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architecture and can be constructed step by step from
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an efficient access to monomers with tailor-made side-chains.

An important strategy is the site-selective transformation introduction of protecting groups (Figure 1, i). In this context,
of readily availablex-amino andx-hydroxy acids. For most  bidentate reagents for the protection @ffunctionalized
protocols, protection of the 1-carboxy group and dhiinc- carboxylic acids are of interest. They simultaneously protect
tionality are required. This is achieved by a stepwise both the 1-carboxy group and tlhefunctionality by forma-
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Figure 1.

tion of a heterocyclic (mostly five-membered) system (Figure
1, ii). For example, oxazolidinones obtained frofprotected
amino acids and formaldehyde (Figure 1, iii) are used for
site-selective transformations of amino acids, as recently
demonstrated for the preparationNfaryl glutamines from
Glu* and Dap from Asp, or synthesis ofN-methylamino
acids® Pivaldehyde was used as chiral auxiliary for stereo-
selective synthesis @*-substituted prolines (Figure 1, fv)
and preparation of chiral glycine derivatives for stereo-
selective amino acid synthesis (Figure 128w)-Hydroxy

Spengler et al.

Scheme 1
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acids react with a variety of ketones and aldehydes to give 4¢tjyated silicon-containing heterocycles react with primary
1,3-dioxolan-4-ones. Transformation of such compounds into 5 mines to afford amides in very good yields. However
2-isopropoxy carboxylic acids by ring opening with Lewis gy nthesis of dipeptides such as aspartame, gave unsatisfactory
ac!ds orrBuMgCl was described rece_ntly (Figure 1,9/|]_'he yields (Scheme 3, ® Compounds derived from boron
chiral o,f-unsaturated Seebach dioxolanone obtained on

treatment of pivaldehyde with lactic acid and successive Scheme 3

halogenation/dehydrohalogenation was recently used for the

BzI-NH, amide

diagt_ereose_zlective synthesisa}hydroxy acids by conjugate R 0 / (98%)
addition (Figure 1, vii}t01! R._CO,H Me,SiCl,

A synthetically highly attractive extension of the bidentate \,!l/l_' HN\Si’O \
concept is application of such reagents that protect both the i /Y peptide
1-carboxy group and the-functionality but simultaneously R =Bzl H-Phe-OMe  (17%)
activate the 1-carboxy group toward nucleophiles. One of
the great challenges in peptide chemistry is the synthesis of 1) o Bz-NH, amide
orthogonally protected, selectively activated monomers in a R CO.Li BF-OEt R / (50%)
few chemoselective steps. The standard dipeptide synthesis Y 2 M Jol
is a four-step procedure. If multifunctional amino acids are NH; H2N‘;3:F \H\A "
involved, additional protection and deprotection steps are  R=Bzl Fooamoms e

usually required? %> A bidentate protecting/activating con-
cept meets this challenge by halving the number of steps if trifluoride diethyl etherate when used as bidentate protecting/
protection of thea-functionality and activation of the  activating reagent exhibit similar limitations (Scheme 314i).
adjacent 1-carboxy group as well as subsequent coupling and Thionyl chloride reacts witho-hydroxy acids to give
((:Iepr:otectio)n of theo-functionality occur simultaneously  anhydrosulfites, which tend to polymerize (Scheme 49 i).
Scheme 1).

The carboxy anhydride method is a prominent example Scheme 4
for the bidentate concept. The 1-carboxy group aremino i)
group ofo-amino acids react with phosgene to give NCA's.  r__co,H SOCl
These cyclic anhydrides are highly reactive species, reacting _ O‘s’o
readily with amino acid esters. Dipeptide formation is
accompanied by rapid deprotection of the amino group. The

]

— > oligo- and polymers

A\

deprotected amino group of the dipeptide formed competes O o

with the amino acid ester as acyl acceptor forming oligomers ~_CO,H Me;SiCl, K« H-Gly-OEt | .o /\
(Scheme 2, i). AdditionaN-protection, producing UNCA'’s, er - s\Si'? (74%)’ Qk” CO,Et
prevents oligomerization but requires two additional steps ,C CHs

(Scheme 2, ii}817

Recently, dichlorodimethylsilane was used for simulta- Dichlorodimethylsilane was used as a bidentate protecting/
neous protection and activation of certairamino acids activating reagent for coupling tlkemercapto acid to amino
without the need of additionall-protection. The carboxy-  acid esters (Scheme 4, #).
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Hexachloroacetone and 1,1,1-trichloro-3,3,3-trifluoro-  Information on the bidentate concept, especially the HFA
acetone react with the-amino group of amino acids with  strategy, which can be found in recently published mono-
chloroform elimination to give the correspondiNgtrichlo- graphs on peptide chemistry and protective group strategies,

roacetyl and_ N-trifluoroacetyl amino acids, respectively is meaget213In this context, a critical and comprehensive
(Scheme 5, i). In contrast, hexafluoroacetone (HFA) forms overview on the synthetic potential of HFA as bidentate
reagent for the synthesis of new monomers for peptide,

Sch 5 - ; . e :
¢ en_ne depsipeptide, and glycopeptide modification will be helpful

) R2__CCl, 1 to enlarge the synthetic repertoire. The aim of this review is
R'._COH © RYCOZH to draw the attention of synthetic chemists to the potential

h ——> NH of this reagent.

NHz  _cHel, o )\RZ
R?= Gl or CF 2. Reaction of Hexafluoroacetone with
i) FC. CFa O o a-Functionalized Carboxylic Acids

R}//< nucleophile ) o )

Ry o ] o Nu 2.1. Protection/Activation of  a-Amino, a-Hydroxy,

XH ~~cF, XH and o-Mercapto Acids
X=NH, O, S FaC

Gaseous HFA readily reacts withamino,a-hydroxy, and
2,2-bis(trifluoromethyl)-1,3-oxazolidin-5-onés2Remark- ~ @-mercapto acids in DMSO at room temperature to give five-
ably, no additionati-amino protection is required. Further- membered lactones (see Abbreviations in section 12). Two
more, HFA was also found to react readily withhydroxy equivalents of HFA have to be added; the second equivalent
and a-mercapto acids to give five-membered heterocycles. is necessary to trap the water which is eliminated during
In a single step thew-placed functionality andx-carboxy lactone formation. HFA hydrate is the only byproduct. When
group are protected. The lactone ring represents an activatedhe reaction is complete, DMSO and HFA hydrate are
ester and can be cleaved by varigdsand N-nucleophiles removed by extraction with a biphase system (DChOIH
in solution and on solid phase to give the corresponding The products are obtained in up to 90% vyield. Also, a few
unprotected derivatives in one step (Scheme 5, ii). other solvents can be used, for example, DMF. For workup
HFA protection occurs site selectively even in the presence DMF can be distilled off under reduced pressure and the
of unprotected side-chain functionalities, like {hxearboxy HFA hydrate is removed by lyophilization. However, this
group of Asp. An impressive application of the HFA concept protocol can only be applied to high-boiling and nonvolatile
is the shortest chemical Synthesis of the sweetener aSpartamQ;.ompoundS' but then near|y quantitative y|e|d5 are obtained

First, Asp is reacted with HFA; second, nucleophilic ring (Scheme 7, i¥® A stepwise protection is described for an
opening of HFA(Asp) with methyl phenylalaninate at room

temperature provides aspartame in an overall yield of 62% gcheme 7
(Scheme 6%* Conventional syntheses of the sweetener

I
HFA R})(
Scheme 6 )R\ (OMSO orDMF) 1™ o
(0] _— >
COH HO.C e SO - (CFahC(OH, F2<CF3
Hozc/\( 2 HFA T2 o) X = NH, NAlkyl, O, S 64-100% 3
o HN o
NH, (86%) X i .
HO,C FoC o R (ggﬁ) HO, h KaCOs - Y«o
2 —_— (6]
o] F;C——0" “CO,Me
_H-Phe-OMe R HO™ “CO,Me 2 3?_ 2 83% FZ<CF3
(72%) H,N " “OMe ’
o . . .
Aspartame D o-hydroxy acid methyl ester, where the hemiacetal is formed

o ] ~ first and subsequent cyclization was achieved by adding
aspartame are surprisingly laborious procedures, requiringk,Co; (Scheme 7, iif°

at least four step®.The HFA protocol was also successfully

applied to the synthesis of aspartame-related sweeteners such Lactone formation works esp_eually vyell W'Ft*am.'”o'
as neotam and alitafd2’ o-hydroxy, ando-mercapto acids having aliphatic and

Numerous transformations of functional groups placed in aromatic side-chains but also tolerates additional function-

the side chain can be carried out in the presence of HFA 2lities present in the side-chain. Carboxy groups placed in
protection, providing access to homochiral, nonproteinogenic, € Side-chain remain unaffected. The reaction proceeds site-
and nonnaturati-amino, o-hydroxy, ando-mercapto acids se!ectlwty in the case of Asp, malic, and mercaptosuccinic
as building blocks of enormous structural diversity. The new acids and homologues (section #). and**F NMR control
products are obtained as carboxy-activated speciescid of the progress of the reaction revealed that five-membered
chlorides andw-isocyanates of HFA-protecteat-function- lactones are formed exclusively. In the case of Ser and Thr,
alized carboxylates are double-activated species being susthe hydroxy group forms at least partially a hemiacetal with
ceptible to two consecutive site-selective acylation processes HFA, which can be cleaved by stirring the product in DCM
The new strategy can be used for the construction of tailor- in the presence of silica gel (section 7). HFA protection can
made building blocks for peptide, depsipeptide, and glyco- also be carried out in the presence of acid-sensitive protecting
peptide modification in a highly efficient way (see sections groups in the side chain, as exemplified by the synthesis of
4-7). HFA[Cys(Trt)] %
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2.2. Some Properties of HFA-Protected
Compounds

HFA is commercially available as a gas in lecture bottles
or as liquid trihydrate. The gas (bp28 °C) is obtained on
dropwise addition of the trihydrate to concentrated sulfuric
acid at 86-100 °C with stirring. Hexafluoroacetone is
reported to be highly toxic, corrosive, teratogenic, very
harmful on inhalation or ingestion, and a respiratory irritant.
For safety reasons all experiments should be carried out in
an efficient fume hood!

HFA amino, hydroxy, and mercapto acids are stable liquids
or solids that are storable over years on exclusion of moisture.

They can be prepared and handled on a multigram scale.

They are very soluble in most organic solvents, and some
derivatives are distillable under reduced pressure. The
progress of reactions of HFA-protected compounds can be
monitored conveniently b¥?F NMR spectroscopy. Typically,
the trifluoromethyl groups of chiral HFA compounds resonate
as two quartets in th®F NMR spectrum.

Chemically, the bis(trifluoromethyl)-substituted lactones
exhibit remarkable stability toward water-free acids. During
the synthesis of 6fF]-fluoro-metatyrosine, an imaging
agent for positron emission tomography (PET), triflate
activation had to be carried out; therefore, the Bat/butyl
protection strategy could not be applied, but HFA protection
was employed successfufi§ However, when HFA amino

acids are treated with bases, NH deprotonation starts a

fragmentation process (Scheme®8).

Scheme 8
0] S}

R.__CO R_H
s S IR AR B
N CF 3

B/\'H’N7<) h - 0, b
(base) FaC CFs CF3 -B CFs
(46-92%)

2.3. Side Reactions: Perfluoromethylated
Pseudoproline from Glycine

Spengler et al.

2.4. Application of HFA in  a-Keto Acid Chemistry

a-Keto acids react with HFA to give various types of
compounds depending on the substitution pattern. Phen-
ylpyruvic acid gives a HFA-protected enol (Scheme 10, i).

