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Constitutional dynamic chemistry (CDC)[1] is the chemistry of
molecular or supramolecular species and libraries of species,
generated from components connected either by reversible
covalent bonds[1,2] or by noncovalent interactions, respec-
tively.[1] CDC takes advantage of these dynamic linkages for
the expression of (supra)molecular diversity through cross-
over recombination of a set of building blocks. At thermody-
namic equilibrium, specific changes in the environmental
parameters can lead to the amplification/selection of pre-
ferred constituents generated in the libraries. This selection is
of great interest for drug discovery purposes; for example, the
presence of molecular targets such as enzymes, can discrim-
inate against the best inhibitor through an in situ dynamic
screening of the equilibrating mixture.[3] CDC has also
recently been shown to respond to various external chemical
or physical stimuli such as protons, phase transitions, temper-
ature, or electric field modulation.[4] These libraries can afford
the tuning of various physical properties by controlling the
molecular, supramolecular, or macromolecular constitution
of their dynamic functional entities, thus extending CDC to
the domain of materials science.[1b,5] Whatever the application
domain of CDC, one of the crucial prerequisites concerns the
analysis of the libraries. For example, HPLC methods often
require one to freeze the component exchange before analysis
because the chromatographic interactions themselves can
disturb thermodynamic equilibrium and affect the ratio
between the library constituents. On the other hand, NMR
spectroscopy methods do not interfere with the constitutional
expression of the libraries, but only a few compounds can be
characterized in a mixture. Thus, the need for deconvolution
methods not involving chemical modifications appears to be

of special interest for the analysis of more complex dynamic
combinatorial libraries (DCLs) containing constituents gen-
erated by recombination of the components.

A diffusion ordered spectroscopy (DOSY) NMR experi-
ment represents an attractive noninvasive method for the
analysis of DCLs because it allows the measurement of the
diffusion coefficient of a certain molecular species that is
directly related to its hydrodynamic radius according to the
Stokes–Einstein equation.[6] DOSY NMR techniques provide
two-dimensional maps in which one axis corresponds to the
chemical shift and the other one corresponds to the diffusion
coefficient. Supramolecular entities,[7] as well as mixtures of
molecules,[8] have been studied by this method, but no
implementation for CDC purposes has been reported.

Herein we discuss the analysis of a previously described
DCL composed of helical molecular strands and its subse-
quent molecular evolution toward [2 < 2] gridlike arrays in the
presence of ZnII ions by DOSYNMRmethods.[9] We highlight
this method as a powerful complementary tool for the analysis
of equilibrated mixtures in which minimal structural changes
take place.

We first characterized the spatial dimensions of individual
compounds 1–6 in solution by DOSY NMR techniques to
evaluate the potential of the diffusion methodology for the
deconvolution of closely related structures in combinatorial
mixtures (Figure 1).

Molecular strands derived from the linking of pyrimidine
and pyridine units by hydrazone bonds are known to display a
persistent helical shape in solution.[10] They were chosen as
references because their structures have been well charac-
terized by X-ray radiocrystallography, allowing a direct
comparison of the solid-state structure with the calculated
dimensions of the objects in solution (Figure 2 and Table 1).

Compound 1 is a bow-shaped flat structure in the crystal
form,[9] and displays a diffusion coefficient (D) of 750 mm2s�1

at room temperature, corresponding to a hydrodynamic
radius of 5.3 C. The calculations used to fit this value with
an oblate ellipsoidal object lead to dimensions of 15 < 8.4 C,
which are close to those values found in the crystal form (15<
8.8 C).[9] The hydrodynamic radii for the series of helical
strands 1, 2, and 4 increase progressively, yielding dimensions
for an oblate ellipsoid which are in agreement with those
calculated on the basis of solid-state structures (Table 1).[9,10]

The introduction of the larger trimethoxyphenyl residues in 3,
5, and 6 leads to a significant increase in DOSY-derived
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dimensions, which are also in agreement with those calculated
from crystal structure data (see reference [9] and Figure 2).

