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C O N S P E C T U S

Stereoselective allylations of carbonyl compounds such as alde-
hydes and ketones are useful but challenging reactions in

organic chemistry. The resulting chiral secondary and tertiary
homoallylic alcohols or ethers are valuable building blocks in the
synthesis of biologically active natural compounds and pharmaceuticals.

Although researchers have developed several methods for the
facially selective allylation of aldehydes, the stereoselective allyla-
tion of ketones still poses a severe problem. We have developed a
highly diastereoselective domino multicomponent allylation reac-
tion of a ketone and allyltrimethyl silane using the trimethylsilyl
ether of a norpseudoephedrine or mandelic acid derivative as an
auxiliary with a diastereoselectivity of up to 98:2. The reaction is
performed at -78 °C in the presence of a catalytic amount of trif-
luoromethanesulfonic acid and leads to the corresponding tertiary
ethers. The procedure can also be used for the allylation of aliphatic aldehydes with a diastereomeric ratio >99:1. Ketones
give the 4,1′-syn product while the aldehydes give the reversed selectivity to yield a 4,1′-anti product. In addition, the reac-
tion of γ-substituted allyl silanes with ketones yields a product with two stereogenic centers and an anti diastereoselectiv-
ity of >99:1.

The homoallylic ethers formed in the domino multicomponent process can be used in further synthetic transforma-
tions: the auxiliary can serve as a protecting group or can be cleaved reductively to give the corresponding homoallylic alco-
hols. Based on a number of both experimental and theoretical studies of the reaction mechanism, we conclude that an
intermediate oxocarbenium ion is formed in the reaction of ketones. The oxocarbenium ion is attacked by the allyl silane
during the stereogenic step. Using density functional theory methods, we could trace the observed stereoselectivity phe-
nomena back to open transition states (TSs) where there is no interaction between the silane’s trimethylsilyl group and the
former carbonyl oxygen. On the contrary, the reaction with aldehydes forms an intermediate oxazolidinium salt, which
explains the opposite selectivity. We have used the new allylation procedure in several total syntheses of natural products
such as vitamin E, (+)-hydroxymyoporone, 5,6-dihydrocineromycin B, and polyoxygenated cembrenes.

Introduction
Stereoselective allylations of carbonyl compounds

like aldehydes and ketones are very useful but

challenging synthetic transformations in organic

chemistry.1 They provide an approach to valuable

chiral secondary and tertiary homoallylic alcohols

or ethers, which can be used as building blocks in

the synthesis of biologically active natural com-

pounds and pharmaceuticals.1 Hence, several

methods1a have been developed for the stereose-

lective allylation of carbonyl compounds. Among

others, the domino multicomponent allylation

reaction (MCAR)2 of a carbonyl compound, allyl-

trimethylsilane, and a trimethylsilyl ether in the

presence of a catalytic amount of a Lewis or Brøn-

sted acid is one of the most versatile procedures.3
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Formally, the oxygen atom of the carbonyl compound 2 is

replaced by an allyl and an ether moiety, stemming from the

employed trimethylallyl silane 1 and the silyl ether 3, respectively,

and TMS2O (5) is formed as a second product (Scheme 1).

Experimental observations indicate that the mechanism of

the MCAR proceeds via a mixed acetal species 6, which is

transformed into an oxocarbenium ion 7 bearing the organic

part of the silyl ether residue at its oxygen atom (Scheme 2).4

Intermediate 7 is then intercepted by the weak nucleophile tri-

methylallyl silane (1) to give the carbenium ion 8, which in the

following step is attacked by the trimethylsilyloxide anion to

yield the final homoallylic product 4.

The proposed mechanism is supported by the results of a

mechanistic study by Trehan. There it was shown that the

induced selectivity is independent of the stereochemical purity

of the mixed acetal when employing a chiral silyl ether com-

pound. In consequence of this fact, the authors excluded an

alternative SN2-type reaction, leaving the shown SN1-type

reaction as the only reasonable possibility.4 Several experi-

mental and computational investigations on similar reactions

provide a view of the transition state (TS) geometries

involved.5 Recently, we have performed a combined experi-

mental and theoretical study on the diastereoselectivity of

MCARs of different carbonyl compounds 9 with E- or Z-con-

figured crotyl silane (10) and trimethylsilyl methyl ether (11)

(Scheme 3).6

In line with previous observations,7 we found that reac-

tion of both Z and E-crotyl silane with R-branched aldehydes

like isobutyraldehyde 9c or pivaldehyde 9d give the syn prod-

uct 12c or 12d, while butanone 9e gives the anti product 13e

predominantly. For acetaldehyde 9a and propionaldehyde 9b,

the anti products 13a and 13b are formed with Z-crotyl silane

and the syn products 12a and 12b are obtained with E-cro-

tyl silane. The same results were obtained when using acetal-

dehyde and propionaldehyde dimethyl acetals as substrates.

