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Secondary squaramides have considerable potential as hydrogen bond donors and acceptors. In
CHCl3 both, anti- and syn-squaramide rotamers are observed by NMR. The energetic barrier for
anti/syn mutual interconversion determined by complete band shape analysis is ∼63 kJ mol-1. As
in proline derivatives, a low rotational barrier is crucial for the design of foldable modules. In this
paper, folding based on the low rotational barrier of squaramides is driven by donor atoms (N or
O) located in the γ position of an alkyl chain of a secondary squaramide. We demonstrate that the
resulting minimal module exists as a folded conformer through the formation of a nine-membered
ring stabilized by intramolecular hydrogen bonding. Molecular mechanics calculations and NMR
studies support the existence of these folded conformers. The intramolecularly hydrogen bonded
conformers are clearly visible even in CHCl3-EtOH mixtures. Folding occurs even in pure ethanol.
As an indirect test, we studied the effectiveness of macrocyclization reactions in pure ethanol that
require an effective templating effect to take place. The high yields obtained support the dominant
role of a folded conformer even in this solvent.

Introduction

Squaramides,1 the amino derivatives of squaric acid,
can be considered as vinilogous amides. Among others,
they have in common with amides a considerable hydro-
gen bonding capability (Figure 1a). The donor-acceptor
ability of squaramides is accentuated by the conjugation
of a carbonyl group with its farthest substituents2 by
delocalization of a nitrogen lone pair through the par-
tially aromatic cyclobutenedione system. The calculated
gain in charge density for an oxygen carbonyl due to the
influence of a nitrogen atom is appreciable (0.030e) but
smaller in comparison to that observed with a typical
amide, namely formamide (0.055e), at the same theoreti-
cal level.3 From a structural point of view, the mutual
influence of a squaramide NH and a carbonyl oxygen on
the overall structure is reflected as a partial contribution
of limiting zwitterionic structures (Figure 1b). Remark-
ably, the dipole represented by a zwitterionic squaramide
form has been recognized to mimic the R-ammonium
carboxylate motif in a number of R-amino acid bioisos-
ters.4 As a practical consequence, it can be anticipated that there will be restricted rotation about the C-N

bonds of squaramides.
Although a number of similarities between squara-

mides and amides are evident, squaramides incorporate
distinctive features. Among these, a rigid and planar
structure of the cyclobutenedione system (C4N2O2) seems
crucial. In effect, a squaramide motif featuring two
coplanar carbonyl and two squaramide NH that are
almost coplanar is very well organized for the molecular
recognition of complementary targets through hydrogen
bonding. In addition, squaramides can form hydrogen
bonds strengthened by favorable secondary interactions5

(1) Throughout this text, the word “squaramide” stands for both N-
and N,N′-derivatives of 3,4-diamino-3-cyclobutene-1,2-dione.

(2) Cerioni, G.; Janoschek, R.; Rappoport, Z.; Tidwell, T. T. J. Org.
Chem. 1996, 61, 6212-6217.

(3) Deyà, P. M.; Frontera, A.; Suñer, G. A.; Quiñonero, D.; Garau,
C.; Costa, A.; Ballester, P. Theor. Chem. Acc. 2002, 108, 157-167.

(4) (a) Kinney, W. A.; Abou-Gharbia, M.; Garrison, D. T.; Schmid,
J.; Kowal, D. M.; Bramlett, D. R.; Miller, T. L.; Tasse, R. P.; Zaleska,
M. M.; Moyer, J. A. J. Med. Chem. 1998, 41, 236-246. (b) Kinney, W.
A. Tetrahedron Lett. 1993, 34, 2715-2718. (c) Kinney, W. A.; Lee, N.
E.; Garrison, D. T.; Podlesny, E. J., Jr.; Simmonds, J. T.; Bramlett,
D.; Notvest, R. R.; Kowal, D. M.; Tasse, R. P. J. Med. Chem. 1992, 35,
4720-4726.

