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Chiral organic cages with face-rotating patterns can
interconvert to their enantiomers through turning inside out.
This specific interconversion strategy is similar to switching the
chirality of a rubber glove. Kinetics investigation reveals that the
turn-inside-out interconversion is realized through the partial
disassembly of the cage.
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We report the post-synthesis interconversion of two enantiomeric
organic cages through turning inside out. By scrutinizing the
thermodynamics and kinetics, we are able to control the racemization
rate by various reaction conditions and reveal that the turning-inside-
out interconversion is realized through a partial disassembly pathway.
The kinetics investigation also provides insight into the dynamic essence
of imine chemistry using different solvents and catalysts.

Chiral cage compounds have received considerable attention due to
their importance for enantioselective recognition and separations,'™
as asymmetric catalysts,”® and as a tool to illustrate how chirality
emerges.'”!! Using hydrogen bonds,'>"* metal-organic coordina-
tion'*™® and dynamic covalent bonds,"** scientists have con-
structed many cages with various types of chirality (e.g., rooted in
chiral carbon,*®** chiral-at-metal,***> asymmetric faces,® axial
chirality”” and inherent chirality).">*® Despite there being many
methods for constructing chiral cages, only a few strategies have
been developed to regulate the chirality of cages after their
formation, which are mainly achieved through the racemization
and isomerization processes.”*> Some cases (e.g., for asymmetric
catalysts)**** require non-racemizing chiral cages, whereas other
cases (e.g., for chiral switches**’) prefer chiral cages that can
rapidly change their chirality. To endow chiral cages with suitable
rates of racemization or isomerization, insights into the kinetics
and pathways of these processes are desired. Such rules can guide
to more robust cages for catalysis® and stimuli-responsive materials
with controllable chirality,*®*° and may have implications for the
understanding of the supramolecular racemization processes in life
sciences.*!

Racemization of chiral cages is mainly realized in metal-
organic systems through the A/A isomerization of metal centers.*™**
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Systematical studies on the racemization and isomerization of
metal-organic cages have promoted their applications in complex
chemical systems.>**>*° Chiral organic cages, by contrast, are mainly
assembled from building blocks with chiral carbon centers,'*°
which can hardly undergo the racemization or isomerization
process. A few chiral organic cages have been assembled from
achiral building blocks,"*'**>*” however, the difficulty in isolating
racemic enantiomers has hindered the exploration of the racemiza-
tion mechanism of organic cages.

Recently, we developed a strategy to construct chiral face-
rotating polyhedra from achiral vertices and two-dimensional chiral
faces through dynamic covalent chemistry.”® Cyj,-symmetric truxene
(TR) building blocks and ethylenediamine (EDA) were assembled
into two racemic enantiomers in a tetra-capped octahedral structure
(Fig. 1a). Each truxene unit of the octahedra exhibits two opposite
rotational directionalities on either the exterior or interior faces,
as shown by the blue clockwise (C) and red anti-clockwise (A)
arrows in Fig. 1a and b. Hence, the enantiomers are named after
the directionalities of the exterior faces as (CCCC)-1 and (AAAA)-1.

Herein, we report a finding that the isolated (CCCC)-1 and
(AAAA)-1 can interconvert to their enantiomers through a unique
turn-inside-out strategy (Fig. 1b). This specific interconversion strat-
egy is similar to switching the chirality of a rubber glove by turning
inside out (Fig. 1c), and is unprecedented for cage compounds.
Besides, to our knowledge, this is also the first supramolecular
racemization process that is achieved through dynamic covalent
chemistry."®"® We investigate the racemization of (AAAA)}-1 under
various reaction conditions and further reveal the interconversion
mechanism by monitoring the racemization kinetics and per-
forming the corresponding theoretical deduction.

The (CCCC)-1 and (AAAA)-1 enantiomers were separated by
chiral high-performance liquid chromatography (HPLC) in the
mobile phase of hexane and ethyl acetate, using Daicel Chiralcel IE
Columns. When dissolved in toluene, the isolated (CCCC)-1 and
(AAAA)-1 presented mirror-like CD spectra with strong intensities at
the peak of 340 nm (Fig. S1, ESIt), showing a negligible decrease in
24 hours at room temperature (298 K). This suggests that the
truxene cage is more rigid than the structurally resembled [4 + 6]

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Molecular structures of face-rotating octahedra (CCCC)-1 and
(AAAA)-1. Rotation patterns along the three sp® carbons of the truxene face are
considered to be either clockwise (C) or anticlockwise (A) when viewed from
outside or inside of the octahedra, as indicated by the blue (C) and red (A) arrows.
Configurations of the octahedral enantiomers are named after the direc-
tionalities of the exterior faces as (CCCC)-1 and (AAAA)-1. (b) Schematic of
converting (CCCC)-1 to its enantiomeric (AAAA)-1 through turning the
octahedron inside out. (c) Schematic of converting a left-handed rubber
glove to a right-handed one through turning it inside out.

imine cage reported by Cooper et al.*>***” despite being much
larger.