Scheme 10
i) 0
COH  HFa @M
—_— O
o) (84%) 07<
0 F3C CF3
i) 0 o Q2
HFA
Hozc/\)J\COQH (76%) O7<O
F3C CF3
i) o, P
Hozc/Y COH  ypp | ©
o) (83%)
FsC CF3

2-Oxoglutaric acid and HFA give a spiro compound after
intramolecular addition of the 5-carboxy group to the enol
intermediate (Scheme 10, ii). 2-Oxosuccinic acid provides
as main product the butenolide 3-hydroxy-5,5-bis(trifluo-
romethyl)-26H)-furanone, via aldol addition, cycloconden-
sation, and decarboxylation (Scheme 10 2fiiJhese results
indicate that the HFA route applied toketo acids can be
of interest for the synthesis of certain trifluoromethyl-
substituted heterocycles, including butenolides, which are
naturally occurring compounds with a broad range of
biological activities®®

o-Keto acid derivatives can be obtained from HFA amino
acids (Gly, Val, and Phg) via halogenation/dehydrohaloge-
nation. The oxazolones represent carbonyl-group-protected,
carboxy-group-activatedy-keto acid derivatives. Nucleo-
philic ring opening with variousO- and N-nucleophiles
provides access to esters and amidea-&kto acids. With
o-phenylendiamines, quinoxalines were formed (Scheme
11)3940

Side reactions have been observed in the case of amino

acids when the reaction was run with a large excess of HFA
at elevated temperatures. Reaction of Gly and HFA at

elevated temperatures offers a concise access to 2,2,5,5-

tetrakis(trifluoromethyl)-1,3-oxazolidine-4-carboxylic aéfd.

A plausible interpretation of this ring transformation is a
multistep sequence including aldol addition and intra-
molecular ring closure of the rare 5-endo-trig type (Scheme
9).35 This bulky heterocycle represents a perfluoroalkylated
pseudoproline. Recently, pseudoprolines found applications
as building blocks providing solubility in organic solvents
and secondary structure disruptions of peptidomimétics.

Scheme 9
0 o] CF3 O
f« HJ\ HO
o 80°C OH HFA _ F4C I gg
N« CF3 ~CF3
Fid CFs T T
CF; CF3
o
CFC T cop 1) PCls FC 2
5-endo-trig 21 2) BzI-NH, NHBzI
_—
(48%) NH (62%) NH
FsC cF, FsC cF,

Scheme 11
0

RNH, R
42> %NHR'

(76-88%)
R =H, i-Pr, Ph

H
CLL,
N" R
2.5. Reaction of HFA with Peptides

On reaction of HFA with peptides, different types of
products, depending on the nature of the peptide, were found.
The dipeptide lentinoic acid is g-glutamyl-cysteine sul-
foxide. HFA reacts site-selectivity with th€-terminal
glutamyl residue, yielding the corresponding HFA com-
pound, which was used for structural elucidation by NMR
(Scheme 123!

On the other hand, the dipeptide H-Gly-Gly-OH adds two
equivalents of HFA to th&-terminal amino group and the
o-CH,. Via cyclocondensation a tetrakis(trifluoromethyl)
oxazolidine is formed (Scheme 13, i). If tkeg is dialkylated,
as in the case of H-Aib-Aib-OH, only one equivalent of HFA
adds to theN-terminal amino group. A consecutive intramo-

0 (0]

RY«
HN— "
FsC CFs

Br, or
SO,CI, (AIBN)

R

|
N

FoC CFs

o —|

o-phenylen-
diamines

>

(66-92%)

(62-89%)
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Scheme 12
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lecular condensation gives a bis(trifluoromethyl)imidazolidin-
4-one (Scheme 13, iff, but yields are low.

3. Derivatization/Deprotection of HFA-Amino,
HFA-Hydroxy, and HFA-Mercapto Acids

3.1. Derivatization/Deprotection in Solution

HFA-protected/activated-functionalized carboxylic acids
react withN- and O-nucleophiles to give the corresponding
carboxy derivatives; simultaneously, deprotection of the
a-functionality takes place (Scheme 14).

Scheme 14
0 Q o
R R
%O Nu-H \l)LNu » R\l)kNu
F32<CF3 F3C><CF3

X=NH,N-alkyl, O, S

Aminolytic ring opening is fast at room temperature in
solvents like ether or 2-propanol. Best yields are obtained
when the product crystallizes directly from the reaction
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amino acid was treated with methanol in the presence of
acid to give the amino acid methyl ester (section 3.3); then
the amino group was Boc-protected and the methyl ester
saponified to give the Boc-protected amino aid.

3.2. Derivatization/Deprotection on Solid Phase

In conventional solid-phase peptide synthesis (SPPS),
carboxy-activated monomers are coupled to the unprotected
N-terminus of the resin-bound peptide ch&im 4—10-fold
excess of reagents is usually added to the resin in order to
drive each reaction to completion. For laboratory-scale runs
the excess material is normally nonrecoverable and nonreus-
able. Therefore, the atom economy of SPPS isfb@arboxy
activation is an intrinsic property of HFA monomers, and
therefore, no additional activation reagents are required for
coupling reactions. The nucleophilic ring opening of HFA-
hydroxy acids with solid-phase bound peptide segments was
demonstrated to be an elegant and general application of the
HFA route for the solid-phase synthesis of depsipeptides.
HFA-HAs undergo coupling without racemization in suitable
solvents such as THF. The filtrate containing the excess of
HFA-hydroxy acid can be evaporated, redissolved, and
reused (Scheme 15)%1 On the other hand, application of

Scheme 15

H-Xaa-NHo

(x-1) eq. HFA-HA
ready for next coupling
0]

FsC CF;

x-fold excess
HFA-HA
filter off

R Y

Xaa—NH— depsipeptide
Ho’lﬁ( O T, Cersinep

0

HFA-amino acids as carboxy-activated species for solid-
phase peptide synthesis was found to be limied.

SPPS can also be performed in an inverse nid¢H=A-
AAs and HFA-HAs can be deprotected/derivatized on solid
support if they were anchored before to a solid support via
a side-chain functionality (section 4.2). Using this strategy
the synthesis of RGD mimetics based on iminodiacetic acid

mixture. Otherwise, the products have to be separated fromeoy|d be improved® HEA(Ida) was anchored to Wang and

the byproduct hexafluoroacetone hydrate by repeated lyo-

PEGA resins, respectively. Nucleophilic cleavage of the

philization, extraction, or chromatographic methods. This has |5ctone ring with H-Lys(Z)-OMe provided the solid-phase
been demonstrated by the preparation of amides, hydrazinesgygnd dipeptide (Scheme 18)Concomitantly, the amino

hydroxamates, azapeptides, and peptides in3096 yields
from HFA(Asp)# HFA-hydroxy acids! and HFA-mercapto
acids? Derivatives which have been synthesized from the
corresponding HFA compounds will be discussed in the
following sections.

In some cases the deprotection/derivatization step still
requires optimization. For example, HFA(Glu) was heated
with an excess of amine to yield 571% of the amide4®
Some sterically hindered HFA-prolines (section 8.6) can only
be deprotected in boiling concentrated HClIWeaker

nucleophiles such as alcohols and water generally require

prolonged reaction times.

Finally, there is the option to exchange the HFA group
for another protection scheme. For example, during the
preparation of*®F-labeled compounds for PET, an HFA-

group is deprotected and can be directly submitted to further
Scheme 16

o HO—(Q)
e

XN\j\m

FsC CF; pmap

Wang or
PEGA resin

NHZ

H-Lys(Z)-OMe, -
DMAP :

130 L S o0
X | |

F4C CF3
RGD mimetics
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acyl transfer reactions. This strategy has the advantage thaaccessible in one step from the corresponding acids and HFA
HFA formed as byproduct is transformed into HFA hydrate (section 2). Derivatization of the-carboxy group requires
during workup, which easily can be separated by washing separate activation. On the basis of this simple concept
the resin. monomers of high structural diversity can be constructed,
HFA-hydroxy acids can also be used in inverse solid-phase suitable for peptide, depsipeptide, and glycopeptide modi-
peptide synthesis. During a synthesis of conjugates of thefication. All steps proceed stereoconservatively; therefore,
hydroxamate-type inhibitor marimastat, §2R)-HFA-3- both enantiomeric forms are available. Furthermore, the
isobutylmalate was linked via its side-chain carboxy group homologues of the HFA-protected monomers are readily
to resin-boundtert-leucine amide. The HFA-lactone was accessible via ArndtEistert reaction (section 4.5).
cleaved withO-benzylhydroxylamine. After deprotection and
cleavage from the resine, marimastat was obtained HPLC4.1. Activation of the -Carboxy Group

pure5®

Scheme 17

0
1) HFA HN ‘O
CO,H of
HOZC/\r 2) SOCl, -
OH (31%) o il o NEt,
FSC CF3
1) NH,OBz|
Q 2) 1% TFA
3) Hy, Pd-C /{
‘M‘h“*-x o] H i
FsC CF =
il =< o NHOH
i O OH
overall: 21%

3.3. Symmetric and Unsymmetric
Diketopiperazines

On reaction of HFA-amino acids with an excess of

The w-carboxy groups of HFA(Asp), HFA-malic, and
HFA-mercaptosuccinic acid can be selectively activated by
transformation into acid chlorides on heating with thionyl
chloride (Scheme 19). They are easy to handle, synthetically

Scheme 19
con DHFA g 2
HOzC/\( oH 2)socl, o
XH overall yields: o X
X=NH (72%) CF
X=0 (77%) FaC &Fs

X=S (rac)(68%)

highly versatile dielectrophiles. The acid chloride is the
position of highest electrophilicity. Therefore, under carefully
controlled conditions site-selective mono-, di-, and trifunc-
tionalizations of o-functionalized o,w-dicarboxylates are
possible in a highly efficient way (sections 4.2.5).
However, only certain HFA-protectedi-amino acid
chlorides are stabile compounds, like HFA[Asp(CI)] and its
higher homologues with chain length7, HFA(GIlu), HFA-
(Aad), and HFA(ApI) (chain length-57) on treatment with

methanol at room temperature, the newly formed amino acid thionyl chloride cyclize spontaneously to give lactaths.
methyl ester attacks a second molecule of HFA(Xaa) to give HFA(pGlu) is a carboxy-activated 2-pyrrolidinone (Scheme

symmetric diketopiperazines (DKPs). DKP formation can be

prevented using methanol saturated with HCI gas, which traps

the methyl ester as hydrochloride. The nucleophilic ring
opening of HFA-amino acids with amino acid methyl esters
provides unsymmetrical DKPs in only one reaction step
(Scheme 18)¢ DKPs are abundant peptide derivatives found

Scheme 18
(0]

1
R%NH
Ty

(44-59%) ©

002Me
MeOH/HCI

NH5*CI" \ %

F3C CF3

H N)\COZM /
1 1
R' W R
N M
HzNJ\ﬂ/ ~CoaMe
0O R?

in nature, and many applications in various fields in modern
organic chemistry are describ&d>®

MeOH

— .

(19-80%) R?

(o)

4. Site-Selective Derivatization of
o.-Functionalized Dicarboxylic Acids

Homochiral HFA(Asp) and HFA(GIu), HFA-malic, and
citramalic acid as well as (racemic) HFsmercaptosuccinic
acid and achiral HFA(Ida) are-carboxy-activated species

20) 50 2-Pyrrolidinones exhibit various biological activities
Scheme 20

0 H @
HOZC\M SOCl, o =1 (99%)
n 0 n=2 (70%)
n=1 HN~( "N n=3 (77%)
2:% F4C CF3 O FsCCF3
N or
R SN O
o L N__oRrR
vy
& o Ho
=1 (73%)
=2 (68%) o)

and represent valuable building blocks for heterocyclic
chemistry and peptide modificatiéh®?

Fluorides ofN-protectecii-amino acids have been applied
in peptide chemistry as acylation agefitslFA[Xaa(F)] have
been prepared from the corresponding acids by treatment
with DAST and isolated as pure compounds by distillation
in vacuo?® Lactam formation was observed only in the case
of HFA(GIu) {HFA[GIu(F)]:HFA(pGlu) 4:3 (Scheme 21}*

The acid fluorides have been used for glycosylation reactions
(section 4.4)w-Carboxy activation with isobutyl chlorofor-
mate or TBTU avoids lactam formation (section &3).

