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Protonation state influences macrocycle conformation and dynamics.

ABSTRACT: For 24-atom triazine macrocycles, protonation of the heterocycle leads to a rigid, folded structure presenting a network
of hydrogen bonds. These molecules derive from dynamic covalent chemistry wherein triazine monomers bearing a protected hydra-
zine group and acetal tethered by the amino acid dimerize quantitatively in acidic solution. Here, lysine is used and the product is a
tetracation. The primary amines of the lysine sidechains do not interfere with quantitative yields of the desired bis(hydrazone) at
concentrations of 5-125 mg/mL. Mathematical modeling of data derived from titration experiments of the macrocycle reveals that
the pKa values of the protonated triazines are 5.6 and 6.7. Changes in chemical shifts of resonances in the 'H NMR spectra corroborate
these values and further support assignment of the protonation sites. The pKa values of the lysine sidechains are consistent with
expectation. Upon deprotonation, the macrocycle enjoys greater conformational freedom as evident from the broadening of reso-
nances in the 'H and *C NMR spectra indicative of dynamic motion on the NMR timescale and the appearance of additional confor-
mations at room temperature. While well-tempered metadynamics suggests only a modest difference in accessible conformational
footprints of the protonated and deprotonated macrocycles, the shift in conformation(s) supports the stabilizing role that the protons
adopt in the hydrogen-bonded network.

molecular machines). While Nature provides numerous exam-

INTRODUCTION ples of proteins that undergo conformational changes as a func-
The pharmacokinetic and pharmacodynamic properties of a tion of pH, the role that ionization has on the shape of small
molecule are affected by ionization state.!”* Introducing charge molecules has been largely unnecessary given traditional,
enhances aqueous solubility, mediates protein binding in the small-molecule drugs. Increasing interest in bioactive macrocy-
vasculature, and influences the nature of intramolecular inter- cles, however, opens the door to such inquiries.**

actions with a target at the potential expense of membrane per-
meability. As a function of pH, ionization state will vary with
physiological compartment. Accordingly, determining the pKa
values for ionizable groups is critical and commonplace. Less
common, however, are studies that address the influence of ion-
ization on the conformation of a molecule (outside the realm of

Recently, we reported the use of dynamic covalent chemistry to
make macrocycles based on the dimerization of a monomer that
presents both acetal and hydrazine groups.”'? As ring size in-
creases from 22 to 28 atoms, the shapes of these molecules
evolve from stepped to saddle to sheet to crinkled sheet.” The



saddle-shaped, 24-atom macrocycles attracted our initial inter-
est for many reasons. First, the yield of the dimerization is often
quantitative yielding a twice-protonated product. Second, these
protons anchor an intramolecular network of hydrogen bonds.
Indeed, this network appears to be responsible for the high
yields as it effectively templates ring closure.® Third, the sites
of protonation are markedly close. Crystallography reveals that
the distance between protonated nitrogen atoms is 3.5 A, plac-
ing them almost within van der Waals contact.’ These observa-
tions prompted this series of investigations aimed at the deter-
mination of pKa values for these protons and the evaluation of
the impact that protonation state has on conformation and dy-
namics.

To address these questions, a lysine-containing macrocycle, K-
K, was prepared (Scheme 1). Throughout this report, the charge
state is designated with parentheses. The fully protonated mac-
rocycle and neutral molecules are designated K-K(4+) and K-
K(0+), respectively. Our motivations in choosing lysine as the
amino acid were threefold. First, we envisioned that the pres-
ence of the e-amines could limit the generality of the synthetic
strategy: the formation of Schiff bases could compete kinet-
ically with the desired, thermodynamically-favored hydra-
zones."* Second, we sought to apply our rules for conforma-
tional analysis to this polar target.’ Third, we hypothesized that
the g-amines would ensure water solubility and facilitate titra-
tion over most of the range of physiological pH.

Scheme 1. K-K(4+) with NMR labels (red) and its
retrosynthesis. The dotted circles indicate sites of protonation.
The hypothesized, templated intermediate is shown with an
arrow indicating the site of cyclization. Trifluoroacetate
counterions are not shown.

