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In memory of Professor Wei Jiang.

/Abstract: New stimulus-responsive scaffolds are of interest as constituents of hierarchical supramolecular ensembles.
1,3,5-2,4,6-Functionalized, facially segregated benzene moieties have a time-honored role as building blocks for host
molecules. However, their user as switchable motifs in the construction of multi-component supramolecular structures
remains poorly explored. Here, we report a molecular cage 1, which consists of a bent anthracene dimer 3 paired with
1,3,5-tris(aminomethyl)-2,4,6-triethylbenzene 2. As the result of the pH-induced ababab«—bababa isomerization of the
constituent-functionalized benzene units derived from 2, this cage can reversibly convert between an open state and a
closed form, both in solution and in the solid state. Cage1l was used to create stimuli-responsive hierarchical
superstructures, namely Russian doll-like complexes with [KC18-crown-6C1]" and [KCcryptand-222C1]". The reversible
assembly and disassembly of these superstructures could be induced by switching cage 1 from its open to closed form.
The present study thus provides an unusual example where pH-triggered conformation motion within a cage-like scaffold

~

\is used to control the formation and disassociation of hierarchical ensembles. )
Introduction preorganized host molecules.”” However, despite the

To date, a number of artificial stimuli-responsive hosts have
been developed" with the resulting systems attracting
attention in areas as diverse as molecular switching,”
catalysis,’! and separation.[! In contrast, stimuli-responsive
hosts have not been exploited extensively to create multi-
component or hierarchical supramolecular ensembles whose
assembly and disassembly can be readily controlled.’! Here
we report a molecular cagel based on a 1,3,5-24,6-
functionalized, facially segregated benzene core that acts as
a switchable motif and which supports the controlled
assembly and disassembly of Russian doll-like host-guest
complexes with [KC18-crown-6]* and [KCcryptand-222]™.
1,3,5-2,4,6-Functionalized, facially segregated benzenes
are a special family of hexasubstituted benzenes. They can
adopt a stable ababab (or bababa) configuration with six
substituents alternately positioned above (a) and below (b)
the benzene plane (Scheme 1). These benzene derivatives
have been widely employed as building blocks to create

development of more than 500 hosts based on hexasubsti-
tuted benzenes since the first such structure was reported in
1993,41% to our knowledge, these cores have yet to be
exploited as stimulus-responsive scaffolds within larger
supramolecular constructs. Cage 1 retains the pH-induced
ababab—bababa isomerization of hexasubstituted benzenes
and undergoes reversible transitions between limiting open
(out,out conformation) and closed (in,in conformation)
states.

As detailed below, the open form of cage 1 binds [KC18-
crown-6]* and [KCcryptand-222]* to form Russian doll-like
multi-component ensembles where the K* acts as the inner
“doll”, while the crown/cryptand and receptor 1 act as the
2" and 3" doll layers, respectively. In the presence of acid,
the structural conformation of the constituent cage under-
goes a transformation from an open to closed state,
promoting expulsion of the bound potassium cation-contain-
ing guest. Adding base induces rebinding of the guest. This
study extends the utility of hexasubstituted benzene motifs
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Scheme 1. Schematic representation of the interconversion between the
two most stable conformations of hexasubstituted benzenes (ababab
and bababa) and the stimuli-driven reversible structural changes
between the open and closed forms of cage 1.

beyond their conventional role as building blocks for
elaborated hosts, while highlighting a new strategy for
creating self-assembled stimuli-responsive hierarchical mate-
rials.

Results and Discussion

Design, Synthesis, and Characterization of Cage 1

Cage 1, was prepared by first mixing 1,3,5-tris(aminometh-

yl)-2,4,6-triethylbenzene 2 and the bent aldehyde-functional-

a)
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ized anthracene dimer 3 (Scheme 2a) in a 2:3 ratio and
stirring for 12h in dry dichloromethane. Following this
imine bond-forming step, sodium borohydride reduction in
situ gave cage 1 in 87 % yield. Taking into account all the
synthetic steps starting from commercially available materi-
als, the overall yield of cage 1 is 48 %. NMR spectral studies
and high-resolution mass spectrometric (HR-MS) analyses
provided support for the proposed structure (see Supporting
Information, Figures S1-S5). In cage 1, the benzene “pan-
els” derived from 2 serve as the “roof” and “floor”,
respectively, while the amine groups serve as putative
stimuli-responsive moieties. The anthracene subunits of 3
act as “side walls”, while providing large n surfaces that
were expected to support host-guest interactions.""'? The
well-defined cavity present in cage 1 (calculated to be ca.
730 A®) was expected to accommodate appropriately sized
guest molecules that could presumably enter and exit
through the aperture between two neighboring side walls
(Scheme 2b).

