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Selective Host Amplification from a Dynamic Combinatorial Library of
Oligoimines for the Syntheses of Different Optically Active
Polyazamacrocycles
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Two different macrocyclic hosts are amplified and expressed
by metal guests from the same dynamic combinatorial library
(DCL) of oligoimines. We studied the thermodynamic tem-
plate effect and the structure of the final compounds by a
combination of ESI-MS, UV and NMR spectroscopy, and X-
ray crystallography techniques. The use of Ba'l or Cd" metal
salts allows the selective synthesis of dimeric [2+2] or trimeric
[3+3] cyclic structures, respectively. We observed a
cooperative molding effect for the Cd ion-templated process.
A study of the DCL behavior in situ demonstrated a second
level of molecular diversity, based on the imine/a-methoxy-

amine equilibrium. This process is probably promoted by
metal ion coordination and shows an interesting diastereose-
lectivity in the formation of the new chiral centers. Semiem-
pirical (PM3) theoretical calculations also support these ex-
perimental observations. Reduction of the imine bonds al-
lows the selective preparation and isolation of each macro-
cyclic polyamine on a synthetic scale and in a one-pot
procedure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Dynamic combinatorial chemistry (DCC) is becoming a
useful tool for the discovery and isolation of new host and
guest compounds.'! A dynamic combinatorial library
(DCL) of compounds is a mixture of building blocks con-
nected through reversible bonds that are able of undergoing
exchange under thermodynamic control.’! Addition of the
guest changes the equilibrium mixture towards its best host.
Final quenching of the exchange process allows the identifi-
cation of the selected host and it also can be used for its
expression, amplification, and isolation.’] This molecular
evolution concept has been proposed as a new method for
screening® and discovering!® drugs, but there are few ex-
amples of synthetic applications.[>¢! Transimination[>*—3¢7]
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and metal coordination processes,[’*8 among others,[3-6-%]
have been used previously to generate DCLs.

On the other hand, very recently, a simple non-templated
[3+3] cyclocondensation between enantiopure trans-cyclo-
hexane-1,2-diamine and aromatic dialdehydes was re-
ported.['% These results were explained in terms of the con-
formational requirements of both the cyclohexane and aro-
matic moieties of the diimine.l'° Actually, [3+3] products
were isolated for the 1,4-disubstituted aromatic moiety,
while some amounts of the [2+2] cyclic oligomers were re-
adily observed for some of the 1,3-dialdehyde deriva-
tives.l'%®l The effect of the diimine conformation on the
macrocyclization has been established recently for phenolic
dialdehydes in which an intramolecular hydrogen bond sta-
bilizes the s-trans conformation of the diimine moiety.['!]
Intriguingly, when the aromatic ring is a pyridine unit, the
[24+2] cyclic oligoimine was obtained in moderate to low
yields.['?l This result can be explained by considering the
different conformational requirements of pyridylimine com-
pounds.l'3l Here we report the molecular amplification of
two receptors from this DCL of macrocyclic imines, by tem-
plating with different metal salts. The equilibrium mixture
can be frozen by simple in situ reduction of the C=N
bonds, which in this case leads to different optically active
macrocyclic polyamine receptors in a one-pot methodology
and from the same initial DCL.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1117
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Results and Discussion

1. Generation of the Library

Based on pyridylimine’s conformational preferences and
preliminary theoretical calculations, we envisioned that the
introduction of a pyridine ring in the dialdehyde would al-
low us to build a true DCL of oligoimines. This concept
is, in fact, what the ESI-MS spectrum!'#! (Figure 1) of an
equimolecular mixture of (R,R)-cyclohexane-1,2-diamine
(1) and pyridine-2,6-dicarboxaldehyde (2) in methanol indi-
cates (Scheme 1). Imine formation takes place after a few
minutes of mixing reactants, as evidenced in the '"H NMR
spectrum by the rapid disappearance of the aldehyde HC=
O signal (6 = 10.04 ppm) and the appearance of an imine
HC=N signal (§ = 8.33 ppm). Acquisition of 'H NMR
spectra after several hours, to ensure that equilibrium is re-
ached, showed broad signals. This dynamic process can be
due to a combination of conformational equilibria, imine
cis—trans configurational mixtures, or an interconversion
between differently sized oligomeric imines, ranging from
the cyclic [2+2] to [6+6] products (Scheme 1, Figure 1).
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Figure 1. ESI-MS spectrum of the DCL of oligoimines
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Scheme 1. Generation of the DCL of oligoimines

Surprisingly, during the preparation of this manuscript,
a paper came out where the authors claimed that the same
reaction in refluxing dichloromethane yielded exclusively
the [3+43] cyclic imine in high yield.!'> In our hands, this
procedure always led to a similar mixture to the one ob-
tained in MeOH at room temperature, as shown by the ESI-
MS spectrum of the crude product (Figure 1 and Figure S1
in the Supporting Information; for Supporting Information
see the footnote on the first page of this article). Heating
this DCL of oligoimines under reflux in different solvents

