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Abstract: Quantitatively predicting the reactivity of dynamic covalent
reaction is essential to understand and rationally design complex
structures and reaction networks. In this work, we gquantified the
reactivity of aldehydes and amines in various rapid imine formation in
aqueous solution by microfluidic NMR. Investigation of reaction
kinetics allows us to quantify the forward rate constants k. by an
empirical equation, of which three independent parameters were
introduced as reactivity parameters of aldehydes (Sg, E) and amines
(N). Furthermore, these reactivity parameters were successfully used
to predict the unknown forward rate constants of imine formation.
Finally, two competitive reaction networks were rationally designed
based on the proposed reactivity parameters. Our work has
demonstrated the capability of microfluidic NMR in quantifying the
kinetics of label-free chemical reactions, especially rapid reactions
that complete in minutes.

Dynamic covalent chemistry (DCC)™ has been widely applied in
constructing  sophisticated = supramolecular structures and
reaction networks.?! The most frequently used dynamic bond is
imine, which can be formed by condensation between aldehydes
and amines under mild reaction conditions ! Precise control over
both thermodynamics and kinetics of imine formation has greatly
promoted the construction of complex structures and chemical
systems.®’l For instance, Cooper et al. integrated calculations and
experiments to discover 32 new imine-based cages through one-
pot syntheses in chloroform. In aqueous system, imines are also
important building blocks in constructing supramolecular
structures.®  Nevertheless, fundamental physical-organic
properties of imine formation in aqueous solution need thorough

study, which is a prerequisite for predicting product distributions
in DCC reactions.B? In a simple system that just involves one
amine and one aldehyde/ketone, conventional spectroscopies,
such as UV-Vis and IR, successfully provide quantitative
information of imine formation®! by monitoring the absorption of
imine group. However, they are limited in studying muticompent
complex systems that contain multiple amine and
aldehyde/ketone components, owing to the limited structural
resolution of these spectroscopies.
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Scheme 1. Chemical structures of the aldehydes (1-3) and the amines (PrA-
PmA) used in this work.
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Figure 1. (a) Schematic diagram of fluid flow process in the microfluidic chip.
(b) time-resolved *H NMR spectra and (c) yield plot of reaction between 1 (10
mM) and BuA (10 mM) at different reaction time in DO at 25 °C. Error in
experiments: +5%.

Nuclear magnetic resonance (NMR) is a powerful tool to study
organic reactions, because it provides valuable high-resolution
structural information.[”? Over the past decade, thermodynamics
and kinetics of imine formation with time scales ranging from
hours to days have been investigated by conventional NMR, !
such as the time-dependent distribution of imine reaction
network® and the influence of weak n-* interaction®® in
protecting imine bonds. But it fails to characterize the kinetics of
aqueous imine formation finished within minutes for two reasons.
First, important kinetic profiles at the early stage of reactions are
missing because it takes at least 3 min to acquire the first NMR
spectrum. Second, poor sensitivity of NMR requires the
accumulation of scans to achieve an acceptable signal-to-noise
ratio (S/N), leading to poor time resolution. The combination of
flow systems with NMRI provides enchanced NMR-based
techniques, such as flow NMRI? and microfluidic NMR (uF-
NMR),13 which significantly improve the time resolution.' For
instance, Wensink et al. reported the first work on monitoring the
kinetics of fast imine formation using microfluidic NMR.1* But due
to the low sensitivity of the planar coil, a high concentration of
reactants (4.95 M) was required. Oosthoek-de Vries et al.*® have
used a highly efficient stripline NMR flow probe to study the
kinetics of fast acetylation of benzyl alcohol on a time scale of
seconds at 500 mM.