FIGURE 1. (a) Hydrogen bond options arising from ant,anti
or anti,syn conformers of bis-secondary squaramides. (b)
Zwitterionic forms.
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owing to the position of the carbonyl oxygen and squara-
mide nitrogen atoms. Furthermore, recent theoretical
calculations show that the partial aromatic character of
squaramides increases upon complexation both, with
anions and cations.6 This chameleon-like response is in
good agreement with the demonstrated complexing abil-
ity of squaramides in squaramide-based receptors for
choline phospholipids7 and other tetraalkylammonium
cations,8 as well as for carboxylate9 or sulfate anions.10

Assuming the existence of amide-like restricted rota-
tion about the C-N bond of a squaramide, a double
secondary squaramide having two C-N bonds might
exist, in principle, as mixtures of anti/syn conformers.
Previous work confirms this. For example, the simulta-
neous participation of the two NH groups in a carboxy-
late-squaramide complex force the squaramide to adopt
an extended anti/anti conformation.8 The syn/anti state
is also observed in a mixed N-carbamoyl squaramide
dimer11 Finally, a syn/syn conformer is not significantly
populated because the Gibbs free energy of this form
must be higher than any other conformer due to the
mutual steric hindrance of substituents in the 3,4 posi-
tion of disubstituted 3-cyclobutene-1,2-dione systems.

An early study of the conformational preferences of
squaramides showed that tertiary squaramides can exist
as a mixture of conformers with rotational barriers
ranging from 16 to 18 kcal mol-1.12 However, little or
nothing is known about the conformational preferences
of secondary squaramides, although small differences in
population and low barriers to rotation about the C-N
bond can be anticipated.8

In this work, we studied the conformation and rota-
tional barriers of secondary squaramide models because
these parameters are important for the future develop-
ment of squaramides as switchable molecular modules.13

These modules would be useful not only for mechanistic
and structural peptidomimetics studies,14 but also for the
design of responsive molecules capable of controlled
changes between conformers15 as well as for the develop-
ment of predictable foldable systems for biomedical
applications.16

Knowledge of the conformational preferences of a
potentially foldable unit is crucial for practical applica-
tions.17 For example, the well-known preference18 for the
anti form of acyclic secondary amides and related car-
bamates,19 combined with a notable hydrogen bonding
ability, dictates the extensive use of these groups for the
construction of supramolecular architectures with defined
geometries.20 However, the high barrier to rotation of
simple amides21 prevents their use as switches or foldable
elements in molecular devices. In the second part of this
paper, we study the possible stabilization of syn/anti
conformers by intramolecular hydrogen bonding to give
a turn-forming fragment. Starting from secondary squara-
mides this approach would be possible provided that the
C-N rotational barrier was low enough to enable the
conformational exchange to take place. Also, a low
rotational barrier would suffice in order to generate a
turn-forming structural motif based on squaramides. In
this particular case, the conformational equilibrium could
be driven by intramolecular noncovalent interactions22

(Figure 2). Here, the rigid cyclobutenedione ring is
expected to decrease the entropy penalty associated with
folding by restricting the conformational freedom of a
part of the chain in the unfolded state.23

Results and Discussion

Stepwise characterization is of prime importance for
interpreting the conformational events in nonrigid hy-
drogen bonded systems. Therefore, we carried out the
conformational analysis of model squaramides 1-4 that
feature incremental possibilities of interaction. The effect
on the NMR chemical shifts produced by variations in
temperature, concentration, and addition of DMSO as a
competitive solvent were investigated and interpreted in
line with the above discussion.

The 1H NMR spectrum of 1 in CDCl3 (4.0 mM) is
temperature-dependent. At 315 K, rotation about the

(5) Jorgensen, W. L.; Pranata, J. J. Am. Chem. Soc. 1990, 112,
2008-2010.

(6) (a) Quiñonero, D.; Garau, C.; Frontera, A.; Ballester, P.; Costa,
A.; Deyà, P. M. Chem. Eur. J. 2002, 8, 433-438. (b) Quinonero, D.;
Frontera, A.; Ballester, P.; Deya, P. M. Tetrahedron Lett. 2000, 41,
2001-2005.

(7) Tomas, S.; Prohens, R.; Deslongchamps, G.; Ballester, P.; Costa,
A. Angew. Chem., Int. Ed. 1999, 38, 2208-2211.

(8) Tomàs, S.; Prohens, R.; Vega, M.; Rotger, M. C.; Deyà, P. M.;
Ballester, P.; Costa, A. J. Org. Chem. 1996, 61, 9394-9401.