1118 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(CH,Cl,, EtOAc, THF, toluene) for several hours did not
shift the equilibrium to a unique cyclic product. An increase
in the signal corresponding to the cyclic trimer was ob-
served, however, in the ESI-MS spectrum after careful
recrystallization from EtOAc (Figure S2). We must point
out that heating and cooling processes in different solvents
can change the product distribution because of the dynamic
nature of the system. For this reason, we truly believe that
the results reported are a consequence of a post-processing
procedure. These manipulations would drive the equilib-
rium to a given compound in the solid state, with the DCL-
mixture remaining in solution (see Supporting Infor-
mation).

On the other hand, as previously stated, this dynamic li-
brary can be frozen by reduction of the imine bonds in situ.
To stop the dynamic process, which would lead to mislead-
ing interpretation of the results, we decided to carry out
borohydride reduction of the DCL. In both cases (conden-
sation carried out in CH,Cl, or in MeOH) this reduction
yielded a mixture of at least dimeric and trimeric cyclic oli-
goamines as the major products (detected by ESI-MS spec-
trometry).[1]

2. Selection and Amplification of the Members of the DCL

Because of the potential recognition properties of both
the pyridine and imine functional groups, we screened this
DCL for its cation complexation ability (Table 1). The com-
pound obtained clearly depends on the added cation. For
instance, addition of Ba!' led to the [2+2] cyclic imine 3,
whereas addition of Cd" resulted in almost-quantitative
formation of the cyclic [3+3] derivative 4 (Figure 2). Other
cations [Cs™, Ni*", Zn?", Pb**, NBu, "] yielded mixtures
having different product distributions. These results can be
clearly checked by means of the ESI-MS spectra of the re-
duced compounds 5 and 6 (Table 1, Figure 2).
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Figure 2. ESI-MS spectra of the macrocyclic polyamine obtained
in the presence of (a) Ba and (b) Cd salts
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Table 1. Proportions of macrocyclic polyamines obtained using dif-
ferent templates (estimated from peak intensities of the ESI-MS
spectra)

Tonic radii (pm) Dimer 5 (%) Trimer 6 (%)
No metal - 36 64
Nilt 78 53 47
Zn! 83 27 73
Pb'Y 84 67 33
Cdt 103 - 100
Ba! 136 100 -
Cst 170 23 77
NBuy " - 20 80

The formation of cyclic 3 in the presence of Ball salts has

fect. Our results, however, are identical when performing
the condensation between 1 and 2 in the presence of the
metal salt or by pre-forming the DCL of imines and sub-
sequent addition of the metal template, which shifts the
equilibrium towards the preferred host. Moreover, addition
of an excess of Cd™ salt to the cyclodimer [3-Ba'] complex
and reduction led to the unique formation of the [3+3]
product 6 (Scheme 2). Therefore, we conclude that this sys-
tem is a real DCL under thermodynamic control.

By comparing the results obtained using different cations
(Table 1), we observe that there is no clear correlation be-
tween the ionic radii of the cation and the size of the cyclic
oligoimine. Noteworthy examples are the cases of Ba'l and
Cd", where the smallest cation templates the largest recep-
tor. An explanation for this behavior might be the forma-

been described previously as a simple kinetic template ef- tion of dinuclear complexes with the Cd" ion
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Scheme 2. Effect of metal templates on the DCL of oligoimines. Synthesis of macrocyclic polyamines 5 and 6
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(Scheme 2).1'"! Different independent experiments were per-
formed to test this hypothesis. First of all, an ESI-MS spec-
trum of 6 was obtained in the presence of an excess of
CdCl, and showed a peak at m/z = 982 corresponding to
the [6:Cd,Cl5]™" species (by full analysis of the isotopic pat-
tern, see Figure S4), which suggests that two metal ions can
fit inside this macrocyclic cavity.

On the other hand, we performed UV titration experi-
ments of the imines’ DCL in the presence of increasing
amounts of Cd'. The UV spectra are shown in Figure 3.
Absorbance at 227 nm decreased upon addition of Cd and
a new band at 210 nm clearly appeared. The transition in
the UV spectra was observed at a 1:2 molar ratio of cyclic
4 to Cd".['8] Again, this observation supports the formation
of a dimetallic complex of 4 with Cd ions. Unfortunately,
all our attempts to obtain crystals of the trimeric imine
complexed with Cd for X-ray structural analysis were un-
successful.
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Figure 3. UV spectra of a mixture of 1 and 2 (1.2 X 10~4 M each)
with (a) no metal and in the presence of increasing amounts of
Cd" with respect to the trimer (4:Cd molar ratios of (b) 1:1; (c)
1:2; (d) 1:3; (e) 1:6). Inset: UV titration of the 1 + 2 mixture with
Cd(ClOy), for the determination of the stoichiometry (mole ratio
method)

