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ABSTRACT: Here we describe several useful strategies to a variety of unusual α-amino
acid derivatives and peptides based on “building block” approach. These building blocks
are suitable for modification at an amino acid as well as at a peptide level. Moreover,
these methods have embedded several points for diversification and are capable of
producing a library of modified amino acids and peptides. We have employed highly
atom-economic processes such as the Diels−Alder reaction, [2 + 2 + 2] cycloaddition,
Suzuki−Miyaura cross-coupling, and olefin metathesis as key steps to assemble various
unnatural amino acid derivatives and peptides. In some instances, we have used rongalite
to generate Diels−Alder precursors.

■ THE NEED TO DEVELOP NEW METHODS TO
UNUSUAL AMINO ACIDS

Peptides and proteins play an important role in various
biological processes. They are employed as natural messengers
of living systems. Therefore, they can be useful as therapeutic
agents with fewer side effects. However, their use is often
hampered by biodegradation, nonselectivity, and high con-
formational flexibility.1 Peptide-based drugs are commonly used
for osteoporosis, diabetes, and hypertension, and the need for
peptide-based drugs is likely to increase in the near future. To
overcome the problems associated with the activity of peptide
drugs, introduction of modified amino acids can be a useful
alternative. On several occasions, unusual α-amino acids
(AAAs) have been incorporated into peptides to modify the
conformation and enhance the stability of the peptides. These
modified peptides are found to be biologically more active than
the natural analogues.2 Motivated by such a need for
postassembly peptide modification, there is an opportunity to
design new strategies which are capable of modification at an
amino acid as well as at the peptide level.
Here, we have compiled our efforts toward the synthesis of

unnatural AAA derivatives. Some of them have been
incorporated at the peptide level, and postassembly peptide
modifications were performed by means of chemical methods.

■ CYCLIC AMINO ACID DERIVATIVES

Our initial approach to diverse AAA derivatives discussed here
is based on the alkenylation of various glycine equivalents
followed by ring-closing metathesis (RCM) sequence. We have
used various ruthenium catalysts (Figure 1) to perform this
metathesis protocol.

To realize the diversity-oriented approach to unusual cyclic
AAA derivatives, various methods were explored to achieve
regioselective alkylation at the nitrogen, α-carbon, or oxygen
atom of glycine. The alkylation protocol was further extended
to design various unusual AAA derivatives based on 1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid (Tic), and indane
(Ind) ring systems. Initially, we identified RCM3 as a key
step to synthesize cyclic AAA derivatives. To this end, the
required bis-alkylated derivative 2 was assembled from ethyl
isocyanoacetate (1) using allyl bromide under phase-transfer
catalysis (PTC) conditions. The unstable isonitrile 2 was
converted to N-acetyl derivative 4 by acid hydrolysis in protic
solvent followed by N-acetylation. The diallylated building
block 4 was then subjected to RCM in the presence of Grubbs’
first-generation catalyst to deliver the five-membered con-
strained AAA derivative 5a (Scheme 1). By adopting the same
methodology and varying the length of the electrophile during
the alkylation sequence, we have synthesized the seven-
membered cyclic AAA derivative 5b.4 The above strategy has
been adopted by various other groups for the synthesis of
unusual amino acid derivatives.5 For example, the cyclic amino
acid 5b with Boc protection 5b′ has been used by Cativiela and
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Figure 1. Catalysts used for metathesis.
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co-workers for the synthesis of azabicyclic derivative 7 (Scheme
2).5a In addition, similar types of cyclic AAA derivatives have

been prepared by Ple ́ and co-workers via a Claisen rearrange-
ment−metathesis sequence.6 Further, an AAA derivative of
type 5a″ has been used for the preparation of bicyclic acidic
amino acids 11 and 12, which were later evaluated for
anticonvulsant activity (Scheme 3).7 Brunel reported the
synthesis of another derivative of 5a with different protecting
groups (5a′) using the above strategy.8 The synthesis of cyclic
amino acid 17 was reported by other workers using different
approaches involving alkylation followed by Curtius degrada-
tion (Scheme 4).9

Next, having developed an RCM approach to cyclic AAA
derivatives; the logical extension seems to be the application of
these methodologies to peptide modifications involving RCM
as a key step.10 In this regard, we have devised a new
postassembly peptide modification strategy involving α, α′-
cyclic peptides with restrained conformation by RCM. To this
end, the dialkylated building blocks were incorporated in a
peptide sequence. Thus, a suitable building block 19 was
assembled from ethyl isocyanoacetate (1) in four steps, and it
was incorporated in a peptide sequence with L-Phe methyl ester
hydrochloride using a standard peptide coupling reagent such
as DCC. The modified peptide 20 was then subjected to RCM
to deliver the desired peptide 21a (Scheme 5).11 Various
modified cyclic di- and tripeptides were assembled by this
strategy. Variation in ring size has been accomplished by
changing the length of alkenyl chain during the alkylation

sequence. RCM strategy has been used by various other groups
to assemble cyclic peptides.12

Later, our efforts were directed toward the synthesis of cyclic
AAA derivatives where the nitrogen atom was situated as a part
of cyclic system. In this regard, we have identified commercially
available and inexpensive nucleophilic glycine equivalents such
as diethyl acetamidomalonate (DEAM) 22 as a useful starting
material. After a considerable amount of experimentation, it was
found that regioselective N-alkenylation was feasible in the
presence of potassium hydride as a base. Later, the N-
alkenylated substrate 23a was subjected to selective C-
alkenylation using Cs2CO3. The dialkenylated substrate 24a
was then subjected to RCM under high dilution condition to
deliver a six-membered nitrogen-containing aminomalonic acid
derivative 25a (Scheme 6). Eight- and nine-membered ring
systems (25b and 25c, respectively) were also realized by
varying the length of the alkenyl chain attached to nitrogen.13

■ MACROCYCLIC AAA DERIVATIVES

Next, attention was directed to assemble a relatively unexplored
and conformationally constrained amino acid derivative such as
a seven- or eight-membered ring system. To this end, once
again RCM was considered as a key reaction. Here, suitably
protected allyl glycine was used as a key building block. The
allyl glycine derivative 26 was treated with 4-bromo-1-butene to
prepare N-alkenylated substrate 27a. The RCM protocol of 27a
using G-II gave the seven-membered ring system 28a (Scheme
7). Under similar reaction conditions, eight-membered ring
system 28b containing a constrained cyclic α-amino acid
derivative has been prepared.
In an attempt to prepare a nine-membered analogue,

surprisingly, an isomeric mixture of 18-membered macrocyclic
bis-α-amino acid derivatives 28c and 28c′ was obtained as a
major product along with a minor amount of compound 28b.
The formation of 28b has been attributed to the isomerization
of terminal alkene in substrate 27c followed by RCM.14