(9) (a) Prohens, R.; Rotger, M. C.; Piña, M. N.; Deya, P. M.; Morey,
J.; Ballester, P.; Costa, A. Tetrahedron. Lett. 2001, 42, 4933-4936. (b)
Prohens, R.; Tomas, S.; Morey, J.; Deya, P. M.; Ballester, P.; Costa, A.
Tetrahedron Lett. 1998, 39, 1063-1066.

(10) Prohens, R.; Martorell, G.; Ballester, P.; Costa, A. Chem.
Commun. 2001, 1456-1457.

(11) Davis, A. P.; Draper, S. M.; Dunne, G.; Ashton, P. Chem.
Commun. 1999, 2265-2266.

(12) Thorpe, J. E. J. Chem. Soc. B 1968, 435-436.
(13) Feringa, B. L., Ed. Molecular Switches; Wiley-VCH: Weinheim,

2001.
(14) (a) Venkatraman, J.; Shankaramma, S. C.; Balaram, P. Chem.

Rev. 2001, 101, 3131-3152. (b) Cheng, R. P.; Gellman, S. H.; DeGrado,
W. F. Chem. Rev. 2001, 101, 3219-3232.

(15) (a) Corbin, P. S.; Zimmerman, S. C.; Thiessen, P. A.; Hawryluk,
N. A.; Murray, T. J. J. Am. Chem. Soc. 2001, 123, 10475-10488. (b)
Corbin, P. S.; Zimmerman, S. C. J. Am. Chem. Soc. 2000, 122, 3779-
3780.

(16) Fisk, J. D.; Gellman, S. H. J. Am. Chem. Soc. 2001, 123, 343-
344.

(17) Hettche, F.; Reiss, P.; Hoffmann, R. W. Chem. Eur. J. 2002, 8,
4946-4956.

FIGURE 2. Representation of a squaramide-based turn-
forming structural fragment stabilized by intramolecular
hydrogen bonding.
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C-N bond is fast on the NMR time scale, and a simple
time-averaged spectrum is observed. As the temperature
is lowered, both O- and N-alkyl signals broaden and split
into two unequally populated signals due to hindered
rotation about the squaramide bond (Figure 3a). At 255
K, two distinct species are clearly observed. Assignment
of stereochemistry is based on the expectation that
signals of syn N-substituents are shifted downfield rela-
tive to those of N-substituents anti due to the paramag-
netic influence of the squaramide carbonyl group. On this
basis, the major conformer is assigned to the syn form.
In a series of related squaramides, the syn rotamer is
always favored over the anti. The observed chemical
shifts are temperature-dependent. The magnitude of the
rate of change (∆∂NH/∆T) for the NH signal in syn-1 and
anti-1 is -18.8 and -3.8 ppb/K,24 respectively. This result
indicates that the hydrogen bonding state of syn-1, but
not that of anti-1, is changing probably due to a process
of intermolecular association. For 1, the syn/anti ratio is
also concentration-dependent. A plot of chemical shift
versus concentration for the NH groups is shown (Figure
3b). Equilibrium constants for the interconversion be-

tween syn-1 and anti-1 ranging from 3.3 to 1.5 at 294 K
were obtained by integration of the two sets of signals
at each concentration. In the range 3-500 mM, the syn
NH and anti NH move downfield 1.4 and 0.13 ppm,
respectively. The large shift observed for the syn NH in
syn-1 is an indication of substantial hydrogen bonding
for this conformer. Taken together, these results are
consistent with a conformational equilibrium between
syn-1 and anti-1 partially affected by homodimerization25

of syn-1 to give a R2
2(10) hydrogen-bonded motif.26 In

accordance, the observed chemical shifts for the syn NH
fits well to a 1:1 dimerization model allowing an estima-
tion of the dimerization constant (Kdim of 13 ( 1.5 M-1)
at 294 K (Scheme 1).

