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The search for new systems that sustain phenomena such as
intramolecular hydrogen bonds (IMHB),[1, 2] proton transfer
along hydrogen bonds,[3, 4] and coupling constants through
hydrogen bonds,[5, 6] led us to select 6-aminofulvene-1-aldi-
mines. These compounds were reported in the 1970s by
Müller-Westerhoff and Ammon, who determined the X-ray
structure of 1 and its NMR spectroscopic properties in
solution.[8, 9]
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It is clear from these studies and from others by
Jackman et al. ,[10] that 1 is very suitable for
advancing the knowledge of the problems that
we have summarized above. It is an analogue of
the enol of a double imine (the b-enamino-
imines),[11] but with a pseudo seven-membered
instead of pseudo six-membered ring. The X-ray
structure shows that 1 has an asymmetric hydro-
gen bond in the solid state while in solution it
behaves like a symmetric compound, that is, as if
1 a and 1 b were in very rapid equilibrium. These
observations can be rationalized with the hypoth-
esis that 1 is a case of low barrier hydrogen
bonding (LBHB) with a double-well potential.

The ªsymmetricº character of 1 makes it
difficult to study its NMR properties in solution.
Therefore, we decided to synthesize a highly
asymmetric 6-aminofulvene-1-aldimine. We chose
to replace one of the phenyl groups in 1 with a
triazole, which results in compound 2. For the
NMR studies, labeling of the nitrogen atoms of
the hydrogen bond, N1 and N9, was required.
Since the four nitrogen atoms of aminotriazole
(N9, N1', N3', and N4') come from hydrazine, it is
easy to prepare the fully labeled compound [15N5]-
2. Compounds 2 and [15N5]-2 were prepared, in
two steps, from 6-N,N-dimethylaminofulvene-1-
N,N-dimethylaldimmonium perchlorate (3 ; not
shown).[12] First, reaction of 3 with one mole of
4-amino-1,2,4-triazole afforded the intermediate
N-[{5-[(dimethylamino)methylene]-1,3-cyclopen-
tadien-1-yl}methylene]-4-amino-1,2,4-triazole (4 ;
not shown), which after isolation was treated with
one mole of aniline. The corresponding 15N5-
labeled derivative was prepared in the same way
but with [15N]-aniline (commercial) and [15N4]-4-
amino-1,2,4-triazole (see Experimental Section).

The crystal structure analysis of 2 (Figure 1 a) shows[13] that
pattern of the bond lengths and angles does not display the C2v

symmetry previously observed in compound 1.[9] This fact is
consistent with the presence of a maximum close to the N1
atom and with the lack of electron density near N9 in a
difference synthesis computed at the end of the refinement.
The C8ÿN9 and C2ÿN1 distances are close to the values of
1.279(8) and 1.339(16) � reported for carylÿC�NÿC and
C�CÿNHÿC fragments.[17] In addition, the value of the angle
at N1, to which the H atom is bonded, is significantly greater

than the corresponding one at N9. The phenyl and the triazole
rings are almost coplanar in 2 (Figure 1 b), the greatest torsion
angle is the C2ÿC3ÿC7ÿC8 angle, and the C2 and C8 atoms
are located on opposite sides of the five-membered planeÐ
0.094(2) and 0.076(2) �, respectively. The presence of the
N1ÿH1 ´´´ N9 intramolecular hydrogen bond may be respon-
sible for the planarity of this system, together with some
degree of charge delocalization, which is mainly observed in
the C7ÿC3ÿC2ÿN1 fragment. Figure 1 c illustrates the ar-
rangement of molecules in centrosymmetric dimers through
C17ÿH17 ´´ ´ N18 contacts between triazoles. Besides this,
weaker C2ÿH2 ´´´ N19 contacts form a chain of dimers giving
rise to a ribbon-like network and allowing a partial overlap of
the phenyl rings. These strands, related by 21-screw axis/glide
plane, pack in a herringbone fashion. In summary, the
structure of 2 determined by X-ray crystal analysis is that of
tautomer 2 a, a result that is in agreement with the higher

