into 10 mL of an aqueous

FeSO, /tartaric acid quench solution. After stirring vigorously for 5

minutes, 30 mL of ether were added and the organic layer was separated,

dried (MgS0,) and removed directly for gc analysis. The results are

summarized below. Note that the reaction was run at room temperature (ca.

23°C).
Entry 72: In an identical procedure to entry 71, the same amounts of

reagents were used except for OV(OEt)4 (0.122 mL of the stock solution,

0.000060 mol) instead of Ti(0iPr),.

Entry 73: A dry 50 mL round-bottomed flask was charged with 0.2050 g

trans-2-hexen-1-ol (0.00205 mol), 0.1 mL n-hexadecane, and 30.353 g CH,Cl,

(22.8 mL). To this solution was added 0.348 mL of the Ti(dipic)(0iPr),

stock solution (0.000020 mol). After working up a small amount of the

solution for a tg sample, TBHP was added to begin the reaction (1.00 mL of

a 3.68 M solution in heptane). Thus, the total volume of the solution was

23.8 mL, making the reaction 0.00086 M in catalyst, 0.086 M in substrate,

and 0.154 M in TBHP. Aliquots of 2-4 mL were removed by cannula into a

test tube with 1 mL FeSO,/tartaric acid quench solution. After vigorous

shaking for one minute, the organic layer was removed by pipette into a

test tube with 0.5 g MgSO, and approximately 10 mL ether was added. After

shaking, the supernatant was removed for gc injection.

The gc results are given below:

Entry Catalyst Time (min) GC (hexenol/std)

71 T1(0iPr), 0.00 2.560
7.33 2.196

17.58 1.945

28.92 1.733
38.67 1.616

48.00 1.544

58.92 1.477

GC (product/std)
— WJ

0.310

0.557

0.742

0.825

0.873

0.884

If we assume a steady-state condition for the catalyst, and we examine

only the early part of the reaction, we can treat the epoxidation as a

standard bimolecular process: A + P =) E , where A = hexenol, P = TBHP,

and E = 2,3-epoxy-l-hexanol. The rate expressions for the disappearance of
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A and the appearance of E are given below:

Disappearance of A: [Ay - Pgolkt = 1n[(P)(A)/(Ap(Py — Ap + A))].

Thus, a plot of time vs. In[(Pp)(A)/(Ag(R, - Ag + A))] should be a

straight line with slope = k[Aq - Ppl.

Appearance of E: [Ag = Pglkt = 1In[(Ay~E)/(Py-E) - 1n(Ay/Pg).

A plot of time vs. In[(AG-E)/(Py-E) should be a straight line with slope

= k[Ay — Pg].

equations, Ay = [hexenol] at the start of the reaction

Py = [TBHP] at the start of the reaction

A = [2-hexenol] at time t

E = [2,3-epoxy-1-hexanol] at time t

If we assume that the gc response factor of hexenol/hexadecane is linear,

then the gc data gives us the concentration of A in each aliquot. Using

this information, we can estimate the gc response factor for 2,3-epoxy-1l-

hexanol and hexadecane, and thus obtain the concentration of E in each

aliquot. The necessary logarithmic expressions are then easily calculated,

as shown below.

Catalyst Time GC (A/std) GC (E/std) [A] [E] bIn(X,)® In(Xg)

0.00 2.560 ve

7.33 2.196 0.310 0.0509 0.0084

17.58 1.945 0.557 0.0451 0.0152

28.92 1.733 0.742 0.0401 0.0202
38.67 1.616 0.825 0.0374 0.0224

48.00 1.544 0.873 0.0358 0.0237

a. X, = In[(Py)(A)/(Aqg(P, - Ag + A)

b. Xp = 1n[(Ag=E)/(Py-E)

[he first three data points provide passable linear plots:

time vs. 1n(X,) : RZ = 0.993, slope = -0.006,

k = -0.006/(0.0593 = 0.119)=0.10Mlsec™!

RZ = 0.996, slope = —0.007

k = =0.007/¢0.0593 — 0.119) = 0.12 M lsec”!

-0.0796 -0.773

-0.147 -0.852

-0.214 -0.923

-0.256 -0.959

-0.284 -0.981

The same analysis is applied to the data for entries 72 and 73:
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Catalyst Time GC (A/std) GC (E/std) [A] [E] In(X)?  1n(xp)P

OV(OEt)4 0.00

9.33

19.82

29.33

39.08

60.00

2.560

1.396 1.021

0.858 1.40

0.600 1.60

0.442 1.77

0.249 1.96

0.0323

0.0199

0.0139

0.0102

0.0058

0.0278

0.0381

0.0435

0.0482

0.0533

-0.349

-0.689

-0.968

-1.223

-1.73

-1.058

atPX

-1.56

-1.85

-2.39

For the first three data points:

time vs. In(X,) : RZ = 0.9997, slope = -0.031,

k = -0.031/(0.0593 — 0.119) = 0.51 M lsec™1

RZ = 0.9994, slope = -0.025

k = -0.025/(0.0593 ~ 0.119) = 0.42 M lsec™!

Catalyst

Ti(dipic)(0iPr),

Time

0.0

3.0

6.0

9.0

12.0

15.0

30.0

60.0

overnight

GC (A/std)

2.010

1.984

1.949

1.941

1.896

1.85

1.69

1.45

0.72

[A]

0.086

0.085

0.083

0.083

0.081

0.079

0.072

0.062

0.031

-0.0058

-0.014

-0.016

-0.026

-0.038

-0.080

-0.157

-0.583

For the data points from 3.0 to 60.0 minutes,

time vs. 1n(X,) : R% = 0.997, slope = -0.0027,

k = =0.0027/(0.086 — 0.154) = 0.040 M lgsec™!
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Appendix 6. Decomposition of 1,2-Epoxy-3-nonenol, 11, with Ti-tartrate.

The decomposition, as well as the preparation, of 2,3—-epoxy alcohols on

Ti-tartrate can be a selective process.123 We demonstrated this by exposing

a racemic mixture of 1,2-epoxy-3-nonenol to Ti-tartrate under standard

epoxidation conditions. As detailed below, the threo epoxy alcohol

diastereomer decomposes at a rate about twice that of erythro epoxy alcohol,

and the threo diastereomer undergoes some enantiomeric kinetic resolution,

leaving the S enantiomer with (+)-tartrate and the R enantiomer with (-)-

tartrate in greater than 957 ee. Both enantiomers of the erythro material,

on the other hand, are opened at about the same (slow) rate.

Erythro-11isthediastereomer produced selectively by asymmetric
epoxidation. If it binds to Ti-tartrate in the configuration indicated by

our transition state model 16a, the alkyl group at Cl points away from the

catalyst and over the back of the epoxide group, shielding it from external

nucleophilic attack. It makes sense, then, for the favored product of

epoxidation to be the disfavored substrate for opening. Experimental details

follow:

A racemic mixture of epoxy alcohols 11 in a 42:58 ratio of erythro:threo

isomers was prepared by m-chloroperbenzoic acid epoxidation of racemic 1-

nonen-3-0l; the nmr spectra and gc properties match those reported

previously.
A solution of 1.0771 g 11 (6.81 mmol), 0.2529 g pentadecane, and 1.7540

g (+)-DIPT (7.49 mmol) in 38 nL CH,Cl1, was cooled to 0°C under argon; a small

amount (ca. 0.5 mL) was removed and subjected to the workup conditions below

as a ty sample. To the cooled solution was added 1.9349 g Ti(0iPr), (6.80

mmol) by gastight syringe. A second solution was similarly prepared with

1.0645 g epoxy alcohols (6.73 mmol), 0.2499 g pentadecane, 1.7334 g (-)-DIPT

(7.40 mmol), and 1.9122 g Ti(0iPr), (6.72 mmol). The reaction flasks were

stored in a refrigerator at 2°c, and transferred to an ice bath for

monitoring of the reaction. Aliquots of 3-5 mL were transferred by cannula

into a 1:1 acetone:water solution (10 mL), stirred vigorously for 2 h,

filtered through Celite, and evaporated. The residue was taken up in 20 mL

ether and stirred at 0°C for 20 minutes with 6 mL of a 1N NaOH solution in

saturated NaCl. The organic phase was then washed with water, dried over

MgS0,, and evaporated to give a clear oil, which was taken up in 1 mL ether
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for gc analysis.

At 141 h, each reaction solution was quenched as above and a small

amount removed for gc. The remaining residue was chromatographed (15:85

EtOAc:hexane) to isolate unreacted epoxy alcohol (erythro and threo isomers

did not separate) and the major decomposition product. The epoxy alcohol was

peracetylated (Ac,0, pyridine) and subjected to medium pressure liquid
chromatography (15:85 EtOAc:hexane) to isolate samples of pure erythro and

threo epoxy acetates for each reaction. NMR spectra in CeDg in the presence

of Eu(hfc), cleanly resolve the acetate methyl resonances due to each

enantiomer; the results are tabulated below.

Tartrate Epoxy alcohol diastereomer 7ee

(+)-DIPT Erythro 11.5 %

(+)-DIPT Threo 95 7%

(-)-DIPT Erythro 13.5 %

(-)-DIPT Threo 95 7%

3

To assign absolute configurations, (R)-~l-nonen-3-0l was prepared by the

published kinetic resolution procedure using (+)-DIPT.3C The homochiral

allylic alcohol was then epoxidized by mCPBA and acetylated. The resulting

R~erythro and R-threo epoxy acetates were separated by medium pressure

liquid chromatography as above. NMR samples enriched in the 1R enantiomer

were prepared by mixing the resolved epoxy acetates with (dl)-erythro and

(dl)-threo samples. Addition of chiral shift reagent Eu(hfc)q to CeDg

solutions of the racemic epoxy acetates produced baseline resolution of the

acetate singlets from each enantiomer. The R-enriched erythro diastereomer

displayed a more intense upfield acetate signal; the R-enriched threo

diastereomer a more intense downfield acetate peak.
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Section V.

Experimental Section

1. General Remarks

Nuclear magnetic resonance (NMR) spectra were measured with Bruker

250-MHz or 270~-MHz spectrometers, or with a Varian 300-MHz instrument. For

titanium samples, residual solvent bands served as internal standards: 7.24

ppm for CDCl,4, 7.15 ppm for CgDg, 5.32 ppm for CD,C1,. NMR spectra of

organic compounds were referenced to tetramethylsilane. Chemical shifts

are given in ppm downfield from Me, Si and coupling constants are in hertz.

Infrared spectra (IR) were measured with a Perkin-Elmer Model 597 grating

spectrophotometer; Fourier transform IR spectra (FTIR) were obtained on

Nicolet 7199 or 60-SX instruments. Melting points were determined with a

Thomas-Hoover capillary melting point apparatus and are uncorrected.

Optical rotations were measured with a Perkin-Elmer Model 241 polarimeter

using alcmd capacity(1dmpath length) quartz cell. Analytical thin-

layer chromatograhy was performed using aluminum paltes coated with 0.20 mm

thickness of Merck silica gel 60 F-254, Flash chromatography was performed

using Merck silica gel 60 (230-400 mesh) as described by st111.124 Elemen-

tal analyses were performed by the Robertson Laboratory Inc., Florham Park,

N.J.

All water-sensitive manipulations were performed in a Vacuum

Atmospheres inert atmosphere drybox, with a recirculating dry-train

composed of one-third Ridox oxygen-scrubbing catalyst and two-thirds

activated 13X molecular sieves. Nitrogen for the drybox was bled from

liquid nitrogen tanks. Glassware was oven-dried (160°C) before use;

gastight syringes were dried over CaS0, in a vacuum dessicator.

Methylene chloride was distilled from CaH, or dried over 3A molecular

sieves,asdiscussedinthetext.Toluene,pentane,ether,andTHFwere

distilled from Na-benzophenone ketyl under nitrogen.

Gas chromatogrphy (gc) was performed on Perkin Elmer Model 990, 3920,

3920b, or Sigma-10 gas chromatography instruments using 1/4" o.d. packed

glass columns of Carbowax-20M (10% on GasChrom-Q) or SE-30 (5-10% on

Chromosorb W). Capillary gc was performed using 20-30 meter fused silica

columns of Carbowax-20M or SE-30 supplied by J&amp;W Products.
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General Procedures for NMR of Titanium Tartrates

CDCl, was usually dried by distillation onto activated 4A molecular

sieve beads. In several cases, CDCl4 was satisfactorily dried with two

successive treatments of 4A sieves without distillation. Other deuterated

solvents were passed through a pipette filled with activity-I grade neutral

alumina before use. Isopropanol-dg was dried over 3A sieves (two treat-

ments).

Ti-tartrates were usually prepared by simply mixing the appropriate

molar equivalents of titanium tetraalkoxide and tartrate diester in CH,Cl,

at room temperature in the drybox. For alcohol-free samples, three

repeated cycles of dissolution in CH,C1, followed by evaporation in vacuo

were performed, before the sample was dissolved in the nmr solvent of

choice.

It should be noted that complexes prepared from commercially available

DIPT and DET, purified by distillation, invariably gave a yellow color when

mixed with titanium tetraalkoxides. When tartrates were synthesized by

other means (by esterification of tartaric acid, or as for the 17, labeled

samples), no yellow color was observed in the titanium complexes. Since

the yellow impurity led to no differences in the NMR and IR spectra, nor in

enantioselectivity of epoxidation under stoichiometric conditions (cataly-

tic has yet to be tested), it was ignored. In the case of Ti(DET)(0Ad),,

the yellow color of the crude product could be eliminated by recrystalliza-

tion. It was found late in this work that simple chromatography of the

commercial DIPT is sufficient to eliminate the yellow color of its complex

with Ti(0iPr),.l2&gt;
Alcohol-free samples were also prepared by mixing appropriate amounts

of Ti(tartrate), and Ti(OR),. The bis tartrate complexes were prepared by

mixing two equivalents of tartrate with the tetraalkoxide of the same R

group; DIPT with Ti(0iPr), and DET with Ti(OEt),.

General Procedure for Asymmetric Epoxidation of Prochiral Allylic Alcohols.

Into the oven-dried reaction flask were placed a dry stir bar, the

allylic alcohol (1.0 equivalent),anddialkyltartrate(1.2 equivalents).

The flask was capped with a septum and flushed with argon. Methylene

chloride was then added and the solution cooled under argon to 0°C or

below, as appropriate, before addition of titanium tetraalkoxide (1.0
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equivalent). Keep in mind that we now recommend the use of activated 3A

molecular sieve powder (0.2-0.4 g per 10 mL of solution) in routine asym-

metric epoxidations. After 15-30 minutes, TBHP was added by gastight

syringe to initiate the reaction. After monitoring by TLC, excess hydro-

peroxide was quenched and titanium removed by addition of an aqueous solu-

tion of tartaric acid (10% by weight) saturated in FeSO,, with rapid stir-

ring or shaking.

General Procedure for Kinetic Resolution of Secondary Allylic Alcohols

Unless otherwise noted, kinetic resolutions were performed with

stoichiometric amounts of Ti-ligand complexesinthepublishedmanner,&gt;¢

I'ypically, a solution of allylic alcohol (1.0 equivalent), ligand (1.2

equivalents), and saturated hydrocarbon (gc internal standard) was treated

with titanium tetraalkoxide (usually Ti(0iPr),) under inert atmosphere and

allowed to stir for about 10 minutes at room temperature. During this

time, a small aliquot was removed into the quench solution for a ty 8c

sample. The reaction mixture was then cooled to the desired temperature

(usually -20°C) and was then treated with TBHP (0.25 or 0.6 equivalents)

dropwise by gastight syringe. The reaction was monitored if necessary by

gc and was quenched by addition to a stirred aqueous solution of FeSO, and

tartaric acid (about 5% and 107% by weight, respectively). The crude pro-

duct was usually peracetylated (Ac,0, pyridine) since the epoxy acetates

were used for determination of the ratio of erythro to threo diastereomers

by gc; the enantiomeric excess of unreacted starting material was deter-

mined by nmr of the allylic acetate with the chiral shift reagent Eu(hfec)q

in CeDg Flash chromatography was used to purify the acetylated products.

The important parameters of a kinetic resolution are temperature,

percent completion (percent consumption of allylic alcohol), ee of

recovered allylic alcohol, and erythro/threo ratio of the product epoxy

alcohols.

2. Pseudo-first order kinetics

The general method used here was developed by Dr. Scott Woodard.’®

Comments concerning the procedure for each of the kinetics tables are

recorded below.

DIPT was stored under argon after distillation under vacuum; before
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each reaction the tartrate was stirred for 1 h at 0.1 mm Hg to eliminate

dissolved gases and prevent the buildup of water in the viscous o0il. This

procedure is more important for diethyl tartrate, since DET is considerably

more hygroscopic than DIPT. trans-2-Decen-1l-ol was prepared as described

in Section V.6. E-2-Hexen-1-o0l was purchased from Aldrich Chemical

Company, distilled, and stored at 4°C over activated 3A sieves. Ti(0iPr),

was purified by distillation under vacuum and stored in a flask equipped

with a teflon stopcock placed in a dessicator or the inert atmosphere

drybox. OV(0iPr)4 and OV(OEt)4 were purified by distillation under vacuum.

Isopropanol was dried by distillation from Mg(0iPr), and storage over
powdered 3A molecular sieves. 2” A freshly opened bottle of absolute

ethanol was dried by three sequential treatments with, and storage over,

activated 3A molecular sieve powder. N,N'-Dibenzyltartramide was prepared

by the literature procedure,84 recyrstallized from hot toluene, and dried

under vacuum. Isopropanol-d (Cambridge Isotope Laboratories) was dried by

two sequential treatments with, and storage over, powdered 3A molecular

sieves. 2,6-Dipicolinic acid was ground to a fine powder and dried in a

vacuum oven at 150°C and 0.2 mm Hg for 24 h, The molecular sieves were

obtained, allegedly in activated form, from Aldrich Chemical Company and

were stored in a vacuum oven at 160°C and 0.1-0.5 mm for at least 24 h

before use.

