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Abstract. Progress in the synthesis and the use of amin@mino acids as peptidomimetics or building blocks for fold-
acids containing a THF or THP ring is reported. Differentamers and combinatorial libraries are given. The role of THF-
synthetic routes from carbohydrategremmino acids as start- amino acids in the synthesis of artificial ion channels,

ing compounds are discussed. Examples for THF- and THPFHF-gramicidin hybrids, is highlighted.

Introduction o
, : o]
The structures of the 20 amino acids commonly found, N/—(o}_QOH ((Oj\f

in proteins display a variety of functionalities in the side 2 HoN OH
chain. The ether function is not among them. Bearing
in mind the cation binding ability of ether groups, one
may wonder why ether amino acids have not appeared
or not persisted during biomolecular evolution. The rel-Fig. 2 General structure of THF- and THP-amino acids
ative high chemical inertness of ethers could have been

a disadvantage in terms of biodegradability and recycl
potential. Examples of naturally occurring non-protei-

i -ami i muramini i n- . . ;
nogenic ether-amino acids are muraminic acid a co Carbohydrates offer a facile synthetic entry into sugar-
stituent of bacterial cell walls and neuraminic acid an

oligosaccharide subunit amino acids. Pioniering work was done by Paulsen [2].
: The THP-sugar amino acids-4 were synthesized and

conformationally characterized by Kessétral (Fig-

ure 3) [3—5]. They were incorporated into cyclic pep-

tides to evaluate their potential as peptidomimetic scaf-

fold.

THF amino acid THP amino acid

PSugar-Amino Acids

OH
HO,
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HO}(LO 7~ "OH OH OH
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MeO™ ~0” MCOOH 0~ YCOOH
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muraminic acid neuraminic acid

Fig. 1 Naturally occurring ether amino acids ] 0
It was the synthesis of crown ethers and cryptands

that started supramolecular chemistry. Here, chemical

synthesis allowed a predictable three-dimensional ar- OH oH

rangement of ether groups for cation binding and transyo, OH HoN., OH

port [1]. There is a great potential in combining the J\)l ,(‘j\/

knowledge from ether-cation binding with the rationalH,N" ~0” ~cOOH HOOC” ™0 oH

design of amino acids and peptidomimetics. Because

cyclic ethers over the advantage of conformational con-

strain, amino acids with tetrahydrofuran (THF) and tet- 3 4

rahydropyran (THP) subunits are subject to active infig. 3 THP-amino acids synthesized by Kesseal

vestigations.
In this account we highlight important contributions |t was found, thal acts as a linear dipeptide isoster,

of others and summarize results from our laboratory. 2 and3 arep-turn mimetics and induces a+turn. The
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synthesis o# is shown in scheme 1 [4P-Glucose- HaN o
amine was converted into the benzyl-protected com- \\Q’\COOH HOOC“Q"-O
pound>5. Cbz-Protection of the amino group followed Pt $ "'o)(
by chlorination provided the-chloro compound which AcO  OAc HN

was allowed to react with tributyltin lithium to provide 10 1

6. A lithiation of the urethane hydrogen and a subse-
guent tin lithium exchange gave the glycosyl dianion

; . C : NH
which was trapped with carbon dioxide to form the acid 2
8. The latter was transformed into the Fmoc derivative BnC., g
9. BnO” Ny % ~COOH
1. Cbz-Cl OBn
NaHCOs 12
© @ OBn 2. 80Cl, tbz oy
Cl HgN., ~OBn  3.BugSnLi H-N., ~OBn Fig. 4 Sugar-amino acids from the work of Lansbeatyal
—_>
HO™ ™o OBn oo, BugSn” MO OBn
AllyITMS
5 6 AcQ TMSOTf  AcO
\\@.‘OAC CH3CN L(E?’\%
1. 1 equiv BuLi — — T
-78°C AcO OAc 67% AcO  OAc
2. 1,2 equiv BuLi ?bz OBn CO, 13 14
-55°C Li—N.,, ~OBn -55°C
> osn| 1. LiOMe,
Li (@) 83% MeOH TsO 1. NaN3, DMF
2, TsCl, Py L(Cj,\% 2. Ac,0, EtgN
7 —_—
§ —
Fmoc
OBn 2. Fmoc-OSu, | 0OBn
H-N., «0Bn H-N, .0Bn
/Ei/OBn - [T N_o i, N_o
OBn RuCl
HOOC™ "o 489,  HOOC” O \\(_7’\5 3 \\QACOOH
8 9 Acd bAc 93% AcO bAc
Scheme 1Synthesis of the THP sugar-amino a@ioy Kes- 16 17
sleret al

