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Chapter One
Introduction to Enantioselective Amine Catalysis
1.1 Introduction

The awarding of the 2001 Nobel Prize in Chemistry to Sharpless, Knowles, and
Noyori provided an incontrovertible, if overdue, confirmation of the importance of the
field of asymmetric catalysis in the pantheon of scientific pursuits. The advancement of
this field over the past forty years has proved to be extraordinarily useful not only in
practical, but also conceptual research fields. The use of chiral Lewis acids and
organometallic catalysts has provided some of the most spectactular accomplishments.
However, the use of purely organic molecules as asymmetric catalysts has been
frequently overlooked, despite the fact that enantioselective methodologies using amine
catalysis appeared in the literature in some cases before the many of the landmark
organometallic papers. Additionally, many amine catalyst systems provide conceptually
interesting mechanistic insights into catalysis and are often simpler and therefore better
understood than their organometallic counterparts.

What follows is a summary of the pertient reports of enantioselective amine
catalysis, in some cases going back over sixty years, categorized by the role of the amine
catalyst. Although every effort was made to be inclusive and comprehensive, any
omissions of content that may have occurred are the sole responsibility of the author, and
as such are not intended as an intentional dimunition of the contributions of any particular

research group.



1.2 Iminium Catalysis
1.2.1 Catalyst Activation
1.2.1.1 The Strecker Reaction

The importance of amino acids to many areas of chemistry and biology is without
question, and, consequently, synthetic chemists have invested a great deal of effort into
developing methodologies for the preparation of amino acids, both natural and unnatural,
in enantiomerically pure form. Perhaps the oldest method of amino acid synthesis is the
Strecker reaction, first introduced in 1850 (Figure 1).1 Several attempts have been made

to develop enantioselective versions of this venerable reaction.

@ NH3

Ph\)\coe

NH4CI

m X, e S| 2

Figure 1. Hypothetical sequence for preparation of DL-phenylalanine via a Strecker reaction.

Lipton and coworkers introduced the first broadly applicable stereoselective
Strecker methodology.> Catalyst 1, prepared in several steps from glutamic acid and
phenylalanine, was found to catalyze the cyanation of various N-benzhydryl imines to
afford a-amino nitriles (Table 1). The benzhydryl substitution proved to be crucial to the
successful hydrolysis of the nitrile products to the corresponding amino acids. When the
aldehyde used to prepare the aldimine contained an aryl group, the yields and
enantioselectivities were quite high; however, when benzaldehydes with strongly electron
withdrawing substituents or aliphatic aldehydes were used, significant erosion in
stereoselectivity was observed. The mechanistic basis for these results was not clearly

understood at the time, although it was determined that a guanidine unit on the catalyst



and the benzhydry! substitution on the aldimine were necessary for good conversions and

stereoselectivities.

Table 1. Scope of Lipton and coworkers' organocatalytic asymmetric Strecker reaction.

o)

H
HN “\‘\/N NH2
Ph NH NH
Ph ~ k[]’ Ph
)\ 2 mol % )
)NI Ph oN - I-j\l\ Ph
H
R MeOH R ©CN
Entry R Temp/°C NMR vyield / % ee/ %
1 Ph -25 97 >99
2 4-CIPh -75 94 >99
3 4-OMePh -75 20 96
4 3-CIPh -75 80 >99
5 3-OMePh -75 82 80
6 3-NO2 -75 71 <10
7 3-pyridyl -75 86 <10
8 2-furyl -75 94 32
5 i-Pr -75 81 <10
10 t-Bu -75 80 17

A logical rationale for these observations, as well as a reasonable mechanism for

the cyanation (Scheme 1) was advanced several years later by Corey. In this work, the C,

symmetric guanidine 2 was found to catalyze the cyanation of benzhydryl substituted

aldimines similar to those used by Lipton.> With excess hydrogen cyanide at 40 °C in

toluene, Corey observed slightly lower enantioselectivities, but catalyst 2 was found to be

be more general than Lipton’s diketopiperazine catalyst (Table 2).

Based on crystallographic evidence, 2 was assumed to have a conformation

somewhat similar to that illustrated in Figure 2. In order to explain the observed



stereoselectivities, the following organizational elements were postulated as being vital to
preorganization of the substrate and catalyst: (1) hydrogen bonding between the aldimine
nitrogen and proton on the secondary amine 2; (2) cation-n interactions between the
phenyl substituent of 2 and one of the phenyl groups on the aldimine benzhydryl group;
(3) ion-pair association of the free cyanide anion with the positively charged guanidinium
framework of 2; and (4) accommodation of the benzaldehyde-derived aryl group in a
vacant quadrant adjacent to 2. This last factor also tékes into account potential edge-on
attractions between the aldimine phenyl group and the distal phenyl group on the catalyst.
With these preorganizational elements in place, the re face of the aldimine is predisposed
to attack by the cyanide ion, an outcome confirmed by numerous experiments. The si
face of the aldimine is blocked by the phenyl group of the benzhydryl group not engaged
in a cation-x interaction with the catalyst.

PhaHC< NH

Phee (\ />—Ph

Y

Ph---(/’L/h?—Ph Phe (:1\

NTN®

thHC\E H@ H
LG G
m [}
R N N

PhaHC.

L

R

Scheme 1. Putative mechanism of Corey's organocatalytic asymmetric Strecker reaction.



Table 2. Scope of Corey's C,~-symmetric guanidine-catalyzed asymmetric Strecker reaction.

O~

)PE 10 mol % )P:
mol %
)N| 2 equiv HCN l-ljl\c Ph
R Toluene (0.2 M) R N
Entry R Temp/°C t/h yield/ % eel/%
1 Ph - 40 20 96 86
2 p-tolyl -40 20 96 80
3 o-tolyl -20 12 88 50
4 3,5-xylyl -40 16 96 79
5 4-t-Bu-Ph -40 72 80 85
6 4-OTBS-Ph -40 38 98 88
7 4-OMe-Ph -40 28 99 84
8 4-F-Ph -40 23 97 86
9 4-CI-Ph -20 20 88 81
10 1-Naphthyl -20 12 920 76

N N\
/ H\N ‘o,
I

®Y S
NEC—,

Figure 2. Rationale for stereoselectivity observed in catalytic Strecker reactions with 2.

Several experiments provided additional evidence supporting the stereochemical

rationale advanced by Corey. Benzaldehyde was condensed separately with both

enantiomers of sec-phenethylamine. The aldimine derived from (S)-sec-phenethylamine



was observed to give the Strecker product in high diastereoselectivity, whereas the
aldimine of the opposite enantiomeric series afforded the analogous product with
virtually no diastereoselectivity. When both enantiomers are placed into the same
preorganizational framework detailed above, the aldimine containing the (S)-sec-
phenethylamine moiety gives the expected product; however, if its enantiomer is
submitted to the same model, the methyl group o to the phenyl blocks the re face of the
aldimine, resulting in erosion in stereoselectivity. Moreover, the aldimines prepared from
condensation of benzaldehyde with benzylamine and fluorenylamine afforded products
with markedly lower stereoselectivity, reiterating the importance of having two phenyl
groups. The presence of phenyl groups on 2 was found to be crucial; replacement of the
phenyl groups with cyclohexyl rings afforded in a 30% drop in enantiomeric excess with
the benzaldehyde-derived aldimine.

Jacobsen and coworkers took a radically different approach to the design of
catalysts for the asymmetric Strecker reaction. The mechanism of this Strecker reaction
has not been clarified, but it is a direct complement to the Strecker methods detailed
above. A strategy rooted in combinatorial methods was utilized to ascertain the ideal
catalyst structure.* After several rounds of structure-based variation, amino-acid derived
catalyst 4 was identified as the optimal catalyst for the cyanation with a variety of alkyl
and aryl aldimines (Table 3). Replacement of the methoxy group of 4 with a zers-butyl
ester resulted in a catalyst that successfully catalyzed the asymmetric cyanation of a very
broad range of N-substituted aldimines, with over twenty substrates converted to the

corresponding aminonitriles in 77 — 97% ee.> Moreover, when ketoimines were used as



substrates in conjunction with a slightly modified catalyst, a variety of quaternary amino

acids were accessed on gram scale in enantiomerically pure form, after recrystallization.®

Table 3. Combinatorially-optimized organocatalyst used for asymmetric Strecker reactions.

Ph N _~ 3 —
N“N N
T
HO OMe
4 t-Bu
. 2mol%4,PhMe, 78°C, 241 JOL _
)NL/\/ 2) TFAA  FsC )N:\/
R” “H R”CN
Entry R Yield/% eel/%
1 CeHs 78 o1
2 CgHsOMe-4 92 70
3 CgH4Br-4 65 86
4 2-Napthyl 88 88
5 -Du 70 85
6 C-C6H11 77 83

In an elegant and concise series of experiments, Jacobsen and coworkers provided
a coherent mechanistic explanation for the cyanation reaction.” It was demonstrated that
only those imines having a Z configuration were catalyticallsl active, presumably since
the E analogs do not meet the steric requirements for binding to the catalyst.
Computational studies as well as solution NMR experiments demonstrated that the imine
nitrogen is doubly bound by the thiourea protons, with the substrate oriented

perpendicular to the plane of the thiourea. The amino acid portion of the catalyst then



blocks one enantioface of the bound imine, leaving the opposite face proximal to the

salicylaldimine moiety open to attack by cyanide anion.

1.2.2 Substrate Activation
1.2.2.1 Cycloadditions

A conceptually distinct approach from that taken with the Strecker reaction is to
use formation of an iminium to activate the substrate for a reaction. This is essentially
the principle that has guided the development of chiral Lewis acid catalysts, in which the
electrophilicity of a transition metal or main group atom is used to effect reaction
acceleration by lowering the energy of the lowest unoccupied molecular orbital (LUMO)
of a substrate. A thorough discussion of the theory behind this effect is beyond the scope
of this article; however, an excellent monograph by Fleming provides an exhaustive
treatment of the theoretical aspects of LUMO-lowering catalysis.®

The Diels—Alder reaction is one of the most well studied reactions in organic
chemistry, and provides one of the most easily accessible means to rapidly assemble
complex molecules. Chiral Lewis acids have been used extensively to effect
enantioselective cycloadditions, and therefore the Diels—Alder reaction was one of the
first to be targeted for potential enantioselective organocatalytic activation.” MacMillan
and coworkers approached the problem by seeking to duplicate the aspects of Lewis acid
catalysis used previously with great success. A variety of chiral Lewis acids functioned
by formation of a dative bond with the carbonyl of an «,p-unsaturated carbonyl
compound, thereby activating the olefin of the substrate by lowering the energy of its

LUMO. This reactivity could theoretically be mimicked by the formation of an «,p-



unsaturated iminium ion, produced by condensation of an a,p-unsaturated ketone or

aldehyde and a secondary amine (Scheme 2). Subsequent to condensation, a catalytic

cycle was envisioned where the now activated iminium-dienophile could undergo

reaction with a suitable diene to afford cycloadduct. Iminium ion 5 would then be subject

to hydrolytic cleavage to release the desired product and regenerate the catalyst to

undergo further reaction (Scheme 3).

substrate catalyst
\AO + Lewis acid (LA)
M + R\ oR

0 N -Hel

LUMO—activation
== MO'LA (1)
@
=g @
R

Scheme 2. General paradigm for unsaturated carbonyl] activation by Lewis acids (eq. 1) or condensation

with a secondary amine (eq. 2).
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Scheme 3. Hypothetical reaction sequence for asymmetric organocatalytic Diels—Alder cycloaddition



Amino acid derivatives were chosen for initial screens due to their wide
availability, low cost, structural variability, and ease of handling and manipulation.
Several catalysts were examined, as shown in Table 1."° The hydrochloride salts of (S)-
proline and (S)-abrine methyl esters were screened, as well as pseudo-C,-symmetric
catalyst 6 and (S)-phenylalanine derived catalysts 7 and 8, in the Diels-Alder reaction
between cyclopentadiene and cinnemaldehyde (Table 4). Benzylimidizolidinone 8,
readily prepared by condensation of (S)-phenylalanine methyl amide and acetone,
afforded the best yields and enantioselectivities. The stereoselectivity was rationalized
by simple molecular modeling calculations, as shown for the iminium prepared from 8
and acrolein in Figure 3. The benzyl moiety of the catalyst served to shield the re face of
the incipient unsaturated iminium ion from cycloaddition; additionally, the phenyl ring on
the catalyst seemed to be well situated for a stabilizing cation-n interaction with the
iminium. The control of iminium geometry was also a crucial factor, since cis -and
trans-iminium ions each lead to enantiomerically divergent products. The gem-dimethyl
substituent of the catalyst was theorized to control the iminium geometry; unfavorable
nonbonded interactions would serve to direct the formation of ﬁninium toward the vacant
quadrant of space adjacent to the benzyl functionality. A wide variety of a,p-unsaturated
aldehydes and cyclic and acyclic dienes were shown to undergo this organocatalyzed
Diels-Alder reaction with good yields and excellent enantioselectivities, although, with
few exceptions, the diastereoselectivities were low to moderate. Wipf later demonstrated
that this methodology could be applied to the preparation of cyclic p-amino acids by

using a diene with a protected amine on the terminus."
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Figure 3. Calculated mimized geometry at the MM3 level of 8 condensed with acrolein.

Table 4. Results of initial catalyst screens for cycloaddition of cinnemaldehyde and cyclopentadiene.

10 mol% cat
>/ /2
PR, @ MeOH-H,0 Lb Ph Lb CHO

° CHO Ph
23°C endo (2S)-exo

Entry Catalyst Time/h vyield/ % exo:endo exoee/%

1 (S)-Pro-OMe-HCl 27 81 2.7:1 48 (2R)
2 (S)-Abr-OMesHCI 10 80 2.3:1 59 (25)
3 6 23 92 2.6:1 57 (2R)
4 7 84 82 3.6:1 74 (2R)
5 8 8 99 1.3:1 93 (29)

Diels — Alder reactions with simple unsaturated ketones proved to be a formidable
challenge. The lack of any inherent structural or electronic elements controlling the
location of electon density around the carbonyl oxygen of such ketones mantifested itself
in poor stereoselectivity of enone-derived cycloadducts. Prior efforts directed towards
the development of an asymmetric Diels-Alder reaction in the regime of Lewis-acid
catalysis had found success only with unsaturated carbonyl substrates that provide some
sort of inherent selectivity for the location of the metal catalyst. In the case of aldehydes,

steric considerations dictate binding of the metal cis to the hydrogen (Figure 4). With
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unsaturated esters, stereoelectronic effects that minimize opposing dipoles direct the
metal atom to be opposite the oxygen of the alkoxy component. Bidentate substrates,
such as Evans-type imides, provide a satisfactory degree of preorganization due to two-
point association of the catalyst with the two carbonyls. With a high-symmetry
arrangement of lone pairs on the associated ketones, quinones have been used in several
enantioselective Diels — Alder processes; unfortunately, structurally they comprise a very
limited subset of available dienophiles, thereby limiting the utility of this method. > An
iminium-based organocatalytic strategy seemed to be a promising avenue to asymmetric
Diels-Alder reactions with enones, since a condensation product between an enone and
amine catalyst would have severely restricted rotation about the carbon-nitrogen double
bond. This conformational restriction would hopefully provide the stable steric and

electronic environments necessary for good enantioinduction (Scheme 4).

O
chiral no examples with

0]
\ / \/u\ —— X  simple acyclic
\_7 ¥ Lewis acid S ketone dienophiles

L QM

QM LMo oMo
rLH lHLO,R \)’\N\f’o
X X
aldehyde ester imide quinone

steric control  stereoelectronic  chelation control fone pair symmetry

Figure 4. Schematic representation of structural stereocontrolling elements for binding of Lewis acidic
metal complexes present in some unsaturated carbonyl derivatives.
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Scheme 4. Conceptual rationale for the implementation of iminium catalysis in a catalytic asymmetric
Diels—Alder reaction.
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Initially, an organocatalytic asymmetric Diels — Alder reaction of 4-hexen-3-one
and cyclopentadiene was attempted with several catalysts that all contained the
imidazolidinone framework detailed above (see Scheme 3).” . Disappointingly, catalyst
9, which has proven useful in conjugate addition chemistry (vide infra) gave racemic
product. Substitution of a phenyl group for the tert-butyl group in 9 resulted in a
dramatic rise in enantioselectivity (to 82% ee), while substitution of a 5-methyl-furyl for
the tert-butyl group afforded the highest enantioselectivity (90% ee, Table 5). This series
of optimizations not only allowed the preparation of a new and better catalyst, but also
emphasized the highly advantageous structural flexibility of the imidizolidinone
framework of the organocatalyst 9. It is noteworthy that the “green” aspect of these
reactions does not merely consist of the solely organic nature of the catalyst, but also of
the solvent, as the reactions were carried out in pure water; few examples of asymmetric
metal-catalyzed methodologies exist that are compatible with experimental conditions

featuring water as the only solvent.
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Table 5. Effect of the amine architecture on the Diels — Alder reaction between 4-hexen-3-one and
cyclopentadiene.