3. In Situ Analysis of the Behavior of the DCL

We used NMR spectroscopy to obtain greater structural
information about the evolution of our DCL in the pres-
ence of the metal templates (Figure 4). Addition of a Ba'!
salt to the imines’ DCL showed a compound having an ef-
fective D, symmetry in the NMR spectroscopic time scale
with a rigid structure, as suggested by the multiplicity and
different chemical shifts observed for axial and equatorial
protons of the cyclohexane moiety (Figure 4, b). The imine,
cyclohexane, and pyridine methine signals moved down-
field, supporting the assumption of pyridyldiimine—metal
coordination. The changes observed for the pyridine pro-
tons are especially interesting. In the absence of the metal
ion, all the signals of the pyridine protons appear as a mul-
tiplet at & = 7.7 ppm. Addition of the Ba'l salt split the
signals corresponding to protons in position 3 (doublet at
d = 7.90 ppm) from those in position 4 (triplet at & =

1120 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

8.25 ppm) of the pyridine ring. All of this data supports a
rigid D,-symmetrical imine—Ba complex.

Figure 4. NMR spectra of the DCL of oligoimines (a) in the ab-
sence of template and in the presence of (b) Ba and (c) Cd salts.
Small signals in (b) correspond to an o-methoxyamine derivative
(see text)

Titration of the same DCL with Cd" was also monitored
by NMR spectroscopy. At low loading, the spectra provide
evidence for the formation of a complex mixture (Figure 4,
¢), which became notably simplified when an excess of Cd'!
was added. Significantly, the crude reaction mixture showed
the presence of a series of signals of low intensity in the
range & = 5.3—5.8 ppm, even in the absence of metal cata-
lysts, corresponding to hemiaminal [O—C(sp*)H—NH] type
methine protons. The intensity of these signals grows pro-
portionally with the concentration of Cd'" added. As a mat-
ter of fact, these kinds of signals was also present at a lower
concentration in the Ba-templated "H NMR spectrum (i.e.,
the singlet at 6 = 5.5 ppm in Figure 4, b).

It is noteworthy that at a 1:2 ratio of the trimer 4 to Cd"!
ions, the hemiaminal proton signal having the largest value
of its integral arises from a broad singlet at 6 = 5.89 ppm
(temperature 293 K), which becomes resolved into two sing-
lets (6 = 5.89 and 5.90 ppm) of equal intensity when the
temperature is lowered to 253 K. Moreover, the two singlets
exhibit cadmium satellites [*J('!"/''3Cd'H) =~ 5 Hz; Figure
S5 in the Supporting Information]. Interestingly, the water
signal also splits into two singlets derived from its free and
complexed environments at low temperature (6 = 5.13 and
5.35 ppm, respectively; measured at 253 K).

Cadmium complexation also promotes a downfield shift
of all the proton signals. For the imine protons the coupling
to cadmium is clearly observed even at room temperature
FJ(I'VHI3CAd'H) ~ 35 Hz]. Because of the relative simplifi-
cation of the spectra achieved by the addition of an excess
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of Cd salt, we attempted a structural characterization of the
species formed at a 1:24 stoichiometry of the trimer 4 to
Cd ions. The sample was prepared following the procedure
used for the bulk reaction, but deuterated solvent was used
in this case (CD;0OD/D-0, 9:1). The following discussion
refers to spectra measured in a field of 11.7 Tesla. When
this excess of Cd salt is present, the dynamic process ob-
served previously was slow on the NMR spectroscopic time
scale, which allowed the observation of three intense, sharp
singlets for the hemiaminal protons at & = 5.88, 5.90, and
5.91 ppm, even at room temperature (Figure 5, a). The '3C
NMR spectrum showed a relatively reduced number of sig-
nals, suggesting that the mixture was composed by highly
symmetrical species (Figure S8 in the Supporting Infor-
mation). As expected, the existence of hemiaminal linkages
was supported by two signals appearing at 6 = 94.0 and
94.4 ppm. In addition, we observed two rather-intriguing
broad signals barely above the noise in the range & =
54—57 ppm (Figure 6, a). Considering the solvent mixture
used, we suspected that the hemiaminal moiety could be
formed by the addition of perdeuterated methanol to the
imine functional groups, leading to the formation of o-ds-
methoxyamines. The splitting of the signals of the carbon
atoms in the OCDjs groups as a result of coupling with the
deuterium atoms and the unfavorable relaxation character-
istics render those signals practically unobservable under
standard measuring conditions. Further evidence to sup-
port this hypothesis was demonstrated by acquiring the '3C
NMR spectrum with simultaneous proton and deuterium
decoupling.['”) Under these conditions, two signals emerged
at 6 = 54.55 and 54.66 ppm and those around 56 ppm be-
came slightly broadened (Figure 6, b).

