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Efficient syntheses of macrocycles ranging from
22-28 atoms through spontaneous dimerization to
yield bis-hydrazonesf
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Acid treatment of a triazine displaying both a tethered acetal and BOC-protected hydrazine group leads to
spontaneous condensation to yield macrocyclic dimers in excellent yields and purity. The bis-triazinyl
hydrazones that form are characterized by *H-NMR, *C-NMR, *H-COSY spectroscopy, X-ray diffraction,
and mass spectrometry. By varying the length of the tether—the condensation product of an amino acid
and amino acetal—rings comprising 22-28 atoms can be accessed. Glycine and B-alanine were used for
the amino acid. The amino acetal comprised 2, 3 or 4 carbon atoms in the backbone. High-performance
liquid chromatography (HPLC) was employed to assess purity as well as to fingerprint the six
homodimeric products. By combining the protected monomers and subjecting them to acid, mixtures of
homodimers and heterodimers are obtained. When all six protected monomers are combined, at least 14
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DOI: 10.1035/c9ra08056b of the 21 theoretical dimeric products are observed by HPLC. Single crystal X-ray diffraction and solution

rsc.li/rsc-advances NMR studies reveal the diversity of shapes available to these molecules.
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Introduction

While macrocyclic drugs have been clinically useful for decades,
a resurgence of interest in this class is fuelled by the belief that
these larger molecules can offer therapeutic interventions
through mechanisms that are inaccessible to small molecules.*
That is, macrocycles offer an opportunity to interfere with
protein-protein interactions that are characterized by extended
binding sites,” while still benefiting from favourable adminis-
tration routes and pharmacokinetics associated with small
molecules.®* However, macrocycles are under-represented in
both screening libraries and clinical trials primarily due to
challenges of synthesis. Accordingly, the introduction of
synthetic methods that can be generally applied to the creation
of macrocycles is of great interest.* The use of hydrazones and
dynamic covalent chemistry offers a promising route to these
molecules.® To this end, hydrazones have been explored to
make macrocycles of varying complexity,® and elaborate cages
as well.”

Recently, we showed that macrocycles containing 24 atoms
could be obtained through the spontaneous dimerization of
protected monomers upon treatment with acid.®* Each mono-
mer presents a BOC-protected hydrazine, a morpholine group,

Department of Chemistry & Biochemistry, Texas Christian University, Fort Worth, TX
76129, USA. E-mail: e.simanek@tcu.edu

t Electronic supplementary information (ESI) available: Synthetic methods,
characterization data, crystallographic tables. CCDC 1957428-1957432. For ESI
and crystallographic data in CIF or other electronic format see DOIL
10.1039/c9ra08056b

This journal is © The Royal Society of Chemistry 2020

and a tethered acetal. By varying the choice of amino acid—
using either glycine or B-alanine—as well as the length of the
amino acetal, the tether length is readily manipulated to
generate rings of varying sizes. Here, we further support the
generality of this methodology by preparing macrocycles
varying from 22 to 28 atoms (Scheme 1).

Result and discussion

For clarity of discussion, macrocycles are named for the
monomers from which they are derived. That is, macrocycle 1-1
derives from dimerization of the protected monomer 1. Mac-
rocycles are ordered based on size with 1-1 being the smallest
and 6-6 being the largest. The monomers 1-6 are easily acces-
sible through the stepwise substitution of triazine trichloride
(Scheme 2). In the example shown, the synthesis of 1, the
triazine was reacted first with the amino acid ester, followed by
BOC-hydrazine and finally morpholine yield 7. The first two
reactions commence at 0 °C and proceed with warming to room
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Scheme 1l Upon treatment with acid, spontaneous dimerization yields
macrocycles whereinn =1-2 and m = 1-3.
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temperature. The last substitution occurs quickly at reflux.
Saponification of 7 yields 8 that is further elaborated to 1 using
an EDC-mediated coupling reaction with HOBT as an additive.
These intermediates are characterized by 'H and '*C-NMR
spectroscopy and mass spectrometry.

