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ABSTRACT: Dynamic covalent chemistry (DCC) has become a powerful tool for the creation of molecular assemblies and
complex systems in chemistry and materials science. Herein we developed for the first time quantitative reactivity scales
capable of correlation and prediction of the equilibrium of dynamic covalent reactions (DCRs). The reference reactions
are based upon universal DCRs between imines, one of the most utilized structural motifs in DCC, and a series of O-, N-,
and S- mononucleophiles. Aromatic imines derived from pyridine-2-carboxyaldehyde exhibit capability for controlling the
equilibrium through distinct substituent effects. Electron-donating groups (EDGs) stabilize the imine through quinoidal
resonance, while electron-withdrawing groups (EWGs) stabilize the adduct by enhancing intramolecular hydrogen bond-
ing, resulting in curvature in Hammett analysis. Notably, unique nonlinearity induced by both EDGs and EWGs emerged
in Hammett plot when cyclic secondary amines were used. This is the first time such a behavior is observed in a thermo-
dynamically controlled system, to the best of our knowledge. Unified quantitative reactivity scales were proposed for DCC
and defined by the correlation log K = Sy (Ry + Rg). Nucleophilicity parameters (Ry and Sy) and electrophilicity parameters
(Rg) were then developed from DCRs discovered. Furthermore, the predictive power of those parameters was verified by
successful correlation of other DCRs, validating our reactivity scales as a general and useful tool for the evaluation and
modeling of DCRs. The reactivity parameters proposed here should be complementary to well-established kinetics based

parameters and find applications in many aspects, such as DCR discovery, bioconjugation, and catalysis.

Introduction

Dynamic covalent reactions (DCRs)' are being increas-
ingly utilized for the construction and modulation of mo-
lecular assemblies, complex networks, as well as
nanostructures,” which have found applications in sens-
ing, labeling,* catalysis,” and separation.” As a unique
class of dynamic interactions, the inter-conversion
through component exchange of DCRs under thermody-
namic control can result in structural and functional di-
versity as well as complexity, which is central to the re-
cently emerging field of systems chemistry.” For example,
Sanders, Otto, and others built dynamic combinatorial
libraries for the assembly and sorting of novel structures,
such as interlocked molecules, which are challenging to
make via traditional stepwise synthesis.® Nitschke, Leigh
and others created cages, knots, helicates, and etc., by
using the strategy of orthogonal assembly through imine
formation and metal coordination.” Based on dynamic
exchange of hydrazones, Kay achieved facile surface func-
tionalization of gold nanoparticles.”” Recently, Lehn de-
veloped a series of elegant dynamic covalent molecular

walkers." Covalent organic cages and porous frameworks
have also been designed for gas storage, such as those
reported by Mastalerz and others.”

Despite tremendous advances have been made, one
bottleneck in the field of dynamic covalent chemistry
(DCC)"® is that the scope of current DCRs is rather lim-
ited, with imine,” hydrazone,” disulfide, and boronic
ester” among the most exploited. As a result, there is con-
tinually growing interest in expanding the chemical space
and thereby versatility of DCRs in order to gain access to
new functions. For example, Zhang developed reversible
alkene and alkyne metathesis and used them for cage
construction.”” Taunton and Anslyn fine-tuned dynamic
thio-Michael additions in aqueous solutions for reversible
covalent labeling of cysteine.” Delius discovered a tripo-
dal tool for DCC based on acid-catalyzed exchange reac-
tion of orthoesters and constructed dynamic cryptates.*
Other representative examples include dynamic
enamines,” dynamic alkoxyamines,” diselenide ex-
change,” triazolinedione based reversible click chemis-
try,* and dynamic urea bond.” Instead of targeting spe-
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cific functionality, recently we proposed a general concept
of reactivity based dynamic covalent chemistry,”® in
which the term “reactivity” refers to the extent of the re-
action a chemical species participates. The emphasis on
reactivity in the field of DCC would unify various DCRs
with different functionalities, and a corresponding quan-
titative scale with predictive power would be particularly
useful for the discovery and manipulation of DCRs within
the rich realm of equilibrium systems.