The dimensions of the [2 < 2] gridlike array 8 (Zn414)
[12]

were determined in a solution of deuterated acetonitrile at
298 and 233 K and the values agree with the dimensions (18 <
11 C) found in the crystal structure (Figure 2, Table 1).

A DOSY NMR experiment was performed at 209 K on a
mixture of two distinct compounds, 2 and 4—one- and two-
turn helices, respectively—which differ in their radii by about
1 C. Considering the region between 3.6 and 4.0 ppm (Me–N
resonance signals), the two helical strands were clearly
separated by their diffusion coefficients (172 and
143 mm2s�1), yielding individual hydrodynamic radii of 5.3
and 6.4 C for 2 and 4, respectively, which are in good
agreement with the values determined for the individual
compounds in solution (Table 1; see the Supporting
Information).

The hydrodynamic radii for helical strands 2–6 appear to
be very sensitive to temperature. For example, compound 5, a
two-turn helix bearing one trimethoxyphenyl group on its
central pyrimidine moiety, displays an increase in hydro-
dynamic radius (from 5.1 to 8.1 C) of 60% between 209 and
296 K. Similar changes are observed with all other helical
strands. Notably, the one-dimensional NMR spectra do not
display variations in chemical shifts and do not show broad-
ening of the resonance signals upon changing the temper-
ature. Furthermore, changes in the hydrodynamic radius are
not observed for the rigid grid structure 8 at different

Figure 1. Linear representation of pyrimidine–hydrazine-type molecular
strands 1–7, and gridlike array 8 (Zn414).

Figure 2. Measured dimensions and derived average dimensions
(diameter and height for an oblate ellipsoid) for the solid-state
molecular structures determined by X-ray crystallography for the helical
compound 5 (top) and the gridlike array 8 (Zn414) (bottom).

Table 1: Comparison of the dimensions of molecules 1–6 and 8 in the
solid state as determined by X-ray crystallography and the dimensions in
solution as determined by DOSY NMR experiments at various temper-
atures.

Compound T [K] D
[mm2 s�1][a]

DOSY
hydrodynamic
radius [G] and
dimensions[b]

(diameterHheight)

Calculated
dimensions [G][c]

(diameterHheight)

1 296 750 5.3 (15H 8.4) (15H8.8)
2 298 660 6.1 (19.5H8.8)

(19.4H5.1)
209 167 5.5 (19.5H7.2)

3 298 590 9.0 (22.4H15.8)
(22.4H5.2)

182 82 7.9 (22.4H5.2)
4 296 550 7.2 (19.5H12)

(19.4H7.2)220 210 6.5 (19.5H10)
209 140 6.3 (19.5H9.6)

5 296 490 8.1 (21.6H13.8)
(21.6H7.4)

209 180 5.1 (21.6H7.6)
6 298 440 9.1 (22.5H16.2)

n.d.
209 150 6.1 (22.5H7.8)

8 298 550 11.5 (18H 11)
(17.8H11)

233 215 11.1 (18H 11)

[a] All measurements were performed in CDCl3, except for compound 8,
which was dissolved in CD3CN. The diffusion values in both solvents have
been determined from calibration curves established with reference
compounds and for a given solvent. [b] The dimensions were fitted from
the hydrodynamic radius using an oblate ellipsoid shape; the absolute
uncertainty is �0.5 G. [c] The average dimensions are reported from the
crystal structures of compounds 1–5 and 8 as described in Figure 2 (see
the Supporting Information). The crystal structure for compound 6 is not
available.
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temperatures (Table 1 and see the Supporting Information).
These data indicate that there is an increase in the average
size of the helical strands as the temperature is increased. The
changes in the hydrodynamic radius could correspond to an
increase of the calculated height (from 7.6 to 13.8 C assuming
that the diameter remains constant) of 80%. The correspond-
ing motion consists of an extension along the axis of the helix
and is shown in Figure 3 for compound 5, representing a
temperature-dependant reversible change in molecular size
by a springlike nanomechanical extension–contraction

(breathing) motion of the helical strands. The result illustrates
the conformational dynamics of these structures and points to
the potential usefulness of DOSY NMR experiments to study
motions leading to changes in overall molecular size and
volume.