For the elucidation of the origin of diasteroselectivity, we

determined the energies for the possible TSs employing den-

sity functional theory (DFT) including the effect of the solvent

dichloromethane (B3LYP/6-31+G(d)/PCM/UAKS).8 The exper-

imentally observed stereoselectivities can be rationalized for

all substrates by invoking oxocarbenium ion 7, which is inter-

cepted by the crotyl silane 10 in the stereoselective step (Fig-

ure 1). In addition to the strongly required substantiation of

the existence of the oxocarbenium ion 7 and the proposed

mechanism, we found that in each studied case, three TSs are

SCHEME 3. Crotylation of Aldehydes 9a-d and Ketone 9e with E-
or Z-Crotyl Silane (10)

FIGURE 1. Experimentally determined and computationally
predicted syn/anti selectivities for the crotylation of several
aldehydes and butanone with E- and Z-configured crotyl silane.
B3LYP/6-31+G(d)/PCM/UAKS level of theory for all reactions except
9a + (E)-10 for which BH&HLYP/6-31+G(d)/PCM/UAKS was used.

SCHEME 1. Schematic Description of the Domino Multicomponent
Allylation Reaction (MCAR)

SCHEME 2. Proposed Mechanism of the MCAR

Domino Multicomponent Allylation Reaction Tietze et al.
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necessary and sufficient to reproduce the experimentally

found selectivities (Chart 1).

For both aldehyde and ketone allylations, two TSs where

the double bond hydrogen points into the same direction as

the methyl group at the oxocarbenium ion are low-energy

TSs. Surprisingly, a TS where the substituents of the reaction

partners take an eclipsed orientation exists for aldehyde ally-

lations and is lowest in energy for R-branched aldehydes

delivering a straightforward explanation for the high syn selec-

tivity observed. In contrast, no such eclipsed TS conforma-

tions exist for the ketone allylations; here, however, a TS with

a Z-configured oxocarbenium ion must be taken into account.

Applications of the MCAR in Organic
Synthesis
MCARs may be employed for a variety of goals in organic syn-

thesis. Foremost, they can be used to synthesize complex

structures with secondary or tertiary ethers,9 including oxygen-

containing heterocycles, which are accessible via an intramo-

lecular variant of the MCAR.10 Protected homoallylic alcohols

can be formed in one step from the corresponding carbonyl

compound when silyl ethers such as TMSOBn are used direct-

ly.11

Extending this approach to the employment of chiral silyl

ethers and subsequent ether cleavage establishes an auxiliary-

mediated stereoselective formation of homoallylic alcohols.

Suitable auxiliaries for the stereoselective allylation of carbo-

nyl compounds are generally derivatives from secondary alco-

hols bearing one aromatic and one aliphatic side chain such

as 14. Thus, a 1,3-induction ensures a maximum transfer of

stereogenic information. The resulting products 16 resemble

benzyl-like protected alcohols, which can be deprotected by

standard reductive cleavage methods, for example, with

sodium in liquid ammonia (Birch conditions) or with lithium in

the presence of 4,4′-di-tert-butyl-biphenyl to give the homoal-

lylic alcohols 18 or with hydrogen and Pd/C to yield the cor-

responding saturated alcohols (Scheme 4).

In our group several chiral auxiliaries like 213a (Chart 2)

were developed that allow the stereoselective allylation of

both aldehydes and aliphatic methyl ketones in excellent

yields and selectivities. Experimental and computational inves-

tigations have been carried out to understand the origin of ste-

reoselectivity in these reactions. This Account focuses on the

auxiliaries developed by us and others, thereby summariz-

ing the substrate scope characteristics and the mechanistic rea-

sonings for the explanation of stereoselectivity. Furthermore

it demonstrates the usefulness of the method in total synthe-

ses of natural products.