In order to establish reactivity scales for DCC, a set of
reference DCRs with a wide range of equilibrium con-
stants would be required. Imines are one class of the most
utilized building blocks in supramolecular and systems
chemistry.” Although their chemistry is highly diverse,”
the reactivity of imines has rarely been exploited for DCR
applications.”® We envision that the electrophilicity of
aromatic imines can be facilely modulated through sub-
stituent effect, and therefore, imines could serve as a ver-
satile platform for the modeling of DCRs. Very recently,
we reported the creation of aminal based tri(2-
picolyl)amine ligands using metal-templated dynamic
multi-component covalent assembly.* Imine was found
as the key intermediate, and the position of the equilibri-
um was modulated through substituent effect. In the cur-
rent report, aromatic imines (1, Scheme 1) derived in situ
from pyridine-2-carboxyaldehyde (2-PA) were investigat-
ed systematically for reactivity based universal DCRs to-
ward a series of mononucleophiles. Intrinsic resonance
stabilization pattern in the reactant and product led to
curvature in Hammett plots. In particular, unprecedented
nonlinearity in Hammett plot was revealed for DCRs us-
ing cyclic secondary amines, with both electron-donating
groups (EDGs) and electron-withdrawing groups (EWGs)
significantly deviating from the line. Unified reactivity
parameters were next developed for DCC using imine
based DCRs as references. The correlation of other DCRs
was also accomplished, thereby validating the generality
and predictive ability of our quantitative reactivity scales
for DCC.

Results and Discussion

Design: Our primary focus is placed upon manipulat-
ing the reactivity of the imine as a means of harnessing
the reversibility and stability. We postulated that the
electrophilicity of aromatic imines derived from 2-PA
would be much higher than aliphatic imines due to elec-
tron-withdrawing nature of pyridine, and the reversible
addition of O-, N-, S- nucleophiles is plausible. Instead of
starting from preformed imines, dynamic multi-
component covalent assembly reactions were conducted
with 2-PA, primary aromatic amines (2), and mononucle-
ophiles (NuH) in order to control the equilibrium
through in situ generated imines (Scheme 1). A competing
pathway through oxonium like intermediate 3 via the di-
rect addition of NuH to 2-PA is possible depending on the

relative nucleophilicity of 2 and NuH. However, we con-
ceived that a delicate balance between the stability and
reactivity of imine 1 could be established by fine-tuning
through substitution on the aromatic ring.** In addition
to minimizing work of synthesis and isolation, such in
situ assemblies would afford same extent of equilibrium
irrespective of the sequence of reagent addition because
the system is under thermodynamic control. Moreover,
intramolecular hydrogen bonding could be used as a driv-
ing force to stabilize adduct 4, thus providing a means for
further modulating the equilibrium. In essence, we
sought a general system that can reversibly bind a diverse
set of mononucleophiles, which in turn could enable the
creation of a library of DCRs with a wide range of equilib-
rium constants, thus laying the foundation for the estab-
lishment of quantitative scales for DCC.

Scheme 1. The equilibria and intermediates for imine
based DCRs

N’/H‘ B
O

H X
\ ,<X
2
N
‘N\ o —\  -H,0 @
= *+ HN \ ,\/ — N / \
X I
2-PA 2 1 X
NuH NuH
.
H-o :O N @ 2',, Nu
N g e W 1N
‘ N Nu — 3 _N\\ N / \
Pz H =X
5 NuH, 4
-H*
Nu
‘ = Nu
7