Introduction of a dialkylamino group in the alkyl chain
of the squaramide has a clear effect on the chemical shifts
of the NH hydrogen atoms. The 1H NMR spectrum of 2
(5.5 mM) is both temperature- and concentration-de-
pendent and, as above, displays two separate sets of
signals (Figure 4a). At 255 K in CDCl3, the chemical
shifts of the two NH hydrogens are at 8.1 and 8.3 ppm,
respectively, and roughly 2.5-3.0 ppm deshielded com-
pared to 1. In addition, the temperature dependence of
the NH chemical shifts for syn-2 (-14.6) and anti-2
(-13.3 ppb/K) is similar, indicating a substantial and
comparable hydrogen bonding state for the two conform-
ers. Also in contrast with 1, the NH resonance of syn-2
and anti-2 is only slightly concentration-dependent, since
the NH chemical shifts move only -0.14 and -0.10 ppm
in the range 0.5-100 mM (Figure 4b). In the same
interval, the apparent isomerization constant Ksyn/anti

remains almost invariable, changing from 1 to 1.5 ((0.2)
M-1. These data clearly indicate the existence of intramo-
lecular hydrogen bonding in syn-2 and anti-2. In this
case, the observations can be accounted for by assuming
that both conformers are mainly monomeric species and
that the dimethylamino group is involved in a six-
membered ring intramolecular hydrogen bond. As a
result, model compound 2 does not show any appreciable
intermolecular association.

This structure was confirmed with the help of 2D
NOESY and COSY experiments. A 2D NOESY experi-

(18) (a) Radzicka, A.; Pedersen, S.; Wolfenden, R. Biochemistry 1988,
27, 4538. (b) Stewart, W. E.; Siddall, T. H. Chem. Rev. 1970, 70, 517.

(19) Deetz, M. J.; Forbes, C. C.; Jonas, M.; Malerich, J. P.; Smith,
B. D.; Olaf, W. J. Org. Chem. 2002, 67, 3949-3952.

(20) Steel, J. W.; Atwood, J. L. Supramolecular Chemistry; Wiley:
Chichester, 2000.

(21) Scherer, G.; Kramer, M. L.; Schutkowski, M.; Reimer, U.;
Fischer, G. J. Am. Chem. Soc. 1998, 120, 5568-5574.

(22) (a) Moraczewski, A. L.; Banaszynski, L. A.; From, A. M.; White,
C. E.; Smith, B. D. J. Org. Chem. 1998, 63, 7258-7262. (b) Forbes, C.
C.; Beatty, A. M.; Smith, B. D. Org. Lett. 2001, 3, 3595-3598. (c) Deetz,
M. J.; Fahey, J. E.; Smith, B. D. J. Phys. Org. Chem. 2001, 14, 463-
467.

(23) Schneider, J. P.; Kelly, J. W. Chem. Rev. 1995, 95, 2169-2187.
(24) Andersen, N. H.; Neidigh, J. W.; Harris, S. M.; Lee, G.; M.; Liu,

Z.; Tong, T. J. Am. Chem. Soc. 1997, 119, 8547-8561.

(25) Manea, V. P.; Wilson, K. J.; Cable, J. R. J. Am. Chem. Soc. 1997,
119, 2033-2039.

(26) Etter, M. C. Acc. Chem. Res. 1990, 23, 120-126.

FIGURE 3. (a) Temperature-dependent 1H NMR spectrum
of squaramide 1 (4.0 mM) in CDCl3. (b) Concentration-
dependent 1H NMR shifts of NH signals at 294 K.

SCHEME 1. Conformational Equilibrium and
Homodimerization of 1
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ment (10 mM) recorded at 255 K, besides the standard
peaks connecting neighboring hydrogen atoms, shows
cross-peaks between the squaramide NH(c) and NH(c′)
protons and those of the dimethylamino group, demon-
strating their spatial proximity. Overall, these observa-
tions are in agreement with the equilibrium outlined
below (Scheme 2).

These data also exclude the formation of dimers or
higher order aggregates that would cause concentration-
dependent shifts for the squaramide NH protons of 2.
However, the results of an X-ray analysis on 2 showed
an alternative hydrogen bond pattern.27 The crystal
structure (Figure 5a) consists of alternate stacked squara-
mides forming columns in the a-direction that are held
together by intercolumnar NHTN hydrogen bonding. If
one considers an isolated dimeric pair (Figure 5b), two
dialkylaminopropyl residues are mutually joined through
two almost linear hydrogen bonds (NHTN angle 170°),

while the distance NH to N (2.023 Å) is within the
standard interval (1.75-2.32 Å) for NHTN hydrogen
bonds.28 Although not detected for 2 in solution, the
structure found in the solid state suggests a dimerization
pattern that probably occurs in chloroform solutions of
certain squaramides (see below).