O5—y™Me, - Holo,
2R
O R1 5 N ":RS 72
PPN @ 20mol% _H . Me
Me Et - A
H20,0°C Et 0

Entry Catalyst R' R? (R3) Time/h Yield/ % endo:exo eel!/ %

1 8 Bn Me (Me) 48 20° 7:1 0
2 9 Bn +-Bu (H) 48 27° 9:1 0
3 10 Ph Ph (H) 22 88 21:1 47
4 11 Bn Ph (H) 42 83 23:1 82
5 12 Bn 5-Medfuryl (H) 22 89 25:1 90

Variation of the substituents on the enone proved to have a dramatic effect on
reaction efficiency and selectivity, as shown in Table 6. Alteration of the alkyl groups
distal to the carbonyl had little effect on selectivity (Entries 2, 6, and 7), whereas

changing the alkyl group proximal to the carbonyl afforded both products with good

where R, was an isopropyl group. This mitigative effect is presumably due to the steric
bulk associated with the isopropyl group, which retards iminium formation to the point
where background thermal cycloaddition is the dominant reaction manifold. The diene
component displayed no such variable selectivity; a range of synthetically useful acyclic
dienes were shown to undergo organocatalytic Diels—Alder reactions with ethyl vinyl

ketone in good yields and enantioselectivities (85 — 98% ee, Table 7).
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Table 6. Organocatalyzed Diels—Alder cycloadditions between cyclopentadiene and representatives
acyclic enones.

1 ,\/(l)l\ 2 @ 20 mol % catalyst12 é&&
R R

20 mol % HCIO4, Hz0, 0°C A\
Ro 0]
Entry R! R? Yield/ %  endoiexo eel%

1 Me Me 85 14:1 61
2 Me Et 89 25:1 90
3 Me n-Bu 83 22:1 92
4 Me i-Am 86 20:1 92
5 Me i-Pr 24 8:1 0

6 n-Pr Et 84 15:1 92
7 i-Pr Et 78 6:1 90

Table 7. Organocatalyzed Diels-Alder cycloadditions between ethyl vinyl ketone and representative
dienes.

20 mol% catalyst 12
\/(l)l\ (\,x 20 mol % HCIO, gcoa
el EtOH, —30 °C X
Entry Diene Product endo:exo Yield/%ee /%
. OMe _~~COEt
1 |r\v « >200:1 88 96
OMe
NHCbz COEt
2 f\’ >100:1 91 98
NHCbz
Ph COEt
3 j,/\ /Q >2001 92 90
Ph
Me S Me COEt
4 ]/\’ >200:1 90 90
Me Me
Me COEt
5 \“/\ /@’ >2001 79 85
Me
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A rationale for the stereochemical outcome of these reactions depends mostly on
torsional strain arguments. A computational model of iminium formation with ethyl
vinyl ketone clearly shows the trans iminium isomer to be the favored over the cis
isomer, due to unfavorable nonbonded interactions between the catalyst and the
methylene group of the ethyl substituent on the dienophile-derived portion of the
intermediate iminium ion. The trans isomer bears no such destabilizing interaction due
to the sp’ hybridization of the vinyl substituent on the enone substrate. This model also
explains the lower enantioselectivity observed with the cycloaddition of cyclopentadiene
and methyl vinyl ketone. Despite the fact that the trans iminium isomer is still favored
computationally, the decreased steric impedance of the methyl group results in

accessibility of both enantiotopic faces of the enone to cycloaddition.

Figure 5. Minimized geometry of 12 condensed with two enones as calculated by MM3 methods.



These rationalizations also support the results of an investigation of the
organocatalyzed cycloaddition of cyclopentadiene with several cyclic enones. In accord
with the reasoning above, increased torsional freedom of the methylene adjacent to the
ketone should enhance unfavorable nonbonded interactions present in the cis iminium
isomer, resulting in more highly stereocontrolled additions. Since smaller ring sizes
would conceivably afford lower degrees of torsional freedom due to geometric
constraints, it would be expected that enantioselectivity in the cycloaddition should be
directly proportional to ring size. Lending support to this theory was the discovery that
low enantioselectivities were observed with cyclopentenone and cyclohexenone (Table 8,
entries 1 and 2); , whereas cycloaddition with (E)-cyclopentadecen-2-one afforded the
corresponding Diels — Alder product in 93% ee. The work described above constituted
the first example of highly enantioselective catalytic Diels—Alder methodology with

simple unsaturated ketones."

Table 8. Organocatalyzed Diels—-Alder cycloadditions between cyclopentadiene and representative cyclic
enones.

0 H O
@ @ 20 mol% catalyst 12 -
20 mol% HCIO4, H20, 0 °C
n H'n
Entry n Time/h Yield/% endoexo eel/%
1 0 12 81 15:1 48
2 1 17 81 12:1 63
3 2 28 85 18:1 90
4 3 72 83 6:1 91
5 10 72 88 5:1 93

17



The validation of the conceptual aspects of iminium catalysis in the context of the
Diels-Alder reaction prompted the investigation of other reactions also susceptible to
LUMO-lowering catalysis. In this regard, the [3 + 2] cycloaddition reaction of nitrones
with o,p-unsaturated carbonyls proved to be an attractive target for methodological
development, due to the rapid, efficient assembly of structural and stereochemical
complexity associated with this reaction. Chiral Lewis acid catalysis had been
successfully applied to this reaction;"” however, due to the undesired, but irreversible
binding of Lewis acids to the oxygen on the nitrone substrates, these methodologies
suffered from the adamantine constraint that only bidentate dipolarophiles could be
utilized. The benzylimidizolidinone 8 does not suffer from this liability, due to the much
lower electophilicity of nitrogen and the inability of the protonated amine nitrogen to

accommodate additional ligating species (Scheme 5).

Bn, ~H _Lewisacd %‘ = inhibition ~(3)
®N (W e =<Ph N0 otz ©)
h
eo + P R\ 4R
A HCI'” Bn, H R aclivation
o > ON=X N® ofprg @
o0 Ph R

Scheme 5. Illustration of conceptual inhibition of nitrone cycloaddition by Lewis acids (eq 3) contrasted
with successful reaction catalyzed by a secondary amine (eq 4).

Catalyst 8 was shown to afford nitrone cycloaddition products in good yields and
excellent diastereo- and enantio- selectivities (90 — 99% ee), as shown in Table 9.6 A
wide range of nitrones were used in the [3 + 2] cycloaddition reaction with acrolein and
crotonaldehyde. It was also demonstrated that the nitrogen-oxygen bond in the nitrone

products could be readily cleaved under reducing conditions to afford enantiomerically

18



enriched -amino alcohols, a useful synthon in natural product chemistry and the

assembly of ligands for asymmetric catalysis.

Table 9. Scope of the organocatalytic asymmetric [3 + 2] nitrone cycloaddition.

Z, z. z.
ON=\ 20 mol% 8 N7Q N=Q
e0 + R R"‘V."R1 RJ\R"'R1
A CH3NO2—H0
Rq O -20°C endo CHO exo CHO
Enty Z R R1 endoexo Yield/ % ee/ % (endo)
1 Bn Ph Me 946 98 . %
2 Alyl Ph Me 937 73 98
3 Me Ph Me 955 66 29
4 Bn CgHsCH4 Me 928 78 95
5 Me CgHsCH4 Me 937 76 94
6 Bn CgHsOMe-4 Me 982 93 91
7 Me CgHsMe-4 Me 93:7 82 97
8 Bn 2-naph Me 95:5 98 93
9 Bn c-hex Me 99:1 70 99
10 Bn Ph H 8614 80 922
11 Bn CgHsMe-4 H  85:15 80 90?
12 Bn CgHsCl4 H  80:20 80 918
13 Bn  2-naph H 8614 80 90?
14 Bn CgHsOMe-4 H 91:9 83 90°@

“Reaction conducted with triflate salt of catalyst 8.

1.2.2.2 Conjugate Additions

Conjugate addition of nucleophiles also represented an attractive target for
methodology development, particularly since, in theory, LUMO lowering activation
should also predispose an enal towards 1,4-addition. These reactions presented
additional challenges not present in cycloaddition chemistry, as they were not as well
studied mechanistically and did not necessarily proceed through highly ordered, closed

transition states.
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Pyrroles had been observed to add to unsaturated carbonyls conjugately in a
thermally activated process; however, attempts to effect Lewis acid catalysis in this
reaction have resulted solely in addition to the carbonyl carbon."” In fact, subsequent
dehydration of the 1,2-adduct and further additions resulted in the formation of
porphyrin-like molecules. In this context, achieving enantioselective conjugate addition
of pyrroles to enals represented an attractive target for the development of new
methodology. Initial attempts to foster conjugate additions demonstrated that the reaction
was highly sensitive to the nature of the acid cocatalyst, as shown in Table 10."
Cocatalysts with lower pK,s afforded significant enhancements both in conversion and
enantioselectivity. Ultimately, the trifluoroacetate salt of 8 proved to be the optimal
catalyst. A wide range of alkyl and aryl substituents were observed to undergo conjugate
addition of N-methylpyrrole in a highly enantioselective fashion. Several differentially
alkylated pyrroles (at the nitrogen and 2- and 3-positions) also added to cinnamaldehyde
under organocatalytic conditions with good yields and enantioselectivities, as illustrated

in Table 12,

Table 10. Investigation of acid cocatalyst effect on asymmetric addition of N-methyl pyrrole to
cinnemaldehyde.

D)+ sy 208 {0
N THF-H,0 Me B,
Entry H-X cocatalyst Temp/°C Time/h Yield / %® ee/ %
1 NCCH,CO.H 23 32 10 80
2 Clb,CHCOzH 23 32 62 80
3 Cl3CCOzH 23 3 64 81
4 TFA 23 3 78 81
5 TFA -30 42 87 93

*Yields based on isolation of the corresponding alcohol after NaBH, reduction.
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Table 11. Investigation of scope of organocatalytic asymmetric conjugate addition of N-methyl] pyrrole to
various unsaturated aldehydes.

@ + Ny, 2mol%8eTFA / \ 0
N THF-H0 Ne !

Entry R Temp /°C Time/h yield/%? ee/%
1 Me —60 72 83 91P
2 Pr -50 72 81 90
3 i-Pr -50 72 80 91
4 CgHs -30 42 87 93
5 CgH4OMe-4 -30 104 79 91
6 CH,0Bn -60 72 90 87°
7 COMe -50 104 72 90°

*Yields based on isolation of the corresponding alcohol after NaBH, reduction. *Using 10 mol % 8°TFA.
“Using cyanoacetate salt of 8.

Table 12. Effect of differential substitution of pyrroles on organocatalytic addition to unsaturated

aldehydes.
X Xl
r 3 } 20 mol% 8°TFA &~ )
& |\ ZMO < o . éDY\&O
N THF-H20 R

Z
entry pyrrole z product yield/ %® eel/%
0 e B
(o]
1 N N Z 87 93
Me Me pn

f \ 7\
Q Ph %0 80 8P
Bn Bn Ph

[/ \S 7\
Ph (o]

N N #7 83 o1°
Allyl Ayl 5,

4 </ N)\ CO,Me 4 N\ 20 74 90°
H H  coMe

5 4/ \)\ Ph $ Z0 87 90
N~ Bu Bu”™ "N
Me Me Ph

Pr Pr

s L3 S o s @
N N
Me Me Ph

*Yields based upon isolation of the corresponding alcohol after NaBH, reduction. ®Using trichloroacetate
salt of 8. “Using cyanoacetic acid salt of 8.
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With the success of the pyrrole conjugate addition, the organocatalytic conjugate
addition technology was expanded to encompass other heterocyclic aromatic
nucleophiles. The indole moiety proved to be an attractive nucleophile, due to the
ubiquity of indolic stereocenters in molecules with desirable biological activities.”” Initial
attempts to effect conjugate addition of N-methylindole to crotonaldehyde proved
disappointing; after extensive optimization, the conjugate adduct was obtained in 83%
yield and 56% ee after two days. These results were not altogether unexpected, since the
nucleophilicity of pyrrole had been observed experimentally to be superior to many other
heteroaromatic nucleophiles.® Attempts to add furans conjugately to crotonaldehyde met
with similarly discouraging results. It was therefore decided to search for a second-
generation organocatalyst. Ultimately, the modified benzyl imidizolidinone 9 was
identified as an optimal agent for organocatalytic conjugate additions. This catalyst was
accessed in a manner analogous to that used to prepare 8, except that the (S)-
phenylalanine methyl amide was condensed with pivaldehyde, followed by separation of
the resulting diastereomers by chromatography or recrystallization.

Several structural features of 9 explain its superior performance (Figure 6). Initial
kinetic studies indicated that the overall rate of the iminium-catalyzed processes was
directly related to the rate of iminium formation. The amine lone pair in 9 no longer
possesses the unfavorable eclipsing interaction with the gem-dimethyl substituent present
in 8, making the lone pair more accessible to engage in iminium formation. Moreover,
iminium ion geometry was controlled by avoidance of steric impedance between the zert-
butyl group and the alkyl portion of the iminium ion. Finally, enantiofacial coverage of

the incipient unsaturated iminium ion was enhanced by the addition of the tert-butyl
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group. The improved catalyst 9 exhibited dramatic enhancements in rate and selectivity
in the organocatalytic conjugate addition of N-methylindole to crotonaldehyde. The
overall reaction time was reduced by more than half, yet this reduction in time was
accompanied by concomitant increases in yield (56% to 82%) and enantiomeric excess of
the product (56% to 92%). As with the pyrrole conjugate additions, the indole additions
proved to be highly sensitive to the acid cocatalyst; again, the trifluoroacetate salt of the
catalyst demonstrated superior activity in all respects (see Table 13). A variety of alkyl-
and aryl-substituted enals underwent conjugate addition with good yields and
stereoselectivities (Table 14); variation of substitution on the indole was also

accommodated with similarly excellent levels of enantioselectivity (Table 15).

Computaional model of catalys$ GComputafonal model of catahdt

CHg -lone pair

interaction lone pair exposed

Computafonal model ofiminium & Computaional model ofiminium &

Effecive Siface coverage Increased 5i-fa oo coverage
Fe face CHg-su betrak inferacion e dace addition unhindered
Diminished substra®e addifon rate Inreased substra® addifon rae

Figure 6. Explanation for increased reaction rates and superior selectivities using organocatalyst 9.
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Table 13. Effect of catalyst architecture and acid cocatalyst on asymmetric organocatalytic conjugate
addition of N-methylindole to crotonaldehyde.

R
©f> N L 9-HX { o
CH2C|2—H20 N
Me
entry cocatalyst Temp/°C Time/h vyield/% eel/%

1 TFA —40 1.5 70 85
2 p-TSA -40 4 98 88
3  2-NO,PhCO,H -40 22 88 88
4 p-TSA -83 48 15 80
5 TFA -83 31 84 92
6 TFA -83 19 82 922

*Reaction conducted with CH,Cl, — i-PrOH (85 : 15 v/v) as solvent.

Table 14. Organocatalyzed alkylation of N-methylindole with representative unsaturated aldehydes.

