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The solid-phase synthesis of 2,5-diketopiperazines containirtgaiie4-hydroxy+ -proline amino acid residue

(Hyp) was performed on Ellman polystyrene, polyoxyethylene-polyoxypropylene (POEPOP), polystyrene-
polyoxyethylene NovaSyn, and Wang resins, respectively. The reaction pathway allowed the introduction
of different functional groups around the bicyclic scaffold in a combinatorial approach, and it generated
mixtures of isomers. A detailed characterization of the single reaction steps by high resolution magic angle
spinning (HRMAS) NMR spectroscopy was performed. The NMR spectral resolution of the resin-bound
intermediates and final products was greatly influenced by the polymer matrix. The POEPOP resin permitted
to obtain HRMAS NMR spectra with a resolution comparable with that of the spectra of the molecules in
solution. Moreover, configurational and conformational isomers formed during the solid-phase reaction steps
could be detected and easily assigned. Therefore, the combination of the HRMAS NMR technique with the
use of nonaromatic resins may become an extremely powerful tool in solid-phase organic synthesis. This
approach will allow the monitoring of multistep reactions and the conception of on-bead structural studies
either on small molecules or on natural and/or synthetic oligomers.

Introduction Solid-phase organic synthesis, which is a well-established

Solid-phase organic synthesis (SPOS) and combinatorialStrategy, presents the drawback of a limited use of analytical
techniques are more and more attracting the interest oftechniques for monitoring the intermediates still bound to
chemists in relation with the high demand of new drtigs.  the solid support all alor_1g the_syn_thesis. Between the differ-
Among the broad range of templates, heterocyclic scaffolds €Nt analytical methods, including infrared spectroséapy
represent the most promising molecules as lead structurednass spectrometf§ HRMAS (high resolution magic spin-
for the discovery of potential pharmacophotés particular, ~ Ning angle) NMR spectroscopy has recently received much
2,5-diketopiperazines (DKPs), present in the core of many attentiont! This nondestructive technique can be classified
natural products, display interesting therapeutic properties. &t the interface of the solid state and solution NMR, and it
Such compounds have been shown to inhibit several en-allows the study of small molecules and oligomers while
zymes, as well as to recognize, modulate, and control thelinked to an insoluble carrier. Multidimensional HRMAS
activity of many receptorsThe preparation of DKPs ona NMR has been used to control the amino acid difficult
solid support can be performed following two strategies: (i) cOUPlings during solid-phase peptide synthesis, as well as
by cleavage-induced cyclization of linear dipeptfiasd (ii) to elucidate the. aggregation properties and th_e secondary
by on-bead cyclization before the final release from the Structure of pepnde@.lnthe_ comblna_ltpan synthesis of small
resin? Very recently, hydroxyproline-based 2,5-diketopip- Molecules, HRMAS permits quantification and step by step
erazines have appeared as a new class among these heterBlonitoring of solid supported organic reactidhsiowever,
cyclic moleculeda The solid-phase parallel synthesis of these & major difficulty in the interpretation of simple 1D NMR
molecules was carried out on Ellman polystyrene fesird spectra is due to the presence of signals originated from the
conceived to enable a sequence of hydroxyprotidealky- resint* Moreover, a problem intrinsic to the use of polystyrene-
lation, N-acylation, cyclization, and final amide bond alky- based resins lies in the increased line width of the bound
lation. The series of subsequent reactions generated mixturegnolecules due to the anisotropic magnetic susceptibility
of isomers, fully characterized after the final cleavage of the induced by the aromatic rings which constitute the métix.

molecules from the resin. These issues can be addressed using nonaromatic resins, such
as polymers of polyamide and/or poly(ethylene glycol)
T Institut de Biologie Moleulaire et Cellulaire. origin_l6
*Institut de Chimie, Universitéouis Pasteur. . . . .
§ Laboratoire de Chimie Macromaalaire, ENSCMu. In this paper, we discuss the solid-phase synthesis of 2,5-
' Bruker. diketopiperazines containirtgans-4-hydroxy+-proline resi-
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due using four different resins, namely Ellman and Wang s sitte,
polystyrene resins, polystyrene-polyoxyethylene NovaSyn on
resin, and polyoxyethylene-polyoxypropylene (POEPOP) Aofroa
resin, and present a detailed characterization of the reaction /0\/" Lroho g
steps by HRMAS NMR. In particular, we compare the NMR £ o " . -
spectral quality of the resin-bound intermediates and final oo \Q\/OSMW —_—
products, and we demonstrate the influence of the carriers oo eem
on the resolution of the spectra, which, in the case of the
resin based on cross-linked poly(ethylene glycol) derivatives,
are comparable with those obtained in solution. M A -
Result and Discussion 7 6 5 4 3 2 ! ppm