Figure 1. Compound 2 in the solid state. a) Molecular structure which shows the
numbering system. Selected bond lengths [�] and angles [8]: N1-C2 1.321(2), C2-C3
1.377(2), C7-C8 1.423(2), C8-C9 1.285(2); C2-N1-C10 126.1(1), C8-N9-N16 116.0(1). b) A
perpendicular view to that of a) which shows the conformation of the molecule. Selected
angles [8]: C2-C3-C7-C8 ÿ8.3(3), C3-C7-C8-N9 3.4(3), C7-C8-N9-N16 ÿ179.1(2), C8-N9-
N16-C20 ÿ7.0(3), C7-C3-C2-N1 ÿ1.6(3), C3-C2-N1-C10 ÿ178.6(2), C2-N1-C10-C11
1.6(3). c) Partial packing diagram along the b axis to illustrate the one strand formed by
two centrosymmetric hydrogen-bonding chains. Hydrogen-bonding interactions (given as
DÿH ´´´ A (symmetry operation), D ´´´ A and H ´´´ A distances [�], DÿH ´´´ A angle [8]):
N1ÿH1 ´´´ N9 (x,y,z), 2.837(2) and 1.97(2), 153(1); C17ÿH17 ´´´ N18 (ÿx,1ÿ y,ÿ z), 3.349(3)
and 2.55(3), 138(2); C2ÿH2 ´´´ N19 (x,y,1� z), 3.470(3) and 2.64(3), 141(2).
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acidity of the N-triazole group relative to the N-phenyl
moiety.

Table 1 summarizes the most relevant data related to the
IMHB of compound 2 in solution. Of importance are: 1) the
negative primary isotope shift, PD�ÿ0.13, which corresponds
to an asymmetric double well potential, according to Hibbert
and Emsley, between medium and weak hydrogen bonds;[18]

2) the coupling constants involving the NÿH ´´´ N system and
in particular the scalar one, 2hJ(N1ÿH ´´´ N9), of 8.6 Hz. Note
that the ratio of 1J(15N,1H) to 1J(15N,2H) is close to the
theoretical value of 6.5, while there was no significant effect
on the coupling constant 2dJ(NÿH(D) ´´´ N) when deuterium
replaced protium. Moreover, we have prepared the N-methyl
derivative of [15N5]-2 (replacement of H10 by a methyl group)
and in this case the 2hJ(15N1,15N9) disappears.

We have carried out HF/6-31G** and HF/6-311G** ab
initio calculations on tautomers 2 a and 2 b, and on a model
compound 5 (where the phenyl rings of 1 have been replaced
by hydrogen atoms). In the case of compound 2, the HF/6-
31G** calculations yield the following values: 2 a : energy�
ÿ847.75472 hartrees, m� 7.25 D, (rNN� 2.893 �); 2 b : ener-
gy�ÿ847.74843 hartrees, m� 5.59 D, (rNN� 2.833 �). There-
fore, an extra stabilization of 16.5 kJ molÿ1 is found for
tautomer 2 a ; this result corresponds to the experimental
findings both in the solid state and in solution.

Three series of calculations were carried out on model
compound 5, HF/6-31G**, HF/6-311G**, and B3LYP/6-
31G*. The calculated barriers to proton transfer are 47.8,
49.4, and 18.8 kJ molÿ1, respectively. As expected, the inclu-
sion of electronic correlation, through the density functional
approach, considerably improves the results.[19] When the
zero-point energy correction is included, the last barrier
lowers to 7.3 kJ molÿ1. Therefore, 5, and probably 1 and 2 as
well, are LBHB although the hydrogen bonds are not
necessarily very strong.

Since we have established without doubt that a 2hJ(15N,15N)
is evident for compound 2 (see Table 1), then the coupling
constant of 4.4 Hz could have been assigned to either a
1hJ(15N9,1H10) for 2 a or a classical 1J(15N9,1H10) for a small

amount of tautomer 2 b. We do not think that the latter
explanation is true because both 1J(15N1,1H10) of 88.6 Hz and
the 1hJ(15N9,1H10) of 4.4 Hz are independent of temperature
and solvent (the same values were obtained in THF and
DMF). Even if DS could be zero, it is highly improbable that
the equilibrium 2 a/2 b would be solvent independent when
the difference in dipole moments is taken into account (see
above). Therefore, we assume that the large value of
1hJ(15N9,1H10) is associated with the special properties of
the hydrogen bond in 2.

A novel, asymmetric 15N-labeled seven-membered hydro-
gen chelate exhibiting a strong intramolecular asymmetric
hydrogen bond has been synthesized, and its structure studied
by X-ray crystallography, NMR spectroscopy, and ab initio
calculations. The compound does not only exhibit a substan-
tial 15N ´´ ´ 15N coupling constant but also an unusually large
H ´´´ 15N coupling across the hydrogen bond. Evidence is
provided that this coupling is not the result of a tautomerism.
These results open up a new field of hydrogen-bond research
by NMR spectroscopy. This work has increased the under-
standing of the behavior of 6-aminofulvene-1-aldimines, but
13C and 15N NMR studies in the solid state are necessary and
15N-labeled 1 should be prepared in order to determine the
values of 2hJ(15N,15N) and 1hJ(15N,1H) in the case of a ªsym-
metricalº compound by indirect NMR methods in solution.

