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ABSTRACT: Differing in pseudoatom, three macrocycles with isosteric
substitutions (geminal dimethyl, cyclopropyl, cyclobutyl) can be described as
choreoisosteres. Under ambient conditions, they share a dynamic hinge-like motion
that can be described as fully revolute in solution. The barriers to hinging, ΔG‡, are
identical within experimental error: ΔG‡ = 14.2−15.2 kcal/mol as judged by
variable-temperature 13C NMR spectroscopy. Consistent with conserved dynamic
behavior and isosterism, other physical properties including hydrophobicity and
solution/membrane diffusion constants are amenable to prediction.
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Writing from the Research Laboratory of the General
Electric Company in 1919, Langmuir defined isosteres

narrowly, requiring molecules (or ions) to have identical
numbers of valence electrons, and accordingly, equivalent
numbers of atoms.1 Through this lens, isosteres varied either
by atom choice (carbon monoxide and nitrous oxide) or by
charge (H− and He). Langmuir argued that the “physical
properties of [N2/CO and CO2/N2O] furnish proof of the
similarity of structure predicted by the octet theory, and show
the usefulness of the conception of isosterism.″ Facilitating
prediction motivated Langmuir’s efforts.

In 1925, Grimm loosened Langmuir’s definition of
isosterism to include pseudoatoms. With -CH- and nitrogen
defined as a pseudoatoms, isopropyl and dimethylamino
groups became isosteres.2 In 1933, Erlenmeyer extended this
concept further, identifying -S- and -C�C- as isosteric,
conveying this distinction to thiophene and benzene.3

Historically, isostere was a descriptor primarily reserved for
functional groups.

When, in 1951, Friedman introduced bioisosterism, the
isostere distinction transcended from functional groups to
molecules.4 In addition to meeting the atomic (or
pseudoatomic) equivalency requirement, bioisosteres were
defined as molecules that shared a common property−similar
biological activity. That is, one could predict that substituting a
cyclopropyl ring for an isopropyl group should convey similar
biological activity while allowing a secondary property to be
subtly tuned to improve pharmacokinetics or pharmacody-
namics.5

Yet, molecular isosterism need not be limited to biological
activity. Here, we define choreoisosteres as molecules that meet
the definition of isosteres and demonstrate similar dynamic
behavior. Chart 1 shows three macrocycles containing isosteric
groups comprising recognizable pseudoatoms: geminal di-
methyls (Aib), cyclopropyl rings (Acp), and cyclobutyl rings
(Acb).6,7 These macrocycles behave as molecular mortise
(door) hinges and undergo fully revolute dynamic motion.8,9

To meet the conditions of choreoisosterism, we show that
these macrocycles (i) are isomorphous in both solid state and
solution by virtue of pseudoatom substitution, (ii) undergo
common, hinge-like motion, and (iii) have additional physical
properties that are shared, a surrogate for the predictive ability
conveyed by this distinction. Indeed, predictive ability formed
the foundation for the arguments advanced by Langmuir,
Grimm and Friedman.

■ CRYSTALLOGRAPHY REVEALS THE MOLECULES
ARE ISOMORPHIC IN THE SOLID STATE

Figure 1 shows the solid-state structures obtained for Aib, Acp
and Acb. All three adopt a closed hinge geometry in the solid
state. The pseudoatoms of one subunit are indicated in circles.
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The extended π-systems comprising the hinge leaves are flush
upon each other. The macrocycles orient the amide carbonyl
outward. Rotation of the carbonyls inward provides bifurcated
hydrogen bonding with α-NH and H+, a network that is
attributed as the basis of quantitative cyclization.12,13

An overlay of the macrocycle backbones (Figure 2) confirms
conservation of structure and reveals slight variations in the
nature of the overlap that are reflected in the 1H NMR spectra.

■ NMR SPECTROSCOPY REVEALS THAT THE
MOLECULES ARE ISOMORPHOUS IN SOLUTION

Figure 3 shows the fingerprint region of the 1H NMR spectrum
of these macrocyles. The chemical shifts confirm hydrazone

formation (A), protonation (H+) and hydrogen bonding
(downfield shifts of C-NH, α-NH).9 Symmetry in these
molecules is reflected by the single set of resonances
corresponding to both subunits. Access to the closed hinge
is confirmed by rOes: the dimethylamine group of one leaf is
brought into proximity with the hydrazone (A) of the other
leaf in this geometry. This rOe is shown as with red lines in the
crystal structure of Aib (Figure 1). The marked differences in
chemical shifts associated with α-NH are attributed to the
presence/absence of ring strain at the adjacent α-carbon.

■ HINGE MOTION CAN BE OBSERVED
Hinge motion is reflected in variable temperature NMR
spectra. Upon hinging, the positions of the substituents on the
α-carbon of the amino acid undergo chemical exchange
between pseudoequatorial and pseudoaxial environments. The
methylenes labeled B and C behave similarly. Rapid exchange
leads to coalescence. Decoalescence is observed at or above
room temperature.