Synthesis of DKPs on the Different ResinsWe have Figure 1. Molecular structure and proton HRMAS spectrum of
recently reported the synthesis of a series of highly substi- E?AERPSJZ;)TYI:JAE-ZEODVC{IHSQ rf;éntsvﬁogﬁfllgri%el?ﬁﬁté igzg;ng the
tuted DKPs containing thieans-4-hydroxy+-proline amino o1t b yidimethylsilyl protecting group, due to the primary and
acid residue (Hyp) bound to the Ellman’s dihydropyran resin secondary POEPOP hydroxy! functions.
through the hydroxyl functiof? The cyclot,b-(aMe)Hyp-

L-Phe 8 (Scheme 1) has been chosen as a representativepresence of the two types of hydroxyl groups, as already
compound to repeat the synthesis on POEPOP, NovaSyn TCGdescribed for the POEPQ, (Figure 1, inset}®

HMP (TentaGel hydroxymethylphenoxy), and Wang resins, TBDMS protecting group was removed with tetrabutyl-
using a slightly modified reaction pathway. ammonium fluoride (TBAF), and POEPOP-HMP resii) (

For this purpose, we initially prepared a new PEG (poly- was activated as trichloroacetimida® (nh order to link the
(ethylene glycol)) cross-linked POEPOP resin using a PEG N-Fmoc-protected hydroxyproline methyl ester through its
1000 monomer as described by Renil and MeldROEPOP hydroxyl function to finally obtain the resin-bound derivative
was subsequently derivatized with the HMP linker using a 3 (Scheme 1}? After cleavage of the Fmoc group and
Mitsunobu reactiod® The bifunctional HMP was selectively  reprotection of the free Hyp nitrogen with Teoc (trimethyl-
protected withtert-butyldimethylsilyl chloride (TBDMS-CI) silylethoxycarbonyl), activated as a benzotriazole ester, the
at the benzyl alcohol function, allowing the free aromatic “CH atom of the hydroxyproline residue was methylated (
hydroxyl to react under the Mitsunobu conditions with the using methyl iodide and LHMDS [lithium bis(trimethylsilyl)-
primary and secondary hydroxyl groups of the POEPOP resinamide] in THF as a base. Following the release of Teoc with
(Figure 1). The resin with the protected linker moiety was TBAF, pyrrolidine nitrogen was acylated with Fmoc-Phe-
characterized by HRMAS NMRH NMR spectrum of the ~ OH, activated in turn as a chloride with triphosgene in the
derivatized POEPOR,, swollen in CDC}, confirmed the presence of collidine6).?° This method of coupling was
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faster than the method of fluorides and that of the azido acids
reported beforé2 Moreover, this method has the advantage
of preparing in situ the active chloride and does not require
further workup??? The on-bead formation of the 2,5-
diketopiperazine (DKPY was initiated immediately during
the cleavage of the Fmoc group and continued overnight by
heating the resin in DMF. DKB was finally liberated from
the resin with a mixture of trifluoroacetic acid in dichlo-
romethane.

The same procedure was followed to prepare CKéh
the commercially available Wang and NovaSyn TG HMP
resins.

CompoundB, obtained on the different solid supports, was

O/\@/oﬁh E\/fj%o
*
N N—H
o
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THF

THF
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characterized by RP-HPLC and MALDI-TOF mass spec- Figure 2. Molecular structure antH HRMAS NMR spectrum of

trometry. Interestingly, when using POEPOP-HMP resin the

ratio between the two diastereoisomers deriving from the qyring the synthesis are labeled with a star.

alkylation of the chiral hydroxyproline--carbon atom was
in favor of the isomer with the:-methyl group in configu-
ration R (major/minor 1:0.85), instead of the other stereo-
isomer S as obtained on the Ellman’s resin (major/minor
1:0.6)72 Similarly, the ratio between Hyp-methyl in
configurationR and the chiral center in configurati@was
1:0.85 for the molecules synthesized on NovaSyn support
and 1:0.75 for those prepared on Wang resin. A slightly lower
stereochemical control was achieved by the hydroxymeth-
ylphenoxy linker with respect to the dihydropyran anchor
which is likely more sterically hindered and less symmetrical.
Synthesis of DKP Intermediates in Solution.To com-
pare the quality of the different HRMAS NMR spectra with
the NMR spectra obtained in solution, a N-Tago-(aMe)-
Hyp(Bzl)-OMe couple of diastereoisomers was prepared by
methylation of the*CH carbon atom of the fully protected
hydroxyproline residue. The benzyl group on {haydroxyl
function was introduced to mimic the linker of the Wang,
NovaSyn TG, and POEPOP resins. The alkylation is non-
stereoselective, and the two isomers N-Tee@Me)Hyp-
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the Ellman polystyrene resin-bound 2,5-diketopiperaZmswollen
in THF-dg, recorded at 500 MHz. The chiral centers generated

(Bzl)-OMe (118 and N-Teoo--(acMe)Hyp(Bzl)-OMe (1b),
isolated in a 1:0.9 ratio, were fully characterized by 2D NMR
experiment$?