To avoid the loss of structural information derived from
deuterated substituents linked to the compounds under
study, we decided to prepare a new sample in exactly the
same way as before, but in non-deuterated solvents.?1 Al-
though the dynamic range of the signals was very high, it
was possible to obtain a workable '"H NMR spectrum using

LI N BV | B \

MMJUJ‘(M // JL
M”WUL /JL

Figure 5. Expansions of the '"H NMR spectra (500.13 MHz) of the
complexes of trimer 4 and Cd (1:24). (a, b): One-pulse sequence of
the samples prepared in CD;0D/D,0 (9:1) and CH;OH/H,O (9:1),
respectively. (¢) LED spectrum of the sample prepared in CH;OH/
H,0 (9:1), with the magnetic pulse field gradient strength set to
95% and a diffusion delay of 55 ms. 32 Scans were accumulated in
all cases. Vertical scales are multiplied by a factor of 12 in (a),
18 in (b), and 2 in (¢). The complete data sets are given in the
Supporting Information
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Figure 6. Expansions of the '*C NMR spectra (125.7 MHz) of the
complexes of the trimer 4 and Cd (1:24): (a, b) measured in
CD;0D/D,0O (9:1), (c—e) measured in CH;OH/H,O (9:1). (a, c)
BC{'H} spectra. (b) 3C{'H, 2H} spectrum. (d) DEPT-135 spec-
trum. (¢) DEPT-90 spectrum. The temperature was set at 303 K for
all spectra. The complete data sets are given in the Supporting
Information

the conventional pulse sequence without resorting to sol-
vent suppression techniques (Figure 5, b and S6b). In this
way, two methoxy signals are now clearly visible at 6 = 3.56
and 3.57 ppm (Figure S6b). The multiplet at & = 3.37 ppm,
however, observed in the spectrum of the deuterated sample
(Figure S6a), lies buried under the intense methanol signal.
Several solvent suppression schemes were checked with the
aim of improving the quality of the spectrum without af-
fecting the signals of interest. The best results were ob-
tained by resorting to diffusion experiments based on the
application of magnetic pulse field gradients. Small mol-
ecules diffuse faster than do large ones. Thus, at the mo-
ment of the detection, its transverse magnetization con-
tinues spreading out while that one arising from slowly
diffusing molecules is partially refocused by the action of
the pulse field gradients. As a consequence, the solvent sig-
nals are efficiently cancelled.?!! Figure 5 (c) and S6¢ show
the result of applying the LED pulse schemel*?! to our
sample. The solvent signals are almost completely elimin-
ated, revealing those signals that they had hidden (compare
Figures S6b and S6c). Notwithstanding this finding, in this
particular case the decrease of the signal-to-noise ratio of
the solute signals was too high to use this solvent suppres-
sion technique as part of the preparation period of homo-
or hetero-nuclear correlation pulse sequences (vide infra).
One additional important consequence of the use of non-
deuterated solvents is the different balance achieved among
the equilibrating species. Compared with the sample meas-
ured in CD;0OD/D,0, the relative concentration of the
compound characterized by the signals at & = 5.87, 7.72 (d,
J = 7.3 Hz), and 8.14 (t, J = 7.3 Hz) ppm decreased, while
the one identified by the signals at 6 = 8.05 (d, J = 7.8 Hz),
833 (t, J = 71.8Hz), and 8.7ppm [satellites,
3J(MMVIBCdH) = 35 Hz)], increased. Considering that the
only difference between both samples is the presence or ab-
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sence of deuterium in the methanol being added to the
imine linkage, we assign the differences observed in these
signals’ intensities to isotope effects. This isotope effect
could be explained in terms of lower acidity (due to lower
mobility) of deuterons relative to protons.”! Deuterated
sample shows a larger shift to a-methoxyamine moieties,
while non-deuterated sample shows a higher concentration
of imine linkages. The imine/a-methoxyamine equilibrium
can be seen as a B-elimination of methanol from the
o-methoxyamine functional group, which is more efficient
when the acidity of the proton (or deuteron) attached to
the nitrogen atom is higher. Consequently, this elimination
is thermodynamically favored when deuterons are substi-
tuted by protons.

The presence of a-methoxyamines is also evidenced in the
13C NMR spectrum by two methoxy signals at & = 55.28
and 55.40 ppm (Figure 6, ¢), which are missing in the
DEPT-90 spectrum (Figure 6, e). Furthermore, a methine
carbon atom at § = 56.1 ppm is now clearly visible.

