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may adopt a secondary structure suitable for the transfer of
chirality. Additionally, the modular nature of peptides allows
for fine-tuning of reactivity and selectivity by replacing single
amino acid residues. Together, these factors produce an
attractive catalyst platform for asymmetric synthesis, which
has been realized for decades. As early as the 1970s, Inoue
demonstrated that poly(amino acids) are effective catalysts
for the conjugate addition of thiols to enones. A few years
later, Juliaand Colonna reported the use of such polymers
in the enantioselective epoxidation of chalcones and related
enones. Poly(amino acids) have also been employed by
Nonaka as chiral coatings for electrodes, allowing both
reductive and oxidative electrochemical processes. Polymers
are far from the only effective peptide catalysts for asym-
metric synthesis; smaller peptide catalysts have also played
a prominent role in enantioselective catalysis. Inoue devel-
oped diketopiperazine catalysts for cyanohydrin synthesis in
the 1970s and 1980s. In 1996, Lipton showed that these
diketopiperazine catalysts are effective for the enantioselec-
tive Strecker reaction. More recent work by several groups
in the arena of group transfer reactions, enantioselective aldol
reactions, formal acyl anion chemistry, enantioselective
protonation of enolates, Michael additions, and the Merita
Baylis—Hillman reaction have firmly established small
peptides as versatile, enantioselective catalysts. It is this
burgeoning subfield of peptide chemistry that will be covered
in this review.

2. Metal-Free Asymmetric Carbon —Carbon
Bond-Forming Reactions Catalyzed by Synthetic
Peptides

2.1. Addition of Hydrogen Cyanide to Carbonyl
Electrophiles

One of the original studies of peptides as potential catalysts
for asymmetric induction involved the addition of hydrogen
cyanide to aldehydes. Over a century ago, Strecker showed
that what appears to be a straighforward reaction would
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Figure 1. Addition of hydrogen cyanide to carbonyls.

proceed in basic mediaThe direct product of this class of ~ Table 2. Asymmetric Addition of HCN to Benzaldehyde

reactions is either a cyanohydrin or araminonitrile, which Catalyzed bycydephe'H'g

upon hydrolysis or reduction provides direct access to

o-amino acids, 1,2-diamines, 1,2-amino alcoholspdry- o ©\HNJ\
H

o N
\[ \>
K”/NH NH HO, ,CN

droxy acids (Figure 13.
, 51 (@mol%) ©/<H
2.1.1. Hydrocyanation of Aldehydes T —— >
In 1979, Oku and Inoue published a pioneering study of ) ' R-mandelonitrile
cyclic dipeptides (2,5-dioxopiperazines or diketopiperazines) .
as catalysts for the asymmetric addition of hydrogen cyanide Entry T('hm)e C(fg/':;' (f/‘:)

to benzaldehyd@At this time, the enzyme oxynitrilaéand

several alkaloidswere known to mediate the synthesis of 1 0.5 40 90
cyanohydrins from aldehydes and hydrogen cyanide, but 2 1 80 76
peptide-based catalysis had not yet been documented for 3 4 80 69
carbor-carbon bond-forming reactions. ‘5‘ ;g 28 f;

Examination of the diastereomers of several dipeptides
revealed which structural features most efficiently transferred
chirality from the catalyst to the product (Table 1). Linear
dipeptides allowed for rapid reaction rates (entries 2 and 3) ; o . . .
but did not catalyze an enantioselective reaction. Cyclic 30 Min, R-mandelonitrile could be obtained in an enantio-
dipeptides allowed for a reaction with modest enantioselec- Meric excess of 90% using diketopiperazinéut it rapidly
tivity, wherein absolute stereoconfiguration is believed to facemized over prolonged reaction times (Tablé 2).
predominantly originate from the absolute configuration of _TWO possible racemization mechanisms were proposed
the histidine residue based on the small difference between(Figure 2): base deprotonationmandelonitrile, followed
diastereomeric peptides (entries 4 and 5). From these results?Y the nonspecific protonation of the resulting anion (path
Oku and Inoue concluded that the conformationally rigid A), or elimination of hydrogen C.V?‘”'de to generate benzal-
skeleton of the diketopiperazine is favorable for an asym- d€hyde, followed by nonspecific addition of hydrogen
metric synthesis of cyanohydrins. At the time of these Cyanide to benzaldehyde (path B)Comparison of the
published results, Oku and Inoue’s application of dipeptides "€lative rates for the cyanohydrin formation of benzaldehyde
to the synthesis of cyanohydrins allowed for levels of and butyraldehyde (Scheme 1) indicates that cyanohydrin

selectivity comparable to the highest known with a nonen- R-2P forms significantly faster tharR-2a (kia < ku).
zymatic catalyst. However, since the racemization Bf2a is faster than the

Further investigation into this reaction allowed for sig- @cemization ofR-2b (kza > kap), Inoue and co-workers

nificant improvements that made this method very attractive cOnclude that anion stabilization from the aromatic ring

for the synthesis of enantiomerically enriched cyanohydrins. Irg(iit(a:r?;isatigﬁth A as the most reasonable mechanism of

Monitoring the enantiomeric excess as a function of time
allowed for an important developmental observation. In only

Table 1. Asymmetric Addition of Hydrogen Cyanide to ~ Time, temperature, solvent, and mode of catalyst crystal-
Benzaldehyde Catalyzed by Dipeptides lization all play a significant role in an enantioselective
reaction. Shorter reaction times allow for higher enantiose-
Peptide Catalyst (3.3 mol %) HO__CN 9
H > *H
HCN (1 equiv), Benzene ©)< OH HO_ CN
Path A .
Path oN =—= ©)<H
Entry Catalyst Time Conv. ee Absol / ase
0, 0, 1
(h) (%) (%) Config HO. ON (£)-mandelonitrile
1 cyclo~(His), 23 50 25 R
2 Cbz-Ala-His-OMe 3 80 0.1 S H 0
3  Cbz-D-Ala-His-OMe 3 70 0.1 R Ho, (CN
4 cyclo-(Ala-His) 47 50 99 R R-mandelonitrile lm\ H B‘——‘HCN ©)<H
5 cyclo-(D-Ala-His) 47 90 7.5 R Bgse e
6 H-His-OH 7 days 60 5.1 S (£)-mandelonitrile
Cbz, carbobenzoxy Figure 2. Plausible mechanisms for the racemization Rf

mandelonitrile.
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Scheme 1. Rate Comparison for the Racemization of
Cyanohydrins

o] Kia HO, CN - HO_ CN
©)J\H 3 ©/<H ©)<H
1 (2 mol %)
HCN (1 equiv.)
Benzene, 35 °C R-2a 2a
o ki HO, N Kz HO_ CN
/\)J\ > /\/< > /\)<
H 1 (2 mol %) H H

Benzene, 35 °C

‘k1a<<k1b but k2a>>k2bl

Table 3. Asymmetric Addition of Hydrogen Cyanide to
Aldehydes Catalyzed bycyclo-Phe-His and p-Oxynitrilase

(0]
HNJ\"\\ N\
j\ @K‘\WNHKJH HO, ,ON
R™ 'H o1 (2mol%) R™ 'H

-

HCN (1 equiv), Benzene, 35 °C

Time Conv. ee (%)
Entry Aldehyde (min.) (%) by1 by D-oxynitrilase
1 benzaldehyde 30 40 90 100
2 benzaldehyde 240 80 69 100
3 benzaldehyde (p-Me) 30 80 33 28
4 benzaldehyde (m-Me) 30 83 82 60
5 benzaldehyde (0-Me) 30 67 70 not reported
6 benzaldehyde (m-MeO) 30 71 54 51
7 benzaldehyde (m-PhO) 30 70 61 not reported
8 butyraldehyde 35 100 28 20
9 pentanal 40 100 43 31
10 iso-butyraldehyde 35 100 35 25
11 cyclohexane carboxyaldehyde 15 100 25 not reported

Davie et al.

Table 4. Asymmetric Addition of Hydrogen Cyanide to
Aldehydes Catalyzed bycyclo-Phe-His

(0]
¢ QLN
) ‘\"KI(NH NH HOXCN
R™ "H ol (2 mol %) R™ 'H
HCN (2 equiv), Toluene, -20 °C'
Time Conv. ee
Entry Aldehyde (h) (%) (%)
1  benzaldehyde 8 97 97
2  benzaldehyde (p-MeOQ) 10 57 78
3  benzaldehyde (m-MeO) 8 83 97
4 benzaldehyde (0-MeO) 10 45 84
5 benzaldehyde (m-PhO) 8 97 92
6  benzaldehyde (m-Me) 10 78 96
7  benzaldehyde (p-NO,) 25 99 53
8 benzaldehyde (m-NO,) 8 100 4
9  benzaldehyde (p-CN) 8 100 32
10  2-napthaldehyde 1.5 61 91
11 6-methoxy-2-napthaldehyde 6 88 73
12 furfural 8 60 42
13 nicotin-3-napthaldehyde 0.5 73 54
14  cyclohexanecarboxyaldehyde 2.5 96 58
15  iso-butyraldehyde 5 79 71
16  iso-valeraldehyde 5 44 18
17 hexanal 8 90 56
18  pivaldehyde 5 60 58

Table 5. Influence of Thixotropy in Asymmetric Addition of
Hydrogen Cyanide to m-Phenoxybenzaldehyde Catalyzed by

ent-1
O
HNJ\/\[N\>
0 NH  ™NH HO_ CN
H ent-1 (2 mol %) PhO <

O

PhO
H
lectivity at the expense of yield. In the case of butyraldehyde, ﬁ N G ) o 6T \©>\

lowering the temperature from 35 te6 °C (toluene as
solvent) increased the enantioselectivity from 19% ee to 40%

ee? Short reaction times demonstrated tlegtlo-Phe-His

(1) catalyzed the asymmetric addition of hydrogen cyanide
to aldehydes with enantiomeric excesses comparable to those

obtained from the enzyme-oxynitrilase (Table 3§:°

Nonpolar and aprotic solvents were important for achiev-
ing an efficient asymmetric reaction. Solvents with moderate
polarity such as tetrahydrofuran, diethyl ether, and ethyl

Rate of Stirring Yield ee

Entry (rpm) (%) (%)
1 150 97 74

2 200 97 86

3 250 97 92

4 300 97 92

Danda documented further nuances in the asymmetric

acetate afforded moderate reductions in both conversion andaddition of hydrogen cyanide tm-phenoxybenzaldehydé.
enantioselectivity, whereas use of the polar and protic solventThe reaction maintained a clear gel state when dipeptide
methanol led to eroded enantioselectivity. Conducting the catalystent-1 was rapidly crystallized prior to use. The

reaction in toluene at-20 °C with 2 equiv of hydrogen
cyanide allowed for improvement in the selectivity and

substrate scope, as shown in Tabl¥ 4.
The purification method o€yclo-Phe-His () was found

to be critical for maintaining an enantioselective reactfon.
When catalystl was purified using nonagueous solvents,
high catalytic activities and asymmetric induction were
observed. On the contrary, whénvas purified with solvents
containing water, low enantioselectivities and catalytic
activities were observed. This dichotomy was empirically
supported by X-ray diffractioff and scanning electron
microscopét studies of solidl. When1 was crystallized and
dried under different conditions, significant variances in the

physical state were observed.

amorphous solid provided both high enantioselectivities and
catalytic activities. Wheent-1 was prepared as a crystalline
solid or needles, the state of the reaction was observed as a
slightly opaque gel or a suspension. Under these conditions,
the enantioselectivity and catalytic activities were signifi-
cantly diminished. Monitoring the physical properties of the
gelled reaction mixture showed that the viscosity decreased
as a function of increased stirring rate, a property known as
thixotropy. The influence of thixotropy on the enantioselec-
tivity was demonstrated by showing that faster rates of stir-
ring translated into increased enantioselectivities (Table 5).
On the basis of the effect of solvent and the knowledge
that the acyclic systems were inferior for the addition of
hydrogen cyanide to aldehydes, a hydrogen bond in the
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| I Figure 4. Cyclic dipeptide catalysts for the asymmetric Strecker
reaction.
Ph
CN 7 =0 same time, a number of metal-free peptide-like catalysts have
A~ H *NH been found to be excellent catalysts for these procé%§es.
HN ([ S In 1996, Lipton and co-workers documented a study into
Z) the development of an asymmetric Strecker reaction using
R H cyclic dipeptides as the source of chirakfyGiven the
mechanistic similarities to the addition of hydrogen cyanide
. - . to aldehydes (see section 2.1.1), Lipton took into consider-
Figure 3. Proposed transition-state diagrams for tyeloPhe-  ation the design elements described by Inoue and co-workers.
His-catalyzed hydrocyanation of aldehydes. cyclo-Phe-His () failed to catalyze the Strecker reaction of

. . benzaldehyde aldimine; presumably, the basicity of the
transition state was hypothesized. Inoue and co-workerspjsiigine side chain was insufficient to accelerate proton

proposed transition state(Figure 3), wherein cyanide adds  ansfer. Exchanging the imidazole side chainldbr the
preferentially to thee face of benzaldehydé. more basic guanidine catalyaprovided a competent catalyst
Dand&? inaugurated mechanistic interest when he ob- ¢5 the Strecker reaction (Figure 4).
served that the reaction exhibited asymmetric autocatalysis. Tpe asymmetric addition of hydrogen cyanide to benzal-
When catalyst (2% ee) was allowed to react under Inoue’s gehyde in the presence of ammonia provided the desired
optimized conditions, optically enriched cyanohydrin could 2_aminophenylacetonitrile, which proved to be configuration-
be obtained in 82% ee if the reaction was doped with only ally unstable, ultimately leading to the application of
9 mol % of ring-substitute&-mandelonitrile at 92% ee. This  N.supstituted imines as carbonyl surrogates. Preformed
suggested tha-mandelonitrile could either break down an N-benzylhydrylimines could be converted to the correspond-
aggregate of catalyst molecules or tRanandelonitrile may  j,q g-aminonitriles using as a catalyst in varying enanti-
be involved in the active catalyst. _ . oselectivities (Table 6). Aromatic aldehydes generally pro-
_ Inarelated study by North and co-workers, hemiaminal yjiged high enantiomeric excesses, except in the cases of
intermediatell (Figure 3) was proposed.Computational  highly electron-deficient derivatives, which afford nearly
studies indicated that ttgconfiguration at the aminal center  racemic products. The question of whether racemization was
was 5 kJ/mol more stable than tReconfiguration (Figure  occurring by an enolization mechanism, in analogy to that
3, II). S\2 addition of cyanide to intermediaté yields  opserved in the addition of hydrogen cyanide to benzalde-
R-mandelonitrile. Kim and Jackson found that immobilization hyde (see Figure 2), was investigated through an attempt to
of the cycloTyr-His analogue ofcyclo-Phe-His ) on observe deuterium exchange. A lack %f—2H exchange
polystyrene or polysiloxane polymer provided a 10% enan- gggested enolization is not operative in this case. However,

tiomeric excess. In contrastyclo-(MeO)Tyr-His allowed the possibility of racemization through rapid and reversible
for 70% enantiomeric excess under the conditions investi- aqgition of hydrogen cyanide could not be discounted.

gated!* The studies using immobilized catalyst suggested

that a_secor_‘d'order reaction may be r.esF)O”Sib!e for the hightaple 6. Conversion ofN-Benzhydrylimines to a-Aminonitriles
enantiomeric excess. A detailed kinetic analysis by Shvo et

al. provided the necessary evidence to conclude that the o HTNHZ
reaction was indeed second order dgcloPhe-His () f NH
(Figure 3,111 ).1* Further studies into elucidating the details @\HNJ\”
of the mechanism have been attempted using sofitard ~ w~-NH —~
solid-staté® NMR studies as well as computational studféd® j',\ Ph 0 2@2mol%) Hy P
A significant obstacle remaining is the experimental com- R "H HEN (2 equiv). MeOH o R7CN
plication related to the heterogeneous nature of the reaction, (2 equiv), Me
which makes the interpretation and comparison of experi- Temp Vield o
mental data difficult. Entry R= °C) (%) (%)
2.1.2. Cyclic Dipeptide-Catalyzed Asymmetric Strecker ! 4PhC|Ph 25 o7 99
Reaction 2 ’ 25 97 83
3 4-CIPh -75 94 >99

The Strecker reaction has long been regarded as a means 4 4-OMePh 25 96 64
for the de novo synthesis of nonproteinogemiamino acids 5 4-OMePh 75 90 96
(See Figure 1).Several methods for the synthesis of optically 6 3-CIPh 75 80 >99
enricheda-aminonitriles, the precursors t@-amino acids 7 3-OMePh 75 82 80
in the Strecker synthesis, have been documented. These 8 3-NOzPh -75 M <10
chemical technologies typically apply chiral auxiliafiesr 9 3-pyridyl -75 86 <10
asymmetric catalystas the source of chirality. The follow- 10 2-furyl -75 94 32
ing discussion will be limited to metal-free peptidebased 1 P 75 81 <10

catalysts, keeping within the scope of this review. At the 12 tBu -75 80 17
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OH OH
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Figure 5. Mechanisms of Type | and Type Il aldolases.
The arrow-pushing mechanisms for thyeclo-Phe-His () throughput method to identify catalysts, as well as the

catalyzed asymmetric addition of hydrogen cyanide to construction of rationally designed catalysts possessing a
aldehydes and theyclo-Phe-§)-a-amino-guanidinobutyryl terminal amine, have led to the documentation of effective
(2) catalyzed Strecker reaction appear to be similar. However, catalysts.

1 and2 mediate the formation of enantiomeric products, even ) )

though1 and2 are composed entirely &amino acids. Inoue  2.2.1. Aldol Reaction Catalyzed by N-Terminal Prolyl

and Danda have clearly demonstrated that several factorsPeptides

(crystallization method, solvent ViSCOSity, and asymmetric The proteinogenic amino acid pro"ne has received an
autocatalysis) can have a dramatic effect on the experimentalenormous amount of attention in the literature because of
results. The asymmetric Strecker reaction catalyzed®by the reactive enamine associated with the secondary &hine.
operates as a homogeneous solution, which is in contrast toNot surprisingly, proline has been installed as a reactive
the amorphous gel required for the successful asymmetricresidue in peptide-catalyzed reactions. The amidation of the
addition of hydrogen cyanide to aldehydes. Recently, a carboxyl group of proline has been shown to be incompatible
subsequent investigation into the asymmetric Strecker reac-with catalysis of the asymmetric aldol reaction, and this may
tion catalyzed by2 has documented difficulties in the have slowed the initial investigations of peptide chenféts.
preparation o2 in a form capable of yielding satisfactory ~ One of the first examples of a peptide-catalyzed aldol
levels of catalysis and enantioselectivity, even though the reaction was documented by Reymond and co-workers in
correct structure o2 was unambiguously determined by 200325 In this initial communication, Reymond and co-
single-crystal X-ray diffraction analysis of the hydronitrate \orkers examined several different classes of peptides as
salt?* Further investigation into factors such as the method potential catalysts (Figure 6). Classes IA and 1B both involve
of crystallization, which proved critical for theyclo-Phe- primary amines, with Class IA containing a quaternary
His (1) catalyzed asymmetric addition of hydrogen cyanide ammonium salt to lower thela of the amine to K. = 7,

to aldehydes, may prove valuable in expanding our under- as seen in Type | aldolases. Both Classes IIA and 11B contain
standing of this technology and guide further applications.

. RO o
2.2. Aldol Reaction R1,N 5 H2N
The aldol reaction combines an enolate (or an enolate |, \ ~ R2
equivalent) and either an aldehyde or a ketone to yield a 2
pB-hydroxycarbonyl compound. This powerful methodology
has been applied to countless accounts of natural-product  ClassI-A Class I-B
synthesis and has been a popular area for the development Primary amine -primary amine

. . -quaternary amonium salt
of metal-catalyzed chemical technologies. Nature has pro- a y

vided outstanding examples of the versatility of this reaction

with Type | and Type Il aldolases (Figure B)The Type | o , O
aldolase is an enzyme with a functional primary amine HOJ\/N
component in the hydrophobic active site (path A), while §2

the Type Il employs a coordinated zinc(ll) ion (path B). The

Type | aldolase, which proceeds through an enamine, has

inspired synthetic chemists to delve into the possibility of Class II-A Class II-B
miniaturizing these enzymes to short peptides. Several -secondary amine -N-terminal secondary amine
approaches have served as platforms for future investigations. ~ -free carboxyl -C-terminal free carboxyl

Both the development and implementation of a high- Figure 6. Design of potential peptide catalysts.
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Table 7. Direct Asymmetric Aldol Reaction between Acetone Table 9. Direct Aldol Reactions of Acetone with Aldehydes by
and p-Nitrobenzaldehyde Catalyzed by Simple Peptides and Peptide Catalyst 3 or 4

Derivatives
0 0 3 (20 mol %) OH

(6]
0} O OH + R
Peptide Catalyst (40 mol %) = | H )\ 4 (10 mol %) N
‘ R_ —_—
HJK@\ DMSO:Acstone (4:1), 18 h )K/'\©\ X OH THFH0 (1), RT RT _J 5  on
NO

NO, N-methyl morpholine (1 equiv) 1/3vol. 4 days (3)

2 " 6days (4)
A % Yield ee
1 0, 0,
En:ry Clla/\-\ss Pept|de1 (/50) (%) Entry Aldehyde Catalyst (%) (%)
- 5 Peptides, R' = Me < -

’ 1 4-NO 3 82 82

2 I-B 3 Peptides, R2=Ser, PheorLeu <5 - ) 2 . i o
3 Il-A 2 Peptides, R?=Pro, or CgHy; <5 - 3 AN ) o o

4 I-B H-Pro-Leu-NH, <5 - -

5 B H-Pro-Leu-OH <5 - 4 4 70 84
6 I-B H-Pro-Asp-NH, 39 <5 5 4-CF3 3 82 86
7 B H-Pro-Gly-OH 99 46 6 4 66 88
8 1B H-Pro-Glu-Leu-Phe-OH 96 66 7 3-NO, 3 82 85
9 I-B H-Pro-Aib-Glu-Phe-OH 94 37 8 4 80 89
10 I-B H-Pro-Asp-Leu-Phe-OH 95 50 9 3,5-Brp 3 68 91
11 I-B H-Pro-Aib-Asp-Phe-OH 97 12 10 4 59 922
Aib, a-aminoisobutyric acid 1 2-Cl 3 78 85
12 4 56 86

Table 8. Peptide-CataIyzed Aldol Reactions 13 2-NO, 3 83 91
Peptide Catalyst 14 4 71 93

3 84 96

4 96

)J\ 30 mol %) 15 2,6-Cl,
16
DMSO 18 h, RT
aTHF/H,0 (2:1) p
Yield ce HN\)J\ j\"/OMe
Entry Peptide (%) (%)