Nevertheless, when a solution of enantiomers was heated at
60 °C with 5% TFA as a catalyst, a distinct decrease in the CD
intensity was found in 5 hours for both (CCCC)-1 and (AAAA)-1
(Fig. 2a and b). Mass spectrometry analysis indicated that the
enantiomers retained their cage structure (Fig. S2, ESIt). HPLC
analysis further confirmed the racemization process and the
concurrent generation of a small amount of a TR monomer
(Fig. 2c and d).

To determine the racemization kinetics, (AAAA)-1 was racemized
at various temperatures and characterized by time-dependent CD
spectroscopy. This result showed that the CD intensity decreased
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Fig. 2 CD spectra (a and b) and HPLC spectra (c and d) during the racemization
of (AAAA)-1 and (CCCC)-1 in toluene at a temperature of 333 K.
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with time in an exponential manner and the decreasing rate
increased with an increase of temperature (Fig. 3a). In other words,
In[CD] decreased linearly with time and the slopes became more
negative when the temperature increased (Fig. 3b), suggesting the
first-order kinetics of racemization.”® Nevertheless, the racemization
of (AAAA)1 essentially contains two opposing reactions, ie., the
forward reaction from (AAAA)-1 to (CCCC)-1 and the reverse reaction
from (CCCC)-1 to (AAAA)-1, as shown in eqn (1)

(AAAA)-1 22 (cCCC)-1
. 1)
(AAAA)-1 k\ﬁl (CCCC)-1,
in which kg is the observed rate constant of the racemization,
and k,; and k_, are the rate constants of the forward and reverse
reactions, respectively. Deduction of the racemization kinetics
based on eqn (1) (see details in the ESIt) gives relationships
between the CD intensity and racemization time: In[CD] = —kopst
and kyps = 2k;.
Using the Erying equation (In(k/T) = —AH*/(RT) + In(kg/h) +
AS*/R) to fit the kinetics of the forward and reverse conversions
at different temperatures (Fig. 3c and Table S1, ESIt), we

obtained the kinetic parameters: AHgbs =94.3kJmol~! and

St = —35.2Jmol! K~ for the observed racemization; AH} =

AH | =943k mol~! and AS} = AS* | = —41.0Jmol ' K~! for
the forward and reverse reactions. Using these parameters, we
calculated the rate constant and half-life at room temperature
(298 K) to be kops = 2.6 x 10" ° s ' and ¢,/, = 74 h, explaining why
we hardly observed the racemization at room temperature.
The kinetics investigation of this racemizing system can also
help to reveal the dynamic essences of imine chemistry.>'™?
The excellent spectroscopic sensitivity and HPLC separability
of this racemizing system allow us to investigate the kinetics
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Fig. 3 (a) Normalized CD intensity and (b) logarithm of the CD intensity
versus the reaction time during the racemization of (AAAA)-1 in toluene at
a concentration of 100 pM at various temperatures. (c) Rate constants at
different temperatures fitted by the Eyring equation. (d) Logarithm of the
normalized CD intensity versus the reaction time during the racemization
of (AAAA)-1 (100 uM, 338 K) in toluene with different catalysts (5 pM).
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under various reaction conditions for understanding the influ-
ence of solvents and catalysts. For example, we compared three
typical kinds of catalysts for imine chemistry (Fig. 3d and Fig. S3,
ESIt). TFA and the Sc®* ion®* showed a similar efficiency for the
cage racemization, whereas pyrrolidine®® has a relatively lower
efficiency. And as a comparison, the (AAAA)-1 enantiomer exhib-
ited a high stability and showed no decrease of the CD intensity
in toluene at 338 K without the presence of a catalyst (Fig. S3,
ESIt). In another example, we investigate the racemization
kinetics in dichloromethane (DCM) through a similar approach
as in toluene. As two common solvents of dynamic covalent
chemistry, DCM leads to a much faster racemization than
toluene (Fig. S4 and Table S2, ESIt). The racemization of
100 pM (AAAA)-1 in DCM can take place at room temperature
(298 K) with 5% TFA, and the calculated activation enthalpy is

much smaller than that in toluene: AH! (DCM) = 61.9kJ mol~!

obs
and S, (DCM) = —118.5Jmol "' K.