Deduction of equilibrium constant: To quantify the
DCR, equilibrium constant for the transformation of 1 to 4
(highlighted in Scheme 1) was derived. This two-
component reaction directly correlates with the stability
and reactivity of imine 1 (eq. 1 and 2). All the concentra-
tions can be deduced from the total concentration of each
reactant and the integrals in 'HNMR spectra. By defining
the integral ratio of 1 to 4 as x, the integral ratio of free 2-
PA to 4 as Yy, the integral ratio of free nucleophile to 4 as z,
and the integral ratio of 2-PA derived compounds except 1
and 4 (i.e. 5, 6 and 7) to 4 as n, the concentration of 4 is
given in eq. 3 according to the mass balance of 2-PA. Sub-
stituting eq. 3 into eq. 2, combined with the defined ratios,
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affords the K expression for the assembly reaction (eq. 4,
see details in SI).
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Optimization and Modulation of DCRs: With the
strategy in mind, the multi-component reaction of 2-PA,
a primary aromatic amine, and a model thiol (i-
propanethiol) was screened. The reaction of 2-PA, 4-
cyanoaniline, and thiol in acetonitrile afforded a mixture
of aldehyde, product 4, as well as thiohemiacetal 5 after
24 h, with 2-PA being the major component, but no imine
1 was apparent (Figure S3 and Table S1). Surprisingly, the
formation of 4 was almost quantitative when 0.3 equiv.
methanesulfonic acid (MA) was present. The effect of acid
is likely due to the acceleration of reactions through
Breonsted acid catalysis. Assembly reactions were next
performed with amine 2 of varied substitution in the
presence of 0.3 equiv. MA individually, and the results are
listed in Table 1. For all substituents tested, product 4 was
the major species. As the arene becomes more electron-
deficient, the equilibrium constant increases with a range
of 22.2-2380 M™. The equilibrium constant was not ob-
tained for 4-cyanoaniline and 4-nitroaniline because
imine 1 was not detected.

Table 1. The component distribution and equilibrium
constants for imine 1 based DCRs with 1-
propanethiol.

X 2-PA 1 4 K
(%) (%) (%) (M%)
p-OCH;’ <1 30 69 22.2
p-CH,’ <1 1 89 90.4
m-CH;? <1 6 93 176
p—Hb <1 26 73 296
m-F° <1 16 83 1070
m-Br" 3 13 83 170
m-CF3b 3 5 92 2000
m-CNP 4 7 89 2380

p-CN® 2 0 98 -

p—NOzb 2 o 98 -

Note: a. 3.0 equiv. thiol; b. 1.0 equiv. thiol.
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For monoalcohols, ethanol was chosen as a model.
Only trace amount (less than 2%) of hemiaminal ether 4
was detected when 4-nitroaniline was used (Figure S5 and
Table S2). However, there was a significant increase
(around 25%) in product 4 upon the addition of MA. The
multi-component reactions were then conducted with
individual aniline derivative in the presence of 0.3 equiv.
MA. Not surprisingly, only the imine incorporating EWGs
afforded detectable amount of 4 in 'HNMR, with a per-
centage range of 2%-28% (Table 2). In all cases, both al-
dehyde and imine 1 were present. Side product aminal 6
(less than 6%) was also observed for 4-cyanoaniline and
4-nitroaniline, confirming the high reactivity of their cor-
responding imine. It is worthwhile to note neither hemi-
acetal 5 nor acetal 7 was apparent. All these results are in
consistence with the low nucleophilicity of monoalcohols.
The equilibrium constants were determined with a range
of 0.24-9.45 M™. Albeit small, these equilibrium constants
are significantly higher than the data reported for the
reaction of N-(p-nitrobenzylidene)-p-nitroaniline and
methanol even in 91 methanol/acetonitrile (0.065 M™),*
thereby further validating the power of our strategy of in
situ dynamic multi-component covalent assembly.

Table 2. The component distribution and equilibri-
um constants for imine 1 based DCRs with ethanol®.

X 2-PA 1 6 4 K
(%) (%) (%) (%) (M™)

m-Br 1 87 o 2 0.24
m-CF, 9 87 o 3 0.36
m-CN 13 83 o 4 0.47
p-CF, 18 75 o 7 1.00
p-CN 24 53 4 19 3-30
p-NO, 37 29 6 28 9.45

Note: a. 3.0 equiv. alcohol was used.

Having achieved imine based DCRs for thiols and alco-
hols, our next step was to further expand the substrate
scope. Compared to dynamic imine formation and

Table 3. The component distribution and equilibri-
um constants for imine 1 based DCRs with diethyla-
mine”.