Macrocycles are obtained by dissolving a monomerinal:1
solution of trifluoroacetic acid and dichloromethane. While not
extensively explored here, dimerization appears to be indepen-
dent of concentration. That is, high dilution conditions are not
required to prevent oligomerization. To isolate the macrocycle,
the reaction solvent is allowed to evaporate. The resulting yellow
solid is placed on filter paper and washed with dichloro-
methane and a small amount of methanol to remove the yellow
color.’ Yields range from 83-100%.

Evidence for macrocyclization derives from a variety of
sources. The 'H and "*C-NMR spectra are particularly note-
worthy. Some of the chemical shift data appears in Table 1. Of
primary import, signals corresponding to the imine are diag-
nostic in both the 'H and ">C spectra. The CH=N appears at
~7.5 ppm in 'H NMR spectra. The *CH=N appears at
~150 ppm in *C NMR spectra. Two additional models, 9 and
10, were also examined (Chart 1).

The four potential rotational isomers available to a triazine
are shown in Chart 2. Asymmetrically substituted triazines
usually give 'H and "*C NMR spectra with signals that are
numerous, broad and poorly resolved. Such is the case with the
protected monomers. However, the spectra of the macro-
cycles—notably the *C spectra—become sharp leading to one
of two interpretations. The first is that rotation about the
triazine-N bond is slow on the NMR timescale and a single
conformational isomer is observed.' Alternatively, rotation
around the triazine-N bond is fast on the NMR timescale. A
more thorough study of rotamer populations will be completed
in due course.

In addition, the "H NMR spectra show a pronounced pattern
of hydrogen bonds. Instead of multiple, broad resonances
between 5-7 ppm in DMSO-dg, the exchangeable hydrogen
atoms show sharper signals that are farther downfield. Indeed,
four different exchangeable protons are observed. To comple-
ment the three expected, a fourth corresponding to protonation
of the triazine is observed in solution and the solid state.
Symmetry in the solution state NMR suggests (and solid state
structures corroborate) that protonation occurs on the nitrogen
atom opposite the morpholine group indicated with a dashed
ring and ‘M’, respectively, in Charts 1 and 2. The two signals
between 13-11.5 ppm are attributed to the =NNH- and

o
O« NN, K/NYN\Y “NHBOC
abo N NHBoc NN
C3NgCly ——— NN — /\).L
HN [ o
HN\)J\OH N h
7y 8 N
R=Et —3 R=H 1

Scheme 2 The synthesis of 1. (a) GlyOEt-HC|, DIPEA, THF, O °C-RT,
12 h. (b) BOCNHNH, 0 °C-RT, 12 h. (c) Morpholine, reflux, 20 min. (d)
MeOH/5% NaOH, 60 °C, 2 h. (e) HOBT, EDC-HCI, THF, 0 °C-RT, 12 h.
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Table 1 Selected *H and C NMR data. T1-T3 refer to unassigned
lines of the *C atoms of the triazine ring. When n = 1, glycine. When n
= 2, B-alanine. ‘Size’ refers to the number of atoms in the ring. Ar—H*
corresponds to the protonated triazine. Underscored atoms refer to
the indicated chemical shift. The isomers observed in solution (soln)
and solid state (X-ray) are indicated

# 11 2-2 33 4-4 55 6:6 9 10

n 1 1 2 1 2 2 2 1

m 1 2 1 3 2 3 2 3
Size 22 24 24 26 26 28 NA 26
T1 161.7 161.3 161.3 161.6 161.7 161.7 161.6 161.0
T2 155.0 154.6 155.3 154.5 154.7 154.7 154.7 154.7
T3 154.8 154.0 154.3 154.1 154.6 154.3 154.3 154.2
HC =N 147.5 1479 146.6 150.5 150.7 150.6 151.8 149.1
HC=N 7.63 7.51 7.55 7.62 7.57 7.60 7.55 7.60
=NNH 12.37 12.37 12.37 12.58 12.43 12.42 12.36 NA
Ar-H' 12.15 12.21 12.00 11.45 11.43 11.33 11.55 11.53
Soln: v ¢ v ’ I I NA ¢
X-ray: I 1 I I NA I NA NA

@ The observation of I does not preclude the existence of IV. ” The
observation of II does not preclude the existence of III.

a protonated triazine which is consistent with what is observed
in lattices of isocyanuric acid and melamine."* The other two
signals appear between 8-9 ppm, consistent with amide NH
shifts and data from 2D NMR."