Volumetric flasks were cleaned of adsorbed metal ions by soaking in

95/5 H,80,/HC1 for 6 h and then 107% HF for six hours, followed by rinsing

with base and then water. Thereafter, all glassware, teflon tubing, and

syringes were carefully washed with dilute HF after every use to prevent

the accumulation of metal contaminants (see the notes for entries 24 and

25, below).

Table 6, Entry 5.

A dry 100 mL volumetric flask was charged with a stir bar and 0.550 g

powdered, activated 4A molecular sieves while still hot and was allowed to

cool to room temperature under vacuum. (+)-DIPT (0.6373 g, 0.00272 mol)

was then added by tared gastight syringe, followed by approximately 102 mL

CH,C1, (freshly distilled from CaH, under nitrogen). The flask was then
immersed in a 0.0-0.3°C ice/water bath up to the 100.0 mL mark and the

solution was allowed to cool with stirring under argon. CH,Cl, at 0°C is

about 5% more dense than at room temperature, so the volume of the CH,C1,
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solution was approximately 97 mL at this stage. To the solution was then

added 0.5897 g Ti(0iPr), (0.002075 mol) by tared gastight syringe, and the

mixture was allowed to stir for 15 minutes. This provides a Ti(0iPr),:DIPT

ratio of 1:1.31, and an active Ti concentration of 0.0143 M, correcting for

the production of 0.00064 mol of inactive Ti(DIPT),, as described by

Woodard. Isopropanol (1.5029 g, 0.02501 mol) was then added by tared

gastight syringe, followed by 0.015 mL of a 3:2 (v:v) mixture of trans-2-

decen-1-ol and n-heptadecane (approximately 5x10 mol decenol, providing a

40-fold excess of Ti-tartrate and TBHP with respect to substrate). A small

amount of CH,Cl, was then added to bring the solution up to the 100.0 mL

mark. If too much solvent was present, the excess solution was removed by

cannula into a graduated cylinder, and the calculated concentrations of

reagents were adjusted accordingly. After stirring for an additional 5

minutes, the reaction was initiated by the rapid injection of 0.00151 mol

of TBHP (0.380 mL of a 3.98 M solution in toluene) to the vigorously

stirred reaction mixture. A 0.50 mL gastight syringe was used with a

needle sufficiently long to extend about one inch below the surface of the

reaction mixture for injection, so that mixing was instantaneous. The

added volume of TBHP solution compensates for the volume of the stir bar to

bring the total volume very close to 100.0 mL.

Aliquots of 10-20 mL were removed by rapid cannula transfer through a

teflon tube into a vigorously stirred mixture of 10 mL aqueous quench

solution (107% tartaric acid plus 5-15% FeS0,) and 10 mL ether. Control

experiments determined that quenching the aliquots at 0°C and room

temperature produced identical results. The resulting mixtures were

stirred for 5 minutes and the organic layer was separated, dried with

MgS0,, filtered, and evaporated at room temperature and reduced pressure on

the rotary evaporator. The resulting clear oil was taken up in 1 mL ether

for gc analysis.

Control experiments were performed for each different solvent to

verify that the workup did not change the decenol:heptadecane ratio. Thus,

a mixture of reactants prepared as above (except for the addition of TBHP)

was subjected to the workup procedure. The gc ratios of decenol to

heptadecane were identical before and after workup.

For the reaction summarized in Table 6, the Ti(0iPr),:DIPT ratio

ranged from 1:1.10 to 1:1.31., No systematic effect of Ti:DIPT ratio on
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rate was observed. See, however, entries 26 and 27 for the rate of 1.0:1.0

Ti:DIPT.

Gas chromatographic analysis was performed on either a 6' packed

column (10% Carbowax 20-M on GasChrom-Q) or a fused-silica capillary column

(Carbowax 20-M, 20 meter, J&amp;W Scientific). When both columns were used to

analyze the same set of aliquots, identical results were obtained.

Aliquots were taken at 1.58, 7.40, 12.92, 18.12, 24.05, and 30.65

minutes; 2-4 injections for each aliquot were averaged:

Time (min) GC ratio (Decenol/Std) In (GC ratio)

0.03491.58 1.0355

7.40

12.92

18.12

24.05

30.65

0.6503

0.4353

0.2849

0.1800

0.1063

-0.4303

-0.8317

-1.256

-1.715

-2.242

A plot of time vs. 1n(GC ratio) is a line with RZ = 0.9998, and slope

= -0.0781 min”1, The slope is reported as Rate it

Rp, = 0.0781/60 = 1.30 x 1073 sec”!

Table 9, Entry 18.

With the same procedure as for entry 5, above, the following reagents

were used: 4A powdered sieves (0.525 g), (+)-DIPT (1.0356 g, 0.004421

mol), Ti(0iPr), (1.1025 g, 0.003879 mol), iPrOH (1.2763 g, 0.02124 mol),

and decenol/heptadecane (0.015 mL). This produced [Ti]_., jye = 0.0334 M,

and a Ti(0iPr),:DIPT ratio of 1:1.14.
A plot of the data below (time vs. 1n(GC ratio)) is a line with RZ =

0.9999, and slope = ~0.168 min 1. Ropg = 0.168/60 = 2.80 x 1073 sec1,

Time (min) GC ratio (Decenol/Std)

0.53 1.1557

2.62 0.8081

4.85 0.5470
6.90 0.3887

0.2595

0.1375

In (GC ratio)

0.1447

-0.2131

-0.6033

-0.9449

-1.349

~-1.984

For entry 21, we relied on Woodard's determination of a first order
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dependendence on [TBHP], and correct for use of half the normal

concentration by multiplying (Ryp,X[1PTOH]%) by 2.0. In this reaction, the

amount of (E)-2-decen-1-ol/heptadecane mixture used was reduced to 0.012 mL

to assure a 20-fold excess of TBHP with respect to allylic alcohol.

Entries 21 and 22 represent the approximate practical limit in

observed rate that can be accomodated by this technique. Aliquots were

taken 30 seconds after TBHP injection, and then at 90 second intervals;

only the first four data points were usable (rR? = 0.997) since the allylic

alcohol was consumed within 6.5 minutes.

Table 8, Entries 24-25.

Entry 24: A 100 mL volumetric flask was charged with a stir bar and 0.600

g powdered 4A molecular sieves. The flask and sieves were then dried under

vacuum (0.2 mm) by heating with a Bunsen burner for a few minutes and were

then allowed to cool to room temperature under vacuum, Approximately 105

mL of distilled CH,Cl, were added followed by 0.015 mL of a trans-2-decen-

l1-ol/heptadecane mixture. The solution was cooled to 0°C and TBHP (0.38 mL

of 3.98 M solution in toluene) was added as above. Four aliquots were

taken and worked up in the usual way.

Time (min) GC ratio (Decenol/Std) In (GC ratio)

2.83 0.8954 -0.1105

31.92 0.8811 -0.1266

87.00 0.8601 -0.1507

114.7 0.8433 -0.1704

For the plot of time vs. 1n(GC ratio), RZ = 0.992, slope = -5.17 x 1074

min”1. Rope = 0.086 x 107% sec”l,

Entry 25: A 100 mL volumetric flask was soaked in 95/5 H,50,/HC1 for six

hours, followed by 10% HF for six hours. It was then was rinsed with

KOH/EtOH and copious quantities of water before drying in an oven at 165°C.

With the same procedure as for entry 24 (0.630 g 4A molecular sieves), a

poor line for the plot of time vs. 1n(GC ratio) was obtained:

Time (min) GC ratio (Decenol/Std) In (GC ratio)

2.18 0.9666 -0.0340
-0.0480

-0.0732

-0.0637
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RZ = 0.6, slope = ca. 2.5 x 1074 min”, Rpg = ca. 0.042 x 107% sec™l,

Note that acid washing reduced the rate of disappearance of allylic alcohol

by about half. No epoxy alcohol was detectedongcforeitherentries24

or 25.

Table 8, Entries 26 and 28.

Entry 26: In the drybox, 0.605 g Ti(DIPT)(OiPr)Br (0.00144 mol) was

dissolved in 5 mL ether in a reaction vial and treated with 0.175 g EtN

(0.00173 mol), followed by 0.110 g iPrOH (0.00183 mol). An immediate white

precipitate was formed. The vial was capped and allowed to stand with

occasional shaking for 45 minutes. The white precipitate was the filtered

and washed with ether (3 x 10 mL). The precipitate dried in vacuo to

afford 0.256 g EtyNH Br_ (987%). The ether solutions were combined and the

solvent evaporated. The resulting clear oil was dissolved in 8 mL CH,C1,

and the solvent was again removed; this was repeated once more to yield

alcohol-free Ti(DIPT)(0iPr), (0.00144 mol) with no excess DIPT present.

The Ti-tartrate complex was taken up in CH,Cl, and quantitatively

transferred toadry100mLvolumetricflask, to which was added 1.800 g

iPrOH (0.0300 mol). The flask was removed from the drybox and cooled to

0°C under argon as before. The substrate/standard mixture (0.015 mL) was

added and the total volume of the solution after cooling was found to be

Time (min) GC ratio (Decenol/Std) 1n (GC ratio)

2.27 0.8848 -0.1224

~0.5207

-0.8003

-1.154

-1.498

-1.883

9.25

14.38

20.55

26.92

33.75

101 mL. After removal of the excess 1 mL of solution by

reaction was performed in the usual manner.

Plotting the data above (time vs. 1n(GC ratio)): RZ = 0.99995, slope =

-0.0558 min~l. R_,_ = 0.0558/60 = 9.30 x 107% sec”.

Entry 28: Generation of Ti(DIPT)(0iPr), was performed as for entry 26 in

the drybox with the following reagents: Ti(DIPT)(0iPr)Br (0.733 g, 0.0175

mol), Et;N (0.206 g, 0.0020 mol), and iPrOH (0.156 g, 0.0026 mol).

Filtration, evaporation, and two CH,Cl,/vacuum cycles were done as before

to generate 0.0175 mol of Ti(DIPT)(0iPr),, which was transferred to a dry

cannula, the
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100 mL volumetric flask. To this solution was added 0.071 g (+)-DIPT

(0.00030 mol), to provide an overall Ti:DIPT ratio of 1:1.17. After

addition of iPrOH (1.766 g, 0.0294 mol), the flask was removed from the

drybox, cooled to 0°c, and substrate and standard were added as before.

The reaction was then performed in the usual way.

Time (min) GC ratio (Decenol/Std) ~~ 1ln (GC ratio)

2.03 0.8979 -0.1077

0.6177 -0.4813
0.3829 -0.9601

0.2538 -1.380
0.1464

7.05

12.65

18.12

24.88

29.38 0.1050 ~2.254

R? = 0.9997; slope = -0.0791 min™!; Ry. = 0.0791/60 = 1.32 x 1073 secl.

Table 10. Kinetics in ether.

These reactions were performed in the usual way. DIPT was added in

10-30% excess with respect to Ti(0iPr),; no systematic effect of Ti:DIPT

ratio on the rate of epoxidation was observed.

It should be noted that commercially available absolute ether (freshly

opened under argon) was decidedly unsuitable for pseudo-first order

kinetics measurements. Observed rates were on the order of 2-3 times less

(and were far less reproducible) in the commercial solvent than in ether

dried by distillation from either LiAlH, or Na/benzophenone ketyl. The

asymmetric epoxidation is thus able to function as a sensitive indicator of

water content; I suspect it could even be calibrated!

Tables 7 and 11. Kinetics with (E)-2-hexen-1-ol.

The procedure for epoxidation of hexenol was the same as for decenol,

with one exception. Since hexenol is more volatile than decenol,

evaporation under reduced pressure was not done. Rather, after quenching

with the FeSO, /tartaric acid solution and ether, the organic phase was

simply separated, dried with MgSO, and used directly for gc analysis. The

internal standard was n-hexadecane.

Table 12. Kinetics in pentane.

These reactions were performed in exactly the same manner as for

CH,Cl,.
Table 14. Kinetics using Ti, (DIPT)(0iPr)6 (2:1 Ti:DIPT).

2:1 catalyst was prepared by mixing Ti(0iPr), and DIPT in a 2:1The
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molar ratio. Unlike the 2:2 reactions, DIPT was not present in excess and

there are no inactive Ti complexes present. Therefore, [Ti] ctive was the

concentration of Ti(0iPr), used to prepare the 2:1 mixture. The pseudo-

first order kinetics reactions were performed in the usual manner.

Table 18. Primary deuterium isotope effect determination; pseudo-first

order kinetics in the presence of iProOD.

Entry 70: A CH,Cl1, solution of 0.640 g (+)-DIPT (0.00273 mol) and 0.595

g Ti(0iPr), (0.00209 mol) was prepared in the drybox, and subjected to four

CH,Cl,/vacuum cycles to produce a yellow foam. The product was taken up in

CH,Cl, and an IR spectrum showed it to be free of isopropanol. The

solution was transferred to a 100 mL volumetric flask, to which 0.580 g of

3A powdered sieves and 1.222 g iPrOD were added; the total volume of the

solution at room temperature was approximately 104 mL. The flask was then

removed from the drybox and cooled to 0°C under argon. A mixture of trans-

2-decen-1-o0l and n-heptadecane (3:2 v:v) was added (0.020 mL). The volume

of the solution at 0°C was 99.5 mL. The reaction was initiated by the

addition of 0.400 mL of a 3.744 M solution of TBHP in heptane (0.00150 mol)

by gastight syringe, as usual. The molar ratio of 0-D to O-H groups in the

reaction was therefore [0.201 M (iPrOD)/0.0150 M (TBHP)] = 13.4. Aliquots

were quenched and worked up in the usual manner.

Time (min) GC ratio (Decenol/Std) In (GC ratio)

0.80 1.099 0.0944

4.45 0.619

6.75 0.442

9.48 0.297
12.63 0.187 -1.677

Plotting time vs. 1In(GC ratio), RZ = 0.9997; slope = -0.149.

Rops = 0-149/60 = 2.48 sec”?

Entry 69: The reaction was performed exactly as in entry 70, with the

following reagents: (+)-DIPT (0.640 g, 0.00273 mol), Ti(0iPr), (0.595 g,

0.00209 mol), iPrOH (1.202 g, 0.0200 mol), decenol/heptadecane (0.020 mL),

and TBHP (0.400 mL of a 3.744 M solution in heptane, 0.00150 mol). The

total volume of the solution at 0°C was 103.0 mL; the extra 3.0 mL were

removed before the addition of TBHP.
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Time (min) GC ratio (Decenol/Std) In (GC ratio)

0.77 1.039 0.0383

0.6895

0.4253

0.2929

0.1731

R? = 0.99995, slope = -0.157, R,;_ = 0.157/60 = 2.61 x 107° sec’.

Determination of hydroperoxide binding constants.

Equilibrium constants were determined by FTIR monitoring of the

intensity of the RO-H (ca. 3610 em 1) and ROO-H (3490 em”1) bands in dilute

CH,Cl, solution with added aliquots of hydroperoxide solution.’® TBHP

solutions were in toluene of the indicated molarity; trityl hydroperoxide

(Ph; COOH) solutions were in CH,Cl,. The experimental apparatus, designed
by Woodard, allows the bulk reaction solution to be mixed and then drawn

into the IR cell (KBr) by means of a teflon tube and a Luer-lock syringe;

all manipulations done under a positive pressure of argon supplied by a

balloon. Spectra were recorded approximately two minutes after addition of

each hydroperoxide aliquot; no change occurred with time.

3.

The solutions examined were as follows (reagents in mmol, CH,Cl, in mL):

Sample Ti(0iPr), Ti(OtBu), DIPT iPrOH  tBuOH CH,C1, ROOH
150.0 TBHP

70.0 TBHP

5.96  Ph4COOH
103.0 TBHP
150.0 TBHP

168 TBHP

100.0 TBHP
70.0 TBHP

9 0.197 6.93 Ph, COOH
10 0.209 8.52  Ph4COOH

Trityl hydroperoxide solutions used were 0.231 M (sample 3), 0.162 M

(sample 9), and 0.211 M (sample 10) in CH,Cl,. TBHP solutions were 2.80 M

or 3.98 M in toluene.

The data is presented below.
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extinction coefficient values of 8.8 for TBHP and 5.8 for Ph,COOH were

taken for use in calculting [ROOH] £06 in the subsequent tables.

Calibration

TBHP

Sample mL ROOH Absycp Absg,90 [ROOH] + tal Ext. Coeff.

0.017 0.00187

0.051 0.00559
0.085 0.00930
0.119 0.0130
0.170 0.0185
0.234 0.0259
0.299 0.0332
0.351 0.0405
0.411 0.0477
0.502 0.0585
0.565 0.0656
0.628 0.0727
0.713 0.0833
0.804 0.0938
0.820 0.1008
0.919 0.1077

TBHP in the presence of tBuOH.
Sample mL ROOH Abss3c10 Abs3,90 ROOH total Ext. Coeff.

0.00
0.08
0.12
0.16
0.24
0.32
0.40
0.48
0.56
0.64
0.80
0.88
0.96
1.04
1.20
1.36
1.52
1.68
i. 99

0.132
0.133
0.133
0.134
0.132
0.135
0.133
0.133
0.135
0.133
0.133
0.134
0.137
0.138
0.137
0.142
0.143
0.141
0.147

0.0
0.043
0.064
0.084
0.123
0.163
0.207
0.243
0.279
0.317
0.392
0.429
0.466
0.500
0.575
0.644
0.717
0.784
0.887

0.0
0.00454
0.00681
0.00908
0.0136
0.0181
0.0226
0.0271
0.0316
0.0361
0.0450
0.0494
0.0538
0.0583
0.0671
0.0759
0.0846
0.0933
0.1063

9.5
9.3
9.3
3.1
3.0
3.1
3.0
3.8
R.8
3.7
%.7
3.7
3.6
3.6
8.5
B.5
8.4
 QR 4

Trityl Hydroperoxide
Sample mL ROOH Absi¢10 Abs3,q0 [ROOH] otal Ext. Coeff.

