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Abstract: It was recently shown experimentally that 5-(guanidiniocarbonyl)-1H-pyrrole-2-carboxylate 1, a
self-complementary zwitterion, dimerizes even in water with an unprecedented high association constant
of K ) 170 M-1 (J. Am. Chem. Soc. 2003, 125, 452-459). To get an insight into the importance of the
various noncovalent binding interactions and of their interplay (electrostatic interactions, hydrogen binding,
cooperative effects), we employ density functional theory to study the stability of several “knock-out”
analogues in which single hydrogen bonds within these multiple point binding motif are switched off by
replacing N-H hydrogen-donor groups with either methylene groups or an oxygen ether bridge. The
influence of a highly polar solvent on the dimer stabilities is also examined. These calculations reproduce
the experimental data for zwitterion 1. A comparison of 1 with the arginine dimer shows that the energy
contents of the monomers also significantly influence the dimer stabilities. The analysis of the various
“knock-out” analogues reveals as a main conclusion that simple models either based just on hydrogen-
bond counting or on the assumption that the charge interaction by itself is the main and dominant factor
fail to explain the stability of such self-assembled dimers. Our computations show that the hydrogen-bond
network, the electrostatic attraction, and also their mutual interactions are responsible for the high stability
of zwitterion 1.

Introduction

The development of novel building blocks which are capable
to self-assemble in polar solutions is one main goal in today’s
supramolecular chemistry1,2 as molecular recognition-directed
self-assembly and self-organization can lead to the formation
of highly complex and fascinating structures with new and
interesting properties.3 However, so far only very few systems
show strong self-assembly in polar, especially aqueous solution.
For example, purely hydrogen-bonded assemblies possess a
considerable association energy only in aprotic solvents of low
polarity and are not stable in water due to the competitive
solvation of donor and acceptor sites in water.4 Therefore, to

achieve strong self-assembly, hydrogen bonds have to be
combined with additional noncovalent interactions such as metal
coordination,5 salt bridges,6 hydrophobic,7 or π-π-interac-
tions.8,9

In 1999, Schmuck reported for the first time on a new class
of receptor molecules for the binding of carboxylates in aqueous
media.10 These 2-(guanidiniocarbonyl)-1H-pyrroles improve the

(1) For general references on supramolecular chemistry, see: (a) Schneider,
H. J.; Yatsimirsky, A.Principles and Methods in Supramolecular Chem-
istry; Wiley-VCH: Weinheim, 2000. (b) Steed, J. W.; Atwood, J. L.
Supramolecular Chemistry; Wiley: Chichester, 2000. (c) Lehn, J.-M.
Supramolecular Chemistry; Concepts and PerspectiVes; VCH: Weinheim,
1995. (d) Vögtle, F. Supramolecular Chemistry; J. Wiley & Sons:
Chichester, 1991.

(2) (a) Reinhoudt, D. N.; Crego-Calama, M.Science2002, 295, 2403-2407.
(b) Menger, F. M.Proc. Natl. Acad. Sci.2002, 99, 4818-4822. (c) Stoddart,
F. J.; Tseng, H.-R.Proc. Natl. Acad. Sci.2002, 99, 4797-4800. (d) Lehn,
J.-M. Proc. Nat. Acad. Sci.2002, 99, 4763-4768. (e) Whitesides, G. M.;
Simanek, E. E.; Mathias, J. P.; Seto, C. T.; Chin, D.; Mammen, M.; Gordon,
D. M. Acc. Chem. Res.1995, 28, 37-44.

(3) (a) Whitesides, G. M.; Boncheva, M.Proc. Natl. Acad. Sci.2002, 99, 4769-
4774. (b) Philp, D.; Stoddart, J. F.Angew. Chem.1996, 108, 1242-1286.
(c) Lawrence, D. S.; Jiang, T.; Levitt, M.Chem. ReV. 1995, 95, 2229-
2260.

(4) (a) Jeffrey, G. A.An Introduction to Hydrogen Bonding; Oxford University
Press: New York 1997. (b) Israelachvili, J.Intermolecular & Surface
Forces, 2nd ed.; Academic Press: London, 1992.

(5) For review articles on metal-templated self-assembly, see: (a) Fujita, M.
Chem. Soc. ReV. 1998, 27, 417-426. (b) Stang, P. J.Chem.-Eur. J.1998,
4, 19-27. (c) Linton, B.; Hamilton, A. D.Chem. ReV. 1997, 97, 1669-
1681. (d) Stang, P. J.; Olenyuk, B.Acc. Chem. Res.1997, 30, 502-518.

(6) For work on capsule formation in polar solvents based on the hetero
association of oppositely charged ions, see, e.g.: (a) Grawe, T.; Schrader,
T.; Zadmard, R.; Kraft, A.J. Org. Chem.2002, 67, 3755-3763. (b)
Corbellini, F.; Flammengo, R.; Timmerman, P.; Crego-Calama, M.; Veslius,
K.; Heck, A. J. R.; Luyten, I.; Reinhoudt, D. N.J. Am. Chem. Soc.2002,
124, 65969-6575. (c) Fiammengo, R.; Timmerman, P.; de Jong, F.;
Reinhoudt, D. N.Chem. Commun.2000, 2313-2314. (d) Hamilin, B.;
Jullien, L.; Derouet, C.; Herve´ du Penhoat, C.; Berthault, P.J. Am. Chem.
Soc.1998, 120, 8438-8447. (e) Bok Lee, S.; Hong, J.-I.Tetrahedron Lett.
1996, 37, 8501-8504.

(7) For reviews on hydrophobic interations, see: (a) Widom, B.; Bhimalapuram,
P.; Koga, K.Phys. Chem. Chem. Phys.2003, 5, 3085-3093. (b) Pratt, L.
R.; Pohorille, A.Chem. ReV. 2002, 102, 2671-2691. (c) Southall, N. T.;
Dill, K. A.; Haymet, A. D. J.J. Phys. Chem. B2002, 106, 521-533.

(8) For examples of recent work on the importance ofπ stacking in
supramolecular aggregates, see, e.g.: (a) Lahiri, S.; Thompson, J. L.; Moore,
J. S.J. Am. Chem. Soc.2000, 122, 11315-11319. (b) Sirish, M.; Schneider,
H. J. J. Am. Chem. Soc.2000, 122, 5881-5882. (c) Guckian, K. M.;
Schweitzer, B. A.; Ren, R. X.-F.; Sheils, C. J.; Tahmassebi, D. C.; Kool,
E. T. J. Am. Chem. Soc.2000, 122, 2213-2222. (d) Isaacs, L.; Witt, D.;
Fettinger, J. C.Chem. Commun.1999, 2549-2550.