It should be noted that there exists a variety of catalytic

enantioselective methods for the allylation of carbonyl

compounds.1a However, while secondary homoallylic alco-

hols are readily available in high enantiomeric excess from

both aliphatic and aromatic aldehydes,12 the allylation of

ketones is mostly limited to aromatic or R,�-unsaturated sub-

strates.13 In addition, these methods often rely on high cata-

lyst loadings and toxic starting materials such as triallyltin. The

use of the MCAR as an auxiliary-based method for the forma-

tion of homoallylic products not only offers a way for the

highly selective allylation of aliphatic carbonyl compounds but

combines the stereoselective reaction with the introduction of

CHART 1. Relevant TS Geometries for the Crotylations of
Aldehydes and Butanone with E-Crotyl Silane as Calculated with
B3LYP/6-31+G(d)/PCM/UAKS

SCHEME 4. Auxiliary Mediated Allylation of Carbonyl Compounds
and Subsequent Benzyl Ether Cleavage

CHART 2. Selected Auxiliaries for the Asymmetric Allylation of
Aldehydes an Ketones

Domino Multicomponent Allylation Reaction Tietze et al.
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a protecting group. Moreover, the chiral inductors are easily

available, and nontoxic starting materials are employed.

MCARs with the Phenyl-Methyl-
Substituted Auxiliary
In the first published approach, a simple auxiliary of type 14,

the phenyl-methyl-substituted silyl ether 19, was employed

by Mukaiyama for the allylation of several aldehydes (Scheme

5, Table 1).3a,14

The reactions with the phenyl-methyl-substituted auxil-

iary exhibit two features that are general for aldehyde allyla-

tions with aryl-alkyl-substituted auxiliaries published so far:

First, the main isomer of the resulting homoallylic ether has an

anti configuration with respect to the stereogenic center of the

auxiliary at C-1′ and the newly formed stereogenic center at

C-4. Second, selectivities are typically higher when aliphatic

aldehydes are used as substrates instead of aldehydes with

unsaturated side chains.

We have also investigated the allylation of butanone with

the phenyl-methyl auxiliary 19, which gave merely a 65:35

mixture of the corresponding tertiary homoallylic ether iso-

mers.15 While this result can be easily traced back to the more

difficult differentiation of a methyl and an ethyl group in con-

trast to a hydrogen atom and an alkyl chain in aldehyde ally-

lations, we observed the surprising result that the main isomer

does not have anti but syn configuration. This feature proved

to be typical for other ketone allylations.

For the allylation of butanone, we were able to identify the

relevant TSs by a comprehensive computational investiga-

tion. The analysis of the conformational degrees of freedom

leads to a total of 48 possible TS structures of which 10 con-

tribute significantly (more than 1%) to product formation,

making a rational reasoning based on steric interactions or

solvent effects difficult (Chart 3). The calculated ratio of iso-

mers (70:30) is very close to the experimental value of 65:35.

One interesting feature of the calculated TS structures is the

position of the phenyl group in relation to the oxocarbenium

ion double bond and in relation to the approaching nucleo-

phile. Contrary to expectation, the C-Ph bond is perpendicu-

lar to the CdO double bond in all relevant TSs, even when the

nucleophile approaches from the face where the phenyl group

resides as in the TSs leading to the anti product. This obvi-

ously strong stereoelectronic effect results in a lower energy

for TSs where the silane approaches from the opposite face to

the phenyl group.

Higher Selectivities Can Be Obtained by
Increasing the Size of the Aryl and Alkyl
Moieties
When the MCAR of cyclohexylcarbaldehyde (22c) with silyl

ether 19 and TMSOTf was performed at 0 °C instead of -78

°C, the selectivity dropped to 67:33. A substitution of the aux-

iliary’s phenyl group by a sterically more demanding 2,6-

dichlorophenyl moiety allowed the formation of the

corresponding homoallylic ether in a selectivity of 91:9 even

at 0 °C.3b

In the already mentioned mechanistic study by Trehan,4

the effect of increasing either one or both of the auxiliary sub-

stituents on the allylation of hydrocinnamaldehyde 24 was

tested, and it was found that an increase of the size of both

substituents leads generally to a higher selectivity (Scheme 6,

Figure 2). However, this approach seems to be limited because

the allylation with the o-tolyl-ethyl-substituted silyl ether pro-

vides a maximum selectivity of 93:7, while the o-tolyl-
isopropyl-substituted silyl ether delivered a lower selectivity.

Trehan explains the stereochemical outcome of the MCAR

with these silyl ethers by considering the competing TSs

27-30 (Chart 4). In TSs 27 and 28, the alkyl group stays per-

pendicular with respect to the CdO double bond, while in TSs

29 and 30, the aromatic moiety adopts the perpendicular

position. The authors argue that by increasing the size of the

alkyl moiety, RAlk, the TSs 27 and 28 become dominant over

29 and 30 due to hyperconjugation effects. Then, increasing

the size of the aromatic moiety, RAr, favors TS 27 over 28,

thus leading to a higher selectivity.