To study the anti to syn isomerization of secondary
squaramides, the energetics of the rotation about the
C-N bond was also investigated. Exchange-broadened
spectra of 1 (4.0 mM) and 2 (5.5 mM) were obtained in
CDCl3 at temperatures between 250 and 300 K. Complete
band shape analysis29 of the NMR spectra provided rates
of rotation that were used to construct the Eyring plots.
Linear regression analysis and calculation give signifi-
cant but energetically accessible barriers to rotation for
1 (∆Gq ) 63.7 ( 1.2 kJ mol-1) and 2, (∆Gq ) 63.3 ( 1.5
kJ mol-1) at 298 K.30 Remarkably, despite the existence
of intramolecular hydrogen bonding in 2, both squara-
mides give similar results.31 The reported values are
slightly lower than the barrier to rotation reported for
tertiary squaramides (ca. ∼71 kJ mol1)12 and are com-
parable to what is found for carbamates (∼65 kJ mol1).32

Indeed, the C-N bond of a secondary squaramide also
compares well with the C-N bond of proline deriva-
tives.33 As in prolines, the syn conformer is slightly

(27) Cambridge Crystallographic Data Centre, ref CCDC-206868,
contains the supplementary crystallographic data for this compound.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html.

(28) Jeffrey, G. A. An Introduction to Hydrogen Bonding; Oxford
University Press: New York, 1997.

(29) Band shape analysis was performed with the DNMR-5 software
package. See: (a) Stephensen, D. S.; Binsch, G. Program No. 365; (b)
Lemaster, C. B.; Lemaster, C. L.; True, N. S. Program No. 569;
Quantum Chemistry Program Exchange, Indiana University, Bloom-
ington, IN 47405.

(30) Similar values were found for related squaramides with benzyl,
tert-butyl and cyclohexyl substituents.

(31) Haushalter, K. A.; Lau, J.; Roberts, J. T. J. Am. Chem. Soc.
1996, 118, 8891-8896.

(32) Cox, C.; Lectka, T. J. Org. Chem. 1998, 63, 2426-2427.

FIGURE 4. (a) Temperature-dependent 1H NMR spectrum
of squaramide 2 (5.5 mM) in CDCl3. Solvent peak is truncated
for clarity. (b) Concentration-dependent 1H NMR shifts of NH
signals at 294 K.

SCHEME 2

FIGURE 5. Crystal structure of 2. (a) View parallel to the
bc-plane. (b) Detail of an squaramide pair in the anti confor-
mation showing NHTN intermolecular contacts. In this view
only the NH hydrogens are shown.
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favored by ca. 1 kJ mol-1 over the anti, which, in practical
terms, results in the observation of a 20-40% of the anti
conformer at room temperature. Also, the activation
energy barrier for syn/anti interconversion in proline-type
residues (ca. 55 kJ mol-1) is comparable but lower than
the value obtained for squaramides. From these data, it
is clear that secondary squaramides can fold without
paying a high energetic penalty.

Assuming the existence of anti/syn mixtures of second-
ary squaramides in solution, doubly substituted squara-
mides 3 and 4 were studied in order to investigate the
folding abilities of these compounds. As above, proton
NMR spectra of 3 in CDCl3 showed several NH reso-
nances revealing the existence of at least three species
in solution. At 255 K, the spectra show two unequally
populated (85:15) NH signals. The observation of a peak
at ca. 9 ppm indicates the existence of a strongly
hydrogen bonded species. Concentration-dependent mea-
surements reveal substantial changes in both chemical
shifts and intensity in the NH portion of the spectra.
Figure 6 illustrates these changes when the concentra-
tion of 3 is raised from 1.0 to 100 mM. At elevated
concentrations, besides the above peaks, the spectra
display several concentration-dependent signals around
8 ppm. Therefore, apparently at low concentrations 3 is
present as two monomeric forms, whereas at higher
concentration the aggregated forms predominate.