4.2. w-Esters

HFA(Asp), HFA-malic, and HFA-mercaptosuccinic react
with diazomethane and isobutene to give the corresponding
w-methyl andw-tert-butyl esters (Scheme 22).
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Scheme 21
0
HO,C™ ‘n
HN—
FsC CF3
n=1 (70%) > F
n=3 (73%)
n=4 (88%) pasT N\ © 0 H 0
5 :
+ o]
N, . n=2 (45%) HN—/° N
O HN F,C CF3 O F3CCFs
F4C CF3 4:1
Scheme 22
o)
CH,N, in Et,O MeOZC/\K(O
o T B —— X
HO X=NH, O, S
o | (quantitative) FsC CF3
O Xu/—
isobutene o
F3C CF3 I1SO! ,
cat. H,SO4 By OZC/\H<O
E—
X=NH (80%) X
X=0 (80%)
X=S (64%) F3C CFs

Allyl protection of thew-carboxy group can be achieved
on heating of the acid chlorides in toluene with equimolar
amounts of allyl alcohol (Scheme 23, i). Interestingly,

Scheme 23
| 0
N /\/OH o} X=NH (83%)
0 x_ P X=O(65%)
YN (1 eq.) X=S (90%)
x0 F€ CF3 FAC CFa
X=s OH CF3
i CF
: 0 HO OH o—CFa
cl . o
0 HO
O o ©8%) o)
F3C CF3 O
1T ™Y
>(O (0] (0] (0] o7<
F3C CF; o F5C CF3
o
o}
g
3
o Ph
cl o H-Phe-OBu
H CO,Bu (93%)

4

multivalent alcohols such as pentaerythritol can be com-
pletely acylated in excellent yields. Subsequent aminolysis
of the tetralactone gives rise to branched peptides and

depsipeptides in surprisingly high yields (Scheme 23>.

Therefore, this protocol may be useful for the construction

of peptide- and depsipeptide-based dendrirférs.

4.3. o-Amides and -Peptides

w-Amides andw-peptides are accessible by reaction of
w-carboxy-activated HFA-dicarboxylates with equimolar
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amounts of amines and amino acid esters at low temperatures.
By this strategy incorporation ofi-functionalized dicar-
boxylic acids into small peptides can be accomplished site-
selectivity as demonstrated for mercaptosuccinic acid. Peptide
bond formation viaw-carboxy group was achieved by
reaction of the acid chloride with H-ValiBu in a temper-
ature range from-30 to 0°C. In a second step the lactone

is cleaved with H-Ala-@u at room temperature (Scheme
24)58

Scheme 24
0] H (0]
c H-Valo'Bu_ BuOC NM
> o)
o) s7< -30°C, DIEA /\l/\ 0 s
(63%)
C CF3 F4C CF3

H-Ala-O'Bu
(51%)

H
Buo,C.__N J\
” CO,Bu
O SH

4.4. Acylation of Glycosylamines

Glycoproteins are ubiquitous in nature, playing a key role
in various biological recognition processes both within cells
and at cell surfaces. IN-glycosides, the carbohydrate moiety
is attached to the peptide backbone via the nitrogen atom of
the side chain of Asf?»’®N-Glycosides have been synthe-
sized efficiently by reaction of HFA[Asp(Cl)] withO-
protected glycosylamines at @ (Scheme 25, i). Analo-

Scheme 25
Cl
egcosyIamme AcO
i)
O HNw” e “NifAcH
F,C CF3  (81%) FsC CF3
(6] F3C CF3
ii) o glycosylamine  AcO N
N7<O NEM k«
cl AcO™ “NFAC
F4C CF (71%) 0

H-MeAla-O'Bu
(49%)

‘NHAc

AcO

gously, glycopeptoidés are available from HFA[Ida(Cl)]
(Scheme 25, iiy27"3

For acylation of glycosylamines with HFA(Glu) and HFA-
(Aad), TBTU activation was used to avoid intramolecular
cyclization reactions (Scheme 26, section 4%1).

Scheme 26
HO.C glycosylamine c

n o) F3 CF3

HN TBTU, NEM N

N FCCF o_N o

n=2 FE R Ao Y@"\ k(

NG 0
AcO OAc n=1 (73%)
OAc n=2 (79%)

Likewise, chlorides and fluorides of HFA-malic, -citra-
malic, and -mercaptosuccinic acid are excellent acylation
reagents. The HFA-protected glycoconjugates are carboxy-
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activated compounds susceptible for direct application for
peptide bond formation. However, a cyclocondensation
reaction to give 3-hydroxysuccinimido sugars competes with
the peptide coupling process (Scheme 27§.

Scheme 27
OAc
R i H R 9
3 glycosylamine,
cl , NEM N .
—_—
O o -
ReH R=H (89%) AcO' oA O7<
R=Me FsC CF3 R=Me (91%) OAc FsC CF3

H-Phe-O'Bu

4.5. Homologation via Arndt —Eistert Reaction of
Diazoketones

The Arndt-Eistert reaction, a standard method for ho-
mologation of carboxylic acids, proceeds via Wolff re-
arrangement of diazoketon&sAcylation of diazo com-
pounds is the standard route to diazoketofieghich can

Spengler et al.

Scheme 29
o]
cl R Me3SiN3, 90°C oen-Th
n
0 X X=NMe,0,S; R=H; n=1 (78-88%) X
X=0; R=Me, n=1(58%) F.C CF3
FsC CF3 X=NMe,0,S; R=H, n=2(82-88%) ¢ °
o]
o) K/< - . o
o Me;SiNg, 90°C OCN.__N
)J\/N7< B —— CF
Cl (77%) Fi€C '3

FsC CFs

However, this protocol cannot be applieddecarboxy-
activated HFA-amino acids due to intramolecular cyclization
reactions with the NH moiety of the oxazolidinone system,
yielding bicyclic urea derivatives (Scheme 30%%)Vith an

Scheme 30
0
Do ?
o Me;SiNg, 90°C HN/\)<O
O HN (64%) JN
FaC CFs i O FC CF
i 0 o o
OCN ﬂ/« o MesSiNG 90°C NMO
0 N*N O
X N
o (50%)
FsC s FsC CFs

excess of trimethylsilyl azide, tetrazole-5-ones are the result

be applied tas-carboxy-activated HFA-amino, -hydroxy, and  ©f @ [3 + 2] cycloaddition reaction (Scheme 30, ff).
-mercapto acids. On reaction of acid chlorides with excess . . : : :

of diazomethane the corresponding diazoketones are obtained-2- @-Functionalized e-Amino Acids: Isoserine,
in good yields (for further reactions of this compounds, see @-Methylisoserine, Isocysteine, ~ N*-Methyl
section 6Y° When the catalytic decomposition of the Diamino Propionic Acid, and Homologues

diazoketones is carried out iert-butyl alcohol, thetert-
butyl esters are formed. Thecarboxy-protected species can
be deblocked and activated ascarboxylic acid chlorides
by heating in the presence of an excess of thionyl chloride
in an one-pot procedure (Scheme 28).

Scheme 28
o I\ 0
mN W X=NH (92%)
CH,N o
o Nz H 0 X=0 (90%)
o X o X X=$ (rac.)(93%)
FoC CFs FsC CFs
o]
tBUOzC
0 0
BUOH, cat. Ag* X SOCl, X
_—
CF
FsC ~3 X=0 (53%) FasC CFs
X=8 (rac.) (46%)

5. o-Isocyanates from o.-Functionalized
o, m-Dicarboxylic Acids
5.1. Synthesis of -Isocyanates

w-Carboxy-activated HFA(Id&f, HFA-N*-methyl amino
acids® HFA-hydroxy acid$? and HFA-mercapto aciffs

(section 4.1) can be readily transformed into the correspond-

ing w-isocyanates on heating with one equivalent of tri-
methylsilyl azide in toluene. The reaction proceeds via
Curtius rearrangemeétitof the corresponding-azides. The
products represent highly versatileamino acid derivatives
(sections 5.2 and 5.3).

Isoserine is one of the most abundant nonproteinogenic
amino acids, found as constituent of biologically and
medically important molecules such as ta¥aConsequently,
isoserine and structurally related compounds have been the
target of many synthetic efforég:%?

The HFA route offers a general, concise approach to these
compounds from HFA-protected-functionalized w-iso-
cyanato carboxylic acids (section 5.1). These compounds are
dielectrophiles, where the isocyanato moiety is more elec-
trophilic than the lactone group. Therefore, nucleophilic
attack preferentially takes place at the isocyanato group,
which represents a hidden amino group. Isocyanates react
with alcohols to give urethane-protectedfunctionalized
w-amino acids. Starting from malic acid, this protocol
provides access to Fmoc-, Z-, and Boc-HFA-isoserine
building blocks in four step® Analogously, HFA-2-meth-
ylisoserine was obtained from citramalic a8idind HFA-
isocysteine from mercaptosuccinic aéidfficient syntheses
(section 4.5) of the homologues HFA-homoisoserine, the
nonnatural amino acids HFA-homoisocysteih&,and HFA-
2-methylhomoisoserine are descril¥é&® N*-Methyl-2,3-
diaminopropionic acid was found in a variety of natural
products, like in the peptide antibiotitAN-1057, which is
active againsBtaphylococcus aure§The HFA route gives
rise to derivatives oN*-methyl-2,3-diaminopropionic acid
and its homologue®. These building blocks are orthogonally
protected/activated species ready for peptide synthesis (Scheme
31).

Cleavage of the urethane protecting group of HFA-
homoisoserine results in a spontaneously occurring intramo-
lecular cyclization forming the &-3-hydroxy-2-pyrrolidi-
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Scheme 31 Scheme 34
10
R' @ PG. W OMe
OCNW 1eq. alcohol, 70°c N T Yy M afr”'ty label)
x> > X~
o (70-95%) Fid CFs
Rz FC 773 FaC CFs (71%)
O'Bu 2 o 0
HZNJﬁ( (0] R o i )
o PG\NMN)}(@BU afinity Iabel)J\HMo biotin -derivative _
(30-74%) AR M o 0 (50%)
PG=Fmoc, Z, Boc; F5C CF3
X =0, NMe, S (rac.), n=1-2, R'=H, Me (for X=0) 0 o 1) linker
) ligand
none¥ (39)-3-Hydroxy-2-pyrrolidinones have been isolated affinity label Hﬁ)k”—spacer-biotin —
from several natural products representing a lead structure OH (42%)
with valuable pharmacological properties and low toxic- i Q
ity.%8:9° Analogously, (¥)-3-methylamino-2-pyrrolidinorié affinity label “l)k — spacer-biotin
was obtained from the corresponding HFA-protected building O H
block (X = NMe) (Scheme 32). linker-ligand
Scheme 32 derivatives’! The isocyanate readily obtainable from HFA-
Ho/Pd-C NH protected malic acid reacts witB-protecteds-p-glycosyl-
M i Hx amine at 0°C to give the HFA-activated urea-linked
o%) 0 glycoconjugate. On treatment of tifleanomer with acids,
X= NMe( 9%) formation of thea-anomer was observed. On treatment with

F3C bases, the urea NH is capable of intramolecular nucleophilic

lactone cleavage providing glycosylated dihydropyrimidin-
diones (see also section 4.4). Nucleophilic cleavage of the
lactone ring with amino acid esters or allyl alcohol yields
glycosylated depsipeptides or esters, respectively (Scheme
35)_103,104

Reaction of isocyanates with carboxylic acids aNd
protected amino acids (Goldschmidt reacti@hyffers direct
access t@-acylated HFA-isoserines afipeptides, respec-
tively. Subsequent aminolytic cleavage of the lactone moiety
with amino acid esters provides tripeptide fragments with
isoserine in the middle position (Scheme 83).