Recently, we have explored a tandem metathesis sequence to
generate densely functionalized macroheterocycles with an
amino acid scaffold. The required enyne building block 31 has
been obtained from N-tosylglycine 29. Thus, treatment of 29
with propargyl alcohol gave the propargylated ester 30, which
on treatment with the allyl bromide gave the enyne precursor
31, which was then subjected to a tandem cross-enyne−ring-
closing metathesis (CE-RCM) with 1,5-hexadiene as a coupling
partner to deliver the 13-membered macrocyclic system 32a
and an open-chain product 33 (Scheme 8). Further, this
strategy has been expanded to generate higher macrocyclic
systems of ring sizes up to 14−16 members by varying the
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length of alkenyl and alkynyl partners attached to the nitrogen
and oxygen atoms.15 This work has been highlighted in
Chemtracts−Org. Chem. by Rolfe and Hanson.16

The above methodology was further extended to synthesize
the C-α,α′-functionalized macrocyclic AAA derivative. Toward
this goal, a suitable enyne precursor 36 was obtained from
DEAM in three steps. Partial hydrolysis of DEAM followed by
O-propargylation gave the diester 35, which was then subjected
to C-allylation to generate the required enyne building block
36. Treatment of this enyne substrate 36 with 1,5-hexadiene in
the presence of metathesis catalyst gave the desired 12-
membered macrocyclic AAA derivative 37 in addition to open-
chain AAA derivative 38 (Scheme 9). Systematic catalyst
screening gave a selective formation of the desired macrocyclic
AAA derivative 37.17 Surprisingly, these AAA derivatives 37 and
38 were found to give blue emission, which may open new
application as chelators for metal ions and biosensors.
Armed with the experience of designing various macrocyclic

AAA derivatives, next our efforts were directed to alkylate the
nitrogen, oxygen, and carbon atoms of glycine equivalents to
assemble other unusual AAA derivatives such as Tic, 2-
aminotetralin-2-carboxylic acid (Atc) and indane-based amino
acid derivatives (Figure 2).
These unusual AAAs are considered as constrained analogues

of phenylalanine (Phe)18 and constitute an important structural
core of many biologically active compounds (Figure 3).19 If one

can generate a simple and general method to these unusual
amino acids then they can be incorporated into biologically
active peptides and generate diverse analogues for structure−
activity or conformational activity relationship studies.

■ 1,2,3,4-TETRAHYDROISOQUINOLINE-3-CARBOX-
YLIC ACID (TIC)

Tic is a constrained analogue of Phe where the dihedral angle is
limited to a small range (χ = +60°, −60°).20 Thus, Tic is used
to impart conformational constraint in the peptide backbone,
which is useful in modulating the pharmacological properties of
a given peptide. Introduction of Tic in δ-opioid receptors was
found to enhance their selectivity and binding affinity.21 Thus,
there is a need to design a simple and general synthetic strategy
to generate diverse Tic derivatives starting from easily
accessible materials. We have used diverse synthetic strategies
such as [2 + 2 + 2] cyclotrimerization,22 enyne metathesis, and
base-induced alkylation to assemble Tic derivatives. In the [2 +
2 + 2] cycloaddition strategy, linearly substituted Tic
derivatives are the expected products, whereas by the [4 + 2]
cycloaddition route both linearly as well as angularly substituted
Tic derivatives can be assembled (Figure 4).
[4 + 2] cycloaddition and [2 + 2 + 2] cycloaddition are

somewhat complementary in the sense that in the [4 + 2]
cycloaddition strategy the dienophile component contains an
electron-withdrawing group(s) (e.g., dimethyl acetylenedicar-
boxylate (DMAD)), whereas the [2 + 2 + 2] cycloaddition
strategy utilizes but-2-yne-1,4-diol 43 as a co-trimerization
partner. Utilization of but-2-yne-1,4-diol 43 is useful for further
expansion of these substrates to design sultine intermediates
suitable for DA chemistry. The later synthetic strategy ensures
redox economy because the diol 43 is the reduced form of

Scheme 8

Scheme 9

Figure 2. Constrained analogues of Phe.
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DMAD, and its incorporation in Tic derivative allows the
further utility of the end products in assembling various
inaccessible AAA derivatives by DA strategy.
Before discussing various cycloaddition approaches to Tic-

based AAA derivatives, a simple methodology to Tic derivatives

by alkylation sequence is discussed. In this regard, alkylation of
DEAM with a suitable 1,2-bis(bromomethyl)-4,5-diiodoben-
zene or 4,5-diiodo-α,α′-dibromo-o-xylene (39) has been used
to generate various Tic derivatives. For example, compound 39
was reacted with DEAM in the presence of K2CO3 under PTC
conditions to generate Tic derivative 40a, which undergoes a
Suzuki−Miyaura (SM) cross-coupling reaction with various
boronic acids to deliver different Tic derivatives 41a−d
(Scheme 10).23 This methodology was also extended to
synthesize carbocyclic ring fused Tic (40b,c), heterocyclic Tic
derivative (40d), cyclophane-based Tic derivative (40e), and
higher analogues of Tic (Sic and Hic, 40f,g) by reacting the
corresponding dibromo compound with DEAM. Furthermore,
this methodology was used to obtain the indole-based Tic 40h
(tetrahydro-β-carboline) derivative. The structure of the AAA

Figure 3. Biologically active compounds containing sterically constrained Phe analogues.