R
0/ Qe : =
@ oS 20t O TFA < o
N CH4Clo—i-PrOH N
Me Me
entry R Temp/°C Time/h Yield/% ee/%
1 Me -83 19 82 92
2 n-Pr -60 6 80 93
3 “Pr =50 32 74 93
4 CH,0Bz -83 18 84 96
5 Ph -55 45 84 90
6 CO,Me -83 21 89 91

Table 15. Enantioselective organocatalytic alkylation of representative indoles with (E)-crotonaldehyde.

z
B0 wr
Y N

O CH,Clo-i-PrOH

R

20 mol %
catalyst 9°TFA

4

Me

oS
Y N

2y

R

indole substituents

Entry Temp/°C Time/h Yield/% ee/%
R Y Z
1  Me H H -87 19 82 92
2 H H H —60 22 72 91
3 alyt H H -72 20 70 92
4 CHPh H H -60 120 80 89
5 H H Me -60 3 94 94°
6 Me H OMe -87 19 90 94°
7 H c H -60 13 73 972

"Reaction conducted with (E)-BzOCH,CH=CHCHO.
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Conjugate addition of furans proved to be the most challenging problem,
corresponding to the lower susceptibility of furans towards electrophilic substitution

™ As with pyrroles, prior attempts to effect chiral Lewis

relative to pyrroles and indoles.
acid catalysis of conjugate addition of silyloxy furans to unsaturated carbonyls resulted
solely in isolation of the 1,2-addition product.” Initial studies of the reaction between
silyloxy furans and crotonaldehyde gave the corresponding quaternary butenolide with
good stereocontrol (6 : 1 dr, 82% ee) but poor conversion (5%). Various alcohols were
added to scavenge the silyl cation generated by conjugate addition, with addition of water
affording the best results; a dramatic increase in yields was observed (5% to 84%) as well
as increases in the diastereoselectivity (22 : 1/ syn : anti) and enantioselectivity (92% ee).
Using these optimized conditions, it was demonstrated that this methodology was
amenable to conjugate addition to a wide variety of conjugated aldehydes (81 — 87%
yield, up to 31: 1 dr, 84 — 99% ee); additionally, a range of substitution on the silyloxy
furan was tolerated, with diastereoselectivities ranging from 7 : 1 to 24 : 1 and
enantiomeric excesses greater than 90%. The synthetic utility of this procedure was
demonstrated by the rapid and efficient total synthesis of the commercial biosurfactant
spiculisporic acid. Both the title compound and its C2 epimer were accessible in
excellent levels of stereocontrol using the organocatalytic conjugate silyloxyfuran
addition.

In accord with its status as the least activated aromatic nucleophile, the ultimate
challenge in asymmetric Friedel-Crafts alkylation methodology would be to develop a

means of alkylating benzene. In earlier preliminary screens of pyrrole conjugate

additions, toluene had been used on many occasions as solvent, without the observation
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or isolation of any toluene alkylation products. However, an alternate strategy presented
itself in the addition of activated benzene rings to electrophiles, following by cleavage of
the activating group. Substituted anilines proved to be an attractive lead in satisfying
these requirements. Preliminary reaction studies with the use of aniline 14 and anisidines
13 and 15 showed that several differentially substituted enals underwent conjugate
addition with good levels of enantioselectivity (87 — 92% ee, Table 16).” The addition of
these anilines to methyl 4-oxobutenoate proceeded with even greater selectivities.
Remarkably, the product corresponding to addition of 13 to methyl-4-oxobutenoate was
obtained in 73% yield and 91% ee at room temperature after five minutes (Entry 12,

Table 18).

Table 16. Organocatalyzed alkylation of anilines 13, 14, and 15 with represntative o,f-unsaturated
aldehydes.

OMe OMe

@ @'Q ®©

13 14 15
Z 7z X
10 mol % 9-HCl N
/© xS0 Gcy tom ,@A/\ ?
R2N 212, 1. RzN
entry aniline X temp/°C tme/h vyield/% ee/%®
1 13 Me -40 36 86 89
2 14 Me -20 48 70P 87
3 13 Et -50 48 68 88
4 13 CH,0Bz° -20 24 89 92
5 14  CH,0Bz®  +20 24 73 90
6 13 CO,Me®  -20 8 90 92
7 15 Ph -50 36 g2P 84
8 15 p-CPh -50 30 8o® 92
9 14  pNOyPh  -10 48 87 92
10 13 pNOxPh  +20 48 82 90

"Ratios determined by chiral HPLC analysis of corresponding alcohol after NaBH,
reduction. *Using 20 mol % catalyst. “Reaction conducted at 1.0 M in CHCl,.
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Table 17. Organocatalyzed alkylation of methyl-4-oxobutenoate with representative anilines.
R? COyMe

R1
MeO,C
RoN

RZ

AL

10 mol% 9-HCl R

@)

CHCl, 10M

RoN

o

Entry NR R R2 Temp/°C Time/h Yield/ % ee/ %®
1 NMe, H H -10 48 86 96°
2 NMe; H H +20 5 77 94P
3 NBn, H H +20 24 65 96
4 1-pyrrolidino H H -20 8 97 97
5 1-pyrrolidino H H +20 03 96 95
6 1-pyrrolidino Ph H +20 12 94 99
7 =N(Me)CH2CHy™ H —20 8 04 98
8  —N(Me)CH2CHy™ H +20 0.3 93 93
9 NMez —CH=CH-CH=CH~ +20 36 89 93
10  NMe; H Me -10 10 89 84
11 NMey H OMe —20 8 90 92
12 NMey H OMe +20 0.1 73 91
13 NMe, H SMe -20 8 92 91
14 NMey H cl -20 80 73 93°
15  NMey H Cl +20 12 66 86

*Ratios determined by chiral HPLC analysis of corresponding alcohol after NaBH, reduction. *Using

catalyst 9 (20 mol % amine, 15 mol % HCI).

The low cost and trivial preparation of catalyst 9 made the need for elevated

catalyst loadingssignificantly less costly. However, in the case of the aniline conjugate

addition, at catalyst loadings similar to or lower than that of standard organometallic

catalysts (2 mol %), 11 was shown to add to methyl 4-oxobutenonate in 92% yield and

92% ee after 12 hours (Table 18).
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Table 18. Effect of catalyst loading on organocatalytic asymmetric addition of 1-phenylpyrrolidine to
methyl-4-oxobutenoate.

NR2 COoMe
™ catalyst 9-HCl \
Me020MO - O
CHCls, 20 °C
RN
Entry  9+HCI/mol % Time Yield/ %% eel/%
1 10 20 min 96 95
2 5 2h 92 94
3 2 12h 92 92
4 1 40 h 87 88

*NR, = 1-pyrrolidino.

Unfortunately, deamination of the aniline adducts under the standard conditions
(diazotization followed by treatment with hypophosphoric acid) yielded the
corresponding benzene adducts in poor conversions. A novel deamination procedure was
therefore developed to address this problem. As shown in Scheme 6, the aniline adducts
were subjected to quaternization by methyl iodide (or, alternatively, methyl triflate or
dimethyl sulfate) followed by reduction under standard Birch conditions. Yields are
uniformly excellent (> 90% in most cases) and no erosion in enantioselectivity was
observed as a result of exposure of the substrate to the relatively harsh conditions of the
Birch reduction. The implementation of this new deamination procedure allows anilines

to function as benzene surrogates in asymmetric Friedel-Crafts alkylations.”

:5 OTBS : OTBS
Na/NH3, -78 °C
Me.

Mel H
N OMe 96% yield H Me
Me
Scheme 6. Novel benzene deamination protocol involving quaternization of a dialkyl aniline, followed by
reductive cleavage of the carbon-nitrogen bond.
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A recent report by Hanessian expanded the scope of organocatalyzed conjugate
addition to cyclic enones.* Previously, Yamaguchi and coworkers had reported the
rubidium prolinate-catalyzed asymmetric conjugate addition of malonates to cyclic and
acyclic enones, albeit in moderate enantioselectivities.”> Hanessian found that the amino
acid itself was capable of catalyzing the addition of various alkyl nitro compounds to
cyclic enones with moderate to good enantioselectivities (62-93% ee). The highest
enantioselectivities were obtained with the addition of symmetrically substituted
secondary nitro compounds, such as 2-nitropropane, nitrocyclopentane, and
nitrocyclohexane (all 75 - 93% ee), to cyclic enones, as shown in Table 19. When
primary or secondary nitro compounds such as nitroethane or nitromethane were added,
the enantioselectivities dropped off slightly (62 — 87% ee, Table 20). In all cases, the use
of L-proline afforded selectivities that were superior to the use of rubidium prolinate as
catalyst. Variation of the catalyst structure to encompass larger and smaller ring sizes as
well as differential substitution on the catalyst resulted in the selection of proline as the

optimal catalyst.

Table 19. L-Proline-catalyzed asymmetric conjugate addition of symmetrical nitroalkanes to cyclic enones.

H
(o} N (o]
NO, ( 7...cozH
)\ 3-7mol %

{ R™ R " N -

n 2,5-Dimethylpiperazine n »

CHCl3, 23 °C /<NO2
R R
Entry n R Yield / % ee/ %

1 1 Me 66 75
2 1 (CHa)s 66 76
3 1 (CH2)s 62 76
4 2 Me 88 93
5 2 (CH2)s4 68 93
6 2 (CH2)s 73 93
7 3 Me 61 86
8 3 (CHa)s 7 87
9 3 (CH2)s 49 89

* Enantiomeric excesses determined by *C NMR of corresponding ketal derived from (2R,3R)-2,3-
butanediol.
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Table 20. L-Proline-catalyzed asymmetric conjugate addition of primary nitroalkanes to cyclic enones.

H
o N .wCOH o
3-7mol %
QO e e S
My 2,5-Dimethylpiperazine Mg =
CHCl3, 23 °C /NO2
R
Entry n R Yield / % dr ee / %P
1 1 Me 71 1:1 65/64
2 1 3-butenyl 81 1:1 761763
3 1 H 30 na 62
4 2 Me 86 1:2 72174
5 2 3-butenyl 71 1:2 87177
6 2 H 61 na 71

* Ratio of more polar to less polar isomer. ®Multiple enantiomeric excesses are given for the isomers in
order of decreasing polarity, if applicable. © Enantiomeric excesses determined by *C NMR of
corresponding ketal derived from (2R,3R)-2,3-butanediol.

Interestingly, it was determined that in order to obtain optimal results, it was also
necessary to add an exogenous base, with trans-2,5-dimethylpiperazine furnishing the
highest overall levels of both yield and ee. The added base affected the overall reaction
time, but not the yield or enantioselectivity of the resulting conjugate adduct. Meticulous
exclusion of water from the reaction medium resulted in a complete inhibition of
reactivity, providing some support for the intermediacy of an iminium ion. A small
amount of water may be necessary not only to increase the stability of the incipient
iminium, but for hydrolysis of the iminium formed after the addition event. Finally, a
distinct nonlinear effect was observed with the use of several exogenous bases. This
suggests a somewhat different reactive structure, from the one present with the rubidium
prolinate work of Yamaguchi, possibly some form of oligomeric complex of catalyst and
base or a dimeric catalyst resting state. In Yamaguchi’s study, there were no deviations

from linearity observed between the enantiopurity of the catalyst and that of the product.
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A thorough accounting of the mechanism of this reaction and improvement in both its

scope and its selectivity have yet to be accomplished.

1.3 Enamine Catalysis
1.3.1 Substrate Activation
1.3.1.1 The Aldol Reaction

It is difficult to understate the importance and primacy of the aldol reaction as a
rapid and efficient means of assembly of both simple and complex polyol architectures.
Accordingly, a great deal of effort has been invested in the development of
stereoselective versions of this reaction, with outstanding methodologies emerging from
the laboratories of Evans,? Heathcock,” Masamune,” and Mukaiyama.” In contrast to
other technologies, a highly efficient asymmetric version of this reaction catalyzed by a
chiral amine preceded the development of metal- or Lewis acid—catalyzed aldol
methodologies.

Two research groups independently made the discovery in the early 1970s that L-
proline catalyzed the asymmetric Robinson annulation of the symmetrical molecule 2-
methyl-2-(3-oxobutyl)-1,3-cyclohexanedione to afford the corresponding ketol (or enone,
upon dehydration). This reaction, referred to as the Hajos-Parrish-Eder-Sauer-Wiechert
reaction, proceeded in essentially quantitative conversion and outstanding
enantioselectivity (93% ee, Scheme 7).*° This discovery constituted the first example of

an asymmetric catalytic aldol-type reaction.
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H

0 N .wCOoH
Me)K/\T:g smotn di@ PTSA ﬁg
DMF, RT, 20 h CeHg, §
o ° OH °
> 99 % yield 99 % yield
93 % ee 88 % ee

Scheme 7. Highly enantioselective, L-proline-catalyed cyclization of a triketone as discovered
independently by Hajos and Parrish®® and Eder, Saver, and Wiechert.*

The mechanism of the reaction was a matter of great controversy for some time.
Hajos and Parrish conducted several experiments that helped elucidate some of the
mechanistic aspects of the reaction. Initially, alcohols were used as solvent, with a
distinct trend observed that as the steric bulk of the alkyl groups increased, the
enantioselectivity increased (Table 21). Based on an assumption that hydrogen bonding
might serve as a crucial organizational element in the transition state, Hajos and Parrish
selected polar, aprotic solvents, in the hope that the lack of hydrogen bonding capability
on the part of the solvent would avoid solvent-induced disruptions of any hydrogen
bonding networks present in the transition state. On switching to dimethylformamide
(DMF) as solvent, the enantiomeric excess of the product increased to 93%. The relative
stereochemistry at the ring junctions was determined to be cis by means of circular

dichroism spectroscopy.

Table 21. Results of screens conducted by Hajos and Parrish to determine optimal solvent system for
proline-catalyzed cyclization.

H
? Me 9 Cj‘"cozH Me @ Me 9
Me — +
)K/j:& conditions m ¢©:‘§
O O OH O
Ketol Enone
Entry equiv.(S)-Pro Solvent Temp/°'C Optical Yield/ %* Optical Yield / %°
1 1.00 EtOH 20 0 28
2 1.00 n-BuOH 20 0 32
3 1.00 HPrOH 20 0 61
4 0.10 ProH 20 28 (61% ee) 57
5 1.00 +-BuOH 20 0 84
6 1.00 CH3CN 20 97 n.d.
[7 0.03 DMF 20 93 (93% ee) o]

*Optical yield = enantiomeric excess / chemical yield.

32



Alteration of the morphology of the catalyst also provided some mechanistic
insights, as shown in Table 22. Use of (25)-(—)-trans-4-hydroxyproline as catalyst in
acetonitrile afforded no conversion due to the marginal solubility of the catalyst (Entry
2); isopropyl alcohol as solvent afforded poor conversion (12%, Entry 3) and only
moderate enantioselectivity (73%). Blocking the nitrogen of proline as its N-methyl
derivative [(S)-(-)-hygrinic acid, Entry 4] suppressed all catalytic activity; only trace
amounts of product were observed, attributable to the racerﬁic background reaction. This
result provided some evidence that the reaction did indeed proceed through an iminium
or enamine intermediate, or quite possibly a combination of both. The size of the
carbocyclic portion of the catalyst also had a profound effect on reactivity; utilization of
(8)-(-)-azetidine-2-carboxylic acid (Entry 5) afforded the desired product in 51% yield
and 64% ee; use of the racemic analog of proline (+)-2-piperidinecarboxylic acid, (Entry
6) resulted only in the recovery of starting material.

