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Abstract: Simple peptidomimetic molecules derived from amino acids were reacted with meta- and para-
bis(bromomethyl)benzene in acetonitrile to very efficiently yield macrocyclic structures. The cyclization
reaction does not require high dilution techniques and seems to be insensitive to the size of the formed
macrocycle. The analysis of data obtained by *H NMR, single-crystal X-ray diffraction, fluorescence
measurements, and molecular mechanics indicate that folded conformations can preorganize the system
for an efficient cyclization. The role played by intramolecular hydrogen-bonding and solvophobic effects in
the presence of folded conformations is analyzed.

Introduction the observation of important biomedical activities of some

Much work has been devoted in recent years to the pr(_:‘p(,jlra_natural and synthetic peptidomimetics, as has been the case for
tion and study of peptidomimetics. The interest on this class of the synthesis of novel compounds "‘{"th _‘”‘”E"Hlv activitie’s
compounds has evolved from different areas of research. TheOF @ntibacterial propertie$ To stabilize “active conformations,
analysis of the molecular basis of structural features in proteins, Many of the former examples are based on the preparation of

in particular structural motifs associated with folding, has been Cyclic peptidomimetic structures. In particular, to achieve
one of the main driving forces for this interésh second factor additional conformational constraints, special attention is focused

has been the development of novel receptors in the fields of On the incorporation of aromatic rings into the peptidomimetic
Molecular Recognition and Supramolecular Chemistry. In this Packbone. Therefore, different strategies have been described
area, molecules containing peptides or peptide-related fragmentSsociated to the preparation of cyclic peptides and analogues.
have found applications in the self-assembly of nanotubes andFOr these compounds, the cyclization step is usually the main
rosette€2¢ modulation of proteir-protein interactiond®—e challenge and thelr'preparat!on often involves complex syn'Fhenc
catalysis? cation, and recognitiodi=" A third point has been ~ Methodologies which require the use of specific reactions,
selective protection/deprotection steps and high dilution tech-

T Department of Inprganic and_ Organic Chemistry,_University Jaume. niques‘! Under some circumstances, the use of the appropriate
*Institut fir Organische Chemie, J. W. Goethe-Univetskaankfurt.

§ Department of Inorganic Chemistry, University of Valencia. templates, in particular metal cations, can greatly improve
(1) (a) Gellman, S. HAcc. Chem. Resl99§ 31, 173. (b) Gardner, R. R; cyclization step8.In connection with those approaches, a simple

N G B e S o7 a8 10 00s. 2280 @) analysis of the structures of some peptidomimetic molecules
(2) (a) Bong, D. T.; Ghadiri, M. RAngew. Chem., Int. Ed. Eng2001, 40, being able to formUJ-turns, suggests that this preorganization

2163. (b) Ranganthan, Acc. Chem. Re2001, 34, 919. (c) Kerchoffs, J.
M. C.; Crego-Calama, M.; Luyten, I.; Timmerman, P.; Reinhoudt, D. N.

Org. Lett 200Q 2, 4123. (d) Peczuh, M. W.; Hamilton, A. @Chem. Re. (3) (a) Ettmayer, P.; Billich, A.; Hecht, P.; Rosenwirth, B.; GstachJHVed.
200Q 100, 2479. (e) Park, H. S.; Hamilton, A. DProc. Natl. Acad. Sci. Chem 1996 39, 3291. (b) Glenn, M. P.; Pattenden, L. K.; Reid, R. C.;
U.S.A.2002 99, 5105. (f) Scarso, A.; Scheffer, U.;"Gel M.; Broxterman, Tyssen, D. P.; Tyndall, J. D. A,; Birch, C. J.; Fairlie, D.P Med. Chem

Q.; Kaptein, B.; Formaggio, F.; Toniolo, C.; Scrimi, Proc. Natl. Acad. 2002 45, 371. (c) Fernandez-Lopez, S.; Kim, H. S.; Choi, E. C.; Delgado,
Sci. U.S.A2002 99, 5144. (g) Gilbertson, S. R.; Collibee, S. E.; Agrakov, M.; Granja, J. R.; Khasanov, A.; Kraehenbuehl, K.; Long, G.; Weinberger,
A.J. Am. Chem. So€00Q 122 6522. (h) Dangel, B.; Clarke, M.; Haley, D. A.; Wilcoxen, K. M.; Ghadiri, M. R.Nature 2001, 412, 452.

Sames, D.; Polt, Rl. Am. Chem. Sod 997, 119 10 865. (i) Jarvo, E. R., (4) (a) Scharn, D.; Germeroth, L.; Scheneider-Mergener, J.; Wenschuh, H.
Miller, S. J. Tetrahedron 200252, 2481. (j) Adrian, F.; Burguete, M. 1.; Org. Chem 2001, 66, 507. (b) Feng, Y.; Wang, Z.; Burgess, K. Am.
Garca, J. |.; Gar@, J.; Gar@a-Espaa, E.; Luis, S. V.; Mayoral, J. A;; Chem. Soc1998 120, 10 768. (c) Feng, Y. B.; Burgess, Khem. Eur. J
Royo, A. J.; Sachez, M. CEur. J. Inorg. Chem1999 2347. (k) Sansone, 1999 5, 3261. (d) Ranganathan, D., Haridas, T. V.; Kurur, S.; Madhusudan-
F.; Baldini, L.; Casnati, A.; Lazzarotto, M.; Ugozzoli, F.; Ungaro,RRoc. an, K. P.; Roy, R.; Kunwar, A. C.; Sarma, A. V. S.; Vairamani, M.; Sarma,
Natl. Acad. Sci. U.S.A2002 99, 4842. (I) Kubik, S.; Goddard, RProc. K. D. J. Org. Chem1999 64, 3620 (e) Reid, R. C., Kelso, M. J.; Scanlon,
Natl. Acad. Sci. U.S.A2002 99, 5127. (m) Kubik, SJ. Am. Chem. Soc. M. J., Fairlie, D. PJ. Am. Chem. So2002 124, 5673.

1999 121, 5846. (n) Pryor, K. E.; Shipps, G. W.; Skyler, D. A.; Rebek, J. (5) Hass, K.; Ponikwar, W.; Nb, H.; Beck, W.Angew. Chem., Int. EEngl.
Tetrahedron1998 54, 4107. 1998 37, 1086.
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Scheme 1 @ Table 1. Yields Obtained for the Cyclization Reaction after
o o 0 Chromatographic Purification
H H
Cbz’N\E)j\OH i) Cbz”N\i)J\O’D ii compd R n yield (%)
R R o 13a —CHyPh 0 65
1a R =CH,Ph 2a R =CH,Ph 14a —CHyPh 1 61
1b R = CH(CHy), 2b R = CH(CH;), 15a —CH.Ph 2 66
16a —CHyPh 4 65
o o o o 17a —CH.Ph 6 52
H H i), iv) 13b —CH(CHg)2 0 49
Cbz’N\.E)I\N/\éa;\HJKrN‘Cbz —_— HzN\é)l\u/ﬁ;\u)KrNHz 14b —CH(CHy), 1 61
R R R R 15b —CH(CHg)2 2 69
3a-7a R= CH,Ph; n = 0,1,2,4,6 8a-12a R = CH,Ph; n =0,1,2,4,6 16b —CH(CHs)2 4 52
3b-7b R = CH(CHj),; n = 0,1,2,4,6 8b-12b R = CH(CHj);; n = 0,1,2,4,6 17b —CH(CHg)2 6 55
a(i) DCC, N-hydroxysuccinimide, THF; (ii) bENCH2(CH2)nCH2NHa, 18a —CHyPh 0 63
DME; (iii) HBr/AcOH; (iv) ag. NaOH 19a —CH.Ph 1 52
20a —CH.Ph 2 63
could favor intramolecular processes over the intermolecular gég _EHZI'zE g g;
. . . - 2
ones and provide simple routes for the preparation of macro- 18b —CH(CHy)> 0 64
cyclic peptidomimetic structures. As a matter of fact, the 19b —CH(CHs)2 1 56
presence of folded conformations found for acyclic peptidomi- g(l)g —gnggﬁz i gg
; : - 2
metics have been associated by us and other groups to the 22b —CH(CHy)» 6 65

outcome of macrocyclization reactioh3he predisposition of
different peptidomimetic molecules to fold has been widely
studied and several structural units such as urea, amino acidspromide as a phase transfer catalyst but this reagent did not af-
proline residues, etc., have been associated with the formationfect the yield of isolated macrocyclic product. The results were
of f—y- or relatedU-turns in peptides or peptidomimetits. quite good for the meta and para substituted aromatic subunits
Here, we report how simple peptidomimetics wthsymmetry and no significant differences were observed when derivatives
such as8—12, show a strong tendency to form folded structures of phenylalanine or valine were used. In most cases, yields for
under some conditions and how this can be used advantageouslyhe expected product of ca. 80% could be estimated from the
for the synthesis of cyclophane peptidomimetics. crude reaction mixture. The formation of the correspondifi@ 2
cyclization compounds was detected in some cases as minor
side products. In the case of ortho disubstituted aromatic deriv-
Open-chain peptidomimetic molecul8s-12 can be easily atives the cyclization reactions did not work and 1,2-dihy-
prepared starting from the corresponding diamines and the N droisoindol derivatives were obtained, a situation that has been
Cbz protected amino acidsthrough the initial formation of described previousl§.
their activated N-hydroxysuccinimide est@ésee Scheme £). The good results obtained when the components of the
Overall yields for the preparation of compoun8s12, after reaction were 1,3- or 1,4-bis(bromomethyl)benzene and the dia-
the final deprotection step, were in the range-80%, and did mines8, 9, and10 (n = 0, 1, 2) could, in a first analysis, be
not depend very much on the nature and length of the aliphatic ascribed to the above-mentioned preorganization induced by
spacer. intramolecular H-bonding as shown iScheme 3). Surpris-
Preliminary molecular mechanics calculations on compounds ingly, although longer aliphatic chains should disfavor this kind
8—10suggested that folded conformations such @ee Scheme  of intramolecular hydrogen-bond formation, and therefore lead
3) could be prevalent as a result of intramolecular H-bonds and to a decrease of the efficiency of macrocycle formation, for com-
contribute to the appropriate preorganization of the peptidomi- pounds11 and 12, with aliphatic spacers containing six and
metic chain for macrocyclization. Consequently, we evaluated eight methylene units respectively, cyclization yields were also
the cyclization reaction shown in the Scheme 2 to test for the good and comparable to those obtained for compounds with
preorganization present in those molecules and its dependenceshorter aliphatic spacers. Those results prompted us to study in
on different factors, in particular the amino acid side chain and more detail the importance of hydrogen bonding in the possible
the length of aliphatic spacer. With this purpose, compounds preorganization.
8—12 were reacted with different bis(bromomethyl)arenes in  In first place,'H NMR experiments were carried out. The
order to obtain the corresponding cyclic molecul&s-22. chemical shifts observed in CD£ind CXCN for the signals
The yields (obtained after chromatographic purification) for of the amide protons in compoun8s 12 correspond with those
the macrocyclization reactions carried out in acetonitrile and expected for strongly hydrogen-bonded systems (see Table 2).
using potassium carbonate as a base are shown in Table 1. The The described chemical shift values were almost insensitive
reaction can be accelerated by addition of tetrabutylammoniumto changes in concentration (see Figure 1) indicating that
: hydrogen bonding is taking place intramolecularly, as indicated
® gai)a""é”s%ré?(b?gg'r?;!(‘ﬁi"Bﬂ-rg'i-ég“,el?slj;RL-U'i”S-’AS““-\‘}_*;‘EM”}@‘F’J%QJ?GF‘; also by the changes observed with temperafiteis noticeable
Querol, M. Tetrahedron Lett1999 40, 1039. (c) Prabhakaran, E. N.;  that, both in chloroform and acetonitrile, the amide proton
e S e L iz cioaly  fesonances appear at lower ppm values as the length of the