K-K(4+) Templated intermediate
B OEt [0

H

(A p NN OEt H

c/ B NfN% HgN—N>7

&NH  G.NH Lo=N =N
HN HN

HN— N/%N\ H* N N/>_ N,

>\_

“H-N
N ﬂ

NH

N% \ )\ \ \
cl /N%/N ~ / —</N N
N-NHBOC N—NHBOC
H H
K-Acid K
RESULTS AND DISCUSSION

Synthesis. Scheme 1 shows the retrosynthesis of K-K(4+). Syn-
thetic details are available in the supporting information.
Briefly, K-Acid is the product of the one-pot, stepwise substi-
tution of cyanuric chloride with BOCNHNH,, an &-protected
(BOC) lysine, and finally, dimethylamine. Amidation with an
aminoacetal yields monomer K. Dimerization to K-K(4+) is
facilitated with acid and likely proceeds through the templated
intermediate (bracketed). The stereochemistry shown derives

from the reagent, L-lysine. While the reaction conditions could
facilitate epimerization, the observation of a single species ei-
ther precludes epimerization or would necessitate chiral sorting.
This question is the topic of ongoing investigations.

Selective imine formation leads exclusively to K-K(4+). Macro-
cycle K-K(4+) is the product of dynamic covalent chemistry.
Incorporating an e-amine into the monomer offers the oppor-
tunity for Schiff base formation. While the desired hydrazones
are thermodynamically favored,'* the formation of Schiff bases
could lead to undesirable products resulting from kinetic trap-
ping or slowed equilibration to product.”® Oligomeric or poly-
meric species represents one potential outcome. Discrete di-
meric macrocycles comprising 22- or 23-atom rings (arising
from condensation of the acetal with the e-amine) constitute an-
other. We have shown that 22- and 23-member rings are acces-
sible and not thermodynamically forbidden,” although the im-
pact that ring strain could have on sorting has not been explored
in this system.®

Satisfyingly, the slow evaporation of a 1:1 solution of dichloro-
methane:trifluoroacetic acid of K yields K-K(4+) exclusively
over a range of concentrations (5 mg/mL to 125 mg/mL of K).
Purification is not required. The data reported derive from dis-
solution of the residue in the solvents of interest. Others have
reported similar high yields with macrocycles comprising
hydrazones.!” However, and oftentimes, macrocycles derived
from dynamic covalent chemistry exist as a mixture of species.

K-K(4+) adopts a preferred conformation. Figure 1 shows the
"H NMR spectra of K-K(4+), monomer K, and K-Acid. The
spectra of K and K-Acid are markedly different from K-K(4+).
Spectral complexity in the two intermediates derives from the
existence of rotational isomers (rotamers) arising from hindered
rotation about the triazine-N bond. The barrier to rotation for
neutral triazines has been calculated and computed to range
from 15-18 kcal/mol making these isomers discernable on the
NMR timescale.'®!"°
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Figure 1. The 400 MHz NMR spectra of protonated K-K, K
and K-Acid in DMSO-ds.
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Of the four possible rotamers, three are apparent in the NMR
spectrum of K-Acid as evident by the resonances for the o pro-
ton. The NH region of the spectrum shows similar complexity.
The spectrum of monomer K also reveals multiple isomers. In
contrast, the number of resonances observed for K-K(4+) re-
quires that both subunits of adopt identical rotamer confor-
mations. The exchangeable NH protons and H* appear far



downfield consistent with hydrogen bonding. All resonances
(including H" and &-NH;") integrate for the expected number of
protons.

Assigning solution-structure rests on five criteria. We recently
described a rapid procedure for determining the solution struc-
ture of these macrocycles.’ The strategy rests on establishing 1)
the geometry of the hydrazone, 2) evidence for folding, 3) the
site of protonation, 4) the rotamer adopted, and 5) the geometry
of the amide.