Scheme 2Lansbury’s synthesis of the THF sugar-amino acid
presurson7
Sugar-amino acids such 8 11 and12 were intro-
duced by Lansburgt al as new building blocks for double bond iri6 afforded the carboxylic aciti7.
combinatorial synthesis [6]. These compounds are in- Sugar-amino acids have been developed as building
teresting monomers for structurally diverse yet conforblocks for oligosaccharide mimetics. The group of Ishi-
mationally restrained oligomeric combinatorial librar- kawa prepared tetramers suchl8and19(7, 8]. The
ies with potential pharmaceutical applications. The ternsulfated derivative 019 was found to be a potent in-
glycotide was coined for the sugar-amino acid oligo-hibitor of HIV replication [8].
mers. Wessekt al from Roche synthesized saccharide-pep-
A representative synthetic example from the work oftide hybrids of type20 as oligosaccharide mimetics
Lansbury is the synthesis of the THF-amino acid pre{scheme 3) [9]. A key reaction was the etherfication of
cursorl? (Scheme 2) [6]. Peracetylated ribdsawas  theN-protected sugar aminoalcot&dlto the THP-ami-
C-glycosylated to the homoallyl ethib4. Chemoselec- no acid derivativ@?2.
tive addressing of the C(5) positich4(- 15) and in- The systematic investigation of the conformational
troduction of an azide functionality as a latent aminoproperties of oligomers from different stereoisomers of
group gave compountlé. Oxidative cleavage of the 5-aminomethyl-3,4-dihydroxy-tetrahydrofuran-2-carb-
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Fig. 5 Ishikawa’s oligosaccharide mimetics prepared from
Sugar-amino acids
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Scheme 3A key step in the synthesis of the saccharide- pep-_

tide hybrid20

oxylic acid23 is the subject of ongoing work by Fleet
et al (figure 6) [10—12]. The different monomer units
can be prepared enantiomerically pexg from D-ga-

bled to tetramers such 24—27 and octamers.

IH NMR studies indicate that the 2¢&s disubstitut-
ed tetramer24 and25 adopt a conformation reminis-
cent of a repeating turn. For the 2,%ransdisubstitut-

lactolactone oD-ribose. The monomers were assem- B“O!é o N
BnO

REVIEW
HQ OH
HaN oH
o
o
23
T S Nﬁ\--"zgﬁ"wr“\--"zzs" o
Lo 0 o 0
43 3
24 25
Q__><_9 H Q}(.-Q
Na\_‘“QTrl{l\m_@__n,OiPr Oi-Pr
o 0 0
L A4 3

27

26

Fig. 6 Fleet's stereoisomeric tetramers from the THF-amino
acid23

Addition of 2-lithiothiazole to the sugar lactoB@gave

after acetylation compour@il. After stereocontrolled
introduction of an anomeric azid&l(— 32) the thiazol

was converted into an aldehyde function to pro@g8e

which was transformedia the azidoested4 into the

sugara-amino esteB5.

e — V&\,COOH
) NH,

28 29

AP
U s TMSN,
OBn OBn
BnQ 2. A0, Et;N BnO N TMSOTS
Q, I—-\>
——  BnO —_—
BnO O 78% BnO (. 88%
31
1. TFOMe
2. NaBH4 1. AgxO
OBn 3.HgCly, H0  Bno OBN 2, CHoN,
P o L
BnO: g BnO.
Nj BnO Ny 54%

32 33

ed tetrameR6 and its corresponding octamer a tenden-

cy towards a left handexthelix was observed. The ster-

eocenters at C-3 and C-4 of the THF ring have a pro-
nounced effect on the conformational behaviour of the®™™

oligomers. This was shogg. by the tetrame27, which
displayed no conformational preference.