However, this model cannot explain the fact that selectiv-

ity drops when going from the o-tolyl-ethyl auxiliary to the

o-tolyl-isopropyl auxiliary. In addition, the explanation is con-

trary to the stereoelectronic effect found for the allylation of

butanone with the phenyl-methyl auxiliary 19. Thus, the

observed selectivity may need to be traced back to the pre-

SCHEME 5. Allylation of Aldehydes with the Phenyl-Methyl-
Substituted Silyl Ether 19

TABLE 1. Yields and Selectivities for the Allylation of Aldehydes
with the Silyl Ether 19

aldehyde yield [%] product 23 anti/syn

22a, R ) (CH2)8CdCH2 79 92:8
22b, R ) iPr 66 99:1
22c, R ) cHex 74 93:7
22d, R ) Ph 77 74:26

Domino Multicomponent Allylation Reaction Tietze et al.
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ferred attack to the re-face of the intermediate oxocarbenium

ion 31 with its C-RAr bond perpendicular to the CdO bond as

depicted in Chart 5.

Phenyl-Silyl-Substituted Silyl Ethers for the
Asymmetric MCAR of Aldehydes
Based on the silyl ethers developed by Linderman for the aux-

iliary-mediated Mukaiyama-like aldol reaction,16 Rychnovsky

prepared a series of phenyl-silyl auxiliaries, 32a-c (Chart 6),

and applied them to the allylation of aliphatic, aromatic, and

R,�-unsaturated aldehydes 33 (Scheme 7, Table 2).17

CHART 3. Most Relevant TSs for the Formation of the Main syn Isomer and the Minor anti Isomer of the Tertiary Homoallylic Ether from
Butanone, Allyltrimethylsilane 1, and the Phenyl-Methyl Auxiliary 19a

a The values in parentheses give the relative energy in kJ mol-1 as calculated with B3LYP/6-31+G(d)/PCM/UAKS in dichloromethane solution. The relative energy
is defined as the difference in energy from the lowest-energy TS. The percentage values correspond to the contribution of the individual TSs to overall product
formation according to TS theory.

FIGURE 2. Selectivities with the aryl-alkyl-substituted silyl ethers
25 for the allylation of 24.

SCHEME 6. Allylation of Hydrocinnamaldehyde 24 with
Aryl-Alkyl-Substituted Silyl Ethers 25

CHART 4. Transition States for the Explanation of the Changes in
Selectivity in the MCAR of Hydrocinnamaldehyde 24 with Aryl and
Alkyl Substituted Silyl Ethers 25a

a R ) (CH2)2Ph.

CHART 5. Proposed Relevant Attack Trajectory for the MCAR of
Hydrocinnamaldehyde 24a

a R ) (CH2)2Ph.

Domino Multicomponent Allylation Reaction Tietze et al.
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Again, the configuration of the main isomer, as well as the

level of induction for the three aldehyde types 33a-c,

matches perfectly the findings made before. The size of the

silyl group does have some effect on the selectivity of the ally-

lation; however, Rychnovsky identifies the simplest auxiliary

of this type, the phenyl-trimethylsilyl auxiliary 32a, as most

practical in organic synthesis. This view is justified in the light

of atom economy as well as in the ease of the preparation of

the compound, which is accessible by Noyori reduction18 of

the corresponding phenyl-trimethylsilyl ketone in an excel-

lent enantioselectivity of 98% ee. Additionally, the auxiliary

is rather practical in total syntheses because the transferred

R-silyl benzyl group can be transformed into a simple benzyl

protecting group upon reaction with tetra-n-butyl ammonium

fluoride (Scheme 8).

Rychnovsky explains the stereochemical outcome of the

reaction in terms similar to those of Trehan. Assuming a

strong �-silyl effect, the authors propose a perpendicular ori-

entation of the C-Si bond in relation to the oxocarbenium ion

double bond in the stereogenic TS 34a-c. The direction of

the attack then follows simply: steric hindrance exerted by the

phenyl group shifts the attack to the other face, thus leading

to the anti isomer of the final product.