Single crystals of cage 1 suitable for X-ray diffraction
analysis were obtained by slow evaporation of a toluene
solution. Relative to its calculated optimized geometry, in
the solid-state cage 1 is distorted in a way that serves to
enlarge its aperture but decrease its apparent volume
(Figure 1). For instance, the cavity height of 1is 17.2 A. This
value is 1.5 A greater than in the optimized structure. On
the other hand, the estimated cavity volume is 328 A3, which
constitutes a 55% reduction relative to the optimized
structure. Neighboring cage molecules exhibit an antiparallel
stacking arrangement with toluene solvent molecules located
within the interstitial spaces between adjacent hosts (Fig-
ure S6).

Solid-State Behavior of Cage 1

The impact of secondary amine protonation on cage 1 was
explored in the presence of trifluoroacetic acid (TFA).
Single crystals of the fully protonated form of 1 ([1+6H]*"
-6CF;COOQO") were obtained via the gradual evaporation of a
solution of cage 1 in THF and CH;OH containing an excess

Scheme 2. (a) Synthesis™ and (b) DFT optimized structure of molecular cage 1. [a] Experimental conditions: (i) Dry CH,Cl,, RT, 12 h; (ii) NaBH,,

RT, 3 h.
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Figure 1. Single-crystal structure of tolueneC1: (a) Cavity size and (b)
side view. Hydrogen atoms and solvent molecules have been omitted
for clarity.

of TFA. The resulting crystallographic analysis revealed that
cage 1 underwent a substantial conformational change upon
protonation. Specifically the out,out-conformation seen in
the neutral form, (out,out-1) an open state with an ababab
arrangement of the ethyl groups, is transformed to a
corresponding in,in conformation (in**,in**-[1+6H]).In this
closed form, one of the ethyl groups adopts a bababa
arrangement and the bridging groups (—CH,—NH,"—CH,-)
lie outside the cavity. Salt bridges are observed between the
secondary ammonium (NH,") centers and the six external
CF;COO™ anions (Figures 2a and 2b). Inversion of the two
benzene moieties and the associated six substituents results
in constriction of the cavity. This leads to the observed in,in
conformation (in**,in**-[1+6H]) and stabilization of the
closed form. The cavity volume was found to be only 57 A’
(as shown in Figure 2c). This represents just 7% of the
volume of that seen in out,out-1. The result is a host that
appears too small to accommodate classic small guests such
as benzene.

Separately, a diffraction grade single crystal of in**,our’*
-[14+6H]-6CF;COO™ containing two protonated conformers
was obtained by subjecting a solution of cage 1 in THF to
slow evaporation in the presence of excess TFA (Figure 2d).
Analysis of the resulting crystal structure revealed that one
hexasubstituted benzene unit adopts exclusively an in
conformation. A 52 % occupancy for the out conformation
and 48 % occupancy for the in conformation was seen for
the other subunit. In spite of the mixed occupancy, this
structural analysis was taken as prima facie evidence for the
existence of an in*",ou’*-[1+6H] conformer. In this latter
form, three ethyl groups are positioned external to the
cavity, while the remaining three ethyl groups point towards
the interior of the cavity (Figure 2¢). In this conformer, the
cavity has a height of 10.3 A and a volume of 230 A’
(Figure 2f). It is noted that the dimensions of the cavity in
the in**,our’*-[14-6H] conformer are intermediate between
what is seen in in®*,in’"-[1+6H] and out,out-1.