Scheme 35
Scheme 33 O glycosylamine FaG CFs
N OCN/\)<o 64%, pla=12:1) H n ©
0 g N COM N\)L 0 (64%, H N\‘\‘\K(O
OCN/\/«O 100C R F R1 PG /\){ F1C CFs By AcO jg \
07< PG—Z Fmoc py”‘ﬂ'"e AcO™ "‘OAc
FiC CFs  (28-87%) FaC CFs OH (42 %)

RZ

oy
OBu
HzNJ\ﬂ/ O0._N.__NH
O PG” N\)l\ /\l)L )\H/O'Bu AcO T]/
AcO™ oA
OAc AcO

(86%)

o)
L H-Phe-O'Bu
(35 75%) H

\[f \/:\H/N CO,Bu
5.3. a-Functionalized @-Amino Acids as ANOAQ O gy
Multifunctional Scaffolds and Urea-Linked OAc
Glycoconjugates
As shown above (section 5.2), HFA-protectedunction- 6. @-Diazoketones from  a.-Functionalized

alizedw-isocyanato carboxylic acids are well suited for di- Dicarboxylic Acids
and trifunctionalization with a minimum of steps. Recently,
isoserine was accommodated with three different function-
alities using this route for an improved reagent for photo-
affinity labeling. An aryl trifluoromethyl diazirine unit
(Hatanaka'’s affinity label) was linked to the isocyanate group.
The a-carboxy derivatization was accomplished by nucleo-
philic ring opening with a biotin derivative. Finally, the
deprotectedx-OH group of the isoserine core was coupled - . . - s
via linker (4-isocyanato benzoyl chloride) to the ligand 6.1. Heterocyclic Amino Acids via Cycloadditions
(moenomycine) (Scheme 3#}.102 Recently, the synthesis of nonnatural amino acids bearing
Recently, a new approach to glycopeptide mimetics was heterocycles in the side-chain received a lot of attention due
disclosed, wher®- andN-glycosidic linkages are replaced to their interesting properties associated with DNA
by urea glycosyl bonds. The urea glycosyl bond was binding%-1% The substructure-CH=N, represents a 1,3-
constructed by coupling glycosyl isocyanates and amino aciddipolar species capable of [B 2] cycloaddition reactions.

Application of diazoketones of HFA-amino, -hydroxy, and
-mercapto acids for homologation reactions has been already
mentioned (section 4.5). Diazoketones represent versatile
precursors for the synthesis of nonnatuxalunctionalized
carboxy acids. A selection of preparatively interesting
transformations of diazoketones will be discussed.
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Diazo compounds derived from HFA-Asp add dipolarophiles Scheme 38
decorated with electron-withdrawing substituents such as N,

X . , > . 0 .
acetylene dicarboxylates to give pyrazoles. With acylisothio- H W 1)2)p NTas'\losH "
cyanates, 1,2,3-thiadiazoles are formed (Scheme 36, i). The oL T~ 0 HN_"
Scheme 36 F4C CFs o F5C CF3
H
i N- ) BocHNW
) Me0,0— IN o Boc,0, H,/Pd-C o Hu_P
MeO,C—==—CO,Me o) (from diazoketone 30%) F.C CF
77°C (70%) MeOL O HN =
N, O FsC CFs ropentanoic acid derivatives. Interestingly, this protocol
H % works also with the bromomethyl ketones and gives rise to
o) )L . . ?
o] HN7< R™ NCS Nsp so far unknown 2-functionalized 5-bromo-4,4-difluoropen-
FoC CF3 s’/ O tanoic acid derivatives (Scheme 39). From 1-carboxy-
R
NH 0 Scheme 39
r.t. (R=OEt 48%, R=Ph 53%) r O HN
" o FsC CFs Na o 0
. 40% HBr
N EtO,C H
2 o Lawesson's 2 0 o X O 4o> Br 0
EtO CW reagent, 80°C X (79-84%) o, 0 X
2 o———— N 0 CF X=NH, CF
O HN—( (50%) N-S HN FsC 73 0, S (rac.) FiC “Fs
FoC CF3 F,C CFs AIBN/n-BuzSnH |
. . . (66-77%) DAST
2-diazo-1,3-diketones, obtained from HFA[Asp(CI)] and (70-88%)
diazoethyl acetate (section 6.3), react with Lawesson’s o] o Br 0
reagent to gives-(1,2,3-thiadiazol-5-yl)alaninates (Scheme N DAST No W
36, ii).”° Diazoketones of HFA(Ida) react similarf§. o x P (66 76%)F F X FF x7<°
: CF
. . . F.C CF3 FSC 3 F.C CF3
6.2. Acid-Catalyzed Decomposition of the Diazo ? ?
Compounds: HON, 4-Oxoornithine, Hantzsch activated species the unprotected acids and peptides have

Reaction been preparetf?

Due to the remarkable stability of the 2,2-bis(trifluoro- _ ©On application of the Hantzsch protocol, 3-(thiazol-4-yl)-
methyl)-substituted lactone ring (section 2.2) toward dry 2-8Mminopropionic;®-2-N*-methylaminopropioni¢;* -2-hy-
acids, decomposition of diazo compounds on treatment with droxypropionici and -2-mercaptopropionic acfbecome
acids is a preparatively valuable process. Depending on the@vailable from the bromoketones and the corresponding
structure of the acid, haloketones and hydroxyketones havethioamides and thioureas, respectively. Likewise, 3-(selena-
been obtaine® Interestingly, reaction of the diazo com- ZOl-4-yl)-2-aminopropionic acid derivatives have been pre-

pounds derived from HFA(Asp) with formic acid provides Pared by this route (Scheme 40j.3-(Thiazol-4-yl)-2-
anO-formyl-protected hydroxyketone. Deprotection of three Scheme 40
functional groups has been achieved in a one-pot reaction

at room temperature in 2-PrOH/@8 to provide the antibiotic O 1) ZTNHZ 0
5-hydroxy-4-oxonorvaline (HON) in acceptable yields (Scheme BFW \% v
37) 109,110 o x.P° 2) NaHCO3 >;N x P
Scheme 37 FsC CFs (52-84%) z FiC CFs
N o X=NH, NMe, O, S; Y=S, Se; Z=NH,, Aryl
2 o] iy o]
H HCOH — H OWO aminopropionié!® and -2-hydroxypropionic acid¥ are
0 NP (57%) O HN pharmacologically relevant heteroarylalanif€s.
F,C CF FsC CF3 .
’ HBO CoH 6.3. Intramolecular Rhodium-Catalyzed NH
—2 . HO Insertion: New Routes to Prolines, Pipecolic
(92%) O NH, Acids, and Bulgecinine

Construction of (&)-4-oxoornithine can be achieved by Transition-metal-catalyzed decompositionoetliazocar-
replacing the diazo group by a tosylate moiety as leaving bonyl compounds proceeds via electrophilic Fischer-type
group to introduce the azide group. Hydrogenation of the carbene complexes suppressing the Wolff rearrangement
azide moiety in the presence of B@r gave theN“-Boc- completely. Now NH insertion becomes the dominating
protected HFA-(®)-4-oxoornithine (Scheme 38)! processIn the presence of catalytic amounts of dirhodium

On decomposition of the diazoketones with HBr &@® tetraacetate the carbenoids formed from the diazoketone of
bromoketones are formed. These bromoketones can beHFA-Asp undergo an intramolecular NH insertion to give
dehalogenated to give the corresponding methyl ketones,the HFA-protected 4-oxoproline. Reduction of the 4-oxo
providing HFA-protected oxonorvaline and ishydroxy and group gives HFA-(349-hydroxyproline with 86% de
a-mercapto analogues. Fluorodeoxygenation with DAST because of the concave shape of the bicyclic system (Scheme
providesa-amino, a-hydroxy, anda-mercaptoy,y-difluo- 41, i and Scheme 43). Fluorodeoxygenation with DAST



Hexafluoroacetone as Protecting and Activating Reagent

Scheme 41
i) N2
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H o H
o [Rh(OAc),], o
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X U Ea P 8%
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provides after deprotectiordy-4,4-difluoroproline (Scheme
41, i) and fluorodehydroxylation of 4-hydroxyproline32R)-
4-fluoroproline (Scheme 41, iif}°

By the same strategy, $5-oxopipecolic and (859)-5-
hydroxy pipecolic acid as well as their 5-fluoro analogues
are available starting from HFA(GIu). The diazoketone was
obtained from HFA(GIu) byw-carboxy activation as mixed
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Substitution of the triflate-activated hydroxy group by 3HF
NEt; gave better yields than the direct fluorination with
DAST, but hydrolysis of the HFA group gave the unprotected
acid (Scheme 42, iii) in poor yield4.

The diazoketone derived from HFA[Asp(CI)] and ethyl
diazoacetate when treated with dirhodium tetraacetate forms
a cyclic enol, which tautomerizes during purification to give
the ketone. The trans-stereoisomer is formed exclusigely:

The stereoselectivity can be explained by the concave shape
of the bicyclic HFA-prolines. Thus, substituents such as the
ethyl carboxylate prefer the exo position to avoid steric strain,
giving the trans-dicarboxylate (Scheme 43). Further ex-

Scheme 43
o] Nz o)
C'N EtO
@] N2CHC02Et
O HN T 0 0 mpP
FiC CFs 90%) FiC CFs

[Rh(OAc),],
—_—
(94%)

: H P
HO@O —_— O{QO

EtO,C FsC CF3 Et0,C FsC CF3

amples of this kind of stereocontrol are given in sections
7.3, 8.6, and 8.7. This phenomenon has its pendant in
Seebach’s concept of self-reproduction of chirality.
Reduction of the 4-oxo group with Na[BBN] proceeds
stereoselectively because the hydride transfer occurs pref-

anhydride (section 4.1) and reaction with an excess of grentially from the Re face (de 88%). Subsequent cleavage
diazomethane. Intramolecular NH insertion is catalyzed by of the lactone and reduction of the ethyl carboxylate in the

dirhodium tetraacetate. Reduction of the 5-oxo group with
BH3 THF proceeds stereoselectively (ee 95%) to give
HFA-(2559)-5-hydroxy pipecolic acid (Scheme 42, i, and

Scheme 42
i) . o
HO,C 1) 'BuoCOCI, NMM
6] Z)CHzNZ |
HN
7<CF (61%) Nz HN
F,c CFs F.C CFs
H O . H O
Rh,(OAC), ﬁ BHSTHE s
B O (92%, o)
(44%) o N >95% d.e.) Ho N
FiC CFs FiC CFs
) H P H o
if) : DAST ;
O Tmoun
o N 7< (59%) F N_ O
FsC CF3 F3C CF;
1) aq HCI/ dioxane CO,H
2) propene oxide 7(/\(
B
61%) FF NH
ii) H o 1) T0, py H o
’O_( 2) 3 HF*Et;N, MS 3A O__.(
HO — F'N\CN. 0
NXO (47%) X
F3C CF3 F3C CF3

1) aq HCI/ dioxane
2) propene oxide
—_———

(8 %)

OCOzH
B NH

Scheme 43). Fluorodeoxygenation with DAST provides
HFA-(29)-5,5-difluoropipecolic acid (Scheme 42, ii). For

5-position provides efficient access to bulgeciniZSHS5R)-
4-hydroxy-5-hydroxymethylproline] (Scheme 42)1?'Bulge-

Scheme 44

) H O
£'/Z< Na[BH;CN] —Cr«
0 0O — > HO o

N (79%, 88% d.e.) N

Et0,C F4C CF3 EtO,C FsC CF3

HO LiBELH HO
H,0 co, i[BEtzH] t'}_cozH
K 0 o
(92%)  Er0,c N (44%) | H

)
OH
Bulgecin A: R = NHCH,CH,SOzH m
Bulgecin B: R = NHCH,CH,CO,H lo‘ H R
Bulgecin C: R = OH OH

cinine is the aglycone of bulgecines, a class of glycopeptide
antibiotics attracting growing interest due to their synergistic
effect on the antibacterial activities gtlactams'?>124

7. Further Site-Selective Transformations of
Side-Chain Carboxy Groups

7.1. Rosenmund Reduction: Armentomycin and
Fluoro Analogues

Several synthetic routes to the antibiot®)-armentomy-
cin'?> proceed via aspartic acig-semialdehyde as key
intermediate. The semialdehydes of Asp and Glu are avail-
able by site-selective reduction of the correspondingeth-

HFA-(2S,5R)-5-fluoropipecolic acid a detour was necessary. yl esters with DIBAL*?® or from the w-acid chloride via
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Rosenmund reductiof’ In both cases protection of the
o-amino and the adjacent carboxy group is required. Ap-
plication of the Rosenmund protocol {HPd—BaSQ) to
HFA[Asp(CI)] furnishes the corresponding aldehyde. Halo-

genation of the aldehyde group has been achieved with

phosphorus pentachloride to give HFA-armentomycin; on
treatment with DAST its difluoroanalogue is formed. Both

(S and R) enantiomers have been prepared. Subsequen

hydrolysis gave the unprotected amino acids ir-38%
overall yield starting from.- or b-Asp 28 This protocol was
recently applied to construct peptidomimetic inhibitors of
the hepatitis C viru$?® Analogously, HFA-malic acid gives
rise toy,y-difluoro-a-hydroxybutanoic acid (Scheme 45.