0.011 0.00192 5.7
0.021 0.00381 5.5
0.042 0.00749 5.6

3
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Sample mL ROOH  Absjy¢qg 2223490 [ROOH], val Ext. Coeff.? 0.30 0.066 0.0111 6.0

0.40 0.087 0.0145 5.0
0.60 0.129 0.0211
0.80 0.170 0.0273

1.00 0.205 0.0332
1.20 0.238 0.0387
[.40 0.270 0.0439

Equilibrium Constant Determinations

Ti(0iPr), + TBHP
Sample mL ROOH Absa Abs3,90 ROOH free

0.25
0.50
0.75
1.00
1.25
1.50
2.00
2.50
3.00
3.50
4.00

0.0494 v. small

0.0971 0.0216
0.146 0.0463
0.186 0.0768
0.222 0.113
0.248 0.145
0.303 0.236
0.342 0.302
0.385 0.394
0.403 0.490
0.418 0.590

v. small

0.00245
0.00526
0.00873
0.0128
0.0165
0.0268
0.0343
0.0448
0.0557
0.0671

Ti(DIPT)(0iPr), + TBHP
Sample mL ROOH Abssc1p Abs4,90 ROOH frase

3 0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.20

0.017
0.021
0.026
0.030
0.035
0.037
0.041
0.044
0.049
0.056

0.020
0.021
0.030
0.041
0.052
0.062
2.074
0.086
0.112
3.136

0.0022
0.0024
0.0024
0.0046
0.0059
0.0071
0.0084
0.0105
0.0128
0.0154

K1 = (0.72 + 0.3

Ti(0iPr), + DIPT + TBHP
Absy,90 [ROOH]eoo

0.0
0.20
0.45
0.68
2.91
1.37
1.82
2.28

0.266
0.279
0.288
0.295
0.301
0.308
0.317
0.325

0.0
0.022 0.0025
0.055 0.0063
0.077 0.0088
0.106 0.0120

0.159 0.0180
0.220 0.0250
0.276 0.0314

ITileotal IROOH]}¢ hta1
0.00676
0.0135
0.0202
0.0268
0.0335
0.0401
0.0531
0.0661
0.0790
0.0917
0.104

0.0136
0.0135
0.0135
0.0134
0.0134
0.0134
0.0133
0.0133
0.0132
0.0131
0.0131

[Tiliotal ROOH] tota1 Ky

0.0108
0.0108
0.0108
0.0108
0.0108
0.0108
0.0108
0.0108
0.0108
0.0107

0.00373 0.12
0.00559 0.56
0.00745 0.64
0.00930 0.79

0.0112 0.87
0.0130 1.00
0.0149 1.16

0.0167 0.80
0.0185 0.50
0.0222 0.77

[Tilioran ROOH total x;

0.0153
0.0153
0.0153
0.0152
0.0152
0.0152
0.0151

0.00333 0.72
0.00756 0.45

0.0113 0.73
0.0151 0.70

0.0226 0.84
0.0300 0.69
0.0374 0.76

kL. = 0.70 + 0.12
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Ti(DIPT)(OtBu), + TBHP
Sample mL ROOH Absa

oy

0.06 0.015
0.09 0.020
0.135 0.027
0.180 0.032
0.270 0.043
0.360 0.047

Absi,90 ROOH free

0.009 0.0011
0.016 0.0018
0.029 0.0033
0.038 0.0043
0.062 0.0071
0.094 0.0107

1Tiliotal
0.00687
0.00687
0.00687
0.00686
0.00686
0.00685

[ROOH] 5ta1 K
0.00239 0.27
0.00358 0.35
0.00537 0.27

0.00715 0.47
0.0107 0.56

0.0143 0.37

kK, = 0.38 + 0.2

Ti(OtBu), + DIPT + TBHP
Sample mL ROOH Absic1g

R 0.0 0.169
0.08 0.197
0.12 0.212
0.16 0.219
0.24 0.235
0.32 0.239

Abs3ugp [ROOH]erce ITiligtal
0.00915 0.0
0.00914 0.00454 0.52
0.00913 0.00681 0.41
0.00913 0.00908 0.32
0.00912 0.0136 0.10
0.00911 0.0181 0.16

Ky, = 0 30 + 0.2

Ti(0iPr), + Ph,COOH
Sample mL ROOH Abs3c10

ho 0.10 0.016
0.20 0.039

0.30 0.053
0.40 0.064
0.50 0.083
0.60 0.123

Absq,90 [ROOH]¢0
0.007 0.0011
0.012 0.0020

0.018 0.0030
0.026 0.0045
0.030 0.0050
0.038 0.0066

Tiliotal
0.0280
0.0276
0.0273
0.0269
0.0265
0.0262

[ROOH] ( 1¢a1 X

0.00230 0.05
0.00454 0.13
0.00672 0.20
0.00884 0.19
0.0109 0.34
0.0129 0.31

Ki. = 0.20 + 0.1

Ti(DIPT)(0iPr), + Ph,COOH
Sample mL ROOH Absie10

10 0.05 0.041

0.10 0.087
0.15 0.114
0.20 0.142
0.30 0.165

0.40 0.169
0.50 0.172
0.60 0.176
0.70 0.177
0.80 0.177

Absg,90 [ROOH] ¢, 00 Til oea1 IROOH],; tal 5
0.0243 0.00123 0.017
0.0242 0.00245 0.002
0.0241 0.00365 0.003
0.0236 0.00718 0.002
0.0234 0.00946 0.002
0.0231 0.0139 0.038
0.0229 0.0160 0.027
0.0226 0.0181 0.002
0.0224 0.0202 0.0004
0.0221 0.0222 0.008

K, = 0,010 + 0.03
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Data Analysis
For a titanium tetraalkoxide, the binding of successive molecules of

hydroperoxide is governed by a separate equilibrium constant, Ky for the

replacement of the first alkoxide with alkylperoxide, K, for the second,

and so on. In principle, with at least four data points the values of each

equilibrium constant can be calculated. However, for all samples but

Ii(0iPr),, only the first binding constant was considered. At the higher

concentrations necessary to obtain accurate information for the evaluation

of the second, third, and fourth equilibrium constants, TBHP in the

presence of titanium begins to decompose at a significant rate at room

temperature (producing acetone for isopropoxide samples, as observed in the

nmr and in attempted vapor phase gc determinations of equilibrium constants

phase). Also, at higher concentrations the linear relationship between

concentration and intensity of the 0-H bands breaks down. Ti(0iPr), was

unique in its ability to show binding of more than one TBHP per titanium

ander acceptably dilute conditions. Even so, only K, and K, (and not Kj

and K,) were evaluated for the same reasons as above.

For samples other than Ti(0iPr),, the equilibrium constant was

evaluated from the simple equation:

. [TilL,(OR)(OOR)] x [iPTOH]g,.o
[TiL,(OR),] x [ROOH]f_..

The concentration TiL,(OR)(OOR) was calculated by subtracting the value of

[ROOH] £1 co (determined by the 3490 em”! absorbance) from that of the total

amount of hydroperoxide added. For samples lacking free alcohol at the

start of the reaction, the concentration of free alcohol simply equals the

concentration of bound alkylperoxide.

Values of K, are listed in the last column of the tables above, the

averaged value is reported.

For Ti(0iPr),, calculation of K, as above gives negative numbers, a

consequence of greater than one equivalent of peroxide per Ti center being

bound. In this case, a function relating the average number of peroxide

ligands bound per metal, ng, to the first two equilibrium constants, Ky and

Ks, is derived from the equation for K, above and the corresponding

expression for K, as follows:
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. [Ti(L,)(OR)(O0R)] + 2[Ti(L,)(OOR),]

"B ” TTi(L,)(OR)(00R)|+[Ti(L,)(00R),]+[Ti(L,)(OR),@

By substituting expressions for [Ti(L,)(O0R),] and [Ti(L,)(OR),] in terms

of [Ti(L,)(OR)(OOR)] into equation (a), and factoring out

«T1(L,)(OR)(OOR)], we obtain:

K,C + 2K;K,C?
ng = 7 FRC GE , where C = [ROOH]¢... / [ROH]...

Rearranging, we obtain an expression for Ky in terms of K,, C, and ng:

a

nei a ix cZ(2 - ny)
B 2 B

From each data point in the Ti(0iPr), + TBHP reaction, C and ng were

obtained. With equation (b), a curve relating K, to K, for each data point

can be constructed. The curve is made up of K;,K, points that satisfy the

observed concentrations of species for that data point. That is, for every

single data point, a range of Ky and K, values are possible. The point at

which two curves intersect describes a unique pair of Ky and K, values that

satisfies the observed binding for two different aliquots of TBHP addition.

Curves for the second, third, fourth, and fifth data points are

plotted below. Data points beyond the fifth one cannot be treated in this

way because more than two equivalents of TBHP per titanium are bound, so K,

would have to be brought into play, and the analysis would be complicated.

As it is, the curve for the fifth data point is far from the other three

because an average of 1.8 alkylperoxides per Ti center are found, which is

too high a value to be treated by ignoring Ki.

Intersection points occur at Ky = 4.1, K, = 2.8 in one case, and K; =

2.8, K, = 4.2 in the other, a fortuitous juxtaposition of values.

Averaging these numbers, we obtain K; = K, = 3.5 + 1, as a reasonable

! %

estimate,
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General Procedures

174 nmr spectra were recorded at 33.89 MHz on a Bruker WM-250

spectrometer and at 40.67 MHz on a Varian 300-MHz instrument. Spectral

parameters were as follows:

Bruker: 50° pulse; sweep width, 42000 Hz; acquisition delay, 0.16

usec; pulse delay, 0.02 sec; acquisition time, 0.098 sec; 4K data points;

no zero-filling; an exponential multiplication factor of 50-100 was applied

to the FID.

Varian: 45° pulse; sweep width, 40000Hz; acquisition delay, 0.20

usec; plse delay, 0.02 sec; acquisition time, 0.375 sec; 30K data points;

no zero-filling; an exponential multiplication factor of 50-100 was applied

to the FID.

Signal strength was found to be almost completely insensitive to

acquisition delay. However, pulse breakthrough was a problem that could

only be addressed by increasing the receiver delay at the expense of signal

strength. If too short a receiver delay was used, the baseline signal

became erratic to the point of completely masking real signals. A
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compromise value was chosen so that weak resonances requiring long

acquisitions still had some waviness to the baseline. No proton decoupling

was done.

Chemical shifts were referenced to external ether, Ti(OtBu),, or

Ti(0iPr),. At least one and usually two of these standards were run at the

beginning of every session and the peak positions were found to be very

reliable. For peaks of less than 40 ppm line width, an error of * 2 ppm

was found; for wider bands, an error of * 5 ppm is more appropriate.

Preparation of 174 Labeled Cumyl Hydroperoxide

Autoxidation of cumene is discussed in reference 12a;IT thank Dr.

Stelios Sifniades of Allied Chemical Company for helpful suggestions on the

practical aspects of the reaction. 70, gas (1 L, 20% 174 was purchased

from Cambridge Isotope Laboratories.

Reagent grade cumene (100 g) was cleansed of trace phenols by passage

through a column of silica gel (240 mesh, 20 cm long, 1 cm diameter); the

product was stored under argon. A 100 mL round-bottomed flask was charged

with 24.0 g of cumene (0.20 mol), capped with a reflux condenser, and

placed on a volumetric gas buret apparatus. After flushing with 160,, the

apparatus was evacuated and then filled with 60 mL 70, at room temperature

(Cambridge Isotope Laboratories, 207% o,, lecture bottle containing 1L of

gas at STP). The reaction flask was then heated to 80°C with vigorous

stirring. After 12 h with no reaction, the temperature of the heating bath

was increased to 87-88°cC; 170, uptake began after an additional 3 h and

slowly accelerated. At reaction times of 24 h, 36 h, 46 h, and 62 h, the

gas buret was re-filled with approximately 150 mL 0,. After 72 h, the

lecture bottle was opened to the system, and a final pressure of 480 mm was

reached after 77 h total reaction time. Assuming the apparatus and lecture

bottle have a combined volume of 0.2 L, approximately 0.87 L of 0, gas was

consumed.

After cooling to room temperature, the reaction mixture was flash

chromatographed in 1:9 EtOAc:hexane (20 x 5 cm diameter column). The

solvent was removed in vacuo and the clear oil was taken up in 30 mL CH,C1,

and transferred to a brown bottle containing activated 3A sieve beads.

After standing for 3 h at room temperature, the solution was transferred to

a fresh batch of sieves. On washing the first batch of sieves with CH,Cl,,
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it was found that some hydroperoxide remained adsorbed to the sieves;

washing three times with CH,C1, (10 mL each) retrieved most of the adsorbed

material. The solution was again filtered, the remaining sieves washed

with CH,Cl, (3 x 10 mL), and the solvent removed to afford 4.05 g (69%

based on 05) of neat cumene hydroperoxide as a clear oil.

lH NMR (CDC1;) 67.63 (s, LH, —00H), 7.45-7.20 (m, SH), 1.55 (s, 6H); IR

(film) 3410 (br), 3100, 3070, 3040, 2990, 2940, 1950 (w), 1880 (w), 1810

(w), 1605, 1500, 1450, 1380, 1365, 1330, 1270, 1205, 1155, 1110, 1080,
1033, 952 (w), 913 (w), 812 0-0, 767, 702 cm1.

For 16 cumyl hydroperoxide, the 0-0 stretch is found at 835 cm” t,

Complete 174 substitution would result in a 0-0 stretch of approximately

814 em L; the observation of a band at 812 cm! indicates the presence of

18, in the enriched gas.

Preparation of 174 Labeled (Hydroxyl) Tartrate

A 500 mL round-bottomed flask was charged with 250 mL toluene, 21.56 g

l-menthol (0.138 mol), and 29 g polyvinylpyridine (Reilly Tar &amp; Co., ca.

0.27 mol nitrogen). A solution of fumaryl chloride (9.59 g, 0.0627 mol) in

5 mL toluene was added by pipette with stirring; the reaction mixture

turned light pink. The reaction mixture was heated to reflux for 2 days,

after which it was cooled and filtered to afford a light brown solution.

Removal of solvent in vacuo and flash chromatography (5x20 cm, 5:95

EtOAc:hexane) afforded 16.39 g of di-l-menthyl fumarate as a yellow oil;

[a]2&gt; -84.7° (c 6.03, 95:5 EtOH:H,0)
lH NMR (CDC1,) 66.83 (s, 2H), 4.78 (dt, J; = 10.4, J, = 4.4 Hz, 2H), 2.04

(dm, J; = 10 Hz, 2H), 1.88 (doublet of quintets, J; = 7.4, J, = 2 Hz, 2H),

1.71 (br d, 4H), 1.59-1.35 (m, 4H), 1.27 (t, J = 7.4 Hz, 2H), 1.07 (m, 6H),

0.92 (dd, J, = 6.8, J, = 3 Hz, 12H), 0.77 (d, J = 6.8 Hz, 6H); IR (CHCl)

2960, 2940, 2880, 1712 (s, C=0), 1640 (w, C=C), 1460, 1370, 1300 (s), 1265

(s), 1165, 1010, 990 cm 1.

It was found that the quinuclidine adduct of 0sO, undergoes exchange

with 170m, readily in THF or t-butanol. While the initial dihydroxylations

of dimenthyl fumarate were done with stoichiometric quantities of labeled

0s0,°quinuclidine, the following catalytic procedure based on that of Van

Rheenan, et. a1.1?%/ was far superior.
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A 100 mL round-bottomed flask was charged with a stir bar and N-

methylmorpholine-N-oxide monohydrate (Fluka Chemicals, 3.70 g, 0.0274 mol).

The solid was heated in a 90-95°C bath with stirring under vacuum (0.15 mm)

overnight, after which some of the material had sublimed to the upper part

of the flask. After cooling to room temperature, dry tert~butanol was

introduced (7 mL), followed by 170m, (Monsanto Research Corp., Mound

Facility, 23% 170, 61.5% 180; 1.00 g; 0.0514 mol) ~ driving most of the N-

oxide into solution - and 0s0, (0.63 mL of a 0.1 g/mL solution in hexane,

0.000243 mol). The reaction vessel was heated to 35-40°C with stirring

while a viscous solution of 4.80 g di-l-menthyl fumarate (0.0122 mol) in 3

mL tert-butanol was then added to the reaction flask over 12 hours by a

syringe pump. TLC (1:9 EtOAc:hexane) showed the olefin to be oxidized very

rapidly upon addition, so that no unreacted olefin builds up during the

addition. Assuming that the 74 label is therefore completely incorporated

in the 0s0, at every instant in the reaction, it is easy to calculate the

expected level of incorporation as a function of the amount of olefin

consumed. Since 164 is bled into the reaction mixture from the N-oxide

only as fast as the olefin is consumed, this method makes the greatest

possible use of the 17, label: after 1 mmol of substrate consumed, the

product should be 22.5% enriched in 174 (from 170m, of 23.0% enrichment);

after 5 mmol, 22.48%; and after complete reaction (12.2 mmol), the label

should be present in 22.38%.

Following addition of the substrate, the reaction mixture was degassed

by two freeze/pump/thaw cycles and the solvent was removed by bulb-to-bulb

distillation under vacuum in order to recover unused 170 1abel. The

resulting brown sticky solid was taken up in 160 mL CH,C1, and washed with

80 mL aqueous NaHSO4 (1.8 M). The aqueous phase was extracted with CH,Cl,

(3 x 30 mL). Ether (300 mL) was added and the combined organic phases

washed with 80 mL NaHSO04 solution until the disappearance of the brown

color. The aqueous phase was extracted with CH,C1, (60 mL) and the

combined organic phases were washed with saturated NaCl and dried (MgS0,).