An E-hydrazone and folded shape for K-K(4+). ROESY exper-
iments confirm hydrazone geometry and a folded shape for K-
K(4+). The (E)-hydrazone is confirmed by rOes between A and
NNH. The folded conformation is conveyed by ROESY corre-
lations between A and the methyl groups, M1 and M2, as well
as between NNH and M1 and M2. The distances between the
protons of the hydrazone and those of the methyl groups within
a subunit are too great to be observed by ROESY experiments.
Thus, the hydrazone group (A) of one subunit must be in prox-
imity to the dimethylamine group(s) (M1 & M2) of the other
subunit to justify the correlation and intensity. These data are
consistent with crystral structures reported for related macrocy-
cles comprising valine and glycine, V-V(2+) and G-G(2+) re-
spectively (Figure 2). Here, morpholine appears in place of di-
methylamine, as the former yielded diffraction-quality crystals.

V-V(2+) G-G(2+)

Figure 2. The crystal structures of V-V(2+) and G-G(2+) with
H" and protons implicated in critical rOes indicated for folding
(A-to-M1&M2) and the E-hydrazone (A-to-NNH).

The rotamer state and sites of protonation for K-K(4+) can be
inferred, but not rigorously assigned. Historically, assigning
rotamer state and the site of protonation for these macrocycles
has been intimately linked. Crystal structures have corrobo-
rated solution assignments with the H" sitting in a pocket cre-
ated by the triazine and hydrazone with participation from a
nearby carbonyl. This pocket is indicated as a dotted circle in
Scheme 1.

For K-K(4+), however, rOes between H+ and other proximate
groups, notably a-NH, are not observed and preclude assign-
ment of both the rotamer state and protonation site. We attribute
the lack of rOes to rapid exchange of H+, a hypothesis con-
sistent with the broad resonance and its downfield shift in com-
parison with other macrocycles.

We currently favor a model wherein the protons remains asso-
ciated with the triazine and in the electron-rich pockets defined
by NNH and the carbonyl. The triazine ring is more basic than
exocyclic nitrogens on substituents derived from amines. Simi-
larly, computation suggests that the protonated triazine is far
more favorable than the protonated hydrazone.®

Alternatively, the hydrazone could adopt a different rotamer
state that excludes it from contributing to the pocket. Protona-
tion with intimately associated trifluoroacetate counterions
could occur. Both models are supported by the downfield shifts
of H" (more TFA-like) and a-NH (consistent with a stronger
hydrogen bond to the carbonyl).

Consistent with chemical intuition, the '"H NMR spectrum of K-
K(4+) unambiguously assigns two protons to the g-amine: the
resonance integrates for 6H.

Chemical shifts in the 'H NMR suggest a structure similar to
other macrocycles. Figure 3 shows the fingerprint region of the
NMR spectra in DMSO-d; of related macrocycles V-V(2+), G-
G(2+) and Aib-Aib(2+) which incorporate valine (sidechain -
CH(CHs;),), glycine (sidechain -H) and aminoisobutyric acid
(sidechain gem-dimethyl groups), respectively, instead of ly-
sine. The spectrum of the deprotonated macrocycle, K-K(0+) is
also shown. In general, this region reflects common structural
features. Trends are seen across the series.

The position of NNH (red dots) reports on the role of NNH in
stabilization of H'. For K-K(4+) the role is slightly reduced
compared with other macrocycles, which we interpret to be a
reflection of dynamic exchange of H" with solvent. This partic-
ipation is still significant, however, given the chemical shift of
NNH upon deprotonation, K-K(0+).

Accordingly, in K-K(4+), the resonance for the exchanging H
(yellow dots) shifts downfield compared with the other proto-
nated macrocycles due to less stabilization from the electron-
rich pocket.

Both C-NH (green dots) and a.-NH (blue dots) are sensitive to
the protonation state of K-K in ways that cannot yet be de-
scribed. We note that the shift in o-NH mirrors that of H". The
position of C-NH across the protonated macrocycles is similar
with the exception of Aib-Aib(2+). Evaluation of the ROESY
spectra and crystal structures of these macrocycles reveals no
insight.
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Figure 3. NMR spectra of related macrocycles, the trends ob-
served and the crystal structures of these folded molecules.