(7) (a) Nakanishi, H.; Kahn, M. IrBioorganic Chemistry: Peptides and
Proteines Hecht, S. M., Ed; Oxford University Press: New York, 1998; (9) Yaounanc, J. J.; Le Bris, N.; Le Gall, G.; @ent, J. C.; Handel, H.; Des

Results and Discussion

Chapter 12. (b) Liu, Z.-P.; Rizo, J.; Gierasch, L. M. Bioorganic Abbayes, HJ. Chem. Soc., Chem. Commuadf91, 206.

Chemistry: Peptides and Proteinddecht, S. M., Ed; Oxford University (10) (a) Gellman, S. H.; Dado, G. P.; Liang, G. B.; Adams, BJRAm. Chem.

Press: New York, 1998; Chapter 6. Soc, 1991 113 1164. (b) Gaemman, K.; Bernhard, J.; Seebach, D.;
(8) Wagler, T. R.; Fang, Y.; Burrows, C. J. Org. Chem1989 54, 1584. Perozzo, R.; Scapozza, L.; Folkers, I&ely. Chim. Actal999 82, 1.
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Table 2. (a) 'H NMR Chemical Shifts for the Amide Protons of Scheme 2 2
Acyclic Compounds 8—12 in CDCl; and CD3CN 0 /\@/\ o
compd R n o (ppm, CDCl3) o (ppm, CDsCN) I” n ﬁﬁ
8a —CH,Ph 0 7.55 7.34 R” “NH HN” R
9a  —CHPh 1 7.56 7.40 \—QJ
10a —CHzPh 2 7.30 7.21 i)
1la —CHzPh 4 7.24 7.18 13a-17a
12a —CHgPh 6 7.21 7.16 8a-12a 13b-17b
8b —CH(CHg)2 0 7.70 7.52 8b-12b i)
9b —CH(CHg)> 1 7.67 7.54
10b —CH(CHg)2 2 7.27 7.34 o o
11b —CH(CHs)2 4 7.31 7.30 N N
12b —CH(CHg)2 6 7.29 7.28 H nH
R™ “NH HN” "R
aThe concentration was I1®M in all cases.
7.75 +
7.7 A — 3 18a-22a
765 | 18b-22b
7.6 1 2) R= CH,Ph; n = 0,1,2,4,6
7.55 - b) R = CH(CH3),; n =0,1,2,4,6
8(ppm) ~8b ~ DIRECHC
7.5 1 +12b aReagents: (ip-bis(bromomethyl)benzene, GEIN, BuNBr, KoCOs,
7.45 - reflux 12 h; (ii) m-bis(bromomethyl)benzene, GEN, BuNBr, K,COs,
7.4 1 reflux 12 h.
7.35 A Scheme 3
7.3 A o B
— :
7.25 - ,?/\NHz HN/@} o
7.2 T T T T T HN \H —_— R ~ /N R
05 10 15 20 25 30 35 R n o-H ;
(o) NH2 HzN
- logC NH,
I
Figure 1. Plot of I1H NMR chemical shift of amide hydrogen atoms of
compounds8b and12b in CDCl3 vs logarithm of concentration (M). Scheme 4
(0]

aliphatic spacer increases from ethylenic to butylenic spacers )J\ /i Q
(see the values fo8—10) and remains almost invariable for N /g)k
longer ones10—12). These data indicate that intramolecularly OX NH i
hydrogen bonded conformations must be predominant in solu-
tion but, according to previous work in this field, they are very “ “

unlikely to correspond to folded structures such §Scheme H o
3) due to an unfavorable entropy fact8iTo better understand o o) H—N\)kN/\/
this behavior the model compoun@d and 25 were studied )LN/\/\NHJK /_\ H
(see Scheme 4). H
For compound®4 H NMR experiments discarded intermo- 24 25
lecular association and the chemical shift value for the amide scheme 5
protons (6.2 ppm in CDG) shows that hydrogen bonding is HN/@\
not so strong as that found for compourgdsl2. On the other Rﬁ/<\ "o
hand, in compoun@5 the only intramolecular H-bond interac- mA@ O--H’ \i
. X . > HN AR
tion that can take place connects the lone pair of the amine g2 . ol
group and the amide NH. In this case, the chemical shift of the KoCO4/CH;CN | N ST 13-22
amide protons appears at 7.2 ppm in CP&id dilution experi- /\\Br d

ments indicate the intramolecular nature of the interaction.
Therefore, two types of hydrogen bonds would explain the
observed spectra of compoun8s12 in CDCl; and CXCN.

The first type would involve the two amide groups and result
in a folding in the molecule such asli(Scheme 3). Its impor-
tance would decrease as the aliphatic spacer becomes longe
The second one involves the amine lone pair and the amide ™
NH. This one must be present in all of the studied peptidomi- with 8—9 but the same case cannot be done for longer molecules
metics independently of the spacer size and would explain the 10-12

chemical shift values for the amide proton resonance in the Because the key step for the efficiency of the cyclization is
molecules with long aliphatic spacers. Hence, the values reportedthe intramolecular reaction of the intermediate spetigsee

in Table 2 can be rationalized if it is assumed that for com- Scheme 5) a computational study about the preorganization of
pounds8 and 9 both types of intramolecular H-bonding take such species was performed. It has been shown previously how

1

place, whereas for larger compourid3-12 only the last type

is present. Consequently, intramolecular hydrogen bonding can
Ibe argued as a mean to understand the preorganization that
would yield preorganization favorable for the macrocyclization

J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003 6679
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Table 3. Average (C—N) Distances between the Primary Amino 2000
Group and Bromomethyl Units in Intermediate Compounds (1l) 1800
(see Scheme 5) Calculated by Molecular Dynamics Simulations? number of &
1600 -2
precursor of the structures "'.‘ * .
intermediate (1) d (&) in CHCly d(A) in H,0 Sound 1400 o e
8a 10.7 8.2 1200 Ho' .
9%a 11.8 9.7 1000 e .
10a 12.5 8.7 800 ~ ”
1la 134 9.0 500 . ’*s
12a 15.6 8.2 4 .
8b 10.7 7.2 400 \,.’ CHCI; KA
9b 134 8.7 i S
10b 133 7.4 200 Wﬂ e
11b 14.7 7.9 e ' ' ——
12b 15.5 8.3 2 4 6 8 10
2 The molecular dynamics simulations were carried out with MACRO- distance (A)
MODEL 7.0 (5 ns, AMBER* as force field and GB/SA simulation of

Figure 2. Distribution of distances (seakin structurell , Scheme 5) found

in the molecular dynamics simulations of the intermediate compound derived
. . . . from 12a using simulations of chloroform and water as the solvent.

molecular dynamics simulations can reproduce well the folding (vACROMODEL 7.0, AMBER? as force field and GB/SA simulation of

induced by intramolecular H-bondirg. solvation).

The presence of intramolecular H-bonding such as that shown
in Il was studied by analysis of 200 structures sampled during
a 5 ns molecular dynamics simulation. It was found, in
accordance with related studies described previotalthat
hydrogen bonding between the two amido groups in chloroform
is only important for the shorter aliphatic species. For the
compounds derived from phenylalanine containing spacers with
2, 3, 4, 6, and 8 methylene units the percentage of H-bonded
structures found was respectively 25, 10, 7, 1 and 1. Similar
results were obtained for the compounds derived from valine.
As expected, intramolecular hydrogen bonding was found to
be almost negligible when a simulation of water as a solvent
was used for the calculations. Additionally, to analyze the ease
of the cyclization reaction in these species, the distance between ™o
the nitrogen atom of the primary amino group and the carboon e
atom of the bromomethyl subunit (see distaice structure
I, Scheme 5) was monitored during the MD calculation (see _ ) : . )
Table 3) both in chloroform and water (acetonitrile parametriza- Figure 3. Representative structures found in the MD simulation of

intermediatdl (see Scheme 5) derived frob2b using simulation of water

tion was not available in the molecular mechanics program.) (up) and chloroform (bottom). (Surface area was calculated with MAC-

It can be seen that the average distances were always shorte'io'\"ODEL 7.0 assuming a probe radius of 1.4 A. The dotted line indicate
the atoms whose distance was monitored during the simulation).

when a simulation of water was employed as a solvent. The
differences are significant, especially for the larger molecules
and a shorter €N distance should correlate with an increased
probability for the intramolecular cyclization reaction. Moreover,
the distances distribution was always much narrower for the

simulations performed in water where a rangepoéferred It can be seen that in chloroform the molecule tends to be

distances was found (seg as an example Figure 2). . extended and fully exposed to the solvent. However, in water
Therefore, the calculations suggest that solvophobic effects the molecule tends to fold back and minimize the exposition to
seem to be a key issue for the effICIency of maCrOCyC“ZaUOn the solvent due the presence of hydrophobic subunits.
and could explain the invariance of the yield with the length of T4 get more evidences of the proposed solvent-induced
the aliphatic spacer. It can be recalled here that hydrophobin0|ding’ additional experiments were perfomed. First, the
effects are accepted to be the driving force for the protein folding reaction to obtain compounds$a and22awas carried out in
in water which results iractive conformations’® Solvophobic gimethylformamide as the solvent. The change of acetonitrile
effects, although not as strong as in water, are expected to bey polar solventd = 37.5), that at the same time allows for the
S|gn|f.|cant n acetor"tnle, the SO|Vent Used fO.r the Stud'ed presence of fa""y Strong intramolecular hydrogen bonding
reactions. As a matter of fact, significant folding of apolar interactions, for dimethylformamide, a strongly hydrogen bond-
molecules to yield ordered helical structures has been showning solvent with almost same polarity & 36.7), resulted in a
significative decrease in reaction yields (due to an important
(11) (a) McDonald, D. Q.; Still, W. CJ. Am. Chem. Sod 994 116, 11 550. i ide- i i
(5] Burguete. M. 1.~ Escuder. B GAmEspaa £ Loz, L. Luis.S. formation of side-products, no starting material was left) both
V.; Miravet, J. F.; Querol, MTetrahedron Lett2002 43, 1817. (c) For

reviews on molecular dynamics simulations of biomolecules see the special (12) Lahiri, S.; Thompson, J. L.; Moore, J. $. Am. Chem. SoQ00Q 122,
issue on this topic:Acc. Chem. Re002 35, 321-489. 11 315.

solvation).