We then turned our attention to a library of compounds
obtained by mixing compounds 1 and 7 in CDCl3 with a
scandium triflate catalyst under microwave activation
(Figure 4, top).[9,13] This system produces a set of helices of
variable lengths and composition (incorporation of both
phenyl pyrimidine and trimethoxyphenyl pyrimidine groups)
by crossover recombinations. On the basis of previous
investigations involving mass spectroscopy, we expected this
DCL to contain at least six distinct helical strands having up
to 2.6 turns (eight hydrazone sites).[9] The one-dimensional
1H NMR spectrum (Figure 4a) displays a complex pattern of
signals that are characteristic of helical-shaped structures
(triplet signals shifted below d = 7 ppm).[10] We obtained an
efficient deconvolution of this DCL after 12 hours of data
accumulation at 296 K and fitting the data for the extended
region 8.4–5.2 ppm (Figure 4a,b) by using the DOSY tech-
nique. Five different levels of diffusion rates were revealed

Figure 3. Representation of the springlike extension of the average
conformation of helical strand 5 between 209 K (7.6 G) and 296 K
(13.8 G) in CDCl3, as indicated by DOSY NMR measurements and
modeled with AM1 calculations.

Figure 4. Top: Global equation describing the generation of a dynamic library of molecular strands from compounds 1 and 7, under ScIII catalysis and
microwave (MW) activation. a) 1H NMR spectrum (expanded region: d= 8.4–5.2 ppm) of the library of helices at equilibrium (296 K); b) DOSY
spectrum of the expanded region in (a) with horizontal lines and diffusion values corresponding to the different species detected in solution (the
zoomed-in region shows a lower slice for a more defined region) (hr=hydrodynamic radius); c) 1H NMR spectrum of the library after addition of ZnII

ions (296 K); d) DOSY spectrum of the expanded region of the library after addition of ZnII ions (the zoomed-in region shows a lower slice for a more
defined region). The signals that appear at diffusion coefficients between 1000 and 2000 mm2 s�1 are the consequence of a transfer of magnetization
from the molecules of the library to the solvent.
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and small signals from compounds present in small amounts,
such as the resonance signal at d = 6.18 ppm, were visualized
in the second dimension (see zoomed-in region in Figure 4b).

The structure presenting the smallest diffusion coefficient
of 310 mm2s�1 corresponds to an eight-site helix bearing four
trimethoxyphenyl groups, as expected from results of pre-
vious investigations by mass spectrometry.[9] The other
diffusion signals ranging from 750 mm2s�1 (compound 1,
Table 1) to 350 mm2s�1 relate to helices increasing in size
from 1 to 2.6 turns and incorporating an increasing number of
trimethoxyphenyl groups.

Moreover, the addition of one equivalent of ZnII ions
relative to the initial amount of compound 1 used in the
previously equilibrated DCL leads to a dramatic recombina-
tion of the mixture towards the selective formation of the
gridlike array 8 (Zn414), indicative of the enforced generation
and amplification of the corresponding ligand 1 (Figure 4,
top). The resulting mixture can be analyzed by a DOSY
1H NMR experiment by looking at the region 8.4–5.2 ppm
(Figure 4c,d). The NMR signals of the major compound,
which displays a diffusion coefficient of 560 mm2s�1, is super-
imposable on that of pure compound 8 at this temperature.
This result is confirmed by the presence of the two character-
istic doublets between 5.8 and 6 ppm which correspond to the
two nonequivalent ortho-phenyl protons of 1 when incorpo-
rated in the gridlike structure 8. A small amount of a short
helical strand with a diffusion coefficient of 640 mm2s�1 can be
detected, as well as the expected release of compound 7 from
longer strands (see zoomed-in region and the singlet at d =

