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Synthesis and Conformational Analysis of Constrained -Turn Mimetics
Incorporating a Bicyclic Turn Inducer by Use of the Petasis Three-Component
Reaction on Solid Phase
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A new set of B-turn mimetics incorporating a bicyclic turn
inducer was achieved by use of the solid-phase Petasis reac-
tion in a stereoselective fashion. The stereoselectivity of the
reaction turned out to be dependent on the side chain of the
amino acid preceding the reverse turn inducer. The B-turn
mimetics were stabilized by strong intramolecular 10-mem-
bered ring hydrogen bonds, detected by conformational
analysis by NMR and molecular modelling, whilst the turn
type was controlled by the final amine component. Use of

arylboronic acids provided access to chemical diversity at po-
sition i+1, whilst the versatility of the HMBA resin allowed
additional diversification to be introduced at the cleavage
stage, thus providing a tool for the generation of libraries of
B-turn mimetics as privileged structures in combinatorial
chemistry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The generation of reverse turn systems is an important
aspect of peptidomimetics research, as these arrangements
of amino acids are often sources of biological activity in
the contexts of protein—protein and peptide—protein interac-
tions.[l In particular, B-turns are key elements in molecular
recognition mechanisms, because they allow two to four
side chains of amino acids involved in biological interac-
tions to be oriented in a stereocontrolled fashion. The de-
velopment of mimetics of secondary structures such as f-
turns and B-sheets has been intensely investigated, and sev-
eral organic templates that function as turn mimetics have
been reported.>3] The typologies of reverse turn mimetics
can be grouped into two main classes: a) peptidomimetic
compounds showing structural analogies with native [-
turns and containing similar functional groups,? and
b) molecular scaffold mimetics of the central dipeptidic i+ 1
to i+2 sequence in a turn, capable of inducing folded struc-
tures with conformations stabilized by intramolecular hy-
drogen bonds.’! In this context there have been several ex-
amples of the use of solid-phase methods for the construc-
tion of libraries of turn mimetics capable of carrying sub-
stituents in place of the side chains at positions i+1 and
i+2, and interesting applications of B-turn mimetics in
medicinal chemistry have been reported.l>®-> Our previous
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efforts in the development of constrained reverse turn in-
ducers have focused on the synthesis and conformational
analysis of bicyclic scaffolds capable of acting either as iso-
steres of the central i+ 1 to i+2 dipeptide sequence in a [3-
turn,[®! or as constrained bicyclic proline mimetics intro-
duced at positions i+ 1 (type I/IT B-turn mimetics) or i+2
(type VI B-turn mimetics).[”l Recently, enlarged bicyclic
templates have been reported by our group to function as
unusual reverse turn inducers, and it was demonstrated that
a stable hydrogen-bonding network contributed to create a
B-sheet-like structure.!®! Following the concept of chemical
diversity, we set out to expand the scope of these dipeptide
isosteres as turn inducers, as reported previously,*! through
the use of the Petasis reaction to introduce an additional
carbon atom as a point of diversity at position i+ 1, thus
allowing the generation of collections of new B-turn mi-
metic systems. The Petasis, or Mannich-boronic, reaction is
a three-component reaction between an amine, a boronic
acid and glyoxylic acid, which permits the generation of a-
amino acid compounds (Scheme 1).1!
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Scheme 1. Petasis reaction for the synthesis of a-amino acids.

Some examples from the literature include methods for
the solid-phase application of the Petasis reaction in pepti-
domimetic chemistry;!' in particular, Golebiowsky et al.

@ interSciencer



FULL PAPER

E. Danieli, A. Trabocchi, G. Menchi, A. Guarna

have also reported on the synthesis of B-turn mimetics!!'!]
allowing for diversification around position i+ 1. In this pa-
per we report a method for the generation of 10-membered
ring hydrogen-bonded structures (Figure 1, right) through
application of the Petasis reaction.
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Figure 1. B-Turn (left) and B-turn mimetic (right) structures.

Such a structure, although representing a complete modi-
fication of the i+ 1 to i+2 dipeptidic sequence, was capable
of mimicking the ten-membered ring hydrogen-bonded
structure typical of B-turns. Moreover, elements of diversity
could be introduced at position i+ 1 through the use of the
three-component reaction, and at positions i and i+3
through the use of different amines as building blocks. Con-
formational analysis of selected compounds to investigate
the structural features of the new B-turn mimetics was suc-
cessively carried out by NMR and molecular modelling
techniques.'?! In particular, TOCSY and ROESY spectra
were recorded to assign proton resonances and to investi-
gate both sequential and long-range NOESs that might pro-
vide evidence of preferred conformations and give insight
into stable reverse turn conformations.'3! Temperature-de-
pendence experiments were also carried out, since amide
proton chemical shifts are sensitive to temperature and di-
lution variations,'* and the combination of chemical shifts
and AJ/AT coefficients of the amide protons can provide
information on the extent of hydrogen bonding. Moreover,
the AO(NH) variation upon addition of a solvent such as
DMSO, capable of competing in the formation of hydrogen
bonds, was also evaluated to test further the role of amide
protons in forming stable intramolecular hydrogen bonds.
Molecular modelling calculations were used to assess the

conformational preferences of the reverse turn structures.
In particular, Monte Carlo conformational searches!'>! were
performed to scan all the conformational space accessible
to the molecules, whilst molecular dynamics calculations
were carried out to investigate the strengths of hydrogen-
bonded structures and to verify the stabilities of the pre-
ferred conformations around the local minima.