(9) For a recent review on aromatic interactions, see: Hunter, C. A.; Lawson,
K. R.; Perkins, J.; Urch, C. J. J. Chem. Soc., Perkin Trans. 22001, 651-
669.
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ion pairing of simple guanidinium cations with oxo anions
through a combination of ion pairing and multiple hydrogen
bonds (see Scheme 1). Because of the increased acidity of the
acyl guanidinium moiety and the additional H bonds, these
complexes are much stronger than those of simple guanidinium
cations11,12 allowing the complexation of carboxylates even in
highly polar solvents such as DMSO or water. An experimental
comparative thermodynamic study with a series of structurally
related guanidiniocarbonyl pyrroles demonstrated that the
energetic contributions of the individual noncovalent interactions
within this binding motif (the individual hydrogen bonds and
the ion pair) are significantly different:10b Besides the ion
pairing, mainly the amide NH in position 5 of the pyrrole ring
is important for the effective binding of the carboxylate
substrate. Further studies showed that also the size and electronic
structure of the aromatic ring is important.13 Pyrrole systems
are superior to the analogous benzene derivatives which in turn
show a higher binding affinity than pyridine derivatives, in
which the nitrogen lone pair exerts additional repulsive effects
on the bound carboxylates.

On the basis of this new recognition motif a self-comple-
mentary zwitterion1 (Scheme 2) has been developed that forms
extremely stable dimers as could be shown by X-ray, ESI-MS,
and NMR solution studies.14 The association constant is
approximatelyK > 1010 M-1 in DMSO and still surprisingly

high (K ) 170 M-1, ∆G ≈ -15 kJ/mol) in water. Therefore
compound1 is one of the most efficient self-assembling systems
relying solely on electrostatic interactions reported so far. Hence,
an interesting question is which of the multiple binding
interactions present in this dimer is mainly responsible for its
unique binding properties? We could already show experimen-
tally by comparison with a neutral amidopyridine pyrrole
analogue that the charge interaction within the ion pair is crucial
for its high stability. The neutral binding motif in this “knock-
out” analogue2 has the same H-bond pattern like dimer1 as
could be shown by X-ray analysis. Nevertheless, the dimeriza-
tion is several orders of magnitude less efficient. Whereas2
dimerizes in chloroform withK > 104 M-1, already the addition
of >5% DMSO completely disrupts these dimers due to the
competitive solvation of the H-bond donor by the polar solvent.

On the basis of these data, one could assume that the main
important factor being responsible for the high stability of
zwitterion1 is simply the charge interaction. However, already
a single guanidiniocarbonyl pyrrole/carboxylate ion pair is much
stronger than simple salt bridges between carboxylates and
ammonium ions or even the parent guanidinium cation. There-
fore, one has to account for the various H-bonds, their number
and strength, the properties of the actual ion pair, and further
secondary electrostatic and cooperative effects. To design even
better self-assembling systems for future applications (e.g., for
supramolecular polymers), a detailed understanding of the
importance of these various noncovalent interactions and their
mutual interplay is needed. However, experimentally this is
difficult to achieve as only the overall association energy can
be determined. It is impossible to dissect these data into
individual contributions of single interactions. The comparison
of structurally closely related “knock-out” analogues is one way
address this problem and to obtain at least semiquantitative data
(as shown above for zwitterion1 and its neutral analogue2).
However, very often the most interesting “knock-out” analogues
cannot be made synthetically or might not even be stable
molecules at all. Computational determination of their stabilities
does not encounter any of these problems, and indeed high-
level theoretical approaches have already proven quite useful
to analyze supramolecular systems in general.15 This approach
is therefore used here to study in detail the various noncovalent
interactions and factors that might be responsible for the high
stability of zwitterion1.

In the present paper, we calculate dissociation energies of a
systematically varied series of “knock-out” analogues by means
of density functional approaches. This should give an insight

(10) (a) Schmuck, C.; Geiger, L.Curr. Org. Chem.2003, 7, 1485-1502. (b)
Schmuck, C.Chem.-Eur. J. 2000, 6, 709-718. (c) Schmuck, C.Chem.
Commun.1999, 843-844.

(11) For comprehensive reviews of anion recognition, see the following: (a)
Schug, K. A.; Lindner, W.Chem. ReV. 2005, 105, 67-113. (b) Best, M.
D.; Tobey, S. L.; Anslyn, E. V.Coord. Chem. ReV. 2003, 240, 3-15. (c)
Gale, P. A.Coord. Chem. ReV. 2003, 240, 191-221. (d) Fitzmaurice, R.
J.; Kyne, G. M.; Douheret, D.; Kilburn, J. D.J. Chem. Soc., Perkin Trans
1 2002, 841-864. (e) Snowden, T. S.; Anslyn, E. V.Curr. Opin. Chem.
Biol. 1999, 3, 740-746. (f) Beer, P. D.; Schmitt, P.Curr. Opin. Chem.
Biol. 1997, 1, 475-482. (g) Bianchi, A.; Bowman-James, K.; Garcia-
Espan˜a, E.Supramolecular Chemistry of Anions; Wiley-VCH: New York,
1997. (h) Schmitchen, F. P.; Berger, M.Chem. ReV. 1997, 97, 1609-1646.
(i) Seel, C.; Gala´n, A.; deMendoza, J.Top. Curr. Chem.1995, 175, 101-
132.

(12) Schug, K. A.; Lindner, W.Chem. ReV. 2005, 105, 67-113.
(13) Schmuck, C.; Machon, U.Chem.-Eur. J. 2005, 11, 1109-1118.

(14) (a) Schmuck, C.; Wienand, W.J. Am. Chem. Soc.2003, 125, 452-459.
(b) Schmuck, C.Eur. J. Org. Chem.1999, 9, 2397-2403.

Scheme 1. Guanidiniocarbonyl Pyrroles Efficiently Bind Carboxylates Even in Aqueous Solvents Due to a Combination of Ion Pair
Formation and Additional H Bonds

Scheme 2. Amidopyridine Pyrrole Carboxylic Acids as Neutral
“Knock-Out” Analogues of Zwitterionic Guanidiniocarbonyl Pyrrole
Carboxylates: Translating the Zwitterionic Dimer 1 into a Neutral
Amidopyridine Pyrrole Carboxylic Acid Dimer 2 by “Switching Off”
the Ionic Interactions while Keeping the Hydrogen-Bond Network
Constant
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into the strengths of the individual hydrogen bonds within these
complex binding motifs which probably vary for every donor
site. Additionally, it should elucidate the importance of coopera-
tive effects (e.g., secondary interactions), which can be expected
to be as important as already seen for the guanine cytosine
pairing.16

The compounds used in this study are shown in Chart 1. In
each of these analogues, one of the several noncovalent
interactions present in1 is switched off. The amidopyridine
dimer 2, which was also already studied experimentally, has
the same H-bond pattern but no charge interactions. The “knock-
out” analogues3a, 4, 5, and6 are again zwitterionic, but the
individual N-H hydrogen-bond donor sites are replaced by
either methylene groups as in the methyl (3a), amidine (4), and
cyclopentadienyl (5) derivatives or by an oxygen atom (in the
furan derivative6). Dimer3b is obtained from3aby an internal

rotation. It possesses the same hydrogen pattern as1 and was
included to study the influence of a methylation of the
amidinium unit on the stability. For arginine such effects were
found to stabilize the zwitterionic species with respect to the
neutral one (vide infra).17 For these later “knock-out” analogues
3-6, no experimental data are available, and at least for3a
and 5, this is probably impossible to achieve due to their
conformational (3a) and tautomeric (5) instability.