The substitution pattern of the amine also proved to be vital to obtaining high
yields and enantioselectivities. When (S)-phenylalanine was used as catalyst (Entry 9) ,
the ketol was isolated after seven days in only 37% yield and 19% ee. Interestingly, use
of the secondary p-amino alcohol (-)-ephedrine resulted in the formation of two
diastereomeric products, which Hajos and Parrish assumed to be the carbinolamines,
derived from the condensation of ephedrine with the ketone distal to the 6-5-ring

junction.
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Table 22. Effects of modification of catalyst architecture on proline-catalyzed cyclization.

i Me 7 catalyst e 7
Me -
J\/j/:‘ﬁ solvent, 20 °C Oﬂ:g
0 OH
Entry  Equiv. cat. Catalyst Solvent Yield/% ee/%
8
1 0.03 ( 7\.-COZH DMF >99 93
H
2 1.00 N\...COH CHsCN 0 0
3 1.00 S—J i-PrOH 12 73
HO
Me
4 1.00 N wCOoH i-PrOH  trace nd.
N
5 0.03 CHCN 51 64
Q---COZH 8
N COoM
6 1.00 O’“ 2 i-PrOH 0 0
H
7 1.00 (Ny\uCOZMe CHsCN 47 ~0
3
8 1.00 ( 7\--‘\OH CH3CN 59 17
HaN_COzH
9 1.00 : i-ProH 37 19
Ph”

Esterification to the ethyl ester resulted in a dramatic diminution in
enantioselectivity (93% ee to 6% ee); reduction of the acid to a hydroxymethyl group
afforded the product in only 14% ee. Taken together, these results provide compelling
evidence for the existence of a hydrogen-bonding network in the transition state of the
cyclization, as well as its importance to generating products of high stereochemical

purity.
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Hajos and Parrish proposed two distinct mechanistic possibilities for the
cyclization reaction, both of which are shown in Figure 7. The first (structure A)
involved attack of the proline carboxylate on the eniminium carbon, with concomitant
attack of the proximal olefin on the cyclopentyl ketone as the key carbon-carbon bond-
forming event. Hydrolysis of the carbinolamine would then afford the desired product.
Hajos and Parrish discounted the likelihood of this reaction manifold due to the
observation that when the transformation was carried out in '®*0-labelled water, no
incorporation of '*O into the product was detected. Transition state B was advanced as an
alternative; in this scheme, proline was theorized to attack the pentacyclic ketone first. A
hydrogen bond between the protonated proline hydrogen and the enol preorganized the
substrate for attack of the enol olefin on the proline-derived carbinolamine. In this case,
due to the steric impedance associated with its carboxylic acid moiety, proline would
approach from the a face of the cyclopentadione molecule to give the g hydroxyl. A
major discrepancy in this hypothesis, pointed out quite correctly by Jung, is that this
carbon-carbon bond formation would have to occur with retention of configuration to
give the product with the observed cis stereochemistry. This is clearly a highly unlikely
eventuality when the unyielding stereoelectronic requirements of the Sy2 reaction are
taken into consideration.”® In order for this type of reaction to occur, proline would have
to approach from the same side of the cyclopentadione moiety as the methyl group. Such
an intermediate might be stabilized by hydrogen bonding between the proline carboxylate
and the hydroxyl adjacent to the quaternary stereocenter. Carbon-carbon bond formation
might then occur from the less sterically encumbered o face of the ring to afford the

desired cis-fused [4.3.0] bicycle.
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Figure 7. Mechanistic hypotheses advanced by Hajos and Parrish to account for highly enantioselective
cyclization.

Until very recently, a concise and satisfying mechanistic proposal explaining the
stereochemical outcome of the Hajos-Parrish reaction remained elusive. However, in
2001, Houk proposed a transition state structure based on computational studies
performed at the B3LYP/6-31G* level that was devoid of the mechanistic uncertainties
that plagued the previously described proposals. Two chair-like transition states were
identified, each leading to the different enantiomers of the bicyclic ketol product (Figure
8). The first transition state (TS-1) was computed to be approximately 3.4 kcal mol™
lower than the transition state leading to the minor enantiomer (TS-2). Two structural
elements were determined to be the dominant stereocontrolling elements; the first was the
fact that the iminium ion derived from carbon-carbon bond formation in TS-1 was
significantly less distorted from planarity than that resulting from TS-2. Hydrogen
bonding was found to play a crucial role; however, it was not the carboxylic acid-ketone
hydrogen bond interaction that was found to be the most important, but rather the
hydrogen bonding occurring between the ketone and protons on the proline ring adjacent
to the nitrogen, which were determined computationally to have a significant partial

positive charge. This bond distance was calculated to be 2.4 A in length in TS-1, as
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compared with 3.4 A in TS-2. The hydrogen bond distances between the carboxylic acid

proton and the ketone were computed to be approximately 1.4 A for both TS-1 and TS-2.

TS TS-2
o] o)
Ho, o H.., O,
o — OWOH . Hylo-H WA o Moo
Me = Me /‘\-/ /[' Me /‘/ = = .\Me
HO ° -24A ~34A HO™
(o] [} o Is)
-96.5% AAGY = + 9.1 keal mol'? AAGY = + 12.5 keal mol”! : ~3.5%

Figure 8. Illustration of calculated minimized chair transition states for the Hajos-Parrish reaction,
according to Houk et al.

While the proline-catalyzed intramolecular aldol reaction has been thoroughly
studied, until recently, the intermolecular variant remained an unknown reaction. In the
course of conducting a research program designed to elucidate the mode of action of
several enzymes that catalyzed the intermolecular aldol reaction, List, Lerner, and Barbas
reported the first proline-catalyzed enantioselective intermolecular aldol reaction.”? In an
initial experiment, acetone and p-nitrobenzaldehyde were mixed with 30 mol % proline
in DMSO to afford the corresponding aldol product in 68% yield and 76% ec (Table 23).
This work was subsequently expanded to encompass a wider range of aldehydes. In
general, aldol acceptors with a-substituents were found to afford products with much
higher degrees of enantioselectivity (60 — greater than 99% ee) than those with only
methylenes adjacent to the carbonyl (36 — 73% ee). The side products isolated from these
reactions consisted solely of the aldol condensation products resulting from dehydration
of the aldol adducts, and the acetone self-condesnation product.”® One drawback to this
aldol methodology is that a large excess of the aldol donor (ketone) is required in order to

obtain good reaction efficiencies.
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Table 23. Initial results of proline-catalyzed intermolecular asymmetric aldol reaction between acetone
and various aldehydes.

H
N .COH
o JOL 30 mol % LJ O OH
A H™ R DMSO, RT )j\/'\R
20%v v
Entry R Yield/ % eel/%
1 CgHaNO»-4 68 76
2 CgHs 62 60
3 CgHyBr-4 74 65
4 CgHaCk2 94 69
5 2-Naphthy! 54 77
6 i-Pr 97 96

Ketones with a-subsitution as donors gave products of moderate to good
enantioselectivities; in addition, hydroxyacetone was found to be an excellent donor,
providing, in the majority of cases, aldol products with excellent enantioselection, in
some cases greater than 99% (Entries 1 and 2, Table 24). The aldol products obtained
with hydroxyacetone as donor displayed mostly the anti diol, making these molecules
potentially valuable synthons in the preparation of natural products and ligands for metal-

based catalytic asymmetric systems.*

Table 24. Demonstration of use of hydroxyacetone as donor in proline-catalyzed aldol reaction to give
anti-1,2-diols.

H
N wCOH
0 JOL 20- 30 mol % \/_; o OH
Al on H™ R DMSO, RT )k:/'\R
OH
Entry R Yield/ % anti: syn ee /%
1 c-CeHyg 60 >20:1 > 99
2 i-Pr 61 >20:1 >99
3 CH(Me)Ph? 51° >20: 19 >gs5d
4 CgH4Cl-2 o5° 15:1° 67
5 neopentyl 38° 1.7:1 >97
-~
x”,‘(\o ;
6 0 40° 2:1 > 97
Me
Me

*ec of the anti diastereomer. *Used as a 2 : 1 mixture of isomeric aldehydes. “Combined yield of separated
diasteromers. “Identical ee and dr values for both diastereomers. “Diastereomers were inseparable. 'As
determined by optical rotation.
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A reasonable mechanism for these reactions involves attack of proline on the aldol donor
to form a carbinolamine, which is subsequently dehydrated to give an iminium (Figure
9). Proton transfer results in enamine formation, followed by formation of the iminium-
aldol product subject to the stereoelectronic constraints of the proposed transition state.
Hydrolysis of the iminium results in regeneration of the proline catalyst and release of the
aldol byproduct. Initially, a transition state for the carbon-carbon bond forming event
was proposed by analogy to the well-studied Zimmermann-Traxler model for lithium
enolate aldol reactions advanced in the 1950s.> For ketones other than acetone, however,
an open transition state, more akin to that proposed by Heathcock in Lewis-acid mediated
anti-aldol reactions,* has been suggested as a refinement; this contention has been

supported by computational studies.
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" (E}COZH \x/ °
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4
R”NOH
Ha0
H,0
H30®
@ O
Hy0 w
/N);a_;-o FNLCOzH
%5 ™ N
& H

o]

’N

R”H
Figure 9. Putative mechanism of organocatalytic asymmetric intermolecular aldol reaction.
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Development of a direct organocatalytic asymmetric cross-aldol reaction between
two aldehydes proved to be a much more formidable task. Barbas and coworkers had
demonstrated the use of proline in the asymmetric trimerization of acetaldehyde; the
product was obtained with good enantioselectivity, but unfortunately, a poor yield
(Figure 10, top).”” Jgrgensen reported a proline-catalyzed aldol reaction between various
aldehydes and highly activated oxoesters, as shown in the bottom portion of Figure 10.
While some of these reactions yielded products with useful enantioselectivities, the rather
restricted structural requirements of the aldol acceptor réndered the resulting aldol

products of diminished general synthetic value.*®

Barbas and coworkers:

H
N .wCOH
)OJ\ cat. Q Q QH
HJI\/\)\

H" Me THF,0°C
3 equiv. 10% yield
90% ee
Jorgensen and coworkers:
H
N .CO,H
% 0 50 mol % Q O OH
A _r 'y - A~
H EtO,C™ "CO,Et CH,Cl5, RT H v CO5Et
: CO5Et
R
Entry R Time/h Yield/% eel/%
1 Me 3.00 20 20
2 Et 1.25 91 85
3 i-Pr 2.00 88 85
4  2-propenyl 3.00 94 88
5 n-hexyl 1.50 91 84
6 CgHs 1.00 97 0

Figure 10. Initial attempts to develop a proline-catalyzed asymmetric organocatalytic intermolecular aldol
reaction with aldehyde donors.
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Shortly after the work of Jgrgensen and coworkers appeared in the literature,
MacMillan reported the first direct enantioselective cross-aldol reaction between two
aldehydes.” The enantioselective dimerization of propionaldehyde was shown to
proceed in a variety of solvents with a wide range of polarities. The enantioselectivities
were uniformly excellent (96 — greater than 99% ee); dimethylformamide was the only
solvent that gave useful conversions (Table 25). In the cross aldol reaction, a range of
aldehyde donors and acceptors furnished anti-aldol products in good yields and
synthetically useful enantioselectivities (see Table 26). Homodimerization of the donor
aldehyde was suppressed by a simple syringe pump addition of the donor aldehyde to the
acceptor aldehyde. Interestingly, propionaldehyde was shown to add to isovaleradehyde
to afford only one regioisomer (Entry 2, Table 26) despite the fact that both donor and

acceptor aldehydes have two enolizable protons.

Table 25. Effect of solvent on proline-catalyzed asymmetric propionaldehyde dimerzation.

O OH

0] .
10 mol% L-Proline
2 equiv. H/U\,Me > HJI\)\’NIe

1M Solvent, + 4 °C, 11 h :
Me

Entry Solvent  Conversion/%® antisyn ee /%P (anti)
1 Ph-H 32 5:1 >99
2 CHCl3 29 4:1 98
3 EtOAc 41 5:1 99
4 THF 36 4:1 98
5 Dioxane 41 4:1 98
6 CH3CN 42 31 96
7 DMSO 38 3:1 >99
8 NMP 62 31 98
9 DMF 91 31 99

“Relative conversion at an arbitrary 11 h time point. "Obtained from GLC analysis of the 2,2-
dimethylpropane-1,3-diol-derived acetal.
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Table 26. Scope of proline-catalyzed intermolecular aldol condensation with aldehyde donors.

o 0 10 mol% L-Proli 2 QH
HJ\’R1 HJLRZ mol% L-Prof ln:e y MRZ
DMF, +4 °C :
donor acceptor R
Entry R R? Yield/ %% anti:syn eel%
1 Me Et 80 4:1 99
2 Me i-Bu 88 3:1 a7
3 Me  ¢-CgHyq 87 14:1 99
4 Me Ph 81 3:1 99
5 Me -Pr 82 24 : 1 > 99
6° n-Bu iPr 80 24:1 98
7P Bn FPr 75 19:1 91

*Yield represents the combined yield of diastereomers. "Conducted at 23 °C.

Further advances in the development of the asymmetric organocatalytic aldol
reaction involved the use of electrophiles other than aldehydes and ketones. The
Mannich reaction, the products of which are the nitrogen-bearing analogues of the aldol
reaction, was found to be amenable to organocatalysis. In 2000, List reported the first
highly enantioselective direct three-component Mannich reaction (Table 27). In this
regard, the organocatalytic version of the Mannich reaction is superior to the existing
metal-based asymmetric Mannich reaction methodologies, which require the use of a pre-

formed enolate equivalent.”!
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Table 27. L-Proline-catalyzed asymmetric three-component Mannich reaction reported by List and
coworkers.

H
N ..COH
Ay 2!
o OHC\©\ HzN\©\ 35 mol % <__7 O  NHCgHsOMe-4
- :
M NO, OMe DMSO, RT ;
20%v/v R

NO,

Entry R Yield/% dr ee/%

1 H 50 — 94
2 Me 96 >39:1 99
3 OMe 93 >39:1 98
4 OH 92 >39:1 >99

In these reactions, excess acetone was mixed with the desired aldehyde, para-
anisidine, and proline in DMSO as solvent. This operationally trivial procedure was
found to give good to excellent selectivities with a wide range of ketone donors and
aldehyde acceptors, as shown in Table 28. (S)-Proline outpaced all other structurally
similar catalysts in both conversion and selectivity. An important caveat was that the
only amine source that afforded excellent yields and enantioselectivities was para-

anisidine.
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Table 28. Scope of acceptor aldehydes in List's L-proline-catalyzed asymmetric three-component Mannich
reaction.

H
N wCOzH
o o H2N\©\ 35 mol % (_7 ’ - 0] I§IHC6H4OMe-4
A H/U\R OMe DMSO, RT /U\/'\R
20%v/v
Entry R Yield/ % eel/%
1 n-Am 74 73
2 i-Bu 20 93
3 CH20OBn 82 75
4 4-pentenyl 60 80
5  CH,CH.CgHs 80 93
6 2-napthyl 35 96
7 i-Pr 56 70

When hydroxyacetone was used as the ketone donor, this technology afforded
syn-1,2-amino alcohols, molecules that are intrinsically valuable synthetically (Table 29).
In general, this reaction was most efficient when aromatic aldehydes were utilized. The
Boc-protected amino alcohol could be obtained by a four-step sequence involving
oxazolidinone formation, followed by protecting group manipulation, Baeyer-Villiger
oxidation, and borohydride reduction. The resulting amino alcohols were obtained with
essentially complete stereochemical fidelity, as determined by optical rotation and HPLC

analysis.
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Table 29. Preparation of derivatized, enantiomerically enriched syn-1,2-amino alcohols via
organocatalytic Michael reaction.

H
N .«CO,H
0 o H2N\©\ 20 mol % Q O NHCgHsOMe-4
Mo A oMo DMSO, RT R
10% v /v OH
Entry R Yield/ % dr eel/%

1 CgHgNOpy4 92 20:1  >99

2 CgHsCN-4 88 15: 1 99

3 CgHyBr4 90 15: 1 98

4  CgH4Ph-4 79 8:1 94

5 CeHs 83 9:1 93

6 CgH4CH34 85 5:1 86

7  CgHsOCHs4 88 3:1 61

8  CH(CHa) 57 1711 65

The mechanism of this process was hypothesized to be analogous to that of the
proline-catalyzed aldol reaction (see Figure 9).* A p value of +1.36 was computed for
this reaction. The magnitude and sign of the reaction constant are consistent with the
buildup of negative charge in the transition structure and a large degree of charge
separation, both of which are required by the proposed mechanism.” The carbon-carbon
bond forming step was similarly proposed to be proline-enamine addition to the imine
that is simultaneously and reversibly formed during the course of reaction.
Consequently, a mechanistically peculiar point is the relative stereochemistry of the
adduct; in the three-component Mannich reaction, the products bear the syn
stereochemistry, whereas in the analogous aldol reaction, the products are anti. This
stereochemical divergence was rationalized with the key assumption that the imine
formed in the Mannich reaction is only of the (E) topology, due to steric considerations.

In this eventuality, the enamine would conceivably attack the si face of the imine as
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illustrated in Scheme 8. Attack on the re face of the imine would result in highly
energetically unfavorable nonbonded interactions between the phenyl group of the imine
and the pyrrolidine ring portion of the proline-derived enamine. The anti stereochemistry
of the aldol adducts was rationalized by the absence of the steric impedance of the imine
phenyl group; in this case, the dominant stereocontrol element is avoidance of steric
repulsion between the proline enamine and aldol acceptor, biasing the acceptor towards
re face attack by the enamine.

minimization of
steric interactions

Pl (- :
N Mannich N~ COxH Aldol N

Hllpwe s e § HA L A

Me 2 Me Me inimizali

HOT X H” X X T = e e
R R R

PMPHN O o a

X Me X/\HLMe

R R
syn anti

Scheme 8. Rationalization of stereochemical divergence between products of L-proline-catalyzed Mannich
and aldol reactions.

