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Real-time monitoring of a dynamic molecular system using 'H-'*C
HSQC NMR spectroscopy with an optimized '*C window?
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The kinetic and thermodynamic parameters of an equilibrating
network involving 8 molecules can be determined from a series of
quick and highly resolved 'H-"*C HSQC NMR experiments
obtained using a reduced carbon spectral window.

Complexity is an emerging concept in chemistry, evidenced by
a shift from the study and manipulation of individual mole-
cules towards complex networks of interacting molecules.'
Very recently, Ludlow and Otto made an enthusiastic plea
for chemists to enter into this emerging field, called systems
chemistry.> Examples ranging from dynamic combinatorial
chemistry,? self-replication,* oscillating chemical reactions,” to
models of biological networks® were used to illustrate the new
properties and challenges that emerge from such systems.
Consequently, analytical methods that permit a rapid and
continuous monitoring of both the network composition and
the reaction pathways are of eminent importance. For this
purpose NMR spectroscopy is probably the most informative
tool, since it is one of the few techniques that potentially
allows a direct identification and quantification of all species
present in solution as a function of time.” However, the
application of NMR spectroscopy for studying mixtures of
molecules is often severely hampered by overlapping signals
and difficulties in signal assignment. Here, we show that these
problems can be completely solved by monitoring the dynamic
system with a series of quick and highly resolved 'H-'*C
HSQC NMR experiments. The experimental procedure relies
on the reduction of the spectral width in the '*C dimension of
HSQC in order to enhance the resolution of signals and on a
gradual increase in complexity of the system. From a single
mixing experiment, the complete kinetic and thermodynamic
picture of an eight-component network involving twelve ex-
change reactions can be obtained. In addition, this procedure
allows for a direct monitoring of the adaptive behavior of the
system towards an environmental change.

The dynamic network used to validate the application of
"H-13C HSQC NMR spectroscopy consists of four hydrazones
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1A-1D, which are in exchange due to the presence of the four
hydrazides A-D (Scheme 1). Our interest in this kind of system
arises from the observation that the thermodynamic equili-
brium in this network is affected by the occurrence of intra-
molecular interactions between the phosphonate group and
the functionality present in the hydrazide unit.® Since the
phosphonate group is a transition state analog of the basic
hydrolysis of an ester, identification of stabilizing interactions
reveals which functional group can assist in catalysis.
Recently, we have indeed shown that a correlation exists
between the thermodynamic amplification and the efficiency
in assisting in intramolecular catalysis.’

Previously, we have shown that the thermodynamic composi-
tion of a dynamic library containing nine different hydrazones
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Scheme 1 Dynamic eight-component network containing four hy-
drazones 1A-1D and four hydrazides A-D accounting for a total of
twelve exchange reactions. Rate constants are calculated by fitting the
kinetic profiles of Fig. 2. Each sections 1-3 is fitted separately, fixing
the rate constants obtained from the previous section. That is, section
1 yields two rate constants kq5 _,1g and kg _, 14 Which are fixed for the
fitting of section 2, which adds four new rate constants. Likewise, in
section 3 six new rate constants are obtained.
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can be quantitatively determined using 'H-'*C HSQC NMR
spectroscopy.’ The use of the '3C dimension turned out to be
essential in order to unequivocally identify all hydrazones pre-
sent, since spectral overlap occurred in the 1D 'H NMR
spectrum. Nonetheless, signal assignment in the 2D NMR
spectrum was impossible without having the 'H and '*C spectra
of the pure hydrazones at hand. Here we show that this problem
can be solved by following the kinetics of exchange directly by
'H-BC HSQC NMR measurements. 'H-'*C HSQC NMR
kinetic measurements become possible by using a spectral width
in the '*C dimension optimized for the carbon ‘fingerprint’ area
of the individual hydrazones. This reduces the number of time
increments needed to resolve the signals by one or two orders of
magnitude and, as a consequence, also the experimental time.'°