Figure 4. Retrosynthetic approaches to Tic derivatives.
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derivative 40h has been unambiguously established on the basis
of single-crystal X-ray diffraction studies.24

Our next strategy to assemble Tic derivatives involved a
building block approach based on the [2 + 2 + 2] cycloaddition
reaction as a key step. The [2 + 2 + 2] cyclotrimerization
approach to benzoannulated products is an atom-economical
process. Here, one can use a redox-economy precursor such as
but-2-yne-1,4-diol 43 as a co-trimerization partner. Diyne
building block 42 was reacted with monoalkyne 43 in the
presence of Wilkinson’s catalyst to give the desired Tic
derivative 44a (Scheme 11).25 Cobalt catalysis seems to be

better than Wilkinson’s catalyst with monoalkynes devoid of
hydroxyl functionality. For example, the trimerized product was
obtained in the presence of cobalt catalyst with bis-
(trimethylsilyl)acetylene (BTMSA) and dimethyl acetylenedi-
carboxylate (DMAD). Thus, a library of multifunctional Tic
derivatives (44a−g) were synthesized using transition-metal-
catalyzed [2 + 2 + 2] cycloaddition reaction as a key step.
Recently, Dixneuf and co-workers have used this strategy for
assembling fluorinated Tic derivatives.26 Further, the [2 + 2 +
2] strategy described above (Scheme 11) has been synergisti-
cally combined with the Diels−Alder (DA) chemistry involving
sultine derivative 46 as a precursor to o-xylylene intermediate
46a to assemble highly functionalized Tic-quinone hybrids
(Scheme 12). By utilizing but-2-yne-1,4-diol 43, one can
generate sultine derivatives (e.g., 46) easily without involve-

ment of the protecting groups. The required diol precursor 44a
was obtained from dialkyne building block 42 involving a [2 + 2
+ 2] cycloaddition sequence.25

Subsequent heating of the sultine 46 at 85−90 °C gave the
transient o-xylylene intermediate 46a. Trapping the transient
diene 46a with various dienophiles in a DA fashion gave the
cycloadducts, which on aromatization with activated MnO2
gave densely functionalized Tic derivatives (48a−e) (Scheme
12) in an efficient and atom-economic manner.27,28

Later efforts were directed to combine enyne metathesis
(EM) and the DA reaction29 to synthesize angularly substituted
Tic derivatives. The cycloaddition approach to Tic derivatives is
better than the traditional methods such as the Pictet−Spengler
or the Bischler−Napieralski reaction.30 These classical methods
generally do not accommodate densely functionalized benzene
derivatives as starting materials. In our approach, various
inner−outer diene building blocks (e.g., 52 and 54) were
assembled to prepare Tic derivatives.31 In this regard, the
pioneering efforts of Stork32 and O’Donnell33 dealing with
alkylation of Schiff’s base 49 are useful to prepare allylated
synthon, and some of these methodologies have been used to
prepare indane-based amino acid derivatives.34 These diene
building blocks were further elaborated to functionalized Tic
derivatives via the DA approach (Scheme 13). Using this
strategy, various topographically constrained Tic derivatives
(53a−d), were synthesized that are inaccessible by other
known methods. This strategy involves atom-economic
reactions such as enyne metathesis and DA reaction which is
also employed by other groups.35 During these studies, we have
isolated a minor product 55, and it is derived via a Pauson−
Khand reaction. It is a useful precursor to the tecomanine-type
of alkaloid.31b This observation seems to be the basis of the two
subsequent reports by Schore36 and Gais.37 Later, the same
strategy was used to assemble a higher analogue of Tic 53e by
increasing the chain length of the alkenyl component.38 The
enyne substrate 51 with different protecting groups has been
explored for the synthesis of polycyclic pyrrole-2-carboxylates
by Yamamoto’s group via a domino coupling relay approach.39

■ 2-AMINOTETRALIN-2-CARBOXYLIC ACID (ATC)
DERIVATIVES

Tetralin-based AAA derivative is a constrained analogue of Phe,
which has been extensively used to design bioactive peptides.

Scheme 10

Scheme 11
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Modified analogues of dynorphin-containing Atc has been
synthesized as a potential analgesic, neuroprotective, and
anticonvulsant agent by Aldrich and co-workers.40a Researchers
at the NIH have designed the synthesis of arylphosphonate 58l
based on Atc in connection with cellular signal transduction
process.40b

Classical methods such as the Bucherer−Bergs (BB) reaction
are generally used to synthesize Atc derivatives and require
drastic conditions for the hydrolysis of an intermediate
spirohydantoin. Therefore, several sensitive substrates are not
accessible by such a traditional method.41 Thus, we conceived a
new and general strategy to highly functionalized Atc
derivatives by trapping transient o-xylylene intermediate42,43

with 2-acetamidoacrylate 56. To create a library of AAA
derivatives, the dibromo compound 39 was treated with sodium
hydroxymethanesulfinate (rongalite)43 to generate the sultine

derivative 57. It was then treated with 2-acetamidoacrylate 56
to deliver the tetralin-based AAA derivative 58a (Scheme
14).44,45 Further, AAA derivative 58a was functionalized via an
SM coupling sequence.44a It is worth mentioning that a
synthetic method (e.g., BB or Strecker method) to compound
58c require several steps involving use of protecting groups due
to the presence of keto functionality. Moreover, the preparation
of the starting keto precursor required (i.e., 2-tetralone)46 is not
a trivial exercise. AAA derivative 58i is a useful precursor to
amrubicin (Figure 3). In this regard, Ishizumi and co-workers
prepared this intermediate by the BB method.47

■ INDANE-BASED α-AMINO ACID DERIVATIVES
The indane ring system is a core structural unit present in
several biologically important products.18i,j Modified AAAs
containing an indane ring find useful applications in

Scheme 12

Scheme 13
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peptidomimetics. Replacement of Phe with 2-indanylglycine in
peptide modification results in enhanced desirable properties.48

We have designed various strategies to indane derivatives
using diverse routes such as [2 + 2 + 2] cycloaddition, [4 + 2]
cycloaddition, and EM as key steps. Enyne metathesis gives
angularly annulated indane derivatives; whereas [2 + 2 + 2]
cycloaddition and [4 + 2] cycloaddition approaches deliver
linearly annulated indane derivatives (Figure 5). Cross-coupling

strategy provides aromatic functionalized indane derivatives.
Initially, we chose a simple strategy to prepare indane-based
AAA derivatives. This approach involved coupling of various
α,α′-dibromo-o-xylene derivatives with ethyl isocyanoacetate
149,50 and was applicable to most of the substrates containing
either electron-rich or electron-deficient moieties. A simple
example of this strategy is demonstrated in Scheme 15.51 The
dibromide 60 was reacted with ethyl isocyanoacetate (EICA) 1
under solid−liquid PTC (Bu4NHSO4, K2CO3, MeCN reflux)
conditions to generate the coupling product 61a in 93% yield.