Somewhat later, Barbas and coworkers demonstrated that imines preformed via
condensation of alkyl glyoxylates and para-anisidine could also be used as
electrophiles.” These reactions proceed with good yields and enantioselectivities with

both ketones (Table 30) and aldehydes (Table 31) as Mannich donors.

46



Table 30. Results of L-proline-catalyzed Mannich reaction between ketone donors and pre-formed imine
acceptors.

§
0 PMP‘{\I 20 mol % (_J“‘COZH O NHPMP
RAR CO,R? DMSO,RT Fﬂ\)j\_./-\cozR3
|§2

Enty R’ RZ R’ Yield/% syn:anti eel/%
1 H H Et 86 - 99
2 H H Pr 8 - 97
3 H Me  Et 72 >19:1 >99
4 Me Me Et 47 >19:1 >99
5 ~CH,CH,CHo~  Et 81 >19:1  >099
6 H Allyl  Et 79 >19:1 >99
7 F H Et 77 - 61
8 H OH Et 62  >19:1 99

Table 31. Results of L-proline-catalzyed Mannich reaction between aldehyde donors and pre-formed imine
acceptors.

H
N...COH
PMP. ~CO;
9 }“\ smoi% \J O  NHPMP
R Y - = A
HO H” CO,Et Dioxane, RT H” " Cco,Et
R

Entry R Yield/% syn:anti eel/%

1 i-Pr 81 >10:1 93
2 Me 72 1.1:1 99
3 Et 57 1.5:1 99
4 n-Bu 81 3:1 99
5 n-Am 81 >19:1 > 99
6 2-octenyl 89 >19:1 99
7 3-butenyl 71 >19:1 >99

In 2002, List reported an intriguing expansion of proline-enamine catalysis to

encompass dialkyl diazodicarboxylates as electrophiles (Table 32).* In an initial
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reaction, isobutyraldehyde and di-tert-butyl azodicarboxylate were dissolved in
acetonitrile with proline at ambient temperature; subsequent in situ borohydride reduction
of the adduct afforded the corresponding 2-hydrazino alcohol in 97% yield and 92% ee
(Entry 1). A variety of azodicarboxylates, including the diethyl and diisopropyl variants,
also gave alkylation products; however, the dibenzyl congener was selected for further
study. This choice was made in order to take advantage of the facile cleavage the
resulting benzyl carbamate, as well as the useful handle for ultraviolet detection. Various
alkyl substituted aldehydes were shown to participate successfully in this reaction,
yielding uniformly excellent yields (93 — 99%) and outstanding enantioselectivities (95 —
97% ee). The computational model advanced by Houk (vide supra) also served to

explain the observed selectivities in this reaction (Figure 11, structure A).

Table 32. L-Proline-catalyzed asymmetric addition of aldehyde enamines to dialkyl azodicarboxylates.

H
N
P \"“CQZH
o i) 10 mol % \_/ CO-Bn
AR Ns. .CO2Bn CHZCN, 0 C—~RT N GO
SN - 2 - Ny,
H BnO,C” N ii) NaBHg, EtOH HO Y N ’
R

Entry R Yield/ % eel/%

1 i-Pr 99 96
2 n-Pr 93 > 95
3 n-Bu 94 97
4 Me 97 >95
5 Bn 95 > 95
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Figure 11.. Models advanced by List (A) and Jgrgensen (B) to account for stereoselectivity in L-proline-
catalyzed asymmetric addition of aldehyde enamines to dialkyl azodicarboxylates.

Coeval with List’s work, Jgrgensen also reported the proline-catalyzed
asymmetric amination of aldehydes.* Using an analogous protocol, similar products
were prepared, albeit with several cosmetic differences: diethyl azodicarboxylate was
used as the primary amination agent and less polar solvents (methylene chloride, toluene,
dichloroethane) were utilized at room temperature (Table 33). The enantioselectivities
were, in general, lower than those reported by List; however, all of the reactions

performed by Jgrgensen were done at ambient temperature, whereas List in some cases

1 contrast to the model advanced
chair topography, J@rgensen proposed a boat-like transition state to explain the observed

stereochemical outcomes, as shown in structure B in Figure 11, but provided no evidence

to support this contention.
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Table 33. L-Proline-catalyzed asymmetric addition of aldehyde enamines to dialkyl azodicarboxylates, as
reported by Jergensen and coworkers.

H
N .CO.H
e 2
o i) 10 mol % Q R2
CHoCly, RT ) 9
R? _Ns .CO.R? 22 N., .R
HJ\/ R20,C" N”""2" Tjiy NaBH,, MeOH HO™ Y N

|i1

Eny R’ RZ  VYield/% eel/%

1 Me Et 67 93
2 Et Et 77 95
3 i-Pr Et 83 93
4 tBu Et 57 91
5 Aliyl Et 92 93
6 Bn Et 68 89
7 -Pr Bn 70 91

Shortly thereafter, Jorgensen published the expansion of this methodology to
include ketones as donor molecules.” Enantioselectivities were good to excellent with
several ketones; regioisomeric control proved to be a more difficult issue, with amination
generally occurring on the a-carbon with the greater degree of steric encumbrance. The
limited range of substrates reported afforded products with variable regioselectivities

(approximately 3:1 to 10:1, Table 34).

Table 34. Scope of organocatalytic asymmetric addition of ketones to diethyl azodicarboxylate.

H
N wCOH
At 2
o oman ) O COpEt , O GO
R,JK,R 10,6y -COE RJ\_,N\N,COZEt RE_I N, COEL
2 CHyCly, RT oW N

Enty R' R? Time/h n® Yield/%  ee/%

1 —(CHg)s— 23 - 67 79
2 Me Me 10 10:1 80 93
3 Me Et 20 4:1 77 96
4 Me Bn 24 5:1 92 94
5 Me i-Pr 96 3:1 69 99
6 Et Me 60 - 79 93

’rr = Regioisomeric ratio.
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1.3.1.2 The Diels—~Alder Reaction

Very little work has been done in the catalysis of Diels — Alder reactions via
enamines. Conceptually, enamine catalysis would rely on raising the energy of the
highest occupied molecular orbital of the diene component, rather than a lowering in
energy of the lowest unoccupied molecular orbital of the dienophile,as is the case with
other catalytic Diels—Alder reactions.. L-Proline as well as its derivative shown below
were utilized to induce cycloaddition between various nitro olefins and alkyl vinyl
ketones. Diastereomeric ratios (2 : 1 to 8 : 1) and yields (37 — 67%) were moderate.*®
The authors declined to report the enantioselectivity of the reaction, with the exception of

one product (R' = C;H,OMe-4, R? = Ph) which was isolated in in 38% ee.

0
1 0
R\m )H\ catalyst
Me >
NO, | - THF or MeOH RIS NR2
NO,
37 - 67% yield
2:1t08:14dr
Catalysts: G
H H N
<N7 WCOLH (N) o
16 17

Scheme 9. Diastereoselective Diels—Alder reactions catalyzed by L-proline and its derivative 17.

A similar strategy was used for the self-condensation of various vinyl alkyl
ketones. A bifunctional catalytic scheme was envisioned in which the dienophile would

be activated by iminium formation, and the diene activated as above by enamine
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formation. The cyclohexanone products were formed in moderate yield (54 — 75%) and
with diastereoselectivities in the range of 1 : 1 t0 4.5 : 1. Again, enantioselectivities were

not reported with the exception of one substrate , which was isolated in 23% ee.”

1.3.1.3 The Michael Reaction

Enamine catalysis has only recently been applied to asymmetric conjugate
additions. Alexakis et al. reported the use of the bis-pyrrolidiny] catalyst X for conjugate
addition of aldehydes and ketones to nitrostyrene. With aldehydes as surrogate Michael
donors, the conjugate adducts were isolated in 70 — 99% yield, a 3 : 1 to 24 : 1 ratio of

syn to anti diastereomers, and variable ee (61 — 85%).

Table 35. Organocatalytic conjugate additions of aldehydes to p-nitrostyrene.

O
=
(0]

)

w X
N

NO>

H/U\/R1 Ph/\’NOZ 15mol% Me

10 equiv.

¢

;E:II

Entry R'  Additive Temp/°C Time/d VYield/% syn:anti eel%

1 Me none =25 2 71 95:5 83
2 Me HCI 0 2 83 94:6 85
3 Et none -25 4 70 90:10 70
4 Et HCI 0 2 82 88:12 68
5 n-Pr none -25 4 98 96:4 73
6 n-Pr HCI 0 2 82 96:4 72
7 -Pr none RT 2 99 87 :13 61
8 i-Pr HCI RT 5 95 95:5 68

The use of ketones as Michael donors proved to be much less selective. Although

diastereoselectivities were reasonable, (2.1 : 1 to 19 : 1), regioisomeric ratios were poor
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(1.3 : 1 to 2.8 : 1) and the enantioselectivities of the syn products did not reach

synthetically useful levels (23 — 76% ee).”

Table 36. Organocatalytic conjugate additions of ketones to g-nitrostyrene.
:N/\O
H N
Me —(

0O
1 15 mol % Me
15 mol % additive

10 equiv. CHCls R
Entry R' R? Additive Temp /°C Time/d Yield/% n® syn:anti ee/% (syn)
1 H Me none 23 0.63 29 - 29
2 Me Me HCI 23 6 55 74:26 4:1 51
3 Et Me pTSA 60 7 82 40:60 7:3 36
4 Me Et HCI 60 7 65 - 5:1 67
® 1T = regioisomeric ratio.
14 Phase Transfer Catalysis
14.1 Introduction

Since its inception, the field of phase transfer catalysis (PTC) has experienced

phenomenal growth, due to increasing attention from both academic and industrial

chemists.”® PTC offers many potential operational advantages, such as vastly simplified

reaction work up and product isolation procedures, increased reaction rates, and the lack

of requirements for rigorously dried solvents. In the academic realm, efforts to apply

PTC to asymmetric catalysis have naturally resulted from interest in the field, as

demonstrated in this section.
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14.2 Enolate Alkylations

As with many other catalytic asymmetric methodologies, research on phase
transfer catalysis (PTC) with amines applied to enolate alkylation evolved from a desire
for new methods to make amino acids, especially those with unnatural architectures, in
enantiopure form. O’Donnell and coworkers conducted the pioneering research in this
field.” Prior work had demonstrated the value of PTC in the asymmetric alkylation of
substituted indanones.” In this work, a quaternized cinchona alkaloid was utilized as the
catalyst.

With 10 mole percent of the catalyst, 20 equivalents of sodium hydroxide, and
allyl bromide as the electrophile, the corresponding enantioenriched alkylated product
was isolatedin good yield. Increasing the concentration of the starting material in the
organic phase to 0.64 M decreased the reaction time by greater than a factor of 20.
Ultimately, these experimental modifications allowed the protected glycine starting
material to be alkylated with a variety of alkyl bromides, but the enantioselectivities did
not exceed 66% ee in any case (Table 37). In order to circumvent this limitation, a
recrystallization procedure was developed which enabled the isolation of enantiopure
material. However, the overall yield for this process was approximately 50%, leaving

significant room for improvement.
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Table 37. Asymmetric enolate alkylation under phase transfer conditions as reported by O'Donnell et al.

0 Ph 10 mol % chiral PTC _ o Ph
t-BuO)k/N=<Ph R—Br 50 % aq. NaOH t_Buo)H/N=<Ph
CH,Cl,, RT R
Entry R Equiv R-Br Time /h Yield / % ee/%
1 Aliyl 5.0 5 75 66
2 Bn 1.2 9 75 66
3 Me 5.0 24 60 42
4 n-Bu 5.0 14 61 52
5 CgH4Cl-4 1.2 12 81 66
6 CHy-2-naph 1.2 18 82 54
H 5]
Cl

Chiral PTC:

A putative mechanistic scheme for this reaction can be conceived as in Scheme 10. The
substrate is deprotonated by a base, and the resulting enolate is transported into the
aqueous phase. Anion metathesis with the catalyst results in association of the substrate
enolate with the chiral quaternary ammonium salt, which is then transposed into the
organic phase, due to the decreased aqueous solubility of the ion-paired complex. Once
in the nonaqgeous layer, alkylation occurs to afford the desired product with regeneration
of the ammonium catalyst, which can then re-enter the aqueous phase and alkylate

another substrate.
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Organic Phase

Aqueous Phase

*@
(RaN)

o@

Ph
Scheme 10. Generalized representation of asymmetric alkylation of protected glycine enolates under
phase-transfer conditions.

Eight years later, Corey developed an improved procedure for asymmetric PTC
alkylation using similar cinchona alkaloids. Based on a great deal of work designed to
clarify the origins of enantioselectivity in the cinchona-alkaloid / osmium tetroxide-
catalyzed-olefin dihydroxylation developed by Sharpless,™ a more rational approach was
tested in an attempt to optimize the enantioselectivities of the alkylations to synthetically
useful levels (Figure 12). The nitrogen in the bridgehead was regarded as the center of a
tetrahedron whose “back” face was blocked entirely by the remainder of the [2.2.2]
bicycle. A second facial area was blocked by the substituent used to alkylate the
cinchona derivative; in the bcase of alkylation with 9-(chloromethyl)anthracene, steric
considerations resulted in the restricted motion of the anthracenyl group, preventing
rotation that might serve to mitigate the blockage of that particular quadrant of the
putative tetrahedron. Alkylation of the hydroxyl group g to the quaternized ammonium
(a point of variation not pursued by O’Donnell) would hypothetically block a third
tetrahedral face, leaving only one region of space where the presumptive enolate would

be able to associate with the catalyst. These concepts were validated, at least in the
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crystal, by means of X-ray diffraction analyses of the catalysts. In the case of small
anions such as bromide, as well as much more sterically imposing ones, such as 4-
nitrophenoxide, the counterion associated with the ammonium was found to be associated
with the catalyst in the one “open” tetrahedral face, the area distal to the vinyl group on

the [2.2.2] bicycle.

Bicycle blocks approach
from rear

This quadrant
open 1 Z
H

1 Anthracenyl group blocks
approaches from front and

/L/ right

lon pairing blocked

from beneath bicycle
Figure 12. Qualitative rationale advanced by Corey and coworkers for selective ion-pairing of an enolate
and a derivatized quaternized cinchona alkaloid.

The conjectural rationale for selective enolate association was supported by the
experimental results shown in Table 38. The N-diphenylmethyelene-protected zerz-butyl
glycinate used by O’Donnell et al. was successfully alkylated with a wide variety of alkyl
bromides in a highly enantioselective fashion (92 — greater than 99 % ee), obviating the
need for the previously reported inefficient and laborious recrystallization procedure.
Several changes were effected in the reaction conditions; the reaction was conducted in
methylene chloride and the “aqueous phase” was not water itself, but rather solid cesium
hydroxide monohydrate. This modification also allowed the use of cryogenic

temperatures, otherwise precluded by the existence of a discrete aqueous layer.
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Table 38. Results of asymmetric alkylation methdology reported by Corey et al. featuring a modified
cinchona alkaloid as phase-transfer catalyst.

j\/ Ph 10 mol % chiral PTC o Ph
= R—Br . =
£BuO N_—<Ph CsQH*H-0 t'B“O)KI/N%Ph
CHoCl5 R
Entry R EquivRX Temp/°C Time/h Yield/% ee/%
1 Me 5.0 —60 28 71 g7
2 Et 5.0 —60 30 82 98
3 n-Hexyl 5.0 -60 32 79 > 99
4 CHoc-C3Hs 5.0 -80 36 75 99
5 Allyl 5.0 -78 22 89 97
6 Methallyl 5.0 -78 20 91 92
7 CH,C=CTBS 5.0 -78 18 68 95
8 Bn 5.0 -78 22 73 > 99
O/\/
Me 2
9 1.5 -78 24 81 96
o]
-0
TBSO e
10 1.5 -78 24
MeO:Q/ 67 97
OTBS
Chiral PTC:
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In a later series of experiments, Corey and coworkers demonstrated the
applicability of the general PTC strategy for alkylation of different substrate types (Table
39). The B-diphenylene fert-butyl ester shown was successfully alkylated by a variety of
alkyl iodides and bromides with good yields (62 — 81%) and enantioselectivities (94 —
98% ee). The resulting products could be converted to chiral 1,3-propanediol derivatives
by a somewhat cumbersome sequence of reductions, oxidations, and protections.
However, significant evidence was provided in support of the contact-ion pair mechanism
advanced previously. Alteration of the substituents para to the alkylidene subunit on the
starting material substrate by using functional groups with increasing resonance electron-
donating ability resulted in higher enantioselectivities in the alkylation of the ester
derivative with allyl bromide (Table 40). A clear and convincing trend emerged that
suggested that more electron-rich substituents afforded products of higher ee; this was
rationalized by the hypothesis that increasing the electron density on the putative enolate
intermediate would result in a stronger and more proximate ionic attraction between the
enolate and quaternary ammonium catalyst. To date, this remains the only mechanistic
hypothesis for this class of phase transfer reactions for which reasonable supporting

evidence has been supplied.
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Table 39. Enantioselective alkylation of g-diphenylalkylidene ester enolates under phase transfer

conditions.