The structural assignment of the two suspected mono-
mers is based on 2D NMR experiments (COSY, TOCSY,
ROESY) performed at 255 K. As a whole, the NMR
experiments support the existence of 3 as 2-folded
conformers. The major conformer anti/syn-3 would have
a folded structure stabilized through the formation of a
rather unusual nine-membered hydrogen bonded ring

between the N-butyl squaramide hydrogen and the
nitrogen of the aminoalkyl residue.34 The anti/syn dis-
position of the squaramide segment in this conformer is
clearly established by 1H NMR spectroscopy since both
squaramide NH protons appear as separate signals. On
its turn, the spectral data for the minor conformer anti/
anti-3 and/or syn/anti-3 were only partially solved. These
data are consistent with a standard six member hydrogen
bonded conformer stabilized by hydrogen bonding be-
tween the tertiary nitrogen and the NH on the same
sidearm of the squaramide. The structure of the main
conformer anti/syn-3 is also supported by ROESY experi-
ments performed at 255 K. The spectrum of this con-
former exhibits diagnostic cross-peaks that reveal spatial
proximity between the squaramide butyl-NH and the
N-methyl and CH2-NMe protons (Figure 6). In addition,
anti/syn-3 resists competition from externally added
protic solvents such as EtOH. The 1H NMR of 3 (2.8 mM)
in CDCl3-EtOH mixtures containing up to 30% EtOH
display a persistent deshielded NH signal characteristic
of this conformer. However, unfolding to the anti/anti
conformation is induced by stepwise addition of DMSO-
d6 to a solution of 3 in CDCl3.35 In this case, DMSO may
bind to anti/syn and syn/anti-3 to give a complex with
the NH hydrogens in anti/anti conformation that typi-
cally results in upfield but similar chemical shifts for both
squaramide NH protons (Scheme 3).

The prevalence of anti/syn-3 over syn/anti- or anti/
anti-3 is only slighty concentration-dependent. In the
range 1.0-100 mM, anti/syn-3 is always favored over 36

(Kap ) 3.3-5.5). From a thermodynamic standpoint, this
value implies that the folded rotamer anti/syn-3 is 2.5-
3.6 kJ mol-1 lower in energy than others at 255 K. At
this stage, it is interesting to note that the poor confor-

(33) (a) Williamson, D. A.; Bowler, B. E. J. Am. Chem. Soc. 1998,
120, 10902-10911. (b) Hutchinson, E. G.; Thornton, J. M. Protein Sci.
1994, 3, 2207-2216. (c) Liang, G. B.-.; Rito, C. R.; Gellman, S. H. J.
Am. Chem. Soc. 1992, 114, 4440-4442.

(34) (a) Nowick, J. S.; Abdi, M.; Bellamo, K. A.; Love, J. A.; Martinez,
E. J.; Noronha, G.; Smith, E. M.; Ziller, J. W. J. Am. Chem. Soc. 1995,
117, 89-99. (b) Nowick, J. S.; Tsai, J. H.; Bui, Q.-C. D.; Maitra, S. J.
Am. Chem. Soc. 1999, 121, 8409-8410.

(35) (a) Banerjee, A.; Raghothama, S.; Balaram, P. J. Chem. Soc.,
Perkin Trans. 2 1997, 2087-2094. (b) Maji, S. K.; Banerjee, R.;
Velmurugan, D.; Razak, A.; Fun, H. K.; Banerjee, A. J. Org. Chem.
2002, 67, 633-639. (c) Bernet, B.; Vasella, A. Helv. Chim. Acta 2000,
83, 995-1021.

FIGURE 6. Proposed monomeric structures detected for 3
with indication of significative ROESY contacts (top). Partial
concentration-dependent spectra of 3 in CDCl3 (bottom). The
residual signal of the solvent is truncated for clarity.

SCHEME 3. Conformational Equilibrium and
Homodimerization of 3
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mational constraints and the low rotational barriers of
a squaramide segment provide an excellent opportunity
for extending the usual six-member intramolecular hy-
drogen bonding to the much less common nine-member
ring, in the present case, even with a gain in energy.