X 2-PA 1 7 4 K
(%) (%) (%) (%) (M)

p-Br <1 93 <1 5 0.40
m-F 3 90 <1 7 0.73
m-Br 3 88 2 7 0.73
m-CF, 6 79 3 12 141
m-CN 4 76 3 17 1.90
p-CF; 7 64 3 26 3.97
p-CN 5 30 3 62 20.4
p-NO, u 13 6 70 57.8

Note: a. 3.0 equiv. diethylamine was used.
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Figure 1. LFER based correlation and its rationalization. (a) Hammett plot with ¢* value for the reaction of imine 1 with 1-
propanethiol; (b) Hammett plot with o™ value for the reaction of imine 1 with ethanol and diethylamine, respectively; (c)
Resonance interaction in imine 1; (d) Resonance stabilization of adduct 4.

exchange with primary amines, DCRs with mono second-
ary amines are rare.>” Secondary amines are more sterical-
ly hindered than primary amines, and hence less reactive
toward nucleophilic addition. The reactivity of primary
aromatic amines is also lower than their aliphatic coun-
terparts due to p-m conjugation. As a result, we postulated
that the reactivity of 2 and secondary aliphatic amines
would be comparable, and the hemiaminal pathway
would be more pronounced. MA was not used for the
assembly reaction with diethylamine as a model due to
the basicity of aliphatic amines. For the reaction with ani-
line or 4-methylaniline, only imine was detected (Figure
S7). When an EWG was placed on the benzene ring, the
peaks of aminals 4 appeared, and its amount increased
with the enhancement of electron-withdrawing ability
(Figure S6 and Table 3). The side product (aminal 7) was
also detected, but with a smaller percentage than 4, con-
firming the emergence of the hemiaminal pathway. For 4-
cyanoaniline and 4-nitroaniline, 4 was the major compo-
nent with aminal 7 less than 7%. The equilibrium con-
stant was found with a range of 0.40-57.8 M™.

LFER based correlation: With a wide range of equi-
librium constants available, they were next subjected for

linear free energy relationship (LFER) based Hammett
analysis to provide insights for further modulation. LFER
is one of the most fundamental concepts in chemistry®
and has been extensively employed to elucidate reaction
mechanisms* and derive quantitative structure-activity
relationships (QSAR).® However, the use of LFER for the
discovery, modulation, and modeling of thermodynami-
cally driven DCRs is under-explored.” For 1-propanethiol
derived assembly, nonlinearity emerged in Hammett plot
when the standard Hammett constant ¢ was employed for
the correlation, with p-OCH, deviating from the line (Fig-
ure S17). Instead, a plot of log K versus ¢ value of the cor-
responding substituent afforded a linear relationship with
a slope of 1.58 (r* = 0.987, Figure 1a). Analogously, a scat-
tered line was obtained for DCR incorporating diethyla-
mine when o was used (Figure S18). However, a much
stronger linear correlation with ¢ was observed (r* =
0.989, slope = 2.13, Figure 1b), instead of ¢* (Figure S18). A
plot of log K versus o™ values also gave a linear relation-
ship for ethanol derived assembly (r* = 0.986, slope = 1.77,
Figure 1b), but the correlation with o or ¢ was poor (Fig-
ure S19).
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The use of different set of Hammett parameter is like-
ly due to the involvement of different stabilizing or acti-
vating mechanism. ¢* and o™ were originally proposed to
account for enhanced resonance effects of para electron-
donating and electron-withdrawing substituents to stabi-
lize positive and negative charges built, respectively, such
as those on the benzylic position.”” Because our dynamic
multi-component covalent assembly is under thermody-
namic control, any resonance effect on the reactant or
product can contribute to the K value. EDGs, such as p-
OCH,, stabilize imine 1 via quinoidal resonance, while
EWGs exhibit the opposite effect, destabilizing and hence
activating the imine (Figure 1c), analogous to our previous
report.”® For more nucleophilic thiols (larger K value),
the change in log K would be more sensitive to the reso-
nance interaction in the imine, especially those pos-
sessing EDGs. Since resonance stabilization or destabili-
zation takes place in the reactant imine (eq. 1), a negative
p value would be predicted for the correlation of the dis-
sociation of 4 into imine 1 and thiol with ¢* values. As a
result, its reverse reaction, as shown in eq. 1, would have a
positive p value, in agreement with the experimental data.