The Norpseudoephedrine Auxiliary for the
Synthesis of Secondary Homoallylic Ethers
We have developed a chiral auxiliary based on the natural

compound norpseudoephedrine (NPED, 37) (Scheme 9).3a

Attaching a trifluoroacetate group to the amino functionality

and silylation of the alcohol affords the NPED auxiliary 38 in

97% yield over two steps.19

The allylations of various branched, unbranched, and func-

tionalized aliphatic aldehydes 39a-h exhibit an extraordinar-

ily high stereoselectivity for a wide range of substrates

(Scheme 10, Table 3).19 Following the general trend of the

above-mentioned auxiliaries, it is not surprising that aromatic

aldehydes are allylated less selectively; however, the allyla-

tion of p-methoxybenzaldehyde (39h) still proceeds in an

excellent selectivity of 98:2.

In a detailed experimental study including in situ 13C NMR

spectroscopy, isolation and characterization of reaction side

products at different reaction temperatures, and reactions with

possible intermediates, we were able to propose a reason-

able mechanism (Scheme 11) to explain the extraordinarily

CHART 6. Phenyl-Silyl-Substituted Auxiliaries for the MCAR of
Aldehydes

SCHEME 7. Allylation of Aldehydes with Phenyl-Silyl-Substituted
Auxiliaries 32a-c

TABLE 2. Yields and Selectivities for the Allylation of Aldehydes
with the Silyl Ethers (SE) 32a-c

33a, R1 ) C5H11 33b, R1 ) Ph 33c, R1 ) CHdCHPh

SE dr (yield [%]) SE dr (yield [%]) SE dr (yield [%])

32a 32:1 (86) 32a 10:1 (96) 32a 6:1 (69)
32b 35:1 (80) 32b 14:1 (98) 32b 8:1 (96)
32c >20:1 (75) 32c 16:1 (100) 32c 8:1 (76)

SCHEME 8. Cleavage of the R-Silyl Group of 35a-c

SCHEME 9. Synthesis of TMS-Protected (1R,2R)-N-
Trifluoroacetylnorpseudoephedrine, 38

SCHEME 10. Asymmetric MCAR of Aliphatic, Aromatic, and R,�-
Unsaturated Aldehydes Employing the NPED Auxiliary 38

Domino Multicomponent Allylation Reaction Tietze et al.

372 ACCOUNTS OF CHEMICAL RESEARCH 367-378 February 2009 Vol. 42, No. 2



high level of stereoinduction.20 Instead of a direct attack of

allyl silane 1 to the oxocarbenium ion 41, an intramolecular

cyclization takes place to give the oxazolidinium ion 42. In a

fast reaction, this ion is attacked by the allyl silane 1 from the

upper face, thus leading to almost perfect stereoinduction.

Alternatively, a slow hydrogen transfer may transform 42 to

43, which ultimately deprotonates to give the heterocycle 45.

In fact, an increase of the reaction temperature to -40 °C

results in the formation of 45 as major product. We assume

that in the case of aromatic aldehydes (R ) Ar), the conjuga-

tion decreases the electrophilicity of the oxocarbenium ion

carbon atom to make it less susceptible to intramolecular

cyclization. Thus, 42 is not formed, and the reaction proceeds

via attack to the open-chain ion 41, leading to an overall

somewhat reduced selectivity.

In line with the mechanistic proposal, the method is totally

reagent-controlled when �-chiral aldehydes are employed as

substrates.19 The difference in diastereomeric excess (de)

between matched and mismatched pairs for the studied mol-

ecules is typically less than 10%.

A Reversed but Still Excellent Selectivity Is
Found for the MCAR of Ketones with the
NPED Auxiliary
We have also applied the NPED auxiliary to the allylation of

ketones and found high levels of stereoinduction when ali-

phatic methyl ketones 46a-f were employed as substrates

(Scheme 12, Table 4).21 Thus, even the allylation of the most

difficult substrate butanone (46a) was achieved in a selectiv-

ity of 90:10 at -78 °C. In line with the result of the allyla-

tion of butanone with the phenyl-methyl auxiliary, the main

isomer does not have anti configuration as in the allylation of

aldehydes but syn configuration. Again, a strong reagent con-

trol is found for the allylation of chiral ketones with no more

than 5% difference in the diastereomeric excess for the

matched and mismatched pair combinations.22

Except for the reversed induction, three other points must

be mentioned when comparing the MCAR of ketones and

aldehydes: First, TMSOTf is not sufficient to initiate the reac-

tion with ketones; instead, TfOH must be employed. Since

TfOH rapidly reacts with allyl silane to form TMSOTf, we

assume that an equilibrium exists so that the concentration of

TfOH is sufficient to catalyze the reaction. This view is sub-

stantiated by the observation that there is no conversion when

the reaction is performed at temperatures significantly above

the boiling point of propene (-47 °C). Second, while the reac-

tion of aldehydes is finished within several minutes, the

reaction time for ketone allylations requires up to 2 h to

achieve 95% yield. Third, aromatic or R,�-unsaturated ketones

show almost no conversion. While this poses a limitation to

the scope of the reaction, it may provide the opportunity to

perform allylations chemoselectively when an aliphatic and an

aromatic ketone are present in the substrate.