HRMAS NMR Characterization of DKPs on Ellman
Polystyrene ResinWe initially focused our attention on the
DKP 7abound to the Ellman polystyrene resin through the
diyhdropyran linker (Figure 2) and recorded a series of 1D diastereoisomers. ROESYHMQC 2°> and HMBC® permit-
and multinuclear 2D HRMAS NMR spectra for the total ted the attribution of all the proton and carbon signals and
configurational assignment of the solid-supported bicyclic the assignment of the absolute configuration of the four
molecule. Two main difficulties were evident during the diastereoisomers. In particular, the HMBC spectrum clearly
interpretation of the proton spectrum, namely the presencedisplayed the presence of the couple of isomers due to the
of broad resonances and the overlapping of the aromatic ancchiral center generated by the addition of the hydroxyproline
aliphatic signals of the resin with those of the bound to the dihydropyran moiety (Figure 3).
molecule. The proton and carbon resonances of the hydroxyproline

Intrinsically, the heterocyclic DKP system was compli- ring, which are closer to the chiral center of the linker, were
cated by the formation of four diastereoisomers: (i) two of doubled. Table 1 reports tiel and3C chemical shifts of
them, formed in almost equimolar ratio, were due to the 7aswollen in deuterated tetrahydrofuran. By nuclear Over-
generation of the chiral center at the dihydropyran anchor, hauser effect we could understand the relative spatial
upon attachment of hydroxyl function of hydroxyproline relationship of the hydrogens and functional groups around
derivative; and (ii) the other two were generated during the the cyclic backbone. In the case of the two major isomers,
methylation of the*CH carbon of the Hyp pyrrolidine ring  two strong ROE correlations were due to the spatial
in the ratio 1:0.6. Additional bidimensional experiments were proximity between thex-methyl groups at 1.55 and 1.60
necessary to correlate the chemical shifts of the different ppm, respectively, and thf&CH proton ofL-phenylalanine

T T T
20 18 16 14 12 10 ppm

Figure 3. Partial 500 MHz HMBC HRMAS NMR spectrum of
the four diastereoisomers of compouraswollen in THFds. The
most importantH-13C correlations are labeled (M: major isomers;
m: minor isomers).
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Table 1. HR MAS NMR Chemical Shifts offa on DHP-Resin Swollen in THEg

H major isomer minor isomer BC major isomer minor isomer
155 0.80 245 26.2
“CHs Hyp 1,60 0.86 C methyl 245 262
2.09 2.30/1.46 43.7 44.7
oL p
“CH, Hyp 2.22 1.96/1.88 C Hyp 42.3 417
YCH Hyp P 4.52 7C Hyp I 735
412CH, Hyp 5081389 3.96/3.43 5C Hyp 227 50.5
aCH Phe 438 422 aC Phe 56.7 59.6
ALZCH, Phe 3.42/2.96 3.10 #C Phe 375 416
CH aromatic 7.337.15 7.33-7.15 CH aromatic 139.9128.3 139.9128.3
NH nd® 7.50 “C Hyp 66.7 65.4
_ 174.4 172.6
C=OHyp 173.7 1723
C=0 Phe nd noe

abResonances belonging to the same isorhiiot determined.

at 4.38 ppm. ROE peaks due to contact of theethyl at 0\0 00 -~ CHs HaC,_ CO,CH;

1.55 and 1.60 ppm witACH, at 2.09 and 2.22 ppm and /\L/T ENXCOZCH3 N N O~ si(CHg)s
°CH, around 3.60 ppm were also visible, indicating the same oo Qogo ©
orientation of the functional groups with respect to the L_Si(CHa)s

pyrrolidine plane. For the minor diastereoisomers, ROE 5a 5b, Sc, 5d
interactions betweefCH, (2.30 ppm) andCH (4.52 ppm)
protons of the hydroxyproline and the methyl group at the
Hyp a-carbon atom were indicative ofRconfiguration of
the latter. A further cross-peak arose from the spatial vicinity o N\rgo\/\Si(CHa)s
of the minora-methyl with the/CH, protons of the Phe Q/\