1 H-Pro-OH 68 76

2 H-Pro-Ala-OH 90 70

3 H-Pro-Trp-OH 77 65 OPhHH oph H O

4 H-Pro-Asp-OH 75 74 N j\'(N\)L

5 H-Pro-Glu-OH 72 68 O)L N TN T OMe

6 H-Pro-Val-OH 89 70 4 —NH O Spp O py

7 H-Pro-Arg-OH 91 31

g E-mffsr.g:m 2; (7;; TheN-terminal prolyl peptide-catalyzed aldol reaction has
10 H-Pro-Gly-Gly-OH 68 53 been studied in the context of simultaneously controlling
1 H-Pro-His-Ala-OH 85 56 regioisomeric/enantiomeric excesses. Gong and co-workers

investigated a series dfterminal prolyl peptides as catalysts
secondary amines but differ in the location within the peptide for the reaction of electron-deficient aromatic aldehydes with
sequence. In a Class IIA peptide, the secondary amine ishydroxyacetoné’ Tetra- and pentapeptid@sand4 showed
located within the peptide chain, and the Class IIB peptides great promise in controlling the formation of regioisonser
displayN-terminal prolines as the secondary amine compo- as the major isolated product (Table 9). It is noteworthy that
nent. Reymond and co-workers’s Class Il peptides also the major product in the analogous reaction catalyzed by
incorporate free carboxyl groups based on the observedL-proline?® or aldolasé? is the alternative regioisomer (not
necessity for the carboxyl in proline-catalyzed aldol reac- pictured). With a mixture of tetrahydrofuran and water as
tions?* After comparing Classes IA, 1B, IIA, and IIB peptides  the best solvent system, up to 96% enantiomeric excess could
for the aldol reaction of acetone amehitrobenzaldehyde  be obtained with a simple peptide containing ordgroline
(Table 7), it was observed that Class IA (entry 1), Class IB andL-phenylalanine.
(entry 2), and Class IIA (entry 3) all demonstrated low  The possibility that micelles might accelerate the peptide-
reactivity. N-Terminal prolyl peptides (Class 1IB) emerged catalyzed aldol reaction was the focus of Li and co-
as the superior class of catalysts for the conditions investi- workers??:3° H-Pro-Phe-OH catalyzed the aldol reaction of
gated. High conversions to the desired aldol adduct andaromatic (Table 10, entries—T) and aliphatic aldehydes
asymmetric induction up to 66% enantiomeric excess (entries(entries 8 and 9) with almost equal efficiencies and asym-
6—11) were observed. metric inductions. Replacing acetone with cyclohexanone
In a publication appearing soon after Reymond’s initial (entry 10) allowed for complete conversion to trgi-isomer
work, Martin and List showed thai-terminal prolyl peptides  as the only observable isomer with99% enantiomeric
could be competent aldol-promoting cataly®tén a study excess. H-Pro-Phe-OH could also be easily precipitated with
of di- and tripeptide-catalyzed aldol reactions of acetone with agueous ammonium chloride after the reaction was complete
p-nitrobenzaldehyde, Martin and List illustrated that dipep- and reused for three additional rounds with no apparent
tides (Table 8, entries-29) and tripeptides (entries 10 and change in reactivity or selectivity.
11) could perform equally well if not better than proline Peptides that contain several hydrophobic residues can be
(entry 1). operationally troublesome in aqueous solvent mixtures
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Table 10. Substrate Screen for the Aldol Reaction between
Acetone and Aldehydes Catalyzed by H-Pro-Phe-OH

o o WL )\cozH o on
)J\+ H)J\R (20 mol %)> )J\/'\R \)\

~—N
H

\

R— 20
H,

N-methylmorpholine R2
5’ MCS O, PGME 5000 Figure 7. Zimmerman-Traxler-like transition state in the hydroxy-
proline amide-catalyzed aldol reaction.
Time Yield ee
Entry R (h) (%) (%) Table 12. Catalysis ofp-Nitrobenzaldehyde and Acetone by
- H-Pro-Ser-NH-TG
1 4-Nitrophenyl 24 96 73
2 Phenyl 36 62 64 edl HT AR AR o OH O
3 3-Nitrophenyl 24 84 67 H————————» :
4 2-Nitro-3,4-methyl- 28 80 83 ,@A Acetone )@/\/U\
enedioxyphenyl OzN 05N
5 2-Chlorophenyl 30 81 55
6 3,4-Dichlorophenyl 32 72 61 Temp  Time Conv. ee
7 2-Methoxyphenyl 36 70 53 Entry Solvent (°C) (h) (%) (%)
8 i-Propyl 48 92 77 1 Acetone:H,0 (1:1) 20 16 Quant. 22
9 Cyclohexanyl 48 80 79 2 DMSO:Acetone (4:1) 20 16 70 59
102 2-Nitrophenyl 24 90 >99 3  DMF:Acetone (4:1) 20 16 <10 39
2Cyclohexanone instead of acetone, nearly 100% anti conformation. o CHoCl,:Acetone (4:1) 20 16 iz N.D.
5  Acetone -15 72 =98 71
6  Acetone -25 41 >08 82
Table 11. Aldol Reactions between Acetone and Aldehydes with 7  Acetone 45 48 35 68
a Solid-Supported Catalyst & The symbol Odenotes Novasyn TG resin.
0
st S
H | b 18 W1'” | o additional challenge to developing catalysts immobilized on
= 20 mol % 2nCly, 0 °C 2 solid phase. However, Gong, Wu, and co-workers have
demonstrated that, in specific cases, catalysis can be ac-
Time Yield ee complished in the absence of a carboxyl group. With an
Entry Aldehyde (R =) () (%) (%) appropriately placed alcohol, modified single amino acids
1 || 2:NO5 18 89 84 were shown to effect an enantioselective aldol reaction.
2 3-NQ; 24 83 76 Presumably, a hydrogen bond with the alcohol and the amide
e M = 30 50 72 N—H reinforces the ZimmermatiTraxler-like transition state
4 2Cl 30 93 4 and restores the catalytic activity (Figure 7). Andreae and
S SE NR. NR. NR. Davis showed that this hypothesis holds trueNeterminal
St (1 use of cat) 20 LA prolyl peptides’® Specifically, theN-terminal proline could
EIN| S et T R 20 - i be attached to either a serine or threonine residue to reinstate
g g;:::::::::t‘)) ig gg :‘;i the catalytic activity of the proline amide peptide. Examining
A : H-Pro-Ser-TG immobilized on Novasyn TentaGel resin for
10 (4" reuse of cat.) 20 96 71

the aldol reaction op-nitrobenzaldehyde in various solvents,
2 The symbcIOdenotes amino group terminated PEG-PS resin. they Showed that' |n neat acetone-&t5 °C, H-Pro-Ser-TG
affords>98% conversion to the desired aldol product in 82%
because of their tendencies toward aggregation or sedimentaenantiomeric excess (Table 12, entry 6).
tion. One possible solution is to run the reaction at high dilu-  Polymer-supported catalysts not only have a straightfor-
tion to solubilize the peptide. However, dilution does have ward operational advantage of solubility and ease of reuse
the inherent problem of slowing reaction rates for bimolecular but also have the ability to be easily amended to on-bead
reactions. Immobilizing peptides on an amphiphilic resin such high-throughput screening technologies. Wennemers and co-
as poly(ethylene glycol) grafted on cross-linked polystyrene workers have developed a strategy for the rapid identification
(PEG-PS) allows reactions to be run at higher concentration of bimolecular reaction¥ This chemical technology employs
and prevents aggregation or sedimentation. Kudo and co-a peptide catalyst immobilized on resin that is linked via a
workers have studied-terminal prolyl peptides immobilized  spacer to one reactant. The other reactant for the bimolecular
on PEG-PS as catalysts for the aldol reactiohihe peptide reaction would incorporate a colored or fluorescent tag to
catalyst Hp-Pro-Tyr-Phe-(PEG-PS) in the presence of ZnCl allow for easy identification of a “hit” catalyst (Figure 8).
as an additive could effect the aldol reaction of acetone with  Wennemers and co-workers applied their “catatyst
several electron-deficient aromatic aldehydes (Table 11, substrate coimmobilization strategy” to the development of
entries 4). Aromatic aldehydes containing an electron an N-terminal prolyl peptide-catalyzed aldol reaction of
donating group were unreactive (entry 5). AdditionallypH-  acetone and aldehyd&By preparing a split-and-mix library
Pro-Tyr-Phe-(PEG-PS) could be easily recovered by simple of tripeptides at one end of a bifunctional lysine linker and
filtration and reused with minimal loss in reactivity. The use a ketone at the other end, the library could be immobilized
of additional ZnC} improved catalyst recycling. on TentaGel resin (Figure 9). With only 15 differemtand

The apparent requirement of an acidic proton in the L-amino acids in each of the three positions, a library
N-terminal prolyl peptide-catalyzed aldol reaction adds an consisting of a maximum of £5= 3375 tripeptides was




Asymmetric Catalysis Mediated by Synthetic Peptides

AC
CAC
K
CAC
A

reaction with

CA(
CA( - [compound 3]
[compound 1]

LB “<(mpm
icompound 2|

Figure 8. Catalyst-substrate co-immobilization strategy.
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AA1 and AA3 = Gly, b-Val, Ala, Leu, b-Pro, Pro, D-Phe, Tyr, b-His, His, D-
Arg, D-Asp, Glu, D-Asn, GIn; AA2 = Gly, Val, p-Ala, D-Leu, D-Pro, Pro,
Phe, D-Tyr, D-His, His, Arg, Asp, D-Glu, Asn, D-GIn

Figure 9. Substrate-catalyst co-immobilization for the discovery
of peptides as aldol catalysts.

synthesized. The library was reacted with dye-marked
benzaldehyde at ambient temperature for onky21h,
followed by extensive washing to remove all noncovalently
bonded dyed compounds. Analysis by ocular inspection
indicated~1 out of 100 beads with a distinct red color, which
revealed two main sequences [H-RraMa-b-Asp-NH-TG

(6) and H-Pre-Pro-Asp-NH-TG {)]. It is noteworthy that
switching to the alternate strategy of immobilizing the

aldehyde and reacting with a dye-marked ketone was also ON

effective in identifying similar catalysts.

Using solid-phase peptide synthesis, peptide catafysts
and7 were resynthesized and examined in solution. Peptide
catalysts6 and 7, for the aldol reaction of acetone and
p-nitrobenzaldehyde, demonstrate two important highlights.
Each catalyzed the formation of enantiomeric aldol products
even though botiN-terminal proline residues were of the
same absolute configuration. Additionally, peptideata-
lyzes the formation of the aldol product in 99% yield and
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Table 13. Aldol Reactions Catalyzed by Peptides 6 and 7

)OJ\ x mol % Catalyst OH O
R H Acetone, 4-72 h, RT R
10 mol % 6 1mol %7 30 mol % H-Pro-OH

Yield ee Yield ee Yield ee

Enty R (%) (%) (%) (%) (%) (%)
1 4-NO,Ph 73 70(R) 99 80(S) 68 76 (R)
2 Ph 58 66 (R) 69 78(S) 62 60 (R)
3  c-Hex 56 83 (R) 66 82(S) 63 84 (R)
4 i-Pr 75 91(R) 79 79(S) 97 96 (R)
5 neo-Pent 24 70(S) 28 73(R) 22 36(S)

80% ee, employing only 1 mol % catalyst at room temper-
ature in only 4 h! Comparing catalysésand 7 against the
single amino acid proline (Table 13) demonstrates that both
peptides provide similar results to proline (entries 3 and 4)
or better results (entries 1, 2, and 5) with at least one of the
two peptides.

TheN-terminal prolyl peptide H-Pro-Pro-Asp-NH-TG{
TG), discovered by Wennemers and co-workers, is the most
reactive and provides enantioselectivities comparable to the
highest reported for a peptide-catalyzed aldol reaction to date.
Further studies were performed to increase the operational
convenience by studying the effects of several different
polymer supported versions of H-Pro-Pro-Asp-NH-TG (
TG), as well as the effect of loading of catalystTG.%"
Comparison of several resins (polystyrene, SPAR, TentaGel,
and PEGA) revealed TentaGel and PEGA as the optimal
solid supports for maintaining the reactivity and selectivity.
Furthermore, lowering the catalyst loading on solid support
(TentaGel and PEGA) increased the rate of the reaction. At
catalyst loadings ranging between 0.1 and 0.2 mmélan
ideal compromise is reached between catalysis and diffusion
of starting materials and products into and out of the resin.
It was then shown that cataly8tTG could be reused three
times without any significant loss in catalytic activity or
selectivity.

A further extension was then shown when catal/stas
pegylated to provide solubility in a broad range of common
solvents such as GEl,, CHC, tetrahydrofuran (THF),
dioxane, acetone, DMSO, and®!®’ The pegylated catalyst
H-Pro-Pro-Asp-Ahx-NH(CHCH,0)s-CHjs (7-Peg provides
enhanced solubility and reactivity. Using only 0.5 mol % of
pegylated peptide’-Peg at —20 °C catalyzes the aldol
reaction in 95% yield and 91% enantiomeric excess in only
8 h (entry 4, Table 14).

In a study directed at the discovery of peptide dendrimers
as aldolase mimics, Reymond and co-workers employed on-

Table 14. Comparison of the Catalytic Activity of the Pegylated
Catalyst 7-Peg with That of 7

o

Entry Catalyst

Peptide Catalyst (x mol %) OH O

N-Methylmorpholine (x mol %)
Acetone -
OoN

mol % Peptide Temp Time Yield

Catalyst (°C)y () (%) (%)
1 7-Peg 1 RT 1 94 80
2 7-Peg 0.5 RT 4 93 80
3 7-Peg 1 -20 4 96 91
4 7-Peg 0.5 -20 8 95 91
5 7 1 RT 4 99 80
6 7 5 -20 24 98 91
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Figure 10. Enaminone aldolase probe.

bead probes specific for aldolase active residéiebBwo
different categories of probes were successfully applied to
the identification of active peptide dendrimers for the
asymmetric aldol reaction. The first probe was a dye-labeled
1,3-diketone, which, upon condensation with an amine, forms
an enaminone, which is easily identified by color (Figure
10). Mixing the beads of the library of dendrimers with a
solution of the diketone probe for a 30 min incubation time
produced~0.1% staining per batch. Sequencing revealed that
the stained beads contained dendrimers witt3 llysine
residues, consistent with enaminone formation.

The second successful strategy applied toward the iden-

tification of a proficient peptide dendrimer catalyst was a
fluorogenic enolization probe. As depicted in Figure 11,
condensation of an amine, followed by enolization, will allow
for -elimination of the fluorescent product umbelliferone.

Suspending the beads with a freshly prepared solution of

enolization probe for 40 min followed by plating onto a silica

Davie et al.

Table 15. Dendrimer-Catalyzed Aldol Reaction

Z~NH

+ o} \]‘
HsN\\j\ /.,CI’F/\NH‘? 3
N
0= {NH N H © : % :
B e aa Lt

HN
A

N H
S H 0 N\)—L
1w oo | L
RN A OH oj_,NH 0 (\ \”,NH;
5 f N , )\
O L H Ni g HNT ©
o
N
l 07 NH H\GI ~"o
N
HaN+ 3 I\Ir NH =
/I) ° 0 ~F “oH
HN._.O
Haly o P
+*NH H HN"™
3 N R \, rx\y)—
. .
H3N HN 0
\/MO ‘NH,
8 HN\I-_-.-.L)
A
| ,NH
o} OH O
/(j)\H Dendrimer Catalyst 8 (1 mol %) _ /Ej\/lk
O,N 0O,N
Time Conv. ee
Entry Solvent (h) (%) (%)

36
3

69
>899

61
<5

1 DMSO-acetone (4:1)
2 aq. buffer-acetone (1:1)

The majority ofN-terminal prolyl peptide-catalyzed asym-

gel plate allowed each bead to be well-separated from themetric aldol reactions employ an aldehyde as the electrophilic

others as a free-standing reactor. Segregation of the bead

on the silica gel plate ensured that umbelliferone could not

Partner. Tomasini and co-workers have shown that ketones
are also viable electrophiles for the peptide-catalyzed aldol

diffuse away. Fluorescence analysis, as well as subsequenteaction® After examining several dipeptides, t4Pro3%-
sequencing of the active beads, revealed that the majoritynphg-OBn was shown to catalyze the asymmetric aldol

of the active beads containéditerminal proline residues.
From this series of compounds, dendrirBervas identified

as a catalyst for the aldol reaction of acetone gnd
nitrobenzaldehyde, providing 69% conversion and 61%
enantiomeric excess in 36 h (Table 15, entry 1). In an
aqueous environment, dendrintdisplays a dramatic rate
increase for the aldol reaction, consistent with aldolase
behavior, affording>99% conversion in ogl3 h (entry 2).

~ g 3
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Figure 11. Enolization aldolase probe.

Umbelliferone

reaction of acetone and isatin in quantitative yield and 73%
enantiomeric excess (Table 16, entry 1). The asymmetric
aldol reaction was tolerant to varioblssubstitutions (entries
2—4), as well as an electron-withdrawing group on the aryl
ring (entry 5).

2.2.2. Aldol Reaction Catalyzed by N-Terminal Primary
Amino Peptides

The application oN-terminal prolyl peptides has indeed
proven to be a fertile ground for the development of peptide-
catalyzed asymmetric aldol reactions. The ability to apply
primary amino acid derivatives to peptide-catalyzed aldol
reactions would provide a further level of diversity and
modularity to catalyst development. Although some may
consider proline to bspecial it is not uniquely equipped to
perform reactions that proceed via an enamine intermediate.

The initial interest of Tsogoeva and Wei in the aldol
reaction began with peptides containing histidine as a
potential catalyst. Early investigations into the aldol reaction
began with an examination of the acetqneitrobenzalde-
hyde aldol reaction mediated by a dipeptffi@he peptide
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Table 16. Aldol Reaction of Isatin Derivatives with
Acetone-Catalyzed by Hp-Pro-#3-hPhg-OBn

(ﬁ\ Ph O
NH
H-D-Pro-p3-hPhg-OBn HO 0o
R2 (10 mol %) R2 ‘4/<
_—
o
N Acetone, -15 °C N
R! R
Time Yield ee
Entry R' R? (h) (%) (%)  Abs. Config.
1 H H 16 quantative 73 R
2 Me H 17 quantative 77 R
3 Et H 16 92 74 R
4 Bn H 17 90 74 R
5 H Br 17 quantative 73 R

Table 17. Aldol Reactions of Acetone with Several Aromatic
Aldehydes Catalyzed by H-Leu-His-OH

H-Leu-His-OH OH O
+ O (30 mol %)
X —_— -t
R H DMSO R
= 10 days, RT

Conv. Yield ee
Entry  Aldehyde (%) (%) (%)
1 4-NO, 96 87 71
2 2-NO, 82 62 72
3 2-Cl 100 96 76
4 4-Br 89 65 68
5 4-Cl 94 67 60
6 2-Naphthaldehyde 65 53 50

design contained two amino acid residues (His, Phe, Leu,
or Lys), with both freeC- andN-termini providing superior
results to methyl ester, Cbz-protectdderminus, anatyclo
dipeptides. Of the peptides investigated, H-Leu-His-OH was
determined to be optimal and was demonstrated to afford
comparable levels of selectivity for several electron-poor
aromatic aldehydes (Table 17). Additionally, an examination
of a series of cocatalysts revealed thatns2,5-dimeth-
ylpiperazine (10 mol %) could decrease the reaction time
from 10 days to 22 h with only a moderate sacrifice in
asymmetric inductiof?

Cordova and co-workers have documented studies con-

cerning the aldol reaction of primarily cyclic ketones and
aldehydeg! Peptides based on the simple amino acids
alanine and valine were investigated for their ability to
catalyze the reaction of cyclohexanone gnditrobenzal-
dehyde. It was found that the use of water as an additive
(5—20 equiv) was necessary to obtain the highest levels of
enantioselectivity. H-Ala-Ala-OH and H-Ala-Phe-OH were
found to be competent catalysts for mediating the aldol
reaction of cyclic ketones with high chemo-, diastereo-, and
enantioselectivity (Table 18). When using hydroxyacetone
as the aldol donor, theic-diol was obtained as the exclusive
regioisomer. The exclusivity of hydroxyacetone is comple-

mentary to the results observed by Gong and co-workers

when studyingN-terminal prolyl peptides as catalysts (c.f.,
Table 9)?” On the basis of the relative and absolute
stereochemistry of the aldol products observeddoea and
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Table 18. Peptide- and Peptide Analogue-Catalyzed Direct
Asymmetric Aldol Reactions

(0] o) Peptide Catalyst (30 mol %) O OH
)j\ H,0 (10 equiv.)
+ H R > Y R
R! R? DMSO, RT, 1-2 days R! éz
I HOH )OH
ij oxo OH
A B Cc
Yield ee
Entry Catalyst Ketone R (%) D.RP (%)
1 H-Ala-Ala-OH A 4-NO,CeH, 73 8:1 91
2 H-Ala-Ala-OH B 4-NO,CgH, 70 3:1 99
3 H-Ala-Phe-OH B 4-NO,CgH, 88 5:1 99
43 H-Val-D-phenylalaninol B 4-NO,CgH, 80 4:1 99
5a H-Ala-Ala-OH B 4-CNCgH,4 65 13:1 99
o% H-Ala-Ala-OH B 4-BrCgH, 55 2:1 92
ga H-Ala-Phe-OH A 4-BrCgH, 88 2:1 99
92 H-Ala-Ala-OH A 4-BrCgH, 86 2:1 96
102 H-Ala-Ala-OH A 4-CICgH, 67 2:1 98
11 H-Ala-Ala-OH B iPr 50 2:1 97
H-Ala-Ala-OH C 4-NO,CgHs 93  1:1 75

a5 equiv H,0. ° anti : syn

co-workers proposed the possibility of chairlike transition

stateslV and V for both the peptide-catalyzed and the

amino acid amide-catalyzed aldol reactions, respectively
(Figure 12).

Using water as the main constituent of the reaction mixture
for the dipeptide-catalyzed aldol reaction was the focus of a
subsequent study by @ova and co-worker8.As with their
previous study, peptides were shown to outperform the single
amino acid for the aldol reaction of cyclic ketones with
aromatic aldehydes. Using density functional theory (DFT)
calculations to decipher the mechanistic subtleties suggested
that a dipeptide transition stat¥l (Figure 13) more
efficiently shielded water from breaking down the six-
membered transition state. The analogous single amino acid
transition state \(Il') could not efficiently stabilize the
resulting alkoxide, making the single amino acid less
enantioselective.

e N R e N
ST S
RZC;;H-JN e} R%,H*N o)
R4 \J"/R‘i
v v

Figure 12. Plausible transition states IV and V for the dipeptide-
and amino acid amide-catalyzed direct asymmetric aldol reaction.
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HH HH  H H HH
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HOH R %H 1 Oh HOH
o
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Figure 13. Plausible transition states VI and VII for the dipeptide
and primary amino acid-catalyzed asymmetric aldol reactions in
water.
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Table 19. Stereospecific Synthesis of Tetroses by the Condensation of Glycoaldehyde Using Dipeptide Catalysts Containing a

p-Branched Amino Acid
Q Peptide Catalyst (30 mol % © °
HJ\‘ eptide Catalyst ( mo>o) -QOH . ‘_OOH
H,0, Buffer HO' HO bH

OH OH
glycoaldehyde D-threose D-erythrose
Peptide Temp, °C D-thr  D-ery Yield (%)
Entry Catalyst (time, h) Buffer pH ee (%) ee (%) thr+ery ery/thr
1 H-Val-Gly-OH 50(3) 025MTEAA 54 2 -11 50 1
2 H-Gly-Val-OH 50(3) 025MTEAA 54 2 53 20 1.2
3 H-Gly-lle-OH 50(3) 025MTEAA 54 3 53 15 1.5
4 H-Ala-vVal-OH 50(3) 025MTEAA 54 0 40 17 1.2
5 H-Ala-lle-OH 50 (3) 0.25M TEAA 54 2 38 5 1
6 H-val-val-OH 50(3) 025MTEAA 54 -1 59 25 1
7 H-lle-vVal-OH 50(3) 025MTEAA 54 -1 61 25 1
8 H-val-val-OH 50(3) 0.05MTEAA 54 -2 75 22 1
9 H-Val-val-OH 25(18) 0.25MTEAA 54 -1 72 5 1.5
10 H-val-val-OH 25(18) 0.05 M NaAc 54 -7 80 23 1.5
11 H-val-val-OH 25(18) 0.05MCaAc 54 -10 78.5 20 1.5
12 H-val-Val-OH 25(18) 0.05 M NaAc 4.9 -1 82 12 1.5
13 H-val-val-OH 0(32) 0.05MNaAc 54 1.5 13 29 1.7

Table 20. Stereospecific Synthesis of Tetroses by the Condensation of Glycoaldehyde Using Dipeptide Catalysts withoftBranched

Amino Acid
0 _ o 0
)J\ Peptide Catalyst (30 mol %) QOH &OH
» - + -
H H,0, Buffer HO' HO" -
OH

OH OH
glycoaldehyde D-threose D-erythrose
Peptide Temp, °C D-thr D-ery Yield (%)
Entry Catalyst (time, h) Buffer pH ee (%) ee (%) thr+ery ery/thr
1 H-Ala-Gly-OH 50(3) 0.25MTEAA 54 -16 2 50 1
2 H-Ala-Gly-Gly-OH 50(3) 025MTEAA 54 -16 -3 15 1
3 H-Phe-Gly-OH 50(3) 025MTEAA 54 -5 7 63 1
4 H-Gly-Pro-OH 50(3) 0.25MTEAA 54 0 0 17 0.8
5 H-Gly-Ala-OH 50(3) 0.25MTEAA 54 0 43 10 1.8
6 H-Ala-Ala-OH 50(3) 025MTEAA 54 -7 33 45 1.5
7 H-Ala-Ala-OH 50 (1.5) 0.25M TEAA 54 -9 33 10 2
8 H-Ala-Ala-OH 0(96) 0.25MTEAA 54 0 0 50 0.8
9 H-Tri-Ala-OH 50(3) 0.25MTEAA 54 -13 22 17 0.8
10 H-Tetra-Ala-OH 50(3) 0.25MTEAA 54 -12 17 5 1.2
11  H-Leu-Ala-OH 50(3) 025MTEAA 54 -4 35 38 1
12 H-Ala-Phe-OH 50(3) 0.25MTEAA 54 1 31 5 1
13 H-Ala-Glu-OH 50(3) 0.25MTEAA 54 32 32 11 1
14 H-Ala-Leu-Ala-OH 50 (3) 0.25MTEAA 54 -13 33 13 1
15 H-Ala-His-OH 50(3) 025MTEAA 54 ND ND Trace ND
16 H-D-Ala-Ala-Ala-OH50 (3) 0.25M TEAA 54 9 7 15 1.2
17 H-Ala-Ala-OH 50(3) 0.05MNaAc 54 4 17 34 1
18 H-D-Ala-D-Ala-OH 50 (3) 0.05M NaAc 5.4 2 -3 60 0.8
19 H-D-Ala-D-Ala-OH 25 (18) 0.05M NaAc 54 05 -11 34 1.2
20 H-Glu-Glu-OH 50(3) 0.25MTEAA 54 -15 34 34 1.2
21 H-Leu-Leu-OH 50(3) 0.25MTEAA 54 0 0 <5 1
22 H-B-Ala-Ala-OH 50 (3) 0.25MTEAA 54 0 10 25 1
23 Ac-(Ala);-OH 50(3) 0.25MTEAA 54 ND ND None ND

The asymmetric induction by simple ancient building (Table 20) amino acid residues were both investigated. The
blocks is of intense interest in trying to understand a prebiotic most efficient peptide catalysts for asymmetric induction
scenario on Earth. Pizzarello and Weber have been studyingwere thes-branched ones (Table 19). The peptide catalyst
how simple ancient amino aciignd peptide$ can catalyze  H-Val-Val-OH (entries 6, 813) was employed for the
the dimerization of glycoaldehyde to-erythrose ancb- dimerization of glycoaldehyde, producimgerythrose with
threose. The peptidic investigation was carried out exclu- >80% enantiomeric excess (entries 10 and 12).
sively in aqueous buffers with simple dipeptides as catalysts. Cordova et al. further showed how the simple ancient
Peptides with3-branched (Table 19) and nghbranched dipeptides H-Ala-Ala-OH, and H-Val-Val-OH could catalyze
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Scheme 2. Ancient Peptide-Catalyzed Sugar Synthesis from

(0]
Glycoaldehyde HJ\

(0] ' 0 R! R2
Peptide Catalyst OOH
H - o' R R’
H,O P
OH 2 BH |l|
I Ideh -eryth
glycoaldehyde D-erythrose H,0 1) Michael H,‘ R2
H-Ala-Ala-OH  48% ee R R \)J\R Reaction R1MR
H-Val-Val-OH  82% ee >N’ o) o
H\
Scheme 3. Peptide-Catalyzed Aldol Reaction between R! R2
Cyclohexanone and Phenylglyoxylate O

o R "H Aldol R!
H JJ\ Reaction s R
H, " “OH HR

N
o 0 0 AL Figure 14. Michael reaction vs. aldol reaction.
LEtO (40 mol %)
(0] H,0 (10 equiv)

DMSO, RT, 120 h

Table 21. Peptide-Catalyzed Michael Reactions

60% Yield o O2N | g%p%dj %a)xtalyst o ?/Noz

2:1 antizsyn + » .