Our next task was to identify the different complexes pre-
sent in the MeOH/H,O sample. For that purpose, we made
use of the standard battery of 2D NMR spectroscopy
experiments. The proton spin systems were identified
through the correlations observed in the gCOSYDQF spec-
trum.?*) With this information in hand, the gHMQC spec-
trum afforded the assignment of the carbon atoms bearing
at least one proton atom (Figure S9). The connection be-
tween the pyridine and cyclohexyl fragments was estab-
lished based on the analysis of the gHMBC and gNOESY
spectra (Figures S10 and S11, respectively). In addition, co-
ordination to cadmium was revealed by acquiring a
'H,"3Cd gHMQC spectrum (Figure 7). As far as we know,
this is the first example of a gradient-enhanced 'H,''*Cd
correlation experiment.[?’]

For the following discussion, it must be kept in mind that
the isolated final product is a cyclic trimer arising from the
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Figure 7. 'H,'3Cd gHMQC spectrum (500.13 MHz) of the com-
plexes formed from trimer 4 and Cd ions (1:24) measured in
CH;0H/H,0 (9:1) at a temperature of 303 K
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reduction of the reaction mixture under analysis. Therefore,
we will assume that the precursors of amine 6 are also tri-
mers,?! although the symmetry of the structures will only
allow us to identify the repeating unit of the molecule by
NMR spectroscopy. Thus, at a trimer 4/Cd stoichiometry
of 1:24, the mixture consists of four compounds, 7, 8, 9,
and 10, in a ratio 30:61:6:3.1*71 The proposed structures for
these species are depicted in Scheme 3.

Compound 7 is a trimer exclusively containing imine
linkages. Its most characteristic signals are the imine CH
units [§('H)= 8.7 ppm, 3J("'V113Cd'H) =~ 35 Hz] and those
corresponding to the symmetrically substituted pyridine
ring [3(*H) = 8.33 ppm, t, J = 8.3 Hz; §(*H) = 8.05, br. d,
J = 8.3 Hz]. The imine proton correlates with a cadmium
at §(''3Cd)= 116.2 ppm in the 'H,!'3Cd gHMQC spec-
trum (Figure 7).

For the major product 8, the pyridine substituents are
different. One of them is an imine linkage [8('H)=
8.67 ppm, br. s] showing Cd satellites [*J(!'V'3Cd'H) =~
36 Hz], whereas the other one is a hemiaminal fragment
[Scroomenn = 5.90 and 5.91 ppm] derived from the ad-
dition of a molecule of methanol to the C=N bond. Some
key correlations for its assignment that are observed in the
HMBC spectrum (Figure S10) are depicted in Figure 8.
Compound 8 shows near-C; symmetry, which implies that
three molecules of MeOH have added to the same face of
the alternating imine linkages of 7.

The fact that the proton spectrum of 8 exhibits two hemi-
aminal signals of equal intensity and, apparently, only one
pyridine and imine moiety, was surprising. This paradox
was solved by weighting the spectrum with a strong Gaus-
sian term prior to Fourier transformation. In this manner,
the imine proton appeared duplicated. Moreover, the higher
resolution achieved revealed the existence of a long-range
coupling between the imine protons and the methine unit
of the cyclohexyl fragment (*J = 2.7 Hz).[?8! Not unexpec-
tedly, the relatively broad signals of the cyclohexyl protons
prevented any separation of multiplets corresponding to
different moieties. The duplication of signals observed
could be explained by invoking the existence of a confor-
mational equilibrium, and the dynamic process involving
the hemiaminal protons at low loading of cadmium would
support this hypothesis. This dynamic behavior was appar-
ently frozen, however, when an excess of cadmium ions was
added. This situation is inconsistent with a possible restric-
ted rotation and points to the metal ion coordination as the
source of signal duplicity. Under this assumption, com-
pound 8 would be best described by a structure containing
two very similar semi-structures, each one being complexed
to a cadmium ion. Furthermore, to preserve a high degree
of symmetry, each cadmium ion would coordinate to op-
posite faces of the trimer. Such a structure would be in
agreement with the results of the UV spectroscopy and MS
studies, which have clearly established a stoichiometry of
1:2 for the trimer:Cd in the reaction product.

The 'H,'"'3Cd gHMQC spectrum provides definitive sup-
port for the structure proposed for 8. For each semi-struc-
ture, the imine proton, the meta protons of the pyridine

WWWw.eurjoc.org Eur. J. Org. Chem. 2004, 1117—1127
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Scheme 3. Proposed structures for the interconverting species 7—10. Both the presence and relative configuration of the a-methoxyamines
were elucidated by a combination of NMR spectroscopy experiments and semi-empirical (PM3) theoretical calculations (see text)