In the absence of PTC conditions, a complex mixture of
products was obtained. A library of functionalized indane-based
AAA derivatives was assembled by this strategy.
This strategy is useful in assembling five-, six-, as well as

seven-membered ring compounds via 61a−e, 61f, and 61g51,52

and also suitable for heteroaromatic systems such as furan.
Since furan can undergo DA reaction, the cyclic AAA derivative
61e may serve as a useful synthon for the synthesis of highly
functionalized AAAs. Later, this methodology was extended to
assemble not only linear but also angular indane-based AAA
derivatives, i.e., 61h−i by choosing an appropriate dibromo
precursor.53 This strategy was also used to synthesize diindane-
based AAA precursor 61j.51,54 A sulfone-containing indane-
based AAA 61k was also assembled by this methodology.55 It is
worth mentioning that the sulfone moiety is a useful handle for
further synthetic exploration.56 This methodology was further
used to synthesize anthracene-based indane systems 61l−m.57

Various halogenated indane-based AAA derivatives 61o−q
were also assembled. The halogen atom present in these AAA
derivatives can serve as a handle for further synthetic
manipulation.58

In an another report, Ni(II) complex serves as a nucleophilic
glycine equivalent to generate indane-based amino acid 63 and
its derivatives.59 EICA has been used by Tanaka and co-
workers60 to synthesize the unusual amino acid derivative 63
which was later incorporated into peptide (Scheme 16).61

Recently, Mash and co-workers reported the synthesis of
tyrosine analogues of enantiomerically pure (R)- and (S)-5-
hydroxy-2-aminoindan-2-carboxylic acid by using EICA as a
glycine equivalent and our alkylation method to synthesize
intermediate precursor 65 (Scheme 17).62 Our phase-transfer
conditions were used by Mazaleyrat and co-workers for the
synthesis of short peptides containing an ant Aib (2-amino-2,3-
dihydro-1H-cyclopenta[b]anthracene-2-carboxylic acid) unit
and to study their photophysical properties (Scheme 18).63

In 1970, the Lewis group64 reported the synthesis of indane-
based AAA 76 by a multistep process (Scheme 19), whereas
adoption of our alkylation strategy can yield the same AAA
derivative in a single step.
Mazaleyrat and co-workers have recently used EICA (1)

under PTC conditions for the synthesis of anthracene-based
constrained AAA derivatives.63 The EICA strategy was also
used as a key step for the synthesis of compound 77 (Figure 6),
which is useful for crystal engineering studies.65,66 Mash and co-
workers have used AAA 61j for the synthesis of conformation-
ally constrained diaminodicarboxylic acid derivatives.67 Further,
EICA (1) was used as a intermediate to prepare organic
crystalline material such as 1,4-piperazine-2,5-diones68 and also
for the synthesis of cyclobutane analogues of Phe.69

Halogen-containing Ind derivatives such as 78a and 78b
were not accessible by Schiff-base/n-BuLi conditions.34

However, PTC conditions allows such substrate preparation
with ease, starting with the appropriate dihalo derivatives.
Moreover, the iodo functionality present in 79 has been found
to be useful for the introduction of various aromatic moieties by
the application of SM cross-coupling reaction as a key step.
Thus, coupling of the iodo-derivative 79 with various
arylboronic acids under Pd(0) catalyst conditions gave the
required 5,6-disubstituted Ind derivatives 80a−f in good yields
(Scheme 20).70

It is interesting to note that electron-deficient AAA
derivatives such as 83 and 86 are easily assembled under
PTC conditions.51 These AAA derivatives were prepared

Scheme 14

Figure 5. Diversity-oriented approaches to indane-based AAA
derivatives.
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previously by a lengthy route involving protecting group
strategy.34 The electron-deficient molecules participate in an
undesired single-electron-transfer process and deliver dimeriza-
tion products during the base-catalyzed alkylation procedure.
Therefore, it was necessary to use protective group strategies
for assembling such types of AAA derivatives. The route
involving EICA (1) allows utilization of highly electron-
withdrawing substrates (e.g., 81 and 84)49,50 without
involvement of protective groups and therefore shorten the
synthetic sequence (Scheme 21) and achieve step economy.

Similarly, electronically active substrates such as quinoxalin
dibromide 87 gave either undesired cyclic ether 88 during
alkylation with EICA (1) under conventional reaction
conditions (e.g., KOtBu, 40% aqueous NaOH, LDA, NaHMDS,
KHMDS) or the coupling product 89 in low yield. To
circumvent this problem, solid−liquid PTC conditions have
been employed and under these conditions the required
product 90 has been obtained in a moderate yield (Scheme
22).71 At another junction, Stefanowicz and co-workers
describe the solid-phase synthesis of quinoxaline-containing
peptides, as these molecules show interesting pharmacological
properties.72

Various carbocyclic ring fused indane-based AAA derivatives
such as 92a−d were prepared under PTC conditions. The
corresponding dibromide 91 was reacted with EICA (1) under
PTC conditions, and subsequent hydrolysis followed by acetyl
protection delivered the product 92a.53 Later, this strategy was

Scheme 15

Scheme 16

Scheme 17
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used to synthesize five-, six-, as well as seven-membered ring
compounds (Scheme 23).
Further, indane-based AAAs derivatives containing crown

ether side chain 95a,b were also synthesized using the above
methodology (Scheme 24).73 This was the first reported
synthesis of crown-based AAA derivatives 95a,b. In another
report, AAA derivatives containing crown based peptides were
assembled and studied for metal ion complexation.74 Based on
the above examples, it is clear that this strategy can deliver a
series of indane-based AAA derivatives with varying shape, size,
and redox properties within a very short period of time starting
with a readily accessible precursors.
We also found that the [2 + 2 + 2] cycloaddition reaction is

useful for the synthesis of indane-based AAA derivatives
(Scheme 25). In this regard, the key dialkyne building block
96 has been assembled by dipropargylation of EICA (1) under
solid−liquid PTC conditions.75,76 The isonitrile derivative 96
was then converted to N-acetyl derivative 98a involving a

hydrolysis and N-acetylation sequence. Co-trimerization of 98
was then performed under Wilkinson’s catalyst Rh(PPh3)3Cl or
cobalt catalyst CpCo(CO)2 conditions . The dialkyne building
block 98a was reacted with 2-butyne-1,4-diol 43 to deliver the
indane-based AAA derivative 99a (Scheme 25).77 The
cyclotrimerization is compatible with Boc- and COtBu-
protected dialkyne building blocks. Various monoalkynes
undergo trimerization reaction to generate a library of
indane-based AAAs derivatives (99a−i). Our ability to
incorporate various protecting groups at nitrogen atom of
amino acid functionality enhances the diversity of this
methodology. Roglans and co-workers used same strategy for
the synthesis of nonproteinogenic AAA 102 derivatives
(Scheme 26).78 In 2007, Dieters and co-workers found that
the [2 + 2 + 2] strategy was useful for the synthesis of various
natural and unnatural indanone derivatives.79 Yamamoto’s
group has used the [2 + 2 + 2] strategy for assembling sugar
amino acids.80

The Ind derivative 99a has been used to generate the o-
xylylene intermediate 105 via the sultine derivative 104,
prepared from dibromo compound 103 using rongalite as a
source of sulfoxylate dianion. The sultine building block 104
was then reacted with various dienophiles (e.g., DMAD) at
toluene reflux temperature (120 °C) to generate the
corresponding DA adducts. Subsequent oxidation of DA
adduct 106 with 2,3-dichloro-5,6-dicyano-p-benzoquinone

Scheme 18

Scheme 19

Figure 6. 1,4-Piperazine-2,5-dione derivative.