The solvent was removed to afford 5.19 g of crude product as a yellow oil.

The diastereomeric diols have Re values of 0.75 and 0.71 on tlc in 1:9

EtOAc:hexane. Flash chromatography twice (5:95 EtOAc:hexane) afforded 1.87

g of the less polar diastereomer, (2R,3R)-di-l-menthyl tartrate, 33a, 0.45

g of the more polar diastereomer, (25,3S)-di-l-menthyl tartrate, 33b, and
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2.02 g of a mixture of diols (total 4.34 g, 82%). These colorless diol

diesters are very viscous oils that foam dramatically under vacuum. The

absolute configuration assignments are derived from the optical rotations

of DIPT generated by transesterification of these menthyl esters, described

below.

Data for 33a: 'H NMR (CDCl,) § 4.84 (dt, J; = 13.3, J, = 5.0 Hz, 2H), 4.35

(d, J = 8.4 Hz, 2H), 3.11 (d, J = 8.4 Hz, 2H, -OH), 2.07 (br d, 2H), 1.96

(m, 2H), 1.72 (br d, 4H), l.6-1.4 (m, 4H), 1.07 (m, 4H), 0.92 (t, L4H),

0.77 (d, J = 6.2 Hz, 6H); 3c NMR (CD,Cl,) 171.7, 77.0, 72.4, 47.4, 41.0,

34.5, 31.8, 26.7, 23.7, 22.1, 20.9, 16.3; IR (CH,Cl,) 3521, 2960, 2940,
2880, 1740 (s, C=0), 1465, 1455, 1390, 1370, 1265, 1114, 1078, 950, 911 cml.

Anal. Calcd for C,y,H,,0.,: GC, 67.57; H, 9.92. Found: C, 67.23; H,

9.68

Data for 33b: LH NMR (CDCl,) 64.88 (dt, J; = 13.3 Hz, J, = 4.7 Hz, 2H),

4.49 (d, J = 7.3 Hz, 2H), 4.14 (d, J = 7.3 Hz, 2H, -OH), 2.05 (br d, 2H),

1.88 (m, 2H), 1.72 (br d, 6H), 1.6-1.4 (m, 4H), 1.08 (m, 4H), 0.92 (d,

14H), 0.79 (d, J = 7 Hz, 6H). 13C NMR (CD,Cl,) 8171.7, 77.2, 72.6, 47.4,

41.1, 34.5, 31.8, 26.3, 23.4, 22.1, 20.9, 16.0; IR (CH,Cl,) same as for

33a. Anal. Calcd for CopHypOg: C, 67.57; H, 9.92. Found: C, 67.42; H,

9.89.

The presence of 174 in the hydroxylic positions was indicated by the

difference in IR spectra of labeled and unlabeled dimenthyl tartrate. The

O-H stretch appears at 3528 cm” 1 for unlabeled 33a and at 3521 for the

labeled compound. Of greater interest is the fingerprint region. Below

appears the IR spectra of labeled and unlabeled33binCHyCl,.Bandsdue
to C-0 bending modes are highlighted by the difference spectrum 179 - 16,

which also appears below.

The transesterification of the dimenthyl ester proved to be somewhat

difficult. Of several acid catalyzed methods tried, transesterification

with Ti(0iPr), in isopropanol proved to be the best. Thus, samples of 33a

or 33b were placed in a 50 mL round bottomed flask with a stir bar and 35

mL of dry isopropanol. Approximately 0.5 equivalent of Ti(0iPr), was then
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added by syringe, and the reaction mixture was refluxed for 12 hours. After

cooling to room temperature, the reaction solution was transferred to a

stirred mixture of 20% aqueous tartaric acid (approximately 20 mL) and

ether (50 mL). Saturated NaCl (20 mL) was added to break up the resulting

emulsion and the aqueous layer was extracted with ether (twice) and then

with CH,Cl, (once). The combined organic phases were dried (MgS0,) and

solvent removed to give a mixture of menthol, DIPT, and partially trans-

esterified material (menthyl isopropyl tartrate). Flash chromatography

(2:3 EtOAc:hexane) afforded 50-707 yields of DIPT. The less polar

dimenthyl tartrate, 33a, afforded (+)-DIPT: [0]3° +13.00° (c 6.2, CC1,).
The more polar dimenthyl tartrate, 33b, afforded (-)-DIPT: [0]22 -13.06° (c

10.25, CCl,). For comparison, commercially available (+)-DIPT shows [0]3°

+13.08° (c 5.85, CC1,); [a]3&gt; +7.87° (c 6.67, CHCly); and [0]3° +12.74° (c
8.94, 95:5 EtOH:H,0). ly and 13¢ NMR spectra of the labeled DIPT were

identical to those of commercially available material. For (+)-DIPT from

33a: Anal. Calcd for Ci10H18%¢: Cc, 51.27; H, 7.75. Found: C, 51.09; H,
7.73.
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It was later discovered that base catalyzed transesterification of

DIPT to DET (EtOH solvent, catalytic NaOMe, room temperature, 12 h)

resulted in only about 1% epimerization of the tartrate by optical

rotation. This method, then, may be superior to titanium catalyzed

transesterification for the production of DET from dimenthyl tartrate.

Preparation of 17, Labeled (2R, 3R)-N,N'-Dibenzyltartramide.
In a variation of the published procedure,8?® a 25 mL round bottomed

flask was charged with (2R, 3R)-di-l-menthyl tartrate 33a (0.62 g, 0.00145

mol), and 5 mL benzyl amine. After heating to reflux for 14 hours, the

solvent was removed in vacuo to afford a white solid. Recrystallization

from hot toluene afforded 0.30 g (63%) of the labeled (2R, 3R)-N,N'-

dibenzyltartramide as white crystals; mp. 201-202°C (1it.8% mp 202-203°C).

Anal. Calcd for C,gHooN90y: Cc, 65.84; H, 6.14; N, 8.53. Found: C,

65.63; H, 6.22; N, 8.209.

Preparation of 174 Labeled (Carbonyl) Tartrate.

A 15x1 cm threaded high pressure reaction tube with teflon stopper was

charged with L-(+)-tartaric acid (1.108 g, 0.00738 mol) and 170m, (23% 70,
0.575 g, 0.00295 mol). The tube was placed in an oil bath at 125°C for

five minutes, at which time the oil bath was allowed to cool to room

temperature over 2 hours. The solution was then transferred to a dry 200

mL round bottomed flask and dry isopropanol (150 mL) and p~toluenesulfonic

acid (0.03 g) were added. The reaction was refluxed for 3 h, and then

distilled to reduce the volume to 40 mL. Addition of more isopropanol (150

mL) followed by distillation again to 40 mL was required to drive the

reaction to completion. The remaining solvent was removed in vacuo and the

crude product subjected to flash chromatography on a short column (1:1

EtOAc:hexane) to isolate (+)-DIPT-170 (C=0), as a clear oil (1.636 g, 957%

yield). The NMR spectrum was identical to 164 DIPT; the IR spectrum

differed only in the position of the C=0 stretch, 1730 cnt (compared to

1740 em! for 100 DIPT).

Preparation of Benzoic Acid-17o.

According to the literature procedure,l28 a,0,0~trichlorotoluene

(Aldrich, distilled, 2.50 g, 0.0128 mol) and 1’0H, (23% 70, 1.00 g, 0.0514
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mol) were combined in a dry 25 mL pear-shaped flask. The flask was capped

with a reflux condenser and Caso, drying tube, and the reaction mixture was

heated at a bath temperature of 140°C. After 12 h, white solid had

sublimed to the upper part of the flask and the lower part of the reflux

condenser. The entire apparatus was evacuated to remove volatile

components and the solid was washed with hexane (3 x 10 mL). The solid was

dissolved in ether (10 mL), filtered, and solvent removed to afford 1.520 g

(97%) of benzoic acid-170 as a white solid, mp 120-122° (1it.128 mp

122.4°Cc). 1IR (CH,C1,) 3200-2800 (br), 2660, 2520, 1672, 1605, 1583, 1450,
1410, 1318, 1280-1250, 1180, 1115, 1070, 1029, 940 (br), 897, 755, 700

(br,s) ecm™l. The IR spectrum in CH,Cl, of 165 benzoic acid (Aldrich) shows

a band at 1690 cm” L for the C=0 stretch, indicating successful isotopic

labeling of the carboxylate group.

Preparation of 17, Labeled (dl)-Ethyl-a-hydroxycyclohexyl Acetate, 17.
The Mitsunobu reaction?’ with labeled benzoic acid was used to

introduce 174 to this O-hydroxy ester system. Unfortunately, the

cyclohexyl group of ethyl-0~hydroxycyclohexyl acetate makes the carbinol

center too hindered for successful Mitsunobu displacement. Thus, the

reaction had to be performed on ethyl mandelate with subsequent

hydrogenation of the phenyl group to afford 17.

A 100 mL round bottomed flask was charged with 40 mL THF, 0.607 g

(dl)-ethyl mandelate (0.00337 mol) 0.884 g triphenyl phosphine (0.00337
mol), 0.411 g benzoic acid-'’0 (0.00336 mol), and a stir bar.

Diethylazodicarboxylate (0.539 mL, 0.587 g, 0.00337 mol) was then added by

syringe under Ar atmosphere. TLC showed the reaction to have stopped after

4 h, with some starting material remaining. It is useful to note that

while ethyl mandelate is visualized under uv radiation on the TLC plate,

the product benzoate ester is not; it must be stained with phosphomolybdic

acid. After 12 h, the solvent was removed in vacuo and the solid product

flash chromatographed (CH,C1,) to afford 0.575 g (60%) (dl)-ethyl- -

benzoyloxyphenylacetate, 34, as a colorless oil.

lH NMR (CDC1;) 68.11 (m, 2H), 7.73 (m, 2H), 7.44 (m, 6H), 6.15 (s, 1H),

4,21 (m, 2H), 1.24 (t, J = 6.7 Hz, 3H); IR (film) 3070, 3040, 2990, 2940,

2910, 1753, 1715, 1604, 1588, 1500, 1455, 1372, 1350, 1320, 1280-1250,
1215, 1180, 1110, 1072, 1040, 1030, 735, 718, 702 cn” L,
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The benzoate ester 34 (0.572 g, 0.0020 mol) was taken up in 15 mL

absolute ethanol and treated with 0.1 g NaOMe at room temperature. After 7

h, the reaction was treated with 15% 1N HCl and extracted with CH,Cl, (4 x

30 mL). The combined organic phases were dried (MgS0,) and solvent was

removed to afford a clear oil. Column chromatography (1:4 EtOAc:hexane)

provided 174 labeled ethyl benzoate (C=0 labeled) and ethyl mandelate (OH

labeled). The latter was taken up in 10 mL methanol; 2 drops of glacial

acetic acid and 0.1 g Rh/A1,04 powder (Aldrich, 5% Rh) were added. The

mixture was hydrogenated at 53 psi for 2 hours. Filtration through Celite

and removal of solvent under vacuum afforded clean (dl)-ethyl-a-hydroxy-

phenyl acetate-170, 17, (0.243 g, 657% for two steps) as a colorless oil.

lH NMR (CDC1,) 6 4.26 (q, J = 7.3 Hz, 2H), 4.00 (d, J = 4 Hz, 1H), 3.5 (br

s, 1H, -OH), 1.7 (m, 4H), 1.29 (t, J = 7.3 Hz, 3H), 1.2 (m, 6H); IR (film)

3500 (br), 2980, 2930, 2850, 1730, 1450, 1390, 1370, 1260, 1220, 1148,
1118, 1080, 1030, 980, 940, 895, 865 en”,

Preparation of 17, Labeled Ethyl Lactate, 18.
The Mitsunobu reaction 129 using 179-pbenzoic acid was performed with

(+)-ethyl lactate as above, using the following reagents: (+)-ethyl

lactate (1.460 g, 0.0124 mol), benzoic acid-170 (1.520 g, 0.0124 mol),

triphenylphosphine (4.86 g, 0.0185 mol), diethylazodicarboxylate (3.23 g,

0.0185 mol), and THF (50 mL). The azodicarboxylate was added portionwise

by syringe; the reaction solution went clear after each addition but the

final one of 0.5 mL. After standing at room temperature for 6 h, the

solvent was removed to afford a viscous yellow oil. Flash chromatography

(5x15 cm column, 1:4 EtOAc:hexane) afforded 2.39 g (87% based on benzoic

acid and ethyl lactate)ofethyl-2-benzoyloxy-propionate,35,asaclear
oil.

14 NMR (neat) §8.14 (m, 2H), 7.45 (m, 3H), 5.32 (q, J = 7.4 Hz, 1H), 4.17

(q, J = 6.5 Hz, 2H), 1.64 (d, J = 7.4 Hz, 3H), 1.24 (q, J = 6.5 Hz, 3H).

The benzoate 35 (2.35 g, 0.0114 mol) dissolved in 100 mL absolute ethanol

and 0.1 g NaOMe was added. The reaction mixture was allowed to stand at

room temperature for 12 hours and then at 4°C for 3 days. Ether (60 mL)

and 1 N HCl (60 mL) were then added. The aqueous layer was extracted with

ether (5 x 60 mL) and the combined organic phases dried (Mgso0,) and

240



evaporated to afford a clear oil. Flash chromatography (CH,C1,) provided a

solution of purified ethyl lactate-170 in CH4Cl,. The volume of the

solution was reduced to approximately 5 mL and activated 3A sieve beads

were added. After standing at room temperature for 3 h, the solution was

transferred to a fresh batch of sieves; washing the first batch with dry

CH,Cl, brought the solution volume up to 10 mL. NMR of a small portion of

this product was identical to that of commercially available ethyl lactate;

because of compound's volatility (bp = 154°C) the bulk of the material was

not freed of solvent. NMR of the CH,Cl, solution showed there to be 1 mmol

of ethyl lactate present for every 1.36 g of solution (assuming the

solution density to be the same as that of CH,Cl, alone). Since there was

10 mL (13.3 g) of this solution present, the transesterification proceeded

in approximately 86% yield. IR (CH,C1,) was also identical to that of the

16 material (Aldrich), except for the O-H stretching band at 3528.4 em”!

for 18 vs. 3541 em~1 for 165 ethyl lactate, and for several bands in the

fingerprint region, as shown below by the IR spectrum and the 174-164

difference spectrum. Approximately 1 g of the lactate solution was

evaporated on high vacuum to afford 20 mg of solvent-free sample: Anal.

Calcd for CsHy0g: Cc, 50.84; H, 8.53. Found: C, 50.61; H, 8.51.
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Preparation of 174 Labeled Benzyl Alcohol.

To a dry, 200 mL round bottomed flask charged with 50 mL THF,

benzaldehyde (2.00 g, 0.0187 mol), approximately 20 mg p-toluenesulfonic

acid, and a stir bar was added 1.00 g (0.0516 mmol) of 170m, by syringe.

After stirring for 2 h at room temperature, the reaction mixture was cooled

to -20°C and a suspension of 2.7 g LiAlH, (0.071 mol) in 100 mL ether

cooled to -20°C was added portionwise by cannula. After the addition was

complete, the reaction mixture was allowed to stir for 2 h while warming to

room temperature. Workup by the Steinhardt method !30, filtration of the

precipitate, drying of the organic phase (MgS0,), and evaporation afforded
1.96 g benzyl alcohol-170 as a colorless oil. Distillation at atmospheric

pressure (bp = 204°C) afforded 1.85 g (91%) of dry benzyl alcohol an

estimated 177% 174 enrichment. Anal. Calcd for C,HgO0: C, 77.75;BH,7.46.

Found: C, 77.49; H, 7.53.

5. Mass Spectroscopy of Titanium-Tartrates

Low resolution electron impact mass spectroscopy was done on a Varian

MAT-44 instrument at 22.3 eV. Solutions of approximately 0.4 M in titanium

were prepared in CH,Cl,, transferred to dry capillary tubes, and sealed

with vacuum grease in the dry box. To obtain the spectrum, a sample tube

was placed in the probe holder, the seal was broken, and the probe was

quickly placed in the instrument and evacuated. After the solvent was

removed, the probe was heated slowly to volatilize the sample. Peak

positions were accurate to only * 1 amu.
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6. Formation of Ti-tartrate in Pentane Monitored by Vapor Phase GC

A solution of Ti(0iPr), (0.816 g, 0.00287 mol), (+)-DIPT (0.672 g,

0.00287 mol), toluene (0.572 g) as an internal standard, and pentane (25.0

mL) was prepared in a 50 mL Ehrlenmeyer flask in the drybox, and was capped

with a rubber septum. For analysis, 0.250 mL of the vapor above the

solution was removed by gastight syringe and injected into the gc. Before

each injection 0.25 mL of argon was added by the same syringe to the

reaction flask to maintain a constant pressure. Nine injections were

averaged to obtain a gc ratio of iPrOH/toluene of 72.56/27.44,

Calibration was performed by vapor phase gc analysis of a solution of

isopropanol (0.3456 g, 0.00575 mol) and toluene (0.5732 g) in 25.0 mL

pentane. Note that the amount of isopropanol used for calibration was

exactly that expected for release of two equivalents into solution in the

first experiment. Also note that the amount of internal standard was the

same for both experiments. An average of six injections of the calibration

sample gave a iPrOH/toluene ratio of 73.12/26.88, indicating the release of

2.00 + 0.03 moles of iPrOH into solution per mole of DIPT added.

Ti(0iPr), (0.500 mL, 0.0017 mol) was then added to the calibration

sample to see if the presence of titanium tetralkoxide changes the observed

ratio by dative coordination of isopropanol. An average of four gc

injections gave a iPrOH/toluene ratio of 72.58/27.42, the same as in the

absence of Ti(0iPr),.