residue at 3.10 ppm. In these two isomers, the folding of 1

the aromatic group over the 2,5—Q|ketoplpera2|ne plane aISOFigure 4. Molecular structures of the intermediate 5 linked to
created a strong ring current shift on themethyl groups,  gjiman polystyrene resin56), Wang polystyrene resinsb),
which appeared at higher fields (0.80 and 0.86 ppm), as NovaSyn TG b¢), and POEPOP resirs(), respectively, and of
described for the same compound analyzed by NMR in N-Teoc-@Me)Hyp(Bzl)-OMe (L1).
solution’® The corresponding signal for the major isomers
were located, as expected, around 1.6 ppm (Table 1). Insteadt© find a carrier that would have permitted a direct and easy
it was not possible to detect the relative orientation of the analysis by HRMAS of the resin-bound diastereoisomeric
couples of the major and of the minor isomers with respect Mixture immediately after the alkylation reaction of the Hyp
to chiral proton of the dihydropyran linker. derivative. This is also strictly related to the possibility of
It was challenging to perform the HRMAS NMR analysis modifying the reaction conditions in order to induce a better
on this complicated system containing several diastereoiso-Stereoselectivity.
mers. Nevertheless, these experiments would have been very The influence of the polymeric matrix on the resolution
time-consuming and not conceivable for a more practical of the HRMAS spectra was therefore emphasized by analyz-
monitoring and characterization of the intermediates and ing the resin-bound intermediatBa—5d, deriving from the
products of a multiple-step solid-phase organic synthesis. It “CH Hyp alkylation reaction, on Ellman, Wang, NovaSyn
has been recently reported that the multiple-step synthesisTG, and POEPOP resins, respectively, and comparing the
of trisubstituted amines on a polystyrene-acrylate resin via different HRMAS spectra with those collected in solution
final Hoffman elimination can be followed using different for compoundl1 (Figure 4).
analytical techniques. A time inexpensive protocol, based The trimethylsilyl moiety of the Teoc protecting group
on the combination of FT-IR!H and 3C HRMAS spec- could be considered as a helpful probe since the trimethyl
troscopies, has been optimizE8Nevertheless, in the case proton chemical shift appears at high field (about zero ppm),
of more complex reactions on polystyrene resins, monodi- far from all the signals of the resin. Figure 5 displays‘iHe
mensional HRMAS spectra do not afford conclusive infor- NMR partial spectra of this group for the solid and solution
mation on the single steps. systems. Line widths measured at half-height of the peak
HRMAS NMR Characterization of DKP Intermediates were 24.5 Hz (Figure 5A) and 18 Hz (Figure 5B) for the
on Different Resins.Until now, HRMAS spectra of different  two polystyrene-based resins, and 13.5 Hz for the TentaGel-
solid supports functionalized only with simple aromatic based NovaSyn solid support (Figure 5C). In the case of
moieties or with one amino acid residue have been com- POEPOP resin, the mean line widths were, after deconvo-
paredi*16Moreover, step-by-step HRMAS analysis of solid- lution, 4.4 and 3.7 Hz for the higher and the smaller peak,
phase organic reactions was carried out mainly on polystyrene-respectively (Figure 5D), comparable with the values of the
based resins. Since our multistep synthesis of 2,5-diketo-molecule in solution (3.4 Hz for the higher peak and 2.6 Hz
piperazines affords a mixture of isomers, we were interestedfor the lower peak; Figure 5E).

HaC. CO2CH3
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A B C
1 1 1 1 1 1 1 1
0.1 0.0 ppm 0.1 0.0 ppm 0.0 ppm
D E
1 I I 1
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Figure 5. Partial 500 MHz!H HRMAS NMR spectra of resin-
bound intermediateSa (A, Ellman’s dihydropyran resinkb (B,
Wang resin)5c¢ (C, NovaSyn TG resin), ansd (D, POEPOP resin)
swollen in CDC}, and partial 400 MHZAH NMR spectrum of
compoundll (E, solution) in CDCJ, showing the trimethyilsilyl
group chemical shift.

Moreover, the high resolution of the spectrum relative to
the intermediat&d allowed the separation of two conformers
due to thecis—trans equilibrium about the hydroxyproline

tertiary amide bond, which are instead embedded in the broad

NMR peak in the case of Ellman and Wang resins (Figure
5A,B).27 In fact, the two peaks collapsed when the NMR

spectrum was recorded at higher temperature. The PEG tether

of NovaSyn TG resin also allowed a partial resolution of

the peak, showing the presence of the rotational isomers

(Figure 5C). The trimethylsilyl group did not permit the

separation of the two diastereoisomers generated by the
methylation reaction since, located at the end of the flexible

Teoc protecting group, it is far from the-chiral center. It
must be underlined that the method of Hannes8ifor
anchoring hydroxyl functions to the solid support does not

generate diastereoisomers as detected for the derivatization

of the resin with the DHP linker. Therefore, Wang-, NovaSyn
TG-, and POEPOP-bound intermediate/as constituted of

only two configurational isomers instead of four. The effect
of splitting the NMR signals by the primary and secondary

hydroxyl functions of the POEPOP resin was not observed.