Although resonance effects in imine are still valid for
the assembly reaction with relatively weak nucleophiles
(smaller K value), such as diethylamine and ethanol, we
postulated that the impact resulting from the stabiliza-
tion of product 4 should be more dominant. One rational-
ization comes from the enhancement of the acidity of NH
by EWGs through quinoidal resonance, thereby increas-
ing the strength of the intramolecular hydrogen bond and
stabilizing 4 (Figure 1d). Although partial negative charge
is developed on imine nitrogen during the additon step,
difference in thermodynamic stability between imine 1
and adduct 4 must be took into consideration because
equilibrium constants are discussed here, instead of rate
constants. From 1 to 4, one N-C bond breaks, and one N-
H bond forms (Figure 1d). Based on the difference in elec-
tronegativity between C (2.55) and H (2.20), the electron
density on imine nitrogen increases, and therefore, ¢ is
appropriate to correlate the equilibrium from 1 to 4 with a
positive p value.

Unprecedented nonlinearity with cyclic secondary
amines: Inspired by the finding that different resonance
stabilization mode is dominant for DCRs with thiols and
secondary amines/alcohols, respectively, we further ex-
plored imine based DCRs with cyclic secondary amines,
whose nucleophilicity falls generally between thiols and
acyclic secondary amines. The multi-component reactions
were conducted with piperidine in the absence of MA
(Figure S8), and the distribution of equilibrium mixture is
shown in Table 4. No aldehyde was present in all cases.
For aniline and its analogs with EDGs, the desired aminal
4 did appreared, though the percentage of aminal side
product 7 outweighed it. Imines with p-OCH;, p-CH; or H
substitution are rather stable and less reactive (more than
50%), and the competing hemiaminal pathway is more
involved. For aniline derivatives bearing EWGs, the

Journal of the American Chemical Society

amount of imine 1 decreased while product 4 overtook
aminal 7. Both 4-cyanoaniline and 4-nitroaniline afforded
4 with a yield more than 70%.

Table 4. The component distribution and equilibri-
um constants for imine 1 based DCRs with piperi-
dine®.

X 1 7 4 K
(%) (%) (%) M™)
p-OCH, 82 13 5 1.49
p-CH, 69 18 13 6.39
p-H 54 24 22 17.9
m-OCH, 52 17 31 27.4

m-Br 36 24 40 107
m-CN 28 20 52 208
p-CF; 21 18 61 398
p-CN 13 13 74 883

p-NO, 7 8 35 4560

Note: a. 1.1 equiv. piperidine was used.

The calculated equilibrium constant for piperidine
(1.49-4560 M") is significantly higher than the corre-
sponding value for diethylamine. For example, with p-
nitroaniline derived assembly piperidine gave a K value
(4560 M™) that is 79-fold larger than the K value (57.8 M™)
for diethylamine. As described in the previous section, ¢
parameters were utilized to correlate the logarithm of K
values, but the fitting with EDGs was not great (Figure
S20). In order to choose the appropriate substituent pa-
rameter and thereby rationalize experimental data ac-
cordingly, aromatic imines with only meta substituents
for which quinoidal resonance is impossible were ana-
lyzed first, and a straight line was indeed afforded with
standard o values (Figure 2). Placement of the data from
para substitunts in this plot revealed that both EDGs (p-
OCH, and p-CH,) and EWGs (p-CF;, p-CN, and p-NO,)
deviate from the line (Figure 2). These results were ex-
plained as following: the nucleophilicity of piperidine is
between that of 1-propanethiol and diethylamine, and
hence, both EDGs and EWGs are able to shift the equilib-
rium significantly through stabilization of imine 1 and
product 4, respectively. As a result, unique nonlinearity
emerged in Hammett plot. Such an explanation is also
consistent with the trend of equilibrium constants: 1-
propanethiol > piperidine > diethylamine.