Theoretical Methods

The geometry optimizations of all compounds were performed with
the TURBOMOLE program package18 at the BLYP/TZVPP level of
theory19-21 using the RI approximation.22 For the zwitterionic species,
extra diffuse functions were added to the negatively charged carboxylate
oxygens in order to describe the diffuse shape of the valence orbitals
properly. The TZVPP basis set was enlarged by 1s and 1p primitive
uncontracted basis functions with an exponential coefficient of 0.068,
whereas for the auxiliary basis sets the exponent was doubled (0.136).
Dissociation energies were calculated including the counterpoise
correction according to Boys and Bernardi.23

In most computations the influence of a solvent is dissected in
several parts.24 In the present paper, the so-called electrostatic contribu-
tions (often also abbreviated as electrostatic component of solvation)
were estimated using the COSMO25a approach as implemented in
TURBOMOLE25b with a dielectric constant ofε ) 78 to simulate a
waterlike solvent. Since the COSMO implementation in TURBOMOLE
only takes electrostatic contributions of the solvent into account, the
nonelectrostatic effects24 were estimated by single-point calculations
(BLYP/6-31++G(d,p))26 on the optimized structures in water employ-
ing the Gaussian03 program package27 implementation of the COSMO.

All optimized structures were characterized by harmonic frequency
analysis employing either analytical derivatives (RI-DFT/BLYP/TZVP)
for gas-phase structures as implemented in TURBOMOLE or numerical
derivatives (RIDFT/BLYP/TZVPP) for solvated structures using the
SNF program, respectively.28 Thermodynamic corrections for the gas
phase were obtained with TURBOMOLE employing the standard

(15) Some selected examples can be found in: (a) Cannizzaro, C. E.; Houk, K.
N. J. Am. Chem. Soc.2002, 124, 7163-7169. (b) Raymo, F. M.; Bartberger,
M. D.; Houk, K. N.; Stoddart, J. F.J. Am. Chem. Soc.2001, 123, 9264-
9267. (c) Houk, K. N.; Menzer, S.; Newton, S. P.; Raymo, F. M.; Stoddart,
J. F.; Williams, D. J.J. Am. Chem. Soc.1999, 121, 1479-1487. (d) Brown,
S. P.; Schaller, T.; Seelbach, U. P.; Koziol, F.; Ochsenfeld, C.; Kla¨rner,
F.-G.; Spiess, H. W.Angew. Chem., Int. Ed. 2001, 40, 717-720. (e)
Kamieth, M.; Klarner, F.-G.; Diederich, F.Angew. Chem., Int. Ed. 1998,
37, 3303-3306. (f) Ma, J. C.; Dougherty, D. A.Chem. ReV. 1997, 97,
1303-1324. (g) Gallivan, J. P.; Dougherty, D. A.J. Am. Chem. Soc.2000,
122, 870-874.

(16) (a) Jorgensen, W. L.; Pranata, J.J. Am. Chem. Soc.1990, 112, 2008-
2010. (b) Pranata, J.; Wierschke, S. G.; Jorgensen, W. L. J.Am. Chem.
Soc.1991, 113, 2810-2819. (c) Jorgensen, W. L.; Severance, D. L.J. Am.
Chem. Soc.1991, 113, 209-216. (d) Lukin, O.; Leszczynski, J.J. Phys.
Chem. A2002, 106, 6775-6782. (e) Lukin, O.; Leszczynski, J.J. Phys.
Chem. A2003, 107, 9251-9252.

(17) Julian, R. R.; Jarrold, M. F.J. Phys. Chem. A2004, 108, 10861-10864.
(18) Ahlrichs, R. et al. TURBOMOLE;Quantum Chemistry Group, University

of Karlsruhe: Germany, 1988.
(19) Becke, A. D.Phys. ReV. A. 1988, 38, 3098-3100.
(20) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B. 1988, 37, 785-789.
(21) Scha¨fer, A.; Huber, C.; Ahlrichs, R.J. Chem. Phys.1994, 100, 5829-

5835.
(22) (a) Vahtras, O.; Almlo¨f, J.; Feyereisen, M. W.Chem. Phys. Lett.1993,

213, 514-518. (b) Eichkorn, K.; Treutler, O.; O¨ hm, H.; Häser, M.; Ahlrichs,
R. Chem. Phys. Lett.1995, 242, 652-660.

(23) Boys, S. F.; Bernardi, F.Mol. Phys.1970, 19, 553-566.
(24) (a) Orozco, M.; Luque, F. J.Chem. ReV. 2000, 100, 4187-4226. (b) Luque,

J. F.; Curutchet, C.; Munoz-Muriedas, J.; Bidon-Chanal, A.; Soteras, I.;
Morreale, A.; Gelpi, J. L.; Orozco, M.Phys. Chem. Chem. Phys.2003, 5,
3827-3836. (c) Cramer, C. J.; Truhlar, D. G.Chem. ReV. 1999, 99, 2161-
2200. (d) Orozco, M.; Colominas, C.; Luque, F.J. Chem. Phys.1996, 209,
19-29. (e) Curutchet, C.; Cramer, C. J.; Truhlar, D. G.; Ruiz-Lopez, M.
F.; Rinaldi, D.; Orozco, M.; Luque, F. J.J. Comput. Chem.2003, 24, 284.

(25) (a) Klamt, A.; Schu¨urmann, G. J.J. Chem. Soc., Perkin Trans. 2 1993, 2,
799-805. (b) Scha¨fer, A.; Klamt, A.; Sattel, D.; Lohrenz, J. C. W.; Eckert,
F. Phys. Chem. Chem. Phys.2000, 2, 2187-2193.

(26) Frisch, M. J.; Pople, J. A.; Binkley, J. S.J. Chem. Phys. 1984, 80, 3265-
3296.

(27) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian
03, Revision C.02; Gaussian, Inc., Wallingford CT, 2004. (b) NBO Version
3.1, Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F.

Chart 1. Guanidiocarbonyl Pyrrole Carboxylate Dimer (1),
Amidopyridine Pyrrole Carboxylic Acid Dimer (2), Methyl Derivative
(3a, 3b), Amidine Derivative (4), Cyclopentadienyl Derivative (5),
and Furan Derivative (6)

Guanidiniocarbonyl Pyrrole Carboxylate Dimers A R T I C L E S
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approach.29 Thermodynamic corrections in solution were obtained by
frequency calculations with the SNF program of the TURBOMOLE
suite employing the COSMO approach withε ) 78.28 For the
computation of entropy effects resulting from the translation motion
(∆Strans), this implementation uses the standard formula for gas phase.29

However, this approximation overestimates the absolute values. As a
consequence, the stability of dimer formation is underestimated as
discussed recently.30,31 Let us take2 as an example: By employment
of the approximation of Williams and co-workers30 to estimate∆Strans

for a solvent, the absolute value forT∆S obtained with the standard
formula decreases by about 20 kJ/mol. Despite this influence, we
refrained from considering this effect due to the following reasons:
Within the approximation of Williams and co-workers differences
between compounds arise only due to their masses, i.e., only a small
fraction of the various effects are included. As a consequence mainly
the absolute values change, but the differences between the various
compounds studied here stay more or less constant.