An identical experiment was performed with Ti(OEt), (0.509 g, 0.00223

mol), (+)-DET (0.460 g, 0.00223 mol), toluene (0.693 g) and pentane (25.0

mL). Averaging 18 injections gave an EtOH/toluene ratio of 71.61/28.39. A

calibration run performed with ethanol (0.2054 g, 0.00446 mol), toluene

(0.6930 g), and pentane (25.0 mL) gave an EtOH/toluene ratio of 72.26/27.74

after averaging of 9 injections. Adding 0.50 mL of Ti(OEt), gave a ratio

of 72.33/27.67 after 7 injections. Thus, the release of 1.98 * 0.04 moles

of ethanol is observed upon addition of 1 mole of DET to T1(0Et),.

Gas chromatography was performed on a 20 meter Carbowax 20-M fused

silica column with helium carrier gas. Retention times were as follows:

isopropanol, 2.42 min (flow rate = 40 mL/min); toluene, 4.28 min (flow =

40); ethanol, 2.82 min (flow = 35); toluene, 4.84 min (flow = 35).

2473



7. Determination of Secondary Deuterium Isotope Effects in Epoxidations

of 2-Decen-1-o0l Substrates,

Preparation of (E)-2-decen-1-ol, 36.

The LiAlH,/NaOMe reduction scheme used here is that of Corey, et.

a1.131
To 200 mL dry THF in a dry, 300 mL round-bottomed flask was added

0.688 g (0.0182 mol) LiAlH, powder, followed by NaOMe 1.960 g (0.0364 mol)

with stirring, taking care to vent the septum-stoppered flask through a

wide-bore needle to accomodate the release of some H, gas. To the stirred

reaction mixture under Ar atmosphere was added 2.00 g 2-decyn-1-o0l (0.0130

mol) by syringe. After stirring for 30 minutes, the septum was replaced by

a reflux condenser, and the reaction was heated to reflux for 3 hours. The

solution was then cooled to -78°C and is transferred by cannula into a

slurry of 3 mL of water in 100 mL of THF at -78°C with vigorous stirring.

The stirred reaction mixture was allowed to warm to room temperature, and

100 mL of ether was added. The organic phase was then dried (Mgso0,) and

solvent was removed to afford a colorless oil. Flash chromatography (15:85

EtOAc:hexane) produced 1.91 g (94%) of (E)-2-decen-1-ol as a colorless oil.

GC analysis indicated the absence of (Z)=allylic alcohol.

lH NMR (CDCl)§5.66 (m, 2H), 4.09 (d, J = 4.0 Hz, 2H), 2.05 (q, J = 7.0

Hz, 2H), 1.49 (br s, 1H), 1.25 (m, 10H), 0.90 (t, J = 7.1 Hz, 3H); 13c NMR

(CDC1,) 133.0, 128.8, 63.3, 32.1, 31.7, 29.1, 22.5, 13.9.

Since the allylic alcohol itself was found to give irreproducible mass

spectra, the t-butyldimethylsilyl ether was made by the following general

method: to a solution of one equivalent of 36 and three equivalents of

triethyl amine was added two equivalents t-butyldimethylsilyltrifluoro-

methane sulfonate (TBDMS-OTf) at 0°C. The reaction was complete in 10

minutes, and was quenched by the addition of 1 mL of water, followed by 5

mL of O0.5N HCl. The organic phase was dried (Na,50,) and the solvent

removed to give a colorless oil. Flash chromatography (1:5 EtOAc:hexane)

yielded the pure silyl ether, 37.

'H NMR (CDC14) § 5.64 (m, 2H), 4.09 (d, J=4.2 Hz, 2H), 2.05 (q, J = 7.0 Hz,

2H), 1.25 (m, 10H), 0.91 (s, 9H), 0.89 (t, 3H), 0.05 (s, 6H).
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Preparation of (E)-3-deuterio-2-decen-1-ol, 38.

A sample of LiAlH, powder was titrated by hydrolysis with dilute HCI

on a gas buret, revealing it to contain about 75% of the theoretical amount

of active hydride. The LiAlH,/NaOMe reduction was carried out as above

with the following reagents: 150 mL dry THF, 1.40 g of the LiAlH, powder

(approximately 0.028 mol), 3.02 g NaOMe powder (0.0559 mol), and 3.23 g of

2-decyn-1-0l (0.0201 mol). The reaction was quenched with iodine as

follows. In a separate dry flask was placed 100 mL THF and 31 g of I,

(0.122 mol); this solution was also cooled to -78°C under inert atmosphere.

The reaction mixture was added by cannula to the iodine solution with rapid

stirring. After 15 minutes at -78°c, the reaction mixture was allowed to

stir overnight, slowly warming to room temperature. The solution was then

transferred to a separatory funnel, 150 mL of ether was added, and the

mixture washed with 0.7 M Na,S5045 until the iodine color disappeared (4 x

100 mL). The combined aqueous phases were extracted with ether (2 x 80

mL), and the combined organic phases were then dried (MgSO,) and solvent

removed to give a yellow oil. Flash chromatography (1:4 EtOAc:hexane) gave

1.959 g (E)-3-iodo-2-decen-o0l 39 as a colorless oil (33%) plus

approximately 0.6 g of 39 contaminated with a small amount of (E)-2-decen-

1-ol.

Data for 39:

lH NMR (CDC13) § 5.86 (t, J = 6.2 Hz, 1H), 4.21 (d, J = 6.2 Hz, 2H), 2.51

(¢, J = 7.0 Hz, 2H), 1.55 (m, 3H), 1.28 (m, 8H), 0.88 (t, J = 7 Hz, 3H);

13¢c nur (cpCly) 133.4 (d), 110.3 (s), 67.1, 45.1, 31.7, 29.2, 29.0, 28.1,

22.5, 14.0.

In a 50 mL round-bottomed flask was placed 1.910 g of 39 (0.0688 mol)

and a stir bar. THF (10 mL) was added, followed by 1 mL D,0. After

stirring briefly, the solvent was removed under high vacuum. This process

of THF and D,0 addition followed by evaporation under vacuum was repeated

twice more with 3-4 mL THF and 0.8 mL D,0. The colorless oil was taken up

in 25 mL THF and cooled to -78°C under Ar. t-BuLi (10 mL of a 1.9 M

solution in hexane, 0.019 mol) was added dropwise by syringe. After the

addition was complete, the reaction was stirred at -78°C for 15 minutes and

then quenched by cannula transfer into a solution of 4 mL D,0 in 30 mL THF

cooled to -70°cC. The reaction mixture was stirred while warming to room
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temperature and 100 mL ether was added. The aqueous phase was dried

(MgS0,,) and solvent was removed. Flash chromatography of the crude product

(1:4 EtOAc:hexane) gave 0.9083 g (84%) of 38 as a colorless oil. ly NMR

(below) showed approximately 20% of the product to be (E)-2-decen-1-o0l,

that is, the protonated, not deuterated, allylic alcohol. Since the

deuterated substrate was meant to be used in competition with the

protonated one, this product was used as obtained, and the competition

experiment simply adjusted for an 80% deuterium content. GC analysis

showed no (Z)-allylic alcohol to be present.

Data for 38:

ly NMR (CDC14) § 5.69 (m, O0.2H), 5.64 (m, sharpens to br s upon irradiation

at 4.09 6, 1H), 4.09 (4, J = 5.7 Hz, 2H), 2.05 (t, J = 7.3 Hz, 2H), 1.25-

1.38 (m, 9H), 0.90 (tr, J = 6.7 Hz, 3H); 13c NMR (CDCl) 133.26 (d,

small), 128.7 (d), 63.5, 32.1, 31.8, 29.1, 22.6, 14.0. Anal. Caled for

Ci0Hp90D: C, 76.87; H, 12.90. Found: C, 76.78; H, 12.62.

The TBDMS ether of 38 was prepared in the usual way to afford a

colorless oil, 40:
lH NMR (CDC13) 6 5.69 (m, 0.2H), 5.64 (m, 1H), 4.09 (d, J = 6.0 Hz, 2H),

2.02 (t, J = 7 Hz, 2H), 1.27 (m, 8H), 0.91 (s, 9H), 0.89 (t, 3H), 0.05 (s,

5H).

Preparation of (E)-2-deuterio-2-decen-1l-ol, 4l.
The reaction sequence was identical to that for (E)-3-deuterio-2-

decen—1-ol 38 above, with the following reagents:

LiAlD, (98 atom %Z D, 0.975 g, 0.0233 mol), 150 mL THF, NaOMe (2.51 g,

0.0465 mol), 2-decyn-1-ol (2.87 g, 0.0186 mol), and I, (30 g, 0.12 mol) in

100 mL THF. Flash chromatography yielded 2.261 g (43%) of (E)-3-iodo-2-

deuterio-2-decen-1-0l 42 as a colorless oil.

lH NMR (CDC1;) 6 4.20 (d, J = 6.0 Hz, 2H), 1.50 (t, J = 7.4 Hz, 2H), 1.52

(m, 3H), 1.29 (br s, 8H), 0.89 (t, J = 6.7 Hz, 3H); 17C NMR (CDCl) § 133.1

(t, Jgp = 23 Hz), 110.1 (s), 67.0, 45.0, 31.6, 29.1, 28.9, 28.1, 22.5,
14.0.

Lithiation and hydrolysis of 42 was performed (without deuterium

exchange of the alcohol with D,0) in the same way as for 39, with the
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following amounts of reagents: 42 (2.250 g, 0.00797 mol), t-BuLi (0.019

mmol, 10 mL of a 1.9 M solution), 30 mL THF, and 4 mL H,0 in 30 mL THF.

Flash chromatography provided 1.176 g (94%) of (E)-2-deuterio-2-decen-l-ol

as a colorless oil.

ly amr (CDC1,) § 5.69 (br t, collapses to br s on irradiation at 4.09 ,

1H), 4.09 (d, J = 6.0 Hz, 2H), 2.05 (q, J = 6.7 Hz, 2H), 1.28 (m, 9H), 0.89

(t, J = 6.7 Hz, 3H); 17C NMR (CDCl) 132.9, 128.5 (very weak t), 63.2,

32.1, 31.7, 29.0, 22.5, 14.9. Anal. Calcd for Ci0H190D: C, 76.87; H,

12.90. Found: C, 76.67; H, 13.08.

The TBDMS ether was prepared in the usual way to afford a colorless

oil, 43.
ln NMR (CDC14) § 5.69 (m, 1H), 4.08 (s, 2H), 2.00 (q, J = 6.8 Hz, 2H), 1.27

(m, 8H), 0.91 (s, 9H), 0.89 (t, 3H), 0.05 (s, 6H).

Mass Spectra of tert-Butyldimethylsilyl Ethers, 37, 40, and 43.
Low resolution electron impact mass spectra were performed on a

Finnigan MAT 8200 spectrometer at 70 eV. For the TBDMS ethers, small

peaks corresponding to the Mt ion (at m/v=270 or 271), but the intensities

were too small to give reproducible mass ratios. The M-571% (4 = t-Bu)

peak, however, was the second largest in each spectrum, providing ample

intensity to extract H/D ratios. The precision of the measurements was

improved by limiting the scanning region to m/e values of 208-218, and by

averaging 95-100 spectra taken in succession at a period of steady overall

ion abundance; standard deviations for the intensities of the peaks of

interest were 27 (relative).

For the diprotio allylic silyl ether (37) the calculated ratio of 213

to 214 peaks matched the observed spectrum nicely. In the following

discussion, let (art stand for the [M-t-Bu]™ ion. For CyoHy5051, the

relative intensities should be: [A1tT=100, [A+1]T=18.34, [a+2]"=5.07,

[A+3]1=0.45; the observed intensities were [213]=100, [214]=18.34,

1215]=5.36, [216]=0.45. For 43, the C2-d derivative, the observed in-

tensities did not match so well: [213}=1.5, [214])=100, [215]=27.53,

[216]=6.93, [214]=1.08. It is the [213] and [214] peaks that were

used in the H/D determination, and these are acceptable, the 1.5% intensity

of the [213] peak arising from the fact that the LiAlD, used in preparing

43 was 987 isotopically enriched in deuterium.
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For 40, the C3-d compound, the mass spectrum confirms the presence of

approximately 20% of the diprotio allylic alcohol indicated by the NMR

spectrum: [213]=19.31, [214]=100, [215]=19.44, [216]=5.16. The procedure

used to determine the H/D ratio (that is, the ratio of diprotio/deuterated

allylic alcohols) here is the same procedure used in the determination of

relative rate constants in the competition experiments described below.

Assuming that the [213] peak is entirely due to the (art of the diprotio

substrate, its contribution to the [214] peak must be

(19.31)x(18.347%)=3.54. Therefore, the contribution of the deuterated

substrate to the [214] peak is 100-3.54=96.46, and the H/D ratio (the ratio

of the at ions of each molecule) is 19.31/96.46 = 1.00/5.00; the

diprotio allylic alcohol therefore comprises 16.7%Z of the total.

Determination of the Relative Rate of Epoxidation of (E)-3-deuterio-2-

decen—1-ol 38, and (E)-2-deuterio-2-decen-1-ol 41, with respect to (E)-2-

decen-1-ol 36.

A typical procedure (for epoxidation by TBHP and Ti-tartrate) is

presented here, followed by a table of the reagents used for each of the

competition experiments.

A dry 25 mL round-bottomed flask was charged with 0.067 mL (E)-2-

decen-1-o0l (57 mg, 0.36 mmol), 0.078 mL (E)-3-deuterio-2-decen-l-ol [66 mg

= 11 mg (E)-2-~decen~1-0l (0.07 mmol) + 55 mg d-labeled allylic alcohol

(0.35 mmol)], and 40 mg heptadecane as internal gc standard. CH,C1, (10

mL) was added, of which 1 mL was then removed as a ts sample for gc and,

after silylation, for mass spectroscopy. It should be noted that a known

amount of 2-decen-l1-0l and heptadecane was subjected to the workup condi-

tions below with no change in the gc ratio of allylic alcohol to internal

standard. To the reaction mixture under argon was added (+)-DIPT (0.208 g,

0.888 mmol). The flask was then cooled to -17°C and Ti(0iPr), was added

(0.200 g, 0.704 mmol). After stirring for 5 minutes, TBHP (0.544 mmol,

0.151 mL of a 3.60 M solution in heptane) was added. After 4 hours at -17

to -20°C, a small aliquot was quenched by transfer into a FeSO, /tartaric

acid solution (10%/10% by weight) with rapid mixing; gc indicated that the

reaction was 80.8% complete. After 4.5 hours reaction time, the reaction

mixture was poured into a mixture of 1 mL of the aqueous quench solution

and 40 mL ether. The aqueous layer was extracted with 40 mL ether and the
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combined organic phases dried with MgSO, and the solvent removed to a

yellow oil.

GC of an ether solution of the crude product indicated 82.4% + 0.3%

completion. The error limits here represent twice the standard deviation

for a collection of at least four gc injections; it is worth noting that in

the calculation of k.o1 below, a variation of 20.37 completion gives rise

to a change of only * 0.001 in Kiet After flash chromatography (15:85

EtOAc:hexane), the pure allylic alcohol was taken up in 5 mL CH,C1, and

treated with 0.04 mL Et,N (29 mg, 0.3 mmol) and 70 mg TBDMS~OTf (0.27

mmol). After 10 minutes, the solvent was removed and the crude product

flash chromatographed (hexane for the first 25 mL to remove heptadecane,

then 1:9 EtOAc:hexane) to afford 33.4 mg of the TBDMS ether (0.12 mmol,

approximately 95% based on percent completion and the removal of a to

sample). Four-fifths of the ty sample was silylated in the same way.

Mass spectra of the two TBDMS ether samples provided the following

relative values of [213] and [214] peaks: for the tj, sample, [213] = 93.96

+ 1.50, [214] = 100.00; for recovered substrate, [213] = 99.69 + 1.45,

[214] = 100.00. Again, the error limits represent twice the standard

deviation for the 95-100 spectra averaged. The ratios of diprotio to

deuterated allylic alcohols are therefore found to be: for the tg sample,

H/D = 1.137 * 0.025; for the recovered substrate, H/D = 1.223 % 0.020.

Calculation of the relative rate relies upon the equation:

kre = In(D/Dgy)/1n(H/Hy)
where Dy = initial amount of the d-labeled substrate,

D = amount of the d-labeled substrate after the reaction

Hy,H = initial and final amounts of diprotio allylic alcohol.

From the mass spectra values, recalling that the reaction was 82.47

complete, we calculate: Dy=100, Hp=113.7 + 2.5, D=16.92, H=20.69%0.4.

From these values, k,.7= 1.043 £ 0.025.

The same reaction sequence was performed for (E)-2-deuterio-2~decen-1-

ol 41 (0.074 mL, 63 mg, 0.40 mmol) and (E)-2-decen-1-o0l 36 (0.074 mL, 63

mg, 0.40 mmol). The other reagents used were (+)-DIPT (0.207 g, 0.884

mmol), Ti(0iPr), (0.200 g, 0.704 mmol), heptadecane (40 mg), and TBHP
(0.544 mmol, 0.151 mL of a 3.60 M solution in heptane). After 5.5 hours,

the reaction was quenched and found to have proceeded to 83.6 %Z completion.
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Standard workup and silylation yielded 30.4 mg of the TBDMS ether (ca.

98%), as well as the TBDMS ether of the starting substrate mixture. For

the ty sample, [213]=86.66 + 1.45, and [214]=100.00; for the recovered

substrate, [213]=88.86+0.76, and [214]=100.00. These values lead to the

determination of k.,q = 1.017 + 0.023.