Results and Discussion

The synthesis of the molecules of general structure as
shown in Figure 1 (right) was carried out either on Wang
resin or on the base-labile HMBA resin, the latter allowing
the introduction of an additional site of chemical diversity
at position i+ 3 through the choice of different amines for
the nucleophilic cleavage. For the reverse turn inducer, the
bicyclic scaffold shown in Scheme 2, prepared by our group
as reported previously,!'® was chosen, as the endo configu-
ration of such a y/d-amino acid allowed the generation of a
10-membered ring hydrogen bond typical of a B-turn. The
resin-bound bicyclic turn inducer 1 was thus amine-depro-
tected and subjected to a solid-phase Petasis reaction to
introduce the i+ 1 amino acid mimetic moiety.
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Scheme 2. Scaffold selected as reverse turn inducer.

The synthesis of 2 is representative: coupling of 1 on the
resin-bound amino acid was achieved with the aid of
HBTU/HOBLt as the activating mixture and DMAP as the
catalytic base, whilst the outcome of the reaction was moni-
tored by the bromophenol blue (BB) colorimetric test for
amines (Scheme 3).[7]
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Scheme 3.
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After Fmoc removal, the amine function in the bicyclic
scaffold was treated with 10 equiv. each of arylboronic acid
and glyoxylic acid in a 3:1 mixture of chloroform/ethanol
as solvent system. The reaction proceeded at 50 °C, and the
presence of the carboxylic group was detected by the spe-
cific malachite green (MQG) test, as reported by Taddei
et al.'® Finally, amide bond formation was obtained by
carboxylic group activation with DIC/HOBL, followed by
addition of the amine component.l'”! The final B-turn mi-
metic was obtained after cleavage from the resin by use of
an excess of amine, giving 2 in 30% overall yield as a mix-
ture of diastereomers in 84% de. Table I reports selected
examples of turn molecules of general formula as in Fig-
ure 2. Use of Wang resin and 7-endo-BTG allowed a struc-
ture with the COOH group at the C-terminal position to
be obtained (Entry 4), whereas by use of HMBA resin it
was possible to obtain the same compound as a C-terminal
ethylamide, by nucleophilic cleavage with 70% aqueous
EtNH, in THF. In order to develop a general procedure
to provide additional diversity within C-terminal amides, a
different workup was developed when other amines were
used. Specifically (see Entry 6), the excess of unreacted
amine was treated for 30 minutes with cheap, commercially
available L-di-O-acetyltartaric anhydride as scavenger, and
the mixture was then eluted through a column of basic Am-
bersep-OH resin to remove the resulting amido acid.

Table 1. Yields and de ratios of selected B-turn mimetics.

Entry R! X R’ R de [ 3!165&[30][131
1 _NHEt -  ptolyl ~NHBu 35 15

2 _NHEt Leu p-toly] ~NHBu 2 84 30

3 ~-NHEt Leu p-tolyl -Phe-NHEt 4 89 13

4 -OH Leu p-tolyl —-NHBu 5 o6l 11

5 -NHEt Gly p-tolyl -NHBu 6 49 22

6 _NHBn Val p-tolyl ~NHBu 7 30 7

7 -NHEt Phe p-Cl-Ph -NHBu 8 20 16

[a] Determined by HPLC analysis. [b] Based on resin loading as
reported by the manufacturer.

Figure 2. General structure of B-turn mimetics 2-8.

The bicyclic turn inducer was also mounted directly on
the resin to provide the minimal B-turn mimetic 3 with a de
of only 5%, as a result of absence of diastereoselectivity in
the Petasis reaction (Table 1, Entry 1). Interestingly, com-
pounds 2 and 4-8 (Entries 2-7) represented varying degrees
of diastereoselection, in line with some other examples of
the diastereoselectivity and enantioselectivity of the Petasis
reaction reported in the literature.”®2% In particular, com-
pounds 2 and 4 (Entries 2 and 3, respectively), with leucine
at position 7 in the bicyclic turn inducer, showed des of 84 %
and 89%, respectively, thus mainly consisting of the com-
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pounds possessing (.S) configurations at their newly gener-
ated stereocenters, as evidenced by ROESY data (see be-
low).”! In contrast, turn mimetics with different amino ac-
ids preceding the bicyclic turn inducer showed lower de val-
ues (Entries 5-7), indicating a role of the side chain of the
preceding amino acid in the stereoselectivity outcome, al-
though this effect could not be exclusive, as a glycine-con-
taining turn mimetic (Entry 5) showed a higher de value
than a valine-containing turn mimetic 7 (Entry 6). Thus, as
well as the stereochemical information at C, in the preced-
ing amino acid X (Figure 2), the existence of an additional
effect was also implied as a possible explanation of the
mechanism resulting in the diastereoselective Petasis reac-
tion. It was hypothesized that, given the preference for exo
attack of the aryl moiety on the iminium function with re-
spect to the bicyclic skeleton due to steric hindrance, the
diastereoselectivity might be governed by the isomerism of
the intermediate iminium double bond at N-3. According
to earlier works,[¥ the geometry of the C=0 group at C-7
is essentially anti with respect to the C-7-O-6 bond, so the
constraint generated by the amide bond at C-7, in conjunc-
tion with the rigid structure of the bicyclic scaffold, might
generate a stabilized asymmetric conformation capable of
differentiating the two faces of the iminium species towards
the nucleophilic attack by the anionic species of the boronic
component (Figure 3). Specifically, the intermediate struc-
ture (Figure 3, bottom left) should experience greater steric
hindrance than the structure (Figure 3, top left) giving rise
to the major compound possessing the (S) configuration at
the newly generated stereocenter (Figure 3, top right). Fi-
nally, the de outcome turned out to be dependent on the
conformational preferences of the overall peptidomimetic
system, which could in turn be governed by the side chain
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Figure 3. Putative mechanism for the diastereoselective outcome of
the Petasis reaction.
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of the amino acid at position X (see Figure 2 and Table 1,
Entries 2-7). Such a rigid conformation would not have
been able to exist when the bicyclic amino acid was linked
to the resin as an ester (Table 1, Entry 1), consistently with
the lack of diastereoselectivity observed for 3, resulting in
an undifferentiated exo attack of the aryl moiety at both
faces of the iminium species.