As expected,32 test calculations employing various functionals and
the MP2 approach33 showed that the BLYP functional underestimates
the dissociation energies. Nevertheless it gives geometrical parameters
which are virtually identical to those obtained with the B3LYP
functional. The latter predicted a stronger binding. Therefore we
computed improved stabilities for solvent conditions employing the
B3LYP functional based on previously optimized BLYP geometries.
The thermodynamic corrections are also taken from BLYP calculations.
Since we are more interested in solvent data, the BLYP functional was
employed for gas-phase calculations throughout.

Coupled-cluster computations32,34 indicate that also B3LYP often
underestimates dissociation energies for hydrogen bonds. Consequently,
its predictions may be looked upon as lower bounds for the dissociation
energies. The computed differences between the various knock-out
analogues, however, should possess a considerably higher accuracy
since the binding situations are quite similar. More information can be
taken from the Supporting Information.

To get a deeper insight into the variations appearing in our series of
model compounds, the electrostatic potentials of all compounds for
both the gas phase and the solvent have been calculated to visualize
variations in the electronic distributions and molecular interactions of
guanidiniocarbonyl pyrrole carboxylate1 and its knock-out analogues
2-6. For these computations, the Gaussian03 program package27 was
used.

Results and Discussions

Geometries.Table 1 summarizes selected computed geo-
metrical parameters, whereas Table 2 compares computed and
measured distances of the bonds described in Chart 2. Table 2
contains data for compounds1 and2 for which X-ray data are
available. The complete geometrical arrangement can be taken
from the Supporting Information. For all covalent bonds,
computed and measured structural parameter agree in the
expected range ((0.02 Å). Measured and computed distances

between the heavy centers of bonds 1-3 (Chart 3 and Table 3)
agree to about 0.1 Å. The larger deviations are expected due to
the weakness of the bonds and crystal effects.

According to the available X-ray data, compounds1 and2
exhibit a planar structure. In contrast, geometry optimizations
in the gas phase or polar solvent give slightly bended geometries
but the bending potential is extremely flat. For1, the planar
geometry, which represents a local minimum, lays only about
1 kJ/mol higher than the bended structure. For2, the energy
difference is only 2 kJ/mol. The differences are so small that
π-π stacking interaction within the crystal can explain the
difference between experiment and theory. Additionally, already
dynamic effects (large amplitude bending motion) are expected
to lead to averaged planar geometries in X-ray experiments and
in solution.

Our calculations show that from the “knock-out” derivatives
only the methyl derivatives3a and3b have a planar geometry.
The geometries of the other compounds are more or less
distorted due to steric or electronic effects. In Charts 3 and 4,
which contain the electrostatic potentials, the distortions are best
seen in the slight rotations of the carboxylate groups out of
planarity. The optimization of the amidine derivative4 revealed
two conformers, differing only in the relative orientation of the
methylene units within the dimer and resembling therefore in a
side view a “boat” and a “chair” conformer, whereof the latter
is about 5 kJ/mol more stable in the gas phase. In the
cyclopentadienyl derivative5, a hydrogen atom of the methylene
group of the ring system points toward the carboxylate group,
so that the cyclopentadienyl rings are forced into an up and
down orientation. Also for the knock-out analogues3a and4

(28) (a) Kind, C.; Reiher, M.; Neugebauer, J.; Hess, B. A.SNF - a program for
quantum chemical calculations ofVibrational spectra. UniVersity of
Erlangen-Nu¨rnberg, 1999-2001. (b) Neugebauer, J.; Reiher, M.; Kind,
C.; Hess, B. A.J. Comput. Chem.2002, 23, 895-910.

(29) (a) Deglmann, P.; Furche, F.; Ahlrichs, R.Chem. Phys. Lett.2002, 362,
511-518. (b) Deglmann, P.; Furche, F.J. Chem. Phys.2002, 117, 9535-
9538.

(30) (a) Doig, A. J.; Williams, D. H.J. Am. Chem. Soc.1992, 114, 338-343.
(b) Searly, M. S.; Williams, D. H.; Gerhard, U.J. Am. Chem. Soc.1992,
114, 10697-10704.

(31) Hupp, T.; Sturm, Ch.; Bası´lio Janke, E. M.; Pe´rez Cabre, M.; Weisz, K.;
Engels, B.J. Phys. Chem. A2005, 109, 1703-1712.

(32) (a) Xu, X.; Goddard, W. A., III.J. Phys. Chem. A2004, 108, 2305-2313.
(b) Xu, X.; Zhang, Q.; Muller, R. P.; Goddard, W. A., III.J. Chem. Phys.
2005, 122, 014105 (1-14).

(33) MP2 computations employing the COSMO approach were not possible.
(34) Klopper, W.; van Duijnefeld-vande Rijdt, J. G. C. M.; van Duijneveldt, F.

B. Phys. Chem. Chem. Phys.2000, 2, 2227-2234.

Table 1. Hydrogen Bond Lengths in 1-6 (BLYP/TZVPP; Solvent
Calculations Performed with COSMO)a

bond 1 2 3

compound gas phase solvent gas phase solvent gas phase solvent

1 1.68 1.86 1.58 1.69 1.79 1.81
2 1.77 1.72 1.85 1.88 1.82 1.86
2b 1.83 1.83 1.79
3a 1.58 1.76 1.76 1.78
3b 1.65 1.81 1.60 1.70 1.79 1.80
4 1.52 1.77 1.80 1.90
5 1.63 1.84 1.61 1.76
6 1.54 1.74 1.62 1.77

a Numbering of bonds according to Chart 2.b With fixed Cs symmetry.

Table 2. Heteroatomic C‚‚‚N Distances Obtained from X-ray
Studiesa and Calculations (BLYP/TZVPP//gas phase)

bond 1 2 3

compound X-ray theoretical X-ray theoretical X-ray theoretical

1 2.85 2.75 2.68 2.65 2.73 2.77
2 2.62 2.80 2.72 2.88 2.73 2.81

a The amidopyridine pyrrole carboxylic acid dimer2 was synthesized
with hexyloxymethyl groups in positions 3 and 4 of the pyrrole ring.14

Chart 2. Numbering of the Intermolecular Bonds in the Dimers
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the geometry optimizations lead to structures in which one of
the hydrogen atoms of the methyl (3) or methylene (4) group
is directed toward the carboxylate group. The distances are
between 2.01 and 2.13 Å pointing to small attractive interactions.
The distortions within the furan derivative6 result from the
electronic repulsion of the oxygen lone pairs of the furan oxygen
and the carboxylate oxygen. This is expected to be a similar
effect as observed experimentally for the pyridine derivatives.13

The calculated hydrogen-bond lengths for1 in the gas phase
and polar solvent show that solvent effects influence the
individual bonds differently (Table 1). As expected the influence
decreases going from the outer (bond 1, Chart 2) to the inner
bond (bond 3, Chart 2). Bond 1, representing the second shortest
one for the gas phase (1.68 Å), increases by 26% and becomes

the longest bond in a polar solvent (1.86 Å). Bond 2 is elongated
by about 0.1 Å (7%) but still remains the shortest bond. The
influence on the inner bond is negligible (0.02 Å or 1%). By
comparison of the hydrogen bond lengths of2 obtained for the
gas phase with the values calculated using the COSMO
approach, the inner H bond is only slightly longer in solvent
than in a vacuum. The largest change in a magnitude of about
0.05 Å can be observed for the outer bond, but in contrast to
the zwitterionic dimer1, the H-bond length now decreases a
little upon solvation. This does not indicate increased bond
strength but results from larger bending angles (see Supporting
Information).