Recently, our group has successfully employed microfluidic
NMR (UF-NMR) to investigate the kinetics of a multi-component
host-guest supramolecular system.l'”] Taking the advantage of
high sensitivity of double striplines in our design,’® we have
reduced the concentration of reactants to as low as 2 mM. Herein,
we applied yF-NMR to characterize the kinetics of a variety of fast
imine formation in aqueous solution. Time-resolved NMR spectra
allow us to systematically investigate the kinetics and establish
the kinetic models. We then employed an empirical equation to
guantify the reactivity of aldehydes and amines. The collected
parameters can be directly used to predict the forward reaction
rate constant. We also designed two competitive imine-based
networks based on their different reactivities and demonstrated
the effect of amines and aldehydes on the kinetic and
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thermodynamic control. Our work has successfully quantified the
reactivities of imine formation and demonstrated the capability of
WF-NMR in characterizing dynamic covalent chemistry.

In our previous work, we tried to study the kinetics of imine
formation in aqueous solution by conventional NMR,29 for
instance aldehyde 1 and aliphatic amines. But the reactions
already finished when the first NMR spectrum was recorded at 5
min. Thus, we first mixed 1 with n-butylamine (BuA) to analyze
the feasibility of monitoring imine formation in aqueous solution
using uF-NMR. After injecting an aqueous solution of 1 (20 mM)
and BuA (20 mM) into a microfluidic chip by syringe pumps
(Figure 1a), the time-resolved *H-NMR spectra (Figure 1b) clearly
showed that the reaction finished at 180 s. As the reaction went
on, the peak area of reactant (Hcho at 9.45 ppm) gradually
decreased, whereas the peak area of product (Hcun at 7.8 ppm)
gradually increased. Integration of those peaks was plotted to give
the profile of the yield against time (Figure 1c), as well as
equilibrium constant K. Similarly, condensation of 1 with several
types of amines, such as aliphatic amine PrA-PeA, hydroxy or
methoxy containing amine MomA-AeA, and aromatic amine PhA
were also investigated (See Supporting Information, Fig. S2-1171).
The kinetic curves were first fitted by a second-order equation,
which is commonly used for imine formation in organic solution.
Taking the condensation of 1 and AeA for example, no obvious
linear relationship between 1/[CHO] and time was observed
(Figure 2b), except for the early stage of the reaction.

We hypothesized that at the early stage, the concentration of
products is quite low, and the reverse reaction rate is
approximately zero. The total reaction rate equals the forward
reaction rate (r = r,), which obeys the second-order equation. As
the reaction proceeds, the concentration of [CHN] together with
the rate of imine hydrolysis increase, leading to the deviation from
the second-order reaction process. Therefore, imine formation
should be considered as a reversible reaction in agueous solution.
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The 2-1 reversible reaction equation (1) was attempted to fit the
kinetics of imine formation (page S8 in Supporting Information)
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Figure 2. (a) The reaction of 1 with AeA. The plot of the fitting curve by (b) the
second-order kinetic equation and (c) the 2-1 reversible kinetic equation. Error
in experiments: +5%.
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The fitting resulted in an excellent correlation coefficient R?
(0.9992) (Figure 2c). Moreover, besides k. and K, reverse
constant k- can also be acquired by calculation. For comparison,
we also introduced aldehydes 2m, 2p, and 3 to investigate the
substituent effect on the reaction kinetic. All kinetic data were
summarized in Table 1.

Table 1. Summary of the equilibrium constant K, rate constant k+, and k. of imine
formation.

Aldehydes Amines KM Bk (MLs)Bl (s B
A _NH, 568 2.30 4.05x10-
N, 1.07x103 3.47 3.24x107
oW ]
O %o A, 884 3.32 3.76x10"
. _ NH, 3
O~ iessr o~ N2 361 0.531 1.47x10
1
g N 325 0.291 8.96x10
NH,
©/ 14.8 & o
N 516 1.60 3.10x10
o~ NH, 643 2.22 3.45x10
cHo N 269 1.98 7.36x10
O~fimesr  HO N 287 0.552 1.92x10-2
2m
o NHe 302 0.352 1.17x10-2
NH,
©/ 5.36 ke I
A NH 127 0.593 4.67x107
o~ NH, 158 0.849 5.37x10-2
cHO L NH, 181 0.788 4.35x107
o~ N2 53.9 0.223 4.14x107
O iMeBr
» o~ NH 52.4 0.154 2.94x10-3
NH,
©/ 1.83 o &
_NH, 26810 3.74 1.40x107
“~UNH,  4.34x103 4.56 1.05x10-2
cho o NH,  3.24x10° 4.37 1.35x1072
©isogNa
s ho~NH 2.83x10° 1.39 4.91x10*
So N2 1.32x10° 0.842 6.38x10°

NH,
©/ 28.3 i &

[a] Error in experiments: #5%. [b] Error in experiments: *#10%. [c] the
concentration is below the detection limit.
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Table 2. The values of reactivity parameter N of amines.