TABLE 3. Yields and Selectivities for the Allylation of Aldehydes
with the NPED Auxiliary 38

aldehyde dr (yield [%])

39a, R ) Me >99:1 (52)
39b, R ) Et >99:1 (73)
39c, R ) nHex >99:1 (81)
39d, R ) tBu >99:1 (55)
39e, R ) CH)CHPh 87:13 (61)
39f, R ) cHex 98:2 (49)
39g, R ) Ph 82:18 (73)
39h, R ) p-C6H4OMe 98:2 (80)

SCHEME 11. Mechanism of the Asymmetric MCAR of Aldehydes
Employing the NPED Auxiliary 38

SCHEME 12. Asymmetric MCAR of Ketones Employing the NPED
Auxiliary 38

TABLE 4. Yields and Selectivities for the Allylation of Ketones with
the NPED Auxiliary 38

ketone dr (yield [%])

46a, R ) Et 90:10 (87)
46b, R ) nPent 88:12 (79)
46c, R ) iPr >96:4 (58)
46d, R ) tBu 91:9 (22)
46e, R ) (CH2)2OAllyl 91:9 (73)
46f, R ) (CH2)2OTBDPS 98:2 (98)

Domino Multicomponent Allylation Reaction Tietze et al.
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The cleavage of the auxiliary side chain from the homoal-

lylic ether is possible by employing standard or modified Birch

conditions (sodium in liquid ammonia or lithium with di-tert-
butyl-biphenyl in THF, respectively). No cleavage takes place

with hydrogen on Pd/C, thus providing a possibility to differ-

entiate between the transferred NPED moiety and simple ben-

zyl protecting groups at other positions in the molecule.

The Origin of Stereoselectivity for the
Allylation of Butanone with the NPED
Auxiliary: A Computational Study
The lack of a heterocyclic byproduct and the reversed stereo-

selectivity makes an identical mechanism as found for the

allylation of aldehydes unlikely. We therefore assumed that

the selectivity should be traced back to the direct attack of

allyltrimethylsilane to the intermediately formed oxocarbe-

nium ion.

In order to substantiate this proposal and to gain insight

into the structures of relevant TSs, we performed a computa-

tional study on the stereogenic step.23 We chose a system-

atic approach, first defining all possible TS structures by

identification of the conformational degrees of freedom and

then determining their relative energies by geometry optimi-

zation and frequency calculation in dichloromethane solution

using the B3LYP/6-31+G(d)/PCM/UAKS level of theory. How-

ever, the large number of possible TSs (almost 300) in com-

bination with the size of the system (61 atoms, 28 non-

hydrogen atoms) made this approach not feasible. We

therefore developed a screening process that allowed us to

select potentially relevant TSs via B3LYP//AM1 calculation

before performing time-consuming full optimizations and fre-

quency calculations. From the selected subset of about 60 TSs,

we found that 14 TSs needed to be taken into account to cor-

rectly reproduce the experimental value (calculated 85:15;

experimental 90:10). In these TSs, the oxocarbenium ion 48
is always E-configured and adopts one of the three conforma-

tions shown in Figure 3.

An attack on both faces of 48 takes place, however with

different rates, leading to the observed isomer ratio. The main

attack trajectory, accounting for 75% of product formation, is

the attack on the Si-face of conformation 481. For 481, attack

on the face opposite to the phenyl group is strongly preferred

over attack on the other face; on the other hand, this is not

the case for conformation 482. TSs in which 48 adopts con-

formations 482 or 483 are only relevant in solution because

the added steric interactions within the TS are counterbal-

anced by an extraordinary stabilization by the solvent

dichloromethane.

Ketone Allylations with Analogues of the
NPED Auxiliary
Having found one suitable auxiliary for ketone allylations, we

varied the substituents of the auxiliary to examine their effect

on the selectivity (Scheme 13).24 We observed that an elec-

tron-withdrawing group at the amino terminus is necessary to

obtain the homoallylic product; a simple acetate protecting

group led to no conversion at all (Scheme 14, Table 5). On the

other hand, the trifluoroacetamide group may be replaced by

a trichloroacetamide or a trifluoromethylsulfonyl group; how-

ever, almost no effect on the selectivity was observed.