68% ee N DMSO, 36 h, RT
the aldol dimerization of glycoaldehyde tserythrose in Yield ce
48% and 82% enantiomeric excess, respectively (Scheme Entry Peptide (%) (%)
2) 45 The asymmetric induction of H-Ala-Ala-OH is signifi- 1 H-Pro-OH 97 7
cantly higher than the ancient amino acid alarffhe. 2 H-Pro-Ala-OH 71 5

As with the N-terminal prolyl peptide-catalyzed asym- 3 H-Pro-Trp-OH 68 0

metric aldol reaction, the use of ketones as electrophiles has 4 H-Pro-Asp-OH 75 3
received less attention for the-terminal primary amino 5 H-Pro-Glu-OH 91 8
peptide-catalyzed asymmetric aldol reactiorird@wa and 6 H-Pro-Val-OH 65 31
co-workers demonstrated that the dipeptide H-Val-Val-OH 7 H-Pro-Arg-OH 65 19
could catalyze the aldol reaction of cyclohexanone and 8 H-Pro-Ser-OH 81 8
phenylglyoxylate in 60% yield and 68% enantiomeric excess 9 H-Pro-Lys-OH-HCI 66 8
(Scheme 3}¥° The single amino acids valine and tetrazole 10 H-Pro-Gly-Gly-OH 79 10
valine were able to catalyze the same reaction in 96% and " H-Pro-His-Ala-OH 70 7
98% enantiomeric excess, respectively.
2.3. Michael Reaction by N-terminal primary amino peptide¢8 A series of single

) ) ) ) ) amino acids and di- and tripeptides was investigated for the

N-Terminal prolyl peptides anil-terminal primary amino  conjugate addition of cyclohexanonettans g-nitrostyrene.
peptides have proven to be fruitful categories for peptide The gptimal catalysts of those investigated were determined
catalysis, especially with regards to their ability to catalyze g pe H-Ala-Ala-OH and H-Ala>-Ala-OH. Examination of
the aldol reaction. A mechanistic similarity between the the supstrate scope demonstrated that at least one of the two
prolyl peptide-catalyzed Michael reaction and the peptide- peptides was able to catalyze the Michael addition of
catalyzed aldol reaction is the initial formation of an enamine, cyclohexanone to electron-rich (entry 4) and electron-poor
which subsequently reacts with its electrophilic partner (entry 5)trans-nitrostyrene derivatives with high diastereo-
(Figure 14). The conjugate addition of an enolate (or anqg enantiocontrol (Table 22). Several substituted cyclohex-
equivalent) provides direct access to a 1,5-dicarbonyl com- 5none derivatives (entries 6 and 7) and heterocyclic variants
pound, a synthor_1 which has proven to be tremendously(entries 8, 10, and 11) were produced with comparable
valuable in organic synthesis. chemical and optical efficiencies.

2.3.1. Addition of Ketones to Nitroolefins 2.3.2. Addition of Nitroalkanes to o.3-Unsaturated

In a maiden publication by Martin and List regarding their Carbonyl Compounds
study ofN-terminal prolyl peptides, they documented a series  The addition of nitroalkanes ta,3-unsaturated carbonyl
of dipeptides that could catalyze the Michael addition of compounds has become an area of intense interest for
acetone totrans(-nitrostyrene (Table 21% Dipeptide investigations involving asymmetric catalysis. Tsogoeva and
H-Pro-Val-OH (entry 6) afforded the Michael product in Jagtap became interested in the possibilityNsferminal
modest enantiomeric excess and yield. Additionally, the primary amino peptides as potential catalysts for the addition
single amino acid proline provided significantly higher of 2-nitropropane to cyclohexenofeAfter examination of
reactivity, albeit with a reduced level of asymmetric induc- peptides9 and 10 along with chiral amine additivesl{—
tion. 15), H-Leu-His-OH Q) in the presence of R 2R)-1,2-
Cordova and co-workers were interested in the asymmetric diphenylethylenediaminelp) was selected for further ex-
addition of cyclic ketones ttrans-nitrostyrene catalyzed  amination (Table 23, entry 18). Catalyst loading with respect
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Table 22. H-Ala-Ala-OH and H-Ala-p-Ala-OH Catalyzed Direct Enantioselective Michael Addition of Ketones to Nitroolefins

Condition A: H-Ala-Ala-OH
(30 mol %), 3 days, 4 °C

-OR-
0 Condition B: H-Ala-D-Ala- O R
OH (45 mol %), 3 days, -20
N0 oC( ), 3 day ~ NO,
R'" R DMSO:NMP (1:1) R R?
(10 equiv H,0)
Yield ee
Entry Ketone R Product Condition (%) D.R2 (%)
o) O Ph
1 Ph NO, A 67 22:1 91
2 Ph B 62 17:1 97
(o} O 2-Naphthyl
3 é Napthyl é/LNOZ B 79 221 98
o) O  Ph(4-OMe)
4 é 4-MeOCgH, ij/k NO, B 76 20:1 92
0o O  Ph(4-NO,)
NO,
5b 4-NO,CgHy4 B 68 25:1 94
0 O Ph
NO,
6 Ph A 58 36:1 94
0" o 0" o
/ /
o O Ph O Ph
C .
7 é Ph ij/'\Noz NO, A 69 19:1 92
. 2:1
o) 0 Ph
NO.
1)\ Ph Hj\l/k 2 B 12:1 2
8 L 4 o o 30 9
X o o pn
9 HJK‘ Ph |-|J\('\No2 A 60 1:2 29
H H (23) (1:2)¢ 40y
0 © o pn ©
100 fﬁ Ph fﬁ/'\ NO, B 66 25:1 98
S o S O Ph
NO,
11 Ph B 95 15:1 90
o 0
o O Ph
12f H)K( Ph H%<LN02 B 57 - 58

(o}

o) Ph
139 é Ph NO, A 35 1:1 64
(79)"

2D.R. (syn:anti). ® 2 days. © Combined yield of both isomers, D.R. of both isomers, %ee of second isomer. ¢-20 °C for 2
days. €4 °C for 2 days. f 15 mol % peptide catalyst. 9 R.T. " %ee for the anti-diastereomer.

to additive loading had a significant effect on the chemical the asymmetric addition of 2-nitropropane to cyclohexenone

efficiency. With 30 mol % of H-Leu-His-OH9) and 30 mol in the presence ofrans-2,5-dimethylpiperazirf@ in 80%

% (1R,2R)-1,2-diphenylethylenediamin&f), the Michaelad- yield and 77% enantiomeric excess (Table 24)ess polar

dition of 2-nitropropane to cyclohexenone could be achieved solvents (CHG and acetone) were shown to increase the

in up to 86% yield and 75% enantiomeric excess. optical induction, while more polar solvents (DMF, DMSO,
Tsogoeva and co-workers turned their attentionNto and [b_mlm]PE) aIIoweq for higher yields, _albe|t v_v|th eroded

terminal prolyl peptides as catalysts for the conjugate addition Selectivity. A comparison of a #ans-aminoproline based

of nitroalkanes to cyclia,S-unsaturated ketones.trans di- (19),*°tri- (18),°* and tetrapeptide20)>° for the conjugate

Aminoproline-based di tri-, 5 and tetrapeptidé&were the addmon of. mtrqalkanes to cyclie,f-unsaturated ketones

focus of a series of investigations into the Michael reaction. IS sSummarized in Table 25.

The initial study illustrated that arginine-containing peptides = Thef-turn structural motif has received attention by Miller

16and17 and tritransaminoprolyl peptidel8 could catalyze in his studies of group transfer reacticdsOnly recently
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Table 23. Michael Addition Catalyzed by Dipeptides in the

Presence of Additives

(0]
+ NO2  Peptide Catalyst (15 mol %)
N Additive (1 equiv)
5 days, RT
N
HzN\)J\ OH

9 \/NH 10
Yield ee
Entry Catalyst Additive Solvent (%) (%)
1 9 1 DMSO 53 29 (R)
2 9 1 DMF 24 31(R)
3 10 1 DMSO 95 26 (R)
4 10 1 DMF 29 41 (R)
5 9 - DMSO 13 42(R)
6 9 - DMF 6 21(R)
7 - 1 DMSO 39.5 -
8 - 1 DMF 5 -
9 9 12 DMSO >99  3(S)
10 9 12 DMF 77 31(S)
11 10 12 DMSO 93 7(S)
12 10 12 DMF 70 28(S)
13 - 12 DMSO 60 2(S)
14 - 12 DMF 14 28 (S)
15 9 13 DMF 79 32(R)
16 - 13 DMF 21 32 (R)
17 9 14 DMF 74 45 (S)
18 9 15 DMF 62 61 (R)
19 10 15 DMF 34 49 (R)
20 - 15  DMF 12 45(R)

0]

NO,

¢U¢ ;]

12
Me

HOv ( NH,

Ph

13

HoN,, _Me
Ph

14

NH,

Ph Ph

NH,
15
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has this structural element proven to be within the prowess
of carbon-carbon bond-forming reactions. Specifically,
Linton, Miller, and co-workers have recently demonstrated
that bifunctional -turn peptides containing a modified
arginine and a-benzyl histidine could catalyze an asym-
metric Michael addition ofx-nitroketone$* The develop-
ment of a selective peptide catalyst began with the exami-
nation of several residues and their diastereomers. Further
screening of arginine-protecting groups, including ureas and
thioureas, led to the peptide catalyst 1-Oct-Arg(Ridpro-
Aib-His(z-Bn)-Phe-OMe, which could catalyze the Michael
addition of a-nitrocarbonyls with only 2 mol % catalyst in
up to 74% enantiomeric excess (Table 26, entry 2).

2.4. Morita —Baylis —Hillman Reaction

The Morita—Baylis—Hillman reaction was first docu-
mented by Morita and co-workeépsin 1968 and further
patented by Baylis and Hillmahin 1972. This reaction is
believed to proceed by the conjugate addition of a nucleo-
phile to ana,S-unsaturated carbonyl compour®), which
generates a latent enolate (Figure 23), This latent enolate
reacts with an electrophile such as an aldehya® (o
produce intermediat24. Upon proton transfer and elimina-
tion of the catalyst, the reaction affords the MotiBaylis—
Hillman product @5). Although the mechanism in Figure
15 is generally acceptéd,recent reports have found that,
in specific cases (R= OR), the reaction is second order in
aldehyde and that proton transfer is the rate-determining step.
This suggests that intermedid26 is responsible for proton
transfer2®

2.4.1. Amino Acid Peptide-Catalyzed
Morita—Baylis—Hillman Reaction

Miller and co-workers have documented some progress
in peptide catalysis by employing-methyl histidine (Pmh)
as the catalytic moiety for numerous group transfer reactions.

Table 24. Conjugate Additions of 2-Nitropropane to Cyclohexenone Catalyzed by Peptides in the Presence of

trans-2,5-Dimethylpiperazine

o o
. /I\Sz Peptide Catalyst (15 m&l %)
trans-2,5-Dimethylpiperazine
(1 equiv), 5days, RT NO,
o} H ” 0 NH, | BocHN,_ o
HO o 2 J Lo N__NH, WNH
H HO 0 : (e}
N OH NH | N '
HoN N NI OH NH H O)L
: H ‘ 7 N NH o
(e} (o] H o N -,
H
& [ M on
N
16 17 18 H
Peptide 16 Peptide 17 Peptide 18 No Peptide

Solvent Entry Yield (%) ee(%) Entry Yield(%) ee(%) Entry Yield (%) ee (%) Entry Yield (%)
CHCl3 1 <10 18 6 <10 71 11 80 77 16 -
Acetone 2 N.R. - 7 N.R. - 12 43 80 17 -
DMF 3 16 28 8 <10 17 13 >99 63 18 5
DMSO 4 53 29 9 73 23 14 85 7 19 39.5
[omim]PFg 5 44 5 10 35 <5 15 >95 51 20 25

bmim, 1-n-butyl-3-methylimidazolium
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Table 25. Michael Addition of Nitroalkanes to Cyclic a.f-Unsaturated Ketones Catalyzed by 4rans-Aminoproline-Based Di-, Tri-, and

Tetrapeptides
o]
. JN\OZ Peptide Catalyst (2 mol %) ﬁ
R"OR? o R2
n

trans-2,5-Dimethylpiperazine
(1 equiv), CHCl3, 5 days, RT r1NO2

Dipeptide 19 Tripeptide 18
Yield (%) ee (%) Yield (%) ee (%)

Tetrapeptide 20
Yield (%) ee (%)

Entry  Nitroalkane Product

o
1 CH;3NO, é 75 57 95 58 75 55
., NO,
o}
LP: 66° LP: 56° . £ga
2 CH3CH,NO, 100\ e 83 VP, 65 100 LP: 58b
’ : MP: 59
.., NOy
NG 2 r 77 -
3 )\ 46 - 80 81
oL
NO2 0 88 84
4 G 100 71 57 82
.., NO»
NO, o) G - 78
5 - 24 -
-, NO2
LP: 612 -
0o
@ MP: 54° .
6 CH,;CH,NO, 65 - 71 LP:47
MP: 48°
~, -NO2
|/ 76 B
NO, 0o
7 )\ é 40 - 50 64
/QNOZ 77 -
NO, o]

64 - 41 60

O O

1, NO2

a ee of less polar isomer (LP). ® ee of more polar isomer (MP).

These enantioselective processes include, but are not limitechddition of azide ior§? The prospect of expanding the

to, acylations® phosphorylatio® and sulfinylatiorf! Ad- diversity of accessible structures within the outreaches of

ditionally, the modified histidine residuebenzyl histidine Pmh peptide catalysis to carbeoarbon bond-forming

has been shown to be an effective catalyst for the conjugatereactions was a hypothesis in the contexts of the Merita
Baylis—Hillman reaction.

In the initial stages of reaction development, Miller and
co-workers began their investigation into the methyl vinyl

N
R1J\H * ﬁ » & mH(LLRz
21 22 25 \ ketone (MVK) Morita—Baylis—Hillman reaction witho-
nitrobenzaldehyde. Using on-methylimidazole (NMI) as
a simple model catalyst, sluggish reaction rates were

O O Nucleophile OH O

1 —
o- o- o R\(C:) observed (40% conversion in 24 h). In analogy to observa-
21 H ” Olo tions by Shi and Jiangf,in their studies with the Hatakeya-
f\ R? —— RHj)kR2 R : R2 mé&f* cinchona alkaloid catalyst, the cocatalyst proline almost
Nu Nu . | doubled the observed reaction rates when combined in equal
23 24 Nu™ 26 quantities with NMI (75% conversion in 24 F).

Figure 15. Proposed mechanism of the MoritBaylis—Hillman
reaction.

A peptide library consisting of 105 randomly generated
peptide sequences containing ldrterminal 7-methyl his-
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Table 26. Selectivity and Yields Observed with Various Table 27. Catalyst Screen for the MVK—MBH Reaction with
Nitrocarbonyls Using o-Nitrobenzaldehyde
1-Oct-Arg(Pfb)-p-Pro-Aib-His(z-Bn)-Phe-OMe as Catalyst NO, O Peptide Catalyst (10 mol %) NO, OH O

0] -

0
Meg o NH: /\—/\ M e H* L H-Pro-OH (10 mol %)
°s? /)\ : N Toluene/CDCl3, 25 °C, 16 h
Me, N H N H ()
Me™ 0 Me o AN ee
Entry Catalyst (%)
Me 0)

NH
o NH ~ N-Bn 0]
Me Bry N=/ BocHN'JJ\OMe
0 1 H (Boc-Pmh-OMe) 19
o o (2mol%) MeO o o) ny
AR e G -
* \)J\Rs Toluene, 4 °C R’ R®
NO, R2 NO, 2 Boc-Pmh-Aib-OMe 33
3 Boc-Pmh-Aib-Phe-OMe 33
Yield ee 4 Boc-Pmh-Aib-Phe-D-Phe-OMe 40
Entry Substrate Electrophile (%) (%) 5 Boc-Pmh-Aib-Cha-hPhe-D-Phe-OMe 47
(0] 6 Boc-Pmh-Aib-Chg-GIn(Trt)-D-Phe-Phe-OMe 61
(0] - -Aib-Cha- -D-Phe- -Phe-
1 Ph)J\/ \)]\ 82 52 7 Boc-Pmh-Aib-Chg-GIn(Trt)-D-Phe-(Boc)Trp-Phe-OMe 73
NO, 8

O NHTH o PN T8
H
o o o 0 N\)J\N/E”/OMe
2 Ph)H/\ 64 74 H I H
T o E;ocHN:QJ\H N \O 0
2 =
0 0

NS Ph
NN

S~ H 0

N A

:H

O
3 )H/\/ i 29 60 N
Ph
NO \)J\ 9 Boc-Pmh-Aib-Chg-GIn(Trt)-D-Phe-D-Pip-Cha-Phe-Phe-OMe 75
2

10 Boc-Pmh-Aib-Chg-GIn(Trt)-D-Phe-D-Pip-Cha-Val-(Boc)Trp- 74

(o} o Phe-OMe
hPhe, homophenylalanine
4 CV)J\( \)]\ 9 0 Cha, cyclohgxylalyanine
NO,
o]
o]
5 Eto 9% 0 . , .
NO \)\ that a variety of electron-withdrawing groups could be
o 2 tolerated (Table 28). Optimal asymmetric induction was
o) obtained when these electron-withdrawing groups were ortho
6 t-Bqu\/ \)Lph 85 50 or para on the benzaldehyde derivative. Meta electron-
NO, donating substituents allowed for the highest selectivity

observed when an ortho electron-withdrawing substituent was
also present (entry 6).

tidine residue was first synthesized and analyzed for stereo-
selectivity in the Morita-Baylis—Hillman (MBH) reaction. 2.5. Acyl Anion Equivalents
By comparing the most reactive and selective catalysts in ] ) )
the initial screen, the sequence Boc-Pmh-Aib-Peptide was 1he use of enamines and their counterparts has received
identified as a promising lead for th§-terminus of the considerable attention in the peptide-catalysis literature. This
peptide catalyst. Exploration of the structtiactivity rela- ~ may stem from the straightforward modus operandi in terms
tionship (SAR) of each position of the peptide by single ©f bond polarization of enamine chemistry. Acyl anions and
substitution led to a peptide that could catalyze the Merita  their in situ generated equivalents have received significantly
Baylis—Hillman reaction in 61% enantiomeric excess (Table less attention in the literature. Classical solutions to the
27, entry 6). At this point, a direct relationship was observed generation of an acyl anion include the deprotonation of a
between peptide length and selectivity (Table 27). The dithiane or cyanohydrifit These synthetic sequences involve
correlated increase in selectivity that was observed with Multiple operations to generate their respective precursors
increasing main chain length leveled off at the stage of an @nd terminate with deprotection sequences that are not
octamer peptide, which catalyzed the MoriBaylis— necessarily straightforward. Addltlonally,_the necessity of a
Hillman reaction in 78% enantiomeric excess (entry 8).  Strong base for deprotonation would likely degrade the

The use of a cocatalyst allows for a unique opportunity to Peptide itself. The use of a thiamine pyrophosphate mimic
investigate noncovalent interactions. In an attempt to further could indeed be a new bond disconnection for peptide-
optimize the reaction, numerous single amino adids)ethyl catalyzed asymmetric catalysis.
amino acids, and proline derivatives were surveyed for their  Pioneering studies by Breslow on the mechanism of
ability to act as adept cocataly$fs.After a thorough thiamine pyrophosphate catalysis and the analogous benzoin
investigation, the amino acid proline unequivocally outper- reaction have proven to be seminal contributions to organic
formed any of the other cocatalysts investigated. chemistry®® This multistep, complex reaction coordinate still

Examination of the scope of the peptie@mino-acid stands as the leading depiction of the plausible mechanism.
cocatalyzed MoritaBaylis—Hillman reaction demonstrates As depicted in Figure 16, a thiazolium ylideg), or



5776 Chemical Reviews, 2007, Vol. 107, No. 12 Davie et al.

Table 28. Substrate Scope for the Peptide-Catalyzed MVKMBH with H-Pro-OH Cocatalyst