Figure 6 shows the totdH spectrum of derivativésd on

the POEPOP resin swollen in CDCand permitted the

unambiguous detection of all the protons of the molecule.
By analyzing the region of the NMR spectrum relative to

the a-methyl group, it was possible to ascertain that four

resolved signals relative to the configurational and confor-

Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 685

CHg Teoc

CHg Teoc

CH, phenyl

CH phenyl

YCH Hyp

-

7 6 5 4 3 2 1 ppm

Figure 6. 'H HRMAS NMR spectrum of the POEPOP resin-
bound derivative5d in CDCls;, recorded at 500 MHz. Peaks
labeled with a star correspond to impurities linked to the resin
and generated during the Mitsunobu and the alkylation reac-
tions32

ppm
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1.65

1.701

WSS 221,

1.75
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1.65

1.60

1.65

1.70

7 T T T
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Figure 7. Partial 500 MHz NOESYt(, = 500 ms) HRMAS NMR
spectrum of POEPOP-bound intermediggdgbottom) swollen in
CDCls, and partial 400 MHz NOESY{, = 650 ms) NMR spectrum

of compoundl1l (top) in CDCk. The exchange peaks relative to
the cis—transinterconversion are shown. Peak labeled with a star
is due to water.

mational isomers were present. The assignment of whichtrans exchange equilibrium was also confirmed by experi-
couple of peaks was due to the diastereoisomers and whichments at increased temperatures in C{#0id other solvents

one derived from the conformers was done by a NOESY

(data not shown). Surprisingly, in deuterated acetonitrile and

experiment. Figure 7 (bottom) clearly displays the exchange dimethyl sulfoxide the spectra recorded at 300 K showed

peaks of the rotational process at room temperaturecihe

that the conformers coalescence temperature was already
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reached. Only the methyl resonance relative taciketrans demonstration of how the resolution of the HRMAS spectra
interconversion for the minor isomer displayed a broad was influenced by the type of resin. In the case of Ellman
signal, while the major peak was sharp. The same behaviorand Wang polystyrene-based resins, it was not possible to
for the equilibrium of isomerization was also observed for obtain conclusive information immediately after the alkyla-
N-Teoc-@Me)Hyp(Bzl)-OMe11 analyzed in solution (Fig-  tion step by a direct analysis of the mondimensional
ure 7, top). The sharpness and separation of the peaks orspectrum. A better resolution of the peaks could be obtained
the carrier-linked intermediated were, therefore, sufficient  with TentaGel-based NovaSyn resin, although residual
for a clear quantification of the diastereomeric ratio, which aliphatic and aromatic resonances of the polymer cover part
was in favor of the compound witl-methyl in configuration of the signals of the solid-supported molecule. Instead, the
R, immediately after the alkylation reaction. Moreover, a poly(ethylene glycol)-based POEPOP matrix allowed a
simple change of solvent may allow a direct integration, on resolution of the proton signals comparable with those of
the monodimensional spectrum, of the separatedethyl the intermediate molecules in solution. Moreover, configu-
signals giving the diastereoisomeric ratio, without further rational and conformational isomers generated during the
experiments at different temperatures. The same observation$lyp alkylation reaction could be easily assigned. Therefore,
could be made in the case of the PEG-tethered NovaSynthe combination of HRMAS NMR spectroscopy with the
TG resin. Again, the HRMAS spectrum of the intermediate use of nonaromatic resins may become an extremely power-
5cshowed four resolved peaks relative to thenethyl group ful tool in solid-phase organic synthesis.

due to the presence of the two configurational and two

conformational isomers. Nevertheless, the aliphatic region Experimental Section

is complicated by the multiple broad resonances arising from

the polystyrene matrix. Presaturation of the PEG signal . . . e
. , . ._commercial suppliers and used without further purification.

a_round 3.5_ppm did no_t reduce the a}romanc and allphapc Tetrahydrofuraap(THF) dichloromethane (DCMp) and 1,2-
Zgr?\?;fiza:as d Itvz\i/t%s :esgltgise;ora?n?neonejcic:jf I:Qé%%;:éegnsdichloroethane (1,2-DCE) were carefully distilled prior to

. . P . o use. 3,4-Dihydro-R-pyran-2-yImethoxymethyl polystyrene
aliphatic packground peak_s were instead  eliminated by (DHP-HM resin, Ellman’s dihydropyran resin) and NovaSyn
presaturation of the aromatic reglqn. _ TG HMP were purchased from Novabiochen (Eelfingen,

So far, or_1|_y one examp!e of solld-phase_ aldol rgactmns Switzerland) and loaded with FmaeHyp-OMe as reportedl.
on hydrophilic resins forming couples of diastereoisomers Wang resin was obtained from Neosystem (Strasbourg,
has been described and analyzed by proton HRMAS NMR. France). HGH-Hyp(Bzl)-OMe was purchased from Bachem

In another study, diastereoisomers have been prepared .tc(Bubendorf, Switzerland). POEPOP resin (substitution, 0.82
measure the enantiomeric excess during the asymmetric

: : T . mmol/g) was prepared as described by Renil and Méfdal,
dihydroxylation of olefins linked to Wang or TentaGel resins. using poly(ethylene glycol) 1000 (PE&) furnished by