Amine MomA AeA PrA PeA BuA

N @ -1.23 -0.63 0.83 1.20 1.24

[a] Error in experiments: +5%.
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Figure 3. Plots of reactivity parameter N versus Ink. of the reaction of (a) 2m
and (b) 2p with amines. Error in experiments: +5%.

We investigated the kinetics of imine formation between various
aldehydes and amines, and tried to correlate to their molecular
structures. The k. of four aldehydes with each amine decreased
in an order of 3>1>2m>2p, which is in accordance with the
order of the electronic effect of substituents on the aldehydes.

Likewise, the k. of reactions of amines with each aldehyde
follow an order of n-butylamine > n-pentylamine > n-propylamine
> 2-hydroxyethylamine > 2-methoxy-ethylamine. But the pKj,
HOMO energy levels and electron density of these amines (Figure
S43-451) showed no linear positive correlation to their k..
Therefore, the basic molecular properties (pKa, HOMO energy
levels and electron density) of the reactants are insufficient to
predict the r..

Table 3. Predicted and experimental values of rate constant k- for the reactions
of aldehydes and PmA.

Predicted Experiment

Amine Aldehydes value value Error
O
CHO
O . 0.705 .
M-1.g71
o\/\ltheaBr_
E=0 Sg=1
CHO
+ - 0.676 0.686 0
O fiMtess? 0878, fyage 1.46%
@ANH2 E=-0.18 Sg= 0.74
N=-0.35 gHo
. _ 0.272 0.261
O Mes8r M-1.571 M-L.5-1 4.21%
E=-1.51 Sg=0.70
@CHO
SO;Na 1.56 1.47 6.120%

M-t.g-1 M-1.g1

E=1.02 Sg= 0.67
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Figure 4. (a) Kinetic selectivity for the reaction of 1 with PeA and MomA. (b) Kinetic trace for imine formation from the reactions of aldehyde 1 with the amine PeA
and MomA separately (dotted) and a mixture of the amine PeA and MomA (Solid). (c) Kinetic selectivity for the reaction of 3 and 2m with PrA and PmA. (d) Kinetic
plots of the evolution of the compounds generated from a mixture of equal amounts of components 2m + 3 + PrA + PmA as a function of time. The size of circle
means the relative content of different products. The concentration of reactants was 10 mM in all cases. Error in experiments: +5%.

To unambiguously quantify the reaction rate constants of imine
formation, we employed an empirical equation proposed by
Mayr.[*l This equation relies on three basic assumptions: (1) the
reactivity of amines and aldehyde are independent; (2) the
reactivity of amines is defined as N (Nucleophilicity); (3) the
aldehyde has two parameters: the reactivity of aldehyde
(electrophilicity defined as E), and the sensitivity to amine (defined
as Sg). Equation (2) was fitted with the forward reaction rate
constant k. to quantify the three reactivity parameters:

Ink, = Se (E + N) @

First, aldehyde 1 was used as a reference, and its Sg and E
were assumed to be 1 and 0, respectively. Then, the reactivity
parameters N of amines were calculated by substituting their
corresponding reaction rate constants k. between 1 into the
equation (2) (Table 2). With all the N of amines derived, the
reactivity parameters (Sg and E) of other aldehydes can also be
quantified. The k. of aldehyde 2m and 2p with other amines were
measured. Plotting N of amines against Ink. of 2m and 2p with
these amines gave the reactivity parameters of 2m and 2p (Figure
3). This demonstrated the applicability of empirical equation (2) in
quantifing experimental k. with calculated reactivity parameters,
although the physical meaning of those parameters is not
straightforward.