Me2N
O _~_-CO2tBU

Me2N

10 mol % chiral PTC

R—X
5 equi CsOH*H,0
‘ SQUV CH,Cly: Et,0/1:1
NMez NMe,

Entry R Temp/°C Time /h Yield / % eel%
1 Me -50 12 68 98
2 n-Hexyl -45 12 73 95
3 CI(CHp)3 -45 12 71 95
4 CI(CH))4 —45 12 62 94
5 Allyl —65 36 76 96
6 Bn -65 36 83 94
7 (2-Ph)Bn —65 12 81 98

H N®
Chiral PTC: i/\ -

i’

Table 40. Experimentally demonstrated correlation between Hammett substituent coefficient and
enantioselectivity in asymmetric enolate alkylation under phase transfer conditions.

R
O Z COxt-Bu

g

R

_N

R

10 mol % chiral PTC

Br CsOH®H,0
CHoCla: Eto01/71: 1
-65 "C
Entry R % ee /%
1 CgHs 0.00 67
2 t-Bu -0.15 81
3 OMe -0.28 91
4 NMe, -0.63 96
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14.3 Olefin Epoxidations

Epoxides have proven to be key functionalities in several areas, including natural
product synthesis and bioorganic and medicinal chemistry,; furthermore, they are also
valuable as versatile chiral synthons. Consequently, a great deal of effort has been
devoted to the development of catalytic asymmetric olefin epoxidation technologies, in
many cases based on the pioneering work of Sharpless® and Jacobsen. Non-metal-
based catalytic asymmetric epoxidations have also been investigated. In most cases
where phase transfer catalysis has been applied, the epoxidations are nucleophilic and
performed on electron deficient olefins, usually those that are conjugated to a carbonyl.

Wynberg was the first to report the asymmetric nucleophilic epoxidation of
various unsaturated carbonyl compounds. Initially, quinine itself was used directly in a
mixture of 30% aqueous hydrogen peroxide and ethanol for the epoxidation of several
quinones. The yields of epoxide were goodthough the products were of uniformly low
enantioselectivity and reproducibility in the reaction was found to be lacking. Utilizing
phase transfer conditions in which the reaction was performed in a mixture of toluene,
sodium hydroxide, and 30% aqueous ethanol resulted in one case in isolation of a product
of approximately 8% ee, as measured by optical rotation.

Acyclic substrates, in particular derivatives of chalcone, yielded much more
promising results. When the modified chalcone was exposed to the quinine-derived
catalyst partitioned between toluene and sodium hydroxide in 30% aqueous hydrogen
peroxide, the corresponding a,B-epoxy ketone was isolated in 25% ee, as determined by
'H NMR with the chiral shift reagent Eu(hfc), (Scheme 11).” Various unsaturated olefins

were also observed to undergo epoxidation, although the enantiopurity of these products
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was not determined conclusively. In a later report, 2,3-epoxycyclohexanone was also
prepared in an ee of approximately 20%.* Other attempts to prepare epoxides
enantioselectively via alternate reactions, such as Darzens condensations, kinetic
resolution of halohydrin ring closure products, and cyanide addition to a-haloketones,

afforded products with modest enantioselectivities (< 10% ee).”

25% ee
Scheme 11. Initial report of asymmetric epoxidation of chalcone via phase-transfer catalysis.

Optimization of this reaction to afford highly enantiomerically enriched a,8-
ketoepoxides, as well as the devclopment of a coherent mechanistic hypothesis, remained
formidable challenges and were not accomplished for over twenty years after Wynberg’s
initial report. As a result of insights gained during a research program designed to
elucidate the origin of stereoselectivity in the Sharpless dihydroxylation reaction, Corey
and coworkers reported in 1999 the first highly enantioselective catalytic asymmetric
nucleophilic epoxidation reaction. Using the catalyst shown in Table 41, a wide range of
chalcone derivatives was epoxidized in good yields and excellent enantioselectivity (91 —

98.5% ee).®
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Table 41. First highly enantioselective epoxidation of chalcone and derivatives via chiral phase-transfer
catalysis.

o O
. /\)K@\ 10 mol % 18 - /Q/ll\@\
KOCI, PhMe, —40 °C, 12h
X X
Entry R X Yield/% eel/%
1 CgHs H 96 93
2 CsHs F 93 98
3 C6H5 Br 92 93
4 CgHsNOo-4 H 90 94
5 CgHsNO2-4 F 97 95
6 H-C5H11 F 90 N
7 C—CGH-] 1 H 85 94
8 ¢-CgH11 F 87 95
9 CgH4CH3-4 H 70 94
10 CgH4Cl-4 H 94 92
11 CgH4ClH4 F 94 98.5
12  CgH4OCH3-4 H 70 95
13 CgHs OCgHs5 89 93
14 CgHs OCgH3Bro-2,4 90 98
15 2-naphthyl H 97 93

A5

g
2

0
%

Rr

(=]

Interestingly, when exocyclic enones were submitted to the optimized epoxidation
conditions, dramatic erosions in enantioselectivity were observed. Based on this result
and mechanistic proposals developed for the asymmetric alkylation technology

previously reported (vide supra), the rationale for the observed stereoselectivity was

63



advanced as shown in Figure 13. The “front” and “rear” views of the catalyst are
depicted relative to the substituent protruding from the nitrogen in the
[2.2.2]bicyclooctane ring. The hypochlorite anion was envisaged to be located in the
“open” quadrant of space around the catalyst (¢f. Figure 12), forming an ion-contact pair
with the quaternized nitrogen of the catalyst. The chalcone-derived substrate was
theorized to be oriented so that the ketone oxygen, with its partial negative charge, was in
van der Waals contact with the catalyst nitrogen. This alignment of catalyst, hypochlorite
ion, and enone not only resulted in positioning of the oxygen proximate to the g-carbon
of the enone, but also allowed for electrostatic mitigation of the negative charge
developing in the transition state of the epoxidation. The catalyst and reagent
configurations shown in Figure 13 also correctly predict the observed sense of
stereoinduction. There is one discrepancy in this model: results indicated that the ability
of the enone to distort out of n-conjugation was important for high levels of
stereoinduction. This contention does not seem to be consistent with a conjugate addition
of hypochlorite to the enone olefin, in which conjugation between the carbonyl and olefin
would seem to be necessary to stabilize the presumptive anionic intermediate. However,
a mechanistic postulate involving a highly concerted reaction with a relatively early

transition state would seem to ameliorate these contradictions.®
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=N ®=0 .:Cf @:F

Figure 13. Three-dimensional illustration of presumptive transition state proposed by Corey et al. for
asymmetric nucleophilic epoxidation with chiral PTC.

A completely different, but similarly creative, approach to the olefin epoxidation
problem involves the use of polymeric peptide catalysts in the so-called Julid-Colonna
epoxidation. First reported in 1980, this reaction involves the subjection of an enone to a
triphasic mixture. The three phases of this system are an organic solvent (toluene), an
aqueous layer (a basic hydrogen peroxide solution), and the catalyst, a solid polypeptide
(Scheme 12). The optimal catalyst in the initial investigations was determined to be a 10-
mer derived from the amino acid L-alanine; Juli4d and Colonna described the catalyst

somewhat simplistically and optimistically as a “synthetic enzyme.”
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o 20 - 80 wt % poly-L-alanine 0 Q
x> :
O 0 NaOH / 30% aq. H,0,
Toluene 26 - 85% yield
86 - 93% ee

Scheme 12. Asymmetric nucleophilic epoxidation by a polypeptide under PTC conditions, as reported by
Julid, Colonna, and coworkers.

The preparation of the catalyst was carried out as illustrated in Scheme 13. L-
Alanine was converted to the N-carboxyanhydride derivative by exposure to benzyl
chloroformate, followed by thionyl chloride. The polymerization of the
carboxyanhydride was then initiated by the addition of n-butylamine as an exogenous
nucleophile. The polymeric catalyst was assumed to contain approximately ten alanine
units; this figure was determined by 'H NMR analysis of the products and titration of the

acidic or basic end groups of the catalyst.

iy N 9
0 H
Cl B H - SOC! n-BuNH " —]
HoN_.COH ———"+ BnO._N._COH — =+ HN_S=Q sl N A
: Y : H ]H
O R R m

R
Scheme 13. Conceptual illustration of preparation of polypeptide polymers for asymmetric epoxidation
reactions.

When chalcone was subjected to the prescribed oxidative conditions the product
was isolated in variable yields and enantioselectivities; however, use of 80 weight percent
catalyst resulted in the formation of chalcone epoxide in 85% yield and 93% ee (Table
42, Entry 5). Attempts to recycle the catalyst afforded products of lower yields and
enantioselectivities, presumably due to degradation of the amide bonds in the catalyst on

exposure to the strongly basic conditions of the aqueous layer.
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Table 42. Results of asymmetric nucleophilic epoxidation with poly-L-alanine catalyst under PTC
conditions.

2 Poly-L-alanine (10-mer) 0 i
X - :
O O NaOH/ 30% ag. HoO2
Toluene

Entry Polymerloading/wt. % Time/h Yield/% ee/%

1 0 48 0 0

2 20 48 76 86
3 40 48 70 86
4 80 48 26 97
5 80 24 85 93
6 80 48 80 93
7 80 48 36 72

Significant efforts were devoted to explain the origin of stereoselectivity in this
reaction.” The physical properties of the triphasic system were rather illdefined; phase
separation was observed between the organic and aqueous layers, with the solid catalyst
being localized in the interface between the two layers. The presence of both an organic
solvent and water were determined to be vital to reactivity, possibly highlighting the
importance of the conformation of the catalyst to the reaction. A series of additional
experiments provided more convincing evidence of this point. Different amino acids
were used to prepare a series of polymers, and poly-L-alanine was found to be the best
overall catalyst for the epoxidation of chalcone and its congeners. Interestingly, those
polymer catalysts that displayed superior tendencies to form extended o-helical
secondary structures gave product with the best conversions and enantioselectivities.

Polypeptides that adopted a p-pleated sheet secondary structure afforded products with
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little or no enantioselectivity, with the exception of the catalyst poly-L-isoleucine, which
gave the chalcone epoxide in 95% ee, despite having a B-pleated sheet morphology.

The length of the polypeptide was observed to have a pronounced effect on both
enantioselectivity and conversion; in general, these two parameters were directly related.
Catalysts with a degree of polymerization (DP) less than ten units afforded minimal
conversions and enantioselectivities. When the DP was increased to 30, significant
increases in the yield and enantiopurity of the epoxide product were observed in all cases;
the highest ee recorded (96%) was obtained with a 30-mer catalyst derived from L-
alanine. Finally, carrying the reaction out in organic solvents of high polarity (i.e.,
methanol) resulted in the formation of completely racemic product. This last experiment
provided the most direct evidence that hydrogen bonding, and consequently, the
conformation of the catalyst in solution, is crucial to the production of epoxides of high
enantiopurity.

Several disadvantages to the original Juli&~Colonna protocol clearly exist,
including poor reproducibility in the products on recycling of the catalyst, extended
reaction times (24 — 72 hours), the use of a high-boiling organic solvent, and the inability
to use substrates that are sensitive to the basic conditions of the aqueous phase.
Alteration of the reaction conditions, as reported by Roberts and coworkers, provided a
means to circumvent all of these impediments.®® The overall number of phases in the
reaction is reduced to two by removal of the aqueous layer. The oxidant is the
inexpensive and commercially available urea hydrogen peroxide, and the reactions are
carried out in tetrahydrofuran or fert-butyl methyl ether, with 1,8-

diazabicyclo[5.4.0Jundec-7-ene (DBU) used as an external base. The catalyst used was
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poly-L-leucine, supported on a poly(styrene-co-divinylbenzene) support.* When
chalcone was subjected to these conditions, the product was obtained in 85% yield and >
95% ee after only twenty minutes (Scheme 14). These outstanding results may be
compared favorably with the outcome using the original Julid-Colonna conditions [80%
yield, 97% ee (as measured by '"H NMR with Eu(hfc), as a chiral shift reagent, and a
reaction time of 29 hours)]. In a dramatic demonstration of the synthetic utility of these
conditions, the anti-hypertensive agent diltiazem (Scheme 15) and the side chain of Taxol
(Scheme 16) were prepared using these improved epoxidation conditions, with
enantioselectivities in the epoxidation step of > 96% and 94%, respectively. Some
degradation in ee was observed when the catalyst was recycled; however, upon
reactivation of the catalyst (washing with 4 M aqueous NaOH, drying, and addition of 10
weight percent fresh catalyst to account for transfer losses), enantioselectivities were

restored to their previous levels.

0O 0

Ko
AN Supported poly-L-leucine N
O O Urea hydrogen peroxide, DBlr O O
THF, RT i
) 85% yield
0 t
20 minutes > 95% o6

Scheme 14. Improved conditions, developed by Roberts and coworkers, for the Juli4-Colonna epoxidation.
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(o} 0
CHO  Me” “T(Me); A i} Supported poly-L-leucine 0
= A8 -8
O NaOMe / MeOH CiMes Urea hydrogen peroxide, DBU u
MeO MeO MeO’

87% THF,RT, 20 h
iiy MCPBA, KF, CHClp
63% overall
> 96% 66
SH
NHz o] (o}
HOGA A ) g~ NMezrHCI, KoCO3, EtOAC AcOL A~ NMezeHCI
e et
Mesitylene, & o s—@ ii) AczO, py, DMAP MeO S—@
58%
60% overall

Scheme 15. Asymmetric synthesis of the anti-hypertensive diltiazem featuring polypeptide-catalyzed
enantioselective epoxidation.

0 o)
“ 1) Supported poly-L-leucine o9 1) HCl(g), CHzClp, 66% 0
C(Me - = Ot-Bu
Meks Trea hydrogen peroxide, DBU 2 Aberite RAAT0. THF . 30°% ©/<l o

THF,RT, 12h
2) mCPBA, CH,Cl,
71% overall
94% ee
i) NHz(g), MeOH, =25 'C HBz HBz

-4
"z

TFA, CH,Clz

i) PhCOCI COt-Bu COzH
49% overall ©/\6/H 74% ©/\6/H

Scheme 16. Preparation of Taxol® side chain via asymmetric epoxidation under polypeptide-PTC
conditions.

involve the use of polyethylene glycol diamine as both polymerization initiator and solid
support (Scheme 17). Once the polymer was prepared, it was found to be fully soluble
in THF, unlike the previous versions. Yields and enantioselectivities in the epoxidation
of chalcone were uniformly excellent. The high solubility of the catalyst also allowed
shortening of the chain length while the high levels of enantioinduction were fully
preserved. As displayed in Table 43, catalysts containing as few as eight L-leucine units
still afforded chalcone epoxide in 80% conversion and 98% ee. Shortening of the
catalyst to four L-leucine units resulted in a precipitous drop in the enantioselectivity,

giving epoxide of only 5% ee.
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Me\|/E noH Me
Me Me

n=1-~12
Scheme 17. Method for preparation of aminoPEG supported poly-L-leucine catalyst.

Table 43. Results of asymmetric nucleophilic epoxidation of chalcone using improved poly-L-leucine-
derived phase transfer catalysis.

Q AminoPEG-poly-L-leucine -0 Q

X -
O O Urea hydrogen peroxide, THF, DBU

Entry Leucineunits (n) Time/h Conversion/% eel/%

1 ~8 1 39 97
2 ~8 24 80 o8
3 ~15 1 39 97
4 ~15 24 80 97
5 ~23 1 36 98
6 ~23 24 63 95
7 ~24 1 34 97
8 ~24 24 58 96

Infrared experiments on the catalyst were conducted in order to determine the
secondary structure, which was found to be o-helical. The amide I band of the infrared
spectrum had previously been determined to be indicative of the secondary structure of
polypeptides.® Control catalysts prepared with exactly two or four leucine units
displayed IR absorbance bands in the region corresponding to essentially unordered
structures, whereas the longer chain catalysts gave rise to IR bands characteristic of

polypeptides bearing o-helix secondary structures.
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144 The Aldol Reaction

The first report of an organocatalytic phase transfer aldol reaction came from
Shibasaki’s laboratories in 1993. During a research program directed towards the
development of a catalytic asymmetric Henry (nitroaldol) reaction involving lanthanum
binaphthol complexes, Shibasaki and coworkers attempted to use cinchona alkaloids,
with potassium fluoride as base, to accomplish the same result (Scheme 18).” Several
cinchona-derived salts were used as catalysts, and although some selectivity was
observed in the reaction of the hydroxyformylmethyl naphthol derivative with
nitromethane, enantioselectivities were modest and the catalysts were outperformed by

the lanthanum BINOL catalysts described in the report.

