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A convenient, scalable synthesis of the supramolecular building block 7-deazaguanine-based urea (DeUG) is reported. Incorporation of reactive
moieties (DeUG azide 10 and alkyne 11 for copper-catalyzed azide-alkyne cycloadditions, “click chemistry”) and a demonstration of
transesterification (DeUG glycol, 12) highlights the versatility. X-ray structures of DeUG and a DeUG-DAN heterocomplex were obtained. K,ssoc
for the 1.2 heterocomplex was estimated to be 2 x 10® M~" in chloroform.

Designed supramolecular interactions continue to play a
centra role in the development of novel and functional
nanoscale devices and materials. Partly inspired by DNA
base-pairing, as well as the strength and predictability of
hydrogen-bonding interactions, many efforts to expand the
supramolecular toolkit have focused on heterocyclic com-
pounds that form hydrogen-bonded dimers or heterocom-
plexes.* Among quadruply hydrogen-bonded systems, the
ureidopyrimidinone (UPy) unit is especially notable.? Other
examples include our own urea of deazapterin (DeAP)* and
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arecently reported urea of cytosine.* Despite the advances
made in this field, there is a recognized need to develop
synthetically accessible, high-affinity, high-fidelity® (orthogo-
nal) hydrogen-bonding modules that are readily and easily
linked to surfaces, nanoparticles, polymers, and other com-
pounds and materials.®

Recently, we reported the development of a new, hydrogen-
bonding module based on a 7-deazaguanine urea (DeUG)
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unit.” DeUG was designed as a synthetically versatile, robust
analogue of UG, a guanosine-derived urea, which formed
highly stable quadruply hydrogen-bonded complexes with
2,7-diamido-1,8-naphthyridine (DAN).® Although the re-
ported synthesis of DeUG served our needs at the time, it
suffered from low overall yields (ca. 15% over 4 steps) and
required the use of capricious hydrolysis conditions. More-
over, the structure did not easily accommodate further
synthetic elaboration.

Herein, we report a convenient and scalable synthesis of
DeUG bearing a synthetic handle for further elaboration,
including clickable functionality. Detailed complexation
studies are reported including an X-ray anaysis revealing
the solid-state structure of DeUG and a DeUG-DAN hetero-
complex, the latter the first reported structure of a quadruply
hydrogen-bonded heterocomplex.

Relatively minor changes to the previously reported
synthesis resulted in an approximately 3-fold improvement
in overall yield at reduced cost. As shown in Scheme 1,

Scheme 1. DeUG Synthesis
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analytically pure carboxylic acid functionalized DeUG 8 was
readily prepared on multigram scale (>10 g) in an overall
yield of approximately 35% over six steps without the need
to employ column chromatography for purification.

Commercially available pyrimidine 3 was treated with
phosphorus oxychloride with slow addition of N,N-dimethy-
laniline to afford dichloropyrimidine 4 in excellent yield.
Other more environmentally benign bases, such as triethy-
lamine, can also be used for this transformation, albeit with
minor reductions in yield.° Hydrolysis of 4 in refluxing
aqueous NaOH gave chloropyrimidinone 5, also in excellent
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yield.’® Although both 4 and 5 are commercially available,
they are easily and less expensively prepared as described.
Beginning from advanced intermediate 5 offers only a small
improvement in overall yield (ca. 5%) at significant cost.
Displacement of the chloride by cyclohexanemethylamine
proceeds smoothly in refluxing 1-butanol with triethylamine.
Cyclocondensation via slow addition of ethyl 4-chloroac-
etoacetate in DMF/H,O with sodium acetate afforded dea-
zaguanine analogue 7.**

Formation of the urea of 7-deazaguanine using 1-butyl
isocyanate in pyridine gave 1 in moderate yield. Lithium
hydroxide mediated hydrolysis of the ethyl ester in 1:1
ethanol/H,0 affords analytically pure carboxylic acid func-
tionalized DeUG 8 in excellent yield.

As a demonstration of the ease with which 8 can be
functionalized with “clickable” groups, both alkyl azide and
terminal akyne variants were prepared using standard
carbodiimide coupling protocols. Additionally, 1 can readily
be transesterified using ethylene glycol with potassium
cyanide™ to provide the 2-hydroxyethyl ester variant, thus
expanding the reactivity profile of DeUG (Scheme 2).

Scheme 2. DeUG Functionalization
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'H NMR dilution studies of DeUG 1 in deuterated
chloroform were performed as previously reported.” Both
the N1—H and the aromatic C7—H resonances gave adequate
signal-to-noise ratios. However, the N2—H and N3—H
resonances showed substantial broadening at low concentra-
tions and could not be used to determine a dimerization
constant (Kgimer). Kaimer Values of 520 M~ and 700 M1
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(average, 610 M™1) were determined via standard nonlinear
least-squares regression analysis following N1—H and C7—H
chemical shift changes, respectively (see Supporting Infor-
mation).™®

Orthorhombic crystals of DeUG ethyl ester 1 suitable for
X-ray analysis were obtained via recrystallization from
acetone. Although some disorder was observed in both the
cyclohexanemethyl and ethyl groups, the structure reveaed
an interesting zipper-like (vernier-type) hydrogen-bonding
assembly via repeating lactam-urea contacts and confirmed
the preorganized acceptor-donor-donor-acceptor (ADDA)
motif (Figure 1a). To accommodate the steric bulk of the

Figure 1. () ORTEP representation of 1. Thermal ellipsoids
represent 50% probability. (b) X-ray structure (licorice representa
tion) of 1 showing the zipper-like hydrogen bonding assembly.

molecule, the average plane defined by the heterocycles for
each of any two hydrogen-bonded DeUG unitslie at a 58.6°
angle to one another (Figure 1b), with the lactam-urea
N—H - -+ O hydrogen-bond length being 1.90(0) A (angle,
165°) and the urea-lactam N—H - - - O hydrogen-bond length
being 1.99(8) A (angle, 173°). Theintramolecular N—H «++ N
hydrogen bond, which preorganizes DeUG into the desired
motif, was found to be 2.01(4) A (angle, 133°).