The nonlinearity in Hammett plot induced by EDGs or
EWGs is common in the literature, especially for the ki-
netics data, and it is generally rationalized as a change in
the rate determining step or reaction mechanism (such as
Syt to Sy2).>* One notable example is reaction kinetics
involving benzylic systems, in which the acceleration of
the reaction by both EDGs and EWGs can lead to even
“V’- or “U”-shaped Hammett plot.*> Recently, Um and co-
workers investigated the mechanism of a series of nucleo-
philic substitution reactions with aromatic esters and
revealed that the curved Hammett plot is caused by reso-
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nance stabilization of substrates possessing an EDG, in-
stead of a change in the rate determining step.>° However,
our finding is the first time that both EDGs and EWGs
account for the deviation in a thermodynamically driven
system, to the best of our knowledge. Correlation with
Yukawa-Tsuno equation was also attempted, but similar
trend was afforded as the case with ¢* or o™ alone (Figure
S20).
4.0
35 up-NO,

3.04 p-CF; = p-CN

2.5 "
i m-Br m-CN
2.0 1

log K

m-OCHg,
] m p-CH,
054 slope = 1.96

2
1 =p-OCH (R” = 0.995)
0.0 P 3

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

(e}

Figure 2. Hammett plot with o value for DCR of imine 1
with piperidine. The linear line was generated by using K
values from meta-substituted aniline and aniline.

Establishment of unified reactivity scales for DCC.
Because different types of substituent parameters were
employed for the analysis, the next goal was to develop a
set of unified reactivity parameters for DCC. Traditionally,
LFER originated reactivity parameters, such as nucleo-
philicity parameters based on Swain-Scott equation (eq.
5)” and Brensted relationship (eq. 6),® were developed
from reaction kinetics and commonly utilized to probe
reaction mechanism. Over the past decade, Mayr and co-
workers complied comprehensive reactivity parameter
database, and the values of N (for nucleophiles) and E (for
electrophiles) were derived from kinetics data (eq. 7).
Very recently, they also proposed a quantitative scale of
Lewis basicity toward carbocation based Lewis acids (eq.
8).** Building on the foundation of DCRs involving reac-
tive intermediates, such as iminium ions and their ana-
logs, we recently proposed the concept of reactivity based
dynamic covalent chemistry,”® in which the term “reactiv-
ity” describes the extent of the reaction a chemical species
participates. It is worthwhile to note that “reactivity” can
refer to either reaction equilibrium (thermodynamic reac-
tivity) or rate (kinetic reactivity) depending on circum-
stances, though traditionally the term is restricted to de-
pict the rate at which a substance tends to undergo a
chemical reaction. The use of term “reactivity” in the field
of DCC which is under thermodynamic control would
unify various DCRs with different functionalities, thus
paving the way for the establishment of quantitative
scales for DCC.

log (knuex/kino) = snx (5)
log k = BnucpK, +log C' (6)
log k = s(N + E) (7)
logK=LA + LB (8)
log K = Sx(Ry + Rg) (9)
(log K)/Sy= Ry + Rg (10)

Because most DCRs can be considered as a combina-
tion of nucleophiles and electrophiles, we proposed eq. 9
to correlate the equilibrium constants, in which Ry is the
reactivity parameter for nucleophiles, Ry is the reactivity
parameter for electrophiles. Sy is the sensitivity parameter,
and its value is nucleophile-specific. In order to expand
the substrate scope and hence the generality for the cor-
relation analysis, the dynamic multi-component covalent
assembly reactions were conducted with a set of structur-
ally diverse thiols (1-propanethiol, 2-propanethiol, ¢-
butylthiol, 2-mercaptoethanol, and 3-mercaptopropionic
acid), secondary  amines (diethylamine, N-
methylbenzylamine, and piperidine), and alcohols (meth-
anol, ethanol, benzyl alcohol, 2-propanol, and 1-
phenylethanol) (Figures S9-Si4). The corresponding K
values of DCRs between imine 1 and these mononuclo-
philes were listed in the Supporting Information, with a
broad range of 0.089-4560 M™ (Tables S4-S12).