Scheme 20
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(DDQ) gave benzo-annulated indane-based AAA derivative
107 in good yield (Scheme 27).81 This methodology provides
an easy access to highly functionalized Ind AAA derivatives. For
example, some of the AAA derivatives synthesized here contain
a keto functionality and are not easily accessible by conven-
tional methods such as Bucherer−Bergs method.
This methodology has also been extended for the synthesis

of fullerene-based AAA derivative 108 which may be a useful
substrate for biological applications (Scheme 28).81 Further, the
C70 fused indane system was also assembled by application of
this methodology. These AAA derivatives are potential

candidates for biological applications due to the hydrophobic
nature of fullerene moiety and moreover the fullerenes can act
as an electron sink.82

The cyclotrimerization reaction was further extended to
synthesize indane-based AAA derivatives such as 110a−b
containing trialkyl silyl group (Scheme 29).83 The silylated
amino acid derivative 110a is a useful precursor for electrophilic
aromatic substitution reaction to deliver various functionalized
AAA derivatives such as 79 and 111−113. Also trimethylsilane
(TMS) containing AAA derivative when incorporated in the
peptide chain can enhance the hydrophobic nature of the

Scheme 21

Scheme 22

Scheme 23

Scheme 24
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resulting peptide, which is a desirable property to enhance the
biological activity.84 The formation of compound 112 during
the acid-catalyzed rearrangement is facilitated due to relief of
steric interaction of the TMS group.85

Indane-based AAA derivative 79 reacts with trimethylsilyla-
cetylene 114 in the presence of Pd(PPh3)4 catalyst and CuI to
generate the Sonogashira coupling product 115 in good yield.
Compound 115 undergoes desilylation in the presence of
potassium carbonate in methanol to give dialkyne building
block 116, which may be a useful precursor for the synthesis of

biphenylene-based AAA derivatives via a [2 + 2 + 2]
cycloaddition reaction as a key step (Scheme 30).86

Additionally, the diyne building block 98 has been
incorporated in a peptide chain, and later the peptide backbone
was modified by a [2 + 2 + 2] cycloaddition reaction in the
presence of Wilkinson’s catalyst leading to a conformationally
constrained Phe peptide 118a (Scheme 31). Various modified
peptides 118b−e were assembled by this strategy. This
methodology may find various applications in the synthesis of
peptidomimetics and also in combinatorial chemistry.75,87 It
may be relevant to mention that dipropargyl substituted glycine
derivatives have been used as a critical building blocks for the
preparation of fulleropyrrolidine by Pauson−Khand reaction.88

The diversity-oriented approach to indane-based AAA
derivative has been enriched by realizing several conceptually
different strategies. For example, the DA approach involving the
five-membered outer diene had generated linearly annulated
and highly functionalized indane-based AAA derivatives,

Scheme 25

Scheme 26

Scheme 27
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whereas a [2 + 2 + 2] cycloaddition approach generated linearly
annulated indane derivatives containing a different kind of
functional group in the aromatic ring. In case of the DA
approach, generally one needs to use a dienophile-containing
electron-withdrawing group(s). In the case of a [2 + 2 + 2]
cycloaddition approach, one will be in a position to use but-2-
yne-1,4-diol 43 such as a cotrimerization partner. Use of 1,4-
diol derivative provides product where the reduced form of
DMAD has been incorporated in the final target. Alternatively,
in the DA strategy, where DMAD is used as a dienophile

partner, a complementary functional group is introduced in the
product. Overall, the [2 + 2 + 2] strategy incorporates the
redox-economy in the final target.
In another event, 5-membered ring containing diene amino

acid building block 122 was synthesized starting from
tetrabromide 119, which in turn was prepared from 2,3-
dimethyl-1,3-butadiene and then converted to the known di-
iodo compound 120 by reductive debromination. Coupling of
EICA 1 with 120 under NaH/DMSO/diethyl ether conditions
delivered the coupling product 121, which was hydrolyzed and

Scheme 28

Scheme 29

Scheme 30

Scheme 31
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protected as acetyl derivative 122 (Scheme 32).89 The diene
was then reacted with various dienophiles to deliver the

corresponding DA adduct which undergo dehydrogenation
under DDQ conditions to give indane-based AAA derivatives
123a−d.
Later, EM and DA reactions were used to design indanyl

glycine derivatives.90 To this end, five-membered inner-outer
ring diene building block 126 containing an AAA moiety
(Scheme 33) has been assembled by EM as a key step. Since it
is difficult to control the stepwise alkylation with EICA,
benzophenone Schiff base 49 has been used as a starting
material, which is known to undergo stepwise alkylation under
PTC conditions. Propargylation and allylation followed by
hydrolysis and acetylation gave the enyne derivative 125 in
good yield. Ring-closing enyne metathesis (RCEM) reaction of
125 gave the diene building block 126. DA reaction of 126 with
various dienophiles and subsequent dehydrogenation of the DA
adducts with DDQ gave various angularly substituted indanyl
glycine derivatives 127a−c.91 This strategy based on EM/DA
reaction followed by oxidation to generate polycyclic
compounds has been utilized by several groups to design
intricate and complex targets.29 The Undheim group also
reported the application of EM to generate various diene-
containing AAA derivatives.18b However, their utility in DA
chemistry was not explored.