Dondoniet al. developed a route from lactones of
type28to THP-a-amino acid9 (scheme 4) [14, 15].
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Scheme 4Dondoni’s synthesis of the THP-amino a8kl
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Our approach to THF amino acids is based-@mi-
no acids as a chiral pool source (scheme 5) N-gJo-

andf-sheet formation before [19]. NOE studies istD
indicated no hairpin formation @4, but the presence

sylalanineB6was converted into the corresponding acidof an extended conformation for the peptide chain [17].
chloride which gave in a Cu(l) catalysed Grignard re-These results show that the THF-amino acids are con-
action the keton@7. A L-selectride reduction &7 pro-  formational biased but not monoconformational. The
vided the alcohoB8 with a stereoselectivity of 85:15. substitution pattern and the environment have a pro-
After epoxidation of the double bond and intramolecu-nounced effect on the local conformation.

lar 5-exoopening of the resulting epoxy function the

two THF-alcohols39 and40 were obtained in a stereo-

divergent manner. Theansalcohol39 was converted O
into theN-Boc protectedrans THF amino acidll by a
reprotection/oxidation sequence, while tigalcohol H=N W
40 gave thecis THF amino acidi2.

1. PClg 95%
OH & CHz=CHCH,CHMgBr 43
3 ( CuCN, LiCl, THF —
—»
Ts- Ts=N
s N\H 0 -70-0°C, 94%  © H ©
36 37
L-selectride 0] (@]
—_ H
il N/ W
THE  Ts=N  OH H HI({N\-)LN NH,
-100 -> -60°C H i H
83% 38 O o 0 RR o o
MCPBA | CH,Cl, H H ®

+ 38%

ey
o H—% ®

Ts—N HOR OH N HOH OH 4 R= «.z’/'\/\NH3
39 40 : , N
Fig. 7 B-Turn type solid-state structure of the THF dipeptide
43 and structure of the hairpin candiddt
1. Na, NH3,
Boc,0 89% O
% 2. swem;  Boc=N HOY OH THF-amino Acids as Peptidomimetics
NaClO, 87% H a1 . . . .
THF-amino acids are suitable candidates as peptidomi-
metics for drug design. In particular their potential as
R o building blocks for integrin antagonists has been evalu-
2 ° . .
0 —— o ated [20]. The integrins are a group of cell-surface re-
2. Swermn; Boc=N. H-'H OH

ceptors, which control cell-cell and cell-matrix adhe-
42 sion processes [21]. These heterodimeric glycoproteins
bind to extracellular matrix adhesive proteins such as
fibrinogen and vitronectin. Particular attention has been
paid to thea, B;-integrin and thex,,Bs-integrin. The
a,By-integrin is involved in many physiological proc-
Thecis THF-amino acid was converted into the dipep-esses such as angiogenesis and tumor growti #d
tide 43 (figure 7) [16]. An X-ray structural analysis of antagonists are good drug candidates for cancer and
43 showed g3-turn type solid-state conformation with osteoporosis [22]. The,, B;-integrin is important for
a 10-membered ring hydrogen bond. The same confoblood platelet aggregation arnxi, 3;-antagonists are
mation of43was found in CDCJsolution by a combi- investigated as antithrombotic agents [23]. The com-
nation of NMR studies and MD simulations. In DMSO mon structural motif for integrin ligands is the RGD
however, ng3-turn type conformation was detected. In triad (figure 8). Studies with cyclic peptides suclas
order to further explore the potential of this THF-  and46 have shown that potent 3,-antagonists adopt
amino acid, a water soluble heptapep#devas syn- a "glycine centered in gturn” conformation €.g. 45)
thesized [17]. Peptides with related amino-acid sequenavhile the most active, B,-antagonists display a "turn-
es were used as test systems for hairpin induction [18xtended-turn conformatioe.§. 46) [24, 25].

NaClO; 65%

Scheme 5Synthesis of th&l-protected THF-amino acidsl
and42
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45: cyclo(-RGDfV-) 46: cyclo(-RGD-Mamb-P-)

Fig. 8 General structure of the RGD motif and examples of

cyclopeptide-based RGD mimeti¢S and46

The use of THF-amino acids in RGD mimetics al-
lows the variation of the relative and absolute configu
ration at the stereogenic centers C-2 and C-5ofthe T
ring with the aim of tuning the receptor activity and
selectivity. Towards this end the four stereoisom@rs

nists (figure 9) [20].