Energies.The calculated dissociation energies for gas phase
and solvent for all compounds1-6 are given in Table 3. Table

Chart 3. Electrostatic Potential (Contour Value ) 0.02) Mapped on the Electron Density (Contour Value ) 0.015) of the Dimers 1-6 in the
Gas Phase
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3 also contains the computed thermodynamic corrections leading
to the dimerization enthalpies and dimerization free energies.
The electrostatic potentials mapped on isosurfaces of electron
densities of all compounds are given in Charts 3 (gas phase)
and 4 (polar solvent). The electrostatic potentials of the
monomers can be taken from the Supporting Information.

The Zwitterionic Dimer (1). For the gas phase, the dis-
sociation energy (∆Eelec) of zwitterion 1 with respect to the
zwitterionic monomers is calculated to+464 kJ/mol (B3LYP/
TZVPP). This value is surprisingly high compared to other
guanidinium/carboxylate-based ion pairs, for example, the
arginine dimer.17,35 Arginine possesses a high affinity to form
an abundant number of clusters when electrosprayed into gas
phase.36 Theoretical studies35 predict that zwitterionic dimers
are formed, which are stabilized by two guanidinium-carboxylate
salt bridges. The dissociation energy of the zwitterionic structure
was calculated to 199 kJ/mol by Goddard III and co-workers.35

Hence, with respect to its zwitterionic monomers, dimer1 is
more than twice as stable as the zwitterionic arginine dimer
with respect to its zwitterionic monomers. A closer look at the

dissociation channels reveals however that the possible reason
for this extraordinary stability of dimer1 lies more within the
energy content of the corresponding monomers than the actual
binding interactions within the dimers. Figure 1 summarizes
the computed values for1 and for the arginine dimer.17

The dissociation energies mentioned above refer to the
dissociation into two zwitterionic monomers. However, in the
gas phase, isolated zwitterions are normally energetically less
stable than the corresponding neutral monomers. The stability
of such zwitterionic monomers is significantly depending on
the possibility of internal charge interactions. For example, for
arginine the neutral monomer is still more stable than the
zwitterion, but the energy difference between both forms is
rather small (about 5 kJ/mol).35,37 Because of the flexibility of
the molecule, an effective intramolecular charge interactions
between the carboxylate and the guanidinium cation is possible,
stabilizing the zwitterionic form. Methylation of the arginine35

or the presence of an electric field38 is already sufficient to make
the zwitterionic form the absolute minimum. Similar effects were
recently found for guanidiniocarbonyl pyrrole/carboxylate zwit-
terions with flexible linkers of varying chain length between
both ionic groups. It was shown that the stability of the
zwitterionic form depends on the length of the linker.39 Only
those zwitterions in which the linker is long enough to allow
internal charge interactions are zwitterionic in the gas phase.
For the smaller ones the neutral form is more stable.

For zwitterion1 no internal charge stabilization is possible
due to the rigidity of the molecule. In accordance with this, we
compute an energy difference of 136 kJ/mol between the
zwitterionic and the neutral monomer of1 (Figure 1, left-hand
side). Hence, the energy difference is 1 order of magnitude larger
than for arginine (Figure 1, right-hand side). For the dimers,
however, even in the gas phase the zwitterionic form represents
the minimum structure. The neutral dimer structures obtained
through a double-proton transfer from the guanidinium to the
carboxylate groups also represent local minima on the hyper
surface but are less stable. For1, B3LYP/TZVPP predicts the
neutral structure to be 22 kJ/mol above the zwitterionic structure.
For the arginine dimer, the difference between the neutral and
the zwitterionic structure is computed to be 56 kJ/mol.35 As
the guanidinium group in arginine (pKa ) 13.5) is about 6 orders
of magnitude less acidic than the acyl guanidinium group in1
(pKa ) 7-8), proton transfer in1 is expected to be easier as
reflected by these data.

The energetically most favorable dissociation channel should
therefore lead from the zwitterionic dimers to the neutral
monomers. If one considers this process, compound1 and the
arginine dimer become equally stable. For dimer1, we compute
a dissociation energy of 192 kJ/mol, while Goddard III and co-
workers35 give a value of 189 kJ/mol for the arginine dimer
(Figure 1). If one compares the dissociation of the less stable
neutral dimers into its neutral monomers, the arginine dimer
possesses a dissociation energy of about 133 kJ/mol, whereas
for 1, we find a dissociation energy of 170 kJ/mol, respectively.
The difference in the dissociation energies of both neutral

(35) (a) Julian, R. R.; Beauchamp, J. L.; Goddard, W. A., III.J. Phys. Chem. A
2002, 106, 32-34. (b) Melo, A.; Ramos, M. J.; Floriano, W. B.; Gomes,
J. A. N. F.; Leao, J. F. R.; Magalhaes, A. L.; Maigret, B.; Nascimento, M.
C.; Reuter, N.THEOCHEM1999, 463, 81-90. (c) Rak, J.; Skurski, P.;
Simons, J.; Gutowski, M.J. Am. Chem. Soc.2001, 123, 11695-11707.
(d) Maksić, Z. B.; Kovačević, B. J. Chem. Soc., Perkin Trans. 21999,
2623-2629.

(36) Julian, R. R.; Hodyss, R.; Beauchamp, J. L.J. Am. Chem. Soc. 2001, 123,
3577-3583.

(37) Chapo, C. J.; Paul, J. B.; Provencal, R. A.; Roth, K.; Saykally, R. J.J. Am.
Chem. Soc.1998, 120, 12956-12957.

(38) (a) Jockusch, R. A.; Price, W. D.; Williams, E. R.J. Phys. Chem. A1999,
103, 9266-9274. (b) Wyttenbach, T.; Witt, M.; Bowers, M. T.J. Am. Chem.
Soc. 2000, 122, 3458-3463.

(39) Scha¨fer, M.; Schmuck, C.; Geiger, L.; Chalmers, M. J.; Hendrickson, C.
L.; Marshall, A. G.Int. J. Mass. Spec.2004, 237, 33-45.