Experimental Section

General: Melting points were determined by differential scanning calo-
rimetry on a SEIKO DSC 220C connected to a Model SSC5200H Disk
Station. Thermograms (sample size 3 ± 10 mg) were recorded at the
scanning rate of 2.0 8C minÿ1. Column chromatography was performed on
silica gel (Merck 60; 70 ± 230 mesh) and the Rf values were measured by
thin layer chromatography on aluminum sheets of silicagel (60 F254;
thickness 0.2 mm) using the appropriate eluent. FAB mass spectrometry of
2 has already been described.[20] Hartree ± Fock ab initio calculations were
carried out with the Spartan 5.0 package running on a Silicon Graphics O2
workstation. NMR spectra were recorded on a Bruker DRX 400
spectrometer (9.4 Tesla, 400.13 MHz for 1H, 61.42 MHz for 2H,
100.62 MHz for 13C, and 40.56 MHz for 15N). Chemical shifts (d) are given
based on internal CDCl3 (7.26 (1H), 7.25 (2H), and 77.0 ppm (13C)) and
external nitromethane for 15N. Coupling constants (J) are accurate to
�0.2 Hz for 1H and �0.6 Hz for 13C and 15N.

Compound [15N4]-4 : A solution of 6-N,N-dimethylaminofulvene-1-N,N-
dimethylaldimmonium perchlorate (3)[12] (1 g, 3.21 mmol) in EtOH
(20 mL) was refluxed with [15N4]-4-amino-1,2,4-triazole[21] (0.57 g,
6.48 mmol) for 21 h. The solvent was removed by evaporation and the
crude product was purified by column chromatography with EtOH/
chloroform (1/3) to afford [15N4]-4 (0.42 g, 60%). mp 201.6 8C (decomp
up to 207.4 8C); 1H NMR (CDCl3): d� 8.81 (br. s, H2), 8.47 (ddd, 2JH8,N9�
2.2, 3JH8,N1'� 8.1, 5JH8,H4� 0.6 Hz; H8), 8.42 (m; H2' and H5'), 6.97 (dd; H4),
6.86 (dd, 4JH6,H4� 1.6 Hz; H6), 6.52 (ddd, 3JH5,H6� 3.2, 3JH5,H4� 4.6, 5JH5,H2�
0.9 Hz; H5), 3.46 (s, CH3), 3.36 (s, CH3); 13C NMR (CDCl3): d� 157.5 (1J�
156.5, 3JC,H� 3.4 Hz; C8), 152.9 (1J� 170.1, 4JC,N� 3.8 Hz; C2), 138.3 (1J�
211.7, 3JC,H� 4.0, 1JC,N� 13.5 Hz; C2' and C5'), 134.2 (1J� 165.2, 3JC,N�
3.9 Hz; C6), 125.0 (1J� 166.2 Hz; C4), 124.7 (2JC,N� 5.2, 3JC,N� 6.9 Hz;
C7), 123.0 (1J� 167.0, 2JC,H� 2JC,H� 3.6 Hz; C5), 113.1 (C3), 48.2 (1J�
140.3 Hz; CH3), 41.0 (1J� 140.5 Hz; CH3); 15N NMR (CDCl3): d�ÿ268.2
(N1),ÿ162.6 (1JN9,N1'� 13.8 Hz; N1'),ÿ103.6 (1JN9,N1'� 13.8 Hz; N9),ÿ66.5
(N3' and N4'); elemental analysis calcd for unlabeled C11H13N5: C 61.38, H
6.09, N 32.54; found: C 61.59, H 6.18, N 32.42.

Compound [15N5]-2 : A solution of [15N4]-4 (0.35 g, 1.60 mmol) in EtOH
(18 mL) was refluxed with 15N-labeled aniline (0.19 g, 2.00 mmol) for 7 h.
The solvent was removed by evaporation and the crude product was
purified by column chromatography with the following eluents: with

Table 1. Summary of the most relevant NMR spectroscopy data[a] of
compound [15N5]-2 and its derivative [15N5,2H1]-2 (monodeuterated at
position 10).