Determining pKa values. Evaporation of the TFA:CH,ClI, re-
action cocktail provides K-K(4+) as a tetracation with four tri-
fluoroacetate counterions as determined by 'H NMR spectros-
copy. The pH of a 10 mM aqueous solution of this residue var-
ies from 4.2-4.3. Evaporation of all TFA can be accomplished



under high vacuum. To perform titrations, samples of K-K(4+)
were dissolved in D,O in an NMR tube. An electrolyte KCl
(150mM) was added to facilitate pD measurements. To ensure
complete protonation, 1 uL of trifluoroacetic aid was added to
the NMR tube. This sample was titrated with microliter aliquots
of 0.10 N NaOH (ag). During the titration, 'H NMR spectra
were collected periodically. Figure 4 shows the titration curve
that results. The values reported in the figures correspond to un-
corrected values. A 0.4 unit correction must be applied to the
values measured to convert pD to pH.?*?! Corrected values ap-
pear in parantheses in the text.

The pKa values for the protonated triazines can be approxi-
mated by inspection, falling between 5 and 7. Mathematical
modeling of the titration curve provides these values and those
for the sidechains; 5.2 (5.6), 6.3 (6.7), 10.4 (10.8), and 10.6
(11.0), respectively. The former values are consistent with mel-
amine derivatives reported in the literature. Triaminotriazine
(melamine) has a pKa of 4.8%2 while methylated derivatives
have values ranging from 5.4 to 6.1 as the number of methyl
groups increase from 1 to 6.2 The latter values are consistent
with lysine sidechains in peptides and proteins.?* Details of the
modeling can be found in the supporting information. The titra-
tion data corroborate structure: protonation of the triazine rings
occurs and the sites of protonation communicate with each other
(as the pKa values are not equivalent).
13

12
11
10

9

pH

[ TR S PN SR PR P PR ST P ST S
0 50 100 150 200 250 300 350 400 450 500 550 600

Titrant added (pL)
Figure 4. The uncorrected pH titration curve data (circles)
and mathematical fit (line).

Figure 5 shows the 'H NMR spectra obtained during the titra-
tion. The pH-dependent shifts corroborate structure. Shifts for
resonances engaged with H (C-NH, A, a, B1, C1 and C2) oc-
cur between pH values of 5.0 (5.4) and 7.0 (7.4), consistent with
triazine deprotonation. Similarly, shifts for the & and € reso-
nances occur between pH values of 10 (10.4) and 12.5 (12.9)
consistent with protonation of the sidechain.

Impact of protonation on conformation. Across the solvents
surveyed (CDs;CN, MeOD-d;, DMSO-ds, D,O (pH 2) these
rOes are observed, K-K(4+) adopts a folded conformation
based on the rOes observed (vide supra). Upon deprotonation,
the rOe for the E-hydrazone is preserved. However, the rOe in-
dicative of a folded conformation is reduced or absent depend-
ing on conditions, behavior consistent with extended confor-
mations. At pH 8.0 in D,0O, the rOe is significantly reduced sug-
gesting that K-K(2+) samples both folded and extended con-
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Figure 5. The 400 MHz '"H NMR spectra of K-K in D,O at
different uncorrected values of pH corroborate titration data.
Shifts are highlighted with colored dots.

formations. In DMSO-d;s with Na,CO; added, the rOe is absent
suggesting that K-K(0+) adopts an extended conformation.
Both the 'H and "*C spectra broaden, the latter becoming re-
solved only upon heating. To evaluate this hypothesis, Well-
tempered metadynamics simulations were conducted.