Figure 8. Selected correlations observed in the gHMBC (plain ar-
rows) and gNOESY (dashed arrows) spectra for 8. The sample was
prepared in CH;OH/H,O (9:1) at a temperature of 303 K

ring, and the protons of the hemiaminal units, all correlate
with a cadmium ion [3(*!3Cd) = 43.3 and 44.1 ppm; Fig-
ure 7]. Considering the sensitivity of transition metals to
very subtle structural changes,*” the small chemical shift
difference shown by the two metal ions bound to the trimer
is remarkable. The possibility of explaining the similarities
observed in the 'H and ''3Cd NMR spectra through a rapid
exchange process could be ruled out by taking into account
that an exchange fast enough to render a near-C;-symmetri-
cal complex would preclude the observation of any
113Cd,'H coupling at room temperature, or at least would
reduce its magnitude significantly. It must be remembered
that the correlation between the hemiaminal protons
and the corresponding Cd nuclei proceeds from
3J(111/113Cd1H) ~ 5 Hz.

Consequently, it appears that any exchange, if existing,
would be slow and this behavior suggests that the trime-

Eur. J. Org. Chem. 2004, 1117—1127 WWW.eurjoc.org

thoxylated trimer is able to coordinate to two cadmium
ions, which gives rise to a very stable complex, 8.

Chemical shift differences were larger in the '*C NMR
spectrum, although not all signals of the two semi-struc-
tures were duplicated. Those most affected were the imine
carbon atoms and the CH unit of the cyclohexane ring. In
fact, in one semi-structure the chemical shift difference of
these latter carbon atoms exceeds 8 ppm. Curiously, only
one signal was observed for the CH unit of the hemiaminal.
The gNOESY spectrum shed light on the possible confor-
mation of 8 (Figure S11). The most significant correlations
were those observed between the imine protons and an
equatorial proton of a CH, group of the adjacent cyclohex-
ane ring, and between the hemiaminal protons and the
water and pyridine protons. This information affords two
interesting conformational constraints: (i) the cyclohexane
ring must be rotated with respect to the imine moiety in
such a way as the protons of the CH groups linked to nitro-
gen atoms lie well separated, and (ii) the hemiaminal pro-
tons are also relatively far away from the cyclohexane frag-
ment, but close to the pyridine moiety. Additionally, the
combination of the NOEs observed and the correlations
shown in the gCOSYDQF spectrum allowed us to assign
all the protons of the cyclohexane ring.

To propose a structure of 8, we turned out attention to
semi-empirical (PM3) theoretical calculations. We found a
minimum energy trimeric structure that complexes two Cd
ions and has three molecules of MeOH added to alternated
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imine bonds. The C; symmetry is broken by the Cd ion
complexation, which divides the macrocyclic structure into
two semistructures, each one connected to a Cd atom. This
structure is shown in Figure 9 and the distances between
the hydrogen atoms can explain the observed NOEs.

Figure 9. PM3-optimized structures of diastereoisomeric cqm-
pounds (A) 8 and (B) 9. Selected distances in (A) are given in A

Compound 9 is present in a very low concentration and
the only significant structural information available was ob-
tained from the 'H,''3Cd gHMQC spectrum, which sug-
gests that 9 also contains both hemiaminal (8 = 6.0 ppm)
and imine (§ = 8.8 ppm, satellites 3J(''V13Cd'H) =~ 38 Hz)
linkages. By contrast to 8, although the imine proton corre-
lates with two cadmium ions at & = 49.5 and 50.6 ppm, the
hemiaminal shows a correlation with only the most-shi-
elded one. Even though this situation occurs, the existence
of only one hemiaminal signal indicates that 9 has C3 sym-
metry, a finding that supports its assignment as a dia-
stereoisomer of 8 (Scheme 3). As a consequence, in the for-
mation of 9, the addition of methanol to the C=N bond
occurred to the opposite face as to that which led to 8. This
conclusion also implies that the Cd ion-driven addition of
methanol to 7 occurs with high diastereoselectivity (10:1).
Semiempirical PM3 calculations of 9 (obtained by inversion
of the configuration of all the a-methoxyamine centers of
8) showed a less-stable structure, probably because of the
impossibility of having electrostatic interactions between
the methoxy groups and Cd ions (Figure 9).

1124 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Finally, compound 10 was identified as a D;-symmetrical
permethoxyaminal [cpomeyna = 5.87 ppm] that lacks any
correlation with cadmium ions. Although its concentration
in the MeOH/H,O sample was also very low, it could be
characterized from the sample prepared in deuterated sol-
vents, where its concentration was raised to 12%. Again,
PM3 theoretical calculations suggest that the most-favor-
able configuration at the o-methoxyamine centers is the
same as that in 8.

It is also interesting to point out that mixture 7—10 is
stable in solution for several months, as confirmed by ac-
quisition of "TH NMR spectra. In addition, changes in tem-
perature varied the proportion of the components, suggest-
ing that the change is completely reversible. Again, the in-
terconversion between these species is under thermo-
dynamic control (Scheme 3).