Conformational Analysis

In order to establish the reverse turn properties of the
new molecules, a conformational analysis of selected com-
pounds by NMR and molecular modelling was carried out.
In particular, the conformational preferences of the major
diastereomers of compounds 2 and 4 were assessed in 4 mm
and 3.3mm CDCl; solutions, respectively (Figure 4).2%
Furthermore, molecular modelling was carried out to
corroborate the NMR spectroscopic data and, specifically,
Monte Carlo conformational searches!!! were performed to
scan all the accessible structures within an energy range of
24 kJmol™!, whilst the minimum energy structures were
subjected to a mixed dynamics simulation by the Monte
Carlo/Stochastic Dynamics (MC/SD) approach!® in order
to investigate the conformations available in the vicinity of
local minima. Variable-temperature 'H NMR spectroscopy
on compound 2 revealed the presence of a strongly hydro-
gen-bonded structure. In fact, although all the AJ/AT values
for the three amide protons of 2 proved to be small in abso-
lute value, the leucine amide proton (10-H) showed a sig-
nificant deshielded chemical shift, indicative of the presence
of a strong hydrogen bond, whereas low chemical shifts for
the other amide protons (8-H and 12-H) suggested the ab-
sence of any hydrogen-bonded conformation within the
range of temperatures examined (Table 2).

Figure 4. Turn mimetics selected for conformational analysis.

Such a hypothesis was confirmed by 'H NMR experi-
ments with 2 in CDClj; solutions recorded with increasing
amounts of [Dg]DMSO as a hydrogen bond competitor
(Figure 5). In fact, only 10-H showed any significant sta-
bility of its chemical shift in the presence of increasing
amounts of [Dg]DMSO, whereas the other two amide pro-
tons each displayed a downfield shift of more than 0.2 ppm
in a 10% mixture of [Dg]DMSO in CDCl;. These data sug-
gested that the ethyl (8-H) and butyl (12-H) amide protons
1662
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Table 2. Temperature-dependent 'H NMR spectroscopic data for
amide protons in compounds 2 and 4 (see Figure 4).

Amide proton otbl ASIATE
212 12-H 6.23 -1.78
10-H 7.61 —0.78
8-H 6.30 -0.71
4lal 14-H 6.32 -5.00
12-H 7.92 —6.64
10-H 6.87 —-1.64
8-H 7.71 -9.64

[a] Spectra were recorded in CDCl; within the ranges of 23-53 °C
for 2 and 20-50 °C for 4. [b] Chemical shifts (9) are expressed in
ppm. [c] Temperature coefficients (AJ/AT) are expressed in ppb K.

were solvent-exposed and interacted with the competing
solvent in the generation of intermolecular hydrogen bonds,
thus resulting in deshielding of their chemical shifts.
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Figure 5. Diagram of 'H NMR chemical shifts upon [Dg]DMSO
addition to a CDCl; solution (4 mm) of 2.

Amide proton—deuterium exchange rates were assessed
to provide further supporting evidence for the role of the
leucine amide 10-H in generating a stable intramolecular
hydrogen-bond.”* Exchange rates with deuterated meth-
anol, with a 3:1 CD;OD/CDCl; solution of 2, demon-
strated the exceptional stability of the leucine NH hydrogen
bond, as its NMR signal was still present after 2 h, whereas
the other two protons exchanged with deuterium instantly.
ROESY experiments provided additional information relat-
ing to the conformational preferences of compound 2. The
major stereoisomer was found to possess the (S) configura-
tion at the C-11 stereocenter bearing the p-tolyl group, as
corroborated by the ROESY peaks of the 11-H and 2-H
protons of the scaffold (Figure 6) and by ROESY corre-
lations of 4-H and the aromatic protons of the tolyl group.

Eur. J. Org. Chem. 2007, 1659-1668



Constrained B-Turn Mimetics

FULL PAPER

i

K2 O
g

Figure 6. ROESY correlations for compound 2.

A strong cross-strand peak between Leu 8-H and butyl
B-H, together with medium ROESY peaks between the o-
H protons of the butyl and ethyl groups, demonstrated the
turn geometry of compound 2. In addition, the medium
ROESY correlation between 12-H and the aromatic pro-
tons of the p-tolyl group confirmed the proposed hydrogen-
bonded structure for 2, as shown in Figure 6, with the butyl
amide proton pointing outside the turn, consistently with
variable-temperature experiments. Molecular modelling cal-
culations were performed to corroborate the NMR spectro-
scopic data and to provide further insights into the confor-
mational preferences of turn mimetic 2, with the use of full
unconstrained Monte Carlo conformational analysis with
MM2* as a force field, together with the implicit chloro-
form GB/SA solvation system.[>>] The calculations showed
the existence of two main conformations, each possessing a
B-turn mimetic structure and stabilized by a ten-membered
ring hydrogen bond. The first minimum-energy conformer
was inconsistent with the NMR spectroscopic data, as the
hydrogen bond between the butyl NH and the carbonyl
group at the C-7 position in the bicyclic scaffold was not
supported either by ROESY data or by the '"H NMR spec-
tra after [Dg]DMSO addition. The second conformer (Fig-
ure 7) was found in 17.2% of the generated structures and
showed a turn structure stabilized by a ten-membered ring
hydrogen bond between Leu NH (10-H) and the glyoxylic
acid carbonyl group, fully consistently with NMR spectro-
scopic data (Figure 6). MC/SD simulation on compound 2
was performed over 1000 ps, yielding 1000 samples for each
ps of the calculation. Under these conditions, only the sec-
ond conformer (as shown in Figure 6) was found, in 11.5%
amount among the generated structures, indicating a better
agreement with all the ROESY correlations.