The differences in the two structures above are trans-
lated into the binding sites for the CF;COO™ counter anions.
In in’*,in**-[1+6H]-6CF,COO", six CF;COO™ are posi-
tioned outside the cavity, effectively decreasing the electro-
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in®*in®*-[1+6H]

in®*out3*-[1+6H]

Figure 2. Side (a) and top (b) views, as well as calculations of the cavity
size, of 1 (c) from a single-crystal diffraction analysis of in®*,in**-[1
+6H]-6CF,COO". (d) Single-crystal structure of a mixed system
containing two protonated conformers. (e) Side view and (f) the cavity
size of the single-crystal structure of in**,out*"-[1+6H] -6CF;COO™.
Some of the hydrogen atoms and counterions are omitted for clarity.

static repulsion between each individual acetate anion. In
in**out’ " -[1+6H]-6CF,COO~, three CF,COO~ anions
form salt bridges with the internally oriented NH,* groups.
The remaining three CF;COO™ anions are found outside the
cavity and form salt bridges with outward-pointing NH,*
groups.

Solution Phase Behavior of Cage 1

Unknown from the solid state study was whether the in,in or
in,out forms of [1+6H]°" would prove more stable in
solution. An effort was thus made to probe the relative
stabilities of 1 and its salt forms in solution. Accordingly, the
features of cage1l were further investigated in CH,Cl,
solution. The 'H NMR spectrum (Figure 3a) of neutral
cage 1 is consistent with a highly symmetrical (Dj,) struc-
ture. The signals of H10 and H11 on the ethyl groups of
cage 1 are observed at 3.22 and 1.47 ppm, respectively.
These values are close to those in other reported cages
created using 2 as the building block.™® This is taken as
evidence that the ethyl groups are located outside of the
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Figure 3. "H NMR spectra (500 MHz, CD,Cl,) of cage 1 recorded in the absence (a) and presence (b) of 3 molar equiv. of TFA, after the further
addition of 5 molar equiv. of TFA (c), and the subsequent addition (d) of triethylamine (TEA) (8 molar equiv.). Chemical shift changes in the signal
for H6 of cage 1 seen upon alternating additions of TFA and TEA (e). NB: equiv. are relative to 1.

cavity and thus that the neutral form of cage 1 adopts the
out,out conformation in solution as seen in the solid state.

The effect of protonation on the solution state structure
of cage 1 was next investigated by adding gradually TFA to
a solution of cage 1 in CD,Cl,. Early on in the course of this
addition, the '"H NMR signals of 1 were found to be split in a
complicated manner. This finding is interpreted in terms of
1 undergoing a conformational change on the NMR time-
scale (Figures 3b and S7). The 'H DOSY spectrum of the
partially protonated form of 1 was also recorded in CD,Cl,.
It provides evidence for the existence of a time-averaged
species with a diffusion coefficient (D) of 3.53x10~° m*.s™"
(Figure S8).

The proton signals in the 'H NMR spectrum (cf.
Figure S9) could not be analyzed readily as a linear
combination of signals from in*",in’*-[1+6H] and out,out-1.
Rather, the spectrum could be divided into three apparent
contributions. One contribution consists of signals ascribed
to H5 and H6, whose chemical shifts are different from
those in in’*"in’*-[1+6H] and out,out-1. A second set of
features closely resemble those of in’*,in’*-[1+6H], leading
us to suggest that one hexasubstituted benzene moiety

Angew. Chem. Int. Ed. 2024, 202407805 (4 of 8)

adopts an in’* conformation upon protonation. The third
contribution resembles the spectrum of out,out-1, albeit with
a slight downfield shift. This was taken as an indication that
one hexasubstituted benzene adopts an out conformation.
The underlying spectral assignments were made on the basis
of a 2D ROESY spectral analysis (Figure S10). Taken in
concert, therefore, these observations provide support for
notion that initial protonation leads to the emergence of a
new species, in’',out-[14-3H], that incorporates both in*"
and out conformations.

The further addition of TFA to the above solution led to
a rather simple 'H NMR spectrum (Figure 3c). This
spectrum did not change as further equiv. of TFA were
added, leading us to infer that 1 becomes fully protonated in
the presence of excess TFA. This protonated form was
characterized by a spectrum in which the majority of the
proton signals were shifted to lower field relative to 1, while
the signals of H10 and H11 on the ethyl groups exhibited
large upfield shifts. This observation is rationalized in terms
of the electron-rich anthracene sidewalls serving to shield
ethyl groups.
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A correlation between the signals H11 and HS was
observed in both the 2D and 1D ROESY spectra recorded
after the addition of excess TFA (Figures S11-S13). The
finding supports the contention that the fully protonated
form of cage1l adopts the in,in conformation in CD,Cl,
solution. The conformational change from out,out to in,in
seen upon protonation was recapitulated in other solvents,
such as CD,Cl,/CD;CN (1:1, v/v) and THF-dg (Figures S14
and S15). This leads us to suggest that the molecular motion
seen upon adding TFA reflects protonation, rather than a
solvent effect.