Surface area: 712 A?

Surface area: 935 A2

' to take place in acetonitrilf. To illustrate the effect of the
solvent in the preorganization, representative molecules from
the simulations for the intermediate derived frob2b in
chloroform and in water are shown in Figure 3.

6680 J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003
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for compoundl8acontaining a ethylenic spacer (65% vyield in 50
acetonitrile, 31% in dimethylformamide) argPa containing ()
an octamethylenic spacer (53% vyield in acetonitrile, 29% in 40
dimethylformamide). Second, the reaction was performed in

. 30 B
tetrahydrofurane, a quite less polar solvent< 7.6), where (®)

intramolecular hydrogen bonding is expected to be important 3 20 |
(the amide proton chemical shift values obtained for compounds o
8aandl12ain this solvent are comparable to those obtained in S 10|

chloroform). In this case, the preparation of compouh8a
and 22a resulted in poor cyclization yields<@0%). Other 04
experiments using mixtures acetonitrile-water or methanol as
solvent resulted in bromide solvolysis as an important side
reaction and could not be used to analyze the importance of
polarity and hydrogen bonding in the macrocylization. The > 3 4 5 6 7 8
results in dimethylformamide indicate that the hydrogen-bonding
acceptor characteristics of this solvent disfavor the macrocy- Figure 4. Variation of fluorescence intensity for compouri@a—17a(* "
clization reaction. The strong interaction of the amino and amido in the horizontal axis indicates the length of the aliphatic spacer) in
groups with this solvent probably disrupts the folded conforma- chloroform (a), acetonitrile (b) and acetonitrile-water 1:1 (c). The vertical
tions favorable for the cyclization. The chemical shifts of amide gﬁfsgfﬂﬁezf'lﬂffgﬁﬁ,‘;gv: ”.";“r',?igs?é,{"ﬁﬁgss I%égi[frzgtaege)zéesla;l:ne ;?tet:]e
protons of compound8b and 12b in DMF-dg were found to irradiation at 265 nm.

be 8.00 and 7.84 respectively, in agreement with a strong

hydrogen bonding interaction with this solvent. On the other the aromatic subunits are, on average, more exposed to the
hand, the low yield for the preparation 8ain tetrahydrofurane solvent as the aliphatic spacer becomes longer.

suggest that hydrogen bonding alone does not preorganize The next stage in the described study was the structural
enough the molecule for cyclization. This is supported by the analysis of the of cyclic compounds. Because of the loss of
MD simulations in chloroform for the corresponding intermedi- conformational freedom, intramolecular hydrogen bonds are
atell (Scheme 5), that shows a poor preorganization as inferredmore likely to be found in the cyclic derivatives provided that
from the distances distribution which was found to be analogous the size of the macrocycle does not impose strong conforma-
to that shown forl2a (see Figure 2 and Table 3). tional constraints and the two types of intramolecular H-bond

More information regarding the solvophobic contribution to mentioned previously are expected.
the folding of molecule¢3a—17awas obtained by fluorescence The NMR study for the cyclic compounds indicated that the
studies. It has been shown that variations in fluorescenceimportance of intramolecular hydrogen bonds between the two
intensity of different subunits can be used to monitor polarity amido groups cannot be studied properly using as a probe the
changes in the environment of protein residtfEhis prompted ~ *H signals assigned to the amide proton resonance since the
us to test the presence of solvophobic interactions by analysistwo types or intramolecular H-bonds described above affect its
of the intensity of fluorescent emission of 285 nm light chemical shift. Moreover, for the para derivatives aromatic ring
(produced after irradiation with 268 nm light) from the phenyl shielding effects can be very important. However, the study of
subunits of13a—17a As it is shown in Figure 4, when the the hydrogen atoms corresponding to the methylene attached
experiments were carried out in acetonitrile the emission to the amide nitrogen atom are valuable for those purposes The
intensity showed a dependence on the length of aliphatic spacefWo nonequivalent geminal protons show increased differences
and increased for longer molecules, being noticeable a sharpi” their chemical shifts as a result of the loss of conformational
variation when changing from the ethylenic to the propylenic fréédom imposed by the above-mentioned H-bond between
spacer. This behavior can be ascribed to a less efficient@mido groups. For example, as can be seen in Figure 5 the
quenching of excited states by the solvent as the moleculeSignals of Ha and Hb appear as multiplet itH NMR of
becomes more hydrophobic. This should be a consequence of®mPoundl4b (n = 1). These signals split up into two well

the presence of folded structures that minimize the exposure of SeParated multiplets for the compouib (n = 2). Therefore
hydrophobic units to the solvent (by measurament of NMR the presence pf an addmor_lal carbon in the centra_ll spacer eases
the conformational constraints of the macrocycle in such a way
not taking place at the concentration used in these experiments).that alee groups can.onent relative to each other in a proper
way to yield a stronger intramolecular hydrogen bond becoming

The results measured when a mixture of acetonitrile and water inid o5, F h th . tof th
is used as a solvent are also in accordance with a solvophobicmore rgid Species. For each case the proper assignment ot those

folding because in this case the change in emission intensity isSlgnals CC,’Uld be conﬂrmed by 2'[? NMR gxperlrr!ents.
even more important. The opposite tendency was obtained when Assum_mg that the difference in cher_mcal shift for tho_se
experiments were carried out in chloroform. In this solvent, the PTOONS gives a measure of the amount of intramolecular amide

decrease of emission intensity with spacer length suggests thaf"m'de.Hfbond' the "%‘“a'ys'? of the graphic in Flgurg 6 indicates
that this interaction is maximum when the spacer is a butylene

(13) Gibney, B. R., Rabanal, F., Skalicky, J. J., Wand, A. J., Dutton, . L subu'nlt. For shorlter chains the macrocycle is probably too stiff
Am. Chem. Sod999 121, 4952 _ to orient appropriately both amido groups, whereas for longer
(14) (a) Sheldrick, G. MActa Crystallogr.1990 A46 467. (b) Sheldrick, G. — gpynits entropic factors and steric constraints may diminish

M. SHELX-97: A program for the refinement of crystal structures; - . i X
University of Gatingen, Germany, 1997. the stability of this interaction. The analysis of data correspond-

relaxation times it was found that unspecific aggregation was
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Figure 6. Plot of'H NMR chemical shift difference found for the geminal
protons Ha and Hb (see Figure 5).

crystalline packing. Interestingly, one of the amide groups, N-
(14), is taking part in a hydrogen bond with the lone pair of N-
(17) as described above for the model compoRadNo other
intramolecular hydrogen bond is formed in the crystal presum-
ably due to the constraints imposed by tha&ra-substituted
spacer. However, for compourkBb, in addition to different
intermolecular hydrogen bonds, three intramolecular ones were
found. The first one between the two amido groups, confirming
the higher flexibility of the macrocycles with a meta-type spacer,
and the other two between the amine lone pairs and the amide
hydrogen atoms, again in accordance with the previous discus-
sion.

Conclusions

In conclusion, the present method represents a simple and
efficient procedure for the preparation of cyclic peptidomimetics
which does not require the use of high dilution techniques or
the use of complex synthetic methodologies. The good yields
obtained are explained by the existence of a high preorganized
intermediate which favors the intramolecular reaction. As
evidenced from our experimental results and MD simulations,
the folding can be provided by intramolecular H-bonding and
solvophobic effects, being the latter important even for the cases
were intramolecular H-bonding between amide groups is
expected to be present. Therefore, the election of the appropriate
solvent is a key issue for the efficiency of the formation of cyclic
structures. The best results are obtained in acetonitrile which
at the same time provides solvophobic effects and is a weak
H-bond acceptor when compared with other polar solvents as
DMF. Further work is in progress in order to study the scope
of the method and to use this methodology which could be used
for the preparation of other structures of interest for catalytic,
biomimetic or biological applications.

Experimental Section

ing to molecules with a propylenic spacer reveals, as expected, General Procedure for the Preparation of N-Hydroxysuccin-
that meta-macrocycles are more flexible than para-substitutedimide Esters of Amino Acids. Synthesis of 2aN—Cbz+.-phenyla-
ones as demonstrated by the change in chemical shift differencedanine (25.14 g, 84.0 mmol) and N-hidroxysuccinimide (9.67 g, 84.0

for the studied geminal protons.

Single-crystals suitable for X-ray analysis were obtained of
the compound4.3b and 18b by slow diffusion of ether into a
solution of the compound in dichloromethane. Their analysis
by X-ray diffraction confirmed the structural hypotheses that
have been described above. (See Figure 7).

For compound.3b, the aliphatic spacer and the amide protons

mmol) were dissolved in dry THF at @. Once a clear solution had
been obtained, DCC (17.45 g, 84.6 mmol) in anhydrous THF was added
in several aliquots and the resulting solution was stirred-é& @C for

3 h. The dicyclohexylurea formed was filtered off and the filtrate was
concentrated to dryness. The crude product was recrystallized from
2-propanol to furnish the pure product. Yield (28.47 g, 86%); mp-143
144°C; [a]*® = —11.T° (c= 0.1, CHC}); IR (KBr) 3297, 1814, 1785,
1747, 1679, 1541 cnt; *H NMR (300 MHz, CDC}) 6 = 2.76 (br s,

are located over the aromatic ring and the carbonyl oxygen 4H), 3.20 (dd, 1H,) = 14.2, 6.6 Hz), 3.33 (dd, 1Hl = 14.2, 5.6 Hz),
atoms are hydrogen bonded with the neighbor molecules in the5.00-5.13 (m, 3H), 5.39 (d, 1HJ = 8.6 Hz), 7.24-7.38 (m, 10H);

Figure 7. Molecular structure 013b (left) and18b (right) obtained by X-ray diffraction of single crystals. Dotted lines indicate the intramolecular H-bonds

found.