Conformational analysis of compound 4 showed a dif-
ferent structural preference, indicating a possible role of
phenylalanine in the selection of the most accessible confor-
mations. Variable-temperature experiments showed the exis-
tence of equilibrating conformations. In fact, chemical shift
values and high AJ/AT coefficients for 12-H and 8-H amide
protons indicated the presence of equilibrating hydrogen-
bonded and non-hydrogen-bonded conformations (see Fig-
ure 4, right and Table 2). Although showing a low tempera-
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Figure 7. Low-energy conformation for -turn mimetic 2.

ture coefficient with respect to the other amide protons in
the molecule, leucine 10-H also displayed a lower chemical
shift relative to the same amide proton as in compound
2, and a non-hydrogen-bonded state for that proton was
assumed. '"H NMR spectroscopy on dilute CDCl; solutions
of 4 in the presence of increasing amounts of [Dg]DMSO
as a hydrogen bond competitor showed small chemical shift
deviations for the amide Phe 12-H and 8-H protons, sug-
gesting their role in the generation of stable intramolecular
hydrogen bonds (Figure 8).
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Figure 8. Diagram showing '"H NMR chemical shifts upon [Dg]-
DMSO addition to a 3.5 mm CDCl; solution of 4.

Specifically, the existence of an intramolecular hydrogen
bond between 12-H and the carbonyl group at C-7 of the
bicyclic compound was suggested, giving a shifted B-turn
structure with respect to the hydrogen-bonded structure of
2. Such a hydrogen-bonded structure resembled the B-turn
structure as in Figure 1 (left), with the bicyclic turn inducer
1 at position i+ 1 and the p-tolyl group at position i+2 in
a reversed fashion with respect to the structure observed for
2 (Figure 9 for 4; cf. Figure 6 for 2).

A ROESY experiment with compound 4 showed the
major stereoisomer to possess the (S) configuration at the
1663
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Figure 9. ROESY correlations for reversed conformation of B-turn mimetic 4.

C-11 stereocenter bearing the tolyl group (i+2 position as
referred to Figure 9), in analogy with 2, as demonstrated by
the ROESY peaks of the 11-H and 2-H protons of the scaf-
fold (Figure 9, left). An intense ROE contact between 10-
H and 7-H indicated that the scaffold carbonyl group was
pointing inside the turn, thus demonstrating the existence
of the hydrogen bond originating from 12-H, as shown in
Figure 9 (left). Moreover, ROESY peaks between the aro-
matic protons of the p-tolyl ring and 2-H, and also between
9-H and 7-H (Figure 9, right), indicated a certain rotational
freedom of the two halves of the turn structure, thus cor-
roborating the large AS/AT coefficients obtained from vari-
able-temperature NMR experiments and confirming the
existence of equilibrating hydrogen-bonded and non-hydro-
gen-bonded conformers about the 12-H and 8-H amide
protons. Such conformational freedom was also demon-
strated by the absence of significant cross-strand ROESY
peaks, probably as a result of steric hindrance by the phe-
nylalanine moiety. ROESY peak between 9-H and 7-H also
suggested the existence of a y-turn structure stabilized by a
hydrogen bond between §-H and the carbonyl group at C-
7 of the bicyclic scaffold, as shown in Figure 9 (right).

Molecular modelling calculations confirmed the different
structural organization for 4. In particular, Monte Carlo
conformational analysis showed the existence of the hydro-
gen-bonded conformation as shown in Figure 9 (left), cor-
responding to the global minimum, consistently with the
NMR spectroscopic data. Such a conformation was present
in 82% of the structures found within the range up to
6 kcalmol™! above the global minimum energy. The MC/
SD calculation confirmed the preference for the hydrogen-
bonded structure corresponding to the global minimum, as
also shown in Figure 10, though the amount of the mini-
mized structures dropped to 15.4%, in better agreement
with NMR spectroscopic data indicating the existence of
equilibrating conformations for 4. Moreover, the proposed
v-turn structure as in Figure 9 (right) was satisfied by
60.4% of the structures, confirming the substantial prefer-
ence of 8-H amide proton for hydrogen-bonded states, as
corroborated by ROESY data and 'H NMR spectra upon
addition of [Dg]DMSO.
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Figure 10. Global minimum conformation for B-turn mimetic 4
shown in reversed conformation as in Figure 9.

Conclusions

This work reports a solid-phase methodology for the
generation of a collection of B-turn mimetics based on em-
ployment of a bicyclic reverse turn inducer and use of the
Petasis reaction to introduce diversity at position i+ 1. This
synthetic strategy allowed the generation of small molecules
with conformational profiles typical of B-turns, with the po-
tential to vary five positions in the turn mimetic. Moreover,
the Petasis reaction showed a degree of diastereoselectivity
depending on the amino acid preceding the reverse turn
scaffold, thus suggesting a role of the bicyclic y/d-amino
acid in determining the selection of the two possible sides
for nucleophilic attack in the three-component process.
Specifically, it is hypothesized that the amide bond between
the bicyclic scaffold and the preceding amino acid could
provide an asymmetric setting in the overall molecular
structure, and that this could in turn govern the stereoselec-
tivity observed in the Petasis reaction. Finally, conforma-
tional analysis of two selected structures revealed that the
type of B-turn mimetic stabilized by a ten-membered ring
hydrogen bond turned out to be dependent on the amine
component coupled to the glyoxylic COOH, as the intro-
duction of phenylalanine in that position shifted the B-turn
conformation from a structure stabilized by a ten-mem-
bered hydrogen-bond between the glyoxylic C=0 and the
10-H amide proton to another one stabilized by a ten-mem-
bered hydrogen bond formed by the C=0 group at C-7 and
the 12-H amide proton. This information may be of interest
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for the design of new B-turn mimetics, as the right choice
of amine compound for coupling to glyoxylic COOH may
make the peptidomimetic system assume a different B-turn
conformation.