Table 3. Contributions to the Total Dissociation Energies (All
Values Given in kJ mol-1)

1 2 3a 3b 4 5 6

Gas Phase
∆Eelec

a +438/+464 -/- +340/- +443/- +364/- +364/- +345/-
∆Eelec

b +158/+170 +116/-
∆Hcorrc -9 -10 -11 -11 -21 -11 -6
T∆Scorrd +85 +61 +72 +74 +68 +80 +67
∆Ge +344/+370 -/- +256/- +358/- +275/- +273/- +272/-
∆Gf +64/+76 +45/-
Solvent

(ε ) 78)
∆Eelec

g +108 +48 +64 +111 +55 +64 +51
∆E(n.e.)h +9 +3 +6 +9 +4 +5 +4
∆Hcorrc +1 -6 -3 -4 -4 +1 +2
T∆Scorrd +62 +62 +66 +50 +59 +58 +56
∆Gi +56 -17 +1 +66 -3 +13 -2

a Dissociation energy with respect to the zwitterionic monomers. The
left value gives the BLYP result. For the right value the B3LYP functional
was employed.b Dissociation energy with respect to the neutral monomers.
The left value gives the BLYP functional results, for the right value the
B3LYP functional was employed.c Correction to the free dissociation
energies to obtain the enthalpy term (BLYP computations).d Correction to
the free dissociation energies arising due to the entropy term (T ) 298 K,
BLYP computations).e Free dissociation energies∆G ) ∆E + ∆Hcorr -
T∆Scorr with respect to the zwitterionic monomers. The left value gives the
dissociation energy obtained with the BLYP functional; the right value gives
the dissociation energy computed with the B3LYP functional.f Free
dissociation energies∆G ) ∆E + ∆Hcorr - T∆Scorr with respect to the
neutral monomers assuming that the thermodynamic correction are similar
to those computed for the dissociation into the zwitterionic monomers. The
left value gives the dissociation energy obtained with the BLYP functional;
the right value gives the results of the B3LYP functional.g Dissociation
energies with respect to the lowest lying monomers. These represent the
zwitterionic forms for1 and3-6, while it is the neutral monomer for2.
The B3LYP functional was employed in combination with BLYP geom-
etries.h Corrections to the free dissociation energies arising due to the
nonelectrostatic interactions (free energy of cavity, dispersion-repulsion
interaction between solute and solvent). The calculations were performed
with GAUSSIAN03 (BLYP computations).i Free dissociation energies∆G
) ∆Eelec + E(n.e.) + ∆Hcorr - T∆Scorr. Thermodynamic corrections are
obtained with the BLYP functional.
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structures is reasonable since1 is stabilized by two additional
hydrogen bonds between the pyrrole N-H unit and the carbonyl
oxygen of the carboxylic acid.

A dimerization free energy of about∆G ) +76 kJ/mol is
calculated for the energetically most favorable dissociation of
the zwitterionic dimer1 into the neutral monomers using the
same thermodynamic corrections as calculated for the dissocia-
tion into two zwitterions (∆G ) +370 kJ/mol). However, in
an attempt to dissociate1 in the gas phase using IRMPD-MS
techniques only fragmentation due to covalent bond rupture was
observed.40 By assumption that such bond rupture needs energies

in the range of a normal covalent bond (>250 kJ/mol), this
experimental outcome indicates that dissociation of zwitterionic
dimer 1 requires more energy than expected based on the
calculated stabilities of both the dimer and monomers. But this
dissociation channel requires a double proton transfer. Obvi-
ously, this imposes a large energy barrier onto the dissociation.

As expected for electrostatic interactions, solvation by a polar
solvent drastically affects the stability of dimer1. In general,
the stability of salt bridges is influenced by the polarity of the
solvent41 or microsolvation.42 In contrast to the situation in gas
phase, for a polar solvent the zwitterionic form now represents
the global minimum for both the monomer and the dimer.14,43(40) Schmuck, C.; Scha¨fer, M., unpublished results.

Chart 4. Electrostatic Potential (Contour Value ) 0.02) Mapped on the Electron Density (Contour Value ) 0.015) of the Dimers 1-6 in
Solvent
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Therefore, the dissociation channel that has to be considered
now leads from zwitterionic dimer1 directly to the zwitterionic
monomers. The dissociation energy of1 to the zwitterionic
monomers is reduced to+108 kJ/mol in water (∼23% of the
gas-phase value), which translates into a dissociation free energy
of ∆G ) +56 kJ/mol. This is quite reasonable compared to the
experimental value of∆G ≈ +15 kJ/mol measured from NMR
dilution studies. In comparison of these data, one has to take
into account that our theoretical approach computes dissociation
free energies for one single dimer of1 in the solvent. The
experimental values are however measured at millimolar
concentrations. As the ionic strength (salt concentration) of the
solution has a tremendous destabilizing effect on the stability
of salt bridges, it is not surprising that the experimental value
is smaller than the calculated one. For example, Schneider
assigns an upper limit of dissociation energies of∆G ≈ 8 kJ/
mol to single organic ion pairs in an indefinite dilute solution,44

but at millimolar concentrations the corresponding association
constants of these ion pairs are more than a factor of 1000
smaller! Gallivan and Dougherty came to a similar conclusion
on the basis of a theoretical characterization of the methylam-
monium-acetate dimer.15g The computed and measured data
underline that similar to the situation in gas phase also for water
as solvent dimer1 is much more stable than other organic
zwitterionic dimers. For regular organic zwitterionic dimers, a
stability of ∆G e 16 kJ/mol would be expected based on
Schneider’s evaluation of literature data. Hence, our dimer1 is
at least three times more stable. Similar to the situation found
in the gas-phase part of this larger stability results probably again

from the higher energy content of the rigid monomers of1
compared to more flexible zwitterions. The instability of the
zwitterionic monomer caused by its lack of intramolecular
charge stabilization seems to emerge as an interesting principle
for the realization of highly stable electrostatically driven self-
assembly.

With respect to the gas phase (Chart 3) the electrostatic
potential computed for a polar solvent (Chart 4) shows a
considerably higher polarization. The electrostatic potentials
reflect nicely the strong binding interaction between both
monomers.

The Neutral Analogue (2).The calculated dimer dissociation
energies (gas phase∆Eelec) +116 kJ/mol,∆G ) +45 kJ/mol;
polar solvent∆Eelec ) +48 kJ/mol,∆G ) -17 kJ/mol) are
much smaller compared to the zwitterionic dimer1 reflecting
the great importance of charge interactions within this kind of
dimers. The influence of the solvent on2 (reduction by about
60%) is weaker than on the zwitterion1 for which a reduction
by about 80% is calculated. Such an effect is generally found
if salt bridges are compared to neutral hydrogen bonds. Even
though the electronic dissociation energy is still negative, a
positive free energy of dimerization∆G is computed in water
showing that the hydrogen binding interactions within the dimer
are not sufficient to compete with solvation. In polar solvents
the neutral analogue2 is therefore predicted to exist only in
form of monomers, which was indeed experimentally ob-
served.14 For the neutral dimer2 the polarization upon solvation
reflected by the electrostatic potential is less pronounced than
for 1 (Charts 3 and 4).