HNJ_/_,Q_(N’\HLOH HN_/_/_(-)_/< /\HLOH

HZN—<\ H Cbz HN_<\ " "Cbz

47 48

HN: HN

H2N—<\ H Necba HN_<\ H Nechz

49 50

Fig. 9 Four stereocisomes/—50 of THF-RGD mimetics

The synthesis of the RGD mimeti¢%—50 required
the elaboration of all four possible stereoisomers at th

H

L.

50 were synthesized and evaluated as integrin antago-

tention at C-2, inversion at C-5). If the acetonide func-
tion of 53 was cleaved first and the resulting triol was
converted into the epoxy alcohas an intramolecular
5-exo0 opening of the epoxide by the OH group gave the
THF alcoholent55 (inversion at C-2, retention at C-5)
[20].

0
BnO/\/\)LH
51
Bng/—}—\ THF
52 Oxo i 80%

1. MsCl, EtsN

1. HCI, THF
2. HCI, THF

2. NaH, tosyl-
imidazole
56

O ]
70% l
nO:

ent-55

l 77%
nO
55

Scheme 6A stereodivergent approach to the THF alcohols
55 andent-55

|

HO

I8

The alcohol55 was oxidized by a two-step proce-
dure into the corresponding carboxylic acdsand58,
which could be separated by chromatography (scheme
7). After hydrogenolytic cleavage of the benzyl ether in
57 a BOP coupling with the amine building blosR
gave the amidé1. Next, the guanidino group was in-
troduced inN-Boc protected fornvia a Mitsunobu re-
action of61 with the guanidine reage@0to form com-
pound62. After hydrolysis of the methyl estéy:Boc

THF ring. This was accomplished from one stereocentdeprotection and RP-HPLC purification the desired
er as a common starting point (scheme 6). The steredHF-RGD mimetic47 was obtained. The target com-

center was taken frommalic acid and incorporated
into the Grignard reage®?. Reaction 062 with the
aldehydeb1 gave the secondary alcohad as a 1:1

pounds48-50 were synthesized along the same route.
The THF-RGD mimetic63—69 with different linkers
between the THF ring and the guanidine function were

epimeric mixture53 was converted into the enantio- prepared to investigate the role of the distance between
meric THF alcohol$3 andent-53 by stereochemical the THF ring and the guanidine function as well as the
complementary ways for closing the THF ring. Whenrole of additional substitutents and stereocenters (fig-
the alcohob3was transformed into the mesylate a sub-ure 10) [20].

sequent cleavage of the acetonide gave the dihydroxy- The biological activity of the THF-RGD mimetics
mesylateb4, which directly underwent an intramolecu- was tested in a receptor binding assay. The four com-
lar Williamson reaction to yield the THF alcolk@(re-  pounds47-50 showed a stronger binding with the

J. Prakt. Chen200Q 342 No. 4 329
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0 o ® 0 The group of Chakraborty and Kunwar studied the
— Mot oy @ HaN’\HLOMe use of sugar derived THF-amino acids as peptidomi-
1.swemoOx. [ BnO ‘ HChz metics [26]. They incorporated the THF-amino acid in
R, 57 59 the Gly-Gly positions of Leu-enkephalii® (figure 11).
' : Leu-enkephalin is an endogeneous opoide. Compound
7% L IS J12o° 71, with thecis- THF configuration showed biological
B HOR OH BocHN™ "NH, activities (EQ, = 1.48 ) similar to that of Leu-
58 60 enkephalin methyl ester (ED= 1.35 ). In contrast,
1 Hy, PAIC compoundr2 with thetrans THF configuration exhib-
2. E?N?%P) o o 60, PPhs ithed no signifi;:fnt actliv!ty. ,3\ folgled confor_nglatifon ?\f
il : DIAD, THF thecisisomer71was claimed to be responsible for the
A HOT/_Q*_«NTLOM‘? — bioactivity. Kessler et al. synthesized tbis THP-
61 HCbz eee enkephalin analo@3 with the opposite absolute con-
figuration at C-2 and C-6 of the THP ring. For this com-
0o 0 1. LIOH, THF pound no significant bioactivity was reported [4].
4/_/—*@7/({\1 ,\‘)LOME 2. TFA, CH,Cl,
BocN H N. a7
HoN—§ H" "Cbz 85%