It is noteworthy that both conformers (i.e., in®"in*"-[1+
6H] and in**,ouf "-[1+6H]) were found in single crystals of
the completely protonated cagel as discussed above.
However, only the former species was observed in solution
in the presence of excess TFA. Furthermore, only the
out,out-1 conformer was observed for the neutral cage in
both solution and the solid state. Theoretical calculations,
both in vacuum and using the COSMO solvation model,
were carried out using semiempirical methods (PM7) with
the MOPAC software."”! The conformational preferences
among all three conformers (i.e., in,in, in,out, and out,out) of
the neutral or completely protonated cages were analyzed.
On the basis of the results, we conclude that the observed
conformers of cage 1 are determined by the corresponding
thermodynamic stabilities. In the case of the neutral cage,
the out,out-1 conformer is the most stable with interactions
between cage 1 and solvent molecules serving to stabilize
this conformer. After complete protonation, the in’**,in**-[1
+6H] conformer has the lowest formation energy. Contribu-
ting to this stability is that this form allows the CF;COO~
counter anions to adopt a more stable arrangement consis-
tent with what is seen in the solid state. The in’*,ouf’™-[1+
6H] conformer is less stable than the in’"in’"-[146H]
conformer, as might be inferred by its observation only in
the solid state (as one of two forms) and not in solution (see
Supporting Information, Table S1).

The reversible interconversion between in*,in**-[1+
6H] and out,out-1 was then examined. The chemical shifts of
the proton signals for 1 returned to their original values
after the addition of triethylamine (TEA, 8 molar equiv.
relative to 1) to the solution of in’*,in**-[1+6H] produced
upon adding a total of 8 equiv. of TFA (Figure 3d). This
observation is interpreted in terms of the deprotonation-
induced transformation of cage 1 from a closed state to an
open state. Adding TFA and TEA in sequence allowed this
interconversion process to be repeated through multiple
cycles with little if any attenuation (Figures 3e and S16).

Stimuli-Responsive Russian Doll Assemblies

In recent years, hierarchical architectures (including host-in-
host!" and Russian doll assemblies!™™), have attracted
considerable interest due to their aesthetics,'® appealing
binding properties,'”! and potential utility in a range of
application areas."s However, as noted in the introduction,
the construction of hierarchical superstructures that display
stimuli-response features remains a challenge.”’ The well-
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defined protonation-mediated switching behavior of cage 1
motivated us to explore its potential to construct stimuli-
responsive hierarchical superstructures. The neutral form of
cage 1 (existing in the out,out conformation) has a relatively
large internal cavity. We thus postulated that it would form
host—guest complexes with suitably chosen substrates. It was
further anticipated that acid-base mediated control over the
conformation of cage 1, specifically its conversion between
an open state (out,out conformation) and closed state (in,in
conformation), would allow guest uptake/release to be
switched on and off at will. In the case of suitably chosen
guests, this process might allow for the controlled assembly
and disassembly of hierarchical architectures.

To test these possibilities, crown ether/cryptand-cation
complexes were chosen as putative guests (Figure 4a). While
crown ether complexes have been encapsulated effectively
using various synthetic hosts,'”) there have been limited
reports on the stimulus-responsive assembly and disassembly
of the resulting ensembles.” Furthermore, we are unaware
of a cryptand-metal cation complex enclosed within a host
that has been characterized via a single crystal X-ray
diffraction analysis.