Scheme 45
H,/Pd-BaSO ?
ClOCM 2raBasts - e
X=NH,0 (64-79%) M
FsC CFs F.C CFs
0 ,V DASTlX=NH,O (69-80%)
X=NH
CIZHCMO (67%) P
HN FzHCMO
FoC CFs X
CF
H20¢(86%) FsC 73

CO,H
NH,

FZHC/\l/

XH X= -009
armentomycin X=NH,0 (89-90%)

7.2. Friedel —Crafts Acylation: Aroylalanines,
4,4-Difluoroglutamic Acid

Aroylalanine$3*133 pecome readily available by Friedel
Crafts reaction of HFA[Asp(CI)] with aromatic and het-

eroaromatic compounds in the presence of Lewis acids, such_~#

as ZnC} and Fed or in special cases AlGl This protocol
prefers to work with aromatic compounds bearing electron-

donor substituents. Heteroaromatics such as furan and
thiophene react to give the 2-substituted derivatives. Standard

protocols can be applied for derivatization reactions and
deprotectiort3* Recently, it was demonstrated that fluo-
rodesoxygenation of carbonyl groups which are part of an
aroyl subunit can be achieved under milder conditions with
improved yields when the carbonyl group is transformed into
a dithioketal before being treated with DAST. By this
strategy 4,4-difluoroglutamic acid was synthesized from
Friedel-Crafts adducts (Scheme 465.

Scheme 46
MeO
1) D,anz
o O Meo s Qo
. 2) yg~>SH, BF5*(AcOH); s o
© M (64%) - i
o CF
F,C CFa Moo FsC “Fs
F o] OMe
F 1) RuCls, NalOy4
TBAH,F, Hn_ O 2 H0 HO,C COyH
—_—
NIS F,C CFs (1% F F NH,
(93%) MeO
OMe

Spengler et al.

7.3. Stille Reaction: Aroylalanines and Pipecolic
Acids

The Stille cross-couplifge of HFA[Asp(CI)] with tributyl
tin compounds in the presence of Pd(0) is a preparatively
simple alternative approach to-oxo-a-amino acids. Fur-
thermore, with tributylstannyl oleflne$, 0X0-0-amino acids

tWlth additional CC double bonds in the side chain are

accessible (Scheme 47).

Scheme 47
(e}
Cl
0 HN o] aryl
aryl-SnMe3 F3C CF3 aryl SnMeg
Pd,(DBA),*CHCl3 I Pd,(DBA),*CHCI3
l (57-91%) (40-77%)
0 o)
{
aryl ary
0 HN o] aryl O HN
FsC CFs Fo O3

The HFA«-oxo amino acids withCC double bonds in
the side chain in the presence of BBEt undergo intramo-
lecular Michael addition in refluxing benzene to give the
HFA-protected 4-oxo9)-pipecolic acid. Reduction of the
4-oxo group with NaBHin the presence of &£sOH at—30
°C proceeds stereoselectively due to the concave shape of
the bicyclic system (section 6.3) to give HFeAs-4-hydroxy-
(9-pipecolic acid via exo attack of the hydride. Inversion
of the stereochemistry has been achieved via Mitsunobu
reactiort”138to give the HFAtrans-4-hydroxy-©)-pipecolic
acid derivative (Scheme 48}

Scheme 48
H O
o : HO/ o CO,H
BF;-OFt, o 2-ProH
N - NH
O HN (60%) 7<CF (95%)
FoC ©Fo NagH, / FeC 770
(80%)
o/
2
: 2-ProH HO COH
HCOZH PPh3 77%
78% FsC CF3
H o
H O, G 6M Hcl HO-, COzH
T o —— >
o] N7< (85%) NH*HCI
FsC CFs

7.4. o-Trifluoromethyl-Substituted Compounds
via SF4 Fluorination

Fluorine is a unique tool for modifying profiles of
bioactive compound¥®-143 Transformation of HFA(MeAsp),
HFA-malic, and HFA-mercaptosuccinic acids into the cor-
respondingw,w,w-trifluoro compounds can be readily ac-
complished by treatment with sulfur tetrafluoride in an
autoclave (Scheme 49, i). However, when HFA(Asp) and
HFA(GIu) were subjected to SFluorination, yields were
low because of intramolecular side reactions (section 4.1).
w,w,w-Trifluoro-substitutecx-amino and\®*-methyl amino
acids have been obtained from thew,w-trifluoro-a-
hydroxy acid ester via its triflate on nucleophilic substitution
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Scheme 49 chlorosulfonyl isocyanate in toluend-Methylation can be
i) achieved on treatment with diazomethane, but racemization
CO.H g CF; o was observed durindN-methylation. Several esters and
SF amides of dihydroorotic acid have been prepared (Scheme
o — 24 52) 150
X (47-57%) X '
F,¢ CFs X=0,SNMe  FsC CFs Scheme 52
CF
i) 1) Th,0 1 73 o Lo o H o
1R2 R = A
Fs o _2NHRRT _RANScogMe Ho.c N aisoneo O A o, Y\%/(o
(60-93%) R2 i ° 4’050/) HN. N O—>(73%) "N N7<
MeOH CFs O < ° hig X g
0—> — F4C CF F4C CF3 0 FsC CFs
o7< (80%) OMe | 1) PhsP, DEAD, AcSH g ors
2) HCI - Nu-H
FsC CFs OH ) HClag : o Alcoholes, amines)l o

(37%) HS™ >CO,H

oWk N OWA Nu
esters (41-85%) U ester (64%)

amides (72-93%) HNTNH amide (77%) /NTNH
o o]

with benzylamine and benzylmethylamine and consecutive
hydrogenolytic debenzylatiott? Alternatively, homochiral
4,4 4-trifluoro-2-mercaptobutanoate was obtained from the

corrgsponding hydroxy acid via Mitsunobu reaction (Scheme g Transformations of HFA-Amino Acids Including
49, ii).1 the NH Function

Bis(trifluoromethyl)-substituted oxazolidinones are sensi-
tive toward bases because deprotonation of the NH function
initiates a fragmentation process (Scheme 8). Therefore, base-

Hunsdiecker reaction was employed for the transformation ¢4 T : ; ; ;
- . S yzed substitution reactions involving a NH deprotonation
of HFA(Asp) into a HFA bromoalanine derivativé® It step are ruled out. However, the NH function of HFA-

represents an alanine equivalent capable for radical reactiongygiected amino acids reacts readily with various electro-
(Scheme 50, i, and section 9.2). Alternatively, this compound phjjes. Intramolecular ring closures with Fischer's carbene

complexes (NH insertion) (section 6.3), intramolecular

7.5. Miscellaneous: Bromoalanine Analogues,
(S)-y-Oxoornithine, Dihydroorotic Acid

Scheme 50 Michael additions (section 7.3), as well as pyrimidine
i) 1)soch, syntheses on addition of sulfonyl isocyanate have been
o @\ described (section 7.5). Formaldehyde as a strong electrophile
HO 2) WSNa is capable of reacting with the NH function of HFA-amino
o hn P m NP acids in at:idic media. Synthetic applications of this reaction
¥ are described in the following section.
FBC CF;3 (50%) F3C CF3
i) o 0 8.1. N-Halomethylation of HFA-Protected Amino
HO/Y«O reagent XMO )C(ZI 'rbeglgent %E/Ld Acids
HN HN—( ‘?f ';Blfs iﬁf{;o HFA-amino acids, paraformaldehyde, and thionyl chloride
F4C CF3 F4C CF3 2 undergo a three-component reaction to dii*ehloromethyl

HFA-amino acids>! When phosphorus tribromide is used
instead of thionyl chloride, the correspondiddoromomethyl
compounds are obtainéef. The N-halomethyl-HFA-amino
acid derivatives (Scheme 53) represent versatile educts for

can be obtained from HFA-Ser by treatment with PBf
The chloro derivative was obtained with R€tand the iodo
compound with B4*7 (Scheme 50, ii).

Reaction of HFA[Asp(CI)] with trimethylsilylcyanide and

subsequent reduction of the cyano group with zinc in a [1:1] Scheme 53

mixture of acetic acid/acetic anhydride provides the HFA- R
protected 5-acetylamino-4-oxonorvaline derivative (Scheme o (CH,0)
51)13 (CH2 e HN~(" " soCH,, TFA
o PP THA F,C CFs \2‘ [
3 R
Scheme 51 R / R=aliphatic, W/«O
cl o AcHN Bre_N O aromatic CI<_N -
o MesSICN_ Zn o F,C CF3(55-88%) (83-91%) FsC ~73
HN (61%) Ac,0/AcOH
FsCL_ ° HN (43%) FG HN the synthesis of various types Nf-substituted amino acids
F,¢C O F;CC%O 0 ;0740 (section 8.2-8.7). In the literature very few-halomethyl
3 3

compounds, likeN-chloromethylglyciné® and N-chloro-

Dihydroorotic acid plays an important role in the biosyn- methyl pyroglutamic acid estets are described.

thesis of pyrimidines. Certain small peptides having dihy- . : :
droorotic acid in theN-terminal position are CNS activé® 8.2. One-Pot Synthesis of ~ \“-Methyl Amino Acids

Using HFA as protecting and activating reagent, carboxy- Many cyclic peptides and depsipeptidéswith highly
activated dihydroorotic acid was obtained in a preparatively interesting therapeutic profiles comprid&-methylamino
simple procedure by heating HFA(Asp) with an excess of acids. Consequently, a number of synthetic routes to homo-
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chiral N*-methylamino acids have been develop&dlhe
HFA route offers a new preparatively simple approach to
N*-methylamino acids and their derivatives. TNehalo-
methylation (vide supra) can be combined with a consecutive
reductive dehalogenation step with triethylsilane/TFA, result-
ing in an elegant one-pd-methylation procedure. Via this
route, HFAN*-methylamino acids with simple aliphatic and

aromatic side chains and their derivatives are accessible in

high yields!5t

8.3. »-Carboxy- N*-Methylamino Acids

Most N-methylation protocols are not suitable for the
synthesidN-MeAsp and homologu€é's® Recently, a general
N-methylation protocol via cyclization dfl-Z amino acids
with formaldehyde to give oxazolidinones and subsequent
reduction has been described. However, protection of side-
chain functionalities is required®

Scheme 54
0 O
R% 1) (CH20),, SOCI,, TFA RY« nucleophile
0 2) EtsSiH O _____, derivatives
HN . N (70-95%)
F3C CF3 (67-85&) F3C CF3

R=aliphatic, aromatic

The new HFA-basetll-methylation strategy (section 8.2)
can also be applied to-carboxye--amino acids. HFA(Asp),
HFA(GIu), and HFA(Aad) react with paraformaldehyde and
thionyl chloride in the presence of TFA to give the
N-chloromethyl derivatives, which were converted into the
N-methylamino acid derivatives on treatment with triethyl-
silane/TFA. TFA prevents lactam formation in the case of
Glu (section 4.1). Alternatively, dry HCI gas can be u&d.
Subsequent reduction with triethylsilane/TFA and treatment
with thionyl chloride yields HFA[MeAsp(Cl)] and HFA-
[MeGIu(Cl)], which can be purified by distillation (Scheme
55) 114 Homologation of HFA[MeGIu(Cl)] provides HFA-

Scheme 55
1) (CH,0),, TFA, SOCl,

P 2)Et:SiH o ?
HOZC’M 3) SOCl, \H/M
o) > o)
HN n=1 (65%) O _N
F,C CFs n=2 (82%) F,C CFs

(MeAad) (section 4.5; for further reactions, see sections 5.2
and 6.2).

8.4. N*-Ethylamino Acids

In comparison tdN-methyl amino acids, less information
exists abouN-ethyl amino acid$®® Substitution ofN-methyl
leucine of cyclosporin A by various-ethyl amino acids was
performed with the aim of blocking the main metabolic
degradation pathwalp?

Systematic investigations on the applicability &f

Spengler et al.