The logarithm of K values of 66 DCRs were next em-
ployed to derive the parameters using the least-squares
method on the basis of eq. 9 (least-squares minimization
of A* = Y [log K — Sx(Ry + Rg)]* by defining Rg[1(m-Br)] = o
and Sy(piperidine) = 1. Piperidine is chosen due to the
availability of equilibrium constants of its reaction with a
wide range of imine 1. High quality of correlations was
afforded, as evident in Figure 3a, with each line corre-
sponding to the DCR of a certain nucleophile with a series
of electrophiles. A range from -1.86 to 1.63 was obtained
for R;, while mononucleophiles examined afforded an Ry
range from -1.67 to 3.76 and an Sy range from o0.72 to 1.20,
respectively. In another way of illustrating the reactivity
parameters proposed, the plot of (log K)/Sy versus Ry was
linear with a slope equal or close to 1 (eq. 10), in which
each line refers to the DCR of a certain electrophile with a
series of nucleophiles (Figure 3b). Although plots in Fig-
ure 3a and 3b are mathematically equivalent (eq. 9 and 10),
the correlation of (log K)/Sy as a function of Ry is im-
portant because it can be used to deduce R value of elec-
trophiles from their DCRs with a set of nucleophiles
whose Ry and Sy values are known (see details below).

To verify the overall quality as well as predictive capa-
bility of the correlation, the log K values of 66 DCRs pre-
dicted using eq. 9 were plotted as a function of the meas-
ured log K values. An excellent linear relationship was
afforded (R* = 0.996, slope = 0.99, Figure 4), thus further
validating the effectiveness of our model.
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Figure 4. Linear correlation of log K values predicted us-
ing eq. 9 with the measured log K values (66 DCRs).

Application of the reactivity scales for DCC. Hav-
ing established quantitative reactivity scales with refer-
ence DCRs, we next set out to further examine their ap-
plication scope and predictive ability. First, an approach
for the correlation with primary aliphatic amines was de-
veloped. Due to their high nucleophilicity, the addition
reaction of primary aliphatic amines to imine 1 is unlikely.

Journal of the American Chemical Society

Instead, we postulated that a dynamic component ex-
change reaction of amines would be more favorable
(Scheme 2a). To test this hypothesis, a one pot dynamic
multi-component reaction of 2-PA, 1-butylamine, and
aromatic amine 2 was performed. 'HNMR revealed the
presence of both imines, and the K value for the amine
exchange reaction was calculated (Tables S13-S15). With a
series of substituted imine 1, the correlation of log K with
the corresponding Ry values gave an Ry value of 3.44 for 1-
butylamine (Figure 5a). Analogous analysis was also con-
ducted with benzylamine and o-methylbenzylamine, and
they have an Ry value of 3.96 and 3.10, respectively.

The Ry values were next utilized to correlate other
DCRs we developed recently.”® The equilibrium reaction
of imine 1 and Zn*-DPA to create tripodal metal com-
plexes as well as its associated dynamic component ex-
change (Figure 5b-5d) was hence subjected for analysis
using eq. 9. As shown in Figure sb, a straight line as a
function of Ry was afforded for all three DCRs, indicative
of the versatility of the developed reactivity parameters.
Furthermore, the Ry value of 4-methylaniline was found
to be 1.25 based on the correlation of log K = 0.92(1.25 +
Rp). Alternatively, the reverse reaction of the imine/amine
exchange in Scheme 2b was employed to predict the Ry

Scheme 2. Application of the reactivity scales for oth-
er DCRs.
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Figure 5. The correlation of DCRs in Scheme 2 with reactivity parameters established. (a) Imine based DCRs with primary
aliphatic amines (Scheme 2a); (b) Imine based DCRs with primary aromatic amines (Scheme 2b) and metal complexes