All of these results reveal there are two levels of molecu-
lar diversity in our imines’ DCL. In a first stage, the
aldehyde—amine condensation yields linear and cyclic oli-
goimines of different sizes. The presence of the metal tem-
plate shifts the equilibrium to a particular macrocyclic com-
pound. For a given macrocyclic size, there is a second level
of diversity resulting from the presence of the a-meth-
oxyamines in equilibrium with the imine bonds. These a-
methoxyamines are probably stabilized by coordination to
the metal atoms. The tetrahedral O—C(sp*)—N centers are
intermediates for the transimination reaction that is neces-
sary for the exchange between the members of the library.
If we consider both processes as being interconnected, the
number of the virtual members of the library is much larger
than just those depicted in Scheme 2. It is noteworthy that
the selectivity for the cadmium-promoted methanol ad-
dition to C=N bonds shows high diastereoselectivity. Ad-
ditionally, an interesting thermodynamic isotopic effect is
observed for the imine/o-methoxyamine equilibrium. Both
sources of molecular diversity are eliminated after the ef-
ficient quenching of the dynamic processes by C=N re-
duction.

4. Crystal Structure of the Macrocyclic Amine 6

Large crystals of the hydrochloride salt of 6 were ob-
tained by slow evaporation from a methanolic HCI solu-
tion. Figure 10 shows the structure obtained by X-ray dif-
fraction analysis, which further confirmed the formation of
the Ds-symmetrical trimer 6. The compound crystallizes
with three molecules of MeOH and one of water. All the
cyclohexane-1,2-diammonium moieties are located in di-
equatorial positions of a chair conformation. The salt con-
tains seven molecules of HCI; six of them protonate cyclo-
hexanediamino nitrogen atoms, and pyridine ones remain
as free bases. The chloride counterions alternate below and
above the macrocyclic plane to conserve the ternary sym-
metry. The seventh HCI molecule protonates a water mol-
ecule on the symmetry axis. There is one chloride ion lo-
cated in the middle of the molecule, filling the macrocyclic
cavity and forming hydrogen bonds with all of the am-
monium groups of the receptor. All the pyridine hetero-
cycles are twisted to the same side, transferring chirality
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Figure 10. ORTEP drawing of the hydrochloride salt of 6. Solvent
molecules (MeOH) are omitted for clarity

throughout the whole ring and forming a right-handed heli-
cal structure.

Conclusion

We have used the DCC concept successfully for the selec-
tive syntheses of two optically active macrocyclic receptors
in a simple one-pot procedure. Different cyclic structures
are expressed and amplified by different metal ions from
the same DCL. A combination of ESI-MS and UV and
NMR spectroscopy techniques allowed us to study templat-
ing effects on the imines’ DCL and proved that metal ion
binding is the driving force. For one of the expressed mem-
bers, we propose a cooperative molding effect by coordi-
nation of two metal ions. A study of the DCL behavior in
situ was undertaken using different techniques. Transimin-
ation reactions in the presence of the metal salt produced
two sources of molecular diversity. The first one arises from
the different sizes of the macrocyclic structures. The second
one comes from the presence of a-methoxyamine units in
equilibrium with the imine bonds. This equilibrium is pro-
moted by metal ion coordination and it probably helps with
the inter-conversion between the members of the DCL. The
mixture of compounds finally converged to the preparation
of the desired receptor after imine reduction. The appli-
cations of these optically active receptors in chiral molecu-
lar recognition®? are currently under study in our labora-
tory.

Experimental Section

General: All reagents were purchased from commercial suppliers
and were used without further purification. Solvents were freshly
distilled onto suitable desiccants and stored under nitrogen atmos-
pheres. Melting points were recorded using a Gallenkamp appar-
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atus and are uncorrected. Optical rotations were measured using a
Perkin—Elmer 241 polarimeter. IR spectra were recorded with a
UNICAM Mattson 3000 FT infrared spectrometer. NMR spectra
were obtained with Bruker spectrometers working in the 'H fre-
quency range from 200.13 to 500.13 MHz. All spectra were ac-
quired at room temperature unless otherwise stated. Chemical
shifts are quoted on the ppm scale using tetramethylsilane as in-
ternal standard for 'H and '>*C NMR spectra, and 0.1 M
Cd(Cl0,),*7H,0 in D,O for '"3*Cd. Coupling constants are given
in hertz. Standard manufacturer software was used. For the 2D
'H,'"3Cd gHMQC pulse sequence, the gradient ratio used was
47.2:30:0. The spectrum was acquired in the magnitude mode. ESI
mass spectra were acquired on a tandem mass spectrometer
(Hewlett—Packard HP 1100 Series LC/MSD system) equipped
with an electrospray interface working in the positive mode (for
detection of positive ions). The samples were diluted to a concen-
tration of ca. 107> M in MeOH/H,O (9:1) and the composition of
the effluent used in the LC system was also MeOH/H,O (9:1). For
amino compounds, the samples were basified by addition of 1 N
NaOH. Mass spectra were obtained by introducing the samples
using FIA technique (flow injection) while effluent was introduced
into the ESI-MS apparatus at a pump flow rate kept at 0.3 mL
min~'. The temperature of the nitrogen drying gas was set at 350
°C for all the samples, except for the mixtures of imines, for which
it was set at 100 °C to minimize thermal decomposition. All the
injections were repeated at least three times at different fragmentor
voltages (0—180 V).