6682 J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003



Macrocyclization of U-Turn Peptidomimetics ARTICLES

3C NMR (75 MHz, CDC}) 6 = 25.5, 37.8, 52.9, 67.1, 127.2, 127.9,
128.0, 128.3, 128.5, 129.4, 134.3, 135.7, 155.1, 167.3, 168.6; Anal.
Calcd. for GiH20N20g: C, 63.6; H, 5.1; N, 7.1. Found: C, 63.5; H,
5.5; N, 7.4.

Synthesis of N-Hidroxysuccinimide Ester of N—Cbz-L-Valine
2b. Yield 87%; mp 119-120°C; [0]*®% = —20.T° (c = 0.1, CHC});
IR (KBr) 3360, 1741, 1526 crt; *H NMR (300 MHz, CDC}) ¢ 1.02
(d, 6H,J = 7.4 Hz), 1.06 (d, 6HJ = 7.7 Hz), 2.31 (m, 1H), 2.77 (s,
4H), 4.66 (dd, 1H) = 4.7 Hz), 5.13 (s, 2H), 5.43 (d, 1H,= 9.5 Hz), (d, 12H,J = 6.6 Hz), 1.92 (m, 2H), 3.11 (br s, 4H), 3.77 (t, 28+~
7.28-7.41 (m, 5H)}3C NMR (75 MHz, CDC}) 6 17.2, 18.7, 25.5, 7.4 Hz), 5.01 (s, 4H), 7.17 (d, 2H,= 8.4 Hz), 7.33 (br s, 10H), 7.92
31.5,57.4,67.2,128.0, 128.1, 128.3, 135.8, 155.6, 167.5, 168.6; Anal. (br s, 2H);3C NMR (75 MHz, DMSOg, 30 °C) 6 18.4, 19.4, 30.3,
Calcd. for G/H20N20s: C, 58.6; H, 5.8; N, 7.7. Found: C, 58.1; H, 38.4,60.5, 65.5, 127.6, 127.7, 128.3, 137.1, 156.1, 171.2; Anal. Calcd.
5.9; N, 8.0. for CogH3gN4Os: C, 63.9; H, 7.3; N, 10.6. Found: C, 63.5; H, 7.4; N,

General Procedure for the Preparation of N-N'-Bis(N—Chbz+.- 10.5.
aminoacyl)diamines. Synthesis of 3al he N-hydroxysuccinimide ester Synthesis of 4b.This compound was obtained as described above
of N—Cbz+-phenylalanine (12.00 g, 30.3 mmol) was dissolved in starting from the N-hydroxysuccinimide ester of the-Glbz--valine
anhydrous DME (150 mL) cooled in an ice bath. Ethylenediamine (0.92 (2b) and 1,3-diaminopropane. Yield 90%; mp 22526 °C; IR (KBr)
g, 15.3 mmol) dissolved in dry DME (20 mL) was added in several 3294, 1691, 1645, 1537 ctf *H NMR (300 MHz, DMSOd, 30 °C)
times. The reaction mixture was stirred at room temp for 18 h and ¢ 0.83 (d, 12H,J = 6.9 Hz), 1.51 (m, 2H), 1.91 (m, 2H), 2.98.11
then was warmed fo6 h at 40-50 °C. The white solid was filtered (m, 4H), 3.76 (t, 2HJ = 8.0 Hz), 5.01 (s, 4H), 7.19 (d, 2H,= 8.4
off and washed with cold water and cold methanol. Yield (8.79 g, 93%); Hz), 7.28-7.35 (m, 10H), 7.87 (t, 2HJ = 5.0 Hz); 3C NMR (75

MHz, DMSOd;, 30°C) ¢ 26.3, 28.7, 29.0, 37.9, 38.6, 56.2, 65.2, 126.1,
127.2, 127.5, 127.8, 128.1, 129.0, 136.9, 137.9, 155.5, 170.8; Anal.
Calcd. for GoHsoN4Os: C, 71.4; H, 7.1; N, 7.9. Found: C, 71.1; H,
7.4;N, 7.9.

Synthesis of 3b.This compound was obtained as described above
starting from the N-hydroxysuccinimide ester of the-@bz+-valine
(2b) and ethylenediamine. Yield 79%; mp 24849°C; IR (KBr) 3293,
1691, 1651, 1539 cn; *H NMR (300 MHz, DMSOd, 30°C) ¢ 0.81

mp 247-248°C; IR (KBr) 3310, 3297, 1686, 1666, 1552, 1528¢m
H NMR (300 MHz, DMSOd 40 °C) ¢ 2.80 (dd, 2HJ = 13.7, 10.1
Hz), 2.99-3.16 (m, 6H), 4.21 (m, 2H), 4.89.00 (m, 4H), 7.18
7.31 (m, 22H), 7.90 (br, s 2H}3C NMR (75 MHz, DMSOG, 40 °C)

MHz, DMSOd;, 30°C) 6 18.4, 19.4, 29.3, 30.3, 36.4, 60.5, 65.5, 127.6,
128.3, 137.1, 156.0, 171.0; Anal. Calcd. fogl840N4Os: C, 64.4; H,
7.5; N, 10.4. Found: C, 64.1; H, 7.4; N, 10.4.

Synthesis of 5b.This compound was obtained as described above

037.8,38.4,56.3,65.3,126.1, 127.2, 127.5, 127.9, 128.1, 129.0, 136.9,starting from the N-hydroxysuccinimide ester of the-&bz+-valine

137.9, 155.6, 171.2; Anal. Calcd. fogdElssN4Os: C, 69.4; H, 6.2; N,
9.0. Found: C, 69.3; H, 6.6; N, 8.9.

Synthesis of 4aThis compound was obtained as described above
starting from the N-hydroxysuccinimide ester of-8bz-phenylalanine
(2a) and 1,3-diaminopropane. Yield 93%; mp 23233°C; IR (KBr)
3298, 1694, 1645, 1537 crh *H NMR (300 MHz, DMSOd, 30 °C)

0 1.47 (m, 2H), 2.78 (dd, 2H] = 13.4, 10.0 Hz), 2.953.07 (m, 6H),
4.20 (m, 2H), 4.95 (s, 4H), 7.187.40 (m, 22H), 7.87 (t, 2H) = 4.8
Hz); ¥C NMR (75 MHz, DMSOd, 30 °C) 6 29.1, 36.3, 37.8, 56.3,

65.3, 126.1, 127.2, 127.5, 127.9, 128.1, 129.0, 136.9, 137.9, 155.5,

170.9; Anal. Calcd. for e&H4oN4Os: C, 69.8; H, 6.3; N, 8.8. Found:
C, 69.3; H, 6.6; N, 8.7.

Synthesis of 5a.This compound was obtained as described above
starting from the N-hydroxysuccinimide ester of the—Qbz+-
phenylalanine Za) and the 1,4-diaminobutane. Yield 93%; mp 240
241°C; IR (KBr) 3311, 1690, 1656, 1528 crh 'H NMR (300 MHz,
DMSOg;, 50 °C) 6 1.32 (br s, 4H), 2.77 (dd, 2H = 13.5, 9.6 Hz),
2.93-3.04 (m, 6H), 4.21 (m, 2H), 4.94 (s, 4H), 7:28.33 (m, 22H),
7.79 (t, 2H,J = 5.1 Hz);13C NMR (75 MHz, DMSOd, 50°C) ¢ 26.3,

(2b) and 1,4-diaminobutane. Yield 79%; mp 24241 °C; IR (KBr)
3294, 1691, 1646, 1537 crh *H NMR (300 MHz, DMSOd, 30 °C)
0 0.81 (d, 12HJ = 6.3 Hz), 1.37 (br s, 4H), 1.90 (m, 2H), 2.98.05
(m, 4H), 3.78 (t, 2HJ = 6.9 Hz), 5.01 (s, 4H), 7.14 (d, 2H,= 8.4
Hz), 7.33 (br s, 10H), 7.86 (br s, 2HYC NMR (75 MHz, DMSOg,
30°C) 0 18.4, 19.4, 26.7, 30.5, 38.3, 60.5, 65.5, 127.6, 127.7, 128.3,
137.1, 156.0, 170.8; Anal. Calcd. fosdlsN4Os: C, 65.0; H, 7.6; N,
10.1. Found: C, 65.4; H, 8.0; N, 10.2.
Synthesis of 6b.This compound was obtained as described above
starting from the N-hydroxysuccinimide ester of the-8bz+-valine
(2b) and 1,6-diaminohexane. Yield 73%; mp 2224 °C; IR (KBr)
3292, 1690, 1648, 1538 cth *H NMR (300 MHz, DMSOd, 30 °C)
0 0.82 (d, 12HJ = 6.6 Hz), 1.22 (br s, 4H),1.35 (br s, 4H), 1.90 (m,
2H), 2.94-3.09 (m, 4H), 3.77 (t, 2HJ = 9.0 Hz), 5.01 (s, 4H), 7.15
(d, 2H,J = 8.4 Hz), 7.28-7.33 (m, 10H), 7.83 (br s, 2H}C NMR
(75 MHz, DMSOg, 30°C) 6 18.4, 19.3, 26.2, 29.1, 30.4, 38.5, 60.5,
65.4, 127.6, 127.7, 128.3, 137.1, 156.0, 170.8; Anal. Calcd. for
Cs2Ha6N4Os: C, 66.0; H, 8.0; N, 9.6. Found: C, 66.0; H, 8.1; N, 9.6.
Synthesis of 7b.This compound was obtained as described above

37.9, 38.3,56.2, 65.2, 126.0, 127.1, 127.4, 127.8, 128.0, 128.9, 136.8,starting from the N-hydroxysuccinimide ester of the-8bz4 -valine

137.8, 155.4, 170.7; Anal. Calcd. foedl4oN4Os: C, 70.1; H, 6.5; N,
8.6. Found: C, 69.7; H, 6.8; N, 8.9.

Synthesis of 6a.This compound was obtained as described above
starting from the N-hydroxysuccinimide ester of the—@Qbz4-
phenylalanineZa) and 1,6-diaminohexane. Yield 87%; mp 19¥95
°C; IR (KBr) 3306, 1690, 1653, 1536 crh *H NMR (300 MHz,
DMSOd;, 30°C) 6 1.17 (bs s, 4H), 1.32 (br s, 4H), 2.74 (dd, 2H+
13.4, 10.1 Hz), 2.963.07 (m, 6H), 4.19 (M, 2H), 4.93 (s, 4H), 7:18
7.29 (m, 20H), 7.49 (d, 2H] = 8.6 Hz), 7.96 (br s, 2H):C NMR
(75 MHz, DMSOg, 30°C) ¢ 26.1, 29.0, 38.0, 38.6, 56.3, 65.3, 126.1,
127.3, 127.5, 127.9, 128.1, 129.1, 137.0, 137.9, 155.6, 170.9; Anal.
Calcd. for GoH4eN4Os: C, 70.8; H, 6.8; N, 8.3. Found: C, 71.3; H,
7.1; N, 8.3.