Scheme 56
(6] (0] R1
1 1
RY« MeLi/CuCN R}/[( NH,R? NHR2
oO——— O—> HN
CI\/N7< (42-76%) \/N7< (35-95%) ) o
FoC CFs FiC CFs
R'=aliphatic, Ph

lability of the phosphorusnitrogen bond. A methylene
spacer between phosphorus and nitrogen was introduced to
overcome this drawback! N-Phosphonomethyl glycine
(glyphosate) belongs to the most widely used herbicides
today?2 The N-halomethyl compounds (section 8.1) offer
simple access to related compounds via Michaglifousov
reaction with P(Ill) species. WhiléN-bromomethyl and
N-iodomethyl derivatives react exothermally within minutes,
theN-chloromethyl compounds needed several days at room
temperature until the reaction was complete. The resulting
HFA-N-phosphonomethyl amino acids can be directly de-
rivatized to giveN-phosphono methyl amino acid amides,
peptides, depsipeptides, and azapeptides (Scheni€?8%).

Scheme 57
Rz
Rl O MeO-F R! P
5 Rs 0 Y«o R'=aliphatic, Ph;
J— 2 pP3=
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8.6. Conformationally Restricted Chimeric Amino
Acids

Conformationally restrictedi-amino acids have gained
significant attention during recent years because they are
valuable tools for studying the spatial requirements for
receptor affinity and biological activity of natural amino
acids. In this context, proline analogues possessing the
characteristics of other amino acids (chimeras) are of current
interest. Replacement of natural amino acids in bioactive
peptides by proline amino acid chimeras has led, at least in
some cases, to better understanding of their bioactive
conformation'64165 Among the many routes developed for
the synthesis of prolines and its derivatives, the{3?]
cycloaddition concept is the most flexible ofté.

On treatment with bases, likert-amines, HFAN-chlo-
romethyl amino acids are transformed into azomethine ylides
(Scheme 58, i), which can be trapped in situ by a variety of
dipolarophiles to give proline derivatives. This strategy can
be used for generation of prolines with highly variable
substituent patterns. The reaction proceeds via a concave
transition state. Sterically demanding groups preferentially
occupy exo positions; therefore, the relative stereochemistry

chloromethyl HFA-amino acids for nucleophilic displacement can be controlled (section 6.3). However, the products
reactions with hetero and carbon nucleophiles revealed thatobtained are racemates. This protocol was applied for the
N-ethylation can be achieved smoothly by reaction with a synthesis of conformationally restricted glutamic acid as well
cuprate prepared from copper(l) cyanide and one equivalentas the phosphorus and sulfur analogues. Reactiontarith
of methyllithium1° A series ofN-ethylamino acid amides  butyl acrylate yields two regioisomers in a 2:1 ratio. The
and hydroxamates has been synthesized by nucleophilic ringcycloadducts represent Pro-Glu and Pro-Asp chimeras,
opening (Scheme 56). respectively (Scheme 58, ii). In contrast, diethyl vinylphos-
. . . phonate and phenyl vinylsulfonate on reaction with azo-
8.5. N-Phosphinoylmethylamino Acids methine ylides provide the [3 2] cycloadducts regio- and
N-Phosphorylated peptides are naturally occurring species.stereospecifically. The sulfur-containing proline derivative
However, the biological half-life is short because of the mimics a conformationally rigid taurine (Scheme 58, 1ii).
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8.7. Asymmetric Pictet —Spengler Reaction: Tic
Chimeras

1,2,3,4- Tetrahydroisoquinoline 3-carboxylate (Tic-3) has
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Scheme 60
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method A: Acs-a-D-Gle-Br, Hg(CN),
method B: Acy-f-D-Glc-OAc, BF3-OEt,

been applied in many instances as a replacement for method C: Acs-p-D-Glc-O-C(=NH)CCls, BF3.0Et,

phenylalanine for the design of topographically constrained

peptides to study effector/receptor interactiéfisdFA-Phe
and paraformaldehyde undergo a Piet8pengler reaction

in TFA/CHCI; to give HFA-1,2,3,4-tetrahydroisoquinoline-
3-carboxylate (HFA-Tic-3, Scheme 59, i). The scope of the

Scheme 59
o)
i) (CH,0),, TFA 5
0 (82%) N7<
F3C CFS
HN7<O o)
FsC CF3  |HC(OH),CO,H, H,SO,

(47%, >95% d.e.)

Ho,C FaC CFs

Pictet-Spengler reaction using HFA-Phe was found to be
limited, but interestingly, glyoxylic acid hydrate in the

presence of concentrated sulfuric acid provides enantiomeri-

cally pure (55,39-1,2,3,4-tetrahydroisoquinoline-1,3-dicar-
boxylate (Tic-1,3). The relative configuration was determined

by X-ray structure analysis. Both carboxy groups are placed
trans with respect to the bicyclic system. On the basis of the

known configuration ofC-3, the @)-configuration was
assigned to the newly formed stereocente€dt (Scheme
59, ii).168

9. Further Site-Selective Transformations

9.1. O-Glycosylation of HFA-Protected Ser, Thr,
Tyr, and 4-OH —Pro

O-Glycosylation of Ser and Thr besiddsglycosylation
of Asn provide the most common connecting motifs for
amino acids and carbohydrates found in natéelFA(Ser),
HFA(Thr), HFA(Tyr), and HFA(4-HG-Pro) (section 2.1)
can be efficientlyO-glycosylated withj3-p-glycopyranosyl
trichloroacetimidate$’® The yields are good (Scheme 60,
i,ii), except for HFA-hydroxyproline (section 6.3, Scheme

60, iii). The O-glycosylated HFA building blocks have been
used as activated esters for glycopeptide synthesis (Scheme
60, i).171’172

9.2. C-Glycosylated Amino Acids

With the aim of overcoming enzymatic deglycosylation
of glycoconjugates, the exocyclic anomeric oxygen atom in
serine-based glycopeptides was replaced by a difluorometh-
ylene group. Thgemdifluoro enol ether was linked to HFA-
protected bromo alanine (section 7.5) by a radical reaction
under tributyl stannane-mediated conditions to give the
C-glycosylated HFA-amino acid, already activated for in-
corporation into peptides (Scheme 61). The HFA route gave
better yields than the standard Boc prototél.

Scheme 61

o F

F AIBN, 7<

o_ 0 BuzSnH F3C CF3
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9.3. Phosphonyl Sarcosine Derivatives

HFA-N-methyl glycine (HFA-sarcosine) is prone to radical
substitution reactions at C-4 because this carbon atom is
flanked by capto-dative substitueAtd Photochemical bro-
mination in the presence of one equivalent bromine using a
mercury high-pressure lamp results in formation of a mixture
of the monobrominated, dibrominated, adébromomethyl
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compounds. However, with a “Schwarzlichtlampe”, the bound to theN- as well to theC-terminus of an amino acid.
4-bromo compound was formed exclusively in excellent Thus, HFA(Asp) means HFA-amino-protected/1-carboxy-
yield. The C(4)-Br reacts with various P(lll) species and activated aspartic acid with unprotected side-chain carboxy
offers preparatively simple access to phosphono, phosphino,group. Consequently, HFA[Asp(Cl)] means HeAamino-

and phosphinyl sarcosine derivatives, which as carboxy- protected/1-carboxy-activated aspartic acid with side-chain
activated species are suitable for various derivatization carboxy chloride and HFA[Cys(Trt)] means HFo&amino-

reactions (Scheme 62% Many natural and synthetic ami-

protected/1-carboxy-activated cysteine with side-chain SH

protected with the trityl group.

Scheme 62
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nophosphonic acids exhibit antibacterial, anticancer, and cat.
antiviral properties as well as pesticidal, insecticidal, and CNS
herbicidal activities’>1"®However, in comparison ta-alkyl- Dap
amino phosphonic and-aminophosphinic acid, the chem- DAST
istry of the N-methyl analogues is far less investigatéd. ~PEM

DEAD

DIBAL

10. Outlook DIEA
Application of HFA as a bidentate protecting and activat- gI\KAPAP

ing reagent to compounds such as Asp, malic, citramalic,
and thiomalic acids and homologues as well as iminodiacetic o\ 50
acid allows efficient site-selective mono-, di-, and trifunc- pna
tionalization, saving steps compared to conventional meth- gt
odologies. However, we are convinced that a good part of Fmoc
the potential of this reagent still remains to be discovered. gem
For example, during the preparation of this manuscript we HON
found an extension of the hexafluoroacetone strategy toHPLC
ﬁ hydroxy acids. By reaction - hydroxy acids with HFA Ida

in the presence of carbodiimides, six-membered IactonesNENI
[2,2-bis(trifluoromethyl)-1,3-dioxan-4-ones] are obtained in NCA
good yields. For the Ser and Thr derivatives it was pg
demonstrated that reaction with amines at room temperaturennm
gives the corresponding amides (Scheme 63). InvestigationgyvRr

4-OH-Pro
Scheme 63 PEGA
2 CFs R%__OH
RZIOH HFA EDC R \FCFs amines PET
o)
R17>COM 0% R (90%) R:R3HN E(csalu
R'=NHBoc, R2=H, Me o Ph
Phg
on further applications of this new protocol are in progféés.  Pr
rac
.. RGD
11. Abbreviations SPPS

General: Proteinogenic amino acids are abbreviated with TBTU
the three-letter codes (Xaa), and for their derivatives, TEA
common presentation like H-Phe-OMe for methyl phenyl-
alaninate is used. Abbreviations used for nonproteinogenic ¢ ,0
amino acids are listed alphabetically below. Hexafluoro- THg
acetone is abbreviated with HFA. HFA-amino acids are 2,2- Tic
bis(trifluoromethyl)-1,3-oxazolidin-5-ones, HFA-hydroxy Trt
acids are 2,2-bis(trifluoromethyl)-1,3-dioxolan-4-ones, HFA- UNCA
mercapto acid are 2,2-bis(trifluoromethyl)-1,3-oxathiolan- Z
4-ones. Within this review, abbreviations combining HFA
and the three-letter coded amino acids are used. HFA(Xaa)
means a HFAs-amino-protected/1-carboxy-activated amino

Abbreviations

2-aminoadipic acid

acetyl

o-aminoisobutyric acid

azobisisobutyronitrile

2-aminopimelinic acid

tert-butyloxycarbonyl

tert-butyl

benzyl

catalytic

central nervous system

2,3-diamino propionic acid

diethylamino sulfurtrifluoride

dichloromethane

diethyl azodicarboxylate

diisobutyl aluminum hydride

diisopropyl ethylamine

diketopiperazine

4-(dimethylamino)pyridine

dimethyl formamide

dimethyl sulfoxide

desoxyribonucleic acid

ethyl

9-fluorenylmethoxycarbonyl

geminal

5-hydroxy-4-oxoe-norvaline

high-performance liquid chromatography

iminodiacetic acid

methyl

N-ethyl morpholine

N-carboxyanhydrides

N-iodosuccinimide

N-methyl morpholine

nuclear magnetic resonance

4-hydroxy proline

poly(ethylene glycol)-dimethylacrylamide copoly-
mer

positron emission tomography

pyroglutamic acid

protecting group

phenyl

phenylglycine

propyl

racemic

amino acid sequence Arg-Gly-Asp

solid-phase peptide synthesis

2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluroni-
um tetrafluoroborate

trifluoroacetic acid

trifluoroacetic acid anhydride

trifluoromethane sulfonic acid anhydride

tetrahydrofuran

1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid

tripenylmethy! (trityl)

N-urethane-protecteN-carboxyanhydrides

benzyloxycarbonyl

12. Acknowledgments
We are grateful to our able and dedicated co-workers at

acid Xaa. The use of parentheses is logical because HFA isthe Universities of Leipzig and Barcelona and Technical



Hexafluoroacetone as Protecting and Activating Reagent

University Munich. Their names can be taken from relevant
references. For financial support we thank the Deutsche
Forschungsgemeinschaft,  Stiftung  Volkswagenwerk,
Herrmann-Schlosser Stiftung, and European Union. Special
thanks to Prof. Dr. G. Siegemund, Hoechst AG, Frankfurt,
who supported us with hexafluoroacetone.

13. References

(1) Tan, N.-H.; Zhou, JChem. Re. 2006 106, 840.

(2) Hamada, Y.; Shioiri, TChem. Re. 2005 105, 4441.