For' this purpose, it was necessary, however, to acquire ar|uka. WANG-TCA, NovaSyn TG HMP-TCA, and POE-
Senes OFSC_HRMAS spectrd® . . POP-HMP-TCA resins were prepared as described in the
Although in the past few years NMR multidimensional - jyieratyre, using a mixture of dry THF/DCM or dry cyclo-

experiments were implemented to improve the HRMAS o, ane/DCM as solvent&The alkylations of the hydroxy-
technique?® we believe that the easiest way to follow re- proline CH: atom were done under argon on a glass tube,
actions on a solid support resides in the use of resins thaty ¢ the cyclization of DKPs were then continued manually
allow solution-like spectra. Indeed, we have demonstrated;, small plastic syringes fitted with a frit. Teoc-OBt was

in this work that the multiple-step synthesis of 2,5-dike- g ihesized as previously descrife&P-HPLC analysis was
topiperazines, generating couples of configurational and yone on a @ column (5um, 150 x 4.6 mm) using a linear
conformational isomers, could be easily monitored by gradient of A: 0.1% TFA in water and B: 0.08% TFA in
HRMAS experiments on a cross-linked polyoxyethylene acetonitrile, 6-100% B and/or 36100% B in 20 min at
glycol-based resin, without use of additional techniques, such{ 5 m /min flow rate. Chromatograms were recorded at 210
as infrared spectroscopy, or without cleavage of each ny, yayelength. MALDI-TOF mass analysis was performed
mtgrm_ed@te from the solid support for a classical charac- on a linear MALDI-TOF Bruker instrument using-cyano-
terization in solution. 4-hydroxycinnamic acid and/or 2,5-dihydroxybenzoic acid
as matrixes. 1D and 2D liquid-state NMR spectra were
recorded on a Bruker AC 200 MHz and Avance DPX 400
In summary, the synthesis of hydroxyproline-based 2,5- MHz spectrometers. The samples were dissolved in GDCI
diketopiperazines via on-bead cyclization has been performedand/or DMSOds. HRMAS 1D and 2D NMR spectra were
on four different resins, namely Ellman polystyrene, Wang obtained on a Bruker Avance DSX 500 MHz spectrometer
polystyrene, NovaSyn TG, and POEPOP. The multistep equipped wit a 4 mmdouble MAS probe. The samples were
reaction, which affords a mixture of diastereisomers, could packed inb a 4 mmHRMAS rotor, and solvents were added
be monitored by HRMAS technique. The intermediates and to the resin directly inside the rotor. In all experiments,
the final products were characterized acquiring a series of samples were spun at 4 or 5 kHz. The spectra were acquired
1D and 2D HRMAS spectra. In particular, the analysis of at a temperature of 300 K. All 2D spectra were recorded in
the resin-bound intermediates deriving from tlearbon pure phase mode using time proportional phase incremen-
atom alkylation reaction of Hyp residue permitted the tation method. Homonuclear spectra were recorded with 2048

General. All reagents and solvents were obtained from

Conclusions



Multistep Synthesis of 2,5-Diketopiperazines

data points in t2 and 256 increments in t1. Typically 8 or 16
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3.58 (m,°CH, Hyp), 2.38 (m,’CH, Hyp), 2.09 (m,’CH,

scans per increment were accumulated. A spectral width of Hyp), 0.96 (m, CH Teoc), 0.00 and-0.01 (2s, CH SiMe;
4629.63 Hz was used for the proton. Through space dipolarcis—trans). *3C NMR (50 MHz, CDC}) ¢ 173.18, 137.67,

connectivities were obtained from NOE&Yand ROESY*
spectra using mixing times from 150 to 800 ms. A spinlock
field of 2.5 kHz was employed in ROESY experiments.

128.46, 127.81, 127.61, 127.51, 76.77, 75.89, 71.13, 63.72,
57.86, 57.69, 52.22, 51.66, 51.60, 36.78, 35.57, 1%~1748,
—1.57. HPLC g 14.6 min (linear gradient: 30100% B).

Heteronuclear spectra were recorded with 2048 data points[a]p?® = — 48° (c 0.5, methanol). MALDI-MS (MW=
in t2 and 128 increments in t1. Either 128 scans or 256 scans379.52)m/z = 402.13 [M+ Na]*.

per increment were added. Sweep widths #drand °C

N-Teoc-@Me)Hyp(Bzl)-OMe (11). To a solution of

dimensions were 4629.63 and 35461 Hz, respectively. BIRD N-Teoc-Hyp(Bzl)-OMe (155 mg, 0.41 mmol) in dry 1:1
pulse was used to suppress the unwanted proton signalPME/THF (4 mL), under argon, was added Mel (30B,

bonded to*?C in HMQC sequencé Direct 'H-13C correla-
tions were obtained from BIRD-HMQC experiment, whereas
long-range couplings were obtained from HMBC experi-
ment?® The samples were swollen in CDEICDsCN,
DMSO-ds, and/or THFé.