Synthesis of 7a.This compound was obtained as described above
starting from the N-hydroxysuccinimide ester of the—Qbzi-
phenylalanine Za) and 1,8-diaminooctane. Yield 97%; mp 26204
°C; IR (KBr) 3316, 3298, 1687, 1657, 1536 cin‘H NMR (300 MHz,
DMSOd;, 30°C) 6 1.19 (bs s, 8H), 1.33 (br s, 4H), 2.74 (dd, 2H+
13.3, 10.2 Hz), 2.893.06 (m, 6H), 4.17 (m, 2H), 4.92 (s, 4H), 716
7.31 (m, 20H), 7.50 (d, 2H] = 8.6 Hz), 8.02 (br s 2H):3C NMR (75

(2b) and 1,8-diaminooctaane. Yield 86%; mp 208 °C; IR (KBr)
3297, 1691, 1649, 1538 crh *H NMR (300 MHz, DMSOgd, 30 °C)
0 0.81 (d, 12HJ = 6.3 Hz), 1.20 (br s, 8H), 1.25 (br s, 4H), 1.89 (m,
2H), 2.95-3.08 (m, 4H), 3.76 (t, 2HJ = 8.0 Hz), 5.00 (s, 4H), 7.13
(d, 2H,J = 8.4 Hz), 7.33 (br s, 10H), 7.81 (br s, 2HFC NMR (75
MHz, DMSOd; 30°C) 6 18.4, 19.4, 26.4, 28.8, 29.1, 30.4, 38.5, 60.4,
65.4, 127.6, 127.7, 128.3, 137.1, 156.0, 170.8; Anal. Calcd. for
CasHsoN4Og: C, 66.9; H, 8.3; N, 9.2. Found: C, 66.8; H, 8.4; N, 9.3.
General Procedure for the Deprotection of N-Cbz Groups.
Synthesis of 8aN,N'-bis(N—Cbz+.-phenylalanyl)-1,2-diaminoethane
(33 (8.01 g, 12.9 mmol) were added to HBr/AcOH (33%) (20 mL)
and the mixture was stirred at room temp. until G®olution ceased.
At this point, diethyl ether was added to the clear solution, which led
to the deposition of a white precipitate. This was filtered off, washed
with additional ether and dissolved in distilled water, the resulting
solution was extracted with chloroform (30 mLx 3 Solid NaOH was
then added up to a pH value of 12 and the resulting solution was
saturated with NaCl and extracted with chloroform (30 mk,)3The
organic phase was dried over Mg&éhd evaporated under vacuum to
obtain a white solid. Yield (3.8 g, 84%); mp 13819 °C; [0o]p®® =
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—86.9° (c = 0.1, CHC}); IR (KBr) 3358, 3299, 1655, 1529 crit *H
NMR (300 MHz, CDC}) ¢ 1.45 (s, 4H), 2.66 (dd, 2H] = 13.7, 9.3
Hz), 3.19 (dd, 2HJ) = 13.7, 4.2 Hz), 3.32 (m, 4H), 3.55 (dd, 2BI=

9.2, 4.3 Hz), 7.1%7.30 (m, 10H), 7.55 (br s, 2H}*C NMR (75 MHz,
CDCl) 6 39.1, 40.9, 56.2, 126.3, 128.2, 128.8, 137.4, 174.7; ESI-MS
m/z = 355.1 (M + HY), 377.1 (M + Na’); Anal. Calcd. for
CooH26N4O2: C, 67.8; H, 7.4; N, 15.8. Found: C, 67.9; H, 7.8; N, 16.0.

Synthesis of 9a.This compound was obtained as described above
starting from N,N-bis(N—Chbz+i-phenylalanyl)-1,3-diaminopropane
(4a). Yield 91%; mp 123+122°C; [0]p?® = —85.3 (c = 0.1, CHC});

IR (KBr) 3345, 3302, 1651, 1528 criy *H NMR (300 MHz, CDCH)
0 1.39 (s, 4H), 1.57 (m, 2H), 2.69 (dd, 28~ 13.7, 9.3 Hz), 3.13
3.24 (m, 6H), 3.57 (dd, 2H]) = 9.0, 3.9 Hz), 7.187.31 (m, 10H),
7.56 (m, 2H);*%C NMR (75 MHz,CDC}) ¢ 29.5, 35.5, 41.0, 56.5,
126.5, 128.4, 129.0, 137.6, 174.4; ESI-M%z = 369.1 (M + H),
391.1 (M+ Na'), 407.1 (M+ K™*); Anal. Calcd. for GiH2eN4O2: C,
68.4; H, 7.7; N, 15.2. Found: C, 68.5; H, 8.0; N, 15.4.

Synthesis of 10aThis compound was obtained as described above
starting from N,N-bis(N—Cbz-phenylalanyl)-1,4-diaminobutangd).
Yield 90%; mp 134-135°C; [a]p® = —86.1° (c = 0.1, CHC}); IR
(KBr) 3358, 3303, 1648, 1534 criy 'H NMR (300 MHz, CDC}) &
1.13 (s, 4H), 1.26 (m, 4H), 2.47 (dd, 28 = 13.7, 9.3 Hz), 3.02 (m,
6H), 3.36 (dd, 2HJ = 9.2, 4.0 Hz), 6.987.16 (m, 10H), 7.30 (br s,
2H); 3C NMR (75 MHz, CDC}) 6 26.9, 38.6, 41.0, 56.4, 126.6, 128.5,
129.1, 137.7, 173.9; ESI-M8&Vz = 383.0 (M + H), 405.0 (M +
Na'), 421.0 (M+ K*); Anal. Calcd. for GoHzoN4O2: C, 69.1; H, 7.9;

N, 14.7. Found: C, 69.2; H, 8.1; N, 14.9.

Synthesis of 11aThis compound was obtained as described above
starting from N,Ntbis(N—Chbz+.-phenylalanyl)-1,6-diaminohexan@s).
Yield 88%; mp 131132 °C; [a]p® = —80.4 (c = 0.1, CHC}); IR
(KBr) 3365, 3289, 1650, 1628, 1547, 1525¢imH NMR (300 MHz,
CDCl3) 6 1.27-1.48 (m, 12H), 2.66 (dd, 2Hl = 13.7, 9.3 Hz), 3.18
3.26 (m, 6H), 3.56 (dd, 2H] = 9.3, 4.2 Hz), 7.187.32 (m, 12H)*C
NMR (75 MHz,CDCE) 6 26.3, 29.4, 38.8, 41.0, 56.4, 126.6, 128.5,
129.1, 137.8, 173.9; ESI-M&/z= 411.1 (M+ H*) 433.1 (M+ Na"),
206.2 (M+ 2H"); Anal. Calcd. for GsHsN4O2: C, 70.2; H, 8.3; N,
13.7. Found: C, 70.5; H, 8.2; N, 13.8.

Synthesis of 12aThis compound was obtained as described above
starting from N,N-bis(N—Cbz4.-phenylalanyl)-1,8-diaminooctan@d).
Yield 92%; mp 114-115 °C; [a]p®® = —70.1° (c =0.1, CHC}); IR
(KBr) 3309, 1643, 1535 cnt; 'H NMR (300 MHz, CDC}) 6 1.28 (br
s, 12H), 1.45 (m, 4H), 2.67 (dd, 2d,= 13.7, 9.3 Hz), 3.193.29 (m,
6H), 3.58 (dd, 2HJ = 9.4, 4.0 Hz), 7.187.33 (m, 12H);**C NMR
(75 MHz,CDC}) ¢ 26.9, 29.2, 29.6, 39.0, 41.1, 56.5, 126.6, 128.5,129.2,
137.9, 173.8; ESI-M&vz = 439.1 (M+ H), 461.0 (M+ Na'), 219.9
(M + 2H"); Anal. Calcd. for GeHsgN4O2: C, 71.2; H, 8.7; N, 12.8.
Found: C, 71.3; H, 8.6; N, 12.7.

Synthesis of 8b.This compound was obtained as described above
starting N,N-bis(N—Cbz+-valinyl)-1,2-diaminoethanedp). Yield 91%;
mp 136-137°C; [a]p® = —66.1° (c =0.01, CHCY}); IR (KBr) 3289,
1643, 1553 cm?; 'H NMR (300 MHz, CDC}) 6 0.75 (d, 6BHJ = 7.1
Hz), 0.90 (d, 6HJ = 6.8 Hz), 1.26 (s, 4H), 2.15 (m, 2H), 3.13 (d, 2H,
J=4.2 Hz), 3.33 (m, 4H), 7.69 (br s, 2HFC NMR (75 MHz,CDC})
016.1, 19.6, 30.9, 39.4, 60.1, 175.2; ESI-M#& = 259.0 (M+ H*),
281.1 (M+ Na'); Anal. Calcd. for GoH2eN4Oz: C, 55.8; H, 10.1; N,
21.7. Found: C, 55.2; H, 10.1; N, 21.5.

Synthesis of 9b.This compound was obtained as described above
starting from N,N-bis(N—Cbz-valinyl)-1,3-diaminopropane 40).
Yield 89%; mp 106-101 °C; [a]p?® = —54.5 (c = 0.1, CHC}); IR
(KBr) 3298, 1651, 1538 cnt; *H NMR (300 MHz, CDC}) 6 0.64 (d,
6H,J = 7.0 Hz), 0.80 (d, 6HJ = 6.8 Hz), 1.23 (s, 4H), 1.45 (m, 2H),
2.04 (m, 2H), 3.01 (d, 2H) = 4.2 Hz), 3.11 (m, 4H), 7.58 (m, 2H);
3C NMR (75 MHz,CDC}) ¢ 15.8, 19.2, 29.3, 30.6, 35.1, 59.8, 174.3;
ESI-MSm/z = 273.1 (M+ HY), 295.1 (M+ Na*); Anal. Calcd for
CisH2gN4Oy: C, 57.3; H, 10.4; N, 20.6. Found: C, 57.2; H, 10.5; N,
20.6.
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Synthesis of 10bThis compound was obtained as described above
starting from N,N-bis(N—Cbz+.-valinyl)-1,4-diaminobutanesp). Yield
95%; mp 109-110°C; [0]p® = —48.4 (c = 0.1, CHC}); IR (KBr)
3294, 1641, 1547 cn; *H NMR (300 MHz, CDC}) 6 0.71 (d, 6H,J
= 6.8 Hz), 0.85 (d, 6HJ = 7.1 Hz), 1.39-1.43 (m, 8H), 2.08 (m,
2H), 3.05 (d, 2H,) = 4.2 Hz), 3.14 (m, 4H), 7.27 (br s, 2HFC NMR
(75 MHz,CDC}) 6 16.2, 19.5, 27.0, 30.9, 38.4, 60.2, 174.1; ESI-MS
m/'z = 143.2 (M+ 2H"); Anal. Calcd. for GsH3oN4O»: C, 58.7; H,
10.6; N, 19.6. Found: C, 58.9; H, 10.8; N 19.7.