A replacement of the phenyl group at the C-1 position by

a 2,6-dichlorophenyl group in 55 or a naphthyl group in 56

resulted in somewhat higher selectivities of 92:8 and 93:7,

respectively. We also replaced the phenyl group by simple

alkyl groups (Et, iPr, tBu), but in no case the selectivity

exceeded the ratio of 90:10 as found for the NPED auxiliary.

FIGURE 3. Main attack trajectories for the formation of the tertiary
homoallylic ether 47a. The contribution to product formation is the
sum of the individual TS contributions as calculated by B3LYP/6-
31+G(d)/PCM/UAKS according to transition state theory. The
individual TSs for the same attack trajectory differ in the relative
orientation of the double bonds of 48 and 1.
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In addition, these auxiliaries have no practical use since the

formed homoallylic ether cannot be cleaved easily.

One important result was that a removal of the methyl

group at C-2 had only a small effect on the selectivity, which

decreased to 89:11. The auxiliary 53 is easily accessible start-

ing from mandelic acid which, in contrast to the NPED auxil-

iary precursor, is commercially available in both enantiomeric

forms.25 Replacing the methyl group at C-2 by other substit-

uents leads to an increased selectivity: the best result was

obtained with the diphenyl-NPED auxiliary 52 leading to the

corresponding homoallylic ether of butanone in an isomer

ratio of 95:5 at -78 °C. It should be mentioned that a reduc-

tion of the reaction temperature allows a further increase of

selectivity. Moreover, a purification is possible by crystalliza-

tion, since the two stereoisomers formed are diastereomers.

NPED and Derivatives Have Been Used in
Total Synthesis of Natural Products
Natural products with stereogenic centers bearing a tertiary

methyl carbinol can easily be synthesized employing the

aforementioned procedure. Thus, we were able to prepare

compounds as divergent as precursors for vitamin E26 (58),

(+)-hydroxymyoporone27 (59), 5,6-dihydrocineromycin B28

(60), and the polyoxygenated cembrene29 61 by using the

NPED auxiliary 38 or its derivative 53 (Scheme 15).

In the course of the syntheses, the auxiliary side chain was

cleaved by subjecting the allylation product to Birch condi-

tions (sodium and liquid ammonia) or modified Birch condi-

tions25 using lithium and di-tert-butyl-biphenyl in tetra-

hydrofuran.

In the following, the synthesis of cembrene 61 is outlined.

Retrosynthetically, the compound may be broken down into

the two almost equally sized building blocks, 63 and 64, that

can be coupled by a nucleophilic epoxide opening reaction

(Scheme 16).

Scheme 17 displays the synthesis of the building block 63.

In the first step, the asymmetric MCAR with the mandelic acid

derivative ent-53 is used to transform the ketone 65 into the

homoallylic ether 66 in an excellent diastereomeric ratio of

95:5. In the following step, the auxiliary side chain is cleaved

under modified Birch conditions, and the resulting alcohol is

then protected as a PMB ether. Sharpless dihydroxylation at

the homoallylic double bond affords compound 67, which is

finally transformed into the epoxide 63 that could then be

coupled with the building block 64.

SCHEME 13. Analogues of the NPED Auxiliary 38

SCHEME 14. Allylation of Butanone (46a) with Analogues of the
NPED Auxiliary 38

TABLE 5. Yields and Selectivities for the Allylation of Butanone 46a
with Analogues of the NPED Auxiliary 38

auxiliary dr (yield [%])

38 90:10 (80)
49 90:10 (71)
50 a
51 87:13 (30)
52 95:5 (95)
53 89:11 (90)
54 67:33 (15)
55 92:8 (40)
56 93:7 (50)

a No conversion.

SCHEME 15. The Asymmetric MCAR of Aliphatic Ketones As Key
Step for the Total Synthesis of Natural Product Compoundsa

a The * marks the stereogenic center established by the asymmetric MCAR.
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Synthesis of Homoallylic Ethers with Two
Newly Formed Stereogenic Centers
The employment of γ-substituted allyl silanes instead of allyl

trimethylsilane in the MCAR of butanone (46a) affords ter-

tiary homoallylic ethers with two newly formed stereogenic

centers. We have prepared substituted allyl silanes 68 with R

) Me, Et, nPr, iPr, and Ph in both E- and Z-configurations and

employed them in the MCAR of butanone (46a) with the NPED

auxiliary ent-38 (Scheme 18, Table 6).30 While the reactions

with branched aliphatic (R ) iPr) and aromatic γ-substituents

(R ) Ar) did not afford the desired product, we obtained good

yields and high selectivities using the allyl silanes with

unbranched alkyl substituents (R ) Me, Et, nPr), but only at a

prolonged reaction time of several days.