Analysis of squaramide 4 provides confirmation of the
competition between the two hydrogen bonded conform-
ers. As above, the 1H NMR spectrum of 4 (9.8 × 10-3 M)
in CDCl3 at 255 K reveals the presence of several species
in solution. Concentration-dependent experiments on 4
demonstrate that this squaramide is more aggregated in
comparison to 3; however, two monomers are still de-
tected albeit in low proportion. Their structures were
tentatively assigned on the basis of 2D-NMR experi-
ments. The spectra show that the two monomeric con-
formers anti/syn-4 and syn/anti-4 are predominant only
at the lower limit of concentration reached in this study
(0.1-1.0 mM), while oligomeric forms predominate at
higher concentrations.

To gain insight about the preferential folding of mon-
omeric squaramides 3 and 4, we calculated the energy
difference between the nine- and six-membered ring
conformers. Molecular mechanics calculations were per-
formed using the BOSS force field modified by inclusion
of atomic parameters for squaramides.36 The results show
a more linear hydrogen bond angle for anti/syn-3 (172°,
NH‚‚‚N) and for c-4 (159°, NH‚‚‚O) than for the corre-
sponding six-membered conformers syn/anti-3 (135°) and
syn/anti-4 (131°), respectively. These values are relevant
because the intramolecular hydrogen bond in the folded
squaramides anti/syn does not experience strong confor-
mational constraints. On the contrary, they exhibit
geometrical angles that are close to those formed by
intermolecular hydrogen bonded systems.37 In terms of
calculated relative energies these nine-membered quasi-
intermolecular bonds are more stable than the six-
membered intramolecular ones. In CHCl3, the energy of
anti/syn-3 is 7.5 kJ mol-1 lower than that calculated for
syn/anti-3, while anti/syn-4 is 12.9 kJ mol-1 lower in
comparison with syn/anti-4. Remarkably, the calculated
(7.5 kJ mol-1) and experimental values (2.5-3.6 kJ mol-1)
for the difference in energy of the conformers in 3 are in
reasonable agreement giving further support for this new
type of molecular scaffolds. The stoichiometry and struc-
tural features of the oligomers observed in solution are
partially deduced from experimental observations. Thus,
the similar chemical shifts of the two NH protons at 7-8
ppm in the aggregated form are consistent with an anti/
anti conformation of the squaramide moiety. The change
in conformation from a anti/syn or syn/anti found in
monomeric squaramides, to anti/anti in the oligomers is
probably due to the very low energetic barrier to rotation
of secondary squaramides. Initially we assumed the
formation of only dimers. However, the chemical shift
data for the aggregates arising from 3 or 4 in CDCl3 could
not be well fitted to a pure dimeric model. These results
suggest that higher order aggregation occurs to some
extent. More information on this issue was obtained by
electrospray mass spectrometry (ESI-MS). The ESI mass

spectra of solutions of 3 and 4 in CHCl3-EtOH (9:1 v/v)
exhibit characteristic trends. In squaramide 3, the maxi-
mum intensity is observed for the [32 + Na]+ and [32 +
H]+ ions but the other peaks can be assigned to the [3n

+ H]+ and [3n + Na]+ series (n ) 3-6). In 4, the signal
of the dimer [42 + H]+ is predominant together with other
ions of the series [4n + H]+. In EtOH the spectra
simplified and the intensity of the dimeric ions at m/z
507.3 and 529.3 for 32 and m/z 503 for 42, respectively,
appear much more intense than the other oligomeric
species. These are consistent with the information avail-
able from 1H NMR, in particular with the tendency to
give oligomers observed for 3 and 4 at relatively high
concentrations and with the observation of cross-peaks
between the MeO- or M2N- residues of the oligomer
signals and the squaramido hydrogens and n-butyl
substituents in ROESY experiments.

In our opinion, the above observations illustrate two
competitive pathways of aggregation. One more specific
takes place by mutual interaction of donor and acceptor
groups of 3 or 4 to give a dimer stabilized by four
hydrogen bonds. A second nonspecific head-to-tail ag-
gregation of squaramides would explain the presence of
oligomeric species in CDCl3. Unfortunately; it was not
possible to study the dimerization by NMR in EtOH due
to the disappearance of the NH signals due to fast
exchange and the poor sensitivity of the chemical shifts
of any other signals.