O« NHTH o P
H
O, NJJ\ OMe
O .y © Lo N

o BocHNJ\N ' N\_)LN N AL : ) oH o

N . o H H o) = H o on N

H N
- A N I
R A N O (10 mol %) R

H-Pro-OH (10 mol %)
Toluene/CDCl3, 25 °C, 16 h

Entry Aldehyde Product Yield (%) ee (%) | Entry Aldehyde Product Yield (%) ee (%)
NO, O NO, OH O NO, O NO, OH O
1 ©)\H ©/‘\”)\ 81 78 6 Meo@)\H Meow 88 81
NO, O NO, OH O CF; O CF3; OH O
2 H 92 73 7 ©)‘\H M 52 71
(0] OH O fo) OH O
O,N O,N
o) OH O F O F OH O
4 G,)(H ~ >95 63 9 @)LH M 55 65
\ O \ (6]
NO, O NO, OH O o) OH O
5 /©)‘\H /©/'\”)\ 89 63 10 @H w 55 41
O,N O,N

isoelectronicN-heteterocyclic carben®9) generated from  was investigated for their ability to catalyze an enantiose-
salt27 and a base, adds to an aldehy8@) (This is followed lective variant of the intramolecular Stetter cyclizati@s.
by a proton tautomerization &fl to generate the acyl-anion  andN- terminal Taz quaternized peptides were capable of
equivalent 82)/enamine 83) resonance structure, commonly  catalyzing the cyclization with low selectivity. On the other
referred to as the “Breslow intermediate”. Nucleophilic hand, a peptide containing a Taz residue flanked by the bulky
addition to an electrophile34, aldehyde; benzpin reactiqn, chiral (9-(—)-1-(1-napthyl)ethylamine and Boc-Thr(Bn)-
a,p-unsaturated carbonyt Stetter reaction) with production  ¢coyld catalyze the enantioselective Stetter cyclization in up
of 35, followed by proton transfer and catalyst elimination {45 730, ee and 67% yield (Table 29, entry 1). Substrates
completes the catalytic cycle and produGés containing electron-donating groups could be cyclized with
comparable levels of asymmetric induction (entries52
However, substrates bearing strongly electron-withdrawing
groups were shown to rapidly racemize under the reaction
The use of proteinogenic amino acids has generated a vastonditions (entry 6).
number of carborrcarbon bond-forming reactions. In par-
ticular, reaction developments that proceed via enamine/2.5.2. Aldehyde N-Acylimine Cross-Coupling Reaction

enolate chemistry have been a flourishing area of peptide . .
research. In an attempt to move beyond the use of protei- After demonstrating peptides were competbHtietero-
nogenic amino acids, Miller and co-workers have embarked cychq carbgne organocatalysts in the mtramolecular Stetter
on a journey into chemical reactions that proceed via in situ reaction, Miller and co-workers focused their efforts toward
formed acyl-anion equivalents, which is commonly referred an arena in which asymmetric catalysis had no available
to asumpolung® The incorporation of the appropriately —precedent, specifically, a peptide-catalyzed intermolecular
functionalized nonproteinogenic amino acid thiazolylalanine aldehyde N-acylimine cross-coupling reactidh’? Early
(Taz) into short peptides has proven to be a novel mimic of investigations were complicated by racemization as a del-
the enzymatic cofactor thiamine pyrophosphéte. eterious side reaction. On the basis of empirical evidence
Miller and co-workers began their study with an investiga- collected during initial optimization, it was hypothesized that
tion into the intramolecular Stetter cyclization. Preliminary base-induced enolization was the racemization pathway.
studies with quaternized single amino acid derivatives of Taz Using the extremely hindered tertiary amine base 1,2,2,6,6-
demonstrated the proof-of-principle experiments to support pentamethylpiperidine (PEMP) minimized the degree of
the hypothesis that peptide-containiigneterocyclic carbene  racemization observed throughout the course of the reac-
could catalyze the desired cyclization. A series of peptides tion. Racemization rate comparison of isotopically labeled

2.5.1. Peptide-Catalyzed Asymmetric Intramolecular
Stetter Cyclization
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Me Table 29. Substrate Scope for the Peptide-Catalyzed
Me\[ Intramolecular Stetter Cyclization

A\
% OO
M
Base¢ 27 o e\/
— Ve ] \n/\NHBoc
Me | (20 mol %)

N+
\[s\>_ R_: \ —_— \/N ,,\\\"/Ot—Bu

=
R? 28 0 o7 DIPEA (1 equiv)RT__ o
R! Jk Ot-Bu CH2Cl o
R, H 48 h, 23°C

36 Me N o
I >: Entry Product Yield (%) ee (%) Yield (%) ee (%)
S (0.25 M) (0.40 M)
L 29 |

[ onMe

)§<N Me 3
RO
o S
JJ\ 33¢ Me
34 O|_Me

R1)\<jMe

0
(ij
0
L 5 \I(Ot Bu 7 73 39 76
Figure 16. Mechanism of the benzom reaction. o)

MeO (0]

(0]

: :o:

materials provided strong evidence to support the hypothesis O,N ~_ _OtBu
of base-induced enolization (Figure 17). 6 ‘ \([)f 78 0 88 0

Throughout the course of this study, electronic perturba-
tions revealed meta and para electron-withdrawing substit-
uents on the aromatic aldehyde accelerated the reaction ratesg) with 90% isolated yield could be obtained in pi@ h at
while meta and para electron-donating substituents on theambient temperature. Furthermore, a single recrystallization
N-acylimine suppressed the racemization (Table 30). Asym- could be used for a straightforward upgrade *®8%
metric inductions of up to 87% enantiomeric excess (entry enantiomeric excess.

Tolo,s O
/©)J\H + Phﬁ\NJ\Ph PEMP (10 equiv) /©)‘\<
N H H CH,Cl,, 23 °C
(5.0 equiv) OO Time Yield (%) ee (%)
o Me\:/ovph 1h 57 81

N 2h 100 76
Me” °N Y NHBoc 4h 98 57
o}
e -, (15.mol %)
\=N?
o Et
T0l0,S j\ N
R ﬁ*m
ol H PEMP (10 equiv) ©
. CH,Cl,, 23 °C
(5.0 equiv) 2ve2 Time Yield (%) ee (%)
1h 60 85
2h 86 85
4h 93 77

Figure 17. Effects of isotopic labeling for the peptide-catalyzed aldehpekcylimine cross-coupling reaction.
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Table 30. Substrate Scope for Aldehyde Acylimine Cross-Couping Reaction

TolO;S O OO o Me\/OvPh

R1}\NJ\R2
H Me” "N NHBoc
o N mﬂ

XN H & (15 mol%;

EWG-- + EWG—
¥z o

(5.0 6quiv) _R1/§NJLR2_ PEMP(10 equiv.), CH,Cly, 23 °C

Entry Aldehyde Tosyl Amide Product Time Yield (%) ee (%)

N =
o

57 81
100 76
(60 (>98)°
90 87
91 85
(717 (>98)°
OMe

\©)\ @2\ J\© 15min 77 82
I-Pr

O,N
15 min 63 79
(237 (>98)°
H
)K( N o 97 75
(48  (>98)°

Q**@ w0 s
C OMe

o} Ts O o} H
oh oo ol e -
H
Ph O

2 mass isolated after one recrystalization. ® %ee after one recrystalization. ¢ 13 x Scale.

NN
o

(3]

()

~

©

3. Enantioselective Oxidative Methods 3.1.1. Initial System

g A In 1980, Juliaand co-workers first reported the discovery
3.1. Julid ~Colonna Epoxidation of a poly(amino acid)-catalyzed epoxidation of chalc8iia
under triphasic condition§.As shown in Scheme 4, it was
found that E)-chalcone, when treated with aqueous sodium

S - hydroxide and hydrogen peroxide in the presence of solid
Scheffer epoxidation of chalcones, originally developed by pﬁly _L-alanine 393/ un?jergges epoxidation l?/vith a very high

Julizand Colonna in the early 19805.° Because of the  jogree of enantioselectivity, furnishing prod@sawith up
high enantioselectivity, easily accessible catalysts, andiq g9go4 ee in 24-48 h.

somewhat unusual reaction conditions, this method has drawn  Several important observations were made, including the
considerable attention. Many efforts have focused on stream-following: (1) poly--alanine is far superior to poly¢
lining the process as well as delineating the mode of benzyli-glutamate) and polytbutyl-L-glutamate) in terms
asymmetric inductior’ of both chemical yield and enantioselectivity; (2) a catalyst

One of the most well-known enantioselective, peptide-
catalyzed oxidation reactions is the asymmetric Weitz
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Scheme 4. Table 31. Epoxidation Substrate Scope

0
H{HN\L/q\nNHBU @ O o  HHN

o] y o}
J)kph Me - /é)kPh U)J\m V /goLFv
37a 38a 37 toluene 38
up to 96% ee
Yield ee
Scheme 5. Entry Alkene R! R? (%) (%)
CICO,CH,Ph; o} 1 37a Ph Ph 78-85 78-86
o then SOCl, 2 37b Ph p-NO,CgH, 83 82
HZNQJ\ o o 3 37c  2-thiophenyl Ph 9% 80
7 OH orCOCl, R“'\\( 4 37d  3-thiophenyl Ph 30 70
R o) 5 37e  0-OMe-C¢H, Ph 54 50
6 37f Ph p-Cl-CgH; 47 66
7 PN NOz 49 50 7
Me
. o
X
Me
NCA : n-BuNH, ~ X : 1 8 O‘ 41 1000
is required for both reactivity and selectivity; (3) recovered o)
catalyst may be used in subsequent reactions, but yield and
enantioselectivity suffer; and (4) while the catalyst loading o
does not have a large effect on enantioselectivity, the relative
phase distribution (by weight) is important for optimal yield 9 42 19 <5%
and enantioselectivity.
Polypeptide catalysts may be prepared in a straightforward
manner using theN-carboxyanhydride (NCA) of the ap-  1aple 32. Catalyst Effects
propriate amino acid (Scheme 5). The polymeric catalyst is s 0
a mixture of peptides of varying lengths, but the average o} RIRIN_Ngs o}
length is approximately controlled by the ratio of NCA to Ph Rz Ph
initiator (n-butylamine for catalysB9). | a 0
X N - q. NaOH, H,0,
In a series of subsequent publications by Jalid Colonna Ph™ aaa toluene or CCly ~ Ph™ 5.
and their co-workers, the scope of the enantioselective T E—
epoxidation, reaction condition effectsand catalyst struc- ey R' R2 R X2 (%) (%) Ref.
ture effectd* "® was communicated. It was found that several —4 1 me NHEBu 5 9 11 73
aromatic enones undergo palyalanine-catalyzed epoxida- 2 H Me NHBu 7 18 28 73
tion with good levels of enantioselectivity and moderate-to- 3 1 Me ity BRI A
excellent chemical yields (Table 31entries 1-6). Cyclic 5 H  CHyCH(CHa), NHBuU 10 60 84 74
enones41 and42) and nitroalkenes4(), however, are not 6 H nggH(chs)zc s:gu 30 44 88 74
; ; e i 7 H  CH(CH3)CH,CH u 10 75 93 74
enantloselectlvely epoxidized under the same conditions 8 H CH, CaZC;(CHZ)Z NHBU 10 & 95 74
(entries 7-9). 9 H CH(CHy), NHBu 10 55 10 74
A number of reaction parameters were explored in the 1? E g:zgg choph mgu :g 325 ; ;j
epoxidation of 37a using cata_llys_t39 including organic 12 H (crfz)zczozcszPh NHEU 10 12 116 74
solvent, temperature, and oxidizing agéhffoluene and 13 H Me NH(CH,),NEt, 10 52 15 73
tetrachloromethane were found to be the most competent 1; E me g:(CHz)zNEtth@ BP :g gg gg ;g
. : . o o
organic solvents in termslof rate and enantioselectivity. Th.e 6 H Me oH >80 96 96 78
use of chlorobenzene or dichloromethane reduces the reaction17 1 Me OMe >50 26 78 75
rate but maintains good enantioselectivity. Less polar solvents 18 H Me OCH;,polystyrene 82 84 75
Me CH,CH(CHs), NHBuU 30 73 92 75

such as cyclohexane and hexane furnish products in excellent *°
yield but significantly reduced enantiomeric excess. Modest “Approximate degree of polymerization based on NCA method of preparation.
temperature effects were documented: when the reaction is NCAvnitiator =X

run above ambient temperature, the enantioselectivity de-

creases, and there is essentially no difference in product Several catalyst structure effects on the enantioselective
enantiomeric excess when the reaction is run at 0 di5 epoxidation of chalcon&7a were investigated. First, the

Several oxidant systems were examined includimghlo- length of polypeptide catalyst was examined. A set of four
roperbenzoic acidnt-CBPA)-NaHCG;—H,0, t-BuOH— poly-L-alanine catalysts were synthesized and compared
NaOH-H,0, t-BuOH, t-BuO,H—K,CGQ;, and the original (approximately 5, 7, 10, and 30 alanine residues). It was
H.,O,—H,0 system. Of these, only the use of®i—H,O found that polymers of increasing length are more effective

provides products in high enantiomeric excess. Notably, enantioselective catalysts (Table 32, entriegl), with a 30
whent-BuO;H alone is used (producing biphasic reaction mer catalyst providing produB8ain 96% ee (entry 4). Next,
conditions), the epoxidation does not proceed at all. other polyt-peptides were evaluated for efficacy in the
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Scheme 6. the Itsuno CLAMPS catalysts have a large enough particle
—(CHCHy)— size to filter and represent an improvement in catalyst

DF =0.32 recovery.
0
H[HN : N
: InH
o synthesis of poly-leucine using a modified NCA method

An early study by Lantos, Novack, and co-workers
(0] Mej/
Ph Me 43 /ggj\"h (performed using freshly preparedleucine NCA in a

provided more insight on reliable catalyst preparation and
reuse’ In the process of preparing epoxidé en route to
leukotriene antagonist SK&F 104353, it was shown that
aq. NaOH. H,0 > humidity chamber) generated a reproducibly active and
q. NaOH, F>0; L3 . L
toluene 38a robust catalyst. Additionally, it was observed that activation
o o of the polymer catalyst by stirring with hexane or §Hp,
gg.,f; Zée'd substrate, and aqueous base for 24 h prior to addition©f H
and EDTA significantly reduces reaction times. Furthermore,
recovered catalyst from these modified conditions can be

used in six consecutive reactions without reduction in yield
or enantioselectivity.

Ph Ph

37a

asymmetric epoxidation reactiéh.Poly- -leucine (entries
5 and 6) and poly-isoleucine (entry 7) were found to be
excellent catalysts with comparable efficacy to polgtanine
(entries 3 and 4), as were random copolymers of leucine and 0. (CHzgPh
alanine (entry 8). Poly-valine, on the other hand, was found
to be a far inferior catalyst (entry 9). Random copolymers OO O
of valine and alanine show decreasing efficacy as the
percentage of valine increases. Polphenylalanine, poly- 44
pB-benzyli-aspartate, and poly-benzyl+-glutamate are also
poor catalysts for the process, reducing both the yield and The role of oxidizing agent has been revisited since” Julia
the enantioselectivity of the reaction (entries-i2). Finally, ~ and Colonna’s original investigations. The mild system of
modification of theC- andN-terminal groups of the catalyst ~sodium perborateNaOH was found to be suitable in place
was studied® When the catalyst is capped by a diamine at of H.0,—NaOHZg%#! providing optimal results for certain
theN-terminus, the enantioselectivity is significantly reduced sensitive dienone substrafsdditionally, the use of sodium
(entries 13 and 14). It was found that, in addition to the percarbonateH,O, systems has produced excellent results
previously reportedC-terminal amide catalyst&-terminal using lower catalyst loading$:22
carboxylic acids are excellent catalysts and furnish similar ~ Several studies have focused on broadening the substrate
high levels of enantioselectivity (entries 15 and 16). Esters scope of the JuliaColonna epoxidation. Contributions by
are also well-tolerated at ti@terminus (entries 17 and 18).  the research groups of Bezuidenhoudt and Ferféfa,
Notably, this allows for attachment of the catalyst to a Roberts3?85-87 and Falck® have shed considerable light on
polystyrene solid support. Finally, dimethylation of the the process, which displays a much wider scope than
N-terminus does not significantly reduce product enantio- originally reported. For instance, it has been shown that the
meric excess (entry 19 compared to entry 4). process is not limited to simple chalcone-like substrates.

. . . ) Highly substituted aryl enones also undergo stereoselective
3.1.2. Triphasic Reaction Development and Broadening of epoxidation, as do di- and trienones, stannyl enones, and
Scape alkyl-substituted enones.

The remarkable enantioselectivity of the Jul@olonna Further broadening of the scope was accomplished by the
epoxidation prompted a number of researchers to conductemployment of phase-transfer catalysts (PTCs). Militzer and
further investigations. Many studies addressed some of theco-workers found that the addition of tetrabutylammonium
main drawbacks to the original procedure such as the issuedromide (TBAB) provides a significant rate acceleration
of inconsistent catalyst preparation, catalyst degradation andrelative to the original triphasic conditiofi$.Under the
recovery, and limited substrate scope. In several instancesfriphasic PTC conditions, catalyst loading may be drastically
poly(amino acid)-catalyzed epoxidation was employed for reduced from 200 wt % to<1 wt %, resulting in nearly
the preparation of key synthetic intermediates. biphasic conditions as the amount of solid catalyst is much

In 1990, Itsuno and co-workéfsreported the use of  l€ss than the volume of the organic and aqueous phases. In
polymer-supported poly(amino acids) for the asymmetric the same report, a reliable procedure for preparing pely-
epoxidation of enones. Several polymeric amino acid cata- leucine catalysts is noted. High-purity leucifldCA may
lysts were prepared, supported by a cross-linked amino-be formed via phosgenation of leucine. Polymerization
methylated polystyrene (CLAMPS) resin. The catalysts were Using 1,3-diaminopropane as intiator is best performed in
evaluated for efficacy in the enantioselective epoxidation of refluxing toluene. Precipitation or centrifugation followed
374 and it was found that immobilized CLAMPSpoly-L- by drying furnishes highly active catalysts. Additionally,
leucine @3 is an excellent promoter of the reaction, Some previously unsuccessful substrates are epoxidized
providing product38ain 92% vyield and 99% ee (Scheme E€fficiently using the PTC conditions (such as alkenyl
6). The optimal degree of functionality (DF) of the aromatic Sulfones)?
polymer backbone is 0.32. Notably, the catalyst can be Roberts and co-workers have also investigated PTCs for
recovered and may be recycled numerous times (after 12the Julia-Colonna epoxidation of alkenyl sulfon&sThey
cycles, producB88amay still be obtained in 95% yield and reported modified conditions in which polyleucine catalyst
94% ee). Whereas the original poly(amino acid) catalysts is incubated with toluene, PTC, NaOH, ang®4. Removal
are difficult to recycle as they take on a gel-like consistency, of the aqueous layer, re-exposure of the organic and solid
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Table 33. Poly(amino acid)-Catalyzed Epoxidation under Triphasic Condition%

Yield ee
Entry Product Method (%) (%) Ref.

1 0 O A 70 83a
OMOM

2 (0] O A 65 38 83b

O OMOM
3 0 O A 64 66 83b
O 99 84 84
MeO
O OMOM
4 0 O A 74 84 83b
O OMe 98 86 84
MeO
O OMOM

46 62 83b

[
O
o
<
)
>

6 0o O A 32  83b
O MeO OMe
MeO

2-naphthyl
7 ﬁ\ P B 9 93 80

0]

2-naphthyl
8 (}/g‘\ Py B 75 >96 80
9 B 84 72 80
H >99 84 90

10

(]

(e}

11 B 67 >96 80

X
|/
N
O
2-naphthyl
0 naphthyl
I\
N -~
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Table 33. (Continued)

Yield ee
Entry Product Method (%) (%) Ref.
o)
(o)
12 o\ c 98 93 80
Ph
o)
N
ol B 74 79 80
13
Ph Z
PN
14 2-naphthyl Ph D 78 >96 80
.n‘Q i O (o)
15 X : B 60 90 80
\ 3 \ /) >88 de
o0
Ph
16 c 91 >99 80
Ph ) >88 de
° o)
ReREe
17 O A z = O B 50 80 80
o)
18 Me B 92 >98 80
(0] MeMe
Ph
o)
Me
19 ﬁ},@we B 70 63 86
Ph
o)
20 ﬁi\(“"e B 60 62 86
M
Ph ©
o)
21 B 85 77 86
o G 40 90 90
Ph
0
Ph
22 Me O B 85 90 80
M
e Me
o)
e
: Me
23 N B 90 >97 80
Me
Me
24 E 82  >98 80
>99 de
0
00
% w Z-naphthyl C 82 >96 85
MeS
o)
26 c 61 90 86

)
2-naphthyl %

Davie et al.
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Table 33. (Continued)

Yield ee
Entry Product Method (%) (%) Ref.
o)
e
27 Ph/\/\T/l% B 73 74 86
E 52 98 86
o)
0
28 : F 57 90 86
Ph/\)\
Ph
o) M
O eMe
29 MGWMGJ F 100 >95 86
M
€ Me o
o)
30 P N NF s B 51 >94 86
29
31 . F 66 >95 86
Ph Ot-Bu
o)
o)
32 F 78 59 87
Ph)J\EPh
o)
o
33 PhNPh B 76 76 87
G >99 92 90
o)

-0
34 Bu3Sn/\f)k Ph D 90 >99 88

n QO
35 S G 82 68 90
Ph 5\9\”‘ | 66 91 91
2o
36 .S | 49 94 ot
Ph” 1
o
Br
1 QO
37 S N | 61 95 ot
L~
N
o
1]
S |

o)
38 s3> 76 70 91
o)
Me

A = poly-L-alanine (100 weight %), H,O,-NaOH, CCl,4

B = poly-L-leucine (11 mol %), H,0,-NaOH, CH,Cl,

C = poly-D-leucine (11 mol %), H,0,-NaOH, CH,Cl,

D = poly-L-leucine (11 mol %), H,0,-NaOH, hexane

E = poly-L-leucine (11 mol %), NaBO3-4H,0, NaOH CH,Cl,

F = CLAMPS-poly-L-leucine (11 mol %), H,O,-NaOH, toluene (ltsuno catalyst)

G = poly-L-leucine (11 mol %), H,O,-NaOH, TBAB, toluene

H = poly-L-leucine (0.5 mol %), H,O,-NaOH, TBAB, toluene

| = poly-L-leucine (0.1 mol %), H,0,-NaOH, BuysNHSO,, toluene (then aq. layer removed)

phases to fresh NaOH and,®h, repeated removal of the Table 33 shows the range of substrates that undergo
aqueous phase, and addition of substrate provides the bestnantioselective epoxidation under triphasic ' Jualonna
results. conditions?
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(0] O
ﬁPh — /gokPh
Ph
38a

37a
A:
B:

Scheme 7.

Ph

8 h, 87% yield, 88% ee
.5 h, 85% yield, >95% ee

(0] (0]
/H)kznaphthyl —]/gé\Zmaphthyl
Ph 45 ph” 46

A: 72 h, 78% yield, >95% ee
B: 3 h, 85% conversion, >95% ee

1
0

(0] O
J)LMe — /goLMe
Ph Ph
47 48
A: 168 h, no conversion
B: 4 h, 70% yield, 83% ee

Method A: poly-L-leucine
CH20|2, Hzoz-NaoH
(triphasic conditions)

Method B: poly-L-leucine
THF, DBU, UHP
(biphasic conditions)

Scheme 8.

(0}
-0
MeO

49

0O

KF, m-CPBA N~

— =" 0tBu
MeO

s’ ;/\/NMe2°HCI

— N
— /@\“.\/&
MeO Acé o

50, diltiazem

3.1.3. Biphasic Systems

In 1997, Roberts and co-workers reported a significant
advance in the poly(amino acid)-catalyzed epoxidation of
enones with elimination of the agueous phase that was
originally requirec®® These conditions replace aqueous
H,0O,—NaOH with an organic base 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) and an organic-soluble peroxide
source, ureahydrogen peroxic (UHP). Using UHP, DBU,
and polyt-leucine in THF, the resulting biphasic system
provides a marked rate increase, allowing isolation of
epoxide38a after only 30 min compared to 18 h under the
original triphasic conditions (Scheme 7). Similar effects are
noted for a range of substrates, including diendbeand
methyl ketone47, which produced epoxided46 and 47,
respectively.

It was found that 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)
is just as effective as DBU. Diisopropylethylamine”(igis

Davie et al.

These biphasic conditions led to several studies by Roberts
and co-worker§>-19 resulting in an impressive expansion
of substrate scope for the asymmetric expoxidation of enones.
Several substrates that were unreactive or slow to react under
triphasic conditions are efficiently epoxidized with high
enantioselectivity using the biphasic conditions. Additionally,
PTC conditions may be applied using the biphasic prot¥col.

Table 34 has been compiled to display the range of
epoxides that may be generated by employing the new
conditions®? Notably, several simple enones (not chalcone-
like) are good substrates for the epoxidation (entried®
and 20-22). Additionally, it was found that poly-leucine
catalysts are competent catalysts for substrates possessing
stereogenic centers. In some cases, the catalyst is powerful
enough to overwhelm the inherent substrate-controlled di-
astereoselectivity (entry 23).