All products have a 3,4-anti relationship of the newly gen-

erated stereogenic centers with a simple dr > 100:1, whereas

the induced diastereoselectivity ranges from 70:30 to 95:5

depending on the double bond configuration and the length

of the alkyl substituent. Thus, the highly preferred formation

of the 3,4-anti product is nearly not influenced by the dou-

ble bond geometry of the employed allyl silanes. This is in line

with the observations made for the simple MCAR of butanone

(46a) with crotyl silane 10 and TMSOMe (11) as silyl ether.6

Rather surprising however, is the result that the induced dias-

tereoselectivity is inverted when going from crotyl silanes

68a,b to pentenyl silanes 68d,e and longer-chained allyl

silanes 68f-i.

Summary and Outlook
Our auxiliary-mediated allylation of aldehydes and ketones

with allyl silanes in the presence of chiral benzyl silyl ethers

based on norpseudoephedrine and analogues to give second-

ary and tertiary homoallylic alcohols is a powerful method in

asymmetric C-C bond formation. Especially in the case of ali-

phatic substrates, the obtained selectivities often outperform

alternative catalytic methods. The ethers can easily be trans-

formed into the corresponding alcohols by reductive meth-

ods. In the case of aliphatic aldehydes and ketones, the MCAR

SCHEME 16. Retrosynthetic Analysis for the Total Synthesis of 61

SCHEME 17a

a (a) 20 mol % TfOH, CH2Cl2, -196 f -90 °C; (b) Li, DBBP, THF, -78 f
-45 °C, 71% over two steps; (c) PMBOC(dNH)CCl3, 7 mol % La(OTf)3, tolu-
ene, r.t., 77%; (d) 1 mol % K2OsO2(OH)4, 5 mol % (DHQD)2Pyr, K3[Fe(CN)6],
K2CO3, tBuOH/H2O ) 1:1, 0 °C; (e) PivCl, pyridine, CH2Cl2, 0 °C f r.t., 64%
over two steps; (f) MsCl, NEt3, cat. DMAP, CH2Cl2, r.t., 83%; (g) K2CO3, MeOH,
r.t., quant. DBBP ) 4,4′-di-tert-butyl-biphenyl; (DHQD)2Pyr ) hydroquinidine-
(2,5-diphenyl-4,6-pyrimidinediyl)diether; DMAP ) 4-(dimethylamino)pyridine;
Ms ) methanesulfonyl; Piv ) pivalyl; PMB ) 4-methoxybenzyl; THF ) tet-
rahydrofuran; Tf ) trifluormethanesulfonyl.

SCHEME 18. Crotylation of Butanone (46a) with the NPED
Auxiliary ent-38

TABLE 6. Selectivities for the Crotylation of Butanone (46a) with the
NPED Auxiliary ent-38

silane product stereochemistry of main isomer dr

68a, R ) H 69a, R ) H 4R 90:10
68b, E, R ) Me 69b, R ) Me 3S,4R 90:10
68c, Z, R ) Me 69c, R ) Me 3S,4R 75:25
68d, E, R ) Et 69d, R ) Et 3R,4S 70:30
68e, Z, R ) Et 69e, R ) Et 3R,4S 86:14
68f, E, R ) nPr 69f, R ) nPr 3R,4S 82:18
68g, Z, R ) nPr 69g, R ) nPr 3R,4S 93:7
68h, E, R ) nBu 69h, R ) nBu 3R,4S 85:15
68i, Z, R ) nBu 69i, R ) nBu 3R,4S 95:5
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with the NPED auxiliary gives induced diastereoselectivities of

up to 99:1 and 98:2, respectively. The auxiliary can be used

as protecting group, which is advantageous in total synthesis

making this procedure highly effective, since the C-C bond

formation and the introduction of the auxiliary as protecting

group takes place in one process. The mechanism and origin

of stereoselectivity for this reaction was elucidated by both

experimental and computational means. However, since the

protecting group quality of the NPED auxiliary is limited, we

are now developing novel auxiliaries, which give similar selec-

tivities and are more suitable as protecting groups. In addi-

tion, a computational study addressing the unusual reversal of

selectivity when going from butanone crotylation to penteny-

lation with the NPED auxiliary is in progress.
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