Well-tempered metadynamics suggests similar conformational

footprints. We performed well-tempered metadynamics simu-
lations for K-K(4+) and K-K(2+) with explicit water mole-
cules, the latter more relevant to physiological conditions than
the neutral molecule.”® Two distances comprehensively de-
scribe all the possible conformations of these macrocycles (and
appear as the axes in Figure 6). These distances separate i) pro-
ton-bearing nitrogens of the triazines (N-N distance) and i) the
P-carbons of the lysine residues (f—f distance). Both simula-
tions ran 500 ns using GROMACS 2021% patched with
PLUMED 2.7.7

The free energy surfaces (FES) for both K-K(4+) and K-K(2+)
are similar, showing large crescents of low energy, folded con-
formations (A, Al & A2) and minima (B) representing the ex-
tended conformation. The populations of the minima for K-
K(4+) and K-K(2+) are A (80%) and Al & A2 (83%), respec-
tively.

Representative structures were extracted from each well. In
general, structures obtained from the lower halves of the FES
are folded. Moving from left to right corresponds to shifting the
n—stacking between subunits from triazine-on-triazine to tria-
zine-on-hydrazone. Structures obtained from the top halves of



the FES are extended. Moving from left to right corresponds to
shifting from more compact to fully extended structures.
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Figure 6. FES of the protonated and deprotonated surfaces
with representative structures.
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Impact of protonation on dynamic behavior. The sharp NMR
spectra and network of rOes observed for K-K(4+) are con-
sistent with a structure that is largely static, adopting a preferred
folded conformation wherein the carbonyl groups engage in hy-
drogen bonding with H*. Orienting carbonyl groups toward pro-
tonated heterocycles has been observed in other systems.?5-*

Consistent with increased motion and multiple conformations
upon deprotonation, the 'H NMR spectrum of K-K(0+) shows
multiple broad resonances that sharpen and/or disappear on
heating. Increasing temperature has no such effect on K-K(4+).
Acquisitions of C NMR for K-K(4+) are accomplished
quickly, while those of K-K(0+) require extended periods of
time, consistent with sampling multiple conformations. The co-
alescence of M1 and M2 are consistent with more dynamic be-
havior locally in K-K(0+). Most interesting, the FES reveals
two compact domains, Al and A2. Minima A1 is similar to the
compact folded structure, but adopts a different rotamer state.
Minima A2 is differs both in rotamer state (from A1l and A) as
well as the relative orientation of the triazines, head-to-head. No
evidence for either state is seen in the ROESY spectrum, how-
ever, leading us to the hypothesis that upon deprotonation, K-
K(0+) samples many different conformations on the NMR
timescale including the extended structure.

CONCLUSION

In conclusion, K-K can be described as a responsive macrocy-
cle wherein pH dictates either compact or extended confor-
mations. While hydrogen bonds within macrocycles are known
to influence structure, such networks are rarely responsive to
pH because they rely on amides.’! In contrast, the conformation
of K-K is sensitive to pH, presumably because the hydrogen
bond network is anchored by the two acidic protons, H'.

These studies unambiguously establish that pendant primary
amine groups do not interfere with cyclization such that kinetic
traps are avoided and the yield for cyclization remains quanti-
tative.

Equally important, we establish that both protonated and depro-
tonated triazines are physiologically relevant with pKa values
hovering near 6. The corrected speciation curve for K-K is
shown in Figure 7. While one predicts that K-K is too polar to
cross membranes across the values of physiological pH
(shaded), the results suggest that macrocycles incorporating
neutral sidechains (ie V-V) will exist at multiple charge states
at physiological pH (ie V-V(2+) and V-V(1+)), and accord-
ingly, should yield suitable partition coefficients.*
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Figure 7. The corrected speciation curve of K-K.

EXPERIMENTAL

Reagents and Solvents. All starting materials were obtained from
commercial sources and used without purification including AK Scien-
tific (HOBT), Alfa Aesar (dichloromethane, dimethylforamide, tetra-
hydrofuran), Cambridge Isotope Laboratories (deuterated NMR sol-
vents) , CHEM-IMPEX (N®-BOC-L-lysine, trifluoroacetic acid), Cruz
(HBTU), Pharmco (ethyl acetate, methanol), Sigma-Aldrich (cyanuric
chloride, diisopropylethylamine, diethoxypropylamine).