The kinetics investigation allows us to further understand
the pathway of racemization. The racemization kinetics were
dramatically influenced by the catalysts for imine chemistry,
suggesting that the racemization pathway contains the cleavage
and the reunion of imine bonds.>® As the cage enantiomers
were constructed from TR and ethylenediamine (EDA) mono-
mers, and a small amount of a TR monomer was generated
during the racemization, one might presume that the inter-
conversion was realized through a complete disassembly path-
way (path 1 in Fig. 4a), in which (AAAA)-1 first completely
disassembles into TR and EDA monomers and then the mono-
mers reassemble into (CCCC)-1. The energy coordinate of this
complete disassembly pathway (dashed line in Fig. 4b) contains
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Fig. 4 (a) Two proposed reaction pathways of the interconversion
between (AAAA)-1 and (CCCC)-1. The dashed arrow represents the path-
way through completely disassembled building blocks, i.e., the truxene
monomer and EDA. The solid arrow represents the pathway through
partially disassembled concave intermediates, involving the cleavage and
reunion of one imine bond. (b) Reaction coordinates of the complete
disassembly pathway (dashed line) and the partial disassembly pathway
(solid line).
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two activation energy barriers: the larger one (AG%) corresponding

to the complete disassembly step and the smaller one (AG%)

corresponding to the reassembly step. AG{ is equal to the sum of

AGg and AG;, where AG; represents the energy difference between
cage 1 and the building blocks and is calculated to be 61.8 kJ mol "
by analysing the equilibrium distributions of cage 1 and the TR

monomer (Fig. S5 and Table S3, ESIf). To evaluate AGi, we
performed a parallel kinetics investigation of the synthesis of cage
1 and the racemization of (AAAA)-1 under the same conditions. As
shown in Fig. S6 (ESIt), the assembly from building blocks to cage
1 progressed much slower than the racemization of (AAAA)-1 at the

same concentration and temperature. This indicates that even AG%
itself is larger than the observed overall activation energy of

racemization, ie., AGibS‘VWK = 106 kJ mol~'. Therefore, AG:ialh1 is

much larger than the AGiMBK, suggesting that the racemization

is not mainly realized through the complete disassembly pathway.

By contrast, the partial disassembly pathway seems to be in
accordance with the racemization kinetics (path 2 in Fig. 4a).
After cleavage of one imine bond, the cage is opened and
becomes a bowl-like concave intermediate. Given the confor-
mational flexibility of the concave intermediate and in parti-
cular the EDA bridges, subsequent pushing of the central node
through the cavity all the way to the opposite side would realize the
inversion in a similar way to the racemization of many concave
molecules.”®*” The cleavage of fewer diamine bonds in the partial
disassembly pathway results in a much lower activation energy
barrier than that through the complete disassembly pathway
(Fig. 4b). Note that, because of the dynamic nature of DCC,***°
the racemization pathway would not likely be an exclusive one;>®
hence, other partial disassembly pathways might also contribute to
the racemization (Fig. S7, ESIT). And also because of the dynamic
nature of DCC, the constitutional library at the equilibrium state
inevitably contains minor amounts of amines and aldehyde
building blocks for a dynamic imine chemistry.>> As a result,
the equilibrium states for either the synthesis or the racemiza-
tion of cage 1 are the same, both of which contain ca. 3% TR
monomer (Fig. S5, ESIt). This explains why we observed a small
amount of the TR monomer during the racemization process,
although the racemization was mainly achieved through a partial
disassembly pathway (as detailed in Fig. S8, ESIt).

To summarize, we have demonstrated the racemization of
an organic cage through a novel turning-inside-out mechanism.
The racemization kinetics was analyzed by CD spectroscopy
and HPLC at various temperatures, solvents and catalysts.
Combining the kinetics investigation and the theoretical
deduction, we reason that the racemization was achieved by
turning the cage inside out through a partial disassembly
pathway. This study provides insights into the post-synthesis
regulation of cage chirality and benefits the in-depth under-
standing of dynamic covalent chemistry. It may facilitate the
design of large and rigid cages that do not interconvert the
chirality in the absence of acid catalysts, and also the construc-
tion of more cages with switchable chirality for chiral recogni-
tion, asymmetric catalysis and as smart chiral materials.

This journal is © The Royal Society of Chemistry 2017
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