The biphasic conditions for asymmetric epoxidation have
been employed in the efficient preparation of a number of
key intermediates in the total syntheses of several target
compounds. DiltiazenbQ), a blood-pressure-lowering agent,
can be produced in four steps from epoxiScheme 8§°
Key to the process is oxidizing an epoxy ketone to an epoxy
ester, which is further elaborated%6. The Julia-Colonna
epoxidation biphasic conditions have also been employed
to synthesize a key side chain of Taxall{ Scheme %
and clausenamidé®, Scheme 10)%

Roberts and co-workers have also examined other solid-
supported poly(amino acid) catalysts under biphasic epoxi-
dation conditions. It was noted that poly(ethylene glycol)
polystyrene amines can support active catal{8tghese
catalysts may be prepared using either the NCA method
described above or a peptide synthesizer (producing catalysts
of specific lengths). Additionally, the use of CLAMP$oly-
L-leucine in a miniature continuous-flow system was re-
ported®®® In this system, a small Pasteur pipet is slurry-
packed with CLAMPS-poly-L-leucine and oxidant. Substrate
dissolved in solvent containing DBU (0.5%) is passed
through this fixed bed of catalyst (320 min residence
time), allowing direct product isolation with excellent
conversion and enantioselectivity. Finally, Roberts and co-
workers discovered that poly(amino acids) may be im-
mobilized on silical®?2Presulting in granular catalysts that
are particularly easy to handle and, importantly, to recover
and recycle. Epoxidation occurs under biphasic conditions,
generating epoxides in high yield and enantioselectivity, with
short reaction times. Recycled catalysts do not lose catalytic
activity, and a high level of enantioselectivity is maintained
in subsequent runs. Improvement to catalyst preparation and
activity was observed when polymerization with leucine
NCA was performed in DME at 9C°C followed by
adsorption onto silic&?¢

Tang and co-workers have reported the use of silica-grafted
poly-L-leucine catalysts (covalently bound to silica) for
asymmetric epoxidation under triphasic and biphasic condi-
tions1%3 The catalysts can be recovered by filtration and are
reusable in subsequent runs with modest decreases in
enantioselectivity.

3.1.4. Homogeneous Systems

base) may be used but causes a reduction in yield and Roberts and co-workers have played an important and

enantioselectivity; triethylamine is completely ineffective.
The oxidant may be changed to 1,4-diazabicyclo[2.2.2]-
octane-peroxide complex (DABCO1.5 H,0,) with com-
parable results to UHP, but 90%®; is much less effective.

continuing role in the evolution of poly(amino acid) catalysts.
In addition to their work on solid-supported catalysts, they
have found that catalysts may be supported by organic
soluble polymers (poly(ethylene glycol)-based), allowing the
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Scheme 9. higher reactivity and selectivity. Examination of thid
o) o) terminal residue of unsupported poly(amino acid) catalysts
QU omerea QL revealed that a free amino group is optimal, but methyl,
Ph t-Bu ——» Ph Ot-Bu . S . i
dimethyl, or acetyl substitution at thé-terminus results in
o catalysts that are still active but cause a slight-to-moderate
N Ph/LNH decrease in enantioselectivi§f. Additionally, soluble PEG-
— > on /_7\/00214 bound polyt-leucine catalysts of varying lengths were

studied by Fourier transform infrared (FTIR}. Less-
effective catalysts were found to have a disordered structure,
$1, side-chain of Taxol™ while catalysts that conferred high enantioselectivity were
found to display a helical structure. Further analysis of PEG-

OH

Scheme 10. . . . . .
o o supported catalysts using circular dichroism (CD) analysis

/\o)]\ m-CPBA /\O)k as well as computational (AGADIR) methods supported

Ph” > “pn Ph” > ~OPh findings of the correlation between catalyst activity and

helicity 209
» Ph._ P Ohkata and co-workers also documented the importance
— ph\H}A—LO of peptide catalyst helicity for enantioselectivity in the Julia

HE Colonna epoxidatio#® A set of leucine oligomers possess-

OH Me _ ing the helix-inducing residue Aib was prepared. Notably,
52, clausenamide these catalysts are soluble in a variety of organic solvents,

allowing IR absorption spectra to be taken in solution. From

Julia—Colonna epoxidation to be conducted under homoge- |R measurements, a correlation between catalyst activity and
neous condition¥}*1%The soluble catalyst may be combined degree of helicity was established.

\rllvc')tr?] oU:nPe oﬁrs]ds ztzlri tlrr: atorrlgznc!gmsoa:\r/:glté gf:‘ﬁ:(ijgrﬁcl:ngtoath In 2001, Berkessel and co-workers made further contribu-
9 y P y Sions to deciphering the mechanism with a combination of

biphasic system described above. synthetic and computational methdd5A series of discrete-
Tsogoeva and a group from Degussa further developedgngih |eucine oligomers bound to NentaGel-S were
organic-soluble catalysts for use in a continuously operated prepared. Under triphasic conditions, the epoxidatiodaf
reactor'®® They found that a membrane reactor is suitable \,4s found to be highly enantioselective46% ee) using
for conducting the reaction and provides a method for c4iq)ysts containing five or more leucine residues. The yield
nanofiltration. The reactor allows substrate and oxidant to of the reaction improves with increasing main-chain length
be incubated with catalyst for the designated reaction time. up to 14 then reaches a plateau. From these experiments, it
Filtration through a membrane allows unreacted substrate,, a1« concluded that a minimum of one helical turn (i.e., four
and product to pass through for isolation but sequesters the,, more |eucine residues) is necessary, with additional
polymeric catalyst. In this way, the reaction chamber reqigyes providing a more highly ordered helix and, thus, a
maintains the original catalyst and is primed for further 1,46 selective catalyst. The role of tNeterminus was also
operations. High enantioselectivities can be achieved for up gy gied. Inverse peptides, or those bound to the solid support
to 50 residence times. at the N-terminus in contrast to those bound to tfe
. L terminus, with free carboxylic acid termini were found to
3.1.5. Mechanistic Investigations be completely inactive. Likewise, oligomersfamino acids
The initial reports of Juliaand Colonna included the thatinduce helicity with the opposite orientation of hydrogen
hypothesis that the most effective enantioselective poly- bonds were also found to be inactive. These observations
(amino acid) catalysts are those that adeghtelical struc- ~ suggest that thé\-terminus is the region of the catalyst
tures’® Several investigations have been carried out in an responsible for reactivity and selectivity (in corroboration
attempt to further delineate the mechanism of asymmetric with early mechanistic studies).
induction in the Julia-Colonna epoxidation. A number of Beyond these experimental studies, Berkessel and co-
approaches have been taken, including the synthesis ofworkers also carried out significant computational modeling
catalysts of varying length, structure, and solubility as well of peptide-substrate interactions using a Monte Carlo search.
as the use of spectroscopic and computational methods. These computations suggest that hydrogen bonding between
Early mechanistic studies by Roberts and co-workers the chalcone carbonyl oxygen atom and the NH of the
involved the synthesis of polyleucine catalysts containing N-terminal ) residue and-2 residue is favored, but there
varying amounts ob-leucine'®” These initial experiments  does not appear to be a facial bias. Figure 18a shows one
led to the observation that the residues at fhterminus possible orientation of boun8i7a The resulting peptide
have the greatest effect on enantioselectivity, whereaschalcone adduct may bind peroxide through hydrogen
residues toward the middle a@iterminus have little effect. ~ bonding with the NH at the-1 position. After this binding,
Next, PEG-supported polyleucine catalysts of discrete lengthsit appears that transfer of peroxide to chalcone can only occur
were designed to systematically investigate this effect. with one orientation of chalcone (thus providing enantiose-
Specifically,b-leucine was integrated into catalysts possess- lectivity, Figure 18b). Additionally, binding of4)-chalcone
ing 10 and 20 total leucine residues, with variation in location to the peptide blocks binding of peroxide, explaining the poor
and total b-leucine content®® Again, it was found that  reactivity of such substrates (Figure 18c). This three-point
stereochemistry near tieterminus dictates the overall sense binding mode implies that the chirality of the helix deter-
of asymmetric induction in the epoxidation 87a At least mines the stereochemical outcome of the epoxidation, not
five C-terminal residues were found to be necessary to conferthe chirality of thea-carbon atoms in the backbone of the
asymmetric induction, with longer-chain catalysts displaying peptide catalyst. Finally, it was found that the side chains of
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Table 34. Poly(amino acid)-Catalyzed Epoxidation under Biphasic Conditior§

Yield ee
Entry Product Method (%) (%) Ref.
o)
A 85 >95 93
1 0
B > 9
o>, 85 95 96
20
2 _~__Ot-Bu A 95 90 95
Ph
o}
oo
3 Ph)MOMe A 9 90 95
0
o)
4 )Q'?}\/\ A 57 86 95
Ph cl
5 )OW A 85 9% 95
2-naphthyl “ph B 85 98 96
OO Me o
6 Ph)J\P\/Y A 70 92 95
o)
o)
7 Ph)Kl}\MWMe A 43 90 95
o)
20
8 Ph% B 91 89 96
9 i o B 0 80 96
7
Me)J\'}\Ph
20
10 MGWPh B 76 94 9
M
eMe
0
Me Q
11 B >90 >96 96
Me Me
OMe
o)
12 o B 81 >98 97
Ph
NH,
0
13 o B 91 91 97
Ph
NO,
Oo
14 @51\’}\% B 90 89 97
Cl
Oo
15 @\)KQ\Ph B 94 81 97
Me
o
16 o B 59 91 97
Ph
NHCOCF;
17 B 62 96 97

Ph

%

NHMe

Davie et al.



Asymmetric Catalysis Mediated by Synthetic Peptides Chemical Reviews, 2007, Vol. 107, No. 12 5787

Table 34 (Continued)

Yield ee
Entry Product Method (%) (%) Ref.
(0]
18 o B n.r. - 97
Ph
H,N
0 B 91 >98 97

19 o
Ph
cl NH
o
20 o A 87 96 98
Me Ph

22 (@)
Me\)k'%Ph
M M
Me Me
j—O
23 o O +

0
o)
24 @@}\Ph

} |
T
=0
(@]
o]
uQ
T
>
mooo
© OO
DN
N
Naa
awa
o
© OO
© OO

F 76 84 100
o)
25 F 81 82 100
Br
o)
26 F 85 96 100

0o
- ©fi’>\Me F 66 92 100

09
28 m: F 63 83 100
Me
09
29 wH F 64 94 100
0
COA

30 F 72 88 100

Ph
31 F 74 59 100

A: UHP, DBU, poly-L-leucine, THF

B: UHP, DBU, CLAMPS-poly-L-leucine, THF

C: UHP, DBU, CLAMPS-poly-D-leucine, THF

D: Na,COj - 1.5 H,0,, CLAMPS-poly-L-leucine, DME:H,0 (2:1)

E: Na,COj - 1.5 H,0,, CLAMPS-poly-D-leucine, DME:H,0 (2:1)

F: UHP, DBU, CLAMPS-poly-L-leucine, i-PrOAc (slow addition of UHP and DBU)
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Figure 18. (a) Peptide-bound7a (b) Peroxyenolate resulting from
face-selective addition of peroxide. (c) Bourdj-87all! Reprinted
with permission from Berkessel, A.; Gasch, N.; Glaubitz, K.; Koch,
C. Org. Lett.2001 3, 3839. Copyright 2001 American Chemical
Society.

Scheme 11.

bi- or triphasic
conditions

the first three amino acids are not necessary for binding;
polyleucine catalysts containing glycine residues at the
N-terminus [of the structure M (Gly)y(L-Leu)CONH-

Tentagel] are effective as long as there are at least four

leucine residues incorporated.

Follow-up studies by Berkessel and co-worké&rsad-
dressed the possibility that peptide aggregates may be th

bothL- andb-leucine was synthesized. A linear correlation
was found between the percentaga déucine and enanti-
oselectivity in the epoxidation o87a The absence of a
nonlinear effect suggests that aggregatesateatalytically
active.

Davie et al.

PLL:chalcone

chalcone h H20,
K1 K enolate

Keat
PLL hydroperoxy enolate = epoxychalcone
I2
Hzo\ %alcone
KooH="\ PLL:OOH" Kenolate

looH-
keatlchalcone][Ho05][PLLiotal
1 + Koon—[H202]

Figure 19. Steady-state random bireactant system and kinetic rate
model for polyt-leucine-catalyzed epoxidatid#?114-11"Reprinted

with permission from Mathem, S. P.; Gunathilagan, S.; Roberts,
S. M.; Blackmond, D. GOrg. Lett.2005 7, 4847. Copyright 2005
American Chemical Society.

Pathway Il

Pathway |

rate =

kinetics were found for both substrate and peroxide. The
kinetic profile is consistent with a steady-state random
bireactant systef® in which both substrate and peroxide
must bind to catalyst before reaction occurs, with peroxide
favored to bind first. A subsequent study has proposed that
the first step of the epoxidation process is the reversible
addition of peroxide anion, as evidenced by the isomerization
of (2)-3-[?H4]-phenylprop-2-enone5@) to 54 under the
reaction conditions (Scheme 11). While isomerization occurs
in the absence of catalyst, the rate is accelerated by an order
of magnitude in the presence of catal{/$t

Kelly and Roberts have also developed a model for the
mode of asymmetric induction of the Juli€olonna epoxi-
dation based on MMX computational studié®. While
related to the Berkessel model, there are key differences.
Kelly and Roberts propose that palyleucine adopts a
helical conformation in which thé\-terminal amide NH
groups are not internally hydrogen-bound. These terminal
groups may bind peroxide or water under the reaction
conditions. A complex is formed when chalcong7§
displaces the molecules bound at the adjacehtandn-2
positions, with peroxide still bound at tme3 position. The
helical conformation of the complex shields one fac87d,
allowing face-selective addition of peroxide to occur.

Blackmond and co-workers carried out a detailed kinetic
analysis of the JuliaColonna epoxidation using calorimetry
to monitor the reaction rafé’ It was found that, after an
induction period, the reaction displays a steady-state catalytic
cycle (Figure 19). After measuring the reaction rate at many
different chalcone concentrations using three chalcone
substrates, the data was found to fit a simplified kinetic model
in which there is a common binding constant for catalyst
binding to hydroperoxide Koon-) and a separate rate
constant for each chalcone substritg)( These data suggest
that pathway | is operative for the epoxidation while pathway

catalytically active species. A series of catalysts poss:es:singI s negligible.

3.2. Electrochemical Oxidation of Sulfides

A number of oxidation-reduction reactions may be carried
out electrochemically, and there has been a great deal of
research focused on developing enantioselective versions of

Roberts and co-workers have also performed experimentssuch processes. One of the successful strategies is the use
directed toward delineating the mode of substrate and of peptide-coated electrodes. Both oxidation and reduction

peroxide binding to the poly-leucine catalyst. In Kinetic
studies of the epoxidation of chalcong&7@) using THF-
soluble PEG-polyleucine, it was found that the system
behaves in an enzyme-like manA&!“That is, saturation

reactions have been accomplished with moderate-to-excellent
enantioselectivities using this approach.

Early work on asymmetric electrochemical oxidation by
Miller and co-workers showed that graphite electrodes
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Table 35. Electrochemical Oxidation of Sulfide3

electrolysis using O@
polyvaline-coated y
S. Pt electrode s®
R > R
. BuyNBF,4, MeCN, H,O .
R R
Yield ee
Entry R R! (%) (%)
1 Me H not reported 2
2 n-Bu H not reported 20
3 i-Bu H 69 44
4 i-Pr H 56 77
5 c-Hex H not reported 54
6 c-Hex Me not reported 22
7 t-Bu H 45 93

@ For current efficiency, anodic potential and more
reaction details, see reference 119.

Scheme 12.
‘0
Me N Me (TOAC residue)
Me Me
O
) Me ' Me
RHN peptide N OH
& Me Me /g\
A R™ "R’
NaOCI/KBr RHN peptide
(0]
NaOCI/KBr
OH R
Me lll Me H_R'
Me Me S} Y
O O
. Me \N/ Me
RHN peptide Me ®Y~Me
(0]
RHN' peptide
(0]
O
g

modified withL-phenylalanine methyl ester were capable of
inducing enantioselectivity in the oxidation of aryl methyl
sulfides to sulfoxides (albeit low, 2.5% e€§.Komori and
Nonaka further developed this process using poly(amino
acid)-coated electrodé®1?° |t was found that platinum
electrodes coated with polyvaline provided the best results.
The most effective method for polyvaline deposition onto
the electrode is by first treating the electrode with polypyrrole
such that covalent binding occurs, then dip-coating it with a
solution of poly(amino acid). Table 35 shows the range of
sulfoxides that may be produced nonracemically using this
method.

3.3. Oxidation of Secondary Alcohols

Chemical Reviews, 2007, Vol. 107, No. 12 5789

Scheme 13.
M .9 M
e n Me
Me Me
RHN™ )—peptide
OH o OH (0]
A A o K
Ph Me NaOCI/KBr Ph Me Ph Me
H,0, CH,Cl,
racemic enantiomerically
enriched
Supto27

55 R-TOAC-L-(a-Me)Val,-NHR'
R = Fmoc, Boc, Ac
R' = t-Bu, i-Pr, Et, Me

56 Fmoc-L-(aMe)Val-TOAC-NH{Bu

and effectively serve as a redox agent in the presence of
alcohols and a NaOCI/KBr solution (Scheme 12).

TOAC was selected as the catalytically active residue not
only for its ability to participate in redox reactions but also
because of its propensity to indugeturns due to the &
tetrasubstitution pattern. Although TOAC itself is achiral,
the strategy creates a chiral environment around this residue
through the secondary structure of a peptide. A set of peptide
catalysts was designed that possessed TOAC, one-to-several
turn-inducing residues ofmethylvaline), and protecting
groups for theN- and C-termini (catalysts of typ&5 and
56, Scheme 13). Data from FTIR experiments indicated that
these catalysts adopted faturn structure, which is cor-
roborated by X-ray diffraction analysis. The catalysts were
evaluated for efficacy in the oxidative kinetic resolution of
secphenylethanol (Scheme 13). It was found that the re-
solution may be accomplished withvalues of up to 2.7.
The most selective catalysts possess large lipophilic protec-
tive groups at both termini, as well as TOAC at théerm-
inus. Catalysts that contain valine in place of(@ethyl)-
valine were found to be inferior, supporting the hypothesis
that af-turn conformation is important for achieving the
conformational bias necessary for enantioselectivity.

TOAC-containing peptide catalysts were also evaluated
in electrochemical oxidations. Under these conditions, plati-
num electrodes pass current through a two-phase system of
nitroxyl catalyst and alcohol in Cil, (0.017 nitroxyl/
alcohol) and buffered aqueous NaBr. The reaction may be
monitored over time, and analysis of remaining alcohol
shows that the oxidation is modestly enantioselective, with
Svalues up to 1.8. Reduction of the temperature results in a
small improvement, witls values up to 3.1 at-10 °C.

4. Enantioselective Reductive Methods

Polypeptides have been used as asymmetric mediators of
reduction reactions in the arena of electrochemistry.
Several classes of compounds have been enantioselectively

In addition to the above-described enantioselective oxida- reduced including alkenes, carbonyl compounds, oximes, and
tion reactions, peptide catalysts have been employed indihalides.

asymmetric alcohol oxidation reactions. Specifically, the

kinetic resolution of secondary alcohols has been achieved4'1' Electrochemical Reduction of Alkenes

by the use of nitroxyl-containing peptide catalysts. Toniolo

In 1983, Nonaka and co-workers reported the enantiose-

and co-workers have demonstrated that a non-natural amindective reduction of alkenes conjugated to carbonyls via

acid, 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-car-
boxylic acid (TOAC), can be embedded within a peptide

electrolysis with poly:-valine-coated graphite electrodes
(Scheme 1422 The polypeptide may be prepared using the
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Scheme 14. Scheme 15.
o electrolysis using electrolysis using
poly-L-valine-coated o (o] poly-L-tryptophan-coated o
Me oy  Jraphite electrode Ph graphite electrode Ph
[ o - HONOH OEt > OFt
NaH,PO, buffer (pH 6)
o ethanol O Me 0 OH
63 64 7%ee
58 25%ee .

57 (no yield given) 48% yield

electrolysis using

0.0 as above - 00 M 0 poly-L-valine-coated M 0
_ - ewI)J\OH graphite electrode - e\‘)J\OH
Me Me N‘QH NH;
60 43% 65 66 6% ee
* 8% yield 13% yield
NCA method (described in section 3.1.1) and applied to ph>A<Br as above phA\H
graphite electrodes using a dip-coating procedure. Electroly- py, Br > PH Br
sis reactions are best conducted in weakly acidic buffered 67 68 17% ce
solutions of substrate in ethanol, while charges of varying 48% yield

amounts and densities were applied with the polaline-
coated graphite electrodes. It was found that citraconic acid fo
(57) may be reduced up to 25% ee under these conditions.
Increasing the amount of charge and decreasing the reactio
time results in a 21% isolated yield 68 in 21% ee. Under
similar conditions, 4-methylcoumarirs9 may be enanti-
oselectively reduced to providg0 in 8% vyield, with 43%
ee. After one use, the polyvaline dip-coated graphite
electrodes begin to degrade and exhibit lower enantioselec
tivity in subsequent run®* To address this durability
problem, Nonaka investigated chemically modified elec-
trodes. Graphite plates were treated with 1,3-diaminopropan
and then exposed tevaline NCA. The resulting electrodes
were employed in the electrochemical reductior8@fand
while the enantioselectivity of the process is lower in
comparison to the dip-coated electrode runs, the chemically
modified electrodes proved to be much more robust. Virtually
identical levels of enantioselectivity can be achieved in four
consecutive runs.

Follow-up studies were aimed at optimization of the

o)
o)
enantioselective electrochemical reductlénhSeveral pa- Me OH Me OMe
rameters were examined in the reductiom@fFirst, a series HO I | OMe
o o)
61 62

Next, the electrochemical variables were explored. It was
und that optimal conditions involve a low cathode potential,
a current density of 1.2 A dmd, and as small amount of
rE:harge passed as possible. (More charge, or a longer
electrolysis time, results in significantly lower enantioselec-
tivity).

Finally, two other substrates were subjected to the enan-
tioselective electrochemical reduction. Mesaconic agid,
‘the geometrical isomer d&7, was reduced under optimal
conditions. It was found thd8 is produced with the same
absolute configuration but in lower enantiomeric excess than
&wvhen generated from the reduction ®f. Under the same
conditions, dimethyl citraconat®?) was found to undergo
essentially nonselective reduction. These results suggest
interaction with the chiral electrode coating via hydrogen
bonding, and Nonaka proposes that the mode of asymmetric
induction involves asymmetric electron transfer rather than
enantioselective protonation.

of poly(amino acid)-coated electrodes was prepared and
evaluated for asymmetric induction. It was found that among
poly-L-valine, polyb-valine, polyt-leucine, polye-tryp-
tophan, polyy-benzylt-glutamate, and polfN-acryloyl-- 4.2. Electrochemical Reduction of Ketones,
valine methyl ester) as coatings for electrodes, pelyline Oximes, and Dihalides

is the best agent for the enantioselective reduction. Interest-
ingly, poly-p-valine-coated electrodes favored the same
enantiomer 068 as polyt-valine-coated electrodes, although

it is lower in enantiomeric excess. This observation is
attributed to the chirality of the whole polymer structure,
which may not have a simple correlation to the optical
rotating power of the monomer units.