NBoc
62

Scheme 7Synthesis of the THF-RGD mime#dd. BOP = 1-

benzotriazol-1-yloxytris(dimethylamino)phosphonium hexa-
fluorophosphate, DIAD = diisopropyl azodicarboxylate, TFA

= trifluoroacidic acid

R
Cbz-N O o]
HN N.
H R

HaN—4

NH

H

Chz—N o o
J_/_,EQEIQN’\)LOH
HN N

HoN—4, H “SO,Bu
NH

63 R = SO,Bu
64 R=Cbz

65

66 67

o 0 o
AR o /\)L
| H H N
o

68 69

HO.
R A ﬁ\
HaN N\)LN/\H’N})LN COLH

le] H lo) B H

. O

HO
HO, OH
I A
HzN o 7" N7 COMe
o} Ho £ H

71

HO

72

HO
HN

73

Fig. 10 THF-RGD mimetics with different substitutents and Fig. 11 Structure of Leu-enkephalifO and of Leu-enkepha-

linker length between die guanidin and the THF ring

a,,5; than with thea, SB,-integrin. In particular com-
pound47 displayed a high activity and selectivity for
a,pB; (IC5, = 20 m, IC,, (a,B;) = 3.5m). The three
compound$3-65 were found to be active in the na-
nomolar range for both the,, 3, and thex, 3;receptor.

lin analogs containing THF- and THP-amino acids in the Gly-
Gly position

THF-amino Acids as Building Blocks for lon Chan-
nels

The channel mediated transport of cations through lip-

The stereocenters had a remarkable effect on the actiig bilayers is a biomolecular function of physiological
ity: thetranscompounds are generally more active thaimportance and pharmacological relevance [27]. Syn-

the cis compounds. This was most pronounced in théhetic ion channels can contribute to the understanding
series66—69. of biological ion channels [28, 29]. Tetrahydrofuran is

330 J. Prakt. Chen2000Q 342, No. 4
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well known for its complexation of cations. Complexa-

Thetrans THF alcohol39was converted into the ole-

tion is a prerequisite for transport. Therefore, THFs andin 78first. A Sharpless asymmetric dihydroxylation of
THF-amino acids are potential building blocks for cat-78 gave the diof9.After mesylation of the two hydroxy

ion channels. Oligo-THFs [30,31] such®&and oli-
go-THF peptide§5-77 [32] were synthesized to test
this hypothesis [33].

T™80PSO HOR HOR HOR HOY RO oTeDPS

74

R=N HOH H
A

75 R'=BOC, R?=Bn
76 R'=H+CF,COOH, R?=8n
77 R'=H+CF;COOH, R2=H

Fig. 12 Oligo-THFs74 and Oligo-THF peptide$5—77 as
potential building blocks for artificial ion channels

An important contribution to the synthesis of oligo-

groups in79a subsequent cleavage of the acetonide and
the TMS ether produced the trihydroxy dimesyie
Now, both THF rings were closed in one step by a mul-
tiple Williamson reaction§0 - 81). Oxidation of the
primary alcohol function gave the desired ter-THF-ami-
no acid derivative2.

Inspection of molecular models of the oligo-THF pep-
tides indicated that a decapeptide suciA%should be
large enough to span the 3 nm lipophilic interior of a
lipid bilayer in a helical arrangement. The propensity
of the oligo-THF peptides to modify membranes and to
increase conductance was examined [32]. It was found
that compound6was inserted into the membrane with
an applied potential of +50 mV. This led to rapid chang-
es in conductance on the order of milliseconds, which
could not be resolved to the single channel level. When
the potential was changed to —50 mV, smaller current
peaks were detected. This asymmetric insertion/volt-
age behaviour was not found for the diprotected de-
capeptide75. However, at the same voltage, current
peaks could be detected witb at lower peptide con-

THFs and oligo-THF-amino acids was the developmententration. The completely deprotected compounid
of multiple Williamson reactions [34, 35]. This method showed no effect on the membrane conductance. The

was for instance applied in the synthesis ofiXkgro-
tected ter-THF-amino aci8? (scheme 8) [32].