Synthesis of 11bThis compound was obtained as described above
starting from N,N-bis(N—Cbz+-valinyl)-1,6-diaminohexanesp). Yield
92%; mp 10+102°C; [0]p?® = —45.6 (c = 0.1, CHC}); IR (KBr)
3366, 3286, 1640,1552 crh *H NMR (300 MHz, CDC}) ¢ 0.68 (d,
6H, J = 7.1 Hz), 0.84 (d, 6HJ = 6.8 Hz), 1.20 (br s, 8H), 1.37 (m,
4H), 2.11 (m, 2H), 3.033.12 (m, 6H), 7.31 (br s, 2H}3C NMR (75
MHz,CDCk) ¢ 15.9, 19.5, 26.2, 29.3, 30.7, 38.4, 59.9, 173.9; ESI-MS
m/z = 315.3 (M + H); Anal. Calcd. for GeH3zaN4O,: C, 61.1; H,
10.9; N, 17.8. Found: C, 61.3; H, 11.2; N, 17.9.

Synthesis of 12bThis compound was obtained as described above
starting from N,N-bis(N—Chbz--valinyl)-1,8-diaminooctanerp). Yield
94%; mp 103-104°C; [0]p?® = —43.7 (c = 0.1, CHC}); IR (KBr)
3285, 1645, 1556 cm; *H NMR (300 MHz, CDC}) 6 0.72 (d, 6H,J
= 6.8 Hz), 0.89 (d, 6HJ = 7.1 Hz), 1.21 (s, 8H), 1.381.43 (m, 8H),

2.17 (m, 2H), 3.09-3.18 (m, 6H), 7.30 (br s, 2H}*C NMR (75 MHz,
CDCl) 0 15.9, 19.6, 26.7, 29.0, 29.5, 30.7, 38.8, 60.0, 174.0; ESI-MS
m/iz = 172.2 (M+ 2H"); Anal. Calcd. for GgH3gN4O,: C, 63.1; H,
11.2; N, 16.4. Found: C, 63.3; H, 11.6; N, 16.3.

General Procedure for the Preparation of the para-Macrocycles.
Synthesis of 13a (Method a)Compound8a (0.507 g, 1.43 mmol),
anhydrous KCO; (1.97 g, 14.3 mmol) and 1,4-bis(bromomethyl)-
benzene (0.377 g, 1.43 mmol) were placed in a flask containing dry
CH3CN (175 mL) and the mixture was refluxed for 24 h under argon
atmosphere. The reaction was filtered and the solvent evaporated under
reduced pressure. The product was purified by silica flash chromatog-
raphy using MeOH/ChLLCI, (1:40) as the eluent to yield a white solid
(134). Yield (0.360 g, 55%); mp 7780 °C; [0]p® = —32.5 (c =
0.01, CHCH); IR (KBr) 3376, 1655, 1518 cnt; 'H NMR (300 MHz,
CDCl;) ¢ 2.09 (br s, 2H), 2.62 (dd, 2H] = 13.4, 9.0 Hz), 3.03 (m,
4H), 3.10 (d, 2HJ = 13.1 Hz), 3.2+3.32 (m, 4H), 3.82 (d, 2H]) =
13.2 Hz), 6.52 (br s, 2H), 7.03 (dd, 2BI= 7.9, 1.7 Hz), 7.13 (dd, 2H,
J=17.5, 1.5 Hz), 7.177.30 (m, 10H):3C NMR (75 MHz,CDC}) &

39.1, 39.5,54.4,64.4,126.4, 128.3, 128.5, 128.6, 129.0, 137.1, 139.0,
174.5; ESI-MSWz = 457.7 (M+ H*); Anal. Calcd. for GgH3:N4O+1/2
H,O C, 72.2; H, 7.1; N, 12.0. Found: C, 72.3; H, 7.5; N, 11.7.

Synthesis of 13a. Method bCompounda (0.521 g, 1.47 mmol),
anhydrous KCOs; (2.041 g, 14.8 mmol), tetrabutylammonium bromide
(0.245 g, 0.76 mmol) and 1,4-bis(bromomethyl)benzene (0.388 g, 1.47
mmol) were placed in a flask containing dry €N (175 mL) and
the mixture was refluxed for 12 h under argon atmosphere. The reaction
was filtered and the solvent evaporated under reduced pressure. The
crude product was dissolved in CHQB0 mL) and extracted with
aqueous NaOH 0.01M (50 mL 3. The organic phase was dried over
anhydrous MgS@ and the solvent was evaporated under reduced
pressure. The product was purified by silica flash chromatography using
MeOH/CHCI, (1:40) as the eluent to give 0.436 ©Ba as a white
solid. Yield 65%; mp 7780 °C; [a]p?® = —32.5 (c = 0.01, CHC});

IR (KBr) 3376, 1655, 1518 crt; *H NMR (300 MHz, CDC}) 6 2.09

(br s, 2H), 2.62 (dd, 2H) = 13.4, 9.0 Hz), 3.03 (m, 4H), 3.10 (d, 2H,
J=13.1 Hz), 3.2%3.32 (m, 4H), 3.82 (d, 2H] = 13.2 Hz), 6.52 (br

s, 2H), 7.03 (dd, 2H) = 7.9, 1.7 Hz), 7.13 (dd, 2H] = 7.5, 1.5 Hz),
7.17-7.30 (m, 10H);**C NMR (75 MHz,CDC}) ¢ 39.1, 39.5, 54.4,
64.4, 126.4, 128.3, 128.5, 128.6, 129.0, 137.1, 139.0, 174.5; ESI-MS
m/z=457.7 (M+ H*); Anal. Calcd. for GgH3:N,O,*-1/2 H,O C, 72.2;

H, 7.1; N, 12.0. Found: C, 72.3; H, 7.5; N, 11.7.

Synthesis of 14a (Method a).This compound was obtained as
described above starting froéa. Yield 61%; mp 212-213°C; [o]p?®
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= —58.5 (c = 0.01, CHC}); IR (KBr) 3348, 3302, 1648, 1530 cry
H NMR (300 MHz, CDC}) 6 1.19 (m, 2H), 2.06 (br s, 2H), 2.55 (dd,
2H,J =14.0, 10.6 Hz), 2.75 (m, 4H), 3.18 (d, 28I= 14.2 Hz), 3.27
(dd, 2H,J = 14.2, 3.4 Hz), 3.44 (dd, 2H] = 10.5, 3.6 Hz), 3.88 (d,
2H,J = 14.2 Hz), 6.64 (t, 2H) = 5.5 Hz), 7.09-7.36 (m, 14H)*C
NMR (75 MHz,CDCE) ¢ 28.4, 36.1, 40.1, 54.5, 66.9, 126.8, 128.5,
128.7,128.8, 129.0, 137.2, 139.4, 173.9; ESI-M@ = 471.2 (M+
H*), 509.2 (M+ K*); Anal. Calcd. for GeH34N4Oy: C, 74.0; H, 7.3;
N, 11.9. Found: C, 73.7; H, 7.7; N, 11.5.

Synthesis of 14a (Method b)Yield 58%.

Synthesis of 15a (Method a).This compound was obtained as
described above starting froh®a Yield 66%; mp 149-151°C; [a]p?®
= —83.9 (c = 0.01, CHC}); IR (KBr) 3328, 3308, 1651, 1637, 1540
cm 't 'H NMR (300 MHz, CDC}) ¢ 0.90 (m, 4H), 1.96 (br s, 2H),
2.61 (m, 4H), 3.20 (d, 2H] = 14.7 Hz), 3.2#3.46 (m, 6H), 3.90 (d,
2H,J=14.7 Hz), 7.01 (dd, 2H) = 7.7, 4.0 Hz), 7.147.35 (m, 14H);
13C NMR (75 MHz,CDCH}) 6 25.9, 38.4, 39.4, 52.8, 65.3, 126.7, 127.7,
128.6, 128.7, 137.4, 139.3, 173.2; ESI-M%z = 485.5 (M + H),
507.5 (M+ Na"); Anal. Calcd. for GoHzeN4O2: C, 74.4; H, 7.5; N,
11.6. Found: C, 74.2; H, 7.8; N, 11.3.

Synthesis of 16a (Method a).This compound was obtained as
described above starting frobia Yield 65%; mp 121-123°C; [o]p?®
= —100.# (c = 0.01, CHC}); IR (KBr) 3310, 1661, 1646, 1538 crfi
IH NMR (300 MHz, CDC}) 6 1.11 (m, 8H), 1.86 (br s, 2H), 2.69 (dd,
2H, J = 13.9, 10.0 Hz), 2.79 (m, 2H), 3.28.43 (m, 8H), 3.81 (d,
2H,J = 14.4 Hz), 7.17-7.35 (m, 16H);*3C NMR (75 MHz,CDC}) 6
26.3, 28.9, 38.3, 39.2, 52.5, 64.5, 126.6, 127.3, 128.5, 128.7, 137
138.5, 173.0; ESI-MSWz = 513.5 (M + H*); Anal. Calcd. for
C3HaoN4O2: C, 75.0; H, 7.9; N, 10.9. Found: C, 74.6; H, 8.2; N, 10.5.

Synthesis of 17a (Method a).This compound was obtained as
described above starting fromi3a). Yield 52%; mp 182-184 °C;
[a]p?®= —103.8 (c= 0.01, CHCY); IR (KBr) 3304, 1644, 1544 cnt;
H NMR (300 MHz, CDC}) 6 1.22 (br, s 8H), 1.42 (m, 4H), 1.79 (br,
s 2H), 2.77 (dd, 2HJ = 13.9, 9.3 Hz), 3.06 (m, 2H), 3.28 (dd, 24,
=13.8, 3.8 Hz), 3.343.48 (m, 6H), 3.69 (d, 2H] = 13.4 Hz), 7.1+
7.34 (m, 14H), 7.43 (t, 2H) = 5.4 Hz);3C NMR (75 MHz,CDC})
0 26.5, 29.0, 29.3, 38.1, 38.7, 52.1, 63.4, 126.6, 127.6, 128.5, 128
137.2, 138.3, 172.8; ESI-M8Vz = 541.6 (M + H'), 575.7 (M +
CI7); Anal. Calc for GH44N4O,: C, 75.5; H, 8.2; N, 10.4;. Found:
C, 75.9; H, 8.4; N, 10.2.