The oxidations by mCPBA were performed as follows. A 25 mL round-

bottomed flask was charged with the mixture of diprotio and deuterated

decenols plus approximately 42 mg of heptadecane. About 1 mL of ether was

added to completely mix the reagents, the ether was removed in vacuo, and

approximately 23 mg of the mixture was removed as a toy sample. CH,Cl, (15

mL) was added, and the reaction mixture was cooled to -20°C. The oxidant

was then added by uncapping the flask and quickly pouring in the solid

mCPBA (Aldrich, 80-85%) all at once. The reaction was monitored by injec-—

ting aliquots directly from the reaction mixture. After 16 hours at -10°c,

the reaction was worked up by addition of 15 mL of a 0.7 M aqueous solution

of Na,504 with vigorous shaking for 5 minutes. Ether (40 mL) was added,

the organic phase was washed with 1 N NaHCO, (20 mL), the combined aqueous

phases were extracted with 20 mL ether, and the combined organic phases

were dried over MgS0O,. A small amount of this solution was removed for gc

analysis to determine the final extent of reaction, and the remainder was

evaporated to afford a yellow oil. The crude product was then treated as

above, with chromatography, silylation, and chromatography to yield the

pure TBDMS ether.

A summary of the competition reactions involving the epoxy alcohols is

presented below; the first table contains the amounts of reagents used (in

mmols), the second table the results of each reaction.

Reaction C2-d C3-d  C€2,C3-H Ti(0iPr), (+)-DIPT TBHP

0.35 0.43 0.704 0.888 0.544

0.40 0.704 0.884 0.544
0.40 0.38 0.800 0.960 0.523

0.40 0.800 0.544
0.42 0.772 0.577

0.44 0.792 0.602

mCPBA
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Reaction C2-d

3 0.42

0

0 0 41

ul

[2 0.29

C3-d €2,C3-H Ti(0iPr), (+)-DIPT

0.38 0.48 0.741

0.41 0.720
0.41

0.39

0.44

0.39

TBHP

0.593

0.576

mCPBA

0.55

0.57

0.57

0.56

Reaction 7% Completion [213], [214] [213], [214], Kral
82.4 93.96 100.00 99.69 100.00 1.043 * 0.025

83.6 86.66 100.00 88.86 100.00 1.017 + 0.023

69.7 74.87 100.00 78.27 100.00 1.044 ££ 0.028

87.9 87.32 100.00 87.68 100.00 1.002 = 0.023

82.9 78.60 100.00 84.38 100.00 1.049 + 0.025

81.9 90.87 100.00 94.86 100.00 1.031 + 0.025

83.2 91.02 100.00 98.72 100.00 1.056 + 0.025

83.4 85.20 100.00 88.95 100.00 1.029 * 0.025

82.5 91.22 100.00 100.00 94.92 1.106 £ 0.025

81.4 83.74 100.00 91.36 100.00 1.064 + 0.025

86.7 95.51 100.00 100.00 96.39 1.052 = 0.025

86.5 81.69 100.00 94.54 100.00 1.091 + 0.025

Determination of the Relative Rate of Epoxidation of (E)-3-deuterio-2-

decen-1-0l Acetate 44, and (E)-2-deuterio-2-decen-1-o0l Acetate 45, with

respect to (E)-2-decen-1-ol Acetate, 46.

The allylic acetates were prepared and epoxidized in situ as follows.

A 25 mL round-bottomed flask was charged with 0.082 mL (E)-3-deuterio-2-

decen-1-0l (containing 58 mg of the 3-deuterio substrate, 0.37 mmol; and 12

mg of the diprotio allylic alcohol, 0.08 mmol), 0.070 mL (E)-2-decen-l-ol

(60 mg, 0.38 mmol), and 44 mg of heptadecane. To this mixture was added 2

mL pyridine and 1 mL acetic anhydride; the reaction was allowed to stand at

room temperature for two hours, after which time tlc (3:7 EtOAc:hexane)

showed the acetylation to be complete. The volatile components of the

reaction (pyridine, Acy0, and acetic acid) were removed in vacuo (0.1 mm).

CCl, (2 mL) was added, the solution swirled to mix, and the solvent
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evaporated in vacuo to remove the last traces of the acetylation by-

products; 28 mg of the resulting oil was removed as a ty samples. The

mixture was taken up in 15 mL CH,C1, and, at room temperature, 0.155 g

mCPBA was added as a solid (80-85% pure, 0.74 mmol), After standing at

room temperature for 12 hours, the reaction was quenched with Na,505,

extracted with ether, washed with saturated NaHCO, and dried (MgSso0,,) as

above. GC of a small portion of the crude product compared to the to

sample disclosed 89.07 completion. The remainder of the crude product was

taken up in 5 mL methanol and 12 drops water, and was treated with about 20

mg anhydrous K,C04 at room temperature for 3 hours to remove the acetate

group. 1N HCl (5 mL) was added, and the mixture extracted with ether (3 x

20 mL). The combined organic phases were dried (Mgs0,) and the solvent

removed. Flash chromatography of the resulting oil (1:9 EtOAc:hexane)

afforded the pure allylic alcohol, which was silylated as above to give

20.0 mg of the TBDMS ether (about 55%, based on 7% completion and the

removal of a ty sample). The to sample was hydrolyzed and silylated in the

same manner, Mass spec analysis of the ratio of diprotio to deuterated

allylic alcohol was performed as described above. The reagents and results

for the mCPBA epoxidations of the decenol acetates are summarized in the

tables below.

Reaction C2-d

0.37

c2,C3-H
0.46

0.44

0.45

0.43

mCPBA
0.74

0.71

0.75

0.74

| 3

| 4 0.44

15

16

0.41

0.42

Reaction 7 Completion

L3 89.0

14 80.3

LS 81.1

83.8

(213]¢ [2141p [213], [214],
96.04 100.00 100.00 98.82

90.42 100.00 96.59 100.00

94.56 100.00 99.56 100.00

91.87 100.00 99.75 100.00

kel
1.029 + 0.025

1.050 * 0.025

1.038 + 0.025

1.056 + 0.025
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8. Tartrate Analogues

Preparation of (2R,3S5)-2,3-dihydroxy-3-phenylethylpropionate, 47.
Note: Preparation of the corresponding methyl ester by a more efficient

route is presented below.

(2R,35)-2,3-dihydroxy-3-phenyladamantylpropionate 49, prepared by Dr.
M. Takatani in approximately 80% ee, was recrystallized four times from

absolute ethanol to constant melting point (85-86 °C, dl diol melts at

136.5-137°C). The product was determined to be &gt;957 ee by nmr as discussed

below. Optically pure 49 (170 mg, 0.537 mmol) in 3 mL ethanol was added to

a solution of ca. 10 mg sodium metal in 5 mL ethanol at room temperature

under No atmosphere. The reaction was quenched by cannula transfer into

5mL of a 0.2 M solution of trifluoroacetic acid in ethanol. The reaction

mixture was evaporated under reduced pressure to yield a clear oil. Flash

chromatography (1:1 EtOAc:hexane) provided 32.0 mg (28%) pure 47 as a clear

oil.

ln NMR (CDC1,) 67.29 (m, 5H), 4.95 (d, J = 4 Hz, 1H), 4.35 (d, J = 4 Hz,

1H), 4.22 (q, J = 7 Hz, 4H), 3.50 (s, 2H), 1.25 (t, J = 7 Hz, 6H); IR

(CH,C1,) 3400 (br), 2910, 2840, 1740 em™1;[a]23+7.22° (c 2.1, CH,CL).

Determination of Optical Purity of 49.

To a solution of 48 mg (0.152 mmol) 49 in 15 mL THF was added 40 mg

(0.25 mmol) carbonyl diimidazole, followed by a small amount (ca 10 mg) of

KH in mineral oil. After stirring for 2 h at room temperature, the solvent

was removed and the residue taken up in 15 mL ether and washed with water

{15 mL). The organic layer was dried (MgS0,) and solvent removed to yield

a white solid. Medium pressure liquid chromatography (18:82 EtOAc:hexane)

provided 29 mg (56%) of pure carbonate 50. A sample of carbonate from the

racemic diol adamantyl ester was also prepared.

Data for 50:

lH NMR (C¢Dg) 67.21 (m, 5H), 5.25 (d, J = 4.9 Hz, 1H), 4.26 (d, J = 4.9

Hz, 1H), 2.01 (m, 6H), 1.95 (m, 3H), 1.42 (m, 6H); IR (KBr) 2980, 2920,

2860, 1830 (s), 1760 (m), 1735 (m), 1380, 1350, 1150, 1115 cm”1; IR

(CH,C1,) 2970, 2910, 2850, 1830 (s), 1755 (m), 1730 (m), 1440, 1378, 1348,

1275, 1198, 1147, 1113 (s), 1043 cm”1;[¢]23 -11.11° (c 4.3, EtOH).

Jpon addition of a total of 36 mg (0.13 mmol, 3.5 equivalents) of the
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chiral solvating agent (+)-2,2,2-trifluoro-1-(9-anthryl)-ethanol to 12 mg

of 50 in CeDe» the C-2 methine proton doublet shifts to a single doublet
resonance at 4.45 §. Identical analysis of a sample of the racemic car-

bonate produces doublets at 4.46 and 4.40 §, indicating a &gt;95% enantiomeric

excess for 50.

Preparation of (2R,3S)-2,3-dihydroxy-3-phenylmethylpropionate, 15.

0
- Me

NE .

A "Ph 5

1&gt; nBu,BOTf OBn v

A — e
Hi pH

/ Mg (OMe),

50D

Pho3. -78°C

—

-~1
co
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/ MeOH

OH

3 nN .AN
A

HO 0

1) TMS-I OBn

Phy OMeNr
HO 0

L

2) MeOH

19 Poey=

This synthesis was performed by Ms. Pamela Shapiro.

Oxazolidinone 51 derived from norephedrine was kindly supplied by Mr.

Steven Bender of the Evans group. The aldol condensation of 51 (2.999 g,

9.22 mmol) with benzaldehyde (1.27 g, 12.0 mmol) was performed in THF at

-78°C mediated by (nBu),BOTf, according to the method of Evans.l22 Flash

chromatography of the crude product (3:97 acetone:CH,Cl,) yielded 3.663 g

(92%) of the adduct 52 as a clear oil. The nmr spectrum shows no evidence

for more than one diastereomer. GC analysis (SE-30 capillary, 20 m, 150-

220°C) showed only one peak.
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lH NMR (CDCl) 8 7.14-7.42 (m, 15H), 5.52 (d, J = 4.5 Hz, 1H), 5.08 (d, J =

6.9 Hz, 1H), 5.00 (t, J = 6.3 Hz, 1H), 4.60 (s, 2H, benzyl), 4.40 (m, 1H),

3.13 (d, lH, -OH), 0.76 (d, J = 6.7, 3H).

While this particular aldol condensation reaction has not been

reported by the Evans group, closely related reactions have been performed.

In every case, the same sense of diastereoselectivity has been observed in

high diastereomeric excess and good yield. We rely on this observed selec-

tivity pattern to assign the absolute configuration of our product.

To 200 mL of methanol was added 0.252 g Mg turnings (10.4 mmol) and

0.0295 g I, (0.24 mmol) and the mixture was refluxed under Ar atmosphere

until the Mg disappeared. The solution was cooled to 0°C and 52 (2.3 g,

5.3 mmol) in methanol (20 mL) was added. The reaction was stirred at 0°c

for 30 minutes and then quenched by addition of 200 mL of 10% HCl

(producing an orange color). Ether (200 mL) was added, the layers

separated, and the aqueous phase extracted with ether (3 x 100 mL). The

combined organic phases were dried over MgS0, and solvent removed to yield

a dark orange oil. Flash chromatograhy (3:7 EtOAc:hexane, TLC visualiza-

tion with p-anisaldehyde) provided the methyl ester 53 (1.318 g, 86%) as a

clear oil.

ly NMR (CDC14) § 7.1-7.4 (m, 10H), 4.99 (t, J = 4.5 Hz, 1H), 4.68 (d, J =

10.8 Hz, 1H), 4.42 (d, J = 10.8 Hz, 1H), 4.07 (d, J = 4.5 Hz, 1H), 3.62 (s,

3H), 3.11 (d, J = 4.5 Hz, -0H).

The Mosher ester from (+)-MTPA-Cl showed 95.0% ee in the C-2 proton

resonances at 6.31 (minor) and 6.24 (major):

lv NMR (CDC13) 6 7.1-7.4 (m, 15H), 6.24 (d, J = 6.1 Hz), 4.67 (d, J = 11.2

Hz, 1H), 4.46 (d, J = 11.2 Hz, 1H), 4.27 (d, J = 6.2 Hz, lH), 3.46 (s, 3H),

3.45 (q, J = 1Hz, 3H).

To a solution of 53 (1.20 g, 4.2 mmol) in CHCl 4 (10 mL) was added

0.775 mL Me,Sil (1.09 g, 5.4 mmol) at room temperature. After stirring for

15 minutes, the brown-red reaction mixture was treated with 40 mL methanol

and the solvent removed. The orange residue was taken up in ether and

washed with 1N Na,S04 until disappearance of color and then with saturated
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NaHCO. The organic phase was dried over MgS0, and the solvent removed to

give a pale yellow solid. Flash chromatography (1:1 EtOAc:hexane) produced

0.306 g (35%) of 15 as a white crystalline solid; m.p. 83-84°C; [ go 13°

+10.10° (e=1.57, CDC1y).
ly NMR (CDCl,) § 7.25-7.40 (m. 5H), 5.04 (dd, J, = 7.1, J, = 2.5 Hz, 1H),

4.39 (dd, J; = 7.1, J, = 2.5 Hz, 1H), 3.85 (s, 3H), 3.15 (d, J = 6.0 Hz,

lH, -OH), 2.79 (d, J = 6.0 Hz, 1H, -OH); IR (CHCl,) 3540, 2960 (w), 1740

(s), 1440, 1390, 1270, 1220 (br), 1110, 1085, 1050, 700, 675 cml. Anal.

Calcd for CioHp90y: Cc, 61.22; H, 6.16. Found: C, 61.48; H, 6.23.

A sample of 15 was peracetylated (Ac,0, pyridine) to afford the diacetate

54 as a clear oil.

lH NMR (CgDg) § 7.25-7.40 (m, 5H), 6.67 (d, J = 3.7 Hz, 1H), 5.62 (d, J =

3.7 Hz, 1H), 3.38 (s, 3H), 1.75 (s, 3H), 1.70 (s, 3H).

Addition of 50 uL of Eu(hfc), solution (76 mg/0.4 mL C¢Dg) to a solution of

5 mg 54 in 0.6 mL CD, shifted the acetate resonances to 2.47 and 2.29 .

Singlets due to the minor enantiomer appeared at 2.56 and 2.37 §; the

enantiomeric excess was determined to be 93.5%.

Asymmetric epoxidation of (E)-0-phenylcinnamyl alcohol using ligand 15.

A solution of 27.6 mg (0.131 mmol) (E)-a-phenylcinnamyl alcohol and

25.1 mg (0.128 mmol) 15 in 20 mL dry CHyCl, was treated with 29.2 mg (0.103

mmol) Ti(0OiPr), under inert atmosphere. After standing at room temperature

for 15 minutes, the reaction mixture was cooled to ~23°C and 0.39 mmol TBHP

(0.100 mL of a 3.87 M solution in toluene) was added by syringe. The

reaction mixture was allowed to stand at -20°C overnight, after which 10 mL

of aqueous FeSO, /tartaric acid quench solution was added with vigorous

shaking. The aqueous phase was extracted with ether and the combined

organic phases dried (MgS0,) and evaporated. The crude product was flash

chromatographed (1:9 EtOAc:hexane) to yield 23.0 mg (77%) of epoxy alcohol.

HPLC analysis on a chiral Pirkle column showed the product to be 807% ee,

enriched in the 2S enantiomer.

Kinetic Resolution of l-cyclohexyl-(E)-2-~buten~1~ol using ligand 15.

The kinetic resolution was performed in the usual way, using 38.9 mg
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(0.252 mmol) l-cyclohexyl-(E)-2-buten-1-ol, 15.9 mg pentadecane as internal

gc standard, 45.7 mg (0.233 mmol) 15 56.1 mg (0.197) Ti(0iPr),, and

approximately 0.15 mmol TBHP (19 uL of an approximately 7.7 M solution in

CH,Cl,), at -20°Cc. After 3 h, gc analysis on the 15 m Carbowax-20M

capillary column (temperature program: 70°C, 4 min, 16 deg/min, 220°c, 4

min) showed 65.2 Z of the allylic alcohol to be consumed. Normal workup

including peracetylation of the crude reaction product and subsequent flash

chromatography produced 13.8 mg allylic acetate (27.9%, 80% based on

percent completion). NMR analysis in CeDg using chiral shift reagent

Eu(hfc), showed the product to have 16% ee. By comparison to the NMR shift

pattern of allylic acetate resolved using (+)-DIPT, the product is assigned

the R configuration, the same as the slower reacting enantiomer from the L-

(+)-tartrate mediated resolution.

Kinetic Resolution of l-cyclohexyl-(E)-2-buten—1-~ol using ligand 47.

The reaction was performed as above using a 1.2:1 ratio of ligand to

Ti(OiPr),, at -20°C in CH,Cl,. After 50% completion, the recovered allylic

acetate had a 7% ee of the R enantiomer. The epoxy acetate product was

found by gc to be a 41:59 ratio of erythro:threo diastereomers.

Preparation of (2R,3S)-2,3-dihydroxy-3-cyclohexylethylpropionate, 48.
The crude product from transesterification of the adamantyl ester 49

(142 mg, ca. 0.68 mmol) was dissolved in 15 mL methanol and 8 drops glacial

acetic acid. To this solution was added 100 mg of 5%Z Rh on alumina powder,

and the mixture was hydrogenated at 50 psi with vigorous shaking for three

days. The reaction mixture was filtered and evaporated to a white solid.