Abbreviations. Symbols and abbreviations for amino acids

12 equiv) at room temperature, followey b M solution of
LHMDS in THF (1.64 mL, 4 equiv) at room temperature.
After 6 h, the excess of base was hydrolyzed with a saturated
solution of NH,CI and extracted with AcOEt. The organic
phase was washed with NaHE®0% and water and dried
with NaxSO,. Following evaporation, the crude product was

and peptides are in accord with the recommendations of thepurified by flash chromatography (SiQeluant,n-hexane/

IUPAC—IUB Commission on Nomenclaturd.(Biol. Chem.
1972 247, 977). Other abbreviations used are as follows:

SPOS, solid-phase organic synthesis; DKP, 2,5-diketopip-

erazine; Bt, benzotriazole; Bzl, benzyl; DHP, dihydropyran;
DIAD, diisopropylazodicarboxylate; DIC, diisopropylcar-
bodiimide; DIEA,N,N-diisopropylethylamine; DME, dimeth-
oxyethane; Fmoc, fluorenylmethyloxycarbonyl; HMP, 4-hy-
droxymethylphenoxy; HOBt, 1-hydroxybenzotriazole; LH-
MDS, lithium bis(trimethylsilyl)amide; Me, methyl; MSNT,
1-(mesitylene-2-sulfonyl)-3-nitroH-1,2,4-triazole; -OMe,
methoxy; PEG, poly(ethylene glycol); TBAF, tetrabutylam-
monium fluoride; TBDMS,tert-butyldimethylsilyl; TCA,
trichloroacetimidate; Teoc, trimethylsilylethoxycarbonyl; TFA,
trifluoroacetic acid; TG, TentaGel; NOE, nuclear Overhauser
effect.

Synthesis of the Derivatives. 4ert-Butyldimethylsi-
lyloxymethyl Phenol (9).A solution oftert-butyldimethyl-
chlorosilane (2.50 g, 16.6 mmol) in DCM (30 mL) was added
dropwise to a solution of 4-hydroxybenzyl alcohol (2.48 g,
20 mmol) in pyridine (30 mL). The mixture was stirred for

AcOEt 4:1) and isolated as a colorless oil (mixture of two
diastereoisomers, ratiida/11b1:0.9). Yield: 69%H NMR

(400 MHz, CDC}) 6 7.34 (m, CH phenyl), 4.54 (m, CH
Bzl, "CH Hypb), 4.51 (m, CH Bzl a), 4.18 (m, CH Teoc),

4.18 (m,”CH Hyp b), 4.16 (m,”CH Hyp a), 3.85 (m,°CH,

Hyp a), 3.78 (m,°CH, Hyp b), 3.75, 3.71, 3.70 and 3.68
(4s, CH OMe cis—trans), 3.69 (m,°CH, Hyp b), 3.58 (m,
°CH, Hyp a), 2.44 (m,fCH, Hyp a), 2.36 (mCH, Hyp b),

2.16 (m,CH, Hyp b), 2.12 (m/CH, Hyp a), 1.74 and 1.70
(2s,“CHjs cis—trans b) 1.66 and 1.59 (2s*CHjz cis—trans

a) 1.00 (m, CH Teoc), 0.06 and 0.05 (2s, GIiMe; cis—
trang). 1°C NMR (100 MHz, CDC}) 6 174.88, 174.75,
174.39, 174.13, 154.66, 154.56, 137.71, 137.64, 128.40,
128.33, 127.71, 127.51, 127.45, 76.28, 75.49, 74.74, 74.05,
71.36,71.20, 71.10, 65.17, 64.64, 63.46, 63.27, 63.20, 53.20,
52.81,52.61, 52.35, 52.25, 45.47, 45.01, 44.38, 43.89, 24.13,
23.40, 23.14, 22.42,17.86, 17.671.51,—1.67. NOE main
contacts,11a H("CH—Hyp):H(**CH,—Hyp); HE'CH,—
Hyp):H(*CHs); H(’CH—Hyp):H(*CHs). 11b: H(*CH-Hyp):
H(™*CH,—Hyp); H(**CH,-Hyp):H(*CHa); H(*’CHz-Hyp):

2 h at room temperature and concentrated. The residue wa$l(*CHs). HPLC & 15.6 min (18 and 15.8 min 11b)
dissolved in DCM, and the organic phase was washed with (linear gradient: 36:100% B). MALDI-MS (MW = 393.55)

1 N HCI, water, 10% NaHC® and water and dried over
MgSQ.. Flash chromatography (SiCeluant: ethyl acetate/
n-hexane 1:4) affordefl as a colorless oil. Yield: 77%H
NMR (200 MHz, CDC}) 6 7.18 (d,J = 8.4 Hz, CH phenyl),
6.77 (d,J = 8.4 Hz, CH phenyl), 5.61 (s, OH), 4.67 (s, §H
0.95 (s, CH SitBu), 0.11 (s, CHSiMe).*3C NMR (50 MHz,

CDCls) 6 154.75 133.40, 127.98, 115.25, 64.98, 26.06, 18.50,

—5.09. HPLCtr 17.5 min (linear gradient,-8100% B)3!
N-Teoc-Hyp(Bzl)-OMe (10). To a solution of HCI
H-Hyp(Bzl)-OMe (272 mg, 1.0 mmol) in acetonitrile (10
mL), neutralized with DIEA (19%kL, 1.1 mmol), was added
Teoc-OBt (279 mg, 1.0 mmol). The mixture was stirred for

m/z = 416.06 [M+ Na]*.