[15N,1H]-2 [15N,2H]-2

d1H 12.77 ±
d2H ± 12.65
PD[b] ÿ 0.13
d15N1 ÿ 238.1 ÿ 239.3
d15N9 ÿ 121.0 ÿ 120.9
1J(N1,H)[c] 88.6 ±
1J(N1,D)[c] ± 13.2
1J(N1,H)/1J(N1,D)[d] 6.7
1hJ(N9,H)[c] 4.4 ±
1dJ(N9,D)[c] ± not observed
1J(N9,H)/1J(N9,D)[d] < 1
2hJ(N1 ´´´ H ´´´ N9)[c] 8.6 ±
2dJ(N1 ´´´ D ´´´ N9)[c] ± 8.5

[a] Solvent�CDCl3. [b] d2Hÿ d1H. [c] Values in Hz. [d] Theoretical
value� 6.5.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4002-0423 $ 17.50+.50/0 423

Identification and Isolation of a Receptor for
N-Methyl Alkylammonium Salts: Molecular
Amplification in a Pseudo-peptide Dynamic
Combinatorial Library**
Graham R. L. Cousins, Ricardo L. E. Furlan,
Yiu-Fai Ng, James E. Redman, and
Jeremy K. M. Sanders*

Dynamic combinatorial chemistry[1] (DCC) offers a new
strategy for the identification of new host and guest com-
pounds with the potential for catalysis and drug activity.[1, 2] It
combines the merits of combinatorial chemistry[3] with
molecular evolution, whereby a combinatorial library of
candidate molecules is generated by the assembly of building
blocks through reversible bonds. As a consequence, all the
library members are interconverting through exchange proc-
esses to give a product distribution which is under thermody-

AcOEt/hexane (5/1) [15N2]-1 (Rf 0.88 in CHCl3/EtOH (10/1)) was eluted
first, followed by unreacted aniline (Rf 0.67 in CHCl3/EtOH (10:1)); with
AcOEt [15N5]-2 was eluted (Rf 0.46 in CHCl3/EtOH (10:1)); finally, with
CHCl3/EtOH (10/1), the starting material [15N4]-4 was recovered (Rf 0.24 in
CHCl3/EtOH (10:1)). Product: [15N5]-2 (0.21 g, 49%); mp 213.9 8C
(decomp); 1HNMR (CDCl3): d� 12.77 (ddd, 1JN1,H10� 88.6, 3JH10,H2� 13.9,
1hJN9´´´H10� 4.4 Hz; H10), 8.54 (ddd, 2JH8,N9� 2.4, 3JH8,N1'� 7.3 Hz; H8), 8.51
(m; H2' and H5'), 8.06 (td, 4JH2,N9� 5JH2,H6� 0.9 Hz; H2), 7.44 (t; ArH(m)),
7.26 (ddd; H6), 7.24 (m; ArH(o)), 7.20 (m; ArH(p)), 7.08 (ddd, 4JH6,H4� 1.9,
5JH4,H8� 0.7 Hz; H4), 6.53 (dd, 3JH5,H6� 3.2, 3JH5,H4� 4.3 Hz; H5); 13CNMR
(CDCl3): d� 157.9 (1J� 159.4, 3JC,H� 4.0, 1JC,N� 4.8 Hz; C8), 143.9 (1J�
166.7, 1JC,N� 15.9 Hz; C2), 141.4 (1J� 159.4, 3JC,N� 4.8 Hz; C6), 139.0
(1JC,N� 14.8 Hz; ArC(i)), 138.4 (1J� 211.1, 1JC,N� 12.3 Hz; C2' and C5'),
135.9 (1J� 166.4, 3JC,N� 3.5 Hz; C4), 130.2 (1J� 162.1, 3JC,N� 1.9 Hz;
ArC(m)), 125.8 (1J� 163.8 Hz; ArC(p)), 122.3 (1J� 168.7 Hz; C5), 120.0
(2JC,N� 5.2, 3JC,N� 8.5 Hz; C7), 117.4 (1J� 155.3 Hz; ArC(o)), 116.9 (C3);
15N NMR (CDCl3): d�ÿ238.1 (2hJN1ÿH10´´´N9� 8.6 Hz; N1), ÿ167.7
(1JN9,N1'� 11.8 Hz; N1'), ÿ121.0 (2hJN1ÿH10´´´N9� 8.6, 1JN9,N1'� 11.8 Hz; N9),
ÿ64.4 (N3' and N4'); 15N NMR (CDCl3�D2O): d�ÿ239.3 (1JN1,D� 13.2,
2hJN1ÿD´´´N9� 8.5 Hz; N1), ÿ167.3 (1JN9,N1'� 12.0 Hz; N1'), ÿ120.9 (1JN9,N1'�
11.9, 2hJN1ÿD´´´N9� 8.5 Hz; N9),ÿ66.8 (N3' and N4'); elemental analysis calcd
for unlabeled C15H13N5: C 68.42, H 4.98, N 26.60; found: C 68.60, H 4.96, N
26.52.

The N-methyl derivative of [15N5]-2 in [D8]THF presents the following 15N
NMR signals: d�ÿ254.2 (N1), ÿ163.6 (N1'), ÿ100.2 (N9) and ÿ63.5 (N3'
and N4').
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