The ensembles [KC18-crown-6C1]" and [KCcryptand-
222C1]" were investigated first in the solid state. The crystal
structure of [KC18-crown-6C1]*-PF,~ (Figure 4b) revealed

qu‘r}f’ho
i) = f;(

Figure 4. (a) Chemical structures and schematic representations of
[KC18-crown-6] " and [KCcryptand-222]*. (b) Views of [KC18-crown-
6C1]" and (c) [KCcryptand-222C1]" seen in the single-crystal structure
of [KC18-crown-6C1]" - PFs~-5CH;0H - 5CH,Cl,-3H,0 and [KC-
cryptand-222C1] " - PFg~ -4CH;OH-3CH,Cl,. Hydrogen atoms and coun-
terions are omitted for clarity. The volumes of the cavity of cage 1 in
[KC18-crown-6]" and [KCcryptand-222]* (see main text) were calcu-
lated based on the corresponding crystal structures.
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a Russian doll-like arrangement wherein the cation serves as
the first “doll”, the crown ether, the second, and cage 1 the
third. In this ensemble, the constituent [KC18-crown-6]*
complex is roughly planar and positioned on the equatorial
plane of 1. In contrast, the PF,~ counter anion is situated
outside the cavity. The calculated volume of [KC18-crown-
6]" (ca. 273 A%) is significantly smaller than that of cage 1
cavity (722 A% (packing coefficient’?=0.38). This differ-
ence in volume creates two voids within the cavity above
and below the enclosed [KC18-crown-6]" ion. On the other
hand, C—H - & interactions between the CH, groups on the
18-crown-6 and the anthracene sidewalls of 1 are inferred
from the binding arrangement (Figure S17).

In contrast to what was seen in the case of the [KC18-
crown-6]* guest, a solid state structural analysis of [KC-
cryptand-222C1]* (Figure 4c) revealed that the internal
space of cage 1, with a volume of 742 A® in this crystalline
species, is effectively filled with the [KCcryptand-222]*
guest, which occupies a volume of 374 A* (packing coef-
ficient of 0.51). Multiple C—H---n interactions between CH,
groups on cryptand-222 and anthracene sidewalls of cage 1
are inferred based on the metric parameters (Figure S18).
To the best of our knowledge, this represents the first
example wherein the inclusion of [KCcryptand-222]* within
the cavity of a discrete host molecule has been confirmed
via a single-crystal X-ray diffraction analysis.

The interactions between cage 1 and [KC18-crown-6]"
were next studied in CD,;CN/CD,Cl, (1:1, v/v). In the 'H
NMR spectrum of a 1:1 mixture of [KC18-crown-6]" and 1
(Figure S19), signals ascribed to [KC18-crown-6] " were seen
that are upfield shifted relative to the free cation complex.
Furthermore, a correlation between HS5 on cage 1 and the
protons of [KC18-crown-6]" was observed in the 1D NOE
spectrum (Figure S20). The findings provide support for the
notion that cagel is able to bind the [KC18-crown-6]"
cation effectively within its cavity in solution, similar to what
is seen in the single crystal structure discussed above.
Follow-up NMR spectral titrations revealed that cage 1
exhibits a moderate affinity towards [KC18-crown-6]* (K,=
1.4x10* M™") (Figures S21 and S22). Conversely, it displays
no appreciable affinity for either the metal-free 18-crown-6
(K,=14 M) or K"PF~ (the corresponding K, value is too
small to determine accurately) (Figures S23-S27).

As expected for a three layer Russian doll assembly
containing a K™ cation, a crown ether, and cage 1, formation
of [KC18-crown-6C1]" was observed when cage1l was
mixed with both 18-crown-6 and K*PF,” in a 1:1:1 molar
ratio, as inferred from both 'H NMR spectroscopic studies
and HR-MS (Figure S28).

The interactions between 1 and [KCcryptand-222]* were
also studied in CD;CN/CD,Cl, (1:1, v/v). In the 'H NMR
spectrum of a 1:1 mixture containing [KCcryptand-222]*
and 1 (Figures5a—5c), the proton signals ascribed to
[KCcryptand-222]* were no longer detectable above the
baseline. Additionally, the majority of the proton signals
corresponding to 1 were seen to undergo distinctive shifts.
These observations are consistent with the cationic complex
[KCcryptand-222]* likely being encapsulated within the
cavity of cage 1 and thus being shielded by the aromatic
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sidewalls. On the basis of a '"H NMR spectral titration, a
binding constant of 1.2x10° M was calculated for the 1:1
equilibrium between [KCcryptand-222]* and 1 (Figures S29
and S30). Separate ITC titrations yielded a K,=1.6x10° M™!
(Figure S31). In contrast, a significantly reduced value was
seen for the interaction between 1 and the free form of
cryptand-222 (Figures S32 — S34). This difference in affinity
is taken as evidence that a Russian doll-like assembly
[KCeryptand-222C1]* is formed in solution in the presence
of all three constituents, namely K*, cage 1, and cryptand-
222. The thermodynamic parameters (AH=—10.7 kJ-mol™,
—~TAS=-19.1kJ-mol™, AG=—-29.8 kJ-mol™) derived from
the ITC titrations proved consistent with the notion that the
binding between cage 1 and [KCcryptand-222]* is driven by
both entropic and enthalpic contributions. In addition, the
ensemble [KCcryptand-222C1]* proved stable in the gas
phase, as inferred from the observation of a major peak
corresponding to the intact ensemble in HR-MS (Fig-
ure S35).