Hydrazides A and B were chosen because their behavior was
well-known from a detailed previous study.® Hydrazide C
exchanges at a much higher rate and thus enlarges the kinetic
interval explored. Finally, hydrazide D forms a true challenge
since additional signals are present in the ‘fingerprint’ area
originating from the o- and p-protons of the pyridinium ring.
The key trick in the experimental procedure is the sequential
increase in complexity. So, the starting point is a 58 mM
solution of hydrazone 1A in CD3;0D which has two signals in
the “fingerprint’ area (‘H: 7.8-9.2 ppm, '*C: 142.6-147.4 ppm)
corresponding to the anti and syn isomers with respect to the
amide bond (1Ay and 1A,,, Fig. 1a).!" Addition of one equiv.
of A and two equiv. of B results in the instalment of an
equilibrium between 1A and 1B, evidenced by the appearance
of two new signals in the ‘fingerprint’ area (1By; and 1B,
Fig. 1b) and a concomitant decrease in intensity of signals
1Ay and 1A,,.§ Monitoring of the signal intensities as a
function of time yields the rate profile for equilibration (sec-
tion 1, Fig. 2), from which two second-order rate constants
(k1a 18 and kq1g_,14) can be determined. The importance of
using the '*C dimension is illustrated by the separation of
signals 1By and 1A, in this dimension, whilst these overlap in
the "H dimension.
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Fig. 1 'H-"*C HSQC NMR spectra (600 MHz, CD;0D, 303 K) of
the “fingerprint’ area at different times (z = 0 (a), 4 (b), 8 (), and 13 (d)
h, Fig. 2). The o- and p-protons of 1D and D reside in the encircled
areas in Fig. 1D. Each spectrum was obtained in 8 min using 400 time
increments, 4.951 ppm (747.2 Hz) carbon spectral width and one scan
per increment. The processing involved sine square processing after
zero filling to 1024 points.§

After four hours, two equivalents of hydrazide C are added
resulting in the formation of hydrazone 1C on the account of
both 1A and 1B. The kinetic profile of 1A is very interesting as
it initially decreases rapidly and subsequently increases again
to reach a constant value at thermodynamic equilibrium (inset
of Fig. 2). Analysis of the rate constants shows that C reacts
5.0x faster with 1A compared to 1B (kqs_,1c = 32.2 X 10~ vs
kipoic = 6.4 x 107* M~ s7!), which corresponds to a
difference in activation energy AAG* of 3.8 kJ mol~'. How-
ever, compared to hydrazone 1C, 1B is thermodynamically
more stable than 1A by 0.7 kJ mol ™! (AAGic1a = 1.0 vs.
AAGic_1g = 1.7 kJ mol™Y)||, which explains the subsequent
increase in concentration of 1A.

Finally, two equivalents of hydrazide D are added which
installs the complete network as given in Scheme 1. Hydrazide
D poses a challenge as the o- and p-protons of the pyridinium-
ring resonate within the ‘fingerprint’ area, which is addition-
ally complicated due to the presence of two isomeric forms of
D. Given the fact that hydrazone 1D is also present in two
isomeric forms, a total of ten new signals appear (which
include the two imine protons of both isomers of 1D). Con-
sequently, signal identification from a single 'H-'>C HSQC
spectrum as shown in Fig. 1d is essentially impossible. How-
ever, having the kinetic profile of each separate signal at hand,
signal identification becomes very straightforward. First, sig-
nals are divided in two groups depending whether they in-
crease or decrease in intensity. Four out of ten signals decrease
in intensity, which by necessity means that these must result
from hydrazide D, which is being consumed. These four
signals can be further divided in two sets of two signals in a
2 : 1 ratio corresponding to the o- and p-protons of the major
(Dm) and minor (Dy,) isomers of hydrazide D. Based on their
intensities, the six positive signals can also be grouped in two
sets of three signals, which correspond to the major (1Dyy) and
minor (1Dy,) isomers of hydrazone 1D. The relative ratio of 2 :
1 : 1 for the three signals within each set is consistent with the
ratio between o-, p-, and imine protons. The imine-signal of
1Dy can be unambiguously assigned based on the '3C

50 q

40 1A
% 30 4
g
20 +
S 1B
10 4
0 T T T T T T
2 4 .6 8 10 12
time (hr)
+B section 1 +C section 2 +D section 3

Fig. 2 Concentrations of hydrazones 1A ((1), 1B (O), 1C (A) and 1D
(x) as measured by 'H-'>C HSQC NMR spectroscopy (600 MHz,
CD;0D, 303 K) throughout the mixing experiment. At the beginning
of each section, two equivalents of B, C, and D (with respect to the
scaffold 1) are added, respectively, and the evolution of the system is
followed kinetically. The solid lines represent the best fits to the
appropriate models (see ESIY).
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chemical shift of 143.074 ppm which falls out of the aromatic
region. The imine-signal of 1Dy, cannot be discriminated from
the p-proton, but for the system analysis this is of less
importance as both have identical intensities.**{1 The peak
assignment was fully confirmed by conventional 2D NMR
measurements based on DQF-COSY, NOESY and HMBC.