Knock-Out Analogues 3-6: “Switching Off” Single
Hydrogen Bonds.From the comparison of the stabilities of1
and its neutral analogue2 one could conclude that the main
and most important factor responsible for the different stabilities
is the zwitterionic nature of1 and hence the resulting coulomb
interaction between the monomers. However, that this inter-
pretation is premature can be seen by taking a look at the knock-
out analogues3a, 4, 5, and6. These are all zwitterionic species
with extensive charge interactions between the monomers (see
Charts 3 and 4 for the electrostatic potentials) but different
hydrogen-binding schemes compared to1. Despite their zwit-
terionic nature, the calculated stabilities are much lower than
for the parent zwitterion1. In the gas phase, the dissociation
energies with respect to the zwitterionic monomers of the dimers
3a, 4, 5, and6 lie between+340 and+364 kJ/mol correspond-
ing to about 80% of the value for the zwitterion1 (BLYP
computations).45 Solvation reduces their dissociation energies
to about+48 to +64 kJ/mol, which are only about half of the
corresponding dissociation energy of1 (B3LYP calculations).
This clearly demonstrates that the mere charge interaction is
not enough to explain the stability of dimer1. The strength of
the ion pair must be also influenced by the exact nature of
hydrogen bond network.

But the computed dissociation energies of3-6 indicate that
a second simple model based on just counting the number of
formal hydrogen bonds within the binding motifs is not sufficient

(41) (a) Barril, X.; Alemán, C.; Orozco, M.; Luque, F. J.PROTEINS1998, 32,
67-79. (b) Zhen, Y.-J.; Ornstein, R. L.J. Am. Chem. Soc.1996, 118,
11237-11243. (c) Mason, P. E.; Neilson, G. W.; Enderby, J. E.; Saboungi,
M.-L.; Dempsey, C. E.; MacKerell, A. D., Jr.; Brady, J. W.J. Am. Chem.
Soc. 2004, 126, 11462-11470.

(42) (a) Ahn, D.-S.; Park, S.-W.; Jeon, I.-S.; Lee, M.-K.; Kim, N.-H.; Han, Y.-
H.; Lee, S.J. Phys. Chem. B2003, 107, 14109-14118. (b) Jeon, L.-S.;
Ahn, D.-S.; Park, S.-W.; Lee, S.; Kim, B.Int. J. Quantum Chem. 2005,
101, 55-66.

(43) Attempts to find a local minimum for the neutral structure of dimer1 in a
polar solvent (COSMO calculation) failed. All optimizations starting from
neutral geometries (proton attached to the carboxylate groups) transformed
into zwitterionic structures without any barrier. Geometrical structures with
fixed O-H distances (∼1.044 Å) lie about 150 kJ/mol above the
zwitterionic structure.

(44) Hossain, M. A.; Schneider, H.-J.Chem.-Eur. J. 1999, 5, 1284-1290.

(45) As for1, the lowest dissociation channel of these knock-out analogues in
the gas phase would lead to the neutral monomers. We are, however, mainly
interested in a comparison of the various binding schemes and in the results
obtained for a polar solvent. Therefore, we will only compare the
dissociation energies with respect to the zwitterionic monomers both in
the gas phase and in water.

Figure 1. Left: reaction diagram of 1 in the gas phase (B3LYP/TZVPP//
BLYP/TZVPP). Right: reaction diagram of arginine in the gas phase
(B3LYP/6-31G**).34 The neutral form of a monomer is abbreviated as X,
whereas X* denotes the zwitterionic analogue.
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either. If one neglects the weaker C-H‚‚‚O- bonds, the knock-
out analogues except3b all possess four instead of six formal
hydrogen bonds in dimer1. On the basis of the number of H
bonds, one would expect dissociation energies of about+300
kJ/mol for the gas phase and about+70 kJ/mol for a polar
solvent (∼66% of stability of dimer1). On one hand, the
computed dissociation energies between+340 and+364 kJ/
mol for the gas phase show that here the missing of two H
bonds relative to1 is somehow compensated, i.e., the dimers
are more stable than expected on the basis of this simple model.
On the other hand, for a polar environment the dissociation
energy decreases above average with respect to the number of
H bonds. With dissociation energies of about+48 to +64 kJ/
mol, the dimers are less stable than expected. Part of this finding
can be probably explained by the effect that in the gas phase
especially anionic groups have an extremely high energy content
and benefit from any kind of molecular interaction, which allows
a larger polarization of the negative charge.46 This stabilizing
effect is more or less independent from the exact chemical nature
of the monomer and its binding motif. Therefore, the relative
importance of any other noncovalent interaction (such as H
bonds or even ion pairs) for the stability of the dimers is reduced
in the gas phase. In a polar solution, however, the anion is
already stabilized by the solvent molecules. Hence, the relative
importance of additional or missing H bonds increases.

As both simple models (number of coulomb interactions and
number of H bonds) fail to predict the stability of these
zwitterionic dimers, a more sophisticated insight into the various
noncovalent interactions and their mutual interplay is needed.
An estimate of the importance of the individual hydrogen bonds
and of cooperative effects can be obtained by comparing the
dissociation energies of3a, 3b, 4, 5, and6. Within this series,
compound3b possesses the same hydrogen-bond pattern as1
and the same kind of charge interactions. Therefore, its
dissociation energies in gas phase (+443 kJ/mol) and polar
solvent (+111 kJ/mol) are more or less identical to those of1.

As mentioned before all the other “knock-out” analogues,
3a-6 have a different H-binding pattern and all lead to a
drastically reduced stability of the dimers compared to1 (and
3b). But even though their number of formal H bonds is
identical, their stabilities differ significantly. This is most likely
due to the different nature of the H bonds and additional
secondary electrostatic effects. For example, in dimers3a and
4, each carboxylate is bound by one neutral H bond (from the
pyrrole NH) and one ionic H bond (from the amidinium or
guanidinium moiety, respectively), whereas in dimers5 and6,
both H bonds are ionic. Furthermore, dimer3a exhibits
bidentated hydrogen bonds to the inner carboxylate oxygen and
the outer oxygen is not bound at all, whereas in dimers4-6
both oxygens are hydrogen bonded.

Let us first compare dimers3a and4. In the gas phase, the
dissociation energy of4 is 29 kJ/mol higher than the dissociation
energy of3. Binding of both oxygens by one H bond each is
obviously more efficient than two H bonds to the same oxygen
atom. However, for a polar solvent this trend is reversed. Upon

solvation the stability of dimer4 drops to 13% of the gas-phase
value, whereas the one of3a decreases to about 17%. As a
consequence, in a polar environment dimer3a is predicted to
possess a higher dissociation energy than dimer4 (+64 vs+55
kJ/mol). This reflects the stronger impact of solvation on the
solvent-exposed hydrogen bond (bond 1), which is present in
dimer 4 but not 3a. This effect could already be seen in the
variation of the bond distances of the parent zwitterion1 (Table
1). For3a and4, additional C-H‚‚‚-O2C interactions have to
be considered. On the basis of computations for CH4‚‚‚-Cl (∼10
kJ/mol),47 we estimate these effects to about 10 kJ/mol for the
gas phase and about 2-3 kJ/mol in a polar solvent.48,49Higher
values than for CH4‚‚‚- Cl could be assumed since the
neighbored guanidinium group increases the acidity of the CH3

or CH2 group. A smaller value could be estimated since the
charge of the carboxylate group is smeared over the whole unit.
This effect will be enhanced by the interactions between the
guanidinium group and the carboxylate group. In all respect
the C-H‚‚‚-O2C interactions can be considered to be much
smaller than the effects discussed above.