Subsequently, an investigation was carried out to
determine the potential modulation of these Russian doll
assemblies based on the pH-dependent switching features of
cage 1 noted above. Using [KCcryptand-222C1]* as an
example, it was observed that upon the addition of TFA (8
molar equiv. of 1) to a CD,Cl,/CD;CN (1:1, v/v) solution of
[KCcryptand-222C1]" (Figure 5d), '"H NMR signals corre-
sponding to the assembly disappeared while those ascribed
to free [KCcryptand-222]* and in*",in*"-[1+6H] appeared.
This finding is taken as evidence that the addition of TFA to
[KCcryptand-222C1]* leads to expulsion of the [KC-
cryptand-222]* guest and is consistent with the solid state
studies (vide supra) that revealed that the protonated form
([1+6H]°") possesses a cavity that is too small to make it an
effective host.

When the solution produced by adding 8 molar equiv. of
TFA to [KCcryptand-222C1]* was treated with tetrameth-
ylammonium hydroxide (TMA*OH™; 8 molar equiv. rela-
tive to 1) the proton signals corresponding [KCcryptand-
222C1]* reemerged (Figure 5e). Conversely, those for [KC-
cryptand-222]* could no longer be observed. On this basis
we conclude that re-encapsulation of [KCcryptand-222]*
had taken place. The 'H NMR spectra displayed reversible
release and uptake processes when TFA and TMA*OH™
were added in an alternating manner through multiple cycles
(Figures 5f and S36). Similar switchable guest release and
re-capture was also confirmed in the case of [KC18-crown-
6C1]" (Figures S37 and S38).

Conclusions

In summary, we have shown that a 1,3,5-2.4,6-functional-
ized, facially segregated benzene can be used to create a
stimulus-responsive host. This host, cage 1, can be intercon-
verted between open and closed forms through the pH-
induced ababab«—bababa isomerization of the constituent
hexasubstituted benzenes. The neutral, open form of cage 1
was found to be an effective receptor for representative
metal-containing crown ethers and cryptands ([KC18-crown-

© 2024 Wiley-VCH GmbH
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Figure 5. "H NMR spectra (500 MHz, CD;CN:CD,Cl,=1:1) of (a) [KCcryptand-222]*, (b) cage 1, (c) [KCcryptand-222C1]" before and (d) after the
addition of TFA (8 molar equiv. based on 1) and (e) followed by the addition of tetramethylammonium hydroxide (TMA*OH™) (8 molar equiv.
based on 1). (f) Chemical shift changes of the proton signal H6 of cage 1 seen upon the sequential addition of TFA and TMATOH".

6]* and [KCcryptand-222]*). The associated complexation
leads to formation of stimuli-responsive Russian doll-like
assemblies containing [KC18-crown-6C1]" and [KC-
cryptand-222C1]", respectively. Protonation produces the
closed form, [1+6H]°", which is ineffective as a receptor.
This leads to expulsion of the bound metal complexes. The
binding and release process can be switched on and off at
will through multiple cycles. The facile synthesis of hexasub-
stituted benzenes and the ease with which they may be
incorporated into environmentally responsive receptor scaf-
folds leads us to suggest that they could provide the basis for
a new class of tunable hierarchical assemblies incorporating
on a range of guests. Explorations of this possibility are
currently in progress.
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This study presents the first example of
a hexasubstituted benzene acting as a
switchable motif within a cage-like scaf-
fold. The pH-induced ababab« bababa
isomerization of the benzene units en-
ables the cage to convert reversibly
between an open state and a closed
form. The cage was used to create
stimuli-responsive Russian doll-like en-
sembles with [KC18-crown-6]" and [KC-
cryptand-222] ", whose assembly and
disassembly could be readily controlled.
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