■ MODIFIED PHENYLALANINE (PHE) DERIVATIVES
A simple approach to obtain modified Phe-based peptides is to
incorporate the commercially available 4-iodo-L-phenylalanine
128 into a peptide chain and then perform cross-coupling
reaction using the iodine functionality as a handle. Toward this
end, the SM cross-coupling reaction of 130 with arylboronic
acids gave the modified AAA derivatives (Scheme 34). This

methodology gave diverse Phe-based AAA derivative by
coupling with various boronic acids. Since, there are more
than 1000 boronic acids commercially available, one can easily
generate a library of modified Phe derivatives by using this
strategy.92a,b Moreover, this approach has been used to
synthesize aromatic-ring-substituted tyrosine derivatives.93

Recently, this methodology has been extended to prepare 4-
biphenyl-L-phenylalanine, a fluorescent amino acid, and it was
incorporated at position 17 and 115 of dihydrofolate reductase
(DHFR). These findings have helped in understanding the
conformational dynamics associated with inhibitor binding.92c

To expand the building block approach, benzocyclobutene
(BCB)-based AAA derivatives have been assembled for the first
time by alkylation of the Schölkopf chiral auxiliary18b with a
suitably substituted bromomethyl benzocyclobutene derivative
133.94 In this regard, benzocyclobutene 132 was converted to
the bromomethyl derivative 133 in a three-step sequence
(Scheme 35). Later, the bromide 133 was reacted with the
monoanion of Schöllkopf’s bis-lactim ether to deliver the

Scheme 32

Scheme 33

Scheme 34

The Journal of Organic Chemistry Perspective

dx.doi.org/10.1021/jo4020722 | J. Org. Chem. 2013, 78, 12288−1231312301



compound 134 with very high diastereoselectivity (>95%).
Hydrolysis of 134 with dilute HCl gave the required amino
ester 135a. Further, this methodology has been extended to
assemble biphenylene-based AAA derivatives 135d−e. BCB
derivatives are useful because of their ability to undergo the DA
chemistry via o-xylylene intermediates.42

So far, we have prepared the modified Phe based AAA
derivatives involving coupling reactions starting with preformed
benzene derivatives. However, there are no reports where Phe-
based AAA are designed via the building block approach.
Therefore, we felt that there is ample opportunity to generate
new strategies based on this theme. In this regard, we designed
a novel approach by using cross-enyne metathesis (CEM)95

and DA96 reaction as key steps. This strategy is unique and has
embedded various points for diversification. Therefore, it
enables us to generate a library of AAA derivatives, which
may not be possible with the other strategies.
Toward this end, the alkyne precursor 136 was assembled

starting with the Schiff base 49 via an alkylation, hydrolysis, and
protection sequence.97 Later, the alkyne building block was
subjected to CEM with ethylene as a coupling partner to
generate the diene 137. The diene was then treated with
various dienophiles such as DMAD, and subsequently, the DA
adduct was aromatized to give highly functionalized Phe
derivative 138a in good yield (Scheme 36). In another report,
Hiemstra and co-workers98 prepared an analogue of the diene
137 by using N-acyliminium ion chemistry. In this regard, CEM
strategy was used to generate various amino acid and peptide-
based dienes. Further, Baldwin and co-workers reported a
similar diene-containing AAA derivative by using Denmark’s
coupling as a key step.99

Here, it is necessary to mention that the formation of the
diene 140 could not be realized by alkylation of ethyl

isocyanoacetate 1 with 2-bromomethyl-1,3-butadiene 139 or
sulfolene bromide 141 under different reaction conditions
(Scheme 37).100

The EM strategy was further expanded to design highly
functionalized Phe derivatives. To this end, the alkyne building
block 143 was reacted with functionalized ethylene derivative
such as allyl acetate in refluxing benzene to give the dienes
144a−d as a mixture of cis/trans isomers (1:1).100 The alkyne
building block 143 has been used to prepare enol lactones
under Cu(I)-catalyzed conditions by Mindt and co-workers.101

The acetylenic building blocks 143a−d containing different
N-protecting groups were prepared starting with the Schiff base
49 (Scheme 38). Since the cross-enyne metathesis with allyl
acetate gave the diene 144a−d as mixture of cis/trans isomers,
no attempts were made to separate the cis/trans isomers. The
DA reaction of 144 with DMAD gave the cycloadducts 145a−
d, and then subsequent oxidation of the DA adducts with DDQ
gave highly functionalized Phe derivatives 146a−d in a
moderate yield. The CEM reaction was successful with allyl
acetate and allyl phenyl ether. It was found that the syntheses of
the dienes 144a−d from the allyl building block containing
AAA moiety via CEM with various alkynes was not successful.
Toward the modification of Phe peptides, the required

precursors were prepared by using carbodiimide-mediated
peptide-coupling strategy. Then, the SM coupling with these
peptides was realized using the conditions developed with Phe-

Scheme 35

Scheme 36

Scheme 37
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based AAA derivatives, and the coupling products were
obtained in good yield (Scheme 39).92 The methodology
delivered a range of modified Phe analogues 148a−i which may
be useful to design various biologically active peptides and also

suitable for developing combinatorial synthesis of peptidomi-
metics. Recently, this methodology has been extended toward
the synthesis of peptide dimers,102 regioselective postsynthetic
iodination of Phe peptides,103 protein modification,104 solid-

Scheme 38

Scheme 39
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phase peptide modification,105 C-arylation of tryptophan
residues,106 arylation of Phe and Tyr side chain by SM
coupling in water,107 and SM reaction of N-protected 4-iodo
Phe linked isoxazoles.108 Recently, SM coupling was used to
synthesize biaryl cyclic peptides by Planas and co-workers.109

We also tested the idea of generating phenyl ring by CEM−
DA approach with peptides. In this regard, the alkyne-based
peptide building block 149 containing alkyne was assembled
from diethyl acetamidomalonate 22. The alkyne 149 was then
subjected to CEM with ethylene as a cross-metathesis partner
to generate the diene 150 which on treatment with DMAD,
followed by aromatization with MnO2, gave the desired
modified Phe-based peptide 151a (Scheme 40).110 This
strategy was further extended to tripeptides, and the DA
reaction was also tested with 1,4-napthaquinone to establish the
generality and the diversity of this approach.

■ DIBENZYLGLYCINE (DBZG) AND ITS DERIVATIVES

The Dbzg111 is an interesting variant of α-aminoisobutyric acid
(Aib). Incorporation of Dbzg in a peptide chain not only
imparts rigidity to the peptide backbone but also act as a useful
handle to study the π−π interactions. Synthesis of densely
functionalized Dbzg derivatives is a difficult task by the
Bucherer−Bergs method or the Ugi three-component
procedure or the Schmidt rearrangement method. Thus, we
have explored a general and useful methodology for the
preparation of Dbzg derivatives by dialkylation of EICA 1 with
various benzylbromides.
After considerable amount of experimentation, we found that

compound 1 can be alkylated under PTC conditions with
benzyl bromide to give Dbzg derivative 152 in high yield
(Scheme 41). Later, hydrolysis and acetylation of the free
amino group gave the acetylated product 154. This reaction
also works well with other benzylbromides (156b−e). Here,