Ring size is reflected in the chemical shifts in the 'H and *C
NMR (Table 1). The HC=N shifts for smaller macrocycles (1-1,
2-2, and 3-3) ranges from 146-148 ppm. For larger macrocycles
(4-4, 5-5, and 6-6), the range spans 150-152 ppm. The
protonated triazine (Ar-H") for the smaller macrocycles appears
between 12.0-12.2 ppm. For larger macrocycles, it appears
between 11.3-11.5 ppm. A less pronounced clustering is
observed for the =NNH- lines with smaller rings appearing at
12.37 ppm, and larger rings appearing between 12.42-
12.58 ppm.

The most satisfying evidence for structure is derived from
crystal structure data. In the five structures obtained, the mac-
rocycle co-crystallizes with two molecules of trifluoroacetic acid.
One nitrogen atom of the triazine ring—the one opposite the
morpholine ring—is protonated. This proton engages in
hydrogen bonding with either the trifluoroacetate counter ion
(1-1, 2-2, and 3-3) or the carbonyl group of the juxtaposed
monomer (4-4 and 6-6). Fig. 1 shows these structures as ball-
and-stick and space filling models from the top and side.
Rotamer I is observed throughout.

Chart1 Two additional models.
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Chart 2 Rotational isomers of the triazines. ‘"M’ is morpholine. Arrows
indicate a potential nOe. All macrocycles exist as trans-hydrazones
(purple), but the rotamer can be assigned (Table 1) based on the
presence and/or absence of the other nOes (green, red).

This conservation of shape in the solid state led us to explore
shape in solution as established by the presence or absence of
nOes (Chart 2). In all cases, nOes were observed that are
consistent with trans-hydrazones (purple arrow, Chart 2): cis-
hydrazones were not observed. Trans-hydrazones were also
observed in 9 and 10 (with the latter showing an nOe between
the N=CH and NMe groups).

To identify which rotamer, I-1V, forms in solution 2D NOESY
spectra were collected. An nOe between the protonated triazine

Fig.1 Crystalstructuresof1-1,2-2,3-3,4-4 and 6-6 from the top and
edge. The protonated triazine is evident.
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Ar-H' and -N=NH- (green arrow) was observed for larger
macrocycles, 4-4, 5-5 and 6-6, but was absent in smaller ones,
1-1, 2-2 and 3-3. The analogous nOe (Ar-H" and —N=NMe —)
was also absent for 10. An nOe corresponding to the Ar-H' and
the -NH- of the amino acid (red arrow) was observed in 2-2,
4-4, and 10 only. Table 1 shows the rotamer assignment.

These macrocycles are soluble in water and aqueous solu-
tions of methanol. The HPLC traces obtained for the macro-
cycles reveal that elution times fall roughly into two categories
(short and long) which loosely correlate with size, but more
accurately with length of the acetal. That is, macrocycles 1-1,
2-2,3-3,and 5-5 (m =1 or 2) elute at ~4 min, while macrocycles
4-4 or 6-6 (m = 3) elute at ~14 min.

In a series of final experiments, the opportunity to form
heterodimers was explored using HPLC. That is, mixing 1 and 2
followed by deprotection gave a mixture of 1-1, 2-2 and 1-2,
aring comprising 23 atoms. Similarly, 3 and 5 gave 3-3, 5-5 and
3-5, a ring comprising 25 atoms. Subjecting a mixture of 1-6
yields a mixture of at least 14 of the expected 21 isomers as
identified by LC-MS. Assignment and energetic analysis are the
subjects of ongoing study.

Conclusions

The chemistry presented provides rapid access to dimeric
products of varied ring sizes in high yields. Solution and solid
state structural data suggests a range of conformations can be
adopted. Mixtures of homodimers and heterodimers can be
obtained readily by mixing the different protected monomers to
yield mixtures containing even and odd-membered rings. A
report on the use of solid-phase peptide synthesis of 26-atom
triazine macrocycles offers proof-of-principle that these
compounds, derived from dynamic covalent chemistry, might
be reproduced as non-dynamic architectures.*
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