The association constant (Kasso) Of heterocomplex 1:2 in
chloroform was expected to be beyond the limit of detection

(13) (@ Connors, K. A. Binding Constants: The Measurement of
Molecular Complex Stability; Wiley-Interscience: New York, 1987. (b)
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by 'H NMR titration studies.” Therefore, isothermal titration
calorimetry (ITC) was employed (Figure 2). Upon titration
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Figure 2. ITC of DeUGDAN in CHCI3; showing the enthalpic
attenuation due to dissociation of the DeUG dimer.

of DAN into DeUG at 25 °C in chloroform, the best fit curve
gave Kaeoe = 1.3 x 10 M~ (AH = —6.9 kcal mol~* and
TAS = 2.8 kcal mol™?) for the 1-2 complex. However, the
integrated data display an increasing amount of heat evolved
per injection up to approximately 0.9 equiv of DAN, which
compromises the goodness of fit.

It was hypothesized that this apparent anomaly arose from
an enthalpic attenuation caused by the endothermic cost of
dissociating the DeUG homocomplex. Specifically, hetero-
complexation of DeUG during the titration shifts the DeUG
self-association equilibrium toward free DeUG. In this case,
the total enthalpy measured for any single injection (up to
1:1 stoichiometry) is the sum of the endothermic homocom-
plex dissociation and the exothermic heterocomplex associa-
tion. Asthetitration approaches 1.1 stoichiometry, the DeUG
self-association equilibrium is being driven toward a larger
fraction of dissociated species. Thus, the enthalpic attenuation
diminishes with each successive injection, leading to the
observed slope in the initial portion of the isotherm.

The difference between the enthalpy for thefirst injection
and the most exothermic injection (at ca. 0.9 equiv) should
closely correspond to the enthalpy of self-association for
DeUG. Moreover, an analysis of the concentration of each
species through the titration experiment should revea that
the DeUG dimer—monomer equilibrium is being perturbed
as proposed. Indeed, a plot of these concentrations reveals
that this is the case (see Supporting Information). The AH
for DeUG self-association as determined by ITC in this
manner was —1.6 kcal mol 1. The AH value independently
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determined by a'H NMR van’t Hoff experiment is in good
agreement with that determined by ITC, giving —1.7 kcal
mol ! (see Supporting Information). Thus, the DeUG-DAN
Kasoc Value can be estimated to be 1.9 x 108 M~ by
correcting the AH in this manner.

An ITC experiment was performed in 5% DM SO/CHCl;,
a more competitive solvent that was expected to reduce the
contribution of DeUG self-association and diminish the
enthalpic attentuation. From titrations of DAN into DeUG
at 25 °Cin this solvent mixture, the best fit curve gave Kassoc
=21 x 10* M (AH = —3.1 kcal mol~! and TAS = 2.8
kcal mol™1), and the isotherm did not display any enthalpic
anomalies (see Supporting Information). This association
constant is within the previously reported range.”

Figure 3. ORTEP representation of a DeUG-DAN heterocomplex.
Thermal ellipsoids represent 50% probability.

Repeated attempts to obtain crystals suitable for X-ray
analysis of the 1-2 heterocomplex proved unsuccessful.
However, using the previously reported 1,1,3,3-tetra-meth-
ylbutyl urea DeUG analogue,’ triclinic crystals of a
DeUG-DAN heterocomplex suitable for X-ray analysis were
obtained via slow evaporation from chloroform (Figure 3).
Although there are several reports of solid-state structures
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of quadruply hydrogen-bonded dimers,*** to our knowledge,
thisisthefirst report of a solid-state structure of a quadruply
hydrogen-bonded heterocomplex formed from a contiguous
array of hydrogen bonds.*> Some disorder in one of the
heptanoyl chains of DAN was observed. The two molecules
are nearly coplanar with an angle of 9.8° between the average
heterocycle planes with the amide-ureaN—H - - - O hydrogen-
bond length being 1.79(8) A (angle, 173°), the urea-
napthyridine N—H -+« N hydrogen-bond length being 2.18(1)
A (angle, 165°), the lactam-naphthyridine N—H +++ N hy-
drogen-bond length being 2.17(3) A (angle, 169°), and the
amide-lactam N—H - - - O hydrogen-bond length being 1.91(3)
A (angle, 166°). In the heterocomplex, the intramolecular
hydrogen bond in DeUG was found to be 1.90(0) A (angle,
143°).

In conclusion, we have demonstrated a convenient, scal-
able, and high-yielding synthesis of DeUG analogues. The
synthesis provides the ability to functionalize the module
with a variety of functional groups via straightforward
transformations. A combination of *H NMR, ITC, van't Hoff
analysis, and X-ray analyses were used to characterize both
DeUG's self-association and its complexation with DAN.
Supramolecular polymers and surface self-assembly studies
using these new DeUG variants are currently being inves-
tigated and will be reported in due course.
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