■ HINGE MOTION IS CONSERVED
Initially, macrocycles were obtained from quantitative
cyclization reactions that employed trifluoroacetic acid.
Variable temperature 1H NMR spectra were recorded for
each macrocycle independently. The results suggested that ΔG‡

was similar across the series, establishing these molecules as
choreoisosteres. The hinge barriers in DMSO-d6 for Acp, Aib,
and Acb were 14.6, 15.1, and 16.1 kcal/mol, respectively, with
an error of ∼0.2 kcal/mol. Because workup relied solely on
evaporation of solvent (TFA:CH2Cl2), the amount of TFA
could not be readily quantified. Furthermore, when the barrier
for Aib was evaluated in different solvents, a marked difference
was observed between organic solvents (CD3OD, CD3CN,
Pyridine-d5, DMSO-d6; 15.0 ± 0.3 kcal/mol) and D2O (15.9 ±
0.3 kcal/mol).14

To address these issues, cyclization was accomplished using
difluoroacetic acid, allowing quantification of acid concen-

Chart 1. Choreoisosteresa

aHinge-like motion interconverts enantiomers. Chemical exchange
upon hinging occurs at α, B, and C. NMR labels are shown in red.
The dimethylamine groups are shown as circles to guide the eye. Line
weight reflects rigidity.10 Adapted from Ref 11 with permission from
the Royal Society of Chemistry.

Figure 1. Crystal structures of Aib, Acp, and Acb. The pseudoatom
sites are identified with circles. Colors correspond to resonances in
Figure 4. The red lines on Aib shows a critical rOe (A to the
dimethylamine group) that establishes hinge structure in solution for
each macrocycle.

Figure 2. Backbone overlap of the solid state structures.

Figure 3. Fingerprint regions of the 400 MHz 1H NMR in DMSO-d6
showing symmetry across the subunits and chemical shifts consistent
with hydrogen bonding.
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tration by 1H NMR. At similar acid concentrations, ΔG‡ varied
between 14.9 and 15.4 kcal/mol across these macrocycles.

■ 13C NMR SPECTROSCOPY SUCCESSFULLY
REPORTS ON HINGE MOTION FOR A SAMPLE
CONTAINING ALL THREE CHOREOISOSTERES

To confirm this conclusion, however, we sought to rule out
environment effects that could derive from varying amounts of
residual water in these samples. Accordingly, samples were
generated from difluoroacetic acid and subsequently combined
in a single NMR tube. The overlap of resonances in the 1H
NMR spectrum precluded evaluation using this nucleus.
However, we posited that the data could be derived from
variable temperature 13C NMR spectroscopy. 13C NMR
spectroscopy has been explored for proteins and other
biomolecules to probe gross conformational changes using
solid-state samples.15 Solution studies are far less common and
largely limited to evaluating the barriers of rotation for single
bonds, including those of triazines.16

Figure 4 shows the variable temperature NMR spectra
collected at 100 MHz in DMSO-d6. The colors identify

coalescing resonances for β-carbons of the amino acid of each
macrocycle; Aib (blue), Acp (purple), and Acb (green). Here,
the triangles reflect the uncertainty in the evaluation of the
data. That is, identifying the coalescence temperature, Tc, is
made challenging by the sensitivity of the nucleus and the
signal:noise ratio. Accordingly, we define a range bounded
above by the temperature where the coalesced resonances are
first observed and below at the temperature at which the
decoalesced resonances are last observed. The magnitude of

this range is consistent with the literature wherein 13C spectra
are often collected every 20 °C.16 Resonances are rarely
resolved over a narrow temperature range.16f

From the differences in chemical shift of the fully
decoalesced resonances (Δν) and the coalescence temperature
(Tc), the barrier for hinging (ΔG‡) can be calculated by first
calculating the rate of exchange (kexch; eq 1), and subsequently
solving the Eyring equation (eq 2) wherein, κ, the transmission
coefficient, is assumed to be 1, h is the Planck constant, kB is
the Boltzmann constant, and R is the gas constant.17

=k ( )/ 2 2.22( )exch (1)

= [ ]‡G RT ln ( hk )/(k T )c exch B c (2)

Using this strategy, the ranges of ΔG‡ shown in Table 1 are
in good agreement. The errors calculated do not exceed 0.2
kcal/mol. As expected, the rates for kexch increase with
increasing temperature, consistent with similar rates of hinging
across the series. The values obtained are consistent with those
values derived independently by 1H NMR spectroscopy.