Chromatography (3:7 EtOAc:hexane) yielded 28 mg unreacted starting material

plus about 100 mg of a mixture of starting material and product. Medium

pressure chromatography (3:7 EtOAc:hexane) produced 75.4 mg (ca. 657%) pure

48 as a white solid; [0]2° -11.5° (c 5.03, CDC1,).

lH NMR (CDC1,) §4.28 (m, 3H, ester methylene and C-2 proton), 3.55 (br t,

1H, C-3 proton), 3.14 (br 4, 1H), 2.00 (m, 1H), 1.5-1.8 (m, 4H), 1.32 (t,

J = 7 Hz, 3H), 1.0-1.35 (m, 6H); IR (CDC1l,) 3400, 2980, 2950, 1735 cm”1,

Kinetic Resolution of l-cyclohexyl—-(E)-2-buten-1-ol using ligand 48.

Kinetic resolution was performed in the usual manner, using 40.5 mg
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(0.262 mmol) of allylic alcohol, three drops of heptadecane as internal

standard, 75.0 mg (0.347 mmol) 48, 82 mg (0.29 mmol) Ti(0iPr),, and 0.16

mmol TBHP (0.047 mL of a 3.343 M solution in CH,Cl1,). At 50% completion,

peracetylation of the quenched reaction mixture shows the product epoxy

acetates to be 77.87 erythro and 22.2% threo. The recovered allylic

acetate (19.4 mg, 37.6%) was found to be 70% ee in the R enantiomer,

indicating a k,.;of 6.1.

Preparation of (2R,3S8)-2,3-dihydroxy-3-cyclohexylmethylpropionate, 16.
A 100 mL hydrogenation pressure flask was charged with 0.1138 g (0.592

mmol) of (2R,3S)-2,3-dihydroxy-3-phenylmethylpropionate 15, 15 mL methanol,

10 drops acetic acid, and 0.300 g of Rh on alumina powder (5%Z Rh, Aldrich

Chemical Co.). The mixture was hydrogenated at 53 psi with shaking on a

Parr hydrogenator for four days. The reaction mixture was filtered and

evaporated to a white solid. Chromatography (3:7 EtOAc:hexane) provided

pure (2R,35)-2,3-dihydroxy-3-cyclohexylmethylpropionate 16, as a white

crystalline solid; mp. 97.5-99 °C; [a]3® -20.8° (c 5.5, cDC1,).
ln NMR (CDC1;) 64.27 (d, J = 5.5 Hz, 1H), 3.78 (s, 3H), 3.52 (br t, J =

8.5 Hz, 1H), 3.23 (d, J = 5.5 Hz, 1H), 2.17 (br d, J = 9.2 Hz, 1H), 2.00

(br d, J = 12 Hz, 1H), 1.7-1.4 (m, 4H), 1.2 (m, 4H), 0.99 (m, 2H); 13c NMR

(CDC14) 174.7, 76.8, 70.9, 52.7, 40.3, 29.1, 26.2, 25.8; IR (CH,Cl,) 3540
(br), 2920, 2850, 1738 (s), 1440, 1390, 1290 (br), 1230 (br), 1190, 1135,

1110 (s). 1085. 1040, 973, 925 cmL.

Asymmetric epoxidation of (E)-0-phenylcinnamyl alcohol using ligand 16.

A solution of 50.0 mg (0.238 mmol) (E)-a-phenylcinnamyl alcohol and

51.0 mg (0.252 mmol) 16 in 10 mL dry CH,Cl, was treated with 0.064 mL (0.22

mmol) T1(0iPr), under inert atmosphere. After standing at room temperature
for 10 minutes, the reaction mixture was cooled to -23°C and 0.45 mmol TBHP

(0.120 mL of a 3.74 M solution in heptane) was added by syringe. The

reaction mixture was allowed to stand at -20°C overnight, after which 10 mL

of aqueous FeSO,/tartaric acid quench solution was added with vigorous

shaking. The aqueous phase was extracted with ether and the combined

organic phases dried (MgSO,) and evaporated. The crude product was flash

chromatographed (1:9 EtOAc:hexane) to yield 48 mg (89%) of epoxy alcohol.

HPLC analysis on a chiral Pirkle column showed the product to be greater
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than 987% ee, enriched in the 2S enantiomer, as confirmed by coinjection

with a sample of racemic epoxy alcohol.

Epoxidation of Secondary Allylic Alcohols by Ti(OiPr), and

(dl)-Tartrates
Epoxidations were performed in the usual manner at 0°C in CH,C1,,

employing the amounts (in mmoles) of reagents listed below in the table.

For nonenol (11) the internal standard was pentadecane, and for (E)-1-

cyclohexyl-2-buten-1-o0l (12) the internal standard was g-bromotoluene.

Rxn. 11 (£)-DET (-)-DET (+)-DIPT (-)-DIPT Ti(0iPr), TBHP
1 1.75 2.10 a ie si 1.75 3.50

1.76 -= 2.15 -— 1.76 3.50

1.57 0.94 0.94 -- 1.57 3.14

1.00 0.50 0.50 -- 1.00 2.00

1.00 0.65 0.65 ww 1.00 2.00

1.00 0.50 1.00 2.00

1.00 0.65 1.00 2.00

12
1.03

9 1.04

10 1.02

11 1.05

- 1.13 2.00

--= 1.49 1.15 0.31
0.73 0.73 1.12 2.00

0.76% 0.76% 1.16 0.32

* (d1)-DIPT was prepared from commercially available (dl)-tartaric
acid.

Reaction aliquots were quenched by transfer into a 0°C solution of an

equivalent volume of acetone containing 0.5 mL water, and were stirred

vigorously for 1 h while warming to room temperature. The reaction mixture

was filtered through celite and evaporated to a faint yellow oil. The

residue was taken up in 15 mL of ether and treated with 10 mL 1N NaOH in

brine with vigorous stirring for 30 minutes at 0°C. The organic phase was

dried (MgS0,) and evaporated to an oil.

For the nonenol reactions, erythro/threo ratios were determined by gc

analysis of the trimethylsilyl ethers prepared in situ by addition of

trimethylsilyl imidazole to ethereal solutions of each product. Trimethyl-

silylimidazole was added to each sample until the ratio of erythro to threo

products on the gc reached a constant value (usually only 2 additions of

silyl reagent were needed). For 12, erythro/threo ratios were determined

by gc analysis of the acetylated epoxy alcohols (Ac,0, pyridine).
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10. Kinetic Resolution of (3R)-4-phenyl-l-penten-3-o0l, 29.

Preparation of 29.

To a suspension of 0.04 mol NaH (1.6 g of 607% dispersion in mineral

0il) in 300 mL toluene under argon at room temperature was added trimethyl-

phosphonoacetate (7.286 g, 0.040 mol) in 5 mL toluene with stirring over 20

minutes. After an additional 100 mL toluene was added to facilitate

stirring, the reaction mixture was stirred for 30 minutes and then was

cooled to -20°C. A solution of (d1)-2-phenylpropionaldehyde (5.367 g,

0.040 mol) in 10 mL toluene cooled to -20°C was then added over 15 minutes.

The reaction mixture was allowed to warm gradually to room temperature

while stirring overnight. Water (50 mL) was then added, the layers

separated, and the organic phase washed with water (2 x 200 mL). The

combined aqueous phases were extracted with ether (2 x 100 mL), and the

combined organic phases were dried (MgS0,) and the solvent removed to yield

8.19 g (107%) of crude (4-phenyl)-(E)-2-pentenylacetate, 55. Only one

compound was visible in the NMR, providing evidence for a &gt;30:1 ratio of

E:Z olefins.

Data for 55: 'H NMR (CDCl) §7.4-7.1 (m, 5H), 5.81 (d, J = 15 Hz, 1H),

5.80 (d, J = 15 Hz, 1H), 3.73 (s, 3H), 3.64 (heptet, J = 6.6 Hz, 1H), 1.45

(d, J = 6.6 Hz, 3H).

A solution of 55 (6.79 g, approximately 0.036 mol) in 20 mL CH,Cl, was

added to 100 mL of a DIBAL-H solution in CH,Cl, (1.0 M, 0.10 mol) at 0°C by

cannula, The reaction mixture was stirred for 4 h while warming to room

tempeature. The reaction was quenched by dropwise addition of saturated

NH,C1 to give a gel, which was dissolved in 1 N H,50, and extracted with

ether (2 x 150 mL). The organic phase was washed with 1 N H,80, (80 mL),

saturated NaCl (100 mL), saturated NaHCO4 (100 mL), and saturated NaCl (2 x

100 mL), dried (MgsSo0,), and evaporated to afford a clear oil. Flash

chromatography (1:4 EtOAc:hexane, 5 x 12 cm column) afforded 5.255 g (91%)

of (E)-4-phenyl-2-penten-1-o0l 56, contaminated with approximately 20% 2-

phenyl-1-propanol as a colorless oil.

Data for the major component of 56: ly NMR (CDC14) § 7.35-7.1 (m, 5H),

5.85 (dd, J; = 15, Jo = 6.8 Hz, 1H), 5.61 (dt, J; = 15, Jo = 5.5 Hz, 1H),

4.05 (m, 2H), 3.47 (heptet, J = 6.7 Hz, 1H), 1.90 (br s, 1H), 1.36 (d, J =

6.7 Hz, 3H).
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A portion of 56 (1.067 g, 0.00658 mol) was epoxidized in the usual way

at -20°C using the following reagents: Ti(0iPr), (1.83 mL, 1.75 g, 0.00616

mol), (+)-DIPT (1.733 g, 0.00740 mol), TBHP (1.66 mL of a 3.98 M solution

in toluene, 0.0066 mol), in CH,Cl, (65 mL). After 36 h at -20°C, 50 mL of

the FeSO,/tartaric acid quench solution was added with vigorous stirring

for 15 minutes. The aqueous phase was extracted with ether (2 x 70 mL) and

the organic phases were combined and evaporated in vacuo. The crude

product was dissolved in 100 mL ether and stirred with 50 mL IN NaOH in

saturated NaCl for 2 h at room temperature. The aqueous phase was

extracted with ether (60 mL) and the combined organic phases were dried

(MgS0,) and evaporated to an oil. Flash chromatography (3:7 EtOAc:hexane)

yielded 0.784 g (2S, 3S)-2,3-epoxy-4-phenyl-l-pentanol 57 (76%), as an oil,

in an approximately 1:1 diastereomeric ratio (epimeric at C-4).

ln NMR (CDC14)6 7.38-7.18 (m, 10H), 3.95-3.80 (ddt, 2H), 3.7-3.5 (m, 2H),

3.15-2.98 (m, 8H), 2.85 (m, 1H), 2.70 (m, 1H), 1.86 (m, 2H, -OH), 1.41 (d,

J = 6.8 Hz, 3H), 1.34 (d, J = 6.8 Hz, 3H).

Mosher ester analysis showed 57 to be greater than 95% enantiomerically

pure.
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A solution of 57 (0.750 g, 0.00421 mol) in 10 mL CH,Cl, was treated with

Et4N (1.0 g, 0.010 mol), 4,4-dimethylaminopyridine (ca. 20 mg), and p-

toluenesulfonyl chloride (1.00 g, 0.00524 mol) at room temperature. After

1 h, the reaction was quenched by addition of 0.5 mL 3-dimethylaminopro-

pylamine and the solvent was removed. Flash chromatography (1:4

EtOAc:hexane) of the crude product afforded 1.174 g (81%) of (2S, 3S8)-2,3-

epoxy—-4-phenyl-pentan—-1~ol tosylate 58, as a colorless oil, again as a 1:1

diastereomeric mixture.

lH NMR (CDC13) 67.76 (m, 4H), 7.35-7.15 (m, 14H), 4.23 (m, 1H), 4.17 (m,

1H), 4.05-3.85 (m, 2H), 3.1-2.9 (m, 4H), 2.82 (m, 1H), 2.67 (m, 1H), 2.45

(s, 6H), 1.36 (d, J = 6.7 Hz, 3H), 1.30 (d, J = 6.7 Hz, 3H).

A solution of tosylate 58 (1.12 g, 0.00337 mol) in 20 mL acetone was

treated with 1.5 g Nal (0.0100 mol) with stirring overnight. The reaction

mixture poured into a mixture of 30 mL ether and 40 mL aqueous Na,5,04

(0.56 M) with stirring. The organic layer was washed with Na,5,04 (30 mL)

and then with saturated NaCl. The combined aqueous phases were extracted

with ether (50 mL), and the combined organic phases then dried over MgSO,

and evaporated to a yellow oil.

Following the procedure of Nicolaou;!33 after drying the oil on the vacuum

line (0.1 mm) for 30 minutes, dry THF (35 mL) and a stir bar were added,

and the solution cooled to -23°C under argon. To this solution was added

0.0085 mol nBuLi (5.3 mL of a 1.6 M solution in hexanes) dropwise by

syringe. After 30 minutes, the reaction was quenched by addition of 30 mL

ether followed by 15 mL saturated aqueous NH, C1. After warming gradually

to room temperature with stirring, the organic layer was washed with

saturated NaCl (30 mL) and the combined aqueous phases extracted with 40 mL

ether. The combined organic phases were dried (MgS0,) and evaporated.

Flash chromatography (1:4 EtOAc:hexane) afforded 0.4408 (3R)-4-phenyl-1-

penten-3-o0l, (3R)-29 (81%), as a colorless oil in a 1:1 diastereomeric

mixture (epimeric at C-4).

lh NMR (CDC1,) 67.37.15 (m, 10H), 5.88 (m, 1H), 5.77 (m, 1H), 5.29 (dd,

J; = 15 Hz, J, = 1 Hz, 1H), 5.21 (dd, J; = 15 Hz, J, = 1 Hz, 1H), 5.16 (dd,

J, = 10 Hz, J, = 1 Hz, 1H), 5.11 (dd, J; = 8 Hz, J, = 1 Hz, 1H), 4.24 (m,

1H), 4.14 (m, 1H), 2.91 (m, 1H), 2.81 (m, 1H), 1.53 (d, J = 5 Hz, 2H, -OH),
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1.33 (d, J = 6.7 Hz, 3H), 1.27 (d, J = 6.7 Hz, 3H).

As stated below, nmr analysis of the Mosher ester showed (3R)~29 to be

present in 95% enantiomeric excess.

A sample of racemic 4-phenyl-l-penten-3-o0l, 59, was prepared by addition of

vinyl magnesium bromide to (dl)-2-phenylpropionaldehyde in THF at -78°c.

The addition of MeMgBr to (dl)-2-phenylpropionaldehyde is known to give a

2.4:1 excess of the S,S/R,R diastereomer.l3% 4-Phenyl-l-penten-3-0l was

isolated from the vinyl magnesium bromide addition in a 3.2:1

diastereomeric ratio; by analogy to the MeMgBr case (Cram's rule) the

dominant diastereomer should be the S,S/R,R pair. Since the allylic

alcohol (3R)-29 is a mixture of R,S and R,R diastereomers, we can identify

the peaks due to each isomer from the nmr spectrum of 59: ly NMR (CDC1,) S

5.88 (R,S), 5.77 (R,R), 5.29 (R,S), 5.21 (R,R), 5.16 (R,S), 5.11 (R,R),

4.24 (R,R), 4.14 (R,S), 2.91 (R,R), 2.81 (R,S), 1.53 (-OH), 1.33 (R,R),

1.27 (R,S).

The (-)-MTPA ester of the racemic allylic alcohol 59 displayed four

methoxide peaks, one pair 3.2 times as intense as the other, as expected

from the presence of a racemic mixture of diastereomers. The (-)-MTPA

ester of (3R)-29 showed two of these peaks due to the major (3R) epimer,

and two minor peaks due to the minor (3S) pair; the enantiomeric excess for

the (3R) center was 95%. It is therefore possible, relying on the

asymmetric epoxidation selection rule and Cram's rule, to assign the

absolute configuration represented by each of the (-)-MTPA ester methoxide

peaks: 3.49 (3R,4R), 3.47 (35,48), 3.33 (3R,48), 3.17 (3S,4R).

Kinetic Resolution of (3R)-phenyl-l-penten-3-ol, (3R)-29.

Kinetic resolution of (3R)-29 was performed at -20°C in the usual

manner, with the following reagents: (3R)-29 (0.1176 g, 0.725 mmol), n-

heptadecane (57.6 mg), Ti(OtBu), (0.2787 g, 0.819 mmol), (+)-DIPT (0.2659
g, 1.135 mmol), TBHP (0.115 mL of a 3.98 M solution in toluene, 0.458

mmol), and CH,C1, (10 mL). After 40 h, 30 mL of the FeSO, /tartaric acid

quench solution was added with vigorous stirring for 15 minutes. GC

analysis revealed that 667% of the allylic alcohol had been consumed. The

aqueous phase was extracted with ether (2 x 20 mL), and the combined
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organic phases were dried (MgS0,) and the solvent removed. After tartrate

hydrolysis with 25 mL 1N NaOH/brine and 25 mL ether (room temperature, 90

minutes), flash chromatography (1:4 EtOAc:hexane) afforded 35.1 mg of the

recovered allylic alcohol (88%) and 74.0 mg of the epoxy alcohol (57%).