(3) Sewald, N.; Jakubke, H.-Peptides: Chemistry and Biologwiley-
VCH: Weinheim 2002.

(4) Esslinger, C. S.; Cybulski, K. A.; Rhoderick, J.Btoorg. Med. Chem.
2005 13, 1111.

(5) Scholtz, J. M.; Bartlett, P. ASynthesisl989 542.

(6) Zhang, S.; Govender, T.; Norstroem, T.; Arvidsson, Rl.10rg.
Chem.2005 70, 6918.

(7) Seebach, D.; Boes, M.; Naef, R.; Schweizer, B. WWAm. Chem.
So0c.1983 105 5390.

(8) Seebach, D.; Hoffmann, MEur. J. Org. Chem1998 1337, 7.

(9) Winneroski, L. L.; Xu, Y.J. Org. Chem2004 69, 4948.

(10) Suarez, R. M.; Sestelo, J. P.; Sarandeses, Chem. Eur. J2003
9, 4179.

(11) Barroso, S.; Blay, G.; Cardona, L.; Fernandez, |.; Garcia, B.; Pedro,
J. R.J. Org. Chem2004 69, 6821.

(12) Kocienski, P. JProtecting GroupsGeorg Thieme Verlag: Stuttgart,
New York, 2000.

(13) Greene, T. W.; Wuts P. G. MProtectve Groups in Organic
SynthesisJohn Wiley & Sons: New York, 1991.

(14) Greenstein, J. P.; Winitz, MChemistry of Amino Acidd. Wiley &
Sons: New York-London, 1961; Vol 2, p 927; Vol. 3, p 1856.

(15) In Houben-Weyl E22, Synthesis of Peptides and Peptidomimetics
Goodman, M., Felix, A., Moroder, L., Toniolo, C., Eds.; Thieme:
Stuttgart, New York, 20022003.

(16) Fuller, W. D.; Cohen, M. P.; Shabankareh, M.; Blair, R.JKAm.
Chem. Soc199Q 112, 7414.

(17) Xue, C.-B.; Naider, FJ. Org. Chem1993 58, 350-355.

(18) van Leeuwen, S. H.; Quaedflieg, P. J. L. M.; Broxterman, Q. B;
Liskamp, R. M. J.Tetrahedron Lett2002 43, 9203.

(19) van Leeuwen, S. H.; Quaedflieg, P. J. L. M.; Broxterman, Q. B;
Milhajlovic, Y.; Liskamp, R. M. J.Tetrahedron Lett2005 46, 653.

(20) Amass, A. J.; N'Goala, K. L. R.; Tighe, B. J.; S¢hire Polymer
1999 40, 5073.

(21) Kraus, G. A.; Bae, J.; Choudhury, P. 8ynthesi2003 19.

(22) Panetta, C. A.; Casanova, T. &.0rg. Chem197Q 35, 2423.

(23) Panetta, C. A.; Casanova, T. &.0rg. Chem197Q 35, 4275.

(24) Burger, K.; Rudolph, MChem. Ztg199Q 114, 249.

(25) Davey; J. M.; Laird, A. H.; Morley, J. S1. Chem. Soc. 966
555.

(26) Prakash, I. PCT Int. Appl. WO 01 90,138, 20@hiem. Abstr2001,
135 372001k.

(27) Drauz, K.; Knaup, G.; Retzow, S.; Schwarm, M.; Weckbecker, C.
Ger. Offen. DE 19,505,933, 1996hem. Abstr1996 125 276577a.

(28) Rihl, T.; Bottcher, C.; Pumpor, K.; Hennig, L.; Sieler, J.; Burger,
K. Synthesi®004 3065.

(29) Neukom, C.; Richardson, D. P.; Myerson, J. H.; Bartlett, PJA.
Am. Chem. Sod986 108 5559.

(30) Bansal, S.; Martin, G. PCT Int. Appl. WO 02 53,624, 20G2em.
Abstr. 2002 137, 94209x.

(31) Toxicological studies and safety guidelines for hexafluoroacetone are
freely available in the worldwide web, for example, through
www.google.com. Risk phrases are R23 R24 R25 R34.

(32) Mulholland, G. K.; O’Donnell, M. J.; Chin, F. T.; Delgado, F. PCT
Int. Appl. WO 02 44,144, 2002Chem. Abstr2002 137, 20599.

(33) Burger, K.; Burgis, ELiebigs Ann. Cheml97Q 741, 39.

(34) Radics, G.; Schedel, H.; Heistracher, E.; Sieler, J.; Hennig, L.; Burger,
K. Heterocycle2002 58, 213.

(35) Baldwin, J. EChem. Commuril976 734.

(36) Keller, M.; Wohr, T.; Dumy, P.; Patiny, L.; Mutter, MChem-Edur.

J. 200Q 6, 4358.

(37) Spengler, J.; Osipov, S. N.; Heistracher, E.; Haas, A.; Burgel, K.
Fluorine Chem 2004 125 1019.

(38) Ishikawa, T.; Nishigaya, K.; Uchikoshi, H.; Cheng, 1.JSNat. Prod.
1998 61, 534.

(39) Burger, K.; Eggersdorfer, M.iebigs Ann. Cheml979 1547.

(40) Burger, K.; Gold, M.; Simmerl, R.; Gieren, A.; Weber, G.;bher,

T. Chem. Ztg1986 110, 422.

(41) Hoefle, G.; Gmelin, R.; Luxa, H. H.; N'Galamulume-Treves, M.;

Hatanaka, S. ITetrahedron Lett1976 36, 3129.

Chemical Reviews, 2006, Vol. 106, No. 11 4745

(42) Panetta, C. A.; Casanova, T. G.; Chu, C3@0rg. Chem1973 38,
128.

(43) Burger, K.; Lange, T.; Rudolph, Mdeterocycle2003 59, 189.

(44) Burger, K.; Windeisen, E.; Heistracher, E.; Lange, T.; Abdel Aleem,
A. A. H. Monatsh. Chem2002 133 41.

(45) Pumpor, K.; Windeisen, E.; Burger K. Heterocycl. Chem2003
40, 435.

(46) Mehlmann, H.; Olschewski, D.; Olschewski, A.; Feigel, K.
Naturforsch.2002 75h, 343.

(47) Schedel, H.; Sieler, J.; Hennig, L.; Burger, 8ynthesid999 152.

(48) Lloyd-Williams, P.; Albericio, F.; Giralt, EChemical Approaches
to the Synthesis of Peptides and Protejf@RC Press LCC: Boca
Raton, New York, 1997.

(49) Trost, B. M.Sciencel991, 254, 1471.

(50) Albericio, F.; Burger, K.; Rm-Rodfguez, J.; Spengler, @rg. Lett.
2005 7, 597.

(51) Albericio, F.; Burger, K.; Cupido, T.; ReiRodfguez, J.; Spengler
J. Arkivoc 2005 6, 191.

(52) Felix, A. M.; Merrifield, R. B.J. Am. Chem. Sod.97Q 92, 1385.

(53) Cheng, S.; Comer, D. D.; Myers, P. L.; Saundersletrahedron
Lett. 1999 40, 8975.

(54) Rihl, T.; Béttcher, C.; Hennig, L.; Burger, KAmino Acids2004
27, 285.

(55) Jenssen, K.; Sewald, K.; Sewald, Bloconjugate Chen004 15,
594.

(56) Burger, K.; Rudolph, M.; Windeisen, E.; Worku, A.; Fehn, S.
Monatsh. Chem1993 124, 453.

(57) Fischer, P. MJ. Pept. Sci2003 9, 9.

(58) Groeger, HChem. Re. 2003 103 2795.

(59) Wennemers, HChimia 2003 57, 237.

(60) Pumpor, K.; Bttcher, C.; Fehn, S.; Burger, Kleterocycle2003
61, 259.

(61) Sardina, F. J.; Rapoport, i€hem. Re. 1996 96, 1825.

(62) Bentz, E. L.; Goswami, R.; Moloney, M. G.; Westaway, S.QAg.
Biomol. Chem2005 3, 2872.

(63) Kaduk, C.; Wenschuh, H.; Beyermann, M.; Forner, K; Carpino, L.
A.; Bienert, M. Lett. Pept. Scil1996 2, 285.

(64) Golubev, A. S.; Schedel, H.; Radics, G.; Fioroni, M.; Thust, S.;
Burger, K. Tetrahedron Lett2004 45, 1445.

(65) Pumpor, K.; Windeisen, E.; Spengler, J.; Albericio, F.; Burger, K.
Monatsh. Chem2004 135 1427.

(66) Burger, K.; Neuhauser, H.; Worku, &. Naturforsch 1993 48b
107.

(67) Crespo, L.; Sanclimens, G.; Pons, M.; Giralt, E.; Royo, M.; Albericio,
F. Chem. Re. 2005 105 1663.

(68) Pumpor, K.; Spengler, J.; Albericio, F.; Haas, A.; BurgerSknthesis
2004 1088.

(69) Davis, B. G.Chem. Re. 2002 102, 579.

(70) Schweizer, FAngew. Chem., Int. Ed. Eng2002 41, 230.

(71) Marcaurelle, L. A.; Bertozzi, C. RChem—Eur. J. 1999 5, 1384.

(72) Burger, K.; Bdtcher, C.; Radics, G.; Hennig, Metrahedron Lett.
2001 42, 3061.

(73) Bdtcher, C.; Hennig, L.; Burger, KMonatsh. Chen004 135 865.

(74) Bdtcher, C.; Spengler, J.; Essawy, S. A.; BurgerM@natsh. Chem.
2004 135, 853.

(75) Bdtcher, C.; Burger, KTetrahedron Lett2002 43, 9711.

(76) Bttcher, C.; Spengler, J.; Burger, Klonatsh. Chem2004 135,
1225.

(77) Kirmse, W.Eur. J. Org. Chem2002 2193.

(78) Regitz, M.Diazoalkane Georg Thieme Verlag: Stuttgart, 1977; p
154.

(79) Burger, K.; Rudolph, M.; Neuhauser, H.; Gold, Bynthesid992
1150.

(80) Radics, G.; Pires, R.; Koksch, B.; El-Kousy, S. M.; Burger, K.
Tetrahedron Lett2003 44, 1059.

(81) Burger, K.; Spengler, J.; Hennig, L.; Herzschuh, R.; Essawy, S. A.
Monatsh. Chem200Q 131, 463.

(82) Burger, K.; Windeisen, E.; Pires, BR.Org. Chem1995 60, 7641.

(83) Pires, R.; Burger, KTetrahedron Lett1996 37, 8159.

(84) Braese, S.; Gil, C.; Knepper, K.; Zimmermann,Ahgew. Chem.,
Int. Ed. 2005 44, 5188.

(85) Rudolph, M. Ph.D. Thesis, Technische Univétdiféinchen, 1991.

(86) Qjima, I.; Lin, S.; Wang, TCurr. Med. Chem1999 6, 927.

(87) Andruszkiewicz, R.; Wyszogrodzka, Mynlett2002 2101.

(88) Avenoza, A.; Busto, J. H.; Corzana, F.; Jimenez-Oses, G.; Paris, M.;
Peregrina, J. M.; Sucunza, D.; Zurbano, M. Nletrahedron:
Asymmetrn2004 15, 131.

(89) Gustavson, L. M.; Srinivasan, Aynth. Commuril991, 21, 265.

(90) Lee, S.-H.; Qi, X.; Yoon, J.; Nakamura, K.; Lee, Y.7®trahedron
2002 58, 2777.

(91) lIriuchijima, S.; Ogawa, MSynthesisl982 41.



4746 Chemical Reviews, 2006, Vol. 106, No. 11

(92) Watanabe, M.; Murakami, M.; Takano, J.; Yagi, K.; Takahashi, J.;
Yoshidome, M. PCT Int. Appl. WO 05 77,882, 200Bhem. Abstr
2005 143 229892.

(93) Pires, R.; Burger, KSynthesis996 1277.

(94) Burger, K.; Radics, G.; Hennig, L.; Boettcher, C.; Spengler, J.;
Albericio F. Monatsh. Chem2005 136, 763.

(95) Radics, G.; Koksch, B.; El-Kousy, S. M.; Spengler, J.; Burger, K.
Synlett2003 1826.