Experimental Section

General Remarks: HMBA-AM resin (0.83 mmol g !) was purchased
from Novabiochem. Chromatographic separations were performed
on silica gel by flash column techniques. Ry values refer to TLC
carried out on 25 mm silica gel plates with the same eluent as indi-
cated for column chromatography. All the solid-phase reactions
were carried out with use of a shaker, in solvent of HPLC quality.
'H and '*C NMR spectra were recorded with NMR instruments
operating at 200 MHz and 400 MHz for proton and 50.33 and
100.66 for carbon, respectively, in CDCl; solutions unless otherwise
stated. Complete NMR analyses of 2 and 4 were performed with
the aid of gCOSY, TOCSY, HSQC and ROESY experiments. One-
dimensional 'H NMR spectra for determining temperature coeffi-
cients were acquired with increments of 5 K. Sample temperatures
were controlled with the variable-temperature unit of the instru-
ment. EI mass spectra were carried out at 70 eV ionizing voltage.
All the B-turn mimetics were characterized by 'H and '3C NMR,
EI-MS or ESI-MS, and HPLC with an analytical C-18 10 um,
250X 4.6 mm reverses-phase column, through the use of H,O/
CH;CN buffered with TFA (0.1%) as eluent, and 10% CH3;CN/
5 min then 10-90% CH3;CN/20 min as gradient. Bromophenol blue
(BB) tests were performed by the following procedure:!'”! a few
resin beads were put in a vial and suspended in DMF (0.5 mL),
and a solution of bromophenol blue in dimethylacetamide (1%,
two drops) was then added. The presence of free amino groups was
revealed by the deep blue colour of the resin beads. Malachite green
(MG) tests were performed by the reported procedure.!'$]

General Procedure with HMBA Resin: HMBA-AM resin (200 mg,
0.17 mmol) was used as starting material. Fmoc removal with a
DMF solution of piperidine (30%) over 10 min was performed
twice, followed by resin washings with DMF and DCM. Successful
deprotection and subsequent coupling reactions were assessed by
performing the BB test (positive and negative results, respectively).
The coupling of the first amino acid was performed by treating the
resin for 12 h in a solution containing the amino acid (0.85 mmol,
Sequiv.), HOBt (115mg, 0.85mmol, 5equiv.), DIC (133 puL,
0.85 mmol, 5 equiv.) and DMAP (2 mg) in DMF (3 mL). The solu-
tion was then drained and the resin was washed successively with
DMF and DCM. After Fmoc removal, the coupling of the scaffold
was performed in the following way: a solution of Fmoc-7-endo-
BTG-OH (1, 191 mg, 0.51 mmol, 3equiv.), HOBt (115mg,
0.85 mmol, 5 equiv.), HBTU (314 mg, 0.85 mmol, 5 equiv.) and DI-
PEA (284 puL, 1.7 mmol, 10 equiv.) in DMF (3 mL) was added to
the resin, and the mixture was shaken at room temperature for 3 h.
The solution was drained and the resin was washed successively
with DMF and DCM. The Petasis reaction was performed with a
solution of glyoxylic acid (231 mg, 1.7 mmol, 10 equiv.) and bo-
ronic acid (1.7 mmol, 10 equiv.) in CHCI;/EtOH 3:1 (3 mL). The
solution was added to the resin and the mixture was stirred at 50 °C
for 12 h. Afterwards, the solution was drained and the resin was
washed with DCM. The completion of the reaction was assessed
by the MG test. Successively, the resin was suspended in a solution
of HOBt (115mg, 0.85mmol, Sequiv.) and DIC (133 uL,
0.85 mmol, 5 equiv.) in DMF (3 mL), and the mixture was shaken
at room temperature for 3 h, followed by draining of the solution
and washing of the resin with DCM. A solution of BuNH, (84 uL,
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0.85 mmol, 5 equiv.) in DMF (3 mL) was then added to the resin
and the mixture was shaken at room temperature for 12 h. Finally,
cleavage was performed with an aqueous solution (70%) of EtNH,
(1.5mL) and THF (1.5 mL), and the mixture was stirred at room
temperature for 12 h. The solution was then drained and concen-
trated in vacuo to give a crude compound that was purified by
flash column chromatography.

(Butylcarbamoyl-p-tolylmethyl)-7-endo-BTG-Leu-NHEt (2): Com-
pound 2 was prepared by use of Fmoc-Leu-OH as the first amino
acid, and with p-tolylboronic acid for the Petasis reaction. The
crude peptide was purified by flash column chromatography
[EtOAc/petroleum ether (2:1), 0.1% Et;N, Ry = 0.3] to give pure 2
(26 mg, 30%) as a mixture of two diastereomers in 84% de. See
Table 3 for NMR spectroscopic data. ESI-MS: m/z (%) = 541.36
[M + KJ* (12), 525.45 [M + Na]* (100), 503.45 [M + 11" (43).
HPLC: tg = 19.8 and 20.3 min (89% pure). Elemental analysis (%)
caled. for C,;H4N4O5 (502.65): C 64.52, H 8.42, N 11.15; found:
C 64.66, H 8.31, N 11.20.