Synthesis of 13b (Method a).This compound was obtained as
described above starting fro@b. Yield 49%; mp 182-183°C; [o]p?®
= 26.C° (c = 0.01, CHC}); IR (KBr) 3340, 3325, 3308, 1661, 1650,
1631, 1548 cmt; *H NMR (300 MHz, CDC}) 6 0.74 (d, 6HJ = 7.1
Hz), 1.03 (d, 6HJ = 7.1 Hz), 1.94 (s, 2H), 2.40 (m, 2H), 2.94 (d, 2H,
J= 3.7 Hz), 3.11 (m, 4H), 3.41 (d, 2H,= 12.9 Hz), 4.13 (d, 2HJ
=12.9 Hz), 6.64 (br s, 2H), 7.14 (dd, 2= 7.8, 1.7 Hz), 7.23 (dd,
2H,J = 7.7, 1.6 Hz);*3C NMR (75 MHz,CDC}) 6 16.6, 19.8, 31.1,
39.3, 55.5, 68.6, 129.1, 129.4, 139.6, 175.1; ESIiM3= 361.2 (M
+ H), 395.1 (M+ CI7); Anal. Calcd. for GoHz:N4O2: C, 66.6; H,
9.0; N, 15.5. Found: C,66.8; H, 8.8; N,15.6.

Synthesis of 14b (Method a).This compound was obtained as
described above starting fro#. Yield 61%; mp 223-224°C; [o]p?®
= 16.1° (c = 0.01, CHC}); IR (KBr) 3345, 3320, 3302, 1662, 1649,
1637, 1544, 1527 cn; *H NMR (300 MHz, CDC}) 6 0.84 (d, 6H,J
= 7.1 Hz), 1.01 (d, 6HJ = 7.1 Hz), 1.16 (m, 2H), 2.03 (s, 2H), 2.12
(m, 2H), 2.72 (m, 4H), 3.03 (d, 2H,= 4.2 Hz), 3.37 (d, 2HJ = 13.9
Hz), 4.12 (d, 2H,J = 13.7 Hz), 6.67 (m, 2H), 7.17 (br s, 4H}’C
NMR (75 MHz,CDC}) 6 17.6, 19.8, 31.4, 36.1, 55.2, 71.4, 128.9,
139.6, 173.7; ESI-MSwz = 375.7 (M + H*); Anal. Calcd. for
CxiH3N4Oy: C, 67.4; H, 9.2; N, 15.0. Found: C, 67.5; H, 9.0; N, 15.0.

Synthesis of 15b (Method a).This compound was obtained as
described above starting frob®b. Yield 45%; mp 185-186°C; [o]p?®
=11.# (c=0.01, CHC}); IR (KBr) 3301, 1636, 1555 cnt; *H NMR
(300 MHz, CDC}) 6 0.84 (d, 6H,J = 6.5 Hz), 0.92 (m, 4H), 1.04 (d,
6H,J = 7.1 Hz), 1.88 (br s, 2H), 2.25 (m, 2H), 2.59 (m, 2H), 3.04 (d,

2H,J = 3.9 Hz), 3.34-3.39 (m, 4H), 4.19 (d, 2H] = 14.6 Hz), 7.04
(m, 2H), 7.21 (s, 4H)**C NMR (75 MHz,CDC}) 6 17.2, 19.9, 26.1,
31.1,38.3,53.7,69.7, 128.0, 139.6, 173.2; ESI-M3= 389.5 (M+
H*), 423.3 (M+ CI7); Anal. Calcd. for G;H3eN4O,: C, 68.0; H, 9.3;
N, 14.4. Found: C, 68.1; H, 9.2; N, 14.3.

Synthesis of 15b (Method b).Yield 69%.

Synthesis of 16b (Method a).This compound was obtained as
described above starting frobrib. Yield 52%; mp 216-217°C; [a]p?®
= —14.7° (c = 0.01, CHC}); IR (KBr) 3303, 1633, 1547 cnt; H
NMR (300 MHz, CDC}) 6 0.85 (d, 6H,J = 7.1 Hz), 0.94-1.16 (m,
14H), 1.75 (s, 2H), 2.18 (m, 2H), 2.73 (m, 2H), 2.98 (d, ZHs 3.9
Hz), 3.32 (m, 2H), 3.47 (d, 2H] = 14.4 Hz), 4.04 (d, 2HJ = 14.2
Hz), 7.14 (m, 2H), 7.23 (s, 4H}3C NMR (75 MHz,CDC}) 6 17.4,
19.8, 26.5, 29.2, 31.1, 38.3, 53.6, 69.1, 127.5, 138.9, 173.1; ESI-MS
mz = 4175 (M + H'), 4514 (M + CI7); Anal. Calcd. for
CoaHaoN4O,: C, 69.2; H, 9.7; N, 13.5. Found: C, 69.4; H, 9.6; N,13.4.

Synthesis of 17b (Method a).This compound was obtained as
described above starting froh®b. Yield 55%; mp 212-214°C; [o]p?®
= —27.7 (c = 0.01, CHC}); IR (KBr) 3319, 1628, 1547 cnt; H
NMR (300 MHz, CDC}) ¢ 0.89 (d, 6HJ = 6.8 Hz), 1.04 (d, 6HJ =
6.8 Hz), 1.26 (br s, 8H), 1.45 (m, 4H), 1.62 (br s, 2H), 2.22 (m, 2H),
3.01 (d, 2H,J = 4.2 Hz), 3.09 (m, 2H), 3.41 (m, 2H), 3.57 (d, 28,
=13.4 Hz), 3.91 (d, 2HJ) = 13.2 Hz), 7.28 (s, 4H), 7.46 (m, 2HYC
NMR (75 MHz,CDC}) 6 17.5, 19.8, 26.8, 29.3, 29.5, 31.2, 38.1, 53.4,
68.4, 127.8, 138.8, 173.0 ESI-M8z = 445.6 (M+ H™),479.5 (M+
CI7); Anal. Calcd. for GeHa4N4O,: C, 70.2; H, 10.0; N, 12.6. Found:

.3,C, 70.6; H, 10.0; N, 12.2.

General Procedure for the Preparation of the meta-Macrocycles.
Synthesis of 18a (Method b)Compound8a (0.546 g, 1.54 mmol),
anhydrous KCOs (2.13 g, 15.41 mmol), tetrabutylammonium bromide
(0.260 g, 0.81 mmol) and 1,3-bis(bromomethyl)benzene (0.406 g, 1.54
mmol) were placed in a flask containing dry €N (175 mL) and
the mixture was refluxed for 12 h under argon atmosphere. The reaction
was filtered and the solvent evaporated under reduced pressure. The
crude product was dissolved in CHQB0 mL) and extracted with
aqueous NaOH 0.01 M (50 mL,X3. The organic phase was dried

.8, over anhydrous MgS¢£and the solvent was evaporated under reduced

pressure. The product was purified by silica flash chromatography using
MeOH/CHCI, (1:40) as the eluent to give a white solitiBg). Yield
(0.445 g, 63%); mp 157158°C; [a]p?® = —80.1° (c = 0.01, CHCH});
IR (KBr) 3328, 3302, 1648, 1521 criy *H NMR (300 MHz, CDC})
01.98 (brs, 2H), 2.75 (dd, 2H,= 13.9, 9.5 Hz), 3.123.28 (m, 6H),
3.33(d, 2HJ = 13.2 Hz), 3.42 (dd, 2H] = 9.4, 3.8 Hz), 3.82 (d, 2H,
J=13.4 Hz), 6.97 (d, 2H) = 7.6 Hz), 7.16-7.36 (m, 12H), 7.42 (br
s, 2H); °C NMR (75 MHz, CDC}) 6 38.9, 39.0, 53.7, 64.5, 126.8,
127.3,128.4,128.5, 128.6, 128.9, 137.2, 139.9, 174.4; ESKitS-
457.5 (M+ H"), 479.4 (M+ Na'); Anal. Calcd. for GgHz:N4Oz: C,
73.7; H, 7.1; N, 12.3. Found: C, 73.8; H, 7.1; N, 12.1.
Synthesis of 19a (Method b).This compound was obtained as
described above starting froéa. Yield 53%; mp 197-199°C; [o]p?®
= —67.3 (c=0.01, CHC}); IR (KBr) 3325, 3306, 1629, 1545 crh
H NMR (300 MHz, CDC}) 6 1.61 (m, 2H), 2.16 (br s, 2H), 2.84 (dd,
2H,J = 13.9, 8.8 Hz), 3.063.32 (m, 6H), 3.46 (m, 4H), 3.82 (d, 2H,
J=13.9 Hz), 6.99 (d, 2H) = 7.3 Hz), 7.177.34 (m, 12H), 7.43 (br
s, 2H); 3C NMR (75 MHz, CDC}) 6 28.5, 36.7, 38.5, 52.4, 63.5,
126.8, 126.8, 127.2, 128.5, 128.6, 129.0, 137.1, 140.0, 173.6; ESI-MS
mz = 471.6 (M + H"), 236.4 (M + 2H"); Anal. Calcd. for
CooH3aN4O2: C, 74.0; H, 7.3; N, 11.9. Found: C, 73.9; H, 7.3; N, 11.6.
Synthesis of 20a (Method b).This compound was obtained as
described above starting froh®a Yield 63%; mp 213213°C; [a]p?®
= —151.5 (c = 0.01, CHC}); IR (KBr) 3329, 3309, 1650, 1638, 1540
cm % 'H NMR (300 MHz, CDC}) 6 1.53 (br s, 4H), 1.64 (br s, 2H),
2.70 (dd, 2HJ = 13.9, 9.8 Hz), 2.96 (m, 2H), 3.26 (dd, 2BI= 13.9,
3.7 Hz), 3.40-3.45 (m, 4H), 3.57-3.69 (m, 4H), 6.94 (d, 2H] = 7.6
Hz), 7.14-7.33 (m, 12H), 7.44 (dd, 2H] = 7.3, 2.7 Hz);*C NMR
(75 MHz,CDC}) 6 26.8, 38.2, 39.0, 52.8, 64.0, 126.6, 126.8, 127.9,
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128.5, 128.6, 128.8, 137.2, 139.9, 173.2; ESI-MR = 485.7 (M+
H*), 243.4 (M+ 2H"); Anal. Calcd. for GoHzeN4O,: C, 74.4; H, 7.5;
N, 11.6. Found: C, 74.2; H, 7.4; N, 11.2.