(96) Belov, V. N.; Brands, M.; Raddatz, S.; Kruger, J.; Nikolskaya, S.;
Sokolov, V.; de Meijere, ATetrahedron2004 60, 7579.

(97) Pires, R.; Burger, KTetrahedron1997 53, 9213.

(98) Aschwanden, W.; Kyburz, E. Ger. Offen. DE 3,227,649, 198%&m.
Abstr. 1983 98, 160582t.

(99) Huang, P.-Q.; Zheng, X.; Wei, HHeterocycle2003 60, 1833.

(100) Schuemacher, A. C.; Hoffmann, R. \Bynthesi®001, 243.

(101) Rihl, T.; Hennig, L.; Hatanaka, Y.; Burger, K.; Welzel, Petra-
hedron Lett.200Q 41, 4555 andTetrahedron Lett2001, 42, 9297.

(102) Daghish, M.; Hennig, L.; Findeisen, M.; Giesa, S.; Schumer, F.;
Hennig, H.; Beck-Sickinger, A. G.; Welzel, RAngew. Chem., Int.
Ed. 2002 41, 2293.

(103) Bdtcher, C.; Burger, KTetrahedron Lett2003 44, 4223.

(104) Boettcher, C.; Spengler, J.; Hennig, L.; Albericio, F.; Burger K.
Monatsh. Chem2005 136, 577.

(105) Adlington, R. M.; Baldwin, J. E.; Catterick, D.; Pritchard, G. J.; Tang,
L. T. J. Chem. Soc., Perkin Trans.200Q 15, 2311.

(106) Wasserman, H. H.; Long, Y. O.; ParrT&trahedron Lett2003 44,
361.

(107) Staszewska, A.; Stefanowicz, P.; SzewczukT&rahedron Lett.
2005 46, 5525.

(108) Dondoni, A.; Massi, A.; Minghini, E.; Bertolasi, Vetrahedror2004
60, 2311.

(109) Golubev, A.; Sewald, N.; Burger, Ketrahedron Lett1993 34,
5879.

(110) Baldwin, J. E.; Adlington, R. M.; Godfrey, C. R. A.; Gollins, D.
W.; Smith, M. L.; Russel, A. TSynlett1993 51.

(111) Dittmar, C.Ber. Forschungszent. Jueli@d0Q (Juel-3766)j-ui, 1;
Chem. Abstr2001, 134, 71846b.

(112) Osipov, S. N.; Lange, T.; Tsouker, P.; Spengler, J.; Hennig, L.;
Koksch, B.; Berger, S.; El-Kousy, S. M.; Burger, 8ynthesi2004
1821.

(113) Burger, K.; Gold, M.; Neuhauser, H.; Rudolph, M:i4dpE Synthesis
1992 1145.

(114) Burger, K.; Spengler, Eur. J. Org. Chem200Q 199.

(115) Pontillo, J.; Tran, J. A.; Markison, S.; Joppa, M.; Fleck, B. A.;
Marinkovic, D.; Arellano, M.; Tucci, F. C.; Lanier, M.; Nelson, J.;
Saunders, J.; Hoare, S. R. J.; Foster, A. C.; CherBi@org. Med.
Chem. Lett2005 15, 2541.

(116) Marui, S.; Miki, T.; Miura, S.; Nishimoto, T.; Nakada, Y. PCT Int.
Appl. WO 05 12,272, 2005Chem. Abstr2005 142, 219318.

(117) Kolar, P.; Petric, A.; Tisler, Ml. Heterocycl. Cheni997, 34, 1067.

(118) Adams, J.; Spero, D. M.etrahedron1991, 47, 1765.

(119) Burger, K.; Rudolph, M.; Fehn, S.; Sewald, N.Fluorine Chem.
1994 66, 87.

(120) Burger, K.; Rudolph, M.; Fehn, $\ngew. Chem1993 105 293;
Angew. Chem., Int. Ed. Endl993 32, 285.

(121) Fehn, S.; Burger, KTetrahedron: Asymmetr{997, 8, 2001.

(122) Chavan, S. P.; Praveen, C.; Sharma, P.; Kalkote, TeRahedron
Lett. 2005 46, 439.

(123) Khalaf, J. K.; Datta, AJ. Org. Chem2004 69, 387.

(124) Krasinski, A.; Jurczak, Jetrahedron Lett2001, 42, 2019.

(125) Argoudelis, A. D.; Herr, R.; Mason, D. J.; Pyke, T. R.; Zieserl, J. F.
Biochemistryl967, 6, 165.

(126) Padron, J. M.; Kokotos, G.; Martin, T.; Markidis, T.; Gibbons, W.
A.; Martin, V. S. Tetrahedron: Asymmetr§998 9, 3381.

(127) Bold, G.; Steiner, H.; Moesch, L.; Walliser, Blelo. Chim. Acta
199Q 73, 405.

(128) Winkler, D.; Burger, KSynthesis996 1419.

(129) Chen, K. X.; Njoroge, F. G.; Yang, W.; Vibulbhan, B.; Girijaval-
labhan, V. M.; Venkatraman, S.; Velazquez, F. PCT Int. Appl. WO
05 21,584, 2005Chem. Abstr2005 142, 298334.

(130) Burger, K.; Lange, T.; Pires, R. Fluorine Chem200Q 102 317.

(131) Lygo, B.; Andrews, B. ITetrahedron Lett2003 44, 4499.

(132) Nordlander, J. E.; Payne, M. J.; Njoroge, F. G.; Vishwanath, V. M.;
Han, G. R.; Laikos, G. D.; Balk, M. AJ. Org. Chem.1985 50,
3619.

(133) Effenberger, F.; Steedifer, D.; Null, V.; Ziegler, T.Chem. Ber.
1988 121, 125.

(134) Burger, K.; Rudolph, M.; Neuhauser, Hebigs Ann. Chenil 991,
1365.

(135) Kuroboshi, M.; Kanie, K.; Hiyama, Adv. Synth. Catal2001, 343
235.

Spengler et al.

(136) Nicolaou, K. C.; Bulger, P. G.; Sarlah, Bngew. Chem., Int. Ed.
2005 44, 4442.

(137) Dembinski, REur. J. Org. Chem2004 13, 2763.

(138) Dandapani, S.; Curran, D. hem=—Eur. J.2004 10, 3130.

(139) Golubev, A. S.; Sewald, N.; Burger, Retrahedronl996 52, 14757.

(140) Yoder, N. C.; Kumar, KChem. Soc. Re 2002 31, 335.

(141) Jakel, C.; Koksch, BEur. J. Org. Chem2005 4483.

(142) O’'Hagan, D.; Rzepa, H. &hem. Commurl997, 645.

(143) Link, A. J.; Mock, M. L.; Tirrel, D. A.Curr. Opin. Biotechnol2003
14, 603.

(144) Schedel, H.; Dmowski, W.; Burger, iSynthesi200Q 1681.

(145) Schedel, H.; Quaedflieg, P. J. L. M.; Broxterman, Q. B.; Bisson,
W.; Duchateau, L. H. L.; Maes, I. C. M.; Herzschuh, R.; Burger, K.
Tetrahedron: Asymmetr200Q 11, 2125.

(146) Herpin, T. F.; Motherwell, W. B.; Weibel J.-MChem. Commun
1997 10, 923.

(147) Heistracher, E. Ph.D. Thesis, Technische Univegitenchen, 1989.

(148) Gold, M. A. Ph.D. Thesis, Technische Univéeishéinchen, 1987.

(149) Sugano, H.; Hiroshi, S.; Ishida, R.; Yamamura, M. Eur. Pat. Appl.
EP 168042, 1984Chem. Abstr1986 105 60949n.

(150) Burger, K.; Neuhauser, H.; Rudolph, Bhem. Ztg199Q 114, 251.

(151) Spengler, J.; Burger, KSynthesis998 67.

(152) Spengler, J.; Burger, K. Chem. Soc., Perkin Trans.1998 2091.

(153) Lopes, F.; Capela, R.; Goncaves, J. O.; Horton, P. N.; Hursthouse,
M. B.; lley, J.; Casimiro, C. M.; Bom, J.; Moreira, Retrahedron
Lett. 2004 45, 7663.

(154) Orlova, N. A.; Shipov, A. G.; Savost'yanova, |. A.; Baukov, Y. I.
Zh. Obshch. Khiml99], 61, 2024;Chem. Abstr1992 116, 128607;.

(155) Awurelio, L.; Brownlee, R. T. C.; Hughes, A. Bhem. Re. 2004
104, 5823.

(156) Aurelio, L.; Brownlee, R. T. C.; Hughes, A. B.; Sleebs, BAkst.

J. Chem.200Q 53, 425.

(157) Schedel, H. Ph.D. Thesis, Universitaipzig, 2000.

(158) Ruckle, T.; Dubray, B.; Hubler, F.; Mutter, M. Pept. Sci1999 5,
56.

(159) Hubler, F.; Ruckle, T.; Patiny, L.; Muamba, T.; Guichou, J.-F.;
Mutter, M.; Wenger, RTetrahedron Lett200Q 41, 7193.

(160) Schedel, H.; Burger, KMonatsh. Chem200Q 131, 1011.

(161) lkeda, S.; Ashley, J. A.; Wirsching, P.; Janda, K.JDAm. Chem.
Soc.1992 114, 7604.

(162) de Lombaert, S.; Erion, M. D.; Tan, J.; Blanchard, L.; EI-Chehabi,
L.; Ghai, R. D.; Sakane, Y.; Barry, C.; Trapani, AJJMed. Chem.
1994 37, 498.

(163) Sandeman, R. M.; Chandler, D. S.; Duncan, A. M.; Hay, P. M. PCT
Int. Appl. WO 02 78,448, 2002Chem. Abstr2002 137, 274431x.

(164) Karoyan, P.; Sagan, S.; Lequin, O.; Quancard, J.; Lavielle, S.;
Chassaing, GTargets in Heterocyclic Systemialian Chemical
Society: Rome, 2004; Vol. 8, p 216.

(165) InHighlights in Bioorganic ChemistrySchmuck, C., Wennemers,
H., Eds.; Wiley-VCH; Weinheim, Germany, 2004; p 18.

(166) In1,3-Dipolar Cycloaddition ChemistryPadwa, A., Ed.; John Wiley
& Sons: New York, 1984; Vols. 1 and 2 and references therein.

(167) Grieco, P.; Lavecchia, A.; Cai, M.; Trivedi, D.; Weinberg, D.;
MacNeil, T.; Van der Ploeg, L. H. T.; Hruby, V. J. Med. Chem.
2002 45, 5287.

(168) Spengler, J.; Schedel, H.; Sieler, J.; Quaedflieg, P. J. L. M,
Broxterman, Q. B.; Duchateau, A. L. L.; Burger, 8ynthesi2001,
1513.

(169) Cooper, G. MThe Cell ACM Press: Washington, 2000.

(170) Schmidt, R. R.; Gaden, H.; Jatzke, Fetrahedron Lett199Q 31,
327.

(171) Burger, K.; Kluge, M.; Fehn, S.; Koksch, B.; Hennig, L.; Iy, G.
Angew. Cheml1999 111, 1513;Angew. Chem., Int. Ed. Endl999
38, 1414.

(172) Burger, K.; Kluge, M.; Koksch, B.; Fehn, S.; &cher, C.; Hennig,
L.; Muller, G. Heterocycle2004 64, 143.

(173) Viehe, H. G.; Merenyi, R.; Stella, L.; Janousek,Ahgew. Chem.
1979 91, 982.

(174) Burger, K.; Heistracher, E.; Simmerl, R.; Eggersdorfer, Z4.
Naturforsch.1992 47b, 424.

(175) Kukhar, V. P.; Hudson, H. Rminophosphonic and Aminophosphinic
Acids: Chemistry and Biological Acfity; John Wiley: New York,
2000.

(176) Mikolajczyk, M.J. Organomet. Chen2005 690, 2488.

(177) Tyka, R.; Hagele, G.; Peters,Synth. Commurl988 18, 425.

(178) Spengler, J.; Ruiz-Roduez, J.; Winter, M.; Yraola, F.; Royo, M.;
Burger, K.; Albericio, F. Unpublished results

CR0509962