In addition, the equation (2) can also be used to predict the
unknown experimental k. using the aforementioned reactivity
parameters. Taking phenylmethanamine (PmA) as an example,
its k+ with different aldehydes were predicted using equation (2).
First, the PmA reacted with 1 to derive its reactivity parameter N
to be -0.35. Then the k. of PmA with 2m, 2p, and 3 were
calculated using equation (2), as listed in Table 3. The errors
between the predicted and experimental k. were 1.46%, 4.21%,
and 6.12%, respectively. Hence, equation (2) can predict the
experimental k. of imine formation once the reactivity parameters
of corresponding aldehydes or amines are derived.

Furthermore, the derived reactivity parameters of aldehydes
and amines allow us to rationally design and investigate the
kinetic selectivity in dynamic covalent chemistry. The designed
competitive reaction system contains two amines with large
difference in reactivity and an aldehyde: n-pentylamine (PeA,
N=1.20, 10 mM) and 2-methoxy-ethylamine (MomA, N=-1.23, 10
mM), and aldehyde 1 (10 mM). As expected, at the early stage of
the reaction (within 200 s), 1 reacted more quickly with PeA than
MomA (Figure 4b), as the concentration of 1-PeA reached a
maximum of 66% at 200 s. This means amine with larger N
dominates in the kinetic selection of its corresponding product. At
the end of the reaction (after 200 s), the system gradually reached
thermodynamic equilibrium, and due to competition from MomaA,
the ratio of 1-PeA decreased to 58% at 480 s. Moreover, the time
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for competitive system to reach its thermodynamic equilibrium is
determined by the slowest process. In this case, the slower
formation of 1-MomA determines the time to reach the
thermodynamic equilibrium of the system (Figure 4b). Hence, our
proposed reactivity parameters can be used to design the kinetic
selection. For instance, if one wants to accelerate an imine
formation process, amines with large reactivity (N) can be
introduced into the systems, vice versa.

We further designed a more complex [2x2] competitive system
(Figure 4c), which contains two amines (PrA and PmA) and two
aldehydes (2m and 3). At the early stage of reaction (30 s), 3-PrA
formed rapidly as a major product (Figure 4d, orange), along with
a small amount of 2m-PrA. This can be explained by much higher
reactivity of PrA (N=0.83) compared with PmA (N=-0.35). Thus,
the kinetics of imine formation are dominated by amines rather
than aldehydes, further proved the availability of reactivity
parameters in designing kinetic selection of imine-based chemical
reaction networks. By contrast, the ratio of the thermodynamic
products is dominated by aldehydes, as evidenced by the higher
ratio of 3:PmA and 3:PrA than 2:PmA and 2:-PrA. This
experiment provides valuable information on how to manipulate
kinetic and thermodynamic selection for imine formation.

In summary, we have quantified the reactivity parameters of a
series of aldehydes and amines for imine formation in agueous
solution using yF-NMR. The high time-resolution NMR spectra
unambiguously gave the kinetic profiles of imine formation in
aqueous solution as a 2-1 reversible reaction. More importantly,
we introduced an empirical equation containing the reactivity
parameters of amine (N) and aldehyde (Seg and E), which can
guantitatively describe their reactivity parameters. ‘Such
parameters were used to predict the forward reaction rate
constants (k.) of an amine (PmA) through only one reaction.
Finally, we rationally designed two competitive imine formation
systems ([1x2] and [2x2]) based on their differences in reactivity
parameters. Kinetic investigation of competitive systems revealed
that the kinetic selection was determined by the reactivity of
amines, whereas thermodynamics distribution was determined by
the stability of aldehydes. Our work demonstrated the capability
of yF-NMR in studying the kinetics of fast chemical reactions, and
guantification of the reactivity parameters of imine formation.
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We investigated the imine formation in aqueous solution finished within several minutes through microfluidic NMR. The forward rate
constants k. were quantified by an empirical equation containing three independent parameters: reactivity parameters of aldehydes (Sg,
E) and amines (N). Those results allow the prediction of the unknown forward rate constant k. and rational design of two reaction
networks exhibiting kinetic selectivity.

This article is protected by copyright. All rights reserved.