In further studies of enantioselective electrochemical
reduction processes, Nonaka and co-workers found that
prochiral substrates beyond alkenes may be enantioselectively
reduced using poly(amino acid)-coated electrodes (Scheme
15) 126 Ethyl phenylglyoxylate §3) is reduced to64 with
7% ee when poly-tryptophan is used as the electrode

In addition to the nature of the polypeptide, the electrode coating (p(_)IyL-vaIme Is much I.ess eff:_acuve). Inte(estlngly,
base metal was also examined for effects on enantioselec-the reduction of phg_nylglyoxyhc acid is npnse!ecﬂvgl%
tivity. Graphite was found to be superior to both lead and €€) Under all conditions reported. Pyruvic acid oxir68)(
zinc. Furthermore, an increase in the thickness of the was found to undergo r_educt|on. using t?e poiyaline-
electrode coating did not result in an increase in enantiose-c0at€d €electrode, producing ala_mrﬁgé)(m 6% ee. Phenyl-
lectivity. egoxyhc aqd oxime is reduced in _2/o ee. l':llnally, exposure

Temperature was found to have a significant effect on of dibromide 67 to the electrolysis conditions produces

I I 0,
asymmetric induction. While decreasing the temperature from monobromide68 in 17% ee.
23 to 0°C results in a boost in enantioselectivity, further . . .
reduction to —20 °C produces a marked decrease in 5. Enantioselective Protonation
enantioselectivity. Nonaka suggests this may be due to a In this section, the use of peptide catalysts for enantiose-
change in the polypeptide film properties. lective protonation will be discussed. Two different strategies
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Scheme 16. Table 36. Peptide-Catalyzed Thiol Addition-Enantioselective
a o ® Protonation
70+ NR; ==—= Me S HNR
——
72 o HIHN < [ NHBu
@ R 75
R3NH M + 70 0
b ® \@)O c ETHJ\MG or other amine Me S’Q?Me
69+ 72 —» Me OR —» 71+ NRg catalyst Me
73 74
Me(HzC)14S 73 catalysts
o R = (CH,),CO,Bn  75a
M chiral amine 0 R = CH,CO,Bn 75b
e catalyst R=Me 75¢
\[HKOR + HS\H’MG > 20 S'H\Me (1) L-alanine ethyl ester 76
" " L-alanine propylamide 77
ylamide
Me
69 70 7

ee
[alp 74 (%)

. . . Entry Catalyst n Solvent (v/v) Ref.
have been employed: enolate generation via conjugate
addition too,3-unsaturated carbonyl compounds followed 1 7% 1 CHCl -04 127
by enantioselective protonation and direct enantioselective 2 75 1 CHCL/EIOH (30/2) -1.0 129
. o 3 75a 6 CHCl -0.32 127
protonation of lithium enolates. 4 752 6 CHCI/EtOH (30/2) -16 129
, , 5 75a 10 CHCl, -25 127
5.1. Protonation of Enolates Generated via 6 75a 10 CHCI/EOH (30/2) -6.4 37 129,131
Conjugate Addition 7 75a 10 DCE/EtOH (30/1.5) -82 47 131
, , , 8 75a 20 DCE/EtOH (30/1.5) -7.2 41 131
One of the earliest examples of peptides as asymmetric 9 75a 25 CHCl, .068 - 129
catalysts is the enantioselective protonation of enolates 10 75a 25 CHCIy/EtOH (30/2) -4.0 129
derived from a conjugate addition process, developed by 11 75b 1 CHCl -03 128
Inoue in the 1970s. Preceding work on amine-catalyzed 12 75b 1 CHCI,/EtOH (30/1) -0.54 129
addition of lauryl mercaptan ta-unsaturated carbonyl 13 78 5 CHCl -0.05 128
compounds laid the groundwork. In these early studies, it 1‘; ;gz 150 8:8:3"5‘0“ (3071) +g’:82 1;2
was found that both low molecular weight chiral amines, 16 78b 10 CHCI:,/EtOH (30M) +0.44 129
such as §-isobutylethylenimine and corresponding poly- 17 75b 20 CHCl, -0.24 128
meric chiral amines, catalyze the process shown in eq 1 18 75b 20 CHCI4/EtOH (30/1) +0.6 129
with a modest degree of enantioselectivVity.Substrates 19  75¢ 3 CHCl -20 - 130
bearing gs-substituent were examined such as crotonates, 20 75¢ 3 CHCIy/EtOH (30/2) -2.96 17 130,131
maleates, and fumarates. These lead to products with a 21 75¢ 5 CHCl -1.28 - 130
stereogenic center at tifiecarbon atom (at which the addi- 22 75c 5 CHCI/EIOH (3072) -2.14 12 130,131
tion occurs), but the extent of asymmetric induction is gi ;:c 10 CHCl, S084 - 130
o . ¢ 10 CHCI,/EtOH (30/2) - 1.57 130
generally more limited than that with methyl acrylates 25 76 1 CHCI -0.34 130
(e.g.,69). 26 76 1 CHCI/EtOH (30/2) -0.64 130
The proposed mechanism is shown in Scheme 16. In the 27 77 1 CHCl -065 - 130
first step (step a), the amine catalyst deprotonates thiol 28 77 1 CHCIJ/EtOH (30/2) -1.06 6 130, 131

70in a reversible manner to produce ion pai This ion
pair interacts with substrat®9 such that the thiolate assertion that a stable peptide catalyst conformation is
undergoes conjugate addition 89, producing ammonium  important for asymmetric induction and also suggest that the
enolate73 (step b). Finally, enantioselective proton trans- sense of induction is dictated by the chirality at the
fer generates produdtl and liberates the amine catalyst N-terminus of catalyst and not the overall handedness of the
(step c). helix.

Second-generation studies led to the discovery that poly- Inoue and co-workers also studied the effect of performing
(amino acids) catalyze the thiol addition process with a higher the peptide-catalyzed conjugate addition-enantioselective
degree of enantioselectivity than previously observed (Table protonation sequence in ethad#l!3! As found in earlier
36). The first poly(amino acid) investigated was poly(  studies using nonpeptidic catalysts, witha, 75b, and poly-
benzyli-glutamate) 758), generated via the corresponding (L-alanine) {50, the optical yield increases in the presence
NCA.1?8 |t was found that an approximate polymer length of ethanol (i.e., Table 36, compare entries2] 3—4, 5-6,

of 10 provides the highest selectivity in CHCéntries 1, 3,

11-12, 19-20, 21-22, and 23-24), allowing 74 to be

and 5). This degree of polymerization corresponds to a highisolated in up to 47% e&?In most cases with catalygshb,

degree of right-handed-helicity, indicating that the con-
formation of the peptide is important for asymmetric induc-
tion. To further investigate this hypothesis, p@hiienzyl-
L-aspartate) {5b) was prepared, as it is known to adopt a
left-handeda-helical conformation that is less stable than
75a'? Interestingly, when compared with runs employing
catalyst75a, the favored product enantioméef4) does not
change whef75bis used (entries 11, 13, 15, and 17) @4t

an inversion in the favored enantiomer occurs in the presence
of ethanol (entries 1314, 15-16, and 1718). Through IR
studies, it was shown that the-helical tendency of the
catalysts did not change to any significant extent in the
presence of ethanol. Thus, the increase in enantioselectivity
is attributed to a strong association between the catalyst and
ethanol, allowing facile proton transfer to the enolate.

It was discovered that produ¢d racemizes slowly when

is delivered in lower optical yield. These results support the exposed to catalyst in CHEIbut this pathway is mostly
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Scheme 17. Table 37. Dipeptide-Catalyzed Enantioselective Protonation of
OSiMe, Enolates

R n-BuLi Yield ee
O‘ Entry Substrate Method (%) (%)
-78 °C A
78 N\
OLi 1 71-79  76-80
R 65 81

80
o 2
@ij/R LDA B 1. 81 (10 mol %)

o
L

=
©
w >

OLi
“/Et A 59 88
O‘ B 61 13
2. BHT
-78°C
3. TMSCI oLi
rac-79 -78°C 3 “/O‘ P A g3 24
o]
L
Me
OGN
NH, O Ph 79
HONN OMe OMe
o 81” o oLi
5 /“/Me A o 45
O‘ B 94 41
suppressed in the presence of ethdfolrhe mechanism of MeO
racemization is believed to proceed through Schiff base oLi
formation between/4 and the free amino group of the
o | ) . 6 X Me A nrb 15
catalyst. The suppression is explained by interaction of B 67 20
ethanol with the catalyst amide carbonyl bdftiwhich o
serves to lower the basicity of the free amino group of the .
catalyst and slow Schiff base formation. OLi
The importance of secondary structure and catalyst 7 ©/\Ph A 65 69
conformation to enantioselectivity is underscored by the

inferiority of alanine ethyl estef7@) and alanine propylamide 2 According to Scheme 14; (10 mol %) catalyst 81 used
(77) (Table 36, entries 2528) compared to peptide&sa with either method A or B. ©Not reported.
and75c!3! Studies of polymeric peptide catalysts that adopt
a-helical andj-sheet structures have led to similar find-  g.peme 18.
ings: a greater degree of ordered secondary structure tends

to give higher enantioselectivity in the conjugate addition A-Li “A—H QH R? A-H

asymmetric protonation sequenééAdditionally, peptide RTS

catalysts possessing Akterminal ethylene diamine are less R

selective, because of the active amino group being farther o

from the folded portion of the peptidé> A-H AL R)S/Rz A-Li

5.2. Protonation of Lithium Enolates enantiosslective R'H  non-selective
protonation protonation

Nearly three decades after Inoue’s work on peptide-
catalyzed enantioselective protonation, Yanagisawa and co- A~H = achiral proton source
workers* reported a complementary strategy for asymmetric "A~H = chiral proton source
peptide-catalyzed protonation of enolates primarily derived
from tetralone derivatives. In this strategy, lithium enolates undergoes protonation with moderate enantioselectivity (entry

are preformed by treatment of silyl enol ethe78)(with 7). For most substrates, the choice of enolate generation
n-butyllithium or by direct deprotonation of ketonegj by method does not significantly change the enantioselectivity
LDA (Scheme 17, method A or B). Subsequent exposure of (with one exception: entry 2, method A is far superior).
the resulting lithium enolateBQ) to a catalytic amount of a Interestingly, stoichiometric screening of a variety of

chiral dipeptide proton donor8l, and a stoichiometric  5ming acids, amino acid derivatives, and dipeptides did not

amount of achiral acid (2,6-dtbutyl cresol, BHT) results  hrqvide products with-13% ee: only the catalytic system

in asymmetric protonation to generate enantiomerically gescrined above provides good enantioselectivity. The

enriched ketone products. catalytic cycle is believed to proceed as described in Scheme
The dipeptide-catalyzed protonation process is enantiose-1813¢ Successful catalytic asymmetric protonation rests upon

lective for a variety of tetralone derivatives (Table 3%).  the relative reactivity of the two possible proton donors. If

Additionally, a simple cyclohexanone-derived enolate also the achiral acid (BHT) reacts more quickly with the depro-
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Scheme 109. Table 38. Peptide-Catalyzed Enantioselective Conjugate
Addition of Azide

0 . 0
TMSN; (5 equiv) le)
@ AcOH (5 equiv) @\ O)\ t+Bu
—_—— N—H
amine catalyst N N Hj:o
-H

55 (0.2 equiv) & 3 BocHN,,

up to 90% yield Q

O me )

] Me Bn
N’x: 7 9 25mol% oraRzh 9 9 N
N H (@] . o =Me
86

BOCHN,, ~o--~ HN Ph TMSN, t-BuCO,H
Me 5 84 85 toluene
N Yield ee
N/) Entry Substrate (R) Catalyst (°C) (%) (%) Ref.
1 85a (Me) 87a (25) 97 63 137
2 87b (25) 90 78 138
3 87b (-10) 90 86 138

tonated chiral dipeptide proton source than with the lithium
enolate, enantioselective catalysis may occur.

4  85b (Et) 87a(25) 91 71 137
5 87b(25) 95 77 138
6. Enantioselective Conjugate Addition of Azide 6 87b(-10) 83 85 138
Approximately three decades after Inoue’s first reports of 85¢ (cyclohexyl) 87a(25 79 85 137
the poly(amino acid)-catalyzed conjugate addition of thiols/ 8 87b(25) 88 89 138
enantioselective protonation protocol, it has been found that 9 87b(-10) 65 92 138
peptides are effective catalysts for direct enantioselective
conjugate addition reactions. Specifically, Miller and co- 10  85d (i-Pr) 87a(25) 84 82 137
workers have reported the enantioselective addition of azide
to a,S-unsaturated carbonyl compounds. The products of this 11 85e 87a(25) 8 71 137
method are easily converted fiseamino acids and triazoles 12 NBoc 87b(25) 95 80 138
13 87b(-10) 79 87 138

with conservation of enantiomeric purity.

X . . 0O o
In 1999, the discovery of an amine-catalyzed addition of 14 85fOJ\NJ\/\Me 87a(25) 85 45 137
v/

TMSN; to a,S-unsaturated carbonyl compounds was com- 15 87b(25) 82 71 138
municated3” As shown in Scheme 19, treatment of enone 16 87b(-10) 44 78 138
with an excess of acid and TM3Nn the presence of a J\/\

tertiary amine results in smooth azidation. A variety of amine 17 859 EtO” 7 “Me 87a(25) O - 138

catalysts are effective, including triethylamine, DBU, pyri-
dine, andN-methyimidazole. It was found that resin-bound ) S
peptide catalys84, containing a Pmh residue, is a highly Promote the reaction, the products are racemic, indicating

competent catalyst for the process, providing a@éom the important role of the peptidic secondary structure for
enone82 in 90% yield. asymmetric induction.
The initial finding that the -Pro-Aib--turn-forming Further attempts to optimize the enantioselective conjugate

catalyst84 promotes conjugate azidation led to further studies azidation procedure focused on dihedral angle restriction
of chiral peptide Cata|y5ts in an attempt to deve|op an within the side chain of the—benzyl histidine residu&?To
enantioselective version of the process. Screeningjtafn accomplish this conformational rigidification, a substituent
peptides similar to catalys$4 revealed that, while such ~Wwas introduced at thg-position of the catalytically active
catalysts are generally quite effective for conjugate azide histidine residue (as in cataly87b, R = Me). The effects
addition, they provide racemic produé®1®°A related class ~ Of several substituents were evaluated and, while the enan-
of histidine-containing peptides was studied, those in which tioselectivity of the azidation was affected differently in each
the nitrogen distal to the amino acid side chain (the case, methyl-substituted cataly&tb consistently provides
nitrogen) is alkylated, as in catalysé¥a and 87b. Such higher enantioselectivities than those possible with parent
peptides turned out to be very promising catalysts, providing catalyst86a(see Table 38, substrat85a—85f). Reduction
products with substantial enantiomeric excesses. The mostof the reaction temperature te10 °C provides optimal
successful substrates for the azidation ajg-unsaturated  results, with azides isolated in up to 92% ee.
pyrrolidinone-derived imides such &%. Peptide87a was Elaboration of the enantiomerically enriched azide prod-
initially identified as a hit catalys® As shown in Table ucts was demonstrated in two ways. First, the azidoimides
38, azides of structur@6 may be isolated in good yield and may undergo reduction, methanolysis, and hydrolysis to the
in up to 85% ee when the reaction is conducted u§ing correspondingg-amino acid88in good yield over multiple

at ambient temperature (entries 1, 4, 7, 10, and 11). steps (eq 2). Second, the azide products have been shown to
Stereochemical and structural changes were made to theparticipate in both intra- and intermolecular 1,3-dipolar
[-turn scaffold of87aand were found to significantly change cycloadditions with alkynes (such &9, eqs 3 and 4),
and reduce the enantioselectivity of the azidation. Addition- furnishing triazoles90 and91) with conservation of enan-
ally, while simple catalysts possessing ordgenzyl histidine tiomeric excess from the azidation process.
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1. Hy, Pd/C, Boc,0 O NHBoc Table 39. Effects of Acyl Chain Length in the Enantioselective
M EtOAc J\/L Hydrolysis of p-Nitrophenyl N-Acylphenylalanylates (92) by a
{ : Me 2 P HO Me 2 Dipeptide (93) in a Cationic Chiral Surfactant—(+)-SUR18

(+) SUR1g

then LiOH, 88 o NO,
THF, MeOH H,0 52% Yield H /©/ /e}\ﬂ/N "
over all steps MemN >0 93 OH
(0]

1. TMSN3, PivOH 92 NO,
2.5 mol % 87b o
toluene -10 °C
N HO
2 toluene 1
110 130 °C 90 gl Mol s
86% ee Entrya n L D kcat L /kcat P
83% Yield
1 0 33 34 1.0
CO,M
N 2vie 2 4 186 71 26
1. TMSN3, PivOH N’ 3 8 286 52 5.5
2.5 mol % 87b COMe
i )K/\O toluene, -10 °C 4 10 332 58 5.7
2 toluene co Me @) 5 12 346 61 5.7
MeO e 6 14 334 61 5.5
110 130 92% a6
73% Yield
o T @ Tris buffer (0.08 M) containing 0.08 M KCl at 25 °C (pH 7.61) in
. . 10% (viv) MeCN-H,0; [93] = 9 x 10 ® M, [92] = 5 x 10 * M, and
7. Peptide-Catalyzed Hydrolysis of Esters [(+)-SURg] = 1.8 x 10 ° M.

K/iiléeﬁ:rpgﬂglgir{]/%rssib;rlgp]grss’tggq;-enamers in racemic esters of amino acids. Single amino acid deriva-
y tives; 40P especiallyN®-protected histidine derivatives, have
Enzymatic hydrolysis has been well-studied. Secondary been well-examined in ester hydrolysis with either chiral or
structure of enzymes and the interaction between activeachiral surfactants. Significant rate enhancements and rea-
binding pockets with substrates provide efficient reactivity sonable stereoselectivities have been observed.
and selectivity in many cases. Increasing attention has been Later efforts were focused on the catalytic system of
focused on the development of smaller hydrolysis catalysts dipeptide- or tripeptide-type nucleophiles with surfactants.
that could mimic enzymatic mechanisms to introduce ef- In 1980, Ohkubo, Ueoka, and co-work¥fsreported the
ficiency and selectivity toward a variety of substrates.

Micellar and vesicular catalysi have been studied since o NO,
the 1970s in order to develop stereoselective hydrolyses of N /©/
enantiomeric esters and to understand the origin of stereo- Substrate: W
selectivity in proteolytic enzymé$! Normal surfactantg®a
as well as amino acid-functionalized surfactétse have (n=0,8,12)

been used to induce stereoselectivity in the hydrolysis of p-nitrophenyl-N-acylphenylalanylates

NO ]
1 T A M

n H e
Substrate: 0 o 2\
~ "NH
92
N=/
-nitrophenyl-N-acylphenylalanylates R = OCHyPh, R' = CH,Ph Z-L-Phe-L-His-OH
P P y yp y y R = OCH,Ph, R' = CH,Ph Z-D-Phe-L-His-OH
R = OCH,Ph, R’ = CH,CHMe, Z-L-Leu-L-His-OH
® Me = (Dod)C11H23, R'=CH,CHMe, Dod-L-Leu-L-His-OH
N<
51O e Me
Ph %OH
Surfactant: (+)-SURqg Me R=0CH,;Ph  Z.L-His-OH
R = C11H23 Dod-L-His-OH
NH
Nﬂ
%k Surfactant:
H eMe
Catalyst: N~ Br

NJ

N, N-didodecyl-N, N-dimethylammonium bromide

N-(N*-dodecanoyl-L-histidyl)-L-leucine

Figure 20. Enantioselective hydrolysis gfnitrophenylN-acylphe-
nylalanylates 92) by a dipeptide $3) in a cationic chiral surfactant  Figure 21. Peptide catalysts for hydrolysis gf-nitrophenyl
(()-SURyg). N-acylphenylalanylates9¢) in a surfactant.
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Table 40. Peptide Catalysts for Hydrolysis ofp-Nitrophenyl N-acylphenylalanylates (92) in a Surfactant

Kea!1 mol™ 71

92;n=0 92;n=38 92;n=12
Entry? Catalyst 25°C 10 °C 25°C 10°C 25°C 10°C
1 Z-L.-Phe-L-His-OH L 640 340 4506 2596 2094 978
D 50 18 152 62 160 42
LD 12.8 18.9 29.6 41.9 13.8 23.3
2 Z-D-Phe-L-His-OH L 88 34 434 286 388 122
D 72 14 222 94 180 58
LD 1.2 24 2.0 3.0 23 2.1
3 Z-l-Leu-L-His-OH L 380 154 2282 836 1016 320
D 38 4 104 10 92 4
LD 10.2 38.0 22,5 83.6 11.0 80.0
4 Dod-L-Leu-L-His-OH L 1084 542 4318 2148 1654 764
D 156 56 654 270 538 190
LD 6.9 9.8 6.6 8.0 3.0 4.0
5 Z-L-His-OH L 20 44 68
D 34 62 40
L/D 0.6 0.7 15
6 Dod-L-His-OH L 392 200 1768 1100 1550 598
D 240 114 380 200 398 144
LD 1.6 1.8 4.7 55 3.9 42

2 Tris buffer (0.08 M) containing 0.08 M KCI at 10-25 °C (pH 7.68) in 3% (v/v) MeCN-H,0, and the stock solutions were
prepared by dissolving the nucleophile and (92) in Tris-KCI buffer by sonication at 45 °C for 1 h: [catalyst] = 5 x 105 M,
[surfactant] = 1 x 103 M, and [substrate (92)] = 1 x 10°°M.

enantioselective deacylation of long chainitrophenyl Substrate: Catalyst:

N-acyl phenylalanylates9@) by N-(N*-dodecanoyl--histi- NO, Ph
dyl)-L-leucine @3) and a cationic chiral surfactan®)-(+)- w © /©/ O H 9
N-a-methylbenzyIN,N-dimethyloctadecyl ammonium bro- Me’ﬁh]rN g RJ\N N%N OH
mide ((+)-SURyg) (Figure 20). Enhanced enantioselectivity ) H ogH 4 H g
(ks />, = 5.7, n = 10, 12; Table 39, entries 4 and 5, 92 }NH
respectively) was observed for substrates with relatively N=/
longer acyl chains.

In 1982, Ohkubo and co-workéf8 reported a highly
stereoselective hydrolysis of amino acid esters in bilayer
vesicular systems. Dipeptide-type nucleophiles (Figure 21) Vesicular: ke lkeat” = 27
were examined for hydrolysis by using an achiral cationic /\/\/\/\/\/\Bﬁ\e‘\'\"e
double-chain surfactany,N-didodecyIN,N-dimethylammao- N~Me
nium bromide. Dipeptide Z-Leu--His-OH was the most /\/\/\/\/\/\)
general and selective catalyst for enantioselective hydrolysis, N,N-ditetradecyl-N,N-dimethylammonium bromide
providing K-,/k2,, up to 83.6 at 10°C (Table 40, entry 3).

An enhanced enantioselective hydrolysis with a tripeptide  micellar: ko ke = 71
catalyst in a mixed surfactant system was reported by Ueoka
and co-workers in 198%# Enantioselective hydrolysis of o~~~

p-nitrophenyl-N-acylphenylalanylates Z-L-Phe-L-His-L-Leu

NS
p-nitrophenyIN-dodecanoyl§,L)-phenylalanylateq2, n = BrO |\|/1:Me
10) by tripeptide Z--Phet-His-L-Leu-OH g{;\vek'c'a{k?at = N-hexadecyl-N,N,N-trimethylammomium bromide
27 in the vesicular systenN(N-ditetradecyIN,N-dimethyl- Figure 22. Hydrolysis in a vesiculatrmicellar system.

ammonium bromide) (Figure 22). The selectivity was signif-
icantly improved by the addition of micelledl{hexadecyl- . ) ) ) )
N,N,N-trimethylammomium bromide) at 25C, providing rigid conformation ofL—Pht_at—Hls. PeptldeZ—L-Phet_-Hls-
K. /K2, = 71145a]t has been suggested that the hydrophobic L-Leu-OH shows amu-helix-like CD curve, and its CD
microenvironment of the membrane matrix changed at the SPECtrum was also compared to that of a knawhelix
optimum temperature for the enhancement of stereoselec-Peptide (mastoparaf)’ It appears that a hydrophobic pocket
tivity. 145 forms through intramolecular interactions between amino
Structural studies have been undertaken in order to acid residues. The-enantiomer may be properly oriented
elucidate the origin of enantioselectivity. Two active peptide for hydrolysis, while theo-enantiomer does not fit as well.
catalysts for hydrolysisZ-L-Phet-His-L-Leu-OH andZ-L- Optimizing the composition of coaggregates improved the
Phet-His-OH, share the same specific circular dichroism hydrophobic microenvironment to induce the highest enan-
(CD) patterns in MeOHH,O (235 nm)}* suggesting the  tioselectivity.
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(0]
Substrate: Mew ~ 0

o)

o/p-nitrophenyl-N-acylphenylalanylates
Native Lipids:
o} O Me

\QJ\ o P\o/\/N Me DpPC n=14
Me
/@Yo DMPC n=12

Nonionic Micellar Surfactants:

Me Me
Me 2 0
Me s 10 O-H TritonX-100
Me

e e of~JO~n  CuEOk

Figure 23. Native lipids and nonionic micellar surfactants.
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H
O///Q@ ;
O

94

D-ester (Z-L-Leu-L-His-OH)

O
Ve Me o close o Me_ Me
®N \ /\\_,2: K
o N
Oy/_/“NH ™ N\
H., 0
i
HN
Orvsenmmns N
H >¢O
(0]
95

L-ester (Z-L-Leu-L-His-OH)

Figure 24. Interaction between peptide catalyZti(-Leu--His-
OH) andb- or L-methyIN-acylphenylalanylate in the double-chain

surfactants.

The sequence of the pepti#§, change in surfactant
composition and concentratiéfi,isokinetic temperaturk?d.150
experimental temperatut¢’®5land ionic strength factot®

Davie et al.
Scheme 20. Hydrolysis of Peptide Esters with
Thio-Functionalized Surfactant
Substrate NH  Z-Trp-Pro-PNP cle
and Catalyst: @
N02 n-C16H33NMech2CstH
CbzHN Q Q/
O
o O
NH
NO, .
/©/ + CbzHN Q
HO (0] OH

phatidylcholine (DPPCY¥*2or L-a-dimyristoylphosphatidyl-
choline (DMPC}*3) and nonionic micellar surfacta(iritonX-
10013 or polyoxyethylene lauryl ether (@EO))'%)
(Figure 23).