Scheme 40

Scheme 41
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the acetylated product was contaminated with N-formyl
derivatives 156a. The formylated impurity is derived during
the hydrolysis step, and it was carried out in the subsequent
steps. This problem has been resolved by converting the
isonitrile derivative 152 to N-formyl derivative 156a by acid
hydrolysis in aprotic solvent. Having formyl derivative of Dbz in
pure form, efforts were directed toward the SM reaction. All of
the coupling products (157a−h) were obtained in good yield.
We have also prepared the N-Boc-protected derivatives as they
are important in peptide chemistry.
Further, we have studied the SM reaction with the N-Boc

derivative (Scheme 42).112 The Cativiela group has assembled

Dbzg by using this methodology and further incorporated Dbzg
in place of Phe in gramicidin S to prepare various analogues of
gramicidin S and evaluated their antibiotic activity.113

To design AAA derivatives containing a cyclophane unit by
RCM reaction as a key step, diallyl compound 160a was
considered as a suitable precursor. As a model substrate, we
next prepared the allylated aromatic-AAA derivatives 159 by
Pd-catalyzed cross-coupling reaction between aromatic halide
and allylboronic acid pinacol cyclic ester in presence of CsF.114

It is worth mentioning that Stille coupling with allyltri-n-
butyltin in the presence of Pd(0)/THF did not deliver allylated

product 159 in a clean fashion. Since the Suzuki coupling is
known to avoid such problems, we tried to introduce allyl
group using the commercially available allyl boronic ester. The
presence of CsF was found to be important for the success of
the SM coupling. The allylation methodology works with
various aryl iodides and bromides (Scheme 43).115 We feel that
the allylation protocol is a better alternative to the traditional 9-
borabicyclo[3.3.1]nonane (9-BBN)-mediated SM coupling.116

We have also synthesized divinyl compound 160b in
connection with our interest preparing cyclophane containing
AAA derivatives. However, our attempts to realize RCM were
not successful. Further, this allylation condition has been used
by Kozlowski and co-workers for the synthesis of diallylated
intermediate 164 during the preparation of perylenequinone
natural products 165 (Scheme 44).117

Podesta ́ and group have shown that the allylation protocol is
applicable to a wide range of organic substrates.118 This
allylation strategy has been used for the synthesis of natural
product pochonin J.119

In view of the various applications of benzcyclobutene
derivatives in organic synthesis and polymer chemistry,42 we
have synthesized dibenzocyclobutenylglycine derivatives 169
(Scheme 45).120 Attempts to convert these benzocyclobutene
derivatives to cyclophane-based unusual amino acid derivative
170 under flash vacuum pyrolysis (FVP) conditions were not
successful.

■ MULTIARMED AAA DERIVATIVES

Bis-armed-α-amino acids (BAAAs) are key structural elements
present in antibiotics that disrupt microbial cell wall synthesis,
and they are useful to stabilize structure of proteins in bacteria
and plants.121 Various BAAA derivatives are also used as helix−
turn−helix (HTH) motif of DNA-binding proteins.122 Also,
BAAA derivatives are known to be versatile ligands for the
chelation with appropriate metal and the complex thus formed
can be used as a chiral catalyst in asymmetric synthesis.123

Therefore, we explored the synthesis of bis- as well as
multiarmed AAA derivatives.

Scheme 42

Scheme 43
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Commercially available DL-4-boronophenylalanine 171 ap-
pears to be a potential candidate to design BAAA derivatives via
the SM reaction. The carboxylic group of 171 was protected as
a methyl ester under acidic conditions to give the compound
172, which was reacted with Boc-anhydride to deliver the N-

Boc-protected boronic acid derivative 173 (Scheme 46).124 4-
Iodophenylalanine derivative 130 was then coupled with the
boronic acid 173 to generate the biphenyl derivative 174 in
54% yield. We also found that ethyl isocyanoacetate is useful to
design BAAA derivatives similar to 174 using PTC conditions

Scheme 44

Scheme 45

Scheme 46
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starting with the corresponding biphenyl based dibromo
compounds. When the boronic acid 173 was subjected to
SM reaction under Pd(0) conditions with 1,4-diiodobenzene
175a (m = 1), the coupling product 176a (n = 3) was obtained
in 40% isolated yield along with the scrambled product 177
(26%). Similarly, when 4,4′-diiodobiphenyl 175b (m = 2) and
the diiodide 175c were subjected to the SM reaction with 173,
the cross-coupling products 176b (n = 4) and 176c (n = 5)
were isolated in 39% and 34% yields, respectively. Along similar
lines, bis-armed anthracene-based AAA derivative 179 was also
prepared. It is interesting to note that these anthracene
derivatives exhibit interesting fluorescent properties.

The above methodology was then extended to the synthesis
of angular BAAA derivatives. In this regard, 1,2-dibromoben-
zene 180 and 1,3-dibromobenzene 183 were coupled with the
boronic acid derivative 173 to deliver the corresponding o-
terphenyl BAAA derivative 181 and m-terphenyl BAAA
derivative 184 in 40% and 32% yields, respectively (Scheme
47).124

Later on, CEM followed by a DA reaction and aromatization
sequence has been used for the synthesis of BAAAs.97 Thus, the
1,4-dibromo-2-butyne 185 was reacted with Schiff base 49, and
the product was hydrolyzed and protected to obtain the desired
alkyne 186 as a mixture of meso and dl isomers (Scheme 48).

Scheme 47

Scheme 48
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After careful separation the meso isomer was subjected to CEM
reaction under ethylene atmosphere. The DA reaction of these
dienes with various dienophiles followed by aromatization
delivered highly functionalized Phe derivatives (188a−e).
Similarly, starting with dl isomer, various Phe derivatives
(188a−e) were prepared. Also, one can visualize that these
AAA derivatives 188a−e can be called as carba- analogous to
cystine. The Suzuki coupling strategy has been also extended to
tris- and tetra-armed AAA derivatives (189−192), which are
useful building blocks for peptide dendrimers (Figure 7).125

■ MISCELLANEOUS AAA DERIVATIVES

A macrocyclic cyclophane-based unusual α-AAA derivative 195
was assembled by coupling of EICA (1) with 1,2-bis(4-
bromomethylphenyl)ethane under basic conditions. Later, acid

hydrolysis of 194 afforded the cyclophane-based AAA
derivative 195 as an isomeric mixture (Scheme 49).126

Similarly, we reported the synthesis of macrocyclic cyclo-
phane-based AAA derivative 199. In this regard, SM coupling
was performed with 1,2-dibromobenzene 180 with p-
methylphenylboronic acid to deliver o-terphenyl derivative
196. Further benzylic bromination of 196 gave the dibromide
197. Treatment of the dibromide 197 under basic conditions
[2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine (BEMP)] afforded 198 as an isomeric
mixture. This mixture 198 on acid hydrolysis afforded the N-
formylcyclophane derivative 199 (Scheme 50).127

In another event, DA chemistry was applied to methyl-2-
acetamidoacrylate 57 and anthracene 200 to generate a highly
constrained AAA derivative 201 (Scheme 51).128 Later, similar
compounds were prepared as useful candidates for biological

Figure 7. Multiarmed AAA derivatives synthesized.