In general, the above data demonstrate the tendency
of bis-secondary squaramides containing acceptor atoms
toward the formation of nine-membered ring structures.
In an effort to discover if these folded structures were
still present in ethanol, we planned a macrocyclization
as a test reaction to demonstrate that intramolecular
hydrogen bonding was operating in this protic solvent.

It is known that intramolecular hydrogen bonding can
direct the course of certain macrocyclization reactions in
solvents of low polarity.38 However, to our knowledge,
hydrogen bonding self-templated synthesis of macrocycles
has never been reported in protic solvents, although it
is conceivable that this should work because intramo-
lecular hydrogen bonds can survive in protic solvents.39

Indeed, squaramides are particularly well suited to
investigate the existence of a template effect because the
condensation of mixed squaramide esters with amines
is routinely carried out in ethanol at room temperature
without any other added reagent. In this way, squara-
mides 5-7, differring only in the central atom were
reacted with the corresponding diamines under identical
experimental conditions (Scheme 4). All reactions were
performed under identical conditions. In two series of
experiments the concentrations of squaramide and di-
amine in the reaction mixture were 7.1 and 71.0 mM,
respectively, where the highest common concentration
attainable were limited by the relatively low solubility
of squaramides 5-7.

In both series, reaction of squaramides 5 and 6 gave
very high and comparable yields of macrocycles 8 (80-

(36) Quiñonero, D.; Tomas, S.; Frontera, A.; Garau, C.; Ballester,
P.; Costa, A.; Deya, P. M. Chem. Phys. Lett. 2001, 350, 331-338.

(37) Desiraju, G. R.; Steiner, T. The Weak Hydrogen Bond In
Structural Chemistry and Biology; Oxford Science Publications: Ox-
ford, 1999.

(38) (a) Carver, F. J.; Hunter, C. A.; Shannon, R. J. J. Chem. Soc.,
Chem. Commun. 1994, 1277-1280. (b) Numata, N.; Hiratani, K.;
Nagawa, Y.; Hirohiko, H.; Masubuchi, S.; Akabori, S. New J. Chem.
2002, 26, 503-507.

(39) (a) Shivanyuk, A.; Rebek, J. J. Chem. Commun. 2001, 2374-
2375. (b) Exarchou, V.; Troganis, A.; Gerothanassis, I. P.; Tsimidou,
M.; Boskou, D. Tetrahedron, 2002, 58, 7423-7429.
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85%) and 9 (70-80%), respectively, based on the starting
squaramides. In addition, ESI-MS studies revealed that
oligomerization was practically eliminated. In contrast,
reaction of squaramide 7 (X ) CH2) with 1,7-diamino-
heptane afforded a highly insoluble material. After
partial dissolution in warm DMSO and subsequent ESI-
MS analysis, macrocycle 10 was detected only as a trace.

It is clear that macrocycles 8 and 9 are obtained due
to a highly efficient templating effect. Facile macrocy-
clization in non-high-dilution conditions can be explained
by formation of the hydrogen bonded noncyclic interme-
diate shown below. After an initial condensation, the
resulting bis-squaramide could give a nine-membered
cyclic hydrogen bonded conformer, which is thermody-
namically favored over the six-membered ring conformer.
In the resulting folded conformation, the terminal amino
group can reach easily the remaining squaramide ester
group to cycle. Note that competitive folding is necessary
to promote the desired macrocyclization and that the
observed template effect cannot be rationalized on the
basis of a more common intramolecular six-membered
ring hydrogen bonding motif. If this were the case,
oligomerization would result owing to the easy anti to

syn isomerization of the three C-N squaramide bonds
available in the proposed intermediate shown above.

Conclusions
Our studies show that squaramides have unique con-

formational properties that allow the design of a new
foldable motif by combining squaramide segments with
a donor atom. These are completely new and unnatural
systems that resemble proline amino acids in their ability
to promote folding and turns. In fact the potential
applications of folding of these new modules are under
investigation. As a first demonstration of this feature,
we carried out an effective macrocyclization in ethanol.
The effectiveness of the macrocyclization in ethanol is a
novelty that opens the door to the formation of many
other squaramide-based hydrogen bonded supramolecu-
lar structures in protic solvents.

Experimental Section
See the Supporting Information.
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