The (-)-MTPA ester of the recovered allylic alcohol displayed the four

methoxide peaks with the following integral intensities in parentheses

(normalized to 100): 3.49, 3.47 (69.6 for both, 3.49 much larger than

3.47), 3.33 (26.5), and 3.17 (4.2). Since the 3.47 and 3.19 peaks arise

from the 3S compounds (the slower reacting C-3 epimer for kinetic

resolution), we assume that, to whatever extent they have reacted, they

were consumed equally. This allows us to assign the integral intensity of

the 3.47 peak to be 4.2 and the 3.49 peak to be 69.6-4.2 = 65.4. Recalling

that the kinetic resolution went to 667% completion, we have the following

amounts of isomers at the beginning and end of the kinetic resolution:

3.49 (R,R) 3.47 (S,S) 3.33 (R,S) 3.17 (S,R)

Start 97.5 2.5 97.5 2.5
End 44.5 2.8 18.0 2.8

Notice that the amounts of the (S,S) and (S,R) isomers are unchanged

(within experimental error), as expected for the slower reacting C-3

configuration. The rate of the epoxidation of the (3R,4S) allylic alcohol

relative to that of the (3R,4R) alcohol is therefore:

Kral = 1n(18.0/97.5) / 1n(44.5/97.5) = 2.15 + 0.1.
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Preparation and Epoxidation of Digeranyl Tartrate

1.00 g L-(+)-DIPT (4.27 mmol) and 9.8 g geraniol (63.5 mmol) were

combined in a dry 25 mL round-bottomed flask with stir bar. A small piece

of sodium metal was added; after stirring overnight at room temperature, 30

mL of water was added followed by 70 mL ether. The organic phase was

washed with water (50 mL) and the combined aqueous phases extracted with

ether (50 mL). The combined organic phases were washed with saturated

NaCl, dried (Mgso0,), and evaporated to yield a yellow oil. Excess geraniol

was removed by Kugelrohr distillation at 95°C (4 mm Hg). Medium pressure

liquid chromatography of the remaining yellow oil (11:89 EtOAc:hexane)

produced pure (L)-digeranyl tartrate as a colorless oil.

lH NMR (CDC14) 6 5.37 (br t, J = 6.8 Hz, 2H), 5.08 (m, 2H), 4.77 (d(AB), J,

= 7.9, Jpg = 13 Hz, 4H), 4.56 (d, J = 7.2 Hz, 2H), 3.34 (d, J = 7.2 Hz, 2H,

-OH), 2.08 (m, 8H), 1.73 (s, 6H), 1.69 (s, 6H), 1.62 (s, 6H); IR (CH,Cl,)

3500, 2960, 2920, 2850, 1735, 1440, 1375, 1250, 1110, 1080, 910 cm” Ls [a]3}

-13.04° (c 13.6, CHCl,); Anal. Caled for Co4H3806: C, 68.22; H, 9.06.

Found: C, 67.97; H, 9.32.

That no epimerization of the tartrate occurred during the base-

catalyzed transesterification was confirmed by the transesterification of a

sample of digeranyl tartrate back to diethyl tartrate under identical

conditions (EtOH, Na). The DET obtained had an identical optical rotation

to DET used to make the digeranyl tartrate. This result is interesting

since the isopropylidene-protected tartrate undergoes facile epimerization

with NaOMe in methanol.

11.

Epoxidation of Digeranyl Tartrate with 1 Equivalent Ti(0iPr), and TBHP.

A 25 mL round-bottomed flask was charged with 0.1422 g digeranyl

tartrate (0.337 mmol) and 15 mL dry CHyC1,. Ti(0iPr), (0.098 mL, 0.094 g,
0.33 mmol) was added by syringe and the mixture cooled to 0°C under inert

atmosphere. After stirring for 20 minutes, the reaction was cooled to

23°C and TBHP (1.01 mmol, 0.242 mL of a 4.18 M solution in CH,C1,) was

added to begin the reaction. After two days at -20°C, TLC showed approxi-

mately 40% of the digeranyl tartrate to have reacted with no release of

geraniol or geranyl epoxide. The reaction was quenched by addition of 7 mL

of a FeSO, /tartaric acid solution (3%/10% by weight) with vigorous stirring

while warming to 0°C. The organic phase was dried (MgSO0,) and solvent
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removed to afford a faint yellow oil.

Careful TLC at this stage again indicated that no geraniol or geranyl

epoxide was present, i.e., that less than 57% transesterification had taken

place. It is worth noting that in 3:7 EtOAc:hexane TLC showed digeranyl

tartrate to have a higher Rf value than geraniol, whereas in 1:9

EtOAc:hexane (developed three times) the relative positions of geraniol and

geranyl tartrate were reversed.

Hydrolysis of the tartrate was done with 10 mL 1N NaOH/brine and 15 mL

ether at room temperature for 16 hours. Drying of the organic phase with

MgS0,, removal of solvent, peracetylation with 3 mL pyridine and 1.5 mL

Ac,0, and column chromatography (1:9 EtOAc:hexane) afforded 0.0248 g of

geranyl epoxy acetate (18.87 of the maximum amount possible from complete

epoxidation of digeranyl tartrate). NMR analysis in CgDg in the presence

of Eu(hfc), indicated a &gt;95% ee for this material, by comparison to (dl)-

geranyl epoxy acetate prepared by mCPBA oxidation of geraniol. By

comparison to geranyl epoxy acetate prepared from the product of asymmetric

epoxidation, the product of the digeranyl tartrate oxidation was assigned

the 2S configuration, the same as the product from asymmetric epoxidation

using (+)-tartarte.

A similar reaction using 0.9 equivalents Ti(0iPr), per equivalent of

digeranyl tartrate was conducted at 0°C and produced geranyl epoxide of

&gt;907% ee, as determined from NMR of the (-)-MTPA ester in the presence of

achiral shift reagent Resolve-Eu.

A similar reaction using 2.0 equivalents of Ti(0iPr), per equivalent

of digeranyl tartrate at -20°C provided a 77% yield of geranyl epoxide of

58% ee (2S) as determined by NMR of the acetate with Eu(hfc),.

12. Preparation and Epoxidations Using n-Butyl Hydroperoxide

n-Butyl hydroperoxide was prepared from n-butylmethane sulfonate by
the method of Williams and Mosher.13?

A 2.1 M solution of the hydroperoxide in CH,C1, was dried over

activated 4A molecular sieves for 12-16 hours at 0°C. After the

concentration was determined by iodometric titration, the hydroperoxide was

employed in asymmetric epoxidations of two standard substrates. The

hydroperoxide solution was then transferred by pipette to a fresh batch of

sieves, and the titration and epoxidations performed again, This process
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was repeated until the results of asymmetric epoxidation were reproduced

twice in succession, thus employing the epoxidation reaction as an

indicator of the water content of the hydroperoxide solution. The

concentration of the hydroperoxide solution did not change with the sieve

treatments.

Asymmetric epoxidations of (E)-o-phenylcinnamyl alcohol (60) and (E)-

2-decen-1-0l1 (36) were performed under stoichiometric conditions in the

usual manner at -20°c, using a 1:1.2 ratio of Ti(0iPr),:(+)-DIPT. The

following table lists the enantiomeric excess of the product epoxy alcohols

for the sequential molecular sieve treatments.

Enantiomeric Excess (%)

Reaction _60 36

J

)
x

75

9/4

90

02

4

18

70

75

75

13. Kinetic Resolution of g-Phenethyl Hydroperoxide, PHP

Three methods were employed to test the kinetic resolution of racemic

hydroperoxide in the asymmetric epoxidation: (1) standard epoxidation of a

prochiral substrate with 3-4 equivalents of PHP, (2) kinetic resolution of

a racemic secondary allylic alcohol to 50% conversion, and (3) epoxidation

of an enantiomerically pure secondary allylic alcohol (prepared by kinetic

resolution using (+)-tartrate) by 3-4 equivalents of PHP and (-)-tartrate.

In each case, the enantiomeric excess of the recovered phenethyl alcohol

was determined by optical rotation and by nmr analysis of the MTPA ester.

An example of each of these methods is given below, followed by a list of

results.

Phenethyl hydroperoxide was purchased from Oxirane Corp. as a solution

in ethylbenzene and phenethyl alcohol. The hydroperoxide was easily

purified by flash or medium pressure chromatography on silica gel in

CHyCl,3 no decomposition of the hydroperoxide was seen. Hydroperoxide

concentration was determined by iodometric titration. Subjection of a

known amount of purified hydroperoxide to the epoxidation workup conditions

including column chromatography resulted in quantitative recovery of
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hydroperoxide.

Enantiomerically enriched sec-phenethyl alcohol has been prepared and

correlated by a number of workers; 136 the R configuration exhibits a

positive optical rotation in methanol and CH,Cl,. For absolute

configuration assignment of the MTPA esters of phenethyl alcohol, sec-

phenethyl alcohol enriched in the S-enantiomer (72% ee) was prepared by the

method of Mukiayama.l3’ The MTPA ester of this material prepared from (R)-

(+)-MTPA-C1 displays the following pattern of more intense resonances:

methoxide singlet - downfield; methyl doublet - upfield; phenyl multiplet -

upfield; methine quartet - upfield.

Method 1

In a dry 50 mL round bottomed flask, 0.1218 g (Z)-4-diphenylmethoxy-2-

buten-1-0l (0.48 mmol) and 0.1541 g (-)-DET (0.75 mmol) were dissolved in

15 mL dry CH,Cl, under inert atmosphere. The flask was cooled to -23°c

and 0.1634 g Ti(0iPr), (0.57 mmol) was added. The reaction mixture was

allowed to stir for 20 minutes and then 0.298 g of phenethyl hydroperoxide

was added by syringe (6.55 mL of a 0.329 M solution in CH,Cl,, 2.16 mmol).

The reactions were stored in a -20°C freezer and quenched after 26 hours by

cannula transfer into a solution of 0.5 mL water in 30 mL acetone with

vigorous stirring. Filtration through celite, removal of solvent, tartrate

hydrolysis in ether/1N NaOH in brine, drying, and removal of solvent gave a

mixture of PHP, phenethyl alcohol, epoxy alcohol, and a small amount of

unreacted starting material. Medium pressure chromatography (3:7

EtOAc:hexane) provided phenethyl hydroperoxide (0.217 g, 1.57 mmol, 937%

based on complete consumption of allylic alcohol), phenethyl alcohol

(0.0484 g, 0.400 mmol, 83%), and epoxy alcohol (0.111g,0.41mmol,86%).

Optical rotations were measured for each of the products:

Phenethyl hydroperoxide: [133 +3.09° (c 17.2, CH,Cl1,)
Phenethyl alcohol: [0123 -6.2° (c 3.23, CH,C1,)
Epoxy alcohol: [a]3® +18.70° (ce 5.55, CH,Cl,).

The enantiomeric excess of the epoxy alcohol was estimated by

comparison with a sample of epoxy alcohol prepared by Dr. D. Tuddenham and

determined by Mosher ester analysis to be 907% ee ([a]f° +18.62° (c¢ 5.07,

CHy,C1,)). In this case, the epoxy alcohol was estimated to also be 907 ee.

NMR (CDC1,) of the (+)-MTPA ester of the recovered phenethyl alcohol

revealed a 16.27 ee in the S configuration, consistent with its direction
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of optical rotation.

Method 2

A dry, 50 mL round-bottomed flask was charged with 0.1112 g (E)-1-

cyclohexyl-2-buten-1-ol 61 (0.72 mmol), 0.2432 g (+)-DIPT (1.038 mmol), 0.2

mL of hexadecane as internal standard, and 25 mL CH,Cl,. After removal of

a small amount of the solution as a t; gc sample, Ti(0iPr), (0.2459 g, 0.87

mmol) was added at room temperature. After 10 minutes, the reaction

mixture was cooled to -42°C, and 0.72 mmol of PHP was added (1.12 mL of a

0.646 M solution in CH,Cl15). The reaction mixture was allowed to warm to

-30°c, whereupon the hexadecane dissolved. A 1 mL aliquot removed by

cannula into a stirred FeSO,/tartaric acid quench solution showed the

reaction to be about 30% complete. After standing at -42°C for a further

25 minutes and then at -30°C for 20 minutes, the reaction was quenched by

cannula transfer into a solution of 1 mL water in 30 mL acetone at 0°c,

with vigorous stirring for 30 minutes. Addition of 2 g MgSO, filtration,

evaporation, and tartrate hydrolysis in ether/1 N NaOH/brine afforded a

faint yellow oil. GC of the crude product indicated 50% of the allylic

alcohol was consumed. Medium pressure chromatography (l:4 EtOAc:hexane)

afforded phenethyl alcohol (0.0402 g, 0.33 mmol, 927% based on 50%

completion), phenethyl hydroperoxide (0.0467 g, 0.30 mmol, 83%), and

unreacted allylic alcohol (0.0562 g, 0.36 mmol, 101% based on 507%

completion).
NMR of the (+)-MTPA ester of 61 revealed a &gt;95% enantiomeric excess in

recovered allylic alcohol. NMR of the (+)-MTPA ester of recovered

phenethyl alcohol revealed a 17% ee of the R enantiomer. For the recovered

phenethyl hydroperoxide, [a] 23 -14.4° (c 3.11, MeOH). Assuming that 50% of

the hydroperoxide was consumed, a 17% ee in phenethyl alcohol product

indicates that the resolved hydroperoxide should be 177% ee in the S

enantiomer. Reduction of the hydroperoxide with triphenylphosphine (1.2

equivalents, ether, room temperature, 1 h) provides phenethyl alcohol of

[a] 23 +6.7° (c 2.68, MeOH). These results provide an absolute

configuration assignment of S to the levorotatory enantiomer, and indicate

a maximum optical rotation of approximatelv -14.4/0.17 = -85% for the

homochiral hydroperoxide.

Method 3

A dry 50 mL round-t&gt;_tomed flask was charged with 0.1327 g of (R)-
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(E)-1,3-dicyclohexyl-2-propen-1-ol (0.597 mmol), prepared in 93% ee by Dr.
Victor Martin according to the published procedure.&gt;¢ To this was added

0.2000 g (=)-DIPT (0.85 mmol) and 25 mL dry CH,Cl,. Ti(0iPr), (0.187 g,

0.66 mmol) was added and, after standing for 10 minutes, the reaction

mixture was cooled to -23°C. Phenethyl hydroperoxide (0.247 g, 1.79 mmol,

2.80 mL of a 0.646 M solution in CH,Cl,) was then by syringe to begin the

reaction. After 16 h, the reaction was quenched by acetone/water, and the

tartrate hydrolyzed by NaOH/brine, as noted above for Method 2. MPLC

(15:85 EtOAc:hexane) afforded 12.2 mg of recovered allylic alcohol (0.055

mmol), 63.4 mg of phenethyl alcohol (0.52 mmol, 967 based on recovered

allylic alcohol), 39.1 mg of the threo epoxy alcohol, and a mixture of the

erythro epoxy alcohol and phenethyl hydroperoxide. NMR of the (+)-MTPA

ester of phenethyl alcohol showed it to be racemic. However, a similar

reaction using (-)-DMT provided phenethyl alcohol of 14% ee of the S

enantiomer.

Allylic Alcohol

hea
Hd

Method

Oar
OH

QO
 3) 3

OH CH,OCH,Ph .

Zl 23)J

PHP

Tartrate Zee (Config.) Epoxy alcohol Zee

DD: -T[ 11
,

J

DET 18 (R)

DIPT 17 (R)

&gt; 15

&gt; 35

DIPT

DMT 14 'R)

&gt; 95

&gt; 95

DET 5 (R)

DIPT 4 (8)

DNePT 8 (R)

75

} 5

fF,

vET

DIPT

16 'R) 30

O 30)
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14, Signer Molecular Weight Determinations.

Molecular weights were measured in solution by the isopiestic Signer

method. 4 Tetra-n-butyl tin, purified by distillation, was used as the

molecular weight standard.

A typical procedure for a molecular weight determination was as

follows. In the drybox a 100 mL round-bottomed was charged with 0.164 g

(+)-DIPT (0.700 mmol) and 0.199 g Ti(0iPr), (0.700 mmol) in 10 mL CH,Cl,.

After five minutes at room temperature, the solvent was removed in vacuo.

CH,C1, was again added (5 mL) and removed under vacuum. Two more

solvent/vacuum cycles were performed to yield a yellow foam, free of iso-

propanol (calculated 0.279 g). The Ti-tartrate complex was transferred to

one bulb of the Signer apparatus with several CH,C1, washings to insure

quantitative transfer; a total of approximately 5 mL CH,C1, was required.

The other bulb of the Signer apparatus was charged with Bu,Sn (107 mg,

0.308 mmol) and CH,C1, (about 3 mL). The sealed apparatus was removed

from the drybox, and both solutions subjected to three freeze/pump/thaw

cycles (0.1 mm). The apparatus was then allowed to warm slowly to room

temperature and was stored at approximately 25°C until distillation of

solvent from the standard (Buy Sn) bulb to the unknown was complete. Seven

days were required to reach equilibrium; the volumes of each solution

remained unchanged for four days after that. The Bu,Sn bulb contained 3.98

mL solution; the bulb containing Ti(DIPT)(O1iPr), held 4.17 mL solution.

Since equilibrium is achieved at the point at which the concentration of

solute is the same in each bulb,

(grams unknown) (MW std) (mL std)

MW nknown
{grams std)(mL unknown)

(0.279 g)(347 g/mole)(3.98 mL) / (0.107 g)(4.17 mL)

= 864 g/mole

The Signer apparatus was then opened in the drybox and a sample of each

solution was removed and evaporated for nmr analysis. The nmr spectra

showed each solution to be pure and without decomposition.

Occasionally, after equilibrium had been achieved, solvent was

transferred from the unknown to the standard solution by bulb-to-bulb

distillation (simply by cooling the standard solution with liquid
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nitrogen), and the system was allowed to again distill to equilibrium. In

every case, the equlibrium volumes were the same as the first determina-

tion. To demonstrate the stability of the complexes and the quality of the

valve seals, in several instances the apparatus was allowed to stand for a

month to six weeks after equilibrium was reached; the volumes of the solu-

tions did not change. It should be noted that measurements in cyclopentane

usually required two weeks to reach equilibrium; pentane, five to six days;

CH,C1, and ether, a week to ten days. Experimental error can be considered

to be approximately 10%.
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