(Butylcarbamoyl-p-tolylmethyl)-7-endo-BTG-NHELt (3): Compound
3 was prepared by anchoring of the Fmoc-7-endo-BTG-OH (1) di-
rectly to the resin, while p-tolylboronic acid was used for the Petasis
reaction. The crude peptide was purified by flash column
chromatography [EtOAc/petroleum ether (2:1), 0.1% Et;N, Ry =
0.2] to give 3 (10 mg, 15%) as a mixture of two diastereomers in
5% de '"H NMR (CDCls, 200 MHz) diastereomers A and B: 6 =
7.11 (m, 4 H), 7.04 (brs, 1 H, A), 6.83 (brs, 1 H, B), 6.53 (brs, 1
H, B), 6.37 (brs, 1 H, A), 5.51 (s, 1 H, B), 5.38 (s, 1 H, A), 4.70 (s,
1 H, A), 469 (s, 1 H, B), 460 (s, 1 H, A), 457 (s, 1 H, B), 4.46
(m, 2 H, A and B), 3.75 (s, 1 H, B), 3.70 (s, 1 H, A), 3.50-3.19 (m,
8 H), 3.16 (m, 1 H, A), 3.03 (d, 2Jyu = 11.7Hz, 1 H, B), 2.84 (d,
2Jun = 11.7Hz, 1 H, A), 2.66 (d, 2Jyz = 11.3Hz, 1 H, B), 2.58
(d, 2Jyu = 124 Hz, 1 H, A), 247 (d, 2Jyu = 11.7Hz, 1 H, B),
2.32 (s, 3 H, A), 2.30 (s, 3 H, B), 2.27 (m, 1 H, A), 2.05 (d, *Ju.u
=11.7Hz, 1 H, B), 1.57-1.38 (m, 4 H), 1.35-1.15 (m, 10 H), 0.93-
0.84 (m, 6 H) ppm. '3C NMR (CDCl;, 50.33 MHz): § = 170.1 (s),
170.0 (s), 169.5 (s), 168.9 (s), 129.2 (s), 129.1 (s), 128.4 (s), 127.8
(s), 120.7 (d, 4 C), 119.8 (d, 2 C), 119.2 (d, 2 C), 100.1 (d), 99.5
(d), 77.1 (d), 76.7 (d), 72.3 (d), 70.4 (d), 53.9 (t, 2 C), 53.1 (d) 51.8
(d), 39.0 (t, 2 C), 34.2 (1), 34.1 (), 31.2 (1), 30.6 (1), 22.7 (1), 22.0
(t), 20.8 (q), 19.9 (q), 14.5 (1), 13.4 (1), 12.3 (q), 11.3 (q), 5.8 (q),
4.8 (q) ppm. MS: m/z (%): 389 [M]* (1.4), 289 (100), 246 (1.7), 218
(4). HPLC: tg = 17.7 and 17.8 min (88 % pure). Elemental analysis
(%) caled. for C,H31N30, (389.49): C 64.76, H 8.02, N 10.79;
found: C 64.80, H 8.11, N 10.68.

(15)-|(Ethylcarbamoyl-2-phenylethylcarbamoyl)-p-tolylmethyl]-7-
endo-BTG-Leu-NHEt (4): Compound 4 was prepared as described
for 2. The carboxylic acid obtained from the Petasis reaction was
treated with DIC/HOBt, and then with a DMF solution of Phe-
OMe'HCI (171 mg, 0.85 mmol, 5equiv.) and DIPEA (284 puL,
1.7 mmol, 10 equiv.). The crude peptide was purified by flash col-
umn chromatography [EtOAc/petroleum ether (2:1), 0.1% Et;N, R
= 0.3] to give 4 (14 mg, 13%) as a mixture of two diastereomers in
89% de. See Table 3 for NMR spectroscopic data. MS: m/z (%):
622 [M]* (1.4), 402 (100), 329 (10), 289 (78). HPLC: 1z = 19.2 and
19.5min (98% pure). Elemental analysis (%) caled. for
C34H47N504 (621.77): C 65.68, H 7.62, N 11.26; found: C 65.66,
H 7.71, N 11.20.

(Butylcarbamoyl-p-tolylmethyl)-7-¢ndo-BTG-Leu-OH (5): Com-
pound 5 was prepared as reported in the general procedure, but
with Wang resin (200 mg, 0.136 mmol) as the solid support. Fmoc-
7-endo-BTG-OH (1) was used as the reverse-turn inducer, Fmoc-
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Table 3. Proton and carbon chemical shifts of major diastereoisomers of 2 and 4 in CDCl; (J values are in ppm, and the J values in Hz

are reported in parentheses).

20a.b] 'H NMR 13C NMR 4ledl 'H NMR 13C NMR
1-H 4.58 77.6 1-H 4.51 74.5
2-H 3.16, 2.57 51.8 2-H 2.86 (d, 11.2), 2.51 (d, 11.2)  52.0
4-H 2.71, 2.06 533 4-H 244 (d, 11.7),1.91 (d, 11.7) 52.8
5-H 5.36 100.6 5-H 5.30 100.5
7-H 4.41 74.4 7-H 4.39 77.3
11-H 3.76 74.7 11-H 3.71 74.9
p-tolyl arom. H  7.07 129.5, 129.4, 128.7 p-tolyl arom. H 6.96 (d, 7.3), 6.84 (d, 7.3) 129.2, 128.9
p-tolyl CH3 2.30 21.1 p-tolyl CH3 2.23 21.1
12-H 6.23 - 14-H 6.32 -
a-butyl 3.19 39.5 a-Etlel 3.15-3.11 344
B-butyl 1.47 31.6 B-Etlel 0.91, 0.87 14.5
y-butyl 1.23 20.1 12-H 7.92 (d, 7.3) -
d-butyl 0.87 13.9 13-H 4.40 55.9
10-H 7.61 - -Phe 3.21, 3.10 36.6
9-H 4.38 77.7 Phe arom. H 7.23-7.19 129.5, 128.5, 126.7
B-Leu 1.90, 1.53 41.2 10-H 6.87 (d, 6.8) -
v-Leu 1.90 30.9 9-H 4.68 52.6
d-Leu 0.98 22.9,22.7 B-Leu 1.75-1.59 41.7
8-H 6.30 - v-Leu 1.59 25.0
o-Et 3.28 34.6 d-Leu 1.00 (d, 5.8), 0.97 (d, 5.8) 23.1,22.5
B-Et 1.12 14.8 8-H 7.71 -
a-Etlf 3.32,3.14 344
B-Et(f] 1.11 (t, 7.32) 14.7