(Scheme 2c and 2d); (c¢) DCRs between Michael acceptors and
values predicted using eq. 9 with the measured

values of aromatic amines in conjunction with the Ry val-
ues of 1(p-CH,). The following eq. 9 was employed: log K
= 0.92{Ry + Rg[1(p-CH,)]} (the K value is for the reverse
reaction of Scheme 2b; assuming that same Sy value for
aromatic amines examined here). The Ry value for p-OMe,
p-Me, p-Br, and p-CF, substituted aniline was estimated
to be 1.81, 1.22, 0.26, and -0.60, respectively. The Ry value
for 4-methylaniline (1.22) is in close agreement with the
data (1.25) obtained from the correlation in Figure 5b. As
a result, the DCR of aromatic imines enabled us to devel-
op reactivity parameters for thiols, primary amines, sec-
ondary amines, and alcohols, which are widespread in
chemistry and are among the most used functionalities in
dynamic covalent and systems chemistry.

To further prove the generality of reactivity scales de-
scribed herein, other class of electrophiles was investigat-
ed. Toward this end, dynamic thio-Michael reactions of a-
[(4-nitrophenyl)methylene]-2-pyridineacetonitrile (8) and

ACS Paragon Plus

log K values for

thiols (Scheme 2e and 2f); (d) Linear correlation of log K
DCRs in Scheme 2 (29 reactions).

o-(2-pyridinylmethylene)-2-pyridineacetonitrile (9) were
employed, respectively (Scheme 2e and 2f). These DCRs
have application potential in biology as analogous DCRs
have been used for the reversible covalent targeting of
cysteine residues in protein kinases.” A quantitative reac-
tivity scale would facilitate the design and optimization of
potential DCRs. The reactions with a series of monothiols
were conducted first in CD,CN (Figures S15 and S16). A
linear relationship of (log K)/Sy with Ry values was af-
forded, though the slope was found to be 1.04 and 1.44 for
8 and 9, respectively. By using the least-squares method
and fixing the slope for the correlation of (log K)/Sy ver-
sus Ry to one as required by eq. 10, an Ry value of -1.43 and
-1.55 was found for 8 and 9 in acetonitrile, respectively
(Figure 5¢). The DCRs were also conducted in DMSO, and
larger K values were found (Table S37). The plot of (log
K)/Sy versus Ry afforded modest quality of fitting (Table
S37). This is because different reactivity parameters would
be expected in DMSO. Nevertheless, the application of
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reactivity scales in different solvents further validates the
generality of our approach. Again, a linear correlation
between predicted log K values and measured log K val-
ues was found for DCRs listed in Scheme 2 (R* = 0.982,
slope = 0.95, Figure 5d). Moreover, we expect no hurdle to
expanding the scales to other types of DCRs and func-
tionalities.
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Figure 6. Summary of the quantitative scale of Ry (a) and

Ry (b). The associated Sy value for Ry is in the parenthesis.

Conclusions

In summary, quantitative reactivity scales were devel-
oped for dynamic covalent chemistry based upon univer-
sal dynamic covalent reactions between aromatic imines
and a series of mononucleophiles. The dynamic multi-
component covalent assembly was conducted to generate
imine in situ and control the equilibrium. The reactions
were fine-tuned through substituent effect, and the equi-
librium constants were examined through Hammett anal-
ysis. It is found that both the set of the Hammett parame-
ter as well as the sensitivity to substitution are dependent
on the nucleophilicity of the substrate. EDGs can stabilize
the imine through quinonoidal resonance, while EWGs
stabilize the product by enhancing intramolecular hydro-
gen bonding. For DCRs with cylic secondary amines,
unique nonlinearity induced by both EDGs and EWGs
emerged in Hammett plot. Quantitative physical organic
scales for DCC were then developed by establishing uni-
fied reactivity parameters with imine based DCRs as ref-
erences, and the Ry and Sy values for a series of structur-
ally diverse O-, N-, and S- mononucleophiles were ob-
tained (Figure 6). The correlation with other DCRs was
also achieved, thus demonstrating the generality and pre-
dictive power of our approach. The concept of reactivity
based DCRs should be applicable to other reversible sys-

Journal of the American Chemical Society

tems, and the compilation of comprehensive reactivity
scales for DCC is currently underway.
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