/ H
o
OMe Ci
N@
e N '(I;lph
0~ cHO |i\) OH 0 N NO,
10mol % N<F OH
CH3NO,
15 mol % KF
PhMe, - 20 °C
19h 41% yield
23% ee

Scheme 18. Catalytic asymmetric aldol reaction under PTC conditions as reported by Shibasaki.

Corey and coworkers achieved slightly better selectivities when preformed ester enolate
equivalents were added into saturated aldehydes in the presence of the cinchonidine-
derived catalyst shown in Table 44.% The yields of the resulting amino alcohols were
moderate to good, with in some cases excellent diastereo- and enantioselectivities,

although the substrate scope was somewhat limited.
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Table 44, Corey's phase-transfer catalyzed asymmetric aldol reaction.

*HF
. o OH
N )O;'\iSN =<Ph /!O,\ 10 mol % | B )l\_:/\R
-BuO Ph  R” H 3:1/CHCl; : Hexanes NH;
-78°C
Entry R Temp/°C Timel/h Yield/% syn:anti syneel!/% antice!%
1 i-Pr ~-78 7 70 6:1 83 95
2 ¢c-CgHqq - 50 1 81 13:1 46 88
3 n-CgHj3 -78 2 79 3:1 91 89
4  (CHp)Cl -78 2 48 1:1 86 82
5 (CHg)2Ph -78 6 64 1:1 86 72
6 FBu - 45 2 61 3:1 70 76

Following this study, Corey extended similar methodology to diastereoselective
Henry reactions with chiral aldehydes in an effort to develop a novel, efficient method of
accessing stereochemistry present in the compound Amprenavir, an HIV protease
inhibitor.” The key step was performed in 17 : 1 diastereoselectivity (Scheme 19). A
diastereomer of Amprenavir was also prepared, with slightly lower diastereoselectivity (9
: 1). In both cases the selectivity in addition could be rationalized by similar arguments
used to justify enantioselectivity in the PTC-enolate alkylation (see section IV. B.). In
these cases, n-stacking of the many aromatic systems played a much greater role in
shielding one diastereoface of the aldehyde from nucleophilic attack and thus dictating

the stereochemical outcome of the reaction.
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Z ph Q OH H\Me
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o]
10 mol % H H
BN - BN _A_NO2 (c-CsH)O2CHN A AN,
Y H  CHyNO 12.5 equiv KF H E $02
o THF,-10°C,6h P P
86% yield
17:1dr

NH»
Scheme 19. Preparation of the HIV protease inhibitor Amprenavir via PTC asymmetric aldol reaction.

14.5 The Michael Reaction

Attempts have also been made to conduct Michael reactions in an enantioselective
fashion by phase transfer catalysis, again featuring the use of quaternized cinchona
alkaloid derivatives. There exists a separate collection of methodologies involving the
alkaloids themselves as chiral basic catalysts in the Michael reaction; these will not be
discussed here, but in the next section on catalysis with amines as chiral nucleophiles
(vide infra).

The application of PTC technology to the Michael reaction is a relatively recent
development, with the first reports based on the work of Corey appearing in 1998. The
N-diphenylmethylidene fert-butyl glycinate used in the enolate alkylation methodology
(vide supra) was used again; in this case, it was added to methyl acrylate, cyclohexenone,
ethyl vinyl ketone, and acrylonitrile in excellent yields (85 — 88%) and
enantioselectivities (91 — 99% ee, Table 45).”" Of particular note is the outstanding
diastereoselection (dr 25 : 1) in the addition of the glycinate to cyclohexenone. The
products thus obtained from the addition could then be derivatized in various ways, most
notably to molecules bearing amino acid-type functionality. Simple acyclic enolates

could also be added to conjugated ketones; acetophenone was added to the chalcone
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shown in Scheme 20 in 72% yield and 80% ee. Following Baeyer-Villiger oxidation and
saponification of the resulting ester, the acid thus obtained was purified to 99% ee
following one mixed-solvent recrystallization. After several simple operations, the acid
could be converted into a chiral 2-cyclohexenone.” These results present a completely
novel method of accessing enantiomerically enriched substrates of that structure.

Interestingly, the phase transfer catalyst used had the free, rather than the allylated,
hydroxyl group.

Table 45. Asymmetric PTC Michael reaction with N-protected glycinate esters.

o) Ph 0 10 mol % |

io 0O Ry, O
N— w
t-BuO)k’ —<Ph R‘HL £BuO” R!
2 CsOH * H,0 N .Ph
CH,Clp, -78°C h e
Ph
Entry R' R® VYield/% dr ee /%
1 OMe H 85 - 85
2 Et H 85 - 91
3 —CH,CH,CH,~ 88 25:1 99
10 mol % 2
o 0 desallyl-19 O Ph O -
I, N D O S
Ar Ph Me" Ph pnMe/50%aq. KOH  Ar Ph Ph Ph
-10°C, 36 h

Ar = (4-OMe)Ph
Scheme 20. Phase-transfer catalyzed asymmetric Michael addition.

This requirement was also verified by later work in which methyl
dihydrojasmonate was prepared in enantiomerically enriched form by means of cinchona

alkaloid PTC. As shown in Scheme 21, dimethylmalonate was added conjugately to 2-
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amylcyclopentenone in 90% ee and 91% yield.” Use of the O-allylated catalyst resulted
in complete inhibition of the Michael reaction. An alternate transition state for the
addition was proposed in which the nucleophile, rather than the electrophile, is associated
with the quaternary nitrogen of the catalyst. The free hydroxyl is required for hydrogen
bonding with the enone and thus ensures close association of the nucleophile and the
electrophile. The methoxy group on the quinoline portion of the catalyst was
demonstrated to have a beneficial effect on the asymmetric induction; this was
rationalized by invoking an associative electrostatic interaction between the methoxy
oxygen and the p-carbon of the substrate. The anthracenyl group was postulated to
provide additional rigidity in the transition state by severely restricting the degrees of
rotational freedom of the enone. Malonate addition then takes place from the open si face

of the enone to afford the observed product.

o 11 mol %
desallyl-19+Cl T
n-Am > n-Am
Dimethyt malonate
16 mol % KoCO3 %, COM
-20°C,43h [o2Ne
MeO;C
90% vyield
91% ee

Scheme 21. Asymmetric addition of a malonate to cyclic enone under PTC conditions.

Finally, the phase transfer approach to enantioselective Michael addition was also
validated with the use of enolate equivalents as nucleophiles. Silyl enol ethers, both
unsubstituted (Table 46) and those bearing an alkyl group on the a-carbon (Table 47),
were observed to add to a range of chalcones in a highly enantioselective fashion. The

diastereoselectivity in the addition of o~-methyl silyl enol ethers was shown to be
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moderate to excellent (3 : 1 —20: 1). Again, the catalyst with the free hydroxyl group
was shown to afford optimal levels of stereoselection. However, the stereochemical
rationale proposed for the malonate addition shown in Scheme 21 does not satisfactorily
explain the selectivity, since the nucleophile does not possess two carbonyl groups to
engage in a favorable electrostatic interaction with the quaternary nitrogen on the

catalyst.

Table 46. Asymmetric addition of silyl enol ethers to enones via PTC.

0 OTMS 10 mol % desally-19 0O R? O
R1'Lk/\R2 /\RS PhMe, 50% ag. KOH R1WR3
-20°C
Entry R R? R3 Time/h Yield/% ee/%

1 CgH4F-4 Ph Ph 8 85 95
2 CgH4CH4 Ph Ph 4 91 94
3 CgH4OMe-4 Ph Ph 24 80 92
4 CgHaMe-4 Ph Ph 16 94 91
5 CgHyF-4 CgH4Cl-4 Ph 4 87 91
6 CgHaF-4 CgH4OMe-4 Ph 16 92 94
7 2-NaphOMe-6 Ph Ph 24 82 94
8 1-Naph Ph Ph 10 81 95
9 CgHyF-4 Ph CgHsMe-4 15 79 92
10 CgHaF-4 Ph CgHsPh-4 16 92 93
11 CgHyF-4 Ph 2-Naph 10 81 95

77



Table 47. Highly diastereo- and enantioselective addition of substituted enolate equivalents to enones
under PTC.

0 OTMS 10 mol % desally-19 0O R O
R1Jk/\R2 Me\/\ph PhMe, 50% aq. KOH—V R1 'U\)\:/u\ph
-20°C Me

Entry R R? Time/h Yield/ % anti:syn antiee!/% syneel%
1 Ph Ph 10 90 9:1 99 90
2 CgHyF-4 Ph 10 95 10: 1 99 94
3 CgH4Br-4 Ph 10 88 10:1 99 84
4 CgHsOMe-4 Ph 40 93 4:1 98 90
5 Ph = CgHqMe-4 15 85 10: 1 99 81
6 Ph CeHsNO4 40 87 3:1 97 95
7 Ph CgH4Br-4 10 94 7:1 92 95
8 Ph 1-Naph 15 82 20:1 92 n.d.

1.4.6 1,2 — Carbonyl Additions

14.6.1 Hydride Reductions

Chiral phase-transfer catalysts have also been used to effect reduction at the

- 1077
/

carbonyl carbon. Colonna and coworkers first reported this reaction in 1576. Several
differentially quaternized ephedrinium salts were used as phase transfer catalysts; sodium
borohydride served as the hydride source, and the two-phase system used was composed
of benzene and water.” Most of the ketones subjected to the protocol gave essentially
racemic product, however fert-butyl methyl ketone was reduced in 14% ee. An
improvement on this work appeared in the literature several years later; the ubiquitous
cinchona alkaloids were used as chiral phase-transfer catalysts, resulting in superior
enantioselectivities.” Water / benzene was again used as the two-phase system, and

sodium borohydride employed as the reductant. Several different ketones were subjected

to the reductive conditions; however, as before, only tert-butyl phenyl ketone showed
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appreciable levels of selectivity. The cinchona alkaloid catalyst depicted in Scheme 22
gave the highest enantioselectivity (32% ee). Marginal improvement in this methodology
was achieved with the use of triethoxysilane as the reducing agent. Presumably, the
fluoride counterion of the catalyst would attack silicon, resulting in the formation of a
hypervalent silicate, with the nucleophilicity of the hydride increased accordingly.
Several ketones were subjected to this protocol, and the corresponding alcohols were

isolated in 11 — 65% ee (Table 48).

IIOO

H

Me - Me
0, v
MeMe 60 mol % NaBH4 MMe

5:3/Benzene : HoO
2h,0°C 95% yield
32% ee

Scheme 22. Asymmetric reduction of terz-butyl methyl ketone with quaternary cinchona PTC.

Table 48. Asymmetric reduction of ketones with triethoxysilane / quaternary PTC system..

fl\ 10 mol % N OH
EtO)sSiH z
R Rz (EOk THF, RT R'TR?
Enry R! R? Yield / % ee /%
1 Ph Me 94 51
2 CgHaCl-4 Me 68 35
3 Ph Et 83 65
4 Ph Pr 86 65
5 ¢c-CgH1q Me 68 1"
6 CH,Bn Me 97 1
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When tris(trimethoxy)silane was used as the reducing agent, modest increases in
enantioselectivity were observed, most likely due to the dramatically increased steric bulk
of the hydride source. Interestingly, when polymethylhydrosiloxane (PMHS) was used
as reductant, the enantioselectivity of the reduction dropped, but a dramatic rate
enhancement was measured. The authors attributed this phenomenon to intramolecular
hydride transfer along the polymeric silicon chain, an effect that they termed “zipper
catalysis.” No further optimization of these reaction conditions have appeared in the
literature, although the oxazaborolidine catalyst discovered by Itsuno™ and optimized by
Corey” has proved quite adept at reducing an impressive array of ketones with a high

overall degree of enantioinduction.

1.4.6.2 Addition of Trifluoromethyl Groups

Iseki and Kobayashi described a system with a quaternized cinchona alkaloid as
catalyst that catalyzed the asymmetric addition of trifluoromethyl groups to aldehydes
and ketones. Triflouromethyltrimethylsilane was used as the source of trifluoromethyl
anions, with initial activation of the silane due to attack by the fluoride associated with
the catalyst. Several different aldehydes and ketones were submitted to the reaction
conditions; the addition proved to be fairly efficient (87 — greater than 99% yield), but

lacking in stereospecificity (15 — 51% ee, Table 49).”
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Table 49. Catalytic asymmetric trifluoromethylation of ketones under PTC conditions.

/ H
oH °F
[ A
N .=z H
R3
J?\ TMSCF N cat CFs FSC)SH
R!"R? 3 PhMe, — 78 °C R!"R2

2) HCl (aq.)

Enty R' R?2 R® Cat. Loading/mol % Time/h Yield/ % ee/%

1 Ph H CF; 20 2 >99 46

2 nCyH¢s H H 20 2 >99 15

3 9-Anth H H 10 2 98 45

4 Ph Me H 20 2 o1 48

5 Ph  iPr H 20 8 97 51
1.4.6.3 The Horner-Wadsworth-Emmons Reaction

The olefination of carbonyls with nucleophilic phosphorus ylides, as exemplified
by the Wittig reaction” and the related Horner-Wadsworth-Emmons reaction,” has found
many applications in natural product synthesis. Attempts to effect this reaction in an
enantioselective fashion have been published, although the first reports in this area
required the use of stoichiometric amounts of chiral reagents.® Arai and Shiori reported
the first catalytic asymmetric version of this reaction, which made use of cinchona
alkaloids as phase transfer catalysts in a solid-liquid phase transfer process analogous to
that used by Corey for enolate alkylations (see section IV. B.). The only substrate
examined in this report was 4-tert-butylcyclohexanone, a meso compound, making the
methodology, in effect, a desymmetrization. The reaction proved to be highly sensitive

to the alkyl substituents on the phosphonate as well as the counterion of the phase
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transfer catalyst. The bromide salt combined with trimethylphosphonoacetate afforded
alkylidene products in 43% ee, but also with a low yield (15%)%. Acidification of the
reaction medium at the end of the reaction and isolation with an acid-base extractive
workup proved to be beneficial to the yields of alkylidenes. Using rubidium hydroxide
monohydrate as base instead of potassium hydroxide also boosted both the yields and
enantioselectivities. Ultimately, the best results obtained were 69% yield and 57% ee
(Scheme 23). Although this reaction would represent a valuable addition to the repertoire
of asymmetric phase-transfer catalysis, clearly a great deal of optimization needs to be

carried out to give products of synthetically useful levels of conversion and

enantioselectivity.
5"
OMe Br
NG
.,,LPh 0
y Yy oH JI§
Q 1) 20 mol % N A [ oEt
o CgHg / RbOH, RT, 8d
6''6 ’ '
EtOROP~ I,
2) EtOH, HCI, 60 °C .
t-Bu 8d -Bu
69% vyield
57% ee

Scheme 23. Desymmetrization of 4-fert-butylcyclohexanone under phase transfer conditions.

14.7 The Darzens Reaction
The Darzens reaction has proved to be one of the most versatile means of forming
a,B-epoxy carbonyl compounds, with concomitant creation of two new stereocenters.®® In

this reaction, an electron-withdrawing group (capable of stabilizing an adjacent
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carbanion) bearing an a-halide is enolized and added to a carbonyl compound. The
resulting alkoxide then attacks the carbon « to the electron withdrawing group, displacing
the halide in an Sy2 fashion and resulting in formation of an epoxide. The Darzens
reaction had resisted the development of a catalytic asymmetric variant due to the fact
that addition of a catalytic amount of base would result in the formation of a metal halide,
a species insufficiently basic to enolize most carbonyl compounds.