Preparation of POEPOP-HMP Resin. (a) POEPOP-
HMP-TBDMS. A solution of 9 (489 mg, 2.05 mmol) in
DCM (5 mL) was added under Ar to a suspension of
POEPORuoo resin (0.82 mmol/g) (500 mg, 0.41 mmol) in
DCM (10 mL) containing PPh(538 mg, 2.05 mmol). The
mixture was cooled to OC, and a solution of DIAD (436
uL, 2.05 mmol) in DCM (5 mL) was added dropwise under
Ar along 1 h. The reaction mixture was stirred for 48 h, and
the resin was filtered, washed with DCM, DMF, water,
methanol, DCM, and diethyl ether, and dried under high
vacuum for 12 h.

16 h and the solvent evaporated. The crude compound (b) POEPOP-HMP. POEPOP-HMP-TBDMS (590 mg,

dissolved in AcOEt was washed Wwitl N KHSQ,, water,
NaHCQ; 10%, and water and dried with B#0,. Following

0.40 mmol) was stirred in a solution of THF (3.5 mL)
containing TBAF (8 equiv) for 1 h. This step was repeated

evaporation, the desired product was isolated as a colorlesgwice. The resin was extensively washed with THF, DCM,

oil. Yield: 97%.'H NMR (200 MHz, CDC}) 6 7.28 (m,
CH phenyl), 4.48 (m, CKHBzl, "CH Hyp), 4.17 (m,*"CH
Hyp, CH; Teoc), 3.71 and 3.68 (2s, GEDMe cis—trans),

DMF, water, and methanol and dried with diethyl ether.

(c) Loading Determination. To POEPOP-HMP resin (30
mg, theoretical 2lumol), a solution of Fmoc-Gly-OH (3
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equiv), MSNT (3 equiv), antl-methylimidazole (2.5 equiv)

in 600 uL of dry DCM was added. The coupling was
repeated two times for 1.5 h. Following washings, Fmoc
group was removed with 25% piperidine in DMF (700,

2 x 15 min) and recovered for the determination of the UV
absorbance at 306 nm. Loading: 0.47 mmol/g.

General Procedure for Preparation of 2,5-Diketopip-
erazines.POEPOP-HMP-TCA or Wang-TCA or NovaSyn
TG HMP-TCA resin (100umol) was swollen in 1:1 dry
DCM/THF or 1:1 dry DCM/cyclohexane (5 mL), under
argon. Fmoa--Hyp-OMe (5 equiv) was added followed by
BFs-Et,O (7.5uL), and the mixture was stirred 10 min under
argon. The resin was extensively washed and treated with 3
mL of 25% piperidine in DMF (2x 15 min). The new
loading (0.32 mmol/g) was calculated as described above.
After washings with DMF and DCM, a solution of Teoc-
OBt (3 equiv) in DMF (3 mL) was added to the resin, and
the mixture was stirred for 15 h at room temperature. The
solution was eliminated, and the resin washed with DMF,
DCM, and EtO and dried under vacuum. The resin was
suspended, under argon, in dry THF (4 mL), and after 5 min
Mel (15 equiv) was added. The mixture was stirred 5 min,
and a 1 Msolution of LHMDS in THF (15 equiv) was added
at room temperature. After 6 h, the excess of base was
hydrolyzed with a saturated solution of N, and the resin
was extensively washed with water, methanol, DMF, and
DCM. Teoc was removed using a fled M solution of
TBAF (3 mL) in THF for 1 h. After washing, the resin was
coupled with Fmoc-Phe-CI (5 equiv), prepared in turn by
solubilizing Fmoc-Phe-OH (5 equiv) in dry THF (3 mL) and
adding subsequently triphosgene (1.65 equiv) and 2,4,6-
collidine (14 equiv}° for 1 h. Following several washings
with DCM and DMF, the Fmoc group was removed with
25% piperidine in DMF (3 mL, 2x 15 min), which
immediately started the cyclization to DKP. This step was
monitored by Kaiser test. After elimination of the base, the
resin was swollen in DMF and heated at 85 for 18 h.
The DKP was finally cleaved from the resin using a 9:1
mixture of DCM/TFA (3 mL, 30 min) and recovered as an
oily compound after evaporation of the acidic solution under
reduced pressure.

Supporting Information Available. 500 MHz HRMAS
TOCSY, ROESY, HMQC, and HMBC spectra of resin-
bound DKP7a 400 MHz COSY and NOESY spectra of
compoundll. This material is available free of charge via
the Internet at http://pubs.acs.org.
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