[a] "H and '3C spectra were recorded at 26 °C in CDCl; solution (4 mm). [b] Numbering refers to Figure 4 (left). [c] 'H spectra were
recorded at 20 °C, and '3C spectra were recorded at 25 °C in CDCl; solution (3.3 mm). [d] Numbering refers to Figure 4 (right). [e] Ethyl

group refers to 14-H. [f] Ethyl group refers to 8-H.

Leu-OH as the first amino acid and p-tolylboronic acid for the
Petasis reaction. The crude peptide was purified by semipreparative
HPLC on a C-18 10 um, 250 X 4.6 mm reversed-phase column,
with H,O/CH;CN buffered with TFA (0.1%) as eluent, and 0-90%
CH;CN/40 min as gradient (g = 27.0 min) to give 5 (9 mg, 11%)
as a mixture of two diastereomers in 61% de. '"H NMR (CDCl;,
200 MHz) major diastereomer: 0 = 8.90 (br., 1 H), 7.64 (br., 1 H),
7.40-7.13 (m, 4 H), 6.95 (br., 1 H), 5.58 (s, 1 H), 5.18 (m, 1 H),
492 (m, 1 H), 4.61 (m, 1 H), 3.76 (s, 1 H), 3.38-3.15 (m, 4 H), 2.85
(m, 1 H), 2.30 (s, 3 H), 2.28 (m, 1 H), 1.75 (m, 3 H), 1.41-1.18 (m, 4
H), 0.92-0.81 (m, 9 H) ppm. *C NMR (CDCl;, 50.33 MHz) major
diastereomer: 0 = 171.8 (s), 168.9 (s), 167.4 (s), 131.2 (s), 127.4 (s),
120.7 (d, 2 ©), 119.2 (d, 2 C), 99.8 (d), 76.8 (d), 72.9 (d), 68.4 (d),
53.1 (1), 51.8 (d), 49.6 (t), 40.7 (d), 39.0 (1), 30.6 (t), 22.0 (t), 20.5
(q), 199 (q), 16.3 (q), 14.5 (1), 11.3 (q) ppm. ESI-MS: m/z (Y):
476.38 [M + 1]* (100), 498.26 [M + Na]* (29), 514.33 [M + K]*
(3). HPLC: tg = 20.4 and 21.7 min (75% pure). Elemental analysis
(%) caled. for CysH37N;3;04 (475.58): C 63.14, H 7.84, N 8.84;
found: C 63.16, H 7.81, N 8.90.

(Butylcarbamoyl-p-tolylmethyl)-7-endo-BTG-Gly-NHEt (6): Com-
pound 6 was prepared by use of Fmoc-Gly-OH as the first amino
acid and p-tolylboronic acid for the Petasis reaction. The crude
peptide was purified by flash column chromatography [EtOAc/pe-
troleum ether (4:1), 0.1% Et;N, Ry = 0.2] to give pure 6 (17 mg,
22%) as a mixture of two diastereomers in 49% de. '"H NMR
(CDCl;, 200 MHz) major diastereomer: 0 = 8.19 (m, 1 H), 7.14 (m,
4 H), 6.30 (m, 1 H), 6.20 (m, 1 H), 5.44 (s, 1 H), 4.64 (m, 1 H),
4.51 (d, 3Jyu = 6.1 Hz, 1 H), 4.02 (m, 2 H), 3.89 (s, 1 H), 3.40-
3.21 (m, 2 H), 3.18-3.11 (m, 3 H), 2.79 (m, 1 H), 2.62 (d, 2/ =
11.0 Hz, 1 H), 2.33 (s, 3 H), 2.12 (d, 2Jyz = 11.3 Hz, 1 H), 1.54-
1.34 (m, 2 H), 1.30-1.10 (m, 5 H), 0.95-0.83 (m, 3 H) ppm. 1*C
NMR (CDCl;, 50.33 MHz) major diastereomer: 0 = 170.6 (s),
168.3 (s), 164.1 (s), 138.1 (s), 134.5 (s), 129.4 (d, 2 C), 128.8 (d, 2
C), 100.6 (d), 78.2 (d), 74.5 (d), 73.1 (d), 53.1 (1), 51.6 (t), 43.3 (1),
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39.6 (1), 34.7 (1), 31.7 (1), 21.3 (q), 20.2 (t), 15.0 (q), 13.9 (q) ppm.
MS: mlz (%): 446 [M]* (2.5), 347 (100), 273 (22). HPLC: tx = 16.0
and 16.3min (99% pure). Elemental analysis (%) caled. for
Cy3H34N4O5 (446.54): C 61.86, H 7.67, N 12.55; found: C 61.78,
H 7.70, N 12.46.