Synthesis of Compound 5: A mixture of (R,R)-trans-cyclohexane-
1,2-diamine (1, 114 mg, 1 mmol) and pyridine-2,6-dicarboxal-
dehyde (2, 135 mg, 1 mmol) in dry MeOH (20 mL, 0.05 M final
concentration each) was stirred under nitrogen for 6 h. After this
time, BaCl,-2H,O (146 mg, 0.7 mmol) was added and the reaction
mixture was stirred overnight to permit the system to equilibrate.
A large excess of NaBH, (162 mg, 4.25 mmol) was then added care-
fully and the mixture was reacted for 7 h before being hydrolyzed
(conc. HCI, to acidity) at 0 °C and evaporated to dryness. The
residue obtained was extracted thoroughly with NaOH (1 N) and
CH,Cl,. The combined organic layers were dried (MgSO,) and the
solvents were evaporated in vacuo. The oily polyamine 5 was dis-
solved in MeOH and an excess of conc. HCI was added to acidity.
Evaporation of the methanolic solution gave rise to the final com-
pound 5 as its tetrahydrochloride salt (223 mg, 86%). M.p. (decom-
poses without melting). [0] = —73.0 (¢ = 0.54, H,0). FTIR
(KBr): ¥ = 3401, 1598 cm~!. 'H NMR ([D4]MeOH, 200 MHz):
8 = 1.43—1.66 (br. m, 8 H), 1.96—1.99 (br. m, 4 H), 2.56—2.63 (br.
m, 4 H), 3.80—3.84 (br. m,4 H), AB system (65 = 4.52, 6g = 4.79,
Jag = 14.2Hz, 8 H), 7.54 (d, 3Jpu = 7.6 Hz, 4 H), 7.95 (t, 3y =
7.8 Hz, 2 H) ppm. HRMS: calcd. for CyH3gNg 434.31579, found
434.31581.

Synthesis of Compound 6: A mixture of (R,R)-trans-cyclohexane-
1,2-diamine (1, 114 mg, 1 mmol) and pyridine-2,6-dicarboxal-
dehyde (2, 135 mg, 1 mmol) in dry MeOH (33.5 mL, 0.03 M final
concentration of each) was stirred under nitrogen for 9 h. After this
time, CdCl, (550 mg, 3 mmol) was added and a precipitate was
formed, which was redissolved after stirring for 16 h. A large excess
of NaBHy (115 mg, 3 mmol) was then added carefully and the mix-
ture was reacted for 7 h before being hydrolyzed (conc. HCI to acid-
ity) at 0 °C and evaporated to dryness. The residue obtained was
continuously extracted with NaOH (1 N) and CH,Cl, overnight.
The combined organic layers were dried (MgSO,) and the solvents
evaporated in vacuo. The oily polyamine 6 was dissolved in MeOH
and excess conc. HCI was added until acidic pH. Evaporation of
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the methanolic solution yielded compound 6 as its hydrochloride
salt (290 mg, quantitative). M.p. (decomposes without melting).
[0]® = —44.0 (¢ = 0.53, H,0). FTIR (KBr): ¥ = 3421, 1596 cm™ .
'"H NMR ([D4MeOH, 200 MHz): § = 1.39—1.86 (br. m, 20 H),
2.15-2.21 (br. m, 2 H), 2.33—2.40 (br. m, 4 H), 3.82—3.86 (br. m,
4 H), AB system (65 = 4.48, oo = 4.56, Jag = 15.5Hz, 12 H),
7.52 (d, 3Jyn = 791 Hz, 6 H), 7.99 (t, 3 H, 3Jyy = 7.92) ppm.
HRMS: caled. for C3oHg7Ng 651.47369, found 651.47300.

Molecular Modeling:

All the structures were fully optimized at the cited level of theory
using the Gaussian98 package.®!! Frequency analysis showed that
all the stationary points were energy minima. For the optimized
structures bearing Cd atoms,*?! the structures were pre-optimized
in the absence of the metal ion (AM1 and PM3 semiempirical level
of theory) and then Cd" ions were added successively and the geo-
metries obtained were again fully optimized.

X-ray Crystallography:

CCDC-229544 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccde.cam.ac.uk].
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