Instrumentation. All NMR spectra were taken on the 400 MHz
Bruker Avance. Solvents were removed via rotary evaporation on a Bu-
chi Rotavapor RII with a Welch Self-Cleaning Dry Vacuum System.
The pH of the titration was recorded after stabilization using a VWR
SB20 pH meter attached with a Mettler Toledo pH probe.

General Chemistry. Flash chromatography experiments were car-
ried out on silica gel (Silicycle) with a porosity of 60A, particle size
50—63 um, surface area 500 —600 m2/g, a bulk density of 0.4 g/mL and
a pH range of 6.5 —7.5. Dichloromethane/methanol was used as the el-
uent for chromatographic purification. Thin-layer chromatography ex-
periments were carried out in sealed chambers and visualized with UV
or submersion in ninhydrin (1.5g ninhydrin in 100mL of n-butanol and
3.0mL acetic acid) followed by heating.

Structural assignment. NMR structural assignment relied on
COSY, HSQC and ROESY expreiments. Acquisition parameters are
reported in the supporting information.

Titrations. Titrations were perfomed in an NMR tube containing K-
K(4+) (13.1 mg) dissolved in 750 uL D,O with 1 puL of additional TFA
added. Solid KCI (8.4 mg; 150 mM) was added as an electrolyte. An
aqueous solution of KHP-standardized NaOH (0.106M) was added us-
ing a 25 pL glass syringe in amounts varying from (2.5 — 100 pL) and
the pH was recorded stabilization using a VWR SB20 pH meter at-
tached with a Mettler Toledo pH probe. NMR spectra were obtained
periodically. The titration curve is shown below (Figure S1). A rec-
orded amount (2.5 — 100 uL) of 0.106 M was added by hand using a 25
uL glass pipette.

Parameterization, Minimization, and Equilibration. The two
macrocycles using Avogadro and parameterized the atomistic macro-
cycle models using the Generalized Amber Force Field (GAFF)?? with
Antechamber.3* The electrostatic properties were determined via the
RESP approach,?® where single-point charges were derived from
HF/(6-31)G* level of theory calculations conducted by Gaussian 16.3¢
The macrocycles were then placed within a cubic periodic simulation
box filled with TIP3P water?? (around 6000 molecules). Box charge



was neutralized with trifluoroacetic acetate parameterized with the
same protocol used for the macrocycle. To ensure system stability, a
two-step minimization process was used: first employing a steepest de-
scent algorithm for 2000 steps, followed by a conjugate gradient algo-
rithm for another 2000 steps. Subsequently, preliminary molecular dy-
namics (MD) simulations were conducted to raise the system tempera-
ture to 298 K, using the velocity-rescale thermostat®® with a coupling
time of 0.2 ps, spanning a total simulation time of 5 ns. Following this,
the system was equilibrated in the NPT ensemble under a fixed pressure
of 1 bar, achieved by the cell-rescale isotropic barostat,?® with a cou-
pling time of 1 ps, for an additional 5 ns. Throughout all simulations in
this study, a time step of 2 fs was applied, facilitated by LINCS con-
straints*? for hydrogen bonds. The simulations were performed using
GROMACS 20212 patched with PLUMED 2.7.%7

Well-Tempered Metadynamics Simulations. Tempered Metady-
namics (WT-MetaD)? simulations lasted 500 ns. These simulations
utilized the same MD parameters (as described in the previous section),
resulting in the convergence of all systems during this simulation time.
Two collective variables (CVs) - distances D1 (between protonated tri-
azine N) and D2 (between £ carbons) - were employed as descriptors
of macrocycle conformations and conformational changes. For both
CVs, we set a sigma of 0.05 nm, a gaussian height of 1.2 kJ/mol, and a
bias factor of 25. During the WT-MetaD runs, a Gaussian function was
deposited on the landscape every 1 ps. Subsequent to the WT-MetaD
simulations, we performed a reweighting procedure using the Tiwary-
Parrinello estimator. For the analysis of Free Energy Surfaces (FESs)
and population probabilities, the data from the last 400 ns of our simu-
lations was considered.

Synthesis. Details of the synthetic methods and supporting 1D and
2D NMR spectra are available in the SI.
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