3 >
> Ts=N H

AD-mix-B
tBUOH/H,O
—_—
89%

1. MsCl, EtsN

2. HOAc, H,0

—_—
99%

80

NaH, THF
cat. DMSO
—_—
86%

1. Swern-Ox.

2. KMnOy4

—_— 3 ) \ ¢
86% TN HOA HOA ROH o

82

Scheme 8Application of the multiple Williamson reaction
in the synthesis of thid-protected ter-THF amino acg&?

J. Prakt. Chen00Q 342, No. 4

high solubility of77in water probably prevented inser-
tion into the membrane.

In extension of the THF-peptide work the synthesis
of THF-gramicidin hybrid channels was achieved [36].
Here a biomimetic approach was followed for the chan-
nel entrance and exit. Gramicidin A is an ion-channel
active pentadecapeptide with the sequence H&@k-
Gly,-L-Alas-D-Leu,-L-Alag-D-Valg-L-Val,-D-Valg-L-
Trpg-D-Leu,;L-Trp;-D-Leu, L-Trp; s-D-Leu, ,L-Trp,
CONHCH,CH,OH [37]. In lipid bilayers gramicidin A
forms a hydrogen bridged head-to-head dimer consist-
ing of two right-handed, single strand&® helices [38].
The indole side chains of the fowtryptophane resi-
dues orient themselves towards the membrane surface

83 R=tBuPh,Si

84 R=H

Fig. 13 Structure of the channel forming THF-gramicidin hy-
brids83 and84
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thus bringing the channel entrance and exit in contaatxhibited single channel current events. The channel
with the hydrophilic exterior of the membrane [39]. This opening times fo85 were shorter than f@&4, an inter-
orienting effect of the channel was adopted for the synesting effect of the removal of the lipophilic TBDPS
thetic THF-gramicidin hybrid83 and84 (figure 13). groups.

Compound4 consists of a heptapeptide pargp-
D-Leu),-L-Trp, a tetra-THF-peptide part, a tartaric acid
derived linker [40] and the gramicidin A pentadecapepSummary
tide. The tartaric acid linker was chosen to construct an ) ) ] ] o
unimolecular ion channel, which is advantageous forl HF and THP amino acids with different substitution
the structural characterization and the functional conpatterns are accessible most conveniently from carbo-
trol. The THF-hybrid chann&4 was incorporated into hyd_rates oo-amino a_CIdS- They are useful _peptldoml-
membranes and acts as a functional ion channel. Mof@etics and possess interesting conformational proper-
than one conductance level where observed within thi€s as building blocks for combinatorial synthesis or
single channel measurements (figure 14). This suggesttificial secondary structures (foldamers [42]). In a

the existence of more than one channel active confoldnique way, they combine the cation binding abilities
mation in the membrane. of ethers with the synthetic potential of amino acids.

Their use as substructures in artificial ion channels is
one example for possible applications.

The research of U. K. was supported by the Deutsche For-
schungsgemeinschaft, the Fonds der Chemischen Industrie,
the Volkswagenstiftung, the Pinguin Stiftung, Merck-Darm-

stadt and Schering. The contributions of the coworkers cited

(1]

(2]
(3]

(4]
(5]

—0

Fig. 14 Typical single channel currents f8¢4 (0.01 pM)
through soy-bean-lecithine membranesynKICl at a mem-
brane potential of + 100 mV. The numbers indicate the closed
channel (0), the conductance level with the highest frequen{7]
cy (1) and that with the highest open probability (1)

(8l

An Insight/Discover generated structural modeé4f  [9]
shows a low energy conformation where the four THF-
amino acids continue the gramicigirhelix. However, [10]
as mentioned before the THF-amino acids are confor-
mationally biased but not uniconformational. Thiags
shown by the appearance of more than one single chal]
nel level. Compoun@®4 conducts monovalent alkali
cations. No transport of divalent cations such a$'Mg [17]
or Ca&* was detected. For the alkali cations an Eisen-
man-| selectivity [41] (N* > Cs > K* > Na') was
observed. Such an ion-transport selectivity results fronf-3]
a strong influence of the energy necessary for partial
dehydration of the ion and a weak binding energy at the 4
channel binding sites. The THF-hybrid charB&also
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