For the hydrolysis of amino acid esters in a natural lipid
coaggregate system, the reaction temperature and the com-
position of surfactants influence the stereoselectivity by
means of changing the hydrophobicity and the fluidity. It is
noteworthy that significant enantioselectivity enhancements
can be obtained around the phase separation and/or the phase-
transition temperature of the surfactants.

In order to investigate the details of membrane-promoted
stereoselective esterase-like activity of the peptide catalysts,
and also to understand why dipeptide-Leu+ -His-OH or
tripeptide Z-L-Phet-His-L-Leu-OH is the most efficient in
terms of catalytic and stereoselective activities, Ohkubo and
co-workers> showed the role of the membrane-assisted
hydrophobic interactions between the peptide catalyst and
the enantiomeric substrates By NOESY (nuclear Over-
hauser enchancement spectroscopy) sp&taaNOESY
experiments oZ-L-Leu-L-His-OH andN-hexanoylt/p-Phe
methyl esters in the vesicular system (Figure 24) indicated
the interactions between the phenyl side chain of the substrate
with L-Leu andL-His side chains of catalyst. Although an
intermolecular amide hydrogen bond might be present, it was
not detected, probably because of B exchange in BO.

Both L- andp-substrates shared identical NOESY spett,

indicating the origin of stereoselectivity is in the catatyst
substrate reaction step instead of the catalgabstrate
binding process.

High stereoselectivity was obtained by intensifying hy-
drophobic interactions between catalyst and substrates.
Membrane played a key role in bringing the catalyst and
the substrate together. Good hydrolysis activity and substrate-
specificity for the L-ester resulted from the facilitated
formation of catalystsubstrate complex and then enantiomer
recognition in the reaction step of the complex. The distance
between the nucleophilic nitrogen site of the His moiety in
peptide Zt-Leu--His-OH and the spcarbon center of the
p-esters allowed the-esters to undergo hydrolysis at a much
slower rate than the-esters (Figure 2494, with p-esters;

95, with L-esters). A similar interaction mode for the
corresponding tripeptideZ{L-Phet-His-L-Leu-OH) has also
been proposetbic

In a different approach to the stereoselective hydrolysis

have been fully studied in detail by different research groups. of amino acid esters, peptide esters were also examined as
In the additional studies of enantioselective hydrolysis of the substrates for diastereoselective hydrolysis by the groups
amino acid esters, Ueoka and co-workers also applied hybridof Moss!40155&f Ueokal®®¢1 Ohkubo!®** Chol®® and

liposomes composed of native liptd (L-o-dipalmitoylphos-

Nolte 5™ In these cases, the catalyst is also the substrate.
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Table 41. Diastereoselectivity for the Hydrolysis of Dipeptide
Esters in Buffer Solution

Substrate/Catalyst ke (s

Entry? Dipeptide esters DL LL D.R. Temp (°C)
1 Z-Phe-Phe-PNP 0.356 0.00351 DLLL=101 325
2  Z-Phe-Leu-PNP 0.266 0.00372 DLLL=T1 325
3 Z-Leu-Phe-PNP  0.0194 0.389 LL/DL =20 28.5
4  Z-Leu-Leu-PNP  0.164 0.377 LLDL=2.3 30.0

apH 9.5, 0.02 M Carbonate buffer (0.05 M KCI), 10% (v/iv) CHzCN-H,0, [Sub]
=5X10%M

Thiol-functionalized surfactantfC;gHzaN*Me,CH,CH,-
SHCI) micelles have been us&#'to facilitate the hydroly-
sis of Z-Trp-Pro p-nitrophenyl esters (Scheme 20). Ester
cleavage of the,L-substrate was-56 times faster than that
of its p,L-diastereomer.

In the hydrolysis of diastereomeric dipeptiokaitrophenyl
esters, Z-b/L-Pro1-Pro-PNP or Z-p/L-Trp-L-Pro-PNP in
micelles!® there is a modest preference far-diastereo-
selectivity for Z-Pro-Pro-PNP dipeptide esters in the inter-
molecular hydrolysis.
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Scheme 21. Synthesis of Disulfide-Bridged Peptide

Dendrimers
Cap
A3
B
f)yspps  Cap~A*Py, AT
Fmoc-AAs and Fmoc linkers \,B—Cys
A2 8H
Cap—A3%B
\
A3
|
2) disulfide Cap
coulping
Dendrimers 96-101
Cap Cap A3 A2 Al
7 -
’g g‘ 96 Ser Asp His
Cap—A¥B. Al AT a2 AT
2 L | A Cap 97 Asp Ser His
_B—Cys Cy§ BL >
, S S . , .
Cap—A3-q IB'—A3Cap 98 Asp His Ser
A3 A3 )
| | 99 Ser His Asp
Cap Cap
100 His Asp Ser
21 dimeric dendrimers 101 His Ser Asp

Scheme 22. Peptide Dendrimer-Catalyzed Ester Hydrolysis

Preferred conformations and energies of the substZate ( Reactions
Pro-Pro-PNP) in the ground state and at the tetrahedral - o peptide dendrimers = |
intermediate stage (formed during attack on the ester carbonyl @D\ g ag. pH 6.0 \ﬁ o
by a nucleophile) were calculated by a combination of N 0 R Ve
molecular mechanics and molecular orbital calculations. The  Me
calculated energy difference was consistent with the observed Y@ iexcf ggg m
LL-selectivity. The dihedral angle strains (torsions) of the  102a(R=Me)  (R)-102d R= em ™
peptide and involved bonds that rehybridized from &p 102b (R = CgHy1) Me
sp’ in the transition state contributed to the diastereoselec- 1026 (R = CHM
tivity of the hydrolysis process. The strain was greater for c(R= e2) (S)-102d R =
the DL substrate, thus reacting more slowi/. :

In the case oZ-AA-Pro-PNP (AA= Ala, Phe, Leu, Val, Me o

and Trp)5&fthe hydrolysis wasL-diastereoselective. The

reaction proceeded mainly through intramolecular cyclization HzN

to the corresponding 2,5-diketopiperazines and through
intermolecular attack by hydroxide ion. The Pro-PNP moiety
in these substrates played an important role. The intramo-
lecular cyclization was more favorable for the-isomer,
which afforded a largekoL/k.L. The nature of nucleophile
had a significant effect on the diastereoselectivities. The
hydrolysis proceeding through direct attack of hydroxide ion
was LL-diastereoselective. For example, the hydrolysis for
Z-Trp-Pro-PNP wasL-diastereoselective at pH 8.0 because
of the more favorable diketopiperazine cyclization. However,
LL-diastereoselectivity, which could be significantly enhanced
in functional micellar systems, was obtained at a higher pH
(10.0). At this pH, attack by hydroxide ion at the ester
carbonyl was dominari>f

Ueoka and co-worket®9i reported highly diastereose-
lective hydrolytic processes of dipeptide esters in a buffered
solution without the use of surfactants. In the hydrolysis of
peptide esters, diastereoselectivity could be regulated by
controlling temperature, substrate concentration, and pH of
the reaction mediurf?®i As shown in Table 41, at the
optimum temperature (32°), peptideZ-Phe-Phe-PNP gave
koL/kie = 101 (entry 1) while the peptidé-Phe-Leu-PNP
provided koL/kie = 71 (entry 2) in a 0.02 M buffered
solution at pH 9.8%%" The rate of the hydrolysis af-p-

o) 0
j/o\)J\OH FmocHN/j/O\)I\OH FmocHN

’;H‘\OH

Branch Unit 103c

H2N FmocHN FmocHN

Branch Unit 103a Branch Unit 103b

(0]
(0] (0]
o FmocHN OH
Cap= Me (®)
N NHFmoc
Me~ "Me Branch Unit 103d

for the Z-Leu-Phe-PNP substrates. Dipeptide estérPlfe-

Phe-PNP an@-Phe-Leu-PNP) having a commdrPhe unit
usually produced larger rate enhancements for the hydrolysis
of bL-esters thanL-isomers. On the other hand, hydrolysis
of peptide esters with a common Z-Leu un#-l(eu-Phe-
PNP andz-Leu-Leu-PNP) favored the.-diastereomers.

7.2. Peptide Dendrimers and Other Polypeptides

Dendrimers are treelike macromolecules of well-defined
size, which emerged as a new class of compounds in the
1970s. Reymond and co-work&%applied the dendritic
architecture to peptides for artificial enzyme studies.

Dendrimeric peptide96—101) were synthesized with the

Phe-Phe-PNP increased with the temperature elevation fromsequence ((CapCONH3®(Branch)&),-(Branch)-Cys-A-

31.5 to 32.5°C, but this was not the case for tEeL-Phe-

NH, by alternating amino acids with a branching unit

L-Phe-PNP substrate. The temperature effect was the oppositéScheme 213)%¢¢using solid-phase peptide synthesis (SPPS).
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(@) NH
Asp Asp j/ @
I | “‘.r/l(\ S]

-B B HN
Asp i Ser Ser i SAsp °©
IS, | | L8 o
_B-Cys Cys—B_
His & g His
Asp—? FI—Asp 104
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Figure 25. Structural formula and energy-minimized model of dendrirb@4 containing 3,5-diaminobenzoic acid(3 as a branching
unit.156d Reprinted with permission from Darbre, T.; Reymond, JAtc. Chem. Re006 39, 925. Copyright 2006 American Chemical
Society.

Monomers were then dimerized by disulfide bond formation obtained. Enantiomeric esteiR/S)-102dwere also accepted
through cysteine residues. Peptide dendrimers were obtaineds the substrates. However, no significant chiral discrimina-
with a molecular weight of 35 kDa, with three layers of  tion by the dendrimers was observ&g.d
two amino acids close to the core, four in the middle layer, 3,5-Diaminobenzoic acid03d was then examined as a
and eight near the surface. rigid branching unit®¢¢The structure o103dwould be able
Aspartate (Asp), histidine (His), and serine (Ser), the to induce favorable hydrophobic arstacking interactions
functional groups present in most esterd¥€and lipases,  with substrates. Dendrimers derived frd®3dwere simply
were chosen to take positions,AA?, and A, respectively. acetylated at thbl-terminus. These dendrimer peptides adopt
Dendrimer peptides were capped by 3-dimethylaminoisoph- a more extended and relatively open structure, which allows
thalamide (Cap, inserted as the maruwmudtyl ester), which substrate access to the interior of the catalyst. Dendrimers
could introduce additional interaction with substrates (Schemein this library demonstrated good catalytic activities and
22). selectivities. Strong catalytic activity with substral€®a—
The peptide dendrimer library was studied for the hy- 102dwere shown by 2 out of 21 dimers, while the other 19
drolysis of a series of fluorogenic esters (Scheme 22). Whenwere essentially inactive.
symmetricald,0-diamino acidl03aand symmetrical big- The most active dendrimefl@4, monomeric dendrimer;
alanine103b'%%2or o,3-diaminopropionic acid 03¢>®°were Figure 25), containing peripheral aspartate and internal
used as branching units, significant rate acceleration washistidine residues, also exhibited significant chiral discrimi-
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Scheme 23. Mechanistic Proposal for Dendrimer-Catalyzed ® %H
Ester Hydrolysis NH; 3
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nation toward enantiomeric esters 2-phenylpropiorigje
102d and (R)-102d, with an enantiomeric rati& = 2.8 [E
= (keal Km((9)-1020))/(keal Km((R)-102)] in favor of the §)-
enantlomer (Schem.e 22f° It has been suggested that Figure 26. Enantiomerig-nitrophenyl ester substrates and peptide
electrostatic interactions between the surface aspartates angatalyst KO-4257m Reprinted with permission from Baltzer, L.;
the cationic quinolinium group contribute to the selectivity. Broo, K. S.; Nilsson, H.; Nilsson, Bioorg. Med. Chem1999 7,
Significant chiral discrimination in the hydrolysis of 83. Copyright 1999 Elsevier.

chiral substratel02d confirmed substratecatalyst inter-
actions. Dendrimer-catalyzed hydrolysis of hydroxypyren-
etrisulfonate esters{OPTS}%¢¢ i (Scheme 23) have also

The modeled structure of KO-42.
Only the histidine side chains and
those of alanines 8 and 37 are
shown. KO-42 is a symmetric
dimer, but only the monomer is
shown for reasons of clarity of

presentation.

Table 42. Rate Constant Ratios of Peptide-Catalyzed Hydrolysis
of L-105 andp-105 at pH 5.1 and 290 K

been reported. Residue ko(D-105)
A structure-activity-relationship (SAR) study of the Entry Peptide 2630 34 kz(L-105)

hydrolysis reaction was carried out by an alanine scan.

o : . . 1 KO-42 H H H 1.4
Exchange of histidine-to-alanine of the active dendrimers
resulted in inactive dendrimers. However, corresponding 2 MNKK Q@ kK K 2.0
serine-to-alanine replacement had only a small effect on 3 MNRR Q R R 17
reaction rate, suggesting that histidine catalysis occurred

. ; e ; 4 MNKR Q K R 1.7
without the direct participation of the serine hydroxyl
groupstséad 5 MNRK Q R K 2.0

It is noteworthy that alanine replacement for only one
single histidine resulted in a 75% activity loss. Nondimerized the replacement of histidine residues at the 30 and 34
monomers (such a86—101, Scheme 21) with only two  positions of KO-42 with charged residues such as arginine
histidines were inactive for hydrolysis. This evidence and lysine (Table 42). These peptides showed great rate
indicated a cooperative effect of these residues. On the basienhancements for the hydrolysis whitrophenyl esters. In
of the results from pHk.y studies, bifunctional catalysis addition, enantioselective differentiation by the polypeptides
by two histidine residues was suggested, with one servingwas observed for the first time. Norleucine substmatE5
as a nucleophile path a, Scheme 23 or a general base path lwas hydrolyzed faster than-105 with ky(D)/kx(L) = 2.0
Scheme 23 and another protonated histidine stabilizing the(Figure 27), when MNKK (Table 42, entry 2) or MNRK
oxyanion intermediaté&®d (Table 42, entry 5) was used as a catalyst.

These results were similar to those observed by Baltzer H NMR studies demonstrated the formation of a substrate
and co-workers with a four-helix-bundle histidine-based peptide complex>’2iThe hydrolysis op-nitrophenyl esters
peptide catalyst?” which suggested that histidine catalysis with helical peptides was pH-dependent, which suggested
occurred without direct participation of the serine and that the reaction underwent cooperative nucleophilic and
aspartate residues. general-acid catalysis by HistHis pairs!®™" In the rate-

In the de novo catalyst design by Baltzer and co-workers, determining step, the histidine side chain attacks the ester
NMR, as well as CD spectroscopy?was applied to the  to form an acylamide intermediate, which then reacts with
structural study of designed polypeptides. Polypeptides (42-the most potent nucleophile (hydroxide in this case) to form
AA) folded into a helix-loop-helix motif in solution, which the product in the second st&°
dimerized in an antiparallel mode to form four-helix bundles.  The enantioselectivity was proposed to originate from the
Analogues of peptide KO-42 (Figure 26) were prepared by charge-charge repulsions between positively charged amine
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a) Favored T.S. for D-105.
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Figure 27. Proposed transition states of MNRK-catalyzed hy-
drolysis of 105

p-nitrophenyl fumarate
'OOC/“\x)LO

1 19
N-Aib-A-D-Nle-E-A-A—|—K-H—-L—A-E-Orn-Nle-Aib-A-K—

20 23

RA-42 —G-P-V-D—

42 24
G-Aib-R-A-F—A-E—F-0rn-K-A-L—-Q-E-A-Nle-Q-A-Aib-

?* Om-34

His-11

A

only the side chains of His-11, Om-15 and Orn-34 are shown.

Figure 28. Ester substrate and peptide catalyst RAY2 Re-
printed with permission from Lundh, A.-C.; Broo, K. S.; Baltzer,
L. J. Chem. Soc., Perkin Trans1297 209. Copyright 1997 Royal
Society of Chemistry.

RA-42

functionality in the substrate and positively charged amino
acid residues in the adjacent helix. The transition state for

attack on the-105was destabilized in this way, which made
the hydrolysis ofL-enantiomer slower than that of the

p-enantiomer (Figure 27). Manipulation of the peptide

Davie et al.

Scheme 24. Mechanism of RA-42 Self-Catalyzed
Site-Selective Functionalization

® NH3 o NO.
ye g
N é + ‘OOC/\)kO
His 11 Orn 15 N02
- O
+H" || -H" Ho
“00C (0]
A
NH NA o NH,
HN’\\ -————— . N
N —
. His 11
His 11 Orn 15 coo- Om15

Helical bundle catalysts were also found to undergo site-
selective self-functionalizatiott’*"° Bundle “RA-42" cata-
lyzed the cleavage gi-nitrophenyl fumarate (Figure 28) to
form an amide at the side chain of ornithine-15 (Orn-15).
His-11, as a nucleophile, attacked the PNP esters to generate
an acylamide intermediate in the rate-determining step,
releasingo-nitrophenol. The acyl group was then transferred
to the deprotonated side chain of Orn-15 on RA-42 (Scheme
24)157¢ Three residues, His-11, Orn-15, and Orn-34, are
involved in the reaction center. Orn-15 stabilizes the
developing oxyanion in the transition state, and Orn-34
interacts with the carboxylate anion of the substtate.
Lysine, ornithine, and 1,3-diaminobutyric acid residues were
found to be acylated when they were positioned at 3
andi + 4 relative toi = His.>"f

The helix-loop-helix motif was also used to catalyze the
hydrolysis of other challenging substrates, phosphate esters,
with metal-ion binding as a key mechanistic affé&d.
Regarding these phosphate ester substrates, Brack and co-
workers found that polypeptid®8 were able to accelerate
the corresponding hydrolysis process. In 1980, they studied
polypeptides having alternating hydrophilic and hydrophobic
residues with both- andb-residues. Segments containing
seven or more residues of the same chirality adopted a
[-sheet structure, and the rest of the chain adopted a random
coil. Partial hydrolysis of the unordered portion resulted in
recovery ofL-enricheds-sheet>

Polycationic polypeptides containing basic and hydropho-
bic amino acids could accelerate the hydrolysis of phos-

Catalysts:
Glly— Lys—Leu—Lys— Glly
Gly—Lys—Leu—Lys—Cys— Acm

106a
Acm = Acetamidomethyl

Gly—Lys— Leu— Lys— Leu—Lys— Glly
Gly—Lys— Leu—Lys—Leu—Lys—Cys— Acm

106b

sequence by installing Arg, Lys, and His residues in the gypstrates:

proper positions facilitates chiral recognition for enantiomeric

ester substrates.
The hydrolysis activity depended on the HisHlis pair
at (i, i + 4) in one helix and the presence of Arg and Lys in

the adjacent heliX>’™It has also been reported that peptides

with two His residuesi(= His, i + 3 = His) provide good
reactivities. Histidine residues of the active HisHis pair
in this case came from two different helices of the buriefle.

3
2o e
\b (Ap)s Base=A,n=5
(Ap)g Base=A,n=9
Base

Figure 29. Structure of two cycllc peptides06a and 106b and
the hydrolysis substrates.
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Table 43. Rate Constants of the Hydrolysis of (ApA by Substrates:
Different Basic Polypeptides Exemplifying the Role of the
p-Sheet Conformatiort Me O Me Me 2 U e
Mes o) p L 0
Entry Polypeptide k (min”')  Rate Enhancement Me”™ "0 ﬁ \©\ Mettnd Hﬂf O
1 control 1.1x10%® 0 NO, 2 NO;
2 poly(Pro-Leu-Lys-Leu-Lys) 1.2x10° 11 Boc-L-Ala-PNP Boc-p-Ala-PNP
3 poly(D,L.-Leu-D,L-Lys) 1.85x 107 17
4 poly(Ala-Lys) 2.2x10° 20 Catalyst:
5 poly(Leu-Lys) 1.7 x10* 155 EH[19 'ﬁ@
@ Experimental conditions: 37 °C, 7 days in 0.1 M Gly-Gly buffer (pH I
7.5), (Ap)oA 4 x 10 M in phosphate, peptide 10~ M in basic amino %C_o. HN&N
acids. - 0
Table 44. Rate Constants of the Hydrolysis of (ApA by W
Different Basic Polypeptides Exemplifying the Role of the
a-Helix Conformation? E R E R
Entry  Polypeptide k(min™')  Rate Enhancement EHB19: Ac;ﬁAAE.;\EAF{A‘I;IAEAE[[‘,-CD)éFlAAé-am
1 control 1.1x10% Figure 31. Structure of ester substrates and peptidgg EHwith
2 poly(Pro-Lys-Lys-Leu)  4.5x 10°® 4 three functional groups: carboxylate, imidazqbeCD; from N-
3 poly(Leu-Lys-Lys-Leu) 1.1 x 104 100 to C-Terminus!®® Reprinted with permission from Tsutsumi, H.;
Hamasaki, K.; Mihara, H.; Ueno, J. Chem. Soc., Perkin Trans.
2 Experimental conditions: 37 °C, 7 days in 0.1 M Gly-Gly buffer (pH 2 200Q 1813. Copyright 2000 Royal Society of Chemistry.
7.5), (Ap)eA 4 x 10" M in phosphate, peptide 10" M in basic amino
acids.

histidine is present in many active sites of enzyi¥és.
Authors suggested that conformational factors and the
absence of strong basic groups were responsible for the
inefficiency of poly(-His).

In 2000, Ueno and co-workéf§ reported an interesting
example of enantioselective hydrolysis by cyclodextrin
peptide hybrids (CB-peptides). These CBpeptides adopt
stable a-helix conformations. In these hydrolyses, three

e : i functional groupsp-cyclodextrin, imidazole, and carboxy-
Two cyclopeptide$were prepared in order to mimic two |5t are positioned on the same side of dhkelix (Figure

adjaqent strands of tlﬁeshegt structure of linear (Leu-Lys) 31). The presence of the carboxylate moiety enhanced
Peptides106a and 106b (Figure 29) were found to adopt g pstrate selectivity for the hydrolysis of esters.

p-sheet conformations, supported by IR absorption #éta. A mechanism was proposed for the hydrolysis catalyzed
ngt|(je106b shqwed competitive hydrolytic activities with by peptide EH$19 (Figure 32). E{319 gave a 7-fold higher
oligoribonucleotide substrates (Apnd (App comparable "k, value for Boce-Ala-PNP than for the-enantiomer.

to polypeptide catalysts. The substrate selectivity was found to be determined by the

Brack and co-workers reported that polypeptides needed g ger of functional groupg-CD, imidazole, and carboxylate,
to present a regular distribution of basic groups in either fom N-terminus orC-terminus.t®

B-sheet ora-helix!®* to be active. Lys-based polypeptides
with S-sheet (Table 43) ar-helix (Table 44) structures were
able to enhance the hydrolysis of oligoribonucleotide sub-
stratesi®® A tentative model (Figure 30) was provided for P -
the mechanism of hydrolysis of a polyribonucleotide by poly- 8.1. Kinetic Resolution of Alcohols
(Leu-Lys). Acylation can be the reverse process of hydrolysis. Nature
Of particular note is the fact that polyfis) did not show provides examples of enzymatic acyl transfer with high
significant rate enhancemétitfor a similar hydrolysis, as  efficiency and specificity, showing the importance of the

phodiester bonds. The first example employe@-sheet
polypeptidet®® Both all-o-poly(leucyl-lysyl) and alle-
polymer were active cataly$t that adopted g3-sheet
conformation when complexed with the substrates. However,
the alternating poly{,L-Leu-b,L-Lys) formed a random coil,
showing poor activities. The hydrolytic activity significantly
depended orB-sheet proportion, indicating that chemical
activity was closely related to the geometry of the chain.