Synthesis of 21a (Method b).This compound was obtained as
described above starting frotia Yield 67%; mp 206-202°C; [a]p?®
= —134.6 (c = 0.01, CHC}); IR (KBr) v 3312, 1635, 1548 crt; H
NMR (300 MHz, CDC}) ¢ 1.35-1.57 (m, 10H), 2.68 (dd, 2H] =
13.9, 10.0 Hz), 3.04 (m, 2H), 3.28 (dd, 2Bl= 13.9, 3.4 Hz), 3.42
(dd, 2H,J = 9.9, 3.5 Hz), 3.56-3.61 (m, 6H), 6.89 (d, 2HJ) = 7.6
Hz), 7.14-7.36 (m, 14H):2*C NMR (75 MHz, CDC}) 6 26.5, 29.4,
38.0, 39.1, 52.9, 64.0, 126.4, 126.7, 127.4, 128.5, 128.6, 128.7, 137.1,
139.4, 172.8; ESI-MSwz = 513.6 (M + H*); Anal. Calcd. for
CsoHaoN4O2: C, 75.0; H, 7.9; N, 10.9. Found: C, 74.8; H, 7.9; N, 10.6.

Synthesis of 22a (Method b)This compound was obtained as de-
scribed above starting from2a Yield 55%; mp 207208 °C; [o]p?®
= —100.# (c= 0.01, CHC}); IR (KBr) 3347, 3280, 1650, 1528 ctf
H NMR (300 MHz, CDC}) 6 1.29 (br s, 4H), 1.431.66 (m, 10H),
2.69 (dd, 2H,J = 13.67, 9.76 Hz), 3.09 (m, 2H), 3.27 (dd, 2BI=
13.92, 3.18 Hz), 3.36 (dd, 2H,= 9.77, 3.67 Hz), 3.456.65 (m, 6H),
6.72 (d, 2H,J = 7.81 Hz), 7.07-7.34 (m, 14H)*C NMR (75 MHz,
CDCls) 6 26.45, 29.16, 29.27, 38.36, 39.34, 52.65, 63.54, 126.08,
126.77, 127.48, 128.62, 128.93, 137.33, 139.24, 172.96; ESIMS
=541.5 (M+ H"), 563.5 (M+ Na'), 579.5 (M+ K*); Anal. Calcd.
for CsaHaN4O2: C, 75.5; H, 8.2; N, 10.4. Found: C, 75.0; H, 8.6; N,
10.4.

Synthesis of 18b (Method b).This compound was obtained as
described above starting fro@b. Yield 64%; mp 156-157°C; [o]p%®
—27.9 (c = 0.01, CHC}); IR (KBr) 3314, 1650, 1524 cnt; *H
NMR (300 MHz, CDC}) 6 0.82 (d, 6HJ = 6.8 Hz), 0.97 (d, 6HJ) =
6.8 Hz), 1.83 (br s, 2H), 2.12 (m, 2H), 2.97 (d, 2H+= 4.2 Hz), 3.07
(m, 4H), 3.45 (d, 2HJ = 13.2 Hz), 4.03 (d, 2HJ = 13.2 Hz), 7.02
(d, 2H,J= 7.3 Hz), 7.17 (t, 1HJ) = 7.1 Hz), 7.27 (s, 1H), 7.32 (br s,
2H); 13C NMR (75 MHz, CDC}) 6 17.5, 19.7, 31.3, 39.0, 54.8, 69.2,
127.2, 128.2, 128.7, 140.2, 174.5; ESI-M% = 361.4 (M + H");
Anal. Calcd. for GoH3:N4O,: C, 66.6; H, 9.0; N, 15.5. Found: C,
66.4; H, 9.5; N, 15.2.

Synthesis of 19b (Method b).This compound was obtained as
described above starting fro@m. Yield 56%; mp 225-226°C; [o]p?®
=22.2 (c=0.01, CHC}); IR (KBr) v 3343, 3313, 1636, 1545 cr
H NMR (300 MHz, CDC}) ¢ 0.85 (d, 6H,J = 6.8 Hz), 0.97 (d, 6H,

J = 7.1 Hz), 1.53 (m, 2H), 1.85 (br s, 2H), 2.09 (M, 2H), 22&02

(m, 4H), 3.31 (m, 2H), 3.44 (d, 2H] = 13.4 Hz), 3.99 (d, 2HJ =

13.7 Hz), 7.06 (d, 2HJ = 8.1 Hz), 7.20 (t, 1HJ) = 6.8 Hz), 7.27 (s,
1H), 7.38 (t, 2H,J = 5.4 Hz); %*C NMR (75 MHz, CDC}) 6 17.7,
19.6, 28.6, 31.2, 35.5, 53.7, 68.8, 126.8, 127.8, 128.5, 140.4, 173.6;
ESI-MS m/z = 375.5 (M + HY); Anal. Calcd. for GiH3/N4Oz: C,
67.4; H, 9.2; N, 15.0. Found: C, 67.2; H, 9.4; N, 15.0.

Synthesis of 20b (Method b).This compound was obtained as
described above starting frohb. Yield 65%; mp 237238°C; [o]p?®
= —94.3 (c = 0.01, CHC}); IR (KBr) 3301, 1636, 1543 cnt; H
NMR (300 MHz, CDC}) 6 0.87 (d, 6HJ = 6.8 Hz), 1.02 (d, 6HJ) =
6.8 Hz), 1.57 (br s, 6H), 2.15 (M, 2H), 2.98.04 (m, 4H), 3.53-3.64
(m, 4H), 3.88 (d, 2HJ = 12.9 Hz), 7.15 (d, 2HJ = 6.8 Hz), 7.28 {(t,
1H, J = 6.8 Hz), 7.39 (s, 1H), 7.46 (m, 2H})C NMR (75 MHz,
CDCly) 6 17.7, 19.7, 26.9, 31.1, 38.1, 53.9, 68.8, 126.7 128.6, 128.6,
140.3 173.3; ESI-M$v/z = 389.5 (M+ H'), 423.5 (M+ CI); Anal.
Calcd. for GoH3zeN4O2: C, 68.0; H, 9.3; N, 14.4. Found: C, 68.5; H,
9.5; N, 14.4.

Synthesis of 21b (Method b).This compound was obtained as
described above starting frobib. Yield 60%; mp 246-242°C; [o]p?®
= —60.8 (c = 0.01, CHC}); IR (KBr) 3305, 1632, 1551 cnt; H
NMR (300 MHz, CDC}) 6 0.88 (d, 6HJ = 6.8 Hz), 1.00 (d, 6HJ) =
7.1 Hz), 1.46-1.54 (m, 10H), 2.12 (m, 2H), 3.683.10 (m, 4H), 3.52
(m, 2H), 3.59 (d, 2H,) = 12.5 Hz), 3.76 (d, 2H) = 12.5 Hz), 7.18
7.36 (m, 6H);3%C NMR (75 MHz, CDC}) 6 17.7, 19.7, 26.7, 29.7,
31.3, 37.9, 54.0, 68.9, 126.9, 128.2, 128.8, 140.0, 172.9; ESiS
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= 417.5 (M+ H), 439.5 (M+ Na"), 453.4 (M+ HCI + H*); Anal.
Calcd. for GaHaoN4Oy: C, 69.2; H, 9.7; N, 13.5. Found: C, 69.3; H,
10.0; N, 13.3.

Synthesis of 22b (Method b).This compound was obtained as
described above starting froh2b. Yield 65%; mp 222-223° C; [a]p®®
= —47.3° (c 0.01, CHC}); IR (KBr) 3322, 3297, 1628, 1551 crhy
'H NMR (300 MHz, CDC}) ¢ 0.90 (d, 6H,J = 6.8 Hz), 1.00 (d, 6H,
J=7.1Hz), 1.31+1.55 (m, 14H), 2.15 (m, 2H), 2.98 (d, 2H= 4.4
Hz), 3.14 (m, 2H), 3.41 (m, 2H), 3.72 (s, 4H), 7:48.35 (m, 6H);**C
NMR (75 MHz, CDC}) ¢ 17.9, 19.7, 26.5, 29.2, 29.3, 31.4, 38.3, 53.7,
68.6, 126.5, 127.8, 128.8, 139.9, 172.9; ESI-m& = 445.4 (M +
H*), 467.4 (M+ Na"); Anal. Calcd for GeH44N4O2: C, 70.2; H, 10.0;

N, 12.6. Found: C, 69.8; H, 10.2; N, 12.3.

Fluorescence MeasurementsSteady-state fluorescence measure-
ments were carried out in a VARIAN Cary Eclipse Fluorescence
Spectrophotometer equipped with a xenon flash lamp in a rectangular
quartz cell with an optical path of 10 mm. The concentration of the
samples was IG M and emission intensity was measured at 285 nm
after excitation at 268 nm.

Molecular Mechanics Calculations.Monte Carlo conformational
search and molecular dynamics studies were performed with MAC-
ROMODEL 7.0 using AMBER* as the force field and GB/SA
simulation of chloroform as solvent.The Monte Carlo conformational
search involved the modification of the torsional angles automatically
setup by the program and convergence was obtained after performing
2 cycles of 1000 steps departing from different conformers in each
case and using simulation of chloroform. The global minima obtained
in this way were used as starting structures for the molecular dynamics
calculations which were carried out using the following conditions:
simulation temperature 300 K, length of simulatior= 5 ns with 1.5
fs steps, SHAKE was used to constraint the length of bonds to hydrogen
and 200 structures were sampled to analyze the percentage of hydrogen-
bonded structures.

Crystal Structure Analysis. Compound 13b.CyH3:N4O,, ortho-
rhombic, space group2:2:2;, a = 6.4222(4),b = 15.171(1),c =
20.007(2) A, V= 1949.3(3) B, Z = 4, u = 0.081 mn?, pearc. =
1.228 gcm!, Siemens-SMART-CCD-three-circle diffractometer, Mo
Ko-radiation, &-range= 3.36-54.20", 27875 reflections collected,
4256 independent reflectionR{= 0.077), empirical absorption
correction (SADABS, Sheldrick, 1996), structure solution with SHELXS-
903 refinement on Fwith SHELXL-97% R1[]l > 20(I)]= 0.064,
wR2=0.119, data-parameter-rat®17.0, max. peak in final electron
density map= 0.25 e A&.

Compound 18b. CyoH32N4O,, monoclinic, space group2;, a =
10.1580(6)b = 18.8852(15)¢ = 10.8306(6) A8 = 92.105(59, V =
2076.3(2) &, Z = 4, u = 0.076 mm%, pcae. = 1.153 gem?, STOE-
IPDS—II-two-circle diffractometer, Mo K-radiation, #-range =
3.76-53.96, 20 452 reflections collected, 8830 independent reflections
(Rnt= 0.047), structure solution with SHELXS-90, refinement n
with SHELXL-97, R1] > 2¢(l)]= 0.038, wR2= 0.066, data-para-
meter-ratio= 17.6, max. peak in final electron density map0.16 e

As,
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