Scheme 49
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activity and also main theme in international patents.129 In
2005, Yang and co-workers extended this methodology to the
synthesis of 9-substituted anthracene-based AAAs (Scheme
52).130 In this case, they isolated meta product 203 as the major
isomer under different reaction conditions. These AAA
derivatives have been used in peptidomimetics.131 However,
furan 205, when reacted with 57, gave the Friedel−Craft type
of product 206 (Scheme 53) instead of the expected DA
product.128 In another report, the Cativiela group has reported
the synthesis of amino acids α-methyl-α-(4-methoxyphenyl)-
glycine 209 by using a Lewis acid catalyzed Friedel−Crafts
reaction (Scheme 54).132

The 7-membered outer ring diene moiety 214 was prepared
involving double ortho-ester Claisen rearrangement as a key
step. Reduction, tosylation, and iodination of 210 gave the
diiodo compound 212 through the formation of the compound
211. Bis-alkylation of EICA (1) with the diiodo compound 212
under PTC conditions gave the required coupling product 213,
which was immediately hydrolyzed to the corresponding amino
ester, and converted to the N-acetyl derivative 214 (Scheme
55).89 Later, application of DA chemistry with various
dienophiles followed by aromatization sequence with DDQ

gave nonproteinogenic AAA derivative 215a−c. It is worth
mentioning that very few examples are available in the literature
for the synthesis of cyclic AAA derivatives via the DA approach
due to the lack of availability of synthetic methods to assemble
the diene or dienophile components containing AAA building
blocks.133,134

In continuation with our interest in peptide modifications,10

we have conceived a short synthetic route to triazole-containing
peptides by Cu-catalyzed Huisgen cycloadditions (click
chemistry) as a key step. Initially, we tested this idea with
simple monoalkynes. In this regard, the monoalkyne 216 was
reacted with phenyl azide 217 to optimize the reaction
conditions for Cu-catalyzed cycloaddition to obtain the
triazole-based peptide 218 (Scheme 56). Later, a library of
mono- and ditriazole-based peptidiomimetics were assembled
by using the above strategy. The triazole-based peptide was
found to be a selective and sensitive fluorescence chemosensor
for zinc ions.135 Some of these molecules are also found to be
useful candidates as mammalian sterile 20 kinase inhibitors.136

■ CONCLUSIONS
We have developed several useful stratagies to unusual amino
acids and peptides based on a building block approach. Our

Scheme 50

Scheme 51

Scheme 52

Scheme 53
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diversity-oriented approach has delivered various constrained
analogues of Phe with varied steric and electronic properties. In
addition, we prepared several polycyclics, carbocyclics,
heterocyclics, and macrocyclics containing an AAA moiety. In
this regard, we have used several olefin metathesis protocols
(e.g., RCM, EM, RCEM), [2 + 2 + 2] cycloaddition, DA
reaction, and Suzuki coupling to expand the diversity of unusual
amino acids and peptides. In some cases, we have used
rongalite to generate the required DA precursors. Our strategies
involve several points for diversification and are also capable of
generating a library of diverse structures. It is worth mentioning
here that this is all one can hope to achieve during a diversity-
oriented approach.137 The synthetic method described here
involves atom economy, and in some cases redox economy and
step economy have been incorporated. These methods can
deliver valuable compounds for bioorganic studies. Lessons
learned during the development of these synthetic methods will
enable us to create new and additional chemical space which in
turn will help to create peptidomimetics with extended
diversity. Moreover, these new tools provide opportunitiues
to design miracle peptide drugs.
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2004, 43, 325.
(104) (a) Ojida, A.; Tsutsumi, H.; Kasagi, N.; Hamachi, I.
Tetrahedron Lett. 2005, 46, 3301. (b) Böhrsch, V.; Hackenberger, P.
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(132) Royo, E.; Loṕez, P.; Cativiela, C. ARKIVOC 2005, No. vi, 46.
(133) Kotha, S.; Sreenivasachary, N.; Brahmachary, E. Tetrahedron
2001, 57, 6261.
(134) Kotha, S. Acc. Chem. Res. 2003, 36, 342.
(135) Kotha, S.; Goyal, D.; Banerjee, S.; Datta, A. Analyst 2012, 137,
2871.
(136) Kotha, S.; Goyal, D.; Bitra, A.; Thota, N.; Kruger, G.; Anand,
R. RSC Adv. 2013, 3, 24447.
(137) (a) Schreiber, S. L. Science 2000, 287, 1964. (b) Burke, M. D.;
Schreiber, S. L. Angew. Chem. 2004, 116, 48; Angew. Chem., Int. Ed.
2004, 43, 46. (c) Tejedor, D.; Gonzalez-Cruz, D.; Santos-Exposito, A.;
Marrero-Tellado, J. J.; Garcia-Tellado, P.; de, A. F. Chem.Eur. J.
2005, 11, 3502. (d) Tan, D. S. Nat. Chem. Biol. 2005, 1, 74. (e) Liao,
Y.; Hu, Y.; Wu, J.; Zhu, Q.; Donovan, M.; Fathi, R.; Yang, Z. Curr.
Med. Chem. 2003, 10, 2285. (f) Kotha, S.; Mandal, K.; Tiwari, A.;
Mobin, S. M. Chem.Eur. J. 2006, 12, 8024. (g) Kotha, S.; Lahiri, K.
Eur. J. Org. Chem. 2007, 1221. (h) Kotha, S.; Khedkar, P. Eur. J. Org.
Chem. 2009, 730. (i) Kotha, S.; Vittal, S. Synlett 2011, 2329. (j) Kotha,
S.; Waghule, G. T. J. Org. Chem. 2012, 77, 6314. (k) Mooberry, S. L.;
Hilinski, M. K.; Clark, E. A.; Wender, P. A. Mol. Pharmaceutics 2008, 5,
829. (l) Wender, P. A.; Verma, V. A.; Paxton, T. J.; Pillow, T. H. Acc.
Chem. Res. 2008, 41, 40.

The Journal of Organic Chemistry Perspective

dx.doi.org/10.1021/jo4020722 | J. Org. Chem. 2013, 78, 12288−1231312313