8. Peptide-Catalyzed Asymmetric Acylation

\ \
\ o) O~
O— ~CH, CH,
i CH, . . o i
o} Q B
B ase
60\ /% Base @OR ase ) q 3
"NHs BSG o NHzl [NHeTp O MHs)  pNHe O7RE NHg
© oG R > o 199 - o
CH; CH; HO-CH,
1 0 - 0 - 0 -
@O\ 0 Base G)o\ 0 Base @O‘P 0 Base
"NH; P~o  OH NHy '8"'3 Ps~o OH gHa— "NH; 7~o OH NHs
C\H2 C\H2 C\H2

Figure 30. Tentative model for the mechanism of hydrolysis of a polyribonucleotide by poly(Leu-Lys).
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Figure 32. Schematic illustration of ester hydrolysis performed by the cooperation of imidazole, carboxylafeCihdinits.
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Figure 33. Histidine analogues and designed peptide structure with N H//t—o Me N Yy H//Lo
an embedded nucleophile. BocHN HN N HN
=y o I\Ph \ o I\Ph
polypeptide structure of catalyst and the multipoint interac- = 0 N\om N~ Boc N H------- 0™ \om
tions (such as hydrogen bonding, ionic interactioms,z N\//N © €
stacking, and hydrophobic interactions) between catalyst and Me” 112 113
substrate. Design and development of small molecules for Kes.sykrR) =3 KrryKs.s) = 28

efficient asymmetric catalytic reactions have always been a
challenge. Successful representative catalysts reported to dat

for asymmetric acylations include phosphine catalyfsts,
chiral pyridine derivative&%® other N-heterocycle$® and
peptide-based catalysts.

gigure 34. Catalysts for kinetic resolution.

111, with only one stereogenic center, gave no selectivity,
because of the lack of secondary structure. Catalysts with
different stereochemistry on the proline residueqf p-) in

Inspired by the enzymatic models, Miller and co-workers the peptide backbone, peptiddd2 and 113 exhibited
applied nucleophilic moiety-embedded peptide structures to dramatically different conformations and reactivities. Con-
the discovery of low molecular-weight enzyme-like catalysts taining ab-proline moiety, catalyst13adopted g-hairpin
for asymmetric acyl transfer reactions. During the beginning conformation with two intramolecular hydrogen bonds

of their study, histidine analogud®7 and108 (Figure 33)
were chosen to serve as nucleophiles in a seriggtafn-
type small peptides for the kinetic resolution todins-1,2-
acetamidocyclohexanolH)-10917° The amide functionality
within substrate109 was designed to introduce potential
hydrogen-bonding interactions with the peptide catalyst.
B-Turn tripeptidel10affordedk. = 17, favoring the §,3-
enantiomer of substraf®9 (Figure 34). The control catalyst

involved. It afforded ak. = 28, favoring the other
enantiomer (R,R-enantiomer ofL09). This fact suggests that
the rigidity of thef-hairpin structure greatly influenced the
enantioselectivity (Figure 34y

This hypothesis was further supported when octapeptide
114 afforded ke > 51, while peptidell5 gave poor
selectivity k. = 7) because of its more flexible structural
character. Another analogue d14, peptidel17, provided
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Ot-Bu OMe

Figure 36. Mechanistic model with peptid&13.

modest selectivityl¢e; = 12), indicating that some degree
of conformational flexibility was required for high enanti-

oselectivity (Figure 35)72

Chemical Reviews, 2007, Vol. 107, No. 12 5803
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Figure 37. Interactions between substrate and peptide in order to
induce enantioselectivity.

are consistent with the model, confirming that théro-
Aib linkage has a great impact on enantioselectivity.
However, octapeptide$14 and 116 both afforded decent

Kinetic studies showed that the reactions were first order selectivities ko > 50), suggesting that the Pro-Gly linkage,
in alcohol substrate and peptide catalyst. A mechanistic which is more remote from the reaction center in this case,
model was proposed to explain the enantioselectivity inducedcontributes only to the structural rigidity.

by the secondary structure of peptide catalyst. As shown in

The efficient peptide catalysts for asymmetric acyl transfer

Figure 36172 one enantiomer (red) is easily acylated by the are required to have a proper secondary structure wherein
acylimidazolium moiety because of the favorable hydrogen one enantiomer has preferential interactions with other

bonding interactions with the amide-NH of peptide113
The experiment with peptid&18 which lacks the amide

functionalities in the peptide backbone (Figure 37).
Toniolo and co-workers examined Miller and co-workers’

functionality, provided almost no selectivity. These results catalysts to probe the effects of conformational rigidity on
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enantioselectivity with a set of related catalyStsWithin This general type of assay was also applied to the

this catalyst set, th-turn-inducing residue Aib was replaced asymmetric acylation of tertiary alcohol&)-124(eq 6)1772

by C*-tetrasubstituted amino acids, which are also known which are difficult substrates because of their sluggish

to inducep-turns (Figure 38). Conformational analysis by reactivities. Pentapeptid&25 was able to provide modest

'H NMR spectroscopy and FTIR absorption showed that the enantioselectiviesk = 9 to >50). Interestingly, peptide

more selective catalysts adgphairpin structures while the 12677 with a -Me-7-Me-His moiety demonstrated im-

less selective catalyd21 does not, corroborating Miller's  proved selectivities for certain substrates. Again, these results

original assertions regarding the origin of asymmetric induc- elucidated that enantioselectivity could be enhanced by

tion. manipulation of the secondary structure of the peptide
One advantage of peptide-based catalysts is that very largecatalyst. A small change may have a great impact.

and diverse libraries may be prepared. For example, a diverse

peptide library can be easily prepared on solid support with Ve OH NHAC  Ac,0, PhCHS, Catalyst 125 (10 mol %)

high efficiency. However, evaluation of very large catalyst — y—' > Ve OACNHAC

libraries is not trivial. The exercise requires the development

R4
R
of practical and efficient assays for catalyst screening. Miller * OOO OOO !

and co-workers developed a fluorescent-labeled assay inve,§" NHAC ket = 90 > 50
order to find the most active peptide catalysts; the assay was g/ N SN

used as a filter to limit the size and nature of catalyst libraries (£)-124 /Q /Q HooAc

to be screened for enantioselectivity. Such a filter leads to a MeO,C MeO,C
focus on those catalysts within a massive library that exhibit

6)

(0]

high activity, a generally desirable property for a catalyst. |

Thus, a split-pool peptide library was prepared on solid phase QHJ\H Me SACNHAC o OACNHAC

with a proton-activated fluorophore (Figure 322).175 N C_hex

This resin-bound, sensor-functionalized library was applied < N ° O

in the acylation of racemic alcohols with acetic anhydride Boc” "H Q

as the acylating agent. The brightest beads under the

fluorescence microscope were indeed found to carry the most 125 Ph MeO kre1> 50 (125) ke = 40 (125)

active catalysts. In this manner, octapepti@3was found

to be an efficient and general catalyst for the kinetic o

resolution of a series of secondary alcohol substrates without O\,JLN@ Mo DACNHAC Me OAC NHAC

the acetamide functionality (eq 5). In addition to high me Me "N™% H o

enantioselectivities for a range of secondary alcohols, catalyst N o M _gy

123 affordedk. = 4 for 2-butanol, indicating its promising <?\1 J N I

ability to differentiate between methyl and ethyl groups. Boc™ H O™ H OoN

Mechanistic studies employing an alanine scan suggest the /\\--KFO kei=9 (125) ko =10 (125)

critical importance of ther-Me-His moiety and the-Bn- 126 pPhJ ke > 50 (126) kg = 24 (126)

His moiety’® The former may play a nucleophilic role and

the latter may act as a general base, although a definitive ) ) )

enantiomerically pure intermediates are essential for the

Me success of the synthesis. Kinetic resolution by small synthetic

N//:N otBu catalysts provides a practical tool to obtain optically pure

i-Pr important intermediates. Peptid®7 catalyzed the kinetic

BocHN JJ\N/\WN\)J\N/\H/ \‘)k I,(N\)J\OMe resolution of substrate)-128with ke = 27 to deliver ¢)-

128 which was then carried on to—{-mitosane, a key

Q o i-Pr
Me”0r-Bu \/\N Trt /\M intermediate for mitomycin C synthesis (Scheme ¥5).
123 e
" e . 8.2. Site-Selective Functionalization
4 2.5 mol % 123 Me . . - . - .
. Ac0 o>=0 . HO)_R ) Site-selective functionalization of polyfunctional substrates
HO PhCHa, 65 °C ’}_Rz K] 2 is also a diffjcult and potentially useful goal in the synthesis
R, Ry 4o > 50 of ponfuncUpna'I molet_:qles. In some cases, enzymes dem-
R} rel UP onstrate their high efficiency and selectivity in such pro-
OH cesses. However, each known enzymatic model has a very
y Ho,  Ph HO  Me limited substrate scope. '_I'he structure of a_s_mall peptide
O © Me catalyst can be easily manipulated, and the efficient synthesis
‘ Me of a small peptide library makes it a potentially practical
tool in regioselective functionalization studies.

Kre1 > 50 Fre1> 50 Kret = 30 Griswold and Miller have studied peptide-catalyzed regio-

selective acylation on monosaccharid@d\-Methylimida-
Me HO  Me zole-catalyzed acylation of glucosamine derivati¥29
MGH provided two monoacetoxy products and one bis-acetoxy
product in a ratio 0£.3013V/132= 50:22:28 (Table 45, entry
ke = 20 k=9 k=4 1). Pentapeptides33and134 identified from a screen of a
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Figure 38. Catalysts with C-tetrasubstituted amino acid residues
replacing Aib.
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Figure 39. Fluorescent-labeled catalyst on solid support for kinetic
resolution.

150-member random peptide library, delivered only monoac-
etoxy products under the same reaction conditions. In
particular, catalyst133 afforded mainly the 3-acylated
monoacetoxyl30 (entry 2).

Glucoside135 was then chosen as a more challenging
substrate for site-selective acylation (Table 46), requiring
differentiation of four hydroxyl groups. A 36-member peptide
library was screened. Th&-methylimidazole-catalyzed
reaction showed poor selectivity, providing primary acetate
139as the major product along with two other monoacetoxy
compounds productsl87 and 138), but not monoacetoxy
136. Peptide140, however, exhibited much higher activity
and provided monoacetox}38as the major product (entry
2).

Another challenging target for site-selective functional-
ization explored by the Miller group was the natural product
erythromycin A (41).1% Erythromycin A has three second-
ary alcohol functionalities with different reactivities {@H
> 4"-OH > 11-OH). The NMIl-catalyzed acylation df41
with a limited amount of AgO (1.0 equiv) delivered mainly
C2'-monoacetatel42 (eq 7). With additional AgO (2.0

Chemical Reviews, 2007, Vol. 107, No. 12 5805

Scheme 25. Kinetic Resolution in the Synthesis of the Core
Structure of Mitomycin C
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Mitomycin C

Table 45. “Hit” Catalysts Compared with N-Methylimidazole
(NMI)

OTBS OoTBS OTBS
4 Catalyst
”O’Xg:&, el HOAX&:,‘L : ACO’&&,
HO OMe ACZ AcO OMe HO OMe
3 NHAc 3 NHAc 3  NHAc
129 130 PTBS 434
A0 OMe
3 NHAc
132
Total
Entry® Catalyst 130 131 132 Conversion
1 NMI 50 22 28 86%
2 133 97 3 0 88%
3 134 53 47 0 80%

22 mol % catalyst, PhCHs, 25 °C, 15 h.

Oj/Or—Bu
o]

BocHN\)LN/W,N\)LN/\n, \)L

N
\\./1‘/ 1 33\0
Me

NHTrt +-Bu

equiv), 4'-OH was acylated to form the diacetate, which
could be reverted to C4monoacetatd 43 upon methanol
guench to cleave thé-acetate (eq 8). The acylation at C11-

OH catalyzed by NMI is quite sluggish. On the basis of the

sequential screen of peptide librari@gurn-type peptidd 44
was found to provide a 1:5 ratio fdr43145 favoring the
Cll-monoacetaté45 (eq 9). Thus, the relative reactivity
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Table 46. “Hit” Catalysts Compared with N-Methylimidazole

(NMI)

2.5 mol % Catalyst
/éﬁ, PhCH;,J’CHCIa (10)
AcO
HO OAc
oH MmO
OH Oatalyst 138
“n-Oct OAc Initial Library Design
Hoﬁ,o 136 OAC Green - Aromatic
HO ‘“n-Oct Me Blue - aliphatic
OH “n-Oct 4N Red - Aromatic
135 139 o N~
ACO n-Oct

bW O R, O R, O
137 OH N N AN
BocHN H H o OMe
Total o R 0O Rs O Rs

Entry?  Catalyst 136 137 138 139 Conversion

! NMI 0 20 16 o 14% In order to obtain optically puré46from meso compound
2 140 9 m_ss 2 100% 147, 147was initially transformed to bisacetate and subjected
? 2mol % catalyst, PhCH/CH,Cly, 0°C, 15 h. to enzymatic hydrolysis. Despite screening over 450 lipases,
NNy_gn the enzymatic approach proved unsatisfactory (Scheme
o “;' o We , O 26)18 Miller, Hansen, and co-workers attempted the de-
H : symmetrization of147 (eq 10) with peptide-based cata-
Boc N\)LH N\;)LH/\WN\;)LOME lysts18! After the study of five directed peptide libraries
N 0 0 followed by optimization of reaction conditions, a “hit”
LN 140@ peptide, catalystl48 was found to demonstrate good
Me enantioselectivity. Of particular note was the fact that there

was minimal secondary resolution involved when hexapep-
tide 148 was used as the catalyst (Figure 40).

In order to determine which part of the peptide is critical
for the highly enantioselective outcome, truncation experi-
ments ofl48have been performed. Cleavage ef2residues
at the C-terminus did not affect the enantioselectivity
significantly. Additional optimization of th€-terminus for
the truncated tetrapeptide led to catali4®, which afforded
(R)-146 with 95% ee and 80% isolated yield (Scheme 27).
The extraordinary activity and enantioselectivity observed

has been reversed by peptide cataliy$t. In addition, the
reactions with peptided44 proceed much faster than the
NMI-catalyzed reactions. The significant reactivity reversal
over NMI by peptidel44 was also observed when other
anhydride acylating agents were used for the site-selective
derivatization of erythromycin A.

3rd Most Reactive
10— 9 Most Reactive using tetrapeptide amidé49 and other active peptide
Y Zon catalysts demonstrated the powerful substrate recognition or
Me _/ypgo, W10 - e reaction-site recognition induced by low-molecular-weight
me Aez0 (1 8aut) o catalysts with relatively flexible structures.
O OMe Miller and co-workers also studied the desymmetrization
Me mH N of meso substrates with primary alcohol functionalities.
snamtost roactie™ L " ks 3 e o Enzymatic desymmetrization of monobenzylated glycerol

substratel 50 provided monoacetatE5lawith 96% ee and

a ratio of mono/di= 57:43 (eq 11}82 The sequential
screening of random peptide libraries, followed by the
evaluation of a focused library, led to the identification of
pentapeptidel 52, which delivered enantiomet51b with

ol

{‘ S.Jk MBM (5;11:%1
1) B e
l\l.n N M H

’;l‘ MNBoc

Boc
Acy0 (2 equwl

2) MeOH
quench

Scheme 26. Initial Approach by Using Lipase-Catalyzed
Hydrolysis of Bis(acetate)

-q-__________
i)
=
=
[1]
Q.
o

Over 450 enzymes screened

Me Me
(9
Step 1 I I
HO l l OH AcO OAc
Cl1-Moncacetate O jpe 1 C11-Menoacetate P Step 2
145a (Macrolide Tautomer) 145b (Hemiketal Tautomer) Me Qver- Enzyme
Conversion
8.3. Desymmetrization of Alcohols by wio M€ 1o LI

Peptide-Catalyzed Acylation

Peptide-catalyzed acylation has also been applied to the O O O
desymmetrization of meso compounds. The more remote the OAc ACO OH
desymmetrization site is from the prochiral center, the more (Ry-148 (S)-146
challenging it is to find a low-molecular-weight catalyst to 55% ee
achieve the desymmetrization. at Low Conv.
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138 Peptldes Scheme 27. Peptide-Catalyzed Desymmetrization
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~0-t-Bu N/’:N 95% ee
NHTrt 148 O Me Me 4
BOCHN N\)J\ >W J\,Ph
{al Desymmetizations at 4 "C =JoC NHTs
- o o-tBu
N Library 1 Library 2 Library 4 NHTrt 149
- Lbrary 3 Scheme 28. Catalytic Cycle for Peptide-Catalyzed

es Asymmetric Phosphorylation
i O
PhO..Jf
PhO" CI
HN,Peptide
Peplige Catalysts HN,Peptide Me
Figure 40. Histogram of complete set of peptide catalysts that Me\N QT@NO
were screened and the “Hit” peptiéf.Reprinted with permission < WO cl© N HN.
from Lewis, C. A,; Chiu, A.; Kubryk, M.; Balsells, J.; Pollard, D.; N~ HN. P,
Esser, C. K.; Murry, J.; Reamer, R. A.; Hansen, K. B.; Miller, S. R o~ \OF(,)hPh

J.J. Am. Chem. So@006 128 16454. Copyright 2006 American

Chemical Society.

94% ee and a ratio of mono/gi 39:61 (eq 12)%%* Once
again, gb-turn-type peptide shows the competitive activity
as well as selectivity when compared with enzymatic

catalysis.
L 9518 from
0Bn Pseudomonas Sp. 0Bn OBn
fhthstiastinty e
Ho._JL_OH 4equivAc,0 HO_A_OAc* A0 __0re (11)
CHCl3
150 28°C, 24 h 151a

96% ee Mono:Di = 57:43

OBn 10 mol % 154

.—>
HO\)\/OH 1.9 equiv Ac,0 HO\)\/OAC AcO\/k/OAc (12)

150 Toluene/CH,CI, 151b

-55°C, 24h 94%ee  Mono:Di = 39:61

HN
<\ l NHBoc O~ 'NH OBn

9. Phosphorylation

It is well-known that phosphoryl transfer plays a very

EtsNiHCI \/

11 OH
+ P.
o~y 'OPh PO EtsN
)\ OPh R R
R” 'R
Peptide Catalyst
Me HN—(Xaa){— (Xaa);—(Xaa)s
NNO Q
HN
<\N l HN. \;)I\OMe
Boc R
R=Bn or R=Me

alcohol substrate to form the corresponding phosphorylated
product. A sterically hindered base, such as triethylamine,
removes the byproduct HCI to complete the catalytic cycle
(Scheme 28383

In nature, there is an abundance of phosphorylated inositol
natural productsmyclnositol, the important “starting mate-
rial” for a series of secondary messengers and their precur-
sors, is a difficult substrate for desymmetrization because
of its insolubility in most organic solvents. Miller and co-
workers selected trisubstituted inositol derivatiib as the
meso substrate for their peptide-catalyzed phosphorylation
studies (Scheme 29). On the basis of the sequential screening
of random peptide libraries followed by the evaluation of a
focused library, two pentapeptided56 and 157) were
identified that were able to produce enantiomarmyc
inositol-1-phosphate armtmyainositol-3-phosphate deriva-

important role in many cell signaling pathways. Specifically, tives (158aand 158b), respectively, with very high selec-
there are kinases that use histidine as a nucleophile to attackivity. In the same catalytic reactions, only trace amounts of
ATP and become phosphorylated. The phosphate is subsethe 5-phosphorylated product were observed because of the
quently transferred to the downstream effector to transmit lower activity of 5-OH. The enantiodivergent syntheses of
the signal. Miller and co-workers applied their peptide two small natural productsy—I-1-P andbp—I-3-P, were

catalysts with ther-Me-His moiety to the study of asym-
metric phosphorylation. Nucleophilic attack on the phos-

successfully achieved one more step frbB8aand158h.183
It is noteworthy that these two nonenantiomeric peptides

phorylating agent by the peptide catalyst generates a reactiv156and157) delivered two enantiomeric products with high
phosphoryl imidazolium species, which then reacts with an regio- and enantioselectivity, while they behaved differently
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Scheme 29. Peptide-Catalyzed Desymmetrization of meselnositol Derivative!83®b (Reprinted with permission from Sculimbrene,
B. R.; Morgan, A. J.; Miller, S. J. J. Am. Chem. So0c2002,124, 11653. Copyright 2002 American Chemical Society.

OBn B. oBn ©
~M 'OPh
"o on - bph Li, NHa, THF He
I 3
2.5 mol % 156 —_—
BnO |9 1052“ Et,N, Toluene, 0 °C 96% Yield HO
2.5 mol % 157 0 > 98% ee
EtaN T 65% Yield
Toluene cl- Fi ‘OPh
0°C OPh

H
Li, NH3, THF
> 98% ee |43’

on 56% Yield  g59 Yield

myo-inositol

158 tBuO,, 0

peptide ['VLNQfO

= N Y

N=""p NIE'NJ/\(\-\\ © I\@\
N O ' NH 07 "NH Ot-Bu
N N B N
o NH © 157 @ e

0 0O \_4 p-I-3P

peptide
From Initial Peptide Screen From Focused Peptide Library Screen
100 (A) (B) (c)
80
60
40
20
§ o fll IIu T'IIIIIII ||||th T.l.l,h r
¥
-40
-60 |
-80
-100 Peptides Peptides Peptides
1-39 40-136 137178
(Initial Screen) (Expanded Screen) (Focused Library)
Table 47. Survey of Protecting Groups for Phosphorylation inositol substratel55b (Figure 41)'842In addition, several
0 OR. o deoxygenated analogues of inositol phosphate were synthe-
P“O;Ff\G HO. o-F’ sized for their biological studig§
PhO "'OPh o -
Peoti &ph Syntheses of phosphatidylinositol (PI) and phosphatidyli-
N TZ:’:::e RT. RO OR, nositol phosphates (PIPs) usually involve classical resolution
% T OH as well as complex protecting-group strategies, which result

in very long reaction sequences and low overall yiéffis.

_ee(%) Peptide-catalyzed asymmetric phosphorylation initiates a new
Entry R Ry 156 157 entry for the syntheses of these complex molecules. By using
1 Bn  Bn 98 -98 this methodology, Miller and co-workers achieved the syn-
2 Bn  alyl 94 -97 theses of some representative Pl and PIP compounds, in both
3 PMB PMB 98 -98 the synthetic version and natural version with the unsaturated
4 Bh  PMB 97 -98 side chaing® In addition, convergent syntheses of a series
PMB, para-methoxybenzyl of deoxygenated PI and PIP analogues were also accom-

plished, in which the Mitsunobu protocol was first applied

in different solvent systems. Inositol substrates with various for the installation of the PI functionality (Figure 42J.

protecting groups have been examined for the asymmetric

phosphorylation catalyzed by these two peptitféSmall 10. Sulfinyl Transfer

modifications on protecting groups do not affect their

reactivities. The two peptides behave very similarly for all ~ Chiral sulfur compounds, especially sulfoxides, are ef-

the cases, providing excellent enantioselectivities (Table 47).ficient chiral auxiliaries for many important asymmetric
The asymmetric phosphorylation methodology was applied transformationd®® Chiral sulfinate esters have served as the

successfully to the syntheses of a series of natural productgprimary sources to achieve chiral sulfur compounds. In 2004,

and their synthetic analogues. For example, four inositol Miller, Ellman, and co-workers reported the peptide-based,

polyphosphates were synthesized by using anothese catalytic enantioselective synthesis of sulfinate esters based
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Figure 41. Syntheses of inositol polyphosphates based on peptide-

catalyzed asymmetric phosphorylation.
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Figure 42. Total syntheses of PI, PIPs, and their deoxygenated

analogues through peptide-catalyzed asymmetric phosphorylation.
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on the dynamic resolution of racemitbutanesulfinyl
chloride (eq 13158).189

Non-nucleophilic bases, such as proton sponge, provided
no background reaction at low temperatures. The general
peptide catalystl23 identified in previous asymmetric
acylation studies, was studied in this reaction as well as some
chiral DMAP derivatives. Peptidé23demonstrated dramati-
cally enhanced activity and enantioselectivity over chiral
DMAP catalysts. Sulfinate esters were obtained with high
enantioselectivities at high conversions, indicating that
dynamic resolution occurred through rapid epimerization of
the sulfinyl stereocenter. Under the optimized reaction
conditions, sulfinatd 59 precursor for a variety of optically
pure, chiral sulfur compounds, was obtained with9% ee
and 61% yield after recrystallization. An alanine scan of
peptide123 elucidated again the critical role af-Me-His
moiety in the peptide backbone for the asymmetric sulfinyl
transfer reactions. It is noted that this process is also
effectively carried out in a dynamic kinetic resolution mode
employing cinchona alkaloid-based catalysts.

11. Conclusions

The use of peptide-based catalysts has now exploded into
both a thriving area of fundamental research and also a viable
arena for the development of practical processes. From early
beginnings that included inspiration from biological systems,
to the present when biological concepts are routinely applied
in the development of these catalysts, there is now a
venerable history in this not-so-young field that also serves
an exciting prologue for continuous new developments well
into the future.
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