5.45 ppm, Figure 4d). This observation is in agreement with
the fact that two-site ligands bearing a trimethoxyphenyl
group cannot be incorporated into [2 < 2] grids because of
steric reasons and the formation of grid 8 leads to the
enforced generation of ligand 1.[9]

In conclusion, we have shown that DOSY NMR techni-
ques are useful and reliable complementary, noninvasive
spectroscopic methods for the analysis of DCLs. The method
can discriminate between the differential diffusion of species
having various hydrodynamic radii, even when there is only
very small variations in their structures, thus potentially
affording valuable information on constitutional dynamic
systems. As illustrated by the variation in the hydrodynamic
radii of helical strands as a function of the temperature, this
technique also appears to be of interest for determining small
conformational/shape changes in molecular and supramolec-
ular systems, thus providing a new approach to the inves-
tigation of motional processes that are either difficult to
observe or are unobservable by other methods.

Experimental Section
The syntheses of compounds 1–8 were described earlier: 1;[11] 2, 4,
5 ;[10] 3, 6, 7;[9] 8.[12]

DOSY NMR experiments: The spectra were recorded on a
Bruker Avance 500 spectrometer, at 11.7 Tesla, at the resonating
frequency of 500.13 MHz for 1H, using a BBI Bruker 5-mm gradient
probe. The temperature was regulated at 298 K and no spinning was
applied to the NMR tube. The diffusion NMR experiments were
performed with a pulsed-field gradient stimulated echo (PFGSTE)
sequence, using bipolar gradients.[14,15] The bipolar gradient duration

and the diffusion time were optimized for each sample and were in the
range of 1 to 1.5 ms and 100 to 200 ms, respectively. The evolution of
the pulsed-field gradient during the NMR diffusion experiments was
established in 30 steps, applied linearly between 1 and 50 Gcm�1. The
duration of each NMR diffusion experiment was adjusted to finally
obtain a minimum signal-to-noise ratio of 20. DOSY spectra were
generated by using the program GIFA 5.2 (DOSY module), devel-
oped by the NMRTec company, using adapted algorithms, such as the
inverse Laplace transform and maximum entropy, to build the
diffusion dimension.[16] Calculation of hydrodynamic radii requires
knowing solvent viscosities at different temperatures. CDCl3 and
CD3CN viscosity calibration experiments were performed by DOSY
NMR between 300 K and 193 K. A mixture of well characterized
molecules (tetramethylsilane, strychnine, and tert-butyl alcohol) in
CDCl3 was used as reference species, allowing the calculation of the
viscosity by the Stokes–Einstein equation.

X-ray radiocrystallography data: The X-ray crystallography data
for compounds 1–4 were described earlier: 1, 3 ;[9] 2, 4.[10] X-ray
diffraction measurements were performed on a Bruker–Nonius
Kappa CCD diffractometer using graphite-monochromated MoKa

radiation (l = 0.71073 C) for compound 5 and on a Bruker Smart
6500 diffractometer using synchrotron radiation (l = 0.31840 C) at
the European Synchrotron Research Facility in Grenoble (Beamline
ID11) for compound 8. The structures were solved by direct methods
and refined by full-matrix least squares techniques based on F2. The
non-hydrogen atoms were refined with anisotropic displacement
parameters. In the case of compound 8, the triflate anions and
acetonitrile molecules were refined using geometrical restrains. The
small size and the instability of the crystals (caused by the loss of
solvent) together with the high disorder of the triflate anions can
explain the lower resolution of this crystal structure. Calculations
were performed by SHELX-97 crystallographic software package.
CCDC 653203 (5) and 653202 (8) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
(www.ccdc.cam.ac.uk/data_request/cif).For further experimental
details, see the Supporting Information.
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