(Butylcarbamoyl-p-tolylmethyl)-7-endo-BTG-Val-NHBn (7): Com-
pound 7 was prepared by use of Fmoc-Val-OH as the first amino
acid and p-tolylboronic acid for the Petasis reaction. The cleavage
was performed with a solution of BnNH, (2.3 mL, 1.7 mmol) and
H,O (450 uL) in THF (1.5 mL), by stirring the mixture at room
temperature for 12 h. The solution was drained and concentrated
in vacuo to give a crude oil that was dissolved in dry CH,Cl,
(1 mL) and added dropwise to a solution of tartaric anhydride
(367 mg, 1.7 mmol) in dry CH,Cl, (1 mL). The mixture was stirred
under N, at room temperature for 4 h, and was then quenched with
H,O and concentrated in vacuo. The solid obtained was dissolved
in MeOH and eluted through Ambersep-OH resin. The solution
was again concentrated in vacuo to give crude 8, which was purified
by flash column chromatography [EtOAc/petroleum ether (2:1),
0.1% Et;N, R; = 0.1], affording 7 (7 mg, 7%) as mixture of two
diastereomers in 30% de. '"H NMR (CDCl;, 200 MHz) major dia-
stereomer: 0 = 8.28 (brs, 1 H), 7.67 (brs, 1 H), 7.40-7.04 (m, 9 H),
6.18 (brs, 1 H), 5.38 (s, 1 H), 4.83-4.31 (m, 3 H), 4.18-4.10 (m, 2
H), 3.56 (s, | H), 3.26-3.19 (m, 2 H), 3.16-2.85 (m, 2 H), 2.69-2.53
(m, 1 H), 2.33 (s, 3 H), 2.17 (m, 1 H), 1.59-1.46 (m, 2 H), 1.25-
1.04 (m, 3 H), 0.92-0.81 (m, 9 H)ppm. 3C NMR (CDCls,
50.33 MHz) major diastereomer: 6 = 170.2 (s), 169.0 (s), 168.4 (s),
138.6 (s), 137.9 (s), 136.8 (s), 129.3 (d, 2 C), 128.8 (d, 2 C), 128.3
(d,2C), 128.1 (d, 2 C), 122.2 (d), 100.4 (d), 83.2, 62.4, 60.6, 58.1,
56.1, 53.8, 43.6, 39.5, 39.3, 29.9, 21.3, 20.3, 13.9 ppm. MS: m/z (%):
550 [M]* (0.05), 450 (11), 351 (100). HPLC: g = 20.5 and 21.0 min
(88% pure). Elemental analysis (%) calcd. for C3;H4N4Os5
(550.69): C 67.61, H 7.69, N 10.17; found: C 67.68, H 7.65, N
10.11.

Eur. J. Org. Chem. 2007, 1659-1668



Constrained B-Turn Mimetics

FULL PAPER

(Butylcarbamoyl-p-chlorophenylmethyl)-7-endo-BTG-Phe-NHEt
(8): Compound 8 was prepared by use of Fmoc-Phe-OH as the first
amino acid and p-Cl-phenylboronic acid for the Petasis reaction.
The crude peptide was purified by flash column chromatography
[EtOAc/petroleum ether (2:1), 0.1% Et;N, Ry = 0.1] to give 8
(15mg, 16%) as a mixture of two diastereomers in 20% de. 'H
NMR (CDCls, 200 MHz) major diastereomer: 6 = 7.76 (d, 2Jy
= 7.2Hz, 1 H), 7.34-7.13 (m, 9 H), 6.91 (brs, 1 H), 6.42 (brs, 1
H), 5.45 (s, 1 H), 4.64-4.48 (m, 3 H), 3.70 (m, 1 H), 3.28-2.96 (m,
6 H), 2.80 (m, 1 H), 2.61-2.31 (m, 2 H), 2.15-2.04 (m, 1 H), 1.64—
1.49 (m, 4 H), 1.32-1.19 (m, 3 H), 0.99-0.86 (m, 3 H) ppm. 13C
NMR (CDCls, 50.33 MHz) major diastereomer: ¢ = 170.0 (s),
169.7 (s), 169.0 (s), 136.5 (s), 134.2 (s), 132.8 (s), 130.2 (d, 2 C),
129.2 (d, 2 C), 129.0 (d, 2 C), 128.8 (d, 2 C), 128.6 (d), 100.4 (d),
74.4 (d), 73.8 (d), 55.1 (1), 54.9 (d), 53.2 (d), 51.4 (1), 39.6 (t), 39.0
(1), 34.6 (1), 31.8 (1), 20.4 (1), 14.7 (q), 13.9 (q) ppm. MS: m/z (%):
559 [M + 2]* (0.3), 557 [M]* (1), 458 (45), 456 (100), 385 (3.8), 383
(9.3). HPLC: g = 20.5 and 21.0 min (88 % pure). Elemental analy-
sis (%) caled. for C,9H37,CIN4O5 (557.08): C 62.52, H 6.69, N 10.06;
found: C 62.61, H 6.71, N 10.12.

Computational Methods: Molecular-mechanics calculations were
carried out on a SGI IRIX 6.5 workstation, with use of Macro-
Model (v6.5) molecular modelling software!l?®) with MM2* as a
force field and the implicit chloroform GB/SA solvation system.?’]
Full unconstrained Monte Carlo conformational searches!!> were
carried out with use of a ring-closure for the six- and seven-mem-
bered rings of bicyclic structure. 2000 structures were generated
and minimized until the gradient was less than 0.05 kJ-A~!-mol !
with use of the TNCG gradient implemented in MacroModel.?”]
All conformers with energies of 6 kcalmol ! above the global mini-
mum conformer were discarded. The Monte Carlo/Stochastic Dy-
namics (MC/SD) hybrid simulation algorithm®*! was used to assess
the stabilities of low-energy conformers. A time step of 0.75 fs was
used for the stochastic dynamics part of the algorithm. The MC
simulation used random torsional rotations between =60° and
+180° for all rotatable bonds except for the amide ones, where the
random rotations were between +90° and *180°. No rotations
were applied to the bonds of the scaffold. The total simulation was
2000 ps, and samples were taken at 1 ps intervals, yielding 2000
conformations for analysis. MC/SD algorithm gave percentage val-
ues weighted by the energetic contents of structures found, accord-
ing to the Boltzmann law.
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