■ ISOSTERISM ENABLES ADDITIONAL PREDICTION
The usefulness of the label “isostere” derives from predicting
additional physical properties of a compound based on the
known physical properties of an isostere. Langmuir’s
confidence in isosterism led him to predict similar structures
for HCNO and HN3 based solely on the observations that (i)
both exploded upon heating and (ii) their potassium salts had
crystallographic unit cells of similar dimensions.1

The predictive ability of bioisosterism is illustrated by the
emergence of computational engines that link structure,
bioactivity and physicochemical data.18 These tools have
advanced prediction from classical activities intended to
conserve activity and physicochemical properties for lead
optimization to nonclassical activities wherein entire fragments
of molecules can be replaced to identify new lead compounds.

■ CHOREOISOSTERISM SUPPORTS CLASSICAL
PREDICTIONS

To conclude these studies, we examined whether classical
predictions pertaining to size and lipophilicity could be made
for these molecules. Our expectation was that all three
choreoisosteres would show similar metrics for these
physicochemical properties. The results of these studies are
shown in Table 2.

When the diffusion constants were measured simultaneously
by an NMR DOSY experiment, the values were identical.19

Lipophilicity was assessed by measuring the octanol:water
partition coefficients by RP HPLC at pH 9.0.20 The modest
increase in values is consistent with the increasing size of the
hydrophobic substituent.

Figure 4. Variable-temperature 13C NMR recorded at 100 MHz in
DMSO-d6 for the β-carbons of Acb (green), Aib (blue) and Acp
(green). The shaded triangles indicate regions where spectral noise
precludes definitive assessment.

Table 1. Lower and upper bounds of Tc and corresponding
range of ΔG‡ as determined by variable-temperature 13C
NMR spectroscopy at 100 MHz in DMSO-d6

Cmpd Tc (lower) Tc (upper) ΔG‡

Aib 315 335 14.2−15.1
Acp 295 305 14.7−15.2
Acb 310 320 14.6−15.1
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Membrane transport for these macrocycles was evaluated by
PAMPA.21 A similar trend is observed for the diffusion
constants (D). The values for logPe (Pe is effective
permeability) are markedly close to cyclosporin A (logPe =
−6.0), an orally available drug.

In conclusion, the pseudoatoms incorporated into Aib, Acp,
and Acb are isosteric and lead to molecules that share common
shape and dynamic behavior. This leads us to identify this
isosterism more specifically as choreoisosterism. The predictive
ability conveyed with choreoisosterism can offer insight into
classical physicochemical properties as well as communicate
the emergence of (or lack of any) new dynamic behavior
arising from incongruous data.

We favor the prefix ″choreo″ because it connotes a molecular
dance. Prefixes including ″dyna″ and ″mechano″ have been
adopted elsewhere to describe phenomena unrelated to
isosterism. Dyna has been employed to identify polymers
derived from dynamic covalent or supramolecular chemistry.22

Mechano can refer to reaction strategy23 or a response in
polymers to an external force.24

The extent to which choreoisosterism is demonstrated in
other systems is unclear, and accordingly, the merits of
introducing this unique moniker is a subject of debate. In
potential contrast, examples of bioisosteres are pervasive.
Assessing the extent of choreoisosterism in small molecules or
supramolecular assemblies presents challenges given the lack of
unifying nomenclature.

We have discovered examples of choreoisosteres in the
dynamics of cyclohexane. In 1972, Lambert and co-workers
examined ring flipping in cyclohexane rings with exocyclic
methylenes, geminal dimethyl groups, and spiro-cyclopropyl
groups.25 The authors distinguished between the exocyclic
methylene and the now-classic latter examples based on
barriers to ring flipping. Moreover, the exocyclic methylene
would not normally be considered isosteric. In a more recent
example, Ye, Wang and co-workers reported that 1,6;2,3-bis-
BN cyclohexane has similar ring-flip behavior to cyclo-
hexane.26,27

Choreoisosterism could be envisioned to be demonstrated
by supramolecular assemblies (i.e., rotaxanes) or molecular
machines, but examples wherein isosteric replacements led to
conserved dynamics could not be identified from the literature.

An alternative to defining choreoisosterism with examples is
to identify examples where it is absent. In this report, while G
shows similar dynamic behavior as Aib, Acp, and Acb, CH2 is
neither an isostere of C(CH3)2 nor the spirocycles by either
rigorous or pseudoatom definitions.28 In addition, the barrier
for hinge motion is notably lower. Similar distinctions can be
made between the exocyclic methylene derivative of Lambert.
Additionally, molecules displaying isosteric groups, but
showing different structures and dynamics would not qualify
as choreoisosteres.

As for the system reported here, additional choreoisosteres
can be imagined. The substitution of triazine for pyridine or a
related heterocycle is one example.29 Replacing the hydrazone
with an olefin is another. A third example, and less interesting
perhaps, is the replacement of the auxiliary dimethylamine
group with aziridine. Regardless, employing the descriptor
choreoisostere affords on opportunity to efficiently convey a
relationship between molecules that show isosteric structural
connectivity: That is, these molecules display common
dynamic behavior.
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