Phase transfer catalysis provided a conceptual solution to this problem in that a
large excess of base could be utilized, with the catalyst transporting the minimal
quantities of base into the organic layer necessary to induce complete enolization of the
substrate. In an initial study, 2-chloroacetophenone was subjected phase-transfer
catalysed Darzens condensation, as depicted in Table 50. The best result from these
reactions was with propionaldehyde as the electrophile, giving the corresponding o8-
epoxy ketone in 79% ee (but with 32% yield). Attempts were also made to extend this
general concept to the use of a-chlorophenyl phenyl sulfone and a variety of aryl
aldehydes.® Initial screening led to the identification of toluene as the optimal organic
solvent and the alkaloid shown in Table 51 as the catalyst of choice. When different aryl
aldehydes were subjected to these conditions, enantioenriched epoxysulfones were
isolated; 4-tert-butyl benzaldehyde afforded the corresponding Darzens adduct in 70%

yield and a respectable 81% ee.
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Table 50. Preparation of enantioenriched epoxyketones via PTC.

0] 0] 0 CF o]
10 mol % 3 (o)
o R 2 equiv LIOH+HZ0 S
n-BuzO,+4 °C

Entry R Time/h Yield / % eel/%
1 i-Pr 60 80 53
2 Et 117 32 79
3 n-Pr 60 82 57
4 i-Bu 134 73 69
5 CHot-Bu 91 50 62
6 CH5CHEt, 117 76 58
7 CH,Bn 114 83 44
8 C-C6H11 61 47 63
9 Ph 69 43 42

Table 51. Scope of Arai's PTC-asymmetric Darzens reaction with chlorophenylsulfones.

"
Oiie | egr
H N@
7 "(;Q\CF:;

Q  10mol % N<FH o
clS0Ph I 7 oquiv KOH - o XE80Ph
PhMe, RT
Entry R Time /h Yield / % eel/%
1 CgH4Br-4 1.0 80 64
2 CgH4Br-3 1.5 69 71
3 CgHsMe-4 2.0 84 78
4 CgHyt-Bu4 2.0 70 81
5 CeHaPh-4 15 71 72
6 CsH4OPR-4 1.5 83 65
7 CgHsMe-3 1.0 82 74
8 2-Naphthyl 1.0 94 68
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1.5 Amines as Chiral Nucleophilic Catalysts
1.5.1 Introduction

The use of chiral Lewis acids as catalytic species has provided an important
foundation for the explosive growth in development and application of new catalytic
asymmetric methdolologies; however, the analogous use of chiral Lewis bases has
remained a conceptually underexploited field. The development of Lewis bases as chiral
catalysts has in many cases allowed the preparation of a diverse array of organic
architectures in a highly enantioenriched fashion, in many cases in a manner perhaps

unsuited to the use of chiral Lewis acids.

1.5.2 The Diels-Alder Reaction

Many methodologies have emerged involving phase-transfer catalysis of the
Diels—Alder reaction; however, much less prevalent are examples of cycloadditions
catalyzed by chiral amines acting as bases. Kagan first observed this phenomenon in
1989. He reported the catalytic asymmetric cycloaddition of anthrone with N-
methylmaleimide, as shown in Scheme 24. Various chiral bases were added to catalyze
this reaction, with the optimal results found with 10 mole percent of quinidine at —50 °C
in chloroform. The cycloadduct was isolated in 97% yield and 61% ee.*® The
mechanism of the observed transformation was not investigated thoroughly; however,
Kagan ruled out an asynchronous “cycloaddition” consisting of enolization of anthrone,
conjugate addition to the dienophile, and subsequent attack of the enolate thus generated
on the anthrone carbonyl. The evidence for the exclusion of this manifold was obtained

from isolation of the conjugate adduct and subjection to the reaction conditions in a
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separate step, whereupon no cycloaddition product was observed. Rather, an alternate
explanation was advanced that involved deprotonation of anthrone, followed by

association of the protonated catalyst to the dienophile and subsequent cycloaddition.

OMe 2 H
N 0]
O
CC0D G e,
N-Me >
CHCl3, ~50 °C 77 )
o 0 15 min HO

97% yield

61% ee (endo)

Scheme 24. Initial report by Kagan of asymmetric base—catalyzed Diels—Alder reaction.

Even after some time had passed since Kagan’s initial report, there remained
some lingering interest in optimizing the cycloaddition between anthrone and N-

methylmaleimide. Consequently, different catalyst architectures were employed in an

derivative shown in Scheme 25 (with R = H) was utilized to catalyze the cycloaddition at
ambient temperature to give the corresponding bicyclic product in 88% yield. The endo
diastereomer was found to have an ee of 61%." This result was improved to 99% yield
and 74% ee by u;c,ing the pyridinylmethy] substituted catalyst. A transition state was
proposed as shown in Figure 14, in which hydrogen bonding between the catalyst and
both the deprotonated anthrone and the maleimide serve to assemble the reactants into a
specific conformation for cycloaddition.*®® Other catalyst modifications, including
alteration of cinchona alkaloids with perfluorinated alkyl chains, afforded only marginal

stereoselectivities.®
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74% ee

Scheme 25. Use of C;-symmetric pyrrolidine derivative in base-catalyzed Diels—Alder reaction.

o)
z I\
gl N
o0 9

Figure 14. Proposed transition state for base-catalyzed Diels-Alder reaction in Scheme 25.

An analogous process was observed with hydroxypyrones acting as the diene
component. Exposure of 3-hydroxy-2-pyrone and N-methylmaleimide to 10 mole
percent of cinchonine in methylene chloride at 0 °C gave the corresponding cycloadduct
in 95% yield, with an endo : exo ratio of 7 : 1 (Scheme 26). The endo isomer was
isolated in 71% ee.®® Attempts to increase the stereoselectivity of the reaction by
screening a variety of solvents were unsuccessful. The enantioselectivity of the reaction
displayed an inverse temperature profile, although the ratio of diastereomers did increase
to 12 : 1 on cooling to —78 °C. Conducting the reaction in methanol resulted in
quantitative formation of racemic product, potentially suggesting the importance of

hydrogen bonding to enantioselectivity.
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-
0 N o/
Z 0 10mol % N A 7 0
N—-Me >
N0 | CHxClp, 0°C HO \
OH o) 30 min O ‘Me
95% yield
7:1/endo:exo
71% ee

Scheme 26. Extension of Kagan's Diels-Alder reaction to pyrones.

1.5.3 Catalytic Asymmetric Synthesis of g-Lactones

The preparation of the p-lactone functionality in enantiomerically enriched form
using chiral basic catalysts has been known for well over thirty years. In 1966, Borrmann
and Wegler published the formation of racemic p-lactones from the reaction of an acid
chloride, an aldehyde, and a tertiary amine base.”’ Shortly thereafter, the reaction was
‘made both catalytic and enantioselective by the use of cinchona alkaloids as nucleophilic
catalysts. Several different ketene surrogates and aldehydes were processed according to
their reaction conditions. On cooling the reaction to —25 °C and conducting the reaction
in chloroform, with brucine as catalyst, the ee of the acid increased to 72% (Scheme
27).2 This result was quite remarkable given the rather primitive state of the field of

asymmetric catalysis at the time.
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> o)
0] : OH O
)OL I 10mol % © g ° o Olj — :
Me~ Cl ClsC” H CHCl3, -25°C cLe ClC OH
s 72% ee

Scheme 27. First report by Borrmann and Wegler of asymmetric $-lactone synthesis with chiral base
catalyst. ’

In 1982, Wynberg published the preparation of an enantiomerically enriched g-
lactone with a cinchona alkaloid acting as a chiral nucleophilic catalyst. When chloral
was dissolved in toluene with 2.5 mole percent of quinidine and ketene vapor was
bubbled through the solution, the corresponding p-lactone adduct was isolated in 95%
yield and 98% ee (Scheme 28).” A variety of other cinchona alkaloids were also
examined for activity, but none furnished lactones with enantioselectivities approaching
the products formed by quinidine catalysis. This result, along with the Hajos—Parrish
reaction (section ITI.B.1.), stands as one of the first truly outstanding asymmetric catalytic

reactions ever reported, organocatalytic or otherwise.

OMe Z H
o N
JL )oj\ 2.5 mol % N F OL/I/O
ClaC H PhMe, =50 °C, 1 h R
H” “H CisC
95% yield
98% ee

Scheme 28. Highly enantioselective lactone preparation under cinchona alkaloid catalysis.

A somewhat primitive model was advanced to account for the high degree

stereoselectivity transferred during the course of the reaction. Reflecting what was
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presumed at the time to be the dominant stereocontrol element, 1,2-dimethylpyrrolidine
was advanced as a simplified model for the alkaloid catalyst (Scheme 29). Wynberg
described the association of ketene and imine in a poorly defined “complex” with the
central ketene carbon atom positioned over the pyrrolidine nitrogen. Such a complex was
theorized to have two low-energy rotameric forms, one in which the ketene oxygen
pointed towards the methylene adjacent to the pyrrolidine nitrogen, and another in which
the terminal ketene carbon was directed towards the same methylene. In the form in
which the ketene oxygen was facing the methylene, chloral was theorized to approach the
ketene-amine complex with the trichloromethyl group directed away from the steric
impedance of the methyl group on the catalyst. In the other form, the methylene of the
ring would serve as the dominant stereocontrolling element and thus the trichloromethyl
would orient itself away from these protons before cyclization occurred. It was not stated
which rotamer was thought to be favored, but both would, in theory, afford products with

the same stereochemical orientation.

O@Me
; CHzH

——  oNeq

S +

/h\ N Me e 0
H™ "H Me CCl CisC

H” ™0
H2Q§<Me

H
Me °

Scheme 29. Preliminary rationale for stereochemical outcome of reaction shown in Scheme 28.

This revolutionary work was followed by an attempt to expand the scope of the

reaction beyond chloral. Various chloral derivatives were observed to react with good
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yields and enantioselectivities (67 — 95% yield, 89 —~ 94% ee, Table 52).>* There were
several exceptions; a,a-dichloroacetaldehyde was generated with a moderate ee (Entry 2,
45%), perhaps suggesting the importance of the steric bulk associated with the
trichloromethyl group to obtaining good enantioinduction. When the aldehyde was
replaced with a phenyl or ethyl group (Entries 7, 8), the reactivity dropped off abruptly.
Nevertheless, ketones with aryl groups bearing electron withdrawing groups did

successfully participate in the reaction.

Table 52. Extension of scope of catalytic asymmetric lactone synthesis with cinchona alkaloid catalysts.

OMe F H
OH
o) o \ N 0
J\ 1lL2 1 —2 mol % N\A H . 1Tj
H N R" R PhMe, -25 to -50 °C R ';?2
Entry R’ R? Yield/% ee/%

1 CCly H 89 98

2 CHCI; H 67 45

3 CChCHj H 95 91

4 CCl,CH,CH, H 87 89

5 CClxCgHs H 89 90

6 CCls CHa 72 94

7 CCly CH,CHj 1 n.d.

8 CCh; CgHs 0 n.d.

9 CCly CgH4Cl-4 68 90

10 CClg CgH4NO2-4 95 89

One unfortunate operational detail of the methodology reported by Wynberg was

that ketene was used in gaseous form, which required the use of specialized equipment
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and glassware; moreover, only certain highly electron deficient aldehydes successfully
underwent reaction. In order to circumvent the first shortcoming, Calter and coworkers
reported the use of in situ ketene generation according to the method of Ward.” This
procedure, itself a modification of the protocol published by Staudinger,” involved
treating a-bromo acid bromides with activated zinc dust. Reformatsky-type insertion of
zinc into the carbon-bromine bond was followed by extrusion of zinc bromide and
concomitant formation of ketene, as shown in Scheme 30. The ketene was then used a
solution in THF. Calter found that methylketene could be dimerized in a highly
enantioselective fashion (up to 98% ee) by exposing a solution of methyl ketene to 1
mole percent of a cinchona alkaloid at —78 °C.” The resulting lactone was reductively
opened to afford the aldol-type product shown. The synthetic utility of this process was
demonstrated in the preparation of the C,—C,, segment of the antibacterial macrocycle

Pamamycin 621A (Scheme 31).%

o}

0 Zn dust, THF o} LiAlH, Me\)H/\o
e

\HLBT J THF, —78 °C H

Br Me

Iy - 98% ee

Me

Scheme 30. Catalytic asymmetric ketene dimerization as reported by Calter and coworkers.
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®  HNMe(OMe) o o OH © Me Me Me
cat. pyridone Me N,OMe KBEtzH Me. A N,OMe
Me l\llle Me I\Ille
dr>19:1;99% ee
Scheme 31. Application of asymmetric ketene dimerization methodology to convergent, stereospecific

total synthesis of a portion of Pamamycin 621A.
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Romo and coworkers used an analogous approach to in sifu ketene generation, via
dehydrohalogenation of acid chlorides with an exogenous, readily available amine base.”
This procedure was not only much less operationally intensive, but would allow the
preparation of a much wider array of structurally distinct ketenes, limited only by the
number of commercially available acid chlorides. A probable mechanism for this
reaction is presented in Figure 15. The exogenous base would abstract a proton from the
acid chloride, resulting in generation of ketene. The ketene would be activated by
addition of the catalyst to give the acylammonium enolate intermediate, which would
then add to the substrate aldehyde. The resulting alkoxide might then participate in an
addition-elimination reaction at the acyl carbon, releasing the chiral catalyst and

generating the g-lactone product.

0] R3N or o
o) i-ProNEt
o ﬁ A
p AN 7 R1
rRZ R! NR3
i-ProNEt-HCI or RzN-HCI
% o o i-ProNEt
R2 (I?R-_;, o .
A1 Rl 2 (r-\l-l)R R3N + i-ProNEt
3

g
R?"H
Figure 15. Putative catalytic cycle for $-lactone synthesis using in situ ketene generation from acid
chlorides.
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One potential problem with this approach was that of nucleophilic competition
between the base and the chiral nucleophilic catalyst. If the catalyst were the agent that
generated ketene rather than the base, it would preclude the source of asymmetry from
participating in the catalytic cycle. Conversely, if the exogenous base were to act as the
nucleophilic catalyst, clearly a possibility since it would be present in vast excess relative
to the catalyst, then the product of the cyclization would be devoid of any optical activity.
However, Romo et al. observed in a series of control experiments that when a sterically
hindered base, such as Hiinig’s base, was used without alkaloid present, no lactone
formation was detected. By adding the acid chloride to a solution of Hiinig’s base,
substrate aldehyde, and catalytic quantities of quinidine in toluene at subambient
temperature, several lactone adducts were isolated in low to good yields and excellent
enantioselectivities (Table 53). These adducts were shown to be readily convertible to
other, more useful organic molecules, including aldol-type products, as well as a-azido

ketones and molecules bearing propargylic and allylic stereocenters.'™

Table 53. Catalytic asymmetric lactone synthesis with chloral derivatives.

0
R i f
><U\H )]\ 1.45 equiv i-ProNEt R
o o M T . X
PhMe, -25 °C Cl Cl
Entry R Yield / % eel/ %
1 CHzPh 85 94
2 n-CgHq3 73 93
3 (CH2),0Piv 80 94
4 i-Pr 40 98
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This reactivity was further extended to intramolecular cyclizations with w-formyl
acids to form bicyclic p-lactones. The acids were activated by reaction with 2-chloro-N-
methylpyridinium iodide (Mukaiyama’s reagent) followed by in situ ketene generation
and cyclization. A variety of formyl acids were observed to undergo racemic reaction,
and several demonstrated a propensity to cyclize in a highly enantioselective fashion (86
—929% ee, Table 54)."! One stereochemical rationale for this reaction was based on a
determination of the functional groups required on the catalyst as well as conformational
analysis of the cinchona alkaloid. Blocking the hydroxyl group on the alkaloid with
various carbonyl derivatives did not affect the enantioselectivity to a great degree,
although the yields of the reaction were affected noticeably. Attaching a carbamate to the
catalyst affected stereoselectivity only when the reaction was carried out in a nonpolar
solvent. A second, more satisfying stereochemical rationale involves a description of the
conformation of the catalyst itself. Upon generation of the acylammonium enolate, the
aldehyde was thought to approach the enolate from the si face, away from the
methoxyquinoline moiety, resulting in a product with the observed stereogenicity (Figure

16).101’ 102
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Table 54. Asymmetric preparation of bicyclic lactones via intramolecular activation of ketene equivalents.

4 equiv i-ProNEt

CHsCN, RT
Entry R Yield / % eel! %
H 54 92
2 OCH2CH20 37 92
3 Me 45 90

Figure 16. Proposed transition state of bicyclic lactone preparation as in Table 54.

This methodology could also be use