Surprisingly, for gas phase the calculations for the cyclopen-
tadienyl derivative5 predict a dissociation energy of+364 kJ/
mol, which is equal to the amidine derivative4. One would
expect a higher dissociation energy for5 than for4 since the
H-bond pattern of5 contains two ionic H bonds instead of one
neutral and one ionic one for4, and furthermore, the binding
motif of 5 allows attractive secondary interactions. Additionally,
5 could be stabilized by an attractive interaction between the
CH2 group of the cyclopentadienyl unit and the carboxylate
group. Obviously, this possible advantage is probably canceled
out to some extent by other factors. One possibility could be
geometric strain in5. Additionally the C-H‚‚‚-O2C interactions
could be decreased since the charge of the carboxylate group is
smeared out as discussed for4. For a polar environment,5
(decreased to 16% of the dissociation energy in gas phase)
becomes more stable than knock-out analogues4 and 6 as
expected for its binding motif with two ionic H bonds and no
further destabilizing secondary interactions. “Knock-out” ana-
logue 3a has a similar stability in water as5, despite its less
efficient binding motif. This again probably reflects the fact
that the influence of the solvent on the stability of the various
H bonds depends on their accessibility.

The furan derivative6 exhibits the same H-bond pattern with
two ionic H bonds as the cyclopentadienyl derivative5 and
could have been expected to be equally stable. However,
although the outer hydrogen bond is even shorter than in5,
repulsive secondary electrostatic effects connected with oxygen
lone pairs of the furan oxygen and the bound carboxylate
reduces the dissociation energies about 19 kJ/mol in the gas
phase and 13 kJ/mol in a polar solvent, respectively. This
repulsive interaction, which is also nicely reflected from the
electrostatic potentials of6 (Charts 3 and 4), makes dimer6
even slightly less stable than the neutral analogue2.

(46) (a) Lau, E. Y.; Newby, Z. E.; Bruice, T. C.J. Am. Chem. Soc.2001, 123,
3350-3357. (b) Laitinen, T.; Rouvinen, J.; Pera¨kylä, M. J. Org. Chem.
1998, 63, 8157-8162. (c) Helten, H.; Schirmeister, T.; Engels, B.J. Phys.
Chem. A2004, 108, 7691-7701. (d) Garau, C.; Frontera, A.; Quinonero,
D.; Ballester, P.; Costa, A.; Deya, P. M.J. Phys. Chem. A2004, 108, 9423-
9427.

(47) Hay, B. P.; Gutowski, M.; Dixon, D. A.; Garza, J.; Vargas, R.; Moyer, B.
A. J. Am. Chem. Soc.2004, 126, 7925-2934.

(48) The decrease assumes that the CH4‚‚‚-Cl interaction similarly behaves upon
solvation than all other effects.

(49) The major contribution to∆S is the changes in translation and rotation
resulting from the formation of one single dimer from two independent
monomers. This part of∆S, however, is not influenced by the solvent. Its
effect on the already smaller absolute dissociation energies in solvent is
therefore more pronounced.
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The discussion so far was restricted to the mere electronic
dissociation energies to analyze the intrinsic stabilities of the
various binding motifs. Thermodynamic contributions leading
from dissociation energies to the corresponding enthalpies and
free energies considerably reduce the stability of all dimers
(Table 3) with respect to their monomers. In the gas phase, the
reduction is about 25%. For a polar solvent the relative
importance of the corrections is considerably stronger due to
smaller absolute dissociation energies.49 As shown in Table 3
within a polar solvent the absolute values of theT∆S term vary
between 50 and 66 kJ/mol. The variations in∆S among the
series arrive mainly from the contributions of vibration (∆Svib),
while the corrections due to translation and rotation are very
similar (see Supporting Information). One could expect that the
variations mainly correlate with the magnitude of the binding
interaction between the monomers since as a result of this
binding various low-lying bending vibrations of the monomers
are hindered considerably. However, such a correlation is not
found as most prominently shown by a comparison between1
and3b. The dissociation energies of both compounds are very
similar, but theirT∆S terms differ by 11 kJ/mol (∼20%). This
may result from the rigidity of the molecules studied here. The
size ofT∆S is therefore probably determined by the reorganiza-
tion of the whole electronic structure upon dimerization. The
sum of the resulting subtle changes in all monomer bonds
leading to various slight changes in many vibrations then
determines the changes in∆Svib. It is important to note that
even the thermodynamic corrections change the trend in the
predicted stabilities to some small extent. However, considering
the theoretical approximations, differences smaller than 5 kJ/
mol are too small for sound predictions.

On the basis of the computed∆G values, we see that besides
1 and 3b only dimer 5 is expected to form stable dimers in
water. For all other analogues the dimerization in water is
endergonic. And even for dimer5 the dissociation free energy
is rather small (∆G ) +13 kJ/mol for a hypothetical infinite
dilute solution), probably not allowing its experimental detection
due to the salt effect mentioned above, which will further
decrease the stability in macroscopic samples. Apart from the
fact that5 due to its tautomeric instability can never be studied
experimentally.

Conclusions

In the present study, we investigate the molecular interactions
in 5-(guanidiniocarbonyl)-1H-pyrrole-2-carboxylate by comput-

ing various “knock-out” analogues in which single hydrogen
bonds are switched off. The influence of a polar solvent is also
tested. Our computations clearly show that simple models fail
to predict the stability of the knock-out analogues.

Our analysis of the “knock-out” analogues indicates that the
following interactions seem to be important: (a) charge interac-
tions within ionic hydrogen binding networks are significantly
more stable than simple point charge interactions, (b) additional
neutral H bonds further stabilize the dimer but less efficiently
than the ionic ones, (c) solvation affects H bonds differently
depending on their accessibility, and (d) secondary electrostatic
interactions further modulate the stability.

The comparison of 5-(guanidiniocarbonyl)-1H-pyrrole-2-
carboxylate dimer with the arginine dimer in the gas phase
revealed a final important effect: The zwitterionic monomer
of 5-(guanidiniocarbonyl)-1H-pyrrole-2-carboxylate has a con-
siderably higher energy content than the zwitterionic form of
arginine. The strong stabilization of the latter arises from the
interaction of the charged ends, which is prevented in 5-(guani-
diniocarbonyl)-1H-pyrrole-2-carboxylate due to its stiffness.
Transferring this knowledge to the situation in a polar medium
the high stability of the 5-(guanidiniocarbonyl)-1H-pyrrole-2-
carboxylate dimer (e.g., in comparison to arginine) seems to
result also from the monomers, which are less stabilized. This
finding suggests a new approach for the optimization of
supramolecular self-assembly. To have a strong dimerization
affinity, the monomers should be as rich in energy as possible,
i.e., this principle does not only focus on the number and
strengths of the bonds in the dimers but tries to enforce this
effect by thermodynamically high lying monomers.
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