The sequential increase in complexity allows for an accurate
determination of all rate constants by fitting each section sepa-
rately fixing the rate constants obtained from the previous
sections. This way twelve rate constants were obtained with a
maximum error of 9.4% for kyp_1c (3.0 £ 0.3) x 107* M~ 's7h
(Scheme 1). An additional advantage of measuring the kinetics of
the system is the possibility to calculate the composition of the
system at thermodynamic equilibrium via extrapolation of the
kinetic profile. This significantly reduces the experimental time,
especially in situations where the thermodynamic equilibrium is
reached very slowly. So, the kinetic profile of section 3 in Fig. 2
was extrapolated to give the equilibrium concentrations of
hydrazones 1A-1D ([1A] : [1B] : [1C] : [1ID] = 19 : 25 : 13 : 43)
from which the AAG values were calculated as given in Fig. 3 with
a maximum error of 14% (for AAGa_1B).

Previous studies have shown that the thermodynamic sta-
bilities of these hydrazones may depend on their concentra-
tion.® We were interested to find out whether this analytical
tool allows us to detect changes in the mixture composition
upon dilution. Therefore, the final mixture ([1] = 43 mM) was
diluted to a final concentration of 5 mM and changes in the
signal intensities were monitored for 24 h (see ESIY). In
complete accordance with our previous results,> we observed
an amplification of hydrazones 1B and 1D on the expense of
hydrazones 1A and 1C upon dilution. Also the extent of
amplification (1B > 1D) is in line with our expectations.
Obviously, dilution has brought us to the lower limits acces-
sible with 2D NMR spectroscopy, which is around 0.5 mM for
this spectrometer and probehead (600 MHz, TXI-cryoprobe),
illustrated by the relative large errors.

The results presented here clearly illustrate the potential of
using kinetic "H-"*C HSQC NMR spectroscopy for analysing
complex chemical systems. We want to point out that NMR
spectroscopy by itself has several strongholds as an analytical
tool. There is no need to ‘freeze’ the dynamic system via a
covalent post modification, no internal standards are required
to correct for different responses (which may occur with
HPLC, GC, or MS analysis),if and the protocol does not
need to be optimised for each different library. Using 'H-'3C
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Fig. 3 Thermodynamic stabilities of hydrazones 1A-1D obtained by
extrapolation of the kinetic profile of the third section (Fig. 1d).|

HSQC NMR spectroscopy the size of the chemical library can
be significantly increased. Here we have studied a system
composed of four hydrazones, but taking into account the
presence of two isomers for hydrazones 1A, 1B, and 1D, the
actual number of measured species was seven. Considering the
large spatial separation of these signals in the 2D ‘fingerprint’
area (Fig. 1d) this number could even be further increased.
However, as a general point, it is clear that the spatial
separation of signals is a critical issue for the general applica-
tion of this technique. To our opinion, adding a ‘kinetic’
component to 2D NMR spectroscopy pushes its potential
for monitoring complex molecular networks to a new level.
Not only does it resolve the problem of signal identification,
but in a single shot it also gives access to the kinetic and
thermodynamic parameters. Finally, it also allows a direct
monitoring of the adaptive behavior of a chemical system.
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Notes and references

§ Since the two isomers of hydrazones 1A, 1B, and 1D have the same
kinetic behavior and have a constant ratio, they are treated as a single
species regarding the kinetic and thermodynamic analysis.

¢ New compounds 1C and 1D were characterized by 'H, *C and
ESI-MS. See ESI.¥

|| Since intermediate structures are never observed, the thermody-
namic equilibrium constant, e.g. Kja_ 1, is defined as the ratio of
the two rate constants for the given equilibrium, i.e. k1o 1B : k1B 1A-
** The differences in heteronuclear carbon—proton coupling constants
"Jen turned out to be useful to distinguish the imine C—H from the
pyridinium protons.

11 In previous work® we had not identified the minor isomer of 1D
(accounting for 20%) due to a lower resolution of the NMR spectrum.
However, considering that this was a comparative study with a
reference hydrazone this has no effect on the obtained conclusions.
11 Relative intensities between different signals may be affected by
different 'Jyy¢c coupling constants or relaxation rates. In order to verify
the effect of these parameters, all signals in Fig. 1 were corrected (see
ESIT) and the final thermodynamic composition was determined via
extrapolation of section 3. A new ratio for [1A] : [1B] : [1C] : [1D] of
18 : 24 : 16 : 42 was determined illustrating a maximum difference
of only 3% for 1C.
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